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ABSTRACT: Self-initiated photografting and photopolymerization (SI- Activation Grafting Degrafting
PGP) uses UV illumination to graft polymers to surfaces without R
ey e ey . 0..9n9 e . » A /

additional photoinitiators using the monomers as initiators, “inimers”. A
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wider use of this method is obstructed by a lack of understanding of the
resulting, presumably heterogeneous, polymer structure and of the parallel
degradation under continuous UV illumination. We have used neutron
reflectometry to investigate the structure of hydrated SI-PGP-prepared
poly(HEMA-co-PEG;(MA) (poly(2-hydroxyethyl methacrylate-co-(ethyl- Time

ene glycol),, methacrylate)) films and compared parabolic, sigmoidal, and

Gaussian models for the polymer volume fraction distributions. Results from fitting these models to the data suggest that either
model can be used to approximate the volume fraction profile to similar accuracy. In addition, a second layer of deuterated
poly(methacrylic acid) (poly(dMAA)) was grafted over the existing poly(HEMA-co-PEG;,MA) layer, and the resulting double-
grafted films were also studied by neutron reflectometry to shed light on the UV-polymerization process and the inevitable UV-
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induced degradation which competes with the grafting.

Bl INTRODUCTION

Polymer brushes"” are polymer chains covalently anchored to
a surface at one end to form a dense layer that forces chains to
stretch and are widely used to improve surface properties for
lubrication,’ antifouling,*%’4 and biosensing5 and in medicine.®
Brushes can be prepared either by grafting polymer chains
directly to a surface (“grafting to”) or by growing the polymer
chains from initiators attached to the surface (“grafting from”),
where the latter is usually considered to offer better control of
grafting density and brush thickness.” Two widely used
methods to graft brushes from surfaces are surface-initiated
atom transfer radical polymerization (SI-ATRP) and surface-
initiated reversible addition—fragmentation chain transfer (SI-
RAFT). However, these are not ideal methods. The major
disadvantages of conventional SI-ATRP are that it requires an
oxygen-free environment, that it uses halogenated metal
catalysts which may be harmful for some applications or the
environment, and the inability to reuse the polymerization
solution. SI-RAFT generally does not produce polymer
brushes as thick as other surface-initiated controlled radical
polymerization (CRP) techniques. Typical thicknesses are <30
nm using SI-RAFT. Also, the RAFT agent is often expensive or
not commercially available; therefore, multiple-step syntheses
may be needed.

Self-initiated photografting and photopolymerization (SI-
PGP) is a method that uses UV light to polymerize monomers
without additional photoinitiators but using initiator mono-
mers (“inimers”). It was first reported using styrene
monomers® and later with acrylic or methacrylic monomers,
poly(ether ether ketone),'” and poly(disulfide) oligomers."’
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This method can be used to graft polymers onto surfaces that
are difficult to functionalize, like polyethylene,'>"” graphene,"*
carbon nanotubes,">*¢ or hexagonal boron nitride.'” Recent
applications include grafting onto cellulose nanocrystals'®
during the synthesis of metal—organic frameworks'”*’ and to
improve the device capabilities of perovskite quantum wells.”!
Being a light-induced process, the preparation of patterned
films™>~*° and gradients”®~* is straightforward. In the past, we
have studied physicochemical properties” and the antifouling
performance of poly(HEMA-co-PEG;;MA) (poly(2-hydroxy-
ethylene methacrylate-co-poly(ethylene glycol),, methacry-
late)) films prepared by SI-PGP.*>*' In addition, the effects
of charge imbalance on polymer hydration and swelling,32 their
potential use for antifouling,*® and the adhesion of proteins on
gradients of oppositely charged polyelectrolytes, prepared by
the same method, were investigated.28’3’4’35

Unlike the SI-ATRP and SI-RAFT reactions, which result in
linear polymers, SI-PGP is a less defined process. The initiator-
free UV-induced polymerization can proceed via different
reactions: by photolysis and radical formation of C=C or C=
O bonds or via formation of biradicals at the vinyl group.® This
means that the formed polymer is likely heterogeneous,
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possibly with some degree of branching and/or cross-linking,
End-grafted polymer chains in the brush limit have previously
been described using scaling theory™® and self-consistent field
theory®”*" along with Monte Carlo®” and molecular dynamics
simulations.”” Experimental work on tethered diblock copoly-
mers at the air/liquid interface was performed in good,*
theta,** and poor43 solvent conditions to investigate how the
brush height depends on molecular weight and grafting density
and to determine the polymer volume fraction profiles. These
parameters largely determine the performance of the brushes
in applications and are thus of central interest. However, there
is no accepted model describing, for example, chain segment
density distributions in films created by the SI-PGP method. In
parallel with the UV polymerization, there is also a continuous
UV-induced degradation, which will affect the resulting
structure. UV-induced degradation of plastics under natural
or artificial light has been studied intensely for a very long
time,**** and studies pertinent to SI-PGP-prepared polymers
are also available.”® Determining the chain-end profiles and
polymer volume fraction distributions for SI-PGP-prepared
polymer layers might improve the understanding of the UV-
grafting process, allow for better control of film formation, and
may lead to further applications of such polymers. Compared
to many CRP methods, the SI-PGP method is simple and
inexpensive, in that no controlled atmosphere is required, no
chemicals are needed beyond the monomers and the solvent
(avoiding potentially toxic halide initiators, transition-metal
ligands, or chain transfer agents), and the process is fast and
might allow for a 100—1000-fold reduction in the amount of
used monomers.”® This means that the potential benefits of the
SI-PGP process for engineering applications could be
considerable and that efforts to better understand the process
are justified.

Neutron reflectometry is a well-suited tool for investigating
thin films on planar surfaces. Neutrons striking an interface at a
shallow angle, 6, may be reflected, and reflections from
different layers at the interface result in an interference pattern,
which can be recorded as a function of the momentum transfer
normal to the surface Q, = 4z sin 6/4, where 1 is the
wavelength of the incident beam. By fitting a model to this
pattern, the refractive index depth profile of the sample can be
determined. Neutrons interact with the nuclei of the target
atoms, which makes them sensitive to isotope substitution. In
soft matter studies, parts of the sample are commonly labeled
by using deuterated chemicals as a means of varying the
contrast within the sample.”® Furthermore, the polymer
volume fraction depth profiles can be determined by measuring
the same sample using different mixtures of deuterated and
hydrogenated solvent and simultaneously fitting the recorded
reflectograms to the same model. Neutron reflectometry data
are generally ill-conditioned for fitting due to the loss of phase
information during the detection of the reflected neutron
wave."” To increase the confidence of the model fit in the case
of hydrated samples, multiple reflectograms with different
mixtures of D,O and H,O are measured and fit simultaneously
beyond the necessary two compositions that are required to
determine the solvent content of the layers. To further increase
this confidence, the reflectograms of dry polymer samples are
also fit together with the hydrated data, providing constraints
on the total amount of polymer.

In this paper, neutron reflectograms obtained from poly-
(HEMA-co-PEG,(MA) layers, grafted onto silicon and gold
substrates via the SI-PGP method, are modeled to determine

the polymer volume fraction profiles of the films. Copolymers
prepared from mixtures of HEMA and PEG;,MA result in
better reproducibility and antifouling performance and are
easier to prepare to large thicknesses than films prepared from
either homopolymer.*® The exact ratio of the two monomers is
a compromise between growth rate, thickness reproducibility,
UV stability, and antifouling performance, but poly(HEMA-co-
PEG,(MA) layers prepared from 1:1 mixtures of HEMA and
PEG|(MA have been used in several previous stud-
es,”>?3202973L48%9 which motivated our preference for this
mixture also in this study. The silicon and gold substrates were
selected based on previous observations that grafting rates
differ considerably between them” and also because they are
commonly used as substrates in biosensor applications, where
SI-PGP films have been used to prevent nonspecific protein
adsorption.”” To estimate possible cross-linking and the effects
of successive grafting, an additional layer of deuterated
methacrylic acid (MAA) was grafted on the samples with
poly(HEMA-co-PEG;(MA) coatings, which were also inves-
tigated with reflectometry.

B MATERIALS AND METHODS

Chemicals and Materials. All water was Type 1 ultrapure water
(182 MQ-cm resistivity). Ammonia and hydrogen peroxide were
obtained from VWR (AnalR Normapure), ethanol (99.5%) from
Solveco AB, Sweden, glacial acetic acid from Merck, and y-
methacryloxypropyltrimethoxysilane (MPS, sold as PlusOne Bind-
Silane) was purchased from GE Healthcare Life Sciences, Sweden
(now Cytiva). Deuterated methacrylic acid ({MAA) was purchased
from Polymer Source Inc. (Montreal, Canada). 2-Hydroxyethyl
methacrylate (HEMA) and poly(ethylene glycol) methacrylate
(PEG,(MA) with an average molecular weight of 500 g/mol were
bought from Sigma-Aldrich. 16-Thiohexadecanol was obtained from
Biacore AB, Sweden (now Cytiva).

Sample Preparation. Two samples were grafted onto polished
silicon surfaces, labeled Sil and Si2. For this purpose, the polished
(111) faces of 50 X 50 X 10 mm® undoped Si blocks with native oxide
layers were used. Before polymer grafting, the surfaces were cleaned
using the TL-1 procedure (aka RCA SC-1, sample immersed for §
min in a 5:1:1 mixture of H,0, 25% NH;, and 30% H,0, at 85 °C),
and a silane layer was deposited to serve as an organic layer to graft
the polymer onto. For this, the blocks were submerged in a 1:1
solution of ethanol and water containing 0.4% MPS and 0.05% glacial
acetic acid for 5 min and then baked at 115 °C for 10 min. The blocks
were ultrasonicated in ethanol for 10 s to remove unbound silanes,
further rinsed with ethanol, and dried.

Two other samples, labeled Aul and Au2, were prepared on gold-
coated surfaces. The gold surfaces were prepared by depositing first a
1.5 nm Ti adhesion layer and then 15 nm Au onto the TL-1 cleaned,
polished surfaces of two other Si blocks from the same batch as above,
using an electron-beam UHV evaporation system (Balzers
UMSS00P). Evaporation rates were set to 0.1 and 0.5 nm/s for Ti
and Au, respectively. The base pressure was typically below 5 x 10~°
Torr before evaporation started, and the pressure during the gold
evaporation step was <5 X 107® Torr. The coated blocks were then
stored in sealed containers until further use. Before polymer coating,
these blocks were TLI-cleaned again and immersed in a 1 mM
solution of 16-thiohexadecanol in ethanol overnight, whereafter they
were sonicated in ethanol for 2 min to remove physisorbed thiols,
rinsed with ethanol, and dried.

The polymer coatings were prepared using the SI-PGP method
onto the silanized or thiolated substrates, respectively, and the two
types of substrates were treated identically from this point (except for
the polymerization times; see below). The first monomer solution
consisted of 120 mM HEMA and 120 mM PEG,,MA dissolved in
water. The second was prepared by dissolving 1% w/w (109 mM)
dMAA in phosphate-buffered saline (PBS) with a pH of 7.4. No

https://doi.org/10.1021/acs.langmuir.2c02396
Langmuir 2022, 38, 14004—14015


pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c02396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

initiator was added, and the monomers were used without
purification. The polymerization process and the reactor setup are
briefly described in the following but have been described in detail
elsewhere.® 130 L of monomer solution was sandwiched between a
UV-transparent quartz disc and the substrate by placing the liquid on
the substrate and gently putting the quartz plate on top of the applied
monomer solution. The sandwich was then placed at a fixed distance
(45 mm), for a given time, under a UV lamp with the main emission
peak at 254 nm (Philips TUV PL-L, 18 W). The different monomers
were grafted sequentially, starting with the hydrogenated monomers.
The grafting times for the individual samples are displayed in Table 1.

Table 1. Grafting Times for the Two Types of Monomer
Solution for Each Individual Sample

sample HEMA-co-PEG,\MA dMAA
Sil 3 min 4 min
Si2 4 min 30 s 4 min
Aul 1 min 30 s
Au2 1 min 1 min 4S5 s

The grafting times were chosen to be longer for the silicon substrates
to account for the faster growth of polymers on gold substrates.”” It
has been established in previous work that the resulting thickness
varies nonlinearly with time, as monomer depletion and UV
degradation continually decrease the growth rate.*’

Neutron Reflectometry. The neutron reflectometry measure-
ments were performed at the D17 reflectometer”’ at the Institut Laue-
Langevin (ILL, Grenoble, France). For the silicon surfaces, reflecto-
grams were recorded both before and after the deposition of the
second layer, while on the Au2 surface, only after the completion of
both depositions. The blocks were mounted onto the reflectometer in
a liquid flow cell with the neutrons reaching the surface through the Si
blocks in all measurements. Reflectograms were recorded using
different mixtures of D,O and H,O as the solvent, as well as in the dry
state, when the cell was purged with dry N, gas. Each sample was
measured in three or four solvent contrasts (further details are
provided in the Supporting Information, Table S1). The contrasts
were labeled as D,0O and H,O for the pure isotopes and CMAu, CM4,
and CMSi for mixtures with scattering length densities of 4.5 X 1076,
4.0 X 107%, and 2.07 X 107® A7, respectively. The CMAu and CMSi
values were selected as their refractive indices are equal to those of Au
and Si, respectively. By minimizing the contrast between the substrate
and the solvent, the scattering from the polymer layer becomes the
dominant source of the reflected signal. The CM4 contrast, as an
additional contrast, was chosen because it is between the measured
D,0O and CMSi contrasts. Measuring multiple contrasts increases the
precision in the determination of the volume fraction profiles. Further
details about optimizing reflectometry measurements can be found in
the work of Durant et al.*' The reflectometer was set to time-of-flight
mode, and the beam height (with a vertically mounted sample) was
set to 38 mm. Slits S1 (at the guide exit) and S4 (in front of the
detector) were fixed to 4 mm widths. The samples were measured at
0.7° and 3° angles of incidence with slits S2 (at the exit of the
collimation guide) fixed to 0.5 and 3.4 mm and S3 (immediately after
the sample) to 0.4 and 1.7 mm, respectively, and with the sample
placed between slits S2 and S3. The measuring times were 15—120
min for the different contrasts (see Table S1 for details).

Modeling. All the reflectograms recorded at a given grafting stage
on each sample were fit simultaneously using the GenX program.>”
The fits were minimized with respect to a logarithmic figure of merit
(FoM), and the presented error bars correspond to a 5% increase in
the FoM. Hydration in the layers were considered by calculating the
scattering length density (SLD) of the nth layer according to the
equation

h=pp, + (L=, (1)

where p, is the SLD of the nth layer, pg, is the SLD of the
nonaqueous material in the layer, pg, is the SLD of the water, and ¢,

is the volume fraction of the material. Because the solvent contrast
was varied using different mixtures of D,O and H,0, it is the volume
fraction of the solvent which is determined in the experiments. We
refer to the remaining volume fraction as the nonaqueous material in
the sample. When modeling the reflectograms of the dry samples, the
SLD of the solvent (air) was constrained to 0 A~ For thin layers,
roughness values comparable to or greater than the layer thickness
often lead to unphysical solutions. To avoid such results in the case of
layers with thickness d < S0 A, the roughness values on both interfaces
were constrained to be identical.*’

The silicon substrates (samples Sil and Si2) were modeled using a
native oxide layer and a silane layer on top of a silicon surface. The
porosity of the native oxide is represented by the ¢, volume

fraction parameter, constrained between 1 and 0.5. Also, the SLD
Psio, Was set to 3.48 X 107° A2, and py; was fixed to 2.07 X 107 A2,

The gold-coated substrates (samples Aul and Au2) were modeled
with a titanium adhesion layer, a gold layer, and a thioalkyl layer on
top of a silicon substrate, also these with a native oxide layer. During
the fitting, the SLD parameters pg;, prj Paw and prp, were set to
2.07 X 1076 —1.92 x 107% 4.5 X 1075 and —0.5 X 107% A2
respectively. Self-assembled long-chain alkylthiol monolayers on gold
surfaces form crystalline layers with few defects. To represent this, the
parameter ¢brp;,; was constrained between 1 and 0.9.

The dry hydrogenated films were modeled with the polymer as a
single layer with ¢4, = 1 on top of an interface layer (see below).
Because dry layers collapse, with only residual hydration, the dry and
wet thickness parameters were decoupled during fitting. The hydrated
polymer films were modeled by slicing the SLD profiles into 1 A thick
layers, keeping pp,), a constant value restricted between the nominal
values of the two components (pypya = 0.99 X 107 A= and pppova
=072 % 107¢ A™2). To ensure a continuous transition between the
SLD of the hydrated profile and the substrate, an interface layer was
created with a thickness of 30y, an SLD of pp, and a volume
fraction equivalent to ¢1)01Y(Z = 0), where o, is the roughness of the
top layer of the substrate. When calculating the polymer volume
fraction profiles, additional constraints were introduced for each
model by limiting the total number of monomers to that calculated
from the reflectograms obtained on the dry samples. These
constraints are detailed in the Supporting Information. To investigate
the structure of the film, three different polymer volume fraction
profiles were fit to the data.

Parabolic volume fraction profiles are used to describe polymer
brushes, where the conformation of the individual chains is influenced
by the neighboring chains, resulting in stretching." To allow for a
nonideal chain, the stretched exponential parabolic model*' was used
in this study. The equation describing this profile is

a

#(2) = |1 - [hip]

)
where ¢, is the polymer volume fraction near the interface, h, is the
height of the brush, and the exponent a describes the shape of the
parabolic brush.

Collapsed polymer layers are modeled with functions that are used
in approximating the unit step function. In other works,>* the tanh(z)
function was used; here we use a single layer with sigmoidal roughness
that is described as

¢Os hs_z
z) = —|erf]| —— 1
7 2[‘{ o ]+] (3)

¢os is the polymer volume fraction near the interface, h, is the
thickness of the layer, and o, is the roughness of the layer. To account
for the tail of the sigmoidal profile stretching beyond A, the splicing
was done on a h + 30, thick layer. The polymer volume fraction
profile of polyelectrolyte brushes in the osmotic regime is described
using a Gaussian profile as>®
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Figure 1. Neutron reflectometry data measured on hydrogenated films (dots) after one grafting and the resulting fits from the modeling (lines),
using the Gaussian fit model for samples Sil (a), Si2 (b), and Aul (c). The data for dry samples (black) are correctly positioned relative to the
vertical axis, and subsequent data sets have been scaled X100 relative to the previous data set for clarity. For the hydrated measurement the
contrasts were labeled as D,0 and H,O for the pure isotopes and CMAu, CM4, and CMSi for mixtures with scattering length densities of 4.5 X

1075, 4.0 X 107, and 2.07 X 107° A2, respectively.

- ~(z/q)
P(2) = e (4)
where ¢y, is the polymer volume fraction near the interface and o, is

the characteristic length of the profile. In this model the slicing was
done on a h, = 30, thick layer. The “osmotic regime” refers to strongly
charged polyelectrolyte brushes at low ionic strength, with extended
chains and where the brush height is relatively independent of the
grafting density and the ionic strength of the solution. For the
parabolic and sigmoidal models describing the hydrated structure of
the sample, applying the constraints required for simultaneous fitting
is not trivial. Although a method based on Lagrange multipliers was
used in previous studies,”® we use numerical calculations implemented
in a Python script within the GenX program®> to constrain the fit
parameters; details of these procedures, including the code, are
included in the Supporting Information.

To assess the swelling of the layers, we defined the hydrated layer
thickness using the expression

~ Zj:ozqﬁ(z) dz
fo°°¢(z) dz ()

The formulas for calculating the first moment of the volume fraction
profiles are shown in the Supporting Information (Table S3). The
swelling of the layer can then be calculated as X = /by

The monomer ratios in the films were determined using the
following equation:

wet

Ppoly ~ PpEGMA
Prpaa =
Puema ~ PpEGMA
where gy is the volume fraction of the HEMA monomer. The
surface coverage values (@) for the Gaussian models were calculated
according to the following formula

T
0= ¢0§ag(1.o73§¢HEMA + 1.107%(1 - ¢HEMA)J
where 1.073 and 1.107 are the densities of HEMA and PEG,MA,
respectively. The SLD profiles of dry films after grafting of a second
layer from deuterated monomers were approximated with two layers
and the hydrated films with four layers. The SLD values have been
constrained between the nominal values of PEG;)MA and dMAA
(Paman = 5-53 X 107 A72). Because the fits are only an approximation
of the real profiles, the layers in the fit do not necessarily represent an
actual stratified film; thus, the remaining parameters are not
constrained to a priori specified physically realistic values. Because
UV radiation is known to modify the structure of oxide layers on

silicon wafers®”® (see also Table S2 and related comments on this in
the Supporting Information), the substrate parameters from the
previous fit (after the first polymer layers) were not directly adapted
for these fits, but they were determined once again.

B RESULTS AND DISCUSSION

Single-Grafted Layers. Neutron reflectometry data from
the poly(HEMA-co-PEG;;MA) films are presented in Figure 1.
To determine the polymer volume fraction model best
describing the reflectometry data, the figures of merit for the
fits to the different models are compared. For this the y*
statistic (%) is frequently used. However, reflectometry data
are ill-conditioned for fitting based on the y* figure of merit
(FoM). Because the data are spanning several orders of
magnitude in value, the y*> FoM tends to favor the low-Q,
region of the reflectograms. To improve the fitting in other Q,
regions, the logarithm of the data and the model curve can be
compared instead, resulting in a logarithmic FoM. This
method favors the middle Q, region of the reflectograms
where most of the information about the shape of the SLD
profile is contained. For this study we opted to use the
logarithmic FoM. Model curves resulting from the fitting using
both FoMs are shown in the Supporting Information (Figures
SS, S7, and S9). The log FoM values for the different models
are shown in Table S4. The overall much lower FoMs for the
Aul data are caused by the gold layer dominating the
scattering. The values show only minor differences between
the different models within each sample, implying that the
models fit the data equally well. A comparison of the resulting
volume fraction profiles (shown in Figures S4C, S6C, and
S8C) indicates that the models are describing overall similar
profiles. In Figure S4C, the sigmoidal profile differs from the
other two, while in Figure S6C, the parabolic profile differs
from the other two. In both these cases, it is clear from Figures
S4A and S6A that the deviating volume fraction profiles are
also associated with unsatisfactory fits to the data, whereas
Gaussian profiles represent the experimental data well in all
three cases. The deviating fits could be an effect of the fitting
procedure being trapped in a local minimum or reflect a
genuine inconsistency between the model and the data.

However, evaluation of the parameters describing the
polymer layers, for the different models, shown in Table 2,
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Table 2. Parameters Describing the Polymer Layer from the
Parabolic, Sigmoidal, and Gaussian Models for Samples Sil,
Si2, and Aul”

sample Sil Si2 Aul

parabolic model

p, (X107 A7%) 0.77 + 0.12 0.88 + 0.07 0.95 + 0.09

bop 0.44 + 0.04 0.50 + 0.03 0.86 + 0.03

a’ 13 + 11 60 + 20 30 + 20

h, (&) 800 + 300 2000 + 200 1600 + 700
sigmoidal model

p, (x107° A72) 0.75 + 0.10 0.90 + 0.07 0.94 + 0.10

b, 0.37 + 0.05 0.55 + 0.04 0.93 + 0.05

o, (A) 240 + 170 206 + 15 220 + 30

h (A 290 + 90 190 + 30 220 + 30
Gaussian model

pg (x107¢ A72) 0.77 + 0.11 0.88 + 0.07 0.95 + 0.09

thog 0.44 + 0.04 0.48 + 0.02 0.86 + 0.03

o, (A)° 210 + 40 260 + 20 280 + 19

hy ()" 620 770 839

“The displayed errors are estimates calculated from a +5% increase in
the FOM. In the table, p represents the SLD of the polymer, ¢, is the
volume fraction at the solid surface, and h is the brush height for the
respective model. a is the stretching exponent for the parabolic
profile, o, is the roughness of the sigmoidal layer, and o, is the
characteristic length of the Gaussian profile. YDenotes calculated

parameters.

reveal that only the fit to the Gaussian model resulted in
parameters within the ranges expected from the models.
Calculations using self-consistent field theory in the asymptotic
limit predict that tightly packed polymer brushes have an «a
value of 1/2 in the parabolic model.*”*° Experimental results**
confirmed by simulations®’ found that in practical cases the
exponent is larger, and it approaches @ = 2 from above as the
overlap of the chains increases. In our models the a values
were calculated from the polymer amount constraint, and all
values are far greater than the values expected from the cited

works. Thus, in our case this suggests either that the cause of
the stretching observed on the samples is something else than
just the excluded volume effect of the neighboring polymer
chains or that the chain length distribution is different.

Sigmoidal profiles describe a collapsed layer. When the
interfacial roughness o, is comparable to the brush height k,
the difference in the parameter ¢y and the actual value of ¢(0)
obtained from the model is very large. When o, < 2h,/3, this
difference is <1.69%. The sigmoidal fits in cases where o, >
2h,/3 result in highly stretched layers without any collapsed
constant volume fraction regions. Further discussion about the
effects of large o, values compared to h is found in the
Supporting Information (page S4). On the basis of these
arguments, we accept the Gaussian model as that which is best
suited to describe our samples. While the Gaussian model was
developed for polyelectrolytes, where charge—charge inter-
actions cause stretching of the polymer chains, charges are not
present in our polymers, and the mechanism causing stretching
needs to be found elsewhere. However, charges are not explicit
in the model either, and as such the model is indifferent to the
cause of the stretching; thus, there is no reason to object to
such a description on grounds of principle. The curves from
the Gaussian model fits (using log FoM) are presented in
Figure 1, and the corresponding parameters are given in Table
3.

The volume fractions and SLD profiles of the (nonaqueous
components of the) samples calculated from the models are
shown in Figure 2. The SLD profiles for the dry layers are
presented in Figure 3. The model parameters for the fitted
curves as well as SLD and polymer volume fraction profiles for
all three models are presented in the Supporting Information
(Figures S4—S9).

Gaussian polymer volume fraction profiles are used to
describe polyelectrolyte brushes in the osmotic limit’> and
brushes in poor solvent.*’ In the case of polyelectrolytes, the
chains are stretched by the osmotic pressure of the counterions
even below the @ point, but the electrostatic interactions
between the charged monomers are screened. A detailed

Table 3. Fit Parameters for the Hydrogenated Layers Modeled with a Gaussian Polymer Volume Fraction Profile”

parameter Sil Si2 parameter Aul
dsio, (A) 18 +2 146 + 1.4 dsio, (A) S0+ 18
Gsi0, (A) 30+ 19 S+2 si0, (A) 59 +0.8
bsio, 0.60 + 0.06 0.64 + 0.07 dr; (A) 10.1 + 0.6

dpa (A) 1431 + 0.7

dsiane (A) 27+5 42+5 drpior (A) 187 + 1.3
Dsitane 0.64 + 0.05 0.66 + 0.02 Drbiol 0.97 + 0.03
Psitane (X1076 A72) 1.10 + 0.20 1.21 + 0.09 Prvigl (X106 A72) —0.50 + 0.13
Ogitane (A) 17 + 8 3+4 Orniol (A) 30+08
pe (X107 A7%) 0.77 + 0.11 0.88 + 0.07 pe (X107 A7%) 0.95 + 0.09
bog 0.44 + 0.04 0.48 + 0.02 bog 0.86 + 0.03
o, (A)" 210 =+ 40 260 + 20 o, (A)" 280 + 19
hy (A)° 620 770 hy (A)° 839
hay (A) 80 + 7 109 + 6 hay (A) 213 + 7
Oy (A) 3+20 13 + 10 Oy (A) 6+ 11
hye (A)Y 233 290 oo (A)Y 316
swelling” (%) 291 266 swelling” (%) 148
HEMA content (%) 20 + 40 60 + 30 HEMA content (%) 80 + 30
surface coverage (ng/cm?)” 900 + 190 1200 + 110 surface coverage (ng/cm?)” 2300 + 180

“The displayed errors are estimates calculated from a +5% increase in the FOM. d is layer thickness, ¢ is interfacial roughness, p is SLD, ¢ is
volume fraction, ¢, is volume fraction at the solid surface, and h is the brush height. *Denotes calculated parameters.
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Figure 2. Volume fraction profiles (black) and SLD profiles (orange) of the nonaqueous components calculated from the model fits on the
hydrogenated layers for samples Sil (a), Si2 (b), and Aul (c). The zero of the thickness (Z) is set to the interface of the SiO,/silane and gold/
alkylthiol layers for the silicon (Si) and gold (Au) samples, respectively.
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Figure 3. SLD profiles of the hydrogenated samples measured in the
dry state. The zero of the thickness is set to the interface of the SiO,/
silane and gold/alkylthiol layers for the silicon (Si) and gold (Au)
samples, respectively.

discussion and calculation may be found in Zhulina et al.> In
the present case the monomers do not contain charged groups,
and infrared spectroscopy on identically prepared samples
show no indication of ionizable residues in the films.*
However, recent work suggests that hydronium ions bound to
PEG chains can form a so-called supra-polyelectrolyte, where
PEG behaves like a pH-dependent polyelectrolyte rather than a
conventional neutral polymer in an aqueous solution.”> This
could potentially explain a polyelectrolyte-like behavior, but
further data are needed to support such a hypothesis; leaving
this—at this stage somewhat speculative—hypothesis aside,
the behavior could be attributed to the entropic contribution
of water molecules participating in hydrogen bonding with the
side chains. Poly(ethylene glycol) is known for interacting
strongly with water,*>** resulting in strong hydration, which
supports this hypothesis, but neutron reflectometry data from
PEG brushes are usually modeled with parabolic profiles rather
than Gaussian profiles.’”*>*® In poor solvent the polymer
chains are collapsed by the unfavorable solvent—monomer
interactions. As stated above, PEG interacts with water
strongly, making this case unlikely. Furthermore, reported
experimental polymer volume fraction profiles on tethered
chains in poor solvent contain a constant volume fraction
region near the substrate, which is missing from our results.
Another possible explanation for the suitability of Gaussian
profiles could be stretching caused by overlapping of the
neighboring PEG;MA side chains. Grafted polymer architec-
tures with long side chains, called bottlebrushes, have received
increased interest recently due to improvements in grafting
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methods and promising applications.””** Similar systems made

using PEG,sMA and HEMA and their interactions with SDS
have been studied before,” but neutron reflectometry studies
were only performed on polyelectrolyte systems where HEMA
was substituted with 2-(trimethylammonio)ethyl methacrylate
chloride (METAC).”” However, scaling analysis combined
with free energy calculations and molecular dynamics
simulations of bottlebrushes with increasing grafting density
resulted in increasing chain heights even at low and
intermediate grafting densities.”’ To assess the relevance of
bottlebrush models for approximating the structure of SI-PGP
polymers, the chain structure needs to be known, but
determining the exact HEMA:PEG;)MA monomer ratio in
the current films is difficult due to lack of contrast between the
monomers, which is represented in the large error values for
the HEMA content of the films (Table 3). Calculating the
weighted average results in 59 + 16% HEMA content, which is
near the HEMA concentration in the monomer solution used
for the polymerization, indicating approximately one
PEG;;MA monomer for every other unit on the backbone.
The ¢, values are 47.2 + 1.6% for the polymers on Si
substrates and 86 + 3% for the one on Au substrate, and these
near-substrate volume fractions can be approximated to
grafting densities. For each sample, we also note that the ¢,
values are very consistent across the three models. The ratio of
these grafting densities is not unlike the ratio of the densities of
the silane and thiol layers (see Table 3), and it seems
reasonable to hypothesize that the densities of these organic
layers influence the resulting polymer grafting densities.
However, previous work showing effective SI-PGP poly-
(HEMA-co-PEG,;MA) grafting on, for example, amorphous
polyolefins® or polystyrene*’ indicate that end-terminating
functional groups are not a requirement for grafting. This issue
was also discussed in previous work on other SI-PGP-prepared
polymers® where we note that aliphatic hydrogens are very
likely targets for hydrogen abstraction and radical formation
and thus that grafting could occur on already grafted chains
and is not limited to the end-groups of the silane or thiol
layers. As a result, soon after grafting commences, there will be
plenty of potential grafting sites on either surface type,
reducing the influence of the density of the underlying organic
monolayer. Although we cannot rule out an effect of the
differences in the grafting densities of the silane and alkylthiol
films on the obtained ¢, values, we attribute this difference to
the equilibrium between grafting and removal of monomers by
the UV radiation. The reflectance for UV light is double from a
silicon substrate compared to that from a gold layer.”” This
increase in intensity near the surface promotes the degradation
of the layer over silicon. Calculating the average grafting rates
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Figure 4. Neutron reflectometry data (dots) measured on double-grafted layers for samples Sil (a), Si2 (b), and Au2 (c) with a deuterated MAA
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Figure 6. Volume fraction profiles of the deuterated (black) and hydrogenated (red) monomers in the hydrated double-grafted films on samples
Sil (a), Si2 (b), and Au2 (c). For comparison, the volume fractions of the hydrogenated monomer from the previous measurements (before the

second grafting) are also displayed as dashed red lines.

from the thicknesses of the dry samples in Table 3 and the
grafting times in Table 1 yields the average growth rates 27 +
2,242 + 1.3, and 142 + S A/min for samples Sil, Si2, and
Aul, respectively. Although the growth rates are not constant,
but decrease continuously with monomer depletion in the
volume near the interface accessible through diffusion and UV
degradation, and detailed comparisons for different polymer-
ization times can be misleading, it is still clear from these
averages that the ratio of the growth rates between the Si and
Au samples are far from the ratio of the densities of the silane
and thiol layers. It seems unlikely that the differences in
grafting rates can be attributed to differences in the densities of

14010

the organic layers. Because the polymerization is progressing
largely in bulk with attachment of chains to the surface, as a
“grafting-to” process,”” the difference in the UV intensity also
explains the different grafting speeds for the two surfaces.
Studies performed on poly(HEMA-co-PEG;(MA) brushes
grown by surface-initiated atom transfer radical polymerization
on gold substrates’” suggest a correlation between the
crowding of the layers, swelling, and antifouling performance.
Comparing the swelling and grafting in Figure S10, we can see
a clear negative correlation between these in our samples as
well, although data are limited.

https://doi.org/10.1021/acs.langmuir.2c02396
Langmuir 2022, 38, 14004—14015


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c02396/suppl_file/la2c02396_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c02396?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c02396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

Double-Grafted Layers. To investigate the nature of
grafting in SI-PGP, deuterated methacrylic acid (dAMAA) was
grafted onto the hydrogenated layers on samples Sil and Si2
and onto a newly deposited layer on sample Au2. The recorded
reflectograms and the results of the approximation fits are
presented in Figure 4. The fit parameters are displayed in the
Supporting Information (Table S8), the SLD profiles for the
dry layers are shown in Figure S, and the hydrated polymer
volume fraction profiles are displayed in Figure 6.

Comparing the SLD profiles from the dry measurements to
the p, values obtained from the fits of the single-grafted layers
(dashed red lines in Figure S), we can see that the increase in
SLD caused by the deuterated monomers is present even near
the surface on all three samples, but significantly more so on
Sil and Si2. This suggests that the new monomers graft not
only on top of the previous chains but also along their length
and also directly onto the substrate. This is in accordance with
our previous results regarding polyelectrolyte layers sequen-
tially grafted with the same procedure.”” The low-SLD regions
(marked by the shaded areas in Figure S) near the substrate
surfaces are signs of remaining hydrogenated material from the
poly(HEMA-co-PEG,(MA) layer. The precise determination of
the monomer ratio in the films is not possible, as the maximum
values in the profiles do not reach the nominal value of the
dMAA monomer (5.53 X 107® A™?). Because hydrogenated
material outside the maximum SLD of the polymer films in
Figure 5 cannot be distinguished from air, this also prevents us
from assessing the influence of the surface roughness on the
monomer ratio estimates. Thus, we can determine the
roughnesses of the SLD profiles, but we do not know to
what extent the decay of the SLD at distances greater than the
SLD maximum is a result of interfacial roughness, or
hydrogenated material, adding uncertainty to the determi-
nation of the polymer volume fraction profile. In addition to
the hydrogenated polymer, the low SLD values near the
substrates may be caused by trapped water in the layer or an
inhomogeneous collapsed layer with significant voids trapped
between. For the single-grafted hydrogenated layers, the SLD
values for the dry and hydrated films were identical, suggesting
very low water content and a homogeneous collapsed layer
with little void volume ratio, and there is no reason to expect
otherwise for these samples. The samples were dried with N,
gas for at least an hour before the dry measurements. The
drying process was investigated using infrared spectroscopy on
poly(MAA) and poly(HEMA-co-PEG;,MA) films, both
separately and sequentially grafted, by monitoring the —OH
stretching band in the absorption spectrum, and after an initial
change during the first ca. S min, no significant difference in
the water content was found during 1 h of drying (see Figure
S12). These results all indicate that the low SLD values near
the substrates correspond to hydrogenated material and not
water.

From the fits of the reflectograms in Figure 4 one can
calculate the volume fraction profiles of the hydrogenated and
deuterated components using the SLD values obtained from
the single-grafted hydrogenated fits. The results are shown in
Figure 6. The results of the model fit show an increase in the
deuterated monomer concentration near the end of the
hydrogenated volume fraction profile in sample Au 2 (Figure
SC), which indicates direct grafting on top of the existing layer.
The lack of this visible increase on the Si samples might be
attributed to the near-complete removal of the previous layer.
To assess the degrafting of the hydrogenated layer due to the

UV illumination in the second grafting step, the polymer
volume fractions from the previous measurements are
displayed as red dashed lines in Figure 6. By integrating the
hydrogenated polymer volume fraction profiles, we can
determine that 9.2% and 13.1% of the original layer were
remaining after the second grafting in the case of samples Sil
and Si2, respectively. In the case of the gold layer, by
normalizing the polymer amount to the grafting time (between
samples Aul and Au2, because data for the first layer alone are
not available for sample Au2), the estimate shows no
degrafting with the deposition of the second layer. This is
inaccurate as the polymer amount is not a linear function of
the grafting time, but it does indicate significantly more
retained hydrogenated polymer for sample Au2, possibly a
result of the shorter grafting time and thus less degradation due
to the additional UV illumination. Comparing the total
polymer volume fraction values at the interface in Figure 7,
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Figure 7. Polymer volume fractions near the interface before (amber)
and after (green) the grafting of the deuterated layer.

we can see no major changes after depositing the deuterated
layer. This suggests that the deuterated monomers graft to the
surface only when the hydrogenated polymer was removed.
This can mean that there is a finite number of anchoring points
on the surface or that there is a steric barrier hindering the
diffusion of new chains to the surface that is eased with the
removal of polymer chains. Such a thickness self-limiting
barrier is reported in the “grafting-trough” model of polymer-
ization, where the polymerization takes place in the solution
and the resulting chains diffuse to the surface and graft onto it
through anchored monomers, from which the polymerization
progresses further, forming essentially a combination of
“grafting to” and “grafting from” growth.”” Because the
alkylthiol layers on the Au substrates do not contain
polymerizable groups, the “grafting-through” model is unlikely
to be the case here. Also, within a “grafting-through” model, ¢,
would be independent of the substrate but limited by the
polymer layer, and the differences between the silicon and gold
substrates shown in Figure 7 suggests that this is not the case.
Thus, the data points in favor of a situation where the surface
properties account for the observed differences between the
silicon and gold substrates, either directly due to differences
between the silane and the alkylthiol layers or indirectly via
differences in reflectivity in the UV region, as discussed above.

Implications for the SI-PGP Process. As explained in the
Introduction, SI-PGP has many desired benefits for engineer-
ing applications, in that it is simple, inexpensive, and with
potentially low environmental impact due to the small amount
of required monomers, avoidance of toxic initiators, catalysts
or chain transfer agents, and the use of water as a solvent.
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However, understanding the resulting film structure, the
growth mechanism(s), and also how the simultaneous
degradation by the UV illumination affects the polymer are
all essential for wider use of this method. In previous work, we
explored the polymerization mechanisms using oppositely
charged monomers.”> The conditions for polymerization in
such systems are very different from a system with nominally
neutral monomers, in that charge—charge interactions could
dominate the grafting process and have a strong influence on
the resulting film structure. Indeed, it was found that the
organization of the prepared films depend on electrostatic
interactions, but a more general observation was that for
sequential grafting of two different monomers growth of both
polymers proceeded mainly via grafting of solution-poly-
merized fragments to the surface and also that the second layer
is primarily grafted to the substrate and not as a continuation
of the existing chains. These results were obtained on silicon
substrates and agree with the current results for the Sil and Si2
silicon substrates. The differences in this respect between films
grafted on silicon and gold substrates are notable, and we
consider the differences in reflectivity between the substrates in
the relevant wavelength range the foremost hypothesis to
account for this but must leave a definite resolution of this
issue to future work.

The similarities between the FoM values obtained for the
three tested models (Table S4), and also the visual similarities
between the results (Figures S4, S6, and S8), would suggest
that the choice of model for fitting our data is not a critical
decision. To further illustrate this, calculated profiles for the
same amount of polymer, for the three models (and with two
different o parameters for the parabolic model) are included in
Figure S11. From this figure it is clear that only minor
differences in the predicted volume fraction or SLD profiles
can be expected from the different models. We note that Kent
et al. arrived at a similar conclusion in a very different polymer
system (Langmuir monolayers of polydimethylsiloxane—
polystyrene diblock copolymers), comparing four different
models, and that their results were also in good agreement with
self-consistent-field calculations of the polymer distribution.*!
This is reassuring in that it indicates that selecting the “wrong”
model might not be a huge problem but it also raises questions
as to what can be considered reasonable parameter ranges for a
physically realistic profile. Consider, for example, the com-
ments on the expected values of the @ parameter for the single-
grafted layers mentioned previously. From the profiles in
Figure S11, it is not obvious if, or why, an a parameter of 10
should be considered “unphysical” in any sense, and in the
limit of large a parameters, the profile is approaching a
Gaussian profile; accepting this as a physically viable profile
implies that an upper limit of the a parameter appears
unnecessary. Where model fits result in parameters outside of
their expected range, this does not necessarily indicate an
“unphysical” situation but rather that the particular interaction
built into the model is not determining the structure. Thus, in
these cases the interpretation of the fit results in physical terms
must be done with care and take into account the underlying
assumptions for the model parameters.

The random nature of the UV-grafting process, with
uncontrolled radical formation propagating the polymerization,
is expected to result in a heterogeneous polymer, including
possibilities for cross-linking, which is also supported by some
suggestions in the literature.”® Increasing cross-linking will give
the films hydrogel character, but there are few structural

studies of weakly or sparsely cross-linked surface-bound
hydrogels available for comparison, and already moderate
cross-linking results in relatively inflexible, homogeneously
swelling slablike films. The work of Menzies et al., studying
PEG-like plasma polymer films, is one of the few examples of
surface-bound hydrogels studied by neutron reflectometry,”
showing merely a slab of relatively homogeneous composition
and swelling upon hydration. Further examples in the literature
include the hydration of poly(methyl methacrylate) films” and
the swelling of poly((diethylene glycol monomethyl ether
methacrylate)-co-poly(ethylene glycol) methyl ether methacry-
late) films’® in vapor, which were also modeling the polymer
layer with a slab model.

In previous work using similarly prepared poly(HEMA-co-
PEG;,MA) films, Larsson and Liedberg have discussed the
possibility of branching and cross-linking’® and, based on
differences in the penetration of proteins into the polymer
matrix, concluded that a “bushlike” structure is formed, with
some degree of cross-linking, rather than a “brushlike”
structure. From the obtained volume fraction profiles (see,
for example, Figures 2 and $5), it is clear that there are density
gradients along the surface normal in all samples, which could
explain differences in penetration of differently sized proteins,
whereas Larsson and Liedberg assumed that the films were
homogeneous throughout the layer thicknesses. In addition,
the successful fitting of our data to volume fraction distribution
models developed for polymer brushes suggests that the degree
of cross-linking is most likely very low and that the films largely
retain the character of brushes. In addition, the agreement of
our data with models with chain segment density distributions
expected for stretched brushes also suggests that chain
branching in the SI-PGP-prepared films is generally low.

B CONCLUSIONS

We have characterized SI-PGP-prepared poly(HEMA-co-
PEG,(MA) polymer thin films by neutron reflectometry,
with a view to determining the resulting polymer chain
segment density distributions under hydrated conditions. The
investigation used both silicon and gold substrates not only
because these are commonly used in biosensor applications
where poly(HEMA-co-PEG,;,MA) films are used to minimize
nonspecific protein adsorption but also because grafting under
similar conditions results in different growth rates on these
substrates.”” Understanding the structure of the polymer is not
only essential for rational selection of materials and preparation
conditions for coating applications but also of fundamental
interest to understand the SI-PGP polymerization mechanism
and how degradation under the continuous UV illumination
affects the result. The reflectometry profiles were analyzed by
fitting the data to three different models developed for polymer
brushes—parabolic, sigmoidal, and Gaussian volume fraction
profiles—and comparing the results. Results from the fitting
indicate that the differences between these models are small, in
that either could be adjusted to fit the data to similar fitting
figures of merit, and hence that the choice of model in this case
will not strongly affect the resulting volume fraction or SLD
profiles. Overall, the results indicate that the films have a
structure that is largely similar to that of end-grafted brushes,
with little branching or cross-linking.

Grafting a second layer to samples with an existing layer aids
in understanding the grafting process and can also clarify the
impact of the UV illumination on the polymer. For this
purpose, a second layer of deuterated poly(dMAA) was used.
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The deuteration allows separation of the distributions of the
two monomers in the prepared films by neutron reflectometry.
The results show that on silicon surfaces considerable
degrafting of the first layer occurs, with significant amounts
of the deuterated monomer near the substrate surface after the
second polymerization. This is in contrast to the result for the
gold substrates, where a much larger fraction of monomers
from the second polymerization step remains on top of the first
layer. We attribute this difference to the higher reflectance of
silicon in the UV region, increasing the degradation rate, both
slowing down the net growth rate, and also increasing the
turnover of grafted chains in the second grafting step.
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