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ABSTRACT: The present article focuses on the influence of gamma irradiation on
nanoscale polymer grafted films and explores avenues for improvements in their
stability toward the ionizing radiation. In terms of applications, we concentrate on
enrichment polymer layers (EPLs), which are polymer thin films employed in
sensor devices for the detection of chemical and biological substances. Specifically,
we have studied the influence of gamma irradiation on nanoscale poly(glycidyl
methacrylate) (PGMA) grafted EPL films. First, it was determined that a significant
level of cross-linking was caused by irradiation in pure PGMA films. The cross-
linking is accompanied by the formation of conjugated ester, carbon double bonds,
hydroxyl groups, ketone carbonyls, and the elimination of epoxy groups as
determined by FTIR. Polystyrene, 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl, dimethylphenylsilanol, BaF2, and gold
nanoparticles were incorporated into the films and were found to mitigate different aspects of the radiation damage.
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■ INTRODUCTION

Organic polymers possess unique functionalities and physical
properties that can be utilized for a number of electronic and
optical applications, ranging from memory devices to optical
sensors.1−9 As electronic/optical systems are scaled down to
micron/submicron sizes, it has become critical to employ
uniform, stable, and precisely located nanoscale polymer films
in these devices.3,4,8,10−14 To this end, chemically grafted
polymer layers have recently been explored in the fabrication of
components for a number of electronic and optical
systems.8,10,13−17 Covalent bonding to the substrate prevents
the delocalization of the nanoscale polymer films, as a result of
temperature/environmental variations and fluctuations. How-
ever, for a number of applications, functional polymer films
must be designed to operate in drastically more challenging
environments, such as high-energy γ radiation.
Ionizing radiation is well recognized for influencing

mechanical properties, chemical composition, molecular weight,
and the cross-linking extent of irradiated polymers.18,19 The
effects of irradiation on a number of polymers are known and
understood. For instance, polymers such as polystyrene,
aromatic polyamides, and polysulfones possess significant
resistance to radiation damage, but others like polypropylene
and poly(meth)acrylates will readily degrade upon exposure to
ionizing radiation.20−24 However, to the best of our knowledge,
the radiation stability of ultrathin grafted polymer films has not
been thoroughly investigated nor have effective mitigation
strategies been outlined for these films. This is in spite of the

fact that nanoscale polymer films have been considered to be
employed in gamma irradiation dosimetry.25−27 Therefore, in
order to identify the application range for the systems
containing grafted films, it is important to determine their
radiation stability. In particular, this range is crucial for the
devices being employed in orbiting satellites, spacecrafts,
defense related applications, and the devices located in the
vicinity of nuclear facilities or radioactive objects.28,29

In this regard, the present article focuses on the influence of
gamma irradiation on submicron polymer grafted films and
explores avenues for improving their stability toward radiation.
In terms of applications, we concentrate on the polymer thin
films employed in sensor devices for the detection of chemical
and biological substances.30−32 In fact, it is well established that
enrichment polymer layers (EPLs) deposited on the surface of
(optical) sensors can significantly improve their analytical
performance, by attracting compounds of interest and
increasing their local concentration in the vicinity of the
sensing elements.12,33−35 The effective and reliable functioning
of an EPL is dependent on two main factors: the permanency
of the chemical structure and the ability to absorb a significant
amount of the chemical of interest through swelling. Both of
these parameters can be significantly affected by an EPL’s
exposure to γ radiation, which is known to cause polymer cross-
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linking (decreasing its ability to swell), as well as significant
changes in the polymer chemical structure and molecular
weight.
In our EPL designs, we use poly(glycidyl methacrylate)

(PGMA), which was recently demonstrated to be an effective
basic layer for the generation of a number of enrichment
polymer layers.10−12,36,37 This polymer belongs to the
methacrylate polymer family, which is notoriously unstable
when exposed to ionizing irradiation.24 First, we follow the
effects of gamma irradiation on the PGMA material and PGMA
ultrathin films in terms of their chemical composition and
swellability (cross-linking). Then, we demonstrate that the
grafting of low molecular substances and polymers, as well as
the incorporation of nanoparticles, significantly increases the
stability of the nanoscale PGMA layer toward ionizing
radiation.

■ EXPERIMENTAL SECTION
Materials. The PGMA was synthesized according to the previously

published procedure.38 The average molecular weight of the polymer
used was 350−370 kDa, with a polydispersity index (PDI) of 2−3,
measured in chloroform via gel-permeation chromatography (Waters
Breeze), using polystyrene standards. Monocarboxy terminated
polystyrene (PS), with an average molecular weight equal to 2.4
kDa and a PDI = 1.2 and the PS with an average molecular weight
equal to 108.7 kDa and a PDI = 1.06 were both purchased from
Polymer source, Inc. The dimethylphenylsilanol (DMPS) and 4-
amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO) were
purchased from Sigma-Aldrich. The Au nanoparticles (NPs) were
purchased from Nanoprobes. They are stabilized with 1-mercapto-
(triethylene glycol)methyl ether and have diameters of 5 ± 1 nm. The
sulfuric acid and hydrogen peroxide were purchased from Sigma-
Aldrich and LabChem Inc., respectively, and mixed at a 3:1 ratio to
prepare the “piranha” solution. The synthesis of the BaF2 NPs was
conducted according to the procedures described elsewhere.39,40 In
brief, the synthesis was carried out via the solution precipitation
method, using ammonium di-N-octadecyldithiophosphate (ADDP) as
a ligand. A solution of the host and rare earth, RE, dopant metal
nitrates dissolved in water was added to a solution of NH4F dissolved
in 1:1 ethanol:water, together with ADDP, to form nanoparticles in
suspension. The barium fluoride nanoparticles have an average size of
30 nm [see the Supporting Information (SI) for more details]. The
acetone, toluene, hexane, chloroform, and ethanol were purchased
from Sigma-Aldrich, while the silicon wafers were obtained from WRS
Materials.
Fabrication of Films. A dip-coating process from solution was

employed to deposit a precursor polymer film on the silicon wafers
using a dip-coater D-3400 (Mayer Feintechnik). Prior to the dip-
coating, the silicon wafers were first cleaned in D.I. (deionized) water
for 1 h using an ultrasonic bath, then placed in a piranha solution (3:1
concentrated sulfuric acid/30% hydrogen peroxide) at ∼80 °C and
sonicated for 1 h, and finally rinsed several times with D.I. water. The
polymer solutions for the coating were prepared with concentrations
of 0.5%, 1%, 1.5%, and 2% w/v PGMA and 2% w/v PS. Chloroform
was used as the solvent for all polymers. The polymer layers were
deposited on the silicon surface by dip-coating at 320 mm/min.
Thickness of nonmodified PGMA layers was 50 nm, the thickness of
PGMA base layer for the preparation of modified nanoscale films was
25 nm (for subsequent PS grafting) and 70 nm (for 4-amino-TEMPO
and DMPS grafting). The thickness of Au NPs/PGMA and BaF2 NPs/
PGMA layers was 90 and 140 nm, respectively.
In general, the PGMA layers were fabricated according to the

previously published procedure.41,42 The layers were annealed for 3 h
at 130 °C in a vacuum oven, to anchor them to the silicon wafer. After
annealing, the samples were rinsed 4 times with chloroform to remove
any ungrafted polymer. For the PS grafting, we followed the procedure
described in detail elsewhere.42 In brief, the carboxy terminated PS
(70%) was mixed in chloroform with high molecular weight PS (30%),

to avoid dewetting during the polymer attachment. The mixture was
dip-coated above the already grafted PGMA layer. Next, the PS was
incorporated into the PGMA layer via melt grafting at 130 °C for 3 h.
After annealing, the samples were rinsed 4 times with chloroform to
remove any ungrafted polymer. To obtain the 4-amino-TEMPO/
PGMA and DMPS/PGMA grafted layers, we followed the procedure
described in detail elsewhere.43 Briefly, 4-amino-TEMPO and DMPS
were vapor-grafted into an already grated 70 nm PGMA layer at 130
°C for 1 h in a Schlenk tube. Next, the films were thoroughly washed
with chloroform in order to remove any ungrafted substances. To
obtain the nanoparticles/PGMA films, barium fluoride and gold
particles were dispersed in a PGMA chloroform solution and dip-
coated on the silicon wafer surface. The dry w/w contents of the
barium fluoride and gold in the polymer films were 40% and 16%,
respectively.

Characterization. Changes in the polymer layer thickness were
registered with ellipsometry in order to estimate the extent of the
grafting. The cross-linking extent of the nanoscale layers was estimated
by solvent vapor swelling, and monitored by in situ ellipsometric
measurements. For the swelling analysis, we used the procedure
described in detail elsewhere.11,12 It was conducted by placing the
wafer covered with the films in a closed cell with a bucket of analyte.
Ellipsometry was performed with a COMPEL automatic ellipsometer
(InOmTech, Inc.), at an angle of incidence of 70°. The refractive index
for the layers was assumed to be 1.5. Atomic force microscopy (AFM)
studies were performed on a Dimension 3100 (Digital Instruments,
Inc.) microscope. We used the tapping mode to image the surface
morphology of the films, using silicon tips with spring constants of 50
N/m at scan rates in the range of 0.5 Hz.

Differential scanning calorimetry (DSC; model 2920; TA Instru-
ments) was carried out at a heating rate of 20 °C/min. The FTIR
spectra of the polymer nanoscale layers on 0.5 mm thick Si wafers
were acquired using Thermo Nicolet 6700 FTIR spectrometry,
equipped with the transmission accessory. A clean Si wafer from the
same batch was used as a baseline for the transmission measurements,
and 256 scans were averaged. For acquiring the ATR FTIR spectra of
the bulk PGMA, the Thermo Nicolet Magna 550 FTIR spectrometer
with the Thermo-Spectra Tech Endurance Foundation Series
Diamond ATR accessory was used, and 16 scans were averaged. An
ATR correction and baseline correction were performed using Thermo
Scientific OMNIC software, versions 8.0 and 6.1. Deconvolution of the
peaks and peak integration were completed using Origin MicroCal 6.1.

Irradiation. A Gammacell 220 gamma research irradiator, which
produces γ rays with energies equal to 1.17 and 1.33 MeV during 60Co
decay, was used to irradiate the polymer samples studied here. The
dose rate was 7 K rad/min calibrated with respect to the water.
Absorption lengths for gamma irradiation in this range are much larger
than the thicknesses of the samples tested. Therefore, the damage can
be considered to be produced homogeneously throughout the
material. Irradiation was performed at ambient temperature in air
atmosphere. Bulk PGMA was subjected to dose of 1, 2, 5, 10, 15, and
30 Mrad. PGMA and (PS)/PGMA nanoscale films were subjected to
dose of 1, 5, and 15 Mrad and (DMPS)/PGMA, (4-amino-TEMPO)/
PGMA, Au NPs/PGMA, and BaF2 NPs/PGMA were subjected to
dose of 1 and 15 Mrad.

■ RESULTS AND DISCUSSION

PGMA Films. To obtain the EPL thin layer, the PGMA is
initially deposited on the sensor elements by dip-coating, spin-
coating, or drop-casting from solution and annealed at elevated
temperatures.10−12 In essence, the polymer films are anchored
via the “grafting to” approach.44 During annealing, in addition
to a surface functional groups-epoxy reaction, a cross-linking
reaction between the epoxy groups occurred. In essence, the
PGMA layer is fabricated as a thin internally cross-linked film,
covalently bound to the surface using its epoxy group
functionalities.38,44,45 The epoxy groups of the PGMA not
involved in the reaction with the surface and cross-linking can
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be used for the grafting of other polymer chains, to modify the
chemical composition of the nanoscale film. In fact, the
polymer was demonstrated to be an effective anchoring layer
for grafting polymers to inorganic and polymeric surfaces, using
the “grafting to” and “grafting from” approaches.43,46−48

Typically for polymers exposed to gamma irradiation (a)
bond cleavage resulted in molecular weight decrease, (b) cross-
linking of the polymer molecules led to network formation and
an increase in molecular weight, (c) carbon dioxide was
released because of carbonyl groups elimination, and (d)
double bond formation that occurs as the result of radical
recombination can be expected.19 In this respect, the closest
analogue to PGMA, the γ radiation stability of which has been
rigorously studied, is poly(methyl methacrylate)
(PMMA).21,49−52 PMMA has been extensively used as an
engineering plastic, organic glass, and a positive photoresist for
electron beam lithography.24 It is well documented that the
radiation stability of PMMA is low in comparison with many
other polymers.
Radiation Stability of Bulk PGMA. It is necessary to point

out that, to the best of our knowledge, the data on the γ
radiation stability of PGMA has not been reported in the
scientific literature. Therefore, to understand the behavior of
the PGMA nanoscale films upon their exposure to ionizing
radiation, we first studied the influence of gamma irradiation on
the PGMA bulk material. Figure 1a displays the ATR FTIR
spectra of the bulk PGMA samples subjected to different doses
of irradiation. First of all, we observe the appearance of the
conjugated ester peak (1280 cm−1), which is increasing with
dose, during the PGMA material irradiation. In addition, the
dose increase causes the intensive formation of carbon−carbon
double bonds, which is indicated by the presence of an IR peak

located at 1640 cm−1. This process is well documented for
PMMA degradation under irradiation.24,53−55 The formation of
conjugated esters occurs when a hydrogen atom is abstracted
from the cut polymer main chain, and the resulting radical
undergoes β-scission, resulting in the formation of a
neighboring double bond and ester group.
With respect to the molecular weight, two main effects of

ionizing irradiation on polymers have been identified: (a) chain
scission decreasing molecular weight and (b) cross-linking
increasing molecular weight.56 Extensive cross-linking also leads
to the formation of a nonsoluble fraction (gel-fraction) of
polymer material. When the well-studied PMMA is exposed to
gamma irradiation, it experiences an extensive main-chain
scission/decrease in molecular weight. The polymer is not
capable of cross-linking.56−58 It is necessary to highlight a
significant difference between the PGMA and PMMA macro-
molecules, which is the presence of reactive epoxy groups in the
PGMA structure. We observed that under irradiation a certain
amount of epoxy groups is consumed, as indicated by the
decreasing of the 900 cm−1 band (Figure 1a,b). It is improbable
that the epoxy groups are reacting with the radical species
formed during the irradiation, since the PGMA is routinely
obtained (including this work) by radical polymerization, which
implies no interaction between the oxirane group and polymer
chain carrying radical. Therefore, we suggest that the
nucleophile-type initiation of the epoxy polymerization with
alcohol and/or carboxyl groups59 is responsible for the decrease
in the epoxy group concentration. In fact, in the PGMA FTIR
spectra, the presence of a small amount of hydroxyl groups was
observed in the 3500 cm−1 spectral region (Figure 1a).
The presence of the hydroxyl signal in the spectra indicated

that, prior to the irradiation, a small fraction of (a) epoxy

Figure 1. Gamma irradiation effects on bulk PGMA. (a) FTIR spectra of bulk PGMA samples before and after irradiation normalized by carbonyl
peak, numbers on the graph correspond to the irradiation doses in Mrad; (b) areas of CC peak, hydroxyl and epoxy peaks as a function of
irradiation dose for bulk PGMA samples normalized by carbonyl peak; (c) gel-fraction of bulk PGMA samples versus dose of γ radiation; (d) glass
transition temperature of bulk PGMA samples as a function of irradiation dose. Lines are guide for eyes only.
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groups in the macromolecules was opened, yielding hydroxyls,
and/or (b) glycidyl methacrylate groups were hydrolyzed
yielding carboxylic groups. During irradiation, the increased
mobility of the (newly formed by chain scission) short chains
facilitates the reaction between the hydroxyl and epoxy groups,
since the shorter chains are less restricted from reptation
movements than the original “frozen” below glass transition
temperature (Tg) long chain.60 The process is also driven by
the increase in the concentration of the hydroxyl groups in the
course of irradiation (Figure 1a). In the irradiated PMMA
samples, a similar increase in the hydroxyl functionalities was
observed and suggested to originate from the oxidative
degradation of the polymer.24

In principle, our FTIR results indicate that under irradiation,
PGMA simultaneously undergoes bond cleavage/chain scission
and cross-linking via the epoxy groups. Both processes change
the chemical nature of the polymer but influence its physical
behavior in opposite directions: (a) cross-linking leads to an
increase in the effective molecular weight, formation of the
network, and decrease in the mobility of the macromolecule

constituting material, while (b) bond cleavage/chain scission
leads to a decrease in the effective molecular weight and an
increase in the mobility of the macromolecule constituting
material. It is necessary to point out that the level of cross-
linking can be critical for the polymer layer employed as the
EPL, since the extensive cross-linking decreases the ability of
the enrichment layers to swell and attract the compounds of
interest to the sensor elements.
In order to evaluate the level of the PGMA cross-linking, we

determined the amount of the gel-fraction in the irradiated
material as a function of the γ radiation dose. It was found that
a dose increase up to 5 Mrad leads to an increase in the gel-
fraction (Figure 1c). A further dose increase does not produce a
significant change in the gel-fraction. Therefore, it appears that
the cross-linking dominates the bond cleavage until reaching a
dose of 5 Mrad. We have studied the thermal behavior of the
irradiated polymer to reveal additional details of the
degradation processes. Figure 1d shows the results of the
DSC measurements of the PGMA glass transition temperature,
which mostly reflects changes in the level of cross-linking and

Figure 2. Gamma irradiation effects on PGMA grafted film. (a) FTIR spectra of PGMA film before irradiation, after 1, 5, and 15 Mrad gamma
irradiation; (b) the areas of aliphatic carbon−carbon double bond and conjugated ester as a function of irradiation dose normalized by PGMA
content; (c) the areas of carbonyl, hydroxyl (left axis), and epoxy (right axis) peaks normalized by PGMA content as a function of irradiation dose;
(d) swelling extent in acetone vapor for PGMA films versus γ radiation dose; (e) AFM images (height bar is 10 nm, scan size 1 μm by 1 μm) of
PGMA films. Lines are guide for eyes only.
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the molecular weight of the polymer chains. We found that the
Tg rises from 68 to 75 °C at the initial (1 Mrad) stage of the
radiation treatment. Further irradiation leads to a gradual Tg
decrease, which reaches 59 °C after a dose of 30 Mrad. This
result indicates that, initially, the formation of the polymer
network hinders the mobility of polymer chains, and increases
the thermal energy required to achieve long-range chain
motions. However, when the dose reaches 5 Mrad, the chains
in the network are cleaved to a certain extent, removing the
excessive restrictions imposed on the chain movements by the
cross-linking. The resulting effect is the growing number of
shorter chains within the network with a lower Tg. These data
shows the critical importance of monitoring the chemical
composition of the nanoscale polymer layer, as well as its ability
to swell when the radiation dose increases.
Radiation Stability of PGMA Nanoscale Films. We used

∼50 nm PGMA layer, grafted to a silicon wafer, to study the
influence of radiation on chemically grafted nanoscale films.
First, we determined that within the range studied (dose up to
15 Mrad) the thickness of the film is unchanging. This result
indicates that a measurable amount of the gaseous products is
not formed during irradiation. In order to monitor the chemical
changes of the irradiated PGMA nanoscale films, FTIR analysis
before and after each step of the radiation treatment was
performed for the grafted layers (Figure 2a−c). We found that
the number of carbonyl groups in the films slightly increases
under gamma irradiation (Figure 2a,c). It was documented that
both the loss of carbonyls (primarily caused by −COOH group
elimination) and formation of new ketone carbonyls can occur
under irradiation.49,53 The deconvolution of the carbonyl peak
into ester (1730 cm−1) and ketone (1710 cm−1) peak
components provided quantitative information about the
gradual changes observed for the carbonyl peak, while the
dose of gamma irradiation increases (SI, Figure S4, Table S1).
The ester component area stays constant within the statistical
errors, while the ketone component area develops for the
irradiated PGMA nanoscale films.
As for the bulk PGMA, we observed the formation of a

conjugated ester (peak at 1280 cm−1) and double bond (peak
at 1640 cm−1) upon irradiation (Figure 2a,b). According to the
infrared data, γ radiation also induces the formation of hydroxyl
groups in PGMA, while the intensity of the oxirane (epoxy)
ring vibration (ca. 900 cm−1) gradually decreases (Figure 2c).
This observation corresponds to the epoxy ring opening,
accompanied by a hydroxyl peak appearing at ca. 3500 cm−1.
The area of the epoxy peak located at 900 cm−1 decreases 6
times for pure PGMA nanofilm after 15 Mrad, while the OH
peak gradually increases with the increasing dose. This supports
the mechanism of the epoxy rings opening being directly
related to the hydroxyl-mediated reaction. In general, the FTIR
results show that the radiation induced degradation of the
PGMA grafted layer follows the same pathway as the
degradation of the bulk polymer.
Additionally, we investigated how the extent of the PGMA

film swelling in acetone vapor (the ratio between the thickness
of the swollen film to its initial thickness) changes as a function
of the radiation dose. The measurements allow the estimation
of the level of the film cross-linking. Figure 2d shows that the
swellability of the film in acetone gradually decreases with the
dose. The results clearly indicate that gamma irradiation causes
significant cross-linking of the 50 nm PGMA films.
It was reported that gamma irradiation can increase the

surface roughness of the polymer materials.61 Therefore, in

order to investigate the surface morphology change in the
irradiated PGMA nanofilms, the samples were imaged by AFM
in the tapping mode (Figure 2e). The surface morphology of
the irradiated polymer layers was found to be uniform and
even, while the PGMA films remained smooth throughout the
irradiation process, showing no discernible changes up to at
least 15 Mrad. The AFM RMS (Root Mean Square) roughness
for all layers was found to be 0.2−0.3 nm within 1 × 1 μm area
(SI Table S2).
In general, we found that irradiation has a significant effect

on the chemical composition and swelling extent of the
nanoscale PGMA films. The changes definitely decrease the
sensing ability of the PGMA based EPLs; therefore, strategies
to increase the radiation stability of the PGMA based nanoscale
films need to be identified.

Mitigation Strategies for Nanoscale PGMA Films. The
general approach for the mitigation of the radiation effect on
the PGMA nanoscale films is depicted in Figure 3. It is well-

known that gamma irradiation initially causes the formation of
radicals that are further involved in multiple reactions, including
interactions with the oxygen present in the air, chain transfer
reactions by hydrogen abstraction, and termination by
recombination or disproportionation.24 These processes cause
critical morphological, topological, and chemical changes, thus,
extensively alternating the properties of the polymer materials.
In order to mitigate the outcome of the irradiation on the
polymer films, free-radical scavengers can be introduced into
the film. In this scenario, when a radical reaches the scavenger,
more stable species with negligible propagation constants are
formed, which further react, resulting in the formation of stable
compounds. In other words, the presence of stabilizers
alternates the pathway of the polymer film interaction with γ
radiation, providing significant resistance toward radical-
induced degradation. In our work, we explored several
strategies for radical scavenging.

Grafting of PS to PGMA Film. In order to increase the
stability of the PGMA film toward ionizing radiation, it can be
modified with further grafting of the macromolecules that are
robust against the radiation. Polystyrene, where the presence of
the aromatic rings provides effective scavenging of the radicals,

Figure 3. Scheme depicting γ radiation damage (left) of the grafted
polymer layers and strategy for the damage mitigation (right), where
radical scavengers protecting polymer by terminating radical
propagation within the film.
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has high resistance toward the radiation,56,57,62 which makes it a
perfect candidate to be a stabilizer. For instance, for the
poly(methyl acrylate)-PS copolymer, in situ radical monitoring
demonstrated that the concentration of radiation-induced
radicals drops 6 times when the copolymer composition is
changed from pure poly(methyl acrylate) to PS.63 Chain
scission and radiation-induced cross-linking (which are
mutually opposite processes) are the general mechanisms of
PMMA and PS degradation, respectively. It was confirmed, by
evaluating the radiation yield (per 100 eV absorbed), that the
PS tends to be cross-linked, while the chain scission is observed
to be almost 4 times less for the polymer.56 It is apparent that
the PS macromolecules can be used to improve the PGMA
stability toward radiation.
In order to modify the PGMA film, monocarboxy-terminated

PS was deposited by dip-coating, and then melt-grafted (∼25
nm) via a reaction between the carboxylic and epoxy groups
into a preannealed PGMA (∼25 nm) layer. In addition to the
ellipsometry measurements, the presence of aromatic double
bonds (peaks at 1490 and 1450 cm−1) in the FTIR spectra of
the grafted film confirmed the anchoring of the PS chains
(Figure 4a). AFM imaging (Figure 4e) showed that roughness

of the film increased from 0.2 to 1.4 nm as a result of PS
grafting (SI, Table S2).
The resulting grafted films were subjected to 1, 5, and 15

Mrad of gamma-radiation and were characterized with FTIR,
AFM, and ellipsometry. It appeared that the incorporation of
polystyrene into the PGMA layer attains the goal of increasing
the radiation stability of the film in terms of swelling (cross-
linking). For the PS/PGMA layers, the extent of swelling does
not decrease, even after a 15 Mrad dose (Figure 4b). It appears
that the effective scavenging of the radicals by aromatic rings in
the PS-modified films prevents the macromolecules constitut-
ing the layer from intensive cross-linking.
The FTIR data also indicates the efficiency of the grafted

polystyrene chains as stabilizers for the PGMA nanofilms.
According to the infrared data, gamma irradiation leads to the
decrease in formation of hydroxyl groups, aliphatic carbon−
carbon double bonds, and the disappearance of the epoxy
groups (Figure 4a, c, and d). It is necessary to point out that the
hydroxyl peak areas normalized to the PGMA content are
almost 2 times lower for the PS/PGMA, which indicates that
free radicals can be effectively captured by aromatic rings. This
conjecture is confirmed by the fact that the PS/PGMA

Figure 4. Gamma irradiation effects on PGMA grafted film modified with PS grafting. (a) FTIR spectra of PS/PGMA film before irradiation, after 1
and 15 Mrad gamma irradiation; (b) swelling extent in acetone vapor upon γ radiation; (c) the areas of aliphatic carbon−carbon double bond and
conjugated ester normalized by PGMA content as a function of irradiation dose; (d) the areas of carbonyl, hydroxyl (left axis) and epoxy (right axis)
peaks normalized by PGMA content as a function of irradiation dose; (e) AFM images (height bar is 10 nm, scan size 1 μm by 1 μm). Lines are
guide for eyes only.
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nanofilm demonstrates only 2-fold oxirane ring intensity loss
after 15 Mrad. As consistent with the changes in the 1640 cm−1

carbon−carbon double bond peak area (SI, Table S1),
polystyrene suppresses the double bond formation by a factor
of 4 (Figures 2c and 4c). The observed phenomenon provides
additional evidence of the radiation protecting efficiency of
polystyrene in a PS/PGMA system. No considerable changes in
the carbonyl ester peak and carbonyl ketone peak (1710 cm−1)
were observed for the PS/PGMA film (SI, Figure S4, Table
S1). The area of the aromatic double bonds (peaks at 1490 and
1450 cm−1) stays constant within the statistical errors (SI,
Table S1). Therefore, the polystyrene benzene rings are not
affected by gamma irradiation to the extent detectable by FTIR.
We followed the surface morphology of the PS/PGMA films

in the course of gamma irradiation. It was observed that the
PS/PGMA polymer layer shows significantly higher surface
roughness in comparison with the base PGMA layer; however,
the film is uniform at the micron level, and no dewetting was
observed. As it turns out, the surface morphology of the PS/
PGMA films was not affected by gamma irradiation, even at a
15 Mrad dose (Figure 4e). We determined that AFM RMS
roughness for the PS/PGMA films practically does not change
in course of the irradiation and stays on the level of 1.3−1.7 nm
within 1 × 1 μm area (SI, Table S2).
Grafting of Hindered Amines to PGMA Film. The addition

of hindered amines, which arrest the radical driven degradation
of polymers, is widely used for the UV/light stabilization of
polymers.64−66 Therefore, we employed a similar strategy to
increase the ionizing radiation stability of the grafted PGMA
films. The mechanism of hindered amine action is complex, and
involves multiple steps of radical coupling and regeneration.
Since γ radiation directly creates free-radicals, hindered amine
light stabilizers (HALS) may be extremely effective in
preventing damage to the polymer film. For example,
polypropylene stability toward γ radiation can be significantly
increased by the addition of bis(2,2,6,6-tetramethyl-4-piper-
idinyl) decanedioate or bis(1,2,2,6,6-pentamethyl-4-piperidinyl)
decanedioate at the 0.125% level.67 HALS are scavenging
radicals via the formation of nitroxide radicals, which then react
with radicals formed as a result of irradiation.66 In this respect,
we selected to employ for the PGMA grafted layer stabilization,
4-amino-TEMPO, a stable nitroxide radical possessing an
amino group. This group is necessary for the covalent
anchoring of the molecule to the PGMA chain via the group
reaction with the epoxy groups of PGMA.
The 4-amino-TEMPO was grafted into the PGMA layer by

vapor grafting. It is necessary to point out that the grafting
density was rather high. Specifically, the initial thickness of the
PGMA layer, measured using the ellipsometer, increased from
70 to 160 nm. Analysis of the surface morphology with AFM
(image is not shown) indicated that the roughness of the
polymer film increased from 0.2 to 5 nm as a result of 4-amino-
TEMPO anchoring (SI, Table S2). The modification of the
PGMA layer has significantly decreased the extent of the
acetone swelling (Figure 5a). This effect is observed because of
the 4-amino-TEMPO primary amine group, which is capable of
reacting twice with the epoxy rings, increasing the level of the
film cross-linking.
According to the FTIR spectroscopy data, 4-amino-TEMPO

is highly efficient in terms of protecting the film from changing
its chemical composition: the formation of carbon−carbon
double bonds was not observed, and the formation of
conjugated esters is negligible (Figure 5b and SI, Table S1).

We assign this type of behavior to the effective radical
recombination of the free radicals formed as result of
irradiation, and the stable free radicals grafted to the PGMA.
The efficiency of radical scavenging is extremely high, so the
chain scissions are arrested; however, the cross-linking density
grows, which is reflected by the drastic decrease in swelling
ability, even after 1 Mrad (Figure 5a). This important fact
shows the low efficiency of the HALS and their derivatives as
enrichment polymer layer stabilizers, since the excessive cross-
linking leads to a decrease in the EPL’s ability to interact with
volatile organic compounds.

Radiation Stability of DMPS-Stabilized PGMA Films. The
usage of low molecular weight compounds containing aromatic
structures,68 grafted to the main chain of the polymer being
stabilized, is another approach that can lead to decreased cross-
linking levels. Moreover, multiple studies show the efficiency of
phenylsiloxane-based compounds as active layers or modifiers
for use in sensor applications.69−71 The high affinity of these
polar polymers to the nitro compounds, coupled with relative
hydrophobicity, represents significant interest in the creation of
new generations of explosive detection systems. As such,
phenylsiloxane/phenylsilane (e.g., DMPS) may be an effective
ionizing radiation resistance additive for the polymer layer,
which simultaneously increases the affinity of the polymer layer
to the polar compounds.
To this end, DMPS was grafted into the PGMA nanoscale

layer using the same procedure as the one used for the 4-
amino-TEMPO. The initial thickness of the PGMA layer,
measured by the ellipsometer, increased from 70 to 85 nm (or
by 20%) during vapor grafting, via the reaction of the silanol
group of DMPS with the epoxy group of PGMA. Analysis of
the surface morphology with AFM (image is not shown)
indicated that the roughness of the polymer film increased from
0.2 to 0.5 nm as a result of the grafting (SI, Table S2). It was
found that the DMPS modification increases the extent of
acetone swelling for the PGMA nanolayers (Figure 6a). First,
the results indicate that there is no significant additional cross-
linking of the film associated with the DMPS anchoring. We
associate the swelling increase with the increased polarity in the
films after grafting, due to the formation of a significant amount
of hydroxyl groups, which is evident from the FTIR spectra
(band located at 3500 cm−1).
The grafted DMPS turned out to be an efficient ionizing

radiation protection additive. In general, the additive
significantly suppresses the formation of double bonds (Figure
6b and SI, Table S1), thus preventing the chemical radiation-
induced changes of the chemical composition of the EPL.

Figure 5. Gamma irradiation effects on PGMA grafted film modified
with 4-amino-TEMPO. (a) Swelling extent in acetone vapor upon
gamma irradiation, (b) FTIR spectra before irradiation and after 1 and
15 Mrad gamma irradiation.
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However, we still observed a slight increase in the bands
located at 1280 and 1640 cm−1 as the irradiation dose
increased. It was also found that the area of the carbonyl peak
increases following the same trend as the nonmodified PGMA
layer (SI, Table S1). The area of the hydroxyl group increases,
while the epoxy peak ceases to exist after a 15 Mrad dose (SI,
Table S1). The opening of the oxirane ring leads to the
formation of new hydroxyl groups, in addition to the ones that
have already been presented in the films after DMPS grafting.
The evaluation of the swelling in acetone was conducted in

order to estimate the cross-linking suppression activity of the
DMPS. It was found (Figure 6a) that irradiation significantly
decreases the swelling and, therefore, increases the level of the
cross-linking. In fact, the acetone swelling of the DMPS/PGMA
film after 15 Mrad is almost the same as that for the
nonmodified PGMA film. Therefore, the DMPS does not
provide significant protection from cross-linking, while arrest-
ing the CC bond formation.
Incorporation of Gold and BaF2 Nanoparticles into the

PGMA Film. Inorganic nanoparticles are another promising
class of candidates for the protection of the polymer nanoscale
layers from free-radical attacks. For instance, it is known that
the addition of nanoparticles to the polymers increases their
thermal stability. Zinc oxide, polyhedral oligomeric silsesquiox-
ane (POSS), carbon nanotubes/nanoparticles, and clay
particles have been intensively studied for this purpose.72 The
thermal stability increase of PMMA, modified with AlOOH,
Al2O3, TiO2, and Fe2O3 nanoparticles, is related to the
following factors: the restriction of chain movements, trapping
of the radicals by the surface of the nanoparticle, and chemical
bonding to the metal oxide surfaces via methoxycarbonyl
groups.72 The presence of the free-radical scavenging ability
encourages the use of inorganic nanoparticles for polymer film
stabilization.
It is known that gold nanoparticles are capable of generating

short-lived radicals by abstracting halogen or protons, with
consequent scavenging of the formed radical species.73 This
effect hinders the Au nanoparticle-related organic catalysis,
while providing the evidence of a strong radical affinity toward
the gold surface. In order to investigate the stabilizing activity of
the gold nanoparticles, hybrid organic/inorganic Au NPs/
PGMA films were prepared. The concentration of the
nanoparticles in the film was 16% w/w (1.3% v/v). According
to the AFM imaging, the films have a smooth morphology (SI,
Figure S3), and the nanoparticles are evenly distributed across
the film. The RMS roughness of the Au NP containing film was
on the level of 0.5 nm (SI, Table S2). In general, the particles

demonstrated limited potential for polymer film protection
against ionizing radiation. Specifically, the swelling of the hybrid
films does not change significantly at a small radiation dose (1
Mrad) but drops considerably after 15 Mrad of gamma
irradiation (Figure 7a). At the high dose, the carbon−carbon
double bonds are intensively formed, as well as the hydroxyl
groups (Figure 7b and SI, Table S1).

Additionally, we tested scintillator nanoparticles (BaF2),
which convert high energy ionizing radiation into light, as
radiation stabilizers for the grafted nanoscale polymer layer
(characteristics of the nanoparticles are provided in the SI).
The PGMA/BaF2 film contains approximately 40% w/w (12%
v/v) nanoparticles, which, according to AFM imaging, are
distributed within the films in small agglomerates (SI, Figure
S3). The RMS roughness of the BaF2 containing film was on
the level of 4 nm (SI, Table S2). At the lower (1 Mrad) dose,
these hybrid nanoscale films demonstrated a certain stability
toward gamma irradiation. For the higher irradiation dose (15
Mrad), the extensive formation of the double bonds (Figure 8a

and SI, Table S1), as well as film cross-linking (Figure 8b), was
clearly observed. An increase in the carbonyl peak area also
occurs while the irradiation dose increases (SI, Table S1). Thus,
the BaF2 nanoparticles are actually protecting the film from
gamma irradiation; however, this effect is weaker than that for
the (macro)molecular stabilizers.

Comparison of the Radiation Stabilizer Efficiencies.
According to the comparative normalized FTIR spectra (Figure
9a,b), the stability of the nanoscale film stabilizers is estimated
as the area of the carbon−carbon double bond formation

Figure 6. Gamma irradiation effects on PGMA grafted film modified
by DMPS. (a) Swelling extent in acetone vapor upon γ radiation; (b)
FTIR spectra before irradiation and after 1 and 15 Mrad gamma
irradiation.

Figure 7. Gamma irradiation effects on a Au NPs/PGMA film. (a)
Swelling extent in acetone vapor for the films upon gamma irradiation;
(b) FTIR spectra of the film before irradiation and after 1 and 15
Mrad.

Figure 8. Gamma irradiation effects on the BaF2 NPs/PGMA polymer
layer. (a) FTIR spectra before irradiation and after 1 and 15 Mrad
gamma irradiation; (b) swelling extent in acetone vapor upon γ
radiation.
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changes in the following order: 4-amino-TEMPO > DMPS >
PS > BaF2 NPs > Au NPs > pure PGMA. Whereas the cross-
linking suppression activity changes in a different order (Figure
9c): PS ≫ DMPS ≈ BaF2NPs ≈ AuNPs ≈ pure PGMA ≫ 4-
amino-TEMPO. Despite the fact that the DMPS and 4-amino-
TEMPO provided more significant protection against the
radiation-related chemical changes, PS is a more promising
candidate for the sensing application, because it is not
undergoing extensive cross-linking, even after the high dose
(15 Mrad), and continues to show the same swelling extent as
the nonirradiated film.
However, since the EPLs are intended for use in chemical

detection systems, the changes in the chemical affinity of the
PS/PGMA layers should be estimated, to evaluate the
probability of false-positives and false-negatives in the EPL-
based sensors. In order to do this, the irradiated and
nonirradiated PS/PGMA films were exposed to a group of
solvents with different polarities. In the experiment, we
estimated that the affinity of the film toward acetone,
chloroform, and toluene does not change significantly upon
irradiation (Figure 9d). However, the PS/PGMA layer shows a
significant increase in the polar ethanol and decrease in the
nonpolar hexane swelling extent upon irradiation. These results
indicate that chemical changes influence the nanoscale polymer
layer response, after gamma irradiation. Specifically, we suggest
that the formation of the hydroxyl groups (Figure 4d) increases
the polarity of the nanoscale film, which is responsible for the
observed changes in the extents of the ethanol and hexane
swelling.

■ CONCLUSIONS

We have studied the influence of gamma irradiation on
nanoscale PGMA grafted films and identified avenues for
improving their stability toward ionizing radiation. In terms of

applications, we concentrated on EPLs, which are polymer thin
films employed in sensor devices. First of all, it was determined
that for pure PGMA layers, a significant level of cross-linking
was observed due to irradiation. The cross-linking is
accompanied by the formation of conjugated ester, carbon
double bonds, hydroxyl groups, ketone carbonyls, and the
elimination of epoxy groups. PS, DMPS, 4-amino-TEMPO,
BaF2, and gold nanoparticles were incorporated into the films
and were found to mitigate different aspects of the radiation
damage. Finally, PS was found to be the most effective stabilizer
with respect to the application of PGMA films as EPLs.
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Figure 9. (a) FTIR spectra of grafted polymer films with magnified carbonyl/CC and conjugated ester regions; (b) the intensity of double bond
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