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ABSTRACT: Polyaramides, such as Kevlar, are of great technological
importance for their extraordinary mechanical performance. As ﬁbers,
they are used in personal safety, for reinforcement of tires and ropes,
and in further material composites that require extreme mechanical
stability. However, the properties of the polymer depend on the
environmental conditions. Speciﬁcally, elevated temperatures and/or
irradiation with UV light seriously aﬀect its toughness. Classical
approaches to protect polyaramide ﬁbers from these external factors
rely on coatings with resins or metal oxides, which typically increase
the weight and reduce the ﬂexibility of the polymer. Here, we present
a bioinspired approach to stabilize the mechanical properties of the
polyaramide. With our solvent free vapor phase approach, zinc oxide is
inﬁltrated into the polymer structure, resulting in intermolecular
cross-linking of the polymer chains. The procedure results in an increased degradation temperature of the polyaramide, while at
the same time it protects the ﬁbers against UV-induced degradation. The chemical interaction between the zinc oxide and the
polymer is theoretically modeled, and a chemical structure of the resulting organic−inorganic hybrid material is proposed.

1. INTRODUCTION
Nature is a source of inspiration for the fabrication of a plethora
of functional materials. Among the most important functionalities in natural materials are the mechanical properties, which
in the course of billions of years of evolution have been
optimized in various ways in order to fulﬁll the needs of a
species in a speciﬁc environment. The optimization may involve
structural features, such as the honeycomb structures,1,2
structural and compositional features, such as bones or shells,3,4
or dominantly compositional features. The last of these usually
involves the incorporation of metals, such as Zn, Cu, and Mn,
into protein matrices, which result in exceptional improvement
of the strength or hardness of the protein. 5−7 The
aforementioned metals play a crucial role in the enhanced
hardness of the jaw, mandibles, and claws of many insects. It is
reasonable to assume that intentional incorporation of metals
into artiﬁcial soft matter may also have positive eﬀects on its
mechanical properties. To achieve that, numerous strategies
have been established, including wet chemical approaches or
technical processing with vaporized chemicals. Especially vapor
phase processing has been shown to greatly improve the
toughness of some biopolymers (such as spider silk,8 collagen,9
and cellulose10) through inclusion of very simple metal organic
© XXXX American Chemical Society

molecules into the proteins or polysaccharides. However, the
impact of this strategy on high-strength synthetic polymers of
technological importance has never been reported.
Polymeric ﬁbers with high strength are often called upon
whenever a material with extraordinary mechanical performance is needed. Among such polymers, poly(p-paraphenylene
terephthalamide) (Kevlar) is most prominent for its great
mechanical toughness without the need of complex processing.
The origin of the extraordinary properties lies in Kevlar’s
unique chemical structure (Figure 1); the rigidity and
repetitiveness of its molecular backbone, together with the
para substitution of the benzene rings, allow the formation of
intermolecular hydrogen bonds resulting in an almost perfect
monoclinic crystalline packaging. Due to this inherent feature,
Kevlar shows liquid crystal-like behavior, such as great tensile
strength, strong energy absorption, and thermal insulation.
Such outstanding properties in a material with great ﬂexibility
and low weight have made Kevlar the material of choice in
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a cycle consisting of pulse (DEZ, 0.08 s)/purge (N2, 30 s)/pulse
(H2O, 0.08 s)/purge (N2, 30 s). By contrast, the inﬁltrated ﬁbers were
prepared by MPI. In the MPI case the substrate was exposed to the
precursors for deﬁned periods of time before purging, thereby allowing
diﬀusion of the precursors into the polymer. An MPI cycle consisted of
pulse (DEZ, 0.08 s)/ exposure (30 s)/purge (N2, 30 s)/pulse(H2O,
0.08 s)/exposure (30 s)/purge(N2, 30 s). In both cases, the number of
repetitive ALD/MPI cycles was 200.
2.2. TEM/EDS. TEM characterization and EDS analysis were
carried out with an FEI Titan microscope using 300 kV in STEM
mode and an EDAX SDD detector.
FIB lamellae were prepared by gently stretching the kevlar ﬁbers
across a convex aluminum SEM stub (prepared in-house) and ﬁxing it
in place at each end using carbon tape. Once the location for the block
extraction had been chosen the ﬁber was further ﬁxed to the substrate
with Pt depositions and the block was extracted by standard methods.
A Pt electron beam deposition was used initially to protect the sample
surface before any ion beam deposition was carried out. The block was
thinned to transparency on a copper “Omniprobe” grid using a 5 kV
gallium ion beam at 8 pA for ﬁnal surface preparation.
2.3. DFT Calculations. Density functional theory (DFT) was used
to compute the electronic structure of oligomers of Kevlar and ZnOinﬁltrated Kevlar in vacuum. The Perdew−Burke−Ernzerhof (PBE)
exchange-correlation functional23 was used with the SV(P) basis set
(split valence with polarization at all non-hydrogen atoms) as
implemented in TURBOMOLE24 with the resolution of the identity
(RI) approximation for Coulomb integrals25 accompanied by the
corresponding auxiliary basis sets.26 The “m4” integration grid of the
module RIDFT was used.27,28 Geometries were freely optimized using
redundant internal coordinates29 until gradients were <10−6 Hartree/
Bohr. Optimized structures were visualized with Materials Studio
version 7.0.
The computed system was composed of a total of eight rings of
Kevlar in the gas phase. Two adjacent oligomers, each consisting of
four covalently bound monomers, were connected via three hydrogen
bonds. This meant that the two central monomers of each oligomer,
along with the central hydrogen bond, are likely to experience an
environment representative of the polymer chain. Computing the
structure in the gas phase meant that the geometry of the oligomers
with and without ZnO could be freely optimized without imposing any
particular periodic lattice. To model the inﬁltrated sample, the H of all
three hydrogen bonds were replaced with [Zn(OH)] cross-links.
2.4. X-ray Diﬀraction (XRD). The XRD patterns of the samples
were measured with a PANalytical X’Pert Pro diﬀractometer with Cu
Kα radiation. For an easier measurement, Knitted fabric Kevlar pieces
were analyzed, instead of individual ﬁbers.
2.5. Attenuated Total Reﬂectance−Fourier Transform Infrared Spectroscopy (ATR-FTIR). The FTIR spectra were carried out
in a PerkinElmer Frontier spectrometer with the ATR sampling stage.
All spectra were measured with 20 scans from 520 to 4000 cm−1 at 4
cm−1 resolution. Each sample was measured ﬁve times, and the results
were averaged.
The spectra were processed using Origin 7.0 to calculate the fwhm
of some peaks.
2.6. Thermogravimetric Analysis (TGA). The thermal stabilities
of the samples were analyzed using a DTG-60 Shimadzu
Thermobalance. The samples (5−10 mg) were heated from room
temperature to 700 °C. The scanning rate was 10 °C·min−1, and all
measurements were carried out under nitrogen atmosphere.
2.7. Tensile Tests. The tensile tests were done with a BRUKER
Universal Mechanical Tester with a resolution of 50 μN and in
accordance to the ASTM standard C1557-03 (2008). The ﬁbers were
ﬁxed in a cardboard sampler holder, which had a punched hole of 6
mm diameter in the center (Figure S1). After vertical alignment of the
ﬁber across the hole, the sample holder was positioned in the
mechanical tester with the ﬁber being unstrained. Finally, the sample
holder was cut along the central guides and tensile force was applied
until rupture of the ﬁber, while the strain was measured
simultaneously.

Figure 1. Schematic of the hierarchical structure of Kevlar showing the
highly ordered packing of the polymer chains.

many application ﬁelds including personal protection, sports
equipment, and aerospace.
In many of these applications, Kevlar is exposed to harsh
environmental conditions, including high temperature, UV
radiation, and/or moisture which often degrade its mechanical
properties.11−15 In order to prevent the loss of mechanical
properties, various approaches have been evaluated, most of
them based on coating Kevlar ﬁbers with a resin or a metal
oxide.16−20 The drawback of such coatings is on the one hand
the extra weight of the resin and on the other hand the reduced
ﬂexibility upon coatings with brittle metal oxides. Therefore,
development of new routes for protection of Kevlar from
thermal and UV-induced degradation along with preservation
of its weight and ﬂexibility are in high demand.
Atomic layer deposition (ALD)21 has been used before to
deposit UV absorbing coatings on fabrics and ﬁbers. This
technique oﬀers the possibility to create conformal coatings at
lower temperatures than other vapor phase deposition
techniques with a great control over the thickness of the
deposit. However, the materials used for UV protection by
ALD are dominantly brittle ceramics and therefore could crack
and detach from the ﬁbers upon further mechanical processing
or handling. In this work, we present a new approach for the
stabilization of the mechanical properties of Kevlar ﬁbers based
on vapor phase inﬁltration of the ﬁber with a metal oxide. More
precisely, we use a modiﬁcation of ALD known as multiple
pulsed inﬁltration (MPI)8,22 to inﬁltrate zinc oxide into Kevlar
in analogy with many naturally occurring hybrid biomaterials.
With this innovative route, an organic−inorganic hybrid
material is created in the subsurface area of Kevlar, thus
protecting the ﬁbers from thermal and UV-induced degradation
without compromising the desired lightness and ﬂexibility. We
compare the properties of ZnO inﬁltrated ﬁbers with those of
ZnO coated ﬁbers to demonstrate the advantages of this new
approach.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The examined Kevlar ﬁbers were
obtained from the woven material commercially used in bulletproof
vests (Kevlar 29). The ﬁbers had diameters of 10 μm and were cut to
lengths of 3 cm for the experiments.
The modiﬁcation of the samples was performed in a commercial
ALD reactor (Savannah S100, Cambridge NanoTech Inc.). Both
inﬁltration and coating of the ﬁbers were carried out at 150 °C under a
constant nitrogen gas ﬂow of 20 standard cubic centimeters per
minute (sccm). Diethyl zinc (DEZ, Zn(Et)2, Strem Chemicals) was
used as the zinc source and demineralized water as the oxygen source.
The coated ﬁbers were prepared following a typical ALD process with
B
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To determine the stability of the ﬁbers under UV light the samples
were exposed to light with a wavelength of 365 nm for 24 h.
Subsequently the strain−stress curves were measured and compared
with the mechanical properties of unexposed ﬁbers.

3. RESULTS AND DISCUSSION
We applied tensile tests to native, thermally treated (ref.
Kevlar), ZnO-coated (C-ZnO), and ZnO-inﬁltrated (I-ZnO)
Kevlar ﬁbers. Their resulting moduli of toughness are shown in
Figure 2. Thermal treatment refers to constant heating of native
Figure 3. TEM images of cross sections of (a) C-ZnO and (b) I-ZnO
ﬁbers. Insets show EDS color maps with the carbon signal coded red
and the zinc signal coded blue.

the ﬁber surface. In the case of C-ZnO, this interface is sharp
and clear, while in case of I-ZnO, it is blurred with a gradual
decay of the Zn signal down to 30 nm depth below the Kevlar
surface. In this subsurface area, the Zn seems to be distributed
as a ZnO network embedded into the polymer. It is interesting
that this tiny layer of intermixed organic−inorganic material,
only about 30 nm thick, signiﬁcantly enhances the stability and
performance of Kevlar.
To understand how the ZnO inﬁltration positively inﬂuences
the thermal stability of Kevlar it is necessary to ﬁrst understand
how the elevated temperature aﬀects the native polymer. In
spite of several diﬀering interpretations on the mechanism,30−33
most authors agree that high temperatures disrupt the
intermolecular hydrogen bonds leading to a weakening of
Kevlar. The H bonding is apparently key for the thermal
sensitivity of Kevlar. Based on the observation that the ﬁbers
are stabilized for elevated temperatures, it is safe to assume that
the ZnO inﬁltration may result in replacement of the H bonds,
likely by covalent N−Zn−O bonds.
The possibility of such chemical reactions between the ALD
precursors and the polymer backbone was modeled by density
functional theory (DFT). The reaction pathway is schematically
shown in Figure 4a. Previous studies of ZnO ALD34,35 indicate
that DEZ adsorbs to Lewis basic sites (such as carbonyl O or
amide N of Kevlar) and that transfer of the most acidic proton
(here the amide NH) causes an ethyl ligand to be eliminated as
ethane. The remaining ligand is eliminated in the H2O pulse,

Figure 2. Modulus of toughness of the various processed samples
before and after UV irradiation.

Kevlar ﬁbers at 150 °C for 7 h, which should simulate the
conditions the ﬁbers experience during the coating or
inﬁltration processes and at the same time should demonstrate
the thermal sensitivity of this material. Native Kevlar ﬁbers
showed high thermal sensibility retaining only 75% of the initial
modulus of toughness after thermal treatment. The ZnO
coating was insuﬃcient for the thermal protection of Kevlar as
the ZnO-coated ﬁbers retained only 79% of the modulus. The
inﬁltrated sample, however, maintained exceptional values of
91% of the modulus of toughness.
After assessing the beneﬁt of the inﬁltration on the thermal
sensitivity, we additionally exposed the ﬁbers to UV radiation
for 24 h before performing the tensile tests. The comparison of
the modulus of toughness before and after exposure to UV light
shows the high sensitivity of Kevlar to such irradiation. The
modulus of toughness of both untreated and heated Kevlar
decreased by nearly 50%. In the case of C-ZnO ﬁbers, an even
stronger loss of the modulus of around 65% was observed. In
contrast, the inﬁltration with ZnO eﬀectively suppressed UV
induced degradation; the I-ZnO ﬁbers retained 90% of the
initial modulus of toughness.
The processing conditions are of critical importance for the
performance of the resulting polymer. In our case, we used the
residence time of the organometallic precursors in the reactor
as a variable, being the only process parameter that
distinguishes C-ZnO from I-ZnO. A prolonged residence
time of DEZ increases the exposure time and as a consequence
allows diﬀusion of the precursor into the interior of the
polymer rather than only binding to its surface. In order to
illustrate the eﬀect we cross-sectioned the C-ZnO and I-ZnO
ﬁbers with a focused ion beam and investigated the cross
sections by TEM. The TEM-EDS images (insets in Figure 3)
show a clear diﬀerence between the coated and the inﬁltrated
sample, speciﬁcally at the interface between the ZnO layer and

Figure 4. (a) Schematic of the proposed reaction pathways of Kevlar
with DEZ and H2O resulting from the energetically most favored
DFT-calculated chemical interactions. (b) Structure of the cross-linked
I-ZnO Kevlar oligomer computed with DFT.
C
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compensated through cross-linking of the polymer chains
with Zn in the case of the inﬁltrated sample.
As a result of the N−Zn−O bonding, an increase of the
degradation temperature is expected. A more quantitative
picture can be extracted from thermogravimetric analysis
(TGA) and diﬀerential thermogravimetry (DTG) measurements as shown in Figure 6. Untreated Kevlar loses about 4% of

producing an OH group on Zn. The net eﬀect is therefore to
replace the amide H+ of Kevlar with [Zn(OH)]+. In standard
ALD, this hydroxyl group would react during next DEZ pulse,
acting as a nucleus for the growth of a cluster or ﬁlm of ZnO.
In a model system of two adjacent Kevlar strands, the amide
protons were replaced with [Zn(OH)]+ so as to simulate the
ﬁrst MPI pulse, and the lowest energy optimized structure is
shown in Figure 4b. (Higher energy computed structures are
not reported here.) It can be seen that the interchain H-bonds
(computed bond lengths N−H = 1.03 Å and H−O = 2.09 Å)
have been replaced with an ionocovalent N−Zn(OH)−O
cross-linkage (DFT bond lengths N−Zn = 1.94 Å and Zn−O =
2.08 Å). The computed reaction energy (including the
production of ethane) is −115 kJ/mol per Zn atom relative
to DEZ and H2O in the gas phase. Upon continued processing
with MPI cycles, two energetically similar reaction pathways are
possible, namely, (i) continued cross-linking through the
replacement of H-bonds with new ionocovalent linkages and
(ii) growth of ZnO clusters at each existing Zn(OH) nucleus
within the system. For one cycle of the latter process, we
compute an energy gain of −113 kJ/mol per Zn (relative to
gas-phase DEZ and H2O, evolving ethane), which is close to
that computed for cross-linking. We therefore predict that the
ﬁnal structure after repeated MPI cycles is likely to consist of a
hybrid material composed of both nanoclusters of ceramic ZnO
and covalently cross-linked Kevlar chains (Figure 4b).
The theoretical model is supported by the changes observed
in the XRD patterns of the samples (Figure 5). Two main

Figure 6. (a) Thermogravimetric analyses showing the mass loss of
each sample as a function of temperature. (b) Derivative
thermogravimetric plots showing the main degradation temperature
of each sample. The temperature values of the C-ZnO sample
correspond to the maxima of the deconvoluted peaks (Figure S1).

the initial mass at 150 °C (corresponding to the processing
temperature), and a decomposition of the polymer occurs at
567 °C, which is in good agreement with previous studies.38
The mass loss at 150 °C of both ZnO treated samples is similar
and slightly lower than the loss observed from the untreated
Kevlar. The main decomposition of these samples occurs at
slightly higher temperatures (around 575 °C) than for the
untreated samples. However, in the case of the C-ZnO sample a
shoulder at 551 °C can be observed (deconvolution in Figure
S2), which is not seen in the I-ZnO sample. This shoulder
indicates that an additional decomposition process starts prior
to the main decomposition, which may follow a diﬀerent
degradation mechanism. A very likely scenario is that upon
coating with ZnO the water molecules contained within the
Kevlar ﬁbers get trapped by the coating and cannot be released
at 150 °C as it occurs with untreated Kevlar. Evidence for this
can be seen from the TGA curves of the samples in the early
stage of heating, that is, between 50 and 150 °C. At higher
temperatures the pressure of the water vapor will rise, causing
the ZnO coating cracking, potentially hand in hand with a
recrystallization of the ZnO. Indeed, in our earlier work we
showed that temperatures of around 500 °C are suﬃcient to
recrystallize ALD deposited ZnO on polymeric ﬁbers.39 The
high temperatures and the presence of released water molecules
will cause the C-ZnO Kevlar to start decomposing already at
520 °C.40,41 The FTIR spectra in Figure S3 support this
scenario. This additional degradation step of the C-ZnO may
be responsible for the ﬁnal loss in mass of 6%. The presence of
smaller molecular fragments that result from chain scission, as
indicated by XRD, may contribute to the enhanced mass loss
and earlier induction of the degradation in the coated sample.
In the I-ZnO ﬁbers the delayed water molecule release is less
expressed. The reason may be that a signiﬁcant amount of
water molecules within the Kevlar is consumed by the DEZ
during the inﬁltration process; thus, the degradation process
occurs in a largely inert atmosphere.
In order to seek more experimental veriﬁcation of the
computed structure, ATR-FTIR spectra of the samples were

Figure 5. XRD patterns of Kevlar before and after inﬁltration of ZnO
or coating with ZnO.

diﬀraction peaks can be observed in the pristine Kevlar XRD
pattern, at 20.6°and 22.9°. These peaks correspond to the
(110) and (200) crystal planes, respectively, which are parallel
to the axis of the polymeric chain.36,37 The positions of the
peaks and their full width at half-maximum (fwhm) have been
summarized in Table S1. Upon inﬁltration of ZnO into Kevlar a
shift of both peaks toward smaller angles occurs. This shift
indicates that the planes parallel to the polymeric chain stretch,
thereby conﬁrming an intercalation of ZnO. In the case of
coating, a diﬀerent behavior of the diﬀraction peaks is observed.
Only a small shift toward larger angles occurs, which likely
results from compressive stress induced by the inorganic
coating on top of the sample. The fwhm of the coated sample
increases, indicating a decrease of the crystallite size. The
reduction of the crystallite size may arise from the scission of
the superﬁcial Kevlar chains resulting from the strong reactivity
of the precursor and the heat evolution during the strongly
exothermic reaction with water. This eﬀect is largely
D
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agreement with the theoretically predicted cross-linked
structure.
The enhanced stability of Kevlar against UV irradiation after
inﬁltration is the most intriguing observation in this work. In
the case of the virgin polymer, the destructive eﬀect of UV light
on the mechanical properties is a direct consequence of
molecular decomposition reactions that take place on the ﬁber
surfaces.13,14,45 The UV light induces hydrogen bond cleavage,
chain scission, and oxidation of terminal groups of the polymer.
Those primarily aﬀect the amide groups and lead to a
degradation of the superﬁcial hydrogen bonds resulting in
surface etching. This eﬀect may be enhanced if elevated
temperatures are combined with UV irradiation. The superﬁcial
degradation reactions can be observed from the FTIR spectra
of the Kevlar samples before and after the irradiation (Figure
S5). Even though no evolution of a new peak is observed after
the irradiation, the intensity of the amide related peaks changes
signiﬁcantly. For a clearer comparison, the spectra were
normalized and the change of the intensities has been
summarized in Table S2. The reduction of the intensity of
the N−H stretching and Amide III bands, together with the
increased intensity of the Amide I and II bands, as observed in
the untreated Kevlar, arise from the cleavage of H-bonds
between adjacent chains and a homolytic splitting of C−N and
N−H bonds.14,40,46 The heated Kevlar sample shows the same
tendency, but the change in the intensities, especially of the N−
H stretching peak, is considerably larger. In this case, the UVinduced H-bond cleavage and chain scission reactions are
combined with a thermally induced H-bond cleavage. This is
clearly observed from the tensile tests where the modulus of
toughness of heated Kevlar after UV irradiation is even lower
than in the case of untreated Kevlar. The even more
pronounced loss of the mechanical properties of C-ZnO ﬁbers
after irradiation with UV light indicates that the degradation
reactions are further enhanced by the ZnO coating. ZnO is
known to strongly absorb UV light. The coating is therefore
expected to shield the ﬁbers from UV light and prevent
radiation-induced degradation. However, for a quantitative UV
blocking a ﬁlm of a UV absorbing metal oxide with around 100
nm thickness is typically needed.47,48 Since our ﬁlms have only
approximately half of that thickness, the UV blocking of the
ZnO coating is not expected to be eﬃcient. Furthermore, under
UV illumination and in the presence of water molecules, the
ZnO coating acts as a photocatalyst, creating oxygen-containing
radicals that can attack the polymeric backbone. Such
photocatalytic side reaction will rapidly degrade the polymer
in the vicinity of the metal oxide and in this way lower the
modulus of toughness. In fact, we observe the most signiﬁcant
loss in the modulus of toughness from coated samples after UV
irradiation. The diﬀerent degradation mechanism of the C-ZnO
sample is also expressed in the FTIR spectra. Unlike pristine
and heated Kevlar, where the changes in the N−H peak are
most dominant, in this case the biggest change occurs in the
Amide I peak. The increased intensity of the CO stretching
peak (Amide I) is accompanied by a shift toward higher
wavenumbers as a consequence of the oxidation of the amide
groups.
A similar argument may be claimed for the inﬁltrated
samples, since ZnO is present here as well, even though it is
buried in the polymer to a signiﬁcant degree. However, the
tensile tests show a supporting eﬀect of the inﬁltrated ZnO and
a suppression of the UV induced degradation. The UV
protection is also reﬂected in the FTIR spectrum, as almost

measured (Figure 7). No signiﬁcant diﬀerences can be observed
between C-ZnO and native Kevlar. If the model of cross-linking

Figure 7. ATR-FTIR spectra of the various investigated samples. The
peaks related to the amides are labeled.

the polymer chains with Zn holds true, the changes in the
bonding structure upon inﬁltration with ZnO should be
reﬂected in the FTIR spectra. It should be noted that the
mole fraction of the modiﬁed area of Kevlar after inﬁltration is
very small, and the signal of the unmodiﬁed Kevlar from the
bulk of the ﬁbers is overwhelming. Therefore, the spectra will
have signiﬁcant contribution from unmodiﬁed Kevlar. Nevertheless, a shift is observed from most of the amide peaks
indicating that the inﬁltrated Zn interacts with the amide
groups. The individual wavenumbers of these peaks are
depicted in Table 1 for easier comparison.
Table 1. Position of the FTIR Amide Related Peaks
peak

Kevlar

C-ZnO

I-ZnO

N−H stretching
amide I
amide II
amide III

3310
1641
1539
1249
1222
727

3311
1641
1540
1250
1224
726

3306
1636
1539
1254
1227
721

amide IV

The broadening (full width at half-maximum (fwhm)
increase by 6 cm−1) and red shift of the N−H stretching
band after inﬁltration clearly show an interaction of the
precursor with the amide. The theoretically predicted stretching
of the CO bond and a red shift of the corresponding peak in
calculated infrared frequencies of the model are reﬂected in the
experimentally observed redshift of the Amide I peak (a
signature of stretching of CO). The Amide II and Amide III
peaks show a clear deformation compared to the peaks of the
untreated Kevlar (Figure S4) in addition to the blue shift of
Amide III. These peaks correspond to the coupling of two
vibrational modes, N−H bending and the C−N stretching, and
are commonly used to determine the secondary structure of
proteins,42−44 which can be applied to Kevlar in a similar way.
The shift and shape change of the Amide II and III peaks must
result from the change in the intermolecular interaction of the
polymer chains and their spatial conformation, which is induced
by the inﬁltration of ZnO into the polymer ﬁber. If further
considering the red shift of Amide I and the blue shift of Amide
III, which is dominated by the C−N stretching, this implies that
a binding of Zn to the O in CO will have a stabilizing eﬀect
on the C−N bond. In summary, the spectroscopic data is in
E
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no change in the intensities of the amide related peaks is
observed. This stabilization may be explained as follows. On the
one hand chain-scission reactions become less probable in the
case of polymer chains that are cross-linked and stabilized with
Zn. Especially with the Zn binding to amide groups, those will
experience chemical stabilization and potentially shield the
amide bonds from reactive molecules. On the other hand the
inﬁltrated ZnO is buried in the subsurface area of the ﬁber
without contact to water molecules, thus suppressing radical
formation as source for UV-induced photocatalytic degradation.
Most likely both eﬀects play a partial role here and apply
simultaneously.
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4. CONCLUSIONS
The stability of Kevlar ﬁbers against thermal and UV-radiation
induced degradation has been signiﬁcantly improved by
applying a bioinspired approach, that is, by inﬁltration of
metals into a polymeric matrix. This has been achieved through
multiple pulsed inﬁltration of Kevlar with ZnO. As a
consequence of the inﬁltration, a hybrid organic−inorganic
material of around 30 nm thickness is created in the subsurface
area of the Kevlar ﬁbers. The structure of the hybrid material is
determined by theoretical models calculated with DFT.
Accordingly, the inﬁltrated ZnO covalently cross-links Kevlar
chains and further grows inside the polymeric matrix. The shift
in the vibration peaks of the amide groups observed in the
FTIR spectrum indicates that the inﬁltrated ZnO reacts with
the amide group, which is in agreement with the theoretical
model. Thanks to the creation of the hybrid material the
decomposition temperature of Kevlar is increased by nearly 10
°C, and 90% of its modulus of toughness is retained even after
24 h of UV irradiation, outperforming the stability of Kevlar as
known by now. Thus, this new route oﬀers the possibility to
improve the stability of such high strength polymers without
markedly compromising their characteristic lightness as the
additional weight added by the inﬁltrated ZnO is negligible in
comparison to the weight of the polymeric ﬁbers. In addition,
this vapor phase technique avoids the post-processing treatments that are commonly required after use of organic solvents.
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