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ABSTRACT: Organic−inorganic hybrid materials formed by
sequential vapor infiltration (SVI) of trimethylaluminum into
polyester fibers are demonstrated, and the photoluminescence
of the fibers is evaluated using a combined UV−vis and
photoluminescence excitation (PLE) spectroscopy approach.
The optical activity of the modified fibers depends on
infiltration thermal processing conditions and is attributed to
the reaction mechanisms taking place at different temperatures.
At low temperatures a single excitation band and dual emission
bands are observed, while, at high temperatures, two distinct
absorption bands and one emission band are observed,
suggesting that the physical and chemical structure of the
resulting hybrid material depends on the SVI temperature.
Along with enhancing the photoluminescence intensity of the
PET fibers, the internal quantum efficiency also increased to 5-fold from ∼4−5% to ∼24%. SVI processing also improved the
photocatalytic activity of the fibers, as demonstrated by photodeposition of Ag and Au metal particles out of an aqueous metal
salt solution onto fiber surfaces via UVA light exposure. Toward applications in flexible electronics, well-defined patterning of the
metallic materials is achieved by using light masking and focused laser rastering approaches.

■ INTRODUCTION

Combination of organic and inorganic materials at molecular
levels can stimulate synergetic properties superior to each of the
components, assisting materials scientists to solve challenging
problems of optical, electronic, catalysis, mechanical, and
biomedical applications. Techniques such as sol−gel,1 metal
organic frameworks,2 and molecular and atomic layer
deposition3−5 have been proposed to create functional hybrid
materials. Atomic layer deposition (ALD) is a thin film
formation technique to deposit highly conformal thin films
utilizing self-limiting reactions between substrate surface and
vapor phase precursors. The free volume available in polymers
provides for the diffusion of precursor vapors within the
polymeric substrates during ALD.6−9 Organometallic precur-
sors reacting with functional groups within the polymers form
organic−inorganic hybrid materials in the subsurface regions of
the polymer.8 The concept of precursor infiltration has inspired
new techniques to create organic−inorganic hybrid materials,
including techniques such as multiple pulsed vapor phase
infiltration,10,11 sequential infiltration synthesis,12,13 and
sequential vapor infiltration (SVI).14 Carbonyl (CO)
containing polymers such as polyamides,15,16 polyesters,14,17

polyacrylates,18,19 cellulose,20 silk,10,21 and biopolymers22 have

been infiltrated with common organometallic ALD precursors
such as trimethylaluminum (TMA),14 titanium tetrachloride,10

and diethylzinc20,23 for various applications. An important
distinction between an SVI process and an ALD process is the
sequence of precursor exposure. Whereas an ALD sequence is
defined as a dose A/purge/dose B/purge cycle, where A and B
are the precursors, an SVI sequence consists of a single
repetitive precursor exposure (i.e., dose A/hold/purge). During
the hold step the chamber is isolated from both the pump and
nitrogen flow after the precursor dose, thus extending the
precursor exposure. To replenish the precursor in the chamber,
the system is purged and a new cycle is started with a precursor
dose. After these cycles the second precursor (B) is cyclically
exposed in a similar fashion to complete any internal reactions
in the polymer. It is important to note here the term cycle is
different than the ALD cycle and only meant to be used for one
precursor’s exposure with the pattern explained above.
In our previous works12,16 we have shown that SVI can

change the optical properties of polyethylene terephthalate
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(PET).17,24 Upon SVI treatment the photoluminescence
intensity of the PET polyester showed more than an order of
magnitude increase.17 Virgin PET shows weak photolumines-
cence due to the presence of π electrons on the phenyl groups
existing on the backbone of the polymer. These π electrons are
excited by absorption of UV light, and electron recombination
shows emission in the violet-blue region of the visible spectrum.
This emission is studied in the literature to understand the
space charge accumulation on these polymers during insulation
applications, which can eventually result in degradation of the
polymer.25,26 Polyesters showed two emission bands in these
studies: (1) a band attributed to the monomeric emission,
which can be explained by the excitation of mobile sp2 electrons
and their relaxation to ground state,25 and (2) an emission
attributed to dimeric interactions of the polymer.25−27 The
mechanism of the second emission is believed to originate from
an excited state dimer (excimer) emission which arises from
interaction of excited species25,27 or from ground state dimers
which are excited by photons.26 Upon SVI treatment the
emission spectrum also shifts slightly to the red,17 representa-
tive of the formation of AlOx and linkages between the polymer
chains increase the dimeric emission in the material.
Following the measured changes in the PL emission of the

polymers, it is necessary to characterize the optical properties of
the PET−AlOx hybrid materials further to determine suitability
for certain applications. The mechanism of PL, for example,
needs to be studied further in order to understand the
differences in the PL emission behavior observed with SVI
temperature, as shown previously.17 Photoluminescence
excitation spectroscopy can explain the PL mechanism by
determining the relationship between the excitation and
emission bands of the PET−AlOx materials. Furthermore,
understanding absorption mechanisms and photoluminescence
internal quantum efficiency (IQE) of the optical materials is
necessary for all optical applications in which these hybrid
materials potentially can be used. For instance, the photo-
catalytic activity of a semiconductor material may be considered
in relation to the PL performance of the material,28−30 the
electronic band structure of the material, and the mobility and
lifetime of the charge carriers.30−33 For high performance
photocatalysis, a semiconductor should absorb strongly at the
desired wavelength range, and after charge carriers are formed,
they should have a lifetime long enough and mobility high

enough to diffuse to the surface and form radicals by redox
reactions at the surface of the substrate.30−33

In this report we analyze the dependence of optical emission,
absorption, and IQE on the treatment temperature of SVI-
processed PET fabrics using UV−vis and photoluminescence
excitation (PLE) spectroscopy. We then investigate the
photocatalytic activity of these materials in relation to this
optical analysis. Increased IQE values are found to correlate
with improved photocatalytic activity, as demonstrated with
photodeposition of Ag and Au nanoparticles on PET−AlOx
fibers by UVA exposures in aqueous Ag and Au salt solutions.

■ EXPERIMENTAL METHODS
PET fabrics were obtained in the form of 2/1 woven twill structure,
made of 330 denier multifilament 100% PET yarns. Fabrics are used as
received, and no pretreatment is conducted. SVI treatments were
performed using a flow tube type ALD reactor described elsewhere,15

using precursors of trimethylaluminum (TMA; STREM Chemicals;
CAS No. 75-24-1; 98% purity) and high purity water (Sigma-Aldrich;
biotechnology performance certified grade; CAS No. 7732-18-5).
Precursor delivery and purging to the system were done via ultrahigh
purity N2 (Airgas National Welders, 99.999%) flow, and the pressure
of the system was maintained at 1 Torr during purging. After the initial
placement of the samples into the reactor, the chamber was purged for
5 min. TMA cycles were conducted with a sequence of 0.5 s dose/30 s
hold/30 s purge, in which the chamber was isolated from the pump,
and nitrogen flow was stopped during the hold step. After the TMA
cycles were completed, the reactor chamber was evacuated for an
additional 5 min before water cycles were conducted. H2O cycles were
carried with a 0.2 s dose/30 s hold/30 s purge sequence. At this point
the samples were removed from the reactor after a final 2 min of inert
gas purge.

X-ray photoelectron spectroscopy (XPS) analysis was conducted
using a SPECS System with PHOIBOS 150 analyzer and Mg Kα
excitation (1254 eV). Prior to obtaining the XPS spectra, samples were
pumped down in the vacuum chamber overnight to minimize effect of
any outgassing from samples. Optical properties of samples were
investigated using UV−vis and photoluminescence spectroscopy. A
Thermo Scientific Evolution 300 BB UV−vis spectrometer with an
integrating sphere was used to obtain absorbance and reflectance
spectra of the fibrous samples. Photoluminescence (PL) spectra were
obtained with a 30 cm grating spectrometer and a Princeton
Instruments Spec-10 liquid nitrogen cooled detector, using a xenon
lamp as a light source and a monochromator to adjust the wavelength
while holding samples in air. For PLE measurements, the wavelength
of the excitation was varied, and the PL strength was measured at each
excitation wavelength. After determining the optimum wavelength for

Figure 1. Optical images of PET fabrics treated with SVI at different temperatures and exposure conditions: (a) under ambient light and (b) under
UV light (Blak-Ray B-100A (100 W) longwave UV lamp) in a dark room.
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excitation, the absorption and IQE measurements were completed in a
10 cm integrating sphere attachment to the Spec-10 system.
For photoreduction experiments, 0.1 M AgNO3 (Sigma-Aldrich;

CAS No. 7761-88-8) and 10−3 M HAuCl4 (Sigma-Aldrich; CAS No.
27988-77-8) solutions were prepared by using DI water. Cut fabrics of
25 × 25 mm2 dimension were embedded into 25 mL solution and
exposed to UVA light source (Intelli-Ray 400 W UV Flood; 100 mW/
cm2; 320−390 nm). After samples were taken out of the solution, they
were rinsed with DI water and dried in an oven at 60 °C. SEM images
were obtained using FEI Verios 460 L SEM. Patterning of the metal
reduction was conducted using a nontransparent black plastic mask
placed on top of the fabric in 25 mL solution and exposing it to the
same UVA light source for 15 min. Patterning was also conducted by
rastering a near UV laser (λ = 405 nm) mounted on an X−Y gantry
stage (Techno Inc.) while fabrics were embedded into the solution.

■ RESULTS AND DISCUSSION
Optical images of the SVI treated PET fabric samples under
ambient and UV light (Blak-Ray B-100A (100 W) longwave
UV lamp) conditions are presented in Figure 1. Upon SVI
treatment at 60 and 90 °C, the color of the fabrics are visually
observed to be the same as the pristine fabric. However, after
SVI exposures at 120 and 150 °C, the samples start to show a
yellow color, which intensifies as the temperature and exposure
time increase. It is very interesting to see this color change for
only the high temperature samples: we reported previously the
extent of reaction during SVI at 60 and 90 °C, manifested by
the mass gain of the samples, is higher than SVI at 120 and 150
°C.17 Therefore, the reason for the color change cannot be
simply hybrid material formation during SVI; rather, it is a
potentially new reaction mechanism occurring at higher
temperatures as discussed below.
Another important observation after SVI processing is the

enhancement of photoluminescence emission when these
samples are exposed to UV excitation, as shown in Figure 1b.
The weakest emission is observed from the sample treated with

5 TMA cycles of SVI at 60 °C, which also shows the lowest
mass gain among the samples. As the amount of hybrid material
formation increases with increasing number of TMA cycles at
60 °C, the emission grows stronger. Similarly at 90 °C,
photoluminescence of samples also increases with increasing
exposure time; however, the stronger emission occurs in fewer
TMA cycles as the SVI reaction extent increases more rapidly at
90 °C than at 60 °C.17,24 The color and intensity of the
emission for the 60 and 90 °C samples are similar to the eye
after 60 cycles. SVI processing at 120 °C shows a parallel
change in the emission and optical color, while photo-

Figure 2. High resolution XPS spectra of (a−c) carbon 1s, (d−f) oxygen 1s, (g−i) aluminum 2p peaks, for pristine PET and PET treated with 60-
cycle SVI at 60 and 150 °C.

Figure 3. UV−vis (a) absorbance and (b) reflectance spectra of the
samples treated with 60 cycles of TMA SVI at various temperatures.
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luminescence intensity and reaction extent rapidly increase in
five cycles. The color of emission slightly changes as the
exposure increases, as does the color of the samples. Color
change with increasing exposure is even more rapid at 150 °C,
and samples are less bright under UV illumination.
In order to understand the change in chemical structure of

the materials after SVI processing, XPS analysis was conducted
on pristine and 60-cycle SVI treated fabrics. The pristine
sample shows a C:O ratio of 77:23, which is similar to the C:O
ratio reported for PET in the literature.34 Upon 60 TMA cycles

of SVI treatment at 60 °C, the concentration of C decreases to
37.6% while O increases to 43.8% and Al is 18.6%. The
significant increase in the O concentration along with the
observed Al formation is due to the aluminum oxide formation
during SVI process. After 60 TMA cycle SVI treatment at 150
°C, the concentration of the C, O, and Al elements changes to
47.5, 33.5, and 19%, respectively. When the element ratios of
the two SVI treated samples are compared, the amount of O in
the higher temperature SVI samples is significantly lower than
the low temperature SVI sample, indicating that the species
forming at high temperatures has different stoichiometry. In
order to further analyze the composition of the hybrid material,
the high resolution spectra of C for pristine and SVI treated
samples are provided in Figure 2a−c. Peak fittings of the C
spectra of all three samples show peaks at 284.8, 286.4, and
288.7 eV due to C−C, C−O, and CO bonds, respectively. In
the pristine PET samples, the ratio of the three bonds is found
as 65.1:21.5:13.3, respectively. The ratio changes to
64.8:24.1:11.1 upon 60 °C SVI treatment. The increase in
the concentration of C−O bonds with a corresponding
decrease in the CO bond concentration suggests that
aluminum oxide is attached to the polymer by attaching to
the CO group during which C−O−Al−O groups form as
described in the literature.14 However, the concentrations of
the bonds for the high temperature SVI sample are
75.3:13.2:11:5, showing a significant decrease in the C−O
concentration. This result indicates that the reaction mecha-
nisms of the SVI at high and low temperatures are significantly
different. Previous FTIR analysis has demonstrated that higher
temperature SVI samples show new peaks in the fingerprint
region of the spectra and with a corresponding color change in
the samples, these peaks were attributed to the quinone-like
structures.17 These structures are likely to form by the chain
scission reactions via catalysis effect of TMA, and the XPS data
suggest that these reactions are occurring by transformation of
C−O bonds. It is also known in the literature that one of the
decay mechanisms for PET occurs due to the formation of
quinone structures.35 These structures can be the reason for
PET yellowing during aging and recycling. The decreased
concentrations of C−O and CO in XPS, supports the idea of
TMA accelerated chain scission reactions and the resulting
yellow color. High resolution spectra of O and Al are also
analyzed in order to understand the nature of the Al−O bands
forming. O spectra of the pristine PET given in Figure 2d show
that there are two peaks, for CO bond at 531.86 eV and the
C−O bond at 533.36 eV, both in good agreement with the
literature. As shown in Figure 2e,f, after SVI processing at 60
and 150 °C, the samples each show one peak centering at
531.81 and 531.84 eV, respectively, along with a small peak at
around 535 eV. The Al peak of the SVI treated samples in
Figure 2h,i are centered at 74.3 eV. Both the O and Al peaks
indicate that the aluminum oxide formed during SVI is different
than Al2O3 and more similar to aluminum hydroxide as
explained in the literature.36 Overall, the XPS data suggest that,
at low temperatures, SVI hybridization takes place by addition
of Al−(OH)x to the polymer backbone whereas at high
temperatures the chain scission reactions also take place along
with hybridizations. In either case the inorganic in the hybrid
material is characterized as Al−(OH)x.
In order to further understand the color changes in the

samples, we conducted a comparative UV−vis spectroscopic
absorbance and reflectance analysis utilizing an integrating
sphere (Figure 3). PET is known for its UV absorption caused

Figure 4. Photoluminescence excitation (PLE) spectroscopic analysis
of SVI treated PET samples at (a) 90 and (b) 150 °C.

Figure 5. Absorption and internal quantum efficiency values of
untreated control and 90 and 150 °C SVI treated samples at 355, 372,
and 424 nm excitation wavelengths.
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by the ring structures on the backbone of the polymer.25

However, as with many conventional polymers, virgin PET
does not show any significant absorption in the visible range, as
confirmed in Figure 3a. After 60 cycles of TMA SVI treatment
at 60, 90, 120, and 150 °C, samples begin absorbing in the
375−475 nm region, and the strength of the absorption
increases with increasing SVI temperature. As the temperature
increases, the long wavelength edge of the new absorption
feature shifts to longer wavelengths and increases in strength.
The edge moves from the 60 °C sample at 400 nm and
increases to 475 nm for the 150 °C sample. This new
absorption feature causes the yellow color observed in the
material. The highest amount of absorption and the highest red
shift is observed for SVI at 150 °C, in the range of 350−475
nm. After SVI at 120 °C, absorption still increases considerably
in the range of 375−450 nm. As the SVI temperature decreases
to 90 and 60 °C, absorbance drops substantially and the range
of absorption decreases to 375−425 nm. Reflectance of the
samples follow a very similar trend to absorbance in the range
of 375−475 nm (Figure 3b), where the reflection shows a
substantial drop whose extent increases with increasing SVI
temperature. Since surface roughness and morphology are
expected to be similar among these samples, this change in
reflectance can be attributed to the absorption of the light. It is
worth restating that even though the extent of the reaction is
3−4 times higher for SVI at 60 and 90 °C than for SVI at 120
and 150 °C, the higher absorption at 150 °C confirms that the
chemical nature of the materials forming is different in these
samples. Moreover, the change in the absorption spectral shape
suggests that the band structure of the polymer is significantly
altered upon SVI treatment.
The excitation and emission behavior in these samples was

studied with PLE spectroscopy, as shown in Figure 4. The

temperature-dependent SVI treatments produce significant
differences in the absorption and emission patterns. PLE
mapping of PET treated with 90-cycle SVI at 90 °C (Figure 4a)
shows that a single broad absorption band at 372 nm can excite
two distinct emission bands at 424 and 452 nm. At 60 °C 60-
cycle SVI treatments (not shown) produce a similar response.
However, PET treated with 15-cycle SVI at 150 °C (Figure 4b)
shows a significant change as excitation of two absorption
bands, the original one at 372 nm and a new one at 424 nm,
generate a single PL emission band centered at 472 nm. This
change is attributed to different compositions of the hybrid
material at different processing conditions (i.e., SVI temper-
atures). Specifically, the single absorption band observed at low
temperatures suggests a single type of material modification
takes place during SVI processing that is uniform throughout
the cross-section of the fiber, just as was discussed in previous
work.17 At higher temperatures the two absorption bands
suggest two distinct phases in the material: one phase similar to
the phase formed at low temperatures (absorbing at 372 nm)
and the other representative of an altogether new phase
(absorbing at 424 nm). Interestingly, the material formed at
low temperature has an emission band at 424 nm that coincides
with the strong absorption band for materials formed at high
temperature. The possibility of increased reabsorption may
explain why the emission intensity is an order of magnitude
lower for the high temperature SVI-processed sample (Figure
4a,b). Furthermore, the high red shift in the emission along
with the decrease in the emission intensity is attributed to the
polymer degradation at higher temperature SVI in the polymer
as suggested by the literature.35 As explained previously, the
XPS analysis suggests that polymer chains break and form
quinone structures along with the hybridization at higher
temperature SVI.

Figure 6. Optical images of samples after 15 min of UVA exposure: (a) pristine PET, (b) SVI (30-cycle TMA at 90 °C) treated PET in AgNO3, (c)
SVI (30-cycle TMA at 90 °C) treated PET in HAuCl4, and (d) SVI (30-cycle TMA at 150 °C) treated PET in AgNO3. SEM images of SVI (30-cycle
TMA at 90 °C) treated PET samples after UVA exposure in (e) AgNO3 and (f) HAuCl4 solutions.
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To characterize these optical changes, the absorption and the
PL IQE of the materials at these excitation bands were
investigated using the techniques reported by de Mello et al.37

As shown in Figure 5, pristine, untreated PET absorbs up to
70% of UV light when samples are excited at 355 nm but only
∼30% at 372 nm. However, the IQE of the material is very low
(∼1.8% at 355 nm; ∼4.5% at 372 nm), which means most of
the electrons and holes excited by the absorption of photons
recombine quickly via nonradiative decay to the ground state.
After 90 -cycle SVI processing at 90 °C, absorption at 355 nm
increases to ∼90% and the IQE increases to ∼25%. Upon 15-
cycle 150 °C SVI, the sample shows even higher absorption at
355 nm, reaching almost 97%, but the IQE decreases to ∼10%,
which is most likely due to the new absorption edge which now
overlaps the 424 nm emission pathway. When the samples are
excited at the 372 nm, excitation band observed for both low
and high temperature SVI treated samples, absorption values
again reach ∼90% for the 90 °C SVI sample and ∼97% for the

150 °C SVI sample. IQE values are ∼24% for 90 °C SVI and
∼7% for 150 °C sample, also similar to the values for the 355
nm excitation. When excited at 424 nm, the 150 °C SVI sample
absorbs 93%, as compared to 8% absorption by pristine PET.
The absorption behavior observed upon SVI treatment for

low temperature samples is most likely caused by changes in
the electronic band structure of the material, while the
significant increase in absorption of the high temperature SVI
samples is attributed to the two distinct structures of hybrid
material formation. Most interesting is the fact that IQE
increases after SVI processing compared to the pristine PET,
suggesting that the additional absorption mechanisms intro-
duced by SVI modify the electronic band structure and open an
efficient radiative recombination pathway for the decay of
photoexcited carriers. While the IQE values are not as high as
more traditional semiconductor materials, certainly this work
indicates that more efficient emission may be achieved by a
simplistic modification of an inexpensive material.

Figure 7. (a) Approach used for printing metal nanoparticles with a mask using a AgNO3 solution. (b) Optical image of resulting patterns as
prepared with masking approach. (c) Schematic of approach using a laser for printing metal nanoparticles with (d) resulting pattern.
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We next demonstrate the utility of these hybrid materials as a
photocatalytic agent for photodeposition of metal particles. It is
well-known that PL performance of a semiconductor catalyst is
closely related to its photocatalytic activity.28−30 We have
already demonstrated the significant increase in the absorption
and PL IQE values of the PET fibers upon SVI treatment,
altering the electronic band structure and recombination
pathways. This optical modification corresponds to more
carriers being promoted to higher energy levels, altering their
radiative pathways and lifetimes. Specifically, increased IQE
indicates that a larger fraction of photoexcited carriers avoid
rapid nonradiative decay and undergo slower, radiative decay,
suggesting more carriers are available longer to increase the
photocatalytic activity of these SVI treated samples. To test this
hypothesis, pristine and 30-cycle 90 °C SVI treated samples are
embedded into metal salt solutions and exposed to the UVA
light source. Optical and SEM images of pristine and SVI (30-
cycle TMA at 90 and 150 °C) treated samples after 15 min of
UVA exposure in aqueous AgNO3 and HAuCl4 are provided in
Figure 6. The pristine sample (IQE ∼ 2−5%) shows very few
stains on the fabric after the UVA exposures (Figure 6a) and
remains relatively unchanged after 1 h of continuous UVA
exposure. Conversely, samples treated with SVI at 90 °C (IQE
∼ 20−25%) and exposed to AgNO3 and HAuCl4 solutions
show a marked change in color upon 15 min of UVA exposure
(Figure 6b,c), which is attributed to the deposition of metal
nanoparticles onto the surface of the PET fibers. Although the
sample treated with SVI at 150 °C (IQE ∼ 7−10%) and
exposed to AgNO3 solution shows slightly more staining
compared to the pristine PET (Figure 6d), it is not as covered
with the Ag particles as the 90 °C samples, indicating that IQE
efficiency of these samples can be related to the photocatalytic
activity of them. The evolution of the Ag deposition is observed
by the initial formation of black stains followed by a fully
saturated black sample after ∼10 min. During exposure to the
HAuCl4 solution, the SVI-modified PET fabric again starts
black prior to evolving into a reddish color. This color
difference is attributed to the composition of deposited
particles as well as the particle size difference of Ag and Au
particles, confirmed by the SEM micrographs in Figure 6e,f.
Silver deposition produces very small nanoparticles with the
size range < 100 nm, while gold deposition produces both large
(>100 nm) and small particles (<100 nm).
Controlled reduction of nanoparticles selectively on a

flexible, fabric substrate is of interest for many area-specific
applications such as wearable devices. Two approaches are
illustrated in Figure 7 to realize such patterning on the SVI
treated fabric substrates: light masking and rastering of a high
intensity UV laser light source. For the first approach, we
prepared a black-dyed plastic mask and illuminated the fabric
with UVA in select regions while submersed in a AgNO3
solution. Optical imaging of the masked sample shows a well-
defined pattern. The second approach utilizes a focused UV
laser at 410 nm, and a well-defined pattern of photodeposited
Ag is again observed.

■ CONCLUSIONS
In this work we present an analysis of the photoluminescent
behavior and corresponding photocatalytic activity of organic−
inorganic hybrid materials formed by sequential vapor
infiltration of trimethylaluminum precursors into polyethylene
terephthalate fibers. Upon formation of PET−Al(OH)x hybrid
structures, fibers show increased photoluminescence intensity,

absorption values, and internal quantum efficiency, a result of
altered electronic band structure and multiple phases of the
PET. Enhancement of the internal quantum efficiency
correlates with improved photocatalytic activity of the fibers.
Depositions of Ag and Au nanoparticles on the modified
materials are carried out successfully by photoreduction in
aqueous solutions of metal salts. Furthermore, photoreduction
by selective excitation of the samples using simple masking and
light rastering techniques is demonstrated. SVI shows promise
as a simple material modification process to enhance the
functionality of inexpensive polymers.
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