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Abstract

In this work, the vapor phase infiltration of polyethylene terephthalate (PET) fabrics with
trimethylaluminum (TMA) and co-reaction with water vapor is explored as a function of limiting
TMA conditions vs. excess TMA conditions at two infiltration temperatures. TMA is found to sorb
rapidly into PET fibers, with a significant pressure drop occurring within seconds of TMA
exposure. When large quantities of polymer are placed within the chamber, minimal residual
precursor remains at the end of the pressure drop. This rapid and complete sorption facilitates
the control of inorganic loading by purposely delivering a limited quantity of the TMA reagent.
The inorganic loading for this system scales linearly with Precursor:C=0 molar ratio up to 0.35
Precursor:C=0 at 140 °C and 0.5 Precursor:C=0 at 80 °C. After this point inorganic loading is
constant irrespective of the amount of additional TMA reagent supplied. SEM analysis of

pyrolyzed hybrids indicates this is likely due to the formation of an impermeable layer to
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subsequent infiltration as the core of the fibers remain uninfiltrated. The Precursor:C=0 molar
ratio in the sub-saturation regime is found to tune hybrid fabric morphology and material
properties such as the optical properties of the fabric. Overall, this work demonstrates how a
reagent-limited processing route can control the inorganic loading in VPI synthesized hybrid

materials in a simpler manner than trying to control kinetics-driven methods.
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l. INTRODUCTION

Vapor phase infiltration (VPI) creates hybrid organic-inorganic materials from polymeric pre-
factors; modifying material properties while generally maintaining macroscale form. During VPI
polymers are exposed to vapor-phase metalorganic or metal halide precursors that sorb within
the polymer’s subsurface and often are co-reacted with oxidants to create metal oxides.'™
Depending upon precursor chemistry, polymer chemistry, and VPI processing parameters, the
physical and chemical structures of the hybrid material can be tuned. As a result, VPI has been
studied for modifying a wide range of material properties including electrical conductivity,>®
mechanical strength,’'? degradation resistance (UV,** chemical,'* 1> and thermal'®), catalysis,'’
and photoluminescence.®29 Additionally, VPl has been employed as an inorganic templating?*2’
and phase contrast methodology.?®32 Based upon these properties, VPl is of interest in a variety
of industrial areas including solar cells,® 33 chemical separations,*> 3438 nanofabrication,? 2% 3%

40 and textile finishing.1% 13, 17,41



As many properties hinge upon the physical and chemical structure of the hybrid material,
improved understanding of chemical reaction mechanisms, transport mechanisms, and
thermodynamic driving forces in VPl as a function of precursor, polymer, and processing
parameters is key. Progress in understanding chemical reaction mechanisms and their kinetics
has been achieved using techniques such as in situ FTIR*%*> and DFT computations*# while
transport and thermodynamic studies have leveraged in situ and ex situ spectroscopic
ellipsometry,-1 in situ quartz crystal microbalance gravimetry,*% 445233 and ex situ inorganic
loading,>* yielding and applying several kinetically and thermodynamically informed models of
the VPI process.*® 4% 55 However, most of these works assume a sufficient quantity of precursor
is supplied to fully saturate the polymer (“excess reagent”) with few works featuring “limiting

reagent” precursor conditions.

In this work, we explore how “limiting reagent” vs. “excess reagent” conditions influence the
inorganic loading, physical structure, and optical properties of hybrid AlOx / polyethylene
terephthalate (PET) fabrics created through VPl with trimethylaluminum (TMA) and water vapor
at two different infiltration temperatures. The TMA + H,0 VPI into PET system was chosen for
this study due to its potential applications in the commodity textile dyeing and finishing industry
as well as the wealth of prior knowledge regarding the transport, thermodynamics, and reaction
mechanisms in this system. Previous work has also established that the stability to washing of
the inorganic depends strongly on whether limiting precursor or excess precursor conditions are

employed.*



Il. EXPERIMENTAL

Creation of Hybrid AlOx — PET Fabrics through Vapor Phase Infiltration: Neat PET fabrics were
obtained from TestFabrics (Spun Polyester Type 54, Disperse Dyeable) and were used as received.
Infiltration of fabrics was performed in a custom-built box reactor using trimethylaluminum
(TMA, bottle at room temperature, Strem Chemicals, 98%, DANGER: pyrophoric) and deionized
water vapor dosed from a container at room temperature. The reactor design was described
previously.? 1> 41 Fabrics were infiltrated with varying ratios of moles of TMA to moles of
carbonyl functional group of the polymer fabric. The moles of TMA were calculated from
calibration experiments conducted in an empty, heated reactor chamber to measure dose
pressures based on precursor valve open time (“dose time”, Figure S1, see supplementary
material at [URL will be inserted by AIP Publishing]). From these experiments, the ideal gas law
was applied to find the approximate moles of TMA using the temperature of the reactor walls
and approximate chamber volume (1.5 cubic feet). Moles of carbonyl functionality were
estimated via the fabric mass and molecular weight of the repeat unit (192.2 g/mol). Both moles
of precursor and moles of carbonyl groups were varied to probe a wide range of Precursor:C=0
molar ratios (3:1 to 1:140). An example calculation is provided in Table S1. Note that we use the
term “moles of precursor” because TMA is known to dimerize in the gas phase, and the estimate
of precursor delivered is based upon the ideal gas law from the chamber’s measured pressure,
which gives the number of “gaseous species” irrespective of if they are monomers or dimers. This
choice is made because practitioners will find it easiest to also calculate the moles of precursors

directly from their measured chamber pressure without needing to further estimate which



fraction are dimerized—which would need to be done if the molar quantity of TMA or Al was

desired (see Sl).

For VPI processing, fabrics of varying mass were placed within the heated reactor which was then
pumped down to approximately 30 mTorr with a rotary vane vacuum pump. All pressures in this
work are measured with a Baratron capacitance manometer. The reactor was then purged with
nitrogen at ~1.5 Torr for two hours to remove any sorbed water from the fabrics. The chamber
was pumped down again, isolated, and the TMA precursor valve was opened for variable dose
times. Fabrics were then exposed to the static TMA atmosphere for two hours. The chamber was
purged again with nitrogen for one hour to remove excess TMA from the chamber environment.
Fabrics were then exposed to DI water vapor (~2 to 2.5 Torr depending on room temperature) to
co-react with TMA and leave an air stable hybrid material. Note: when large quantities of
precursor (especially pyrophoric precursor) are sorbed it is imperative to ensure the final material
is stable and safe for removal. Close pressure monitoring and review prior to sample removal is
highly recommended. The water vapor was held in the isolated chamber for 2 hours. Then the
chamber was purged with nitrogen for 5 minutes to remove any byproducts prior to hybrid fabric
removal. The infiltration sequence was controlled via a custom-built control software described

previously.*

In this study, fabrics were infiltrated at 80 and 140 °C. For hybrid fabrics created at infiltration
temperatures of 80°C, the entire chamber was set to this temperature. For hybrid fabrics created
at 140 °C, the chamber walls were set to 110 “C and a small portion at the bottom of the chamber

was set to the higher temperature. Fabrics were placed in this hotter region. Representative



pressure profiles for these processes are provided in Figure S2 (see supplementary material at

[URL will be inserted by AIP Publishing].

Thermogravimetric Analysis: Inorganic loading of the hybrid fabrics was evaluated using
thermogravimetric analysis (TGA, PerkinElmer TGA 4000). During each TGA measurement, 8-12
mg of hybrid fabric was heated in ~20 mL / min of flowing air to 120 °C and held at this
temperature for 50 minutes to remove water. The mass after 50 min at 120 °C was used as the
dry mass of the fabric. The fabrics were then heated at 10 °C / min to 700 °C, significantly beyond
the complete degradation of neat PET . The TGA was then cooled to 120 °C at 20 °C / min and
held at this temperature for at least 15 minutes to determine the inorganic mass alone. Inorganic
weight percent loading is then calculated as the mass during the final 120 °C hold step divided by
the fabric mass at the end of the initial drying period. Using 120 °C for both measurements

reduces the influence of changes in air buoyancy that could influence the masses.

UV-Vis Spectroscopy: UV-Vis spectra were collected using an Avantes Starline AvaSpec 2048
detector with an integrating sphere containing a built-in halogen light source. Measurements
were taken with the fabric of interest placed on top of a white reference tile purchased from
Avantes. Prior to measurement, a dark spectrum was taken with a neat PET fabric placed on the
tile and the light source turned off to get an accurate measurement of stray light. The light source
was then turned on and allowed to warm up for 15 minutes. A reference spectrum was then
taken using the white tile alone. The integrating time was set to the darkest color fabric and then

maintained for all other experiments.



Scanning Electron Microscopy / Energy Dispersive X-ray Spectroscopy: Imaging and elemental
analysis of fabric cross-sections as well as imaging of “burned out” fabrics were performed with
a Phenom ProX benchtop scanning electron microscope (SEM). Cross sections of hybrid fabrics
were prepared for analysis by cryo-cutting in liquid nitrogen to avoid deforming the fibers. Images
were scanned at 15 keV in backscatter mode. Energy dispersive x-ray (EDX) spectroscopy profiles

were created using the same instrument.

Digital Photography: Photographs were taken with a Canon EOS Rebel T5i digital camera with a
EFS 18-35 mm lens and image stabilizer under ambient light and a UV Lamp using an F-stop value
of 5.6 for both conditions, a shutter-speed of 1/40 for UV and 1/15 for ambient, an I1SO of 400 for
UV and 800 for ambient, and a white balance setting of “cloudy” for UV and “white fluorescent”

for ambient.

Fabric Burnout: The organic portion of hybrid fibers was removed by combusting in a box furnace
at 700 °C for at least one hour. Fabrics were placed in box furnace during the ramp up, held at
700 °C for 1 h and then removed once the furnace was allowed to convectively cool to at least

100 °C.

M. RESULTS AND DISCUSSION

To explore the role of limiting precursor vs. excess precursor conditions, the ratio of approximate
moles of TMA to approximate moles of carbonyl functionality (the functional group known to
chemically interact with TMA in VPI of PET)’ 12 was varied during infiltration of PET fabrics with
TMA and water vapor. The approximate number of moles TMA used in an infiltration was

calculated using the ideal gas law. TMA vapor in equilibrium with its liquid was dosed from the



headspace of room temperature cylinder into a heated, evacuated chamber (approximately 1.5
cubic feet in volume) and the pressure was recorded using a Baratron capacitance manometer
(example pressure vs. dose time values reported in Figure S1, see supplementary material at [URL
will be inserted by AIP Publishing]). The moles of precursor were then calculated from the ideal
gas law. Note that for this case the moles of “precursor” are the moles of molecules in the gas
phase, which will be a mix of TMA monomers and dimers, but mostly dimers at these
temperatures. The approximate number of moles of carbonyl functional groups was determined
from the mass of the fabric placed within the chamber and the molar mass of the PET repeat unit
(192.2 g/mol). The ratio of these two values was then controlled by varying both the dose
pressure and the mass of fabric. An example of these calculations is provided in Table S1 (see

supplementary material at [URL will be inserted by AIP Publishing].

TMA is known to follow a two-step reaction mechanism when interacting with carbonyl
functionalities with a rapid initial association step and a slower covalent bond formation.** 4> 52
Above ~110 °C the covalent bond formation occurs faster and within experimentally relevant
timeframes for this work. To explore the influence of this reaction mechanism in combination
with limiting reagent conditions two different heating conditions were used. For low temperature
infiltrations, the chamber walls and sample stage area were all heated to 80 °C. For higher
temperature infiltrations, chamber walls were heated to 110 °C while the sample stage area was
heated to 140 °C. The differential heating was due to temperature restrictions on the valves of

the chamber. For convenience, these conditions are referred to as 80 and 140 °C throughout.



Figure 1a presents representative in situ pressure profiles for the TMA exposure step of the
infiltration process with approximately 3:1, 1:1, and 1:3 Precursor:C=0 conditions at 80 °C. For
this particular set of representative experiments, the TMA dose pressure was kept constant at
~0.8 Torr for all three runs, while the quantity of fabric included in the chamber was varied to
achieve different Precursor:C=0 ratios. In this case, fabric masses of 0.05, 0.14, 0.52 grams were
used. All pressure profiles in Figure 1a show an immediate rise in chamber pressure (due to the
TMA dose) followed by a rapid drop in pressure, indicative of rapid sorption of the TMA into the
PET fabric. However, the extent of this rapid drop in TMA chamber pressure varies with the
quantity of fabric in the chamber. The total drop in TMA pressure is most dramatic for the run
using the largest piece of fabric, and thus the smallest Precursor:C=0 molar ratio. For this
particular case, the 1:3 :C=0 condition, the chamber pressure drops to near the background level
within the first 10 min of the process, suggesting that nearly all of the TMA in chamber has been
sorbed into the fabric and that the extent of the process reaction is limited by the quantity of

TMA that has been supplied (i.e., reagent-limited).

Following infiltration, the inorganic loading of the hybrid fabrics was characterized via ex situ
thermogravimetric analysis in air. Figure 1b plots the inorganic loading (weight percent) as a
function of Precursor:C=0 dosing ratio for both infiltration temperatures, with lines drawn to
guide the eye. Here, the experimental conditions have been expanded to include a variety of
fabric sizes and chamber process pressures, but these conditions have all been reduced to the
respective Precursor:C=0 molar ratio. Immediately evident is that at low Precursor:C=0 molar
ratios, inorganic loading varies with Precursor:C=0 molar ratio, indicative of reagent-limited

conditions. For infiltration at 80 °C, inorganic loading in this reagent-limited regime varies linearly



with Precursor:C=0 molar ratio until about a Precursor:C=0 molar ratio of 0.5. Above this 0.5
Precursor:C=0 molar ratio, the inorganic loading reaches a constant value of about 23 wt%.
Similar behavior is observed for VPI at 140 °C, except the linear dependency continues to a
Precursor:C=0 molar ratio of only 0.35 and the inorganic loading saturates at only 17 wt%. For
comparison, if all carbonyl sites within the fabric were saturated with a single TMA monomer
(assuming no dimer presence), which upon reaction with water vapor formed Al(OH)s, the
anticipated loading would be 81.2 wt% Al(OH)s. Note that this assumes no changes to polymer

structure that would result in the loss of byproducts and a simplistic inorganic structure.

While within the linear portion, both temperatures exhibit a similar trend with a slope of about
48 wt% inorganic per 1 Precursor:C=0 molar ratio unit (R? of 0.995). Following the initial linear
increase in inorganic loading, the inorganic loading becomes relatively constant with subsequent
increases in TMA reagent, with slight variations attributed to TGA measurement error. Within
this linear portion, an opportunity exists for direct control of inorganic loading through either the

mass of polymer supplied or the moles of precursor provided.
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Figure 1. a) In situ chamber pressure measured during the TMA exposure step of the VPI process for TMA
infiltration into PET fabrics at Precursor:C=0 molar ratios of 3:1, 1:1, and 1:3 at 80 °C with accompanying
schematics demonstrating how fabric mass was used to vary the Precursor:C=0 molar ratio. b) Inorganic
loading measured by TGA as a function of Precursor:C=0 molar ratio for AlO, / PET fabrics infiltrated at 80

and 140 °C. Lines are drawn to guide the eye.

Since the experimentally observed saturation weight loading at and above the 1:1 Precursor:C=0
molar ratio is significantly lower than expected from simple estimations, we conducted a simple

investigation as to whether the process was being inhibited from fully loading the fabric fibers.



Combustion of these fibers provides evidence for infiltration being limited to the exterior
portions of the fibers, as the remaining inorganics have a hollow-fiber like shape (Figure S4, see
supplementary material at [URL will be inserted by AIP Publishing]). These results show that the
inorganic never fully reaches the interior of these fibers, suggesting that the initially hybridized

outer layer impedes subsequent precursor diffusion.

We hypothesize the mechanism for this incomplete infiltration is the formation of a hybrid layer
that significantly impedes subsequent precursor diffusion. Our recently proposed reaction-
diffusion model for the VPI process posits that precursors experience non-Fickian diffusion within
a polymer during VPIL. In many VPI systems, reactions of the sorbed precursor with the polymer
create a new hybrid material with a different, typically lower, diffusion coefficient. In the
reaction-diffusion model, this non-Fickian behavior is captured by assuming that the diffusivity
becomes a function of the concentration of reacted species through a hindering factor. In certain
cases, if the reaction of the precursors with the polymer occurs faster than precursors can diffuse
into the polymer and the hindering is sufficiently high, then the outer hybrid layer can become
impermeable to subsequent precursors.>® In fact, prior literature has reported similar formation

of impermeable layers in VPI treated PET fibers.!®

An additional reason for the significant difference in inorganic loading from anticipated results
may be a potential underestimation of the accessible polymer functional groups (we assume that
all carbonyl groups can be accessed by TMA; however, small molecule penetrants notoriously
have difficulties entering the crystalline regions of semi-crystalline polymers and crystallinity of
PET has been previously shown to impact TMA infiltration!?). The PET fabrics used in this work

had approximately 32% crystallinity as measured by DSC.



Further, TMA exists as a dimer to varying extents depending upon temperature. If instead of
considering moles of precursor delivered, moles of aluminum delivered are approximated from
estimated fractions of monomer and dimer at both temperatures (see Table S1 for calculations)
we find the actual inorganic loadings to be even further below estimated values. Interestingly,
when considering the inorganic loadings as a function of a ratio of moles of aluminum to moles
of carbonyl (Figure S3), we find the saturation cutoffs move closer to a ratio of 1:1. However, the
lack of complete infiltration of the PET fibers makes a quantitative fundamental conclusion

challenging.

Returning to the results of Figure 1b, the similarity in inorganic uptake as a function of
Precursor:C=0 molar ratio regardless of infiltration temperature within the initial linear uptake
regime is a somewhat surprising result. At higher temperatures, initial diffusion kinetics are
expected to be faster, but so too are reaction kinetics leading to more rapid hindering and slower
diffusion .>> Additional factors include that 80 °C is below the glass transition temperature for PET
while 140 °C is significantly above Tg. Also, the reaction mechanism between TMA and the
carbonyl group is also known to proceed through a rapid initial association occurring at all
temperatures that is kinetically limited in its conversion to a covalent bond until heating past
approximately 110 °C (reversing upon co-reaction with water vapor and leaving an unbound
inorganic at low temperatures). Despite these differences, the inorganic loading dependency on
Precursor:C=0 molar ratio within the linear regime is independent of VPI process temperature.
The similarity of the behaviors is indicative of an “equilibrium” process rather than a kinetics-
limited process. Here, we posit that the same loading is reached independent of VPI process

temperature because the loading is dictated only by the limited reagent, TMA. Irrespective of



temperature, the fabric sorbs all of the TMA available, leading to the same amount of inorganic
loading when Precursor:C=0 molar ratio is kept constant. This result is characteristic of a
reagent-limited process and may provide a more straightforward route to controlling inorganic

loading than purely kinetics-driven processes.

a) Neat Thermal AIOx- PET 80 °C (Precursor:C=0) AlOx- PET 140 "C (Precursor:C=0)
PET Control 1:30 1:5 1:1 3:1 1:64 1:7 1:1 3:1

Figure 2. Neat PET, thermal control PET, and hybrid PET fabrics prepared at 80 and 140 °C with varying

Precursor:C=0 molar ratios as imaged by a) digital camera under ambient and UV lighting b) SEM in plan

view and c) SEM of cryo-cut fabric cross sections.

To understand the role this difference in inorganic loading has on the physical structure and
optical properties of hybrid AlOy / PET fabrics, images were taken with SEM as well as a digital
camera under both ambient and UV light sources (Figure 2). Consistent with prior literature
reports, Figure 2a shows both the color and photoluminescence progression that occurs as both
inorganic quantity and infiltration temperature increases.'”- 19 20 41 Figure 2b shows plan-view
SEM images highlighting the morphological differences for neat PET, thermal control PET, and
hybrid AlOx / PET fabrics created with a range of Precursor:C=0 molar ratios at 80 and 140 °C.

Neat PET and thermal control fabrics appear identical. For both 80 and 140 °C, hybrid fabrics



prepared within the linear regime of the Precursor:C=0 molar versus inorganic loading curve
largely maintain their original structure. As Precursor:C=0 molar ratio increases, the fibers
become more brittle (or ceramic-like) in appearance, as indicated by the formation of cracks on
the fiber surfaces. Outside of the linear regime, fibers at both temperatures begin to sinter
together with neighbors creating a monolithic yarn at 80 °C and a highly connected fibrous
structure at 140 °C. However, in cross-section (Figure 2c) all hybrid fabrics retain some degree of

their fibrous nature even within the highly connected structures.

The transition from fabric-like to highly connected as a function of Precursor:C=0 and inorganic
loading may be driven by a number of sources including melting due to the highly exothermic
nature of the reactions taking place, the significant swelling of polymers that often occurs with
VPI, or the desorption of water vapor forming a purely inorganic coating. However, this last
mechanism is unlikely as EDX mapping reveals a significant quantity of carbon signal indicating
even the ceramic-like monoliths maintain a hybrid structure rather than purely inorganic
coatings, as shown in Figure S5 (See supplementary material at [URL will be inserted by AIP
Publishing]. Overall, the structural changes as a function of Precursor:C=0 open an avenue for
optimization between hybrid material property changes and maintenance of macroscale

structure.
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Figure 3. UV-vis spectra of hybrid AlOx / PET fabrics created at a) 80 °C and b) 140 °C with varying

Precursor:C=0 molar ratios.

One such tunable property shift that has been previously reported for hybrid AlOx / PET fabrics is
the photoluminescence and color of the hybrid material. Akyildiz et al. reported the ability to
control the photoluminescence of hybrid AlOy« / PET fabrics via both temperature and sequential
vapor infiltration (SVI) cycle number.1’- 1% 20 Similar to their findings, a shift in color and increase
in photoluminescence is observed with inorganic loading (via limiting reagent) and temperature
as shown in Figure 3a. This shift in optical properties is quantified via UV-Vis in Figure 3.
Foremost, the observed difference in saturation and color is significantly driven by infiltration
temperature. However, for both 80 and 140 °C, the shift in optical properties is tunable under

limiting reagent stoichiometries, but reaches a steady state once inorganic loading is saturated.



For comparable Precursor:C=0 molar ratios, the absorption at 140 °C is stronger than at 80 °C
likely highlighting a significant contribution of the covalently bound state to the optical properties
of this system. Overall, the optical properties of this system demonstrate a tunability with
Precursor:C=0 molar ratio. This demonstration suggests that using the limited-reagent
processing regime in VPl can be a route to control inorganic loading and engineer desired

material properties in these hybrid materials.

V. SUMMARY AND CONCLUSIONS

Controlling inorganic loading in VPl is critical to designing the properties of the resultant hybrid
materials. In this work, an additional mechanism for controlling inorganic loading is
demonstrated: the use of limiting reagent conditions. By exploring the relative ratio of TMA to
carbonyl functionality in the infiltration of PET fabrics at two temperatures, we demonstrate the
ability to use a limiting reagent to control inorganic loading up to a critical concentration beyond
which the system likely forms an impermeable barrier to subsequent precursor sorption. The
loading of inorganic with limiting reagent conditions is independent of process temperature, but
the saturation point does vary with process temperature. Hence, in the reagent limited regime,
inorganic loading is largely independent of process conditions (e.g., process temperature),
making it easier to achieve a specific inorganic loading fraction than trying to control a kinetics-
driven process. Similar behavior is expected in other systems, although true solubility points may
be reachable at saturation if an impermeable barrier does not form. In these cases, differences
in the solubility limit with process temperature are also expected to alter the saturation values.
We further demonstrate that the optical properties of these hybrid fabrics vary monotonically

throughout the reagent limited process regime where inorganic loading varies, but these



properties become constant when process conditions exceed the critical saturation
concentration. These results provide an important new route to process control and structure

design in VPI-synthesized hybrid materials.
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a) Neat Thermal AlOx- PET 80 °C (Precursor:C=0) AIlOx - PET 140 °C (Precursor:C=0)
PET Control 1:30 1:5 1:1 3:1 1:64 1.7 1:1 3:1
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