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ABSTRACT: Vapor-phase infiltration, a postpolymerization modification ! ' .
Reactants: PIM-1+TMA ® Hydroxyls @
process, has demonstrated the ability to create organic—inorganic hybrid o AeC
membranes with excellent stability in organic solvents while maintaining At
critical membrane properties of high permeability and selectivity.
However, the chemical reaction pathways that occur during VPI and
their implications on the hybrid membrane stability are poorly
understood. This paper combines in situ quartz crystal microbalance
gravimetry (QCM) and ex situ chemical characterization with first-
principles simulations at the atomic scale to study each processing step in
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upon results from in situ QCM experiments and SEM/EDX, which find Energy Landscape of VPI

TMA remains within PIM-1 even under long desorption times, density

functional theory (DFT) simulations identify that an energetically stable coordination forms between the metal—organic precursor
and PIM-1's nitrile functional group during the precursor exposure step of VPI In the subsequent water vapor exposure step, the
system undergoes a series of exothermic reactions to form the final hybrid membrane. DFT simulations indicate that these reaction
pathways result in aluminum oxyhydroxide species consistent with ex situ XPS and FTIR characterization. Both NMR and DFT
simulations suggest that the final aluminum structure is primarily 6-fold coordinated and that the aluminum is at least dimerized, if
not further “polymerized”. According to the simulations, coordination of the aluminum with at least one nitrile group from the PIM-
1 appears to weaken significantly as the final inorganic structure emerges but remains present to enable the formation of the 6-fold
coordination species. Water molecules are proposed to complete the coordination complex without further increasing the
aluminum’s oxidation state. This study provides new insights into the infiltration process and the chemical structure of the final
hybrid membrane including support for the possible mechanism of solvent stability.

B INTRODUCTION processable polymers can be processed into a variety of
Chemical separations account for over 10% of the world’s membrane structures (thin film composites, hollow fibers, etc.)
energy consumption.l Today, most separations are accom- which are highly permeable and selective, but these materials
plished with energy-intensive thermal means. Chemical do not display the same level of stability in organic solutions as
separation via membrane technologies can reduce energy inorganic materials, limiting the scope of their use. One well-
costs by up to 90%. For instance, the separation of benzene established approach to increase the chemical stability of
derivatives requires approximately 430 TWh of energy each polymeric membranes is cross-linking.” However, cross-linking
year;' membrane processes such as organic solvent nano- typically requires chemical processing that makes it challenging

filtration (OSN) and organic solvent reverse osmosis (OSRO)
can potentially drive this energy cost down by an order of
magnitude.” Though commercial solutions are available for
separating aqueous streams, challenges still exist for separatin,
organic solutions. New membrane materials like zeolites,”
porous organic cages,” metal—organic frameworks,” and cross-
linked polymer networks® are being developed for organic
solvent separation technologies.z’7 Inorganic membranes, such Received: March 20, 2022
as zeolites, can be stable in organic solvents but are costly and Revised:  July 18, 2022
difficult to scale-up in a defect-free manner.’ Solution-

to maintain the polymer’s macroscopic form, limiting the form
factors accessible through this technique (e.g, hollow fiber
spinning). As a result, several alternative postfabrication
techniques have been developed to enhance the solvent
stability of polymer membranes.”®’ However, these proce-
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Figure 1. Schematic of the proposed processes that occur during vapor-phase infiltration (VPI). (Step A) The metal—organic precursor interacts
with the polymer during the precursor exposure. (Step B) Upon water vapor exposure, the precursor becomes oxidized to form metal hydroxide
clusters (the gray dots [ligands] of the precursor react with the blue water molecules to become orange dots [hydroxyls]). (Step C) These
hydroxide clusters coordinate with each other to grow into larger oxyhydroxide inorganic clusters. (Step D) Further coordination occurs via

hydration binding of additional water molecules.

dures often lead to defect formation and significant changes in
the microscopic structure of the membrane.

Polymers of intrinsic microporosity (PIMs) are of interest
for organic solvent separation because of their inherent
interconnected microporosity.'” PIM-1, a prototypical PIM,
is a rigid, solution-processable, glassy polymer with a high
degree of microporosity (pores less than 2 nm in ambient
conditions)."' The microporosity and narrow pore size
distribution of PIM-1 result in its size-based molecular-sieving
capabilities. In addition, because of its high free volume, PIM-1
displays a high diffusion coeflicient, yielding high flux and
eventually high retention nanofiltration membranes.'> How-
ever, PIM-1 has reduced selectivity when subjected to
plasticizing solvents and dissolves in the presence of good
solvents.”'”'® The instability of PIM-1 in certain solvents
prevents it from being broadly applied to organic solvent
separation processes.

Vapor-phase infiltration (VPI) is a gas-phase method for
infusing metal—organic constituents into a polymer and
forming an organic—inorganic hybrid material."*~'® Recently,
VPI has shown promise for creating a variety of hybrid
membrane materials such as metal oxide/PIM-1,"”*° poly-
(ether sulfone)/graphite,”’ and carbon molecular sieves.”
Figure 1 shows a schematic of the processes that are proposed
to occur during VPIL First, the polymer is placed inside an
evacuated reactor and exposed to a static environment
containing a vapor-phase metal—organic precursor for a period
of time (step A in Figure 1), allowing it to sorb into the
polymer. Depending upon a number of parameters (polymer
chemistry, polymer morphology, precursor chemistry, temper-
ature, pressure, etc.), this metal—organic precursor will
dissolve, diffuse, and/or react to varying extents. Typically,
this exposure is followed by a precursor removal step in which
the excess precursor in the environment is removed. In this

step, any precursor that is not chemically interacting with the
polymer starts to desorb. The amount of precursor that
desorbs by the end of this step depends upon the out-diffusion
kinetics and process time. To trap these inorganic precursor
molecules (if desired) and create an air-stable material, a co-
reactant (commonly water vapor) is introduced to form an
nonvolatile inorganic cluster (commonly a metal oxide or
oxyhydroxide) that is homogeneously included at the
molecular level within the polymer (steps B—D in Figure 1).
A single VPI exposure cycle can be adequate to achieve
inorganic loadings of several weight percentages within the
subsurface or bulk of a polymer.””**

Recently, VPI has been used to create the hybrid membranes
of AlO,—PIM-1 from infiltration of trimethylaluminum
(TMA) and water vapor into PIM-1.>" AlO,—~PIM-1 exhibits
enhanced chemical stability, uninterrupted microporosity, and
improved organic solvent nanofiltration performance, even in
good solvents for the polymer. In their work, McGuinness et
al.”” proposed a reaction mechanism whereby TMA first forms
an adduct with the PIM-1 nitrile group. This adduct
subsequently reverses upon the introduction of water, forming
an unbound aluminum oxide/hydroxide species. However,
because of a lack of available in situ experimental capabilities,
the authors were unable to directly probe these chemical
interactions and reaction processes. Additionally, the authors
were unable to identify precisely the mechanism of this
enhanced solvent stability.

Indeed, the interactions between polymer and metal—
organic precursors in a VPI process are complicated. For
example, the underlying reaction mechanisms for VPI of TMA
into poly(methyl methacrylate) (PMMA) have taken several
years and multiple publications to elucidate.”>~** Determining
the chemical structure of the resultant inorganic within the
polymer is equally challenging. Recent experimental work
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Figure 2. (a) Hllustration of different adsorption sites on the monomer of PIM-1 (nitrile, methyl, and dioxane). (b) Interaction energy of TMA on
different adsorption sites on PIM-1 for the three models considered: monomer molecule (black dots), trimer molecule (magenta squares), and

coiled trimer molecule (cyan triangles).

using EXAFS and high energy X-ray scattering with pair
distribution function analysis (HEX-PDF) has begun to reveal
the complex atomic scale structure that these infiltrated
inorganic clusters can have, but much is still unknown.””*’
Understanding the reaction pathways, especially the reaction
kinetics, is key for industrial scale up while understanding the
inorganic’s structure will inform structure—property relation-
ships in these hybrid materials, revealing new applications and
providing explanations for already reported materials proper-
ties and phenomena.

Computational methods can complement experimental
investigations to help clarify these complex reactions and the
resultant organic—inorganic hybrid structures created during
VPL Accurate ab initio simulations using density functional
theory (DFT) have already been used to complement VPI
experimental works by simulating FTIR spectra for comparison
with in situ FTIR studies,” understanding adsorption energies,
free energies, energy barriers, and total energy gain for the
potential reaction pathways between VPI precursors and
different functional groups, ! and predicting the temperatures
at which the forward and reverse reactions between VPI
precursors and polymers reach a balance point.*

In the present work, we explore and refine the reaction
pathways and final hybrid material structure proposed by
McGuinness et al.”* for VPI of TMA + H,O into PIM-1. The
goal of this paper is to combine in situ quartz crystal
microbalance (QCM) experiments, ex situ chemical character-
ization (NMR, XPS, FTIR), and DFT simulations in an
efficient way to understand the interactions among PIM-1,
TMA, and derived products throughout the VPI process, the
chemical structure of the final products, and how these
structures may evoke solvent stability. First, insight into TMA-
(PIM-1) chemical interactions during the precursor exposure
step of the VPI process (step A in Figure 1) is provided
through DFT, with the presence of interactions confirmed via
in situ QCM, and ex situ SEM/EDX experiments utilizing long
precursor desorption times. Changes in chemical structure
during the water exposure step are then explored via DFT by
studying the co-reaction of the TMA-(PIM-1) structure with
water molecules (step B in Figure 1). The reaction energy path
and electron density difference are computed to analyze the
interaction between PIM-1 and metal precursor throughout
the whole process. To elucidate the ultimate structure of the
final products after PIM-1 infiltration with TMA and water, ex
situ solid-state NMR spectroscopy, FTIR, and X-ray photo-

electron spectroscopy (XPS) are employed to guide additional
simulation. This combined experimental and computational
approach uncovers final aluminum oxyhydroxide species that
likely form via inorganic cluster growth and precursor
hydration (steps C and D in Figure 1). Our findings provide
an understanding of the chemical structures arising in the
TMA/PIM-1 VPI system and a pathway for guiding future
characterization of the formation of hybrid organic—inorganic
membranes via VPI using DFT to access processing steps
challenging to evaluate with experimental techniques and vice
versa.

B METHODOLOGY

Computational Methods. In this work, we employed the
Vienna Ab Initio Simulation Package (VASP)**™*° for DFT
calculations, and the ion-electron interaction was modeled
using the projector-augmented wave (PAW) methodology.””
The Perdew—Burke—Ernzerhof (PBE)*® exchange—correlation
(XC) function was used to treat the quantum mechanical part
of the electron—electron interactions. The van der Waals DF2
dispersion corrections,””*’ known to be important for
stabilizing soft materials dominated by nonbonding inter-
actions like polymers,*' were included.

Before studying the VPI process, we needed to develop a
representative model of PIM-1 suitable for DFT simulation, as
none currently exists in the open literature. Because of the
complexity and porosity of PIM-1, careful analysis of the
polymer and selection of the representative atomic model was
needed. Because DFT is computationally expensive, with a
computational cost increasing cubically with system size,
polymer chains of lengths comparable to experimental
conditions are not feasible to study.”” To efficiently balance
realistic conditions and computational cost, a study of the
effect of molecular size and morphology on total energy was
conducted and is reported in the Supporting Information.
From these results, three different atomistic models for PIM-1
were selected for VPI process analysis:*> (1) the monomer
molecule (PIM-1(M) in Figure 2), (2) the linear trimer
molecule (PIM-1(T) in Figure 2), and (3) the coiled trimer
molecule (PIM-1(CT) in Figure 2). Although the first two
models were obtained by direct relaxation using DFT, the
latter structure involved an initial classical molecular dynamics
simulation at 600 and 300 K for 50 ps each to allow the system
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Figure 3. (a) In situ quartz crystal microbalance gravimetry (QCM) data showing the mass uptake (normalized to polymer mass) during the TMA
sorption (exposure) and desorption (active pumping) portions of infiltration of PIM-1 with TMA at 90 °C.* SEM/EDX cross-sectional maps and
line scans of inorganic loading for PIM-1 membranes that were actively purged for (b) S min and (c) 25 h.

to coil.”” More details about the model preparation are
described in the Supporting Information.

Experimental Methods. Vapor-phase infiltration of
hollow fiber membranes and thin films on silicon wafers was
conducted in a custom-built hot-walled reactor approximately
0.03 m® in volume. The infiltration process was automated
using a custom Labview control software.”” To reset the
polymer structure prior to infiltration, PIM-1 was soaked in
methanol for at least 2 h and then dried in a fume hood for 30
min.** PIM-1 was then placed within the reactor (heated to 90
°C) which was purged with 250 sccm of ultrahigh purity
(UHP) nitrogen from a nitrogen generator (On Site Gas
Systems, <10 ppm of O,) for S h to remove excess methanol
and water. The chamber was then evacuated via a rotary vane
pump to rough vacaum (~30 mTorr) and isolated. Into the
static environment was introduced approximately 0.3 Torr of
TMA (TMA, Strem Chemicals, 98%, DANGER: pyrophoric).
This environment was held static for 5 h with a chamber leak
rate of approximately 2 mTorr/min. The chamber was then
purged with nitrogen once again for either S min (“short
purge” experiments) or 25 h (long purge experiments) before
being evacuated to rough vacuum. The chamber was isolated
once more and room temperature deionized water vapor of
approximately 1.8 Torr was introduced. This environment was
kept static for 5 h before a final purge step occurred. The
chamber pressure was recorded using a Baratron capacitance
manometer and the pressure curves for each run are provided
in Figure S6a. More details about the experimental methods
including polymer synthesis, thin film preparation, and
characterization (TGA, FTIR, QCM, NMR, XPS, etc.) can
be found in the Supporting Information.

B RESULTS AND DISCUSSION

Interactions between TMA and PIM-1 during the
Precursor Exposure Step. The highly reactive and often
pyrophoric nature of VPI precursors makes ascertaining the
reaction pathways during the VPI processes challenging
without specialized and costly in situ chemical characterization
techniques. To offer insight into this challenging character-
ization space, DFT is employed to understand chemical
interactions between TMA and PIM-1 during the precursor
exposure step (step A in Figure 1). McGuinness et al.”’
previously hypothesized that the primary chemical interaction
between TMA and PIM-1 is an adduct formed between the

lone pair on the nitrile group and the aluminum atom on
TMA. To evaluate the likelihood of an interaction forming at
the nitrile site and determine the probability of interaction with
other PIM-1 functional groups, we calculate the interaction
energies between TMA and the nitrile, dioxane, and methyl
functional groups of PIM-1 (Figure 2a). The interaction
energy is taken as the difference between the relaxed PIM-
1+TMA bound state and the isolated PIM-1 and TMA
molecules. This energy represents the interaction between one
TMA molecule and the PIM-1 system. To find the most likely
coordination location, the TMA-(PIM-1) system was allowed
to relax by starting the TMA molecule at various initial
positions along the PIM-1 segment. Multiple PIM-1 modeled
structures (monomer, trimer, and coiled trimer) and TMA
orientations at each of these sites were also considered (more
information provided in the Supporting Information).

Figure 2b plots the interaction energies between PIM-1 and
TMA for each of these possible adsorption sites using different
optimized PIM-1 models: monomer molecule (black dots),
trimer molecule (magenta squares), and coiled trimer molecule
(cyan triangles). The coiled trimer molecule was only
employed with TMA on the nitrile site to study the
morphology effect. Among all possible configurations, we
show the most energetically stable ones in Figure 2. Interaction
energies with the remaining orientations and starting locations
are provided in the Supporting Information. Despite the
difference in size and geometry of the PIM-1 models, the
nitrile group is always the most stable adsorption site for TMA.
The results in Figure 2b agree with the interactions previously
observed between TMA and amine or nitro functional groups
in other VPI-related processes™ and confirms the portion of
the hypothesis presented by McGuinness et al.,”* where nitrile
is the most stable site for the chemical interaction between
TMA and PIM-1.

Experimentally, in situ QCM measurements investigating
mass changes during one cycle of TMA VPI into PIM-1 thin
films support that a chemical interaction indeed exists between
TMA and PIM-1 (although cannot specify the exact chemical
nature of this interaction). One cycle was chosen for study as it
was found to display a solvent stability similar to those of the
two cycles of infiltration presented by McGuinness et al.
(Figure S1)."”?° Figure 3a displays the mass uptake
(normalized to the mass of the ~400 nm thick spun cast
PIM-1 film) during the precursor sorption (exposure or hold
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Figure 4. (a) Reaction energy path for the VPI process including the initial sorption and binding of TMA to PIM-1 followed by reactions with
three water molecules. (b) Plot of the interaction energy between TMA and PIM-1 as TMA reacts with water to form the metal hydroxide.
Calculations are shown for the PIM-1 monomer, the PIM-1 trimer, and the coiled PIM-1 trimer. Note that zero energy is suppressed on the
ordinate axis. (c) Electron density difference during the co-reaction with water (isosurface:,0.0002 e/bohr?; positive difference, yellow; negative

difference, blue).

step) and desorption (active pumping) stages of the VPI
process (before water exposure step). The full mass uptake
curve and accompanying pressure profile for the VPI process
with detailed discussion is included in the Supporting
Information. From the desorption step, 32% of the 0.56 ng
total uptake/ng polymer can be attributed to free diffusing
TMA within the hybrid whereas the remaining 68% represents
TMA that is chemically interacting with PIM-1. The
achievement of a steady-state mass during this desorption
step indicates that the interaction between PIM-1 and TMA
that forms is not readily reversible with time at this
temperature. These results provide strong evidence of a
significant chemical association forming between PIM-1 and
TMA as indicated by the DFT calculations.

To support this lack of desorption across PIM-1 forms and
length scales, experiments on PIM-1 hollow fibers were
conducted with short and long desorption times. Ex situ
inorganic distribution (SEM/EDX) under these conditions are
shown in Figure 3b,c, revealing a high level of the inorganic
distributed evenly throughout PIM-1 even at long desorption
times. If TMA was not chemically interacting with PIM-1 and
instead kinetically trapped within the polymer, it would still
diffuse towards the surface during the 25 h purging, leaving a
nonuniform distribution of the inorganic, with higher
concentrations near the exterior and lower near the interior.”
Further, the elemental concentration does not vary significantly
between purging times. In addition, ex situ TGA of the hollow
fibers prepared under long and short purge conditions finds
they possess similar inorganic weight percent loadings(SI6).
The similarity of these results under both short and long purge
conditions complements the QCM data, indicating the
interaction between PIM-1 and TMA is strong enough to
endure desorption times on the order of a day.

Reactions between TMA-PIM-1 and Water Vapor. In
the next step of the VPI process, the TMA infiltrated PIM-1 is
exposed to water vapor where water molecules also sorb into
the polymer and react with the precursor within to create the
final hybrid material. As the initial reaction pathways of this
step are similarly challenging to explore without in situ
techniques, we use DFT to provide insight into the initial
reactions between TMA-PIM-1 and water vapor. We consider
the reaction between the coordinated TMA and water to form
aluminum hydroxide via

PIM-1:Al(CH,); + 3H,0 — PIM-1:Al(OH), + 3CH,
(1)
where the TMA-(PIM-1) relaxed structures with the lowest
binding energy from Figure 2b are chosen.

We followed a three-step process, with one water molecule
reacting in each step:

PIM-1:Al(CH,); + nH,0 — PIM-1:Al(CH;)5_,)(OH),

+ nCH, n=1,2,3 (2)

Figure 4a plots the reaction energies of the VPI process,
starting from the isolated PIM-1 and TMA precursor, followed
by the TMA—nitrile coordination, and ending with the three-
step water co-reaction. During the water co-reaction study, we
consider the effect of different methyl replacement sequences
with *OH (see the Supporting Information for more details)
and select the average value shown in Figure 4a (the standard
deviation is 0.04 V). For all PIM-1 models, the reaction is
exothermic and follows a similar trend. This is expected as the
reaction between TMA and water is known to be extremely
exothermic (pyrophoric) in nature. The similarity in the
reaction energy pathways for all three molecular configurations
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Figure S. Core level XPS of (a) neat PIM-1 and (b) hybrid AIO,—PIM-1 after heating on the hot plate for 3 h at 150 °C including carbon 1s,
oxygen ls, and nitrogen 1s. (c) Aluminum 2p core level spectrum for the hybrid AlO,—PIM-1 film. (d) XPS survey spectra with atomic percentages

labeled for both neat PIM-1 and hybrid A1O,—PIM-1.

considered suggests that one monomer is enough to represent
PIM-1 accurately for these studies. The small energy deviations
can be ascribed to the approximations used in DFT.

We further studied the variation in the interaction energy
between TMA and the nitrile group of PIM-1 during the VPI
process (as modeled thus far). Figure 4b plots these interaction
energies between each inorganic species and the nitrile group
of PIM-1. These results reveal that the interaction energy
between PIM-1 and the inorganic varies by no more than 25%
as methyl groups are replaced with hydroxyl groups. To further
investigate the interactions taking place, the electron density
differences of the aluminum structures and the nitrile group of
PIM-1 with respect to the isolated species at each step of the
VPI process were computed and are displayed in Figure 4c.
The electron density difference shows an increased concen-
tration between the nitrogen and aluminum atoms, confirming
that TMA and the modeled metal hydroxide species in this
section continue to interact with PIM-1’s nitrile group
throughout this portion of the VPI process.

This result contradicts the hypothesis and spectroscopic
evidence presented by McGuinness et al,** where they found
no significant indications of chemical bonding between the
metal oxide (final products after water exposure) and the
nitrile group in FTIR, XPS, or solid-state NMR. Additionally,
DFT vibrational frequency simulations of this AI(OH),

structure demonstrate a bleaching of the peak associated
with PIM-1’s nitrile group, an observation not seen in the
experimental FTIR spectra (details are shown in the
Supporting Information). These contradictions suggest that
the AI(OH); species shown in Figure 4 is likely not the final
inorganic structure in the hybrid membrane. In fact, the QCM
results (full QCM data shown in the Supporting Information)
following water reaction further support this hypothesis.
Assuming the mass uptake at the end of the precursor
desorption step results from the interaction of TMA with PIM-
1 without the generation of byproducts, the mass uptake after
the water exposure and desorption for the hydroxyl should be
~2 pug. However, the actual mass increase is ~4 pg, indicating a
more hydrated inorganic structure. In the next section, we use
a combination of spectroscopic methods, DFT calculations,
and chemical deduction to further elucidate this final structure.

Final Products after PIM-1 Infiltration with TMA and
Water Vapor. To resolve the final structure of the hybrid
AlO,—PIM-1, FTIR spectra were obtained before and after
infiltration of PIM-1 hollow fibers. The raw spectra for these
along with a difference spectrum and detailed discussion is
presented in Figure S7. The FTIR spectra reveal no significant
reduction or modification of the nitrile absorption band of
PIM-1 at 2240 cm™ following infiltration.””~*’ No change in
this absorption band suggests that the PIM-1's nitrile group
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(monomer, dimer, trimer). Species to the right of the dotted line are hydrated structures. The numbers in parentheses beside the structures are the
coordination numbers for aluminum atoms, e.g,, (5,4) means that the left aluminum is S-fold coordinated and the right aluminum is 4-fold

coordinated.

does not strongly interact with the inorganic in the final hybrid
structure. The absorption band for PIM-1's dioxane groups at
1265 em™ is also relatively unchanged upon infiltration,
although it may show a slight reduction in intensity."” Most
other absorptions associated with neat PIM-1 are also
preserved following infiltration with intensity shifts challenging
to deconvolute because of the broad nature of the peaks
associated with the inorganic. New absorptions occur
throughout the spectrum that are likely because of the
structure of the inorganic (Al-O and Al-OH bonding
environments of different forms),”® but they may also be
attributed to alternative structures such as hydrolyzed PIM-1.
Because of the lack of specificity of the newly observed
absorptions, we turn to additional chemical characterization
techniques to provide more evidence about the chemical
structure.

The C 1s core level spectrum of the hybrid AlO,—PIM-1
thin film (Figure Sb) still displays both peaks observed for
PIM-1 (Figure Sa) as well as a new peak at 288.8 eV. The new
peak corresponds to C=O functionalities that may arise
through the formation of aluminum carbonates,” CO,
sorption, hydrolysis of the nitrile functional group into a
carboxylic acid,”” or the presence of an impurity such as
adventitious carbon. In the O 1s core level spectrum of the
hybrid thin film, the PIM-1 C—O—C peak at 534 eV is
preserved, indicating the continued presence of dioxane
functionality in the polymer backbone. New peaks also appear

at 532.9, 532, and 530.7 eV, which are attributed to O=C,
HO—AIl, and Al—O—AI states, respectively. When consid-
ered in conjunction with the Al 2p spectrum (Figure Sc) and
the FTIR spectrum, it is evident that the final inorganic
structure is composed of an aluminum oxyhydroxide with a
significant quantity of hydroxyl functionalities. Overall, the
decrease in intensity of the peaks corresponding to neat PIM-1
after infiltration is likely because of the large quantity of the
inorganic present. For example, despite a lower signal in the N
1s emission after VPI, the ratio of nitrogen to carbon remains
constant, suggesting that nitrile groups are not reacting but
simply becoming less prevalent at the surface with the presence
of the aluminum inorganic. If a strong interaction (i.e., a
covalent bond) persisted between the nitrile functional group
of PIM-1 and the resulting inorganic, an energy shift would be
expected for the N 1s spectrum emission, but no such energy
shift is detectable.*® Thus, both XPS and FTIR indicate no
strong chemical interactions between the polymer and the
inorganic within the final system (i.e,, no covalent bonds are
formed).

The XPS survey spectra (Figure Sd) provide additional
stoichiometric information regarding the inorganic material
and show that the Al:O ratio is near 0.49 (details in the
Supporting Information). A purely unhydrated Al,O; oxide
cluster would have an Al:O ratio of 0.67. This higher oxygen
content is consistent with having a hydrated oxide, that is,
either an oxyhydroxide or a hydroxide.
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To further discern the inorganic structure, it is important to
understand the coordination of aluminum in the hybrid
material. Therefore, solid-state NMR spectroscopy was
employed. Figure 6a displays the solid-state NMR spectra of
hybrid AIO,—PIM-1 infiltrated with TMA and co-reacted with
water vapor after one VPI cycle with long purging. The two
peaks in this figure, centered at 7 and 66 ppm, correspond to 6-
and 4-fold coordinated aluminum species, respectively. The
relative intensities of each peak indicate that for the as-
synthesized hybrid material, 6-fold coordination is favored over
4-fold coordination. This coordination information can be
combined with the need to maintain charge neutrality to help
determine possible structures of the inorganic. All elements in
this material have well-defined oxidation states and are almost
never multivalent. For example, aluminum should have an
oxidation state of 3+, oxygen 2—, and hydroxide 1—. The
Al(OH); species assumed in the previous section has a 3-fold
coordination but could be considered 4-fold coordinated once
interacting with PIM-1’s nitrile group. Further reaction or
coordination formation would be necessary to achieve the
dominant 6-fold coordination detected with NMR.

This high level of coordination may be indicative of the
formation of inorganic clusters. Metal hydroxides can “grow”
into larger inorganic clusters by one of two methods: (1) Two
hydroxyl groups could undergo a condensation reaction
generating a M—O—M bond and a water byproduct, or (2)
a hydroxide group could be shared between two metal
hydroxide clusters. In the former case, the bridging oxygen
(M—0—M) will have a 2- oxidation state and contribute a 1—
charge toward each metal ion. In the latter case, the bridging
hydroxide (M—OH—M) will have an effective 1- oxidation
state and contribute —1/2 charge toward each metal ion. The
M—0O—M formation commonly occurs in sol—gel synthesis of
metal oxide ceramics.”” The M—OH—M bridging is common
in metal hydroxide materials, including gibbsite (AI(OH),).>
In fact, the formation of multinuclear inorganic clusters during
a single cycle of VPI has been experimentally observed
previously in the infiltration of PMMA with trimethylindium
that has been co-reacted with water vapor, providing additional
support for this bridging mechanism.”® In Figure S8 of the
Supporting Information we report DFT calculations for several
of these possible dimerization reactions. We find that a dimer
with two bridging hydroxyls has a significantly lower formation
energy in vacuum (—2.43 eV) than the condensation reacted
dimer with one bridging M—O—M bond (—0.25 eV) or with
two bridging M—O—M bonds (+1.82 eV) (see the Supporting
Information for details). Other considered structures that
included M—O—M bonds show similarly positive formation
energies, leading us to surmise that linkages between Al(OH),
moieties in this hybrid structure more likely occur via bridging
of hydroxyl groups, similar to that observed in the geo-
chemistry of aluminum oxyhydroxide-based minerals.>*

Interestingly, bridging of hydroxyls increases the coordina-
tion of the Al(OH); species without increasing the aluminum
ion’s oxidation state. For example, when Al(OH), dimerizes, it
creates a structure in which both aluminum atoms are
coordinated by four oxygen atoms (two hydroxide groups
are shared by two aluminum ions), while maintaining their 3+
oxidation state. However, these bridging hydroxyls only
increase the coordination to 4. We hypothesize that the
experimentally observed 6-fold coordination is the result of
either coordination with the PIM-1 polymer or coordination
with additional water molecules from the water exposure step.

To obtain further insights into the possible 6-fold coordination
structure, we calculated the reaction energies for coordination
of these AI(OH); and dimers with PIM-1’s nitrile groups and
water molecules. A summary of these results is presented in
Figure 6d. This figure demonstrates that AI(OH); (I) reduces
its energy when it coordinates to PIM-1’s nitrile group (II).
When two water molecules were added to (II), neither
remained associated with the complex, suggesting that further
hydration does not increase this structure’s stability. Thus, a
single AI(OH); moiety does not appear likely to form a 6-fold
coordinated structure. However, dimerization of Al(OH),
leads to even more energetically stable structures (e.g.,
(II1)). This result implies that the experimentally observed
4-fold and 6-fold coordinated aluminum is likely the result of
dimerized or larger inorganic clusters.>”

To reach 6-fold coordination, four water molecules were
added to the dimer and the structure was relaxed. However,
the minimum energy structure (VII) retained only two of these
water ligands, leaving each aluminum in a 5-fold coordination
structure. Next, coordination with a single nitrile group and
three water molecules was considered. This condition gives the
lowest formation energy complex (X). This lowest energy
structure also places both aluminum’s in 6-fold coordination.
Interestingly, though, other local minima were identified using
similar starting conditions (one nitrile ligand and three water
molecules) but slight variations in the water location (e.g, in
axial rather than equatorial positions). Though these
complexes are within 0.2 eV higher in energy, it is possible
that under experimental conditions these alternative structures
could be achieved. In Figure 6b, dehydration by heating in air
at 110 °C for 90 min leads to a large increase in S-fold
coordinated aluminum in the NMR spectrum. This emergence
of 5-fold coordination appears consistent with structure (X)
being similar in energy and capable of converting to structures
(VII) and (IX) (even (V) and (VI)), especially under
conditions that would favorably desorb water molecules. To
experimentally validate these findings, we rehydrated the
dehydrated AlO,—PIM-1 in a humidity chamber for 12 h at
95% humidity and room temperature and examined the NMR
spectrum. Rehydrating the AlIO,—PIM-1, shown in Figure 6c,
causes a shift back to primarily 4- and 6-fold coordinated
species, suggesting that water is contributing to the
coordination of the Al atoms, consistent with the hydrated
structures proposed in Figure 6d.

We also considered the case of the AI(OH); dimer bound to
two of PIM-1’s nitrile groups and two water molecules. For this
case, the water molecules again did not remain bound to the
complex (VI), suggesting that coordinating with two nitriles
can only achieve S-fold coordination of the aluminum.
However, note that this 5-fold coordinated complex is lower
in energy than (III), suggesting detection of S-fold
coordination in NMR may also be indicative of the inorganic
cluster acting as a “cross-link” between two different nitrile
groups. These dehydrated cross-links may also be the reason
higher 5-fold coordination is observed in Figure 6b. We also
note that the asymmetry of the NMR peaks may suggest
variations in the coordination chemistry; that is, each
coordination may include different combinations of hydroxyls,
water, and/or nitrile coordinating species.

With this new final structure in mind, we calculated the new
binding energy of the 6-fold coordinated AlO, dimer
interacting with one PIM-1 monomer (structure X in Figure
6). The interaction energy changes from —0.74 eV for
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Al(OH); to —0.31 eV, indicating a weakening of the
interaction between the nitrile group and the aluminum once
the dimerized, hydrated inorganic is formed. The weakening of
this interaction may explain the lack of experimental evidence
for detecting binding between the nitrile group of PIM-1 and
the aluminum inorganic in the final hybrid membrane.

Finally, inorganic clusters larger than dimers are computa-
tionally considered. Structure (VIII) demonstrates that further
cluster growth into a trimer continues to lower the system’s
overall energy because of the additional bond formation.
Interestingly, hydration of these trimer clusters is often stable
(water molecules stay attached). Meanwhile, in (VIII), two of
the three aluminums are 6-fold coordinated and the third is
only S-fold coordinated, suggesting that some form of nitrile
coordination may again be necessary to achieve full 6-fold
coordination. Notably, there is no 3-fold coordinated Al after
the dehydration (NMR). For the modeled structures, it is
essential to maintain coordination with the PIM-1 polymer for
the final AlO, species to keep the minimum coordination
number as 4. While, we have not extensively explored all
possible trimer or larger structures, these preliminary data
suggest that larger chains or sheets of inorganic clusters could
possibly be forming further reducing the aluminum-nitrile
coordination.

The XPS results in Figure S indicate the presence of both
Al-OH and Al-O-Al bonds, corresponding to a more
boehmite-type structure (mixture of Al-OH and Al—O-—Al)
than a gibbsite structure (all Al-OH), as have been found to
be the lowest energy clusters via DFT here. In the phase
diagrams for hydrated aluminas, gibbsite is known to transform
to boehmite at higher temperatures. The exact temperature of
this transition is not well-defined and depends strongly on
attributes of the inorganic such as particle size, crystallinity,
heating rates, and environmental factors.’®” Because DFT
simulations consider restricted cluster configurations and small
clusters that are only reminiscent of the experimentally
observed phases (see the Supporting Information, e.g., Figure
S10, for clusters with a range of Al:O stoichiometric ratios
explored here), the correct energetic ordering of various phases
cannot always be fully predicted unambiguously, especially as a
function of cluster sizes. In the true experimental system, it is
likely that these inorganic clusters have sufficient energy to
transition from gibbsite-like to boehmite-like structures. The
structural similarities between these phases further adds to the
ease of this transition. Additionally, heating the samples prior
to XPS may induce structural changes in the material by
driving off water and forming the less hydrated boehmite state.

In considering this new information about the inorganic’s
physicochemical structure, we can postulate on two potential
mechanisms for this AlO,/PIM-1 hybrid membrane’s solvent
stability originally reported by McGuinness et al.”® The first
being the continued, albeit weak, interaction of the polymer
with the inorganic phase which may lead to anchoring or cross-
linking behavior, even though the interaction gets weakened
after the hydration. The second being the formation of larger,
“networked” inorganic structures interwining with the polymer
that acts to prevent polymer chain reptation and leads to a
material that is kinetically frustrated from dissolving in
otherwise good solvents for the polymer.

Bl CONCLUSIONS

A study interweaving findings from both computations and
experimental characterization was conducted to investigate the

reaction pathways and final hybrid material structures in the
vapor-phase infiltration of PIM-1 with TMA and co-reaction
with water vapor. As a result of this work, two mechanisms for
the observed property of solvent stability are proposed.

DFT explorations of varying PIM-1 and TMA models
provided insight into steps of the VPI process that are
challenging to evaluate without the use of expensive in situ
capabilities. These results indicate that during the precursor
exposure step TMA interacts most significantly with the nitrile
group of PIM-1 with a binding energy similar to that for a
metal—ligand coordination. In situ QCM measurements
featuring long desorption times, which characterized the
system before water exposure, and SEM/EDX results support
the presence of a significant interaction between the TMA
precursor and PIM-1 polymer. During the water vapor
exposure step of the VPI process, a simulated energy path
replacing the methyl ligands of TMA with hydroxyls reveals the
exothermic nature of these reactions. Throughout this portion
of the process, an energetically stable interaction is maintained
between PIM-1 and the inorganic species.

However, ex situ chemical characterization (of the system
after VPI) indicates the AI(OH), structure is not the final
structure of the inorganic. Rather, the final structure of the
inorganic is experimentally found to be an aluminum
oxyhydroxide primarily consisting of 6-fold coordinated
aluminum atoms. With further computational study, DFT
calculations suggest that this structure is likely to be composed
of inorganic clusters containing bridging hydroxyl groups
rather than M—O-M bonds. On the basis of both DFT
calculations and experimental measurements, aluminum’s 6-
fold coordination appears to require a combination of
coordination with PIM-1’s nitrile functional groups and
hydration with water ligands, although both computational
results and experimental evidence support at post a weak
interaction between the polymer and the inorganic. These
results also suggest that the inorganic clusters have the
potential to grow into even larger chains or possibly even
sheets. Further, the current work highlights two likely
mechanisms for the solvent stability of hybrid AlO,/PIM-1
membranes: (1) weak chemical association between the
inorganic and the polymer leading to anchoring or even
cross-linking of polymer chains and/or (2) growth of larger
polymeric inorganic structures that prevent reptation of
polymer segments. Overall, this work provides a framework
for iterating between experimental and computational methods
to overcome challenges present for each method alone, thus
efficiently and effectively improve predictions of VPI processes
and the chemical structure of the resultant hybrid materials.
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