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Inorganic chemistry, cluster formation and solvent
stability of PIM-1/ZnOxHy hybrid membranes
synthesized via vapor phase infiltration†

Benjamin C. Jean, a Yi Ren,b Ethan Read,a Dong-Chan Lee, a Faisal Alamgir, a

Ryan P. Lively b and Mark D. Losego *a

Vapor phase infiltration (VPI) is a vapor processing technique that converts polymers into organic–inorganic

hybrid materials with modified properties. VPI of polymer membranes stabilizes against dissolution and

swelling in organic liquids, opening up new opportunities for use in organic solvent reverse osmosis (OSRO)

separations. However, the precise chemical structure of the infiltrated inorganic components remains

poorly understood, limiting the potential to fully exploit process–structure–property relations for materials

design and slowing the development of new hybrid membranes. This study explores the structural charac-

teristics contributing to the chemical stability of PIM-1/ZnOxHy hybrid membranes through advanced

spectroscopic techniques to clarify the chemistry and inorganic cluster formation in these materials that

lead to enhanced stability in solvents that otherwise swell or dissolve the pure polymer. X-ray

photoelectron spectroscopy (XPS) indicates a predominantly zinc hydroxide chemistry with higher

proportions of oxide forming only at increasing cycle counts. Extended X-ray absorption fine structure

(EXAFS) spectroscopy provides new understanding of the first and second coordination shells. These results

indicate that the size of the clusters increases with prolonged VPI precursor exposure and additional VPI

cycles, leading to improvements in membrane solvent stability. These findings offer a new understanding

for how the physicochemical structure of these hybrid membranes can be characterized and then used to

design for a desired performance.

1. Introduction

Purification via separations is integral to modern chemical
production, ranging from refining petroleum to manufactur-
ing pharmaceuticals.1,2 However, current industrial chemical
separation processes are often energy intensive and estimated
to be responsible for as much as 10–15% of global energy
consumption.3 Consequently, the development of more energy
efficient and lower-cost separation processes is an active area of
research.

Membrane-based separation processes are attractive due to
their energy efficiency and ability to be electrified. Unlike
thermally-driven methods that rely on energy-intensive phase
changes or sorption processes, membranes operate through
selective permeability. This approach enables highly efficient

separations with lower energy consumption and reduced envir-
onmental impact compared with thermally-driven techniques.
Membrane technology has found applications in areas such as
reverse osmosis for water desalination,4,5 gas separation for
carbon capture,6 and organic solvent reverse osmosis.7 As the
demand for sustainable and energy-efficient solutions con-
tinues to grow, the role of membranes in chemical separations
is becoming increasingly important.

Polymers of intrinsic microporosity (PIMs) are a promising
class of organic membranes for separations.8–10 Owing to their
rigid structure, PIMs tend to have a high degree of micropor-
osity. PIM-1, a prototypical PIM, is a solution-processible
microporous polymer membrane with a large free volume,
making it an excellent choice for many separations.8,11–13

However, as with many organic materials, PIMs are susceptible
to dissolution or swelling in organic solvents, preventing their
use in many organic solvent reverse osmosis (OSRO) separation
processes.

Recently, vapor phase infiltration (VPI) has emerged as a novel
approach to stabilize polymeric materials for organic separations.14

VPI is a vapor deposition technique that generates hybrid organic–
inorganic materials with material properties unique from the
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parent polymer. During VPI a polymeric material is exposed to a
vapor-phase metal–organic precursor that sorbs into, diffuses
throughout, and then becomes entrapped within the polymer
matrix. Co-reacting the entrapped metal organic species with
water vapor generates air-stable metal oxyhydroxide species
distributed throughout the polymer matrix. This technique
has been used to generate hybrid materials for a wide range of
applications.15–17 Importantly, VPI has been used to generate
hybrid PIM-1/MOxHy membranes that are solvent stable with-
out significant modifications to the polymeric material itself.
These hybrid membranes represent an entirely new approach
to achieving advanced separations from initially polymeric
membranes.18 While initial demonstration of VPI hybrid mem-
branes have been promising, many fundamental questions
remain to fully design and optimize these complex materials.

The interactions between polymer and metal–organic pre-
cursors in a VPI process are complicated and can vary with
different polymer/precursor chemistries as well as with proces-
sing conditions.19–23 Because VPI infiltrates small inorganic
clusters that lack any long range ordering, exact characteriza-
tion of the resulting inorganic chemical structure is challen-
ging. Several advanced characterization techniques have been
reported to try to better characterize these hybrid structures.
TEM has been used to probe the atomic clusters selectively
infiltrated in block co-polymers.24,25 Pair distribution function
(PDF) analysis of X-ray spectroscopy has been used to probe the
structure of smaller amorphous clusters.26 Recently, our group
has used 27Al NMR to study the local structure of Al in PIM-1/
AlOxHy hybrid membranes.21 Here, we found that upon one-
cycle of infiltration, aluminum likely forms clusters that are at
least dimerized and that these clusters likely have water ligands
coordinated to the aluminum to achieve 6-fold (octahedrally-
coordinated) aluminum species. We further showed that these
inorganic structures vary as a function of processing para-
meters such as the use of post-infiltration dehydration and
hydration steps.27 In this work, we use a series of spectroscopy
techniques including advanced X-ray absorption spectroscopies
to explore the structure of infiltrated ZnOxHy in PIM-1 hybrid
membranes, how the structure varies as a function of inorganic
loading and number of cycles, and the role these structural
changes have on the membrane’s solvent stability.

2. Experimental methods
2.1. Vapor phase infiltration

Vapor phase infiltration was applied to polymer of instrinsic
microporosity 1 (PIM-1), a common membrane material of
interest for chemical separations.28 Vapor phase infiltration
was conducted in an isothermally controlled, hot wall reactor as
previously described.21,29 PIM-1 was initially soaked in metha-
nol and subsequently dried in a fume hood to restore the
polymer’s structure prior to infiltration. The polymer was then
placed in a reactor maintained at 90 1C and purged with
ultrahigh purity (UHP) nitrogen (Airgas, 99.999%) for 5 hours
to eliminate residual water and methanol. After purging, the

chamber was evacuated to a rough vacuum of approximately
30 mTorr and then isolated. Diethyl zinc (DEZ, Strem Chemi-
cals, DANGER: pyrophoric) was introduced from a room tem-
perature precursor bottle, reaching a controlled partial pressure
between 0.3 and 0.7 Torr. For our 28 L system equipped with
valves rated with a flow coefficient (Cv) of 0.27, this pressure
range corresponds to opening the DEZ valve for 1 to 3 seconds.
The precursor was allowed to remain in contact with the
sample for 1 to 24 hours before the chamber was again pumped
to 30 mTorr for 1 hour to remove excess DEZ. Following this, a
water vapor dose of 1.8 Torr was introduced, and the sample
was held under these conditions for 5 hours. This represents a
single VPI cycle. After one or more VPI cycles, samples were
subjected to a final nitrogen purge prior to bringing the
chamber to atmosphere. Reaction with water vapor results in
the formation of an air-stable hybrid material, where ZnOx

(OH)y species are distributed within the polymer’s free volume.
Chamber pressure was monitored using a Baratron capacitance
manometer. Both PIM-1 powders (for XAS characterization) as
well as hollow fibers were infiltrated. PIM-1 powders were used
for X-ray absorption spectroscopy (XAS). For all other charac-
terization measurements, PIM-1 hollow fibers were used. How-
ever, no differences were observed in either form factor. Unless
otherwise noted, all materials were infiltrated at 90 1C at a
precursor pressure of 0.3 Torr for varying exposure times
ranging from 1 h to 24 h.

2.2. Quantifying inorganic loading

Inorganic loadings were determined by thermogravimetric
analysis of the hybrid membranes using a PerkinElmer TGA
4000. For all materials, 5 to 15 mg PIM-1/ZnOxHy was placed in
the TGA and heated to 120 1C under air and held at 120 1C for
90 minutes to remove any sorbed water. Hybrids were then
heated to 800 1C at 10 1C min�1. Hybrid membranes were fully
decomposed by 800 1C under ambient conditions (Fig. S1,
ESI†). After reaching 800 1C, the sample was then and
cooled at 10 1C min�1 back to 120 1C and held at 120 1C for
20 minutes. The initial and final mass was taken as the mass
after each hold at 120 1C. The final mass divided by the initial
mass was taken as the weight percent inorganic loading.

2.3. Atomic structure

XPS was performed using a Thermo Scientific K-Alpha XPS
system using a monochromatic Al Ka X-ray source (1486.6 eV).
Prior to measurement samples were pumped down under
vacuum for 1 h. The pressure reached during analysis was
B10�8 mbar. A pass energy of 50 eV was used. During
measurement, scans were taken with a 0.100 eV step size. All
XPS fittings were done using the Thermo Scientific Avantage
software.

EXAFS measurements were taken on a lab scale easyXAFS
300+ previously described by Krishanan et al.30 XAS data were
normalized using the Athena software package before the
analysis of K-edge positions.31 The edge position was deter-
mined by using the maximum of the first derivative of the
absorption spectrum. Simulated EXAFS spectra were generated
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using the Artemis software package. Zinc structures were
generated and imported into the Artemis software package,
which calculated each scattering pattern. Each single and
multiple scattering pattern generated in Artemis was included
in the simulated FT-EXAFS spectrum.

2.4. Dissolution testing

To determine the rates of membrane dissolution, hybrid sam-
ples were placed in 20 ml of THF, a good solvent for the pure
PIM-1 polymer. UV-Vis spectra were taken at regular time
intervals using an Avantes StarLine AvaSpec 2048 detector with
a built-in halogen light source. Prior to measurements, the light
source was allowed to warm up for 15 min. Light and dark
references were taken of THF prior to placing PIM-1 fibers in
the THF. Calibration curves were used to convert peak absor-
bance to mass dissolved according to Beers law. The peak
absorbance for the peak at 370 nm was tracked and converted
to mass dissolved for each UV-Vis spectra.

3. Results & discussion
3.1. Effects of inorganic loading on the chemical stability of
PIM-1/ZnOxHy hybrid membranes

We previously demonstrated that in undersaturated conditions,
exposure time and precursor dose pressure can be used to
modify and control the inorganic loading.32,33 Varying the
infiltrated inorganic loading can be used to modify various
properties in the hybrid material. For example, infiltrating
PIM-1 hybrid membranes with varying amounts of inorganic
can alter the solvent stability and separation performance.18

For other hybrid systems, we have shown that systematic
variations in inorganic loading lead to systematic changes in
the glass transition temperature of the hybrid material.34

Here, we use variations in diethyl zinc (DEZ) exposure time
and pressure to alter the amount of ZnOxHy loading into these
hybrid PIM-1/ZnOxHy membranes. Fig. 1 plots the solvent
stability for hybrid PIM-1/ZnOxHy membranes infiltrated at
90 1C at varying exposure times and DEZ partial pressures
using just 1 cycle of exposure. We then sort each of these
membranes based on their weight percent of inorganic loading
as measured with TGA. Prior reports have demonstrated that
untreated PIM-1 membranes fully dissolve in 100 min.35 While
hybrid membranes loaded with only 4 wt% ZnOxHy begin to
rapidly dissolve after 10 min of immersion in THF with fully
half the membrane dissolved within 30 min, hybrid mem-
branes loaded to 10 wt% ZnOxHy are not half dissolved until
after 20 days of immersion. These results underscore the
possibility of using VPI process conditions to control the
inorganic structure in these hybrid materials and tailor resul-
tant properties. In the remaining sections of this paper, we seek
to better understand the physicochemical structure of these
hybrids and reveal that dissolution resistance may involve more
than just the amount of inorganic content in the material but
also the chemical structure of that inorganic (hydroxide versus
oxide) and the size of the inorganic networks.

3.2. Spectroscopic investigation of inorganic cluster
chemistry and growth upon 1 cycle of infiltration

Fig. 2 presents representative XPS results for the PIM-1/ZnOxHy

hybrid structure at 10 wt% inorganic loading. Similar to other
hybrid PIM-1 systems, the N 1s (399.4 eV) and C 1s (286.7 eV,
284.5 eV) XPS spectra (Fig. 2a and b) show no significant
deviations from the pure polymer, suggesting that no chemical
linkages form to the polymer’s C, N, or O species.21 Instead,
infiltrated Zn appears to remain as an unbound inorganic in a
2+ oxidation state (1022 eV) (Fig. 2d),35 which according to the
O 1s spectrum (Fig. 2c) is in a highly hydrated form consisting

Fig. 1 Percent of the hybrid PIM-1/ZnOxHy membrane that dissolves as a
function of time (logscale) upon immersion in THF at room temperature.
Varying inorganic loading fractions from 4 wt% to 10 wt% ZnOxHy in the
hybrid membranes are achieved based on precursor exposure times and
overpressures.

Fig. 2 Core level XPS spectra of PIM-1/ZnOxHy (10 wt%) after 1 cycle of
infiltration at 90 1C, 24 h exposure, and 0.7 Torr dose pressure: (a) C 1s, (b)
N 1s, (c) O 1s, and (d) Zn 2p. Here, red dots represent experimental data,
while the fitted result is shown in black.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
8:

25
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04645e


16006 |  Phys. Chem. Chem. Phys., 2025, 27, 16003–16011 This journal is © the Owner Societies 2025

of 87% Zn(OH)2 (531.6 eV) and 13% ZnO (529.7 eV) by relative
peak area composition.36

Fig. 3 presents XPS data that further interrogates the extent
of ZnOxHy hydration at the various inorganic loading condi-
tions originally presented in Fig. 1. Here we show deconvoluted
O 1s spectra for each of these PIM-1/ZnOxHy membranes. For
all conditions, the inorganic appears to be predominantly a
hydroxide with minimal (13–25%) oxide character. As expected,
the intensity of Zn–OH and Zn–O absorptions increase relative
to the C–O peak of the polymer with increasing inorganic
loading. However, the variation in hydroxide-to-oxide fraction
is modest for these different loading fractions and likely just a
result of experimental variations. Thus, extended exposure
times or variations in precursor overpressure do not appear
to substantially alter the chemical structure (i.e., extent of
hydration) of the inorganic.

To gain more information about the inorganic cluster struc-
ture and size, more advanced spectroscopic tools are needed.
For example, EXAFS spectroscopy is sensitive to the coordina-
tion environment beyond just the nearest-neighbor detected in
XPS. Here, we explore the use of Zn K-edge EXAFS to gain
additional information about changes in the inorganic coordi-
nation spheres and cluster size. Fig. 4(a) plots the Fourier-
transformed Zn K-edge EXAFS spectra for PIM-1/ZnOxHy at the
various inorganic loading fractions initially presented in Fig. 1.
Two major peaks are apparent in the EXAFS spectra at E1.6 Å
and E2.8 Å. EXAFS measurements of pure ZnO and Zn(OH)2

suggest that the first peak is associated with the Zn–O single
scattering interaction (1.6 Å), while the second peak can be
attributed to Zn–Zn correlations as well as Zn–O multiple
scattering (MS) interactions that typically manifest as a broad
combined peak between 2.4 Å and 3.6 Å.37,38 These values
correspond well with the EXAFS reported here for infiltrated

PIM-1/ZnOxHy. While this Zn–O peak at 1.6 Å changes modestly
with inorganic loading, we attribute these minor differences to
be primarily from mean square relative distance (MSRD) rather
than coordination number. Significant differences are observed
in the Zn–Zn scattering peak at B2.8 Å. Specifically, this peak
systematically increases in both size and intensity with increas-
ing inorganic loadings. While this peak appears at a much
lower intensity, the good signal to noise ratio ensures that
conclusions about this peak can be made with reasonable
confidence.

First, it is noteworthy that even just the presence of a Zn–Zn
scattering interaction suggests that clusters of at least two Zn
atoms are forming. Specifically, this excitation is evidence that
Zn atoms exist in a second coordination shell of a central zinc
atom, and that these zinc’s have about the same distance
amongst all clusters. The observed increase in this peak’s
intensity with inorganic loading can likely be attributed to an
increases in the coordination number in this coordination
shell, or in other words, more next nearest neighbor Zn
atoms.39 In the context of infiltrated ZnOxHy, we postulate that

Fig. 3 XPS O 1s spectra of PIM-1/ZnOxHy hybrid membranes of increasing
inorganic loadings infiltrated at 90 1C: (a) 4 wt% inorganic loading, (b)
6 wt% inorganic loading, (c) 8 wt% inorganic loading, and (d) 10 wt%
inorganic loading. Here, red dots represent experimental data, while the
fitted result is shown in black.

Fig. 4 (a) Experimental EXAFS spectra for increasing inorganic loadings;
(b) simulated EXAFS spectra for Zn–OH clusters of increasing size.
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this increase in EXAFS intensity indicates an increase in the
inorganic cluster size. The high hydroxide content detected in
XPS further suggests that these clusters are likely growing
through a mineralization process via bridging hydroxide bonds.
This would indicate that increasing exposure times leads to the
formation of larger [Zn(OH)2]x clusters, and that the improve-
ment in solvent stability is largely due to the formation of these
larger clusters at increased exposure times.

To provide further evidence for this cluster size argument,
Fig. 4(b) shows the simulated EXAFS spectra for various cluster
sizes. Because the XPS suggests a primarily hydroxide charac-
ter, these simulations are run only for [Zn(OH)2]x clusters,
specifically for the monomer, dimer, and trimer. Here, the
central Zn atom within the trimer represents a [ZnO4] type
cluster. We note that the structures are optimized to be in their
lowest energy state. These structures were simulated by includ-
ing all single and multiple scattering interactions generated
from FEFF calculations in Athena; no EXAFS fitting to the
experimental EXAFS spectra was done. As shown, the simulated
EXAFS spectra resemble the experimentally measures EXAFS
spectra with major peaks at 1.6 Å and 2.8 Å. Minor differences
in the spectra could be due to the presence of the other
scattering interactions from the organic polymer. Increasing
cluster size from the Zn monomer (in leads to increases in the
Zn–Zn peak, similar to what is observed experimentally).

Previous studies of Zn(OH)2 have shown that the 2.8 Å
scattering event can be a combination of Zn–Zn single scatter-
ing interactions and Zn–O multiple scattering events.37 The
correlation between EXAFS scattering amplitude’s, F(k), and an
element’s atomic number (Z) can be used to differentiate
amongst these scattering events. By removing the low-k region
of the EXAFS spectrum and then applying the Fourier trans-
form it is possibly to highlight scattering events caused pri-
marily by higher atomic number species.37 The effects of
removing the low k region of the FT-EXAFS (k values of o 3.5 Å)
is presented in Fig. 5. Here, the spectra including the low-k
values are plotted in solid black lines while the spectra exclud-
ing these low-k values are plotted in dotted red lines. In general,
the removal of the low-k scattering is expected to reduce
scattering from oxygen (e.g., Zn–O multiscattering) but retain
scattering from Zn (e.g., Zn–Zn single scattering). As shown, the
first shell (Zn–O single scattering) is very sensitive to the low k
region and decreases significantly when this region is excluded,
consistent with the significant scattering from oxygen needed
for this Zn–O single scattering inetraction. More interesting is
the observed changes in the second shell. For 4 and 6 wt%
loading (Fig. 5a and b), the second shell peak is significantly
reduced upon removing the low-k scattering, suggesting much
of this scattering is from Zn–O multiscattering events. This
result suggests that Zn–Zn scattering is not a significant con-
tributor at these concentrations and thus clusters may not yet
be forming (majority monomers). At higher inorganic loadings
of 8 and 10 wt% (Fig. 5c and d), this second shell scattering
event loses some intensity but still retains a clear scattering
signal, suggesting that Zn–Zn single scattering is a significant
contributor. Additionally, analysis of scattering paths of

simulated structures shown in Table S4 (ESI†) indicates that
the Zn–Zn single scattering path is a much stronger path than
the Zn–O multiple scattering paths. This result portends
that the clusters are growing larger (dimer to trimer size) upon
reaching higher inorganic loading fractions.

In summary, the change in inorganic loading from just a
single-cycle of ZnOxHy VPI appears to not change the chemical
nature of the infiltrated inorganic (it is primarily hydroxide),
but does alter the size of the clusters. Both the increase in
intensity of the Zn–Zn scattering peak and its increased origin
from Zn–Zn single scattering events provides the evidence that
these inorganic clusters are increasing in size, and these
structural changes are presumably contributing to the
increased resistance to chemical dissolution observed in Fig. 1.

3.3. Effects of increased infiltration cycles

Conceivably, other process parameters may influence inorganic
cluster growth in these hybrid materials. One important para-
meter that has routinely had an important influence on
observed properties is the number of VPI cycles. However, it
is unclear if the number of cycles is simply increasing the
inorganic loading or if cycling also affects the inorganic struc-
ture. Here we attempt to address this question by running 1, 2,
and 3 VPI cycles on PIM-1 using 12, 5, and 1 h DEZ exposure
times to achieve equivalent inorganic loadings (B4 wt%) at
varying cycle numbers. Fig. 6 plots the solvent stability for these
three materials. Interestingly, even though these hybrid mem-
branes have equivalent inorganic loadings, they exhibit varying
dissolution rates, suggesting that each hybrid has differences
in their physicochemical structures. These hybrid membranes
specifically demonstrate an increased solvent stability with
more VPI cycle numbers despite having relatively equivalent
inorganic fractions.

To understand difference in atomic structure, various spec-
troscopies are conducted on these materials. Fig. 7a plots the

Fig. 5 EXAFS spectra for (a) 4 wt%; (b) 6 wt%; (c) 8 wt%; and (d)
10 wt% PIM-1/ZnOxHy at varying k-ranges. Dk =1.5–9.5 Å�1 (solid Line),
Dk 3.5–9.5 Å�1 (dotted line).
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hydroxide and oxide fractions of the infiltrated ZnOxHy clusters
in these hybrid membranes as determined from the XPS O 1s
spectra. Here, the fraction of oxide increases with the number
of VPI cycles going from 19% oxide at 1 cycle to 50% oxide at
3 cycles. This result suggests that a change in chemical char-
acter from hydroxide to oxide is occurring with cycle number
and this change in chemical character may be contributing to
the increased chemical stability observed in Fig. 6.

Fig. 7b shows the Zn k-edge EXAFS spectra for these three
hybrid membranes. Interestingly, 1 and 2 cycles of infiltration
show similar EXAFS spectra, even though the solvent stability is
much improved from one to two cycles. In contrast, significant
changes in the EXAFS pattern are observed from 2 to 3 VPI

cycles. First, a notable increase in the Zn–Zn peak is observed.
However, because the total inorganic loading remains con-
stant—meaning this intensity increase is not simply due to a
higher concentration of inorganic content—the enhanced
Zn–Zn peak suggests the presence of more Zn in the second
coordination shell, implying the formation of larger clusters at
higher cycle counts. Additionally, the shoulder on the Zn–O
EXAFS peak becomes less pronounced with increasing cycles.
This could be due to the evolution from Zn(OH)2 to ZnO or
from the coordination of water ligands in small Zn hydroxide
clusters which have slightly longer bond lengths than Zn–O and
Zn–OH. Smith et al. proposed that water ligands coordinate to
zinc hydroxide molecular clusters to stabilize the complex
during cluster growth.40 The shoulder observed in smaller
clusters could result from these water ligands, explaining why
it is less pronounced with increasing cluster size. Additional
comparison data and reference spectra are included in Fig. S9
and S10 (ESI†).41,42

As the oxide content increases with additional VPI cycles, as
indicated by XPS, it suggests that not only does increased
clustering contribute to solvent stability, but the structural
composition (ZnO vs. Zn(OH)2) also plays a crucial role.
Fig. 7c attempts to capture the chemical and structural changes
that stabilize the hybrid membrane. As indicated, during
1 cycle of infiltration, more, but smaller, clusters form through-
out the polymer matrix. During 2 cycles, the exposure time is
shortened to maintain the same inorganic loading. This results
in fewer but larger clusters compared to one cycle. This trend
continues further with 3 cycles, leading to the formation of the
fewest but largest clusters within the PIM-1 membrane.

Finally, we compare processing conditions where the num-
ber of VPI cycles is held constant (2 cycles total) but the
precursor pressure is varied to alter the total amount of

Fig. 6 Dissolution of PIM-1/ZnOxHy membranes infiltrated at 90 1C for
1 cycle (0.3 Torr, 12 h exposure), 2 cycles (0.3 Torr, 5 h exposure), and
3 cycles (0.3 Torr, 1 h exposure).

Fig. 7 (a) % hydroxide and % oxide as a function of cycle count in PIM-1/ZnOxHy; (b) Zn K-edge EXAFS spectra for PIM-1/ZnOxHy infiltrated for 1, 2, and
3 cycles at 0.3 Torr, resulting in 4% inorganic loading; (c) depiction of hybrid membrane structure at each VPI condition. Here, blue diamonds represent
infiltrated ZnOxHy clusters and yellow lines represent PIM-1.
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inorganic loading. Specifically, we compare hybrid membranes
formed from 2 VPI cycles having 12 h of DEZ exposure at
0.3 and 0.7 Torr, resulting in 4 and 11 wt% inorganic loading,
respectively. Here, the 4 wt% condition is similar to the 2-cycle
material presented in Fig. 7. Via XPS (S2), both hybrids are
measured to have similar oxide character, with the 4 wt%
inorganic loaded material containing 27% oxide character
and the 11 wt% inorganic loaded material containing 35%
oxide character. Fig. 8a plots the solvent stability for these
hybrid membranes. As expected, the higher inorganic loading
membrane has better solvent stability, although not dramati-
cally higher. On average, the 11 wt% loaded membranes
exhibits B5–10% less dissolution at each time point compared
to the 4 wt% loaded membrane. Interestingly, the EXAFS
spectra in Fig. 8b are similar for these two materials despite
having very different inorganic loadings. The similar intensity
of the Zn–Zn peak indicates that the clusters in both samples
are similar in size, and thus, cluster size is not varying between
the two. The ability to achieve a different EXAFS structure, as
was observed for 3 cycles in Fig. 7b, appears to require more
cycles and cannot just be achieved with more exposure time,
despite the higher inorganic loading. Fig. 8(c) illustrates a
postulated structure for these two hybrid materials. Here, both
membranes have the same cluster sizes and hydration states,
with the higher loaded material simply having more of these
clusters. We speculate that this is why the higher loading
sample has better solvent stability. However, the moderate
increase in solvent stability indicates that the primary driver
of solvent stability may be due to increases in the size of the
inorganic clusters, and possibly the chemical transition from
hydroxide to oxide, more so than just the number of infiltrated
inorganic clusters.

4. Conclusion

In this work, spectroscopic analysis has been conducted to deduce
the physical and chemical features contributing to the chemical
stability of hybrid PIM-1/ZnOxHy membranes. These measure-
ments provide new insights into how ZnOxHy inorganics grow
within a polymer matrix. These structural features are then com-
pared back to the solvent stability performance of the hybrid
material. EXAFS analysis was used to understand coordination in
the first and second shells beyond Zn. Increasing the exposure time
of the metal–organic vapor provided evidence for the growth of zinc
hydroxide clusters to sizes that included more than one zinc atom.
However, the character of these inorganic clusters remained largely
(B80%) hydroxide. Increasing the number of infiltration cycles
appears to influence both the cluster size and the chemical
character of the inorganic clusters. At three vapor phase infiltration
cycles, the inorganic clusters become 50% hydroxide and 50%
oxide in character. Both the growth in the inorganic cluster size
and the change in character from hydroxide to oxide appears to
improve the solvent stability of the final hybrid material. Interest-
ingly, several of the systems explored here seem to show minimal
changes in solvent stability with just increases in overall inorganic
loading fraction of the material. Thus, these results suggest that the
actual structure of the inorganic (e.g., cluster size and chemical
characteristics) may have a greater influence on stabilizing the
hybrid against dissolution than just simply increasing the concen-
tration of inorganic in the material.
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Fig. 8 (a) Dissolution in THF of PIM-1/ZnOxHy membranes infiltrated at 90 1C for 2 cycles; (b) corresponding EXAFS spectra; (c) depiction of hybrid
membrane structure at each VPI condition. Blue diamonds represent infiltrated ZnOxHy clusters.
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