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A B S T R A C T

Membrane technologies can offer dramatically higher energy efficiency than thermally driven separations such 
as distillation. The fabrication of robust, solvent-stable active layers on inexpensive supports is essential for the 
widespread utilization of this technology by industry. Here we show that polymer membranes incorporating a 
perfluoroalkyl side chain onto a hydrocarbon backbone provide remarkable enhancements in performance and 
stability in the dehydration of ethanol by pervaporation, even surpassing commercial perfluoropolymers. To 
rapidly generate these robust thin film composite membranes, we use a method termed spin coating ring-opening 
metathesis polymerization (scROMP) that combines the polymerization and deposition of the membrane selec
tive layer into a 2-min process with under 1 mL of solvent per 36 cm2 of polymer. Here, the scROMP of 5- 
(perfluoro-n-alkyl)norbornenes (NBFn) with perfluoroalkyl side chain lengths (n) of 4, 6, 8, and 10 is used to 
generate semifluorinated films on polyacrylonitrile (PAN) supports. pNBFn membranes exhibit greater solvent 
stability than their nonfluorinated polynorbornene (pNB; n = 0) counterpart while retaining excellent thermal 
stability, as evidenced by reduced swelling in polar and nonpolar solvents and <1 % mass loss in thermogra
vimetric analysis up to 130 ◦C. Molecular simulations show that the fluorocarbon side chains orient parallel to 
the surface in the bulk but more normal to the surface at the interface, consistent with experimental IR spec
troscopy and wetting measurements. Of the polymers studied, pNBF8 shows the greatest performance in ethanol 
dehydration, obtaining a selectivity of 180 and a water permeance of 1000 GPU, while sustaining high perfor
mance for >40 h of continuous operation.

1. Introduction

Membrane-based separation of ethanol and water is of particular 
interest due to the rise of bio-ethanol production and its promise as a 
renewable fuel source [1–3]. The demand for accessible oil and gas is 
projected to exceed the expected growth in supply by 2040–2050 [4]. 
Furthermore, the use of bio-ethanol as an additive to gasoline or as an 
independent fuel source will help address concerns of climate change by 
significantly reducing CO2 emissions from car tailpipes [5,6]. Current 
bio-ethanol processing involves the concentration of a 5–12 wt% 
ethanol solution from a fermentation broth to a stream of >99.5 wt% 
ethanol using a combination of distillation up to the azeotrope and 
pressure swing adsorption or extractive distillation for the final dew
atering step [3,7]. Hybrid processes with greater energy efficiency are 

being developed, involving both distillation and membrane dehydration 
with vapor permeation or pervaporation strategies [3,8–10]. Pervapo
ration processes commonly use hydrophilic polymers, such as polyamide 
[11] or polyvinyl alcohol (PVA) [12], often with varying extents of 
cross-linking, to enable a water-selective separation with a chemical 
potential driving force [13].

Despite successes reported in the literature [1,14], the use of mem
brane technology is still limited primarily by two factors: tedious 
manufacturing processes [15] and stability [10,16,17], both of which 
are addressed here. Swelling reduces overall stability and performance 
of ethanol dehydration membranes with hydrophilic active layers [18]. 
A high degree of swelling can compromise the performance of the 
membrane by widening the polymer matrix or causing delamination of 
the polymer from its underlying support, both of which lead to dramatic 
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reductions in selectivity. Alleviating the concerns of swelling typically 
requires the use of cross-linkers, but cross-linking can incur additional 
processing time and lead to chemical instabilities. For example, a com
mon PVA cross-linking agent, glutaraldehyde, is hydrolytically labile, 
and cross-links can be lost at high temperatures or water concentrations 
[19]. Hydrophobic and inorganic membranes have been studied to 
ensure solvent stability without the need for cross-linking, which un
locks a facet of rapid membrane development by reducing processing 
steps [20,21]. More specifically, the use of amorphous per
fluoropolymers has been shown to demonstrate notable polar solvent 
dehydration, while showcasing excellent stability [22–24]. Huang et al. 
[10] tested the pervaporation performance of Teflon AF 1600, Cytop, 
and Hyflon AD 60 for ethanol dehydration, reporting selectivities of 27, 

110, and 70, respectively, while Smuleac et al. [25] reported a separa
tion factor of 33 for an amorphous perfluoropolymer purchased from 
Compact Membrane Systems (CMS-3) on a polyacrylonitrile support. 
Amorphous perfluoropolymers have been used for other polar solvent 
dehydrations, such as for butanol, ethylene glycol, and even a quater
nary mixture of water, ethanol, butanol, and acetone [23,24]. While 
these materials show promise, particularly as protective barriers for 
hydrophilic films [26], the use of amorphous perfluoropolymers suffers 
from the environmental concerns of generating excessive, harmful per
fluoroalkyl substances (PFAS) due to the use of small and volatile per
fluorinated monomers [27,28]. Given these concerns, we aim to take an 
appropriate step in limiting PFAS production by investigating the role of 
perfluoroalkyl side chain length on a hydrocarbon backbone to develop 

Scheme 1. NBFn monomer synthesis via a Diels-Alder reaction and ROMP of the resulting monomers with Grubbs 3rd generation catalyst.

Scheme 2. Depiction of the spin coating ring-opening metathesis polymerization (scROMP) process.

T.D. Oddo et al.                                                                                                                                                                                                                                 Journal of Membrane Science 733 (2025) 124367 

2 



semifluorinated polymer membranes for ethanol dehydration that ach
ieve properties similar to those of amorphous perfluoropolymers.

The semifluorinated polymers utilized in this study are derived from 
5-(perfluoro-n-alkyl)norbornenes (NBFn) to yield a hydrocarbon back
bone with pendant fluorocarbon side chains (Scheme 1). Perez et al. 
[29] first reported the synthesis and polymerization of NBFn polymers 
via ring-opening metathesis polymerization (ROMP). We subsequently 
explored the surface-initiated ROMP (SI-ROMP) of NBFn to develop 
semifluorinated coatings that improve the performance of various ma
terials [30,31]. A particular advantage of pNBFn films is that their 
critical surface tensions are as low as 8 mN/m, well below that of pol
ytetrafluoroethylene (18 mN/m), an all –CF2- polymer, due to the 
segregation and orientation of –CF3 groups at the air/film interface [32]. 
The SI-ROMP approach has led to the development of hydrophobic and 
oleophobic coatings on carbon paper [31] and gold [30] electrodes. 
Superhydrophobic films of these polymers were synthesized by 
mimicking the microstructure of Trifolium repens and Aristolochia esper
anzae leaves and using a polydimethylsiloxane mold to confine the 
liquid monomer and catalyst [33]. More recent literature from other 
groups has explored the use of these materials in copolymers for their 
hydrophobicity, solvent stability, thermal stability, and anti-fouling 
capabilities. Namely, these polymers have been used as the hydropho
bic constituent of block copolymers for swelling-induced pore genera
tion [34], as a component added to graphene oxide to increase fouling 
resistance [35], and as a component of a polynorbornene-based copol
ymer for use as an anion exchange membrane [36]. In terms of mem
brane separation as a homopolymer, only poly (5-perfluorobutyl 
(norbornene)) (pNBF4) has been explored as a gas separation mem
brane, where the addition of the perfluoro substituent increased the 
permeability of gases and increased the sorption selectivity for 
methane-containing gas pairs [37].

In an ongoing effort to investigate the effect of fluorocarbon content 
on thin film and surface properties, we recently reported that random 
copolymers from norbornene and NBFn exhibit the surface properties of 
a pNBFn homopolymer with as low as 2 mol % of the partially fluori
nated monomer within the norbornene and NBFn monomer mixture, 
yielding 7 % NBFn repeat units in the film [38]) Further, the ethanol 
dehydration performance of a pNBFn homopolymer can be achieved 
with only 50 % of the partially fluorinated monomer, yielding 63 % of 
NBFn repeat units in the film. Importantly, the study shows that the 
amount of monomeric PFAS can be greatly reduced while still achieving 
dense perfluroinated surfaces and effective membrane performance.

Here, we combine experiments and molecular simulations to 
examine the effect of perfluoroalkyl chain length on the surface prop
erties and film structure of pNBFn homopolymer films, as well as the 
ethanol dehydration performance of pNBFn membranes by pervapora
tion. We use spin coating ring-opening metathesis polymerization 
(scROMP) [39] of NBFn to enable the rapid fabrication of these semi
fluorinated thin film composite membranes (Scheme 2). The scROMP 
method combines the polymerization and casting of the membrane se
lective layer into a rapid and low-solvent 2 min process, thereby 
reducing the processing time and cost and facilitating the discovery of 
new specialty polymeric membranes. In scROMP, a small volume of 
Grubbs 3rd generation catalyst (G3) in a volatile solvent is dispensed 
onto a spinning substrate. Then, liquid monomer (neat or in solution) is 
dispensed on the still spinning substrate. Polymerization occurs rapidly 
at the polymer/catalyst interface to generate a growing front of polymer 
film in the axial direction as centrifugal forces spin off unreacted 
monomer in the radial direction. The scROMP approach offers many 
advantages as a manufacturing technique, namely low polydispersity, 
tolerance of ambient conditions, avoidance of solvent- and 
time-intensive bulk polymerization associated with typical spin coating, 
and rapid fabrication of robust polymer films [39]. Furthermore, 
scROMP unlocks many opportunities for tunability, such as fabricating 
films with polymers that are difficult or impossible to solvate and 
adjusting the thickness of films between tens of microns and hundreds of 

nanometers by varying polymerization spin speed and monomer con
centration [39]. This technique shows promise as a screening process to 
quickly generate polymer films with unique chemical structures, 
enabling the selection of the highest performing film for a desired 
application.

In this work, a series of 5-(perfluoro-n-alkyl)norbornenes were syn
thesized and polymerized (pNBFn) as the active layer of a thin film 
composite (TFC) using scROMP with perfluoro side chain lengths (n) of 
4, 6, 8, and 10, along with a polynorbornene (n = 0) control (Scheme 2). 
Each polymer was characterized and studied to determine the effect of 
chain length on their film and polymer properties, solvent stability, and 
efficacy as a membrane. Additionally, molecular dynamics (MD) simu
lations were utilized to validate the theoretical and semi-empirical ap
proaches employed and provide molecular level insight into the 
experimentally observed behavior. This work showcases the sensitive 
effect of perfluorocarbon chain length on film properties and membrane 
performance, as well as the ability of scROMP to screen various specialty 
polymers effectively and efficiently.

2. Methods

2.1. Materials

Gold shot (99.99 %) (J&J Materials) and silicon (100) wafers (Uni
versity Wafers) were used to prepare gold-coated Si/SiO2 wafers. 
1H,1H,2H-perfluoro-1-hexene, 1H,1H,2H-perfluoro-1-octene, 1H,1H,2H- 
perfluoro-1-decene, 1H,1H,2H-perfluoro-1-dodecene, norbornene (NB), 
dicyclopentadiene, diethyl ether, dimethylformamide (DMF), Grubbs 2nd 
generation catalyst (G2), 3-bromopyridine, trans-3,6-endomethylene- 
1,2,3,6-tetrahydrophtaloyl chloride (NBDAC), and hydroquinone were 
purchased from Sigma Aldrich and used as received. Dichloromethane 
(DCM), n-hexane, n-pentane, toluene, and ethanol were purchased from 
ThermoFisher and used as received. Synder flat sheet polyacrylonitrile 
(PAN) membranes were purchased from Sterlitech, Inc. with a molecular 
weight cut-off (MWCO) of 30 kDa. Deionized water (16.7 MΩ-cm) was 
purified from a Modu-Pure system.

2.2. Synthesis of NBFn

The syntheses of 5-(perfluoro-n-alkyl)norbornenes with butyl, hexyl, 
octyl, and decyl perfluoro chains were carried out following a Diels- 
Alder reaction between cyclopentadiene and 1H,1H,2H-perfluoro-1- 
hexene (NBF4), 1H,1H,2H-perfluoro-1-octene (NBF6), 1H,1H,2H-per
fluoro-1-decene (NBF8), and 1H,1H,2H-perfluoro-1-dodecene 
(NBF10), as described previously [29,32]. Briefly, a Parr Instruments 
high-pressure reaction vessel was filled with dicyclopentadiene (DCPD), 
hydroquinone, and the appropriate perfluoro-1-alkene in a 1.0:0.03:1.9 
mol ratio. Hydroquinone was added to serve as a polymerization in
hibitor [40]. The mixture was maintained at 170 ◦C for 72 h and the 
crude product purified using vacuum distillation. Percent yields ranged 
from ~40 % to ~60 %. The purified monomers were collected as 
clear/faint white liquids. The resulting endo:exo ratios were 3:1, as 
previously reported [32].

2.3. Synthesis of Grubbs 3rd generation catalyst (G3)

G3 was prepared as described previously [39,41,42]. Briefly, G2 and 
3-bromopyridine were added in a 1:10 mol ratio to a 20 mL sealed vial. 
The mixture changed color from red to green after 5 min of stirring at 
room temperature. After the stirring process, 20 mL of pentane was 
added to the vial to induce the precipitation of a green solid. The filled 
vial was then sealed and stored in a freezer at − 17 ◦C overnight. The 
precipitate was recovered via vacuum filtration and washed with 
pentane. The green, wet solid was dried under vacuum to recover G3 as a 
bright green powder.
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2.4. Preparation of gold substrates

As described in previous work [42], silicon wafers were rinsed with 
deionized water and ethanol, then dried with nitrogen. Chromium (100 
Å) and gold (1250 Å) were then evaporated in sequence onto the wafers 
at a rate of 2 Å/s or lower in a diffusion-pumped chamber at a base 
pressure of 4 × 10− 6 Torr. After evaporation, the wafers were then cut to 
the desired size, typically 1.5 cm × 2 cm.

2.5. Processing of PAN supports

Synder Flat Sheet polyacrylonitrile (PAN) membranes with a mo
lecular weight cutoff of 30 kDa were cut using a razor blade to the 
appropriate size (4 cm2 for general characterization and 36 cm2 for 
membrane testing) and stored in deionized water for at least 24 h to 
ensure glycerol, an additive used by the manufacturer to prevent pore 
collapse, was completely removed. The supports were then dried in a 
stream of nitrogen to remove any residual moisture.

2.6. Spin coating ring-opening metathesis polymerization (scROMP)

The polymer films generated in this study were fabricated using the 
scROMP method that we have recently reported [39]. In this process, a 
substrate, either porous (PAN) or non-porous (gold and Si/SiO2), was 
placed onto a SETCAS LLC KW-4A spin coater and spun at a constant 
spin speed. While spinning, 200–400 μL of a 5 mM G3 solution in DCM 
was dispensed onto the surface and spun for 30 s at 2000 RPM, leaving 
behind a film of the active catalyst on the surface. Next, 200–400 μL of a 
monomer solution was dispensed onto the catalyst-rich substrate at 
3000 RPM. The ROMP reaction was carried out for 60 s before spinning 
ceased, and the substrate was removed from the spin coater with a 
polymer film coating its surface (Scheme 2). Note that typical spin 
coating heuristics, such as quick deposition of the liquid onto the spin
ning substrate, still apply [43]. The NBFn monomers were dispensed as 
neat liquids, and norbornene was dispensed either as a 1 or 3 M solution 
in DCM. The resulting thicknesses of the films ranged from ~2 to 3 μm 
for films prepared from 1 M monomer concentration up to ~5–10 μm for 
films prepared from neat monomer. Optimizations regarding choice of 
spin speed for the catalyst deposition during scROMP can be found in the 
Supporting Information (Figs. A1 and A2).

2.7. Free-standing polymer film production

Free-standing polymer films were prepared using the scROMP pro
cess to characterize the films independently from their mechanical 
support, specifically for swelling and thermal studies. First, pNB and 
pNBFn films were produced following a typical scROMP procedure 
described above but on Si/SiO2 wafers as the substrate. To induce liftoff 
of the pNB and pNBFn films from the wafers, the polymer-coated sub
strates were submerged in dimethylformamide (DMF) for 15 min. Upon 
removal from the liquid, the wet polymer film can simply be peeled from 
the surface using tweezers. The free-standing films were dried under 
vacuum for 30 min before being studied.

2.8. Characterization methods

To determine the chemical composition of the thin film composites 
generated using scROMP, attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR) was conducted with a Thermo Nicolet 
6700 FT-IR spectrometer. This device was equipped with a liquid- 
nitrogen cooled mercury–cadmium–telluride (MCT) detector and a 
Smart iTR™ ATR attachment with a diamond crystal plate. The spectra 
were collected in the region of 4000–650 cm− 1 over 256 scans at 2 cm− 1 

resolution. Spectra were analyzed using OMNIC™ software. The back
ground scan for every sample was collected with the bare diamond 
crystal in air.

Contact angle goniometry was utilized to assess the wettability of the 
polymer films produced. A Ramé-Hart Model 100 Contact Angle Goni
ometer paired with a microliter syringe filled with water or hexadecane 
was used to measure advancing contact angles. The needle of the syringe 
remained inside the liquid droplet while digital photos of the static drop 
were taken and transferred to computers using a Diamond Multimedia 
VC 500 One Touch Video Capture USB, and angles were measured on 
both sides of the drop image using the ruler and protractor on Windows’ 
Snipping Tool. The values reported and their error bars represent the 
average and standard deviation of data collected on at least three unique 
samples.

To determine the percent swelling of the polymers, films were either 
grown on gold substrates or generated as free-standing films, and then 
immersed in the test solution for 24 h. For films on gold, the mass of the 
gold-coated substrate was measured before and after the scROMP pro
cess to determine the mass of the polymer films present on the surface. 
Using 200 μL of 5 mM Grubbs 3rd generation catalyst in DCM and 200 μL 
of the neat (NBFn) or 3 M in DCM (NB) monomer with a spin speed of 
1000 RPM yielded films that ranged in mass between 4 and 12 mg on 4 
cm2 gold substrates depending on the monomer being used. To generate 
films with greater mass, free-standing films were made using 300 μL of 
catalyst and monomer solutions on a 4 cm × 4 cm Si/SiO2 substrate with 
spin speeds of 2000 RPM. These films weighed between 12 and 30 mg 
depending on the polymer being synthesized. After being removed from 
the test liquid, the films were briefly dabbed with a Kimwipe to remove 
surface droplets before the mass was measured. The values reported and 
their error bars represent the average and standard deviation of at least 
two samples.

Scanning electron microscopy (SEM) was performed using a Zeiss 
Merlin equipped with a Gemini II Column with an accelerating voltage 
of 2.00 kV. Due to the insulating nature of the samples, gold was sput
tered on the surface for 20 s in an argon environment prior to imaging.

Differential scanning calorimetry (DSC) was used to determine the 
glass transition temperature of the polymers in this study. A TA In
struments Tzero aluminum pan was charged with ~5 mg of the polymer 
being analyzed and placed into a TA Instruments DSC 25. The scan 
routine utilized was 25–200 ◦C at 10 ◦C/min, 200 to − 20 ◦C at − 10 ◦C/ 
min, and − 20 to 200 ◦C at 10 ◦C/min. Cooling operations were 
controlled using a TA Instruments Refrigerated Cooling System 40. 
Before changing from heating to cooling or from cooling to heating, the 
final temperature of the previous cycle was held for 10 min. The first 
heating scan was performed to give all samples a uniform thermal his
tory and was discarded from analysis. Results reported in this manu
script are from the second heating cycle. Data analysis was performed 
using TRIOS software.

The thermal stability of the polymer films was analyzed using ther
mogravimetric analysis (TGA). An Instrument Specialists Incorporated 
Simultaneous Thermal Analyzer (STA-I 650) was charged with ~10 mg 
of the polymer being analyzed. Care was taken to ensure the polymer 
samples were dried in a vacuum oven at 50 ◦C for 1 h before testing to 
ensure all solvent was removed. The samples were heated from 25 to 
500 ◦C at 10 ◦C/min in an argon atmosphere. The resulting data were 
analyzed using Infinity Pro Thermal Analysis software.

Film thickness and topography were analyzed using stylus profil
ometry. A Veeco Dektak 150 stylus profilometer with a 12.5 μm radius 
was used to measure across 5 mm of the surface, applying 3 mg of force 
and utilizing hills-and-valleys detection. Thickness values reported and 
their errors correspond to the average and 95 % confidence interval over 
at least 1.5 mm of a film’s surface.

2.9. Membrane pervaporation experimental setup and performance 
parameters

Thin film composite membranes were generated by growing pNB and 
pNBFn polymers onto a 36 cm2 PAN support using scROMP. First, 400 μL 
of a 5 mM solution of Grubbs 3rd generation catalyst in DCM was 
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dispensed onto the PAN support at a spin speed of 2000 RPM followed 
by 400 μL of the neat (NBF4 = 4.6 M, NBF6 = 3.9 M, NBF8 = 2.7 M, and 
NBF10 = 2.6 M) or 1 M (NB in DCM) monomer. All solutions were made 
with DCM as a solvent to allow fast evaporation and effective dissolu
tion. The spin speeds were chosen based on a uniformity study described 
in Supporting Information (Figs. A1 and A2). The manufactured mem
branes were tested using the setup depicted in Scheme D1. A 1 L glass 
feed tank was filled with 250 mL of 90 wt% ethanol and heated to the 
desired operating temperature using an oil bath. The temperature of the 
feed was maintained throughout the experiment. FreelinWade nylon 
tubing was used to connect the feed to an Iwaki MD-10L magnet pump 
and ultimately to a Sterlitech CF016 cross flow membrane cell, which 
exposed 16 cm2 of the membrane. The vacuum pressure on the permeate 
side of the membrane averaged ~3 kPa and was controlled using a screw 
valve and an Edwards E2M5 vacuum pump. The permeate was collected 
using a cold trap in liquid nitrogen. Experiments were typically run for 6 
h to ensure sufficient permeate volume was collected. After shutting 
down the vacuum pump, the permeate was allowed to warm up in a 
closed system to room temperature to prevent humidity in the air from 
condensing inside the cold trap. The temperature and vacuum pressure 
of the setup were constantly monitored using a laboratory thermometer 
and a pressure gauge. The retentate was cycled back into the feed tank.

Parameters used to gauge the performance of the membranes include 

flux (J), water permeance (
PG

H2O
l ), selectivity (α), separation factor (β), 

and permeate ethanol concentration. Flux was calculated by measuring 

the mass of permeate collected using a balance and dividing it by the 
operation time of the membrane and the surface area of the testing cell 
(16 cm2). The mass fraction of ethanol in the permeate was calculated 
using an Atago PAL-34S pocket refractometer. For concentrations 
outside of the measurement range of the instrument, an aliquot of the 
permeate was diluted with a known amount of water, and the concen

tration was back calculated. α, β, and 
PG

H2O
l are measures of the separation 

efficiency of the membrane and are respectively defined as [44] 

αik =
Ji/(pio − pil)

Jk/(pko − pkl)
=

Ji
/(

xiγipsat
i − pil

)

Jk
/(

xkγkpsat
k − pkl

) (1) 

βik =
yi/yk

xi/xk
(2) 

PG
H2O

l
=

JH2O
(
pH2O,o − pH2O,l

) (3) 

where J is the molar flux, x is the mole fraction on the feed side, p is the 
partial pressure, γ is the activity coefficient of a species in the feed so
lution, y is the mole fraction on the permeate side of the membrane, l 
represents the membrane thickness, and PG

H2O is the permeability of 
water. Species i represents water and species k represents ethanol. 
Subscripts of o and l represent the feed and permeate sides of the 
membrane, respectively. Both α and β are reported here because β is 

Fig. 1. (a) ATR-FTIR spectra of each polymer studied on gold substrates. Regions of the spectra due to CF2 axial and perpendicular stretching and vinylene stretching 
are highlighted. The appearance of a trans vinylene (HC––CH) bending vibration at ~970 cm− 1 indicates successful polymerization. (b) Simulation snapshot 
illustrating the central region of the simulation cell (carbon atoms are represented by cyan spheres, hydrogen atoms by white, and fluorine by purple, carbon atoms 
joining the two ends of the side chains are exaggerated). The angle θ (left) is determined between the normal to the x-y plane (denoted by black arrow) and the vector 
joining the two ends of the carbon atoms of the perfluoro chain (denoted by red arrow). The distribution of θ is shown for each polymer studied (right), with colors 
corresponding to those for each pNBFn film in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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more commonly reported in the membrane literature, but α more 
accurately decouples variations in membrane performance due to vapor- 
liquid equilibrium effects from the fundamental permeation properties 
of the film [44].

2.10. Molecular dynamics simulations

The mbuild python package [45,46] included in the MoSDeF tool 
suite [47] was used to construct pNB and pNBFn chains with n = 4, 6, 8, 
and 10 and prepare the initial system configurations. The polymer 
chains were end-capped using vinyl groups. Each chain consisted of 30 
repeat units with molecular weight ranging between 2.8 and 18.4 kDa, 
with 2.8 kDa corresponding to pNB and 18.5 kDa to pNBF10. The bulk 
polymer systems for pNB, pNBF4, pNBF6, pNBF8 and pNBF10 consisted 
of 60, 32, 27, 23 and 21 chains, respectively. The all-atom optimized 

potential for liquid simulations (OPLS-AA) [48] force field was used to 
describe the inter (non-bonded) and intramolecular interactions and 
implemented using Foyer [49] within the MoSDeF toolsuite. Three in
dependent replicas were simulated for each polymer system studied to 
reduce the statistical uncertainties in the simulated properties. All sim
ulations were performed using GROMACS [50] version 2023.2.

The bulk polymer systems were first equilibrated in the NVT 
ensemble at low temperature (15 K) for 1 ns to prevent the polymer 
chains from collapsing. Next, the 21-step equilibration protocol estab
lished by Lauren et al. [51] in which a bulk polymer system is trans
formed from an initial gaseous phase to a condensed phase was 
followed. Briefly, the polymer system undergoes gradual compression 
and expansion, as well as sequential heating and cooling cycles, to 
achieve a condensed phase density corresponding to the desired tem
perature of 300 K and pressure of 1 atm.

Fig. 2. SEM images of (a) bare PAN and films of (b) pNB, (c) pNBF4, (d) pNBF6, (e) pNBF8, and (f) pNBF10 on 30 kDa MWCO PAN.

T.D. Oddo et al.                                                                                                                                                                                                                                 Journal of Membrane Science 733 (2025) 124367 

6 



Thin films of pNB and pNBFn were constructed following Zifeng et al. 
[52]. The equilibrated bulk polymer systems were then replicated twice 
in the z-dimension to obtain continuous films of ~14–16 nm (see 
Table H2 in the SI). Structureless Lennard Jones walls (σ = 0.355 nm, ε 
= 0.318 kJ/mol) were placed on both sides of the z-dimension, and the 
system was subjected to the same 21-step equilibration protocol [51] as 
for the bulk polymer systems. Subsequently, the walls were removed and 
vacuum added above and below the film to create a free-standing film. 
Full details of the equilibration processes for both the bulk systems and 
thin films studied are provided in the SI.

Properties of bulk polymer models, such as density and free volume, 
were determined alongside structural properties, such as the radial 
distribution function and the torsional and angle distributions of the 
constituents on the polymer backbone. For the thin film simulations, the 
surface composition and orientation of side chains were determined. 
Additional details of the methods used for property calculations are 
provided in the SI. The GROMACS files and python codes necessary to 
reproduce the simulation results can be downloaded from https://gith 
ub.com/PTC-CMC/PNBFN_signac.

3. Results and discussion

3.1. Chemical composition and successful polymerization

ATR-FTIR spectroscopy was conducted on pNB and pNBFn films to 
analyze film composition and confirm a successful polymerization by 
scROMP. Fig. 1a displays the resulting spectrum of each polymer from 
1700 to 700 cm− 1. Each film with a perfluoro side chain exhibits strong 
perpendicular CF2 stretching from ~1300 to 1100 cm− 1 and faint axial 
CF2 stretching around 1350 cm− 1, with a slight increase in wavenumber 
as the fluorocarbon chain grows in length. These results match previous 
experiments [32] and suggest that the fluorocarbon chains orient mostly 
parallel with respect to the surface in the bulk of the film. This direc
tionality can be expected because the large perfluoro chains make up 70 
% (pNBF4) to 85 % (pNBF10) of the total mass and ~51 %–~72 % of the 
total volume of the macromolecule. Simulations further support this 
chain structure as shown in Fig. 1b, which shows the distribution of the 
angle θ between the vector joining the two ends of the carbon atoms of 
the perfluoro chains located in the central region and the normal to the 
x-y plane. While the distribution of θ broadens as the length of the 
fluorinated side chain increases from F4 to F10, indicating that packing 
is disrupted as chain length increases, for all systems the mean is 
centered around 90◦ with a standard deviation of 38◦, indicating that the 
perfluoro chains are predominantly parallel to the surface in the bulk of 
the film.

Fig. 1a also shows the presence of a vinylene (HC––CH) stretching 
peak near ~970 cm− 1 that is characteristic of the trans orientation of the 
HC––CH bond [53]. Although this peak is muted for pNBFn polymers 
compared to the strong CF2 stretches, the same peak is observed for 
these materials. Thus, the 970 cm− 1 peak serves as an indicator that the 
norbornene ring structure has been opened, thereby signaling a suc
cessful polymerization.

3.2. scROMP thin film composite topography and cross section

Fig. 2 shows SEM top-view images for a bare 30 kDa MWCO PAN 
support before and after coating with pNB and pNBFn with n = 4, 6, 8 
and 10. These images confirm that the scROMP process produces a 
dense, continuous film across the PAN support that blocks the pores of 
the PAN. Further examination of the topography of polymer films made 
with neat monomers on PAN was conducted using stylus profilometry 
and compared to that of a pristine support. The polymer films measured 
~1–10 μm thick and matched the rough topography of the PAN support. 
A representative profile of a pNBF6 film exhibiting a thickness of 8.2 ±
1.1 μm is shown in Fig. 3a with a scan of the bare PAN support topog
raphy accompanying it. A comparison of these two scans suggests that 
the film grown by scROMP adopts the rough topography of the under
lying PAN. To further illustrate that the scROMP films adopt the 
topography of their underlying supports, a scan of pNBF6 on gold is 
displayed in Fig. 3b. This scan depicts a much smoother film with an 
average roughness of only ~150 nm compared to ~1100 nm for the film 
generated on PAN. Additionally, the thickness of the film on gold ranged 
between 7.7 ± 0.2 μm rather than the broader values of 8.2 ± 1.1 μm for 
the polymer layer on PAN.

In addition to information regarding the topography of pNBFn films 
made using scROMP, cross-sectional SEM and EDS images (Fig. 4) show 
the distinct layers of the thin film composite. In Fig. 4a, a dense polymer 
layer composed of pNBF8 is atop PAN, which is supported on a 
nonwoven polyester backing (not shown). The microscale separation 
between the layers is attributed to frictional stress caused by fracturing 
the sample with a razor blade at room temperature; attempts at cryo 
fracture were unsuccessful in cleaving the polyester backing. Despite the 
slight separation between the layers shown here, we have observed that 
polymer films formed by scROMP are difficult/impossible to remove 
from PAN, whereas many films by scROMP can be removed more readily 
from an unmodified, nonporous substrate [39]. To further examine the 
distribution of pNBF8 throughout the thin film composite, energy 
dispersive x-ray spectroscopy (EDS) was used to detect carbon, fluorine, 
and nitrogen in Fig. 4b, c, and 4d, respectively. Fig. 4b shows that carbon 
is expectedly present throughout, Fig. 4c shows that fluorine is present 

Fig. 3. Profilometric scans of a pNBF6 polymer film fabricated on (a) PAN and on (b) gold, showing that the topography of the polymer film conforms to that of the 
surface it was generated on.
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solely in the pNBF8 top film and not in the PAN layer, and Fig. 4d shows 
that nitrogen is expectedly present in the PAN layer. The greater film 
thickness (~25 μm) here versus that in Fig. 3a (~10 μm) is due to the use 
of a slower monomer spin speed (2000 vs 3000 rpm). A lower magni
fication SEM image of a pNBF8 film prepared at a monomer spin speed 
of 3000 rpm (see Figure E1, Supporting Information) shows a much 
thinner film (<15 μm) with no separation of the pNBF8 from the PAN.

3.3. Bulk density and thermal properties

Table 1 reports the density of the bulk polymer systems simulated at 
300 K in comparison to the available experimental data for the mono
mers and polymers [37,54]. The simulations show that density increases 
as the side chain length increases and is consistent with the experimental 
results of monomer density and the limited reports of polymer density. 
This increase in density with chain length is consistent with the much 
higher density of perfluorocarbon chains than that of the unmodified 
polynorbornene repeat structure and their increased mass fraction in the 
film as chain length increases. The agreement obtained suggests that the 

forcefields used adequately model the experimental polymer samples 
(see also Section I in the supporting information) and are suitable for use 
in further characterization and analysis studies.

The thermal properties of the polymers were measured experimen
tally using DSC and TGA. TGA was conducted to examine how the 
perfluorocarbon moiety contributed to the burn-off of the polymer films 
at high temperatures (Fig. 5). The TGA results reveal that the temper
ature at which rapid burn-off begins (Tonset) and the temperature at 
which the maximum burn-off rate is achieved (Tmax) are indistinguish
able for each polymer in the pNBFn system, while pNB exhibited a 
slightly higher thermal stability. This difference in thermal behavior 
indicates that the decomposition pathway for the partially fluorinated 
polymers occurs via a related mechanism, possibly involving the 
HC—CF2 bond. Despite a lower temperature of decomposition than for 
pNB, the results show that throughout the range of typical operating 
temperatures for ethanol dehydration membranes (no higher than 
130 ◦C according to Huang et al. [10]), the polymers are all highly 
stable. This thermal stability ensures that the membranes will remain 
robust and operational under typical temperatures for ethanol dehy
dration via pervaporation and prevent molecular PFAS generation that 
would accompany thermal decomposition.

DSC was utilized to determine the glass transition temperature (Tg) 
of each polymer. For membranes, the glass transition temperature is 
important because polymers that are glassy at the operating temperature 
contain non-equilibrium free volume, which can contribute to a more 
diffusion-controlled separation biased towards smaller molecules [55]. 
The DSC of pNB served as a control since it is a well-studied polymer 
with an expected glass transition temperature between 35 and 45 ◦C [56,
57]. As shown in Table 2, pNB grown using the scROMP process has a Tg 
of 44 ◦C, which falls within the expected range. The addition of a short 
fluorocarbon chain increases Tg to 64 ◦C for pNBF4, in agreement with 
literature [37], but increasing the fluorocarbon length further decreases 
Tg to ~45 ◦C for chain lengths of 6, 8, and 10 carbons. This trend of Tg 
with fluorocarbon chain length is related to the stiffness of the 

Table 1 
Experimental density for NBFn monomers and both simulated and experimental 
density for pNBFn polymers at 300K.

Monomer Density 
(experimental)a

(kg/m3)

Polymer Density 
(simulated) 
(kg/m3)

Polymer Density 
(experimental)b

(kg/m3)

pNB 955a 954 ± 1 999 [37,54]
pNBF4 1355 ± 34 1489 ± 4 1530 [37]
pNBF6 1526 ± 38 1574 ± 2 –
pNBF8 1622 ± 41 1638 ± 1 –
pNBF10 – 1687 ± 5 –

a Error values here represent the error of the method as calculated by gravi
metrically obtaining the density of a solvent (hexane) with a known density.

b Reported value from literature with no error range.

Fig. 4. (a) Cross sectional SEM image of pNBF8 and EDS of (b) carbon (red), (c) fluorine (cyan), and (d) nitrogen (purple) on 30 kDa MWCO PAN. The NBF8 
monomer was deposited at 2000 rpm. The electron image map of the EDS is shown in Figure E2, Supporting Information. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)
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fluorocarbon side chains and is different from that of more flexible hy
drocarbon side chains, in which Tg is consistently and dramatically 
reduced with longer side chains due to internal plasticization [58].

Based on these thermal experiments, pNBF4 will be in a glassy state 
for many typical ethanol dehydration operating temperatures, while the 
remaining polymers in the system will likely be rubbery. This difference 
could lead to different separation mechanisms and performances for 
pNBF4 as compared to its counterparts.

3.4. Local structural analysis and free volume properties

Increasing side chain length can significantly alter local structural 
properties and free volume, which in turn can influence the transport of 
small molecules. The size and stiffness of the side chain can be quantified 
by the characteristic ratio, CNSC, given by [59] 

CNSC =
< R2

NC >

nl2
(4) 

where n is the number of bonds in the side chains, l is the length of the 
bond joining two successive carbon atoms in the side chain (1.57 ̊A), and 
< R2

NC > is the ensemble averaged end-end squared distance.
In Fig. 6a, CNSC is plotted as a function of side chain length for the 

pNBFn systems studied and shows that the relative size and stiffness 
increase with chain length. This trend, in-part, likely contributes to the 
Tg insensitivity when the chain length is increased above 4, in contrast to 
the sharp decrease in Tg with increased chain length for all-hydrocarbon 
systems.

The increase in side chain size implies an increase in steric hindrance 
that can prevent backbone chains from approaching each other, often 
termed the “shielding effect” [60]. To further investigate this behavior, 

the interchain radial distribution functions of backbone carbon atoms in 
the cyclopentylene rings, g(r)bb, of the pNBFn polymers were computed 
and are shown in Fig. 6b. The size of the exclusion zone (i.e., where 
g(r)bb is zero) is found to not be significantly influenced by chain length, 
suggesting the near absence of this effect in the pNBFn polymers studied. 
A systematic decrease in the first peak with increasing chain length is 
observed, suggesting backbone-backbone interactions become weaker 
as the chain length is extended.

Interactions between side chains is another important structural 
feature that can influence the transport of small molecules. To analyze 
side chain interactions, the interchain radial distributions of the carbon 
atoms in the side chains, g(r)SC− SC are computed and shown in Fig. 6c. At 
shorter distances (~0.6 nm), g(r)SC− SC decreases when moving from 
pNBF4 to pNBF10 indicating that side chain interaction is lower in 
pNBF10 compared to that of pNBF4. Fig. 6b and c further show the 
absence of long range order, confirming that the simulated polymer 
systems are amorphous.

The free volume distribution (also known as pore size distribution, 
PSD) and other free volume properties such as FAV (fractional available 
free volume i.e., free volume available for a probe of radius 1.4 ̊A, since 
this roughly corresponds to the size of a water molecule), PLD (pore 
limiting diameter), LCD (largest cavity diameter), and FFV (fractional 
free volume available for a probe of zero radius) of the bulk pNBFn 
polymer models were calculated at 300 K. The PSDs of the polymers 
studied are reported in Fig. 6d with other free volume properties re
ported in Table 3. Fig. 6d shows that the PSDs of the polymers are 
unimodal with pore sizes ranging from 1.8 to 6 ̊A , suggesting that these 
polymers are microporous. The width of the PSD is narrower for pNB as 
compared to the fluorinated polymers, indicating that pore sizes are 
somewhat more uniform for pNB.

From Table 3, we note that the calculated FFVs of the pNBFn poly
mers range from 35 to 38 % and are in good agreement with values 
reported for other glassy polymers [61]. Additionally, all the free vol
ume properties reported increase with the addition of perfluoroalkyl 
side chains, with a weak dependence on side-chain lengths beyond 4. 
The FFVs reported are significantly higher than the values predicted by 
the Bondi semi-empirical approach, which has been observed previously 
for other polymers [62] and is attributed to the fact that the universal 
packing coefficient used in the calculation of the FFVBondi values does 
not reflect the true molecular packing. We also note from Table 3 that 
the PLD, which is the largest probe particle size for which there is a 
percolating pore across the system, is smaller than the size of a water 
molecule for all polymers studied at 300 K [63]. This indicates that any 

Table 2 
Summary of the thermal properties of the polymers studied, including the 
temperature at which rapid burn-off begins (Tonset) and temperature at which the 
maximum rate of burn-off is achieved (Tmax) in TGA and the glass transition 
temperature (Tg) in DSC, all based on one sample for each polymer studied.

Polymer Tonset (◦C) Tmax (◦C) Tg (◦C)

pNB 418 442 44
pNBF4 382 409 64
pNBF6 378 408 48
pNBF8 380 410 44
pNBF10 383 411 47

Fig. 5. TGA curves of the pNB and pNBFn polymers studied. Measurements were taken in an argon atmosphere with a heating rate of 10 ◦C/min.
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transport of solvent must be facilated by swelling induced enlargement 
of the pores. The higher value of LCD for pNBFn compared to pNB in
dicates that pNBFn membranes can accommodate molecules of larger 
size.

Fig. 6e shows the distribution of the torsions involving the carbon 
atoms joining two adjacent monomers on the backbone (see inset of 
Fig. 6e). The chain length of the side chains is found to have no signif
icant influence on the backbone flexibility. Cis conformations induce 
kinks in the backbone that can disrupt molecular packing and can 

therefore increase the free volume. Fig. 6e shows no evidence of this 
occurrence as the torsion angles are in the all-trans conformation (i.e., θ 
= 180ο). The torsional strain associated with conformational flexibility 
of the cyclopentylene rings is another factor that can affect molecular 
packing. We find that side chain susbitituion has no influence on the 
conformational flexibility of the backbone cyclopentylene rings of the 
pNBFn polymers (see Section J, Supporting Information).

The distribution of the torsion angle formed by the carbon atoms in 
the side chains is shown in Fig. 6f and demonstrates that the side chains 
preferentially adopt trans over guache conformations (± 60◦). Further
more, the gauche conformations are found to decrease as chain length 
increases. This could lead to increased packing efficiency as chain length 
increases, since free volume tends to decrease with decreases in “gauch 
defects,” and hence play a role in the observed insensitivity in the FAV 
with chain length.

3.5. Surface composition, surface chain conformation, and surface 
wettability

Surface properties such as compositions and chain conformations 
within the depth of a few nanometers from the air-polymer interface can 
be noticeably different when compared to the bulk phase (Fig. 7a). 
These unique surface properties can influence the adsorption charac
teristics and wettability of thin polymer films. Fig. 7b shows the surface 

Table 3 
Free volume properties calculated from MD simulations at 300 K for the pNB and 
pNBFn systems studied and the Bondi group contribution-based approach 
(FFVBondi). The simulated properties reported are fractional free volume (FFV) 
accessible to a point probe (i.e., probe size of zero radius), the fractional free 
volume accessible to a water probe (FAV), the pore limiting diameter (PLD), and 
the largest cavity diameter (LCD). Uncertainties in FAV and FFV calculated from 
MD simulations are not reported as they are negligible.

Polymer FFV FAV FFVBondi PLD (Å) LCD (Å)

pNB 0.35 0.028 0.111 1.31 ± 0.04 4.7 ± 0.3
pNBF4 0.38 0.079 0.173 1.62 ± 0.01 5.6± 0.1
pNBF6 0.38 0.084 0.183 1.61 ± 0.02 6.0 ± 0.1
pNBF8 0.38 0.087 0.189 1.70 ± 0.06 5.6 ± 0.1
pNBF10 0.38 0.088 0.193 1.66 ± 0.01 6.0 ± 0.2

Fig. 6. (a) Characteristic ratio of the side chains, CNSC (uncertainties are smaller than the symbols), (b) interchain radial distribution of the carbon atoms in the 
cyclopentylene rings, (c) interchain radial distribution of the carbon atoms in the side chains (each curve represents an average of three replicas), (d) pore size 
distribution of pNBFn polymers (each curve represents an average of 9 configurations drawn from three replicas over a period of 100 ns, see SI for details), (e) 
probability distribution of the torsion angles formed by the carbon atoms (denoted in blue, see inset) along the backbone, (f) probability distribution of the torsion 
angles formed by the carbon atoms along the sidechains. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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excess compositions of CH2, CF2 and CF3 groups (with respect to the 
bulk) at the interface (the interface region is considered to be 1.8 nm 
below the air-polymer interface; see Fig. 7a and Section I of SI for more 
details) of pNBFn polymers calculated from MD simulations. These 
specific groups were analyzed because they are known to have the most 
impact on surface wettability.

As shown in Fig. 7b from calculations described in Section I, Sup
porting Information, the surface of the pNBFn polymers is significantly 
CF3 enriched. These polymers show preferential segregation of CF3 over 
CF2 groups, which is expected since chain ends are known to segregate 
on the surface to maximize conformational entropy [64]. The prefer
ential segregation of CF3 may also be due to enthalpic effects. CF3 groups 
have low cohesive energy and could be expelled to the surface to 
minimize the overall enthalpy. This preferential segregation is insensi
tive to chain length beyond 4, which could be due to enthalpy-entropy 
tradeoff. Although, preferential segregation of CF3 groups may be 
enthalpically favorable, for longer side chains, this may be associated 
with entropic penalty (longer side chains prefer to remain in the bulk). 
In the case of pNB, the surface compositon of CH2 is close to that of the 
bulk (i.e., surface excess composition is close to 0) while a depletion of 

CH2 is observed in pNBFn polymers (i.e., surface excess compositions are 
negative).

Examining the orientation of the perfluoro side chains in the inter
facial region from the distribution the angle θ between the vector joining 
the two ends of the carbon atoms of the side chain and the normal to the 
x-y plane (Fig. 7c), we find the chains on average preferably orient to
wards the surface (mean values of θ lie between 63◦ – 67◦ with a 
maximum uncertainty of 30◦). This is remarkably different from what is 
seen in the bulk where side chains on average lie parallel to the surface 
(see discussions in Section 3.1).

The surface wettabilities of the pNBFn films generated using the 
scROMP process on a gold substrate were measured using contact angle 
goniometry with water and hexadecane (Fig. 7d). Measurements were 
also taken on pNBFn films on PAN supports, where the data in Fig. 7d 
were replicated (Table C1). The preferential segregation of low-energy 
CF3 groups combined with depletion of CH2 groups, as shown from 
simulations in Fig. 7b, makes fluorinated polymers highly hydrophobic 
and oleophobic and further reduces the surface energy. As a dispersive 
probe liquid, hexadecane is extremely sensitive to fluorocarbon groups 
vs hydrocarbon groups. For example, advancing hexadecane angles on 

Fig. 7. (a) Simulation snapshot illustrating the interface region defined as the outer 1.8 nm of the polymer at the air polymer interface of the simulation cell (carbon 
atoms are represented by cyan spheres, hydrogen atoms by white and fluorine by purple; atoms in the interface region are exaggerated) and from which data was 
collected to calculate the surface excess composition and side-chain surface orientation, (b) excess composition of various chemical groups in the interface region, (c) 
distribution of the angle θ between the vector joining the two ends of the carbon atoms of the perfluoro chain (denoted by red arrow, see inset) and the normal to the 
x-y plane (denoted by black arrow), and (d) experimentally measured advancing contact angles of hexadecane and water measured for each polymer on a gold 
substrate. Error bars not visible fall within the size of the marker. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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surfaces that are predominately –CF3 (~80◦), –CF2- (~60◦), –CH3 
(~50◦), and –CH2- (~20◦) exhibit a tremendous range of wettability for 
surfaces that are all considered to be hydrophobic [65,66]. The addition 
of the low-energy perfluoro moiety causes a large increase in the 
advancing contact angle of water from 93◦ to 123◦ and of hexadecane 
from 28◦ to 60◦ for pNBF4 as compared to pNB. Further elongation of 
the fluorocarbon group leads to small increases in contact angle, where 
maximum values of both water (130◦) and hexadecane (73◦) are reached 
at pNBF8 before decreasing slightly from pNBF8 to pNBF10. The trend 
in hexadecane contact angles in Fig. 7d is consistent with the critical 
surface tensions (γc) of these films as 18, 16, 8, and 11 mN/m for n = 4, 
6, 8, and 10, respectively [32,38]. Since poly(tetrafluoroethylene), an all 
–CF2- polymer, exhibits a critical surface tension of 18 mN/m [67], the 
lower values for pNBFn indicate surfaces with both CF3 and CF2 com
positions, in agreement with simulations in Fig. 7b. The lowest γc for 
pNBF8 is consistent with a CF3-dominated surface. Thus, the per
fluorooctyl side chain seems to be the optimal length to achieve a 
dominance of –CF3 groups on the surface. This optimum chain length of 
8 is reasonably due to sufficient length to shield the underlying hydro
carbon backbone, even at the ~65◦ angle of orientation (Fig. 7c), while 
possessing a more favorable ratio of –CF3 to –CF2- groups along the 
chain than pNBF10 does.

3.6. Swellability

To assess polymer stability in various solvents, the degree of swelling 
of each polymer film in the pNBFn system was measured in both polar 
(water and ethanol) and nonpolar (hexane and toluene) solvents 
(Fig. 8a). In all solvents, the observed percent swelling at room tem
perature is significantly reduced with the attachment of a fluorocarbon 
moiety. This trend is observed because the perfluoroalkyl groups are 
more effective at repelling liquids as compared to their hydrocarbon 
counterparts due to their lipophobicity and hydrophobicity [68,69], 
similar to the contact angle trend observed in Fig. 7d. The lowest 
swelling is achieved with pNBF6 and pNBF8 in each solvent tested. The 
most dramatic fluorocarbon-induced reductions of swelling at room 
temperature are with nonpolar solvents, where pNB swells nearly 30 % 
in both hexane and toluene and the semifluorinated polymers swell 15 % 
or less in the same solvents. This finding suggests that the pNBFn 
polymers can be resistant to potential organic impurities in feed streams 
and could have application in other areas, such as organic solvent 
nanofiltration due to their stability in pure hexane and toluene [70].

In light of the minimal sorption of water and ethanol into the pNBFn 
films at room temperature, the swelling experiments were repeated at 
60 ◦C, a typical pervaporation membrane operating temperature, to 
probe the operation of these films as ethanol dehydration membranes. 
We propose that the mechanism of the separation will be governed by 
two processes described by the solution-diffusion model [13]: 1) a 
sorption-controlled separation in which the elevated operating tem
perature will enable the selective sorption of one species into the 
membrane over the other and 2) a diffusion-controlled process where 
the smaller species possesses a greater diffusion coefficient than the 
larger species through the polymer matrix. The results of the swelling 
study (Fig. 8b) indicate that the polymer films uptake a greater mass of 
liquid once elevated to a higher temperature. An important consider
ation to note is the difference in swelling observed between water and 
ethanol for each polymer as this information will likely inform the 
sorption selectivity trends of each film. Fig. 8b shows that pNBF8 swells 
more in water while pNB, pNBF4, pNBF6, and pNBF10 swell to com
parable levels in both liquids. Of the films, pNBF8 swells the least in both 
solvents whereas pNBF10, with only slightly longer fluorocarbon side 
chain, swells the most. Particularly noteworthy is that pNBF8 swells ~3x 
more in water than in ethanol at 60 ◦C, suggesting a strong 
sorption-based component of selectivity for this polymer film. These 
results show how a small variation in side-chain length by two CF2 
groups can greatly affect film properties.

3.7. Effect of fluorocarbon chain length on ethanol dehydration via 
pervaporation

Ethanol dehydration is an important and energy-intensive separation 
that can greatly benefit from the use of inexpensive membrane tech
nologies. The thermal properties, swelling studies, and stability tests all 
indicate that pNBFn membranes have the potential for ethanol dehy
dration while maintaining excellent stability. Each membrane was 
tested for the dehydration of a 90 wt% ethanol solution at 60 ◦C, and 
pNBF6 and pNBF8 were further tested at higher temperatures. Table 4
summarizes the results, showing the total mass flux through the mem

brane (J), the water permeance (
PG

H2O
l ), ethanol permeance (PG

EtOH
l ), mem

brane selectivity (α) and separation factor (β), and the mass fraction of 

ethanol in the permeate. For more intuitive comparison, 
PG

H2O
l , P

G
EtOH
l , and α 

for all these membranes at 60 ◦C are presented as a function of fluoro
carbon side chain length in Fig. 9.

pNB is shown to provide almost no separation, as evidenced by the 

combination of very high water permeance (
PG

H2O
l = 21000 gpu) and very 

low selectivity (α = 2). This combination of high permeance and low 
selectivity may be partially due to the instability of pNB during the 
testing conditions (see Section E, Supporting Information). The 
addition of the perfluorobutyl moiety has an effect on the separation 

Fig. 8. Percent swelling of polymer films at (a) room temperature and at 
(b) 60 ◦C.
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performance, with the flux and water permeance of pNBF4 being an 
order of magnitude lower and the selectivity marginally improved (α =

4). The weak performance of pNBF4 is attributed to its glassy state that 
would lead to high non-equilibrium free volume that may hamper 
diffusional selectivity of water while also increasing the probability for 
mechanical failure [20]. Significant improvement in separation occurs 
with the 6-carbon perfluoro side chain length, as the permeate con
centration is predominately water and the selectivity rises to α = 19. A 
further dramatic improvement in separation is observed for pNBF8, 
where the selectivity at 60 ◦C rises to α = 170 while obtaining the 

highest water permeance of the pNBFn membranes (
PG

H2O
l = 1000 GPU). 

Finally, increasing the fluorocarbon chain length from pNBF8 to pNBF10 
enables a higher flux but greatly reduced selectivity (α = 23) and a 

lower water permeance (
PG

H2O
l = 800 GPU). Thus, the 8-carbon perfluoro 

side chain achieves the highest selectivity and water permeance of all 
pNBFn membranes.

As the highest performing membrane, pNBF8 has a unique set of 
properties that distinguish it from those of pNBF6 and pNBF10. The 
pNBF8 system achieves the highest contact angles, lowest critical sur
face tension, lowest swelling, and highest ratio of water to ethanol 
swelling at 60 ◦C. The tremendous enhancement in selectivity for pNBF8 
compared to the others is attributed in part to the denser packing of the 

outer fluorocarbon groups in the lower energy pNBF8 film, as deter
mined from its higher hexadecane contact angle (Fig. 7d) and lower 
critical surface tension (8 mN/m) that indicate a dominance of –CF3 
groups on the surface. The ~3x greater mass sorption of water over 
ethanol at 60 ◦C (Fig. 8b) is equivalent to an ~8x greater molar sorption 
of water. Also, given the much smaller size of water vs ethanol, the 
sorption selectivity for pNBF8 must combine with a strong diffusional 
selectivity to enable total molar H2O:EtOH selectivities approaching 
200. These results are in general agreement with findings for pNB: 
pNBF8 copolymers in which we estimated the sorption selectivity of 
water over ethanol by the perfluorooctyl-dominated outer surface as 18 
± 6 whereas the diffusional selectivity for pNBF8 was 9 ± 6 [38]. The 
high performance of pNBF8 membranes is also stable upon repeated 
pervaporation tests of the same membrane over a week (Table F1).

3.8. Temperature effect on pervaporation performance

To explore the effects of temperature on the pervaporation perfor
mance, membranes were tested at various operating temperatures. The 
effect of the feed temperature on the separation performance for pNBF6 
and pNBF8 membranes is presented in Table 4. This study indicates that 
while the selectivity and water permeance were not noticeably 
improved at higher temperatures, the flux of the pNBFn membranes 

Fig. 9. Effect of fluorocarbon side chain length on membrane selectivity, water permeance, and ethanol permeance from pervaporation tests of a 90 wt% ethanol/ 
water feed at 60 ◦C.

Table 4 

Pervaporation performance, including flux (J), water (
PG

H2O

l
) and ethanol (

PG
EtOH
l

) permeance, selectivity (α), separation factor (β), and weight percentage of ethanol in 

the permeate, of each polymer for ethanol dehydration. Tests were conducted at various temperatures with a 90 wt% ethanol/water feed.

Polymer Temperature (◦C) J (
g

m2h
) PG

H2O

l 
(GPU)

PG
EtOH
l 

(GPU)
α β Weight Percent EtOH

pNB 60 7100 21000 8700 2 2 85
pNBF4 60 710 1000 258 4 3 75
pNBF6 60 110 400 22 19 13 42

65 110 280 21 14 10 48
70 150 300 20 15 11 45
75 150 240 15 16 12 42

pNBF8 60 110 1000 8 170 60 13
65 160 1000 6 180 86 10
70 60 220 4 50 34 21
75 180 630 4 180 100 8

pNBF10 60 200 800 35 23 15 37
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generally increased with the temperature of the feed solutions being 
purified. To gather the temperature effect data, films of pNBF6 and 
pNBF8 were exposed to operation at various elevated temperatures for 
more than 40 h of testing. Despite this 40-h exposure to the feed solution 
and cycling temperatures, when the temperature was reset back to the 
original operating temperature, no change in performance was detected. 
This includes the 70 ◦C data point for pNBF8, where the uncharacter
istically low performance was maintained throughout each temperature 
cycle and for multiple replicates. To further examine the performance at 
70 ◦C, a freshly prepared pNBF8 membrane was tested at 70 ◦C, yielding 
a much improved performance, with α = 250, β = 110, and a water 
permeance of 720 GPU. The results in Table 4, along with those for the 
repeated testing of pNBF8 over a week (Table F1) and the chemical 
stability of all pNBFn polymers over shorter times shown in Section F of 
the Supporting Information, serve as an additional confirmation of the 
stability of pNBFn membranes. Similar stability has been demonstrated 
by others for a commercial amorphous perfluoropolymer (APFP) 
membrane [10]. Here, the notable achievement is the level of perfor
mance and solvent stability by a semifluorinated polymer film.

When compared to previous work performed to dehydrate a binary 
ethanol/water solution using APFPs, the selectivity and separation fac
tor achieved here by pNBF8 is unprecedented (Table 5). For ethanol 
dehydrations of 90/10 wt% mixtures, the previously highest separation 
factor was 33 using a CMS-3 film on PAN [25], while the highest 
selectivity was 110 using Cytop [10]. Here, the performance of top 
APFPs is achieved and even surpassed by a system that is only semi
fluorinated, thereby reducing the environmental concerns accompa
nying perfluorinated substances. The pNBF8 membrane also performs 
well as compared to hydrophobic membranes in general (see Figure H1). 
While pNBF8 generally trails the performance of the top hydrophilic 
membranes, such as PVA, alginate, and chitosan (Figure H1), its 
robustness and lack of swellability still may be advantageous in certain 
applications or as a blend with more hydrophilic components.

4. Conclusions

The effect of fluorocarbon side chain length on the properties of 
semifluorinated polymer membranes was examined with complemen
tary experimental methods, including the measurement of ethanol 
dehydration by membrane pervaporation, as well as molecular simula
tions. Polymer films and membranes were successfully and rapidly 
synthesized using the scROMP process, as confirmed through IR spec
troscopy, profilometry, and contact angle goniometry, where the per
fluoro side chain greatly increases water and hexadecane contact angles 
as compared to pNB. SEM images confirm the formation of a dense 
polymer film that covers the porous PAN support, and profilometry 
shows that the films conform to the topography of the substrate. All 
pNBFn films exhibit high thermal stability, and the addition of the 
fluorocarbon chain greatly increases solvent stability in the typical 
operating temperature range of ethanol dehydration membranes. For 
example, pNBF8 films exhibit largely reduced swelling in both polar and 
non-polar solvents as compared to pNB.

Molecular simulations show that fluorocarbon side chains pack 
mostly parallel to the film surface in the bulk but more along the surface 
normal at the outer interface, in agreement with experimental IR spectra 
and contact angle measurements, respectively. In addition, the simula
tions show that the presence of the fluorocarbon side chain increases 
free volume properties at 300 K with only slight dependence on the 
fluorocarbon chain length.

The ethanol dehydration performance of the pNBFn films is best with 
a perfluoro chain length of 8, with pNBF8 achieving a selectivity (α) of 
180 and water permeance of 1000 gpu at 65 ◦C. The elevated perfor
mance for pNBF8 correlates with its dense, CF3-rich perfluorocarbon 
surface that achieves the lowest critical surface tension (8 mN/m) to 
indicate extreme non-wettability, but also the highest ratio of water to 
ethanol swelling at 60 ◦C of the other pNBFn systems studied. Swelling 
can be expected to be a large contributing factor to membrane selectivity 
due to the PLD of the neat polymers being smaller than either molecule, 
thus indicating the need for swelling-induced enlargement of pores to 
facilitate component transport. The results are consistent with a dense 
outer layer that strongly regulates transport but favors the much smaller 
water molecule over ethanol. Remarkably, this selectivity of pNBF8 is 
greater than those reported in the literature for APFPs to date, in addi
tion to reducing PFAS risk by the semifluorinated status and its ability to 
mix with norbornene to achieve random copolymers with lower flur
orocarbon content but identical surface properties [38]. Furthermore, 
the integrity of pNBFn films is maintained through operation at various 
elevated temperatures for more than 40 h of testing.

The performance of the pNBF8 membranes offers significant benefits 
that will be explored in future work, both as a stand-alone homopolymer 
and as a component in polymer blends or co-polymerizations. Furture 
efforts will also be devoted towards understanding the effect of local 
structure on the sorption-diffusion phenomena occurring in pNBFn 
polymers using molecular models developed in this work. The pNBFn 
polymers could serve as organic solvent nanofiltration membranes and 
as protective barriers for polymers prone to high degrees of swelling.
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Table 5 

Comparison of pNBF8 to amorphous fluorocarbon membranes from literature for dehydrating 90 wt% ethanol/water mixtures. Flux (J), water (
PG

H2O

l
) and ethanol 

(
PG

EtOH
l

) permeance, selectivity (α), and separation factor (β) are provided at the temperature of testing.

Polymer/Support Temperature (◦C) J (
g

m2h
) PG

H2O

l 
(GPU)

PG
EtOH
l 

(GPU)
α β Source

pNBF8/PAN 65 160 1000 6 180 86 This work
pNBF8/PAN 75 180 630 4 180 100 This work
CMS-3/PAN 22 920 – – – 33 [25]
Cytop 75 – 500 5 110 – [10]
Hyflon AD 75 – 1100 16 70 – [10]
Teflon AF 75 – 2900 110 27 – [10]
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