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ABSTRACT: Vinyl addition polymers of substituted norbornene (NB)
monomers possess very high glass-transition temperatures, making them
useful in diverse applications; however, until very recently, the lack of an
applicable living polymerization chemistry has precluded the synthesis of
such polymers with controlled architecture, or copolymers with
controlled sequence distribution. In the present work, block and random
copolymers of NB monomers bearing hydroxyhexafluoroisopropyl and n-
butyl substituents (HFANB and BuNB) are synthesized via living vinyl
addition polymerization, using (η3-allyl)Pd(i-Pr3P)Cl activated by
[Li(OEt2)2.5]B(C6F5)4 as the initiator. Both series of polymers are cast
into the selective skin layers of thin film composite (TFC) membranes,
and these organophilic membranes are investigated for the concentration of n-butanol from dilute aqueous solution via
pervaporation. The block copolymers show well-defined microphase-separated morphologies, both in bulk and as the selective
skin layers on TFC membranes, while the random copolymers are homogeneous. Both block and random vinyl addition
copolymers are effective as n-butanol pervaporation membranes, with the block copolymers showing a better flux-selectivity
balance; the optimal block copolymer, containing 19 wt % BuNB, showed a process separation factor of 21 and a flux of 4300 g
m−2 h−1 with a 1.00 wt % aqueous n-butanol feed, at a selective layer thickness of 1.3 μm. While polyHFANB has much higher
permeability and selectivity than polyBuNB, incorporating BuNB units into the polymer (in either a block or random sequence)
limits the swelling of the polyHFANB and thereby improves the n-butanol pervaporation selectivity. An analogous block
copolymer derived from ring-opening metathesis polymerization, which shows much greater swelling than the vinyl addition
polymers, shows a correspondingly higher flux and lower selectivity.

■ INTRODUCTION

Polynorbornene (polyNB), enchained via vinyl addition
polymerization, has received considerable attention, because
of its high glass-transition temperature (Tg ≈ 385 °C1), good
thermal stability, and low dielectric constant, compared with
polyNBs prepared by ring-opening metathesis polymerization
(ROMP) and cationic or radical polymerization.2 These
properties originate from the saturated bicyclic backbone
structure of vinyl addition polyNB.2 Although vinyl addition
polyNB is poorly soluble in common organic solvents, which
hampers its processing, vinyl addition polymers from
substituted NB monomers possess much improved polymer
solubility while still preserving the high Tg and good thermal
stability of polyNB.1,3−8 Based on these properties, vinyl
addition polymers from substituted NBs are employed in
microelectronics applications, including as dielectric materi-
als,1,3 photoresists,4,5 and electro-optical materials.6 Vinyl
addition polyNBs with trimethylsilyl and sulfonic acid
substituents have also been investigated as gas separation7

and proton-conducting membranes,8 demonstrating the ex-

cellent mechanical and film-forming properties of these
polymers.
Renewable biofuels, such as ethanol9 and butanol10

synthesized via fermentation, are of increasing interest as
alternatives to fossil fuels. Biobutanol (either n-butanol or
isobutanol) has several advantages over bioethanol, including
higher energy density, lower volatility/flammability, lower
corrosiveness, lower hydrophilicity, and compatibility with
existing gasoline supply infrastructure.10 However, biobutanol
production is limited by the low final concentration of butanol
(∼13 g L−1 n-BuOH in the traditional acetone−butanol−
ethanol (ABE) fermentation process), leading to a high
separations cost when the butanol is recovered by distil-
lation.11,12 Pervaporation,13 wherein the butanol is recovered by
selective transport through a membrane separating the liquid
fermentation broth from a downstream vapor permeate, is thus
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of great interest, because of its potential for energy efficiency
and compatibility with the broth’s microorganisms.12 Poly-
(dimethylsiloxane),14−21 poly(ether-block-amide),22 and poly-
[1-(trimethylsilyl)-1-propyne)15,23 membranes have been in-
vestigated for biobutanol recovery via pervaporation; since the
separation in these membranes is based on the usual solution-
diffusion mechanism,13,24 it is essential that the solubility of
butanol in the membrane be much higher than the solubility of
water (i.e., that the membranes be organophilic/hydrophobic),
to more than compensate for the larger molecular size and
anticipated slower diffusion of butanol versus water. Vinyl
addition polymers of substituted NBs possess not only the
excellent mechanical and film-forming properties required for a
membrane, but also a hydrophobic backbone structure coupled
with a variety of available substituent groups, which can be
selected to favor the solubility of organic permeants (such as
butanol) within the membrane, making them attractive
candidates for pervaporation applications.25

While the enchainment of substituted NB monomers into
polymers of well-controlled architecture (including block
copolymers) by “living” ROMP is now well-established,26

comparable control over vinyl addition polymerizations of these
same monomers has been elusive until recently, when a t-Bu3P-
ligated methylpalladium complex27 was shown to initiate the
living polymerization of NB monomers bearing a range of
substituents, including hydroxyhexafluoroisopropyl (HFA).28

PolyHFANB has been previously investigated as a lithographic
photoresist;5 it is soluble in butanol,29 and shows particular
promise as a butanol-selective component in pervaporation
membranes.25 Incorporating butanol-insoluble units, such as
alkylnorbornene monomers (e.g., n-butylnorbornene, BuNB),
into the polymer should permit some control over the extent of
swelling of the membranes in aqueous butanol solutions.
Unfortunately, polymerizations of HFA-substituted NB with
the t-Bu3P-ligated methylpalladium complex are relatively slow,
and do not proceed to completion even within 2 days.28 Faster
polymerizations would allow for not only the synthesis of well-
defined block copolymers, where the composition is controlled
simply by the ratio of monomer charges, but also narrow-
distribution, gradient-free random copolymers, synthesized by
controlled (slow) addition of the monomer mixture to the
reaction medium, as illustrated in Scheme 1.
In the present work, we employ a related initiator, (η3-

allyl)Pd(i-Pr3P)Cl activated by [Li(OEt2)2.5]B(C6F5)4, wherein
the bulky t-Bu3 phosphine ligands28 are replaced by i-Pr3

ligands to achieve much more rapid polymerizations, and
thereby synthesize well-defined block and random copolymers
of HFANB and BuNB. Recently, Ye et al.29 studied the
mechanical properties of a particular polyHFANB-b-polyBuNB
(60 wt % HFANB), synthesized according to Scheme 1a, before
and after solvent vapor annealing and immersion in an aqueous
n-BuOH solution. Herein, we describe the synthetic route and
demonstrate its applicability to synthesize block copolymers of
targeted composition and molecular weight, as well as gradient-
free random copolymers; we also fabricate thin film composite
(TFC) membranes from these block and random copolymers,
and from an analogous ROMP-derived block copolymer, and
test their performance in n-BuOH recovery, revealing how their
pervaporation performance is influenced by macromolecular
composition and architecture.

■ EXPERIMENTAL SECTION
Materials. BuNB (5-butylnorbornene, 77/23 endo/exo ratio) was

prepared via high-temperature Diels−Alder reaction of cyclopenta-
diene (CPD, charged as the dimer, dicyclopentadiene, DCPD) with 1-
hexene.30,31 HFANB (2-(bicyclo[2.2.1]hept-5-en-2-ylmethyl)-
1,1,1,3,3,3-hexafluoropropan-2-ol, 82/18 endo/exo, >99.5%) was
purchased from Central Glass Co., Ltd. (Japan). The monomers
were stored under nitrogen atmosphere. Prior to polymerization, each
monomer was degassed by freeze−pump−thaw cycles and stored over
3 Å molecular sieves in a nitrogen-filled MBraun Unilab glovebox
(<0.1 ppm of O2 and H2O). Lithium tetrakis(pentafluorophenyl)-
borate·(2.5Et2O) (Li[FABA]) was obtained from Boulder Scientific
Co. and used as received. (Allyl)palladium(triisopropylphosphine)
chloride ((η3-allyl)Pd(i-Pr3P)Cl) was synthesized as described
previously.32 The first-generation Grubbs initiator bis-
(tricyclohexylphosphine)benzylidene ruthenium(IV) dichloride
(97%), tricyclohexylphosphine (PCy3), ethyl vinyl ether (99%),
α,α,α-trifluorotoluene (TFT, anhydrous, ≥ 99%, Sure/Seal), n-butanol
(n-BuOH, ≥ 99.7%), and anisole (anhydrous, 99.7%, Sure/Seal) were
purchased from Sigma−Aldrich and used as received. Pd(0)
hydrogenation catalyst supported on CaCO3 (5 wt % Pd) was used
as received from Alfa Aesar. Toluene was purified by passing through a
solvent purification system (MBraun) integrated into the glovebox
employed for polymerizations. All other reagents and solvents were
used as received from standard vendors.

Synthesis of Homopolymers via Vinyl Addition Polymer-
ization. Vinyl addition polymerization of BuNB or HFANB was
conducted at room temperature under a nitrogen atmosphere in an
MBraun Unilab glovebox (<0.1 ppm of O2 and H2O). The initial
monomer concentration was 5 wt %. Aliquots were taken and
quenched with acetonitrile at various times to monitor monomer
conversion and molecular weight, each as a function of time. Anisole

Scheme 1. Synthesis of (a) Block and (b) Random Copolymers of HFANB and BuNB via Living Vinyl Addition
Polymerizationa

aTol = toluene, TFT = α,α,α-trifluorotoluene.
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was included in the polymerization (1 equiv anisole per 4 equiv
monomer) to permit the determination of monomer conversion from
the aliquots using 1H NMR spectroscopy, via the areas of the anisole
methoxy protons and monomer olefin protons. The following
procedure was used for the preparation of polyHFANB (entry 5 in
Table 1, presented later in this work): HFANB (4.1 g, 0.015 mol) and
toluene/TFT (78 g, 50/50 wt %) were placed into a 250 mL round-
bottomed flask equipped with a magnetic stirring bar, and the mixture
was stirred for 5 min before the injection of initiator solution. To a vial
with a magnetic stirring bar, 0.15 mL of 0.50 M solution of (η3-
allyl)Pd(i-Pr3P)Cl in TFT (26 mg, 0.075 mmol) and 0.15 mL of 0.50
M solution of Li[FABA] in TFT (65 mg, 0.075 mmol) were added
and stirred for 20 min to activate the Pd pro-initiator. 0.20 mL of the
(η3-allyl)Pd(i-Pr3P)Cl/Li[FABA] solution (0.050 mmol each of (η3-
allyl)Pd(i-Pr3P)Cl and Li[FABA]) was injected into the flask
containing the HFANB solution at once under vigorous stirring.
After polymerization, the solution was precipitated into an excess of
methanol (MeOH)/H2O (50/50 vol %). The polymer so obtained
was dissolved in tetrahydrofuran (THF), and the solution was stirred
over activated charcoal, followed by passing through an alumina plug
to remove Pd residue. The resulting filtrate was precipitated into
MeOH/H2O (50/50 vol %), and subsequently dried under vacuum at
60 °C. Homopolymers of different molecular weights were prepared
using the same procedure, varying the monomer-to-initiator feed ratio
([M]0/[Pd]; see Table 1, presented later in this work).
Synthesis of PolyHFANB-b-PolyBuNB via Vinyl Addition

Polymerization. Vinyl addition block copolymers of HFANB and
BuNB were synthesized and recovered similarly to the homopolymers,
but employing sequential additions of the two monomers (Scheme
1a). The block copolymers are designated hereafter as a-BCP#, where
“a” indicates “vinyl addition polymer”, “BCP” indicates “block
copolymer”, and “#” indicates the weight percentage of HFANB in
the polymer. The initial BuNB monomer concentration was 5 wt %,
and the subsequent HFANB monomer charge was made as a 5 wt %
solution. The following procedure was used for the preparation of a-
BCP81 in Table 2 (presented later in this work): BuNB (0.99 g, 6.6
mmol) and toluene/TFT (19 g, 50/50 wt %) were placed into a 250
mL round-bottomed flask with a magnetic stirring bar, and 0.30 mL of
(η3-allyl)Pd(i-Pr3P)Cl/Li[FABA] solution (0.075 mmol each of (η3-
allyl)Pd(i-Pr3P)Cl and Li[FABA]) was injected into the flask at once,
under vigorous stirring. After the complete consumption of BuNB (15
min), a small aliquot of the reaction mixture was taken and quenched
with acetonitrile for GPC analysis of the polyBuNB block. HFANB
(4.4 g, 16 mmol) in toluene/TFT (83 g, 50/50 wt %) was then added
to the reaction flask and allowed to polymerize for 3 h. a-BCPs of
different compositions were prepared using the same procedure,
varying the ratio of the BuNB and HFANB monomer charges (Table
2, presented later in this work).
Synthesis of Poly(HFANB-r-BuNB) via Vinyl Addition

Polymerization. Vinyl addition random copolymers of HFANB
and BuNB were synthesized and recovered similarly, but employing
slow (dropwise) addition of the monomer mixture (Scheme 1b). The
random copolymers are designated as a-RCP#, where “a” indicates
“vinyl addition polymer”, “RCP” indicates “random copolymer”, and
“#” indicates the wt % of HFANB in the polymer. The following
procedure was used for the preparation of a-RCP64 in Table 2
(presented later in this work): 0.24 mL of (η3-allyl)Pd(i-Pr3P)Cl/
Li[FABA] solution (0.059 mmol each of (η3-allyl)Pd(i-Pr3P)Cl and
Li[FABA]) was injected into a 250 mL round-bottomed flask
containing toluene/TFT (21 g, 50/50 wt %) and a magnetic stirring
bar. A mixture of HFANB (2.4 g, 8.8 mmol), BuNB (1.3 g, 8.8 mmol),
and toluene/TFT (49 g, 50/50 wt %) was placed into a dropping
funnel mounted on the round-bottomed flask, and the monomer
solution was added dropwise to the reaction mixture (15 s per drop)
under vigorous stirring; the complete addition of monomer solution
took more than 10 h. Other a-RCPs were prepared using the same
procedure, varying the composition of the monomer mixture charged
to the addition funnel (Table 2, presented later in this work).
Synthesis of PolyHFANB-b-PolyBuNB via ROMP, and

Subsequent Hydrogenation. A ROMP block copolymer of

HFANB and Bul;NB (r-BCP81; see Scheme S1 in the Supporting
Information and Table 1 (presented later in this work)) was
synthesized by sequential addition of the monomers at room
temperature under a nitrogen atmosphere in an MBraun Unilab
glovebox (<0.1 ppm of O2 and H2O), followed by hydrogenation. The
ROMP block copolymer is designated as r-BCP81, where “r” indicates
“ROMP polymer”, “BCP” indicates “block copolymer”, and “81”
indicates the 81 wt % HFANB content in the polymer. The initial
BuNB monomer concentration was 4 wt % in toluene, and the
subsequent HFANB monomer charge was made as a 4 wt % toluene
solution. BuNB (0.8 g, 5.3 mmol) and toluene (19 g) were placed into
a 250 mL round-bottomed flask equipped with a magnetic stirring bar,
and the mixture was stirred for 5 min before the injection of initiator
solution. To a vial with a magnetic stirring bar, bis-
(tricyclohexylphosphine)benzylidene ruthenium(IV) dichloride
(0.034 g, 0.05 mmol), PCy3 (0.057 g, 0.20 mmol), and toluene (4
mL) were added and stirred for 5 min. The initiator solution was
injected into the flask containing the BuNB solution at once under
vigorous stirring. After the complete consumption of BuNB (1 h), a
small aliquot of the reaction mixture was taken and terminated with an
excess of ethyl vinyl ether for GPC analysis of the polyBuNB block.
HFANB (3.4 g, 12 mmol) in toluene (81 g) was then added to the
reaction flask. The HFANB was allowed to polymerize for 6 h. The
block copolymer was terminated with an excess of ethyl vinyl ether
and recovered by evaporating the solvent under N2 flow. The polymer
so obtained was dissolved in 1 L of cyclohexane/THF (95/5 vol %)
and charged to a 2 L Parr reactor. Hydrogenation was conducted using
Pd(0)/CaCO3 (8.0 g) at 100 °C and 400−500 psig H2 for 2 days. The
progress of the reaction was tracked by 1H NMR until olefinic double
bonds were no longer detectable (>99.9% saturation). After removal of
the Pd(0)/CaCO3 by filtration, the resulting solution was concen-
trated, precipitated into MeOH/H2O (50/50 vol %), and the polymer
dried under vacuum at 60 °C.

Membrane Preparation. Thin film composite (TFC) membranes
with dense polymer layers of an a-BCP, an a-RCP, or r-BCP81 as the
thin selective skin layer were prepared via simple blade coating, using
PAN-350 (Sepro Membranes) as the support; PAN-350 consists of a
porous poly(acrylonitrile) (PAN) top layer on a poly(ethylene
terephthalate) (PET) nonwoven backing. Each vinyl addition polymer
was dissolved as a 10 wt % solution in a toluene/TFT/THF mixture
(40/40/20 wt %) and filtered through a 0.45-μm-pore polytetrafluoro-
ethylene filter. The polymer solution was poured onto a sheet of PAN-
350 supported by a pane of glass, and the solution pulled across the
membrane by a film casting knife (Tefcrom, Paul M. Gardner
Company, Inc., 25 μm gap height) to form a film with uniform
thickness. For the r-BCP81 membrane, a polymer concentration of 15
wt % and a 75 μm gap were employed to achieve a comparable
selective layer thickness. The membranes were solvent-annealed at
room temperature in a THF chamber (a glass tray, holding a layer of
THF at the bottom and covered with aluminum foil; the TFC
membrane, still on its glass pane, rests in the vessel’s center, supported
by pillars) for 2 h. The membrane was subsequently dried on a hot
plate at 60 °C for 1 h, then under vacuum at 60 °C overnight, then
peeled off the glass pane.

Pervaporation Measurements. Pervaporation was carried out on
a home-built apparatus, as diagrammed in Scheme S2 in the
Supporting Information. The effective area of the membrane was
13.38 cm2. A 1.00 wt % n-BuOH aqueous solution was employed as
the feed, circulated through the system at 450 mL min−1 by a
diaphragm pump, and heated by passage through a heat exchanger
(No. 00256-02, Exergy, LLC) connected to a heated water-bath
circulator. After bypassing the membrane for 30 min to allow the feed
to reach the desired temperature, the feed was directed into the
crossflow membrane module (47 mm single stage filter assembly,
Savillex Corp.) for 1 min to check for any leakage; once the absence of
leaks was confirmed, vacuum was applied to the downstream side of
the membrane (<10 Torr absolute pressure), and permeate was
collected in a trap immersed in liquid nitrogen. The cold trap was
weighed before and after the pervaporation experiment to calculate
total mass flux (J). The composition of permeate was determined by
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1H NMR using acetone-d6 as a solvent; a small amount of anhydrous
ethanol was added to the permeate to make the phases miscible, thus
providing a single-phase solution which was sampled for NMR
analysis. At least three different membranes were prepared from each
polymer and tested in the pervaporation system. For the pervaporation
stability test, two cold traps arranged in parallel were used to
alternately collect permeate; at each switch between traps, makeup
aqueous n-BuOH of the same composition as the permeate was added
to the feed reservoir in an amount equal to the permeate collected, so
that the n-BuOH feed concentration was kept at 1.00 wt % throughout
the stability test. To eliminate the effect of variations in selective layer
thickness (l) between membranes on the flux, a thickness-normalized
flux (J′, normalized to a membrane thickness of 2 μm) was
employed:24

=
×

J
Q

A t (1)

′ = × ⎜ ⎟⎛
⎝

⎞
⎠J J

l
2 (2)

where Q is the total mass (in grams) of the permeate collected over
time t (in hours), A is the effective area of the membrane (expressed in
square meters), and l is the membrane thickness (polymer coating
layer, given in micrometers). The process separation factor (β) was
calculated as33

β =
−
−

Y Y
X X

/(1 )
/(1 )

BuOH BuOH

BuOH BuOH (3)

where XBuOH and YBuOH represent the weight fractions of n-BuOH in
the feed and permeate, respectively. The membrane permeabilities for
water (Pw) and n-BuOH (Pb), along with the membrane selectivity α,
were calculated as33

γ γ
= =

′ μ
P

J l

M x p

J

M x p
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i

i

i i i i

i

i i i i
sat sat

(4)

α β
γ
γ

=
⎛
⎝
⎜⎜

⎞
⎠
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p

p
w w

sat

b b
sat

(5)

where pi
sat is the saturation vapor pressure of pure component i with

molecular weight Mi, and γi is the liquid-phase activity coefficient of
component i in the feed, at a mole fraction xi. These expressions
implicitly assume that the partial pressure of each component on the
downstream side of the membrane is negligible, which is an
appropriate assumption when the permeate is collected in a liquid-
nitrogen-cooled trap.33 In all cases, the selective layer thicknesses l
employed for calculation were those measured on the dry membranes,
neglecting any membrane swelling. Vapor pressures were calculated
from published Antoine correlations34 (at 60 °C, pb

sat = 7.80 kPa, pw
sat =

19.87 kPa; at 37 °C, pb
sat = 1.98 kPa, pw

sat = 6.26 kPa), while activity
coefficients were calculated from a published NRTL (nonrandom two-
liquid) correlation34 based on data (“run 2”) obtained at 50 °C (at 60
°C, γb = 66.0, γw = 1.00011; at 37 °C, γb = 102.6, γw = 1.00014; all at xb
= 0.002449 for 1.00 wt % n-BuOH). Note that the NRTL
parameters35 obtained by fitting to data36 at 60 °C are quite similar
(calculated activity coefficients at 37 and 60 °C differ by <0.6%).
Instrumentation and Characterization Techniques. 1H NMR

spectra of homopolymers were recorded on a Bruker AVANCE III 500
MHz spectrometer using CDCl3 (for polyBuNB) or dimethyl
sulfoxide-d6 (for polyHFANB) as solvent. Monomer endo/exo ratios
were also determined by 1H NMR spectroscopy, on CDCl3
solutions.37 Copolymer compositions were determined by quantitative
13C NMR spectroscopy in THF-d8, using a Bruker AVANCE III 500
MHz spectrometer.28 Polymer number-average molecular weights
(Mn) and molecular weight dispersities (Đ) were determined by gel
permeation chromatography (GPC) in THF, using a Waters 515
HPLC Pump, two 30 cm Agilent PLgel Mixed-C columns operating at
35 °C, and Wyatt OptiLab T-rEX (differential refractive index, RI) and

miniDAWN TREOS (three-angle light scattering, LS) detectors, both
operating at 658 nm and 25 °C. The GPC-RI elution time data were
calibrated with narrow-distribution polystyrene standards. Mn values
were taken from the light scattering data via the Wyatt Astra software
(averaging over the elution time distribution), while the values of Đ
were taken from the GPC-RI data; Đ as computed by the Astra
software is generally much closer to unity (<1.05), for reasons
previously discussed.28 The specific refractive index increment (dn/dc,
necessary for analysis of the light scattering data) for each vinyl
addition homopolymer and r-BCP81 (after hydrogenation) in THF at
25 °C and 658 nm was determined using a separate Wyatt Optilab
rEX; the values are 0.1321, 0.0437, and 0.0389 mL g−1 for polyBuNB,
polyHFANB, and r-BCP81, respectively. The dn/dc values for the
vinyl addition block and random copolymers were calculated as
weight-fraction-weighted averages of the dn/dc values of the
corresponding homopolymers,38 using the weight fractions determined
from 13C NMR spectroscopy.

Differential scanning calorimetry (DSC) of polymers was run using
a Perkin−Elmer DSC 7 system under a nitrogen atmosphere. Polymer
samples with masses of 5−10 mg were encapsulated in sealed
aluminum pans; they were first heated to 200 °C, then cooled to −50
°C at 10 °C min−1, followed by a second heating scan from −50 °C to
200 °C at a heating rate of 10 °C min−1.

Small-angle X-ray scattering (SAXS) patterns were acquired with an
Anton-Paar compact Kratky camera equipped with an MBraun OED-
50 M position-sensitive detector. Data were corrected for detector
sensitivity and positional linearity, empty beam scattering, and sample
thickness and transmittance, placed on an absolute intensity scale via a
polyethylene standard, and desmeared for slit length.39 Intensities are
presented against the magnitude of the momentum transfer vector q =
(4π/λ) sin θ, where θ is half the scattering angle. Silver behenate (d =
5.838 nm) was used to calibrate the scattering angle.40 Free-standing
polymer films (thickness ≈ 0.35 mm) were prepared by solution
casting on a polytetrafluoroethylene sheet, using the same coating
solution employed for the membrane preparation. The solvent was
slowly evaporated in the THF chamber, followed by subsequent drying
at 60 °C under vacuum.

The interaction of each polymer with dilute aqueous n-BuOH was
characterized by two distinct methods. In the first method,25

referenced below as “n-BuOH absorption”, 0.20 g of finely ground
polymer powder were added to 4.0 g of 1.00 wt % n-BuOH aqueous
solution and stirred for 2 days. (For r-BCP81, which has a glass
transition near room temperature and is thus difficult to grind into a
free-flowing powder, small pieces of thin film were employed.) The
concentration of n-BuOH in the supernatant was then analyzed by 1H
NMR, with the fractional decrease in n-BuOH concentration reflecting
absorption by the polymer. In the second method, free-standing
polymer films (thickness of ∼50 μm, prepared as done for SAXS,
weighing 40−50 mg) were immersed into 20 g of 1.00 wt % n-BuOH
(initial concentration) at room temperature for 2 days. The large
excess of solution ensures that its n-BuOH concentration remains
essentially constant (<5% depletion) as the film swells. Subsequently,
the film was removed, blotted dry, and quickly weighed; the “degree of
swelling” (DS) was calculated as

=
−

×
W W

W
DS (%) 100s d

d (6)

where Wd and Ws are the weights of the dry and swollen polymer film,
respectively.

Each membrane surface and cross-section was characterized by
scanning electron microscopy (SEM) (FEI/Philips Model XL30 field-
emission gun microscope). For cross-sectional imaging, the selective
skin layer and the supporting PAN layer were peeled off together from
the PET nonwoven backing using 3M tape. Then, the 3M tape/
polymer/PAN sample was immersed into liquid nitrogen and fractured
by bending to obtain a clean cross-section. The membrane surface
morphology was characterized using atomic force microscopy (AFM)
(Bruker Dimension 3000) in tapping mode (TM), using force
modulation mode probes (force constant = 1.2−5.5 N m−1, resonance
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frequency = 60−90 kHz) purchased from NanoWorld. All images were
taken at 512 × 512 pixel resolution with a scan size of 2 μm × 2 μm.

■ RESULTS AND DISCUSSION
The (η3-allyl)Pd(i-Pr3P)Cl/Li[FABA] complex was indeed
found to initiate rapid, living vinyl addition polymerization of
BuNB and HFANB. For HFANB, Figure 1a shows that Mn
increases linearly with conversion; at complete conversion, Mn
also increases linearly with the monomer-to-initiator feed ratio
([M]0/[Pd]), when the latter range was 100−300 (Figure 1b).
Complete conversion of HFANB is achieved within 3 h, even at
[M]0/[Pd] = 300, and the molecular weight distributions
remain monomodal and narrow (Đ < 1.3; see Table 1)
throughout (see Figures S1 and S2 in the Supporting
Information). Polymerization of BuNB is even faster, reaching
complete conversion within 40 min even at [M]0/[Pd] = 300,

and again showing a linear dependence of Mn on [M]0/[Pd]
(see data in Table 1) at complete conversion. PolyBuNB also
generally shows a narrow and monomodal distribution, but at
high monomer-to-initiator ratios ([M]0/[Pd] = 300), once
polymerization is essentially complete, additional peaks at
higher molecular weight appear and grow, reflecting a
branching side-reaction that proceeds slowly, relative to
propagation (see Figure S3 in the Supporting Information).
No olefinic proton peaks were observed in the 1H NMR spectra
of the BuNB and HFANB homopolymers (see Figure S4 in the
Supporting Information), confirming that the polymerization
mechanism is exclusively vinyl addition polymerization, not
ROMP. From the ratio of Mn, theo/Mn, LS (values given in Table
1), the efficiency of the initiator complex is consistently 64% ±
4%, which allows for the synthesis of polymers of precisely
targeted Mn.

Figure 1. (a) Mn vs conversion ([M]0/[Pd] = 300) and (b) Mn vs [M]0/[Pd] (conversion =100%) for the vinyl addition polymerization of HFANB.
The label next to each data point represents the molecular weight dispersity (Đ) of that polymer, as determined from GPC-RI.

Table 1. Living Vinyl Addition Polymerization of BuNB and HFANB Using (η3-allyl)Pd(i-Pr3P)Cl/Li[FABA]
a

entry monomerb (endo/exo) [M]0/[Pd]
c time (min) conversiond (%) Đe Mn, theo

f (kg mol−1) Mn, LS
g (kg mol−1)

1 BuNB (77/23) 100 20 100 1.12 15.0 22.5
2 BuNB (77/23) 300 40 100 1.15 45.1 66.6
3 HFANB (82/18) 100 60 100 1.22 27.4 45.6
4 HFANB (82/18) 200 120 100 1.29 54.8 80.2
5 HFANB (82/18) 300 180 100 1.27 82.3 127.6

a5 wt % monomer in toluene/TFT (50/50 wt %), at room temperature. b(endo/exo) is the ratio of endo- to exo-isomers in the monomer. c(η3-
allyl)Pd(i-Pr3P)Cl/Li[FABA] = 1/1. dConfirmed by 1H NMR spectroscopy. eDetermined by GPC in THF using a differential refractive index (RI)
detector, calibrated with narrow-distribution polystyrene standards. fTheoretical molecular weight, calculated from [M]0/[Pd] × Mmonomer ×
conversion/100%, where Mmonomer is the monomer molecular weight. gDetermined by GPC using multiangle laser light scattering (LS).

Table 2. Characteristics of Block and Random Copolymers

polymer WHFANB
a DPb (polyHFANB−polyBuNB)

Mn, LS
b

(kg mol−1) Đc
solubilityd in n-BuOH/

H2O
n-BuOH absorptione

(%)
degree of swelling, DS

(%)f

polyHFANB 1 465−0 128 1.27 S/I 52 16.1
a-BCP92 0.92 414−67 123 1.16 S/I 51 14.2
a-BCP81 0.81 300−130 102 1.12 S/I 48 12.4
a-BCP64 0.64 203−206 86 1.16 S/I 44 9.6
a-BCP37 0.37 106−332 79 1.13 I/I 36 6.0
a-RCP81 0.81 415g 98 1.40 S/I 50 14.4
a-RCP64 0.64 566g 120 1.29 S/I 47 10.7
a-RCP37 0.37 791g 143 2.65 I/I 37 6.1
polyBuNB 0 0−421 63 1.09 I/I 19 1.4
r-BCP81 0.81 298−128 101 1.24 S/I 30 31.8

aWeight fraction of HFANB in the polymer, determined by quantitative 13C NMR spectroscopy (Figure S5); the values for the diblocks agree with
those calculated from Mn, LS.

bDP = degree of polymerization, as determined from Mn, LS.
cDetermined by GPC in THF using a differential refractive

index (RI) detector, calibrated with narrow-distribution polystyrene standards. dS = soluble, I = insoluble. ePercentage of n-BuOH absorbed from an
initially 1.00 wt % n-BuOH aqueous solution (4.0 g) by 0.2 g of polymer; average of three replicate measurements with a standard deviation of less
than ±1%, except for r-BCP81 (±2.4%). fIn 1.0 wt % n-BuOH, as defined in eq 6, average of three replicates with standard deviation ≤0.5% except
for r-BCP81 (±0.8%). gTotal DP.
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A series of well-defined HFANB-BuNB vinyl addition
diblock copolymers (a-BCP#, where # is the weight percentage
of HFANB in the diblock) with different compositions were
synthesized by sequential monomer addition (Scheme 1a),
BuNB block first, with a total degree of polymerization (DP) of
409−481 and dispersity (Đ) of <1.16 (see Table 2). GPC
analysis shows a uniform shift of the peaks to shorter elution
time upon chain extension with HFANB (see Figure S6 in the
Supporting Information), with no detectable terminated first
block.
Vinyl addition random copolymers of HFANB and BuNB (a-

RCP#, where # is the weight percentage of HFANB in the
polymer) were synthesized via a slow dropwise addition of the
monomer mixture into the reaction vessel (Scheme 1b).
Adding the full charge of both monomers at the beginning, as is
usual in batch copolymerizations, would lead to a strong BuNB-
to-HFANB compositional gradient down the chainresem-
bling a diblock copolymer architecturesince BuNB adds
much more rapidly than HFANB. However, with dropwise
addition, since both monomers polymerize rapidly relative to
the total time of monomer addition (∼10 h), the monomer in
each drop is essentially converted to polymer before the next
drop is added, such that the polymer shows a negligible overall
gradient in composition. Aliquots taken during the synthesis of
a-RCP64 and quickly terminated, after approximately 1/3 and
2/3 of the monomer had been charged, revealed, via 1H NMR
spectroscopy, that the ratio of free to enchained monomer units
was consistently <1%. The a-RCPs also show narrow and
monomodal molecular weight distributions (see Figure S7 in
the Supporting Information), with the exception of the most
BuNB-rich copolymer (a-RCP37), which exhibited the same
higher-M peaks noted above in BuNB homopolymerization (at
[BuNB]0/[Pd] = 300) at long times. However, since these
monomer-starved copolymerizations lead to negligible down-
chain compositional gradients, a-RCP37 is still compositionally
uniform, even if branched, so it was included in the
pervaporation tests described below. SAXS (Figure S8 in the
Supporting Information) and AFM (Figure S9 in the
Supporting Information) reveal no evidence of microphase
separation in the a-RCPs.
The vinyl addition block and random copolymers retain the

high Tg and good thermal stability imparted by the saturated,
bicyclic-ring backbone. No glass transition for any of the
polymers was detected by differential scanning calorimetry
(DSC) up to 200 °C;28 the Tg values of polyBuNB and
polyHFANB have been previously reported as 340 and 360 °C,
respectively,29 but polymer decomposition at such high
temperatures makes an accurate determination of Tg difficult.
Vinyl addition polyBuNB and polyHFANB exhibit insignificant
weight loss until above 200 °C, with 5% weight loss occurring
near 400 °C.28

The morphologies of the a-BCPs, cast from solution and
solvent-annealed in THF, were characterized by SAXS and
AFM. Figure 2 shows the SAXS patterns collected from
relatively thick (∼0.35 mm) films; all of the profiles contain a
primary peak at a scattering vector magnitude q = q*, which
enables determination of the domain spacing (d = 2π/q*).
Higher-order peaks at q = 2q*, 3q*, and 4q* for a-BCP37, and
at q = √3q* and 2q* for a-BCP64, indicate morphologies of
alternating polyBuNB and polyHFANB lamellae, and poly-
BuNB cylinders arranged on a hexagonal lattice in a
polyHFANB matrix, respectively.

These same polymers were examined by AFM, in the form of
the selective skin layers (∼2 μm thick) on TFC membranes,
whose cross section is schematized in Figure 3a. Uniform
coating of the polymers on the supporting PAN-350 membrane
was confirmed by SEM in both planar (Figure S10 in the
Supporting Information) and cross-sectional views (see Figure
3b, as well as Figure S10 and Table S1 in the Supporting
Information). Figure 3c shows the TM-AFM height images of
the a-BCP selective layers; white and black domains are
polyBuNB and polyHFANB, respectively. For these a-BCPs,
AFM height images are more distinct than the corresponding
phase images (Figure S11 in the Supporting Information),
likely due to the similar stiffness of the high-Tg polyBuNB and
polyHFANB domains. The images confirm the cylindrical
morphology of a-BCP64, with a strong in-plane orientation of
the polyBuNB cylinders; a-BCP92 and a-BCP81 show spherical
morphologies with, at most, short-range order, consistent with
the diffuse SAXS patterns observed for these polymers in
Figure 2. A majority of the surface of a-BCP37 appears
featureless, consistent with an in-plane arrangement of the
lamellar domains evident by SAXS. Since a-BCP92, a-BCP81,
and a-BCP64 all have continuous polyHFANB matrices, we do
not anticipate a strong effect of domain orientation on
pervaporation performance, although some influence might
be expected for the lamella-forming a-BCP37.
The pervaporation performance of these membranes was

evaluated using a home-built pervaporation apparatus (Scheme
S2 in the Supporting Information), with 1.00 wt % n-BuOH
aqueous feed, and measurements made at both 37 and 60 °C.
Both flux and separation factor are higher at 60 °C; a
temperature of 60 °C was employed for most measurements
(see Figure S12 for pervaporation results for the a-BCP
materials at 37 °C). The casting process led to somewhat
different selective layer thicknesses across the different
membranes (1.2−2.5 μm; see Table S1), because of differences
in casting solution viscosity; to account for this variation, the
flux was normalized (J′) to an average membrane thickness of 2
μm. Figure 4a presents the data for the a-BCP membranes,
while Figure 4b presents the data for the a-RCP membranes.
Both block and random copolymers show a continuous and
rapid (faster-than-linear) reduction in J′ as WHFANB is reduced,

Figure 2. SAXS profiles of a-BCPs. Scattering intensity is plotted as a
function of the magnitude of the scattering vector, q. Absolute
intensities for patterns from polymers other than a-BCP37 are
multiplied by successively larger factors to prevent overlap: ×102 (a-
BCP64), ×103 (a-BCP81), and ×105 (a-BCP92).
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and both show a maximum in the separation factor β at an
intermediate value of WHFANB, although the value of WHFANB at
the maximum differs slightly between the two cases.
While β and J′ represent the practical quantities associated

with the pervaporation operation (the quality and rate of the
separation between the two components), they include
contributions not only from the membrane but also from the
component and solution thermodynamics (saturation vapor
pressures and liquid-phase activity coefficients). To isolate the
contribution made by the membrane, the permeabilities of
water (Pw) and n-BuOH (Pb), along with the membrane
selectivity α, were calculated as described in the Experimental

Section; these quantities are plotted in Figure 5a for the a-BCP
membranes, and in Figure 5b for the a-RCP membranes. As
expected, the permeabilities of both components decrease as
WHFANB is reduced (WBuNB is increased), although Pw decreases
more rapidly than Pb at low WBuNB in both block and random
copolymers. The plots of membrane selectivity α (Figure 5)
have the same shape as those for the process separation factor β
(Figure 4), as the two quantities are simply related by a
proportionality constant (dependent on feed composition and
temperature; for a 1.00 wt % n-BuOH feed at 60 °C, α = β/
25.9). Note that the maximum value of α is 0.82 (for a-BCP81),
indicating that the best of these membranes is essentially

Figure 3. (a) Schematic illustration of membrane structure for butanol pervaporation recovery. (b) Cross-sectional SEM image of a-BCP81
membrane. (c) AFM height images of four a-BCP membrane surfaces (a-BCP92 (top left), a-BCP81 (top right), a-BCP64 (bottom left), and a-
BCP37 (bottom right)).

Figure 4. Effect of WHFANB on pervaporation performance of (a) a-BCP and (b) a-RCP membranes for a 1.00 wt % n-BuOH feed at 60 °C:
normalized flux J′ = J × l/l0 (l0 = 2 μm). Error bars reflect ±1 standard deviation in both J′ and β from replicate measurements; for J′, error bars are
smaller than the symbols. Symbols at WHFANB = 1 and 0 correspond to polyHFANB and polyBuNB homopolymers, respectively.

Figure 5. Effect of WHFANB on intrinsic pervaporation performance of (a) a-BCP and (b) a-RCP membranes for a 1.00 wt % n-BuOH feed at 60 °C:
permeabilities Pb (n-BuOH) and Pw (water), and membrane selectivity α. Error bars are based on replicate measurements of J′ and β and do not
include any contribution from the uncertainty in thermodynamic parameters (notably γb), which would scale all points equally. Symbols atWHFANB =
1 and 0 correspond to polyHFANB and polyBuNB homopolymers, respectively.
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nonselective for the transport of n-BuOH over water; the
substantial process separation factors evident in Figure 4 result
principally from the vapor−liquid equilibrium behavior of the
butanol−water feed (specifically, the very high γb = 66,
providing a strong thermodynamic driving force for butanol
to leave the feed).
One might envision the following limiting case for transport

through an ideally phase-separated block copolymer:21,41 (a)
transport occurs exclusively through one domain (here, the
polyHFANB matrix), and (b) both permeating species are
always dilute within the membrane, so dilute that the presence
of one permeating species within the membrane has a negligible
effect on the flux of the other species. In this case, the selectivity
will always be equal to that of the transporting block
(polyHFANB); increasing the fraction of BuNB domains
simply decreases J′ and Pi (by decreasing the fraction of
material available for permeate transport, and increasing the
tortuosity), without affecting β and α. However, the data of
Figures 4a and 5a clearly show that incorporating the less-
selective polyBuNB blocks into the copolymers actually
increases the values of β and α, at least initially (up to WBuNB
= 1 − WHFANB = 0.19). Since the flux of both water and n-
BuOH through polyBuNB is quite low (see points correspond-
ing to WHFANB = 0 in both Figures 4 and 5), the initial increase
in β and α with WBuNB for the a-BCPs can result only from a
violation of the second assumption: the permeating species
(especially n-BuOH) are not dilute within the membrane, and
swelling of the membrane (chiefly by n-BuOH) has a significant
effect on the species flux. Since swelling is unlikely to affect the
flux of both species identically, in this case, the selectivity can be
strongly dependent on the composition of the matrix of the
swollen block copolymer film (e.g., ratio of n-BuOH to
HFANB units within the swollen polyHFANB matrix).

The swelling behavior of these materials thus provides
further insight into their pervaporation performance. All of
these polymers (including the polyHFANB and polyBuNB
homopolymers) have a strong preference to absorb n-BuOH
over water, as is evident from the n-BuOH absorption results in
Table 2; however, polyHFANB homopolymer dissolves in neat
n-BuOH, while polyBuNB does not. We therefore expect a
monotonic decrease in the swelling as WHFANB decreases.
Figure 6a shows the degree of swelling (DS, expressed as an
increase in weight percentage) of each of these polymers after
equilibration against 1.0 wt % aqueous n-BuOH, where this
qualitative expectation is borne out; however, there are clear
differences between the a-BCP and a-RCP cases, where the
incorporation of small amounts of BuNB in a block copolymer
reduces the swell factor more than it reduces WHFANB, while
incorporation of the same low levels of BuNB in a random
copolymer reduces the swell factor less than it reduces WHFANB
(compare with the dashed line in Figure 6a). These differences
largely explain the differences in flux and permeability between
the a-BCP and a-RCP cases evident in Figures 4 and 5; when J′
is plotted against the swell factor (Figure 6b), the two datasets
collapse together. Note that, with a 1.00 wt % n-BuOH feed and
β < 22, the permeate is still mostly water (>80 wt %), so J′
largely reflects the rate of water transport through the
membrane; it is thus instructive to compare the behavior of
the polyHFANB with pure water vs 1.00 wt % n-BuOH. In pure
water, DS = 6.7%, and with a pure water feed, the normalized
pervaporation flux (J′) is equal to 3100 g m−2 h−1; yet, in 1.00
wt % aqueous n-BuOH, DS = 16.1%, and the water (species)
flux (J′w) is equal to 4600 g m−2 h−1. Clearly, the water flux
through the membrane increases with DS (even when most of
the swelling liquid is n-BuOH); swelling by n-BuOH accelerates
the transport of both water and n-BuOH through the

Figure 6. (a) Degree of swelling (DS) of a-BCP and a-RCP thick films (thickness of ∼50 μm) with different WHFANB in 1.00 wt % aqueous n-BuOH
at room temperature. Open symbols at WHFANB = 1 and 0 correspond to polyHFANB and polyBuNB homopolymers, respectively; dashed line
connecting the two represents the weighted average. (b) Normalized flux (J′) vs degree of swelling (DS) for a-BCPs and a-RCPs. Open symbols
correspond to polyBuNB (lowest DS) and polyHFANB (highest DS) homopolymers.

Figure 7. (a) Separation factor (β) vs thickness-normalized flux (J′) for addition-polymer membranes formed from block copolymers (a-BCPs, black
squares) and random copolymers (a-RCPs, red circles). Open symbols correspond to polyHFANB (highest J′) and polyBuNB (lowest J′)
homopolymers. (b) Membrane selectivity (α) vs degree of swelling (DS), showing the same trends as panel a.
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membrane. In particular, the higher swelling of a-RCP81 versus
a-BCP81 (Figure 6a) is responsible for the higher flux through
the former (Figure 4b) vs the latter (Figure 4a). However, it is
also the source of the lower butanol selectivity for a-RCP81
versus a-BCP81.
Since all of the HFANB-rich polymers show good flux (J′ >

1000 g m−2 h−1), a more critical assessment of the membrane
performance is provided by the process separation factor (β),
or the membrane selectivity (here, α = β/25.9). The data in
Figures 4a and 4b are replotted as β vs J′ in Figure 7a; the block
copolymers consistently show a higher value of β for any value
of J′. This behavior is mirrored in Figure 7b, where the block
copolymers also show a higher membrane selectivity for any
degree of swelling. In both the block and random cases, the
interesting materials (high β, high J′) are those with a majority
content of HFANB; the low flux and selectivity of polyBuNB
homopolymer severely limit the performance of BuNB-rich
membranes, regardless of how the BuNB units are arranged.
The following picture thus emerges from the data in Figures

4−7. PolyHFANB homopolymer (α = 0.53) is poorly selective
for n-BuOH transport, in part because of polyHFANB’s
extensive swelling, even when the feed concentration is only
1.00 wt % n-BuOH; this extensive swelling facilitates the
transport of water as well as n-BuOH across the membrane.
The swelling can be reduced by incorporating BuNB units, as
polyBuNB scarcely swells; this reduced swelling slows the
transport of water faster than it slows the transport of n-BuOH,
leading to the initial increase in α with WBuNB, which is evident
in both Figures 5a (a-BCPs) and 5b (a-RCPs), and
commensurate increases in β (Figure 4). However, polyBuNB
is much less selective than polyHFANB, so how the BuNB
units are distributed (block versus random) affects the overall
selectivity, even at the same degree of swelling (Figure 7b).
When the BuNB units are arranged in a block, they simply
serve to limit the swelling of the polyHFANB matrix, by
anchoring the HFANB blocks to glassy polyBuNB domains;
note that all the block copolymers swell less than the linear
combination of the two homopolymers (Figure 6a, compare
with dashed line), indicating that the polyHFANB matrix in the
block copolymers is less swollen than in polyHFANB
homopolymer, thereby raising the value of α. Negligible
transport occurs through the polyBuNB domainsboth
water and n-BuOH “diffuse around” themso the relatively
poor selectivity of polyBuNB does not adversely affect the
selectivity of the membrane in the block copolymer case. On
the other hand, when the swelling reduction is achieved by
random copolymerization, more BuNB is needed (Figure 6a),
and the BuNB units are intimately combined with the HFANB
units, so that their poorer selectivity does impact the
membrane’s selectivity (see Figure 7b).
While the block copolymers consistently show a better

balance of β and J′ than the random copolymers (Figure 7a), it
is worth noting that the random copolymers are not greatly
inferior. Controlling the composition of the swollen HFANB-
rich domains (i.e., the ratio of n-BuOH to HFANB units)
evidently has a larger impact on the selectivity than the
inclusion of some less-selective BuNB units in the transport
pathway (in the a-RCP case). This suggests that control over
the degree of swelling of polyHFANB might be achievable by
other methods, such as cross-linking, at the expense of the
simple membrane preparation method employed here.
The pervaporation performance of the ROMP-derived block

copolymer, r-BCP81 (characteristics shown in Table 1,

graphical synthetic outline presented in Scheme S1) provides
further support to this interpretation. r-BCP81 is found to be
microphase-separated by DSC (see Figure S13 in the
Supporting Information; Tg = 39 °C for the hydrogenated
polyHFANB domains, 0 °C for the hydrogenated polyBuNB
domains), SAXS (Figure S14 in the Supporting Information),
and AFM (Figure S15 in the Supporting Information), with a
morphology of spheres of hydrogenated ROMP polyBuNB in a
matrix of hydrogenated ROMP polyHFANB. However, while
compositionally equivalent to a-BCP81, the ROMP polymer
swells much more extensively in 1.0 wt % n-BuOH (DS =
32%), and the r-BCP81 membrane shows exceedingly high flux
(J′ = 12 000 g m−2 h−1) but poor separation (β = 5.1, α = 0.20)
for a 1.00 wt % n-BuOH feed at 60 °C, which is a much higher
flux and lower n-BuOH selectivity than that obtained for the
less-swollen a-BCP81 (Figure 4a).
It is instructive to compare our membranes against those

with cross-linked poly(dimethylsiloxane) (PDMS) selective
layers, because such PDMS membranes are already commercial
products and have been extensively studied for organophilic
pervaporation separations. Even for commercial PDMS-based
membranes, the data are somewhat scattered, but for a 1.00
wt % n-BuOH feed, at 60 °C, values of β = 17−35 and fluxes J =
900−5000 g m−2 h−1 are estimated;14,18 the membranes
showing the highest J also exhibit the lowest β. Furthermore,
a relatively thick (50 μm) PDMS membrane was reported20 to
show a process separation factor of β = 58 for 1.00 wt %
aqueous n-BuOH at 50 °C (but a flux of only J = 70 g m−2 h−1).
The lower end of this β range (β ≈ 20−25) is similar to our
results for a-BCP81 and a-RCP64, corresponding to a
membrane selectivity of α ≤ 1; the upper end of this range
(β = 58) corresponds to α ≈ 2. Some of the apparent variation
in β across these PDMS-based membranes may reflect
differences in cross-linking density or chemistry, while the
variation in J surely also reflects differences in the selective layer
thickness l.18 From the data of Böddeker on relatively thick
PDMS membranes,20 a value of the n-butanol permeability of
Pb = 6.0 × 10−12 mol m m−2 s−1 Pa−1 is calculated at 50 °C; this
is roughly twice the values that we have measured for a-BCP81
and a-RCP64 at 60 °C (3.1 × 10−12 and 2.3 × 10−12 mol m m−2

s−1 Pa−1, respectively).
While our a-BCP81 and a-RCP64 membranes exhibit

comparable (but not superior) values of β, α, and Pb to
commercial PDMS membranes, the vinyl addition polymers
have a substantial practical advantage in flux (J), because of the
ability to prepare very thin, but mechanically robust, selective
layers from these high-Tg polymers. Figure 8 shows that a-
BCP81 selective layers as thin as 1.3 μm were easily prepared,
yielding fluxes as high as 4330 g m−2 h−1; the separation factor
is independent of selective layer thickness, indicating that even
the thinnest membranes were substantially free from pinholes.
We did not attempt to prepare selective layer thicknesses below
1.3 μm, so thinner layers may well be possible. Moreover, the
simple hand-casting process we employed for membrane
preparation could potentially be scaled up as a roll-to-roll
slot-die or gravure coating process, without requiring the cross-
linking reaction necessary for PDMS; the degree of control
possible with such a continuous membrane fabrication process
should allow even thinner selective layers to be prepared.
These robustness of these membranes was demonstrated by

running the pervaporation process for an extended period (24
h; see Figure 9); no change in either J or β can be observed,
indicating no loss of selective layer integrity. The microphase-
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separated morphology of the a-BCP81 selective layer was
unchanged after 24 h of pervaporation (Figure S16 in the
Supporting Information).

■ CONCLUSIONS
We have used a new living polymerization initiator complex to
synthesize two series of well-defined vinyl addition copolymers
of HFANB and BuNB, with either block or random sequence,
and we have investigated these polymers as membranes for the
recovery of n-BuOH from dilute aqueous solution. Although
the polymers are substantially swollen when in contact with
1.00 wt % aqueous n-BuOH, they remain glassy in the swollen
state, because of the high glass-transition temperature (Tg) of
the neat polymers. Both block and random vinyl addition
copolymers are effective as pervaporation membranes, with n-
BuOH process separation factors β > 10 (as high as β = 21.4);
the incorporation of modest levels of BuNB into polyHFANB
(<40 wt %) reduces the swelling of polyHFANB, thereby
reducing the flux and improving the selectivity. While the
thickness-normalized flux J′ through any of these addition
polymers (block or random) was essentially determined solely
by its level of swelling, the membrane selectivity α of the block
copolymers at a given degree of swelling was higher than that of

the random copolymers, since the relatively nonselective BuNB
units are not in the transport pathway in the microphase-
separated block copolymers. The importance of limited
swelling for pervaporation performance was highlighted by
comparison with an analogous ROMP-derived block copoly-
mer, which showed much higher swelling, higher flux, and
lower selectivity. We believe that the present work provides
insight into the design of high-Tg block copolymers of
substituted NB monomers for application as membranes,
both for pervaporation as well as other types of separations, by
taking advantage of the diversity of available substituent
groups28 to tune permeability and selectivity.
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