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FLUOROUS MEMBRANE-BASED SEPARATIONS AND REACTIONS
Yanhong Yang, PhD

University of Pittsburgh, 2011

Porous alumina membranes were rendered compatible with fluorous liquids by surface
modification with a carboxylic acid terminated perfluoropolyether (Krytox 157FSH). FTIR and
contact angle measurements demonstrate the success of the modification.

Fluorous liquids are readily imbibed by modified alumina membranes, resulting in
fluorous supported liquid membranes. Fluorine-containing organic solutes are selectively
transported through the fluorous supported liquid membranes. Selectivity is defined as the
permeability of a fluorous tagged solute over an analogous organic compound. The membrane
modification conditions (reagents, concentrations, reaction time) were optimized to maximize the
selectivity. The membrane pore size affects the solute permeabilities and selectivities.

Two series of homologous esters of perfluoroalkanoic acids with different organic
moieties were studied. Permeability increased for both series as the perfluoroalkyl chain was
lengthened. This shows that the difference in permeabilities is dominated by partitioning rather
than diffusion. We further measured the partition coefficients of the homologs. The free energy
of transfer of a —CF,— group (ethanol to perfluorinated solvents) is -1.1 kJ/mol. The experimental
values of the partition coefficients are well correlated with the ‘mobile order and disorder’
theory. This provides an easy way to estimate partition coefficients in any biphasic system, even
for solvents that are fluorous mixtures. Diffusion coefficients were determined from
permeabilities and partition coefficients based on the solution-diffusion model of permeability.
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Measured values are satisfactorily related to the Stokes-Einstein equation, especially for higher
homologs. This investigation enables the prediction of transport properties of the fluorous
supported alumina membranes.

Krytox 157FSH, which is virtually insoluble in any but fluorous solvents, was deposited
on the fluorous-modified alumina membranes. FTIR shows the presence of the H-bond-based
carboxylic acid dimers for these adsorbed Krytox 157FSH molecules. The carboxylate groups of

Krytox 157FSH extract cations from aqueous solutions.
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1.0 INTRODUCTION

11 MEMBRANE-BASED TECHNIQUES

Over the past few decades, membrane-based technologies have been widely applied in gas

9-12

separations™™, wastewater treatments>®, removal of environmental pollutants®*?, performance

13-15 16-19 20-24

improvements for batteries and reactors™ ", drug delivery and surgical/ medical
interests” %, These applications motivated the production of membranes with diverse structures
and surface functionalities.

Porous inorganic membranes (alumina, silica, titania and zirconia) and polymeric organic
membranes (Nylon, Teflon, polypropylene and so on) have been developed, derivatized and
investigated. Polymeric organic membranes selectively transport/capture targets over interfering
species. Sulfone modified polyvinylidene fluoride (PVDF) membranes efficiently separated SO,
from a binary mixture of SO, and N,?" %%, However, the tortuous path decreases permeability and
makes it difficult to predict membrane performance. In addition, the thermal/chemical stability is
also a concern for organic membranes. An example is the biofouling that occurs when polymeric

membranes interact with biological environments®® *. Porous inorganic membranes have

controllable pore size, shape and distribution, and hence large permeabilities and good

1



correlation to theoretical modeling. However, selectivity is achieved by the pore size and thus the
solute size and shape. Surface modifications on inorganic membranes have been emerging to
improve the membrane selectivity and open up the new scopes for porous inorganic

membranes®*®*. Porous alumina membranes are well represented in several of those properties.

1.1.1 Porous alumina membrane fabrication

Among the various alumina membranes, porous anodic alumina membranes (PAAMS)
are produced by anodization of an Al sheet in an electrolytic cell. The morphology and growth
mechanism have been intensively investigated® 2. Pore density and size were demonstrated to
be controlled by the anodizing voltage and electrolyte used, while thickness is subject to the
amount of charge passing through the aluminum foil. Figure 1-1 shows the influence of voltages
on the membrane morphology. The upper and lower row represent the front and back view of
membranes anodized under 40 V (left), 80 V (middle) and 150 V (right), respectively. Such
fabrication method results in the PAAMSs with narrow pore distribution, high pore density and

parallel, non-intersecting pores.
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Figure 1-1. Reproduced with permission from Thormann et al.,** SEM images for porous anodic alumina

membranes anodized under 40 V (left), 80 V (middle) and 150 V (right).

1.1.2 Porous alumina membrane applications

Due to the well-defined pore properties and large surface area, porous alumina membranes have

4041 and liquid phase separations® (ultrafiltration and reverse

been employed for gas phase
osmosis). The narrow pore size distribution provides accurate cut-off molecular weight. Sano et
al. successfully separated a DNA mixture based on size-exclusion using PAAMSs as separation
matrix in a bio-chip*. Ma and Yeung utilized the unique pore structure of PAAMSs as the model
surface for chromatographic retention to observe the motion of single DNA molecules and

nanoparticles, which provide valuable insights for the separation mechanisms in traditional/size-

exclusion chromatography®. Besides the size-dependent separations, electrostatic interactions



with the rich content of hydroxyl groups on alumina membranes also facilitate the selective
transport through the PAAMs*™“®. Bluhm et al. systematically investigated the transport of
monovalent, divalent and trivalent ions through the porous alumina membranes. Trivalent
cations show slower transport rate than mono/divalent cations due to the enhanced electrostatic
interactions between the porous alumina membranes and the most highly charged cations*” *.
An interesting example is the fabrication of stacked PAAMs as a stationary phase into a fluid
chip for the separation of adenine, adenosine-5’-monophosphate (AMP) and adenosine-5’-
triphosphate (ATP)*. The solute retention depends on the number of phosphate functional
groups and the pH value of the mobile phase, which influence the interactions of solutes with the
membrane surface.

Alumina membranes may also include a modification layer. Such membranes provide
great robustness, reliability, diversity and high selectivity. The modification layer can be made of

organosilicon®silicon  o0il*Y/silica®®"/silane®®®, metals®*®®, metal oxides/hydroxides

69-71
carbon’®, organic acids” and polymers’*™. Vlassiouk et al. demonstrated the separation of ss-
DNA by the covalently linked DNA through a glutaraldehyde linker attaching to the terminal
amino group of aminosilane modified PAAMSs®®. Moreover, porous alumina membranes are able

to imbibe liquids, forming supported liquid membranes®™®

. Odom et al. investigated the
influence of the incorporated liquid on the transport performance through
octadecyltrimethoxysilane (ODS) modified porous alumina membranes®®. Poor selectivity for
homogeneous phenol analogues was achieved for ODS modified membranes without any liquid
in the pores. Significant improvement in selectivity was observed when the membranes imbibed

mineral oil. Supported liquid membranes based on porous anodic alumina membranes are

attractive and promising platforms for separations and purifications.
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Figure 1-2. Reproduced with permission from Kirchner et al.2* DSC (left) and TGA (right) of PAA up to
1400 °C. Black line: scanning rate 20 K/min, grey line: scanning rate 2 K/min. The DSC signal of the latter is shown

2.5% for clarity.

Porous anodic alumina membranes are stable at high temperature since they are ceramic
oxides®®. Figure 1-2 shows the typical thermal analysis results (differential scanning
calorimetry (DSC) as well as thermal gravimetric analysis (TGA)) for the porous anodic alumina

membranes anodized in sulfuric acid®. Four weight-loss sections were similar in the TGA curves

5



at two different heating rates. The membrane weight initially decreased because water was
gradually lost. A sharp weight loss happened at ~970 °C, which is linked to the crystallization of
the membrane from amorphous phase to y-Al,O3 caused by the decomposition of sulfate anions.
A corresponding exothermic peak was observed at the same temperature from the DSC curves.
The sulfate anions decomposed up to about 1200 °C. The membrane experienced second phase
transition to the stable a-Al,O; (corundum) above 1200 °C, coincident with the second
exothermic peak in the DSC curves. The membrane weight remained constant after the phase
transition. The preservation of pore structure is another concern for high-temperature
applications. The pore architecture was studied by scanning electron microscope (SEM) after
heat treatments, as shown in Figure 1-3. Virtually no pore decomposition and cracking were
observed below 800 °C. Special attention should be paid to the commercially available
Anodiscs ™ manufactured by Whatman Ltd. Such membranes stand for lower temperature (~700
°C) compared to the membranes used in Figure 1-2 and 1-3 because of the slightly different
anodization process. The Anodiscs™ membranes are fabricated in a phosphate solution. The
phosphates go into the pores and form a gradient distribution along the pore direction. However,
the membranes used in Figure 1-2 and 1-3 are produced in a sulfate electrolyte. The sulfates
homogenously distribute in the pores. The unevenly distributed phosphates in the Anodiscs™
membranes lead to higher mechanical tension and make them buckle or crack at low
temperature’®. Porous anodic alumina membranes have been applied as chemical reactors.
Increased conversion and better selectivity are achieved due to confined porous structure®’. An
interesting example is the hydrogenation of 1,3-butadiene and oxidation of carbon monoxide
catalyzed by palladium and ruthenium nanoparticles in porous alumina membranes. High

catalytic activities were observed because of the well-defined pore structure and large surface



area, compared to traditional supports®®. Omata et al. applied porous anodic alumina membranes
as reaction supports for screening catalysts for methane reformation aided by artificial neural

network®®.

200 nm 200 nm

200 nm

Figure 1-3. Reproduced with permission from Kirchner et al.2* SEM images of the active (left) and support

side (right) of an as-prepared porous alumina membrane (upper) and after heating to 800 °C (lower).



Besides those applications, porous anodic alumina membranes have been widely used as
the template for the productions of various nanoarrays with different shape, size and materials.
Precursors are filled into the confined pores of PAAMSs by vapor infiltration, sputtering,
electrochemical deposition, sol-gel and sublimation. Alumina membrane template is easily
etched away by acids or bases on demand. This fabrication method has successfully produced

%097 chalcogenide nanowires (Bi.Ss,

metal/metal oxide fibers, rods, particles, pillar and wires
Bi,Ses, Bi,Tes, Sh,Ss, Sh,Ses, Sb,Tes)®, silica and boron nitride nanotubes® and polymeric
nanowires'®1%. An example is the CeO, nanotubes grown inside the PAAMs which show 400
times higher catalytic activity for CO oxidation reactions than powdered CeO,*”. Liu et al.
fabricated a potential supercapacitor based on poly(3,4-ethylenedioxythiophene) (PEDOT)
nanotubes synthesized in the porous alumina membranes'®. Tao et al. produced bovine serum
albumin/hemoglobin lyophilized bovine erythrocytes hybrid protein nanotubes with variable

diameters and wall thickness by simple and versatile layer-by-layer deposition for potential in

vivo applications™®.

1.2 FLUOROUS MEDIA

Fluorous media are notoriously poor solvents for non-polar organic compounds and water at
room temperature. Their poor solubility can be simply accounted for by a large difference of the
solubility parameter, ¢, which is defined as the square root of the energy of vaporization of a
pure component over its molar volume at temperature T*°. For example, perfluorohexane is
observed to phase separated from hexane since the solubility parameter for perfluorohexane (o =

12.3 MP,?) is smaller than that for hexane (J, = 14.9 MP,*?). In contrast, perfluorohexane is



soluble in supercritical carbon dioxide (5 = 12.1 MP,Y?)'! The weaker van der Waals
interactions result in decreased solubility parameters for F-containing compounds because of the
replacement/addition of electrophilic fluorine*. Therefore, an F-containing solute is expected to
preferentially partition to fluorous solvent from organic solvent, which is literally termed as
“fluorophilicity” even though it should be recognized as “oleophobicity”***. Typically, organic
solutes are rendered F-containing by covalently attaching a perfluoroalkyl chain —(CF,),CFs™.
The partitioning of solutes can be adjusted by the number of —CF,— groups (n). Figure 1-4A
shows the typical trend for partition coefficients of F-containing solutes. More incorporated —
CF,— group results in smaller solubility parameter, and hence larger partition coefficient to
fluorous solvent. However, an abnormal partition trend would be expected as shown in Figure 1-
4B. Lengthening perfluoroalkyl chain leads to reduced partition coefficient until the solubility
parameter of solute reaches that of the organic solvent''®. Nevertheless, this interesting trend is
difficult to observe in reality since the solute is possibly a surfactant with a very polar organic
part and a very non-polar perfluoroalkyl chain, which is insoluble in both fluorous and organic
solvents*™®, In addition, the weak solvent-solvent interactions of fluorous media can maximize
the interactions between solutes and receptors incorporated into the fluorous media. Therefore,
the poor solvation properties encourage the applications of fluorous media in selective

extraction/transport with or without the aid of receptors.
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Figure 1-4. Reproduced with permission from O’Neal et al.,*** Schematic diagram showing the effect of adding —
CF,— groups to an organic molecule. The solubility parameter of the organic solvent is indicated as J,. The solubility
parameter of the fluorous solvent is given as ds. The latter is smaller than the former. (A) The solubility parameter of
the solute, Jy, is between those of the two solvents. It partitions between the solvents. As more —CF,— groups are
added (arrow) the solute’s solubility parameter becomes closer to ¢ and the partitioning favors the fluorous phase
more. (B) If the organic moiety is more polar, its solubility parameter is larger than in the previous case. In this case,
adding —CF,— groups makes the solute more similar to the organic solvent, leading to the prediction that the effect of

adding —CF,— groups in this case is to make the partition coefficient favor the organic phase more.
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1.2.1 Fluorous separations

Horvath and Rabai exploited biphasic catalytic recycling utilizing the unique properties of

114 116

fluorous media™™" that have been demonstrated by Hildebrand and Scott™. An F-containing
catalyst dissolves in fluorous solvent, which is immiscible with organic solvent at room
temperature. One phase forms when heated. The catalyst contacts reagents and initiates or
accelerates a chemical reaction. After cooling, the catalyst precipitates out of the reaction
mixture. The easy purification coupled with the reactions leads to the interests in the field of

117-120

organic synthesis . In addition, the use of fluorous media extended to petrochemical

122,12 = chemical biology™®* and intervention/control of

processes™?!, protein/drug design
biological process'®.
Our group has done a great deal of work on selective extraction by noncovalent

association with a receptor in fluorous media'*®

. A study of liquid-liquid extraction based on H-
bonding interactions in perfluorohexanes (fluorinert FC-72)/chloroform was performed by
O’Neal**®*®, This work provides fundamental understanding of noncovalent associations in
poor solvents. Fluorous polymeric carboxylic acid (Krytox 157FSH, MW = 5840 g/mol) was
employed as the receptor to selectively extract structurally related polar solutes, because of its

poor solubility in organic solvents and superior H-bonding capacities from the carboxylic acid

terminal.

CF, - CF, —CF, -0 —[CF(CF,)CF, -0 -] CF(CF,)COOH

Scheme 1-1. Krytox 157FSH (1), n =33

11



Improved extraction was achieved for most studied N-heterocyclic bases. Proton transfer
occurs from Krytox 157FSH to pyridine (Figure 1-5A). The free energy of the complex
formation was quantified in FC-72 at room temperature, as shown in Figure 1-5B. A further
study took a closer look at molecular and ionic complex formation in fluorous solvents (chiefly
FC-72)'?". Excess Krytox 157FSH (1 base: 3 acid) is necessary to facilitate ionic complex
formation in fluorous solvent, while the complex with 1:2 (base: acid) is supported in non-polar
organic solvents and 1:1 (base: acid) in polar solvents. O’Neal further extended the extraction
system from small molecule (pyridines) to large molecules, porphyrins'?®. Two protons were
observed to transfer to 5, 10, 15, 20-tetra(4-phenyl)porphyrin (TPhP), forming porphyrin
dication in FC-72. For 5, 10, 15, 20-tetra(4-pyridyl)porphyrin (TPyP), the protonation occurred
on the outside pyridyl nitrogen, followed by the central pyrrole ring with excess Krytox 157FSH.
Zinc salt of Krytox 157FSH (Znl;) metalated the TPyP and formed ZnTPyP and 1. The
interactions between the liberated 1 and the pyridyl groups of ZnTPyP stabilize the complex in
FC-72. Similar extraction showed no TPhP partitioning to FC-72 by zinc salt of Krytox 157FSH.
O’Neal’s work has been nicely reviewed by Vincent'®®. Other noncovalent associations in

fluorous media are included, such as ion-pairing, halogen bonding and gelation.
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® 7 N ® 3AH + Py

N—C +24.7 -95.1
R\(‘O ”/G') \t't OYR ' \

1.5(AH),+Py ———HAH),Py

Figure 1-5. Reproduced with permission from O’Neal et al.,"® (A) Proposed structure for the complex between
pyridine and Krytox 157 FSH which includes proton transfer. (B) Thermodynamics of complex formation. Numbers

are Gibbs free energies in kJ/mol.

Hobbs et al. utilized Krytox 157FSL (L indicates MW = 2500 g/mol)) to solubilize

enzymes in fluorous solvent through hydrophobic ion-pairing**

interactions. Up to 20 mg
cytochrome ¢ per mL could be extracted by Krytox 157FSL to perfluoromethylcyclohexane
(PFMC). KDP 4606 (a Krytox ammonium salt with MW = 1400 g/mol) readily ion paired with
cytochrome ¢, a-chymotrypsin and lipase, forming transparent solutions in PFMC%%,
Dynamic Light Scattering (DSL) measurements showed that the enzyme was surrounded by

KDP 4606. Improved catalytic efficiency was observed for the enzymes*®

13
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Figure 1-6. Reproduced with permission from Zhao et al.,"* Structure of Teflon AF 2400 (A), SEM (B)

and TEM (C) images of Teflon 2400 membranes.

Our group is interested in selective transport of F-containing solutes through fluorous
membranes. Teflon AF 2400 is a commercially available perfluoropolymer with a high fractional

free volume (FFV), which is of special interests as the matrix for gas transport’3**¢

137139 and gas sensor**. Zhao from our group initiated the investigation of Teflon

pervaporation
AF 2400 as the matrix for liquid phase transport™* **!, Figure 1-6 show the structure of Teflon
AF 2400 and SEM as well as atomic force microscopy (AFM) images of Teflon AF 2400
membranes. A smooth and homogeneous membrane was achieved by the simple casting method.
Selective transport of F-containing solute (a,a,0,-trifluorotoluene) over H-containing toluene was
observed. However, the selectivity is not as expected because of the organic solvent uptake
(chloroform) in Teflon AF 2400 membranes. Zhang successfully doped perfluorotripentylamine
(fluorinert FC-70) into Teflon AF 2400 membranes'*. Chloroform uptake significantly
decreased for 27 wt% FC-70 doped membranes, compared to the pure Teflon AF 2400
membranes. The physical and chemical properties of FC-70 doped Teflon AF 2400 membranes
are summarized in Table 1-1. Improved selectivity for octafluorotoluene/toluene and

pentafluoronitrobenzene/nitrobenzene was achieved while increasing FC-70 contents in Teflon

AF 2400 membranes.
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Table 1-1. Reproduced with permission from Zhang et al.,** Summary of the physical and chemical properties of

FC-70-doped Teflon AF membranes at 20.0 °C

Teflon AF 2400 doped with FC-70

property
0-12 wt % FC-70 content >12 wt % FC-70 content
decreasing, FC-70 fills the free increasing, FC-70 dilutes
free volume
volume of Teflon AF 2400 Teflon AF 2400
storage modulus increasing decreasing

sorption of CHCl3

decreasing and approaching the solubility of CHClI3 in FC-70

permeability coefficients

decreasing

increasing

diffusion coefficients

decreasing

increasing

partition coefficients

decreasing trend in general

partitioning selectivity

(8F/8H, 5F/5H)?

increasing trend in general

partitioning selectivity

(3F/3H)°

no increase

#partition coefficient of a fluorous compound with the stated number of F atoms divided by the partition coefficient

of the analogous hydrogen-containing compound.

In the case of fluorous membrane based separation, Teflon is widely used because it is

the most permeable among fluorous polymers due to large free volume. However, the average

radii of each volume element is a few angstroms'*®, which is only suitable for the transport of

gases or small size solutes. In addition, Teflon membranes uptake organic solvents when

15




contacted, which makes Teflon membrane less “fluorous”. The selectivity of F-containing
solutes over H-containing solutes is decreased. Hence, more “fluorous” membranes should be
produced and systematically investigated to achieve high selectivity. Fluorous bulk liquid
membranes are possibly the most “fluorous”. They selectively transport F-containing solutes
over organic controls due to the weaker VVan der Waals interactions even though no receptors are
employed. The Curran group introduced a fluorous triphasic reaction based on bulk liquid
membrane in which a separation is directly coupled with a chemical reaction to produce a pure
product from impure starting material***. Fluorous media are naturally nontoxic, but they are

persistent in the environment due to their excellent chemical stability**®

. Many perfluorocarbons
are believed to deplete the ozone layer and are classified as potential greenhouse gases'*®. On the
other hand, the cost of fluorous media leads to another concern if they are used in large
quantities. Hence, fluorous supported liquid membranes are promising and attractive from an

environmental and economic point of view. Therefore, work need to be done to develop and

investigate fluorous supported liquid membranes.

1.3 OBJECTIVE AND RESEARCH PLAN

Porous alumina membranes have high pore density and narrow pore size distribution, which is
suitable as the matrix of supported liquid membranes. Moreover, they are chemically stable in
organic solvents and aqueous solutions. Therefore, we decided to develop fluorous supported
liquid membranes based on porous alumina membranes for selective transport. The fluorous
inorganic membranes are expected to combine the good pore structure of alumina membranes

and the unique properties of fluorous liquids. To our knowledge, there is no previous report to
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systematically investigate the fluorous supported liquid membranes based on porous alumina
membranes.

In Chapter 2, we render porous alumina membranes fluorophilic by surface modification
with the perfluoropolyether Krytox 157FSH. The importance of filling fluorous liquids in
membranes is demonstrated. Membrane preparation conditions (reagents, concentrations and
time) are evaluated based on the selectivity of perfluoroalkyl tagged solutes over organic control.
Optimized selectivity is achieved by the supported liquid membranes that are refluxed in 3 mM
Krytox 157FSH/HFE 7100 solution for 3 hours. The influence of membrane pore size is
investigated for a series of analogues with different length of perfluoroalkyl chain. Chapter 3
further studies the transport properties of the fluorous supported alumina membranes. Increased
transport rates for larger solutes show that the difference in permeabilities is dominated by the
difference in partitioning rather than diffusion. Independent partition coefficients to fluorous
liquids were measured. A group contribution method with ‘mobile order and disorder’ theory is
used to estimate the partition coefficients. Regardless of the fact that the fluorous liquids are
mixtures, the calculated partition coefficients well correlate to the experimental values. Diffusion
coefficients determined by the solution-diffusion model satisfactorily relate to the Stoke-Einstein
equation. Chapter 4 utilizes the fluorous alumina membrane as a solid matrix to attach another
Krytox 157FSH layer. The fluorous-fluorous interactions ensure the immobilization of Krytox
157FSH under variable organic solvents. However, perfluorohexanes (FC-72) readily remove
adsorbed Krytox 157FSH without destroying the modification layer. This property provides a
new opportunity for the fluorous alumina membrane as solid support for reactions coupled with
easy separation and purification. Adsorbed Krytox 157FSH can be easily transferred to ionic

form when contacting water. Therefore, we have applied the fluorous membranes with Krytox
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157FSH as ion exchange membranes for Ru(bpy)s** ions. Preliminary study shows all Krytox

157FSH are available to react.
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20 PREPARATION AND ASSESSMENT OF FLUOROUS SUPPORTED LIQUID

MEMBRANES BASED ON POROUS ALUMINA

Reprinted from Journal of Membrane Science, 345, Yanhong Yang, Lei Hong, Nithya
Vaidyanathan, Stephen G Weber*, Preparation and assessment of fluorous supported liquid
membranes based on porous alumina, 170-176, Copyright (2009), with permission from

Elsevier.

21 ABSTRACT

Fluorous media have gained a foothold in the synthetic and analytical communities. There is a
need for membranes or films that have good selectivity for transport of molecules with fluorous
tags. We show here that supported liquid membranes (SLMs) based on modified porous alumina
have the desired properties. Hydrophobic alumina membranes were prepared by surface
modification with perfluoroalkanoic acids. The initial contact angles of modified alumina
membranes exceed 130°. FTIR shows the loss of —OH stretching modes and the gain of
carboxylate carbonyl stretch as well as C-F stretching modes indicative of the surface
modification. SEM shows no gross changes in the membrane morphology resulting from the
modification. The resulting modified membranes readily imbibe and hold fluorous solvents

forming SLMs. Cinnamyl alcohol (2) and its ester with 2H,2H,3H,3H-perfluorononanoic acid
19



(HOOC-(CHy>)2-(CF,)sCF3) (3c) were employed as solutes in transport experiments with the
membranes. Transport selectivity (ratio of permeabilities of 3c to 2) was used as a measure of
effectiveness in the optimization of modification conditions. Conditions for the surface
modification leading to maximum selectivity for transport of 3c over 2 by the resulting SLM
were to reflux membranes in 3 mM Krytox 157FSH/HFE 7100 solution for 3 hours. Finally, the
influence of membrane pore size on transport rate and selectivity was investigated for cinnamyl
alcohol and its esters with fluorous carboxylic acids HOOC-(CHy,).-(CF;)n-1CF3, n=2, 4, 6, 8.
The transport rate for the smallest pore size (20 nm) and largest solute (n=8) is anomalously

high. This may be due to solute being transported in the modification layer as well as solvent.

2.2 INTRODUCTION

Fluorous separations have gained a foothold in synthetic organic chemistry**®. Fluorous tags,
which contain a moiety rich in carbon-fluorine bonds'*’, have been developed. Such tags are
affixed to a target species, functioning as a “phase label” directing the target to a fluorous phase
resulting in separation from the organic matrix™*’. Techniques suitable for separating fluorous

148-150

species from mixtures include fluorous liquid-liquid extraction , fluorous solid phase

extraction™®***, fluorous flash chromatography™> *°,  fluorous HPLC® **" and fluorous
membranes™°.

Fluorous materials and liquids have also been recognized by the analytical community in
sensors and extraction-based separation techniques'®*™**. The poor solubility of most solutes in

fluorous liquids makes them good solvents for biphasic extraction-based separation techniques

based on molecular receptors or hosts. Several groups'® including ours*?® are making progress
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in the preferential extraction of target species into fluorous liquids. Generally, a fluorous-soluble
molecular receptor is introduced into the fluorous liquid to solubilize the target species'®. High
extraction efficiency has been achieved based on a variety of receptors.

Supported liquid membranes (SLMs) are recognized as a promising technology for
separations. A supported liquid membrane usually consists of an organic liquid in a compatible
matrix. The interactions between the organic liquid and the supporting matrix must be favorable.
Hence, highly hydrophobic supporting matrices are desirable for a successful organic SLM. For
example, porous alumina membranes functionalized by octadecyltrimethoxysilane with mineral
oil as the membrane liquid demonstrated about 10 times higher selectivity for 2,4,6-trimethyl
phenol over phenol than that for the same membranes without the membrane liquid®®. In the few
published reports on fluorous supported liquid membranes, polymeric membranes such as Teflon
AF or poly(tetrafluoroethylene) (PTFE) are used as the support matrix for SLMs™** We are
attracted to the high porosity of porous alumina membranes, and wondered if they would be
suitable supports for a fluorous SLM.

Porous alumina membranes are characterized by their well-ordered, nearly cylindrical
pore structure, high pore density, and good thermal stability™®® **’. Besides these features, the
rich content of hydroxyl groups on the membrane surface facilitates the production of

%8, Bor other methods. Such

hydrophobic alumina membranes by silanization'®, esterification
membranes with modified surfaces open up new applications to which unmodified membranes
cannot be applied. Examples are biochemically modified alumina membranes used for selective
separation of drug enatiomers*®® and DNA oligomers'’®. The Suen group has utilized n-alkanoic

acid modified membranes for protein adsorption”. The Belleville group has successfully

rendered porous alumina membranes hydrophobic with a fluoroalkylsilane surface modification
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and applied them to osmotic evaporation'’*. The Pashley group has investigated in detail the
production of highly hydrophobic alumina surfaces (planar surfaces, not porous alumina) based
on esterification of the surface hydroxyl groups with alkanoic and perfluoroalkanoic aids. They
found that surfaces modified by perfluoralkanoic acids'’? have larger contact angles than those
modified with organic carboxylic acids, and the longer perfluoroalkanoic acids produce alumina
membranes with higher contact angles.}” There is to date one report, a spectroscopic study, on

174

the modification of porous alumina membranes with fluorous carboxylic acids™™, and no

investigation of fluorous SLMs based on them.

O

X" 0H = o)k/\(CF.?)n-@Fa

2 3
3a(n=2)
3b (n=4)
3c (n=16)
3d (n=8)

Scheme 2-1.

In this article, we report the development and optimization of supported fluorous alumina
membranes. The selectivity based on the permeabilities of 3c over 2 was used to judge the

performance of the membranes. Several factors were investigated to improve the selectivity of
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alumina-based fluorous SLMs, such as the modification reagent, reaction time, reagent
concentration and membrane pore size. A companion paper describes transport properties of

SLMs created from several fluorous solvents’.

2.3 EXPERIMENTAL SECTION

2.3.1 Materials

All the chemicals, unless specified otherwise, were obtained from Aldrich (Milwaukee, WI) or
Sigma (St. Louis, MO). Krytox 157FSH (1) with a carboxylic acid end group was obtained from
Miller-Stephenson Chemical Co. (Morton Grove, IL). Perfluorooctadecanoic acid (4) was
obtained from Alfa Aesar (Ward Hill, MA). Fluorous-tagged solutes were gifts from FTI
(Pittsburgh, PA). Alumina Membranes (20, 100 and 200 nm pore size, 13 mm diameter and 60
um thickness) were purchased from Whatman (Florham Park, NJ). Hydrofluoroether-7100
(HFE-7100) (a mixture of methyl nonafluorobutyl and nonafluoroisobutyl ethers) was obtained
from 3M (Minneapolis, MN). FC-3283 Fluoroinert Electronic Liquid (a mixture of
perfluorononanes) and PF-5080 Performance Fluid (a mixture of perfluorooctanes) were
purchased from 3M (Minneapolis, MN). Sodium ethoxide (21% in ethanol) was purchased from

Cole-Parmer (Vernon, IL).
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2.3.2 Membrane modification

All membranes were cleaned by sonicating them in 30% H,O, for 30 min, followed by H,O for
15 min and absolute ethanol for 30 min. The cleaned membranes were transferred to a piece of
aluminum foil and then dried at ~100 °C for 30 min in an econotherm laboratory oven
(Precision, Winchester, VA). Clean alumina membranes were vertically mounted into a
homemade Teflon rack with forceps and refluxed in HFE-7100 solution with defined
concentrations of 1 or 4 for various times. The modified membranes were thoroughly rinsed with

HFE-7100, absolute ethanol and dried at 80 °C for 45 min.

2.3.3 Membrane characterization

Water contact angles for modified membranes were measured with a VCA 2000 Video Contact
Angle System (Billerica, MA). FTIR (Excalibur FTS 3000, Varian, Randolph, MA) was used to
analyze the modified membranes with the spectrum of the unmodified membrane as reference.
The membranes were imaged using a Philips XL30 FEG scanning electron microscope
(Hillsboro, OR). For the base stability, the receiving phase was made 9 mM in sodium ethoxide
after transport (see below) had reached steady state. The absorbance was monitored following
the addition of base. For determining the pressure, a piece of membrane was sandwiched
between the arms of a homemade U-tube setup. Four mL of water were initially placed on each
side of the tube. Excess water was added to one side of the tube until flow was observed. The

difference in the height of the water on each side of the membrane was converted to a pressure.
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2.3.4 Transport experiments

The modified membrane was dipped in a fluorous solvent and then mounted between two quartz
cuvettes with holes in them'’®. Viton gaskets between the membrane and cuvette prevented
leaking. The transport area (0.196 cm?) was defined by the holes in the cuvettes. A modified
eight-position cuvette holder (Agilent) held four transport experiments in a rack. Each of the
eight cuvettes was stirred magnetically with the same stirring speed controlled by a locally built
stirring module. Typically, the four transport units were used for duplicate transport experiments
conducted for two related solutes simultaneously. The source phase was filled with 3 mL of 1
mM solute in ethanol saturated with the fluorous solvent used in the SLM, while the receiving
phase contained 3 mL of fluorous-solvent-saturated ethanol. Solute transport was monitored by
observing the rate of increase of the UV absorbance at 250 nm in the receiving phase (Hewlett-
Packard 8452A UV-Vis diode array spectrophotometer (Palo Alto, CA)). Calibration curves
were used to convert the UV absorbance to concentration for each solute. The steady state flux,

J, of a solute is given by Eqg. 2-1:

1 (42) )+

Equation 2-1

where A is the effective area of the membrane for transport, V is the volume of the receiving
phase and dC,/dt is the steady state accumulating rate of the solute in the receiving phase. The

permeability, P, can be calculated from the flux using the following Eq. 2-2.

25



-1 -1 .
P = / vl (cm® » s71)
[Cs - Cr'j Cs,;.
Equation 2-2

I is the thickness of the membrane and C; and C, are the concentrations of the solute in the source
phase and the receiving phase, respectively. Cs - C; is close to Cs, the initial concentration of the
solute in the source phase, since C; is negligible at the beginning of the experiment. Selectivity

is defined as the permeability ratio of the fluorous solute, i, over an analogous organic control

().
'Pz'
S, =—
Py
Equation 2-3

2.4  RESULTS AND DISCUSSION

2.4.1 Modified membrane characterization

SEM is a convenient way to investigate the influence of modification on the morphology of
membranes. Figure 2-1 shows the micrographs taken before and after modification. The
membranes have different morphologies on the two sides*’"*". The “active’ side (Figure 1A and
D) shows a porous network corresponding to the pore size stated by the manufacturer, while the
support side (Figure 1B and E) contains larger, more circular pores about 200 nm in diameter.

Furthermore, the “active” layer is just about ~1 um thick, while the rest of the membrane has the
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straight channels with 200 nm diameter as shown in the cross-section of Figure 2-1C and F. Itis
interesting to note that modification does not alter the structure of the membranes. The support
side and the cross-section are just slightly coarser as a result of the modification. Clearly, the
modification occurs on the pore walls without significantly changing the membrane area for

transport.
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Figure 2-1. SEM micrographs of the original ((A), (B) and (C)) and modified ((D), (E) and (F))

nanoporous alumina membranes with a nominal 100nm pore size.
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Following the surface modification reaction, FTIR can be used to demonstrate the
success of the modification. Figure 2-2A shows representative spectra after separate
modifications with two carboxylic acids. One is the long and flexible polymeric fluorous
carboxylic acid, Krytox 157FSH (1). The other reagent is the short and stiff

perfluorooctadecanoic acid (4).

CF, —CF, —-CF, - O —[CF(CF, )CF, — O -] CF(CF,))COOH CF, —(CF,),, — COOH

Negative peaks were obtained for both acids in the range of 3000~3600 cm™. This
demonstrates the loss of hydroxyl groups from the alumina membranes because of the
modification reaction. The vibration centered at 1678 cm™ shows the characteristic stretch mode
for the carboxylate carbonyl'™ . This demonstrates the presence of carboxylates on the
membrane surface. Meanwhile, the vibrations in the range of 1100 ~ 1400 cm™ indicate the
presence of C-F bonds (stretch) from the modification reagents. Compared to the 1-modified
membrane, the 4-modified membrane demonstrates a slightly larger peak at 1678 cm™ and a
more negative peak at 3000~3600 cm™. This indicates that the surface coverage of 4 is somewhat
higher than for 1 because of the relatively smaller molecular size of 4. The significantly lower
absorbance from C-F bonds in the membrane modified with 4 reflects its lower molecular

weight.
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Figure 2-2. (A) Representative FTIR spectrum for 1 (—) and 4 (- - -) modified 100nm alumina
membranes. The unmodified 100nm alumina membranes were used as reference. (B) Representative contact angle
image for the active side of a 1-modified 100nm membrane. The membranes were refluxed in HFE-7100 solution

containing 3mM modification reagent for 3 h.
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Water contact angle (6) measurements were used to determine quantitatively the
material’s hydropobicity, as shown in Figure 2-2B. Generally, surfaces with 6 < 90° are
considered hydrophilic, while surfaces with 8 > 90° are considered hydrophobic. Higher contact
angles correspond to lower surface tension. The initial contact angles for our modified
membranes are 134 + 6° for 4-modified membranes and 130 + 2° for 1-modified ones. For
comparison, we attempted to measure contact angles for unmodified membranes. However,
water droplets simply pass through the porous, hydrophilic structure. Similar contact angles have

171
d

been reported for n-alkanoic acid”® or perfluorodecyltriethoxysilane-modifie alumina

membranes. Nanostructured surfaces can exhibit the superhydrophobic effect because of the

180 \water contacts the modified alumina on the surface

nanoscale porous surface topography
while air remains inside the pores of the membranes. Hence, the measured contact angle (0) is
related to the fraction of the surface that is solid (¢s) and the contact angles of a smooth flat

surface of the same material (6e) and air (6.) by Eq. 2-4*%".

cos@ = ¢, (cosh,) + (1 — ¢, )(cosb,)

Equation 2-4

For our 100 nm membranes, the air fraction roughly equals the membrane porosity
(28%), since the surface structure did not change due to the modification as shown in Figure 2-1.
Using the observed contact angle, we can determine that the contact angle of a smooth flat
surface of 1-modified alumina would be 120 ° according to Eq. 2-4. This value is close to the

maximum observable water-contact angle on a fluorous flat surface (~120° for PTFE) 8 183
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Hence, we conclude that modification produces a porous and hydrophobic surface from the

original hydrophilic membrane.

2.4.2 Transport of solutes by SLMs

The permeabilities and selectivities of the resulting membranes for organic and fluorinated

solutes 2 and 3d are shown in Table 2-1. Table 2-1 includes data for unmodified, 100 nm pore-

size membranes, membranes that have been modified by 1 but not filled with fluorous solvents,

and SLMs. SLMs were created by dipping 1-modified membranes in FC-3283, a mixture of

perfluorononanes.

Table 2-1. Permeability and selectivity of solutes through different alumina membranes?

Transport condition Solute P /107 cm?s™ S
2 11.45 £ 0.091
Unmodified membrane 0.68 £0.01
3d 7.81 +0.050
2 11.03+1.27
1-modified membrane 1.00 £ 0.15
3d 11.02+1.12
2 0.017 £ 0.002
SLMP 94.7+35
3d 1.61 +0.06

& The transport was carried out through 100 nm membranes at room temperature.

® 1-modified membranes containing FC-3283 (a mixture of perfluorononanes).




As can be seen from Table 2-1 and as expected, no significant selectivity was observed
for unmodified and modified membranes without membrane solvent. Selectivity (3d/2) is 0.68
which is very close to the diffusion coefficient ratio calculated from the Stokes-Einstein equation
(0.69). This indicates that, as expected, the difference in diffusion coefficients dominates the
transport and hence selectivity for unmodified membranes. Modified, but unfilled membranes
show changes in the permeabilities of the two solutes. For organic compound 2, modification
results in a slight decrease in permeability, on the order of 4%. Thus, the ratio of the porosities
(modified/unmodified) is 0.96. This corresponds to an approximately 2% decrease in pore radius.
As the nominal pore size is 100 nm, the 2% change in radius is equivalent to an approximately 1
nm thick layer resulting from the modification. For fluorous compound 3d, the permeability was
significantly increased due to the modification. Recall that the permeability is the product of a
diffusion coefficient and a distribution coefficient. In the modified membrane, the distribution of
solute between the source phase and the membrane will reflect the average concentration of
solute in the membrane. The small, approximately 4%, volume of fluorous material increased the
permeability by increasing the observed distribution coefficient of the fluorous compound into
the membrane. The small volume of fluorous material had a substantial effect on the
permeability because the distribution coefficient of the solute into the fluorous phase is
significant. If we make a reasonable assumption, we can obtain an approximate value of the
partition coefficient between the ethanol and the surface layer of 1. The assumption is that
diffusion through the pore takes place solely in the central, ethanol-filled pore space. It can be
shown that the observed value of the distribution constant for the modified membrane, Kp,

(outside the membrane to inside the membrane) is related to the fraction of the pore volume that
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is ethanol, €’, the complementary fraction that is the modification, and the partition coefficient of

the solute going from ethanol to the fluorous modification, Ky, as shown in Eq. 2-5.

K =& +(1—£)K, = 096 + 0.04K,

Equation 2-5

Further, the value of K; can be determined from the permeabilities (m=modified, u=unmodified)

as shown in Eq. 2-6.

P
P €
K. =-%
f 1—£
Equation 2-6

Based on our data, we find that K; is approximately 1 x 10%. This is a large partition coefficient in
comparison to partition coefficients for this solute from ethanol to other fluorous liquids®’,
which are less than unity.

The selectivity increased significantly while the permeabilities decreased substantially
when membrane solvent FC-3283 was used to form an SLM. The results demonstrate that the
membrane modification allows the membrane to imbibe a fluorous liquid. This in turn results in

selective membranes. We turn now to the influence of modification factors, such as modification

reagent, concentration, and reaction time on the selectivity and permeability.
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2.4.3 Influence of modification on the selectivity and permeability

In this set of experiments, the SLMs contained the fluorous solvent PF-5080, unless
specified otherwise. The selectivities are summarized in Table 2-2. The permeabilities are also
listed along with the selectivities. A word about experimental design is in order. The ‘change one
variable at a time’ approach is of limited value in finding maximum performance when the

variables interact'8*

. In this case, we did not anticipate strong interactions based on our
experience. As Table 2-2 shows, under a variety of conditions, we found the same maximum
selectivity. Thus, the experimental design seems adequate.

From an inspection of Table 2-2, the selectivity for the 1-modified membranes is nearly
twice that for the 4-modified membranes (other conditions the same). The difference results from
the higher permeability of the organic control (2) through the 4-modified membranes than for the
1-modified membranes, as the permeability does not change significantly for the target 3c.
Compared to the small and stiff reagent 4, modification from reagent 1 brings about a thicker

layer. Although the contact angle for the 4-modified membrane is higher than for the 1-modified

membrane, clearly the 1-modified membrane performs better.
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Table 2-2. Influence of membrane modifications on the selectivity and permeability.

P/107" cm%s ™
Conditions S
2 3c
1 0.025 + 0.003 1.33+0.03 53+6
Reagent®
4 0.06° 1.58 + 0.15 26 +3
1 mM 0.17 £0.02 1.90+0.24 11+2
Concentration® 3mM 0.025 + 0.003 1.33+£0.03 53+6
10 mM 0.026 + 0.002 1.41 +0.02 54 + 4
1h 0.050 + 0.006 1.35+0.02 27+3
Reaction times® 3h 0.025 + 0.003 1.33+0.03 53+6
6 h 0.027 + 0.001 1.34+0.07 50+3

® Permeabilities are averages of duplicate or triplicate measurements with the standard error of mean. ® The
permeability was a single measurement. ¢ The membranes were modified with 3 mM reagent in HFE-7100 for three
hours. ¢ Modification for three hours with 1. ¢ The membranes were refluxed in 3 mM 1 in HFE-7100 solution.

These entries are the same data.

As for the reagent concentration (all other conditions the same), the selectivity
increased significantly from 1 to 3 mM 1, and then remained constant as the reagent
concentration went from 3 to 10 mM. The permeability shows the opposite trend. For all solutes,
the permeability decreased and then remained constant as the concentration went from 1 — 10
mM. The decrease for solute 2 is larger than that for solute 3c. The result further demonstrates
that the modification layer influences the transport of the solutes somewhat differently. The

results are consistent with incomplete filling of the pores by the fluorous solvent when the
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surface coverage of the fluorous modification is not complete. Table 2-2 show that 3 mM 1 in
HFE-7100 is sufficient to obtain the maximum selectivity in our system.

Based on the same reagent and concentration, the selectivity reached the maximum value
after a 3-hour reflux. The selectivity slightly decreased when the reaction time increased, but the
decrease is not statistically significant. The trend of the reaction time is very similar to that of the
reagent concentration. This performance can be explained by the completeness of the
modification reaction, as discussed above. It is interesting to note that the permeability of solute
3c changes after one hour, while three hours is necessary to reach constant selectivity. It
indicates that a small, unmodified area does not influence the transport of the target 3c as much
as it influences the transport of the organic control 2. Hence, three hours were employed to
obtain the best selectivity in the following experiments. The final, optimized conditions are:
polymeric fluorous carboxylic acid 1 in 3 mM solution refluxed with the alumina membranes for

three hours.

2.4.4 Influence of membrane structure on the selectivity

The pore size has been shown to play a distinct role in the membrane performances, such as
permeability and selectivity’®™*®". Generally, a larger porosity will give higher permeabilities, all
else being equal. Aside from the effect of porosity, the pore size may influence transport if the
pore size approaches the solute size, however this is not the case here. Several groups have found
that large pore size usually results in unstable SLMs™. The resistance to pressure-induced flow
is inversely proportional to the square of the pore size, thus membranes with larger pore sizes
may be more susceptible to damage caused by the presence of a pressure gradient across the
membrane. The loss of the liquid incorporated into the membrane will diminish the selectivity.
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To evaluate the influence of pore size on the permeability and selectivity in our system, three
commercially available alumina membranes with 20 nm, 100 nm and 200 nm nominal pore sizes
modified by 1 were adopted for the transport experiments. A series of homologs (3) was used as
the set of solutes. Recall that the stated pore size describes the ‘active’ surface which is only
about 1 um thick. Figure 2-3A shows how the permeability changes as the pore size increases. A
similar trend was achieved for all solutes when plotting the permeability against the pore size, as
we expected. The porosity of these membranes increases about a factor of 2 as the pore size
goes from 20 to 200 nm™®* *°. Figure 2-3A demonstrates that, at least for solutes 3a-c, the
change in permeability reflects this increase in porosity. For solute 3d, this magnitude of increase
is not seen. The selectivity for each solute is shown in Figure 2-3B. With one exception, the
selectivities do not depend on the pore size. The only exception is the most fluorous compound,
3d, in the membrane with the smallest pore size. If the only influence of the change in porosity is
geometrical, there should be no change in selectivity. That we see an effect of pore size only on
the most fluorous of the solutes tells us to seek a reason for it in the fluorous makeup of the
membrane. We speculate that the contribution of the modification layer to the overall process is
maximized for solute 3d and the 20 nm pore size because the modification layer is a significant
fraction of the pore space for the 20 nm membranes. Recall that the partitioning into the
modification layer for solute 3d is greater than into common fluorous liquids. Further, solute 3d
will be most influenced by the presence of a significant volume fraction of Krytox, as it is the

most fluorous solute.
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Figure 2-3. Influence of membrane pore size on the permeability (A) and selectivity (B) for different
solutes 2 (m), 3a (e), 3b (A), 3c (V), 3d (®). The membranes were modified by 3mM 1 in HFE-7100 for 3 h. The

permeability was the average of duplicate measurements.
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Stability is a concern for the applications of SLMs. Several experiments were conducted
to evaluate the stability of modified SLMs. Bases such as sodium ethoxide can react with the
membrane material, aluminum oxide. Hence, the transport of the organic control 2 and fluorous
target 3c through 1-modifed membrane with PF-5080 as the fluorous liquid was observed
following the introduction of sodium ethoxide into the receiving phase. The results show that
there was virtually no change in the rate of transport of solutes to the receiving phase upon the
addition of the base (9 mM). In addition, we established the pressure difference between the
source and receiving phase required to push out the membrane solvent. The 1-modified SLMs
impregnated with PF-5080 withstood up to 13 kPa pressure difference (about 15% of an
atmosphere), while the unmodified membranes leak when the pressure difference is only 430 Pa.
Based on these investigations, the modified SLMs appear to be somewhat stable. Under extremes

of pH and higher pressures, they would not be stable.

2.5 CONCLUSION

We have demonstrated that porous alumina membranes can be modified with fluorous carboxylic
acids, and that the modified membranes imbibe fluorous solvents, becoming SLMs. The SLMs
show excellent selectivity for organic compounds with a fluorous ‘tag’. Even a small fluorous

tag, ~CF,—CF5 has a significant effect. Permeabilities are high, in the range of 107 cm?s™.
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3.0 POROUS ALUMINA-BASED FLUOROUS LIQUID MEMBRANES:

DEPENDENCE OF TRANSPORT ON FLUOROUS SOLVENT

Reprinted from Journal of Fluorine Chemistry, 130, Yanhong Yang, Nithya Vaidyanathan,
Stephen G Weber*, Porous alumina-based fluorous liquid membranes: Dependence of transport

on fluorous solvent, 1022-1027, Copyright (2009), with permission from Elsevier.

3.1 ABSTRACT

We report here the properties of supported fluorous liquid membranes based on porous alumina.
The alumina is first rendered compatible with fluorous solvents by surface modification with an
oligomeric perfluoropropylene oxide-based carboxylic acid, Krytox 157FSH. After modification,
simply dipping the porous alumina membrane into a perfluorinated solvent results in a supported
liquid membrane with high selectivity for fluorous compounds. Two homologous series of
compounds differing in the number of —CF,— groups were investigated, namely esters of
cinnamyl alcohol and the analogous naphthyl derivative with 2H,2H,3H,3H-perfluoroalkanoic
acids (HOOC-(CH3),-(CF2)n-1CF3, n=2, 4, 6, 8). Four perfluorinated membrane solvents (FC-77,
PF-5080, FC-3283 and FC-43) were investigated. In FC-3283, the permeabilities, which are the
products of a diffusion coefficient and a partition coefficient in the solution-diffusion model, of

cinnamyl alcohol derivatives are 3.62 + 0.36 times greater than those of the analogous naphthyl
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compounds for the solutes containing the same perfluorinated chain. Permeability, P, increases
as the perfluorinated chain length increases in all of the perfluorinated solvents. Values of log(P)
versus n are linear with a slope of 0.147 + 0.002 but with different intercepts for the various
solvents. Independent measurements of the partition coefficients of the solvents between the
source/receiving phase solvent, ethanol, and the fluorous solvents reveal that the selectivity
behavior is dominated by partitioning rather than diffusion. The free energy of transfer of a —
CF,— group (ethanol to perfluorinated solvents) is -1.1 kJ/mol. Despite the fact that the solvents
are mixtures, not pure liquids, the partition coefficients are well correlated with values calculated
based on group contributions with ‘mobile order and disorder’ theory. The diffusion coefficients
of four solutes in four membrane solvents were also determined based on the solution-diffusion

model. The Stoke-Einstein equation shows satisfactory estimation of experimental results.

3.2 INTRODUCTION

A successful supported liquid membrane (SLM)™**%

requires a proper combination of porous
support and a liquid phase to achieve high selectivity, high permeability, and desirable stability.
To date, organic solvents have been used widely as the supported liquid because the common
application is the separation of solutes based on lipophilicity. Here, our strategy is to use
perfluorocarbons or related fluorous materials to replace the commonly used organic solvents.
Fluorous liquids such as perfluorinated alkanes, perfluorinated oligoethers and polyethers and

perfluorinated trialkylamines are inert'®> 1%

, honpolar and hydrophobic as well as oleophobic.
The attraction of perfluorocarbons has been recognized by the organic synthesis community in

biphasic synthesis, catalysis and extraction'*® ***1%_The driving force in those techniques arises
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from the fact that the fluorinated compounds have weaker van der Waals interactions with

112

solvent per molar volume than organic compounds Typically, a fluorous tag is covalently

attached to the target species to give it some solubility in fluorous solvents. Other synthetic

197-199

applications such as the phase-vanishing or bulk membrane techniques use a fluorous layer

but not necessarily fluorous reagents or catalysts. There is a small but growing interest in using
noncovalent interactions in fluorous media for synthetic chemistry*?, selective extractions'?**%,
and potentiometric sensors*®* *®*. In these applications, the permeability of the solutes (reagents,
catalysts, analytes) through the fluorous medium is an important parameter in dictating the
function of the fluorous phase.

We have previously worked on the transport of solutes through Teflon AF 2400
membranes, which are readily cast, thin, and mechanically strong. The preferential transport of

a,0,a-trifluorotoluene over toluene was demonstrated in Krytox 157FSH (1)-doped polymeric

Teflon AF 2400 membranes*®’.

CF, - CF, —CF, -0 —[CF(CF, )CF, -0 -] CF(CF,)COOH

1

However, solute transport through Teflon AF 2400 membranes is slow. Also, Teflon AF imbibes
the solvent from the source/receiving phase (chloroform) and as a result becomes less fluorous.

We have developed fluorous SLMs?® based on porous alumina® " 2%,

In the work presented
here, we have determined permeabilities and partition coefficients for two homologous series in
SLMs with four different fluorous solvents. Diffusion coefficients were determined from the

permeabilities and partition coefficients. We find that the transfer free energy for the —CF,—
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group (from source/receiving phase, ethanol) is the same for all four fluorous solvents
investigated, however the affinity of the fluorous solvents for an organic moiety varies
considerably. There are a few approaches to determine partition coefficients in fluorous systems

based on empirical relationships!! 10 202-206

This effort is largely focused on the
perfluoro(methylcyclohexane)/toluene solvent system and the notion of ‘fluorophilicity’. It is
necessary to expand the range of applicability of empirical approaches. Thus, using the SLMs,
we determined permeability coefficients of the solutes through four fluorous solvents.
Independent measurements of the partition coefficients in the biphasic systems fluorous
solvent/ethanol (where “fluorous solvent’ represents the four solvents used) allow estimation of

diffusion coefficients. Partition coefficients and diffusion coefficients are well predicted by

convenient approaches using group additivity methods.

3.3 EXPERIMENTAL SECTION

3.3.1 Materials

All the chemicals, unless specified otherwise, were obtained from Aldrich (Milwaukee, WI) or
Sigma (St. Louis, MO). Krytox 157FSH with a carboxylic acid end group was obtained from
Miller-Stephenson Chemical Co. (Morton Grove, IL). Fluorous-tagged solutes were gifts from
FTI (Pittsburgh, PA). Alumina membranes (100 nm pore size, 13 mm diameter and 60 pum
thickness) and polyester drain discs were obtained from Whatman (Florham Park, NJ).
Hydrofluoroether-7100 (HFE-7100) (a mixture of methyl nonafluorobutyl and

nonafluoroisobutyl ethers) was obtained from 3M (Minneapolis, MN). FC-3283 Fluoroinert
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Electronic Liquid (a mixture of perfluorononanes), FC-43 Fluoroinert Electronic Liquid
(perfluorotributylamine), FC-77 Fluoroinert Electronic Liquid (a mixture of CgFig and cyclic
CgF160) and PF-5080 Performance Fluid (a mixture of perfluorooctanes) were purchased from

3M (Minneapolis, MN).

3.3.2 Membrane modification

All 100 nm alumina membranes were pretreated by sequentially sonicating them in 30% H,0,
for 30 min, H,O for 15 min and absolute ethanol for 30 min, and then drying at 100 °C for 30
min. Pretreated membranes were vertically mounted into a homemade Teflon rack. The rack of
membranes was immersed in sixty mL of a 3 mM solution of 1 in HFE-7100 and refluxed for 3
h. After 3 hours, the modified membranes were then thoroughly rinsed with HFE-7100, absolute

ethanol and dried at 80 °C for 45 min.

3.3.3 Transport experiments

Transport measurements were made using a two-compartment system at 22 + 2°, measuring UV
absorbance in the receiving phase. The membrane was dipped in a perfluorinated solvent and

then mounted between two quartz cuvettes with holes in them®™

. Viton gaskets were required to
prevent leaking. The transport area was defined by the holes in the gaskets/cuvettes with a
diameter of 0.5 cm. A modified eight-position cuvette holder (Agilent) held four transport
experiments in a rack. Each of the eight cuvettes was stirred magnetically with same stirring

speed controlled by a stirring module. Typically, the four transport units were used for duplicate

transport experiments conducted for two related solutes simultaneously. The source phase
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containing 3 mL of 1 mM solute in ethanol (saturated with the perfluorinated solvent used in the
membrane) was introduced to one of the cuvettes, while the receiving phase contained 3 mL
ethanol saturated with the corresponding perfluorinated solvent. To prevent any loss of
perfluorinated solvent in the membrane, the identical membrane solvent (20 pL) was added to
the source and receiving phases. The concentration of solutes in the receiving phase was
monitored by a Hewlett-Packard 8452A UV-Vis diode array spectrophotometer (Palo Alto, CA).

The steady state flux, J, of a solute is given by Eq. 3-1:

- (ﬂ“’fr xd,:) (V/,)(mol =51+ cm)

Equation 3-1

where A is the effective area of the membrane for transport, V is the volume of the receiving
phase and dC,/dt is the steady state accumulating rate of the solute in the receiving phase. The

permeability, P, can be calculated from the flux using the following Eq. 3-2.

-1 e Jo .
P="" e, cy® e, fomie s

Equation 3-2

| is the thickness of the membrane. Cs and C; are the concentrations of the solute in the source
phase and the receiving phase, respectively. Cs - C;is close to Cs, the initial concentration of the

solute in the source phase, since C; is negligible at the beginning of the experiment.
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3.3.4 Determination of partition coefficients

Solute was dissolved in ethanol at the concentration of 1 mM. Solute/ethanol solution (70 pL)
and perfluorinated solvent (140 pL) were placed in a VWR GC-autosampler vial (1.8 mL, West
Chester, PA), shaken with the Bioshaker (distributed by BIONEXUS, Inc., Oakland, CA) at
1000 rpm and 25 °C for 30 minutes. The layers were physically separated and the ethanol layer
was quantitatively analyzed by Jasco XLC (Easton, MD). Before injection, each sample was
diluted five times with ethanol and 0.14 mM cinnamyl acetate was used as internal standard. A
step gradient method was employed using Acquity UPLC™ BEH C18 1.7 pum (1.x50 mm)

reversed-phase column from Waters (Milford, MA). Mobile phase was increased from 20%
acetonitrile/80% H,0 (v/v) at 0.1 min to 95% acetonitrile/5% H,O (v/v) at 0.2 min and remained
at 95% acetonitrile/5% H,0O (v/v) for 8.8 more minutes. Finally, 20% acetonitrile/80% H,0 (v/v)
was used to flush the column for 5 minutes in order to bring the column back to its initial state.
The flow rate was maintained at 0.1 mL/min. The column temperature was kept at 40 °C. A
Jasco X-LC™ 2077 Plus acted as the detector at 250 nm. The peak areas were integrated by the
software after manually defining the baseline. For calibration curves, we used a series of five
standard solutions with concentrations ranging from 0.02 to 0.18 mM solutes plus 0.14 mM
cinnamyl acetate in ethanol. These standard solutions were used to create the calibration curves
for each solute by plotting the peak area ratio of solute/cinnamyl acetate versus solute

concentration.
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34  RESULTS AND DISCUSSION

3.4.1 Dependence of permeability coefficients on the solute properties

O O
G/%/\Ok/\{cﬁ)mﬁl:sO)k/\(CFg)m-1CF3
3 4
3a(m=2) 4a (m=2)
3b (m = 4) 4b (m = 4)
3c (m = 6) 4c (m = 6)
3d (m = 8) 4d (m = 8)

Figure 3-1. Structures of solutes studied.

Two homologous series of solutes (Figure 3-1) were used to investigate the influence of solute
properties on transport through the fluorous SLMs (FSLMs). Data are listed in Table 3-1.
Inspection of Table 3-1 shows that the permeability for each member of the 3-series is about 3~4
times higher than that for the corresponding 4-series. The average ratio of the permeabilities of
members in the 3-series over the corresponding members in the 4-series is 3.62 + 0.36. The
insertion of an organic group is known to decrease partition coefficients in similar solvent

systems™’

. Of course, the addition of an organic group leads to a larger molecular volume, and
hence a lower diffusion coefficient as well. Thus, it is clear that the lower permeabilities of the 4-
series are expected. Increasing the number of —CF,— groups hastens transport through the
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FSLMs, as shown in Table 3-1. Solutes with a longer perfluoroalkyl tail have a larger partition
coefficient into a fluorous phase. However, the addition of a —(CF,),— unit no doubt increases
molecular size, resulting in a decreased diffusion coefficient. Table 3-1 indicates that the
permeability increases with an increasing length of perfluoroalkyl tail. In this case it is the effect
of adding a —(CF,),— unit increases the partition coefficient more than it decreases the diffusion

coefficient.

Table 3-1. Logarithmic values of P for 3 and 4-series solutes.

Log(P /10" cm?s™)?
m
4-series 3-series
2 -8.18 £ 0.04 -7.66 £ 0.01
4 -7.88 £ 0.06 -7.22 £0.02
6 -7.48 £0.12 -6.90 + 0.09
8 -7.25+0.02 -6.79 £ 0.02

% Average permeabilities based on duplicate or triplicate measurements through 1 modified 100 nm alumina

membranes filled with FC-3283.

3.4.2 Dependence of permeabilities on membrane solvent
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Table 3-2. Logarithmic values of P and K for the 3-series in different membrane solvents.

Log(P /10" cm?s™)? Log(K)"

FC-77 PF-5080 FC-3283 FC-43 FC-77 PF-5080 FC-3283 FC-43
-7.31+£0.05 | -743+£0.08 | -766+0.01 | -8.09+0.03 | -1.57+0.11 | -1.63+0.03 | -1.79+£0.14 | -1.87 £0.16
-7.02+0.04 | -706+£0.02 | -7.22+0.02 | -7.89+0.02 | -1.24+0.10 | -1.22+0.06 | -1.25+0.04 | -1.55+0.11
-6.68 £0.05 | -6.82+0.04 | -6.90+0.09 | -7.44+0.02 | -0.78+0.04 | -0.91£0.02 | -0.95+0.04 | -1.04 £0.01
-6.41+£0.01 | -654+£0.01 | -6.79+£0.02 | -7.27+0.08 | -0.44+0.02 | -0.51£0.01 | -0.62+£0.04 | -0.74 £0.02

® The permeabilities are based on duplicate or triplicate measurements.

® The partition coefficients are based on triplicate measurements.
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Permeabilities and partition coefficients of the 3-series for various membrane solvents are
reported in Table 3-2. The properties of these perfluorinated solvents are listed in Table 3-3.
These solvents were chosen based on a compromise. Lower molecular weight solvents have
lower viscosity, which increases permeabilities, however they also have lower boiling points
which decreases their attractiveness. This set of solvents has on average a fairly low viscosity
and a fairly high boiling point. Table 3-2 shows that similar slopes were obtained for 3-series
transport through and partitioning into the four membrane solvents when plotting the logarithmic
values versus the numbers of the —CF,— group. The average slopes for the partitioning was
0.188+0.003. Thus, the free energy of the transfer of a —CF,— from ethanol to perfluorinated
solvents can be calculated from such slopes as -1.1 kJ/mol. The average value of the slopes for
the permeation was 0.147 £ 0.002. Thus, the addition of a —CF,— unit increases the transport rate
by a factor of 1.4. The permeability shows a strong dependence on the membrane solvents in the
order of FC-77>PF-5080>FC-3283>FC-43. For example, the permeability of 3d in FC-77 is
about seven times that in FC-43. The great variation in permeability goes beyond the influence of
partition coefficients (Table 2) resulting from the different membrane solvents. For instance, the
measured partition coefficient of 3d in FC-77 is twice that in FC-43. Hence, we postulate that the
extra variation in the permeability is caused by the effect of solvent on the solute diffusion
coefficients. We defer a detailed discussion of diffusion. For now, it is sufficient to point out
that the ratio of viscosities for the same two solvents (FC-77 and FC-43) is about 4. Thus, the

large dependence of permeability on solvent can be rationalized.
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Table 3-3. Properties of perfluorinated membrane solvents used.

Boiling point

Name Viscosity(cP) | Ve (cm*/mol) 5 (MPa*?)

°C)

FC-77 97 1.28 233° 10.5°
PF-5080 101 1.36 246° 10.5°
FC-3283 128 1.37 271° 10.6°

FC-43 174 5.26 356° 10.2°

? Increment values for the molar volume (cm®mol) obtained from ref %7, unless noted otherwise. ® Increment values
for the nonspecific part of the molar vaporization energy used to calculate J obtained from ref 7 unless specified
otherwise. ¢ The molar volume of FC-77, a mixture, was determined from the molecular weight (415 g/mol) divided
by the density. ¢ The values of 6 for FC-77 and PF-5080 are the same. ® The increment value the molar volume of
nitrogrn in perfluorotrialkylamines is from ref ®®. ¥ The molar vaporization energy of nitrogen in triperfluoroalkyl

amines from ref ® was used to calculate the value of J for FC-43.

3.4.3 Predicting solute behavior

There is a justifiable tendency to shun the use of solvent mixtures such as FC-72, FC-77, PF-
5080, and FC-3283, and use solvents like perfluoromethylcyclohexane. Important quantities such
as molar volume are necessarily less well defined in the former solvents compared to the latter

solvent. On the other hand, in the world of applied chemistry, there is a tendency to use solvents
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based on criteria other than whether a solvent is a mixture or not. We note the large difference of
a factor of two in the partition coefficients mentioned above. We had not anticipated such a
difference among nominally similar solvents. We therefore sought to understand whether
approaches to understanding partition coefficients and diffusion coefficients based on group
contribution approaches would apply to the current data. While we recognize that our data set is
limited, we point out that the few computational treatments that exist focus on “fluorophilicity’

which is related to partitioning between perfluoromethylcyclohexane and toluene®% 204 205 207.

209

de Wolf et al. established a general relationship for the partition coefficient, K, based on

the mobile order and disorder (MOD) theory®®’.

V. 6,
Erb)(ao _5F)

logK = 0.2171|n(:/&) —0.2171V, (Vi —Vi) + 0.0522\%(53 —62)—0.1045(

F o] F
Equation 3-3

T is the experimental temperature (Kelvin). Vy is the molar volume of the solute. V, and Vg are
the molar volumes of the organic and the fluorous solvent, respectively. dy, is the modified
nonspecific cohesion parameter of the solute. d, and J¢ are the modified nonspecific cohesion
parameters of the organic and the fluorous solvents. Modified nonspecific cohesion parameters
account for only the non-specific force exhibited between molecules in liquids.”®* Generally,

207208 can be used to estimate the value of molar volume for solutes

group contribution methods
and solvents. Similarly, ¢ can be calculated from the molar volume and the molar nonspecific

vaporization energy. Hence, the values of V and ¢ can be determined for the fluorous solutes and
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the organic phase, ethanol. Table 3-4 disclosed the empirical (m.p.) and calculated properties of

the fluorous esters 3.

Table 3-4. Properties of fluorous esters 3.

Name Melting point (°C) Vp (cm*/mol)*° S (MPal?)" ¢
3a - 258 15.6
3b - 304 15.1
3c 33 350 14.6
3d 66 396 14.3

# Increment values for the molar volume (cm®/mol) obtained from ref 2°”.® Increment values for the nonspecific part
of the molar vaporization energy used to calculate J, obtained from ref *”’. C Increment value for the molar volume
of -CH=CH, was used for the substitute -CH=CH-. D The calculated values of ¢, for -CH=CH,was employed as

the values of o, for -CH=CH-.

For the fluorous solvents it is not so simple. Some approximations are required when using the
group contribution approach for these fluorous solvents. For example, PF-5080 and FC-3283 are
each mixtures; PF-5080 is a mixture of perfluorooctanes and FC-3283 is a mixture of
perfluorononanes. The values of Vi were estimated based on the perfluorinated n-octane and n-
nonane respectively. A comparison between the calculated values of Vg and the values

determined by dividing molecular weight by density demonstrates that reasonable accuracy can
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be achieved following this procedure. Therefore, the same chemical structures were used to
calculate the values of J¢ for PF-5080 and FC-3283. FC-43 is not a mixture. However there is no
group contribution for the nitrogen group in a perfluorotrialkylamine for estimating the value of
or. Considering that no specific interactions such as dipole-dipole and H-bonding exist in FC-43,
the solubility parameter and the modified nonspecific cohesion parameter should be identical.

Thus, we used the vaporization energy?*®

to estimate the Jr for FC-43. The most complicated
case is FC-77 which is a mixture of CgFig and cyclic CgF160. The molar volume can be
calculated by dividing molecular weight by density. Furthermore, the J¢ for the oxygen group in
perfluoroethers is small (0.03 kJ/mol), so we assumed that the incorporation of oxygen would not
alter the vaporization energy significantly. Therefore, for FC-77’s value of Jr we used the value
established for PF-5080. All of the values of Ve and Jr are shown in Table 3-3.

The comparison of these calculated values from Eq. 3-3 and measured values from Table
2-2 are shown in Figure 3-2. A good linear relationship with a slope of 1.01 £ 0.06 (SEM) and an
intercept value of -0.15 + 0.06 (SEM) is achieved when experimental log(K) was plotted versus
calculated log(K). The statistical analysis shows that there is no significant difference between
the slope and the ideal value of unity (p = 0.870). There is a marginally significant difference
between the intercept and the ideal value of zero (p = 0.027).

This good correlation demonstrates the validity and applicability of Eq. 3-3 to fluorous
solvents that are mixtures as well as to a fluorous system with an associating solvent. The work
published to date concerns solvents perfluoromethylcyclohexane and toluene. Thus, while the
data set is of limited size it is nonetheless encouraging that established approaches to partitioning

based on group contributions seem applicable to a broader set of solvents than heretofore

realized.
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Figure 3-2. Experimental vs calculated values of log(K) for the fluorous esters 3a—d partitioning from ethanol to the

fluorous solvents. The points represent the averages of duplicate or triplicate measurements.

We are not aware of measurements of diffusion coefficients of large molecules in
fluorous solvents. The diffusion coefficients of solutes in the membrane solvents can be

calculated from the measured partition coefficients (K) and permeabilities (P) corrected by

porosity (4) as shown in Eq. 3-4.
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Equation 3-4

Table 3-5 shows these diffusion coefficients in the four perfluorinated solvents. We used
a value for the porosity of 0.28 determined by voltammetry at the interface between two

immiscible electrolyte solutions (ITIES)*®

, Which is a very similar system to ours. As for the
partition coefficients, it would be helpful to have evidence that an established approach can
predict the diffusion coefficients. We have used the Stokes-Einstein equation. The radius of each
solute was calculated from the molar volume based on the group increment method®®®. The
calculated diffusion coefficients are listed in Table 4, along with the experimental values. Here,
we would like to point out the influence of the experimental error on our results. The average
relative error for the diffusion coefficients were calculated from those for the permeability and
partition coefficients. Both of the latter errors were about 10%. Therefore, the average relative
error of the diffusion coefficients is about 15%. The solutes containing longer perfluoroalkyl
groups gave us less relative error for permeability and partition coefficients compared to those
with shorter perfluoroalkyl groups. Considering these errors, the agreement between the

calculated and experimental values is satisfactory, especially for the solutes with longer

perfluoroalkyl tags.
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Table 3-5. Diffusion coefficients for the 1-modified 100 nm membranes.

FC-77 PF-5080 FC-3283 FC-43
Solute Doy Deat Dog Deat Do Deat Doy Dea
(/10 cm?/s) (/10 cm?/s) (/10 cm?/s) (/10 cm?/s) (/10 cm?/s) (/10 cm?/s) (/10 cm?/s) (/10 cm?/s)
3a 6.6 4.4 5.7 4.1 4.8 41 2.2 1.1
3b 6.0 4.2 5.2 3.9 3.8 3.9 1.7 1.0
3c 4.5 4.0 3.9 3.7 3.4 3.7 1.4 1.0
3d 3.8 3.8 3.4 3.6 24 3.5 1.1 0.9

® Porosity adopted here is 0.28"%.
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SLMs have been used widely for separation of ions or small organic molecules from
aqueous or organic mixtures?**?!* Hydrophobic SLMs based on organic solvents are the most
common type. Carriers are typically dissolved into the membrane liquid to improve the
separation selectivity. To our knowledge, there are no reports of FSLMs. We can compare range
of permeabilities of the FSLMs reported here to a similar system, a mineral oil filled
octadecyltrimethyoxylsilane(ODS) modified alumina membrane?®. The investigators applied
this system to the transport of small organic solutes such as phenol and its relatives. The
permeabilities they achieved were in the range of ~10” cm?s. The permeabilities reported here
for our FSLMs for larger solutes are comparable. We have previously investigated transport
through films of Teflon AF2400. Permeabilities of small organic solutes were about an order of
magnitude smaller than the permeabilities mentioned above in the mineral oil SLM*®. Hence,
the FSLMs appears to provide permeabilities that are greater than or at least equal to the ODS

modified SLMs and the Teflon AF2400 membranes.

3.5 CONCLUSION

We have demonstrated that the modified alumina membranes impregnated with perfluorinated
solvent are effective fluorous membranes. The increase of the organic domain of the solute
molecules significantly decreases the permeabilities for the identical length of fluorous tag.
Lengthening the perfluoroalkyl chain on the solutes shows a strong influence on the permeability
and partition coefficients. The free energy of a —CF,— group from ethanol into the four
perfluorinated solvents is -1.1 kJ/mol. Diffusion coefficients were calculated from the measured

permeabilities and partition coefficients. The Stokes-Einstein equation was also used to estimate
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the diffusion coefficients in the membrane solvents. A group contribution approach was used to
determine the molar volume, and thus the effective molecular radius for the Stokes-Einstein

equation. Satisfactory agreement was achieved for all solutes in each perfluorinated solvent.
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4.0 PREPARATION AND ASSESSMENT OF FLUOROUS ALUMINA

MEMBRANES AS SOLID REACTION SUPPORTS

41  ABSTRACT

We report fluorous alumina membranes as cation exchanger. Simply dipping Krytox 157FSH
(1)-modified alumina membranes into FC-72 solution containing Krytox 157FSH results in the
deposition of Krytox 157FSH due to the interactions between fluorous chains. FTIR and
membrane mass measurements show that the concentration of Krytox 157FSH solution
significantly influences the loading of Krytox 157FSH. The adsorption reaches equilibrium in
less than 30 seconds. FTIR spectra show that the carbonyl frequency of adsorbed Krytox
157FSH decreases from 1775 cm™ to 1678 cm™ after the membrane was washed by water. The
identical membrane was then soaked in methanol, THF, chloroform and hexanes. A constant
carbonyl region is achieved which qualitatively demonstrates that there is no observed loss for
adsorbed Krytox 157FSH. Preliminary study showed that the fluorous alumina membranes with
adsorbed Krytox 157FSH successfully capture Ru(bpy)s** ions from aqueous solutions. The
stoichiometry of the complex is that one Ru(bpy)s** ion binds to two ionic Krytox 157FSH,

which indicates that all adsorbed Krytox 157FSH are reactive.
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4.2 INTRODUCTION

Heterogeneous reactions based on solid supports have been widely used in catalysis, drug

discovery, combinatorial and high through-put chemistry?®#%

. The basic protocol is to
immobilize reagents, catalysts or scavengers onto a solid support, which facilitates easy
purification and separation. Noncovalent immobilization provides high reaction efficiency since
covalent attachment possible hinders reaction sites. In addition, noncovalent immobilization
affords the flexibility of the choice of supporting materials and simplifies the support
fabrication®”. Perfluoroalkyl tags are readily attached to catalysts, which can be immobilized on
a fluorous support. The protocol has been widely used due to easy isolation of products and
catalytic recycling. For example, perfluorinated metal catalyst (palladium and rhodium) was
immobilized to perfluoroalkylated silica gel for organic synthesis®**%*. Fluorous Lewis acids
were employed for Baeyer-Villiger oxidization and Diels-Alder reactions in water™,
Schmaderer et al. attached perfluoroalkyl tagged flavins to fluorous silica gel for photo-oxidizing
benzoyl alcohols?®*. Perfluoroalkylated polystyrene resins were fabricated as the solid supports
for hydrogenation of styrene and Suzuki-Miyaura carbon-carbon bond formation®®. Schwinn et
al. extended the application by attaching fluorous reagent (perfluorinated benzoyl alcohol) rather
than catalyst to fluorous silica gel for combinatory library synthesis without the need of

perfluorinated solvents®*®

. The immobilizations in those applications are based on short
perfluoroalkyl chains (generally CgFi; or shorter) of solid surface and tagged reagents or
catalysts, which possibly results in the loss of immobilized reagents, due to the solubility in
organic solvents.

Krytox 157FSH (1) is a perfluoropolyether (repeating unit~= 33) with a carboxylic acid

terminal group, which have been used to modify porous alumina membranes. We initiated to
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immobilize another Krytox 157FSH layer on the 1-modified alumina membrane by the
interactions between two perfluoropolyether chains. The perfluorinated chain would ensure
adsorbed Krytox 157FSH (A-1) to stay on the 1-modified membrane, forming A-1-modified
membrane, as shown in Figure 4-1. Moreover, the terminal carboxyl group of Krytox 157FSH
broadens the applications of the fluorous supports. O’Neal et al. showed that Krytox 157FSH is
able to form complexes with basic pyridines and porphyrins****?. Proteins and enzymes can be
captured by carboxylate ion group through ion-pair interactions*****2. In addition, the carboxyl
group enables to produce the amide bonds in the presence of 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide
(sulfo-NHS)>" 28 Moreover, the ether oxygen of Krytox 157FSH provides more chain
flexibility than rigid perfluoroalkanoic acids, which leads to high solubility in fluorous

239

solvents™”. Therefore, we can easily desorb A-1 or related products by washing with

perfluorinated solvents.
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Figure 4-1. Schematic fabrication of A-1-modified membrane. Dark red square represents 1-modified alumina

membrane. Dark blue square means the modification layer from surface reaction of Krytox 157FSH with the
hydroxyl groups on the alumina membrane surface. Green square represents the 1-modifed membrane with adsorbed

Krytox 157FSH that is shown as purple square.
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In this chapter, we investigated the adsorption and desorption of Krytox 157FSH on 1-
modified membranes. A-1-modified membranes were used to capture Ru(bpy)s** ions to
demonstrate the reactivity of the carboxyl groups. Ru(bpy)sCl, (Figure 4-2) has strong UV-Vis

absorption and fluorescence, which is easily observed.

Figure 4-2. Structure of Ru(bpy)sCl,

43 EXPERIMENTAL SECTION

4.3.1 Chemicals and materials

All the chemicals, unless specified otherwise, were obtained from Aldrich (Milwaukee, WI) or
Sigma (St. Louis, MO). Krytox 157FSH with a carboxylic acid terminal group was obtained
from Miller-Stephenson Chemical Co. (Morton Grove, IL). Alumina membranes (100 nm pore
size, 13 mm diameter and 60 pum thickness) were purchased from Whatman (Florham Park, NJ).
Hydrofluoroether-7100 (HFE-7100) (a mixture of methyl nonafluorobutyl and
nonafluoroisobutyl ethers) was obtained from 3M (Minneapolis, MN). FC-72 Fluoroinert
Electronic Liquid (a mixture of perfluorohexanes) was purchased from 3M (Minneapolis, MN).

Tris(2,2’-bipyridyl)ruthenium(ll) chloride hexahydrate was bought from Fluka (Milwaukee, WI).
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4.3.2 A-1-modified membrane fabrication

Krytox 157FSH (1)-modified 100 nm porous alumina membranes were prepared as in previous
studies'”™ ?®. The 1-modified membrane was submerged in different concentration of Krytox
157FSH/FC-72 solution for variable time and then air dried. Pure FC-72 solvent was used to
desorb A-1. The membrane masses before and after soaking were measured by a XS105
DualRange analytical balance (Mettler Toledo, Columbus, OH) to calculate the loading of A-1
on the 1-modified membrane. FTIR (Excalibur FTS 3000, Varian, Randolph, MA) was
employed to analyze A-1-modified membrane with the spectrum of 1-modified membrane as
reference. The peak areas were integrated by the software (Varian Resolution Pro 4.0, Varian,

Randolph, MA) after manually defining the baseline.

4.3.3 Solvent stability

A piece of A-1-modified membrane was submerged in five mL of water for 30 minutes. The
membrane was removed from water and allowed to dry in air for 20 minutes. FTIR spectra were
recorded with 1-modified membrane as reference. The same membrane was then similarly
soaked in methanol, tetrahydrofuran, chloroform and hexanes, respectively and FTIR spectra

were measured.

4.3.4 lon exchange experiments

A 1-modified 100 nm alumina membrane was submerged in 22 mM Krytox 157FSH in FC-72

solution for five minutes. After solvent evaporated, the membrane was transferred into a vial
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containing 0.21 mM Ru(bpy)sCl, aqueous solution. The vial was put into a BioShaker (Model
MBR-022 UP, made by Taitec and distributed by Bionexus, Inc., Oakland, CA) overnight at 25
°C and 350 rpm. Membrane masses were recorded at each step. A SpectraMax M2 microplate
reader (Molecular Devices, Sunnyvale, CA) was employed to measure the visible absorbance
(452 nm) and fluorescence (En = 611 nm, Ex = 452 nm) of Ru(bpy)sCl, solution in UV-
transparent microplates. Figure 4-3 shows the visible spectrum of 0.021 mM Ru(bpy)sCl,
solution and fluorescent spectrum excited at 452 nm. Up to four mL pure FC-72 (one mL each
time) was used to desorb the complex of A-1 and Ru(bpy)s>* in the Bioshaker at 25 °C under 350
rpm for half an hour. The unmodified alumina membrane and 1-modified membranes were

similarly treated as control experiments.
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Figure 4-3. Representative UV-Vis (—, left axis) and fluorescent spectra (-, right axis, Ex = 452 nm) of 0.021 mM

Ru(bpy)sCl, aqueous solution.
4.3.5 Derivatization of A-1-modified alumina membranes

A piece of 100 nm alumina membrane was surface modified by Krytox 157FSH (1), according to
previous experiments’’> ?®°. The 1-modified membrane was soaked in 1 mL of a mixture of 20
mM Krytox 157FSH/FC-72 solution for five minutes. The resultant membrane was transferred
into 4 mL of oxalyl chloride and stirred at 62 °C for 24 hours. Dry THF was used to wash the

membrane. Excess solvent was evaporated under vacuum. The membrane was heated to reflux in
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five mL of dry THF with one pL of Boc-NH(CH,CH,0),-CH,CH,;NH, (6) for 48 hours. The
reactant solution was cooled to room temperature. The membrane was rinsed by dry THF as well
as dioxane and dried under vacuum. Six mL of a mixture of 4M HCl/dioxane solution was stirred
with the membrane at 25°C and 350 rpm by the Bioshaker for 5 hours to cleave the Boc
protecting group. The product membrane was rinsed by dioxane and dried under vacuum. The
amount of functional groups (-NH,) was measured with the Kaiser test. In addition, the

membrane was weighed at each step. The whole procedure is summarized in Scheme 4-1.
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Scheme 4-1. Derivatize A-1-modified alumina membrane
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44  RESULTS AND DISCUSSION

4.4.1 Validating Krytox 157FSH on 1-modified alumina membrane

Following the adsorption of Krytox 157FSH on the 1-modified membranes, FTIR was employed
to demonstrate the existence of A-1. Figure 4-4 shows the representative spectra of A-1-modified
membrane (black line) with 1-modified membrane as reference. The vibration in the range of
1200 — 1400 cm™ demonstrates the appearance of the C-F stretch from the perfluoropolyether
chain of A-1. More importantly, the vibration centered at 1774 cm™ shows the characteristic
stretch of carbonyl groups due to the A-1, which is rescaled and inserted into Figure 4-4.
Specifically, Krytox 157FSH exists in dimer form®. The green spectrum in Figure 4-4
represents the A-1-membrane after soaking with pure FC-72 for five minutes. Adsorbed Krytox
157FSH dissolves into FC-72 solvent. Therefore, both vibrations at 1774 cm™ and 1200 — 1400
cm* disappear, as expected. Moreover, no negative peak is observed in the range of 1200 — 1400
cm™ indicating that FC-72 dissolves A-1 on the membrane rather than the modification layer
from previous chemical modification. Those observations show that the simple immobilization
of the reagents (Krytox 157FSH) to the solid support and the removal of the final products are

simple.
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Figure 4-4. Representative FTIR spectra for 1-modified 100 nm alumina membrane with Krytox 157FSH

adsorption (—) and desorption by FC-72 (—). The 1-modified 100 nm alumina membranes were used as reference.

4.4.2 A-1-modified membrane preparation conditions

After validating Krytox 157FSH adsorption on the 1-modified membranes, the influences of the
concentrations of Krytox157FSH solution and soaking time were investigated by FTIR. Only
carbonyl vibrations are shown in Figure 4-5 for the A-1-modified membranes, since the

adsorption in the C-F stretch is too intense to be used for quantitative analysis.
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Figure 4-5. Representative FTIR spectrum for A-1-modified membranes under (A)variable concentration of FC-72
solutions containing Krytox 157FSH with 0 mM (—)5 mM (—), 10 mM (—), 20 mM (—) as well as 40 mM (—),
and (B) at different soaking time of 0.5 min (—), 2 min (—), 5 min (—) as well as 10 min (—).Only carbonyl region

is shown. 1-modified fluorous membranes were used as reference.
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Meanwhile, the loading of A-1 on the 1-modified membranes are measured and summarized in
Table 4-1, along with the carbonyl peak areas. Figure 4-5 shows that the carbonyl stretch
vibrates at 1775 cm™, indicating that Krytox 157FSH are dimers. In addition, the peak in Figure
4-5A increases while more concentrated Krytox 157FSH solution is used. Table 4-1 details the
loading of Krytox 157FSH by integrating the peak areas and mass measurements. Similar
increasing trend with the concentration of FC-72 solution is observed by two measurements.
Moreover, the continuously increasing peak implies that adsorbed Krytox 157FSH accumulates
on the membrane pore wall and surface. This observation provides a convenient way to calculate
the loading of immobilized reagents. Figure 4-4B and Table 4-1shows there is no significant
amount change of the loading of A-1 down to 30 second soaking. This indicates that the
adsorption of Krytox 157FSH reaches equilibrium in less than half minute. In addition, shorter

submerging time is not used due to the practical issue.
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Table 4-1. FTIR peak area of carbonyl stretch and adsorbed Krytox 157FSH weight*

Conditions Peak area” Loading amount (mol)
5mM 0.535 3.4x10°
10 mM 0.835 8.9x10°
Concentration
20 mM 1.607 1.9x 107
40 mM 4.356 43x107
0.5 min 1.757 2.3x 107
2 min 1.637 2.3x 107
Soaking time
5 min 1.673 2.2x107
10 min 1.647 2.1x 107

& All data are from single experiment.
® The spectra were taken with 1-modified membrane as reference. The peak area was integrated

with manually defined baseline.

4.4.3 A-1-modified membrane stability following exposure to solvents

As a good membrane support, A-1 should stay on the 1-modified membrane under various
solvent conditions. To demonstrate the solvent stability, the FTIR spectra of an A-1-modified
membrane were determined following submersion in water followed by air drying. Data are
shown in Figure 4-6. A second band at 1680 ~ 1700 cm™ appears while the intensity at 1775 cm’
! decreases. This results from ionization of the carboxylic acid. Moreover, the organic solvents
studied do not influence the carbonyl stretch after the A-1-modified membrane is soaked in
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water. The decreased carbonyl frequency indicates that absorbed Krytox 157FSH changes from
acid-acid dimer to carboxylate due to the strong acidity of Krytox 157FSH resulting from the
electrophilic property of fluorine. Obviously, the organic solvents studied are poor proton
sources so the carboxylate (with adventitious counterions from water) is stable. More
importantly, the approximately constant carboxylate carbonyl stretch area implies that A-1 is
securely adsorbed on to the modified membranes while in contact with water, methanol,
tetrahydrofuran, chloroform and hexanes. The A-1-modified membranes appear stable in

typically used organic solvents.
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Figure 4-6. Representative FTIR spectra of Krytox 157FSH on Krytox-membrane after washing by H20 (—),
methanol (—), THF (—), chloroform (—) and hexanes (—). The dark blue line (—) was Krytox 157FSH before

soaking into the solvents. Only carbonyl region is shown. The Krytox-modified membrane was used as reference.
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4.4.4 lon exchange membranes: preliminary study

(A) (B) (©)

Figure 4-7. Photographs of aqueous Ru(bpy)sCl, solutions (upper row) after overnight soaking with
unmodified alumina membrane (A, lower row), Krytox modified membrane in absence of Krytox 157FSH (B, lower

row) and Krytox modified membrane in presence of Krytox 157FSH (C, lower row).

Table 4-2. A-1 and Ru(bpy)s** loading on different membranes

Loading amount® (mol)
Membrane
A-1 Ru(bpy)s™
unmodified membrane - -
1-modified membrane - 0.4x107
A-1-modified membrane 2.3x 107 1.7 x 107

& All measurements are single experiments.

We have demonstrated that A-1 changes to ionic form while in contact with water, which
indicates that the membranes are used as ion exchange membranes. Figure 4-7 represents each
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membrane (lower row) and Ru(bpy)sCl, aqueous solutions (upper row) after the exchange
experiments. The unmodified membrane has no visible color change resulting from the ion
exchange. Light yellow membrane is observed for the 1-modified membrane, while dark yellow
membrane is obtained for the A-1-modified membrane, as shown in Figure 4-7.
Correspondingly, there is no obvious color change for the solution after soaking with unmodified
and 1-modified membranes (upper row of Figure 4-7). Light yellow aqueous solution is
achieved, in which the A-1-modified membrane was soaked. This observation shows that the
unmodified and 1-modified membranes are unable to efficiently capture Ru(bpy)s** ions from
aqueous solutions. The A-1-modified membrane significantly exchanges Ru(bpy)s** due to the
presence of A-1. In addition, the loading of adsorbed Krytox 157FSH on the 1-modified
membrane can be calculated from the mass gain after dipping in FC-72 solution. Table 4-2
shows that 2.3 x 107 moles of Krytox 157FSH are absorbed onto the 1-modified membrane. The
captured Ru(bpy)s** ions by A-1-modified membrane are around 1.7 x 10”7 moles, while the 1-
modified membrane adsorbs 0.4 x 107 moles of metal ions. Hence, 1.3 x 107 moles of
Ru(bpy)s** ions form complexes with the A-1. The calculation shows that two adsorbed Krytox
157FSH captures one Ru(bpy)s** ions.

Furthermore, the spectroscopic data of those aqueous solutions are measured after
exchanging with Ru(bpy)s>* ions. The concentration of Ru(bpy)s>* in aqueous solution is reduced
due to the exchange by the ionic Krytox 157FSH on the A-1-modified membrane. The amount of
Ru(bpy)s** ions extracted to the membranes can be calculated from the decreased concentrations.
Table 4-3 summarizes the extracted Ru(bpy)s>" amounts determined by the UV-Vis adsorption
and fluorescence. Both measurements provide similar results. Fluorescence and absorbance

experiments show that 1.2 x 10”7 moles of ions are captured from aqueous phase to the A-1-
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modified membranes. Few amount of Ru(bpy)s** is extracted by 1-modified membrane in both
measurements. From the difference of the extracted amounts, we can obtain the number of
Ru(bpy)s®* that forms the complex with A-1 (1.0 x 107 mole), which approaches the theoretical
stoichiometry (1.2 x 107 mole). Hence, the 1-modified membrane with Krytox 157FSH loaded is
successfully demonstrated as ion exchange membranes. Moreover, the preliminary quantitative

analysis shows that the exchanging reaches the theoretical stoichiometry.

Table 4-3. Amounts of Ru(bpy)s** extracted to membranes from 0.21 mM Ru(bpy)sCl, aqueous solution

Amount extracted to membrane (mol)
Membrane
Absorbance Fluorescence
A-1-modified membrane 1.2x 107 1.2x 107
1-modified membrane 0.3x107 0.2x107
Unmodified membrane 0.0x 107 0.0x 107

 All measurements are single experiment.

Pure FC-72 has been demonstrated to desorb A-1 without destroying the modification
layer. Therefore, we readily dipped the membranes into FC-72 to remove the Krytox 157FSH-
Ru(bpy)s complexes. Figure 4-8 shows that clear white FC-72 solution is observed for the
unmodified membrane because no Ru(bpy)s>* ions are exchanged. 1-modified membrane
produces clear white FC-72 solution due to the low concentration of Ru(bpy)s** ions in FC-72.
The dark yellow FC-72 solution from the A-1-modified membrane further demonstrates the
success of ion exchanging, as shown in the upper row of Figure 4-8. Meanwhile, almost similar
membranes are achieved for 1-modified and A-1-modified membranes (Figure 4-8B and C).

Therefore, FC-72 easily removes the Krytox 157FSH or the complex with ions or other product.
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Figure 4-8. Photographs of Krytox 157FSH-Ru(bpy)s solutions (upper row) after soaking with one mL FC-
72 solvent for four times. 1 represents the unmodified membrane (A); 2 indicates the Krytox modified membrane in
absence of Krytox 157FSH, (B) and 3 showed the Krytox modified membrane in presence of Krytox 157FSH (C).
The lower row indicated the images of the corresponding membranes soaking with four mL FC-72, except (A) the

unmodified membrane, for which one mL FC-72 used.
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4.4.5 Derivatizing A-1-modified membranes

Table 4-4. Measured membrane masses at each reaction step of Scheme 4-1

Membrane conditions Membrane mass (mg)
A-1-modified membrane 11.45
5 11.37
7 10.96

6.53 (overnight hydrolysis)

9.24 (5 h hydrolysis)®

% The initial mass of A-1-modified membrane was 11.36 mg.
Oxalyl chloride is a typical reagent to improve the reactivity of carboxyl acid by forming acyl
chloride. Therefore, we employed oxalyl chloride to activate the adsorbed Krytox 157FSH. After
activating the carbonyl acid groups, Boc protecting amine, 6 was used to introduce nucleophilic
amine groups by hydrolyzing Boc groups. The presence of amines provides diversity and
flexibility to the membrane supports. However, the observed yield is around 4% determined by
the Kaiser test for duplicate reactions. For simplicity, the membrane mass was measured at each
step to figure out the reason to low yield. Table 4-4 lists the results throughout the reactions. No
significant mass loss is observed before the hydrolysis step (7). However, product 8 shows less
mass than the initial membrane. This indicates that the mixture of 4M HCI in dioxane destroys
the membrane, and hence results in the low yield. In addition, longer hydrolysis time (overnight)
brings out more membrane loss compared to five hour hydrolysis time, which confirms that the

membrane is ruined by the HCI solution. The unmodified membrane fully dissolves over
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weekend incubation with 4M HCl/dioxane (not shown in Table 4-4). Therefore, mild reaction
conditions are required to keep the membrane stable. Aqueous solution would be a good choice

as reaction solvent.

45 CONCLUSION

We have demonstrated the noncovalent immobilization of fluorous reagent (Krytox 157FSH) to
Krytox 157FSH chemically modified alumina membranes. The membranes show good solvent
stability due to the heavy perfluoropolyether chain of Krytox 157FSH. The ion exchanging with

Ru(bpy)s>* cations demonstrates that all Krytox 157FSH are active.
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APPENDIX A

MODIFICATION SETUP

Figure A-1. Setup for modifying 13 mm alumina membranes. The left one is the flat-bottom flask to hold the Teflon
rack (the middle one), which is used to vertically mount alumina membranes with the diameter of 13 mm. The right

one is the adaptor connecting to the Liebig condenser.

Figure A-2. Setup for modifying 47 mm alumina membranes. The left one is the flat-bottom flask to hold the Teflon
rack (the middle one), which is used to vertically mount alumina membranes with the diameter of 47 mm. The right

one is the adaptor connecting to the Liebig condenser.
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Figure A-3. Photograph of the flat-bottom flask connecting with the Liebig condenser sitting in a heater with sand.
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APPENDIX B

DEPENDENCE OF WATER CONTACT ANGLE
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Figure B-1. Time dependence of water contact angles of “Krytox on Krytox” membrane ( A ), Krytox-modified

membrane (¢) and Krytox-modified membrane (m) measured with small water droplet.
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Figure B-2. Time dependence of water contact angle ratio to initial measurement of “Krytox on Krytox”

membrane (4), Krytox-modified membrane (¢) and Krytox-modified membrane () measured with small water

droplet on time.
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APPENDIX C

KINETIC STUDY OF CARBONYL STRETCH CHANGE OF KRYTOX ON KRYTOX

MEMBRANE WASHED BY WATER

A piece of “Krytox on Krytox” membrane was soaked in water saturated with Krytox 157FSH
overnight. FTIR measured the carbonyl stretch after slightly wiping out the water on the surface

with Krytox-modified membrane as reference.
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£ 01 {WHe000000000000000000000
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Figure C-1. Time dependence of FTIR vibrational peak height at 1678 cm™ (#) and 1776 cm™ (4 ). The peak height
was calculated based on the left baseline (2000 cm™) and right baseline (1533 cm™). The decreased peak height at
1678 cm™ and the increased peak height at 1776 cm™ indicate the transfer of Krytox 157FSH from carboxylates to
dimers resulting from water evaporation. The transfer reaches equilibrium in 10 minutes and results in the flatten

part at both wavenumbers.
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Figure C-2. Time dependence of FTIR vibrational peak height of hydroxyl stretch at 3390 cm™ (o). The peak height
was calculated based on the left baseline (3806 cm™) and right baseline (2605 cm™). The peak height decreases at

the beginning due to water evaporation and reaches equilibrium in 10 minutes.
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