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TEFLON AF COMPOSITE MATERIALS IN MEMBRANE SEPARATION AND
MOLECULAR RECOGNITION IN FLUOROUS MEDIA
Hong Zhang, PhD

University of Pittsburgh, 2013

The unique nature of fluoropolymers makes them potentially valuable in partitioning based
separations and sensing. Molecular diffusion and partitioning determine the selectivity of a
chemical separation or sensor based on a polymer film. Unlike in the liquid phase where
diffusion and partitioning can be estimated by empirical methods, the physical properties
including fractional free volume (FFV) as well as dynamics of polymer chains significantly
impact diffusion and partitioning. Therefore, this work is focused on developing a fundamental
understanding of solute transport behavior across Teflon AF 2400 composite films in liquid
phase.

Three types of Teflon AF 2400 (AF) composite films including AF/FC-70,
AF/fluorophilic silica nanoparticles (FNPs), and AF/FNP/FC-70 were investigated for the
selective transport of fluorinated molecules against their hydrocarbon counterparts. AF films
alone have a large FFV that, in the presence of liquids, absorbs them making the AF films less
fluorous. AF/FC-70 films show lower FFV, less sorption of CHCI;, and restore the
fluorophilicity of the film with an increase in transport selectivity. AF/FNP composites
containing > 50 wt% FNP show a significant increase of FFV, sorption of CHCls, increased
solute permeability, and decreased transport selectivity. AF/FNP/FC-70 composites represent a

novel type of composite film: the soft AF/FC-70 phase which is not dimensionally stable by
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itself is well supported by the FNPs. The AF/FC-70 phase in the three-component film shows
low CHCIl; sorption, and high solute permeability as well as transport selectivity.

Molecular recognition-based extractions based on fluorocarbon matrices should be highly
selective. To gain a quantitative understanding of noncovalent interactions in fluorocarbons, the
association of perfluorodecanoic acid with pyridine and quinazoline (separately) was
investigated via isothermal titration calorimetry (ITC). Thermodynamic data show the formation
of complexes with acid:base (HA:B) stoichiometry greater than 1:1. Proton transfer occurs as
follows: HA,B + HA - HA,A eHB'. The high, favorable free energy of complex formation
between organic compounds and perfluorinated molecular receptors can serve as the driving

force to improve molecular receptor-based extraction and sensing in fluorous media.
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1.0 INTRODUCTION

Part of this chapter is from Teflon AF Materials, Zhang, H.; Weber, S. G. Topics in Current
Chemistry 2012, 308, 307-337. Adapted with kind permission from Springer Science and
Business Media (Licence numbers: 3278961061464 and 3278961395952). Zhang, H. wrote the

paper under the guidance of Weber, S. G.

1.1 FLUOROUS MEDIA

Fluorous media are highly non-polar and notoriously poor solvents." The “fluorous
nature” of fluorocarbons refers to their macroscopic phase behavior. They (with few exceptions
depending on temperature) exist as a third phase when in contact with water and organic solvents
— widely regarded as the simultaneous hydrophobic and oleophobic nature.' This behavior has
been explained in molecular terms based on experiment and theory. Compared to hydrocarbon
analogs, fluorocarbons are more rigid and have a larger cross-sectional area, and they pack less
densely and display much smaller van der Waals interaction energy per molecular contact area.””
Surfaces with fluorocarbon-containing modifications can be described as “fluorous”, for
example, showing a high contact angle with water. So-called “fluorophilic” solutes, which are
wholly or partly fluorocarbon, will adsorb to fluorous surfaces and preferentially partition from

organic into fluorous solvents. This unique property of the fluorous media—exclusion of non-
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fluorinated molecules—Iead to broad applications including chemical separations in synthesis
and catalysis,* and novel biomaterials for biological and medical applications.’

Fluorous separation techniques widely used in synthetic community commonly rely on
the covalently labeled fluorous tags.® The phase separation strategy based on the covalent
labeling of reagents or catalysts with fluorous tags has found a wide range of practical
applications since 1990s.°® By taking advantage of organic reactions integrated with liquid-

liquid extraction, fluorous biphasic synthesis”'® and catalysis'' ">

as well as fluorous triphasic
strategy'* were developed to facilitate product purification and the recycling of catalysts.
Protocols relying on fluorous liquid-liquid extraction are particularly effective for the separation
of “heavy fluorous” substances (> 60% w/w of fluorine content) from organics. For separating
“light fluorous” compounds from hydrocarbons, fluorous liquid-solid extraction using “fluorous
reverse phase silica gel” makes the ease of automation and parallel processing in combinatorial
chemistry applications.*'

As a dimensionally stable fluorous matrix, perfluoropolymers are receiving increased
attention in both the scientific community and industry. The most well-known property shared by
perfluoropolymers is their extraordinary thermal and chemical stability due to the strong carbon-
fluorine and carbon-carbon bonds.''® As an orthogonal phase to aqueous and organic media,
perfluoropolymers are soluble only in perfluorinated solvents, Novec engineering liquids
(hydrofluoroethers), and supercritical CO, under specified temperature and pressure

. 15-18
conditions.

These intrinsic features favor the long-term chemical and morphological stability
of perfluoropolymers (e.g. as coatings, membranes, tubings, fibers, seals and etc.) in hostile

environments. Notably, it is of practical importance that perfluoropolymers feature low surface

energy, therefore, they display much less non-specific adsorption than other polymeric materials



when exposed to biological fluids."”* A wide range of perfluoropolymer-based materials have
been designed and evaluated as anti-fouling coatings.” Fluorous surfaces with patterned post-

functionalization offer valuable platforms for directed cell growth, and bio-analytical assays.zl'23

1.2 TEFLON AF FAMILY

Among commercially available perfluoropolymers, the Teflon AF family (Figure 1-1) is
an unusual class of amorphous glassy copolymers with a high fractional free volume (FFV).**?
Teflon AFs are copolymers of tetrafluoroethylene (TFE) and 2,2-bistrifluoromethyl-4,5-difluoro-
1,3 dioxole (BDD). Two types of Teflon AF, produced by DuPont, are now available in market:
Teflon AF 2400 (TFE: 13 mol%; BDD: 87 mol%) and Teflon AF 1600 (TFE: 35 mol%; BDD:
65 mol%). Some important physical, chemical, and mechanical properties of Teflon AFs are
listed in Table 1-1.°7*’ Thin coatings and films of Teflon AFs are optically transparent over a
wide range (200-2000 nm), which makes them ideal media for the investigation of
intermolecular interactions.'*° Moreover, Teflon AFs exhibit a lower refractive index and
dielectric constant than any other solid organic polymer known.*'”? Thus, Teflon AFs are
recognized as eligible materials for optoelectronic devices (e.g. coatings on waveguide
devices),”® and functional coatings allowing the manipulation of tiny amounts of liquids by

. . . g . 33-35
electrowetting for microfluidics and microreactors.

The most unique feature of Teflon AFs is
their high free volume (size, amount, and size distribution), which pioneered their applications in

the field of membrane separations.
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Figure 1-1. Structure of Teflon AF.

Teflon AF 2400: n = 13 mol%; m = 87 mol%,; Teflon AF 1600: n =35 mol%; m = 65 mol%.

Table 1-1. Properties of Teflon AFs'*"*

Property Teflon AF 2400 Teflon AF 1600
Crystallinity None None
M,, (kDa) 300 100
T, (°C) 240+ 10 160 + 10
Density (g/cm’) 1.75 1.82
FFV (%) 334 30.0
Refractive index 1.29 1.31
Dielectric constant 1.9 2.1
Contact angle with water (°) 105 104
Critical surface energy (dyn/cm) 15.6 15.7
Permeability O, (barrer) 1140 170
Solubility 1.90 1.93
Common organic solvents None None
Perfluorinated solvents CeF¢, C¢HsCF3, FC-72, etc. | CgFg, CcH5CF3, FC-72, etc.
Tensile strength (MPa, 23°C) 264+19 269+ 1.5
Elongation at Break (%, 23°C) 79+23 17.1+5.0




1.2.1 Free Volume of Teflon AFs

A polymer in amorphous form usually has significantly larger free volume than the same
polymer in crystalline form because of the inefficient packing of disordered chains in the
amorphous regions.”® Both Teflon AF 2400 and Teflon AF 1600 are completely amorphous. The
high FFV of Teflon AFs is responsible for a number of their successful applications in sensors
and separations. Teflon AFs possess the two criteria for permeability according to the
contemporary wisdom on highly permeable polymers, namely the presence of bulky non-polar
structures and rigid main chains to create large barriers to rotation.’®*’ As reported by
Yampolskii and his coworkers, the rotation barrier for two neighboring dioxolane rings is as high
as 60 kJ/mol*® These structural characteristics combined with the weak van der Waals
interactions between fluorocarbon chains give Teflon AFs a high free volume.

Many experimental techniques have been designed to probe the size of free volume

129

elements in Teflon AFs: “"Xe NMR spectroscopy, positron annihilation lifetime spectroscopy

24,25,38

(PALS), and inverse gas chromatography (IGC). The free volume size distributions of

amorphous Teflon AFs determined by various techniques are summarized in Table 1-2.*3%%

Teflon AF 1600 shows smaller free volume elements than Teflon AF 2400. This is probably due

129

to the presence of fewer dioxolane rings in Teflon AF 1600. Both "“"Xe NMR spectroscopy and

IGC measure the average size of free volume elements, whereas PALS is able to discover both

25,39 . .
7 Positrons in Teflon AFs

the free volume size distribution and the amount of free volume.
have two lifetimes, indicating two populations of free volume elements.* Figure 1-2 shows the

bimodal distribution of free volume elements in Teflon AF 2400 based on ¥ connected and



R _max approaches.*® Molecular modeling reveals a qualitative impression of the free volume
distribution and morphology in Teflon AFs (Figure 1-3).**° Clearly, two types of qualitatively
different free volume elements are present in Teflon AFs. The first type, with high segmental
packing around it, resembles the free volume in conventional low free volume glassy polymers.
The other type features a large size. Large, preexisting free volume elements will require much
less activation energy for the diffusion and dissolution/partitioning of guest molecules in the
polymeric matrix. The large free volume of Teflon AFs and for Teflon AF 2400 in particular,
makes the amorphous Teflon AF materials valuable materials in the field of membrane
separations. More will be discussed below on controlling the free volume in Teflon AF

composite films.

Table 1-2. Radius of free volume elements (A) in Teflon AF 2400 from various methods*****

Polymer PALS 'Xe-NMR IGC

Rsp R. Rsp R, R (Vw) R (Vb) R (VC)

R; | Ry | R3 | Ry

Teflon AF 2400 | 2.7 | 6.0 | 3.7 | 6.3 | 8.04° | 5.12“| 3.6 4.7 6.4

7.83% 1 5.02°

Teflon AF 1600 | 2.5 | 4.9 54| 6.66 | 443 | 3.1 4.0 5.5

“ powder. ? film. R, represents the data obtained by assuming spherical micro voids; R, represents the data obtained
by assuming cylindrical micro voids; R;, R, correspond to the radii deduced from the presence of two lifetimes. The
quantitative determination of the volume of the free volume elements depends on the molecular volume of the probe
solute. As the molecular volume may be determined in different ways, the measurement of the volume of the free
volume elements depends on the choice of which one to use. V,, V}, V. represent are the volumes of the free volume
elements based on the solute’s van der Waals volume, molecular volume in the liquid phase at the boiling point 75,

and the critical volume respectively.
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Figure 1-2. Accessible free volume distributions for the positronium probe molecule (R = 1.1 A) in Teflon AF
2400: (a) ¥ _connected; (b) R_max.* Adapted with permission from (Molecular Modeling Investigation of Free
Volume Distributions in Stiff Chain Polymers with Conventional and Ultrahigh Free Volume: Comparison
between Molecular Modeling and Positron Lifetime Studies. Hofmann, D.; Entrialgo-Castano, M.; Lerbret, A.;

Heuchel, M.; Yampolskii, Y. Macromolecules 2003, 36, 8535.). Copyright (2013) American Chemical Society.
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Figure 1-3. Visualization of chain packing and free volume distribution from molecular modeling
(InsightIl/Discover software of Accelrys Inc, COMPASS force field) by assuming cubic packing of macromolecules
into the blocks: (a) Teflon AF 2400; (b) Teflon AF 1600. The average length of the sides of the blocks is between
45A and 50 A. The figures present a series of approximately monatomic parallel planes of the block cut
perpendicular to the z axis with the distance between each two continuous planes of about 3A.*** Adapted with

permission from (Molecular Modeling Investigation of Free Volume Distributions in Stiff Chain Polymers



with Conventional and Ultrahigh Free Volume: Comparison between Molecular Modeling and Positron
Lifetime Studies. Hofmann, D.; Entrialgo-Castano, M.; Lerbret, A.; Heuchel, M.; Yampolskii, Y. Macromolecules

2003, 36, 8532.). Copyright (2013) American Chemical Society.

1.2.2 Gas Transport and Pervaporation

Mass transport of gaseous species across membranes depends upon the diffusion (D) and
partition coefficient (S) of gases in the membrane. Penetrants (atoms or molecules in the gas
phase that partition into a membrane) first dissolve into the membrane surface contacting the
feed flow, and then diffuse across the membrane, finally partitioning into the permeate flow. The
permeability coefficients (P) can be expressed as:*

P=D-S (2-1)

The transport selectivity through membrane is defined as:***!

Py _[Dy| |84 _
s-pe=( 23] .

Glassy and rubbery polymers are known to display different behavior in gas transport.**
The separation of gases by selective transport through rubbery polymer membranes is primarily
caused by differences in the solubility whereas the separation by glassy polymer membranes is

*1%2 Therefore, glassy polymer membranes

mainly by differences in the gas diffusitivity.
normally separate gaseous species in a size-sieving manner. Exceptions do exist for some glassy
polymers with high free volume, for example, poly(1-trimethylsilyl-1-propyne) (PTMSP, FFV =
32%).*** As shown in Figure 1-4(A), gas permeability through PTMSP membranes increases

along with the increase of critical volume.” The more condensable gaseous species with higher

molar volume are more permeable due to their higher solubility in PTMSP matrices.*'** The gas



permeability through Teflon AF 2400 is second only to PTMSP.****** However, gas transport
through Teflon AF 2400 membranes follows the general trend of size-sieving, which is similar
(although permeabilities are larger) to the behavior of low free volume glassy polymers (e.g.

41,4344 Notably, the decrease in permeability as critical

polysulfone, polycarbonate, and etc.).
volume increases is much less than that for polysulfone. An interesting example shown in Figure
1-4 is that CsFg displays even higher transport rate than its homolog-C,Fs, which has smaller
critical volume and is favored by diffusion. Therefore, gas transport behavior through Teflon AF
2400 membranes may be intermediate between PTMSP and classical low free volume glassy

polymers depending on the solubility of the penetrant.**** Compared to Teflon AF 2400, Teflon

AF 1600 has a lower free volume, and is less permeable to gases.
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Figure 1-4. Effect of critical volume on infinite dilution gas permeability at 35 °C: (A) in PTMSP, Teflon AF 2400,
and polysulfone; (B) in Teflon AF 2400 and Teflon AF 1600.*** Adapted with permission from (Gas Sorption,
Diffusion, and Permeation in Poly(2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole-co-tetrafluoroethylene.
Merkel, T. C.; Bondar, V.; Freeman, B. D.; Yampolskii, Yu. P. Macromolecules 1999, 32, 8435. Gas and Vapor

Sorption, Permeation, and Diffusion in Glassy Amorphous Teflon AF 1600. Alentiev, A. Y.; Shantarovich, V.



P.; Merkel, T. C.; Freeman, B. D.; Yampolskii, Yu. P. Macromolecules 2002, 35, 9520.). Copyright (2013)

American Chemical Society

The gas permeability at a certain temperature relies not only on the nature of the
penetrant and polymeric membrane, but sometimes also on the feed pressure especially when
penetrants can plasticize the polymer membranes.*'** The dissolution of gaseous species in
Teflon AFs follows the non-linear dual sorption model.”* Gases dissolve in both the free
volume and the condensed polymeric matrix. The former mode obeys the Langmuir sorption
isotherm while the latter follows Henry's law.*™* Sorption isotherms of light gases, C1-C4
hydrocarbons, and C1-C3 perfluorocarbons fit the dual sorption model very well.*** Teflon AF
2400 has a larger free volume, and displays a higher sorption capacity than Teflon AF 1600. The
Henry’s law constants of light gases in Teflon AFs are much larger than in other glassy
polymers. This trend is similar to that observed for gas solubility in liquids, i.e., gases are
generally more soluble in solvents with lower solubility parameters.”® Interestingly, the
desorption isotherms of the hydrocarbons and perfluorocarbons display hysteresis.** Such
hysteresis is more significant for the more soluble penetrants, which are better plasticizers.** The
penetrant-induced changes in glassy polymers by plasticization can be ascribed to long-lived
increases in free volume and therefore the Langmuir capacity parameter, which
thermodynamically favors the accommodation of more penetrants.***" Therefore, the selective
solubilization of the more soluble penetrants in Teflon AF membranes can be further improved
by increasing the pressure of feed flow.

Because plasticization can effectively increase the polymer chain mobility, not only the
gas solubility but also the diffusion coefficients will be feed-pressure dependent. The

dependence of diffusion coefficients on feed pressure for poorly absorbed gases (e.g. Oz, Na,
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CO,, CH4, CF4) and highly absorbed gases (e.g. CoHg, CsHg, CyFs, CsFg) exhibit different
behaviors.” The concentration dependence of diffusion coefficients is more pronounced for
fluorocarbons than hydrocarbons, indicating better plasticization by the former. Because
permeability coefficients are products of partition coefficients and diffusion coefficients, and
certain penetrants have higher partition coefficients and diffusion coefficients at higher
pressures, gas transport rates can display dramatic concentration dependent effects. Furthermore,
the selectivity of gas transport can be tuned by controlling the pressure of feed flow. For
example, as shown in Figure 1-5,*' Teflon AF 2400 membranes become more selective for

propane over nitrogen when the feed pressure is higher than 80 psi.
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Figure 1-5. The dependence of permeability coefficients through Teflon AF 2400 films on feed pressure at 35 °C.*!
Adapted with permission from (Gas and vapor transport properties of amorphous perfluorinated copolymer
membranes based on 2,2-bistrifluoromethyl-4,5-1,3-dioxole/tetrafluoroethylene. Pinnau, I.; Toy, L. G. Journal

of Membrane Science 1996, 109, 130.). Copyright (2013) Elsevier (Liscense number: 3278990466500).
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Nanocomposite membranes based on Teflon AFs and fumed silica display distinctive
transport behavior in comparison to both conventional polymeric membranes containing

nonporous nano-scale fillers and pure Teflon AFs.***

Nonporous nanoparticles as dopants in
polymers are known to increase the diffusion pathway and block the effective area of transport.>’
Gas solubility (measured as moles per total material volume) in a polymer/nanoparticle hybrid
material is lower than in the pure polymer due to the negligible gas solubility in the nonporous
nanoparticles. Therefore, introducing nanoparticles into polymeric membranes was until recently
found to decrease permeability coefficients. Surprisingly, Merkel and coworkers found that
fumed silica (smaller than 50 nm) can disrupt the molecular packing of amorphous poly(4-
methyl-2-pentyne) (PMP) leading to increased gas permeability.”” Interestingly, fumed silica (13

48,49 .
*” Merkel and coworkers discovered

nm)-doped Teflon AF 2400 membranes behave similarly.
by positron annihilation lifetime spectroscopy that fumed silica nanoparticle as dopants in Teflon
AF 2400 membranes lead to a systematic increase of fractional free volume in the membrane.*
As shown in Figure 1-6(A), the longer positron lifetime, which corresponds to larger free
volume elements in the composite membrane, shows a general trend of increasing along with the
weight percentage of fumed silica.* In contrast, the shorter positron lifetime, which corresponds
to small free volume elements, appears to be independent of the filler amount. Teflon AF 2400
membranes containing higher loadings of fumed silica nanoparticles become more permeable to
gases, as shown in Figure 1-6(B).* Surprisingly, the dependence of the permeability on the feed
pressure of highly absorbed gases in Teflon AF 2400 membranes containing large loadings of
fumed silica is reversed compared to that in pure Teflon AF 2400 membranes.” The saturation

of non-equilibrium excess free volume sorption sites at high feed pressure is responsible for the

observed decrease of gas solubility in the composite membranes.* Later, De Sitter and
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coworkers investigated the gas phase transport of poly(4-methyl-2-pentyne) (PMP)/silica
nanocomposites and pointed out that a single fumed silica nanoparticle is composed of smaller
silica aggregrates, and the interstitial cavities situated in the aggregrates may contribute to the

change of free volume and transport behavior.”!
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Figure 1-6. The dependence of positron lifetime on the dopant weight percentage (A); Effect of critical volume on
gas permeability at 25 °C (B): Ap = 3.4 atm for H,, O,, N,, CHy; Ap = 0.33 to 3.4 atm for n-butane.*’ Adapted with
permission from (Sorption and Transport in Poly(2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole-co-
tetrafluoroethylene Containing Nanoscale Fumed Silica. Merkel, T. C.; He, Z.; Pinnau, I.; Freeman, B. D.;

Meakin, P.; Hill, A. J. Macromolecules 2003, 36, 8408.). Copyright (2013) American Chemical Society.

In view of the attractive combination of gas permeability, selectivity, and stability, Teflon
AFs are potentially useful membrane materials in pervaporation, a method in which components
of a solution are transported selectively through a membrane into a vapor phase.”’”>>
Yampolskii and co-workers systematically investigated the pervaporation and solubility of some
common organic solvents (chloromethanes, acetone, alcohols, benzene, fluorobenzene, and
cyclohexane) in Teflon AFs.**”? Table 1-3 shows the solubility of some solvents in Teflon AFs.

Both Teflon AFs absorb organic solvents significantly.”® The fractional free volume of Teflon
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AF 2400 is higher than Teflon AF 1600. Therefore, Teflon AF 2400 displays higher sorption
capacity than Teflon AF 1600. Interestingly, the dependence of the permeability coefficient on
the composition of the solution varies for different species.” For example, the permeability
coefficient of acetone increases with the increase of acetone fraction in the liquid feed whereas
the permeability coefficient of methanol decreases with the increase of methanol fraction in the
liquid feed.”® The shift of IR vibrational bands and quantum chemical calculations indicate the
existence of effective hydrogen bonding of both acetone and methanol with the dioxole rings in
Teflon AF 2400.” However, the significant self-association of methanol molecules leads to
higher activation energy of diffusion, and consequently lower diffusion coefficients compared to
non-associated monomers.>® Recently, both the dimeric and trimeric forms of methanol have
been visualized in methanol vapor transport through Teflon AF 2400 by quantitative analysis of
penetrant pressure over time.>* The experimentally determined diffusion coefficient of methanol
dimer is about one tenth of the value for methanol monomer while the diffusion coefficient of the
methanol trimer is about one hundredth of that of the methanol monomer.”* The decrease in
diffusion coefficients for self-associated species is much greater than expected based on
estimation from Stokes-Einstein equation. Interestingly, the molecular radius of the methanol
monomer based on its critical volume is about 6.6 A, which is similar to the feature radius of the
large free volume elements in Teflon AF 2400 (Table 1-2). Therefore, the diffusion of the larger,
self-associated species will be much slower due to a sieving effect. High concentrations of
methanol shift the self-association to the dimer and trimer states which have significantly lower

permeabilities than the monomer, and result in a decreased average transport rate.>
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Table 1-3. Sorption of organic liquids in Teflon AFs at 25 °C.>

Solvent | Sorption in Teflon AFs (g/100 g polymer)
Teflon AF 2400 Teflon AF 1600

CH,Cl, 5.15 4.36
CHCls 9.11 8.14

CCly 16.94 11.90
CH;0H 1.84 0.54
C,HsOH 2.81 1.12
(CH3),CO 243 2.38
CeHg 4.65 4.25
CeHi2 6.75 4.21

1.2.3 Liquid Phase Transport

Fluorous liquids are selective solvents for fluorous tagged and F-substituted compounds, and are
valuable platforms for the synthetic community."'*”> With an eye on separation, extraction, and
synthetic applications, our lab initiated the investigation of Teflon AF 2400 as a dimensionally
stable fluorous solvent for liquid phase transport about ten years ago.”>’ A thorough study on
the thermodynamic cycle of vapor benzene, benzene in chloroform solution, and Teflon AF 2400
membrane reveals dramatically different behaviors of benzene permeating a Teflon AF 2400
membrane in contact with the liquid phase and benzene permeating a Teflon AF 2400 membrane

in the gas phase.”® As shown in Figure 1-7, the diffusion coefficient of the solute benzene in a
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Teflon AF 2400 membrane in equilibrium with a chloroform solution of benzene is about three
orders of magnitude larger than the value obtained from the gas transport study.’® Meanwhile,
the partition coefficient of benzene from chloroform to a Teflon AF 2400 membrane in
equilibrium with chloroform is about one tenth of the value deduced from the thermodynamic
cycle for partitioning from the gas phase.’® The assessment of both diffusion and partition
coefficients, combined with the fact that Teflon AF 2400 absorbs a significant amount of
chloroform, indicates that chloroform fills the free volume and leads to the decrease of the
benzene partition coefficient.’®’ At the same time, the high chloroform concentration in Teflon
AF 2400 can plasticize the membrane and makes the diffusion of benzene much easier in the
membrane where polymer chains have relatively high mobility.’*”” As a result, organic solutes

with similar size display much higher permeability through Teflon AF 2400 membranes in liquid

phase transport compared to gas permeation.”*’
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Figure 1-7. The effect of chloroform sorption by Teflon AF 2400 is shown by the thermodynamic cycles of the

partitioning of benzene vapor, benzene in chloroform, and benzene in Teflon AF 2400 membranes in the gas and
solution phases.’® Adapted with permission from (How Fluorous Is Poly(2,2-bis(trifluoromethyl)-4,5-difluoro-
1,3-dioxide-co-tetrafluoroethylene) (Teflon AF)?. Zhao, H.; Ismail, K.; Weber, S. G. Journal of the American

Chemical Society 2004, 126, 13184.). Copyright (2013) American Chemical Society.
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Although Teflon AF 2400 membranes are highly permeable in liquid phase transport,
solute transport through Teflon AF 2400 membranes displays a similar size-sieving characteristic
for a homologous series of compounds as observed in the gas permeation.’’ Figure 1-8 shows
the dependence of permeability coefficients on the molecular weight of solutes. The regression
of log(Permeability) of the neutral aromatic solutes (red dots) versus the logarithm of molecular
weight yields a linear relationship.”” The permeability coefficient of benzene is 74 times that of
anthracene, which is about twice the molar volume of benzene. The size sieving effect is much
less significant in gas phase. For example, in Figure 1-6 (0% nanoparticles), the rate of change
of permeability over critical volume (slope) becomes less steep when the critical volume
increases due to the plasticization effect of organic vapors with large critical volume.** Even
though increasing the size of a penetrant makes its diffusion less favorable, increased polymeric
chain mobility due to plasticization is beneficial for diffusion through the polymer. Polar
hydrocarbons have lower permeability coefficients (below the line) due to the unfavorable
partitioning to Teflon AF membranes. Transport of solutes that are able to dimerize shows
concentration dependent permeability (e.g. benzoic acid and pentafluorobenzoic acid) due to the
lower transport rate of the dimer compared to the monomer.”*>’ Notably, fluorinated solutes
show higher permeability than their hydrocarbon analogues, even though the diffusion of
fluorinated analogs of hydrocarbons is less favorable because of their larger molar volume.”’ In
fact, the effect is quite significant. For example, the permeability of octafluorotoluene is about
103 larger than would be predicted from the linear correlation based on hydrocarbons. Therefore,
Teflon AFs are potentially useful materials in liquid phase membrane separation and solid phase

extraction.
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Figure 1-8. Dependence of permeability coefficients on the molecular weight of solutes.””* Red circles: aromatic
hydrocarbons (and used to establish the regression line shown); black squares, aromatic hydrocarbons with polar

functional groups; blue triangles, solutes with C-F substituted for C-H.

1.3 MOLECULAR RECOGNITION

Molecular recognition is a fundamental process in chemical and biological events. The classical
“lock-and-key” model describes the recognition of a molecular receptor and a substrate at
binding sites that are complementary in size, shape and spatial arrangement of functional
groups.”” Molecular recognition is usually driven by non-covalent interactions, including
hydrogen bond, hydrophobicity, ionic, and -n stacking.' Our group is interested in combining
molecular recognition processes with analytical applications, specifically on chemical
separations and sample preparation methods (liquid and solid phase extractions and liquid phase
transports). In these processes, the selectivity of the extraction/transport is almost completely

defined by the selectivity of the molecular receptor and the partition coefficients of the formed
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complex.' Thus, the appropriate selection of a molecular receptor can add selectivity and
specificity to analytical applications. For example, compared with the receptor-free system,
Valenta and coworkers observed a 40-fold increase in the extraction of phenobarbital from
human control serum when an artificial molecular receptor (Figure 1-9) is incorporated into the

receiving phase (chloroform).®'

Figure 1-9. Artificial molecular receptor (R = 1-propyl) binding with phenobarbital ' Adapted with permission
from (Enhanced Extraction of Phenobarbital from Serum with a Designed Artificial Receptor. Valenta, J. N.;
Dixon, R. P.; Hamilton, A. D.; Weber, S. G. Analytical Chemistry 1994, 66, 2398.). Copyright (2013) American

Chemical Society.

In molecular recognition-based extraction and transport, selectivity for a target is high if
non-covalent intermolecular interactions between receptor and target dominate the standard-state
free energy change for the extraction process.' The most selective systems are those in which the
receptor is completely responsible for the partitioning or distribution of the target into the
extracting phase. Thus a matrix that is a poor solvent will provide the most selective environment
for molecular recognitions. As a pioneering demonstration by O’Neal and coworkers, Krytox

157 FSH (a carboxylic acid terminated perfluoropolyether) interacts with pyridines, and
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facilitates the extraction of pyridines from CHCI; to FC-72 (perfluorohexanes). For example,
72% of the pyridine (2.0 mM) is extracted from an equal volume of CHCl; to FC-72 (2.0 mM
Krytox 157 FSH). The pyridine forms hydrogen bonded complexes with the molecular receptor

6293 In comparison, the extraction

accounting for the high extraction yield (Figure 1-10)
efficiency of phenol is only 1%, indicating non-effective interaction with Krytox 157 FSH.
Remarkably, with molecular receptor (2.0 mM Krytox 157 FSH), the extraction of a highly polar
substituted pyridine — nicotinamide (2.0 mM) — from and equal volume of CHCI; to FC-72 is
9%.% O’Neal further demonstrated that porphyrins can be successfully extracted into FC-72
through non-covalent interaction with Krytox 157 FSH salt.®* Based on hydrogen bond
formation in the fluorous solvent, Shimizu and coworkers reported encapsulation of benzenes in
hexameric hydrogen bonded supramolecular assembly.”” Taking the halogen bond (e.g. I--+I-
PFCs) as foothold, Parisi and coworkers successfully extracted Csl from aqueous to fluorous
phase with the assistance of a crown ether to bind to Cs".®® The coordination between a fluorous
copper(Il)-carboxylate and pyridyl-tagged porphyrins effectively extracted the latter into
fluorous phase.®” Furthermore, the enhanced ion pair interactions in the extremely non-polar,
non-coordinating and poorly solvating fluorous media provide opportunities for ion-selective
electrodes (ISEs).”***" Bithimann and coworkers developed the first generation of such fluorous
membrane-based ISEs from a fluorous bulk membrane containing ionophore (sodium
tetrakis[3,5-bis(perfluorohyxyl)phenyl]-borate) in perfluoroperhydrophenanthrene as the sensing
phase.”® This ion-selective electrode showed remarkably high potentiometric selectivity, Kip,
which exceeds previously reported values in the conventional plasticized PVC membranes by

more than 5 orders of magnitude.”® Recently, Biihlmann’s group developed the second

generation of fluorous membrane ISEs for pH measurements by using Teflon AF 2400
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membranes containing a linear perfluorooligoether (14.3 ether groups per molecule) as a
plasticizer,”’ sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate as ionic sites, and
bis[(perfluorooctyl)propyl]-2,2,2-trifluoroethylamine as an H' ionophore.”’ Such amorphous
fluorous polymer-based electrodes exhibited high potentiometric selectivities, Nernstian
responses to H' over a wide pH range, and enhanced mechanical stability compared to the bulk
membranes.”’ In summary, hydrogen bonding-, halogen bonding-, coordination-, and charge-
based fluorinated receptors have shown high molecular recognition potency in the poorly
solvating fluorous media and lead to prospective applications. However, the field still lacks a
comprehensive understanding of the thermodynamics of molecular recognition in fluorous

media.

Figure 1-10. Proposed structure of 3:1 complex from Krytox 157 FSH and pyridine.
R = CF;CF,CF,0[CF(CF5)CF,013;CF(CF5).”* Adapted with permission from (Extraction of Pyridines into
Fluorous Solvents Based on Hydrogen Bond Complex Formation with Carboxylic Acid Receptors. O’Neal, K.

L.; Geib, S.; Weber, S. G. Analytical Chemistry 2007, 79, 3132.). Copyright (2013) American Chemical Society.

1.4 OBJECTIVE AND MOTIVATION

This thesis is aimed at gaining fundamental understanding of the liquid phase transport through

fluoropolymer thin films, fluoropolymer/liquid interface behaviors, and the thermodynamics of
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molecular interactions in fluorous media. Specific questions that motivated this work include:
(1) How to modulate the chemical environment (e.g. fluorophilicity) within Teflon AF 2400
films? (2) What are the impacts of dopants (liquid- and nano- components) to the physical
properties (e.g. free volume, polymeric chain mobility, morphology, etc.) of Teflon AF 2400
composite films, and how do such properties influence the transport behavior (permeability,
diffusitivity, partition coefficients, and selectivity) through these films? (3) Wetting is a key
issue with Teflon AF 2400 due to its inherent hydrophobic and oleophobic nature. How can we
modulate the wettability of porous Teflon AF 2400 to render its potential applications in
chemical separations, sensing, and templated synthesis? (4) What are the impacts of solvent
strength (fluorous, semi-fluorous, and organic solvents) to the thermodynamics (AG°, AH®, and
AS®) and stoichiometry of molecular interaction? What is the origin of the enhanced molecular
interaction in fluorous media?

Chapter 2.0 details a study on the properties and transport behavior of
perfluorotripentylamine (FC-70) doped Teflon AF 2400 films. We found that doping FC-70
restores the fluorophilicity of Teflon AF 2400, resulting in improved transport selectivity for
fluorinated compounds compared to their hydrocarbon analogues. Surprisingly, we observed an
interesting antiplasticization/plasticization behavior: less than 12 wt% FC-70 accommodates the
large free volume elements in Teflon AF 2400 to antiplasticize the polymer; more than 12 wt%
FC-70 dilutes Teflon AF 2400 to plasticize the polymer. The distinctive function of FC-70
signifies a sharp transition of the physical properties and transport behavior of Teflon AF 2400.
Chapter 3.0 focuses on Teflon AF nanocomposite films in aim to develop highly permeable and
selective polymeric fluorous matrix. We observed astonishingly high fractional free volume (~

50%) while distinctive morphologies from glassy Teflon AF 2400/fluorophilic silica
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nanoparticles and plasticized Teflon AF 2400/fluorophilic silica nanoparticles systems. This is an
unprecedented example demonstrating the effect of a plasticizer to create structurally different
polymer nanocomposites. The film composition dictates nanoscale morphology. The nanoscale
morphologies dictate the transport behavior. In chapter 4.0, we developed porous Teflon AF
2400 material and extended its application in separations (fluorocarbon vs. hydrocarbon, and
fractionation of nanoparticles), sensing, and templated synthesis. The challenge and demand
remain in the separation and purification of nanoparticles because size does matter in practical
applications (e.g. SERS, imaging, mobility, etc.). According to the feature pore size of porous
Teflon AF 2400 films, nanoparticles can be separated by size when transporting through the
films driven by electrophoresis. This application should lead to the development of more robust
and high performance nanoparticle separation device that can function in aggressive aqueous and
organic environments. As a preliminary step to evaluate the potential signal enhancement of
porous Teflon AF 2400 thin film for microarray substrate, this chapter examined the
immobilization of a fluorescent molecule with fluorous tag on the porous Teflon AF 2400. The
signal to noise ratio is more than 30 times than the traditional fluorous glass slides. With the
assistance of a semi-fluorous molecule, porous Teflon AF 2400 can serve as a template for the
synthesis of porous organic polymer matrix. And finally, in Chapter 5.0, we quantitatively
investigated the thermodynamics of molecular interactions (pyridine and perfluorodecanoic acid;
quinazoline and perfluorodecanoic acid) in solvents with different strength (FC-77, HFE-7500,
and 1-chloropentane) by isothermal titration calorimetry. Experimental data on complexes
between N-heterocyclic bases and perfluorodecanoic acid in the three solvents were compiled to
compare solvent effects on the behavior of complex formation. It becomes clear that polar

solvents support the 1:1 complex while nonpolar poor solvents lead to complexes with 1:2 and
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1:3 (base/acid) stoichiometries. To our knowledge, this is the first quantitative and thorough
study on the thermodynamics of hydrogen bonding in fluorous solvents.

The profound understanding of the transport behavior of Teflon AF 2400 and its
composite materials, the Teflon AF/liquid interface, and the specific interactions between a
molecular receptor and targets in fluorous matrices will add knowledge and predictability to
film-based extractions, membrane separations, and sensor technologies and thus lead to greater

advances in the related fields.

24



2.0 PROPERTIES AND TRANSPORT BEHAVIOR OF
PERFLUOROTRIPENTYLAMINE (FC-70)-DOPED AMORPHOUS TEFLON AF 2400

FILMS

Reprinted from Properties and Transport Behavior of Perfluorotripentylamine (FC-70)-
Doped Amorphous Teflon AF 2400 Films, Zhang, H.; Hussam, A.; Weber, S. G. Journal of the
American Chemical Society, 2010, 132, 17867—17879. Adapted with permission from American
Chemical Society. Weber, S. G. conceived the study. Hussam, A. performed the measurement of
activity coefficients by head space gas chromatography (HSGC) and contributed to the
experimental section on HSGC. Zhang, H. performed the rest of the experimental work and

wrote the paper under the guidance of Weber, S. G.

2.1 INTRODUCTION

76

Polymer membranes and films are widely applied in gas separations,””’® ion separation/ion

exchange,””™ liquid-phase extraction/separation of organic compounds of biological and

30,80,81

. . 79 . . .
environmental interest,” sensor materials, and as coatings to improve or create

functionality such as electrowetting,** avoidance of biofouling,** improving biocompatibility,**

86,87

. 85 . . .
and growing stem cells™ and as composites with nanomaterials. Fluorocarbon polymers are

well represented in several of these applications. The development of fluorous media is of
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special interest for the selective partitioning of fluorinated substances.**® Highly fluorinated

626589 coordination,’” and ionic receptors’® have been shown to impart

hydrogen bonding,
selectivity to fluorous phases for complementary target species. Notably, the partitioning of
fluorinated solutes into fluorous media is preferred even without specific interactions, due to
weak van der Waals interactions per molecular contact area.” This unique property renders
fluorocarbons to be the basis of a distinctive platform for selective extraction and transport.>>> In
many cases, covalent modification of reaction participants with fluorous tags facilitates product

7,8,12,13

purification and catalyst recycling in synthetic chemistry. Fluorous-supported liquid

membranes have been recognized as promising platforms for sensors and separations.”***?! As
alternative fluorous media, perfluoropolymers attracted our attention given their potential value
for selective transport. Dimensionally stable perfluoropolymers are promising matrices for
membrane separations due to their low activation energy of diffusion and unique
solubility/partitioning behavior."” In addition, strong carbon-fluorine and carbon-carbon bonds
give perfluoropolymers extraordinary thermal and chemical stability, thereby yielding a long
lifetime in hostile environments.'>'°

Among commercially available perfluoropolymers, Teflon AF 2400 is an unusual

2426 roqs s
This intrinsic feature

amorphous glassy copolymer with a high fractional free volume (FFV).
is probably due to the rigid structure of the dioxolane ring in Teflon AF 2400 and the weak van
der Waals interactions between fluorous polymeric chains, Figure 2-1.%° The free volume size
distributions of amorphous Teflon AF 2400 determined by various techniques are in substantial
agreement (radius ranges from 3 to 8 A) based on spherical or cylindrical assumptions of

24,25,38

microcavity geometry. Theoretical modeling indicates the bimodal distribution of

microvoids and their partial connectivity in Teflon AF 2400.* Due to the significant free
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volume, the gas permeability of Teflon AF 2400 is second only to poly(l-trimethylsiyl-1-
propyne) (PTMSP).*>*? Thus, Teflon AF 2400 has been widely investigated as the matrix for gas
transport (light gases, C1-C4 hydrocarbons, and C1-C3 fluorocarbons),*"***+*%% pervaporation

(acetone, chlorinated hydrocarbons, hydrocarbons, and lower alcohols),”>>%%

and gas sensors
(H2S, NO,, Cl,, and CO,).*?"®

We initiated an investigation of Teflon films as matrices for liquid-phase selective
transport with an eye on extraction, separations, and applications in synthesis and analysis.’®”’
Teflon AF 2400’s high FFV and large Henry’s constant™ for chloroform result in strong sorption
of chloroform, which decreases free volume and enhances segmental movement plasticizing the
polymer.”® Thus, the permeability of a solute (dissolved in chloroform) across the film deviates
from the ideal prediction from the reported pervaporation results.’® In this sense, Teflon AF 2400
films in contact with organic liquids become less fluorous and more “organic like”. In order to
maintain the fluorous nature of Teflon AF 2400 (n*: —0.28), we tried to dope the films with
perfluorinated compounds. Attempts to dope 50 wt % Krytox 157FSH (MW 7000-7500) in
Teflon AF 2400 lead to significantly decreased solute permeability, even though the film was

3657 This was attributed to a trade-off between the enhancement of

plasticized by the dopant.
segmental movement and the viscous environment.”” Therefore, we attempted to modulate the
chemical environment within Teflon films by doping them with a lower molecular weight
perfluorinated liquid, which is much less viscous yet has a high boiling point.

Perfluorotripentylamine (Fluorinert FC-70, bp 215 °C, n*: —0.23) was chosen as a dopant due to

its considerable stability, compatibility, and solvophobicity.
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Figure 2-1. Structures of polymer and dopants: Teflon AF 2400 (n = 13 mol %, m = 87 mol %), Krytox FSH

(7000-7500), and FC-70.

In this context, we systematically investigated the physical and chemical properties of
Teflon AF 2400 films doped with various amounts of FC-70. We provide experimental evidence
on the “FC-70-like” property of Teflon AF 2400 films doped with a large weight percentage of
FC-70 (>20 wt %). Antiplasticization and plasticization effects were observed, respectively, for
Teflon films doped with low and high weight percentages of FC-70. Transport behavior of

solutes can be related to the independently established film properties.

2.2 EXPERIMENTAL

2.2.1 Materials

Teflon AF 2400 was purchased from DuPont (Wilmington, DE). Fluorinert FC-72 (a mixture of
perfluorohexanes, bp 56 °C) and Fluorinert FC-70 (perfluorotripentylamine, bp 215 °C) were
purchased from 3M (Minneapolis, MN). Probe solutes used in transport experiments (toluene,
a,a,0-trifluorotoluene, 2,3,4,5,6-pentafluorotoluene, octafluorotoluene, nitrobenzene, and
pentafluoronitrobenzene) were purchased from Sigma-Aldrich (St. Louis, MO). Chloroform was

obtained from Fisher Scientific and used as received. Water was purified with a Milli-Q
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Synthesis A10 system (Millipore, Bedford, MA). Tygon Chemfluor FEP tubing, resistant to

vapor chloroform, was purchased from United States Plastic Corp. (Lima, OH).

2.2.2 Film Preparation and Morphological Characterization

Pure films of Teflon AF 2400 were cast from a 12 mg/mL solution of amorphous Teflon AF
2400 polymer dissolved in FC-72. A defined amount of solution was transferred into an optical
flat-bottomed glass Petri dish with an i.d. of 6.0 cm. The dish was covered with a piece of
weighing paper and a glass cover. The solvent, FC-72, was allowed to evaporate at room
temperature until a constant weight of the film was reached. Three milliliters of Milli-Q water
were added to the Petri dish to enable the film to float on top of the water within several minutes.
The film was then oven dried at 110 °C for 2 h to remove water residue and stored at room
temperature.

To prepare FC-70-doped Teflon AF 2400 films for both density measurement and
dynamic mechanical analysis (DMA), FC-70 was weighed and mixed with a 12 mg/mL solution
of Teflon AF 2400 polymer in FC-72 in the calculated proportions. Doped Teflon films were
formed under the same conditions as described above for the pure films with one difference.
They were readily peeled off using a scalpel with the addition of 0.4 mL of ethanol rather than
using water for this step. The doped films were not oven dried because FC-70 could be lost.
They were stored in a covered container with an FC-70-saturated atmosphere.

The FC-70-doped Teflon AF 2400 films used in the transport experiments were prepared
by soaking a piece of pure Teflon AF 2400 film in a chloroform solution containing a defined
amount of FC-70 (including 0 wt %) with stirring (200 rpm) at 20.0 + 1.0 °C. The FC-70 content
in the film was evaluated by FT-IR absorbance analysis to determine when the two phases
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reached equilibrium. The resulting chloroform solution containing FC-70 was used as the
receiving phase and to prepare the source phase solution in the transport experiments. The equal
chemical potential of FC-70 in the source phase, polymer phase, and receiving phase prevented
the potential loss or gain of FC-70 in doped films during the transport experiments. There is no
significant difference of solute permeabilities in oven-dried pure Teflon AF films compared to
pure Teflon AF films that were not oven dried. Thus, differences between pure Teflon AF films
and FC-70-doped films are not caused by the difference in preparation procedures.

For all FC-70-doped Teflon AF 2400 films, the amount of dopant in the film was
evaluated by FT-IR absorbance analysis. Films were cut into small pieces (0.8 cm x0.8 cm) for
both density measurement and transport experiments. A Starrett micrometer (Athol, MA) with an
accuracy of =1 pm was used to measure film thickness.

The morphology of the films was investigated using a Philips XL-30 field emission SEM.
FC-70-doped Teflon AF 2400 films were fractured in liquid nitrogen and sputter coated with

palladium to enhance surface conductivity.

2.2.3 Film Density Measurement and Fractional Free Volume

The hydrostatic weighing method was used to determine film density (p). A film (mass, m) was
hung on the hook of a suspension system in silicon oil (p;), which was chosen because of its high
boiling point. The mass change of the suspension system with and without the film (W —W)) was
recorded by a XS105 DualRange analytical balance (Mettler Toledo, Columbus, OH). The
hydrostatic density after correction (the density of air at 20 °C, p, = 0.00129 g/cm’) is given by

eq 2_1:99,100
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On the basis of measured densities, the FFV of the FC-70-doped Teflon films can be
calculated according to eq 2-2:'"!

FFV=V7F=(V_V°

)=1-p-7, (2-2)

where the specific free volume (Vr) is the difference between the experimentally determined
specific volume () and the estimate of specific volume at absolute zero (V). V equals the
reciprocal of measured film density (p). As suggested by Lee, V) is 1.3 times the van der Waals
specific volume,'®* which can be obtained according to a group contribution method.'” For a
polymer-dopant system, ¥ can be estimated based on the weight fraction of each component:'*

4

0,mixture

=V

0, polymer Wt% + VO,additng : Wt% (2-3)

polymer additive

2.2.4 Dynamical Mechanical Analysis

Dynamical mechanical analysis was carried out using a Q800 DMA (TA Instruments, New
Castle, DE). DMA was performed on a piece of film cut and mounted between the tensile mode
clamps of the instrument. The dimensions of films were approximately 9 mm long by 0.53 mm
wide by 0.02 mm thick. The sample was prestretched under a preload force of 0.01 N. A
sinusoidal strain deformation (0.3%) of 1 Hz was applied during a temperature sweep from —100

to 300 °C at a rate of 3 °C/min.
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2.2.5 Sorption and Desorption of Chloroform in FC-70-doped Teflon AF 2400 Films

A FT-IR gas flow cell was utilized to measure the sorption of chloroform in the FC-70-doped
Teflon AF 2400 films. Saturated chloroform vapor was carried into the IR flow cell (containing
two lead spacers sandwiched between two KBr windows) by nitrogen gas with a pressure of 15
psi (20 °C) at a flow rate of 0.1 LPM. The tail gas was absorbed by n-butanol. IR absorbance of
chloroform in the flow cell was continuously monitored by an FT-IR spectrometer (Bio-Rad
Excalibur FTS 3000 Spectrometer, DigiLab, Randolph, MA). In order to measure the sorption of
chloroform in an FC-70-doped Teflon AF film, a piece of the film with the same diameter as the
KBr window was placed between the two lead spacers in the flow cell for IR measurement (after
30 min equilibrium had been reached). The IR absorbance of the flow cell without a film was
monitored as the control experiment. The net sorption of chloroform in the film was obtained
from the difference between the IR absorbance with and without the film. Since the C-CI
vibration shifted from 772 c¢cm™ for the vapor chloroform to 768 cm™ for the chloroform
saturated in the film, the peak area of the C-Cl vibration was used for IR quantification.

To determine the diffusion coefficient of chloroform in FC-70-doped Teflon AF 2400
film, a film in equilibrium with liquid chloroform was set in the FT-IR window for kinetic
measurement. The FT-IR absorbance (3025 cm™, C-H stretch) was continuously acquired with a
time interval of 1 min. Assuming that the concentration of chloroform on the film surfaces is
7er0 (Dchioroform in film << Dchloroform in air)s the portion of chloroform remaining in the film can be
4-105.106

theoretically described by eq 2-

Mt =i=i_i( 1 )2 .67(2~k+1)2-7r2-D-t/12 (2_4)
MO AO 7[2 k=0 2'k+1
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where M) is the initial total amount of chloroform inside the film, M; is the amount of chloroform
remaining in the film at time #, 4y corresponds to the initial IR absorbance, whereas A4; is the
absorbance at time ¢. / is the film thickness. D denotes the diffusion coefficient of chloroform in
the film, which can be obtained from nonlinear fitting by Mathcad 14 (“infinity” in the sum was

set to 100).

2.2.6 Transport of Solutes through Films

Transport experiments were conducted with a homemade, three-phase transport device at 20.0 +
1.0 °C.'7 The film was mounted between two quartz cuvettes (path length = 1.0 cm, Starna
Cells, Atascadero, CA) with holes (0.5 cm in diameter) to define the effective transport area.
Two pieces of Viton gasket were placed in between the film and the cuvettes to prevent leaking.
The eight-position multicell transport holder was used to hold eight cells (four pairs) in a rack,
which were kept at constant temperature by water circulation from a thermostatic water bath.
The stirring module for the multicell transport holder could control the stirring speed at the same
rate for the eight cells. The volume of the source phase containing the solute and receiving phase
was 3.00 mL in all the transport experiments. Solute concentration in the receiving phase was
continuously monitored by a UV spectrophotometer (Hewlett-Packard 8452A UV-visible diode
array spectrophotometer, Palo Alto, CA). The steady-state flux, J, of a solute through the film is

given by eq 2-5:"’

J=—"= ~Z(mol'cm_2 s (2-5)
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where dC,/d¢ is the accumulation rate of solute in the receiving phase, V' is the volume of the
receiving phase (3.00 mL), and A4 is the effective transport area (0.196 cm2). The permeability
coefficient, P, can be deduced from the flux:®’

p=_7! z‘]—'l(cm2-s—1) (2-6)
¢,-C C,

N r

where / is the film thickness and C; and C, represent the concentration of the solute in the source
phase and receiving phase, respectively. In our experimental duration, C, is negligible compared
to C;. Thus, C; — C, can be simplified to the initial concentration of the solute in the source
phase, Cy. Selectivity of a film is defined as the permeability ratio of a fluorinated compound

over its hydrogen-containing control:

S=-I (2-7)

2.2.7 Determination of Solute Diffusion Coefficients (D) and Partition Coefficients (K)

In order to clearly observe the lag phase prior to the solute flux reaching the steady state, FC-70-
doped Teflon AF films with various thicknesses (36—127 pum) were employed in the transport
experiments. The concentration of source phase solutions (e.g., toluene, 1.0 M; a,0,0-
trifluorotoluene, 0.3 M; 2,3,4,5,6-pentafluorotoluene, 0.5 M; octafluorotoluene, 0.1 M;
nitrobenzene, 0.5 M; pentafluoronitrobenzene, 0.2 M) was chosen based on solute absorptivity.
UV absorbance of the receiving phase was recorded continuously at a time interval of 20 s in
order to measure the solute accumulation. For a transport system that starts with “zero” solute
concentration in both the film and the receiving phase, the accumulation of solute molecules can

be theoretically described by eq 2-8:'0°
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where Q, denotes the accumulation of the solute in the receiving phase (substance passed through
the film) per transport area within the time range ¢. K is the partition coefficient of the solute
from chloroform to the film. C; is the concentration of the solute in the source phase solution. /
represents the thickness of film. D is the average diffusion coefficient of the solute in the film.
Thus, the diffusion coefficients and partition coefficients can be obtained by nonlinear fitting eq
2-8 to experimental data using Mathcad 14 (“infinity” in the sum was set to 100).

The partition coefficients of octafluorotoluene and 2,3,4,5,6-pentafluorotoluene from
chloroform to pure FC-70 were determined from the liquid-liquid partitioning experiments. The
solution of 1 mM octafluorotoluene or 5 mM 2,3,4,5,6-pentafluorotoluene in chloroform (750
uL/500 puL) mixed with FC-70 (750 puL/1 mL) was placed in a VWR GC-autosampler vial (1.8
mL, West Chester, PA) and shaken at 1300 rpm for 30 min at 20 °C (Bioshaker, BIONEXUS
Inc., Oakland, CA). The chloroform layers were then quantitatively analyzed by UV
spectrophotometry at 267 and 258 nm.

The partition coefficients of toluene, a,0,a-trifluorotoluene, nitrobenzene, and
pentafluoronitrobenzene from chloroform to pure FC-70 were determined from head space gas
chromatography (HSGC). The instrument combines the inherent sensitivity of modern capillary
gas chromatography with computer-controlled gas sampling, injection, sample equilibration, and
data handling techniques. The details of a custom-built HSGC have been described elsewhere.'*®
The instrument was used to precisely sample the vapor phase in equilibrium with the solution
phase and analyze the vapor phase by a gas chromatographic technique.

In a typical experiment, a standard mixture of four solutes was added to 10.0 mL of FC-
70 solvent by using a calibrated auto syringe into a thermostatic (= 0.1 °C) glass cell. The
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solute’s mole fraction range was toluene: 0.001-0.007, a,o,0-trifluorotoluene: 0.001-0.005,
nitrobenzene: 0.001—0.009, and pentafluoronitrobenzene: 0.001-0.004, each added over 10—20
increments.

Once the vapor-liquid equilibrium is established, 50 pL of the vapor was sampled and
injected by using the automated valve system on-column into a capillary GC for analysis. This
procedure was continued after each aliquot addition to obtain a series (10—20 additions) of
concentration-dependent vapor pressures. Assuming ideal gas, the response peak areas can be
used to calculate the activity coefficients of the solute, y;, in a solvent by the equation:

v, =4 (A - x;) (2-9)
where A; is the peak area for the solute, 4,° is the peak area for pure solute (measured separately),
and x; is the mole fraction of the solute in the solvent. The y; values are therefore referenced to
the pure solute as the standard state. The infinite dilution activity coefficient was obtained from
extrapolation of y; vs x; curve to x; = 0, and the mole-fraction-based partition coefficient was

determined from the vapor-liquid composition.

2.2.8 Recycling of Teflon AF 2400

FC-70-doped Teflon AF 2400 films after usage have been recycled as follows. First, small pieces
of used films were dissolved in FC-72 to cast large films in order to allow the IR quantification
of remaining FC-70 conveniently. Second, the film was heated to approximately 160 °C in an
oven with vacuum for several days until the characteristic peak of FC-70 (891 cm™) could no
longer be observed by IR. After treatment, the films were redissolved in FC-72. Filtration was
carried out to remove the dust attracted by static electricity. Finally, clean Teflon AF 2400 was

recovered after evaporation of FC-72.
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2.3  RESULTS AND DISCUSSION

2.3.1 Characterization of FC-70-doped Teflon AF 2400 Films

FC-70 (0-40 wt %) doped Teflon AF 2400 films were prepared as transparent and homogeneous
films. As shown in Figure 2-2, FT-IR spectra of FC-70-doped Teflon films show the
characteristic peak of FC-70 at 891 cm™. The peak magnitude is dependent on the weight

percentage of FC-70; thus, it is used to verify the composition of FC-70-doped Teflon films.
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Figure 2-2. FT-IR spectra of Teflon AF films doped with various amounts of FC-70 (wt %).

SEM was used to determine the macroscopic homogeneity of FC-70-doped Teflon films.
Both films display satisfactory homogeneity through the cross-section, as shown in Figure 2-3.
The morphology of 30 wt % FC-70-doped Teflon is very similar to that of the pure Teflon film.

As confirmed by SEM, the films are free from detectable pinholes or cracks.
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Figure 2-3. Cross-section SEM micrographs of (a) a pure Teflon AF film and (b) a Teflon AF film doped with 30

wt % FC-70.

2.3.2 Density and Free Volume of FC-70-doped Teflon AF 2400 Films

Doping miscible low molecular weight additives in a polymer film should result in the change of

' Dopants may decrease FFV and

both physical and chemical properties of the film.
substantially reduce gas permeabilities.'®*''" The effect of FC-70 content on the film’s free
volume can be seen in Figure 2-4, showing the density of Teflon AF 2400 films containing
various amounts of FC-70. The film density increases significantly (in the range of 0-12 wt %
dopant) and then decreases gradually along with the FC-70 content (12-40 wt %) in the film.
Interestingly, the peak density of the doped film (2.06 g/cm’) is significantly higher than both
pure Teflon film (1.82 g/cm’) and pure FC-70 liquid (1.94 g/cm’). This indicates the volumetric
shrinkage of FC-70-doped Teflon AF 2400 film, usually a phenomenon accompanying

antiplasticization.'"!
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Figure 2-4. Cross Dependence of film density (20.0 ( 1.0 °C) on FC-70 content (wt %). The number of
measurements for each data point are: 5 (0 wt %), 8 (4.4 wt %), 8 (9.5 wt %), 9 (12.0 wt %), 11 (15.8 wt %), 9 (18.4
wt %), 6 (27.9 wt %), and 10 (40.0 wt %). The error bars represent the standard error of the mean. Pure films were

oven dried to remove water residue, while doped films were air dried to remove ethanol residue.

To understand the role of the dopant, the concentration of Teflon AF 2400 in the doped
films (C) over a pure film (Cy) was plotted against FC-70 content (Figure 2-5). Teflon AF 2400
concentration is almost a constant in films containing 0—12 wt% FC-70. This observation
indicates that FC-70 mainly fills in the existing free volume of the Teflon polymer in this range
of compositions. Having 12 wt % FC-70 in 88 wt % Teflon AF 2400 requires that 44.6% of the
free volume in Teflon is occupied by FC-70. Hofmann and co-workers™ used two models to
describe the experimentally determined free volume distribution in Teflon AF 2400. In one,
called R_max, the measured sizes correspond to the size of a feature in what may be a larger,
irregular void. In the other, called V_connect, the measured size corresponds to the size of the
complete void. An analogy may help. In a simple image of a flower, the R_max approach would
characterize the flower by the size of the petals, whereas the V_connect would characterize the

size of the void by the size of the whole flower. According to Hofmann and co-workers, 44.6%
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of the free volume in Teflon AF 2400 corresponds to cavities with a feature size larger than 89
A in the R_max approach. Interestingly, the critical diameter is equal to the length of the side
chain (r) in FC-70 calculated by Gaussian.®® In contrast, according to V_connect approach, 75%
of the free volume can accommodate FC-70. We would have observed the transition from filling
the void volume to dissolving the polymer (Figure 2-5) at 20 wt %, which is significantly larger
than the experimentally determined value.”” Such inconsistency could be due to the topological
complexity of free volume elements which cannot accommodate FC-70, even though those
elements have larger feature size than FC-70. In summary, the data for the FC-70/Teflon AF
2400 system shows that the accessible free volume distribution based on the R_max approach is

more appropriate than the V_connect approach.
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Figure 2-5. Cross Concentration ratio of Teflon AF 2400 polymer in the doped films over a pure film was plotted
against the weight percentage of FC-70 in the film. Error bars represent the standard error of the mean. Pure films
were oven dried to remove water residue, while doped films were air dried to remove ethanol residue. Note: C/Cy
also equals the ratio of volume of the pure film (V) to the volume of the doped film (V) containing the same

amount of Teflon AF 2400.
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The FFV of FC-70-doped Teflon AF 2400 films was calculated from the measured film
densities based on empirical methods (Figure 2-6). The FFV of doped films decreases in the
range of 0-12 wt % dopant and then increases gradually to approach the FFV of pure FC-70.
Similar phenomena have been reported in other polymeric materials doped with small molecule
additives."”""*"'* A turning point of the FFV change is probably due to the transition of the
chemical environment of FC-70-doped Teflon AF 2400 films. Since FC-70 (0-12 wt %) fills in
the existing microvoids within the Teflon AF 2400 polymer, the decrease of free volume will
lead to subsequently reduced polymeric chain mobility. When the microvoids in the polymeric
matrix are saturated with FC-70 (12—40 wt %), adding more FC-70 will dilute the polymer
chains. Thus, a polymeric chain unit of Teflon AF 2400 has fewer polymeric segments and more
FC-70 molecules in its vicinity. Its local friction may be significantly reduced, which results in
easier thermal motion of polymeric segments. Overall, changes in FFV would lead one to predict
an antiplasticization effect on the films with less than 12 wt% dopant due to void filling by FC-

70 and a plasticization effect on the films with more than 12 wt % dopant due to chain dilution.
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Figure 2-6. Dependence of FFV on FC-70 content (wt %). Error bars are the standard error of the mean. Pure films

were oven dried to remove water residue, while doped films were air dried to remove ethanol residue.
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In order to determine the influence of FC-70 on antiplasticization/plasticization effects,
we monitored the viscoelastic properties of FC-70-doped Teflon AF films by dynamic
mechanical analysis (DMA). Table 2-1 shows the storage modulus (£") of FC-70-doped Teflon
AF films at the temperature for transport experiments (20 °C). The 10 wt % FC-70 shows the
antiplasticization effect, with the storage modulus £’ 1.3 times higher than that of pure Teflon
AF. Further increase of FC-70 content leads to a decrease of the storage modulus, indicating
plasticization. This is confirmed by the emergence of two low temperature transitions in the
DMA for 26 (4 and 134 °C) and 35 wt % (—10 and 117 °C) FC-70-doped Teflon AF 2400 films
that are not present in films that contain 0, 10, and 18 wt % FC-70. The presence of two low-
temperature transitions was also observed by Lugert and co-workers’' while studying the
plasticization of Teflon AF 2400 by perfluoroperhydrophenanthrene, perfluoro(1-methyldecalin),
and 2H-perfluoro-5,8,11-trimethyl-3,6,9,12-tetraoxapentadecane. The extent of polymeric chain
mobility indicated by the antiplasticization/plasticization effect is an important influencing factor

for solute transport through films.

Table 2-1. Storage Modulus of FC-70-doped Teflon AF Films at 20.0 °C*

FC-70 (wt %) | Storage Modulus (MPa)
0 1122
10 1439
18 1085
26 836
35 593

Pure films were oven dried to remove water residue, while films were air dried to remove ethanol residue.
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In what follows, we present a considerable number of experimental data showing how the
physical changes just described influence the thermodynamic (partitioning) and transport

properties of these films. As a guide, we present a broad overview of the results in Table 2-2.

Table 2-2. Summary of the Physical and Chemical Properties of FC-70-doped Teflon AF Films at 20.0 °C*

Properties Teflon AF 2400 doped with FC-70
0—12 wt% FC-70 content >12wt% FC-70 content
Free Volume Decreasing, FC-70 fills the free volume of Increasing, FC-70 dilutes Teflon AF 2400

Teflon AF 2400

Storage Modulus Increasing Decreasing
Sorption of CHCI3 Decreasing and approaching the solubility of CHC; in FC-70
Permeability Coefficients Decreasing Increasing
Diffusion Coefficients Decreasing Increasing
Partition Coefficients Decreasing trend in general
Partitioning Selectivity (8F/8H, SF/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.

2.3.3 Sorption of Chloroform in Doped Films

Our previous study found that pure Teflon AF 2400 films in equilibrium with chloroform contain
1.13 M chloroform.>® There is ongoing interest in the analysis of how chloroform may influence
solute transport. We compared the permeability coefficients of nitrobenzene and
pentafluoronitrobenzene through a fresh pure Teflon AF film (P)) and a film from the same batch
soaked in fresh chloroform for 4 days (Ps). As shown in Table 2-3, P; is significantly larger than

P, for each solute. This could be interpreted as enhanced solute diffusitivity due to the
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plasticization of Teflon by chloroform.’® Moreover, the ratio of permeability coefficients (Py/Py)
for nitrobenzene is slightly higher than pentafluoronitrobenzene. Obviously, the Teflon film in
equilibrium with chloroform becomes more “organic like”, which is less favorable for the

selective partitioning of fluorocarbons than the corresponding hydrocarbon counterparts.

Table 2-3. Comparison of Permeability Coefficients through Fresh Pure Teflon AF Film and Chloroform-soaked

Pure Teflon AF Film at 20.0 °C

Solutes Permeability through fresh Teflon | Permeability through soaked Teflon P/P;
AF film (P cm”/s)* AF film (P,, cm%/s)*
Nitrobenzene (1.05 £ 0.003) x 107 (2.53+0.10) x 10~ 2.4+0.10
Pentafluoronitrobenzene (4.98 +0.05) x 107 (1.06 + 0.002) x 107 2.1+£0.20

* The permeability coefficients are the mean values of duplicate experiments. Errors indicated in the table are the

standard error of the mean.

We doped films with FC-70 to reduce the sorption of organic solvents in the Teflon
matrix for the purpose of achieving selective transport of fluorocarbons over hydrocarbons. The
chloroform sorption in Teflon AF films doped with FC-70 was investigated by means of gas-
phase IR experiments. As shown in Figure 2-7, the amount of chloroform absorbed in doped
films decreases along with the increase of FC-70 wt % and then levels off. This phenomenon
could be a result of the free volume change inside the film and the enhanced fluorophilicity of
the Teflon matrix doped with FC-70. According to the dual-sorption model, sorption of
chloroform in FC-70-doped Teflon AF films contains the sorption into both the free volume and
the polymeric matrix.**> The variation of sorption into free volume is roughly parallel to the
change of FFV, whereas the matrix sorption would decrease in Teflon films doped with FC-70

because of the increased fluorophilicity. The amount of chloroform absorbed in Teflon films
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doped with more than 20 wt % FC-70 approaches the solubility of chloroform in pure FC-70
(4.06 g of chloroform per 100 g of FC-70). Therefore, Teflon AF 2400 films doped with more

than 20 wt % FC-70 appear to behave more “FC-70 like”.
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Figure 2-7. Sorption of chloroform in FC-70-doped Teflon AF films.

We noticed that the amount of chloroform absorbed by a fresh pure Teflon film is
significantly lower than in a soaked pure film. This indicates that the chloroform imbibed by the
film during the soaking process could change the film’s properties and then enhance its sorption
capacity. Similar effects were reported for the sorption and desorption isotherms of some
gaseous hydrocarbons and fluorocarbons in Teflon AFs.*’ Gas desorption isotherms were found
to be higher than sorption isotherms in Teflon AFs. This effect is especially pronounced for
gases which are more soluble in the Teflon matrices.*” It could be attributed to the plasticization
of Teflon film caused by the sorption of molecules in high concentration, which may effectively

. . . 1
decrease the matrix cohesive energy to more easily accommodate more molecules.

45



The desorption of chloroform from FC-70-doped Teflon AF films in equilibrium with
liquid chloroform was also observed by FT-IR. The diffusion coefficient of chloroform in a 5 wt
% FC-70-doped film was determined to be 9.3 x 10 cm® - s at 20.0 + 1.0 °C. This value is
about 20% of the diffusion coefficient of chloroform in pure Teflon AF film from a
pervaporation study (4.22 x 10® ecm® - s at 25 °C),** indicating the restricted mobility of

chloroform in the Teflon film antiplasticized by FC-70.

2.3.4 Dependence of Permeability Coefficients (P), Diffusion Coefficients (D), and

Partition Coefficients (K) on Film Composition

The dependence of permeability coefficients on film composition was investigated using
aromatic compounds as probe molecules. Recall that permeability coefficients are products of
partition coefficients and diffusion coefficients. As shown in Figure 2-8, solute permeability
coefficients are sensitive to FC-70 content in Teflon AF films. Six probe solutes (toluene (TOL),
a,a,0-trifluorotoluene (TFT), 2,3,4,5,6-pentafluorotoluene (PFT), octafluorotoluene (OFT),
nitrobenzene (NB), and pentafluoronitrobenzene (PFNB)) show similar trends in the plots. The
permeability coefficients decrease as FC-70 content increases when films are doped with less
than 15 wt % FC-70. The permeability coefficient of each solute through the pure Teflon AF
films is around 10 times larger than through the films doped with 15 wt % FC-70. The trend of
the permeability coefficient is reversed when films are doped with more than 15 wt % FC-70.
Films containing more than 30 wt % FC-70 can transport solutes as effectively as the pure film.
The SEMs of permeability coefficients through pure Teflon films of different thicknesses is
never greater than 6% for each solute. Thus, film thickness has no measurable influence on
permeabilities.
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A plot of log P versus log MW of aromatic hydrocarbon solutes is linear with a negative
slope-larger homologues permeate more slowly than smaller homologues.”’ Among six probe
solutes in the present work, toluene and nitrobenzene contain no fluorine and fit the linear
relationship well. However, the fluorinated solutes with a higher weight percentage of fluorine
have logarithmic values of permeability (through pure Teflon AF film) which depart positively
(higher P) from the hydrocarbon line. This is consistent with the preferred transport of
fluorocarbons through pure Teflon AF 2400 films. For each composition of FC-70 (0—30 wt %)
doped Teflon AF 2400 film, the permeability coefficients of the toluene series can be arranged in
decreasing order Popr > Pprr > Prpr > Prov, despite the fact that the molar mass/critical volumes
decrease in the same order. This observation demonstrates that the increase in partition
coefficient that accompanies the replacement of a hydrogen atom by a fluorine atom in a solute is
greater than the decrease of the diffusion coefficient of the solute. We decided to investigate this

in a little more detail.
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Figure 2-8. Permeability coefficients of solutes in FC-70-doped films at 20.0 = 1.0 °C: (a) toluene; (b) a,a,0-
trifluorotoluene; (c) 2,3,4,5,6-pentafluorotoluene; (d) octafluorotoluene; (e) nitrobenzene; (f)
pentafluoronitrobenzene. For all dark squares (m), the source phase concentration is 0.1 M; the film thickness is
between 18 and 33 um. (o) Film thickness ranges from 36 to 127 pm and the source phase concentration varies: (a)
1.0, (b) 0.3, (¢) 0.5, (d) 0.1, (e) 0.5, (f) 0.2 M. The error bars represents the standard error of the mean for two

measurements.
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The diffusion coefficients of six solutes in FC-70-doped Teflon AF 2400 films are plotted
against the film composition, as shown in Figure 2-9. For all the solutes, the diffusion
coefficients decrease as the amount of FC-70 is increased in the low weight percentage range
(0—10 wt %), and then the trend is reversed at the high FC-70 content (10—30 wt %). Factors that
influence the diffusion in the doped films include (1) the local viscosity, (2) the tortuosity of the
diffusion path which is directly related to the concentration of amorphous Teflon in the film,'"
and (3) the polymeric chain mobility. We showed above that chloroform sorption decreased in
Teflon films with more FC-70 dopant. Because chloroform (dynamic viscosity at 20 °C, 0.573
cP)!'® is less viscous than FC-70 (dynamic viscosity at 25 °C, 24 cP), solute diffusion will be
slower in the more viscous environment created by FC-70. According to the Teflon
concentration in doped films (refer to Figure 2-5), the tortuosity is similar in films doped with
less than 12 wt % FC-70 and then significantly decreases with a further increase of FC-70
content. Thus, solutes would experience a shorter pathway when diffusing across the films doped
with more than 12 wt % FC-70. In addition, the mobility of the polymer chain decreases first at
the low FC-70 content (<12 wt %) and then increases at the high FC-70 content (>12 wt %).
Solute diffusion through a polymer is easier when the chain mobility increases, and becomes
more difficult when the chain mobility decreases. Therefore, in the range of compositions with
FC-70 less than 12 wt %, all three factors become less favorable for diffusion as the FC-70
concentration increases. Thus, diffusion coefficients show a decreasing trend in this range.
Meanwhile, diffusion coefficients increase along with the increased dopant amount in films
containing more than 12 wt % FC-70. This indicates that the influence of the tortuosity and
polymer chain mobility are more important than the viscosity of the additive on solute diffusivity

in this system. The diffusion coefficients in films containing approximately 30 wt % FC-70 are
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larger than in a pure Teflon film, showing the possibility to improve the transport efficiency by

doping a large amount of FC-70.
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Figure 2-9. Diffusion coefficients of solutes in FC-70-doped Teflon AF 2400 films at 20.0 + 1.0 °C:
(a) toluene, C; = 1.0 M; (b) a,0,a-trifluorotoluene, C, = 0.3 M; (c¢) 2,3,4,5,6-pentafluorotoluene, C; = 0.5 M;

(d) octafluorotoluene, C, = 0.1 M; (e) nitrobenzene, C; = 0.5 M; (f) pentafluoronitrobenzene, C, = 0.2 M.
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It is helpful to understand the partitioning of solutes from chloroform to pure FC-70
before we investigate solute partitioning from chloroform into FC-70-doped Teflon AF films.
Octafluorotoluene and 2,3,4,5,6-pentafluorotoluene have relatively large partition coefficients
and thus can be accurately measured by the liquid-liquid partitioning experiment. The partition
coefficients of the other four solutes were obtained from the measurement of activity coefficients
by head space gas chromatography (HSGC). The partition coefficients (based on molar
concentration ratio) are summarized in Table 2-4. In general, substitution of fluorine increases
the partition coefficients from chloroform to FC-70. Compared with the methyl group, the nitro
group is more polar. Therefore, the nitrobenzene series exhibits lower partition coefficients than

the analogous toluenes.

Table 2-4. Solute Partition Coefficients (FC-70/CHCIl;) at 20.0 °C

Solutes Krc
Toluene® 0.011 +0.001
a,0,0-Trifluorotoluene® 0.060 +0.004
2,3,4,5,6—Pentaﬂu0rotolueneb 0.108 +£0.002
Octafluorotoluene” 0.616 = 0.006
Nitrobenzene® 0.006
Pentafluoronitrobenzene” 0.045

* Data were obtained from HSGC. ° Data were obtained from solute partitioning (triplicate measurements). The

errors indicated in table are the standard error of the mean.

The partition coefficients and diffusion coefficients of the solutes from chloroform to FC-
70-doped Teflon films have been determined simultaneously from the transport experiments with

thick films. As shown in Figure 2-10, the partition coefficients of all the solutes show a
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decreasing trend in general along with the increase of FC-70 wt % and eventually approach their
partition coefficients from chloroform to pure FC-70. Therefore, Teflon films doped with larger
amounts of FC-70 behave more “FC-70 like”. A descending order of partition coefficients (Kot

> Kprr > K1rr > Kppng > KtoL > Kng) 1s common for the Teflon films with different amounts of

dopant.
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Figure 2-10. Partition coefficients of solutes in FC-70-doped films at 20.0 + 1.0 °C: (a) toluene, C; = 1.0 M; (b)
a,a,a-trifluorotoluene, C; = 0.3 M; (c) 2,3,4,5,6-pentafluorotoluene, C; = 0.5 M; (d) octafluorotoluene, C;= 0.1 M;
(e) nitrobenzene, C; = 0.5 M; (f) pentafluoronitrobenzene, C; = 0.2 M. Partition coefficients of toluene, a,0,0-
trifluorotoluene, nitrobenzene, and 2,3,4,5,6-pentafluorotoluene from chloroform into pure FC-70 were obtained
from head space gas chromatography. Liquid-liquid partitioning experiments were performed to get those values for

2,3,4,5,6-pentafluorotoluene and octafluorotoluene.
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Since fluorine substituents contribute to the selective partitioning from chloroform to FC-
70-doped Teflon films, it is worthwhile to compare the outcomes of the solutes with different
substitutions. Six solutes were classified into three categories: substitution of three methyl
hydrogen atoms with fluorine (3F/3H), substitution of five phenyl hydrogen atoms with fluorine
(5F/5H), and substitution of eight hydrogen atoms with fluorine (8F/8H). On the basis of
different substitutions with fluorine, the selectivities of partitioning from chloroform to doped
Teflon films are plotted in Figure 2-11. Interestingly, the partitioning selectivities of 2,3,4,5,6-
pentafluorotoluene/toluene are close to those of octafluorotoluene/a,a,a-trifluorotoluene. In
addition, a,a,a -trifluorotoluene/toluene and octafluorotoluene/2,3,4,5,6-pentafluorotoluene pairs
also have similar partitioning selectivities. If indeed the effects of a particular substitution
pattern, e.g., 3F/3H, on partition coefficients is independent of the remainder of the molecule,
then the product of the selectivities for the substitutions 3F/3H and 5F/5H should predict the
selectivity for the substitution 8F/8H. Thus, partitioning selectivities, Si.cry-cH; and Si.cers/-cgHss
were calculated from the average of the partitioning selectivities of the solute pairs with the
corresponding substitutions. The product of the two partitioning selectivities is very close to the
partitioning selectivity of the octafluorotoluene/toluene pair (Sicyrscrscsuscu;) at each film
composition. A linear relationship (R = 0.9964) was obtained with a slope of 1.009 + 0.025 and
an intercept of —0.368 = 0.444, when Sicrscr;camscr; 1 plotted against Si.cry.chy X Sk-cgFs/-CoHs
(Figure 2-12). Statistical analysis shows no significant difference between the slope and the
ideal value of unity (p = 0.723). The difference between the intercept and the ideal value of zero
is not significant either (p = 0.446). This correlation in the toluene series indicates that neither
the substitution of fluorine on the methyl group nor that on the phenyl group will significantly

change the partitioning properties of other substructures in the solutes.
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Figure 2-12. Partitioning selectivities of octafluorotoluene over toluene in FC-70-doped (0—30 wt %) Teflon AF

films were plotted against the product of partitioning selectivities of trifluoromethyl/methyl and

perfluorophenyl/phenyl groups (v = 1.009x — 0.368, R* = 0.9964).
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For the nitrobenzene pair, the partition ratio of pentafluoronitrobenzene over
nitrobenzene is much higher than the ratios of toluene pairs with the same substitution. This
probably results from the strong electron-withdrawing effect of the F/H substitution on the nitro
group. Nitrobenzene is not only highly polar but also highly polarizable.''” Substitution of five
hydrogen atoms on the phenyl group with fluorine atoms may significantly decrease the electron
density on the nitro group, thus decreasing its polarizability. Recently, Amemiya’s group
reported that the lipophilic nature of perfluoroalkyl surfactants originates from the electron-

118 .
The decrease in

withdrawing effect of a perfluoroalkyl group on its adjacent oxoanion groups.
the charge density on the carboxylate functional group is responsible for the significant solubility
of perfluorooctanoate in octanol. In a similar way, therefore, the intermolecular interactions
between pentafluoronitrobenzene and solvent are weaker than those of nitrobenzene.
Confirmation of this notion can be seen in the relatively large difference of the boiling points of
the two liquids (52 °C). In comparison, the differences of boiling point between the toluene and
2,3,4,5,6-pentafluorotoluene pair as well as the a,a,a-trifluorotoluene and octafluorotoluene pair
are 6 and 2 °C, respectively. In addition, an FT-IR study of nitrobenzene in chloroform indicates
a strong hydrogen-bond formation.'"” However, the nitro group in pentafluoronitrobenzene will
be a much weaker hydrogen-bond acceptor due to the decreased electron density. Thus, the

SF/5H substitution on the phenyl group significantly changes the electronic properties of the

nitro group.
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2.3.5 Transport Selectivity of FC-70-doped Teflon AF Films Based on Different

Substitutions

The transport selectivities based on different substitutions (3F, S5F, 8F) are plotted against the
composition of FC-70-doped films (Figure 2-13). Usually, longer fluorous ponytails, more
ponytails, and/or a higher weight percentage of fluorine lead to larger partition coefficients into
fluorous media and thus better selectivity in partitioning dominated selective transport. There is a
general increasing trend for the selectivities of 8F- and SF-substituted pairs. Among all the solute
pairs we studied, the octafluorotoluene and toluene pair has the largest difference in fluorine
content; thus, the partitioning of octafluorotoluene compared with toluene (Kopr/KroL) into
doped film is more favorable than into the pure Teflon AF film. However, the relatively large
size of octafluorotoluene leads to slower diffusion. Nonetheless, the selectivity of this pair
increased using Teflon AF films doped with larger FC-70 content. For the solute pairs with the
same substitution of five fluorine atoms on the phenyl ring, the selectivity increased most
significantly for the pentafluoronitrobenzene/nitrobenzene pair followed by the
octafluorotoluene/ a,a,a-trifluorotoluene and 2,3,4,5,6-pentafluorotoluene/toluene pairs. For the
solute pairs with substitution of three fluorine atoms, no obvious increase on selectivity was
observed using FC-70 (< 30 wt %) doped Teflon AF film. Further increase of the FC-70 wt % in
Teflon film can be beneficial to increase the transport selectivity. However, a Teflon AF 2400
film containing FC-70 larger than a weight percentage of 35 wt % is difficult to handle

practically due to the reduced mechanical properties.
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Figure 2-13. Transport selectivity based on the substitution of fluorine atoms (8F, 5F, 3F) at 20.0 = 1.0 °C. The

error bars represent the standard error of the mean.

2.3.6 Recycling of Teflon AF 2400

Teflons are normally not considered to be easily degraded. The recycling of Teflons can reduce
not only the production of waste but also the cost of our separation system. As shown in Table
2-5, the recycled Teflon AF 2400 films have a similar film density to that of the fresh films with
no significant difference (p = 0.553). The practicality of the recycled Teflon AF 2400 for the
transport application has been verified. The relative errors of permeability coefficients for
toluene and a,0,a-trifluorotluene through recycled films and fresh films are 22% and 13%,
respectively, which fall within the margin of error in our long-term study.”’ The selectivity of
a,0,0-trifluorotluene over toluene has 9% relative error through the recycled Teflon films and
fresh ones. Therefore, the FC-70-doped Teflon AF 2400 used in this work could be recycled for

practical use.
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Table 2-5. Properties of the Fresh Teflon AF 2400 Films and Recycled Teflon AF 2400 Film

Fresh Teflon AF 2400 Film | Recycled Teflon AF 2400 Film
Density (g/cm’) 1.816 £0.022 (n"=5) 1.822+0.017 (n*=10)
Piouene (cm?/s) (1.19+0.01) x 107 (0.953 + 0.040) x 107
P .o Trifluorotoluene (CIM/S) (3.35+0.16) x 10 (2.94+£0.02) x 10
Selectivity 2.82+0.14 3.08+0.13

% n is the number of measurements.

24  CONCLUSION

Perfluorotripentylamine-doped Teflon AF 2400 matrices transport fluorinated organic
compounds with considerable selectivity compared to their organic counterparts. Less
chloroform partitions into Teflon AF films containing FC-70 than into undoped films. The
amount of chloroform absorbed in Teflon films with larger than 20 wt % FC-70 is close to the
solubility of chloroform in FC-70. Moreover, solute partition coefficients from chloroform to
Teflon films doped with more FC-70 approach the partition coefficients from chloroform to pure
FC-70. Both the sorption behavior of chloroform and the solute partitioning pattern indicate that
doped Teflon films have FC-70-like properties. The permeabilities of six solutes through Teflon
films doped with various amounts of FC-70 (0—30 wt%) show a similar pattern as FC-70 content
is changed due to the integrated effect of solute diffusion and partitioning. FC-70-doped films
show increasing selectivity for transport of 8F/8H- and 5F/5H-substituted solute pairs as FC-70

content increases.
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3.0 PROPERTIES AND TRANSPORT BEHAVIOR OF TEFLON AF 2400

NANOCOMPOSITE FILMS

Parts of this chapter are from Nanocomposite Teflon AF 2400 films as tunable platforms for
selective transport, Zhang, H.; Wang, S.; Weber, S. G. Analytical Chemistry, 2012, 84,
9920-9927; and Morphology and free volume of nanocomposite Teflon AF 2400 films and
their relationship to transport behavior, Zhang, H.; Wang, S.; Weber, S. G., Journal of
Membrane Science, 2013, 443, 115-123. Adapted with permission from American Chemical
Society and Elsevier (License number: 3278960661775). Weber, S. G. and Zhang, H. conceived
the study. Zhang, H. performed all the experimental work with the help of Wang, S., and wrote

the paper under the guidance of Weber, S. G.

3.1 INTRODUCTION

Nanocomposite materials produced by embedding nanoparticles in polymer matrices exhibit
unique and promising properties that are of interest in many fields, including sensors,'?’
separations, ™" fuel cells,'*! drug delivery,'? regenerative medicine,'” and smart materials.'**
In some cases, the macroscopic properties that lead to the foregoing applications are controlled

by the microscopic structure and morphology of the materials. However, creating a particular

morphology is a challenge.'” Nanoparticle patterns can be created by external means and by
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tailoring nanoparticle-nanoparticle and nanoparticle-polymer matrix interactions.'”> Recently,
several investigators have developed an understanding of the phase behavior of nanoparticle-

125129 The recent

polymer melts.'*'?® Of course, the phase behavior depends on thermodynamics.
work is interesting because it shows how subtle changes, e.g., in brush length on polymer-

modified nanoparticles,'® entropic contributions from the number of polymer contacts with a

7 126,128

particle,'”’” or the relative sizes of polymer chains and nanoparticles can control phase
behavior.
Applications of fluorous materials are growing. These robust, transparent materials offer

1,130,131

the potential for selective chemical separations and sensors. Introducing receptors

complementary to targets will improve sensitivity and specificity of the

6264132133 Elyorous materials are ideal matrices for molecular

separation/measurement.
recognition due to weak van der Waals interactions per molecular contact area.’ Teflon AF is a
family of amorphous glassy copolymers of tetrafluoroethylene (TFE) and 2,2-bis-
trifluoromethyl-4,5-difluoro-1,3-dioxole (PDD). Teflon AF 2400 exhibits a high fractional free
volume (FFV)*® stemming from the rigid structure of the dioxolane ring and the weak van der
Waals interactions between chains.”® Theoretical studies predict a bimodal distribution of free
volume elements and their partial connectivity in Teflon AF 2400.*° The high FFV and weak
inter chain interactions lead to a low activation energy of diffusion as well as distinctive
solubility/partitioning behavior of gaseous permeants in Teflon AF 2400."° This material
provides unique opportunities for transport-based processes, including gas separation,
pervaporation, permeation-based sensors, ion sensing, and flow chemistry.28

We are not aware of investigations that probe the effect of plasticizer on the nanoscale

morphology of composite materials, nor are we aware of work that relates the control of
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composition (plasticizer) to the amount and character of the material’s free volume and its
impact on molecular transport. There is only a handful of studies that include a plasticizer in

134136 chiefly to increase conductivity in electrolyte material

polymer-nanoparticle composites,
applications for lithium batteries. Thus, we have developed a system with up to four components:
polymer (Teflon AF 2400), nanoparticles (solid silica modified with a fluoroalkylsilane
monolayer), plasticizer (perfluorotripentylamine), and casting solvent that all have very low and
similar cohesive energy densities. The resulting stable suspensions allow for casting films by
slow solvent evaporation leading to reproducible creation of polymer films with both
nanoparticles and plasticizer. We find that the films’ morphologies are controlled by the presence
of plasticizer. The morphological differences translate directly into very different molecular

transport properties. We conclude that the presence of a plasticizer is one more tool to consider

in the attempt to control polymer nanocomposite architecture and properties.

3.2 EXPERIMENTAL

3.2.1 Materials

Teflon AF 2400 was purchased from DuPont (Wilmington, DE). HFE-7100 (a mixture of
methoxynonafluoroisobutane, and methoxynonafluorobutane), PF-5080 (a mixture of perfluoro
compounds comprising primarily compounds with 8 carbons), FC-77 (primarily a mixture of
CsFis and cyclic CgF160), and Fluorinert FC-70 (perfluorotripentylamine, bp 215 °C) were
purchased from 3M (Minneapolis, MN). The suspension of silica nanoparticles in isopropanol

(IPA-ST-ZL) was kindly supplied by Nissan Chemical Industries Ltd. (Houston, TX).
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1H,1H,2H,2H-perfluorooctyltriethoxysilane, triethoxy(octyl)silane, and probe solutes used in
transport experiments (toluene (TOL), octafluorotoluene (OFT), naphthalene (NPTH), and
Reichardt’s dye) were purchased from Sigma-Aldrich (St. Louis, MO). Ammonium hydroxide
(28.0—30.0%) was purchased from J. T. Baker (Phillipsburg, NJ). Ethanol, isopropanol and
chloroform were obtained from Fisher Scientific and used as received. Water was purified with a

Milli-Q Synthesis A10 system (Millipore, Bedford, MA).

3.2.2 Surface Modification and Characterization of Silica Nanoparticles

A colloidal suspension of silica nanoparticles (IPA-ST-ZL, 10 mL) was added to a vigorously
stirred solution of isopropanol (25 mL) and HFE-7100 (25 mL) at room temperature. Then
1H,1H,2H,2H-perfluorooctyltriethoxysilane (2.0 g, 1.5 mL) was added and the resulting mixture
was stirred until a homogeneous suspension was obtained. A solution of ammonium hydroxide
(28.0—30.0%, 10 mL) in isopropanol (25 mL) was added dropwise with stirring over 10 minutes.
Finally, the mixture was refluxed at 70—80 °C for 3 days. The modified nanoparticles were
centrifuged at 6,000 rpm for 30 min and then resuspended in ethanol/HFE-7100 (30 mL/15 mL)
for three cycles to remove excess silane reagent. The organosilane-modified silica nanoparticles
were obtained under the same conditions as described above for the fluoroalkylsilane
modification with only one difference. Instead of using the ethanol/HFE-7100 mixture, pure
ethanol was used as the solvent in both the reaction and washing processes.

The modified nanoparticles were characterized by elemental analysis, transmission
electron microscopy (TEM), differential scanning calorimetry (DSC), and water contact angle.
Elemental analysis (C, H, F %) was conducted by Atlantic Microlab Inc. (Norcross, GA).
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Nanoparticle samples for TEM measurements were prepared by adding a droplet of dilute
nanoparticle suspension (in ethanol) on a carbon-coated Cu grid (Ted Pella, Inc., CA). The grid
was allowed to dry, and the measurement was performed with a Philips Mogagni 268 TEM.
Differential scanning calorimetry (DSC) analysis was performed with a Shimadzu DSC-60
Differential Scanning Calorimeter. Samples (unmodified and modified silica nanoparticles) were
freeze-dried for 17 hours before measurement. The experimental program for each measurement
includes two cycles. Each cycle contains four steps: stabilizing at 30 °C for 5 minutes, heating to
380 °C at a rate of 5 °C/min, stabilizing at 380 °C for 5 minutes, and cooling down to 30 °C at a
rate of 5 °C/min. The hydrophobicity of modified and unmodified silica nanoparticles was
characterized by water contact angle measurements. Colloidal suspensions of nanoparticles (5
mg/mL) in ethanol were dropped on an ethanol-cleaned microscope slide. The solution was
allowed to spread out and dry to form a thin nanoparticle layer. The water contact angle on the
nanoparticle-covered slide was measured with a VCA 2000 Video Contact Angle System

(Billerica, MA).

3.2.3 Preparation of the Composite Films

To prepare FNP-doped Teflon AF 2400 films, the nanoparticles were added to a 10 mg/mL
solution of Teflon AF 2400 in HFE-7100/PF5080 (volume ratio = 2:1) in the desired proportions.
Sonication gives homogeneous and stable suspensions of FNPs in Teflon AF 2400 solution.
Suspensions were transferred into an optical-flat-bottomed glass Petri dish with an i.d. of 6.0 cm.
The dish was covered with a piece of weighing paper and a glass cover. The solvent was allowed
to evaporate slowly at room temperature until a constant weight of the film was reached (about 4
days). Films were readily peeled off with forceps after adding 2 mL of ethanol to the dish. FNP-
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doped Teflon AF 2400 films were equilibrated in pure chloroform (stirred at 200 rpm at 20.0 £
1.0 °C) for 48 hours before transport experiments.

To prepare a Teflon AF 2400 film containing FNP and FC-70 (typical weight of a film =
200 mg), the nanoparticles, FC-70, and Teflon AF 2400 were introduced in the desired
proportions and sonicated in HFE-7100/PF5080 (volume ratio = 2:1, total volume: 5 mL) to form
a homogeneous suspension. Three-component films were obtained under the same conditions as
described above with one difference. They were peeled off using a scalpel with the addition of
3mL FC-70 saturated EtOH/10% H,O. These films were stored in a covered container with an
FC-70-saturated atmosphere, then were equilibrated in chloroform containing a defined
concentration of FC-70 before transport experiments to ensure equal chemical potential of FC-70

in the source phase, polymer phase, and receiving phase."”’

3.2.4 Morphological, Mechanical, Sorption, and Transport Properties of the Composite

Films

All the composite Teflon films were characterized by scanning electron microscopy (SEM) and

B7 For the investigation of film morphology and

dynamic mechanical analysis (DMA).
homogeneity, the cross-sectional images of composite Teflon AF 2400 films were captured using
a Philips XL-30 field emission SEM (Hillsboro, OR). Films for SEM studies were fractured in
liquid nitrogen and sputter-coated with palladium to enhance surface conductivity. Dynamic
mechanical analysis was carried out using a Q800 DMA (TA Instruments, New Castle, DE).
DMA was performed on a rectangular shaped film mounted between the tensile mode clamps of
the instrument. Thin Teflon AF gaskets were used between a three component film (Teflon

AF/FNP/FC-70) and a clamp to prevent mechanical damage to the film. The sample was pre-
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stretched under a preload force of 0.01 N. The storage modulus at 20 °C for all films was
measured under a sinusoidal strain deformation (0.3% strain amplitude) of 1 Hz. The glass
transition temperature of Teflon AF films doped with FNPs was determined using a sinusoidal
strain deformation (0.3% strain amplitude) of 1 Hz during a temperature sweep from —100 to 300
°C at a rate of 3 °C/min. Three component films (Teflon AF/FNP/FC-70) display much higher
stiffness at low temperatures. Therefore, the glass transition temperature of three-component
films was measured under a sinusoidal strain deformation (0.1% strain amplitude) of 1 Hz during
a temperature sweep from —50 to 300 °C at a rate of 3 °C/min to ensure the film integrity.

DSC was used to determine the change in heat capacity at T, for FNP-containing Teflon
AF films. Differential scanning calorimetry (DSC) analysis of fluorophilic silica nanoparticle
doped Teflon AF 2400 films was performed with a Shimadzu DSC-60 Differential Scanning
Calorimeter. Small pieces of films with dimension ~2mmx2mm (total mass:10—17 mg) were
applied in measurement. The experimental program for each sample includes many cycles: 0
wt%: 3; 5 wt%: 3; 15 wt%: 4; 30 wt%: 4; 50 wt%: 10; 70 wt%: 10. Each cycle contains four
steps: stabilizing at 100 °C for 5 minutes, heating to 300 °C at a rate of 5 °C/min, stabilizing at
300 °C for 1 minutes, and cooling down to 100 °C at a rate of 10 °C/min. Curve fits to obtain the
change of heat capacity was performed by PeakFit (Systat, San Jose, CA, USA).

Pure Teflon AF and 70 wt% FNP doped Teflon AF films were subjected to BET analysis.
Nitrogen sorption analysis was performed at (77.06 + 0.03)K with a Micromeritics ASAP 2010
gas adsorption analyzer. Before each measurement, the film was outgassed overnight at 60 °C to
remove dissolved and adsorbed gases.

The sorption of chloroform in all composite Teflon AF films was measured by FT-IR in a

gas flow cell.””” Saturated chloroform vapor was carried into the IR flow cell by nitrogen gas
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with the pressure of 15 psi (20 °C) at a flow rate of ~0.1 LPM. The tail gas was absorbed by n-
butanol. IR absorbance of chloroform in the flow cell was continuously monitored by an FT-IR
spectrometer (Bio-Rad Excalibur FTS 3000 Spectrometer, DigilLab, Randolph, MA) to ensure
equilibrium (typically 30 minutes). In order to measure the sorption of chloroform in a hybrid
film, a piece of the film with the same diameter as the KBr window was placed between the two
lead spacers in the flow cell for IR measurement. The IR absorbance of the flow cell without a
film was monitored as the control experiment. The chloroform sorption was quantified based on
the difference of IR absorbance with and without a film. Since the characteristic vibrational peak
shifted from 772 cm™ for the vapor chloroform to 768 cm™ for the chloroform in Teflon film, the
peak area was used for IR quantification.”®"?’

Permeabilities, diffusion coefficients, and partition coefficients of solutes through
composite Teflon AF films were determined using a three-phase transport device at 20 1.0
°C.7 A film was mounted between two quartz cuvettes (path length equals 1.0 cm, Starna Cells,
Atascadero, CA) with holes (0.5 cm in diameter) to define the effective transport area. Two
pieces of Viton gasket were placed in between the film and cuvettes to prevent leaking. The
eight-position multi-cell transport holder was used to hold eight cells (four pairs) in a rack, which
were kept at constant temperature by water circulation from a thermostatic water bath. The
stirring module for the multi-cell transport holder controlled the stirring speed at the same rate
for the eight cells. The volume of the source phase containing the analyte and receiving phase
was 3.00 mL in all the transport experiments. The concentration of probe solute in the source
phase is 0.10 M for all transport experiments. Solute concentration in the receiving phase was

continuously monitored by a UV spectrophotometer (Hewlett-Packard 8452A UV-visible diode
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array spectrophotometer, Palo Alto, CA). The steady-state flux, J, of a solute through the film is
given by eq. 3-1:"’

J= d;” ~5(mol~cm2 s (3-1)

dCydt is the accumulation rate of solute in the receiving phase. V' is the volume of the receiving
phase (3.00 mL). 4 is the effective transport area (0.196 cm?). The permeability coefficient, P,
can be deduced from the flux:”’

P= S zﬂ(cmz-s_l) (3-2)
c-C C,

S r

where / is the film thickness determined by micrometer measurements. C; and C, represent the
concentration of the solute in the source phase and receiving phase, respectively. In our
experimental duration, C, is negligible compared to C;. Thus C; — C, can be simplified as the
initial concentration of the solute in the source phase, C;.

In order to clearly observe the lag phase prior to the solute flux reaching the steady state,
thick films (77 um to 235 pm) were employed in the transport experiments. The thick films were
prepared by firmly stacking multiple thin films (20-40 um) together. The concentrations of
source phase solutions (toluene: 0.9 M, octafluorotoluene: 0.1 M, naphthalene: 1.0 M) were
chosen based on solute absorptivity. UV absorbance of the receiving phase was recorded
continuously at a time interval of 20 s in order to measure the solute accumulation. For a
transport system that starts with “zero” solute concentration in both the film and the receiving

phase, the accumulation of solute molecules can be theoretically described by eq. 3-3:'*’

Dt 1 2 &1y
Rl

0=K-C,-1(=—— e P (ol - em™) (3-3)
T
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O, denotes the accumulation of the solute in the receiving phase (substance passed
through the film) per transport area within the time range 7. K is the partition ratio of the solute
from chloroform to the film. C; is the concentration of the solute in the source phase solution. /
represents the thickness of film. D is the average diffusion coefficient of the solute in the film.
Thus, the diffusion coefficients and partition coefficients can be obtained by nonlinear fitting eq.

3-3 to experimental data using Mathcad 14 (“infinity” in the sum was set to 100).
3.2.5 Film Density Measurement and Apparent Fractional Free Volume (aFFV)

The hydrostatic weighing method was used to determine film density (p)."*’ Based on measured
densities, the aFFV of the Teflon films containing dopants (FNP alone or both FNP and FC-70)

can be calculated according to eq. 3-4:

aFFV =1=p-(1= Y wt,%)- ST -5 g 0. 0211 (3-4)
i Pr i Pi

where pr and fr correspond to the density and FFV of pure Teflon AF 2400, respectively. p; is the

density of a dopant, while f; is the FFV of the dopant. w#,% is the weight percentage of a dopant

in the film. The second term, p-(1— Z,Wti %) - a=/) , represents only the volume occupied by

T

the Teflon AF 2400 (excluding free volume) per unit volume of the hybrid film. The third term,

1-1)
Pi

P wt%- , 1s the volume of the dopant (excluding free volume) per unit volume of the

hybrid film. We assume that the fluorous surface modification has a negligible impact on the
density and free volume of the solid silica particles. The density of FNP is taken to be the same

as unmodified nanoparticles, and the FFV of FNPs is 0.
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The apparent fractional free volume of the permeable component in the film (aFFVp) is
calculated according to eq. 3-5:

aFFV, = aFFV (3-5)

L= p - Wtpyp %0/ Pryp

where wtpnp% and pryp correspond to the weight fraction and density of FNP, respectively.

3.2.6 Radius of Gyration (R,) of Teflon AF 2400

Viscosity measurements of a series of dilute Teflon AF 2400 solutions in FC-77 (1, 2, 3, 4, 5
mg/mL) were performed with an AR 2000ex rheometer at 20 °C. Over this range of low
concentrations (1-5 mg/mL), the reduced viscosity (7,.) and inherent viscosity (7;,) change
linearly with Teflon AF 2400 concentration, and therefore, follow the Huggins and Kraemer

. 138
equations:

Ty =[]+ K,y -[n] -c (3-6)
n-c¢
In(1)
% = =)+ K -[] - (3-7)

where 7 and 7, correspond to the viscosity of the Teflon AF 2400 solution and pure solvent (FC-
77), respectively. Ky and Kk are the Huggins and Kraemer constants. The intrinsic viscosity ([7])
of Teflon AF 2400 was determined by plotting 7,. and inherent viscosity #;, versus the solution
concentration (c¢). The radius of gyration of Teflon AF 2400 in FC-77 was determined from the

intrinsic viscosity according to eq. 3-8:"**

R =M, (3-8)

¢ V62N,
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where M,, is the weight-average molecular weight of Teflon AF 2400. N4 is the Avogadro

constant.

3.3 RESULTS AND DISCUSSION

3.3.1 Fluorophilic Nanoparticle Characterization

From elemental analysis, the surface coverage of the fluorous moiety was (3.2 + 0.1) pmol/m?
(n=3), which is approximately 40% of the surface silanol concentration [(8 + 1) pmol/m?].'*
This surface coverage is comparable to that of (1H,1H,2H,2H-

perfluorodecyl)dimethylchlorosilane-modified silica (3.45 pmol/m?).'*

The contact angle of a
water droplet on a surface with these particles exceeds 150° (Figure 3-1). We also modified

silica nanoparticles with triethoxy(octyl)silane under the same conditions except for the solvent

(ONPs). As revealed by elemental analysis, we obtained a surface coverage of 4.76 pmol/m?.

Figure 3-1. (A) water contact angle of unmodified silica nanoparticles on a microscope slide; (B) water contact

angle of fluoroalklylsilane-modified silica nanoparticles on a microscope slide.
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TEM was used to further characterize unmodified and modified silica nanoparticles
(Figure 3-2). The mean diameters (d;, i = A, B, or C) of unmodified (number counted: n, =
1056), fluoroalklylsilane modified (ng = 845), and octylsilane modified (nc = 1183) silica
nanoparticles determined by Simple PCI 6 are (114.69 = 0.21) nm, (115.90 £ 0.24) nm, and
(116.10 £ 0.20) nm, respectively. Statistical analysis shows a significant difference between da
and dp/dc (pap = 1.13X10’4, PAC = 8.22><10'7), while the difference between dp and dc is not
significant (pgc = 0.525). Interestingly, the diameter difference between unmodified and
fluoroalkylsilane modified silica nanoparticles (~12 A) is close to twice the value of the
thickness of the inclined fluorous silane monolayer determined from chemical vapor surface
modification on a hydroxylated oxide surface — 6.0 A.'"*! This indicates monolayer coverage on
the modified silica nanoparticle surface. Overall, the fluorous modification of silica nanoparticles

is satisfactory.

Figure 3-2. TEM micrographs of the silica nanoparticles: (A) unmodified; (B) fluoroalklylsilane modified; (C)
octylsilane modified (scale bar = 500 nm). Obvious overlapping particles were manually identified for exclusion

from the analysis by the image analysis software (Simple PCI 6).

The thermal properties of unmodified, O-, and FNPs were determined by DSC (Figure 3-

3). Dehydration gives a broad endothermic peak with an onset temperature at 30 °C. ONPs show
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a single exothermic peak with the onset temperature at 231 °C from the decomposition the
modification.'* FNPs display more complicated thermal behavior. The dehydration process is
attenuated in comparison to the other two materials. Thus, little weakly bound water exists on
these particles. A sharp endothermic phase transition at 273—278 °C can be ascribed to the chain

143

melting transition of the fluorocarbon moiety. ™ The decomposition of the hydrocarbon linker

starts at 318 °C. Immediately following the exothermic transition from linker degradation, the
evaporation of the fluorocarbon residue (thermally stable at temperatures less than 500 °C) gives

144 ENPs feature a higher degradation temperature than the glass

rise to an endothermic transition.
transition temperature (T,) of Teflon AF 2400 (240 °C). Therefore, composite films of Teflon AF

2400 and FNPs will display high thermal stability below Teflon AF 2400°s T,.

[IJ I SIO I l[IJO I lfl'O I 2[IJO I 25I'0 I SEIJO I 35I!O I -IEIJO I
Temperature (C)
Figure 3-3. DSC curves of unmodified (black lines), octylsilane modified (blue lines) and fluoroalkylsilane

modified (magenta lines) silica nanoparticles. Solid lines represent the first heating cycle and dashed lines are the

second heating cycle.
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3.3.2 Morphology of Teflon AF Composite Films

Notably, a stabilizer-free FNP suspension in HFE-7100 has been stable for 2 years at the time of
writing. The slow evaporation of solvent from an FNP suspension containing Teflon AF 2400
leads to homogeneous thin Teflon films incorporating FNPs (see Figure A-2). Figure 3-4 shows
cross sections (fracture in liquid nitrogen) of Teflon AF films containing FNP alone, as well as
Teflon AF containing both FNP and FC-70. In the Teflon AF 2400 film containing 15 wt% (12
volume % (v%)) FNPs, the majority of the nanoparticles exist as individual entities surrounded
by the Teflon matrix. Individual nanoparticles are attached to a web-like Teflon AF matrix.
Higher (50 wt% (40 v%) and 70 wt% (53 v%)) concentrations of FNPs in Teflon AF 2400 films
display Teflon AF threads that terminate at feet on individual FNPs. It is worth pointing out that
a Teflon AF 2400 film containing 15 wt% ONPs shows that phase separation occurred during the
film formation(see Figure A-3). The composite films containing Teflon AF 2400, FNPs, and
FC-70, display a very different morphology in comparison to films containing only Teflon AF
2400 and FNPs. All the three-component films are composed of nanoparticles with non-ideal
spherical shape that show a broader size range than the FNPs themselves. Therefore, we believe
that the three-component films are packed core-shell type nanoparticles with FNPs as the core
and a shell of FC-70-plasticized Teflon AF 2400. The intertwining of the polymer chains of
adjacent shells results in good film integrity although the films contain only 10—25 wt% Teflon

AF 2400.
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Figure 3-4. Cross-sectional SEM images of Teflon AF 2400 films containing various weight percentages of FNP
and FC-70: (A) 15 wt% (12 v%) FNPs; (B) 30 wt% (25 v%) FNPs; (C) 50 wt% (40 v%) FNPs; (D) 70 wt% (53 v%)
FNPs; (E) 70 wt% FNPs and 5 wt% FC-70; (F) 70 wt% FNPs and 10 wt% FC-70; (G) 70 wt% FNPs and 15 wt%

FC-70; (H) 70 wt% FNPs and 20 wt% FC-70.

Teflon AF 2400 with different states (glassy and plasticized) leads to structurally
different polymer nanocomposites. In what follows, we present a systematic study showing how
the changes in film composition and morphology just described influence physical, mechanical
and chemical properties of these films, and render distinctive transport behaviors. As a guide, we

present a broad overview of the results in Table 3-1.
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Table 3-1. A summary of physical, mechanical, chemical, and transport properties of composite Teflon AF films at 20.0 = 1.0 °C

Properties Composite Teflon AF 2400 Films
Pure Teflon Teflon AF/FNP FC-70 plasticized Teflon AF/FNP
AF
FNP (wt%) 0 15 30 50 70 70 70 70 70
FC-70 ( wt%) 0 0 0 0 0 5 10 15 20
Density (g/cm’)* 1.772+0.005° 1.909+0.013 1.904+0.010 1.842+0.010 | 1.761+0.007 | 1.875+0.009 | 1.863+£0.010 | 1.818+0.010 | 1.878+0.014
aFFVy° 0.303+0.002 0.272+0.006 0.305+0.005 0.400+0.007 | 0.558+0.007 | 0.494+0.009 | 0.502+£0.010 | 0.530+0.010 | 0.495+0.014
Distribution of aFFV,, (shell/void) — — — — — 0.131/0.363 0.140/0.362 0.138/0.392 0.153/0.342
Transition temperature (0C) 261 271 272 276 271 267,121,-7 | 265,120,-12 | 260,103,-19 | 259,98, -24
d(Tan §)/dT=0
ACpat T, J-g"K™) 0.063 0.050 0.034 0.013 0.00 — — — —
Storage modulus (MPa) 1072 1625 1603 1675 1317 1240 934 738 454
Interparticle distance (nm)* — 84.7 434 20.0 7.4 — — — —
Sorption of CHCI3 (g/100 g soft matrix in the film) 8.00 7.24 8.27 10.08 11.83 6.77 5.70 3.50 1.53
Log (Permeability/cm2/s) (NPTH) -9.076 -9.118+0.098 -9.014+0.25 -8.561£0.061 | -8.187+0.280 — — — —
Partition coefficient (NPTH) 0.054 0.038+0.001 0.055+0.006 0.097+0.003 | 0.156+0.027 — — — —
Log (Permeability/cm2/s) (TOL) -7.763+0.008 -7.781£0.009 -7.742+0.031 | -7.368+0.006 | -6.977+0.003 | -8.348+0.017 | -8.251+0.002 | -8.223+0.029 | -8.023+0.054
Log (Permeability/cm2/s) (OFT) -7.011£0.003 -7.025+0.005 -6.982+0.001 | -6.682+0.002 | -6.425+0.001 | -7.358+0.004 | -7.225+0.007 | -7.020+0.032 | -6.785+0.014
Transport selectivity (OFT/TOL) 5.64+0.12 5.71+0.14 5.75+0.41 4.86+0.08 3.57+0.03 9.77+0.39 10.60+0.17 15.95+1.60 17.30+2.23

* The number of density measurements for each film are: 8 (0 wt% FNP), 9 (15 wt% FNP), 10 (30 wt% FNP), 9 (50 wt% FNP), 10 (70 wt% FNP), 10 (70 wt%

FNP, 5 wt% FC-70), 10 (70 wt% FNP, 10 wt% FC-70), 10 (70wt% FNP, 15 wt% FC-70), 10 (70 wt% FNP, 20 wt% FC-70). Interparticle distance in Teflon

AF/FNP films is calculated according to a published method.'* The data shown for transport studies are the mean values of two duplicate experiments.

® All errors in the table are standard deviations of the mean. © Fractional free volume for the non-nanoparticle matrix alone.
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3.3.3 Density and Apparent Free Volume of Teflon AF/FNP Composite Films

Film density increases first and then decreases as the weight fraction of FNPs increases in Teflon
AF films containing FNP alone. The 70 wt% FNP-containing films have even lower density than
the pure Teflon AF 2400 films. It is remarkable that the replacement of Teflon AF 2400 by the
higher density modified silica nanoparticles leads to a decrease in the film density.

Knowledge of the film densities leads directly to the films’ apparent fractional free
volumes (aFFV).'"™ Because of the observed morphology of the Teflon/FNP materials which
include the free volume within the polymer matrix itself and void volumes at the Teflon/FNP
interface, we use the term “apparent fractional free volume” (aFFV) to represent more accurately
the unoccupied volumes in the films. The free volume elements at the interface of the
nanoparticles and Teflon AF 2400 and within the bulk of the polymer are keys to solute transport
because of the non-permeable nature of nanoparticles themselves. Thus, we focus on the aFFV of
the matrix not occupied by FNPs (aFFVp). Interestingly, the polymeric chains become more
compact than pure Teflon AF 2400 in films containing 15 wt% FNPs. This observation indicates
the presence of tight interface between FNPs and Teflon AF 2400 at low dopant amount. With
more than 15 wt% FNPs in Teflon AF films, there is an increase in aFFVp which can reach over
50%.

To understand further the aFFV in Teflon AF composite films containing high
nanoparticle content, N, adsorption (BET) was performed on 70 wt% FNP-doped Teflon AF
films and pure Teflon AF films, respectively. In addition to the known microporosity of Teflon
AF (1-20 A),*’ BET reveals mesoporous free volume elements in the composite film (see
Figure A-4). The pore width by BJH analysis on both adsorption and desorption branches for the
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composite film is no larger than 5 nm, indicating that the small mesopores are not due to
nanoparticle aggregates, which would in close-packed form accommodate spheres with ~13 nm
radius. The non-effective packing of Teflon AF molecules and FNPs could be the main reason of
the large fraction and small size of apparent free volume elements. For deeper understanding, we

have looked at T, and mechanical properties of the Teflon AF/FNP system.

3.3.4 T,z ACp at Ty, and modulus of Teflon AF/FNP Composite Films and R, of Teflon AF

T, (based on DMA) increases for films containing less than 50 wt% nanoparticles, and then
decreases (Table 3-1). The maximum T, (276 °C) is seen in films with 50 wt% FNPs. The
broadening and the decrease in peak height of the tan(d)-T plot indicate an increasing
heterogeneity of Teflon AF in the composite films as FNP content increases (Figure 3-5).'* The
modulus of the film is maximal at intermediate FNP content, but in all cases tested is greater than
that for pure Teflon AF films. The trend of T, values obtained from DSC measurements agrees
well with that obtained from DMA measurements (see Figure A-5). Notably, the sharp chain
melting transition of the fluorocarbon moiety on the FNPs (recall Figure 3-3) is absent in the
composite materials, indicating the non-crystalline nature of the fluoroalkane of the FNPs when
in contact with Teflon AF. Figure 3-6 shows the change of heat capacity (AC,) at T,. Since
FNPs do not contribute to AC,, it is reasonable to expect that AC, will decrease proportionally
with the increase of FNP loading (to 0 for 100 wt% FNP), if the FNP/Teflon AF interface does
not contribute. However, AC, displays a significant negative deviation from the linear trend. The
70 wt% FNP films show no thermal transition around T, by DSC. Teflon AF 2400’s R, (in FC-

77) 1s 22.69 + 0.04 nm, which is close to the value of poly(tetrafluoroethylene) (PTFE in n-
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Co4Fso at 325 °C, Ry = 20 = 5 nm) with similar weight-average molecular weight (PTFE: 260

kDa; Teflon AF 2400: 300 kDa).'"’
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Figure 3-5. Tan(8) curves of fluorophilic silica nanoparticle doped Teflon AF 2400 films.
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Figure 3-6. Change of heat capacity at the glass transition of FNP doped Teflon AF 2400 films.
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All of the foregoing observations are consistent with the following picture. Teflon AF
associates noncovalently with the FNPs (modulus increase, loss of fluoroalkane monolayer chain
melting transition, SEM). However, the size of the interstitial space'*® for high wt% FNPs is
smaller than R, of the polymer (Table 3-1). This leads to chain confinement and entropic
restrictions on the polymer molecules. The increase in T, and loss of AC, is a result of these
factors. As He et al. have described,'*® more than one population of polymer molecules can exist
in a composite. The configurational restriction of the confined Teflon AF molecules leads to

149 \ith the result that this

relaxation times that are longer than the experimental time scale
fraction does not contribute to AC, at To.'** An extreme example is the 70 wt% FNP doped
Teflon AF film, in which the large fraction of the slow-moving FNPs and small interparticle
dimension effectively restricts most of the Teflon AF molecules, resulting in no observable
change in heat capacity at T,. The material is somewhat like a solution envisaged by Mackay and

coworkers: Teflon AF 2400 as the solute dissolves in a solid solvent (FNPs).'*®

The geometric
confinement of stretched polymeric chains (entropically unfavorable) could be the main reason
for the exceptionally high aFFV in the composite Teflon films containing high weight fractions
of FNPs.

Corroboration comes from looking at the data at low wt% FNPs. We calculate that a
hypothetical material with a monolayer of polymer in its solution conformation (i.e., the
monolayer thickness is Ry) on each particle occurs at a weight percentage of 21.9%. This value is
close to the composition at which we observed the tightest interface between FNPs and Teflon
AF 2400 (15 wt% based on the density measurements). From 0 to ~20 wt%, the polymer is

titrated by the FNP surface. At higher composition (50—70 wt%), there is not enough Teflon AF

polymer to effectively wet the surface of nanoparticles without taking on low probability
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conformations. We speculate that the vines seen in the SEMs correspond to an entropically

favored state.

3.3.5 Sorption of Chloroform in Teflon AF/FNP Composite Films

We have found earlier that chloroform sorption is a good measure of free volume that is
accessible to solutes. CHCIls vibrations are also modestly solvatochromic which helps us to
understand the free volume.”®*"*” In prior work,"*’ we reduced the FFV (as determined by density
measurements) of pure Teflon AF films (no NPs) by adding a compatible plasticizer, FC-70, the
molecular volume of which is consonant with the population of large free volume elements. This
reduction in FFV was clearly diagnosed by chloroform sorption.

It has been reported that gas sorption in a filler-containing polymer composite occurs in

the polymer matrix when the filler is solid and is wet by the polymer matrix."**"*!

For clarity, we
will refer to the non-particle portion of composites as the “matrix”. The aFFV of this polymeric
portion of the film will be designated as the aFFVp. Thus, we hypothesized that chloroform
sorption in the matrix will be the same as in a pure Teflon AF film regardless of the FNP weight
percent. As shown in Table 3-1, experimental results disagree with expectations. The Teflon AF
2400 film containing 15 wt% FNPs displays a negative deviation while films with 50 and 70
wt% FNPs show positive deviations. Both results can be explained based on the aFFVp of the
film (Table 3-1). The 15 wt% FNP films have a lower aFFVp as discerned from the density
measurements. Similarly, the positive deviation of chloroform sorption from the hypothesized

value observed in films containing 50 wt% and 70 wt% FNPs is consistent with the increased

aFFVyp of the Teflon AF.
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3.3.6 Solute Permeability (P) and Selectivity through Teflon AF/FNP Composite Films

The permeability coefficients of toluene (TOL), octafluorotoluene (OFT), and naphthalene
(NPTH) through FNP doped Teflon AF 2400 films are listed in Table 3-1. The three probe
solutes show similar trends versus the wt% of FNPs (Figure 3-7). When wt% of FNPs is greater
than 15 wt%, a significant increase of P is observed along with the increased nanoparticle
content. For example, the permeability of octafluorotoluene through a 70 wt% FNP doped Teflon
AF 2400 film is 3.9 times that through a pure Teflon AF film, while the permeability of its
hydrocarbon counterpart (toluene) through a 70 wt% FNP doped film is 6.1 times that through a

pure Teflon AF film. The significant increase of aFFVp leads to the increase in transport rates.
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Figure 3-7. The logarithms of the permeability coefficients of toluene, octafluorotoluene, and naphthalene through

composite Teflon AF 2400 films at 20.0 + 1.0 °C.

To understand how FNPs affect permeability, we investigated the diffusion and partition

coefficients of NPTH. Table 3-1 shows the partition coefficients of NPTH from chloroform to
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the matrix of FNP doped Teflon AF films. The increasing trend of partition coefficients parallels
the changes in both aFFVp and chloroform sorption. In fact, the partition coefficient of NPTH,
the sorption of chloroform and the aFFV are remarkably highly correlated (r*>0.98 for each of
the three pairs).

Figure 3-8 plots the diffusion coefficients corrected for particle-induced tortuosity (t =1
+ denp/2; denp is the volume fraction of particles)'™ against the reciprocal of the aFFVyp of the
film (Table 3-1). The theoretical equation (D = e~ %/ 153 which correlates solute diffusion
in polymer with the fractional free volume gives a fine fit to the experimental data points with
1’=0.873. The B value is related to the size of the molecule and the size distribution of the

FFV.' In the Teflon AF/FNP system, B is 0.96, which is close to the that for solutes with
similar size in different polymers (Bvenzene in polymethyl acrylate, 25 °C = 0.64; B hexane in semicrystalline

polyethanene, 25 °C = 0.8; Beyclohexane in semicrystalline polyethanene, 25 °C = 0.85; B_octane in semicrystalline polyethanene, 25
oc = 1.0). The general trend of diffusion coefficient versus aFFVyp supports the disturbed chain-
packing hypothesis.*” However, there is one anomaly. The film containing 15 wt% FNP with a
lower aFFVp than the pure film, yields an increased diffusion coefficient for NPTH over that of
the pure Teflon AF film. This has been observed in the Teflon AF/organosilane-modified fumed
silica system.* It is likely that diffusion in composite Teflon AF materials depends not only on
aFFV, but depends also on the size distribution of the free volume elements and their
connectivity. Thus, in these materials, diffusion is not only sensitive to the free volume elements
in the bulk Teflon AF but also to those that are created at the Teflon/FNP interface (the amount
of which is related to interface area). The importance of the latter has been pointed out by Shen

154
and coworkers.
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Figure 3-8. Diffusion coefficient of NPTH versus 1/aFFV; of the composite Teflon AF films at 20.0 = 1.0 °C.

As shown in Table 3-1, transport selectivity drops as FNP content and permeability
increase. The selectivity of the OFT/TOL pair through a 70 wt% FNP doped Teflon AF 2400
films is 64% of the value of the pure Teflon AF film. This type of Teflon AF/FNP composite
material could benefit applications in which the permeability, but not selectivity, of the coating is
one of the key performance properties, for example, binary gas sensors and flow reactor, as the
films are thermally stable and relatively unreactive.”®

Can the transport selectivity of the nanocomposite system be improved? Inspired by our
previous study on Teflon AF 2400/FC-70 composite films, we hypothesize that high transport
selectivity of the nanocomposite Teflon AF films can be approached by using FC-70 plasticized
Teflon AF as the soft material in the nanocomposite films. These composite films, as revealed in
Figure 3-4, are composed of nano-scale particles with FNPs as the core and a shell of FC-70-
plasticized Teflon AF 2400. They display very different behavior compared to the composite

films from glassy Teflon AF.
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3.3.7 Mechanical Properties of Teflon AF/FNP/FC-70 Composite Films

The replacement of Teflon AF by FC-70 while keeping the FNP amount unchanged (70 wt%)
leads to a decreasing trend of storage modulus due to the plasticization of Teflon AF 2400 by
FC-70."" In the presence of FNPs, all three-component films display satisfactory mechanical
strength even though the ratio of FC-70 to Teflon reaches 2:1, which is not a realistic
composition for dimensionally stable Teflon AF/FC-70 films without FNP. As shown in Table
3-1, for all three-component films, the emergence of two new transitions (tan §) at low
temperatures confirms the plasticization effect of FC-70. This is consistent with our previously
investigated FC-70-doped Teflon AF 2400 films'” as well the plasticized Teflon AF system
observed by Lugert and coworkers.”' As described above, FNPs restrict the number of likely
configurations of the Teflon AF molecules leading to slower relaxation of Teflon AF chains and
a shift of T, to higher temperatures. In contrast, FC-70 plasticizes Teflon AF, decreasing
conformation relaxation times, and permits the wetting of FNPs by Teflon AF/FC-70. Therefore,
the presence of FNPs in three-component films does not significantly impact the T, of the film:
the glass transition temperatures of Teflon AF/FC-70 films (no FNPs) and three-component

Teflon/FNP/FC-70 films are close at similar FC-70 volume percentages (see Figure A-6).

3.3.8 aFFVp of Teflon AF/FNP/FC-70 Composite Films

Table 3-1 shows that all three-component films display higher film density than the 70 wt%
FNP-containing Teflon film, indicating a decrease of aFFVp by replacing Teflon AF with FC-70.
This is not surprising given what we know about the plasticization of Teflon AF 2400 by FC-70

(> 12 wt%). Teflon AF 2400 plasticized by FC-70 is less rigid than Teflon AF 2400 itself and
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allows better wetting of the FNP surface. Consequently, the free volume created due to the
ineffective contact between FNPs and rigid Teflon AF chains in the two-component films
shrinks. We believe that the aFFVp has two main contributions. One is the molecular-scale FFV
of the FC-70-plasticized Teflon AF 2400 shell and the other is from small voids between core-
shell particles. With regard to the former, we estimated the density (see Table A-1) and aFFV of
the Teflon/FC-70 shells from our previous work. If all of the Teflon AF/FC-70 forms shells on
FNPs the shell thickness is about 8 nm. The contribution of this shell’s FFV to the aFFVyp is less
than 1/3 in all three-component films (Table 3-1). Thus, the contribution of voids between
particles is more than 2/3. Referring now to the entire film including FNPs, the maximum void
fraction corresponding to a randomly packed bed is 0.36. The actual aFFV from voids is
0.15-0.18. This is consistent with a system of soft particles which have larger packing densities

than fcc or hep packings.'”>'*°

3.3.9 aFFVp Characteristics Differ in Two- and Three-component Materials

The aFFVp values in the 70 wt% FNP-containing Teflon AF 2400 films with or without FC-70
are remarkably high, around 50%. These remarkably high fractional free volumes are rare among
polymeric materials. We are not aware of any published values this high. There is data on
composites of organosilane-modified fumed silica (OS) with Teflon AF 2400 and PTMSP that
allows us to infer approximate aFFVs. These two composites exhibit similarly high aFFV (40
wt% OS/Teflon AF 2400: 43% FFV; 50 wt% OS/PTMSP: 62 % FFV).**'** This also points to
the interesting possibility of creating light materials by mixing dense components.

In the fluorous polymer nanocomposites described here, the origins of the high aFFVp

differ microscopically in the unplasticized and plasticized materials. The ineffective polymeric
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chain packing caused by FNPs is the primary reason for the presence of extra small mesopores
(recall BET) and high aFFV in the two-component films. In the three-component films, large
aFFVp comes from the free volume within the Teflon AF/FC-70 shell as well as the relatively
large void volumes between packed nano scale particles. (Unfortunately, the boil-off of FC-70
prevents BET analysis).

The differences are not simply geometrical — there is a profound chemical consequence
arising from plasticization of the polymer. FC-70 is known to occupy existing free volume of
Teflon AF, which decreases chloroform sorption,”’ but the free volume in the Teflon AF itself is
only about 1/3 of the total. About 2/3 of the aFFV in the FC-70-containing films arises from
interstitial domains, yet the chloroform sorption capacity is remarkably low compared to the pure
film (Table 3-1). Examination of the sorbed CHCl; vibrational spectra provides important
information. The wavenumber of the v5 band in pure Teflon AF phase is 768 cm™. This peak
occurs at 772 cm™' in the gas phase. In the two-component film with 70 wt% FNPs the frequency
is 766 cm™, i.e., more liquid-like. The IR peak of chloroform in a three-component film
containing 10 wt% Teflon AF/70 wt% FNP/20 wt% FC-70 is 771 cm™, indicating that the
adsorbed chloroform is more gas-like. Our unpublished work on mesoporous Teflon AF
materials is consistent with this observation. Remarkably, chloroform does not wet mesoporous
Teflon AF 2400 films even though the polymer matrix itself is known to absorb chloroform.

We decided to test directly the just-stated hypothesis that the interstitial voids are
virtually solvent free. Thus, we tested the transport of Reichardt’s dye (551.68 Da), a
chloroform-soluble molecule through a three-component film containing 20 wt% FC-70. If a
continuous, solvent accessible, mesoporous volume existed in the three-component materials,

transport of the highly optically absorbing dye would be obvious. However, no measurable
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absorbance of Reichardt’s dye (permeability < 6.8x10"? cm?/s according to the limit of
detection) in the receiving phase was observed after 5000 seconds (typical time for transport
experiments). This indicates that the material does not have a mesoporous structure which allows
solutes to pass through without partitioning into the polymeric matrix.

The picture that emerges for the three-component films is quite simple. The shell,
composed of Teflon AF and FC-70, forms a continuous fluorous medium about 8 nm thick. The
interstitial space, walled by fluorous materials, is not wet by the solvent chloroform. If this is
true, then we should expect molecular transport to occur through this film. This should result in a
high selectivity for a fluorine-substituted solute over its hydrogen-containing counterpart, and the

selectivity should be dominated by partitioning.

3.3.10 Transport Properties of Teflon AF/FNP/FC-70 Composite Films

The permeabilities of probe solutes (TOL, OFT) are shown in Table 3-1. In the three-component
films replacement of 5% of the remaining Teflon AF with FC-70 causes permeabilities to drop
(Figure 3-9). Further replacement of Teflon by FC-70 creates higher permeabilities. We
observed a 1.7-fold increase of octafluorotoluene permeability through a three component film
containing 70 wt% FNP and 20 wt% FC-70 compared to a pure film. The three-component films
all have markedly higher fluorous selectivities compared to either the pure Teflon AF films or
the two-component films (Figure 3-10). The OFT/TOL transport selectivity of the three-
component film with 20 wt% FC-70 is 17.3, more than three times the value in a pure Teflon AF

film.
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Figure 3-10. The transport selectivity of OFT over TOL through composite Teflon AF 2400 films at 20.0 = 1.0 °C.
The solid squares represent the data from single layer film transport, and the hollow squares represent the data from

stacked films.
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In order to understand the origin of the selectivity of the three-component films, we
determined diffusion and partition coefficients. We note (Figure 3-11) that the ratio of the
diffusion coefficients in the three-component films and in pure Teflon AF films is similar. Thus
the transport selectivity does not derive from diffusion. Interestingly, plasticizing the film leads
to slower diffusion. This runs counter to the normal result of plasticization - increasing diffusion

134136 This observation

rate, e.g. improving conductivity in electrolyte films for fuel cells.
corroborates the idea that the void volumes in three-component films do not play a significant

role in transport, and further points out the importance of free volume morphology in composite

materials for molecular transport.

1E-6

e TOL
= OFT

1E-74

Diffusion Coefficient (cmz/s)

1E-8

100100 400110 5)5/10 20’\01'10 \5’\51’]0
Film Composition (Teflon/FC-70/FNP)

Figure 3-11. Diffusion coefficients of solutes in composite Teflon AF films at 20.0 + 1.0 °C.

In contrast (Figure 3-12), the CHCls/matrix partition coefficients of TOL and OFT both
decrease with increasing fraction of FC-70, but the OFT partition coefficient decreases less. The
partition coefficients approach their values from chloroform to pure FC-70. These three-

component films act like a supported liquid membrane in the partitioning process and display
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significantly increase transport selectivity compared to the pure Teflon AF films (Table 3-1).
The OFT/TOL selectivity of a 10 wt% Teflon AF 2400/ 70 wt% FNP/20 wt% FC-70 film

reached 17.3, which is 3.1 times the value through a pure Teflon AF 2400 film.
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Figure 3-12. Partition coefficients of solutes in composite Teflon AF films at 20.0 + 1.0 °C. The partition coefficient

data of pure Teflon AF films and pure FC-70 are from our previous work."’

34 CONCLUSION

In aiming to tailor materials properties towards high permeability with fluorous selectivity, we
initiated a study of creating Teflon AF nanocomposite films with controlled structure and
morphology. Glassy Teflon AF and plasticized Teflon AF nanocomposites with FNPs exhibit
different morphological features. In the former, especially at high FNP wt%, the polymer forms
vines with attachments to the particles. In the latter, plasticized polymer forms a shell around the
FNPs. The aFFVp in both types of composite films is high > 50%. However, the origins of the

apparent free volume elements are different. The non-effective polymeric chain packing confined
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by FNPs is the primary reason for the high apparent free volume in Teflon AF/FNP films, while
the free volume elements in Teflon AF/FNP/FC-70 films come from the free volume in FC-70
plasticized Teflon AF shell (~1/3) and the interstitial volume (~2/3).

The wetting of low mobility FNPs by plasticized Teflon AF as well as the intertwining of
the adjacent shells makes it possible to create mechanically satisfactory films with only 10 wt%
of Teflon AF. These three-component films show decreased sorption of chloroform and
increased transport selectivity as FC-70 content increases. Interestingly, it seems that the void
volume in the matrix of three-component films, the major component of the apparent free
volume, does not contribute to the chloroform sorption or solute transport. The effective medium
for transport in three-component films is the connected Teflon AF 2400/FC-70 shell on the FNP
skeleton. Highly selective transport of OFT/TOL is achieved without sacrificing permeation rates
by using Teflon AF/FC-70/FNP composite films.

We are not aware of another case in which structurally different polymer nanocomposites
result from a polymer with different states (glassy and plasticized). Our work suggests the
possibility of rationally creating/optimizing polymer nanocomposites with tailored properties for
applications. As an ideal medium (poor solvent) for non-covalent interaction based separations
and sensors, an extension of the presented Teflon AF composite films is currently in

development.
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4.0 PREPARATION AND POTENTIAL APPLICATIONS OF POROUS TEFLON AF

2400

4.1 INTRODUCTION

Porous materials are receiving an increasing interest due to their widespread applications in
chemical separation, catalysis, biosensor devices, drug delivery, photonics, energy-relevant

processes such as gas storage and fuel cell technology, and so on."”” "'

In previous decades,
remarkable progress has been made on the preparation and application of porous inorganic
motifs including zeolites, carbon, silicon and metal-organic frameworks.'®*'®” Noticeably,
porous soft materials have been a fast growing replacement for inorganic materials due to the

improved chemical stability, shapeability and functionality."”®'®!

To date, the design and
preparation of porous polymer materials are mainly focused on organic polymers. Stiff organic
polymers are typically employed in order to overcome the thermodynamically driven pore-

158,168,169

collapse in porous matrices. Emerging as a class of dimensionally stable fluorocarbons,

fluoropolymers are featured by excellent thermal, chemical and mechanical stability.'’*'"!
Fluoropolymers with inner porosity are particularly useful in separations, biomedical
applications, and engineering technologies. Nafion, one of the most famous fluoropolymers

based on a tetrafluoroethylene (TFE) backbone, has been serving as proton-conductive

membranes in fuel cells due to its interconnected hydrophilic microchannels.'”'” Further
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improvement of porosity in Nafion was achieved by in-situ creation of CO; (sulfonic acid groups
of the Nafion catalyze the hydrolysis of propylene carbonate in water at 100 °C to yield CO,)
expanding inside the polymer matrix.'”* Such Nafion membranes with enhanced porosity have
been successfully applied in two-phase emulsion separations with satisfactory fluxes.'” Porous

fluoropolymer membranes prepared via UV photo-polymerization of perfluoropolyether-

dimethacrylate monomers show excellent permeability to glucose, insulin and albumin.'”

Combined with the well known properties of perfluoropolyethers— excellent stability, high
oxygen permeability, and long-term biocompatibility, this type of porous fluoropolymer is used
in health care applications (for example, contact lenses).'”>"”” In addition, the specific electrical
property of porous poly-TFE allows its usage as the active layer in electrostatic transducers.'”®
Therefore, there is a need for general approaches for creating porous fluoropolymers with
different functionalities.

In a broad sense, the strategy to prepare porous polymers usually employs the pore-

forming component—removable gas-generating, liquid, supercritical or solid porogens.'”'®!

Generally, a solid porogen which acts as endo- or exo-template offers not only better control of

158,181

the porous structure and porosity but also improved reliability. The most frequently used

templates are silica nanoparticles, polymer nano-spheres, zeolites, mesoporous silica and porous

158

alumina membranes.  Three-dimensional long-range ordered pore structure in polymers can be

easily achieved by utilizing spherical colloidal crystals or periodic mesoporous silica as the

158,182,183

template. However, it is noteworthy that a compatible surface chemistry is required for

the template to be intermingled with the target polymer.'®*

Previous attempts at fluorous modification of silica nanoparticles tune the surface

85

wettability from hydrophilic to fluorophilic.'" Therefore, hybrid materials containing
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fluorophilic silica nanoparticles and Teflon AF 2400 can be easily created with satisfactory
homogeneity.185 Herein, our approach to prepare porous Teflon AF 2400 is to employ the
fluorous modified silica nanoparticle as the endo-template. This strategy can be readily extended
to the preparation of other porous fluoropolymers. We further performed some preliminary study
to demonstrate the versatility of the porous Teflon AF 2400 materials in liquid phase separations,
sensor arrays, and template-directed preparation of a porous hydrocarbon polymer. Previous
efforts in our lab demonstrated that: (1) Teflon AF 2400 films are able to selectively transport
fluorinated solutes compared to their hydrogen-containing counterparts;'~>**’ (2) doping FC-70
in Teflon AF 2400 films can improve transport selectivity by diminishing the sorption of the
organic solvent-chloroform;'”**® (3) fluorous nanosilica doped Teflon AF 2400 films show
significantly increased transport rate in liquid phase;'®'* (4) fluorous modified porous alumina
membranes filled with fluorous liquids exhibit both high permeabilities and selectivities.”””' We
envisioned that a fluorous supported liquid membrane based on porous Teflon AF 2400 matrix
may exhibit both improved fluxes and selectivities. The relatively homogeneous pores of the
porous Teflon AF 2400 provide features to facilitate size based separations. More significantly,
the porous structure of Teflon AF 2400 matrix provides large surface area for the immobilization
of fluorous targets, which could lead to highly sensitive detection.®”'™ As a result, porous
Teflon AF 2400 matrix brings an opportunity to replace the fluorous glass slides, which are in

used in fluorous microarray technology targeting protein-small molecule binding.'®'”
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4.2 EXPERIMENTAL

4.2.1 Materials

Teflon AF 2400 and Krytox alcohol (MW~2000) were from DuPont (Wilmington, DE). Krytox
157 FSH (MW~7500) and Krytox 157 FSL (MW~2500) were from Miller-Stephenson Chemical
Company Inc. (Danbury, CT). Linear perfluoropolyether (MW~4500) was purchased from Alfa
Aesar (Ward Hill, MA). HFE-7100 and PF-5080 were purchased from 3M (Minneapolis, MN).
Silica nanoparticles dispersed in 1-propanol (IPA-ST-ZL) were kindly supplied by Nissan
Chemical Industries Ltd. (Huston, TX). 1H,1H,2H,2H-perfluorooctyltriethoxysilane, probe
solutes used in transport experiments (toluene and octafluorotoluene), sodium hydroxide,
pyridine, tetraecthyl orthosilicate (TEOS), (3-aminopropyl) triethoxysilane (APTEOS),
fluorescein isothiocyanate, rhodamine B isothiocynate, and FMOC isothiocyanate were
purchased from Sigma-Aldrich (St. Louis, MO). Ammonium hydroxide (28.0—30.0%) was
purchased from J. T. Baker (Phillipsburg, NJ). Ethanol, I-propanol, and chloroform were
obtained from Fisher Scientific and used as received. Water was purified with a Milli-Q

Synthesis A10 system (Millipore, Bedford, MA).

4.2.2 Preparation and Characterization of Porous Teflon AF 2400 Films

The surface modification of silica nanoparticles by 1H,1H,2H,2H-perfluorooctyltriethoxysilane
was achieved by the sol-gel process. The detailed protocol for the fluorous surface modification
of silica nanoparticle is described in Chapter 3.0. Hybrid films containing fluorophilic silica

nanoparticles and Teflon AF 2400 were prepared by the solution casting method. Fluorophilic
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silica nanoparticle was weighed and mixed with a 10 mg/mL solution of Teflon AF 2400 in
HFE-7100/PF5080 (volume ratio = 2:1) in the calculated proportions. Sonication was employed
to form a homogeneous dispersion. The mixture was then transferred into an optical flat-
bottomed glass Petri dish with an i.d. of 6.0 cm. The dish was covered with a piece of weighing
paper and a glass cover. The solvent was allowed to evaporate at room temperature until a
constant weight of the film was reached. Films were peeled off using forceps with the addition of
2 mL of ethanol. To prepare porous Teflon AF 2400 films, a piece of fluorophilic silica
nanoparticle-doped Teflon AF 2400 film was fixed on a home-made copper frame in order to be
immersed in 5 M NaOH. The solution was stirred at 60~70 °C for 24 hours. The treated film was
then washed with water three times. The resulting porous film was allowed to dry at room
temperature. Porous Teflon AF 2400 films used in nanoparticle transport experiments were
prepared with both surfaces polished by 400 grit sand paper before the erosion of nanoparticles
in order to remove the regular Teflon AF 2400 structure on surface.

Water contact angles for porous Teflon AF 2400 films were measured with a VCA 2000
Video Contact Angle System (Billerica, MA). For the investigation of film morphology and the
erosion kinetics, fluorophilic silica nanoparticle-containing Teflon AF 2400 films immersed in 5
M NaOH solution (60~70 °C) for various reaction times were washed with water and fractured in
liquid nitrogen. Films were sputter-coated with palladium before SEM imaging. Film cross-
section and surface images were captured using a Philips XL-30 field emission SEM (Hillsboro,
OR). The weight percentage of Si was obtained by SEM/EDX. It is worth mentioning that e-
beam burns up the porous Teflon films much easier than the pure Teflon films. Images with
acceptable damage can be obtained with accelerating voltages no higher than 5 keV. Nitrogen

sorption analysis was performed at (77.06 £ 0.03) K with a Micromeritics ASAP 2010 gas
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adsorption analyzer. Before each measurement, the film was outgassed overnight at 60 °C to

remove dissolved and adsorbed gases.

4.2.3 Transport of Solutes through Films

Transport experiments were conducted with a home-made, three-phase transport device at 20.0
+1.0 °C."" A fluorous supported liquid membrane was prepared by immersing a porous Teflon
AF 2400 film in a fluorous oil until the film became clear. The obtained film then was mounted
between two quartz cuvettes (path length 1.0 cm, Starna Cells, Atascadero, CA) with holes in the
side walls (0.5 cm in diameter) to define the effective transport area. Two pieces of viton gasket
were placed in between the film and cuvettes to prevent leaking. The eight-position multi-cell
transport holder was used to hold eight cells (four pairs) in a rack, which were kept at constant
temperature by water circulation from a thermostatic water bath. The stirring module for the
multi-cell transport holder led the stirring speed at the same rate for the eight cells. The volume
of the source phase containing the analyte and receiving phase was 3.00 mL in all the transport
experiments. Solute concentration in the receiving phase was continuously monitored by a UV

spectrophotometer (Hewlett-Packard 8452A UV-visible diode array spectrophotometer, Palo

Alto, CA). The steady-state flux, J, of a solute through the film is given by eq 4-1:>’
dc. Vv o
J=—=-—(@mol-cm™ s 4-1
! ) (4-1)

dC,/dt is the accumulation rate of solute in the receiving phase. V' is the volume of the receiving
phase (3.00 mL). 4 is the effective transport area (0.196 cm?). The permeability coefficient, P,

can be deduced from the flux:’’
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Pt Tl s (4-2)
G-C Gy

S r

where / is the film thickness. C; and C, represent the concentration of the solute in the source
phase and receiving phase, respectively. In our experimental duration, C, is negligible compared
to Cs. Thus C; — C, can be simplified as the initial concentration of the solute in the source phase,
Cy1. Selectivity of a film is defined as the permeability ratio of a fluorinated compound over its

hydrogen-containing control:>’

S="I (4-3)

4.2.4 Preparation, Characterization, and Transport of Fluorescent Nanoparticles Across

Porous Teflon AF 2400 Films

To grow silica nanoparticles (~100 nm) with narrow size distribution, a colloidal suspension of
silica nanoparticles (IPA-ST-Z, 50 nm, 2 mL) was added to a vigorously stirred solution of
isopropanol (20 mL) containing TEOS (1 mL) at room temperature. Then a solution of
ammonium hydroxide (28.0—30.0%, 0.5 mL) in a mixture of isopropanol (20 mL) and water (5
mL) was added dropwise with stirring (~ 1 drop/s). Finally, the mixture was stirred at room
temperature for 5 hours. The modified nanoparticles were centrifuged at 6,000 rpm for 30 min
and then resuspended in ethanol (30 mL) for three cycles to remove excess reagents. The size of
the prepared silica nanoparticles was characterized by a particle size analyzer.

To grow silica nanoparticles with larger diameters (123, 128, and 151 nm), a different
method was employed to achieve silica nanoparticles with narrow size range. A colloidal

suspension of silica nanoparticles (IPA-ST-ZL, 2 mL) was added to a vigorously stirred solution
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of ethanol (50 mL) at room temperature. Then a solution of ammonium hydroxide (28.0—-30.0%,
6 mL) in a mixture of ethanol (25 mL) and water (8§ mL) was added dropwise with stirring.
TEOS (1, 1.6, and 3.9 mL) was added slowly (0.0041 mL/min) into the system by a syringe
pump. After all the TEOS was added, the mixture was stirred at room temperature for 1 hour.
The modified nanoparticles were centrifuged at 6,000 rpm for 30 min and then resuspended in
ethanol (30 mL) for three cycles to remove excess reagents. The 177 nm silica nanoparticles
were prepared using 151 nm silica nanoparticles as the starting material (TEOS: 0.0030
mL/min). The prepared silica nanoparticles were characterized by TEM (Philips Mogagni 268)
and the diameters of nanoparticles on the TEM images were measured using the image analysis
software Simple PCI 6 (obvious overlapping particles were manually identified for exclusion
from the analysis). The size distribution of nanoparticle was obtained as a histogram with
number of particles in each bin corresponding to a size range.

To prepare fluorescent silica nanoparticles, 50 pmol of APTEOS was mixed with 50
umol of a fluorescent isothiocyanate (fluorescein isothiocyanate, thodamine B isothiocynate, and
Fmoc isothiocyanate) in ethanol, and the mixture was allowed to stir overnight. The mixture as
well as 9 mg of pyridine was added to a vigorously stirred colloidal suspension of silica
nanoparticles (160 mg, 30 mL) in ethanol. Finally, the mixture was refluxed overnight. The
fluorescent nanoparticles were centrifuged at 6,000 rpm for 30 min and then resuspended in
ethanol (30 mL) for three cycles to remove the unreacted fluorophore. The fluorescence of
colloidal suspensions of the modified silica nanoparticles in ethanol was measured with a
fluorescence plate reader (Molecular Devices) at excitation wavelength of 450 nm (fluorescein
tagged silica nanoparticles) or 510 nm (rhodamine B tagged silica nanoparticles) using a quartz

cuvette with 1 cm pathlength.
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Transport of nanoparticles was conducted with a home-made transport device at 20.0 +
1.0 °C (Figure 4-1). Two pieces of viton gasket were placed in between a piece of film and two
cuvettes to prevent leaking. The stirring module for the multi-cell transport plate controls the
stirring speed for the five cells. The suspension of fluorescent nanoparticles was placed in cell 3,
and the volume of solution was 3.00 mL (2.7 mL of ethanol and 0.3 mL of ImM (Bu);N"-CIO,
in water) in all cuvettes. Cuvette 1 and 5 contained a gold electrode. In a typical experiment, 3
volts were applied across cuvettes 1 (—) and 5 (+) for 96 hours. The fluorescence of the final

solutions in cuvettes 1, 2, 4, and 5 was measured by the plate reader (Molecular Devices).

Figure 4-1. The experimental setup of nanoparticle transport across porous Teflon AF 2400 films (the porous Teflon
AF films between cuvette 1 and 2 and between cuvette 4 and 5 were prepared from 70 wt% 113 nm FNP doped
Teflon AF films; the porous Teflon AF films between cuvette 2 and 3 and between cuvette 3 and 4 were prepared

from 70 wt% 151 nm FNP doped Teflon AF films).
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4.2.5 Immobilization of Fluorous Tag on Porous Teflon AF 2400 Matrix

Porous Teflon AF 2400 films (0.5 cmx0.7 cm*40 pm, prepared from 70 wt% fluorophilic silica
nanoparticle doped Teflon AF 2400 films) and solid Teflon AF 2400 films (0.5 cmx0.7 cmx40
um) were equilibrated (1. sonicated in water/ice bath for 30 minutes; 2. shaken at 200 rpm at 20
°C for 1 hour.) in different solvents (1. ethanol with 10 v% water; 2. 1-butanol with 10 v% water;
3. dimethylformamide with 10 v% water) containing 15 pM of compound 1 (Figure 4-13),
respectively. Films were removed from the solution and allowed to dry for 30 minutes. Both the
film surface and cross section (slice width ~ 400 pm) were imaged by inverted fluorescence

microscope (Olympus IX-71, EX: 350/50 nm; EM: 455/50 nm).

4.2.6 Porous Teflon AF Templated Synthesis of Porous Poly(styrene-divinylbenzene)

A porous Teflon AF 2400 film was sonicated in a mixed solution of styrene and divinylbenzene
(total volume = 2 mL, volume% of divinylbenzene varies) containing 20 mg dibenzoyl peroxide
(BPO) and 20 mM of compound 2 until the film sits at the bottom of solution and becomes
nearly clear. The resulting Teflon AF 2400 film with reagents in the pores was then placed in a
homemade leakproof container (two glass slides separated by a Teflon gasket) filled will the
reagent. The polymerization temperature was controlled at 80 °C for 24 hours. The resulting
Teflon AF film with poly(styrene-divinylbenzene) in the inner pores is sandwiched between two
layers of pure poly(styrene-divinylbenzene) films. In order to obtain porous poly(styrene-
divinylbenzene), the top and bottom layers of pure poly(styrene-divinylbenzene) films were
peeled off using a blade. The middle layer was then soaked in FC-72 (a mixture of

perfluorohexanes) to dissolve Teflon AF 2400 matrix. The resulting films were fractured in
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liquid nitrogen and sputter-coated with palladium before subjected to SEM imaging (Philips XL-

30 field emission SEM, Hillsboro, OR).

4.3  RESULTS AND DISCUSSION

4.3.1 Characterization of Porous Teflon AF 2400 Films

It is well known that silica can react effectively with hot and concentrated alkali hydroxides to
form silicates. Preliminary experiments demonstrated that 50 mg of fluorophilic silica
nanoparticles dispersed in 2 mL ethanol can be completely dissolved in less than half an hour in
10 mL 5 M NaOH at 60~70°C under magnetic stirring. To determine experimental conditions for
the preparation of porous Teflon AF 2400 films, quantitative elemental analysis of the film
cross-section against the etching time was performed by SEM/EDX for hybrid films with
different filler loadings. As shown in Figure 4-2, 30 wt% fluorophilic silica nanoparticle doped
Teflon AF 2400 films display no significant change of cross-sectional Si wt% during 6 hours. No
improvement was observed by further increasing the etching time to 24 hours. For Teflon AF
2400 films containing 50 wt% and 70 wt% fluorophilic silica nanoparticles, we observed that the
etching process is almost complete in 6 hours. Theoretically, in order to erode fluorophilic silica
nanoparticles dispersed in Teflon AF 2400 matrix, it is required that hydroxide ion can diffuse
into the polymeric matrix and then react."™ We previously noted the formation of fluorophilic
silica nanoparticle clusters in Teflon AF 2400 films with high filler loadings (50 wt% and 70
wt%)."*>1% Consequently, the effective fluorophilic silica nanoparticle contacts could offer

continuous hydrophilic pathways through which hydroxide ion can diffuse and react until the
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etching process is complete. Therefore, compared to the 50 wt% fluorophilic silica nanoparticle
doped Teflon AF 2400 films, Teflon films containing 70 wt% fillers show faster erosion kinetics
because the continuous nature of fluorophilic silica nanoparticles is more significant in the latter.
In contrast, data shows that fluorophilic silica nanoparticles are well dispersed (not adjacent to
their neighbors) in Teflon AF 2400 films with filler loadings < 30 wt%."*>'*® Below the
percolation onset, the Teflon AF 2400 matrix around the fluorophilic silica nanoparticles
prevents hydroxide ion from penetrating the material and dissolving particles in the interior of

the film.

—Mm— 30 wt% Fluorous nanosilica doped Teflon AF 2400 films
—&— 50 wt% Fluorous nanosilica doped Teflon AF 2400 films
—&— 70 wt% Fluorous nanosilica doped Teflon AF 2400 films
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Figure 4-2. Weight percentage of Si from EDX measurements during SEM of cross-sections of fluorophilic silica
nanoparticle-doped Teflon AF 2400 films plotted against the etching time: (m) 30 wt% fluorophilic silica
nanoparticle doped Teflon AF 2400 films; (®) 50 wt% fluorophilic silica nanoparticle doped Teflon AF 2400 films;

(A) 70 wt% fluorophilic silica nanoparticle doped Teflon AF 2400 films.
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The porous structure of Teflon AF 2400 films after the removal of template-fluorophilic
silica nanoparticles, was visualized by SEM. Figure 4-3 (A) and 4-3 (B) show the surface
micrographs of porous Teflon AF 2400 films prepared from 50 wt% and 70 wt% fluorophilic
silica nanoparticle doped Teflon AF 2400 films, respectively. Both surfaces display regular pores
with the diameter about 70 nm (determined by imaging software- Simple PCI 6). Figure 4-3 (C)
and 4-3 (D) demonstrate the cross-sectional morphology of a 50 wt% fluorophilic silica
nanoparticle doped Teflon AF 2400 film before and after etching. Initially, fluorophilic silica
nanoparticles doped in Teflon matrix are well connected to each other by thin polymer threads.
After erosion, the distribution of surface-connected macropores can be easily observed. Very few
unreacted silica nanoparticles can still be seen remaining in the porous Teflon matrix. The N,
adsorption and desorption isotherms for the solid Teflon AF 2400 film and porous Teflon AF
2400 films are shown in Figure 4-4. For all films, hysteresis is observed at low and moderate
relative pressures, indicating Henry-type sorption (swelling) into condensed Teflon AF 2400

195-197

matrices. This feature is characteristic for low-temperature sorption isotherms of soft

195,196

matter. In addition, the N, sorption isotherms of porous Teflon AF 2400 films exhibit

mixed type I-type IV isotherms with H1 hysteresis loops, indicating porous structures with

intrinsic microporosity of the polymeric skeleton,'"-!*$2%

The H1 hysteresis loop is well known
to be associated with regular arrays of interconnected pores having narrow size
distributions.'®*? This is consistent with the impression given by the SEM images. Overall, the

surface and cross-sectional SEM images as well as the BET data indicate the success of our

approach to prepare porous Teflon AF 2400 films.
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Figure 4-3. SEM micrographs: (A) and (B) are the surface view of porous Teflon AF films prepared from 50 wt%
and 70 wt% fluorophilic silica nanoparticle doped Teflon AF 2400 films respectively; (C) cross-sectional view of a
50 wt% fluorophilic silica nanoparticle doped Teflon AF film (D) cross-sectional view of a porous Teflon AF film

prepared from a Teflon AF 2400 film containing 50 wt% fluorophilic silica nanoparticles.
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Figure 4-4. N, adsorption and desorption isotherms.

Water contact angle was used to demonstrate the porous surface of porous Teflon AF
2400 films. Figure 4-5 (A), 4-5(B) and 4-5(C) show the representative water contact angle
images on the surface of a pure Teflon AF 2400 film and porous Teflon films prepared from 50
wt% and 70 wt% fluorophilic silica nanoparticle doped Teflon AF 2400 films. The measured
water contact angle of pure Teflon AF 2400 films is (99.76 + 0.58)° (n = 12), which is similar to
the value reported by the manufacturer (105°).*°' Porous Teflon AF 2400 films display
significantly enhanced hydrophobicity due to the nano-scale surface topography. Porous films
prepared from Teflon films containing 50 wt% and 70 wt% fluorophilic silica nanoparticles
exhibit water contact angle of (140.77 + 1.14)° (n = 12) and (141.78 + 0.67)° (n = 12),
respectively. As is well known, a smooth F-coated surface gives the contact angle between 100
and 120°.** The high hydrophobicity of porous Teflon films is attributed to the air entrapment at

Teflon AF 2400/water contact interface and the roughness of the Teflon AF 2400 at surface.””
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The air fraction captured by Simple PCI 6 on the surface of porous Teflon films derived from 50
wt% and 70 wt% fluorous nanosilica doped Teflon films, are (22.6 £+ 0.8)% and (26.9 + 0.5)%,
respectively. The predicted contact angles based on Cassie’s theory are between 111°%nd 113°,
which are far below the measured values. We speculate that the surface roughness potentially
induced by the rim of macropores as well as the high inner porosity of the films could be

responsible for the observed high water contact angles.

Figure 4-5. Water contact angle (4 uL) of a pure Teflon AF 2400 film (A) and porous Teflon AF 2400 films ((B)

and (C)) prepared from 50 wt% and 70 wt% fluorophilic silica nanoparticle doped Teflon AF 2400 films.

We have previously reported the density of Teflon AF 2400 films containing various
weight percentages of fluorophilic silica nanoparticles.'™'® Based on the known film
composition, the measured density of hybrid films (p,), and the density of pure Teflon AF 2400
films (pr), the porosity of porous Teflon AF 2400 films can be calculated by assuming complete
etching:

_ 0
pf X (1 Wtﬂuorophilicsilicananoparticle A))

Pr

Porosity =1-

(4-4)

Therefore, the porosity of porous Teflon AF 2400 films prepared from 50 wt% and 70 wt%
fluorophilic silica nanoparticle doped Teflon films is 0.493 + 0.07 and 0.709 + 0.04, respectively.
Arbitrary control of porosity is feasible as long as the concentration of fluorophilic silica

nanoparticle in Teflon films is above the percolation onset.
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4.3.2 Transport Properties of Krytox Filled Porous Teflon AF 2400 Films

The permeabilities and selectivities of porous Teflon AF 2400 film (porosity = 70%) based
supported liquid membranes for toluene and octafluorotoluene are shown in Figure 4-6 and
Table 4-1, respectively. The membrane solvents tested include Krytox oils with terminal
functional groups (-COOH and -OH) and non-functional perfluoropolyether. As shown in Figure
4-6, when functionalized Krytox oils are employed, the membrane solvent with lower molecular
weight renders remarkably increased solute permeabilities due to the lower viscosity. However,
the higher density of the polar functional group in Krytox oils with low molecular weight leads
to decreased transport selectivity. Among all the membrane solvents tested, the non-functional
perfluoropolyether shows the highest solute permeabilities as well as selectivity. For example,
the permeability of octafluorotoluene through porous Teflon matrix filled with
perfluoropolyether is about two times as that through a pure Teflon AF 2400 film. A 3-fold
increase of transport selectivity (octafluorotoluene over toluene) was achieved by using

perfluoropolyether-filled porous Teflon 2400 films.
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Figure 4-6. Permeability coefficients of toluene and octafluorotoluene through porous Teflon AF 2400

based supported liquid membranes at 20.0 = 1.0 °C (solvent: CHCl;)

Table 4-1. Selective transport of octafluorotoluene over toluene through porous Teflon AF 2400 based supported

liquid membranes at 20.0 + 1.0 °C

# Membrane liquid Selectivity
1 Krytox 157 FSH 17.6 £ 1.1
2 Krytox 157 FSL 15.0+0.2
3 Krytox alcohol 13.1+£0.2
4 Perfluoropolyether 179+1.9
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4.3.3 Size-based Separation of Nanoparticles

For the preliminary feasibility study of size-based nanoparticle separation by porous Teflon AF
2400 films, silica nanoparticles of different diameters were prepared. TEM was used to
characterize the silica nanoparticles prepared by the method of controlled slow TEOS addition
(Figure 4-7). TEM images show narrow size range and good monodispersity. Figure 4-8 further
presents the size distribution of nanoparticles. The half width of size distribution increases as the
nanoparticle size increases. Good monodispersity of the final silica nanoparticles is typically
difficult to achieve due to the nature of two competitive steps in the formation of silica
nanoparticles: nucleation (~Crpos’) and growth (~Creos Csilanol on nanoparticles). The growth of
nanoparticles to a desired size can be well controlled when the nanoparticle growth is the
dominant mechanism. For systems with the same starting mass concentration of silica
nanoparticles (mg/L) and feed rate of TEOS (mg/min), nanoparticles with larger starting sizes
lead to poorer monodispersity of the final products due to the smaller surface area of particles
(m*/g) and thus lower reaction rate of the particle growth. Further decreasing the feed rate of
TEOS in the reaction may limit the competition of TEOS nucleation to the nanoparticle growth,
leading to better monodispersity of the resulting nanoparticles. Overall, the preparation of silica

nanoparticles with different diameters is satisfactory.
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Figure 4-7. TEM micrographs of the silica nanoparticles (magnification: 18000): (A) 113 nm; (B) 123 nm; (C) 128

nm; (D) 151 nm; (E) 177 nm.
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Figure 4-8. The size distribution of nanoparticles (123, 128 and 151 nm nanoparticles were prepared from the 113
nm silica nanoparticles; 177 nm nanoparticles were prepared from the 151 nm silica nanoparticles). Obvious
overlapping particles in TEM images were manually identified for exclusion from the analysis by the image analysis

software (Simple PCI 6).

Figure 4-9 shows the fluorescence intensity of silica nanoparticles with the modification
of a fluorophore (fluorescein tagged silica nanoparticle:100nm; rhodamine B tagged silica
nanoparticle:128 nm). Both fluorescent silica nanoparticles show significant fluorescence
compared to the silica nanoparticles with the same size but no dye modification. The 177 nm
silica nanoparticles with F-moc functionality cannot be seen by UV/fluorescence measurements
due to the large nanoparticle size and thus strong light scattering in the related wavelength range.
Instead, the presence of 177 nm silica nanoparticles can be identified easily from light scattering

with negligible interference from nanoparticles with smaller sizes in the system as the light
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scattering signal from smaller nanoparticles does not mask the presence of larger particles which

exhibit the dominate light scattering signal.
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Figure 4-9. The fluorescence intensity of fluorescein tagged silica nanoparticle: 100nm (1 mg/mL; excitation: 450

nm); thodamine B tagged silica nanoparticle: 128 nm (1 mg/mL; excitation: 510 nm).

The zeta-potential of Teflon AF 2400 films is negative.*****°

The negative zeta-potential
of porous Teflon AF 2400 films could lead to electroosmotic flow through a porous Teflon AF
2400 film in a voltage driven transporting system. A simple and quick experiment of transporting
silica nanoparticles (120 nm, no modification) through a porous Teflon AF 2400 film (prepared
from 70 wt% 120 nm fluorophilic silica nanoparticle doped Teflon AF 2400 film) shows

_9

electroosmotic flow towards the electrode (Figure 4-10). Thus, the transport of nanoparticles
through porous Teflon AF 2400 films is a comprehensive effect of the electrophoresis of

nanoparticles as well as the electroosmotic flow of the bulk solution.
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Figure 4-10. Electroosmotic flow through porous Teflon AF 2400 film: (A) 0 h; (B) 96 h. Green arrows indicate the

liquid level in the source phase, and pink arrows indicate the liquid level in the receiving phase.

Teflon AF 2400 has a negative zeta potential,***** and thus the electroosmic flow is
toward the negative electrode. The zeta-potentials of the fluorescent silica nanoparticles are
listed in Table 4-2. Fluorescein tagged silica nanoparticles have negative zeta-potential while
rhodamine B and F-moc tagged silica nanoparticles have positive zeta-potential. Therefore, the
electrophoresis of fluorescein tagged silica nanoparticles is toward the positive electrode while
those for rhodamine B and F-moc tagged silica nanoparticles are toward the negative electrode.
As shown in Figure 4-11, the electrophoresis and electroosmotic flow of fluorescein tagged
silica nanoparticles are in opposite directions: electrophoresis drives fluorescein tagged silica
nanoparticles toward the positive electrode while electroosmosis drives nanoparticles toward the
negative electrode. For Rhodamine B and F-moc tagged silica nanoparticles, both the
electrophoresis and electroosmotic flow drive nanoparticles toward the negative electrode.
Figure 4-12 and Figure 4-13 show the fluorescence spectra of curvettes 1, 2, 4, and 5 after the
transport experiment. The presence of Rhodamine B tagged silica nanoparticles (128 nm) in
curvette 2 indicates significant transport of the 128 nm nanoparticles through porous Teflon AF
2400 film (feature pore size: 151 nm) toward the negative electrode. The featured fluorescence
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spectrum of Rhodamine B tagged silica nanoparticles (128 nm) in curvette 1 has very low
intensity, indicating that very few Rhodamine B tagged silica nanoparticles (128 nm) were
transported through the porous Teflon AF 2400 film (feature pore size: 113 nm). There is no
Rhodamine B tagged silica nanoparticle observed in curvette 4 or 5 (toward the positive
electrode). Figure 4-13 shows that fluorescein tagged silica nanoparticles (100 nm) are present
in curvette 2 only, indicating these nanoparticles were transported through porous Teflon AF
2400 films (feature pore size: 151 nm) toward the negative electrode. The measurements of
curvette 4 and 5 do not show fluorescence feature of fluorescein tagged silica nanoparticles,
indicating no transport of fluorescein tagged silica nanoparticles toward the positive electrode.
These observations indicate that electroosmosis dominates the translocation of fluorescein tagged
silica nanoparticles: the electrophoresis of fluorescein tagged-silica nanoparticles in solution
[100 nm, electrophoretic velocity (electrophoretic mobility*”® x field strength) = 3.4x107 m/s,
toward “+”] has been suppressed by electroosmotic flow in the porous Teflon AF 2400 film
(feature pore size: 151 nm). Interestingly, we didn’t observe any transport of fluorescein tagged
silica nanoparticles (100 nm) across the porous Teflon AF 2400 with a feature pore size of 113
nm. This could be due to a pore-plugging effect: Rhodamine B tagged silica nanoparticles have

__ 9

an electrophoretic velocity of 2.2x10° m/s (towar ), can reach the porous Teflon AF film
(feature pore size: 113 nm; sanwidthed between curvette 1 and 2) faster than the fluorescein
tagged silica nanoparticles, and will potentially block the pores. This type of pore-plugging
effect was captured by computational modeling in the transport of polydiserse nanoparticles
through a porous film.*”’ No transport was observed for F-moc tagged silica nanoparticles (177

nm) as the nanoparticles were not observed by dynamic light scattering in curvettes 1, 2, 4, and

5.
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Table 4-2. Zeta-potential of fluorescent silica nanoparticles in ethanol.

Electrophoresis Electroosmotic
Nanoparticle Zeta-potential (mV)
direction flow direction
Fluorescein-SiO, (100 nm) —-11.40+1.10 “+ “=
Rhodamine B-SiO; (128 nm) 43.07 £2.11 “= “=
F-moc-SiO; (177 nm) 19.08 £ 0.89 = “=
il
"l
1 2 3 4
—0 @® Rhodamine B-nanoparticle
— @ F-moc-nanoparticle
® ® 1“‘:'_--:”-' . electrophoresis
o Jgy: electroosmotic flow
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Figure 4-11. Transport of nanoparticles through porous Teflon AF films (96 hours, 3V).

119




—-=cell1
| cell 2
cell 4
f\ —-=cell5
5 600 - 1
Zg
=
3 400-
5
E .
E
=~ 200 -
0 -'-l'-.'--*-""—__l_ ' 1 ’ 1
500 550 600 650 700 750

Wavelength (nm)

Figure 4-12.The fluorescence measure of nanoparticle transport through porous Teflon AF 2400 films
(experimental setup: Figure 4-1; 96 hours; 3 volts). The experimental conditions for fluorescence measurements
were the same as for the previous measurement on 1 mg/mL rhodamine B tagged silica nanoparticle (excitation: 510

nm).
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Figure 4-13. The fluorescence measure of nanoparticle transport through porous Teflon AF 2400 films
(experimental setup: Figure 4-1; 96 hours; 3 volts). The experimental condition of fluorescence measurement is the

same as previous measurement on 1 mg/mL fluorescein tagged silica nanoparticle (excitation: 450 nm).

Results in this preliminary study suggest that it is feasible to employ porous Teflon AF
2400 films for size-based separation of nanoparticles. Nanoparticles with large zeta-potential are
potentially beneficial for better control/prediction of nanoparticle transport across the film. To
achieve separation of polydisperse nanoparticles, the application of programmed electric field
could be beneficial to prevent the plugging of pores by relatively large nanoparticles which may

block the transport path of small nanoparticles.
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4.3.4 Porous Teflon AF 2400 Films as Microarray Substrate

Instead of technical innovations to decrease detection limit and enlarge linear range, the
improvement of surface area in arrays could achieve remarkably high detection sensitivities due
to the large surface area-to-volume ratios. Inspired by this, we started to investigate the
feasibility of porous Teflon AF 2400 films as microarray substrates to replace the commonly
employed fluorous glass slides for microarrays targeting protein-small molecule interactions.
Our assessment used a model fluorous compound (1, Figure 4-14) that is the basis of peptidase
assays. In practical applications, a peptide would be attached at the amine group. The hydrolysis
of the peptide, liberating the amine group, would lead to a fluorescence signal from 1. Thus, the
amount of fluorescence is related to the amount of hydrolysis. Here, we are testing for the
maximum amount of fluorescence that can be obtained on two different surfaces, one porous and
one not. Thus, solutions of 1 were placed in contact with nonporous and porous Teflon AF films,
allowed to equilibrate, and then the fluorescence was determined. The amount of 1 adsorbed also
depends on the solvent used. Thus, we tried three different solvents to make sure that our results
revealed the porous/nonporous difference clearly. In the following context, we show results

obtained from the ‘optimized solvent’—ethanol with 10% water.
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Figure 4-14. The structure of 1 (Rfg=(CF,);CF3;).
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Figure 4-15. Fluorescence images (350 nm/455 nm) of Teflon AF films equilibrated with 15 uM of 1 in ethanol

(10% H,0): (A1) surface of a solid Teflon AF film (4x/numerical aperture: 0.16); (A2) surface of a porous Teflon
AF film (4x/numerical aperture: 0.16); (B1) cross section of a solid Teflon AF film (40x/numerical aperture: 0.60);
(B2) cross section of a porous Teflon AF film (40x/numerical aperture: 0.60). Note: the thickness of both solid and

porous Teflon AFs is 40pm. Cross section images were taken from 400 pum slices.
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Figure 4-16. Non-covalent immobilization of 1 on porous Teflon AF 2400 films (blue) and solid Teflon AF films

(black) on both film surfaces and cross sections.

Figure 4-15 shows the fluorescence images of porous Teflon AF films (A2, B2) and
solid Teflon AF films (Al, B1) equilibrated with 1. The porous films display significant
fluorescence compared to solid films on both surface and cross section, indicating more
immobilized fluorophore on the 3D-surface of porous films. Moreover, the homogeneity for the
immobilization of 1 on the porous Teflon AF films is satisfactory.

Figure 4-16 plots the fluorescence intensity on both film surface and cross section for
solid and porous Teflon AF films. Porous Teflon AF films (blue bars) display 46-fold and 26-
fold fluorescence intensity enhancement on the surface and cross section, respectively. Without a
doubt, the capacity for the immobilization of fluorophore increased dramatically in the 3D-
Teflon AF matrix. Since many microporous and mesoporous materials display higher

fluorescence background than solid materials, it is worthwhile to compare the background of the
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porous Teflon AF films to that of the solid films. The background of porous films is 1.2-fold the
value of the solid film when imaging the film surface (4x/numerical aperture: 0.16), and 6.7-fold
the value of the solid film when imaging the film cross-section (40x/numerical aperture: 0.60).
Therefore, even though the porous Teflon AF matrix shows higher fluorescence background than
the solid Teflon film, as an array substrate, the porous matrix is significantly more sensitive than

the solid matrix due to the dramatic increase of surface area and immobilization capacity.

4.3.5 Porous Teflon AF 2400 Templated Synthesis of Porous Hydrocarbon Polymer

Matrix

Fluorophilic silica nanoparticles serve as endo-templates to prepare porous Teflon AF
matrices. Since Teflon AF 2400 is soluble only in perfluorinated liquids and Novec engineering
liquids at normal conditions (7 and P), the as-prepared porous Teflon AF matrix with
intrinsically high stiffness can further serve as the template for the synthesis of porous organic
polymers. We started from creating porous poly(styrene-divinylbenzene), the precursor of one of
the most widely used ion exchange membranes, as a proof of concept example. This strategy is
straightforward. However, styrene does not wet porous Teflon AF matrix, and therefore cannot
fill into the pores unless a compound (2, Figure 4-17) with both organic and fluorous moieties is
introduced. When a piece of porous Teflon AF film is placed in the solution of styrene
containing 20 mM of 2, The fluorous moiety of 2 is preferably adsorbed on the surface of porous
Teflon AF matrix, allowing the exposure of the organic moiety, which is easily wetted by
styrene. Divinylbenzene was used as the cross-linking agent in order to obtain a resulting porous

polymer with well defined morphology.
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Figure 4-17. The structure of 2 (Rf;=(CF,)sCF3).

Bulk polymerization of styrene and divinylbenzene yields a solid film, as shown in
Figure 4-18 (A). The polymerization of styrene and divinylbenzene in the Teflon AF 2400
matrix produces connected poly(styrene-divinylbenzene) beads in the matrix. Upon the removal
of the Teflon AF 2400 matrix by dissolving it in FC-72 (a mixture of perfluorohexanes), a
porous poly(styrene-divinylbezene) matrix composed of polymer beads (~ 100 nm) is clearly
observed, as shown in Figure 4-18 (C). The elemental analysis (SEM/EDX) of porous
poly(styrene-divinylbenzene) from templated synthesis is consistent with the material prepared
from bulk polymerization. Further increase of the volume percentage of divinylbenzene yields
porous poly(styrene-divinylbenzene) materials with improved strength and morphological

stability.
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Figure 4-18. Cross-sectional SEM micrographs: (A) Poly(styrene-divinylbenzene) from bulk
polymerization; (B) Poly(styrene-divinylbenzene) in porous Teflon AF 2400 matrix; (C) Poly(styrene-
divinylbenzene) after the removal of Teflon AF template; (D) Elemental analysis of films in (A), (B), and (C). Note:

the volume ratio of styrene to divinylbenzene in (A), (B), and (C) are 9:1.

44  CONCLUSION

Employing fluorophilic silica nanoparticle as the endo-template, porous Teflon AF 2400 films
have been easily prepared with tunable porosity. Satisfactory homogeneity on the surface and
cross-section of porous Teflon AF 2400 films was achieved. Starting from the porous Teflon AF
2400 films, we demonstrated that fluorous polymeric oils can be incorporated into the matrices

to form fluorous supported liquid membranes. Such supported liquid membranes show high
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solute permeability and selectivity in liquid phase transport. The regular pore size of porous
Teflon AF 2400 film renders its potential application in nanoparticle fractionation. Due to the
characteristic high surface area, efforts have been launched for developing porous Teflon AF
2400 matrices as fluorous microarray substrates. In addition, the unique solubility behavior of
Teflon AF 2400 (soluble only in fluorocarbons and semifluorous solvents) facilitates the

application of porous Teflon AF 2400 in the preparation of porous hydrocarbon polymers.
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5.0 ISOTHERMAL TITRATION CALORIMETRY OF PERFLUORODECANIOC
ACID WITH PYRIDINE AND QUINAZOLINE IN AN ORGANIC, A SEMI-

FLUORINATED, AND A PERFLUORINATED SOLVENT.

5.1 INTRODUCTION

Fluorous media are highly non-polar and notoriously poor solvents.'”” The “fluorous nature”

refers to the macroscopic phase behavior of fluorocarbons. As a third phase, fluorocarbons are

1,55

widely regarded as simultaneously hydrophobic and oleophobic. °” This behavior is due to their

rigid structure, large cross-sectional area, and loose molecular packing, which together lead to

3,209

small van der Waals interaction per molecular contact area. The unique property of the

fluorous media—exclusion of non-fluorinated molecules—Ieads to opportunities in partitioning -

58,90,185,186,210

based chemical separations, molecular recognition-based selective extraction and

62-64,70 189,211 212

sensing, as well as self assembly-based Biomaterials.

Much attention has been paid to the understanding of unique properties and applications
in fluorous media. However, knowledge of the thermodynamics of molecular interactions that
take place in the fluorous phase is very limited. The focus of our group has been centered on
understanding the noncovalent interactions, specifically hydrogen-bonding based molecular

recognition, in fluorous media.®”® At room temperature, a carboxylic acid-terminated poly

hexafluoropropylene oxide, Krytox 157FSH, interacts with heterocyclic bases in fluorous
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213
solvents.

The method of continuous variation shows that Krytox 157FSH forms 1:1 complexes
with relatively weak bases (pyrazine, pyrimidine, and quinazoline) in FC-72 (perfluorohexanes),
whereas 3:1 complexes are formed with stronger bases (quinoline, pyridine, and isoquinoline).®’
Infrared and UV spectroscopic analysis indicates that 1:1 complexes are molecular (hydrogen
bonded complexes without proton transfer) whereas the 3:1 complexes are ionic (hydrogen

bonded complexes with proton transfer).®>®

It is challenging to obtain quantitative binding data
from infrared and UV spectra due to the presence of more than one chemical equilibrium
(complex formation between Krytox 157FSH and the base, and the self association of Krytox
157FSH). If multiple complexes are present, spectroscopic methods (e.g. UV/Vis, IR titrations)
may capture only a portion of the information on complex formations because the characteristic

214 - S
1. Thus, questions arise: is the

spectroscopic signals are not typically completely orthogona
formation of 3:1 complex a stepwise process, and does the proton transfer occur at a certain step?
To understand better the formation of hydrogen bonded complexes, we investigate the formation
of hydrogen-bonding based complexes via isothermal titration calorimetry (ITC) to gain more
insight into the complex formation in fluorous phase.

To understand better the factors influencing noncovalent interactions, the thermodynamic
parameters (AG°, AH® and AS®) of complex formation between perfluorodecanoic acid (PFDA)
and two heterocyclic bases (quinazoline and pyridine) have been obtained by ITC in three
solvents with a significant range of dipolarity: FC-77 (primarily a mixture of CgFs and cyclic
CsF160), HFE-7500 (2-trifluoromethyl-3-ethoxydodecafluorohexane), and 1-chloropentane.

Moreover, ITC experiments performed at different temperatures (25°C, 35°C, and 45°C) yield

information on the change of heat capacity for the further understanding of different complexes.
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A thorough understanding of noncovalent interactions will potentially benefit molecular

recognition based separation and sensing in fluorous media.
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Figure 5-1. Structures of perfluorodecanoic acid and two heterocyclic bases

5.2 EXPERIMENTAL
5.2.1 Materials and methods

Pyridine was purchased from Acros Organics (NJ). Perfluorodecanoic acid (PFDA), quinazoline,
I-chloropentane, CaCl,, and 4-nitroanisole were purchased from Sigma-Aldrich (St. Louis, MO).
1-Chloropentane was dried with CaCl, before use. FC-77 (primarily a mixture of CgF;g and
cyclic CgF160) and HFE-7500 (2-trifluoromethyl-3-ethoxydodecafluorohexane) were purchased
from 3M (Minneapolis, MN) and used as received. The n* values of the solvents were obtained
using the measured uv/vis frequency maximum (cm™) for the electronic transition of dissolved 4-

nitroanisole according to literature.*"”
5.2.2 Isothermal Titration Calorimetry (ITC)

Calorimetric measurements were performed using a Nano ITC from TA Instruments (New
Castle, DE). Temperature control was maintained at 25, 35, or 45 °C. In a typical ITC
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experiment on dimer dissociation, the sample cell and reference cell in the calorimeter were
filled with pure solvent. A solution of PFDA [Cprpa(FC-77) = 5.00 mM; Cprpa(HFE-7500) =
10.00 mM; Cprpa(HFE-7500) = 5.00 mM] was titrated in 40 injections of 5 uL each with a time
interval of 400 s and a stirring speed of 300 rpm. The power required to maintain thermal
equilibrium between the sample and the reference cell was recorded versus time. In a typical ITC
experiment on PFDA and pyridine/quinazoline titration, the sample cell was filled with a
solution of PFDA [for PFDA/pyridine system: Cpppa(FC-77) = 0.40 mM; Cpppa(HFE-7500) =
0.40 mM; Cpppa(l-chloropentane) = 0.25 mM; for PFDA/quinazoline system: Cpppa(FC-77) =
0.20 mM; Cpppa(HFE-7500) = 0.25 mM; Cpppa(1-chloropentane) = 0.40 mM] and the reference
cell was filled with the pure solvent. A solution of pyridine/quinazoline [Cpysidgine(FC-77) = 3.00
mM; Cpyridine(HFE-7500) = 3.00 mM; Cpyrigine(1-chloropentane) = 5.00 mM; Cquinazoline(FC-77) =
4.00 mM; Cguinazoline(HFE-7500) = 5.00 mM; Cguinazotine(1-chloropentane) = 60.00 mM] was
titrated in 40 injections of 4 pL each with a time interval of 400 s and a stirring speed of 300
rpm. Blank titrations (pure solvent in the syringe) were performed and subtracted from the
corresponding titrations to remove the effect of dilution and perturbation of the each injection to

the system in sample cell.

5.2.3 Analysis of Isothermal Titration Calorimetry Data

The analysis of the heat of dilution for monomer [HA represents the acid monomer: (PFDA)]-

dimer [(HA), represents the acid dimer: (PFDA),] system:

HA + HA = (HA), (5-1)
_[(HA),] _
b= LHAL (5-2)
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where f, is the dimer formation constant. In ITC experiments, we measure the heat (Ag) when a
small volume (v) of concentrated acid solution (the total concentration of HA: Cy = [HA]y +
2[(HA),)o) is titrated into the calorimeter cell (constant volume: Vj) containing initially pure
solvent. The heat arises from the dimer present in the higher concentration solution that
dissociates upon entering the lower concentration calorimeter cell.

The total concentration of HA in the calorimeter cell after the ith titration, Cy4(i), equals:

. V—v
Cra (D) = Cl1=( V )] (5-3)
The equilibrium concentration of acid dimer equals:
4C,, (OB, +1-48C,()B, +1
[(HA),]=—" 35 = (5-4)

For the ith titration of a series, the observed heat is given by:

Aq(@) = AH 1y, o (), {(HA), ], = [(HA), 1)V =)+ ([(HA), ], - [(HA), ] )vy  (5-5)
where Agq(i) is the heat of the ith titration, [(HA):]; and [(HA);].; are the acid dimer
concentrations after the ith and the (i—1/)th titration respectively, [(HA):]y is the acid dimer

concentration in the concentrated solution (in the syringe), and AH,,, . . is the enthalpy of
dimer formation. Equation (5-5) was used for the non-linear regression of experimental dilution

data to obtain 8, and AH,,, .., values.

Analysis of heats of acid (HA represents the acid: PFDA)-base (B represents the base:

pyridine/quinazoline) complex formations:

_[(H4),]

HA+HA 2 (HA),,f, = AT (5-6)
HA+ B ‘——‘HA-B,KI:[HA'B] (5-7)
[HA][B]
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_ [(H4),-B]

HA+HA-B = (HA), -B,K, =
[HAJ[HA- B]

(5-8)

HA+(HA), ,-B = (HA),-B,K, = [(HA), - B]
[HA])[(HA),_, B]

(5-9)

In ITC experiments, the heat (Ag) was measured when a small volume (v) of base solution (the
concentration of B: Cyp) is titrated into the calorimeter cell (constant volume: V) containing acid
solution (the total initial concentration of HA: Cypy = [HA]o + 2[(HA):]o).

The total concentration of H4 in the calorimeter cell after the ith titration Cy4(i) equals:
. V -V i
Cra(D) = Copy (7) =[HA]; + 2[(HA),]; +[HA- B]; + 2[(HA), - B]; +---+ n[(HA), - B], (5-10)

The total concentration of B in the calorimeter cell after the ith titration Cp(i) equals:

V= Vy_B), +[HA B, +[(HA), - B],

Cp(i) = Cpll=( e ;

+---+[(HA), - B], (5-11)

The heat of titration arises from the shift of the coupled chemical equilibria. For the ith titration

of a series, the observed heat is given by:

Aq(i)=AH,;, . 2HAG(HA), {{(HA), ]V —[(HA),],,(V =)}

¥ S AH sy = inny 5 {[CHA), - BLV ~[(HA), - B], (V ~ )} (5-12)
j=1
where Aq(i) 1s the heat of the ith titration, [(/{4);B]; and [(HA);B]..; are the j:1 acid-base complex
concentrations after the ith and the (i—/)th titration respectively, and AH JHA+B < (HA),-B is the
enthalpy of j:1 complex formation. Equation (5-12) was used to fit the experimental data to

obtain complex formation constants and enthalpy values. The detailed steps in the data fitting are

134



as follows: (a) [HA]; is calculated from a set of chosen trial § values according to equation (5-
6)—(5-11); (b) [(HA).];, [(HA)B];...and [(HA), B]; are calculated from [HA]; based on equation
(5-6)—(5-11); (c) least squares fitting of ITC data to equation (5-12) based on the known species
concentrations to obtain enthalpies of complex formations as well as the mean residual sum of
squares from the curve fitting; (d) step (a) to (c) are repeated for each combination of K values (a
stepwise change of 1% on K values) until the best fit is obtained. The whole process yields the
best fit values of binding constants and enthalpies of complex formations. A typical contour plot
showing the mean squared residual error in the chosen trial array is shown in Figure B-1.

Mathcad files for the data fitting are in Appendix B.

5.3  RESULTS AND DISCUSSION

5.3.1 Effects of Solvent and Temperature on the Dimerization of PFDA

Carboxylic acids, alone or as structural fragments in molecular receptors, are able to bind tightly

and selectively with specific molecules for molecular recognition applications in non-polar

62,216-218

solvents. The capability of carboxylic acids as molecular receptors is influenced by their

self-association. Experimental and theoretical studies on the association of carboxylic acids (e.g.

219-221 d 222,223
3

small organic acids, trifluoroacetic aci and perfluoropolyethers with carboxylic acid

- 224,225
terminal groups™™"

) in vapor phase and non-polar solvents reveal that the cyclic dimer is the
only complex of primary importance while other species (open structured dimers and oligomers)

are significantly less stable. Before we examine the non-covalent interactions between PFDA

and pyridine/quinazoline, the thermodynamics of hydrogen bond dimerization of PFDA as well
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as the influence of solvent and temperature on the dimerization behavior were investigated via
ITC.

Figure 5-2 shows the ITC profiles for the titration of PFDA solutions into the pure
solvent. The corresponding thermodynamic parameters based on a single equilibrium between
monomer and dimer are listed in Table 5-1. The dimerization energy of PFDA is close to that of
trifluoroacetic acid (TFA) in CCly at 25 °C (-38 kJ/mol)*** as well as the value of TFA
dimerization in CO, (32 kJ/mol) from theoretical calculations.”*® At each temperature, the
dimerization constant of PFDA is lower in the solvent with higher dipolarity [f,(FC-77, n* =
—0.277) > B.(HFE-7500, * = 0.222) > f,(1-chloropentane, n* = 0.450)]. Dimer formation was
not observed in 1-chloropentane. This trend of dimer formation constant with respect to solvent
strength can be explained by the solvation behavior”’ — a stronger solvent with more effective
solute-solvent interactions would solvate the acid monomer better, therefore weakening the
tendency to dimerize.””® In both FC-77 and HFE-7500, AH° became more negative with
increased temperature, reflecting negative changes in heat capacities [d(AH)/dT]. A negative AC,
accompanying the formation of the dimer reflects weakened solvation at higher temperatures.”*
31 As the more polar PFDA requires solvation more than (PFDA),, and increased temperature
decreases solvation, the increase in temperature enthalpically favors complex formation. PFDA

dimerization is preferable at lower temperatures as the formation of acid dimer is entropically

unfavorable.

136



(A)

Figure 5-2. ITC profile of PFDA dimer dissociation in FC-77 and HFE-7500 at 25, 35, and 45 °C: (A) the titration
of PFDA (5.00 mM in FC-77) into FC-77; (B) the titration of PFDA (10.00 mM in HFE-7500) into HFE-7500. Data

points represent the averages between two duplicate experiments, and error bars represent standard error of the

Table 5-1. Thermodynamic parameters of PFDA dimer formation obtained from fitting ITC titration curves. Data

.

Heat {py

Injection

# 25 °C(HFE-TS0D)
& 35°C (HFE-T500)
® 45 °C (HFE-T500)

mean.

Injection

represents the average between two duplicate experiments, and errors are standard error of the mean.

# | TCC)| Solvent | K,M™") | AG® (kJ/mol) | AH® (kJ/mol) | —“TAS® (kJ/mol)
1 25 FC-77¢ 586 £28 | —15.79+0.12 | =34.19 £ 0.11 18.40+0.16
2 HFE-7500° | 99+5 |-11.37+0.29 | -30.98+0.15| 19.61 +0.33
3 35 FC-77° 484 +£30 | —15.83 £0.16 | —42.28 +0.13 | 26.45+£0.21
4 HFE-7500° | 82+3 [-11.28+0.35|-33.58+0.49 | 22.30+0.60
5 45 FC-77° 323+£2 | 1528 +0.02 | 44.48 £0.32 | 29.20+0.32
6 HFE-7500" | 72+3 [-11.31+0.42|-41.62+0.96| 30.31+1.05

“ The titration of PFDA (5.00 mM in FC-77) into FC-77; ” the titration of PEDA (10.00 mM in HFE-7500) into

HFE-7500.
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5.3.2 Thermodynamics of PFDA-quinazoline Complex Formations in FC-77, HFE-7500,

and 1-chloropentane

The ITC titrations of PFDA with quinazoline in FC-77, HFE-7500, and 1-chloropentane at 25,
35 and 45 °C are shown in Figure 5-3. The ITC profiles indicate the presence of multiple
equilibria in FC-77 and HFE-7500, corresponding to the formation of 1:1 and 2:1 complexes;
while the experimental curves indicate the formation of 1:1 complex only in 1-chloropentane.
The corresponding thermodynamic parameters and equilibrium constants are listed in Table 5-2.

The formation of 1:1 complex is enthalpically more favorable in FC-77, followed by
HFE-7500, and 1-chloropentane. An opposite trend was observed for the entropic contribution.
Figure 5-4 plots the free energy as well as the enthalpic and entropic contributions of 1:1
complex formation in the three solvents. There is strong entropy-enthalpy compensation at three
temperatures. At each temperature, the formation constant of 1:1 complex decreases as the
dipolarity/polarizability of the solvent (n*) increases. Typically, the contribution of the entropy
change to the free energy parallels the enthalpy change because the stronger the hydrogen
bonding between the acid and the base, the lower the complex’s entropy will be when formed.*'
Our experimental observations in FC-77 and HFE-7500 agree well with this rationale: the
change in entropy is more unfavorable in FC-77 as the complex formation is enthalpically more
favorable. However, interestingly, the formation of the 1:1 complex in the relatively strong
solvent—I1-chloropentane (n* = 0.450)—is both enthalpically and entropically favorable. The
base, quinazoline, and the carboxylic acid group are better solvated in 1-chloropentane than in
the other two fluorous solvents. The exclusion of 1-chloropentane molecules upon complex
formation should result in a positive entropy change because the desolvation of the carboxylic

acid provides greater solvent freedom than that lost in solvating the hydrogen bonded complex.
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Similar behaviors have been reported for the complex formation of picric acid and #n-butylamine

in chlorobenzene and benzene.>'

The contrasting behavior of the fluorous systems verifies the
poor solvating ability of the fluorous solvents — fluorous solvent molecules are not as
anisotropically structured as the organic solvent molecules around the PFDA monomer and
quinazoline. Therefore, the solvation contributes less to the entropy change of the complex
formation in fluorous solvents. In all three solvents, the AH° accompanying 1:1 complex
formation becomes more negative as the temperature increases, leading to a negative change of
heat capacity. This is due to different solvation strength of the 1:1 complex and its precursors
(free PFDA and quinazoline). Compared to a 1:1 complex, the more polar PFDA and quinazoline
have stronger interaction with solvent molecules and require solvation more than the 1:1
complex. Therefore, the weakening of solvation is more significant for PFDA and quinazoline
than for the 1:1 complex as temperature increases.

Earlier spectroscopic studies only showed 1:1 complex formation between Krytox 157
FSH and quinazoline in FC-72 (perﬂuorohexanes).63 The current work shows that PFDA and
quinazoline in fact form 2:1 complexes in FC-77 and HFE-7500. The interaction between the
second PFDA and the 1:1 complex is enthalpically favorable and entropically unfavorable. In
FC-77, the AH® of 2:1 complex formation from two components (1:1 complex and an acid)
becomes more negative as the temperature increases, resulting in a negative change of heat
capacity (AC,). This can be explained by different solvation behaviors of the 2:1 complex and
the two components, which is similar to the above discussion on the 1:1 complex formation
dependence on temperature. Compared to a 2:1 complex, a 1:1 complex (hydrogen bond
acceptor) and a PFDA (hydrogen bond donor) cumulatively display stronger interaction with the

surrounding FC-77 molecules. As temperature increases, the weakening of solvation is more
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significant for the H-bond donor and acceptor than for the 2:1 complex, leading to a negative
AC,. It is worth mentioning that the complex formation in FC-77 is the most temperature
dependent of all three systems. Complex formation becomes less favorable in FC-77 with
increasing temperature while it is about constant in HFE-7500 and 1-chloropentane. As a result,
2:1 complex was observed at 45 °C in HFE-7500 but not in FC-77. In HFE-7500, the enthalpy
change for 2:1 complex formation is less negative compared to that in FC-77, and the change of
heat capacity AC, is close to zero. This could be due to stronger solvation ability of HFE-7500
compared to FC-77. As temperature increases, the difference on weakening of solvation between
the two components (1:1 complex and an acid) and the 2:1 complex is less significant in HFE-
7500. In 1-chloropentane, which is a stronger solvent than HFE-7500, 2:1 complex was not

observed via ITC.
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Figure 5-3. ITC profile of PFDA and quinazoline complex formations in FC-77, HFE-7500, and 1-chloropentane at
25, 35, and 45 °C: (A) the titration of quinazoline (4.00 mM in FC-77) into PFDA (0.2 mM in FC-77); (B) the
titration of quinazoline (5.00 mM in HFE-7500) into PFDA (0.25 mM in HFE-7500); (C) the titration of quinazoline
(60.0 mM in 1-chloropentane) into PFDA (0.40 mM in 1-chloropentane). Data points represent the averages

between duplicate experiments, and error bars represent standard error of the mean.
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Figure 5-4. Enthalpy-entropy compensation of 1:1 complex between PFDA and quinazoline (black bars: AG®; red

bars: AH’; blue bars: —T-AS°).

142



Table 5-2. Thermodynamic parameters of PFDA:quinazoline complex formation obtained from fitting ITC titration curves. Data represents the average of

duplicate experiments, and errors are standard error of the mean.

#| T(CC) Solvent K (M'l) AG/° (kJ/mol) | AH;° (kJ/mol) | =TAS,° (kJ/mol) | K, (M'l) AG;° (kJ/mol) | AH,® (kJ/mol) | —TAS,° (kJ/mol)

1 FC-77° 53400 £400 | —29.23+£0.02 | —37.42+0.15 8.19+0.15 1220£20 | —19.08£0.04 | —51.42+2.11 3234+2.11
2] 25 HFE-7500° 29200 £400 | —27.61+0.04 | —28.99 +0.33 1.38 £0.33 1135+85 | —18.89+0.20 | —29.95+2.31 11.06 +2.32
3] 1-chloropentane® 874 +21 —18.19 + 0.06 —8.75+0.29 —9.44 +£0.30 N/A

4 FC-77° 29750+ 850 | —28.52+0.08 | —41.35+0.47 12.83 +0.48 560+ 150 | —17.52+0.74 | —64.85+13.11 4733 +13.13
5| 35 HFE-7500° 24400+ 700 | —27.97+£0.08 | —36.91+0.10 8.94+0.13 1140+ 160 | —19.49+0.39 | —28.79+5.22 9.30+5.23
6 | 1-chloropentane® 853+9 —18.68 £ 0.03 -9.37 £0.37 -9.31+£0.37 N/A

7 FC-77° 17700 £ 100 | —27.89+0.02 | —43.81+0.22 15.92+0.22 N/A
8| 45 HFE-7500° 14813+ 63 | —27.39+0.01 -37.35+£0.30 9.96 +0.30 672+2 —18.57+0.01 —26.8 +0.87 8.23 £0.87
9] 1-chloropentane® 653 £28 —18.48 £0.12 -10.58 +£0.47 =7.90 £+ 0.49 N/A

“ the titration of quinazoline (4.00 mM) into PFDA (0.20 mM);  the titration of quinazoline (5.00 mM) into PFDA (0.25 mM); ¢ the titration of quinazoline

(60.00 mM) into PFDA (0.40 mM).
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5.3.3 Thermodynamics of PFDA-pyridine Complex Formation in FC-77, HFE-7500, and

1-Chloropentane

The ITC titrations of PFDA with pyridine in FC-77, HFE-7500, and 1-chloropentane at 25, 35
and 45 °C are shown in Figure 5-5. In FC-77, PFDA interacts with pyridine and forms 1:1, 2:1,
and 3:1 complexes. In HFE-7500 and I-chloropentane, the experimental curves indicate the
formation of 1:1 and 2:1 complexes. The thermodynamic parameters and equilibrium constants
are listed in Table 5-3.

Similar to the PFDA/quinazoline system, the formation of a 1:1 complex between PFDA
and pyridine is enthalpically more favorable in FC-77, followed by HFE-7500, and 1-
chloropentane at all temperatures. The calorimetric data show a strong enthalpy-entropy
compensation (Figure 5-6) that leads to almost constant free energy in HFE-7500 and 1-
chloropentane at different temperatures (Table 5-3). In contrast, the binding affinity of the 1:1
complex in FC-77 shows a significant temperature dependence—the binding constant decreases
along with the increase of the temperature (Table 5-3). In FC-77 and HFE-7500, the entropy
change for 1:1 complex formation is unfavorable. The entropy change is more negative in FC-77
as the 1: 1 complex is enthalpically more favorable. In 1-chloropentane, 1:1 complex formation
between PFDA and pyridine demonstrates a positive entropic change, which is similar to our
previous observation in the PFDA/quinazoline system and can be attributed to the relatively
stronger solvation of 1-chloropentane to individual species than the complex thus the exclusion
of solvent molecules upon the complex formation. In all three solvents we investigated, a second
molecule of PFDA can form a hydrogen bond with the 1:1 complex to yield a 2:1 complex. The
2:1 complex formation is enthalpically favorable. However, the favorable enthalpy is opposed by
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a strong unfavorable entropy change of binding due to the structural rigidity in the presence of
multiple hydrogen bonds. Overall, the formation constant of the 2:1 complex in each solvent is
one to two orders of magnitude smaller than that of 1:1 complex. Interestingly, the free energy
for the formation of 2:1 complex (from 1:1 complex and PFDA) is more negative than that of the
PFDA dimerization. This could be attributed to weaker solvation of the 1:1 complex compared to
a PFDA, leading to a more favorable free energy when forming the 2:1 complex.

In addition to 1:1 and 2:1 complexes, PFDA interacts with pyridine to form a 3:1
complex in the perfluorinated solvent, FC-77. The thermodynamic data shows that the formation
of the 3:1 complex [PFDA+2:1] is enthalpically unfavorable with a large favorable entropy that
is strong enough to overcome the unfavorable enthalpy. This observation cannot be explained by
solely forming more hydrogen bonds, which would yield a favorable enthalpy change and an
unfavorable entropy change as observed for the formation of 1:1 and 2:1 complexes. To further
understand the nature of complex formations in FC-77, the enthalpy changes for the association
of PFDA with pyridine and quinazoline versus temperature are plotted in Figure 5-7. The slopes
of these lines correspond to the change in heat capacity at constant pressure, AC,. Interestingly,
the sign of AC, for 3:1 complex is opposite to that of the 1:1 complexes. As AC, reflects the
temperature dependence in enthalpy between the state of solvated components and the state of

the solvated complex,?***!

the opposite sign of AC, indicates different solvation behaviors of
1:1 and 3:1 complexes. Compared to the 1:1 complex, pyridine and PFDA have exposed polar
groups and stronger interaction with the FC-77 molecules. As temperature increases, the
weakening of solvation is more significant for pyridine and PFDA than the 1:1 complex, leading

to a negative AC,. For the 3:1 complex formation, a positive AC, indicates that the weakening of

solvation as temperature increases is more significant for the 3:1 complex than the precursors
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(1:1 complex and two PFDA molecules). This is consistent with the ionic feature of the 3:1

complex observed via spectroscopic methods.*
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Figure 5-5. ITC profile of PFDA and pyridine complex formations in FC-77, HFE-7500, and 1-chloropentane at 25,

35, and 45 °C: (A) the titration of pyridine (3.00 mM in FC-77) into PFDA (0.4 mM in FC-77); (B) the titration of
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pyridine (3.00 mM in HFE-7500) into PFDA (0.4 mM in HFE-7500); (C) the titration of pyridine (5.00 mM in 1-
chloropentane) into PFDA (0.25 mM in 1-chloropentane). Data points represent the averages between duplicate

experiments, and error bars represent standard error of the mean.
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Figure 5-6. Enthalpy-entropy compensation of 1:1 complex between PFDA and pyridine (black bars: AG®; red bars:

AH?; blue bars: —T-AS°).
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Table 5-3. Thermodynamic parameters of PFDA and pyridine complex formations obtained from fitting ITC titration curves. Data represents the average

between duplicate experiments, and errors are standard error of the mean.

# T (°C) Solvent KM AG,° AH,° —TAS,® K, (M) AGy° AH,’ —TAS,° Ky (M) AG5° AH;° —TAS;°
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
1 25 FC-77¢ 86 000+500 —30.51+0.02 | —49.96+0.52 19.45+0.52 179545 —20.12+0.01 =70.7+6.84 50.58+6.84 3550043500 | —28.14+0.26 25.6346.52 —53.77+6.53
7 HFE-7500¢ 74 2504250 —30.12+0.01 —41.94+0.15 11.8240.15 2013+13 —20.43+0.02 | —71.69 +1.08 51.26+1.08 N/A
T 1-chloropentane” 19 395+665 —26.51+0.09 | -22.824+0.29 —3.69+0.30 483+68 —16.60+0.38 —22.11+4.42 5.51+4.44 N/A
4 35 FC-77¢ 40 000+0 —29.34+0.00 | —53.40+0.84 24.06+0.84 600+40 —17.71+0.18 —68.95+8.02 51.24+8.02 30 050+£50 —28.55+0.00 26.41+7.31 —54.96+7.31
T HFE-7500° 86 750+3750 | —31.48+0.12 | —48.91+0.46 17.43+0.48 | 2313+388 | —21.45+0.46 | —78.15+£8.96 56.70+8.97 N/A
T 1-chloropentane” 19 740+0 —27.38+0.00 | —22.17+0.29 -5.21+0.29 470+40 —17.03+0.24 | —18.93+4.21 1.90+4.22 N/A
7 45 FC-77¢ 8000+700 —25.63+0.25 | —67.36+0.34 41.73+0.42 N/A 4050000 —43.39+0.46° | —14.16+1.02° | —28.23+1.12°
+650000¢
T HFE-7500° 84 750+250 —32.36+0.01 —49.16+0.32 16.80+0.32 1413463 —20.68+0.13 —88.72+3.43 68.04+3.43 N/A
T 1-chloropentane” 17 140+230 —27.80+0.04 | —20.78+0.08 7.02+0.09 N/A N/A

“the titration of pyridine (3.00 mM) into PFDA (0.40 mM); ” the titration of pyridine (5.00 mM) into PFDA (0.25 mM); © the binding constant and

thermodynamic parameters correspond to 2PFDA+[PFDAPyridine] — [PFDAj;-Pyridine].
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Figure 5-7. Heat capacity changes for association of PFDA with quinazoline/pyridine in FC-77:
(®) PFDA+quinazoline — [PFDA-quinazoline]; (o) PFDA+Pyridine — [PFDA-Pyridine];

(e) 2PFDA+[PFDA Pyridine] — [PFDA; Pyridine].

5.3.4 Discussion

The association of PFDA with both quinazoline and pyridine reveals that the stoichiometry of
complex formation strongly depends on the solvent. As shown in Table 5-4, the trend of
stoichiometry of complex formation goes to high acid:base stoichiometry from 1-chloropentane
to HFE-7500 to FC-77. Poor solvent favors the formation of acid-base complexes with multiple
acid molecules. This observation is analogous to the complex formation between perfluorinated
carboxylic acid and isoquinoline:** The 1:1 complex forms in more dipolar organic solvents

acetonitrile (n* = 0.75), chlorobenzene (n* = 0.71) and benzene (n* = 0.59)]. The 1:1 and 2:1
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complexes are present in solvents with relatively lower dipolarity [chloroform (n* = 0.58),
toluene (n* = 0.54), butyl chloride (n* = 0.39), and carbon tetrachloride (x* = 0.28)]. A 3:1
complex forms in perfluorohexanes [FC-72 (n* = — 0.41)].% An enthalpy-entropy compensation
plot (AH versus AS) for the binding of PFDA with quinazoline/pyridine (1:1, 2:1, and 3:1
complexes) in three solvents at different temperatures is shown in Figure 5-8. The linearity of

the data (R’ = 0.93) presented in this figure displays a close compensation of enthalpy and

entropy.
Table 5-4. Stoichiometry of complex formation between PFDA and quinazoline/pyridine.
# Base Solvent m* Complex Stoichiometry
PFDA:Quinazoline/Pyridine
1 Quinazoline FC-77 -0.277 1:1/2:1
2 (pKa=3.4) HFE-7500 0.222 1:1/2:1
3 I-chloropentane | 0.450 1:1
4 Pyridine FC-77 —0.277 1:1/2:1/3:1 (ionic)
5 (pKa=5.2) HFE-7500 0.222 1:1/2:1
6 I-chloropentane | 0.450 1:1/2:1
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Figure 5-8. Enthalpy-entropy compensation of complex formation between PFDA and quinazoline/pyridine.
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Figure 5-9. Schematic structure of PFDA/pyridine complexes: (A) 1:1; (B) 2:1; (C) 3:1; (D) 3:1; (E) 3:1; (F) 3:1.
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The interaction of PFDA with pyridine is a system of most interesting and complex
phenomena. Figure 5-9 shows the structure of PFDA/pyridine 1:1 complex (A, crystal structure
as reported by O’Neal and coworkers)®, a proposed structure of PFDA/pyridine 2:1 complex (B)
according to the crystal structure of carboxylic acid-pyridine complex from organic solvents
reported by Balevicius and coworkers,”” and a proposed structure of PFDA/pyridine 3:1
complex (C) according to the structure of PFDA/pyridine 2:1 complex as well as the structure of
Krytox 157FSH/pyridine 3:1 complex as suggested by O’Neal and coworkers.”” The formation

of two hydrogen bonds (relatively strong NH'-O, and weak C—H”*"0)*’

and the cyclic
structure in the 1:1 complex leads to a favorable enthalpy change and unfavorable entropy
change to the free energy. The joining of the second PFDA yields two more hydrogen bonds
(O-H*"0, and C—H*~0) and a fused cyclic structure, leading to enthalpy gain but significant
loss in entropy. The electron density on the oxygens of the first PFDA decreases when an oxygen
forms hydrogen bond with H* in the second PFDA, which can lead to a shift of H' towards
pyridine. The third PFDA, upon joining the 2:1 complex, serves as a hydrogen bonding donor
and leads to a further decrease of electron density at oxygens in the hydrogen-bonded relay
“chain”.*** Further decrease of the electron density at the oxygen in the O—HN bond can cause
more shift of H' towards pyridine and lead to proton transfer.

ITC data suggested that PFDA/pyridine 3:1 complex formation from the 2:1 complex is
enthalpically unfavorable and entropically favorable; which is not consistent with the proposed
structure (C). This structure would be consistent with a moderate negative enthalpy change due
to the hydrogen bond formation (O—H’0) and a negative entropy change due to the decrease of

freedom upon the joining of the third acid. It is worth pointing out that as the electron density at

oxygens in the hydrogen-bonded relay “chain” decreases, the oxygens on the carbonyl groups
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become weaker hydrogen bond acceptors.”® Therefore, the weak C—H**O bonds will be
weakened and thus broken upon the joining of the third PFDA. Figure 5-9 (D—F) show the
potential configurations of PFDA/pyridine 3:1 complex (with one C—H O bond broken), which
are consistent with Bene’s theoretical study on the structures of HF/trimethylpyridine 3:1
complexes — the site of interaction between trimethylpyridine and acid occurs at the terminal and
the middle of the relay “chain”.**® An increase in the number of structural configurations as well
as the disruption of a hydrogen-bonded ring structure existing in the 2:1 complex together lead to
an increase in the configurational entropy and thus a favorable contribution for the free energy.
Further break down of the second C—H O is also possible. Breaking of C—H O hydrogen
bond(s) as well as the increased exposure of carboxylic acid functional groups to solvent (in
comparison to the conversion of acid + 1:1 to 2:1 complex) explains our observation of slightly
positive enthalpy change from 2:1 complex to 3:1 complex even though a new O—H O is
created upon on the joining of the third PFDA. From the acidity perspective, an acid trimer, in
the relay “chain” structure, has a free carboxylic acid group which is not stabilized by hydrogen
bonding. This makes the acid trimer a stronger acid than the acid dimer in which both carboxylic
acid groups are stabilized in the cyclic hydrogen bonded structure.

Previous spectroscopic studies demonstrated proton transfer from acid to pyridine when
acid was in excess. Golubev and coworkers investigated the complex formation between acetic
acid and pyridine (solvent: a mixture of CDCIF; and CDF;") at 109K via NMR. They found out
that the hydrogen on carboxylic acid group is gradually shifted from acetic acid to pyridine upon

the formation of complexes with more acid molecules.”**

In a pioneer work focusing on
hydrogen bonding based noncovalent interaction in fluorous media, O’Neal and coworkers

discovered the formation of 3:1 complex between Krytox 157FSH and pyridine in
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perfluorohexanes at room temperature.”> UV/Vis and IR studies showed proton transfer in
Krytox 157FSH/pyridine 3:1 complex.>® There are still many questions left unanswered: Is the
complex formation a stepwise process? Does the proton transfer occur at certain step? With this
view, we have now revealed the stepwise complex formation between PFDA and pyridine,
rationalized a gradual shift of the hydrogen from PFDA to pyridine,”* and identified that the
structure rearrangement accompanying proton transfer occurs not until the joining of the third
PFDA. Among the three solvents we investigated, PFDA/pyridine 3:1 complex has been
observed only in FC-77 which has the lowest dipolarity. One driving force to the formation of
the 3:1 complex from the 2:1 complex is the poor solvation of the PFDA by FC-77. Interestingly,
the joining of the third PFDA leads to stabilized 3:1 complex with ionic property in the highly

nonpolar solvent.

5.4  CONCLUSION

Noncovalent associations behave markedly different in solvents with different
dipolarity/polarizability (n*). For hydrogen bond based complexes, both the strength of the
hydrogen bonding interactions and the solvation property contribute to the overall free energy of
complex formations. With the calorimetric method, our study on the dimerization of PFDA
indicates that the dimer formation constant increases in poorer solvent. The formation of
complexes between PFDA and quinazoline/pyridine is generally preferred in a poor solvent.
Solvents with lower n* promotes the formation of complexes containing more than one PFDA.
The thermodynamic data (AH’, AS’, and AC,) reveals a stepwise complex formation process,

supports our previous report on proton transfer in 3:1 complex (Krytox 157FSH/pyridine) by
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spectroscopic methods, and identified that proton transfer occurs only upon the joining of the
third PFDA.

Results from this work reveal the first example of quantitative thermodynamic study of
hydrogen-bond based sequential complex formations in fluorous media. The free energy of
complex formation between an organic base and a perfluorinated acid can serve as the driving
force to transfer the polar organic base from organic/aqueous phase into the notoriously poor
fluorous media. Based on the experimentally determined binding affinities, 10 mM of PFDA in
FC-77 can enhance the extraction of pyridine at low concentrations by more than 10° times
compared to partitioning into FC-77 alone. The ability of forming complexes containing
different number of acid molecules provides binding selectivity to certain targets. For example,
10 mM of PFDA in FC-77 is more than 200 times selective for pyridine than quinazoline due to
their different binding affinities with PFDA. Our work suggests the possibility of rationally
creating/optimizing fluorous media embedded with fluorous molecular receptors for extraction

and sensing applications.
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6.0 SUMMARY AND FUTURE DIRECTIONS

Fluoropolymers represent prospective fluorous media for partitioning and molecular recognition
based separations and sensing. We developed three types of Teflon AF 2400 composite films:
Teflon AF 2400/FC-70, Teflon AF 2400/fluorophilic silica nanoparticles, and Teflon AF
2400/FNP/FC-70. Teflon AF 2400 composite films show different transport behaviors for the
selective transport of fluorinated molecules against their hydrocarbon counterparts. Doping FC-
70 in Teflon AF 2400 decreases the sorption of organic solvent (CHCI;) in Teflon AF 2400,
restores the fluorophilicity of the film, and leads to an increase of transport selectivity
(octafluorotoluene over toluene). Teflon AF 2400/FNP composites containing > 50 wt% FNP
show significant increase of free volume and sorption of CHCls, increased solute permeability,
and decreased transport selectivity (octafluorotoluene over toluene). Teflon AF 2400/FNP/FC-70
composites represent a novel type of composite film: the soft Teflon AF 2400/FC-70 phase
which is not dimensionally stable by itself is well supported by the FNPs. The Teflon AF
2400/FC-70 phase in the three-component films shows low CHCI; sorption, and high solute
permeability as well as transport selectivity (octafluorotoluene over toluene). Porous Teflon AF
2400 films made from Teflon AF 2400/FNP films show potential applications in separations,
template assisted synthesis, and microarrays.

Molecular recognition based extractions are highly selective in fluorous media because

molecular interactions can be strengthened in fluorocarbons while the partitioning of
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interferences is minimized. We investigated the association of perfluorodecanoic acid (PFDA)
with pyridine and quinazoline (separately via isothermal titration calorimetry (ITC) to gain
quantitative understanding of noncovalent interactions in fluorous media. Thermodynamic data
suggests stronger noncovalent interaction in perfluorinated solvent than that in semi-fluorinated
and organic solvents. A poor solvent prefers the formation of complexes with acid:base
stoichiometry greater than 1:1. PFDA and pyridine form 3:1 complex in FC-77, and proton
transfer in [PFDAj;-pyridine] occurs upon the joining of the third acid. The free energy of
complex formation between organic compounds and perfluorinated molecular receptors can
serve as the driving force to improve molecular receptor-based extraction and sensing in fluorous
media.

The physical properties as well as transport behavior of Teflon AF 2400 films suggest
that fluorophilic silica nanoparticles (120 nm) effectively disrupt the packing of Teflon AF 2400
polymeric chains. As the radius of gyration of Teflon AF 2400 in FC-77 is 23 nm, a worthwhile
goal now within reach is to study composite materials containing fluorophilic silica nanoparticles
with different sizes (smaller than and comparable to the radius of gyration of Teflon AF 2400) to
reveal the size effect to the morphology and transport properties. In a view of the future, the
application of molecular receptor doped Teflon AF 2400/FNP/FC-70 films and Teflon AF 2400
films containing nanoparticles with dual functional modifications (fluorocarbon and molecular

receptor modifications) would certainly benefit selective transport and sensing.
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APPENDIX A

3.0 PROPERTIES AND TRANSPORT BEHAVIOR OF TEFLON AF 2400

This Appendix contains supporting information for section 3.0 Properties and transport behavior

of Teflon AF 2400 nanocomposite films. It contains density analysis of Teflon AF/FNP/FC-70

NANOCOMPOSITE FILMS

films (Table A-1) as well as Figures showing: (Figure A-1 to A-5)

Table A-1. Density analysis of Teflon AF/FNP/FC-70 films (70 wt% FNP)

Teflon AF (wt%) | FC-70 (wt%) | Film density (g/cm’) | Shell density' (g/cm®) | Shell thickness (nm)
0 0 1.761+£0.007
25 5 1.875+0.009 2.023 8.3
20 10 1.863+0.010 1.992 8.4
15 15 1.818+0.010 1.981 8.4
10 20 1.878+0.014 1.970 8.5

"Density of Teflon/FC-70 materials are estimated from Chapter 2 (Figure 2-4).
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Figure A-1. Low magnification cross-sectional SEM images of Teflon AF 2400 films containing various weight
percentages of FNP and FC-70: (A) 15 wt% (12 v%) FNPs; (B) 30 wt% (25 v%) FNPs; (C) 50 wt% (40 v%) FNPs;
(D) 70 wt% (53 v%) FNPs; (E) 70 wt% FNPs and 5 wt% FC-70; (F) 70 wt% FNPs and 10 wt% FC-70; (G) 70 wt%

FNPs and 15 wt% FC-70; (H) 70 wt% FNPs and 20 wt% FC-70.
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Figure A-2. Cross-sectional SEM images of a Teflon AF 2400 film containing 15 wt% (12 v%) octylsilane
modified silica nanoparticles. The top side shown in the images corresponds to the bottom surface that contacts the
glass Petri dish during film preparation while the bottom in the image is the surface contacting air in the thin film

casting process.
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Figure A-3. Isotherm plot of pure Teflon AF 2400 (black lines), and 70 wt% FNP doped Teflon AF 2400 (magenta

lines). For better comparison, the blue lines represent the 30% of the adsorbed quantity in pure Teflon AF 2400.

Solid lines represent adsorption process and dashed lines represent the desorption process.
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Figure A-4. Temperature derivative of heat capacity of FNP doped Teflon AF films. The noisy lines represent the

experimental data and smooth lines are the best fit by PeakFit.
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Figure A-5. New transition temperatures of Teflon AF/FC-70 system. Blue data points are from three-component
films (the volume percent axis excludes the volume of FNPs). Black data points are from Chapter 2 (page 42, line

8).137
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APPENDIX B

5.0 ISOTHERMAL TITRATION CALORIMETRY OF PERFLUORODECANIOC ACID
WITH PYRIDINE AND QUINAZOLINE IN AN ORGANIC, A SEMI-FLUORINATED,

AND A PERFLUORINATED SOLVENT

This Appendix contains supporting information for section 5.0 Isothermal Titration Calorimetry

to Determine Thermodynamics of Non-covalent Interaction in Fluorous Media.
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Figure B-1. Contour map for the titration of PFDA with quinazoline in FC-77 at 25 °C. The best fit corresponds to
B1=53000; B,=1240.
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Appendix B-2. Data fitting of dimer dissociation by Mathcad

PFDA Dimer Dissociation (FC-T7, 25 °C)
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Appendix B-3. Data fitting of the system containing 2:1 complex, 1:1 complex, and acid dimer by Mathcad

1to 1,2 to 1, and acid dimer system data fitting (FC-77, PFDA/Quinazoline, 25 °C)
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deltaA?B(c K) =

deltaA2B(C.K) =

nrow < rows(c) — 1
i 10

for ie 0.nrow— 1

out, _-\lB[c,K}H_ 1-0.00095 - _-\_7B[c_.K}i- 0.000946

ie— 1+1
out
0
0 1.93982-109
1 1.55859-10-9
2 1.18504-109
3 8.27236°10-10
4 4.94679°10-10
5 1.98782-10-10
6 -5.0568410-11
7| -2.45189-10-10
8 -3.81388'10°10
9 -4,62231'10°10
10| -4.96394-10-10
11| -4.95497-10-10
12| -4.71908-10-10
13| -4.35905-10-10
14| -3.94847-10-10
15




deltaC = augment{deltaA2{C K), deltaAB{C.K),deltaA2B(C.K})

deltaC =

Hpy =

data =

0 1 2
0 -2.10914+10-8 1.22725°10-8 1.93982-10-°
1 -1.87538-10°% 1.22053-10-8 1.55859-10-9
2 -1.64474-10°9 1.22304-10-8 1.18504-10°9
3 -1.41995-109 1.20545°108 8.27236°10-10
4 -1.20431-10%° 1.17436-10% 4.94679-10-10
5 -1.00078-10-° 1.12781-10%8 1.98782-10-10
6 -8.14083-10-10 1.06484-10% | -5.05684-10-11
7 -6.4774-10-10 0.86237'10°% | -2.45189-10-10
8 -5.04486-10-10 8.05129-10-% | -3.81388-10-10
9 -3.85827-10°10 7.967°10% | -4.62231-10°10
10| -2.91092-10-10 6.96746°10% | -4.063094-10-10
11| -2.17871-10-10 6.01197-10% | -4.05407-10-10
12| -1.62724-10°10 5.13937-109 | -4.71908-10-10
13| -1.21908-10-10 4.37224-10% | -4.35905-10-10
14| -9.19604-10-11 3.71568°10% | -3.94847-10-10
15| -7.00605-10-11 3.16213-10%°
-34183

il 1
0 2 -5.59-10-4
1 3 -5.32-104
2 4 -5.04-10-%
3 5 -4.7410-4
4 6 -4,45-10%
5 7 -4.12:104
6 8 -3.7-10%
7 9
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¥ ¥
X= data{o' Y= data{l'

, . ( 5 ( | ( |
a(X.HagHaop) = Hygl dettaC' [ deltaC'” Je 5+ Hyyl dettac” ) s

Initial guess for H,g and Hyog are -30000 and -80000 respectively o= —30000 {3 == —80000

—_—

resid (o, 3) = ¥ — q(X. v, [3)

Given
0= resid (v, 3)

Parameters for best fit:

- . e a0

oty ] fat) |-375687x 10% )

l | = Minerr{e, [3) ! |=
gL

\BLJ \-8.68793 x 107

Sum of squares implicitly minimized by this method:

ol
AHyp = —

_ N AB ™ 1000

SSE(cv,[3) = Zremd (e, 3) R
_ o AZB 1000

Mean squared error (zero if a true solution existed):
SSE(ad, —12
S5E(ad. B1) = 5.62475 = 10 12
39-2
AHyp = -537.36872
AHy op = —86.87931 +
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Appendix B-4. Data fitting of the system containing 3:1 complex, 2:1 complex, 1:1 complex, and acid dimer by Mathcad

1to 1, 2to 1, 3 to 1, and acid dimer system data fitting (FC-77, PFDA/pyridine, 25 °C)

o p
ac.K) = [cq ¢ [0.000398316 126316E-03"
w 0.000396639 2.321E-03
CB —C

0.000394969 3.77334E-03

nrow < rows(c) 0.000393306 5.02081E-03

ie? 0.00039165  6.26283E-05
Pu<ky 0.000390001 749962E-05
P = K, 0.000388358 §.7312E05
B < K, 0.000386723 9.95759E-03

< 0.000385085 0.000111788
Ky PuPn 0.000383473 0.000123049
Ky« ByPraPys 0.000381839 0.000136039
K, « 386.173 0.000380231 0.000148118

0.00037865  0.000160123
0.000377036 0.000172083

denom « 2-K K5

dy e 1 R
0.000375468 0.00018399
for ie 0. nrow—1 0.000373887 0.000195847
S A, 0.000372313 0.000207654
op © n. 0.000370745 0.000219411
1 0.000369184 0.000231119
d < Pry+ Ky - Kyeg + Iygy, oo | 000036763 0000242777
- denom A% | 0.000366082 0.000234386
G- ca 0.00036454 0.00035591,?
denom 0.000363006 0.000277439
K+ 2K, Ky 0.000361477 0.000288922
4+ T denom 0.000359955 0.000300337
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L - Byye, + Bryce 0.000358439 0.000311704

dp + T demom 0.00033693  0.000323023

) 355427 334205

(By1-Brg + 2Ky By + 3Kyop - Kyey) u-.oou-;fn_. o.uooqus-:

dy « 0.000353931 0.000343519

deniom

5 B ; . 0.000352441  0.000336696

£(x) < dyw” +dyx +dga +dyx +dpatdy 0.000350957 0.000367823

out, + root(f(x),x,0, c,a} 0000340470 0.000378908

i 14 0000348007  0.000380044

0000346542 0.000400934

out

GOM03ETIRY - GOD0LTIRTT

e 0.00034363  0.000422775

g (86300} 0.000342183  0.000433626

0 2-?5956'10:: K= 1800 | 0.000340742 0.000444432

1] 25533410 \39000) 0.000330308 0.000435192

2| 2.35002-10-% [ |

| 0.000337879 0.000463907 )
3 2.15474+104
4 1.96751-104
5| 1.79192-10%
6| 1.53017-10%
alC.K)=|7| 1.48358'10%
8 1.35242-104
0 1.23606-10°4
10| 1.13326-104
11| 1.04247-104
12| 9.62103°10-5
13| 8.90646°10°5
14| 8.26791-10°5

15
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Ale K) =

AXC.K) =

€
CB — C

AB(c . K) =
AIOW «— 1ows(c)

ie0
Py« KD
Bp« K

K< Pufn

K, « 386173

for i= 0. nrow — 1

out, K, a[c_.K}i- a[c_.K}i

i 1+1

out

0

4.46382-10

3.82159-10-5

3.23968-10-5

2.72154-10°5

2.26913°10-5

1.88219-10-5

1.55773°10°5

1.29017°10°5

-3 IR - T S PCR I S Y

@
CB — C

Nrow <— rows(c)
i 0
B« KD
B« K,

Pz« K2

Ky < BB

B3 < BriBrbis
K, « 386173

for i 0. nrow— 1

|311-a[c__K}i- C,Bi

out.

ie—1+1

out

[

7.05047-10°6
1.06807-10°3
1.51627-10°3
2.05967-10°3
2.70326°10-5
3.44544-10-5

AB(C.K) =

o~ w|m

173

—
1 1+ |311-a[c._.lf{}i + Ky a[c_.K}i- a[c__K}i + K3-a[c,K}i- a[c_.K}i- a[c__K}i



; a
b . _
AMB(c.K) = [cg At AIB(e.K) = [cgec

arow +— rows(c
nrow «— rows{c) @

ie— 0 1«0
<k, B K,
|313<—K1 |312<—K1
P < K, B3 < X,

. Ky < P11Pr2

K+ PPz
Es e By PiaPys
K3+ BrPraPos 3 < PP Prs
K, « 386173 K, « 586173
for 12 0. nrow — 1 for i 0. nrow — 1
Ky-a(e,K)-a(c.K) cp, Ky-a(e,K) a(e.K); a[c-'K}i":Bi

L out. «—

T T By ale ), + Kyale K, a(e K, + Ky a(e. K); ale. K ale K), bl Byl Ky + Kya(e K)pale K), + Kya(e.K)pa(e K) a(e. K);
e 14 ie—1+1
out out
0 0
0 9.11382-10°7 0 9.80856°10°
1| 1.90518-10-6 1| 1.89719-10°5
2 | 2.98352-106 2 | 2.73547-10°5
AIB(C.K) = 3| 4.14255-106 A3B(C.K) = 3| 3.48118-10°5

4 5.3699-10-6 4| 4.12047-10°5
5| 6.64339-106 5| 4.64273°10°
6| 7.93219-106 6 | 5.04301°10°
7| 9.20086°10-6 + 7 | 5.32358-°10°
8 8
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deltad2{c K) = |nrow < rows(c) — 1 deltaAB{c K) = |nrow ¢ rows(c) — 1
i1 i 0
for 1= 0. nrow — 1 for i 0. mwow — 1
out; ¢ A(e,K), ,-0.00095 — A2(c,K)-0.000946 out, < AB(e,K), ,-0.00095 — AB(c,K)-0.000946
ie1+1i ie-1+1i
out out
i il
0 -5.92258-109 0 2.2023-10%9
1 -5.37528+109 1| 2.77651°10%
2 -4.79277-10°% 2| 347603108
3 -4,18909-102 3|  4.30064-10%9
4 -3.58514-102 4 | | 5.22297-10%
5 -3.0071-10-% 5|  6.19644-10%
6 -2.47948-10°% 6 7.15889-109
deltaANC.K) = 7 -2.01975°102 deltaAB(C.K) =| 7 | | 8.05004-10°9
8 -1.63437-102 8 |  8.82525-109
9 -1.32047+10% 9|  9.46092-10%
10 -1.06988-10°% 10 0.9543-10°9
11| -8.71656-10°10 11| 1.03132-10%
12| -7.15538-10-10 12| | 1.05561-10-8
13| -5.92003-10-10 13| | 1.06953-10-8
14| -4.04022-10-10 14|  1.07482-108
15 15
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deltadAdB(c K) = |nrow <« rows{c) — 1 deltaA3B{c, K) = |nrow < rows{c) — 1
ie— 0 i 0
for i 0. nrow— 1 for i= 0. row — 1
out, ¢~ A2B(c,K)_, ,-0.00093 - A2B(c K)-0.000946 out, = A3B(c,K), , -0.00093 — A3B(c,K)-0.000946
ie—1+1 ie—1+1
out out
0 Ho 0

0 9.47753°10-10 : 0 8.74437°109|
1 1.03204-108 1 8.03959-109| |
2 1.11301-10-9 : 2 7.19366°109|
3 1.18256°108 3 6.21254'109| |
4 1.23120-10-9 : 4 5.12621-109|
5 1.25093°108 5 3.98846°10 | |
6 1.23697°102 : 6 2.86705°109 |

deltaAB(C.K) =[ 7 1.12016°102 ideltaASB(C.K) = [ 7 1.82515°109| |
8 111584102 8 9,07914-10-10
9 1.02156°109 o | 1361991010 !
10| 9.15048'10-10 : 10| -4.90967-10-10(
11| 8.0272810-10 11| -0.85768-10-10] |
12| 6.89629-10-10 : 12|  -1.36682°109| |
13| 5.78648 1010 13]  -1.65301°109] |
14| 4720241010 : 14 -1.8614-109|
15 15
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deltaC = augment{ deltaA2(C K}, deltaAB(C K, deltaA2B(C. K} . deltaA3B(C,K))

0 1 2 3
0 -5.02258+109 2.2023+10°% 0.47753+10-10 8.74437-10°9
1 -5.37528-10-9 2.77651-10° 1.03204-10-° 8.03959-10°
2 -4,79277-10-2 3.47693-10° 1.11301-10° 7.19366-10°
3 -4,18909°10-% 4.30064-10-2 1.18256°10-9 6.21254°10-9
detaC - | 4 -3.58514+109 5.22207-10°% 1.23129-10% 5.12621-10°%
5 -3.0071-10° 6.19644:10-2 1.25093-10°% 3.98846°10°9
6 -2.47948-10-2 7.15889-10° 1.23697-10° 2.86705-10°
7 -2.01675-10-2 8.05004-10-° 1.19016-10° 1.82515-10°
8 -1.63437°10°% 8.82525'10 1.11584-10° 9.07914-10-10
9 -1.32047-10% 0.46002-10°9 1.02156°10°9 1.36109-10-10
10 -1.06988-102 9.9543-109 9.15048-10-10
Hyy = -34185
data =
0 1
0 2 -8.71-104%
1 3 -8.45-104
2 4 -8.31-104
3 5 -8.01-10~%
4 6 -7.84-104
5 7 -7.42-104
6 8 -7.08-104
7 9
= data{o'} Y= data{l'}
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( D) ( 2 ( o) ( 3
HapldettaC' V) )+ Hyoplderac?) )+ By laenac ), )~ 5, pldenac™)

X2
( )
3 ‘ laettac)
alX.Hyp.Hyyp-Hasp) = ()
\dettaC™ J_5
( 3]
[ dettac ,}X_ 5
cg = genfit( X, Y, guess,q)
s ER
5047 = ID_1
eg=| _127x 107
|\ _owz 10t
A
_—
resid(ee,3,7) = ¥ - q(X. . B.7)
Sum of squares implicitly minimized by this method:
. 2
SSE(c.B,) = 3 resid(a,3,7)
Mean squared error (zero if a true solution existed):
[Haz) : 5
: AHpp=—
cg, 1000 AHpp = -5047354
Z ¥ — deltaC cg
°g4 / — _1
AZB ™ n0 AH 4 op = —12697991
=
A P — SEES - 11 ‘:'gz
% = 813663 10 AHygp =~ AH 35 = 0482008
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guess = | —30000
| ~120000 )
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