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Abstract

Modification of membranes to improve gas separajooperties has been of considerable
interest. Crosslinking is one route to modify meantes, but such studies need to be performed
on thin membranes to quantify the impact of suchdifitations at thicknesses relevant to
industrial membranes. In this study, the influenoé UV irradiation and physical aging on O
and N gas permeation properties of thin (~ 150 nm) glassnorphous poly(arylene ether
ketone) (PAEK) copolymer films at 3& and 2 atm were investigated. Thin PAEK copolymer
films, prepared from tetramethyl bisphenol A (TMBPa#ad 4,4'-difluorobenzophenone (DFBP),
were UV irradiated on both sides in air of & 254 nm or 365 nm, which induced crosslinking
and, in some cases, photooxidation. Gas permsathdcreased and.Ml, selectivity increased
as UV irradiation and aging time increased. At 2fd, samples irradiated in air have lower
permeability coefficients and higher selectivitidean samples irradiated in,Nwhich was
ascribed to additional decreases in free volumetapéotooxidation in samples irradiated in air.
Additionally, samples irradiated in air at 254 nrhibit less physical aging than uncrosslinked
and samples irradiated in& 254 nm, possibly due to interactions among photiative polar
products that may restrict polymer chain mobilithereby lowering the aging rate. The
influence of water vapor on physical aging of sasgtradiated in air was examined. Finally,
irradiation at 254 nm leads to more extensive tirdsag and/or photooxidation than irradiation
at 365 nm, possibly due to greater UV absorptiorthgypolymer and the higher probability of

radical formation at the lower wavelength.
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1. Introduction

Polymers with high permeability, high selectivignd long term stability are desired for
gas separation applications, and glassy polymersyaically used. However, the inherent non-
equilibrium state of glassy polymers causes physmaperties, including gas transport
properties, to drift with time towards a seeminghattainable equilibrium in a process known as
physical aging [1, 2]. As polymer chains underglf-setarding reorganization in the glassy state,
polymer segmental mobility decreases due to frdeme reduction [2]. Consequently, gas
permeability generally decreases and selectivityeiases with aging [3-5]. Several studies have
demonstrated the influence of physical aging ontgassport properties of thick films (> 1 um)
[6-9]. As film thickness decreases into the ratg8.1 um [10-12]) relevant for commercial gas
separation membranes, gas permeability decreasesramdly, suggesting accelerated aging in
thin films [3, 13, 14]. While this phenomenon ist tompletely understood, it is believed to be
connected to differences in polymer chain mobititythe surface versus the bulk of the films.
As thickness decreases, from the tens of microtenafsed in initial screening of gas transport
properties to 100 nm or less, surface to volume iatreases enormously, so the influence of
surface properties of such thin films on other prtips (e.g., gas permeability) becomes much

more important.

One route to modifying existing polymers to aclidetter gas separation properties is
via crosslinking. Introducing crosslinks into somelymers can improve selectivity without
significant losses in permeability [15]. Crosslimk reactions may occur by either step-growth
polymerization, such as reaction of an amine witrepoxy at elevated temperature [16, 17], or
by chain-growth polymerization, which can be adidathermally or by irradiation, such as

exposure to UV light [18, 19]. For example, Kitaad studied the effect of UV irradiation on
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gas transport properties of a benzophenone-contpippblyimide prepared from 3,34,4-
benzophenone tetracarboxylic dianhydride (BTDA) &, 6-trimethyl-1,3-phenylene-diamine
(TMPD) [15]. After 30 minutes of irradiation inraithe H/CH, selectivity of BTDA-TMPD
increased by a factor of 50, wheregspgdrmeability decreased by a factor of only 5.akit al.
concluded that the selectivity increase upon UVosxpe was mainly due to changes in gas
diffusion coefficients [15]. Similar observationgre reported in a study involving polyarylates
[20]. In these studies, polymer film thicknessestbe order of tens of microns were used.
However, for thick aromatic polymer films absorbsignificantly in the UV range, the radiation
penetration depth may be small, thereby promotinegsdinking at and near the film surface but
not much at the center of a film, yielding non-onih crosslinking throughout the film [20, 21].
McCaig et al. investigated the influence of UV diaion in N and physical aging on gas
transport properties of thin polyarylate films T um). Both crosslinking and aging decreased
gas permeability and increased selectivity, butgdie in selectivity from crosslinking was more
pronounced than that due to aging. In additioassiinked samples exhibited slower aging than
uncrosslinked samples, and this effect was ateibt the lower free volume of the crosslinked
samples [22]. From a fundamental perspectives ibfi interest to study uniformly irradiated
samples, but the thicknesses required (<1 pum) ean the range where physical aging effects

become significant, so careful experimental deggequired to separate these effects.

The irradiation environment can also influence gassport properties. Meier et al.
investigated the effect of UV irradiation in air &, on permeation properties of a an
uncrosslinkable polyimide [23, 24]. Pure-gag/ND selectivity increased by 80% after the
sample was irradiated in air for 30 minutes. Hogrethe Q/N, selectivity did not change after

UV irradiation in N. FTIR analysis revealed that photooxidation pasiusuch as hydroxyl and
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carbonyl groups, formed in the sample irradiate@im but not in the sample irradiated in.N

Meier et al. concluded that photooxidation indupetymer densification and found polar groups
at the surface. These polar groups can interacthydrogen bonding, lower polymer free
volume, and increase gas selectivity. Similar pbwidative effects were observed in other

studies involving both uncrosslinkable and crogsible polyimides [25-27].

This study investigated the influence of UV irathn and physical aging on gas
transport properties of ultra-thin glassy, amorghagooly(arylene ether ketone) (PAEK)
copolymer films [ ~ 150 nm) prepared from tetramethyl bisphenol MBPA) and 4,4'-
difluorobenzophenone (DFBP). The chemical striectamd bulk properties of TMBPA-BP are
presented in Table 1 [28]. This polymer was chdsmsause the tetramethyl substitution helps to
reduce the efficiency of polymer chain packing réfy increasing the polymer free volume and
improving gas permeability and provides an abundantrce of benzylic methyl groups for
crosslinking reactions [29]. In addition, the bepkzenone moiety is a well-known
photosensitizer that can be excited upon irradiatid 250-370 nm to initiate crosslinking
between polymer chains [30, 31]. The uniformityroddiation throughout the sample depth was
estimated using UV-Vis spectroscopy, and the pssyad crosslinking and photooxidation was
monitored using Fourier transform infrared specopy (FTIR). The effects of irradiation time,
irradiation environment (air vs. N and irradiation wavelength (254 nm vs. 365 nm)gas

transport properties and aging behavior were egglor
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Table 1. Bulk material properties (film thickness ~ 31umoicrosslinked TMBPA-BP.

Permeability
Polymer (OTg) (%?Qrs;%y FEV Cglfarrer)lj2 S%i;:l\tli;/lity
TMBPA-BP
HsC - CH, .
*‘:‘p ngOCO— 215 | 1.092| 0.167 45| 0.84 5.4

'Gas transport properties measured at@3and 10 atm.

2. Experimental

2.1. TMBPA-BP Synthesis

Sulfuric acid, acetic acid and acetone were pueghdsom Spectrum Chemicals (New
Brunswick, NJ, USA) and used as received. N-Methplyrrolidone (NMP) was also purchased
from Spectrum Chemicals and was dried over caldwydride and vacuum distilled before use.
4,4-Difluorobenzophenone (DFBP) was kindly donatedSmlvay and recrystallized from 2-
propanol. Methylene chloride and potassium carlmatre purchased from Fisher Scientific
(Pittsburgh, PA, USA). The potassium carbonate wlded at 150°C under vacuum
immediately before use. Toluene and 2,6-dimethylphd2,6-xylenol) were purchased from

Sigma-Aldrich (St. Louis, MO, USA) and used as reee.

The synthesis of tetramethyl bisphenol A (TMBPA)swadapted from the synthesis
procedure for tetramethyl bisphenol F [32]. Acetqi7.103 g, 122 mmol) and 2,6-xylenol
(18.92 g, 155 mmol) were added to a two-neck 250+mlind bottom flask fitted with a
mechanical stirrer and an addition funnel. The tamuwas stirred and cooled to 16 in an ice

bath. A solution of sulfuric acid (16.304 g, 0.1®8l) and acetic acid (17.392 g, 0.290 mol) was
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mixed, chilled to 15°C, and added dropwise to the reaction flask viaaitdition funnel. The
reaction mixture was maintained at room temperabweznight, diluted with 100 mL of water
and 150 mL of methylene chloride, and then tramsteto a separatory funnel. The organic
layer was washed with deionized water three timefsrke collection. The methylene chloride
layer was dried over magnesium sulfate overnigtttaen evaporated to yield the crude product.
The product was recrystallized from toluene. Yields 70%. The melting point of the

recrystallized product was in good agreement Wwithreported value (16Z) [33].

TMBPA (29.362 g, 103.2 mmol) and DFBP (22.527 §3.2 mmol) were added to a
three-neck 500 mL round bottom flask equipped vathmechanical stirrer, a condenser, a
nitrogen inlet and a Dean-Stark trap. NMP (300 mias added to the flask, and the mixture
was stirred to obtain a clear solution. AfterwarlsCOs (16.408 g, 118.7 mmol) was added,
followed by 150 mL of toluene. The reaction bathsvieated at 15%C for 4 h to remove the
water and toluene, kept at 180 for 12 h, and then cooled to room temperature fEaction
mixture was filtered to remove any excesgCR; or by-product salts and precipitated in 1000
mL of deionized water. The resulting polymer waged in deionized water at 8€ overnight
and then dried under vacuum at P@for at least 48 h. The yield of TMBPA-BP was 81%i
35 °C, which is the temperature used for both aging @emneation experiments in this study,

TMBPA-BP is deep within its glassy state (about 18®elow its T, as shown in Table 1).

2.2. Film preparation
In general, to avoid rapid evaporation of solvéating spin coating, solvents with high
boiling points (>100°C) and low vapor pressures are preferred [3, 4, 38dr this reason,

toluene was used in this study. Film thickness wastrolled by varying the solution
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concentration, typically between 2 and 3 wt%. Atbbb mL of polymer solution was prepared
and filtered through 5 pm, 0.45 pm, and 0.1 pm @sk& PTFE syringe filters (Whatman,
Pittsburg, PA, USA), in that order, to remove doisparticulates. Afterwards, the solution was
sonicated for 30 min to remove dissolved air budbtnce air bubbles can introduce pinhole
defects in thin films [34].

Thin films were prepared by spin coating the payrmsolution onto silicon wafers (Nova
Electronics Materials, Flower Mound, TX, USA) at0D0rpm for 3 min. Next, the silicon wafer
was placed on a hot plate and heated at®C3fbr 3 min to remove residual solvent. To avoid
dust and particulates in the environment, spinisgatvas performed inside a class 100 clean
room. Film thickness was measured using a variabtge spectroscopic ellipsometer (VASE)
(M2000D, J. A. Woollam Co., Lincoln, NE, USA). Rsi) and deltaA) parameters were taken
at three different angles (65, 70, and 75 degmes) a wavelength range of 450 — 1000 nm, and
the data was modeled using the Cauchy equatidi®[414, 34].

A challenge in fabricating sub-micron films is dwoid the presence of pinhole defects,
which compromise gas selectivity and render thma fiseless for gas separation characterization
[14, 35]. To mitigate this problem, a second lagehighly permeable polymer, such as PDMS,
is often coated onto the selective layer to bldekpinholes and, thus, the selectivity-destroying
convective flow [14, 36-38]. This practice of “dhing” the defects was initially employed in
industry to treat hollow fiber membranes [36-39]daecently was used to study the influence of
physical aging on gas transport properties of #tima (< 400 nm) films [12, 14, 35, 40]. At the
aging temperature used for this study, PDMS is ah60 °C above its [14], and therefore,
will not undergo physical aging [13, 14]. In adaiit, the PDMS layer, with a thickness typically

in the range of 5-6 um, can also provide mecharsogport to the very thin selective layer.
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Rowe et al. [14] and Cui et al. [12] demonstrateat PDMS did not significantly change the gas
transport properties of the thin glassy polymees/tbonsidered, so we presume that it does not
influence the permeability of the glassy polymeyesidered in this study.

A PDMS solution was prepared by mixing WackercBities Corporation Dehesive 944
and cyclohexane in a 2:3 ratio by mass and thenngdd crosslinking agent (V24) and
proprietary catalyst (OL) as described elsewhede B5]. After the glassy polymer thickness
was measured using an ellipsometer, the PDMS/cggbe solution was spun onto the glassy
polymer at 1000 rpm for 1 min. The wafer was tieated to 115C for 15 min to fully
crosslink the PDMS. The PDMS layer thickness wasasured using a Dektak 6M stylus
profilometer (Veeco, Plainview, NY, USA).

The bilayer film was lifted from the wafer usingidnized water and transferred to a thin
rectangular loop of copper wire (Cat# 2781345, Bddlhack, Austin, TX, USA). The free-
standing thin film was then annealed at 283(~ 15°C above ) for 5 min in an HP 5890 gas
chromatograph (GC) oven under an ultra-high puritsogen purge to erase thermal history and
any orientation effects [4]. The start of the agprocess (t = 0) is defined as the time when the

thin film was removed from the GC oven and rapgienched to ambient conditions.

2.3 UV-Vis Soectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) was paemined using an Agilent Cary 5000
UV-Vis-NIR spectrophotometer (Santa Clara, CA, USA&yee-standing films were attached to a
sample holder and covered an aperture through wimth at various wavelengths passed.
Absorbance was measured at wavelengths ranging 2@®800 nmat a scan rate of 600

nm/min.
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24FTIR

FTIR was performed using a Thermo Nicolet 6700cspeneter (Waltham, MA, USA)
equipped with a DTGS detector. Samples were testednsmission mode with a resolution of

4 cmi* and 256 scans per sample.

25UVirradiation

Thin film samples were irradiated in air op fr various amounts of time on each side
using either a UV crosslinker (XL-1000, Spectronidgestbury, NY, USA) equipped with 254
nm light filter bulbs or a 100W high pressure meycarc UV lamp (Blak-Ray B-100, UVP,
Upland, CA, USA) equipped with a 365 nm light filtaulb. Samples were placed 12 cm from
the bulbs in the UV crosslinker and 4 cm from tldblof the UV lamp. The UV intensity at the
film surface was monitored using a radiometer gait-0015-02, UVP, Upland, CA, USA) and
was found to be 6.55 mW/énat 254 nm and 16.7 mW/énat 365 nm. For irradiation in N
both the crosslinker and the UV lamp were placatdama glove box (Cat# 50601-00, Labconco,
Kansas City, MO, USA). Prior to UV irradiation etlglove box was purged with,NUHP grade,
Airgas, Austin, TX, USA) until the @level was below 0.1% by volume, which was monitiore
using an oxygen sensor (Part# 9452, Nuvair, Oxn@@l, USA). At 254 nm, films were
irradiated up to 10 min (5 min per side) in air @@ min (10 min per side) inJN Samples
irradiated for longer times were not mechanicaltpbte for subsequent characterization

experiments. At 365 nm, films were irradiated I0rmin (5 min per side) in air or,N
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2.6 Gas permeation

The influence of physical aging (up to approxirhat@000 hours) on @and N
permeation properties of uncrosslinked and UV-iatatl thin films was investigated.
Permeability coefficients were measured at°@5and an upstream pressure of 2 atm using a
constant-volume, variable-pressure permeation apabuilt in house [41]. Thin films were
supported on a 0.02 um AnoPore membrane disc (6809-5502, Whatman, Maidstone,
England) and masked on both sides with aluminura,tap described previously [35]. The mass
transfer resistance from the PDMS layer can belatted for using a series resistance model as
follows [14, 42]:

lcomposite lppms lgiass
= + o )@

Pcomposite Pppms PGlassy

wherelppys, lgiassy, @Ndlcomposite @re the thicknesses of the PDMS layer, the unierly
selective layer, and the overall composilgplys + liassy), respectively. Accordinglyppys,
Pgrassy, @nd Peomposice are the permeability coefficients of PDMS, thesglapolymer, and the
composite structure, respectively. Permeabilitgfitaents of gases in PDMS do not change
with time, and these permeability coefficients weobtained from the literature [14].
Permeability of gases in both the uncrosslinked ENdirradiated TMBPA-BP thin films was
calculated using Equation (1). When polymer samplere not installed in the gas permeation
systems for permeation experiments, they were dddefrom light and allowed to age inside a

dark gas chromatograph (GC) oven afG5
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3. Results and discussion

3.1 UVirradiation uniformity

One general question of interest in UV crossligkis the crosslinking uniformity
through the sample. In the thin films considenedhis study, we cannot directly measure the
extent of crosslinking as a function of depth ithe sample. However, we can estimate the
uniformity of UV irradiation throughout the samplePresumably, more uniform irradiation
throughout the sample will contribute to more umfocrosslinking. The UV intensity at any

point in a film,l, can be estimated using the Beer-Lambert law [20]:

I = I() X 1O_ECD = I() X 10_A (2)

where } is the incident UV intensity, E is the extinctionefficient, C is the concentration of
photoactive species in the film, D is the path tehgnd A is the absorbance. As UV irradiation
penetrates deeper into these aromatic polymer fithéntensity will decrease due to absorption
of light by the polymer. If there is a sharp geadiof UV intensity between the surface and the
center of a film, the resulting crosslinking mayt e uniform. For such a non-uniform
crosslinked material, the measured gas permealibtyld not represent the intrinsic property of
a homogeneously crosslinked polymer and, therefaeld not be directly compared with the

permeability of uncrosslinked samples or other noifierm crosslinked samples.

Fig. 1A presents the UV-VIS spectra of TMBPA-BRNnE of different thicknesses. A
strong band at ~200 nm represents then* transition associated with the benzophenone
excitation, and a weaker band at ~280 nm represlemts—>=n* transition [30]. As film thickness
decreases, the absorbance at 254 nm (i.e., onkeotrbsslinking wavelengths considered)

decreases. Because the product EC in Equatiors (2) material property and is, therefore,
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independent of film thickness, absorbance shoultinearly correlated with film thickness, as
shown in Fig. 1B. Using Equation (2), relative Uiensity at any depth in a film can be
calculated. Fig. 1C shows a calculated profileetdtive UV intensity for TMBPA-BP films of
different thicknesses. Normalized film thicknesdues of 0 and 1 correspond to the two
surfaces of a film. Because each film was irradidbr the same amount of time on each side,
the calculated UV intensity profile has a parabaimpe. To increase the uniformity of an
irradiated sample, the film needs to be thin encsglthat the UV intensity at the center of the
film is as similar as possible to that at the stefa As shown in Fig. 1C, the profile becomes
more uniform as film thickness decreases. For @@nfor a 259 nm TMBPA-BP film, there is
a 32% difference between the UV intensity at thdase and the center of the film. For a 145
nm film, there is only a 14% difference betweenthéintensity at the surface and the center of
the film. Hypothetically, films thinner than 145mnwould have an even more uniform
irradiation, but to consistently make defect-frémd at such thicknesses is very difficult. As a
result, films of around 145 nm were used for thisdg to balance the competing needs for

relatively uniform irradiation and the practicaldy making very thin, defect-free films.

11|Page



0.8 |-

0.6 - , -

UV Absorbance
Absorbance at 254 nm
Q

0.2 |- ’ -

0.0 ' . 0.0 6 .
200 250 300 350 400 450 500 00— — —— —— —— —— ——

Wavelength (nm) Film thickness (nm)

1'0 1 1 I 1

0.8 |- 169 nm

I

04| -

0.2 |- -

0.0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Normalized Film Thickness

Fig. 1. (A) Effect of film thickness on UV-Vis spectra ®MBPA-BP films. (B) Effect of film
thickness on UV absorbance at 254 nm. (C) CaledlaiV intensity profile at 254 nm in
TMBPA-BP films of various thicknesses.

Because PDMS is coated onto the glassy polymereieept pinholes from affecting the

transport results, one question is whether the Pdy& may significantly shield the UV light
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from the underlying glassy polymer, thereby affegtihe irradiation uniformity in the glassy
polymer. Fig. 2A presents the UV-Vis spectrum off IBPA-BP film (=145 nm) and a
crosslinked PDMS filml(= 6 um). The absorbance for PDMS is very low at@engths above
250 nm. At an irradiation wavelength of 254 nme #DMS absorbance (0.069) is 85% lower
than that of the TMBPA-BP thin film (0.475). FigB presents the calculated UV intensity
profile at 254 nm for TMBPA-BP films with or withedPDMS coating. Because the PDMS
coating is applied to only one side of the film §atormalized film thickness = 1 in Fig. 2B), the
addition of PDMS skews the UV profile slightly awitgm the center. The maximum difference
in UV intensity between the film surface and theerior is 14% for the TMBPA-BP film without

a PDMS coating and 17% for the film with a PDMStaug Therefore, the influence of the

PDMS layer on UV irradiation uniformity is believéa be small.

B
A 20 | : : | : 1.00 T T I T
0.95 |- -
1.5 - TMBPA-BP
@ 0.90 |- no PDMS coating ]
Q
=
©
8 TMBPA-BP, 145 nm _o
é 1.0 ¢ = 085} -
8
< TMBPA-BP
:5 0.80 with PDMS coating n
0.5 4
PDMS, 6 pm 0.75 |- 7]
0.0 1 I p— 1 T 0.70 1 1 1 1
200 250 300 350 400 450 500 0.0 0.2 0.4 0.6 0.8 1.0
Wavelength (nm) Normalized Film Thickness

Fig. 2. (A) UV-Vis spectra for TMBPA-BP and PDMS. (B) @alated UV intensity profile at
254 nm in TMBPA-BP filmsl(= 145 nm) with and without a PDMS coating.
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Additionally, UV treatment at 254 nm and 365 nnmdg expected to change the physical
and gas transport properties of PDMS. PDMS is igdiyestable against UV irradiation at
wavelengths above 200 nm [43, 44]. Below 200 nM, itdadiation in air can promote ozone
formation, which may induce polymer chain scissard oxidation of PDMS to SiOat the
polymer-air interface, thereby affecting PDMS phgsiproperties [44-46]. However, at the
wavelengths considered in this study (i.e., 254amd 365 nm), UV absorbance in PDMS is
small (cf., Fig. 2A). Because light must be absdrbor photochemical reactions to occur (i.e.,
the Grotthuss-Draper law) [47], little photochenhieativity, and thereby physical property

changes, are expected at 254 nm and 365 nm.

Because UV absorbance at 365 nm is much lower ti@nat 254 nm (cf., Fig. 1A),
irradiation at 365 nm is more uniform than at 254. nFor example, the absorbance of a 145 nm
thick TMBPA-BP film at 365 nm (0.112) is 76% lowiran that at 254 nm (0.475). As a result,
at 365 nm, the difference between the UV intenaityhe surface and center of a 145 nm thick

film is less than 1%, resulting in a relatively famimly irradiated sample.

3.2 Crosslinking and photooxidation

Crosslinking and photooxidation reactions via U¥fadiation of benzophenone-
containing polymers have been reported [23, 24, 4Bhsed upon previous studies, Fig. 3
presents several reaction pathways that may oocuarious extents. Upon irradiation at 250-
370 nm, benzophenone (BP) can be excited and abstréabile hydrogen to yield carbon-
centered radicals and benzylic radicals (reactjpnlfioxygen is present, benzylic radical3) (

can react with oxygen to form peroxy radicdy, (which can then abstract another hydrogen to
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form peroxidesK). Further UV irradiation and subsequent hydroglestraction decompose the

peroxides to generate alkoxy radicd® @nd hydroxidesH) (reaction 2).

W»@A ~Q (1)

0,0 : fo) -OH
H,C H,C H H,C
0, abstraction
— R
D E F
+ hv

/OH /0'
H,C H H,C
abstraction
-
H G

C+D D+D D+G D+E G+G i
! A SUEE
-0 - e
@ @ e |
- HO—C//O
W
(M

Crosslinking Photooxidation

Fig. 3. Expected mechanism of UV-induced crosslinking photooxidation [23, 24, 48].
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Radicals can couple according to either the drdgel or photooxidation pathways, as
outlined in Fig. 3. For crosslinking reactionsnbgic radicals can couple with carbon-centered
radicals derived from the benzophenone (reactionr3d)enzylic radicals (reaction 4) to form
crosslinks between polymer chains. McCaig etdcsalated, based on CPK models, that steric
hindrance might limit the benzylic-carbon radicaupling (reaction 3) [22], although this has

not been proven.

Photooxidation reactions can occur via couplingxitlized intermediates, according to
reactions 5-7. For example, benzylic radic8ls ¢an couple with either alkoxys) or peroxy E)
radicals to form aliphatic ethers (reaction 5) ergxides (reaction 6), respectively. However,
because peroxides are typically not stable, theg te rapidly dissociate to yield more alkoxy
radicals (reaction 6). Finally, alkoxy radica(S)(can couple with other alkoxy radicalS)(to
form aldehydes, which can be subsequently oxiditedcarboxylic acids (reaction 7).
Interactions among these polar groups, e.g., hyrdgpnding, etc., can potentially increase

interchain cohesion, thereby decreasing polymervymume and increasing gas selectivity [24].
3.3 FTIR characterization

Figs 4A-4C present FTIR spectra of TMBPA-BP filimsfore and after UV irradiation
under different conditions. It is noted that whileese films were too thin to be able to
accurately measure gel fractions on the irradiaaochples, none of the irradiated materials
dissolved in chloroform or appeared to swell sigaifitly. The peak at around 1650 tm
corresponds to the carbonyl group in the benzopiemaoiety, and the peak near 1600 cis
attributed to the stretching of substituted benzermeties [48, 49]. The intensity of each

spectrum was normalized using the peak at 1600 am an internal reference, which was
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assumed to remain unchanged with UV irradiati8s. shown in Fig. 4A and 4B, the carbonyl
peak intensity at 1650 chdecreases with increasing UV irradiation time. nGamitantly, a
broad band at around 3500 ¢nattributed to the stretching of hydroxyl grougmerated via
crosslinking and/or photooxidation [25, 49], foransd increases with increasing UV irradiation
time. In the spectra of samples irradiated inahi254 nm (Fig. 4A and 4C), a broad absorption
at ~1730 crif, which is attributed to C=O stretching from aldey and carboxylic acids
generated from photooxidation, emerges and incseaséntensity with increasing irradiation
time. Interestingly, this band was also observethé spectra of certain samples irradiatedin N
(e.g., “20, N, Fig. 4B). As described in the Experimental g&ttthe glove box was purged
with N, until the Q level was below 0.1% by volume. Thus, low lew#lsesidual oxygen in the
predominantly N atmosphere might have caused low levels of phadation, especially for
samples irradiated for relatively long times. tet&ingly, as shown in Fig. 4C, samples
irradiated in air and Nat 365 nm have similar IR spectra to the uncrokstl sample,
suggesting that the irradiation dose at 365 nm nwyhave been sufficient to cause significant

crosslinking or photooxidation for the irradiatibmes considered.
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The progress of crosslinking and/or photooxidattan be monitored by observing the
decrease in the benzophenone ketone absorptiof (169 in the FTIR spectra with irradiation.
Fig. 5 presents the relative BP absorption as atim of irradiation time. The relative amount
of absorption at 1650 cfrwas calculated by dividing the BP absorption rddiated samples by
that of an uncrosslinked sample. Because variatiorsample thickness were small (< 10%),
they are not expected to significantly affect tAdREabsorption intensities. As irradiation time
and energy increase, the relative BP absorptioredses as BP undergoes excitation and forms
crosslinks or photooxidation products. Sampleadiated in air undergo photooxidation in
addition to crosslinking, so they experience a greseduction in BP absorption than samples
irradiated in N. For example, after irradiation at 254 nm fornid, the relative BP intensity of

a sample irradiated in air is 33% lower than tHa sample irradiated inJN
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Fig. 5. Relative FTIR intensities of the benzophenpeak at 1650 cthas a function of total
irradiation time, irradiation wavelength, and ini@tbn environment.
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As shown in Fig. 5, for a fixed irradiation envaraent and exposure, irradiation at 254
nm results in lower BP intensities than at 365 sm,UV irradiation at 254 nm may cause a
greater extent of crosslinking and/or photooxidatiban irradiation at 365 nm. In general, the
amount of radicals generated via UV irradiationatefs on the amount of UV energy absorbed
by the polymer and the efficiency of the absorbedrgy to form radicals [18, 50]. Table 2
characterizes the different UV irradiation methadsisidered in this study. After undergoing
irradiation for 10 min, polymers irradiated at 25d absorbed more energy per unit area than
those irradiated at 365 nm. Moreover, becauseoplsoat 254 nm (472 kJ/mol) are more
energetic than those at 365 nm (328 kJ/mol), pleo&ir254 nm are more likely to overcome the
energy barrier (310 kJ/mol) required to promoterther* transition of benzophenone (cf., Fig.
1) [51, 52], which leads to more radicals availalole photochemical reaction. Consequently,
due to greater UV energy absorption and a highaahility of radical formation, irradiation at

254 nm may lead to more crosslinking and/or phattetion than irradiation at 365 nm.
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Table 2. Characteristics of UV irradiation meth@tl254 nm and 365 nm. Films are typically
150-170 nm thick.

Irradiation at Irradiation at
254 nm 365 nm
Absorbancgé 0.475 0.112
UV intensity
(mW/cn?) 6.55 16.7
Emitted energy per areq
after 10 min irradiation 3900 10,000
(mJ/cnf)
Absorbed energy per area
after 10 min irradiation 2600 2300
(mJ/cnf)®
Irradiation dose
After 10 min irradiation 1.6x10° 1.4x10°
(kGy)*

écf., Fig. 1
P determined using Equation (2)

‘estimated using the film thickness and the bulkmfildensity (cf., Fig. 1),
1kGy = 1 kJ absorbed/kg of polymer

3.4 Influence of irradiation time and environment on physical aging and gas transport properties

Fig. 6 presents Opermeability (Fig. 6A) and relative ;(permeability (Fig. 6B) as a
function of aging time for uncrosslinked and iretéd TMBPA-BP films with thicknesses
ranging from 150 to 170 nm. The relative @ermeability was calculated by dividing the O
permeability coefficient (P) at a given aging tilmg its initial value (g at about 1 h of aging,
which was the time at which the first permeatioramwement could be conducted. The films
were irradiated at 254 nm, and they are desigriaydtie total irradiation time and environment.
For example, “20, N indicates a sample irradiated in, bt 254 nm for 20 min (10 min/side).
The initial G, permeability of the uncrosslinked thin film is hey than that of the bulk film (cf.,

Table 1), indicating that additional free volumeynteave been captured in the thin film due to
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rapid quenching from above, T3, 13, 14, 22]. As aging time increases, frekiwve of glassy
polymers typically decreases [4], leading to pefoilgég decreases. For example, the O

permeability of the uncrosslinked sample decrebgedmost 50% after about 1000 h of aging.
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Fig. 6. Influence of physical aging on: (A) oxygen permdgbiand (B) normalized oxygen
permeability of uncrosslinked and irradiated TMBBR-films. In (B), relative @ permeability
was calculated by dividing the,@ermeability (P) at a given aging time by itsialitvalue (R)

at ~ 1 h of aging time. Samples were irradiated5gt nm, and they are designated by the total
time (in min) and the environment of UV irradiatiohines are drawn to guide the eye.

The oxygen permeability also decreases with U¥diation in either B or air, which
may be due to a loss in polymer free volume wittsslinking and/or photooxidation [22, 25].
Interestingly, as shown in Fig. 6B, samples irrtetian N, display similar rates of permeability
loss as that of the uncrosslinked sample. Matehaling different permeability coefficients yet
similar aging rates have been reported in earbediss [3, 5, 53]. For example, Kim et al.
observed that a chemically crosslinked thin polgienfilm (281 nm thick) had a similar aging

rate as its uncrosslinked analog (312 nm thickgnethough the initial @permeability of the
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crosslinked sample was 57% lower than that of tierasslinked film [53]. Similar observations
were also reported for thin films of polysulfonenif@aled vs. non-annealed) [5] and poly(2,6-

dimethyl-1,4-phenylene oxide) (semicrystalline aorphous) [3].

The aging rate, according to the self-retardingpggnodel developed by Struik, can be
expressed as the ratio of the driving force, thee,displacement of the specific volume at time t
away from that at equilibrium, to a characterisgtaxation timeg, which is a function of the
polymer's current free volume state, glass tramsittemperature, oI and experimental

temperature [2]:

. — dv _ -(v-ve)
Aging rate = & Tm-T) 3

wherev andv,, are the specific volumes of the polymer at timad at equilibrium, respectively.
One possible explanation for the similar aginggaiethe uncrosslinked and samples irradiated
in Ny is that the decrease in polymer free volume duerdsslinking may not be significant
enough to considerably decrease the driving faiee, lowerv — v,,), for aging. In addition,
the distance between crosslinks in samples irredia N may be large enough that local
polymer segmental mobility is not significantly mésted by crosslinking, leading to small
changes in relaxation time (i.e., highgr The net effect of these factors (i.e., lower v,, and
highert) should reduce the aging rate (cf., Equation (3Jbwever, because samples irradiated
in N>and the uncrosslinked polymer exhibit similar agiates, the changes to the driving force

and the relaxation time are likely minor.

For a fixed UV irradiation time, samples irradiia air have lower @permeability than

samples irradiated inN In addition to crosslinking, photooxidation aaccur due to irradiation
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in air, which introduces polar groups into the podr matrix (cf., Fig. 4B). Interactions among
these polar groups, such as hydrogen bonding, &n.,increase interchain cohesion, thereby
lowering free volume and gas permeability [23, 24Yloreover, such interactions may also
restrict polymer chain mobility, increasing, Tand according to Equation (3), increase the
relaxation time, thereby decreasing the aging r&ensistent with this hypothesis, as shown in
Fig. 6B, samples irradiated in air have lower agstgs than uncrosslinked polymer and samples
irradiated in N, and the aging rate of samples irradiated in agrehses as irradiation time

increases.

In addition to the interactions described abovelap groups introduced by
photooxidation can potentially increase polymer ropthilicity [54]. Particularly in more
hydrophilic polymers, water can influence physieging [55]. To explore the potential
influence of water on physical aging of polymeradliated in air considered in this study, two
fresh thin film samples were prepared and irradiateair for 10 min (5 min/side). One film was
kept in a permeation apparatus for up to 1000 hoescept during permeation measurements,
which used dry @ and N, that film was aged in vacuum at 86 and, consequently, had
minimal contact with water vapor. The other sampkes aged in a dark GC, which had a
relative humidity of about 25%, at 3&. The relative humidity was measured using a VWR
electronic digital humidity meter (P/N 35519-055WR, Radnor, PA, USA). After each
permeation measurement, the sample was immediaeigved from the permeation apparatus
and continued aging in the ambient atmosphere. dadiag behavior of these samples is
presented in Fig. 7. During the first 21 h, eaample was kept in its respective permeation
apparatus, so the samples were not exposed to wagier, and the initial change in relative O

permeability with time is essentially identical footh samples. After about 21 h, one sample
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was removed from its permeation system and agdfiedrambient environment, as described
above. As shown in Fig. 7, the sample aged irathbient environment, which contained water
vapor at about 25% relative humidity, underwenetaated aging relative to the sample aged in

vacuum, which were not exposed to water.
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Fig. 7. Influence of aging environment on aging rate ofBRA-BP thin films irradiated in air.
Relative Q permeability was calculated by dividing the @ermeability (P) at a given aging
time by its initial value (F) at ~ 1 h of aging time. The films were irraddhia air for 10 min (5
min/side) and were around 170 nm thick. One samjalg aged in vacuum at 3&, and the
other sample was aged in vacuum for 21 hours bdfeireg subsequently aged in the ambient
environment, which had a relative humidity of ab®&%o, at 35C.

This accelerated aging in the presence of watemdar to a phenomenon reported by
Horn et al., who investigated the influence of ldagn CQ exposure on aging behavior of thin
Matrimid films (~200 nm) [35]. At a fixed feed m®ure and temperature, €Qermeability in
Matrimid initially increases with increasing agitigne until a maximum is reached, then it
decreases for the remainder of the experimenttiallyi CO, plasticizes the polymer and
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increases gas permeability. Then, once the polysnglasticized, its free volume increases and
T, decreases, leading to an increase in the drivingeffor physical aging and a decrease in the
relaxation time (cf., Equation (3)), both of whiabt to increase the aging rate. Consequently, at
later times, the influence of aging on permeabibgcomes more important than the initial
plasticization/swelling event, resulting in a dege in CQ permeability with time [35, 56]. A
similar interplay between plasticization and phgbiaging may also be at work in this study.
Because water ¢I= 647 K [57]) is much more condensable than, CQ = 304 K [57]), water
can potentially plasticize the more hydrophilic gées irradiated in air, leading to accelerated
aging, as shown in Fig. 7. Of course, other coreptsin the ambient environment, such as
carbon dioxide or other species, may also havergract on physical aging. A more detailed
and controlled study of aging environment influenme aging behavior deserves further
investigation, but it is beyond the scope of thigdyg. In any case, the observed dependence of
aging rate on the aging environment highlightsithportance of maintaining consistent aging
conditions and reporting how samples are storedd®st gas permeation measurements during

aging studies.

Fig. 8 presents the absolute (A) and relative @@, selectivity of uncrosslinked and
irradiated samples as a function of aging timelafRe selectivity was determined by dividing
selectivity at time t by the initial selectivity,hich was measured after about 1 h of aging. The
uncertainty for the 10 min, air-irradiated samgl@iesented, calculated based on uncertainties in
permeability coefficients using propagation of esrfb8]. Uncertainties in the other data points
are believed to be similar, but they are not shdéevrclarity in this figure. The initial &N,
selectivity of the uncrosslinked sample is simitathat of the bulk film (cf., Table 1), indicating

that the PDMS-coated thin film is essentially defieee. Selectivity generally increases with
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irradiation time and aging time. This increasesglectivity can be attributed to potential
densification of the polymer accompanying UV irgdin and physical aging, which should
reduce the free volume and increase the size-gjeability of the polymer [22]. At fixed
irradiation time, samples irradiated in air havghieir Q/N, selectivity than samples irradiated in
N.. As mentioned earlier, samples irradiated in amwdergo both crosslinking and
photooxidation, which can effectively lower polymieee volume, restrict chain mobility, and
improve selectivity [15, 23, 26]. As a result oiMer aging rates of samples irradiated in air (cf.,

Fig. 6B), the Q/N, selectivities of these samples do not change mutthaging time.
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Fig. 8. Influence of physical aging on: (A)AN, selectivity and (B) normalized AN,
selectivity of uncrosslinked and crosslinked TMBBR-films. In (B), data were normalized
based on permeability at ~ 1 h of aging time. Samwere irradiated at 254 nm and they are
designated by the total irradiation time (in mingddhe irradiation environment. Lines are
drawn to guide the eye.

Fig. 9 presents the influence of UV irradiatiord ghysical aging on £N, separation

performance of TMBPA-BP thin films relative to tbpper bound [59]. Transport data for thin
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polysulfone (PSF) films (125 nm) are also inclufi@dcomparison [14]. As polymers are UV-
irradiated and undergo physical aging, the ensde@wease in gas permeability and increase in
selectivity moves transport properties in a diacgparallel to but slightly away from the upper
bound. Similar trends were observed in previoudist of physical aging of uncrosslinked and

non-irradiated glassy polymers [3, 14, 40].
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Fig. 9. Influence of physical aging and UV irradiation on/iy separation performance of

uncrosslinked and UV-irradiated TMBPA-BP samplektree to the upper bounds [59, 60].

Samples were irradiated at 254 nm. All samplesewids0-170 nm thick. Transport data of
ultra-thin polysulfone (125 nm thick) films are @aliscluded for reference [14]. The lines are the
1991 and 2008 upper bound limits [59, 60].

3.5 Influence of irradiation wavelength on physical aging and gas permeation properties

Fig. 10 presents the influence of UV irradiatioawslength and environment on aging
behavior of TMBPA-BP thin films. Each crosslinkedmple was irradiated for 10 min total (5

min/side) and is designated by the irradiation emment and wavelength. Similar to transport
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properties observed for samples irradiated at 2B4the sample irradiated in air at 365 nm has
lower O, permeability than that irradiated in,Nat 365 nm, presumably due to some
photooxidation in the sample irradiated in air, @thcan decrease the free volume. However, the
extent of photooxidation in the sample irradiatedair at 365 nm is probably small (relative to
that for samples irradiated at 254nm), as is evidiem the similar FTIR spectra of samples
irradiated in air or Mat 365 nm (cf., Fig. 4C) and similar reductionghair benzophenone peak
intensities after irradiation (cf., Fig. 5). Cogsently, films irradiated in air and,dt 365 nm

have similar @'N, selectivities, as shown in Fig. 10B.
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Fig. 10.Influence of crosslinking wavelength and environinen: (A) G permeability and (B)
O./N> selectivity of uncrosslinked and irradiated TMBB&- thin films. Each crosslinked
sample was irradiated for 10 min total (5 min pele} and is designated by the irradiation
environment and wavelength. All samples were 1B0-nm thick. Lines are drawn to guide
the eye.

Samples irradiated at 254 nm have lowegmp@rmeabilities and higher,®l, selectivities

than samples irradiated at 365 nm. This differanceansport properties, as well as the lower
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benzophenone peak intensities for samples irratli@t®54 nm relative to those at 365 nm (cf.,
Fig. 5), supports the earlier hypothesis that igtoh at 254 nm may lead to more extensive

crosslinking and/or photooxidation than irradiatadr865 nm.

Fig. 11 presents the influence of irradiation wemgth, irradiation environment, and
physical aging on &N, separation performance relative to the 1991 uppend [59]. Each
crosslinked sample was irradiated for 10 min (5 rper side). Transport properties of
polysulfone as well as uncrosslinked and crosstindgradiated in N at 365 nm for 7 min)
tetramethyl bisphenol A benzophenone dicarboxytic §TMBPA-BnzDCA) are included for
comparison [14, 22]. As shown in Fig. 11, at 365 the properties of samples irradiated in air
are somewhat farther away from the upper bound thase of the samples irradiated in, N
because the samples irradiated in air have lowepedmeability coefficients yet similar M,
selectivities as those of the samples irradiatel,in On the other hand, at 254 nm, the samples
irradiated in air have higher selectivities and éou\@, permeabilities than the samples irradiated
in Ny, presumably due to more extensive photooxidatioB5d4 nm. In addition, as observed
earlier, physical aging and UV irradiation movensport properties to the upper-left direction on

paths that are parallel to but slightly away frdra tupper bound.
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Fig. 11. Influence of irradiation wavelength, irradiationv@onment, and physical aging on
O./N, separation performance of uncrosslinked and ¢rdesl TMBPA-BP samples relative to
the upper bounds [59, 60]. All TMBPA-BP samplegev&50-170 nm thick. Each crosslinked
sample was irradiated for 10 min total (5 min pede}sand is designated by the UV irradiation
environment and wavelength. Physical aging of gafpne (125 nm) [14] as well as
uncrosslinked and crosslinked (irradiated indd 365 nm for 7 min) TMBPA-BnzDCA (380-
860 nm thick) [22] are also included for compamisoThe lines are the 1991 and 2008 upper
bound limits [59, 60].

Conclusions

The influences of UV irradiation and physical agom Q and N transport properties of
thin TMBPA-BP films were explored at 3& and a feed pressure of 2 atm. To investigate the
influence of UV irradiation on instrinsic polymemrgperties, achieving a uniform dose of
irradiation throughout the polymer is desired, whrequired using very thin films (thickness
~ 150-170 nm). Both UV irradiation and physicalr@agdecrease gas permeability coefficients
and increase 4N, selectivity. Changes in transport properties beranore significant as

irradiation time increased, likely due to a loss polymer free volume associated with
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crosslinking and/or photooxidation. For irradiatiat 254 nm, samples irradiated in air have
lower permeability and higher selectivities thaimmptes irradiated in N FTIR spectra of

samples irradiated in air at 254 nm showed the aapee of absorption bands ascribed to
carbonyl groups, which were believed to be presenphotooxidation products that were
generally absent in the spectra of samples irradia N. Interactions among these polar
groups can potentially decrease polymer free volumeading to further decreases in

permeability and gains in selectivity.

The influence of irradiation wavelength on trangpproperties was also explored.
Samples were irradiated at 254 nm or 365 nm. fixea irradiation environment (air orJN
samples irradiated at 254 nm were less permeablenane selective than those irradiated at 365
nm. This difference is attributed to greater UVsaiption by the polymer and a higher
probability of radical formation at 254 nm, both which contribute to greater extents of
crosslinking and/or photooxidation than irradiatetr365 nm. Finally, comparisons to the upper
bound showed that UV irradiation and physical agngved the transport properties mainly
parallel to but slightly away from the upper boulvtk, a trend similar to that reported in

previous aging studies on non-irradiated polymeras.
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Highlights

»  Submicron poly(arelene ether ketone) copolymer films were UV irradiated.

» Permeability increases and selectivity decreases with increasing UV irradiation time and
aging time.

* Gas permeation properties depend on UV irradiation environment.

» Aging environment influences polymer aging behavior.



