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chromic acid results in a material 1PE-C0;H) having hydropmlic
carboxylic acid and ketone gro:ps in a thin oxidatively-functiinalized
interface. This interface is i1ndefinitely stable at roon

temperature. On heating in vacuum, it rapidly becomes hydrophob1i. an!
similar in its wettabrlity to unfunctionalirzed polyethylene film, Tie
progression of the contact dangle with water from the 1mitial value

(55‘3 to the final value 123% follows kinetics tnat suggest tnas -ne

polar functional groups 1isappear from the :nterface by 1 ffis on

The magnitude of the apparant f1ffusion constant derived from tnes:
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(%}SIQQV ,:>studies can be described approximat2ly by an Arrhenius equation over a
significant portion of the temperature range explo:ed, with an
Arrehnius activation energy of diffusion of dgapz:al/mol. Comparison
of the properties of interfaces composed of carboxylic acid groups
with thos2 containing otnar species demonsirates that the structure of
the interfacial groups als> significantly influences the rate of

reconstruction,&<n particular, reconstruction is slow when the

interfacial functi groups are large and polar {e.g. esters of

thatr
d ‘when they have structuresAresult in low

poly(ethylene glycol)
solid-air interfacial free energies (e.g. CFy moieties). Studies of
raconstryction carried out with PE-COZH in contact with liguids such
as water and perfluorodecalin suggest that reconstruction is driven
inttially by minimization of the interfacial free energy. A slower
process--probably driven simply by the entropy of dilution of the
concentrated i1nterfacial functionality into the polymer interior--then
rasults in further reconstruction. Contact angle is much more
sansitive than XPS to the reconstruction process: reconstruction of
that part of the interface influyencing wetting is complete before a
st1gnificant change in XPS signal intensities can be obsarved. This
observation suggests limitations to the applicability of XPS to the
study of phenomena such as adhesion. Experiments with a fluorescent
reporter group (dansyl) support the conclusion that minimization of
tne interfacial free energy 15 1mportant in Jetermining tne nature of
tha 1nterface after reconstruction. ATR-[R spectroscopy indic:.es
that even after migration 1nto the film, all of the carboxylic acid
jroups of PE-CNpH are accessidble to aqueous base: that 1s, that the

thermally reconstructed interface has the watting properties of
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unfunctionalized polyethylene but that the functional groups situaczd

a short distance from the polymer-water interface can exchange ions
with bulk water. Thermally raconstructed PE-CO,H is thus a new type
of thin-film ion-exchange resin. Samples that had previously been
reconstructed by hedating in vacuum could, to a limited extznt, be made
to become hydrophilic again by heating in water. As the leng:th of th:
' initial heating period increased, the ability to "recover" the polar
groups was lost. Survey experiments on other interfacially modified
polymers {for example, polypropylena treated with an oxygen plasma)
indicate that the type of reconstruction examined in this paper is not

confined to PE-COZH and its derivatives.
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l Oxidation of low-dansity polyetnylene film wi<h aqu:20us chranic
E acid solution yields a material having carboxylic acid and ka2tone

(aldenyde) groups in a thin interfacial layer.6'11 WJe call tnis
material polyathylene carboxylic acid {PE-CO,H) to emphasize the
dominant contribution of the cdrbosylic acid noieties to t%s
interfacial properties, aven though both carboxylic acid and ketone

groups dre presant, The interface of unoxidized polyechylzene [PE-M,

T

is hydrophobic {the advancing contact angle of water on it is vy *

133°); the interface of PE-CO,H 15 relatively hydropnilic (o, =
55°).5 Previous studies have examined in detail the 1onization of the
carboxylic acid groups of PE-CDZH 45 a functron of pH.G an
Jemonstrated the utility .r contact angle measurements as a netnod for
studying this ionization and otner interfacial reactions b0-9

The hydrophilic character of the interface of PE-C))H 's retatne
essentially indefinizely ‘months to years) at room temperdture. Jn
heating (T = 35 - 110 °C) the 1nterface of PE-T),H Decomes
ny iropnobic; 1ts findl stdate 15 1ndistinguishable from
unfunctionalized polyethylene 1n 1ts wettability and 1n certain Jtner
interfacial properties. The objective of this paper 15 to
characterize this thermal reconstruction: what molecular-leve!
processes dre responsiole far conversion of <he nydrophtlyc interface
2f fresnly prepared PE-CpH t0 a aydropnobic interface during neating,

and wnat energetic factors 1irive these processes’

The only oxygen-containing functional groups present 1n PE-C )y

are a 3:2 mixture of carboxylic acids and ketones .0s/ Only a fraction

perhaps 30%) of the functional jroups present in PE-CO,H are in *hat
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part of the interface that determine wet:ing by short-range
l . interactions.3 All of :ine functionality in the oxidized interface is,

nowever, accessidle to reagents in agueous solution: in particular,

211 of <ne carboxylic acid groups of PE-COZH can be titrated witn
aqueous hydroxide ion.2>=9 0ur current model for the structure of the
interface of PE-COZH 15 one in whizh the majority of the polyethylene
zhains reaching the interface terminat2 in carboxylic azid groups, and
I wnizh these functiynal Jroups Jdre restricted td a thin (<20 i)
layer, The underlying polymer 15 a mixture of crystalline and
AMOTPNY JS veg1uns.12 de s22 little avidence for Jifferent [lasses of
interfactal Jroups refleciing these crystalline ani noncrystalline
r2g10ns.  As 3 first 4pproxtnation, we -onsider tne functionalized
1nterface of the polyner 3t room temperatuyre %0 De 1 /15CIus 31 ass.
z/en the saall -5 1 mot'ins chat transfer Jraups from tnat part f
*ne 1nterphdse tnat 'nfluences :ontact angle tne "Zontalt angl:
1nLarpnda=" ar 2 oanterpnase’  1nLy the lez2per pdrt of e nlzrpngse
tnit toes adt infl jence [ontat angle the 'sub-.ontact anyie
1ncerpnase’” or “sub-3 Interpnas2’ o seem t) e sery 5. 0w 4% roon
tamper3ture, At temperatures _lose tD the melting point Hf <he
Joiymer, tne rate of tnis transfer hecomes rapid.

In studying the thermal reconstruction >f “ne Huii1at e v
finctionalyzed nterface Of PE-_JoM we wisn T) 257307150 heiens
pornts:  First, how stad!2 1s 2nis interface’ dow “ap11y 1des TN
FACINSS LSO LION JCCur, and wnat 15 tne tepentence f onts cate g0 e
characteristics of the functional Jroups present in fthe nterface’
Tmis 1nformation 1s cleariy critical to any uses of PE-,)zﬂ ani oy

dertvativas as substrates for interfacial _nemistry. Second, whal ar:
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the machanisns of the procasses that result in changes in properties
of PE-CO,H on heating? Do these changes involve transformmations oJr
10ss of intarfacial functionality, or migration of inis functionalizy
inty the interior of the polymer! What is (are) the driving force!s;
for these processes! W2 cenvisagye three limiting mechdnistic
alternatives: passive diffusion of the polar functionality iaway from
the interface and toward the interior of zZhe polymer, expulsion of ine
palar func:ionality from the interface to minimize interfacial freoe
anergy, 3iad novement of polar functionality inty the intarior as a
result 2f novement Jf polymer :nains reflecting eirther relief of
strarn, crystallyzation, )r randon _Chatn movement, Third, now
sensitive are J1fferent analytical techniques to the novement of
finctional jroups awdy fraa tne antarface of Lhe polymer!  ae were
5% 1nterested 1n _anpartsans 3f two surface-selective tecnny jues
weasarament 3t 1 utd 5011 _antact angles, and (PS5 IN50A4 0 qtnar
Nalytr.al cainatues sed 'n tn's work--ATR-IR, FT jurascence
502 NS Py --ave a52F40 54T 100 1Atrinst 4 Ly sensitise ) tne
JusTian Lf ctne fanci ana’ yrouyp with respect ) the ‘nterface ¢ n.
2 ymer . aetting reflects cimartiy 3n0rt-range farles dut tnere o,
1y 3dequate 1olecultir-level nodel f «etting for real ,r netz2-)genen,;
1terials . 332 o gy TRCNNT Jue Wuse 4D 1Ty L, 1T, et tagte
rarf3ce from 5,0s5urface o oMposition s fetarmined Dy frc frarte oy e
12ptn rougn y 50 in JOLyetngiane  of TRe 2jaciad gnot )R actrn; g
"na gednietey 3f tne letect)r ra’atcve o the sampie. ) Thurth gna
ire tne possidla syntnett. applizatians of tnerma srface
recHnstruction.  This type »f grocess Zan, n prin. plel pravide 4

netnod Of grepdring a4 new _iass of polymerts material o ongt s, gna
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having a wide variety of organic functional groups closa to out not
axposed at its surface. How can thermal reconstruction de bHest used
t0 preparz such naterials’/ Fifth, what zan be learned from thermal
reCconsiriCction cancerning the composition and structure of the
funztivnalized 1nterfacial laysr! Because PE-COZH 1§ S0 conveniant i3S
3 starting material to Js2 in physical-organic studies in interfacial
Zhenistry, we Jouid .ixe to try to define its functionalized
interface--especrally tne three-dimensional distribution of funciiona;
3roups 1n tnis intarfice--1n as nuch Jdetail as possible. Studies of
interfazial reconstruction, and comparison of reconstructed ang
aneecinstruct2d interfaces 15 ralevdnt to this objective,

Tnis o paper lancentratas )n reconstruction resulting from neating
L. et ant TS farigdtives L) temperatures at whith the underlying
patymaer suftens. Lsidence presented 1n the following sectians
"1l 4T2S N4t recdnstructlon praceeds 1n two stages: First, a rapid
~24rranjement of tne dx111z2d 1nterface has the effect >f moving nost
Jf ne funttional groups awdy from the -ontact angle 1ntarpnase:  we
ne' vz tnis small-scale rearrangement 15 joverned Dy nminimization of
“ne 3)iv1-4apor 1nterfacral free eneryy. Second, a slower process
"2551ts 'n drge-scale movement >0 % of tne functiona! Jroups "Nt

“ne intertor Of the pulymer,

‘‘‘‘‘‘‘‘‘

0y yltn1~ene. Most of sur work used Zommercial low 2151ty

= 3.32 4 mLs doraxially ariented pol yetnylene film, Th's nater:i

PE-H, w~as prepared for reaction Dy removing antioxiiants and Jnner

addrtis/es Dy 2xtraction ~1in netnylene Iniarife.?  ©ar 2xperiment
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which we wished to explore the effect of residual strain in the
polymer on the rate of interfacial reconstruction, we usad film in
which the residual strains remaining from the manufacturing process
were eliminated or reduced by annealinyg, either bLefore or after
extraction, by heating under argon at 100 °C for 5 days.

We also conducted a limited number of experiments using ultra-
nigh molecular weight polyethylene (UHMW, -= 0,93 g/mL), obtained as a
rigid sneet.

Qil%iiiQQ' All oxidations were conducted using the aqueous
cnromic acid solution of the composition used previously
LCr03/HZSO4/H20 = 29/29/42, w/w/w).% Oxidations were conducted for 60
s at 72 °C to produce PE—COZH, or for 10 min to produce a more heavily
etcned naterial, Previous studies of oxidation of polyethylene film
nave Snown that these two treatments lead to materials with the same
wetting cnaracteristics.”® The interfacial morphology of the sample
x1d1zed tor K] sac 1s similar to that of unoxidized polyethylene; the
sample ox11ized for a longer interval is rougher ‘as suggested by SEM
photoni-ragrapns having resolution limited to ~100C 3).6

snemical Derivatizazion and sample ¥anipulation. de have worked
#1tn a number of derivatives of PE-CO,H. Some of the synthetic
netnods us2d 1 tnYs work 4re sumarized 'n Xheme [, Most of tnese
synthet1s metnods nave deen fetalied previous}y.5‘9 The 1nterface >f
et irzad ool yetnylene 15 ceststant l) lJntaminadtion Dy ‘purities N
tne 'iD)ratory atTosonera,  Lanpi 25 were nandled 'n the Jpen
T4DITA Iy, DLt were n)T 2D0s21 ) the 1aboraltlry atosphere onjer

“Nan wds necessdary. ney were stored nder iry inert jas 1n g

v
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nechanical stress. They were nandled carefully using needle-point
tweezers, and measurements of interfacial properties were carriad ous

on rz2gions that had not deen touched by the manipuliating instruments.

PV

lomenclature. In this paper, as previously,9-9 dafining the

IR VR A%

functionality present in the interface »f polyethylene is a cumbersome

task. We will, in general, ignore the xetone/aldehyde functionality

\ present on PE-CO5H, We note only that PE[CHpOH], and derivatives of
it, contain both primary and secondary hydroxyl species, resulting
from the raduction of carboxylic acid and ketone groups

respectively. We will designate the functionality present in the
interface using a simple nomenclature: PE[R] designates a material in
wnich the carboxylic acid groups introduced during the initial

oxidation nhave been converted into the group R.

Reconstruction of the. Interface of RESCOpH o0 Heating: . Contact Angle
W2 have discussed the techniques used to measure contact angles
of water on the functionalized interfaces of PE-CO,H and its
derivatives, and especially contact angle titration--that is, the
measurement of contact angle as a function of pH.6 Detailed

interpretation of contact angles in these systems in terms of

interfacial free energies is complicated by the fact that the contac:

angles show very large hysteresis: the advancing angles, I,, that

form the basis for most of this paper are stable and reproducidle,
provided that the relative hunidity over the sample is controlled at
100%. Retreating contact dngles, 9., are usually zero for polar

derivatives of PE-COZH, and the drop edyge seems to be effectively

1
{
|
|
I
|
I
«
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pinned.9 The advancing coantact angle shows oanly minor senstzt .oy
sanple vibration, or drop size.g Further, in instances in wniZin -*
possible to compare results infarred fron measurement >f -ontacs n,’
with thos2 from IR or fluorescence spectroscopy, the agreament is
good.6’7 Nonetheless, the laryge hysteresis indicates that the Zanti_-
angle is not measuring a system at thernodynamic equilibrium. e ni.=
not yet astablished whether the origin of the hysteresis lies in
interfacial heterogeneity, in interfacial roughness, or in some otner
phenomenon such as swelling of the interphase in contact with ligquid
water,

In initial studies of the thermal reconstruction of the interface
of PE-COZH and its derivatives, we subjected samples to controlled
temperatures under vacuum or an inert gas for intervals of time, ang
then measured the contact angle of water on these samples; the content
of oxygen in the interface was also measured using XPS.

Figure 1 shows the change in the contact angle of water on

PE-COoH as a function of the time the polymer had been heated at

100 °C under vacuum {(0.01-1 torr) and dry argon [inside an Abderhalden
drying pistol jacketed with refluxing water) prior to examination;

values of 8, are given both for water at pH 1 and at pH 13. The

zontact angle at pH 13 is lower than the contact angle at pH 1 due %O
the conversion of the interfacial carboxylic acid groups to more
nydrophilic carboxylate anions.b e have previously demonstrated tnat
conversion of interfacial carboxylic acid groups to carboxylate ions
not only lowers the contact angle, but may also be accompanied by

reconstruction of the 8 interphase.8 We presume that this

reconstruction is driven by solvation of the carboxylate ions. The
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Top: The advancing contact angle (8,) of water on
PE-COoH as a function of the time the polymer had been
heated at 100 °C. Samples were heated in vacuum or
under argon prior to determination of 8, using water at
either pH 1 or pH 13. The value of 8, on PE-H does not
change under these conditions. Bottan: The normalized
XPS (ESCA) 0y¢ signal intensity obtained from PE-COoH as
a function of time at 106 °C. Samples were heated under

argon prior to examination by XPS.
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contact angle of water at pH 1 on polymer samples heated for 5 min is
the same as that observed on unoxidized polyethylene (103°); the
contact angle of water at pH 13 has only reached 32° after the polymer
has been heated for 5 min., e suggest, and will demonstrate in later
sections, that after the polymer has been heated at 100 °C for 5 min,
the interfacial functional ygroups are a few angstroms under the
surface. The drop of water at pH 1 is unable to sense these buried
CO,H groups, but the drop of water at pH 13 is apparently influenced
by the C0,™ groups, either through Tong-range interactions involving
the electrostatic charges or through reconstruction of the interfacial
layer, exposing some of the cnarged groups in the 8 interphase.

Figure 1 also follows the disappearance of the functional groups
from the interfacial region by monitoring the XPS oxygen signal
intensity after heating at 106 °C: although the temperatures used
with the two sets of experiments displayed in this Figure are slightly
11fferent, the two are comparable. As the duration of heating
1ncreasas, the 015 signal decreases in intensity. The rate of
iisappearance of the oxygen signal is, however, much slower than the
cnanje 1n the contact angla at approximately the same temperature
_Figure 1). We attribute tnis difference in the apparent rates of
reconstruction to the 11fferent ilepth sensitivities of XPS and
wetting. APS samples functional Jroups within approximately the top
57 1 5f tae polymer, although 105t of <ne signal probably originates
notne tap 28 1 o less. wet*ting samples a much thinner section of
sne interface less than 13 i, and prodbadbly < § 3). Thus, as

€inctranal jroups move iway from the thin 39 interphase into the dJeeper

)
by
&
A
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regions of the polymer, they pass out of that region sensed by wetting
well before they pass out of tha thicker region sensed by XPS.

We believe that the residual 0,5 signal remaining after 1000 nmin
can be attributed to film contaminants (such as antioxidants) blooming
to the surface. These contaminants can be seen in ATR-IR spectra of
heated PE-H and PE-CO,H (sce below). In later sections we follow the
reconstruction of samplas containing othar atomic labels using XPS at

various take-off angles.

We assumed in the above analysis that the functional groups
disappear fromn the 8 interphase by migrating into the polyner, rather
than by reacting or volatizing. We tested this assumption using
Attenuated Total Reflectance IR spectroscopy {ATR-IR). Although ATR-
IR is a surface selective form of IR spectroscopy, it penetrates a
much thicker region of the interface than either XPS or wetting
(10,000 R or more) and thus is expected to sense all but the deepest
groups in the functionalized interface,30 Figure 2 shows the carbonyl
region of ATR-IR spectra of several polyethylene samples. The virgin
film, before extraction with methylene chloride, contains several
peaks in the region between 2000 and 1500 cm-l, We attribute these
peaks to additives (antioxidants, slip agents, antistatic agents) that
are added to the film during manufacture. After extraction of the
film with refluxing methylene chloride, these peaks disappear.
Annealing a sample of axtracted film for 1000 min at 100 °C causes
them to reappear. Reextraction largely removes them. Oxidation of

the polymer with chromic acid results in a large absorption at 1710
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\/"\/ N 1000 min

T T pE-M; Extracted.Annesied 1000 min,
then Reestrected

m“\\‘
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,_.,/"\V
o

Pl
} PE-COON: Annesled 1000 min

1 N -~

v (pH 1)

/"/\‘ ‘ L PE-COON: Annesied 1000 min

(pH 19)
A

v ~

\ /.,_i TWE-COOM: Containing Butyric
i i Anhydride

SN

198 1780 170 1040 1588
Wavenumber (cm ')

e~ PE-COOM (pH 1)

PE-COOM (pH 14)

Figure 2. ATR-IR spectra of the carbonyl region of derivatives of
PE-H. Since absolute absorbances are influenced by many
experimental parameters (e.g. the degree of contact
between the film and the KRS-5 crystal), only relative
peak intensitives within a single spectrum can be

quantitatively compared.
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cm=1, which we have previously attributed to the interfacial
carboxylic acid and katone’aldehyde groups.6 Treatnent 2f tnis
nterface with agqueous base rasults in a shift of the carboxylic acid
peis to 1500 cn'l, but ledves the ketone/aldehyde peak unchanged,
When a sample of PE-CO,H is heated in vacuum at 100 °C for 1000
nin--a time sufficient for the change in contact angle to be completed
{1-2 nin) and for the XPS (015) signal intensity to decrease by
approsimately 80%--tne intensity of the katone and carboxylic acid
b peaks in tne ATR-[R spectrum do not change appreciably, This
obsarvation establisnes that the change in the wettability of the
interface and in the 0 XPS signal intensity is not due to reaction

or to evaporation of a1 volatile component: the functional groups

v

remain in the interfacial region sensed by ATR-[R. Examination of the
peaks present after heating PE-COZH, and comparison of this spectrum
with that obtained on heated PE-H (heated after extraction; Figure 2)
suggest that some of the film additives have bloomed to the interface
and contribute to the IR intensity (the shoulder on the peak at 1710
cmi and the peak just below 1640 cm'l). Despite the guantitative
uncertainty caused by this observation, the important conclusion--that
the disappearance of polar, oxygen-containing functionalities from the
interface on heating is due to diffusion of these functionalities
deeper into the polymer--is certainly valid.

Figure 2 also shows the ATR-IR spectrum of a sample of PE-CO,H !
after thermal reconstruction, followed by treatment with aqueous base
(pH 14). The intensity of the peak at 1560 em=l in this sample
relative to that at 1710 cm-! indicates that the majority of the

carboxylic acid groups can still be deprotonated, even though they are

ko SN
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now below the o intarphase and the region sensed by XPS. Quantitation

of the fraction of carboxylic acid groups that deprotonate on

treatment with base is Jdifficult becausa the absorbances due %o

contaninants in the film partially obscure peaks of interest, but we

nota that the ratio of the integrated absorbance at 1560 cm~1 (COZ'

groups) to that at 1710 ca-l (ketone and CO,H jroups) is the sane in

heated and unheated samples (approximately 0.75). The ability to
daprotonate these functional groups without influencing the contact
angle interphase, which we believe to be only a few angstroms away, is
) an important clue to the nature of the reconstructed interphase: the
functional groups in it are accessible to aqueous base, but are not in

sufficiently direct contact with the liquid to influence the contact

- = -

angle.

As a control, Figure 2 shows the ATR-IR spectrum of unheated

PE C02H that had been soaked in neat butyric anhydride for 4 hours.

The new peaks present at 1815 and 1750 cm~l are indicative of an

L]

) -

»

!

' anhydride group, and are, we believe, due to butyric anhydride

E dissolved in the film. The absence of peaks characteristic of the

E anhydride moiety from the spectrum of PE-COpH after heating

) demonstrates that the formation of anydrides by elimination of water

E into the vacuum is not a significant process under these conditions,

! Annea11nq PE-H Before Oxidation Does Not Chan nge The R f Thenrnal
T T e e R T T R T i T T P T e T P R T R T N T R T P T T R T A AR '\.'\.‘\-‘b\\:‘\-\. 172 72 T e P Pl P P PR B

{ Reconstruction of the 9 Interphase of PE-COoH.
R T T T P T P R P R i P e P e T T P e P P R T P T T A A e A T4

N To establish whether release of strain remaining from the L
manufacturing process contributed to the reconstruction of the b

[

functionalized interface of PE-CO,H, we examined samples in which ]

he 2PN ) - . - f
A A
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these strains were eliminated or reduced by prior annealing. Befare
oxidation, but after extraction in refluxing CHZCIZ, we neated sanples
of PE-H for 5 days at 100 °C. [t is not clear that all manufacturing
strain would be eliminated by this treatment.lZ This treatnent s,
however, 2nough to allow the types of novenents involved n
reconstruction of PE-COZH to take place nany thousands of times
\reconstruction of the contact angle interphase takes only a ninute or
two at this temperature). Figure 3 compares changes in the contact
angle with time for sampl.s of PE-CO,H prepared from annealed and
Jnannealed film, and establishes that there is no significant
difference between these samples., Film samples {PE-H) that nad been
annealed for 5 days at 100 °C {vacuum) prior to extraction and
oxidation also exhibited reconstruction at a rate similar to
unannealed PE-COpH. We conclude that residual strain from
manufacturing is not important in reconstruction of the interface of
PE-COpH.

This figure also gives data for reconstruction of the 8
interphases of two other samples. One was obtained by first heating
PE-COoH in distilled water (pH 6-7) at 100 °C for 1 h (a process tnat
does not result in reconstruction of PE-COpH: see below), followed by
drying and thermal reconstruction at 65 °C in vacuum., The second wds
a sample of PE-COZH in which the chromic acid oxidation was allowed tu
proceed for 10 min, rather than the usual 1 min, This treatment
produces a heavily etched, rough interface, and exposes Jeeper reygions
of the polymer film. The change in contact angle with tine far doth
samples was indistinguishable from that of PE-CO,H prepared by our

standard procedure. We conclude from these experiments that the




B re-coon
g Pe-coon
(tromanneaied PE-H)U PE-COOH, 10 min oxidation
110

[ pe-coonm,0, 1 n 100 ° c)

100 :
907 0
80 -
70
60

50! v Y v T v Y v
0 20 40 60 80

t (min)

Effects of pretreatments of PE-CO,H on the change in the
contact angle of water (pH 1) after heating in vacuum at
65 °C. Pretreatments: |l , no pretreatment; [] ,
heated | h at 100 °C in distilled water (pH 6-7) prior
to neatiny under vacuum; B , PE-COZH made from PE-H
that nad been preannealed at 100 °C in vacuum for 5 days
prior Lo oxidation, [] . PE-CO,H that had been oxidized
for 10 min instead of the usual ] min. The filled
zircle at t = 0 i1ndicates that all of the samples had 8,

= 54-57° before heating in vacuum,
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oxidation itself does not introduce ,or reveal) sirain in tne samgle

whose release drives tne reconstruction of tne = 1nlerpnase,.

Teaperature DQQ ndence of tne Rate of Reconstruciian uf tne -
T T A T T VW T T T T T T N T A ..‘\,.‘..‘.‘..‘.,\.\.‘.,‘_'\.‘.‘\. ‘‘‘‘‘‘‘‘‘‘‘ T v "o te
In ter nase
A R R ¥ P

We nave followed tne reconstruction 2¢ <ne 3 1ntardnisz 3°
PE-COZH by fcllowing tne variation in cContaZtt angie w1tn T:72 f)r

samples neld at tne chos2n temperature I1n valuun  Frgurs

£
1

measurements were conducted using water at pd 1 %O avoll thne
conplications from interfacial reconstiruciion tnat s2em 20 3IIdmuany
irnization of the carboxylic acid Jroups at DH 3.3 a5 tne
tamperature 15 reducec the <time required I0 recunstruct ine 1nterfale
increases. The general snape of these curves and the 'mi<ing ontac-
angle attained (3, = 103°! after complete reconsiruction 3f .ne
interface 1s the same for all temperatures 2xamined. 7h)s $1mi drity
suggests tnat similar molecular-level processes lause reconstirullion
at nigh and low temperatures.

We nave analyzed data of tne type 1n Figure 4 semiguantitative’y
using a nighly idealized model of the interface. [n tnis model, we
assume that the polar functional groups are *mm%313’ 'y 02al:zel 1 4

very tnin, uniform layer Figure 5!, and tnat tnase ‘uniltona 3T0uDs

~Jd0 not 1nteract with one anotner.6'9 R2IONS%~il%1on 3¢ Tne intarfjale

1s treated as thermally activazed d1€€,570n 2% tne polar “unztiona’
groups 110ng the concentrdiion ygrafient and "nto tne leeper regons 3¢
tne polymer, Since the pliymer 15 very tNilx 1)37pavel &N tne
or1ginal interfacial layer, tne density 2f D0’ 27 3r0uds "ema’ning N

tne 2 1nterpnase 3rops tO Iero &t 13Ng tUMes. e piiyen s
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110
100
6a
Figure 4.

65°C

The contact angle of water (pH 1) on PE-COoH a5 a
function of time of heating in vdcuum at various
temperatures (°C). The filled circle at t = ) 1ndr2ates

that all samples had 8, = 55-57° prior to heating,
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ineg d, tne terns Ap are noradlized "area fractions” of tn2 inlerfale

LiouoT Syotna fanztoonal raup 1 eguivalent o valute fragctions o

SoTon o, 30T one T2 s e tatarfatial free enargy o€ an

(%8

l
)
|
)
)
)
|
.
E ey Mty U0y tn2 functionay yroud 1. f al)l of tne
i i ,TuLds L1uTist gy tne cntaerfice  nere, nethylene,
' S 1,71, 40l a2t sne 3l lenyie nave approxinately the same
Do e o=ga3’ T Ny tne nomidiized fraction of tne
"4 L7 ... T 0 tne T “nterpnhase). dJith thase assumpiions, :he
T2t 3ty = 5 ,teen Ty 23 5. 7o reduce the problem further, we
.= trat tre caterfac2 s Composed only of polar (P, e.g. COoH) and
Te- 3 N eage s groups. With thnis assunption (eq 61, we can
wt . gr o aagrasseoon €0 n terns of the observable values of cos %
T, ., tre ,3i.e at t = 0, cosS

the value at time t, anZ

{w

e
~o. Sne oo ue 2f tne fuliy reconstructed system. The parameter
Tuos nomatrzed vaiue of Cos 9: it goes from fog g =1 at t o=
. .7 a3t t= e, Since essentially no polar groups will be
7 tne - oonterface inotne fully reconstructed system, Np® = 0,
Liatitatoun of tne resyiting eq 3 into eq 2 yields an expression
¢

:077s % 5 -~ and D eq 3). Carrying out the integration indicated

=i 4 e ds ey 1) and 11, Evaluation of eq 11 at the time ty /) {

Lo ie a3 LsefuT approc<inate method for estimating D. Equation 10

1725 Tne Lnange ‘1 035 2, 10 the error function {erf) of the ‘
ce - ngeant L, fquation 11 indicates that a plot of the 1
Coeoerrac funzteon of tne change in cos 3, vs 1/(t)1/'2 snould 2e a :
247 e wttn siape equal to xd/(do)l/z. Further simplification 1

'
:
4
4
)
3
i caatmel fur o o %0 reach 0.5 gives eq 12 and 13: these equations




yrelds eq 12, which relates D to the time, ty/2, required to reach

.5 = 2.5, Numerical 2valuation of 2q 12 yields eq 13.

VX

"

'w - 2 2
s . JELIIR exp(-x“/40t) dx (9)

¢ = erflx /(aDt)H/ 2] (19)

LSS I VIS A (1)

De kg 12 erfti1/2)12t (12)
= 3 172)"*_1,'2 (13)
T /AT (14)
2.0 1., (D ) +1nt (15)
7T oo " 1/2

> ts assumed to be a thermally activated process following the
.77nen” s equation and having activation energy E p (kcal/mol) and
) ~r22epon2ntial factor Ay (having units cm?/sec) (eq 14), combination
¢ 23 11 and 14 yields eq 15.
s jure 5 shows a plot of erf-l (fcos 8] vs 1/(t)1/2 for three
) ~.~asentative temperatures, These curves deviate from straight line

Sy

"z~ orinarily at small values of t (that is, for large values of

-

. 2 . +nese deviations occur over approximately the first 10-20%

[ .* “ne Inange 'n COS 9, (that is, the first 10-20% of changes in

o, - AU thnese small values of t the extent of reconstruction is
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.............
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Figure 6.
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Plots of the change in the contact angle of water (pH 1)
on PE-COnH 3s a function of time in vacuum at 40 °C
‘top), 56 °C (middie) and B3 °C (bottom) using data of

the type displayed in Figure 4.
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larger than would have been predicted based on the remainder of the
reconstruction process. e emphasize that the deviations are r
relatively slight when expressed in units of fcos g. The maximun

deviation between the predicted straight line and the data points is

lass than fcos g = 0.1, or <10% of the total change in cos d9,.

The origin of this deviation (if real) might plausibly lia in tha
inadequacy of the assumption that all functional groups in the 9
interphase influence wetting equally32,33 or in the existence of a low
energy process (perhaps small reorientations of th ‘unctional groups)
that influences the contact angle but occurs more -aspidly than
diffusion of the functional group into the polymer. In any event, the
experimental data can be fitted to eq 11 approximately at the interval
0 < erf-l (fis 4) < 0.75 (that is, 0 < fegs v < 0.8), and the
observed deviations are not unexpected.

Figure 7 shows the time required to reach the half-point in the
reconstruction process as a function of the temperature at which the
reconstructi~-» was carried out. In practice, the half-time was
defined as tne time required to reach 8, = 80°, 80° being the half
point in the change in cos 85 (30° = cos™! [(cos 55° + cos
103°)/2]). The error bars were estimated by determining the time
required for the contact angle to reach 77° and 83° (these numbers
being at the 1imit of our experimental precision (+3°) from the mid-
point of 80°). For the type of qualitative analysis in which we are
interested, it is not essential that 8, = 80° correspond to the
precise half-point in the reconstruction: it provides a reference

value with which the rates of reconstruction can be compared.
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Figure 7. Top: Dependence of the half-time of reconstruction
) (ty;2) of PE-CO,H on temperature. The half-time is
defined as the time required to reach ea, PH 1 = 80°.
Bottom: Dependence of the calculated diffusion
coefficient D on 1/T (derived from data in the upper
portion of the figure using eq 13 and the assunption
that xg = 5 A). The solid line is the least squares fit
to the data deternined at T < 60 °C. The dashed line is
the least squares fit to all of the data. The slopes of
these lines indicate activation energies of 50 and 37

kcal/mol, respectively.
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i The lower plot in Figure 7 shows the temperature dependence of 0
(estimated from eq 13). This equation gives D in termms of the

{ paraneter xg, We do not have an independent measure of thnis

¥ parameter, but we use a value of xg = 5 K =5 x 10°3 ¢m in order to
obtain a numerical estimate for D for comparison with other diffusion

constants. It is unlikely that xg is greater than 10 K (see balow)

LAR B £ Al

and physically unreasonable that it be less than 1 £.3% yith this
estimate, D 3 4 x 10-23 cm2/sec at room temper: - ~a, and D = 5§ X 10'1’7

cm/sec at 100 °C.34

T TTY

The value of Ea,p is independent of the choi:e of xy (eq 15).

The data in Figure 7 do not fit a single straight line over the entire
range of temperatures. We suspect that the estimates of D are too low
at temperatures above 60 °C because the time required to equilibrate
the sample at these temperatures is comparable to t1/2 (5 min)., The
activation energy indicated by a least squares fit to the data at

T £ 60 °C is E3,p x50 kcal/mol; a least square fit to all the points

yields E5 p x 37 kcal/mol.

These activation energies are large compared with activation
energies for diffusion of small molecules. For examples, the
F activation energies for the diffusion of methyl bromide and

isobutylene in lTow-density polyethylene film are 14 and 18 kcal/mol

respectively at 20-60 °C;35 those for behenyl behenate
H (CH3(CH2)20C02(CH2)21CH3) are 23 and 7.5 kcal/mole in semicrystalline
(40-110 °C) and molten (110-160 °C) polyethylene respectively,36
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Figure 3 shows the contact angle of water (pH 1) on a nunber of
derivaties of PE-COZH, PECR], as a function of the interval of time
tne polymer had previously been heated at 100 °C in vacuum.
Reconstruction is slower for interfaces having lower interfacial free
energies {higher values of 9,) than PE-H than for those having higher
interfacial free energies than PE-H. We have not followed the
reconstruction of each of these interfaces in the detail with which we
have followed the reconstruction of PE-COpH. We note, however, that a
brief examination of several of them indicates that although the forn
of the reconstruction is similar to that observed for PE-CO,H, the
rates of reconstruction can be significantly different. For example,
we compared (fFigure 9) the ESCA Fi¢ signal intensity for
PELCH,0COCF 5CF,CF3] over a time period comparable to that described
above for the reconstruction of PE-CO,H (1000 min, 100 °C). This
intensity decreases only slightly over an interval of time in which
nearly all functinal group contributions are lost from the XPS sample
depth for PE-CO,H. The retention of significant quantities of the
fluorinated esters in the near surface region of the film is also
consistent with the contact angle data described above (Figure 3);
note that the contact angle with water is significantly larger than
that of PE-H even after annealing PE-0,C(CF,),CF3 at 100 °C for 1200
min, Qualitatively, these interfaces also show a high temperature
dependence of the rate of reconstruction., For example, at 72 °C

PE[CHZOCOCFZCFZCF3] shows no significant change in contact angle after

300 minutes of heating (for comparison, the rate of reconstruction of
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Q PE[CH,0COCF,] (126°)
100 4 PE-H 09
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Figure 8. Dependence of the advancing contact angle of waier (pH

1) on the time of heating (100 °C, vacuum) for various
derivatives of PE-COpH. The upper figure contains data
for samples wtih a lower interfacial free energy (higher
8,) than PE-H. The lower figure contains data for
samples with a higher interfacial free energy (lower 8,)
than PE-H. [n both cases the data for PE-H are depicted
by a continuous line (6, on PE-H remains unchanged at
103° during heating). For each sample, the contact

angle at t = 0 is indicated in parentheses.
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the 3 interphase of PE-C))H is approximately ten times faster at
130 °C tnan at 72 °C). Anothar intearesiing exanapla of <ne functional
grodp Jependence of the rate of these reconstructions is shown in
Figur2 3 for a4 strongly acidic interfacial carboxylic acid,
PE-OZC(CF2)3C02H. After 1000 min at 100 °C, a nearly 70% reduction 1n
the fluorine content of this surface has been effected. Tne rate
profile of this proces- also appears to be complex; its rate is
intermediite Detween the rates of reconstruction determined by XPS for
PE-COpH and PE-0,C(CFp)oCF3. It is intriguing to speculate that the
trifluoropropyl spacer (n PE-J5C(CF5)3C0oH inay somehow contribute to
the observed intermediate stability of this derivative, but no
avidence presently supports this speculation. We have also examined
whether preannealing the precursor PE-H film influences the rate of
the reconstruction of PE—COZH derivatives. As shown in Figure 9 for
PE-OZC(CF2)3C02H. the effect of such preannealing on the rate of
reconstruction is negligible.

Figure 10 plots the apparent diffusion constant characterizing
diffusion {eq 13, xg = 5 K) as a function of the initial value of
Cos 33 (pH 1), (cos 8,);, before thermal reconstruction. The relative
values of (cos 8,); are determined by vgy - Y5 {eq 3). Although :he
two are not separable, high positive values of [cos 930 (i.e. low
values of (da)i) indicate a polar interface with a high value of
rgy. Figure 10 indicates that there is a correlation between D and
the interfacial free energy {especially ysv). A1l interfaces having
free energies greater than PE-H (that is, all interfaces more polar
than PE-H) reconstruct and form PE-H-like interfaces at approximately

the same, relatively rapid, rate, while interfaces with free energies
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Figure 9, TJop: XPS data showing the relative surface
concentration of fluorine in PE-0,C(CF,),CF3 as @
function of the duration of heating at 100 °C in
vacuum, Bottom: XPS data showing the relative surface
corncentration of fluorine in PE-OZC(CF2)3C02H as a
function of the duration of heating at 100 °C in
vacuum. The PE-H used in preparing the annealed sample

was obtained by heating at 100 °C for 24 h in vacuum.
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(cos ea)I
Dependence of the apparent diffusion coefficient (D, eq

13, assuming xg4 = § Z) on the cosine of tne initial
contact angle {cos 8,); for the interfaces shown 1n

Figure 3, The dJdotted line shows the value of cos 3y for

unfunctionalized polyethylene (PE-H).
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32 /Mer witer nigniy polar' and perfluorodecalin [nonpolar).
Tonur2 12 snows Tne Zantact angle of water on PE—COZH, PE-H
srtnyienes, and PE_COpCgriy7] as a function of tine 1n

9~

Tt T2 wat2r at 13) P20 The films were iamersed in poiling watar

"
Y
3
3
T

Tvae andicated, removed, and immediately driad under a strean
s ytragen,  Tne nanjes in contact angla with the time of neating
ire srgmificantiy different from that observed after heating undasr
3730 07 vaZtaum,  The contact angle remains essentially unchanged on
22-7754 4nd PE-H, but on PE[C02C8H17] the contact angle reaches the
517 430 4e as on PE-H in a faw seconds, and after 30 seconds it has

SeC e 1are nydrophilic than PE-H.

"nese results again indicate that the interfacial free energy is
""portant 1n jetermining the course of reconstruction., The polar
Sdar3oxy 12 acid groups of PE-COpH are stable at the interface petween
23 yier 4and water and do not Jisappear on heating. The unchanged
_ontizt oangle on PE-H serves as a control, and indicates that
it 4ration of additives into the polymer interface is not important in
tnese 2xperiments. We attribute the decrease in contact angle on

Dg';)2;3H1,] to reconstruction of the interface that maximizes the

|

o5ntact detween the polar ester and ketone groups and tne water. An
17ternative explanation is that some of the interfacial esters

ewperience hydrolysis, leaving polar hydroxy groups on the surface,

21945 work, however, suggests that hydrolysis of PEICO,lgry7] 13
s Ow  1onths) even in 1 N NaodH at room temperature.8
“igure 13 shows the course of reconstruction of these same

"ntarfaces in perfluyorodecalin at 100 °C. The results obtained in

Tnese ecperinents are gualitatively similar to those observed for




Heating In Water

140 +

120 PE-H

N

100 ~

0 0
a 80 PE-COLCH, .,
60 '\ ¢ —

T e e e

0 50 100
t (min)

Figure 12,

150

Dependence of the contact angle of water (pH 1) on time

of heating in distilled water (pH 6-7, 100 °C) for PE-H

(extracted), PE-CO,H, and PE[COpCgHy7].
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neating 1n yicuum J3r under 4rjon: tne Contact angle Jf water Ci3es on
-1)oH, falls on PE:C02C0H17], and rendins tna s37e on 9C.+4,  amile
12 1S possini2 that the perflyordlecalin 15 sweiling wne 1nt2rfacial

~2313n >f tne filn t)y some extent . cyclonaxana ind perflurradecalin

are msc-ole when heated, dut 3are not miscidle 4% room teaperatura),
1t 1s clear tnat neating PE"R] 1n contact with a nonpolar liguid 1s
qualizatively sinilar to neating with no contacting liguii pnase.
Figure (3 also shows that first heating PE-CO,H in water for 5 1in
joes not significantly influence the rate of reconstruction obsarved
while subsequently heating in perfluorodecalin., Thus, the factor that
leads to the stability of the hydrophilic interface of PE-COZH while
heating in water does not prevent this interface from reconstructing

if later heated in contact with a nonpolar liquid.

Recoverxxof Interfacial Functional GrOuQs That Have Migrated into the

TeLvLvu R T e e e R T T e A R T P T P T e e e T e e e e i T T i T T e R T P F e e P P e A T P VR VL VR PR P W

Pol ymer bxxlsgggiggxat the [nterface between Polxmer and Water

Wity AR SR AL R LR AR EEA AL RER AR AL REER RS2 2
Polar jroups appear to be stable at the interface betwaen PE-COpH
and water at 100 °C: We observe no migration into the polymer
interior. We hypothesized that it might be possible to “recover"
polar groups that had migrated into the sub-9 interphase by heating
the functionalized polymer in contact with a polar liquid. To test

this hypothesis, we first prepared a series of samples of PE-COZH

whose functionalized interfaces were partially reconstructed by

RHeating at 78 °C in vacuun (this temperature was chosen for the

reconstruction rather than 100 °C to give us better control over the

extent of reconstruction). The contact angle of water (pH 1) was

measured on these materials. They were then immersed in distilled
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Heating In Perfluorodecalin

@ Pe-coCgH,,
120 O PE-H (extracted)

60 7 B Pe-co,H
O Pe-co.H (H,0, 5 min, 100 °C
40 t+r=—r—r—r ,42? fhé —p————
0 50 100 150
t (min)

Figure 13. Dependence of the contact angle of water (pH 1) on time
of heating in perfluorodecalin (100 °C) for PE-H,
PE-COpH, and PE[COpCgHy7]. The figure also shows the
data for PE-COoH that had been treated in water (pH 6-7,
100 °C, 5 min, then dried) prior to heating in

perfluorodecalin,
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4 water {(pH 6-7) at 100 °C for some interval, removed, Jdried, and :ne
contact angle of water remeasured. Figure 14 {%0p) sumnarizes
results, [n each case, a part of tne polar character of tne intarface

lost by heating in vacuum is recovered during heatiny in water. [f

2 e o anad o 4

the period of heating in water was aextended to 30 min, no furtner

decreases in 9, were observed.

Similar results were obtained if the initial heating was carried
out at 100 °C (Figure 14, bottom), or in contact with perfluorodecalin
(at 100 °C). In all experiments, the more extensive is the initial
reconstruction of the interface by heating in vacuum or in
perfluorodecalin, the smaller the ability to recover the CO,H groups
that migrated from the 6 interphase into the sub-8 interphase (Figurz
15).

These experiments establish that the thermal interfacial
reconstruction is partially reversible. The similarity in the results
obtained for interfaces reconstructed in vacuum at 100 °C and 73 °C
and in perfluorodecalin suggests that the interfaces obtained by

reconstruction in these processes are all very similar.

Dthh Prof1l1ng during Reconstruction: XPS Does Not Give
T T P P T e T T P P T e T P e T T T e e T P P T T T T T T T T P T A T T T T R T e R L A
Intereretable Information
BT TR P P P T T T T T P T T P T P R A L P v T T

To locate the functional groups during reconstruction, we desired
a technique that would indicate the depth of the functional groups 1n
the interface to within a few A. XPS is potentially applicable at

this resolution. For an ideal, flat solid sample, the angle between

the plane of the sample surface and the detector influences the dJdepth

sensitivity by determining the path length of the ejected electrons
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110 Reconstruction Time
100 at 78 ° ¢, vacuum
} 0 90' . 2340 min
I‘ a P
E 80 F 25 mun
! 2o 400——0— 0 Q omn
2'a 3Imin
60 E—i;
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t 50 4 Y v v v T I
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i
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[] Before Treatment in Water

70 I
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50 v ) g 4 - \ - v
0 20 40 60 80
t (min)

Figure 14. Top: Dependence of the contact angle of water (pH 1) on

ol b ASANG S s SRSV EREREry v g SRy oDl g L ol R

the time of heating in distilled water (100 °C, pH 6-7)

for PE-COoH samples that had previously been heated in
vacuum (78 °C) for various lengths of time. Bottom:
The contact angle of water (pH 1) as a function of the
time of heating of PE-CO,H in vacuum (100 °C) prior to
being heated in distilled water (100 °C, pH 6-7, 30

sec).
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(After Heating
in Water)

Figure 15.

1100 ° ¢, pertiuorodecalin

100 -
d l 78 °C, vacuum o
90 1 D 100 °C, vacuum *
P

80 4
J

70+

L

60

:Di"v | v v 4

50 60 70 80 90 100 110

Oa (Before Heating in Water)

The contact angle of water (pH 1) on samples of PE-COZH
after treatment in hot distilled water (pH 6-7, 100 °C,
30 sec) as a function of the contact angle prior to
heating in water, Prior to the treatment in water,
samples were partially reconstructed by heating in

vacuum at 78 or 100 °C or by heating in perflyorodecalin

(100 °C), to attain the various values of 6,
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through the overlying material,30 By varying this angle it is
sometimes possible to determine a depth profile of functiondal groups
tn the interfacial region.

The sensitivity of XPS is usually assumed to drop off
exponentially with depth into the sample (eq 16, where I(x) is the
) intensity detected from yroups at depth x into the sample and . is tne

electron mean free path in the material of interest.30
[(x) = Ioexp(-x/k) (16)

Multiplying the number of functional groups of a particular type
at depth x and time t by the intensity expected from groups at that
depth gives the signal intensity as a function of x and t [eq 17).
[ntegrating this intensity aver all depths gives the total intensity
as a function of time (eqs 18-20). Substitution of eq 1 into eq 20
gives eq 21, which can be simplified to eq 22 where erf is the errar

function and erfc(x) = 1 - erf(x).31

:
f (x,t) = [(x)N{x,t) (17)
% 1(t) = f; [(x,t)dx 18)
: Ht) = 3 TOxN(x,t)dx 19
5 X(t)’lo = f; exp(-x/%) N(x,t)dx (20"
e, = 1/({nDt)/2 - expl-x/ ) exp(-x2,40t) 210
i-quiu..l T N G S R O T R
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. . L2 . )
“t>/{o = expi DL/ 1L - erfi{Dt) Y

2,

)l 22

2.,

= exp\Dt/‘z)zerfC((Dt)1 )

Zquution 22 indicates that as . decreases by using 1dw-anjle
take-off, for example) the decrease in Ht)/ 1y with time for g
particular reconstruction process decomes more rapid. n particular,
when I(t)”lo = 0.5 (half of the signal has disappeared), eq 22 is

satisfied wnen Dt/AZ = J.58 (eq 23).
Dty /2% = 0.53 (23)
1,2 Lol

Equation 24 relates the apparent mean free path (a') of the
electrons ejected from a planar surface to the actual mean free path i
and the take-off angle dT.3O

A = 4 51N BT 24
Dty o/ (% sin 9;)2 = 0.58 25)

1f, for example 1 = 35 K, then the apparent mean free path '
would be 34 A at a 75° take-off and only 12 A at a 20° take-off. As 4
consequence, the half time :t1”2‘ eq 25) of the change in sijnal
intensity should be approximately 3 times longer at a take-off angle
of 75° than at 20°.

Figure 16 shows the relative intensity of the XPS$ Nog s1gnal
intensity [I(t)/IOJ for PE[CONHCHZCOZH] samples after heating at

130 °C in vacuum, Spectra were obtained 4t 75° and 20° take-off

N S T S N e A R R R P L M Sy N S
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Figure 16. The XPS N, signal intensity remaining (I(t)/[,) for

PE[CONHCH,CO,H] as a function of the time of heating in

vacuum (100 °C). Samples were analyzed at take-off

anglesof8T=20°(O )and6T=75°(O ).
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angles. Tne data 1n this figure snow only 3 snall difference Detwown
the rates >f Jdecrease of the signal intensity 4% tne tw) Ta<e-sff
ingies. de atirivute Lhis J1SCrepency veiween experinent inl Ine
Jredqiction of eq 25 to the rougnness Of tne polyaer-vaiuun

interface. We delieve that our sanples are guizte rougn5 and Tngt e

increase in a' 15 not as great as predicted due to th1s roujhness,

T T WV W Y OB e e v v v —— —

We conclude that wnile low-angle XPS is more surface selactive
~han nuormal spectroscopy conducted at nhigh take-off angles, d2%a1 g
interpretation of tne increased selectivity is impractical due to Jur

linited xnowledge of the polymer interfacial norphology.37

-

fquation 23 can be used to estimate the Jdiffusion constant D, ¢
3 value is assumed for a. [f we assume A = 35 3,30 then 3 = 3.9 «x
1077 cal sec. This value is similar to that estimatad Dy Zantact
angle an this same naterial (D = 5 x 10-17 cmz/sec; Figures 3 and 3,
55uMINg x, = § 3)_
Depsn Prafiling during Resonstrect

'n the absence of a Jirect analytical tool capable of €31 lowiny
the nigration of functional groups out of the 9 interphase Juring
raconstruction, we have obtained 1nformation using an iniirect
tecnnique based on measurement Jf contact angle following cnanical

nodification of functionality 1n the sub-= interphase. se “1rnsl 3

the interface of PELCH,IH] to reconstruct tnemally 11 vacuun ©or

vartous lengins of Zime. This reconstruction s Car-'ed an Dast ‘na
point 1t which the interface has decome 1nd1stingursnadie Dy .ontal’

angle from that >f PE-H: <hat 15, all the nhylirdxy' Jroups nave 1

Mgrited o4t 2f the v rnterpnase.  The Durted ydroxyl §UupS, w0
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10 T tnemselves nfijence the :intact an; e properttes -

4r2 20 a3l yeel t0 realt writn operfl artagtat gan 1o tag oy,

freferent fogursaleyl Ingra Tengtns . TfF tne gang et ey g
satfrirently Tong, tne £ Lornatel T 40 syt i et cap
Interpnase ang caflgence cne ontalt o ang o Pty ea T e iy

IMNYIri32s are T3 SNITt or cF the Ow geg a5 gea g tgye 0 e
aterpnase, cne fFiyoringtel T3S Wl a0t Tnf enia otne ity
e,

Trdure L3 osnuws tne sontace angle jdsarvel fyr oadter e e
3aNpins HOLATNed Dy neating Dihiﬁg)“; 07 va7dus Tenjtng f cae g0
tNeNn 3.y ating tNe Durted nydroxyl Jroups 41tn etther teré e g ae
nexafiiorobulyrtz, or perflidr)0I%an0t. annylr te. VL e R
SNJWS “ne ZONLact ang.2 Hn tnese reconstructed caterfales ¢ DL e
D2tJre red4Ction «itn tne anhylrides -, = 103% Foroalt e ept ot ot

= 2 ouanr2constructed, tyF TIT L After 3220 vta L meatay, tne
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. e

1oy’ jraups Nave nigraced Hut of e ¢ cnterdnase, L0 o thne
SONTICE Angte On thnese Ssa1ples s 1ndtstingutshab e fran gt e
inox  41zed poiyetnylene. After these nydraxy' Jriups nave oeer

1y at2d, tne wetting properties Hf the simpies _nanje drxel . cer

for the snortest annyir:de the )1%d.7 angie 15 Nedr y 35t n 4,
tne unreconstructed tntertace 3fter tedltron TN tne S3e
dNNydride.  TNIS SIMY 3ty T wetTng JrIpertes L, J4ests tn3t
>rantfroant proportian f cne nytroay Sroups 4ve wery, gt
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. ter "oynger periods of neating (60 min) the shorter esters

_4n3t 72aln tae - o1nterphase {although an ATR-IR peak at 1790 ca--
5222 'snes tnat flyorinated asters are present). The Ionger asters

3, CLwize2”, 30111 reach tne 3 interpiase and influence wetting. a2

- - -

Delt2ye (nat 1n these samples many of the hydroxyl Jroups are located
-5e2 tnan 3 % oyt less than 08 deep (Figure 17). After very long
neating T mes  1J)00 ain) even the longest perfluorinated asters
~fluence the westting properties only slightly, and the shorter ones
S nave nd infisence at all., This result is consistent with the
Joservation that after these long neating periods polar Jroups have
“argely 11sappeared from the region of the interface examined by

x?5, In this latter case the majority of the hydroxyl groups are

pridadly mor2 than 10 3 deep.

v vw

Thesa acylation reactions are fully reversible by treating the
537pes witn 1N NaOH. In all cases, this treatment results in an
"ntarface with wetting properties indistinguishable from that before

atylazron 5y = 103°). The annydride can then be used to reacylate

Y

tne 5t111 ouried hydroxyl groups: the resulting materials have the
;ane contact angles as the initially formed, esterified interface.

“he reversibility established by this experiment is important in |

Y

temonstrating that the reaction between the hydroxyl groups and the

; innyirides Jdoes not itself reconstruct the interface: I[f reaction
) #1tn the annydride had drought the hydroxyl moiety up into the 3 (
*aterpnase, tnen upon hydrolysis the interface should have had a ‘

contact angle significantly lower than the observed 103°. Since the

contact angle observed after hydrolysis of the ester moieties was

'nirstinguisnable from that obtiined before acylation of the buries
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nyiraxyl Jroups, we infer that no reconstruction has taken place
t.70ny ertner acylation or hydrolysis.

A r2iite]l type of axperiment can be carried out using an
-1y ir1de that reacts with the buried hydroxyl groups and generates a
“yirapnilic interphase (e.g. perfluoroglutaric anhydride). Acylation
;¢ inreconstructed PE[CHZOH] with this anhydride produces
DE_:azjco(cF2)3c32H], a material that is similar in its hydrophilicity
T PE-2JoH at pH 0 but that exists at pH 5 as the more hydrophilic
_irooxylate anion.? Figure 18 shows the contact angle (pH 6) on these
1172r1als as a function of the time of heating the PE[CH,QH] at 100 °C
1 sacuan before treating it with the anhydride. Again it is clear
“n3% the COZH groups introduced into the interphase by this acylation

2¢%end 1nto the 8 interphase and influence the contact angle, even

anan the hydroxyl groups of PE[CHoOH] are themselves unable to do
§ 53. The change in the contact angle as a function of the time used in

1 ~~e <nermal reconstruction is qualitatively similar -0 that observed

¢5r =ne nydrophobic ester in experiments involving vlation with
perfluorabutyric anhydride. The ability of both hycrophilic (-CFZCFZCOZH)
in+ hydrophobic (-CFZCFZCF3) esters to influence wetting, suggests that
ertreme hydrophobicity is not responsible for their ability to influence
wetting when the hydroxyl groups, to which they become attached, do not.
~e note, however, that the acid-containing interface generated by
:~.v3tion with perfluoroglutaric anhydride may itself reconstruct on
e«nrsure to water, in a process driven by solvation of the carboxylate

inon /see Figure 1): this reconstruction may result in COZH groups

*1noming" into the & interphase. The interpretation of experiments involving
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perfluoroylutaric anhydride is thus less clear than those involving

acylation with tne nhydrophobic anhydrides,

In a previous paper, we described synthetic methods that attach
the dansyl [5-(dimethylanino)naphthalene-1-sulfonyl] group to the
functionalized interface of PE-COZH and its derivatives {Scheme I).7
The dansyl probe has two useful properties that can be used to study
the reconstruction of PE[dansyl] during heating: the fluorescence
emission maximum and the quenching of fluorescence upon protonation of
its dimethylamino noiety.

The enission maximum of dansyl is a function of the dielectric
constant of the surrounding medium (or more generally, of sone
function of the local polarity). In water, for example, the dansyl
group has Aqa, = 560 nm {yellow) and in hexane it has ip,, = 460 nm
(blue).” From the emission maximum exhibited by PE{dansyl] in contact
with water we have concluded that the local dielectric constant in the
functional interface of PE[dansyl!] is low (¢ ¥ 6 to 10).’
Reconstruction of PE(dansyl] should allow the dansyl groups to miyrate
into the polymer film. Examination of a sample of PE[dansyl)
thermally reconstructed in vacuum or in contact with a liquid phase
and then examined in contact with water should give an independent
measure of the polarity of the water/polymer interface after
reconstruction.

Figure 19 shows the emission maximum of PE[dansyl] in distilled

water (pH 6-7) as a function of the time of heating at 100 °C .nder

various conditions: in vacuum, in contact with distilled water | pH




s Vacuum l 1 N HCI () o
t = 0, (all)

b Water [] 1 N NaOH
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Figure 19, The emnission maximum (*max' top) and pKy;p (bottom) of
PE(dansyl] (PE[COZH][CONH-dansyl])7 as a function of the
time of heating (100 °C) in various solvents. Samples
were removed from the solutions in which they were
heated and were examined at room temperature in

distilled water,
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5.6), in 1 N HCl, and in [ N NaOH. Heating in vacuum clearly results
in a snift in the emission maxinun to shorter wavelenyth, sugyesting
that the probe moves to a less polar environnent, as expected., The
smaller, but still significant, decrease in \qax 4POn heatiny in
distilled water is useful in understanding the molecular-scale
phenomena governing the raconstruction process. The dansyl Jroups of
PE(dansyl] are attached to only approximately 30% of the carboxylic
acid moieties originally present in PE-COpH. A sample of PE[dansyl]
being heated in water thus contains one dansyl group for every five
other polar functionalities (carboxylic acids and ketones).’ The
ketone and unreacted carboxylic acid groups are more polar than the
dansyl group and thus the interfacial free energy between the film and
) the aqueous phase will be lowest when these polar groups are in the 3
u interphase, not when the less polar dansyl groups are present,

The dansyl group can be made to be more polar, however, by
reconstructing the functionalized interface of PE[dansyl] under
‘ conditions where the dansyl group is either protonated at the
dimethylanino moiety (1 N HC1) or is deprotonated at the sulfonamide
moiety {1 N NaOH). Under these conditions the dansyl groups should be
more hydrophilic than unionized dansyl groups and perhaps more
hydrophilic than carboxylic acid or ketone groups. The observation
that reconstruction of PE[dansyl] under these conditions does not
n result in a decrease in Amax (Figure 19) supports this hypothesis.,

[f the charge on the dansyl groups rather than ionic strength or
some related factor is the cause of the differeance between

1 reconstruction of PE[dansyl] in water and in acid or base, the

reconstruction should result in dansyl groups moving away from the o
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X interphase at any pH at which the dansy! moieties are not charged.
Fijure 20 shows the emission maxinua of the dansyl group of sanples of
8 Pz_dansyl] [in distilled water) as a function of the pH of water in
) wniZh tne sanple hdad been heated for 60 sec. This figure also shows
the contact angle on a similar {untreated) surface, containing dansyl
groups, as a function of pH. Tae drop in ¥; in the lower plot at
values of pH above 9 and below 2 has been previously demonstrated to
result respectively from the deprotonation of the ArS0,NH yroup and
K the protonation of the ArN(CH3)2 group, respectively, of the dansyl
noiety.7 Tne excellent correlation between the emission maximun after
heating in water and the contact angle observed for interfaces
containing dansyl groups supports the hypothesis that the migration of
dansyl groups away from the 6 interphase is prevented when the dansyl
moiaty is charged (and thus very hydrophilic) but is not prevented
when the dansyl moiety is uncharged.
f Another useful feature of the dansyl probe is the completeness

with which its fluorescence can ba quenched by protonation of the

dimethylamino moiety.7 In aqueous solution, the pK, of the dansyl
group is 3.6, while attached to the interface the pky/p is 1.2 (the
PKy/2 is defined as the value of solution pH at which the fluorescence
is half quenched; it is equivalent to pK, except that the protonation
X of interfacial groups does not always exhibit the simple relationship
between pH, pK,, and the degree of ionization exhibited by molecules
: in solution).7 We have attributed the decreased basicity of the
interfacial dansyl groups of PE[dansyl] to the low dielectric constant
in the interfacial region.7 Reconstruction of the interface of

E PE{dansyl] can thus be monitored in two additional ways: the pKkj /o of
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igure 20.

Top: Dependence of the emission maximum (‘max) on the
pH of the solutions in which PE[dansyl] (PE[CO,H][COM-
dansyl])’ was heated for 60 sec at 100 °C. Samples were
rinsed and analyzed in distilled at room tanperature.
Bottom: Dependence of the water contact angle on the pH
of the aqueous drop on untreated PE[dansyl)

(PELCO,CH3)[ CONH-dansy1]).]

.’.- ‘ .’ A -.' -'.."-'_- ,'-'\".‘ . \ \ \ \ q‘ n ‘.

‘o \f\'~f f a4

P



-39-

reconstructed PE_dansyl] in contact with water can be determined and
1ight De expected to decr2ase as the dansyl groups migrate into the
bul«; the adility *o guench all [or only some) of the dansyl g3roups

afler raconstruction would yia2ld information concerning the access of

the migrated surface groups to agqueous protons.

Figure 19 shows the pKj, of PECdansyl] in contact with water as
a function of the time of reconstruction under various condicions at
.00 °C. The results parallel those obtained for the i;,, during
neating: in vacuum tne pK; , shifts to lower values; in water the
PKy/2 also shifts slightly, but not as much as those heated in vacuum,
samples heated in 1 N NaOH or 1 N HC1 do nct exhibit a shift in the
pKy/p vhen later exanined in water, This, the hypotheses that the
dansyl groups nigrate into the polymer during heating in vacuum or
water, but not when heated in water under conditions where the dansyl
groups are charged and thus very hydrophilic, is supported by this
axperiment.

The fluorescence emitted from dansyl moieties in all sampies can
be completely quenched in 50% (w/w) HpSO4. The fluorescence emitted
from dansyl cadaverine nonselectively adsorbed deep into the film from
toluene solution’ is not quenched by this or any strength of sulfuric
acid up to 98%. Thus, all of the dansyl groups, even after
reconstruction, are accessible to aqueous protons. This latter result
1s consistent with the observation that CO,H groups that had been
allowed to migrate into the polymer were still accessible to aqueous 1

hydroxide ion (Figure 3).
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In order to determine if the types of reconstruciion observel for
PE—LOZH are relevant to otner types Jf functionalized polymers, we
nave exanined the wetting properties of several related systems.
Figure 21 shows the change in the contact angle of water on Jltrahiyn
nolecular weignt polyethylene that had been oxidized in a nanner
similar to that used for PE-H. The resulting naterial, UHMN-C02H6
appaars to reconstruct in a manner similar to that observed on the
low-density film PE-CO,H, though the rate of reconstruction is
significantly lower. A brief survey also suggests that the interfaces
of materials made by chromic acid oxidation of nylon and polyester
also become hydrophobic on heating. Figure 21 also shows similar data
for the reconstruction of polypropylene and polyethylene that had been
treated with an oxygen plasma (forming PPP and PPE, respectively).
These interfaces, too, appear to reconstruct in a manner analogous %o

that observed for PE-COpH.

Summary and Conclusions
“ vy

DAL SRR LR R AR AR
The functionalized interfaces of PE-CO,H and derivatives

reconstruct when heated sufficiently to cause mobility of the polymer

chains. This section summarizes a number of conclusions concerning

the mechanism of thermal reconstruction.

1) The wetting properties of the interface of PE-CO,H and

derivatives change during thermal reconstruction. The rate and

direction of the cihange depends on the nature of the contacting phase

The change in wettability of the polymer reflects

interface.
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Figure 21.

Dependence of the contact angle of water (pH 1) on the
time of heating for PE-COpH and 0p plasma-treated
polypropylene (PPP) and polyethylene (PPE)
(reconstructed at 78 °C in vacuum), and for UHMW-COH
(ultra-high molecular weight polyethylene oxidized with

chromic acid; reconstructed at 72 °C in vacuum).
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replacenent Of some or all of <ne funciional groups 'n Tne -
‘ tnterpnasa witn aetnylene jroups from tne 0.« JJiyier, The lnange

} we.lINng Inaractertstics taxes prace orlers of tagn tuie fistar toan
Jnanges Jetectad Dy XPS aT 21tner nordil Or T Oh dng 3 Tak2-0tt | A
ittridute tnis A1 fference Lo tne extrene surfdace se ~cit.1%, Jf
wetting 'see delow,) .
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activation energy 1s approxinately >0 xcal mol. At roon temperat.re,

the functionalized interface is stadle far montns or years, a%t )0 °.
12 15 staple only far ninutes. The rate of reconstruction of -ne -
interphase changes dy nore Inan Six Jrders Of magnitude over tnig
~ange in temperatuyre., The rate roughly follows Arrheniuys dehaJiur
over the range T = 20-60 °7. «hen T > 60 °C, the rate Of
reconstruction 13 slower thnan expected, perhdps decause -ne ~ate of
reconstruction 1s comparadle to, or faster than, the rate Jf neat'ny
of the sample. Tne observed value of Eq 'S NOt unreasonadie Tne
Jiffusion of small molecules through polyethylene has activa:'on
enerjies of 10-20 xcal mol. Over the limited range of lemperatures
fitted Dy the Arrehnius eguation, the apparent d1ffus:on Constant for
tne polar functionality 15 0 » 2 « 13‘13 cmé 57t At ) T, assuttny
X, = 5 A.

30 Tne migration of functional 3roups dway ‘ron tne interfice
appedrs 1) de daninated dy 1inimization of tne interfacra. free enevgy
and oy d1lutron of tne interfacial functional jroups 1n tne po:ymer

intertor. Release of r2sijual strain 1n the filn does not seem ty Ov

1Mporzant. wnen an 1nterface «1tn 3 Mign interfacial enerygy, Suon as
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i DE-C)Zﬁ'va;dJm Jr 95‘3)7:q4"; wiler, 'S neatel tne Syiten
’

rRCONSTrUCts and rtuimrzes tne nt2rfacra’ free oy s
TNTATZATIoN 1S Allamplosnel Dy repltaling tne nterfaltayl v ,0s N0t
12tnyi2ne 3-yups fron n2 oul,

1

Reduction 2f “he 1ntarfacia’ free eneryy 10350 D200 TS 57 0udy TNis

’

nase oeen allowel 20 J1ffisa 1ntd the Duik 0 De 'rellvered. a1

.

’
’
['d
axample, polar Jroups 11sappear from Sne - interpnase 2uring n2at'ng

N vacuun, but Can be recaptured . in part; Sy he: N3 1N waler.

3) Tne functional jroups Jo rot nigrate far .rinyg

L ’,

reconstruction before they no longer influence we:. ng: w~etiing is

S ) Q ,
sensitive to only the top (10 A of the functionalized interface in

i

these systems. Wetting 1s appreciably more surface sensitize tnan

XPS. Experiments comparing changes in the contact angle witn water
and the XPS signal intensity during reconstruction of PL-(Jod 1ndilate

tnat contact angle 15 sensitive to a much thinner region of the

interface than is XPS, even with a 20° take-off angle. [n addi:zion,
:hanges in the wattability of partially reconstructed interfaces un
Jerivatization of functional groups in the sub-9 interphase suggest
*nat Jroups need only migrate a few 1 to leave the 3 interphase.

Thus, wetting senses only a few % into the polymer and is, at tms

applied to these types of materials. One inplication of this worx s

~hat the use of XPS to study phenomena suCh as wet:ting and adnesion
will almost necessarily lead <0 ambiguous resclts: for other than
very smooth samples, XPS 1oes not have the surface sensitivity

required to distinguisn the 3 interphase from the sub-7? 1nterphase.

We note that the 3 interphase of reconstructed PECR) consists of
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ExQerimental Section
ALLLLLLLLLLLLLLLLL LU Y
ggngQl. A1l solvents were reagent grade a~d were usad as

received. Watar was Jdistilled in a Corning Model AG-1b glass
1istillation apparatus. XPS spectra were determined eitner on 3
Pnysical Electronics Model 343 spectrometer (Mg Ky X-ray source, .32-
2V pass eneryy, 10-3 to 10-9 torr, machine calidrated according t>
AST™ 57P 699) or a Kratos XSAM-800 spectroneter (Mg Ky X-ray source,
nenispherical analyzer) operated in a fixed analyzer transmission 10gde
+1tn an instrumental resolution of 1.1 eV. Angular dependent XPS
spectra (75° and 20°) were obtained on this latter instrument.
%amQLQLQQQEIQQ‘ Samples were heated in vacuum (0.1 - 1 torr) or
argon in a3 Jrying tube jacketed with the refluxing vapor of a chosen
sorvent (e.g., water for 100 °C, methylene chloride for 40 °C).
Saples neated at 106 °C were neated under argon in an oven, The
sanples were laid face-up on a cardboard holder and left in the
chamber for the desired period of time. These samples were not
firther treated before contact angle measurement. Samples heated 1n
water were sinply immersed in boiling water for the desired period of
time, These samples were removed and immediately dried under a strean
2f nitrogen to prevent spotting of the surface by contaminants in tnhe
water. Samples heated in 1 N NaOH, 1 N HCl, or perfluorodecalin were
1vynersed in a tube of the solvent, which was surrounded by refluxing
water vapor. Samples heated in perfluorodecalin were removed and
irred n a strean of nitrogen; samples heated in 1 N HCl or 1 % 4aw

were rinsed several times in distilled water and dried similarly
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131715t -he faces with an MIR (Perkin-Elmer) sample holder. Films
*~23%24 with 1 N NaOH (pH 14) were blotted dry with filter paper and
a2 ir1ed in the air for 30 min prior to determmination of spectra.
“1nju0ar pra2ces of thin cardboard the same size as the film pieces
=2 'nserted between the films and the steel sample holder to
“»uridate the pressure on the film evenly. Transmission spectra were
=1 12d on a Perkin-Elmer Model 598 spectrometer.
)ntQiExQQQL%xQQ KQQQQES. Contact angles were determmined on a
“31e-4art Model 100 contact angle goniometer equipped with an
-, ~pninental chamber by estimating the tangent normal to the radius
¢ =ne 1rop at the intersection between the sessile drop and the
.ur€3ce.  These measurements were determined 5-20 sec after
130 :2at1on of the drop. The humidity in the chamber was maintained
1 )7 2y filling the wells in the sample chamber with distilled
«4°2-. Tne temperature was not controlled and varied between 20 and
"ne volume of the drop used was always 1 ul. The samples were
5 3 51ze of 3.5 x 2 cm and attached by the back of the sample to
+ 4 155 slide using two-sided Scotch tape to keep the sample flat.
~apgreed values are the average of at least eight measurements
vewn 3t f1fferent locations on the film surface and have a maximun
ARLP LS
) 1egn11$QQ\£Q§ Hl Low-density biaxially blown polyethylene
-~ ho.motmick; p = 0.92) was gift from Flex-0-Glas Inc
©v .-+ 7nm DRT-A00B). The film was cut into 10 x 10-cm squares.

wie 1mp.es were extracted by suspending the film in refluxing

. f.r 74 n to remove antioxidants and other film additives. The

10, =, awrw ir1ed nder vacuum (20 °C, 0.01 torr, 4 n) or in air

ek
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(20 °C, 4 1) prior to oxidation to remove any residual solvent. Those
samples not to be oxidized were stored under iry argon. [n all cases,
experinents were performed on the side of <he film facing tne inside
of the stock roil. Some samples were heated for 5 days at 100 °C in
vacuum {0.01 torr), either Sefore or after extraction, to relieve sone
of the strain introduced 1nto tne film Jduring manufacture,
PE-COoH. PE-H was oxidized by floating on Hy504/Hp0/ Cr0;

(29/42/29; w/w/w) at 72 °C for 60 s. The sanples were rinsed 4 times
in distilled water and once in acetone, dried in air for 1 h, and
stored under dry argon. The samples ara indistinguishable from PE-H
to the unaided eye. The samples had a peak in the ATR-[R spectrum at
1710 em-1,

E UHMW-COoH. Ultrahigh molecular weight polyethylene sheet (1/3"

‘ thick, o = 0.93 g/mL; AIN Plastics Inc, Mount Vernon, NY) was cut

into 2 x 2 ¢cm slabs. These slabs were oxidized by floatiny them on

the chromic acid solution used to oxidize PE-H for 2 min at 72 °C.

The slabs were removed, rinsed several times in water, once in

acetone, and dried in air, These samples were not extracted prior to

PE[CHoQH] and Deriyatiyes. PE-COpH was treated with excess 1 M
(

)

E

‘ oxidation,
\ BH3-THF (Aldrich) at 50 °C for 20 h under argon. The films were

‘ rinsed twice in water, soaked in 1 N HCl for 5 min and rinsed 3 times
‘ in water. The carbonyl ATR-IR peaks were absent and a new peak

[ ' appeared at 3350 em~l. This material also contains secondary hydroxyl
\ groups resulting from the reduction of ketone groups: PE[CHZQR] =

PE[>CHOR][CH,0R]. In order to generate PE[CHp0CO(CF,),CF3], PE[CHpOH]

' was allowed to react with neat CCF3(CF2)nCO]20 (Lancaster Synthesis,

.....................
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K
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just enough to cover the film surface) for 13 h at roon temp. The

Bk,

films were rinsed 5 times in methanol, 2 times in acetone, and twice

in water., The ATR-IR spectrum (of n = Q) showed new peaxs at 1790

PRI &

(CF3C05R), 1165, and 1225 em™} (C-F). PE[CH,0H] was reacted with
stearic acid chloride (Fluka, 5 g) in acatone (50 mL) containing 5 L
6 of triethylamine for 13 n. The film was removed, rinsed in nethanol,
water, acetone, and hexane, and dried in air to form

PELCH,0CO(CHp) 6CH3].  Alternatively, to form PE[CH,0COCH,CHACOH],

S PE[CHZOH] was treated with 30 mL of acetone containing 10 g of

' succinic anhydride and 1 mL of triethylamine for 1 h, The film was

rinsed in acetone, water, and then methanol before being dried in air,

“Buried” PE[CH,QCOR]. PE[CH,0H] was heated for the desired

AP PP

period of time at 100 °C in vacuum. These samples were then inmersed
in neat perfluorinated anhydride (acetic, butyric, octanoic, or

: jlutaric) for 18 h at room temperature. These samples were removed,

| dried in air, and rinsed in water several times followed by acetone
once to remove any residual anhydride or acid. The samples were again

dried and the contact angle was determined,

QQECOCLI. PE-COoH was soaked in 30 mL of dry diethyl ether

vy

containing 3 g of PClg for 1 h at room temperature. The film was

g quickly removed and used immediately without workup to minimize

\ hydrolysis of the acid chloride groups by ambient water vapor.

; PELCOMI2]. PE[COCI] was put directly into concentrated NHgqUH for
2 20 min, rinsed in water (5 times) and methanol (twice), and then dried |
in the air. ATR-IR showed new peaks at 1400 cm=! (C-N), 3150 cm!

(NH), 1560 cm=1 (NH), and 1560 cm=l (C=ONH); ESCA N/Q ratio = 0.58

(0.60 expected for full reaction).

4
v
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QQLQQQQQQZQQzﬂl. PE[COCI] was immersed in a 2 M aqueous solution
of glycine (adjusted to pH 10 with NaOH). After 10 min the film was
{ renoved, rinsed in water (5 times) and methanol (once) and dried in

the air, ESCA N/Q ratio = 0.29 (0.27 expected for full reaction).

QQEQQZQQﬂZQQZQInQJ' PELCOC1] was imnersed in the appropriate
(

neat liquid poly(ethylene glycol). Lower n values were tne pura

ww mov e,

compounds (n = 1 and 2 were obtained from Fisher; n = 3 and 4 were
obtained from Aldrich). The higher n values were molecular Aeight
mixtures and the reported n values are indicative of the average
molecular weights (n =5, 7, 10, and 14 were all obtained from

Aldrich). After 1 h the films were removed, rinsed 7 times in water

Y ST K X SN W

and once in acetone, and allowed to dry in air,

! PE dansyl]. PE[COCI] was immersed in an acetone solution of
dansyl cadaverine (Sigma, 100 mg/5 mL acetone) for 5 sec. The film
was removed, rinsed twice in acetone, twice in water, soaked in NH 4 OH
(sat.) for 10 min, rinsed twice in water, twice in methanol, and
allowed to dry in the air. This surface was characterized in detail
previously.” It (PE[COZH][CONH-dansyl]) contains ketones, unreacted
carboxylic acids, and dansyl amides. This material is, however, not
useful for determining the ionization of the dansyl group (by changes
in the water contact angle as a function of pH) due to the ionizable
carboxylic acids present. The surface used to determine the contact
angle changes with pH on a dansyl-containing surface (PE{CO,CHy][CONH-
dansyl]) was made similarly, except that methanol was substituted for
the acetone. This synthetic procedure results in an interface
cnotaining ketones, methyl esters, and dansy! amides.’ Materials made

in this inanner were not used in the reconstruction experiments because

----- a L " Y ) 4 .. .'--.‘\\\\-’\.“'.
RGN AASGLY 1, G LA G SN (Y, Qe QA R LG 0% SR AU
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of the likelihood of hydrolysis of the methyl esters percent under
some of the conditions anployed.

PELCOsCal 7). PE-COpH was soaked in anhydrous octyl alcunol

0 mL) containing sulfuric acid (10 mL) at 40 °C for 72 h. Tne films

d\

were rinsed in octyl alcohol, water several times, and nethanol once,

followed by drying in air,

P]aSl -Treated lene QPPP{ and Pol ethxl ne QPP l-
VLLVLLLLL VLV \ \‘\-'\‘\.\ R T e A R R T e T P e e e N R A" " AL Ve PR
Polypropylene (1/16-in sheet, AIN Plastics Inc, Mount Vernon, NY; and

unextracted PE-H were treated with an oxygen plasma in a Harrick
Plasma Cleaner model PDC-23G. The samples were treated for 10 and 30
min for PPE and PPP, respectively, at the medium setting, at an oxygen
pressure of 200 torr, The samples were rinsed in ethanol twize and
allowed to dry in air. Untreated PP had o, = 116° (pH 1); this value

was reduced to 57° after plasma treatment. PE-H had a contact angle

of 103°, which was reduced to 53°,
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4 31) Crank, J. The Mathematics of Diffusion; Oxford University Press:

London, 1956; p 11. The error function is defined as

2
erf(x) = [2/(m)1/2] X eaz .

Lo o b on

32) For information on short range (1-10 R solid-liquid interactions

see: Israelachvili, J. Intermolecular and Surface Forces: With

London, 1985.

s coan

33) The dependence on distance from the surface of the interactions
that influence wetting depends on the nature of the groups

involved and on the liquid. For pure van der Waals forces, these

interactions fall off as r'6; electrostatic interactions
involving permanent dipoles fall off as r-3. The real system may
be further complicated by swelling of the interface by liguid and
the influences of surface microtopology. The model used here is
a step function: interaction between a functional group in the
polymer and a wetting liquid is constant between x = 0 and x =
Xg, and zero for x > xg. This model is a sufficient departure
fron physical reality, that results from it should be considered
very approximate. Further, the size (“"diameter") of a single
functional group is comparable to xg, and the use of any
diffusional treatment is problematic in this circunstance.
Despite these deficiencies, the inodel is tractable and useful in
providing a semi-quantitative appreciation of the factors
influencing diffusion out of the 8 interface.

34) e set the lower limit for xg (I ) using the argument that in

order for a functional group to be shielded from the contacting

aqueous phase, the minimum overlayer possible would be a small
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aton: thus, x5 » 1 A. For information on short range .1-1) &'

interactions see: [sraelachvili, J. Intermolecular and Surface

Forces: With Application to Colloidal and Biological sysiems;

Academic Press, London, 1985,

35) Analysis of the diffusion constants themselves are less usefyl
because a value for xg (the maximum depth from which wetting can
sense buried functional groups: that is, the thickness of the -
interphase) must be assuined. We note, however, that the
diffusion coefficients estimated from eq 13 are very low. At 50
°C, for example, D =9 x 10=% in units of xoz/sec. [f we assume
that wetting senses groups 5 x deep in the polymer (x, = § K)‘
then the diffusion constant 1s approximately 2 x 10-18 cm/sec),
a value nearly 11 orders of magnitude lower than that >f snall

organic molecules in polyethylene (e.g., 0 = § x 10°7 cmé/sec for

nethyl bromide at 60 °C): Rogers, C. E. In Physics and Chemistry

of the Organic_Solid State; Fox, D.; Labes, M. M., Welssberger,

A., Eds.; Interscience Publishers: New York, 1965; vol. 2,

.A-_._‘A.c

540.

36) Xlein, J.; Briscoe, B. J. Proc. Roy. Soc. Lond. A. 1979, 365, 53.

AR Y

37) In our experiments the samples may even experience a chanye 11n

ety

roughness during heating. Thus, variable take-off angle XpPs

could not be used to dJetemnine depth profiles 1n an unand1yuous

manner on our samples, even 1f | were known precisely. we note
also that after 1000 min the Ny stynal Jisappears entirely,
while the oxygen signal on this sample \PE[CONHCHzgoznj and on
PE-CIpH (Figure 1) does not. We attribute this restdual hig

signal to film contaminants.
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Scheme [, Reactions used to modify the inierface of jolyeinylene
film (PE-H).

Figure 1, Jop: The advancing contact angle \35) of water on
PE-COpH as a function of the time the polymer nad deen
heated at 100 °C. Samples were heated in vacuum Jr
under argon prior to Jetermination of 3, using water at
either pH 1 or pH 13. The value of 9, 9n PE-H Joes not
change under these conditions. Bottan: The normalized
XPS {ESCA) 015 signal intensity obtained fran >E-COH as
a function of time at 106 °C. Samples were heated under
argon prior to examination by XPS.

Figure 2. ATR-IR spectra of the carbonyl region of derivatives of
PE-H. Since absolute absorbances are influenced by nany
experimental parameters (e.g. the degree of contact
between the film and the KRS-5 crystal), only relative
peak intensitives within a single spectrum can de

quantitatively compared.
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Figure 9, Top: XPS data showing the relacive surfaca
concentration of fluorine in PE—OZC{CF2\2;F3 15 3

-~

function of the duration of heating az .20 °. 1n
vacuum, Bottom: XPS data showiny the relat:.e .7 v: -
concentration of fluorine in PE-OZC(CF2;3C)3~ 15
function of the duration of heating a: 1)) °~ -~
vacuum, The PE-H used in preparing the anned =1 i1 .
was obtained by heating at 100 °C for 24 n 1 .:o..
Figure 10. Dependence of the apparent diffusion coeffizient
13, assuming x4 = 5 R) on the cosine of tne 'n " 3’
contact angle (cos 8,); for the interfaces sn w-
Figure 3. The dotted line shows the value ¢ s
unfunctionalized polyethylene (PE-H).
Figure 11. Top: Representative data for the contact in,
(P4 1) on PE[COp(CHCHp0)pH] as 3 function o6 -ne

-~

the polymer had been heated (100 °C, vacuun

contact angle on each interface prior %) ness . - ‘
is indicated in parentheses. Botton: The ‘e¢ier -
t1/2 (the time required for half-reconstr._-- -

= 0.5, eq 5) and typ (the time requires = - {
100°) on the nunber of nonower units n

PE[CO,(CHaCHA0)pH]. Values of =+ 5 an: -

determined from curves of the type "~ *»v . f
of the figure,.
Figure 12. Dependence of the contact angle Jf wa- =

of heating in distilled water p »-", . ‘ '

(extracted), PE-COpH, and PE_T05 o= o 1
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ependence 2f the contact angle of water (pH 1) on time
¢ nagiiny n perflyorodecalin {100 °C) for PE-H,
2+, any PEC0,CgH 7). The figure also shows the
1t *)r PC-. jod that had been treated in water (pH 6-7,
5 m'n, then dried) prior to heating in
vt ondecdiing,
e epantance 2f the contact angle of water (pH 1) on
. w € neyting in distilled water (100 °C, pH 6-7)
v+ ampies that had previously been heated in
. f,r vartous lengths of time. Bottom:
Tt oan, e ¢ aater pH 1) as a function of the
et e g f PELTgoM 10 vacuun (100 °C) prior to

v led water 100 °C, pH 6-7, 30

.+ % et pH L oon samplas of PE-COZH
L e vty Ted water pH 6-7, 100 °C,
tf e Nt gt gny e Jrigr %

The fregtnent N w4ler,
L R T e T 2 L R R U B
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Figure 17. Scheratic illustration of depth profiling using contact
angles. PE[CHoOH] is first allowed to reconstruct
(100 °C, vacuum) for various lengths of time {left).
The "buried" -OH groups are allowed to react with
perfluorinated anhydrides of various sizes (center and
right). The contact angle (H,0, pH 1) is determined on

these intarfaces to test the character of the 8§

interphase, The contact angle of water on unoxidized
polyethylene is 103°,
Figure 18. Depth profiling using contact angles as described

schematically in Figure 17. The contact angle (after

reaction) is monitored as a function of the time of
heating of PE[CH,0H] (100 °C, vacuum) prior to reaction
with perfluorinated anhydrides.
Figure 19, The emission maximum (A;, , top) and pKj;p (bottom) of
" PE"dansyl] (PE[COZH][CONH-dansyl])7 as a function of the
| tine of heating (100 °C) in various solvents. Samples
were removed from the solutions in which they were
heated dand were exanined 4t rown temperature n
Jrstilled water,
b1 jure 20, Tap- Dependence ,t tne anission naxinum Ta. ) oon the
St e Ll gy, i whien PED dansy | ’PL}.)Q'*JLJ""H-
S3Mh 0 e gt Y0 4, e oat gy LANL ey et
EEAC R KR TR BPIEE U A T A LS BEE RNV LI LIVELAE RAVER 8
S gy e the e
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Figure 21. Dependence of the contact angle of water {pH 1) on the
time of heating for PE-CO,H and 0, plasma-treated
polypropylene (PPP) and polyethylene (PPE)
(reconstructed at 78 °C in vacuum), and for UHMW-CO,H
(ultra-high molecular weight polyethylene oxidized with r

Chromic acid; reconstructed at 72 °C in vacuum).

- ——————— . 8 - m w D M SN W W W .

s e

S e o

4 o NS

. . L -
. . . P
atollat aia’otoalolasaloLaos ouio o PSS JECT I PEPR PV P C PRI JEPRPRIS Ry C I PSP e JE P E I







