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. . Oxldation of polyethylene with chro-ic acid/sulfuric acid generates a material (PE{O2H) having a
high density of carboxylic acid and ketone funitionalities in i thin surface trv.t oii in.-p-ii-.t. This
paper determines the extent of ionization of the surface and near-surface carboxylic acid ioups of these
materials in contact with water as a function_of_pH using three experimentat tectrniqu.ir'-r".urement
of attenuat€d total reflectance infrared (ATR-IR) specira, measurement of .ont".i *iler, *a direct
potentiometric titration. On the basis of correlations between results obtained by these tff".'t".t"iquu.,
we propose an equation.relat-in-g the contac!.-gl.- of an aq!.reous solution having a given value of pH'and
the extent of ionization (aJ of those carborl'Iic aiid groups ih"t are directly .ipor.a t" th; rJuiio". These
carboxylic acid- groups t "y9 !r9ad titration curves and haue CO2H groupJ that are less acidic than soluble
carboxylic- acid-s. The initial ionization of these carboxylic acid gioups occurs when the sotution is af-proximatety PH 6. The detailed structures of these oxidized polyier surface layers and the nature of the
interactions between the car-boxylic acid and carboxylate ions in them are stili 

""t 
.".pf.t"lt defin;a.

Salt effects on the extent of ionization a; 8t a particuiar value of pH 
"t. 

,tt.rpectedl)' s;an da *gg.ri
that charge-charge interactions between carbbxylate ions may n'ot dominate the titiation curves. This
work demonstrates the usefulness of contact angle i1 follqwing che?ical chanjes ;;;i;; in organic
f""gttolrat groups on surfaces. Comparisons of ietting behavilr of bufferea aia 

""lrfi.iEa 
rotuiio"t

establishes the i?ponance of using erperimental protocolifot -eas:ring contact angles in which the reactive
grou.ps present in the interfacial region do not outnumber the reactiie groups piesent in the r-"ti atof
of dilute aqueous solution.

Introduction
In previous work, we and others have established that

oxidation of low-density polyethylene fiLn using chromic
acid/sulfuric acid introduces a high density of covalently
attached carboxylic acid groups into a thin layer on thl
surface g{ t!r. polymer.Frs We have used the resulting
material (which we call *polyethylene carboxylic acidf
PE{O2H, to emphasize the dominant contribulion of the
carboxylic acid groups to its surface properties) as a sub-
9{ate i" rtrdf"g phenomena in organic surface chemistry.
It has both advantages and disadvantages for this purpose.
The advantaggs are four. It is readlly prepared. 

'The

presence of carboxylic acid groups on the pollmer surface
p:rmi-t the hydrophilicity of the surface to be changed by
changing pH (and thus interconverting CO2H *J COr=
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moieties) while leaving the morphology of the surface
(approximately) constant. The carboxylic acid moieties
provide the basis for a number of convenient methods of
surface modification. Results obtained with it are relevant
to practical problems in polyuer surface chemistry. The
major disadvantage is that the functionalized 'surface" of
lq{OrH i.s heterogeneous and structually, morpholog-
i*l]y,and chemically complex. The surface region is rough
on both molecular and macroscopic scales of length. Both
carboxylic acid and ketone/aldehyde groups are present
in the oxidized layer, in addition to unoxidized methylene
groups (and, perhaps, small quantities of methyl, olefin,
and alcohol moieties). The oxidized layer has finite (but
unknown) thickness, and its composition and structure
undoubtcdly depend on its origin (especially the crystal-
linity of the polyrner from which it is derived), on iG en-
vironment (particularly its access to water), and on its
history of thermd and mechanical stress.

This paper is the first of several whose purposes are to
develop physical organic techniques for studying the
properties of polymer surfaces and functionalized on anic
monolayer films, to defrne the nature of the functionaliz.ed
surface layer of PE-CO2H and of the model monolayer
films, and to use PE{O2H and these films to study certain
surface properties, especially wetting and adhesion. We
use the word 'surface" in connection with PE-CO2H as
shorthand for the more accurate but cumbersome phrase'oxidati vely fun ction alized interfacial regi on', recogn izing
that the word attributes a simplicity to the interfacial
region which does not exist. The primary objective of the
present work is an investigation of the relation between
the wetting of PE{O2H by water and the pH of the water.
Its secondary objectives are to explore the utility of contact
angle measurements in characterizing surfaces containing
an ionizable functional group (here, the CO2H group) and
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pH

Figure l. Dependence of advancing contact sngle (dJllbu{ered
(o) and unbuffered (o) aqueous solutions on PE-CO2H.
Unoxidized polyethl'lene (PE-H) is shosn as a control The buffer
used was 0.10 M phosphate.

to examine the ionization of this simple surface function-
ality. In this study we emphasize those molecular aspects
of the surface that contribute directly to changes in the
contact angle of water on PE{OTH with changes in pH.
Later papers wil deal with the behavior of ionizable groups
other than carboxylic acid moieties, with the influence of
the thickness and structure of the oxidized surface on this
behavior, with matters such as the extent of hydration and
sweliing of the oxidized surface, and with differences be'
tween the reactivities of functional groups in the surface
region in direct contact with bulk liquid water and those
of functional groups located deeper in the pollmer.

Our emphasis on contact angle measurements as a me-
thod of characterizing surfaces containing ionizable groups
reflects several considerations. First, experimental mea-
surement of contact angle is straightforward (although not
highly precise)16'17 and is one of the most convenient
methods of characterizing solid/liquid interfaces. \\'e
believe that physical organic studies based on wetting of
surfaces containing ionizable groups can provide a wealth
of information at the molecular level concerning solid/
Iiquid interfaces and that studies of this tlpe are presently
underexploited. Second, acid-base reactions are among
the best-understood organic reactions, and comparison of
the carboxylic acid moieties of PE-CO2H with other or-
ganic carborylic acids is useful in establishing characteristic
differences between surface and solution reactivity. In
particular, we expect€d PE{OrH to behave as a poll'basic
acid. We address the question: How strongly do the
carboxl'lic acid groups interact and by what mechanisms?
Third, studies of wetting are directly relevant to a range
of more complex materials properties of surfaces-

Relationship between the Contact Angle of Iilater
on PE{O2H and the Extent of lonization of Surfac€
Carboxylic Acid Groups. Acidic water (pH <5) has a
greater contact angle on PE{OrH than alkaline water (pH

Itt) (f igure 1). Experimental results outl ined in the
following sections establish that the basis of this differenee
is a change in the hydrophilicity of the surface reflecting
ionization of surface carboxylic acid groups. As these
groups are transformed to surface carboxl'late groups by
ixposure to the basic aqueous solution, the surface be'
comes more hydrophilic-that is, the free energy of the
solid/liquid interface becomes lower-and the contact
angle of the aqueous solution in contact with the surface
deireases. In this section we propose a model relating the
extent of ionization of the carboxS'lic acid groups to the

(16) Adamson, A. W. -Ph1'sical Chemistrl 'of Surfaces'; Wilel': New
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(A) rar
Figure 2. Schematic representations of an ideal (A) and real (B)
drop of liquid (L) in contact s'ith solid (S) and vapor (!') with
coniact angle A. The slmbols in B represent: (O) water mole-cules;
(a) dissoli 'ed solutes (phosphate, buffer salts); (o, e ) polar
surface groups (CO2H, COr-, C4, ...); (r) nonpolar surface gxoups
(cHz, cH3, . . . ) .

contact angle. The experimental data that follow test this
model. The ph1'sical chemistry of wetting and the theo-
retical rationalization of contact angle measurements are
the subject of a large l iterature.ttszs We will not review
this l i terature here,  but we note that  most of  these
treatments do not address surface structure on the mo-
lecular scale.

We foliow the simplest model in considering interfacial
free energies and assume that they can be anall'zed b1'
using three parnmeters representing the interfacjal free
energies (r) at the solid/l iquid, l iquid/vapor, and solid/
vapor interfaces (Figure 2A). Most treatments of wetting
omit molecular-level information concerning the interface
and assume the surface to be flat or smoothly rolling and
homogeneous. The solid/l iquid/vapor system is consid-
ered to be at thermodynamic equilibrium. The surface of
PE-CO2H is clearly much more complex than this ideai
model (Figure 2B). It is neither flat nor homogeneous.
The nature of the three-phase boundary is unclear. The
influence of surface-active agents and of other solution
components such as salts and buffers (present either in-
tentionally or inadvertently) is difficult to analyze. Al-
though liquid/vapor thermodFemic equilibrium is prob-
ably rapidly achieved, the l iquid/solid and vapor/solid
equilibria are more problematic, since the surface region
mly swell or rearrange on contact with the liquid phase.

Giuen the complexity of the system of interest at the
molecular level, we have proceeded by making three
plausible but extreme simplifying assumptions:

(i) The surface free energy consists of the sum of con-
tributions from individual groups present at the solid
surface and in direct contact with the liquid phase (eq 1).

?Ls = 
f6irr., 

(1)

In this equation, p; is the normalized fraction of a par-
ticular type of orgairic group j in the population of groups
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Acid-Base Behauior of Carbor5'lic Acid Groups

in direct contact with the liquid phase 0 = COzH, CO2-,
CH2, CH3, CHO, H, and possibly others for PE{OzH)
and 'yrci is the value of yrc for a surface completely covered
by the group j (0r = 1).

(ii) The surfac6 does not reconstruct on changing pH:
that is, any change in the extent of swelling n'ith pH does
not change the relative population of groups on the surface.

(iii) Changes in wetting of the surface with changes in
pH are dominated by trs: llv and ?sv csn be considered
to be independent of pH.

The first assumption is the equivalent of the assumption
that 16 is determined only by the energy of interaction
of the liquid phase with the collection of groups on the
exterior swface of the solid; groups in the subsurface region
do not influence rrc. Only groups in direct van der Waals
or hydrogen-bonding contact with the overlying water
contributc; long-range interactions involving nonadjacent
groups are not important. The second assumption is
probably unjustified in detail but is necessary in con-
structing a tractably simple model. The third assumption
can be checked experimentally: the contact angle of water
on surfaces containing no ionizable groups is independent
of pH (Figure 1 and further exanples below).8 With these
assumptions, the only molecular-level changes that should
influence 7gs for PE-CO2H on changing pH are those
reflecting ionization of the carboxl'lic acid moieties (or, in
principle, of other groups having a value of pK" between
1 and 13).

We relate the measured contact angle of a smail drop
of aqueous solution at knonn pH to the extent of ionization
of surface carboxylic acid groups using the following ar-
gument. The relation between the important interfacial
free energies is given by Young'sm equation (eq 2).16 With

ym * 'y1y coS d = Tsv Q)

lcoz-l
d i =

ICO;I + [CO2H]

rrs(pH 1) - rrs(pH)
ai(PH)

rr,s(pH 1) - yr,s(pH 13)

fr,s(pH 1) * rrv cos dou - 7sv
ai(PH)

ai(pH) =

rm(pH 1) - rrs(pH 13)

cos Opn - cos don r

cos dox tr - cos dpx r

the assumption that the only phenomenon influencing the
contact angle of aqueous solutions of different pH on
PE{O2H is ionization of the carboxylic acid groups, we
can relate the degree of ionization a; of the surface car-
boxylic acid groups (eq 3) to the liquid/solid interfacial
free energies at limiting values of pH for which the surface
carboxylic acid groups are entirely protonated (pH 1) or
completely ionized (pH 13) (eq a). The assumption un-
derlf ing eq 4-that the change in the liquidlsolid inter-
f acial free energy 67ys wtth changes in pH depends lin-
early on the fraction of carboxylic acid groups conuerted
to carboxylate ions ai-is central to the analysis that
follows. Representative experimental data (Figure 1) in-
dicate that the contact angle of water on PE-CO2H is
constant and independent of pH between pH 1 and 5 and
again independent at values of pH greater than 11. We
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assume the value at pH 1 (d" = 55o) to be that charac-
teristic of PE-CO2H, and the value at pH 13 (d" = 22o) ta
be that characteristic of completely ionized PE-CO2-.
\\'ith the assumption that ^y6 is related linearly to a; and
that 7sy and 'y1y are independent of pH for any given
sy'stem of buffers, simple manipulation relates ai to ex-
perimental values of the contact angle (eq 5 and 6; in eq
6, the terms A cos 0" and 6 cos dr(pH) represent the ex-
perimentally relevant differences in contact angles).

Several of the features of this treatment deserve brief
comment. First we note that we make no assumption
concerning the population of CO2H (CO2-) groups on the
swface of PE{OzH (€co,u, eq 1). Other evidence indi-
cates that approximately 60Vo of the oxygen-containing
functiond groups present in PF,-CO2H are CO2H moieties
and that the remainder are ketone/aldehyde groups.s
What fraction of these CO2H groups is on the exterior
surface of PE-CO2H and influences the contact angle re-
mains to be established. Further it is not yet clear what
portion of total $oups on the exterior surface of PE{O2H
is CO2H groups (rather than ketone, methylene, or other
groups), but presently available information suggests a
value of 0.2 ( 6co,u < 0.5.31 Second, we have assumed
that all of the featGes of the surface, other than the extent
of ionization of the carbory[c acid groups, are independent
of pH: that is, in particular, that any changes in surface
roughness and extent of swelling or hydration of the sur-
face layer with pH do not influence the contact angle.

A full discussion of experimental evidence relevant to
this assumption is beyond the scope of this manuscript and
will be the subject of a separate paper. In brief, however,
we note that evidence based on studies of acid-base be-
havior of PE{O2H and on fluorescence spectroscopy of
PE-CO2H having dansylamino (5-dimethylamino-1-
naphthalenesulfonamido) groups covalently bonded to its
surface suggests the existence of a thin *gel" layer on this
surface, with the majority of the CO2H groups lying just
below the surface.32 This layer does appear to swell in
contact with water and may swell differently at different
values of pH. Moreover, this swelling and accompanying
proton transfer reactions may extend beyond the edge of
drop-that is, that proton transfer equilibria and hydration
may occru in the part of the sr:rface layer surrounding the
drop that is apparently 'dry', without the requirement for
an overlying liquid phase. These observations all indicate
that the behavior of the surface is complex. In fact, how-
ever, despite the potential for intractable complexity, the
experimental data summarized in the following sections
of this paper suggest that eq 6 provides a useful and rea-
sonably accurate description of the relation between pH,
extent of ionization a;, and contact angle for PE-CO2H.
This agreement between the model and experiment pro-
vides a jtrstification for otherwise tenuous approximations.

(31) Our estimat€ of the value of dco,u is based on studies of seU-as-
sembled Langmuir-Blodgett-like monoliyers. Using systems composed
of organic tliols of structure HS(CHz)ro-zoCOzH adsorbed on evaporated
gold fil-", we can prepare surfaces having essentially monolayer coverage
of CO2H groups. Water spreads on these surfaces [d.(pH 3) - 0']
(Troughton, 8., unpublished results). Making the four assumptions that
this value of d. characterizes a surface n'ith 6co,x = l, that the value
obeened for polyethylene (d. = 103o) is that charadtcrizing a surface nith
gc1, = l, that eq I and 2 are valid, and that the surface of PE-COIH
erposes only CO2H and CH2 groups to the drop of u'ater, we estimate
from the observed value of dr(pH 3) = 55o that dco,x = 0.65. Inclusion
of ketone or aldehyde goups into the population ol polar functionality
on the surface of PE{O2H would lower this estimate of pco,x. Further,
it is possible that d. = 0 for surfaces with values of Ecorx <-1, although
we do not yet know what value of Fco,u is necessary to just cause d. to
reach 0o. This possibil ity suggests thdt even in the absence of ketones
or aldehydes the estimatcd value of Aco"u must be an upper l imit.

(32) Holmes-Farley, S. R., unpublish6d results.

(3)

(4)

(5)

d cos d"(pH)
=  

A . " r 4  
( 6 )

(29) Ionization of CO2H groups outside of the drop due to diffusion
of acid or base along (or in) the surface can possibly change 15y. This
possibil ity is addressed in an upcoming paper.

(30) Young, T. In -Miecellaneous Works"; Peacock, G., Ed.; Mwray:
London, 1855; Vol. I, p 418.
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Contact Angle Measurements: Buffered vs. Un-
buffered Solutions. Throughout this work we use two
different tlpes of experiments to explore the ionization of
surface carboxylic acid groups as a function of pH (Figure
1). One is based on measurement of the contact angle
using sessile drop techniques with buffered solutions. The
second uses unbuffered solutions. These two types of
experiments generate different curves, and yield different
tlpes of information, when applied to the stme sample.
The difference between them stems from the fact that the
density of carboxylic acid groups on the surface of PE-
CO2H is sufficiently high that, for a small drop of dilute
unbuffered aqueous base, the system is effectively buffered
by the surface CO2H groups themselves-that is, the
number of carboxylic acid groups available for reaction on
the polymer surface is larger than the number of hydroxide
ions in the drop of water. This argument is best illustrated
by using a specific ganrnpl€. At pH 8, a 1-pL drop of water
(typical of the size used in this work) contains -6 X 10rr
hydroxide ions. If we assume the density of carboxylic acid
groups on the surface to be that for a close-packed fatty
acid monolayer (5 x 1011 cm-2),s the number of carboxylic
acid groups on the surface covered by the drop would be
2 x 1013 (a drop with d = 55o covers =3.4 mmz). In fact,
although the packing of carboxylic acid groups on the
exposed surface of PE{O2H is probably less than mon-
olayer coverage, the surface is rough and the observed
density of CO2H gtoups would, as a result, be higher than
that for an ideal, planar surface. In addition, the CO2H
groups in the subsurface region, which do not directly
influence 0^, are also accessible to the basic solution and
contribute to the buffering capacity of the surface. The
measured density of carboxylic acid groups on real, rough
PE{O2H is approximately 4 times higher than that for
idealized planar monolayer packing.s Hence, the number
of carboxylic acid groups involved in proton-transfer
equilibrium with the aqueous drop for PE-CO2H is -7
x 1013. The number of carboxylic acid groups at the PE-
CO2H/water interface is therefore larger than the number
of hydroxide ions originally present in the drop applied
to the surface by a factor of -100. For small drops and
high surface densities of the carboxylic acid gtoups, the
system is buffered by this surface functionality.

The curve of d" vs. pH obtained using sessile drops of
unbuffered solution (Figure 1) is not a titration curve in
the usual sense: rather, it represents a type of semi-
quantitative counting of carboxylic acid functionalities.
fhe break point in this curve (pH 10,6 x 10rs hydroxide
ions) represents the point in which the buffering due to
the CO2H groups on the polymer surface fails: at this
point, the number of hydroxide ions added to the system
is approximately equal to the number of carboxylic acid
groups and a significant fraction of the carboxylic acid
groups exist in the form of carboxylate anions. This break
does not represent the pK" of the surface carboxylic acid
groups. Thus, by using constant drop size and increasingly
alkaline, unbuffered solutions, it is possible to estimate the
number of surface carboxylic acid groups present at the
interface. To obtain the pK" of the surface groups, it is
necessary to analyze the curves obtained u'ith buffered
drops, and this analysis is one subject of the paper.

Relation betr*'een the Contact Angle of a Drop and
the Surface Area under It. The il lustration in the
preceding section indicates that the surface area under a
drop is important in estimating the number of surface

(33) Alexander,  A.  E. ;  Hibberd,  G. E.  In -Techniques of  Chemistry ' ;
Weissberger, A., Rossiter, B. W., Eds.; Wiley-Interscience: New York,
l9?2;  Vol .  I ,  p 575.

Holmes-Farlel '  et al.

€o

Figure 3. Surface area (idealized planar 8rea, rnrn2) and effective
concentration of surface gtoups (mM) under a L-vL drop, for
various values of0., calculated using eq 7. The construction used
to arrive at eq ? is shown at the top of the figure. The shape of
tbe drop is assumed to be a portion of a sphere of radius r, The
density-of CO2H groups is assumed to be 20 x 101{ cm-? (that is,
the mlasureddensity on PE-CO2H; for a planar close-packed
monolayer, the values of effective molarity given in the figure
should be divided bY -4.

groups in contact with the drop. For drops with smail
contact angles, the assumption of a hemispherical shape

for the drop leads to serious error. Instead, we consider

the drop as part of a larger sphere (Figure 3). In actuality
all drops deviate from a spherical contour due to gravi-

tational perturbations, but for the drop size used (1 pL)

the deviation from spherical is negligible.s For the di-
mensions for the drop sketched in Figure 3, simple cal-
culation (summarized in supplemental material in the

microfilm edition) yields eq 7 as the relation between S

I  z  .or to l - ' / '
S - l r t t s l P l 3 s i n 2 d l l ; - c o s  0 + ;  |  

( i )
L "  U  J

(the idealized planar area under the drop), V (the volume
of the drop), and d. Figure 3 also summarizes this rela-
tionship for the experimental system used in this work:
V = L pL and a surface density of CO2H groups of 20 x
1g1l ato-2.

Results and Discussion

Polyethylene. We have examined the surface func-
tionality produced on oxidation of both low-density and
ultrahigh molecular weight polyethl'lene, although the
major part of the research has used the former. AII sam-
ples were commercial. Low-density polyethylene in the
form of film s,nrnples from a number of suppiiers had
similar although not identical characteristics. AII of the
results reported in this work were obtained using com-
mercial, biaxially oriented, blour: low-density film (p =

0.92) from one supplier, unless otherwise noted. Before
oxidation the film was suspended in refluxing methylene
chloride for 24 h to remove antioxidants and other film
additives. In some instances the film was annealed before
extraction by heating at 100 oC for several days to relieve
some of the stresses introduced in production. Most of the
work reported here used unannealed film. Ultrahigh
molecular weight polyethylene was used in the form of
rigid sheets or as high surface area chips generated from
this sheet. This material was extracted before use but was
not annealed. lrcw-density granular (powder) polyethylene
was used without pretreatment.

Oxidation. Polyethylene fi lm and sheet was oxidized
by floating appropriately sized pieces on the surface of an

E
n 1 -

a
v . .  z

n l
v . r  =()
v u J
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{ e
5 s
a 4
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o
?o

(3a) Mack,  G. L.  J.  Phys.  Chem. 1936, 40,159.
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Figure 5. Variation of contact angle (using water at pH 5 and
12) of PE{O2H with time of storage under different conditions.
Films were not previously annealed; T = 20 "C. Storage con-
ditions: (o) under dry argon; (o) under argon saturated with water
vapor; (a) under water; (o) exposed to laboratory atmosphere.
Notr that rinsing with ether removed the hydrophobic contam-
inants adsorbed on the surface of the fibns.

to a hydrocarbon-contaminated atmosphere, the surfaces
slowly become more hydrophobic. Adsorbed hydrophobic
impurities can be removed by washing with diethyl ether.
Under a variety of convenient storage conditions, however,
the hydrophilicity of the surface remains constant for
prolonged periods of time. Infrared and ESCA spectros-
copy also reveal no contamination or reconstruction on
storage.

The stability of the surface, and its resistance to con-
tamination on storage, are perhaps surprising. Mecha-
nisms for reconstruction-that is, spontaneous thermal
migration of surface functionality into the interior of the
film-have been studied carefully and are the subject of
a separate paper. It is not clear why these surfaces are
more resistant to contamination, as measured by contact
angle, ESCA, or ATR-IR spectroscopy, than surfaces such
as gold.3s

The fi.hns are handled using tweezers. Mechanical stress
of the type experienced by the film in the local area of
contact with the tweezers does change wetting character-
istics. The modest stresses involved in flexing the lilm do
not, however, seem to do so. Thus, no particular precau-
tions are required to avoid mechanical deformation and
stress during routine handling of the sample.

Characterization of Polymer Surface Functional-
ity. Spectroscopic Techniques. The techniques used
to characterize the firnctionality present on the surface of
PE{O2H filns resemble those described previously and
reach similar conclusions.s'6 These will only be outlined
here. We have not carried out similarly detailed charac-
terization of the functionality present on the surface of
UHMW sheets, but we presume, on the basis of the sim-
ilarity of its properties to those of low-density film, that
acid and ketone/aldehyde groups are also the major
functionality of this material. We do not, however, assume
that the molecular level structures of the oxidized surfaces
are the same. Figure 6 summarizes ATR-IR spectra of
samples of polyethylene film in unoxidized form (for ref-
erence), following oxidation, following treatment with base
(0.1 N NaOH) after oxidation, following reaction with

(35) There appear to be two plausible erplanations for the resistance
of the surface of PE-CO2H to contamination. First, the surface may
simply not attract contaminants from the air as rapidly as a surface with
a higber value of the interfacial free energ'y, .y5y, such as gold. Second,
contaminants thst adsorb onto the surface of the polyethylene may be
able to dissolve into tbe bull polyuer beneath the surface and leave the
surface relatively clean. A similar phenomenon would not be possible
with metals and improbable with inorganic materials.
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Figure 4. Advancing contact angle for water at pH 3 (HCl, open
slmbols) and pH 13 (NaOH, filled slmbols) for snmples of low-
density polyethylene fihn (PE) and ultrahigh molecular weight
polyethylene sheet (UHMW) oridized for times indicated, using
the standard procedure (see Text): (O, o) unannealed; (tr, r)
annealed 100 oC for 96 h; (O, O) annealed 110.6 oC,24 h; (r, a)
unannealed Monsanto K-240A-2n polyethylene. Extended ox-
idation of either matcrial increases the roughness of the surface
but does not change the contact angle at pH 3 or 13.

H2O/CrO3/H2SO4 Q2:29:29 wlwlw) solution at 72 oC:

UHMW chips and low-density grains were oxidized as a
suspension. The advantage of an oxidation procedure for
fiLns and sheets involving only one side is that the unox-
idized side provides a useful control for later analyses: if,
for example, a later reaction changes the contact angle on
the control side as well as on the oxidized side, it is
probable that noncovalently bound molecules have ad-
sorbed onto the surface of the polyethylene. The oxidized
samples of film were rinsed several times with distilled
watcr and acetone and stored. We reserve the designation
PFrcO2H for oxidized low-deruity fibo. Material obtained
by oxidation of ultrahigh molecular weight sheets n'ill be
called UHN[W-CO2H, and granular material prepared by
oxidation of polyethylene particles as granular PE{O2H.

Figure 4 summarizes the influence of the reaction time
used for oxidation on the wetting behavior of the poly-
ethylene film and sheet. We draw two conclusions from
this plot. First, the contact angle of water on the fihn
reaches a constant value in approximately 60 s. We believe
that the surface composition of the fibn does not change
after the contact angle has reached values of d" = 55" (pH
3) or 0" = 22o (pH 12). At the time the films first reach
these values of contact angle, their surface morpholory is
similar to that of unoxidized film by scanning electron
miooscopy (see below): that is, there is little visible
etching of the surface. Prolonged oxidation leads to a
much more heavily etched, rougher surface. Nonetheless,
the wetting behavior of lightly ard heavily oxidized sur-
faces are indistinguishable. The use of annealed fihns has
no influence on the course of the oxidation reaction. The
changes in wettability of UHMW sheets on oxidation are
similar to those for low-density film, although the rate of
reaction is slower.

Once prepared, the surface properties of samples of
PE-CO2H are stable on storage at room temperature and
gentle manipulation. Figure 5 summarizes values of con-
tact angle as a function of time for storage under different
circumstances. If the samples are intentionally exposed
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Figure 6. ATR-IR spectra of samples of polyethy'lene: following
extraction (PE-H); after oxidation (PE{OOH); after treatment
with 1 N NaOH (PE-COO-);following treatment with NaBH.,
shonn after equilibration of the surface at pH 3 and 13; foUowing
treatment with 1 M BHg.THF (PE{HzOH).

NaBH4 (a treatment that reduces ketones and aldehydes
but leaves carboxylic acids unchanged), and following
treatment with diborane (a treatment that reduces both
carboxylic acid and ketone groups to alcohol groups). No
functionality other than the carbonyl functionality is ev-
ident in the spectra obtained following oxidation.
Treatment of PE{OrH with sodium borohydride lowers
the intensity of the carbonyl absorption by -20Vc.
Treatment of the borohydride-reduced sample with
aqueous base shifts the absorption at 1710 cm-l to 1560
cm-r (carborylate anion); essentially no absorption remains
at 1?10 cm-r. These data suggest that both ketones and/or
aldehydes and carboxylic acid groups are present in PE-
CO2H. Comparison of the absorption intensities for these
samples indicates that the ratio of carborylic acid to ketone
functionalities on the surface is approximately 60:40.36
Despite the fact that ketonic groups represent a significant
fraction of the surface functionality, we continue to refer
to this material as polyethylene carboxylic acid to em-
phasize the reactive character of the carboxylic acid groups.

Figure 7 gives ESCA survey spectra for representative
samples of PE-H and PE-CO2H and shows the magnifi-
cations of the regions of interest for PE{O2H. The only
visible surface functionality is that containing oxygen. In
particular no residual chromium-, nitrog€n-, or sulfur-
containing species are evident.fl Sulfi:r containing species
have been observed by others in samples of polyethl,'lene
oxidized \r'ith H2SOa/CrO3 solutions.14'15 We attribute the

(36) This estimate is based on the relative absorbances of carboxylic
acids and ketones, (e.id/(Lctoru = 2.4,in polyethylene (Rugg, F. M.: Smith,
J. J.; Bacon, R. C. J. PolT'm. Sci. 1954, .13, 535). This ratio is dso sup-
ported by completely independent experiments involving ESCA spec-
troscopy. The atomic surface composition of PE-CO2H (determined as
in Figure ?) after converting the carboxylic acid groups to amide groups
(PE{ONH2) made by reacting PE-COCI with ammoniurt hldroxide
and rinsing with watcr) was 89.?% C,6.57o O, and 3.8% N. This N/O
ratio of 0.58 is also the ratio of amides to ketones plus "-ides. Thus
carboxylic acid groups comprise -60Vo of the surface carbonl'l func-
tionality. (PE-H treated in the same manner showed no ESCA signal
attributable to nitrogen.)

(3?) The eurface concentrations were determined by int-egrating the
area under the peaks and were corrected b1'dividing by the area sensi-
tivity factors for the different elements supplied n'ith the Perkin-Elmer
software package used to integrate the peaks. Area sensitirit l ' factors:
Crs,  0.25;  O15, 0.67;  N15, 0.43;  S3o, 0.53;  Cr2r,2.3.
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Figure 7. ESCA (XPS) suney spectra of unoxidized and oxidized
polyethylene (top left) and the composition of the surface of
PE-CO2H (top right) determined by integrating the peaks ob-
tained by analyzing only over the b_inding energies characteristic
of elements of interest (bottom).o'

Scheme I. Reactions Used To Convert the Carboxylic
Acid Groups of PE-CO.H to Derivatives
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absence of such species on our samples to the aqueous
nature of our oxidizing medium compared to these others
which were anhl'drousrs or contained very little water.ra

Density of Surface Functional Groups. We have
measured the density of surface carboxylic acid groups
using a number of techniques in previous studies.s As a
check, the surface carboxylic acid groups generated during
the course of this work were measured by using a chemical
procedure: they were converted to glycylamides by
treatment with excess carbodiimide and N-hydroxy-
succinimide followed by tritiated glycine (Scheme I). The
sample was washed to remove excess glycine and, in a
subsequent step, the glycine moieties were removed b5'acid
hydrolysis. The density of carboxylic acid groups esti-
mated by this procedure is 16 x lgtr.--2. This number
is in good agreement with estimates obtained by using
other techniques.3s

O - k l l  O -  l s

gho s l
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(38) We have previously obtained 20 x 10t' cm-2 for a more heavily
oxidized surface (5 min oxidation instcad of I min) using derivatives of
?-hydroxycoumarin covalently attached to the surface.b
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Acid-Base Behauior of CarboxT'lic Acid Groups

AB_c
Figure E. Schematic representations of possible structures of
PE{O2H. Ineach,A= COzH,{ = ketone,and - ={CH2)n-.
Each is drac'n as if the polyethylene chains entering the oxidized
region were crystalline; the argument is not changed if they are
tmorphous. Model A represents a lirnit of surface oxidation. The
surface is rough, but no acid groups exist in the interior of the
pollmer. B represents a more plausible model: the groups in
contact with water are a mixture of carboxylic acid, ketone, and
methylene Foups. Oxidized moieties also are found in the sub-
surface region. Although two acid goups do not exist on a single
short polyethylene chain, a ketone can exist on a chain terminated
by an acid group. Model C cannot represent the surface. The
oxidation reaction does not introduce oxidized groups as branches,
and low molecular weight species would be lost from the matcrial
on rinsing with water.

Intcrpretation of this surface density is complicated by
two facts: First, at present, there is no reliable method
for estimating the roughness of polyethylene or poly-
ethylene carboxylic acid. Second, the thickness of the
oxidized interfacial layer through which the carboxylic
acids are distributed is not known. The meastuement of
surface density reported here is given in terms of
'geometrical" rather than *true'surface areas: that is, it
is not corrected for microscopic roughness of the surface.
To our knowledge, no technique presently available is
capable of measuring accurately the microscopic roughness
of small samples of surfaces having low surface free enerry
(e.g., PE-H and PE-CO2H). Examination of electron
microscope photomicrographs is compatible n'ith surface
roughness factors of 2-B (see below). The surface density
of carboxylic acid groups in a close-packed monolayer (as
in a stearic acid crystal or in a Langmuir-Blodgett mon-
olayer)s3 is approximately 5 x 1014 cm-2. The carboxl'lic
acid group density inferred for PE{O2H (16 v 1gta.--2
of geometrical film area) thus indicates a high density of
these groups on the polymer surface, but the ambiguities
resulting from uncertainties in the yields of the reactions
used to estimatc surface functional group concentrations,
in the estimates of surface roughness, and in the infor-
mation concerning the depth distribution of carboxylic acid
and ketone groups in the interfacial region make it im-
possible, at present, to describe accurately the two-di-
mensional distribution of carboxylic acid groups on the
exterior surface of this matcrial. We note, however, that
the reaction used to introduce carboxylic acid groups-
oxidative cleavage of polyethylene chains-results in a
material in which, at maximum, each polyethylene chain
entering the surface region terminates in one CO2H group.
Thus, the maximum density of CO2H groups in the in-
terfacial region is fixed by the density of polyethylene
chains in this region (Figure 8).

Surface Morphology: Scanning Electron Micros-
copy. Figure 9 comprises electron micrographs of unox-
idized, lightly oxidized, and heavily oxidized samples of
polyethylene. The lightly oxidized sample (oxidized for
60 s, an interval that generates a surface whose hydro-
philicity has reached its limiting value: Figure 4) has
features like those of unoxidized polyeth;'lene, although
the contrast is greater. Both films resemble the surface
of a can of worms. The features visible in the photomi-
crographs are believed to be crystalline lrrmellae.ss Because
polyethylene is an insulator, it is necessary to coat the
surface with a thin (200 A) conducting layer before mi-
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Figure 9. SEM mioographs of unoxidized and oxidized poly-
ethylene; the micrograph labeled '60 sec oxidation' is of a sample
representative of those used in this work; that labeled -6 min
oxidation- is more heavilv etched. The frlms are coated'*'ith -200
A of Au/P d (|Va Pd).

croscopic examination. Thus features smaller than -200
A cannot be discerned in these photomicrographs. Heavily
oxidized polyethylene is heavily etched and loola like soggy
cornflakes. The hydrophilicity (as measured by using
contact angles with water) and the chemical reactivity of
the heavily and lightly etched surfaces are, however, in-
distinguishable. We have occasionally used heavily rather
than lightly etched surfaces as substratcs while developing
techniques for synthetic modification of PE-CO2H: the
higher surface roughness and surface area of the heavily
etched samples puts a larger number of functional groups
in the region probed by ATR-IR and thus increases the
sensitivity of infrared spectroscopy in following functional
group transformations. The reactivities of lightly and
heavily etched samples seem to be indistinguishable.

Accessibil i ty of Surface Functional Groups. One
important reason for choosing to work with a surface
containing carboxylic acid groups is that this functional
group provides the basis for some of the most reliable and
convenient functionalization procedures available in or-
ganic chemistry. During the course of this work we have
prepared a substantial number of derivatives of PEtOzH;
representative experimental procedures used to obtain
these derivatives are summarized in Scheme I. Figure 10
summarizes ATR-IR spectra of the carbonyl region of the
spectrum for samples of PE-CO2H converted into the
corresponding methyl ester PE-CO2CH3 (prepared by
three independent procedures: treatment with diazo-
methane, acid-catalyzed esterification, and reaction of the
acid chloride PE-COCI with methanol), the alcohol PE-
CH2OH (obtained by reaction of PE-CO2H with BH3.
THF), and an ac-vl hydrazide PE-CONHNHz. The im-
portant conclusion from these spectra is that the deriva-
tizing reactions proceed in high yield. It is diff icult to
estimate yields reliably for these procedures, especially
becar:se of the underlf ing absorption in the carbonyl region
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Figure 10. ATR-IR spectra of the carbonyl regron of derivatives
of PEtooH.
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Figure 12. ATR-IR spectra of PF,-COOH (left) and PE-CO2H
aftcr treatment with NaBH{ to temove ketone and aldehyde
functionality (right) at several values of pH.

The fact that no such change is obsened suggests that the
concentration of surface carboxylic acid groups is less in
these semples than 10% of that in PE{O2H.at The
conclusion from this method of probing surface reactions
is thus in good agreement with obsen'ations from ATR-IR:
that is, the majority of surface CO2H groups (probably
more than 90%) are consumed in these derivitizing reac-
tions.

Acid-Base Reactions of PE{O28. ATR-IR Titra-
tions. One technique used to exnmine the extent of ion-
ization of the surface carboxylic acid groups as a function
of pH of the contacting solution was to measure the rela-
tive concentrations of carboxylic acid and carboxylate ions
using infrared spectroscopy. These experiments were
complicated by two difficulties. The first stems from the
presence oftwo types ofcarbonyl groups on the surface:
ionizable carboxylic acids ard nonionizable ketones. The
second st€ms from intrinsic experimental difficulties due
to the requirement that PE{O2H (PE{O2-) semples be
reasonably dry when placed in contact with the ATR-IR
plate, in order to obtain usable spectra and to avoid dam-
aging the plate.

The PE-CO2H films were equilibrated with an excess
of buffered water (0.01 M phosphate, or organic buffer if
specified) at a given pH. No particular interval was used
to effect these equilibrations: we assume that they are
rapid (<1 min). The film was removed from the aqueous
solution and excess water removed by brief blotting using
a piece of filter paper. Initial experiments indicated that
traces of acid or base on the filter paper were sufficient
to change the pH of the residual aqueous film on the
surface of the polyethylene carboxylic acid and thus to
change the apparent extent of ionization of the surface
carboxylic acid groups in an irreproducible way. To cir-
cumvent this difficulty, we developed a techlique in which
the filter papers used in blotting were themselves prepared:
The filter paper was equilibrated with a buffered aqueous
solution (0.01 M phosphate or organic buffer) and then
dried in an oven. Use of these buffered filter papers led
to highly reproducible results. Following blotting to re-
move all visible water from the surface of the PE-CO2H
(PE{O2-), the polyethl'lene fiIms were dried briefly under
vacllum (60 min, 0.01 torr) and then examined by standard
ATR-IR techniques.

One can imagine that this technique might result in
serious artifacts: contamination of the surface with con-
centrated buffer, reaction of surface functionality u'ith
components of the atmosphere during handling, reaction
with traces of acid or base present on the surface of the

(41 ) It is possible that some of the surface functional groups lie below
the region sensed by contact angle measureucents (a few angstroms) and
t^hat the conversion of such groups remains undetected. This possibility
is dealt with an upcoming psper concerning derivatization of the poly-
ethylene surface.
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Figure I l. Dependence of d" on pH (unbuffered solutions; pH
adjusted with NaOH or HCI) for PE-COOH and several deriv-
atives. The PE{O2CH3 s"-ples were made as follows: (O) by
acid-catalyzed esterification; (e) by reaction with diazomethane;
(o) by reaction of PE-COCI and CH3OH.

due to ketone functional groups. It is qualitatively evident,
however, that the majority of the carboxylic acid groups
are accessible to derivatizing reagents.

Figure 11 summarizes an alternative approach to fol-
lowing the course of derivatization of surface carboxylic
acid groups on PE-CO2H, using measurements of contact
angle. This figure summEuizes cun'es of contact angle vs.
pH obtained by using unbuffered sessile drops for PE-
CO'H and for several of its derivatives that do not contain
acidic groups. As indicated previously, the break at pH
= 10 in the curve for PE-CO2H does not represent a pK":
rather, it is a measure of the concentration of surface
carboxylic acid groups. Corresponding curves for un-
functionalized polyethylene, for esters of PE-CO2H, and
for PE-CH2OH3'are also summarized in Figure 11. The
important observation is that none of these derivatives of
PE{O2H shows a break in the curves of d" vs. pH. De-
rivatives having nonionizing surface groups, including
PE{OOR (R = ethyl (0" = 1060), propyl (0^= LL2"), and
octyl (0^ = 119")) were made and showed no breaks in
curves of 0" vs. pH.oo lf unreacted surface carboxylic acid
groups remained in these samples, they should ionize on
treatment with base; this ionization should result in a
change in surface hydrophilicity and thus in contact angle.

(39) This surface actually contains both primary and secondary hy-
droxyl groups derived from carboxylic acid and ketone groups, respec-
tively.

(40) Other ionizable groups such as amines do sbow such breaks.
Studies of tbese groups are the subject of another paper.
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Figure 14. Variation in the measured value of d as a function
of the int€rval between application of the drop to the surface and
the measurement. Data points are for typical single drops; (o)
applied and measured under air saturated with water vapor (100%
relative humidity); (0) applied at ambient humidity and then
raised tn LA0Vo relative lrrmidify; (o) applied and kept at nmbient
humidity.

pH for PE-CO2H (and, for comparison, for acetic acid43
and polyacrylic acids). The cross-hatched oval at pH 8
contains data determined using seven different buffers;s
the agreement among these data indicates that specific
buffer effects are not important. This curve has two in-
teresting characteristics: First, its width is significantly
greatcr than that of CH3CO2H and is qualitatively similar
to that of polyacrylic acid. Second, the extrapolated value
of a; = 0 (pK" - 6) is one to two pK" units less acidic than
acetic or polyacrylic acids. The width is compatible with
at least two hypotheses concerning the character of the
carboxylic acid groups of PE{O2H: either they comprise
a heterogeneous population with a range of values of pK"
or they are a homogeneous population that acts as a po-
lybasic acid. The high value of the initial pK" suggests,
as one additional hypothesis, that solvation of the car-
boxylate ions of PE{O2- is relatively poor. We defer
further discussion of these values until after presentation
of data derived from measurements of contact angle and
from direct potentiometric titration.

Titration by Contact Angle. All measurements of
contact angles for water on PE{O2H and UHMW{O2H
as a function of pH were obtained using sessile drop
techniques. Values of the contact angle were determined
visually, estimating the tangent of the curve to the water
drop at the point of intersection with the surface. This
procedure is inexact, but reproducible. Almost all of the
work reported in this section was obtained by using 1-pL
drops in an atmosphere having 100Vo relative humidity.
The size of the drop influences the measured value of
contact angle for small drops,l6 but we did not systemat-
ically explore the relation between the size of the drop used
and the observed contact angle, other than to establish that
d" was relatively insensitive to this parameter.

Most of our work has involved measurements of d", the
'advancing'contact angle.s Both PE-H and PE{O2H
show large contact angle hysteresis. The receding contact
angles on PE-H (7S"; and PE-CO2H (<5') are signifi-
cantly lower than the advancing angles (103o and 55o,

(43) Lumme, P. O. Suom. Kemistil.1956, 23, 454-465.
(44) Gregor, H. P.; Frederick, M. J. Poll 'm. Scr. 195?, 23,454-465.
(45) Buffers: Hepes, N-(2-hydroxyethyl)piperazine-N'-2-ethane-

sulfonic acid; CHES, 2-(cyclohexl' lamino)ethanesulfonic acid: MOPS,
3-(morphol ino)propanesul fonic acid;  TAPS, t r is [ (hydroxymethyl) -
methylaminolpropanesulfonic acid; TRIS, tris [ (hydroxlmethyl )amino] -
methane; phosphate; triethanolamine.

(a6) The distinction between 'advancing" and 'stationary' contact
angles is not an entirely clear one. The drops here were allowed to stop
their spontaneous advance but were not vibrated or otherwise manipu-
lated (cf. ref 18, p 38).
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Figure 13. Extent of ionization oi (e9 3) obtained for PE{O2H
as a function of pH using ATR-IR spectroscopy. The erperi:oental
points are taken from the types of erperiments summarized in
Figure 12 using eq 8 and 9. The crosshatched oval at pH 8
contains the data points determined by r:sing seven buffen (0.01
M).s Otber curuis shown are for acetic acid* and pol1.ac4'lic
acid (PAA).s

ATR-IR plates. It is impossible to exclude influences on
the results due to these types of processes. We note,
however, that the data obtained using this procedr.lre are
in excellent agreement with those obtained by completely
independent procedures based on measurments of contact
angle as a function of pH and in reasonable agreement with
direct titration of suspensions of surface-oxidized ganular
polyethylene (see below). This agreement provides strong
support for tbe belief that the infrared procedure using
buffered filter paper to remove excess water provides re-
liable and accurate data.

Figure 12 shows representative ATR-IR spectra in the
carbonyl region as a function of the pH of the aqueous
solution used. The frequency (1560 cm-l) at which car-
boxylate absorption falls is relatively unobscured in PE-
COzH; we assume that the residual absorption at 1710 cm-r
in the spectnrm obtained at pH 13 is due to ketone groups.
The transmission spectra obtained were converted by
computer to absorption spectra and the ratio of the ab-
sorbance at 1560 cm-r to the total absorbance at 1710 and
1560 cm-r was determined for each pH (eq 8). Equation

R(PH) =

9 relates the observed

Arseo(PH)

Arrro(pH) + 4,5.6(pH)

ratios ,R(pH) to the extent of ioni-

ai(pH) =
B(pH) - ft(pH 1)

(8)

(e)
R(pH 13) -  F(pH 1)

zation at each value of pH using the ratios obtained at pH
1 (CO2H) and pH t3 (CO;) to set end points of the ti-
tration (oi = 0 and 1, respectively; eq 9). In this equation
.R(pH 1) is used as a small base-line correction for any
absorbance at 1560 cm-r in a sample in which the car-
boxl'lic acid groups are completely protonated and R(pH
t3) is less than 1 due to ketone absorbance at 1710 cm-r.
The assumption that the absorption at 1710 cm-r is due
to ketone is supported by spectra taken of PE{O2H that
has been treated with borohydride ion. We expect this
treatment to reduce ketone and aldehyde groups, but to
leave carboxylic acid groups intact.a2 ATR-IR spectra
taken on such a sample (Figure 12, right) support this
h1'pothesis. The undesired absorption at 1710 cm-l has
been much reduced in intensity; the other spectral features
of the sample, especially its dependence on pH, remain the
same.

Figure 13 summarizes values of the extent of ionization
a; obtained using ATR-IR spectroscopy as a function of

(42) Fieser, L. F.; Fieser, M.'Reagent.s for Organic Slnthesis-; Wiley':
New York,  196?; Vol .  I ,  p 1049.
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Figure 15. Dependence of d. on pH for PE-COrH with vanous
pretreatments: (0) dry film; (o) film equilibrated at pH 13
(NaOH) for 3 h, then washed in distilled water for 5 min, and
dried in air for 30 min; (o) film equilibrated at pH I (HCl) for
3 h then washed, and dried as above; (o) film subjected to five
cycles between pH 1 and 13 (5 min each), then washed in distilled
water for 5 min, and dried. The results for UHMW-CO2H (no
pretreatment) are included (o).

respectively). The origin of this h1'steresis is probably some
combination of surface roughness and swelling of the
outermost region of the polymer (a few angstrons perhaps)
by the drop. The very low values of receding contact angle
for PE-CO2H precluded the use of inverted bubble
methods for measuring contact angle. Figure 14 summa-
rizes the measured value of d, as a function of the inten'al
between the application of the drop to the surface and the
measurement. These data emphasize the importance of
control over humidity: in low-humidity atmospheres,
evaporation of water from the small drop leads to serious
drift in the measured value of contact angle. The drop is
stable at L00Vo humidity. A brief survey indicated that
changes in temperature have relatively small influences
on d" (? < 40 oC). The past history of the PE{O2H also
has only a smdl influence on the measured value of 0.. In
particular, there seem to be no important influences due
to slow hydration of the sample (a factor that might be
important either in determining surface structure or in
determining ysv).

We believe that the contact angle measurements re'
ported in this section are reproducible *3o over of the
range of values of pH examined (reproducibility and ac-
curacy become less at values of d less than 15o). It is
difficult to measure reproducibility in a well-defined n'ay:
applying multiple drops of liquid to the same spot on the
film is technically impractical. Repeated measurements
taken over the surface of the film indicate, however, that
the value of d" does not va4i with the location of the drop
on the fibn. The measured curves relating d" and pH are
also reproducible. Figure 15 summarizes data obtained
from several fihns: a dry film; a fibn initially equilibrated
at pH 13 for several hours, then rinsed in distilled water,
and dried briefly in air; a fiIm equilibrated similarly at pH
1; a film repeatedly cycled between pH 1 and 13. All of
these films give indistinguishable results.

The dependence of d" on pH for water on UIIMW'CO2H
is similar to that for PE-CO2H (Figure 15), although the
surface of UHMW-CO2H at low values of pH is consist-
ently slightly more hydrophilic than that of PE{O2H and
is slightly less hydrophilic at high values of pH. These
obsen'ations suggest that UHMW-CO2H may have a lower
density of surface carboxylic acid groups than PE{O2H,
as well as some nonionizable polar surface functionality,
not present (or not present in as high concentration) on
PE{O2H, which contributes to the low value of d. at low
pH. We have not characterized the surface functionality
on UHMW-CO2H and do not speculate on the nature of
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Figure 16. Dependence of d. on pH for surface'functionalized
polyethl'lenes. Top: Using unbuffered aqueous solutions (pH
adjusted uith NaOH or HCI). Bottom: Using buffered aqueous
solutions.s Buffers: (o) 0.1 M phosphate buffer; (O) all others
(0.05 N[), pH 1,0.1 N HCI; pH 2, maleic acid; pH 3, tartarjc acid;
pH 4, succinic acid; pH 5, acetic acid; pH 6, maleic acid; pH 7
and 8, HEPES; pH 9 and 10, CHES; pH 11, triethylamine; pH
12, phosphate;pH 13,0.1 N NaOH. The crosshatched oval labeled
'asiorted buffers' at pH 8 includes data for phosphate, IUOPS,
HEPES, TAPS, TRIS, triethanolamine.

the non-CO2H functionality.
We indicated in the Introduction that the most impor'

tant technical problem that required solution in exploring
the pH dependence of 0" (that is, the hydrophilicity of the
surface) on the pH of the aqueous solution was that of
avoiding experimental artifacts due to the high surface
density of carboxylic acid groups present on PE-CO2H.
In experiments in which the surface of PE-CO2H was in
contact with a drop of unbuffered water, the number of
surface carboxylic acid groups on the surface was, as in-
dicated, great€r than the number of hydroxide ions present
in solution for values of pH <10. To circumvent this
problem we have, in general, used buffered aqueous solu-
tions.ai Figure 16 contrasts the dependence of d" (obtained
using sessile drop techniques) on pH for three systems:
unbuffered aqueous solutions; aqueous solutions buffered
with phosphate ion; aqueous solutions buffered with or-
ganic buffers. For PE-COrH, it is clear that buffered
systems provide similar experimental curves; unbuffered
drop experiments are different. We assumed in deriving
eq 6 that d" depends only on the extent of ionization of
surface carboxylic acid groups. Particularly in systems
incorporating organic buffers, the correctness of this as-
sumption is not obvious a priori. Figure 16 contains a point
(shown as a crosshatched ellipse at pH 8) which includes
the value of d" obtained with five different organic buffers
and phosphate buffer.as The independence of d, on the
buffer used indicates that the observed trends in 0 vs. pH
are independent of buffer structure. The close similarity
between the several tlpes of buffered systems suggests that
these systems are free of the influence of partial neu-

(a?) We have also attempted to overcome this problem by using in'
verted-bubble techniques in rx'hich the volume of solution in contact with
the surface of the polymer is large. Inverted'bubble techniques ate'
however, effectively procedures which measure the receding contact angle
0t. Since d, S 5o for PE{O2H this tcchnique is not useful for this
materid.

(48) The buffers used were the same as those listed in ref 45, with the
exception that CHES was not used.
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Figure 17. Dependence of d. on pH using different buffer con-
centrations on PE{O2H. Buffers used are the same as Figrrre
16 except at 1.0 M where liquid/vapor surface tension changes
and ionic strength effects on 0, can be significant. At 1.0 M the
following buffers were substituted: pH 6 and 7, ethylenediamine;
pH 8, Tris; pH 9 and 10, glycine; pH 11, 7-aminobutl'ric acid.

tralization of the aqueous phase by the surface carboxylic
acid groups ard indicates that the experimental results are
not influenced by buffer components acting as surfactants.

Figure 16 also includes measurements of d" as a function
of pH for t}ree systems (PE-H, PE{H2OH, PF'{OrCH3)
that do not contain functional groups ionizable over the
pH range of interest for PE-CO2H. For all of these de-
rivatives of polyethylene, d" is independent of pH within
the limits of our experimental measurement. This inde-
pendence supports the assumption that the curve obtalned
for PE-CO2H reflects primarily a change in 7rc due to
conversion of carborylic acid to carboxylate groups at high
pH and suggests that changes in ]11.and ]sy sr€ unim-
portant over the pH range examined.2s

Figure 17 shows the dependence of curves of d" vs. pH
for PE{O2H on the strenglh of the buffer used. These
curves demonstrate clearly the necessity of using buffers
that have capacity sufficient to eliminate the influence of
the surface carboxylic acid groups on the pH ofthe drop.
It is difficult to calculate exactly the effective concentration
of surface groups under a l-tl. drop because it is a function
of the shape of the drop (i.e., it is a function of d; eq 7),
the surface roughness, and the density of surface groups.
Using the measured values for PE-CO2H and the curve
of Figure 3, we estimate that the effective concentration
of CO2H $oups ranges from -0.1 mM at d = 55o tn -0.2
mM at 0 = 22o. The capacity of the buffer appears to be
adequate at 50 mM and begins to break down at 5 m\{;
at 0.5 mM the buffer is clearly being ovenrhelmed. Since
buffering capacity is approximately half the buffer con-
centration (in either direction from the pK" of the buffer)
the buffering effect breaks down at approximately the
concentration expected from independent estimates of the
surface density of CO2H groups on PE-CO2H combined
with calculated areas of drop coverage.

From the data of Figure 16 we obtain a curve (Figure
18) relating the extent of ionizatioD a; to the pH for PE-
CO2H using eq 6. The dashed line in this figure represents
the data obtained by ATR-IR; the good agreement between
the data obtained from contact angle measurements and
infrared spectroscopy supports the reliability of both
techniques.

Direct Potentiometric Titration. There are too few
carboxylic acid groups on a sample of PE-CO2H fi lm or
UHMW-CO2 sheet to titrate potentiometrically using the
types of glass electrodes and pH meters available to us.
There are, however, two s5'stems u'ith high enough surface
area to permit direct titration. The first involves oxidized
low density polyethylene granules (particle size = 0.3 mm).
The second involves oxidized UHMW polyethl' lene chips
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Figure 18. Ertent of ionizatioDl d;' aS a function of pH for
PE{O2H: (o) phosphate buffer; (O) organic buffers. Ttre dashed
line su:nmarizes the ATR-IR data from Figure 13 for comparison.
Data obtained by direct potcntiometric titration of granular
PE-CO2H (o) are also shown.
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Figure 19. Top: Dependence of pH of UHI{\4/-CO2H suspended
in water (o) and of water alone (o) as a function of added 0.1
N NaOH. Bottom: Ionization (ai) of UHMW-CO2H as a function
of pH: (o) determined from the data in the upper part of this
figure by eq 10 for UHMW-CO2H chips; (O) determined from
changes in d" with pH (Figure 15) for UHIUW-CO2H sheets.

prepared from UHMW sheets by cutting. Both the
granules and the chips were oxidized by suspension in
chromic acid solution for 5 min under the same conditions
used to oxidize the flat samples.

Although the surface morphology of the granules and
the chips are both certainly different than that of the
low-density film, we expect the acid-base behavior of
carboxylic acid groups on the several systems to be com-
parable.

The direct potentiometric titration was performed by
suspending the granular PE-CO2H (or UHMW-CO2H
chips) in acidic water (pH 3) and back titrating with base;
similar results were obtained by proceeding from basic to
acidic media. Comparison with a similar titration in the
absence of oxidized polyethylene permitted calculation of
a; 8s I function of pH using eq 10. In this equation, for

(BPE-co2H - BHro)pu
ai (pH)  =

lgPE-co:H - BH'o)oH,,

example, BPE{o2HpH is the quantity of base added to the
suspension of UHMW-CO2H to reach the indicated value
of pH. Results are summarized in Figure 19, together with
similar data from UHMW-CO2H sheets obtained by using
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Figure 20. Ionization (a;) determined by direct potcntiometric
titration as a function of pH for (o) granular PE{OzH, (o)
granular PE-CO2H derived from hydrolyzed granular PE-
CO2CH3, and (o) granular PE{O2H in the presence of 0.1 M
NaCl.

contact angle data (e.9., Figure 15). The close similarity
of the curves of a; vs. pH curves for UHMW-CO2H in
Figure 19 allows the following important obsenation: the
fact that potentiometric titration and titration by contact
angle yield indistinguishable curves provides strong sup-
port for the reliability of contact angles in measuring
populations ofsurface groups (that is, for the correctness
of eq I and 6), since each curve is reproduced in two in-
dependent experimental titration methods (potentiometric
and contact angle for UHMW-CO2H; ATR-IR and contact
angle for PE{OrH). Further the slight difference ob-
served between the titration curves for UHMW-CO2H and
PE{O2H is probably a valid reflection of differences in
these materials rather than an artifact of the methods of
measurement.

Similar titrations carried out on low-density poly-
ethylene granules gave similar results (Figure 20). In an
additiond check, we converted granular PE{O2H to
granular PE-CO2CH3 by acid-catalyzed esterification.
This material had no titratable groups. Upon hydrolysis
to regenerate granular PE-CO2H the original behavior was
regained (Figure 20). The figure also shows the titration
of granular PE-CO2H in 0.1 M NaCl: no salt effect is
observed.

These results on granular PE{O2H also allow two im-
portant observations. First, the fact that the titration
curves are indistinguishable for granular PE-CO2H as
originally formed by oxidation and as regenerated from
granular PE-CO2CH3 suggests that the titration curves
obtained reflect the behavior of carborylic acid groups only
and that the conditions used in esterification and sapo-
nification do not induce irreversible reconstruction in the
polynrer surface. Second, the absence of a significant salt
effect on the potentiometric titration curves supports
similar observations made by using titrations by contact
angle (see below) and is important in rationalizing the
character of the surface carboxylic acid groups.

Effective DK r. A useful alternative presentation of the
data summarized in Figure 18 is given in Figure 21. This
figure plots the effective pK" (pK""tr, eq 11) as a function

pK"ttr = pH

of a;. This equation relates the extent of ionization a; at
a particular value of pH to the 'effective pK,- of the
system: that is, to the value of pK" that would be attrib-
utable to that extent of ionization for a simple monobasic
acid. For a monobasic acid, pK""rr is independent of a;.
For a polybasic acid (PAA) pKr"rt increases n'ith a;, re-
flecting the decreasing acidity of the remaining CO2H
groups as CO2- groups appear. Values of pK"'rr are par-

o.r o.3 05 0.7 0.9
c( i

Figure 21. Variation in the effective or apparent pK. (pK"'tr,
eq 11) with the extent of ionization. The dashed line represents
a visual fit of eq 11 to data of the sort in Figure 18 (O). Curves
for poly(acrylic acid) (PAA)4{ and CH3CO2Ha3 are included for
comparison.

ticularly relevant to the interpretation of behavior of a
number of types of biological s1'stems (especially cells),
organ ized molecular assem blies Oan gm uir-B I odgett films,
micelles),ae'm and colloids.sl In many of these systems it
is possible to measure the change in some ph1'sical
property-electrophoretic mobility, solubility, surface
charge-as a function of pH. From these measutements,
values of pK" have been infened for carboxylic acid groups
which range from 3 to 11, and a certain amount of dis-
cussion has been devoted to rationalizing these differing
values of pK".52s Figure 21 makes it clear that the term
'pK"" should be carefully defined in these discussions.

For PE-CO2H, pK."tr increases with increasing a;. As
indicated above, this increase might, in principle, reflect
either a change in the ease of ionization of a homogeneous
population of carboxylic acid groups as the electrically
neutral carboxylic acid groups are converted to anionic
carboxylate groups or heterogeneity in the population of
carboxylic acid groups being €xaminsd.6s The data in
Figr.ue 21 do not resolve this issue. We note, however, that
the form of the dependence of pK"d on a; is quite different
for PE{O2H and PAA. Thus, if electrostatic interactions
within a homogeneous population of carborylic acid groups
is the dominant influence in PE-CO2H (as it is believed
to be in PAA), these systems must differ significantly in
detail.

(49) Tokiwa, F.; Ohki, K. J. Phys. Chem.1967,71,1824.
(50) Ydkowgky, S. H.;7.ogtafr, G. J. Colloid Interf ace Sci. 1970, 34,

525.
(51) Katchalsky, J. M.; Spitnik, P. J. Polym. Sci. 1957,23, 513.
(52) Peten, R. A. .hoc. B. Soc. London, Ser, A 1931, I33, 140.
(53) Daniell i, J. F. .hoc. B. Soc. London, Ser. B 1937, 122,155.
(54) Shubnan, J. H.;Hughes, A H..hoc.8. Soc. London, Ser. A 1932,

t38, 430.
(55) Glazer, J.; Dogan, M. Z. Traru. Faraday Soc. 1953, 49, 448.
(56) Sanders, J. V.; Spink, J. A. Nature (London) 1955, .l75, U4.
(57) Betts, J. J.; Pethica, B. A. Trarc. Faraday Soc. 1956, 52, 1581.
(58) Davies, J. T.; Rideal, E. K. -Intcrfacial Pbenomena"; Academic

Press: New York, 1963; pp 237-238.
(59) Begg, J.; Haber, M. D.; Gregor, H. P. J. Colloid Interlace Sci.

t966, 22,138-143.
(60) Fernander, M. S.; Fromherz, P. J. Phys. Chem. 1977, 81, 1755.
(61) Tokiwa, F.; Ohki, K. J. Phys. Chem. 1967, 71, 1824.
(62) MiUe, M. J. Colloid Interlace Sci. 1981, 8I, 169.
(63) Lifeon, S.; Kaufman, B.; Lifson, H. J. Chem. Phys. 1957, 27,13ffi.
(64) l,askowski, M.; Scherag4 H. A. J. Am. Chem. Soc. 1954, 76, 6305.
(65) Mille, M.; Van der Kooi, G. J. Colloid Interlace Sci. 1977, 61,4i5.
(66) Lukac, S. J. Phys. Chem.1983,87, 5045.
(67) Caspers, J.; Goormaghtigh, E.; Ferreira, J.; Brasseur, R.; Van-

denbranden, M.; Ruyeschaert, J. M. J. Colloid Interlace Sci. 1983, 9/,
546.

(68) Lifeon, S.; Kaufman, B.; Lifson, H. J. Chem. Phys. 1957, 27,13ffi.
(69) We are attcmpting to distinguish between these hlpotheses bot}l

theoretically and by using highly ordered, oriented monolayer films.
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Figure 22. Etrects of added salts on 0. and a; as functions of pH
(all systems were buffered with 0.05 M organic buffers). Sdts:
(.) I M LiCl; (0) no added salts; (tr) 0.1 M CaCl2.

The results obtained for the ionization behavior of PE-
CO2H are in agreement with related results obtained by
others. In particular, the pK^'12 for PE{O2H (that is, the
value of pH at which the surface contains equal numbers
of carboxylic acid and carboxylate groups) is -7.5.
Monolayers of fatty acids oriented at the organic/water
interface have been reported to have values of pK,tlz s1
7.5.625i For monolayers at an air/aqueous interface values
of pK"r/2 between ? and t have been reported.s4-ss The
shift in pK" of carboxylic acids and other indicators in
micelles compared to bulk water also agrees with these
results.s

Salt Effects. As an initial step in rationalizing the form
of the curves in Figures 18-21, we have begun an exami-
nation of the effect of added sdts on the extent of ioni-
zation of PE{OrH as a function of pH. We have used
primarily contact angle methods to obtain these mea-
surements. ATR-IR methods are not easily applicable,
because of the difficulty in maintaining a known concen-
tration of a nonvolatile salt in the residual liquid fibn on
the surface of the sample during the measurement of the
IR spectra. Since these spectra were obtained in systems
that exposed the sample to buffers, we suspect that the
ionic strength of the liquid in contact with the sample
during the spectral measurement was fairly high. Direct
potentiometric titration can be used in salt-containing
solutions but is less precise and convenient than contact
angle methods and has so far proved applicable to
UHMW-CO2H chips and granular PE{O2H but not to
PE-CO2H.

Figure 22 presents plots of 0" vs. pH (and, to facilitate
internal comparison and comparison with other data, of
a; vS. pH) for PE{O2H in the presence of added salts. It
is evident that certain additives-such as calcium ion-
influence the limiting value of d, obtained at high pH.
Calcium ions form stable, neutral calcium dicarboxylates
(which might be less hydrophil ic than sodium salts, and
thus might raise d" at high pH). Lithium ion, by contrast,
seems to influence d" more at low values of pH than at high
values, possibly due to the extreme hydrophil icity of
l ithium carboxylates. Other ions (sodium, potassium,
nitrate) appear to raise f. independent of pH, a phenom-
enon that wil l be discussed later.

Examination of the values of a; as a function of pFI
obtained from these several data shows an unexpected
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Figure 23. Dependence of the pK.1/2 of PE-CO2H on aqueous
salt concentration: (o) NaNO3; (o) LiCl; (tr) CaClz; (0) NaCl.
All solutions also contain 0.05 M buffer. Data for CH3CO2H{3
and polyacrylic acid (PAA)r' in aqueous NaCl are also shown.

result: that is, the extent of ionization of PE-CO2H is
essentially independent of added solts. Limited data for
granular PE{O2H (Fi$ue 20) lead to the seme conclu-
sion. Lf the shift and broadening of this curve relative to
that for soluble mono- or polybasic acids (Figr:re 13) were
due primarily to Coulombic interactions between carbox-
ylate ions, addition of salts would have been expected to
modify this behavior. Certainly added salts decrease
ion-ion interactions in polyacry[c acid and ot]rer polybasic
acids. For e-ample, Figure 23 gives the pK"t/z (the pH of
half-ionization) of acetic acid,as polyacrylic acid,s and
PE{O2H as a function of the concentration of added
sodium chloride. The ualues for PAA show the shift to
lower ualues of pH with irrcreasing concentration of NaCI
expected for a polybosic acid. The ualues for PE-CO2H
do not. We are, thus, faced with three alternative expla-
nations for the absence of a strong influence of added salts
on the extent of ionization of PE{O2H: (1) either the
origrn of the deviation from expected monobasic behavior
does not lie in ion-ion interactions (or at least in ion-ion
interactions that can be influenced by added salts), (2) salts
are unable to approach the carboxylic acids in the inter-
facial and possibly low dielectric constant region in num-
bers sufficient to modify the energetics of ion-ion inter-
actions, or (3) the concentrations of buffers present in the
contact angle experiments (tlpically 0.05-{.10 M) have
already essentially saturated any sdt effect. Unfortu-
nately, our inability to use inverted bubble techniques with
PE{O2H and the requirement for buffers in sessile drop
measurements makes determination of curves of 0 vs. pH
technically impractical at salt concentrations lower than
the value of 0.025-0.10 M provided by the buffer. The
close similarity of curves for a; vs. pH for UHMW-CO2H
from measurements of contact angles using buffered sessile
drops and from direct potentiometric titration in distilled
water containing only approximately 1 mM salt (Figure
19) suggest the last explanation is less plausible than the
first two.

In the accessible concentration range of added salts (/
= 0.1 to >10 M) there is, nonetheless, an influence of ionic
strength on 0" (Figure 22). What is the origin of this in-
fluence? Figure 24 summarizes a number of data relevant
to this question. This figures plots cos d" vs. ionic strength
for PE{O2H for a number of salts. According to Young's
equation, the relation between cos d" and surface free en-
ergy terms is given by eq 12. Values of 71-v for salt so-

cos d, = 7lv-l(?sv - 'yr-s)

a v

q4

v.a

pKtf.

r nr n

(12 )

7LS o I  (13)

lut ions are known.?0 Taking values for (NHn)2SOa as

cH3co0H

(?0) Herz,  \4 . ;  Knaebel ,  E.  Z.  Ph1's.  Chem. 1931, 3r ,  389.
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Itgqry 21. Effect of ionic strength (O on cos d. for PDH and
PE-CO2H. Salts: (4,0), NaClOl; (r, a) (NH.)2SO1; (r) NaI; (o,
O ) AlCls. The changes in cos d. predicted from changes in 71v
alone (eq 12), using values of ?rv for (NHJzSO. as representativi,
are shown for comparison.

representative, and assuming the term (tsv - frJ to be
corstant, we calculate the lines labeled (cos d")dd in Figrre
24. T\e difference between these calculated lines and the
observed relation indicates that changes in ]1y 8r€ not
responsible for the variation in d" with ionic strength. It
seems improbable that "ysy changes with ionic strength.
Thus, it appears that variations in contact angle with ionic
strength are due almost entirely to variations in the sol-
id/liquid interfacial free energy and arrive at the experi-
mental result that cos 0" (and thus 76) is roughly pro-
portional to tbe ionic strength of the aqueous solution (eq
13). Although this result is not surprising, we note two
important details. First, these effects seem to be non-
specific: there is no evidence of trends paralleling the
lyotropic series associated with solvation of hydrophobic
organic species in aqueous salt solutions.Tl Second, these
effects were observed at pH 5 and were therefore obtained
on an electricdly neutrd surface: carboxylic acid groups
are not ionized under these conditions.

Conclusions

Oxidation of low-density polyethylene film with chromic
acid solution yields a material containing carborylic acid
groups on its surface; the only other important type of
polar functional group introduced by this procedure is the
carbonyl group (in the form of ketones or aldehydes). The
three-dimensional distribution of these groups at the
polymer surface is not yet established, but all (>95%) of
them are readily accessible to hydroxide ion, diazomethane,
and similar reagents. We infer that these groups are lo-
cated at or close to the surface of the polymer, in a thin
layer. The number of CO2H groups detected is approxi-
mately that expec'ted if the majority of polyethylene chains
at the surface terminate in a CO2H group. We suggest the
structure outlined in Figure 88 as a model for PE{O2H;
the most important parameters unspecified by this model
are the thickness and structure of the oxidized surface
layer.

Tihation of the carboxylic acids of oxidized poly'ethylene
with base can be followed in three ways: by ATR-IR, by
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Figure 25. Schematic diagrams illustrating three possible factors
influencing the ionization of surface-bound carboxl'lic acids. (A)
ion-ion interactions; (B) dipolar interactions between the func-
tional groups on the surface and the solvent; (C) the low'average'
dielectric constant of the PE-CO2H7H2O interface.

contact angle, and by direct potentiometric t itration.
ATR-IR and potentiometric titration appear to sample all
of the carboxl'Iic acid groups in the interfacial region: both
those on the surface and those in the subsurface region.
Contact angle measurements are expected to be specific
to surface groups (although the definition of a 'surface'

group proposed in this paper as one in direct van der \47aals
contact with the bulk liquid phase remains unsatisfyingly
qualitative and requires additional refinement). Contact
angle measurements are experimentally the most conven-
ient of the three and the only method immediately ap-
plicable to both PE-CO2H and UHMW-CO2H. We be-
lieue, on the bosfs of this worh and experiments to be
described in further papers, that studies of wetting-and
especially of utetting of surfaces hauing ionizable func-
tional groups-tuill prouide a particularly sensitiue and
conuenient method for characterizing the physical-or-
ganic chemistry of organic surfaces at the microscopic
leueI.

The dependence of the degree of ionization ai of the
carboxylic acid groups of PE-CO2H on the pH of the so-
lution in contact with the surface establishes that this
material is not behaving as a simple monobasic acid. The
titration curve is broadened and shifted to more basic
values of pH than that of monobasic carboxylic acids or
even of polybasic acids such as polyacrylic acid. The re-
lation between a1 and pH does not seem to be an artifact
or a function peculiar to PE-CO2H: we (in unpublished
experiments) and othersaHl have observed similar be-
havior in systems (Langmuir-Blodgett films, colloids,
micelles) having quasi-two-dimensi onal a:ta1n of fr:nctional
groups. The detailed rationalization of the form of the
relationship between a; and pH has not yet been defined
for any of these systems, nor has it been established that
the apparently similar forms shared by them have a com-
mon origin.

We and others have suggested three possible (and not
necessarily independent) explanations for the t5pe of
acid-base behavior displayed by PE{O2H; these expla-
nations are summarized schematically in Figure 25. The
first is that the characteristics of this system are deter-
mined primarily by Coulomb interactions between car-
boxylatc ions (Figure 25A). The second explanation is that
dipolar effects at the interface play an important role in
determining the behavior of PE-CO2H (Figure 258).5?
Both carboxylic acid and carboxylate groups have large
dipole moments. Thus, there should exist a high electro-
static field gradient at the pollrner-water interface. This
high-field gradient might altcr the local pH or change the
dielectric response of the water at the interface, both of
which would be expected to influence the acid-base be-

60

80

/+'
t H +/+

/T' 
/-11+

"'#/+f
/Y

BA

o
@
o
o

c)

c

(71) For erample, Robinson and Jencks (Robinson, D. R.; Jencks. W.
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(Bull, H. B.; Breese, K. Arch Biochem. Btophys.lg8l,202,l16). For
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2r,6536,, 6545. Tanford, C. -The Hydrophobic Effect"; Wiley-lntcrsci.
ence: New York, 1973.
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Vol. II, pp 165-167.
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havior of a carboxl' l ic acid group located at the inter-
ft...s?'6c'62'tr A third tlpe of influtnce on the behavior of
carboxl' l ic acid groups at the pollrner-water interface
could arlse from a local dielectric car.itl effect (Figr:re 25C):
the carboxl' l ic acid is required to ionize in a medium
composed of poll 'eth1'lene and water. One might expect
that it would be more difficult to place a negative charge
at or in an interface of this tlpe than to form one in ho,
Eogeneous solution in which solvation is less hin-
6arr6.s:.6,0,66

It is not y'et clear which of these effects is most impor-
tant, but the unexpectedly small influence of the ionic
strength of the medium on the extent of ionization of
PE{O2H suggests that a model involving simple Coulomb
intcractions n'ithin a homogeneous population of carborylic
acid groups may not be adequate to rationalize the wetting
behavior of this material. Since some fraction of the
carboxylic acid groups (perhaps the majority) are located
in the subsurface region-in proton-transfer equilibrium
n'ith the liquid medium but removed from the region that
determines contact angle-it is plausible that the car-
boxl' l ic acid moieties may represent a heterogeneous
population with different values of pK, and that this
heterogeneity may influence the shape of the relation
between a1 and pH. The fact that contact angle and
ATR-IR suggest similar values of a1 at a given pH suggests
that surface groups (sensed by contact angle) and sub-
surface groups (sensed by ATR-IR) behave similarly.
Heterogeneity may also exist along the surface (for exam-
ple, on crystalline and amorphous regions). We are con-
tinuing to explore this problem experimentally.

Although we are not yet able to rationalize the acid-base
behavior of PE-CO2H theoretically, our present results
have three immediately useful consequences. First, the
good general agreement between titrations followed by
ATR-IR, contact angle, and potentiometry provide support
for the reliability of the convenient and versatile contact -
angle methods and offer empirical justification for the
assumptions underlying the development of eq 6. Second,
these results establish the experimental conditions required
for the interconversion of PE-CO2H and PE-CO;. The
ability to modify significantly the wetting behavior of a
representative polymer surface n'ithout changing surface
morphology should prove useful in studies of adhesion,
corrosion, tribolog;v, and related complex materials prob-
lems. Third, the difference between contact angle data
obtained using buffered and unbuffered solutions should
also be useful in certain types of surface analyses: in
particular, measurement of contact angle using small liquid
drops and surfaces containing high concentrations of ion-
izable surface groups offers a convenient, semiquantitative
method for cor.rnting surface functionality and for folloning
the course of certain t1'pes of derivatizing reactions.

Experimental Section
General. Dichloromethane and methanol were Mallinckrodt

nanograde; dimethyl sulfoxide was II{CB reagent grade; THF and
acetone and all other solvents were reagent grade; all were used
as received. Doubl-"- distilled $'ater was redistilled in a Corning
It{odel AG-lb glass disti l lation apparatus. N-Nitroso-Il
methl' lurea (Pfaltz and Bauer), t-ethyl-3-[3-(dimethl.lamino).
propl' l lcarbodiimide h1'drochloride (Sigma), and (2-3H)gli.cine
(New England Nuclear as a 15.0 Ci/mmol sample in 0.1 N HCI)
u'ere used as obtained. Scanning electron micrographs uere
obtained on a JEOL 35 U microscope at 0o ti l t and 20 kV after
sputter coating the samples s'ith - 200 .4, , .f gold,'palladium (5 %
Pd) using a Hummer II  (Technics) at t0 m.4, 2.500 V. and 0.5
torr of argon for 20 s. ESCA spectra were obtained on a Phvsical
Electronics lt{odel 548 spectromerer (lr{g Ka X-ra1'source. 100-e\:
pass energ)' ,  10-6 to l0-s torr,  machine cal ibrated according to
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ASTIU STP 699). Spectra were obtained either in survey mode
for quick comparisons or by collecting data only at desired regions
of binding energy for more accurate quantification using the
softs'are suppled by Perkin-EImer.

Potentiometric Titrations. The direct potentiometric ti-
trations were performed using a Chemtrix Type 40E pH meter
and an Aldrich minielectrode:211336-0. The samples were made
b1'suspending the granular PE{O2H (or UHM\4,-CO2H chips)
in 15 mT of doubly distilled water. To this suspension was added
100 rL of 0.100 N HCI (Harleco). The pH values of the samples
were monitored as 0.100 N NaOH (Ricca) was added in 20-uL
portions (usurg a Gilson 10GpL Pipetman) u'ith vigorous magnetic
stirring under N2. The difference in the quantity of base required
for each suspension and the control containing only water rep-
resents the buffering capacity of the PE-CO2H in that sample
Granular PE{O2H or UHMW-CO2H chips).

ATR-IR Measurements. Films were cut to the size of the
KRS-5 (thallium bromide/iodide,45o) crystal faces and pressed
against the faces with an MIR (Perkin-Elmer) sample holder.
Films treated with aqueous solution prior to ATR-IR spectra
determination (such as PE{O2-Na*) were blotted dry on filter
paper and dried in vacuum (60 min, 0.01 torr, room t€mperature)
prior to contact with the KRS-S crystal to prevent crystal damage
and to eliminate excess water peaks from the spectrum. Rec-
tangular pieces of thin cardboard the sa:ne size as the films were
inserted between the films and the steel sn'nple holder to dis-
tribute the pressure on the film evenly. Transmission spectra
were obtained on a Perkin-Elmer Model b98 spectrometer and
converted directly to absorption spectra, by computer, for
quantification. To account for differences in absorption due to
slightly different degrees of contact between the polyethylene
sample and the KRS-5 reflection element the absorbance peaks
were always quantified relative to other peaks in the spectrum.
In determining the ionization of the carboxylic acids at a given
pH, for sosmpl€, only the relotiue integratcd absorbances at 1SB0
(COr-; and 1?10 cm-r (CO2H) were considered.

Contact Angle Measurements. Contact angles were deter-
mined on a Rnm6-Hart Model 100 contact angle goniometer
equipped with an environmental chamber by estimating the
tangent normal to the drop at the intersection between the sessile
drop and the surface. These were determined 5-20 s after ap-
plication of the drop. The humidity in the chamber was main-
tained at 100% by fiUing the wells in the sample chamber with
distilled n'8ter. The temperature was not controlled and varied
between 20 and 25 oC. The volume of the drop used was alwal's
1 sL. Poll'ethylene samples were cut to a size of 0.5 X 2 cm and
attached by the back of the sn'nple to a glass slide using twesided
Scotch tape to keep the sample flat. AII reported values are the
average of at least eight measurements talren at different locations
on the film surface and have a maximum error of *3o.

Polyethylene (PE-H). Low-density biaxially blown poly-
ethl'lene film (100 rrm thick) was a gift from Flex-O-Glass Inc.
(Flex-O-Fiho DRT-600B). The film was cut into 10 X 10 cm
squales. These were extracted by suspending the frlm in reflr:xing
CH2CI2 for 24 h to remove antioxidants and other fiIm additives.
The removd of additives can be monitored using the carbonl'l
region of the ATR-IR spectrum. Prior to extraction a peak at
1650 cm-r is present. This peak is eliminated by the extraction.
Some samples were thermally annealed in a vacuum (100 oC,0.0l
torr, 4 day's) to increase the high-temperature stabilitl ' of the
surface. Samples treated in this manner gave results in listin-
guishable from those described for unannealed film in all ex-
periments reported. All samples were dried under vacuum (20
oC, 0.01 tnrr,4 h) prior to oxidation to remove any residual solvent.
Those samples not to be oxidized were stored under dr1'argon.
Monsanto K-24W-2I2 polyethylene film n'as also used in several
experiments. In all cases, experiments were performed on the
side of film facing the inside of the stock roll.

Polyethylene Carboxyl ic Acid (PE{O2H). PE-H was
oxidized b1' floating on H2SO./H rO 1CrO, (29 I a2 129;w/u./w) at
72 oC fot ff s (or other time if indicated). The samples were rin-sed
4 t imes in doubly dist i l led water and once in acetone, dried in
air for t h, and stored under dry argon. The samples had a peak
in  the ATR at  1?10 cm-r .

Granular PHO2H and Derivatives. Granular poll'eth1'lene
(U.S. Industrial Chemicals Corp.,5 g, -0.3-mm chunks, p - 0.91)
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was oxidized by suspending in chromic acid solution ( -60 mL)
at ?2 oC for 5 min. The surface-oxidized polymer grains were
rinsed in water 5 times and methanol twice and dried in air. The
methyl ester, gtanular PE-CO2CHB, wBS made by stirdng granular
PE{O2H in ?5 mL of methanol containing 15 mL of sulfuric acid
at 40 oC for 18 h. The grains were rinsed 3 times in methanol,
once in wat€r, and once again in methanol and dried in air. This
material was hydrolyzed in 25?o KOH for 10 min at 40 oC and
rinsed 5 times in water and once in methanol to reform granular
PE-CO2H.

UHMW-CO2H. tlltrahigh molecular weight polyethylene sheet
(AIN Plastics, Inc., Mt. Vernon, NY, t/s in. thick, p = 0.93) was
cut with a handsaw. The resulting ejected chips (7 g, -$.1-t'$mm

chunks) were collected and oridized by suspending in chromic
acid solution at72 oC for 5 min. The chips were rinsed in water
5 times and methanol once. These chips were used for the direct
potentiometric titrations. Alternatively the surface of the sheet
itself (5 cm2) was oxidized by floating on chromic acid solution
for 5 min (or other time if indicatcd). This material was rinsed
in water 5 times and methanol once and dired in air. Ttre oxidized
surface of the sheet was used for measutements of d..

Treatment of PE{O2H with NaBH4 To Remove Ketone
and Aldehyde Functions. A solution of 4 g of NaBHa (989o,
Alfa) in 100 -I.of 0.1 M NaOH was heated to 50 "C. PE{OOH
was added and stirred for 2 h, removed, and immersed in I N HCI
for 10 min. The film was rinsed in water, 1 N HCl, 3 times in
doubly distiUed water, and once each in methanol and methl'lene
chloride. The ESCA spectrum was indistinguishable from PE-
COOH. The water contact angle was 54o and the sample had a
new AIR-IR peak at 3350 cm-l.

PE{E2OH. PETOOH was treated with ercess I M BHy
THF (Aldrich) at 50 oC for 20 h under argon. The fibns were
rinsed twice with water, soaked in 1 N HCI for 5 min and rinsed
3 times with water. The carbonyl ATR-IR peaks were absent and
a new peak (3350 cm-r) appeared.

PE{II2OCOCF3. PE-CH2OH was allowed to react *'ith 3
mT of trifluoroacetic anhy&ide (Aldrich) in 28 nL of dry diethyl
ether. The rnirhu:e was refluxed for 3 h, and the films were rinsed
5 times with diethyl ether, S times with acetone, and 3 more times
with ether. The ATR-IR spectra showed new peaks at 1790
(CF3CO2R), 1165, and 1225 cm-r (C-F).

PE{OCI. PE{OOH was soaked in 30 mL of dry ether
containing 3 g of PCls for t h at room temperature. The film was
quickly removed and used immediately without workup to min-
imize hydrolysis of the acid chloride groups by e'n61stt water
vapor.

PE{O2CH3. Methyl esters were made by three different
methods. (a) PE{O2H was soaked in anhydrous etber (30 nL)
containing 3 g of PCls. After I h the film was removed and
immediately immersed in f00 mT.of anhydrous methanol. Aftcr
it was stirred (being careful to prevent the magnetic stirring bar
from hitting the film) for 30 min the fibr was washed 3 times sith
doubly distilled water and once with acetone. (b) Diazomethane
was generated by adding 2 g of N-nitroso-N-methy'lurea to a
mixtnre containing 20 mL of diethyl ether and 6 "''r- of 40% w lw
potassium hydroxide in water at 0 oC.?2 The mixture s'as stirred
at 0 oC for 30 min and the yellow ether portion was decanted into
a test tube containing PE{O2H. After reacting for 5 min the
film was removed, washed 3 times with doubly distilled wat€r,
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and once nith acetone. (c) PE-CO2H was stirred for l8 h in 500
mL of anhl'drous methanol containing 75 mL of H2SOa at 40 oC.

The film was rinsed twice with methanol, 3 times with doubly
distilled water, and once with acetone. For all three methods
ATR-IR spectra showed a new peak at 1740 crn-l and no CO2-
peak (1560 cm-r) after treatment with I N NaOH, indicating
complete reaction.

PE-CO2R. The ethyl, bromoethl'l, propyl, and octy'l esters
were made by soaking PE{O2H in the appropriate anhydrous
alcohol (50 mL) containing suUuric acid (t0 mL) at 40 oC for 18
h. The films were worked up as for PE-CO2CH3. Alternatively
the propyl ester was made by putting PE-COCI in propan-l-ol
for 30 min and rinsing with CH3OH, water (twice), and acetone.

PE{ONENH2. PE{O2CH3 (made in CH3OH/HzSO.) was
heated to 50 oc in 95% NH2NH2 (Eastman) for t h. The film
was rinsed 3 times in methanol and twice in water. The ATR-IR
spectrum shows a new peak at 1650 cm-l.

PF,{ O NCE CH2CO 2II: Rad.ioactive Labelin g, Release, an d
Counting. The fluorescence assay using 4-methyl-7-hydroxy-
coumarin has been reported.s Surface sites were also determined
by tritium labeling. PE{O2H (1 x 1 cm) was submersed in 30
mL of dimethyl sulfoxide containing 0.5 g of N-hydroxysuccin-
imide and 0.5 g of 1-ethyl-3-[3-(dimethylemino)propyl]carbodi-
imide hydrochloride for 12 h to produce PE{O-N-hydroxy-
succinimide (PE{ONHS). The PE{ONHS was washed sith
dimethyl sulfoxide and then with dichloromethane and allowed
to react witb a solution of tritiated glycine for t h. The tritiated
glycine solution was prepared by adding 4.0 mg of nonlabeled
glycine to 800 yL of 1 mCi/L (15.0 Ci/mmol) tritiated glycine
and 200 rrl, of water and then adjusting the pH of the solution
to ca. 10 with Na2CO3. The fibns were removed, washed 6 times
n'ith l0GmL portions of water, and allowed to dry on filter paper.
The drl'fihos were seded into glass ernpules containing 0.5 mL
of 6 N HCI and heated at 110 oC for 12 h. After cooling the
samples, the liquid was transferred to scintillation vials containing
15 mL of scintillation fluid. Radioactive samples were counted
in New England Nuclear Aquasol scintillation fluid on a Beckman
LS 100C liquid scintillation counter. The solutions gave
8500f90000 dpm (16 x 10r' sites/cm2). Films afber hydrolysis,
measured directly, had <3% of the activity prior to hydrolysis.
Unoxidized polyethylene treated in the snYne manner had <1%
of the activity of oridized polyethylene.
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