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_ .Ttf. paper exaTines the wetting by water of low-densitypolyethylene frlm modified at the poll'rnerwater
(a_ir) interface by introduction of polar organic functionaf groupi (carboxylic acids, aminei, and others).
Water/qolyn.er contact angles were determined for each of these intcrfaces; for interfaces containing acidic
or basic functional gro_up:, tfre c91!9gt angle was determined as a function of the pH. The observed 

-contact

glgle was related to the. hydrophilicity of these functional groups: as the hydrophilicit]' (as measured by
Hansch r parametg.Is) increrygd-up to-a.certfin point, thscontact angle dlcreased. Bey'ond that poini,
increased hydrophilicity had little additional influence on the contacl angle. This result is interpreted
in terms of water adsorbed on the polar interfacial functional groups; extlnsive hydration of inteifacial
groups having large negaliYg 

" 
parameters moderates their effective hydrophiliciiy. The influence of a

func-tional grou-p^on wettability was related to the normalized fraction ofthe area of ihe intcrf"ce occupied
by th^at.t)'Pe of functio-nal group; in-some instances this area fraction appears more useful in descri|ing
interfacial properties than the sippler mole fraction. Interfaces containlng ionizable functional groupi
ulgqllY showed- a contact ?lgle that varied with pH, with the lower coot"ci angle observed at vallues 

'of

pH fgr which the i-nterfaciSl SrouPs were in the more polar, charged form; intjrfaces without ionizable
functional groups did not display a -ch.ange_in contact angl-e with pH. The paper rationalizes the chanle
in contact qngle r+'ith pH in terms of the relative areas of the inteiface occupied by the functional grouit
in different ionization states and in terrns of the exlent of ionization of acidic a"i Uasii groups. The intcrfacial
values of p{" are compared with the values of pK" for similar functional groups iriaqueous solution. In
all cases, it is more difficult t-o generate the ctrarged form of the functiorial gioup at the interface than
it is in aqueous solution, probably due in major part to the lower dielectrij constant of the interface.

Introduction
Treatment of low-density polyethylene film with aque-

ous chromic acid solution yields'polyethylene carboxylic
acid' (PE-CO2H), a material containing carboxl'lic acid
and ketone and/or aldehyde groups concentrated in a thin
oxidatively functionalized interfacial region.a \4'e are using
this material, and other materials derived from it by
modification of its constituent functional groups, to stud;-
the relation between the molecular-level characteristics of
the. interfacial region-structure, polarity, reactivity, lo-
cation, and concentration of functional groups-and ma-
croscopic material properties of the functionnlized polynner
such as wettability and adhesion strength.r-e previous
pa_pers have demonstrated that the wettability of pE-
CO2H by water changes with the pH of the watei and that
this change correlates with the state of ionization of the
carboxylic acid groups.a Examination of changes in the
contact angle of water on PE-CO2H as a function of pH
is a technique we call'contact angle titration'. It provides
a particularly convenient (if indirect) method for exam-
ining the state of ionization of functional groups influ-
encing the wetting of the functionalized pol5mlr. Em-

pirically, results obtained by using this technique correlate
well with estimates of the extent of ionization obtained by
direct spectroscopic measurements using ATR-IR spec-
troscopf and fluorescence spectroscopys and by conven-
tional titration.a We have previously proposed a qualita-
tive justification for this correlation,a but the more detailed
examination of this paper suggests that the basis of contact
angle titration is not simple.

This paper has four objectives: The first objective is to
survey a range of organic functional groups on the surface
of polyethylene for their influence on wettabilitv and to
search for a correlation between some appropriate .rr.ura
of polarity of the individual functional groups in solution
and the wettability of an interface incorporating them.
Second, we n'ish to confirm that changes in wettabilty with
pH of interfaces having acidic or basic groups ieflect
protonation or deprotonation and to examine hor,u such
ionizations influence wetting. The third objective is to
compare the proton acidities of functional groups in the
interfacial region with their acidities in solution. Finally,
we wish ro clarify the physical chemical basis of the
technique of contact angle titration.

As we have done previously,s', we refer to that part of
the functionalized interface of PE-CO2H and its deriva-
tives that determines the wettability of the polSmer as the'contact angle interphase" or -0 interphase' and to parts
of ttre_interface lying below the d interphase and having
no influence on contact angle as the *sub-d interphasei
Although the structural features that determine whether
an rylgrfaci.l gr9"p influences wetting are not yet precisely
established, we believe that the group. in the b inierphase
must be within angstroms of the oltermost part of the
polymer.lrl3
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PE{O2H and Its Derivatives. Background. The
morpholo# of the interface of PE{O2H at -1000-A

resoiution is not detectably different from that of the
unfunctionnlized polymer.a The only important functional
groups present are carboxylic acid and ketone and/or

"tdelyde 
moieties in an approximately 3:2 ratio. PE-

CO2Hhas a relatively low interfacial free energy and resists
contanination by adsorption of contaminants from the air.
It can be handled briefly in ah without special precautions.
We have not yet been able to establish by direct obser-
vation the thickness of the functionalized interface or the
distribution of functional groups, but it appears that -

30Vo of. the carboxylic acid groups determines the wetta-
bility of this material, and the remainder of these car-
boxylic acid groups have little or no influence on wetta'
bility.6 lndirect evidence suggests that the functionalized
inteiface in PE{OzH is thin:that is, probably <20 A in
thickness.6

All carborylic acid groups in the functionnlized interface
are accessible to aqueous basea and are converted to car'
boxylate ions at values of solution pH >12. The polarity
experienced by a fluorophoric reporter group (the dalrsl'l
moiety) incorporated in the interface is uniform and, when
placed in contact with water, is similar to that of methylene
ihloride.s The functionalized interface is reasonably stable:
the functional groups do not migrate away from the 0
interphase at room temperature or under reaction con-
ditions used in forming derivatives, although migiation is
rapid at 100 oC.?

The interface of PE-CO2H and its derivatives is com-
posed of a number of types of organic groups including
methyl, methylene, ketone / aldehyde, carboxylic aci d, and
possibly others. We use several nomenclatural devices to
simplify discussion of the interfacial chemistry of PE-
CO2H. Groups present anywhere in the oxidatively
functionalized interfacial region are indicated with square
brackets [], following the name of the pol]mer; for exnm-
ple, PE[>C:O][CO2H][CONH2] is polyethylene con'
taining ketone/aldehyde, carboxylic acid, and amide
groups in its functionalized interface. With this nomen-
clature, the material PE{O2H made in the initial oxi'
dation reaction can be described more accurately as PE'

t>C==OltCO2Hl. Since the majority of the reactions that
we use to introduce fturctionality into the interfacial region
involve derivatization of the interfacial carboxylic acid
groups rather than the ketones, we often omit the t>G4]
from the name and assume that, unless otherwise specified,
there is a background of ketone/aldehyde (and, of course,
methylene groups) in the interface of all samples. Thus,
if the nature of the group derived from the ketonelal'
dehyde gtoups is not specified, these groups are assumed
to be unchanged: PEICONHTI is PE[>C:O][CONH2],
not PE[>CHOH][CONH2].

Theory

Contact Angle Titration. Figure 1 shows represent'
ative advancing contact angles d. of buffered water on
PE-CO2H and several of its derivatives as a function of
pH. Much of the work in this paper is directed toward
understanding three features of these data. First, only
surfaces containing ionizable functionality (RCOTH :
RCOI; RNH(CH).*: RN(CHJJ show a pH dependence
of the contact angle. Why? Second, the magnitude of d"
decreases as the polarity of the functional group in the

pH

Figure l. Advancing contact angle d. (obtained bV 1rsinq sessile
drops) as a function of the pH gf thc drop fols_ey.eral derivatives
of PE-COrH. Solutions were buffered (0.05 M).
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(l l) Allara, D. L.; Nuzzo, R. G. Langmuir 1985, J, 45-52.
(12) Israelachvili, J. Intermolecular and Surface Forces: W*h Ap-

plicction to Cotloidal and Biologicol Syslerns; Academic l,ondon, 1985.- 
(13) de Gennes, P. G. Beu. Mod. Phys.l985, 57, 82?-863'

Figure 2. Scher''atic illustration of the edge of a drop as itmoves
from position L1 to position L2. The edge-of the drop makes an
anslebf d with the interface. fu the drop advances, it sweeps over

"n-at"a 
dA and the liquid experiences an increase in interfacial

area of 6.A cos d (top). The nature of the interface may change
as the drop moves over it due to, fgr example, ionjzation of
carboxylic icid groups on contact with basic water (middle). The
real polymer surface is rough and heterogeneous (bottom).

interface increases. What is the relation between the po-
larity of a functional group (a concept that is intuitively
clear if not quantitatively uniquely defined) and its in-
fluence on wetting characteristics of an interface? Third,
all of the interfaces show pronounced hysteresis in contact
angle. What physical model should we use in discussing
this hysteresis?

The theoretical discussion that follows suggests a sim-
plified physical model for the wetting of PE-CO2H and
its derivatives. In particular, we note that the assumption
(below) that the functional groups in the interface con-
tribute independently to the interfacial free energy is in-
accurate but leads to a tractable and physically reasonable
picture. We start with an analysis similar to one used in
discussions of equil ibrium wetting (Young's equation,
Figure 2, eq 1).13-rE Consider the free energy, lG, of a

{*r
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Wetting of Functtonalized Poll'eth1'Iene Film

7sv - 7sl
c o s d =

l , lv

system composed of a drop of water on a homogeneous
solid containing only one tlpe of interfacial functional
group as the edge of the drop moves from a position Lt
to a position L2 with a corresponding change in the area
64 of the solid under the drop (eq 2). If the solid interface

LG/6A = ?Lv cos 0 + rBf + nRH- ysv Q)

contains groups reactive toward water (for example, car-
box5'lic acid or amine moieties), the free energy of reaction
(rlRH, in units of energy per area) must be included. All
of our experiments involve the wetting of interfaces under
air saturated with water vapor, that is,'moist" spreading.
We assume that polar functional groups in the interface
are to some extent hydrated and believe that the water
molecules adsorbed at the interface have a significant in-
fluence on the solid-vapor interfacial free enerry (7sy, s€o
below).

The [,pe of reactivity in which we are most interested
is the reaction between acids (bases) in the d interphase
and bases (acids) present in the aqueous drop. In this
instance, both aftH and rlf depend on the nature of the
functional groups pre-s_ent and-on the pH of the drop.r6 In
general, we expect ?Ht and ?gf to be related, in the sense
that if a reaction occurs when the solid comes in contact
with the liquid, 7s1 should also charge. We discuss in
greater detail the relation between qR" attd 7$f later; here
we combine them in a single term ^ys1*.

The equilibrium contact angle defined in eq 1 can be
modified to take into account the influence of reaction of
interfacial groups, by deriving an expression (eq 3) anal-

c o s 0 =
lBV - (rBt + '?RH) rBV - rsr* (3)
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rBV = IAsv,irB(|;
i = interfacial groups (5)

yslt = f.Ag1r?sr,i*
f = interfacial groups (6)

in estimati"g rB$ and ?sl*. In these equations, A5y; is the
normalized function of the area of the solid-vapor inter-
phase occupied by the functional group f.17 These equa-
tions are based on the assumption that each functional
group contributes to the interfacial free energy inde-
pendently of other interfacial groups according to the
normalized fraction A; of the interfacial area it occupies.
We note three features of these equations. First, the as-
sumption of independence of functional groups is certainly
incorrect in detail. Second, the concept of the *area

fraction" of an interfacial group is not exactly defined.
Nonetheless, it is evident that for a very large group (for
exnmple, an oligosaccharide) the area fraction and the
more familiar mole fraction (1) will be equite different.
Third, the values of Asy; and AsLj are not necessarily the
sarne: the interface might reconstruct or hydrate on con-
tact with water to minimize its free energy and thereby
change the value of Ai. PE-CO2H itself provides a prob-
able example of a system in which the 0 interphase re-
constructs on contact with bulk water.6

The principal objective of this section is to generate a
quditative understanding of the response of the contact
angle to changes in the polarity of the interface. To this
end, we ignore the difference between Asy; and .4s1; and
write eq 7 as a description of an interface having mixed
functionality. An analogous expression (eq 8) gives the

cos d - ;o-?Bt|'i 
- rsu* 

= LAicos d;
r ? L v t

for As1; = Asvi ft)

S* = ISi*
t

spreading pressure S* in terms of contributions from in-
dependent functional groups. In a well-behaved case (cos
0i. L; Si* S 0) this equation carries the useful indication
that cos d for the interface can be thought of in terms of
area-weighted contributions from each constituent type
of functional group. A more complex case arises when
some or all of the S;* are gteater than zero and especially
when S* < 0 but with some S;* ) 0. This case includes
PE-CO2- (and perhaps PE-COzH itself).

We are primarily interested in systems in which the
interface includes both polar (especially ionizable polar)
groups and nonpolar, nonionizable groups. As a limiting
case, we consider a system containing only one type of
polar and one type of nonpolar group (eq 9) with Ap de-
scribing the area fraction occupied by the polar group.

cos 0 = Ap cos dp {' (1 - .40) cos dNr

( 1 )

7I.v 7I.v

ogous to Young's equation (eq 1) starting with eq 2. If rsv
- ?sr* is less than or equal to 711', and if there are no
kinetic barriers to movement of the drop edge, the equi-
[brium contact angle should be given by eq 3. If 751'- 1'sr*
is greater than 711,, the s1'stem is not at equilibrium. The
term S* (eq  ) is defined by analogy with the classical
spreading pressure: for the system to be at equilibrium,
s* < 0.13

S * = ? s v - T s t * - ? t v  ( 4 )

For a material such as PE-CO2H having a number of
different interfacial groups, we can postulate eq 5 and 6

(14) Adamson, A. W. Ph1'sical Chemistry of Surfaces; Wiley: New
York, r982.

(15) Joanny, J. F.; de Gennes, P. C. J. Chem. Phl's. 1984, 81,552-562.
(16) It is also possible that lsl maI change due to a reaction between

the drop and the functional groups on the interface but beyond the drop
edge. \\te have evidence that protons, for example, can migrate beyond
the edge of a drop of aqueous acid and protonate basic species in the
'solid-vapor' intrrface. Thus, formally, we should treat the functional
groups on the outside of the drop (those that determine 'ysv) as being also
capab].e of reaction uith reagents in the drop and consider the possibility
that B$ might to some extent also be a function of pH for interfaces nith
acidic or basic groups (such as PE-CO2H). This phenomenon is intrin'
sically a nonequilibrium one and is difficult to treat realistically at the
elementary level of this paper. We note that the possibil it l '  of reaction
between groups in the interface beyond the edge of the drop and reagents
in the drop ma]'not be general. Details concerning this phenomenon r*ill
be reported in a separate paper.

(l?) The term A, is not precisel;- defined. Tbe average projected area
of a functional group might be suitable at this level of complexity. In this
paper, A, takes the place of B;, whicb we used in previous papers.'{ For
related discussions see: Cassie, A. B. D. Discuss. Faradal' Soc. 1948,3,
I  1 -16 .

For sufficiently polar, hydrophilic functional groups at
L00Vo relative humidity, these groups will be covered u'ith
hydrating water molecules. In such a case, we hlpothesize
that the polar groups are functionally 'buried" under a
layer of water. Equation 9 can then be simplified by as-
suming that 'y5y.1, (interfacial free energy of the solid-vapor
interface with ar equilibrium coverage of adsorbed water)
is equal to ?lv. This equality follows from the fact that
the solid interface is in thermodynamic equil ibrium with
the vapor: if ygy,p were greater than 711,, wat€r would
condense on the interface; if tsy'1, were less than 7s1', water
would evaporate from it. It also follows that, in this lim-
iting case, ?sl.p = 0, because the interface generated under
the drop as it advances (Figure 2) is an interface between

(8)

(e)



924 Langmuir, VoL 4, No. 4, 1988

( c o 3  P p  r 1 )

-...-.+
Polar l t y
(Hy.troplr l l lc l iy)

CO2H tsr t . ! lm A

C O ;  h n e i m !

)

30t h ln
n .916 .  I

Holmes-Far l .e. ,  et  a l .

the vapor onto these groups does not expl ic i t l f  involve
react ion of  these groups (protonat ion or deprotonat ic,n ) :
these equations apply to both nonionizable groups and to
PE{O2H and PE-NR2H+. Assuming that Figure 3 rt(,p)
quditatively describes the relationship between the po-
larity of groups in the the interface and the resulting
contact angle with water, we can predict a relationship
between the contact angle on an interface that contains
carboxylic acid groups and the change in contact angle
expected when those carboxylic acid groups are ionized.
For example, if the carboxylic acid group is already verl'
polar prior to ionization (Figure 3, top, regime B), an in'
crease in polarity upon ionization of the groups in the 0
interface should not result in a significant decrease in d.
On the other hand, if the carboxylic acid group were ini-
tially fairly nonpolar (Figure 3, top, regime A), then an
increase in polarity should result in a decrease in 0. The
experimental data in Figure 1 suggest that the latter de-
scription applies to carboxylic acids and tertiary amines;
data described later suggest that the former description
applies to primary amines.

A more quantitative expression connects the difference
in cos d between the fully ionized (e.g., PE{Oz-) and fully
unionized form (e.g., PE{O2H), J cos d, and the value of
cos 0 in the unionized form (eq 11). In the specific case
in which the polar functional groups of interest are CO2H
and CO; groups, we measure the contact angle at pH I
to ensure that all of these groups are protonated and at
pH 13 to ensure that all are deprotonated (eq 11). We

A cos d = cos |out - cos dpHrr (11)

can imagine three types of behavior for J cos d, depending
on whether the CO2H and CO2- groups fall in regime A or
B of Figure 3 (top). In regime A, cos 0p < 7. Assuming
for eq ? that Ay = Acoru = Acor-, we q'rite the general
expression eq l2a:

A cos 0 = Ap(cos dcors - cos dcor-) (I2a)

A cos 0 - 0(cos lcoru = cos gcor- = 1) (12b)

c o s  0 .

A p  +  ( 1 - A p ) c o s e N p

1 . 0

- 1 . 0

cos  0 r ,oy  1

t  B o o

9 o o

oo

1 9 0 0

e a ,px  r

9 0 0

0 o

0 r

1 . 0
-1 .0  0

A c o s 0
Figure 3. Top: Quditative correlation between the contact angle
(plotted as cos d) and the polarity (hydrophilicity) of interfacial
groups. Less polar groups fall into regime A. An increase in the
polarity of a group in this regime results in an increase in cos d
(eq 7). Very polar groups fall into regime B. These groups are
effectively buried by adsorbed, hydrating water at LA0Vo humidiqv.
Since these hydrated clusters present an interface similar to that
of bulk water, increasing the hydrophilicity of the focal polar
groups does not result in a further increase in cos d (eq 8). Bottom:
Qualitative relationship between the polarity of an unionized
carboxylic acid group (described b cos d*og1) and the change in
contact angle upon ionization of this groub (A cos d, eq 1l). The
relationship can be classified according to the regimes (top) into
which the carboxl'lic acid and carboxylate groups fall (eq 12H).
If both groups were t,o fall into regime B, for example, the dif-
ference in hydrophilicity between CO2H and CO2- would have
no influence on d.

adsorbed water and bulk water. Thus, it follou's from eq
1 that cos 0p = 1, and eq 9 can be simplified to

cos d - Ap + (1 - Ap) cos d1-p (10)

for groups P sufficiently hydrophilic that cos ep = 1. Our
interest in this type of equation stems from the fact that
the interfaces generated from PE{O2H contain nonpolar
regions (unreacted methylene groups) and polar regions
(derived from the carboxylic acid and ketone groups). The
polar region of these interfaces varies in polarity as the
nature of the interfacial groups changes (and can, in fact,
become less hydrophilic than the nonpolar regions, as with
fluorinated carboxylic acid esters). As the polarity of the
polar region changes, the change in contact angle should
follow eq 7. In the low polarity limit the contact angle
responds to the polarity of the polar region through
changes in cos dp. As the groups in the d interphase be-
come more hydrophilic, cos dp increases and the contact
angle decreases (Figure 3, regime A). When the interfacial
groups become sufficiently polar and hydrophilic, water
vapor begins to adsorb on and hydrate them. At some
value of hydrophilicity, the interfacid groups will be
completely hydrated and cos dp will approach 1 (i.e., eq
10 will apply). In this model, additional increases in hy-
drophilicity will not result in a change in 0 because cos dp
remains unchanged at 1 and cos d1-p is not influenced by
the polar groups (Figure 3, regime B). As an initial h1'-
pothesis, we suggest that eq 9 and 10 provide a qualitative
rationalization for the experimental data we observe for
PEtRl.

We note that the hypothesis that the hydrophilicity of
very polar groups is *leveled' by adsorption of water from

I cos d = cos doHr - lAp + (1 - Ap) cos dNp]
= Ap(cos dcoru - 1)

(cos d6srH ( 1; cos d66r- = 1)

A cos 0 = Ap(cos dcorx - cos dcor-)
(cos dg6rH ( 1; cos dg9r11 ( cos dcor- (1)

In this equation, cos dss,11 is the contact angle of water on
an interface containing <inly CO2H groups (Acors = 1) and
cos dss,- is the contact angle on an interface containing only
COt gioups. If both CO2H and CO2- groups are in regime
B, eq 12b holds; if the CO2H group is in regime A and the
COr- group in regime B, eq 12c holds; and if both groups
are in regime A, eq 12d holds. This treatment predicts that
as cos dosl decreases A cos d should also decrease (eq 12c)
and sh6uld, for sufficiently polar groups, go to zero (eq
12b). Figure 3 (bottom) summarizes these equations
schematically.

We note that the relations (eq 12a-d) neglect both
changes in Ap that might result from the ionization of the
interfacial groups and contributions from the energy of
reaction 4ftH. Both of these parameters are expected to
influence the contact angle (eq 3 and 9). While potential
changes in /p are difficult to evaluate, we.can estimate the
contribution to the contact angle from aftH by quantifying
the relationship between afiH and pH. The free energl'of
ionization of an interfacial acid, 1G1, is given bl'eq i3. In
order to determine the total amount of energy resulting
from the partial ionization of n surface groups at an1' given

(12c)

(12d)
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Scheme I. Reactions Used To Modify the Interface of Polyethylene Film
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pH (4HH), we integrate this value from no ionization of
interfacial groups (a = 0) to the extent of ionization ex-
isting at equil ibrium under the drop (a;; eq 14).18

lH*l  [A-t
lG; = - .RT ln K,* RT ln 

* ,  
= -RT ln K" +

l H * l a
RTln * ;  where a = [A-]  / { ,A- l  + [HA])  (13)

L - d ,

?RH = 
.f," ' 

O", da = n.RI ln (l - ai) (14)

If we assume that 7sy and 7s1 are independent of pH,
eq 14 can be combined with eq 3, resulting in eq 15 and
16. This assumption is probably incorrect, b-gt it n'ill allow
the contribution to chinges in d" due to ?RH to be distin-
guished easily from changes due to ?sv and 1'51.

cos dou = [ rBV -  ?Bf -  nRT ln (1 -  a)) / tw (15)

cos 0!x = cos doHr - lnRT ln (1 - a))/tyv (16)

Using eq 16, we can predict changes in d" as a function
of pH due solely to the free energy of ionization.rs This
prediction is discussed further after presentation of rele-
vant experimental data.

These discussions are based on the assumption of a
system showing no kinetic barriers to the advance or re-
treat of the drop edge. In fact, all of the derivatives of
polyethylene examined showed pronounced hysteresis. For
example, although water at low pH reaches a stable, re-
producible advancing angle on PE-COzH (0^ = 55o), the
receding angle is d, - 0o; that is, the drop edge is com-
pletely pinned and cannot be withdra\4tt. The interface
of PE-CO2H is rough and certainly chemically heteroge-
neous. It also may swell in contact with water. The
position of the drop edge and the value of the contact angle

(18) The result of this integration [nr?I ln (1 - a;)] assumes that the
interfacial acid groups follow the relation pX. = pH - log ail$ - ai).
PE-CO2H has been shown not to follow this simple relation.' It also
sssumes no change in bulk pH on ionization; that is, the pH of the drop
is buffered.

(19) To formulstf, a prediction from eq 16, three parameters must be
kno*n or estimated: cos dosl; n, the number of surface groups/cm2; a;,
the extent of ionization as'a function of pH,rt

./t | \\
t?ao rTro 1650 560 lSao

V\bvenumber (cm-' )

Figure 4. ATR-IR spectra of the carbonyl region of several
derivatives of surface-modified polyethylene. Wavenumbers in-
dicated are those representative of est€rs (1740 cm-t), carboxylic
acids and ketones (1?10 cm-t), amides (1650 cm-r (C{) and 1540
cm-t (NH)), and carboxylate anions (1560 cm-l). The peak at 1640
cm-r for PEI>CHOH][CH2NH2] results from an NH2 scissoring
vibration. Because absolute absorbances are influenced by many
experimental parametcrs (e.g., the extent of contact between the
filrn and the KRS-5 crystal), only rehtiue peak intensities within
a single spectrum can be compared quantitatively.

may thus be influenced by kinetic factors; we discuss this
problem of disentangling kinetic and thermodynamic de-
terminants of cos 0latnr.

Resul ts and Discussion
Preparation and Characterization. The polyethylene

film samples were first extracted in refluxing methylene
chloride to remove antioxidants and other film additives.
The samples were oxidized in aqueous chromic acid
(Scheme I).4 Scheme I summarizes pathways used to

* " " ^ ,  , /  
(PE 'cooH)  \

PEI>CHOHI ICO2H]  
|  

t " ,

|  |  

H 2 s o . / c H c r 3

r i
I  

Rcocl

+ 

PE[>c=o][cH2NH2]

P E [ > C H O C O B ] [ C O 2 H ]

PE[>C=O] [COrB]

A
I
I 'o '

I
PE[>C=O] [COCl l

I
|  
" * "

V
P E [ > C = O ] [ C O N H
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derivatize the functionali"ed interface. Using the anal$ical
methods described in previous papers (XPS, ATR-IR,
wetting), we estimate that the yields in conversion of
carboxylic acid groups into esters or amides exceed 90Vc.
ln most of our work, the ketone groups originally generated
by oxidation are left unchanged. They may also be re-
duced to alcohols and derivatized. Figure 4 shows tlpical
ATR-IR spectra. For example, PE-CO2H has a peak at
1?10 cm-r (carboxylic acid and ketone/aldehyde func-
tionality). Following treatment with aqueous base two
peaks are present, one at 1?10 cm-l (ketone/aldehyde) and
a second at 1560 cm-r (carboxylate anion). When the
CO2H groups in the interface are esterified and form PE-

[C02CH3], a new peak appears atL740 cm-r (carboxylic
acid ester); the spectrum of this material is unchanged
when it is treated with base.

These spectra are for the most part self-explanatory.
The spectrum of PE[>CHOH][CH2NH2] may require
some discussion. We attribute the absorbance at 1640 cm-l
to the NH2 scissoring vibration and believe that the ab-
sence of a significant peak at 1540 cm-l indicates that most
of the amide NH groups have disappeared. The presence
of NH2 groups in this interface is confirmed by reaction
of PE[>CHOH][CH2NH2] with dansyl chloride (see be'
low). The resulting material, PE[>CHOH][CH2NH2-
dansyl], is fluorescent' and exhibits a c'urve in contact angle
titration similar to other interfaces that contain dansyl
goups (see below). Dansyl chloride does not react with
aliphatic alcohols,m and, when allowed to react n'ith PE-
[>CHOH][CH2OH], no fluorescence or inflection in con-
tact angle titration is observed.

All of the methods used to characterize the derivatives
of PE{O2H are only semiquantitative, but on their basis
we believe that most of the transformations used here
proceed in yields sufficiently high that the functional
groups introduced by the transformation are the primary
functionality present on the surface. We have endeavored
to ensure that when other species are present in the in-
terface as contaminants (due to low yields or side reactions)
they are not ionizable species. For example, the reaction
of PEICOzCH3] with NH2CH2CH2NH2 generatps a mate-
rial that shou's primarily amide absorption in the ATR'IR
spectrum (1650 cm-r) although some methyl ester (1740
cm-l) remains (Figure 4). These remaining esters are
probably below the d interphase of the polymer. Even if
they are present in the d interphase, we do not expect them
to influence the pH dependence of the contact angle (see
below). They can, of course, influence the magnitude of
the pH-fn dependent component of the contact angle.

Contact Angle Titration. The experimental tech-
niques used in measuring the advancing contact angle (d")
as a function of pH on PE-CO2H and derivatives have
been described elsewhere.r We emphasize the importance
of using buffered solutions and of carrying out measure-
ments in an atmosphere maintained at L00% relative hu-
midity.

Certain of the contact angle titrations involved interfaces
having relatively small values of A0" between the ionized
and unionized forms. To provide a sense for the repro-
ducibility of contact angle measurements, we performed
a contact angle titration on a single type of surface, PE-
ICONHCH(CO2H)CH2CO2HI, which was synthesized and
examined on four different occasions. Figure 5 shows the
individual contact angle measurements determined at pH
I and pH 13 (all integral values of pH between 1 and 14
were examined and had similar reproducibility) on the four

(20) Seiler, N.In Methods of Biochernicdl Anolysis; Glick, D., Ed.;
Wilefn New York, 1970; Vol. 18, p 260.

Figure 6. InIluence of tilting the sample (PEI>CHOH][CHzOH];
pH t) on t"he contact angle d. Drops were tilted u'hile under 100%
irumidity. The drop did not move along a surface tilted to 45o
or 60o from normal.

different samples. From the statistics obtained from this
(Figure 5) and other experiments, we conclude that contact
angle measurements are reproducible from sample to
sample to *5o and on a given sample to *3o. The ad-
vanclng angles were reproducible and surprisingly stable.
The contact angle of a number of aqueous drops on the
surface of PE{O2H was constant for more than I h when
the chamber in which the sample was examined was
maintained at 100% relative humidity.{ Tapping the
sample to jar the drop had no significant effect. Even
tilting the sample had only a small influence on contact
angle (Figure 6). The drops used in all our work (1 pL,
R - 1 mm) were small compared with the capillary
length,l3 x-L - 3 mm; for these drops, gravitational effects
are not important. For larger drops (10-50 pL), the ad-
vancing contact angle (pH 1) on PE{O2H was still rela-
tively unchanged (+5o).

Holmes-Farlel '  et al.
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Wetting of Functionalized PolyethS,Iene Film

.3 .2 .1

n

Figure 7. Advancing (dJ and receding (dr) contact angles of water
(pH 1 except for PE[CO2-] (pH 13)) on samples of functionalized
polyethy'lene with a range of polarities in the contact angle in-
terphase. Samples shown: PE[CO2-J, r = -4.4; PE[CONHNH2],
zr = -L.92i PEI>CHOH][CH2OHf , o = -1.13; PE[CO2H], z. =
4.72: PE[CO2CH3J, ?r = -O.01;PE-CO2C8H17, o = 0.55;PE-[>-
CHOCORI[CH2OCOR], R = C,rHsr, z = 0.55; R = CF3, n = 0.5
(estimate); R = CiF17, r = 0.88.

(21) Hansch, C.; Rockwell, S. D.; Jow, P. Y. C.; Leo, A.; Steller, E. E.
J. Med. Chem. 1977,20,304-306. Hansch, C.; Leo, A.; Unger, S. H.; Kim,
K. H.; Nikaitani, D.; Lien, D. J. Med. Chem.lgZB, ,6, 120?-1216. See
also: Hansch, C.; I-eo, A. Substifue nt Constants for Conelation AnalT,sis
in Chemistrl, and BiologT,; \4'i ley: New York, l9?9.
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Table I. Contact Angle of Water on Interfaces That
Contain No Functional Groups and Whose State of

Ionizat ion Changes wi th pHo'b

code snmple

PE-H (unoridized)

Amides
PEICONH-glucosel 20
PEICONHCH2CH2OHI 40
PEICONH2I so
PEICONHCH3I 49
PEICON(CH3)2] 53
PEICONHCH(CH2CH2CH3)2] 9r
PEICONHCH(CHz(CHg)z)zI too
PEICONHCHz(c-CoHrr)J 103
PEICONHNHCOCITHEI 110
PEICONHC6HsJ 113
PEICONHC8HTTI 114

Alcohol Derivativeso
PEICH2OHI (PE[>CHOH][CH2OH]) 68
PEICH2OCO(CH2)I6CH3] 123
PEICH2OCOCFsI 126
PE[CH2OCO(CF2)2CFS] 134
PEICH2OCO(CF2)6CF3] 141

PEICO2(CH 2CH2O)nHl

S i z e  ( n )

Figure 8. Influence of the size of the polar group Ap on the
contact angle (pH 1). All samples were esters of poly(eth1'lene
glycol), PE[CO2(CH2CH2O).H], n'ith the size determined by the
length of the ether chain, n. Note: The abscissa undergoes a
change in scale after n = 15. The interfaces were prepared by
reaction of PE[COCU with the appropriate oligomer or pollmer.
For n = l-4, the pure, neat liquids were used as reactants: for
n ) 4, molecular weight mixtures were used, with n indicative
of the average molecular weight; and for n ) 14, the reaction
between PEICOCI] and the pollmer was carried out in acerone
since the polymers were solids.

We have surveyed the hysteresisr{ of a range of samples
representing different polarities by drawing liquid back
into a slringe in contact with the drop and reading d, when
the drop edge was stopped receding. We have arbitrarily
plotted these results against the Hansch r parameter (see
below) characteristic for that substituent (Figure 7).21 Atl
samples, including those with nonpolar interfaces, show
hysteresis.

Nonionizing Functionalities. Table I gives advancing
contact angles for a range of functional groups R in the
contact angle interphase of PE[R]. None of these groups
changes its state of ionization over the pH range 1-13.
Even incorporation of very polar, hydrophilic groups such
as N-acylglucosamine, sulfate, and sulfonate into the in-
terphase does not yield systems showing complete wetting.

Equations 9 and 10 provide a rationalization for this
lower limit to the contact angle as well as an interesting
implication for efforts to design fully wettable surfaces
derived from PE{OzH. In the plateau region of Figure
3 (top), increasing the polarity of R has no influence on
d (although it might influence behavior in 'dry

spreading').r3 The only practical method to increase the
wetting of the interface beyond the plateau value appears
to be to increas e Ap, either by increasing the extent of
functionalization of the interface or by increasing the size

2
3
4
5
6
1

8
9

10
1 1
t2

13
14
15
l6
T7

e, Esters
18 PEICO2CHsI 90
19 PEICO2CH2CH2BTI 97
20 PEICO2CHzCH:I 103
2L PE[CO2(CHz)zCHgJ 107
22 PE[CO2CH(CH3)21 110
23 PEICO2(CH2)3CHrI 116
24 PEICO2CH(CHr;Cgrg11r1 115
25 PEICO2(CH2)5CHrI 123
26 PEICO2(CHz);CH3I 725

Others (Always lonized)
27 PEICONHCH2CH2SO3-] 32
28 PEICONHCH2CH2OSOs-I 36

o The aicohol-derived surfaces actually contain esters formed
from primary and secondary hydrory groups derived from the re-
duction of carborylic acid and ketone groups, respectively.
DAmides were prepared either by reaction of PE-COCI with RNH2
(NHs and methyl-, dimethyl-, and octylamines) or by reaction of
PE-CO2CHr with RNH2; esters were prepared by acid-catalyzed
esterificaticn of PE{O2H; alcohol derivatives were obtained by
reaction of PE-CH2OH with acid chlorides or anhydrides.

of the polar substituents R so that they occupy a larger
area fraction of the interface sensed by the wetting liquid.

Figue 8 shows the contact angle on a series of interfaces
modified by formation of estbrs with oligomeric poly-
ethylene glycols PE[CO2(CH2CH2O),H]. These experi-
ments are designed to test the hlpothesis that large goups
have a larger influence on d. than do small groups with
similar hydrophilicity. fu the length of the poly(ethylene
glycol) (PEG) chain increases over the interval n = L-74,
d" decreases. Above n = 14, however, d. increases slowly
with n. We attribute the decrease in d" between n = 1 and
n = L4 to the effects of size: Ap increases as n increases,
and the contact angle drops as nonpolar regions of the
interface are covered by the polar chains. We suggest that
the increase in d" for n ) 14 can be attributed to a slight
decrease in the average polarity of the PEG group as n
increases. The OH group at the end of each chain is ap-
preciably more hydrophilic than the ether units,2r and
increasing the chain length lowers the overall polarity. For
small values of n the increased area Ap is more important,
but as n increases the predominance of the ether groups
outweighs the increase in area.22

(22) The relationship between the MW of attached polymers and A
is decidedly unclear. Whether A even increases as the MW increases
depends on whether the polymeric chains are extended into the solution
or coiled up into a ball.
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From these and other experimenls, it appears that it is
possible to reduce the contact angle on these types of
interfaces by increasing the. effective srea covered by polar
molecules. We have not been able to generate a surface
from PE{O2H that has d. = 0, even when large, polar
polymers (such as poly(acrylic acid)) have been attached
to the interface.B This failure may be due in part to
crystalline, oxidation-resistant regions of the interface
having dimensions of 0.01{.L pm.2' If (relatively) un-
functionalized regions of this geometry are present in the
interface, it would be difficult or impossible to cover them
completely with individual molecules attached to the polar
regions of the interface.

Carboxylic Acids. Figure 9 summarizes contact angle
titrations of a number of derivatives of PE{O2H having
carboxylic acid groups in the functionalized intcrface. AII
of these materids having monocarboxylic acid function-
alities show a pH dependence of the contact angle that is
qualitatively similar to that of PE-CO2H. The width of

PE[>CHOCOC.|  I  H23l lC02Hl
(3E,.0.59)

PE[>CHOCOCFT] lCO2Hl
(t13, -0.57)

PE[>C=OJICONHCH(COaH)CH2C O2HJ
(2r, .0.16)

PE[>C=OJICO2Hl
(33, .O.35)

PE['l lcH2N H C O C ]t2C H2C O2Hl
(28, {.30)

PE[1[CH2OC O C H2C H2C O2Hl
(31,  { .35)

47.  PE[>CHOCOCH2CH2CO2HItCO2HI
(21, .0.20)

AE. PE[>C=OlICONHCH2cOOHI
(21 , .0 .19 )

49.  PE[>G=OJ[CONHC6HICOzH (p) l
(29, -0.28)

A10. PE[>CHOHllC02Hl
(33, -0.34)

A11 .  pE [ ' l l cH2ococ6H2(co2H)3  (1 '3 '4 ) l
(22, -0.16)

A12. PE[>C=O][CONHNHCOCF2CF2CO2HI
(19 , .0 .30 )

A13 .  PE[ ' J ICHzOCOCF2CF2CF2CO2] t l
(34, -0.40)

c o s  8 r ,  p H  r

.0 .8  -0 .5  .0 .4  -0 .2  -0 .0

1 8 . 5

16

55

53

l z s

4 4
26

2t

4 9

20

t 4

3 4

26

1 8

I

ls
l t o

A t .

r l r l , l r

48t?
oH

Fiaut.e 9. Contsct angle iitratioa for interfaces cuiaining carbor) lic acid groups. All curvee are to the same vettical sctle. Qe liqiting
rrflE Jit-"-"""i"c i"Lii -a ttre uatu"" of pK,r2 are sh-ovrn for-each intirfac!. Follo$'ing t}re stn ctures sut-ma zin-g the functional
croups in rhe inrcrfaceLe va.lues for rhe clianlis in r. on ionizatioD and for 5 cos d.. The inflection at pH l0.S.for PE[>C==O]-
[Cbtiiiirttt.OCirCirCorH] is due ro ionizationgi q9 rylCgC1, proto-n T]e mrmber to the left of tie 6tructute is used for identificarion
i,i [Li niir*. Si-&*ii ieri"ed fron iE1>CuOnltCnrogi i.'" abbreviated with an 'r PEI']1CH,ORI = PEI>CHORIICHORI.
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0

(23) PEI>CHOHJICH2NH2] was allowed to react e'ith polv(ecrylic
acid chloride) in aceione solution containing triethylamine for 18 h,
followed by rinsing in basic water. Obgerved valuet of d. were pH 1, 53o;
p H  1 3 , 3 0 o ; p K 1 p = 7 .

(24') For SEM micrographs, see ref 4. For informatiol o1 r-vstalline
and noncrystellins reCtons in polyethylene,8es Bassett, D. C. hinciples
ol Poll'mir Morphology; Cambridge University Prees: Cambridge, 1981.

A c o r  Q .

Figure 10. Correlation between dqpHl (the conta-ct a1g.le on the
unionized surface) and s cos d. for the interfaces list€d in Figure
9. The labels correspond to the labels used in Figure 9. The solid
points (O) represent interfaces made in two or fewer s1'rnthetic
steps; open symbols (o) represent surfaces made in four or more
sfrithetic steps. These latter points mqy havq a lower surface
dinsity of COrH groups due to low yields in the syntheses.

the inflection (4-5 pH units) is similar for all monoacids
(although di- and triacids are broader); the magnitude of
the difference between the low and high values of pH is
also similar.

The acidity of carboxylic acid groups is low on interfaces
that have low polarity as a result of intentional inclusion
of nonpolar functions: examples of representative values
of pKy12 (the value of solution pH at which the contact
angle has a value midway, in terms of cos 0", between ttrose
of the high and low pH plateaus) include PEI>CHOH]-

o
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Wetting of Functionalized Polyethylene FiIm
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Figure I l. Schematic illustration of t}e formation of monolayers
from HS(CH2)rsCH3 and HS(CH2)r5CO2H. Monolayers were
formed by the spontaneous adsorption of the thiols onto the gold
surface from ethanol solution.

[ C O 2 H l ,  7 . 5 ;  P E [ > C : O ] [ C O 2 H ]  ,  7 . 5 i  P E [ > -
CHOCOCF3I [CO2H], 8.0; and PE[>CHOCOCsH?] [CO2HJ,
10. This effect can be attributed in major part to an
increase in the difficulty of ionization (and thus an increase
in pK172) of the CO2H groups as the local polarity they
experiince decreases.s

The relationship between dosl (that is, the contact angle
on the protonated form of the interface) and A cos d" is
instructive (Figure 10): as 0os1 decreases, A cos d, also
decreases. This relationship is consistent with eq 12c.

We note that A cos d" changes significantly for interfaces
in which the nature of the ionizing group is unchanged
(PE[>CHOH][CO2H], A cos d" = {.34; PE[>CHO-
COCF3I lCO2Hl,  A cos 0.= 4.57; PE[>CHOCOCTIH*]-
[CO2H], J cos 0. = {.59). This observation indicates that
the nature of the functional groups surrounding the car-
borylic acid group influences the magnitude of A cps d" and
that the contributions of functional groups to interfacial
free energies are cooperative, rather than independent, as
assumed in eq 7.

Model Systems: Oriented Organic Monolayers.
PE-CO2H is a complex system: interpretation of its
wetting behavior is difficult because evidence concerning
the molecular-scale structure of its d interphase is infer-
ential. We have, in a related project,s examined in detail
the properties of oriented organic monolayers of thiols
having the structures of HS(CH/"CO2H and HS-
(CHr1,9113 adsorbed on thin gold films. Here we sum-
marize several conclusions concerning their structure and
describe a number of data relevant to their behavior in
contact angle titration. These data are useful in inter-
preting the more extensive data for PE-CO2H and its
derivatives.

Long-chain alkanethiols furcti6nnl izsd in the <,;-position
with a number of organic groups adsorb spontaneously on
gold and form oriented monolayer films (Fiepre U). The
packing density of these fibns is high, and the component
thiols are highly oriented.Fa The oxidation state of the
sulfur when adsorbed is still not unnmbiguously estab-
lished; here we write it simply as thiol (SH).2e We and
several other groups working on these systems have con-
cluded that the alkyl chains are fully extended, with
densities similar to that expected for a crystalline sheet,s
and have significant crystalline order.3l They provide the

(25) We will shortly publish details of the characterization of these
thiol monolayen.

(26;1*-, R. G.; Allara, D. L. J. Am. Chem. Soc. 1983, 105,
4481-4483.

(27) Li, T. T.-T.; Weaver, M. J. J. Am. Chem. Soc. 1981, J06,
f2$-1239. Li, T. T..T.; Weaver, M. J. J. Am. Chem. Soc. 198{, 106,
610?{r09.

(28) Sagiv, J., unpubliehed reeults.
(29) Nuzzo, R. G.; Fusco, F. A.; Allara, D. L. J. Am. Chem. Soc. 1987,

109,2358-2368. Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C.
E. L. J. Am. Chem. Soc. 1987, t09, 355F3568.

(30) Alerander, A. E.; Hibberd, G. E. In Techniques ol Chemistry;
Weissberger, A.; Rossiter, G. W., Ede.; Wiley-Interecience: New York,
1972; Vol. l, p 5?5.

r  aoo"
Figure 12. Contact angle as a function of xcou. Advancing and
receding angles were detcrmined at pH I and pH 13.

o 2 4 6 8 1 0 1 2 1 4
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o  2  4  5  8  1 0  1 2  1 4

l = 0 . 0

1 =0.6
PE-CqH

|  = 1 . 0

pH

Figure 13. Contact angle titrations of monolayer surfaces con-
taining methyl and carboxylic acid g"oups (xco,H = 0.0, tr; 0.6,
r; 1.0, Sl; Figure 12). Tbe contact angle titratibn obtained for
PE-CO2H is shown as a solid line for comparison. The dashed
line is the behavior expectcd on the basis of eq 16 with the
following assumptions: pK. = 11; dqpnr = 62 o; n = 3 X 1gtr..-2
(see tprt).

most highly ordered system presently applicable to the
study of the physical-organic chemistry of interfaces.
Figure 12 summarizes observations made on the wettability
of f i lms prepared by adsorption of mixtures of
HS(CH2)r5CO2H and HS(CHtrsCH3 on gold. The mole
fraction x of the carboxylic acid component in this mixture
refers to the solution value. (X-ray photoelectron spectra
suggest that the surface acid mole fraction in mixed
monolayers is less than the solution value; however, the
exact surface composition is not critical in our analysis
below.) Because CH3 and CO2H groups are similar in
size,sr Xr = Ar (eq 9). Several observations are relevant
to the behavior of PE{O2H. First, when Xco,H = l, the
interface is completely wettable at both pH-l and 13.
Thus, an interface composed of closely packed CO2H
groups is completely wetted (cos dse,H = 1, eq 10). For
intermediate vdues of 1, the contaci angle at pH 13 is
lower than the contact angle at pH 1, the difference pre-
sumably being due to ionization of the interfacial car-
boxylic acid groups at high pH. Second, the hysteresis in
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(31) Strong, L.; Whitcsidee, G. M. Langmuir, in press.
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Figure 14. Advancing contact angle d. a9 a figrc-qion of p.H for interfaces containing-am-ine moieties. Each curve shows values of d"
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structure summarizing ihe functional groups in-the interface are values

for the change ir a. o" iorir"tion-*a-iii"t cos dr. fhe number to the left of tie structure is fbr identification in later figures'
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this system, although large, is significantly less than that
observed for PE{O2H. Tilting the sample, however, still
does not cause the drop to roll down the plate, as with
PE-CO2H. The magnitude of the hysteresis for mea-
surements at pH I appears to be independent of the po-
larity of the interface: cos d8 - cos d, = 0.15 at x = 0 and
at 1 = 6.3. For measurement at pH 13, the hysteresis
increases as xco2H incteases, until the receding angle is zero.
Third, the contict angle titration curve at x = 0.6 (Figure
13, selected because da.nHr is approximately equal to that
for PF,{O2H) is, in sonie respects, similar to that observed
for PE-Cq}I. In particular, the values of 0pHr and dpurs
are sirnilnr for the two systerns. The carboxylic acid groups
in the monolayer are, however, significantJy less acidic than
those for PE{O zH (pKrn> 11). It is also unclear whether
the contact ang[ relchbi a plateau at high pH.33

To help evaluate the importance of contributions from
rrf to the change in 0" on this interface, Figure 13 also
includes a plot of 0" as a function of pH derived by using
eq 16 assuming the interfacial pK" = 11. -This plot also
asiumes that the density of carboxylic acid groups in the
d interphase is equivalent to that in a close-packed stearic
acid crystal,* 5 x 101a cm-2, reduced by the mole fraction
of acid groups present in the monolayer (assumed to be
eaual to the mole fraction in solution, 0.6) to yield n = 3
x'101' cm-2. In this analysis, the drop in 0" as the pH
increases is due solely to the entropy of dilution of the
proton that is released upon ionization. Although eq 16
clearly does not describe quantitatively the behavior of
either PErcO2H or the monolayer system, it does indicate
that the free energy of ionization is in principle sufficiently
large to influence 0".

It is important to later discussions to note that cos 0corx
* 1 only close to xco"x = l, while cos dg6r- * 1 at Xcoz-
= 0.7. The difference between these two intercepts is that
expected qualitatively on the basis of hydrophilicity.
Moreover, the question of whether cos d6srH = 1 (eq 12)
in the environment provided by PE-CO2H is not unam-
biguously answered from these experiments, since the

(33) These differenqes 4gy spro from different causes of the change
in i. with pH. Ap, rB$, rBf, #, 

"ld 
interfacial swelling may all con-

tribue, in different prbporlions, to the change in d. on ionization in these
aurfaces.

polarity experienced by CO2H in a monolayer and on a
irypottrltical perfectly functiona I i "ed polyethylene interface
may not be the sarle.

The data in Figure 12, in conjunction with data from
PE-CO2H, raise Jerhin questions about the model used
in deriving eq2-L2, especially about the assumption that
the contributions of functional groups to interfacial free
energies are linearly independent (eq 4 and 5). An ordered
*onol"y.r interface composed only of CO2H groups
(Figure 12, X = 1.0 = Aco,n) has d" = 0o. This result
sug-gests that this interface'has a significant amount of
adl6rbed water, that is, ?sv = 7lv.s Thus, the carboxylic
acid groups on this interface fall into the range of func-
tional group hydrophilicity where increased hydrophilicity
should have no influence on 0" or cos d" (Figure 3, regime
B). In fact, however, the obsened value of 0" on interfaces
with rco^n < 1 is lower at pH 13 than at pH 1. There are
two pt-s'siLle explanations for this behavior. First, the
decrease in 0" at high pH is due to the energy of ionization
(Figure 13, 0"), a possibility that we cannot presently
disprove. SeCond, the amount of water adsorbed on the
CO;H groups is less when surroundea by-Ugrophobic
methyfgroups than when surrounded by CO2H groups'
Thus, *hen xcqH ( 1, the carboxylic acid groups may not,
in fact, be polarinough to have a thick layer of adsorbed
water. Conversion of these carboxylic acid groups into
carboxylate anions could then result in the observed de-
crease in d". We note that this second- explanation is
consistent with data from PE-CO2H and derivatives.

We conclude from the similarities between the contact
angle titration curyes for PE{O2H and the oriented thiol

I
I

(34) A contact angle of 0o on a pure CO2H surfsce should be accom'
panied by tlre adsorption of a signifrcant amount of water at the interface,
a prediciion confirmed by measurement_of hexadecane contact anglee.
li rcOm rehtive humidity, heradecane beads on a CO2H surface (d. 1
35-40') even though it weis the surface at nmbient humidity (30-707").

If the relative humidity is allowed to decrease, a point is reached where
the adsorffi aqueogs 6bn e.'aporates and the hexadecane drop suddenly
spreads. Since Leradecane wets neither a pure methyl surface (0.= 47")
oor a prte acid surface (d. = 35o) at 1007c RH, the model developed for
oolvetlvlene would predict t}at heradecane should bead at all interme-
i;"i" r*f".e compoiitione. In fact, an 80% acid surface is wet by her'
adecane at all relative humidities. This result militatcs strongly against
island formation and sugges6 that for monolayer sy6t€ms the different
components of the intpifice cannot be treatcd entirely as being inde-
pendent.
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Figure 15. Contact angle titration of four amine- and pgidine-containing_i,ntcrfaces that show no d!Pqnd_enc!-9lq'-9rlP_I_{,^F_ggt_.I

"'it"h 
contact angle titrati5ns for derivatives of these substrrnics. lhe data for PE[>CHOH]tCHrryHzl and PE[>C!{][CONHCHzQHz{!Iz]

summarize dati both from a number of replicate titrations and for materials prepared by different s-ynthetic.methods (seven titrations
and one sSnthetic method for the former;-nine titrations and tqo different synthetic methods for the latter). The scatter in the data
shown foi these two samples is indicative of the magnitude of the variation in different -exp_e_rim_e_nts, rath-er tlan th9 smaller scatter
in one erperiment. Indi;idual experiments gave data of the sort shown for PE[>C:O]tPH?NH.2l, b-ut th-e pl-ot shifted up o.r -do-*n
fot different samples. A second dirivative oi pB[>CHOH][CH2NH2J was made b_v reacting.it with dansyl tloride, a material that
does not react wiih aliphatic alcohols.m The titrition cun'i foithiJinterface is shown in Figure 14 (M6). The structure shown as
PEI-][CH2NHR] is an abbreviat ion for PE[>CHOR][CH2NHR].

monlayers that the behavior of the former is not unex-
pected for an interface containing a mixture of ionizable
CO2H and nonionizable, nonpolar functionality and is not
predominantly an artifact of swelling or reconstruction in
the complex polyner interface (although these phenomena
probably are important in determining hysteresis). The
important observation that the values of d" are similar on
rough, heterogeneous PE-CO2H and on relatively flat,
homogeneous monolayer systems that plausibly simulate
the mixture of functionality present in the polymer in-
terface (x = 0.5), but that hysteresfs is relatiuely much
smoller on the monolayer than on the polymer, implies
that the observed values of contact angle on the pollmer
are close to equilibrium values. How it is possible to obtain
quasi-equilibrium values from a system in which high
hysteresis impli es important nonequilibrium determinants
to wetting and what combination of thermodynamic and
kinetic factors (in detail) fixes the observed values of d"
remain to be established.

Amines. Figure 14 summarizes the results of contact
angle titration on amine-containing interfaces. All of the
interfaces in this figure (and most simple secondary or
tertiary amines) yield changes in the contact angle as a
function of pH; interfaces containing other types of amine
groups (especially primary amines) do not (see below). The
form of the curve of d" vs pH is the reverse of that obtained
with interfaces containing carboxylic acid groups: the
contact angle increases on going from low to high pH. This
result is expectcd for an interface containing basic species
that are more hydrophilic in the charged, protonated form
(NHR3+) than in the neutral, deprotonated form (NRJ.

TltepK112of each of the interfaces summarized in Figure
14 is significantly lower than the pK. of the corresponding
soluble species. This result is the opposite of that for the

carboxylic acid interfaces, for which the pK172 was always
higher than the pK" of the soluble analogue. We attribute
the shift in pK112 relative to the analo-gous solution pK"
in the interfaces containing both carboxylic acids and
amines to the difficulty associated with creating a charged
group at the interface (due to a low local dielectric constant
and perhaps to charge-charge interactions).

The four amine-containing interfaces that did not dis-
play any change in the contact angle with water as a
function of pH (Figure l5)-three containing CH2NH2
groups and one a pyridine-were made by independent
methods (Scheme I) to minimize the chance that a slnr-
thetic artifact (failure of a synthesis, interfacial recon-
struction during synthesis) was responsible for the sur-
prising absence of an inflection in the titration curves. All
have a relatively low contact angle that is independent of
pH. PE[>C:O][CH2NH2] was prepared by reaction of
PE[>C:O][CH2CO2H] with HN3 in sulfuric acid-
chloroform. The interface of this material may have re-
constructed partially under the conditions employed
(CHCI3, 50 oC, t h); reconstruction would result in a de-
crease in Ap.r? PEI>CHOH][CH2NH2] was prepared by
initial reaction of PE[COCU with NH{OH to form PE[>-
C!={l[CONH2], followed by reduction of both amide and
ketone groups.s PEI>C:O]ICONHCH2CH2NH2I was
made either by esterifying PE[>C!={][CO2H] in methanol
and forming PE[>C:O][CO2CHr] and allowing this in-
terface to react with ethylenediamine or by causing PE-
tCOCll to react with ethylenediarnine. The ketone groups
are probably still present after these transformations, but
we have not charactcrized them explicitly. The interfaces
made by these two synthetic routes are indistinguishable.
PE[>C:O][CONHpyr] was prepared by reaction of PE-
[>C:O] tCOCll with p-aminopyridine.
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Figure 16. Correlation between the contact angle at pH 13 (the
contact angle on the unionized interface) and the change in contact
angle upon ionization for amine-containing interfaces shorxn in
Figures 14 and 15. The labels correspond to the labels used in
those figures. The solid line represents a least-squares fit to only
those samples that showed a change in d. with pH (A cos d. I
0o;o, o). The open symbol represents an interface requiring four
synthetic steps, and thus this interface may have a lower interfacial
density of amine moieties than the other interfaces. The value
of cos dos5 was used in place of cos dos13 for the interfaces that
containbd an acidic group in addition-to the amine function (M6,
M7, Figure 14).

The fact that none of these samples shows a pH de-
pendence of the contact angle establishes that this property
is not simply an artifact of a single slmthetic method.
ATR-IR spectra of samples containing CH2NH2 groups
suggest that amine functionalities comprise a significant
portion of the functional groups present in the function-
elizsd interfaces (based on the ATR-IR pealrs at 3350 cm-r
(NH and OH), 1640 cm-l (NHz scissor; Figure 4), and 1t20
cm-l (C-N).s In order to prove, however, that the amine
groups are present in the d interphase and actudly do not
influence the contact angle (although secondary and ter-
tiary at"ines do so), we converted them to new function-
alities (CH2NHSO2R and CH2NHCOCF3), both suffi-
ciently acidic to deprotonate in an accessible range of pH.
The resulting amides display the expected dependence of
contact angle on pH (Figure 15). In addition, PE[)C:
Ol[CH2NH2] was allowed to react with lauroyl chloride.
The resulting interface was hydrophobic (d" ) 100o),
presumably as a resul t  of  forming PE[>C:O]-
[CH2NHCOC1H23]. Thus, unless these interfaces recon-
structed during these reactions to bring *buried' antine
$oups into the 0 interphase, we conclude that amines are
present in the 0 interphase but do not change hydro-
philicity with pH. We believe reconstruction of the in-
terface during reaction to be r.rnlikellc CH3SO2CI does not
appreciably swell polyethylene at room temperature, and
even in solvents that swell polyethylene (methylene chlo-
ride, toluene) reconstruction typically results in the loss
of functionality from the contact angle interphase to the
interior.T

Why is the wetting of the three interphases containing
CH2NH2 groups independent of pH? We propose that
these groups have reached a limit in hydrophilicity and
that conversion of CH2NH2 to CH2NH3+ does not appre-
ciably increase the hydrophilicity of the interface (that is,
that cos 0p = L for both CH2NH2 and CH2NHT* (ee 8 and
9)). This proposal is justified in detail below. We note
here, however, that a plot of A cos d" vs cos 0os13 for all
the amine-containing interfaces exarnined (Figure 16)
shows a general trend similar to that observed for car-
boxylic acid containing interfaces (Figure 10): A cos d"
decreases with cos 0^ for the unionized interface.

Other Ionizing Functional Groups. We have sur-
veyed interfaces containing several other ionizable func-

(35) Bellamy ,L. J. The Infrared Spectra of Complex Molecules,2nd
ed.; Wiley: New York, 1958.
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Figure 17. Advancing contact angle d. as a function of pH for
interfaces containing a variery* of ionizable functional groups. Each
curve shows values of d. at low and high pH and the values of
pKtn Follou'ing the structure summarizing the ftrnctional groups
in the intcrface are values for the change in d" on ionization and
for I cos e.. The number to the left of the structure is for
identification in later figures.

R6. PE[>CrOlICOxHC]l:C]lrOPO(OH)21
( t2,  { .19;  6,  { .06}

1 0 0

80

5 0  0 r , p x r

a r O

i 3  3  oM7
a M 6

o3fo".i'",
A.,2.

o
R6.

4 0

2 0
0

.0.8

-1 .0
. 1 . 0  . 0 . 8  . 0 . 6  . 0 . 4  - 0 . 2

A c o s  e  !

Figure 18. Correlation bets'een dr.oHr on the unionized (or less
ionized in the case of multiple ioniiations) surface and A cos d.
for intcrfaces containing various functional $oups. Data plotted
are for interfaces shown in Figure 17 and for the sulfonamides
and fluorinated amides shown in Figures 9 and 15. The labels
correspond to the labels used in those figures; A12' and R6'
represent the second (high pH) ionization of interfaces A12 and
R6 u'ith difunctional acid groups. The value of cos dogs was used
in place of cos dosl for A12' and R6'. The open Symbols (o)
represent interfaies requiring four or more slnrthetic steps which
therefore may have lower interfacial concentrations of the par-
ticular functional $oup concerned.

tional groups (Figure 17). All of these samples, except that
conta.ining a thiol group,$ show I pH dependence for the
contact angle that is qualitatively consistent with the so-
lution ionization of these functional groups. For com-
parison with previous data, Figure 18 plots A cos d on
ionization against cos dosl of the unionized surface. fu for
interfaces containing cbrboxylic acid and amine moieties,
the change in contact angle decreases as the contact angle
on the unionized surface decreases.

Correlations between the Contact Angle of Water
on Functionalized Interfaces and Functional Group
Hydrophilicity. We have defined the hydrophilicity of
functional groups in terms of their Hansch zr parameters.2l
The r parameter is given by eq 17 and is defined as the

zr = log ([c]""uoor/[c]xro) - 2.13 =

(2.303^Rfl-r(Gouro - Go*t"ool) (tZ)

log of the partition coefficient (octanol/water) of the
functional group attached to a benzene ring minus the log

.0 .0

(36) We have not performed contact angle titrationr on 15i6 sqrnple
under inert atmosphere or with aqueous drops containing thiol reducing
agents to detprmine whether t}e thiol-compromising interface might have
b-een oxidized to disulfides.
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of the partition coefficient of benzene itself (2.13). Thus,
zr is a parameter that measures the relative stability of a
functional group in water and in a low-polarity medium
(octanol). In an ided system having only one type of
intcrfacial functional group, Young's equation (eq 1) could
be interpreted similarly as measuring the relative stability
of that group at the interface between pollrmer and water
(relatively high polarity) and at the interface between
pol5aner and air saturated with water vapor (relatively low
polarity). Because both r and d, are measures of the
relative stability of a functional group in polar and non-
polar environments, we postulate that r and cos d" are
linearly related (eq 18 and 19).

Kn(ys,nro - ?sv) = on(Goxro - Goo","oor) (18)

cos d" = (19a)

(1eb)cos 0" = Czr

Equation 18 hypothesizes a linear free enerry relationship
between corresponding interfacial and solution free enerry
terms: op is a dimensionless constant of proportionality
between interfacial and solution terms, and Kp is a con-
stant that converts interfacial free energy (in erg/cm2) into
free energies (in kcal/mol of surface groups).37 Simpli-
fication of eq 19a yields eq 19b, where C is simpll' a di-
mensionless combination of constants (for experiments at
constant 7). An obvious extension of eq 19 to interfaces
with more than one functional group yields eq 20.

cos d" = LAiCri
I

o+ = lA;r;
i
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Figure 19. Correlation between d. (top) and cos d. (bottom) and
the r value of the functional groups attached to PE-R. The r
values were obtained directly from the literature (o)21 or were
estimated (O; see Experirnental Section). The zr values for the
open syrnbols should be considered less accurate than those for
the solid sy'rnbols. Intcrfaces shown contain either )C:O or
>CHOH groups and CH2/CH3 groups;these were not taken into
account. Larger (more positive) n values indicate lower hydro-
philicity. The data points labeled with a ' (e.9., A4') represent
d. on the ionized form of the appropriate surface (e.9., A4).
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As indicated previously, we have no method to measure
A; experimentally, but we have estimated 11, the mole
fraction of the different functional groups present in the
interface. We assume that X; = Ar for most of the inter-
faces considered. We have previously estimated that for
the starting material PE[>Ci:O][CO2H] xcGH = 0.3, Xcr-o
= 0.2, and xcx" = 0.5.r For PE[>C:O][CO2CH3], the
corresponding values would be Xco,cH" = 0.3, Xc-.o = 0.2,
and xcx, = 0.5; for PE[>cHococFr]tcurococF3l in
which birth carboxylic acid and ketone moieties are re-
duced to alcohols before acylation, the values would be
Xcnococr. = 0.5 and Xss, = 0.5. Values of zr for the
functiondl groups were obiained from the literature2r or
estimated following the procedure outlined in the Exper-
imental Section.

Figure 19 is the first of two plots relating the hydro-
philicity of the interfacial functional groups to the wett-
ability of the interface. It is simply a plot of the observed
values of 0. (or cos 0") as a function of r; for the major
functional group involved. This plot makes no correction
for the functional groups derived from the ketones
(whether in the form of a ketone or alcohol) nor does it
take into account the presence of CH2 groups. It does,
however, establish the important qualitative point that the
wettability of the interface does not seem to respond to

(3?) This empirical value for C also allows op to be evaluatcd if K6
is known. U we a.eeume the interface contains 10rs groups/cm2 (equiva-
lent to the packing density in a stcaric acid crystal multiplied by a
roughness factor of 2),il ihen K1 = 0.0144 (hcal/molXerg/cm2)-r. Using
Kn = 0.014{ and C = -1.12, we calculate (eq 19) dn = 0.9. This value
i6 within our expected enor (arising primarily in assuming a value for the
surface roughness) of 1. The change in the interfacial free energy, ]sL,
between pH I and pH ll is only 0.4 kcal/mol if tsv is assumed to be pH
independent. This energy change is small compared with the free enerry
of ionization, A6;, for RCO2H (pH 1) - RCOz- (pH 11) + H+: appror.
imately 5 kcal/mol for a pX. of 7.5.
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Figure 20. Correlation between d. (top) and cos d. (bottom) and
r* (eg 2Ii r* takes into account all of the functional groups
believed to be present in the interface) determined for each
interface in Figure 19 and others. The r values used to determine
n* were obtained directly from the literature (o)21 or were es-
timated (o; see Experimental Section). The r* values for the
open syrnbols should be considered less accurate than those for
the solid symbols. The data points labeled with a ' (e.9., A4')
represent d. on the ionized form of the appropriate srrrface (e.9.,
Aa). The line is a best fit to the linear portion of the graph (z'*
> -0.8).

decreases in r below -2 (that is, to increases in hydro-
philicity beyond the level represented approximately by
P E  I C O N H N H 2 ] ,  P E  I C O N H - g l u c o s e ] ,  o r  P E -

lcoNHCH2CH2503-l).
The second plot (Figure 20) follows eq 21 in determining

the zr* value for each interface and thus takes into account
the hydrophilicity of all of the functional groups on the
surface. Again, there is a strong suggestion of the influence
of the hydrophilicity on the contact angle, as anticipated
by eq 9 and 10 (Figure 3). This figure also shows the
predicted relationship between cos d. and zr* (eq l8b) using
zr* in place of zr. The constant C was determined from a
best f it to the data with r* ) -0.8: C = -1.1.3? At Jower

(20)

(21)

o

. ' . '  oo
" o

'$9s
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Figure 21. Correlation between pKlp determined by contact
angle titration and the pK. for similai functional groups_in so'
lution. Open slmbols represent basic species (amines), and sold
symbols represent acidic species (carborylic acids, phenols,
fluorinated amides, sulfonamides, phosphonic acids, alkyl
phosphates, boronic acids). The data point labeled Fl6'represents
the second (more basic) pKrn and pK. of interface R6 (Figure
l?).

zr*, cos d" becomes unresponsive to changes in zr* and the
data deviate significantly from this line.

Correlations between Values of Interfacial pK 1p
and Solution pK". Figure 21 summarizes the data ob-
tained for all the ionizable species as a plot of the observed
values of pKlpvs the pK, of the relevant functional group
in aqueous solution. In some instances the pK" values
reported for the solution analogues are literature values
(e.g., pK" = 3.24 for CH3CONHNH2 as an appropriate
soluble analogue for PE[CONHNH2]).38 In other cases
the pK" values are predictions based on the widely rec'
ognized relationships between the various functional group
interactions in a molecule and the resultittg pK".3' A
datum falling along the diagonal line in this plot would
have the same values of pKlpand pK"; that is, the value
of solution pH required to achieve half-ionization would
be the same for that group at the interface and in solution.
In fact, all of the data examined fall in groups above and
below the line. Those falling above the line, with the
surface pKrn larger than solution pK' are all acidic
species, while those falling below the line are all basic
species. The origin of the difference between acidic and
basic species is certainly the difficulty in generating either
positively or negatively charged functional groups from
neutral groups in the interfacial region.

Conclusions
We summ arize the conclusions from this work.
l. The oduancing contact ongle of water on PE-CO$I

and its deriuatiues correlates with the hydrophilicity of
the functional group in the interface. The quality of the
correlation between cos 0" and n is remarkably good
(Figue 20). We emphasize one hidden similarity in both
'moist" wetting of the polymer interface by water and in
partitioning of organic molecules between octanol and
water, the nonpolar phase (air or octanol, respectively) is
saturated with water. Hence, polar groups are free to
solvate with water both at the solid-vapor interphase and
in the octanol phase, provided that their affinity for water
is sufficiently high.

2. The influence of increased hydrophilicity on contact
ongle appears to reach saturation for uery hydrophilic
substituents (r S -2). The chemical potential of water
is constant throughout the system (liquid water is in
equilibrium with water vapor and with water adsorbed on
the functionalized interface). Sufficiently hydrophilic

(38) Perrin, D. D. Drssociation Corctants ol Organic Boses tn Aque'
ous Solution: Butterworths: London, 1965.

(39) Perrin, D. D.; Dempsey, D.; Serjeant, E. P. pK, Prediction lor
Organic Acids and Eases; Chapman and Hall: New York, 1981.
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Figure 22. Schematic representation of a solid composed of
hydrophilic (o) and hydrophobic (r) functiond groups,-dry, in
eiuiti6riun with water vapor (O) and in contact with liquid water.

groups will be solvated (that is, strongly associated with
adsorbed water) on the moist interface used to determine
0" (Figure 22). These water-solvated groups will resemble
water itself from the vantage of additional water molecules.
Hence, all interfacial groups that are sufficiently polar to
be highly associated w'ith adsorbed water at I00% relative
humidity should give rise to an interface having roughly
the same interfacial free energy (that is, roughly that of
the surface tension of liquid water). Under the moist
conditions employed to determine contact angles, the
specific hydrophilicity of the groups attached to the in-
terface is therefore, to a first approximation, irrelevant as
long as the groups are sufficiently hydrophilic to be fully
solvated. Our data suggest that functional groups with zr
values less than -1 to -2 are sufficiently polar as to be fully
solvated at I00% humidity. This range of zr values in-
cludes such functional groups as CO2- (-4.36), NHs*
(-4.19), SOs- (-4.?6), glucose (-2.84), and CONHNH2
(-1.92). Groups that fal into the transition region between
full and partial coverage by water (i.e., those at the in-
flection in the relationship between r and cos 0", Figure
19) include CO2H (4.i2), NH2 (-r.23), CONH2 (-1.23), OH
(-1.13), and NHSOTCHg (-1.18). Groups that collect little
water (i.e., those in the linear portion of the relationship
between r and cos d", Figure 19) include CO2CH3 ({.01),
CH2OCOCFg (0.55, estimate), CHz (0), CHs (0.56), and CF
(0.88).

3. An importont parameter in determining the influ-
ence of a functional group on the wetting of these t7'pes
of interfoces appears to be the surface area that this
group couers. The'area fraction' is probably more im-
portant in determining the influence of a functional group
on wetting than is the mole fraction of that group in the
interface. In partiqular, in cases where some of the in-
terfacial functional:6roups are significantly larger than
others, the larger groups will probably make more im-
portant contributions to the interfacial free energy.
Definition of the area covered by a functional group is not
a simple procedure. For example, long functional groups
attached at the interface (such as -(CH2CH2O)'-) could
extend out into the bulk water and thus, in principle,
occupy a relatively small fraction of the interfacial area,
or they might condense onto the surface and cover a large
area.

The increase in interfacial area coverage upon ionization
of fi.rnctional groups might also have a significant influence
on wetting. A carboxylate anion in an interface in contact
with water vapor might, for example, collect a larger *pool"

of associated water than would an unionized carboxylic
acid group. The resulting increase in the effective A; would
result in a decrease in contact angle, even in the absence
of a change in 1sy; or ?sl.i i  the possibil i ty that A; might
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be a function of the ionization state of the group f could
significantlf influence interpretation of relationships be-
tween d" and z' (a parameter whose sensitivity to size is
probably due more to functional group surface area than
to projected area on an interface). The increase in Ai upon
ionization of the carboxylic acid groups of PE{O2H may,
in fact, be one reason why the contact angle decreases at
high pH. Similar arguments would apply to the contact
angle titrations of all of the interfaces tested in this paper.

4. Contact angle titration prouides a conuentent me'
thod for measuring the ionization of functional groups
on an interface: the conversion of an uncharged (less
hydrophilic) b a charged (more hydrophilic) group is often
accompanied by an increase in wettability and a decrease
in contact angle. It is something of a puzzle why this
technique works as well as it does. Results obtained n'ith
contact angle titration are internally consistent and
physically reasonable. The values of pK112 inferred from
this technique and from direct observation using ATR-IR4
and fluorescences spectroscopies (and occasionally using
direct titrationa) are in good agreement. Systems derived
from PE-CO2H are, however, not at thermodl'namic
equilibrium: h1'steresis is large, the drop does not move
on a tilted sample, and the drop edge appears to be pinned.
Model monolayer systems show less hysteresis, but values
of contact angle that are compatible with those obsen'ed
for PE{O2H and derivatives are also obtained n'ith these
structurally better-defined systems. Thus, d" for PE[R]
is apparently not determined solely by the same factors
that result in the large observed hysteresis. We presume
that the h1'steresis reflects some combination of interfacial
heterogeneity (e.g., roughness or uneven distribution of
functional groups) and reaction on contact n'ith the bulk
water (swell ing and/or ionization). Although the values
of contact angles can only be considered approximations
to those that would be observed for a system in true
thermodlnamic equilibrium, we presently believe that the
differences between the nonequilibrium or quasi-equilib-
rium values obtained with the polymer interfaces and
equilibrium values that would be obtained on an ideal
system containing the same functional groups are (hys-
teresis notwithstanding) small.

Several factors might, in principle, cause a decrease in
0" on ionization of the interfacial groups in PE-CO2H.
These include an increase in /p, an increase in ysy, a
decrease in 7sL, swell ing of the interfacial region, and
processes making a contribution to aRH (eq 3), such as the
free energies of ionization or swelling. We draw upon the
comparison of PE{OTH to the structurally better-defined
monolayer systems based on organic thiols absorbed on
gold to suggest that interfacial swelling is relatively unim-
portant in determining 0". Since these monolayer syrstems
are not expected to swell significantly in either the ionized
or unionized state, and since their behavior in wetting is
qualitatively similar to that of the functionalized polltner,
we conclude that swelling of the interfacial region of PE-
CO2H is not essential for a decrease in d".

We do not currently know whether the enerry of reac-
tion (lRH) is important in determining the contact angle
as a function of pH for PE-CO2H. One fact suggests,
however, that it is not: if the energy of ionization were
driving the movement of the drop to lower contact angles,
the contact angle would be expected to continue to drop
beyond the pH of full ionization (eq 16, Figure 13). For
example, even if the interface were fully ionized at pH 10,
the free energy of ionization at pH 14 would be greater
than that at pH 11 by the entropy of dilution of the pro-
tons (R?ApH = 1.4 kcal/mol), and the contact angle would
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be lower at pH 14 than at 11. This continued drop in 0,
above the point of full ionization is not observed for PE-
CO2H or any material derived from it.

The remaining factors that might plausibly contribute
to the decrease in 0. on ionization may all be important.
Changes in Ap on ionization of an interfacial group are
Iikely to be important for many of the materials studied.
Changes in ?sv and yss on ionization may also be im-
portant, although the monolayer studies indicate that cos
dco,H = dco,- = 1, and our first-order analysis (eq 3-10)
suggests thit interfaces containing these two functional
groups should not be distinguishable by contact angle. In
fact, the relationship between zr and 0" (Figure 19) and the
relationship between cos da,pHr and A cos d" (Figures 10,
16, and 18) suggest that the influence of a particular
ftrnctional group on the interfacial free energy may depend
on its environment, and conclusions drawn from the
monolayer system may not be directly applicable to PE-
CO2H. Certainly, qualitatively the hydrophilicity of the
COe- group is greater than that of a CO2H group, and the
wettability of the interface follows the same order.

5. The supposition that in an interfoce containing a
number of different functional groups the contribution
of each group toward the wetting properties can be con-
sidered additiue ond independent (eq 5 and 6) prouides
a ualuable starting point for analysfs ond leads to a
qualitattuely reuealing physical model of wetting, but this
supposition may be incorrect in many situations.

Experimental Section

General. All solvents were reagent grade and were used as
received. Water was distilled in a Corning Model AG-lb glass
distillation apparatus. XPS spectra were determined on a Physical
Electronics Model 548 spectrometcr (Mg Ka X-ray sourc€, lOGeV
pass energy, 10-8-10-e Torr, instrument calibrated according to
ASTM STP 699).

ATR-IR Measurements. Pieces of polyethylene film were
cut to the size of the KRS-5 (tialliu:n bromide/iodide,45o) cr)'stal
faces and pressed against the faces with an MIR (Perkin-Elmer)
s,ample holder. Films treated with aqueous solution were dried
under vacuum (60 min, 0.01 Torr, room temperature) prior to
contact with the KRS-5 crystal to prevent crystal damage and
to eliminate peaks due to excess water from the spectrum.
Rectangular pieces of thin cardboard the same size as the film
pieces were inserted between the frLns and the steel sample holder
to distributp the pressure on the film evenly. Spectra were ob-
tained on a Perkin-Elmer Model 598 spectrometer.

Contact Angle Measurements. Contact angles were deter-
mined on a Ram6-Hart Model 100 contact angle goniometer
equipped with an environmental chamber by estimating the
tangent normal to the radius of the drop at the intersection
between the sessile drop and the surface. These values were
detcrmined 5-20 s after application of the drop. The humidity
in the chamber was maintained at L00To by filling the wells in
the sample chn-ber with distilled water. The temperature was
not controlled and varied between 20 and 25 "C. The volume
of the drop used was always 1 pL. Polyethylene samples were
cut to a size of 0.5 x 2 cm and attached by the back of the sample
to a glass slide by trsing twesided Scotch tape to keep the sample
flat. All values reported are the average of at least eight mea'
surements ta-ken at different locations on the film surface and
have a ma:rimum error in the mean of *3o. The pH profiles were
fully reversible on the interfaces after the drops wete removed
from the interfaces by washing with distilled water and drying
in air. Some semples, such as PEICONHNHCOCFgJ, could be
imagined to hydrolyze at high pH. None of the titration curves
are dominated by such reactions, as shown by treating the in-
terfaces with base for a few seconds (the time necessary to de'
termine d.) and then redetermining d. at low pH. The buffers
used (0.05 M) were as follows: pH 1, 0.1 N HCI; pH 2, maleic
acid; pH 3, tartaric acid; pH 4, succinic acid; pH 5, acetic acid;
pH 6, maleic acid;pH ? and 8, HEPES;pH 9 and 10, CHES;pH
11,4-aminobutl ' r ic acid; pH 12, phosphat€; pH 13,0.1 N NaOH;
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other buffers{ were substi tuted with no apparent dif ferences in
n

zr Values for Interfacial Functional Groups. The functional
group r values used in determining the rr* values for the interfaces
were obtained from the literature.2l In many cases, the r values
for the exact functional groups were not available. In some cases,
estimates were made for z'based on the functional groups present.
This averaging was only used for interfaces of the tvpe PE-
[CONHCH2CH2R]. The r value estimated for this functional
group was the numerical average of zr for the secondar5' amide
(-L.27) and the functional group R. While the results of this
averaging are probably only approximations to the values that
would be obained in actual experiments, the values appeared
to be useful in understanding the wetting properties of these tlpes
of surfaces. A second tlpe of deviation from the strict use of zr
values for the functional gtoups was used in the case of the very
long hydrocarbon or fluorinated hydrocarbon chains of surface
esters. Although the length of an ester would clearly influence
r, it would probabll'not influence d" above a certain length because
only a portion of the chain would be exposed at the edge of the
surface. For this reason, ?r was estimated to be 0.55 for the methyl
surface resulting from PE[CO2C8Hr?J (r = 0.55 for CH3). Sim-
ilarly, r was estimated to be 0.88 for PEICHzOCOCTFT5J (r = 0.88
for CF3). Other values of z' used in this work were as follows:
CO2CF3, 0.55 (estimate); COzCH2CH3, 0.51; CH2, 0; CO2CH3, -O.01;

CONHCH2CH2N(CH2)r, {.19 (avg); CONHCH2-pyidine, -0.48
(avg;; CoNH-plr idine, {.48 (avg); C:O, -O.55; OH, -1.13;

CONHCH2CH2NHCOCF3, -0.60 (avgl' CO2H, 4.72; OSO2CH3,
-0.88; CONHCH2CO2H, -1.0 (avg); NHSO2CH3, -1.18, CONH-
CH2CH2OH, -L.2 (avg); CONH2, -L.23: NH2, -1.23; CONHC-
H2CH2NHSO2CH3, -1.23 (avg); CONHCH2CH2NH2, -1.25 (avg);
CONHCH3 , -1.27; CONHNH2, -7.92; CONHCH2CH2NH3+, -2.73
(avg;' glucose, -2.8; CONHCH2CO2-, -2.82 (avg); CONHCH2C-
H2SO3-, -3.02 (avg)i NHa*, -4.19; COr-, -4.36; SOs-, -4.8.

Polyethylene (PE-H) (Film 1). Low-density biarialll' blonn
polyethylene film (100 sm thick, p = 0.92 glmL) was a gift from
Flex-0-Glass,Inc (Flex-0-Filn DRT'6008). The film was cut into
10 x 10 cm squares. These were extracted by suspending the film
in refluxing CH2CI2 for 24 h to remove antioxidants and other
additives present in the film. The removal of additives could be
monitored with the carbonyl region of the ATR-IR spectrum.
Prior to extraction, a peak at 1650 cm-r was presenl This peak
was eliminated by the extraction. The samples were dried under
vacuum (20 oC, 0.01 Torr, 4 h) or in air (20 oC, 4 h) prior to
oxidation to allow residual solvent to evaporals. $ernples that
were not oxidized immediately were stored under dry argon. In
all cases, experiments were performed on the side of the frlm facing
the inside of the stock roll.

PE{O2H (PE[>C:OJ[CO2HJ: Fi lm A4). PE-H r" 'as oxi-
dized by floating on H2SOa/H2O/CIO3 Q9lA2l29; w/rr',/w) at 72
oC for 60 s. These samples were rinsed 4 times in distiUed water
and once in acetone, dried in air for I h, and stored under dry
argon. The samples are indistinguishable from PE-H to the
unaided eye. The samples had a peak in the ATR-IR at 1?10 cm-r.

PE[>CHOHJICO2H] (Fi lm Al0) end Derivatives. A so-
lution of 4 g of NaBHa (98Vo, Alfa) in 100 mL of 0.1 N NaOH
was heated to 50 oC. PE-CO2H was added, stirred for 2 h,
removed, and immersed in 1 N HCI for 10 min. The film was
rinsed in wat€r, in 1 N HCl, 3 times in distilled wat€r, and once
each in methanol and methylene chloride. At the resolution
employed, the XPS spectrum was indistinguishable from that of
PE-CO2H. The contact angle with water (pH 1) was 54o, and
the sample had a new ATR-IR peak at 3350 cm-r. In order to
form PE[>CHOCOR] [CO2H], PE[>CHOHJ [CO2H] n'as treatcd
with neat trifluoroacetic anhydride (or lauroyl chloride, both
Aldrich) for 18 h at room temp. The films were then rinsed in
water (4 times) and methanol (twice) and dried in the air to form
PE[>CHOCOCFg][CO2H] (f i lm A2) or PE[>CHOCOCIIH2g]-
lCO2Hl (f i lm Al).  To generate PE[>CHOCOCH2CH?CO2H]-
ICO2HJ (film A7), PE[>CHOH][CO2H] was treated nith 30 mL
of acetone containing 10 g of succinic anhydride and 1 mL of
triethylamine for I h. The fiLn was rinsed in acetone, rat€r, and
then methanol before being air-dried.

PEI>CHOHJICH2OH] (PEICHzOHJ;  F i lm l3)  end De-
rivatives. PE-CO2H was treated with excess 1 M BH3-THF
(Aldrich) at 50 oC for 20 h under argon. The films *'ere rinsed
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tg'ice in water, soaked in 1 N HCI for 5 min, and rinsed 3 times
in u'ater. The carbonyl ATR-IR peaks were absent. and a new
peak appeared at 3350 cm-I. In order to keep the nomenclature
as brief as possible, derivatives of PE[>CHOH][CH2OH] are often
shown as derivatives of PE[CH2OH], and it should be assumed
that the secondary'hy'droxy groups are similarly derivatized. In
order to generate PE[CH2OCO(CF2)"CF3] (f i lms 15-17), PE-

[CH2OH] was allowed to react with neat [CFg(CF2),CO]2O
(Lancaster Slrrthesis, just enough to cover the film) for 18 h at
room temperature. The films were rinsed 5 times in methanol,
twice in acetone, and twice in water. The ATR-IR spectrum (n
= 0) showed new peaks at 1?90 (CF3CO2R), 1165, and 1226 (C-F)
cm-t. PE[CH2OH] was allou'ed to react n'ith stearic acid chloride
(Fluka, 5 g) in acetone (50 mL) containing 5 mL of triethylamine
for 18 h. The film was temoved, rinsed in methanol, water,
acetone, and hexane, and dried in air to form PE[CH2OCO'
(CH2)rocHsl  ( f i lm 14) .  A l ternat ive ly ,  to  form PE-

[CH2OCOCH2CH2CO2H] tfri:n A6), PEICH2OHI was treated nith
30 mL of acetone containing 10 g of succinic anhydride and 1 mL
of triethy'lamine for I h. The film u'as rinsed in acetone, water,
and then methanol before being dried in air. PE[CH2OH] was
allowed to react with a saturated acetone solution of L,2,4.5'
benzenetetracarboxl'lic acid anhydride for 2 h at room temper-
ature. The film was removed, rinsed in acetone, meth-"-lene
chloride, 0.1 N NaOH for 10 min, water, and acetone, and dried
in air to form PE[CH2OCOC6H2(COzH)a (1,3,4)] ( f i lm Ati).
Finally, PE[CH2OH] was allowed to react with neat perfluoro'
glutaric anhydride (Lancaster Synthesis, just enough to cover tfre
film) for t h at room temp. The film was removed, rinsed in
methanol (3 times) and water, and dried in air to form PE-

ICH2OCOCF2CF2CF2COzHI (f i lm A13).
PEICOCU. PE-CO2H was soaked in 30 mL of dry diethyl

ether containing 3 g of PCls for t h at room temperature. The
film was quickly removed and used immediately without workup
to minimize hydrolysis of the acid chloride groups by ambient
water vapor.

PE[CO2(CIIpH2O)"H]. For n 314, PEICOCII was immersed
in the appropriate neat liquid Poly(ethylene glycol). Lower n
values were the pure compounds (n = 1 and 2 were obtained from
Fisher; n = 3 and 4 were obtained from Aldrich). The higher n
values were mixtures of different molecular weight, and the re-
ported n values are indicative of the average molecular weights
(n = 5, 7, 10, and 14 were all obtained from Aldrich). After t h
the fiims were removed, rinsed ? times in water and once in
acetone, and allowed to dry in air. For n ) 14 the reactions were
carried out similarly in 20% polymer (Aldrich)/80% acetone
mixtures.

PEICONH2J (Fi lm 4). PEICOCII nas put direct ly into con'
centrated NH{OH for 20 min, rinsed in water (5 times) and
methanol (twice), and then dried in air. ATR-IR showed new
peaks at 1400 (c-N stretch), 3150 (NH), 1560 (NH), and 1660
cm-r (C:ONH); XPS N/O rat io = 0'58.

PEI>CHOIIJICII2NIIzJ (Fi lm N2) and Derivatives. PE-

[CONH2] was treated with 1 M LiAlHr in refluxing diethyl ether
(Aldrich, 1 M LiAIH{ in ether) for 18 h. After the film was rinsed
in water (4 times) and methanol (once), its surface appeared
cloudy. The film was soa.ked in concentrated HCI for 10 min and
rinsed in water (3 times) and methanol (twice). After the HCI
treatment was repeated, the film was again clear. ATR-IR showed
new peals at 3350 cm-r (NH2 and OH) and 1640 cm-r (NHd. The
peak at 1560 cm-l (NH of CONH, had disappeared. (Note: This
frLm has a foul, fishy smell. This smell may be PH3 or some other
toxic phosphorus compound derived from the reaction between
residual PCls in the frh and LiAlHa. Appropriate caution should
be exercised.) In order to generate PE[>CHOSO2CH3]'
ICH2NHSOzCHsJ (fibn N3), PE[>CHOH][CH2NHzJ *as treated
with 5 mL of neat CH3SO2CI containing 1 mL of triethylamine
for 1 min (the triethylamine was added slowly and carefully). The
fibm was rinsed several times in water ard once in methanol and
d r i e d  i n  a i r . P E [ >  C H O C O C H 2 C H 2 C O 2 H ] -
[CH2CONHCH2CH2COzHJ (film A5) was generated by reacting
PEI>CHOHJICH2NHz] with succinic anhydride (10 g) in acetone
(50 mL) containing 1 mL of triethylamine for t h at room tcmp.
The film was temoved, rinsed in acetone (3 times), water, and
acetone, and dried in air.  PEI>CHOH][CH2NH2] was al lowed
to react with 100 mg of dansyl chloride (Sigma) in acetone (10
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mL) for 10 s. At that point 0.5 rnl- of aqueous Na2CO3 (saturated)
was added, and the film was removed after 30 s. The film was
rinsed in methanol (5 times), water, and acetone and dried in air
to form PE[>CHOH][CH2NH-dans1' l ]  ( f i lm It{6).

PE[>C:O][CH2NH2J (Fi lm Nl).  PE-CO2H was put into
a mixture of 100 mL of chloroform, 25 mL of concentrated sulfuric
acid, and I g of NaN3 (Kodak). The mixture was stirred at 50
"C for I h, and the film was removed. The sample was rinsed
in u'ater, acetone, watet, acetone, and ether and dried in air.
ATR-IR peaks: 1120 (C-N); 1640 (NH2); 3350 cm-r (NH). Upon
reaction with lauroyl chloride (3 min in neat reagent) the film
become hydrophobic (d" ) 100").

PE[CO2CH3] (Film l8). The methyl ester has been made by
three different methods, with the resulting interfaces being in-
distinguishable.{ Here, PE{O2H was stirred for 18 h in 500 mL
of anhl'drous methanol containing 75 mL of sulfuric acid at 40
oC. The film was rinsed t*'ice in methanol,3 times nith distilled
water, and once in acetone. For all three methods, ATR-IR spectra
showed a new peak at 1740 cm-r and no CO2- peak (1560 cm-t)
after treatment with 1 N NaOH, indicating complete reaction.

PE[CO2R]. The ethyl, 2-bromoethyl, n-prop1'I, isopropl'I,
n-but1'I, sec-butyl, n-hex1'I, and n-octyl estrrs (films 19-26) were
made by soaking PE-CO2H in the appropriatc anhydrous alcohol
(50 mL) containing sulfuric acid (10 mL) at 40 oC for 18 h (for
ethyl and bromoethyl\ or i2 h. The films were worked up as for
PE[CO2CH3]. AJternatively, the propl'l ester was made b1'putting
PEICOCU in propan-l-ol for 30 min and rinsing once u'ith
methanol, twice with water. and once with acetone.

PEICONHNHzJ (Film M8) and Derivatives. PE[CO2CH3]
was heated at 50 oC in 95% NH2NH2 (Eastman) for I h. The
film gas rinsed 3 times in methanol and twice in water. The
ATR-IR spectrum showed a new peak at 1650 cm-r. This material
(PEICONHNHTJ) was put int.o 50 mL of THF containing t0 mL
of laurol'l chloride and 0.2 mL of triethylamine. After 42 h, the
fil:n was removed, rinsed in methanol, wat€r, acetone, and hexane,
and dried in air to form PEICONHNHCOCIH4I (f i im 10).
Alternatively, PE[CONHNH2] was stirred for 18 h in 10 mL of
THF containing 0.2 g of tetrafluorosuccinic anhydride (K and
K Chemicals) at room temperature. The fiIm was removed. rinsed
in THF, methanol, water, and acetone, and dried in air to form
PE[CONHNHCOCF2CF2CO2H] (f i lm A12). In order to form
PEICONHNHCOCFsI (film R2), PEICONHNH2I was stirred in
10 mL of THF containing 0.5 mL of [CF3CO]2O and 0.2 mL of
triethl'lamine for 18 h at room temperature, followed b5'rinsing
in THF, methanol, water, and acetone and drf ing in air.

PE[CONHR]. PEICOrCHg] was soaked in the appropriare,
neat, commercially obtained amine for 4 weeks at room tem-
perature. The samples were soaked for several hours in water
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and/or methanol to remove excess arnine reactant from the film.
The samples were then rinsed in methanol and dried in air.
Samples made in this manner were those derived from 2-
aminoethanol ( lvlcB, f i lm 3), N-(2-aminoethyl)morpholine
(Lancaster Slnthesis, film M4), N-(2-aminoethy'l)plrrolidine
(Lancaster Slnthesis, film M3), 4-(aminomethyl)pyridine (Alfa,
film M5), aminomethylcyclohexane (Lancaster Synthesis, film
9), NJ-dimethl'lethylenediamine (Aldrich, film MI), NJV'-di-
methylethl'lenediamine (Alfa, film I{2), 1,7-dimethyl-4-heptyl-
amine, Lancaster Slmthesis, film 8),2-aminoethanol (MCB, film
3), ethylenediamine (Fisher; this reaction is one approach to film
Nit), and 4-heptylamine (Lancaster Synthesis, film ?).

PE[CONIIR'].  PEICOCU was put into aqueous solut ions
(unless otherwise specified) containing the appropriate amine-
containing substances for 5 min. The samples were rinsed in water
(4 times) followed by methanol (once) and dried in air. Surfaces
made in this manner include those derived from commercially
obtained p-aminobenzoic acid (Eastman, film A9, 50 mL of
acetone containing 5 mL of triethylamine), aminoethanethiol
(Aldrich, film R1, 30%, pH 8.8), (2-aminoethyl)phosphonic acid
(Sigma, film R5, 50 mg (saturated) in 5 mL of methanol with 0.2
mL of trieth5'lamine), 2-aminoethl'l phosphate (Alfa, film R6, 1
g in 5 mL of methanol s'ith 0.5 mL of triethylamine), 2-aminoethyl
h5'drogen s'rlfate (Sigma. saturated in 5 mL of methanol with 0.5
mL of tr iethylamine, f i lm 28), o-aminophenol (Baker, f i lm R4,
saturated); (m-aminophen)'l)boronic acid (film R3, 0.5 g of free
base (Alfa) in 5 mL of methanol with 0.5 mL of triethylamine),
4-aminopyridine (Sigma, film N7, saturated solution), aniline
(Fisher, neat, f i lm 11), aspart ic acid (f i lm A3, 0.5 M at pH l0
(NaOH)), dansl'lcadaverine (Sigma, film M7,50 mg in 10 mL of
methanol s'ith 0.5 mL of triethl'lamine), ethylenediamine (Fisher,
this reaction is one approach to film N4, neat; the CF3CO and
CH3SO2 derivatives of this surface (N5 and N6) were made as
for PE[>CHOH] [CH2NH2]), glucosamine hydrochloride (Sigma,
2 M adjusted to pH 10 (NaOH), film 2), glycine hydrochloride
(Aldrich, fihn A8,2 M at pH 10 NaOH)), methl'lamine (Eastman,
40Vc in H2O, film 5), dimethl'lamine hydrochloride (Baker, 30%
in 1 N NaOH, film 6), n-oct1'lamine (Eastman, neat, film l2),
taurine (Aldrich, H2NCH2CHTSO3-, saturated, pH 9.5, film 27).

Monolayers. Monolayers were formed by adsorption of
mixtures of CH3(CHz)rsSH (0-1 m1\{) and HO2C(CH2)rsSH (f 1
mM) from degassed absolute ethanol solution (20 mL) onto fresNy
evaporated gold surfaces for 12 h at room temperature. These
gold surfaces were made by thermal evaporation of a 2000.A-thick
la1'er of gold onto a 3-in, silicon wafer, with a thin (200 A) in-
ten'eing lal'er of chromium to increase adhesion between the gold
and silicon. The monolayers were rinsed in water and ethanol
prior to determination of d.
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