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I . INTRODUCTION

Chemical modification of the surface of a polymer changes its free energy of inter-
act ion wi th contact ing sol ids or l iquids whi le leaving i ts bulk physical  propert ies
largely unchanged. The abil ity to control interfacial interactions by chemical
modification of a surface is important for applications involving properties, such
as  adhes ion , ( r  6 ) *  b iocompatab i l i t y , (7  e )  p r in tab i l i t y , " t ' )  s ta t i c  d ischarge, ( r r  )  tha t
depend on  wet t ing  or  on  hydroph i l i c i t y . ( r2 ' r3 )  l ve( r4  20)  and o thers ( r r  re )  have
studied the relations between the structures of the surfaces of surface-modified
polymers and their wettabil ity. The meaning of the phrase .struc'ture of the surf'ucc
in this context is not sharply defined, but includes those characteristics of the
solid-l iquid interface functional group types. orientation, and distribution. surface
topology; bulk polymer properties-that influence wetting. These studies have led
to a useful understanding of the factors that control wetting, phrased in the
qualitative terms of physical organic chemistry.

Our research has explored synthetic methods for introducing organic func-
tional groups at the surface of polyethylene and has examined the thermal stabil ity
of the resulting functionalized interfaces in detail.(30) We chose polyethylene for a
number of reasons: low dielectric constant, absence of functional groups, trans-

*  For an example ol  work wi th surface-modi f ied,  low-densi ty polyethylene,  see Ref.  4.
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spectroscopic uti l i ty, ready availabil ity. This revrew
area and related work f rom other groups.(27'3r '1s)

l.l . Surfaces, lnterfaces, and lnterphases

The field of surface chemistry encompasses a wide range of disciplines having
interfacial phenomena as a common interest. The terminology of the field must
therefore accommodate a wide range of systems varying in their degree of ideality
(e.g. ,  in f latness or in uni formity) .

In the context of this review, the term sur.f 'ace refers to the face of a solid
(or of  a l iquid) direct ly exposed to the environment,  wi thout rcference to any
contacting phase. The term interf ctce refers to the contact between a surface and a
second phase (solid, l iquid, or gas). The term interphase refers to a sr,rrface or inter-
face and some port ion of  the under ly ing sol id.

Organic surfaces, for  example.  of  polymers or of  th in f i lms, present di f f icul t ies
in nomenclature not of ten encountered in inorganic systems. Some l iqurcls penetrate
or "swel l "  organic surfaces. creat ins a statc of  matter intcrmcdiatc bctw'ccn sol id
and l iquid.  Sincc th is s i tuat ion def ies s imple and precise descr ipt ion.  nc use general
terms such as interf 'c t t ' ia l  regiort  to emphasizc the compler.  environmcntul l r  deter-
mined nature of the interface.

We have used a range of  analyt ical  techniques to charactenzc thc inter-
face of  surface-modif ied polyethylene. Measurement of  sol id l iquid contact  angles
(0) , "5  r0 ' '16  ' so)  X- ray  photoe lec t ron  spec t roscopy  (XPS1, { rs  2 { ) '5 r )  a t tenuatcd  to ta l
ref lectance infrared spectroscopy (ATR-lR 1.(r t ) ' ' r { ) ' 'sr ;  and f luorescencc spcctro-
scopy(rs r7 '  have been especial ly useful .  Each of  these techniques providcs infurma-
t ion about the const i tut ion of  a layer of  d i f ferent th ickness at  the pol l 'nrcr  surfacc.

For c lar i ty.  i t  is  convenient to def inc di f ferent " interphases" associatccl  i i i th the
depth sensed by the var ious analvt ical  tools a 'u 'a i lable for  probing the fr . rnct ional ized
surfaces (Fig.  l ) .  The "( /  interphase" refers to thc outer -5 l0 A of  u st-r l ic i  the
port ion relevant to wett ing (r idc in l |u) .  L ikewise. the "XPS intcrphusc" refcrs
to approximately the outer 50 A the port ion sensed by X-ra1 photoclcctron
spectroscopy. ' ' "*  The "ATR-lR interphase,"  the deepest interphasc of  interest ,
refers to the outer micron or more.{sr)1ry.  were part icular ly interestccl  in comparing
the informat ion provided by contact  angles and XPS, s ince thesc tcchniqucs are the
most sensitive to the composition of the outermo.\t part of a surfacc.

In some cases, funct ional  groups too deep to inf luence wett ing that is.  outs ide
the 0 interphase are nonetheless accessible to reagents in solut i r - rn.  We refer to
the port ion of  the sol id where th is type of  interact ion is possible as the "sub ( /
interphase."  The depth of  the sub 0 interphase is determincd by pcrmeabi l i ty ,
pore structure,  and l iquid sol id interact ions,  and is general ly less wcl l  dcf incd than
those associated with analyt ical  techniques. The depth of  the sub ( /  interphase is
intermediate between those of  the XPS and ATR-IR interphases.(2" '

*  XPS in lerphu,se is  an approximate term: the intensi ty of  the s ignal  for  a g ivcn at()m tvpe is  Lrsual lv
assumed to drop of f  exponent ia l ly  as a funct ion of  depth:  I , r  -  I ,cxp( - r1,2,) .  wherc r /  is  thc distancc
ol  the atom of  intcrcst  f rom the surface,  L is  the inelast ic  mean f ree path of  the photoelectron in the
medium of  interest .  and / , ,  and / , ,  refer  to thc same exper imcntal  geometry.
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F I G U R E  1 .  S c h e m a t i c  i l l u s t r a t i o n  o f  t h e
var ious  " i n te rphases , "  l abe led  w i th  the
assoc ia ted  ana ly t i ca l  t echn iques ,  mak ing  up
t h e  i n t e r f a c i a l  r e g i o n  o f  P E - C O r H  a n d  i t s
der ivat ives.
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1.2. Synthesis of Surface-Modified Polyethylene and Nomenclature Used in
Describing These Sysfems

Modif icat ion of  the surface of  polyethylene (PE-H )  is  straightforward. albci t
not  a lways easi ly control led.  Scveral  reagents and methods havc bcen rept-rr ted for
the oxidat ive der ivat izat ion of  the surferce of  PE-H. including chromic acic1.  orygen
(or  o ther  gaseous)  p lasmas,  f lames.  and gra f t  po ly 'mer iza t ion . ' " '  Most  o f  our  work
has focused on PE-H oxidized with aqueous chromic acid.

T r e a t m e n t  o f  l o w - d e n s i t y  P E - H  ( 1 i : 0 . 9 1 9  g , c m r ;  m e l t  i n d e x : 2 )  w i t h  a q u e o u s
chromic  ac id  in t roduces  a  th in  (10  20Al in te r fac ia l  reg ion  composed o f  carboxy l i c
acids (30oh),  ketones and aldehydes (20oh).  and unreacted methylene groups
(50%).(15'  r7 '  1u'20) The presence of  oxidized funct ional  groups. part icular ly the
carboxylic acid moieties, greatly modify the interfacial properties of this material.
The carboxylic acid groups are also useful as the starting point for further chemical
elaborat ion (Scheme I  ) .

PE.H

ROH
P E - c o 2 R  

- +

' 
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PE-CO2H- - PE-CH2OH

I
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I
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/ \*"
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SCHEME 1 .  Represen ta t i ve  reac t ions  used  to  conver t  t he  su r face  o f  po lye thy lene  (PE-H)  to
"po lye thy lene  ca rboxy l i c  ac id "  (  PE-CO,  H  )  and  de r i va t i ves .  Repr in ted  w i th  pe rm iss ion  f rom

re fe rence  14 .  Copyr igh t  iC t  1988  Da ta  T race  Chemis t r y  Pub l i she rs .
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F I G U R E  2 .  S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f  P E - H  ( a ) ,  a n d  P E - C O r H  o x i d i z e d  f o r  1  m i n  ( b )  o r
fo r  6  m in  ( c )  w i th  aqueous  ch romic  ac id  a t  72  C .  Repr in ted  w i th  pe rm iss ion  f rom re fe rence  18 .
Copyr igh t  ( c '  1985  Amer i can  Chemica l  Soc ie ty .

To emphasize the central  ro le of  the carboxyl ic acid groups of  pol l ' 'e thylene
oxidized with chromic acid,  we cal l  the oxidized materral  pol . t ' t ' th. t ' lc t t t , t 'urbo.r . t ' l ic
ac' id (PE-COrH).  By analogy. we designale t lcr tut i re.s of  th is mater ia l  as PE-X,
where X speci f ies the surface-bound funct ional  groups. Oxidat ion wi th chromic acid
etches the polymer.  leaving the surfaces of  PE-CO,H and i ts der ivat ivcs rougher
than that of  PE-H. Figure 2 shows scanning electron micrographs of  PE-H and of
PE-CO,H (ox id ized  w i th  chromic  ac id  a t  72 'C,  fo r  l  m in  and fo r  6min)  fo r
comparison.

|.3. The Role of Thermodynamics in Determining lnterfacial Properties and the
Kinetics of Their Approach to Equilibrium

In any appl icat ion of  a modif ied polymer surface. a cr i t ical  concern is the
stabil ity of the surface. The phrase ntotl i.f- ietl pol.t ' trtct '.;urfucc implies the existence of
two dist inct ,  spat ia l ly  separated regions of  the polymeric sol id:  the bulk of  the
material and the interfacial region containing the functional groups introduced by
the modif icat ion.  Concentrat ion of  the funct ional  groups at  the sol id vapor or
solid-l iquid interface may or may not be thermodynamically stable. Drffusion of
these groups into the bulk wi l l  a lmost always be entropical ly favorable.x Enthalpi-
cal ly,  they may be more stable at  (or  in) the sol id vapor or sol id l iquid interface,
depending on the detai ls of  the interact ions of  the groups compris ing bulk.  inter-
face, and any contact ing condensed phase.{sat  16. upperent rutc at  which a system
not at  equi l ibr ium moves toward equi l ibr ium depends on the probes being used to
examine the system. In particular, the solid-l iquid interface of a surface-modified
polymer wi l l  reach what appears to be an equi l ibr ium state more quickly when
observed using wett ing to probe the interface than when using ATR-IR. Only smal l
mot ions (<l0A) of  the funct ional  groups are required to br ing a sol id- l iquid
interface to apparent equi l ibr ium by wett ing;  much larger mot ions 1= l06A) are

*  We note,  however,  that  the combinator ia l  ( ideal)entropy olmix ing is  usual ly  very smal l  for  mixtures
of polymers.
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required to achieve a spat ia l  d istr ibut ion that appears to be close to equi l ibr ium by
ATR- IR.  (52  )

The thermal reconstruction of surface-modified polyethylene provides a con-
venient (al though complex )  system for k inet ic invest igat ion,  s ince the rates at  which
the interfaces reconstruct are slow at room temperature but rapid at temperatures
approach ing  100 'C ( the  mel t ing  po in t  o f  po lye thy lene is  about  l l5  C) .  Our  s tud ies
of the k inet ics and mechanism of reconstruct ion focused on several  quest ions:  Is the
instabi l i ty  of  the interfaces due to chemical  react ions of  the oxidized funct ional i ty.
to loss of  short  chains bear ing th is funct ional i ty (by volat i l izat ion or solubi l izat ion).
to di f fusion of  th is funct ional i ty into the bulk of  the polvmer.  or  to smal l  conforma-
tional changes of the functional groups at the interface'l What are the driving forces
that lead to thermal reconstruct ion in these systems?

At the outset of this work, we recognized three possible driving forces for diffu-
s ion of  polar funct ional i ty into the bulk of  the polymer:  minimizat ion of  interfacial
f ree energy,  entropy of  mixing (passive di f fusion),  and relaxat ion of  mechanical
stresses introduced during manufacture of the fi lms.

The central  conclusions from our work are that  ( l  )  reconstruct ion in i t ia l l l '
involves conformat ional  changes of  the polymer chains in the intcr facial  rcgion.
dr iven by the tendency to minimize interfacial  f ree encrgy:  and ( l )  in a s lower
process, interfacial  funct ional  groups passivelv di f fuse into thc bulk oi  thc pol , , - 'mer.
As expected, the in i t ia l  composi t ron of  the interface ( the surfacc of  the polymcr and
any contact ing phase) plays a cr i t ical  ro le in determining the composi t ion of  the
interface at  equi l tbr ium and the rate at  which the system reaches equi l ibr ium.

2. WETTABILITY AS A PROBE OF SURFACE STRUCTURE

The sensi t iv i ty of  studies of  wett ing to the composi t ion of  the outermost part
of  a surface mi ike i t ,  in pr inciple,  a valuable method for monitor ing reconstruct ion.
In pract ice.  however.  detai led interpretat ion of  contact  angles.  espccial ly on
po lymer  sur faces .  i s  d i f f i cu l t  because the  fac to rs  tha t  de termine; ' . ,  and ; ' , ,  IEq . ( l ) ]
are only part ia l ly  dei ined. s ince the surfaces are heterogeneous and rough. To atd
in interpret ing the relat ion between the structure of  an interface and i ts wett ing
behavior.  we have explored some structural ly wel l -def ined model systems, namely
ordered monolayers of n-alkanethiols on gold.

2.7. Contact Angles: Definit ions and Background

A solid l iquid contact angle is the angle formed at the three-phase contact of
a drop of  l iquid wi th a surface.(46 50) An advancing contact  angle (0, , )  is  the stat ic,
kinetically stationary angle formed after a drop has advanced across a surface. for
instance, after l iquid has been added to the drop. A receding contact angle (0.) is
the angle formed after a drop has receded across the surface, for instance, after
l iquid has been removed from the drop. The contact angles presented in this
chapter are oduonc'ing contact angles. The contact angles on surface-modified poly-
ethylene, presented in this chapter, were measured by the sessile drop technique.(47)
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The contact angles on monolayers on gold were measured either by the sessile drop
or a related technique. '5s) Al though the di f ferent exper imental  techniques used to
measure d., give different values, the qualitative trends of most interest in our work
are largely independent of the technique used.

Hystereses in the wett ing exper iments [0, ,  -0, ,  or  correspondingly.  / (cos()) :
cos 0. , -cos 0. ]  on surface-modif ied polyethylene were high (40 90"1t56) in al l  cases,
indicat ing that the systems were not at  equi l ibr ium. We have not,  however,  studied
this aspect of  the system in detai l .  According to most descr ipt ions,  both theoret ical
and empirical, the causes of hysteresis include heterogeneity and roughness
of the surface,(4t t 's7) and reorganizat ion of  funct ional  groups in the interfacial
fegiOn. 

(36'  40 '15 '  s t t  60 )

Young's equat ion IEq (1)]  re lates cos 0 to the local  balance of  forces operat ing
a t  t h e  t h r e e  p h a s e  l i n e  ( F i g .  3  ) : ' u r )

/ 1  /  \ !  I  r l

cos  t /
l  l r

where

0: contact  angle

l' : interfacial free energy, where the interface is
speci f ied by subscr ipts:  s :  sol id.  I  :  l iquid.
v :  vapor

The quant i ty cos 0 is proport ional  to the di f fcrence in interfacial  f rcc encrgies
(, ' . ,  -  r ' , r ) i  we therefore report  values of  cc-rs 0.  rathcr than 0.  in discussions of
surface free energies. Since contact angles arc related to interfacial free energies,
measurements of  the wettabi l i ty  of  polymer surfaices can provide qual i tat ive infor-
mat ion about the ident i ty,  d istr ibut ion,  and or ientat ion of  interfacial  funct ional i ty.
The uti l i ty of these measurements as probes of functional group identity and posi-
tion is l imited, however, by the importance of additional factors that affect contact
angles:  roughness and morphology of  the surface, swel l ing of  the sol id by the
contact ing l iquid,  and heterogenei ty in the chemical  environment of  funct ional
groups in the interfacial  region. Inferences relat ing wett ing to surface composi t ion
are most rel iable when surfaces of  comparable topology arc compared.

The ways in which roughness can af fect  contact  angles are manv and complex:
important parameters include the scalc of  length and the topological  dctai ls of  the
roughnest.(57'62 t 'a)  Approaches to descr ib ing the relat ion between roushness ancJ
contact  angles have, to th is point ,  been empir ical  andl 'or  approximate.  The most
common approach to descr ib ing the ef fcct  of  roughness is to t reat  the observed ( i .e. .

F I G U R E  3 .  S c h e m a t i c  i l l u s t r a t i o n  o f  a  s e s s i l e  d r o o  o f
l i qu id  i n  con tac t  w i th  a  so l i d  su r face .  show ing  impor tan t
pa ramete rs :  t he  con tac t  ang le  9 ;  the  so l i d  l i qu id  i n te r -
fac ia l  f ree  energy  l z . r ,  t he  l i qu id -vapor  i n te r fac ia l  f ree
energy  yw)  and  the  so l i d -vapor  i n te r fac ia l  f ree  energy
Yt , '

( l )
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apparent) value of cos 0.,6. &S the product of an intrinsic cos 0,and a "roughness

fac tor "  r  IEq .  (2 ) ) : (6s  6u)

cos  0on . :  r  coS  0 i

The quantity r is defined as the ratio of the actual surface area to the arca
projected from the surface onto a flat, parallel surface. In addition to the effect of
roughness described by Eq. (2), a drop of l iquid in contact with a sufficiently rough
surface can trap pockets of  a i r  to form a "composi te" [ (sol id *air)  l iquid]  inter-
face, thereby raising the observed contact angle.

For polymers, the morphology of a surfirce can play a significant role in deter-
mining i ts wett ing behavior.  Schonhorn and Ryan(r7 '6e) showed that the cr i t ical
surface tension of  wett ing ( j ' . ) ,*  and hence 0, , ,  on polyethylene depends strongly on
the degree of crystall inity in the interfacial region. Although we have not measured
the rates of  etching by chromic acid of  amorphous and of  crystal l ine PE-H" we
expect that they are different. Preferential etching of one of these rcgions
(presumably the amorphous) may therefore modify the interface in i ts roughncss
and crystal l in i ty--  of  the polymer in i ts wett ing behavior.

Many hydrocarbon and halocarbon solvents pcnetratc or "su,c l l "  thc intcr facial
reg ion  o f  PE-CO.H and i t s  dcr iva t ives .  Swc l l ing  o f  the  in tc r fac ia l  rcg ion  o f  a  so l id
by a contact ing l iquid necessar i ly  changes the composi t ion of  thc intcr l i rcc.  and
makes the interpretat ion of  wctt ing data di f i icul t .  F or th is rcason. we l imi tcd our
studies of  wett ing on surface-der ivat ized pol i , 'ethy ' lene to wett ing h.r '  t 'utcr .  s incc
water does not swel l  polyethi ' ' lene. Swel l ing of  polyethylene by organic solvents alscr
l imi ts the solvents that  can be used successful ly in the preparat ion of  these surfaces.

Chemical heterogeneity at a surface leads to contact angles urcrugt'd over the
interfacial  funct ional i ty. l66 6rr)  Cassie 's equat ion IEq (3)]  descr ibes th is s i tuat ion
expl ic i t ly :  cos 0 on a surface composed of  regions of  d i f ferent composi t ion.  each
having a normal ized area fract ion (1,) .  is  a weighted average of  the values of  cos ( /

that  would be observed on the pure surfaces (cos 0,) :

c o s  ( J  : \ , 1 ,  c o s  ( )

The lack of  detai led knowledge about thc spat ia l  d istr ibut ion of  funct ional
groups on the surfaces of  PE-CO.H and i ts der ivat ives compl icates interpretat ions
of wetting experiments.

2.2. Reconstruction of the Surface of PE-CO2H: lnitial Observations

The surface of  unoxidized polyethylene (PE-H )  is  hydrophobic (0 u:  103 
'  

for
water ); the surfacc of PE-CO., H is relatively hydrophil ic ((/ , : 55 for water
at  pH 1 ) .  At  room temperature,  the hydrophi l ic i ty of  the surface of  PE-CO, H
is retained almost indef in i te ly (months to years).At elevated temperatures
(7"  :35-110"C) .  however ,  the  sur face  o f  PE-CO,H becomes hydrophob ic :  i t s  f ina l

*  The cr i t ical  sur face tension of  wett ing ( ; ' . )  is  an exper imental ly  convenient .  a lbei t  quul i tut i t ' t ' ,  measurc

o l  l ' . .  . ' t t "

( 2 \

( - l )
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F I G U R E  4 .  A d v a n c i n g  c o n t a c t  a n g l e s
o f  w a t e r  ( p H  1 )  o n  P E - C O 2 H  a s  a
func t ion  o f  the  t ime  the  f i lm  had  been
heated at  var ious temperatures under
vacuum.  Repr in ted  w i th  pe rm iss ion

f rom re fe rence  30 .  Copyr igh t  c  1987
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state is indist inguishable f rom unoxidized polyethylcne in i ts wettabi l i t l '  by water
(Fig.4).*  In ear l ier  papers,  Ter-Minassian-Saraga and co-workers had reported
simi lar  behavior for  a related mater ia l .  produced by oxidiz ing PE-H with a mixture
of sul fur ic acid and potassium chlorate.(rE)

These observat ions led us to examine /ror l  the surface of  PE-CO,H (and i ts
der ivat ives) reconstructs on heat ing.We use the term recon,r t ru( ' t  broadly to include
(1)"passive" di f fusion of  funct ional  groups into the bulk of  the polymcr.  and (2)
conformational chanses at the surface that affect its wettabil itv.

2.3. Model Systems for Studies of Wetting: Self-Assembled Monolayers
(SAMs) of Alkanethiols on Gold

The surface of  PE-CO.H is structural ly complex" both in chcmical  compo-
si t ion and in morphological  detai l .  The interact ions between i ts surface and a
contact ing l iquid phase are,  consequent ly.  a lso compler.  F or th is reason. we have
examined structural ly wel l -def ined that is.  chemical ly '  and morphological ly homo-
geneous (compared to PE-CO2H) surfaces as models.  These studies provided a
basis for understanding the character, and the scales of length, of the interactions
relevant to the study of reconstruction of polymer surfaces by measuring their
wettabil ity by water.

Long-chain alkanethiols adsorb from solution onto gold surfaces and form
monolayers (called self-assembled monolayers, SAMs) in which the sulfur atoms
are coordinated to gold and the hydrocarbon chains are densely packed. al l - t rctns,
a n d  t i l t e d  a b o u t  3 0 ' f r o m  t h e  n o r m a l  t o  t h e  s u r f a c e  ( F i g . 5 ) . ( s s ' 7 0  E r ) r ' d 5  a  r e s u l t  o f
th is geometry,  the organic air  interface is populated predominant ly by '  the funct ional
groups at  the termini  of  the alkyl  chains.

These SAMS are useful  in studying the relat ions between microscopic structures
(molecular ident i ty and or ientat ion) and macroscopic propert ies (wett ing and
adhesion).  Synthet ic organic chemistry provides techniques for systemat ical ly
varying the physical properties of these SAMs by modifying the molecular precursors

x For compar ison,  we t reated ul t rahigh molecular  weight  polyethylene wi th aqueous chromic acid and
fol lowed the reconstruct ion of  the resul t ing surface by measur ing contact  angles of  water.  As expcctcd.
i ts  surface reconstructed more s lowly than did that  of  PE-CO,H.( ' r0)

*  For adsorpt ion of  a sul fur-contain ing protein onto gold,  see Ref.  75;  for  adsorpt ion of  sul fur-contain ing
polystyrene onto gold, see Ref. 76.
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FIGURE 5 .  Schemat i c  i l l us t ra t i on  o f  a  se l f -assemb led
mono laye r  fo rmed  by  adsorp t ion  o f  n -a l kane th io l s  on  go ld .

from which they are assembled. This approach allows control over the identity and
orientation of interfacial functional groups. along with their distance from the gold
substrate and their depth from the organic air interface.

2 . 3 . 1 .  S e n s i t i v i t y  o f  W e t t i n g  t o  t h e  D e p t h  o f  I n t e r f a c i a l  F u n c t i o n a l  G r o u p s

We bel ieve that the measurement of  contact  angles const i tutes the most surfacc-
sensi t ive ( i f  not  the most easi ly interpretable )  method now avai lable for  characte r-
izing organic interfaces. especially solid l iquid interfaces. In order to probe the
sensi t iv i ty of  wett ing exper iments to the depth of  interfacial  funct ional  groups, we
have examined the var iat ion in the contact  angle of  water (and other l iquids) on
SAMs fo rmed by  adsorp t ion  o f  mercaptoe thers ,  HS(CH2) ,uOC, ,Hr , , *  r r  on  go ld ,  as
a funct ion of  the length of  the n-alkyl  group C,,H.,* , . ' t t )  Figure 6 relates cos 0, ,  of
water to the length of  the terminal  a lkyl  chain.  Contact  angles on two addi t ional
surfaces are added for reference: (1 )  a SAM of an unsubst i tuted n-alkanethiol

IHS(CH.) . 'CH, ]  on  go ld ,  a  mode l  fo r  an  or ien ted  hydrocarbon mono layer
surface in which there are no ether funct ional i t ies.  and (2) polyethylcnc glycol

[  -  (CH.CH.O ) , ,  -  .  PEG] .  a  subs tance conta in ing  a  h igh  concent ra t ion  o f
exposed ether groups.*

In  the  SAM obta ined f rom HS(CH,) r6OCH, .  the  e therea l  oxygen a tom is  c lose
to the sol id- l iquid interface. and the surface is relat ively hydrophi l ic  (0, :75 ) .
Contac t  ang les  o f  water  on  SAMs f rom HS(CH.) ,uOR,  R:n-bu ty l  o r  longer ,  in
cont ras t ,  approach tha t  on  a  SAM f rom HS(CH:) ; rCH,  (0 , :116" ) .  Termina l
n-alkyl groups having lengths of approximately 5 A or more appear to shield
the ethereal oxygen atom from contact with water. These results indicate that the
0 interphase, for water, constitutes only approximately the outermost 5 A of the
surface.* This value (5 A)probably ref lects both through-space dipolar interact ions
and hydrogen bonding between the interfacial functional groups and water that has
diffused into the topmost part of the monolayer.

*  Polyethylene glycol  is  soluble in water.  so contact  angles were measured immediately ( -  |  s)  af ter
appl icat ion of  the drops.

'The depth of  the "0 interphase" depends on the choice ol  l iquid used in the wett ing studies.  On SAMs
with structure Au. lAuS(CH:) ,oOR. hexadecane apparent ly  senses only about the top 2 A of  the
surface.

! f:,



152

-0.5

0.0

cos ea

0.5

G R E G O R Y  S .  F E R G U S O N  A N D  G E O R G E  M .  W H I T E S I D E S

o-a-a
a '
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We have obtained simi lar  resul ts in other systems:

l .  The wet t ing  behav io r  o f  SAMs obta ined f rom mercaptoamides  HS(CH.) r l
CONHC, ,H. , ,  +  r  var ies  w i th  the  length  o f  the  te rmina l  n -a lky l  cha in .  much
as does that of  the SAMs from mercaptoethers.(83)

2.  The wett ing behavior of  SAMs obtained from simple r i -u lkancthiols

IHS(CH.) , ,CH. ]  on  go ld  a lso  var ies  w i th  the  number  o f  curbons  in  the
alkane chain.  The contact  angle on these SAMs var ies smoothl \  f ror-n ubout
71  fo r  e thaneth io l  to  about  110 fo r  hexaneth io l :  thc  ang lcs  fo r  longer
cha ins  are  cons is ten t ly  be tween l l0  and 114 ' .  We in fe r  tha t  u lk r l  cha ins  o f
approximately s ix carbons in length are suf f ic ient  to shic ld thc contact ing
drop o f  water  f rom in tc rac t ion  ( 'uvhc ther  van dcr  Wauls  o r  d ipo le - induced
d ipo le )  w i th  the  under l f ing  go ld . *  Thc  ra lue  o f  s i . r  carbons  is  ac tua l l y  an
u p p e r  l i m i t .  s i n c e  S A M s  f r o m  s m a l l e r  t h i o l s  ( n < 5 ) m a 1 - ' b e  m o r e  d i s o r d e r e d
( t ' ide  in / ' ra )  than the i r  longer  homologues ( l  )  5 ; . t ss ' r ' r t

3.  The highly disordered surfaces of  PE-CONHR and PE-COrR show var ia-
t ions in contact  angle as a funct ion of  the length of  the n-alkyl  group (R )
that  are surpr is ingly s imi lar  to those observed for the ordered SAMs.( f (5)We
infer that the size of the pendant alkyl group, and not the degrec of order
in the arrangement of  these groups, is crucial ly important in ntasking the
under ly ing polar funct ional i ty. t r t ' t

2 . 3 . 2 .  I n t e r f a c i a l  O r d e r  a n d  W e t t i n g

Since SAMs of organosul fur  compounds on gold are structural ly wcl l  dei ined.
they provide useful model systems for probing the effect of interfacial structure in
studies of  wett ing.  SAMs on gold der ived from mixtures of  two r ' . r -hydroxy-
a lkaneth io ls ,  HS(CH.) ,ooH and HS(CH.) , ,OH,  d i f fe r ing  in  the  length  o f  the i r
polymethylene chains,  show a var iat ion in their  contact  angles wi th water as a
function of the ratio of concentrations of the two components on the surface.(86)
Figure 7 relates two interfacial properties (cos 0., and ell ipsometric thickness of the
adsorbed monolayer)  to the rat io of  concentrat ions of  the two components in the

*  Clean,  bare gold is  wet by water. (no)

q8 *rt r$ o.."t "$ o,"t d -o$"
Ether
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F I G U R E  7 .  A d v a n c i n g  c o n t a c t  a n g l e s
o f  wa te r  on ,  and  e l l i psomet r i c  th i ck -  0 "
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solutions from which the SAMs were formed. The ell ipsometric data allow us to
relate the rat io of  concentrat ions of  the two components in solut ion to the rat io of
their  concentrat ions on the surface. We infer f rom comparison of  wett ing,  XPS. and
el l ipsometry that  the midpoint  in th ickness corresponds to the SAM containing
equal  concentrat ions of  the two components.x For the molecules used i ls  com-
ponents of  these SAMs. el l ipsometry is sensi t ive pr imari lv to the average thickness
of the organic f i lm. This th ickness is direct ly related to the average composi t ion in
monolayers composed of  mixtures of  molecules of  d i f ferent lengths (Fig.  t t  ) .

The contact  angles of  water on these surfaccs show a marked dependence on the
composi t ion of  the organic th in f i lms. SAMs composed of  the pure ro-hydroxythiols
give very low contact  angles (  < l5 ) .  consistent wi th c lose-packed, crystal l ine- l ike
Arrays, t  exposing hydrophi l ic  hydroxyl  groups at  the surface. SAMs composed of
mixtures of  the th io ls give contact  angles (15" 40" )  h igher than those on the pure
SAMs, and consistent wi th mixtures of  hydroxyl  and methylene groups in the 0
interphase. We infer f rom the wett ing behavior,  and from infrared data,(87) that  the
outermost part  of  the mixed SAMs are disordered and l iquidl ike (Fig.  U).  Polanzed
ref lectance infrared spectroscopy provides a valuable method of  determining the
or ientat ion of  the CH. groups of  the polymethvlene chains wi th respect to the plane
of the gold surface. We hypothesize that thc disorder in the outer parts of  the
monolayers causes an increase in the contact  angle of  water,  re lat ivc to that  on the
pure SAMs, by exposing hydrophobic methylene groups. The maximum contact
angle for this system is observed on the surface nearing roughly equal concentra-
t ions of  the two thiols.  We infer that  th is composi t ion also gives r ise to the highest
degree of disorder for this system at the interface. This system is important because
it provides an example of the successful correlation of molecular-scale structure
with a macroscopic physical  property.

*  Composi t ions of  the SAMs arc not  the same as the composi t ions of  the solut ions f rom which thev were
formed. The preference lor  HS(CH.) , ,  OH at  the surface is  not  surpr is ing.  s ince the longer a lky l
chain provides a greater  molecular  sur lace to part ic ipate in energet ical ly  favorable van der Waals
interact ions wi th neighbor ing chains.

'Po la r i zed  
cx te rna l  re f l ec tance  FT IR  spec t ra  o f  a  SAM o f  HS(CH. ) rnOH on  go ld  showed  CH.

svmmetr ic  and asymmetr ic  st retching v ibrat ions at  2851 cm I  and 29 l9 cm r .  l requencies that  are
indicat ive of  crystal l ine packing ol  polymethylene chains.(7r)
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F I G U R E  B  S c h e m a t i c  i l l u s t r a t i o n  o f  S A M s  o f  h y d r o x y -

oH te rm ina ted  th io l s  on  go ld ,  (A )  SAM der tved  f rom pure
I

, l r ^ , . .  H S ( C H r ) ' n O H ;  ( B )  S A M  d e r r v e d  f r o m  e q u a l  a m o u n t s
' l  ' "  

o f  H S ( C H r ) , n O H  a n d  H S ( C H z ) , ,  O H ;  ( C )  S A M

I  O e r i v e d  f r o m  p u r e  H S ( C H r ) , , O H

2.4. Wetting Experiments on PE-X

Unl ike SAMs of  a lkanethiols on gold,  the surfaces of  PE-COr H and i ts
der ivat ives are chemical ly and morphological ly complex.  Al though interpretrng
studies of  wett ing at  the surface of  der ivatrzed polyethylene is compl icated. wc have
developed exper iments that  g ive qual i tat ive (but useful)  informat ion about the 0
interphase. An example is the var iat ion of  the contact  angle of  water on PE-CO,H
with the pH of  the contact ing drop. an exper iment we cal l  ( 'ontu( ' t  unslc l i t rut ion
( F i g . 9 1 . { t s ' t e )  T h e  s u r f a c e  o f  P E - C O , H  i s  h y d r o p h i l i c  ( 0 , , : 5 5  )  r e l a t i v e  t o  t h a t  o f
PE-H. Ionizat ion of  the acid groups leaves charged carboxylate ions that are more
hydrophi l ic  than neutral  CO2H groups; hence. the contact  angle of  a drop of  water
h a v i n g  a  h i g h  p H  ( > l I )  i s  l o w  ( 0 : 2 0  ) .

Given that SAMs formed by adsorpt ion of  o- f f ierc i lptocarboxyl ic acids on
gold are wet by water at  a l l  values of  pH, i t  is  cur ious that PE-COr H reaches a
l im i t ing  va lue  o f  0  (20 ' )a t  low pH.  In  fac t ,  we know o f  no  der iva t ive  o f  PE-CO.H
whose contact angle of water is less than 20' . This fact may reflect the hctcrogeneity
of these modified surfaces: methylene groups are probably always present in the 0
interphase of these surface-modified polymers. Although the number of carboxylic
acid groups per unit area in the interfacial region of the SAMs on gold are com-
parable to the same of PE-COrH,( '7 '80) the numbers and arrangements of  these
groups in the 0 interpha,ie.r are probably different.

At the surface of PE-X, sufficiently hydrophil ic functional groups (for instance.
COO ) probably adsorb water of hydration at high values of relative humidity at
which contact angles are measured. If the polar functional groups (or clusters
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F I G U R E  9 .  V a r i a t i o n  i n  t h e  a d v a n c i n g  c o n t a c t  a n g l e  o f
w a t e r  o n  P E - C O 2 H  a s  a  f u n c t i o n  o f  p H .  D a t a  f o r  P E - H
a n d  t w o  n o n i o n i z a b l e  d e r i v a t r v e s  ( P E - C O 2 C H 3  a n d
P E - C H T O H )  a r e  i n c l u d e d  f o r  r e f e r e n c e .  R e p r i n t e d  w i t h
perm iss ion  f rom re fe rence  18 .  Copyr igh t  e  1985
Amer i can  Chemica l  Soc ie tv .
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of them ) are wel l  enough separated by methylene groups. thc water hydrat ing them
may not condense; as a resul t ,  the hydrophi l ic i ty of  the surface would reach a
l imit ing value, character ist ic of  a mixture of  "puddles" of  water dispersed on a
background of  hydrophobic methylene groups (Fig.  10).

2.5. Sensitivity of Wetting to Small Conformational Changes
Within the 0 lnterphase

It  has long been recognized that thc surfaces of  polvnters bear ing polar
funct ional  groups can reor ient .  when in contact  w' i th polar condcnscd phases. to
expose the polar funct ional i ty.  This behi iv ior  has been reportcd for  thc sur laces of
several  polymers,  including hydrogcls.(-ro"rr '  or id izcd polyethylene. other surface-
modif ied polymers,( '1r '1 '1)  pol i 'ethylenc -sraf ted w' i th acryl ic acid(as) or other polar
molecules,(ot ' )  and several  unmodif ied poly 'mers having polar subst i tuents. 's8) Most
studies have focussed on the relation between the mobil ity of interfacial polar
functional groups and the hysteresis in the contact angles of polar l iquids.

The ortht ; -anthrani late amide ( l  )  of  PE-CO.,H provides a remarkable example
of th is type of  behavior:  i t  shows a surpr is ingly large change wrth pH in i ts
w e t t a b i l i t y  b y  w a t e r  ( F i g .  l 1 1 . t x s )  A t  l o w  p H  ( ( 4 ) .  t h e  a d v a n c i n g  c o n t a c t  a n g l e  o f
water  i s  about  l l0  ( i .e . .  the  sur face  is  more  hvdrophob ic  than un func t iona l i zcd

F I G U R E  1 0 .  S t y l i z e d  i l l u s t r a t i o n  o f  o u r  m o d e l  f o r  t h e
sur face  o f  PE-X  near  a  con tac t ing  d rop  o f  wa te r ,  where  X
is  a  po la r  func t iona l  g roup  (P )  and  where  i t  i s  a  nonpo la r
func t iona l  g roup  (NP)  The  sma l l  f i l l ed  c i r c les  rep resen t
adsorbed  wa te r  mo lecu les .  The  po la r  g roups  a re  fu l l y
hydrated.  but  wel l  enough separated so that  the water of
hydrat ion does not  condense.
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F I G U R E  1 1 .  V a r i a t i o n  i n  t h e  a d v a n c i n g

c o n t a c t  a n g l e  o f  w a t e r  o n  P E - C O r H  a n d

severa l  o f  i t s  an i l i de  de r i va t i ves  as  a  func -

t i o n  o f  p H .  D a t a  f o r  P E - H  a n d  P E - C O N H 2

are  inc luded  fo r  re fe rence  Repr in ted  w t th
perm iss ion  f rom re fe rence  BB Copyr rgh t  c

1 9 8 8  A m e r i c a n  C h e m i c a l  S o c r e t y
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polyethylene ) :  at  h igh pH (  )  121. i t  is  ca.  33 
' .  

The ntctu- and puru- isomcrs show
less  pronounced var ia t ions .  though la rger  than tha t  o f  PE-CO-H.

The di i ference in the contact  angles of  rvater ( low pH )  bct*ccn I  and unfunc-
t iona l i zed  po lye thy lenc  (PE-H )  cannot  be  in te rprc tcd  so lc l l  in  tc rms o f  hydro-
phob ic i ty .  s ince  the  sur face  o f  I  i s  roughcr  than tha t  o f  PE-H (see Sect ion  2 .1 ) .
Figure 11 includes data for  surfaces bcar ing the unsubst i tuted ani l ide amide
(PE-CONHC6H.r ,2 )  and fo r  the  parent  amide (PE-CONH. . , )  fo r  compar ison .  The
contact  angle of  water (pH<4) on 2 is only t  h igher than that on l .  suggest ing
that the phenyl ring efficiently shields both the amide and carboxylic acid groups of
I  f rom the contact ing drop of  water.  The contact  angle of  watcr on PII-CONHT
(( r " :43 ' ;  invar ian t  w i th  pH)  p rov ides  an  ind ica t ion  o f  the  degree to  rvhrch  the
hydrophi l ic  amide group is shieldcd by the phenyl  r ing in l  and 2.  Thc high
hydrophobic i ty of  I  and 2.  despi te the prcsence of  polar amidc and acid sroLrps.
is in qual i tat ive agreement wi th thc data f rom SAMs on gold dcr ivcd from
H S ( C H . ) , o O C , , H r , , + r :  a  n o n p o l a r  o r g a n i c  g r o u p  h a v i n g  a b o u t  s i x  c a r b o n  a t o m s
seems able largely to shield a polar group from a contact ing drop of  water.

We bel ieve that the large decrease in the contact  angle of  watcr on I  (as the
pH of the contact ing drop is var ied f rom I  to 14) is due to a conformat ional  change
of the amide groups concomitant wi th ionizat ion of  the carboxyl ic acid moiet ies at
the sol id l iquid interface (Scheme2).  We suggest that  when in contact  wi th acidic
water,  I  adopts conformat ion 3,  burying the polar funct ional i ty;  when in contact
with basic water, I adopts conformation 4, exposing the polar functionality and
allowing solvation of the carboxylate ions. We attribute the preference for confor-
mat ion 4 to the favorable heat of  solvat ion of  the carboxvlate ion.  Rat ional iz ine
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by  1  when  in  con tac t  w i th  wa te r  a t  ac id i c  o r
pe rm iss ion  f rom re fe rence  BB.  Copyr igh t  C  1988

conformat ion 3 is more di f f icul t :  why should I  adopt a conformat ion that mini-
mizes energetically favorable polar interactions and hydrogen bonding bctween the
amide acid groups and the contact ing water? One possibi l i ty  is  that  strong
hydrogen bonding (amide amide, acid amide, and acid acid) between thc func-
tional groups present at the surface of 1 make it possible for this material to present
a low-energy surface composed predominant ly of  aromat ic C -  H bonds. The
re la t i ve ly  low contac t  ang le  o f  water  (pH 1 ,0 . , :84  )on  the  / / -methy l  dcr iva t ivc  o i
l .  which cannot take part  in hydrogen bonding involv ing N H rnoict ies.  mav
ref lect  the importance of  such interact ions.

3. RECONSTRUCTION OF THE INTERFACE OF PE-CO " H AND
DERIVATIVES ON HEATING

With the background in Sect ions I  and 2.  the remainder of  th is chapter descr ibes
exper iments wi th which we and others have examined the thermal mobi l i ty  of
funct ional  groups in polyethylene, especial ly in the interfacial  region. The react ions
presented in Scheme 1 provided versat i l i ty  in control l ing some oi  thc paramcters in
the exper iments.  part icular ly the polar i ty and size of  thc surface-bound funct ional
groups. Sel 'eral  charactcr ist ics of  the surfaccs.  horvever.  could not bc control lcd:
microscopic roughness. and chemical  and rnorphologrcal  hctcrogcnci t r ' .

3.1 . Comparison of Results from Wetting and XPS

Figure 12 shows the contact  angles of  water (measured at  both pH I  and l3)
on  PE-CO,H as  a  func t ion  o f  the  t ime o f  heat ing  (a t  100 'C)  under  a rgon and in
vacuum, XPS data for  the oxygen ls (O,,)  s ignal  are included to provide com-
plementary informat ion about the evolut ion in composi t ion of  the interfacial  region
on heat ing at  approximately the same temperature (106 C).

Several  points deserve comment.  Water at  pH I  ceases to sense the hydrophi l ic
funct ional i ty of  PE-CO2H after i t  has been heated at  100 C for 5 min;  samples
heated under argon and in vacuum are indist inguishable in their  wett ing behavior.
We attribute the change in wetting behavior on heating to diffusion of the polar
funct ional i ty into the bulk of  the polymer and out of  the 0 interphase. Water at
pH l3 ceases to sense the polar funct ional i ty only af ter  about 15 min on heat ing at
100"C. The greater apparent depth sensi t iv i ty of  wett ing by basic water (relat ive to
that by acidic water) may reflect long-range electrostatic interactions between the
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F I G U R E  1 2 .  ( T o p )  A d v a n c r n g  c o n t a c t
a n g l e s  o f  w a t e r  ( p H  1  a n d  

' 1 3 )  
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as  a  func t ion  the  t ime  the  f i lm  had  been
h e a t e d  a t  1 0 0 ' C .  D a t a  a r e  i n c l u d e d  f o r  s a m -
p les  hea ted  in  vacuum and  hea ted  unoer
a rgon .  (Bo t tom)  The  no rma l i zed  in tens i t y
o f  t h e  O 1 "  X P S  s i g n a l  f r o m  P E - C O r H  a s  a
func t ion  o f  the  t ime  the  f i lm  had  been
hea ted  a t  106  C .  Repr in ted  w i th  pe rm iss ion
f rom re fe rence  30 .  Copyr rgh t  c  1987
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polar aqueous phase and the carboxylate ions,  or  reconstruct ion of  thc intcr face
dr iven by solvat ion of  the carboxylate ions.

The oxygen content of  the interfacial  region of  PE-CO.H. us rrcasured by
XPS. and in contrast  to that  inferred from wett ing.  d iminishes onlr  s l ight ly (by
about 5 % ) dur ing the f i rst  5 min of  heat ing.  We at t r ibute th is c l i f fcrcncc in the
apparent  ra tes  o f  recons t ruc t ion  measured b l 'wet t ing  and b l 'XPS to  thc  d i f fe ren t
depth sensi t iv i t ies of  thesc techniques. After 5 min of  heat ing.  the polar oxygen-
containing groups have di f fused out of  the ( /  interphase but st i l l  remain ( for  the
most part)  wi th in the XPS interphase. The decrease in intensi ty of  the O,,  s ignal
is due to attenuation of the signal (scattering of photoelectrons) by methylene
groups between the oxygen atoms and the detector.  We at t r ibute the residual  O,,
signal remaining after 1000 min of heating to contaminants in the fi lm blooming to
the surface. x

3.2. Results from ATR-lR

Attenuated total reflectance infrared spectroscopy samples a thick portion of
the polymer interphase (> 10,000 A),  and al lows quant i tat ive analysis of  funct ional
groups within that  region. Resul ts f rom ATR-IR spectroscopy suggest that  the
mechanism of the disappearance of polar functionality is diffusion into the bulk of
the polymer; we found no evidence for volati l ization or for chemical reactions of the
polar functionality. Figure 13 shows ATR-IR data for polyethylene fi lms treated
under a variety of conditions. Before extraction with methylene chloride. the fi lm
has several peaks between 2000 and 1500 cm '; *. attribute these peaks to fi lm

*  Addi t ives introduced dur ing manufacture of  the f i lm include ant ioxidants,  s l ip agents.  and ant is tat ic
agents.

1000
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additives. Extraction with methylene chloride removes the contaminants giving
rise to these peaks. Heating the extracted fi lm at 100"C for 1000 min causes the
peaks to reappear; reextraction again causes them to disappear. These results are
consistent with the idea that contaminants bloom to the surface of these fi lms on
heating. The ATR-IR spectrum of fully protonated PE-CO2H shows a broad
absorp t ion  centered  a t  1710cm ' tha t  we a t t r ibu te  to  the  C:O s t re tch ing  modes
of the carboxyl ic acids and ketones and aldehydes. Deprotonat ion of  PE-CO,H

*n 
^/.^\PE-H; :;lf*i"o, 

rhen Anneared

l tqrr l

mPE.H;
l l l l r

P E - c o o H  ( p H  1 )
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PE-COOH;  Annea led  1000
(pH 1 )

PE-COOH;  Annea led  1000
(pH 14)

COOH;  Con ta in ing  Bu ty r i c
Anhydr ide



1 6 0 G R E G O R Y  S .  F E R G U S O N  A N D  G E O R G E  M .  W H I T E S I D E S

with water at  pH 14 shi f ts approximately 75o/o of  the C:O peak to lower energy,
characteristic of carboxylate ions; the remainder, assigned to the ketone aldehyde
moiet ies,  remains unchanged. After heat ing PE-CO2H at 100"C for 1000min, i ts
ATR-IR spectra (protonated and deprotonated) are approximate superposi t ions of
the spectra of  PE-CO2H and annealed PE-H (blooming f i lm contaminants).

The blooming of f i lm contaminants to the surface of PE-CO,H on heating
prevents straightforward quantitation of the amount of carboxylic acid before and
after heating. We note, however, that the ratio of the integrated absorbance at
1560 cm t  (CO.  g roups)  to  tha t  a t  1710 cm |  (ke tone a ldehyde and CO2H
groups) is  the  same ( -0 .75) in  heated  and unheated  samples .  These resu l ts  ind ica te
that the CO.H groups do not volat i l ize on heat ing to 100 C.

Another interesting aspect of the spectrum of the sample heated and then
treated with base is that  a l though the CO,H groups are wel l  outs ide of  the ( /  and
XPS interphases, these groups are st i l l  accessible to aqueous hydroxidc ion.  We
have studied this phenomenon in detai l .  and we designate the port ion of  the f i lm
where i t  is  re levant as the . i lb 0 interphtL.rc (Scct ion Ll1.(ro)

An al ternat ive explanat ion for  the changes in the wett ing behavior of
PE-CO2H on heat ing is that  the carboxyl ic acid moiet ies in the interfacial  region
can condense to form anhydrides. To test this hypothesis, we treated a sample of
PE-CO2H with butyr ic anhydr ide and compared i ts ATR-IR spectrum to that  of
reconstructed PE-CO.H. The butyr ic anhydr ide di f fused into the polymer.  g iv ing
r ise to wel l -separated peaks at  1815 and 1750cm ' .  These peaks are absent in al l
of  the other spectra.  indicat ing that condensat ion of  carborvl ic acic l  groups to
anhydr ides does not occur to a s igni f icant extent under our exper imental  condi t ions.

3.3. Kinetic Model for Reconstruction of the lnterface of PE-CO"H

We have examined in
PE-CO2H. We treated the
kinetics could be described

detai l  the k inetrcs of  reconstruct ion of  the interface of
reconstruct ion as a thermal ly act ivated process. whose
by the  Ar rhen ius  equat ion

( 41

where

D : rale of diffusion

A o : preexponential factor

E,, .D: energy of  act ivat ion for  d i f fusion

This approach had important advantages. First .  i t  was the simplest  and most
straightforward approach available; the reconstruction of the interfacial region of
PE-CO2H is complex,  and descr ib ing i ts k inet ics by even this s imple model
required several approximations. Our l imited control over the parameters of the
experiment (for example, the molecular weight of the diffusing species)prevented us
from using more sophisticated theories.(8e o2) Second, it allowed useful comparisons

/ _ t r  \
D:Auexp(- t r )
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the  in te r fac ia l  reg ion  o f  PE-COrH,  and  o f  the  ac tua l

i n te r fac ia l  reg ion .  The  f i l l ed  symbo ls  rep resen t  po la r

func t rona l  g roups ;  the  open  symbo ls  rep resen t  non-

po la r  ones .  Xo  deno tes  the  th i ckness  o f  the  0  i n te r -

phase .  The  lower  f i gu re  dep ic ts  the  he te rogener ty  i n

morpho logy  and  in  chemica l  compos i t i on ,  cha rac -

te r i s t i c  o f  t he  ac tua l  i n te r face  o f  PE-COrH.  Repr in ted

w i th  pe rm iss ion  f rom re fe rence  30 .  Copyr igh t  ae  19B7

Amer i can  Chemica l  Soc ie tv . X r ,  ?

to  p rev ious  work  descr ib ing  d i f fus ion  in  bu lk  po l rc th r lc 'nc . t ' t l )  Wc \ \ ' c rc  in tc rcs ted .
for instance, in how thc encrgy'  of  act ivat ion for  d i f fusion (1j . ,  r ,  )  f rom a surface
differed from that in thc bulk.

We fol lowed the di f fusron of  the polar funct ional  groups away from the surfacc
by measur ing the advancing contact  angle of  watcr on the f i lms as a funct ion
of the amount of  t ime they had been heated at  var ious temperatures.  Since the ( i

interphase extends only a short  d istance into the polymer,  these measurements
select ively monitored di f fusion in the interfacial  region close to the surface (wi th in

, 5  l 0  A )
Deriv ing di f iusion constants (D) f rom contact  angles required several  approxr-

mat ions .  F igure  14  schemat ica l l y  compares  thc  ac tua l  in tc r facc  o f  PE-CO.H to  our
model for  thc intcr facc.  First .  we trcated the svstcm as i f  the surfacc rvcrc f lat  and
composed o f  homogeneous ly  d is t r ibu ted .  non in tc rac t ing  func t iona l  g roups .  The
actual  interface is rough. at  least  on the scale of  1000 A. and there is no reason tcr
bel ieve that the funct ional  groups are evenly distr ibuted on the microscopic level .x
The carboxyl ic acid groups may interact  strongly v ia hydrogen bonding. '  Second.
we treated the 0 interphase as a mixture of  only two types of  funct ional i ty:  polar
(P)groups and nonpolar (NP) groups. The actual  interface, however,  is  a mixture
of many types of  polar (carboxyl ic acids and aldehydes ketones )  and nonpolar
(predominant ly methylene) groups. Third,  we assumed that the bulk polymer was
a homogeneous, isotropic medium. The bulk polymer is actual ly hetcrogenous and

*  An added compl icat ion is  that  heat ing may change the roughness of  the surface.  There are no gross
morphological  changes on hcat ing (as judged by SEM).  but  changes on a much smal ler  scalc of  lcngth
than is  v is ib le v ia SEM may bc important .  We note that  the contact  angle of  watcr  on rcconstructcd
PE-COrH is the same as that  on PE-H. a value lower than that  on unre( 'on. \ t rLk ' lcr1 PE-CO.C5H1r.

'  The ATR-IR spectra of  these f i lms were consistent  wi th the prcsence of  hydrogen-bonded dime rs of  the
carboxyl ic  acid groups.
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local ly anisotropic:  there are crystal l ine and amorphous regions, and somc polar
funct ional i ty is distr ibuted throughout the f i lm. Final ly,  we assumed that al l  of  the
funct ional  groups in the 0 interphase af fect  the wett ing behavior to thc same extent.
and that groups outside the 0 interphase do not af fect  wett ing.  As the exper iments
with I  showed. however,  wett ing can be af fected strongly by subt le conformat ional
changes within the 0 interphase.

We treated cos ( /  as a l inear combinat ion of  molecular components.  : . r r is ing
from the indiv idual  funct ional  groups that make up the surface:(re)*

cos ,V, cos (i, ( 5 )

where

i :  P  ( p o l a r ) o r  N P  ( n o n p o l a r ) f u n c t i o n a l  g r o u p

l , :  no f rna l i zcd .  f rac t iona l  u rca  o f  thc  in tc r face  madc
up c l f  thc  i  th  func t ionu l  g roup

This assurnpt ion is not corrcct .  at  least  for  interf i lces cc)mposct l  o l 'errrborvl ic acic l
and methyl  groups' ' " r '  i t  is .  however.  a uscful  f i rsr  appror in l r t ior . r  r . rncl  grcat lv
simpl i f ies the k inet ic analvsis.

By  de f in ing  a  normal ized  va lue  o f  cos  ( / . / . , , . r i  IEq  6 ] .  exprcss ing  r t  in  tc r rns  o f
,V , .  and combin ing  i t  w i th  the  equat ion  descr ib ing  d i f fus ion  f ronr  u  p l r rnur  sur face '
IEq.7 ] .  we er t rac tcd  d i f fus ion  cons tan ts  (D)  fo r  the  in te r fuc ia l  rcconsrnrc t ion  o f
PE-CO.  H a t  sevcra l  t cn tpcra turcs :

r l - S

/  L ( l \ . ,

. \ ( .v .  I  )

cos  ( / ,  cos  { )  ,

cos ( / ,  c t ts  { /  ,

r  \  ,  ' \ ' l  t( n D t l  '  . ^ p  
\  - ,  )

( 6 )

t l ll / ( - r : 0 .  / : 0 )

Figure  l5  shows the  da ta  p lo t ted  accord ing  to  the  Ar rhen ius  eqLra t ion  f ro rn  20
to  100 C:  thev  do  no t  f i t  a  s ing le  s t ra igh t  l ine .  A  leas t -sqLrarcs  f i t  to  thc  c la ta  over
thc ent i re range of  tcmperaturc gives an act ivat ion cnergv for di f l 'usion. / : . ,  , . , .  of
37  kca l  mo l .  A  leas t -squares  f i t  to  the  da ta  in  on lv  thc  lou , - tcmpera tLr rc  rc r : imc s i res
a  va lue  fo r  E ,  , ,  o f  50  kca l  mo l .  The da ta  a t  h igh  tcmpcru t r l rss  mav be  suspcc t  s incc
signi f icant reconstruct ion may havc occurred in thc t imc rcquirecl  for  thc l i lnts to
equi l ibrate at  these tcmperatures.

Other groups. who had previously found simi lar  resul ts.  suggestc<i  u l tcrnat ive
explanat ions associated with the onset of  melt ing of  the polvrner.  Thc lon,cst  tcm-
perature at  which Ter-Minassian-Saraga and co-workers observed rccor- tstruct ion of

*  Th is  equa t ion  i s  based  upon  Cass ie ' s  modc l  fo r  he te rogcncous  in t c r luccs  lEq .  ( J )1 . ' u  '
-  The  number  o f  r th  f ' unc t iona l  g roups  w i rh in  thc  ( , )  i n rc rphasc  i s  g i vcn  b r  j , 1  ,1 , ' t  i .  l ) r / r .  , uvhc re  r , ,  cqua ls

the depth of  the 1)  interphase.  For the calculat ions of  d i l fus ion constanls.  wc appror imatccl  th is r ,1 luc
as  -5  A . ' * l  '
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the surface of  their  oxidized polyethylene (Sect ion 2.2) coincided with the onset of
the  mel t ing  t rans i t ion  g iven by  d i l fe ren t ia l  scann ing  ca lo r imet ry  (DSC) . ' " '

Pennings and Bosman measured the rates of  thermal "relaxat iot t"  of  thc
sLlr face free energy'of  polyethylenc and other polymcrs that  had bect. t  contprcs\ l ( ) l t -
mo lded aga ins t  go ld  fo i l . ' r " '  The i r  p lo t  o f  thc  ra tc  o i  rc la ra t ion  f t i r  po l rc t l t t l cnc .
der ived  f rom thc  mcasurement  o f  con tac t  ang les .  l s  u  lunc t ion  o l ' I  1 .  shor icd  l r  c l i s -
cont inu i ty  a t  52  C:  thc  da ta  above th is  tcmpcra turc  fc l l  o r r  u  s t ra igh t  l inc .  und thc
data below i t  fe l l  on a di f ferent straight l inc.  l -hc discont i r tu i t r  occurrccl  i t t
approximately the same tcmperaturc i , ls  thc onset of  thc mcl t ing pcak given by
DSC. Al though the proccss that tho w'erc studf ing the conversion of  crystal l inc
to amorphous polymer is formal ly di f ferent f rom the reconstruct ion of  PE-CO.H.
both processes involve conformat ional  changes and di f fusion of  polymer chains in

the interfacial  region.
K le in  and Br iscoc  repor ted  a  d iscont inu i ty  in  the  p lo t  o f  log  D versus  I  7 ' fo r

di f fusants wi th long alk. ' - ' l  chains in the bulk of  branched. low-densi t l '  polvcthr lcnc:
the  c l i scont inu i t l ' '  c rccur red  a t  I  f , , ,  (7 - , , , :  mc l t ing  po in t  o i  thc  po lvmc- r  t  107 ( ' ; . ' " ' '

, {bo l 'e  thc  mel t ing  po in t .  thc  da ta  f i t  a  s ing lc  s t ra igh t  l inc :  bc lovn  thc  rne l t ing  po in t
however .  the  da ta  d id  no t  l i t  a  s t ra igh t  l inc .  Thc  au thors  a t t r ibu tcd  thc  u t to t l i l l ous
low temperaturc bchavior to "compler r lorpholo-rr ical  changcs" associatecl  wi th thc
onset of  melt ing.  They also c i tcd dimerizat ion of  d i l fusants (stcaramide in onc case )
: ls  a potent ia l  compl icat ion at  low temperature.

The values for 8, ,  , ,  der ived from the plot  in Fig.  l5 are s igni f icant ly highcr
than those reported by Klc in and Br iscoe for di l fusion of  molecules wi th long alkyl
chains through the inter ior  of  polyethylene. Thc act ivat ion energy for di f fusion
o f  b e h e n y l  b e h e n a t e .  C H : ( C H , ) . , , C O , ( C H : ) : , C H , .  t h r o u g h  s e m i c r y s t a l l i n c .  l o w -
densi ty polyethylene is 23 kcal , 'mol . ("r)  The values of  act ivat ion energy f rom the
anneal ing exper iments reported by Pennings and Bosman wcrc 8 kcal , 'mol  above
-52 C and 3l  kcal ; 'mol  below i t .  Baszkin and Ter-Minassian-Saraga did not report
an act ivat ion energy for the thermal reconstruct ion of  PE-H oxrdized with sul fur ic
acid potassium chlorate.

These di f ferences in act ivat ion energy may be due, at  least  in part .  to hydrogen
bonding between carboxyl ic acid groups at  thc surface of  PE-CO,H. Thc cnthalpy
of dissociat ion for  the H-bonded dimer of  stear ic acid in a solut ion of  paraf f in is

3.62.6
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contribution of the surface free energy (l ' ,, ) of the polymer to
for diffusion away from the solid vapor interface is small

3.4. Reconstruction of the lnterface of Derivatives of PE-CO2H

Although the contr ibut ion of  ) 's , ,  to 8. , . , ,  is  smal l  /br  PE-CO)H, the mini-
mizat ion of  interfacial  f ree energy is.  we presume, an important dr iv ing force in
the reconstruct ion of  the interfaces of  PE-CO,H and i ts der ivat ives.  A ser ies of
exper iments wi th der ivat ives of  PE-CO, H that var ied in their  degree oi  hydro-
phobic i ty supported this hypothesis.

The hydrophobicity of a surface is a function of its interfacial free e ncrgr. The
value of  cos ( /  is  proport ional  to the di f ference in interfacial  f rec cncrgics.  ; ' . ,  l ' , r
[Eq  (1 ) ] .  These two te rms are  no t  separab le  us ing  wet t ing  da ta .  bu t  a t  e r t reme
values of  cos ( /  ( large posi t ive or negat ive).  one of  the two components is dominant.
For contact  angles of  u,ater on these surfaces. largc posi t ive values of  cos ( /  (smal l
values of  0) indicate polar surfetces wi th high surface free energies (mainl) ' ; ' , , ) :  large
negat ive values of  cos 0 (values of  ( , )?90 )  indicate nonpolar surfaccs wi th low
solid vapor interfacial free energies (; ' ,, ).

Part  a of  Fig.  16 shows the advancing contact  angle of  water on surfaccs wi th
interfacial  f ree energies lower than that of  PE-H as a funct ion of  the anrount of  t ime
the samples had been heated. Part  b of  Fig.  l6 shows the advancins contact  angle
of water on surfaces with interfacial  f ree energies higher than thar ol  PF:-H as a
funct ion of  the amount of  t ime the samples had been hcated. Thcsc t lutu show, the
expected  resu l ts :  (  I  )  a l l  o f  the  sur faccs  approach the  wct t ing  bchar  io r  o f  PE-H on
ex tended heat ing :  and (2 )sur faces  u i th  in te r fac ia l  f rcc  cncrg ics  loucr  thun tha t  o f
PE-H reconstruct  more slow' l i '  than thosc r i ' i th interf t rc ia l  f rec cnergics hrgher than
PE-H.  A  p lo t  o f  D  versus  the  cos ine  o I  the  in i t ia l  ( i . c . .  bc fo re  rec t - rns t ruc t lon  )
contact  angle of  water,  (cos { / . ,  ) , .  for  PE-COr H and sevcral  of  i ts  der ivat ives
i l lus t ra tes  th is  re la t ion  (F ig .  l7 ) .

The sur face  o f  PEICHTOCO(CF. )nCF, ]  recons t ruc ted  very  s lowly  re la t i vc  to
the other surfaces. To determine whether the s low rate was due, in part .  to ster ic
problems associated with di f fusion of  a large funct ional  group. we monitored
the reconstruct ion of  several  h igh energy surfaces Ipoly(ethylene glycol)  esters
o f  PE-COrH]  as  a  func t ion  o f  the  s ize  o f  the  in tc r fac ia l  func t iona l  g roups .
Figure 18 shows the rate of  reconstruct ion for  the se interfaces. as mci lsurecl  bv two
quant i t ies  (1 ,  ,  and l r ,x r ) ,  as  a  func t ion  o f  the  number  o f  monomcr  r . rn i ts  in  thc  cs tc r .
The quant i ty t1 . ,  is  the t ime required, at  a given tempemture.  for . / . . , , r r r  to reach 0.-5
( i .e. ,  "hal f  reconstructed") ,  l r txr  is  the t ime required for the adrancing crrntact
angle of  water to reach 100 ,  that  is .  the point  at  which i t  is  exper imental ly indistrn-

*  The  c r i t i ca l  su r face  tens ion  o l  PE-H i s  3 l  e rgs ' cmr ' (e6 )  cs t ima t ing  tha t  thc rc  a re  abou t  l 0 rs
"molecules", 'cm: occt tpying the surface s i tes.  ; ' .  is  about 0.-5 kcal  mol .  Unfor tunatelv.  wc do not  know
;.  ior  PE-C]O,H; i t  is  certa in ly h igher than that  o l  PE-H, but  probably not  by more than a factor  of
2 or  3.  The value of  ; ' .  rcported for  a 20.7:79.3 molTo copolymer of  acry l ic  acid and ethvlene is
59erg/cm:.(e7) The value of  ; ' .  reported by Baszkin and Ter-Minassian-Saraga for  surface-oxid ized
polyethylene is  39 ergl 'cm:.( rE)
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F I G U R E  1 6 .  T h e r m a l  r e c o n s t r u c t i o n  o f  d e r i v a t i v e s  o f  P E - C O 2 H  a t  1 O O  C  r n  v a c u u m :  ( a ) v a r i a t i o n
in  con tac t  ang les  o f  wa te r  (pH 1 )  fo r  samp les  whose  in te r fac ia l  f ree  energ ies  a re  l ower  than  PE-H
as  a  func t ion  o f  the  amoun t  o f  t ime  o f  hea t ing ;  (b )  va r ia t i on  in  con tac t  ang les  o f  wa te r  fo r  samp les
whose  in te r fac ia l  f ree  energ ies  a re  h igher  than  PE-H as  a  func t ion  o f  the  amoun t  o f  t ime  o f  hea t ing .
The contact  angles of  water on these surfaces before reconstruct ion are given for  reference.
Repr inted wi th permission f rom reference 30.  Copyr ight  ac)  1987 American Chemical  Society.

guishable f rom that on PE-H. The rate of  reconstruct ion of  longer esters (n:7.  10,
and 14) was signi f icant ly s lower than that of  the shorter esters (n:  1 3 ) .  The
differences, however, are not large enough to explain the slow rate observed for
PEICH2OCO(CF. )6CF]1 .  These da ta  a re  cons is ten t  w i th  the  idea tha t  thc  low
interfacial free energy of the fluorinated surfaces impedes their reconstruction.

The concentration of the fluorinated groups in the interfacial region of

(  o")1

18oo 12oo goo 60o oo

POLYETHYLEN E  CAR BOXYL I  C

a)

F I G U R E  1 7 .  D i f f u s i o n  c o n s t a n t s  ( D )

desc r ib ing  the  recons t ruc t i on  o f  PE-
CO2 H and der ivat ives plot ted as a
f  u  nc t i on  o f  ( cos  du  ) , ,  t he  cos ine  o f
the  in i t i a l  (be fo re  recons t ruc t i on )  con -
tac t  ang le  o f  wa te r  (pH 1 ) .  Repr in ted
with permission f rom reference 30.
Copyr ight  .16_1 1987 American Chemical
Society.
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PEICO2(CH2CH2O)nH l
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Monomer Uni ts (n)

F IGURE 18 .  The  quan t i t i es  t , oo  and  f . ,  .
f o r  t h e  e s t e r s ,  P E I C O 2  ( C H 2 C H 2 O ) " )  H ] ,
p lo t ted  as  a  func t ion  o f  the  number  (n )  o f
ethylene glycol  monomer uni ts.  The value
of  t ,oo is  the t ime required for  the contact
ang le  o f  wa te r  (pH 1  )  t o  reach  100  upon
hea t ing  a t  100  C  in  vacuum.  The  va lue  o l
11 2 is  the amou nt  of  t ime requ i red |or  f  .o,  ,
( f o r  wa te r ,  pH  1 )  to  reach  0 .5  ( "ha l f
reconstructed") .  Repr inted wi th permis-

s ion  f rom re fe rence  30 .  Copyr igh t  c  1987
Amer i can  Chemica l  Soc ie tv .

20

PEICHTOCO(CF. , ) , ,CF] )  (n :2  o r  6 )  was  s ign i f i can t  even a f te r  ex tended heat ing .
These surfaces remained more hydrophobic than PE-H, even af ter  1000 min at
tempera tures  grea ter  than 130-C.  For  PEICH,OCO(CF' ) rCF. , ] .  about  60n/o  o f
the or ig inal  Fl ,  XPS signal  remained af ter  1000min of  heat ing at  100 C under
vacuum (Fig.  19).  The low interfacial  f ree energy of  surfaces containing these
functional groups apparently provides a thermodynamic preference for keeping a
large concentrat ion of  these groups within the 0 and XPS interphases. Simi lar
results have been reported by others.(err r02)

3.5. Reconstruction of the lnterface of PE-CO2H and Derivatives on Heating in
Contact with Liquids

We were interested in the inf luence of  a contact ing l iquid on the thermal
reconstruct ion of  the surface of  PE-CO.H and i ts der ivat i res.  becausc the intro-
duct ion of  a sol id l iquid interface al lowed a s1- 'stemat ic var iat ion in interfacial
free energy. This question also had practical significance. since the surfaces of these
films reconstruct at room temperature when in contact wrth many organic solvents.
Some solvents (e.g., methylene chloride, hexane ) swell the interfacial region of
polyethylene and its derivatives at room temperature; other solvents (e.g.. toluene
or hexadecane) dissolve the fi lms at elevated temperatures. The advancing contact
angle of water on the surface of PE-CO.,H, for example, changes from its init ial

F I G U R E  1 9 .  S u r f a c e  c o n c e n t r a t i o n  o f  f l u o -
r i ne ,  re la t i ve  to  tha t  o f  ca rbon ,  by  XPS fo r
P E I C H 2 O C O ( C F r ) r C F r ]  a s  a  f u n c t i o n  o f  t h e
amoun t  o f  t ime  the  samp le  had  been  hea ted
a t  100  C  in  vacuum.  Repr in ted  w i th  pe rm is -

s ion f rom reference 30.  Copyr ight  a-ei  1987
Amer i can  Chemica l  Soc ie tv .
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value of  55'  to 80'  af ter  soaking in methylene chlor ide at  room temperature for  4 h.
This behavior restricts the number of solvents useful for the synthesis of derivatives
of PE-CO2H; we have not,  however,  studied the process of  swel l ing in detai l .

The previous section described how solid vapor interfacial free energy (; ' .r ) can
influence the rate at which a surface reconstructs: this section focuses on the
inf luence of  i ' , r .  Surfaces bear ing polar funct ional  groups (e.g. .  PE-COrH) interact
strongly wi th polar l iquids (e.g. ,  water)  by dipolar and hydrogen bonding inter-
actions in addition to dispersive forces. As a result, we expected that polar,
hydrophil ic surfaces would reconstruct slowly or not at all when in contact with a
polar l iquid. In the absence of these favorable polar interactions that is. those
when the f i lm is in contact  wi th a nonpolar l iquid --we expected that PE-CO,H
and its polar derivatives would reconstruct relatively quickly.

To test  these hypotheses, we monitored the reconstruct ion of  PE-CO. H, a
nonpo lar  der iva t ive  (PE[COrCrH, r ] ) ,  and PE-H (as  a  cont ro l )  w i th  the  f i lms
in contact  wi th a polar or wi th a nonpolar l iquid.  The two l iquids chosen for
comparison in these experiments, water and perfluorodecalin, do not appear to
swell the interfacial region of the polymer.

Figure 20a shows the dependence of  the advancing contr i ic t  angle of  w'ater on
these surfaces as a funct ion of  the amount of  t ime they had becn heated in water
(pH 6-7)  a t  100 C.  The in te r faces  o f  PE-CO.H and PE-H shorvcd  essent ia l l y  no
change in their  wettabi l i ty  by water over the course of  thesc cxper iments.  We
attr ibute the thermal stabi l i ty  of  the PE-CO.H water interface to thc favorable
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F I G U R E  2 0 .  A d v a n c i n g  c o n t a c t  a n g t e s
o f  w a t e r  ( p H  1 )  o n  P E - H ,  P E - C O 2 H ,  a n
P E - C O 2 C u H , ,  a s  a  f u n c t i o n  o f  t h e  t i m e
the  f i lms  had  been  hea ted  a t  va r ious
tempera tu res  (a )  under  wa te r  (pH 6 -7 )
a n d  ( b )  u n d e r  p e r f l u o r o d e c a l i n .  P l o t  ( b )
inc ludes  da ta  fo r  PE-CO2H tha t  had  been
hea ted  in  wa te r  fo r  5  m in ,  then  d r ied ,  p r io r

to  hea t ing  in  pe r f l uo rodeca l i n .  Repr in ted
with permission f  rom reference 30.
Copyr igh t  aq l  1987  Amer i can  Chemica l
Societv.
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interactions between the hydrophil ic functionality at the surface and the contacting

aqueous phase.
The surface of  PE[CO2C, H,r ]  behaves di f ferent ly:  in i t ia l ly  i t  is  more

hydrophobic than PE-H, but on heat ing in water i t  becomes more hydrophi l ic  than

pE-H. After 2 h of heating in water at 100'C, its contact angle had decreased from

the in i t ia l  (unreconstructed) value of  124' to about 90' ' .  The contact  angle dropped

f rom 124 ' to  about  93 ' in  the  f i rs t  30min ;  i t  fe l l  on ly  s l igh t ly  in  the  nex t  hour .  We

infer f rom this behavior that ,  on heat ing in water,  the interface of  PEICO.CrH'r ]

reconstructs, exposes polar ester groupS to the aqueouS phase. and buries

hydrophobic alkyl chains. This reconstruction minimizes the interfacial free energy

oi  the-system. These resul ts are s imi lar  to the wett ing behavior of  the o-anthrani late

amide o f  PE-COrH ( l ) ,  d iscussed in  Sec t ion2.5 ,  and to  work  repor ted  by

Othe fS .  
(40  4 -5 .5u  60  )

An al ternat ive explanat ion for  th is behavior is that  heat ing in water hydrolyzes

some of the interfacial  ester groups, leaving (more polar)  carboxyl ic acid groups.

We feel  that  th is explanat ion is not corrcct .  however.  s ince the hydrolysis of

pEICO2CrH, r ]  in  I  N  NaOH proceeds to  on ly  approx imate ly  30o/o  comple t ion

(by ATR-IR) af ter  a week at  room temperature. ' r " '

We heated  the  same samples  (PE-H,  PE-CO2H,  and PE-CO2C*H, r )  in  the

nonpolar solvent, perfluorodecalin. Figure 20b shows the contact angle of water on

these surfaces as a function of the amount of t ime that they had been heated at

100" 'C in perf luorodecal in.  The reconstruct ions under these condi t ions were

qual i tat ively s imi lar  to those vacuum and under argon.
As wi i t r  the reconstruct ions in vacuum or under argon. the surfaccs ot .

pE-COrH and PE-COrCrHrT approached the  hydrophob ic i t i , '  o f  P I : -H:  a f te r  2  h ,

they were indist inguishable f rom PE-H in their  rvet tabi l i t l '  by '  w'atcr .  Thc rutc 's at

which they approached this value. howcver.  \ \ 'cre s lower than thosc under inert

atmospheres. We believe that the slou'er rates reflect the differcncc in interfacial

free energies between the two systems. The lower frce cnergy of the polymer

perf luorodecal in interface, relat ive to that  of  the polymer vacuum (or argon) inter-

iu. . ,  prouides a smal ler  thermodynamic dr iv ing force to reconstruct ion (Fig.21).

These results are in agreement with the slow rate of reconstruction of the

pEICHTOCO(CF, ) , ,CFr ]  vacuum in te r face ,  re la t i ve  to  tha t  o f  the  PE-COrH

vacuum interface. As expected, the contact  angle on PE-H did not change dur ing

the  course  o f  these cxPer iments .

PE-CO2H /  Vacuum

PE-CO2H /  C10F18

FIGURE 21 .  Hypo the t i ca l  p lo t  o f  f ree  energy

versus  " reac t ion  coord ina te "  fo r  the  the rma l

recons t ruc t i on  o f  PE-CO2H in  con tac t  w i th

vacuum and  w i th  pe r f l uo rodeca l i n .
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F I G U R E  2 2 .  A d v a n c i n g  c o n t a c t  a n g l e s  o f  w a t e r  ( p H  1 )  o n  P E - C O r H  t h a t  h a d  b e e n  h e a t e d  a t
78  C  in  vacuum fo r  va r ious  amoun ts  o f  t ime ,  as  a  func t ion  o f  the  amoun t  o f  t ime  the  samp les  were
then  hea ted  a t  100  C  in  wa te r  (pH 6 -7 ) .  Repr in ted  w i th  pe rm iss ion  f rom re fe rence  30 .  Copyr igh t
C  1987  Amer i can  Chemica l  Soc ie tv .

3.6. Recovery of Polar Functional Groups from the Sub-/ lnterphase

In  the  prev ious  sec t ion .  we a t t r ibu ted  the  s tab i l i t l ' o f  thc  in tc r f i rcc  c l f  p l : -C 'O.H
in water to a thermodynamic preferencc for having polar.  hydrophi l ic  funct ional
-q roups  in  contac t  w i th  the  aqueous phase.  To  tes t  th is  hy 'po thes is  fu r thcr  and to
determine the degree of  reversibi l i ty  of  the thcrmal reconstruct i6n of  these inter-
faces, we heated samples of rt,r 'on.rtrut'tetl PE-COr H in watcr to try to "recover"
polar funct ional i ty that  had di l fused out of  the ( i  interphase.

Figure 22 shows the contact  angle of  water as a funct ion of  the amount of  t ime
samples  had been heated  in  d is t i l l ed  water  (pH 6  7)  a t  100 'C.  The pE-CO,H had
been reconstructed by heat ing at  78'C in vacuum for var ious per iods oi  t ime. The
reconstruct ion was only part ia l ly  reversible for  samples heated in vacuum for morc
than 3 min.  In al l  cases however.  the surfaces rcachcd l imi t ing contact  anslcs n, i th ip
30 s on heat ing in water;  no fur ther decrease haci  occurrecJ af tcr  j0 rnin

3.7. Depth Profi l ing of PE-co2H and Derivatives During the
Thermal Reconstruction of Their lnterfaces

The accessibi l i ty  of  functronal  groups in the sub g interphase to reagcnts in
solut ion al lowed us to fo l low the movement of  polar funct ional i ty out of  the ( /
interphase dur ing reconstruct ion.  Since the thickness of  the g interphase is smal l .
d i rect  measurement of  the concentrat ion of  polar funct ional i ty as a funct ion of
depth into the polymer would require resolut ion on the scale of  a few angstroms.
Al though col lect ing XPS data at  var ious takeoff  anglesx cAn. in pr inciplc.  be used
for depth prof i l ing of  th is sort , (5r)  the roughness of  the surface of  these f i lms
prevented us from collecting interpretable data. We followed the reconstruction of
PE-CONHCH.CO.H by XPS, but found l i t t le di f ference between intensi t ies using
takeoff  angles of  20' '  and 75' .

In the absence of a direct method for determining the depth profi le of polar

*  A takeol f  anglc is  the angle between the plane ol  the surfacc of  the sample and the detector .
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functionality, we turned to an indirect one. We treated partially reconstructed

PEICH.OH]  w i th  per f luor ina ted  n-a lky l  anhydr ides ,  ICFr (CF. ) , ,CO] .O.  o f

different lengths; we reasoned that if the hydrophobic perfluoroalkyl chains were

sufficiently long, they would extend into the (i interphase and raise the contact

angle of  water (Fig.  23 ) .
F igure  24  shows the  contac t  ang les  o f  water  on  PEICH.OCO(CF: ) , ,CF, ]  as

a funct ion of  the amount of  t ime the PEICH.OH] had been heatcd at  100 C in

vacuum. Data are presented for perfluoroalkyl groups of different lengths and for

unacylated PEICH.OH] for  comparison. Several  points deserve comment.  First ,

PEICHTOH]  recons t ruc ted  qu ick ly ;  w i th in  5min  o f  heat ing  a t  100 C in  vacuum

the hydroxyl  groups had migrated out of  the ( /  interphase. and the contact  anglc of

water was the same as that on PE-H.

Second.  the  per f luoron te th t ' l  (n :0 )  es te r  der ived  f rom PEICH.OH]  tha t  had

been reconstructed for 5 min was almost as hydrophobic as that  der ived from

unrecot ls t rug te f l  PEICH,OH] .  Even the  per f luoromcthy i  es te r  o f  PEICH.OH]

that had been reconstructed for 20 min was more hydrophobic than PE-H. These

resul ts imply that  the in i t ia l  reconstruct ion (about the f i rst  5 min) involves subt le

conformat ional  changes of  the hydroxyl-containing groups. reminisccnt of  the

pH-dependent behavior of  l .  Af ter  5 min of  heat ing,  the hydroxyls had migratcd

oa= zo" 

I
n  =  6 :  0 " =  1 4 1 o

Heat
5  min

W
n = 0 ;  0 r = 1 1 g o

OR

o" = 1o3o 
+

Heat
60 min total

n = 0 ; 0 " =  1 g 3 o

-CH2OCOR = -

F I G U R E  2 3 .  S c h e m a t i c  i l l u s t r a t i o n  o f  t h e  i n t e r f a c i a l  r e g i o n  o f  P E I C H T O H ]  a n d  i t s  d e r i v a t i v e s ,

p E I C H 2 O C O ( C F r ) , C F . ] ,  b e f o r e  a n d  a f t e r  i n i t i a l  r e c o n s t r u c t i o n  o f  t h e  P E I C H T O H ]  a t  1 0 0  C  i n

vacuum.  Reac t ion  o f  pe r f l uo roanhydr ides  w i th  the  hyd roxy l  g roups  in  the  sub-0  in te rphase

produced  su r faces  whose  we t t i ng  behav io r  p rov ided  in fo rmat ion  abou t  the  dep th  o f  the  e

in te rphase .  con tac t  ang les  o f  wa te r  (pH 1 )  a re  shown a t  each  s tep  o f  the  recons t ruc t i on  and

func t iona l i za t i on .  Repr in ted  w i th  pe rm iss ion  f rom re fe rence  30 .  Copyr igh t  c  1987  Amer i can

Chemica l  Soc ie ty .
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F I G U R E  2 4 .  A d v a n c i n g  c o n t a c t  a n g l e s  o f
w a t e r  ( p H  1 )  o n  P E I C H T O C O ( C F 2 ) , C F 3 ]
as  a  func t ion  o f  the  amoun t  o f  t ime  tha t  the
P E - C H 2 O H  h a d  b e e n  h e a t e d  a t  1 0 0  C
in  vacuum p r io r  to  acy la t i on .  Da ta  fo r
u n a c y l a t e d  P E I C H T O H ]  a r e  s h o w n  f o r
compar i son .  Repr in ted  w i th  pe rm iss ion
from reference 30.  Copyr ight  ae_ 1gB7
Amer i can  Chemica l  Soc ie ty .

out of  the 0 interphase, but they remained closc cnough tg t5c surfucc th l t  the
perf luoromethyl  groups of  the esters protrudcd intg thc 1/  iptcrphasc. Thcsc rcsul ts
also conf i rmed that the 0 interphase is vcrv th in (  -  -5 l0 A ) .

Third" as the hydroxyl  groups di f fusecj  awuv from thc interfacc.  the length
of the perf luoroalky ' l  chains of  thc esters becamc important for  dctermining the
wettabi l i ty  of  the interface. For samples at  each point  in the reconstruct ion.  the
hydrophobic i ty of  the esters increased with increasing length of  the perf luoroalkyl
chains.  Af ter fur ther heat ing (  -  t  h ) ,  the hydroxyl  groups had di f fused rnore than
a few angstroms away from the interface, and thc perf luoromethyl  estcr  no longcr
inf luenced wett ing.  Af ter extended heatrng (1000min).  the hyclroxr, l  eroups had
di l lused suff ic ient ly far  into the polvmer thal  nonc of  the csters inf luencccl  r ic t t ing.
In  each case.  ATR- IR spec t ra  conf i rmcd thc  ex is tence o f  cs tc rs  oLr ts idc  o f  thc  { i
in te rphase.

Treatment of the esters wtth L\i NaOH rcgeneratc<i r.t,t,otl.s'trrtt,tt,d
PEICH.OH] :  tha t  i s ,  the  wet t ing  behav io r  o f  thc  p roduc t  was  ind is t ingu ishab le
from that of  PE-H. Retreatment wi th the anhydr ide produced an ester i f icd surface
whose contact  angle was the sanle as i ts or ig inal  value. The reversibi l i ty  excmpl i f ied
in these exper iments is important,  because i t  ru les out the possibi l i ty  that  the
esterif ication or saponification reactions, thent,selt:es, reconstruct the surfaccs.

3.8. ls lnterfacial Strain a Driving Force for the Reconstruction of the
Surface of  PE-CO2H?

By comparing the rates of  reconstruct ion for  samples annealed ei ther in
vacuum before oxidat ion or in water af ter  oxidat ion to unannealcd samples.  we
showed that mechanical  stress in the f i lms was not an important factor in these
processes. Figure 25 compares annealed and unannealed samples in their  rates of
reconstruct ion at  65 C.

0 n=o

I n=2

A n=o

I  no acy lat ion

1000
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PE.COOH
(from annealed PE-H)

PE-COOH (H2O, t h, ' loo oc)

PE-COOH, 10 min oxidation

F I G U R E  2 5 .  A d v a n c i n g  c o n t a c t  a n g l e s

o f  w a t e r  ( p H  1 )  o n  v a r i o u s  t Y P e s  o f

P E - C O 2 H  a s  a  f u n c t i o n  o f  t h e  a m o u n t

o f  t ime  the  samp les  had  been  hea ted

a t  65  C  in  vacuum.  The  samPles  were

PE-CO2 H p repared  by  ox ida t ion  o f

P E - H  ( s o l i d  b o x ) ;  P E - C O 2  H  p r e p a r e d

by  ox ida t ion  o f  PE-H tha t  had  been

annea led  a t  1  00  C  under  vacuum fo r

f i v e  d a y s  ( b o x  w i t h  l i n e s ) ;  P E - C O 2 H

prepared  by  ox ida t ion  o f  PE-H,  then

hea ted  a t  100  C  fo r  t  h  i n  wa te r

( p H  6  7 )  p r i o r  t o  r e c o n s t r u c t i o n  ( s t i p -

p l e d  b o x ) ;  a n d  P E - C O t H  p r e P a r e d  b Y

o x i d a t i o n  o f  P E - H  f o r  1 0 m i n  i n s t e a d

o f  t h e  u s u a l  1  m i n  ( u n f i l l e d  b o x ) .  A l l

o f  t he  samp les  had  0 " (wa te r )  -54  57

be fo re  recons t ruc t i on .  Repr in ted  w i th

perm iss ion  f rom re fe rence  30 .  Copyr igh t
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We heated a samplc of  PE-H in vacuum at 100 C for f ive days. a t reatment

longer by a factor of  l0r  than that required for al l  of  the polar groups of  PE-CO,H

to di f fuse out of  the 0 interphasc. The PE-COrH der i rcd f rorn th is f i lm recon-

structed at  the same rate as PE-CO2H der ived front utranncalcd Pt:-H. We hcatcd

another  sample  o f  PE-CO,H in  d is t i l l ed  water  a t  100 C fo r  lh :  th is  t rea tment

al lowed extensive anneal ing of  the interface whi le kceping thc hldrophi l ic  COrH

groups within the 0 interphase. As expected, the contact  angle of  uatcr  (pH l )  on

this sample was thc same before and af ter  t reatment.  The rate of  recc'rnstr l tctron of

the annealed sample was indist inguishable f rom that of  unannealed PE-CO, H.

I t  is  possible that  the oxid 'at ion i tsel f  has an important ef fect  on thc thcrmal

reconstruct ion of  thesc f i lms: t reatment of  PE-H with hot chromic acid rnay reveal

under ly ing mechanical  strain or introthrt 'c '  strain in the interfacial  rcgion of  the

polymer f i lms. Oxic lat ion wi th chromic acid could produce strain by inducrng

ieac t ions  ( i .e . ,  o f  rad ica ls l r t r t r r l6 ' ,1  c rc lss - l ink  the  methy lene cha ins  a t  the  sur face .  In

addi t ion,  oxidat ion could lower the dcnsi ty of  the interfacial  region of  the polymer.

relat ive to that  of  the bulk,  by select ively etching amorphous port ior ls of  the

interface. The in i t ia l  reconstruct ion might then be dr ivcn by relaxat ion to an

"equi l ibr ium densi ty"  in the interfacial  region.(r7 rer

To test  these hypotheses, we oxidized a sample of  PE-H 'uvi th chromic acid at
j2 'C  fo r  l0  min .  ins tead o f  the  usua l  I  m in .  to  p roduce PE-CO. [ ]  w i th  a  decp ly '

etched surface (Fig.2).  The interface of  th is sample reconstructcd at  thc samc ratc

as  PE-CO.  H produced by  a  I  m in  ox ida t ion ,  ind ica t ing  tha t  the  or ida t ion  nc i thcr

reveals nor introduces strain into thc polymer f i lms. This resul t  docs not.  however.

rule out the possibi l i ty  that  the oxidat ion introduces strain into the interfacial

region in a quickly establ ished (  (  1 min )  steady-state process.

CONC LUSIONS

The unique feature that chemistry offers materials and surface science is the

abi l i ty  to manipulate systems of  interest  at  the molecular level .  Synthet ic chemistry
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provides versati le methods for the modification of existing organic surfaces and for
the creation of new ones. This versati l i ty makes it possible to address the following
quest ion:  what are the relat ions between molecular ident i ty and or ientat ion at  a
surface and the macroscopic, interfacial (especially l iquid solid ) behavior of that
surface? Ini t ia l  oxidat ion of  PE-H with chromic acid introduces carboxyl ic acid
moieties into the solid-l iquid interface that serve as starting points for further
chemical elaboration. This approach allows access to a wide range of functional
group types. The relat ive or ientat ion of  these groups can be systemat ical ly var ied;
syntheses of surfaces bearing amides derived from each isomer (o. nt. and p) of
anthranil ic acid provide examples.

Most of  our studies have focused on wett ing of  sol ids by l iquids.  Wett ing
measurements probe the chemical  composi t ion,  structure (or ientat ion and order) .
and dynamics at the surface of solids. An example of the last of these areas the
dynamics of polymer-bound functional groups at or near the surface of pE-X is
the focus of  th is review.

Surface-modified polyethylene provides a challenging "real" system for studying
the relat ions between interfacial  structure and wett ing:  i ts  surface is rough. chemical ly
and morphological ly heterogeneous. and penetrable bv many l iquids ancl  reagcnts.
Since the surface of  PE-X is nonideal .  the molecular detai ls of  i ts  reconstruct i t - rn arc
not amenable to study by convent ional  spectroscopic tcchniqucs alonc. For
instance, changing the takeoff  angle in XPS erper iments does not s igni f icant ly
change the surface sensi t iv i ty of  the measurements.  Despi te these complexi t ies,
convenient exper imental  protocols can give useful  informat ion about the locat ion
and environment of the surface-bound functional groups.

The work descr ibed in th is review i l lustrates the usefulness of  combining
spectroscopic and nonspectroscopic experiments to infer interfacial structure. This
combinat ion al lows resolut ion on the scale of  a few angstroms in exper iments
designed to locate functional groups at or near the surfaces of the polymer.
The analyt ical  techniques discussed- measurement of  contact  anglcs.  XpS. an6
ATR-IR each probe a di f ferent port ion of  the polymeric interphase. These
techniques gir , 'e complementarv informat ic ln about the thermal reconstruct ion of
the  in tc r fac ia l  reg ion .

Our abi l i ty  to interpret  data f rom contact  angles and from XPS was aided by
reference to model systems. Zisman's method for producing ordered monolayers by
molecular sel f -assembly at  the surface of  a sol id,(7r)appl ied in the system compris ing
alkanethiols and gold, allows production of structurally well-defined organi-
surfaces. Modification of the molecular precursors of the SAMs an activity
entirely within the field of synthetic organic chemistry --provides routes to a range
of model organic surfaces.

These model systems make it possible to address specific questions about the
relations between interfacial structure and wettabil ity. One conclusion from our
work with these systems is that wetting is the most surface-sensitive technique
avai lable to us:  wett ing by water senses only the outermost 5 10A of  a sol id.  Since
wetting is surface sensitive, the degree of order in the interfacial region of systems
composed of terminally functionalized alkyl chains is important in determining con-
tact angles; that is, the orientatio,ru of interfacial functional groups can profoundly
affect contact angles on the surfaces bearing these groups.
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One of the most generally useful methods for examining the surface of PE-X

is contact angle titration, the measurement of the variation in the contact angle of

water on a surface with the pH of the contacting drop. The contact angle titration

of the o-anthranilate amide of PE-CO2H il lustrates the relationship between

wetting and microreconstruction of a polymer surface. The results of this study

show that (1 ) subtle conformational changes within the 0 interphase of a polymer

can strongly influelce the contact angle of water on its surface, and (2) even in

this disordered system, a smal l  nonpolar group (containing six carbon atoms) is

sufficient to shield a polar group(s) from a contacting drop of water. We use the
word "shield" onlv wrthin the context of the measurement of contact angles for

solid l iquid interfaces at quasi-equil ibrium. This "shielding" does not appl)' to

kinetic phenomena, for instance, polar groups in the sub f/ interphase ilre sti l l

accessible to reagents in aqueous solut ion.
We studied in detai l  the thermal reconstruct ion of  PE-CO.H and several  of  i ts

der ivat ives.  The main conclusions from these studies are as fo l lows:

1. The init ial reconstruction involves conformational changes close to the

surface, akin to those inferred in the PE-anthranilate system, driven by the

tendency to minimize the interfacial free energy of the system.
2. In a slower process, functional groups passively diffuse into the bulk of the

polymer. This process is presumably driven by entropy.
3. The rate of reconstruction and the composition of thc interface at

equi l ibr ium depend on the in i t ia l  composi t ion of  the interface. Surfaces with inter-

facial  f ree energies higher than PE-CO,H reconstruct  quickly ' to give interfaces

indist inguishable f rom PE-H in their  wettabi l i ty  by watcr.  Surface s r i  i th interfacial

f ree  energ ies  lower  th i in  PE-COrH recons t ruc t  more  s low ' l l ' than  docs  PE-CO,H;
sur faces  bear ing  long per f luoroa lky l  g roups  (even PEICH.OCO(CF, ) rC]Fr l )
retain s igni f icant concentrat ions of  f luor ine in XPS interphase (and even in the 0
interphase) after extended heating.

4. Interfacial strain, introduced either in the manufacture of the fi lms or in
their surface functionalization, does not seem to be an important factor in deter-
mining the kinetics and thermodynamics of reconstruction.

Our experimental value for the activation energy of reconstruction of PE-CO, H

is higher than those measured for related processes (diffusion of large monomers
in bulk polyethylene, or breakdown of  the crystal l ine lamel lae at  the surface of
low-densi ty polyethylene).  These di f ferences add emphasis to the c la im that the
interfacial  reconstruct ion of  PE-CO. H is complex,  and we bel ieve that several
factors are probably important in determining the rate of this proccss. Aside from
the inherent difference between a value of 8,..,, derived directly from the measure-
ment of contact angles on a complex solid and those derived from infrared spectro-

scopy or from measurements of crit ical surface tension, these factors may include
hydrogen bonding to form dimers of the carboxylic acid moieties in the interfacial
region of PE-COrH and preferential etching of amorphous regions of the poly-

ethylene interphase in its synthesis.
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