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The wet t ing o f  so l ids  by l iqu ids is  dominated by shor t - range
(van der Waals, dipolar, hydrogen bonding) interactions.2a This
paper examines the relat ionships between the wettabi l i ty bv water
of  sur face- funct iona l ized,  low-dens i ty  po lyethy lene f i lm and the
size and structures of the organic functional groups present at the
so l id- l iqu id  in ter face.  Polyeth .v* lene is  a  par t icu lar lv  ins t ruct ive
system, because it is a structurally heterogeneous. "nonideal" solid.
in which the interfacial functional groups are disordered in both
posit ion and orientat ion. I ts disordered structure contrasts with
the more ordered self-assembled monolayers obtained by chem-
isorpt ion o f  organic  th io ls  on go ld ,a '5  and compar isons of  these
systems should help to indicate the importance of interfacial order
on  we t t i ng .

We have examined the wet t ing bv water  o f  po lyethv lene f i lms
hav ing sur faces conta in ing amide (PE-CONHR) or  ester  (PE-
C02R) funct iona l i t ies  ( l -3)  and have determined the s ize o f  a
nonpolar group R required to mask these small polar groups from
contact with the water.6 This masking doubtless ref lects weak-
ening of electrostat ic and hydrogen-bonding interactions between
the contact ing water  and the po lar  funct iona l  group (P) .

We have described elsewhere the preparation of surface-oxidized
polyethylene ("polyethylene carboxyl ic acid", PE-CO2H) and the
conversion of i ts carboxyl ic acid moiet ies to amides and esters via
ac id  ch lor ides.6-e Here we note that  ( i )  the funct iona l  groups
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in  these mater ia ls  are rest r ic ted to  a  th in  in ter fac ia l  layer  (< l -2
nm thick); ( i i )  approximately 307o of the organic groups present
in that part of the functionalized interface that determines wetting
are CO2H groups ( the remainder  be ing methy lene and ketone/
aldchydc groups);6 ( i i i )  the conversion of CO2H to CONHR and
CO2R groups occurs in high yields; and ( iv) the interfacial region
i s  rough  and  chemica l l r  he te rogeneous .

The in ter f 'accs presented b l  PE-CO2R and PE-CONHR to
a contact ing l iqu id  are d isordered,  but  are s imi lar  to  one another
in  the i r  morpholog ies and in  the i r  sur face dens i t ies  o f  funct iona l
groups. Figure I summarizes relcvant measurements of advancing
contact angles of water 0^(H2O) on these surfaces.r0 The contact
angles on the in ter faces hav ing R = H (PE-CO2H, du = 55o;
PE-CONtl2,0u = 43o) provide reference values. For small n-alkyl
am ides  and  es te rs  (n  =  1 .2 ) ,  su r f aces  hav ing  am ides  a re  more
hldrophi l ic  than sur faces hav ing the cor responding esters .  Th is
order-amidc morc wettable (hydrophil ic) than ester- is in accord
wi th  o ther  va lues of  re la t ive hydrophi l ic i ty  such as Hansch a-
parameters . r r  As R increases in  s ize through a ser ies  o f  n-a lky l
groups, n-CnH2nr,1, 0u increases and reaches a constant value for
n > 6 . t2  The l imi t ing hydrophobic i t ics  ach ieved by esters  and
amides are vcry  s imi lar . ls  Thus,  incorporat ion o f  even smal l ,
nonpolar  a lky l  groups in to  ester  or  amide groups at  the po ly-
e thy lene-water  or  po lyethy lene-vapor  in ter face is  suf f ic ient  to
shield thc polar core functional i ty from the interactions with water
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NaOH). All values reported are independent ol pH. For PE-CO2H, the value
is for pH I . These data are for sessile drops: The drop was placed on the
surface by using a hypodermic needle,  the drop edge al lowed to advance by
adding l iquid.  the needle wi thdrawn, and the contact  angle measured.  Al l
measurements were made at -100%, relative humidity and room temperature.
The hystereses in the angles were high (40-90')  in a l l  cases,  indicat ing that
these systems are not  at  equi l ibr ium: for  fur ther d iscussion on hysteresis in
these systems. see ref  7.
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(  I  2)  For unfunct ional ized polyethylene,  du = 103o. The oxidat ion used to
introduce the carboxylic acid groups in PE-CO2H roughens the surface. This
roughness is responsible for some part of the apparent hydrophobicity of the
long-chain esters and amides.  Another source of  hydrophobic i ty  may be the
higher concentrat ion ol  methyl  groups near the surface of  the esters and
amides re lat ive to that  of  PE-H (Fox,  H.  W.;  Zisman, W. A.  " I .  Col lo id Sci .
1952, 7 , 428-442).

( | 3) We believe that the slightly higher values of du observed for the amides
than lor  the esters rcf lects s l ight ly  h igher y ie lds in their  format ion f rom
PE-COCl.  An al ternat ive explanat ion is  that  hydrogen bonding between the
amidc groups (a phenomenon that  occurs in the bulk of  polyurethane blends:
Coleman, M. M.;  Skrovanek,  D.  J. ;  Hu,  J. ;  Painter ,  P.C. Macromolecules
1988.21.  -59-65) concentrates the nonpclar  a lky l  groups at  the organic-ai r
inter face.
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Figure l .  Values of advancing contact angles of water on polyethylcnc
film functionalized at the surface with estcrs, PE-CO2R (o), and amides.
PE-CONHR (f);  R = n-CnH2,a1. The cross-hatched l ine represents
advancing contact angles for self-assembled monolayers of or-mercapto
cthcrs  HS(CH2) ,uO-n-C,Hrn*1 on go ld  ( taken f rom ref  4) .  The he ight
of  the symbols  ind icates the uncer ta in ty  in  thc  measurcment .

that  dctcrmine wet t ing.  These resu l ts  imply  that ,  to  exh ib i t
cffcct ive shielding, thc functional groups need not be preoriented
at  thc  in tcr facc in  a  way that  opt imizes the presentat ion o f  the
group R to  thc  water .

We have carr icd out a l imited investigation of structural isomers
o i the a lky l  group (R)  a t tached to  N and O.  The d i f fercnccs in
contact  ang le  wi th  changes in  s t ructure are smal l ;  for  examplc :
Co -Cs  g roups  R  on  CONHR,0u  =  l 25o  f o r  (CH2)4CH3 ,  l 23o
fo r  CH(CH2CH3)2 .  l 25o  f o r  c -C5He ,  and  l 23o  i o r  C (CH3) : ;  f o r
CO2R. 0^  = |  23o for  (CH2)4CH3,  I  I  5o for  CH(CH2CH3)2,  I  l7o
io r  c -C5He ,  and  I  l 7o  f o r  C (CH3)3 .  Thus ,  t he  con tac t  ang le
depends pr imar i ly  on the s ize o f  the group that  is  a  par t  o f  the
ester or amidc moicty rather than on the structural detai ls of the
g roup .

XPS data prov ide qual i ta t ive ly  usefu l  in format ion conccrn ing
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the prox imi ty  o f  the ester  or  amide group to  the so l id-vacuum
inter face,  and th is  in format ion supplements  that  obta ined f rom
wet t ing.  Thc ra t io  o f  the in tens i t ies  o f  N ls  to  C ls  peaks
(normal ized to  the va lue for  the unsubst i tu ted amide CONH2)
and that of the O ls to C ls peaks (normalized either to the value
for PE-CO2H or for PE-CONHt) decrease by only approximately
a factor of 2 from n = 0 ro n = 18. As the alkyl group becomes
larger ,  the N or  O nuc leus in  the po lar  funct iona l i ty  should  be
increasingly buried beneath the hydrocarbon of the R group, and
the rat ios of N or O to C should, in principle, decrease (ult imately
to 0 for suff iciently large alkyl groups). The attenuation length
(X) of photoelectrons is -40 A in these systems.ra The relat ively
small  decrease in these rat ios thus indicates that the hydrocarbon
st ructures over ly ing the amide and ester  groups are th in .  The
conclusion of these experiments-that the size of the alkyl groups
required to mask polar functional i ty in wett ing is small  compared
to the thickness of hvdrocarbon required to signif icantly attenuate
XPS s ignals- is  compat ib le  wi th  the proposed s t ructures for  the
in tcr fac ia l  funct iona l  groups.  These exper iments  a lso emphasize
the h igh sens i t iv i t l  o f  rvet t ing as a  probe of  in ter fac ia l  s t ructure,
re l a t i v c  t o  X  PS . r s

These results confirm that the interfacial region responsible for
wet t ing,  in fer red to  be th in  in  s tud ies o f  wel l -ordered systems,  is
also thin in thcse disordered s) 'stems, at least for solvents that do
not  sr .vc l l  th is  reg ion. r6 ' r7  The ef f ic iency wi th  which smal l  groups
R  i n  t hc  d i so rde rcd  so l i d -ua te r  i n te r f ace  o f  de r i va t i ves  o f  PE-
CO:F{ nrask the inf- luence of polar functional i ty (especial ly primary
amides) on wett ing is remarkable.r8're The abi l i ty of a given alkyl
group to mask a polar group in these disordered interfaces is
similar to that observed previously for monolayers of alkyl thiolates
on gold,a'5 systems we bel ieve to be more ordered than PE-CO2H
and i ts  der ivat ives.  Estab l ish ing whether  th is  s imi lar i ty  re f lec ts
intr insic insensit ivi tr  of ' , r 'ett ing to detai ls of local structure around
the po lar  group.  or  r ihether  the monolavers  are less ordered (or
t he  po l l ' e t hy l cne  i s  m( ) r c  ( ) r de red lq )  t han  we  have  assumed ,  i s  a
sub lec t  r r f '  con t i nu ing  i nves t i ga t i on .

(18) We cannot present ly  compare the data f rom sel f -assembled mono-
layers and surface-funct ional ized polymers in a way that  provides a useful
descr ipt ion of  the structures and degree oi  order of  the alky l  groups over ly ing
thc polar  funct i t lnal  groups in these two types of  surfaces.

(19 )  The  dependence  o i  ue t tab i l i t v  on  pH fo r  PE-CONH-C6H4-CO2H
is  l a rge  ( \ \ ' i l son .  M.  D . :  \ \ ' h i t es ides .  G .  M.  - / .  Am.  Chem.  Soc .  1988 ,  /10 ,
871  8 -871  9 ) .  \ \ ' e  have  ra t i ona l i zed  th i s  observa t ion .  assuming  tha t  po la r
groups are easi ly  masked bv over lv ing nonpolar  groups.  and that  reorgani-
zat ion of  the sol id- l iquid inter face occurs readi ly .
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