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Thc sur facc  compos i t ion  and s t ruc tu rc  o f  so l id  o rgan ic
po l lmcrs  in f luence nrany  o f  the i r  p ropcr t i cs  and uses .  Wet -
t ing , l  wcather ing ,3  pcrmcat ion ,4  adhcs ion ,5 '6  f r i c t ion ,6  e lcc -
t ros ta t i c  charg ing ,?  and dyc  adsorp t ion5 arc  examplcs  o f  p ro-
ccsscs important in cngineer ing appl icat ions of  p l lymcrs whosc
charactcr ist ics are dctermincd, in part ,  by surfacc const i tut ion.
Surfacc funct ional i ty inf luenccs biocompat ib i l i ty ,6 especial ly
th ronrborcs is tancce and cc l lu la r  a t tachmcnt . l0  So l id -phasc
orgunic s lnthcsis rcquircs high-f  ic ld reect ions to introduce and
nrod i i , l  po l l  mcr  func t iona l i t y .  and methods  to  cont ro l  thc  in -
tcnrc t ions  bc tw 'ccn  pcndant  func t iona l  s i t cs . l  I

Po lynrc r ic  n r r tc r ia ls  hav ing  par t i cu la r  sur face  proper t i cs
r r rc  p rcscn t ly  dcvc lopcd cmpi r i ca l l y .  I t  i s  d i f f i cu l t  to  cons t ruc t
rnd  tcs t  hypothcses  re  la t ing  thc  molccu la r  s t ruc tu re  o f  a
lo l )  nrcr  surface to i ts nracroscopic surface propcrt ies bccausc
i t  hus not bccn pnssiblc to obtain p,olynrcrs wi th surfaces having
*cl l -dcf incd funct ional i ty.  The purposc of  the work dcscr ibcd
in  th is  and thc  accompany ' ing  papcr l2  i s  thc  dcve loprnent  o f
tcchn iqucs  fo r  gcnera t ing ,  mod i i ; ing .  and charac ter iz ing
f 'unc t iona l i t y  a t  thc  sur face  o I  lo rv -dcns i ty  po lye thy lcnc
i i l r l .

Thc  prob lcms cncountered  in  man ipu la t ing  sur face  func-
tionality on organic pxrlymcrs diifer in three rcspccts from thosc
f . r rn i l ia r  in  o rgan ic  so lu t ion  chemis t ry .  F i rs t ,  to  be  use fu l ,  re -
act ions ernplol 'ed to create or modify groups at  a surface must
procccd in high y ' ie lds,  bccause i t  is  impossiblc to separate and
puriiy' thc products of thcsc reactions. Second, characterization
ol 'surfacc funct ional i ty is di f { rcul t ,  both bccause the absolute
nunrbcr of  surfacc groups is low and because the bulk polymer
nrus t  bc  d is t ingu ishcd f rom thc  sur face .  Th i rd ,  the  th ree-
d in rens iona l  spa t ia l  d is t r ibu t ion  o f  func t iona l  g roups  in  the
surface region-a problem having no counterpart  in solut ion
chenristry__is an important consideration in surface chemistry.
In fact ,  the def in i t ion of  the word "surface" for  an organic
polymer is not straightforward. In this paper, we use the words
"surface" and " interface" interchangeably,  and def ine both
oprationally in terms of a particular type of experiment which
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[ t ) r rns thc basis for  meny of  thc react ions used: considcr a hy-
drophob ic  o rgan ic  po lymcr  (po lye thy lene)  in  contac t  u ' i th  a
polar,  nonswcl l ing solvcnt (water) .  l i le def ine the "surface"

ctf the polyzru to be that part *'hich is accessible to rt 'u,qents
thot are soluble in water, but insoluble in pols'eth1'lenc. This
dc [ in i t ion  o f  a  po lymcr  sur face  has  shor tcomings :  i t  i s  no t  ap
p l i cab lc  to  a  po lymcr  r . rh ich  is  swc l lcd  by  the  so lu t i t rn .  I t  i s
ambiguous i f  the  rmr l  mot ion  o f  the  po lymer  chr ins  ; t t  the
sur fece  t ranspor ts  func t iona l  g roups  f rom the  bu lk  t , ;  thc
surfucc anr j  v icc I 'crsa w' i th a rate comparable to a prtxcss t i .cd

to  tcs t  fo r  in tc rac t ion  bc twccn a  sur face  func t ion l l  g r . . rup . rn ,J
lu  rcugcnt  p rcscn t  in  so lu t ion .  i t lany  ua ter -so lub lc  rc , t t ' : i t l s
h.rrc low but f in i tc solubi l i ty  in hydrocarbons. and prcstrnr rr" l r
in  po lyc th . r - l cnc ,  and i t  i s  d i f i i cu l t  to  es tab l i sh  th r t  3  rc i r i ' j n t
i s  c r rmp lc te ly '  inso lub lc  in  thc  po lyn le r .  Nonethe less .  t i t r '  l c l "

i  n i  t  ion'suggc.sts erpcr i  mcntal  approaches to the gcner:r  t  i '  r r l ' t  r td

n iod i f i ca t ion  o f  sur face  func t iona l i t y .  I t  a lso  emphls iz ' r '  tnc

imgtr tancc of  thc t /1rcc-dimcnsional  d istr ibut ion of  f l t r - , .  t  r , 'n. t l

g r ' ( . )un \  a t  thc  po l i ' n rc r -so lvent  in tc r face .  ln  p r inc ip l t .  i '  - ' - '

t i onr l  g roups  a t  a  w 'c l l -dc f ined po lymer  sur face  migh t  hc  r ' : -

s t r i c t e d  t o  a  c o h e r c n t  m o n o l a y e r  ( F i g u r e  l A ) :  a l t e r n . t i r r c l " '
. r t  a poor ly dcf incd sur lacc,  the funct ional  groups t t r i rht  i 'c

c l i s t r ibu tcd  bc t rveen the  po lymer - rva ter  inGr face .  thc  bu i r

Sr ly ' rncr,  and (by'  tether ing poly 'mer chains) the solvent (  Frgurc

lg i .  n t tnough ihcsc  two d ls t i ibu t ions  migh t  no t  beh ' r rc  d r f '

fcrcnt ly in many pract ical  appl icat ions,  the s implcr.  f l l t . i re t r r -

dcrcd onc is preieiablc in studics dcsigned to test  the in l lucncc

of molecular sur lace structure on macroscopic propcrt lcs
\ \ 'e have chosen to invest igate the surface chcnr istrY of

polvethy' lene rather than sor l rc other polymer for  s* cr ' t l  rc ' t '

sons .  I t  i s  read i l y  ava i lab lc ,  inexpcns i re ,  and re la t i rc lv  uc l l '

character i  zed.tr l l5 I t  is  suf f ic ieni ly strong mechanicr l ly  thet

i t  can be handled without special  pr . .uut lons,  but i t  is  at  thc

same t ime convenient ly nei iUte.  Polyethylene has fcw.func-

tional groups other than carbon-*rbon and carbon-hidrogen
single bonds, and its chemistry ,"outO U..tpectea to resemblc

the-extensively studied solut ion chemistr i  of  hydrocarbons'

Introduction, Modification, and Characterization of

Funct ional Groups on the Surface of Low-Density

Polyethylene Film

James R. Rasmussen, l  Erwin R. Stedronsky, and George I \ I .  Whitesides*

Contributionfrom the Department of Chemistry, Massachusetts Inslitute of
Technologv, Cambridge, l+{assachusetts 02139. Receiced October 18, 1976

Abs t rac t :  I n i t i a l  ox ida t ion  o f  l ow-dens i t y  po lyc thy tene  f i lm  w ' i t h  concen t ra ted  ch romic  ac id  so lu t i on  a t  temper r ,u r . Jbe twccn

25  and  75  oC,  fo l l ovved  by  fu r thc r  ox ida t ion  w i th  70% aqueous  n i t r i c  ac id  a t  50  oC,  genera tcs  a  su r face  con ta in ing  a  re la t i ve l r

sma l l  numbcr  o f  d i f f c rcn t  t l pcs  o i  [ unc t iona l  g roups .  The  idcn t i t i es  and  re la t i ve  numbcrs  o f  these  [unc t iona l  g roups  have  bcc r t

cs tab l i shcd  us ing  ATR lR  spcc t roscopy  and  chemica l  dc r i va t i za t i on .  The  su r face  func t iona l i t y  cons is t s  p r imar i l y  o f  ca rbonr ' l

dc r i va t i vcs ,  w i th  approx imt tc l y  6C lX ,  o i  t hcsc  p rescn t  as  ca rboxy l i c  ac id  g roups  and  40 'b  as  kc toncs  o r  a ldchy 'des .  A lcoho ls  d , r

no t  sccm to  bc  p rcscn t .  Thc  abso lu te  numbcr  o f  ca rboxy l i c  ac id  g roups  gcnera tcd  a t  the  su r fa ! ' c  r l as  ass r t y ' cd  us ing  two  indepcn-

d c n t  f l u o r i m c t r i c  t c c h n i q u c s  t o  b c  a p p r o x i m a t e l y  2  X  l 0 l 5 / c m l  o f  g c o n t c t r i c r l  f i l r n  a r c a :  s i n c c  t h c  s u r f a c e  i s  r o u g h ,  t h c  a c t u . r l

su r face  dcns i t y  o f  ca rb , . l xy l  g roups  i s  l ower  th rn  th i s  numbcr .  Sever l l  p rocedures  h rve  becn  dcvc loped  wh ich  use  thesc  ca rbo r -

y l i c  ac id  g roups  as  thc  bas is  fo r  [u r thc r  chcnr i ca l  mod i f i ca t i on  o f  the  po l ; -mc ' r  su r face .
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f i gu rc '  I '  Two  idc r r l i zcd  schcnr . r t i c  r  i * , , s  o f ' t hc  i n t c r l uc i r r l  r c r i on  bc t , , r ccn
1;ol id orgenic pxl lymcr r rh ich hrrs bccn chcnr icrr l ly  nr tx l i l icd a id r  solur ion
l le nc$lv int ru juccd funct ionir l  -srL)up\  i l rc  rcprcscnr.ct i  b l  o.  and thc bulk
p lymcr .  con .s idc red  l s  a  ho r r r t l gcnc t )us  s t ) l i d .  b r  thc . ,h rdcd  a re l .

i hc  [ow '  so lub i l i t y  o l  po ly 'c th1 ' l cne  in  a l l  common so lvenrs  a r
:oom tcmpcra turc .  and in  a  number  o f  so lvents  a t  e leva ted
:empera turcs ,  a l low 's  f l cx ib i l i t ; -  in  thc  cho ice  o f  reac t ion  con-
Jir ions for  ef fect ing surface transformat ions. s ince many ap-
: l i c r t ions  o f  sur faces  (par t i cu l l r ry  in  b iochcmis t ry )  invo lve
rn intcr face to wrrer,  polyethylenc, a vcry hydrophoLic poly-
rer,r i  of fers an opportuni ty ' to scprratc ph.nor.na occuir ing
r r  a  func t ion l l i zcd ,  po l l r  sur face  f rom those re f l cc t ins  un-
unc t ion l l i zcd  sur facc .  o r  bu lk  po lymcr .  F ina l l y ,  s ince 'po ly -
: rhy lcnc  is  w ' idc ly  used indu.s t r ia l l y ,  rcsu l rs  f rom the  r t rby  o r
I  o rg : ln ic  sur facc  chcmis t ry  n r11 ,  bc  pcr t inen t  to  p rac t ica l
: roblcms.

Po ly 'c thy lcnc  su f fc rs  f ro rn  onc  scr i , lus  dc f ic icncy  as  a  sub-
r r rx tc  fo r  thesc  s tud ics :  i t  i s  s t ruc tu ra l l y  hc tc rog .n .our .  Low-
icnsi ty p<r ly 'ethy' lcne- is a nrosaic of  crystal l in.  rnd amorphous'eg ions  hav ing  d i f l c rcn t  s t ruc tu res  and d i f fe ren t  re ia t i ve
:cac t iv i t i cs  in  cc r ta in  rcac t ions , lT  A  ty ,p ic l l  sample  o f  low-jens i ty  f i lm u ' i th  a  dens i ty  p  =  0 .919 g /cm3 is  approx imate ly
$% crystal l inc. lE we hlvc sccn both spectroscopi i  and kinet ic
vidcncc for di f f t rent  popul l t ion.s of  surfacc funct ional  groups
n po l .v 'c thy lcnc . r r  I t  i s  no t  p rcscnr ly  c lcar  tha t  these p ipu la -
rons arisc from polym.'. region, of diifercnt structure. but this
:e tc rogcnc i t l ,  rcmains  a  cornp l i ca t ing  fuc to r .
Thc  chcmica l  mod i f i ca t ion  or "  por lc thy lcnc  has  been thc

'ub j t ' c t  o f  ex tcns ivc  rcscarch . le , t ( )  i v t * t  p io .cdures  fo r  mod i -
l c r t ion  invo lve  rcac t ivc  spcc ics  capab ic  o i  d i f fus ing  somc
: rs tancc  in to  thc  bu lk  po ly le thy  lcnc ,  and.  as  ,  .onr . {uencc .
n t roducc  func t iona l  g roups  bo th  on to  thc  sur face  and in to  thc

B

nlk polymer.  w'c ha' , 'c  conccnt.r tcd our c l fbr ts on deveroping
hose proccdurcs that ut i l izc p.rolar rcagcnts and solvents which
:o  not  sw'e l i  po l ,veth l ' l cne in  or t lc r  to  rest r ic t  funct iona l izat ion
o thc  po l yn rc r  su r facc .

ults and Discu.ssion

F igu re  2 .  ATR IR  spcc t ra  o i  pu l r c rh r  I cnc  i rms :  A .  commerc ia l  f i l n r  bc r , , r -
e x t r l c t i o n  o f  p h c n o l i c  l n t i o r i d l n t s  ( J l _ \ 0  c m - t )  a n d  f a t t v  a n r i t j e  , .  -
a g e n t s  ( - r 1 0 0 .  l 6 - 1 0  c m - r ) ;  B .  p E - F l ,  i i l m  * i t h  r h e s c ' a d d i t i i ' c s  r c n r { r \ ! - . i
b y  e x t r l c t i o n  w i t h  h o t  2 - p r o p a n o l :  c ,  p E - H ,  a f t e r  o x i d a r i o n  * i r h  . ' e , , .
ccn t r l t cd "  ch ron t i c  l c id  so lu r ion  (scc  r c \ r ) ;  D ,  pE_C02 l -1 ,  a f te r  r r c : l rn re  r . :
w i t h  7 ( ) ' Y ,  a q u c o u : i  l l N o r  l t  5 0  o (  :  E .  p t :  c o r F l ,  a f t c r  e x r r j c t r ( ) n  \ \  r i :
ho t  2 -p r t rp rno l  f o r  2  h .  I n  th i s  t i gu rc  l nd  thosc  wh ich  fo l l ow ,  thc  co r rn re  l - .
po l yc th l ' l cnc  l bso rp t ions  o f  thc  f i rn rs  l r c  on ly ' r cp roduced  in  thc  t ' i  r s r  l l r
s p c c t r u m  o f  t h c  f i t u r c .

s u r f a c e .  S c c o n d ,  c l r b o r y ' l i c  l c i d  g r o u p s  c a n  b c  c o n v c r t c d  , . r
h igh  f  i c lds  i n to  a  nu r rbc r  o f  usc lu l  c l c r i i , a t i ves .  Th i rd ,  cu rbon , "  I
de r i l ' a t i vcs  hevc  s t r ( )ng  I  R  absorp t ions  a t  f requenc ics  a t  w  l r  i . l i ,
p o l y c t h l  l c n e  i s  t r a n s p r r c n r ,  a n d  a r c  t h u s  w e l l - s u i t e d  t o  A l ' l . r
I R  i n ' c s t i g r t i o n .  F o u r t h ,  r h c  o r i d : r t i o n  p r o c e d u r c  c o u l c j  b .
app l icd  ro  a  v r r i c r ;  o f  fo rnrs  o f  po lyc th ! lene.  F i f th ,  Sov .c r . r l
ox id l t i vc  mcthods  lo r  in t roduc ing  carboxy l i c  ac id  g roups  onr r  r
po ly 'e th l  l cnc  sur fuccs  r \  c rc  knor ' ,  n .  ox id l t ionr  u r ing  chror r r  i c
ac id  p rov idcd  thc  s rx r t ing  po in t  fo r  th is  *o1L.2 : - )o  O l '  thc
chronr ic  ac id  so lu t ions  tcs tcd .  Cro  j lHro /H2so. r  in  the  r r r i , r
29 .12 .29  by  we igh t l ( '  p roduccd a  func t iona l i zed  po lye thy  lcnc
f i lnr  w i th thc fcw'cst  noncarbon_r I  IR absorpt ions iFigurc : t  t
Si  ncc prcci  p i ta t ion oI  ch ronr iunr surts conrmonlv accom Dlr  n i  c,
chromic  ac id  ox id . r t ion  o i  po lyo lc f ins , :7  thc  f i lms  wcrc  i l r thc ,
t rca tcd  w ' i th  a  s t rong ac id  to  d is .so lvc  anv  inorgan ic  rcs i t j  L rc .
A f tc r  t rcu tmcnt  *  i th  70" ,u  aquc( )us  n i t r i c  ac id  o l  so  oC or  ( r  \
h v d r o c h l o r i c  a c i d  a t  5 0  o ( , l  c o l t r r l c s s  p o l y ' e t h y l e n e  f i l r n  r r . .
ob tu inc t i  w  h ich  sho* 'c t i  n , t  n* r  func t iona l i t y  de tcc t . rb lc  b . ,
A T ' R  I R  o t h c r  t h r n  c a r b o n r l d c r i ' l t i v ' c s  ( F i g u r e  2 D ) .  [ , r l : r
p rcnared by  th is  t rv t . r -s tcp  u \ i t J , r t ion  is  rc fe r red  to  as  "n . l , .
e thy ' lenc  carbor ' l i c  ac ic l " ,  P I :  -cor t  r ,  and is  thc  sub jcc t  , r l ' r i , .
ma jor  par t  o f  thc  ch . r rac tc r iz . r t ion  work  tha t  fo l lo r rs .  I ) l
corF I  i s  v is ib l ,v  c rchcd:opr ica l  lnd  S[ :N{  mic rographs  ind ic : r : , ,
a  p i t t cd  sur facc .  I t  i s  h .vdroph i l i c :  a r though * ' .  h ru .  nor  , . r . j  r ,
sured  x  co I t rc t  ang lc  fo r  u l i t c r  on  th is  sur face ,  i I  seen ls  t , r  b , :
complctel l '  uet tcd.  A scr ics oi  studics,  dcsigned to characrcn,,  i
PE-corH,  concent ru tcd  on  f i i c  qucs t ionr ,  (  t )  Arc  thc  sur r ' . r t , :
carbonr I  groups f i rml, l  h lunt l  t r r  rhc unor id ized. bulk Dolr  r r rc i -
(2 )  \ \ ' ha t  i s  thc  n . tu rc  o I  thc  funcr iona l  g roups  tha i  p ro , i , , , - ,
thc  carbon- l ' l  absorp t ions ' l  ( l  )  \ \ ' ha t  i s  the  concent ra t r , rn  , , -
sur facc  dc 'ns i ty '  o f  carbor l  l i c  ac id  g roups  in t roduced on t t . r  rh r
surface ? (a) Is thc pnlynrcr l l lm dcr i r ,at izcd only at  thc sur l ' . r i , . ,
layer?  (5 )  \ \ ' ha t  i s  thc  morpho log l  o f .  the  ru i fu . .  fo l lo r r  i r i :
ox ida t ion  ?  

-

Ttre major i ty '  o[  the surface carbony l  groups of  pE-col  t  r
are f i rmly at tache d.  s ince chromic acid oxidat ion of  p[-  t  i  t , i  

'
PE-CO2H proceeds by,  c leavagc oi  carbon-carbon bonds,r ,
i t  u 'as possible that  the surface carbonyl  groups were at tachct j
to relat ively low molccular *eight,  soluble,  molecules.  ln fae t .
no appreciable reduct ion in the intensi ty of  the carbony' l  ab-
sorptions in the ATR IR spectrum of pE-Co2H occurred aitcr
a 24-h immersion at_room temperature in a variety of solvcnts
(THF, CH2C|2, Et2O, [ {2O, NleOIl ,  CHCI3, CCI.DMF, ancj
pyr id ine) .  wash ing  w i th  water  a t  t cmperarures  up  to  70  o( '
had no ef fect  on the intcnsi t l 'of  thc carbonylabsorpt ion benr l

A
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. .Funct ion.r l izat ion of  thc surfacc oi  low,-dcnsi ty polyethy' lene
Lm can bc  acconrp l i shed c lcan l l  b1  in i t i l r  ox ida t ion  r . r ' i th
tomic  ac id  and subsequcnt  reac t ion  w i th  n i t r i c  ac id .  The

n u a t c d  t o t a l  r e f l c c t a n c c  I R  ( A T R  I R )  s p e c t r u m 2 t  o [
merc ia l  l o r v -dens i t y  po l y ' e th l , l ene  f i lm  tha t  has  been  ex -tctcd rvith 2-propanol to remov'c slip agcnts and antioxidants

snown in  F igurc  28 .  Th is  ex t rac ted  f i lm was used as  thelr t ing mater ia l  for  a l l  proccdures dcscr ibed in th is work,  and
designated by rhe abbrcviat ion pE-t{ .  Only bands at t r ib-
lble to polycthylene absorbances are visible in the rp..trun'
P 5 - g  ) :  

-

Thc f i rst  object ive of  th is work was to develop a procedure
:lJg"ld employ a polar oxidizing solution to convert exposed
i thylene groups on the polyethl lenc surface to carboxyl icrq moieties. The rationale for this approach to the func-

lization of polyethylene rested on nu. considerations.
by using.a polar (preferably partially aqueous) oxidizing
nt,  funct ional izat ion should be restr icted to the polymer

r t r a i ,

:  r L - _  - -

, f  h r d r o c a r
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to the carboxylate salt, PE-COzX, depended on the rof"*F
concentration of the base, reaction ,iT:;:i^d,*urn pro.lifr
In nonpolar solvents (CHCI: ,  CCl4) t r imethylar in"al
react with the free acid to form PE-Ci;;-il;lNiiIli'T*[T
transfer from a carboxylic acid_ to an amine base is ,r.,.rrB
dynamical ly favorable only i f  the r , .d i1*. : r - .upoUt.  o isol , ,

co 
,illl.-., 

t?1,1,, '5oo rooo

F igu re  3 .  Carboxy ' l i c  ac ids  a re  the  ma jo r  con t r i bu to r  to  the  ca rbony l  ab -
sorpt ion oi  PE-CO3H, al though kctoncs rnd/or  a ldehldcs are also prcscnt :
A ,  B .  r c f c rence  spec t r r  o f  PE l l  and  PE-CO: t { ,  respcc t i vc l y :C-E ,  PE-
C O r l l  n e u t r a l i z c d  w i t h  l  N  K O F I  i n  e t h a n o l  ( C ) ,  2 5 %  t r i m c t h y l a n r i n c
i n  w l t c r  ( D ) ,  a n d  5 %  d i n r e t h y l h y d r a z i n e  r n  m c t h a n o l  ( E )  ( T h c  r c s i d u l l
c a r b o n y l  p c a k  a t  l 7 l 0  c m - r  i n  C - E  i s  l s s i g n c d  t o  k c t o n c  a n d  a l d c h i d c
a b s o r p t i o n s . ) t  F ,  P E - C O : l {  a i t c r  e x p o s u r c  t o  d i m e t h y l h y d r a z i n e  u n d c r
cond i t i ons  in  wh ich  kc tones  wou ld  bc  convc r t cd  to  d imc thy lhyd razoncs :
G,  F  a f t c r  convc rs ion  o f  ca rboxy l i c  ac id  B roups  to  ac id  ch lo r ides  w i th
SOCI : ,  f o l l owcd  by  t r ce tmcn t  w i th  mc th . rno l  t c l  gcnc ra tc  es tc r  g roups ;  h l ,
PE-COtC l l s  ! , cnc ra tcd  by  rc : r c t i on  o i  PE-COCI  w i th  me thano l :  l ,  PE  -

C O r C l l 3  p r c p a r c d  b y  r c a c t i o n  o i  P E - C O : l l  w i t h  d i r z o n r e t h a n c .

The ef fect  of  extract ing PE-CO2H with 2-propanol  for  2 h is
shown in  F igure  2E:  the  in tcns i ty  o I  thc  carbony l  absorp t ion
band was reduced by l0-  l5%. This dccrease in the IR intcnsi t l
is  not  due to ester i f icat ion of  thc carboxyl ic acid groups: no
es tc r  absorp t ion  is  observcd  a f te r  ex t rac t ion ,  and a  s imi la r
decrease is obscrved in the estcr carbonyl pcak of PE-CO:CH r
(scc  be low)  on  cx t rac t ion .  i \ lo rc  e  xhaus t ive  er t rac t ion  (21  h  )
rem()vcs  an  add i t iona l  I  5  -20o i "  o I  the  carbo i l y l  spcc ics .  Add i -
t ion l l  ev idcncc  is  p rcsentcd  la tc r  thu t  thc  n ta jo r  par t  o f  thc
sur facc  func t iona l i t y  remains  a t tachcd to  the  f i lm a [ tc r  a  2 .1 -h
c x l r a c t i o n  w i t h  2 - p r o p a n o l  ( F i g u r c  6 ) .  T h u s  t h e  s o l u b i l i t i
propcrt ies of  the surface funct ional i t , ' -  appcar to rcsemble vcry
ck:scly '  the bchavior of  unnrodi f ied polyethl lene. Accordingl l .
r rh i l c  thc  use  o f  o rgan ic  so lvcn ts  tha t  d isso lvc  po lye thy lcnc
(e .g . ,  bcnze nc .  to lucne,  T [ {  F )  a t  e lcva tcd  tempera tures  is  no t
poss ib lc  dur ing  fu r ther  chemica l  mod i l l ca t ions  o f  P t r -COr t l .
a  u ' ide  range o f  so lvents  n ray  bc  employ 'ed  a t  room tcnrpcra-
tu rc .  and many o f  them a t  e leva tcd  te rnpcra turcs  as  wc l l . : s

Thc  sur facc  func t iona l i t y  o f  PE-CO2H cons is ts  o f  carbor -
y l i c  ac id  and ke t r rne  or  a ldehy ,de  groups :  a lcoho ls  a re  no t
prcscnt in s igni f icant quant i t ies.  Ear l ier  invest igat ions inferrcd
thc prcsence and relat ive rat io of  carboxl ' l ic  acid,  ketone. and
a ldehyde groups  in  ox id ized  po l l ' e thy lene qua l i ta t i r ,e ly  b l
conrparison of the frequencies of thc carbonyl absorptions rvith
those of  model compounds dissolved in poly 'ethylene.ze C-ar-
boxy l i c  ac id  g roups  havc  a lso  bcen ident i i ied  in  o r id izcd
po lye thy lenc  f i lms  by  de tec t ing  a  carboxy la te  IR absorp t ion
band fo l low ing  reac t ion  w i th  e thano l ic  base,  and an  ac id  f lu -
oride absorption following reaction with sulfur tetrafluoride.l l
Ketone (aldehyde) species havc been detected by observing the
UV _absorpt ion of  the 2,4-dini t rophenylhydrazine der iva-
t i ve .25

When PE-CO2H was treatcd with ei ther aqueous tr i -
methylamine or methanol ic potassium hydroxidi ,  a strong
carboxylate s ignal  was observed in the ATR IR spectrum at
1550 cm-r (Figure 3).  The exrent of  conversion of  pE-CO2H
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direct evidence) the slow reaction rate to the nec.es.sitt, to *tr.i. ,
the  sur face  ac id  g roups ,  s ince  the  nonpo lar  bu lk  po l t  e th l  t cn i

vat ing the resul t ing ions.  In polar solvenrs.(H4, EIOH) t i rc
carboxylate salt formed, although slowly: *h:! PE-CO'H wu
immersed in 25% aqueous tr imethylaT, i ,n. ,  l0 h was rquirod
to obtain maximum sal t  format ion.  we atrr iburc l " i thoui

no  doubt  d iscourages  the  fo rmat ion .o f  ion ic  spcc ics .  Othc i
spectroscopic techniques establ ish that  swel l ing , r f  a iunc. . ,
t iona l i zed  po lye thy lene sur face  and. loss  o f  so l rcnr  f rom r
sue l led  sur face  may be  s low. lz  In  add i t ion ,  a  s lo*  sur [ace  re .
a r rangement  may be  occur r ing  to  a l low max i rnum spac ing
bctwecn chargcd groups, l l  or  to uncover groups p, i r t i r i i i
bur icd in the bulk polymcr.  Neutral izat ion of  thc carboxylatc '

ions was rapid:  ex[nsure of  PE-CO2-Me jN H + to I  N aqucous
HCI  fo r  I  m in  conver ted  the  sa l t  quanr i ra t i ve ly  b rck  to  pE-
COrH (de te rm ined  by  ATR IR  spec t roscopy ) .  E rposu rc  t o
d is t i l l cd  water  (p l - l  7 )  conver ted 20-30oh of  thc  cerboxyt r te
sa l t  t o  t hc  f r ee  ac id .

I n  a l l  p r c p a r a t i o n s  o f  P E - C O r - N f e 3 N t l + .  l  s i g n i f i c a n t
c a r b o n y l  p e a k  r c m a i n c d  a t  I  7 1 0  c m - r .  T h i s  a b s o r p t i o n  c o u l d
bc  e i t hc r  ca rboxy l i c  ac id  g roups  wh i ch  u ' c r c  no t  convc r t cd  t o
ca rboxy la te  i ons  due  t o  s te r i c  o r  pK"  cons t ra i n t s ,  o r  f l o i l c t t .
bo . r y l i c  ac id  ca rbony l  spcc i cs .  l n  add i t i on  t o  cu rb t r r r  l r c  l c i d
n ro i c t i c s ,  kc tonc ,  a l dchy 'de .  a l coho l .  o l c l - i n ,  and  o thc r  more
con rp l c . r  f unc t i on l l i t i c s  a r c  gcnc ra t cd  du r i ng  ch ro rn i c  r c i< l
ox ida t i ons  and  muy  bc  p rcscn t  on  t he  f i lm  su r facc  r t  t hc
con rp l c t i on  o f  t hc  ox ida t i on .  To  de t c rn r i nc  t hc  n i r t u r c  o f  t hc
l 7 l 0 - cm- r  abso rp t i on ,  PE-CO2H was  r c f l u r c . . l  gcn t l y  i n
n r c t h a n o l i c  l , l - d i m c t h y l h y d r a z i n c  ( 5 % ) .  I n  t h c  p r c s c n c c  o f
an  ac id  ca ta l ys t - r cac t i on  cond i t i ons  t ha t  p ro rno t c  h r t l r l zonc
format ion-a sur facc wi ts  gcncratcd whosc ATI t  l l l  sngr '11r , t ' t

c o n t a i n c d  o n l y  a  v c r y  s n r a l l  r c s i d u a l  c a r b o n r l  l c . t k  . t t  l 7 l 0
cn r - l  (F i gu re  lF ) .  \ ! ' h cn  t hc  ac id  c : r t a l l s t  \ , f ' : l s  on r i t t ' : , i , , t  r : r r t ch

s t r o n s c r  c r t r h r n l l s i c n l l  r c m a i n c d  a t  l 7 l 0  c r n - i  ( [ t i ' : ' , : ' :  - l l : )

T h i s  r c s u l t  i s  s t r o n g  c v i d c n c c  t l r a t  t h c  c r t r b o t l r  I  r t t l r

l 7 l ( )  c n r - r  i n  t h c  r \ ' [ R  I R  s p c c t r u n r  o l ' I ' [ :  ( - ( )  l l  I

t r c u t n t c n I  u  i t h  b r s c  c r l n s i s t s  n r i r n a r i l r  o f  k ' : t r r t r , '  t , t :

d c h y d c )  g r o u p s .  t J s i n g  t h c  r c p o r t c d  r a t i t )  o f ' t i r - ' t ' r l

coc f f i c i cn t s  o f  ac ids  l r nd  kc toncs  d i ss t l l i ' c t l  i i r  J ' ' ' 1 "  '

f i l n r , r ' )  r . , c , , j / ( t c r , , 6g  :  2 . ' 1 ,  wc  cs t i n t l t t c  t h . r l  l i ' , - " - '

n ro i c t i c s  o f  I t [ :  COr l  I  cons i s t  o f  app ro r i t i t ' t t c ] r ,  { ' r } '  '

.10 ' ) i . ,  kc tonc (a lde h1 'dc)  groups.
Thc kctonc pcak ' ,v 'as  a lso obscrvcd in  t i l ' -  . i ' - ' ' '  i

nun tbc r  o f  dc r i v ' a t i v cs  o f  PE-COr l { .  Fo r  L - \ . l r l r i ' ' ' - ' .  '  .  '

P I r - C O r l {  w i t h  d i a z - o n t c t h t n c ,  o r  o f  r t  p ' r l ' , c r i r  ' i

c h l o r i d c  s u r [ a c c ,  P E  C O C I I S O C I : i  ( v i d c  i n f r : t  ] .  t ' ' l

a n o l  p r o d u c c d  c s t c r i i i c d  i i l n r s ,  P 1 1 * C O t C l l , .  i r r " ' '

t i n g u i s h a b l c  A T R  I R  s p c c t r a  ( l r i g u r c  J I l r n , " l  l l r  l i : '

a b s o r p t i o n  p c a k  i s  c l c a r l y  v i s i b l c  a t  l 7 l 0  c r r t '  I  . r '  i  '

o t ' l  t hc  cs t c r  ca rbon t ' l  abso rbancc  (  l 7 ' l t )  c i r r  
-  )

C O : C F { r .  I f  P t 1  C O r l {  i s  a l l o w c d  t o  r c a c t  \ \ r l l  l  i '

y  lh i ' r l raz inc to  convcr t  thc  sur face kctone gr t r r - l [ ' r  i  r  h  '  r

p r i o r  t o  c s t e r i f i c a t i o n ,  t h c  k e t o n e  s h o u l d c r  i : . i r " r ' : r l

l G )
At tcnrp ts  to  con! ' c r t  the  kc tonc  prescr l t  i r l  ' l ' [ : '  t  O;11  to

carboxy l i c  ac id  have been unsu. . . r r fu l .  No s rsn i t l c ' rn t  i rn -

prou.ni .nt  in the acid/ketone rat io was obscrr . ' t i  : r t ' tcr  t :1;

ntent of  PE-CO:l- l  wi ih alkal ine pcrmanganatc,  concentrulor
ni t r ic  acid in the presence of  uanrdium?atal lsts,  or  t r i f ' luo '

roperacet ic acid fo l lowed by base hydroly 's is
[i?ffi [ ::il :?ffi;.?;1,i:,i;l:3J ;,s be, n r. ry'l*\ ,  l l l u l l t l L  d L l u  u ^ l t l d t l t J l l  u l  P v t J L t l t ) l L r r L  r r u  .  

'  
^ T R

int roduce surface hydroxyl  groups.2{ ' la Al th ' ru;r i t  t l l , l^  
; ,to  In t roduce sur lace hydroxy l  groups. ' - ' ' -  A l rJ l t - tu : : t '  " ' - . ' - -  : t '

lR  spec t rum o f  PE-Cb tn  i no *ed  no  h ld ro r r  I  : t bs t r r p t t on '  
t '
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seemed possible either that hydroxyl groups were present in
5mal l  quant i t ies,  or  that  the o-H sirelching absorpt ion was
1eo broad to be detected. An indirect technique established that
no signi f icant amount of  surface hydroxyi  moiety is present
on PE-co:H'  React ion of  pE-co2H with r  M i iborane in
THF genera ted  a  p roducr ,  pE-CH2OH,  whose ATR IR
splc-tlum (Figure 48) sho*'ed a weak hydroxyl absorption
(3360 cm- l )  and on l l ' a  smal l  res idua l  .o rbony t  peak .  S ince
diborane reacts rapidly r . r ' i th acid.  but  only s lowly reduces ke-
tones, l5 i t  seemed l ikely that  the remaining carbonyl  s i jnal  was
due to ketone groups. As expected, th is c i rbonyl  b. . id dirup-
peared. .when the  f i lm was re f luxed w, i th  methano l ic  l , l -d ' i -
methy lhy 'd raz ine  and an  ac id  ca ta lys r  (F igure  4C) .  severa l
der ivat ives of  PE-CHloH were prepared. Th. di*ppearance
of the alcohol  absorpt ions and the appearance of  

' lR 
bands

charac ter is t i c  o f  the  der iva t ives  ind ica ted  tha t  the  reac t ions
proceeded in good y ' ie ld.  The IR spectra of  the t r i f luoroacetyl
lnd  tosy la te  der iva t ives  are  shown in  F igure  4 .  The carbony l
( 1 7 9 0  c m - r )  a n d  t r i f l u o r o m e t h l ' r  a b s o i p r i o n s  ( 1 r 6 5 ,  1 2 3 0
, r - ' )  o f  PE-CHTOCOCF. l  l r re  iu i i i c i cn i l y ,  in tense tha t  they
w'ould bc detectablc at  conccntrat ions (-59,o of  those giv ing r is l
to  F igure  48 .  s incc  rhc  convers ion  o f  pE-CHro i r  to  pE-
cHrococF3 procecds cleanl l , '  and the tr i f luoioacetyl  ab-
io rp t ion  is  eas i l l '  

f  e t91{ ,  _ rhc  quanr i ty ,  o f  hydroxy ; l  g roup,
prescnt  in  the  or ig ina l  PE-corH can bc  es t imared by- t r i f lu -
o roacety ' la t ion  and exanr ina t ion  b i ,  ATR IR spec t roscopy .
whcn PE-corF l  o r  PE-CorcF l j  \ r ' ]S  r re r rcd  \ { ' i th  t r i f lu ; -
roacet ic anhy'dr idc ' ,  no dctectablc IR absorpt ion at  1790, 12i0,
o r  1 .165 .T- '  was  gcncr r tc t r .  Thus ,  i i  h ld ror , l ' l  g roups  do  ex is t
on thc surface oi  PE-co1l l ,  thcir  conccnrrr t ion is (59/o of  that
o f  thc  ac id  g roups .

35oo 3ooo z:bo zobo rsbo robo
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F igu re  4 .  PE-CO:H conr r ins  no  dc rcc r rb le  a l coho l  g roups :  , { .  p t  l l
reference spectrum; B,  PE-cH:oFr,  gcne*ted by,reduc-t ion oi  pE (  o. I
w i th  I  l v l  d ibo rane  in  T I - {F ;  C ,  pE-CF| :OH u f t . ,  t r . r t rn .n t  * * l i t , - , i
me thy  lhyd raz ine ,  under  cond i t i ons  , *  h i ch  ionver t  ke tones  t '  h ld r r r z , r . : .
P '  P .E-cH io rS ,  p re  pa red  by  rcac r ion  o f  pE-cHzoH w i th  to rucnc . , , i
f ony l  ch lo r idc ;  E ,  PE-c r - t rococFr .  genera ted  by  t rea rmenr  o t '  p t
CH lo t l  w i th  t r i t l uo roace t i c  anh ld r idc ;  f ,  pg_COr l . |  a f te ,  t r . r t n , cn r  \ \  i r i r
t r i f l uo roacer i c  anhydr ide  under  rhe  samc cond i t i ons  used  to ! . j n . : r . , , .  , t , .
spec t rum in  E .  No  CFTCOTR absorp t ions  a re  ev iden t .

we have no t  assa) 'cd  pE-co :H fo r  the  presence o f  c i rhcr
n i t ro  g roups  or  o le f ins .  N i t ro  g roups  are  charac ter izc t i  b r
s t r o n g  a b s o r p t i o n  a t  1 5 5 5  c m - r ; n o  p e a k  a t  t h i s  f r e q u c n e _ r  i ,
apparent  in  thc  spec t run l  o f  pE-Co; [ [ ,  a l though absorp t r , , i i
at  th is f rcqucncy'  is  evidcnt in por le thylene oxidi-zed w, i th 7r) , ,

S c h e m e  I .  R c ' . r c t i o n s  I n v o l v c d  i n  t l r c  I j l u o r i n r c t r i c
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F i g u r e  5 .  C o n d i t i o n s  $ h i c h  c l p t i n r i z c  l h c  r c r r e t i r l n  s e u u c n c c  u s e d  i n  t h e
f lu ,> r t rn rc t r i c  ass l y  fo r  thc  ca rb . . , r r v l i c  l c id  g rdun \  o i  PE-COl l l  r r c rc  dc -
' c lopcd  by  v . r r , r i ng  thc  t i n rcs  u rcd  in  cuch  o f  Ihcsc  t r l ns fo rn r l t i ons :  , . \ .
c ( ) n \ c r s i o n  o l  P E - C o l l l  t t r  P l r  C O C I I s o c l : ]  i r  r r h  r l r i o r r r l  c h l t r r i d c :  l l .
p r c p a r r t i o n  o i  P t -  C O : \ l l l C  b y  r c r c r i o n  o f  P E - C O C I  w i t h  . 1 - m c t h l l -
7 - h r d r o x r c t l u n r l r i n :  C ,  c r t r u c t i o n  o i  P E - C O r \ t  l l C  w i t h  h o t  2 - p r o p a n o l
t ( )  r c n l ( ) r r ' c  a b s o r b c d  l n d  w c u k l y  c o v u l c n t l y  l i n k c d  m a t e r i a l ; D ,  h i d r o l y s i s
o f  PE -CO1\ l  I  lC  to  r c l casc  { - rnc th l  l - 7 -h rd ro r l coumar in  fo r  f l uo romcr r i c
r s s r \ :  [ - .  d c s c r i b c s  t h c  s p o n r a n c o u s  h r d r o l y s i s  o f  P E - C O C I I S O C l l ]  o n
c \ l ( ) s u r c  l o  l r r b o r r t o r - r  l t i r .  J ' h c  v c r t i c l l a r i s  i n  l l l  t h c  p l o t s  i s  t h e  n u n r b c r
o f  C O l l l  g r t l u p s  ( s i t c s )  c r r l c u l r r t c d  t o  b c  p r c s c n t  p c r  c c n t i l n c t c r :  o f  g c o -
r r c t r r c r r l  f i l n r  r r c l .  b ; r s c d  t l n  t h c  a n r o u n t  o l  - l - n r c t h y l - 7 - h y d r o x l c r ) u n l u n n
dr : tuc tcd  a f t c r  hyd ro l ys i s  o f  P l l -CO: \ l l lC .  Expc r i rncn t l l  cond i t i ons  uc rc
thc  s : rn rc  f t l r  c l ch  o f  thcsc  c rpc r imcn ts  i v i t h  thc  cxccp t ion  o f  the  s ing lc
r u r i l b l c  b c i n g  c x p l o r c d :  t h c  s t r r n d l r d  c o n d i t i o n s  a r c  s u m m t r i z c d  i n
S c h c n r c  l . l n d  i n d i c r r t c d  t l n  t h c  i n d i v i d u l l  n l o t s  b v  a r r o r . + s .

n i t r i c  a c i d  a t  > 8 0  o C  o r  w , i t h  f u n r i n g  n i r r i c  a c i d .  O l e [ i n i c  a b -
so rp t i on  i s  ucak ,  and  n t i gh t  go  undc t cc t cd .  O l c l l n i c  g roups  a re
n t r t  l i ke l y  t o  con rp l i ca t c  s tud i cs  o f  po la r  su r facc  f unc t i ona l i t r ,
h ( l \ \ c vc r ,  and  i r c r c  t l r c r c fo r c  i gno rcd .

T h e  d c n s i t )  o f  s u r f e c c  c a r b o n \  I  g r t r u p s  o n  P E - C O l l  I  c a n
bc  dc t c rn r i ncd  b1  a  f l uo rcsccncc  ass i . r \ .  Thc  p r i nc ipa l  p rob l cn r
i n  d c v c l o p i n g  a  q u l n t i t a t i v c  a s s l l \  f , ' l r  s u r f a c c  f u n c t i o n a l i t y  i s
scns i t i ' , ' i t r ' .  I f  ca rbon l  l  g roups  a rc  d i s t r i bu t cd  on  t he  PE-CO: t l
s u r f . r c c  r r i t h  t h c  s a m c  d c n s i t l  a s  t h c ) , i l r c  i n  c o n t p r e s s c d  o r i -
cn t cd  [ e t t l  l c i d  r nono la l c r s  -  - 5  X  l 0 l ]  n ro lecu les / c6 l  - t t  -
f luorcscencc spect roscop\  is  onc of '  thc  fcw tcchniques ha! ' ing
t i r c  scns i t i v i t y  and  accu racy  t o  p ro ' i de  r c l i ab le  es t ima tes  o f  t hc
sn r . r l l  numbc r  o f  f unc t i on l r l  g roups  p rcscn t  on  conven i cn t l r ,
hend l cd  f i l n r s . r r  Tuo  d i f l ' c r cn t  f l uo rcsccnce  assa )s ,  ou t l i ncc i
i n  Schcn rc  l ,  * ' c r c  dcvc loped  to  mcasu rc  ac id  g roups .  Bo th
rssa\  proccdurcs n lcasurc  thc  f luorcscencc of  a  so lu t ion ra thcr
t han  t he t  o I  a  dc r i l ' a t i z cd  su r facc  bccause  measu remen ts  o f
a  f l uo ropho re  a t t achcd  t o  a  su r f t cc  a r c  l ess  sens i t i ve  and  ac -
cu re te  t han  n reasu rcn ten t s  on  t hc  san tc  spcc i cs  i n  so lu t i on :  t hc
su r face  sca t t e  r s  l i gh t .  and  t he  l l uo rcsccnce  quan tun r  y i e l ds  o f
sp r ' c i es  imn rob i l i zed  on  su r faccs  a rc  d i i i i cu l t  t o  es t ima te . r s
D c r i v a t i v c s  o f  7 - h l d r o x v c o u m a r i n  u c r e  u s e d  i n  t h e  a s s a r s
because they 'are in tcnsc ly  f luorcsccnt  in  r rqucous ptJ  l0  buf fcr .
insens i t iv 'c  to  o \ \ 'gcn quenching.  and s tab lc  to  ac id ic  hydro l ls is
cond i t i ons . l ' l

Thc react ion sequencc suntmar izcd in  Scheme I  that  invo lves
convc rs i on  o f  t he  ca rbony l  g roups  o f  PE-CO2H to  ac id  ch lo -
r i dc  mo ie t i es  us ing  t h i ony l  ch lo r i de  i s  t he  sho r te r  and  more
di rect .  Th is  sequence suf fers  f rom thc fac t  that  exposure o f
uno. r id ized po lyethy lene f i lm PE-H to  th iony l  ch lor ide,  fo l -
lou 'cd by t reatment  $ ' i th  a  s t rong nuc leophi le ,  can resu l t  in
b ind ing  o f  l hc  nuc leoph i l e  t o  t he  f i lm .  Th i s  phenomenon  i s

F igu re  6 .  ATR lR  spcc t ra  con f i rm  tha t  thc  f l uo rcsccnce  1 . , , r  . r  l , [ _
CO:H based  on  4 -meth l l -7 -hy 'd roxycoumar in  de tec ts  rhc  h i - i :  ; :
oi ai id s i res:  A.  pe-co:tJ:  d,  pe-corNrl{^c;c,  ee-6o' ; i ; . , , , , . , . ]J
i o l l o w i n g  h y d r o l y s i s  o f  P E - C O : l v l H C  ( B ) :  D  i s  a  r r a n s m i s s i , , n  l R  . ; _ - q .
r r u n r  o f  P E - H  c o a r c d  w i t h  . l - m e r h r l - 7 - h y d r o r y c o u m e r \ l  l . r r r r - . r l c  r h c
lbso rbancc  a t  1760  cm- l  i n  B  and  D  i s  p roduced  b r .  t hc  l ac r , rne  nu :c t !
o f  t h c  c o u m a r i n  g r o u p .

examined  i n  de ta i l . i n  t he  f o l l o r v i ng  papc r . r r  B r i e f l i .  i r  . r ppc , r r s
tha t  t h i ony l  ch lo r i de  (and ,  p robab l y .  r eac t i ve  impu r i r r c :  r n  rhc
th iony l  ch lo r i de  such  as  su l f u r l ' l  ch lo r i de )  d i sso l ' c s  rn  p , r l r -
e thy lcne.  and rcrc ts  *  i th  nuc lcophi les ,  r . r  hethcr  r i  i th in  the bu jk
po l ymer  o r  a t  t hc  po l l  n re r  su r face .  Con t ro l  e  rpc r i r r cn r \  cs -
t a b l i s h e d  t h a t  t h e  a n ' l o u n t  o f  l - n r c t h y l - 7 - h . r d F o \ \ u r ) L i i ; r . r r i n
bound  to  t h i ony  l  ch lo r i de  t r ca ted ,  uno r i d i zcd ,  p [ :  I  |  ; r  l ' r c r
ex t rac t i on  r v i t h  2 -p ropano l  u : r s  nc ' s l i g i b l c ;  u ,hcn  a  s r r - , ) ns  n r , . r .
c l e o p h i l c  s u c h  a s  a  p r i m l r y ' a l k y l a n r i n c  r l l s  c n r p l o _ r c d .  h \ _ \ \ \ -
eve r ,  t he  amoun t  o f  ma tc r i a l  bound  duc  t r l  t hc  t h i on r  I  , - h i t r r i dc
i n  P E - t i  I S O C l r ]  ( a n d  p r c s u m a b l y  a l s o  i n  P E - C O C t i . \ ( ) C l . l )
bc [o r c  cx t rac t i on  was  t pp ro . r i r na t c l y  t hc  san rc  t r s  t h . r t  r e  ] c . r scd
f r t - r r t t  c x t rac t cd  PE-COrN l  l lC  i n  t hc  f i n l l  s r cp  o f '  r l r e  r : s . i 1
s c q u c n c c .  T h u s ,  t h c  n r r t c r i a l  d c s i g n a t c d  P E - C O C I I S O C l r ]
i n  Schcn rc  I  i s  no t  s i n rp l - v  a  f i lm  hav ing  su r facc  ac id  ch l , r r i dc
g roups  as  t hc  on l y  r cac t i vc  f unc t i ona l i t y :  t hc  d i sso l r  cd  e r r  ; r . l -
sorbcd th ion l ' l  ch lor idc  is  lc tu l l l y  a  nra jor  rcact ivc  spce rc ' .  , rn . .1
a n ! '  m i l t c r i a l  b o u n d  d u c  t o  i t  n t u s t  b c  c o n r p l c t c l v  r c n r , ' , e r j  b ,
c \ t r ec t i on  f o r  l  su r f ucc  assay 'bascd  on  PE-COCI  t , r  i . r  i , . e  l ' r l
An  a l t c rna t i l ' c  assay ' f r . r r  [ unc t i ona l  s i t c s  u r s  dc rc l opc t i  r : r ,  r . i c r
t r l  c h c c k  t h c  s i t c  d c n s i t i c s  l r o n r  t h c  u s s u ' . ,  c n t p l ( ) \ ; l r - ' r , r  " . ]

c h  l o r i t l c .
T h c  l s s r r l  s c q u c n c c  b r r s c d  o n  P [ : - C O \ t l \ i l ;  ; ; r  \ . '  , ' : : , '

I  i s  l o n g c r  t h a n  t h a t  i n v o l v i n g  P I : - C O C I I S O C l ,  j .  b ' r r  ' ' : ' ,  j r

t r r o  i n r p o r t l n t  f u n c t i o n s .  F i r s t ,  t h c r c  a r c  n o  u n r b i *  r  - ' .  v  ' r '

c c rn ing  r c l c t i l ' c .  d i sso l vcd  spcc i cs  i n  t hc  scqucncc  p : ' , ' , , , - ' '  l r : : i
t h r o u g h  P E - C O \ I I \ t { : :  [ ) t :  - l l  c l r r i c d  t h r o i i g h  t i r : ' - ' , ' , - " ] r r '
sh ( )ws  no  morc  bound  o r  adso rbcd  coumur in  t h l n  t l ,  , , ' .  i ' i r  l l

t h a t  h a s  b c c n  c r p , r s c d  o n l l  t o  J - c h l o r o c u r b o r r ' , l - - -  :  - ,  \ . ' -

c o u t n a r i n .  S c c o n d ,  r c a c t i o n  s c q u c n c c s  b , r s c , i  i ' i

CON H  N  I l :  p ro \  i dc  an  a l t c rna t i r , c  n r c thod  c r i  a t t l c i r " :  .  , i ' \

cova lcnt ly  to  pn l lc th , r lcnc,  and an assav for  carLut rn ; i  r - ' .  :  r  '  l .

n r o i c t i e s  i s  i r t r p o r t l n t  i n  i t s  o u  n  r i g h t .
Opt i rn iz .a t ion  o f  thc  s tcps  in  thc  assa\  b . rscd  o i r  l ' l

C l ISOCIr l  u  as  cur r i cd  ou t  scpara tc l i  (  F igurg  - i ;  
. I ' ; r ' -  . '

n ' l l l t c r i r l l  l o r  t h c s c  c r p c r i m c n t s  r r a s  P E - C O - l l  t ] r , r :
bccn  c . r t r ac t cd  r v i t h  2 -p ropano l  a f t c r  n i t r i c  ac id  o r i d . r i  ' r " - ! '

t h e  p o l l e t h l ' l c n c - c o u n r a r i n  e s t c r  u a s  c a r c f u l l , l  c \ l : : ' . ' J  1 .  I t

sccnrcd unnccess i l r ) '  to  rcn io \  c  low'  rno lccu l l r  u  e ish i  r r l  :  : r i - : ' l l - i

f r o n r  t h e  s t a r t i n g  n r a t c r i a l .  F u r t h c r ,  c o n t r o l  e \ f c r : r l l  j r " s . r n '

d i c a t c d  n o  s i g n i f i c l n t  d i f i c r t r r c e  i n  u s . s l r s  c u r r i c d , ' i . ' u t ' 1 3
c r t r a c t c d  a n d  u n c x t r a c t c d  n r l t e r i a l s .  I n  c : r c h  e r p c r i l l l c n t  l n c

f l uo rcscence  i n tens i t y  o I  t hc  f i na l ,  bu f f e r cd ,  dQUc-ouS  se r l u t l o0

of  counrar in  w 'as conv 'er ted to  un i ts  o f  is i tcs /cml" :  th l r  is '  thc

numbc r  o f  mo lecu l cs  o f  coumar in  bound  (p resum lb i y  . i t  c r r '

boxy ' l i c  ac id  s i t es )  on  one  s i dc  o f  a  t  i  l ' cm  squa rc  o i po l l " '

e thy: lenc f i ln r .  Thedimensions of  thc  f i lm g ive on ly  a  lo*  cr  l in t t l

to  i ts  t rue sur facc area,  s ince the f i lm s 'ur fa .e  ls  r . 'ugh Thc

func t i ona l  g roup  su r face  dens i t i es  a r c  t hus  uppc r  l i n r t t l '

? ot (
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f igure 7.  Convcrs ion oi  PE -CO3Ctl3 to PE-CONF{NHr procccds in h igh

r ie ld ;d i r cy l  hyd r l z idcs  a fc  no t  p roduced :  A .  PE-CO:C l - {3  gcner l ted  b }

i re , r t i ng  PE-COr t l  w i th  d i r zo rnc th . rnc .  Pe lks  a t  l 7 '10  and  I  170  cm- r  a rc

chlr lc ter is t ic  ester  tbsorptrons.  B,  PE-CONHNII : ,  obtaincd b1 react ion

0 f  PE-COTCI - l t  w i th  h rd r rz inc  hyd ra tc ,  exh ib i t s  -N l - l -  (3300  cm- r )  and

c r rbony l  (  1650  cn r - r )  pcaks .  Rcs idu : r l  es te r  abso fp t i on  i s  c lea r l y  v i s ib le

I r  l l 7 0  c n r - r .  C ,  A  m i x t u r c  o i  P E - C O N I  ( 2 1 1 0 ,  1 7 2 0  c m - r )  l n d  P E -

\ C O  ( 2 2 9 0  c n r - r )  g c n c r r t c d  i r o m  P E - C O \ H N H :  b y ' t r c r t m c n t  w i t h

n i t rous  ac id  l . i t t l e  res idu . r l  ac l  l  hyd r l z idc  absorp t ion  apper rs  a t  1650

y e r t s  8 0 - 8 - 5 ' ) i ,  o f  t h c  e s t c r  g r o u p s  t o  c a r b o n ) ' l  h l d r a z i d c

r n o i c t i e s .  T h c  h y d r a z i n o l y s i s  i s  c o n v e n i c n t l )  m o n i t o r e d  b 1 '

f o l l o v v i n c  t h c  d i s a p p c r r a n c c  o f ' t h c  e s t c r  a b s o r b ; l n c c s  (  1 7 J 0 ,

l l 7 0  c n r - l )  l n d  t h c  l p p c a r u I n c c  o f  c a r b o n l ' l  h y d r a z i d c  p c i l k s

( 1 3 0 0 ,  1 6 5 0  c n r - r )  i n  t h c  A T R  I R  s p c c t r u n r .  I n r n r c r s i o n  o l
PE-CONHNI ' l :  in  co ld ,  aqucous n i t rous  ac id  fo r  5  rn in  con-
ver tcd  thc  surhcc  hy 'd raz idc  to  i . ln  acy l  az . idc ,  PE-CO\ l l
(wh ich  rear r i , rngcd to  an  isoc ; ' l i n l t c ,  PE-NCO,  on  uarming)

T h c  c o n v ' c r s i o n  o f  P E - C O r t t  t o  P E - C O C I I S O C l r l  i s
conrplctc in I  h.  Dur ing th is work wc hlvc not observcd any IR
absorbances  wh ich  c ln  bc  a t t r ibu tcd  to  anhy 'd r idcs  a t  thc
surfacc.  The acid chlor idc funct ional i t ies o[  PF.-COCIISOCI] l
a re  suscept ib lc  to  hydro lys is  b1 '  a tmosphcr ic  watc r  v lpor
(Figurc 5E) and exposurc of  the f i [m to air  af tcr  t rcatnrcnt w' i th
th iony l  ch lo r idc  rv ' i . rs  n r in in r izcd .  Rcrc t ion  o f  P [ -CO-
C l [ S O C l r ]  w i t h  4 - m c t h y l - 7 - h y ' d r o x y c o u m a r i n  ( N l t l C )  ( 1 0
mg/nrL)  in  TFI  F  conta in ing  sod ium hydr idc  i s  complc tc  a [ tc r
I  h .  S incc  i t  was  poss ib lc  tha t  cvcn  op t im izcd  cond i t ions  migh t
le lvc  a  s ign i i i c i rn t  numbcr  o f  unrcac tcd  ac id  s i tcs .  the  n  TR
lR spcc t runr  o f  P t - -COrN{ t lC  wrs  e ramincd (F igure  6B) ,  Thc
la rgc  reduc t ion  in  in tcns i ty  o f  thc  carbony l  absorp t ion  band
a t  l 7 l 0  c m - l  a n d  t h c  a p p c a r i r n c c  o I t h c  c o u m l r i n  e s t e r  b a n d
at  l7 -15  cnr - r  con [ i rm tha t  thc  n ra jo r i t y  o f  ac id  g roups  hav 'c
becn es tc r i f i cd .

F igurc  5C ind ica tcs  tha t  c r t rac t ion  o f  noncovr . t len t l l '  bound
and * ' cak l -v  bound counrar in  and coum:r r in  es te rs  i s  complc tc
a l te r  8  h .  Thc  anrount  o f  adsorbcd countar in  no t  rcmoved by
ex t rac t ion  w i th  2 -propano l  was  dc termined by  on t i t t ing  the
th ion l ' l  ch lo r idc  t rc l tmcnt  f rom schcme l .  The f luorescencc
obscrvcd  a t  thc  conc lus ion  o i  th is  exper imcnt  cor responds to
5  X  l 0 ! l  n r o l c c u l c s / c m l  ( c a .  0 . 2 9 ,  o i  t h c  v a l u e  w h c n  t h i o n y l
ch lo r idc  *as  inc luded) .  and th is  va lue  rvas  taken as  the  b lank
va luc  fo r  thc  assa1.

Figurc 5D establ ishes that h,r 'drolysis lor  ca.24 h is required
to  complc te  the  c lcevagc  o f  the  PE-CO:N! t {C.  An ATR IR
spectrum oi  thc PE,-CO:H recovercd fronr th is hydrolysis was
s in r i la r  to  the  IR spcc t ru rn  o f  the  s ta r t ing  PE-CO2H,  and
showed no absorpt ion at t r ibutablc to unhydrolyzed estcr
(F igure  6C) .

Opt im iza t ion  o [  the  assay  in  Scheme I  based on  PE-
CONHNI{1  proceeded in  a  s imi la r  manner .  The ATR IR
spcctra reproduced in Figure 7 indicate that  the react ion se-
quence which converts PE-COzH to PE-CONHNHz takes
Place in an overal l  y ie ld of  approximately 80%. Treatment of
the PE-CO2H with diazomcthane gives PE-CO2CH3 in -95%

licld (see also Figure 3 and discussion in the text). Immersion
0f PE-CO:CH: in hy'drazine hydrate at  40 oC for 24 h con-

F igu re  8 .  Thc  dcns i t y  o l  c l rb r rxy ' l i c  l c id  g r , l ups  ge  nc r l t cd  by  o r id . r l r '  ' :
o f  po l l c th l l cnc  i i l n r  r c r t c l t cs  s t l b l c  va lucs  l t ' t c r  su f f i c ien t l y  p r { ) l ( ) : r ! . ' l
o r i d l t i o n .  T h i s  l i m i t i n g  v a l u c  i n c r e a s c s  w  i t h  t c m p c r e t u r c .  T h c  r c f  r , ) -
d u c i b i l i t y  o f  v l l u c s  i s  i n d i c l t c d  b y  t h e  e r r o r  b . t r  t r n  t h e  2 l  o C  o r r t i . r : r , , n
l i n c  r t  9 0  m i n .

in  h igh y ie ld .  The conrp le tcness o[  the chern ica l  t ransfornr .u i , ' ] r
o i  t h e  a c y l  h y d r a z i d c  n r o i e t l '  t o  a c y l  a z i d e  ( a n d  i s o c y r n r r i c  )

sugges ts  t ha t  l i t t l e  d i l c y  t  hyd raz ide  \ \ ' as  p resen t .  Thc  AT  R  I  R
spcc t run r  r ep roduccd  i n  F igu rc  7C  shows  bo th  ac l l  az i de
( 2 1 4 0 ,  I  7 2 0  c m - r )  a n d  i s o c y a n a t e  ( 2 2 9 0  c m - r )  a b s o r b u n c c '
a n d  n o  r e s i d u a l  c a r b o n y l  h y d r a z i d e  p e a k  ( 1 6 5 0  c m - r  )

The  ass l y  f o r  c l r bony ' I  hy ' d r l z i de  mo ie t i es  requ i red  t hc  : r l -
t l chn ren t  o f  t he  ac id  ch lo r i dc  o i  3 - ca rboxy -7 -acc t1 ' l c ( )un r . t r i n
t o  P L . - C O N t { N H 1 ,  e x t r a c t i o n  w i t h  h o t  2 - p r o p a n o l ,  l n d  h r
d ro l ys i s  o f  t he  coun te i - i n  - hvd r r z i de  l i nk l ge .  The  f l uo rcscc r re  e

obscn 'ed when thc opt imizcd condi t ions l is ted in  Schcnrc  I  t i  gp. -

e m p l o y e d  c o r r e s p o n d s  t o  l . l  X  l 0 r 5  m o l e c u l e s / c m r ,  \ \  h c r r , r
con t ro l  f i lm ,  PE-F I ,  w ' l s  sub jec t cd  t o  an  i den t i ca l  ass r t r  ( L re

g inn ing  w ' i t h  d i azo r r t c th rnc  t r e r r tmen t ) ,  t he  f l uo rc :ec r t c , . '
m c a s u r c d  w a s  e q u i v a l c n t  t o  5 . 0  X  l 0 r r  m o l c c u l e s / c r l r .

Thc nunrbcr  o f  hy 'draz. idc  nro ic ' t ies  dctectcd by '  th is  as: r t r  i '

abou t  5096  l owe  r  t han  t hc  nun tbc r  o f  ac id  ch lo r i dc  s i t c :  c . t i -

nra tcd by '  thc  prev ' ious ly  dcscr ibcd procedure.  S ince cof l \ ' c fs r r r r t

o f  P F . - C O 1 H  t o  P E - C O \ t { \ t l l  o n l y  p r o c e c d s  t o  t h c  c \ l e  r r r

o f 'E0 -85 ' )u  convc rs i on ,  t hcse  ass l t ys  a r c  i n  good  ovc r l t l l  e l r c , '

n r c n t .
J ' hc  n l : r x i n l um dcns i t l '  t t f  c t r boxy ' l i c  ac id  g rouP-  o r t  [ ' i

C O : t l  i s  a p p r o , r i n r r t c l l ' 2 . 5  X  l 0 1 i / c n r l .  W i t h  r c l i a b l c  r t ' . , r

a v l i l e b l c .  i t  w a s  p o s s i b l c  t o  c s t . r b l i s h  c o n d i t i o n s  f o r  t h c  i r : r  ;

c h r o m i c  a c i d  o r i d l t i o n  t h l t  g c n c r a t c d  t h c  m a x i m u t t t  d c i t , , '

o l ' ca rbox l ' l  g roup :  on  t hc  po l l ' e  t h1 ' l cnc  su r face ,  and  t t r  d ' : l ' : '

t h i s  d c n s i t y  q u a n t i t r r t i v c l - r ' .  A l l  c a r b o x y ' l  g r o u p  d c n s i t i c .  t l ,

cusscd  i n  t hc  ren ta indc r  o f  t h i s  papc r  a r c  based  on  ass i l ' ,  '  r '

v ' o l v i ng  PE-COTNtF IC ,  p repa rcd  f r on r  PE-COCI ISO(  i

un l css  o thc rw i sc  spec i f i cd .  A l l  s i t c  dcns i t i c s  repo r te  d  a i - c  t  "

a ! ' c ragc  o f  a t  l cas t  tw 'o .  bu t  no rm l l l y '  t h rec ,  samp lc :  u i r  ' .

dcv i : r t ion f rom the nrcrn v l lue r . r 'as  o f ten less but  nc l 'c r  r l  ' "

c e s s o f * 1 5 9 ' o .
F i g u r e  8  d c n r o n s t r a t e s  t h a t  o x i d l t i o n  o f  p o l y e t h l l c n t  l i i

us ing su l f ic ient ly  long react ion t in tcs  gcncratcs  carborr l  s i , '  .

dcns i t i es  wh i ch  do  no t  f u r t hc r  i nc re r t sc .  Th i s  p l a teau  i nc r t . t . , '

s l i gh t l y '  w i t h  i nc reas ing  t en tpc ru tu rc .  A t  t hc  p l l t eau .  o r i t l , t i ; ' ,

c o n t i n u e s  i i  t h e  f i l m  i s  l c f t  c x p o s c d  t o  t h e  o x i d i z i n g  n t c d i L , : r '

even though the carbox l ' l  g roup dcns i t l 'on the sur f  ace dr )c :  t r  i

i n c rease  (F igu re  9 )  A  s i n r i l a r  obse r l ' a t i on  has  becn  r cp , r i - 1 . ,

b y  B l a i s  e t  a l . 2 a  T h u s ,  i t  a p p c ' a r s  t h a t  w h e n  t h c  m l t r i r t r r : : r

carboxyl ic acid densi t l  (at  a part icular temperaturc) hrts bccrr
reached, the rate of formation of new' groups is balanced br t l. '
rate of  destruct ion or loss to solut ion of  those already'  forr t tct i
Th is  suggest ion  is  suppor ted  by '  thc  observa t ion  tha t  thc  i , r . ' ,
o f  we igh t  o f  a  sample  o f  po lye thy lene cont inues  dur ing  t ' r i -
dat ion af ter  the l imi t ing numbcr of  carboxyl ic acid groups h.r .
been reached (Figure 9).

When the oxidat ioh of  PE,- [ {  r+ ' i th chromic acid is carr ict i
out  at  72 oC, the maximum surface de nsi ty of  carboxy' l ic  aci t l
g roups  is  approx imatc ly  2 .5  X  l0 r5 /cm2.  For  compar ison,  the

2 0 6r l
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mated by  BE ' r  rnc : l \u rc rne  n ts  to  have an  area  o f  g000 cnr . . , \
p iece of  oxidizcd f i lm (c.rb.ryr ic acid surface densiH r v v v  v r  u A r r r . / . c u  r r ' - ( c l l r D ( ) x v i l c  a c r o  s u r l a c e  d e n s i t y  =  l . J
x  l 0 l 5  m o l c c u l c s / c n r l )  h r r r i n g  t h c  s a m e  n o m i n a l a r e a  c r h r b -

_3 30
E

3zo
3
x  l n

I r J

rb zo sb 
--lb-

T i m e  ( m  i n )

Figure 9.  The loss of  weight  of  polyethylene f  i lm on oxidat ion at  72 oc
cont inues af ter  the surface densi ty ofcarboxyl ic  acid groufs has reached
a constant  valuc (Figure 8) .  The arrow indicates the t i r .  

" f t . ,  
which the

dcnsi ty o i  CO:F{ groups of  pE-CO2H no longer incr .ur"r .  
-

dcnsity of carboxyl^groups indicated by this assay to be presenr
on the surface of  unoxidized poryi thyrene f i t -  i ,  z .s x
.10r2/cm2,a0 and that on rhe surface of  ioryetht i ; ; .  that  has
b991 expgsed only ro rhe ni t r ic  acia oi iaat io i  i r  .u.  2.2 x
l0 l r /cmu. These values includc a correct ion for  adsorbed
ci iurnor in that  is  not remo! 'ed by 2-propanol  extract ion (5.5
T l0,r l r^ . ,  see above):  because this coirect ion is Lrg. ,  tnun
thc values themselves, their  accuracy is row. we. hJve not es-
tabl ished thc or ig in of  the di f ferenceln the ,urr* .  .urboxyl ic
acid dcnsitics reached at different temperatures, although both
var ia t ions  in  sur face  roughness  and chang. r  in  t t , .  ra t io  o f
carboxy l i c  ac id  to  kerone and a ldchyde grJups  a t  the  sur face
cou ld  cont r ibu te .

s ince  the  max imum pack ing  dens i ty  fo r  s tcar ic  ac id  un i ts
in  a  mono layer  i s  5  x  l0 ra  morccurcs /c rn : , ro  

"n ; ih ; ;o ryc th -1' lene f i lms oxidized at  h igh temperatures and long ieact ion
t imes have s i re  dens i t ies .o f  carbo iy l i c  ac ids  in . * . . i ,  o f  2 .0  X
l0 ls  mo lecu les /cm2,  i t  i s  c lear  tha t  these sur faces  cannot  be
pictured as a s implc.monorayer of  acid groups on a f lat  pory-
cthylene f i lm. The dcgradar ion of  burk-potyettryrene by oxi-
d.nts normally occurs by preferentiar attact< at tk .rorpho*
rcr ions of  thc polymer and thus pE-co:F{ wou' ld be expecteo
to  posscss  an  uncven sur face . lT

Thc surface roughness of  the oxidizcd polycthylene sampres
prcparcd  in  th is  r+ 'o rk  depends qua l i ta t i ve lyon the  cond i t ions
uscd. Fi lms oxidized at i2"C for a t ime sui f ic ient  to generate
thc mrximum dens. i ty of  carboxyr ic acid groups ar!  v is ibry
ctched: the surface is " f rosted",  and part ia i iy  o iuqur.  Exam-
in.rtion of these fi lnrs by scanning ereitron ri.rorropy (SErv{)
r *ca ls  a  p i t ted  sur face  (F igure  l0 ) .  S imi la r  resu l ts 'have been
rcpxrr tcd by others. :a Fi lms oxidized at  lower temperatures or
for shorter t imes are lc'ss pitted. For example, a hydropnil. nt,n
is obtaincd by oxidat ion for  2 min at  50 .c (carbo*yi ic a. io
surface dcnsi ty ca.  l  X l0r5/cmz;:  th is f i lm siro*,  l i t i ie v is ib le
e tching. Al l  f i lms that have been oxidized for sufncieni ly long
tir 'es to reach their maximum carbo.rylic acid surface densities( > l  x  l 0 r s / c m : ;  a r e  p i t t e d .

. .  
\ \ ' . .  have at tempted to compare the surface areas of  unoxi-

dizcd and heavi ly oxidized. poryethyrene f i rm quunt i iut iu. ty
using BET measurements.a '  The absorute . . .uru. /  of  thesl
. . :y l t f  was nor high, in part  because the physical  pr lb lems of
or id iz ing and manipurat ing thc f i rm rest i ic ied - .urur.r .nt ,
to samples having surface areas of  ca.  l  m2, and gET mea-
surements on small surface areas are diff icult and inaccurate.
None theless, the measured areas give some estimation of the
increase in surface area that accompunies oxidation. an
unoxidjzed piece of f i lm having a nominar geome;ilsurface
area of  l0 000 cm2 (determined from i ts d- imension,, i t t ,  t t .
assumption that the firm surface was perfectly f latf was esti-

F igu re  10 .  sENI  pho t , i n r i c r .g raphs  o f  po ryc thy rene  f i rms  e tchcd  r r i t h" c o n c c n t r r t c d "  c h r o n r r c . c i d  s o r u t i o n  a t  7 5  o C  f o r  l 0  m i n :  A ,  l 0 ( ) r ) x
magni f icat ion;  B,  - - ] t )O()X rr r r r r tn i l lcrr r ion;  C,  af tcr  immcrsion in hpt  , , r l rcnts
( i n  t h i s  i n s r a n c e ,  T 0 ' \ )  n i r r i c . r c i t r ,  r 0 0  " c ) ,  o x i d i z e d  f i r m r . f p " r r , , ,  r . . , .
pa r t  ly  a n ncl  lcd (  - .1()(  ) (  ) . (  r r ) . i  !  n I  l - ie . r  r  ion ) ,

B

C

i tcd  a  BET arcu oI  l {  000 crn: .  I f  wc assume the same rc i . r t i i .c
er ror  in  thc  t r r ,o  rne: rsurcnrcr r ts ,  or idat ion increases thc sur f . rcc
area by 75 'Y, .  Th is  csr i r r ru tc  is  probably  too conservat ivc .  s r 'e  c
ch rom ic  ac id  ox id r r t i ( r n  p r ( ) ( l uccs  cx t cns i ve  p i t t i ng  i n  r hc  t ' i l ; : r
(F i gu re  l 0 )  us ing  t hc  r . ( ) s r  consc rva t i ve  u i l u . ,  i o ,  t r u .  . , , r .
f ace  a rca -  t h ; r t  t hc  gc , r r r c t r i c  r l  . nd  t r ue  su r face  o i  pE  l l
idcnt ica l  (  I  0  0( )0  cr r r  I  ) .  : r  nd th . r  r  ox id ; r t ion increascs thc sLr r i ' ,
a rca by 75" t , ,  thc  i r r \ r ,c r  r  r iuc  l ' , r  lhc  s i te  dens i ty  is  rcca lc i r . r :

I C C

- ' i l

t o  b c  I . 3  x  l ( ) l t  s i t c s ' c r r ' .  I  l r i s ' a l u e  i s m o r e t h a n  t * r e c  r i : :
va lue  poss ib l c  l ( ) r  : l  c l ( ) \ . J r  1 . . 1 .L .6  s tea r i c  ac id  mon , r l  i . ,  c :
s u g g c s t i n g  t h l t  t l i c  r r u c  \ l r i - l , r c c  i s  u n d e r e s t i m a t e d .  T i r r : i . , , :
t h c  p r e s e n t  t i n t c .  \ \ r  i l r c , r n , r L . l c  t o  d c t c r m i n e  w i t h  a s s i i : , t i ' , . j
I he  " t r ue "  s i t c  dcn .q i t r  

' i  
hc  r i t c  dcns i t y  measu remep l . ; .  1 ] . ;  r , : r  ,

h y d r o p h i l i c  n u t u f c , r i ' r i r c  ' r r r i ' ; r c c ,  r n d  t h e  f a c t  t h a t  t i r , , ' . r - ' ; i
g r o u p s  c x i s t  a s  d i r i t c r ;  ( l 7 l ( )  c r n - l )  r a t h e r  t h a n  m o n ,  , 1 . . r ,
(  I  7 6 0  c m - l  ) 1 '  s u t : c : i .  i l , , ' , i  *  c r .  t h a t  t h e  a c i d  s r o r r i , .  ,  , j
c l o s e l y  p a c k c d  o n  t h c  s r r i l ' , r . c .

Conc lus ions

boxyl ic acid 1-63\,)  .urd ke rone or aldehyde (-4f , r )  n.r , . , i r l :d i
as the o_nly s igni l icrrnt  f 'uncrr , . r r r11 *r , ruOs. ih is 'surface is l i : lh l i
h1 'd roph i l i c .

Several tcchniqucs hlvc provcri valuable for charact.riT^11irl i1
o f  the  sur facc  func t iona l i t r  on  po lye thy lene f i lm.  ATR IR
spectroscopy is a convenicnt  qual i tat ive method of  ident i f l ing
certain types of  funct ional  groups at  the surface. I t  is  part ic '
u. lar ly useful  for  studics ol '  poly,ethylene surface chemistry,
since the.prcl;,me r itsclf is transpireni in thc regions of grertcst
interest  in charactcr iz ing polar organic funi t ional  grrrrrps.

in
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r roup3) ' JY 'me th r t - r \ ' - n i t r oso -p - to l ucncsu I I on . r r r r i r l c  ( I ) i . r z i l d ) ,  d i bo ranc  (  I
: l {  i n  T i l f ' ) .  an t l  4 -n rc t l n  l - 7 -h rd rox l counu r r i r r  wc rc  pu rchased  i n
: . rQ8ent  qu; r l i ty ' f ronr  A ldr ich and r ' ,c rc  not  pur i t ied iur thcr .  ATR l t t
' - l f tc t r . l  \4c fc  merrsured on a Pcrk in- [ : l rncr  -5J i  gr l t ing spcct roph(r -

l i  chi i
i  rc of i

I t o o e l c r .  F i l n r s  w c r c  n r o u n t c d  i n  r t  \ \ ' i l k s  N l l R - l  s o l i d  s e m p l e  h o l d c r

; t l a ins ta  K ILS- -5  p l . r t e  ( -1 - i  o .50  X  I  n rn r ) .  r \  \ \ ' i l ks  l v fode l  9  i n te rn . r l

ence spectroscopy can be employed to estimate with

accuracy the numbers of molecules of appropriate de-

t ives at tached to the funct ional ized surface.

wo useful procedures for attaching derivatives covalently
fhtltr carboxyl Sroups of PE-CO2H emerge from this work.

i[6n., treatment of PE-CO2H with thionyl chloride generates

f,ii,, :" P-lv], . l :'l *, g : o_" p-1 I I I S o c rj s oc r, I w ! i c h
' Ic t  wi th alcohol  and amine nucleophi les and generate esters
'l l  

amid.s in high yield. This procedure is experimentally very

f lp lc;  i t  suf f lers,  however,  f rom thc compl icat ing def ic iency

ir i rh ionyl  chlor idc apparent ly dissolvcs in the polyethylenc,

Ind react ion of  the dissolved thiony' l  chlor ide (or impur i t ies

i t roduced w i th  i t )  w i th  nuc leoph i les  can gcnera te  der iva t ives

it or close to the polymcr surface w'hich are not easily remov'ed

L superf ic i : r l  u 'ashing. In the second proccdure,  the carbo.xl l

r rgups of  PE-COlH are converted to methy' l  esters (PE-

tO,CH3)  by '  reac t ion  w i th  d iazomcthune.  Trea tment  o f  PE-

Cg:CHr  w i th  hy 'd raz ine  genera tcs  acy l  hydraz ides  (PE-

CONfINH:)  in  usc ' fu l  y ie ld  ( -35 ' ) 'o  bascd on s tar t ing ester

no ie t i es ) .  The  h l ' d raz ides  coup l c  read i l y '  w i t h  ac id  ch lo -

ridcs.
Thcsc two procedures for  forming dcr iv l t ives o f  PE-CO:t l

brve been used to  prov idc a  spcct ro f luoronret r ic  assay for  thc

lumbcr  o f  carboxy ' l  groups on thc f i l rn  sur fucc,  and g ive resu l ts

in  gsJd agreentcnt ' .  -2  x  l0 l  )  COt t l  groups/cnr l  o f  geomctr ic

f i lm sur face.  Unt i l  we arc  ab lc  to  mcrsurc  thc  t rue sur face arcr r

o [ t hc  f i l r n ,  i t  i s  no t  poss ib l c  t o  ca l cu l r t t c  t hc  ac tua l  su r f acc
dcns i t y  o f  ca rbony l  g roups .  Thc  numbc r  n r c l su red  b l sed  on

lcometr ic  sur facc arc l  is ,  horvcvcr ,  nrorc  th . rn  tw ' ice that  o f  an
o r i en ted  f a t t y  ac id  mono l l yc r ,  l nd ,  c ! ' cn  a f t c r  co r rec t i on  f o r
t u r f ace  roughncss ,  t hc  su r facc  c l r bony l  g roup  dcns i t y '  u ' i l l
pobably  be h igh.

1 Thesc  s tud ics ,  and thosc  rcpor tcd  in  thc  accompany ing
i F p e r , l 2  i n d i c a t c  t h a t  " P E - C O r t l "  h . r s  t h c  c h c m i c a l  a n d
,physical  charactcr is l ics rcquired to scrvc as thc foundat ion for
nore  e labora te  sur facc  func t ionr l i t l ' .  and  as  a  svs tem wi th' rh ich  

to  dcvc lop  and tcs t  p roccdurcs  fo r  charac tc r iz ing  thc
func t iona l  g roup chcmis t r t '  o [ -  o rg . rn ic  sur [uccs .

Exper imental  Sect ion

Gener l l  N tc . thods .  r \ l l  s r r l r cn ts  \ \ c rc  r c i l gcF t  I  g r . rdc ,  THF was  c ' l  r - -
$ l l cd  undc r  a rgon  f r t tm  a  d . r r k  pu rp r l c  so lu t i r rn  t t f  bcnzophcnonc  d r
t n i o n  b c i o r c  u s c ; d i c t h l l c t h c r  u a ;  d r s t i l l c d  t ' r o r n  l i t h i u m  a l u m r n u n r
I d r i d c ; p y r i d i n c  w : r s  i l i s t i l i c t i  f r o n r  c e l c i u r r r  h r d r i d c  S o t l i u m  h l d r i t i c

I tP%,d ry )  w rs  pu rch l scd  l r on r  A l i ' . r  l r r o r s . rn i cs ,  I nc .  P i . r l y c thy ' l cnc' , rum t t , rs  l  lo r r -dcn* i ty .  2-nr i l .  cornrncrc i r r l  gr . rdc  prcparcd l ronr  pL: -

" . T R O T [ { E N I  
N , \  l . l J  r c s i n  ( 0  9  I  9  t l c n s i t , , .  2 . r )  n r c l t  i n d c x ) .  a n d  u . r -

i r  g i f t  o i  U . S .  I n d u s t r i . r l  C h c n r i c l l . , .  I . l - [ ) i r r r c t h r l h t d r a z i n c  r r a
r p r c h a s c d  f r o n r  E . r s t n r a n  C h c n r i c a l s .  T r i l l u , r r o l c c t i c  a n h y d r i d c  w  u s
! tAu ined  f ron i  l v l . r t heson .  Co lcn ran .  an t l  Bc l l .  Th ion l l ch lo i i dc  (9 t i ' , , , ) .

R f lec t i on  a t t l chmcn t  u  r r s  u .scc l  t o  p t r s i t i on  thc  sanrp lc .  F luo re  sccn t
beasurcmcnts \ r  crc rcc. t rdct j  on i r  Pc.rk in-  L. lntcr  i l t  PF-4 f luoresccne c

rophotomcter  S[ : l r l  photonr ic rographs uere obta ined wi th  a
olco JSN{-U3 scanning elccr.ron nricrt 'scopc. l-hc samples picturecl
F igure l0  w ere su i f ic ient lv  conduct ivc  to  ncrnr i t  d i rcc t  observat ion
lhe ox id ized sur f lacc.  React ions per fornr . 'd  on po lyethy lene f i lms

plast ic  cover .  Typ ica l  l1
rnL of  a  react ion so lu t ion w 'as added.  \ \ 'hc in  s t r ic t lv  anhvdrous or
ux condit ions were required, a 50-nrL tubc f i t ted * i th a 34/45 glass
t t  (prepared by sea l ing the end of  a  31/45 outer  jo in t )  was em-
led.  Except  for  thc  in i t ia l  ox idat ion react ion,  ag i ta t ion was ac-

ished manual l l  by  swi r l ing the f lask o t 'cas ional ly  becausc
aet ic  s t i r r ing o i ten t rapped the f i ln r  bcncath the s t i r r ing bar  and
Ited in exccssivc folding and abrasion of thc f i lm. In moat organic
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solvents,  the f i lm resided ncar the bot tom *, i thout  adher ing to thc wal ls
o f  thc  r cac t ion  vesse l .  I n  aqueous  so lu t i ons ,  thc  ox id i zed  f i lms  uc r . .
su f f i c ien t l y  hyd roph i l i c  and  thc i r  su r facc  f ree  energ ies  su f f i c ien t l r
l ow  tha t  even  though  thc  f i lms  were  nca r  the  su r face ,  they  no rn r . t l l i
r ema ined  comp lc te l y  we t ted  w i th  so l l en t .  To  p reven t  con tamin t t i ( )n
oi  the surface,  a l l  f i lms werc handled r* ' i th sta in less steel  forceps.  Fi l r l ,
were  washcd  by  immers ing  thcm in  a  v i l l  o f  t he  wash  so lven t  ( c l .  l 0 r )
n i L )  a n d  g e n t l y  a g i t a t i n g  t h c  i i l m  i n  a n d  o u t  o f  t h e  w a s h  s i x  o r  s * c n
t i m c s .  l v l u l t i p l e  u a s h c s  u c r c  d o n c  w i t h  i r c s h  s o l v e n t  f o r  e a c h  w u ' h
F o l l o w i n g  t h c  f i n a l  w r s h .  t h c  f i l r n  u l s  d r i e d  i n  a i r c a .  1 2 0 s ,  a n d  t h c n
d r i c d  i n  v a c u o  ( 0 . 0 0 - s  T o r r )  f r r r -  l l  h  D u r i n g  l l l  n r a n i p u l a t i o n s  c r p , , -
s u r c  t o  t h e  a i r  w ' a s  m i n i n r i z c d

A T R  l R  S p e c t r o s c o p y .  F i l n r :  \ \ c r c  c u t  [ ( )  c o ! c r  t h c  e n t i r e  K R . S  i

s e m p l c  [ a c e s .  F o l l o r r  i n c  t h c  f i n . r l  c h c n r r c e l  n r r r n i p u l a t i o n  p c r f ( ) r n t e  r i
o n  a  l i l r n ,  i t  w a s  t h o r o u g h l y  u l s h c d  * i t h  t h c  a p p r o p r i a t c  s ( ) l \ c n t i \ r
a n d  t h c n  d r i c d  i o r  l 2  h  i n  v a c u o  ( 0 . 0 0 - i  T o r r )  F i l m s  w e r c  m o u n t c . i
i n  a  N I I R - 2  s t r i n l e s s  s t c c l  s e m p l c  h o l d c r  r r i t h  t h i n  r u b b e r  p e d s  ( l s  >
- l - j  m r n )  p l e c e d  b e t w c e n  t h e  h o l d c r  r n d  i i l m  t o  i m p r o v e  c o n t r c t  b e  -

t w c c n  t h c ' s a n r p l e  a n d  t h e  K R S - - \  r c t l c c t i t r n  e l e m e n t .  T h c  r c t . t i r r u r :
s c r c \ \ s  o i  t h c  h o l d c r  w e r e  t i g h t c n c d  t o  a  p r e s s u r e  o i  8 0  i n . - o z  w i t h  . r  n
, \ l l c n  t o r q u c  * ' r c n c h .  T - h c  m c t h - r l c n c  a b s o r p t i o n  p e a k  (  l 4 6 l  c r n - r  )
t l l ' f i l n r  p r c p a r e d  i n  t h i s  n r a n n c r  u s u a l l v  t r l n s n r i t t e d  l 5 - 2 - i 9 t ,  o f  t h . '
i n c i d c n t  l i g h t .  K R S - 5  e l c m c n t s  w c r c  u s c d  u  h i c h  h a d  t r a n s n r i s s i , , l
l cvc l s  o f  2 -5 -15 'b  a t  40 ( )0 .cm- r .  [ : r cqucn t  spcc t ra  o f  t he  e lemen t  i ] l ( )nc
w c r c  t r r k c n  ( i n  a  t r l l R - l  T e t - l o n  i n t c r n . l l  r e f l e c t o r  p l a t e  h o l d c r )  t , ,
cnsu rc  thc '  absencc  o f  adsorbcd  po l l  n re r  n t l t e r i ; . r1 .  \ \ ' hen  ncccss r r r \  .
t h c  p l a t c s  w c r c  c l e u n e d  w i t h  c h l o r o f o r n r .  T h c  s e n r p l e  c h a m b c r  o f ' t h e
P c r k i n - E l n r c r  5 2 1  s p c c t r o m c t c r  $ i r s  f l u s h c d  *  i t h  n i t r o g e n  t o  r e ( l u c e
; r t n r o s p h c r i c  a b s o r p t i o n s .  \ \ ' i t h  t h e  e r c c p t i o n  o l  m i n o r  g a i n  l n d  b r r i -
l ncc  v ' l r i l t i ons .  a l l  sDc 'c t r J  r r c rc  t rb t . r i ncd  undc r  i den t i ca l  i ns t ru rncn t . r l
o p c r . r t i n g  c o n d i t i o n s

P t - - l t .  l n  o r d c r  t o  r c r n t ) v c  s u r h c c  a d d i t i v e s  p r i o r  t o  o r i d . r l i o r : .
p o l l c t h y l c n c  f i l n r s ,  p r c c u t  t o  t h c  a p p r o p r i l t c  s i z e ,  w e r e  e n c l ( ) s c ( l  u '
l i i t c r  p r rpc r  cnvc lopcs  and  cx t rac tcd  in  a  Soxh lc t  ex t rac t i on  appr r r i t t u '
w i t h  h o t  2 - p r o p e n , r l  ( 1 2 - 7 6  o C  i n  t h i r n b l c )  f o r  l 8  h .  A f t e r e x t r u c t i r r n .
t l r c  l ' i l r ns  wc rc  r cn rovcd  f ro r r r  t hc  cnvc lopcs ,  a j r  d r ied .  and  d r i cd  r l
v r r c u ( )  ( 0  0 0 5  T o r r )  a t  6 5  o C ' l o r  l ]  h .  C o n t r o l  e x p e r i m e n t s  s h ( ) \ \ c ( t
t h . r t  t h c  A T R  l R  s p c c t r l  a n d  s i t c d c n s i t y  m c a s u r e m e n t s o i s t a n d . r r i i
o r . i d i z c d  f i l n r s  w h i c h  h e d  b c c n  e x t r a c t c d  p r i o r  t o  o x i d a t i o n  * c r c  i n ,
d r s t i n g u i s h u b l c  f r o m  f i l m s  w h i c h  h l d  n o t  b e e n  e x t r a c t e d .  L l ( ) \ \ c ! ' c r .
s incc  cc r t r r i n  cx lo - r imcn ts  wc rc  pc r fo rn rcd  undc r  cond i t i ons  lo r  w  h i c l r
thc  c i l ' cc t  o i  t hc  add i t i vcs  n r igh t  bcconrc  s ign i f i can t ,  a l l  san rp l cs  r r c r . :

c r t r a c t c d  a n d  d r i c d  b c f o r e  u s c .
I ' o l yc th l  l cn t '  Carboxy l i c  Ac id .  I n  thc  s tend l rd  ox ida t ion  p rocc t l r ,  -  - '

t h . r t  f t ) r r n c d  t h c  b e s i s  l o r  n t o s t  o f  t h i s  w o r k .  P E - F l  w a s  i m r i r c r ' c , 1
n r . rnuu l l y  w  i t h  fo rccpn  i r t  l  ch r i ; rn i c  l c i t l  so lu t i on  (CrO j /H :O/  t  l - .S (  t  ,
=  l ( )  J :  2 9  b 1  w c i g r h t ) r "  r r t  l l  o C  f o r  I  n r i n  A f t c r t h i s  t i m c , o x r d . r t r , ,
h . r t l  s u l ' f  i c i c n t l r  p r ( ) g r L ' s s c d  t h . r t  t h c  o r i d i z i n g  m c d i u m  w r ' t t c r l  t : r
s u i - l ' r r c c  u n i t ' o r r n l v .  N l . r g n c t i c  s t r r r i n g  r r u s  b c g u n  ( s u i f i c i e n t l l  f , r ; i  r
h , r l d  thc  I ) [ :  bc l , rw  thc  su r f ' . r cc )  l n t i  c r rn t i nucd  io r  an  add i t i on r r l  - l  r r ' "
Thc  condr t r ( . )ns  \  c rc  ve r i cd  on l r  uhcn  s1* -c i l l c  e f fec t . s  o f  ox ida t ion  t i : : ' - '
o r  t c n r f c r , l t u r c  w c r c  u n d c r  i n . ' c s t i g . ] t i o n .  [ : o l l o w i n g  o x i d a t i o n  l ' i  i r ' , .
\ \ c rc  \ r l shcd  th rcc  t imcs  w ' i t h  \ \ r t c r .  F i lms  t r ca tcd  in  th i s  tna i l l l c r  \ r  i r : '
r  r s i b l y  c t c h c d  a n d  s l i g h t l y '  o f a q u c .  a n d  v c r y  h y d r o p h i l i c .  N o r n r . r i  .

t h c  o r i d i z c t i  f l l r n s  $ e r c  t r c a t c d  * i t h  n i t r i c  a c i d  ( 7 0 r b ) .

T ' re l tmen t  o f  Po l l ' e th .v  l enc  Carbory l i c  Ac id  w i th  N i t r i c  Ac id  ( l ' t
( 'O : l l t .  [ : i l n rs  o r id i zed  w i th  ch ron rc  ac id  wc rc  p laced  in  conccn t r . r : - ' , :
n i r r i c  l c i d  ( 7 f l \ , ) a t  - 5 0  o C  f , r r  l 5  m i n  A t  t h c  c n d  o f  t h i s  t i m c ,  t h c  l l i i r  .

r r ' : r c  w L s h c d  t h r e c  t i n r c s  r v i t h  d i s t i l l c d  $ e t e r  ( - 5 0  " C ) , o n c e  u i t h . r c , r

t t r n g .  ' , r ' U  d r i c d .  T h c  s t . r n d e r d  c h r - o m i c  a c i d  n i t r i c  a c i d  o x i d . t t i , r n  ' , '

q u c n c c  d c s c r i b c d  h c r c  p r o d u c c s  P [ : - C O 1 l l ,  r v h i c h  w a . s  u s c d  f , ) r  r r r '
c r p c r i n r c n t . r l  s t t r d i c s  u n l c s s  i n d i c r i t c d  o t h c r r v i s e .  T h e  s u r f a c e  o l ' l ' l
C O : l l  w a s  v i s i b l y  c t c h c d ,  c o l o r l c s s .  a n d  h v d r o p h i l i c .  O x i d i z e d  f  i l r r '
r r c r c  s t o r c d  i n  a  s e a l e d  v i a l .  A l t h o u g h  a  s a m p l e  s t o r e d  f o r  3  m o n t i r .
i r r  t h i s  m e n n c r  r e m a i n c d  h y d r o p h i l i c ,  P E - C O 2 H  w a s  n o r m a l l l '  p r ' . :
pa rcd  immcd ia tc l y  p r io r  to  usc  to  r c , i ucc  thc  poss ib i l i t y  o f  co r lp l r , - ' r
t i o n s  d u c  t o  c o n t a m i n a t i o n  o r  s u r f a c c  r c a r r a n g e n r e n t .

Iormat ion of  the Carborylat t '  Ion of  PE-CO2[I .  A.  Potassiunr Sal t .
I 'E -CO: t l  was  immcrscd  [o r  severa l  hours  i n  a l coho l i c  o r  aquc ( ) r i ,
I  N  po tass ium hydrox idc .  The  f i lm  *as  removed  and  washed  t r r i ec
w i th  wa te r  (pH ad jus ted  to  I  I  * i t h  0 .0O1 I r {  Na lPO. r )  and  tw ice  rv i t } r

ace tone .  B . ' I ' r ime thy lamine  Sa l t .  PE-CO2F{  was  immersed  in  a  2 - i ' r ,
aqueous  so lu t i on  o I  t r imc thy lamine  fo r  the  des i red  t ime  (10  h  fo r
n rax imum reac t ion ) .  The  f i l r n  was  removed  and  washed  tw icc  * i t h
a c c t o n e .

React ion of  I 'E-COzl l  n i th l , l -Dinrethylhydrazine.  PE-CO2I l  u.r ,
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immerscd in 50 mL of  5s6 mcthanor ic r , r -d imethyrhvdrazine con-raining rwo drops of concentrat.a H:so..;r; ' ; 'd;i;; i ;;", gentry. 
fri,"r:.rr"l:: 

'r h. rhe fitm was ,.rn&.d ,"0 *u.r,.i ;h;;; iir"i *itr,
PE-COCISOCIrI:  

-polyethylene acid chloride was prepared byinrmcrsing pE-cozt{ in ao mL of neat rhionyr .r,roi io! 'containing0' l% dimcthyrformamideai for r h at room tempcrature. To minimizeh.ydrolysis, the normal wash proceJur. ,u", altered sl ightly. Most ofthe Soctr was dccanrcd and 30 m L 
"i 

J;t in-i 
"di;?,t'ri.nv uei-tatcd, and decanted. A second ]0-mL port ion of THF was added andagitated. The f irm was removed by forleps and transferred whire st ir lwct  w i th  THF to  the subsequent  ieact ion so lu t ion.

^JF- corCtfr.  A. Reaction of Diazomethane wirh pE-co2H. pE-
co:l l  was immcrsed in 75 mL of an . i t .r ."r sorution of diazomethanegcncrared by standard procedures from 5.4 g of f i - ;eihyr-,,v-ni-t roso-p- tol uc ncsu I fona m ide ( Dia za td ). A fter r r,i rr" n r m' *-ar're.ou.ornd washed with cther. B. Reaction of i \ tethanor with pE-co-
c l lsoc l2 l .  Freshty  prepared pE-coc l tsocr r i " , r ,  

immerseo in  sorn l -  o f  abso lu te  methanor  for  r  h  a t  room temperature.  The f i rm * rsrcmoved and washed with methanor. Th-ese t. ,uo preparations yierded[ i lms  i nd i s t i ngu i shab rc  by  ATR IR .  pE -co :CHr  p rcpa red  by  t hediazomcthanc proccdure is preferred beca.u-se-i ,  
""" i0, 

i i , .  f , ' robrcmsoh i . h  
l : c : r l pany  t hc  use  o i t h i on l l ch iono . .

PE-Cr{roH. pE-COrt-r wes st irred undcr Nl at room temperaturcin  -5Q 6L of  a  l  rv f  <J ibo iane sorut ion in  TtJF for  rg  h .  The f i rnr  wasrcrnovcd and washcd scquent ia i ly  w i th  TH F ( tw ice) ,  mcthanor .  . r  xl l :so . r  (50 "c ,  tw icc) ,  warer  ( i * ic " j .  and accron. .  e i i . - r , i " . ry .PE-ct l ro t - r  cour t r  bc  produccd by rcact ion o f  pE-Co:Cr i r ' * i t r . '  +on, , ! .91a re  f lu r ing,  c rhcrcar  sorut ion o f  r i rh iurn  . iun- ' - in r i ' t , io r i , i .  t :g / 1 0 0  n r L ) .

f^Fl-Cl l2OzC'CF-.r. pE -C l-l :O t I u,as i m rncrsccl a t room tcm pcrr r u rcrn  50 nrL o f  c thy l  c rhcr  conra in ing 3 nr r -  o f  t r i r r roro , i . . i i . : rn i ryar i , r .
" \ f t c r  2  h  t hc  f i rm ' yes  r cn ro ! cd  and  w l shcd  w i rh  c thc r  and  ucc -
I  O f l C .

Pt ' - c ' l l : o r s .  pE -c r t l o r r  *es  s t i r r cd  a t  r oo ' t cn rpc * r ru r c  r r r h
] L' ] i  

rol.ucncsu trbnl r chroridc in .10 nr L of 'a n hv,d r; ; ;  pJriJi ;c for r lh .  Thc f i ln r  was rcnr ( ) \ 'cd  and u lshcd oncc wi rh  b .nrcncand droxunc,a n d  t h r e c  t i m c s  w i t h  c t h v l c t h c r .
PE-co : \ l l t c .  A  s ru r r v  o f  t hc  s .d i un r  s . r r  o r  4 -n rc th l  r - 7 -h r  -

droxycounrr r in  w 'as p t .pr r . 'd  b1 d iss ' rv ing rhc counr l r in  in  d ; ; ; i i i ,( 1 0  m g / m t - )  a n d  a d d i n g . * . . r . ,  s t i d i u n r  h r d r i d e .  T h c  c o u m a r r n  s r r r*as An inrcnsc yc i low c 'oror .  l r rcsr r r - l ' -prcp. rc t l  pE-coc l iso l r , ]  * , , ,in rmcrscd in  thc  rcsur t ing srur r r  , i r i . , .  I  n ,n .  f i rm was rcnro 'cd andr rashed  * i r h  r i l F - .  r * r t e r ,  I  N  I rC r ,  \ r i l r c r .  T t JF ,  w r t c r ,  and .cc -
t  o n e .

l hd ro l - r s i s  o f  t ' t - - co1 \ i l r ( . .  pE  c -o r \ i l {C  * . s  sc r r cd  i n  a  r cs rt ubc  c , r i r r . i n i ng  I  N  i l ( ' l : r nd  hc . r cd : r t  l 0b  oc  f i ; r  2 - l  h .  , , \ f t c r  c t r . r l i n , :t i , r : . t r ] _bc  r rus  opcncd . rn r j  i l r e  l ' i l r r r  r r i t shcd  { )ncc  * i i l r  u l t c r  l n t j ' t ' , r ' i c - lw i t h . f  l l F '

was f i l tered and washed with three 
!oQ-mL port ions of rrarcr. f tg-crystal l izat ion from 350 mL of 95% Eto.H .1'-zo "c froduccd g.6g (39 mmot. 78%) of-t ig^hJ1e_ilow crystals o11-carUoxi-r-f ,rdroxy-

coumar in  hav ing mp 26g oc (wi th  decomposi t ion and jas  ev, r ru t ion;
l ir, T!* 262"C):rR (KBr periet) 3140, 3 16o, I lq'0, iisi, ' 2r0 cm-r.N lv fR  (N{e :SO-do)  6  n .7  (b rs ,2  H) ,8 .4 'G ,  i ' r i i , i . iA : ,  i r ; :6 . 4 - 6 . 8  ( m ,  2  H ) .  " '  

t  ' -

3-Carboxy-7-acety lcoumar in .  Treatmcnt  o f  3_carborr -7-hy.
d roxycoumar in  (7 .6  g ,  37  mmor )  i n  r 5 !  mL  o r  rHe  * i t i  p l r r d i ne(25.4 mL. J00 mmor) and ace t ic anhydritJe (r5 g. r sb'n.n,. '" i i  prtxJuceda cotortess sorurion after I  h (unreacico pt.no*i i . ;r  ; ; ' i ; ; : ;r" rcrowcotor). The sorution was f ir tcred and maie acidic * i , l - i ; ' ; . , i .  ,r f  gr,rciarace t i c  ac id .  The  p roduc t  p r cc ip i t a t cd .as  an .amorphous .  u  h r l c  so l i r lon addi t ion o f  400 mL of  p" t ro f "unr  e thcr .  fn .  pro l iu . t  , , , , r . , , t i . . r . , tby  f i l t r a t i on  and  washed  w i t h  t h r cc  75 -n r r_  po r i i on . ,  o i , r , . i l , i  I  e  r he  r ,Rccrysra l l iz : r t ion f rom ethyr  acerate  y , ierdcd 6 s  g f : i " " , i , t .  , ,n r , , , , , .product having mn lof 

.c (sharp): Nltry 1r.r.ft[- j ;);; ' ;  , , , i . . i il  H ) , 8 . 7 5  ( s ,  I  H ) , 7 . e j  ( d .  r  H ) .  z . : 1 r ,  r  F r t ,  i . : _ s  t " , ,  r  i r r .  1 . 1  r s ,3 H )
3-Carbony lch lor ide_7_acet l , lcoumar in .  Th iony l  ch lor idc  ( l  nr l  .  :6mmol)  and 3-carbox,v ' -7-acetyrcounrr r in  r - roo 

" rg .  
i .01" ,1 . ' , , ,  )  r r  c rgrc f lured ior  r0  min in  a  r0-mL round-bot tonred f la .sk  prorccrc t r  l - r r rnr

1 i r  f . i r t r  a  dr l ing tubc.  Thc rc f lux  cont lcnscr  
" r r . , , i ; ; ; ;ge, t  f i , r  ad i 's t i l l ing hced and cxcess th ion l  l  ch lor i tJc  

" . r  
, . " , r io r .Oi r ' . i i r ,  I l . r r iona t  I  a rm .  Rcs idua r  r r eccs  o f  r h i ony r  ch ro r i , . r .  o . i . - . . , ; ; ;  r n  \ i r cuo(0.1  r . r r )  over  Kot {  to  v ic rcr  thc  s l t id  ac id  chror iJ" , ; , ; l ; i l  . '  rer  0' 9 , f  R  (KBr  pc l l c r )  l i 7 } cm- r .  Thc  ac id  ch lo r i dc  *1 , r ,  no r , , , , , r i  u redrr  i thout  fur thcr  pur i f ic l t i .n .  (Rcc* 's t l t iz .ar ion . .n  u . .  , . .ur i r i , , ' , , i ;f r om t c tn rh ld ro lu r l n  )

F luorcscent , . tssa l .s .  for  . \ tcasur ing Ac id  chror ide and ( . r rb 'nr l
I l ld raz ide Si te  Dcns i t ie 's .  Thc f luor . r . . .nr  propcrr rcs  

" i  
+- , . , . ' . i . l , r i - ' i -h1 droxycoumr r in  (  \ t  f  t  c  )  l  n<r  J-cerboxr  -7-  h1 dro. r1 ,cour .e  r i  r r , ' i  : i  i ,1  iha ' " c  bccn  dcsc r i bcd  c l scw 'hc rc . l ' )  F ru t r r cscen t  mc l r su rcn rc r ) i \  \ \ c r crn ; rdc  $  i t h  t hc  \ l  P f r - J  spcc t r ( ) pho t ( )n . l c t c r  sc t  i n  t hc  f t r t i r r  ( ) , . c r . t r i ! ) n

nt t r t ic  unt l  w i th  .  t , . r  n , rde to l r rg . .  scr r ing r r f  7_ i0  I  f i . , i f r ; . . ; , . ; , r r r11 . , , , , .1crn lss i t tn  s l i ts  u ,crc  sc t  l r t  6  nr r r ,  \ " r  o , rs l t . ,0  nrn lnd, l . , , ,  * , r r ' , , , . .1 :u icd
at { '17 nnr for f \{}tc and },.r  3i ' r5 nrr.  ) , . , . , ,  -r-r5 nm for Ci l( '  r :ru,r-rcsccnr  nrc : lsurcnrcn, t r  

l : - r .  medc in  p l t  r0  bu i fc r  which was prcprr rcdbv d i lu t ion o f  -56 p1-  or '0  0-5 rv t  sod ium u i* , ru" r . i . ; ; i ' i l f ;  n r r  o i0  |  l r l  sod iu rn  hyd r , x i dc  ro  r00  n r [ -  w i rh  d .ub ryd i s t i i l cd  wu re r .  I - hc  .l lu ' rcsccncc o l  thc  bu[ [cr  w: rs  (0 .  r% of  typ ic l r  v l rucs obt l inc t r  l - r .nrt h c  r r s s l \ .  . S o l u t i o n s  o f  N t l { C  a n d  C l t C  ( I  6  X  I 0 - 5  l \ l )  r r s ; g , 1 , 1 1 1 1 g
l l t  r (x )n t  tcntpcr i l tu rc  f t t r  scr .cra l  n tonths and *crc  usctJ  i rs  pr r r l . rn ,r t . t n t i , r r d : .  l r r csh  so lu t i r ) ns  \ . { c r c  p r cpu rc t i  n r r . , n l h l r  t o  i nsu rc , i l . ; . ' ; ; , ,
n r r  rJccrc : rsc  in  thc  f luorcsccncc of  thc  s t . rndr r rd .  T i rc  c l r l ib r ; r t i , ) ,  .  r i : . ,c ,o l ' \ f  l l C  a n d  c l t C  u c r c  r i n c r r r  i n  t h c  r . r n g c  3  x  r 0 r :  I  x  r 0 ,  r i r , , , i .e l t i c s , i  r r r l .  t t  r t  x  l 0 - j  s  x  I , r - )  \ l r  l h c  f l u , . , r c \ c s n t  i n t c p ,  r . ,  r r r , j
c r r ) r r r i r ) ' s [ 1 *e t r ; l  o f  t hc  c r l r r r r r i l . n \  $c r c  unc l ' f c c t c r l  b r  hc , r r r n * , ,  . , ,  , . ' , . _ .
r r r  |  0  \  l l C l , r t  l 0 t )  o C  l ' , r r  l {  h .I ' [ - - c ' o N l l \ l l : .  p E  c o : c ' r l r  r r , r s  i n r r ' c - r , c , l  i n  J ( )  n r L o f  h r d r i .z rnc  h ' d r l t c  i n  l r  n i t r r r gcn  l t r n . sphc rc  l r nd  t hc  r c . r c t i . n , * r . r  ; - ' r , "t . r incd. r t . l0  oc r i r r  2- l  h .  l 'hc  f i r r r r  \ \ .s  rcnro 'cd und * r rshcc i  thrcc  t rnrcsr r i t h  * i l t c r ,  t \ \ i c c  w i t h  c t l r . r n o l .  a n c i  t u i c c  w i t h  c t h r l c t h c r .

I 'E - ( 'ONr .  PE-CO\ l t \ l l .  uas  j n r rnc rsc , l  i n  - t _ r ' " . r L  
" f  

co l t j .  I  , l\  t { c l '  a n d  I  r n r -  o f  J  0  \ f  a q u c o u s  N . \ o 1  e d d c d .  T h c  r c a c t r , r nn , \ t u r c  * l r s  s * i r l cd  f r r r  sg1 ,g ; , ;  s cc t l nds  an t i  t hc  f . i  l r n  *as  a l l owc t l  t L ts t . tnd f 'o r  -5  n t in .  Thc i i  l r r t  r ras  re l rovct j  ar td  r r r rshcd," r i th  co ld  \ \ , .1  tc r( t * icc)  and acc ' tonc-  Thc s : rnrprc  r ras dr ic .d  t l rc rn ight  in , , .acu<. r  (0 .0( )_s1- .1 f  i  Thc i i ln r  \ \ ' ,s  f  r ( ) tcc tc t l . l ' ronr  c \posurc  to  l ight  dur ing thcs,_ .t t l r t r t ipu la t ions.  Upon pro longcd s t lncJrng or  r r ;1p11i1-1g.  thc  acy l  az ide( l  l - 10 ,  1720  cn r - l )  r . . , r r r , r n , l cd  t '  t hc  i s r . , c1an . r t c ,  pE_NCO (2190crr r  -  I  ) .
3-carbor l  -7-hr  dr , r l  c run*  r in . '  2 .  J -  I ) i  h1 d  ro  r  r  bcnza lc rch r  dc  r ,

1 t r . 9  r .  - 50  n rmo l ) .  d i e th l l r r r . l onu re  ( f i  l i  g .  5 , j  mn ro l ) ,  and  ZO ' , r . , i ' t , ir tbso lu te  e thanol  u ,crc  c t tnrb incd in  a  -5Q_n. ,L  round_bot tomcd f lesk.l i o i l o r r  i ns  add i t i on  o i  p i pc r r t l i nc  ( ( ) . _ r  m  L )  l nd  . . " , i . - u r - , j ' i SO  ,  f  t .t hc  so lu t i on  was  re f l u re -d  f ' o r  i  h .  A i t c r  ncu t ra r r z i ng  t hc  ho t  p roduc tnr \ turc  u  i th  I  rnL o [e l . rc i r r l  i l c r t ic  ac id ,  .10 rn [ .  o f  n , r t  
" " r . r .  iOO "C fwus  a .ddcd .  Upon  s tand ing  a r  0  0c ,  r ong .  nc : r r r v , co ro r ress  n . i o r . r . . , t .J -ca rbct.hoxv' 7- hy d rory co u nra r i  n precipi ta tctr ' t , , ,  p 

-r 
oi -  r 'o-q. s .  c rA s5go1d recry'stai l izat ion fronr 8o niL of Eror r/ i rrb l i l  uy uorun.,. l.v'icldcd 1.2 g (t 8 *T:i, 39,11 qf nearty .or"rii.r, i l;;r, i ip | 7 r .0-l 7 l ' 5 ^ " c  ( l i t .  n rp t t  r  65  -  t 70  " c ) .  t { yd ro rys i s  o f  t hc  coumar in  es rc ru as cffccred by brief ly warming rhc ester ( i  f  .z e, 50 *;; i f ; i th JOt)mL of 0'5 N NaOlJ. l ! .L cooring, this sorution was added ro 200 mLoI  r ' igorous ly  s t i r red r .0  N HCr. -Thc amorphous ye i low prec ip i tarc

t r l t s  t r l t t t s f c r r cd  w i th  ' ' r r sh ing  t t l  a  l 0 -n i [_  i o lun tc t r i c  I ' l l r sk  l r i t t j  l . r , , r ; - : h l
t , )  t L ) l u m c  u i t h  p t {  I 0  b u f  i c r .  F l u o r c s c c n t  r c . r d i n g s  \ , , c r c  [ , i l c .  r i r r .
n t c d i a t c l t '  f o l l o $ i n g  c o n r p l c t i o n  o l ' t h c  f l n l l  t i r l u t i , r n .  ; \ l l  v l l u c s  i r r  i i r i s
n , l n c r  l l r c  t h e  m c a n  o f  a t  l c a s t  t w o  s l r n r p l c s  r v h o s c  d c y i . r t i t t n  l r , , n r  l h c
n r c . l n  \ \ l s  o f t c n  l c s s ,  b u t  n c v c r  i n  c x c c s s  o f  *  I , i , \ ,  l n  c l l , i c \  *  h c r c  t h c
r l t l ucs  d id  no t  ag rce  t ( )  w i th in  *  I -5 , ' u  ( ( - i , \ ,  o i ' t hc  to t . r l  n l c r r s r i i - c r i )dn t i ) .
t hc  r r ssav  was  rcpc l t t c -d .

B .  r l easurcn r t ' n t  o f  ( ' a rb rn l l  I l r d raz ide  s i te  Dens i t i cs  o f  P r - -
C ' O , \ . . l l \ t 1 2 . , \  c i r c l c  ( l . l - c n r  d i a m c t c r )  o f  p E - . C O N H N I { 1  u r s
p l . r ccd  in  5  m L  o f  a  so lu t i on  o [  3 -ca rbon l  l ch lo r idc  7 -ace ry l cou r i r r r i n
( 1 2  m g / m L )  i n  w a r m  a c e t o n i t r i l e  ( 1 5  . C ) .  A  d r o p  o f  t r i c r h y l . r n r i n c
u  as  addcd ,  and  thc  reac t ion  n r i x tu rc  ma in ta ined  a t  .15  oC fo r  3  h .  Thc. . s ! ,  q v v v u r  q r u  r u u  I  s . t u u u l t  n i l x t u r C  m a l n t a l n e
f i lm  was  removcd  and  washed  w i th  acc ton i t r i ti t r i le  ( three t inrcs)  and d i '
c thy l  e ther  ( thrcc  t imcs) .  Ext ract ion,  hydro l1 , . is ,  and f luoresccnt
mca\urcmcnts were pcrformed in thc manne r discribcd for thc asstl '
o l  I ' l :  CO: l l  exccp t  t hc  l r l t J ro l l s i s  t i n r c  * l s  . l g  h .  
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