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Location and Mobil i ty of Functional Groups at the

Surface of Oxidized, Low-Density Polyethylene Film

James R. Rasmussen,l" David E. Bergbreiterr lb and George M. Whitesides*

Cont ribut ion from t he Depart ment of Chemi st rv, M assac huset t s I nst itute of
Technology, Cambridge, Massachusetts 02139. Receiued October 18, 1976

Abstract: Samples of low-density polyethylene film modified by introduction of surface carbonyl hydrazide groups (PE-
CON HN H2) react with 4-thiocyanato-2,2,6,6-tetramethylpiperidin- l  -oxyl and 5-dimethylamino- l  -naphthalenesulfonyl chlo-
r ide to yield spin-labeled (PE-CONHNHCSNH-TMPO) and f luorescence-labeled (PE-CONHNH-DANS) f i lms, respec-
t ively. Polyethylene acid chloride (PE-COCIISOCI2]),  prepared by treatment of PE-CO2H with thionyl chloride, reacts with
4-amino-2,2,6,6-tetramethylpiperidin-l-oxyl in high yield. Fi lms prepared by this method (PE-CONH-TMPOITMPO]) are
contaminated with material not covalently bonded to the surface via an amide l inkage, and. apparently, generated by reaction
of thionyl chloride (or an impurity in the thionyl chloride) dissolved in the polyethylene with the primary amine. Extensive
washing of the surface of f i lms prepared by reaction of amines with polyethylene containing thionyl chloride using common
organic solvents removes l i t t le of the contaminating material;  extract ion of the f i lm with hot 2-propanol removes most but not
al l  of i t .  Several experiments demonstrate that groups attached to these PE-CONHNH2 f i lms via carbonyl hydrazide moieties
react with aqueous reagents which are insoluble in polyethylene, and establ ish that the label ing groups are located predomi-
nantly at the polyethylene f i lm surface. Immersion of nitroxide-labeled f i lm in 0.1 M aqueous sodium ascorbate solut ion (pH
6.8) for 5 h reduces the intensity of the ESR signal of the f i lm by )857o1 treatment of the f i lm with 3.0 N aqueous HCI reduces
its ESR signal intensity by 70-95%. The f luorescence emission maximum of PE-CONHNH-DANS ial ls at 468 nm when the
fi lm is dry; in contact with water, i t  shif ts to 510 nm. Aqueous 1.0 N HClquenches the f luorescence almost completely. Both
observations are compatible with local izat ion of the dansyl groups at the polyethylene-water interface. Treatment of PE-
CONHNHT with cold, aqueous nitrous acid rapidly generates the corresponding acyl azide (PE-CONr). This material,  in
turn. is rapidly hydrolyzed by aqueous 1.0 N HCl. In contrast to PE-CONHNHCSNH-TMPO, the nitroxyl groups of PE-
HITMPO] (prepared by react ion o f  po lyethy lene conta in ing d isso lved th iony l  ch lor ide,  PE-H[SOClz] ,  w i th  H2N-TMPO)
are not reduced by 0.I M aqueous sodium ascorbate or 3 N aqueous HCl. The effects of temperature and organic solvents upon
the mobil i ty of nitroxyl radicals bonded to surface-functional ized polyethylene indicate that the nitroxyl groups experience
l i t t le restr ict ion to free rotat ion when the f i lms are in contact with organic l iquids. Rotation of the nitroxyl groups of dry f i lm
is more hindered.

The preceding paper describes a method for generating
carboxylic acid groups at or near the surface of low-density
polyethylene fi lm by oxidation.2 The present paper provides
evidence that the carboxylic acid moieties of the functionalized
film (referred to as PE-CO2H although ketones and aldehydes
are also present) are located at the surface and are accessible
to reagents in a solution in contact with the fi lm. In addition,
the mobil ity of derivatives of these functional groups, both on
dry film and on film in contact with liquids, is examined. These
studies required reliable techniques for attaching functional
groups to PE-CO2H. The procedure that initially seemed most
direct for coupling nucleophiles to the carbonyl moieties of
PE-CO2H converted carboxyl groups first to carbonyl chloride
moieties with thionyl chloride, and then to amides by reaction
with amines. These transformations do in fact take place in
good overall yield, as judged by ATR spectra which demon-
strate high conversions of -CO2H to -CONHR groups. This
coupling sequence is, however, complicated by a second, non-
specific, thionyl chloride dependent process, which does not
involve the carboxyl groups and which binds the amine in the
polyethylene. Evidence that this nonspecific binding of amines
to polyethylene is caused by thionyl chloride dissolved in the
film is discussed later in this paper. Since we refer to reactions
of polyethylene containing dissolved thionyl chloride frequently
in what follows, we indicate the presence of dissolved material
w i th  square  brackets :  e .g . .  PE-HISOCl r ]  (o r  PE-CO-
Cl ISOClr]  ,  i f  appropr iate ) .  The mater ia l  obtained by t reat ing
PE-HISOCl r ]  rv i th  - l -amino-2 .2 .6 .6 - te t ramethy lp iper id in -
l -oxyl  (H2N-TiVf PO) wi l l  be referred to as PE-HITMPO],
and that f rom PE-COCI[SOCI2] wi th H2N-TMPO as PE-
CONH-TMPOITMPO] .  PE-CONH-TMPO[TMPO]  ex-
tracted with 2-propanol to remove noncovalently bound TMPO
species is designated PE-CONH-TMPO. The occurrence of
th is binding diminishes, but does not nul l i fy  the value of  the
coupl ing of  surface -COCI groups with amines as a method
of coupl ing organic groups to polyethvlene: in many appl ica-

tions the noncovalently bound material may not interfere,
particularly since most of it seems to l ie beneath the surface
of the polymer (vide infra); if i t does interfere, much of it can
be removed by extraction. The nonspecific binding does,
however, sufficiently complicate both the execution and in-
terpretation of experiments based on reactions of thionyl
chloride treated PE-CO2H with amines that it was desirable
to have a second, independent method for covalently binding
molecules to PE-C02H, and important that applications of
this method to unoxidized polyethylene produce no bonding.
The route developed for this purpose relies on the coupling of
the nucleophil ic nitrogen of an acylhydrazide (in this instance,
of PE-CONHNH2) with an acid chloride or other reactive
nucleophi le (Scheme I) .

To use polyethylene films whose surfaces have been modified
by synthetic sequences of the type outl ined in Scheme I for
studies of the effect of the surface chemistry of this polymer
on its properties, it is f irst necessary to establish the location
of the carboxylic acid groups relative to the surface: are these
functional groups localized at the surface, or are they distrib-
uted between the surface and the bulk of the polymer? An
answer to this question requires a definit ion of the word
"surface". We have adopted an operational approach to de-
termine the distribution of functional groups between the
"surface" and "interior" of the polyethylene: if the functional
groups interacts tt ' i th a reagent w,hich vtould be expectetl to
be insolttble in bulk polv'eth.v'lene, and which is dissolued in
a soluent (e.g., water) that does not swell polvethylene, v")e
consider it to be a "surJ'ace" group.

No instrumental  techniques now avai lable can determine
direct ly whether the funct ional  groups of  PE-CO2H and i ts
derivatives are fully exposed at the surface or buried in the
polymer. ATR IR spectroscopy can provide an estimate of the
l imit ing depth of  a funct ional  group in a f i lm,3'a but s ince the
infrared radiat ion penetrates approximately one-quarter the
wave length  o f  the  observ ing  l igh t  ( -1200 nm a t  1700 cm- l )5
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into the film, it is not possible to localize a species at the surface
with th is technique. ESCA6 samples approximately the out-
ermost l0 nm of the polymer and Auger spectroscopyT.8
somewhat less (usually l-2 nm depending on the kinetic energy
9i  lhg exci t ing elecrrons).  These sampie depths would al io
include both surface and bur ied funct ional  groupr.  Further,
sur.face charging, damage to the surface from ihe exciting
radiat ion and from local  heat ing,  and di f f icul t ies in quant i ta-
tive analysis l imit the value of these techniques for polymers.s
Electrochemical techniques are not applicable, slnce poly-
ethylene is an insulator.  LEED cannot be used because the
surface does not have the required crystall ine order.

This paper describes several indirect chemical and spec-
troscopic procedures for discriminating between groups located
at the surface and in the bulk of  the poryethylene f i fm. These
procedures are based on the premise that if a polyethylene fiim
is brought into contact  wi th an aqueous solut ion oi  u *ut . r -
soiuble,  hydrocarbon- insoluble reigent,  react ion (or interac-
t ion) of  th is reagent wi th polyethylene funct ional  groups wi l l
involve only those groups located at the surface of the polvmer.
Thus, the terms "surface" and "polyet.hyrene-water inteiface"
are used interchangeabl,v.

The techniques used to establish the location of the func-
tional groups of derivatives of PE-co2H also serve to explore
the mobi l i ty  and accessibi l i ty  to solvents of  these funct ional
groups. These characteristics are important for two reasons.
Fi.rst, the stabil ity of a functionalized surface depends (inter
al ia)  on the rate at  which the thermal movementsof the poly-
mer chains transport surface groups into the bulk of the pol!-
mer. Second, the chemical reactivity of functional groups on
polymers depends on their solvation by the reaction medium.
The stability and reactivity of function alizedsurfaces thus are
inlluenced .by, and reflect, functional groups' solvation and
nrobil ity.e-l I It was possible to derive information about both
solvation and mobility from the study of spin and fluorescence
labels attached to the surface groups.

Results and Discussion

Reaction of polyethylene containing adsorbed or dissorved
thionyl chloride with an amine results in firm, but not covalent,
binding of  the amine in the polymer.  In i t ia l  studies designed
1o_deyglop a reaction which would couple primary aminis to
PE-CO2H used the stable radical  4-amino-2.2.6.6-tetra-
methylpiperidin- I -oxyl (H2N-TMPO) as reactant. PE-CO2H
was treated with th ionyl  chlor ide,  washed with rH F. t reated

PE-CONHNHSO,R

R C O C I .  T H F

PE_CONHNHCOR

with H2N-TMPO, and washed with rHF, water, and acetone.
The resul t ing f i lm exhibi ted an easi ly detectabre ESR signal :
covalent binding of  H2N-TMpo ro the f i rm u,as conf i imed
bv the  presence o f  an  amide l inkage in  the  ATR IR s igna l
(Figure I  ) .  when the sequence of  manipulat ions was repei ted
using unoxidized polyethylene f i lm (pE-H) rarher rhan pE-
co2H. an ESR specrrum having indist inguishable shape and
-600/o of  the intensi ty of  PE-CONH-TMpOITMpO] u,as
obta ined (F igure  l ) .  The sp in  labe l  re ta ined in  pE-H (and
presumably a significanr portion of that retained in pE-co2H)
fol lowing this react ion sequence is not speci f ical ly bonded to
carboxvl  groups bv covalent amide l inkages. The species and
react ions responsible for  the incorporat ion of  amine moiet ies
into PE-Hlsocl2]  have nor been establ ished. Several  obser-
vat ions are,  however.  central  to the use of  th ionl ' l  chlor ide as
a method for converting carboxyl groups on pE-co2H to acid
chlor ide moiet ies.

(  I  )  I f  PE-H is  t reared  w i th  H2N-TMpO u, i thour  p r io r
exposure to thionl' l  chloride. the quantity of spin label retained
on the fi lm is <5olo thar detected when it has first been treated
with th ionyl  chlor ide.  Adsorpt ion of  H2N-TMpo in the ab-
sence oi  th ionyl  chlor ide is thus only a minor problem.

(2) The major part  (80-90Vo) of  the spin label  in pE_
HITMPO] and presumably of  that  included nonspeci f ical l '
in PE-coNH-TMPOITMPo] can be removed br,'extraction
with 2-propanol  (however,  see below).  Extract ion of  pE-
coNH-TMPo[TMPo] also resul ts in the loss of  covalenr l ; ,
bound material. since a decrease (20-30vo) in the intensity oi
the amide absorpt ion is detectable by ATR IR.

(3) PE-H retains dissolved thionyl  chlor ide tenaciouslr , .
Fi lm which has been treared with i iquid th ionyl  chlor ide for
60 min at room temperature, and then exposed to vacuum
(0.005 Torr)  for  24 h ar 70 oC st i l l  b inds appreciable H2N_
TN4PO (Figure I ). The ESR signal intensity of polyethyi.n.
f i lm obtained by al lowing H2N-TMpO to react wi th-pE_
H [SOCI2] that has been soaked in water for I h at room r.em-
perature is 507o that of  PE-H[TMpo].  Extract ion of  pE-
H [socl2] with hot 2-propanol for several hours does, however,
el iminate i ts react iv i ty toward H2N-TMpO.

(a) The species resulting from reaction of dissorved thionyl
chlor ide wi th H2N-TMPO seem to be trapped beneath the
surface.of the polymer: PE-H ITMPO] is strongly hydropho_
bic,  and the TMPo-containing substances do not react wi th
reagents which reduce TMPO moiet ies covalent lv bonded at
the surface (v ide infra).
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(5) Thionvl  chlor ide samples obtained from di i ierent sup-
p l ie rs  p romote  the  b ind ing  o f  rmines  to  PE-H [SOCI2 ]  to
di f ferent degrees. PE-H [TMPO] f i lms which have adsorbed
re la t i ve lv  la rge  amounts  o iTMPO moie t ies  re lease approx i -
mately '  the same quant i tv of  n i t roxide when extracted as do

i  
pg-Utf lvtpOl i i ims containing far ferver TMPO groups:
consequent lv .  thev re ta in  more n i t rox ide af tc r  er t ract ion.  Th is
behav ior  tugg. t t i  that  a t  least  two d is t inc t  processes are re-

i  lPons ib le  fo r  the  b ind ing  o f  amines  to  PE-HISOCI ]1 .  F i rs t .
i : in  a l l  f i lms ,  d isso lved t [ lonvL ch lo r ide  and/or  a  hvdro lvs is

product (e.g. ,  HCI) reacts wi th H2N-TMpO to pioduce a
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Figure t.  . \TR IR and ESR spcctra indicate rhal rcncrion of PE COCI[SOCIl]  .rnd Hr\ T\ lPOprocccdsinhigh]icid.b.uldisdl!cdrhnlr\ ichk)r idc'
1o i impu r i r i c s i n rhc th ion l l ch lo r i de )causenonspec i i i cb ind ingo fHz i  T iVPOro rh i s rnd tounox id i zcdpohc th r l ! nc l i l n r :  . \ . . c l c r cncc  t pce l r l  o l
pE -CO, t t ,  B .  ee  COXf i - r r t eO l rMpo l :  C .  iE  CO. \H  f l tPO (B " * r . r c r cd  f o r  l sh \ i t h l - p ropxno l ) :  D .  r e r i r cnec  ' I ce t r : t  t i l  P I - l  F l :  ! .  PE

tt1SOCil l :  r ' .  t 'on'I} l i 's ion tR specirum oi ihion!lchloridc: c. PE HITMPO]: H. PE HIT!lPOl crrrrctcd l i rr  I8 h $ rrh hot l-pft)p.rn, ' l :  I .  Pt l  Fl

im rne rseJ - to | . t h i n0 .05MHrN-TvPOinTHF.end then rva rhedw i rhTHF :J .PE  H  ISOCI ] l  exposcd  t o  v : t cuu  (0 ( J jTo r r I  r r r ; ( ) ' (  l i r r l l h  nd

thcn rfe: ed with 0.05 M HrN-TM PO in TH F rnd washed wilh TH F.

f,oncotalenrlr '  attached nitroxide species that is uneffected by'
tuper f ic ia l  washings.  but  that  can be removed by v igorous
i l l t rac t ion.  Two such poss ib le  spec ies are the amine h1, 'dro-
Gh lo r i de  and  t he  su l f i n im ide  de r i va t i ves  o f  HzN-TN{PO. , ,

cl .  an impuri ty in the th ionyl  chlor ide may oxidize the
hylenc and produce a react ive species that  is capable of

oea/en t l r 'b ind ing  H2N-TMpO to  the  f i lm. r3  For  example ,

l l tu l l l  ch lo r i t l c . - ,  . * *on  impur i ty  in  commerc ia l  th ionv l

r v i t h  -COCI  mo ie t i es .  I f  so lu t i ons  o f  t h i onv l  ch lo r i de  wh i ch

m i n i m i z e  a m i n e  b i n d i n g  a r e  u s c d  t o  p r e  p a r e  P E - H I S O C I z ] '

the adsorbed nuc leophi le  can be rentoved a lmost  complete lv

b-v . '  ex t ract ion rv i th  ] -propanol .  Th is  procedure s t i l l  p rov ides

a  use fu l  me thod  o f  de r i va t i z i ng  t he  ca rboxy l  g ro t t ps  o i  PE-

COrH .  None the less .  t he  unce r ta i nn  conce rn ing  t he  compo-

s i t i on  and  l oca t i on  o f  t he  p roduc t ( s )  o i  r eac t i on  o f  d i sso l ved

th iony l  ch lor ide rv i th  the nuc leophi le  and the need for  extens ive

extraction at elevated temperatures to remol'e the large amount

of  noncovalent ly  bound mater ia l  ( rv i th  l t tendant  uncer ta in t ies

conce rn ing  t he  s tab i l i t y  o f  t he  po l , v -mer  su r face ) .  a l l  i nd i ca te

that  i t  is  impor tant  to  have another .  bet ter  def ined.  procedure

with which to form derivatives of the surface carboxl ' l  moiet ies

o f  P E - C O I H .
Carbony l  h- ' -draz ides (PE-CONHNHl)  prov ide the bas is

of  a  usefu l  method for  cova lent  der ivat izat ion o i  PE-CO:H'

Of  the severa l  approaches l6  exp lored to  c i rcumvent  the d i f -

f icu l t ies  apparent  in  us ing th ion l ' l  ch lor ide to  act ivate  the

carboxy l  groups o i  PE-CO.H.  the most  successfu l  invo lved

preparation of polyethylene having surface carbonyl hydrazide

mo ie t i es  (PE-CONHNHT)  by  t r ea tmen t  o i  PE-CO2H i v i t h

d iazomethane in  e ther .  fo l lo rved by hydraz ino lys is  o f  the re-

su l t ing ester  groups rv i th  hydraz ine hydrate  (Scheme I ) .  A l -

though PE-CO2CH3 obta ined by t reatment  o f  PE-CO-

Cl [SOClr ]  w i th  methanol  was super f ic ia l ly  ind is t ingu ishable

(as judged by ATR IR spect ra)  f rom PE-COTCH-1 $enerated
b r  t hC  C i : t z r tmCth l l nC  n rOCcd t t r c .  t hc  l l t t t c r  po rq t . i t ) f l  s c r . l l . lCnC t

\ \ i r . r  C ; i 1 r i i ) r cd  bcc lu \ c  i t  u5c \  l - l  c i i c r r l i c l r l l r  - i l l l l l l e  .  l r r gh - r  r e  l t :

r e t l c t iOn  u .nd  i s  no l  co rnp l i c l t c c j  b r  t hc  p resence  t l l ' d i ss t r l ' '  c t j

t h i o n l  l  c h l o r i d e .  I - { r d r a z i n e  h " ' d r a t e .  u n i i k c  t h i o n l  i  c h l o r i d c .

i s  immisc ib l e  r v i t h  hyd roca rbon  so l vcn t s  and  shgu ld  no t  sw 'e i l

o r  d i sso l ve  i n  po l ye thv lene  f i l r n .  Suppo r t  t ' o r  t h i s  a rgu rnen t  i s

der ived f rom the observat ion that  a  smal l  popula t ion o f  the

ester  groups (10-20o, /o)  o f  PE-COrCH.r  appear l  1o.  be inac-

cessible to th. hydrazine since they do not react rvi th i t  (Figure

2 )
PE-CONHNH" is  a usefu l  s tar t ing mater ia l  for  modi f i -

or idc t {  i s  known to  su l foch lo r ina te  a lkanes . r t  TMpb
:: l*  bt)und to polyethylene via a sul fonamide l inkage

lu to  not  bc c ls i ly  ex t racted.

.Tf  l : tu : ,1  i t lcn i i ty  o f  the compound(s)  which t raps aminespolvet h y lcn.,,nJi n-. ;;,"* ;i ;; ;&.;;j'r rnr ib a.ri"-

\ \  c  c t rn ( .111q1 , .  1 .: r r - *  . -  
s r ' l r r \  I r l ( l ( '  l ronr  these observat ions that  th ionv l  ch lor ide

l . [ f  
t \ nvc r t  l l l ( ' c l r r hoxv l i c  r c i d  mo ie r i es  o f  PF -Co"H  ro  ac i c ]$rt.;rie* 

',11,: ' ] l '  cltrboxylic acid moieties of PE-COrH to acid
r l ^ - . - " " .  " t t r  l l t ; t l  t l r i o n v l  c h l o r i r l e  o r  3  c o n t a m i n : r n t  i n  i t  l l s oth ionyl  chlor ide or a contaminant in i t  a iso

, ' -Trl ' ' ' ' " , . ' ' , . i , . .  i i th polyethylene to a signi l icanr exrenr.
lill:l :1 i :l ;i ri i,lilllrll, Ii,'J;i s  a l lowed to  react  rv i th  an amine.pruJuct o l  r ( ' i r ( r t i , r n  o i  t he  am ine  w i t h  t h i on r l  ch lo r i de  i snt in,r'.r,,,,,,,,,'u"J;,il*i".iliiT;,;;:'i;H:a ;::'i:;ff";



PE-CONHNH2 
' i __

' - _ . ' . - . . F

l /

i
A  1 . -  -

: . t,')

,ao^ '  I  ' ^ .

T ' m g .  h ,  
)  = t  )  / a

.  ,9 , ,

T[,fpa f. tr :-
|  \ /

' 
,-\. l/

' t  A

/ / '  \ i

I

\  '  ? , , ,  a a

' \  ' - : ' - r -

i

\  i  |OO/C

l r

taan  )
' r ' l - _

,'=-\
,+7"  /

r  o -

r 
,--*

l l  \ r € 5 C

, ro^ -J -  
azc

t ' . .
3soo 3ooo 

:::,."., ,:o"T 
'5oo 'ooc

Figure 2.  The extent  of  conversion of  the carbonyl  hvdrazide groups of
PE-CON HNHr  to  de r i va t i ves  i s  de te rm ined  bv  t rea t ing  rhe  de r i va t i zed
f i l m  w i t h  n i t r o u s  a c i d  a n d  b v  c o m p a r i n g  t h c  r c m a i n i n g  i n t e n s i t ) ' o f  t h e
carbonv l  hvd raz rdc  absorbance  w i th  tha t  o f  un reac red  PE-CONHNH: .
A T R  l R  s p e c t r a  o i :  A .  P E - C O N H N H : :  B .  P E - C O N H N H 2  r r e a r e d  f o r
5  m i n  w i t h  c o l d .  a q u e o u s  n i r r o u s  a c i d ;  C .  P E - C O N H N H - D A N S ;  D .
PE-CONHNH-DANS r rea ted  fo r  -5  m in  w i th  co ld ,  aqueous  n i r rous  ac id ;
E .  B  hyd ro l vzed  w i th  I  N  HCI  a r  3 -s  oC fo r  I  h .

cat ion of  the polymer surface, s ince hydrazine moiet ies react
readi ly wi th electrophi l ic  reagents.  For example.  PE-
CONHNH2 immersed in  an  0 .1  M e thano l ic  so lu t ion  o f  4 -
th iocyanaLo-2 ,2 ,6 ,6 - te t ramethy lp iper id in -  I  -oxy l  (SCN-
TMPO) produced the  n i t rox ide- labe led  f i im,  PE-
CONHNHCSNH-TMPO.  Max imum cova len t  labe l ing  u ,as
obtained af ter  I  h at  35 oC: longer reacr ion t imes or higher
react ion temperatures (70 'C, I  h)  increased the intensi ty of
the ni t roxide ESR signal  of  the f i lm onl l '  s l ight ly,  and this in-
crease could be accounted for bv adsorption of SCN-TMPO
in to  the  f i lm.  Ex t rac t ion  o f  PE-CONHNHCSNH-TMPO
with 2-propanol for 8 h produced an approximately' 30o/o de-
crease in ESR signal  intensi ty.  The extractable TMPO
moieties could be either noncovalently adsorbed in the fi lm or
attached to short-chain polyethylene chains which are soluble
in hot 2-propanol .  The lat ter  possibi l i ty  appears more l ikel l ' :
i f PE-COzCH: is extracted with 2-propanol prior to conversion
to  PE-CONHNHCSNH-TMPO (Scheme I ) ,  <  l0o lo  o f  the
TMPO moieties of the product are removed by extraction with
2-propanol  for  8 h.  r7 The ni t roxide groups of  PE-
CONHNHCSNH-TMPO which  are  no t  removed by  ex-
tract ion appear to be covalent ly bonded to the f i lm. The con-
clusion that extraction removes TMPO groups attached to
short  polyethylene chains was supported by control  exper i -
ments using PE-H: the ESR signal  intensi ty of  PE-H which
had undergone the same reaction sequence was <5olo the in-
tensi ty of  the s ignal  f rom PE-CONHNHCSNH-TMPO and
1lo/o the intensi ty of  the s ignal  obtained from PE-
H [TMPO] .

Treatment of  PE-CONHNHT with dansyl  chlor ide y ie lded
a f i lm (PE-CONHNH-DANS) having covalent ly at tached
dansyl moieties. Extraction of the fi lm with hot 2-propanol
produced approximately a 4oo/o decrease in the number of at-
tached dansyl moieties (as measured semiquantitatively by the
intensity of f luorescence emission from the fi lm). As a control,
PE-H was exposed to dansyl chloride using reaction conditions
analogous to those developed for PE-CONHNHz. The re-
sulting material showed 5-l0o/o of the fluorescence observed
for unextracted PE-CONHNH-DANS. After extraction with
hot 2-propanol, no appreciable fluorescence remained.

It was difficult to assay for the completeness of the reactions
leading to dansyl  and TMPO der ivat ives of  PE-CON HN H2
by direct spectroscopic examination of the fi lm, since the ATR
IR frequencies of  the newly introduceci  groups were not suf-
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Figure 3. The extent of reaction between an alcohol and PE-COCI deprends
on the steric bulk of the alcohol. The ATR IR spectra are of fi lms obtained
by al lowing PE-COCIto react  wi th a lcohols (ROH) at  room temperature
for  the indicated t imes.  The react ion v ie lds were est imated bv compar ing
t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  e s t e r  ( 1 7 4 0  c m - r )  a n d  a c i d  ( 1 7 1 0  c m - r )
carbonvl peaks with those obtained from transmission IR spectra of known
mixtures of  stear ic acid and meth_vl  stearate.  (Al lowance was made lor
the absorbance f rom lhe ketone carbonvls - - - ,  present in PE-CO2H.)  The
I  R spectrum of  stea r ic  acid contains a shoulder at  I  750 cm-l  which is  due
to  ac id  p resen t  as  the  monomer .

f ic ient ly intense to be useful .  Instead, PE-CONHNH-TMPO
and PE-CONHNH-DANS were  t rea ted  w i th  n i t rous  ac id
under  cond i t ions  wh ich  genera te  PE-CON:  (and PE-NCO)
from PE-CONHNH2.I  These condi t ions appear ro consume
the carbony l  hydraz ide  moie t ies  o f  PE-CONHNHz guant i -
tat ively as judged by the disappearance of  the carbon- ' , - l  hy-
draz ide  absorp t ion  a t  1650 cm-r  f rom the  ATR lR spec t rum
( F i g u r e  2 B ) . T h e  c a r b o n y l  h y d r a z i d e  g r o u p s  o f  P E -
C O N H N H C S N H - T M P O  a n d  P E - C O N H N H - D A N S
ri 'h ich give r ise to an absorpt ion at  1650 cm-l  af ter  t reatment
of  the f i lm with ni t rous acid are assumed to be covalent ly
bonded ro  a  TMPO (DANS)  moie ty .  Compar ison o f  rhe  in -
tensi ty 'of  the 165O-cm-l  carbonyl  hydrazide absorpt ion f rom
ni t rous  ac id  t rea ted  PE-CONHNH-TMPO and PE-
CONHNH-DANS wi th  tha t  f rom PE-CONHNH2 suggesrs
that approximately 204AVo of  the carbonyl  hydrazide groups
of  PE-CONHNH2 reac t  and fo rm der iva t ives  w i th  SCN-
TMPO and dansy l  ch lo r ide .

A svstemat ic invest igat ion of  the factors which determine
the yields of  der ivat ives of  funct ional  groups on the surface of
polyethvlene has not been conducted. A series of observations
suggest.  however.  that  incomplete react ion is at t r ibutable in
part  to ster ic requirements around the surface funct ional i ty
on polyethvlene f i lms. Methanol  converts PE-COCI to the
ester der ivat ive in I  h in >90o/o y ie ld (Figure 3).  Larger alco-
hols react wi th increasing di f f icul ty,  and very bulky alcohols
such as cyclohexanol  g ive ( l0o/o of  the ester product af ter  a
24-h react ion.  Unreacted acid chlor ide moiet ies (  I  810 cm- r)
are v is ib le in the ATR IR spectra of  these f i lms (Figure 3).
Strong nucleophi les can overcome the ster ic di f f icul t ies:
H2N-TMPO converts )90olo of  the acid chlor ide groups of
PE-COCI to product (Figure l ) ,  whi le HO-TMPO is un-
react ive under s imi iar  condi t ions.

The incomplete conversion of carbonyl hydrazide groups
to product observed on react ion of  PE-CONHNH2 with
electrophiles restricts this surface modification procedure to
appl icat ions in which quant i tat ive react ion is not essent ia l .
Despi te th is l imi tat ion,  th is coupl ing has the important ad-
vantage relat ive to react ion of  PE-COCI[SOCI2] wi th nu-
cleophi les that  l i t t le mater ia l  is  nonspeci f ical ly included or
adsorbed. Extract ion to remove noncovalent l l '  bound species
is therefore not necessary for f i lms prepared using PE-conhnh2
as s ta r t ing  mater ia l .

W i t h  P E - C O N H N H C S N H - T M P O  a n d  P E -
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F igu re  .1 .  Reduc t ion  o f  the  n i t roxy l  mo ie t i es  o i  PE-CON H N HCSN H -

TMPO on  exposure  to :  0 .1  M aqueous  sod ium ascorba te .  i i lm  d r ied  16
h  ( o )  a n d  i i l m d r i e d  I  h  ( o ) :  3  N  a q u e o u s  H C I ,  f i l m d r i e d  3 6  h  ( r ) .  T h e
inse t  shows  rep resen ta t i ve  ESR spec t ra  fo r  the  l i r s t  o f  t hese  f i lms  a t  the
t imes indicated.  The vert ical  axis.  l l lo ,  is  the normal ized ampl i tude of  the
la rges t  peak  o l  t he  ESR spec t rum.  Va lues  a rc  rep roduc ib le  to  t l 0ozo .

CONHNH-DANS in  hand.  we w ished to  es tab l i sh  whether
these spin and f luorescence labels were located at  or  beneath
the surface of  the f i lms using as a cr i ter ion their  react iv i ty
torvard,  or  accessibi i i ty  to,  polar,  nonswel l ing solvents.  or  hy-
drophi l ic  reagents dissolved in these solvents.  Several  inde-
pendent  exper iments  ind ica te  tha t  the  T \ ' lPO and DANS
groups of  these der ivat ized i i lms l ie at  the i i lm surface.

Aqueous sodium ascorbate reduces the ni t roxyl  groups of
PE-CONHNHCSNH-TMPO.  Kornberg  and McConne l l
have reported that aqueous sodium ascorbate cannot reach the
inter ior  of  phosphol ip id vesic les,  but  that  i t  rapidly reduces
n i t rox ide  der iva t ives  a t  the  ou ts ide  o f  the  ves ic les . l8  I f  the  n i -
t rox ide  qroups  o f  PE-CONHNHCSNH-TMPO are  a t  the
intertace formed by the polvmer surface and water. thev shouid
be reduced by aqueous sodium ascorbate.  Figure 4 shows the
c h a n g e  i n  i n t e n s i t y  o f  t h e  E S R  s i g n a l  o f  P E -
CONHNHCSNH-TMPO as a funct ion of  the t ime for which
it is immersed in 0.1 M aqueous sodium ascorbate solution (pH
6 . 8 ) .  T h e  r a t e  a n d  e x t e n t  o f  r e d u c t i o n  o f  P E -
CONHNHCSNH-TMPO depended on the histor.v-  of  the
i i lm. A f i lm subjected to reduct ion by the ascorbate solut ion
immediately fo l lowing react ion between PE-CONHNH2 and
ethano l ic  SCN-TMPO re ta ined no  de tec tab le  ESR s igna l
af ter  3 h:  however,  a f i lm dr ied in vacuo for 36 h pr ior  to re-
duct ion contained an appreciable amount of  n i t roxide (  l0-
l5olo) which resisted reduction even after 24 h (Figure 4). The
presence of  a nonreducing TMPO populat ion suggests the
presence o f  a t  leas t  two d i f fe ren t  spec ies  in  PE-
C O N  H N H C S N  H - T M P O .  T h e  E S R  s p e c t r a  o f  P E -
CONHNHCSNH-TMPO f r lms (dry) also indicate that  more
than one type of  n i t roxyl  group is present (v ide infra).  The use
of ethanol  as a solvent for  the preparat ion of  PE-
CONHNHSCNH-TMPO undoubted ly  resu l ts  in  the  gen-
erat ion of  a surface layer in a part ia l ly  or  completeiy swol len
form. The dependence of the accessibility of the nitroxyi groups
to reagents in water on the sample history can be rationalized
i f  loss of  ethanol  f rom the swol len surface is accompanied by
d i l ' i us ion  o f  >p in  labe is  f rom thc  sur f l cc  toward  the  in te  r io r  o f
the  po l lmer .  o r  i i ' th is  loss  co i iapscs  a  th in  swo i lcn :ur l l t cc  la rc r
conta in ing  n i t roxy lg roups  in  a  fo rm w 'h ich  is  no t  read i l y  h i ' -
drated. Evidencc l rom ESR studies of  the mobi l i t l -  o l  the ni-
troxyl labeis (presented in detail below) indicates that srvell ing
of the polymer at the surf-ace on exposure of dry fl lm to solvent,
and col lapse of  the swol len i i lm when the solvent is removed.
can both require hours to go to (apparent) completion. lt is not,
in fact ,  certain that  the nonreducible ni t roxyl  groups of  the
dried fi lm are all actualiy covalently bonded to the polyethylene
carbony l  hy 'd raz ide  moie t ies .  I i  the  amount  o i  SCN-TMPO

adsorbed in to  PE-CONHNHCSNH-TMPO is  equa l  to  tha t
adsorbed in a control  f i lm (PE-H treated with SCN-TN,lPO),
up to 50o/o of  the residual  s ignal  may be from noncovalent ly
at tached ni t roxyl  groups.

In any case, i t  appears that  the large major i ty of  n i t roxyls
present in PE-CONHNHCSNH-TMPO are accessible to
aqueous ascorbate solut ion.  and thus located at  the polyeth-
ylene-water interface. ln direct  contrast ,  exposure oi  PE-
HITMPO] or PE-COzCH:[TMPO] (obtained by t reatment
of  PE-CO:CHr wi th th ionyl  chlor ide and H2N-TMPO in
succession) to aqueous sodium ascorbate solution (pH 6.8) for
24 h aL room temperature did not change the ESR signal  in-
tensi ty of  these samples.  This observat ion supports our as-
sumption that aqueous, hydrophil ic reagents are excluded from
the inter ior  of  the polvmer,  and emphasizes that the ni t roxyl
species of  PE-HITMPO] are not at  the polymer surface.

Aqueous 3 N hydrochlor ic acid catalyzes the dispropor-
t iona t ion  o f  the  n i t roxy l  g roups  o i  PE-CONHNHCSNH-
TMPO. Aqueous mineral  acid catalyzes ^ bimolecular dis-
proport ionat ion of  n i t roxy' l  radicals. le Trvo condi t ions must
be met i f  an acid solut ion is to promote the disproport ionat ion
of  the  n i t roxy l  rad ica is  o f  PE-CONHNHCSNH-TMPO.
First .  the protons must have access to the ni t roxl ' l  groups:
second. the spin labels must have a mexns to interact  rv i th one
another .  F igure  4  ind ica tes  tha t  immers ion  o l  a  d r ied  (36  h)
PE-CONHNHCSNH-T iv lPO f i lm in  3  N aqueous HCI  re -
duces the intensi ty of  the ESR signal .  As was the case rv i th the
ascorbate reduct ion.  no residual  ESR signal  remains i f  i reshly
prepared i i lms are employed. Since rve have not establ ished
conclusively that the HCI-promoted reaction proceeds entireiy
on the polymer.  rather than betrveen ni t roxyl  groups hydro-
lyt ical ly c leaved from the polymer.  i t  is  premature to infer the
proximity of  surface ni t roxyl  groups from the course oi  the
react ion.  Nonetheless,  indirect  evidence suggests that  the
disproportionation may indeed occur at the surface: f luorescein
isothiocyanate ( FITC) reacts with PE-CONHNH' to produce
PE-CONHNH-FITC, a f i lm containing a f luorescent moiety
bonded to the fi lm surface in the same manner that the TMPO
groups are  bonded to  PE-CONHNHCSNH-TMPO.  The
f luorescence in tens i ty  o i  PE-CONHNH-FITC was unet - -
fec ted  by  a  3 -h  immers ion  in  3  N HCl . r0  ind ica t ing  tha t .  fo r
th is der ivat ive at  least .  hydroly ' t ic  c leavage is s low compared
with the t ime for reduct ion oi  the ni t roxyl  groups. In anv case,
these resul ts do indicate that  the major i ty of  n i t rox, ' - l  groups
bonded to  PE-CONHNHCSNH-TMPO are  ab le  to  in te rac t
w i th  aqueous ac id .  and suggest  tha t  they  are  present  a t  the
polyethylene-water interface. As anticipated by the analogous
sodium ascorbate exper iments.  the ESR signal  of  the ni t roxyl
groups oi  PE-H[TMPO] was unaffected by a24-h immersion
in 3 N HCl.  Approximately 95o/o of  these ni t roxyl  groups are
des t royed w i th in  2  h  when a  so lu t ion  conta in ing  a  coso lvent
which swel ls polyethylene is used ( i .e. .  3 N HCI in H2O/TH F
t l t v l v ) .

Aqueous ni t rous acid rapidly converts PE-CON H N H 2 to
P E - C O N 3 .  T r e a t m e n t  o f  P E - C O N H N H 2  w i t h  a q u e o u s  n i -
t rous acid (0 oC. 5 min) resul ts in complete disappearance of
the IR absorbance due to the carbonyl h.""drazide moiety ( 1650
c m - l )  a n d  a p p e a r a n c e  o f  p e a k s  a t  2 1 4 0  a n d  l 7 l 0  c m - r ,  a t -
t r i b u t l b l c  t o  f r r r m l t i o n  o f  u n . r c r i . r z i d c  s r o u p . l  H r d r o l r s i s  o f '
t h e  l c r l a z i d e  r n o i e t i c s  i 5  c o n r p i e t e  i n  (  I  h  o n  t r c e t r n e n t  w ' i t i t
I  N  e q u c o u s  F { C l  l t  l 5 ' C  ( F i g u r e  l ) .  T h e s e  i - e a c t i o n s  a r e
compat ib le  w i th  the  readv  access ib i l i t l '  o i  the  carbon, ' "1  h1-
draz ide  moie t ies  o i  PE-CONHNH'  to  o leophob ic  reagents
in  aqueous so lu t ion .

T h e  f l u o r e s c e n c e  e m i s s i o n  o f  P E - C O N H N H - D A N S  i n
contact  wi th water suggests an environment fbr  the dansy' l
group intermediate in polarity between water and pol.v"ethylene.
The f luorescence is  quenched bv  aqueous 1  N HCl .  The f luo-
rescence Specr rum and in tens i tv  o f  dansv l  der iva t ives  is
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Figure 5.  The f luorescence of  PE-CONHNH-DAt. \S is  quenched b1'  I
N  a q u e o u s  H C I :  A ,  P E - C O 2 H :  B .  P E - C O N H N H - D A N S .  d r l  f i l m : C ,
PE-H (d ry  f i lm)  ca r r i ed  th rough  the  p rocedure  to  p reparc  PE-
CONHNH-DANS f rom PE-CONHn"H:  ( the  f l uo rescence  i s  due  to
adsorbed  dansy l  mo ie t i es ) :  D .  PE-CONHNH-DANS in  con tac t  w i th
w a t e r  f o r  I  h :  E .  P E - C O N H N H - D A N S  i n  c o n t a c t  u i t h  I  N  H C l .  l n -
strumental  set t ings were ident ical  for  a l l  spectra.

stronglv inf luenced b1'  the polar i ty of  the surrounding solvent.
For example.  the f luorescence maximum of A'-dansylglycine
shi f ts f rom ca. 575 nm in vv 'ater to 468 nm in cvclohexane. and
i ts quantum yield increases tenfold.2r The f luorescence of
surface-dansylated polyethr, lene in contact  wi th polar solvents
can thus be used to probe the polar i ty 'of  the interfacial  region.
Trea tment  o f  PE-CON HNHl  rv i th  dansy ' l  ch lo r ide  in  an  ac-
et one-\\ 'ater sol ution buffered'"r, ith sodi um bica rbonate,vielded
PE-CONHNH-DANS (F igure  5) .  A  cont ro l ,  p repared b) , '
subject ing PE-H to the same sequence of  react ions.  had a
f luorescence intensi tv approximately 10olo that  of  the PE-
CONHNH-DANS.  Th is  f luorescence presumably  i s  p ro-
duced by'dans,,- l  moiet ies noncovalent lv adsorbed in the i i lm.
As  expec ted ,  the  emiss ion  max imum of  PE-CONHNH-
DANS as a dr,v-  f i lm or in contact  rv i th a hydrocarbon solvent
(n -decane)  i s  a t  468 nm.  ind ica t ing  tha t  the  dansy l  g roups  are
in  a  nonpo lar  env i ronment .  Th is  f i lm is  s l igh t l i '  hydroph i l i c .
When i t  is  rvet ted with water,  a t ime-dependent shi f t  in the
emiss ion  max imum to  510 nm occurs  (F igure  6) .  A i te r  I  h  in
contac t  rv i th  water ,  on ly  a  smal l  shou lder  remains  a t  468 nm.
The w id th  o f  the  peak  a t  510 nm is .  however .  approx imate l l ,
20olo wider than the solution spectrum observed from the model
compound CHTCONHNH-DANS and maf  imp ly  tha t  the
dansyl  groups at tached to the f i lms are not equal ly solvated,
The f inal  posi t ion of  the f luorescence maximum of PE-
CONHNH-DAnNS in contact  wi th water is consistent u ' i th
a location for the groups at the interface between polyethylene
and water.

Addi t ional  evidence that the dansyl  groups of  PE-
CONHNH-DANS are located at the fi lm surface comes from
observing the effect of acid on the fluorescence of the sample.
After the f i lm is immersed for I  min in aqueous I  N HCl,  the
emission at  510 nm is quenched, and only a smal l  peak remains
at 468 nm (Figure 5).  The residual  f luorescence is approxi-
mately equal  in intensi ty to that  observed for the control  f i lm
PE-HIDANS] ,  wh ich  has  on iy  adsorbed dansy l  g roups .  The
f luorescence quenching by the acid is completelv and rapidlv
reversed by u 'ashing the f i lm with 0.1 N aqueous sodium bi-
carbonate solut ion.22

These resui ts demonstrate that  the dansyl  groups of  PE-

F igu re  6 .  The  u 'ave leng th  o f  thc  f l uo rescence  mar imum o f  PE-
CONHNH-DANS shorvs  a  t ime-dependen t  sh i f t  on  con tac t  u ' i t h  wa te r .
A .  P E  C O N H N I J - D A N S .  d r 1 ' f i i m :  B - E .  P E - C O N H N H - D A N S .  i n
con tac t  u i th  wa te r  fo r  thc  i nd rca ted  t ime  (m in ) .  The  ins t rumen l  ua in  \ r ' as
ad- jus tcd  to  ob ta in  spcc t ra  o f  cqu iva le  n t  i n t cns i t l .

CONHNH-DANS a re  s t rong l f  i n f l uenced  by  t he  med ium
in rvh ich the f i lm is  immersed:  both genera l  d ie lect r ic  s t rength
and spec i f ic  proton donat ing ab i l i t i '  have the ef fec t  on f luo-
rescence  i n tens i t y ' and  pos i t i on  expec ted  i i  t he  dansv l  g roups
are loca l ized at  the po iy 'mer-so lu t ion in ter face.  The sur face
dans l ' l  g roups do not  appear  to  const i tu te  a  homogeneous
populat ion:  d i f ie rent  groups of  dans i ' l  moie t ies  respond at
d i f ferent  ra tes to  medium ef fects  (and a smal l  f rac t ion o f
groups-poss ib lv  d isso lved in  the po l l 'e thy lene in  noncovalent lv
bonded form-does not  in teract  w i th  the medium at  a l l ) .  The
exac t  na tu re  o f  t he  he te rogene i t f  i n  l oca l  env i ronmen t  sug -
gested br  the d i f le rent ia l  response to  water  so lvat ion is  unde-
te rm ined .

The f luorescence from dansyl groups oi f i lms prepared b1'
react ion o f  PE.-H ISOCl2]  wi th  e thv lenediamine fo l lorved b1 '
t r ea tmcn t  w i t h  an  ace tone /wa te r  so iu t i on  o f  dansy l  ch lo r i de
is  insens i t ive  to  po lar  so lvents . l l  The f luorescence is  not
quenched  bv  aqueous  ac id .  and  t hc  u ' ave leng th  o f  t he  f l uo -
rescence emiss ion maximum (468 nm) is  the same for  the dry '
i i lm and for  f i lm immersed in  water .  So lvents  rvh ich swel l
po lyethy lene do.  however .  in teract  w i th  these dansy ' l  groups.
These groups thus appear  to  be loca l ized beneath the sur face
of  the po lyethy" lene and to  be inaccess ib le  to  aqueous re-
agen ts .

The n i t rox- , - l  groups o i  dry  PE-CONHNHCSNH-TMPO
have ESR l ine shapes ind icat ing in termediate  ro ta t iona i  mo-
b i l i t y  ( r n  =  l 0 -E  s ) .  Expos ing  t he  f i im  t o  po la r  and  nonpo ia r
l iqu ids increases the mobi l i ty  o f  a t  least  some of  the n i t roxv ls
suf f ic ient l i /  that  they seem to  be ro ta t ing f ree iy  ( rn  = l0- l l
s ) .  The  ES  R  spec t rum o f  f r esh l y -p repa red  PE-
CONHNHCSNH-TMPO cons is ts  o f  a t  least  two compo-
nents :  a  mobi le  component  showing the sharp three- i ine
spect rum character is t ic  o f  a  f ree ly  ro ta t ing spec ies.  and a
broader spectrum due to a species experiencing slower rotation
(F igure 7) .2+.zs As the sample is  dr ied.  the mobi ie  spec ies
g radua l l y  d i sappea r .  When  samp les  o f  d r y  PE-
CONHNHCSNH-TMPO a re  immersed  i n  e thano l ,  r o ta -
t iona l  mobi l i ty  is  restored to  a  f rac t ion o f  the n i t roxy l  groups
whose magni tude depends on the extent  to  which the f i lm has
been dr ied.  A l l  o f  the n i t roxy l  groups of  samples dr ied on ly '
brief ly became mobile: f i lms dried in vacuo for 36 h contained
a populat ion of nitroxyl groups which remained immobile even
af ter  immers ion in  e thanol  for  24 h.  A l l  o f  the n i t roxy l  groups
remain bound to  the po lymer  dur ing immers ion:  i f  the po ly-
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F i g u r e  1 1 .  T h c  n i t r o x r i  g r o u p s  o t ' P E - C O N H N H C S N H  T \ l P O  ( d r i e d
l l  h )  rap id l v  r cga in  ro ta t i ona l  mob i l i t v  on  exposure  to  so lven ts .  ESR
spec t ra  were  reco rded  a f te r  a ,5 -m in  immcrs ion  in  me thano i .  acc tone .  and
TH F .  and  a t ' t e  r  a  I  -h  immers ion  in  pe r t l uo roke rosene .  Spec t ra  i nd i s t i n -
guishable t ' rom those in THF rvcre eiso observed in chloroform. meth)- lene
ch lo r idc .  d ie  th r  I  e the r .  and  penrane .  L iqu rd  an rmon ia  ( -60  "C)  re i cases
T M P O  m o i c t r c s  i n t o  t h e  s o l v e n r  b r  l m r n o l y s i s .  T h e  n i t r o x v l  m o i c r i c s  o f
P E - H [ T \ 1 P O ]  r e s a i n  m o b i l i t r  n r ( ) r e  s l o w i y  i n  p o i a r  s o l v e n r s - r n c t h a n o l
end  ace tone .  Scquences  o l ' spec t r l  i nd i s t i n_su ishab le  f rom those  rn  TH F
rve re  a l so  obsc rved  in  ch lo ro io rm.  n re  th r  I cne  ch lo r idc .  d ie th r  I  c rne r .  ano
pen tane .

shows  rep rescn ta t i ve  ESR spec t ra  o f  i i lms  immersed  i n
me thano l .  ace rone .  and  rHF .  These  spec r ra  a r c  a r t r i bu tab re
to  a  homogeneous  popu la t i on  o f  f r ee l v  t umb l i ng  n i t r ox . v ' ' l
g roups.  Solvat ion o f  the sur f 'ace sroups is  completc ' in  the 5  min
requ i red  t o  p repa re  t he  samp les :  no  change  i n  mob i l i t y  i s  ob -
served on more pro longed immers ion.  Spect ra  ind is t ingu ishable
f rom those  i n  THF  were  ob ta ined  i n  ch lo ro fo rm .  me thv lene
ch lo r i de .  d i e thy l  e the r .  and  pen tane .  Pe r f l uo roke rosene .  t he
on l y  so l ve  n t  i nves t i ga ted  i n  r vh i ch  H rN-TMPO i s  i nso lub le .
does  no t  i nc rease  t he  mob i l i t v  o f  t he  su r face  TMPO g roups
(F igu re  8 ) .  We  were  no r  ab le  t o  ob ta in  ESR in  wa te r  due  t o
h igh d ie lect r ic  losses.  and spect ra  obta ined in  l iqu id  ammonia
were compl icated bv amino lys is :  the sharp spect rum observed
in  th is  so lvent  pers is ted when the i i lm was removed f rom the
ammon ia .  No  ESR s igna l  was  de tec ted  i n  any  o the r  so l ven t
f o l l ow ing  remova l  o f  t he  PE-CON HN HCSN H  -TM PO
f i lms.

The  ready  access ib i l i t y  o f  t he  n i t r oxy l  g roups  o f  PE-
CONHNHCSNH-TMPO ro  so i ven r .  and  t he  un i f o rm  re -
sponse  o f  t he  spec t ra  t o  so l ven rs  wh i ch  swe l l  ( e .g . .  THF .
C H C I r )  a n d  d o  n o t  s r v e l l  ( m e t h e n o l )  b u l k  p o l r e t h v l e n e . l e
s u n p o r t  t h c  c o n t c n t t o n  t h u t  t h c  i ' u n c t i o n a i  c r o u n s  . t r c  p r c : c n t
a t  t he  po l rmc r  su r facc .  Thc  obscn 'a t i ons  a l so  suggcs r  t ha r  t he
c h o i c e  o f  s t t l r  e n t s  t o  i n t l u c n c c  t h c  r n o b i i i t r  o r  r c l r c t i r .  i r r  o l '
sur face funct iona l i t ies  o f  po i l 'e th l , lene should  be based on the
st rength o f  the i r  in teract ions rv i th  the funct iona l  groups ra ther
than on the i r  ab i l i t l , '  to  swel l  po l l 'e th l . lene.

The in teract ions o f  so lvents  ' ,v i th  the n i t roxy l  groups of
PE-HITMPOj d i f fer  s ign i f icant l .v  f rom the i r  in teract ions rv i rh
P E - C O N H N H C S N H - T M P O  ( F i g u r e  8 ) .  P o l a r  s o l v e n t s
requi re  severa l  hours  to  swei l  the f  i lm to  equi l ib r ium (methanol
s ( ) l v l l t es  morc  s l t t i r  l v  t han  e  t han t t i .  : l nd  c than . . t i  n1 r ) t e  : l r r r r  l r

[ ' - i su re  7 .  Thc  n i r ro r r  I  mo ic r i cs  o i  PE-CONHNHCS\H-T \ , l pO s low ly
I ' . c  r n . b i l i t v  o n  d r r i n g .  T h i s  i r n m o b i i i z a t r o n  p r o c e e d s  m o r e  s l o * , l v  i f  t h e
s l t t np l c  i s  a l l o rved  to  s t r rnd  in  con tac t  w ' i t h  sa tu ra tcd  e thano i  vapor .  l t  i s
r r tp rd l r  r cvc rscd  bv  in rmcrs r t rn  i n  l i qu id  t - - thano l .  Each  pa i r  o f  ESR spcc t ra
r t rc t l l 'sarnplcs t rcutcd as indicatcd al tcr  preparatron:  one spectrum is taken
N r t l r  t l t c  l r l r n  d r r  i n  u i r .  r h . ' : c c o n d  r v i t h  t h e  i l t r n  i n  c r h a n o l  e f t c r  i m m c r s i o n
l o r  l ( )  r l i n .

e thy lene  samp le  i s  r emoved  f r om the  l i qu id .  no  ESR s igna r  i s
de t cc ted  i n  t he  l i qu id .

.  The  change  r vh i ch  occu rs  i n  t he  su r face  du r i ng  p ro longed
d rv ing  has  no t  been  i den t i f i ed .  Evapo ra t i on  o f  so l ven t  i r om a
swo l l en  po l ye thy lene  su r face  l ave r  m igh t  r esu l t  i n  a  co l l apse
o r  reo rgan i za t i on  o f  t he  su r face .  A l t e rna t i ve l r ' .  s l o r v  t he rma l
movemen t  o f  t he  po l ymer  cha ins  m igh t  t r anspo r t  su r f ace  n i -
t r ox l ' l  g roups  i n to  t he  i n te  r i o r  o f  t he  po l vmer . : 6  The  obse rva -
t i on  t ha t  s to r i ng  t he  n i t r oxy l - l abe led  po l ye th r , t ene  i n  a  con -
ta rne r  sa tu ra ted  w i t h  e thano l  vapo r  s l ows  t he  f o rma t i on  o f  t he
immob i l e  spec ies  (F igu re  7 )  f r vo rs  t he  f i r s t  a l t e rna r i ve .

T h r e e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  p E -
CONHNHCSNH-TMPO emerse  f r om these  s rud ies .  F i r s t .
the microscopic  v iscos i ty  exper ier iced bv the T) r {po moiet ies
r vhen  the  f i lm  i s  immer ied  i n  e thano l  i s  l o r v :  t he  l i ne  shapes
observed are s imi lar  to  those of  lo rv  molecu lar  weight  der iva-
t ives o f  TN/ f  PO in  so lvents  such as g lycero l . ra  in  rvh ich the ro-
l l t t i ona l  co r re l a t i on  t ime ,  r p ,  i s  app rox ima te l v  l 0 - l l  s . 17 .2 t
Sccond,  even in  carefu l ly  dr ied f l lm ihe n i t roxy i  groups re ta in
\ome ro ta t iona l  f reedom: the immobi le  TNf  PO srouDs aDDear
tt l  have rR = l0-8 s. Third. the polymer surfaceieems to'shorv
l r chav io r  ana logous  t o  so l ven t  r * . i l i ng  o f  a  po l ymer  ge l .  The
t ' ; t  t c  o f  swe l l i ng  seems  to  be  rap id  (  <  l 0  m in ) .  The  ra te  o f  l oss
t t l  so l ven t  f r om a  swo l l en  su r tace  can  be  s l ow  (hou rs ) .  I n te r -
' ' ' r t ' l vers ion of  dry  and swol len f  orms is  not  fu l lv  revers ib le  for
r l l  so lvents :  dry ing seems to  be accompanied b-v  t rapp ing o l  a
l ' r tc t ion o f  the-n i t io rv l  groups beneat 'h  the po l -vm. i  .sur face.' \ r r t c c  

t hcsc  i :SR  spcc t r l r  r i cpcnd  c rn  t he  * l t r  i n  r r i r i ch  rhc

,  
t t n p i g  i s  p r e p a r c d .  w e  h l v c  a r b i t r a r i l r . s c l c c r c d  d r r i n g  l o r  l l' r  t r r  ' l cuo  (0 .005  To r r )  es  s randa rd .  Th i s  d r ' i ng  i n te r ' a l  r i c l ds

'  ' r t t t r p l e  r vh i ch  sho rvs  bo th  mob i l e  end  immob i l e  n i i r o . r v l
" r ( ) u [ ) s  r vhen  immersed  i n  c thano l .  Tha t  i s .  changes  i n  t he' t t . l t i l i tv  

o f  the sur face funct iona l i ty  are ev ' ident  in  th i  dry  f i lm,t ' ' '  t  t  hc . se  changes  a re  appa rcn r l v  s t i l l  r evc rs i b l e .  The  s tud ies' l ' ' , , , * t . d  
i n  t h i s  sec t i on  emp loy  f i lms  d r i ed  unde r  t hese  con -' ' r r  r o t l s  u n l e s s  i n d i c a t e d  o t h e r w i s e .

,  \  r ' ; r r i e t y  o f  so l ven ts  con fe r  r o ta t i ona l  mob i l i t v  on  t he  n i -' t " r 1 l  
r r r o u p s  o i  P E - C O N H \ t { C S \ H - T \ l p O :  F i s u r c  H
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than acetone):  even at  equi l ibr ium. the ni t roxyls are not f reel i "
mobi le.  Solvents which swel l  polyethylene f i lm (e.g. .  TH F and
CHCI3) rapidly 'solvate the ni t roxyl  groups. The behavior of
the  n i t roxy l  spec ies  in  PE-HITMPO]  is  cons is ten t  w i th  the
hypothesis that  thel '  are located beneath the surface of  the
polymer f i lm.

The temperature dependence of the ESR spectra of dry fi lms
o l  P E - C O N H N H C S N H - T M P O  a n d  P E - H  I T M P O ]  (  F i g -
ure  9)prov ides  add i t iona l  in fo rmat ion  about  the  nrob i l i t l  o f
thc  n i t ro rv is  in  cach.  The n i t roxv l  g roups  o i  PE-H [T \4PO]
appear to be of 'onc t ) 'pc.  and thel  obtain considerablc mobi l i t r
at elevated temperature. These spectra are similar to those of
2 ,2 .6 ,6 - te t ramethy l -4 -hydroxy lp iper id in -  I  -oxy  I  benzoate
(PhCO2-TMPO) dissolved in low-density polyethylene fi1m.30
Since gases and l iquids penetrate preferent ia l ly  into the
amorphous regions of a semicrystall ine polymer,3l the TMPO
moieties are probably located in these regions of the polymer
fi lm and reflect the motion of the nonordered polymer chains.
ln contrast ,  the ESR spectrum of PE-CONHNHCSNH-
TMPO is the superposi t ion of  s ignals f rom at least  two. dis-
t inct .  n i t roxyl-containing species.  A more mobi le populat ion
exhibi ts a temperature dependence which resembles the be-
havior of TMPO derivatives incorporated noncovalently (e.g..
PE-HITMPOI, PhCO2-TMPO30) in polyethylene. A second.
major port ion of  the spin iabel  is  immobi le even at  tempera-
tures near the melting point of the fi im (probe temperature =

100 "C). It is possible (although not presently proved) that the
mobi le ni t roxyl  groups are at tached to polyethylene chains in
the amorphous regions, and the less mobile nitroxyl groups are
bonded to polyethylene chains in the crystal i ine region.

The observat ion that a major part  of  the ni t roxyl  groups of
PE-CONHNHCSNH-TMPO show low mobil ity even above
room temperature may bear on the qualitative observation that
we and others32 have made that the surface of  oxidized poly-
ethylene f i lm remains hydrophi l ic  unless heated to 90- 100
o c .

Summary and Conclusions

Two reaction sequences ore sufficiently deueloped that they
can be used to couple soluble molecules to the carbon.vl groups
of PE-CO2H. The f i rst  (Scheme I)  converts the carboxyl ic
acids of  PE-CO2H to carbonyl  chlor ide moiet ies wi th th ionyl
chioride. and then generates amides or esters by reaction with
appropriate nucleophiies. This sequence proceeds in high yield
using pr imary amines. methanol ,  or  ethanol :  )90ozi ,  of  the
carboxyl groups are transformed to product. Yields of more
hindered esters are lower.  The coupl ing react ion between
PE-COCI [SOCI2 ]  and amines  has  the  advantages  o f  s im-
pi ic i ty,  general  appl icabi l i t l ' ,  and high yield.  I t  has the disad-
vantage that th ionyl  chlor ide (or an impuri ty)  d issolved in the
poiyethvlene reacts wi th the amine and forms amine-der ived
products which, al though apparent ly not covalent ly bound to
the polymer, are diff icult to remove completely by extraction.
Further, it is not clear that functional groups on the surface
survive the conditions required for extraction (hot 2-propanol)
without some migration beneath the surface'

The second reaction sequence (Scheme I) is based on gen-
eration of surface carbonyl hydrazide groups from PE-COzH
with diazomethane and hydrazine hydrate,  and react ion of
PE-CONHNH2 with eiectrophi les.  I ts advantage is that  i t
appears to be cleanly a surface sequence: no adsorbed or in-
cluded by-products are generated, and extraction is not nec-
essary. lts disadvantages are that yields for conversions from
-CO2H to -CONHNHR groups are only ca.20-3U/u and that
several reactions are required to effect this transformation.
Acid chlor ides.  sul fonyl  chlor ides,  and isothiocyanates are
useful electrophiles for reaction with the carbonyl hydra-
zides.

A large froction of functional groups which are the products
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Figure 9.  Var iable remperature ESR spectra of  dn,  f i lms of  PE-

C O N  H N  H C S N H - T M P O  a n d  P E - H  I T M  P O ]

of these sequences ore on the sur-face of the polveth.t'lene. We
hypothesize that only groups located at  the polymer surface
interact  wi th reagents or solvents u 'h ich are insoluble in bulk
polyethylene. The f luorescence of  the dansyl  groups oi  PE-
CONHNH-DANS shi f ts when the f i lm is immersed in water.
and is quenched when the f i im is t reated with aqueous acid.
Most of  the ni t roxyl  groups of  PE-CONHNHCSNH-TMPO
are solvated on exposure to solvents that  do not swel l  pol i ' -
ethylene. The carbonyl  hydrazide groups of  PE-CONHNH2
are rapidly and quant i tat ivelv converted to carbonyl  azides
with aqueous ni t rous acid.  The conciusion from these obser-
vat ions-that the funct ional  groups are al  the polymer sur-
face- is compat ib le wi th the observat ion that the wettabi l i ty
is dependent upon the nature of  the at tached moiet ies.

The spectroscopic studies of  f i lms labeled with dansyl  and
ni t roxyl  moiet ies show a smal l  populat ion of  groups rvhich
behave as i f  their  or ig in were not on the polymer surface. We
do not know i f  these signals ar ise f rom smal l  amounts of  the
label  which dissolve in the polymer ( that  is ,  which is not co-
valent ly bound to the polymer) or whether a port ion of  the
funct ional  groups are in i t ia l ly  generated below the surface or
migrate below the surface subsequent to generation.26 lt is thus
not possible at present to generate functionalized polymers in
which all functronal groups are unambiguously located at the
surface. Nonetheless. the majority of the functional groups on
these fi lms appear to be at the surface.

Surface functional groups of films in liquids are soluated
and show high rotational mobility. The rotes of soluation and
desoluation ma)) be slov,. The shift in fluorescence wavelength
maximum observed when PE-CONHNH-DANS is t rans-
ferred from a nonpolar to a polar medium. and the increase in
mobi l i ty  of  the ni t roxyl  groups of  PE-CONHNHCSNH-
TMPO on i ts immersion in any of  a number of  solvents.  es-
tabl ish that  funct ional  groups on the surface of  these poly-
ethylene films interact strongly with solvents. The fluorescence
maximum of dansyl- labeled f i lm in water occurs roughly
halfway between the values characteristic of hydrocarbon and
pure water.  and suggests that  the polar i ty of  the environment
exper ienced by the dansyl  group is s imi lar  to solut ion in a
solvent such as chlorolorm or THF (apparent dieiectr ic con-

Mobititv of Functional Groups at Polyeth.,-lene Filnt SurfacesWhitesides et al. I
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: t?n t  approx imare ly  5 - r0 ) .  The ESR s ignar  o f  the  n i t roxvr -
labeled fi lm in solvenrs suggests that the resrriction ," l" i", l i ,
exper ienced by the TMpo group is nor much di f ferent f ' rom
that imposed on low morecurar weight der ivat ives of  rMpo
in glycerol .

Both the posi t ion of  the f luorescence maximum and the
rotational correlation time can be used to examine quatitatiuety
the rates at which the surface functionar groups ,oiuut. ona
desolvate.  Al though sorvat ion of  the TMpb groups of  newrv
prepared PE-CONHNHCSNH-TMPO is iomprere i ;  <3
min, loss of solvent and reversion to the ESR ,p..i.u, of im-
mobil ized material takes hours under uu.uur.'cff i lete sol_
vat ion of  the dansyr groups of  pE-coNHNH-Dcxs utro
takes several hours-,we cannot exprain *hy some oi,h. pro-
cesses require such long times to reach completion.

The surJ"aces are stabre.. The majority of the functionar
groups of  PE-co2H and i ts der ivat lves do not extract  into
solution. and do not.appear to migrate spontaneousry from the
surface to the interioi of the polfmer, over periods of days atroom temperature- Exposure of the firm to timperatures ciose
to the melt ing poinr of  the polymer and prolonged drying of
an in i t ia i ly  solvent-swol len surface do, howev.r l r . rut i  in"ap-parent lv i r reversible changes that appear to t ransport  func-
t ional  groups below the porym.r rurfu. . .  There i r  r i l .  quar-
itative evidence to rugg.it that contact of hydrophiric surface
groups  w i th  water  inh ib i ts  migra t ion  o f  these groups  to  thepolymer inter ior .  Thus. the surface of  pE-C5,H'r . rnoin,
hy^drophi i ic  for  extended per iods at  room , .*p.ro,ure.  pE-
co2H heated  in  a i r  a t  90- r00  ' c  rap id ry  becomes hydro-
phobic but '  when heated in water,  remaini  hydrophir ic.  The
spat ia l  stabi l i t ,v  of  the surface groups to extract ion wi th 2-propanol  has not been studied in detai l .

The surface functionaritv- of deriuatiues of pE-CT2H isprobably not homogeneous an-d mav be distirbuted between
crl,stalline and amorphous regiorc o1th, pol1,mer. The ESR
spect ra  g f  d ry  pE-coNHNHCSNH-rMpo 

show twospecies of  d i f ferenr rorat ional  mobi l i ty .  Alrhougtr  i i , is  obser_vat ion is the only crear spectroscopic exampt.  oTiur ioce het-
erogeneity, the variable conversion of surface groups for several
of  the react ions carr ied out on the same f i lms with di f ferent
sample histor ies (destruct ion of  n i t roxyi  groups by ascorbate
and aqueous acid) suggests contr ibut ioni  f ron'  species wi th
di f ferent react iv i t ies.  This heterogenei ty may ref l lc t  atrach_
.TJ to amorphous and crystal l ine regions. 

'

The species formed by react ion oT pE-H[Socr2]  wi th
amines l ie beneath the surface of  the polymer.  Fotf . t r ,yt .n.
which has been treated with th ionyi  chror id.  , . r . t ,  * i th
amines, and generates a mater ia l  wnich contains the amine ina form which requires exhaust ive extract ion [o remove. The
chemical details of this process are not clear. but this reaction
is important in th is work in three ways. First ,  i t  is  an un-
avoidable s ide react ion in react ions of  pE-cocr isobtr l  * i , t
amines, s ince thionyr chror ide cannot be removed from thepolymer before reaction. Second, it provides a simpre method
of incorporat ing react ive groups into polyethylene, and mayh,ave. its own apprications. rtrira, it generates materiars in which
the dansyl and nitroxyr rabers ur. ippu..ntry not rocated at thepolymer surface, since they interati weatiy or not at ail with
l iquids.  or  wi th reagents in sorvents rvhich do not s, ,vei l  oorr , -e  t h r  l e n e .  '  -  - '

In conclu 's ion'  pE-CozH and i ts der ivat ives appear to bcsui table mater ia ls ro use as the basis for  detai led , , l i i . ,  of  therelat ionship between poiyethvrene surfa. .  .on'post lon 
"nastructure and poiyethyrene surface propert ies.  A number ofrmportant structural  quest ions remain unanswered: the mean

d. istance separat ing funct ionar groups and detairs of  thethree-dimensionar arrangem.nt Jf  funct ionar grouf,  at  thesurface are not known; the distribution of functioriafif U.t*..n
c rys ta l l ine  and noncrys ta l l ine  reg ions  is  uncer ta in i  the  un i -

form! ty  o f  the microscopic  d is t r ibut ion o f  funct ionar  groups
in-  d i f ferent  reg ions of  the po lymer  has not  been estab l ished.
These quest ions wi l l  be the ob jects  o f  fur ther  research.
Nonetheless. the techniques outl inld in this and the preceding
paper2 can be used re l iab ly  to  in t roduce,  and to  assay,  h igh
dens i t ies  o f  funct iona l  groups on the rur iu . .  o f  po lyethy le ie
f i lm by s imple techniques,  and the resu l t ing funct ionar ized
sur faces appear  to  have good s tab i l i ty .

Experimental Section

ceneral Methods. Al l  solvents were reagent grade: THF was dis_
ti l l .ed under argon from a dark purpre sorul ion ir  u.nropt,enone di_
anion: dist i l led warer was passed thiough an ion-exchanie-resin and
dist i l led in a Corning ModerAG-lb grasi dist i i lat ion,pfu?utus before
use. Polyethylene f irm was a row-dinsity, 2-mil .o,n.n.r. iur grade,
prepared from PETROTHENE NA r 44 iesin (0.9 r9 density, 2.0 mert
index)  and was a g i f t  o f  U.S.  Indust r iar  Chemicars .  4-Amino-
2,2 ,6 '6- te t ramethvrp iper id in- r -oxvr ,  acety l  hydraz ide,  and th io-
phosgene were purchased lrom Ardrich and used *i thout further
pur i f ica t ion.  Dansyr  chror ide and f luoresce in  isoth iocvanare were
obtained from Sigma. Thionyr chroride from Matrr.ron. cot.n'on,
and Bel l ,  A ldr ich.  or  Eastman was emproyed.  see berow,  ATR IR
specrra  were measured on a perk in-EImer  52r  grat ing spect ropho-
tometer using procedures described previously.tFluoiscence mea_
surements were recorcied on a perkin-Elmer MpF-4 f luorescence
spect romerer  us ins a  so l id  sample ho lder  to  mount  the f i lms.  ESRspect ra  were measured on a Var ian E-g spect rometer .  Generar  pro-
cg{1e1f_or man i  pu Ia t ing_ 1\ pol f  eth'Iene f i Ims and the pr.pu rut ion,
o f  pE-CO:H.  pE-COCttsoct r i  pe_co,c t t3 ,  and pE_b.Oi  Hx g,
are described elsewhere.z

^ -4-Thiocy anat*2.z,6'Gtetra methyr pi peridin- r -oxyr (scN-TM po).

:9If  yfO was prepared bv thl piocedure of Gaffnev.35 H,N_
JMlo (3 .9a g,  t2 . ' r  mmor)  was d is iorved in  90 J . r  j r .  uqu.ou,
NaoH and the sorut ion coored wi th  an ice-sar t  bath .  Th iophorg.n .
(2 .58 g,  22.4 mmol)  was added droprv ise over  a  r5-min per iod whi re
v igorous s t i r r ing was mainra ined.  Af rer  addi t ion * ; ; . ; ;p i ; te .  the
react ion was sr i r red for  an addi t ionar  r0  min.  The orange f i . . ip i ro , .was f i l tered. washed rvith water. and dried to constant rveight in vacuo
over.Pzo5. Recrvstai l izat ion of crude SCN-TMpo rroi-. ,  so mL ofabsolu te  e thanol  y ierded r .g5 g (g .2  mmor,  36oh)  o f  the isoth iocyanare
1 t ^  i gd  p la tes :  mp  126 -  127  "C  ( l i t . i 5  mp  126_127  "C ) ;  IR  lCHC l r )2 0 6 5  c m - r .

PE-CONHNHCSNH-TMPO. A I X 5_cm piece of pE_
coNHNHr ( the most  convenient  s ize for  ESR measuremenrs,  see
below)  was p laced in  a  5-mL v iar  f i i led wi th  a  0 .1  M sorut ion o fscN-TMPo in ethanor. The viar was seared with a Teflon-r ined capand p laced in  a  35 oc water  bath for  r  h .  At  the end of  th is  t ime the
fi lm was removed and washed twice with ethanol, twice with acetone,
and twice wi th  d ie thyr  e ther .  The f i rm was dr ied for  r2  h  in  vacuo(0.005 Torr )  pr ior  to  use in  ESR measurements .

PE-H[socl2]. poryethyrene firm was exrracred with hot 2-propanol
as described previousrvl to remove any commerciar addit ives. Theext racred f i lm.  pE-H.  was immersed in  l iqu id  th ionyr . t to . ia"  ro .  th ,  removed.  and washed twice wi th  rHF.  Normai ly  i t  i ,  n i ,  was ar -lowed to react further imme-diatery. pE-Htsocrr l  i i rmr' i . .pu..o
with thionyl chloride from dif ferenirour.. ,  bound dif ferent amounrs
of amines. When Matheson, Coleman, and Bell  reagent was employed,
the smallest amounr of nucreophire was adsorbedto pa-n' isocrr l
during. subsequent reaction, and )g57o of this materiar .ouio u. 

"^-tracted with hot 2-propanor. Thionyrchroride from arJrich pro.not.o
much greater adsorptio.n of nucreophir ic reagents to pE-Hjsocr2J,
and a signif icant quanrity (a0-50%) of the aisorbed ,p.. i" l  *u, no,
ex i ractab le .  Pur i f ica t ion o f  th iony l  ch lor rde bv d is t i l la t ion f rom r r r_phg1t l  phosphi tc  d id  n t r r  r r .duce ihe eds, r rp t ron prob lem.
.  PF . l t r l lPo l .  Fresh lv  prepared pE-Htso 'cr r l  rn 'as  immerscd
in  a  0 .1  M  so iu t i on  o f  H ,N -T I , l pO  i n  THF ; )pv r i d i ne  t i , f  u l l u f  i o , .  fh  .  T !  lample was removed f rom the react ion mix turc  and washed
wi th  rHF ( tw ice) .  warer  ( tw ice) ,  and acetone l tw ice) .  Th is  f i rm was
dr ied for  l2  h  in  vacuo (0 .005 Torr )  before use in  t t .  e in  exper i -
ments .

PE-CONHNH-DANS..A I X 5_cm piece of pE_CONHNH2 was
placed in  a  5-ml  v ia l  conta in  ing 2 .2  mL of  a  0 .  I  M so lu t ion o f  dansv l
chloride in acetone, and 0.8 mL of 0. r N aqueou, irruHco, ;d.; .
The v ia l  was sealed wi th  a  Tef ron-r ined cap and the react ion L i^ tu . .
ag i ta ted br ie f ly  wi th  a  vor rex s t i r rer .  Af fer  a  to tar  react ion t ime of



5 min. the f i lm u,as removed and u'ashcd three t imes rvith acetone.

once with \^,ater. and again rvith acetone. Fi lms were dried overnight

in  l 'acuo (0 .005 Torr )  pr ior  to  use in  f luorescence exper iments '

PE_H[DANS]. PE-H [SoClr] rr,as placed in 30 mL of a 5ozo solut ion

of  e thv lene d iaminc in  TH F.  A l te  r  30 min the f i lm u 'as removed and

qashed u i th  two -50-nrL por t ions each of  THF.  \ 'a ler .  and acetone '

. . \ f tc r  br ic f  a i r  dr r , ing.  rhe f i im q 'as t reated u i th  dans l ' l  ch lor ide in  the

\Jr l lc  manncr  th l i t  , *a ,  c r t lp i ( . rvcd dur ing thc prcparat i t ln  o f  PE

C O \ H N H - D { \ S
PE-CO\H \ I l -F lT ( - .  \  I  x  - ' - cn i  f i c cc  o i  PE-CO\  l  l \  I l l  u  r s

immersed in  a  - r -n tL  I ' ia l  conta in ing - -5  rn l -  o i -an c thant l l  s t t lu t i t rn

saturated with f luorescein isothioc-r-anut..  The vial u'as sealed with

a Teflon-lined cap and placed in a 35 oc water bath for I h. At the end

of this t ime the f i lm uas removed and washed with ethanol (twice).

acetone (twice). and diethyl ether. The f i lm was dried ior 12 h in vacuo

(0.005 Torr) before use. Prior to performing f luorescence measure-

ments  on these f i lms.  they were p iaced in  0 ' l  N aqueoussodium b i -

carbonate for 5 min. *asired with water and acetone. and air dried.

N-Dansy lAcet -v |Hydraz ide.Acety lh l ,draz ide(250mg.3.25mnro l )
and 5_diml thy, lamino-1_naptha lenesul iony l  ch lor ide (800 mg.  2 .96

mmol) were dissolved in l0 mL of chloroform containing tr iethvlamine

( 300 rrl) and stirred for 2 h. At the end of this time the orange solution

was concentrated under reduced pressure to a viscous oil. The oil was

extracted with three 20-mL portions of acetone. The combined acetone

extracts were concentrut"d tO -4 mL under reduced pressure and

applied to rwo preparative TLC plates (Analtech si l ica gel. 2000-pm

th ickness) .  The p iares were developed wi th  CHCI3/methanol  (9 : l

v/v). The yel low band with R10.30-0.17 u,as scraped and eluted from

the s i l ica  ge l  w i th  25 mL of  acetone.  concent ra t ion o i  the acetone

solution viltaeA A'-dansvl acen'l h-v-drazide as an intensell' r'ellou' solid

u , i t h  m p  1 7 9  l t i l  o C :  I R  ( C H C l r )  3 2 6 0 .  1 6 9 0 .  1 3 4 0 .  1 1 6 0 .  l l 4 0

c m - r :  N M R  ( C D C l r )  6  8 . 6 - 6 . 7  ( m '  6  H ) . 2 ' 9  ( s '  6  H ) '  2 ' 2  ( s '  3

H )
4-H ydroxylbutvramido- I  -amino-2.2.6.6-tetramethylpiperidin-

l -oxv l .  1-Buiyr ic  iu . ton.  (  108 mg.  1 .2-5 mmol)  and H:N-TMPO (200

mg.  l . l4  mmol)  were mixed in  a  5-mL round-bot tomed f lask and

he]ated on a s team bath ior .1  h .  Af ter  coo l ing.  the res idue rvas taken

u p i n 2 m L o i c h l o r o f o r m a n d a p p i i e d t o a p r c p a r a t i v c T L C p l a t e
(Anal tcch s i l ica  ge l .  1000 pm th ickness) .  The p la te  u 'as  scraped and

the product  e lu ted f rom the s i l ica  ge l  w i th  methanol .  The methanol

solut ion was concentrated under reduced pressure to yield a thick red

oi l  which so l id i f ied on s tanding to  y ie ld  130 mg (0 .45 mmol . '10026)  o f

p roduc r  u , i t h  n rp  100 .0 -100 . , 5  oC :  IR  (CHCI - r )  3440 .  3350 .  1650
- lcm
ESR l\ Ieasurements. To prepare a nitroxy' l  i i lm for ESR measure -

men rs .  t he  f i lm  ( l  x  5  cm)  was  ro l l ed  i n to  a  t i gh t  c1 ' l i nde r  ( he igh t .  I

cm). and maneuvered lnto the bottom of the ESR tube. To ensure that

a tube was pos i t ioned the sanle  wa\ '  for  each of  a  ser ies  o l  measure-

ments .  a  t ight l f  i i t r ing Tef lon co l lar  was p laced q 'qu lq  the tube in

such a manner  that  i t  iouched the top o i  the sample ho lde r  when the

fi lm u.as in the cenrer of the sample cavit"v-. To prevent saturation ol

the signal the microwave power appl ied to the sample was maintained

at  or ie lor "  I  m\4 ' .  To prevent  l ine shape d is tor t ion.  the modulat ion

ampli tude sett ing n.u. l" .*. . .ded I g. ln studies of solvent e f iects the

film q,as covered with the desired solvent and the sample degassed with

three freeze-thaw cYcles.
Reduction or pe-coxHNHCSNH-TMPO b-v Aqueous Sodium

Ascorbate.  A i ter  the ESR spect rum of  a  PE-CONHNHCSNH-

TMPO sample was recorded. the film was removed from the ESR tube

and immersed in freshly prepared 0.1 M aqueous sodium ascorbate

(pH ad justed to  6 .8  wi th  b .1  N NaOH).  At  the proper  t ime the f i lm

*u, ,"rou.d. washed three t imes with water and twice with acetone,

and air dried. The dr1, '  f i lm was reinserted into the ESR tube and the

new specrrum recordld. Line shapes (but not intensit ies) were indis-

t inguishable before and after reduction. The relat ive signal intensitres

*.i. uppro*imateci by comparing normalized amplitudes of the largest

peak of the f irst dei ivat ive spectrum. Values were reproducible to

+20o/o.
Reaction of PE-CONHNHCSNH-TMPO with Aqueous 3 N HCl.

The effect of 3 N HCI upon the ESR signal obtained from PE-

coNHNHCSNH-TN' [PO was invest igated in  the same manner  as

experiments with the sodium ascorbate reduction except that aqueous

3 N HCI u'as emplol 'ed instead oi the ascorbate solut ion'

Fluorescence l\,lea.surements. Fluorescence spectra are uncorrected

and were recorded with a Perkin-Elmer MPF-4 f luorescence spec-

trometer. The f i lms were posit ioned in the sample compartment u i th

a sol id sample holder apparatus and front surface f luorescencc mea-

sured. To obtarn 
..rotui l tn. '  specrra. the f i lms were werred with the

appropriate solvent. mounted between two microscope slide cover slips'

; ; l  ; i r ; ;  in the sol iJ sample holder'  An excitat ion wavelength of 340

nm \ \ 'as  emploved lo t  i i t .  ians l ' l  samples '  and both the emiss ion and

exc i ta t ion s l i t  openrng-s  u 'ere  4  nm'  The f luorescence of  F ITC i i lms

\\ 'as measured b1 exci i ing at \e\ 450 nm' The f luorescence maxlmum

u 'as  5 l l  nn t .
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belnvior of the f inal samples.
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White, R. L. Meek, and T. H. Briggs, J. potym. Sci., pan i-t, U, ge
( 1 9 7 6 ) .

(27) Robrional correlation times are estimates based on studies correlating
._- signal l ine shape with r".2a,2a
(28) simitar observations have been made for spin labels in solvent_swollen

potymers: S. L. Regen, J. Am. Chem. Soc., 97, 310g (197Si.- 
'

(29) H. V. Boenio. "polyolef ins", Elsevier, New_york, N.y.,  1966, Chapter 5.
{9gl c p. Rabod. ,t. p6tym..sci., i i i  e_i, i,1203 (1s6s).
(91) L.Mandetkern,  Acc.  Chem. Res. ,  9,  Ar i rgZOl. '(32) 4. Baszkin, N. Nist'ino, and L. Ter-Minassian-Sara(u., J.coltoid tnterfac.Scr. ,  54,  317 (1976).

(33) Although it might appear that porypropyrene or high{ensity poryethyrene
are as suitabre as. row-density polyethylene for these surface ituoies, itnas been reported. that of these three poryorefins, onry row{ensrry pory-
ethylene firm^yierds a detectabre carbonyr signar foilowing oiidation oychromic acid.s Analysis of the oxidized tiims dy erectron .,'i"ior"opy rnocontact angre rneasurernents srggested tfnt porypropyrene oxidizes rapidrydye to the rarge number of tertiary sites to p.oouce imail acid fragments
which are sorubre in the aqueous reaction medium, and yierds a surfaceretatively free of oxidation products; high{ensity potyetirirene oxidizes
slowly b't unevenry because of the rack oi tertiary ,itb" ino d.',. nigi, d.g.".
ot crysrallinity to produce a surface layer with very deep pininq inO a towabsorute number of oxidation products; and row{ensiry pbryetiyrene oxi-dizes with extensive pitting due to preferentiat oxioati6n flei into tnearprphous regions of the porymer firm with a concomitant buirdup ofcarbonyl groups.3

(34) P. Bfais, D. J. carrsson, G. w. csuilog, and D. M. wires, J. coiloid tnterfac.
Sci . ,  47,636 (1974).
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Ed., Academic press, New yoik, N.y., tgzS, br,aotur. S.
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