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in these solvents. OH moieties did not affect the molecular 
weight decrease a n d  cross-linking during photolysis. 
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Surface-Selective Hydroxylation of Polypropylene 
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ABSTRACT Room-temperature oxidation of polypropylene film with chromium(VI) oxide in acetic acidlacetic 
anhydride introduces hydroxyl groups, olefins, ketones, and esters to a thin layer at the surface of the film. 
Analysis using a combination of analytical techniques (UV-vis, XPS, ATR IR, contact angle, and gravimetric 
analysis) indicates that the density of functionality increases over the first 4 h of reaction and remains essentially 
constant thereafter. Gravimetric analysis reveals an initial mass gain (over the first 4 h) and subsequent mass 
loss, indicating the gradual dissolution of modified polymer and the maintenance of a modified layer on the 
order of 100 A thick. SEM reveals no changes in surface topography at the limits of resolution: all film surfaces 
appear flat. Treatment of the oxidized polypropylene with borane reduces the ketones, the esters, and more 
slowly, the olefins and increases the density of hydroxyl groups. Hydroxyl groups on oxidized and oxi- 
dizedlreduced polypropylene were labeled (for XPS and ATR IR identification) by reaction with hepta- 
fluorobutyryl chloride. 

Introduction 
Isotactic polypropylene (PP) film is widely used, often 

in laminates, as a barrier polymer due to its moisture-re- 
sistant properties.' Its relatively low surface energy and 
relatively high chemical resistance impede its materials 
applications, particularly those which require an adhesive 
bond between PP a n d  another condensed phase (ink, 
metal, another  polymer, inorganic filler). This  problem 
has led to copious research associated with PP surface 
chemistry a n d  a n  extensive literature of PP surface mod- 
ification techniques. Gas discharge treatments2p3 in air and 
other atmospheres introduce a range of functionality. 
Sulfuric acid4 and  chromic-sulfuric acid4+ introduce sul- 
fonic acid, carboxylic acid, a n d  likely other less oxidized 
functional groups. Photohal~genat ion ' -~ produces print- 
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able surfaces. Hydroperoxide-catalyzed oxidationlo in- 
troduces hydroperoxide groups. Ozone treatment11J2 
renders wettable surfaces. Graft polymerizations from free 
radical sites generated on the surface give access to a range 
of surface f~nc t iona l i t y .~* - '~  A thin layer of vapor-de- 
posited copper catalyzes surface autoxidation.16 Radical 
addition reactions with maleic anhydride produce maleated 
polypropylene." 

We are interested in developing a n  understanding of the 
molecular basis (at the  functional group level) for macro- 
scopic polymer surface properties. For this study, we need 
unreactive polymers containing surface-confined versatile 
organic functional groups. Ideally, t he  substrates should 
contain a n  array of a single functional group covalently 
attached and located in a position (the surface) where each 
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can react with reagents in solution. T h e  bulk polymer 
should be inert  t o  the reaction conditions, and t h e  mod- 
ification reactions (both to introduce the initial function- 
ality and to carry out subsequent transformations) should 
induce no topographical changes in  t h e  polymer surface. 
These restrictions would limit changes in  t h e  polymer 
surface t o  chemical ones and allow direct  functional 
group-property correlations. Our work, thus far, has fo- 
cused on fluorinated polymers as substrates because of 
their ultimate chemical resistivity.la21 We report here the 
surface selective hydroxylation of PP. Our approach in- 
volved the selective oxidation of the tert iary carbon to a 
tert iary alcohol (eq l), a reaction with precedence in so- 
lution ~ h e m i s t r y . ~ ~ - ~ ~  

AcOH/Ac20 

Experimental Section 
Materials. Isotactic polypropylene (PP) film samples (1 and 

24 mil) were obtained from Hercules and extracted with refluxing 
dichloromethane for 15 min and dried (0.02 mm, 70 "C) until 
constant mass (hl pg) was achieved. Tetrahydrofuran was dis- 
tilled from sodium benzophenone dianion and stored under ni- 
trogen. Dichloromethane was distilled from phosphorous pent- 
oxide and stored under nitrogen. Chromium(V1) oxide, acetic 
anhydride, acetic acid, methanol (each obtained from Fisher), 
borane/THF, heptafluorobutyryl chloride, and trichloroacetyl 
isocyanate (each obtained from Aldrich) were used without further 
purification. 

Methods. Air-sensitive reactions were carried out under dry 
nitrogen. Dynamic contact angles were measured by using a 
RamB-Hart telescopic goniometer and water as the probe fluid. 
Advancing (0,) and receding (0,) angles were measured as water 
was added and removed, respectively, by using a Gilmont syringe. 
The values reported are averages of five measurements made on 
different positions of the film samples. Attenuated total re- 
flectance infrared (ATR IR) spectra were obtained by using an 
IBM 38 FTIR with 4 cm-' resolution, triangular apodization, a 
deuteriated triglycine sulfate detector, and a germanium (45') 
internal reflection element. X-ray photoelectron spectra (XPS) 
were obtained by using a Perkin-Elmer Physical Electronics 5100 
with Mg Ka excitation (300 W, 15 KeV). Spectra were recorded 
at two angles: 15' and 75" from the film surface. UV-vis spectra 
were recorded by using a Perkin-Elmer Lambda 3A spectro- 
photometer. Scanning electron micrographs (SEM) were obtained 
with a JEOL 100 STEM. Gravimetric analysis was performed 
by using a Cahn 29 electrobalance containing a polonium source. 

250 300 350 

"ll l  

Figure 1. UV-vis spectra of (a) PP-[0], oxidized for 4 h, and 
(b) PP-OH, oxidized for 4 h, borane reduction worked up with 
acetic acid. An unreacted P P  film was placed in the reference 
beam. 

ternatively, after removal of the borane solution, the film samples 
were washed with THF (4 X 20 mL) and treated with a mixture 
of hydrogen peroxide (30% aqueous, 10 mL) and sodium hy- 
droxide (3 M, 10 mL) for 3 h. The basic peroxide solution was 
removed, and the films were washed with water (2 X 20 mL), 1 
M HCl (3 X 20 mL), water (3 X 20 mL), methanol (3 X 20 mL), 
and dichloromethane (3 X 20 mL) in this order. The samples were 
dried (room temperature, 0.02 mm, 24 h) before XPS, ATR IR, 
UV-vis, SEM, and contact angle analyses. 

Reaction of PP- [0 ]  with Aqueous NaOH. PP-[0] film 
samples were placed in a Schlenk tube, and a solution of aqueous 
sodium hydroxide (2 M, 20 mL) was added. The film samples 
were allowed to react at room temperature for 24 h. The solution 
was removed and the film samples were washed with methanol 
(3 X 20 mL) and dichloromethane (3 X 20 mL). The samples were 
dried (room temperature, 0.02 mm, 24 h) before ATR IR spectra 
were recorded. Protonation consisted of storing the base-treated 
films in 1 M aqueous HC1 for 2 h. The film samples were washed 
with water (3 X 20 mL), methanol (3 X 20 mL), and dichloro- 
methane (3 X 20 mL). The samples were dried at reduced pressure 
before ATR IR spectra were recorded. 

XPS/ATR IR Labeling Reaction with Heptafluorobutyryl 
Chloride. An oxidized film sample, an oxidized, then reduced 
film sample, and a PP film sample (control) were placed in a 
Schlenk tube which was then purged with nitrogen for 15 min. 
THF (20 mL) was added via cannula followed by addition of 
heptafluorobutyryl chloride (0.856 g, 3.68 mmol) via syringe. 
Pyridine (2 mL) was added, and the films were allowed to react 
a t  room temperature for 48 h. The solution was removed, and 
the film samples were washed with THF (3 X 20) mL) and di- 
chloromethane (3 X 20 mL) prior to XPS, ATR IR, and contact 
angle analyses. 

The film samples were charge-neutralized b y  using a Zerostat Results 
(Aldrich) immediately prior to weighing. 

Oxidation of PP Film. Three 24 mil and three 1 mil film Two types of isotactic PP film (provided by Hercules) 
samples were placed in a Schlenk tube which was subsequently were used for this work: 24 mil film containing no  addi- 
purged with nitrogen for 15 min. A solution of chromium(V1) tives and  1 mil film containing antioxidants. Both were 
oxide (1.0 g, 10 mmol), acetic acid (10 mL), and acetic anhydride extracted with refluxing dichloromethane and dried t o  
(10 mL) was added via cannula, the film samples were allowed constant mass prior to use. The 24 mil film was used for 
to react at room temperature for 0.5-16 h, and the oxidation X-ray photoelectron spectroscopy (XPS), attenuated total 
solution was removed. The film samples were washed with 1 M reflectance infrared spectroscopy (ATR IR), scanning 
NaoH (2  2o mL)9 HC1 (2 2o mL)9 water (2 2o mL)2 electron microscopy (SEM), and  contact angle analysis. 
methanol (3 x 20 mL), and dichloromethane (3 X 20 mL) in this mil film was used for uv-vis spectroscopy and order and then dried at  reduced pressure (0.02 mm) for a t  least 
24 h prior to XPS, ATR IR, UV-vis, SEM, and contact angle gravimetric 
analyses. Two tared (prior to oxidation) film samples were further Oxidation of PP Film (PP-[O]). Hydroxylation of PP 
dried (0.02 mm, 70 "C) to constant mass (24 h) for gravimetric film was at tempted,  as depicted in eq 1, by treating t h e  
analysis. In a control experiment, the oxidized film was stored film with chromium(V1) oxide in acetic acid/acetic anhy- 
in acetic acid/acetic anhydride (10 mL each) at room temperature dr ide a t  room temperature for 0.5-16 h; we abbreviate 
for 16 h and washed and dried as described above. XPS and these products: pp-[O]. Upon oxidation, the film samples 
gravimetric analyses were performed. take on a slight yellow tint ,  which is indicated in the  UV- 

Reduction of Oxidized PP Film with Borane. Oxidized vis spectrum ( ~ i ~ ~ ~ ~  la). The spectrum exhibits a broad 
PP film samples were placed in a Schlenk tube which was then absorbance from low wavelength tailing out to 330 nm. flushed with nitrogen for 15 min. Borane (2.0 mL, 1.0 M in THF) 
and THF (15 mL) were added via cannula. The film samples were T h e  intensity of this absorbance increases rapidly over the 
allowed to react at temperature for 6 h. The solution was first 4 h of reaction and levels off thereafter; this autoin- 
removed via cannula, arid the film samples were washed with THF hibiting behavior is observed in Figure 2, a Plot of the  
(1 x 20 mL), 1 M aqueous acetic acid (3 x 20 mL), methanol (3 absorbance a t  260 nmZ5 versus reaction time. T h e  XPS 
x 20 mL), and dichloromethane (3 X 20 mL) in this order. Al- spectrum indicates the  incorporation of oxygen upon re- 

The 
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Figure 2. Absorbance (260 nm) of PP-[0] samples versus reaction 
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Figure 3. XPS survey spectra of (a) PP, (b) PP-[0] (4 h), and 
(c) PP-[O]-COC3F7. Data were recorded with an angle of 15' 
between the film surface and the analyzer. The shaded peaks 
at 611-613 eV are CIS ghosts due to a copper impurity on the 
anode. 

Reaction Time (h)  

Figure 4. 0xygen:carbon ratio in the XPS sampling depth versus 
reaction time (75' and 15' indicate the angle between the film 
surface and the analyzer). 

action. Survey spectra of PP and PP-[0] (4 h) are shown 
in Figure 3, parts a and b. The reactions that incorporate 
oxygen exhibit kinetics similar to those observed by UV- 
vis. Figure 4 shows plots of the 0xygen:carbon ratio versus 
reaction time. Two curves are shown: The one labeled 

PI 

2000 le00 16M) 1400 1200 1000 

cm-1 
Figure 5. ATR IR spectra: a, PP; b, PP-[0] (8 h); c, PP-OH; 
d, PP-OCOC3F7; e, PP-[O]-COC3F7; f, PP-[0] after treatment with 
2 M NaOH for 24 h. 
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Figure 6. Mass change versus reaction time for PP - PP-[O]. 
Film samples had 6 cm2 surface area. 

Table I 
Contact Angle Data (Water) for PP Oxidation 
reactn time, h OA, deg OR, deg 

0 111 * 3 88 f 3 
0.5 111 70 
1 107 62 
4 104 55 
8 102 49 

10 101 49 
16 104 46 

75' was drawn from data obtained with an angle of 75' 
between the film surface and the analyzer; these data in- 
dicate the composition of the outer ca. 40 A of the sample. 
The one labeled 15' likewise indicates the geometry of the 
analysis and is indicative of the outer 10 A of the sample. 
The ATR IR spectrum of PP-[0] (8 h) (Figure 5b) exhibits, 
in addition to strong PP bands, weak absorbances at 1742, 
1711, 1620, and 1551 cm-l which we assign to ester car- 
bonyl, ketone, trisubstituted olefin, and disubstituted 
olefin, respectively. There is no indication of hydroxyl 
absorbances,26 but other analyses indicate that they are 
present (below). The advancing and particularly the re- 
ceding contact angles (water) decrease upon oxidation, 
indicating the incorporation of polar functionality on the 
surface. Table I summarizes these data. Gravimetric 
analysis (Figure 6) shows that an increase in mass occurs 
over the first four hours of reaction, followed by a decrease 
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Table I1 
XPS Atomic Ratios 

Scheme I 

C 0 F 
75O 15' 75' 15' 75' 15' 

PP 100 100 0 0 0 0 
PP-[0] (4 h) 9 6 9 3 4  7 0 0 
PP-OH (4 h) 9 6 9 3 4  7 0 0 
PP-[O]-COCSF, 94 93 4 4 2 3 
PP-O-COCsF7 9 1  86 5 8 4 6 

in mass thereafter. These data should be regarded as 
rather qualitative because of the different hydrophilicities 
of the film samples (we weigh them in air), but we em- 
phasize that this information could not have been obtained 
by another surface analytical technique and was not a t  all 
apparent from the other analyses. SEM analysis of PP, 
PP-[0] (4 h), and PP-[0] (16 h) indicates that no dis- 
cernible changes in surface topography a t  the limits of 
SEM resolution occur upon reaction: all surfaces appear 
flat. 

Reduction of PP-[0] wi th  Borane (PP-OH).27 To 
reduce esters, ketones and olefins in PP-[0], film samples 
were treated with BH, in THF for 6 h at room temperature 
and worked up with either aqueous acetic acid or basic 
peroxide.28 The yellow tint of the film disappears imme- 
diately upon contact with the borane solution. UV-vis 
absorbance decreases (Figure lb) and infrared absorbances 
at  1742 and 1711 cm-' and a portion of the absorbance at  
1551 cm-' disappear (Figure 5c).29 XPS, SEM, contact 
angle, and gravimetric analyses exhibited no significant 
changes upon reduction. 

Reaction of PP-[0] wi th  Aqueous NaOH. To in- 
terpret the infrared spectrum of PP-[0] and to gain insight 
into the mechanism of mass loss, a f i i  sample was treated 
with 2 M sodium hydroxide for 24 h.,O The ATR IR 
spectrum of the product (Figure 5f) reveals that the abs- 
sorbance at  1742 cm-' has disappeared, the band at  1711 
cm-' is unchanged, and the region in the mid-1500 cm-' 
has flattened slightly, perhaps due to a new absorbance. 
Similar treatments with less concentrated base and shorter 
reaction time rendered less change. Protonation of the 
base-treated PP-[0] with aqueous HC1 induces no changes 
in the infrared spectrum. 

Reaction of PP-[0] and PP-OH with Heptafluoro- 
butyryl Chloride (PP-[O]-COC3F7, PP-O-COC,F7). To 
label hydroxyl groups (for XPS and ATR IR analysis) in 
PP-OH and PP-[0] (to prove their existence and deter- 
mine their relative concentration), film samples were 
treated with heptafluorobutyryl chloride and pyridine 
(catalyst) in THF and analyzed by XPS, ATR IR, and 
contact anglea31 Figure 3c shows the X P S  survey spectrum 
for PP-[O]-COC3F7. The photoelectron line at  693 eV 
corresponds to F1,. ATR IR spectra (Figure 5, parts d and 
e) indicate an ester carbonyl band32 at 1779 cm-' and C-F 
stretching modes at  1233 and 1219 cm-'. Contact angles 
(6,/6,) of PP-OCOC3F, are = 115O/6lo. Table I1 gives 
atomic ratios as determined by XPS for these transfor- 
mations. 

Discussion 
Oxidation of hydrocarbons with CrO, in acetic acid/ 

acetic anhydride is reported to give hydroxylated hydro- 
c a r b o n ~ . ~ ~ - ~ ~  Retention of configuration is observed, and 
the relative rates of oxidation at  primary, secondary, and 
tertiary carbons is 1:65:3500.23 Reaction of PP film sur- 
faces with Cr03/AcOH/Ac20 does not, however, accom- 
plish the simple and selective hydroxylation as depicted 
in eq 1. UV-vis and ATR IR spectra (Figures l a  and 5b) 
indicate the presence of carbonyls and olefins, conjugated 

to varying extents. Olefins and carbonyl-containing com- 
pounds are observed in prolonged oxidations of hydro- 
c a r b o n ~ . ~ ~  Acid-catalyzed dehydration of initially tertiary 
and subsequently tertiary allylic alcohols (eq 2) is the likely 

OH OH OH 

rs-jy'j - f i - ~  (2) 

source of olefins. Carbonyls likely arise from oxidation of 
this unsaturation and esterification of the hydroxyl groups. 
We assign the carbonyl bands to a mixture of ketones and 
esters (predominantly ketones) and specifically not car- 
boxylic acids. If carboxylic acids were present to a sig- 
nificant extent, brief treatment with aqueous base would 
shift a portion of the peak at 1711 cm-' to lower frequen- 
cy.30 Long exposure removes the 1742 cm-' (Figure 5f), 
and we interpret this change as due to ester hydrolysis. 
PP-OCOCH, can be formed from the reaction of PP-OH 
with acetic anhydride. If the ester functionality were 
present as PP-OCOCH3, hydrolysis by aqueous NaOH 
would yield PP-0-. If, however, the esters were PP-C- 
02CH3, hydrolysis would yield PP-COO- and protonation 
should give a more intense carbonyl peak at 1711 cm-l due 
to the carbonyl of PP-COOH. P r ~ t o n a t i o n ~ ~  does not 
provide any significant changes in the ATR IR spectrum, 
indicating that the esters are predominantly acetates 

The XPS spectrum indicates a slight oxidation (Figures 
3b and 4): the maximum 0:C ratio is 1:12 which corre- 
sponds to one oxygen per four PP repeat units. The fact 
that a portion of this oxygen is present as hydroxyl groups 
is indicated by their reaction with heptafluorobutyryl 
chloride (Figures 3c and 5e). The low receding contact 
angles and large contact angle hysteresis (Table I) are 
consistent with a slight oxidation and suggest that the 0 : C  
stoichiometry determined by XPS is a reasonable de- 
scription of the contact angle sampling region.34 

The kinetics of the reactions that produce PP-[0] are 
autoinhibitive when monitored by UV-vis or XPS (Figures 
2 and 41, suggesting that the reactions selectively occur at 
sites accessible to the oxidizing solution (the surface) and 
then cease. Angle-resolved XPS analysis indicates that 
reaction in the outer 10 8, is complete before the reaction 
in the outer 40 A. Gravimetric analysis (a qualification 
of the quantitative significance of these data is stated 
above) (Figure 6) indicates that after an initial gain, mass 
is gradually lost upon reaction. Two alternative expla- 
nations for this mass loss are (1) the oxidation reaction, 
in addition to introducing functionality, is cleaving chains 
and low molecular weight fragments are ablated and (2) 
the functionalized product (PP- [O]) slowly dissolves into 
the oxidizing solution. We favor the second explanation 
because of the absence of a significant quantity of car- 
boxylic acids, which would be present if chains were 
cleaved. Storing the oxidized film in reaction solvent 
causes the 0:C ratio, observed by XPS, to decrease by 

(PP-OCOCH,). 
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30-40%; this also supports the second explanation. 
Scheme I is a graphic representation of the oxidation re- 
action. 

The relative extents of reaction in the outer 10 8, and 
outer 40 8, (as determined by XPS-Figure 4) and the fact 
that the increase in the amount of oxidized product in the 
outer 40 i% levels off a t  the same rate that the increase in 
the amount of oxidized product in the entire film levels 
off (as determined by UV-vis-Figure 2) indicate that the 
thickness of the modified layer is on the order of the XPS 
sampling depth. Gravimetric data qualitatively substan- 
tiate this value (a 5-pg mass loss corresponds to a ca. 100-8, 
thick PP layer), and we place our estimate at a 100-8, thick 
modified layer. This value is a t  the limits of SEM reso- 
lution and is consistent with our observations of no to- 
pographical changes. 

Hydroboration reduces the carbonyl functionality and 
a portion of the olefinsm as evidenced by ATR IR (Figure 
5c) and breaks up the conjugation as evidence by UV-vis 
(Figure lb)  and visual inspection (the yellow tint disap- 
pears). The density of hydroxyl groups on PP-OH is about 
double that on PP-[0]: the yield of the heptatluorobutyryl 
chloride labeling reaction is doubled (Table 11). 

Summary and Conclusions 
Oxidation of PP film with Cr03/AcOH/Ac20 a t  room 

temperature introduces hydroxyl, ester (PP-OCOCH,), 
ketone, and olefin functionality to the outermost 100 8, of 
the film surface. Concomitant with this modification is 
the dissolution of the modified polymer; the modified layer 
remains ca. 100 8, thick. The carbonyls and a portion of 
the olefins in this modified layer can be reduced with 
borane to increase the density of hydroxyl groups. There 
is no change in surface topography with either the oxida- 
tion or the reduction. The hydroxyl groups are esterified 
with heptafluorobutyryl chloride, and the wetting prop- 
erties of the surface change due to this transformation. 
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