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SYNOPSIS 

Three monomers with different degrees of unsaturation, 1-propanol, allyl alcohol, and pro- 
pargyl alcohol, are plasma-deposited to obtain alcohol functions containing polymers. To  
obtain information on the behaviors of these monomers in the plasma, the polymers de- 
posited in the reactor and in the postdischarge region are characterized by high-energy 
resolution XPS, IR, HREELS, elemental analysis, and chemical derivatization. XPS results 
show that oxygen-rich polymers can be obtained from the unsaturated monomers a t  low 
power for both regions or at high power in the postdischarge region. In the reactor at  high 
power, fragmentation of the monomer leads to the elimination of oxygen fragments and 
ablation reactions during the polymerization process. Detailed structural information on 
the chemical structure and content of functional groups are obtained by simulation of the 
XPS Cl s  core levels of the polymers before and after derivatization with trifluoroacetic 
anhydride. In soft conditions, allyl alcohol leads to the formation of polymers with a relatively 
low degree of crosslinking and a high hydroxyl content (53-72%). However, the high res- 
olution of the XPS spectrometer allows one to detect the presence of secondary or tertiary 
alcohol functions resulting from chain branching reactions in this polymer. Results from 
this multitechnique characterization indicate also that the hydroxyl conversion and cross- 
linking reactions are more pronounced for poly( 1-propanol) and poly(propargy1 alcohol). 
Alcohol, ether, and carbonyl functions are present in equivalent quantities in poly(propargy1 
alcohol) while poly(1-propanol) contains mainly ether functions (50%). The presence or 
absence of alcohol functions at  the extreme surface of the polymers in relation to the chain 
mobility and the tendency of hydrogen bonding between hydroxyl groups was studied by 
HREELS. 0 1996 John Wiley & Sons, Inc. 

I NTRODU CTlO N 

Plasma deposition of monomers containing alcohol 
functions can be used to prepare hydrophilic thin 
films on solid substrates.' Moreover, alcohol func- 
tions at the surface of materials can serve for further 
modification: They can react with different reagents 
to immobilize useful functionalities. For example, 
postreactions of the hydroxylated surfaces with or- 
ganosilane can be used to bind covalently amine- 
terminated siloxane monolayers.2 Amine-terminated 
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poly(ethy1ene oxide) can also be coupled to the hy- 
droxylated  surface^.^ 

This could be a very good way to introduce pri- 
mary amine functions at the surface of various ma- 
terials. We have previously shown the difficulty to 
obtain directly primary amine functions by plasma 
polymerization of monomers containing amine 
functions (propylamine, allylamine, and propar- 
g~lamine) .~  The proportion of primary amine func- 
tions in the plasma deposits was lower than 33%: 
These groups were converted into imine or nitrile 
functions in the discharge. The yield of primary 
amine functions introduced at  the surface of poly- 
mers by NH3 plasma treatment is also observed to 
be relatively 
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Figure 1 Apparatus for plasma polymerization: (1) rf power; (2) makhing network; (3) 
monomer; (4) needle valve; (5) mass flow controller; (6) capacitance manometer; (7) pumping 
unit. 

The alcohol functions can also be used to anchor 
chemically a Ziegler-Natta catalyst at the surface 
of a material.6 This catalyst would then allow one 
to initiate polymerization processes at  surfaces. Fi- 
nally, hydroxylation of surfaces is also of interest 
in the field of biomaterials. For example, peptide 
sequences can be bonded covalently by reaction with 
the alcohol  function^.^ 

However, it is well known that important frag- 
mentation reactions leading to the elimination of 
oxygen-containing fragments occur during the po- 
lymerization of oxygen-containing monomers.a11 To 
minimize the loss of oxygen as well as the transfor- 
mation of the hydroxyl group in the plasma, unsat- 
urated monomers such as allyl alcohol (CH2= 
CH - CH2-OH) and propargyl alcohol (CHE 
C - CH,-OH) have been deposited under low- 
power conditions. We have previously shown that 
for these monomers the unsaturated carbon-carbon 
bonds are involved in the polymerization process, 
reducing thereby the fragmentation reactions.12 Ox- 
ygen-rich films for which the proportion of the dif- 
ferent functions have been determined could be po- 
lymerized." To obtain more information on the po- 
lymerization mechanism, these plasma polymers are 
compared with the deposits formed from the cor- 
responding saturated monomer (1-propanol, CH3- 

Detailed structural information on the polymers 
is obtained by XPS, using a Scienta ESCA 300 spec- 
trometer.13 This spectrometer with high intensity 
and high-energy resolution provides quantitative 
chemical information on the plasma polymers. The 
percentage of alcohol functions is estimated by de- 
rivatization with trifluoroacetic anhydride (TFAA) 

CH2-CHz-OH). 

in the vapor p h a ~ e . ~ . ' ~  The hydrogen percentages are 
determined by elemental analysis for poly(propargy1 
alcohol). Quantitative information on the functional 
groups present in the polymers are compared with 
qualitative data obtained by transmission infrared 
spectroscopy (TIR) and high-resolution electron 
energy loss spectroscopy (HREELS). 

EXPERIMENTAL 

Chemicals 

Propargyl alcohol and trifluoroacetic anhydride 
(TFAA) of 99% purity were obtained from Janssen. 
l-Propanol(99%) and allyl alcohol (99%) were from 
Aldrich. Au-coated silicon wafers were used as sub- 
strates for the deposition and for the XPS and 
HREELS analysis, whereas KBr windows from An- 
alis were used for infrared measurements. 

Films Deposition 

Polymers were deposited in an inductively coupled 
plasma reactor (Fig. 1). To compare the films formed 
from the three precursors at  various powers, the 
other reactions conditions were kept invariant. After 
a stable argon flow rate was established (230 
cm&Tp,/min), the monomer was introduced in the 
postdischarge region through a needle valve and po- 
lymerized with an rf power adjusted between 10 and 
60 W. The total pressure in the plasma chamber 
during the polymerization was kept at 250 mTorr 
and the flow rates of the monomers were, respec- 
tively, 30, 37, and 20 cm&,Tp,/min for 1-propanol, 
allyl alcohol, and propargyl alcohol. 
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Plasma polymer films were deposited on KBr 
windows for IR measurements. To minimize the 
charging effect, conducting silicon wafers covered 
with gold were used for the XPS and HREELS 
analysis. We compared the structure of the polymers 
deposited on substrates placed in the reactor (A) 
and in the postdischarge region (B). 

To minimize the oxidation of the polymers upon 
air exposure, the reactor was brought back to at- 
mospheric pressure via argon. The films were ana- 
lyzed by XPS, IR, and HREELS directly (time ex- 
posure to the atmosphere lower than 2 min) after 
film preparation. The elemental analysis were only 
performed 2 months after deposition. 

Film Characterization 

X-ray photoelectron spectra were recorded on a 
Scienta ESCA 300 spectrometer using a high-power 
rotating anode (4100 rpm) and the monochromatized 
X-ray AlKa radiation (1486.7 eV). The spectrometer 
was operating at 0.75 mm slit width and 75 eV pass 
energy, giving an instrument resolution of 0.25 eV. 
The X-ray source was run at a power of 2 kW and 
charge compensation was achieved by the use of a 
low-energy electron gun. The polymers were ana- 
lyzed at a 35" takeoff angle and the core levels were 
calibrated by reference to the first component of the 
Cls core level peak (unfunctionalized hydrocarbons) 
set at 285.0 eV. 

The high-resolution XPS Cls and 01s core level 
spectra were resolved into individual peaks using a 
nonlinear least-square fitting program. The individ- 
ual components were taken as a linear combination 
of a Lorentzian (10%) and a Gaussian (90%) curve. 
A Shirley background was used to represent the con- 
tribution of the secondary electrons. 

The content of alcohol functions in the films was 
determined by performing derivatization reactions 
with trifluoroacetic anhydride (TFAA). This labeling 
of the hydroxyl groups with fluorine was achieved 
by exposing the polymers to TFAA vapors for 15 
min at 35°C: 

The thickness of the films deposited on gold sub- 
strates is estimated by XPS considering the depen- 
dence of the electron mean free path on kinetic en- 
ergy. For higher energy than 150 eV, the electron 
mean free path increases as kinetic energy increases, 
X = BE1/2.15 Hence, electrons from different gold 
energy levels have different escape depths from the 
sample surface. By comparison of the intensities of 
peaks from different gold energy levels (Au 4d5/* and 
Au 4f7/,), an estimate of the overlayer thickness was 
obtained by using the equation described in Ref. 16. 

A Perkin-Elmer 983G infrared spectrometer was 
used to collect transmission spectra of the films de- 
posited on KBr windows. 

The elemental compositions of the films were an- 
alyzed with a Heraeus CHN - 0 - Rapid elemental 
analyzer in the Central Research Laboratory from 
Solvay. Only films deposited from propargyl alcohol 
could be removed from large-size quartz substrates 
to give enough product for this type of analysis. The 
deposits were very adherent to the substrate. How- 
ever, after immersion in water, swelling of the poly- 
mers occurred, so that they could easily be removed 
from the quartz substrate and transformed into 
powder upon drying in uacuo. 

The HREEL spectra were recorded with a com- 
mercial spectrometer (SEDRA from Riber-ISA) 
consisting of two electrostatic deflectors, used as an 
electron monochromator and analyzer, respec- 
t i~e1y.l~ The primary electron beam had a kinetic 
energy of 5.2 eV and the recording specular geometry 
was at 45" from the normal for both incident and 
scattered beams. To minimize the charging effect, 
relatively thin films (around 100 A) were deposited 
on conducting substrates (gold-covered silicon 
plates). 

RESULTS AND DISCUSSION 

XPS Characterization 

Atomic Ratios 

XPS results obtained from plasma polymerized 1- 
propanol show that the plasma polymerization of 
this saturated monomer leads to the formation of 
oxygen-deficient films (Fig. 2). In the reactor, for 
higher-power values than 12 W, thin films with O /  
C (XlOO) ratios lower than 8 were obtained. These 
polymer layers grow relatively slowly (E 0.2 A/s). 
Films of poly(1-propanol) with the higher oxygen 
content [O/C (X100) = 201 were obtained at 12 W 
in the reactor. In these conditions, the measured 
deposition rate is very low: 2.0 - lop2 A/s. Because 
of still lower deposition rates (around lop3 w/s) in 
the postdischarge region, samples obtained from this 
monomer in the postdischarge region were not an- 
alyzed by XPS. 

To obtain oxygen-rich polymers, unsaturated 
monomers must be deposited under well-defined 
conditions. The atomic ratios obtained from plasma- 
polymerized ally1 alcohol and propargyl alcohol show 
strong variations. Under low-power conditions, ox- 
ygen-rich deposits are obtained in the postdischarge 
region and in the reactor (Fig. 2). The oxygen con- 
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Figure 2 O/C ratios (X100) of the polymers obtained a t  different values of rf power. 

tent is somewhat higher for films deposited in the 
postdischarge region. 

For the unsaturated monomers, the oxygen con- 
tent in the polymers decreases drastically as a func- 
tion of power up to 40 W for polyallyl alcohol and 
up to 30 W for poly(propargy1 alcohol). However, 
for higher-power conditions, the quantity of oxygen 
strongly depends on the sample position. In the 
postdischarge region, oxygen-rich polymers are 
again obtained, whereas the O/C ratio remains low 
for the samples located in the reactor. In both cases, 
allyl alcohol produces plasma polymers with a higher 
oxygen content than that of propargyl alcohol and 
the O/C ratio is always higher for the postdischarge 
position. 

Two hypotheses can be proposed to explain these 
opposite evolutions of the oxygen content vs. power 
for the two sample positions: For high-energy input, 
the important electron temperature and electron 
density in the plasma" lead to a large degree of frag- 
mentation of the monomer. It is possible that some 
oxygen-containing fragments relatively stable do not 
react directly in the reactor. These species could then 
react on their way to the pump. So, more oxygen 
would be fixed on substrates placed in the postdis- 
charge region. The other explanation could be that 
the polymerization mechanism at high power in the 
postdischarge region is similar to that occurring in 
the reactor at  low power. Actually, the low electron 
temperature and electron density in the plasma at  

low power or at  high power in the postdischarge re- 
gion would allow the polymerization to proceed with 
less fragmentation of the monomer. It is also possible 
that both phenomena mentioned above are involved. 

Deposition Rates 

Comparison of the deposition rates of the three 
monomers indicates that the unsaturated carbon- 
carbon bonds are involved in the polymerization 
process (Fig. 3). The deposition rate of 1-propanol 
in the reactor is very low: 2.0. lo-' A/s at  12 W and 
around 0.2 A/s for higher-power values. Figure 3 
shows that higher deposition rates are observed for 
the unsaturated monomers: Propargyl alcohol po- 
lymerizes more rapidly than does allyl alcohol which 
has a higher deposition rate than has the saturated 
monomer. Thicker films are also obtained on sub- 
strates placed in the reactor where the electron tem- 
perature and electron density are more important. 

For the unsaturated monomers, an increase in 
deposition rate vs. power is observed to be followed 
by a drastic decrease. This evolution is characteristic 
of a competition between ablation and polymeriza- 
tion." At  low power, the reactions leading to the 
formation of a polymer predominate on the ablation 
reactions. By increasing the power, more radicals 
are created in the plasma. This contributes to the 
increase of the deposition rate. For higher-power 
values in the reactor, important fragmentation re- 

Poly(1 -propanol) Polyallyl alcohol Polypropargyl alcohol 

t Reactor 
t Post-discharge --- 

Power (W) Power (W) Power (W) 

Figure 3 Deposition rates (A/s) of the polymers obtained at  different values of rf power. 
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actions of the monomer lead to the elimination of 
oxygen-containing fragments. These species are re- 
sponsible for ablation. 

This particular evolution of the deposition rates 
for the unsaturated monomers can be correlated to 
the atomic ratios. The decrease in deposition rate 
vs. power occurs a t  power values at which important 
elimination of oxygen fragments takes place in the 
reactor: For power values higher than 40 W for 
poly(ally1 alcohol) and 30 W for poly(propargy1 al- 
cohol), O/C ratios (X100) between 6 and 8 were 
found in the deposits. 

Evolution of the Cls Core Level Spectra 

The evolution of the C l s  core level spectra of 
poly(ally1 alcohol) with power is shown in Figure 4. 
Due to the high-energy resolution of the Scienta 
ESCA 300 spectrometer, three components are well 
separated. The intensity of component B decreases 
vs. power for the films deposited in the reactor. On 
the other hand, for the postdischarge position, in- 
creasing the power gives rise to a decrease of B in- 
tensity up to 40 W followed by an increase at higher- 
power values. 

Simulation of the Cls Core Levels 

The simulation of the C l s  core level spectra provides 
quantitative information on the oxygen functional 
groups in the polymer structure (Fig. 5). Four com- 
ponents are needed for simulating the spectra. The 
first one, due to carbon atoms in a CH, environment 
(unfunctionalized carbon atoms), was positioned at  
285.0 eV (A). The second component (B) located at 
286.4 eV is due to carbon atoms single-bonded to 
oxygen (alcohol functions, ether functions, or ep- 
oxide groups), while the third component (C), at 
287.8 eV, arises from carbonyl functions. The last 
component (D) (289.0 eV), of negligible intensity 
(lower than l%),  corresponds to carbon atoms from 
ester or carboxylic acid functions. 

For poly(ally1 alcohol), component C is relatively 
low compared to component B (Fig. 6). The per- 
centage of component B and the atomic ratios fol- 
lows a similar evolution vs. power. For oxygen-rich 
deposits of poly(ally1 alcohol), the atomic ratio O/ 
C (X100) reflects the percentage of carbon atoms 
bonded to oxygen (B + C) (Table I). It seems, there- 
fore, that component B originates mainly from car- 
bon atoms bonded to alcohol functions. The pres- 
ence of ether functions or epoxide groups would give 
a higher oxygenated carbon percentage than the O/ 
C ratio. 

290 288 286 284 282 290 286 286 284 282 

Binding Energy (eV) Binding Energy (ev) 

Figure 4 
cohol). 

XPS Cls  core levels spectra of poly(ally1 al- 

The tendency to produce films with a great 
amount of alcohol functions is not so great in the 
case of 1-propanol and propargyl alcohol. From Ta- 
ble I, it seems that the B component is still due to 
alcohol functions for poly(propargy1 alcohol), while 
for poly(propy1 alcohol) obtained at 12 W, the higher 
percentage of carbon bonded to oxygen (B + C) than 
the O/C (X100) ratio is an indication of the presence 
of ether functions or epoxide groups. Figure 6 shows 
that, compared to poly(ally1 alcohol), for low-power 
values, the percentage of B is smaller and that some 
more carbonyl functions are formed in these two 
polymers (higher percentage of C). This is also con- 
firmed by the comparison of the 01s core levels 
spectra of the three polymers (Fig. 7). In the case 
of poly(ally1 alcohol), the full-width at  half-maxi- 
mum (fwhm) is 1.2 eV and the binding energy cor- 
responds to that of alcohol functions (532.8 eV). 
Larger fwhm (1.7-1.8 eV) are observed for poly(1- 
propanol) and poly(propargy1 alcohol). These 
broader peaks are due to the presence of different 
oxygen-containing functionalities. 

The comparison of the fwhm of component A re- 
sulting from the simulation of the C l s  core levels 
gives additional information on the chemical struc- 
ture of the polymers (Table 11). For poly(ally1 al- 
cohol) deposited in the reactor at low power (20 and 
30 W), relatively low fwhm (around 1.0 eV) are ob- 
served. These fwhm are close to those of the first 
component of the XPS C l s  core level of conven- 
tional polymers such as poly(viny1 methyl ether), 
poly(propy1ene glycol), and poly(viny1 alcohol) an- 
alyzed in the same conditions (pass energy: 75 eV, 
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Figure 5 Simulation of the XPS Cl s  core level signals from (a) poly(ally1 alcohol) 
obtained a t  30 W (postdischarge region), (b) poly(ally1 alcohol) obtained at  60 W (reactor), 
(c) poly(propargy1 alcohol) obtained at 12 W (reactor), and (d) poly(1-propanol) obtained 
at 12 W (reactor). 

and slit width: 0.75 mm) for which fwhm of 1.0, 1.0, 
and 1.1, respectively, were measured. 

For power values above 30 W, films of poly(ally1 
alcohol) with a broader component A (fwhm = 1.26- 
1.30 eV) are formed (Table 11). This broadening oc- 

curs in plasma conditions for which important ox- 
ygen elimination and ablation reactions have been 
observed (Figs. 2 and 3). It could result from the 
appearance of new types of unfunctionalized carbon 
atoms such as quaternary carbons. According to the 

Polyallyl alcohol Polypropargyl alcohol Poly( I-propanol) 
50 50 50 
t Reactor, % B 

40 I - Reactor, % C 40 I 
t Post-discharge, % B 

~ -- Post-discharge. % C $ 30 
10 - 

I 1 I 
lb Zb 3b 40 50 Zb 3b 4b $0 6b lb Zb 30 4b 50 

Power (W) Power (W) Power (w) 

Figure 6 
core level spectra of the polymers. 

Percentages of B and C components obtained from the simulation of the C l s  
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Table I 
Ratios with the Percentage of Carbon Bonded to 
Oxygen (B + C) (%) for Oxygen-rich Deposits 

Comparison of O/C (X100) Atomic 

Reactor Postdischarge 

Power O/C (B + C) o/c (B + C) 
(W) (X100) (7%) (X100) (So) 

Poly(ally1 alcohol) 

20 43 43 
30 28 31 
50 
60 

- - 
- - 

Poly(propargy1 alcohol) 

12 27 29 
20 18 19 
50 - - 

Poly( 1-propanol) 

12 20 28 

51 
38 
24 
32 

28 
21 
28 

48 
37 
24 
34 

26 
23 
26 

Scienta ESCA 300 Database from Beamson and 
Briggs?' quaternary carbon atoms can be shifted up 
to 0.56 eV to lower binding energy from CH2 type 
carbon atoms. This shift may explain the increase 
in fwhm from 1.0 to 1.3 eV. The appearance of un- 
saturated unprotonated carbon atoms which can 
have a binding energy lowered by 0.55 eV compared 
to CH, carbon atoms could also be responsible 
for it. 

Table I1 also shows that the fwhm of component 
A is high (1.27-1.43 eV) for poly(propargy1 alcohol) 
and poly( 1-propanol) synthesized in all plasma con- 
ditions. These broad components suggest again the 
presence of unprotonated carbon atoms (quaternary 
or unsaturated). As for these two polymers, more 
carbonyl functions have been detected by XPS, a 
contribution of the carbon atoms in the a position 
from the carbonyl groups (shifted by 0.38 eV to 
higher binding energy from the CH2 carbon atoms) 
to the broadening of component A has to be taken 
into account. 

h .  

536 535 534 533 532 531 530 529 
Binding Energy (eV) 

Figure 7 XPS 01s core level spectra of (a) poly(ally1 
alcohol) (20 W), (b) poly(1-propanol) (12 W), and (c) 
poly(propargy1 alcohol) (20 W) obtained in the reactor. 

are present on the spectra of the polymers. The OH 
stretching absorption bands (Al) are located be- 
tween 3360 and 3480 cm-' (Table 111). This broad 
band appears at 3360 cm-' for poly(ally1 alcohol) 
deposited at  low power (20 and 30 W) and is shifted 
to 3480 cm-I for higher-power values. These differ- 
ent positions of the OH stretch band can be corre- 
lated to the oxygen content: For samples containing 
a great amount of hydroxyl functionalities, lower 
wave numbers of the OH stretch bands result prob- 
ably from the formation of hydrogen bonding be- 
tween the OH groups. Considering the position and 
width of the OH stretching absorption band for 
poly(propargy1 alcohol), it seems that the tendency 
of hydrogen bonding is less pronounced for these 
polymers (Fig. 8) (Table 111). For both polymers 
formed at  low power, a C - 0 stretching absorption 
band of alcohol or ether functions is observed at 
1060 cmpl (11). 

Table I1 
Component (A) Resulting from the Simulation of 
the C l s  Core Levels of the Three Polymers 
Deposited in the Reactor 

Full-width at Half-maximum (fwhm) of 

Power (W) 

12 20 30 40 50 60 IR Characterization 

A comparison among the TIR spectra of poly(ally1 
alcohol), poly(propargy1 alcohol), and their mono- alcohol) - 1.05 0.97 1.30 1.29 1.26 
mers is shown in Figure 8. Because of very low de- 
position rates for poly( 1-propanol), TIR spectra of 
these polymers were not collected. Absorption bands 
due to the presence of alcohol and carbonyl functions 

Poly(ally1 

Poly(propargyl 

Poly(1- 
alcohol) 1.32 1.40 1.36 1.28 1.36 - 

propanol) 1.27 - 1.40 - 1.43 - 
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Figure 8 IR spectra of poly(ally1 alcohol), poly(propargy1 alcohol), and their monomers. 

Table I11 
for the Polymers Obtained at Different Powers in the Reactor 

Position of the TIR 0-H Stretching Absorption Band (cm-’) 

Power (W) 

12 20 30 40 50 60 

Poly(ally1 alcohol) V (cm-’) - 3360 3360 3480 3480 3480 
Poly(propargy1 alcohol) V (cm-’) 3400 3400 3480 3480 3480 - 
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Compared to the IR spectra of the monomers, a 
new peak appears at  1720 cm-' (El) (C=O stretch- 
ing). It shows that carbonyl functions are formed 
during the polymerization process. The IR spectra 
evolutions vs. power agree with XPS results: Alcohol 
functions are mainly present in the films obtained 
from allyl alcohol at low power (20 and 30 W) (higher 
intensity of band Al ) .  Moreover, the intensity of 
the carbonyl absorption band (El) is more pro- 
nounced for poly(propargy1 alcohol) in which more 
carbonyl functions have been detected by XPS. 

Compared to the infrared spectra of pure mono- 
mers, it seems that some unsaturated carbon-carbon 
bonds remain in the films formed at  low power. The 
stretching absorption band at  1660 cm-' (Fl) (C =C 
stretching) present on the spectrum of allyl alcohol 
appears also for both polymers. The presence of this 
band for poly(propargy1 alcohol) shows that some 
triple C=C bonds are partially converted into C = C 
double bonds in the plasma. However, the presence 
of the absorption band at 2300 cm-' (K l )  (C-H 
stretching from alkyne) on the IR spectra of this 
polymer shows that some triple bonds remain in- 
corporated in the films. 

The comparison of the IR spectra suggests that 
at  high power these unsaturated groups are trans- 
formed into saturated ones: The intensity of peaks 
due to the presence of unsaturated carbon-carbon 
bonds decreases for higher-power values while 
aliphatic bend peaks increase (C2) (1470 and 
1380 cm-'). 

Hydroxyl Derivatization with Trifluoroacetic 
Anhydride (TFAA) 

Vapor-phase TFAA derivatization followed by XPS 
analysis is used to quantify the alcohol functions. 
The selectivity of TFAA toward hydroxyl groups has 
been tested by Chilkoti et al. and Sutherland et al. 
for different polymers containing various oxygen- 
functional groups.8,21 These tests show that the re- 
action predominantly labels hydroxyl groups [TFAA 
reacts with nearly 100% of hydroxyl groups in 
poly(viny1 alcohol) without appreciably labeling 
polymers containing carbonyl, ether, or ester func- 
tions] and thus provide a semiquantitative compar- 
ison of the hydroxyl concentration for various ox- 
ygen-functionalized polymers. It has, however, been 
shown that TFAA is not entirely specific to the hy- 
droxyl groups; it also reacts with epoxide groups." 

For our samples containing a great amount of 
alcohol functions, quantitative information on the 
functional groups (alcohol, ether, and carbonyl) is 
deduced from the simulation of the high-energy res- 

olution core levels of samples analyzed before and 
after derivatization. If some epoxide groups are 
present in the samples, the concentration of hy- 
droxyl groups can be overestimated by TFAA la- 
beling. 

Figure 9 shows the change of the core levels after 
derivatization of poly(ally1 alcohol) deposited at 30 
W in the reactor. The 25% fluorine detected in the 
derivatized sample confirm the presence of hydroxyl 
groups. The new peaks appearing on the Cls  core 
level are attributed to carbons from the ester groups 
(E) (290.1 eV) and the CF, carbon atoms (F) (293.3 
eV). A new component (C) due to the ester group 
also modifies the 01s core-level shape. 

The fluorine percentage of TFAA-derivatized 
poly(ally1 alcohol) does not differ if the takeoff angle 
is modified (Table IV). This suggests that the re- 
action proceeds homogeneously over the full sam- 
pling depth analyzed by XPS. Therefore, quanti- 
tative information can be deduced from the analysis. 
The evolution of the fluorine percentage vs. power 
is the same as for the O/C ratio (Table V). The con- 
centration of fluorine decreases vs. power for films 
deposited in the reactor while a decrease followed 
by an increase is observed for the ones obtained in 
the postdischarge position. 

The evolution of the fluorine percentages is in 
agreement with XPS and IR results. Less fluorine 
is detected in oxygen-deficient polymers and in 
poly(propargy1 alcohol) and poly( 1-propanol) which 
contain more carbonyl functions and less carbon at- 
oms single-bonded to oxygen than poly(ally1 alco- 
hol). For poly( 1-propanol), this low fluorine per- 
centage is also probably due to the presence of ether 
functions. These results show that the possible non- 

Cl  s 1 

zm zac rn ZR) z a  zm ZM m 
Binding Ener~y (ev) Blndlno Enrw (.v) 

Figure 9 XPS Cls  and 01s core levels spectra of 
poly(ally1 alcohol) (30 W) obtained in the reactor (a) before 
and (b) after derivatization with TFAA. 
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Table IV Fluorine Percentages Obtained by XPS 
Analysis with Different Takeoff Angles (TOA) 
of TFAA-derivatized Poly(ally1 alcohol) 
(30 W) (Reactor) 

TOA 

90" 35" 15" 

% F  26 25 26 

specific adsorption of the labeling compound (with- 
out covalent coupling) observed by Chatelier et al. 
for some chemical derivatization reactionsz3 is neg- 
ligible here and that the reaction seems selective 
toward hydroxyl groups. 

The percentages of the different oxygen-contain- 
ing functionalities are determined by the simulation 
of the Cls core levels [Fig. 10(a)]. Assuming that 
the polymers contain alcohol, ether, carbonyl, ep- 
oxide, and ester or carboxylic acid functionalities, 
after the derivatization reaction, the ether, carbonyl, 
and ester groups remain unchanged. Therefore, the 
area of component C obtained from fitting the un- 
labeled spectrum was used in the fit of the labeled 
poly(ally1 alcohol). This area ought not to be per- 
turbed by labeling. The hydroxyl groups are trans- 
formed into ester functions and the carboxylic acid 
functionalities as well as the epoxide groups are also 
expected to react with TFAA.*," Due to the very low 
intensity of component D on the Cls core level of 
the unlabeled polymer, the contribution of the re- 
action with the carboxylic acid functionalities is ne- 
glected. 

The reaction of epoxide groups with TFAA has 
not been taken into account in the following quan- 
tification of the functional groups. If some epoxide 
groups are present in the samples, the calculated 
proportion of alcohol functions will be overesti- 
mated. 

After reaction, the percentage of component E 
[290.1 eV; OC(0)CF3] is equivalent to the percentage 
of component F (293.3 eV; CF3). A value of 12% is 
obtained. The same amount of C-O-C(0)CF3 
(12%) is also formed after reaction of the hydroxyl 
group with TFAA. Knowing the percentage of com- 
ponent B (286.9 eV; 20%) due to C-O-C(0)CF3 
and C-0--C carbon atoms, the percentage of 
- C - 0 -G (8%) is deduced. From these values, the 
proportion of the different oxygen functions is cal- 
culated. The polymer contains mainly alcohol func- 
tions (66%) but also some ether (22%) and carbonyl 
functions (12%). 

To obtain a good fit, it was necessary to use larger 
fwhm for component A (fwhm = 1.43 eV) and com- 
ponent B (fwhm = 1.48 eV) than the one used for 
the other peaks in the spectrum (fwhm = 1.00-1.11 
eV). These broadenings have been previously ex- 
plained by Ameen who analyzed TFAA-derivatized 
poly(viny1 alcohol) and plasma-polymerized 
poly(ally1 They result from the presence 
of additional components on the Cls core levels. 

A similar fit as the one proposed by Ameen, with 
additional components, is shown in Figure 10(b). 
The high fwhm of the B component in the first fit 
[Fig. lO(a)] results from the presence of different 
- C - 0 carbon atoms shifted by 0.76 e V  Components 
B1 due to C-0-C carbon atoms (8%; fwhm 
= 1.03 eV) and B2 resulting from C-0 -C(0)CF3 
carbon atoms (12%; fwhm = 1.01 eV) appear, re- 
spectively, at 286.69 and 287.45 eV in the second fit 
[Fig. 10(b)]. Knowing the stoichiometry of the re- 
action, to perform a good fit, the area of components 
F, E, and B2 have been fixed to be equivalent. 

According to the authors, the broadening of com- 
ponent A after labeling results from the apparition 
of carbon atoms in ,8 from the OC(0)CF3 group 
(C-C-OC(O)CF,) shifted by 0.59 eV from un- 
functionalized hydrocarbons. In our fit, component 
A2 (Eb = 285.63 eV; 21%; fwhm = 1.16 eV) is shifted 
by approximately the same value (0.63 eV) from 
component A1 (32%; fwhm = 1.18 eV; positioned at 
285.0 eV). According to the measured area of com- 

Table V 
Analysis of the TFAA-derivatized Polymers 
(TOA = 35") 

Fluorine Percentages Obtained by XPS 

% F  

Power (W) Reactor Postdischarge 

Poly( 1 -propanol) 

12 10 

Poly(ally1 alcohol) 

30 25 
40 4 
50 3 
60 2 

Poly(propargy1 alcohol) 

12 17 
20 15 
30 4 
40 7 

30 
14 
18 
28 

18 
13 
8 

10 
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Figure 10 
(30 W) obtained in the reactor. 

Simulation of the Cl s  and 01s signals of TFAA-derivatized poly(ally1 alcohol) 

ponent A2 (21%), which is higher than the areas of 
components B2, E, and F (12%), it seems that there 
are more carbon atoms in p from the -OC(0)CF3 
group than OC(0)CF3 groups. This could result from 
the contribution of secondary or tertiary alcohol 
groups. This result differs from those of Ameen who 
assumed that the majority of alcohol exists as a pri- 
mary alcohol group. 

Compared to the first fit [Fig. 10(a)] where A was 
used as a reference and positioned at 285.0 eV, by 
performing a more precise simulation, the position 
of the assumed unfunctionalized hydrocarbon atoms 
has changed A1 is now used as a reference. The 
calibrated binding energies of components C-F are 
approximately 0.3 eV higher than with the first one. 
The proportion of the different oxygen functions 

calculated from the second fit are similar to those 
deduced from the first fit. 

Approximately the same values can also be de- 
duced from the simulation of the 01s core level. The 
small contribution at  532.2 eV (A, 8%) is due to 
carbonyl functions while 40% of the 01s core level 
signal arises from one of the oxygen atoms from the 
ester group [Q - C( O)CF3; component C; 534.6 eV]. 
The main component B at 533.3 eV (52%) includes 
the contributions of O-C(Q)CF3 (40%; same in- 
tensity as component C) and C-Q-C (12%) ox- 
ygen atoms. 

The proportion of functions was calculated by 
fitting the core levels for the other oxygen-rich poly- 
mers (Table VI). The degree of hydroxyl retention 
in poly(ally1 alcohol) is very high: Up to 72% alcohol 
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Table VI 
Oxygen- r ich Deposits 

Proportion of Functions for 

Power % % % 
(W) Position Alcohol Carbonyl Ether 

Poldl -DroDanol) 

12 Reactor 24 26 50 

Poly(allv1 alcohol) 

30 Reactor 66 12 22 
Postdischarge 72 11 17 

40 Postdischarge 53 16 31 
50 Postdischarge 67 18 15 
60 Postdischarge 66 8 26 

PoldDroDarml alcohol) 

12 Reactor 36 34 30 
20 Reactor 36 31 33 

30 Postdischarge 41 19 40 
Postdischarge 32 35 33 

functions are present in these polymers. Our results 
differ from those of Yuan and Marchant who also 
plasma-polymerized allyl alcohol and observed an 
important conversion of the hydroxyl groups into 
carbonyl fun~tionalities.~ To obtain hydroxyl groups, 
the authors reduced the carbonyl functions by an 
aqueous solution of borohydride. The concentration 
found for hydroxyl groups in the reduced films was 
about 30% of the oxygen content. Our plasma con- 
ditions seem more efficient as oxygen-rich polymers 
with a proportion of alcohol functions varying be- 
tween 53 and 72% of the oxygen content could be 
obtained by direct polymerization of allyl alcohol. 

Table VI shows that the hydroxyl conversion in 
the plasma is more pronounced for poly( 1-propanol) 
and poly(propargy1 alcohol): Alcohol, ether, and 
carbonyl functions are present in equivalent quan- 
tities in poly(propargy1 alcohol) while poly(propy1 
alcohol) contains mainly ether functions (50%). This 
last result is in agreement with the comparison of 
the O/C (X100) ratio with the percentage of carbon 
atoms bonded to oxygen (B + C), which indicates 
the presence of ether functions or epoxide groups in 
this poly(1-propanol) (Table I). 

On the other hand, as the oxygenated carbon per- 
centage reflects the O/C ratio for poly(ally1 alcohol) 
and poly(propargy1 alcohol) (Table I), we deduced 
that component B originates mainly from carbon 
atoms bonded to alcohol functions and that very 
few ether functions or epoxide groups were present 
in these two polymers. Results from Table VI dis- 

agree with this deduction: The proportion of ether 
functions obtained from the derivatization reaction 
varies between 15 and 31% for poly(ally1 alcohol) 
and between 30 and 40% for poly(propargy1 alcohol). 
An overestimation of the ether percentage by la- 
beling could result from an incomplete reaction of 
the alcohol functions with TFAA due to steric hin- 
drance. Compared to model conventional 

on which the derivatization reactions 
are usually tested, our plasma polymers are more 
crosslinked or branched. It is possible that some al- 
cohol functions cannot be reached by TFAA. In that 
case, the real concentration of alcohol functions in 
the polymers would then still be higher than the one 
calculated in Table VI. 

The alcohol concentration can also be deduced 
from the F/O atomic ratios of the TFAA-derivatized 
samples. These calculations were performed for 
some oxygen-deficient films for which fitting the core 
levels cannot give quantitative values. Alcohol 
functions of 7 and 10% were, respectively, found in 
poly(ally1 alcohol) (50 W) and poly(propargy1 al- 
cohol) (30 W) deposited in the reactor. These results 
show that in hard conditions the hydroxyl conver- 
;ion in the plasma is more pronounced. Steric hin- 
drance is also probably more important. 

Elemental Analysis 

The elemental composition of poly(propargy1 alco- 
hol) deposited in the reactor under different values 
of rf powers were obtained with a Heraeus CHN-O- 
Rapid elemental analyzer and compared to the XPS 
atomic ratios (Table VII). This technique allows the 
determination of the hydrogen percentages that 
cannot be reached by XPS. The values obtained by 
both analyses for the O/C ratios are relatively close. 
However, the percentages of oxygen found by ele- 
mental analysis are a little higher than those cal- 
culated from the XPS results. This could be due to 
some surface contamination by hydrocarbons, lead- 
ing to an underestimation of the O/C atomic ratios 
by a surface-sensitive technique such as XPS. This 
can also result from some more oxygen contami- 
nation in the samples analyzed by elemental anal- 
ysis. Prior to this analysis, the samples were im- 
mersed in water to remove the polymer from the 
substrate. The reaction of radicals with water could 
lead to the incorporation of oxygen in the films 
which would remain even after drying in uacuo. The 
higher oxygen content in the films analyzed by el- 
emental analysis can also be due to a longer exposure 
time to the atmosphere before analysis. 
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By knowing the percentage of hydroxyl groups 
(sole oxygen atoms bonded to hydrogen) in the sam- 
ples, it is possible to calculate the average number 
of hydrogen atoms bonded to a carbon atom (Table 
VII). Values of 1.21 and 1.23 are, respectively, found 
for the films formed at  20 and 30 W. Compared to 
the monomer for which one hydrogen atom is, on 
the average, bonded to one carbon atom, some hy- 
drogenation occurs during the polymerization pro- 
cess. However, the hydrogen content in the films 
remains low (CH1,z1~1.z3). This can result from the 
presence of unsaturations (C=C or C s C  bonds) 
in the films that have been detected by IR spec- 
troscopy. The presence of tertiary or quaternary 
carbon atoms (detected by XPS) is also probably 
responsible for it. 

HREELS Characterization 

The HREEL spectrum of poly(propargy1 alcohol) 
obtained at 15 W in the reactor is shown in Figure 
11. It has a resolution of 21  meV (measured as the 
fwhm of the elastic peak). Despite the relatively poor 
resolution of this spectrum compared to the IR 
spectrum, some bands or shoulders are clearly visible 
and can easily be identified. Their positions are ap- 
proximately the same as for the bulk infrared spec- 
trum of the polymer (Fig. 8). The bands due to hy- 
drocarbon groups which are always present on the 
HREEL spectra of polymersz5 appear a t  2960 cm-' 
(C - H stretching) and 1360 cm-' (C - H bending). 
Because of the very high sensitivity of this technique 
to the extreme surface, the presence of a peak at 
3400 cm-' (0-H stretching) shows that alcohol 
functions are present in the top 0-20 A of the poly- 
mer. The C-0 stretching vibration is being ob- 
served at 1080 cm-'. The shoulder a t  1720 cm-' is 
attributed to C = 0 or C = C stretching vibrations. 

0 500 1OW 1500 2000 25W 3000 3500 

?(cni') 

Figure 11 
hol) obtained at 15 W in the reactor. 

HREEL spectrum of poly(propargy1 alco- 

The comparison of the HREEL spectra of 
poly(ally1 alcohol) (20 W) and poly(propargy1 al- 
cohol) (15 W) deposited in the reactor is shown in 
Figure 12. Although more alcohol functions were 
detected by XPS and TIR spectroscopy in poly(ally1 
alcohol) than in poly(propargy1 alcohol), the C - 0 
stretching absorption band (1080 cm-') is of lower 
intensity while the OH stretching absorption band 
(3400 cm-') is not present on the HREEL spectrum 
of poly(ally1 alcohol). 

This could be due to a different chemical com- 
position at the extreme surface compared to the bulk 
polymer. For poly(ally1 alcohol) deposited at low 
power, formation of hydrogen bonding between OH 
groups were deduced from the position and broad- 
ening of the infrared OH stretching absorption band. 
Moreover, a very low content of unprotonated car- 
bon atoms (quaternary or unsaturated) are present 
in the films. We can therefore suppose that because 
there is enough chain mobility and because of the 
tendency of hydrogen bonding the hydroxyl groups 
are pointed mainly to the bulk of the films: Hydro- 

Table VII 
Poly(propargy1 alcohol) Obtained in the Reactor 

Atomic Ratios Obtained by Elemental and XPS Analysis of 

Power (W) % OH Type of Analysis Elemental Composition 

Monomer 100 Theoretical value C1 H1 (OWo.33 

20 36 XPS Cl 00.18 

CI Hx 00.12 (OH),, 

Ci H1.21 00.17 (0H)o .m 
Elemental cl H1.27 O0.23 

30 10 XPS C, 00.07 

Elemental Cl H1.24 00.11 

Ci H, 00.06 (OH)o.oo7 

CI H1.23 00.10 (OH)o.oo7 
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Figure 12 Comparison of the HREEL spectra of (a) 
poly(propargy1 alcohol) (15 W) and (b) poly(ally1 alcohol) 
(20 W) obtained in the reactor. 

carbon groups are present mainly at the extreme 
surface. The disappearance of the hydroxyl groups 
from the extreme surface would explain the absence 
of the OH stretching absorption band on the 
HREEL spectrum of poly(ally1 alcohol). 

For poly(propargy1 alcohol), the chain mobility 
is probably reduced because of the higher degree of 
crosslinking of this polymer (higher concentration 
of unprotonated carbon atoms). Moreover, as the 
tendency of hydrogen bonding is less pronounced, 
the hydroxyl groups remain probably at the extreme 
surface of the polymer. This could explain why the 
intensities of the 0 - H  and C-0 stretching ab- 
sorption bands are higher for the polymer containing 
fewer alcohol functions. 

The lower intensity of the C = O  or C=C 
stretching absorption band (1720 cm-') for poly(ally1 
alcohol) compared to poly(propargy1 alcohol) is well 
in agreement with the XPS and TIR results as less 
carbonyl functions and C = C bonds have been de- 
tected in poly(ally1 alcohol). 

DISCUSSION 

This detailed characterization shows that the three 
selected monomers containing alcohol functions lead 
to the formation of polymers with very different 
chemical structures and functional groups. This 
suggests different polymerization mechanisms, de- 
pending on the degree of unsaturation of the starting 

material. The composition of the polymers is also 
very dependent on the plasma conditions. 

XPS results show that the plasma polymerization 
of the saturated monomer (1-propanol) leads to the 
formation of oxygen-deficient films. For the unsat- 
urated monomers (allyl alcohol and propargyl al- 
cohol), elimination of oxygen fragments responsible 
for ablation have been observed in the reactor at 
high power. However, for these two monomers, at 
low power for the two positions or at high power in 
the postdischarge region, the polymerization pro- 
ceeds with less fragmentation of the precursor and 
oxygen-rich polymers are deposited. The behaviors 
of the different monomers studied, in relation to the 
chemical structure of the polymers formed, are dis- 
cussed here below: 

Poly(ally1 alcohol) 

The detailed characterization of poly ( allyl alcohol) 
obtained in soft conditions suggests that the double 
bond is involved in the deposition mechanism: allyl 
alcohol polymerizes more rapidly than does the sat- 
urated monomer. Moreover, the degree of hydroxyl 
retention in these films is relatively high; a propor- 
tion of alcohol functions between 53 and 72% of the 
oxygen content has been deduced from the simula- 
tion of the core levels of the TFAA-derivatized sam- 
ples. The low fwhm of component A resulting from 
the simulation of the Cls core levels of poly(ally1 
alcohol) suggests a very low content of unprotonated 
carbon atoms (quaternary or unsaturated) in this 
polymer. This indicates that the degree of cross- 
linking of poly (allyl alcohol) is not very important 
and that relatively little bond breaking occurs during 
the polymerization process. This seems to confirm 
that the polymerization proceeds via the double 
bond. However, the simulation of the Cls core level 
of the TFAA-derivatized poly ( allyl alcohol) reveals 
that there are more carbon atoms in /3 from the 
- OC (0) CF3 groups than the OC (0) CF3 groups. 
This has been explained by the contribution of sec- 
ondary or tertiary alcohol groups and results there- 
fore from some C - H bond breaking in the plasma 
leading to chain branching reactions. Despite these 
chain branching reactions, the chain mobility in the 
films seems to be sufficient to allow the formation 
of hydrogen bonding between alcohol functions. 
Their orientation into the bulk of the films and dis- 
appearance from the extreme surface have been de- 
tected by HREELS. 

The polymerization mechanism of allyl alcohol 
is very dependent on the plasma conditions: In 
the reactor a t  high power, important ablation re- 
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actions and oxygen elimination were observed. 
Moreover, the hydroxyl conversion is more pro- 
nounced in these conditions: Less than 10% al- 
cohol functions were found in the polymers. In 
addition to that, the appearance of numerous un- 
protonated carbon atoms (quaternary or unsatu- 
rated) shows that important crosslinking reactions 
occur in such hard conditions. 

Poly ( propargyl alcohol) 

Although the higher deposition rates of this mono- 
mer compared to the other monomers suggest an 
important contribution of the triple bond to the po- 
lymerization mechanism, even in soft conditions, the 
degree of hydroxyl conversion in the plasma is rel- 
atively high: Alcohol, ether, and carbonyl functions 
are present in equivalent quantities in the films. In 
addition to that, results from the simulation of the 
Cls core level suggest the presence of numerous un- 
protonated carbon atoms (quaternary or unsatu- 
rated). This is supported by the relatively low hy- 
drogen content detected by elemental analysis, 
which is an indication of crosslinking of the samples 
or of the presence of unsaturations. Unsaturated 
carbon-carbon bonds have also been detected by in- 
frared analysis. 

Because of the higher degree of crosslinking of 
this polymer compared to poly(ally1 alcohol), the 
chain mobility is reduced. This higher film rigidity 
as well as the lower tendency to form hydrogen bonds 
explain why more alcohol functions have been de- 
tected by HREELS at the extreme surface of this 
polymer than in poly(ally1 alcohol) although less 
hydroxyl groups are found in the bulk poly(propargy1 
alcohol). 

Poly( 1-propanol) 

Much bond breaking occurs during the polymeriza- 
tion of this saturated monomer which deposits very 
slowly. Important oxygen elimination and hydroxyl 
group conversion (50% ether, 26% carbonyl, and 
24% alcohol functions) were detected by XPS and 
derivatization. Moreover, the samples are probably 
highly crosslinked; they contain many unprotonated 
carbon atoms. 

CO NCLUS 10 N 

The study of the surface chemistry of films created 
from monomers containing alcohol functions, dif- 
fering by the degree of unsaturation (1-propanol, 

allyl alcohol, and propargyl alcohol), demonstrates 
the tendency of fragmentation of these precursors. 
XPS results show that in the reactor at high power 
elimination of oxygen fragments responsible for 
ablation takes place during the polymerization pro- 
cess. However, oxygen-rich polymers can be depos- 
ited from the unsaturated monomers a t  low power 
for the two positions or a t  high power in the post- 
discharge region. 

Detailed structural information on the chemical 
structure and content of functional groups has 
been obtained by high-energy resolution XPS, IR, 
HREELS, elemental analysis, and chemical de- 
rivatization with TFAA. Ally1 alcohol is the most 
effective precursor to produce polymers containing 
alcohol functions. In soft conditions, the double 
bond of this monomer seems to be involved in the 
polymerization mechanism, leading to the for- 
mation of polymers with a relatively low degree of 
crosslinking and high hydroxyl content (propor- 
tion of alcohol functions varying between 53 and 
73% ) . However, the presence of secondary or ter- 
tiary alcohol in these films has suggested some 
chain branching reactions. Despite these branch- 
ing reactions, the chain mobility remains high: 
The alcohol functions tend to point inside of the 
polymer. 

The hydroxyl conversion in the plasma is more 
pronounced for poly ( 1-propanol) and poly (propar- 
gyl alcohol). In soft conditions, alcohol, ether, and 
carbonyl functions are present in equivalent quan- 
tities in poly( propargyl alcohol) while poly( l-pro- 
panol) contains mainly ether functions (50% ) . 
Moreover, these two polymers are crosslinked They 
contain unprotonated carbon atoms (quaternary or 
unsaturated). Although fewer hydroxyl groups are 
present in poly (propargyl alcohol) compared to 
poly ( allyl alcohol ) , more alcohol functions have 
been detected by HREELS at  the extreme surface. 
This has been explained by the lower chain mobility 
as well as a lower tendency of hydrogen bonding 
between alcohol functions for poly ( propargyl al- 
cohol). 

For all polymers, a large degree of hydroxyl con- 
version has been observed under hard conditions: 
Less than 10% alcohol functions were left in the 
polymers deposited at  high power in the reactor, 
which were highly crosslinked. 

The authors are grateful to M. Vermeersch and L.-M. Yu 
for assistance in the acquisition of the HREEL spectra. 
We also thank Solvay for performing the elemental anal- 
ysis. 
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