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Summary 

  

Primary amine-based plasma polymer films (NH2-PPF) were synthesized using plasma 

polymerization of allylamine in continuous wave (CW) and pulsed radio-frequency modes. 

Plasma chemistry, studied by residual gas analysis mass spectrometry, revealed that the 

fragmentation of the chemical precursor is a function of the equivalent power (Peq), 

independently of the plasma mode used. X-ray photoelectron spectroscopy combined with 

time-of-flight secondary ion mass spectrometry suggest as the precursor fragmentation in the 

plasma increases: (i) a decrease of the primary amines concentration in the NH2-PPF (%NH2) 

and (ii) an increase of the cross-linking degree. Additionally, for a given Peq, the NH2-PPF 

characteristics were found to be independent of the plasma mode used. Therefore, the main 

advantage of using pulsed RF processes over CW ones is the possibility to work at very low 

Peq what enables low precursor fragmentation, optimization of %NH2 and reduction of the 

film cross-linking degree. The chemical composition and the cross-linking degree of the NH2-

PPF synthesized by allylamine plasma polymerization can thus be tailored by adjusting the 

equivalent RF power injected in the plasma. 
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1. Introduction 

 

 Plasma polymerization is an attractive method to synthesize organic thin films referred 

to as “plasma polymer films” (PPF). PPF present, among other properties, strong adherence 

on numerous surfaces, good mechanical properties and high thermal resistance [1]. Among 

the most promising PPF, films containing primary amines (NH2-PPF) have drawn a lot of 

interest due to their potential applications ranging from modification of membranes [2-8], 

treatment of polymeric beads [9,10] and carbon nanotubes [11] to biomedical applications 

[12-18]. Moreover, NH2-PPF have been reported to exhibit relatively good chemical stability 

to repeated autoclave cycles and thus resistance to material sterilization, an essential step in 

the biomedical research and practice [19]. Several nitrogen-rich organic precursors have been 

considered for NH2-PPF synthesis [20-25]. Among them, allylamine (CH2=CH-CH2-NH2) has 

extensively been studied since it contains a carbon-carbon double bond susceptible to 

polymerize through plasma activation [4,6-10,13-19,22,25-31]. 

 

Originally, plasma polymerization was mainly focused on the synthesis of highly 

cross-linked films with chemical structure featuring little or no repeating monomer units. In 

the last years, however, this technique has shown its strong potential to modify surface 

properties of different materials with defined chemical groups. As a consequence, the search 

for PPF with controllable and stable chemical composition has triggered the last 

developments in the pulsed plasma polymerization area [15]. For instance, power modulation 

in pulsed plasma deposition processes allows for a better control over substrate temperature, 

organic precursor fragmentation in the plasma and physico-chemical properties of the films 

[32,33]. This modulation is defined by the duty cycle (∆) giving the relationship between the 

plasma on-time (τon, time during which (re)active species and photons are generated) and the 

 3



pulse period (sum of τon and the plasma off-time, τoff, time during which the plasma is 

switched off). 

 

                                                   ( )offonon τττ +=∆                                               (1) 

 

The equivalent power (Peq) is defined as:     

 

                                                       peakeq PP ⋅∆=                                                    (2) 

 

where, Ppeak is the input power during the plasma on-time. Relatively high peak powers may 

frequently be employed but Peq are usually low [33]. Power modulation in pulsed plasma 

deposition processes, which is proportional to the duty cycle, has often been used to control 

the retention of the organic precursor chemical group in the PPF [19,26,32]. Under such 

synthesis conditions, the organic precursor fragmentation increases by increasing Peq. 

Nevertheless, even when very low Peq is used, the PPF chemistry is difficult to control 

because, as a consequence of the different chemical reactions occurring during plasma 

polymerization, a large variety of chemical functions can be incorporated in the PPF. Their 

nature and relative concentration depend on the organic precursor as well as on the discharge 

parameters. For instance, it has been shown that allylamine PPF can contain different 

nitrogen-based chemical functions such as amines, imines and nitriles groups, their relative 

concentration depending on the experimental conditions [14,27,28,31]. 

 

Among the techniques used for quantifying the chemical composition of solids and 

molecules, X-ray Photoelectron Spectroscopy (XPS) is a powerful well-established method 

[34]. Nevertheless, in the case of allylamine PPF where different nitrogen-based functions are 
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present, overlapping of contributions in the X-ray photoemission spectrum is likely. For 

example, the reported values for the chemical shift of the sp3-hybridized C-N bonds range 

from 398 to 398.5 eV; for sp2-hybridized C=N bonds from 400 to 401 eV; and for sp-

hybridized C≡N bonds from 398 to 400 eV [35,36]. Therefore, advanced analysis methods 

have to be used for a meaningful identification and quantification of chemical groups. Among 

the potential methods, a combination of XPS with chemical derivatization appears to be a 

good candidate. It consists in inducing a chemical reaction between a targeted chemical group 

of the PPF and a chemical reactant containing at least one atom different from the ones 

composing the PPF. Photoelectrons emitted from the element newly introduced can then be 

used to quantify the targeted group. For selectively probe –NH2 groups, several reactants such 

as 4-trifluoromethyl-benzaldehyde (TFBA) [21,37], pentafluoro-benzaldehyde (PFBA) [23] 

and para-chlorobenzaldehyde [38] have been used. 

 

As mentioned before, the synthesis conditions for deposition of PPF with high primary 

amines concentration are characterized by low precursor fragmentation. Another consequence 

of such experimental conditions is the reduction of the PPF cross-linking degree [39]. And 

yet, it has been shown that the control of the cross-linking degree is an important factor for 

the optimization of the PPF mechanical and thermal properties [39,40]. Therefore, it is 

important to evaluate the cross-linking degree in addition to the plasma and PPF chemistry. 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) has been shown to be a 

powerful tool to probe structural differences in organic materials [41]. Nevertheless, due to 

the ToF-SIMS spectra complexity, statistic methods such as Principal Component Analysis 

(PCA) are increasingly used for data analysis [42-48]. 
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In this work aiming to study the synthesis mechanisms of NH2-PPF, the plasma 

chemistry is correlated to the film chemical composition and cross-linking degree. Continuous 

wave (CW) and pulsed radio-frequency plasma polymerization of allylamine were used to 

synthesize the films. The plasma chemistry was studied by residual gas analysis (RGA) mass 

spectrometry. The chemical composition of the NH2-PPF was determined by chemical 

derivatization XPS using 4-trifluoromethyl-benzaldehyde (TFBA) as labeling molecule while 

information about microstructure was deduced from ToF-SIMS data supported by PCA 

analysis. 

 

 

2. Experimental Part 

 

Allylamine (98+ % purity) was purchased from Acros Organics, Belgium. PPF were 

deposited on 1cm2-silicon (100) substrates. Prior to PPF syntheses, substrates were 

ultrasonically washed in hexane and then rinsed with methanol. 

   

PPF syntheses were carried out in a 350 mm diameter and 450 mm length cylindrical 

stainless steel vacuum chamber pumped to a residual pressure of 8.10-7 Torr by a combination 

of rotary and turbomolecular pumps connected in series (Fig. 1). The 13.56 MHz exciting 

power was applied via a matching network to a water-cooled copper coil, 150 mm internal 

diameter and 8 mm tore thickness, located inside the chamber 100 mm in front of the 

substrate. A load-lock system allows transferring the substrate inside the reactor from 

atmosphere to high vacuum in few minutes. The introduction airlock is separated of the main 

chamber by a slide valve. The substrate holder is mounted on a transfer stick and the substrate 

kept at floating potential during PPF deposition. A full-range gauge allows controlling the 
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residual pressure before PPF synthesis whereas the process pressure, regulated by a throttle 

valve located upstream the turbomolecular pump, is given by a Baratron gauge. The organic 

precursor inlet is placed in front of the substrate. Allylamine flow rate was fixed at 10 sccm 

during all the experiments and the working pressure regulated at 20 mTorr. Allylamine PPF 

were synthesized under pulsed and CW power conditions summarized in Table 1. 

 

A common feature when dealing with plasma polymerization processes is to determine 

the PPF deposition regime. For that purpose, the lowest equivalent power condition was 

considered (30 W). It has been shown, when the plasma is pulsed, that the deposition regime 

depends only on the average energy dissipated per precursor molecule, Emean, in the plasma 

[49,50].  

 

                                         res
peak

res
eq

mean ττ ⋅⋅∆=⋅=
N

P
N

P
E                                      (3) 

 

where N is the number of particles resident in the system and τres their resident time, given by 

τres = N/Φ, where Φ is the precursor flow rate. Therefore,  

 

                                                     
Φ
peak

mean
P

E ⋅∆=                                                  (4) 

     

It should be emphasized that relation 4 can only be applied if the residence time is much 

longer that the pulse period. The calculation of the residence time requires the determination 

of N and expression of Φ in number of molecules per second. In our system, the allylamine 

flow rate was fixed at 10 sccm corresponding to 4.5x1018 molecules per second. On the other 

hand, at a process pressure of 2.67 Pa and for a chamber volume of ~ 4.33x10-2 m3, we obtain 
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N = 2.8x1019 molecules resident every time in the chamber. This gives a residence time of 6.2 

s which is much longer than the pulse period of our experiment namely 1.9 msec. An 

absorbed power of 1 W/sccm of precursor flow rate corresponds to 15.5 eV of average energy 

dissipated per precursor molecule in the plasma [49,50]. For Peq = 30 W, we have Emean = 3 

W/sccm (46.5 eV/molecule), this value being consistent with a monomer deficient regime 

[51]. 

Plasma composition was investigated by residual gas analysis (RGA) mass 

spectrometry. The mass spectrometer is a quadrupole HAL EQP 500 model supplied by 

Hiden Analytical (Warrington, UK). The apparatus is interfaced to the chamber by a 100 µm 

extraction orifice located between the coil and the substrate holder. Prior to detection, neutral 

species were ionized by electron impact with an electron kinetic energy fixed at 20 eV in 

order to limit additional fragmentations in the ion source [52-54]. It should be noted that the 

mass spectrometer quadrupole is a mass-dependent system whose transmission function 

decreases strongly with the studied mass, m. The manufacturer of the HAL EQP 500 has 

found empirically that this mass-dependent instrument function ranges between m-1 and m-2. 

In this work, we have used a m-1 mass-dependent function to correct the spectra [55]. 

 

XPS experiments were performed on TFBA-derivatized samples. Data were acquired 

with a VG-ESCALAB 220iXL spectrometer. A monochromatized Al Kα line (1486.6 eV) was 

used as photon source. The overall energy resolution was 0.6 eV. The pressure in the analysis 

chamber was 1.5x10-9 Torr. Surface charging effect was compensated using a 6 eV electron 

flood gun. Photoemission spectrum background signal was subtracted using the linear 

method. Elemental composition was deduced from photoelectron peak areas using respective 

photoionisation cross-section calculated by Scofield [56], corrected by the escape depth 
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dependence on the electron kinetic energy (assumed to have the form λ  = KE0.6) and by the 

analyzer transmission function of the spectrometer. 

   

The derivatization reaction was performed by exposing the PPF to TFBA vapor in a 

separated chamber at 3 Torr pressure and room temperature. Scheme 1 shows the reaction 

occurring during the –NH2 groups derivatization. The reaction consists in a nucleophilic 

addition on carbonyl group (C=O) that converts –NH2 group into imine (Schiff base). Hence, 

–NH2 groups are selectively probed by the reagent –CF3 terminal group. Kinetics of this 

reaction was investigated as a function of the PPF synthesis conditions. For these 

experiments, PPF were TFBA-derivatized using different reaction times. After the 

derivatization step, %NH2 was calculated from XPS according to [57]: 

 

                                        ( ) %100.
][
3/][

][
][

% 2
2 N

F
N

NH
NH ==                                     (5) 

 

where [NH2], [N] and [F] represent respectively the relative concentration of primary amines, 

nitrogen and fluorine at the PPF surface. The [NH2]/[N] ratio is referred to as the process 

selectivity. 

 

 Static ToF-SIMS data of the as-deposited PPF were acquired by a time-of-flight 

secondary ion mass spectrometer, using a ToF-SIMS IV instrument from ION-TOF GmbH 

(Münster, Germany). An Ar+ 10 keV ion beam at a current of 0.2 pA for samples 1 and 2, and 

1 pA for samples 3 and 4, rastered over a scan area of 300 µm × 300 µm was used as analysis 

beam. The detection was made in the positive ion mode. For each spectrum the mass scale 

was calibrated by using well identified ions namely H+, H2
+, H3

+, C+, CH+, CH2
+, CH3

+ and 

C2H3
+. Five measurements were performed on each sample keeping settings unchanged. The 
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ToF-SIMS spectra were analyzed by the PCA method using the SIMCA-P11 software 

supplied by Umetrics, Sweden. The peak intensity of the secondary ions was normalized to 

the total ion count before performing the PCA to correct for the differences in total secondary 

ion yield from spectrum to spectrum. The normalized spectra were exported from the 

acquisition software (IONSPEC v3.16) to the analysis software SIMCA-P11 which mean-

centers and scales the variables. This procedure ensures that the variance in the data are 

related to chemical differences between samples and not to artifacts in peak intensity [44,46]. 

 

 PCA is a multivariate analysis technique aiming at summarizing the variance patterns 

within a dataset. The variance in the data describes the differences between samples. In ToF-

SIMS data, these differences come from changes in the relative intensity of the peaks within 

samples spectra. Before data processing, results are set in matrix form where the rows are the 

samples (i.e. spectra) and the columns are the variables (i.e. peaks). When PCA is applied, a 

new set of axes (principal components, PCi) is created defining the directions of the major 

variations within the data set. The result of this is a reduction of variables since the original 

ones are recombined to define the new PC axis. The large data set is thus reduced to some 

variables that are interpreted using specific plots. Two main concepts are then introduced 

namely the scores and the loadings. The scores describe the relationship between samples and 

account for reproducibility of the surface chemistry results. The loadings define the 

contributions of the original variables to the new PCi and describe the variables responsible 

for the differences between the samples [44,46]. 
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3. Results and Discussion 

 

It has been shown that apart from neutral free radical species, positive ion-molecule 

reactions can also have important influence in the PPF deposition, especially if the plasma 

polymerization is carried out in CW mode at low input power (~ between 0.5 and 15 W) [58-

61]. Under such plasma conditions, the observation of positively charged oligomers in the 

plasma and the absence of such neutral species suggested a cationic chain polymerization 

mechanism. During low input power plasma polymerization of acrylic acid, the flux of 

positive species arriving at the sample surface revealed the positive ion deposition mechanism 

[62]. Similar experiments, considering low input power plasma polymerization of allylamine, 

also demonstrated that the ionic mass transported to the surface is sufficient to account for all 

the deposit [55]. Nevertheless, for power higher than ~ 15 W, an increased fragmentation of 

the organic precursor associated with the loss of positively charged oligomers is observed in 

the plasma [63]. Hence, since in this work the power applied in CW or during the plasma on-

time was always ≥ 75 W, it can be assumed that the NH2-PPF growth mechanism occurred 

via radicalar species reactions. Consequently, we focused the plasma chemistry analysis on 

neutral particles. 

 

The electron impact mass spectrum of allylamine vapor (without plasma) is shown in 

Figure 2 (spectrum 2a). Four major peaks are observed at m/z 57, 56, 30 and 28, coming from 

α-cleavage reactions of the precursor ([C3H7N]+.). This radical-cation can lose either a 

hydrogen radical giving the ([C3H6N]+) signal at m/z 56 or a vinyl radical producing the 

([CH4N]+) signal at m/z 30. Subsequent dehydrogenation of the latter yields to ([CH2N]+) 

signal at m/z 28. Spectra 2b to 2e show the RGA mass spectra of the plasma as a function of 

the experimental conditions. The spectra were recorded from 1 to 60 m/z because no 
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significant signal was detected beyond this value. This result suggests that oligomerization 

reactions involving radicalar species (radical-radical or radical-neutral) rarely occur during 

the plasma polymerization process. This observation is in good agreement with previous 

studies reporting RGA mass spectrometry measurements performed on acrylic acid [51], 

propanoic acid [59] and allyl alcohol [60] plasma neutral species. 

The different peaks were assigned as follow: m/z 1, 2, 3, ([HX]+) with X varying from 1 to 3; 

m/z 15, 16, 17, 18, ([NHX]+) with a contribution from ([CH3]+), ([CH4]+.) and ([H2O]+.) at m/z 

15, 16 and 18, respectively; m/z 26, ([CN]+) with a contribution from ([C2H2]+.); m/z 28, 

([CH2N]+), ([C2H4]+.) and a possible contribution from ([N2]+.); m/z 30, ([CH4N]+) with a 

contribution of ([C2H6]+.); m/z 41 and 42, ([C3H5]+) and ([C3H6]+.), respectively. It is 

important to mention that even when low Peq (30 W) is used, complete dehydrogenation of the 

chemical precursor is observed at m/z 50. In this region of the spectrum, signals between 58 

and 50 m/z correspond to molecular fragments of ([C3HXN]+) as raw chemical formula, with 

X varying from 0 to 8. It has been shown that the retention, in the films, of the chemical group 

hosted by the precursor behaves in the opposite trend towards the molecule fragmentation in 

the gas-phase [51,61]. As a consequence, it can be expected from these mass spectrometry 

data that sample 1 contains the highest %NH2 since spectrum 2b, corresponding to the latter 

sample, presents the highest signal at m/z = 56. Following the same assumption, sample 4 

(spectrum 2e) should present the lowest %NH2 while samples 2 and 3, spectrum 2c and 2d 

respectively, should reveal similar chemistry. 

 

In order to probe %NH2, a combination of XPS and TFBA derivatization was 

employed. Figure 3 compares the typical XPS survey spectra of as-deposited (spectrum 3a) 

and TFBA-derivatized (spectrum 3b) NH2-PPF. Although allylamine is free of oxygen, an 

O1s signal at ~ 531.0 eV is observed in both spectra. This is likely the result of post-growth 
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oxidation processes following film exposure to ambient air [64,65]. For the derivatized 

sample, appearance of the fluorine (F1s) peak is clearly observed at ~ 685.0 eV. From the 

analysis of this latter peak, it is possible to calculate %NH2 as it is mentioned in the 

experimental part. 

 

Before the data processing, the quantification method was validated. The first step was 

the study of the derivatization reaction kinetics. Figure 4 shows the evolution of %NH2 as a 

function of the derivatization duration. The saturation in %NH2 (plateau region) for increasing 

derivatization time can be attributed to the complete derivatization reaction of the –NH2 

groups. The lowest derivatization time is observed for sample 4 (Peq = 175 W) for which 

%NH2 saturates after ~ 90 minutes of derivatization. For samples 2 and 3 (Peq = 75 W), 

complete  derivatization reaction requires ~ 240 minutes while for sample 1, synthesized at 30 

W, the saturation is reached after ~ 960 minutes of derivatization. Hence, in order to be sure 

that all –NH2 groups are probed; the latter derivatization time was used for all samples. 

  

In a second step, the depth dependence of the derivatization was probed by modifying 

the angle of XPS analysis. We found that, taking into account the experimental uncertainty, 

the NH2-PPF composition is independent on the analysis angle used confirming that the XPS 

analysis depth, for the excitation energy used, is smaller than the depth of the derivatized 

region. As an example, for sample 3, the %NH2 evaluated using the XPS data recorded at a 

detection angle (θ) of 90°, 74° and 55° (with reference to the sample surface) were 8.5 ± 1 %, 

9.2 ± 1 %  and 9.0 ± 1 %. 

  

  Table 2 presents the elemental chemical composition of the NH2-PPF, their %NH2 and 

the RGA precursor signal (Iallyl) as a function of the synthesis conditions. The results show 
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that %NH2 and Iallyl increase as Peq decreases. Hence, supporting the assumption based on the 

RGA data, the sample prepared using the lowest Peq (sample 1) has the highest %NH2 value 

while the sample prepared using the highest Peq (sample 4) has the lowest one. The results 

show the correlation between the precursor fragmentation and the insertion of primary amines 

groups in the PPF. Furthermore, it can be observed that samples 2 and 3 are similar in terms 

of chemistry. The latter result is in good agreement with previous studies which have revealed 

similar primary amines contents and subsequent DNA immobilization properties for 

allylamine PPF synthesized in similar Peq conditions, the power range being lower than the 

one studied in this work [13,27]. 

 

As already mentioned, in addition to the chemical composition, the PPF cross-linking 

degree is also affected by the Peq value. Among the numerous parameters influencing the PPF 

microstructure, Emean/M, with M the precursor molar mass, can be correlated to the precursor 

fragmentation degree [51,66]. Variation of the power conditions while keeping unchanged the 

precursor type and flow rate should thus allow the synthesis of PPF with different cross-

linking degrees. In order to investigate the cross-linked nature of the PPF prepared using 

different Peq, the latter were analyzed by ToF-SIMS. Figure 5 shows the PPF positive ToF-

SIMS spectra ranging from m/z = 0 to m/z = 150 as a function of the synthesis conditions. 

Except for some differences in relative intensity of the peaks, it is difficult to establish 

specific trends. 

  

In order to extract information related to the chemical structure of the NH2-PPF, the 

ToF-SIMS data were processed by PCA. Figure 6 shows the positive ToF-SIMS data 

presented in a “scores plot” in which each individual point represents a whole ToF-SIMS 

spectrum of a given NH2-PPF. The ellipse drawn on the scores plot is the 95% confidence 
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interval calculated from Hotelling's T-square statistic [42]. Two principal components (PCi) 

were identified representing together 80% of the data variance: PC1 represents nearly 62% of 

the variance while PC2 counts for 18%. The scores plot of PC1 versus PC2, for the PCA 

model applied to the ToF-SIMS spectra, distributes the samples according to their 

fragmentation pattern. In the scores plot (Fig. 6), the samples 2 and 3 can not be 

discriminated, what is in accordance with the XPS results suggesting that these samples are 

chemically similar even if they are synthesized in different plasma mode conditions. In 

contrast, samples 1 and 4 are clearly discriminated from the other samples. 

  

 A scores plot is always associated to a “loadings plot”, the negative scores are 

characterized by the negative loadings and the positive scores by the positive loadings. The 

loadings reveal the ionized fragments responsible for samples discrimination in the scores 

plot. Table 3 shows the PC1 negative and positive loadings whose relative statistical weight 

in the model is > 90%. From the scores plot (Fig. 6), sample 1 is clearly different from the 

three others having a negative PC1. The characteristic ionized fragments of sample 1, 

corresponding to the negative loadings of PC1 (Table 3), are hydrocarbonated ions (CxHy
+) 

and, in bold type (Table 3), nitrogen-based ions (CxHyN+). On the contrary, for samples 2, 3 

and 4, which are characterized by positive values of PC1, the main characteristic ions are 

hydrocarbonated (CxHy
+), nitrogen-based ions are not statistically important species. 

  

 The presence of nitrogen-based fragments for sample 1 indicates a high content of 

nitrogen-based chemical groups in the PPF in agreement with the XPS analysis that revealed 

the highest %NH2 for this sample synthesized at the lowest Peq (Table 2). Additionally, the 

relative chemical composition of the CxHy
+ species suggests a lower cross-linking degree for 
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sample 1 compared to the samples 2, 3 and 4 since the ionized fragments detected for this 

sample contains an average of 7 carbon atoms compared to 4.5 for samples 2, 3 and 4. 

 

PC1 explains almost 62% of the data variance and clearly discriminates the sample 1 

from the others on chemical and structural characteristics. However, distinction between the 

samples 2, 3 and 4, characterized by a positive PC1, can also be obtained by considering PC2, 

representing 18% of the variance. Similarly than for PC1, Table 4 summarizes the most 

important fragments characterizing the positive and negative values of PC2. Sample 4 is 

characterized by the negative loadings of PC2 while samples 2 and 3 by the positive ones. The 

negative PC2 loadings reveal fragments having in average 3 carbon atoms while, for the 

positive loadings, the number of carbon atoms is equal to 12. This result thus suggests a 

higher cross-linking degree for sample 4 with regard to samples 2 and 3. Therefore, the latter 

have similar structure as well as similar chemical composition. Finally, when comparing the 

characteristic ionized fragments of PC2, it can be observed that only the positive PC2 includes 

nitrogen-based fragments. This supports the XPS data from which we have deduced a slightly 

higher %NH2 for sample 2 and 3 than for sample 4. 

  

    

4. Conclusions 

 

 In this work, CW and pulsed RF plasma polymerization of allylamine were 

investigated. The plasma chemistry, studied by RGA mass spectrometry, revealed that the 

allylamine fragmentation is strongly dependent on Peq whatever the plasma is sustained in 

CW or pulsed mode. In order to evaluate the effect of the precursor fragmentation on the PPF 

chemistry, a combination of XPS and TFBA derivatization was used. Additionally, the PPF 
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microstructure was evaluated by identifying the statistically important ionic fragments 

composing the ToF-SIMS spectra through PCA analysis. 

  

XPS and ToF-SIMS data revealed, as the precursor fragmentation in the plasma 

increases, a decrease of the primary amines concentration in the NH2-PPF (%NH2) while their 

cross-linking degree increases, the latter behaving in the opposite trend towards the precursor 

mass signal in the plasma. The use of low Peq enables: (i) low precursor fragmentation, (ii) 

optimization of the primary amine concentration in the PPF and (iii) reduction of the cross-

linking degree. For a given Peq, the plasma mode (CW or pulsed) has no influence on the PPF 

characteristics. Therefore, the main advantage of using pulsed RF processes is the possibility 

to work at very low Peq compared to the CW mode. 

 

These findings are of great importance in order to be able to optimize the chemical 

selectivity of the primary amine-based PPF as well as their cross-linking degree. 
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Sample 

number 
Power conditions Plasma mode 

Equivalent 

power conditions

1 150 W (peak power) – 20 % (duty cycle) Pulsed 30 W 

2 225 W (peak power) – 33 % (duty cycle) Pulsed 75 W 

3 75 W CW 75 W 

4 175 W CW 175 W 
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Elemental composition of the 

derivatized-PPF 
Equivalent power 

conditions 
[C] (%) [N] (%) [O] (%) [F] (%) 

%NH2 (%) 
Iallyl 

(arbit.units) 

30 W – Pulsed 72.8 14.2 4.3 8.7 20,4 270  

75 W – Pulsed 78.3 15.1 2.7 3.9 8,6 30 

75 W – CW 78.4 15.2 2.5 3.9 8,5 35 

175 W – CW 80.1 14.6 2.4 2.9 6,6 5 
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Negative loadings of PC1 Positive loadings of PC1 

C7H12
+ C9H13N+ CH4N+ C3H3

+ C2H3
+ C5H4

+

C7H11
+ C8H12

+ C3H7N+ C4H3
+ C5H5

+ CH3
+

C6H10
+ C6H11

+ C4H8
+ C6H5

+ C5H2
+ C11H9

+

C5H10N+ C9H13
+ C9H12

+ C3H2
+ C10H8

+ C6H3
+

C5H10
+ C9H14

+ C2H6N+ C5H3
+ C4H5

+ CHO+

C8H13
+ C7H10

+ C8H11
+ C3H5

+ C4H2
+ C3H4

+

C3H8N+ C4H6N+ NH4
+ C2H2

+ C9H7
+ C2H+
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Negative loadings of PC2 Positive loadings of PC2 

C10H13
+ C2H3O+ C5H11

+ C15H14
+ C14H12

+ C11H8
+

C5H9
+ C4H7

+ CHO+ C8H8
+ C10H10

+ C13H11
+

C3H5O+ C2H4
+ CH3

+ C13H12
+ C14H13

+ C16H8
+

C+ CH3O+ C3H6
+ C15H13

+ C13H13
+ C15H10

+

C6H13
+ CH2

+ C3H4
+ C16H12

+ C9H10
+ C15H12

+

CH+ C3H7
+ C4H9

+ C4N+ C4HN+ C12H13
+
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Figure captions 

 

Figure 1. Experimental Set-up - 1: introduction airlock; 1’: substrate holder; 2: slide valves; 

3: water-cooled radiofrequency copper coil; 4: optical spectrometer; 4’: optical fibre; 4”: 

collimator network; 5: mass spectrometer; 6: organic precursor inlet; 7, 7’: turbomolecular 

pump and throttle valve; 8: rotary pump; 9: Baratron gauge; 10: tap valves. 

 

Figure 2. (a) Electron impact mass spectrum of allylamine vapor, (b-e) RGA mass spectra of 

allylamine plasma varying the Peq conditions.  

 

Figure 3. Typical XPS survey spectra of allylamine plasma polymer films (a) as-deposited 

and (b) TFBA-derivatized. 

 

Figure 4. %NH2 as a function of the derivatization duration (the dotted lines are added to 

guide the eye in underlining the time at which the reaction is complete). 

 

Figure 5. Positive ToF-SIMS spectra of the allylamine PPF varying the Peq conditions. 

 

Figure 6. “Scores plot” of the PPF showing samples separation according to PCA analysis of 

the ToF-SIMS data. 
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Scheme title 

Scheme 1. Chemical gas-phase reaction occurring during TFBA derivatization of the PPF –

NH2 groups. 

 

 

 

Table titles 

 

Table 1. Experimental conditions under which allylamine PPF were synthesized. 

 

Table 2. Elemental chemical composition and %NH2 of the PPF with regard to the precursor 

RGA signal in the plasma (Iallyl) varying the Peq conditions. 

 

Table 2. PC1 negative and positive loadings. The characteristic ionized fragments are 

hydrocarbonated (CxHy
+), nitrogen-based (CxHyN+) and, at a lesser extent, oxygen-based 

(CxHyO+). The latter are likely the result of post-growth oxidation processes following 

samples exposure to atmosphere. 

 

Table 3. PC2 negative and positive loadings. The ionized fragments are hydrocarbonated 

(CxHy
+), nitrogen- (CxHyN+) and oxygen-based (CxHyO+). 
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Text for the “Table of Contents” 

 

Plasma-polymerized surfaces presenting high primary amines concentration are of 

importance for many biomedical applications. We have studied the plasma polymerization of 

allylamine by correlating mass spectrometry diagnostic with the chemical composition 

(XPS/TFBA derivatization) and cross-linking degree (ToF-SIMS/PCA) of the films. We have 

demonstrated that these features depend directly on the equivalent RF power injected in the 

plasma but are not affected by the plasma mode used (pulsed or continuous wave). 
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