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Deposition of Functional Organic Thin Films by
Pulsed Plasma Polymerization: A Joint
Theoretical and Experimental Study
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Roberto Lazzaroni, Michel Hecq, Jérome Cornil,* Rony Snyders

The pulsed plasma polymerization of allylamine and cyclopropylamine is investigated to
study the influence of the precursor chemical structure on the process selectivity toward the
primary amine groups. Both systems are compared under similar mean powers injected in the
discharges (Ppean)- The results reveal an increase in the precursor fragmentation in the plasma
and a decrease in the primary amine content of the film (%NH,) as Pyean increases. Never-
theless, below a critical Pnean value, different behaviors are observed depending on the
precursor, cyclopropylamine being less plasma-fragmented than allylamine. As a result,
plasma polymer films (PPF) synthesized from cyclopropylamine yield the largest %NH,. These
results are rationalized with the help of theoreti- SHiRLSL e
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Introduction

Plasma polymerization is a very attractive technology for
material surface modification through the deposition of
organic thin films. The deposits, referred to as plasma
polymer films (PPFs), result from the plasma activation of
an organic precursor mainly via electron impact (EI)

J. Cornil, P. Marsal, Y. Olivier, R. Lazzaroni

Service de Chimie des Matériaux Nouveaux, Université de Mons,
Place du Parc 20, B-7000 Mons, Belgium

Fax: (4+32) o 65 37 38 61; E-mail: jerome®@averell.umh.ac.be

L. Denis, M. Hecgq, R. Snyders

Laboratoire de Chimie Inorganique et Analytique, Université de
Mons, Place du Parc 20, B-7000 Mons, Belgium

T. Godfroid, R. Lazzaroni, M. Hecgq, R. Snyders

Materia Nova Research Center, Parc Initialis, Avenue N. Copernic1,
B-7000 Mons, Belgium

collisions. This solvent-free method provides thin films
with good adhesion on many substrates such as polymers,
glasses, ceramics, and metals.[!) PPF are not characterized by
repeating monomer units as conventional polymer materi-
als but exhibit an intrinsic crosslinked structure resulting
from the large variety of precursor chemical bond
dissociation processes that occur in the plasma.! The
crosslinked structure triggers interesting properties such as
excellent mechanical resistance and thermal stability.*
This technology allows for the use of an exceptionally wide
range of chemical precursors. Virtually any volatile
compound including saturated ones can be used, offering
numerous strategies for surface modification. However,
despite the abundant literature related to such surface
modification processes, plasma polymerization remains
unclear in many aspects, in particular in the understanding
of the relationship between plasma chemistry and PPF
characteristics.
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Since electrons are the lightest particles in the plasma,
they absorb the largest amount of energy injected in the
discharge. Typically, their average kinetic energy ranges
between 2 and 5eV. This energy can be transferred via
collisions to the gas molecules leading to activation,
dissociation, and ionization processes. It is worth distin-
guishing here activation versus dissociation processes;
activation refers to the generation of radical species and
involves breaking of chemical bonds of the precursor, but
not necessarily its fragmentation such as in dissociation
reactions. Since the ionization threshold of organic
molecules (~9-13eV) is much higher than the energy of
their chemical bonds (~3-4¢eV),® free radical concentra-
tion in the plasma is generally up to 10° times larger than
the ion concentration.[®”) Although it has been shown that
positive ion-molecule reactions occurring in the plasma can
have important influence in the PPF deposition process,
especially if the plasma polymerization is carried out in CW
mode at low input power to precursor flow rate ratios,#*°!
free radicals are herein considered to be the dominant
species controlling the PPF growth by radical-molecule or
radical-radical reactions.[®”)

Initially, most of the studies related to plasma poly-
merization focused on the production of highly crosslinked
PPF. Such PPF are obtained when a high level of precursor
fragmentation is reached in the plasma. Therefore, high-
energy conditions have usually been employed due to the
precursor fragmentation dependence on the energy dis-
sipated in the system.[?! Under such plasma conditions, as a
result of extensive fragmentation reactions, various kinds
of chemical functions all derived from the precursor
molecule are incorporated in the PPF, thus leading to a
poor chemical control of the PPF composition. During the
last years, in view of its high potential for material surface
modification, plasma polymerization has been further
developed in the search for PPF with stable and selective
chemistry.[16-18]

Based on these considerations, the pulsed plasma
polymerization appears to be a very promising technique
to enhance the controllability of the PPF chemistry due to a
better control of the energy dissipation in the plasma. In
pulsed conditions, the plasma is intermittently generated
according tothe pulse frequency; the so-called duty cycle (A)
gives the relationship between the plasma on- and off-
times (zon, time during which the plasma species are
produced; tof, time during which the plasma is switched

off).

A= 7on/(fon + Toff) (1)
The mean power (Ppean) is then defined and represents
the average energy dissipated in the plasma over the pulse
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period, with Ppe,i the power injected during zon.

Priean = A x Ppeak (2)

Although the duty cycle has often been varied to control
the retention in the PPF of the chemical group hosted by the
chemical precursor,*®*°2° it has been shown that Ppean is
actually the key parameter to be modulated.!?*"2*

Among the most promising PPF, primary amine-based
films (NH,-PPF) containing a high level of primary amine
functions have received a great deal of interest in view of
many potential applications ranging from modification of
filtration membranes,?*2% treatment of polymeric
beads,®”?#) and carbon nanotubes!*®! to biomedical appli-
cations [1819.2130-34] geyera] nitrogen-rich precursors such
as n-butylamine,'?*! n-heptylamine,*>**>"] ethylenedia-
mine,[?4#2%38] " diaminocyclohexane, 1,3-diaminopro-
pane,*? and propylamine!*4? have been used for NH,-
PPF syntheses. Allylamine is, however, the most
eXplOitedA[18_23'25_28'31_34'41_48]

One of the major conclusions of recent works dealing
with NH,-PPF bioapplications is that the PPF biological
response is noticeably enhanced when their primary amine
content (%NH,) is increased.?*?®! However, the under-
standing at a fundamental level of the relationship
between the nature of the precursor, the fragmentation
processes inthe plasma, and %NH, is not straightforward to
assess from all previous studies due to systematic changes
in both chemical precursors (i.e., raw chemical formulae)
and process conditions. This has motivated us to consider
two isomeric precursors, namely allylamine and cyclopro-
pylamine (CsH;N), so that the differences observed
between the two systems, in similar experimental condi-
tions, only result from differences in the precursor chemical
structure.

Todate, despitethe abundantliteraturerelated to plasma
polymerization, most of the works have been devoted to the
chemical characterization of the PPF while little attention
has been paid to the plasma chemistry frequently
considered as a “black box.” The originality of the present
work dealing with pulsed plasma polymerization is to
investigate the plasma-phase activation of allylamine and
cyclopropylamine precursors and assess its impact on
the PPF chemistry. Both experimental and theoretical
approaches have been used to shed light into this process,
with the additional objective to define a low-cost and fast
screening protocol for testing the potentiality of other
precursors. The plasma chemistry has been analyzed by
residual gas analysis (RGA) mass spectrometry. The
enthalpies of reaction of the precursor initial fragmenta-
tions have been calculated at the density functional theory
(DFT) level in order to assist the interpretation of the mass
spectra. The NH,-PPF chemical composition has been

[39]
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determined by X-ray photoelectron spectroscopy (XPS)
combined with a chemical derivatization method using 4-
trifluoromethyl-benzaldehyde (TFBA) as labeling molecule.
With this approach, primary amine functions are directly
probed following specific reaction with TFBA and quanti-
fied without the need of XPS photoelectron peak fitting. All
together, our work unambiguously demonstrates that
%NH, can be increased through an appropriate choice of
the precursor. Cyclopropylamine is found to yield a larger
%NH, compared to allylamine due to preferential bond
breakings in the ring structure; the latter is not accom-
panied by a loss of the NH, functionality in contrast to the
situation prevailing for allylamine.

Experimental Part
Materials and Methods

Allylamine and cyclopropylamine (98% purity), purchased from
Acros Organics, have been plasma-polymerized on 1cm? (100)
silicon substrates. Prior to synthesis, substrates were ultrasonically
washed in hexane and then rinsed with methanol.?*!

PPF syntheses were carried out in a cylindrical stainless steel
vacuum chamber (diameter of 350 mm and height of 450 mm). A
residual pressure of 8 x 10~ Torr was reached by a combination of
rotary and turbomolecular pumps connected in series. The
13.56 MHz exciting power was applied via a matching network
to a water-cooled copper coil (150 mm internal diameter, 8 mm
thick) located inside the chamber 100 mm in front of the substrate.
A load-lock system allowed for transferring the substrate, fixed
vertically on a substrate holder itself mounted on a transfer stick,
inside the reactor from ambient atmosphere to high vacuum in a
few minutes. The precursor flow rate was fixed at 10 standard cubic
centimeters per minute (sccm) during all experiments and the
working pressure regulated at 2.67 Pa. Allylamine- and cyclopro-
pylamine-based PPF were synthesized with variations in the Prean
dissipated in the discharge from 8 to 60 W. Table 1 reports the
experimental conditions employed in terms of Ppeay, duty cycle, and
pulse frequency. In the range of Ppean considered, allylamine and
cyclopropylamine have very similar deposition rates which range
from 3 to 50 nm - min~* when PPF are synthesized between 8 and
60 W, respectively.

Table 1. Experimental conditions employed. The pulse frequency
is fixed at 525 Hz, thus corresponding to a pulse period of 1.9 ms.

Prhean Ppeax Duty cycle
w w %
8 40 20
12 40 30
16 40 40
30 150 20
45 150 30
60 150 40
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The mass spectrometer, used to analyze the plasma composition
through time-averaged measurements, was a quadrupole HALEQP
500 model supplied by Hiden Analytical. The apparatus was
connected to the chamber by a 100 pm extraction orifice located
between the coil and substrate holder. Prior to detection, neutral
species were ionized by EI with an electron kinetic energy fixed at
20eV in order to limit additional fragmentations in the ion
source.l”*>?I We stress that the mass spectrometer quadrupole is a
mass-dependent system whose transmission function strongly
decreases with the studied mass, m. The manufacturer of the HAL
EQP 500 model has found empirically that the mass-dependent
instrument function evolves between m~* and m~2. In this work,
we used an m~* mass-dependent function to correct the spectral**’
but using m ™~ would not change the main conclusions.

XPS experiments were performed on as-deposited and TFBA-
derivatized samples. Data were acquired on a VG-ESCALAB 220iXL
spectrometer. A monochromatized Al K, line (1486.6 eV) was used
as a photon source. The pressure in the analysis chamber was
typically 2 x 10~° Torr. Surface charging effect was compensated
for using a 6 eV electron flood gun. The photoemission spectrum
background signal was subtracted using the linear method.
Elemental composition was inferred from photoelectron peak
areas using the respective photoionization cross-section calculated
by Scofield®* and corrected by the electron inelastic mean free path
and the transmission function of the spectrometer analyzer.>?!

In XPS, the binding energy shifts associated with specific
functional groups do not always give a precise function
identification and quantification. For instance, nitrogen in a
primary amine environment and nitrogen in a secondary or
tertiary amine environment are not readily distinguishable from
binding energy shifts.[>*! In order to overcome this difficulty, one
often uses a chemical reaction specific to the functional group of
interest.>*° The idea is to employ a labeling molecule that
introduces a tag atom not present in the sample prior to the
reaction. Inthis work, the derivatization reaction was performed by
exposing the PPF to TFBA vapor in a separated chamber (pumped to
a residual pressure of 3Pa) at 400Pa pressure and room
temperature. TFBA has been widely used for primary amine group
derivatization;!?>3%57-61) the reaction consisted in a nucleophilic
addition on a carbonyl group (C=0) that converts the NH, group
into an imine function. A high selectivity toward primary amines
can be reached with this reaction owing to the TFBA molecular
structure. The obtained aromatic imine has its C=N bond
conjugated to the C=C bonds of the aromatic cycle, thus making
the system highly stable due to the n-electron delocalization
(Scheme 1). The NH, groups were quantified by detecting the
reagent CF; terminal groups. In a previous work, the time required
to reach the complete derivatization reaction, considering an
allylamine-based film synthesized at Ppean=30W, has been
estimated to be around 16h!?®! In the present study, since a
higher %NH, is expected, the reaction has been performed during

l/ l,
- % HO -
NH, + F CFy — N=CH4©—CF3
H
/l /I

Scheme 1. Chemical gas-phase reaction between the PPF primary
amines and TFBA.
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40h. When investigating the process selectivity toward the
incorporation of the primary amine group of the precursor in the
PPF, %NH, is ultimately calculated as:

e NH](F)/3)
Nz = S

x 100% (3)

where [N] and [F] are the relative concentrations of nitrogen and
fluorine at the PPF surface, as determined by XPS measurements,
respectively.

Results and Discussion

Mass Spectrometry

In a previous work focusing on the plasma polymerization
of allylamine, we demonstrated that the amount of
unfragmented chemical precursor remaining in the dis-
charge is directly related to %NH,.?*! Prior investigating
allylamine and cyclopropylamine plasma chemistry in
similar Ppean conditions, the EI mass spectrum of each
vapor has beenrecorded (Figure 1a, b). Inthese experiments,
the plasma is switched off, the precursor flow rate fixed at
10sccm and the pressure in the deposition chamber
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Figure 1. Electron impact (El) mass spectra of allylamine (a) and
cyclopropylamine (b). RGA mass spectra of allylamine (c and e)
and cyclopropylamine (d and f) plasmas for two different Ppean
values.
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I Figure 2. a) Normalized signal of both precursors in the plasma in
when varying the Ppyean conditions.

regulated at 2.67 Pa. The four peaks observed at m/z 57,
56, 30, and 28 result from w«-cleavage reactions of the
precursors ([CsH;N]"") following their ionization in the
mass spectrometer. This radical-cation (m/z 57) can lose
either a hydrogen atom giving the ([CsHeN] ") signal at m/z
56 or a vinyl radical producing the ([CH,N]*) signal at m/z
30. Subsequent dehydrogenation of the latter yields the
([CH,N]™) signal at m/z 28. Since the same m/z signals are
detected, Figure 1a and b point to similar fragmentation
patterns for both precursors during the ionization process.
However, the variations in signal intensity suggest
different ionization yields between allylamine and cyclo-
propylamine likely due to different ionization cross
sections. This has to be taken into account for the
comparison of both plasma chemistries. Accordingly, the
intensity of the precursor mass signal measured in given
Prean conditions was normalized by its corresponding
value in the EI spectrum (i.e., °plasma on/I plasma oft: S€€
Figure 2a). Throughout the text, the precursor mass signal
refers to the most intense peak at m/z 56. On that basis, the
differences observed in the RGA mass spectra (i.e., with the
plasma on, see Figure 1lc—f) are assigned to different
fragmentation patterns of the precursors in the plasma.
Figure 1c—f show the RGA mass spectra of allylamine and
cyclopropylamine plasmas for the lowest (8 W) and highest
(60 W) Ppnean conditions. The different peaks were assigned
as follows —m/z 1, 2, 3: ([Hx] ") with X varying from 1 to 3;
m/z15,16,17,18: ([NHx] ") with X ranging from 1 to4and a
contribution from ([CHs3] "), ((CH4]™), and ([H,O]") at m/z
15, 16, and 18, respectively; m/z 26: ([CN]*) and ([CoH,]);
m/z28: ([CH,N]"), ([C;Ha] ™), and ([N,]™); m/z 30: ([CH,N] )
and ([C,He]"); m/z 41 and 42: ([CsHs]™) and ([CsHe]1),
respectively. The mass signals observed below m/z 55
suggest that the chemical precursor can be highly
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dehydrogenated in the plasma at low Ppean (8 W); signals
between m/z 50 and 58 correspond to molecular fragments
([C3HxN]Y), with X varying from 0 to 8.

Figure 1c—fillustrate that many additional peaks appear
in the RGA mass spectra of allylamine and cyclopropyla-
mine plasmas compared to the EI mass spectra of the
respective vapors (Figure la, b). Moreover, it is clearly
observed that the precursors have quite different fragmen-
tation patternsinthe plasma. Cyclopropylamine appears to
be plasma-fragmented in a more selective way than
allylamine. As a matter of fact, the majority of the
cyclopropylamine fragments are located around the m/z
2 and m/z 28 peaks while, for allylamine, fragments are
distributed in a more homogeneous way, that is, in the m/z
2, m/z 16, m/z 28, and m/z 41 regions of the mass spectra.
The two systems can also be distinguished with respect to
the production of ammonia (signal at m/z 17) which is
much more pronounced in the allylamine plasma. More-
over, the intensity of the NH; signal in the allylamine
plasma is always more intense than the m/z 16 one (mostly
related to the NH, radical and hence, to breaking of the C—N
precursor bond).

Figure 2a shows the decrease in the normalized intensity
of the mass signal of both precursors with increase in Pynean,
pointing to an amplification of the fragmentation reactions.
When compared, the mass signal of the precursors becomes
similar (within the error bars) beyond a critical Pyeqn value
of ~30W (PS,...). FOT Prean < PS different behaviors are

mean mean’

clearly observed for the two precursors; the cyclopropyla-

L. Denis et al.

mine mass spectra are indicative of a larger amount of
unfragmented precursor compared to allylamine. For
Prean > Pfean, the normalized mass signals of both pre-
cursors have similar intensities, thus suggesting that the
plasma fragmentation occursina significant way thoughin
similar proportions. These observations underline the
existence of a Ppean threshold value under which the
selectivity of the fragmentation processesin the plasmacan
be controlled by acting on the precursor chemical structure.
In contrast, when the plasma conditions are above this
threshold, the process does not show any selectivity toward
a given precursor.

From these mass spectrometry measurements, it is
expected from ref[®® that, when Ppean <P, PPF
synthesized from cyclopropylamine have a larger %NH,
than films made from allylamine. For Pmean > Pyean, PPF
synthesized from either precursor should yield a similar
%NH, due to the loss of the process selectivity in terms of
precursor fragmentation.

X-ray Photoelectron Spectroscopy (XPS)

Table 2 collects the chemical composition of the as-
deposited and TFBA-derivatized PPF based on allylamine
versus cyclopropylamine. Each sample contains a few
percents of oxygen though both precursors are free of this
element. Thisis explained by the substantial amount of free
radicals that are trapped in the PPF network during their

I Table 2. Elemental composition of the allylamine- and cyclopropylamine-based PPF before and after the derivatization reaction as a

function of the Pnean conditions.

Precursor Pean Elemental

type composition of the PPF
w As-deposited TFBA-derivatized

[c] [N] [0] [c] [N] [o] [F]

Allylamine 8 73.6 24.7 1.7 71.2 17.7 3.1 8.0
12 74.6 244 1.0 70.8 17.8 3.5 7.9
16 75.5 23.4 1.1 72.4 16.9 34 7.3
30 77.0 21.1 1.9 74.8 16.3 2.7 6.2
45 79.2 19.7 11 78.3 153 2.2 4.2
60 81.0 181 0.9 79.4 14.9 2.3 34

Cyclopropylamine 8 79.0 20.0 1.0 75.5 124 2.9 9.2
12 79.1 19.4 15 75.8 12.7 3.2 8.3
16 79.3 19.3 14 75.1 13.2 3.6 8.1
30 79.6 191 13 76.5 14.7 2.6 6.2
45 80.8 181 11 79.0 14.8 2.3 3.9
60 81.2 17.3 15 80.1 14.6 2.2 31
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synthesis. The subsequent reactions of these free radicals
with oxygen and water, when exposed to ambient atmo-
sphere, lead to the incorporation of oxygen-based func-
tionalities in the PPF. The mechanisms of such PPF
post-growth oxidation processes have extensively been
studied.*>#%627%4] The oxygen concentration in the as-
deposited samples is lower than in the TFBA-derivatized
ones since the former were analyzed immediately after
synthesis, thus limiting the ageing effect. In contrast, the
latter were let 40 h under TFBA atmosphere in which water
is released during the derivatization reaction (Scheme 1).
We also observe a decrease in the nitrogen content of the
samples after the derivatization of the primary amines. This
is explained by the incorporation of carbon, fluorine, and
oxygen atoms in the PPF following the reaction between
TFBA and the primary amine functionalities.

Figure 2b shows the evolution of %NH, as a function of
Prrean- Inboth systems, %NH, decreases with growing Prnean
as aresult of the intensification of the precursor fragmenta-
tion in the plasma. Similarly to the precursor mass signal in
the plasma (Figure 2a), %NH, exhibits for both systems a
critical Prean Value around 30 W (PS.an)- FOI Prean > Plean:
allylamine- and cyclopropylamine-based PPF have similar
%NH, whereas for Ppean < Poean, PPF synthesized at the
same Pprean contain a larger %NH, with cyclopropylamine
as the precursor. This is in full consistency with the mass
spectrometry measurements indicating that cyclopropyla-
mine is less fragmented in the plasma so that primary
amine functionalities are more efficiently incorporated in
the PPF. Interestingly enough, the process efficiency, that is,
[NH,]/[C], is similar for both precursors.

Sincethe NH, groups have to beretained on the precursor
hydrocarboned backbone to be efficiently incorporated in
the PPF, the strength of the precursor C—N bond appears to
be akey parameter to be considered. In order to validate this
assumption, the C—N bond stability is hereafter theoreti-
cally explored with the help of DFT calculations. To do so,
the enthalpies of reaction leading to C—N, C—C, and C—H
bond breaking in allylamine and cyclopropylamine have
been estimated and compared. Since the intensity of the
ammonia signal (always much higher than the peak at m/z
16) is similar to the intensity of the peak at m/z 41
(characteristic signal of the hydrocarboned part of the
precursor) in allylamine discharges, we have also investi-
gated another breaking mechanism of the C—N bond
involving the addition reaction of hydrogen on the nitrogen
atom of the precursors.

Theoretical Part

Methodology
DFT calculations have been performed to optimize the

geometries of the precursors and their fragments and to
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estimate the enthalpies of reaction associated to selected
fragmentation pathways of the precursors. We have
selected the B3LYP exchange-correlation functional with
the 6-311++G (3df, 3pd) basis set which has been reported
to provide a reliable description of homolytic bond break-
ing.!®>°®] DFT calculations on radical systems are carried
out within an unrestricted scheme instead of the restricted
open-shell formalism;®®! we have checked that spin
contamination is weak in all cases. All calculations have
been performed using the Gaussian03 package.

Since the activation energy and enthalpy of reaction are
almost equivalent for bond dissociation processes,[¢577°]
the latter has been estimated by simply calculating the
energy difference between the reactants and the products.
The enthalpy of reaction AH?(T) is indistinctly called “heat
of reaction” or “bond dissociation energy” (BDE). The term
“classical BDE” (D) is used to define the difference in
electronic energy between the products and reactants
without including the zero-point energy and enthalpic
contributions. The following relationship holds between
the heat of formation and the classical BDE.

AH?(T) = De + AZPE + AHipans + AHyor + AHyip, —RT  (4)

where AZPE is the difference of zero-point energy between
the products and reactants. AHyans, AHrot, and AHy;, are
the contributions from translational, rotational, and
vibrational degrees of freedom, respectively, to the
enthalpy of reaction, as computed from statistical
thermodynamics on the basis of the equilibrium struc-
tures. The vibrational frequencies are calculated within the
harmonic oscillator approximation. No scaling factors are
considered for the vibrational frequencies and the ZPE
correction since the basis set used in conjunction with
B3LYP requires a rescaling below 1%.1°771) The BDE values
are obtained here at 298K.

Results and Discussion

Figure 3 reports the calculated enthalpies of reaction
associated to allylamine initial fragmentations. The ener-
gies required to break the precursor chemical bonds range
between 2.7 and 7.3 eV. The calculations suggest that the
easiest reaction taking place in the plasma leads to the
formation of allyl and NH, radicals as a result of the C—N
bond dissociation. This is rationalized by the high stability
of the allyl radical provided by the electron delocalization
within the fragment. The NH, chemical group is thus easily
removed from the hydrocarbon-based backbone of the
precursor. For C—H bond breaking, the reaction requiring
3.2eV is favored with respect to the others since the
produced nitrogen-based fragment is stabilized by both the
adjacent double bond and the nitrogen electronic doublet.
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Figure 3. DFT-calculated reaction enthalpies associated to allyla-
mine initial fragmentations.
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Figure 4. DFT-calculated reaction enthalpies associated to cyclo-
propylamine initial fragmentations.

As expected, the C—C bond breaking requires less energy
than the C=C bond breaking since a smaller electronic
density is involved. Figure 4 presents the reaction
enthalpies associated to cyclopropylamine initial fragmen-
tations. It turns out from the calculations that the reactions
leading to the opening of the cyclopropylamine ring
structure are the most likely to occur (with enthalpies of
reaction of 2.0 and 2.5 eV, respectively). The two reactions
do not involve any precursor fragmentation and generate
activated (biradical) chemical species that retain the
chemical group of interest (NH,). The other reactions which
entail the formation of NH, and H radicals require at least
3.8eV. The predicted homolytic bond dissociation in
cyclopropylamine is supported by a previous experimental
work which has also underlined the loss of the cyclopro-
pylamine cyclic structure, in that case when ionized via EI,
and its rearrangement into a more stable opened con-
formation.l”?! When taking an explicit account of entropic
effects,[*!the results show a systematic decrease of ~0.5 eV
with respect to the calculated enthalpies of reaction,
following the rise in entropy. Entropic effects do not thus
modify the previous conclusions.

We now address at a theoretical level why ammonia
(NHs) is produced in a larger amount in allylamine plasmas
compared to cyclopropylamine ones. The production of
ammonia in the plasma implies hydrogen addition and/or
transposition to the nitrogen of the precursors. According to
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I Figure 5. Gibbs free energy diagram for the addition reaction of
breaking for a) allylamine and b) cyclopropylamine.

a recent work on radiolyzed media, free radicals can be
important sources of molecular fragmentation.”*! Since
allylamine and cyclopropylamine plasmas are rich in
hydrogen (see Figure 1c—f), as experimentally observed
by mass spectrometry, we focused on a C—N bond breaking
activated by the addition reaction of hydrogen on the
nitrogen atom of the precursors. The calculated Gibbs free
energies show that the formation of the reaction inter-
mediate requires a barrier of 0.16 eV for allylamine while
this value is three times larger for cyclopropylamine
(0.54eV), see Figure 5. Since no energy is fed into
these reactions via electron collisions, these barriers
introduce a clear selectivity between the two precursors.
Following hydrogen addition, the C—Nbond breaking in the
reactionintermediate isin both cases exothermic and hence
thermodynamically favored. The lower barrier calculated
for allylamine upon hydrogen addition can thus explain the
larger amount of ammonia produced in this plasma.
Although the majority of precursor fragmentation
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reactions arise from EI collisions in the plasma, our
theoretical calculations indicate that bond breaking can
also result from chemical reactions such as hydrogen
addition. The ease of NHsloss from allylamine within sucha
reaction scheme is another element explaining the lower
%NH, compared to cyclopropylamine PPF.

The larger amount of nitrogen (i.e., a larger amount of
nitrogen-based functionalities including, in addition to
amines, imines, and nitriles) in allylamine compared to
cyclopropylamine PPF suggested by XPS (see Table 2) may
be rationalized by the fact that the nitrogen of the
precursors is lost via the C—N bond dissociation, leading
to the formation of either NHy species or, following multi-
step processes, molecular nitrogen. The presence of N, in
the plasmas has been supported by optical emission
spectroscopy via the identification of its second positive
system (data not shown). The production of N, in the
discharges should thus govern the overall PPF nitrogen
content since NHy species, and particularly NHs;, are
produced in a larger amount in allylamine plasmas. When
comparing the allylamine and the cyclopropylamine
plasma chemistries as a function of Pyean, according to
the intensity ratio between the mass signal at m/z 17
(ammonia) and m/z 28 (including N,), the values of I'"/I*®
are found to be sensitively lower for cyclopropylamine-
thanforallylamine-based plasmas, which seems to confirm
the larger production of molecular nitrogen in cyclopropy-
lamine discharges. However, it is important to point out
that the intensity of the mass signal at m/z 28 is quite close
in both types of plasmas when considering similar Pyean.
Due to the different fragmentation patterns of the
precursors in the plasma, as suggested by the presented
mass spectra, this observation likely hides differentisobaric
contributions between allylamine plasmas and cyclopro-
pylamine ones. One way to confirm that N, is produced in a
larger amount in cyclopropylamine discharges would be to
employ methods more selective than mass spectrometry
toward the detection and quantification of the plasma
species, such as laser-induced fluorescence (LIF).

Conclusion

Inthis work, pulsed plasma polymerization of two isomeric
primary amine-based precursors, namely allylamine and
cyclopropylamine, has been investigated to study the
influence of the precursor chemical structure on the process
selectivity toward primary amine groups. The precursor
fragmentation patterns in the plasma have been examined
by RGA mass spectrometry while the primary amine
content of the corresponding thin films has been evaluated
by a combination of chemical derivatization reaction and
XPS. Theinfluence of the mean powerinjected inthe plasma
has been studied for both systems. The results show an
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amplification of the precursor fragmentation in the plasma
when the mean power dissipated in the discharge increases
while the primary amine content incorporated in the
formed PPF gets lowered. A critical value of mean power
(~30W) has been determined. Below this value, different
behaviors are observed as a function of the precursor
chemical structure, cyclopropylamine being less plasma-
fragmented thanallylamine. As aresult, in this mean power
range, cyclopropylamine PPF yields a higher primary amine
content. This difference between cyclopropylamine and
allylamine discharges has been correlated to internal bond
energies of the precursors, as calculated at the DFT level. The
theoretical approach also indicates that some plasma
species (e.g, NHs) are not only the result of precursor
fragmentation but also require chemical reactions such as
hydrogen addition to be produced. The lower fragmenta-
tion of cyclopropylamine in the plasma is explained by a
preferential opening of the ring structure whose C—C bonds
are characterized by the lowest BDEs compared to the
energy required for C—N or C—H bond breaking. The
activation of cyclopropylamine through EI collisions can
thus occur without fragmentation reactions. The chemical
group of interest is then retained on the precursor
hydrocarboned backbone, so that the incorporation of the
primary amine group in the films is more efficient than for
allylamine which is preferentially activated by the C—N
bond breaking and hence by the loss of the precursor
functional group. The full consistency between the experi-
mental and theoretical results opens the way for a
theoretical screening of precursors aiming at the optimiza-
tion of the PPF functionalization.
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