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Abstract 

The MCSCF calculations indicate that both triplet and singlet state of biradical di-para-

xylylene can exist during polymerization of parylene in gas phase and both can potentially 

react with vinyl molecules. The singlet-state open-shell dimer turned out to exhibit 

multiconfigurational character. In the case of triplet state of the dimer two mechanisms of the 

reactions with various species containing vinyl groups have been examined at the B3LYP/6-

31G level. The kinetic and thermodynamical barriers have been estimated for the reaction 

path involving the π-bond cleavage as well as for the route describing the hydrogen atom 

transfer. It was found that the overall reactions are thermodynamically favorable whereas 

appropriate kinetic barriers for certain derivatives are very small (close to 0 kcal/mol) which 

in turn makes allowances for easy reactivity under accessible conditions. The calculated 

mechanisms indicate the influence of substituents in vinyl groups for reactivity of parylene 

during LPCVD process. 
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1. Introduction 

 

Poly-para-xylylene based polymers, also known as parylenes, are polymers 

that can be deposited in thin film form at room temperature by chemical 

vapor deposition (CVD). Parylene was synthesized for the very first time by Szwarc in 1947 

using rapid flow pyrolysis of p-xylene under reduced pressure
1
, however, the yield of this 

process was very low (not exceeding few percent) even at very high pyrolysis 

temperature. A much more effective method was proposed by Gorham in 1966
2
  who used 

cyclo-di-p-xylylene ([2.2]paracyclophane) as a substrate. According to Gorham, 100% of 

cyclo-di-p-xylylenes are cracked into monomers which next take part in polymerization one 

unit at a time (this process has been termed LPCVD, Low Pressure CVD)
3
 at temperature 

above 550°C and at pressure less then 1 Torr. In 1958 Errede and Szwarc
4
 published 

qualitative description of the polymerization process which starts from the reaction of two 

monomers leading to a biradical dimer which in turn can react with another monomer unit 

leading to biradical trimer, and so on. In each step a biradical dimer or longer chains are 

needed to react with another unit.  The process requires neither solvents nor catalysts and thus 

allows to produce non-polluted thin films of polymer over a wide range of materials, 

including liquids with uniform replication of the shape of its droplets
5
. Moreover, the 

polymerization itself occurs at room temperature which thus effectively spreads the 

opportunity of applications in electronics, optics and medicine
6-9

. Recently, parylene polymers 

are widely used for the coating of circuit boards, hybrid circuits, in production of 

semiconductors, capacitors, miniature electrical components, for barrier coatings, in corrosion 

control and as dry lubricants
10,11

. 

To improve useful chemical functionality of parylenes a lot of processes have been 

developed but main ideas can be grouped into two threads. One is modification of 

[2,2]paracyclophanes before polymerization and after following vapor deposition one can 

obtain functionalized chains of parylene
12,13

. The second method is to use suitable substrate 

with molecules capable of reacting with non-modified monomers or biradicals during the 

CVD polymerization leading to modified layer of parylene over the reactive substrate. The 

former method requires changing of process parameters and most likely influences the 

morphology of the polymer film
14,15

 while the latter technique does not. 

Most recently, it was experimentally proven that during the LPCVD of parylene over 

unsaturated fluorenes
16

 one can observe chemical functionalization of parylene films. The 
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authors concluded that the functionalization is based on chemical reaction of double bonds 

with xylylene radicals during deposition process. They reported the first results of chemical 

surface modification of poly(2-chloroxylylene), also known as Parylene C, through reactions 

with organic and polymeric compounds bearing double bond(s) in combination with fluorene 

fragments, which are responsible for novel photophysical properties of materials obtained. In 

our work we go a step further and try to explain the mechanisms of reactions of parylene with 

vinyl groups during the LPCVD. In addition, we discuss the factors influencing the reactivity 

of potential substrate during the deposition. For a better understanding of the reactivity we 

also used substrates which are gases under the deposition conditions and normally should not 

be considered as reactants. However, such simple models allow for the explanation of 

mechanisms of the vinyl groups reactivity during deposition of parylene. 

Vinyl copolymerization reactions in gas phase have been extensively studied, both 

experimentally and theoretically. In those studies main focus was on the derivation of rate 

coefficients of the reactions. In particular, the rate constants of radical polymerization 

reactions were put in order to detail
17

. Generally, there were various schemes of 

representation of rate constants of radical
18-22

 as well as ionic polymerization
23

. There were 

also attempts to avoid the problem of assignment of numerical parameters for particular vinyl 

monomers to accurately define rate constant. Instead of this, general trends of reactivity as a 

function of properties of substituents were observed. Evans et al.
24

 observed a regularity that 

the weaker the bond to be broken the lower the activation energy barrier of the reaction. In 

their report, two main causes of changes in potential energy profiles of reactions involving 

double bonds and radicals were indicated: (a) the influence of substituents on the electron 

distribution and hence the charge distribution of the reacting centers, and (b) the influence of 

the repulsion forces between centers not directly involved in the reaction (steric terms). They 

also noticed the influence of substituents entering into conjugation with electrons of double 

bonds. Recently, similar effects were also observed by Filley et al.
18

 in their studies on 

ethylene - vinyl acetate radical copolymerization, supported by quantum chemical 

calculations. 

The novel method of chemical functionalization of parylene films, i.e., the chemical 

reactions of parylene during LPCVD with substrates (liquid and solid), is indissolubly tied up 

with heats of vaporization (ΔHvap) and heats of sublimation (ΔHsub). The values of ΔHvap in 

the literature
25

 for common substances reveal that for larger molecules and in the case of 

stronger intermolecular interactions the ΔHvap increases from approximately 2 kcal/mol for 

methane to ca. 5 kcal/mol for butane and from approximately 8 kcal/mol for methanol to ca. 
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10 kcal/mol for water. These values indicate that when a sufficiently low kinetic energy 

barrier characterizes the reaction profile the enthalpy of vaporization or sublimation can be 

the most appreciable. 

 

2. Methods 

 

2.1. Model compounds 

 

In our calculations we used diversely substituted vinyl molecules CH2=CHX as 

species reacting with para-xylylene dimer (DPX). The substituents X have been chosen 

arbitrarily and in our work the X stands for H, Cl, Br, CN, CF3, NO2, C6H5, C6F5, Si(CH3)2-

NH-SiHCH3-NH-CH3, SiNH2CH3-NH-SiHCH3-NH-CH3, COOC6F5, COOCHCl2, and 

COOC4H8OH. The chosen set of reactants includes ethylene substituted with halogen atoms 

and groups possessing a set of conjugated double bonds (acrylates, phenyl and phenyl 

derivatives and nitro groups) in order to demonstrate the influence of substituent's 

electronegativity as well as conjugation with double-bond electrons on the overall reactivity. 

Also larger groups located in the proximity to the reacting centers were amidst the 

substituents to demonstrate the influence of steric effects on the reactivity of vinyl groups. 

 

2.2. Quantum-chemical computations 

 

The calculations were carried out at various levels of theory. MCSCF methods were 

used to compare energies of singlet and triplet state of biradical di-p-xylylene. In particular, 

CASSCF(2,2) with two SOMO orbitals and two electrons as well as MCSCF(14,14) with 

additional six π orbitals together with six electrons and six π* orbitals of two aromatic rings 

were used. In the case of MCSCF(14,14) we took into account single and double excitations 

within CAS. Also, in order to improve effectiveness, the C2-symmetry of DPX was imposed 

while performing all MCSCF calculations, however, the analogous calculations were repeated 

later without any symmetry constraints. The geometries of singlet and triplet state of DPX 

were fully optimized in the latter scheme. All the MCSCF calculations were performed with 

the use of 6-31G(d) Pople-style basis set
26,27

. 

Density Functional Theory (DFT) with Becke's Three Parameter Hybrid Method with 

the LYP (Lee-Yang-Parr) correlation functional (B3LYP)
28,29

 as well as Hartree-Fock (HF) 
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methods were used to obtain the potential energy profiles of reactions of biradical di-p-

xylylene with vinyl moieties. The corresponding transition states were located by calculating 

the energy profiles of the reacting systems in internal coordinates most closely approximating 

the appropriate reaction coordinate, with optimization of all remaining degrees of freedom. 

The geometry corresponding to the maximum in the energy curve was taken as an initial 

approximation to that of the transition state and then the gradient norm was minimized to 

complete the search of this transition state. The Hessian matrix and subsequently the normal 

modes were calculated for all stationary points. The DFT and HF calculations were performed 

with the use of 6-31G Pople-style basis set
26,27

. 

 Transition state theory was used to utilize the entropies (ΔS
†
) and enthalpies (ΔH

†
) of 

activation to obtain Arrhenius factors and rate constants (k298) for the reactions, as shown in 

the equation (1)
30

, where k is the Boltzmann constant, T is the temperature (298.15 K), and h 

stands for Planck’s constant. For all reactions, the electronic energies obtained from B3LYP 

and UHF calculations were corrected by the thermal and zero-point energy corrections to 

obtain the enthalpies of reactions leading to transition states. 

 

k 298 = kT / h exp(ΔS
† 

/R) exp(–ΔH
† 

/RT)    (1) 

 

 All calculations were performed with the Gaussian03
 31

 and GAMESS
32

 packages. 

 

3. Results 

 

3.1. Open-shell singlet vs. triplet state of DPX 

 

MCSCF/6-31G(d) energy differences between triplet and singlet state of di-p-xylylene 

with and without C2-symmetry imposed are assembled in Table 1, while the dominant 

configuration state functions (CSFs) of all MCSCF-generated states are assembled in Table 2. 

The C2-rotation-axis was chosen to pass through the center of the middle aliphatic C-C bond 

of DPX (perpendicular to this bond). The symmetry constraints enabled to perform the 

MCSCF(14,14) calculations where the number of symmetry adapted configurations was very 

large (more than 10 000 configurations). However, one should keep in mind that the DPX 

does not possess any symmetry during polymerization process. The geometrical structure of 

the biradical DPX obtained with the B3LYP method was found to be significantly twisted, 
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i.e., the two xylylene monomers are located almost perpendicular to each other. However, the 

energy barrier for rotation around the central aliphatic C-C bond is not expected to be very 

large (i.e., should be easy to overcome during thermal movements)
33

 while even simple 

symmetry imposition significantly reduced computer resources needed for expensive MCSCF 

calculations.  

An analysis of the results gathered in Table 1 revealed that the geometry optimization 

performed with symmetry constraints leads to very significant differences between triplet and 

singlet state, favoring triplet state over singlet state dimer during polymerization process. 

Analogous results for geometry optimization without any symmetry constraints show that the 

energies of triplet and singlet states are very similar and after calculations with larger active 

space (MCSCF(14,14) with single and double excitations) the difference of these two energies 

does not exceed 2 kcal/mol. Analogous results were obtained by Smalara et al.
34

 who found at 

semiempirical level that the triplet and singlet states of di-p-xylylene have similar energies.  

The singlet open-shell dimer of DPX is multiconfigurational. Analysis of dominant 

configuration state functions in the basis of natural orbitals (see Table 2) reveals that in the 

case of singlet open-shell state and without any symmetry constraints there are two 

configurations with coefficients greater than 0.6 in absolute value in the case of 

MCSCF(14,14) with single and double excitations, and greater than 0.7 in the case of 

CASSCF(2,2). Moreover, these two configurations correspond to two ionic states where the 

negative charge is once at one end of the dimer and next at another one, but none of these 

states exists solely in gas phase (which was also found by Smalara et al.
34

). However, there 

were also publications indicating that ionic version of the parylene polymerization
35

 is 

possible, but only when undertaken under special conditions in polar solvents.  

The configuration with doubly occupied π orbitals and one electron on each SOMO 

does not even possess coefficients larger than 0.1. In the case of triplet-state dimer only one 

(biradical) configuration dominates. However, when the C2-symmetry was imposed (see 

Table 2), the ionic configurations does not appear like it was in the case of MCSCF without  

symmetry constraints and most likely this is the main reason of so high energy difference 

between the singlet states when optimized with and without symmetry constraints. The 

occupation numbers of two SOMO orbitals (see Figure 1) in the case of triplet state are 

exactly one, and in the case of singlet state are close to one. Occupation numbers of π and π* 

orbitals of two aromatic rings of DPX are close to 2 and 0, respectively, in the case of triplet 

as well as in the singlet state. 
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Figure 1. Singly-occupied biradical orbitals (symmetrical (a) and antisymmetrical (b)) of di-

p-xylylene obtained at the MCSCF(14,14) level with single and double excitations with the 

natural orbitals basis. The occupation numbers are as follows: singlet-state dimer optimized 

without symmetry constrains - orbital a: 1.03; orbital b: 0.97, optimized with the C2-symmetry 

imposed – orbital a: 1.24; orbital b 1.23; in the case of triplet-state dimer both orbitals are 

singly-occupied. 

 

The MCSCF calculations show that both triplet and singlet states of the dimer can 

exist during polymerization of parylene in gas phase and both states can potentially react with 

double-bond molecules. However singlet-state biradical dimer, due to its multiconfigurational 

nature, requires very time-consuming calculations. Moreover, the π and π* orbitals of two 

aromatic rings should be taken into account. Additionally, in the case of reaction-profiles 

searching with DPX involved one can assume that π and π* orbitals of two aromatic rings 

would play an important role and one should take them into account while constructing CAS. 

But in this case also additional orbitals and electrons of the second substrate should be 

included in the CAS which makes this type of calculations undoable (regarding the computer 

resources available at hand). 

Therefore, we considered the triplet state of the p-xylylene dimer while investigating 

the reactions with vinyl moieties. 

 

3.2. The reactions of biradical DPX with vinyl molecules 

 

The ab initio calculations performed to explore the mechanisms of the reactions of 

biradical di-p-xylylene in its ground triplet state with various molecules possessing double 

bonds (C=C) were undertaken at the B3LYP/6-31G level while the HF/6-31G calculations 

were performed for comparison. 

In the case of gas-phase reactions involving similarly substituted species and utilizing 

the same mechanism the major factor which influences the reactivity is 

the kinetic activation barrier. At room temperature the  polymerization reactions are 
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characterized by sufficiently low kinetic activation barriers
3,4,34

. Hence, the search for the 

appropriate and most feasible mechanism for the reaction of molecules containing the C=C 

double-bond with parylene requires the investigation of energy profiles for each reaction (in 

particular the relative energies in transition states at reaction paths). We considered two 

possible mechanisms for the ·DPX· reacting with unsaturated CH2=CHX molecules. One of 

them (the straightforward attack on the vinyl carbon atom) is expected to lead to the 

consecutive copolymerization since a biradical species is generated as its product while the 

other one (the hydrogen atom attachment/detachment) should lead to the final product without 

further reactions. 

 

3.2.1. Straightforward electrophilic attack on the vinyl carbon atom 

 

The first mechanism considered for the ·DPX· reacting with a compound containing 

C=C double-bond is the straightforward electrophilic attack on the vinyl carbon atom (see 

routes A and A’ in Figure 2). 

C C

H

H X

H

DPX

•DPX•+ C C

X

H

H

H

•

• C C

X

HH

H

DPX
A

A’

 

 

Figure 2. The mechanism A / A’  involving the π-bond cleavage 

 

According to this mechanism, the π-bond in the CH2=CHX breaks which is followed 

by the attachment of the molecule to the ·DPX·. This results in forming a biradical product 

·DPX-CH2-CHX· whose further reactivity might be easily anticipated. Since the path A leads 

to a biradical product this mechanism should cause the copolymerization of such modified 

species (·DPX-CH2-CHX·) and remaining para-xylylene dimers.  

An alternative route for the path A leading to the ·DPX-CHX-CH2· instead of 

·DPX-CH2-CHX· was also examined for a series of reactants. It was found that this route 
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(indicated as A’ on Figure 2) leads to higher kinetic barriers (by 4-8 kcal/mol) and therefore 

we limited our further investigation to the previously considered route termed A in Figure 2. 

The kinetic barriers found for the mechanism operating along the path A are relatively 

small. The smallest barriers for the mechanism A were found to be lower than 2 kcal/mol (for 

ethylene substituted with two CN groups, NO2, COOCHCl2, and COOC6F5 group, see Table 

3). The activation barriers for the mechanism A never exceed 13 kcal/mol (for the species 

considered).   

The general trend that can be observed is that the height of the kinetic barrier is related 

to the intuitive electronegativity of the X group (where X stands for the functional group in 

the CH2=CHX reactant). However, it should be stressed that there is no precise definition of 

the electronegativity of the chemical species built of more than one atom, and therefore it 

does not seem possible to formulate any convincing conclusions in this matter. The only 

hypothesis that might be originated is that an increase of the electronegativity of the X group 

causes a decrease of a corresponding kinetic barrier for the path A.  

Despite the lack of the well-established electronegativity scale for molecular systems, 

one may try to connect the obtained kinetic barriers with the Hammett constants
36

. Indeed, the 

Hammett constant for the NO2 substituent is the largest (among the species considered) and 

reads 0.71 which is consistent with the fact that the kinetic barrier for CH2=CHNO2 reacting 

with the ·DPX· is very low (1.5 kcal/mol). 

As far as the thermodynamic barriers for path A are concerned, we found the overall 

process to be exothermic in all cases considered (see Figure 3 where the representative energy 

profile is depicted).  
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Figure 3. The schematic energy profile for the reaction of ·DPX· with a substrate containing 

substituted vinyl group (depicted here as sticking out of a liquid droplet) according to the 

path A (via the transition state). 

 

For example, the resulting ·DPX-CH2-CHX· biradical system is lower in energy than the 

reactants (i.e., ·DPX· and CH2=CHX) by 13.0, 17.7, and 19.3 kcal/mol for X = Br, NO2, C6F5 

respectively (see Table 3).  

The rate constants (k) for the corresponding reactions were calculated according to 

Eq.(1) at the T=298.15 K and gathered in Table 4 (where the activation entropies and 

enthalpies are also collected). The values of k298 obtained for the CH2=C(CN)2 is the largest 

and reads 1.156×10
4
 M

-1
s

-1
 and those for ethylene substituted with COOC6H5, NO2, and 

COOCHCl2 are also greater than 10
2
 M

-1
s

-1
 (see Table 4) which indicates very fast rates of the 

reactions of parylene with these substrates. The rate constants found for the substrates 
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substituted with CN and C6F5 are a few orders of magnitude smaller (ca. 1.4 M
-1

s
-1

) but 

remain relatively large. The slowest rates we predict for the parylene reacting with the 

substrates possessing silazane substituents (~10
-4

 M
-1

s
-1

) which is comparable to the reference 

compound (ethylene, k298=6.557×10
-4

 M
-1

s
-1

, see Table 4). 

 

3.2.2. Mechanism through the intermediate with hydrogen-atom detached 

 

The second mechanism considered (termed B), depicted in Figure 4, involves the 

transfer of a hydrogen atom from the CH2=CHX to the ·DPX·. This process requires 

surmounting of a certain kinetic barrier (whose height depends on the CH2=CHX species 

since the other reactant remains unchanged). The resulting pair of radicals (doublet states) 

·CH=CHX and ·DPXH may easily react with each other in the following step with no kinetic 

barrier. As a consequence, the closed-shell singlet state product is formed at the end of the 

path B. Therefore, the mechanism B quenches the reaction channel while the previously 

described route A (involving the π-bond cleavage, see the preceding subsection) leads to 

further polymerization or copolymerization of the resulting product due to its radical 

character. 

•DPX• + C C

X

H

H

H
B

B’

•DPXH +

•DPXH + C C

H

H X

C C

H X

H DPXH

C C

X

H

H

C C

H X

HDPXH

 

Figure 4. Mechanism B / B’  involving the transfer of hydrogen atom 

 

An alternative route for the path B leading to the CH2=CX· instead of ·CH=CHX 

intermediate product (and consequently to a different final product) was also examined for a 

series of reactants. It was found that this route (indicated as B’ in Figure 4) leads to very 

similar kinetic barriers to those obtained for the route B (within 1 kcal/mol) and therefore we 

limited our further investigation to the previously considered route termed B in Figure 4. 

Both the DFT (B3LYP) and Hartree-Fock calculations indicate that the overall 

reaction which undergoes according to the path B is thermodynamically favorable (see Figure 
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5 where the representative energy profile is depicted). This conclusion has been formulated on 

the basis of the fact that the energy of the product is always significantly lower than that of 

the reactants (i.e., ·DPX· and CH2=CHX). This reactants/products energy difference was 

found to be in the 63-67 kcal/mol range at the DFT level (22-26 kcal/mol while the HF 

method was employed). 

 

 

Figure 5. The schematic energy profile for the reaction of ·DPX· with a substrate containing 

substituted vinyl group (depicted here as sticking out of a liquid droplet) according to the 

path B (via the transition state and the intermediate products).  

 

This indicates that the mechanism described by the route B should be thermodynamically 

favorable if the corresponding kinetic barriers are surmounted (see Table 3). However, the 

kinetic barriers that need to be overcome when the path B is operating are relatively high. The 

B3LYP results indicate that the smallest barriers (ca. 24 kcal/mol) occur for the ethylene 

substituted with the Cl or Br atoms or with Si(CH3)2-NH-SiHCH3-NH-CH3,  and 

SiNH2CH3-NH-SiHCH3-NH-CH3 silazane groups. Typically, the activation barriers for the 

species considered are in the narrow 24-28 kcal/mol range (B3LYP), however, they seem 
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much higher (usually 30-40 kcal/mol) when the electron correlation effects are neglected (see 

the HF results given in parenthesis in Table 3).  

Similarly to the general trend observed for the species reacting according to the path 

A, the height of the kinetic barrier seems to be related to the electronegativity of the X group 

in the CH2=CHX reactant involved. An increase of the electronegativity of the X group 

causes a decrease of a corresponding kinetic barrier for the path B which is consistent with the 

chemical intuition that a detachment of the hydrogen atom from ethylene derivative should be 

easier if this molecule is substituted with the electronegative groups.  

We also observed that the height of the kinetic barrier decreases when the reactant 

enters into conjugation with electrons of double bonds (styrene, perfluoro styrene, acrylate), 

as it was previously observed by Evans et al.
24

.   

The correlation between the kinetic barrier heights for the path A and the Hammett 

substituent constants (σm) is not straightforward. Namely, the Cl and Br substituents (σm 

equals to 0.37 and 0.39, respectively) lead to slightly lower barriers than the CN group 

(σm=0.56) while one could expect the opposite.  

 As far as the calculating rate constants are concerned, we found that all the reactions 

described by the path B are characterized by very small k298 values (in the 10
-11

-10
-14

 M
-1

s
-1

 

range, see Table 4) which is caused primarily by the large values of activation enthalpies 

(exceeding 22 kcal/mol in all cases studied). Hence, we conclude that the rate constants 

calculated for the processes that undergo according to the path B and requiring the H atom 

transfer are ca. 7-10 orders of magnitude smaller than those found when the path A is 

operating.  

 

 

4. Conclusions 

 

 The LPCVD process of parylene with simultaneous reactions involving substrate 

molecules seems to be new functionalization fashion of thin layers in materials chemistry. In 

this means the critically important increase and improvement of the reaction capabilities of 

parylene is the main problem from materials chemistry point of view. Theoretical studies on 

the reactions of parylene with vinyl molecules revealed practical information for further 

exploration of surface-engineered templates in thin-films coatings. In particular, the MCSCF 

calculations show that:  
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i. Both triplet and singlet state of biradical di-p-xylylene might exist during the 

polymerization process in gas phase and both seem to be capable of reacting with 

vinyl molecules. 

ii. The singlet state of a biradical p-xylylene dimer is multiconfigurational. The π and π* 

orbitals of two aromatic rings of the dimer should be taken into account while 

performing calculations on the reaction energy profiles. 

 

In addition, four mechanisms of reactions of biradical di-p-xylylene and molecules 

containing double bond between carbon atoms have been examined by means of quantum 

chemical methods. Appropriate stationary point structures were found and relative transition 

state energies were summarized in Table 3 while the corresponding rate constants were 

collected in Table 4. The results obtained led us to the following conclusions: 

i. The kinetic barriers that need to be overcome for the path A (π-bond cleavage) are 

small (<13 kcal/mol) with the highest value for the H2C=CHCl (12.4 kcal/mol) and the 

lowest for the H2C=C(CN)2 compound (0-1 kcal/mol). The corresponding rate 

constants for these processes were calculated to be in the ~10
4
-10

-4
 M

-1
s

-1
 range. Such 

reaction leads to copolymers as the product remains biradical. 

ii. The kinetic barriers for the mechanism B (hydrogen atom transfer) are relatively high 

(24-28 kcal/mol) which decreases the probability of this process despite of the large 

thermodynamic barriers (63-67 kcal/mol). The corresponding rate constants for these 

processes were calculated to be in the ~10
-11

-10
-14

 M
-1

s
-1

 range. This channel quenches 

the polymerization process since it leads to closed-shell (i.e., non-radical) products. 

iii. The height of the kinetic barrier decreases when the reactant possesses either a 

strongly electronegative group or a larger number of double bonds which allows for 

delocalization of the π-electrons. 

iv. The barriers found for the reactions of ·DPX· with molecules containing double bonds 

between carbon atoms depend on the operating mechanism and in the most promising 

case (route A) are equal or similar to the barriers of propagation of polymer chains (the 

kinetic barriers found by Smalara et al.
34

 for propagation of parylene chains 

are low and equal about 3 kcal/mol). 

v. All the kinetic barriers found might be reduced by choosing certain electronegative 

substituents. By the appropriate choice the kinetic barrier can be reduced to almost 0 

kcal/mol which makes the reaction possible during polymerization of parylenes at 

room temperature. 
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Table 1. Energy differences (kcal/mol) between triplet and singlet state of biradical DPX 

in various MCSCF calculations. 

 

MCSCF E(triplet) – E(singlet) 

C2-symmetry imposed 

 

MCSCF(14,14) 

(single and double excitations) 

–97.95 

CASSCF(2,2) –129.00 

No symmetry constraints (C1-symmetry) 

MCSCF(14,14) 

(single and double excitations) 

–1.35 

CASSCF(2,2)   0.01 
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Table 2. Dominant configuration state functions (CSFs) of singlet and triplet state of biradical 

DPX after full geometry optimization. Only CSFs with coefficients larger than 0.1 in absolute 

value are presented. 

C2-symmetry imposed 

MCSCF(14,14) with single and double excitations 

State multiplicity Coefficients CSF 

triplet   0.9023 22222211000000 

singlet    0.4773 

–0.4593 

–0.1313 

  0.2640 

–0.1628 

–0.2632 

  0.1789 

–0.3639 

  0.2388 

22221221000000 

22222112000000 

22212212000000 

22221211001000 

22222201001000 

22221211100000 

22222201100000 

22222111000100 

22222210000100 

CASSCF(2,2) 

State multiplicity Coefficients CSF 

triplet    1.000 11 

singlet    1.000 11 

No symmetry constraints (C1-symmetry) 

MCSCF(14,14) with single and double excitations 

State multiplicity Coefficients CSF 

triplet   0.9055 22222211000000 

singlet –0.6274 

  0.6444 

–0.1514 

–0.1545 

22222202000000 

22222220000000 

22221211010000 

22222111100000 

CASSCF(2,2) 

State multiplicity Coefficients CSF 

triplet   1.0000 11 

singlet –0.7030 

  0.7112 

02 

20 
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Table 3. Kinetic and thermodynamic barriers for the reactions of para-xylylene dimer with 

the CH2=CHX molecule (see first column for the definition of the substituent X). The 

Hartree-Fock calculated values are given in parentheses. All energies in kcal/mol. 

 

-X 

path A path B 

Kinetic barrier 

DFT 

(HF) 

Thermodynamic 

barrier DFT 

(HF) 

Kinetic barrier 

DFT 

(HF) 

Thermodynamic 

barrier DFT 

(HF) 

—H 
10.2  
(17.5) 

-9.1 
(1.0) 

27.3 
(41.9) 

-63.8 
(-23.6) 

—silazaneB
 a 8.6 

(16.2) 
-11.6 

(-0.8) 
24.5 
(41.2) 

-63.3 
(-22.0) 

—silazaneA
 b 9.6 

(17.5) 
-10.9 

(-0.1) 
24.7 
(41.1) 

-63.1 
(-22.2) 

—Br 
7.9  

(15.1) 

-13.0 
(-2.7) 

24.2 
(40.2) 

-66.3 
(-24.0) 

—Cl 
12.4  
(18.7) 

-15.6 
(-5.3) 

25.1 
(40.7) 

-63.9 
(-24.3) 

—COOC6F5 
2.0 

(11.4) 

-18.2 
(-12.7) 

27.2 
(17.6) 

-65.7 
(-25.5) 

=C(CN)2 
0.0 
(3.9) 

-25.5 
(-21.0) 

27.3 
(36.7) 

-66.7 
(-25.5) 

— NO2 
1.5  
(0.0) 

17.7 
(-4.1) 

27.4 
(42.6) 

-65.5 
(-24.5) 

—COOCHCl2 

2.0 

(11.8) 
-18.0 

(-6.4) 
27.4 
(41.2) 

-65.7 
(-25.6) 

—COOC4H8OH 
3.9 

(12.7) 

-17.3 
(-5.3) 

27.5 
(41.4) 

-64.8 
(-24.9) 

—C6F5 
4.6 
(3.2) 

-19.3 
(-17.7) 

27.7 
(33.1) 

-64.4 
(-24.3) 

— CF3 
6.4  

(15.2) 

-12.4 
(-1.2) 

27.8 
(42.9) 

-64.9 
(-23.7) 

— C6H5 
6.5  
(5.0) 

-18.2 
(-16.1) 

27.9 
(43.2) 

-63.6 
(-23.5) 

—CN 
4.8  

(10.1) 

-18.4 
(-12.8) 

27.9 
(39.9) 

-65.0 
(-23.7) 

a 
silazaneB = SiNH2CH3-NH-SiHCH3-NH-CH3 

b 
silazaneA = Si(CH3)2-NH-SiHCH3-NH-CH3 
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Table 4. The B3LYP/6-31G enthalpies (ΔH
†
) and entropies (ΔS

†
) of activation and the 

resulting rate constants k298 (calculated for T=298.15 K) for the reactions of para-xylylene 

dimer with the CH2=CHX molecule (see first column for the definition of the substituent X). 

Rate constants in s
-1

, enthalpies in kcal·mol
-1

, entropies in cal·mol
-1

·K
-1

.  

-X 

Path A Path B 

ΔH
†
 ΔS

†
 k298 [s

-1
] ΔH

†
 ΔS

†
 k298 [s

-1
] 

—H 11.634 -34.084 6.557 ·10
-4

 25.542 -26.170 2.247·10
-12

 

—silazaneB
a 

10.157 -39.320 5.689 ·10
-4

 23.016 -30.495 1.811·10
-11

 

—silazaneA
b 

11.149 -37.897 2.182 ·10
-4

 23.218 -32.869 3.901·10
-12

 

—Br 9.484 -36.467 7.445 ·10
-3

 22.861 -29.684 3.539·10
-11

 

—Cl 10.034 -35.006 6.137 ·10
-3

 23.759 -29.196 9.938·10
-12

 

—COOC6F5
 

4.242 -31.431 6.528 ·10
2
 26.416 -25.801 6.190·10

-13
 

—(CN)2 1.452 -35.078 1.156 ·10
4
 26.990 -28.723 5.400·10

-14
 

— NO2 3.236 -37.645 1.564 ·10
2
 26.402 -29.373 1.050·10

-13
 

—COOCHCl2 3.649 -35.831 1.940 ·10
2
 25.998 -29.212 2.254·10

-13
 

—COOC4H8OH 5.561 -39.971 9.586 ·10
-1

 26.027 -31.803 5.823·10
-14

 

—C6F5 6.118 -37.290 1.443 26.153 -30.663 8.354·10
-14

 

— CF3 26.412 -31.835 9.463 ·10
-2

 26.513 -30.656 4.566·10
-14

 

— C6H5 7.963 -36.516 9.463 ·10
-2

 26.412 -31.835 2.992·10
-14

 

—CN 6.360 -36.432 1.477 26.687 -28.662 9.285·10
-14

 

a 
silazaneB = SiNH2CH3-NH-SiHCH3-NH-CH3 

b 
silazaneA = Si(CH3)2-NH-SiHCH3-NH-CH3 
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Captions for figures 

 

Figure 1. Singly-occupied biradical orbitals (symmetrical (a) and antisymmetrical (b)) of di-

p-xylylene obtained at the MCSCF(14,14) level with single and double excitations with the 

natural orbitals basis. The occupation numbers are as follows: singlet-state dimer optimized 

without symmetry constrains - orbital a: 1.03; orbital b: 0.97, optimized with the C2-symmetry 

imposed – orbital a: 1.24; orbital b 1.23; in the case of triplet-state dimer both orbitals are 

singly-occupied. 

 

Figure 2. Mechanism A / A’  involving the π-bond cleavage 

 

Figure 3. The schematic energy profile for the reaction of ·DPX· with a substrate containing 

substituted vinyl group (depicted here as sticking out of a liquid droplet) according to the 

path A (via the transition state).   

 

Figure 4. The mechanism B / B’  involving the transfer of hydrogen atom  

 

Figure 5. The schematic energy profile for the reaction of ·DPX· with a substrate containing 

substituted vinyl group (depicted here as sticking out of a liquid droplet) according to the 

path B (via the transition state and the intermediate products).  
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