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ABSTRACT In this paper, the initial stage of therglysis process of phenolic resin has been
simulated by ReaxFF (reactive force field) molecutlynamics simulation under various
temperatures (3000 K, 3250 K, and 3500 K), to stindybehavior of phenolic hydroxyl groups
and investigate the correlation between the praoliadf small oxygen-containing molecules
(including HO, CO and Cg) and the quantity of hydroxyl radicals at differé@mperatures. We

observed that the highly active phenolic hydroxydups would be easily turned into phenoxyl
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radicals and hydroxyl radicals in primary evolutigknd also, both the phenoxyl radicals and
hydroxyl radicals had remarkable impact on theofwihg process of pyrolysis in secondary
evolution: the formation of phenoxyl radicals reddcthe stability of the benzene ring and
damaged backbone of phenolic resin accompanyirnytvé release of CO molecules, while the
hydroxyl radicals increased the amount of CO md&cuand converted them into €O

molecules, to reduce the char yield of resin. Wenéb that the amounts of small oxygen-
containing molecules increased with the rise inrthenber of phenolic hydroxyl groups or the
rise in the temperature. We also found that bo¢htvo evolution modes of phenolic hydroxyl
groups (I. phenolic hydroxyl groups - phenoxyl cads - small oxygen-containing molecules; I1.
phenolic hydroxyl groups - hydroxyl radicals - shmtygen-containing molecules) can reduce
the thermal stability of the backbone of resin, etthis valuable to the understanding of the

pyrolytic process and char forming mechanism ahtes

1. Introduction

Investigation on the pyrolysis of phenolic resifRjRs important for the application in the
ablation resistance. It is well known that PR candesigned as the matrix of the composites
substrates, to obtain materials with high heat ciéyp$o absorb energy, or can carry the thermal
energy away by ablate themselves. One of the irapbrapplications is thermal protection
systems which are required to shield spacecrafh ftbe high temperatures generated in the
stagnation region during atmospheric entry. Theolggis of PR is an extremely complicated
physical and chemical process at high temperatimehainvolves formation and quenching of
the free radicals. To understand the pyrolysis Rf the structure of PR network is a starting

point: the basic structural unit consists of thitggctional phenols and two functional methylenes



[Figurel], and the main oxygen-carrying functiommbup is phenolic hydroxyl group. It is

accepted that at the beginning of the pyrolysi®Bf functional groups with low bond energy
(such as phenolic hydroxyl group) participated e hhomolytic reaction and produce some
living radicals, which would initiate the followingeaction with releasing some small molecule
compounds. And also, it has been proven by OudhiTaitk that the oxygen-containing groups,
especially the highly active phenolic hydroxyl gosuinvolved in the reaction first and turned

into small oxygen-containing molecules which wotale part in the reaction agaf

Figure 1. Chemical structure of cured phenolic resin.

However, it is difficult to explain the pyrolyticrpcess and char forming mechanism
because there is no consensus available on themexnolic hydroxyl groups turning into small
oxygen-containing molecules. It is hard to know detail of pyrolysis by experimental method
for the high temperature and the blistering reactiate. Although some possible reaction
mechanisms were proposed based on the experinsetiistehe generation of oxygen-containing
molecules is still ambiguous. Trick etatonsidered that some of,® molecules probably
developed oxygen-containing radicals which woulkktaart in reaction again. However, the

formation mechanism for # and other small oxygen-containing molecules, #ma char



forming mechanism still could not be elucidatedcawling to Jackson et aland Fitzer et i,
oxygen elements involved in pyrolytic reaction thgh hydroxyl radicals. But the source of
hydroxyl radicals could not be clarified, with tbentradiction between the very little amount of
hydroxyl radicals and the large quantities of snmaiygen-containing molecul@slt has been
found by Bauschlicher using Reactive force fielégdRFF) molecular dynamics simulation that
the O-H and C-O bonds with low energy in the phienloydroxyl groups, might participate in
the reaction first and then initiate the followipgocesd Therefore, we considered that the
reaction based on the phenolic hydroxyl groups b®the reason for the low char yield and the
low thermal decomposition temperature of PR. Ansoalhe different evolution modes of
phenolic hydroxyl groups should lead to differerdays of the damage to the resin backbone.
This evoked our interest to study the pyrolysiscpss of phenolic hydroxyl groups and get a

new understanding about the pyrolytic process aof PR

Molecular simulation provides us a new possibilayfurther understanding of the thermal
degradation of polymers. ReaxFF, which was usetkszribe the bond formation, breaking and
reactivity, is a powerful method to study the ceucs pyrolytic proce$€. In recent years, this
method has been successfully applied in the relsedircigh-ortho novolac PR*. For example,
ReaxFF was found to show enough accuracy to simuke pyrolysis process of higintho
novolac PR by Qi et al? And also, ReaxFF was performed by Jiang et’and Desai et at?,
to simulate the pyrolysis of higbrtho novolac PR at the initial stage under various tnafures
from 2000 K to 4000 K and they found thatHmolecules were formed in three ways. However,
the mechanism of the pyrolysis process of curedwPiRh has wide applications in ablation
resistance, is still ambiguous. Till investigatbe early stage gas evolution during pyrolysis of

both novolac PR and cured PR using ReaxFF molecdylaamics method and found that the



kinetic parameters for the evolution of the singlgecies, water, appeared to be strongly
dependent on the cross-linking present in the stracmode. Considered the success of ReaxFF
in novolac PR systems, to investigate the behaigrhenolic hydroxyl group in the pyrolytic
process of cured PR and the formation mechanissmaill oxygen-containing molecules with

ReaxFF based on molecular dynamics can be a ganckch

Based on above consideration, in this paper, weepted the simulation of the initial stage
of the pyrolysis process of cured PR with ReaxFéenrvarious temperatures (3000 K, 3250 K,
and 3500 K). We observed that oxygen element oh@lie hydroxyl groups can transform to
small oxygen-containing molecules (including®y CO and Cg in two evolution modes (l.
phenolic hydroxyl groups - phenoxyl radicals - dnoalygen-containing molecules; 1l. phenolic
hydroxyl groups - hydroxyl radicals - small oxygeonataining molecules). And also, the
amounts of small oxygen-containing molecules ameiased with the rise in the number of
phenolic hydroxyl groups or the rise in the tempee We found that both the two evolution
modes of phenolic hydroxyl groups in the pyrolysiecess can lead to a great deal of damage to
backbone of resin. It is very useful in revealingrinsic factors influencing the thermal stability

of resin.
2. Method
2.1 Building the model

The experience of Izumi et #was used for reference. Parameters of modeldsteel in
Tables 1, which obtained based on the proportidawhi’s statistical results that came from the
average value with 20 cross-linked structures. Sthecture model of cured PR was constructed

with adopting molecular dynamics method which basedthe DREIDING* force field. The



final cross-linked models of PR were obtained bgssflinking reactions of linear polymers

under 3D boundary conditions. Detailed proceduresiascribed in the following subsections.

2.1.1 Amorphous structure of uncross-linked polymers. The linear novolac-type PR was
constructed as primary structure with the degreepalfymerization being 5. Amorphous
structures of uncross-linked phenolic resins wdriaed by the following procedure: (i) in a
cubic MD cell under the 3D periodic boundary comdif 12 polymers whose the degree of
polymerization were chosen to be 5 and wereritho -ortho configuration, were randomly
placed and the size of the cell was adjusted te Ittae density (d) of 0.3g/ci(ii) The polymers
were stirred for 200 ps in the canonical (NVT) enbke (T = 600 K and the integration time step
of the velocity Verlet algorithnt= 1 fs). This high temperature (600 K) was chosegenerate
more possible conformations effectively. The geoioat and topological independence of
polymer structures generated at every 10 ps waBriced through an evaluation of the pair-
distribution function of carbon atoms of the me#ng groups. (ii) Twenty instantaneous
structures obtained every 10 ps during the stirgreress were compressed in the isothermal—
isobaric (NPT) ensembld & 450 K, the external pressui) 10 GPa, and t = 0.5 fs) to give
structures with d equal to 1.5 g/&nfiv) The compressed structures were relaxed énNRT
ensemble T=450 K, P =0.1 MPa, and =0.2 fs) to give 20 different amorphous structuoés
uncross-linked phenolic resins with d equal to @ASIT, which guarantees the density being in
1.25 after cross-linking reaction. The temperatird50 K was chosen considering the typical

molding and curing temperature in the manufactupngcess. The NoseHoover algorithrr

was used for the temperature control, and the Asedfrwas used for pressure control in

isotropic cubic cells.



2.1.2 Cross-linking reaction. The cross-linking reactions, were performed asrmilesd in the
following procedure: (v) a pair of reactive carbatsthe first nearest neighbor and not on the
same phenolic ring was chosen, in which the reaaarbons denote the hydrogen-substituted o-
or p carbons that are adjacent to the hydroxyl grotia phenolic ring. (vi) Two hydrogens
attached to the chosen carbons were removed. Avilethylene was inserted between the
positions of these carbons from which the hydrodeagsbeen removed. (viii) The carbons were
connected via the carbon of the inserted methygmoeip. These procedures (v)—(viii) were
repeated until the degrees of cross-linking (D)cheal 0.75. Here D is defined by
D=(2NchH2)/(3Nphor), Where Nu2 and Nenon denote the number of methylene groups and
phenolic rings in a unit cell, respectively. That@h charges were reassigned to the resulting

new structures to give 20 different cross-linkeddures.

2.1.3 optimizing the model. Optimization procedure includes relaxation and ahaad both of
them were carried out in the NVT ensemble. Relaxatwhich can eliminate the unreasonable
structure in the process of building box, was mageof energy minimization and NVT
molecular dynamics simulation. Then anneal was operéd to further eliminate the
unreasonable structures. After anneal, the modelicfd PR with lowest energy was chosen for

further calculation.



Figure 2. Snapshot of the he cured PR structure model.

Color code: C, black; O, red; H, blue.

Table 1: structure parameters of building the cured PRcgira models

molecular molecular density/ NCH2e0  NcH2p-  NcHzgp-
MphoH  NcHz b

formula  weight/D glcn? ) o) o)

CazoH38060 6502 1.25 60 68 45 8 17

CazoH30s0 6342 1.25 50 68 45 8 17

CsadHzg0s0 6182 1.25 40 68 45 8 17

a) n is the number of specific structure in curemtlel, subscript stands for the type of functional

group. PhOH stands for phenol ring. £&3thnds for methylene. Gldtands for methyl.

b) Theo-o', o—p), andp—p' stand for theortho- orthq ortho- paraandpara - parasites in the

different bridging modes of methylene to conneetlienzene rings.



2.2 Simulation process

The parameter set of Chenoweth et*4lthe ReaxFF program developed by van Duin et
al'® and the software, ADF(Amsterdam Density Functipnahs used for our simulations. The
Chenoweth parameter set was originally developedhi@rocarbon combustion. As in the
original Chenoweth pap®r an extra triple bond energy correction for stalsiy CO is also
activated. The system is initially equilibratedaatonstant temperature of 600 K and using a
constant volume NVT canonical ensemble for 100opsquilibrate and then performed at 3000,
3250 and 3500 K for 20 ps to investigate pyrolysiaction. A Berendsen thermostatwvas
employed along with a 0.25 fs time step. Structuraddels with the number of phenolic
hydroxyl groups being 40, 50 and 60, respectiveBrenconstructed by eliminate phenolic
hydroxyl groups from the model of curd PR randondpd then the pyrolytic process was

simulated under the same condition.
3. Results and discussions
3.1 Primary evolution of phenolic hydroxyl group

In cross-linked structure of cured PR, phenolicrbygl groups which constitute the high
reactive sites involve in reaction first, producitige phenoxyl radicals and hydroxyl radicals
with high reaction activity, and then generatinganoxygen-containing molecules. As O-H
bond and C-O bond with lower energfthe values are 110.3 kcal/mol and 115.4 kcal/mol,
respectively), some phenolic hydroxyl groups easiBcompose to phenoxyl radicals and
hydroxyl radicals at the initial stage of pyrolysWith tracking the generation process of the
small oxygen-containing molecules (Figure 3) in $iraulated result of the model in which the

number of phenolic hydroxyl groups is 60 (named N&H, we found that the phenoxyl radicals



and hydroxyl radicals, as the key active intermeedigplay decisive roles in the production of
small oxygen-containing molecules following the erdf HO, CO and C@ The order is
consistent with that observed by Till et’ah the research of thermal effect of the pyrolysis
progress of cured PR by ReaxFF. Considering tleafuhctional groups to produce® should
be the most active groups and@molecules are produced by the condensation ceadt
phenoxyl hydroxyl groups, the phenoxyl hydroxyl gps should exhibit the highest reactivity
with comparing to other functional groups. The nembf small oxygen-containing molecules
was shown in Table 2. From the summary of the nurabsmall molecules most of the phenolic
hydroxyl groups were found to turn into small oxggntaining molecules, confirming the high

activity of the phenoxyl hydroxy?.

To investigate the influence of phenolic hydroxybygps, other two models with fewer
phenolic hydroxyl groups are generated by elimingaphenolic hydroxyl groups from the model
of curd PR randomly. These models in which the nemdb phenolic hydroxyl groups is 50 and
40, are named NOH-50 and NOH-40, respectively. iByktions of these models at 3500 K,
we found that the phenolic hydroxyl group exhilhitgh activity and plays an important role in
pyrolysis process of PR. Statistic on the quartityall products in the pyrolysis of NOH-60,
NOH-50 and NOH-40 models (Figure 4) shows thatgifweluction is increased with rise in the
number of the phenolic hydroxyl groups: the highgsiduction is observed in the NOH-60
system which is rich in phenolic hydroxyl groupsiahe lowest production is observed in the
NOH-40 system with the minimum of phenolic hydrogybups. This is also similar to Ouchi's
research in the pyrolysis of novolac resin theite more hydroxyl groups in the sample, the more
products in the system. It is due to that the stinecwith more phenolic hydroxyl groups can

produce more phenoxyl radicals and hydroxyl radicalhich promote the following reaction

10



and lead to more products. Thus, the phenolic hyydgroup plays a vital role at the initial stage
of pyrolysis and it is meaningful to trace the exan of phenolic hydroxyl groups in detail.

Nevertheless, other functional groups such as rfesteywould also take part in reaction and turn
into products, which made the relationship betw#ennumbers of the pyrolysis products and

the phenolic hydroxyl groups in our simulation see¢mbe nonproportional.

Table 2: The number of small oxygen-containing moleculexipcts in the simulation of
structure models (NOH-60, NOH-50 and NOH-40 standtie models in which the number of

phenolic hydroxyl groups is 60, 50 and 40, respety) after 20 ps simulation.

Model ID No. of O No. of CO No. of CGQ Summation Proportion/%

NOH-60 21 4 1 26 43.33
NOH-50 14 8 0 22 44.00
NOH-40 13 6 0 18 45.00

11



20+
15

10 -

Number of small oxygen-containing molecules

L. " " 1 " "
-5 0 5 10 15 20
Time (ps)

Figure 3. Distribution of the main small oxygen-containinglewules (including KO (blue),

CO (black) and C@(red)) with time in the simulation of NOH-60 moaxl3500 K.
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Figure 4. Distribution of produced molecules with time iretsimulation of NOH-60 (red),
NOH-50 (green) and NOH-40(blue) models with diffaraumbers of phenolic hydroxyl groups

at 3500 K.

3. 2 Secondary evolution of phenolic hydroxyl group

3.2.1 Phenoxyl radical
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Phenolic hydroxyl groups in PR converted into phgheoadicals and hydroxyl radicals in
primary evolution. For phenoxyl radicals, there @ve reactions involving in the transformation
from radicals to CO molecules (Figure 5, reacticandl 2). In reaction 1, the first step is the loss
of the hydrogen from the phenolic hydroxyl groupsl dhen next series of steps shifts a C-C
bond, thus the initial six-membered ring turns iatbve-membered ring with the release of CO
molecules. Reaction 2 starts by adding carbon atéglio phenoxyl radicals and then a series of
molecular rearrangement reactions are observeddltiie next steps and finally the formation
of CO molecules are identified. Both of reactioarid 2 would change the backbone of PR and
reduce the char yield. The highly active phenoxagdicals would involve into reaction in few
femtoseconds and generate phenolic hydroxyl grangsCO molecules. Some of these phenolic
hydroxyl groups may transform into phenoxyl radicalgain so there are also a number of
phenoxyl radicals maintained in the system. Analgditen events of CO formation from 3000 K
to 3500 K shows that some CO molecules are gemktateugh reaction 1 from phenoxyl
radicals at the initial stage of PR carbonizatmhjch is consistent with the mechanism of CO
formation in novolac PR system proposed by Qi 8tAd the pyrolysis reaction going on, the
benzene ring is opened and some carbon radicalsradeiced under high temperature, and CO
molecules are produced both by reaction 1 and @refbre, the dehydrogenation of the phenolic
hydroxyl groups is crucial to the generation of @0lecules, which also lead to low char yield.
This also can be confirmed by the high char yidldPBR modified by boron, silicon or other
element§"?* the modifiers block parts of phenolic hydroxybgps and reduce the number of
phenoxyl radicals, finally result in the high chéeld. A comparison between the distribution of
phenoxyl radicals and CO with time may be helptulverify above analysis, but we cannot

obtain this for the complexity of distribution oh@noxyl radicals. In addition, there is no

13



consensus available on the source of CO molecale€0O molecules are produced by ring-
opening reaction from molecular simulatipnvhile according to the traditional experimental
studies CO molecules are generated by the oxidatiahe methylent One of the possible

reasons is the limited temperature conditions gieexnental studies and this issue is still open

to further study.

O

OH 0 0 0
> . Jo 4
@ @ ‘@HU*UH@”O M

@?

o O
S Y N
co + | <—|\' -— -— |
g

.

|

Figure 5. Mechanism of CO formation in the pyrolysis simuatiof NOH-60 model at 3500 K.

On the other hand, there is an inhibiting effecth® formation of CO molecules from the
phenoxyl radicals. CO should have been the mairll sggen-containing molecules because
phenoxyl radical is the main component of the debgenation reaction which is easy to happen,
and phenoxyl radicals would evolve into CO graduallowever, according to statistics analysis
(Table 2), the main small oxygen-containing prodwrte HO molecules but not CO molecules

(The number of KD is 21 while the number of CO is 4). The reasorthe the phenolic
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hydroxyl groups obtained from the reaction betwegdrenoxyl radicals and hydrogen free
radicals may transform into hydroxyl radicals, whieduced the amount of phenoxyl radicals
and then reduced the amount of CO molecules. Frosnviewpoint, this reaction (phenoxyl

radicals and hydrogen free radicals) may lead sida effect of slowing down the process of

pyrolysis with reducing the amount of highly activee radicals.
3.2.2 Hydroxyl radical

As mentioned above, hydroxyl radicals with high dization are generated from the
primary evolution of phenolic hydroxyl groups. Inder to investigate the effects of hydroxyl
radicals on pyrolysis reaction, we simulate theopygis of NOH-60 model at 3000 K, 3250 K
and 3500 K, respectively. As shown in Figure 6,rtfeximum production of hydroxyl radicals is
observed at 3500 K. The fact that the number ofrdwy radicals increased with the
temperature increasing is consistent with the egurl pattern in the novolac PR system found
by Qi et al*?. At 3500 K, a relative large number of hydroxytlicals which can oxidize other
functional groups strongly are produced (Figurea@y it results in the increase of the number of
small oxygen-containing molecules (including CO,,G@d HO) and the decrease of the char
yield. We'll go into further detail about the fortimm mechanism of the CO, GGnd HO

molecules from hydroxyl radicals below.
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Figure 6. Distribution of hydroxyl radicals with time in ttemulation of NOH-60 model at

3000 K (black), 3250 K (red) and 3500 K (blue) pesively.

Transformation to H,O molecules: During the process of pyrolysis, hydroxyl radicals
react with phenolic hydroxyls and hydrogen freeigald, to generate @ molecules, which is
the main transformational way for hydroxyl radicafs the initial stage of pyrolysis, J@
molecules, which are the first produced small oxiygentaining molecules, are formed in three
ways (Figure 7): i) the reaction between hydrogee fradicals and phenolic hydroxyl groups
(reaction 3); ii) the reaction between hydroxylicats and phenolic hydroxyl groups (reaction
4); iii) the reaction between hydrogen free radiaahd hydroxyl radical (reaction 5). The results
also agree well with the regulation pattern in tiezolac PR system found by Jiang et%nd
Desai et al’. Furthermore, as the temperature increasing, thssilpility of occurrence of
reaction 4 and reaction 5 is increased in the systeh in hydroxyl radicals. According to the
distribution of produced D molecules with time (Figure 8), more® molecules are generated
at higher temperature. The beneficial impact ofrbygl radicals to the production of.8
agrees well with Ouchi'Sview that the more hydroxyl radicals in the samptés more HO

molecules produced in the system. Nevertheless,déy@endence of the number of,(H
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molecules on the number of hydroxyl radicals is oiotious for the various generation ways of

H,O molecules which would take part in the reactigaia (Figure 8).

OH OH OH
+ H-——+ 0 3)
OH OH OH 0
+°H-H (U - we
H  + OH —>  HO (5)

Figure 7. Mechanism of HO molecules formation in the simulation of NOH-60del at 3500

K.

Number of HyO molecules

0 3 6 9 12 15 18 21
Time (ps)

Figure 8. Distribution of HO molecules with time in the simulation of NOH-@@del at 3000

K (blue), 3250 K (red) and 3500 K (black), respesity.

Transformation to CO, molecules: In our simulation, we observed that all £@olecules
were generated from the reaction between hydr@aditals and CO from phenoxyl radicals (See

3.2.1) and the amount of G@Table 2) was greatly influenced by the numberhpdiroxyl
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radicals (Figure 6). This also agrees with Ouatg&gearch in novolac resth According to his
view, CO would be further oxidized to G®o the generation of CO should before that 0.CO
Nevertheless, it is still controversial for the mipn of Jackson et &lthat the hydroxyl methyl
and methylene groups in cured PR would be oxidiretie carboxyl and carbonyl respectively.
Considering that the decarboxylation reaction sieahan decarbonylation reaction, they hold
the view that C@may be produced before CO. One of the possibkoresafor this difference is
the absence of hydroxymethyl in our models, andtiit require for more verification of

experimental and theoretical studies.

Promotion to production of CO molecules. Although CO molecules can not be
transformed directly from the hydroxyl radicalsgtiproduction of CO in above-mentioned
evolution of the phenoxyl radicals can be promdigdhydroxyl radicals. The system rich in
hydroxyl radical produces more CO molecules, bexdlus hydroxyl radicals may involve in the
oxidation of phenolic hydroxyl groups and generngltenoxyl radicals which would transform
into CO molecules. In fact, with counting the amoohCO with time at different temperatures
(Figure 9), we found that the distribution of COegent a similar varying pattern with
temperature with that of hydroxyl radicals and bath them show maxima at 3500K.
Nevertheless, the dependence of the number of C@cmles on the number of hydroxyl
radicals is not obvious as CO molecules would m®agosed into radicals which can take part

in the reaction again.
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Figure 9. Distribution of CO molecules with time in the siratibn of NOH-60 model at 3000 K

(blue), 3250 K (red) and 3500 K (black), respedyive
3.3 Influence of evolving modes of phenolic hydrogsoups to the backbone of PR

Based on above analysis, we found that the higidgtive phenolic hydroxyl group is the
functional group first involved into pyrolysis réem and produce hydrogen free radicals,
phenoxyl radicals and hydroxyl radicals, thus a@titig following reaction. Both the two above-
mentioned evolution modes of phenolic hydroxyl grel. phenolic hydroxyl groups - phenoxyl
radicals - small oxygen-containing molecules; Hepolic hydroxyl groups - hydroxyl radicals -
small oxygen-containing molecules) can lead to eatgdeal of damage to backbone of resin
while from different aspects. Evolution mode | faates the transformation of backbone with
reducing the stability of benzene ring by the debgénation reaction of phenol ring. And
evolution mode Il can damage the structure of resth oxidation of PR chains especially the
oxidation of phenolic hydroxyl groups by hydroxyddicals. From this point of view, the

generation of phenoxyl radicals is the basic redspthe damage of the resin backbone.
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From another aspect, we should point out the mpuwmitive effect of phenolic hydroxyl
groups to the thermal stability of resin at thei@istage of pyrolysis. The phenolic hydroxyl
groups may dehydrate and produce ether linkagecesdly the six-member ring ether (Figure
10), which enhance the thermal stability of resin ibcreasing of the cross-linker. When
dehydrogenation occurred in the same constitutiond| it means that the phenolic hydroxyl
and methylene in the benzene rings connected Wiract the dehydrogenation of both groups
happened simultaneously. Other free radicals insysem may react with six-member ring
ether, which can exist stably for a long tih& '® % give a temporary stability to the
neighboring benzene ring. This effect is helpfuirtgprove the thermal stability of resin at the
initial stage of pyrolysis but it would graduallgtgveaker with the temperature rising or the time

continuing. This also can be confirmed by the féet the highertho novolac resins often

exhibit good heat-resistant property in a certainsg.

Figure 10. Snapshot of the simulated system after a 10-ps NNDTrun in the simulation of
NOH-60 model at 3500 K (the structure of six-memtiey ether was highlighted by ball-and-

stick models ).

4. Conclusions
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We have presented the simulation with ReaxFF fernttial stage of pyrolysis of cured PR
especially the behavior of phenolic hydroxyl graupler various temperatures and the formation
mechanism of small oxygen-containing molecules. dlserved that the highly active phenolic
hydroxyl groups are easy to convert to phenoxylicedd and hydroxyl radicals (primary
evolution), and then the products of primary evoluttransform into small oxygen-containing
molecules (secondary evolution), with the amount safall oxygen-containing molecules
increasing with the rise in the number of phenbiidroxyl groups or the rise in the temperature.
We found that both the two evolution modes of phierfoydroxyl groups (I. phenolic hydroxyl
groups - phenoxyl radicals - small oxygen-contagnmolecules; Il. phenolic hydroxyl groups -
hydroxyl radicals - small oxygen-containing molexs)l can reduce the thermal stability of the
backbone of resin. Thus, the phenolic hydroxyl grplays an important role in the process of
resin pyrolysis and this could be valuable to theamcement of the thermal stability and char

yield of resin.

ACKNOWLEDGMENT

The authors would like to acknowledge the finansigdport to this work provided by the

National Natural Science Foundation of China thioggant No. 51273160 and No. 51473134.

REFERENCES

1. Ouchi, K.; Honda, H., Pyrolysis of Coal. 1. Tinait Cracking of Phenolformaldehyde Resins
Taken as Coal Modelsuel 1959, 38 (4), 429-443.

2. Trick, K. A.; Saliba, T. E., Mechanisms of theyrélysis of Phenolic Resin in a
Carbon/Phenolic Composit€arbon1995, 33 (11), 1509-1515.

3. Jackson, W. M.; Conley, R. T., High Temperat@sidative Degradation of Phenol-
Formaldehyde Polycondensatésurnal of Applied Polymer Scient864, 8 (5), 2163-2193.

4. Fitzer, E.; Schafer, W., The Effect of Crossiitgkon the Formation of Glasslike Carbons
from Thermosetting Resin€arbon1970, 8 (3), 353-364.

21



5. Bauschlicher, C. W., Jr.; Qi, T.; Reed, E. Jnfant, A.; Lawson, J. W.; Desai, T. G.,
Comparison of Reaxff, Dftb, and Dft for Phenolicrélysis. 2. Elementary Reaction Patlis.
Phys Chem R013, 117 (44), 11126-35.

6. Van Duin, A. C.; Dasgupta, S.; Lorant, F.; GadidaV. A., Reaxff: A Reactive Force Field
for HydrocarbonsThe Journal of Physical Chemistry2801, 105 (41), 9396-94009.

7. Chenoweth, K.; van Duin, A. C.; Goddard, W. Reaxff Reactive Force Field for Molecular
Dynamics Simulations of Hydrocarbon Oxidatidrhe Journal of Physical Chemistry 2808,
112(5), 1040-1053.

8. Castro-Marcano, F.; Kamat, A. M.; Russo, M. ¥an Duin, A. C. T.; Mathews, J. P.,
Combustion of an lllinois No. 6 Coal Char Simulatdsing an Atomistic Char Representation
and the Reaxff Reactive Force Figlbmbustion and Flam2012, 159(3), 1272-1285.

9. Till, S.; Heaton, A.; Payne, D.; Stone, C.; Swkh, Computational Chemistry Studies of
Phenolic Resin2013.

10. Jiang, D. E.; van Duin, A. C.; Goddard, W. 2rd; Dai, S., Simulating the Initial Stage of
Phenolic Resin Carbonization Via the Reaxff Rea&ctorce FieldJ Phys Chem AR009, 113
(25), 6891-4.

11. Desai, T. G.; Lawson, J. W.; Keblinski, P., Mbdg Initial Stage of Phenolic Pyrolysis:
Graphitic Precursor Formation and Interfacial BePolymer2011, 52 (2), 577-585.

12. Qi, T.; Bauschlicher, C. W., Jr.; Lawson, J, Wesai, T. G.; Reed, E. J., Comparison of
Reaxff, Dftb, and Dft for Phenolic Pyrolysis. 1. Moular Dynamics Simulations.Phys Chem
A2013,117(44), 11115-25.

13. Izumi, A.; Nakao, T.; Shibayama, M., Atomistiolecular Dynamics Study of Cross-Linked
Phenolic ResinsSoft Matter2012, 8 (19), 5283.

14. Mayo, S. L.; Olafson, B. D.; Goddard, W. A.eidling: A Generic Force Field for Molecular
Simulations.The Journal of Physical Chemistt990, 94 (26), 8897-89009.

15. Hoover, W. G., Canonical Dynamics: Equilibriddthase-Space Distribution®hysical
Review A1985, 31 (3), 1695.

16. Andersen, H. C., Molecular Dynamics Simulatiah€onstant Pressure and/or Temperature.
The Journal of chemical physi&880, 72 (4), 2384-2393.

17. Chenoweth, K.; van Duin, A. C. T.; PerssonGheng, M. J.; Oxgaard, J.; Goddard, W. A.,
Development and Application of a Reaxff ReactiveceoField for Oxidative Dehydrogenation
on Vanadium Oxide Catalyst®ournal of Physical Chemistry 2008, 112 (37), 14645-14654.

18. van Duin, A. C. T.; Dasgupta, S.; Lorant, Fgd@ard, W. A., Reaxff: A Reactive Force
Field for HydrocarbonsThe Journal of Physical Chemistry2801, 105(41), 9396-9409.

19. Berendsen, H. J. C.; Postma, J. P. M.; van @©ters W. F.; DiNola, A.; Haak, J. R,,
Molecular Dynamics with Coupling to an External Bathe Journal of Chemical Physi&884,
81(8), 3684.

20. Ouchi, K., Infra-Red Study of Structural Chamdeuring the Pyrolysis of a Phenol-
Formaldehyde ResiCarbon1966, 4 (1), 59-66.

21. Wang, S.; Jing, X.; Wang, Y.; Si, J., High Chéeld of Aryl Boron-Containing Phenolic
Resins: The Effect of Phenylboronic Acid on the & Stability and Carbonization of
Phenolic Resind?olymer Degradation and Stabilig014, 99, 1-11.

22. Wang, S.; Jing, X.; Wang, Y.; Si, J., Synthemmsl Characterization of Novel Phenolic
Resins Containing Aryt Boron Backbone and Their Utilization in Polymerior@posites with
Improved Thermal and Mechanical Propertieslymers for Advanced Technologi&3l4, 25
(2), 152-159.

22



23. Guo, Z.; Li, H.; Liu, Z.; Zhao, T., Preparatjddharacterization and Thermal Properties of
Titanium- and Silicon-Modified Novolac Resindigh Performance Polymer2013, 25 (1), 42-
50.

24. Abdalla, M. O.; Ludwick, A.; Mitchell, T., BoreModified Phenolic Resins for High
Performance Application®olymer2003, 44 (24), 7353-7359.

25. Jiang, H.; Wang, J.; Wu, S.; Yuan, Z.; Hu,\&y, R.; Liu, Q., The Pyrolysis Mechanism of
Phenol Formaldehyde ReskPolymer Degradation and Stabili®012, 97 (8), 1527-1533.

23



