
Statement A: Approved for public release; distribution is unlimited. 
 

PREDICTING CHAR YIELD OF HIGH-TEMPERATURE RESINS 

Jacob R. Gissinger1, Scott R. Zavada1, Joseph G. Smith1, Josh Kemppainen2, Ivan Gallegos2, Gregory 
Odegard2, Emilie J. Siochi1 and Kristopher E. Wise1 

1Advanced Materials and Processing Branch, NASA Langley Research Center, Hampton, Virginia 23681, 
United States 

2Department of Mechanical Engineering and Engineering Mechanics, Michigan Technological University, 
Houghton, MI, 49931, United States 

ABSTRACT 

A simulation technique has been developed for predicting the char yield of organic resins during 
high-temperature processing. In silico methods can aid in the screening of new advanced materials for a 
number of important properties, but no chemistry-sensitive protocol currently exists for predicting the 
important experimental value of char yield. The proposed method utilizes a reactive force field (ReaxFF) 
to model the chemical transformation of precursor monomers into carbonized structures during three 
processing stages: ramp-up to pyrolysis temperatures (~3000 K), pyrolysis, and quenching. Achieving 
good agreement with experimental char yields requires continuous removal of small by-product molecules 
to mimic outgassing, and the application of high pressure to encourage the formation of a dense, glassy 
network. Six different resin chemistries were investigated: an ethynyl, a phenylethynyl, a cyanate ester, a 
phthalonitrile, acrylonitrile, and adamantane. These candidates represent a diverse group of precursors 
with respect to initial cyclic content, presence of heteroatoms, and types of reactive groups. The protocol 
developed accurately predicts the relative char yield between the investigated chemistries and provides 
quantitative agreement with experimental values, especially for high char yield resins. Several simulated 
properties of the carbonized structures are compared with experimental results, including outgassing 
products, morphology of the final chemical configurations, cyclic content, and mechanical properties. 

INTRODUCTION 

Carbon matrix composites are light-weight, high-strength materials with great potential for use in 
extreme temperature applications, such as hypersonic aircraft or spacecraft during atmospheric reentry. 
Precursor materials are processed for experimental evaluation by subjecting cured samples to 
temperatures ranging from 600°C to 3000°C in vacuo, which causes carbonization and graphitization of 
the organic polymers. Processing at the higher end of this temperature range results in an essentially 
pure carbon solid, because all non-carbon elements (heteroatoms) are liberated as small gas molecules. 
Critically, the thermal and mechanical properties of the resultant carbon materials depend on the final 
carbon morphology, which is influenced by the precursor chemistry and processing conditions. Important 
characteristics of the new carbon materials include response to subsequent applications of extreme heat, 
thermal conductivity, oxidation resistance, and the ability to retain structural integrity or exhibit controlled 
ablation. Empirical development of high-temperature resins is costly and time consuming. Formulation of 
the next generation of thermal protection systems will benefit from predictive computational models that 
accurately simulate experimental conditions. 

High char yield is a desirable quality of precursor resin formulations due to the reduced number of 
subsequent infusion and densification steps necessary to achieve the target density and properties of a 
material. In order to produce a high char yield, a precursor resin must have the ability to form fused ring 
structures, rather than degrade into small molecules during late-stage pyrolysis and carbonization. 
Although there are no clear design rules for formulating precursor resins, common features of frequently 
used resins include high molecular weight and high degree of aromaticity.1 Resins that have become 
widely accepted include furans, phenolics, polyimides, and aryl ethynyls. Typically, the performance of a 
prospective resin under extreme temperatures is quantified via thermogravimetric analysis (TGA) that 
involves ramping a sample to carbonization temperatures under an inert atmosphere.2 
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Historically, attempts have been made to correlate resin chemistry with char yield using heuristic 
formulas fitted with char yield data from the literature. Lyon et al. decomposed the polymer chain into 
representative moieties, such as phenyl, ester, amide, etc., and weighted each group according to the 
influence the group had on the polymer’s char yield.3 The authors considered relatively low char yield 
polymers (less than 50%), and a reasonable correlation for char yield using 38 backbone and side 
chemical groups was obtained. Parandekar et al. extended this approach by analyzing a similar set of 
polymers using a quantitative structure-property relationship model that required input of chemical 
properties such as the HOMO-LUMO gap, aromaticity, and chain branching metrics, rather than weighting 
specific functional groups.4 Subsequent analysis confirmed the positive correlation of aromatic and vinyl 
groups with char yield. Finally, Atabaki et al. designed a simpler approach by identifying correlations that 
depend only on the number of elements in the polymer repeat unit in conjunction with a limited number of 
structural units.5 While these approaches can predict char yield for structurally similar, low char yield 
polymers, such methods are not readily extended to different chemistries, particularly those known to 
result in ultrahigh char yields. 

Theoretical studies of the carbonization process at the atomistic scale commonly use Monte 
Carlo methods or reactive molecular dynamics (MD). Reverse Monte Carlo methods have been deployed 
to generate model carbon fiber morphologies. Such methods first generate an initial large-scale structure 
that is consistent with a set of experimental observables (e.g., pore size distribution). The starting 
configuration is then relaxed using a force field,6,7 such as the reactive empirical bond order (REBO) 
potential.8 The introduction and development of more versatile reactive force fields, such as ReaxFF, 9 
has facilitated the prediction of glassy carbon morphologies directly through molecular dynamics 
simulations. 10–13 Two effective ways of generating realistic and independent models are via the ‘liquid 
quench’ or ‘proxy precursor’ method. In the liquid quench method, precursor molecules are converted to a 
gas of carbon atoms by annealing at extreme temperatures (typically 10,000 K) and quenching back to 
temperatures of interest to form the solid.14,15 The proxy precursor method starts with representative 
aromatic compounds consisting of multiple fused rings, such as naphthalene, larger polycyclic aromatic 
hydrocarbons, ladder structures, or carbon sheets, and forms a solid by connecting these fragments into 
larger structures.16,17 However, neither the liquid quench nor the proxy precursor method are compatible 
with designing new precursors, because chemical details are lost during the simulation (liquid quench 
method) or never directly included (proxy precursor method). The weakness of the liquid quench method 
can be avoided by running longer simulations at annealing temperatures in the vicinity of carbonization 
temperature. Performing the simulations at a lower temperature avoids complete atomization, which 
allows for interpretation of the final morphology in terms of the structure of the precursor resin.18–22 
Reactive simulations performed with the lower temperature liquid quench method can predict outgassing 
products and cure shrinkage during the pyrolysis process, and the post-carbonized system can be 
characterized by aromatic content, mechanical properties, and pore size distribution. Related studies 
have adopted these methods to study various properties of carbon fibers, ranging from free surface 
interactions and kinetics23,24 to interfacial behavior in carbon-based composites.25–27 

This modeling effort introduces a protocol optimized to predict the char yield for a given precursor 
resin chemistry. A ReaxFF parameter set validated for carbonization is used that eliminates the need for 
detailed prior knowledge of reaction pathways or other empirical formulas for a specific polymer. Practical 
limitations on simulation size and duration prevent the inclusion of a continuous-flow purge gas (as in 
TGA) or simulation of the full out-gassing diffusion process, so it was necessary to devise a 
computationally efficient means of reaching the same end. Simulated outgassing was achieved by 
employing an open system with a small molecule sink that removes low molecular weight pyrolysis 
products when produced. The method was validated by simulations on a set of molecules with known 
charring behavior, including ethynyl and phenylethynyl compounds, a cyanate ester, a phthalonitrile, 
acrylonitrile, and adamantane. This protocol provides quantitative char yield estimates for precursor 
resins with a variety of initial aromatic content, heteroatoms, and reactive groups. 

METHODS 

The dynamics of the pyrolyzing resin precursor were simulated with the reactive force field 
ReaxFF,9 as implemented in the LAMMPS molecular dynamics software.28,29 ReaxFF is a bond order 
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potential that includes per-element parameters for bonded and nonbonded interactions, angle and torsion 
contributions, and several correction factors. The force field has recently been parameterized to 
accurately capture carbon, hydrogen, oxygen and nitrogen interactions, especially during carbonization 
and graphitization.20 This updated parameterization is designed to accurately describe small-molecule 
chemistries that include carbon, hydrogen, oxygen, and nitrogen (CHON-2019), while retaining the 
accurate parameterizations previously developed for chemistry not including nitrogen (CHO-2016)30 and 
graphitic structures.31 As discussed by Kawalik et al., this parameterization is well-suited to describing 
carbonization processes that involve small, chemically diverse molecules as precursors, off-gassing 
products, and the final carbon char configurations of fused carbon rings.20 

A critical aspect of accurately predicting final char yields and morphologies is the physical 
treatment of by-products that are released during pyrolysis. The sample is customarily placed in a flowing 
nitrogen atmosphere during TGA, such that gases that diffuse out of the sample are removed from the 
surface. In the model developed in this work, there is no free surface from which small molecules can 
escape, because the simulations use periodic boundary conditions to mimic a bulk material. In addition, 
the occurrence of such a diffusion process would not be permitted by the accessible simulation time 
scales. Preliminary simulations were performed using polyarylacetylene resin to evaluate the impact of 
varying simulation parameters, force fields, and system sizes. These studies included smaller systems 
(~4000 atoms) modeled with both ReaxFF and the AIREBO force field, and larger systems (~200,000 
atoms) modeled with the polymer consistent force field (PCFF), a classical force field, and the REACTER 
protocol.32–35 Irrespective of system size or force field, it was discovered that systematic removal of small 
molecule pyrolysis products was effective in accelerating the pyrolysis process and also improved 
predictions of product properties, such as density and ring content. 

The LAMMPS ReaxFF implementation was modified to allow for deletion of molecules matching a 
predefined list of compositions or having a mass within a given molecular weight range. Specifically, a 
feature was added to the ‘fix reaxff/species’ command that allows for deletion of molecules matching a 
user-defined list of structures, using ReaxFF-derived bond orders to determine molecular connectivity. 
This ‘delete’ keyword records the time and composition of each molecular deletion for later analysis. The 
user must specify a frequency for deletion attempts, the bond order cutoff used for determining bond 
connectivity, and the number of simulation steps that are averaged over in calculating the bond order. 
This averaging process was necessary because the interatomic distances, upon which the bond order 
explicitly depends, can deviate beyond typical bonding distances due to thermal fluctuations, particularly 
at the high temperatures used in these simulations. The spurious deletion of small fragments is avoided, 
and only stable small molecules are removed, by averaging over several time steps. The incorporation of 
this feature into the source code, as opposed to using a script-based method, results in a fast 
implementation for which the efficiency is relatively insensitive to the frequency of deletion attempts or 
length of the bond order averaging interval. A script-based approach would require stopping and 
restarting the simulation at each deletion attempt and make the bond order averaging much less efficient. 
It should be noted that the new implementation results in an open system, rather than a strict ensemble, 
and is designed to simulate an effectively infinite sink for small gaseous molecules. 

Simulation boxes were prepared by adding enough precursor monomers to reach a system size 
of approximately 32,000 atoms, followed by compression to reach a density of 1.5 g/cm3, and a 200 ps 
relaxation run using PCFF. The system was then converted to ReaxFF and equilibrated for another 10 ps 
to obtain a relaxed initial configuration. A timestep of 0.1 fs was adopted to minimize energy drift for all 
high-temperature ReaxFF runs, and the Langevin thermostat was employed to achieve simulation 
stability at extreme temperatures. While larger systems are generally preferred, the need to use the more 
computationally intensive ReaxFF force field for the simulation of carbonization and subsequent 
mechanical property determination places practical limits on system size. The system size selected was 
large enough to allow for full carbonization and retention of enough atoms, after outgassing, to permit 
statistical analysis and reliable calculation of mechanical properties. 

The full protocol used to predict char yield in this work is summarized in Fig. 1, which illustrates 
the heating, annealing, and cooling stages of char formation. The system is ramped from 300 K to 3000 K 
at 10 K/ps. This ramp rate is lower than typically used in reactive force field simulations, which allows 
polymerization reactions, early-stage pyrolysis, and monomer rearrangement to occur during the lower 
temperature portion of the simulation. The annealing temperature of 3000 K is much higher than 
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commonly used in TGA experiments, which permits the model to overcome energy barriers that would be 
insurmountable during accessible simulation time scales. The system was annealed for 270 ps at 3000 K 
and under 1 GPa of pressure, while periodically removing free small molecules. This annealing duration 
was sufficient to reach an asymptotic value for char yield. The effect of annealing for longer durations is 
discussed in the Results section. Approximately 1 GPa was required as the lower limit for simulation 
pressure to achieve final density values between 1.7 g/cm3 and 2.0 g/cm3, similar to that reported for the 
glassy carbon phase.36,37 Lower pressures, such as 0.5 GPa, were insufficient to obtain the target 
densification. During annealing, molecules with a molecular weight less than 50 g/mol were deleted from 
the system every 0.1 ps. This molecular weight cutoff was selected to remove molecules with three or 
fewer non-hydrogen atoms. Pairs of atoms with a bond order exceeding 0.3, after averaging over 100 
time steps (0.01 ps), were considered bonded for the purpose of identifying molecules for potential 
deletion. After the annealing stage was complete, the system was cooled to 300 K and equilibrated before 
further testing and analysis. A strain of 2% and strain rate of 0.1 ns-1 were selected for calculating 
modulus values, to remain in the linear response regime. 

 

 
Fig. 1:  MD simulation protocol to predict the char yield of a given precursor molecule. By-

products with a molecular weight less than 50 g/mol were deleted from the system every 0.1 ps after the 
system reached the annealing temperature (3000 K). 

 

RESULTS AND DISCUSSION 

 
Results for six resin chemistries with known charring behavior serve to validate the methodology 

proposed in the Methods section (see Fig. 2). In addition to being well characterized, the structures of 
these precursor molecules cover a range of aromatic content, functional groups (ethynyl, nitrile, ester, 
phenol-phthalonitrile), heteroatom content (hydrogen, oxygen, nitrogen) and, most importantly, charring 
performance. Diethynylbenzene monomers, the precursors for polyarylacetylene (PAA), exhibit 
exceptionally high char yield, but present processing challenges due to the highly exothermic nature of 
the decomposing carbon-carbon triple bond. Compared to the precursor molecules for PAA, 1,2,4,5-
tetrakis(phenylethynyl)benzene (TPEB) has a lower ratio of ethynyl to aryl groups and reduced 
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polymerization exothermicity, yet exhibits nearly equivalent char yield performance.38 Another moiety 
known to increase char yield is the nitrile group, despite having only one heteroatom (nitrogen) for each 
carbon atom.39 Lyon et al. assign the nitrile group a molar contribution equal to its molecular weight, 
implying that nitrile group content has a strong positive correlation with increasing char yield.3 Nitrile-
containing compounds such as bisphenol A dicyanate ester (BADCY) and phthalonitriles (e.g., the 
mixture denoted by P1 and defined by Hu et al.40) are included in many high-performance polymers and 
polymer blends.41,42 Polyacrylonitrile (PAN) has a long history as a low-cost precursor for high-strength 
carbon fibers and has been well-characterized by the community.43 Adamantane was chosen as a 
counterexample that exhibits very low char yield despite being mostly carbon by weight.44 

The initial carbon content, experimental char yield, and char yield predicted for each structure 
identified in Fig. 2 are listed in Table 1. The average error for the simulated char yields was ~5 wt.% for 
these six systems, which is within the range of expected run-to-run variation in experimental results.  The 
char yield results are in good agreement with experimental data, particularly given the extreme conditions 
that exist during the carbonization process and the use of a heating rate that is much faster than that 
used in the experiments. Direct comparison of the present method to prior heuristic estimators, such as 
the molar group method contribution of Lyon et al.,3 is not productive due to the poor performance of 
those methods. The molar group contribution method predicts char yields of <40 wt.% for PAA and TPEB, 
and cannot provide predictions for the behavior of a molecule like adamantane. The poorest predictions 
of the current method are recorded for molecules containing ether linkages, with an error of ±11 wt.%. 
Small changes in these more complex chemistries can result in measurable, and in some cases dramatic, 
differences in char yield. Sakthidharan et al. report a 20 wt.% increase in char yield with the removal of a 
single carbon atom from the backbone of a cyanate ester compound similar to BADCY.45 Augustine et al. 
investigated the temperature resistance of phenol-phthalonitrile chemistries like P1, and reported char 
yields between 72 wt.% and 78 wt.% (at 900°C), depending on the phthalonitrile content.46 A second 
phthalonitrile composition was simulated to assess the ability of the method to reliably predict char yield 
variation between precursors with subtle structural differences. The second phthalonitrile precursor tested 
contained ~40% fewer phthalonitrile functional groups than P1, and corresponded to composition P4 in 
the paper by Hu et al.40 The predicted and experimental char yields were 69% and 78.5%, respectively, 
which is the same relative error of ~10% as was found for P1. This result indicated that the simulation 
method can predict the correct trend in char yield with the same magnitude of error for two precursor 
compositions with minor differences in chemical structure.  

 
Fig. 2: Predicted and experimental char yields for six resin precursor molecules with the 

corresponding structures shown on the right. References for experimental values are provided in Table I. 
PAA and PAN are referred to by polymeric nomenclature, while BADCY, TPEB, etc. are referred to by the 
precursor molecule. The phthalonitrile compound P1 contains 10% of a di-substituted version of the tri-
substituted molecule shown, as described by Hu et al.40 
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Table 1: Total carbon and aromatic carbon content and simulated and experimental char yields 
for each resin system. 

 Initial Carbon 
Content (wt.%) 

Initial Aromatic 
Carbon (wt.%) 

Simulated 
Char Yield 
(wt.%) 

Experimental Char 
Yield (wt.%) @ 
Temp (°C) 

Absolute Error in 
Char Yield (wt.%) 

PAA 95 57 89 
86 @ 80047 

87 @ 80048 
+3 

TPEB 95 75 89 
85 @ 90038 

84 @ 100049 
+4 

P1 79 63 70 81 @ 80040 -11 

BADCY 73 52 56 
45 @ 60050 

43 @ 80051 
+11 

PAN 68 0 54 
55 @ 60052 

54 @ 80053 
 

<1 

adamantane 88 0 31 29 @ 67544 +2 

 

The computational cost of these simulations is contingent on the ReaxFF force field and the 
number of atoms, which rendered the approach impractical for exhaustively characterizing the influence 
of every simulation parameter on the predicted results.  However, an effort was made to explore the effect 
of settings likely to exert the largest impact on the predictions. First, the influence of the initial 
configuration on the final structure was tested by preparing and carbonizing three independent 
realizations of the PAA system. The predicted char yields were 89.4%, 89.6%, and 89.7%, which 
indicates that these systems are large enough that the proper final structure can be reached regardless of 
the detailed structure of the starting simulation cell. Subsequently, the influence of the length of the 
annealing phase of the simulation was tested. As shown in Fig. 3, each system experienced a rapid mass 
loss at the beginning of the annealing phase, when the small molecule removal process was initiated, that 
reached a plateau by the beginning of the cooling phase, marked by the vertical dashed line at 270 ps. 
The annealing time was doubled (540 ps) and tripled (810 ps) to ensure further mass loss did not occur at 
longer times by using the PAA system as a test case. The predicted char yields only slightly declined to 
89.2% and 89.1%, respectively, indicating that the charring process was essentially complete at 270 ps. 
Third, the effect of removing larger by-products was tested by increasing the molecular weight cutoff to 
100 g/mol for the PAA system. The predicted char yield decreased by only 0.1% as compared to 
simulations using the default cutoff of 50 g/mol. Finally, the influence of allowing by-product removal 
during the heating phase was checked for the BADCY system, which resulted in an increase in final char 
yield to 57.7%, as compared to 55.5% using the standard protocol. The application of pressure (1 GPa) 
during the heating phase also resulted in an increase in final char yield to 59.3% for the same system. 
The increase in char yield in these two test simulations, while small in magnitude, may indicate that the 
system has reached a marginally more stable configuration after heating than occurs with the standard 
parameters. In summary, the final predictions that result from the simulations are only weakly dependent 
on the values chosen, based on the simulation parameters tested. 
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Fig. 3: Mass loss of each system vs. time. In this plot, t = 0 ps corresponds to the start of the 

annealing stage. The vertical gray dashed line marks the end of the annealing stage and the start of the 
cooling stage. 

 

The final densities and elastic moduli predicted for each system after equilibration at 300 K are 
shown in Fig. 4a. The densities fall within ±0.02 g/cm3 for PAA and BADCY, the two systems for which 
three independent configurations were simulated. It is notable that the densities do not monotonically 
increase with increasing char yield, despite the use of identical temperatures and pressures in all 
simulations (see Fig. 4b). Adamantane, for example, has a similar final density to TPEB, but a much lower 
char yield. This disparity is a result of adamantane packing more efficiently into the final, smaller 
simulation cell than does TPEB during the carbonization process. Moduli and other mechanical properties 
of glassy carbon materials are known to be strongly dependent on density, as reflected in Fig. 4, and the 
values reported here fall in the range expected from related simulations.54,55 The mechanical properties 
predicted in this work are representative of an idealized, defect-free bulk glassy carbon, because porosity 
(down to the nanoscale) is omitted from the simulated structures. Experimental work has revealed that 
this effect can be large when porosity was limited by geometrical confinement. The modulus of 4 nm to 6 
nm thick glassy carbon thin films (62 GPa) was approximately twice that of bulk glassy carbon (30 GPa).56 

The stress-strain curves calculated for the PAA and PAN samples, up to 40% uniaxial strain, are 
shown in Fig. 5. The ultimate tensile strengths of the PAA and PAN systems were ~35 GPa and ~22 
GPa, respectively. Similar simulations predicted an ultimate stress of 43 GPa for amorphous carbon at a 
density of 2.4 g/cm3, which is quite close to the present value for PAA after dividing by the density of each 
system to convert to specific strengths.55 The theoretical value of tensile strength for glassy carbon has 
been reported as 3 GPa, although no rigorous justification for this value was provided.57 Experimental 
comparisons are challenging because the ultimate strength of non-crystalline carbon and other ceramics 
is highly density and length-scale dependent. For example, the compressive strength of glassy carbon 
nanopillars has been measured to increase from ~1 GPa to ~7 GPa when the diameter of the pillar is less 
than 5 μm.58 The overestimation of ultimate strength reveals a deficiency of atomistic simulations at 
computationally feasible length scales, and suggests that modifying the model, such as by manual 
incorporation of larger-scale defects, may be necessary to reproduce the experimentally measured 
ultimate stress.  The extremely high strain rates that must be used in these simulations also contribute to 
the overestimation of ultimate strength, particularly in systems like these that fail at relatively high strains. 
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The fact that such large failure strains are reached is, again, a result of the absence of large-scale defects 
or porosity in the simulated systems. The strength values presented here represent a loose upper bound 
on the values expected from experiments on real materials due to deficiencies in the models. 

 
Fig. 4: a) Young’s modulus vs. final char density. Moduli are averages over the three axes and 

the error bars indicate the minimum and maximum values. b) Char yield is not well correlated with final 
char density. 

 

 
Fig. 5: Carbon chars subjected to uniaxial strain up to 40%. a) Simulated stress-strain curves for 

PAA and PAN with the point of maximum recorded stress labeled. b) A snapshot of the PAA system 
colored by instantaneous uniaxial per-atom specific stress at 40% strain, after the formation and 
propagation of a crack. 

 

The final morphologies for PAA and BADCY are shown in Fig. 6, in which atoms are hidden for 
clarity and rings are colored by size. The final ring statistics have little dependence on precursor 
chemistry. Currently, the nanoscale structure of glassy carbon is envisioned as a three-dimensional 
network of fragments of fullerene-type structures (with positive curvature), segments with negative 
curvature, and flat nanoribbons. This modern picture is qualitatively consistent with Fig. 6. As shown in 
Fig. 7a , the final structures were composed of ~25% 5-member, ~50% 6-member and ~25% 7-member 
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rings, irrespective of the precursor material. Note that larger rings were rarely observed and are not 
tabulated here. In comparison, C60 consists of a 3:5 ratio of 5- and 6-member rings and rings containing 
more than six atoms are associated with negative curvature.59 As seen in Fig. 6, the 5- and 7-member 
rings are uniformly distributed throughout the system. Typically, aromatic nanoribbon segments are rare 
and are limited to two rings in width and five rings in length. Even though increasing the annealing time 
did not significantly affect char yield, the ring morphology continued to evolve. An increased incorporation 
of atoms into rings after doubling and tripling of the annealing time is shown in Fig. 7b. The increase in 5-
member rings was negligible, while 480 additional 6-member and 170 additional 7-member rings were 
formed after tripling the annealing time, which represents a ~12% total increase in ring content. 

All samples converged to a composition of primarily sp2-hybridized carbon during the formation of 
these fused-ring networks. A ternary phase diagram facilitates visualization of this transformation, where 
the three ‘phases’ are defined as sp2 carbon, non-sp2 carbon, and heteroatoms (non-carbon), on a per-
atom basis.60 As seen in Fig. 8, the original monomers span a large portion of this phase space, while the 
chars approach 90% sp2 carbon, with a large portion of the remaining atoms likely to be under-
coordinated carbon at the edge of fused ring clusters. 

 
Fig. 6: Final morphologies for a high and moderate char yield system, colored according to ring 

size. Only 5-, 6- and 7-membered rings not spanning a periodic boundary are shown; other atoms are 
hidden. The distribution of ring sizes is quantified in Fig. 7. 
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Fig. 7: Ring size statistics for carbonized resins. a) Relative 5-, 6- and 7-membered ring counts 

reveal similar compositions for all systems. b) Ring counts (divided by number of atoms in the system) vs. 
annealing time for the PAA sample (this char retained ~19,000 atoms).  

 
Fig. 8: Ternary phase diagram: Conversion of precursor monomers into fused-ring networks, with 

respect to carbon hybridization and heteroatom content. The locations of the precursor chemistries are 
shown in green, and the final carbonized structures are shown in black. Fractions for each atom type are 
given in terms of atom count. 

 

The atoms remaining after the charring process comprise a single, densely connected network. 
These glassy carbon networks are complex and difficult to characterize from a topological standpoint. 
One approach for simplifying this analysis is to convert the atomistic structure into a molecular graph in 
which the nodes represent individual rings and linkages that are created between the nodes representing 
pairs of fused rings (see Fig. 9). Clusters are defined as groups of nodes in which each node is linked to 
at least two other nodes. Additionally, a bridge is defined as a single linkage between two distinct 
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clusters. A bridge connection is represented on the left side of Fig. 9, where the blue and orange clusters 
are connected by a single linkage, labeled as a ‘bridge connection’ in the image. In contrast, the image on 
the right is a single cluster, because every node has at least two links to neighboring nodes. This 
distinction between linked and contiguous clusters was chosen for this analysis due to the difference in 
mechanical behavior anticipated for the two structures. 

 

 
Fig. 9: Clusters within the fused ring network are distinguished using local bridge connections, 

defined as edges on the reduced (dual) graph such that deleting the edge will locally disconnect two 
clusters. 

 

The cluster morphologies of the final carbon chars are compared using this analysis method in 
Fig. 10. PAA and BADCY are visualized in Fig. 10a and Fig. 10b, with the distinct clusters identified by 
color. Although the difference in the char yields of PAA and BADCY resulted in a large difference in final 
system size, the clusters are visually similar. Closer inspection of the cluster size distribution reveals 
some differences that could impact mechanical behavior. Clusters containing up to 10 rings are referred 
to as small, 10–100 rings as medium, 100–1000 rings as large, and the largest cluster is referred to as 
the primary cluster. Inspection of Fig. 10c reveals that the primary cluster of the PAA system contains 
over 50% of the rings in the system. As shown in Fig. 11, this cluster spans the periodic cell in all three 
directions. The rings that are not a part of the primary cluster are evenly divided between the three 
smaller categories of cluster size, with each containing 10% to 20% of the total rings. However, the 
primary cluster for BADCY contains a much smaller fraction of the total number of rings in the system 
than was the case for PAA. In fact, there are as many total rings involved in small and medium clusters as 
there are in the primary cluster. As shown in Fig. 10d, this trend continues for lower char yield systems, 
and may be a symptom of finite box size effects (e.g., the adamantane char contains fewer than 4500 
atoms). 
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Fig. 10: Cluster analysis of post-carbonization morphologies. a-b) Visualizations of high and 

moderate char yield systems, with only 5-, 6- and 7-member rings shown and colored according to Fig. 9. 
c) Cluster size distributions for the systems in frames a and b. d) Relative size of the primary cluster vs. 
the next largest for all systems. Adamantane is abbreviated as ‘ada.’ in axis label. 
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Fig. 11: Visualizing portions of the final PAA carbonized structure. The largest cluster spans the 

box in all three directions, while the next three largest clusters fill in much of the remaining space (one of 
these is hidden in this view). Clusters are connected via local bridges.  

 

The composition of the small molecules removed during the pyrolysis simulations were recorded 
and compared to experimental measurements obtained with infrared spectroscopy and mass 
spectrometry. The total mass loss from select outgassing products for all systems is shown in Fig. 12. 
Many different chemical species are produced during the high-temperature reactions; more than 60 
unique compounds were removed from the BADCY system at the onset of the annealing stage, mostly in 
trace amounts. Some of this variety is the result of highly reactive species being removed in the 
simulation before having time to form more stable products by reacting with other small molecules or free 
hydrogen atoms in the vicinity. For example, about equal parts CN- and HCN were removed from the PAN 
system. It should also be noted that, to simplify the presentation of Fig. 12, some products that were 
unique to certain precursors (such as ammonia and various nitrogen oxides) are not shown. The types 
and relative quantities of the species produced generally agree with available data. According to 
spectroscopic analysis, the primary pyrolysis products of phthalonitrile resins include H2O, NH3, HCN, 
CH4, CO2 and CO.61 These molecules appear in significant amounts in the simulated outgassing products 
(see Fig. 12), although the relative production of C2H2 may be overpredicted. Similar techniques indicate 
that CO2 and HNCO are the primary pyrolysis products of BADCY,62 while the current simulations predict 
that the off-gas is primarily CO, followed by HNCO and HCN. This disparity may be the result of not 
allowing sufficient time for secondary reactions prior to removing the small molecules in the simulations. 
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Fig. 12: Total mass of select molecules removed from the simulation during carbonization. To 

simplify the comparison, a limited number of common pyrolysis products are displayed. For example, the 
PAN system produced a significant amount of ammonia (not shown). 

 

While it is generally very difficult to characterize the nanoscale structure of amorphous carbon 
materials, wide-angle X-ray diffraction (WAXD) and high resolution transmission electron microscopy 
(HRTEM) are two quantitative techniques that can provide some insight.63,64 The simulated WAXD results 
are shown in Fig. 13a. The large peak lying between 2θ = 10° and 2θ = 30° in Fig. 13a corresponds to the 
002 reflection found in graphitic structures and arises from the interplanar distance between graphitic 
planes. Compared to crystalline graphite, the peak is broader and shifted to a lower angle, which is 
commonly seen in amorphous carbon structures. The broadening and shift in position indicate that, while 
still highly aromatic in character, the amorphous structure lacks the highly ordered structure found in 
graphitic materials. The smaller 100 reflection seen between 2θ = 40° and 2θ = 45° provides a measure 
of the lateral crystallite size in polycrystalline carbon systems. This peak is characteristic of glassy 
carbons generated from organic polymers at lower processing temperatures (<1000ºC),65 and can also be 
observed in partially carbonized organic compounds and asphaltenes.66,67 The 100 peak seen in Fig. 13a 
is broader and located at a lower angle than is typical for this class of materials, indicating that the 
crystalline domains in the simulated system are comparatively small. Increasing the annealing time from 
270 ps to 810 ps notably sharpened the 002 band in the WAXD spectrum, signifying the development of 
more compact and better aligned layers of aromatic clusters (see blue curve in Fig. 13a). This trend, 
coupled with the corresponding increase in six-membered rings shown in Fig. 7b, is indicative of 
increasing graphitization with extended annealing times.  

A simulated HRTEM of the PAA-derived char is shown in Fig. 13b. Jurkiewicz et al. imaged 
glassy carbon after carbonizing at temperatures ranging from 600ºC to 2500ºC, and the simulated 
HRTEM image in Fig. 13b bears a closer resemblance to structures carbonized at 600ºC than those 
heated to 800ºC, above which regions of local graphitization can be observed.37 Comparison of the 
simulated WAXD and HRTEM results with comparable experimental results leads to the conclusion that 
the amorphous structures generated by the present simulations correspond most closely to materials at 
an early stage of carbonization produced at modest processing temperatures. Longer annealing times, 
possibly at higher simulated temperatures, would yield structures more similar to the fully carbonized 
materials produced in the experimental work. 
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Fig. 13: Simulated versions of common experimental analysis techniques. a) X-ray diffraction 

patterns for the carbonized systems are typical of amorphous carbon. Increasing the annealing time, 
given in parentheses, drives the morphology toward a graphitic structure. b) Simulated HRTEM image for 
the PAA-derived char annealed for 270 ps. 

 

SUMMARY AND CONCLUSIONS 

A MD protocol has been developed to predict the char yield of high-temperature resins and 
provide atomistic models of the resulting char. Analogous to a TGA experiment, the original precursor 
molecules were subjected to a temperature profile consisting of heating, annealing, and cooling. 
Employment of a reactive force field (ReaxFF) parameterized for carbon materials facilitated the complex 
reorganization of atoms and bond topology that occur during pyrolysis. A key feature of the protocol was 
the systematic removal of small molecules from the system, to mimic the outgassing and subsequent 
diffusion of by-products into a purge gas. The use of an open system, though unusual in such 
simulations, was critical to achieving accurate densities and served as an acceleration method to reach 
beyond the diffusion time scale of small molecules in a glassy carbon matrix. The protocol provided a 
reproducible and chemistry-specific way to accurately predict the char yield of high-performance resins. 

The char yield protocol predicted the high-temperature stability of a diverse set of precursors, 
including an ethynyl (PAA), a phenylethynyl (TPEB), acrylonitrile (PAN), a phthalonitrile, and a cyanate 
ester. This set of molecules represented a wide range of initial aromatic and heteroatom content and has 
char yields ranging from 30 to 90 wt.%. The char yields for each of these precursors have been 
determined experimentally, and the present protocol was able to reproduce the measured values to an 
accuracy of 5 wt.% on average. Char yields for the hydrocarbons and acrylonitrile were predicted with ~2 
wt.% accuracy on average, while the phenol-phthalonitrile (P1) and cyanate ester (BADCY) simulated 
yields were within 10 to 12 wt.% of observed values. The result of the carbonization protocol was a dense 
network of glassy sp2 carbon consisting of an approximate 2:1:1 ratio of 6-, 5-, and 7-membered rings. 
The predicted mechanical properties of these densified materials were extremely high and strongly 
dependent on density, with calculated elastic moduli exceeding 100 GPa for densities above 1.85 g/cm3. 
The connectivity of the glassy carbon networks was quantified in terms of fused-ring clusters, but no clear 
correlation was established with density or elastic moduli. In addition to the char yield, the compositions of 
simulated by-product gases compared favorably to pyrolysis mass spectrometry results, as did simulated 
WAXD curves and HRTEM images of the final carbonized material. 
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The aim of current and future work is to discover novel precursor chemistries that have optimal 
properties for high-performance resin infusion processes, such as high char yield and low porosity. While 
this work describes the development and validation of a protocol to model char yield for well-
characterized resins, concurrent efforts (both modeling and experimental) are underway to explore new 
chemistries with previously unknown char behavior. The results presented here confirm the predictive 
power and chemistry-sensitive capability of the protocol, particularly for ultrahigh char yield resins. In 
conclusion, the protocol is a promising tool for efficiently screening ideas for next-generation resins in 
conjunction with experimental efforts. 
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