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Reaction networks of hydrocarbon are explored using
first principles calculations, data science, and experiment.
Transforming hydrocarbon data into networks reveals
the prevalence of the formation and reaction of various
molecules. Graph theory is implemented to extract the
knowledge from reaction network. In particular, centralities
analysis reveals that H+, C=CC, CH;+, C=C, and [CH,+]C
have high degrees and are thus very likely to form or
react with other molecules. Additionally, H+, CHs;+, C,Hs+,
CsH 5+, CgH|7+, and C¢H,;;+ are found to have high control
throughout the network and lead towards series of addi-
tional reactions. Constructed network is also validated in
experiment while the shortest path analysis is implemented
for further comparison between experiment and network.
Thus, combining network analysis with first principles
calculations uncovers key points in the development of
various hydrocarbons that can be used to improve catalyst
design and targetted synthesis of desired hydrocarbons.

1 Introduction

Hydrocarbon acts as a key combustible fuel source as well as a
precursor for synthesizing polymeric materials~*. For instance,
aromatic compounds such as C4 and Cg are the main components
of natural gas and gasoline, respectively while ethylene(C,Hy) is
a precursor for synthesizing polyethylene®~. In order to control
the combustion as well as the synthesis of particular hydrocarbon,
catalysts as well as cracking are designed to eliminate pollutants
or increase the yield of particular hydrocarbon®10. However,
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the details behind the mechanism of how hydrocarbons transform
from C; to Cg or from Cg to C; remains a mystery due to the com-
plexity of the reaction!!. Complexity in the hydrocarbon reaction
lies within the existence of isomers among the hydrocarbon as
well as complication of how such isomers interact each other!2.
Furthermore, it is uncertain what the roles of intermediates and
isomers have within a hydrocarbon reaction. If the details of the
relations of hydrocarbon are revealed, the whole picture of a hy-
drocarbon reaction network becomes visible and can thereby be
used to help design catalysts that improve yield or for synthesiz-
ing target hydrocarbon.

Understanding the detailed hydrocarbon reaction network is
a challenging matter due to the complex chemical and physical
matter that arise due to the vast number of elementary reactions
involved among the hydrocarbon and in reaction networks in gen-
eral13-16, Although the reactants and products are observed in
experiment, the lifetime of intermediate molecules are too short
to capture in spectroscopies 17~1°. Given such circumstances, first
principle calculations make it possible to unveil the atomic scale
reactions where various automated transition state search algo-
rithms have been proposed20-22. The aim of this work is to
understand the complex reaction mechanism of C;H,-CgH, re-
actions, which can be helpful towards understanding pyrolysis,
combustion, polymerization that involves C;_g compounds, and
hydrocarbon formation and activity under extraterrestrial scenar-
ios. Here, various elementary reactions within hydrocarbon from
C, to Cg are explored by combining the first principle calculations
and automated transition state search algorithm in order to reveal
the whole pictures of hydrocarbon reaction network. The results
are then analyzed and validated by data science and experiment,
respectively.

2 Method

2282 elementary reactions within hydrocarbon from C; to Cg are
calculated. Data consisting of C{H, to CgH,, related molecules,
and their reactions are calculated and collected using Kinbot23,
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Kinbot is performed using the b3lyp function and 6-31+g and is
used to automatically search and calculate the barrier. In par-
ticular, Kinbot with Gaussian 16 is implemented in order to cal-
culate the transition state energy from reactants to products23,
Molecules are written using SMILES notation and are then con-
verted to molecular formula using Python libraries OpenBabel
and RDKit for further investigation2*2>. This data is then prepro-
cessed and used to construct a reaction network for further anal-
ysis using Gephi2®. In the network, reactants and products are
set to nodes while transition state energy is set as edges. Shortest
paths are calculated using NetworkX and are used when compar-
ing the findings within the network against experimental obser-
vations?7.

Experiments are carried out for comparison purposes where re-
actions of C,Hy, 1-C4Hg, cis-2-C4Hg, trans-2-C4Hg, and iso-C4Hg
are performed with SiO;. SiO, is selected as the support as it
is considered to be stable and unreactive due to the strong bond
between Si and O. Given this, one can consider that the effect of
SiO, within experiments should be minimum and is thus used to
control gas flow. SiO,-CARIiACT G-6 [Particle size : 10um]- is
purchased from FUJI SILYSIA CHEMICAL LTD where the weight
of SiO, is 0.3g. Gas feed rate of C; and C4 is 10mL/min with the
pressure of 0.1 MPa. Catalysts are placed in SUS316 reactor with
a reactor diameter of 3/8 inch. C,Hy, 1-C4Hg, cis-2-C4Hg, trans-
2-C4Hg, and iso-C4Hg conversion and selectivities of C1-C;, are
measured at temperatures of 200°C, 300°C, 400°C, 500°C, and
600°C.

3 Results and Discussion

Data is preprocessed and transformed into networks in order to
better understand the development and cracking of various hy-
drocarbons. While Kinbot searches the decomposition of single
molecules, it is possible to connect these molecules via network
in order to better visualize the series of reactions that may occur
during hydrocarbon cracking. For instance, CsH;7 can be decom-
posed to molecules such as CsHjy, C3Hg, and CyHy. It is also
possible to consider how molecules may form by considering the
inverse TS. These molecules can then be connected together via
network where molecules are represented as nodes in the net-
work and their connections are represented as edges.

For visualization purposes, the following are extracted and
used when preparing data for network visualization: Reaction,
Product 1, Product 2, TS, and TS Inverse. Note that TS represents
the transition state energy required in order for a reaction to oc-
cur while TS Inverse represents the energy mountain required for
the inverse reaction to occur. Reaction, Product 1, and Product
2 are used to create network nodes while TS and TS Inverse are
used to determine edge weights.

Figure 1 illustrates the resulting network of Cg-related reac-
tions according to their SMILES notation, which makes it possible
to consider isomers when studying the reaction network. The
network illustrated in Figure 1 is composed of 397 nodes and
3,322 edges. Note that the molecules considered may not cover
all possibilities that may occur throughout the reaction due to the
high complexity of hydrocarbons. Nodes represent molecules and
are colored grey. Nodes that are colored yellow, meanwhile, de-
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note the top 10 nodes with the largest in-degrees or out-degrees
where degree represents the number of edge connected to the
node. Label colors distinguish nodes that are found to be nodes
with different highest centralities. In particular, blue labels de-
note nodes with top 10 betweenness centrality and magenta la-
bels denote nodes with top 10 closeness centrality. Green labels
denote nodes with both top 10 betweenness centrality and top
10 closeness centrality. Edge colors reflect weight, where red-
colored edges have smaller weights and are less likely to occur in
comparison to blue-colored edges, which have higher weights and
are thus more likely to occur. Weight reflects TS, which reflects
the energetic mountains that must be overcome before a reaction
occurs. In order to accurately reflect that smaller TS values have
higher weights in Gephi, TS values had to be edited and inversed
in order for the ForceAtlas2 algorithm within Gephi to accurately
reflect this relationship in the network visualization. Original TS
values and the edited values used for the visualization purposes
are both included within Supporting Information.

At first glance, one can see that groups of nodes cluster together
with several nodes appearing to act as pivot points between said
node clusters. Figure 4 illustrates the central portion of the net-
work, where it can be seen that nodes H+, C=CC, CH3+, C=C,
and [CH,+]C share edges with a very large number of nodes. In
another word, one can considered that those molecules in Fig-
ure 4 are important intermediates in the hydrocarbon reactions.
Table S1, found within Supporting Information, lists the top 10
molecules with the highest degrees. Analysis of in-degrees and
out degrees confirm that these molecules and others have high
degrees, suggesting that these molecules are very likely to re-
sult from various reactions or are very likely to react and lead
towards the formation of other molecules. Edge color helps vi-
sualize which groups of molecules have large TS, which suggests
that the reaction requires a lot of energy in order to occur, or
small TS values, which suggests that the reactions requires less
energy in order to occur. From Figures 1 and 4, one can see that
reactions involving H+ are very likely to occur. Edge color also
helps visualize which isomers are more likely to form, which is
denoted by the dark blue colors of the edges. Thus, by visualizing
the various hydrocarbon data into a network, it becomes easier to
see which molecules are more likely to occur or are likely to have
a key role.

Betweenness centrality is analyzed in order to better determine
the number of connections nodes share within the network. In
particular, betweenness centrality is of interest as nodes with high
betweenness centrality are often understood to have high control
over the network. This allows one to better understand which
nodes have a stronger influence over the formation or location of
various other nodes throughout the network. Specific between-
ness centralities are listed in Table 1 and accompanying SMILES
structures are illustrated in Figure 2.

From Table 1, one can see that H+, CH3+, C,Hs+, CgH; 5+,
CgH 7+, and CgH; + experience the highest number of connec-
tions within the network. This suggests that these nodes have a
high level of control within the network. A closer look at Figure 4
helps illustrates this. To start, in Figure 4 one can see that nodes
with high betweenness (which are labeled in blue or green) can

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Hydrocarbon reaction network. SMILES notation is used.
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Fig. 2 The nodes with Top 10 Betweenness Centrality and accompany-
ing SMILES notation.

A B C

[H+] H+ 91244.40
[CH3+] CH;+ | 37693.71
[CH2+]C CHs+ | 7887.10
CC[CH+]C1CCICC | CgH;s+ | 6329.07
[CH2+]CC1CCI1CCC | CgHys+ | 5444.85
[CH2+]C(CC)CCCC | CgHip+ | 5361.35
CCC1CCICC[CH2+] | CgH;s+ | 5092.40
c[c+]1c(c)cicce | CsHys+ | 4877.90
c[C+]1Cccclc CeHy + | 4415.23
clC+1(co)cc(e)C | CsHyz+ | 4341.38

Table 1 Top 10 Betweenness Centralities. A: SMILES formula. B: Molec-
ular Formula. C: Betweenness. These nodes correlate with the blue-
labeled nodes found in Figures 1 and 4.
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be found at the centers of various clusters of nodes. Given their
locations within the network, one can come to the understanding
that these molecules could be important intermediates for many
reactions that may occur when breaking down octane. Upon con-
verting the listed SMILES formulas to their molecular formulas, it
becomes more clear that CgH;7+ and CgH;5+ in particular play
central roles where these molecules either experience changes in
their structure and become different isomers or lead to the forma-
tion of other molecules. Interestingly, by utilizing SMILES nota-
tion, it becomes possible to trace the paths that may lead to par-
ticular isomers of a given molecule. Thus, analyzing betweenness
centrality allows one to determine which molecules play key roles
and lead towards the formation of different sets of molecules.

Closeness centrality is then analyzed in order to better under-
stand which nodes experience the highest level of traffic within
the network. Understanding closeness centrality can thereby help
unveil which nodes are the most central, or closest, to all other
nodes within the network. This allows one to better understand
which nodes may be more likely to be encountered when calcu-
lating the shortest paths between two nodes. Specific closeness
centralities for the top 10 cases are listed in Table 2 and accom-
panying SMILES structures are illustrated in Figure 3.

From Table 2, one can see that H+, CH3+, and C,Hs+ are
within the top 3 molecules with highest closeness centrality,
as also seen with the case of betweenness centrality. —These
molecules are then followed by C3H;+, several instances of
CgHy5+, and CgHy7+. From this list, one can begin to under-
stand that these molecules play a very important role regarding
hydrocarbon-related reactions. To start, molecules H+, CH3+,
C,Hs+, C3H;+, and CgH; 7+ are located at the center of the net-
work. Their network locations, in combination with their high
closeness centralities, suggest that these molecules are involved

This journal is © The Royal Society of Chemistry [year]
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A B C
[H+] Ht 0.54
[CH3+] CH;+ | 0.47
[CH2+]C CHs+ | 0.41
[CH2+]CC CsHy+ | 0.39
CCI[CH+]CICCICC | CgHys+ | 0.39
cC[C+]1CClCCC | CgHys+ | 0.39
ccclc+11c(o)clc | CgHys+ | 0.38
CIC+]1C(C)CICCC | CgHys+ | 0.38
c[C+](Ccco)c(C)C | CsHy+ | 0.38
CC[CH+]CIC(C)CIC | CgHs+ | 0.38

Table 2 Top 10 Closeness Centralities. A: SMILES formula. B: Molec-
ular Formula. C: Closeness Centrality. These nodes correlate with the
magenta-labelled nodes found in Figures 1 and 4.

in a particulary large number of reactions. H+, CH3, C3H7, and
C,Hs, in particular, are not only central to the network and have
very high numbers of edges that connect them to other molecules,
but many of these edges are found to have higher edge weights.
This, therefore, suggests that these molecules are actively in-
volved in the formation of many different types of hydrocarbons
and have a high probability of occuring. CgH;5+ is also interest-
ing in regards to high closeness centrality, as five of the top 10
molecules with the highest closeness centralities are isomers of
CgH;s5. This suggests that CgH;5 has an even higher likelihood
of not only contributing to the formation of other hydrocarbon
molecules, but also in forming as the result of other similar re-
actions. Thus, by using closeness centrality it becomes possible
to pinpoint which molecules are most likely to be involved in the
formation of various hydrocarbons.

When analysing betweenness centrality and closeness central-
ity, it become clear that several molecules have particularly im-
portant roles within the network. These molecules— H+, C,Hs+,
and CgH;5+- not only have top betweenness centrality but also
top closeness centrality. In fact, these molecules not only are lo-
cated near the center of the network- suggesting that they are
highly likely to connect to a majority of the molecules within the
network- but are also mainly involved with edges with high edge
weights. H+, for example, shares the highest number of connec-
tions with other molecules where most of them have high edge
weights and direct to other molecules. This suggests that H+,
therefore, is very reactive and is most likely involved in the for-
mation of other molecules. C,Hs+ also has a high number of
edges that connect to it, but in this case is most likely to be the
result of other reactions. Finally, the sheer number of CgH;5+
isomers present throughout the network- which all are passed
through before forming other molecules- suggests that CgHys5+
is highly likely to form and consequently lead to the formation of
other molecules. Additionally, by representing the molecules by
their SMILES notations, it becomes possible to pinpoint particular
isomers of CgH;5+ and what may result from their reactions, thus
providing a more detailed look into how hydrocarbons form and
react.

An additional network is constructed where the molecules are
represented by their molecular formulas instead of their SMILES
notation in order to better understand which molecules form and

This journal is © The Royal Society of Chemistry [year]
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lead to the formation of other molecules. This network is illus-
trated in Figure 5 and provides a clearer picture of what molecules
play important roles. Here, nodes with blue labels are nodes with
top 10 betweenness centrality, nodes with pink labels are nodes
with top 10 closeness centrality, and red labels are nodes that
have both top 10 betweenness centrality and top 10 closeness
centrality. The top 6 nodes with the highest in and out degrees
are colored in yellow.

Figure 5 provides a clearer picture of what molecules play im-
portant roles. To start, one can see that H+ is located at the
center of the network. Given its location and the directionality of
its edges, it is safe to conclude that H+ is not only the product of
many reactions, but is also highly likely to lead into the formation
of other molecules.

In addition to H+, four hydrocarbons appear to be key to
the development of further hydrocarbons: CgH;+, CgH;s+,
Ce¢H;1+, and C¢H3+. In Figure 5, these molecules are located
in different areas where groups of other molecules cluster around
them. Edge arrows, which designate the direction in which the
target node resides, are found to largely point to these nodes,
suggestions that these molecules are very likely to form. In par-
ticular, a closer look at edge color suggests that H+ is much
more likely to participate in the formation of molecules such
as CgHy3+, CyHs+, CgHys5+, and CgH7+. In addition, edges
that connect nodes to themselves appear for CgH;s+, C¢H;; +,
C4H7+, C¢Hj3+, C3H;+, CgHy7+, and C4Hg+. This suggests
that these molecules are also likely to change structure and form
different isomers of itself. Thus, by transforming SMILES notation
into molecular formulas and representing this data as a network,
it becomes easier to understand hydrocarbons that play key roles
during cracking.

Transforming SMILES notation into molecular formulas also
allows one to better understand how particular molecules may
form. For instance, it becomes easier to determine whether Cg
would be likelier to break down into C3+Cs or into C4+Cy4. In
the network illustrated in Figure 5, there are a total of 104 reac-
tions that lead to C3+Cs while there are 56 reactions that lead to
C4+Cy. This suggests that Cg — C3+Cs is likelier to occur than
Cg — C4+C4. Additional analysis shows that 634 reactions in-
volve C¢ either decomposing or changing isomers, whereas 1772
reactions involve the isomer change or decomposition of Cg.

This approach can also be taken when considering whether Cg
decomposes to C3+Cj3 or C;+Cy4. In this case, there are 24 re-
actions where Cq leads to C; while there are 44 reactions that
lead to C,+Cy4. Interestingly, further investigation into reactions
where C3, C;, and C4 are the source molecules reveals their
likelihood to change isomers or lead to the formation of other
molecules. In the case of C3, 89 reactions occur where C3 un-
dergoes an isomer change or absorbs hydrogen. Meanwhile, 244
reactions occur where C, and C4 are the source molecules; how-
ever, not only are they likely to undergo isomer change, but they
also lead to the formation of C¢ and Cg molecules. This suggests
that C, and C4 may continue to react upon formation, thereby
making it more difficult to detect.

Finally, by studying the network, it is also possible to begin to
understand how a certain molecule may form. For instance, Cg

Journal Name, [year], [vol.], 1-10 |5
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Fig. 4 The central section of the network illustrated in Figure 1.
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may be formed via C¢+C, or C4+C4. Network analysis reveals
that 120 reactions related to C¢+C, result in the formation of Cg
while 56 reactions related to C4+Cy4 result in the formation of
Cg. Given this, it is more likely that Cg may result from Cg+C,
reactions.

Representing hydrocarbon reaction data as networks lends in-
sight into potential pathways that lead towards the formation of
other notable molecules. For instance, the network illustrated in
Figure 5 shows that C,H, appears as a product of reactions involv-
ing molecules such as CgH;5+, CgHy7+, and CgH;+. Addition-
ally, it becomes possible to understand that once C,Hj is formed,
it is likely to form C,Hs due to the high weight of the connect-
ing edge. Observing the positions of high edges throughout the
network also demonstrate that H+ is very likely to react with
other molecules. While edges leading from H+ towards other
molecules have high weights, molecules such as CgHg, C3Hg,
and C4Hg also have high weight edges that connect to CgH7+,
C3H7+, and C4H7+, respectively. This suggests that H+ is very
reactive with other molecules, and most likely must be monitored
when attempting to produce specific molecules.

In light of these observations, experiments are conducted in or-
der to compare experimental observations with the information
that can be extracted from the networks. Parallel coordinates
are calculated for the resulting experimental results in order to
better visually understand what molecules are most likely to be
detected. The resulting plots are collected and reported in Sup-
plementary Information as Figures S1, S2, S3, S4, and S5. Here,
reaction of C,Hy,1-C4Hg, trans-2-C4Hg, cis-2-C4Hg, iso-C4Hg are
performed as the increase of temperature. In particular, conver-
sion of each molecules as well as the percentage of individual
molecules detected from the total amount of molecules produced
(100 %) after the reaction of those molecules are plotted. From
these plots, it becomes easier to understand which molecules are
detected at various temperatures.

Figure S1 plots the percentage of various hydrocarbons de-
tected at various temperatures for reaction of C;Hy (C=C). From
this, one can see that C=C remains the primary molecule detected
until temperature reaches 600°C, where CC is primarily detected,
followed by C and C=C. This suggests that C=C remains a stable
structure until temperature reaches 600°C, where it then breaks
down into other molecules. Meanwhile, Figure S2 plots the re-
action of 1-C4Hg (C=CCC). Conversion ranges between 65 and
80 percent when temperature is within the range of 300-600°C.
While C=CCC is the primary molecule detected at 200°C, it is re-
duced and C\C=C\C and C\C=C/C are largely detected as tem-
perature increases. Thus, 1-C4Hg is found to lead towards the
formation of other molecules as temperature increases.

Figure S3 plots the reaction of cis-2-C4Hg (C\C=C/C). Here,
one can see that C\C=C/C is primarily detected when temper-
ature is 200°C to 300°C. As temperature increases, detection of
C\C=C/C is reduced as C=CC, C=CCC, and C\C=C\C are in-
creasingly detected as temperature increases. This behavior re-
flects what is previously observed with 1-C4Hg, where C\C=C/C
is reduced as other molecules form with the increase in temper-
ature. Figure S4 plots the reaction of trans-2-C4Hg (C\C=C\C).
Conversion of trans-2-C4Hg ranges between 40 to 60 percent for

8| Journal Name, [year], [vol.],1—10

Source I Intermediatel I Intermediate2 I Target
C=C CC(C[CH2+])CC C[CH+]CC C\C=C\C
C=C [CH2+]CC C=CC
C=C CCC[CH2+] C=CcCC
C=C CC(C[CH2+])CC C[CH+]C(C)CC C\C=C/C

Table 3 Shortest paths for instances where source is set to "C=C" and
targets are set to the following: "C\C=C\C", "C=CC", "C=CCC", and
"C\C=C/C". Shortest paths are calculated using NetworkX and molecules
are listed according to SMILES notation.

Source I Intermediatel I Intermediate2 I Target I
C=CcCC CCC[CH2+] C=C
C=CcCC C[CH+]CC C=CC
C=CcCC C[CH+]CC C\C=C\C
C=CcCC [CH2+]C(CC)C(C)(O)C C[CH+]C(C)C(C)(C)C C\C=C/C

Table 4 Shortest paths for instances where source is set to "C=CCC" and
targets are set to the following: "C=C", "C=CC", "C\C=C\C", "C=CC", and
"C\C=C/C". Shortest paths are calculated using NetworkX and molecules
are listed according to SMILES notation.

temperatures 400°C to 600°C. Additionally, similar to previous
observations, C\C=C\C is the primary detection while tempera-
ture 200°C and 300°C. At temperature 400°C, C\C=C\C detec-
tion is reduced and CCCC and C\C=C/C are also detected. As
temperature continues to increase to 500°C and 600°C, C=CCC
and C\C=C/C detection continues to increase while C\C=C\C
detection decreases and CCCC is reduced. Meanwhile, Figure S5
plots the reaction of iso-C4Hg (C=C(C)C) is low across all temper-
atures where C=C(C)C is primarily detected. This sugggests that
the structure of iso-C4Hg does not change with the increase of
temperature to 600°C. Thus, from these graphs, one can under-
stand that CC, C=C, C=CC, C=CCC, C\C=C\C, and C\C=C/C
are primarily detected experimentally.

The prominence of these molecules, as seen via experiment,
are also present within the constructed networks. Figures S6-S10
provide more-detailed views of the reaction networks illustrated
in Figures 1 and 4. As can be seen in these figures, the afore-
mentioned molecules are located in areas that are near the cen-
ter of the network, suggesting that the nodes representing these
molecules play important roles in the composition and decompo-
sition of various hydrocarbons. To follow these results, additional
calculations are carried out using NetworkX where the shortest
paths between CyHy, 1-C4Hg, cis-2-C4Hg, trans-2-C4Hg, and iso-
C4Hg and select molecules for each instance are calculated. The
resulting paths are listed in Tables 3, 4, 5, 6, and 7. Source
nodes are set to CyHy, 1-C4Hg, cis-2-C4Hg, trans-2-C4Hg, and iso-
C4Hg- represented by C=C, C=CCC, C\C=C/C, C\C=C\C, and

Source I Intermediatel I Intermediate2 I Target I
C\C=C/C C[CH+]C(C)C(C)CC C[CH+]CC C=CC
C\C=C/C C[CH+]C(C)C(C)(C)C [CH2+]C(CC)C(C)(O)C C=CcCC
C\C=C/C | C[CH+]C(C)C(C)(C)C | CC(CO)C([CH2+])(C)C | C=C(O)C
C\C=C/C C[CH+]C(C)C(O)CC C[CH+]CC C\C=C\C

Table 5 Shortest paths for instances where source is set to "C\C=C/C"
and targets are set to the following: "C=CC", "C=CCC", "C=C(C)C", and
"C\C=C\C". Shortest paths are calculated using NetworkX and molecules
are listed according to SMILES notation.

This journal is © The Royal Society of Chemistry [year]
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Source | Intermediatel | Intermediate2 | Intermediate3 | Target
C\C=C\C C[CH+]CC CC(C[CH2+])CC C=C
C\C=C\C C[CH+]CC C=CC
C\C=C\C C[CH+]CC C=CCC
C\C=C\C C[CH+]CC C[C+](C)cc(o)ce C=C(O)C
C\C=C\C C[CH+]CC C[CH+]C(C)C(C)CC C\C=C/C
C\C=C\C C[CH+]CC C=CC [CH2+]C(C)CCC C=C(C)cece
C\C=C\C C[CH+]CC CC(C[CH2+])CC C[CH+]C(C)CC C\C=C/C

Table 6 Shortest paths for instances where source is set to "C\C=C\C"
and targets are set to the following: "C=C", "C=CC", "C=CCC",
"C=C(C)C", "C\C=C/C", "C=C(C)CCC", and "C\C=C/CC". Shortest paths
are calculated using NetworkX and molecules are listed according to
SMILES notation.

Source I Intermediatel I Intermediate2 I Target
C=C(C)C [CH2+]C(C)C C=CC
C=C(C)C | Cc(coc([cH2+D(O)C C[CH+]CC C=CcCcC
C=C(C)C | CC(COC([CH2+N(O)C C[CH+]CC C\C=C\C
C=C(C)C | CC(COC([CH2+D(C)C | CICH+IC(O)C(C)(O)C | C\C=C/C

Table 7 Shortest paths for instances where source is set to "C=C(C)C"
and targets are set to the following: "C=CC", "C=CCC", "C\C=C\C", and
"C\C=C/C". Shortest paths are calculated using NetworkX and molecules
are listed according to SMILES notation.

C=C(Q)C, respectively— and target nodes are set to the molecules
that are detected experimentally. Note that blanks in Tables 3, 4,
5, 6, and 7 indicate no intermediate in its appropriate column.
By calculating shortest paths, several things can become bet-
ter understood. To start, CoHy, 1-C4Hg, cis-2-C4Hg, trans-2-
C4Hg, and iso-C4Hg— represented by C=C, C=CCC, C\C=C/C,
C\C=C\(C, and C=C(C)C, respectively— are located in areas that
are in more centralized areas of the networks found in Figures 1
and 4. This suggests that these molecules are likely to play impor-
tant parts in the reactions and intermediate reactions involved in
the development of various hydrocarbons. Additionally, the short-
est path calculations reveal that there are often not many interme-
diate reactions that connect the source and target molecules. For
example, shortest paths for 1-C4Hg, as reported in Table 4, mostly
involve one intermediate molecule before it connects to its target
molecule. Calculating shortest paths also highlights molecules
that may have an important role in many different paths. This is
seen in the case of trans-2-C4Hg, where the molecule C[CH+]CC
is the first intermediate molecule that appears in every shortest
path calculated. C[CH+]CC is also seen to be involved in the
shortest paths of other reactions such as the shortest paths lead-
ing C=CCC to C=CC and C\C=C\C. Thus, by investigating the
shortest paths of detected molecules, one can better understand
how molecules may lead to the formation of other molecules and
also receive insight on how easily particular reactions may occur.

4 Conclusion

Reaction network of hydrocarbons is investigated via first princi-
ple calculations and graph theory. Using networks has allowed
for an alternative method of analyzing hydrocarbon formation
and decomposition. By transforming hydrocarbon data into a net-
work, it becomes possible to visualize the reactions that influence
the development of various hydrocarbons. For instance, one can
begin to understand that H+, C=CC, CH3+, C=C, and [CH,+]C
have heavy influence and has high probability of either forming
or reacting with other molecules. Analyzing betweenness central-

This journal is © The Royal Society of Chemistry [year]
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ity has revealed that H+, CH3+, C;Hs+, CgHy5+, CgH;7+, and
CgH;1+ are found to be molecules that lead to various clusters
of additional reactions, suggesting that these molecules are key
molecules for additional reactions. Meanwhile, closeness central-
ity analysis has revealed that H+, CH3+, C,Hs+, CgH;5+, and
CgH 7+ share high numbers of edges and are thus highly likely to
be involved in series of reactions. Network also reveals that H+,
CgH 7+, CgH; 5+, CgHy+, and CgH; 3+ are very likely to form
or react with other molecules, while molecules such as CgH;s5+,
CgH;7+, and C¢H;3+ are also likely to change structures. In ad-
dition, expeirmental is performed to validated the results which
have a good agreement with calcualted network. Thus, trans-
forming hydrocarbon data into networks provides insight into hy-
drocarbon cracking and formation, which can be used to refine
catalyst design or improving targetted hydrocarbon synthesis.
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