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Automated mechanism generation is an attractive way to understand the fundamental kinetics of complex
reaction systems such as silicon hydride clustering chemistry. It relies on being able to tell molecules apart
as they are generated. The graph theoretic foundation allows molecules to be identified using unique notations
created from their connectivity. To apply this technique to silicon hydride clustering chemistry, a molecule
canonicalization and encoding algorithm was developed to handle complex polycyclic, nonplanar species.
The algorithm combines the concepts of extended connectivity and the idea of breaking ties to encode
highly symmetric molecules. The connected components in the molecules are encoded separately and
reassembled using a depth-first search method to obtain the correct string codes. A revised cycle-finding
algorithm was also developed to properly select the cycles used for ring corrections when thermodynamic
properties were calculated using group additivity. In this algorithm, the molecules are expressed explicitly
as trees, and all linearly independent cycles of every size in the molecule are found. The cycles are then
sorted according to their size and functionality, and the cycles with higher priorities will be used to include
ring corrections. Applying this algorithm, more appropriate cycle selection and more accurate estimation of
thermochemical properties of the molecules can be obtained.

INTRODUCTION atoms in the molecule. Therefore, a direct brute force search

. o ) . and comparison of all BE matrices of a molecule are
Particulate contamination is the leading source of yield jmnractical, and it is more effective to seek an alternative

loss during semiconductor processing, and particles formed,yay 1o represent the uniqueness of the chemical species
by homogeneous clustering reactions within process equip-generated. Encoding chemical species into a unique notation
ment are important and growing sources of this contamina- ig the most widely used technique to overcome this problem.
tion. Kinetic modeling can play a critical role in developing  gach molecule in the system is translated into an unambigu-
a fundamental understanding of the particle clustering 5,5 code by following a series of encoding algorithms. The

chemistry, which is important if we need to control the ifterences among the species can be easily distinguished
formation of silicon hydride particles. However, due to the by comparing their codes, and thus the computational

complexity and the explosive growth of the reaction mech- gificiency of uniqueness determination can be greatly
anism in this system, it is impractical to construct the whole enhanced.

reaction mechanism by hand. Therefore, implementation of

automated mechanism generation by computers is Veryimportant step in automated mechanism generation. In most
attractive. cases, the reactions generated do not have sufficient rate

Determination of the uniqueness of the species generatedconstant information available from experiment. Therefore,
is one of the necessary tasks in automated mechanismye need to evaluate the rate constants using kinetic correla-
generation. A newly generated species must be comparedions that relate reactivity to thermochemical properties, such
to all of the structures previously generated and only labeled as heat of formation, entropy and heat capacity, of the
as a new species to be reacted at a later time if it is unique.reactants and the products in the reaction. One strategy for
The Connectivity of each molecule is the most detailed Obtaining these properties is to use a group add|t|v|ty
information that can distinguish Uniqueness within a set of schemé.In this approach' ring corrections need to be app“ed
species. Using graph theory, we can express a molecule asor cyclic compounds, and it is therefore critical to find and
a bond and electron (BE) matrixand thus store all the  pick the correct cycles in the molecules to approximate the
connectivity information of the molecule in the matrix. thermochemical properties for a given molecule correctly.
However, for a given molecule, there are as manynks  An algorithm for comprehensively identifying and selecting
permutations of the BE matrix, whereis the number of  aJ| the proper cycles in a molecule is thus important in the
implementation of automated mechanism generation.
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al.2 will be used. One of the biggest challenges in applying A

this program to silicon hydride clustering chemistry is

encoding unique string codes and selecting the correct cycles

to calculate thermochemical properties using a group addi- B c
tivity scheme for the polycyclic dehydrogenated species
generated. Unlike most carbehydrogen or other organic

reaction systems, the molecules produced in silicon hydride b
clustering reactions usually consist of multiple, condensed

cycles. Our former encoding and cycle-finding algorithms, BCAD
which were constructed based on carbbtwdrogen and B 0:23
planar aromatic systemsyere not able to distinguish the Cc1:23
isomers of or determine the uniqueness of polycyclic, Si- A2:013
containing species. Furthermore, not all of the cycles making D 3:012

up thgse complex molecules could ,be Comprehens!vely Figure 1. A canonically labeled graph using NAUT¥ The graph
identified. In the present work, algorithms for encoding s renumbered and a connectivity table of the graph is provided.
polycyclic species and identifying appropriate cycles for
evaluating thermochemical properties were developed. Thenotation or string code is a more user-friendly, intuitive
differences between our current algorithms and algorithms unique designation for chemical species, and NAUTY does
developed by other researchers will also be discussed. not provide this information. Therefore, a more straightfor-
ward algorithm that is designed for chemical species and
MOLECULE CANONICALIZATION AND ENCODING can be easily implemented into automatic mechanism
ALGORITHM generation is desired.
) _ ) ] Determining isomorphism of chemical species is also a
Graph isomorphism and canonical labeling problems have yg||-investigated problem in chemical information science.
been studied extensively in the mathematics and computersjnce each molecule can be viewed as a graph, the isomor-
science literature using graph theory as a foundation. Onephism and canonical labeling problems of chemical species
of the earliest works to address these problems was per-yre essentially the same as the problems of bounded graphs
formed by Weinberg, who developed an algorithm for mentioned above. Recognition of topological symmetry, i.e.,
determining the isomorphism of planar, triply connected partitioning of the atoms in a given molecule, is shown to
graphs: In his work, an Euler’s path of a graph is found, pe the same problem as canonical labeling of the molégule.
and the string co_de for the graph can then_be established.several methods have been proposed in the context of
Hopcroft and Tarjahlater developed a technique based on chemical computation for automorphism partitioning, such
the Weinberg algorithm to construct unique notations for gz evaluation of the higher order of the BE matriées
graphs using a depth-first search (dfs) methdthe algo-  getermination of the BE matrix eigenvaluésdowever, the
rithm divides the graphs into connected components by concept of extended connectivity (EC), first developed by
identifying articulation points and further divides them into Morgan?s is the most widely used technique and suggested
biconnected components then triply connected componentSig pe the most viable method to deal with nonplanar
Each graph can then be expressed as a tree-like structuregcomponentd? In the Morgan algorithm, each atom is
Several other authors, including Lukbloffmann? and Babai  assigned an EC value, which is the sum of the connectivity
and Luks!?further investigated isomorphism and canonical of jts adjacent atoms. The number of different classes,
labeling algorithms of bounded graphs, where the degree ofcan pe determined from the number of different EC values
each vertex is bound by a constant. This is particularly i3 3 molecule. The EC values are iteratively updated until
relevant to chemical species since atoms (vertices) have fixetne number of classes does not increase. Finally, the atoms
valences. Although all of the algorithms mentioned above ¢an pe partitioned according to their penultimate EC values.
provide excellent insight into how to solve graph isomor- Figyre 2(a) shows the procedure of the Morgan algorithm.
phism and canonical labeling probllems, implementation of Although the Morgan algorithm works efficiently for many
these approaches can be challenging, particularly for triply mojecular structures, several authors have indicated that the
connected components. As a result, they have not beeng|gorithm often leads to convergence problems and oscilla-
gdopted proadly b)_/ the communities interested in manipulat- tory behavior and fails even for some simple molecdlés.
ing chemical species. Figure 2(b) gives one example where the Morgan algorithm
The NAUTY (No AUT omorphismsy es?) code developed cannot discriminate among the atoms. In this case, there are
by McKay!! is widely considered to be the most powerful two different kinds of atomsA, D, F, G andB, C, E, H,
program available to deal with graph isomorphism and respectively, in the molecule. However, the same EC value
canonical labeling problems. It not only provides automor- for all atoms is given by the Morgan algorithm after two
phism information for a graph but also produces a canonically iterations. The algorithm is not able to differentiate among
labeled isomorph. An example of a canonically labeled graph the atoms, and the identification of topological symmetry
from NAUTY is illustrated in Figure 1. The algorithm fails.
rearranges the order in which a graph is numbered, and a To resolve the shortcomings of the Morgan algorithm,
connectivity table of this uniquely numbered graph is output. several authors have advanced different methods to increase
However, the algorithm was designed for generic use andthe applicability of the Morgan-type algorithms. Shelly and
would need to be modified further to apply it to systems Munk developed an extended Morgan algorithm approach
involving comparison of chemical species. In addition, a line for atom partitioning of chemical speci€dn their modified
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Figure 2. An illustration of the Morgan algorithr® (a) The B 53 1 0100010101 1
algorithm successfully partitions the molecule into three classes
(K = 3) of atoms after three iterations € 3). (b) The Morgan c 53 1 0100010101 1
algorithm fails to determine the topological symmetry pf the D 53 1 0100010101 1
molecule when all of the atoms have the same connectivity. E 53 1 0100010101 1
lqorith ded ity includi h , F 53 1 0100010101 1
algorithm, exten e connectivity including each atom’s G 53 1 0100010101 1
element type was introduced, and the way to evaluate the
H 53 1 0100010101 1

EC values was redefined. They also proposed a new - 3 Anil _ £ ogical aorith
topologial symmery algorhm (TSA), which combined the  CQLTE % A Iuiaten o the lobaogia) ymmety sgarthm
concepts from the Ugi algoriththand the modified Morgan  3) are found after constructing the trial class identifier (TCI). (b)
algorithm. In the TSA, a class identifier (Cl) is initially = TSA fails to encode the same molecule shown in Figure 2(b), where
assigned to each non-hydrogen atom according to its atomadding elemental types is not sufficient to distinguish two different
type and its connectivity information. Figure 3 illustrates the kinds of atoms.

procedure employed to carry out the algorithm. Two digits
of the CI consist of the atoms’ elemental indexes (first digit)
and number of non-hydrogen bonds attached (second digit).
In the example here, the element index is defined as 5j
since 2, 3, 4 are assigned arbitrarily to C, N, and O by Shelly
and Munk?!® The number of unique CI values (NCI) is

more rigorous results, carrying out all of the permutations
inside the same class of atoms is computationally inefficient.
Our previous canonicalization algorithm, developed by
Broadbelt et al’, was carried out by constructing the
structurally explicit decomposition tree from which the
. ) . unique string code of the molecule was obtained. In this
counted and new Cl values are assigned accordingly. A trial 4 orithm, the first step is to determine biconnected com-
class identifier (TCI), which consists of five two-digit onents (bicomps) in the molecule via identification of graph
integers, is then assigned to each atom. The first two integers,ticylation point$2 The decomposition tree is then con-
represent the Cl of the atom itself, and the next four fields gicted by reassembling the bicomps with proper connectiv-
contain an ordered ascendlng list of Cl values of the atom’s ity using a depth first search (dfs) metht@ihe unique string
neighbors. The number of different TCI (NTCI) values is  code is obtained by iteratively encoding and ordering the
calculated, and iteration is stopped if NTCI is less than or gyptrees of the decomposition tree. Finally, the string code
equal to NCl or if NTCI iS equal to the tOtal number Of atoms Of the Species new|y generated is Compared to the String
in the molecule. Otherwise, new TCI values are assigned codes of the species generated previously, and thus the
between 1 and NTCI, and iteration continues with setting yniqueness of the species can be determined.
the new CI value of each atom to its TCI value and setting  while encoding the decomposition subtree of each bicomp,
the new NCI value to the previous NTCI value. In Figure the atom connecting the current bicomp to its parent bicomp
3(a), the algorithm successfully partitions the molecule into s chosen as the root atom. If the bicomp is the root bicomp
three classes of atoms. However, in Figure 3(b), the TSA is jtself, all the atoms that have two cycles and are able to
not able to identify the topological symmetry of the same initiate lexicographically minimum codes are chosen as the
molecule for which the Morgan algorithm fails (Figure 2(b)). root atom candidates. After the root atom is determined, two
To resolve this, a revised algorithm by Shelly and Munk branches are constructed by traversing the whole bicomp in
using a permutation method was propo3eth this algo- a prescribed order, and the decomposition subtree of this
rithm, a comparison ofI(C)) permutations is constructed, bicomp is obtained by assembling the two branches after-
whereC; is the number of atoms of clasgartitioned by ward. Last, the interior atoms that are not visited during this
the previous algorithm. Although the revised algorithm gives branch traversal are appended to the end of the decomposition
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(a) molecule generated two different string codes when it was

Root encountered at two different times during mechanism
generation. Three four-member rings are present in the
molecule, but only two of them are stored. Both Si(H) groups
were chosen as candidates as the root atom since they initiate
lexicographically minimum codes and belong to two cycles.
A subset of the other three groups, however, could be
designated as interior atoms depending on how the algorithm
selected the cycles. For example, two cycles containing the
Si: group were chosen in path (1) of Figure 4(b), and thus
Si: became an interior atom. On the other hand, the £pi(H
group was chosen as an interior group in path (2) because
only one cycle containing Si: was selected. This revealed
) that two cycles were being chosen arbitrarily during traversal

SiH <— Root of the molecule, and the selection differed based on how

the atoms were numbered. This resulted in different string
codes generated from the same molecule.

Prickett and Mavrovouniotié proposed a revised Morgan-
type algorithm which constructs all of the extended con-
nectivity values in ordered lists of integers. In this algorithm,
all of the atoms in the molecule are ranked initially based

si “ SiH Sl“"
™/ AN

SiH SiH, si SiH

Si(H)Si(H)Si(H,)Si(H)SiSi(H)"

SiH,

SH () @ on the primary index (PI), which consists of a set of
SiH SiH properties of the atoms, including atomic number, number
2~ D\ 2~ N\ of double bonds, number of non-hydrogen neighbors, etc.
SiH, SiH, s SiH, The ranking of the Pl is stored in the class index (Cl), and
v \L> v another atom identifier, the secondary index (SI), is calcu-
SiH SiH SiH SiH lated based on the atom’s Cl value. The S| explicitly stores
Si(H)Si(H,)Si(H)SI(H,)Si:*  SI(H)Si(H,)Si(H)Si:Si(H,)* all of the Cl information of each atom in a list of integers.

Figure 4. Failure of our previous algorithm as applied to silicon FOr each atom, its Sl consists of its CI as the first element,
hydride clustering chemistry: (a) Two different molecules have followed by the CI of its neighboring atoms in ascending
the same traversal path, which results in one string code. (b) Oneorder. After the Sl is calculated for each atom, the CI for
molecule has two different kinds of traversal paths depending on o50h atom is recalculated based on its SI. Then the same
the selection of the cycles, which results in more than one string . . . .
code. iterations are carried out until the number of classes between
iterations remains constant. Finally, the string code of the
subtree of the bicomp with a special symboh("in this molecule is constructed by finding a path with the minimum
work). If there is more than one root atom candidate, all of possible rank, starting from the atom with the lowest value
the possible decomposition subtrees are constructed, and thef Cl. Figure 5 illustrates an example of the Prickett and
lexicographically minimum code is chosen by comparing the Mavrovouniotis algorithm. Three classes of atoms were
results from all candidates. identified in this molecule. The string code was then
Although our algorithm works efficiently for conventional —constructed starting from atoAy the atom with lowest rank.
hydrocarbon systems, it is not able to encode nonplanarHowever, two possible paths with lowest radd8FDECG
molecules we may encounter in the silicon hydride clustering (or equivalently, ACGEDBF) and ABFGCED (or equiva-
chemistry. In addition, it fails when dealing with some planar lently, ACGFBDE), could be found in this case, and two
species such as polycyclic aromatic hydrocarbons that havedifferent possible string codes could thus be constructed.
the same number of atoms in their intertéifwo modes of Note that the properties in the primary index used here are
failure were observed: the same molecule was labeled with different from those used by Prickett and Mavrovouniotis
multiple string codes or multiple molecules shared the samein order to provide more detail required by our silicon
string code. In both cases, determination of the uniquenesshydride reaction system. However, the total classes should
of the species failed. Figure 4 shows two examples when be independent of the properties used in the primary index
the algorithm was unable to determine the species uniquely.as long as they are selected well enough to distinguish the
In Figure 4(a), two different molecules had the same string atoms. Because there are two different paths with equivalent
code after applying the algorithm. Both molecules selected lowest rank, two string codes can still be found for the
one of the Si(H) groups, which had two cycles and could molecule shown in Figure 5, and determination of the
initiate lexicographically minimum codes, as their root atoms. uniqueness of the molecule will thus fail.
Two traversal directions were considered for each root atom, The failure of the Prickett and Mavrovouniotis algorithm
and the clockwise direction was chosen to obtain the was derived from its inability to handle molecules which
lexicographically minimum traversal order. Since the same are more symmetric than those that have simple bilateral
traversal order was identified for both molecules and they symmetries. One example is the molecule shown in Figure
are composed of the same groups, their string codes are5, where four atom®, E, F, andG, are totally identical,
identical. This implies that it is not sufficient to determine with B andC being symmetric. However, once the first atom
the uniqueness of a molecule by simply looking at its of one of the two diverging traversal paths has been decided,
traversal order. In Figure 4(b), on the other hand, one B andC will no longer be the same, arigl E, F, andG can
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Site of the minimum possible rank can be constructed. If there
are any atoms that are not visited by this path, they will be
SiH SiH appended to the end of the path in ascending order of their
Cl values with a special symbolA™ tacked onto their
lexicographical code. Figure 7 shows the result of this
A encoding algorithm for the molecule in the previous figures.
SiH SiH The path of the minimum possible rank was unambiguously
Primary Index (P) = [AN, FC, DB, NE, NH, H, LR, SC, NC] determined according to the final Cl values in Figure 6, and
Qg;gm;gﬁg‘rgj the unique string code was constructed based on this path.
DB : Number of double bonds In addition, the connectivity information for each atom was
NE : Number of non-bonding electrons . . . .
NH : Number of non-hydrogen neighbors appended using several numbers inside a curly brace, which
H : Number of hydrogen neighbors : i
LR - Lexicographical jank represents the other atoms it connects to along the path of
SC : Smallest cycle which this atom contains minimum possible rank. For example, the code corresponding
NC : Number of connections between the neighbors . . . . . .
to the starting pointA, is written as Si(H){1,5, which
Pl sl o sl indicates that it connects to the secoBj &nd the sixth C)
elements in the path. Similarly, the code for the third element,
A 1400022250 1 12200 A 1 12200 . . . ‘e .
B 1400031131 2 21220  Recalculate Cl then SI B 2 21330 D, is Si(HY 1,3,8, which can be verified by the connection
C 1400031131 2 21220 ——mMm————» C 2 21330
b idmilal 2 22920 b 3 32330 between the lsecontBI, fogrth_(F), and the seventhE( _
E 1400031131 2 22220 E 3 32330 elements. This approach is similar to the concept of ring
F 1400031131 2 22220 F 3 32330 : H
G 1400031131 2 22220 6 3 52330 closure bond notations used in SMILES. _
The biggest difference between our algorithm and the
a _s algorithms developed by others is that we encode the whole
A 1 12200 molecule by breaking it down into connected components
Feceloute Gltanst 2 2 21330 first. The algorithm works more efficiently, since the number
g g ggggo of iterations, which is related to the number of atoms that
F 3 32338 are encoded, can be greatly reduced. To achieve this, we
G 3 32330 also have added lexicographical comparison as a component
Gl Values Remain the Same of the primary index of the atoms. Figure 8 shows an
as Previous teration Exit Horation example where lexicographical comparison is critical. There

are two equivalent paths of minimum possible raAhRCDE
andAEDCSB, if we do not consider the lexicographical code
of each atom. The differences outside the connected com-
be split into two groupsD, F, andE, G, respectively. We  ponent, i.e., two branches starting fr@andD, respectively,
can further differentiat® from F (or E from G) by choosing cannot be distinguished if no lexicographical comparison is
the path of the second traversal route. Weiniftyemroposed made, and atom€ and D are considered to be the same
the concept of “breaking ties” for more symmetric molecules erroneously. It is possible to generate two different string
for encoding unigue SMILES codes (USMILES). The codes, and the algorithm will thus fail in this case. By
algorithm attempts to distinguish the “tie atoms” by doubling including a lexicographical comparison of the atom codes
all ranks and reducing the value of the lowest valued atom into the primary index, aton€, with the code of Si(HSi-
which is tied by one. Similar concepts can also be found in (H2Si(H3))), would have a different rank from atdm with
the algorithms developed by Schubert and®gihd Ouyang the code of Si(HSi(H2Si:(H))). The ambiguity is thus
et al® By implementing this idea, there will not be any atoms resolved, and the unique string code for the molecule results.
with the same rank, and the ambiguity that causes multiple We also introduced a new element into our primary index.
string codes can then be resolved. We defined the last component of our primary index as the
We therefore propose an encoding algorithm that combinesnumber of connections between the neighbors of the atom
the concepts of breaking ties with the Prickett and Mavro- of interest. Given the set of an atom’s neighbors, the number
vouniotis algorithm. The algorithm also encodes individual of bonds connecting atoms within that set is tallied. This
connected components separately, which are delineated fronadditional entry was shown to be critical when differentiating
the identification of articulation points, instead of traversing atoms in some highly symmetric silicon hydride molecules.
the whole molecule. Figure 6 shows an example of this Figure 9 illustrates an example where atoms could not be
modified encoding algorithm. Starting with the final set of distinguished correctly without using this concept. The
class indices in Figure 5, the ties are manually broken by molecule shown in the graph consists of eight Si(H) groups.
adding one to all of the values in the CI (underlined bold Each of them connects to three other Si(H) groups. It can
numbers) except the first atom with the lowest tied value be clearly seen that the first eight components of the primary
and atoms with CI values below it. The Sl values and the index are identical for each Si atom comprising the core of
new CIl values based on these new Sl values are thenthe molecule. However, it is also obvious that there are two
recalculated. Iteration continues until the CI values remain different kinds of Si atomsA, D, F, G andB, C, E, H,
the same as those for the previous iteration. If the maximum respectively. Therefore, it is impossible to distinguish those
rank reaches the number of atoms in the connected compotwo sets of Si atoms by the conventional eight properties
nent, iteration ends. Otherwise, tie-breaking and iteration used in the first part of the primary index. By adding the
continues until the maximum rank is equal to the number of last element, i.e., the number of “bridges” between their
atoms of the connected component. At this point, the path neighboring atoms, it is possible to differentiate between the

Figure 5. An illustration of the Prickett and Mavrovouniotfs
algorithm.



740 J. Chem. Inf. Comput. Sci., Vol. 43, No. 3, 2003

WONG ET AL.
SiH2
SiH SiH
SiH SiH
Cl Si Cl SI Cl S|
A 1 12200 A 1 12
B 2 21330 o B 2 21?20 g ; gigg
c 2 21330 Breaking Ties c 3 31440 Recalculate Cl then S| c 3 31550
D 3 32330 D 4 42440 D 4 42450
E 3 32330 Recalculate Sl E 3 43440 E 5 53450
z 3 32330 F 3 42440 F 4 42450
3 32330 G 4 43440 G 5 53450
Cl S|
g 1 12300
Recalculate Cl then SI c % g} ggg
D 4 42450
E 5 53450
F 4 42450
G 5 53450
cl _sl a _sl
A 1 12300 A 1 12300
B 2 21450 B 2 21450
Breaking Ties c 3 31660 Recalculate Cl then S| C 3 31670
D 4 42560 D 4 42560
Recalculate SI E 6 63460 E 6 53470
F 5 52460 F 5 42470
G 6 63560 G 7 53560

Max. Rank is
Equal to Atom Count
————————»  Exit lteration

Figure 6. A modified version of the Prickett and Mavrovouniotis algorifidrthat is able to solve the problem of ambiguous string codes
from choosing arbitrary paths of tied atoms.

SiH2

SiH SiH

/AR

SiH SiH

Path of Minimum Possible Rank : ABDFGCE

String Code : [Si(H2){1,5} Si(H){0.2,3} Si(H)D(1 3,6} Si(H)F{1 2.4} Si(H){3.,5.6} SI(H){0.4,6} Si(H){2,4.5}]
A B G c E
Figure 7. The path of minimum possible rank and the string code constructed from our improved algorithm.

found in the review paper by Downs ef&lThe cycle-finding
algorithm we used previously in our automatic mechanism
generation program was based on the algorithm of Prickett
and Mavrovouniotig? which is a modified version of the
algorithm developed by Gasteiger and JocHérim this
algorithm, a spanning tree of the molecule is created

st Sim beginning with an arbitrary root atom. All ring closure bonds,
Figure 8. Lexicographical comparison of the -code for each atom which are the bonds not in the spanning tree, are identified
is criticai when encoding connected components separately. and stored in a set. For each ring closure bond, two chains

_ _ are generated toward the root atom from both ends of the
two sets of atoms, and highly symmetric molecules such aspond until a common atom or bond is found. A cycle can

the one shown in Figure 9 can be encoded uniquely. be constructed by combining the ring closure bond with the

two chains and the common bond or atom just found. The
CYCLE-FINDING ALGORITHM algorithm is called three times using three different root
Ring perception algorithms have been well studied in the atoms that are randomly chosen. All of the cycles are stored

literature, and a summary of different approaches can bein a list during iteration, and a check for the linear
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(SiH)8 Primary Index (Pl) = [AN, FC, DB, NE, NH, H, LR, SC, NC] A A
) PN
D

AN : Atomic number B c

FC : Formal charge \
c
A

B
B c
DB : Number of double bonds
NE : Number of non-bonding electrons D
NH : Number of non-hydrogen neighbors D
A C
A

b(—m"\
Q€O

ER thmper of hzldrolgen I21eighbors ABDA
. Lexicograpnical rani
E " H SC: Smallegst gycle which this atom contains ABDCA / \
NC : Number of connections between the neighbors ADBA A B
F ADCA
ACDA i
ACDBA A

Pl ) .
Figure 11. A molecule is expressed as a tree usigs the root

140003113;2:; atom. Six cycles are found during this iteration.

140003113{1!

140003113{1

140003113:2

2| @) A (b) A
140003113{11
140003113:2
1400031132
1400031131 B D B c
Figure 9. Number of connections between the neighbors is added
as one of the elements of the primary index to differentiate atoms
E
E F

in highly symmetric silicon hydride molecules.

TIOMMOUOW>™

A Figure 12. Arbitrarily choosing cycles with the same size results
B c in ambiguity because there are more tizoycles that are smaller
than or equal in size to the largest size needed to complete the
c SSSC.
G

the comprehensive set of cycles in the molecule, we propose
an alternative cycle-finding algorithm based on the earliest
and the simplest “walking” algorithn?8:3°In this algorithm,

a molecule can be expressed as a tree as shown in Figure
11. The branches of the tree are formed by searching all of
the atoms to which a given node connects. If an atom is
visited by the same branch twice, the branch will end with
that atom. A cycle is identified if the terminal atom of a
branch is the root atom. The same procedure is carried out
using each of the heavy atoms in the molecule as the root

ABEDGC ABEDGC ABEDGC . .
ABEFGC ABEFGC ABEFGC atom, and all of the cycles found are stored in a list. After

Figure 10. The cycle-finding algorithm by Prickett and Mavro- @l of the iterations are completed, all of the duplicate and
vouniotis23 Three different root atomsA( B, C) are chosen to  linearly dependent cycles in the list are deleted. The cycles
construct the spanning trees (in bold lines) and the ring closure needed for ring corrections using a group additivity scheme

bonds (in dashed lines). None of the three iterations can identify

the four-member rinPEFG. can then be selected from this list of linearly independent

cycles with all possible ring sizes available.

independence of each cycle is carried out to pick the During the selection of the cycles, the SSSC concept
appropriate cycles after the iterations are completed. ThisMentioned above is used to determine the numbers of cycles
algorithm was developed to find the smallest set of smallest ©© P& chosen, which is equal ® calculated in eq 1.

linearly independent cycles (SSSC) in the molecighere However, a critical issue was found for polycyclic species
the number of cycles in this sé, is equal to such as silicon hydride clusters: there might be more than

N cycles that are smaller than or equal in size to the largest
N = (number of bondsy- (number of atoms} 1 (1) size needed to complete the SSSC. Two examples are shown

in Figure 12(a) and Figure 12(b). In Figure 12(a), three four-

For example, there are three cycles in a naphthalenemember ringsABEC, ADEC, and ABED, can be found,

molecule, two six-member rings and a cycle consisting of while N = 2 in this case. Therefore, two of the three cycles
10 atoms. However, the number of cycles in the SSSC is will be randomly chosen. Similarly, in Figure 12(b), there
two (N =11—-10+ 1= 2). Therefore, only the six-member are one four-member ringdABDC) and two five-member
rings will be selected, because they are linearly independentrings (ABEFC andDBEFC) in the molecule. Sincél = 2
of each other and are the smallest two in the system. Thisfor this molecule, the four-member ring (smallest cycle) and
algorithm, however, does not guarantee that all of the cyclesone of the five member rings will be arbitrarily selected.
needed will be found. Figure 10 shows one example where To avoid ambiguity and arbitrariness in choosing cycles
some cycles might not be found, depending on the ways in and to choose the cycles that represent the molecule most
which the root atoms are chosen and the spanning trees ar@appropriately, we have developed a hierarchy to select the
constructed. As mentioned in the review paper by Downs et cycles for polycyclic molecules. First, the cycles are cat-
al.?” one should select the cycle-finding algorithm depending egorized according to their size and the functional groups
on the system of interest. To resolve the problems we they contain. In the silicon hydride clustering reactions, we
encountered in silicon hydride clustering chemistry and find keep track of two kinds of functional groups so far: double
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bonds and silylene atoms (atoms with two nonbonded (3) Broadbelt, L. J.; Stark, S. M.; Klein, M. T. Computer Generated

; ; ; Pyrolysis Modeling: On-the-Fly Generation of Species, Reactions,
electrons). Since we do not allow molecules with multiple and Ratesind. Eng. Chem. Red994 33, 790799,

functionalities at this point, all qf the cycles can be divided () Broadbelt, L. J.; Stark, S. M.; Klein, M. T. Computer Generated
into three categories: cycles with a double bond (labeled as Reaction Modelling: Decomposition and Encoding Algorithms for

A), CyC|eS with a Silylene atom (labeled 331 and Cycles ?zegt)ermining Species Uniguene€omput. Chem. End.996 20, 113—

without any functional group (no labels). All of the cy_cles (5) Weinberg, L. A Simple and Efficient Algorithm for Determining
can be sorted based on their size, from smallest to biggest,  Isomorphism of Planar Triply Connected GraplsEE Trans. Circuit

and their functionality, for which we dictated that the cycles © L*;T)%%%??JGECT;E ;-n42R—’1I‘518.Comple iy of Computer Computations
R .. ,J.E.; jan, R. E. Xity u utati
labeled ash have higher priority than the ones labeled3as In Isomorphism of Planar Graph#iller, R. E., Thatcher, J. W., Eds.;

and the cycles without any labels have the lowest priority. Plenum Press: New York, 1972; pp 13152.
All of the sorted cycles are then stored in a list, and lthe (7) Tarjan, R. Depth-First Search and Linear Graph Algorit&ihMm J.

- Comput.1972 1, 146—-159.
Cydes can be chosen from the list. (8) Luks, E. M. Isomorphism of Graphs of Bounded Valence Can Be

Following this hierarchy, the selection of the cycles of Tested in Polynomial TimeJ. Comput. Sys. ScL982, 25, 42—65.
the molecules in Figure 12 can be easily done. In Figure (9) Hoffmann, C. M.Group-Theoretic Algorithms and Graph Isomor-
12(a). two cycles wih the siyjens Q@ (ABEC and DI SPITSE e e e

. . . . I, L.; . ML I | .
ADEC) will be chosen since the third four-member ring does “ syt Theon Compui8a 171183, P
not have any functional groups and thus has lower priority. (11) McKay, B. D. Practical Graph Isomorphis@ongressus Numerantium
Similarly, for the molecule shown in Figure 12(b), the cycle 1981 30, 45-87. o
ABDC will be chosen first because it is the smallest ring in (12 $§§gr'y§§% Comeil, D. G. The Graph Isomorphism DiseBsxaph
the graph. Between the two f|Ve"member I’In@@,EFC will (13) Ricker, G.; Reker, C. Computer Perception of Constitutional
be selected rather thddBEFC since the former ring has a (Topological) Symmetry: TOPSYM, a Fast Algorithm for Partitioning
double bond while the latter ring does not. After the proper Atoms and Pairwise Relations among Atoms into Equivalence Classes.

. . . J. Chem. Inf. Comput. Sc199Q 30, 187—-191.
cycle_s are chosen, t.he ring corrections for these pOIYCyC“_C (14) Randi¢ M. On Unique Numbering of Atoms and Unique Codes for
species can be applied when the group additivity scheme is Molecular GraphsJ. Chem. Inf. Comput. Sc1975 15, 105-108.
used, and more accurate estimation can be thus obtained sincé5) Morgan, H. L. The Generation of a Unique Machine Description for

. . . . L Chemical Structures A Technique Developed at Chemical Abstracts
the hierarchy is consistent with the fitting scheme used to Service.J. Chem. Doc1965 5, 107—113.

obtain the groups in the first place. (16) Faulon, J.-L. Isomorphism, Automorphism Partitioning, and Canonical
Labeling Can Be Solved in Polynomial-Time for Molecular Graphs.
CONCLUSION J. Chem. Inf. Comput. Sc1998 38, 432-444.
. . . . . (17) Liu, X.; Balasubramanian, K.; Munk, M. E. Computational Techniques
A string code encoding algorithm for polycyclic species for Vertex Partitioning of Graphsl. Chem. Inf. Comput. Sc199Q

generated from silicon hydride clustering reactions was 30, 263-269.

: : : 18) Ouyang, Z.; Yuan, S.; Brandt, J.; Zheng, C. An Effective Topological
developed. This algorithm combines the concepts of extended Symmetry Perception and Unique Numbering AlgorithinChem.

connectivity and breaking ties, and polycyclic, nonplanar Inf. Comput. Sci1999 39, 299-303.
molecules that fail to be encoded using our former algorithm (19) Shelley, C. A;; Munk, M. E. Computer Perception of Topological
can now be uniquely identified. The algorithm encodes the . Symmetry.J. Chem. Inf. Comput. Sc977 17, 110-113,

. 0(20) Blair, J.; Gasteiger, J.; Gillespie, C.; Gillespie, P. D.; Ugi, I
connected components in the molecules separately an Representation of the Constitutional and Stereochemical Features of

reassembles them using a depth-first search method in order ~ Chemical Systems in the Computer Assisted Design of Syntheses.

nhan h fficien f th lgorithm. A le-findin Tetrahedron1974 30, 1845-1859.
t(: € . P? ce the Ie ge Cly 0 (;[.e ?].go t K| ﬁycel .dh 9 (21) Shelley, C. A.; Munk, M. E. An Approach to the Assignment of
algorithm was also developed in this work. In this algorithm, Canonical Connection Tables and Topological Symmetry Perception.

all of the cycles in the molecule of each size are found by J. Chem. Inf. Comput. Sc1979 19, 247—250.
expressing the molecule explicitly as a tree. All of the cycles (22) Baase, S.; Gelder, A. Computer Algorithms: Introduction to Design

. L . a . and Analysis Addison-Wesley Longman: New York, 2000.
are sorted according to their size and functionality in a list, (23) Prickett, S. E.. Mavrovouniotis, M. L. Construction of Complex

and the cycles are selected according to their priorities. By Reaction Systems- II. Molecule Manipulation and Reaction Application
applying this algorithm, more consistent cycle selection Algorithms. Comput. Chem. End.997, 21, 1237-1254.

i ; ; i~c(24) Weininger, D. SMILES. 2. Algorithm for Generation of Unique
results. In addition, the appropriate thermochemical properties SMILES Notation.J. Chem. Inf. Comput. ScL089 29, 97—101.

of the molecules as estimated from a group additivity scheme 25y schubert, w.; Ugi, I. Constitutional Symmetry and Unique Descriptors
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