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Abstract 

TUCAN is a canonical serialization format that is independent of domain-specific concepts of structure and bonding. 
The atomic number is the only chemical feature that is used to derive the TUCAN format. Other than that, the format 
is solely based on the molecular topology. Validation is reported on a manually curated test set of molecules as well 
as a library of non-chemical graphs. The serialization procedure generates a canonical “tuple-style” output which is 
bidirectional, allowing the TUCAN string to serve as both identifier and descriptor. Use of the Python NetworkX graph 
library facilitated a compact and easily extensible implementation.
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Background
For several decades, cheminformatics has largely focused 
on organic chemistry [1], since Lewis structures mostly 
convey a simple bonding scheme that applies well to 
this domain of chemistry. Lewis structures entail the 
simplification that a straight line “–” connecting two 
element symbols indicates two electrons in a localized 
two-center-two-electron bond (2c–2e). The lines serve 
an important role in the “book-keeping” of the electrons 
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assigned to a particular center. Similarly, a “=” symbol 
indicates four electrons shared by two atoms, two in a σ- 
and two in a π-orbital, and “≡” symbolizes six electrons 
shared by two atoms, two in a σ- and four in two orthog-
onal π-orbitals. Furthermore, hydrogen atoms are usually 
not shown when attached to carbon centers (Fig. 1A) and 
such “implicit hydrogens” are only indirectly taken into 
account via the assumption of a “standard valence”, with 
the number of C–H bonds assumed to be equal to the 

difference of a “standard valence” minus the number of 
bonds (= lines) that extend from the element symbol in 
question to its immediate neighbors. This approach has 
served the organic chemistry community well for over a 
century and continues to facilitate communication about 
reaction mechanisms and the prediction of properties.

In contrast, the situation is much less clear in molecu-
lar inorganic chemistry, as overlap of the d-orbitals allows 
for bond orders higher than three [3] and metal centers 
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Fig. 1  A Four different structural representations of benzene (C6H6) with one C–C bond highlighted in orange to serve as a reference, only the 
rightmost structure shows explicit hydrogens, B three different structural representations of diborane (B2H6), only the left structure preserves the 
correct symmetry but has an electron count that is too high by four electrons, the center structure tries to preserve the electron count by using 
“zero-order” bonds [2] indicated as dashed lines at the expense of an artificially lowered symmetry, and the right structure uses “banana bonds” 
to capture the three-center-two-electron (3c–2e) nature of the B–H–B bonding which however cannot be represented with traditional graph 
concepts, C different representations of ferrocene ([Fe(C5H5)2]), with only the 3rd to 5th from the left properly representing the 10 equal Fe–C bonds 
observed in X-ray structures, D Without explicit hydrogen atoms, it is impossible to distinguish between the bis-µ-oxo (left) and bis-µ-hydroxo 
(right) structures often encountered in inorganic chemistry, as there is no known algorithmic way to decide whether H atoms have to be added to 
the M2O2 core or not
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can be present in a wide variety of coordination envi-
ronments, both in terms of the number of bound ligand 
atoms (= coordination number) and in the geometrical 
structure they assume in 3D space (= coordination poly-
hedron), often leading to complicated stereochemistry 
[4, 5]. Furthermore, (organo)metal compounds are often 
characterized by a high degree of electron delocalization 
and multi-centric bonding, which cannot be captured in 
simple Lewis formulas (Fig. 1B, C), and there is no algo-
rithmic way to determine the number of implicit hydro-
gen atoms to be assigned to a metal center or the directly 
adjacent ligand atoms (Fig. 1D).

This leads to nomenclature in which electrons are not 
assigned to individual bonds anymore but to extended 
groups of atoms, as for example in the Enemark–Feltham 
notation for metal-nitrosyl complexes. Here, instead of 
assigning individual oxidation states to the atoms and 
bond orders to the bonds in a MNO moiety, only the sum 
n of the electrons in the metal d orbitals and the nitrosyl 
π* orbitals is indicated as {M(NO)x}n [6].

Therefore, to enable a computer to handle chemical 
structures representing molecules made up of atoms from 
all across the periodic table, from hydrogen to oganesson, 
regardless if they can be synthesized or are merely theoreti-
cal, molecular identifiers and descriptors have to be able to 
handle the full scale of structure and bonding situations from 
all domains of chemistry.

Classical cheminformatics approaches rely on string 
representations such as SMILES and InChI, to name only 
the two most important ones. The Simplified Molecular 
Input Line Entry System (SMILES) can, at least in prin-
ciple, be applied to all elements of the periodic table [7]. 
Also, explicit handling of hydrogen atoms is possible 
when these are defined together with the corresponding 
heavy atoms, as exemplified by the SMILES notations 
for the dihydrogen molecule and the ammonium cation, 
which are [H][H] and [NH4+], respectively. However, 
SMILES reaches its limits when dealing with bond orders 
higher than three or encountering strongly delocalized 
bonding situations, since it allows only four bond types: 
“Single, double, triple, and aromatic bonds are repre-
sented by the symbols –, =, #, and  :, respectively” [7]. 
Furthermore, the approach of representing cyclic struc-
tures already runs into difficulties with simple organo-
metallic compounds such as ferrocene ([Fe(η5–C5H5)2], 
Fig. 1C). Finally, in the original version, there is no defini-
tion of the stereochemistry of a molecule [7] and while 
later informal publications describe some limited han-
dling of tetrahedral, square-planar, trigonal–bipyrami-
dal, and octahedral geometries as well as configuration 
around double bonds and allenes [8], this coverage is 
incomplete, as it lacks for example square-pyramidal and 

trigonal-prismatic structures, which are also highly rele-
vant to inorganic chemistry, let alone higher coordination 
numbers [9]. Furthermore, the International Chemical 
Identifier (InChI) also relies on the classic Lewis pic-
ture, but uses an additional “disconnection approach” 
which cuts all bonds to metals, thereby severely limiting 
the meaningful description of most molecular inorganic 
compounds [10], as with the metal–ligand bonds discon-
nected, inorganic stereochemistry is completely lost.

Alternative approaches have rarely appeared in the 
literature, and if so, were not widely accepted, as they 
turned out to be too complicated. One such notation 
was published in 1995 by Dietz, in which a chemical 
structure is represented as sets of numbers and sym-
bols, with sets enclosed in “wavy brackets” and lists of 
properties (n-tuples) enclosed in round brackets [11]. 
The first set is composed of 3-tuples (v, n, Z) which 
describe the molecules constituent atoms, with v being 
the number of unshared valence electrons (those which 
are not involved in any bond). n is a consecutive index 
that runs from 1 through i, with i equal to the number of 
atoms in a molecule, and Z is either the atomic number 
or the element symbol, which can be used equivalently. 
The second set then describes the “bonding systems” of 
a molecule and is composed of the number of electrons 
that are involved in each of them, and 2-tuples of atom 
pairs. With simple localized bonding, for example, dihy-
drogen is described as ({(0,1,H),(0,2,H)},{(2,{{1,2}})}), 
with the two zeros indicating that each of the hydrogen 
atoms has no free electron pair available, 1 and 2 being 
the atomic index numbers, and in the second set the 
leading 2 indicating the presence of a 2c–2e bond. Inter-
estingly, this also enables the description of delocalized 
bonds. For example, diborane (B2H6, Fig. 1B) is encoded 
as (​{(0​,1,​B),​(0,​2,B​),(​0,3​,H)​,(0​,4,​H),​(0,​5,H​),(​0,6​,H)​,(0​,7,​H),​
(0,​8,H​)},​{(2​,{{​1,3​}})​,(2​,{{​1,4​}})​,(2​,{{​2,7​}}),(2,{{2,8}}),(2,{{1,5}
,{2,5}}), (2,{{1,6},{2,6}})}), but due to the large number of 
brackets, it is hard to parse, which potentially kept this 
approach from gaining wider attention, despite the fact 
that the notation can represent delocalized multi-centric 
bonding [11]. Later in this article, a streamlined version 
of this “tuple notation” will be derived, which removes 
the redundancy of the Dietz notation and is meant as 
an alternative to the “linear notations” of InChI and 
SMILES. In a preliminary study on “Coordination Com-
plexes for InChI”, an attempt to extend the InChI towards 
coordination and organometallic systems, Clark intro-
duced the concept of “zero-order bonds”, which represent 
bonding interactions between metal and ligand atoms 
without relying on the “standard valence” [12]. How-
ever, this approach still relies on bond orders and the 
proper placement of formal charges, and is therefore not 
domain-independent.
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Implementation
Motivation and concept
Based on the considerations above, it was decided to fun-
damentally re-think how to derive a chemical identifier 
and descriptor. The following aspects were considered 
fundamental to the design of the format, TUCAN (for 
“tuple canonicalization” or from Spanish “tu canonicali-
zación” = “your canonicalization”):

•	 Input format and normalization

	 A molfile v3000 is used as input, as it is widely 
accepted in cheminformatics now and generated by 
most popular chemical editors [13]. In particular, 
compared to the molfile v2000 [14], it is not limited 
to a maximum of 999 atoms and bonds, and with-
out the fixed field widths of the older format, is eas-
ier to parse [15, 16]. The molfile is considered to be 
valid and only a number of elemental checks is per-
formed on the input as described below. A check of 
the chemical validity and some normalization might 
later be added in the form of a “pre-processor”, but 
is not within the scope of the current work. Also, an 
implicit-to-explicit hydrogen “converter” might be 
implemented as part of a pre-processor in the future. 
Furthermore, consideration of the stereochemistry 
will not be part of this initial version of the tool but 
rather the topic of a separate follow-up publication.

•	 Internal data structure
	 The molecule is represented as an undirected, 

labeled, and connected graph without multi-edges or 
loops [17], with the atoms as nodes (sometimes called 
vertices or points) and the bonds as edges (also called 
links or lines). Both nodes and edges can be assigned 
further properties which can be used during graph 
canonicalization. The use of a mature graph library, 
NetworkX, facilitates working with the graph data 
structure [18].

•	 Canonicalization
	 The canonicalization is—as far as possible—based 

on topological features of the molecule, to avoid any 
dependence on concepts and models of structure and 
bonding that only apply to specific domains of chem-
istry and are not observables in a quantum chemical 
sense.

•	 Serialization
	 The serialization results in a single string which is 

bijective—in the sense that a unique string is gener-
ated for each molecule independent of the ordering 
of the atoms in the molfile, and that this string is not 
generated for any other molecule. Furthermore, the 
identifier string aims to be compact and character-
efficient, readable by both computers and humans, 

and preferentially also be bidirectional, thus allow-
ing the reconstruction of a simple molfile (without 
the xyz coordinates and bond properties) from the 
string, thus also serving as a compact descriptor of 
the molecule.

Implementation
Input processing and generation of graph data structure
A molfile in v3000 format, which is considered to be 
valid, serves as the input [14–16]. Three sets of values 
are extracted from the molfile and used to create a graph 
(Fig. 2) [15, 16]. First is the number of atoms and bonds 
from line 6. The second, from the ATOM block for each 
of the atoms, is the element symbol along with optional 
CHG, MASS, and RAD fields, which indicate a non-zero 
atomic charge, a non-standard isotope presence, and the 
multiplicity, respectively. All further fields, including the 
(pseudo) 3D coordinates, are discarded, as they are not 
relevant to TUCAN’s approach of explicit hydrogens. The 
“star pseudo-atom” (“*”), which is used to indicate multi-
endpoint bonds required to describe metal π complexes 
will be supported in future TUCAN versions. The third 
set of values is extracted from the BOND block.

Only the atom indices of the two atoms forming a bond 
are considered, while the bond type is discarded, since it 
is strongly domain-specific and bond orders beyond four 
[3], which are nevertheless important to inorganic chem-
istry, are currently not defined (and will be hard to add 
to the definition, as bond type values 5 and 6 are already 
differently assigned in the molfile v3000 format, to types 
“single or double” and “single or aromatic”, respectively) 
[15, 16]. An example of a molfile for Zeise’s salt, which 
it the first organometallic compound that was isolated in 
pure form [19, 20], is shown in Fig. 2, with the extracted 
values highlighted in bold red. Importantly, the program 
handles all hydrogen atoms explicitly, which therefore 
have to be present in the molfile. Next, the element sym-
bols and bonds are used to create a NetworkX graph 
data structure [18]. Numerical node labels are assigned 
to each of the atoms and the element symbol and atomic 
number stored with each node (Fig.  3C). These are the 
only chemistry-specific values used throughout the pro-
gram, which ensures that the canonicalization algorithm 
is agnostic towards domain-specific concepts of structure 
and bonding. Then, two additional attributes are assigned 
to each node. The first is derived from the topology of the 
molecular graph and includes the partition number 
and an invariant_code, which is constructed from 
the atomic number followed by the multiset of neighbor-
ing atomic numbers.

The partition number is initialized with a value of zero 
for each atom (Fig. 3C). The second set of “custom node 
attributes” is not used in the canonicalization, but can 
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zeise_salz.mol
  ChemDraw02112218252D

  0  0  0     0  0              0 V3000
M  V30 BEGIN CTAB
M  V30 COUNTS 10 10 0 0 0
M  V30 BEGIN ATOM
M  V30 1 Pt -0.604408 0.599312 0.000000 0 CHG=2, MASS=196,RAD=0
M  V30 2 Cl -1.769721 0.065354 0.000000 0 CHG=-1
M  V30 3 Cl -1.670033 1.031292 0.000000 0 CHG=-1
M  V30 4 Cl 0.460645 1.031292 0.000000 0 CHG=-1
M  V30 5 C 0.437728 -0.460012 0.000000 0
M  V30 6 C 0.972832 0.377593 0.000000 0
M  V30 7 H 0.850228 -1.174482 0.000000 0
M  V30 8 H -0.276743 -0.872512 0.000000 0
M  V30 9 H 1.186358 1.174482 0.000000 0
M  V30 10 H 1.769721 0.164068 0.000000 0
M  V30 END ATOM
M  V30 BEGIN BOND
M  V30 1 1 1 2
M  V30 2 1 1 3 
M  V30 3 1 1 4
M  V30 4 2 5 6
M  V30 5 1 1 6
M  V30 6 1 1 5
M  V30 7 1 5 7
M  V30 8 1 5 8
M  V30 9 1 6 9
M  V30 10 1 6 10
M  V30 END BOND 
M  V30 END CTAB
M  END

C2H4Cl3Pt/(1-5)(2-5)(3-6)(4-6)(5-6)(5-10)(6-10)(7-10)(8-10)(9-10)/
(7:CHG=-1)(8:CHG=-1)(9:CHG=-1)(10:CHG=2,MASS=196,RAD=0)

Pt
Cl
Cl Cl

C
H2

CH2

Fig. 2  (Top) Molfile in v3000 format for Zeise’s salt (potassium trichloro(ethylene)platinate(II) hydrate, K[PtCl3(C2H4)]⋅H2O), with the potassium cation 
and a lattice water molecule removed for clarity. Generated with ChemDraw 20 using explicit hydrogen atoms. Field values read in by the program 
are highlighted in bold red font. In the lower right inset, the structure is shown with lines indicating bonding interactions, as defined in the bond 
block of the molfile. (Bottom) TUCAN string for Zeise’s salt as shown above with color coding of the elements as in the inset
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nx.set_node_attributes

node_label
element_symbol
atomic_number

partition
invariant_code
element_color

custom_attribute_1
custom_attribute_2

...

nx.set_edge_attributes

bond_order
custom_attribute_1
custom_attribute_2

...

Fig. 3  Depiction of the internal data structure: Atoms are represented as nodes and bonds as edges. To the nodes, a number of “node attributes” is 
attached which are either used in the canonicalization (blue) or in graphical output (magenta). Generally, the edges could also be assigned “edge 
attributes” but these are not needed for canonicalization. Furthermore, nodes and edges can also be assigned user-defined “custom attributes”, 
which are also not used in the canonicalization, but might be useful to carry along data, for example for machine-learning applications
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be assigned for other purposes such as the visualization 
of the molecule. For example, in the current version, the 
element RGB color as defined in Jmol1 is added as an 
additional node attribute for coloring of the output.

Canonicalization
The canonicalization algorithm employed in this work 
is based on invariants which were selected to be as 
independent as possible from domain-specific mod-
els of structure and bonding, in contrast to previous 
approaches [21–23]. Thus, the only invariant which 
is specific to chemistry is the atomic number, which 
is derived from the element symbol in the molfile. In 
the following section, bicyclo[5.1.0]oct-1(7)-en-8-one 
(C8H10O) will serve as an example to illustrate the canon-
icalization (Fig. 4 left) [24].

In the first step, the nodes (atoms) are labelled accord-
ing  to the molfile, offset by -1 in order to obtain zero-
based labels, shifted if necessary to ensure they are 
continuous, and assigned to the same partition (Fig.  4 
right). Then, an invariant code is constructed for each 
node, which captures features of the node and its imme-
diate neighbors (those nodes which are connected to the 
node by a single edge). Specifically, the invariant code 
consists of a node’s atomic number, followed by the mul-
tiset of neighboring atomic numbers, the latter sorted in 

decreasing order (Fig. 5). In the second step of the canon-
icalization, all nodes that have identical invariant codes 
are put in the same partition, such that the 19 atoms of 
bicyclo[5.1.0]oct-1(7)-en-8-one are placed in five par-
titions (Fig.  5). For example, nodes 16 and 17 are each 
connected to three direct neighbors, but the multisets of 
their neighbors’ atomic numbers are different. Node 16 
is connected to three carbons, whereas node 17 is con-
nected to two carbons and one oxygen. Similarly, nodes 
can be discriminated if they belong to the same partition 
but have a different number of direct neighbors. With the 
multiset of a node’s direct neighbors’ atomic numbers, 
two more invariants are generated: the number of direct 
neighbors as well as the configuration of neighbors.

Subsequently, the partitions are iteratively refined 
with the 1-dimensional Weisfeiler–Lehman algorithm 
[25, 26], which is known in chemistry as the Morgan 
algorithm [27]. Two nodes i and j are assigned to dif-
ferent partitions if they are connected to different mul-
tisets of partitions. This is repeated iteratively until 
no node can be assigned to a new partition anymore 
(Fig.  6). Finally, in order to assign canonical labels to 
the nodes, the partitioned graph is passed to the bliss 
algorithm (Fig.  7) [28]. Note that for TUCAN, the 
canonicalization algorithm is interchangeable, as long 
as (1) molecules that are compared to each other based 

O

Fig. 4  (Left) Lewis formula with implicit hydrogen atoms and (right) molecular structure of bicyclo[5.1.0]oct-1(7)-en-8-one with arbitrary node 
labels and all nodes (atoms) assigned to the same partition, here highlighted in purple

1  http://​jmol.​sourc​eforge.​net/​jscol​ors.

http://jmol.sourceforge.net/jscolors
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on their TUCAN strings are canonicalized with the 
same algorithm, and (2) the canonicalization algorithm 
does not use any domain-specific concepts as node 
invariants, as would be the case for the InChI algorithm 
for instance.

Serialization
In the serialization step, the graph data structure is con-
verted into an identifier string, as required for example 

when searching through large data sets. In addition to 
the strict requirement for an identifier to be bijective (a 
unique identifier for each compound and no other com-
pound with the same identifier), it is useful to construct 
the string in a way which allows automatic reconstruc-
tion of the molecular topology and ideally, the repre-
sentation should also be intuitive enough for humans to 
reconstruct the molecular graph. Current string iden-
tifiers and descriptors such as InChI and SMILES use 

Label Par��on Invariant code
0 0 1 {6}
1 0 1 {6}
2 0 1 {6}
3 0 1 {6}
4 0 1 {6}
5 0 1 {6}
6 0 1 {6}
7 0 1 {6}
8 0 1 {6}
9 0 1 {6}

10 1 6 {6, 6, 1, 1}
11 1 6 {6, 6, 1, 1}
12 1 6 {6, 6, 1, 1}
13 1 6 {6, 6, 1, 1}
14 1 6 {6, 6, 1, 1}
15 2 6 {6, 6, 6}
16 2 6 {6, 6, 6}
17 3 6 {8, 6, 6}
18 4 8 {6}

Fig. 5  Molecular structure of bicyclo[5.1.0]oct-1(7)-en-8-one with nodes grouped in color-coded partitions 0 through 4 according to their invariant 
codes

Fig. 6  Partitions after first (left), second (center), and final (right) round of refinement
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a “linear chain with branches” approach [29], which 
requires that one keeps track of the branching points in 
the main chain and then traverses all of the additional 
chains, which increases the complexity of the serializa-
tion algorithm. The predominance of this approach can 
be traced back to some of the earliest publications on 
molecule linearization, for example by Hiz and Eisman 
[30, 31], but possibly has its roots in “semi-sum formu-
las” such as CH3CH2OH for ethanol, that date back as 
far as the 1860s [32]. Alternative concepts have been 
proposed for example by Dietz [11], but as discussed 
in the introduction, their acceptance was impeded by a 
confusing nomenclature involving many nested brackets. 
However, the Dietz nomenclature can be simplified, first 
by removing the atomic index numbers in the first “atom 
set” under the assumption that the atoms are ordered by 
increasing atomic number (which is not the case in the 
original Dietz paper). Then, atomic index numbers can 
be inferred from the sum formula. For example, for fer-
rocene (C10H10Fe) (Fig.  1C), the ten hydrogen atoms 
will get atomic index numbers of 1 through 10, the ten 
carbon atoms 11 through 20, and finally the iron center 
receives the index number 21. As our approach is based 
on explicit hydrogens, there is no need to keep track of 
unshared valence electrons and therefore, the complete 
first set of 3-tuples in the Dietz notation can be replaced 
by the sum formula in the Hill format—C and H first, fol-
lowed by the remaining elements in alphabetical order 
of their element symbols [33]. Furthermore, in the sec-
ond set used by Dietz to describe the “bonding systems” 
of a molecule, the number of electrons that are involved 

in these is also not needed for canonicalization and can 
be discarded as well, leaving only 2-tuples of atom pairs. 
These can be obtained from the edge list of the molecule 
graph. In TUCAN, each 2-tuple is composed of the node 
labels of two connected atoms [i.e., (label atom_A-
label atom_B)]. The numerical labels of atom_A and 
atom_B are first arranged in increasing order (thus, 2–6 
and not 6–2) and then the whole list is sorted by increas-
ing node index numbers of each 2-tuple. Each edge is 
present only once in the edge list, in contrast for exam-
ple to an adjacency matrix representation. Combined 
with the sum formula, this allows inferring which node 
is associated with which element. Additional information 
on the nodes, such as the local charge, non-standard iso-
tope distribution, and multiplicity are added as an addi-
tional node features list. Different blocks are separated by 
a slash (“/”) and appear in the following order: (1) sum 
formula, (2) 2-tuple edge list, (3) node features list, and 
(4) potential further custom data. The only mandatory 
block is the sum formula, which has to be present even 
for monoatomic species as well as compounds in which 
the individual atoms are all disconnected. For example, 
the TUCAN string representation for Zeise’s salt (Fig. 2) 
according to this format is:
C2H4Cl3Pt/(1–5)(2–5)(3–6)(4–6)(5–6)(5–10)

(6–10)(7–10)(8–10)(9–10)/(7:CHG=−1)(8:CHG=−1)
(9:CHG=−1)(10:CHG=2,MASS=196,RAD = 0)

Here, the sum formula indicates that the molecule con-
sists of two C, four H, three Cl, and one Pt atom. Since 
increasing labels are assigned to atoms with increas-
ing atomic number, it can be inferred that the labels 1 

Fig. 7  (Left) node labels after the final refinement and (right) after bliss canonicalization
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through 4 pertain to H atoms, labels 5 and 6 to C atoms, 
labels 7 through 9 indicate the Cl atoms and finally, 
label 10 pertains to the central Pt atom. Thus, the first 
four 2-tuples represent the C–H bonds, followed by the 
central C–C bond of the ethylene ligand (5–6), the two 
metal–carbon bonds (5–10 and 6–10), and the three 
metal-chlorido bonds. Finally, the node attributes are also 
presented as a n-tuple list, in which n is the number of 
node attributes per node plus one for the node number. 
Different node attributes are given in FIELD = VALUE 
format without blanks and separated by commas, if there 
is more than one node attribute assigned. The node num-
ber and the following FIELD = VALUE definitions are 
separated by a “:” sign. For each node, the node attrib-
utes are sorted lexicographically according to the FIELD 
names and the tuple list is sorted by increasing node 
label. With this clear definition, for simple molecules 
with just a few bonds, it is possible to work out the seri-
alization by hand.

Results and discussion
Validation and benchmarks
The program was validated using a shuffle test (also 
known as permutation test) with a manually curated 
test set of compounds, which are representative of the 
different domains of chemistry (organic and bioorganic 
compounds, organometal and coordination compounds, 
main group compounds, and clusters), as well as a library 
of highly symmetric “difficult graphs” which are more 
hypothetical than synthetically accessible, but are spe-
cifically designed to challenge the canonicalization algo-
rithm [34, 35]. The largest tested molecule was an insulin 
derivative (CHEBI:5931) with 405 heavy (non-H) atoms 
and 416 bonds (edges). The whole “small” test set with 
110 molecules was canonicalized and serialized in a few 
seconds on a laptop with 8 GB of RAM and an Intel(R) 
Core (TM) i7-6500U processor. In addition, a random 
selection of approx. 160,000 non-disordered and non-
polymeric structures from the Cambridge Structural 
Database (CSD) was also subjected to the shuffle test 
which was passed without any issues.

Comparison with other software
Many popular canonicalization procedures in chemis-
try are variants of the classical Morgan algorithm [21], 
which however uses the bond type of edges as an initial 
atom invariant and therefore is not domain-independent. 
Furthermore, non-equivalent atoms can still be assigned 
identical extended connectivity values, in particular in 
highly symmetrical molecules [23, 36], a problem that is 
particularly relevant to inorganic cluster chemistry. In 
contrast, TUCAN only relies on the atomic number as 
a chemistry-specific invariant. A major factor for string 

identifiers is the “character efficiency”. This was assessed 
for the largest compound in the current test, which is 
human insulin with a sum formula of C257H383N65O77S6. 
If one only considers the 405 heavy (non-H) atoms, the 
InChI string of the compound is 1586 characters long, 
while the TUCAN identifier requires 3158 characters 
and the canonical SMILES has 764 characters, accord-
ing to PubChem [37]. Thus, a TUCAN identifier is about 
twice as long as an InChI string and four times as long as 
a canonical SMILES, which is mostly due to the “(”, “-”, 
and “)” characters used for representing each 2-tuple, 
while InChI and SMILES simply concatenate most of the 
symbols. However, arguably, most biological macromol-
ecules are better represented by other encoding schemes 
anyway.

On the other hand, TUCAN is agnostic towards 
domain-specific concepts of structure and bonding, as it 
only considers the connectivity but not bond types. What 
is defined in the bond block of a molfile will be consid-
ered an edge in the internal graph representation and 
therefore it is fully up to the user to decide which atoms 
to connect. Furthermore, beyond the atomic number 
of each atom (node), the canonicalization is exclusively 
based on the topology of the molecular graph.

Limitations
TUCAN is under constant development.2 Users should 
be aware of the following current limitations:

•	 The input molfile is assumed to be in valid v3000 for-
mat. The program will terminate when it encounters 
atom types which are not in line with the symbols 
recognized by IUPAC for elements 1 (H) to 118 (Og). 
In particular, the star (“*”) “pseudo-atom” is currently 
not processed and therefore, multi-center attach-
ment is not allowed. Instead, all metal–ligand bonds 
have to be specified individually, which is particularly 
important for metallocenes.

•	 With the exception of the atom types, optional CHG, 
MASS, and RAD fields,  and the connectivity of the 
molecule, no further information is read from the 
molfile. In particular, the current version ignores the 
xyz coordinates and differences in bond types. Most 
importantly, however, handling of stereochemistry 
will be the subject of a follow-up publication and 
therefore, diastereomers and enantiomers currently 
cannot be distinguished.

•	 The number of nodes (atoms) and edges (bonds) 
the program can handle depends on the underly-
ing NetworkX package, which is limited only by 

2  https://​github.​com/​TUCAN-​nest/​TUCAN.

https://github.com/TUCAN-nest/TUCAN
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the available RAM. The largest compound tested so 
far, human insulin with 405 heavy (non-H) atoms, 
did not pose a problem on a standard laptop. It has 
been suggested that graphs with more than 150.000 
nodes can be handled by NetworkX.3 Lysozyme, 
for example, a 14.3 kDa protein, has a sum formula 
of C613H959N193O185S10 if one considers the eight 
cysteine residues to be fully reduced [38], which 
translates to 1001 heavy (non-H) and 959 hydrogen 
atoms or a total of 1960 nodes (= atoms). In addition, 
assuming “standard valences” for all atoms (C: 4, N: 3, 
O: 2, S: 2, H: 1), this gives an upper limit of approxi-
mately 4400 edges (= bonds) in the protein. In prac-
tice, however, the number of edges will be lower, as 
C=O double bonds, for example in the amide linkage 
of the peptide backbone, will internally be handled by 
the program as single edges. Therefore, it can be con-
cluded that very likely even small- to medium-sized 
proteins can be canonicalized and serialized by the 
TUCAN in reasonable time, given that a proper mol-
file is available.

•	 Only atoms specified in the molfile are considered. 
Thus, “implicit hydrogens” are ignored and will not 
be added during graph generation. Canonicaliza-
tion will still proceed on the “heavy atom core” but 
explicit addition of hydrogen atoms is strongly sug-
gested. A “pre-processor” might be added to assist 
with the handling of “implicit hydrogens” on the car-
bon atom framework in future work.

•	 Tautomers are assigned different identifiers, but 
“hydrogen-pruned” versions of the molfile that only 
consider the heavy atoms will give identical TUCAN 
strings.

•	 Some string-based molecular representation such as 
SMILES [7] and SELFIES [39] have been explored for 
applications in artificial molecular design. Whether 
such generative models strictly require a “linear 
string” representation or can also work on the “tuple” 
notation proposed in the present work remains to be 
seen [40]. However, since the TUCAN string can be 
converted back to a molecular graph (or an adjacency 
matrix representation) without loss of information, 
it might serve as a link between string- and graph-
based approaches for molecular generative models.

Conclusion
TUCAN is a canonicalization and serialization tool that 
does not depend on domain-specific concepts of struc-
ture and bonding. This distinct feature will give molecu-
lar inorganic chemists an urgently needed tool to create 

identifiers for molecules that currently cannot be han-
dled by InChI and SMILES. Beyond the atomic number, 
TUCAN relies exclusively on the molecular topology and 
therefore make it potentially applicable to non-chem-
ical graphs as well. The serialization generates a unique 
“tuple-style” output which is fully bidirectional, allow-
ing the TUCAN string to serve as both identifier and 
descriptor. Its utility in molecular generative models will 
be explored in future work. The current implementation 
does not distinguish between stereoisomers, but such 
an extension will be added in a future implementation. 
However, already in the present version, it is hoped that 
TUCAN will be useful for cheminformatics applications, 
in particular those dealing with molecules beyond the 
domain of organic chemistry.

Abbreviations
ChEMBL: Chemical database of European Molecular Biology Laboratory 
(EMBL); Cp: Cyclopentadienyl; InChI: International Chemical Identifier; IUPAC: 
International Union of Pure and Applied Chemistry; SMILES: Simplified 
Molecular Input Line Entry System; TUCAN: “Tuple canonicalization” or from 
Spanish “tu canonicalización”.

Acknowledgements
The authors wish to acknowledge intensive discussions with the colleagues 
within the NFDI4Chem consortium (https://​www.​nfdi4​chem.​de) as well as 
the international community. We thank the originators and maintainers of 
NetworkX [22], whose open-source software was used extensively throughout 
this project. Moreover, the authors thank the Deutsche Forschungsgemein‑
schaft for funding (NFDI4Chem). SHP thanks the VolkswagenStiftung for 
funding by a Momentum project.

Author contributions
SHP and US conceived the concept with input from GB. JB and US imple‑
mented TUCAN with additional datasets for the evaluation provided by AH 
and CK. The manuscript was written by US and JB with support from GB and 
SHP. The graphical abstract was designed by JB and US. All authors read and 
approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. SHP and US 
acknowledge funding by the Deutsche Forschungsgemeinschaft (DFG) within 
NFDI4Chem (Grant No. 441958208). Moreover, SHP thanks for funding by the 
VolkswagenStiftung (Momentum project).

Availability of data and materials
The program code as well as a curated test dataset in molfile v3000 format 
and “difficult” non-chemical graphs from Ref. [35] in dimacs format alongside 
additional program documentation is available on GitHub at https://​github.​
com/​TUCAN-​nest/​TUCAN.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institut für Anorganische Chemie, RWTH Aachen, Landoltweg 1a, 
52074 Aachen, Germany. 2 StructurePendium Technologies GmbH, Reulsberg‑
weg 5, 45257 Essen, Germany. 3 Institut für Anorganische Chemie, Julius-Maxi‑
milians-Universität Würzburg, Am Hubland, 97074 Würzburg, Germany. 

3  https://​www.​brigg​sby.​com/​large-​inter​nal-​link-​graphs-​in-​python#​98m.

https://www.nfdi4chem.de
https://github.com/TUCAN-nest/TUCAN
https://github.com/TUCAN-nest/TUCAN
https://www.briggsby.com/large-internal-link-graphs-in-python#98m


Page 11 of 11Brammer et al. Journal of Cheminformatics           (2022) 14:66 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Received: 18 March 2022   Accepted: 14 August 2022

References
	1.	 Gasteiger J (ed) (2003) Handbook of Chemoinformatics: From data to 

knowledge in 4 volumes. Wiley-VCH, Weinheim
	2.	 Clark AM (2011) Accurate specification of molecular structures: The case 

for zero-order bonds and explicit hydrogen counting. J Chem Inf Model 
51(12):3149–3157

	3.	 Roos BO, Borin AC, Gagliardi L (2007) Reaching the maximum multiplicity 
of the covalent chemical bond. Angew Chem Int Ed 46(9):1469–1472

	4.	 Brecher J (2006) Graphical representation of stereochemical configura‑
tion. Pure Appl Chem 78(10):1897–1970

	5.	 Mbue SP, Cho K-H (2015) Identification of isomers of organometallic 
compounds. Bull Korean Chem Soc 36(6):1569–1574

	6.	 Enemark JH, Feltham RD (1974) Principles of structure, bonding, and 
reactivity for metal nitrosyl complexes. Coord Chem Rev 13(4):339–406

	7.	 Weininger D (1988) SMILES, a chemical language and information system. 
1. Introduction to methodology and encoding rules. J Chem Inf Comput 
Sci 28(1):31–36

	8.	 Daylight theory manual, https://​www.​dayli​ght.​com/​dayht​ml/​doc/​theory/​
index.​pdf

	9.	 Hartshorn RM, Hey-Hawkins E, Kalio R, Leigh GJ (2007) Representation 
of configuration in coordination polyhedra and the extension of current 
methodology to coordination numbers greater than six. Pure Appl Chem 
79(10):1779–1799

	10.	 Heller SR, McNaught A, Pletnev I, Stein S, Tchekhovskoi D (2015) InChI, the 
IUPAC international chemical identifier. J Cheminform 7:23

	11.	 Dietz A (1995) Yet another representation of molecular structure. J Chem 
Inf Comput Sci 35(5):787–802

	12.	 Coordination complexes for InChI: preliminary study. https://​github.​com/​
aclar​kxyz/​data_​coord​inchi

	13.	 Evans DA (2014) History of the Harvard ChemDraw project. Angew Chem 
Int Ed 53(42):11140–11145

	14.	 Dalby A, Nourse JG, Hounshell WD, Gushurst AK, Grier DL, Leland BA, 
Laufer J (1992) Description of several chemical structure file formats used 
by computer programs developed at Molecular Design Limited. J Chem 
Inf Comput Sci 32(2):244–255

	15.	 CTFile formats. Biovia; 2020 https://​disco​ver.​3ds.​com/​sites/​defau​lt/​files/​
2020-​08/​biovia_​ctfil​eform​ats_​2020.​pdf

	16.	 Chemical representation. Biovia; 2021 http://​help.​accel​ryson​line.​com/​
insig​ht/​2021/​conte​nt/​pdf_​files/​biovi​achem​icalr​epres​entat​ion.​pdf

	17.	 Trinajstic N (1992) Chemical graph theory, 2nd edn. CRC Press, Boca 
Raton

	18.	 Hagberg A, Schult DA, Swart PJ (2008) Exploring network structure, 
dynamics, and function using NetworkX. In: Proceedings of the 7th 
Python in science conference, Pasadena, CA USA, pp 11–15

	19.	 Zeise WC (1831) Von der Wirkung zwischen Platinchlorid und Alkohol, 
und von den dabei entstehenden neuen Substanzen. Ann Phys Chem 
97(4):497–541

	20.	 Love RA, Koetzle TF, Williams GJB, Andrews LC, Bau R (1975) Neutron 
diffraction study of the structure of Zeise’s salt, KPtCl3(C2H4)·H2O. Inorg 
Chem 14(11):2653–2657

	21.	 Morgan HL (1965) The generation of a unique machine description for 
chemical structures—a technique developed at Chemical Abstracts 
Service. J Chem Doc 5(2):107–113

	22.	 Jochum C, Gasteiger J (1977) Canonical numbering and constitutional 
symmetry. J Chem Inf Comput Sci 17(2):113–117

	23.	 Schneider N, Sayle RA, Landrum GA (2015) Get your atoms in order—an 
open-source implementation of a novel and robust molecular canonicali‑
zation algorithm. J Chem Inf Model 55(10):2111–2120

	24.	 Breslow R, Altman LJ, Krebs A, Mohacsi E, Murata I, Peterson RA, Posner J 
(1965) Substituted cyclopropenones. J Am Chem Soc 87(6):1326–1331

	25.	 Weisfeiler B, Leman AA (1968) The reduction of a graph to canonical form 
and the algebra which appears therein. NTI Series 2(9):12–16

	26.	 Kiefer S (2020) Power and limits of the Weisfeiler–Leman algorithm. PhD 
thesis, RWTH Aachen

	27.	 Razinger M, Balasubramanian K, Munk ME (1993) Graph automorphism 
perception algorithms in computer-enhanced structure elucidation. J 
Chem Inf Comput Sci 33(2):197–201

	28.	 Junttila T, Kaski P (2007) Engineering an efficient canonical labeling tool 
for large and sparse graphs. In: Proceedings of the workshop on algo‑
rithm engineering and experiments (ALENEX). pp 135–149

	29.	 David L, Thakkar A, Mercado R, Engkvist O (2020) Molecular representa‑
tions in AI-driven drug discovery: a review and practical guide. J Chemin‑
form 12:56

	30.	 Hiz H (1964) A linearization of chemical graphs. J Chem Doc 4(3):173–180
	31.	 Eisman SH (1964) A Polish-type notation for chemical structures. J Chem 

Doc 4(3):186–190
	32.	 Wiswesser WJ (1968) 107 years of line-formula notations (1861–1968). J 

Chem Doc 8(3):146–150
	33.	 Hill EA (1900) A system of indexing chemical literature; adopted by 

the classification division of the US patent office. J Am Chem Soc 
22(8):478–494

	34.	 Carhart RE (1978) Erroneous claims concerning the perception of topo‑
logical symmetry. J Chem Inf Comput Sci 18(2):108–110

	35.	 Neuen D, Schweitzer P (2017) Benchmark graphs for practical graph 
isomorphism. arXiv:​1705.​03686

	36.	 Krotko DG (2020) Atomic ring invariant and modified CANON extended 
connectivity algorithm for symmetry perception in molecular graphs and 
rigorous canonicalization of SMILES. J Cheminform 12:48

	37.	 Kim S, Chen J, Cheng T, Gindulyte A, He J, He S, Li Q, Shoemaker BA, 
Thiessen PA, Yu B et al (2019) PubChem 2019 update: improved access to 
chemical data. Nucleic Acids Res 47(1):1102–1109

	38.	 Canfield RE (1963) The amino acid sequence of egg white lysozyme. J 
Biol Chem 238(8):2698–2707

	39.	 Krenn M, Häse F, Nigan AK, Friedrich P, Aspuru-Guzik A (2020) Self-
referencing embedded strings (SELFIES): a 100% robust molecular string 
representation. Mach Learn Sci Technol 1(4):045024

	40.	 Fu T, Gao W, Xiao C, Yasonik J, Coley CW, Sun J (2021) Differentiable scaf‑
folding tree for molecular optimization. arXiv:​2109.​10469

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.daylight.com/dayhtml/doc/theory/index.pdf
https://www.daylight.com/dayhtml/doc/theory/index.pdf
https://github.com/aclarkxyz/data_coordinchi
https://github.com/aclarkxyz/data_coordinchi
https://discover.3ds.com/sites/default/files/2020-08/biovia_ctfileformats_2020.pdf
https://discover.3ds.com/sites/default/files/2020-08/biovia_ctfileformats_2020.pdf
http://help.accelrysonline.com/insight/2021/content/pdf_files/bioviachemicalrepresentation.pdf
http://help.accelrysonline.com/insight/2021/content/pdf_files/bioviachemicalrepresentation.pdf
http://arxiv.org/abs/1705.03686
http://arxiv.org/abs/2109.10469

	TUCAN: A molecular identifier and descriptor applicable to the whole periodic table from hydrogen to oganesson
	Abstract 
	Background
	Implementation
	Motivation and concept

	Implementation
	Input processing and generation of graph data structure
	Canonicalization
	Serialization

	Results and discussion
	Validation and benchmarks
	Comparison with other software

	Limitations
	Conclusion
	Acknowledgements
	References




