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Abstract. Functional groups describe the semantics of chemical reactivity in 
terms of atoms and their connectivity, which exhibit characteristic chemical 
behavior when present in a compound. In this paper, we take a first step 
towards designing an OWL-DL ontology of functional groups for the 
classification of chemical compounds. We highlight the capabilities and 
limitations OWL 1.0 and the proposed OWL 1.1 in terms of our domain 
requirements. We also illustrate how cyclic structures may be identified from 
SWRL rules and suggest extensions for reasoners to achieve this objective. This 
work represents a preliminary step towards describing, reasoning and querying 
about structure and function of molecules. 
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1   Introduction 
Biochemistry is the study of how the interactions and transformations of molecular 
compounds are part of biological processes that define living organisms. These 
chemical transformations are made possible due to the chemical properties of 
molecules, defined in part by functional groups. A functional group describes the 
semantics of chemical reactivity in terms of atoms and their connectivity, and exhibits 
characteristic chemical behavior when present in a compound. Therefore, compounds 
may be classified based on the presence of functional groups [1]. Unfortunately, 
chemical records often lack functional group annotation and compound classification 
is often done manually. Importantly, knowledge of the presence or absence of 
functional groups is an important component in chemical synthesis, pharmaceutical 
design and lead optimization. 
 

A biochemist’s interest in chemical compounds extends from structure to function, 
and includes everything from chemical properties, their bioactivity, the chemical 
reactions they participate in and the roles they may play in the viability of living 
systems. Despite the availability of 80 file formats to store chemical information, 
none provide lossless information storage or have the ability to encode chemical 
functional groups in terms of atoms and their connectivity. Most file formats like the 
XML-based Chemical Markup Language (CML) [2] or the RDF-based CombeChem 
project [3] have shallow data models to store common features such as atoms, bonds, 

mailto:nvillanu@scs.carleton.ca


and stereochemistry, but are based on relational models rather than using more 
appropriate formal semantics. In CML, the molecule entity has a child element 
“atomlist” and “bondlist”, when it is more correct to state that a molecule is composed 
of atoms, and these atoms make bonds with other atoms. In addition, chemical file 
format converters (openbabel, oechem) also have minimal data models for common 
features such as atoms, bonds, and stereochemistry, but other chemical properties are 
not explicit. More expressive formats are required to capture not only basic chemical 
properties, but must also be extensible so as to be able to associate functional 
attributes with respect to structure. 
 

While ontologies have been designed to list types of chemical functional groups 
(CO [1]) or compounds (ChEBI [4]), they are simply used for the manual annotation 
of chemicals or navigation of search results. Since these ontologies only contain 
textual descriptions, rather than formal logical descriptions, they cannot be directly 
interpreted by computer programs. In addition, ChEBI terms may have multiple 
parents, and it will become gradually more difficult to establish and maintain 
relationships in a growing ontology, as it was found for classification of terms in the 
medical domain [5]. Multiple relationships are better handled by formal 
expressiveness and the reasoning capabilities of an underlying description logic such 
as OWL, which has motivated the development of a new methodology for widely 
used ontologies like the Gene Ontology (GO) to increase its formal explicit semantic 
content [6]. OWL, the Web Ontology Language [7], is the recommended knowledge 
representation language for building semantic web ontologies. OWL-DL, a variant 
that is based on a family of description logics (DL), facilitates the description of 
complex concepts from simpler ones with an emphasis on decidability of reasoning 
tasks [8]. In other words, a feature of DL is that reasoning tasks terminate after a 
finite amount of time and that the inferences drawn are valid. Reasoning tasks like 
checking ontology consistency, computing inferences, and realization (classifying 
real world objects into their most specific category) can be executed by a reasoner 
(e.g., Pellet [9] and Racer Pro [10]) over DL ontologies [11].  In addition, reasoners 
support query answering about any concept described in the ontology, thereby 
providing new ways to query knowledge across various levels of granularity and 
vastly different domain knowledge. Thus, OWL offers a promising framework for the 
design of highly expressive chemical ontologies. 
 

In this work, we take a first step in providing a logical description of chemical 
structure such that it may be used to define functional groups for the purpose of 
compound classification. We describe the capabilities and limitations of using OWL-
DL for the design of ontologies to represent chemical concepts with both, the current 
1.0 and the proposed 1.1 specifications. We also describe how cyclic chemical 
structures may be identified from SWRL rules and suggest extensions for reasoners 
which may achieve the same objective. This work represents a preliminary step 
towards describing, reasoning and querying about structure and function of 
molecules. 
 



2 Structure and Function  

2.1 OWL Ontology for the identification of Chemical Functional Groups and 
Classification of Organic Compounds 

The ontology of chemical functional groups and organic compounds with example 
instances may be obtained at http://ontology.dumontierlab.com/cfg-owled-2007. The 
most current ontology will be available at http://ontology.dumontierlab.com/cfg. The 
model for this ontology is illustrated in Fig. 1 and relates compounds, molecules, 
atoms and functional groups with a minimal set of properties. In this model, 
molecules have atoms as proper parts, and atoms are connected to each other by a 
bond. Chemical bonds are represented using a symmetric property between two 
atoms. While the most general bond property is hasBondWith, several sub-properties 
are also available to specify bond order i.e. hasSingleBondWith, hasDoubleBondWith, 
hasTripleBondWith, and hasAromaticBondWith. Functional groups consider 
composition and connectivity to define a specific chemical substructure. Specific 
organic compounds may be defined by virtue of the presence of specific functional 
groups. 
 

     
Fig. 1. Ontology entities and relations. Defined class (orange) and primitive class (yellow). 

2.1.1 Defining Functional Groups 

We define 35 chemical functional groups (Fig. 3) in OWL-DL by describing the 
necessary and sufficient atomic composition and connectivity (referred herein as the 
chemical substructure). This substructure is attached to the molecule backbone (often 
referred to as an “R” group) which may consist of carbons in aliphatic (alkyl) or 
aromatic (aryl) substructures (Fig. 2A; CarbonGroup) or even include hydrogen 
atoms (Fig. 2A; OrganicGroup). Thus, the necessary and sufficient conditions to 
describe a functional group involve the specification of the R group and the chemical 
substructure, as illustrated for the hydroxyl functional group in Fig. 2B. 
 

Expressing these conditions for the hydroxyl functional group using the 
Manchester OWL syntax is as follows (in cursive font): 
 
HydroxylGroup: CarbonGroup that (hasSingleBondWith some (OxygenAtom that 
hasSingleBondWith some HydrogenAtom) 
 
 



 

A)  

B) R – O-H, where R is Alkyl or Aryl 

C)  
 

Fig. 2. A) R groups may be combinations of alkyl or aryl groups (CarbonGroup) and/or 
hydrogen (OrganicGroup). B) The hydroxyl functional group is defined by a CarbonGroup 
connected to Oxygen bound to Hydrogen; C) Overlapping functional groups in Ethanoic acid: 
hydroxyl (blue;dot-dash), carbonyl (green; dash), carboxylic acid (red; dot), methyl (gray; 
solid) 

 

Fig. 3. Fully Inferred Ontology of Functional Groups 

2.1.2 Defining Organic Compounds 

The organic compounds in this ontology are shown in Fig. 4. We define 28 organic 
compounds by virtue of containing certain functional groups. These compounds 
include: alcohols, amines, amides, ketones and carboxylic acids. Using the 
Manchester syntax, the class describing an alcohol contains the following necessary 
and sufficient conditions (in cursive font): 



Alcohol: OrganicCompound that (hasPart some HydroxylGroup) 
 

Thus, molecules would be inferred to be an alcohol if they contain an atom that is 
classified as a hydroxyl group. 
 

 
Fig. 4. Fully Inferred Ontology of Organic Compounds 

2.2 Classification 

We tested the ontology for its ability to identify functional groups and classify 
compounds using selected chemicals from the PubChem database that covered the 
defined functional groups and organic compounds. PHP scripts converted the SDF 
files to OWL files which were reasoned about using Protégé 4.0 (alpha v.29) and 
Pellet 1.4. We compared classification results against prior work [1], and determined 
that our results matched equivalent definitions. New identifications were possible 
with the addition of new classes with respect to previous work, such as the amide 
group/compound and the hydrocarbon compound. The ontology did not identify ring 
structures, but methods to do this are described in sections 2.4 and 3.1.3. In addition, 
R group atoms were classified as instances of functional groups, opening the door to 
identifying all atoms of the functional group, which was not previously available. 
Identifying all atoms of the functional group during the classification process might 
require either the use of rules or descriptions for each atom in the group. A more 
feasible approach would be to unroll class descriptions at query time. 

2.3 OWL-DL Features 

The expressivity of the ontology is ALCHOIQ, containing atomic and complex 
concept negation, concept intersection, existential and universal restrictions, role 
hierarchy, enumerated classes, and qualified cardinality restrictions. In the following 
subsections we will provide a brief description of some of the functional groups / 
compounds to illustrate their feature requirements and how OWL 1.0 and OWL 1.1 
support these features (Table 1). 
 



2.3.1 Existential and Qualified Cardinality Restrictions 

Aside from primitive classes, all class expressions in this ontology include existential 
restrictions. For instance, the amine group consists of a carbon R group having a bond 
with a nitrogen atom. Further specialization of amine groups is described by the 
presence (or absence) of a bond with a hydrogen atom, as illustrated for amines in 
Fig. 5; Primary amines are those where the nitrogen atom has a bond with exactly 2 
hydrogen atoms, secondary amines are those where the nitrogen atom has a bond with 
exactly 1 hydrogen atom, and tertiary amines are those where the nitrogen atom has 
all the bonds with hydrogen atoms substituted with bonds to other atoms. It is now 
evident that the definition of these classes relies not only in the quantification of the 
number of atom bonds (Cardinality Restrictions), but also in the qualification of the 
atoms that are bonded (Qualified Cardinality Restrictions).  
 

 
Fig. 5. A) Amine Group, B) Primary Amine Group, C) Secondary Amine Group and D) 
Tertiary Amine Group. 

Table 1.  Features required for classifying compounds from functional groups. 

2.3.2 Universal restrictions 

Universal restrictions make possible the identification of compounds where the 
chemical structure composition must be constrained. For instance, a hydrocarbon is a 
chemical compound that has only the presence of carbon and hydrogen atoms.  

Structure Feature Details OWL 
1.0 

OWL 
1.1 

Note 

Amine 
Group 

Existential Restriction hasBondWith some Atom ☺ ☺  

Hydrocarbon Universal Restriction hasProperPart only 
 Carbon or Hydrogen ☺ ☺ CWA 

1’ Amine 
Group 

Qualified Cardinality 
Restriction 

hasBondWith exactly 2 
HydrogenAtom 

/ ☺ CWA 
 

2’ Amine  
Group 

Negation hasBondWith exactly 1 
HydrogenAtom / ☺ CWA 

-- Disjoint axiom for set 100+ disjoint Atom types / ☺  

-- Symmetric role hasBondWith ☺ ☺  

 Complex role 
inclusion axiom 

hasPart ○ isLocatedIn → 
isLocatedIn 

/ ☺  

Cyclic Local reflexive isConnectedTo “Self” / ☺  

RingAtom Partial order  / /  

A) B) C) D) 



Universal restrictions may also be useful in defining functional groups, but care 
must be taken since the chemical structure of functional groups can overlap and such 
restrictions might exclude identifying all the functional groups present in a chemical 
structure. For instance, ethanoic acid (Fig. 2C) contains four functional groups in 
which two (hydroxyl group, carbonyl group) are fully contained by a third (carboxylic 
acid group). The inferred ontology identifies the carbonyl group as a more general 
concept than the more specific carboxylic acid due to the presence of the R group. 
Since chemists typically prefer to know the largest group, it will be important to 
return the most specific concept in a query answering application. While the use of 
universal restrictions requires the application of the closed world assumption, it will 
rarely be the case that only a partial set of atoms for a molecule are known. Generally 
speaking, the atomic composition is either fully known or unknown. Thus, it’s 
unlikely that invalid inferences will be obtained. 

2.3.3 Cycles in Ring Structures  

Monocyclic and polycyclic ring structures are important parts of molecules that 
participate in several kinds of chemical reactions. The identification of ring structures 
and their constituent atoms would be an asset in finding suitable molecules for 
chemical synthesis. Examples of ring structures can be seen in Fig. 6.  
 

A)          B)        C)    

1 2

3

Fig. 6. A) A three ring structure represented with a transitive, anti-symmetric, reflexive 
property would preclude the identification of a ring atom (red arrow).  B) Molecule with 6 
carbon ring. C) Directed search over a transitive, symmetric, reflexive property would enable 
representation and identification of ring members. 

Identification of members of a ring structure minimally requires a transitive 
(OWL1.0), symmetric (OWL1.0) and reflexive property (OWL1.1). However, the use 
of such a property will result in every atom in the molecule being recognized as a 
“ring” member. Changing the symmetric attribute to an anti-symmetric attribute 
(OWL1.1) would help control the order of identification, and lead to classification of 
some atoms, but not others as anti-symmetry would preclude a path between atoms 
for certain rings (Fig. 6A). In addition, it will be difficult to assert a unique path 
through a molecule or ring a priori, because there is no directionality in bonds.  

2.4 SWRL Rules for identifying rings  

While proposed for OWL 1.1, we were unable at this time to reason about concepts 
with local reflexive properties using Protégé 4 [10]. As an alternative, we designed 



DL-safe SWRL [12, 13] rules to describe and infer the presence of cyclic structures. 
Since each variable in DL-safe rules must bind an entity, we designed rules for 
different sized cycle structures. For example, we designed rules to identify 6 member 
rings such as benzene (1). A disadvantage of this approach is that a rule is required for 
each structure, which limits the scalability of this approach. 

CarbonAtom(?x) ^ CarbonAtom(?y) ^ CarbonAtom(?z) ^ CarbonAtom(?w) ^ 
CarbonAtom(?u) ^ CarbonAtom(?v) ^  hasBondWith(?x,?y) ^ 
hasBondWith(?y,?z) ^   hasBondWith(?z,?w) ^  hasBondWith(?w,?u) ^  
hasBondWith(?u,?v) ^ hasBondWith(?v,?x) → RingAtom (?x) . 

 

(1) 

 
Some of our rules required as input the inferences returned by the DL reasoner. 

The Protégé 3.2 SWRL tab plug-in [13, 14] only considers as an input the assertions 
in the ontology and not the inferences generated by a DL reasoner. We implemented 
an additional plug-in to integrate the Jess rule engine with DL reasoners to facilitate 
passing assertions and inferences to the rule engine, and also provide an interface to 
query either assertions or the full set of inferences [15].  

3 Discussion 

3.1.1 Significance 

This work is significant in that it describes for the first time, to the best of our 
knowledge, an OWL-DL based ontology comprising of a non-trivial number of 
chemical functional groups that may be used for the classification of organic 
compounds. The ontology is suitably expressive to provide precise logic-based 
descriptions that match well defined chemical substructures, providing evidence that 
semantic web technologies are sufficient to represent and reason about the chemistry 
domain. We anticipate that our work will be compatible the description of chemical 
properties which will facilitate support semantic query answering across structure and 
function. This will enable sophisticated approaches by which chemists can locate 
chemicals in ever growing databases. As well, we expect our work will provide new 
opportunities to describe standard reactions that involve specific functional groups. 

3.1.2 General considerations 

Although most of the inferences anticipated in our ontology are obtained under open 
world semantics, the classification of individuals into classes that use closure axioms 
(e.g., an atom that has bond with some carbon atom and only with carbon atoms or an 
atom with exactly 3 bonds with a carbon atom) requires closed world reasoning. As an 
initial effort, we added axioms to enforce closed world assumption and obtain the 
inferences desired (refer to the published ontology for more details about these 
axioms). However, we are aware that this is not a very scalable nor is it a long term 
solution. We have also found it useful for testing to query our ontology with nRQL 
[10], a query language that implements negation as failure (NAF). Given that our 
domain assumes that we have all the relevant knowledge at the time of classification, 
we can safely “close the world”. Future directions in our research include to explore 



logic programming and related formalisms like the one described in [16] and the use 
of implementations like KAON2 [17] as an alternative to achieve our goal. 
 

To the best of our knowledge, the QCR proposed in OWL 1.1 are already 
supported in Pellet [9] and Racer [10], but given that our ontologies were created 
using Protégé 4 alpha with preliminary support of OWL 1.1, the inferences were not 
drawn with the qualification on a cardinality restriction. Thus, the class of organic 
compounds that have exactly 2 oxygen atoms was found to be equivalent to the class 
of organic compounds that have exactly 2 hydrogen atoms. Clearly, this is not 
semantically correct and has consequences in our application domain, but we are 
confident that we will soon have implementations that fully support OWL 1.1.  

3.1.3 Simulated Partial Order 

We believe that the implementation of an algorithm, or a possible combination of role 
properties beyond the ones proposed for OWL 1.1, for applying a directed path search 
simulating partial order over a symmetric property with local reflexive attributes 
would have the desired effect of uniquely identifying ring atoms (Fig. 6C). The 
approach can also be seen as a search along all available paths in a directed manner, 
without falling back on atoms already explored. This mechanism would infer the 
presence ring atoms, but not acyclic atoms.  

3.1.4 Complex roles for spatial knowledge discovery 

While the current ontology is geared towards describing wholly self-connected and 
self-contained molecules, we aim to investigate spatial relations by considering the 
spatial regions they occupy. The construction of complex roles proposed in OWL 1.1 
will support these goals. For instance, a material continuant is located in another if the 
spatial region that it occupies is part of the spatial region of the other [18]. This will 
facilitate the inference that a heme molecule is located in the heme-iron complex. 

4   Conclusions 
In this paper, we strove to describe how the current and proposed features for OWL 
may be used for the description of chemical functional groups towards the 
classification of organic compounds. We highlight the importance of several new 
OWL 1.1 features, including qualified cardinality restrictions and complex properties, 
and describe the simulation of partial order over symmetric properties that could be 
implemented. Finally, we suggest the tighter integration of DL-safe rules with DL 
reasoners to facilitate more sophisticated reasoning. 
 

OWL-DL is a very natural knowledge representation language for the chemistry 
domain: primitive concepts (atoms, molecules) form the basis for constructing more 
complex concepts (functional groups, organic compounds). Together with other OWL 
ontologies being developed for the life sciences, we expect this will enable querying 
knowledge at various levels of granularity – from structure and reactivity of 
chemicals to cellular processes and biological outcomes. This knowledge will play an 
important role from chemical synthesis to pharmaceutical design. 
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