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10 ABSTRACT
The interactive generation of chemical structure diagrams is an integral activity in 
the study of chemistry as well as in professional chemistry environments. For 
educational purposes, in particular, the existence of suitable software tools free of 
charge is of great importance. Albeit a number of free chemical drawing applications 

15 are currently available, there are often limitations as to the included basic drawing 
tools, ease of handling and installation, or time limits of free access. The Java 
desktop application cDraw is an interactive chemical drawing software for generation 
of publication-quality figures. The user interface has been designed with a clear focus 
on intuitive and convenient handling, and currently is offered in nine languages. The 

20 software allows drawing of 2D chemical structure diagrams using a basic set of built-
in templates and bond generation mechanisms. Drawings can be exported as EPS, 
PDF, PNG, SVG, and TIFF images or copied through the clipboard. cDraw sessions 
can be stored in the XML-based CDML file format; additionally, there are basic 
import/export capabilities for the popular CDXML, CML, and SDF file formats. 

25 Molecules can be inserted using line notation (InChI, MCDL, and SMILES) and 
molecular meta information such as IUPAC name and Chemical Abstract Service 
number can be obtained from drawings via online NIH CACTUS queries. Due to 
multilanguage support and an intuitive user interface, the software should especially 
appeal to students in secondary and tertiary education.

30
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INTRODUCTION
40 Visualization and the understanding of spatial relationships of molecules are of 

paramount importance in chemistry and its neighboring disciplines. As such, 
visuospatial skills constitute a central component of teaching and learning, and their 
substantial effect on student success and retention has been recognized.1,2 More 
recently, ubiquitously required skills subsumed under the term visual literacy have 

45 been defined as a so-called threshold concept for biochemical disciplines and the 
need for explicit inclusion of relevant instruction modules has been highlighted.3

Contemporary molecular visualization is heavily dependent on software, and 
students thus not only need to master the fundamental chemical concepts defining 
molecular structure, but also have access to and be able to operate relevant 

50 visualisation software. For beginners, chemical concepts as well as software 
availability and handling are unique elements, and their simultaneous mastering can 
often lead to cognitive overload.4 It has thus been recognized that digital resources 
such as relevant software can help introduce core concepts in lectures and aid 
students in the mastering of subject areas that require the use of new terminology; 

55 importantly, the design of the software should consider the difficulty of extracting 
new information and minimize such efforts as far as possible.5

Our own experiences as teaching practitioners support those findings, with 
students commonly unable to transfer their experience of common digital metaphors 
from one platform or application to another. Albeit often referred to as the generation 

60 of the “digital natives”,6 it has become clear that the mere exposure to technology 
does not result in the ability to use it. While it was initially assumed that people born 
in times of widespread use of digital technology (i.e., after 1980, “digital natives”) 
intuitively know how to use technology, later and more recent appraisals of this 
subject demonstrate that this is not the case, and there is evidence that the vast 

65 majority of students only possess basic computational skills,7 and the general level of 
digital competence of children and teenagers is inadequate.8 With respect to 
productivity arising from the application of digital skills, students appear to have a 
substantial gap when comparing activities in the lifestyle and professional areas.9

In designing and teaching chemical curricula to students in chemistry, 
70 biochemistry, and generally molecular life sciences, we have therefore identified the 

preparation of chemical drawings as an exemplary instance in this context. Molecular 
visualization in the context of teaching of chemical structure has been reviewed with 
respect to macromolecules10-12 and appraised, mainly at the level of individual 
software resources, for small-molecules.13-16 Clearly, fully capable chemical drawing 

75 software products are available, but these are predominantly provided as licensed 
commercial products. For example, a previous report17 in this Journal illustrating the 
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use of Wikis for collaborative organic chemistry projects focused on two software 
products from commercial providers and only included JME18 as an independently 
available tool. Notably, using licensed commercial software generally means 

80 additional financial costs for students. In the case of free-of-charge versions of these 
products, access may be limited to a short period of time and/or come with frequent 
advertisement and promotional activities. For one commercial product considered in 
this project, the advertised “academic free-of-charge” access could not be obtained at 
all after signing up with the software provider.

85 From academic groups and independent software developers, a variety of chemical 
drawing software is available free of charge, including standalone applications such 
as BKChem,19 JChemPaint,20 MCDL Java Chemical Structure Editor,21 
XDrawChem,22 and others. There are also several JavaScript-based molecular 
editors, such as for example JSME,23 FlameJS,24 Ketcher,25 and jsMolEditor,26 that 

90 are typically designed to be embedded in web interfaces. However, from the 
perspective of teaching chemical structure drawings, we found limitations that 
impacted on concepts we find of utmost importance. For example, in many cases, the 
user was not provided with a number of fundamental drawing elements such as 
formal charges (as opposed to real charges), brackets, etc. Some of the above 

95 applications are specifically intended for embedding in web interfaces and thus 
lacked the convenience features of a desktop program, such as to include the copy 
and paste operations and access to styling features. The options and quality of image 
export varied between different programs, and high-resolution bitmap images 
sometimes required extensive efforts by the user. An additional aspect concerns the 

100 ease of installation (the dependency problem27), which varied for different programs, 
but in general required more efforts for Python-based software which, in our 
experience, often rendered those applications non-usable for students and/or 
instructors.

BACKGROUND
105 In an effort to address this apparent gap, we set out to develop a desktop editor for 

2D chemical structures that is easy to install and deploy, and provides an intuitive 
graphical user interface that allows users to compose chemical drawings with a focus 
on generating publication-quality images, including the possibility to set the DPI 
resolution of exported bitmap images as well as the provision and custom-tailoring of 

110 pre-defined style settings.
 In order to aid molecule import and export by means of nongraphical data, 

parsers and generators for molecules in formatted data files as well as line notation 
have been added. Whereas the generation of chemical drawings from formatted data 
files is straightforward as atomic coordinates are included in those data, this process 

115 is much more challenging for molecular information delivered in line notation. In 
order to deduce atomic coordinates from a string representation of a molecule, a 
procedure is required that lays out the chemical structure with sensible geometry, 
minimum overlap of individual components, and correct stereochemistry. In the 
present project, we have implemented relevant code taken from the MCDL Java 

120 Chemical Structure Editor21 in order to generate 2D structural drawings from line 
notation.
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Additional convenience features include the lookup of molecular information using 
the NIH CADD Group Chemoinformatics Tools and User Services (CACTUS),28 and 
molecule searches in the PubChem database. The graphical user interface has been 

125 translated into different languages and is currently available in English, Chinese, 
Farsi, French, German, Italian, Korean (Hangul), Portuguese, and Spanish. The 
software, manual, and video tutorials are available from the project web site.29

Description
The chemical drawing software cDraw has been designed as a freely available 

130 desktop application to provide students and researchers with a resource for 
generation of publication-quality figures and help with the teaching and learning of 
concepts and visualization of chemical structures. Considering the requirements for 
software and digital resources in teaching/learning environments, where there is a 
particular requirement to avoid an overload of novel techniques to be mastered, the 

135 graphical user interface (GUI) and software features have been designed to maximize 
intuitiveness and ease of use, so students can concentrate on understanding and 
applying chemical concepts when preparing chemical structure drawings. To that 
effect, the following features have been implemented:

140 Accessibility The GUI has been designed with multilanguage support and
is available in nine languages.

Tutorials In addition to a comprehensive manual, video tutorials are
available on the project web site29 that illustrate the use of

145 particular features of the software to accomplish given tasks.

Image output Drawings can be exported as EPS, PDF, PNG, SVG and TIFF
images and also exported through the clipboard to other
applications through copy and paste operations. The

150 resolution of bitmap images can be set by the user through
the GUI.

Styling The software has embedded style settings for American
Chemical Society (ACS) and Royal Society of Chemistry

155 (RSC), as well as the option to define and save customised 
styles.

Text elements can be styled and formatted conveniently using an intuitive
what-you-see-is-what-you-get (WYSIWYG) text editor (see

160 Figure 1).

2D Structure 2D chemical structures can be generated from line notation
generation provided in InChI, MCDL and SMILES format.

165 InChI code InChI and InChI key can be generated directly from drawn
generation structures.
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Chemoinformatics From drawn structures, the user can trigger the lookup of
IUPAC name, general names and CAS number at the NIH

170 CACTUS resource, as well as molecules in the PubChem
database.

At present, neither the export of molecules or reactions in SMILES format nor drag 
and drop of molecular objects are supported. However, we plan to add these and 

175 further features in future version sof cDraw.

General Framework
The cDraw desktop chemical editor was written in Java and is distributed as a 

single bundled archive, thus allowing for simple and straightforward installation 
provided that the Java Virtual Machine is installed on the user’s computer. The 

180 software builds on Java classes previously developed for our PCSB project30 and uses 
JNI-InChI31 and the MCDL editor,21 as well as custom-designed libraries that were 
modeled after various modules available in the CDK.32 Importantly, while using and 
building on code from other chemoinformatics projects, all required libraries are fully 
embedded (as opposed to included but merely linked) within cDraw in order to avoid 

185 possible dependency issues.
Conceptually, cDraw organizes the components of a chemical Drawing that 

consists of individual ChemObjects such as Arrow, Atom, Bond, and so forth. For 
each ChemObject there is a suitable DrawingObject (e.g., AtomSymbol, SingleBond, 
DoubleBond) that generates the 2D screen coordinates for the particular object to be 

190 drawn. The graphical rendering is handled by the class ChemPanel, which users 
interact with through the main CDraw class. Bitmap images are obtained as 
BufferedImages from ChemPanel and then exported as PNG or TIFF files using the 
Java Image I/O API and Java Advanced Imaging API, respectively. For generation of 
Postscript and SVG images, the custom PSgenerator and SVGgenerator classes have 

195 been designed and implemented.

Chemical Data Formats
Instead of designing a new file format for storing cDraw session information, we 

decided to use the CDML file format as the “native” cDraw file format. CDML is an 
XML-based format that has previously been used by BKChem.19 Despite several new 

200 keys needed to be added to the CDML set, we found that CDML files generated by 
cDraw can be successfully processed by BKChem. In order to offer exchange 
capabilities with other relevant software, basic import/export functionality for the 
ChemDraw CDXML and the CML file format33 has also been included. Additionally, 
cDraw allows import of molecules provided in the popular CTfile formats SDF 

205 (SDfiles) and MOL (Molfiles); users can also export molecules generated in cDraw as 
SD-formatted files. Molecules can also be generated from line notation (see next 
section); InChI is handled by the incorporated JNI-InChI package,31 and for 
processing of SMILES strings a modified version of the CDK SmilesParser32 has been 
deployed.
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210 Structure Diagram Generation
Whereas the drawing of 2D molecular structures by users can in principle be 

achieved using graphics software without a particular chemical environment, 
features such as the processing of molecules in line notation require appropriate 
chemoinformatic capabilities. The current version of cDraw supports structure 

215 diagram generation from three different line notations: InChI; MCDL; and SMILES. 
Additionally, InChI and InChI Keys can be generated from 2D molecular drawings. 
Correct functionality of these features has been assessed using a panel of selected 
organic molecules of varying complexity (see the Supporting Information files).

The conversion of molecules from line notation into 2D drawings requires a 
220 module for structure diagram generation. In this context, we capitalized on the efforts 

by Gakh and colleagues who developed the Modular Chemical Descriptor Language 
(MCDL)34,35 and a Java MCDL Chemical Structure Editor,21 including modules for 
structure diagram generation. In cDraw, the user-provided line notation is parsed 
and then transformed in the class StructureGenerator into an SD-formatted 

225 representation of the molecule; stereo information such as tetrahedral chirality and 
double bond stereoisomerism is extracted. The SDF string is passed to MCDL for 
generation of structure diagram considering the required stereo configuration where 
applicable. From MCDL, an SDF string with atomic coordinates is obtained that is 
converted by SDFparser into a Drawing suitable for rendering by ChemPanel. Because 

230 the Kekulé form of aromatic structures is generally preferred by chemists in structure 
diagrams, all molecules generated from line notation are subjected to a procedure 
that localizes the electrons in aromatic components and assigns single and double 
bonds. For this reason, we have embedded relevant classes from the CDK 
Kekulization module.32

235 Styles
Scientific publications in the international, peer-reviewed journals, as well as 

technical reports prepared by laboratories or in educational environments, make use 
of particular style rules for drawing chemical structures for reasons of consistency, 
and to present structure representations, and reactions and schemes, in a visually 

240 appealing form. Drawing parameters such as angular increments, bond length, wedge 
width, and so on, therefore, need to be set to defined values. In the current version of 
cDraw, we have implemented the style settings for journals by the American 
Chemical Society (ACS) and the Royal Society of Chemistry (RSC), which can be 
applied by a simple selection from the style menu. For customized styles, users can 

245 also define their own style settings and save into/load from external style files.

NIH CACTUS and PubChem Queries
For molecules generated with cDraw, users can obtain information, such as the 

Chemical Abstract Service (CAS) registry number, IUPAC name, or general names, 
using queries to the Chemical Identifier Resolver of the NIH CADD Group 

250 Chemoinformatics Tools and User Services (CACTUS).28 The cDraw drawing is 
analyzed for individual molecules, for which an InChI string is calculated. The InChI 
is then submitted to NIH CACTUS in the user-selected query.
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Internationalization and Convenience
Intuitive graphical user interfaces are generally deemed to be designed such that 

255 users are able to accomplish a certain task effectively, building—unconsciously—on 
their previous knowledge. The previous knowledge results from prior—conscious—
learning activities; repeated practice turns this knowledge into operations that can be 
mastered without considering them.32 The cDraw graphical user interface has thus 
been designed with careful consideration of (assumed) general knowledge of users 

260 with regards to desktop software (menu items, action buttons) as well as drawing 
operations. Mnemonics and accelerator keys used by other popular desktop software 
have been implemented, and tooltips are available for all action buttons and 
specialized menu items to make the learning experience as convenient and 
straightforward as possible. A WYSIWYG text editor has been designed and 

265 implemented to afford text input in a straightforward fashion (Figure 1). As the 
cultural environment of student/nonprofessional users of software of this kind varies 
widely, cDraw has been designed with multilanguage support and the current version 
is available in nine languages: English, Chinese, Farsi, French, German, Italian, 
Korean, Portuguese, and Spanish. Video tutorials demonstrating basic operations 

270 when drawing chemical structures with cDraw are available on the project home 
page.29

Figure 1. Screenshots of the cDraw graphical user interface. Left: Use of the text editor. A left button mouse click brings up the Text Input 
275 dialog where text can be entered and formatted with a WYSIWYG editor. Special characters and Greek characters can be inserted using the 

provided buttons. A set of formatting options for characters is also available by means of provided buttons. Font size and font color can be 
also changed, but these settings apply to the entire text object. The line spacing can be set in Miscellaneous Settings from the Settings 
menu. Right: Drawing of one of the four BigDyeTM terminators, ddT-EO-6CFB-dTMR. Automatic atom colouring has been selected (Colour 
from the Settings menu); note that the carboxyl groups are treated as labels and thus appear in uniform colour. The half bracket and formal 

280 charges were inserted directly as individual objects from the miscellaneous drawing features. A right button mouse click on one of the 
charges brings up the styling menu for formal charges.
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EXAMPLES OF USE
cDraw allows generation of chemical structure diagrams and reaction schemes in 

an easy and intuitive fashion; high-resolution images of molecules and reaction 
285 schemes can be readily embedded in documents such as articles and assignments, 

but also on posters and web sites. Export of drawings as SVG allows for further 
graphical modification with vector graphics software such as Inkscape.37

The use of fundamental drawing operations and features is demonstrated in video 
tutorials available on the project web site,29 and currently includes an introduction of 

290 basic drawing operations and detailed illustrations of drawing bonds, editing atoms 
as well as the drawing of a Retro-Diels-Alder reaction demonstrating the use of arc 
arrows, brackets and charges. cDraw has been downloaded by >350 users worldwide 
since its first release in February 2018, and we have used the software in a second-
year organic chemistry course that is taken by students from diverse ethnic 

295 backgrounds. Students used the software on a range of operating systems to prepare 
experiment protocols and laboratory reports. Our experience showed that the 
software was mastered quickly and enabled the inclusion of publication-quality 
figures in students’ work.

Beyond the mere technical capability, we believe that this project contributes to 
300 an in-depth approach that frequently plays an underrated role in modern educational 

institutions. The availability and usage of free software for educational activities at all 
levels, including the STEM disciplines, promotes to students the values of 
independence, cooperation, and capability. The ability to freely use, and ultimately 
examine the methods used is akin to the free availability of scientific literature with 

305 all the benefits that entails.38

CONCLUSION
The chemical drawing software cDraw is a standalone interactive desktop tool for 

generation and 2D chemical structures and reaction schemes that provides the 
fundamental chemical graphics elements and allows straightforward and quick 

310 generation of chemical diagrams in the most popular image formats. Because it has 
no other dependency than the Java virtual machine, it is conveniently deployed 
across different platforms. Its intuitive graphical user interface and support of 
different language environments makes the software particularly suitable for 
educational environments.

315 ASSOCIATED CONTENT
Supporting Information

The Supporting Information is available on the ACS Publications web site at DOI: 
10.1021/acs.jchemed.XXXXXXX.
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320 Structure generation from InChI (PDF)

Generation of InChI from drawn structure (PDF)
Deployment of cDraw in teaching and educational contexts (PDF)

AUTHOR INFORMATION
Corresponding Author

325 *E-mail: a.hofmann@griffith.edu.au

Page 8 of 13

ACS Paragon Plus Environment

Submitted to the Journal of Chemical Education

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



ed-2019-00073a Technology Report

Journal of Chemical Education 4/3/19Page 9 of 11

ORCID
Mark J Coster: 0000-0002-0910-6819
Andreas Hofmann: 0000-0003-4408-5467

ACKNOWLEDGMENTS
330 We gratefully acknowledge advice by Anna Ahveninen (Royal Australian Chemical 

Institute, Melbourne, Vic 3051, Australia). We are further very grateful for the efforts 
by the following colleagues who provided translations and tested the software: (in 
alphabetical order) Parisa Amani (Iranian Research Organization for Science and 
Technology, Tehran, Iran); Sonja Biberacher (Department of Biology, Friedrich-

335 Alexander-Universität Erlangen-Nürnberg, 91052 Erlangen, Germany); Megan Cross 
(Griffith Institute for Drug Discovery, Griffith University, Nathan, Australia); Angela 
Di Capua (Griffith Institute for Drug Discovery, Griffith University, Nathan, 
Australia); Carmen Fernandez (Departamento de Química Fundamental, 
Universidade de São Paulo, Brazil); Luciane F. Goes (Departamento de Química 

340 Fundamental, Universidade de São Paulo, Brazil); Do-Heon Gu (Department of 
Chemistry, Chonnam National University, Gwangju 61186, Republic of Korea); Nien-
Jen Hu (Institute of Biochemistry, National Chung Hsing University, Taichung City 
402, Taiwan); Nicolas Brenes Horvilleur (Griffith University, Nathan, Qld 4111, 
Australia); Jeong-Sun Kim (Department of Chemistry, Chonnam National University, 

345 Gwangju 61186, Republic of Korea); Anne Simon (Université Claude Bernard Lyon 1 
and Laboratoire Chimie et Biologie des Membranes et des Nanoobjets, Université de 
Bordeaux, Pessac, France); Mario Wibowo (Griffith Institute for Drug Discovery, 
Griffith University, Nathan, Qld 4111, Australia).

REFERENCES
350 (1) Stylianidou, F.; Ormerod, F.; Ogborn, J. Analysis of Science Textbook Pictures about Energy and Pupils’ 

Readings of Them. Int. J. Sci. Educ. 2002, 24 (3), 257–283. https://doi.org/10.1080/09500690110078905.
(2) Cook, M.; Wiebe, E. N.; Carter, G. The Influence of Prior Knowledge on Viewing and Interpreting Graphics 

with Macroscopic and Molecular Representations. Sci. Educ. 2008, 92 (5), 848–867. 
https://doi.org/10.1002/sce.20262.

355 (3) Loertscher, J.; Green, D.; Lewis, J. E.; Lin, S.; Minderhout, V. Identification of Threshold Concepts for 
Biochemistry. CBE—Life Sci. Educ. 2014, 13 (3), 516–528. https://doi.org/10.1187/cbe.14-04-0066.

(4) Osborne, R. J.; Wittrock, M. C. Learning Science: A Generative Process. Sci. Educ. 1983, 67 (4), 489–508. 
https://doi.org/10.1002/sce.3730670406.

(5) Seery, M.K.; Donnelly, R. The Implementation of Pre-Lecture Resources to Reduce In-class Cognitive Load: 
360 A Case Study for Higher Education Chemistry. Brit. J. Edu. Technol. 2012, 43 (4), 667-677. 

https://doi.org/10.1111/j.1467-8535.2011.01237.x.
(6) Prensky, M. Digital Natives, Digital Immigrants. https://www.marcprensky.com/writing/Prensky%20-

%20Digital%20Natives,%20Digital%20Immigrants%20-%20Part1.pdf (accessed Apr 2019).
(7) Kennedy, G.; Judd, T.; Dalgarno, B.; Waycott, J. Beyond Natives and Immigrants: Exploring Types of Net 

365 Generation Students. J. Comput. Assist. Learn. 2010, 26 (5), 332–343. https://doi.org/10.1111/j.1365-
2729.2010.00371.x.

(8) Johnson, L.; Adams Becker, S.; Estrada, V.; Freeman, A.; Kampylis, P.; Vuorikara, R.; Punie, Y. Horizon 
Report Europe - 2014 Schools Edition - EU Science Hub - European Commission. August 29, 2014.

(9) ECDL Foundation, S.-. The Fallacy of the “Digital Native”. http://ecdl.org/policy-publications/digital-
370 native-fallacy (accessed Apr 2019).

(10) Craig, P. A.; Michel, L. V.; Bateman, R. C. A Survey of Educational Uses of Molecular Visualization 
Freeware. Biochem. Mol. Biol. Educ. 2013, 41 (3), 193–205. https://doi.org/10.1002/bmb.20693.

(11) Dries, D. R.; Dean, D. M.; Listenberger, L. L.; Novak, W. R. P.; Franzen, M. A.; Craig, P. A. An Expanded 
Framework for Biomolecular Visualization in the Classroom: Learning Goals and Competencies. Biochem. 

375 Mol. Biol. Educ. 2017, 45 (1), 69–75. https://doi.org/10.1002/bmb.20991.

Page 9 of 13

ACS Paragon Plus Environment

Submitted to the Journal of Chemical Education

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://doi.org/10.1002/sce.3730670406
https://www.marcprensky.com/writing/Prensky%20-%20Digital%20Natives,%20Digital%20Immigrants%20-%20Part1.pdf
https://www.marcprensky.com/writing/Prensky%20-%20Digital%20Natives,%20Digital%20Immigrants%20-%20Part1.pdf
http://ecdl.org/policy-publications/digital-native-fallacy
http://ecdl.org/policy-publications/digital-native-fallacy


ed-2019-00073a Technology Report

Journal of Chemical Education 4/3/19Page 10 of 11

(12) Jaswal, S. S.; O’Hara, P. B.; Williamson, P. L.; Springer, A. L. Teaching Structure: Student Use of Software 
Tools for Understanding Macromolecular Structure in an Undergraduate Biochemistry Course. Biochem. 
Mol. Biol. Educ. 2013, 41 (5), 351–359. https://doi.org/10.1002/bmb.20718.

(13) Libman, D.; Huang, L. Chemistry on the Go: Review of Chemistry Apps on Smartphones. J. Chem. Educ., 
380 2013, 90 (3), 320-325. https://doi.org/10.1021/ed300329e.

(14) Todsen, W.L. ChemDoodle 6.0. J. Chem. Inf. Model., 2014, 54 (8), 2391-2393. 
https://doi.org/10.1021/ci500438j.

(15) Morsch, L.A.; Lewis, M. Engaging Organic Chemistry Students Using ChemDraw for iPad. J. Chem. Educ., 
2015, 92 (8), 1402-1405.https://doi.org/10.1021/acs.jchemed.5b00054.

385 (16) Probst, D.; Reymond,J.-L. SmilesDrawer: Parsing and Drawing SMILES-encoded Molecular Structures 
Using Client-side JavaScript. J. Chem. Inf. Model., 2018, 58 (1), 1-7. 
https://doi.org/10.1021/acs.jcim.7b00425.

(17) Evans, M. J.; Moore, J. S. A Collaborative, Wiki-Based Organic Chemistry Project Incorporating Free 
Chemistry Software on the Web. J. Chem. Educ. 2011, 88 (6), 764–768. 

390 https://doi.org/10.1021/ed100517g.
(18) Ertl, P. Molecular Structure Input on the Web. J. Cheminformatics 2010, 2, Article 1. 

https://doi.org/10.1186/1758-2946-2-1.
(19) Kosata, B.; Danne, R. BKChem. http://bkchem.zirael.org/ (accessed Apr 2019).
(20) Krause, S.; Willighagen, E.; Steinbeck, C. JChemPaint - Using the Collaborative Forces of the Internet to 

395 Develop a Free Editor for 2D Chemical Structures. Molecules 2000, 5 (1), 93–98. 
https://doi.org/10.3390/50100093.

(21) Trepalin, S. V.; Yarkov, A. V.; Pletnev, I. V.; Gakh, A. A. A Java Chemical Structure Editor Supporting the 
Modular Chemical Descriptor Language (MCDL). Molecules 2006, 11 (4), 219–231. 
https://doi.org/10.3390/11040219.

400 (22) Woodside Labs. XDrawChem. http://www.woodsidelabs.com/chemistry/xdrawchem.php (accessed Apr 
2019).

(23) Bienfait, B.; Ertl, P. JSME: A Free Molecule Editor in JavaScript. J. Cheminformatics 2013, 5, Article 24. 
https://doi.org/10.1186/1758-2946-5-24.

(24) Dallakian, P.; Haider, N. FlaME: Flash Molecular Editor - a 2D Structure Input Tool for the Web. J. 
405 Cheminformatics 2011, 3, Article 6. https://doi.org/10.1186/1758-2946-3-6.

(25) EPAM Life Sciences. Ketcher. http://lifescience.opensource.epam.com/ketcher/index.html (accessed Apr 
2019).

(26) Duan, L. JsMolEditor: An Open Source Molecule Editor for the next Generation Web. J. Cheminformatics 
2010, 2 (1), Article P3. https://doi.org/10.1186/1758-2946-2-S1-P3.

410 (27) Vieira, M.; Richardson, D. Analyzing Dependencies in Large Component-Based Systems. In Proceedings of 
the 17 th IEEE International Conference on Automated Software Engineering (ASE’02); 2002. 
https://doi.org/10.1109/ASE.2002.1115020.

(28) Sitzmann, M.; Ihlenfeld, W.-D.; Nicklaus, M. C. NCI/CADD: Open-Access Chemical Structure Web Platform. 
In Abstracts of Papers of the American Chemical Society; American Chemical Society: 1155 16th St, NW, 

415 Washington, DC 20036, USA, 2010; Vol. 239; No. 147.
(29) Hofmann, A. cDraw: A Java Chemical Drawing Software Application. 

http://www.structuralchemistry.org/pcsb/cdraw.php (accessed Apr 2019).
(30) Hofmann, A.; Wlodawer, A. PCSB--a Program Collection for Structural Biology and Biophysical Chemistry. 

Bioinformatics 2002, 18 (1), 209–210. https://doi.org/10.1093/bioinformatics/18.1.209.
420 (31) Adams, S. JNI-InChI. http://jni-inchi.sourceforge.net/ (accessed Apr 2019).

(32) Steinbeck, C.; Hoppe, C.; Kuhn, S.; Floris, M.; Guha, R.; Willighagen, E. L. Recent Developments of the 
Chemistry Development Kit (CDK) - an Open-Source Java Library for Chemo- and Bioinformatics. Curr. 
Pharm. Des. 2006, 12 (17), 2111–2120.

(33) Murray-Rust, P.; Rzepa, H. S. Chemical Markup, XML, and the World Wide Web. 4. CML Schema. J. Chem. 
425 Inf. Model. 2003, 43 (3), 757–772. https://doi.org/10.1021/ci0256541.

(34) Gakh, A. A.; Burnett, M. N. Modular Chemical Descriptor Language (MCDL): Composition, Connectivity, 
and Supplementary Modules. J. Chem. Inf. Comput. Sci. 2001, 41 (6), 1494–1499.

(35) Gakh, A. A.; Burnett, M. N.; Trepalin, S. V.; Yarkov, A. V. Modular Chemical Descriptor Language (MCDL): 
Stereochemical Modules. J. Cheminformatics 2011, 3 (1), Article 5. https://doi.org/10.1186/1758-2946-3-

430 5.
(36) Baerentsen, K. B.; Trettvik, J. An Activity Theory Approach to Affordance. In Proceedings of the Second 

Nordic Conference on Human-computer Interaction; NordiCHI ’02; ACM: New York, 2002; pp 51–60. 
https://doi.org/10.1145/572020.572028.

Page 10 of 13

ACS Paragon Plus Environment

Submitted to the Journal of Chemical Education

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://bkchem.zirael.org/
http://www.woodsidelabs.com/chemistry/xdrawchem.php
http://lifescience.opensource.epam.com/ketcher/index.html
http://www.structuralchemistry.org/pcsb/cdraw.php
http://jni-inchi.sourceforge.net/
https://doi.org/10.1145/572020.572028


ed-2019-00073a Technology Report

Journal of Chemical Education 4/3/19Page 11 of 11

(37) Inkscape Overview. https://inkscape.org/about/ (accessed Apr 2019).
435 (38) Stallman, R. M.; Gay, J.; Lessig, L. Free Software, Free Society: Selected Essays of Richard M. Stallman; 

CreateSpace Independent Publishing Platform, 2009.

Page 11 of 13

ACS Paragon Plus Environment

Submitted to the Journal of Chemical Education

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://inkscape.org/about/


Page 12 of 13

ACS Paragon Plus Environment

Submitted to the Journal of Chemical Education

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 13 of 13

ACS Paragon Plus Environment

Submitted to the Journal of Chemical Education

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


