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Abstract:

While chemistry exists in three-dimensions, it is published in two. This down-conversion
results in a significant loss in information and often necessitates multiple images/figures to convey
the complexity, intricacy, and beauty of a given structure. Outlined herein is a concise,
straightforward method for incorporating interactive three-dimensional (i-3D) figures into
manuscript pdfs. These figures can be generated from a variety of sources and allow for structures,
molecular orbitals, unit cells and crystal lattices, as well as biopolymers to be published in the same
information rich format as they are created and studied on our computers. These images can be
seen and interacted with by anyone reading the manuscript in the standard pdf software (Adobe
Reader) — and to fully appreciate this article, please read it using Adobe Reader. It is time for
chemistry publications to take advantage of the digital age.

Sixty years ago, the first three-dimensional model of a protein (myoglobin) was created
from X-Ray data.* This 3D model was then converted to a series of 2D images for publication to
showcase the various viewpoints. Since this time, our ability to create and explore molecules in
three-dimensions has significantly improved, allowing for the creation of beautiful representations
users can manipulate on their computer. However, while image quality has improved, the scientific
community is still limited by publishing their results as static, 2D images. This down-conversion
represents the biggest obstacle in clearly conveying complex chemical information — three-
dimensional structures, complexes, and interactions — in publications.

The depth of chemical knowledge which was possible to convey significantly improved
with the development of chemical drawing programs like ChemDraw,2 where complex structures,
stereochemistry, non-bonding interactions, and molecular orbitals could all be drawn in a
standardized format and easily incorporated into scientific papers. However, the representations of
these complex structures are chosen by the authors, and often multiple images are required to fully
convey the intended depiction® — whether the favorable/unfavorable interactions of transition states
or the different axes of crystal lattices (see SlI). Even with multiple images, a significant loss of
information must be accepted when publishing chemical/biological structures and complexes.

To date, there are few options for authors to transfer three-dimensional information to a
reader. Figures can be published in stereo, creating a 3D image of a single viewpoint — if readers
are capable of performing the visualization tricks necessary for seeing stereo images (Figure 1a),*
or as 2D images with QR codes for augmented reality viewing on a smartphone (Figure 1b).°



Figure 1: Representative examples of current methods for conveying three-dimensional molecular information in the
literature. a) Stereo pair of outer surface of adeno-associated virus-2, reconstructed from 3D electron microscope image
at 7.8 A resolution. Reproduced with permission from ref 4. b) The Chemdraw and Ortep depictions of morphine and
morphine hydrochloride,® respectively, with QR code for direct link to 3D augmented reality interactive viewing using
a smartphone app. Reproduced with permission from ref 5.

The dimensionality was limited as manuscripts were printed and bound in physical journals.
Today, the vast majority of manuscripts are read on computers or mobile devices.” Since 2004,
Adobe Reader — the freely available program generally utilized for creating and viewing pdfs — has
included the option for incorporation of 3D objects, and 3D images have been embedded in the text
of biological® and medical® journals, as well as in supporting documents.%!! Custom software
toolboxes enable the ready generation of the files necessary to incorporate into publications. 2

Several calls have been made for an easy, straightforward method for incorporating three-
dimensional structures into published pdfs, for both scholarly'®* and academic!! purposes. Even
though 3D pdfs would be exceedingly useful for chemists, they are almost entirely absent from the
chemical sciences.

Here, we present concise, straightforward methods to incorporate three-dimensional
structures of small molecules, molecular orbitals, complexes, crystal structures, and biopolymers
into manuscript pdfs for publication. These 3D figures are fully interactive, allowing for rotation
in all directions and zooming. The easy, stepwise process requires no more computer expertise than
opening and saving files and the same manipulation techniques used in common
drawing/visualization programs used in chemistry, biochemistry, and molecular biology
laboratories.

The key file type (.u3d) which is embedded into the final manuscript pdf can be generated
in two steps from a wide variety of file formats, including SMILES, xyz coordinates, .out, .fchk,
.cif, and .pdb files (Figure 2). These file formats are converted to .wrl files using a variety of
freeware or commercially available programs. Detailed, step-by-step instructions are provided in
the supporting information, along with a series of examples, video tutorials, and tips for tricky
functionalities/compounds. The .wrl file is then converted to .u3d file using an inexpensive,
commercially available program called PDF3D,% and is capable of rendering a wide variety of
chemically relevant images including structures, molecular orbitals, and ribbon diagrams of



proteins. As seen with this manuscript, many complex 3D images relevant to the chemical sciences
can be embedded into a single manuscript pdf without a prohibitive increase in file size.

wrl .u3dd

Figure 2: The respective workflows for creating interactive 3D images (black boxes) from a variety of file formats
that can directly be embedded into pdf documents. Detailed instructions and tutorials for each category are available
in the supporting information. In Adobe Reader, click to interact with the i-3D figures (black boxes, right). a)
Erythromycin (antibiotic). b) Cytotoxin protein suilysin from Streptococcus suis, reproduced with permission from ref
16. Color code: C: Gold, H: White, O: Red, N: Blue.

Three key pieces of molecular information are difficult to convey in two-dimensions:
conformation, chirality/symmetry, and complexity. The conformation of a molecule is critical to
understanding its stability and reactivity, and flat depictions belie the shape and orientation of a
molecule (Figure 2a, SI). This is particularly true for molecular orbitals and transition states, where
the ability to rotate, zoom, and explore a molecule’s or complex’s geometry provides a degree of
clarity lost in a two-dimensional format (Figure 3a,b). Rendering can be changed by the reader to
fully exploit a figure using the popup toolbar of the figure, for example changing the rendering
mode from solid to shaded wireframe to see the boron-boron triple bond in Figure 3b. Similarly,
depth is challenging to represent in 2D. With the ability to view a molecule from whichever
direction the reader chooses, and then seamlessly expand the molecule, concepts such as molecular
grooves, cavities, and chirality can be more easily comprehended and appreciated in published
manuscripts with interactive 3D (i-3D) figures (Figure 3c).



a. Transition States

b. Molecular Orbitals

Figure 3: Representative examples of small molecules exemplifying the increase in both the degree and quality of
information that can be conveyed in three-dimensions (right, black box) as opposed to two (left, grey dashed box). In
Adobe Reader, click to interact with the i-3D figures. a) A transition state ((S,R)-TSz*"OAce1f) of a chiral thiourea-
catalyzed enantioselective Pictet-Spengler cyclization (B3LYP-D3(BJ)/6-31+G(d,p)/CPCM(toluene) level of theory),
with dashed lines representing H-bonds, reproduced with permission from ref. 17. b) The LUMO orbitals of a CAAC-
stabilized linear diboracumulene (CAAC).B,, modified and reproduced with permission from ref 18. c) Crystal
packing of a triple-helicene cage, with enantiomers shown in blue and pink. Solvent molecules omitted for clarity and
the figure is reproduced with permission from ref 19. Color code for 3a: C: Dark grey, H: White, O: Red, N: Blue, Cl:
Green (2D image: Pink), S: Yellow. Color code for 3b C: Dark grey, H: White, B: Pink.

This method is broadly applicable, providing the opportunity to significantly enhance how
complicated chemical and biological information is conveyed in published work. Where this
technique truly excels is in situations where multiple viewpoints are desired. Traditionally, multiple
views (i.e. top, side) are required to convey an intended message/finding. The ability to allow the
reader to rotate a molecule, complex, crystal lattice, or biopolymer increases the degree of potential
understanding of the reader while minimizing space utilized on the page. Several representative
examples (Figure 4) showcase how the orientation and alignment of small molecules (Figure 4a,b),
complexes (Figure 4c), and crystals (Figure 4d) can be presented in a more rich format when
accompanied, or solely, by the respective i-3D image.
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Figure 4: Representative examples of complex structures showcasing the advantages of being able to explore multiple
viewpoints in an interactive format, depicted in their published two- (left, grey dashed boxes) and the i-3D versions
(right, black boxes). In Adobe Reader, click to interact with the i-3D figures. a) The closed form of a triple-layer
rhodium-based catalyst with views from the side and top, recreated from ref 20. Hydrogen atoms, solvent molecules,
and counter ions omitted for clarity. b) A disk-like single-molecule magnet ([Fe7"(N3)12(MeCN)12](ClO4),), reproduced
with permission from ref 21. ¢) A host-guest complex of an anthracene cyclic ring and Cgo (Nano-Saturn), reproduced
with permission from ref 22. d) Crystal packing of a furan/phenylene co-oligomer single crystal (1,4-bis{5-[4-
(trifluoromethyl)phenyl]furan-2-yl}benzene), reproduced with permission from ref 23. Color code for Figures 4a,4c
and 4d: C: Gold, H: White, O: red, S: Yellow, N: Blue, P: Orange, Rh: Turqoise, F: Green. Color code for Figure 4b:
C: Gold, H: White, N: Blue, Fe: Orange.

The ability to zoom into a figure allows the reader to gain significant clarity not just for
large/complex molecules, but also for crystal structures and metal-organic frameworks, where both
the unit cell/repeating unit and the crystal lattice can be shown in the same figure and along any
axis desired (Figure 5a,b). A single i-3D image of a microporous MOF can showcase the
pronounced Jahn-Teller distortion of the trans-oriented DMF molecules on the copper, the one-
dimensional alignment of the Cu?* ions, as well as the wide, rhombic channels of the layers (Figure
5a).24

The ability to zoom in and out of supramolecular cages allows for the comprehension and
examination of the contained space without the necessity of the author(s) depicting it with space
filling shapes, which block the back side of the cage. This can be appreciated both with the empty
Mi2L 24 polyhedra “molecular flask”,2® allowing readers to zoom into and explore the cavity (Figure
5¢), and a neutral tetrahedron cage encapsulating a benzene molecule (Figure 5d).2
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Figure 5: Representative examples where the ability to zoom increases the understanding conveyed and allows for
exploration of the complexes depicted, shown here in their published two- (left, grey dashed boxes) and the i-3D
versions (right, black boxes). In Adobe Reader, click to interact with the i-3D figures. a) Selected portions of the crystal
structure of a copper-complex showing the copper (purple spheres) chain and layers. Hydrogen atoms and solvent
molecules omitted for clarity, reproduced with permission from ref 24. b) The published side and top views of a 2D
perovskite based on Lindqvist-type [PbsBrig]; nanoclusters, recreated from ref 27. c) Solid-state structure of the
supramolecular cage comprised of Pdi,L1,4-24BF4, with counterions and disordered sites omitted for clarity. Figure
reproduced with permission from ref 25. d) A benzene molecule encapsulated within a charge-neutral tetrahedral cage,
reproduced with permission from ref 26. Color code for Figure 5a and 5c: C: Gold, H: White, O: red, N: Blue, Cu:
Orange, Pd: Turquoise. Color code for Figure 5b: Br: Red, Pb: Black. Color code for Figure 5d: C: black, H: White,
O: Red, N: Blue, P: Pink, Pd: Orange.

Visualizing the intricacies of biopolymers has long been the target of publishing i-3D
figures.'* Here, the ability to interact with the figure is paramount to understand and appreciate the
complexity of these large molecules/complexes. The restricted 2D publishing format forces authors
to utilize significant space to convey all the intricacies of their research. A representative example
is the crystal structure of a Y-family DNA polymerase in action.?® Only a selection of the figures
the authors utilized to depict this crystal structure are shown in Figure 6. The different axial
viewpoints, the different zoom depths, and the intricacies of the active site can fully be explored
and conveyed in a single i-3D figure.
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Figure 6: A representative example of the multiple viewpoints and zoom depths necessary to convey the complexity
of biopolymers and biological complexes, such as the Y-family DNA polymerase complexed to a piece of double-
stranded DNA. The published 2D (left, grey dashed boxes) figures are reproduced with permission from ref 28. The
single i-3D version is shown to the right (black box). In Adobe Reader, click to interact with the i-3D image. Color
code: C: Gold, H: White, Oxygen: Red, S: Yellow, N: Blue, P: Orange, Ca: Green

In 1958, the first three-dimensional structure was obtained from a crystal structure! and
depicted by multiple viewpoints to display all sides of this iron- and oxygen-binding protein. This
seminal work is compared to the interactive three-dimensional representation in Figure 7.

Figufé 7: '(Léft')"'l'h'e'(')r'ig'ihé'l 'figure depicting the multiple viewpoints of myoglobin, reproduced with permission from
ref 1. (Right) The i-3D image of same crystal structure, solvent molecules omitted for clarity. In Adobe Reader, click
to interact with the i-3D image. Color code: C: Gold, Oxygen: Red, N: Blue, Fe: Orange.

In conclusion, molecules are three-dimensional, and the ability to depict the intricacies,
complexities, and orientations of structures and complexes is paramount to successfully convey
findings in publications. While authors have traditionally been restricted to creating static two-
dimensional figures, the shift from print to online publication allows authors to create and publish
interactive, information-rich three-dimensional figures — complementing or replacing traditional
representations. Interactive 3D figures save space and increase the worth of figures depicting
chemical structures/complexes/interactions. The process to incorporate these figures into



manuscript pdfs is concise and straightforward and is outlined in detail in the supporting documents
and videos. It is time for chemistry publications to take advantage of the digital age.
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Supporting Information:

Detailed procedures and tutorials for the generation of .u3d files from a variety of sources,
and for their incorporation into manuscript pdfs. Troubleshooting is also provided for all functional
groups and compounds identified in the course of this work that required additional steps. Video
tutorials showing the steps of conversion are provided. Additional examples of all classes of
organic, organometallic, inorganic, and biological compounds are provided.
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