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1.0 INTRODUCTION

ChemNetworks is a multipurpose tool for performing topological analyses of chemical networks defined by intermolecular interactions. It processes the Cartesian coordinates of chemical systems into network/graph formalism and applies topological network analyses including the Network neighborhood, the determination of geodesic pathways, the degree census, direct structural searches, and the distribution of defect states of network. These properties can help to understand the network patterns and organization that may influence physical properties and chemical reactivity.  ChemNetworks is a series of codes written primarily in C, with some limited post-processing performed using scripts in the R statistical computing language. This software is a completely generalized tool that can be used to understand a very large range of chemical systems that include complex solutions, liquid interfaces, self-assemblies, or pure liquids undergoing phase changes.

Workflow for ChemNetworks
[image: ]
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2.0 INSTALLATION AND COMPILATION

The ChemNetworks package is freeware and can be downloaded from the website aclark.chem.wsu.edu/software. It consists of the source files written in C, a header file, a make file for compilation, example input and output files stored in the Examples folder, utilities folder including a script written in R language for post-processing, and this user’s manual.
In order to compile ChemNetworks source code, use the make file provided:
make -f MakeFile 
This will generate an executable named ChemNetworks.exe. This executable reads the input file and the .xyz Cartesian coordinate files for the chemical species under consideration. 

3.0 RUNNING ChemNetworks
Use following syntax to run ChemNetworks:
./ChemNetworks.exe {Inputfile.input} {Solvent.xyz files} {Solute.xyz files} 
For example, for a chemical system of a ternary solution phase mixture, use following;

./ChemNetworks.exe Inputfile Solvent1 Solvent2 Solvent3
 
Inputfile: the input file for ChemNetworks

Solvent1: the .xzy filename for the 1st solvent defined in the input file

Solvent2: the .xzy filename for the 2nd solvent defined in the input file

Solvent3: the .xzy filename for the 3rd solvent defined in the input file

Note that the order of the filenames used when running the executable and the order of the chemical species defined in the input file must match. 
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4.0 KEYWORD LIST

ChemNetworks is designed to work primarily with chemical mixtures and thus the notation of a
major component “solvent” and a minor component “solute” is adopted. The list of all keywords is given in this section. The minimum required keywords are highlighted with bold fonts. The use of the other keywords depends on the user input for the required keywords. The values entered for the required keywords determine the additional keywords that are needed.  Therefore, the input file is highly dynamic and specific for the type of chemical system of interest and type of the desired network and network analyses. See Examples (Section 6) for sample input files.  

[NUMBER OF SOLVENT TYPES] The number of different types of “solvent” species. Max. is 3. 
[NUMBER OF SOLUTE TYPES] The number of different types of “solute” species. Max. is 2.
[NUMBER OF ATOMS IN SOLVENT1] The number of atoms in “solvent1” molecule. Then, the atom labels with their positions/orders within the molecule must be written. These must be consistent with the corresponding .xyz file.
[NUMBER OF ATOMS IN SOLVENT2] Must be specified if the [NUMBER OF SOLVENT TYPES] has value of 2.
[NUMBER OF ATOMS IN SOLVENT3] Must be specified if the [NUMBER OF SOLVENT TYPES] has value of 3.
[NUMBER OF ATOMS IN SOLUTE1] Must be specified if the [NUMBER OF SOLUTE TYPES] has value of 1. The number of atoms in “solute1” molecule. Then, the atom labels with their positions in the molecule must be written. These must be consistent with the corresponding .xyz file.
[NUMBER OF ATOMS IN SOLUTE2] Must be specified if the [NUMBER OF SOLUTE TYPES] has value of 2.
[PERIODIC BOUNDARY CONDITIONS] 1 (Yes, take into account the periodic boundary conditions); 0 (No)
[BOX XSIDE] Specify the rectangular simulation box dimensions (x-side) if the value of [PERIODIC BOUNDARY CONDITIONS] is 1.
[BOX YSIDE] The simulation box dimensions (y-side)
[BOX ZSIDE] The simulation box dimensions (z-side)
[GRAPH SOLVENT1 SOLVENT1] 1 (Yes, construct the H-bond network of “solvent1”); 0 (No)
[SOLVENT1 SOLVENT1 HBOND DISTANCE] Must be specified if the value of [GRAPH SOLVENT1 SOLVENT1] is 1. The H-bond distance criteria between “solvent1” molecules are specified between the pairs of atoms of “solvent1” molecules.
ChemNetworks Manual

[SOLVENT1 SOLVENT1 HBOND ANGLE] Must be specified if the value of [GRAPH SOLVENT1 SOLVENT1] is 1. The H-bond angle criteria between “solvent1” molecules are specified between the atoms of “solvent1” molecules.
[GRAPH SOLVENT2 SOLVENT2] 1 (Yes, construct the H-bond network of “solvent2”); 0 (No)
[SOLVENT1 SOLVENT2 HBOND DISTANCE] Must be specified if the value of [GRAPH SOLVENT2 SOLVENT2] is 1. The H-bond distance criteria between “solvent2” molecules are specified between the pairs of atoms of “solvent2” molecules.
[SOLVENT1 SOLVENT2 HBOND ANGLE] Must be specified if the value of [GRAPH SOLVENT2 SOLVENT2] is 1. The H-bond angle criteria between “solvent2” molecules are specified between the atoms of “solvent2” molecules.
[GRAPH SOLVENT3 SOLVENT3] 1 (Yes, construct the H-bond network of “solvent3”); 0 (No)
[SOLVENT3 SOLVENT3 HBOND DISTANCE] Must be specified if the value of [GRAPH SOLVENT3 SOLVENT3] is 1. The H-bond distance criteria between “solvent3” molecules are specified between the pairs of atoms of “solvent3” molecules.
[SOLVENT3 SOLVENT3 HBOND ANGLE] Must be specified if the value of [GRAPH SOLVENT3 SOLVENT3] is 1. The H-bond angle criteria between “solvent3” molecules are specified between the atoms of “solvent3” molecules.
[GRAPH SOLVENT1 SOLVENT2] 1 (Yes, construct the network formed between “solvent1” and “solvent2” H-bonds); 0 (No)
[SOLVENT1 SOLVENT2 HBOND DISTANCE] Must be specified if the value of [GRAPH SOLVENT1 SOLVENT2] is 1. The H-bond distance criteria between “solvent1” and “solvent2” molecules are specified between the pairs of atoms of “solvent1” and “solvent2” molecules.
[SOLVENT1 SOLVENT2 HBOND ANGLE] Must be specified if the value of [GRAPH SOLVENT1 SOLVENT2] is 1. The H-bond angle criteria between “solvent1” and “solvent2”molecules are specified between the atoms of “solvent1” and “solvent2” molecules. 
[GRAPH SOLVENT1 SOLVENT3] 1 (Yes, construct the network formed between “solvent1” and “solvent3” H-bonds); 0 (No)
 [SOLVENT1 SOLVENT3 HBOND DISTANCE] Must be specified if the value of [GRAPH SOLVENT1 SOLVENT3] is 1. The H-bond distance criteria between “solvent1” and “solvent3” molecules are specified between the pairs of atoms of “solvent1” and “solvent3” molecules.
[SOLVENT1 SOLVENT3 HBOND ANGLE] Must be specified if the value of [GRAPH SOLVENT1 SOLVENT3] is 1. The H-bond angle criteria between “solvent1” and “solvent3” molecules are specified between the atoms of “solvent1” and “solvent3” molecules.
[GRAPH SOLVENT1 SOLUTE1] 1 (Yes, construct the network formed between “solvent1” and “solute1” H-bonds); 0 (No)
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[SOLVENT1 SOLUTE1 CUTOFF] Must be specified if the value of [GRAPH SOLVENT1 SOLUTE1] is 1. The cutoff distance criteria between “solvent1” and “solute1” molecules are specified between the pairs of atoms of “solvent1” and “solute1” molecules.
[GRAPH SOLVENT1 SOLUTE2] 1 (Yes, construct the network formed between “solvent1” and “solute2” H-bonds); 0 (No)
[SOLVENT1 SOLUTE2 CUTOFF] Must be specified if the value of [GRAPH SOLVENT1 SOLUTE2] is 1. The cutoff distance criteria between “solvent1” and “solute2” molecules are specified between the pairs of atoms of “solvent1” and “solute2” molecules.
[GRAPH SOLVENT2 SOLVENT3] 1 (Yes, construct the network formed between “solvent2” and “solvent3” H-bonds); 0 (No)
[SOLVENT2 SOLVENT3 HBOND DISTANCE] Must be specified if the value of [GRAPH SOLVENT2 SOLVENT3] is 1. The H-bond distance criteria between “solvent2” and “solvent3” molecules are specified between the pairs of atoms of “solvent2” and “solvent3” molecules.
[SOLVENT2 SOLVENT3 HBOND ANGLE] Must be specified if the value of [GRAPH SOLVENT2 SOLVENT3] is 1. The H-bond angle criteria between “solvent2” and “solvent3” molecules are specified between the atoms of “solvent2” and “solvent3” molecules.
[GRAPH SOLVENT2 SOLUTE1] 1 (Yes, construct the network formed between “solvent2” and “solute1” H-bonds); 0 (No)
[SOLVENT2 SOLUTE1 CUTOFF] Must be specified if the value of [GRAPH SOLVENT2 SOLUTE1] is 1. The cutoff distance criteria between “solvent2” and “solute1” molecules are specified between the pairs of atoms of “solvent2” and “solute1” molecules.
[GRAPH SOLVENT2 SOLUTE2] 1 (Yes, construct the network formed between “solvent2” and “solute2” H-bonds); 0 (No)
 [SOLVENT2 SOLUTE2 CUTOFF] Must be specified if the value of [GRAPH SOLVENT2 SOLUTE2] is 1. The cutoff distance criteria between “solvent2” and “solute2” molecules are specified between the pairs of atoms of “solvent2” and “solute2” molecules.
[GRAPH SOLVENT3 SOLUTE1] 1 (Yes, construct the network formed between “solvent3” and “solute1” H-bonds); 0 (No)
[SOLVENT3 SOLUTE1 CUTOFF] Must be specified if the value of [GRAPH SOLVENT3 SOLUTE1] is 1. The cutoff distance criteria between “solvent3” and “solute1” molecules are specified between the pairs of atoms of “solvent3” and “solute1” molecules.
[GRAPH SOLVENT3 SOLUTE2] 1 (Yes, construct the network formed between “solvent3” and “solute2” H-bonds); 0 (No)
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 [SOLVENT3 SOLUTE2 CUTOFF] Must be specified if the value of [GRAPH SOLVENT3 SOLUTE2] is 1. The cutoff distance criteria between “solvent3” and “solute2” molecules are specified between the pairs of atoms of “solvent3” and “solute2” molecules.
[GRAPH SOLVENT1 SOLVENT2 SOLVENT3] 1 (Yes, construct the H-bond network of entire system of  “solvent1”, “solvent2” and “solvent3”); 0 (No)
[PRINT NUMBER OF NODES] 1 (Yes, print the number of nodes within every graph); 0 (No)
[SOLUTE1 WATER DIPOLE ORIENTATIONS] 1 N  1: (Yes, get the water dipole angles w.r.t. the “solute1” species); N: Water is the Nth “solvent” defined in the input file.
[SOLUTE2 WATER DIPOLE ORIENTATIONS] 0 (No) 
[SOLVENT WATER DIPOLE ORIENTATIONS] 1 N M  1: (Yes, get the water dipole angles w.r.t. the Mth “solvent” defined in the input file);  N: Water is the Nth “solvent” defined in the input file. 
[GEODESICS GD] 1 (Yes, calculate the geodesic distance (gd) matrix and Euclidean distance for all requested graph/network type. Then, all keywords below starting with GD are required); 0 (No)
[GD SOLVENT1] 1 (Yes, calculate gd matrix for the network obtained from [GRAPH SOLVENT1 SOLVENT1] keyword); 0 (No)
[GD SOLVENT1 EUCLIDEAN DISTANCE] 1 (Yes, calculate Euclidean distance between the terminal nodes of all geodesic pathways within the network obtained from [GRAPH SOLVENT1 SOLVENT1] keyword); 0 (No) 
[GD SOLVENT1 EUCLIDEAN REFERENCE] N  Calculate the Euclidean distance between the reference atoms, whose order number is N as defined in [NUMBER OF ATOMS IN SOLVENT1] keyword, of terminal nodes.  
[GD SOLVENT2] 1 (Yes, calculate gd matrix for the network obtained from [GRAPH SOLVENT2 SOLVENT2] keyword); 0 (No)
[GD SOLVENT2 EUCLIDEAN DISTANCE] 1 (Yes, calculate Euclidean distance between the terminal nodes of all geodesic pathways within the network obtained from [GRAPH SOLVENT2 SOLVENT2] keyword); 0 (No)
[GD SOLVENT2 EUCLIDEAN REFERENCE] N  Calculate the Euclidean distance between the reference atoms, whose order number is N as defined in [NUMBER OF ATOMS IN SOLVENT2] keyword, of terminal nodes.   
[GD SOLVENT3] 1 (Yes, calculate gd matrix for the network obtained from [GRAPH SOLVENT3 SOLVENT3] keyword); 0 (No)
[GD SOLVENT3 EUCLIDEAN DISTANCE] 1 (Yes, calculate Euclidean distance between the terminal nodes of all geodesic pathways within the network obtained from [GRAPH SOLVENT3 SOLVENT3] keyword); 0 (No)
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[GD SOLVENT3 EUCLIDEAN REFERENCE] N  Calculate the Euclidean distance between the reference atoms, whose order number is N as defined in [NUMBER OF ATOMS IN SOLVENT3] keyword, of terminal nodes.  
[GD SOLVENT1 SOLVENT2] 1 (Yes, calculate gd matrix for the network obtained from [GRAPH SOLVENT1 SOLVENT2] keyword); 0 (No)
[GD SOLVENT1 SOLVENT2 EUCLIDEAN DISTANCE] 1 (Yes, calculate Euclidean distance between the terminal nodes of all geodesic pathways within the network obtained from [GRAPH SOLVENT1 SOLVENT2] keyword); 0 (No)
[GD SOLVENT1 SOLVENT2 EUCLIDEAN REFERENCE] M N  Calculate the Euclidean distance between the reference atoms, whose order number are M for “solvent1” and N for “solvent2”, of terminal nodes.
[GD SOLVENT1 SOLVENT3] 1 (Yes, calculate gd matrix for the network obtained from [GRAPH SOLVENT1 SOLVENT3] keyword); 0 (No)
[GD SOLVENT1 SOLVENT3 EUCLIDEAN DISTANCE] 1 (Yes, calculate Euclidean distance between the terminal nodes of all geodesic pathways within the network obtained from [GRAPH SOLVENT1 SOLVENT3] keyword); 0 (No)
[GD SOLVENT1 SOLVENT3 EUCLIDEAN REFERENCE] M N  Calculate the Euclidean distance between the reference atoms, whose order number are M for “solvent1” and N for “solvent3”, of terminal nodes.
[GD SOLVENT2 SOLVENT3] 1 (Yes, calculate gd matrix for the network obtained from [GRAPH SOLVENT2 SOLVENT3] keyword); 0 (No)
[GD SOLVENT2 SOLVENT3 EUCLIDEAN DISTANCE] 1 (Yes, calculate Euclidean distance between the terminal nodes of all geodesic pathways within the network obtained from [GRAPH SOLVENT2 SOLVENT3] keyword); 0 (No)
[GD SOLVENT2 SOLVENT3 EUCLIDEAN REFERENCE] M N  Calculate the Euclidean distance between the reference atoms, whose order number are M for “solvent2” and N for “solvent3”, of terminal nodes.
[GD SOLVENT1 SOLVENT2 SOLVENT3] 1 (Yes, calculate gd matrix for the network obtained from [GRAPH SOLVENT1 SOLVENT2 SOLVENT3] keyword); 0 (No)
[GD SOLVENT1 SOLVENT2 SOLVENT3 EUCLIDEAN DISTANCE] 1 (Yes, calculate Euclidean distance between the terminal nodes of all geodesic pathways within the network obtained from [GRAPH SOLVENT1 SOLVENT2 SOLVENT3] keyword); 0 (No)
[GD SOLVENT1 SOLVENT2 SOLVENT3 EUCLIDEAN REFERENCE] M N P Calculate the Euclidean distance between the reference atoms (whose order number are M for “solvent1”, N for “solvent2”, and P for “solvent3”) of terminal nodes.
[WATER STRUCTURES] 1 N  1: (Yes, search for water oligomers. Then, all keywords below starting with WATER are required), 0 (No); N: Water is the Nth “solvent” defined in the input file.
[WATER HEXAMER RING] 1 (Yes, search for cyclic ring hexamers); 0 (No)
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[WATER HEXAMER BOOK] 1 (Yes, search for book hexamers); 0 (No)
[WATER HEXAMER PRISM] 1 (Yes, search for prism hexamers); 0 (No)
[WATER HEXAMER CAGE] 1 (Yes, search for cage hexamers); 0 (No)
[WATER HEXAMER BAG] 1 (Yes, search for bag hexamers); 0 (No)
[WATER HEXAMER BOAT] 1 (Yes, search for boat hexamers); 0 (No)
[WATER HEXAMER CHAIR] 1 (Yes, search for chair hexamers); 0 (No)
[WATER HEXAMER PRISMBOOK] 1 (Yes, search for prismbook hexamers); 0 (No)
[WATER PENTAMER SEARCH] 1 (Yes, search for cyclic pentamers); 0 (No)
[WATER TETRAMER SEARCH] 1 (Yes, search for cyclic tetramers); 0 (No)
[WATER TRIMER SEARCH] 1 (Yes, search for cyclic trimers); 0 (No)
[WATER ISOLATED STRUCTURES] 1 (Yes, search for all isolated oligomers requested above);        0 (No)
[POLYHEDRA] 1 (Yes,  search for polyhedral graphs. Then the following keywords are required) 0 (No)
[MAX SHELL SIZE] N (Only include up to N atoms in in the solvation shell. Will print a warning if this is exceeded.)
[POLYHEDRA EDGE CERTAINTY BOUNDS] N (There are N bounds described below)
SHELLSIZE MIN_EDGE MAX_EDGE (For SHELLSIZE, edges are created for all lengths below MIN_EDGE, and are considered for all edges between MIN_EDGE and MAX_EDGE.) 
[PAIRED SHELL DISTANCES] 1 (Yes, output distances between “polyhedra-eligible” atoms in the solvation shell. Requires MAX SHELL SIZE Keyword.), 0 (No)




Note for Version-2.2 updates:

In the previous-version, each specific solvent-solvent interaction is determined by a distance-criterion and an angle-criterion, by default the distance-criterion sets an upper boundary and the angle-criterion sets a lower boundary, in other words, the solvent-solvent interaction is identified when the chosen distance is less than the distance-criterion and the chosen angle is larger than the angle-criterion. In the updated version-2.2, two criteria for distance and two criteria for angle are used for a specific solvent-solvent interaction, i.e. both the lower boundary and the upper boundary should be set for distance and angle, such that the ChemNetworks can selectively choose the solvent-solvent interaction when the distance and/or angle falls in a certain range. In this way, it provides variability for chosen a distance range and/or angle range for the definition of interaction
This Version-2.2 only works for creating the .Graph and .GraphGeod files, and it may not work for POLYGEDRAL STRUCTURE search and other analysis. 

Examples: (also refer to section-6.0 of this manual)

Under keyword [SOLVENT1 SOLVENT1 HBOND DISTANCE]
 In previous-version, you can set an interaction as “1 2 2.50”, which means the atom-index #1 from a solvent1-molecule is interacting with the atom-index #2 from another solvent1-molecule when the distance is less than 2.50 Å
 In Version-2.2, this keyword should be set with two criteria, like “1 2 0.00 2.50”, the additional number 0.00 is the lower boundary for this interaction.

Similarly, under keyword [SOLVENT1 SOLVENT1 HBOND ANGLE], with 1 atom from first molecule and 2 atoms from another atom
 In previous-version, you can set an interact as “1 2 1 150.0”, wherein the interaction is defined when the angle formed among atom-index#1 from one molecule, and atom-index#2 and atom-index#1 from another molecule is larger than 150.0 degree.
 In Version-2.2, this keyword should be set with two criteria, like “1 2 1 150.0 180.0”, the additional 180.0 is the upper boundary.

Similarly, other keywords that use one criterion have been updated to incorporate two criteria, so put a lower boundary first and then an upper boundary. Such updates apply to keywords, such as:
[SOLVENT1 SOLVENT1 HBOND DISTANCE]
[SOLVENT1 SOLVENT1 HBOND ANGLE]
…
[SOLVENT1 SOLUTE1 CUTOFF]
…
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5.0 GEOMETRIC CRITERIA FOR WATER OLIGOMERS

[image: ]Direct structural search of specific water oligomers is invoked using the [WATER STRUCTURES] keyword as introduced in previous section. There has been historically a strong interest in the presence of polygons and cyclic oligomers of the form (H2O)3-5, and water hexamers, (H2O)6 (the bag, boat, book, cage, chair, prism, prismbook, and ring configurations). ChemNetworks incorporates geometric criteria for vertex angles and dihedrals for these structures, allowing for thermally induced angular deformations. The details are given below.
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6.0 EXAMPLES

In this section, sample input and output files will be discussed for the bulk water, water/Formamide binary mixture, Water/Uranyl mixture, and Water/Methanol/Ethanol ternary mixture. 

6.1 BULK WATER
A single snapshot from the molecular dynamics simulation of bulk water at room temperature will be used for the purpose of illustrating the ChemNetworks input file preparation. A detailed explanation of the input and output files will be provided. 
Input File (Water.input)
The blue numbers on the left of this sample input file are line numbers for reference in this manual, and are not used in practice.
1    [NUMBER OF SOLVENT TYPES] 1
2    [NUMBER OF SOLUTE TYPES] 0
3    [NUMBER OF ATOMS IN SOLVENT1] 3
4     O 1
5     H 2
6     H 3
7     [PERIODIC BOUNDARY CONDITIONS] 1
[image: ]8     [BOX XSIDE] 18.643
9     [BOX YSIDE] 18.643
10   [BOX ZSIDE] 18.643
11   [GRAPH SOLVENT1 SOLVENT1] 1
12   [SOLVENT1 SOLVENT1 HBOND DISTANCE] 4
13   1 2 0.00 2.50
14   1 3 0.00 2.50
15   2 1 0.00 2.50
16   3 1 0.00 2.50
17   [SOLVENT1 SOLVENT1 HBOND ANGLE] 4
18   1 2
19   1 2 1 150.0 180.0
20   1 2
21   1 3 1 150.0 180.0
22   2 1
23   1 2 1 150.0 180.0                                                          Figure 1. Water-Water hydrogen bonding interactions through all possible O...H pairs.
24   2 1 
25   1 3 1 150.0 180.0
26   [GRAPH SOLVENT2 SOLVENT2] 0
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27   [GRAPH SOLVENT3 SOLVENT3] 0
28   [GRAPH SOLVENT1 SOLVENT2] 0
29   [GRAPH SOLVENT1 SOLVENT3] 0 
30   [GRAPH SOLVENT1 SOLUTE1] 0
31   [GRAPH SOLVENT1 SOLUTE2] 0
32   [GRAPH SOLVENT2 SOLVENT3] 0
33   [GRAPH SOLVENT2 SOLUTE1] 0
34   [GRAPH SOLVENT2 SOLUTE2] 0
35   [GRAPH SOLVENT3 SOLUTE1] 0
36   [GRAPH SOLVENT3 SOLUTE2] 0
37   [GRAPH SOLVENT1 SOLVENT2 SOLVENT3] 0
38   [PRINT NUMBER OF NODES] 1
39   [GEODESICS GD] 1
40   [GD SOLVENT1] 1
41   [GD SOLVENT1 EUCLIDEAN DISTANCE] 1
42   [GD SOLVENT1 EUCLIDEAN REFERENCE] 1 
43   [GD SOLVENT2] 0
44   [GD SOLVENT2 EUCLIDEAN DISTANCE] 0
45   [GD SOLVENT2 EUCLIDEAN REFERENCE] 0 
46   [GD SOLVENT3] 0
47   [GD SOLVENT3 EUCLIDEAN DISTANCE] 0
48   [GD SOLVENT3 EUCLIDEAN REFERENCE] 0
49   [GD SOLVENT1 SOLVENT2] 0
50   [GD SOLVENT1 SOLVENT2 EUCLIDEAN DISTANCE] 0
51   [GD SOLVENT1 SOLVENT2 EUCLIDEAN REFERENCE] 0 0
52   [GD SOLVENT1 SOLVENT3] 0
53   [GD SOLVENT1 SOLVENT3 EUCLIDEAN DISTANCE] 0
54   [GD SOLVENT1 SOLVENT3 EUCLIDEAN REFERENCE] 0 0
55   [GD SOLVENT2 SOLVENT3] 0
56   [GD SOLVENT2 SOLVENT3 EUCLIDEAN DISTANCE] 0
57   [GD SOLVENT2 SOLVENT3 EUCLIDEAN REFERENCE] 0 0
58   [GD SOLVENT1 SOLVENT2 SOLVENT3] 0
59   [GD SOLVENT1 SOLVENT2 SOLVENT3 EUCLIDEAN DISTANCE] 0
60   [GD SOLVENT1 SOLVENT2 SOLVENT3 EUCLIDEAN REFERENCE] 0 0 0
61   [SOLUTE1 WATER DIPOLE ORIENTATIONS] 0
62   [SOLUTE2 WATER DIPOLE ORIENTATIONS] 0
63   [SOLVENT WATER DIPOLE ORIENTATIONS] 0 0 0
64   [WATER STRUCTURES] 1 1
65   [WATER HEXAMER RING] 0 
66   [WATER HEXAMER BOOK] 0 
67   [WATER HEXAMER PRISM] 0 
68   [WATER HEXAMER CAGE] 0 
69   [WATER HEXAMER BAG] 0 
70   [WATER HEXAMER BOAT] 0 
71   [WATER HEXAMER CHAIR] 1 
72   [WATER HEXAMER PRISMBOOK] 0
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73   [WATER PENTAMER SEARCH] 0 
74   [WATER TETRAMER SEARCH] 1 
75   [WATER TRIMER SEARCH] 0 
76   [WATER ISOLATED STRUCTURES] 0

Line 1: Required keyword for the number of major species of interest. Integer value is 1, here, as we will construct and analyze the H-bond network of bulk water only.

Line 2: Required keyword for the number of minor species of interest. Integer value is 0, here, as bulk water is the only species of interest.

Line 3: Number of atoms in a water molecule is 3.

Lines 4 to 6: Atom labels used in the .xyz file for the water, and their position/order numbers next to labels. Here, the water molecule is described as OHH; oxygen is the first, with label “O” and then the hydrogens with the label “H” for both.  There are absolutely no restrictions on the atom labels used and the way they are ordered to describe the molecule of interest.  

Line 7: Periodic boundary conditions are requested to be taken into account across the boundaries of the rectangular box of which has dimensions must be provided.

Lines 8 to 10: X-, Y-, and Z-dimensions of the box, respectively. Must be given in angstroms. Here, we have a cubic box of side-length 18.643Å.

Line 11: The water H-bond graph/network is requested to be constructed.

Line 12: The number of H-bond interactions to be used to describe the edges (H-bond) between two water molecules (see Figure 1). Here, there are four possible O...H pairs for the two waters. 

Lines 13 to 16: Distance criteria for the edge formation. The cutoff distance between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom) is set to 2.5 Å (line 13). The cutoff distance between the 1st atom of water A (O-atom) and the 3rd atom of water B (H-atom) is set to 2.5 Å (line 14).  The cutoff distance between the 2nd atom of water A (H-atom) and the 1st atom of water B (O-atom) is set to 2.5 Å (line 15).  The cutoff distance between the 3rd atom of water A (H-atom) and the 1st atom of water B (O-atom) is set to 2.5 Å (line 16). (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)

Line 17: The number of H-bond interactions to be used to describe the edges (H-bond) between two water molecules (see Figure 1). Here, there are four possible O...H pairs for the two waters. The value here must match the one entered in line 12.
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Lines 18 to 25: Angle criteria for the edge formation. Angle requires 3 atoms, 2 of which from one water and 1 atom from the other water. The H-atom is always at the middle (OHO) in the angle definitions. When 1 atom is from the 1st molecule and 2 atoms from the 2nd molecule “1 2” combination is used (lines 18 and 20), whereas when 2 atoms are from the 1st molecule and 1 atom from the 2nd molecule “2 1” combination is used (lines 22 and 24). The order of angle criteria must be consistent with the order of distance criteria. Line 18: 1 atom from water A, and 2 atoms from water B. Line 19: The angle cutoff between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom), these two atoms were used in line 13, and the 1st atom of water B (O-atom) is set to 150.0°. Therefore, whenever the distance between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom) is less than 2.5 Å, and the angle between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom), and the 1st atom of water B (O-atom) is larger than 150.0°, an edge will be formed between the water A and water B. As you can see, lines 13 and 19 define geometric criteria (distance and angle) together. Similarly, lines 14 and 21; lines 15 and 23; and lines 16 and 25 match in defining the geometric criteria. All pairs of water molecules satisfying one of these criteria will be considered H-bonded and printed as pairs in the output file ending with .Graph. (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)  
 
Lines 26 to 37: All other keywords (starting with GRAPH) for graph/network construction are set to 0, as bulk water is the only chemical system at hand.

Line 38: The number of vertices/nodes (water molecules in this example) making up the graph/network will be printed in an output file ending with .GraphNumnodes.

Line 39: The geodesic distance (gd) matrix and Euclidean distance for the water H-bond network will be calculated.

Line 40: The gd matrix for the network obtained from the keyword in line 11 will be calculated.

Line 41: Euclidean distance between the terminal water molecules of all geodesic pathways within the water H-bond network will be calculated.

Line 42: Euclidean distance between the 1st atom (O-atom) of terminal water molecules of all geodesic pathways will be calculated. 

Lines 43 to 60: All other keywords (starting with GD) for gd matrix construction for other graph/network types are set to 0, as bulk water is the only chemical system at hand.

Lines 61 to 62: Water dipole moment orientations with respect to a solute are requested using these keywords. In this example, there are no solutes present.
ChemNetworks Manual

Line 63: Water dipole moment orientations with respect to other solvent molecules are requested using this keyword. In this example, there are no other solvents.

Line 64: The search for water oligomers will be done. Water is the 1st “solvent” defined above.

Lines 65 to 75: The search only for the chair hexamers, and cyclic water tetramers will be done.

Line 76: The isolated oligomers (that are isolated from the rest of the network) won’t be searched.

Running: ./ChemNetworks.exe Water.input water.xyz

Output Files
Water.input.water.xyz.Water.Cyclic.Tetramers
Water.input.water.xyz.Water.Hexamer.Chairs
Water.input.water.xyz.water.xyz.Graph
Water.input.water.xyz.water.xyz.GraphGeod
Water.input.water.xyz.water.xyz.GraphNumnodes
water.xyz.geocard
water.xyz.geopath

The list of all output file names is shown above. Let’s take a closer look at these output files.

[image: ]












The two output files above show the list of the pairs of water molecules (edge list) that are 
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hydrogen bonded based on the user defined geometric criteria. The output file on the left lists the water ID numbers such that the water # 1 and water #57 are H-bonded, etc. The one on the right-
hand side shows not only the edge list but also the information about whether the edge is formed through the PBC boundaries. For example, an edge is formed between the water #1 and the water
#120 across the PBC boundary (+z image); water #1 is in the central MD box while the image of water #120 is in the +z image of the central box. The output file ending with .GraphGeod is used to calculate the geodesic distance matrix, with the periodic boundary conditions are fully taken into account.

The number of vertices/nodes making up the graph/network is printed in the output file, Water.input.water.xyz.water.xyz.GraphNumnodes, as 216, which is the total number of water molecules in the box.
[image: ]
The geodesic distance matrix is printed in the output file named water.xyz.geopath. The first and the second integers at each line represents the water ID numbers, the third integer is the minimum number of contiguous H-bonds that connects the two waters. The actual geodesic path involving the participating waters is also printed. The output file named water.xyz.geocard holds the same information in addition to the Euclidean distance printed at the end of each line. Note that the geodesic distance matrix is a symmetric N x N matrix, i.e. the shortest path from vertex i to vertex j is the same as the shortest path from vertex j to vertex i. Therefore, to prevent double counting only the matrix elements from the upper triangle are printed in the output files ending with .geopath and .geocard.

The waters that are forming water oligomers, cyclic tetramer and chair hexamer here, are printed in the following output files:
[image: ]
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6.2 WATER/FORMAMIDE BINARY MIXTURE
ChemNetworks input and output files will be discussed for the binary mixture of solvents water and formamide (CH3NO). Mixture of 200 H2O molecules and 50 CH3NO molecules are put inside a rectangular box of sides 22 Å x 27 Å x 24 Å. In this example, three types of graphs will be constructed: (i) Water only network, (ii) Formamide only network, and (iii) the entire network including (i), (ii), and the network between the water and formamide.
Input File (WaterFormamide.input)
The blue numbers on the left of this sample input file are line numbers for reference in this manual, and are not used in practice.
[image: ]1    [NUMBER OF SOLVENT TYPES] 2
2    [NUMBER OF SOLUTE TYPES] 0
3    [NUMBER OF ATOMS IN SOLVENT1] 3
4     O 1
5     H 2
6     H 3
7    [NUMBER OF ATOMS IN SOLVENT2] 6
8    N 1
9    H 2
10  H 3
11  C 4
12  O 5
13  H 6
14   [PERIODIC BOUNDARY CONDITIONS] 1
15   [BOX XSIDE] 22.0
16   [BOX YSIDE] 27.0
17   [BOX ZSIDE] 24.0
18   [GRAPH SOLVENT1 SOLVENT1] 1
19   [SOLVENT1 SOLVENT1 HBOND DISTANCE] 4
20   1 2 0.00 2.50
21   1 3 0.00 2.50
22   2 1 0.00 2.50
23   3 1 0.00 2.50
24   [SOLVENT1 SOLVENT1 HBOND ANGLE] 4
25   1 2
26   1 2 1 145.0 180.0
27   1 2
28   1 3 1 145.0 180.0
29   2 1
30   1 2 1 145.0 180.0                                                                    
31   2 1 
32   1 3 1 145.0 180.0
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33   [GRAPH SOLVENT2 SOLVENT2] 1
34   [SOLVENT2 SOLVENT2 HBOND DISTANCE] 4
35   5 2 0.00 2.85
36   5 3 0.00 2.85
37   2 5 0.00 2.85
38   3 5 0.00 2.85
39   [SOLVENT2 SOLVENT2 HBOND ANGLE] 4
40   1 2
41   5 2 1 125 180.0
42   1 2
43   5 3 1 125 180.0
44   2 1
45   1 2 5 125 180.0                                             Figure 2. Formamide-Formamide hydrogen bonding interactions that are used in edge formation.                                                                                                                                      
46   2 1
47   1 3 5 125 180.0
48   [GRAPH SOLVENT3 SOLVENT3] 0
[image: ]49   [GRAPH SOLVENT1 SOLVENT2] 1 
50   [SOLVENT1 SOLVENT2 HBOND DISTANCE] 6
51   1 2 0.00 2.75
52   1 3 0.00 2.75
53   2 1 0.00 2.75
54   3 1 0.00 2.75
55   2 5 0.00 2.75
56   3 5 0.00 2.75
57   [SOLVENT1 SOLVENT2 HBOND ANGLE] 6
58   1 2
59   1 2 1 125 180.0
60   1 2
61   1 3 1 125 180.0
62   2 1
63   1 2 1 125 180.0
64   2 1                                                                          Figure 3. Water-Formamide hydrogen bonding interactions that are used in edge formation.                                                                                                                                
65   1 3 1 125 180.0
66   2 1
67   1 2 5 125 180.0
68   2 1
69   1 3 5 125 180.0
70   [GRAPH SOLVENT1 SOLVENT3] 0
71   [GRAPH SOLVENT1 SOLUTE1] 0
72   [GRAPH SOLVENT1 SOLUTE2] 0
73   [GRAPH SOLVENT2 SOLVENT3] 0
74   [GRAPH SOLVENT2 SOLUTE1] 0
75   [GRAPH SOLVENT2 SOLUTE2] 0
76   [GRAPH SOLVENT3 SOLUTE1] 0
77   [GRAPH SOLVENT3 SOLUTE2] 0
78   [GRAPH SOLVENT1 SOLVENT2 SOLVENT3] 0
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79   [PRINT NUMBER OF NODES] 1
80   [GEODESICS GD] 0
81   [SOLUTE1 WATER DIPOLE ORIENTATIONS] 0
82   [SOLUTE2 WATER DIPOLE ORIENTATIONS] 0
83   [SOLVENT WATER DIPOLE ORIENTATIONS] 0 0 0
84   [WATER STRUCTURES] 0

Line 1: Required keyword for the number of major species of interest. Integer value is 2, here, as we have two chemical species.

Line 2: No solute species are present. Therefore, value is set to 0.

Line 3: Number of atoms in a water molecule (“solvent 1”) is 3.

Lines 4 to 6: Atom labels used in the .xyz file for the water, and their position/order numbers next to labels. Here, the water molecule is described as OHH; oxygen is the first, with label “O” and then the hydrogens with the label “H” for both.

Line 7: Number of atoms in a formamide molecule (“solvent 2”) is 6.

Lines 8 to 13: Atom labels used in the .xyz file for the formamide, and their position/order numbers next to labels. Here, the formamide molecule is described as NHHCOH. There are absolutely no restrictions on the atom labels used and the way they are ordered to describe the molecule of interest.  

Line 14: Periodic boundary conditions are requested to be taken into account across the boundaries of the rectangular box of which has dimensions must be provided.

Lines 15 to 17: X-, Y-, and Z-dimensions of the box, respectively. In this example, we have a rectangular box of side-lengths 22 Å x 27 Å x 24 Å.

Line 18: The water H-bond graph/network is requested to be constructed.

Line 19: The number of H-bond interactions to be used to describe the edges (H-bond) between two water molecules (see Figure 1). Here, there are four possible O...H pairs for the two waters. 

Lines 20 to 23: Distance criteria for the edge formation. The cutoff distance between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom) is set to 2.5 Å (line 20). The cutoff distance between the 1st atom of water A (O-atom) and the 3rd atom of water B (H-atom) is set to
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2.5 Å (line 21).  The cutoff distance between the 2nd atom of water A (H-atom) and the 1st atom of water B (O-atom) is set to 2.5 Å (line 22).  The cutoff distance between the 3rd atom of water A (H-atom) and the 1st atom of water B (O-atom) is set to 2.5 Å (line 23). (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)

Line 24: The number of H-bond interactions to be used to describe the edges (H-bond) between two water molecules (see Figure 1). Here, there are four possible O...H pairs for the two waters. The value here must match the one entered in line 19.

Lines 25 to 32: Angle criteria for the edge formation. Angle requires 3 atoms, 2 of which from one water and 1 atom from the other water. The H-atom is always at the middle (OHO) in the angle definitions. When 1 atom is from the 1st molecule and 2 atoms from the 2nd molecule “1 2” combination is used (lines 25 and 27), whereas when 2 atoms are from the 1st molecule and 1 atom from the 2nd molecule “2 1” combination is used (lines 29 and 31). The order of angle criteria must be consistent with the order of distance criteria. Line 25: 1 atom from water A, and 2 atoms from water B. Line 26: The angle cutoff between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom), these two atoms were used in line 20, and the 1st atom of water B (O-atom) is set to 145.0°. Therefore, whenever the distance between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom) is less than 2.5 Å, and the angle between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom), and the 1st atom of water B (O-atom) is larger than 145.0°, an edge will be formed between the water A and water B. As you can see, lines 20 and 26 define geometric criteria (distance and angle) together. Similarly, lines 21 and 28; lines 22 and 30; and lines 23 and 32 match in defining the geometric criteria. All pairs of water molecules satisfying one of these criteria will be considered H-bonded and printed as pairs in the output file ending with .Graph. (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)  

Line 33: Formamide only H-bond graph/network is requested to be constructed.

Line 34: The number of H-bond interactions to be used to describe the edges (H-bond) between two formamide molecules (see Figure 2). In this example, the hydrogen bond interactions involving only the O...H pairs are taken into account. 

Lines 35 to 38: Distance criteria for the edge formation. The cutoff distance between the 5th atom of formamide A (O-atom) and the 2nd atom of formamide B (H-atom) is set to 2.85 Å (line 35). The cutoff distance between the 5th atom of formamide A (O-atom) and the 3rd atom of formamide B (H-atom) is set to 2.85 Å (line 36).  The cutoff distance between the 2nd atom of formamide A (H-atom) and the 5th atom of formamide B (O-atom) is set to 2.85 Å (line 37).  The cutoff distance between the 3rd atom of formamide A (H-atom) and the 5th atom of formamide B 
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(O-atom) is set to 2.85 Å (line 38). (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)

Line 39: The number of H-bond interactions to be used to describe the edges between the two formamide molecules (see Figure 2). The value here must match the one entered in line 34.

Lines 40 to 47: Angle criteria for the edge formation. Angle requires 3 atoms, 2 of which from one formamide and 1 atom from the other formamide. The H-atom is always at the middle in the angle definitions. When 1 atom is from the 1st molecule and 2 atoms from the 2nd molecule “1 2” combination is used (lines 40 and 42), whereas when 2 atoms are from the 1st molecule and 1 atom from the 2nd molecule “2 1” combination is used (lines 44 and 46). The order of angle criteria must be consistent with the order of distance criteria. Line 40: 1 atom from formamide A, and 2 atoms from formamide B. Line 41: The angle cutoff between the 5th atom of formamide A (O-atom) and the 2nd atom of formamide B (H-atom), these two atoms were used in line 35, and the 1st atom of formamide B (N-atom) is set to 125.0°. Therefore, whenever the distance between the 5th atom of formamide A (O-atom) and the 2nd atom of formamide B (H-atom) is less than 2.5 Å, and the angle between the 5th atom of formamide A (O-atom) and the 2nd atom of formamide B (H-atom), and the 1st atom of formamide B (N-atom) is larger than 125.0°, an edge will be formed between the formamide A and formamide B. As you can see, lines 35 and 41 define geometric criteria (distance and angle) together. Similarly, lines 36 and 43; lines 37 and 45; and lines 38 and 47 match in defining the geometric criteria. All pairs of formamide molecules satisfying one of these criteria will be considered H-bonded and printed as pairs in the output file ending with .Graph. (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)  

Line 48: Value is set to 0, as there is no third type species present in the chemical system.

Line 49: The entire network formed between the water and formamide including water-water, formamide-water, and water-formamide interactions/edges will be constructed. If the network of only the water-formamide interactions/edges is needed, then only the keyword in line 49 should be activated and the keywords in lines 18 and 33 must be turned off.

Line 50: The number of H-bond interactions to be used to describe the edges between water-formamide molecules (see Figure 3).

Lines 51 to 56: Distance criteria for the edge formation. The cutoff distance between the 1st atom of water (O-atom) and the 2nd atom of formamide (H-atom) is set to 2.75 Å (line 51). The cutoff distance between the 1st atom of water (O-atom) and the 3rd atom of formamide (H-atom) is set 
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to 2.75 Å (line 52).  The cutoff distance between the 2nd atom of water (H-atom) and the 5th atom of formamide (O-atom) is set to 2.75 Å (line 55).  The cutoff distance between the 3rd atom of water (H-atom) and the 5th atom of formamide (O-atom) is set to 2.75 Å (line 56). The cutoff distance between the 2nd atom of water (H-atom) and the 1st atom of formamide (N-atom) is set to 2.75 Å (line 53). The cutoff distance between the 3rd atom of water (H-atom) and the 1st atom of formamide (N-atom) is set to 2.75 Å (line 54). (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)  

Line 57: The number of H-bond interactions to be used to describe the edges between the water- formamide molecules (see Figure 3). The value here must match the one entered in line 50.

Lines 58 to 69: Angle criteria for the edge formation. Angle requires 3 atoms, 2 of which from one molecule and 1 atom from the other molecule. The H-atom is always at the middle in the angle definitions. When 1 atom is from the 1st molecule and 2 atoms from the 2nd molecule “1 2” combination is used (lines 58 and 60), whereas when 2 atoms are from the 1st molecule and 1 atom from the 2nd molecule “2 1” combination is used (lines 62, 64, 66, and 68). The order of angle criteria must be consistent with the order of distance criteria. Line 58: 1 atom from water, and 2 atoms from formamide. Line 59: The angle cutoff between the 1st atom of water (O-atom) and the 2nd atom of formamide (H-atom), these two atoms were used in line 51, and the 1st atom of formamide (N-atom) is set to 125.0°. Therefore, whenever the distance between the 1st atom of water (O-atom) and the 2nd atom of formamide (H-atom) is less than 2.75 Å, and the angle between the 1st atom of water (O-atom) and the 2nd atom of formamide (H-atom), and the 1st atom of formamide (N-atom) is larger than 125.0°, an edge will be formed between the water and formamide molecules. As you can see, lines 51 and 59 define geometric criteria (distance and angle) together. Similarly, lines 52 and 61; lines 53 and 63; lines 54 and 65; lines 55 and 67; and lines 56 and 69 match in defining the geometric criteria. All pairs of water-formamide molecules satisfying one of these criteria will be considered H-bonded and printed as pairs in the output file ending with .Graph. (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)   

Lines 70 to 78: All other keywords (starting with GRAPH) for graph/network construction are set to 0.

Line 79: The number of vertices/nodes (water molecules in this example) making up all requested graphs will be printed in an output files ending with .GraphNumnodes.

Line 80: No geodesic distance analysis is requested.

Lines 81 to 83: No water dipole orientation calculations are requested.
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Line 84: No water oligomer search is requested.

Running: ./ChemNetworks.exe WaterFormamide.input water.xyz formamide.xyz

Output Files
The list of all output file names is shown below.
Water only [GRAPH SOLVENT1 SOLVENT1]
 WaterFormamide.input.water.xyz.water.xyz.Graph
 WaterFormamide.input.water.xyz.water.xyz.GraphGeod
 WaterFormamide.input.water.xyz.water.xyz.GraphNumnodes
 
 Formamide only [GRAPH SOLVENT2 SOLVENT2]
 WaterFormamide.input.formamide.xyz.formamide.xyz.Graph
 WaterFormamide.input.formamide.xyz.formamide.xyz.GraphGeod
 WaterFormamide.input.formamide.xyz.formamide.xyz.GraphNumnodes
 
 Water-Formamide edges [GRAPH SOLVENT1 SOLVENT2]
 WaterFormamide.input.water.xyz.formamide.xyz.Graph
 WaterFormamide.input.water.xyz.formamide.xyz.GraphGeod
 WaterFormamide.input.water.xyz.formamide.xyz.GraphNumnodes
 
[image: ]
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Output files above list the edges for the water only and formamide only network. The edge-list for the entire network is printed in WaterFormamide.input.water.xyz.formamide.xyz.Graph. The same list is also shown in WaterFormamide.input.water.xyz.formamide.xyz.GraphGeod file:
[image: ]















The numbering of vertices/nodes in the water only network runs from 1 to 200, which is the total number of water molecules. The numbering of vertices/nodes in the formamide only network runs from 1 to 50, which is the total number of formamide molecules. However, the numbering runs from 1 to 250 in the entire network, such that waters from 1 to 200 and formamides from 201 to 250. Note that the first “solvent” is water, and the second is formamide in the input file.
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6.3 WATER/URANYL MIXTURE
ChemNetworks input and output files will be discussed for the mixture of solvent water and solute uranyl, (UO2)2+. Mixture of 215 H2O molecules and 3 uranyl molecules are put inside a rectangular box of sides 22.0 Å x 23.2 Å x 21.9 Å. In this example, two types of graphs will be constructed: (i) Water only network, and (ii) the entire network including (i), and the network between the water and uranyl.
Input File (WaterUranyl.input)
The blue numbers on the left of this sample input file are line numbers for reference in this manual, and are not used in practice.
[image: ]1    [NUMBER OF SOLVENT TYPES] 1
2    [NUMBER OF SOLUTE TYPES] 1
3    [NUMBER OF ATOMS IN SOLVENT1] 3
4     O 1
5     H 2
6     H 3
7    [NUMBER OF ATOMS IN SOLUTE1] 3
8    O 1
9    U 2
10  O 3
11  [PERIODIC BOUNDARY CONDITIONS] 1
12  [BOX XSIDE] 22.0
13  [BOX YSIDE] 23.2
14  [BOX ZSIDE] 21.9
15  [GRAPH SOLVENT1 SOLVENT1] 1
16  [SOLVENT1 SOLVENT1 HBOND DISTANCE] 4
17  1 2 0.00 2.75
18  1 3 0.00 2.75
19  2 1 0.00 2.75
20  3 1 0.00 2.75
21  [SOLVENT1 SOLVENT1 HBOND ANGLE] 4
22  1 2
23  1 2 1 145 180.0
24  1 2
25  1 3 1 145 180.0
26  2 1
27  1 2 1 145 180.0
28  2 1
29  1 3 1 145 180.0
30  [GRAPH SOLVENT2 SOLVENT2] 0
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31  [GRAPH SOLVENT3 SOLVENT3] 0
32  [GRAPH SOLVENT1 SOLVENT2] 0
33  [GRAPH SOLVENT1 SOLVENT3] 0 
34  [GRAPH SOLVENT1 SOLUTE1] 1
35  [SOLVENT1 SOLUTE1 CUTOFF] 1 
36  1 2 2.70                       
37  [GRAPH SOLVENT1 SOLUTE2] 0
38  [GRAPH SOLVENT2 SOLVENT3] 0
39  [GRAPH SOLVENT2 SOLUTE1] 0
40  [GRAPH SOLVENT2 SOLUTE2] 0
41  [GRAPH SOLVENT3 SOLUTE1] 0
42  [GRAPH SOLVENT3 SOLUTE2] 0
43  [GRAPH SOLVENT1 SOLVENT2 SOLVENT3] 0
44  [PRINT NUMBER OF NODES] 1
45   [GEODESICS GD] 0
46   [SOLUTE1 WATER DIPOLE ORIENTATIONS] 1 1
47   [SOLUTE2 WATER DIPOLE ORIENTATIONS] 0
48   [SOLVENT WATER DIPOLE ORIENTATIONS] 0 0 0
49   [WATER STRUCTURES] 0

Line 1: Required keyword for the number of major species of interest. Integer value is 1, here, water is the only “solvent”.

Line 2: The Uranyl is the “solute” in this example. Integer value is 1.

Line 3: Number of atoms in a water molecule (“solvent 1”) is 3.

Lines 4 to 6: Atom labels used in the .xyz file for the water, and their position/order numbers next to labels. Here, the water molecule is described as OHH; oxygen is the first, with label “O” and then the hydrogens with the label “H” for both.

Line 7: Number of atoms in a uranyl molecule (“solute 1”) is 3.

Lines 8 to 10: Atom labels used in the .xyz file for the uranyl, and their position/order numbers next to labels. Here, the uranyl molecule is described as OUO; uranium is the second, with label “U” and the two oxygens with the label “O” for both at the first and the third positions. There are absolutely no restrictions on the atom labels used and the way they are ordered to describe the molecule of interest.  

Line 11: Periodic boundary conditions will be taken into account across the boundaries of the rectangular box of which has dimensions must be provided.
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Lines 12 to 14: X-, Y-, and Z-dimensions of the box, respectively. In this example, we have a rectangular box of side-lengths 22.0 Å x 23.2 Å x 21.9 Å.

Line 15: The water H-bond graph/network will be constructed.

Line 16: The number of H-bond interactions to be used to describe the edges (H-bond) between two water molecules (see Figure 1). Here, there are four possible O...H pairs for the two waters.

Lines 17 to 20: Distance criteria for the edge formation. The cutoff distance between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom) is set to 2.75 Å (line 17). The cutoff distance between the 1st atom of water A (O-atom) and the 3rd atom of water B (H-atom) is set to 2.75 Å (line 18).  The cutoff distance between the 2nd atom of water A (H-atom) and the 1st atom of water B (O-atom) is set to 2.75 Å (line 19).  The cutoff distance between the 3rd atom of water A (H-atom) and the 1st atom of water B (O-atom) is set to 2.75 Å (line 20). (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)

Line 21: The number of H-bond interactions to be used to describe the edges (H-bond) between two water molecules (see Figure 1). Here, there are four possible O...H pairs for the two waters. The value here must match the one entered in line 16.

Lines 22 to 29: Angle criteria for the edge formation. Angle requires 3 atoms, 2 of which from one water and 1 atom from the other water. The H-atom is always at the middle (OHO) in the angle definitions. When 1 atom is from the 1st molecule and 2 atoms from the 2nd molecule “1 2” combination is used (lines 22 and 24), whereas when 2 atoms are from the 1st molecule and 1 atom from the 2nd molecule “2 1” combination is used (lines 26 and 28). The order of angle criteria must be consistent with the order of distance criteria. Line 22: 1 atom from water A, and 2 atoms from water B. Line 23: The angle cutoff between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom), these two atoms were used in line 17, and the 1st atom of water B (O-atom) is set to 145.0°. Therefore, whenever the distance between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom) is less than 2.75 Å, and the angle between the 1st atom of water A (O-atom) and the 2nd atom of water B (H-atom), and the 1st atom of water B (O-atom) is larger than 145.0°, an edge will be formed between the water A and water B. As you can see, lines 17 and 23 define geometric criteria (distance and angle) together. Similarly, lines 18 and 25; lines 19 and 27; and lines 20 and 29 match in defining the geometric criteria. All pairs of water molecules satisfying one of these criteria will be considered H-bonded and printed as pairs in the output file ending with .Graph. (Version-2.2 updates in blue, use two criteria with a lower boundary and an upper boundary)

Lines 30 to 33: These keywords starting with GRAPH are set to 0.
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Line 34: The entire graph including water H-bond network, and the network between the water and uranyl will be constructed. For a network containing only the water-uranyl interactions/edges, the keyword in line 15 must be turned off.

Line 35: The number of criteria to be set to define edge between water and uranyl molecules.

Line 36: The cutoff distance between the 1st atom of water (O-atom) and the 2nd atom of uranyl (U-atom) is set to 2.70 Å. Then, whenever the cutoff is less than 2.70 Å ChemNetworks will put an edge between the corresponding water and uranyl molecules and the water-uranyl pairs will be printed in an output file ending with .Graph.

Lines 37 to 43: These keywords starting with GRAPH are set to 0.

Line 44: The number of vertices/nodes making up the two requested graphs will be printed in the corresponding output files ending with .GraphNumnodes.

Line 45: No geodesic distance analysis is requested.

Line 46: Water dipole moment orientations about the Uranyl ions will be determined. Water is the solvent #1. The angle between the dipole moment vector, P, of a H2O molecule and the position vector, r, which points from the solute molecule to it (as specified in [SOLVENT1 SOLUTE1 CUTOFF] keyword) and lies on the hydrogen bond between the two, is defined as the dipole angle. 

Line 47 to 48: No water dipole orientations about another solute/solvent are requested, as the uranyl ion is the only other type of species in this example.

Line 49: No water oligomer search is requested.

Running: ./ChemNetworks.exe WaterUranyl.input water.xyz uranyl.xyz

Output Files
The list of all output file names is shown below.
Water only [GRAPH SOLVENT1 SOLVENT1]
WaterUranyl.input.water.xyz.water.xyz.Graph
WaterUranyl.input.water.xyz.water.xyz.GraphGeod
WaterUranyl.input.water.xyz.water.xyz.GraphNumnodes
 
Water-Uranyl egde-list [GRAPH SOLVENT1 SOLUTE1]
WaterUranyl.input.water.xyz.uranyl.xyz.Graph
WaterUranyl.input.water.xyz.uranyl.xyz.GraphGeod
WaterUranyl.input.water.xyz.uranyl.xyz.GraphNumnodes
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Water-dipole orientations about Uranyl ions [SOLUTE1 WATER DIPOLE ORIENTATIONS]
WaterUranyl.input.water.xyz.uranyl.xyz.Graph.Dipole.angles
 
The output file for the edge-list of the water only network is shown below:
[image: ]









The number of vertices/nodes making up the water only graph/network is printed in the output file, WaterUranyl.input.water.xyz.water.xyz.GraphNumnodes, as 215, which is the total number of water molecules in this example.
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The complete edge-list for the entire network/graph of the water/uranyl mixture is printed in the WaterUranyl.input.water.xyz.uranyl.xyz.Graph file. The same edge-list is also shown in the file WaterUranyl.input.water.xyz.uranyl.xyz.GraphGeod, shown above.

The numbering of vertices/nodes in the water only network runs from 1 to 215, which is the total number of water molecules, in this example. However, the numbering runs from 1 to 218 in the entire network, such that waters from 1 to 215 and uranyl ions from 216 to 2218. Note that the “solvent” water is defined the first, and the “solute” uranyl ion is defined the next in the input file. The order of species is important when running the ChemNetworks and interpreting the output files. In ChemNetworks, the solvents precede the solutes.

The orientations of water molecules around the Uranyl ions are determined by the water dipole angles, and printed in the output file ending with the extension .Dipole.angles. 
[image: ]
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6.4 WATER/METHANOL/ETHANOL TERNARY MIXTURE
Input and output files will be discussed for the ternary mixture of solvents water, methanol (CH3OH), and ethanol (CH3CH2OH). A mixture of 200 water molecules, 70 methanol molecules, and 50 ethanol molecules are put inside a rectangular box. In this example, seven different networks are constructed: water only, methanol only, ethanol only, water-methanol, water-ethanol, methanol-ethanol, and water-methanol-ethanol.
Input File (WaterMethanolEthanol.input)
The blue numbers on the left of this sample input file are line numbers for reference in this manual, and are not used in practice.
[image: ]1    [NUMBER OF SOLVENT TYPES] 3
2    [NUMBER OF SOLUTE TYPES] 0
3    [NUMBER OF ATOMS IN SOLVENT1] 3
4     O 1
5     H 2
6     H 3
7    [NUMBER OF ATOMS IN SOLVENT2] 6
8    C 1
9    H 2
10  H 3
11  H 4
12  O 5
13  H 6
14  [NUMBER OF ATOMS IN SOLVENT3] 9
15  C 1
16  C 2
17  O 3
18  H 4
19  H 5
20  H 6
21  H 7
22  H 8
23  H 9
24  [PERIODIC BOUNDARY CONDITIONS] 1
25  [BOX XSIDE] 26.3
26  [BOX YSIDE] 26.2
27  [BOX ZSIDE] 26.1
28  [GRAPH SOLVENT1 SOLVENT1] 1
29  [SOLVENT1 SOLVENT1 HBOND DISTANCE] 4
30  1 2 0.0 2.5
31  1 3 0.0 2.5
32  2 1 0.0 2.5
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[image: ]33  3 1 0.0 2.5
34  [SOLVENT1 SOLVENT1 HBOND ANGLE] 4
35  1 2
36  1 2 1 145 180.0
37  1 2
38  1 3 1 145 180.0
39  2 1
40  1 2 1 145 180.0
41  2 1
42  1 3 1 145 180.0
43  [GRAPH SOLVENT2 SOLVENT2] 1
44  [SOLVENT2 SOLVENT2 HBOND DISTANCE] 2
45  5 6 0.00 2.75
46  6 5 0.00 2.75
47  [SOLVENT2 SOLVENT2 HBOND ANGLE] 2
[image: ]48  1 2
49  5 6 5 125 180.0
50  2 1
51  5 6 5 125 180.0
52  [GRAPH SOLVENT3 SOLVENT3] 1
53  [SOLVENT3 SOLVENT3 HBOND DISTANCE] 2
54  3 4 0.00 2.95
55  4 3 0.00 2.95
56  [SOLVENT3 SOLVENT3 HBOND ANGLE] 2
57  1 2
58  3 4 3 125 180.0
59  2 1
[image: ]60  3 4 3 125 180.0
61  [GRAPH SOLVENT1 SOLVENT2] 1
62  [SOLVENT1 SOLVENT2 HBOND DISTANCE] 3
63  1 6 0.00 2.75
64  2 5 0.00 2.75
65  3 5 0.00 2.75
66  [SOLVENT1 SOLVENT2 HBOND ANGLE] 3
67  1 2
68  1 6 5 125 180.0
69  2 1
70  1 2 5 125 180.0
71  2 1 
72  1 3 5 125 180.0
73  [GRAPH SOLVENT1 SOLVENT3] 1 
74  [SOLVENT1 SOLVENT3 HBOND DISTANCE] 3
75  1 4 0.00 2.95
76  2 3 0.00 2.95
77  3 3 0.00 2.95
78  [SOLVENT1 SOLVENT3 HBOND ANGLE] 3
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79  1 2
80  1 4 3 125 180.0
81  2 1
82  1 2 3 125 180.0
83  2 1
84  1 3 3 125 180.0
85  [GRAPH SOLVENT1 SOLUTE1] 0
86  [GRAPH SOLVENT1 SOLUTE2] 0
87  [GRAPH SOLVENT2 SOLVENT3] 1
88  [SOLVENT2 SOLVENT3 HBOND DISTANCE] 2
89  5 4 0.00 2.95
90  6 3 0.00 2.95
91  [SOLVENT2 SOLVENT3 HBOND ANGLE] 2
92  1 2
[image: ]93  5 4 3 125 180.0
94  2 1
95  5 6 3 125 180.0
96  [GRAPH SOLVENT2 SOLUTE1] 0
97  [GRAPH SOLVENT2 SOLUTE2] 0
98  [GRAPH SOLVENT3 SOLUTE1] 0
99  [GRAPH SOLVENT3 SOLUTE2] 0
100 [GRAPH SOLVENT1 SOLVENT2 SOLVENT3] 1
101 [PRINT NUMBER OF NODES] 1
102 [GEODESICS GD] 0
103 [SOLUTE1 WATER DIPOLE ORIENTATIONS] 0
104 [SOLUTE2 WATER DIPOLE ORIENTATIONS] 0
105 [SOLVENT WATER DIPOLE ORIENTATIONS] 0 0 0
106 [WATER STRUCTURES] 0


General principles used in the input files that are discussed in detail in the preceding sections apply also in this example. Therefore, redundant details will be omitted. Here, several networks will be constructed: 
· water only network (line 28) 
· methanol only network (43)
· ethanol only network (line 52)
· water-methanol binary network including water network, methanol network, and water-methanol edges (line 61)
· water-ethanol binary network including water network, ethanol network, and water-ethanol edges (line 73)
· methanol-ethanol binary network including methanol network, ethanol network, and methanol-ethanol edges (line 87)
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· Entire network: water-methanol-ethanol ternary network including water network, methanol network, ethanol network, water-methanol edges, water-ethanol edges, and methanol-ethanol edges (line 100)

Output Files  (./ChemNetworks.exe WaterMethanolEthanol.input water.xyz methanol.xyz ethanol.xyz)
The list of all output file names is shown below.
Water only [GRAPH SOLVENT1 SOLVENT1]
 WaterMethanolEthanol.input.water.xyz.water.xyz.Graph
 WaterMethanolEthanol.input.water.xyz.water.xyz.GraphGeod
 WaterMethanolEthanol.input.water.xyz.water.xyz.GraphNumnodes
 Methanol only [GRAPH SOLVENT2 SOLVENT2]
 WaterMethanolEthanol.input.methanol.xyz.methanol.xyz.Graph
 WaterMethanolEthanol.input.methanol.xyz.methanol.xyz.GraphGeod
 WaterMethanolEthanol.input.methanol.xyz.methanol.xyz.GraphNumnodes
 Ethanol only [GRAPH SOLVENT3 SOLVENT3]
 WaterMethanolEthanol.input.ethanol.xyz.ethanol.xyz.Graph
 WaterMethanolEthanol.input.ethanol.xyz.ethanol.xyz.GraphGeod
 WaterMethanolEthanol.input.ethanol.xyz.ethanol.xyz.GraphNumnodes
 Water-Methanol binary [GRAPH SOLVENT1 SOLVENT2]
 WaterMethanolEthanol.input.water.xyz.methanol.xyz.Graph
 WaterMethanolEthanol.input.water.xyz.methanol.xyz.GraphGeod
 WaterMethanolEthanol.input.water.xyz.methanol.xyz.GraphNumnodes
 Water-Ethanol binary [GRAPH SOLVENT1 SOLVENT3]
 WaterMethanolEthanol.input.water.xyz.ethanol.xyz.Graph
 WaterMethanolEthanol.input.water.xyz.ethanol.xyz.GraphGeod
 WaterMethanolEthanol.input.water.xyz.ethanol.xyz.GraphNumnodes
 Methanol-Ethanol binary [GRAPH SOLVENT2 SOLVENT3]
 WaterMethanolEthanol.input.methanol.xyz.ethanol.xyz.Graph
 WaterMethanolEthanol.input.methanol.xyz.ethanol.xyz.GraphGeod
 WaterMethanolEthanol.input.methanol.xyz.ethanol.xyz.GraphNumnodes
 Water-Methanol-Ethanol ternary [GRAPH SOLVENT1 SOLVENT2 SOLVENT3]
 WaterMethanolEthanol.input.water.xyz.methanol.xyz.ethanol.xyz.Graph
 WaterMethanolEthanol.input.water.xyz.methanol.xyz.ethanol.xyz.GraphGeod
 WaterMethanolEthanol.input.water.xyz.methanol.xyz.ethanol.xyz.GraphNumnodes
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A sample output file (for water/ethanol binary network) is given below for illustrating the main features: WaterMethanolEthanol.input.water.xyz.ethanol.xyz.GraphGeod
 2 56 0 0 0 1.219 155.3 (Version-2.2 updates, it prints the distance and angle as floating numbers for this interaction, if no angle is specified the 90.0 will be printed as the angle.)
 5 165 0 0 0
 7 173 0 0 0
 12 158 0 0 0
 14 29 0 0 0
 26 29 0 0 0
 32 114 0 0 0        Water-Water
 42 175 0 0 0
 74 192 0 0 0
 79 166 0 0 0
 84 111 0 0 0
 124 125 0 0 0
 142 174 0 0 0
 4 97 0 0 1        Water-Water PBC (+z image)
 230 247 0 0 0  
 241 245 0 0 0       Ethanol-Ethanol
 242 244 0 0 0
 8 230 0 0 0
 8 247 0 0 0
 12 219 0 0 0
 38 215 0 0 0
 39 240 0 0 0
 42 246 0 0 0
 46 216 0 0 0
 49 233 0 0 0
 53 203 0 0 0
 63 202 0 0 0
 77 202 0 0 0         Water-Ethanol
 78 235 0 0 0
 84 220 0 0 0
 87 217 0 0 0
 89 215 0 0 0
 105 206 0 0 0
 128 201 0 0 0
 132 208 0 0 0
 143 234 0 0 0
 160 225 0 0 0
 175 246 0 0 0
 183 202 0 0 0
 187 250 0 0 0
 109 217 0 1 0     Water-Ethanol  PBC  (+y image)
 188 217 0 1 0
 199 245 0 1 0
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6.5 WATER/CHLORIDE SOLUTION POLYHEDRAL STRUCTURE SEARCH
Input and output files will be discussed for the setup and running of a search for polyhedral structure of hydrogen atoms around several chloride ions in solution. In this example, only the solute-solvent network is constructed, and polyhedral structure is determined through a graph-theoretic approach. To run this analysis, good input parameters are imperative, so the first run will be done to determine appropriate input parameters for the second run.  

This algorithm for finding polyhedral arrangements works by considering the distances between specific atoms in the solvation shell (in this case, the hydrogen atoms within a specific distance of a chloride ion). It creates graphs with the selected atoms as vertices, and subsequently assigns edges between those vertices in hopes of matching a polyhedral graph. The algorithm will automatically create edges if the distance between two atoms is beneath a specified threshold. It then considers all other edges beneath a second threshold to be “possible” edges, and iteratively adds all combinations of these edges. When a (PageRank™) match is found between the created graph and a known polyhedral (or pseudo-polyhedral) graph, the graph is selected and kept until another graph with higher connectivity (more edges) or improved uniformity in edge length (lower standard deviation) is found. Empirically, increasing the connectivity of these graphs tends to universally worsen uniformity in edge length, so higher connectivity is prioritized over improved uniformity. 

Since the algorithm’s run time is O(2n) for n the number of “possible” edges, it is important to determine approximate parameters before running the polyhedral search. One way of doing this before running polyhedral search is using the distribution of paired distances between polyhedra-eligible solvation shell atoms.
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Input File (watercl1.input)
The blue numbers on the left of this sample input file are line numbers for reference in this manual, and are not used in practice.

1 [NUMBER OF SOLVENT TYPES] 1
2 [NUMBER OF SOLUTE TYPES] 1
3 [NUMBER OF ATOMS IN SOLVENT1] 3
4 O 1
5 H 2
6 H 3
7 [NUMBER OF ATOMS IN SOLUTE1] 1
8 Cl 1
9 [PERIODIC BOUNDARY CONDITIONS] 1
10 [BOX XSIDE] 39.45
11 [BOX YSIDE] 39.45
12 [BOX ZSIDE] 39.45
13  [GRAPH SOLVENT1 SOLUTE1] 1
14 [SOLVENT1 SOLUTE1 CUTOFF] 2
15 2 1 2.85
16 3 1 2.85                       
17 [PAIRED SHELL DISTANCES] 1
18 [MAX SHELL SIZE] 15
19 [POLYHEDRA] 0
20 [GRAPH SOLVENT1 SOLVENT1] 0
21 [GRAPH SOLVENT2 SOLVENT2] 0
22 [GRAPH SOLVENT3 SOLVENT3] 0
23 [GRAPH SOLVENT1 SOLVENT2] 0
24 [GRAPH SOLVENT1 SOLVENT3] 0 
25 [GRAPH SOLVENT1 SOLUTE2] 0
26 [GRAPH SOLVENT2 SOLVENT3] 0
27 [GRAPH SOLVENT2 SOLUTE1] 0
28 [GRAPH SOLVENT2 SOLUTE2] 0
29 [GRAPH SOLVENT3 SOLUTE1] 0
30 [GRAPH SOLVENT3 SOLUTE2] 0
31 [GRAPH SOLVENT1 SOLVENT2 SOLVENT3] 0
32 [PRINT NUMBER OF NODES] 0
33 [GEODESICS GD] 0
34 [SOLUTE1 WATER DIPOLE ORIENTATIONS] 0
35 [SOLUTE2 WATER DIPOLE ORIENTATIONS] 0
36 [SOLVENT WATER DIPOLE ORIENTATIONS] 0
37 [WATER STRUCTURES] 0
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Line 1:  Required keyword for the number of major species of interest. Integer value is 1, here, as we have one solvent type. 

Line 2: One solute species is present. Therefore, value is set to 1.

Line 3: Number of atoms in a water molecule (“solvent 1”) is 3.

Lines 4 to 6: Atom labels used in the .xyz file for the water, and their position/order numbers next to labels. Here, the water molecule is described as OHH; oxygen is the first, with label “O” and then the hydrogens with the label “H” for both.

Line 7: Number of atoms in a chloride molecule (“solute 1”) is 1.

Line 8: Atom label used in the .xyz file for the chloride, and its position/order number next.

Line 9: Periodic boundary conditions are requested to be taken into account across the boundaries of the rectangular box of which has dimensions must be provided.

Lines 10 to 12: X-, Y-, and Z-dimensions of the box, respectively. In this example, we have a cubic box with side length 39.45 Angstroms. 

Line 13: Request creation of graph between Water (Solvent 1) and Chloride (Solute 1). This line is necessary for any polyhedra-related task. 

Line 14: The number of distance criteria to be considered for an edge to be formed between water and chloride (Solvent 1 and Solute 1, respectively). 

Lines 15 to 16: The distance criteria for edge formation between water’s 2nd atom (H) and chloride is 2.85 Angstroms. The distance criteria for edge formation between water’s 3rd atom (H) and chloride is also 2.85 Angstroms. 

Line 17: Indicates you a file output giving distribution of paired distances between polyhedra-eligible solvation shell atoms. 

Line 18: Indicate largest solvation shell size you wish to consider. 

Lines 19 to 37: All other keywords (for POLYHEDRA, GRAPHs, etc) are set to 0.  
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Output File (./ChemNetworks.exe watercl1.input water.xyz chloride.xyz)
The only new output file is from the Paired Shell Distances keyword. 
[Paired Shell Distances] 1
watercl.input.pdfs.csv

Output Format:
6, 2.779311
6, 4.657112
6, 3.792225
6, 4.299188
6, 2.790891
6, 5.210165
…
6, 3.302020
7, 4.800337
7, 2.753606
7, 3.021639
7, 4.189968
7, 2.649607
…


Solvation shell size, distance (Angstroms) for all pairs of “polyhedra-eligible” atoms in the solvation shell of the first molecule in the snapshot







Solvation shell size, distance (Angstroms) for all pairs of “polyhedra-eligible” atoms in the solvation shell of the next molecule in the snapshot, and so on.







An example histogram of the paired distances (of a 900-snapshot run) might look as follows. The lack of clear maxima and minima indicates that there is likely a large variation in solvation shell size in this simulation. Plotting multiple density functions dependent on the shell size confirms that there is a relationship between solvation shell size and the paired distances distribution. 
[image: ][image: ]
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It is now possible to use this information to approximate some bounds on edge lengths in the polyhedra search. This is one of many ways to set polyhedral edge length bounds. For each shell size, it is important to ensure that edges corresponding to distances within the first peak are forced to exist; make sure that the “lower edge uncertainty threshold” is larger than the majority of this peak. Next, avoid too much of the second peak being considered. Set the “upper edge uncertainty threshold” somewhere before the local maximum, probably at or before the point of inflection. Adequate edge uncertainty thresholds for the above data are used in the following input file. 

Second Input File (watercl2.input)
1 [NUMBER OF SOLVENT TYPES] 1
2 [NUMBER OF SOLUTE TYPES] 1
3 [NUMBER OF ATOMS IN SOLVENT1] 3
4 O 1
5 H 2
6 H 3
7 [NUMBER OF ATOMS IN SOLUTE1] 1
8 Cl 1
9 [PERIODIC BOUNDARY CONDITIONS] 1
10 [BOX XSIDE] 39.45
11 [BOX YSIDE] 39.45
12 [BOX ZSIDE] 39.45
13 [GRAPH SOLVENT1 SOLUTE1] 1
14 [SOLVENT1 SOLUTE1 CUTOFF] 2 
15 2 1 2.85
16 3 1 2.85    
17 [MAX SHELL SIZE] 15
18 [PAIRED SHELL DISTANCES] 0
19 [POLYHEDRA] 1
20 [POLYHEDRA EDGE CERTAINTY BOUNDS] 6
21 4 3.85 4.65
22 5 3.2 4.6
23 6 3.4 4.45
24 7 3.4 4.2
25 8 3.4 4.1
26 9 3.2 4.0
27 10 3.2 3.9
28 11 3.2 3.8
29 [GRAPH SOLVENT1 SOLVENT1] 0
30 [GRAPH SOLVENT2 SOLVENT2] 0
31 [GRAPH SOLVENT3 SOLVENT3] 0
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32 [GRAPH SOLVENT1 SOLVENT2] 0
33 [GRAPH SOLVENT1 SOLVENT3] 0                    
34 [GRAPH SOLVENT1 SOLUTE2] 0
35 [GRAPH SOLVENT2 SOLVENT3] 0
36 [GRAPH SOLVENT2 SOLUTE1] 0
37 [GRAPH SOLVENT2 SOLUTE2] 0
38 [GRAPH SOLVENT3 SOLUTE1] 0
39 [GRAPH SOLVENT3 SOLUTE2] 0
40 [GRAPH SOLVENT1 SOLVENT2 SOLVENT3] 0
41 [PRINT NUMBER OF NODES] 0
42 [GEODESICS GD] 0
43 [SOLUTE1 WATER DIPOLE ORIENTATIONS] 0
44 [SOLUTE2 WATER DIPOLE ORIENTATIONS] 0
45 [SOLVENT WATER DIPOLE ORIENTATIONS] 0
46 [WATER STRUCTURES] 0

The only difference from the previous input file is the addition of lines 20 to 28. These lines describe the “Polyhedra Edge Certainty Bounds” which are required for polyhedra search. The first number, 8, refers to how many lines follow. Each following line is in the format “Shell-size lower-threshold upper-threshold.” For instance, for a solvation shell with 4 polyhedra-eligible atoms, all edges below 3.85 Angstroms are forced to be included in the graph, and all edges between 3.85 and 4.65 Angstroms are considered as “possible” edges, and are iterated through in search of polyhedral matches. Any edges above 4.65 Angstroms are discarded as unfeasible. 

The minimum input is a single line; in that case, the given bounds will be used for all shell sizes. Any additional lines given will be linearly extrapolated between, and it is important to list bounds in order of increasing shell size. The maximum and minimum shell size bounds will be used for shell sizes beyond the range which is specified. (That is, if the lowest shell size bounds you specify is shell size of 5 with bounds 4.2 to 5.2, then for the shell size of 4, the bounds will also be 4.2 to 5.2.)


ChemNetworks Manual

Output File (./ChemNetworks.exe watercl2.input water.xyz chloride.xyz)

[POLYHEDRA] 1
watercl2.input.Polys 

Note that the name of the .xyz files is not included in the file name. For subsequent snapshots new lines will be appended to this file, allowing for straightforward analysis. Be attentive not to use the same input file for different runs, or to rename the .Polys file before doing so.

Output Format

The output is a CSV formatted file with each line containing the following values (numbered by column):

1. Solvent XYZ file name (for keeping track of snapshots)
2. Solute Molecule Index (for files with multiple solute molecules)
3. Solute Atom Number (only useful in case of polyatomic solute)
4. Number of polyhedra-eligible atoms in solvation shell
5. Name of polyhedron
6. Polyhedron index number (its index in the C code, useful for analysis)
7. Processor time

For the files used in the example, the output should appear something like this:

water.xyz, 0, 1, 6, Flap Octahedron, 10, 0.010819 
water.xyz, 1, 1, 6, Flap Octahedron, 10, 0.012367 
water.xyz, 2, 1, 7, Cut Snub Disphenoid, 16, 0.010761 
water.xyz, 3, 1, 6, Capped Square Pyramid, 8, 0.011208
…
water.xyz, 34, 1, 7, Cap Octahedron, 14, 0.012395 
water.xyz, 35, 1, 6, NA, -1, 0.017237 
water.xyz, 36, 1, 7, Augmented Trigonal Prism, 13, 0.013037 











Troubleshooting:

If the algorithm takes a long time, it may be because of too small of a lower threshold or too large of an upper threshold, which both increase the amount of time taken exponentially. 
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If a very high proportion of your output is “NA”, it may be caused by too large of a lower threshold (which can force existence of non-planar graphs) or too small of an upper threshold (which can fail to consider important edges). Additionally, consider viewing unmatched snapshots in a program like VMD for clues; it is possible an arrangement formed which is not included as a possibility in the program.

What is a good proportion of matched polyhedra? With the current set of polyhedra, aim for about 70-80% match. Too high of match indicates too high of an upper threshold and will tend towards including too many edges (the algorithm will always prefer a maximal planar graph). 

Adding new polyhedra or removing polyhedra involves slight modification of the C code (polyhedra.c). To add a single polyhedron:

1. Increase the value of the variable numofpolies  at the beginning of the function polyhedra_st by 1. 

2. Navigate to the function makeallpolys. There write two new lines before memory is freed, one creating an edge list and one calling the poly_create function, as follows, replacing all blue terms with your own:

int newpolyel[2 * num_of_edges] = {ordered_pairs_of_vertices};

polylist[next_index] = poly_create(“name_of_polyhedron”, newpolyel, num_of_vertices, num_of_edges);

Numerous examples already exist in the code itself. 

3. Recompile and run. If errors occur, ensure that the number of edges and vertices are correct and consistent with the edge list provided. 







ChemNetworks Manual

7.0 UTILITIES FOR POST-PROCESSING

Some utility programs will be introduced in this section. A script, written in R language, and a C code will be used to perform degree analysis, network neighborhood analysis, and additional geodesic path analysis. 

7.1 R-SCRIPT FOR DEGREE AND NETWORK NEIGHBORHOOD
Once the edge list for the requested graphs/networks are generated using the ChemNetworks, the “degree” distributions and histograms can be obtained using our post-processing script written in R language, named chemical-networks.R, which reads the ChemNetworks output files with the extension .Graph. This script also enables to perform the “network neighborhood” analysis. The portions of the script (R language commands) for degree and network neighborhood analyses are shown below:

no.net.degs<-degree(grafik)
write(no.net.degs,file="all.degrees",ncolumns=(numbervertices),append=TRUE)
.
.
.
nghbr4<-neighborhood.size(grafik,4,1:(numbervertices))
write(nghbr4,file="neighborhoodsize.order.4",ncolumns=(numbervertices+1))

Here, grafik represents the graph object, which is essentially the edge-list for the network of interest. The degree (number of edges a vertex is making) of all vertices will be printed in an output file, named all.degrees. The fourth order neighborhood size (the number of all the vertices within 4 order neighborhood) of all vertices will be printed in an output file, named neighborhoodsize.order.4. 

The script chemical-networks.R is provided along with the ChemNetworks package. To run this script, the igraph R library should also be installed from the CRAN website: http://cran.r-project.org. 
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7.2 CODE FOR GEODESIC PATH ANALYSIS
Once the geodesic distance matrix is obtained from the ChemNetworks, further analyses of the geodesics paths of each length can be carried out using the utility code, geodesic-statistics.c. This C code reads the ChemNetworks output files with the extension .geocard. The file geodesic-statistics.c is provided along with the ChemNetworks package. It can be used to obtain a detailed histogram of the geodesics for the network of interst cross-correlated with the Euclidean distance between the terminal vertices of each geodesic path. Moreover, geodesic-statistics.c can be use to determine the persistence/lifetime of the specific length geodecis paths.

7.3 CODES FOR HYDROGEN BOND LIFETIME CORRECTION 
[bookmark: _GoBack]Two utility C programs have been developed to correct for transiently bonded or broken water dimers introduced when an artificial cutoff (either geometric or energetic) is used to define the presence of an H-bond. These programs read the ChemNetworks output files with the extension .GraphGeod. The first program, Lifetime-correction1, can be used for systems of pure solvent, multiple solvent, and solute-solvent combinations, but cannot be run in parallel. The second program, Lifetime-correction2, currently can only be used for systems of pure solvent. However, it can be run in parallel and is faster than Lifetime-correction1. In addition, Lifetime-correction2 requires an initial conversion program, convert-GraphGeod-MPI.c, to convert the snapshot-based .GraphGeod files into molecule-based .GG files. The full set of steps required to run these programs are outlined in the README files included in the program folders. These programs perform a dynamics based correction that removes artificial transient breaks and bonds in the network. Thus, creating less sensitive dynamic and structural properties of the network in comparison to the hydrogen bond definition employed. They output corrected files, average lifetimes for the hydrogen bond network along with a list of hydrogen bond switching events, and the edge distribution of the network.

8.0 HOW TO CITE ChemNetworks
In publishing results obtained either in part or in full from use of ChemNetworks, the user should use the following citation:
Citation:
Ozkanlar, A; Clark, A. E. “ChemNetworks: A Complex Network Analysis Tool For Chemical Systems” J. Comp. Chem. 2013, Volume, pages.
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