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Abstract
The structural and electronic adaptability ranges of a [VO(SeO3)(HSeO;)] framework found in

organically templated vanadium selenites were determined using a three step approach, informed
by cheminformatics descriptors, involving (i) the extraction of the most important reaction
parameters from historical reaction data, (ii) a fractional factorial design on those parameters to
better explore chemical space and (iii) decision tree construction on organic molecular properties
to determine the factors governing framework formation. This process enabled the elucidation of
both the structural and electronic adaptability ranges and provided the context to extract
chemical understanding from the structural features that give rise to these respective ranges.

This work resulted in synthesis and structural determination of five new compounds.
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Design, System, Application paragraph

Materials design is a problem of both “what to make” and “how to make it"—and given a
set of reactions, it is usually unclear “why it works”. Furthermore, in the case of exploratory
materials synthesis it is often not clear “where to start”. In this paper, we demonstrate a hybrid
approach combining machine learning on small datasets and statistical design of experiments that
addresses these problems, using the synthesis of organically-templated vanadium selenite
compounds as a case study. Constructing a decision tree model on a small historical dataset
yields informed, unbiased choices for the key variables governing crystal formation. Statistical
design of experiments selects a systematic and optimal exploratory set of reactions probing these
key variables. Finally, a decision tree constructed to predict the observed structural outcomes in
terms of the reactant physicochemical properties explains the factors governing structure
formation. As a specific example, we study organically-templated vanadium selenite
compounds. Using this approach we discovered five novel compounds, and demonstrate that the

structural outcomes can be explained in terms of a hierarchy of reactant properties.



Introduction

Scientific discovery is often conceived of as a process of extracting explanatory rules
from observations, and then validating these explanations by testing falsifiable predictions.
Historically, these scientific explanations are expressed as empirical “rules” (e.g., the octet rule)
or as mathematical theories (e.g., quantum mechanics). The advent of digital computers has
enabled numerical simulations to become another way of generating “observations” and
explaining observed experimental phenomena.' More recently, informatics-based approaches to
gather insights from digital datasets have become increasingly important in chemistry and
materials science. For example, the launch of the Materials Genome Initiative for Global
Competitiveness in 2011, stimulated researchers to explore many new ways of using informatics
approaches to discover new materials.>*

Most materials informatics studies have focused on identifying synthetic targets by
simulating properties to eliminate poor performers. This has led to an extensive body of work
on developing structure-property relationships of materials using both experimental and
simulation data.* > However, the problem of understanding and predicting the syntheses of new
materials still relies upon traditional Edisonian trial-and-error type approaches to determine
appropriate reaction conditions. Although the experimental campaigns can be systematized by
the use of statistical design-of-experiments® and accelerated by the use of high-throughput
experimentation,” ® this strategy still typically relies upon human expertise to determine the
important variables to search.

Unlike the analogous problem of informatics-based organic synthesis planning,’
materials synthesis planning is much less mature. Informatics-driven approaches for materials

experimental designs have primarily focused on control of processing conditions. Representative



examples include work in optimizing gun power, tilt, and substrate height in magneton sputtering
of thin films,'® optimizing localized heating conditions to control microstructure formation
during additive manufacturing,'' and optimizing cooling rates for batch crystallization.'” The
synthesis of materials with novel compositions is more limited, and strategies have generally
consisted of one of the following four approaches. The first approach uses unsupervised and
semisupervised learning algorithms to identify boundaries in composition-property space (e.g.
catalytic activity,"” and mapping of phase diagrams'*). However, this strategy only determines
regions of interest for further experimental attention using the existing precursors and processing
conditions ranges, rather than identifying novel synthetic routes. The second approach involves
computed thermodynamic considerations about equilibrium ground states”” or allowed
metastability criteria'® to select feasible candidates. However, this strategy only determines if
the material’s existence is plausible, but does not provide a specific synthetic route. The third
approach is to train machine learning models using synthesis data extracted from the published
literature'” or from unpublished laboratory notebooks.'”® However, this strategy relies upon
having a large dataset of past experimental outcomes to construct the models, and thus is
generally not applicable to new chemical systems (with the notable exception of ion-substitution
similarity.” A fourth approach is to use active machine learning methods to optimally select

2021 However, this strategy has only been used to

new exploratory synthetic experiments.
optimize reaction conditions and stoichiometry, but not to provide insight about the
physicochemical properties of the reactants that determine experimental success.

This paper includes an exploration of a hybrid approach for planning experiments and

gaining insight into the factors governing the formation of different structural outcomes for

amine-templated vanadium selenites of a [VO(SeO3)(HSeO3)] framework. Starting from a small



(75 discrete reactions) set of historical reaction data, we constructed a decision tree based on
information gain to select the important reaction conditions, reactant masses, and reactant
properties to study, and thus avoided inserting experimental biases into the choice of variables.
We then used these reaction conditions to design a fractional-factorial experiment studying the
effects of these variables in a more systematic and efficient way than the typical “one-variable-
at-a-time” approach. This process resulted in the synthesis of five novel compounds. An
explanation of the structural outcomes was generated in terms of the reactant properties by
training a decision tree on predicted reactant physicochemical properties. The resulting model
captures and ranks “the hierarchy of structural influences” previously proposed for these

materials in a quantitative way.

Experimental

Materials. NH4sVO; (99 %), NaVOs; (anhydrous, 99.9 %), VOSO4 xH,O (97 %), SeO;
(99.4 %), N,N’-dimethylethylenediamine (dmed, 99 %), 1,2-bis(3-aminopropylamino)ethane
(bape, > 99 %), diethyltriamine (deta, 99.0 %) and piperazine (pip, 99 %) were purchased from
Sigma-Aldrich. All reagents were used as received. Deionized water was used in these
syntheses. A full list of amines used in this study is provided in the Electronic Supplementary
Information.

Syntheses. All reactions were conducted in 23 mL poly(fluoro-ethylene-propylene) lined
pressure vessels. Initial reaction pHs were controlled by the addition of 4 M HCI and 4 M NaOH.
The reactions were heated to a set temperature and allowed to soak. The reactions were then
cooled to room temperature at a rate of 6 °C h™' to promote the growth of large single crystals.

Autoclaves and bottles were opened in air, and products were recovered via vacuum filtration.



The reactions shown below describe the optimized conditions under which no additional
crystalline or amorphous reaction products were observed, for the purposes of bulk
characterization. These are distinct from the factorial design experiments described in the text

[CsH14N2]2[VO(SeO3)(HSeO3)]6-SH,O (1) was synthesized as black-green crystals
through the reaction of 0.179 g (8.04 x 10™* mol) VOSO,, 1.332 g (1.20 x 10 mol) SeO,, 0.104
g (1.18 x 10 mol) dmed, and 6.00 g (3.33 x 10" mol) H,O. The reaction was heated at 110 °C
for 24 h in 23 mL poly(fluoro-ethylene-propylene) lined pressure vessels; initial pH was set to 1.

[CsH26N4] [VO(SeO3)(HSeO3)]6H,O (2) was synthesized as black-green crystals
through the reaction of 0.0982 g (8.05 x 10* mol) NaVOs, 1.334 g (1.20 x 107 mol) SeO»,
0.141 g (8.11 x 10™* mol) bape, and 6.06 g (3.36 x 10" mol) H,O. The reaction was heated at
110 °C for 24 h in 23 mL poly(fluoro-ethylene-propylene) lined pressure vessels; initial pH was
set to 1.

[CsH16N2]2[VO(SeO3)(HSe03)]5:9.333H,0 (3) was synthesized as black-green crystals
through the reaction of 0.110 g (9.43 x 10® mol) NH4VOs, 1.233 g (1.11 x 10 mol) SeO,,
0.0758 g (7.35 x 10 mol) deta, and 2.01 g (1.12 x 10" mol) H,O. The reaction was heated at
110 °C for 24 h in 23 mL poly(fluoro-ethylene-propylene) lined pressure vessels; initial pH was
set to 3.

[CsH12N2][(VO)3(SeO3)(HSeO3)4]-H>O (4) was synthesized as blue crystals through the
reaction of 0.222 g (1.36 x 10 mol) VOSO,, 0.888 g (8.00 x 10~ mol) SeO,, 0.0858 g (9.96 x
10 mol) pip, and 6.01 g (3.33 x 10" mol) H,O. The reaction was heated at 110 °C for 24 h in
23 mL poly(fluoro-ethylene-propylene) lined pressure vessels; initial pH was set to 1.

[C4H12N2][(VO)202(Se03),] (5) was synthesized as yellow crystals through the reaction

of 0.113 g (9.64 x 10™* mol) NH4VO3, 1.096 g (9.87 x 10™ mol) SeO», 0.761 g (8.83 x 10™* mol)



pip, and 6.26 g (3.47 x 10" mol) H,O. The reaction was heated at 110 °C for 24 h in 23 mL
poly(fluoro-ethylene-propylene) lined pressure vessels; initial pH was set to 1.

Single Crystal X-ray Diffraction. Data were collected using a Bruker AXS Smart Apex
CCD, ApexIl CCD or Quest CMOS diffractometers with Mo-Ka radiation (A = 0.71073 A).
The Smart Apex and ApexIl instruments featured fine focus sealed tube X-ray sources with
graphite monochromators. The Quest CMOS instrument is an IuS microsource with a laterally
graded multilayer (Goebel) mirror for monochromatization. A single crystal was mounted on a
Mitegen micromesh mount using a trace of mineral oil and cooled in-situ to 100(2) K for data
collection. Frames were collected, reflections were indexed and processed, and the files scaled
and corrected for absorption using APEX2.** The heavy atom positions were determined using
SIR92.> All other non-hydrogen sites were located from Fourier difference maps. All non-
hydrogen sites were refined using anisotropic thermal parameters using full matrix least squares
procedures on F,” with I > 30(/). Hydrogen atoms were placed in geometrically idealized
positions. All calculations were performed using Crystals v. 14.23¢.>* Relevant crystallographic
data are listed in Table 1.

Powder X-ray Diffraction. Powder diffraction patterns were recorded on a GBC-
Difftech MMA powder diffractometer. Samples were mounted on glass plates. Calculated
powder patterns were generated from single crystal data using ATOMS v. 6.0.> Powder X-ray
diffraction patterns were consistent with patterns predicted from the refined structures of 1 - 5.
No evidence of additional phases was observed.

Infrared Spectroscopy. Infrared measurements were obtained using a Perkin Elmer FT-
IR Spectrum 1000 spectrophotometer. Samples were diluted with spectroscopic grade KBr and

pressed into pellets. Scans were collected over the range of 400 — 4000 cm’.



Bond Valence Sums. Bond valence sums® calculations were performed using
parameters compiled by Brese and O’Keeffe.”” Complete tables of bond valence sums for
compounds 1 — 5 are available in the Electronic supplementary information.

Decision tree generation. J48 type decision trees, which is a java implementation of the
C4.5 decision tree algorithm,"> were generated using Weka.'* The algorithm was provided with
the full set of descriptors and selected the descriptors that produced the ‘best' split of the data.
Heuristically, the best split is the one that most accurately separates the greatest number of
results. Weka’s default parameters for the C4.5 decision tree algorithm were used, which
includes a tolerance of two instances per leaf, a confidence factor of 0.25 for pruning. No
artificial discretization was imposed prior to the processing by the C4.5 (J48) model. At each
node, the normalized information gain is evaluated for splitting from each of the available
criteria. The criteria with the highest information gain is chosen to split the tree. Training and
testing were performed on both the historical and the factorial data set with 10-fold cross-
validation, and the trees were pruned. The ChemAxon descriptors, which were used to analyze
the factorial design outcomes, were calculated using the ChemAxon Calculator Plugin®®; see
Table 4 for a list of ChemAxon descriptors. The historical descriptors are provided in
Supplementary Data. Confusion matrices for each decision tree are available as Tables S12-S14
in the Electronic Supplementary Information, in addition to a series of calculated measures in

Table S15.

Results and discussion
Our experimental efforts are often focused on the formation of new materials through

exploratory syntheses. Traditionally, such work in new chemical systems is accomplished
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through two stages. Initial exploratory reactions are generally based upon related reports in the
literature, with wide variations introduced into many experimental parameters such as time,
temperature, pH and reactant choice and relative reactant concentrations. As an example, our
initial efforts in synthesizing novel templated vanadium selenites were based upon both our work

29-32 . . : 33-39
and on previously reported vanadium selenites. Success

on templated vanadium tellurites
in these initial exploratory efforts provide the foundation for more focused exploitation reactions.
In this stage, a wide range of organic amines are utilized in parallel in reactions that directly
mimic the successes identified during the exploratory stage. The work presented was based upon
a series of exploitation reactions designed to mimic the conditions used in the preparation of
[CsH1N2][VO(Se03)(HSe0s3)]o-2H,0 and [CeH 1N, [VO(SeOs)(HSeO3) ], 2H,0.%

A dataset of 75 historical reactions was compiled from past entries found in our
laboratory notebooks. This dataset, provided in the Electronic supplementary information,
contains a range of information including reactant quantities (amounts of vanadium, selenium,
the amine and solvent water), reaction conditions (temperature, initial pH), and calculated
geometric and property descriptors for the amine present. The initial set of 24 descriptors was
selected from variables identified as important in our past work on templated vanadium

. 18, 41
selenites. ™

Inorganic descriptors are focused on the vanadium source, where both NH;" and
Na' are possible counter ions. Selenium dioxide was used in every reaction, and so no selenium
source descriptors are included. The amine descriptors include structural (C:N ratio, chain
length, molecular weight, nitrogen count, presence of primary and/or secondary ammonium sites,
cyclic and/or spherical structures (bicycles), and phase at 25 °C (solid or liquid)), acidity (pK,

29, 31, 42-44

values), and inverse-charge density matching (maximal projection area / N) parameters.

Note that inverse charge density was used to maximize the separation between values for



different amines. The amine areas were calculated using ChemAxon.”® Finally, the last two
columns describe the reaction outcome. The outcome field describes if an individual reaction
resulted in a [VO(SeOs)(HSeO;)] framework structure, either type-1 or type-2, vide infra. A
purity field is used to denote if a reaction resulted in a single solid phase or multiple phases. A
full list of these descriptors and their respective definitions is provided in the Electronic
supplementary information.

The set of historical reactions described above was compiled to exploit past successes in
the formation of new organically templated vanadium selenites with framework structures. A
‘pruned’ decision tree*' was created to identify the most important descriptors in the historical
dataset, essentially acting as a feature selector, and indicating the boundaries for the ‘-1’ and ‘+1’
levels for a fractional factorial design. This decision tree is shown in Figure 1. Of the 6 features
identified in the decision tree, 5 were selected for inclusion in a fractional factorial design. Two
features identified in the decision tree, minimum pK, and pK, 1, were merged and included as
minimum pK, 1. To capture composition effects not contained in our historical dataset, we
augmented this with four stoichiometric descriptors (moles of Se, moles of V, moles of amine,
mass of water) and a vanadium oxidation state descriptor (VOSOs, the only V** source used in
these experiments). The resulting set of 10 descriptors was used to generate 128 individual
reactions by a 2> resolution V fractional factorial design. See Table 2. The purpose of this
fractional factorial design study was to most effectively explore chemical space. Such a study
enables one to systematically and efficiently probe the effects of many variables in complex
systems, and allows for the avoidance of a “one-variable-at-a-time” approach. This experimental
design is not intended to find ‘correct’ or ‘incorrect’ outcomes, but rather to generate a uniform

dataset for generating subsequent machine learning models. Its function is to create unique
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experiments that uniformly sample the impact of individual reaction parameters for each amine.
Moreover, the identification of phase stability boundaries is essential in the determination of
structural adaptability ranges. All 128 individual reactions generated in this fractional factorial
analysis were conducted and their respective products were determined. This reaction set
constitutes a more effective and systematic exploration of the chemical space under
consideration. ~ The desired framework was produced in 27 of the 128 individual reactions
performed in this fractional factorial analysis. In 8 of these ‘successful’ reactions, the amines
decomposed and were no longer present in the final compound, these amines were 1-(2-
aminoethyl)piperazine and tris(2-aminoethyl)amine. As such, these amines are denoted as
unable to be found in the desired framework. The role of decomposition in this study is
discussed below.

The dataset containing the 75 historical reactions was augmented with the 128 reactions
from the fractional factorial analysis. A decision tree created from this larger dataset is shown in
Figure S5 of the Electronic Supplementary Information. The two decision trees share strong
commonalities, with the presence of secondary ammonium sites, cyclic amine structure and
amine pK, values being present in both trees. Additionally, the observation of reaction
stoichiometry, specifically the number of moles of the amine, in the second tree validates the
inclusion of these descriptors in the fractional factorial analysis design.

Five new compounds were formed during this study. The inorganic components in
compounds 1 — 5 are constructed from similar primary building units. [VOs] and [VOs]
coordination polyhedra are observed. Both V*" and V>* vanadium centers are found in the [VOg]
octahedra, while the [VOs] polyhedra contain V*" exclusively. The vanadium oxide bonds in the

[V>*Og] octahedra are generally shorter than the corresponding bonds in the [V*'O4] octahedra,
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with the following observed ranges (A): V" - Owmminat  1.590(3) - 1.6254(13), V" - Obridging
1.6700(13) — 2.2418(13), V*" - Owermina 1.5982(14) — 1.6159(14), V** - Obridging 1.9686(13) —
2.248(3).  All selenium sites in these compounds are 4+ and exist in trigonal pyramidal
coordination geometries with a stereoactive lone pairs. Compounds 1 — 4 contain both
unprotonated [SeO;] and protonated [HSeO;] moieties, while 5 is comprised of [SeOs] alone.
The Se — Obridging bonds range between 1.648(3) and 1.769(3) A, while the Se — O(H) bonds
range between 1.746(3) and 1.7919(14) A. Protonated organic amines are found in each
compound, creating extensive hydrogen-bonding networks.

The inorganic components in compounds 1 — 3 exhibit the same connectivity. See Figure
2. These structures are constructed from the same one-dimensional ladder secondary building
unit (SBU), containing [VOs] and [SeOs] groups. This SBU has been observed in other

34.33,37.39.90.43 and zinc phosphates.*® Adjacent chains are connected through

vanadium selenites
bridging [HSeOs] moieties, resulting in the framework connectivity shown in Figure 2. Note that
a distinct vanadium selenite framework has already been reported,™ which is similar but not
identical to the one reported here. The framework designated here as type-1*° is observed in
[CsHi6N2][VO(SeO3)(HSeOs)]2-2H,0, [CsH14N2][VO(SeO3)(HSeO3)],-2H,0, [(S)-
CsH14N2][VO(SeO3)(HSeO3)]:-2H,0 and [(R)-CsH14N,2][VO(SeO3)(HSeO3)],-2H,0, while the
type-2 variation is observed in compounds 1 — 3. The SBUs in these two framework types are
identical, as are the connections between one-dimensional SBUs. However, the hydrogen-
bonding interactions involving pendant [HSeOs] donor groups differ.  The hydrogen bond
acceptors in the type-1 variation are located within the central SBU backbone, while the

acceptors in the type-2 variation are exclusively non-framework occluded water molecules. This

results in different [HSeOs;] orientations and channel metrics. See Figure 3. The channels in the
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type-1 framework are nearly cylindrical while those in the type-2 framework are better described
as elliptical cylinders.

The data generated in the fractional factorial design were used to better understand the
formation of type-2 [VO(SeO;)(HSeOs)] framework structures. This framework type was
specifically chosen for two reasons. First, this framework connectivity (both type-1 and type-2)
was unreported before our initial exploratory reactions were conducted, making this study
maximally useful as it did not just replicate a current understanding of a well explored system.
Second, a range of vanadium charge ordering states are observed in compounds 1 — 3, suggesting
the possibility of interesting physical properties. In order to focus the fractional factorial design
study on the formation of type-2 [VO(SeOs3)(HSeO;)] framework structures, results were
encoded on an amine specific level. Experimental results were collated for each of the 23
individual amines. An amine was tagged as ‘successful’ if it was ever found to be present in the
target framework. In contrast, ‘unsuccessful’ amines were those that were never found in the
target structure in any individual reaction.

Three different amines were used in reactions that resulted in the desired type-2
[VO(SeOs3)(HSeO3)] framework; 2-piperazinoethylamine (aep), 1,4-bis(3-aminopropyl)piperazine
(bapp) and tris(2-aminoethyl)amine (tren). These amines, however, were tagged as ‘unsuccessful’
because the resulting compounds did not contain the initial amines. Instead, the amines
decomposed during reaction and the resulting products contained distinctly different organic
structures (diethyltriamine (deta) in the case of aep and tren, or 1,2-bis(3-aminopropylamino)ethane
(bape) in the case of bapp). The amines in question and their decomposition products are listed in
Table 3. The decomposition of these amines precludes marking them as successful because the

type-2 [VO(SeO;)(HSeOs)] framework was never observed to contain them in their original
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form. Additionally, three amines were found to be crystallographically disordered and two
amines resulted in twinned crystals. The structures containing triethylenetetramine (teta),
tetracthylenepentamine (tepa) and pentaethylenechexamine (peha) contained well-resolved inorganic
frameworks with crystallographically disordered amines. The structures containing
ethylenediamine (en) and N-methylethylenediamine (n-meda) were both badly twinned. While
identification of both the inorganic and organic structures was possible, the twinning present in
each crystal precluded a stable refinement. See Table 3. Nevertheless, en, n-meda, teta, tepa, and
peha are considered successful amines because they were indeed present in the type-2
[VO(SeOs;)(HSeOs)] framework, despite crystallographic complications.

To elucidate the dependence of these different framework types on the amine properties,
we constructed models based on physicochemical descriptors describing the hierarchy of
influences that we have proposed to most strongly affect the nature of reaction products in this

40, 47-55

family of compounds. These influences include reactant concentrations, charge density

31, 40, 41, 61, 62 30, 60

matching, *** >* 2% hydrogen-bonding, sterics, and symmetry.®> ®*  This
hierarchy is based upon postulated formation mechanisms for organically templated metal
oxides.”” * % As the nature of this study is amine-centric, our descriptor set is focused on the
amine properties found in our hierarchy. Descriptors for amine shape (surface areas, volume,
projection sizes), charge and charge distribution (pK,, polar surface area), and hydrogen-bonding
(number of N-H bonds) have been included. See Table 4. This complete dataset is available in
the Electronic supplementary information. The decision tree generated with these data, shown in

Figure 4, selects two features (minimum projection distance and polar surface area) as the most

informative of the reaction outcome.
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Plotting the reaction outcome as a function of both amine polar surface area and
minimum projection distance reveals an interesting dependence. See Figure 5. Note that solid
symbols in Figure 5 represent the initial 23 amines. The dark blue squares represent the amines
that can form type-2 [VO(SeOs3)(HSeO;)] frameworks. The collection of amines that result in
type-2 [VO(SeO3)(HSeO3)] framework structures can be described as having high polar surface
areas for their minimum projection distance. In short, this means that the amines are either small
(low projection distances), or linear with a larger number of ammonium sites (higher polar
surface areas). As the geometry of the channels in type-2 [VO(SeOs)(HSeOs)] frameworks is
quite constrained, this region of phase stability makes sense. Amines that either cannot fit into a

29, 31, 42-4 . .
i * are unable to result in the desired

narrow channel or exhibit low charge densities
structure type. Note that 2-methylpiperazine (2-mpip) and 2,5-dimethylpiperazine (2,5-dmpip)
both exist in type-1 [VO(SeOs3)(HSeOs)] frameworks. However, their polar surface areas (33.2
A?) and minimum projection distances (6.5 — 6.7 A) do not allow for these amines to fit in type-2
channels. These amines are marked by cyan squares in Figure 5. The channels are larger in a
type-1 [VO(SeO3)(HSeOs3)] framework, which enables the formation with 2-mpip or 2,5-dmpip .
The influence of charge density matching®™ " **** is also observed in the selection of
these two descriptors. Charge density matching in a geometrically constrained three-dimensional
framework that contains a channel structure is effectively reduced to the linear channel charge
density (positive charge per unit length), which must balance the charge on the inorganic
framework. As such, the combination of polar surface area (amount of the molecule that is

charged) and minimum projection distance (the footprint of the molecule) suggests that charge

density matching remains important in this study.
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The outcome of the factorial experiment—comprising 23 different organic amines—was
used to create the decision tree shown in Figure 4. Amine selection for the exploratory synthetic
efforts for the formation of new templated metal oxides is generally based upon several criteria,
including commercial availability, cost, stability and past history of success in related chemical
systems. As such, a small set of organic amines is disproportionately represented in the
literature.'® In an attempt to avoid the introduction of historical bias in this dataset and analysis,
an additional 19 amines were chosen randomly from our Dark Reactions database'® and used in a
supplemental set of 32 reactions. The results of these reactions were plotted alongside the
original amines. See Figure 5. These data are consistent with the original hypothesis concerning
the structural adaptability ranges for type-2 [VO(SeO;)(HSeOs;)] framework. The accuracy of
the decision tree model, shown in Figure 4, was calculated using the additional 19 amines as a
test set. Of these 19 amines, 15 true negatives were observed (both predicted and observed to
not form the framework in question) and 4 false positives (predicted to form the framework, but
observed to be unable) were found, resulting in an accuracy of 78.9 %. These points are shown
in Figure 5 as open symbols. The 4 false positive are clustered at low minimum projection
distances, between 5.5 and 6 A, where the model had no prior data. A new decision tree model
using the full data set of 42 amines was generated, shown in Figure 6. Once again, the polar
surface area and minimum projection distance appear as nodes in the decision tree, but inclusion
of the 4 formerly false positive amines refines the boundary chosen for the minimum projection
distance (as shown in Figure 5) .

The work described above details the exploitation of the structural adaptability of type-2
[VO(SeO;)(HSeOs)] framework, in that the generalized amine properties that enable or preclude

framework formation are identified and described. An additional electronic adaptability also
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exists in this [VO(SeOs3)(HSeO;)] framework system (considering both type-1 and type-2
analogs), from which the bounds of charge density matching can be determined for this system.
All vanadium centers in the type-1 framework compounds exist in the +4 oxidation state, while
each type-2 framework contains both V*" and V°*. The vanadium oxidation states in these
compounds were determined using bond valence sums calculations.”®*” See Table 2. Full tables
of calculated bond valence sums for compounds 1 — 5 are provided in the Electronic
supplementary information. The fraction of vanadium sites in the V** state in compounds 1, 2,
and 3 are 0.667, 0.667 and 0.75. As noted above, the location of V¥ and V> sites can be
determined readily from experimental bond distances using bond valence sums. Moreover, the
colors of these materials support the assigned vanadium oxidation states. The type-1 framework
compounds; [CeHsN2][VO(SeO3)(HSeO3)],-2H,0, [CsH14N2][VO(SeO3)(HSeO3)],-2H,0, [(S)-
CsH14N2][VO(SeO3)(HSeO3)]:-2H,0  and  [(R)-CsH14N2][VO(SeO3)(HSeO3)],-2H,0, contain
V** exclusively and exist as light blue crystals, owing to the d' configuration on the V*" sites.
Compounds 1 — 3, in contrast are all very dark green, the result of an intervalence charge transfer
band between adjacent V¥ and V" sites.

The vanadium charge ordering schemes for compounds 1 — 3,
[CeH16N2][VO(Se0;)(HSeO0s)],-2H,0,* [CsH14N,][VO(Se03)(HSe05)],-2H,0,* [(S)-
CsHi4N,][VO(Se03)(HSe05)],2H,0%  and  [(R)-CsHisN,][VO(SeO;)(HSe0s3)],-2H,0%  are
shown in Figure 7. Green and orange octahedra represent V** and V' sites respectively. The
variability in vanadium oxidation state concentration and location suggests a compensation
mechanism to achieve charge density matching in these compounds that does not affect the
connectivity within the framework. The amount of positive charge provided by the organic

amines is dictated by length and protonation state. Additionally, the distance between amines is
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controlled largely by sterics. As such, the amount of positive charge per A in the framework
channels varies between compounds and needs to be matched by the negative charge on the
framework.

The amines found in [CsH16N2][VO(SeO3)(HSeOs)],-2H,0,
[CsH14N2][VO(SeO3)(HSeO3)]2-2H,0,  [(S)-CsHiaN2][VO(SeO3)(HSeO3)]:-:2H,0  and  [(R)-
CsHiaN2J[VO(SeOs)(HSeO3)]2:2H,0 - (2,5-dimethylpiperazine  and  either racemic  or
enantiomerically pure 2-methylpiperazine) are largely cyclic and compact. As such, they are
able to pack closely, resulting in higher channel charge densities. In contrast, the linear amines
in 1 — 3 are far less compact. The channel charge densities in these compounds are significantly
lower. These related frameworks are able to compensate for differences in channel charge
density through the inclusion of both V*" and V°*. The relationship between fraction of V*' sites
and channel charge density is essentially linear. See Figure 8. The electronic adaptability of this
framework is complementary to the connectivity component of the structural adaptability
described above.

The negative charge on the [VO(SeO3)(HSeO;)] framework and the positive charge in the
respective channels must perfectly balance. Small, highly charged amines such as 2-mpip and
2,5-dmpip can pack together closely, resulting in a higher positive charge density on the
channels. In contrast, longer, lower charged amines such as dmed result in lower positive charge
density channels. These channel charge densities could conceivably exist over a wide range,
from small cations such as NH; to quite long amines with extended carbon backbones.
However, the framework charge is more stringently bounded. Both V*" and V°" centers can be
incorporated into these structures, but V> sites would require more substantial structural

rearrangement, and of course V®' is not chemically accessible. Therefore, an all-V*" framework
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minimizes the positive charge on the vanadium sites and results in a higher negative framework
charge. The introduction of V" then lowers the amount of negative charge on the framework,
and an all-V>" framework would represent the lower bound on framework charge. Channel
charge densities can neither exceed that of an all-V*" framework nor fall below an all-V°"
framework. Exceptionally small cations such as NH;" could possibly be incorporated if the
inclusion of solvent allowed for the cations to be properly spaced without the inclusion of voids.
The opposite, however, is not possible. Organic cations with exceptionally low charge densities
could never be incorporated because mechanisms to increase their charge density do not exist.

The utility of our systematic exploration of chemical space described is twofold. First, it
was used to successfully elucidate the structural adaptability ranges for the vanadium framework
type in question. Second, such a systematic exploration is likely to also result in the formation of
previously unknown compounds because chemical space is more evenly investigated. Two such
compounds were discovered in this exploration using the amine piperazine. Compounds 4 and 5§
are quite different in terms of composition and structure, a reflection of the diverse reagent
choices and experimental parameters that gave rise to their formation.

The inorganic framework in [C4H12N2][(VO)3(SeOs3)(HSeOs3)4]-H2O (4) is constructed
from [VOs], [VOgs], [HSeOs] and [SeOs] primary building units. All vanadium sites in 4 exist in
the +4 oxidation state. See Figure 9. [VO(SeO3),(HSeO3)] chains extend along the [0 0 1]
direction. Such chain connectivities have been observed in other metal selenites.*> °> ©” These
chains are connected by [VOs] bridging units in two directions. The resulting framework is
related to [CsH14N2][(VO)3(Se03)2(HSeO3)s], [(R)-CsHiaN2][(VO)3(SeO3)2(HSeOs)4] and [(S)-
CsHuNL][(VO)3(Se03)2(HSeOs),].*  The orientations of the [VOS5] coordination polyhedra

differ between these reported structures and compound 4, in that the alternation in their
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respective orientations is observed in 4 alone. A figure containing the [VO(SeOs3)2(HSeOs)]
chains and the [VOs] orientations is available in the Electronic supplementary information.

[C4sH12N2][(VO)202(Se0s)2] (5) contains both [(VO),0,(Se0s),] layers and protonated
piperazinium dications. The lone vanadium site in compound 5 exists in the +5 oxidation state.
The [(VO),0,(Se0s),] layers are constructed from [V20;] dimers and bridging [SeO;] groups.
See Figure 10. The connectivity within the [(VO),02(Se0Os),] layers has been observed
previously in [CeH14N2][V204(SeOs),]-1.25H,0,® however the orientations of the bridging
[SeOs] groups differ distinctly. The piperazinium dications reside between inorganic layers,
forming an extensive hydrogen-bonding network.

The reaction mixtures from which these materials were formed dictate their compositions
and structures. [C4H12N2][(VO)3(SeO3)(HSeO3)4]-H2O (4) and [C4H12N2][(VO)202(Se03)2] (5)
were both synthesized using piperazine as the amine, using vanadium sources. Compound 4 was
synthesized using VOSQO,4, while compound 5 was formed from NH4VO;. The vanadium
oxidation states in the products mirror those in their respective vanadium sources, +4 or +5.
Such behavior is consistent with a hypothesis regarding the role of piperazine and piperazine-like
amines in the formation of templated vanadium selenites.'® Moreover, compounds 4 and 5 were
synthesized from reaction mixtures with approximate reactant ratios of 1 pip : 6 V : 1 Se and 1
pip : 10 V : 9 Se. The increased amine concentration in the reaction mixture from which 5 was
formed is reflected in this compounds stoichiometry with respect to 4. Compound 5 is amine
rich, with composition of 1 pip : 2 V : 2 Se, in contrast to the amine deficient 4, whose
composition is 1 pip : 3 V : 5 Se. The combination of vanadium oxidation state and relative

amine concentration is responsible for the differences observed between compounds 4 and 5.

20



Conclusions

The structural and electronic adaptability ranges for a specific vanadium selenite framework
were determined using a combined cheminformatics and machine learning approach. Historical
reaction data were coupled with a fractional factorial design to efficiently explore the effects of
amine structure and reactivity. This approach led to the identification of structural and electronic
adaptability ranges in the target structure type, elucidation of the physiochemical properties most

responsible for these adaptability ranges and the formation of five novel materials.
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Table 1. Crystallographic data for compounds 1 — 5.

Compound [C4H14N2]2[VO(SGO3)( [C8H26N4] [VO(SCO3)( [C4H16N2]2[VO(SGO3)( [C4H12N2] [(VO)3(S€O3 [C4H12N2] [(VO)202(SC
HSeOs)]s-SH,0 (1) HSeOy)]o-6H,0 (2)  HSeO5)]s:9.333H,0  )(HSeOs)s]- HaO (4) 05).] (5)
3)
Formula CsH43N40475€12 Vs CsH44N4O455€12 Vg CsHss.67N6Os5.335€16 Vs C4H1sN202Ses V3 C4Hi2N2010Se2 Vs,
fw 2200.60 2217.60 2955.43 1072.77 507.95
Space-Group P2i/c (No. 14) C2/c (No. 15) P2,/c (No. 14) P-1 (No. 2) P2,/c (No. 14)
alA 24.713(2) 18.816(5) 17.9990(7) 10.0027(6) 10.0879(4)
b/A 7.9212(8) 7.934(5) 15.6580(6) 10.4765(6) 6.2047(2)
/A 34.399(2) 34.439(5) 26.0344(10) 12.2924(7) 10.6765(4)
al/° 90 90 90 74.478(3) 90
B/o 130.376(4) 95.850(5) 113.803 72.643(3) 116.5657(17)
" 90 90 90 79.707(3) 90
V/A 5129.8(9) 5114(4) 6713.1(5) 1177.80(7) 597.71(2)
4 4 4 4 2 2
Peate | g e 2.849 20880 2.924 3.025 2.822
A/A 0.71073 0.71073 0.71073 0.71073 0.71073
TIK 100(1) 100(1) 100(1) 100(1) 100(1)
w/mm’ 9.688 9.720 9.875 10.540 7.709
R’ 0.0375 0.0508 0.0423 0.0180 0.0190
WR, 0.0903 0.1167 0.1134 0.0396 0.0521

"Ri=Z||Fo|- | Fe|| /2| Fol. " wRy = [EW(FS: = F2)  [Ew(Fo2) "
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Table 2. Fractional factorial design variables and values.

Variable Name -1 level +1 level
A min pK, 1 value >5.18 <5.18
B contains a secondary ammonium site no yes
C contains a ring no yes
D NaVOs; was used no yes
E NH4VO; was used no yes
F VOSO4 was used no yes
G number of moles of Se 0.005 0.010
H number of moles of the amine 0.0005 0.001
J number of moles of V 0.0004 0.0008
K mass of water 3 6
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Table 3. Summary of amine decomposition, disorder and twinning occurrence.

Initial amine Observed organic structure Note

aep deta decomposition
bapp bape decomposition
tren deta decomposition

teta teta disorder

tepa tepa disorder

peha peha disorder

en en twinning

n-meda n-meda twinning
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Table 4. Organic molecule descriptors

Name

Description

amine abbreviation
mw

polar_surface area
3D _surface area

van_der Waals volume
max_proj d
max_proj A
min_proj d
min_proj A
pKal

pKa2

pKa3

pKa4

min_pKa
max N-H bonds

abbreviation for the amine used in the reaction

molecular weight (g / mol)

Three-dimensional polar surface area, computed using van der Waals
radii of all nitrogen and oxygen atoms (A?)

Three-dimensional molecular surface area, computed using van der
Waals radii of the atoms (A?)

Three-dimensional volume, computed using van der Waals radii of
the atoms (A?)

maximum value of the projection distance (A)

maximum value of the projection area (A?)

minimum value of the projection distance (A)

minimum value of the projection area (A%

amine pK, 1

amine pK, 2

amine pK, 3, if applicable

amine pK, 4, if applicable

minimum pK, value

total number N-H bonds
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Table 5. Framework charge density data.

Compound Fraction = Amine — Channel Channel charge
Al amine charge (e’ density (e / A)
distance (A)

[C4H14N2]2[VO(SeO3)(HSeO3)]6- SH2O (1) 0.667 37.728 8 0.2120
[CsHasN4][VO(SeO;3)(HSeO3)]6-6HO (2) 0.667 37.523 8 0.2132
[C4H16N2]2[VO(SeO3)(HSe03)]5-9.333H,0 (3)  0.75 24.970 6 0.2403
[CeH 16N> ][VO(SeO3)(HSeO3)],-2H,0™ 1.0 12.716 4 0.3146
[CsH 14N, ][VO(SeO3)(HSeO3)],-2H,0™ 1.0 12.667 4 0.3454
[(S)-CsH 4N, ][VO(SeOs3)(HSeO3)],-2H,0™ 1.0 12.674 4 0.3156
[(R)-CsHuN>][VO(Se0;3)(HSeO3)]- 2H,0 1.0 12.682 4 0.3158
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Figure captions.

Figure 1. Historical reaction decision tree. Each reaction bin contains a specific outcome value
and number of reactions correctly and incorrectly assigned to that bin, respectively.

Figure 2. Three-dimensional packing of [C4HsN2]o[VO(SeO3)(HSeO3)]s-9.333H,0 (3). Green
octahedra represent [VOg] while purple, red, blue, white and gray spheres represent selenium
oxygen, nitrogen, carbon and hydrogen atoms, respectively. Selected hydrogen atoms have been
removed for clarity.

Figure 3. Channel dimensions in the (a) type-1 and (b) type-2 [VO(SeO3)(HSeO3)] framework.
. Selected distances are shown (A). Green octahedra represent [VOs] while purple, red, and gray
spheres represent selenium oxygen and hydrogen atoms, respectively.

Figure 4. Original [VO(SeO3)(HSeOs)] type-II layer formation decision tree. Each reaction bin
contains a specific outcome value and number of reactions correctly and incorrectly assigned to
that bin, respectively.

Figure 5. Plot of reaction outcome as a function of both amine polar surface area and minimum
projection distance. Symbols for the original 23 amines are solid, while the symbols for the
additional 19 amines are open. Blue and red lines represent Dashed lines represented polar
surface area and minimum projection distance decision boundaries, respectively. Dashed lines
correspond to the decision boundaries for the original 23 amines only, while dotted lines
represent decision boundaries for the full set of amines.

Figure 6. [VO(SeO;)(HSeOs)] type-II layer formation decision tree, including the results from
reactions involving all 42 amines. Each reaction bin contains a specific outcome value and
number of reactions correctly and incorrectly assigned to that bin, respectively.

Figure 7. Charge ordering schemes in (a) [C4HaN2]2[VO(SeO;)(HSeOs)]s-SH2O (1), (b)
[C8H26N4][VO(S€O3)(HSGO3)]6'6HQO (2), (C) [C4H16N2]2[VO(SGO3)(HS€O3)]8‘9.333H20 (3)
and (d) [Ce¢HsN2][VO(SeO3)(HSeO3)]2-2H,0. Green and orange octahedra represent [V* O]
and [V°'Oq], respectively. Purple, red and gray spheres represent selenium, oxygen and
hydrogen, respectively.

Figure 8. Plot of V** fraction versus linear channel charge density.

Figure 9. Three-dimensional packing of [C4sH;2N2][(VO)3(SeOs3)(HSeOs3)4]-H2O (4). Green
polyhedra represent [VOs] and [VOs] while purple, red, blue, white and gray spheres represent
selenium oxygen, nitrogen, carbon and hydrogen atoms, respectively. Selected hydrogen atoms

have been removed for clarity.

Figure 10. (a) Layer connectivity and (b) three-dimensional packing of
[C4H12N2][(VO)202(Se0s),] (5). Green polyhedra represent [VOg] while purple, red, blue, white
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and gray spheres represent selenium oxygen, nitrogen, carbon and hydrogen atoms, respectively.
Hydrogen atoms have been removed for clarity.
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(Will a vanadium selenite framework form?)

secondary
ammonium
site

yes

X

Na' ions yes

CE20) present

minimum

b 0(8)

0 (10) > 9.93

NH," ions
present

A

the amine

SR is cyclic

Figure 1. Historical reaction decision tree. Each reaction bin contains a specific outcome value
and number of reactions correctly and incorrectly assigned to that bin, respectively.
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Figure 2. Three-dimensional packing of [C4HsN2]o[VO(SeO3)(HSeO3)]s-9.333H,0 (3). Green
octahedra represent [VOg] while purple, red, blue, white and gray spheres represent selenium

oxygen, nitrogen, carbon and hydrogen atoms, respectively. Selected hydrogen atoms have been
removed for clarity.
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11.3(1) A
B ——

(b)
Figure 3. Channel dimensions in the (a) type-1 and (b) type-2 [VO(SeO3)(HSeOs)] framework.

. Selected distances are shown (A). Green octahedra represent [VOs] while purple, red, and gray
spheres represent selenium oxygen and hydrogen atoms, respectively.
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(Will [VO(Se0,)(HSeO,)] frameworks form?)

minimum
projection
distance (A)

<6.14 >6.14

polar surface > 88.5

yes (9) area (A?)

A

no (19/3) yes (2)

Figure 4. Original [VO(SeO3)(HSeOs)] type-II layer formation decision tree. Each reaction bin
contains a specific outcome value and number of reactions correctly and incorrectly assigned to
that bin, respectively.
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Figure 5. Plot of reaction outcome as a function of both amine polar surface area and minimum
projection distance for the original 23 amines. Vanadium selenite structure type identification
for each reaction is provided in the legend. Dashed lines represented polar surface area (blue)
and minimum projection distance (red) decision boundaries.
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(Will [VO(Se0,)(HSeO,)] frameworks form?)

< 87.36 ( polar surface \ > 87.36
area (AY)

A

minimum
projection
distance (A)

yes (5/1)

Figure 6. [VO(SeO;)(HSeOs)] type-II layer formation decision tree, including the results from
reactions involving all 42 amines. Each reaction bin contains a specific outcome value and
number of reactions correctly and incorrectly assigned to that bin, respectively.
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(d)

Figure 7. Charge ordering schemes in (a) [C4HaN2]o[VO(SeO;)(HSeOs)]s-SH2O (1), (b)
[C8H26N4][VO(SCO3)(HSCO3)]6'6H20 (2), (C) [C4H16N2]2[VO(SCO3)(HSCO3)]8‘9.333H20 (3)
and (d) [CeHsN2][VO(SeO3)(HSeO3)]>-2H,0. Green and orange octahedra represent [V* O]
and [V°'Oq], respectively. Purple, red and gray spheres represent selenium, oxygen and
hydrogen, respectively.
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Figure 8. Plot of V** fraction versus linear channel charge density.
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Figure 9. Three-dimensional packing of [C4sH2N2][(VO)3(SeO3)(HSeOs3)4]-H2O (4). Green
polyhedra represent [VOs] and [VOs] while purple, red, blue, white and gray spheres represent
selenium oxygen, nitrogen, carbon and hydrogen atoms, respectively. Selected hydrogen atoms
have been removed for clarity.

38



(b)

Figure 10. (a) Layer connectivity and (b) three-dimensional packing of
[C4H12N2][(VO)202(Se0s),] (5). Green polyhedra represent [VOg] while purple, red, blue, white
and gray spheres represent selenium oxygen, nitrogen, carbon and hydrogen atoms, respectively.
Hydrogen atoms have been removed for clarity.
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The structural and electronic adaptability of a vanadium selenite framework is determined using
cheminformatics data and machine learning algorithms.
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