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Abstract: - We calculated 7 physico-chemical properties for the 17 fourth period mono-hydrides (E-H).  We used the B3LYP/DGZVP theory level for calculating such properties.  Afterwards, we applied Principal Component Analysis and Cluster Analysis to the 17 hydrides.  Thus, we obtained a hierarchical classification that showed the similarity relationships among the hydrides studied.  Afterwards, we extracted the similarity classes from such a hierarchical classification (dendrogram) and we built up a topological basis with those classes.  Then, we evaluated the topological structure of some classifications based on the sort of chemical bond that present the different hydrides of the fourth period.  The results of these evaluations showed that KH is the interior of the group of ionic hydrides and that CaH appears related to some transition metal hydrides.  The topological properties of the metallic group of hydrides showed that the transition metals appear related to the ionic group one hand and to the covalent group on the other hand.  Finally, ZnH appeared related to the main-group hydrides of the right side of the periodic table and it did not appear related to the transition metal hydrides.
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1   Introduction

The combination of hydrogen with a chemical element forms binary hydrides.  All the main-group elements produce hydrides; however, there is no knowledge about the hydrides of the noble gases nor In and Tl.  Regarding the transition metals’ hydrides, the more electropositive elements: Sc, Y, La, Ac, Ti, Zr and Hf and the least electropositive: V, Nb, Ta, Cr, Cu and Zn are able to produce hydrides.  The other transition metals’ hydrides are non-existent or they have been poorly characterised.  Although, an important fact of the study of the hydrides is their classification according to the sort of chemical bond E-H, where E is a chemical element.  Taking into consideration this classification there are five classes of hydrides: ionic, metallic, covalent, polymeric and “intermediate” or “borderline”.  However, as Greenwood et al. [1] suggests this kind of classification is well supported since there is not a clear difference between the different classes of chemical bonds.  For this reason we propose to develop a classification of the hydrides taking into consideration their properties more than the sort of chemical bond they have.  This proposal states a question regarding the properties that should be used to formulate such a classification.  As a first approach, the properties used for such a classification could be the experimental properties measured from the hydrides.  However, as we mentioned above, there are several hydrides not thoroughly studied and some others have not been synthesised.  For this reason we decided to calculate some of the physico-chemical properties for the hydrides taking advantage of the computational chemistry methods.  In order to study a representative set of the hydrides we selected the set of fourth period hydrides on the periodic table (short form) [2].  Once we calculated a set of properties for these hydrides we developed a classification of these hydrides based on the properties they have.  Finally we studied the mathematical structure of the chemical classification of the hydrides based on the concept of chemical bond.
2   Methodology

We considered the study of the different hydrides made from the elements from K to Rn, at the beginning.  The reason for this selection was that in this set there are representatives of the different classes of hydrides according to the chemical bond classification.  However, thanks to the similarity relationships among the elements that belong to a group in the periodic table, we decided to select a member of each one of the 18 groups.  Since the elements of the fourth period of the periodic table have been further classified according to their chemical bond, we then decided to select the hydrides of this period as the set of study.  However, we do not consider the hydride made from the combination of H with the corresponding noble gas of such a period (Kr) since this sort of hydrides has not been considered within any classification taking into consideration the chemical bond.  Thus, we reduced the set of hydrides under study to 17, from KH to BrH.  This chemical set appears mathematically defined in the following:

Definition 1. Let Q={EH | Z=19(E(Z=35}, where E is a chemical element defined by its atomic number Z and H is hydrogen.

However, due to very little experimental information regarding the hydrides in Q, especially those of Mn, Fe and Co hydrides (hydrogen gap [1]), we decided to calculate some properties for the elements EM in Q.  It is important to note that we calculated just the relationship EM without considering the actual stoichiometry of the hydride as it has been synthesised.  The reason for doing this is our interest in the classification of the hydrides based on the chemical bond, where the relevant fact is the relation E-H more than the number of E-H relationships in the hydride.
2.1
Calculating properties
We calculated the 7 properties that appear in table 1 using the package of programs GAUSSIAN 03 [3] for each one of the 17 hydrides.  We used B3LYP/DGDZVP as the basis set.  The selection of this method for calculating the properties was made taking into consideration several studies recently developed on the behaviour of the fourth period elements [4-12].  The reason for choosing the basis set DGDZVP was its performance calculating properties of systems that include a broad range of elements, from H to Xe.  The selection of the properties mentioned in table 1 was based on the studies developed by Harrison [4], Platts [9] and Woon [12] regarding the transition metals hydrides.

	Properties
	Units

	Bond length
	Å

	Dipole moment
	Debye

	Vibration frequency
	cm-1

	Energy
	kJ/mol

	Ionisation potential
	kJ/mol

	Electronic affinity
	kJ/mol

	Atomisation energy
	kJ/mol


Table 1. Properties of the mono-hydrides of the fourth period (KH-BrH)

In this way we defined each hydride as a 7-tuple of its properties.  Afterwards, we normalise the properties (Table 1) according to equation 1.
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where xjA is the value of the property j of the monohydride A and xjmin and xjmax are the minimum and maximum j values for all the hydrides, respectively.  In this way we assured that all the values of the properties were in-between 0 and 1.  Thus, we can define each hydride in Q as it appears in definition 2.

Definition 2. Let 
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 the vector that represents the mono-hydride 
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Thus, we applied Principal Component Analysis PCA with the aim of searching for correlations among the properties studied (Table 1) and a possible reduction of the dimension of the space of properties.
2.2
Principal Component Analysis
We applied PCA to the 17 mono-hydrides making use of the software XLSTAT-Pro 7.5.2.  The results showed a correlation (r=0.8) between the bond length and the molecular vibration frequency.  This correlation has been indicated experimentally by the inverse proportion between the inter-atomic distance in diatomic molecules and their bond vibration frequency [13].  On the other hand, the accumulated variability in the first two principal components PC is 72%, whereas, the first three PC offer 88%.  We show the plane PC1-PC2 in figure 1.  In this way we reduced the original space of 7 dimensions to one of 2 dimensions that contains 72% of the information of the system.  The highest contribution to PC1 was made by the vibration frequency (21%) followed by the energy of the hydride (20%) and the bond length (20%).  Regarding the second component the highest contribution was made by the atomisation energy (63%) followed by the dipole moment (20%) and the vibration frequency (11%).  Thus, the frequency and the energy make a large contribution to the first two PCs.
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Figure 1. PC1-PC2 plane (72% variability) and the open sets of the basis B5 (see below).

Figure 1 shows that the most dissimilar hydride is KH.  Another feature of Figure 1 is that the hydrides that appear at the periphery of the plot are main-group hydrides, whereas, the transition metals appear in the middle of the plane.
2.3
Cluster Analysis
Taking into consideration that our intention in this paper is to classify the mono-hydrides according to their properties, we then applied CA to look for the similarities among the 17 hydrides in Q.  We used the Euclidean [14] distance as the similarity function and the unweighted average linkage [14] as the grouping methodology.  It is important to note that we are not supposing a priori classes based on the concept of the chemical bond but we propose to study the similarity between the hydrides considering their properties, not the chemical bond.  We show the dendrogram obtained for the similarity function and grouping methodology mentioned above in figure 2.
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Figure 2. Dendrogram for the monohydrides of the fourth period (KH-BrH).

2.4
Chemotopology
Normally, the CA studies end with the interpretation of the clusters found in the dendrogram.  Despite the procedure for building up dendrograms is a mathematical one, the interpretation of the dendrogram is not a mathematical methodology but a subjective work since it depends on the previous knowledge of the researcher regarding the set Q under study.  This subjectivity allows for different interpretations for a dendrogram.  Although Restrepo et al. in a recent work [15] shows that the extraction of similarity classes from a dendrogram can be done with mathematical sense taking into account the number of clusters and the population of them.  Restrepo’s method includes the cut of the branches in the dendrogram using the concept of maximal n-subtree [14,16-18].  This method is based on a positive integer 
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 that determines the size of the maximal n-subtrees or branches on the tree.  Each selection of an n produces a particular cut in the dendrogram.  The method calculates the number of branches |TSPn| (clusters) generated by each cut and also the geometrical population GPn of the clusters.  The combination of these two terms produces the so-called selection number S=|TSPn|.GPn which offers a measure of the similarity relationships obtained through the selection of a particular 
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.  Thus, the maximum S value corresponds to the number n to which it can be obtained for the greater number of clusters, which are also very populated.  For the dendrogram in figure 2, the maximum S value occurs when n=5.  We found 6 clusters in the dendrogram of figure 2 taking into consideration the selection number.  These clusters appear in the topological basis B5 and they are shown in figure 1 [14,16,17]:
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This topological basis shows that KH and GeH are the most dissimilar hydrides of the set Q under study.  This conclusion is extracted from B5 taking into account that they are the only hydrides that appear unrelated to any other element.  In other words, they are the only hydrides that appear as open sets of the topological basis [17].  This means that in the hyper-space of 7 dimensions (or in the plane made from PC1-PC2 shown in figure 1) KH and GeH appear poorly related to any other hydride.

On the other hand, we can study some topological properties of some subsets of chemical interest in Q taking into consideration the topological basis B5 built up for the set Q.

The subsets that we studied in this research are those that have arisen from previous classifications taking into account the sort of bond of the hydrides.  There are three groups of hydrides.  Those that form the ionic bond, IBH={KH,CaH}; those that form the metallic bond, MBH={ScH,TiH,VH,CrH,NiH} and those that form the covalent bond CBH={GaH,GeH,AsH,SeH,BrH,CuH,ZnH}.  We show the topological properties (A1) for each one of these subsets in the following:
2.4.1   Ionic group 
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2.4.2   Metallic group
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EMBED Equation.3[image: image18.wmf]þ
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2.4.3   Covalent group 
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According to these topological results it is possible to say that the ionic character of the EH bond is notable from KH to CrH.  Furthermore, the KH is the only ionic hydride since it appears in the interior of the set of ionic hydrides.  Regarding the metallic group, the hydrides that may be considered as members of this set are those going from CaH to CuH.  It is important to note the double membership of CaH, ScH, TiH and CrH because they appear in the closure of IBH.  This means that CaH, ScH, TiH and CrH are hydrides that are in-between the ionic and the metallic group.  Another important result is the empty interior set of the set of metallic hydrides, which means that there are no strong relationships among the members of the set of metallic hydrides.   Regarding the covalent group of hydrides it is important to note the appearance of the main-group hydrides which are different from KH and CaH.  On the other hand the hydrides MnH, FeH, CoH, NiH and CuH appear in the boundary of the set on covalent hydrides and also in the boundary of the set of metallic hydrides.  An important result is that ZnH does not appear related to the transition metal hydrides but it appears related to the main-group hydrides.  This result supports the intention of some authors [2] to consider Zn and its compounds as main-group chemical objects rather than transition metal objects.
3   Conclusions

The 7 properties that we calculated for each one of the 17 mono-hydrides of the forth period of the periodic table allowed us to calculate the correlation among those properties.  Thus, we found a correlation (r=0.8) between the bond length and the molecular vibration frequency of the hydrides.  This conclusion is in agreement with the experimental results on the inverse proportion between the inter-atomic distance in diatomic molecules and their bond vibration frequency.  The results of PCA allowed us to reduce the dimension of the space of the hydrides from 7 to 2 dimensions.  This new two-dimensional space was built up by means of linear combinations of the 7 calculated properties.  The variability of this new space was 72%.  On the other hand, making use of the selection number and the chemotopological approach we found six similarity classes in the set Q of 17 hydrides.  Taking into account such classes we built up a basis for a topology and we calculated some topological properties for the subsets of ionic, metallic and covalent hydrides mentioned in the chemical literature.  The topological results of these subsets of hydrides showed that KH and GeH do not appear related to any other hydride of their period.  We found that KH is the only hydride that belongs to the interior of the ionic group.  CaH does not appear in the interior of this group since it presents a relationship with ScH, TiH, VH and CrH.  The case of GeH and its no-relationship with any other element resulted interesting because GeH appears in the division between metals and non-metals.  This result suggests that GeH may be considered as a special hydride of the fourth period as well as KH for their singularity.  It could be proposed that GeH is a member of a new class of hydrides composed by semimetal hydrides.  Another important result was the fact that the transition metal hydrides do not belong to a particular group of hydrides (ionic, metallic or covalent) because some of them (ScH, TiH, VH, CrH, MnH, FeH, CoH, NiH, CuH) appear related to the ionic and metallic hydrides.  On the other hand, other transition metal hydrides appear related either metallic or covalent hydrides (MnH, FeH, CoH,NiH, CuH, ZnH).  However, none of them appear in more than two groups at the same time; it means, no hydride appears to belong to the ionic, metallic and covalent groups.  Finally, the ZnH appeared related to the main-group elements of the right side of the periodic table and it did not appear related to the transition metal hydrides.  This result supports the idea of some authors to consider Zn and its compounds as members of the main-group chemistry group and not as a member of the transition metal chemistry group.
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