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In  1941 the Dutch chemist, Anton Eduard van Arkel, 
proposed an attractive triangular diagram (Fig. 1) to imir b n d  
represent the  progressive transition between the  (0 F) 
three limiting-cases of ionic, covalent, and metallic 
bonding ( I ) .  Given its pedagogical appeal, i t  is rather 
surprising that so few textbook authors have made use 
of this representation (2-71, perhaps because chemistry 
texts seldom provide a substantive discussion of inter- 
metallic compounds and alloys. 

As can be seen from a n  examination of Figure 1, 
van Arkel's original diagram had no quantitative co- 
ordinates. He merely guessed the location of each 

/,/ \5"ml 

compound based on a n  intuitive estimate of its rela- 
tive ionic and metallic character. In  addition, h e  OF' 

showed examples of progressive changes only on the 
outer edges of the diagram, thus leaving open the F, 
question of whether he viewed the diagram merely a s  I, 

(snl 
(-1 

three line segments with their ends joined or as a true homoporor 
(As1 

mcmlik b n d  
solid triangle with compounds of intermediate char- 
acter located within the triangle a s  well a s  along its 
edges. ~~t~~ usen of the diagram have adopted both Figure 1. The original 1941 version of van Arkel's bond-type triangle ( 1 ) .  
points of view. Some have continued to show only 
edge transformations (4, 5); whereas, others (3, 6-7) have 
followed the lead of van Arkel's colleague, the Dutch chem- 
ist, Jan  Arnold Albert Ketelaar, who in his 1947 version of 
the diagram (Fig. 2) implicitly placed compounds within 
the body of the triangle on a series of horizontal lines, 
though again the exact criteria for these qualitative place- 
ments were not given (2). 

More recently, Allen (Fig. 3) has attempted to rationalize 
explicitly the horizontal lines in Ketelaar's version of the 
original diagram (81.' Though Allen's description of his 
placement procedure is confined to a short and largely un- 

'Allen has been aware of mv amroach to the Quantification of the 
van Arkel diagram since 1990'th;dugh both privaie correspondence 
and conversation. 

informative figure caption, he appears to have constructed 
his triangle, using only the elements in row three of the 
periodic table, by placing the elements in question a t  equal 
intervals along the base of the triangle in  order of increas- 
ing configuration energy (which is  Allen's euphemism for 
electronegativity). He then divides the  tr iangle into 
equally spaced horizontals. On the  first horizontal he 
places a t  equal intervals the binary compounds corre- 
sponding to each pair of elements on the base-centering i t  
between the symbols for these elements. Thus, MgAl ap- 
pears on the first horizontal half way between Mg and Al 
on the base; AlSi half way between Al and Si, etc. On the 
remaining horizontals he places a t  equal intervals the hi- 
nary compounds formed by combining the metal from the 
left binary on the horizontal below i t  with the nonmetal 
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Figure 2. Ketelaar's 1947 version of the bond-type triangle showing 
his horizontal cuts through the body of the triangle (3. 
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Figure 3. Allen's 1992 version of a semi-quantitative van Arkel trian- 
gle (8). The symbols I ,  M, and C stand for the ionic, covalent, and 
metallic bonding extremes and should not be confused with the land 
C symbols used in Figures 4-7. Allen does not give the specific for- 
mulas of actual compounds and his composite symbols are intended 
to represent all possible compositions for the binary combinations in 
question. Explanations of the other labels in the diagram are given in 
the text. 

from the right binary on the horizontal below it. Thus, 
MgP appears half way between MgSi and AIP, etc. This 
placement procedure is repeated until one reaches the top 
of the triangle. Though Allen characterizes this procedure 
as  a "quantification of the van Arkel-Ketelaar triangle", i t  
is really only semi-quantitative. No coordinate system ap- 
pears on the diagram because all of the points in the trian- 
gle have been qualitatively placed at  equal distances in 
both the vertical and horizontal directions using the bi- 
nary combination recipe just outlined. The label "CE +" 
along the bottom of the triangle applies only to the ele- 
ments along the base and is intended to indicate the direc- 
tion of qualitative increase. Likewise, the label "<ACE>", 
to the right of the triangle, is not a coordinate system, but 
rather a label indicating the average value of ACE for the 
binary compounds on each horizontal. The label "ACE T' to 
the left of the triangle is apparently an error for "<ACE>?', 
since the compounds on each horizontal have variable in- 
dividual ACE values, as can be seen in the case of those 
located on the first horizontal: 

NaMg MgAl AlSi Sip PS SCI 
ACE: 2.51 1.89 2.29 2.00 2.10 1.66 <ACE> = 1.96 (1)  

and it  is only the average <ACE> values of the horizontals 
that increase monotonicaIlv on moving up the triangle. 

The purpose of this note-is to share-with the readers of 
the Journal a quantitative form of the van Arkel diagram 
which I first proposed in 1980 and which I have been using 
for over a decade i n  both my inorganic and Freshman 
cou r~es .~  This diagram not only removes the ambiguities 
present in the earlier qualitative forms of the triangle, i t  
also subsumes Allen's semi-quantitative version as  a spe- 
cial case. The diagram in question is obtained by plotting 
a parameter foreach binary compound which ;harag 
terizes the polarity or ionicity of its bonds versus a pa- 
rameter which characterizes the covalency (or, conversely, 
the metallicity) of its bonds. The ionicity parameter, I, is 
simply defined as  the difference in the electronegativities 
of the two elements, A and B, in a binary compound, AaBb, 
regardless of stoichiometry: 

I = AEN = (ENe - ENA) (2) 

This parameter will have a large value in the case of the 
low E N ~ h i g h  ENB combinations characteristic of ionic 
compounds and a small value for the high E N ~ h i g h  ENB 
and low EN~llow ENB combinations characteristic of cova- 
lent and metallic compounds, respectively. Likewise, the 
covalency parameter, C, is defined as the average of the 
electronegativities of the two elements, A and B, in a bi- 
nary compound, A,Bb, regardless of stoichiometry: 

C = EN,, = (ENA + ENB) 
2 (3) 

This parameter will have a large value in the case of the 
high E N ~ h i g h  ENB combinations characteristic of cova- 
lent compounds and a small value in the case of the low 
ENdlow ENn combinations characteristic of metallic com- '. > 

pounds. I t  will have an intermediate value for the low 
ENdhieh ENn combinations characteristic of ionic com- .. ., - 
pounds. Just as I can be associated with the asymmetry of 
the bond. so C can be associated with its localtzation. As C 
decreases, the bonding will become less directional and 
more diffuse-in short, more metallic? 

A plot of these two parameters for a variety of binary 
com~ounds and allow is shown in Firmre 4. As can be seen, 
the Eompounds all lie within an isosckes triangle, with the 
ionic, covalent, and metallic extremes a t  each vertex. In- 
termediate cases, representing the transition between one 
extreme and another lie along the edges and within the 
body of the triangle. For completeness, I have also included 
simple substances in the plot in order to have a transition 
along the edge joining the covalent and metallic extremes. 
These can be artificially viewed as  a special type of com- 
uound in which both of the elements have the same EN. .~ ~ ~ 

Equation 2 automatically asstgns them an ionicitv of zero 
and their covalencv. as defined bv ea 3. is identical to their 
electronegativity. ~ e c a u s e  the nible do not undergo 
self-linkacre. thev cannot be thought of as beina com~ounds - .  " - - - 
even in this artificial sense and, hence, are excluded from 

2First presented at an all-departmental "Symposium on Chemical 
Bonding" held at the University of Wisconsin, Madison, WI, in July of 
1980. Originally I used metallicity, M, defined as EN,(F2) - Cfor my 
x-axis, but I have used C alone since 1990 because I find that stu- 
dents are better able to understand it. 

3Some proponents of band theory object to the use of the term 
"metallic bond, preferring instead to talk about the metallization of 
the covalent bond. However, most Freshman texts still use a distinct 
and separate limiting-case model for metallic bonding (i.e., the "elec- 
tron gas" model). Consultation of 25 recent Freshman texts showed 
that ail of them used the term "metallic bond" as an index entrv. as do 
about half of the recent inoraanic texts. Forthis reason. as weil as the -... . - - -~~ ~-~ ~~ ~ 

lac1 that !he term nas mean ng for olher mooe s of tne mela r sate, 
sdch as P ~ J  ng s metal c oono ano 01 ver Jonnson's ntersl I a me- 
talk moae, I nave contmLeo to Lse !he term n descrlolng the van 
Arkel triangle 
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the diagram. However, their binary com- 
pounds with other elements (e.g., Xe04, 
&F2, etc.) are included. Because of the in- 
tense radioactivity of the element Fr and the 
resulting nonavailablity of its compounds for 
display and demonstration purposes, I have 
taken Cs as the archetypical metallic species 
and CsF as the archetypical ionic species. 
Because, as already mentioned, Ne does not 
undergo homocatention, Fz serves as the 
archetypical covalent species. Closer exami- 
nation of the figure shows that, in sharp con- 
trast to the misplaced emphasis on horizon- 
tal lines in the versions of the diagram given 
by both Ketelaar and Allen, the compounds 
of each element lie on two diagonal lines 
which meet at  the location of the correspond- 
ing simple substance on the x-axis, the left 
branch of which contains those compounds 
in which the element in question is the more 
electronegative component and the right 
branch those compounds in which it is the 
more electropositive component. The only 
exceptions are the compounds of F, for which 
the electropositive branch is missing, and 
the compounds of Cs, for which the electro- 
negative branch is missing, their remaining 
branches forming the two ascending sides of 
the triangle. Allen's special triangle for the 
compounds and simple substances of row 
three now appears as a smaller triangle 
within this larger, more general, bond-type 
triangle, and his horizontal lines now spread 
into horizontal bands due to the quantitative 
placement of the compounds along the y-axis 
in the actual order of their increasing indi- 
vidual AEN values. 

In making the plots in Figures 4 7  I have 
used the absolute values of a slightly modi- 
fied version of the electronegativity scale in- 
troduced by the Russian chemists, Martynov 
and Batsanov, in 1980, based on an averag- 
ing of the successive ionization energies for 
an element's valence electrons (9). The more 
familiar Allred-Rochow scale works just as 
well at the level of correlation used in Fresh- 
man chemistry, provided that it is supple- 
mented by published estimates for the elec- 
tronegativities of the noble gases4. Other 
combinations of electronegativity will pro- 
duce similar diamams. the most simde be- 
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Figure 5. Astnrcture-sorting map for 1 :I AB binary compounds having eight valence eiec- 
trons. 

ing a straightfoiward plot of ENn kersus 
ENB first given by Yeh in 1956 (111, which is actually a gen- 
eralization and quantification of an even earlier bonding 
diagram or "Dreieckschema" given by the German chem- 
ist, Hans Georg Grimm, in the late 1920's.S However, such 
plots lack the aesthetic appeal of the isosceles van Arkel 
triangle. In addition, the AEN and EN, combinations can 
be correlated loosely with energy terms used in approxi- 
mate quantum mechanical treatments of the bonding in 

%ee reference 10and references cited therein for estimates of the 
electronegativities of the noble gases. These are quite simple to cal- 
culate using the Mariynov-Batsanov definition. 

5Grimm obtained his diagrams by constructing both intra- and in- 
ter-row binarv combination matrices for the elements. with the ele- 
ments olaced in order of increasino orouo number on the x-axis and 
~~ . - - -  - - ~~~ - - ~ ~ , ~  ~ ~~ ~ 

decreas ng groJp number on tne y-axls A separale d agram was re- 
q j  reo for eacn mtra- and inter-row comoinat:on See reference 12 

6For a more detailed history of these diagrams. see reference 73. 

binary solids, such as the well-known charge-transfer (C) 
and homopol~r (Eh) parameters of Phillips (14L6 

Fimres 5-7 illustrate some additional uses of the dia- - 
gram obtained by plotting limited groups of compounds 
subject to additional external constraints. Thus, Figure 5 
shows a plot of a series of compounds that are both iso- 
stoichiometric (1:l or AB) and isoelectronic (total of eight 
valence electrons). As can he seen, the compounds are 
nicely sorted into regions corresponding to their crystal 
structures. Because structure depends on stoicbiometry 
and valence electron counts, as well as bond character, it is 
necessary to fix two of these parameters before varying the 
third. similar structure-sorting maps can be obtained for 
other isostoichiometric classes of comnounds fAB9. ABI. . ", ", 
etc.). Again, the AEN and EN., combinations can be loosely 
correlated with the various combinations of pseudopoten- 
tial radii that have been widely used as structure-sorting 
parameters by solid-state physicists (15). 
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Figure 6 gives an example of how I use the 
diagram in  my inorganic course to locate 
characteristic groups of compounds before 
discussing the details of their descriptive 
chemistry. The shaded area on the triangle 
represents the location of over 516 "Zintl 
phases" first investigated by the German 
chemist. Eduard Zintl. in the 1930's and. 
more recently, by the late Herbert Sehafer of 
the Technische Hochschule in Darmstadt, as  
part of a systematic study of the transition 
between ionic and metallic bondina in bi- - 
nary compounds. 

Finally, Figure 7 gives an example of how I 
use the diagram in my Freshman chemistry 
course. In this case samples of the materials 
in question are shown to the students and a 
quick and dirty test of their conductivity is 
made (or simply provided i n  the case of 
gases) with a probe-buzzer-battery combina- 
tion. A plot of the compounds and simple 
substances on the triangle shows that those 

Ionic Total Enclosed Area 
CSF Explored by Zintl 

Shaded Area: 
Compounds Obeying 
the 8-N Rule 

Metallic C Covalent 

with detectable conductivities are located Figure 6. The van Arkel characterization of over 516'2intl phases3'first investigated by the near the (shaded area)2 that German chemist, Eduard Zintl, in the 1930's and, more recently, by the late Herbert 
metal1ic appearance Schhfer of the Technische Hochschule in Darmstadt, as part of a systematic study of the 
correlate with conductivity (i.e., solid 121, and transition between ionic and metallic bondina in binaw COmDOUndS. 
that both parameters are needed to sort ac- 
curately the compounds and simple sub- 
stances into conductors and nonconductors 
(i.e., solid NaCl doesn't conduct despite hav- 
ing a lower EN, than solid Sic). 
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Figure 7. A plot of a selection of compounds and simple substances used as part of a 
demonstration in Freshman chemistry to illustrate the development of incipient metallic 
properties in binary compounds. Compounds and simple substances in the shaded region 
show detectable conductivity with a crude probe-buzzer-battery conductivity detector, 
whereas those outside the shaded region do not. 
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