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Introduction

The German chemist Julius Lothar Meyer (1830-
1895) is well known for having pointed out that the 
atomic volumes of the chemical elements vary in a 
regular way as a function of increasing atomic weight, 
in a paper submitted in December 1869 and published 
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Figure 1. Meyer’s curve, from Ref. (2). Although this chart has often been reproduced, the resolution is invariably poor. 
This figure has been constructed from new scans of the original journal publication. A high-resolution digital image is 

included in the supplemental material.

in March 1870 (2). In this paper, Meyer summarized 
this correlation in a graph that quickly became known 
as Meyer’s curve (3). This visual display of the data, 
which made it easy to see the rise and fall of the atomic 
volume of the elements with increasing atomic weight 
(Figure 1), remains today an iconic representation of an 
important scientific correlation (4).
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Meyer had been prompted to submit his paper in 
response to a brief abstract in German of the periodic 
system that Dmitri Ivanovich Mendeleev (1834-1907) 
had submitted in March 1869 (5) to the Zhurnal Russkogo 
Khimicheskogo Obshchestva (Journal of the Russian 
Chemical Society) (6). Because neither Mendeleev’s first 
journal publication nor his 1869 book Osnovy Khimii 
(7) contained a detailed discussion of the dependence of 
atomic volumes on atomic weight, it is often assumed 
that Meyer was the first to reveal this relationship (8).

But on the 23rd of August 1869 (O.S.; 4 Sep 1869 N. 
S.), a few months after having published his announce-
ment of the periodic system, and several months before 
Meyer’s paper was submitted, Mendeleev presented his 
second full paper on his periodic system to the chemical 
section of the Second Congress of Russian Scientists 
and Physicians, held in Moscow. A short abstract of 
the paper Mendeleev read was published at the time of 
the Congress (9); the full paper did not appear until the 
Congress proceedings was printed in early 1870 (10). 

In part because this 1869 Congress paper has never 
been translated in its entirety from the original Russian 
into English or German (11, 12), it has often been ignored 
in discussions of Meyer’s curve and the early history 
of the periodic system. To be sure, a few scholars have 
discussed it briefly, as we will mention below, but this 
paper deserves greater attention for at least three reasons: 
(a) as the second full paper that Mendeleev wrote on his 
periodic system it gives valuable insights into his early 
thinking, (b) it contain Mendeleev’s first detailed predic-
tions of the properties of undiscovered elements, and (c) 
it shows that Mendeleev had anticipated Lothar Meyer’s 
1870 paper on the periodic relationship of atomic volume 
to atomic weight.

Historical Context of Mendeleev’s 1869 
Congress article

In order to better understand the historical context 
of Mendeleev’s 1869 Congress paper “On the Atomic 
Volume of Simple Bodies,” we present a short history 
of the relevant science of the time. Atomic volumes 
(and the related concept of molar volumes) are easily 
calculated by dividing the atomic or molecular weight (g/
mol) of a substance by the density (g/cm3), earlier called 
the specific weight, of a solid sample of the substance. 
Before the mole was named or formally defined, atomic 
and molar volumes were reported as unitless quantities; 
today, they are reported in units of cubic centimeters per 

mole. Atomic volumes played an important role in the 
development of chemistry in the 19th century (13).

The concept of atomic volume had been devised 
in 1821 (14) by the French chemists Auguste Le Royer 
(1793-1863) and his student Jean Baptiste André Dumas 
(1800-1884). The main part of Le Royer and Dumas’s 
paper was devoted to descriptions of their studies of the 
densities of various inorganic substances, such as silica, 
boric acid, chalk, alumina, gypsum, and the oxides of 
copper, bismuth, lead, and mercury. They then used these 
measured densities to compute the molar volumes of 
these substances, and found that many of them (but not 
all) were integer multiples of the molar volume of ice. 
Similarly, turning to a group of twenty solid elements, 
they found once again that the atomic volumes were in 
simple whole number ratios to one another. To some 
extent, the attempt by Le Royer and Dumas to find regu-
larities in the atomic volumes of the chemical elements 
resembles Prout’s similar effort six years previously (15) 
to find regularities in the atomic weights of the elements. 

All of the numerical relationships in Le Royer and 
Dumas’s paper, unfortunately, were the result of over-
interpretation of a limited body of data. Many of their 
atomic volumes do not match modern values, because 
they depend on the atomic weight assigned to the ele-
ment. Some of their atomic weights (and thus atomic 
volumes) were correct, but quite a few were not (as was 
common in those pre-Cannizzaro days). The importance 
of Le Royer and Dumas’s paper lies not so much in its 
results and analysis, but rather in its definition of a new 
physical property—atomic volume—and its role in 
stimulating other chemists to investigate this property. 

About ten years later, in 1830, the French chemist 
Polydore Boullay (1806-1835) wrote his doctoral thesis 
on the subject of atomic volumes (16). In it, Boullay re-
ported that he had been unsuccessful in finding what he 
had initially sought: a law relating the atomic volume of 
an element in the uncombined state to that of its volume 
after combination. But he went on to suggest another kind 
of relationship: that the atomic volumes of the elements 
were correlated with their cohesive ability. Boullay noted 
that the greatest cohesion is found for elements with the 
smallest atomic volume (such as carbon), and the weakest 
for elements with the largest volume (such as sodium and 
potassium). Just as for Le Royer and Dumas, however, 
Boullay’s correlation was based in part on flawed data: 
for example, his atomic volume for carbon was two times 
too small because he assigned to this element an atomic 
weight of six that was commonly used at the time, but 
which in actuality was half of the correct value. 
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In 1843, in a lecture to the Turin Academy of Sci-
ences, the Italian chemist Amedeo Avogadro (1776-1856) 
discussed a topic closely related to his famous hypothesis 
of 1811. Whereas his earlier paper concerned the molar 
volumes of gases, in this later paper Avogadro studied 
the molar volumes of solids and liquids (17). Avogadro 
summarized his goals as follows: “I sought to establish 
that the atomic volumes of simple bodies in the solid state 
. . . depended on their electro-chemical quality, being 
so much more electro-positive or less electro-negative” 
(18). In particular, of the elements that are either solids 
or liquids (or could be rendered such by cooling), Avo-

gadro found that the smallest atoms (such as oxygen 
and chlorine) were the most electronegative whereas the 
largest (such as sodium and potassium) were the most 
electropositive (19). 

Atomic and molar volumes formed an important role 
in Mendeleev’s own chemical education: his master’s 

thesis of 1856 (20), which was exclusively devoted to the 
topic, showed that molar volumes exhibited consistent 
mathematical regularities. He pointed out, for example, 
that the molar volume of potassium hydroxide is ap-
proximately equal to the average of the molar volumes 
of potassium oxide and water. Moreover, the tables in 

his master’s thesis often list the elements according to 
what eventually would be groups in the periodic table: 
for example, the alkali metals Li, Na, and K are listed in 
that order, and are immediately followed by the alkaline 
earths Be, Mg, Ca, Sr, and Ba.

The Translation and Content of Mendeleev’s 
1869 Congress Paper

Mendeleev’s paper “On the Atomic Volume of 
Simple Bodies” was presented at the Second Congress 

of Russian Scientists, held in Moscow in the autumn 
of 1869 (10). The proceedings of the Congress, which 
were published early in 1870, contain Mendeleev’s paper 
along with contributions from other Russian scientists, 
including the chemists Friedrich Konrad Beilstein (1838-
1906), Alexander Mikhailovich Zaitsev (1841-1910), 
and Alexander Mikhailovich Butlerov (1828-1886). As 

far as we can determine, no hard copy of these proceed-
ings exists in any library outside of Russia, and no elec-
tronic copy of them is available online as of 2019. The 
full text of Mendeleev’s paper in the original Russian, 
however, can be found in the set of his collected works 

Figure 3. “Attached example” (table) from Mendeleev’s Congress paper, (Ref. 10). 

Figure 2. Mendeleev, D. I., “On the Atomic Volume of Simple Bodies” Proceedings of the 2nd Congress of Russian 
Scientists, chemistry section (1869), p 62. 
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(21). Even so, this paper has largely been unrecognized 
and undiscussed.

At the end of the present paper, we give a translation 
of Mendeleev’s 1869 Congress article into English; here 

we wish to make a few remarks about its contents and 
significance. As has been noted by others (22), there are 
challenges associated with the translation of pre-Soviet 
Russian into English. A literal (or close to literal) transla-
tion of Mendeleev’s text can sound ponderous and stilted. 
We have tried to be faithful to the original text, but in 
a few places we have made some stylistic changes and 
insertions (indicated with square brackets) to make the 
whole more readable.

The opening text of Mendeleev’s 10 page paper 
(Figure 2) refers to the March article in which he an-
nounced his periodic system, and states the purpose of 
this follow-up paper: 

In an article published in the Journal of the Russian 
Chemical Society (Volume 1, page 60), I tried to show 
the periodic relationship between the properties of the 
elements and the magnitude of their atomic weight. 
In the present article I intend to supplement what has 
been previously said.

Mendeleev’s paper starts by stating that “similar 
elements” can be classified into two kinds of groups: 
those in which the elements exhibit significant differ-
ences in atomic weight, and those in which the elements 
have similar atomic weights. The former groups “can 
be distributed in terms of the atomic weight into com-
pletely symmetrical groups, clearly showing the periodic 
dependence of the properties on the atomic weight, as 
can be seen from the attached example.” The “attached 
example” is the short-form (here, a seven column) table 
in which, for example, the alkali metals and the coinage 
metals are placed in the same column (Figure 3). Men-
deleev comments that, in this arrangement, the column 

number corresponds to the “atomicity” (= valency) of 
the elements, so that “the elements of the first column 
are monatomic, the second, third, and fourth represent 
di-, tri-, and tetraatomic elements; the elements of the 

fifth column are triatomic, sixth diatomic, and the sev-
enth monatomic,” where Mendeleev is using the term 
“monatomic” to mean “having a combining power of 
1,” etc. He further comments that elements with similar 
properties are placed close together and elements most 
diverse in chemical properties are farthest apart, so that 
metals and metalloids are on opposite sides of the table.

Mendeleev then continues by considering the second 
category of groups of similar elements, those that have 
similar atomic weights. He identifies four such groups: 
the cerium metals (cerium, lanthanum and didymium); 
metals of the iron group (chromium, manganese, iron, 
cobalt and nickel, and also including titanium and vana-
dium), metals similar to palladium whose atomic weight 
is 104-106 (palladium, rhodium, ruthenium), and metals 
of the platinum group (platinum, iridium and osmium, 
and gold). He points out that many of these metals can be 
inserted into the table by taking advantage of chemical 
similarities (Figure 4).

Before we turn our attention to the main subject of 
Mendeleev’s paper, atomic volumes, we point out that 
this Congress paper contains a notable advance in the 
prediction of properties of undiscovered elements (12). 
In the table Mendeleev included in his long March paper 
(6) there several gaps, three of which were filled with 
the entries, ? = 45, ? = 68, and ? = 70. But in reference 
to these entries, Mendeleev had said only the follow-
ing: “We should still expect to discover many unknown 
simple bodies; for example, those similar to Al and Si, 
elements with atomic weights of 65 to 75.” In the Con-
gress paper, Mendeleev goes further (p 67):

Figure 4. Table from Mendeleev’s Congress paper (Ref. 10, p 65) including similar elements with similar atomic weights. 
Mendeleev does not comment on the meaning of the asterisks, but a logical guess is that they are to emphasize that Ni and 

Cu have similar properties and so do Pl (palladium) and Ag.
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…it is possible to say that the two elements which 
are not yet in the system should show similarity to 
aluminum and silicon and have atomic weights of 
about 70. They will have atomic volumes of about 
10 or 15, i.e., they will have specific weights of about 
6, and thus will occupy just the middle ground, in all 
respects, or they will constitute a transition in proper-
ties from zinc to arsenic.

Several people had made correct predictions of the 
atomic weights of unknown elements before 1869 (23), 
but Mendeleev’s 1869 Congress paper was the first to 
make clear-cut predictions about other properties of un-
known elements. Meyer’s 1864 periodic table can be 
seen in hindsight to have predicted the valencies of the 
two then-unknown elements gallium and germanium, 
but Meyer himself did not make such a prediction (24). 

This 1869 Congress paper also contains Men-
deleev’s first suggestion that indium belongs in the 
aluminum series (25). Mendeleev had used an atomic 
weight of 75.6 for indium in his March 1869 paper (6), 
whereas one of the missing elements in the aluminum 
series, as he pointed out, should have an atomic weight 
of about 70. Mendeleev says (p 67), 

It may be that indium occupies a place in the alumi-
num series if, in determining the weight of an atom, 
it is possible to admit an error that might occur from 
incomplete purification from metals heavier than it 
(maybe cadmium).

In other words, he is proposing that indium’s true atom-
ic weight should be about 70. Late the next year (26), 
Mendeleev came up with the right explanation by rec-
ognizing that the atomic weight of 75.6 had been as-
signed assuming that indium was divalent. By assuming 
instead that indium is trivalent, its atomic weight of 113 
indeed fits in the aluminum group, but one row below 
that of the element, gallium, that eventually was to fill 
the place with an atomic weight of 70.

We now turn to Mendeleev’s discussion of atomic 
volumes, which occupies the bulk of the paper. He starts 
by stating (p 65):

In order to clearly establish the dependence that exists 
between atomic weights and the specific volumes of 
various groups of elements, we shall first compare 
them in vertical and then in horizontal rows of the 
table. It has long been known that such homologous 
elements as potassium, rubidium, cesium, or calcium, 
strontium, barium, or phosphorus, arsenic, antimony, 
etc., display a gradual change in specific volumes 
with a change in atomic weight.

Mendeleev mentions in the latter context the work of Le 
Royer and Dumas. 

Mendeleev goes on to list atomic volumes for all 
the other elements known at the time (p 65):

Here are some examples of this: lithium has a specific 
weight of 0.594, and hence its volume = 11.2; potas-
sium has an atomic volume equal to 44.8; rubidium 
56.1; beryllium, corresponding to lithium in the series 
of alkaline earth metals, has a specific weight of 2.1, 
and therefore its volume is 4.5; it is less than the 
volume of lithium, just like the volumes of calcium 
and strontium are less than the atomic volumes of 
potassium and rubidium. Indeed, the specific weight 
of calcium = 1.58, and its volume = 25.5; the volume 
of strontium = 35.5, and barium about 30.

In tracing the change in atomic volume down a 
group, Mendeleev is here repeating analyses that had 
previously been done by others. But then he considers 
a problem never before discussed: how do the volumes 
change across a period? Here is how he introduces this 
issue (p 66):

The volume of lithium is close to 12, beryllium 5; 
boron has a volume of about 4, because its specific 
weight is 2.68. Carbon, which follows boron in the 
series of elements above, has a specific weight that 
varies much, depending on the modification [i.e., al-
lotrope]. Only in the form of diamond, whose specific 
weight = 3.54, is the volume of carbon less than that 
of boron; in the form of graphite, it is already greater, 
viz. = 5.7, because the specific weight of graphite is 
close to 2.1; in the form of coal, the volume of the 
carbon atom is even greater. Therefore, it is not pos-
sible to say with certainty whether the volume will 
increase or decrease when we pass along the first 
row of elements from carbon to nitrogen, oxygen 
and fluorine. By analogy with other rows, however, 
it is more likely to exhibit an increase, for example, 
similar to the one that exists in the transition from Si 
to P, S and Cl, or from Sn to Sb, Te and I.

What follows in the paper is a lengthy and detailed 
discussion of atomic volumes for elements in the later 
periods of the periodic table. This discussion includes 
several generalizing statements of which the following 
is one (p 66): “in horizontal rows corresponding to Li, K, 
Rb, Cs as the atomic weight increases, at first the volume 
decreases rapidly, and then remains almost constant.” 
Here, Mendeleev is referring to rows beginning with Li,
beginning with K, etc.; in the short form of the periodic 
table, these rows end in the “group 8” transition elements. 
The intervening rows, starting with Cu and Ag in the 
short-form table, show different behavior (p 67):

For [the silver] row, therefore, with an increase in 
the atom weight, the specific volume also increases, 
despite the difference in chemical character; . . . It is 
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obvious that the regularity that is so obvious in the 
silver series, is less apparent [in the copper row], 
although there is still a continuous increase in the 
specific volume with an increase in the weight of 
the atom.

Mendeleev mentions that the allotropy of carbon, 
phosphorus, and sulfur makes it more difficult to draw 
conclusions about the trends in atomic volumes across 
the relevant periods, because the different allotropes have 
different densities and thus different (and quite distinct) 
calculated atomic volumes. 

The last part of Mendeleev’s paper returns to the 
changes in atomic volumes within individual vertical 
groups, paying special attention to the relationships 

between elements that we now classify as “main group 
elements” and “transition metals.” Thus, Mendeleev 
compares the atomic volumes (and other chemical 
properties) of chromium and sulfur, and manganese and 
chlorine, among others. 

Mendeleev concludes his paper with a short discus-
sion of how the molar volumes of compounds cannot 
be calculated from the atomic or molar volumes of their 
constituents. Mendeleev does not cite Boullay in this 
context, but instead credits his earlier master’s thesis on 
specific volumes, published in 1856 (20). 

Who Gets the Credit?

In his 1869 paper in the Proceedings of the Second 
Congress of Russian Scientists, Mendeleev discussed in 

great detail the variation of atomic volumes as a function 
of increasing atomic weight (i.e., across the rows of the 
short form of his periodic table). Mendeleev states that 
the atomic volumes of the elements, when arranged in 
order of increasing atomic weight, show the following 
behavior across the periods of the short form of the peri-
odic table: starting with the alkali metals, the volumes ini-
tially decrease and then stay relatively constant, whereas 
starting with the coinage metals, they increase. Although 
Mendeleev did not explicitly state that the volumes fall, 
stay constant, and then rise between one alkali metal and 
the next (i.e., as viewed in terms of a long-form view of 
the periodic table) it is clear that Mendeleev’s discussion 
embodies the same trend. In other words, Mendeleev’s 

1869 Congress article codifies textually what Meyer’s 
chart shows visually. 

In the course of his Congress paper, Mendeleev 
gave values for the atomic volumes of essentially every 
element known at the time. Mendeleev did not convert 
these data into a chart, but instead described the trends 
he saw in words. We can take the data in Mendeleev’s 
paper, however, and do what he did not do: construct a 
chart of atomic volume vs. atomic weight; the result is 
shown in Figure 5. It is no surprise that the plot replicates 
Meyer’s almost exactly, because they both had the same 
raw data in hand. Of course, Mendeleev takes 10 pages 
of dense text to describe what Meyer’s curve shows in 
a single glance.

Mendeleev’s paper is followed by a note added in 
proof, written after he had seen Meyer’s 1870 paper. In 

Figure 5. Plot of atomic volume vs. atomic weight taken from data in Mendeleev’s Congress paper (Ref. 10, pp 62-71).
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this note, Mendeleev gives Meyer credit for devising a 
way to increase the clarity of the relationship between 
atomic volume and atomic weight, while making the 
point that the Congress paper contained all the essential 
ideas (p 71):

Note. The foregoing was communicated by me at the 
Congress in August 1869. In 1870, in Liebig’s An-
nalen (after this article was sent by me for printing), 
an article by Lothar Meyer appeared, dealing with the 
same subject. Mr. Meyer’s conclusions are based on 
the assumption of the system of elements proposed 
by me and agree with those that I have made with 
respect to the volumes of atoms. He also pays special 
attention to the descending and ascending series of 
elements and to the sequence of volume changes. 
But the conclusions were increased in clarity by the 
graphic image attached to the article. By putting this 
postscript I have no desire to raise the issue of scien-
tific priority, (in my opinion, these questions do not 
often have any academic interest), and I only want to 
point to the table attached to Mr. Meyer’s article as 
a means of capturing and explaining those complex 
relations, which are indicated in the previous text.

Much has been written about the priority conflict 
between Mendeleev and Meyer (27 -29). Both Mendeleev 
and Meyer came to be recognized as independent dis-
coverers of the periodic table. For example, they were 
jointly awarded the Davy Medal from the Royal Society 
in 1882, “For their discovery of the periodic relations of 
the atomic weights” (30). The content of Mendeleev’s 
1869 Congress paper supports and extends the conclusion 
that the two men independently devised many of the im-
portant ideas behind the periodic system. Although credit 
for the graphic representation of the periodic dependence 
of atomic volumes on atomic weight is Meyer’s alone, 
it is clear that in August 1869 Mendeleev wrote about 
this dependence in great detail, analyzing the change 
in atomic volumes across periods of the periodic table, 
several months before Meyer—in December of that 
year—submitted his paper on the same topic. 

Supplemental Material

The following can be found in the Supplemental 
Material for the Bulletin for the History of Chemistry 
at the journal’s website,  http://acshist.scs.illinois.edu/
bulletin/index.php:
1. An image of the original article,

2. A transliteration of the original article (omitting the 
Russian characters eliminated in 1918) side-by-side 
with the English translation, and

3. A high resolution image of Meyer’s curve (Figure 1) 
from Ref. (2).
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In an article published in the Journal of the Russian 
Chemical Society (Volume 1, page 60), I tried to show 
the periodic relationship between the properties of the 
elements and the magnitude of their atomic weight. In 
the present article I intend to supplement what has been 
previously said.

All groups of similar elements can be divided into 
two main categories: in one of the categories, similar 

elements exhibit a significant difference in atomic 
weight; most simple bodies belong here and they can be 
distributed in terms of the atomic weight into completely 
symmetrical groups, clearly showing the periodic depen-
dence of the properties on the atomic weight, as can be 
seen from the attached example. 

PRIMARY DOCUMENTS  
ON THE ATOMIC VOLUME OF SIMPLE BODIES
D. I. Mendeleev

“Ob atomnom ob’eme prostykh tel [On the Atomic Volume of Simple Bodies],” Trudy Vtorogo S’ezda 
Russkikh Estestvoispytatelei v Moskve 20-30 Avgusta 1869 [Proceedings of the Second Congress 
of Russian Scientists in Moscow 20-30 August 1869], 1870, Chemistry section, pp 62-71

Translated by Gregory S. Girolami and Vera V. Mainz.

These groups could be considered as homologous 
if there were no terms in them that break the sequence 
in changing properties. So, in the first group with alkali 
metals, copper and silver are placed between potassium, 
rubidium, and cesium. It is not possible to doubt that this 
placement accounts for much chemical data. Thus, it is 
known that silver in its oxidized state has many similari-
ties with sodium: silver nitrate cannot be separated by 
crystallization from sodium nitrate. Isomorphism is also 

manifested between the compounds cuprous oxide and 
silver oxide; cuprous chloride, like silver chloride and 
sodium chloride, crystallizes in cubes. We note that the 
relationship between zinc and cadmium and the alkaline 
earth metals is exactly the same as that between copper 
and silver on the one hand and the alkali metals on the 
other. They [zinc and cadmium] also have to be placed 

Li = 7 Be = 9.4 B = 11 C = 12 N = 14 O = 16 F = 19
Na = 23 Mg = 24 Al = 27.4 Si = 28 P = 31 S = 32 Cl = 35.5
K = 39 Ca = 40 — — — — —
Cu = 63.4 Zn = 65.2 — — As = 75 Se = 79.4 Br = 80
Rb = 85.4 Sr = 87.6 — — — ― —
Ag = 108 Cd = 112 — Sn = 118 Sb = 122 Te = 128? J = 127
Cs = 133 Ba = 137 — — — ― —
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between calcium, strontium, and barium, although they 
have a better resemblance to magnesium, like copper 
and silver do with sodium. If we could distinguish these 
two groups of elements from [those in] the first two 
rows, then we would have to significantly complicate the 
classification, without, at the same time, achieving any 
particular simplicity. With its specific features, however, 
the above comparison already furnishes a considerable 
number of benefits. They consist mainly of the follow-
ing: 1) based on the magnitude of the atomic weight, 
such a system clearly expresses the chemical similarity 
and determines the degree of combining with oxygen 
(1); 2) it corresponds to the separation of elements into 
metals and metalloids, because on the one side the first 
classes of simple bodies [metals] are mainly grouped, 
with the other class [metalloids] on the other side; 3) it 
corresponds to the atomicity of the elements in the form 
in which it is usually recognized; indeed, the elements 
of the first column are monatomic, the second, third, 
and fourth represent di-, tri-, and tetraatomic elements; 
the elements of the fifth column are triatomic, sixth di-
atomic, and the seventh monatomic; 4) at the same time 
this system brings together similar elements of different 
groups, such as, for example, boron, carbon, silicon and 
aluminum; 5) to some extent, it clarifies the homology 
that has long been noted in the magnitude of atomic 
weights for the bodies of one particular group; 6) the 
elements most diverse in chemical character are also the 
most remote in this system.

Another category of groups of similar elements is 
composed of those that have close atomic weights. Be-
tween them, four groups are best known: 1) the cerium 
metals: cerium, lanthanum and didymium, mass 92-95; 
2) metals of the iron group: chromium, manganese, iron, 
cobalt and nickel, having an atomic weight from 51 to 
59; 3) metals similar to palladium, the atomic weight of 
which is 104-106, and 4) metals of the platinum group, 
to which—apart from platinum, iridium and osmium—it 
is fair to include gold, which is similar to them not only 
in terms of atomic weight (197-199), but also in most 
basic properties. These groups of metals have in the 
above-mentioned system a completely definite position 
based on their atomic weight and partly on the chemi-
cal nature of the compounds formed by them. The iron 
group is the transition from the missing members of the 
last columns to copper. Chromium can be conveniently 
placed in line with oxygen, between sulfur and selenium, 
just as copper is between potassium and rubidium. In 
fact, chromium in the form of chromic acid presents 
a remarkable resemblance to sulfuric acid, as is well 
known to everyone, which is particularly pronounced in 

the significant similarity that SO2Cl2 and CrO2Cl2 have. 
The closest analog to chromium in the iron group is 
manganese. Its atomic weight is greater than chromium, 
and it can be placed in the series of halogens. Manganese 
presents with them [the halogens] the same similarity in 
its highest degree of oxidation as chromium does with 
sulfur. Indeed, the manganate potassium salt KMnO4 is 
known to be isomorphic and extremely similar, even in 
specific weight, to the chlorate potassium salt KClO4. 
Manganese is followed by iron, cobalt, and nickel, rep-
resenting, in both atomic weight and chemical proper-
ties, as well as the ability to form different degrees of 
oxidation, a clear transition to copper. The iron group is 
adjoined on the chromium side by two other elements, 
vanadium and titanium, the striking similarity of whose 
compounds with those of phosphorus and silicon is not 
subject to the slightest doubt.

The zirconium (90), niobium (96) and molybdenum 
(94) series exactly corresponds to that of titanium, vana-
dium and chromium and must be located in appropriate 
places below the named metals; and for rhodium, ruthe-
nium and palladium one can hardly deny the analogy 
with iron, cobalt and nickel. By the magnitude of their 
atomic weights, these elements constitute a transition 
to silver, as elements of the iron group do to copper. 
Platinum, osmium, iridium and gold must be placed in 
the same position below these metals. The similarity is 
expressed not only in the similarity of their degrees of 
oxidation (RO, R2O3, RO2), but also in such traits as the 
ability to produce ammonium compounds, characterized 
by well-known traits belonging in the same measure to 
ammonia-cobalt, ammonia-ruthenium, and ammonia-
platinum compounds. 

It is very important to pay attention to the location 
that the groups of similar elements mentioned here ac-
quire; It is absolutely determined in a number of groups 
of the first category. Therefore, there is no doubt that in 
principle the distribution of elements in terms of their 
atomic weights embodies the true guiding principle 
when studying the basic natures of the elements. In my 
treatise, entitled Fundamentals of Chemistry, I attach 
the described system to an elementary exposition of 
chemistry and present evidence of the similarities in the 
groups defined by the above-mentioned method, and 
therefore I do not cover this subject here. Now I will 
draw attention to the fact that the comparison of ele-
ments according to the principles mentioned here finds 
some confirmation in the comparison of the physical 
properties of simple bodies taken separately, and even 
more so in their respective chemical compounds. In this 
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article I will focus exclusively on the comparison of 
specific weights and specific volumes, especially since 
the comparison of other physical properties at present, 
due to lack of information, is almost impossible. As 
proof of the naturalness of the system proposed by me 
in relation to other properties, one can cite from the re-
markable investigations of Wiedemann (Pogg. Ann. 1865 
and 1869) that the elements of the group of cerium and 
the group of iron are magnetic in their compounds, and 
their atomic magnetism changes smoothly when going 
from one analogue to another. It would be most interest-
ing to now investigate, in this respect, the elements of 
the platinum group and their compounds most similar 
in chemical characteristics to ceric and iron compounds.

As before, here is a table of elements, in which are 
inserted the bodies possessing similar atomic weights 
from the series of iron and platinum.

In order to clearly establish the dependence that 
exists between atomic weights and the specific volumes 
of various groups of elements, we shall first compare 
them in vertical and then in horizontal rows of the table. 
It has long been known that such homologous elements 
as potassium, rubidium, cesium,—or calcium, strontium, 
barium,—or phosphorus, arsenic, antimony, etc.,—dis-
play a gradual change in specific volumes with a change 
in atomic weight. This was exhibited for the first time, 
if we are not mistaken, [by] Dumas and Le Royer; they 
argued, justifiably in many cases, that similar elements 
and compounds display either closely related specific 
volumes or volumes that constantly increase with in-
creasing atomic weight, which allows one to compare the 
last category of similar bodies with homologs for which 
the last kind of relation exists. Here are some examples of 
this: lithium has a specific weight of 0.594, and hence its 
volume = 11.2; potassium has an atomic volume equal to 
44.8; rubidium 56.1; beryllium, corresponding to lithium 
in the series of alkaline earth metals, has a specific weight 
of 2.1, and therefore its volume is 4.5; it is less than the 
volume of lithium, just like the volumes of calcium and 
strontium are less than the atomic volumes of potassium 

and rubidium. In fact, the specific weight of calcium = 
1.58, and its volume = 25.5; the volume of strontium = 
35.5, and barium about 30.

Here we notice that the increase in atomic volume 
is not so rapid as in the series of alkali metals. But as the 
atomic weight increases for both the first and the second 
[groups], the atomic volume and the energy [i.e., reactiv-
ity] of the element also increase. This latter [reactivity] 
is explained by the significant changes in their atomic 
distances as their atomic weights increase. Barium at-
oms, although they are heavier than calcium atoms, are, 
however, more distant [from other atoms] than the latter. 
The influence of the distances on the course of reactions, 
if I am not mistaken, was first pointed out by Avogadro. 
It manifests itself in the formation of the corresponding 
compounds of the two named elements. Thus, aqueous 
barium oxide (specific weight 4.5, and volume = 30) 
has a smaller volume than metallic barium itself, i.e., 
the two water residues, in joining the barium, not only 
did not move its atoms apart, but made them even closer. 
Hence, there was enough space between the barium 
atoms to place these elements. Calcium atoms have a 
much smaller volume and its aqueous oxide occupies 
a larger volume (34, because the specific weight is 2.2) 
than the metal itself, because calcium is less energetic 
than barium. The water components of its hydrate did not 
bring the metal atoms together, but pushed them apart. 
But in [potassium] oxide, as in calcium fluoride, there 
was still a contraction, as occurs with the formation of 
most potassium compounds. So potassium hydrate takes 
up a volume of 35, and metallic potassium, which is in 
it, has a volume of about 45. Lithium and beryllium are 
followed by boron in our system, but we do not know 
its true analogs. The volume of lithium is close to 12, 
beryllium 5; boron has a volume of about 4, because its 
specific weight is 2.68. Carbon, which follows boron 
in the series of elements above, has a specific weight 
that varies much, depending on the modification [i.e., 
allotrope]. Only in the form of diamond, whose specific 
weight = 3.54, is the volume of carbon less than that of 
boron; in the form of graphite, it is already greater, viz. 
= 5.7, because the specific weight of graphite is close to 
2.1; in the form of coal, the volume of the carbon atom 
is even greater. Therefore, it is not possible to say with 
certainty whether the volume will increase or decrease 
when we pass along the first row of elements from carbon 
to nitrogen, oxygen and fluorine. By analogy with other 
rows, however, it is more likely to exhibit an increase, 
for example, similar to the one that exists in the transi-
tion from Si to P, S and Cl, or from Sn to Sb, Te and I.

Li. Be. B. C. N. O. F.   

Na. Mg. Al. Si. P. S. Cl.   

К. Са. — Ti. V. Cr. Mn. Fe. Со. Ni.*

*Cu. Zn. — — As. Se. Br.   

Rb. Sr. — Zr. Nb. Mo. — Rh. Ru. Pl.*

*Ag. Cd. — Sn. Sb. Te.   I.   

Cs. Ba. — — — Та. W. — Pt. Ir.
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The second series, or more correctly, the second 
row of elements, which contains sodium and chlorine, 
displays a special phenomenon, which we will consider 
next. Now we mention that in the horizontal rows to 
which potassium, rubidium and cesium belong, we know 
few reliable examples. But if we take the potassium row, 
we will find in it potassium, whose volume is close to 45, 
calcium, whose volume = 25, titanium, whose specific 
weight 5.3 indicates an atomic volume of about 7.5; then 
chromium, whose volume is about 7.4 and manganese, 
whose volume = 7.0, because the specific weight is 
about 8.0. This shows that in the potassium row, with 
an increase in the atom [i.e., atomic weight], the vol-
ume decreases, as we saw in the lithium series; but the 
reduction here is even faster than for the lithium row. In 
the rubidium row, this decrease is even more noticeable 
because rubidium has a volume of 56, strontium 34, 
molybdenum 8.5. Palladium is about the same. Thus, for 
the vertical series corresponding to lithium (Li, K, Rb, 
Cs; Be, Ca, Sr, Ba; Cr, Mo, W; Ni, Pl, Os), we notice an 
increase in volume with increasing atomic weight, and 
in horizontal rows corresponding to Li, K, Rb, Cs as the 
atomic weight increases, at first the volume decreases 
rapidly, and then remains almost constant. Special phe-
nomena are seen for sodium and elements similar to it 
that stand in the same horizontal row.

The volume of sodium = 23.7 because the specific 
weight = 0.97; the volume of copper = 7.2, silver 10.3. 
The volume of magnesium = 13.7, [which is] much less 
than the volume of sodium. So far, the phenomena are 
the same as for the preceding, but there is further distinc-
tion. Zinc has an atomic volume of 9.1, i.e. greater than 
copper, just as cadmium, having a volume of 12.8, is 
greater than silver. In the silver row we notice the greatest 
density and moreover regularity in the following, namely: 
palladium, ruthenium and rhodium all having a similar 
volume of 9.1; silver 10.3; cadmium 12.8; tin, which, 
without a doubt, belongs to this series, as an analog of 
silicon, has a volume of 16.2; antimony from the phos-
phorus series has a volume of 18.1; tellurium from the 
sulfur series 20.7 and iodine from the chlorine series has 
a volume of 26, because its specific weight is 4.93. For 
this row, therefore, with an increase in the atom weight, 
the specific volume also increases, despite the difference 
in chemical character; hence here the change along the 
horizontal rows is different than what we noticed in the 
rows above the elements examined. This is even clearer 
in the row of heavy metals not listed in the table, viz: 
volume Pt = 197/21 = 9.4; Au = 197/19.3 = 10.2; Hg = 
200/13.6 = 14.7; Tl = 204/11.89 = 17.2; Pb = 207/11.35 
= 18.2; Bi = 210/9.8 = 21.4, that is with the increase in 

atomic weight along the horizontal row, the volume in-
creases, and does not decrease or remain constant, as we 
saw for the horizontal rows corresponding to potassium, 
rubidium, [and] cesium.

For elements of the same category from the rows 
corresponding to copper and sodium, we see however 
the transition to the property of the rows corresponding 
to K, Rb, Cs. So for the elements that correspond to cop-
per we do not notice a previous rapid increase, namely 
we see the following: iron, cobalt and nickel have close 
volumes, about 7.1; copper 7.2; zinc 9.1; we do not 
know the analogs of aluminum and silicon in this series, 
but from the phosphorus series we have arsenic, whose 
volume = 13 or 16, depending on whether we take the 
crystalline or amorphous state of arsenic. In any case, 
the volume is significantly increased. Selenium in the 
same row has an even larger volume—19.4, bromine is 
even greater—27, and therefore we first see an extremely 
slow increase in volume, and then an extremely rapid 
increase. For the series of silver we notice a continuous 
and regular decrease in the specific weight, starting from 
palladium to iodine. In fact, the specific weight of Pl = 
11.7, Ag = 10.5, Cd = 8.6, Sn = 7.3, Sb = 6.7, Te = 6.2, I 
= 5.0, whereas in the copper series, a phenomenon of a 
different kind is seen: first, the specific weight increases, 
and then decreases; Fe has a specific weight of 7.8; Co = 
8.6; Ni = 8.5; Cu = 8.8; Zu = 7.1; As = 5.7; Se = 4.3; Br 
= 3.0. It is obvious that the regularity that is so obvious 
in the silver series, is less apparent here, although there 
is still a continuous increase in the specific volume with 
an increase in the weight of the atom. Therefore, it is 
possible to say that the two elements which are not yet 
in the system should show similarity to aluminum and 
silicon and have atomic weights of about 70. They will 
have atomic volumes of about 10 or 15, i.e., they will 
have specific weights of about 6, and thus will occupy just 
the middle ground, in all respects, or they will constitute 
a transition in properties from zinc to arsenic.

It may be that indium occupies a place in the 
aluminum series, if, in determining the weight of an 
atom, it is possible to admit an error that might occur 
from incomplete purification from metals heavier than 
it (maybe cadmium). After what has been said, it will 
be clear that in the sodium row we encounter a phe-
nomenon completely different from the previous ones. 
Indeed, sodium represents a volume of 24, magnesium 
13.7, aluminum 10.3, i.e., up to now the volume of the 
atom decreases with increasing atomic weight, and the 
specific weight increases. Going further, we encounter 
a complication: silicon has a volume of a little more 
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than aluminum, namely about 11; phosphorus in its two 
forms [i.e., allotropes] displays a specific weight [of] 
1.96 for red phosphorus and 1.83 for white phosphorus, 
i.e., atomic volumes of 15.8 and 17.0. The proportions 
of sulfur in its two modifications are almost the same as 
for the two modifications of phosphorus: prismatic sulfur 
has a specific weight of 1.96, and ordinary sulfur is 2.06, 
i.e., the volumes of the sulfur atoms in the two states = 
15.5 and 16.3. For chlorine, which follows sulfur in this 
series, the volume of the atom is close to 26, because 
liquid chlorine has a specific weight close to 1.3.

So, starting from sodium to aluminum, we have 
a decrease in volume, and then an increase; but there 
is no real consistency. The latter is partly explained by 
the difference in the physical state that exists for the 
elements in this series, and which can not be assumed 
for the elements in the two preceding series, at least to 
as large an extent as here. Sodium and magnesium, at 
least the latter, probably contain one atom each in their 
particle; the analogy with cadmium, and [their] volatility, 
can confirm this. One could hardly doubt that a particle 
of silicon, like a carbon particle, contains a significant 
number of atoms; this explains the deviation that carbon 
and silicon exhibit from the law of Dulong and Petit, as 
I will try to prove in a special article (2).

Phosphorus in its particle contains at least 4 atoms; 
the red form is probably even more complex than the 
white; its atoms are even closer, the polymer state is even 
more complex. The same thing should be noted about 
sulfur. Prismatic sulfur is simpler than rhombic, but in 
the former there are at least 6 atoms in the particle, as 
can be seen from the density of sulfur vapor observed at 
a temperature of about 600°. Chlorine, in the same series, 
contains only 2 atoms in its particle. If sulfur were known 
in liquid form and in the same polymer [i.e., dimer] 
state as chlorine is known, it would probably exhibit a 
much larger atomic volume. Thus, elements that have 
very different numbers of atoms in their particles are 
grouped in the sodium-chlorine row. Therefore it is not 
surprising that we notice here a lack of the harmony that 
is characteristic of the other rows examined by us. If we 
take the extreme members of the rows examined by us, 
we note the following: silver has a volume significantly 
different from the volume of iodine; the volume of cop-
per is even more different from the volume of bromine, 
but the volume of sodium differs little from the volume 
of chlorine. Does this not depend on the fact that the 
particles of sodium and copper are composed in different 
ways? Looking at the series of elements just described 
along vertical series, we note the following feature that 

clearly distinguishes these series from the series of 
lithium, potassium, rubidium, cesium and similar ones, 
previously considered. There we saw an increase in both 
specific weight and atomic volume, coupled with an in-
crease in atomic weight and chemical energy. Here, the 
opposite is seen: with increasing atomic weight, sodium, 
copper and silver exhibit a decrease in chemical energy, 
just like in the transition from magnesium to zinc and 
cadmium. The volume of the magnesium atom, 13.7, is 
greater than the volume of [both] zinc (9.1) and cadmium 
(12.8), just as the volume of sodium is larger than the 
volume of [both] copper and silver. Moreover, copper and 
zinc display a smaller volume than silver and cadmium, 
exactly as in the corresponding rows of the right side of 
the table. Phosphorus in both its modifications displays a 
larger volume than arsenic; but the volume of antimony 
is greater than the volume of arsenic, just as the volumes 
of cadmium and silver are greater than the volumes of 
zinc and copper. However, the volume of selenium is 
greater than [that of] sulfur, and [the volume] of tellurium 
is even greater than [that of] selenium. The volumes of 
the atoms of chlorine, bromine and iodine are known to 
be close to one another.

From what has been said, it is clear that there is 
some regularity in the change in the specific weights and 
atomic volumes in the series of elements distributed in 
a general system according to the magnitude of [their] 
atomic weights. But this regularity is upset by the changes 
in the physical and chemical nature of the elements: the 
number of their atoms in the particle and the quality of 
the atoms, or their ability to join [together in] chemical 
compounds, all depend on this. For example, if we turn 
our attention to the first series of elements, which include 
alkali metals, copper and silver, then we find the follow-
ing numbers: Li = 11.8; Na = 23.7; K = 44.8; Cu = 7.2; Rb 
= 56.1; Ag = 10.3; .... Tl = 17.2, i.e. we see no regularity 
in the changes in the volumes of the atom. But, paying 
attention to the close similarity existing between lithium, 
potassium, rubidium and cesium on the one hand, and 
sodium, copper and silver on the other, we already see 
some regularity, absolutely clear in the first row but not 
visible in the second, that copper has the smallest volume; 
for elements below and above [copper], the volume of 
the atom is greater than for copper. This is completely 
parallel to the fact that in the series of magnesium, zinc 
and cadmium the volume of zinc is much less than that of 
magnesium, and even less than cadmium. Lead is larger 
than thallium, just as zinc is larger than copper, and [it is] 
more like cadmium than silver. Magnesium, however, has 
a volume less than sodium. In the phosphorus series, the 
volume of arsenic is less than that of phosphorus and less 
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than the volumes of antimony and bismuth; the volume of 
bismuth is greater than that of lead, just as the volume of 
antimony is greater than that of cadmium. These complex 
relations acquire a special meaning when we compare 
the properties of elements with the properties of their 
compounds and especially with the reactions in which 
they participate. These relations are set out by me in the 
second volume of my book Fundamentals of Chemistry 
and are not included in the purpose of the present article. 
But in order to supplement what was said above by point-
ing out the variety of relations that are observed in this 
case, I will add a few fragmentary remarks concerning 
the specific weight and volume of analogous compounds 
belonging to the series considered earlier.

The specific weight of potassium compounds is 
always slightly less than that of the corresponding so-
dium compounds; for example. potassium chloride has a 
specific weight of 1.9, and sodium chloride has a specific 
weight of 2.1; potassium nitrate 2.1, and sodium nitrate 
2.2; caustic potassium 2.0, and caustic soda 2.1; potas-
sium oxide 2.7, and sodium oxide 2.8; metallic potas-
sium 0.87, and sodium 0.95. The relationship between 
magnesium and calcium is exactly the same: magnesium 
compounds are usually somewhat denser than calcium 
compounds. For example. calcium oxide has a specific 
weight of 3.2, and magnesium oxide is 3.7; slaked lime 
2.2, and milk of magnesia 2.3; calcium chloride 2.1, and 
magnesium chloride 2.2 (3); calcium carbonate in the 
form of [Iceland] spar has a specific weight of 2.72, and 
magnesium carbonate in the form of spar 2.95; calcium 
has a specific weight of 1.58, and magnesium has a spe-
cific weight of 1.74. Thus, calcium compounds relate 
to magnesium compounds in exactly the same way as 
potassium compounds relate to sodium compounds; so 
with an increase in the [atomic] weight there will be an 
increase in volume. But if we go further, we note again a 
decrease in volumes; so analogous compounds of copper 
and sodium are close in volume. For example, sodium 
oxide Na2O has a particle volume of 22, and cuprous 
oxide Cu2O of 25; the volume of sodium chloride par-
ticles is 28, and of copper chloride corresponding to table 
salt, is also 28, because the specific weight is 3.5. This is 
despite sodium and copper in a free state displaying, as 
we have seen, a very significant difference in volumes; 
the specific gravities of copper and sodium compounds 
are very different. 

Similarly, zinc in its compounds has a volume 
slightly smaller than calcium, namely, close to magne-
sium; zinc oxide has a volume of 45, because the specific 
weight is 5.6 and magnesium oxide has a volume of 11. 

Zinc chloride exhibits a volume of 48, and magnesium 
chloride of 43; [that of] the sulfate salt of zinc in the 
anhydrous state is 43, and the sulfate salt of magnesium 
is 44. Therefore, the transition from sodium to copper (in 
the lower oxide salts) and from magnesium to zinc in the 
corresponding compounds does not entail a significant 
change in the volumes, despite the considerable differ-
ence in the volumes and in the energy of the free metals. 
The silver compounds in the oxide salts have almost the 
same volume as the copper compounds in the lower oxide 
salts, hence, the same as the sodium compounds. It is 
sufficient, for example, to indicate that silver nitrate has 
a partial volume of 39.0 (specific weight 4.34), whereas 
the cuprous nitrate salt has a partial volume of 37.9 and 
a specific weight of 2.24 [typo for 3.24]; copper chloride 
has a volume of 28.0, and silver chloride is 26.3. It is also 
remarkable that copper, in the salts of the oxide [CuO], is 
isomorphous with the salts of magnesia, and shares with 
them a proximity in the magnitude of specific volumes. 
So, for example, anhydrous sulfate of magnesium has a 
volume of 44, and anhydrous sulfate of copper, 45. This 
is similar to the fact that the chromium [i.e., chromate, 
CrO4] salt has a volume [of] 72, the sulfate salt of potas-
sium [has a volume of] 66, and the potassium manganate 
salt KMnO4 has a volume of 58.3, a little more than the 
potassium chlorate salt, KClO3, whose volume = 54.6. 
The volume of chromium and manganese salts is greater 
here than the corresponding salts containing sulfur and 
chlorine, although the volume of chlorine and sulfur is 
much greater than that of chromium and manganese. It is 
clear from this that in compounds made analogously, one 
often observes the similarity in the magnitude of volumes 
and the volume ratio that is not at all anticipated and in 
no way agrees with the volumes that the participating 
elements have in a separate [i.e., free] state. From this it 
becomes clear that, in the system we have applied, based 
on the magnitude of the atomic weights and similarity in 
the chemical nature, the above deviations from the simple 
order are [actually] what one would expect. Atomic 
weights, like [chemical] analogies, are determined not by 
the properties of individual elements, but by the proper-
ties and composition of the compounds.

The remarks given above can serve as new evidence 
of the law which I defended in my article “specific 
volumes” and which can be formulated as follows: the 
volume of compounds can not be judged from the vol-
ume of their constituents. That is why it is necessary to 
treat with very great caution those systems of specific 
volumes, which are based on the assumption of the op-
posite statement.
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Note. The foregoing was communicated by me at the 
Congress in August 1869. In 1870, in Liebig’s Annalen 
(after this article was sent by me for printing), an article 
by Lothar Meyer appeared, dealing with the same subject. 
Mr. Meyer’s conclusions are based on the assumption of 
the system of elements proposed by me and agree with 
those that I have made with respect to the volumes of 
atoms. He also pays special attention to the descending 
and ascending series of elements and to the sequence of 
volume changes. But the conclusions were increased in 
clarity by the graphic image attached to the article. By 
putting this postscript I have no desire to raise the issue 
of scientific priority, (in my opinion, these questions do 
not often have any academic interest), and I only want 
to point to the table attached to Mr. Meyer’s article as a 
means of capturing and explaining those complex rela-
tions, which are indicated in the previous text.
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3. The sulfate salt of lime has a specific weight of 2.95, and 
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the sulfate salt of lime in the anhydrous state is in two ag-
gregated states. In the form obtained by calcining gypsum, 
it is able to combine with water and then probably has a 
smaller specific weight; it must be assumed that it will be 
about 2.5. In the form of anhydrite, the sulfate salt of lime 
does not have the ability to combine with water, and in this 
form it does not display an aggregated state like that in 
which it is found in alabaster, and in no way is analogous 
to an anhydrous sulfate salt of magnesium. However, the 
latter, after strong calcination, dissolves very slowly in 
water, which may depend on the molecular change occur-
ring at the same time.
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