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write a for the number of grains which were affected by light and express 
Dt, as the number of developed grains at time T, then 

dD . . 
--,- == K( a — D,). 
dt 

If we continue development for an infinitly long time we shall develop 
all the exposed grains and therefore we may write a — Doo and 

^ = K ( D 0 0 - D , ) 

which integrates into 

K » l log (=^=r) 
t K \DK - D1J 

which is the familiar equation for a reaction of the first order. 
Now the relation between the density obtained on development and 

the exposure which was given to the plate is given by a complicated ex­
pression which for the greater portion of the range of exposures simplifies 
to the expression D = 7 (log E — log i). 

For a given exposure log E — log i is a constant and D is therefore 
strictly proportional to 7, so that we may write the equation we have just 
obtained as 

K - I log 
VY — W 

In this equation 7 represents the contrast shown by the developed 
plate and 7 &> is therefore the maximum contrast which can be obtained 
on any plate with the most prolonged development. This value, 7 W , 
is independent of the developer employed and is a natural constant of 
the plate, of great importance as conditioning its behavior and pifbperty. 

In concluding this brief review of the physical chemistry of development, 
I should like to call attention to the many interesting problems presented 
by the subject and to hope that this paper may induce some workers to 
turn to photographic chemistry as a field for their investigations. 
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The results set forth in this paper were obtained some ten years ago, 
being one of a number of investigations directed toward furnishing evi­
dence as to the molecular constitution of metallic substances. At the 
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time, the writer expected to be able to fill out the gaps remaining in the 
investigation of the electropositive groups, but circumstances intervened 
to interrupt the work. I t seems worth while to publish the results ob­
tained, the more so, since a number of important conclusions may be 
drawn therefrom. 

The advance made during the past decade in our conceptions of the 
ultimate structure of matter, has served to focus the interest of many 
investigators, both chemists and physicists, on the problem of the metallic 
state. As yet, we are dependent upon indirect evidence for a 
knowledge of the nature of metallic substances, but, to one who has fol­
lowed the problem closely, it seems that the time is not far distant when 
we may expect great advances in this heretofore inaccessible field. Con­
sidering how much we are dependent upon a knowledge of the metals 
for countless practical purposes, and how vitally they enter into our most 
fundamental conceptions of matter and electricity, we cannot doubt 
but that the final solution of the problem of the metallic state will mark 
a new epoch in scientific development. 

From a chemical standpoint, the most characteristic property of metals 
is their power of combining with electronegative elements to form salts, 
or of functioning as positive ions when in solution. This property is 
particularly prominent in the strongly electropositive elements such as the 
alkali metals. 

Certain groups of elements, of which none is itself metallic, possess 
the property of forming salts in every way similar to salts of strongly 
electropositive elements. Of these groups, the most familiar, and in many 
respects the most striking, is the ammonium group, in which four hydro­
gen atoms are associated with a single atom of nitrogen. The metallic 
nature of this group, as exemplified in its chemical properties, was recog­
nized at a very early date; indeed, it owes its name to the clear recognition 
of this fact by Sir Humphrey Davy. 

Many attempts have been made to isolate the ammonium group in 
order to determin whether or not the analogy could be extended so far 
as to include a free ammonium group possessing metallic properties. 
Thus far, all efforts to obtain the free group have met with negative 
results. I t has been shown, however, that the ammonium group is cap­
able of forming an amalgam whose properties are similar to those of amal­
gams of strongly electropositive metals. 

Recently McCoy and Moore1 have studied amalgams of the substi­
tuted ammoniums. These groups are much more stable than the am­
monium group itself, and the above-mentioned investigators were able 
to obtain amalgams in the form of crystallin metallic substances, possess­
ing a high degree of stability at low temperatures. In their properties, 

1 T H I S JOURNAL, 33, 273 (1911). 
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these amalgams approach very closely to amalgams of potassium and rubid­
ium. While these experiments do not necessarily prove that the free 
groups are metals, they nevertheless render it highly probable that, if 
they could be obtained in a free state, these groups would exhibit metallic 
properties. 

In this connection, the work of Palmaer,1 on the electrolysis of sub­
stituted ammonium salts in liquid ammonia solution, is of great impor­
tance. He found that, on electrolyzing solutions of tetramethyl and 
tetraethyl ammonium salts in ammonia, a blue-colored solution is formed 
at the cathode. This solution appears identical in color with solutions 
of the alkali metals, which may be formed by dissolving these metals in 
liquid ammonia. The writer has repeated and confirmed the experiments 
of Palmaer. Even tetrapropyl ammonium salts yield a blue<:olored 
solution at the cathode. The solutions obtained by electrolysis are un­
stable, and the blue color disappears at the end of a few minutes. 

Other Electropositive Groups. 

Failing in an attempt to isolate the ammonium group, the writer 
undertook to investigate a number of other groups in the hope that, 
among them, one would be found possessing the desgree of stability neces­
sary to make its isolation possible. Salts, usually iodides or chlorides, 
were prepared and electrolyzed in liquid ammonia solutions at temperatures 
as low as —60 °. Ammonia not only makes it possible to carry out the elec­
trolysis at temperatures favorable to stability, but it also provides a 
solvent which, even with the most electropositive metals, reacts at a very 
slow rate. 

While the ammonium group, NH4, containing nitrogen, is the most 
familiar example of an electropositive group, many other elements— 
both metallic and non-metallic—form similar groups with other elements 
and the salts of these are, in some cases, extremely stable. In most cases, 
however, the hydrogen derivatives cannot be obtained, although the 
corresponding organic derivatives are highly stable and are readily made. 
Only the organic derivatives were examined in this investigation. 

The following salts were electrolyzed: (CHs)4SbI, (CHg)3SI, (C6H6)JI, 
CHsHgCl, C2H5HgCl, C3H7HgCl, C6HnHgI, C8H17HgI, C6H6HgI, and 
(CHs)3SnI. Among these substances, only the mercury alkyl salts 
yielded positive results. Even in the case of the alkyl mercury salts, 
members of the series above C4H9Hg did not possess sufficient stability 
to make their isolation possible. 

Before proceeding to a discussion of the results obtained with the alkyl 
mercury compounds, a few remarks may be made relative to the other 
groups. That the group Sb(CH3)4 should prove unstable was to have 
been expected, since stibine and the stibonium compounds are much 

1 Z. Electrochem., 8, 729 (1902). 
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less stable than ammonia and the corresponding ammonium salts. The 
same is true of compounds of phosphorus, arsenic, and likewise sulphur 
and iodine. On the other hand, the trialkyl-tin salts are extremely 
stable and the lack of stability of the free group is in some aspects unex­
pected. This behavior may, however, be due to the large number of 
radicals grouped around the atom of tin. In the case of the mercury 
group the stability decreases rapidly with increasing complexity of the 
attending organic radicals. 

Isolation of the Alkyl Mercury Group. 

The alkyl mercury salts are relatively fairly soluble in liquid ammonia. 
In most cases the chlorides were electrolyzed, although the nitrate was 
also employed. The nitrate is very soluble. Care must be exercised in 
handling it, since it produces painful burns when it comes in contact 
with the skin, the burns developing only some hours after application has 
taken place. I t is scarcely necessary to caution the prospective inves­
tigator regarding the highly poisonous qualities of the mercury dialkyl 
compounds, which are quite volatil, and which are formed when the free 
group C„H2„ + jHg decomposes. 

Since the particular contrivance employed in carrying out the electrol­
yses may be varied in many ways, it is unnecessary to describe the details 
of the apparatus employed in this investigation. The electrolytic cell 
was contained in a bath of liquid ammonia, cooled below its normal boiling 
point in order to prevent the boiling of the solution in the cell in con­
sequence of heat introduced by the electrolyzing current. Small plati­
num wires served as electrodes, the cathode being situated at the bottom 
of the cell. 

The free group was deposited at the cathode in the form of a highly 
attenuated opaque mass, without evolution of gas or the production of 
appreciable heat. Since the precipitate is an excellent conductor, it ex­
tended itself rapidly upward through the less highly conducting solution, 
as electrolysis proceeded. From time to time it was necessary to interrupt 
the current in order to compress the deposit into a more compact mass in 
the bottom of the cell, a suitable device being provided for this purpose. 
When the electrolysis had proceeded for some time, bubbles of gas began 
to be evolved on the precipitate and it was necessary to remove the solu­
tion and introduce a fresh one, since the bubbles tend to float the deposited 
metal to the top of the solution. These bubbles were doubtless hydrogen, 
which was evolved by the current from the reaction products formed at 
the anode. The solution was renewed at intervals until a sufficient quan­
tity of the free group had been deposited at the cathode. Naturally, 
all manipulations were carried on under exclusion of moisture from the 
atmosphere. 
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Properties of the Alkyl Mercury Groups. 
It has already been mentioned that the group is precipitated at the 

cathode in an extremely attenuated form. The appearance of the deposit 
is black, like that of any finely subdivided metal. That it is an excellent 
metallic conductor is at once evident from the fact that the deposit always 
takes place at the top of that already formed. Since the area of the 
platinum wire cathode was only a few square millimeters, the current 
density must have been quite high in this attenuated deposit, particularly 
at the point of contact with platinum wire. In no case has the deposit 
been precipitated in a dense form. By means of slight pressure the deposit 
may be brought into a fairly coherent form. In the case of the methyl 
mercury group, however, the deposit could not be obtained otherwise 
than as a black mass. None of the alkyl mercury groups amalgamate 
with mercury to a marked extent. 

In order to test some of the properties of the free group, a quantity of 
the metal (CH3Hg) was prepared as described above. The product 
was freed from salt by repeated washing with pure ammonia. The last 
traces of ammonia were removed by means of a pump, the tube being 
immersed in a bath of ammonia at its boiling point. The tube was then 
bent into the form of an inverted U and sealed off under an internal pres­
sure of about a millimeter. 

On allowing the mass to warm up, the surface became gray, owing to 
decomposition of the compound at the surface. The whole mass, however, 
did not decompose until very near ordinary temperatures, when decom­
position took place suddenly under evolution of considerable heat. Im­
mediately on decomposition, the contents of the tube separated into 
metallic mercury and a clear liquid which was afterward shown to be 
mercury dimethyl. The other arm of the IT-tube was now cooled off 
in liquid ammonia, while the first arm was slightly warmed. The clear 
liquid distilled over, leaving the metallic mercury behind. The products 
were weighed separately and gave 48 per cent, of metallic mercury. The 
percentage of mercury found is thus somewhat high. (Assuming decom­
position to take place according to the equation, 2HgCH3 = Hg + Hg-
(CHs)2, the result should have been 46.6 per cent.) This result is ex­
plained by the fact that the compound had already partially decomposed, 
the mercury remaining behind, while the mercury dimethyl was washed 
away. That there is appreciable decomposition at —33 °, was shown by 
allowing a quantity of the material to stand over night in a bath of am­
monia. A portion, though less than half, was decomposed. As the 
electrolysis required three or four hours, it is evident that the amount of 
mercury found must necessarily have been too high. 

To establish the nature of the clear liquid which results when the free 
group decomposes, it was treated with acid. Under these conditions, 
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methyl mercuric salts were obtained, showing conclusively that the liquid 
is Hg(CHs)2. 

That ammonia is not associated with the cathode product is shown 
by the resulting pressure after decomposition, as well as by the fact that 
the same compound may be obtained in other solvents than ammonia. 
In water solution, little black flakes form at the cathode but soon dis­
appear. In alcohol solution, however, a considerable deposit may be 
obtained, particularly at lower temperatures. That the body is a com­
pound and not a mixture of some kind is evident from the manner in which 
it decomposes, as well as from the fact that considerable heat accompanies 
this decomposition. 

Methyl, ethyl, propyl, amyl, and octyl derivatives of mercury were 
studied. The octyl derivative gave no indication of being able to exist 
free. The amyl derivative gave slight indication of coming down at the 
cathode, but its decomposition followed almost immediately. Between 
the methyl and ethyl derivatives, little difference could be observed in 
stability, but the propyl derivative appeared to be decidedly less stable. 
I t is probable that the butyl derivative may be obtained. 

There is a very striking change in the nature of the cathode product 
as the higher members of the series are approached. As already stated, 
the methyl mercury group comes down as a black deposit which could 
not be obtained in any other form. Ethyl mercury comes down in the 
same way as a black deposit, but when it is compressed slightly, it co­
heres and exhibits metallic reflection, somewhat of a copper color. 
Even on allowing a quantity of this substance to stand some time, it 
coheres and gives a metallic reflecting surface on the walls of the tube. 
When electrolyzed on a mercury cathode, the same color is observed at 
the beginning. From this behavior of methyl and ethyl derivatives, 
it was thought probable that propyl mercury would exhibit metallic 
lustre in even a more marked degree, and such was indeed found to be 
the case. Even in the loose, spongy form in which it comes down, it 
exhibits a decided reflecting power similar to that of the ethyl mercury 
group described above. I t is probable that these differences as to lustre 
are largely due to the fact that the higher derivatives are softer. 

When methyl mercury warms up, it decomposes without melting at 
approximately room temperatures. In the case of ethyl mercury, the 
compound melts right on the point of decomposition. There seems to 
be a small quantity of reddish colored liquid formed, the color of which 
diasppears almost immediately. The circumstances attending the for­
mation of the reddish colored liquid have not been studied further. I t 
is probable that propyl mercury, when prepared in quantity, will show 
the same behavior in a more pronounced manner. 
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Discussion. 
There can be no question that the free groups: CH^Hg, C2H6Hg, and 

CsHyHg have been obtained in a free state and that, in this state, they 
possess metallic properties, or, for short, are metals. While this result 
possesses much interest from a purely chemical standpoint, its chief im­
portance lies in the light it sheds on the nature of metallic substances and 
the nature of the process of metallic conduction. 

I t is unfortunate that these groups are unstable; for it would be of great 
interest to study the influence of chemical constitution on the optical 
and electrical constants of these metals. Nevertheless, we may draw 
certain important conclusions from the mere fact that these compounds 
are metallic in nature. 

According to the electron hypothesis, the peculiar characteristics of 
metallic matter are due to the presence of one or more molecular species 
common to all metals, each species being associated with a definit charge 
of electricity. This hypothesis is well substantiated by many facts, 
particularly by the absence of any manner of material effects when a 
current passes through a metal or through the boundary between two 
metals. 

Two further assumptions are usually made; the first, that only a single 
species of carriers exists in a metal, namely: the negatively charged 
carrier; and second, that the mass of this carrier is approximately I /IOOO 

that of the hydrogen atom. These last two assumptions constitute 
extrapolations based on our knowledge of the conduction process in 
gases and in electrolytes. They thus rest on a much weaker foundation 
than the first hypothesis which is based on direct observations on the 
metals themselves. The greatest uncertainty exists, as to whether more 
than one molecular species is present and takes part in the conduction 
process in metals. In the theoretical treatment of the subject many 
physicists are wont to take more than one species into account. 

Assuming that only one species is concerned in the conduction process, 
direct evidence is lacking as to whether this species is negatively or posi­
tively charged. The presumption is that it is negatively charged, since 
in gases only negatively charged carriers are known, whose mass is suffi­
ciently small to readily account for the high conductance of metals. So 
far, however, evidence obtained from a study of metallic systems them­
selves is inconclusive. An attempt will be made to furnish this evidence 
below. 

An important result gained from this investigation into the nature of 
the electropositive groups is that the metallic state is a molecular and not 
an atomic property of matter. 

This conclusion is not based entirely on the results obtained by the 
writer with the alkyl mercury groups and those obtained by others with 
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amalgams of the ammonium and the substituted ammonium groups, 
although, taken together they present strong evidence in its support. 

In an extended investigation, the results of which remain in part un­
published at this time, the writer has demonstrated the metallic nature 
of the blue-colored solutions obtained by dissolving the alkali metals 
in liquid ammonia1. The solutions obtained by Palmaer, by electro-
lyzing solutions of substituted ammonium salts in liquid ammonia, 
exhibit the same characteristic blue color as do solutions of the alkali 
metals. There can be no question frhat the solutions of the free groups 
(C„H2„ + O4N are identical in nature with solutions of the alkali metals, 
and that, therefore, this group, which is made up entirely of non-metallic 
elements, is itself a metal. 

If the metallic state is a molecular and not an atomic property of mat­
ter, we may inquire: What constitutional relationship does exist among 
metals? In answer to this question we may say that all metals possess 
in common the tendency to form positive ions, and the greater the tend-
dency to form positive ions, i. e., the more electropositive a metal is, the more 
accentuated are its distinctively metallic characteristics. The alkali metals 
are thus metals which in their physical properties exhibit the character­
istics of metals in the most marked degree. Not only is the conducting 
power of the alkali metals very high, but their reflecting power is enor­
mously greater than that of any other class of metallic substances. Thus, 
the amount of unrefiected light from surfaces of mercury, platinum, 
silver, and sodium is, respectively; 21.6, 30, 5.0, and 0.3 per cent. 

If then, there is a relation between the electropositive nature of an 
element or group of elements and the metallic nature of the free element 
or group of elements, and if the metallic state is due to the presence in 
the element or group of elements of charged carriers free to move, it fol­
lows that these carriers must be either positively or negatively charged, 
but both positively and negatively charged carriers cannot be present at 
the same time. For, if we separate the electropositive from the electro­
negative constituent (as by electrolysis) of a non-metallic compound, 
made up of a non-metallic electronegative element and an electropositive 
group of non-metallic elements, we find that the electropositive constit­
uent is metallic and the electronegative constituent non-metallic. In 
the separation, therefore, the electropositive group has either gained 
a freely movable negative carrier or lost a positive carrier. Bearing 
in mind the fact that the metallic state is in no wise a property character­
istic of elements which are themselves metallic, we may definitly say 
that the electropositive group has gained a freely movable negative car­
rier. For, had the electropositive group lost a positive carrier in the pro­
cess of separation, then, in the compound, there would be more carriers 

1 Trans. Am. Electrochem. Soc, 21, 119 (1912). 
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associated with the metallic constituent than in the free group, and the 
compound would necessarily possess metallic properties; since, in the addi­
tion of carriers to a group in which there are already carriers of the same 
kind possessing freedom of motion, the added carriers must possess a 
freedom of motion at least as great as that of those originally present. 
Since, however, the compound is non-metallic, and therefore there are 
no carriers present possessing freedom of motion, we must conclude 
that, in the compound, the electropositive group has lost a freely movable 
negative carrier. In the process of cbmbination with an electronegative 
constituent, therefore, the freedom of motion of the negative carrier is 
lost, the carrier being bound to the negative constituent. When the 
positive and negative constituents are separated, the positive group regains 
its movable negative carrier and consequently its metallic properties. 

To make the argument conclusive, we must consider two points some­
what further. First, it may be contended that, when combination takes 
place between the positive and negative constituents, something in the 
nature of a high frictional resistance is introduced to the motion of the 
carrier, owing to the presence of essentially non-metallic elements. That 
such is not the case is conclusively shown by the fact that the compound 
CH3Hg, for example, contains non-metallic elements and yet is an ex­
cellent metallic conductor. Further, the compound (CH3)2Hg is a non-
metal, while the compound C3HrHg, containing a greater number of 
both carbon and hydrogen atoms, is a metallic conductor. So too, a 
solution of tellurium in liquid sulphur is a metallic conductor, as is also a 
solution of sodium in liquid ammonia. Similarly, the solid compound 
Ca(NHj)5

1 is a metallic conductor. We conclude, therefore, that a non­
conductor is not one in which great resistance exists to the motion of the 
charged carriers characteristic of metallic conductors, but one in which there 
are present no carriers free to move. If, by any means whatsoever, we intro­
duce into a non-metallic substance uncombined negative electrons, 
the resulting system will be metallic. We may do this by dissolving a 
metal in a non-metallic medium as, for example, by dissolving sodium 
in ammonia; or we may do it by combining with a non-metallic element 
other elements which either furnish the negative electron themselves, 
or which so alter the force acting between the non-metallic element and 
its electron as to permit dissociation between the two, as is the case in the 
ammonium group. 

The second objection, which may be urged against the conclusion that 
only the negative carriers conduct the current in metal, is that the power 
of conducting the current may be an intrinsic property of metallic atoms. 
This, however, is completely met by the fact that an electropositive 
group, containing no metallic elements is a metal. It has, therefore, 

1 T H I S J O U R N A L . 30 , 666 (1908) 
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been shown that, in a metal, the current is carried by negatively charged 
carriers. 

There has been much uncertainty among physicists as to the source 
of the negative carriers in metals. The results obtained in the study of 
radioactive substances have shown that atoms are very complex systems 
containing a considerable number of electrons. It has not always been 
clear as to what electrons in the atom are concerned in the conduction 
process. As a result of the study of electropositive groups, it is clear 
that it is necessary to distinguish between two classes of electrons in metals. 
There are certain electrons which enter into the internal structure of the 
atom itself. These are practically fixed in their orbital relations, and, 
possessing enormous energy, they are entirely unaffected by any change 
in the conditions to which we are at the present time able to subject 
them. On the other hand, in metals there are also present electrons 
which are held but loosely, which are in fact able to move freely from 
atom to atom. These electrons are very sensitive to changes in condition 
such as temperature, pressure, the presence of other atoms, etc. So 
weak is the bond uniting the electron to an atom that more electronega­
tive atoms may remove it entirely from the original atom in question. 
The electrons to which conduction is due in metals are the same electrons 
which are involved in the common chemical combination of metals with other 
elements. 

In chemical combinations the electronegative constituent takes up an 
additional negative electron for which the positive constituent has but 
a very small attraction. The less tendency the metal has to retain its 
electron, the more electropositive it becomes and the more readily does 
it, in general, react. Ordinarily, the positive and negative constituent, 
of a compound are held together through the medium of the electrons 
Under certain conditions, however, (for example in solution in a dielectric 
medium) the electrostatic force acting between the metallic atom and its 
electron becomes weakened to such an extent that the negative constituent 
escapes carrying the electron with it. The same result may be obtained 
at high temperatures with the fused salt or even with the solid compound. 
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Introduction. 
In connection with some investigations on the "lime-sulfur" spray, 

now so widely used as an insecticide, the author had occasion to look up 


