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vision of a few great men, among rvhom 
was Alnedeo Avogadro. 

The recognition by Avogadro of thc 
distinction between atoms and molecules 
was the key which opened the trrasur) 

Amedeo Avogadro of structural chemistry: a treasury I\ hose 
riches are not yet exhaustcd. Thc cstab- 
lishrnent of the true doctrine about the 
nature of the particles of the elementark 
qases rendered possible the development 
o f  the kinetic theory and the undrrstand- 
ing of the energy relationships of thesr 
particles. 

T\2 o thousand years ago Lucretius in for attachment to others, and r~t.11 an On this basis !\as founded the stud! 


Rome expounded the doctrine of atoms. unpredictable "clinamen" or s\\ erve, not only of thr structure of substances 


He  expressed in immortal language the which is a sort of fantastic anticipation but of the functional relationships that 


speculations of the Greek philosophers, of the uncrrtainty principle of quantum govern chemical change: chemical kin- 


and he described with the vividness of a mechanics. etics. A true doctrine of molecules was 


great poet the movements, the unions This was magnificent and reprrsented the necessary precursor of what may 


and separations of the tiny corpuscles of a wonderful intuitive insight into the 

which he conceived all things to be com- working of nature, but it was not science This article, by Cyril Hinshelwood, and the fol- 


lowing one, by Linus Pauling, are based on ad-

posed. The atoms had many qualities There was no link with quantitative cx- dresses siven in Rome on 6 June, when the .4cca- 

xvhich modern science assurnes even perimentation, the construction of 1%hich delnia Nazionale dei XL commemorated the cen-


connection was lacking until rnodeln tenary of the death of Avogadro. At the ceremony, 
today. Vigorous motion under the ap- a new medal, commemoratine .4vogadro, was pre-

pearance of rest, penetration of heat and times. Then, one mipht say suddenh. the sented by the Academia, for the first time, to Sir 

cold depending on this movement, hoolis \cience of chernistrl \ \as  c~catcd b\ thc Cyril and to Dr. Paulins. 
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truly be called both the anatomy and the 
physiology of chemical compounds. 

There is irony in the fact that the im- 
portance of Avogadro's work was not 
understood for 40 years. This has of 
course happened to other men of science. 
and it should perhaps remind us that 
the advance of knowleiige is in somc 
measure an impersonal thing. However 
this may be, there is no doubt that one of 
the best ways of honoring the mernosy 
of the great scientists of the past is by 
considering the progress that has been 
made on the basis of their original labors. 

In  the century since the death of 
Amedeo Avogadro chemistry has under- 
gone a marvelous transformation. Struc- 
tural chernistrv has now elucidated the 
architecture of substances the complexity 
of which would have seemed scarcely 
imaginable to the early chemists: the 
coloring matters of flowers, the proteins 
of animal and vegetable cells, constitu- 
ents of all the varied and manifold prod- 
ucts of nature. Perhaps thc most remark- 
able advance of all is thc synthesis of 
molecules to a defined purpoqe, as hap- 
pens in the great industry of plastics, 
where molecules of enormous length 
rival or surpass both in sire and in sub- 
tlety those of nature itself. 

In this field of colloids one must of 
course incidentally allude to the wondcr- 
ful result whereby molecules, consisting 
of so many thousands of atoms that the! 
are actually visible in thc ultramiclo-
scope, obey the law of Avogadro-a prln-
ciple upon M hich, as everyone knows, is 
based the determination of one of the 
most important of all physical constants, 
Avogadro number. 

Today perhaps one of the Qreatest 
problems of structural chemiutsy is that 
of the nucleic acids, and of the .ivonderful 
relationships which exist betryeen their 
configurations and those of the proteins, 
with which in the process of autoqyn-
thesis of living matter they are mysrer- 
iously and yet certainly linked. I t  was a 
long road from the simple diatomic 
rnolecules of hydrogen and oxygen to 
here. 

Nevertheless, chemistry does not deal 
with static systcms but with dynamic 
systems. Not only are the maps and plans 
showing how atoms are joined important, 
but also a knowledge of the forces whicll 
unite them and of the mode of operation 
of these forces. 

By the time of Avogadro the valences 
of the chemist had not changed much 
frorn the hooks of Lucretius. Since his 
time, however, they have changed out 
of all recognition. The electrical theory 
of matter first revealed that the union 
of atoms is determined by elrctrons. ( In-  
deed, it is upon the electronic charge and 
the value of the faraday that the best 
value of Avogaclro's constant now de-
~ ~ e n d s .1 Thc interpretation of the nzodc 
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of action of electrons in effecting chem- 
ical union has led us very far frorn the 
simple realistic representations of Avo-
gadro's day. This mode of action is 
understandable only in terms of quantum 
mechanics and the Pauli principle; and 
indeed in the last analysis there is noth- 
ing to explain the existence of the bonds 
between atoms except an abstract prin- 
ciple about the ob~enrabilit~ of particIL~s. 
As the material victories of science mul- 
tiply, the principles upon which our 
understandinq of it is based seem to 
vanish into abstractions. Yet tllr work 
of Avogadro remains. 

Structures and forces arcx still not the 
tvhole of chemistr). The proce\stc by 
which atoms and molctules cornbinc, 
separate, and rearrange th~~mselves con-
stitute a problcrrl of fascinating diversity. 
Chemical kinctic5 is the vision of Lucre- 
tius, rpndered precise and affrontable by 
experiment on the basis of the doctrine 
of Avoqadro. 

Chemical kinetics has itself evolved 
through the stud\ of simple systems to 
the study of the formation of vast poly- 
merized molecules, and from the study of 
isolated reactions to that of the com-
plex murually interdependent systems 
which determine thc characteristic prop- 
erties of the living. cell. Some of these 

L 

properties, such as adaptability, can be 
given an explanation in ternxs of chemi- 
cal kinetics. 

Perhaps, however, .ivhcn we think of 
Avogadro it is to the simpler molecules 
that our attention should most be given. 
for, after all, a reaction system such as 

is that which most readilv comes to mind 
when his name is mentioned. I t  would 
hardly have been realized, however, in 
his time what intricate problems the 
kinetics of such rc,actions present. 

The union of two atoms to form mole- 
cules rc,quires, as is well known, the pres- 
ence of a third body to remove the energy 
liberated. 

But the efficiency with which the third 
body performs this function is very vari- 
able and is governed by factors only 
partially understood. By a thelmody-
nalnic necessity this efficiency parallels 
that with which the molecule M can 
transfer vibrational energy in a collision 
between H, and M. This in turn depends 
on the extent to which the proximity 
of hl modifies the potential energy curve 
of the molecule I-I,. Nun~erous studies of 
such transfers by indirect methods. in-
cluding the study of supersonic dispersion 
and of photolysis by very intense, transi- 
tory illumination, have been made and 
continue to be made. .4 certain chemical 
affinity between the two colliding mole- 
cules favors the energy transfer; so also 

does the colnplete identity of the two 
molecules. In general, energy transfers 
between like nlolecules occur much more 
readily than those between unlike mole- 
cules, a fact for which the explanation 
must be sought, not in affinity, but in the 
exact fulfillment of quantum conditions. 

The converse process-that is, the 
dissociation of a diatomic molecule-re- 
quires the correct energy transfer, after 
which the decomposition ensues at  once. 
But even here there are complexities. 
The separated atoms may recombine, a 
proccss that is not at all likely in the 
gas phase but is more so in the liquid 
phase. As has recently been pointed out, 
the probability of the recombination- 
rhat is, the "reactivity" of the atoms- 
diminishes steadily to a limiting value 
during the time following their forma- 
tion, as more and more inert molecules 
come between them. This fact is of some 
importance in the consideration of photo- 
chemical dissociations. 

\Vhen the molecule becomes even a 
little more complex the problem of dis- 
sociation reactions becomes still more 
interesting. The energy required for dis- 
sociation-the so-called "activation en-
ergy"-must be communicated in a suit- 
able collision. This process, as has al-
ready been explained, is one of consider- 
able specificity. The e n e r g  then needs to 
be concentrated with sufficient intensity 
into the bond which has to he ruptured, 
for example, in the dissociation 

into the bond between N and 0. The 
necessary redistribution of enerp-j re-
quires time. Thus, before it is accom-
plished the molecule may lose its energy 
in another collision. The result of this, 
as is well known, is that the first-order 
rate constant, k, of the unimolecular dis- 
sociation rises from zero at  zero pressure 
to reach a limit km at  high enough pres- 
sures. The value of km is often given 
nearly by 

where E is the activation energy and v 
a vibration frequency. When this rela- 
tionship is obeyed, the condition for dis- 
sociation is indeed the locali;.ation of the 
energy E in one bond. Sometimes, how- 
ever, the factor multiplying the expo-
nential term is much greater, showing 
that another, and possibly less mechani- 
cal, picture of the process must be 
adopted. The details of this picture are 
not yet quite clear. 

The form of the curve showing k 
for a unimolecular reaction in the gas 
phase as a function of fi, the pressure, 
has occasioned much discussion, in which 
theory has sometimes outrun experiment. 
It is curious that one feature of this 
curve has long escaped recognition. And 
yet T believe it to be of fundamental im- 



portance and to have a relatively simple 
explanation. 

Although the subject is a little spe- 
cialized, I shall mention it now as part 
o f  this homage to Avogadro, because i n  
honoring the great men  o f  the past who 
have pursued truth, i t  is well, i f  possible 
and in however humble a manner, to 
bring something that is new, and what I 
shall describe does, after all, relate to a 
simple molecular phenomenon. 

T h e  phenomenon in  question may be 
exemplified by  measurements on the 
chemical reaction 

recently reinvestigated very thoroughly 
by  Lindars, in  m y  laboratory. Similar 
effects are observed in  several other re- 
actions. 

T h e  curves o f  k as a function o f  ~ x , o ,  
the initial pressure o f  the nitrous oxide, 
or as a function o f  fix, the pressure o f  an 
added foreign gas, do not in  rising from 
zero to km fo l lo~v the course predicted by 
the standard theories but follow a cluitk 
different course. 

T h e y  show, in fact, a series o f  changes 
o f  slope, separated by  regions o f  more 
nearly uniform slope. T h e  curve o f  k 
against Fn,o rises at-first f rom the origin; 
i t  then bends i n  such a way as to suggest 
that will soon become horizontal. I t  does, 
however, nothing o f  the sort but con-
tinues upward until at a much higher 
pressure it again shows a diminution o f  
slope. 

T o  understand the explanation, first 
consider the classical case. This involves 
the processes 

Avogadro's work forms the basis o f  
the whole o f  theoretical chemistry, and 
especially o f  the structure theory o f  
chemistry. T h e  first step in  understand- 
ing the physical and chemical properties 
o f  substances in  terms o f  their structure, 
the problem to  which Avogadro was de- 
voted throughout his l i fe,  is that o f  find- 
ing out how many atoms o f  different 
kinds are involved in  the molecules or 
crystals o f  the substances. I t  was this 
problem, the discovery o f  the correct 
molecular formulas o f  substances, that 
was largely solved b y  Avogadro in  his 
great paper o f  1811 and the papers that 
he published during later years. Avo-
gadro was the first man in  the world t o  
know that water is I-I,O, composed o f  
2 atoms o f  hydrogen and 1 atom o f  
oxygen; that hydrogen itself is H,, and 
oxygen is 0,; that ammonia is NH,; 
that ethane is C,H,; that camphor is 
C,,H,,O. 

I t  was impossible for the idea that 
atoms are held together by  chemical 
bonds to be  developed and to be given 

Norn~al activated 5 reaction 
molecules molecules products 

These are two extreme conditions. I f  
1 is rate-determining ( a t  low pressure), 
k is proportional to  fis,o. I f  2 is rate- 
determining and 1 and 1' are nearly in 
equilibrium, k reaches the steady value 
km. T h e  change i n  slope o f  the k ,  p ~ , o  
curve occurs where the one rate-deter-
mining process gives place to the other. 

I f ,  as occurs, there are several regions 
where the slope changes, there would 
seem to  be more than one change in  the 
nature o f  the process that determines the 
rate. W h a t  does this mean? I f  w e  have 
the sequence o f  processes 

Normal 1 energized 2 
molecules zs "olecules + 

I' type 1 2' 

energized 3 
molecules -+ F:::E of 
type 2 

then the rate-determining process may 
be 1 or 2 or 3. I f  1 and l', on the one 
hand, and 2 and 2', on the other hand, 
are specifically influenced by the pres- 
sures, and i f  further the transformations 
2 and 2' may be either spontaneous or 
pressure-induced, then the form o f  the 
curves can be fully accounted for. T h e  
changes in  slope, in  fact, occur where one 
rate-determining process is replacing an- 
other. 

W h a t  then is the nature o f  the trans- 
formation from the energized molecule 
o f  type 1 t o  that o f  type 2? W i t h  the 
N,O molecule it is probably the passage 
from the singlet to the triplet state. T h e  

adequate experimental support until the 
correct formulas had been discovered for 
a large number o f  substances. I t  was im-  
possible for the idea o f  chemical valence 
to be developed until the correct for-
mulas o f  molecules had been discovered. 

Avogadro began to  write the correct 
molecular formulas for gaseous sub-
stances in 181 1. From that year on until 
about 1860, when his system o f  atomic 
weights and chemical formulas was 
finally adopted by chemists all over the 
world, Avogadro was always far ahead 
o f  any o f  his contemporaries. There  was 
never a t ime, after 1811, when any other 
scientist proposed a system o f  atomic 
weights o f  elements that contained fewer 
errors than the system contempora-
neously used by  Avogadro. 

His first paper on this subject was 
"Essai d'une mani&re de determiner les 
masses relatives des molCcules ClCmen-
taires des corps, et les proportions selon 
lesquelles elles entrent dans ces combi-
naisons," published in the Journal de 
physique, de chimie. d'histoire nail~relle 

fact that the direct transition o f  N,O 
into N ,  + O  would be a violation o f  a 
spectroscopic rule was long ago realized, 
but the application o f  this fact in  explan- 
ation o f  the rclationships between k and 
pressure was not recognized. 

Since there can be several triplet 
states, there can be more than one extra 
"bend" in  the k ,  p~,o  curve, as indeed 
experiments at higher pressures show to  
exist. 

Whether the explanation in  terms o f  
singlet-triplet transitions applies also in  
the other examples, such as the thermal 
decomposition o f  saturated hydrocar-
bons, is a very interesting question, the 
answer to  which must be awaited. 

Thus  it can be said that the problems 
raised by  the association o f  atoms into 
simple compound structures, the funda- 
mental conception o f  Avogadro, still 
have their mystery. T o  adapt the old 
Latin saying: ex chemia semper aliquid 
noui. 

For centuries atoms lay concealed be- 
hind the tenebrous theories o f  the al-
chemists; even after Dalton, the diatomic 
molecules o f  simple gases long went un- 
recognized. In  more than a century o f  
the atomic theory, D,O existed undiscov- 
ered in  ordinary water. T h e  triplet states 
o f  some simple molecules have appar- 
ently been unacknotvledged participants 
in  their chemical transformations. And so 
i t  must go on. But no discovery will ever 
excel in  simplicity and beauty that which 
was made by Amedeo Avogadro. 

CYRILN .  HINSIIEI,WOOD 
PIzysical Chemistry Laboiatory, 
Ox fo ld  Unioersity, England 

et des arts [73, 58 (181 1);. In  this paper 
( I  shall use modern nomenclature in  de- 
scribing his results) he assigned the for- 
mulas H,, O,, N,, and C1, to these ele- 
mentary gases, and the formulas H,O, 
NH,, CH,, SO,, SO,, CO,, C O ,  HCl, 
N O ,  to the corresponding compounds. 
I-Ie also discussed the atomic w e i ~ h t s  o f  " 
some metals, but without success, i n  the 
absence o f  information about vapor den- 
sities. 

I n  1814, in a second paper in  the same 
journal, he  discussed H,S, PH,, F2, HF, 
and a number o f  other substances, includ- 
ing boron trifluoride and silicon tetra-
fluoride. 

He  returned to the problem again i n  
1821, when he published his third paper 
"Nouvelles considtrations sur la thtorie 
des proportions dtterminkes d a m  les 
combinaisons. et sur la dttermination des 
masses des molCcules des corps," a paper 
o f  162 pages published in  the Memorie 
della Reale Accademia delle Scienze di 
Torino.  I n  this paper he  discussed, in an 
entirely correct manner, the gas densities 
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of cyanogen, C,hT,; hydrogen cyanide, 
HCN; cyanogen chloride, NCCl; phos- 
gene, COCl,; and a large number of 
other substances. In  particular, he re-
turned to the problem of the correct 
atomic weights of boron and silicon. He 
showed that boron compounds have for- 
mulas such as BF,, B,O,, W,BO,, and 
that compounds of silicon have formulas 
such as SiF, and SiO,. Berlelius had 
used the formulas BO, and SiO, for the 
oxides of these important elements, and 
in consequence all of the formulas writ- 
ten for the borates and silicates were 
wrong. During the same year Avogadro 
also published a significant paper on the 
composition of organic substances. 

Avogadro's discoveries of the correct 
atomic weights and the correct molecular 
formulas of compounds might well have 
been adopted by chemists and physicists 
throughout the world shortly after the 
publication of his third and fourth papers 
on this question, in 1821. We may ask 
the question: Why was the acceptance 
of Avogadro's system delayed for nearly 
40 years, until Gerhardt and Cannil-
7aro presented Avogadro's arguments 
again, in a forceful way? 

If Avogadro's ideas had been accepted 
in 1821, the history of chemistry, and the 
history of the world too, would without 
doubt have been much different. I am 
sure that within a few years of using the 
correct nlolecular formulas some chemist 
would have introduced the idea of the 
chemical bond, some chemist would have 
recognised that carbon is quadrivalent, 
some chemist would have begun to write 
s t r ~ ~ c t ~ l r a lform~llas for organic sub-
stances-that it wo~lld not have been 
left for Frankland, Kekul6, and Couper 
to do this in the years 1852 to 1855. 
With the development of struct~lral 
chemistry at  this early time, chemists 
would have been stim~llated to carry on 
many original investigations, as they were 
in the years follo.iving 1855. Somc,one else 
than van't Hoff and LeBel wo~lld have 
discovered the tetrahedral arrangement 
in space of four single bonds formed 
by a carbon atom, someone else than 
Werner would have discovered the co-
ordination polyhedra of inorganic com- 
plexes. 

I t  cannot be contended that Avoga-
dro's ideas were not clearly expressed in 
his 1811 paper and the later papers. His 
argument in these papers is presented 
in a straightforward and logical way. 
His ideas are clearly expressed. 

The suggestion has been made that 
Avogadro was such a modest man that 
he did not think that it ~vould be proper 
for him to strive to obtain the acceptance 
of his ideas by other scientists. I have 
formed the opinion, from reading his 
papers, that this suggestion is not correct. 
Avogadro may well have been a modest 
man; but he was not restrained by his 
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modesty from making a vigorous at-
tempt to convince his fellow-scientists 
about the correctness of his hypothesis 
and of the system of atomic weights and 
molecular formulas that he had built 
with its use. Every few years throughout 
his life he published a paper devoted 
wholly or in part to the discussion of 
this matter. 

For example, in the third of his six 
long papers on atomic volumes, published 
in 1843, he begins with a statement that 
he had a long time ago (181 1, 1814, 1821, 
1824, and later years) presented argu-
ments showing that equal volumes of 
gases of different substances, under the 
same conditions of temperature and pres- 
sure and sufficiently removed from their 
condensation temperatures, contain the 
same number of molecules. I-Ie goes on 
to say "Ce principe est aujourd'hui assez 
gfnkralement admis, ou explicitement ou 
implicitement, par les physiciens and les 
chimistes." In  1838 he had published a 
very clear discussion of his hypothesis, in 
38 pages, in his four-volume book on the 
physics of ponderable bodies. In  1840 he 
gave a discussion "Sul principio che vo- 
lumi eguali di gas contengono egual nu- 
mero di atomi." In  1849 he published in 
the Archives des sciences physiques et 
naturelles (Geneva) [ll, 2851 a note 
about atomic volumes in which he stated 
again that his postulate must be accepted, 
in order to explain the results about 
combining volumes obtained by Gay-
Lussac, and that indeed the hypothesis 
had been accepted by all physicists and 
chemists who make application of the 
theory. 

Perhaps Avogadro himself was in part 
responsible for the delay in the accept- 
ance of his ideas. First, I think that 
Avogadro could not imagine how great 
the value of his discovery was. We now 
can see, in retrospect, that almost the 
whole of the development of the science 
of chemistry has followed from the ac- 
ceptance of the correct atomic weights 
and the subsequent development of 
chemical structure theory. I t  would have 
been difficult, however, to have foretold 
the course of events. If Avogadro could 
have foreseen how important his hypo- 
thesis would be in the history of science 
he would, I am sure, have devoted him- 
self wholeheartedly to this field of work, 
and to the effort to obtain general ac-
ceptance of his systcm. Instead, he made 
a vigorous effort to ~lnderstand the den- 
sities of substances in the liquid and solid 
states of aggregation. His extensive work 
along these lines has turned out to have 
little value. This work is described in six 
papers, totalling 680 pages, published in 
the years between 1826 and 1852. 

I should like to compare the argument 
used by Avogadro in the discussion of his 
hypothesis about gases and that used in 
his discussion of molecular volumes in 

solids. In  his discilssion of gases he 
pointed out that there are two alterna- 
tive explanations of the Gay-Lussac law 
of combining volumes. The first is that 
equal volumes of gases of different sub- 
stances under the same conditions con-
tain the same number of n~olecules. The 
second is that equal volumes of gases of 
different substances contain numbers of 
molecules that are in the ratio of small 
whole numbers; that is, that some mole- 
cules occupy twice or three times as large 
a volume as others. Avogadro considered 
that it was unreasonable that molecules 
of different. kinds should occupy different 
volumes that were nearly exactly in the 
ratios of small integers to one another, 
and that accordingly it was reasonable to 
accept the first explanation. This is Avo- 
gadro's hypothesis, which is, of course, 
now called Avogadro's law. 

However, for a reason that is discussed 
in his papers but that is far from con-
vincing, he adopted essentially the second 
alternative in treating the molecular vol- 
umes of solids. 

I t  is evident that Avogadro was a man 
with an intense curiosity about nature. 
He believed that a scientist should try to 
understand the world, and should not be 
content to tabulate the results of experi- 
ments-that is, simply to describe the 
world. For example, in his paper of 1843 
on molecular volumes he discusses the 
work of I-Iermann Kopp. Kopp had cal- 
culated the atomic volumes of the ele- 
ments, by dividing the atomic weights 
(as given by Berzelius) by the densities 
of the solid or liquid substances. The 
values that he obtained, corrected to the 
system of atomic weights of Avogadro, 
differed widely from one element to an- 
other. Avogadro says that Ropp did not 
try to explain the fact that the atomic 
volunles of different elements are diffes- 
ent. All of Avogadro's work was an effort 
to explain the world. 

In his effort to obtain a systematization 
of the densities of solid and liquid sub- 
stances he rejected the hypothesis that 
atoms of the elements have essentially 
constant volumes, so that the molecular 
v o l ~ ~ n i eof a condensed substance may be 
expressed as the sum of the atomic vol- 
umes. Instead, he made the hypothesis, 
obviously suggested by his hypothesis for 
gases, that all molecules of solid and 
liquid substances have essentially the 
same volume, but that some deviations 
are shown from the standard n~olecular 
volume, as determined by the nature of 
the molecules. In  particular he attempted 
to correlate the molecular volumes of 
substances with their electronegativities. 

The soundness of Avogadro's intuition 
is evident. There is no doubt that many 
of the properties of compound sub-
stances are determined by the difference 
in electronegativity of the elements com- 
posing the substances. The modern elec- 



t roncgai~c~t)scale of the elements was 
forrliulated from the heats of formdtion 
of compound substances in which the 
bonds are single bonds. Schomaker and 
Stevenson have pointed out that the in- 
teratomic distances of pairs of elements 
are determined to some extent by t h e i ~  
difference in electronegativity. If Avo-
gadro had accepted the idea that niolecu- 
lar volumes may be represented approxi- 
mately as a sum of atoniic volumes, he 
might well have ~lsed this starting point. 
and have in t rod~~ced  a refinement involv- 
ing a correction determined by the elec- 
tronegativities of the elements. 

Instead, however, he preferred to make 
the post~llate of a standard molecular 
volume. He soon found, of course, that 
the molec~llar volumes, as calculated by 
taking the molecular weights of sub-
stances in the gas phase and dividing 
them by the density in the l i q ~ ~ i d  or solid 
state, showed great variations, and no 
correlation with electronegativity or elec- 
tropositivity of the substances. H e  then 
made a decision that was unfortunate. 
He decided to assume that the molec~lles 
in solids or l i q ~ ~ i d s  either might be iden- 
tical with the corresponding gas niole- 
cules or might be different in size: one-
half as great, or one-quarter, or one-
eighth, or perhaps twice as great, or three 
times. This assumption permitted him to 
introduce a n  arbitrary factor ( a  small 
integer or a simple fraction) for each 
substance. H e  introduced this factor in 
such a wal as to obtain corrected molec- 
ular volumes that co~lld be correlated 
with the electronegativities of the sub- 
stances or with the heat capacities or 
some other physical property. 

The  degree of success achieved by 
Avogadro is indicated by the table in his 
1843 paper. In  this table values are given 
of the atomic volumes for 25 elements, 
in the solid or l i q ~ ~ i d  state. The  atoniic 
volumes cover a range from 0.4 to 1.5, 
and the elements arranged in order of 
atomic \olunies, as calc~llated by Avo- 
gadro, are also r o ~ ~ g h l y  in the order of 
their electronegativity, beginning with 
chlorine and ending with sod i~~ni .  Avo-
gadro obtained this correlation, however, 
by takinq for chlorine an atomic weight 
one-qusrter as great as that correspond- 
ing to the formula C1, for the gas, and 
for other elements values one-quarter, 
one-half, or twice the standard -atomic 
weights For example, he obtained nearly 
the same atomic vol~~nies  for sodium and 
potassium. as solid substances, but only 
by the device of taking the atoniic weight 
of potassium one-half as great as the 
correct atoniic weight. 

\Vhy did thi* clear-headed, imagina- 
tive, and able scientist make this assump- 
tion. which seems to us to be unreason- 
able? I think that we must remember 
that chemical theory was in a confused 
state 130 years ago. The  idea that atoms 
of different substances have different 

combining po\\ tm, lalenccs, had not yet 
been formulated. The  concent of valence 
involves the introduction of integers, one, 
t~vo,three, four, five, six, describing a dif- 
ference in behavior of different elements. 
An indication of valence was provided by 
the difference between the chemical 
equivalents of substances and their 
atomic weights. Srliall integers were in- 
volved in formulas s ~ ~ c h  CO,,as H,O, 
NH,. I think that Avogaciro was search- 
ing for some way to in t rod~~ce  a neTv set 
of small integers into chemistry, and 
that he had the misfortunc to select a 
wrong \vay of doing it. 

Nevertheless, even though Avogadro's 
studies on molecular volumes. aciditv and 
alkalinity, heat capacity, and other prop- 
erties of substances were ~msl~ccessful, hc 
was attempting to follow a procedure 
that has been valuable throughout the 
development of chemistry, and that per- 
mitted him, in his formulation of his 
hypothesis for gases, to make one of the 
greatest contributions to chemistry that 
has ever been made. This is the pro-
cedure of formulating an imaginative, 
new principle, in the effort to bring the 
facts of chemistr!, discovered by experi- 
ment and observation, into a system. The  
hypothesis that Avogadro made about 
molecular volumes of solids t~lrned O L I ~  

to have no value. In  fact, by suggesting 
that the rliolecules of a gas may split 
into smaller molecules when the sub-
stance condenses to a liquid or solid, 
Avogadro may well have helped to con- 
fuse his fellow-scientists about the slg- 
nificance and reality of the gas molecules, 
and have helped to postpone the general 
acceptance of his post~llate about gases 
and his system of atomic weights and 
cherliical formulas. 

There seems to be no d o ~ ~ b t  about Avo- 
gadro's own conx.ictions. Even in his 
papels on molecular volumes in solids 
he mentions fro111 time to time the use 
of gas densities in order to determine the 
collect  molecular formulas of substances, 
and he almost always uses, in thesc 
early papers, the fo~mulas  that are now 
accepted as the correct ones. 

While reading the papers by Avogadlo 
on molec~~la r  solids, I have volumes of 
been led to makr a conlplrison between 
this uns~~ccessful effort by Xvoeadro to 
~~nders tandthe properties of solid sub- 
stances and my own effort. during the 
last 20 years, to understand the propel- 
ties of metals and allojs I ask that you 
a1lo.i~ me to refrr briefly to this effort. 

I t  is well known that, lonq aftcr the 
s t r~lct~lretheory of organic chemistry had 
been developed, beginning 100 years ago, 
and the s t r ~ ~ c t u r etheory of general 
inorganic chemistry had been developed, 
especially in the period aro~lnd 50 years 
ago, no chemical theory of metals and 
alloys had yet been formulated. I n  1938 
I published a paper on the valence, of 
metals .and the s t r ~ ~ c t u r e  of intcrrlictallic 

compounds. In  this paper and succeed- 
ing ones therc has been described a chern- 
ical theory of metals and alloys. 

One might say that chemistry has now 
been s~vallowed by the physicists, through 
the development of quantum mechanics. 
Dirac said, sorlie time ago, that the 
Schrodinger equation encompasses the 
whole of chemistry. I t  is true that theo- 
retical physicists have attempted to de- 
scribe metals and alloys by use of approx- 
imate solutions of the Schrodinger wave 
equation. They have found, however, 
that the job of solving the Schrodinger 
e q ~ ~ a t i o nfor a metal or alloy is s~lch a 
diiEc~11tone that it cannot be carried out 
ivith rliuch accuracy, and I believe that 
there is still room in this field for the 
application of the old chemical pro-
cedure, that of attempting to obtain by 
induction, from a great mass of experi-
mental facts, a simple empirical theory 
that compasses these facts. This is what 
Avogadro was trying to do in his dis- 
cussion of the nlolecular v o l ~ ~ m c sof 
solids. 

I n  rliy discussion of metals and inter- 
metallic conipo~~nds I was led to assign 
metallic valences to metals that seen1 
strange. For cxample, iron, cobalt, and 
nickel were assigned the metallic valence 
6, as were and manga- also c h r o n i i ~ ~ m  
nese. The  valence 6 for chromium is. of 
coulse, a reasonable one-this is one of 
the standard oxidation states of chro-
mium. Also, 6may not be unreasonable 
for manganese. But iron, cobalt, and 
nickel usually have smaller oxidation 
numbers in their compounds, and the 
valence 6 may be considered to be sur- 
prising. 

Still more surprising is the result of 
the consideration of the properties of 
copper and lint, as metals and in inter- 
metallic compounds. Copper in its ordi- 
nary compo~lnds is assigned the oxidation 
nurliber -1 1 or i-2, and yinc always has 
oxidation number i-2. In  metallic cop- 
per and metallic zinc the valences of 
these elements are indicated to be 5% 
and 4%, respectively. Sirliilarly gallium 
is assiqned the metallic valence 3%, and 
tin, the congener of germanium, has the 
valencc 2;4 in the metallic form, white 
tin. 

Moreover, in connection with these 
valences, the postulate was made, as an 
explanation of them, that there is one 
orbital, or, rather, three-quarters of a n  
orbital, for each atoni in a metal that 
serves some special purpose, and is not 
to be assigned electrons in the L I S L I ~ ~  

counting up of orbitals. This orbital is 
called the metallic orbital. That  a metal 
must have about three-quarters of a 
metallic orbital per atoni in order to have 
metallic properties is a pure postulate, 
indicated by some facts, by some proper- 
ties of metals, but not derived from the 
Schrodinger equation or from any other 
theory. This postulate of the metallic 
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orbital ma) be compared with the postu- 
late that Avogadro made, that the mole- 
cules in solids are one-quarter or one-
half as big, or perhaps twice as big, as the 
molecules in gases. Avogadro was led to 
this incorrect postulate by the success of 
his gas-volume postulate. I have bt-en led 
to apply ideas about valence to metals 
by the success of valence theory in or-
ganic chemistry and ordinary inorganic 
chemistry. 

I do not know whether the system of 
metallic valences that I have formulated, 
and the postulate of the metallic orbital 
too, will have the same fate as Avo-
gadro's assumption about molecular vol- 
umes of solids. Perhaps someone wili 
think of a completely new way of han- 
dling the problem of the structure O F  
metals and alloys. Perhaps the idea oi 
ralence should not be extended from the 
compound.; of organic chemistry and 
ordinary inorganic chemistry to metals 
and intermetallic compounds. Neverthe- 
less, I feel that there is still reason to 
attempt to apply the old methods of 
argument that have been used by chem. 
ists especially, including Avogadro, dur- 
ing the past 200 years, in an effort to dis- 
cover laws of nature by induction from a 
great mass of experimental and observa- 
tional information. 

Avogadro 1% as a great man. I-Ie .it as a 

The death of A. J. Carlson on Sunday 
morning, 2 September 1956, in Chicago, 
was not a surprise to anyone who knew 
of his illness but was a shock to evcry- 
one acquainted with him. A man so 
strong in body and soul, so permanent 
in his influence, so timeless in his out- 
look, partook sufficiently of the stuff of 
immortality to seem to belie a vulnera- 
bility to disease and death. 

.Appropriate though the appellation 
"Ajax" may have seemed, I somehow 
never much fancied it. Perhaps it was 
because Homer's Ajax, the embodiment 
of strength and courage, was yet second 
to another-Achilles-in these attri-
butes. Dr. Carlson had no Achilles. I 
preferred "Carlson," a common enough 
ilame but one encompassing all strength 
and courage, dignity and distinction. In 

thinkel.-a man who tried to understand 
the world. 

Although he seems to have departed 
from the faith in being willing to split 
molecules in solids, I think that Avo- 
gadro really believed in molecules. In  
1839 he gave a clear discussion of isomer- 
ism in terms of molecular structure. H e  
described two isoiners as substances 
which present different arrangements of 
the atoms out of which their molecules 
are formed. I t  is unfortunate that he was 
not led by considerations of this sort to 
ask what the forces are that hold the 
atoms together. 

A description that he gave of a mole- 
cule in 1849 seems almost modern. He 
wrote: "It seems to me that one can 
think of the combination of several atoms 
of different kinds only as their union into 
a single molecule, in which one can no 
longer distinguish the parts of the vol- 
ume that belong to the individual atoms. 
The atmospheres of imponderable bodies 
that surround the atoms in the separated 
state, and that hold them at a certain 
distance from one another, and thus de- 
termine the volume, should interpene-
trate and become combined, in such a 
way as to form only a single atmosphert 
for the entire molecule, surrounding the 
individual atoms, and bringing them 
rather closer together than are the rc-

A. J. Carlson 

any academic or scientific gathering, 
there was never any doubt about the 
identity of "Carlson." 

Strong and powerful are words that 
belong to Dr. Carlson. His powerful 
physique supported an intensely active 
life of full 81 years. His sturdy integrity 
knew no compromise with the right and 
the good. His strong mind cut straight 
through to the truth. But with all his 
strength, he relentlessly fought the abuse 
of power. Tyranny was his enemy, 
whether it was economic or political, 
scientific or academic. 

H e  lent his strength where it was 
needed. At whatever session of a scien-
tific meeting one of his graduate students 
appeared on the program, Dr. Carlson 
was sure to be on hand, usually in the 
front row, to encourage and support. 

sultant molecules themsell es, and thus 
determining the molecular volume of 
compounds." This sounds much like a 
modern description of a molecule, with 
imponderable bodies replaced by elec-
tron clouds. 

I do not know whether .\\ogadro 
would be happy in the modern world, 
or unhappy. Chemists know too much 
now; perhaps we should say that physi- 
cists have discovered too much. I t  is 
hard for a chemist now to find a part of 
chemistry where hypotheses, chemical hy- 
potheses, can be made. I almost feel that 
Schrodinger did the chemist a disservice 
when he developed the wave equation. 
But biology still offers a great oppor-
tunity for theoretical discovery, for the 
development of new hypotheses. Perhaps 
Avogadro, if he were living now, would 
be trying to think of a new Avogadro's 
hypothesis, a hypothesis relating to the 
gene, perhaps, to enzymes, to viruses, to 
the nature of life. 

We are fortunate in having the ex-
ample of Avogadro and the hypothesis 
that he made in 181 1, to show us clearly 
how great is the value of hypothesis in 
science. 

LIXGSPAULING 
Division of Chenzistry and Chenzical 
Engineeling, California 
Instit~rtt or T c c I ~ i ~ o l o ~ ~ ~ .Pa\ndrwn 

Woe betide the unfair critic who rose 
to an unwarranted attack upon the grad- 
uate student's paper. 

Behind an austere or even forbidding 
aspect, Dr. Carlson was a staunch friend; 
he was loyal, warm, encouraging, inspirit- 
ing to his graduate students, His con-
science about teaching was boundless, 
almost a religion. H e  wanted everyone 
to understand something about man's 
body in health and disease. Scores and 
hundreds of medical students remember 
Carlson as the greatest influence in their 
scientific experience. H e  was a superb 
teacher of college freshmen, whose in- 
struction he was unwilling to relegate 
to junior staff members. 

Unerringly, he could place a finger 
and say of a research project, a rcasoned 
argument, a conclusion drawn, "thou 
ailest here, and here, and here." His 
penetrating incisiveness was liberally 
peppered with a ready wit. 

His ~rodigious work-drive, guided by 
a disciplined intellect and fired with 
imagination, shed new light upon the 
operation of virtually every organ and 
system of the body. Newe conduction, 
the heartbeat, digestion, hunger, thirst, 
thyroid function, diabetes, lymph forma- 
tion, nutrition, the parathyroid glands, 
salivary secretion, and a score more, in 
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