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We first state simple rules which all electronegative scales must obey and apply these to Pauling’s scale.
Second, we investigate Pauling’s bond energgnd polarity equations and similar expressions that better
reflect the additivity of energy. These relationships are then tested against many groups of molecules (including
all of those previously tested by other research groups). Pagliadound to violate more than half of the
elementary rules appropriate joscales. We also find that even the best form of the bond endrgyd

polarity equation can only be satisfied by a very limited range of molecules and the form used by Pauling is
only valid for a small number of bonds with low polarities.

Introduction General Guidelines for an Acceptable Electronegativity

This article is divided into two parts. The first gives basic Scale

principles to which any electronegativity scale must conform 1. A free atom definition. If properties of molecules or solids
and applies them to Pauling’s scale. The second part focused€.d., bond energies, vibrational frequencies) are employed, the
on Pauling’s bond energybond polarity equations and how unavoidable spread of values among the chemically varying
these have evolved to an improved form. Tests of these reference molecules greatly reduces the precisiop wdlues
relationships are carried out for selected groups of molecules.assigned to atoms. In exactly the same way that we obtain
These sets include all molecules previously employed to test molecular and solid state information from the pattern of free
Pauling’s equations, and it also proves possible to predict the atoms in the periodic table, one needs to obtain atgmitom
success of further tests that might be proposed for other properties of free atoms. The possibility of doing this rests on
molecules. the very well-known fact that the binding energy of atoms in

Electronegativity §) today faces the same problem it has for molecules and the charge density in molecular bonds are a very
the past 50 years: can it be rigorously and usefully defined? small percentage of the total energies and total charge and
Textbooks at the freshman, sophomore, and junior levels in therefore can be represented within the context of first-order
colleges (as well as high schools) increasingly downplay the perturbation theoryk = f¢°Hg° dr, whereg® represents the
significance of this concept and generally include flawed and free atom wave function an#i' is the perturbing potential
out-of-date accounts of the Pauling and Mulliken definitions. Produced by molecular binding.

Contemporary thinking centers on a quantum mechanical 2. A precision of at least three significant figures is necessary
rationalization of chemical bonding but, unfortunately, there is to distiguish 30% of the main group elements and 75% of the
no operator whose expectation value is electronegativity and transition metals. The transition metals have a smaller range of
the periodic table is similarly not derivable from SctHimger’s values than the main group elements but otherwise have similar
equation. Nevertheless, the periodic table remains the centralmagnitudes, thus further increasing the need for accuracy. The
chemical reference point and says that molecules are made ouglose-lying values originate from the complex screening effects
of atoms! The name electronegativity and its association with 0f the 3d, 4d, 5d, and 4f orbitals and relativistic effetts.
an attracting power between atoms originated with J. J. Berzelius 3. Electronegativity is an energy per electron (measured in
in 1811, and its continuous use since suggests that a true€lectronvolts).y has continued to be associated with energy
chemical entity is manifesting itself. In 1932 Paufingas the during the past 25 years (it is easy to include Allred and
first to assign quantitative values to a few elements and his scaleRochow’s definition in this category by simply imagining a
(along with that of R. S. Mulliked, 1934, 1935), initially ~ radial integration of their force definition).

enjoyed considerable enthusiastic support. 4. For main group atoms and most transition metals, all of
their valence electrons must be included in the definitioy.of
*To whom all correspondence should be addressed. However, groups 811 transition elements (except Ru and Os)
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have maximum oxidation states which are lower than their group TABLE 1: Pauling Electronegativities®

number, and these oxidation states correspond to the number 4iom o atom o atom %
of valence electrons to be counted in assigning tjeialues. v 220 Be 157 Ge 201
5. Three main group requirements are interrelated: (a) the | 0.98 Mg 1.31 sn 1.96
identification ofy with an atom'’s electromttracting power is Na 0.93 Ca 1.00 N 3.04
generally equal to its electronolding power® (b) noble gas K 0.82 Sr 0.95 P 2.19
atoms have only the holding abiliband (c)y magnitudes must Rb 0.82 B 2.04 As 2.18
parallel oxidation state limitations: seven main group atoms Fl g?g é'a 11'%11 Sob %‘33
have oxidation state maxima that are less than the number of g, 296 In 1.78 S 258
valence electrons: N, O, F, He, Ne, Ar, and Kr. These atoms | 2.66 c 255 Se 2.55
must have the seven highgstamong the main group elements. Si 1.90 Te 2.10

6. The metalloids are the well-known eight elements, B, Si,

Ge, As, Sb, Te, Bi, and Po, that separate the metals from theTABLE 2: Bond Dissociation Energies

nonmetals and must have a very narrow rangge eélues that element (A)  Da-a Da-r Da-a Da-&r Da-i
allows no overlap with metals or nonmetals. This establishes H 436.0 569.4 431.6 366.3 298.4
necessary and sufficient conditions for tpevalues of these Li 107.7 579.0 4763 4252 357.1
elements. Si has the lowegtin the metalloid band, and this Ea 57(?'3 2;5-77 22150-8 3?;31301 5295’3?
leads to theSi rule All metals must have values which are Rb 485 4912 4317 3756 3220
less than or equal to that of Si. Be 208 638.9 463.5 388.5 300.8

7. For binary compounds, AB;, andyg must quantify the Mg 129 5155 390.8 336.6 260.1
definitions of ionic, covalent, and metallic bonds. That is, sums Ca 105 560.3 4462 3935 3250
and differences ofjas andygs must be able to distinguish gr 28693 2222 ﬁg'g ggg'g gég'g
between and quantify the sides of the b_ina_ry bond triangle Whose Al 172.46 5925 426.1 358.6 281.1
vertexes are labeled C (covalent), | (ionic), and M (metallic). Ga 1155  476.7 355.8 3049 2433

8. ¥ must have a quantum mechanically viable definition. In 105.7 4457 326.9 2879 227.9
That is, it must be compatible with the elementary quantum c 3583 4914 3256 2785 2202
concepts (shell structure, quantum numbers, and energy levels) 2' 225.0 595.1 399.5 328.3 246.9

. . . . e 187.3 470.1 339.9 280.5 214.7

generally introduced in freshman chemistry textbooks to describe g, 150.6 412 3145 2742  214.0
the electronic structure of atoms. N 158.6 280.5 207

9. Because each row in the periodic table corresponds to P 2011 5038 3230  266.0 2183
filling a given shell as nuclear charge increases left to right, éz 11151-?3 i‘é%-i ?;;?932 22%55-% 21%%%
and because atqms increase in si;e down groupsg, sdbles o 1435 1919 2020 238 188
show a systematic increase left to right across rows and (except g 264.4 365.7 268.6 256.7
for relativistic effects) a general decrease down groups. This is Se 216.0 352.8 255.7 240.0 51
the origin of the generally similar patterns found faH Te 211.7 377.2 283.7 243 192
electronegativity scales when plotted on the periodic table F 1578 1578 2505 2493 2810
coordinates (andot that everyone has felt the need to obtain g' 242.6 250.5 242.6 2186 2106

L . . . r 192.9 2498 218.6 192.9 177.8

results similar to Pauling or Mulliken). On the other hand, this | 151.0 2810 2106 177.8 1510

broad, qualitative similarity is not precise enough to yield a . . )

chemically meaningful scale, but we believe that a scale which _,~ Al energies in kJ mol; calculated from data in ref 17 unless
o L otherwise noted? Reference 18t Calculated from data in ref 19.

additionally follows all the guidelines above can greatly extend « caicylated from data in ref 26 Reference 21'.Calculated from data

the periodic table’s organizing power. in ref 22.

Application of above Rules to Pauling’sy. Pauling’s scale
certainly includes all the valence electrons of its atoms and its by affirming Mulliken’s free atorm+- free ion definition in the
two highest values belong to atoms (O and F) whose maximum next sentence of his book. (c) Pauling’s definition is not quantum
oxidation states are lower than the number of these valencemechanically viable because it is thermodynamically ad hoc and
electrons. However, it hgsy < yc and omits the noble gases.  does not build in any of the electronic properties of atoms that
Pauling's use of4y)? instead of Ay| thereby forcingy to have result from Schidinger’s equation: quantum numbers, elec-
units of (eV}’2 has always confused chemists and seemed antronic configurations, and energy levels. These electronic
unnecessarily awkward consequence of wanting to better fit afeatures give rise to the stability, identity, and regenerative
few extra bonds in his original bond energyond polarity ability of atomic shell structures. For example, lack of quantum
relationship. It has been entirely ignored in favor of an energy viability leads to an inability to designate values for group
definition by all workers in the field for more than 25 years. 18 elements.

There are three severe flaws in Pauling’s electronegativity
scale which have strongly influenced chemists’ negative attitude
toward electronegativity. (a) Many of his transition megal
grossly violate the Si rule, and chemists have seriously
questioned whether electronegativity is realistically applicable
to this class of atoms. (b) There has been a major misreading
of his y definition (page 95 of his bodk by 15-20% of the
texts which discuss his scale: “attraction of a neutral atom in
stable molecules for electrons”. This has been often interpreted
as meaning that electronegativity is an intrinsic, in situ, with D values in kcal mot! and 23 a conversion factor which
molecular property, a concept which Pauling effectively denied suggests that the units gfare (eV}2 From this equation, EIE

Pauling’s Bond Energy—Bond Polarity Relationships

The Pauling electronegativity values were derived from his
extra ionic energy (EIE) relationships, first formulates

Dag = l/2(DAA + Dpg) + 23(AX)2
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TABLE 3: Evaluation of Bond Energy —Bond Polarity Relationship for Diatomic Halides®
line of best fit

through origin C = 0) unrestricted
equation k r k c r
Daa — (DAA DBB):I'/2 =k (AX)Z +c 50.0 0.881 40.2 +60.8 0.927
Dan — Y2(Daa + Dgg) = k(Ay)*+ ¢ 48.4 0.904 39.9 +52.7 0.940
Daa — (Daa Dgg)"2=K|Ay| + ¢ 127.3 0.960 146.7 —42.2 0.971
Daa — Y2(Daa + Dgg) = k|Ay| + ¢ 122.7 0.965 145.0 —48.4 0.980

Pauling Equations
DAA - (DAA DBB)J‘/Z = 125(AX)2
DAA - 1/2(DAA + DBB) = 965(AX)2

a All bond energies in kJ mol. r = least-squares correlation coefficient.

is defined aPag — Y2(Daa + Dgg). The more familiar equation ~ TABLE 4: Additional Bond Dissociation Energies?

12 2 element element
Dpg = (DaaDgg)™ + 30(Ay) (A) Da-v Dao Da-c (A) Da-v Da-o Da-c
. . . " H 436.0 463.5 4159 G 288.9 23
was devised to allow the alkali metal hydrides to have positive | ; 288.2 376 Sne 252 6 296
values for their EIE’s (however, it still produces negative values Na  201.0 273 N 390.9 2061 304.6
for the C-1 and Se-Il bonds). Clearly, the equation using the K 184.0 267 P 321.6 335 264

arithmetic mean is conceptually superior since bond energies Rb 167 As 2965 301
Be 317.3 Sb 257.8

(like other energies) combine additively in their contribution
to heats of reaction. One of us (A.L.A.) used the arithmetic mean '\Cﬂg 22‘;% g ggg:g 1435 237527 7
in his 1961 revision of the Pauling scale (Table 1) noting that g 210 Se 321.1
“the postulate of the geometric mean is difficult to apply”. B 388.0 53¢ 372 Te 274.1

Both of Pauling’s equations state that the extra ionic energy Al 288° 259 F 569.4 191.9 491.4
of a A—B bond is proportional to the square of the electro- G& 269 Cl 4316 202.0 325.6
negativity difference,4y)?, between A and B. As noted above, (? 3141259 3577 358.3 I?r 32%%::’1 213821 ggg
a consensus has developed that energy per electron is the g; 3219 450 319 ' '
appropriate .di.mension for eIectronegatMt;s,.uggesting that aAll energies in kJ mol%; calculated from data in ref 17 unless
electronegativity should enter tfigas expressions agy|. otherwise noted® Referencé 18 Calculated from data in ref 19.

The validity of the bond energybond polarity relationship s cqicylated from data in ref 28 Reference 21 Calculated from data
was assessed by comparing EIE values with Pauling electro-jj ref 22.
negativity differences for a variety of bonds. The element
halogen bonds of the main group elements were selected as thenain group halides of formula type AXx = 1—4). When EIE
primary database since reliable dissociation energies (Table 2)is plotted againstAy| for the 103 A-X bonds (X= halogen),
could be obtained for nearly all of them from highly accurate the regression line i®ag — Y2(Daa + Dgg) = 157.3|Ay| —
heats of formation of binary compounds. The 103 halides 47.5 kJ mot?. Although the overall correlation coefficient for
employed cover a wide range of electronegativity differences this line is high (0.953), the intercept 6f47.5 kJ mot! is a
and include most of the compounds used in previous studies.substantial fraction of most bond energies, which confirms that
First, it was necessary to establish the most appropriate formg|E as defined by Pauling is not directly proportionalAg.
of the relationship. This was done by applying the four equations When the 103 molecules are examined in various subsets
halides of elements in the same group or in the same period, or

Dpg — o(Daa + Dgg) = k(Ay)? compounds of the same halogethe regression lines have
slopes ranging from 110 to 207, intercepts frer@2 to —99
Dyag — (DanDga)? = k(Ay)? kJ mol2, and correlation coefficients from 0.869 to 0.998, The
data are available in Table S1 of Supporting Information.
Dpg — 1/2([)AA + Dgg) = k|Ay| Few other heteronuclear single bonds have dissociation

energies which are accurately known; values for the 284A
14 A-0, and 14 A-C bonds (Table 4) correlate poorly with
|Ay|, as shown in the Supporting Information, Table Edglues

to the 26 diatomic halides (16 alkali metal halides, 4 hydrogen '€ 0-328 for A-H, 0.676 for A-O, and 0.778 for A-C). Only
halides, and 6 interhalogens) and comparing the correlation ‘_11 of these ponds are not.already in the-A database; the
coefficients obtained for the least squares regression lines. Thelin€ of best fit for the combined set of 144 bonds:

results, summarized in Table 3, show that (a) much higher
correlation coefficients are observed whey| is used as the
function ofy, and somewhat higher ones when arithmetic rather
than geometric mean is used to calculate EIE; (b) the propor- has a correlation coefficient of only 0.882 (a significant drop
tionality constants (gradients of the lines of best fit) are much from ther = 0.953 for the 103 A X, X = halogen database)
lower than those proposed by Pauling; (c) none of the lines of and withc = —51.3 kJ mot? represents an even higher fraction
best fit intercept the EIE axis at the origin. The inescapable of a typical bond energy.

conclusion is that the optimum relationship between bond energy  Our analysis shows the intrinsically weak correlation between
and Ay is of the typeDag — Y2(Daa + Dgg) = K|Ay| ]+ c, bond energy and bond polarity, as measured\ly Electro-

and this is the one which was examined for all of the binary negativity is a one-electron energy parameter, while bond energy

Dag — (DanDgs)™? = kIAy|

Dpg — Yo(Das + Dgg) = 148.QAy| — 51.3 kJ mol*
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TABLE 5: Correlation of “Extra lonic Energy” with Electronegativity Difference 2

data set equatién re
10 elements
(H,C,N,P,0,S,F,ClBrl Dag — Y2(Daa + Dgg) = 96.3(Ay)? 0.959
38 A—B bonds
29 elements Dag — 1/2(DAA + DBB) = 560@%)2 0.856
103 A—halogen bonds Dpg — Y2(Daa + Dgg) = 157.3Ay| — 47.5 0.953
29 elements Dag — Y2(Daa + Dgs) = 54.1(Ax)? 0.835
144 A—B bonds Dpg — Y2(Dan + Dgg) = 148.0Ay| — 51.3 0.882

(B = halogen, H, C, O)
2 All energies in kJ molt. P Line of best fit.c Correlation coefficient.
is a two-electron energy that requires a sophisticated eleetron rationalize changes in molecular behavior is in conflict with

electron correlation energy treatment (which is a principal goal the quantum related energy level spacings of these atoms).
of today’s most advanced electronic structure research). Chemi- 2. Pauling electronegativities were derived from an equation

cally, this is manifesting itself in polarizability, lone pailone that is valid for only a small number of bonds with low
pair repulsion, lone paifvacant orbital interactions, and steric  polarities.
effects. 3. Of the possible Pauling-type relationships for EIE aAndl

Pauling’s original equation gave self-consistent results for the one which correlates best for diatomic halides is
the low-polarity bonds formed among 10 nonmetallic elements
(the halogens, O, S, N, P, C, and H), using 38 bond energies. D..=Y(D. +D..)~+ KAyl +
. . . = c
The data in Table 5 show that inclusion of more elements and ae = 1o(Dan s) + KIAY]
more bonds greatly changes the proportionality constant between

EIE and (Ay)2 and significantly lowers the correlation coef- Wherec is about—50 kmol™, an appreciable fraction of most
ficient. bond energies and larger than one-third of the EIE values.

The widespread early popularity of Pauling/sled many 4. Very poor correlations between EIE adg| Jare observed
guantum mechanicians to try and derive his equation in the When bonds other than-AX bonds are considered, showing
period between 1935 and 19785 These efforts generally the impossibility of deriving a generally applicable relationship
employed simple molecular orbital constructs, but were far short Petween the two.
of adequate formulations for bond energies. Given the research
advances of the last 20 years, these efforts do not merit detailed®Ppendix: The Quantum Atom
a;n;lysiﬁ. TEe [(eroblem alsodlieslw@th the inherent Iifnalldequacy Every student in freshman chemistry hears about wave
e tht Nelsof 1 he mos rece paper o deriaion aimpts, Pl a1, 1e Hersenberg ncertany prncipe quantur
will conclude this unsu_cc,essful research by his comment, “The . mber of less familiar quantum aspects needed for under-
physical basis of Pauling’s equation cannot be uniquely SPeci- g3 ding atoms and especially their electronegativity. A good
fied... that the same equation should hold for different families e of this elucidation comes from recognition of the sharp
of atoms is highly coincidental.” _ differences in the intuitive and linguistically familiar classical

There have also been some direct experimental tests of ochanics of planetary motion versus the quantum mechanics

Pauling’s bond energybond polarity relatiog%r;ips, the most ot 41oms (even though both follow the same inverse square law
significant of which was carried out by PearSoan gas phase ot aitraction). Because their motion is governed by initial

reactions involving halogen exchange. He reports a number of ¢, qitions at their formation, a set of planets plus a sun with

such reactions for which the sign of tie \(alug is found to identical masses to our solar system (which we may discover
be negative but from the Pauling equation is calculated as gome gay) will show many differences in their orbits from ours.
positive. On the other hand, gold atoms mined in South Africa or Alaska
are identical and completely independent of their prior history.
If an earth-like planet passed through our solar system, it would
1. The Pauling scale satisfies only rules 4 and 5 of the criteria drastically change the orbits of our planets and might well
for an acceptable scale of electronegativities. Major shortcom- destroy the whole pattern, but if we compare a free nitrogen
ings of Pauling’s scale have led chemists to accept only a few atom with one taken out of Nd-br an amino acid, the N atom
of hisy values (groups 1 and 17, and the second and third rowsis found to regenerate itself exactly. Likewise, an atom retains
of the p-block) and otherwise to seriously questjppras an most of its identity when bound into a molecule because of the
important chemical parameter. The erratic and largely unrealistic large spacing of its occupied energy levels and its HOMO
values for transition metals have been a significant factor in LUMO separation. Atomic energy level spacings are always
leading to this conclusion. greater than those of molecules made from a collection of similar
Confusion over whethey is to be thought of as an in situ, atoms. Binding energies, and energy changes following oxida-
in-the-molecule quantity, or an independent atomic property (as tion state changes, are also smaller, illustrating the remarkable
so listed in all tables) and Pauling’s failure to further elucidate stability of atoms. Electronegativity is an atomic property which
this problem have also contributed to chemical uncertainty. must reflect this high stability and a very common mistake
The most important defect in Pauling’s is its lack of among chemists is to imagine a classical mechanics-like
guantum mechanical viability. This shows up directly in its continuous deformation of an atom such that its electronegativity
inability to satisfy the Si rule for transition metals or to assign parallels its oxidation state (higher OS associated with higher
x values to group 18 elements (likewise, as noted in the y). This error has been especially prevalent among the users of
Appendix, chemists’ frequent use of different Pauliyg for Paulingy, and it has reduced confidence in the quantification
different oxidation states of the same main group element to of y and in the utility ofy itself.

Summary and Conclusions



Test of Pauling’s Electronegativity Scale J. Phys. Chem. A, Vol. 104, No. 24, 2008871

It is also worth noting that the indivisibility and wholeness (4) Allen, L. C. Electronegativity and the Periodic Table Hncyclo-
of atoms means that electronegativity is essentially restricted Pedia of Computational Chemisirchleyer, P. v. R., Ed.; John Wiley:

0 atoms themselves and a few molecular entiies which act [ike 5) AIIen, L. C.; Huheey, J. EJ. Inorg. Nucl. Chem198Q 42, 1523.

large atoms. For example, groyp a string of atoms and/or (6) Allred A. L. J. Inorg. Nucl. Chem1961, 17, 215.

small molecular fr_agr_nents bound to a “lead atom”. The (7) Sen, K. D., Jargensen, C. K., EdStruct. Bonding1987, 66.
electrons of organic rings that are the ligands in metallocenes Electronegatiity; Springer-Verlag: New York.

can also be assignegavalue as can the properly oriented small (8) Mulliken, R. S.J. Chem. Phys1935 3, 573.

molecules that often act as ligands in transition metal complexes. ~ (9) Warhurst, EProc. R. Soc1951 A207, 49.
The atomic physics outlined above originated from two  (10) Cottrell, T. L.; Sutton, L. EProc. R. Soc1951, A207, 49.
eloquent and pedagogically superb, non-mathematical, essays (1) Hurley, A. C.Proc. R. Soc1953 A218 333.

. . . (12) Pritchard, H. O.; Skinner, H. AChem. Re. 1955 55, 745.
written some years ago by the eminent (now retired) MIT (13) Ferreira, RAdy. Chem. Phys1967, 13, 55.

physics professor Victor F. Weisskof. (14) Wells, P. RProg. Phys. Org. Chent968 6, 111.

' . (15) Nelson, P. GJ. Chem. Resl97§ (S) 378, (M) 4501.
Acknowledgment. We acknowledge financial support from (16) Pearson, R. GChem. Commuri.968 65.

Geo-Centers and the U.S. Army, Dover, NJ, and (T.L.M.) from 1) arin 1. Thermochemical Data of Pure Substancess! ed.; VCH:
the Inter-American Development Bank. Weinheim, Germany, 1995.

) ) ) o (18) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry:
Supporting Information Available: A table listing slopes, Principles of Structure and Reagtly, 4th ed.; Harper Collins; New York,

intercepts, and correlation coefficients of the extra ionic energy 1993 _ _
Ay equation for various subsets of element halogen and other, (19) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J;

het | bonds. Thi terial i ilable f f ch McDonald, R. A.; Syverud, A. NJANAF Thermochemical Table3rd ed.;
eteronuclear bonads. 1his material 1s avallable iree ol Charge pmerican Chemical Society and American Institute of Physics; New York,

on the Internet at http://pubs.acs.org. 1986.
(20) Knache, O.; Kubachewski, O.; Hesselman, TKhermochemical
References and Notes Properties of Inorganic Substangé&nd ed.; Springer-Verlag: Berlin, 1991.

(1) As described in the Appendix and ref 23, the quantum revolution _ (21) Darwent, R. DeBBond Dissociation Energies in Simple Molecules;
of the 1920s and early 1930s (which was started by Bohr's assignment of NSRDS-NBS 31; National Bureau of Standards: Washington, DC, 1970.
electron configurations to atoms in 1922) demonstrate the remarkable (22) Lide, D. A., ed.CRC Handbook of Chemistry and Physigsth

stability and integrity of atoms as they are bound into molecules. ; CRC Press: Boca Raton, FL, 1997.

(2) Pauling, L.J. Am. Chem. Sod932 54, 3570. Pauling, LThe (23) (a) Quality and Quantity in Quantum Physics.Rhysics in the
Nature of the Chemical Bon@®rd ed.; Cornell University Press: Ithaca, 20th Century, Selected Essays by V. F. Weisskéif Press: Cambridge,
NY, 1960; Chapter 3. MA, 1972. (b) What is Quantum Mechanics?The Priilege of Being a

(3) Mulliken, R. S.J. Chem. Phys1934 2, 782; 1935 3, 573. Physicist;Weisskopf, V. F.; W. H. Freeman: San Francisco, 1989. During
Mulliken’s scales were analyzed by: Allen, L. €.Am. Chem. S0d989 the 1920s, Weisskopf worked closely with six of the Nobel Prize winning

111, 9003;Int. J. Quantum Chenil994 49, 253. physicists who largely created quantum mechanics.



