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Molecular Compounds and their Spectra. II1 

BY ROBERT S. MULLIKEN 

(1) A simple general quantum-mechanical theory is presented for the interaction of electron acceptors and donors (Lewis 
acids and bases) to form 1:1 or n :1 molecular compounds ranging from loose complexes to stable compounds. This puts into 
more accurate or more general form ideas which have been in frequent use for some time. The theory involves resonance be
tween no-bond structures (A,B) and dative structures (A ~-B +), where A is an acceptor atom, molecule, or ion and B is a donor 
atom, molecule, or ion. Two classes of donors (T, and n or onium, bases) and three classes of acceptors (JT, O or vacant-
orbital, and d or dissociative) are particularly considered; i (ionic) donors and acceptors are also mentioned. General 
and specific factors governing the strengths of interaction between acceptors and donors of various classes are deduced from 
the theory. (2) A special class of intense electronic absorption spectra characteristic of molecular compounds A-B, and 
non-existent for either partner A or B alone, is predicted. These are called charge-transfer spectra. (3) The forces which 
lead to complex-formation may be called charge-transfer forces. They may be of comparable importance to London's 
dispersion forces in accounting for van der Waals attractions. They have characteristic specific orientational properties 
of possible importance for the manner of packing of molecules in liquids, in molecular crystals, in heterogeneous systems, and 
in biological systems. They may also be important in adsorption. They should increase under compression and thus 
contribute to compressibilities. The effect of charge-transfer forces in lowering activation barriers for chemical reactions is 
briefly discussed. (4) The benzene-iodine and the BXj-NRi types of molecular compound and the Ag+ complexes are con
sidered in detail. The characteristic absorption peak of the benzene-iodine and related complexes near X3000, discovered 
by Benesi and Hildebrand, is identified with the predicted charge-transfer absorption. Its position and intensity are in good 
agreement with the theory. Theoretical considerations based on symmetries of quantum-mechanical wave functions often 
favor unsymmetrical geometrical configurations of molecular complexes. For example, they point to an off-axis position for 
the Ag+ in the Ag+-benzene complex, a result which is supported also by empirical evidence. 

I. Introduction 
The appearance in many cases of strong color on 

bringing together two colorless or nearly colorless 
organic compounds is well known. The effect is 
generally attributed to a loose reversible associa
tion ("molecular compound" or "molecular com
plex") of the original molecules in a definite ratio, 
most often 1:1. Equilibrium constants, heats of 
formation and other thermodynamic data for many 
such complexes have been established. 

There is similar and other evidence for complexes 
between inorganic and organic molecules; for ex
ample, between halogen molecules and organic 
compounds,2 and between Ag+ and aromatic or un
saturated compounds.3,4 Finally, such compounds 
as R8N-BXs may be viewed6 as colorless molecular 
complexes of unusually high stability. 

Many authors have discussed the structure of 
molecular complexes. For stable compounds like 
R8N-BF3, the dative bond structure R 8 N + - B - F 8 is 
generally accepted. Likewise, the view that a mo
lecular complex is the result of the combination of 
an electron donor or base, say B, with an electron 
acceptor or Lewis acid,44 say A, is widely held. 

Notable contributions to the theory of molecular 
complexes have been made by Weiss8 and by Brack
mann.6 Some of Dewar's ideas,7 particularly on ir 

(V) This work was assisted in part by the ONR under Task Order IX 
on Contract N6ori-20 with the University of Chicago. Presented, in 
part, as Paper No. 122 at the Symposium on Generalized Acids and 
Bases of the meeting of the Division of Physical and Inorganic Chemis
try of the American Chemical Society a t Chicago, IU., on Sept. 5, 
1850. A summary has been published in / . Chem. Pkys., 19, 514 
(1951). Ref. 2d is to be regarded as paper I of the present series. 

(2) (a) H. A. Benesi and J. H. Hildebrand, T H I S JOURNAL, 70, 2382 
(1948); Tl, 2703 (1949); (b) T. M. Cromwell and R. L. Scott, ibid., 
72, 3825 (1950); (c) R. M. Eeefer and L. J. Andrews, ibid., 72, 4677, 
5170(1950); 73,462(1951); (d) R. S. Mulliken, ibid.,72, 600 (1950). 

(3) S. Winstein and H. J. Lucas, ibid., 60, 836 (1938); 1:1, 2:1, and 
1:2 Ag + complexes with ethylene, benzene, etc. 

(4) L . J . AndrewsandR. M. Keefei,ibid., 71,3644 (1949); 72,3113, 
5034 (1950). 

(5) W. Brackmann, Rec. trav. chim., 68, 147 (1949). 
(6) J. Weiss, J. Chem. Soc, 245 (1942), and to some extent later 

papers. 
(7) M. J. S. Dewar, Nature, 1S6, 784 (1945); J. Chem. Soc., 406, 

777 (1946); "The Electronic Theory of Organic Chemistry," Oxford 
Clarendon Press, London, 1949. 

complexes, are relevant. So also is Pauling's 1938 
suggestion8 that the CjHi-Ag+ complex is made 
stable by resonance between a predominant no-bond 

structure and structures of the type yC+—C<^. 

Ag 
Finally, a 1942 note by Woodward,8 in which he 
advanced the idea of an "intermodular semi-polar 
bond" in molecular complexes, comes close to the 
theme of the present paper; Woodward also refers 
to similar work by Bateman. 

Neither Weiss's nor Brackmann's views appear 
acceptable in toto, but a selection and combination 
of their ideas with some extensions appears to lead 
to a satisfactory theory. This will be given below, 
including an explanation of the colors of molecular 
complexes and related phenomena, matters not 
treated satisfactorily by previous writers. 

Weiss proposed that all molecular complexes have 
an essentially ionic structure B + A - , and pointed 
out that a low ionization potential for the base B, and 
a high electron affinity for the Lewis acid A, should 
then favor a stable complex. He attributed the 
color of molecular complexes to intense charge-reso
nance spectra arising within the ions in the com
plex. 

Brackmann attributed molecular complex forma
tion to "complex resonance," meaning quantum-
mechanical resonance between a no-bond structure 
and a structure with a bond between the two part
ners A and B, but made no clear statement about 
ionic character in the latter structure. Brack
mann insisted that (assuming colorless partners) the 
complex as a whole determines the color, that is, that 
the light absorption causing color is not localized in 
one of the partners. This is an important and, 
according to the present analysis, an essentially cor
rect idea. Brackmann also emphasized that re
versible formation of a resonance complex, by re
ducing the activation barrier, may often be a pre
liminary step in an irreversible chemical reaction. 

The writer recently*1 discussed the structure of 
(8) R. B. Woodward, T H I S JOURNAL, 64, 3058 (1942). 
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the complexes formed by halogen molecules (X2 or 
XY) with aromatic (Ar) and other solvents, in 
terms of resonance between a predominant no-
bond structure (Ar, X2) and small admixtures of 
structures of the type (Ar + -X 2

- ) . As was shown 
by Benesi and Hildebrand and others, the Ar-Ij 
complexes, in addition to visible absorption attribu
table to the I2 in the complex, have an intense 
characteristic ultraviolet peak near X 3000.2 This 
the writer at first attributed to a modified Ar ab
sorption, but later, in a "Note added in Proof," to 
an Ar —»• X2 electron-transfer process,2d in harmony 
with Brackmann's idea that any complex should 
have a characteristic absorption of its own. 

The present paper develops this idea further as 
part of a general discussion of the structure of com
plexes and compounds between Lewis acids and 
bases, and of related matters. Because of the 
great variety and complexity of actual molecular 
situations, the discussion should be regarded at 
many points as approximate and tentative. 

II. Structure and Charge-transfer Spectra of 
Molecular Complexes 

The viewpoint indicated in Section I can be put 
into quantum-mechanical form by writing the wave 
function of the ground state N of any molecular 
compound A B as 

•AN = aio + Hi + • • • (1) 

The acceptor A and donor B may in general be any 
suitable pair chosen from atoms, atom-ions, mole
cule-ions, molecules, or perhaps even solids, but in 
the present section with the limitation that both 
are in totally symmetrical singlet electronic ground 
states.8 

In Eq. (1), ^0 is (with respect to covalent bonding 
at least) a "no-bond" wave function ^(A1B). It 
has the form 

fo = ^(A1B) = fltt + • • • (2) 

where Q denotes that the product ^A^B of the 
wave functions of A and B is to be made antisym
metric in all the electrons, and the terms indicated 
by + • • • • represents such small modifications10 as 
might be expected from hitherto recognized types of 
of polarization effects. In Eq. (1), ^i is a "dative" 
wave function corresponding to transfer of an elec
tron from B to A accompanied by the establishment 
of a (usually weak, because of the distance between 
A and B) covalent bond between the odd electrons 
in A - and B +. That is 

*i = ,KA- - B+) + ••• (3) 

where the + • • • again indicates small modifying 
terms.10 

(9) If A or B is an atom or atom-ion, this means a closed-sheU 
electronic structure in ordinary terminology. If A or B is a molecule 
or molecule-ion, this also means a closed-shell structure if the descrip
tion is given in terms of molecular orbitals. If, however, the descrip
tion is given in terms of atomic orbitals, it means that all valence elec~ 
trons are paired in electron-pair bonds. 

(10) I t will be convenient to consider these well-recognized effects 
as included in ^i of Eq. (2) or ^i of Eq. (3), in order to distinguish them 
from the effect of the interaction between ^t and (h. Strictly speaking, 
these two kinds of effects are not always entirely independent; thus if 
A and S in ^c are oppositely charged ions, some part of their mutual 
polarization is expressed by the terms in ^i in Eq. (1). 

In Eq. (1), the + • • • indicates additional terms 
c<p2 + • • -.u However, in the present Section ^N 
will be approximated by the sum of the first two 
terms alone. If ^N is then normalized so that 
/ V N 2 di* = 1, the coefficients a and b are related by 

a2 + 2abS + b* = 11 
where 5 == f^idv) (4) 

We next consider force and energy relations. 
For loose complexes, second-order perturbation 
theory will give an adequate approximation. 
Then12 

W„ a /,foflfc, &v**W„- % ~ 5^f + ..." 
(Wx - W0) , , . , 

where W0 =s ffoHft dv; Wi as ./V1HvK dv [ w 

Hm s /VoHiK do 
H is the exact Hamiltonian operator for the en
tire set of nuclei and electrons. Wo is equal to the 
sum of the separate energies of A and B, modified 
by any energy of attraction arising from ionic, ion-
dipole, dipole-dipole, hydrogen bridge, London dis
persion, or classical-type polarization forces, also 
by any energy of repulsion arising from exchange 
repulsion forces. Wi has a similar meaning, but 
includes also attraction energy of ionic and coval
ent bonding. 

The resonance energy in the ground state due to 
interaction of \p\ with ^9 is now given by Wo — Wy 
of Eq. (5). This should be large if (Hoi - SW0)

2 

is large, which in general is true only if v̂o and ^i 
overlap strongly (and are of the same symmetry— 
see below) and if Wi — Wo is reasonably small. 
The energy of formation of the complex is 
Q = (TFA + WB) - W* = (WA + W3- W0) + (W0 -

W7N) (6) 

The charge-transfer forces corresponding to the reso
nance energy may either be assisted or opposed by 
the forces of familiar type mentioned above, ac
cording as WA. + WB ^ Wo-

In using Eq. (6) for an actual molecular complex, 
it is necessary to take values of Hoi, Wu W0 appro
priate to the actual geometrical configuration of the 
complex in equilibrium (or with only its zero-point 
vibration energy) in its ground state. However, 
Eq. (5) and (6)' can of course also be used for other 
configurations, for example, in constructing a curve 
or surface showing how WN changes as two sepa
rated molecules A and B approach each other. 

Second-order perturbation theory yields the fol
lowing approximate relation for the coefficients in 
Eq. (1)" 

p == b/a « -(Hoi - SWo)I(Wi - Wo) (7) 

Eq. (4) can then be used to get a and b individually. 
(11) If A and B are neutral molecules, a term ^s of .structure A + -B -

(B acting as acid and A as base) may be of appreciable importance. 
A second excited state ^y usually somewhat higher than ^B of Eq. (2) 
may then be important for the spectrum of the complex; ^|g and ^F 
as well as ^N will then be mixtures of ^t, ^ and fa. Frequently also, 
further terms of structure A - - B + derived from low excited states of 
A " or sometimes of B + may be of appreciable importance (see e.g., 
ref. 34). 

(12) Equations (5), (7), (10) and (11) are generalizations of familiar 
expressions. They may be derived by, for example, following the 
procedure used by H. Margenau and G. M. Murphy, "The Mathe
matics of Physics and Chemistry," Van Noatrand Co., Inc., New York, 
N. Y., 1943, in obtaining Eq. (11-106) and (11-108); modified, how
ever, by starting from the secular equation (11-97) instead of (11-104). 
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An essential requirement in Eq. (1) is that \pi shall 
be of the same group-theory species as ^o; other
wise H0I and S are zero and there is no resonance. 
This means usually that \pi must be (1), of the 
same spin type as ^o; (2) of the same orbital spe
cies under the group-theoretical classification cor
responding to the over-all symmetry of the com
plex as a whole. With our supposition that \pA and 
\j/3 in Eq. (2) are both totally symmetrical singlet 
states,9 Tpo is necessarily also a totally-symmetrical 
singlet state of the symmetry of the complex, and 
\pi must then be of this same type. Requirement 
(1) may be somewhat relaxed in the case of heavy 
atoms (e.g., iodine) with very strong spin-orbit 
coupling; but in this event, \px must definitely be of 
the same spin-orbit species as ^0. 

If the complex has no over-all symmetry, require
ment (2) vanishes. However, unless \pi is of the 
same group-theory species as \po under the species-
classification of whatever approximate symmetry 
exists in the neighborhood of the A-B interaction 
zone, Hoi — SWo will still be too small to yield a 
stable complex. 

The symmetry requirements just stated should 
often be important in determining the geometrical 
arrangement of the partners in a complex. Thus if 
for a particular geometrical configuration the low
est-energy state of A - - B + is of a different group-
theory species than ^0. one must go to an excited 
state of A - - B + to find an acceptable ^1. Because 
of the inverse proportionality of the resonance 
energy to Wi — Wo (see Eq. (5)), the situation just 
described is unfavorable for a stable complex. 
However, there may then exist a different geometri
cal configuration whose symmetry permits ground-
state A - - B + to interact with ^o and thus to serve 
as ipi. If so, then, other things being equal, this 
geometrical configuration will be favored for the 
actual complex. Several examples of the applica
tion of these considerations are described in a pre
vious paper2d and in the later sections of the present 
paper. 

Aside from the symmetry considerations just pre
sented, no theoretical analysis of the magnitudes to 
be expected in various cases for Hoi — SWo will be 
attempted here. Suffice it to say that it is theo
retically reasonable in general to expect Hoi — SWo 
to be of adequate size to account for the observed 
phenomena in terms of the present theory. Con
versely, estimates2"3 of other forces10 to which com
plex-formation has often been attributed indicate 
these to be of inadequate size, particularly in such 
cases as Bz-I2 where the component molecules do 
not possess even dipole fields. 

If A-B is a loose complex between closed-shell 
systems, with little overlapping between A and B, 
the covalent bond in the \pi structure A - - B + is 
necessarily weak. It must then be formulated in 
accordance with Heitler-London theory. How
ever, the bond need not necessarily be interatomic, 
that is, between electrons of two specific atoms. I t 
may instead be intermolecular; or between an 
atomic and a molecular electron. Thus, for exam
ple, if B is Bz (benzene), the odd electron in B + 

which is to form a bond may most conveniently be 
described as occupying an MO (molecular orbital) 

of the benzene ring as a whole—one of the irMO's. 
(This is the viewpoint used by Dewar7 in speaking 
of JT complexes.) Then if, for example, A is I2, the 
odd electron in A - may similarly be described as 
occupying an MO of I 2

- . In this case we have an 
intermolecular electron-pair bond.13 In the Bz-
Ag+ complex the bond in \pi (structure Bz+-Ag) is 
between a Bz+ electron in an MO and an Ag elec
tron in an AO. 

In more stable complexes or compounds such as 
BF8-NR8 or R8NO, the electron-pair bond in \pi (in 
these cases ipi is probably lower in energy than ^0) is 
to a large extent localized between the N and B 
atoms or the N and O atoms, respectively. 

For tight complexes or stable compounds, Eq. 
(5), (7) are no longer more than qualitatively cor
rect.14 A fairly good approximation can then be 
obtained if Eq. (1) is replaced entirely by an MO 
description for the complex or molecule as a whole, 
including a rather strongly polar N-B or N-O bond
ing MO occupied by two electrons. For loose com
plexes, such an MO description in terms of MO'sof 
the complex as a whole would not be a good approxi
mation. 

In loose molecular complexes we expect a2 > > &2 

in Eq. (1). In compounds such as BX8-NR8 or 
R8NO, a and b should be more nearly equal, prob
ably with b2 > a\ 

If the ground state electronic wave function is 
given by Eq. (1), it necessarily follows that there 
exists an excited state function \pE of the form 

^E = o Vi - 6Vo + • • • (8) 

with a* » a, b* « b. In the present Section, \pE 
will be approximated by the first two terms on the 
right of Eq. (8).11 Then, corresponding to Eq. (4), 

a** - 2a*b*S + 6*2 = 1 (9) 

In the approximation of second-order perturbation 
theory, the following relations hold12 

-p* = b*/a* = -(H01 - SW1)Z(W1 - Wo) (11) 

The existence of an intense absorption spectrum 
corresponding to the transition \fa —* ^ E can be pre
dicted, and its total absolute intensity16 approxi
mately computed. Since if a2 >> b2, \fa has nearly 
pure no-bond character and \pB nearly pure ionic 
character, the spectrum associated with the transi
tion may then be called an intermolecular charge-

(13) Alternatively, one may speak of a bond between a particular 
carbon atom v electron and a particular iodine atom electron, but if so, 
it is necessary to use a cumbersome description in terms of resonance 
among numerous bond-structures of this type. 

(14) The predictions made about state E and the N —»• E transition 
in this Section should therefore for FiB.NMei and similar stable com
plexes be regarded with some reserve. The non-localized MO Tiew-
point suggests that E may (for the equilibrium R of FiB.NMei) be 
a rather high-energy state, in which case it may exist only in mixture 
with several other excited states, 

(15) The spectrum ^u —»• ^ E should in general appear as a broad 
band or group of bands. The present computation refers to the total 
integrated absorption intensity, as discussed by R. S. Mulliken, J. 
Chtm. Phys., 7, 14 (1939); see Mulliken and Rieke, "Reports on 
Progress in Physics, of the Physical Society, London," Vol. VIII , p. 
231, 1941, for some corrections. 
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transfer spectrum: light absorption causes an elec
tron to jump from B to A.16 

I t will be noted tha t the predicted charge-transfer spec
trum is characteristic of the molecular complex A.B as 
such, and cannot be attributed to either of the partners A 
or B, being in this respect in agreement with one of the 
ideas advanced by Brackmann. Additional, intra
molecular, spectra of A and B, more or less modi
fied by their association, are of course also to be where 
expected. 

a previously unoccupied MO <t>x in A. This occurs in such 
a way that the second electron, left in 0B , remains paired 
to the electron now in <j>x, but now by a covalent bond. 
(If one or both partners are atoms, read AO instead of 
MO.) On substituting the expressions for ^o and \p i con
forming to these specifications into Eq. (16), and integrat
ing, one finds, to a close approximation19 

/Joi — SfM0 « eS(fB — TAB) 

TB = fforfo dv; SXB^X^ = f^x^hdr 
5 = fftfidv « 2'A(I + 5 2 AB)- 1 ASABI -SAB = S<t>A<t>zd 

Frequently, intramolecular and charge-
transfer spectra may overlap, or sometimes also 
interfere quantum-mechanically (that is, their ex
cited states may partially mix). In such cases, it 
may not be possible to identify charge-transfer 
spectra unambiguously or uniquely. 

To obtain the predicted intensity15 of the charge-transfer 
absorption, the quantum-mechanical dipole moment ^ E N 
of the transition may first be computed. This is given by 

-effaHirfi, dv (12) 

} (19) 

In Eq . (19), ?AB is the average position of an electron having 
a charge distribution of the form of the overlap of the MO's 
<f>x and </>B, and is therefore located between TB and Tx-
In Eq. (19), 5 of Eq. (.4) or (17) has been approximately 
evaluated in terms of the overlap integral SAB of the MO's 
<t>x and 0B-

^EN 

where ri is the vector distance of the t* electron from any 
convenient origin.17 Using Eqs. (1) and (8), Eq. (12) gives 

where 

From the orthogonality condition SiM/tf&v = 0 and Eqs. 
(1) and (8), the following relation is obtained 

MEN = a*bm — ab*m> + (aa* -

in = -e/iWSruh d» 
iic s — eJ'if'oSivJ'o dv 

MM = —ef^tvl/a dv 

• bb*)nm (13) 

(14) 
(15) 
(16) 

(a*b - ab*) = -{aa* 
where S = ./Vo'r'i dv 

bb*)S) 
(17) 

Making use of Eq. (17), Eq . (13) can be rewritten in the 
convenient form 

MEN «= a*b(in - MO) + (aa* - 66*)(MM - SMO) (18) 

As we shall see below, the term in MI — Mo is the main one.18 

The magnitude of MI — Mo is easily estimated; it is essentially 
the change in the ordinary permanent dipole moment which 
would be produced by displacing one electron from a par
ticular orbital in B to a particular orbital in A, with the 
nuclei held fixed.17 Letting TB and Ix denote the average 
positions of the electron in the B or A orbital, respectively, 
then MI—MO is, at least very nearly, — e(rA — rB) = e(rB — 
rA) . Thus (MI — Mo) should be of the order of magnitude 
of 10 debye units. The magnitude of the factor a*b 
should be between 0.1 or 0.2 and 0.7 in all molecular com
plexes sufficiently stable to be detected (see discussion of 
the benzene-iodine complex in Section I I I below). 

In evaluating MOI, it will be sufficient for present purposes 
to use approximations for ^o and ipi. If we describe the 
structure of each partner in terms of MO's of that partner, 
the process ^o —* fa involves the jump of one of a pair of 
outer electrons, initially occupying an MO 0B, in B, into 

(16) The intermolecular charge-tran9fer spectra discussed here are 
related to the interatomic charge-transfer spectra discussed by R. S. 
Mulliken ( / . Chem. Phys., 7, 20 (1939) and later papers; see especially 
Mulliken and Rieke, Ref. 15). For a review on electron-transfer 
spectra, see B. Rabinowitch, Ret. Modern Phys., 14, 112 (1942). One 
of the earliest recognized types is that involved in the photographic 
process: [Ag+Br"] -*• [AgBr] (Lenard, 1909; Fajans, 1922). 

(17) Equation (12) is based on the usual assumption that the posi
tions of the nuclei do not change during the electronic transition N —*• 
E. According to the Franck-Condon principle, this introduces but 
minor errors into the computed total absolute intensity (see Mulliken, 
and Mulliken and Rieke, ref. 15, for detailed analysis). Note that 
because of the rigorous orthogonality of the (true exact) wave functions 
^E and ifot, MEK is independent of the origin of coordinates for the ri, 
and (when the assumption mentioned above is used) does not involve 
the nuclear coordinates. Note that throughout Eqs. (12)-(20), all 
the n'a, like the r 's , are vector Quantities. 

(18) In the "Note added in Proof," on p. 605 in ref. 2d, it was er
roneously assumed that the first term was less important than the sec
ond. 

Putting the first of Eqs. (19) into Eq. (18), with 
Mi — Mo ts e(ra — TA) as discussed above, one ob
tains 
VEX = a*be(rB - fA) + (aa* - bb*)eS(fB - rAB) (20) 

In case the molecular complex has an axis of sym
metry running through the centers of 4>A. and ^B, 
then both terms in Eq. (20), and so J*EN, are di
rected along that axis. The first term is directed 
from A toward B, and if a > b the second is di
rected likewise and the two terms add. For loose 
complexes (a2 > > b2) the first term is much the 
larger, mainly because of the smallness of 5 if <b& 
and 4>B do not overlap strongly.18 

To obtain the total intensity of the N —» E ab
sorption in terms of the so-called oscillator strength 
/of the transition, one may use 

/ = (4.704 X 1 0 - ' M M 1
2 + ^ + ^ ) (21) 

where ^x, ny, nz here refer to the x, y and z compo
nents of the vector MEN in debye units, and v, in 
cm.-1, is a suitably weighted average wave number 
over the N-^E band or bands (roughly the value of 
v at the peak of intensity).16 

(19) The evaluation proceeds by taking ô and i/n as antisymmet-
rized MO-product functions as follows (c/. R. S. Mulliken. / . Chem. 
Phys., 8, 234 (1940), Section III, for notation and a similar discussion; 
the MO's of the two molecules A and B play the same role in the present 
case as the AO's of the two atoms in the discussion cited); 

*o « 9flo(«!)-/i £ ( - l ) P P0B«(1)0B0(2)03«(3) • . • 4>n3{n) 
p 

^ 1 - 2 - V i ( I -f 5 8 A B ) - 1 A ( ^ I + * „ ) 

1A1 « 9li(n!)-V. X;(- l)P0Ba(l)0A^(2)^3a(3) • . • <M(«) 
P 

*n « 9KnO-1A ]C(-1)P0A«(D*B/J(2)*,«(3) • • • <M(») 
P 

The normalizing factor in the expression for ^i is obtained in the usual 
manner (see Eq. (19) for definition of SAB) ; « is the total number of 
electrons in the complex; <t>i • • •<£» are A and B MO's occupied by elec
trons which remain undisturbed during the process ^t —*• ^i. (Actually 
^i and <f>t, and so on, are identical in pairs, but the electrons occupying 
them differ in spin —a or ft.) 

Substituting the above expressions for 4* and \f>i into Eq. (16), 
one obtains (aside from certain factors including 1ZfLtTfIi which on mul
tiplying together yield a factor of 1, either exactly or very nearly: 
compare the reference cited above) the following 

MOI = — Se(xB + TAB + fi + • • • r„) 
In this expression, S means 21A(I + 5 1 A B ) - 1 A S A B (cf. Eq. (19)); the 
near or exact equality of 5 of Eq. (17) to this is readily obtained for 
the case that \fa and ^i are as given above. Now it is readily seen that 
if \fa is as given above, fit is given by 

Mo = — e(iB -f rB -h U 4- • • • r*) 
from which and the expression just given for /#t, the first of Eq». (19) 
follows at once. 
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Here it is important to point out that, since Eqs. 
(1) and (8) give in general only somewhat rough 
approximations for ^N and ^E , 1 1 Eq. (20)-(21) are 
correspondingly rough. However, it would seem 
that they should in general be reliable as to order of 
magnitude. The most essential fact is that they 
predict high intensities for N —> E transitions even 
in loose complexes. 

The preceding discussion can be extended to n: 1 
molecular complexes, provided they are loose so 
that one resonance structure is predominant. Eq. 
(1) may then be generalized to 

•AN = aio + 26«Ai + • • • (22) 

provided a2 > S&;2. Thus for a complex A-B-A or 
BA-B (for example, B = benzene, A = Ag+ or 
I2), provided the two A's are in equivalent locations 
with respect to the B or the two B's with respect to 
the A, we have 

^N = a*o + &(*, + W) + • • • (23) 
In Eq. (23), ^o is a no-bond structure and ^i and 
ypi are structures A-B + -A - and A - -B + -A or B + -
A --B and B-A - -B + . 

The resonance energy for a loose n : l complex 
should be given approximately by a sum of terms of 
the form of Wa — WN of Eq. (5), one for each fa in 
Eq. (22). For a 1:2 or 2:1 complex this means 
merely multiplying the result of Eq. (5) by a factor 
2. More accurately, there will be a saturation ef
fect diminishing somewhat the resonance energy of 
an n: 1 complex, but this should not become impor
tant as long as Si ;

2 is sufficiently small compared 
with a? Repulsions between the different A's at
tached to a single B, or the B's attached to an A, 
may cause a further diminution. 

From the empirical fact that molecular com
pounds of the same 1:1 composition for which there 
may be evidence in solution often appear also as 
crystalline solids, it seems probable that charge-
transfer forces operate in more or less localized 
fashion in much the same way in such solids (which 
may also be regarded as n:n complexes, n exceed
ingly large) as in 1:1 or n: 1 complexes in vapor or 
solution. However, no attempt at a theoretical 
analysis will be made here. 

Another situation to which it seems probable 
that the present theory can in many cases be ex
tended is that of an electron acceptor or donor ad
sorbed on or reacting with a metal or solid, the lat
ter then acting as an electron donor or acceptor, 
respectively. 

III. The Benzene-Iodine and Related Loose 
Complexes 

The preceding discussion can be clarified by dis
cussion of the benzene-iodine complex. As Benesi 
and Hildebrand have shown,2 this has an intense 
characteristic absorption near X 2900. It will be 
convenient to begin by computing the / value for 
this absorption on the hypothesis that it is an 
intermolecular charge-transfer spectrum. 

If we assume the most compact;and most prob
able model,2d with the iodine molecule resting on 
the benzene molecule with its axis parallel to the 

plane of the benzene and its center on the sixfold 
axis of the benzene, then /UEN lies along the latter 
axis. Calling this the z axis, Eq. (20) becomes 

MEN = a*be(£v — «A) + (oo* — bb*)eS(zn — SAB) (24) 

Here benzene is the donor (B) and iodine the ac
ceptor (A),2 a - d and ZA and SB are evidently the z 
values of points on the z axis near the centers of the 
two molecules. Allowing for some compression by 
the attractive forces forming the complex, ZB — ZA 
may be estimated2"1 as 3.4 A. and zn — SAB as 1.7 A. 
The value of 5 is very uncertain, but 0.1 seems 
reasonable.20 

We next need values of a, a*, b and b*. That of 
b can be estimated to be roughly 0.17 from the di-
pole moment JUN of the benzene-iodine complex, as 
determined from Fairbrother's data.21 From this 
and the assumed value of 5 one obtains 

o = 0.97, o* = 0.99, b* = 0.27 

substituting in Eq. (22), one obtains 
MEN = (2.69 - 0.75) = 3.45 D 

The two terms 2.69 and 0.75 correspond, respec
tively, to the first and second terms in Eq. (24). 
From this value of /JEN, together with v = 3.36 X 
104,2a and using Eq. (21), one obtains / = 0.19. 
The observed value22-28 is 0.30. The agreement is 
satisfactory in view of uncertainties in both the theo
retical and observed values. 

The above b value of 0.17, giving b2 = 0.028, cor
responds to 2.8% of ionic character in state N. 

For further understanding, Fig. 1 has been constructed 
to indicate how the energies WK(R) and Wx(R) of states 
N and E may vary with the distance R between the centers 
of the benzene and iodine molecules, and how Wn(R) and 
Wn(R) may have arisen as the result of a resonance inter
action between states ^0 and \h of Eq. (2) with respective 
energies W0(R) and W1(R). The energy Wx( » ) = W*( » ) 
is taken as zero. Wo(R) corresponds to constant energy 
with decreasing J? down to 3.7 A., then a slight dip (dis
persion force attraction), then a pronounced rise (exchange 

(20) Note that S - 21A(I + 5«AB) " ' / ' S A B by Eq. (19). In ref. 2d, 
"an upper limit for reasonable estimates of SAB [there called S] appears 
to be about 0.1-0.2." 

(21) First the value /»N = 0.72 D is obtained by the method in
dicated in footnote 19 of ref. 2d, revised in accordance with ref. 2b 
to the basis that iodine in pure benzene is 70% completed. Now 
theoretically, if ^N is given by Eq. (1)—see also Eq. (15), (16)—we 
have ' 

MN = fifaMifoi do = O2MO + 62Ml + 2-I&M01 

But (M — 0, and using Eq. (19) for >»i, with 5B — JAB = 1(5B — ' A ) 
in accordance with the values of 5B — 2AB and 5B — 5A assumed above, 
and putting pi <* e(5B — 5A), we have 2p«i — Sm. Hence 

0.72 = MN = (b1 + abS)m = (6* - 0.16)w = 16.33(&J 

- 0.16) 
if we put o — 1 (nearly enough correct), S » 0.1, and in — «(5B — 5A) 
— 16.33 D, using the values of S and (5B — 5A) assumed in the text 
above. From this, t •• 0.17. However, mainly because of its strong 
dependence on the uncertain quantity S, this value of b cannot be con
sidered reliable. 

(22) An unpublished / value of 0.21 per mole of total Ii in benzene 
by Green and Rees, quoted by N. S. Bayliss (J. Chem. Phys., 18, 292 
(1950)) is probably the most reliable (see ref. 2, Table II , for summary 
of earlier data). Assuming that this / value comes only from the 70% 
of the Ii which is associated (c/. ref. 21), the / value for the completed 
molecules is 0.30. 

(23 ) The observed value'1 is measured in benzene solution, whereas 
the computed value is applicable to isolated molecules, as in a vapor. 
However, experience indicates that actually there may be little differ
ence between vapor and solution / values (c/. L. E. Jacobs and J. R. 
Piatt, J. Chtm, Phi)t., J«, 1137 (1948), inclndiog r«f«r«!ne« *« «*rtl«f 
work). 
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Fig. 1.—Some potential energy curves W(R) for the ben
zene-iodine complex as a function of the distance R be
tween the centers of the two molecules, assuming Model R 
described in Section III of the text. Close to the curve WE 
there should be a second curve coming also from A - + B + 

(see text). Additional curves (not drawn in) come from 
A * + B, A + B*. etc. 

repulsions). But at the smaller R values resonance be
tween \pn and ^i depresses Wa to become Ws and raises Wi 
to become Wn. This interaction is expected now to in
crease rapidly with decreasing R because of increase of 
Hm* and, to a lesser extent, decrease of Wi — W0, in Eq. 
(5). Figure 1 was drawn by first sketching in Wo on the 
basis of qualitative considerations, then Wi using roughly 
quantitative considerations now to be detailed, then draw
ing Ws and W-E on the basis of the expectations just out
lined." 

The Wi curve was based on the following: (1) For R = 
03, the energy is higher for A - + B + than for A + B (see 
Fig. 1) by the amount 

/ gve r t _ jgAvert 

JBvert and EA"ert are the ionization energy of the benzene 
molecule and the electron affinity of the iodine molecule, 
for vertical processes. For benzene, IB is 9.24 e.v., and 
7B T " ' must be practically the same.26 For iodine, .BA.1"5", 
which should be considerably less than E\, has been estim
ated as 1.8 e.v.26 (2) As A~ and B + approach, Wi(R) 
drops because of the Coulomb attraction energy ei/R 
until perhaps R = 3.4 A. (3) At sufficiently small R 
values, covalent binding between the odd electron on J j -

and that on Bz + should lower the energy somewhat further26 

(perhaps 0.3-0.5 e.v.), but also, (4), exchange repulsions 
set in between the closed shells of electrons in the two 
molecules, and finally predominate, causing Wi(R) to rise 
again. Wi(R) in Fig. 1 for R < 3.3 A. has been drawn in 
qualitative agreement with considerations (3) and (4).26 

One expects some modification in the magnitudes of 
effects (1) and (2) if the molecules approach not in the vapor 
state, but in solution. A quantitative treatment would 
require an elaborate analysis, but for a non-ionizing medium 
of low dielectric constant, a rough consideration indicates 
that the modifications required may not be large. They 
have been ignored in constructing Fig. 1, which is intended 
only to be illustrative. A further correction, also ignored, 
would allow for the fact that the positive and negative 
charges on Bz+ and I 2

- , respectively, are not concentrated 
at the centers of the two molecule-ions. 

(24) The heat of association of Bz-Is is about 1.4 kcal. as determined 
by Cromwell and Scott2b from equilibrium data in solution. 

(25) See discussion of models beginning four paragraphs below for 
some further details. 

(26) See Ref. 2d, footnote 25. Actually, the value 1.2 e.v. was used 
so as to raise curve Wi in Fig. 1 to fit the observed VSE- Without 
changing £A v e r t from 1.8 e.v., a similar adjustment could have been 
made fay assuming a greater exchange repulsion (larger effect 4) for Wi 
tfean for Wt, ttitff!»yt»!»!e to the lars-ff «>«e of Ii - in *i than of Ii in ^t, 

By the Franck-Condon principle, the peak frequency 
VNE of the N —• E absorption should correspond closely to 
WE — Wfi measured vertically up at the R value (assumed 
in Fig. 1 to be 3.4 A.) of the minimum of curve Ws. Curve 
W-E in Fig. 1 was adjusted to make VNE agree with the 
observed value of 33,600 cm. -1 (4.17 e.v.). This was done 
using items (l)-(4) stated above for curve WL, except that 
/Avert w a s taken as 1.2 e.v.26; Ws at 3.4 A. was taken 
0.15 e.v. above Wi." The minor numerical adjustments 
made here are not unreasonable. This and the satisfactory 
agreement noted above between observed and computed j 
values give considerable support to the essential validity of 
the present theory in explaining the X 2900 absorption. 

A brief consideration of the expected complete absorption 
spectrum of BzT2 is now in order. In general for a complex 
A B this should include: (a) absorption characteristic of 
A and B; (b) several charge-transfer spectra, corresponding 
to various excited states of B + and A - . At the right of 
Fig. 1 (R = co), energy levels are shown for the two lowest 
spectroscopically important excited states of I2 + Bz. 
In the free molecules, these give rise to absorption near 
X 5200 (I2) and near X 2600 (Bz).2 In the complex, ab
sorption occurs2 with a maximum near X 5000. The slight 
shift from X 5200 for free I2 to X 5000 for I2 in the complex 
tells us that the distance between the W(R) curves drawn 
from A + B, i.e., Ws, and from A* + B (not shown in 
Fig. 1) increases by about 0.1 e.v. in going from R = = 
to R " 3.4 A., and means that A* + B has slightly less 
tendency to form a complex than A + B. Location of an 
additional absorption by Bz-I2 near X 2600 corresponding to 
X 2600 of benzene would be of considerable interest.28 

Thus far, the resting model, R (see second paragraph of 
this Section) has been assumed. Arguments for this will 
now be given, also some necessary details about the elec
tronic structures of Bz+ and I 2

- . First, axes * and y may 
be taken in the benzene plane as indicated in Fig. 2, with 
2 up from this plane. Next, it is necessary to notice cer
tain sub-types of model R: namely R1 and Ry, with iodine 
axis parallel to * or y axis, respectively, both with sym
metry C2v; and intermediate models with symmetry C2. 
These sub-types probably differ very little in energy and 
spectroscopic properties, even in methylated benzenes (c/. 
p. 604 of ref. 2d). 

2.78 A. 

-2.40 A.-

Fig. 2.—Benzene ir MO's and their species classifications 
under perturbing field of symmetry C2v with xz and yz as 
symmetry planes. The black and white circles indicate 
2pz carbon AO's which are, respectively, positive or negative 
on the positive-z side of the Bz plane, and of opposite sign 
on the opposite side. The sizes of the circles indicate 
magnitudes of the coefficients of the AO's. 

The arguments for model R are as follows.29 (1) It is 
the most compact model, thus permitting maximum Coulomb 

(27) By second-order perturbation theory, if VSE, and b of Eq. 
(X), are known, then the vertical frequency vti can be computed; fur
ther, the energy intervals WE — Wx and Wt — Ws should be nearly 
equal [c/. Eq. (4), (5), (7), (10) ]. The result given in the text was ob
tained in this way. 

(28) This transition appears to have been found in recent work in 
this Laboratory; see J. S. Ham, J. R. Piatt and H. M. McConnell, 
/ . Chem. Phys., 19, 1301 (1951). In ref. 2d, the writer at first at
tributed the X 2900 absorption to modified X 2600 absorption by the Bz 
in the complex, but then in a "Note added in Proof" suggested a 
charge-transfer process as a possible alternative.1* Bayliss (c/. J. 
Chem. Phys., 18, 292 (1950)) attributed it to a modification of the in
tense Ii absorption near X 2000 by action of the solvent. 

(29) See also ref. 2d, noting, however, that some of the arguments 
for model R (there called Model I) under the ajiumption that X 2900 
1» * U% absorption are fisvr no longer valid, 
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2.67A. 

a.i (T4 b i TTu a i 5Tu a 2 ir« b 2 Tr8 b2 cru 

(a + V ) (£ + J') (f + t') « - I') ff - f ) (i? - u') 
Fig. 3.—Semi-schematic drawing of forms of outer shell iodine (I2 or I2

-) MO's under perturbing field of symmetry C»T for 
Rx model of Bz-I2, with xz and yz as symmetry planes. Shaded and unshaded volumes in the orbitals indicate positive and 
negative regions, respectively. Inner nodes are omitted. The characterizations in parentheses correspond to Eq. (25). 

attraction energy in Wi. (2) ^0 is the totally symmetrical 
singlet (1Ai) type, and (see Section II, sixth and eighth 
paragraphs) 4>i has to be of the same type. For model R, 
this condition can be satisfied using ground-state Bz+ 

and I 2
- . 

The lowest ionization potential of Bz involves removal of 
an electron from a ?r MO. There are three of these in Bz, 
each occupied by two electrons. Their forms may be ap
proximated by suitable linear combinations (see Fig. 2) 
of carbon atom 2p, AO's. The MO's 6i and 62 in Fig. 2 
are of equal ionization energy (9.24 volts, the minimum 
ionization potential of Bz) in free benzene, while a\ is less 
easily ionized. (The notation assumes model R1 or Ry.) 
Removal of one electron from the b\ or J2 MO gives, respec
tively, a 2Bi or a 2B2 state of Bz+. 

The six outer shell MO's of I4 or I 2
- , in the forms they 

should assume in model Ry, may be approximated 
(normalization factors are omitted)50 as 

aiffg « rj + T ) ' ; a2iTg « £ — 

= & 
(25) 

Here {, y, f refer to 5p iodine atoms AO's with their axes, 
respectively, parallel to *, y and z and their positive ends 
suitably chosen (see Fig. 3). For each MO in (25), the 
first symbol gives the classification under the C2T symmetry 
of model Ry of Bz-I2, the second that for the isolated iodine 
molecule (D<»h symmetry).81 In the latter, the two xu 
forms are.equal in energy, as are also the two x, forms. 

The iodine molecule in its ground state has two electrons 
in each of the MO's of Fig. 3 except the strongly antibonding 
S2(Tu, which is empty.31 In the ground state of I 2

- , the odd 
electron goes into the 62<ru MO, giving a 2B2 state.82 The 
required 1Ai state of Bz + - I 2

- to serve as ^i for model Ry 
can be obtained if and only if the Bz+ is also in its 2B2 
state.80'33'34 It will be noted further that this combination 

(30) For model Rx, the labels 61 and 61 in Eq. (25) and Fig. 3 and 
the axes x and y in Fig. 3 would be exchanged, and the ground state of 
Ii ~ would be of species 1Bi. This combined with 'Bi of Bz + would 
then give $1. The weak Bz +-Is ~ bond in ^i for the Rx model would be 
between a 61 electron of Bz + and a 6i»u of Ii ". " 

(31) See ref. 2d, Section I I . 
(32) In addition, Ia" must have five low-energy unstable excited 

states, some of which are of possible interest for B z + - I s - resonance 
structures. Each is obtained by putting two electrons into teru and 
taking one electron out of one of the other five MO's of Eq. (25). 
For each of models Rx and Ry,s0 the Bz + - I s " bond in ^i should be ap
preciably stabilized by some admixture" of structures involving two of 
these excited Is~ states. 

(33) This combination also gives a 'Ai state. Further, the 1Bi state 
of Bz + combined with the 8Bi ground state of I s " gives a 'As and a 
1Ai state. All these states must give W(R) curves with the same 
asymptote as PF-E of Fig. 1, but lying somewhat above the latter (not 
shown in Fig. 1). 

(34) For model Ry, Ia" in its lowest excited state, which is of type 
1Bs with the odd electron in bsflg, can also interact with 'Bs of Bz+ 0 
give a second acceptable in. Further, excited I s" of the type 'Bi with 
the odd electron in bi*n can interact with 1Bi of Bs + to give a third 

permits favorable overlapping between the odd electrons in 
the Bz+ J2 MO and the I 2

- J2 MO, to form the indicated 
weak Bz+-I2- bond.30-32 

Several additional models for Bz-I2 will now be 
examined to see why they are less probable than 
model R. They are also of interest because analo
gous models may be set up for Bz-Ag+ (see Section 
VI) and other Bz complexes, with relative stabilities 
depending on the electronic s tructure and the ge
ometry of the acceptor involved. They or their 
analogs are of further interest as possible activated 
states or reaction intermediates for substi tution re
actions.35 

Model E, the edgewise model, has the I2 axis par
allel to the Bz sixfold axis bu t located alongside 
one edge (model Ex) or corner (Ey) of the Bz ring. 
The symmetry is C2v in either case For models E 
just as for Models R, a \pi satisfying the symmetry 
requirements can be obtained from ground-state 
B z + and I 2

- . However, the B z + and I 2
- charge 

centers are a little farther apar t now (especially for 
Ey), making Wi — W0 somewhat larger, so t h a t 
Models E should probably be somewhat less stable 
than Model R (c/. Eq. 5). 

In bo th of models Rx and Ex , the I2 axis lies in the 
xz plane of Fig. 2, bu t parallel or perpendicular to 
the xy plane in R and E, respectively. A third 
model (or range of models) with the I2 axis still in 
the xz plane, bu t inclined to the xy plane, is inter
mediate between models E 1 and Rx.30 This oblique 
model Ox has symmetry C3. I t seems likely t ha t 
models Rx and E x both correspond to distinct en
ergy minima (with tha t of Rx the lower) relative to 
moderate deformations (except rotations of R x to 
Ry). If so, model Ox would correspond to a mild 
energy maximum between these two minima. In 
contrast to the case of Bz-I2, the analogs of models R 
and E for B z A g + (Section VI) probably correspond 
to energy maxima, with minimum energy for the 
analog of Model Ox. Model Oy , intermediate be
tween Ry and E y may be important for substi tu
tion reactions (see later paper3 6 a) . Two further 
acceptable \pi. No doubt those higher-energy ^i's contribute appreci
ably to the complete resonance structure of ^ N . For model Rx , a simi
lar pair of eXcited ^i's exists. 

(35) The models here called R, L, E and A were called I, I I , I I I aed 
IV in ref. 2d. 

(35a) Probably in F r « , iVa<, Acad. Sei. 
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groups of models, with the iodine axis lying in the 
benzene plane, either pointing toward the center of 
the ring (Lx, Ly) or tangential to an edge or corner 
of the ring (Tx, Ty), are easily seen to be unfavor
able for steric and/or symmetry reasons. 

Finally, Model A, the axial model, with the I2 
axis coincident with the Bz sixfold axis and of 
symmetry Cev, deserves mention. Although at 
first sight attractive,20 this model does not satisfy 
the symmetry requirements for \fo unless excited I 2

-

(excitation energy perhaps 2.5 e.v.)a2 or excited Bz + 

(excitation energy perhaps 4 or 5 e.v.) is used. 
Further, the mean separation between the charge 
centers in Bz + and I 2

- is greater here than for any 
of Models R, O or E. Thus Model A must very 
probably be ruled out. 

Besides Bz-I2, numerous other related Ar-X2 and 
Ar-XY complexes have been studied, beginning 
with Ms-I2 (Ms = mesitylene).2"'*=-211 For Ms-I2 
the visible I2 absorption peak is at X 4900 and the 
charge-transfer peak at X 3330 as compared with 
X 5000 and X 2900, respectively, for Bz-I2; and the 
equilibrium constant of the complex is increased. 
All these facts are qualitatively in agreement with 
the theory in this paper. For Ms, IB is about 1.1 
e.v. less than for Bz;2 hence, other things 
being equal, curve W\ in Fig. 1 should be lower for 
Ms-I2 than for Bz-I2 by this amount. However, 
there are other changes: R should be smaller at 
equilibrium, curve WN should have a deeper mini
mum, and the distance of curve Wn above Wx 
should be increased. The last mentioned changes 
may well be the main reason why the shift in wave 
length of the ><NE absorption peak is less than the 
predicted shift (to X 4100) that one would obtain 
on the basis of the change in IB alone. Less easily 
understandable is the fact that the VNE intensity for 
MsI 2 is less than for BzI2, whereas Eq. (22) would 
tend86 to indicate the contrary. 
QThe spectroscopic and equilibrium constant data 
on other Ar-X2 and Ar-XY complexes,5 while ap
parently all in general agreement with the present 
theory, show a number of interesting features 
worthy of further systematic experimental study 
and theoretical analysis. I t seems probable that 
the geometrical arrangement corresponds to model 
R in all or most cases. The order of stability 
ICl > I2 > Br2 > Cl2 for Bz complexes20 is under
standable by charge-transfer theory except for 
Bz-ICl, which would be expected to resemble Bz-Br2 
in stability. This anomaly may perhaps be ex
plained by additional, dipole polarization, forces 
exerted by the ICl, lying in an O rather than an R 
position. 

The present conclusions differ from those tacitly 
adopted by other authors who, for complexes like 
Bz-I2, have indicated structures of partially B z I + I -

character87; for example, Dewar7 wrote BzI4 +I8 - . 
Polarization of this kind would be immediately ex
cluded by symmetry except for a model with the 
two iodine atoms in non-equivalent positions, and 
as we have seen above, these models for Bz-I2 seem 
improbable. Moreover, even in such a model, for 

(36) Mainly by reason of increased b in Eq. (1), corresponding to the 
greater stability of Ms. Ir 

(37) In particular, see F. Fpfrhrotfaer, NHurt, IM. »7 (1047J, 
J. Chtm. Sac., 10Bl (194S)-

example Model A, the present analysis indicates 
that the polarization effect would consist only 
in a somewhat unequal distribution of negative 
charge over the two iodine atoms in the minor 
B z + - I 2

- resonance component (^1), with only 
extremely slight (quadrupole-quadrupole) polari
zation in the main (Bz-I2) component.38 

If Bz-I2 could be dissolved in a sufficiently 
strongly ionizing medium, one might expect to ob
tain (BzI)+ plus I~, with predominantly Bz+-I 
structure in the positive ion.89 A related case is 
that of iodine dissolved in pyridine (Py), an ioniz
ing medium, where (PyI)+ ions are present,40 pre
sumably in equilibrium with undissociated PyI2 .41 

The structure of the (PyI)+ ions is doubtless pre
dominately Py + - I with the iodine attached to the 
nitrogen atom of the pyridine.42-48 With respect to 
predominant bond structure, this conclusion differs 
from that of previous authors, who speak of uniposi-
tive iodine in this and related compounds.40 

IV. Factors Determining Lewis Acid and Base 
Strengths. Molecular Compounds as Reaction 

Intermediates 
At this point it will be useful to draw some gen

eral conclusions from the discussion of Bz-I2 in 
Section III, particularly as to the factors determin
ing Lewis acid and base,44 or electron donor and 
acceptor,44 strengths. For this purpose, Fig. 1 may 
be taken as typical for any Lewis acid-base pair A, 
B in which A and B are weakly-interacting neutral 
molecules in totally-symmetrical singlet states. The 
dissociation constants of A-B for a given B with 
different A's, or for a given A with different B's, are 
the natural measures of Lewis acid or base 
strengths. However, it must be kept in mind44 

that the strength of a (Lewis) acid is not quite a 
(38) In Model A, in would be B z + - I j - just as in Model R. How

ever, this can be written as a combination of two structures Bi +-II -
and Bz +I "I, of which the latter would probably predominate in view 

of the weakness of the Bz +-I bond in the actual complex. 
(39) The alternative structure Br1I+ is disfavored not only by its 

no-bond character but also because for good resonance with Bz + -I , 
the I + would have to be in an excited singlet state. 

(40) R. A. Zingaro, C. A. VanderWerf and J. Kleinberg, THIS 
JOURNAL, 73, 88 (1951), and other references there cited. 

(41) Cf. ref. 2d, footnote 26d. 
(42) Ionization of Py may be effected either by removal of s i 

electron as for Bz, or of a lone-pair N atom electron, probably with 
nearly the same ionization energy. This gives a choice of two quite 
different »Vi for Py-Is, the one leading to a jr-type complex as in ben
zene, the other to an onium-type complex. The latter is favored by 
the fact that it permits more strongly localized binding in ^i(Py+-Ii""), 
and becomes strongly favored in an ionizing medium. 

(43) The structure Py +-I would be favored over Py1I+ for the same 
reasons" as Bz + -I over Bz,I+ in (BzI)+ , but even more strongly 
because the N + in the Py + should be able to form a fairly strong local
ized bond to iodine without disturbing the aromatic w structure. 

(44) G. N. Lewis, J. Franklin Inst., 228, 293 (1938). Lewis de
fined a basic molecule as "one that has an electron-pair that may 
enter the valence shell of another atom to consummate the electron-
pair bond," an acid molecule as "one which is capable of receiving 
such an electron-pair into the shell of one of its atoms." The present 
viewpoint as embodied in Eq. (1), emphasizing partial transfer of one 
electron from base to Lewis acid with accompanying (weak or strong) 
interatomic or intermolecular dative bond formation, essentially 
translates Lewis's definition into quantum-mechanical terms but also 
(almost automatically, because of the form of Eq. (I)) broadens its 
scope considerably, although in a way consistent with the spirit of 
Lewis's viewpoint. 

(45) For a valuable critical review on acids and bases, with con
siderable emphasis on terminology, see R. P. Bell, Quart. Rn. Chtm., 1, 
HS (1949). 
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unique absolute quantity, but depends appre
ciably on specific features of its interaction with the 
base with which it is paired. 

Since the dissociation constant of any complex 
A-B is determined to a large extent by its heat of 
formation, attention may be turned to this quan
tity, which in turn should usually depend mainly on 
the resonance energy as given by Eq. (5). 

If curve WD in Fig. 1 is fairly flat, IV1 — Wo de
pends mainly on the location of curve Wi. Clearly 
Wi is the lower, and so B the better base, the smaller 
is /Bv e r t ; and Wi is the lower and so A the better 
acid, the larger is £Avert. I B and EA are, respec
tively, properties of B and A alone, and are of ma
jor importance8M for base or acid strength. The 
somewhat different quantities /Bv e r t and £Avert> 
however, depend at least slightly on the equilib
rium configuration of the complex. 

For a given distance R between centers of A and 
B, the Coulomb energy in fa may depend consid
erably on the detailed charge distribution within B + 
and A~, and on the orientation of A to B. Thus if 
the charges are largely localized on two neighbor
ing atoms, as on the N and B atoms in R3B NR3 
(cf. Section V), the Coulomb energy is greater than 
e2/i?, whereas if the charges are widely dispersed as 
in Ar-Nt (Ar= aromatic, Nt = nitrated aromatic), 
it is less than e2/R. To a large extent these Coul
omb attractions, as well as the covalent bonding 
and the exchange repulsions between A - and B + , 
may be broken down into additive contributions to 
acid and base strengths; but, in part, specific fac
tors remain. Finally, all the energy effects associ
ated with curve W\ are affected by the properties of 
any medium in which the complex may be dissolved. 

The forms of the W0 and IVN curves may now be 
reconsidered more carefully. If A and/or B are 
"soft" molecules, curve Wo rises less steeply than 
if both are "hard" molecules, and curve W^ then 
tends to have a deeper minimum. Hence, "soft
ness" in A or B1 respectively, should tend to make it 
a better acid or base. Two special cases may be 
mentioned. If there is a general softness in curve 
Wo down to distances close to those of equilibrium 
in curve WN, we may have an exothermic complex 
with no activation energy. If there is a hardness 
in curve Wa at relatively large distances (for exam
ple as a result of steric hindrance) but this levels off 
or even relaxes at shorter distances, there may then 
be in curve WN an activation barrier followed by a 
more or less deep energy minimum. The complex 
may then be either exothermic or endothermic. 
Even if moderately endothermic, it may then exist 
in appreciable concentration in equilibrium with 
its dissociation products. If strongly endothermic, 
it may be important as an "activated" complex. 

In general, the many-dimensional surface which 
is the generalization of curve Wo of Fig. 1 does not 
rise indefinitely in all directions when various atoms 
or groups in A and B are brought closer together. 
Instead, there exist activation energies for various 
chemical reactions. However, complex-formation 
depresses part and probably most of the many-di
mensional surface Wn below Wo, and probably in
creasingly so as A and B are brought closer (increase 
of Hm*/(Wi - Wo) in Eq. (5)). This should lower 

the activation barriers for some if not all possible 
chemical reactions between A and B. Thus com
plex-formation (especially if the complex is fairly 
tightly bound) may often be the precursor of a 
chemical reaction—an idea earlier set forth clearly 
by Brackmann6 and doubtless others. Such a re
action may in many cases proceed so rapidly at or
dinary temperatures that the reversible complex is 
never isolated. 

As an example, it occurs to one that the observed 
benzene-halogen complexes may be intermediates 
in the halogenation of benzene.2 This could be true 
without implying that halogenation necessarily 
proceeds over an activation barrier in the direction 
of the particular coordinate R in Fig. 1. Rather, it 
could proceed over a quite different barrier or "ac
tivated complex." The point is that much or all of 
the W7N surface, including this other barrier, may be 
lower than it would be without existence of a Bz-X2 
complex. 

V. Compounds of the BX3NR3 Type 
In Section III and previously,2d several examples 

of loose molecular compounds between neutral 
closed-shell molecules have been discussed. As has 
already been indicated, the stable compounds BR3-
NR3 and the like can be understood in terms of the 
same general theoretical framework. However, 
there are important quantitative differences. Fig
ure 4, for BF3-NMe3 (Me = methyl), has been con
structed to aid in understanding these. It must 
be emphasized that Fig. 4 is largely schematic. 
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Fig. 4.—Schematic diagram of potential curves for the 
compound BFj-NMej as a function of the distance R be
tween the centers of the B and N atoms, with the remaining 
atoms so located at all R values as to minimize the energy 
for curve Ws. The diagram is largely qualitative. How
ever, the position of the level BFi + MeiN* is approxi
mately correct, where Me8N* represents the first excited 
singlet state of MeiN. 

The energy curves in Fig. 4 are all intended to correspond 
to an adjustment of the shapes and dimensions of the BF3 
and NRi groups at each value of the B-N distance R to 
be such as to minimize the energy of Ws, but not of the other 
W curves. This preserves the relationship of verticality 
between the other curves and Ws, as is needed for an analysis 
of the interactions of <Ao and <Ai to give I/TJ and ^E, and for a 
discussion of the absorption spectra of BFrNMe,. 
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An important point is that if BFa and NMe3 approach 
each other with their symmetry axes coincident, then the 
no-bond wave function ^0, and the dative structure F 3 B - -
N+Me3 formed from F 3 B - and N+Me3 in their respective 
ground states, are both totally symmetrical singlet states 
of the whole molecule. Thus ground-state F3B --N+Me3 
can serve as ^i. It appears altogether probable that as R 
decreases from co, the two molecules approach with their 
axes always in coincidence. Further, as R decreases, the 
B atom must move out of the F3 plane toward the N atom 
and the N atom also move toward the B atom, the tendency 
being to set up tetrahedral angles around both. This 
tendency would be fully realized in the equilibrium state 
of pure ipi, in which the charges and the covalent bond are 
largely localized on the B and F atoms. For pure 0̂> the 
equilibrium geometry would be quite different, with some 
electrostatic attraction between the boron and nitrogen 
atoms at larger R values, but strong repulsion between the 
two molecules if R gets at all small. The actual ground 
state is expected to have a wave function and an equilibrium 
geometrical arrangement which are compromises between 
those of ipi and ô • 

According to chemical experience, ^i predominates in 
Î N (i2 > a2 in Eq. (I)). This implies a crossing of the 
curves Wo and W\ as shown in Fig. 4, and a resultant 
excited state curve WE with a minimum at a large R 
value and a steep rise at smaller R. This should lead 
to a broad charge-transfer absorption spectrum in the 
ultraviolet.14 

Besides Wx and WE, Fig. 4 shows a W(R) curve (marked 
W*E) for an excited singlet state of BF3-NMe8 related to 
the first excited singlet state of NMe3. The latter, which 
gives rise to well-known absorption of NMe3 near X 2400, 
almost certainly corresponds to excitation of an electron 
from the lone pair of the nitrogen atom.48 This lone pair 
becomes a B - - N + bonding pair in the molecule BFj.NMe3, 
with a resultant increase in the binding energy of its elec
trons, so that the corresponding X 2400 absorption should 
shift strongly toward shorter wave lengths. The WE* 
curve in Fig. 4 has been drawn to be in qualitative agree
ment with this expectation. 

Ag+aq+e+Bt" 

f VERT 
Ag+aq rVER* 

1Bi 

(Bz^Ag)aq 

v(Bz,Ag+dq) 

Ag+(aq)+ 
Bz+ 

-O v ^ . • |Pol*n. IDehydrn. 
N ^ O ^ - i - i . - — - > — Ag+Oq-I-Bz, 

2.5 3.5 4 4.5 

R ( A . ) - * 

Fig. 5.—Predicted potential curves for the interaction of a 
benzene molecule with an Ag+ ion in aqueous silver nitrate 
solution, as a function of the distance R in the model des
cribed in the text (qualitative only). At the right, Ag+ aq. 
designates a hydrated Ag+ ion, while Bz indicates a benzene 
molecule surrounded by solution. Bz+ designates a benzene 
molecule ionized vertically, which in this case implies that 
the environing molecules are in the same positions and orien
tations as for curve N of the complex; and that the medium 
is only electronically polarized by the Bz+. 

(48) Cf. R. S. Mulliken, J. Chem. Phys., 3, S06 (193S). 

VI. The A g + Complexes 

Examples of a type of complex in which one par t 
ner is an a tom-ion are those formed3,4 by Ag + , act
ing as a Lewis acid, with ethylene, benzene, or re
lated compounds as bases. Here the partners are 
totally symmetrical singlet structures9 as before, 
and t i e theory of Section I I is applicable. S ta te 
i/'o has the no-bond structure (B, Ag + ) and fa the 
bonded structure B + -Ag . 

The A g + complexes occur both in aqueous solu
tions, as for example when benzene is dissolved a t 
low concentrations in aqueous AgNO3 , and in non
aqueous solutions, as when AgClO4 is dissolved in 
benzene. In the former case, the N O 3

- ions may 
be assumed to be completely dissociated from the 
ions of A g + or of Ag+-Bz. In the latter, the 
C l O 4

- ions presumably remain a t tached to the A g + 

or A g + B z ions, bu t in a relatively passive role. 
Let us consider the aqueous case, for which a 

schematic W(R) diagram is given in Fig. 5. This is 
similar to Fig. 1, except for the following points. 
(1) The electron affinity of the Lewis acid here is 
much larger because the acid is a positive ion, the 
electron affinity being now the ionization potential 
of the silver a tom. (2) But there is no e2/R a t
traction in s ta te ^ 1 or s tate E. (3) Allowance must 
be made for sizeable solvation and polarization ef
fects. 

In state ^o. as R decreases, we may imagine a Bz molecule 
to approach an Ag+aq ion. As the Bz penetrates the hydra
tion sphere surrounding the Ag+, the ^i curve may rise at 
first as water molecules are displaced, then fall somewhat 
as polarization of the Bz by the Ag+ becomes appreciable 
(cf. Fig. 5). The resulting complex, probably endothermic 
if it were pure ^0, perhaps becomes thermoneutral or exo
thermic by resonance with ^i giving ^N. 

To permit correct adjudication of the resonance of ^i 
with fa, curve W\ in Fig. 5 (labeled (Bz+-Ag)aq), is 
drawn for the situation that all the nuclei, including those 
of immediately neighboring water molecules, are for each 
R value located at the positions they assume for curve Wx 
of the actual complex. The position of curve W at R = « 
is determined using /BITOT' and SA^4. aq

vert- I B / * " is trie 
ordinary I of Bz minus slight corrections; JEAS+*!™' is the 
ordinary / of Ag (7.5 e.v.) minus a considerable correction 
(estimated as 2.9 e.v. in Fig. 5) corresponding to loss 
of hydration energy by, (a), displacement of some H2O 
by Bz; (b), diminished attraction or change to repulsion 
for the remaining H2O when Ag+ becomes Ag without change 
in positions of these H8O. At sufficiently small R, covalent 
bonding tends to lower Wi somewhat. Finally, resonance 
interaction with ^0 leads to the N and E curves of Fig. 5. 

Although Fig. 5 is only schematic, it is perhaps only fair 
to state that no intense ultraviolet charge-transfer spectrum, 
such as Fig. 5 would suggest, has yet been identified for 
Bz-Ag+. 

For Bz in aqueous AgNO3 solution, it is known that 2:1 
complexes Ag+BzAg+ are present in appreciable amounts 
in addition to the predominant 1:1 complexes.3'4 

A somewhat similar discussion could be given for the 
Bz-Ag+ClO1

- complex in benzene solution, with ClO1
-

more or less taking the place of the water in Ag+aq. 

A question of considerable interest for Bz-Ag+aq. 
and Bz-Ag + ClO 4

- is the location of the A g + with re
spect to the Bz ring. Previous writers3 ,4 have 
made the plausible suggestion t ha t the A g + lies 
above the middle of the ring on its symmetry axis 
(Model A of Section I I I ) . This, however, is prob
ably excluded b y symmetry considerations very 
similar to those for Model A of Bz-I8. Since fa is of 
type 1Ai, fa will give no resonance unless i t is also 
1A1, But since B z + has a nodal plane through the 
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symmetry axis (cf. Fig. 2 and Section III), an 
electronic state of Ag must be used which has a 
like plane. The lowest suitable state is a 2P or 2D 
state requiring about 4 e.v. excitation energy. This 
makes the energy of fa so high that resonance with 
^o is weakened (cf. Eq. (5)). 

Similar reasoning makes it improbable that the 
Ag+ ion lies alongside the Bz in the latter's plane 
(cf. Model E of Bz-I2)- For in this case a second 
nodal plane of the Bz+, in the ring plane (xy plane 
of Fig. 2) gives fa a nodal plane in this same loca
tion, making it incapable of resonance with ^0 
unless a 2P or 2D excited state of Ag is used in fa. 

However, if the Ag+ is pulled to one side from 
the Bz symmetry axis, toward the region between 
but somewhat above two carbon atoms of the ring 
(symmetry Cs—cf. Model Ox of Bz-I2), fairly 
strong resonance of fa with ^o may reasonably be 
expected.47 In this orientation, one of the two 
states of Bz + (cf. Fig. 2) can give with Ag a totally 
symmetrical singlet as required for fa.i% 

When the present work was presented at a recent 
meeting,49 this model was proposed on the basis of 
the preceding arguments. In the discussion fol
lowing, Professor R. E. Rundle stated that 
in unpublished work50 on the crystal structure of 
BzAgClO4 (white crystals out of benzene solution) 
he had located the Ag+ ions in exactly the position 
mentioned. In the crystal, each Ag+ is located in 
this way with respect to two Bz, and each Bz is simi
larly located with respect to two Ag+ . Such a crys
tal is of course not the same thing as a 1:1 complex, 
but (cf. also the last paragraphs of Section III), a 
preliminary consideration of the symmetry require
ments indicates that these may still operate mainly 
in a localized fashion to give approximately the 
same favored orientations (Model O) as for an iso
lated Bz-AgClO4. 

Recent papers of Andrews and Keefer4 show the 
following equilibrium constants K for 1:1 Ag+ com
plexes in aqueous AgNO3 solution: benzene, 2.4; 
toluene, 2.95; xylenes, 2.6-3.0; mesitylene, 1.8. 
The attainment of a maximum K for toluene and 
the xylenes and the low value for mesitylene would 
be difficult to understand if the Ag+ were located as 
in Model A on the symmetry axis of the aromatic 
ring. But if it is located as in Model O, the ob
served K values are at once intelligible as the result 
of a balance between (a), a tendency toward in
creasing basicity with increasing number of methyl 
groups, and, (b), steric hindrance by methyl groups 
to attainment by the Ag+ of one of its favored loca
tions between two carbon atoms. Space models 
indicate that steric hindrance may well somewhat 
destabilize the two locations next adjacent to a 
methyl group. This leaves six "good" locations for 
benzene, four for toluene, three for o-xylene, two 
for m-xylene and p-xylene, none for mesitylene. 

(47) The distance R between centers of Ag+ and Bz is larger in 
Model O than in Model A, but this is not of itself important here, in 
contrast to the case of Bz-Ij, where minimum R makes Wi lower be
cause of the Coulomb attraction between Bz+ and Ix'. 

(48) By similar reasoning, the most likely position for the Ag + 

in the Ag +-ethylene complex' is directly above the center of the ethyl
ene, on the twofold axis perpendicular to the plane of the latter. 

(49) Reference 1. 
(50) Now published: R. E. Rundle and J. H. Goring, THIS JOURNAL, 

Tl, £337 (1950). 

The reasoning just given is reinforced by the con
trasting behavior of the halogen-aromatic com
plexes: their stability increases steadily from ben
zene to toluene to the xylenes to mesitylene. This 
is readily understood in terms of Model R for 
the Ar-I2 complex, where space models indicate no 
appreciable steric hindrance for any of the methyl-
substituted benzenes.2d 

VII. Further Examples and Further Discus
sion of the Interaction Strengths of Lewis Acids 

and Bases 

The theory given in Section II is applicable to a 
wide variety of chemical entities A-B. In Section 
II, it was restricted to cases in which A 
and B are even-electron, closed-shell molecules, 
ions, or atoms.9 A preliminary discussion of the 
factors governing the strengths of A and B as 
Lewis acids and bases has been given in Section IV. 
In Sections III , V and VI, examples of particular 
types of molecular complexes or compounds have 
been considered. The present Section is devoted 
to a generalization of the discussion, including the 
application of the theory of Section II to the case 
that A and B are odd electron entities, and to the 
case that they are identical. First, the closed-shell 
A and B types will be reviewed. 

Two important classes of neutral-molecule bases 
are the weak n bases (unsaturated or aromatic hy
drocarbons or amines, etc.), and the often strong n 
(or onium) bases (NR3, ORj, etc.).61 For ir bases, 
the donated electron in the dative structure ^i ( B + -
A - ) of Eq. (1) comes from a more or less bonding 
MO; for « bases, from a non-bonding MO occupied 
in the original base by a lone pair of electrons. 
Some molecules, for example pyridine42 and acetone, 
have the possibility of functioning either as ir or as 
onium bases. 

Neutral-molecule Lewis acids or acceptors in
clude T acceptors (nitroaromatic compounds, ma-
leic anhydride, etc.), which combine especially with 
ir bases or donors to form loose complexes,62 and v 
(vacant-orbital) acceptors (BX3, BR3, AlX3, SnX4, 
etc.) which combine especially with n donors to 
form fairly stable compounds. 

They also include the halogens, which combine 
with either ir or n bases (cf. Section III and ref. 2d) 
to form loose complexes. Further, the hydrogen 
halides, although they are strong acids in the Br6n-
sted sense,46 act as weak Lewis acids rather like the 
halogens. The Lewis-acid character of the halo
gens and hydrogen halides is attributable to the 
incompletely satisfied electronegativity of their 
halogen atoms; and since the acquisition of a nega
tive charge by halogen can take place, characteris
tically, only concurrently with a pronounced loos
ening of the covalent binding, these and other simi
lar Lewis- acids,- s.g-.j -the -al-kyl- halides,- may-be 
called d (dissociative) acids. Their weak acidity 
can become strong only by dissociation (into either 

(51) This nomenclature is related to that of Dewar ("ir complexes") 
and to that currently used by J. R. Piatt and others in describing 
ultraviolet absorption spectra of unsaturated molecules ("ir-r transi
tions" and "n—K transitions"); M. Kasha, Faraday Society Discus
sions, 1950, No. 9, p. 14. 

(52) See e.g., J. Landauer and H. M. McConnell, T H I S JOURNAL, 74, 
in preu (1952). 
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atoms or ions; this will be analyzed further in a 
later paper368).58 

The acid strengths of T acids also are often at
tributable mainly to the presence of unsatisfied 
electronegative atoms. In v acids, the presence of 
incompletely satisfied electronegative atoms, while 
not essential (consider e.g., BMe3,—Me-methyl), 
greatly increases acid strength (as e.g., in BCl3). 
This is understandable from the fact that the chlo
rine atoms withdraw negative charge from the boron 
atom, and so must increase the electron affinity E 
of the latter's vacant 2p orbital, thus increasing 
acid strength (cf. Section IV). However, halogen 
and similar atoms in BX3 also at the same time feed 
some negative charge into the vacant orbital by a 
familiar resonance effect, thus tending to decrease 
its E; but apparently the net effect is usually to 
increase acid strength.64 

Ionic (i) bases include X - , C N - , OH - , etc. 
Atomic or ionic (i) Lewis acids include O, Ag+, Li+ , 
H +. (In the case of the O atom, an excited singlet 
state must be used.) Ionic acids or bases are nec
essarily accompanied by partner ions of opposite 
sign, which being themselves bases or acids, tend 
to neutralize the acids or bases which they accom
pany. This tendency is largely avoided only in 
ionizing media where after solvation of both ions 
the neutralizing partner is ionized away, or in the 
case that the partner ion (e.g., K + , a very weak 
Lewis acid, or CIO4,"" a very weak base44) is of large 
size and low charge. 

As already suggested, it is possible to regard odd-
electron systems A' (e.g., Cl, CN, OH, NH2, C2H5) 
and B ' (e.g., H, Na, NO, NO2) as Lewis acids and 
bases for which the theory of Section II is applic
able. (Primes are used here for odd-electron acids 
and bases to distinguish them from the more usual 
even-electron ones denoted by A and B.) The ' 'com
plexes" A ' B ' are now usually stable compounds. 
The theory of the structure' and charge-transfer 
spectra of such compounds is the same as for the 
complexes A-B, provided fa in Eq. (1) is taken to re
fer to a pure ionic structure (A')~(B') + and fa to a 
pure covalent structure A' — B'. 

However, even this modification of the previous 
treatment can be avoided ifjthe basis of reference is 
shifted from the odd-electron entities A' and B ' to a 
pair of even-electron entities A and B such that A is 
(B ' ) + and B is (A') ~. For example, if B ' is Na or 
H and A' is Cl1 then A is N a + or H + and B is Cl~. 
In terms of such a choice of A and B, the entire dis
cussion in Section II is applicable, at least in its 
qualitative aspects. Just as in previous examples,65 

either ^0 or fa may predominate in the ground-state 
wave function ^ N of Eq. (1). For example, 
^o(Na+,Cl~) predominates in diatomic NaCl, 

(53) Actually, the functioning of the hydrogen halides and similar d 
acids as Lewis acids may be so weak as to be negligible, since ^i must 
be high in energy (ET , r t is probably negative for such molecules in 
loose complexes). It nevertheless makes sense to classify them as d 
acids in view of their behavior in strong solvents. See also R. Ferreira, 
J. Chem. Phys., 19, 794 (1951). 

(54) H. C. Brown (see ref. 57) attributes the decreasing order of acid 
strength BBn > BCIi > BFi to increasing resonance in this order; 
the anomalous weakness of B(OMe)i—much weaker than BMei— 
he attributes likewise to this type of resonance. 

(55) It jhould be noted that ionic binding now occurs in 4* instead 
of in *i. The case differs in this respect from that where A and B are 
neutral molecules. 

^i (H-Cl) in HCl. For the excited-state function 
^E , the relations are reversed. These simple dia
tomic examples illustrate how the (in general inter-
molecular) charge-transfer spectra N —> E of Sec
tion II become identical in special cases with the 
more familiar interatomic charge-transfer spectra 
(N —> V spectra).66 

Returning to complexes and compounds between 
neutral molecules, it may be recalled from Section 
IV that the strength of any Lewis acid-base inter
action is governed largely by the characteristics of 
the dative structure ^j(A --B + ) . Especially favor
able are low ionization energy I of B and close ap
proach between the centers of gravity of the charges 
on B + and A - . High vertical electron affinity E 
for A is also helpful. Close approach between B + 
and A - lowers the energy of fa both through in
creased Coulomb interaction and through strong 
covalent binding. Low energy of fa, as well as 
close approach per se, favor strong resonance of ^i 
with ^0-

In molecular compounds between n bases and 
v acids, conditions for close approach are especially 
favorable (see Sections IV, V). The relative bind
ing strengths of different compounds of this type 
should depend largely on the I and the approacha-
bility of the base, and on the E and the approacha-
bility of the acid. According to H. C. Brown,67 

base strength, for BX3, AlX3 and the like as refer
ence acids, decreases in each of the series NR3 > 
PR3 > AsR3 > SbR3; OR2 > SeR2 > TeR2. In 
each series I decreases in the order given, tending 
to increase base strength, but at the same time the 
size of the onium atom increases, decreasing its ap-
proachability and tending to decrease base strength. 
If the latter effect predominates, Brown's result can 
be understood. Brown's observation that base 
strength varies in the order NMe3 > NH3 > NF3 
is readily understandable because I is considerably 
less for NMe3 than for NH3,

68 and would be ex
pected to be less for NH3 than for NF3. (The ob
served diminished binding strength of compounds 
containing two bulky alkyl groups is of course also 
understandable, in terms of diminished approacha-
bility.) Likewise Brown's order of base strength 
NR3 > OR2 > ClR is understandable because I is 
smaller for NR3 than for OR2.

68 Further, Brown's 
order of acid strength BF3 > BH3 > BMe3 is under
standable because E would be expected to decrease 
in this order64 (see discussion in an earlier para
graph). I t is not clear, however, why AlMe3 
should be a stronger Lewis acid than BMe3 toward 
onium bases, as Brown reports. 

An interesting case is that of borine carbonyl 
OC-BH3, where a somewhat stable compound is 
formed in spite of the high I of CO (14.5 volts). 

(56) The case of charge-transfer spectra in molecules with homo-
polar bonds (Hj, CIH. , etc.)" corresponds to the special situation where 
A and B are identical (e/. Section VIII). For specific discussion of 
the states and spectra of diatomic molecules of the type here considered, 
see R. S. Mulliken, Phys. Rev., 50, 1017, 1028 (193B); 51, 310 (1937). 

(57) H. C. Brown, lecture at ONR-AEC-sponsored symposium at 
University of Chicago, Feb. 21-23, 1951; and numerous published 
papers, especially in TBIB JOURNAL. 

(58) See for example W. C. Price, Chem. Rets., 41, 257 (1947); 
A. D. Walsh, Quart. Rev. Chem., 2, 73 (1948). For example, HiO, 
12.7, (CiHi).O, 10.2; NHi, 10.8, (CHi).N, 9.4; HCl1 12.84, CiHiCl, 
10.89. For w bases, ethylene 10.50, propylene 9.70; butadiene 9.07; 
benieBt 9.34, telnnM 8.M: naphthalene 8,3. 
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Here apparently a very favorable approachability 
situation balances the high / in the ^1 resonance 
structure (OC)+-B-H3.69 

The present theory also gives a tempting explana
tion of the ease with which gaseous carbon monox
ide attacks solid ferrous metals. One may assume 
an initial attack involving strong development of a 
\pi resonance structure M - - (CO) + , where M indi
cates solid metal; the CO functions as an M base, 
the metal a s a v acid. On closer approach, the 
initial complex changes smoothly into a predomi
nant M = C = O structure, while additional CO 
molecules attack until the gaseous carbonyl is re
leased. But this is only speculative, and probably 
wrong. 

As compared with the n bases, the it bases are in 
general aided by low I values (10.50 for CjH4, 9.24 
for benzene, with considerably lower values58 for 
methylated or conjugated compounds or larger-ring 
aromatics), but are much more limited as to ap
proachability. Maximum approachability is to be 
expected between it bases and it acids, arranged (in 
the case of aromatics) with their planes parallel, so 
that the diffusely distributed positive charge in B + 

in ^x(B+-A ~) is as close as may be to the also dif
fusely distributed negative charge in A - . For the 
association of aromatic it bases Ar with v acids like 
BR3, the localized negative charge on the boron in 
B - R 3 in ^1(Ar+-B -R3) is at a disadvantage for ap
proach to the diffusely distributed positive charge 
in Ar+ . Taking Bz-BX8 as typical, there is an addi
tional handicap: a symmetrical location of the 
BX3 with its axis coincident with the Bz axis gives 
no resonance at all, for quantum-mechanical sym
metry reasons similar to those which disfavor a 
symmetrical structure for Bz-Ag+(cf. Section VI); 
while the unsymmetrical location required (as in 
Bz-Ag+) for resonance may be hampered (more 
than for Bz-Ag+) by steric interference between the 
X3 and Bz planes. The two unfavorable specific 
factors indicated may be adequate to explain why 
BX3 and AlX3 do not form complexes with aro
matic bases.60 On the other hand, pyridine,42 un
doubtedly acting as an n rather than as a it base, 
does form compounds with BX3. 

The iodine and other halogen molecules because 
of their simpler shape and the special nature of 
their electronic configuration should be more 
adaptable than BX3, and indeed they apparently 
act as Lewis acids both toward it bases (Section 
III) and toward n bases such as R2O and probably 
R2CO, with in each case a different but always 
a compact geometrical configuration satisfying 
the symmetry requirements of that case.2 The 
absence of known complexes of the halogens 
with certain bases is probably explainable by too 
great reactivity: interaction may pass rapidly 
through complex formation to irreversible chem
ical change. 

(59) W. Gordy, H. Ring and A. B. Burg, Phys. Rn., 78, 517 (1950), 
conclude that the no-bond structure contributes 40-50% to for, the 
structure (OC) +-(BHi) - about 30% (this includes the two structures 
O + - C-B -Ht and O - C + -B "Hi). 

(60) In the literature, it is sometimes indicated that molecular 
compounds Ar-BXt or Ar-AlXt do exist (see e.t. F. Briegleb, cited in 
footnote 26a of Ref. 2d), but according to H. C. Brown (see Brown, 
Pearsall and Eddy, THIS JOURNAL, 72, 5347 (1950)), this is not 
true. 

VIII. Self-complexes, Intermolecular Forces and 
Compressibility 

The limiting case where A and B are identical is 
of some interest. In this case, Eq. (1), (8) and (5) 
take11 the special forms 

to* = ato + Kto + to') + • • • (la) 
tos = <(to - to') + ••• I ,O3S 
to- = a* (to + to') - 6Vo + •••) ; ' 

w - w 2(goi ~ SWtf , 
w» = m - (W1 - w%) + • • • ( 5 a ) 

Here if \pi is A - - B + , ^1 ' is is A + - B - . Comparing 
Eq. (5a) with Eq. (5), and referring also to Eq. (6), 
it is seen that very appreciable charge-transfer 
forces tending to form complexes must exist be
tween like just as between unlike molecules. 
Empirically, however, it seems clear that these 
forces are generally weaker for like molecules. 
This may be understood by the fact that ordinarily 
if A is a strong Lewis acid, it is a weak base, and 
conversely. However, in some cases a strong base 
is at the same time a strong Lewis acid (e.g., metals, 
where I = E, and polycyclic aromatic hydrocar
bons), while in other cases (e.g., rare gases, Na. CH4) 
a weak base is at the same time a weak Lewis acid. 

The interaction of two Bz molecules may be considered 
as an example. One can approach this as the limiting 
case in a series MenBz-Bz(NOj)n' with n and n' decreasing 
to zero (MenBz = n-methylbenzene, Bz(NOs)n' = »'-
nitrobenzene). There is evidence62 that very weak com
plexes of the indicated type exist, e.g., for n = 0, »' = 3. 
One may surmise that in BzBz itself, the forces, while not 
negligible, are too weak to give appreciable concentrations 
of BzBz in the liquid at room temperature. To the extent 
that heats of formation are decisive, one might then suppose 
that these considerably exceed k T for larger values of n + 
»', but fall below kT for Bz-Bz itself. 

It may still be that in crystalline Bz, at least at low tem
perature, the charge-transfer forces are important in deter
mining how the molecules are stacked. Considering a 
single pair Bz-Bz, if the two molecules were stacked with 
their axes coincident and their planes parallel, the sym
metry would be Dth. In to and to' of Eq. (Ia), ground-
state Bz + and Bz ~ would be of types 2Ei and 8Et, respectively. 
Now although the proper combination of these (to + to') 
gives rise to a very considerable number of states of Bz-Bz, 
no one of these is of the species 1Ai8 required for resonance 
with to- Hence a different stacking of the two Bz mole
cules is indicated. It seems likely that an arrangement 
obtained by sliding one Bz about half a ring diameter over 
the other would give maximum resonance.61 

One thus sees that in pure liquids and molecular 
crystals, for example liquid benzene and crystalline 
benzene and naphthalene, charge-transfer forces 
should favor definite types of packing and definite 
orientations. They may thus afford an explanation 
of the way in which for example certain aromatic 
molecules are tilted at odd angles in their crystals. 

The possibility emerges that charge-transfer 
forces may often share with London's well-known 
dispersion forces in accounting for the familiar 
van der Waals cohesive forces between molecules, 
especially in systems containing more than one 
component. Charge-transfer forces share with 
dispersion forces the property of approximate addi-
tivity: the fact that one molecule is bound to an
other does not prevent a third from being attracted, 

(61) It may be relevant that in crystalline graphite, exactly this 
sort of a displacement between successive planes is observed. Since 
each graphite plane is essentially a giant aromatic molecule (here with 
/ — E), it seems possible that charge-transfer forces may be at least 
partially responsible. 



824 EUGENE C. KERR Vol. 74 

steric factors permitting. (See the discussion of 
n:\ complexes at the end of Section II.) Disper
sion-force attractions tend to be largest in orienta
tions bringing maximum polarizabilities into play, 
while the orientational properties of charge-trans
fer forces, as shown in Sections II and III, are gov
erned by considerations of quantum-mechanical 
symmetry of molecular wave functions. The two 
kinds of forces are thus different in this respect, 
and probably the sharpness of the orientational 
effect is stronger for the charge-transfer forces. 

From what has preceded, it appears likely that 
charge-transfer forces may often be of the same or
der of magnitude as dispersion forces. Perhaps 
dispersion forces usually predominate for interac
tions between like molecules, but charge-transfer 
forces often in solutions and other systems in 
which molecules of different kinds are present to
gether. Charge-transfer forces may well also be 
important in heterogeneous systems and in adsorp
tion phenomena, and may afford new possibilities 
for understanding intermolecular interactions in 
biological systems. Definite conclusions about 
these points must, however, wait upon further in
vestigations. 

The only previous determination of the molar 
volume of deuterium is that by Clusius and Barthol-
em£a who made eight measurements between 18.8 
and 20.50K. This report presents the results of 
molar volume measurements in the range 19.5 
to 24.5°K. for pure deuterium and for a 50:50 
atom per cent, mixture of deuterium and tritium. 

Apparatus and Procedure.—The apparatus used consisted 
essentially of (I) a calibrated gas pipet and constant volume 
manometer to measure the amount of gas added to the 
condensing system, (2) a mercury "pusher" to compress the 
gas into the condensing system, (3) a small volume line 
leading to the pycnometer and including a Wallace and Tier-
nan differential pressure gage for measuring the system pres
sure, and (4) the pycnometer proper. 

The pycnometer was connected to the filling line by a 
small glass capillary tube on which a fine mark was etched 
to define the liquid volume. The pycnometer volume to 
this mark was 0.06417 cm.8 and the capillary volume in the 
vicinity of the mark was 0.000360 cm. ' /mm. 

A double eompartmented dewar vessel containing liquid 
nitrogen and liquid hydrogen served as a cryostat for the 
apparatus. I t was attached by means of a sliding seal so 
tha t the liquid hydrogen bath level could be maintained at 
a constant level with respect to the fiduciary mark on the 
pycnometer. Various temperatures were attained by vary
ing the bath pressure up t o 30 lb. gage pressure by an auxil
iary pressure regulating device. Temperatures were meas
ured by a strain-free platinum resistance thermometer which 

(1) This paper is. based on work performed under University of Cali
fornia contract with the Atomic Energy Commission. 

(fc) K. Clusius and E. Bartholeme, Z. physik. Ckem., B30, 237 
(1935). 

Even if it should turn out that charge-transfer 
forces are relatively unimportant for one-compo
nent liquids and crystals not under strong internal 
or external pressure, the theory indicates that if in 
any way a substance is sufficiently compressed, 
the charge-transfer forces should increase rather 
rapidly. (See here also the discussion of "hard' 
and "soft" molecules in Section IV.) Such com
pression might perhaps be effected by internal ionic 
forces in the case of a partially ionic crystal, by un
usually strong dispersion or dipole forces, or by 
strong external pressure. The existence of charge-
transfer forces should in general contribute consid
erably—in an anisotropic manner because of their 
strong orientational properties—to compressibil
ities. Here it is relevant to recall the studies of 
Gibson and Loeffler61 who found marked shifts 
in the locations of the absorption spectra of aniline-
polynitrobenzene and similar solutions under pres
sures of 1000 atmospheres; these are spectra which 
are attributable to the presence of very loose charge-
transfer complexes.62 

(62) R. E. Gibson and O. H. Loeffler, THIS JOURNAL, 61, 2877 
(1939); 62, 1324 (1940). 

CHICAGO 37, ILLINOIS RECEIVED J U N E 11, 1951 

had been calibrated at the Bureau of Standards. Occa
sional temperature checks were made by comparing the re
sistance thermometer temperature with that obtained from 
the vapor pressure of the liquid hydrogen bath. 

Molar volume measurements were made by adding suc
cessive small amounts of gas (measured in the gas pipet) to 
the condensing system until liquid was condensed in the 
pycnometer up to the vicinity of the calibration mark. 
The system was allowed to equilibrate for about 30 minutes 
and then the meniscus level with respect to the mark was 
noted by means of a cathetometer, the resistance thermome
ter current and potential were measured on a White double 
potentiometer, and the bath and system pressures were 
observed. A plot of the condensing system pressure as a 
function of the volume (NTP) of gas added gave the usual 
sharp break at the ' 'dew point . ' ' The difference between the 
amount of gas required to fill the pycnometer with liquid to 
the calibration mark and that required to fill it with "dew-
poin t" gas was taken as the true amount of gas required to 
fill the liquid density bulb. 

The pycnometer volume was determined in the same 
manner except that pure hydrogen was used as a calibrating 
liquid, the data of Scott and Brickwedde8 being used to 
establish the volume. The "noxious volume" of the gas 
in the connecting lines was determined by independent meas
urements as a function of the bath temperature in order to 
compensate for the uncertain part of the volume just above 
the bath level which was in a severe temperature gradient 
region. 

The deuterium used contained 0.4 atom per cent, of pro-
tium as the only impurity determinable by the mass spec
trograph. The tritium was originally 99.7% pure, but, 
once the 50:50 mixture was made up, a gradual increase in 

(3) R. B. Scott and F. G. Brickwedde, / . Research NaIl. Bur. 
Standards, 19, 237 (1937). 
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Molar Volumes of Liquid Deuterium and of a 1:1 Mixture of Tritium and Deuterium, 
19.5 to 24.50K.1 

BY EUGENE C. KERR 

The molar volumes of liquid deuterium and of a 1:1 mixture of tritium and deuterium have been measured over a tempera
ture range 19.5 to 24.50K. The results deviate from fitted equations by about 0.2%. 


