
Woolley / Molecular Shapes 1073 

References and Notes 

(1) Part 127: H. Hpnig and N. L Allinger, J. Org. Chem., 42, 2330 (1977). 
(2) This work was supported by Grant AM 14042 from the National Institutes 

of Health. 
(3) Division of Organic Chemistry, University of Lund, Chemical Center, P.O. 

Box 740, S-220 07, Lund 7, Sweden. 
(4) There are in general two x-»i r* transitions at long wavelengths in a,Q-

unsaturated carbonyl compounds, which are usually comparable in intensity 
and too close together to be resolved. We will use the word "band" to mean 
the weighted average of these transitions. 

(5) H. H. Jaffe and M. Orchin, "Theory and Applications of Ultraviolet Spec
troscopy", Wiley, New York, N.Y., 1962. 

(6) L. F. Fieser and M. Fieser, "Steroids", Van Nostrand-Reinhold, Princeton, 
N.J., 1959, pp 15-21. 

(7) R. B. Woodward, J. Am. Chem. Soc, 63, 1123 (1941); 64, 76 (1942). 
(8) R. Parlser and R. G. Parr, J. Chem. Phys., 21, 767 (1953). 
(9) W. Hug and G. Wagniere, HeIv. ChIm. Acta., 54, 633 (1971). 

(10) R. S. Becker, K. Inuzuka, and J. King, J. Chem. Phys., 52, 5164 (1970). 
(11) T. Liljefors and N. L. Allinger, J. Am. Chem. Sac., 98, 2745 (1976). The 

molecular mechanics program used for this work (MMPI) will be made 
available through the Quantum Chemistry Program Exchange, University 

Introduction 
In recent years there has been a growing awareness of the 

limitations of the conventional Born-Oppenheimer approxi
mation in the analysis of chemical experiments: the inclusion 
of vibronic interactions is essential for a proper understanding 
of molecular properties deriving from the excited states of 
"large" molecules, as may be seen in the modern theory of 
radiationless transitions.1 At the same time similar difficulties 
have been identified in discussions of the reactions and spec
troscopy of "small" molecules: according to Faist and Levine,2 

"If a system existed which contained a multitude of curve-
crossings, the flow of electronic energy could be essentially 
unrestricted: in such a situation, one may expect a nearly sta
tistical electronic state product distribution". They cite the 
alkali dimer-halogen atom reactions 

M2 + X — MX + X* (1) 

as a class of reactions of this type. Another example is to be 
found in the analysis of the visible spectrum of NO2 under high 
resolution.3 Several writers have given theoretical discussions 
of the adiabatic hypothesis and the general features of potential 
energy surfaces, and have concluded that there must neces
sarily be regions of nuclear configuration space where the 
adiabatic hypothesis fails completely.4"6 The existence of 
branch-cut singularities in the potential energy surfaces of 
systems containing more than two atoms, and the related 
discontinuities in the electronic wave function, known since the 
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work of Teller,7 have recently been discussed again by Da
vidson.6 

The adiabatic separation of electronic and nuclear motion 
has always been regarded as a sine qua non of (quantum) 
chemistry, it being understood that due consideration of vi
bronic perturbations may be needed in order to obtain the 
correct physical or chemical interpretation of experiments. 
Textbooks of molecular quantum theory usually suggest that 
without the Born-Oppenheimer separation of electronic and 
nuclear motion it would not be possible to perform calculations 
of the quantum states of molecules, or understand their prop
erties; actually, however, it seems much more likely that the 
real motivation for the conventional methods of quantum 
chemistry arises from a powerful "felt need" to make contact 
with the classical idea of molecular structure. This feeling 
appears to be the main barrier hindering the development of 
"nonadiabatic" calculational procedures since it seems likely 
that nonadiabatic computations on small molecules, for ex
ample, the hydrides of the first-row elements, in which elec
trons and nuclei are treated on the same footing, are perfectly 
feasible.8 Although the accuracy obtainable now is not of 
spectroscopic quality, we can expect improvements as expe
rience is gained with such calculations. 

The quantum theory of molecular structure and the role of 
the Born-Oppenheimer approximation has been discussed in 
some detail in the recent literature:9-15 this paper is a contin
uation of this discussion in a chemical context, and argues that 
it will be essential in the future to try to understand an im-
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portant class of experiments in physical chemistry without 
reference to the notion of molecular structure (for examples 
of what this means in specific cases see ref 10 and 11). This 
radical idea is a consecuence of an analysis of the idea of mo
lecular structure from "first principles", which shows that if 
one starts from a description of a molecule as an isolated, dy
namical system consisting of the number of electrons and nuclei 
implied by the stoichiometric formula that interact via elec
tromagnetic forces,10 one cannot even calculate the most im
portant parameters in chemistry, namely, those that describe 
the molecular structure.16 This fact does not mean that "the 
quantum theory is wrong", nor does it deprive the idea of 
molecular structure of its general usefulness, for the key word 
in the above ab initio description is "isolated": it does mean that 
it is wrong to regard molecular structure as an intrinsic prop
erty of a molecule. The idea that molecular "shape" is not an 
invariable property of molecules is much more than a mere 
philosophical curiosity: it has the practical consequence of 
directing our attention to the need for a new motivation and 
interpretation for high-resolution experiments in terms con
sistent with quantum mechanics. As far as I can see this 
argument could only be invalidated by a demonstration that 
molecules, unlike atoms, can never be isolated sufficiently in 
experiments to warrant a discussion of their properties in terms 
of the true stationary states of an isolated molecular system. 
I suggest that isolation of a molecule is a real possibility in a 
dilute gas or molecular beam of a species of low molecular 
weight, and our description should be modified accordingly 
to take account of this feature of what is in effect, a novel state 
of matter distinct from the classical gas. There is a prima facie 
case that the current quantum chemical interpretations of some 
experiments in chemical physics are incomplete and at variance 
with the requirements of quantum mechanics.10-11 

Molecular Structure 
Those sciences that are concerned with the molecular aspects 

of the properties of matter, principally chemistry, but also 
molecular physics and biochemistry, are founded on the belief 
that all experiments involving molecules can be understood in 
terms of the relative dispositions of the constituent atoms in 
the molecules. This idea of molecular structure (or "molecular 
shape") has been fundamental to the development of our un
derstanding of the physicochemical properties of matter, and 
is now so familiar and deeply ingrained in our thinking that it 
is usually taken for granted—it is the central dogma of mo
lecular science, 

In classical chemistry a molecule is pictured as a collection 
of atoms held together by chemical bonds: the atoms in the 
molecule only have significance so to speak "within" the 
molecule, in relation to the other atoms. The "laws" that govern 
the spatial relationships between the atoms are the classical 
valency rules, for example, the requirement for a tetrahedral 
arrangement of atoms about four-coordinate carbon. It is, 
however, common today to regard a molecule as a collection 
of electrons and nuclei, and thus we are lead directly to consider 
what sort of understanding of the concept of molecular struc
ture can be achieved from the point of view of the quantum 
theory, since electrons and nuclei are governed by the laws of 
quantum mechanics, among which there is no reference to the 
notion of chemical structures. 

The quantum mechanical analysis of the idea of molecular 
structure that I sketch here is partly an attempt to make clear 
the fact that quantum theories of the physical and chemical 
properties of bulk matter could not have been developed to their 
present-day form without borrowing the notion of molecular 
structure from classical chemistry. One cannot therefore claim 
that the hitherto mysterious structural concept underlying 
chemical explanation is derivable from physical theory and 
therefore "explained" by quantum mechanics. We have to 

recognize a qualitative distinction between the methods used 
in the quantum mechanics of "small" and "large" aggregates 
of elementary particles, inasmuch that the theories of small 
systems do not pass smoothly into those appropriate to large 
ones; in short, we see, if we take the trouble to look, a real 
discontinuity expressed in the mathematics and in the physical 
concepts used to rationalize the experimental information 
obtained from these two types of system. 

The commonly accepted hierarchical classification of the 
microscopic description of matter puts atoms and nuclei in with 
the elementary particles per se, but recognizes that even the 
smallest molceule, (H2+), is conventionally treated by methods 
which are based on the Born-Oppenheimer approximation and 
the structural concept, and which can be extended through to 
solid-state physics and the electronic theory of matter in bulk. 
I shall argue that the natural criteria on which this division is 
based are (1) the accuracy with which measurements of energy 
can be made, and (2) the experimental circumstances that 
obtain, for example, dilute or dense matter, and that the con
ventional dividing line between atoms and molecules can no 
longer be drawn so sharply since there are now experiments 
on "small" molecules in the gas phase (laser spectroscopy, 
molecular beam studies, electron scattering, etc.) which are 
most naturally discussed in a framework analogous to that 
customarily employed in atomic physics without reference to 
the classical notion of molecular structure. On the other hand, 
for our understanding of classical chemistry and the ration
alization of the properties of liquids and solids, the notion of 
structure is the essential synthesizing concept that states the 
answer without knowing how to solve the (many-body) prob
lem. 

We ought to expect at the outset of a study of the quantum 
theory of molecular structure that some aspects of these two 
manifestly separate strands of thought will prove to be in
compatible, since prima facie there is no reason to suppose that 
the same basic ideas can provide a valid basis for the discussion 
of all molecular experiments. This is understandable if one 
recognizes that every physical and chemical concept is only 
defined with respect to a certain class of experiments, so that 
it is perfectly reasonable for different sets of concepts, although 
mutually incompatible, to be applicable to different experi
mental situations.17 

Quantum Description 
One can summarize the essential difference between clas

sical and quantum mechanical descriptions as follows. It is 
characteristic of classical theory, and of our ordinary thinking 
habits, that the results of experiments permit inferences about 
an "observed object", for example, a molecule, which exists 
separately and independently in the sense that it can consis
tently be said to "have" certain properties, whether or not it 
interacts with anything else such as an "observing apparatus", 
and this leads to a belief in intrinsic properties such as molec
ular weight and molecular structure. In quantum theory, 
however, one is faced with a description of experiments in terms 
of the properties of only those quantum states that are probed 
by the experiment under consideration; a different type of 
experiment may lead to information about other states of the 
"system" under study, but if one is not concerned with com
muting operators in these experiments one cannot "add" to the 
original information in the way one does classically. The es
sential meaning18 of the uncertainty principle is that the po
tential or actual separability of "observed object" and "ob
serving apparatus" cannot properly be carried out in any 
physical situation where quantum properties are impor
tant. 19 

The sweet bye and bye character of this remark should not 
cause too many difficulties in actual applications but perhaps 
it would be helpful to consider an example from elementary 
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physical chemistry. The fact that the classical and quantum 
theories of some physical system give the same answers does 
not imply that the system is to be understood in terms of a 
classical model; for example, the quantum theory of the ideal 
gas faithfully yields the usual results of the kinetic theory of 
gases,20 but one now has a description of the gas based on a 
wave function (state vector) and the uncertainty principle can 
be important. Many years ago Einstein studied the black-body 
radiation of a gas in thermal equilibrium with the radiation 
field in a cavity, and showed that the absorption and emission 
of radiation by the gas, which is a mechanism for thermal 
equilibration, must involve quantized transfers of energy and 
linear momentum if the emission spectrum of the gas is to 
conform to the Planck black-body law and the gas is to have 
a Maxwellian velocity distribution as implied by the theory of 
heat.2' This is a manifestation of quantum properties of both 
gas and radiation: the knowledge that the gas has a Maxwellian 
velocity distribution means that we have made a measurement 
of a thermal distribution of momentum eigenstates, so that the 
uncertainty in the position of the molecules emitting the ra
diation is very large. Einstein showed that provided the inter
action between gas and radiation involves photons of definite 
linear momentum, i.e., what we would now call momentum 
eigenstates of the radiation (plane waves), a Maxwellian ve
locity distribution persists; however, the solutions obtained 
from classical electrodynamics for an emitting system are 
spherical waves, corresponding to the emission of photons of 
definite angular momentum. In quantum theory this paradox 
is resolved by noting that spherical wave emission can only 
occur when the uncertainty in the position of the emitting 
system is much less than one wavelength of the emitted photon; 
on the other hand, when the uncertainty in the position of the 
emitting system is much greater than the photon wavelength, 
as, for example, in the momentum eigenstates of our gas, we 
can speak of recoil and plane wave emission occurs.22 These 
distinct and mutually exclusive possibilities are required by the 
uncertainty principle since the linear momentum operators of 
the gas (or of the radiation) do not commute with the position 
and angular momentum operators. In numerical terms the 
quantized momentum effect (recoil) is much smaller than the 
exchange of energy, but is essential if one is to formulate the 
correct interpretation of these particular experiments. Notice 
that what we say about the quantum states of one part of the 
experiment (e.g., the gas) is necessarily correlated with what 
we can say about the states of the other (the radiation); this 
is the meaning of "nonseparability".19 Very similar remarks 
apply to the famous discussion of the role of the uncertainty 
principle in the measurements of the position and momentum 
of an electron with the aid of Heisenberg's 7-ray microscope;22 

essentially two different, and mutually exclusive, sets of ap
paratus are required here since which of these measurements 
is actually made depends on whether the detector for the ra
diation scattered through the optical system of the microscope 
is placed in the image plane or in the focal plane of the mi
croscope.23 The accuracy with which these measurements are 
made then determines the uncertainty in the values of the 
conjugate variables according to the indeterminacy relations 
Ap1Aq1 £ h. 

In chemical discussions special relativity can be neglected 
and conservation of mass in a closed system is therefore 
guaranteed for all possible quantum states by a superselection 
rule that forbids absolutely quantum transitions between states 
of different total mass24 (Lavoisier's law of conservation of 
mass is a quantum law!); hence there are no difficulties about 
the idea of molecular weight as an invariable property. This 
is an exceptional circumstance and a discussion of the meaning 
of molecular structure in quantum mechanical terms must 
address itself to some such question as: can a molecular 
structure be associated consistently with the totality of ob

servable quantum states of a molecule, as implied by the central 
dogma, or only with a particular subset of the experimentally 
accessible states? 

The dynamical aspects of the quantum-mechanical de
scription of molecular phenomena are ultimately based on the 
time-dependent Schrodinger equation for the quantum state 
vectors. The "character" of these quantum states is partially 
determined by the boundary conditions that must be specified 
in order to complete the correspondence between Schrodinger's 
equation and the actual experimental setup; physical consid
erations also determine whether we must bear in mind the 
macroscopic.nature of the sample of matter, or simply focus 
on an "isolated" molecule. Perhaps it would be as well to dis
cuss this a little further since the division between "the quan
tum mechanical system" under investigation and "the 
boundary conditions" is not clear cut. Our initial guide in de
ciding what should be included in the specification of the dy
namical system, i.e., the Hamiltonian operator, is the recog
nition in physical phenomena of the existence of distinctive and 
widely varying time scales (with characteristic time constants 
r), since this allows an approximate separation of a "system" 
from much of its environment in the sense that significant 
energy exchange between the system and its environment can 
be assumed to take place over times much greater than r. the 
description of the environment is what we mean by the speci
fication of the boundary conditions. Consider first the situation 
with respect to the investigation of the chemical and physical 
properties of compounds in the liquid and solid phases and its 
quantum mechanical description: this covers most of the ex
perimental situations of classical bulk chemistry from which 
the concept of molecular structure originally emerged. We 
could regard the macroscopic sample of matter as an isolated 
quantum system with a fixed total energy but we would then 
have to solve the Schrodinger equation for a Hamiltonian op
erator describing the interactions among (of the order of) 
Avogadro's number of charged particles; on the other hand, 
the boundary conditions appropriate to a single molecule, re
garded as a mobile collection of interacting electrons and nu
clei, moving in a liquid or solid are far too complicated to 
specify in detail even at a phenomenological level. Both ap
parently insuperable problems are "solved" by the assumption 
of the molecular structure hypothesis which suggests that we 
can describe the situation in terms of a model time-indepen
dent Schrodinger equation for an individual molecule with 
a definite "structure". The form of quantum theory we are lead 
to is a many-body theory in which the electrons are treated in 
a fully quantum-mechanical fashion, whereas the nuclei are 
treated quasi-classically. We hold the nuclei at rest and cal
culate the electron distribution for the specified, fixed nuclear 
configuration; only after this calculation is performed would 
we consider the modifications required because of nuclear 
motion.16 This is the content of the Born-Oppenheimer 
argument.25 The process of holding the nuclei at rest can be 
thought of as formally arising from making the masses of the 
nuclei infinite, or equivalently, from the imposition of forces 
of constraint of infinite magnitude; these infinities are the 
origin of the discontinuities I referred to above as providing a 
qualitative distinction between "small" and "large" systems. 
In technical terms the Born-Oppenheimer separation of 
electronic and nuclear motion can be characterized as an as
ymptotic expansion about the essential singularity in the 
complete internal state wave function associated with the in
finite nuclear mass limit;12-15 in many respects it is analogous 
to the well-known quasi-classical (WKB) approximation in 
quantum mechanics which is associated with the singular limit 
offt — 0. 

The molecular structure hypothesis "solves" the macro
scopic many-body problem by identifying individual atoms or 
molecules as the 'quasi-particles' of the many-body system, i.e., 



1076 Journal of the American Chemical Society / 100:4 / February 15, 1978 

as those entities that interact with one another only relatively 
weakly.26 The crucial point, however, is that these atoms and 
molecules must not be thought of as being essentially the same 
as isolated individual atoms and molecules, for we are con
cerned with quantum states that reflect the influence of the 
many-body environment; among the new properties "created" 
by the many-body system are the size and shape of an indi
vidual atom or molecule. A central argument of this paper is 
that such terms have no meaning for the quantum stationary 
states of an isolated atom or molecule. This is entirely analo
gous to the situation in the electronic theory of condensed 
matter where we identify "electrons" as the quasi-particles that 
move almost independently of one another in an external field 
created by the fixed nuclei and all the electrons in the system; 
the electron here is much the same entity as the chemist's 
electron but has quite different properties from the isolated, 
"free" electron studied in high-energy physics experiments, 
for example, an apparent (effective) mass ^ we and a finite 
lifetime. We are thus lead to a description of condensed matter 
in terms of individual atoms that are located at definite posi
tions and interact with one another mainly through their 
"electron clouds", and we can conclude that a molecular 
structure description in terms of atomic positions can be given 
a quantum-theoretical form at a quasi-classical (asymptotic) 
level of approximation. 

Essen has given arguments based on the virial theorem to 
show how the classical idea of molecular structure can be as
sociated with the low-lying states of a many-body system with 
Coulombic interactions; these arguments also rest on asymp
totic analysis and are not valid for the eigenstates of molecules 
in the sense that the "molecular structure representation" is 
not unitarily related to the representation of eigenstates in 
inertial reference frames.9"12 The emergence of an approxi
mate classical picture in a quantum theory requires a change 
in the interpretation of configuration space. The classical bond 
model of a molecular describes the relative dispositions of 
atoms in our ordinary three-dimensional physical space, which 
is fully equivalent to the configuration space used in classical 
mechanics; the analogue of configuration space in quantum 
theory is obtained from the coordinate representation of some 
abstract Hilbert space which is not trivially equivalent to or
dinary space. Indeed a theory of space needs to be based on the 
evolution in time of the interaction between microsystems, i.e., 
on the idea that the physical world is constituted by changing 
things. In quantum theory an atom or molecule in a stationary 
state has no extension in space or time, so that it makes no sense 
to talk about the size or shape of an atom or molecule in such 
a state.22 Molecular structure has thus to be associated with 
those intrinsically time-dependent quantum states for which 
the identification between classical and quantum configuration 
spaces can be made, since only then is it valid to relate notions 
of molecular structure to maxima in the molecular wave 
function in position representation; how this identification is 
to be made remains an unsolved problem which is usually 
glossed over. 

It is clear that a molecular structure description in the 
quantum theory of molecules is intimately connected with the 
Born-Oppenheimer separation of electronic and nuclear mo
tion, for only then can we talk about a potential energy surface 
and chemical bonds.27 A corollary of this statement is that 
molecular structure makes no appearance in a quantum 
treatment of molecules starting from first principles.15 We are 
thus dealing with a qualitative change in the theory which is 
expressed in the mathematics by a discontinuous approxima
tion, and one is bound to question whether invoking the 
structure hypothesis is always "the right thing to do", since this 
would imply that only intrinsically time-dependent quantum 
states of molecules are accessible in experiments. Consideration 
of very precise experiments on small molecules in dilute gases 

and molecular beams leads me to answer this question, and 
hence also the question posed in the title of this article, in the 
negative. It will try to explain why I should advocate a view 
completely at variance with the conventional chemical wisdom 
that such experiments can lead to ever more accurate deter
minations of molecular structures.28 

Until recently it was difficult to avoid the loss in energy 
resolution caused by molecular collisions and the Doppler ef
fect in gas-phase experiments such as elastic and inelastic 
scattering of light by small molecules, i.e., birefringence and 
optical spectroscopy in its various forms, in analogous scat
tering experiments involving light charged particles such as 
electrons and positrons, and in mixed scattering processes such 
as photoemission. The effects of these line broadening processes 
can, however, be largely avoided by using the molecular beam 
technique, and by taking advantage of the high power and di
rectional properties of laser radiation.29 Moreover, supersonic 
nozzle sources can produce beams of molecules in local thermal 
equilibrium at effective temperatures of a few degrees Kelvin 
or less.3 Thus in these experiments the resolution in energy of 
the molecular quantum states that can now be achieved is so 
fine as to suggest that high-resolution experiments on "small" 
molecules should be interpreted in terms of the stationary states 
of isolated molecules, i.e., the molecular eigenstates, just as 
we deal with atomic eigenstates in the analogous experiments 
involving atoms. Physically this is reasonable because the ex
perimental arrangement is such as to minimize intermolecular 
interactions, so that we can base our theory on the complete 
Hamiltonian for a single molecule (electrons -I- nuclei) with 
time-independent (constant energy) boundary conditions; 
naturally we now need no assumptions about fixed nuclei or 
structures. Experiments on molecules in electric fields such as 
electric deflection of molecular beams and field-induced optical 
anisotropy of gases can also be conveniently considered in this 
group of experiments since they are concerned with dilute 
gases, and we wish to interpret the experiments ultimately in 
terms of the molecular quantum states in the absence of the 
field, i.e., the field is regarded as a perturbation. I have pre
sented elsewhere10'11 an interpretation of these experiments 
using the molecular eigenstates; it may be noted here that the 
practical distinctions between "polar" and "nonpolar" gases 
can be derived from the molecular polarizability tensor without 
reference to a fictitious "dipole moment". 

It seems inevitable that experimental technique will continue 
to improve under the impact of new technologies, and hence 
a critical evaluation of the theoretical framework used for the 
discussion of these experiments seen desirable, even imperative, 
since quantum properties are so important as to invalidate the 
classical mode of description. We note in passing that many 
of the underlying ideas still used in chemical spectroscopy, for 
example, were developed in the years immediately following 
the First World War before the discovery of quantum me
chanics;10 if we look at the Born-Oppenheimer argument in 
this historical context we see that it can be understood as a 
plausible rationalization for already well-established classical 
procedures.25'30 

The quantum theory of atoms, which can serve as a proto
type for the theory of molecular stationary states,10 is well 
documented31 and need not be described in any detail here; 
three points deserve to be mentioned, however. The wave 
functions for the molecular stationary states must have the 
appropriate permutation symmetry (boson or fermion statis
tics) for all the electrons and for any groups of identical nuclei. 
Next, no finite isolated system of particles interacting via 
electromagnetic forces can distinguish between left- and 
right-handed parturbations, i.e., one must be able to choose 
a representation for the stationary states of atoms and mole
cules that is diagonal with respect to the space inversion 
(parity) operator. Finally, mechanical models disappeared 
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from atomic theory when the Bohr theory of the atom gave way 
to the quantum theory, and atomic physics is now a quantita
tive science based on the abstract framework of group theory 
in quantum mechanics.31'32 

It is characteristic of the molecular structure description that 
identical nuclei can be dynamically inequivalent; the definition 
of a molecular shape involves the selection of one or more 
reference configurations of the nuclei, for example, an "equi
librium configuration" for the nuclei can often be chosen un
ambiguously from chemical information or by specification 
of a potential energy surface, and this rigid arrangement of the 
nuclei defines the stereochemistry of the molecule. These as
sumptions can only be embodied in the mathematics as as
ymptotic approximations since they can be shown to be in
consistent with the general properties of quantum eigen
states.9-14 The parity conservation requirement shows dra
matically that molecular structure is a consequence of envi
ronmental perturbations rather than an intrinsic molecular 
property, for it implies that an isolated molecule in a stationary 
state cannot exhibit optical activity.33 One can imagine the 
following gedanken experiment: we start with a resolved isomer 
of a small optically active molecule in the gas phase and look 
at its optical activity; we then do everything possible to elimi
nate intermolecular interactions and increase the resolution 
in energy. Eventually this process of isolation may cause the 
optical activity to disappear abruptly when absorption is still 
measurable, signaling the observation of transitions between 
stationary states; this is not the familiar classical process of 
racemization. Alternatively we may find a negative result in 
this experiment: the inability to observe a stationary state of 
the smallest optically active molecule would imply that even 
at the greatest dilution attainable there is still correlation be
tween the individual molecules, and this would indicate 
something about the scale involved in the distinction between 
"small" and "large" molecules. A worthwhile experiment on 
these lines is probably possible now, for one can certainly 
prepare optically active isomers of small organic molecules (say 
<10 atoms) involving the isotopes of hydrogen, which cannot 
be resolved by classical techniques, using enzymatic synthetic 
procedures,34 and with great effort one could prepare optically 
active isomers containing only five atoms. Experimental work 
of this kind seems to be entirely lacking, and it can hardly be 
surprising that no detailed understanding of this broken 
symmetry10 phenomenon exists (but see ref 33). 

The emphasis on all of these general symmetries (permu
tation symmetry, rotational symmetry, parity) is only relevant 
when the stationary states are individually resolved. In liquids 
and solids one is always dealing with intrinsically time-de
pendent quantum states of (atoms) molecules that can be 
represented as superpositions of the (atomic) molecular 
eigenstates with time-dependent coefficients; such a super
position in general will exhibit a much lower symmetry than 
the individual eigenstates. Furthermore we know empirically 
that the energy separations of adjacent stationary states in 
molecules containing more than, say, ~10 atoms are so small 
that existing experimental methods cannot fully resolve the 
individual eigenstates;35 in this situation, which is equivalent 
to looking at a "small" molecule under low resolution, one is 
again concerned with a time-dependent quantum state for 
which a molecular structure description may be valid. 

These remarks refer to "nonrelativistic" (i.e., Galilean rel
ativistic) eigenstates: the "relativistic" and radiative corrections 
which cause additional shifts and term splittings may not be 
resolved in smaller molecules, and some aspects of "molecular 
structure" might be attributed to superpositions of these sub-
levels. We know very little about the factors that govern the 
characteristic spectral patterns of molecules. Let me give an 
example: it is perfectly conceivable that nonadiabatic, non
relativistic calculations on, say, NH3 (or any other small 

"inversion" system) would predict a pattern of degenerate 
states in place of the "inversion splitting" that dominates the 
electronic spectrum, and one would have to look to the Lamb 
shift and vacuum polarization effects for potential mechanisms 
to lift the degeneracies. The real origin of the observed split
tings is an important question which could and should soon be 
settled by nonadiabatic computations. The reader may object 
that degeneracies are connected with symmetry operators, and 
that the symmetries of the Hamiltonian of any molecule are 
only those connected with the improper Galilean group and 
the appropriate permutation groups.10 This is true as far as 
known, identifiable constants of the motion are concerned; 
however, similar remarks apply in classical mechanics, and we 
now know that general nonseparable dynamical systems gen
erate some trajectories that are confined to /-dimensional 
manifolds of the 2/-dimensional phase space (assuming that 
the system has/degrees of freedom), i.e., there are orbits that 
behave as though/constants of the motion existed. Such pe
riodic orbits provide the usual basis for quantization in semi-
classical mechanics, and arguably similar behavior can occur 
in quantum dynamics. 

The idea that a structural interpretation of a molecular ei-
genstate is meaningless has been generally ignored. It is ab
solutely characteristic of quantum phenomena that the re
finement of a molecular structure can only be taken so far by 
improving the resolution in energy, since the appearance of the 
individual molecular eigenstates causes, so to speak, the abrupt 
disappearance of the "structure" into thin air. Chemical 
spectroscopists still analyze their experiments using ideas de
rived from the historic old quantum theory; in my view the 
traditional theory of molecular models, which can be formally 
characterized as a quasi-classical (asymptotic) approximation, 
does not adequately reflect the quantum nature of some of the 
experimental measurements that are now possible. The mo
lecular models contain disposable parameters that describe the 
molecular structure to which the observations are to be fitted, 
and they continue to survive because one can always add extra 
terms to account for anomalies; thus there can apparently be 
good agreement between "theory" and "experiment". More
over, the quest for even more accurate determinations of po
tential energy surfaces and molecular structures for small 
molecules is a prime motivation for chemical spectroscopy and 
molecular beam experiments.36 These familiar asymptotic 
procedures based on potential energy surfaces may give ac
curate numerical results, but need not provide a valid basis for 
the interpretation of the physics (chemistry) of a high-reso
lution experiment because quasi-classical conditions may not 
obtain; it also appears to be true that in favorable cases tran
sition frequencies can now be measured to a greater accuracy 
than the theoretical accuracy of a Born-Oppenheimer type 
treatment.14 The quantum interpretation of molecular sta
tionary states suggests that the parameters of this conventional 
theory (bond lengths, spectroscopic constants, etc.) have no 
place in a general quantum mechanical description of those 
experiments that can reasonably be associated with the 
eigenstates of isolated molecules, since the physics (chemistry) 
must be derived from the properties of the eigenstates and not 
their asymptotic approximations. The belief in molecular 
structure as a universal attribute in molecular science is 
therefore a prejudice that is not securely founded in quantum 
theory. 

Concluding Remarks 

It has to be emphasized that as yet, in contrast to the recent 
dramatic improvement of the experimental situation,29 we have 
very little detailed theoretical information about the properties 
of molecular staionary states as compared with atomic theory, 
although some general statements can be derived from group 
theory. The theoretical study (analytical and computational) 
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of the stationary states of the molecular Hamiltonian is as 
challenging a problem as anything to be found in the currently 
active areas of research in quantum-mechanical theory; there 
can be little doubt that the quantum interpretation appropriate 
to these experiments on "small" molecules will be much more 
abstract than has been the case hitherto in chemistry. Although 
the abstract and counterintuitive nature of quantum descrip
tion as compared with the models of classical theory was rec
ognized soon after the discovery of quantum mechanics,19'22 

even the most physical aspects of the molecular sciences have 
remained relatively immune from the potentially far-reaching 
modifications required by the quantum theory of stationary 
states. One reason for this has been stated succinctly by 
Dyson:37 "The reason why new concepts in any branch of 
science are hard to grasp is always the same; contemporary 
scientists try to picture the new concept in terms of ideas which 
existed before." In the case at hand the previously existing 
dominant concept was molecular structure which had already 
been incorporated in the old quantum theory with spectacular 
success.38 Naturally I recognize that since much of the quan
tum theory appropriate here has yet to be worked out, exper
imentalists will regard this critique of molecular theory as 
being of little direct help to them; equally one hopes that these 
experiments are still performed to investigate primarily the 
properties of matter, which need not be the same as "the de
termination of very precise molecular structures", and without 
some agreement about the theoretical principles that will be 
useful in the last quarter of the 20th century, this area of 
physical chemistry may well find itself up a blind alley as its 
traditional molecular models become less and less relevant to 
comtemporary experiments. 
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