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Molecular quantum electrodynamics is the dynamics
of molecules interacting with the quantized electro-
magnetic field. It is the theory underlying a wide range
of phenomena such as ordinary absorption and emission
of light, optical activity, and Rayleigh and Raman
scattering, as well as a variety of nonlinear processes
that have become amenable to study since the devel-
opment of laser sources. Typical are harmonic gener-
ation, multiphoton absorption, hyper-Raman scattering,
coherent anti-Stokes Raman scattering, and laser-in-
duced optical activity. These processes provide new
information about molecular properties such as hy-
perpolarizabilities and symmetries of states. It has also
been recognized that the methods developed to treat
interactions of radiation with molecules are adaptable
in a natural way to the theory of intermolecular inter-
actions. In this framework the coupling between
molecules is mediated by virtual photons of the radia-
tion field.

Molecular quantum electrodynamics!™® brings to-
gether these two apparently separate areas of chemical
physics, with advantages in the treatment of each.
They include superior insight into the nature of the
electromagnetic field and its associated particles, the
photons, as a unifying viewpoint. In this Account we
describe the leading features of molecular quantum
electrodynamics, show how it is used to calculate both
radiation—molecule and molecule-molecule interactions,
and indicate its further range in problems beyond the
scope of the semiclassical method.

The Semiclassical Method

Optical and scattering processes in molecules usually
in the past have been treated by methods distinct from
those used for intermolecular forces, even though these
forces have long been known to be electromagnetic in
origin. The reason is that the widely used semiclassical
theory is confined to treating the molecular response
to a classical radiation field. That is, the radiation field
is supposed to be generated externally to the system
and imposed on the molecules. The molecules respond
to this fixed influence, and the effects are calculable.
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In quantum electrodynamics the radiation field and
molecules are treated as parts of a single system, each
part acting on, and responding to, the other. The total
energy contains molecule-molecule as well as mole-
cule-radiation terms. Only the former are distance-
dependent and so may be disentangled from the others.
The need to include the reaction of the matter on the
radiation field is also shown in phenomena such as
quantum beats (in coherent excitation of close levels),
photon polarization correlation in three-level cascades,
and antibunching of photons (nonclassical interval be-
tween sequential emission of photons), where agreement
with observation requires it.

The semiclassical theory is based on the interaction
of a classical electromagnetic field with a quantized
atomic or molecular system. The field is prescribed,
which means that it is taken to be generated by an
external apparatus of charges and currents which are
not specified and are not affected by the “target”
molecules. It does not appear in the Hamiltonian
which, for molecules in the presence of a field, is given
as the sum of molecular and interaction Hamiltonians
only

H = Hmol + Hint (1)

Energy is not conserved in a system so defined, because
energy flow in and out of the radiation field is not in-
cluded, although this does not cause difficulties in most
practical applications.

The radiation field is specified through the macro-
scopic electric and magnetic field vectors E and B.
Interactions with an electron depend on the Lorentz
force F

F=-eE+vXB) (2)

where v is the particle velocity. This force is added to
Coulombic forces acting on the electron to give the
complete Newton’s equations of motion. It should be
noted that the momentum canonically conjugate to the
particle displacement q is not the kinetic momentum
mq alone but becomes

p = mq - eA(q) (3)
where A is the vector potential of the electromagnetic
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field at the particle position. The electric and magnetic
field vectors are related to A by

=-A
B=curl A (4)

Use of the new conjugate momentum in the molecular
Hamiltonian enables the field-dependent part to be
separated as the familiar interaction term:

Hyy = —(e/m)p-A(q) + (e2/2m)A%(q) (5)

The semiclassical method is a good way of calculating
many important radiation-molecule processes. Its
failures, which can be dealt with to a limited extent only
in the neoclassical method,®” arise from neglect of
quantum character of the radiation field, without which
spontaneous emission, and the Lamb shift, to take just
two examples, cannot be calculated.

Quantization of the Electromagnetic Field

In quantum electrodynamics the molecules are cou-
pled to an electromagnetic field subject to quantum
conditions. The Hamiltonian for the field forms part
of the total Hamiltonian, and energy is conserved ove-
rall. The consequences of quantization are the intro-
duction of photons, the imposition of the uncertainty
principle restrictions on the field vectors, and the ex-
istence of electromagnetic zero-point energy. In the
passage to quantum mechanics through the Hamilto-
nian, the fundamental microscopic electric and mag-
netic fields, denoted hereafter by e and b, are again used
to introduce potentials, namely, the vector potential a,
as before, and the scalar potential ¢. The potentials
a and ¢ are not fully specified by the condition that
they give e and b by eq 6 but may be chosen in various

= -a - (1/cgrad ¢ (6)
b=curla

gauges, which are adapted to different applications.
The best gauge for molecule-radiation problems is the
Coulomb gauge, defined by div a = 0, because the scalar
potential ¢, though not zero, can be eliminated in favor
of the electrostatic interaction energy as used in the
construction of the molecular Hamiltonian. The total
Hamiltonian is the sum of terms for molecules, radia-
tion field, and an interaction between the two.

H= Hmol + Hrad + Hint (7)

In this sum the molecular term is the molecular Ham-
iltonian familiar in particles only quantum mechanics.
Thus in treating interaction with radiation, the mo-
lecular problem can be taken to be solved and the so-
lutions to be used as basis functions for a perturbation
treatment of the effect of the interaction.

For the field in the absence of matter, i.e., the free
field, the vector potential a satisfies the wave equation

(Vz - (1/c2):—;)a(r,t) =0 (8)

the plane wave solutions of which are
a(r,t) = a,eileret 9)

where a, is the amplitude, k the wave vector, and w =
ck the frequency. Since div a = 0, a, is transverse to

(6) Crisp, M. D.; Jaynes, E. T. Phys. Rev. 1969, 179, 1253.
(7) Nash, F. R.; Gordon, J. P. Phys. Rev. A 1975, 12, 2472.
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k and can be expressed as a linear combination of two
mutually orthogonal vectors e*’(k) and e*?(k), both
transverse to k, which describe the polarization prop-
erties of a and, through (6), also of the electric and
magnetic fields. The vector potential is then expressible
as an expansion over allowed modes (k,\)

a(r,t) = l‘Zx{e(k)(k)ak(k)ei(k-r—wt) - é(")(k)dk(")e‘i(k"‘“’“}
' (10)

where a;* are the amplitude coefficients and the bar
stands for the complex conjugate. The classical Ham-
iltonian for the free field can be constructed in the
conventional manner within the canonical formalism

2
H=2 f {(E) + c(curl a)2} &r
2 60

= ; £ (et + ) dor (11)

In (11), I(r,t) is the momentum canonically conjugate
to the vector potential a(r,t) and is

T(r,t) = ea(r,t) (12)

It is straightforward to show that the Hamiltonian (11)
can be expressed as

H = 2Vee?3 k%, Vg, ™ 13)
kA

where V is the volume of the box within which the
radiation is contained. By a change of variables, (13)
can be cast into (14), each term of which has the fa-
miliar structure of the Hamiltonian for the harmonic
oscillator

H gassical = EH (kM) = Vzg‘{Pk(A)z + ?q, M (14)

where as before w = ck and p, and g, have the dimen-
sions of momentum and displacement, respectively.
The Hamiltonian is that for the sum of independent
one-dimensional harmonic oscillators, one for each
mode (k,A). The key step is now taken. Following the
familiar quantization procedure for an oscillator, we get
the quantum Hamiltonian for the radiation field

H, = E{a‘”*(k)a"‘)(k) + Yolhck (15)

expressed in second quantized form, with a®f(k) and
a™(k) as creation and annihilation operators for mode
(k,\). An important consequence of field quantization
is that the energy of the ground state is not zero but
is 1/, hck. Though the fields fluctuate about zero
mean value, their squares have nonzero expectation
values, associated with the zero-point energy. The
vacuum fluctuations can affect the dynamics of the
electrons, with effects on spontaneous emission, Lamb
shift, and intermolecular interactions such as the fully
retarded Casimir-Polder potential.

The quantum states of the radiation field can be
specified by the number of quanta of excitation in each
of the modes. The quanta, with the properties of bo-
sons, can be considered as the field particles, namely
photons.

The Coupling of Molecules and Radiation

If the molecules and the field are not coupled, the
Hamiltonian is simply the sum of the molecular and
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radiation Hamiltonians. The Hamiltonian for a mo-
lecular assembly can be written, as usual

Hmol = %Hmol(g_) + KE"V(C() (16)

where
H,a(§) = Z(0Aam)p2(8) + V() (17)

and V({,{) is the electrostatic interaction energy be-
tween the molecules { and {. q,(¢{) and p,(¢{) are the
position and momentum operators of particle a of
molecule ¢ and V({) is the intramolecular potential
energy. The radiation Hamiltonian is given by (15).
The coupling between the molecules and the radiation
field is introduced by the substitution

p.Y = 0.0 - e,algu. ()

The Hamiltonian for the coupled system is

H= 2{221 [p.($) - e alq (] + V(()} +
¢ & ma
2
2 V() + 9"{‘:(E) + ¢2(curl a)z} d®r
<y 2 €
H = ?Hmol(g‘) + Hrad + Hint (18)
where

H = Z{(e/ma)pa(f)-a(qa(f)) +
%(e2/2ma)a2(qa(§)) + «er(m) (19)

In (19), the first two terms are field-dependent inter-
actions. The last term consists of Coulombic interac-
tions between the particles of { and { and is instanta-
neous, i.e., nonretarded. In electrodynamics all inter-
actions are retarded; any change at one center is prop-
agated to another by the radiation field at the speed of
light. It can be shown that the unretarded term V(¢{,{)
in (19) is cancelled out by a term in the field-dependent
interaction.

An advance of central importance for problems in
chemical physics has been the development of a form
of Hamiltonian in which the intermolecular electrostatic
terms are completely eliminated in favor of retarded
interactions. This is the Multipolar Hamiltonian, which
can be obtained from the minimal coupling Hamilto-
nian by a canonical transformation®1°

Hmult = e—iSI{mineiS (20)

with the generator S, in the electric dipole approxi-
mation, given by

S = 3 Zu(da®y) 1)
e

Here the vector potential is given its value at the mo-
lecular center. In (21) u(¢) is the electric dipole moment

(8) Power, E. A.; Zienau, S. Philos. Trans. R. Soc. London, Ser. A 1959,
251, 427.

(9) Power, E. A.; Thirunamachandran, T. Proc. R. Soc. London, 1980,
Ser. A 372, 265.

(10) Power, E. A.; Thirunamachandran, T. Am. J. Phys. 1978, 46, 370.
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Figure 1. Time-ordered diagram for spontaneous emission.

operator for molecule {. The resultant Hamiltonian is
of the form

Hmult = Z{%Zpaz(o + V(f)} +
¢ m q

2
2""{(E) + c2(curl a)2} d’r +
2 60

1 1
STHOTRY + 5T [pet0F d'r (22)

where II(r) is now given by the negative of the tran-
sverse component of the displacement vector d(r)

d(r) = ¢e(r) + p(r) (23)

The multipolar Hamiltonian has several important
features. The radiation part of H,,, contains d+ and
not et. The electrostatic interaction term has been
removed, leaving all intermolecular interactions to be
radiative, by the exchange of transverse photons. The
interactions are thus fully retarded. Use of the mul-
tipolar Hamiltonian leads to a striking simplification
in calculations, especially of intermolecular properties.

Spontaneous Emission

A free atom or molecule in an excited state decays by
emission of light, returning to the ground state. The
rate of this spontaneous emission was first deduced by
Einstein!! using energy balance arguments. His deriv-
ation did not bear on the question of the mechanism
of the emission. The term spontaneous is used not to
mean that the emission has no cause but that the cause
cannot be described in the frame of semiclassical elec-
trodynamics. The first complete treatment is due to
Dirac,!? who showed that the process stems from the
fluctuations of the quantized electromagnetic field in
the vacuum state. The fluctuations perturb electron
motions causing transitions and act on an excited state
to give downward transitions. The initial state of the
system is |E,,;0) where |E,,) is the molecular state and
|0) represents the vacuum state of the radiation field.
The final state is |Ey;1(k,\)) where the molecule has
dropped to its ground state and the field has an occu-
pation number of 1 in the mode (k,A\). The matrix
element for the overall process is found to be

Mg = (1(k,\);Eol-¢ 'u-d* (R)|E,;0)

1/2
=3 Qh:ie/ ei(k)(k)ﬂiOMe—ile (24)
0

Mfi

(11) Einstein, A. Z. Phys. 1917, 18, 121. An English translation is given
in: “Sources of Quantum Mechanics”; van der Waerden, B. L., Ed.;
Dover, 1967.

(12) Dirac, P. A. M..Proc. R. Soc. London, Ser. A 1927, 114, 243.
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Figure 2. Graphs for two-photon absorption.

The rate of spontaneous emission after averaging over
spatial directions and summing over polarizations is
3

3egmhc?

which is the Einstein A coefficient.

The matrix element (eq 24) for spontaneous emission
is connected with the time-ordered graph in Figure 1.
Time flows upward. The molecule (vertical line) makes
a transition from its state |E,,) to the ground state by
the interaction —¢;'u-d, with the emission of a free
photon of energy Ack = E,, — E;. Graphs have a general
application as an easy means of listing and calculating
matrix elements.

|”’0m|2 (25)

Two-Photon Absorption

The invention of lasers producing intense, coherent,
monochromatic light has led to the development of
multiphoton spectroscopy, including absorption, har-
monic generation, laser-induced resonance fluorescence,
and coherent anti-Stokes Raman scattering. The ex-
ample discussed in this section is two-photon absorption
from two beams. In most experiments one of the laser
frequencies is kept fixed and the other tunable. Let us
consider the transition |E,,) < |E,) via a two-photon
mechanism corresponding to the absorption of one
photon from each of the two beams (k,\) and (k’,\").
Energy is conserved overall:

E,, = hck + hck’ (26)

The matrix element for the process is of second order
and can be calculated with the aid of time-ordered
diagrams in Figure 2. The two graphs correspond to
the two possible time orderings. In graph a a (k,\)
photon is absorbed first and a (k’,\’) second. In graph
b the order is reversed. The energies of the interme-
diate states are E, + (n — 1)hck + n’hck’and E, + nhck
+ (n’— 1)hck’. Energy is not conserved in the inter-
mediate states which are referred to as virtual states.
The matrix element for two-photon absorption is

Mfi -

v2f o1 \1/2
0 0
27

where /™, the frequency-dependent transition polar-
izability, is given by

) = T ™0 N ™
(s 78 w,w =
v ’ r EI’O - hw E,.() - hw’

The total absorption rate for a randomly oriented sam-
ple can be expressed as

Quantum Electrodynamics 13

(I'y = N7I'B® (28)

where N is the number of absorbers, 7 the irradiant
energy density per unit frequency of the tunable beam,
I’ the irradiance of the fixed frequency beam, and the
molecular factor B? is given by

|
120%cey
Ba)\umo(w’w/)a)\umo(w’w/) + Cakumo(w’w/)du)\mo(w;wl))

(29)

9 (Aax)\’"o(w,w’)ézwmo(w,w’) +

In (29) the coefficients are
A =4lee>-1-|ed|?
= —Je-e’| + 4 - |ee’’ (30)
C = —Jee’’ -1+ 4|e-&’|?

By choosing different polarizations for the two beams,
it is possible to carry out a complete polarization study
and thus characterize fully the two-photon transi-
tion.!34

Similar considerations apply to two-photon emission,
which is the process inverse to two-photon absorption
from two beams. However, there is an important dif-
ference. The emitted photons k and k’ satisfy the en-
ergy conservation condition but are otherwise unres-
tricted. If there are no one-photon resonances, the
emission spectrum is broad and has little structure. If
there are one-photon resonances, then sequential
emission (two successive one-photon real emissions) is
likely to be the dominant process. Two-photon emis-
sion can be stimulated by irradiating the system with
monochromatic radiation at energy lower than the
molecular transition energy. In this case, the additional
contribution to the emission rate has the structure
similar to that of Einstein’s A coefficient for one-photon
spontaneous emission. The additional term is

I

mawmo(w,w’)&wmo(w,w’) (31)
€y

Harmonic Generation

An intense beam of light incident upon an assembly
of molecules induces polarization with frequency com-
ponents of multiples of the incident frequency. Har-
monics appear in the scattered radiation. Second
harmonic generation using crystals of KDP, potassium
dihydrogen phosphate, is a common laboratory method
for getting near-UV coherent radiation from a primary
laser source in the visible. Another example is the
generation of high harmonics of the 1.06-um CO, gas
laser.

The generation of the nth harmonic corresponds to
the absorption of n photons of frequency w and the
emission of one photon of frequency nw. When the
emission is in the forward direction, photon momentum
is conserved, the process is coherent, and the rate is
proportional to the square of the number of absorbers.
With randomly oriented molecules, generation of har-
monics of even order is forbidden and odd harmonics
allowed.!® As an example, we consider third harmonic
generation. The matrix element is of fourth order and

(13) Bredikhin, V. I.; Galanin, M. D.; Genkin, V. N. Sov. Phys.—Ups.
(Engl. Transl.) 1973, 16, 299.

(14) McClain, W. M. Acc. Chem. Res. 1974, 7, 129.

(15) Andrews, D. L. J. Phys. B. 1980, 13, 4091.
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Figure 3. (a) Typical graph for third harmonic generation. (b)
Typical graph for static electric field-induced second harmonic
generation.

can be found with the aid of time-ordered diagrams
(Figure 3). If the differences in refractive indices of
frequencies w and 3w are ignored and random orienta-
tion is assumed, the matrix element is position inde-
pendent and the total amplitude is N times the am-
plitude for scattering by a single molecule, N being the
number of scatterers. The third harmonic radiant in-
tensity is therefore proportional to N2, in contrast to
linear dependence for incoherent scattering. The fully
averaged expression for the intensity is

[ 81PgWRIN? \ 32)

16007\'2604C2 |e el |e € | ‘6)\)\;4;4!

where ), is the fourth rank hyperpolarizability tensor,
g9 is the degree of third-order coherence, and I is the
mean irradiance of the incident beam; e and e’ are the
polarizations of the incident and scattered beams.

It may be remarked that even harmonics which are
forbidden in randomly oriented samples can be made
allowed by applying a static electric field transverse to
the direction of the incident beam.161® The interaction
is now made up of two terms as in (33). The first term

Hy = éo‘lgn(f)-dl(R;) - ;M@’)-E(R;) (33)

in (33) represents the coupling to the radiation field and
the second to the static field. The matrix element for
second harmonic generation is of fourth order. A typ-
ical diagram is shown in Figure 3b where the horizontal
solid line represents coupling to the static field. The
radiant intensity shows quadratic dependence on the
static field strength as well as the irradiance of the
incident beam.

(16) Finn, R. S.; Wrad, J. F. Phys. Rev. Lett. 1971, 26, 285.

(17) Lam, Y. T.; Thirunamachandran, T. J. Chem. Phys. 1982, 77,
3810.

(18) Shelton, D. P.; Buckingham, A. D. Phys. Rev. A 1982, 26, 2787.

Accounts of Chemical Research

K\

.

A

(k, 2} (k,\)
Figure 4. Typical graph for the hyper-Raman effect.

Hyper-Raman Scattering

Hyper-Raman scattering is another three-photon
process. The scattered photon «’ is approximately twice
the incident frequency w. The mismatch |20 - ']
usually equals a vibrational or rotational frequency of
the molecule.’® Because the selection rules are different
from infrared and Raman spectra, hyper-Raman spec-
troscopy provides new molecular information.

The matrix element for hyper-Raman scattering as-
sociated with the vibrational transition |0,v) < [0,0) is
easily obtained with the aid of time-ordered graphs such
as in Figure 4. For the case where there are no near-
resonances, the vibrational energy differences in the
energy denominators can be neglected in comparison
with the electronic energy differences. This makes it
possible to effect closure over the vibrational manifold
of the intermediate electronic states, and the matrix
element can be written as

Mﬁ =

{ he V7
“l(;:"}) (R*ENV%n(n - 1)}1/%e/ e e xoulBijklx00)
(34)

where 3, is the j,k symmetric hyperpolarizability ten-
sor, n is the occupation number of the state of the in-
cident beam, and e and e’ are the polarizations of the
incident and scattered beams. By carrying out the
scattering experiment for different configurations, it is
possible to make a complete assignment of the sym-
metry properties of the transition.??!

Interactions between Molecules

The common way of dealing with the energy of in-
teraction between two molecules A and B is to work
from a Hamiltonian (eq 35) given as the sum

H=HA+HB+ VAB (35)

of the free-molecule terms H, and Hy and an inter-
molecular Coulombic interaction V5. The intermole-
cular coupling is between all the charges of molecule A
and all those of B. For neutral molecules, the leading
term in an expansion of V,y is the electrostatic coupling
of the molecular dipole moments. The interaction Vg
is electrostatic, meaning that the fields of force of
charges in A are felt at B instantaneously. When the
charges are moving, changes in their force fields prop-
agate likewise at infinite speed. Such influences how-
ever travel at the speed of light, so that the conventional

(19) Terhune, R. W.; Maker, P, D.; Savage, C. M. Phys. Rev. Lett.
1965, 14, 681.

(20) Andrews, D. L.; Thirunamachandran, T. J. Chem. Phys. 1978, 68,
2941.

(21) Andrews, D. L.; Harlow, M. J. Mol. Phys. 1983, 49, 937.
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Figure 5. Graphs for resonance transfer of excitation.

picture is less and less realistic the greater the separa-
tion. At short distances, say up to a few tens of na-
nometers, there is no difficulty, but errors begin to
appear at longer range.

A second unsatisfactory feature is that the underlying
physics of intermolecular coupling, which is that it is
electromagnetic in type, is not built in. Thus the role
of the radiation in “conveying” or mediating the mutual
influences is suppressed, and the formal affinity with
other radiation processes such as absorption and
emission goes unnoticed, with consequent loss of insight.
We illustrate with examples of the simplest type of
intermolecular coupling.

The Resonance Interaction

Resonant energy transfer between two identical
molecules, one initially excited

A*B < AB*

is of central importance in electronically excited crys-
tals. Following light absorption, excitation is trans-
ferred rapidly to other (identical) molecules to give an
exciton state, with delocalization over many centers.
The time-ordered graphs for the process are given in
Figure 5. They describe coupling by emission and
absorption of photons, i.e., coupling via the radiation
field. The molecular states are |E,) and |E,,) for ground
and excited, respectively. Here the emission and ab-
sorption steps involve virtual photons (p,A): all possible
photon wave vectors p, and polarizations A, are summed
over. The calculation gives an expression for the in-
teraction energy, valid at all distances R beyond the
touching distance.?

AE = uiO"(A)uj"O(B) Vii(k,R) (36)
where

1 A
VikR) = m((% - 3RR) X

(cos kR + kR sin kR) - (6;; - R.R)k’R? cos kR) (37)

In expressions 36 and 37, k is defined through Ack =
E, - E,, R means the unit vector R/|R|. The terms
within the brackets reduce in the near-zone (kR << 1)
to the well-known static dipole—dipole coupling

1 " .
A)u(B) - 3(u(A)-R)(u(B)-R 38
4T€0R3{u( )u(B) — 3(u(A)-R)(u(B)-R)} (38)
In the far zone (kR >> 1) the limiting behavior is given
by

AEfar

AEmes =

_ k2R? cos kR

o WAE) - WA RGE)R)

(39)

(22) McClone, R. R.; Power, E. A. Mathematika 1964, 11, 91.
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Important features of the far-zone interaction are that
the behavior with distance is as the inverse first power,
with modulation by cos kR, depending on the transition
frequency ck. A second feature is the angle depen-
dences in braces in (39), which shows that the coupling
is between the components of the dipole moments
transverse to R only, whereas in the near zone all dipole
components are coupled. This is an expression of the
fact that the mechanism is by photon emission and
absorption, involving only the transverse fields of em-
itter and absorber.

The complete interaction (36) with (37) is described
as including retardation, in as much as all effects of one
system on the other are propagated at the speed of light.
At small distances the propagation time or retardation
R/c is negligible small, and the behavior is that of static
dipoles; but at long distances the retardation is im-
portant and the behavior is that for signals conveyed
by radiation.

The Dispersion Interaction

The dispersion interaction is of great importance. It
is responsible for example for most of the binding en-
ergy in crystals formed from neutral molecules with
small or zero dipole moments. In its familiar form, for
the near zone, it shows the inverse sixth power depen-
dence on distance.

Molecular quantum electrodynamics allows the dis-
persion interaction to be treated in a straightforward
way and leads to formulae applicable to all separation
distances beyond overlap. A notable and important
result, which has been verified experimentally, is that
at the long-range limit the dispersion energy varies as

the inverse seventh power of the separation distance? %
(A)a(B
Agter = | 28Re )2 )o(B) (40)
6473¢,? R’
where the polarizability a(A) is

|2
a(A) = %2 E (41)

n n0

with summation over all excited states of A.

Typical graphs are (i)-(iii) in Figure 6, together with
others to complete the set of all time orderings for the
two-photon virtual exchanges. After carrying through
the technical steps already outlined, we arrive at a
general formula for the energy of interaction applicable
at all distances. For short distance we get the well-
known result

near 1 |”r0|2ws0|2
AE 247!'2602R6§Er0 + Ey 42

with summation over all excited molecular states.

Chiral Discrimination in the Dispersion
Interaction

In the interaction between chiral (optically active)
molecules the possibility exists of chiral discrimina-
tion.Z2 If A(R) and A(S) are the enantiomeric forms

(28) Casimir, H. B. G.; Polder, D. Phys. Rev. 1948, 73, 360.

(24) Mavroyannis, C.; Stephen, M. J. Mol. Phys. 1962, §, 629

(25) Craig, D. P.; Power, E. A. Int. J. Quantum Chem. 1969, 3, 903.

(26) Tabor, D.; Winterton, R. H. S. Proc. R. Soc. London, A 1969, 312,
435. :

(27) Craig, D. P.; Power, E. A.; Thirunamachandran, T. Proc. R. Soc.
London, A 1971, 322, 165.
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Figure 6. (i)-(iii) Typical graphs for dispersion interaction. (iv) Typical graph for dispersive chiral discrimination.

of a molecule A, the interactions A(R)-A(S) and
A(R)-A(R) are in general not equal. This fact, obvious
where there are close contacts between the molecules
in crystals or concentrated solutions, is less easily un-
derstood at longer range, beyond overlapping distance
of the van der Waals radii. A number of types of force
can contain chiral information and cause discrimination,
with contributions to the total interaction which vary
in relative importance over the range of separations.
The dispersion interaction already described, with all
interactions of the electric dipole type, does not dis-
criminate in leading order. The mixed electric-mag-
netic terms, with a typical graph in (iv) of Figure 6, give
small energy contributions that are different for R-R
and R-S pairs. The discriminating term AEg y; is

1 RrORs0

AEg p = (43)
M 127!'2602R6 T8 ErO + EsO
where R™ is the rotatory strength
R™® = Imu® m™® (44)

m being the magnetic dipole moment operator. The
dispersive discrimination varies as the inverse sixth
power of the distance. For chemically identical pairs

(28) Craig, D. P.; Mellor, D. P. Top. Curr. Chem. 1976, 63, 1.
(29) Craig, D. P. In “Optical Activity and Chiral Discrimination”;
Mason, S. F., Ed.; Reidel: Holland, 1978.

this form of discrimination stabilizes unlike chiral pairs
over like pairs.

Concluding Remarks

All radiation-molecule interactions can be treated by
the methods described, including complex scatterings
like CARS, and intermolecular problems such as radi-
ation-induced modifications to intermolecular interac-
tions.?*3!  The problems to which the methods are
adapted are those in which the particles, electrons, and
nuclei move slowly compared with the speed of light,
allowing neglect of relativity. This is realistic for at least
the outer electrons of atoms and molecules and for
nuclei generally. These are responsible for most of the
important phenomena in chemical physics.

Among the attractive features of the method are that
the procedures for making calculations are transparent,
being based on a graphical scheme enabling the re-
quired matrix elements to be enumerated and then
evaluated, simply and economically, especially when the
multipolar interaction is used.

The results found in molecular quantum electrody-
namics are correct in all known cases. The method can
be expected increasingly to be the scheme adopted to
deal with new phenomena discovered with further ex-
ploitation of lasers, involving complicated multiphoton
scattering, absorption, and emission steps.

(30) Thirunamachandran, T. Mol. Phys. 1980, 40, 393.
(31) Taylor, M. D.; Thirunamachandran, T. Mol. Phys, 1983, 49, 881.



