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Theory and simulation of optically induced line shifts in NMR

M.W. Evans '
Institute of Physical Chemistry, University of Zurich, Winterthurerstrasse 190, CH 8057 Zurich, Switzerland

Received 28 January 1991; in final form 1 July 1991

A theory and field applied computer simulation (FMD) is developed of magnetisation by a circularly polarised laser direcied
into the sample tube of a contemporary NMR spectrometer, a technique called “optical NMR™. The mechanism considered in
this paper involves a nonvanishing 1erm in the energy made up of the product AH = —~i(™B75) .. [T% B!’ of the conjugate prod-
uct /7% of the laser, B! the magnetic flux density of the permanent magnet, and the imaginary part of a rank three mediating
molecular property tensor, (™f75) .., @ transition magnetic/electric/electric hyperpolarisability called the “beta tensor”. The
beta tensor exists both in diamagnetics and paramagnetics, both chiral and achiral in structure, and is closely related to the
mediating tensor of the Faraday effect. The effect of the energy AH, is to split a conventional NMR spectrum into a much richer
pattern, governed by the beta tensor selection rules A/=0, 1, +2, AM=0, +1, £2, and by Landé coupling with the conven-
tional (nuclear spin) NMR Hamiltonian. The diagrammatic perturbation calculus and properties of beta close 1o optical reso-
nance are examined, the point group symmetries and selection rules of beta are tabulated for all molecular point groups, the FMD
simulation is initiated in water of the molecular dynamics and transient ensemble responses mediated by beta, and generalised
Langevin-Kielich functions are given of the beta mediated orientational response of the molecular ensemble. Suggesticns are

made for the expenimental development of optical NMR spectroscopy.

1. Introduction

The first theoretical indications of magnetisation
by circularly polarised lasers were given by Pershan
[1] in 1963. These were verified experimentally by
van der Ziel and co-workers [2,3] by measuring a
magnetisation of the order 0.01 A/m induced by a
pulse of giant ruby laser radiation of about 10" W/
m? peak intensity. The samples included paramag-
netic doped glasses at low temperature and room
temperature diamagnetic liquids with high Verdet
constants [4]. The magnetisation was identified as
the inverse Faraday effect (IFE), which has subse-
quently been developed by Atkins and Miller [5], us-
ing quantum field theory, and is described in text-
books by Atkins [6] and Shen [7]. It has been
recognised by van der Ziel and co-workers [2,3], by
Atkins and Miller [5], by Wozniak and co-workers
[8-11] and by Wagniére [[2] that the mediating
molecular property tensor [13] of the IFE is struc-
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turally very similar to its counterpart in the well
known Faraday effect [13], which is the rotation of
the plane of polarisation of a probe laser by the static
flux density, B! (in T). Remarkably, the original
experiments of van der Ziel and co-workers [2,3] ap-
pear 1o have remained the only ones recorded in the
literature on the [FE.

Recently, Evans [ 14-19] has developed the theory
of the IFE by making use of the mathematical relation

H;\:eijk ﬁ( (I)

between the rank two (/7)) and rank one (/74 ten-
sor representations of the conjugate product

04 =1(EEl—EE?) (2)

of a circularly polarised laser. Here ¢, is the rank
three totally antisymmetric unit tensor {the Levi-
Civita symbol [13]), and E; is the electric field
strength in V/m of the laser plane wave. The symbol
E7 denotes the complex conjugate of £;. The conju-
gate product in its rank two, polar tensor, represen-
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tation is therefore the antisymmetric part of the com-
plete tensor product E,E7. It is related [13] to the
rank one, axial vector /7;* through the purely mathe-
matical relation (1). (This kind of relation [13] is
very well known in, for example, the representation
of a vortex in hydrodynamics.) In its vector form,
the [aser conjugate productis [12,14-19]

IT*=E_ X Ef = —Ex X Ef =2iE3k (3)

where k& is a unit vector in the laser propagation axis
Z of the laboratory frame (X, Y, Z), and Ey is the
scalar amplitude of the electric field strength of the
laser. Note that the vector representation (3) is purely
imaginary and changes sign when switching the laser
from right (R) to left (L) circular polarisation. As a
consequence it vanishes when the laser is not circu-
larly polarised, and is maximal when the laser is fully
right or left circularly polarised. This 1s of key impor-
tance in the development of the technique called
“optical NMR™ in this paper. Other key properties of
IT* are that it changes sign at motion reversal (the
operator T) [19] and not at parity inversion P. This
is discussed carefully in ref. [19]. In consequence it
has the same fundamental symmetries as the mag-
netic flux density B and of the angular momentum J.
Since B is the basis of NMR and EPR and J is the
basis of much of the gquantum mechanical descrip-
tion of spectroscopy [6], the symmetry of /71* is po-
tentially of much practical interest [14-19].

This symmetry analysis of /7* has been used re-
cently by Evans [ 14-19] to predict the existence of
several interesting spectroscopic effects, including: the
optical Zeeman effect [14], where /7* plays the role
of B in the conventional Zeeman effect [13]; for-
ward-backward birefringence due to f7* [15], in
which I7* plays the role of B in the magneto-chiral
effect [20-24], also derived independently and co-
temporaneously by Wozniak and Zawodny [20] and
called by them ““magneto-spatial dispersion”. Poten-
tially the most useful of the /7*-induced effects is op-
tical NMR [16-~18] and optical ESR [19] in which
B of the parmanent magnet in conventional NMR
or ESR [25] is supplemented (i.e. not replaced) by
I7* of a circularly polarised laser directed into the
sample tube. The first optical NMR experiment has
been initiated by Warren et al. [26].

The first theory of optical NMR [17-19] relied on
the energy

] : U A N 0

AH::_fl(a_;k)mnij—lnr( )Bn( )

l; A N 0
=—'2'I(CZ’,-*),,,,,H,' ——)77,-( )B:( )1 (4)

consisting of the usual NMR energy, —m "N B9,
where m (™’ is the nuclear magnetic dipole moment,
and —ii(a?),..J1;. The quantity (a}),,, is a rank
one, axial vector representation of the imaginary part
of the transition electronic polarisability [13],
(atfi) ma» @ quantity we call the “alpha tensor’™

(a;’)mn :eijk(a};\‘)nm . (5 )

The alpha tensor is nonzero, however, only when
there is a net electronic angular momentum, for ex-
ample in atoms or paramagnetic molecules such as
nitric oxide [26], it is a purely imaginary quantity
[13], and has the same P and 7 symmetries as /7.
Its far from optical resonance order of magnitude can
be estimated from knowledge of the Verdet constant,
the Faraday 4 and Cterms [8] and the magnetic di-
pole moment to be [27] about 10~%?to 10~%' C*> m?
J=%in SI units. In consequence the nuclear magnetic
resonance frequency shift and extra spectral struc-
ture due to the part 3i(«f),.. /17 of the energy, eq.
(4), can be worked out [18,19] given this order of
magnitude for the alpha tensor and the magnetic flux
density B{®) of the permanent NMR magnet. The re-
sult is a shift in the NMR line and a broadening which
represents the unresolved spectral structure due to
magnetic transitions and Landé coupling between the
parts of the energy eq. (4) due to the laser and mag-
net. This is analogous in concept, but not of course in
detail, with the theory [6] of the anomalous Zeeman
effect, where there i1s Landé coupling between orbital
and spin angular momentum. In general, the extent
of'this broadening (or unresolved spectral detail ) de-
pends on both Bf® and 7%, i.e. on the nature of the
resonating nucleus and on the nature of the elec-
tronic property (a?),,.. [t 1s therefore expected to be
site selective, i.e. the extent of the broadening will de-
pend on the position of the nucleus and surrounding
clectrons in the molecule, and to give potentially use-
ful, perhaps unique, information on complex struc-
tures in solution, such as folded proteins [28-30].
The shift and broademing will affect the 2-D NMR
maps [28-30], changing the contours and overall
‘“geography’’ in an analytically useful way. The maps
will change in general with laser frequency as well as



M.W. Evans / Optically induced line shifts in NMR 3

laser intensity, because the alpha tensor is a spectral
quantity, which peaks near optical resonances [13],
and which has a well defined semi-classical structure
from perturbation calculus of the time dependent
Schrodinger equation [31], or from the matrix den-
sity formalism [32]. In general terms, therefore, an
optical NMR map is one in which the conventional
2-D NMR map is changed topologically by an ap-
plied circularly polarised laser, giving unique infor-
mation on the sample from a combination of elec-
tronic and nuclear properties. In the first instance,
such maps can be interpreted empirically, without
immediate recourse to theory.

In this paper, systematic development of the semi-
classical theory and field applied computer simula-
tion (FMD) of optical NMR is pursued without re-
striction to samples with a net electronic angular mo-
mentum. In section 2 the fundamental semi-classical
energy of this theory is given in terms of a mediating
molecular property tensor, (i ™f7%) .., the 1magi-
nary part of a transition magnetic/electric/electric
hyperpolarisability which is called the **beta tensor”.
This is P and T positive-and is therefore sustained in
chiral angd achiral molecular structures. It is also sus-

tained in both diamagnetic and paramagnetic mole-

cules, and its structure is closely similar to the me-
diating tensor of the Faraday effect [I13].
Importantly, therefore, optical NMR is potentially
applicable to all atoms and molecules, provided there
is a nucleus with a nonvanishing magnetic dipole
moment, as in conventional (laser-free} NMR. An
order of magnitude estimate of the beta tensor is
given, together with the expected broadening in Hz
of an NMR spectral line for a given laser intensity /
in W/m?2. In section 3 the selection rules associated
with beta are given for all molecular point groups for
several quantum numbers, including J, the total an-
gular momentum quantum number, M, the magnetic
quantum number, which is the projection of J on the
Z-axis, and for K, which is the projection of J on an
intramolecular symmetry axis. The selection rules are
developed in analogy with those governing the tran-
sition electric/electric/electric hyperpolarisability
tensor mediating hyper-Raman scattering [33,34],
and transitions between A levels govern the contri-
bution of {1 £7%5°),..., to the overall optical NMR spec-
trum. The selection rules for J and Af turn out to be

AJ=0, £1, 2,
AM=0, 1, £2, (6)

for the asymmetric top, leading to a much richer
spectrum in optical NMR than in conventional NMR,
where the nuclear M selection rule is

AM,=0, +1 (7)

In section 4, the perturbation calculus of
(1™B7%) ma 1s derived in semiclassical theory [13]
using the matrix density formalism [32], revealing a
rich close to optical resonance structure. This implies
that tuning the laser to a natural optical resonance
frequency of (™7}, of the sample will pro-
foundly affect the optical NMR spectrum, something
which is clearly of practical importance, because the
magnitude of beta increases near resonance by as
much as about two orders.

In section 5, the point group symmetries and non-
vanishing elements of beta in the molecule fixed frame
of reference (1, 2, 3) are tabulated for all molecular
point groups, in analogy with similar tables in the lit-
erature [ 35] for the closely related mediating tensors
of the Faraday effect and the IFE.

In section 6, a field applied molecular dynamics
(FMD) computer simulation is pursued using the
torque [36-40] set up between the induced transi-
tion magnetic dipole moment

(m ) = (B o I (8)

and the static magnetic flux density of the permanent
magnet. The effect of this torque 1s worked out clas-
sically in terms of orientational rise transients {35,36]
and time correlation functions in the statistically sta-
tionary state in the presence of both laser and mag-
net. This provides insight in the classical nature of
magnetisation by a circularly polarised laser as me-
diated by the tensor beta. This approach is roughly
analogous to the well known approach based on the
Bloch equations of conventional NMR, where the
torque is

T(NMR)=_m(N)xB(0)_ (9)

Simulation results are given in terms of a variety of
transients and correlation functions for liquid water.

In section 7, orientational functions akin 1o the
Langevin and Kielich [41] functions are given by
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thermodynamic averaging over the energy
AH, = — (1 "B pn T3 B, (10)

which is the nonvanishing part of the optical NMR
energy due to the combined effect of IT} and B{®' of
the laser and magnet, respectively. These are worked
out in terms of triple integrals over Euler angles, in-
tegrals which are evaluated by a combination of dou-
ble and single variable numerical quadrature.
Finally, the discussion is devoted to the experi-
mental aspects of the development of optical NMR
with conventional two-dimensional, pulse, and Four-
ier transform NMR spectrometers. A brief discus-
sion is given of the related technique of optical ESR.

2. The optical NMR interaction energy and order of
magnitude of the NMR broadening (Hz) for given
laser intensity 7 (W/m?)

In this paper attention is restricted specifically to
the energy

AHZ = _i(mﬂ:ﬁ’c)lnnHﬁRBl(O) _Ini(N)BI(O)
:—(i(mﬁ;'jl'zc)f»rlx /}'Z—}-’ni(N))BI(O)’ (11)

which describes the combined effect of a circularly
polarised laser propagating in the same (Z) axis as
the magnetic flux density vector, B{®?, of the perma-
nent magnet of an NMR spectrometer. In eqg. (l1),

"% 1s the tensor representation (see section 1) of the
conjugate product of the laser, (1 ™f7%%),,,, 1s the im-
aginary part of the rank three molecular property
transition tensor beta, m ™ is the nuclear magnetic
dipole moment. Appendix A gives some further de-
tails of how this energy was derived, and relates the
beta tensor to the mediating tensor of the Faraday
effect and IFE. It is instructive to note several prop-
erties of beta from a symmetry consideration of the
energy and from the properties of the closely related
mediating tensor of the Faraday effect [8].

The aorder of magnitude of the beta tensor far from
optical resonance is 1074 A m* V=2 [8], an esti-
mate which is based on the mediating tensor [11,41]
of the Faraday effect, whose order of magnitude can
be derived from literature Verdet constants of dia-
magnetics such as those listed in tables V and VII in
Wozniak et al. {8]. Near optical resonances [4]] (see

section 4) this may increase to about 10> Am* V-2
The various symmetry relations between the Faraday
effect mediating tensor, that of the 1FE and our beta
tensor are listed in ref. {41]. This order of magnitude
for the beta tensor immediately allows a rule of
thumb, practical estimate to be made of the magni-
tude of the extra energy term

AH| = —i(mﬁ:ﬁ'c)mn j}\Bl(O)
~ 104 |[T4B® | (12)

set up by the combined effect of laser and magnet.
The relation between the scalar electric field strength
amplitude (V/m) and the intensity / (W/m?) of the
laser is, in ST units

) (13)

o

1= %CfoE

where ¢, is the vacuum permittivity (8.854x 102
J7'C2m~") and ¢ the velocity of light (2.998 % 10?
m s~ '). Assuming that the flux density of the per-
manent magnet (B®) is of the order 10 T, and tak-
ing an order of magnitude of 10~*> A m* V2 for beta
leads to an energy in J from eq. (12) of the order

AH, ~—107%]7] . (14)

The equivalent frequency in Hz is this energy di-
vided by the Planck constant (6.626 x 1073 J s):

Afi=1.4x107"THz. (15)

Therefore, a laser intensity of 107 Wm~2 (i.e. IO W/
mm?) will cause a shift in an NMR line of the order
of 1.4 Hz from the rule of thumb estimate eq. (15),
a shift caused by transitions between M levels of the
induced and quantised transition magnetic dipole
moment. Note that if the circular polarity of the laser
is switched in such a way that the conjugate product
vector 1s changed from parallel to B'® to anti-paral-
lel, the shift will change direction from the high- to
the low-frequency side of the laser-off NMR reso-
nance line. If the laser is not circularly polarised, there
should be no effect. These basic considerations are
helpful in the removal or isolation of artifacts, due
for example to possible heating effects of the laser, or
from fluctuations in the laser intensity. This is exper-
imental work currently in progress by Warren et al.
[26]. Furthermore, if the laser intensity is increased,
the shift should be proportional to 7in W/m? for con-
stant B‘?Y and constant laser frequency (usually in
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the visible range). Thirdly, for constant I and B,
the shift should increase as the laser frequency is tuned
to an optical resonance of the sample. Finally, the nu-
clear and optical (i.e. electronic) resonances are
linked in general by Landé coupling [ 18]. The theory
of Landé coupling is developed in section 3 of this
paper, where selection rules are developed based on
the symmetry properties of (1™87% ) -

The rest of this paper is concerned with a quantum
and simplified classical treatment of the shift, and
with simulating classically the effect of the laser on
the ensembie molecular dynamics in liquid water.
This requires a knowledge of the nonvanishing ele-
ments of the beta tensor in all the molecular point
groups, (3ection 5), a knowledge of the slection rules
between M states allowed by beta, (section 3), and
Landé and dipole~dipole coupling between the elec-
tronic (laser induced ) and nuclear (magnetically in-
duced) parts of the interaction energy, eq. (11). It
also requires (section 4) a development of the inter-
nal quantum structure of beta. A classical field ap-
plied molecular dynamics (FMD) simulation (sec-
tion 6) of the effect of the laser on the molecular
dynamics is also reported.

Of basic importance to the understanding of opti-
cal NMR is that the conjugate product /74 of the laser
induces a quantised magnetic dipole moment, eq.
(8), in a diamagnetic or paramagnetic molecule or
chromophore. The energy is made up of the interac-
tion between (m "), and B of the permanent
magnet of the NMR spectrometer. Therefore optical
NMR works through the combined effect of the mag-
net and circularly polarised laser. For a molecule such
as water of C,, symmetry, for example, there are only
three independent elements (section 5) of beta in the
molecule frame (1, 2, 3). In this frame, the compo-
nents of the induced magnetic dipole moment can be
expressed directly in terms of / (W/m?) as

4€| V4 ( mﬂl{;g nm

(m(lnd))lllﬂ
(ceo)
i 4€7Z(mﬂi”§? nn
(m§md))nm_ .
(ceo)
. 4e (m'B"cc
m""d) = 3Z 312 mn 16
(m§ne)) =T ) (16)

where e, e, and e, are unit vectors in the direction of

the axes 1, 2 and 3 showing that the induced mag-
netic dipole moment is directly proportional to the
intensity of the circularly polarised laser. Note that
the induced magnetic dipole moment depends on
elements of the rank three tensor beta, and as a con-
sequence, the quantum mechanical selection rutes
between magnetic states (A quantum number) of
(mtindy are determined by the way in which beta
transforms in the point group Ry, (3) of all rotations
and reflections of an achiral ensemble [42], or alter-
natively by the point group R(3) of all rotations of a
chiral ensemble. Since (m¢*¥),,, is a magnetic di-
pole moment, it is proportional through a 7 and P
positive scalar quantity to an induced and quantised
angular momentum, J4"¢!_ This is analogous with the
way in which the permanent nuclear magnetic dipole
moment is proportional to the net nuclear spin an-
gular momentum through the nuclear gyromagnetic
ratio. These statements can be made on the basis of
symmetry alone, since magnetic dipole moment and
angular momentum are both antisymmetric under 7,
symmetric under P axial vectors [19].

3. Rotational selection rules, Landé, and dipole-
dipole coupling

It is helpful to develop some properties of the tran-
siion tensor (i1™fB75),,, in close analogy with the
classical and quantum treatments of the Raman ef-
fect. The polarisability «; in Raman scattering
changes periodically with time if the molecule is ro-
tating or vibrating, or oscillating between electronic
or mixed states. (In molecules every electronic tran-
sition is accompanied in general by vibrational and
rotational transitions.) For pure rotational Raman
scattering «;; must vary as the molecule rotates, and
for vibrational Raman scattering it varies as the mol-
ecule is distorted. The induced electric dipole mo-
ment in Raman scattering must oscillate with a su-
perposition of frequencies. It has full spatial
guantisation characteristics, and is a quantised, in-
duced, transition electric dipole moment. Associated
with It are the well known rotational Raman selec-
tion rules

=0, 1, +2,



AM=0, t1. £2.

The polarisability needed to produce these results can
be expressed classically as [6]

(X,j :0(0,-] +Aa,} COoS U)ir”[ ]

where w;,, 1s some characteristic frequency of the
molecule, which may be rotational, vibrational, elec-
tronic, or a mixture. Quantum mechanically, «;; be-
comes a transition polarisability («;;),, between
quantum states /7 and m.

In an entirely analogous way, the magnetic dipole
moment induced by the interaction (8) between the
transition beta tensor and /7§ must oscillate with a
superposition of molecular rotational, vibrational and
electronic frequencies. It 1s therefore fully quantised
with selection rules {vide infra)

AJ=0, 1, +2, +3,
AM=0, 1, £2, +3.

This induced magnetic dipole moment is coupled 10
the nuclear magnetic dipole moment in two models:
(1) Landé coupling; (2) dipole~dipole coupling. The
latter model is particularly easy to understand, be-
cause there is a local magnetic field induced at the
nucleus by (m{"9}, .. The local nuclear magnetic
field is different from the applied field and there 1s a
chemical shift induced in the NMR spectrum by in-
teraction of the induced and nuclear magnetic dipole
moments. This occurs in addition 1o resonances be-
tween M states of the induced magnetic dipole mo-
ment itself. The “laser induced shifts” are as useful
as the chemical shift which is the basis of conven-
tional NMR.

The rotational selection rules governing the exis-
tence of

(VedeMeKe | AHL | VI MK

are of key importance in optical NMR. Here V; and
Ve are the initial and final vibrational quantum num-
bers, and J;, M, K; and Jr, My, K¢ the rotational
counterparts. As usual [6], J is the total angular mo-
mentum quantum number with reference to the lab-
oratory frame (X, Y, Z), M, the magnetic quantum
number, governs the Z component of the quantised
molecular angular momentum J, and K governs the
component of J with reference to an axis, called the
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principal axis, of the molecule fixed frame (1, 2, 3).
We label the principal axis as axis 1.

To derive the selection rules associated with the
complete beta tensor of optical NMR it is convenient
to work with the irreducible D representations
[13,43] of the molecular ensemble in frame (X, Y,
Z), and transform when appropriate to frame (1, 2,
3). Recall that the irreducible reresentations of the
point group of all rotations and reflections [43],
R, (3), of achiral ensembles are

0 1 2
Dé )7Dé )’Dé )?"'7Dg(")
and
D{®,D{V,D{*, ..., D",

respectively, for quantities symmetric and antisym-
metric under parity inversion P. In the point group
R (3) ofall rotations of a chiral ensemble the irreduc-
ible representations are

0 1 2
D ),D( ),D( )’ ...,D(") .

The totally symmetric irreducible representation
(TSR) is that of a scalar quantity such a energy, giv-
ing the symmetry representations

F({VeJeMeKe | ™ |WIMK, Y ),
contains D%,

F((VeJeMeKeli "Bt I VMK )
contains D{° .

Using the Born-Oppenheimer approximation to fac-
torise the vibrational from the rotational quantum
numbers, we have

(VeJeMeKe |1 B | Vi M KD
~(Veli "B 1)
+ (JeMeKe |i "B | MK, ) (17)

The symmetry representation of the initial total elec-
tronic angular momentum wavefunction, |J;>, in-
duced by the laseris [13]

I'(10y)=Dg". (18)
It follows that for the energy
el BEE 1D
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to contain the TSR, and therefore not to vanish, the
product

F({Je iy =T (e DTG B35 (19)

must contain I'(|.J;> ) at least once. If this i1s the case,
products such as

F(CTe B 1)

automatically generate the TSR, both in achiral and
chiral ensembles. In other words the product of an
irreducible D representation with itself always con-
tains the TSR. This is 1he basis of the selection rule
governing J that we are seeking.

The symmetry of the complete beta tensor (real and
imaginary parts), is the product of the D representa-
tions of one magnetic and two electric dipole mo-
ments (section 4)

F(™B5)=Dg" DDV 1Ry (3)
=D +3DV +2D{ + D iRy (3)
—D©® 13D 42D 4+ DGIR(3) (20)

a sum of seven irreducible representations in general,
from rank zero (the trace) to rank three. From eq.
(19) the product of symmetry representations

DD +3D" +2D + D)
___Déj)+3(DéJ+l) +Déj)+DéJ_)))
+2(DY*TH 4+ DY)
(DY 4+ D7) (21)

must contain D’ at least once, and this is possible
if and only if

AJ=0, =1, £2, £3. (22)

Note that we have used the Clebsch~Gordan theo-
rem [6] to work out products of D representations

DéJ)Dé")ZDéJ+”)+"'+Déj—"‘ i (23)

Eq. (22) represents the selection rule on the com-
plete tensor beta. To find the Jselection rules govern-
ing the imaginary part of beta appearing in the opti-
cal NMR Hamiltonian recall that (i 875),,, 1s sym-
metric under 7, and that the real part, ("85 ), 18
antisymmetric under 7. From this consideration and
from the general definitions [6,13,35]

(i™Bee) = — [0H/(AIT3 8BY) Too ,
(") = —[0H/ (BIT53B ") 1op - (24)

where I7; is the symmetric part of the conjugate

product
I =EET+3(EE+EE?) .. (25)
We have
Tamprey=D{VD{" =D+ DN+ D>, (26)

F(™Be)= (D +D{P)D{V=2D{"+D{P+ D,
(27)

i.e. the imaginary part of beta is made up of a total of
three irreducible representations, of ranks one, two,
and three, which are all symmetric under T and P.
(The real part of beta, not considered in this paper,
1s made up of two rank one, one rank two, and one
rank three, antisymmetric under T, symmetric under
P positive, irreducible representations.} Selection
rules on (1™f75°),.. are therefore obtained from the
product

DD +DE+DE)
and are:
Al=0, 1, £2 (28)

from the Clebsch-Gordan theorem governing prod-
ucts of D representations both in R, (3) and in R(3).
The selection rules governing the real part of the beta
tensor are coincidentally the same as those governing
the complete tensor.

It is well known that for each quantum number J
there are (2/+1) quantum numbers M

-J, .7,

and transitions between these A levels (the mag-
netic, or Zeeman, levels) are of prime interest in op-
tical NMR. Selection rules on M follow from the fact
that A1 is the quantum number associated with the Z-
component of the total angular momentum J. The D
symmetry of the Z-component is the same as that of
the complete vector J, and it follows that the Af selec-
tion rules must be

AM=0, +1, +2. (29)
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The complete set of A and J selection rules associ-
ated with (1™B75¢),,, for an asymmetric top mole-
cule is therefore

AJ=0, 1, £2,

AM=0, 1. £2. (30)
The corresponding rules for the real part are

AJ=0, 1, £2, £3,

AM=0, +1, £2 3. (31)

3.1. Landé coupling and optical NMR transitions

Write the induced magnetic dipole moment as
(’n’(ind) )mn = _yéind)Jl{ind) =i(m,BZ'ic)mn jr’/\\ > (32)

where " is an electronic scalar property and
J0d) is the electronic angular momentum induced
by I7}; of the circularly polarised laser, then

AHZ:-—()’éind)-],“nd)+}’N]/)B}0)- (33)

Here yy is the nuclear gyromagnetic ratio [6] and /;
the nuclear spin angular momenium. The quantity
J!"8) has a quantised operator equivalent obeying the
usual fundamental rules of quantum mechanies [6]

[J{P9), JEn ) =iag ) | (34a)
[J(ind)lyjq]:O) (34b)
J(ind)zl‘](ind)’ M‘(/ind)>

___J(ind)(](ind)+l)lj(ind), M}ind)> , (340)
J_(/_ind) |J(ind), M}ind))

= M 4] Jtind pfGindd sy (34d)
M}ind) :J(ind)’J(ind)_ l, . _J(ind) ) (34@)

There is Landé coupling [6,44] between the elec-
tronic J{"? and the nuclear /. This can be devel-
oped theoretically [6] by writing, in vector notation

J(ind).J(wl)J(tol).B(O)

Jlind). g (o) (7T , (35a)
I_J(lOl)J(lOl).B(O)

I-BO) — (767 , (35b)

Juon _ gtind) 4 5 (35¢)

Using

2J“nd)_"((o(}=J(rol)2+J(ind)2_ |J“°”“J“nd)!2

= Juen2 ylind)2—p2 (36a)
20-J0oV = JUen2y 2 Jlind)z (360)
we obtain the interaction energy AH, in Landé form

. (y(‘ind)J(ind).J(lol)_l_yNI.J(lol))

AH, = 707 Jion. g(0)
=g J B (37)

AM9 =0, 1, 2,

AM, =0, £1,

MOV = pfnd) LA

where

gL = [y{nd (Juen (Jeov +1)
U0 (JU 1) — [ (4 1))
+yn (SO (TN 1Y+ I(T+ 1)
_Jtind)(gtind) 1))/ [JCe0 (JOOO 4 1))

is the Landé factor.
The total magnetic quantum number is fixed by
well known fundamental properties [6,44]

Mo = prtind) L Ag, (38)
However, we have
AM(ind)zo’il’-_l-z’ (39)

so that for a given M/, the sum M °Y can change by
0, £1, *2, +3. The selection rule for AV ig
therefore

AMOV =0, £1, +2, +3. (40)

The Landé factor is constant for a given J'"°", inde-
pendent of M °Y so the optical NMR beta theory of
this paper is similar to the well known problem of
computing the Zeeman effect of free atoms, de-
scribed well by Townes and Schawlow [45], and in
which there is coupling of orbital and spin electronic
angular momenta. In the beta theory of optical NMR,
there is coupling of a laser induced angular momen-
tum, J"%) and the nuclear spin angular momentum,
I. (For a beta theory of optical ESR, replace / by the
electronic spin angular momentum and the nuclear
by the electronic gyromagnetic ratio.)
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From eq. (37) the NMR transition frequencies in
rad/s (observable optical NMR lines) are given by

(AH5)
h

= (g MV g, M )BY w20,  (41)

wzz

with the transitions between magnetic quantum lev-
els governed by

AMUCY= M) MLV =0, £1, £2, 3. (42)

In order to obtain an order of magnitude estimate of
the electronic scalar property y{"¢’ we use the equiv-
alence of quantum and semiclassical descriptions

1.
g(l(mﬁ%ﬁz)umnﬁ- _)775/_N))/-'._I
= (guiM" —g L MEOY) . (43)

Here (g, M, —g_>M-) is a number of the order one,
so that the order of magnitude of p{'7? {s

T{mpoee A

plind) & (———l( ﬂzf‘f'l)”“'n"")ycz 107" TRy, (44)
which depends on | /75 |. Note that this multiplies the
gyromagnetic ratio of the electron, whose order of
magnitude is ST is y.=9.3x10'°Ckgm~".

Eq. (41) is of direct use in computing the optical
NMR spectrum, the way in which the circularly po-
larised laser splits the conventional NMR spectrum.
The allowed angular momentum states of the split
spectrum are

WAL SY 2V ALLERISSY S NCR IV ASLE Ui g

and the coupling of these states has been treated
through Landé theory in deriving the rule (41). More
generally, the coupled and uncoupled representa-
tions [6,41] apply to the quantum mechanical de-
scription of how J "4 interacts with I to give an op-
tical NMR spectrum consisting of many more lines
than the conventional NMR spectirum. In the cou-
pled representation [6,44] the coupled state is built
up in general from the two states |IM,) and
|Jind)pf indd s This can be represented in standard
notation [44] by

IJ(ind][J(lo()M(to()>
— z <J(ind)]w(ind), IA/I’|J(101)M(10()>

Aflind) Af,
X |JEOMEDy | IM,
(_ | )J(i"d>—-l+1\l(l01)(2J(101)+ 1 )1/2

A (ind) Afy
J(ind) ] J(lm) ‘ -
X(M(ind) MI -—/W“m)) |J(1nd)M(lud)>|[/wl> ,

(45)

where we have also used the standard notation [44]
for the Clebsch—-Gordan coefficients and 3-j symbol.
The former is conveniently computed through [44]

Ay, j2ima | Jams )

(s—2j3)(s=2j2)!(s—=2j))!
(s+1)!

= 51::; +n7z,m3[ (2_]3 + 1 )

Xy +m Y —m)) a+ma) (o — ) (s )t
X (3 —ms3)!]2

X Y A(=1)/ [P F i ~js =)y —my — )]

X{Jo+m>—v)(js—J>+m +p)!

X (s—jr—=ma+ )], (46)
where
s=ji+i2+) (47)

and the index r ranges over all integral values for
which the factorial arguments are non-negative. The
Clebsch~Gordan coefficient vanishes unless

my=n1,+m, , (48)

which gives the rule (38) used previously.

The coupled representation |J°9M 1YY in gen-
eral is represented by a precession of the J** and /
vectors in phase [44] about the resultant J“°, which
itself precesses about the propagation axis Z of the
laboratory frame. The Clebsch-Gordan coefficient is
a number expressing the probability [44] amplitude
that the coupled state |J/"°YAM 9% will be found
having its component parts /"’ and [ making the
projections M " and M, for J$* and I, respec-
tively. The 3-J symbol, also widely used in the litera-
ture, is this divided by (27" +1)!/2 The Clebsch-
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Gordan coefficient is also the probability amplitude
that the uncoupled state |J A7 M, at any
instant couples to form a resultant state |.J (A7 °
of length (JeU (S +1))"/2 The square of the
Clebsch~Gordan coefficient is a proper fraction {44 ]
whose value ranges from O to 1. As usual, the uncou-
pled and coupled representations are equivalent [6]
descriptions of the same physical process of interac-
tion between J"4) and 7. In the uncoupled represen-
1ation, J“"¢ and I precess independentily.

To summarise this section, it is clear fromeq. {41)
that the circularly polarised laser splits a conven-
tional NMR line into several different lines, gov-
erned by the quantum numbers

J(fnd)+1’”_, |J(fnd)_]| , (49)

arising from coupling between the laser induced elec-
tronic J{"® and the nuclear 1. Optical NMR there-
fore depends on the electronic environment much
more markedly than conventional NMR,

Transitions between the levels (49) are governed
by the selection rules

A/fflm)—/W_g_lm):AM(w”:O, i_ 1, iz’ i_?) ,

giving a rich variety of spectral detail if resolved ex-
perimentally. The spacing between these lines de-
pends on the laser intensity and the flux density of
the permanent NMR magnet through the coefficient
y{ind) and the nuclear gyromagnetic ratio. The quan-
tity p{i"®) is related to the bela tensor through eq.
(44).

This is enough information for an experimental as-
sessment of the beta theory, in particular an attempt
at resolving the broadening predicted by the rule of
thumb estimate in section 2.

A specific example of the effect of Landé coupling
is shown In fig. 1 using eq. (37) with the specific
quantum transitions

=05, =05, M,=05, M,=-0.5,
JOO =1, Ml =1
JE =1, M =1,
Jev — yeindy p o jlon _ jeind) 41

M§D =M™ 4 M, MO = M M,

>

In fig. 1 the product yy 8%’ is normalised to one, and
the laser intensity on the abscissa is measured in terms
of the ratio y!"®?/yy. The ordinate gives the normal-

FREQUENGCY SHIFT OF OPTICAL NMR
LANDE APPROXMATION. DELTA M (LASER) = 2, DELTA M MAGNET) - 1

EQUENCY,
20
10
P O UUU N
i T T T T 1 k]
0 1 2 3 4 5 3] 7 B -] 0
INTENSITY
Fig. 1. — Laser shift due 10 Landé coupling, --- baseline (no
laser).

ised resonance frequency, and this is seen to increase
with laser intensity for the particular optical NMR
line considered. This implies that some optical NMR
lines are shifted considerably to higher frequency in
relation to their conventional NMR counterparts, and
the absoluie frequency separation between such lines
1s also increased, something which is potentially use-
ful in the resolution of spectra with many lines.

3.2. Dipole-dipole model

The complexities of the foregoing quantum de-
scription can be bypassed with the appealing dipole-
dipole model perturbation Hamiltonian

Hypy = —my B—m DBt i - ind)

which implies, as in the theory of the chemical shift,
that there 1s a locai quantised electronic magnetic di-
pole moment, m (" induced by the laser. This in-
duced magnetic dipole moment produces a magnetic
field B'i"d? at the nucleus
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B(ind)= _(%)(m(ind)_:;’:’:,m(ind))
where 7 is the unit vector joining the two dipoles
mY" and my, and o is the permeability in vacuo.
Therefore the local magnetic field at the nucleus dif-
fers from the applied field and it is immediately clear
that there 1s a chemical shift induced by the laser —
the “laser shift”. In general m""®) is quantised, but
can be treated in its classical limit in this dipole~di-
pole model. The laser shift is different in general from
chromophore 1o chromophore, since m ") is clearly
an electronic property with electronic, vibrational and
rotational quantum levels. This implies that the laser
shift is as useful in principle as the chemical shift,
which is the basis of NMR spectroscopy.

4. The beta teasor close to optical resonance

One of the potentialities of optical NMR 1is its abil-
ity 1o show the response of a sample to tuning the
pump laser frequency close 1o an optical resonance
of beta. In this section we adapt the recent work of
Wozniak et al. [41] on the close to resonance prop-
erties of the IFE and inverse magnetochiral birefrin-
gence [12]. In that work, expressions were derived
using the matrix density formalism and perturbation
calculus in terms of broadening parameters, and it was
shown that the IFE and inverse magnetochiral spec-
tra have a variety of close to resonance bandshapes.
Importantly, near resonance the magnitude of the beta
tensor of the IFE may increase by several orders. This
implies that a similar effect is expecied in optical
NMR, because of the close relations between the ten-
sors demonstrated in ref. [41].

From the matrix density formaiism [32], the most
general form of the beta tensor of optical NMR 1s
shown in ref. [41]. It can also be derived from Feyn-
man diagrams as shown in ref. [4]]. Both methods
lead to a close to resonance structure which can be
controlled by broadening parameters. The optical
NMR tensor beta therefore varies in magnitude as a
function of frequency as illustrated in fig. 2. 1f the
circularly polarised laser frequency is tuned to one of
these optical resonances (peaks in the beta spec-
trum) there will be, in theory, a large effect on the
optical NMR spectrum, because the effective magni-

tude of beta at the circularly polarised laser fre-
quency may increase dramatically, depending on the
conditions. The effect will show up in an uresolved
optical NMR spectrum through the rule of thumb eq.
(15), i.e. the broadening in the conventional nuclear
magnetic resonance line will increase for a constant
B following the contours of fig. 2.

5. The molecular and crystallographic point group
symmetry of beta, vibrational selection rules and
character tables

In this section the properties of the beta tensor of
optical NMR are tabulated in the molccular point
groups, thirty-two of which are also the crystallo-
graphic point groups [46]. This task 1s made much
easier through the relations [11] between the beta
tensors of optical NMR and the Faraday effect, so that
the 1ables drawn up by Wozniak et al. [8] can be
adapted straightforwardly. We first tabulate the non-
vanishing elements of beta in all the molecular point
groups, tables | and 2. Further symmetry rclations
such as

(1 mﬁ;}ic)lllll = (l mﬂ:’ﬁf)mn ( 50)

reduce the number of independent scalar elements in
these tables, which are expressed in terms of the frame
(1, 2, 3) of the point group. For example in water
(point group C», ) the dipole axis is axis 1. The same
notation is used as that of Wozniak et al. [8] for the
Faraday effect (table IV of ref. [8]). As in Woiniak
etal. [8], each of the beta subscripts can take the val-
ues 1, 2, or 3intables | and 2.

For example, for a chiral D, point group and achiral
C,, point group the 27 possible scalar elements of beta
reduce to three, using the fact that beta is antisym-
metric in the exchange of two subscripts

( mﬂ’l’ES ) mn = — ( mﬁ’l’%% mi s
(mﬁg% )mn = (mﬁ’l’tﬁ )mu >
(mﬂl},gﬁ mn = = (mﬁgfg ma -

These three elements have been used in deriving egs.
(16) of this paper. In a 7, symmetry spherical top
molecule such as methane, the beta tensor has only
one independent scalar element. The point group
properties of the beta tensor of optical NMR are
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s, O T ks = 33000, CANMAT - GAVMAZ SLhs, GHEGAT < 5000, OWEGAZ  MODO0, GAVRIA - 400
6.06-07 W
60607
4.06-07
3.06-07

20607 -

LOE-07

133000 135000 137000 138000 H1000 #3000

RESONANCE N THE NVERSE FARADAY EFFECT
SUM1, OMEGA1 = 135000, OMEGA2 = 140000, GAMMAT » GAMMAZ

18E-08
17E-08 1
1BE-08

14E-08
13E-08 -
(2608 1
1E-08 -
L0508 |
9.06-09 .
8009 ¢

00000 35000 0000 #5000 150000 Fig. 2. Some examples of the resonance properties of the optical
(C) NMR and inverse Faraday effect tensor (see ref. [4}).
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Table |

Third rank tensor axial optical NMR tensor ™ £55(0; w, —w). The components of this tensor in some molecular point groups, denoted

by the subscripts afy: each of which can 1ake the values 1, 2 and 3 of the symmetry frame (1, 2, 3) of the molecuie

Point group By (0, w, —w)
C.,S: 131=—113,232=—223, 121 = — 112,
313=—-331,212=-221,323=-332,
123=—132,231 = —-213,312= —321.
CZIClhl C2h l31=_113, 232:—223,
123=—132,231=-213,312=-321.
Cs., D3, Dan 123=—132,231=~-213, 312= —321.
Cs, Can, Sa. Co, 131=232=—113=—223,
Cany Se, Ce, Con 123=231=—-132=-213,
312=—-321.
D, Dy, Dy, 123=231=—132=-213,
Dsa, Dy, Cav, 312=—321.
de va; DJhy Ddha Dbh-
T. T, T, O, Oy, 123=231=312=—132=—213=~132|
Y1 Ylu Ky K-h
Table 2 . .
Astable 1, linear molecules exists [47]1f
Point group "ot (0 0, ~w) (¥, )= (52)
Ceoo Coon 131=232=—113=—223, contains the totally symmetric irreducible represen-
123=231=-132=-213, tation (TSR) of the molecular point group at least
312=-321. once. In eq. (51), u is the transition electric dipole
Coovs Daon 123=231=—132=-213, moment and ¥,- and ¥ are initial and final vibra-
312=-321.

closely related to those of the Faraday effect and
identical with those of the IFE.

The next stage in the development of beta in the
molecular point groups is its reduction in terms of
irreducible representations [6]. Thisis given in table
3 for the relevant imaginary part of beta for the thirty-
two point groups which happen also to be the crystal-
lographic point groups. This table can be used for the
selection rules governing the beta active vibrational
modes, whose irreducible representations are given
in column 3, and compared with the regular infrared
active vibrational modes given in column 4. It is well
known [6] that the irreducible representations in
column 4 of table 3 are selection rules for infrared
active vibrational transitions according 1o the fact that

e = | Vont, dn (51)

tional wave functions, which can be represented as
combinations of irreducible representiations. Analo-
gously, the beta tensor of optical NMR also has vi-
brational character, which may put an imprint on the
optical NMR spectrum through vibration rotation
coupling. The vibrational spectrum is governed by the
fact that

gy vy =i [ B, (53)

may be non-zero if
FCEN(CBEI T (¥ ) = onmr (54)

contains the TSR of the molecular point group at least
once.

Table 4 is the equivalent of table 3 for the point
groups of molecules of linear symmetry, chiral and
achiral, and both of these tables can be used to deter-
mine the beta active optical NMR modes for a given
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Table 3

Irreducible representations ({7) and active modes of the optical NMR beta tensor in the thirty-two crystallographic point groups, and
comparison with infrared active modes

M.W". Evans / Optically induced line shifts in NMR

Point group (™) Active modes
beta infrared
C,(1) 9A A A
Ci(S)(1) %A, Ag A,
C.(2) 5SA+4B A B A B
Cin(m) 5A°+4A" ALA" AL A"
Can(2/m) 5A,+4B, A, B, A, B,
Cau(2mm) 3A,+2B, +2B,42A, A, B, Ba, A A, By, B,
D1(232) 3A,+2B, +2B,+2B, A, B, Bs B, B., Bs, B,
Do (mmm) 3A.,+ 2B, +2B,,+2B,, Alg Big Bay, By, Biu By, Biy
Ci(3) 3A+3E A, A E
Ci(3m) 2A,+A,+3E AL AL E AL E
D;(32) 2A,+A.+3E A AL E A- E
D14(3m) 2A A+ 3E, A Asg, E, Az E,
Se(3) 3A,+3E, A E, A, E,
Cs(4) 3A+2B+2E A B.E A E
Cao(4mm) 2A,+A,+B,+B,+2E A, A, B, B, E A.E
Cin(4/m) 3A,+2B,+2E, A, B, E, A E,
D,(422) 2A,+A,+8,+B.+2E Ay As, B, B, E AL E
D, (4/mmm) 24+ A+ Bg+ By +2E, Atgs Azg, Brg, Bag, Eg Az E,
D.4(42m) 2A,+A>+B,+B,+2E Ay, A, B, By E B, E
Sa(4) 3JA+2B+2E A,B,E B, E
Ce(6) 3JA+2E,+E, A E,, E, A E,
Ce (6mm) 2A,+A,+2E, +E, A, Ay E, Ea A, E,
Cyn(8) A4+ 2ET+E A’ E" F' A" E'
Cen(6/m) 3Ag+2E  +Es, Ag Eqg Exg Ay Eiy
D, (622) 2A,+A,+E,+2E, Ay, Ay Es Ey Ay E,
D;, (6m2) 2A) +AS+E +2E” Al ALY E L E” A3 E’
Dbh(_6/mmm) 24+ AL+ 2E,TE,, Alg Agg Eyg, Eay A. B
T.(33m) A +T,+E+4T, ALTLETs T,
O,(m3m) A+ T+ E + Ty Ajg Tig Eg Ty T
T(23) A+E+2T A E.T T
Tp(m3) Ag+E +2T, A, E,, T, T,
0(434) AFE+T, +Ta AL E T, T, T,
Table 4
Linear molecules
Point group rimpgs Active modes
beta infrared

Coov 2L +X- 4201 +A T IS 1A bIRN I

C. 3ZT+200+4 b2 O WY .11

Don POIEE DS 0] | FEVIW LS A, PN B B

D, XY HIT-42MT+A 2 E-I1A -1
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vibrational transition, using the rule (54) and the
rules [ 6] governing products of irreducible represen-
tations of a given point group. In an allowed transi-
tion the product (54) must contain the TSR at least
once. It 1s clear from table 3 that there are more beta
active modes for the same molecule than infrared ac-
tive modes (and there may be some beta active opti-
cal NMR modes that are neither infrared nor Raman
active, in analogy with active modes in hyper-Raman
scattering [33,341).

It 1s well known [6] that standard point group
character tables contain entries in their last columns
which are combinations of Cartesian components
representing infrared and Raman active modes. Each
irreducible representation of a given molecular/crys-
1allographic point group is associated with a given
combination of scalar elements. Similarly, the irre-
ducible representation can also be expressed in terms
of combinations of Cariesian or spherical tensor
components of the beta tensor, and details of how
these combinations are derived are given in appen-
dix A. Point group character tables for optical NMR
can be constructed, in which each irreducible repre-
sentation is matched with a combination of scalar
elements of the relevant imaginary part of beta.

6. FMD computer simulation

This section reports a field applied molecular dy-
namics (FMD) computer simulation [27] of the ef-
fect of the beta tensor on an ensemble of 108 mole-
cules of water. FMD computer simulation investigates
classically the effect of an external torque on an en-
semble of interacting molecules which are in general
translating, rotating, and vibrating. It was initially
developed [36,37] to describe the interaction of an
external static electric field E£‘® with the permanent
molecular electric dipole moment g, through a torque
on each molecule of type

Tp=—puxE . (55)

Note that the integral over this torque with respect 1o
configuration is the work done, which is minus the
potential energy generated. The torque (55) there-
fore corresponds to a term

AH,= —pu-E©® (36)

in the Hamiltoman. Such a term 1s the usual starting
point of the semi-classical [ 13] or classical statistical
mechanics [48] analysis of the molecular dynamics
in for example dielectric and far infrared {48} spec-
troscopy, and it follows that FMD is as general a
method of describing these dynamics, with the addi-
tional advantages to be described in this section and
in the literature [27] of being able to give precise de-
tails of the time evolution of quantities such as cor-
relation functions.

The torque relevant to the beta part of the optical
NMR interaction energy is

T:—(m““")ch(O), (57]

where (m ") _is the classical magnetic dipole mo-
ment induced in each molecule by the conjugate
product (1) of the circularly polarised laser. Note that
the torque is generated through the cross product of
(m ") with the static magnetic flux density B”
of the permanent magnet of the NMR spectrometer.
It occurs in addition to the well known torque

T (NMR) = gy (N) 5 BUO) (58)

set up [25] between B‘?’ and the permanent mag-
netic dipole moment of the nucleus. The torque (58)
1s the basis for much of the textbook development of
conventional NMR theory, for example the develop-
ment leading to the Bloch equations [25]. It would
be possible to carry out an FMD simulation of either
type of torque, or both in combination, but we have
limited the consideration to the torque

T\ =2ey,e3,("B555 — ™55 ) ESBY
T, =2e,,65,("BY55 — mBISS)EGBY
Ty =2e,,0,,("B555 —™B55) EGBY {59)

generated in an ensemble of C,, water molecules
through eq. (57) written in the frame (1,2,3) of
water. This torque is written in the same notation as
eq. (16) for the m*™® components in frame (1,2,3)
of the water molecule. The torque (59) is finally back
transformed [40] into (X, ¥, Z) coordinates using a
convenient rotation matrix such as

Ty ey exx ey \[T,
Ty |[=Vey ey ey || T, (60)
T, Cry €1y O3,/ \T,
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and coded into the forces loop of a standard molecu-
lar dynamics algorithm, in this case TETRA [27].
(An entirely analogous procedure 1s possible for any
standard MD code, for example GROMOS {491, de-
signed for solvated protein segments, e.g. a Z-DNA
segment in water, )

The water molecules interact through a site-site
potential

12

6
o;(ri, ;) =4e|:(£) _(ﬂ) ] + charge-charge ,
I','J‘ r,-j

o= Y.y ¢;(site-site) (61)

E(H—H):ZI.IK, G(H-H)=2254 |

€

[ (0-0)=58.4K, g(0-0)=2.80 A ,

QH:0'23|EI B
g(ione pair)=-0.23¢| ,
g0=0.00]e| ,

developed [50] from the ST2, and compared [51]
with the ab initio MCYL and with experimental water
data [52] over a wide thermodynamic range. In the
above representation ¢/k and ¢ are atom-atom Len-
nard-Jones parameters, and gy etc. represent partial
charges from the ST2 model.

A sample of 108 water molecules was first equili-
brated from an initial lattice into the liquid state at
293 K, 1.0 bar, with about 6000 time steps of 0.5 fs
each. The torque (59) was then applied and second-
order rise transients recorded of the type

<€%x> (eaxy <{eixy
(ety) <€%Y> <edyy
(eizy <(edzy <{eiz)

for comparison (section 7) with generalised Lan-
gevin-Kielich functions. The rise transients gradu-
ally reach saturation, where they indicate that the
torque (59) has brought the ensemble into “field-ap-
plied equilibrium™, a statistically stationary state in
which it is possible to analyse the sample with time
correlation functions [48] computed by running time
averaging over a minimum of 6000 time steps at field

applied equilibrium. As most ACFs and CCFs are
damped in a time window ofless than 500 time steps,
this gives good statistics.

As described in the literature [27,36-41] there is
a well defined set of time correlation functions avail-
able to FMD which may not be accessible to standard
diffusion theory [53]. The set includes auto- and
cross-correlation functions (ACFs and CCFs), re-
spectively diagonal and off-diagonal elements of the
complete tensor product of the correlated variables.
Attention in this section is restricted to ACFs and
CCFs of orientation, rotational velocity and angular
momentum, respectively defined by

Ceri{)e {0))

Q= 2yl y 62
by

 ai(ne0))
o=y ey 7 (62
and by
Coy(1) = (0)JA0) > (64)

TP

Here e, 1s the unit vector in the symmetry (1.e. per-
manent electric dipole) axis of the water molecule; e,
is 1ts time derivative; and J 1s the total net angular
momentum of the water molecule. All three of these
molecular dynamical quantities are defined as the
sum of the natural (thermal) quantity pius that in-
duced by the torque (59).

The effect of the beta tensor on the molecular dy-
namics of the water ensemble 1s represented through
ACFs and CCFs of ey, ,, and J components in figs. 3
to 8. These figures illustrate individual components
of the ACFs and CCFs in the laboratory frame (X, Y,
Z). For ACFs, the components are: i=j= X, and Z,
respectively, referring to the subscripts of egs. (62)
to (64); for CCFs the plotted components are i =X,
j=Yand i=Y, j=X. These components are plotted
for the angular momentum, orientation, and rota-
tional velocity ACFs in figs. 3, 4 and 5, respectively,
and for the corresponding CCFs in figs. 6, 7 and §,
respectively. Each figure is subdivided into two ex-
amples, corresponding respectively 1o: (a) elements
™RSS, M B555, and ™B55S in the ratio 1:2:3; (b) these
same elements in the ratio 1:4:9. These arbitrary ra-
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Fig. 3. Angular momentum ACFs from the computer simulation of optical NMR. - XX; — Y'Y, -.-.- ZZ. (a) Tensor elements 1:2:3. (b)

Tensor elements 1:4:9.

tios are used to illustrate the dependence of the cor-
relation functions on details of the individual scalar
elements of the optical NMR beta tensor, and are used
in the absence of ab initio data on these elements. An
ab initio computation of the elements of beta is most
desirable, and can be carried out with a contempo-
rary package such as HONDO [54] with the appro-
priate modifications. We shall not pursue this subject
here.

It can be seen from figs. 3 to 5 that the effect of the
torque (59) is to produce oscillations and anisotropy
in the individual ACF elements, the i=j=2Z compo-
nent evolves on a different scale, and this 1s the com-
ponent corresponding to the Z-axis of propagation of
the laser, parallel to the direction of B’ of the per-
manent magnet. The other two components oscillate
with identical time dependencies within the noise.
The oscillation frequency and amplitude patierns are
markedly different for cases (a) and (b) for each
ACF. The torque also makes possible the existence in

the laboratory frame (X, Y, Z) of CCFs, which are
illustrated in figs. 6 to 8. These CCFs are character-
istic of optical NMR, and disappear in the absence of
the torque. (The ACFs in the absence of the torque
are 1sotropic, and are free of oscillations. They are
illustrated in the literature [27].)

7. Rise transients and Langevin-Kielich functions of
optical NMR

The second-order rise transients introduced in sec-
tion 6 can be compared with analysis using general-
ised Langevin-Kielich functions. The derivation of
the latter, in approprniate triple integral form, is given
in Appendix B. The evaluation of the triple integral
was accomplished numerically, using a program
which incorporated IBM software [55] for double
and single Gauss-Legendre quadrature, using a
48X 24 X 24 integration grid. The latter produced ac-
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Fig. 4. As fig. 3; orientational ACFs from the computer simulation of optical NMR.

curacy to about six decimal places in the worst case
and better than eleven decimal places in the best, es-
timates derived by numerical evaluation from the tri-
ple integral of first-order averages such as {e,,),
{e-y> and {e,,> which vanish through symmetry
and i1n the computer simulation. Accuracy was
checked also by changing the grid to 24 X 24 X 24, with
the result that no discernible changes were observa-
ble in the computed {e?3;, (e% ) and (e3> by the
triple integral. Second-order rise transients from the
latter reach a measurable saturation level, which is a
point on the triple integral function for given
E:B®'. Comparison of simulated and computed ge-
neralised Langevin-Kielich functions then pro-
ceeded by comparison of the functions from the tri-
ple integral and from the simulation for several
E:BY?, The results are illustrated in fig. 9 for a beta
component ratio of ™#755: ™B535: ™B555 of 1:4:9.
For experimentally accessible EB$’ only the ini-
tial (linear) portion of the triple integral function
needs to be used, as described in appendix B. The

FMD simulation and triple integral results are in sat-
1sfactory agreement, however, throughout the range
of development of the orientation functions, 1.e. lin-
ear to saturation.

8. Discussion

The experimental development of optical NMR
would provide information initially [26] on the
shifting of conventional NMR lines with a low-inten-
sity circularly polarised laser according to the guide-
lines given already. The shifting represents extra
spectral structure of the type developed with Landé
theory or dipole-dipole coupling in section 3. A shift
of about 1.0 Hz is at the limit of the resolution [26]
of the best contemporary apparatus, and theoreti-
cally needs an intensity of about 10 W/mm? deliv-
ered into the sample tube of an NMR spectrometer
through a device such as an optical fibre. This type of
investigation is currently in progress in the group of
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Fig. 5. As fig. 3; rotational velocity ACFs from the computer simulation.

Warren et al. [26]. An intensity of 10 W/mm? can
be achieved using a 10 W circularly polarised laser
(e.g. CW argon ion laser) passed through an optical
fibre of area | mm? However, in structurally achiral
chromophores, the optical fibre must conserve the
circular polarisation qualities of the radiation deliv-
ered from the laser. Chiral chromophores may cause
initially unpolarised radiation in the fibre to become
elliptically polarised as 1t passes through the sample,
but for maximum effect, the greatest degree of circu-
lar polarisation is needed in the radiation before it
enters the sample held in the tube of an NMR spec-
trometer. Artifact elimination must concentrate on
the efficient removal of heating effects, either by
thermostatting or by using a flow chamber, or similar
device. To separate artifacts from the beta and laser
shift effects suggested in this paper, heating should be
present independently of the polarisation character-
istics of the laser, and the beta effects should vanish
when the laser is not circularly polarised. Switching
the laser from right to left circular polarisation should

cause a discernible shift from one side of the original
(conventional ) NMR line to the other.

If the beta shifting is successfully isolated from ar-
tifacts it represents information on the coupling be-
tween the laser induced electronic angular momen-
tum and the nuclear net angular momentum. It
follows that the shift depends on electronic as well as
nuclear properties of the chromophore, and therefore
has some characteristics of ESR and NMR “in com-
bination”. Beta and dipole-dipole shifting should
therefore be different for each nuclear resonating site
(for example a proton in a different electronic envi-
ronment). This site selectivity should be of particu-
lar interest in the investigation fo samples with many
different proton sites, such as folded proteins in so-
Iution. Each original proton resonance line of the
conventional NMR spectrum should be shifted to a
different extent, so that a 2-D NMR contour map is
changed “geographically” as mentioned already.

It appears not unduly optimistic to expect that site
selective shifting of NMR resonances will be useful
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Fig. 6. Angular momentum CCFs from the computer simulation: —XY; —YX components. (a) and (b) as figs. 316 5.

even if the underlying quantum structure is not re-
solved. The shift should be sensitive to tuning to res-
onance, as described in section 4, and 1n this context
different pump lasers operating at different frequen-
cies throughout the ultraviolet, visible and infrared
range are available. Tuning 1o resonance should in-
crease the shift for constant laser intensity /. Alter-
natively, by tuning in this way, a much lower / would
be needed than at a transparent frequency. However,
tuning 1o resonance must be carried out with an effi-
cient thermostat, in order to remove heating by ab-
sorption. Again this artifact can be recognised by the
fact that it would occur with a laser that is unpolar-
ised, while beta shifting cannot occur with an unpo-
larised laser.

Optical NMR according to section 3 of this paper
offers the potential of revealing detailed structure due
to Landé and dipole-dipole coupling, and increased
absolute frequency separation of resonance features,
both useful developments in analysis. Resolution of
the quantum structure requires the use of more in-

tense lasers and pulsing techniques. In theory, [ can
be increased by mode locking or Q-switching by many
orders of magnitude, causing an equivalent shift in
the original NMR line. If the technology can be de-
veloped to produce this effect, the consequences are
surely of widespread interest, since the beta theory
presented in this paper combines two major contem-

porary fields of research, NMR and laser
Spectroscopy.
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Appendix A. Irreducible Cartesian components of the
beta tensor

The third rank tensor ™75 can be reduced to ir-
reducible Cartesian components of weights zero, one
and two. The weight-zero component is

B0 =y gy
and for molecules of C,, symmetry such as water
BO=2("p55 + mB5ST + BT (A.2)

In tables 1 and 2 the weight-zero parts can be found

(A.1)

for other molecular point groups, and incorporated
in point group character tables.
Similarly, the weight-one component is

B =3(8(B )+ (B5)))

with

(B§D), =" =BT + " P55 + B

(BEV) =T =B + B + MBS
Finally, the weight-two component is

(B®) i = $€pmnr[2 (B Y is + (BE2 ) s]
3B i+ 288 ) ik €temn 5

with

(B = — 3 (eris ™ By e "Bre) = §BD6,,,

(B3 V== 3 ("B € + ™ BrE €) — 1 81026, .

(A.3)

(Ad)
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Fig. 8. As fig. 6; rotational velocity CCFs,

Appendix B, Langevin-Kielich triple integral

We are interested in the thermodynamic averages
of unit vectors with the energy (10) of the text. This
average must be worked out in the molecule fixed
frame (see tables 1 and 2) where we know the sym-
metry of the beta tensor of optical NMR. This in-
volves a transformation of the beta tensor from the
laboratory frame (X, Y, Z) to the molecule fixed
frame (1, 2, 3). Defining i, j, k subscripts as referring
to the laboratory frame, and «, B, y subscripts as re-
ferring to frame (1, 2, 3), the transformation of beta
from one frame to the other is given in terms of unit
VECIOTS e, €;7 and e, which are directional cosines
[13]

("N (0; w0, —w)
=€a€;pe;, ("fay) (0w, —w). (B.1)

It follows that the thermodynamic average involves
the three Euler angles. Expressing the unit vectors in

terms of the Euler angles 8, ¢, and yx gives the triple
integral Langevin-Kielich function of the text. In the
particular case of water the triple integral function
expresses thermodynamic averages over @, where

D=cos"O=e},, orsin”¢gsin"g=el,,
orsin” fcos” ¢g=e5, (B.2)

are unit vector components in the direction of the Z-
axis of the laboratory frame. In terms of the quantities
_Bs) (AR 2TBISERR
("pss) (mB1%s) kT ’
(B.3)

the triple integral expression is

5 5@ exp /(6. ¢, x) ] d6dg dy
O = T penlf6, 6, 0] d0dgdy » Y
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TRPLE INTEGRAL FUNCTION, SECOND ORDER.
RATIO 24:1

FUNCTION

ABS(0)

Fig. 9. Langevin—Kielich (triple integral) functions for (e3z),
(e3z>, {e3z >, matched with & from final level of rise transients
from simulation. —{e3z>; ----(e3, >; -------{e3z>

A8, ¢, x) =d(cos?F(cos>p cos’y+sin*@sin’y)
+ (asin®¢ cos’y+bcos¢siny)sing
+1((a+b+1)sin?6-2)
X cosfsin 2¢sin2y)sin G . (B.5)
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