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In this final paper of a series on electric-field-induced spectroscopy, the general theory of
electro-optical effects in vibrational Raman spectroscopy is developed. It is demonstrated that
the electrical polarization of a dipolar fluid can lead to appreciable intensity enhancement of
certain lines in its Raman spectrum, and a modification of the polarization rules normally
applicable to an isotropic medium. Exact intensity expressions are presented, and it is shown
how the complete symmetry analysis of all Raman transitions can be accomplished with five

intensity measurements, introducing new possibilities for species characterization close to
electrode surfaces. It is also demonstrated that in intense electric fields a novel nonlinear
electro-optical channel exists, whereby the electric field perturbs the stationary states of the
system and gives rise to selection rules completely different to those which normally apply in
Raman scattering. This can result in the appearance of entirely new lines in the spectrum.
Detailed examination of the intensity expressions for the electro-optical route reveal that in
this case five intensity measurements are required for a complete elucidation of the Raman

- spectrum.

I. INTRODUCTION

In recent years there has been much interest in the Ra-
man spectroscopy of electrochemical systems.! Much of this

interest has focused on the enhancement of Raman intensi--

ties associated with species adsorbed on electrode or other
(usually metallic) surfaces. Surface-enhanced Raman spec-
troscopy (SERS) has been the subject of intense research
effort, and as such has been extensively reviewed.>* The Ra-
man effect has the merit of being amenable to study under
potentiostatically controlled conditions,* and the existence
of very high local electric fields within the electrochemical
double layer gives rise to many interesting phenomena.’
Comparatively little attention has been given to the effect of
very high electric fields on the Raman spectrum of electro-
lytes or other fluid media, however.

As discussed in the first paper in this series® (subse-
quently referred to as paper I), the application of a static
electric field to a fluid can induce changes in the Raman
spectrum via two distinct mechanisms. First, the field can
give rise to an electro-optical interaction whereby it perturbs
the molecular wave functions. This perturbation mixes the
stationary states of the molecule and results in a modifica-
tion of conventional selection rules.’” The electro-optical
route thus gives rise to selection rules identical to those nor-
mally obtained in hyper-Raman spectroscopy,®® and can for
example induce Raman activity in certain IR-inactive unger-
ade vibrations of centrosymmetric molecules.

Secondly, molecules with axial symmetry possessing a
permanent dipole moment can interact with the static elec-
tric field to give an anisotropic distribution of molecular ori-
entations within the fluid, which ultimately gives rise to
changes in the intensity of Raman transitions. In pioneering
studies ten years ago, Lippitsch et al.'>"> showed that Ra-
man scattering experiments with axial molecules in the pres-
ence of pulsed electric fields of 10°~10®8 V. m~' produced
intensity enhancements by a factor of 2-3. Indeed, there is
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significant evidence for the orientation of nonpolar isotropic
fluids, where large electric fields can induce appreciable di-
pole moments. %518 The results obtained by Lippitsch et al.
also suggested that judicious choice of solvent may increase
the degree of enhancement. Solvents with large electric sus-
ceptibilities can introduce large local electric fields and so
enhance the intensity of Raman transitions via both the elec-
trically polarized and electro-optical channels.

In this, the final paper of a series on electric-field-in-
duced spectroscopy, we adopt the theoretical methods de-
tailed in paper I to investigate both types of electrochromic
effect upon the vibrational Raman spectrum of a fluid. The
intensity equations are calculated within a quantum electro-
dynamical framework, and the necessary rotational averag-
ing is carried out by exact tensor methods derived in pre-
vious papers.'*?° Results are given for a variety of laser
polarizations and beam geometries, and it is shown how to
process the results to give the maximum information on the
symmetry characteristics of the field-induced Raman transi-
tions. Finally, an estimate of the experimental feasibility of
observing these effects is discussed.

Il. EFFECTS OF THE STATIC ELECTRIC FIELD ON
RAMAN-ALLOWED TRANSITIONS IN POLAR
MOLECULES

A. Quantum mechanics

The starting point for the theory of Raman processes is

the Fermi Golden Rule, which gives the rate I" for a transi-
tion from an initial vibrational state |m) to a final state |n) as

2
r,, =—-1;&|M,,,,,|2. 2.1)

Here p, is the density of final states for the scattered radi-
ation, and M,,, is the quantum mechanical matrix element
for the process. In the presence of the static electric field, this
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matrix element can be approximated by considering only
the dominant second-order (E1XE 1) and third-order
(E1XE1XE1) terms in the perturbation expansion, [cf.
Eq. (2.7) of paper I}, i.e.,

_ fic(nkk )12
2¢,V

M,

nm (aijeiEj’ + njkeiE;Ek) 4 (22)

where ; ; is the normal Raman scattering tensor and 7, an
electro-optlcal Raman scattering tensor derived in Sec. III: e
is the polarization vector of the incident laser beam with
frequency @ = ck, €’ is that of the scattered radiation with
frequency o’ = ck’, and E is the static electric field. The
time-averaged photon density of the laser radiation is n/V.

In this section, we examine the effect of the applied field
upon (E 1 X E 1)-allowed transitions in axially symmetric
molecules possessing a permanent electric dipole moment,
where the first term in the matrix element (2.2) dominates.
Applying the Born—-Oppenheimer approximation and neg-
lecting the vibrational contribution to vibronic energy differ-
ences”"?? leads to the result

M,, = —{#ic/2¢,V } nkk']"?
(p‘mr.e l"'70.61) (p’mr.elp'ﬂ.e)
X n m
Yol X g ek T B+ ok X

= — {#ic/2eV }nkk 1" %e. (xon @i} | Xom)

(2.3)

Here |y, ) is the vibrational wave function for the mth level
of a vibrational mode in the zeroth electronic state: &} is the
index-symmetric frequency-dependent dynamic polanzabll-
ity tensor. Since we deal only with off-resonance Raman
scattering in this paper, damping of the virtual intermediate
states for the process is ignored and a,; is taken to be real.
Using Eq. (2.1) and reexpressing the result in terms of the
incident laser irradiance I gives the following expression for
the radiant intenisty of Raman scattering:

I(K') = (Ik"*/167°€} )e;e eke,a"" O OnOm | (2.4)
where
aOnOm (XOnIau |X0m (25)

Expanding Eq. (2.5) as a Taylor series about the molecular
equilibrium configuration, in terms of the vibrational mode
coordinates Q, the dominant term for Raman scattering is
nonvanishing only when # = m + 1. Examination of the
Hermite polynomials shows that for even m, |y, ) spans the
totally symmetric irreducible representation, and when m is
odd it transforms according to the symmetry of Q itself. The
selection rule n = m + 1 thus dictates that the Raman ten-
sor must transform under the same representation as the
vibrational mode for the transition to be allowed.

Equation (2.4) gives the scattered Raman intensity for
the transition |n) — |m) in the solid angle around k', and as it
stands the equation is applicable to crystals or molecules
with fixed orientation. However when the molecules do not
have fixed orientation with respect to the laser radiation the
result has to be rotationally averaged.

B. Rotational averaging

The intensity of scattered radiation for a fluid contain-
ing molecules of axial symmetry in a static electric field is
given by the Boltzmann-weighted rotational average of Eq.
(2.4). Using the procedure expounded in Sec. III of paper 1,
we obtain from Eqs. (3.9) and (3.10) of that paper the fol-
lowing result:

I(k') = (Ik"*/1617€})

X [el ekela/lu VOIl,j(,:I) ,uvo ’Y:E ILOO)] (2-6)

where I;(%,.,, ( — iy,E,i%) represents the weighted fourth
rank tensor average, expressible as

l’](’:l) pvo = Z II’](’?I‘,I;)»:VD . (2'7)
It can be shown that the (4,u) and (v,0) index symmetry
results in odd-/ contributions to the rotational average van-
ishing when linearly polarized light is used, and consequent-
ly Eq. (2.7) reduces to a sum over the even j,

I8 = z Iigae (2.8)

1 i jkbApvo ijklApvo

By applying the explicit results for the weighted average

given by Andrews and Harlow?® we thus obtain a result

which can be expressed in terms of a sum of reduced spheri-
cal Bessel functions of orders 0, 2, and 4:

I=K[A+j(—i)B+j(—inC], (2.9)
where K = (Ik'*/167€}), and the rate contributors A4, B,
and C are given explicitly in Appendix A. As before y is

defined as u®E,,,,/kT and j, ( — iy) are the reduced Bessel
functions defined by the relation

(=) =j. (=i} jo( —iy) . (2.10)
The expansions of these functions in their high- and low-
temperature (low field and high field) limits are given in
Table I of paper I.

At room temperature and with external electric field
strengths of less than 10°V m ! we generally have y € 1, and
the reduced spherical Bessel functions can be approximated
by the relation j, ( — iy) = ( — iy)"/(2n + 1)!. Then Eq.
(2.9) is reduced to a quartic equation in ¥;

I=K(A — By*/15 + Cy*/945) . (2.11)

In this form it is evident that in the low-field limit we have
lim,_,I = KA. The y-independent term, K4, corresponds to
the conventional result for the intensity of Raman scattering
from an isotropic system.?' At electric field strengths of 10
V m ™ or above, and at realistic liquid-state temperatures,
can exceed unity, and under these conditions Eq. (2.9)
should be employed. In the case of nitrobenzene, for exam-
ple, at 300 K and under an external field of 10° V. m™, the
fluid is significantly polarized by the field and, as discussed
in paper 1, leads to a value for ¥ of about 4. The coefficient of
the B term in Eq. (2.9) is then approximately three times as
large as the coefficient of the isotropic term. As Lippitsch et
al. have discovered,'®'* nitrobenzene in fields of compara-
ble magnitude gives experimentally observed intensity en-
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hancement factors of 2-3. Thus it seems likely that the phe-
nomenon is a result of molecular alignment with the electric
field.

We note in passing that in the case of resonance-Raman
spectroscopy, the scattering tensor does not have index sym-
metry (because vibrational energy differences cannot be ne-
glected),? and the rotational average given in Eq. (2.9) is
therefore incomplete. The correct rotational average is then
given by the Raman analog of Eq. (3.9) of the second paper
in this series,?® subsequently referred to as paper II. How-
ever a note of caution is added here. Under resonance condi-
tions, the electric field associated with the laser light itself
can produce very sizable induced dipole moments and thus
lead to a different kind of molecular orientation. The theory
is described in detail in a forthcoming paper.'’

At this stage, the intensity equations are expressed in
terms of the reducible tensor aj,.» and represent the Raman
analogs of the results given in Appendix A of paper II. In
order to facilitate symmetry treatments it is helpful to cast
the intensity equations in terms of irreducible tensors. The
necessary rank-2 irreducible parts of the Raman scattering
tensor are given by Egs. (4.1)-(4.4) of paper I; in the off-
resonant case where the tensor is index-symmetric, the
weight-1 part obviously vanishes. When the incident light is
linearly polarized we obtain the general intensity equation
given in Egs. (A1)-(A3) of Appendix A at the end of this
paper. In the next section we show how these equations can
be used to facilitate the vibrational symmetry analysis of
spectra obtained from samples which are significantly or-
dered by the electric field.

C. Polarization analysis

In this section it is demonstrated how five intensity mea-
surements under different polarization conditions are suffi-
cient for the assignment of each line in the Raman spectrum
to one of the three possible symmetry classes. The beam ge-
ometry required is illustrated in Fig. 1. There are two direc-
tions for application of the static electric field; E, represents
a field applied perpendicularly to the scattering plane,
(k,k'), and E, a field whose direction vector lies in the plane,
as shown in Fig. 1. In what follows I(n,8) (x - y) is used to
denote the intensity of the scattered light polarization com-
ponent y when the laser beam is polarized in the x direction;
the symbols 1 and || represent polarizations perpendicular
to, and in the scattering plane, respectively. The label # de-
notes the direction of the static field, and & is the angle, mea-

FIG. 1. Beam geometries for electric-field-induced Raman spectroscopy in
polarized media.

sured in degrees, between the incident beam and the direc-
tion of observation, i, cos™'(—kk'). The beam
geometries we describe have been chosen to facilitate the
option of employing several electronically gated detectors.

In order to characterize the symmetry of any transition
it is necessary to perform five intensity measurements; a suit-
able set is I (||=]), I (||-|), I*°® (L-1),
V33 (s, and I 233 (|| - |)). [35.3°is the angle whose
cosine is {/(2/3).] It is possible to form two linear combina-
tions from these such that just one real, positive molecular
parameter from each tensor weight contributes. These are
defined as

Ii= [T + (/)2 (|| > )
+ I 1) + G/ 3= D]
= [(172+ 2 (= in/21)al, al,

+ (2/5)ail, el 1, (2.12)

L= [T =) + (1/2) I ** (|| =)
+ 373V S| + 3720233 (|| - D]

—_ (0) ()] (2) 2)
= [agmai, + (4/5)ai,ai), ] -

(2.13)
Explicit equations for these intensities are given in Appendix
B. The ratio of the above intensity expressions defines a po-
larization ratio 7 whose value for a given transition is suffi-
cient to classify the symmetry class:

77 = 11/12
— Uaggl)l)azgzl) + (Z/S)agii‘) agil)‘) (2 14)
a@nal, + (4/5)a@,al, '
where
o=[1+ @ (—in/2n]. (2.15)

By first calculating the value of , as defined in terms of
1™, E, and T, then use of Egs. (2.14) and (2.15) in conjunc-
tion with tables of the spherical Bessel functions enables o to
be evaluated for any particular experiment. Note that E
must be the static electric field strength within the fluid as
given by Eq. (3.2) of paper I. In passing we note that where
ionic species are present within the fluid, it is necessary to
take account of diffusion processes at the electrodes which
further affect the local electric field; the appropriate formula
is given in the discussion section. Alternatively, an experi-
mental procedure can be employed to calculate the local
field. For example the local electric field close to metal sur-
faces can be calculated from reflectivity measurements.’

For experiments involving low electric field strengths
where y €1, the value of j; ( — iy) will be very small indeed.
The analytical utility of the calculation for such a case is
clearly minimal. However for large field strengths where
¥>1, i can be used like the familiar Raman depolarization
ratio p for the characterization of vibrational symmetry. A
value for 7 can be calculated for each line in the Raman
spectrum. A pure weight-2 transition produces the result
7 = 1/2; otherwise 7 must lie in the range (1/2,0). The
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limiting value 7 = o cannot be attained since it corresponds
to a pure weight-0 transition; however there are no vibra-
tions of this symmetry type in polar molecules, since in the
axial point groups to which they belong the irreducible rep-
resentation of the weight-O tensor is always spanned by
weight-2 tensor components. As a consequence the orienta-
tion of polar molecules by the applied field does not general-
ly produce new lines in the Raman spectrum (cf. Sec. III).
This is nonetheless possible with electric-field-induced reso-
nance-Raman scattering, where the configuration
I'®¥(1-1) provides access to pure weight-1 transitions on
application of the field. This behavior can only be observed
in molecules belonging to the point groups C,, (rn>3): the
detailed rate equations are the Raman analogs of the results
presented in paper I1.

11i. OPTICALLY FORBIDDEN TRANSITIONS

A.Construction of the electro-optical Raman scattering
tensor

When a vibrational Raman transition is forbidden in the
(E 1 X E 1) approximation, the first termin Eq. (2.2) vanish-
es and the leading contribution to the matrix element in-
volves the third rank electro-optical tensor T ;

Mnm =e,~§}EkT,~jk . (3°1)
Under these condition the transition rate I',,,_,, is
..., = Qup,/#)eeE,&enE, Ty Timn - (3.2)

To proceed further with the calculation of the rate it is
necessary to derive the form of 7, ;.. This can be calculated
directly using the time-dependent perturbation treatment
outlined in paper II. T;; has three contributions corre-
sponding to the six possible time-orderings given in Fig. 2.
These contributions are:

M, (a) = 3 {#ic/2Ve,} [ kk'n]' %e ¢ E,

y [ BB
Erm (Esm - ﬁ(t})

k,e L\’\,LL" N
1 + . <
A K,e —%__-op.d
s , s
-gned” -1 pd*
k,e i ' A k.e ] &t
| ~k.E ——— ~p.E
m m
K,e LLL'LLn n
~L gt T
Eop.d k,e OP
s s
—] ~H.E -H.E
r r
T e 4. 1p.dt
Ealld kve cop
m m
k,e
n n
-H.E — -H.E
s K¢ s
k’!e’ 1 - ,€ 1 -
—Eop.d e°“°d
r r
...‘_op.d" "loll d*

FIG. 2. Time-ordered diagrams for electro-optical Raman scattering.

M, (c) = Y {#fic/2Ve;} [ kk'n]' % E,

% [ M
_”—JMMEZ‘M_] (3.3) (E,, —tw)[E,, —filo — )]
Erm (Esm + ﬁa)l) ’ ns, sr,.rm
+ Bl i
(Epp + #0')[E,, — i@ —a')] ]’
M, (b) = 3 {fic/2Ve,} [ kk 'n]' e g E, (3.5)
s rm where
Hi Bl
X =M M, . 3.
[ (E,,, — fiw)(E,, — fiw) M., =M,, () +M,,(b) +M,, (c) (3.6)
R In order to make the expression for the rate less cumber-
K Kt ] (3.4) some, we define the third rank electro-optical Raman scat-
(E,, + #')(E,, +#w') | tering tensor T, as
J
Tu=3 |4 TR Hi BT M My
- ns E’"‘ (E-Vm —ﬁa)) Erm (E-Vm +ﬁ(0’) (Erm _ﬁw)(Esm —ﬁa)) (Erm +ha)')(Esm +ﬁa”)
+ BT 4 HEKT , ] 37)
(E,, —#fiw)[E,, —filo —0")] (E,, +f0)[E,, —filo—o')]
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This real tensor describes at quantum level the concerted
action of three electrodynamical events. The static electric
field behaves as a photon of zero frequency, and the electro-
optical Raman scattering tensor is thus equivalent to a low-
frequency limit (fiw,—0) of the hyper-Raman scattering
tensor. It is therefore not surprising that electro-optical Ra-
man scattering has identical selection rules to hyper-Raman

plified appreciably, and reexpressed in a form which facili-
tates a subsequent symmetry analysis of vibrational Raman
transitions. First we reformulate T solely in terms of the
incident frequency w using the following relations:

E,, =filo—a'),

scattering, as will become apparent. Eps=Eu —Eym, (3.8)

The formula for the tensor T, given above can be sim- E,=E,—E,,,

J

so that we have

Tw=3 [ A . HrE i

ijk ~|E,,.(E,, —fiw) E,,(E, +fiw) (E,, — fiw)(E,, —fiw) (E, +fiw)(E,, + fiv)
R R ] 35
(Erm - ha’)Esn (Ern + ﬁw)Esn

The tensor can be further simplified by invoking the usual Born-Oppenheimer and Placzek approximations,® leading to the

following result for the matrix element:

Os,, sr,, 70 Os,  sr, , 70 Os, sr, 10
M,,, = {#ic/2Ve,} [kk 'n]'e;e E, (xon| Z[ Rl K My B M ik
FLEo(Eg —fiw)  Eo(Eg+#w) ' (Eq —#w)(E, — i)
P A T
(Ep +fiw) (Ey + fiw) (E, —fiw)E, (Eo + fin)E,, om

= {fic/2Veo} [ kk 'n]"%e,& E, (Xou | | Xom) -

In this form it is possible to prove that afy, is symmetricin its
first two indices. This is easily demonstrated by interchang-
ing the arbitrary labels 7 and s for the virtual intermediate
states in the above expression, and using the fact that the
transition dipoles are real; on rearranging the terms the re-
sult is equivalent to the exchange of the i and j indices in the
original expression. The index symmetry arises as a result of
the Placzek approximations. This has important ramifica-
tions for the later symmetry analysis, since it means that T,
has no weight-0 representation and only two weight-1 and
one weight-2 representations.®

Therate, IT',,,_ ., for the transition m — n via the electro-
optical route is obtained by inserting Eq. (3.10) into the
Fermi Golden Rule expression of Eq. (2.1). Expressing the
result in terms of the radiant intensity of Raman scattering,
we obtain the result

I(kl) = KeiE;Ek.élemEn T‘l jk Tlmn .

y (3.13)
The required rotational average is effected using the tensor
averaging method outlined in paper 1. An isotropic rota-
tional average is appropriate since it is mainly in molecules
belonging to one of the nonaxial point groups that we find
(E1XE1XE1l) (electro-optically) allowed transitions
which are not also (E 1 X E 1) (optically) allowed. The gen-
eral result given in Eq. (4.17) of paper I can be simplified by
taking consideration of the real and index-symmetric nature
of the molecular tensor. As with optically allowed Raman
scattering the selection rule n = m + 1 still dominates, and

(3.10)

therefore some component of the electro-optical Raman
scattering tensor must transform under the same representa-
tion as the Raman-active vibration [cf. Eq. (5.2) of paper1].

ey €

FIG. 3. Beam geometries for electro-optical Raman spectroscopy: (a) with
the electric field perpendicular to the scattering plane; (b) with the electric
field directed towards the detection optics.
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B. Polarization analysis

While the result represented by Eq. (4.17) of paper I is
hardly in a form amenable to direct experimental verifica-
tion, its application does enable very useful information re-
garding the symmetry of the final state to be obtained by a
fairly simple polarization analysis. By studying how the in-
tensities of the Stokes (or anti-Stokes) lines vary with the
relative polarizations of the incident and scattered light, it
should be possible to unambiguously assign all the observed
Raman transitions to a definite symmetry class. Under non-
resonant conditions there is a set of five linearly independent
irreducible tensor inner products that needs to be evaluated
if the symmetry of any transition is to be determined. This
requires the experimental determination of five spectra with
linearly independent intensity equations. Detailed analysis
of the results for the case of plane polarized light reveals that

D. L. Andrews and N. P.

Blake: Raman spectroscopy

have the required linear independence; we therefore concen-
trate on the case of circular polarization.

A total of five intensity measurements is required using
a 90° scattering geometry. Three of the intensity measure-
ments are made with k' perpendicular to E, henceforth re-
ferred to as beam geometry 1 [see Fig. 3(a)]. These intensi-
ties are denoted as I'(c—c), I'(c—|), and I'(c—1).
I'(c—c) refers to the intensity of scattered light with the
same helicity as the incident light. I ' (¢ — || ) is the intensity of
scattered light linearly polarized within the scattering plane,
and I '(c— 1) is the intensity of scattered light polarized per-
pendicular to this plane. The other two intensities are made
with k' parallel to E, henceforth referred to as beam geome-
try 2 [see Fig. 3(b)]. These intensities are 7°(c—c) and
I*(c—1). The intensity equations obtained on resolving Eq.
(4.17) of Ref. 1 into its linearly independent components for
each geometry are given in Appendix C for arbitrary scatter-
ing angle. The five required intensities have the explicit form

there is no suitable set of measurements whose intensities shown below:
I

I'e=0) =K [ - 2T G, TED, — S6TGR,TUED + 25T UP T

+259T %), T3y + 66T (3. TG0 1 (3.14)
I e=|) = 3K [TTGR, TR, + 168T (3, TUY + 33T R0 T 4D

+476T %), T o + 52T 00 T 1 (3.15)
I'(e~1) = 4K [3TURTER, — BOTURTUED + 15T 0T ED

+42T 3, T3, +80T3,.TE,. ], (3.16)
1) = 4K [126T Y2, TUS, + T84T U, TUED + 6SITUEPTURY

+770T 3, T3y + 116T 30, T30 (3.17)
IerL) = K [119T 42, T4, + S16T U, TUAD + 30T G0 TUY

+294T 3, T3, +64T 3, T3] - (3.18)

I

Equations (3.14)~(3.18) can be used to define two polariza-

E={8I'(c—c) + (6/5) I (c—L) + 2I*(c—0)},

tion ratios sufficient to elucidate the symmetry of each line in (3.21)
the spectrum. Using the four intensity expressions E=(5/D)I'(c—e) + (3/2)[*(c—1) — 2 *(c—c)
(3.22)
O =1I'"(co|]) +I'(c>L) —2I"(c—0), (3.19)  wedefine
=o/T, (3.23)
I = (1/16){45I ' (c—||) — 411 ' (c—>c) 8,=C/E, (3.24)
—161%(e-1)}, (3.20) leading to the results
J
1344T(la) (la)
6= (la) T (la) ((z?m ((zl)“)v (3) (3) (3:25)
7207 (323, TG, +6097T (20, T Gy + 1397T Gy T Gy
| SSSSTUBDTORD + SBSTR,) T, + RT3, 326
896T (DT (T + 637T (3, T 3y, +290T &y, T Gy
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Reference to a table of results (Table I) enables the symme-
try classification of each Raman electro-optically active vi-
bration to be determined on the basis of the value for these
two intensity ratios.

Alternatively, a visually more comprehensible diagram-
matic method can be employed. Noting the allowed numeri-
cal ranges of 8, and 8, for each class of transition and plot-
ting &, against &, one obtains Fig. 4. For any EFIR transition
the point (8,,5,), must lie within the triangle XYZ having
vertices (1.9,6.6), (0,9.1), and (0,5.1). If the point (,,6,)
lies on one of the vertices X, Y, or Z, then the transition
contains contributions from one weight only and belongs to
either class IIB, IV, or 111, respectively. If the point lies on
one of the sides of XYZ then the transition contains contri-
butions from two weights. For example, a point lying on the
line YZ corresponds to a transition which has contributions
from weights-2 and -3 only, and thus belongs to class IIA.
For a point which lies on XZ the transition has contributions
from weights-1 and -3 only, and so belongs to class IB. If the
point lies entirely within XYZ then the transition contains
contributions from all weights and is consequently a class IA
transition.

IV. DISCUSSION

It is both useful and necessary to consider the likely
magnitude of the electric-field-induced Raman effect. In
view of the similarity between the electro-optical Raman
scattering tensor T ; and the hyper-Raman scattering ten-
sor B it is fruitful to compare the intensities of the two
effects. If I .prr represents the intensity of a Raman transi-
tion via the electro-optical route and I, the typical intensity
of a hyper-Raman transition then, neglecting the frequency-
dependence of the scattering tensors, it can be shown that

Lopr /Lug =2c€,E*/Ig® . 4.1)

In Eq. (4.1), g is the degree of second-order coherence of
the incident radiation, which for laser light is generally close
to unity. For a pulsed laser irradiance of 10'> W m~2, and an
experimentally feasible electric field strength of 5% 10’
V m~}, theratio defined in Eq. (4.1) is approximately unity.
In fact Lippitsch'®'* has shown that by pulsing, external
electric field strengths of 10®° Vm™! can be achieved. By
careful choice of solvent, local electric fields can be signifi-
cantly higher. Water, for example, gives rise to local electric
fields 25 times as large as the external field. Thus in practice
electric fields of over 10° Vm™! can be achieved, which
would lead to electro-optical Raman effects 100 times more
intense than hyper-Raman scattering.

As Plieth® has shown, similar electric field strengths ex-
ist near an electrode within the electrochemical double layer,

4

4 Z 6 1 8 Y 10

FIG. 4. Symmetry assignment of electric-field-induced Raman transitions
in circularly polarized light experiments using the intensity ratios §, and &,.

even in the absence of an applied potential. Studies at metal
surfaces must therefore consider the effects of the electric
field. In the presence of ionic fluids, diffusion processes may
result in the local electric field changing with the distance
from the elecirode. For spherical ions, the electric field at a
distance x from a planar electrode held at a potential @, can
be calculated using Guoy—Chapman theory, giving the re-
sult®:

E(x) ={8kTn’/e,K}~1/?
x sinh{In[ (1 + we=7*)/(1 —we~#)1}, (4.2)

where

w = tanh(Zep,/4kT) 4.3)
and

p= (2n°Z%*/KekT)"2. (4.4)

In the above equations n° is the bulk concentration of the
ionic compound, Ze is the charge on the ion, and X is the
dielectric constant.

Recently, DiLella et al.?% have reported the breakdown
of normal Raman selection rules close to, and at, metal sur-
faces, attributing this to quadrupolar effects due to the high-
ly inhomogeneous electric fields. However, our calculations
show that the electric fields experienced by molecules close
to metal surfaces are sufficient to give rise to observabile elec-
tro-optical phenomena, so resulting in a breakdown of the
normal Raman selection rules even in the electric-dipole ap-
proximation. While quadrupolar effects are strongly in-

TABLE I. Values of the polarization ratios §, and &, for transitions belonging to each symmetry class.

Class IA 1A IB 1B v 11

weights 1,2,3 2,3 1,3 3 2 1
5, 1.856,50 0 1.858,>0 0 0 1.8
5, 9.1>8,>5.1 9.1>8,>5.1 6.6>6,>5.1 5.1 9.1 6.6
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Intensity enhancement

2.0

5 10 15 20 25 v

FIG. 5. Enhancement of intensity for a pure weight-0 transition as a func-
tion of ¥ = u®E,,, /kT.

fluenced by surface roughness, the electro-optical dipole
channel should be operative at all metal surfaces, and thus
represents a more universal mechanism for the breakdown
of selection rules at metal surfaces. Furthermore at these
field strengths there will be appreciable electrical polariza-
tion of the medium. As Lippitsch and co-workers have
shown, this can lead to intensity enhancements of 2--3. This
is in good agreement with our results, where we have shown
that the leading correction to the Raman intensity at these

Blake: Raman spectroscopy
component, a$) a5,
man scattering.

In conclusion, our studies have shown that strong static
electric fields exert a considerable effect on the Raman spec-
tra of fluids, both in modifying the relative intensities of lines
normally present, and by inducing normally Raman-inac-
tive transitions. Our results should facilitate the analysis of
EFIR spectra, and hopefully stimulate further experimental
studies in this area.

varies with field strength for 90° Ra-
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APPENDIX A: GENERAL INTENSITY EQUATIONS FOR
RAMAN SCATTERING IN ELECTRICALLY POLARIZED
MEDIA

The result takes the form expressed by Eq. (2.9) of the
main text, where for linearly polarized light the rate cointri-
butors, 4, B, and C are given by the following equations:

3 : . . (e.e')Z Mo —1 a(o) a(O)
high field strengths can easily be three times the normal iso- A=1 /30[ ] [ ] AT AL
tropic contribution. Figure 5 shows how the intensity of the 1 0 3 a Efﬁn a fi}n
}
it {aDy e, + aldyal),
(ee){(Ee) (Ee) — (1/3)(ee)}]7[ 18 —6]| — @l
B= —1/14| (Ee)?— (1/3) -6 9 ||ap.{el)al, +2a3,03, |, (A2)
(Ere)? — (1/3) -6 9 +a@),a, } —1/3{aQ,al},
| + afiL, ag;‘) i
C = (1/392) [ (E-e)*(E-e')* — (1/7) (4(ee’) (Ere) (Ee') + (Ere)’ + (Eve')?) + (1/35)(2(ee’)*> + 1)]
X [ty fofto (@ aly + 208, al, +alyal)) — (/D [4,4,{al),al; + 22, ef)
+ai, el +20.0.{aal), + a@a®, 3] + (1/35) {5, a3, + 203,23} - (A3)

APPENDIX B: RAMAN INTENSITIES FOR ELECTRICALLY POLARIZED MEDIA IN SPECIFIC EXPERIMENTAL

GEOMETRIES
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APPENDIX C: GENERAL INTENSITY EQUATIONS FOR ELECTRO-OPTICALLY INDUCED RAMAN SCATTERING
WITH CIRCULARLY POLARIZED LIGHT
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