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Vibrational Raman Optical
Activity Comes of Age
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Abstract. It is almost precisely 20 years since the first recording of an entire vibrational
Raman optical activity (VROA) spectrum was accomplished. We describe some of the
developments which by now have allowed the measurement of carbohydrates, peptides
and even proteins, and nucleic acids. While we outline the enormous general potential
of VROA for structural determinations of chiral molecules, our emphasis is on the
particular potential the separate determination of the isotropic and anisotropic invar-
iants of the optical activity scattering tensor has for the interpretation of VROA data.

1. A Historic Perspective which is also
an Outlook

Two decades have elapsed since the
modest experimental inception of vibra-
tional Raman optical activity (VROA)
[1][2]. What was looked at, by many chem-

ists and physicists alike, with the notable
exception of some stereochemists, as a
curious little effect, almost impossible to
measure and prone to misinterpretation
and artefacts, is gradually revealing its
potential of becoming the most powerful
chiroptical method of the future. This

achievement is owed to the perseverance
of a small group of chemical physicists
who never wavered in their belief in the
potential of vibrational Raman optical ac-
tivity.

We will elaborate in some detail on the
potential of VROA in the following para-
graphs and give a general argument here.
Without wanting to take away from the
merit of people working in the field of
classical optical activity, our view can
certainly be justified that the spectroscop-
ic situation for determining chiral struc-
tures, apart from special X-ray techniques,
has actually been for decades a dismal
one, the only generally available tech-
niques being the circular dichroism of
electronic transitions and optical rotatory
dispersion. This is equivalent to a situa-
tion where for ordinary structure determi-
nation the only spectroscopic method avail-
able would be visible and UV absorption
spectroscopy and the measurement of the
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of VROA for structural determinations of chiral molecules, our emphasis is on the
particular potential the separate determination of the isotropic and anisotropic invar-
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1. A Historic Perspective which is also
an Outlook

Two decades have elapsed since the
modest experimental inception of vibra-
tional Raman optical activity (VROA)
[1][2]. What was looked at, by many chem-

ists and physicists alike, with the notable
exception of some stereochemists, as a
curious little effect, almost impossible to
measure and prone to misinterpretation
and artefacts, is gradually revealing its
potential of becoming the most powerful
chiroptical method of the future. This

achievement is owed to the perseverance
of a small group of chemical physicists
who never wavered in their belief in the
potential of vibrational Raman optical ac-
tivity.

We will elaborate in some detail on the
potential of VROA in the following para-
graphs and give a general argument here.
Without wanting to take away from the
merit of people working in the field of
classical optical activity, our view can
certainly be justified that the spectroscop-
ic situation for determining chiral struc-
tures, apart from special X-ray techniques,
has actually been for decades a dismal
one, the only generally available tech-
niques being the circular dichroism of
electronic transitions and optical rotatory
dispersion. This is equivalent to a situa-
tion where for ordinary structure determi-
nation the only spectroscopic method avail-
able would be visible and UV absorption
spectroscopy and the measurement of the
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index of refraction. Clearly, methods ac-
cessing molecular vibrations for the deter-
mination of chiral structures simply can-
not fail with time to eclipse, though not
supplant, conventional optical acti vity. But
what about even much more powerful
methods, such as nuclear magnetic reso-
nance optical activity? This is a naive
question which chemists have been asking
me from time to time. The answer derives
from the well-known fact that optical ac-
tivity measures the variation of the vector
potential, characterising the probing elec-
tromagnetic radiation, over the molecular
dimension. This implies what one might
call the I/A-problem [3]. While it is always
unwise to try to predict the future, a state-
ment which safely can be made is that any
NMR optical activity for ordinary sized
moJecules is expected to be exceedingly
smal] due to the long wavelength of the

probing radiation of this spectroscopic
method.
Chiroptical methods probing molecu-

lar vibrations can thus be expected to
dominate in the future. Apart from VROA,
there is vibrational circular dichroism
(VCD) the first measurements of which
[4]1[5] were achieved at almost the same
time as VROA. While the 1A problem also
exists, to a more limited extent, in VCD,
instrumental development has been some-
what faster than in VROA, and VCD is
consequently ahead in stereochemical ap-
plications [6] inspite of a steady trickle of
interesting and generally reliable experi-
menta] VROA data recorded with scan-
ning instruments [7][8]. This is not ex-
pected to last, however. As a matter of
fact, were it not for the destruction of the
first  high-performance multi-channel

VROA instrument [3][9] by unfortunate
circumstances, the situation might well be
different. This instrument had allowed the
rapid measurement of polarized [10], de-
polarized [1]] and, in its latest version,
backscattered [3] VROA spectra. Fortu-
nately, some of the know-how gained in
its design and operation found its way into

the construction of an instrument now
operating at Glasgow University  [12],
apparently in a safe environment and with
sustained local support.

VROA can potentially provide a lot
more information than VCD even though
the two methods are complementary to a
certain extent, as is the case for Raman
spectroscopy and IR spectroscopy. Yet, a
wealth of information also means a wealth
of work to properly understand and inter-
pret it. From a stereochemists' and bio-
chemists' point of view, the scientists who
are assumed to be using the method for
structural  elucidation in the future, the

A FRIBOURG

basic theory of VROA [13] with all its
esoteric optical tensors and their deriva-
tives with respect to vibrational atomic
displacements might look almost impene-
trable. Though the elaborate calculations
chemical physicists have been doing in the
past will remain essential in the future, we
will nevertheless try to make the point that
some of the most fruitful applications of
VROA might be based on its empirical
application, with only a qualitative under-
standing of a few molecular vibrations and
of the electronic structure of molecular
fragments required.

2. These Esoteric Tensors and Their
Invariants ...

The appropriate formulation ofVROA
intensities for isotropic samples isin terms
of invariants of the relevant transition ten-

sors [14]. For the anisotropic invariants,

there has been a numerical redefinition

[13] so that one has [15]

y2={3(G)2=y~ U]
-)

for the anisotropic invariants of the elec-
tric dipole-magnetic  dipole and electric
dipo]e-electric-quadrupole optical activi-
ty tensor products, respectively. To avoid
confusion, the anisotropic invariant of the
polarizability tensor agiven asyin [14] is
now written as fJ2 or f3 (a)2. Formulas for
these invariants as well as aG', the iso-
tropic part of the electric dipole-magnetic

dipoleoptica] activity tensor, may be found

in [13][14].
There are five distinguished scattering
arrangements, namely

a) three 90° scattering geometries with an
analyzer oriented, with respect to the
scattering plane

1) perpendicular (polarized VROA spec-

tra)

2) parallel (depolarized)

3) at+54.74°('magicangle’, >

b) two collinear geometries with no ana-
lyzer

4) backscattering  (180°)
5) forward scattering (0°)

The differences for the differential scat-
tering cross sections for left (L) and right
(R) circularly polarized exciting light for
these arrangements are readily obtained
from published formula [3][13][16]

G -dGL-dGR
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MG =-4|§| Y —6u'~l]d
JG. =—4K| OaG'+20y I]d

&JIG(I 0) = - 4Kl 72 y-' +_4u"~l]d0 @)

&/0'(0)=- 45%15.49&;12_ -12¢5]dQ  (

while, for the average differential-scatter-

ing cross sections, one has
()
dG, = K 6{J~dO (10)
aj
ad
with
| -4.j 2
K=-TC- V, 110 |
So vm (
14
Wo being the angular frequency of the
exciting light and Llv,, frequency shifts in

wave numbers.

The formulas are valid for exciting
light with w, well outside electronic ab-
sorption bands, i.e., in the nonresonant
case, and the tensors are considered tran-
sition tensors. Model interpretations and
direct calculations need, therefore, in gen-
eral be based on writing the tensor compo-
nents as derivatives of the components of
electronic molecular tensors with respect
to the molecular vibrations.

Chemists are not generally at ease with

methods which require the handling of
intricate tensors. Yet, the above invari-
ants, being scalar quantities, are actually

as easy to handle as, say, the dipole strength
extracted from an electronic absorption

band of an UV spectrum. If only, and this
is a complication  with the above expres-
sions, the three VROA invariants aG', y2,
and 02, would not occur in combination

but individually. From Egns. 4-8, which
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have been written with a common prefac-
tor, it is easily seen, however, that appro-
priate combinations of .1davaJues can be
formed which depend on asingle invariant
only, as exemplified in the following sec-
tion.

It is easy also, even for the nonspecial-
ist, to qualitatively appreciate the occur-
rence of invariants of, say, the magnetic

dipole - electric dipole tensor. For iso-
tropic samples, liquids in general, rota-
tionally invariant combinations of tensor

elements only can survive. And as chiral

information is carried by the radiation
emitted by oscillating magnetic dipole
moments induced in the sample by the

electric component of the probing light,
and by the electric dipole moments in-
duced by the magnetic component, the
corresponding  dynamic distortion tensor
occurs in the theoretical expression for
VROA scattering. The same holds for the
quadrupole contribution.

3.... and Their Measurement

Ideally,
experiments

the data obtained by VROA
should be the relative, if not
the absolute, size and sign of the five
invariants entering expressions 4-12 for
all vibrations of a molecule. A maximum
of information on each vibration, and thus
on the structure of a molecule, would then
be avai lable. The comparison of measured
and calculated data would become really
meaningful, what is now by no means
always the case as calculated and meas-
ured VROA spectra are often compared
for one particular measuring arrangement
only. In principle, given an instrument
with sufficient sensitivity and lack of arte-
facts, this should be readily accomplished.
In practice, quite apart from instrumental
drifts and sample degradation during meas-
urements, there are some real difficulties,
namely:
- instrument sensitivity for different scat-
tering arrangements is different;
- stray light varies;
- fluorescent and solvent background, if

present, are different;
- resolution can vary even for identical
instrument settings because optics are

not filled homogeneously;

- the finite size of the light collection
cone has not the same effect on the
measurement  of different invariants;

- isotropic and anisotropic contributions
may have different spectral widths;

- bands often overlap.

Some of these problems, like instru-
ment response, are amenable to compara-

tively simple solutions, if tackled by a

skilled instrumentalist,  others might be
disregarded in view of the limited preci-
sion of VROA data. Still, it is understand-
able that only recently the first quantita-
tive measurement  of the relati ve size of the
anisotropic magnetic dipole contribution
I and the anisotropic electric quadrupole
contribution 52 has been published [17].
An elaborate double modulation technique
was employed to obtain the data [18]. This
is a beautiful achievement, but for reasons
given in [12] we have doubts that the
applied technique lends itself to the rapid
routine acquisition of VROA data. In-
deed, the results of [17] already represent
a compromise  between data acquisition
speed and precision on account of the
finite light collection cones which were
chosen for the two realized scattering ge-
ometries  [19].

A method which allows the elimina-
tion of the quadrupole contribution is the
so-called magic angle scatteri ng [20]. From
Egns. 4, 5, and 6, it is seen that one has

Mu. =tulu  + -31u'd ~ (15)

Egn. 15 shows that, its originally some-
what elaborate presentation in terms of the
Stokes-Mueller formalism  notwithstand-
ing [20], magic angle scattering is an ordi-
nary 90° scattering experiment with the
polarization  analyzer setting chosen to
yield the particular linear combination of
Mal-and .1dall in which 82 cancels.
Apart from double-modulation  tech-
niques [17], a combination of .1da (180)
and Llda" can also yield yand 52 separate-

ly:

0'(10)+ Mal =--%{§ly 2 go. (16
&/0-(1 0)-4 0-. =--f11§5 2 do. (17)

It is gratifying that the two measure-
ments needed are the easier ones with
respect to artefact suppression. As a mat-

teroffact, artefact suppression for Lldall is
trivial with a double lens light collection
system, and the use of unlaminated Polar-
oidfoil as apolarization analyzer [21], and
the already favorable  situation  for
Llda (180) can be further improved by the
use of a fibre optics cross-section trans-
former with statistically mixed fibres [3].

It should perhaps be mentioned here
that there is a skew-angle scattering geom-
etry which yields Y directly. The scatter-
ing angle is 109.47° and the analyzer set-
ting £30° to the scattering plane:
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The implementation might be delicate,
and similar arrangements for 52 and aG'
do not exist - the appropriate equations,
which are readily derived from the formu-
lae given in [16], have no solutions. May-
be one should call this arrangement ‘dual
magic angle' or, in view of the possible
experimental  difficulties, ‘'bewitched an-
gle' scattering.

In our opinion, the separate measure-
ment of aG'might have particular signif-
icance, because sizeable values might be
characteristic for particular vibrations [22].
Three measurements _are required to neat-
ly separate it from 0 and 52, namely, in
addition to Llda (180) and .lda u, either
,1da (0) or .1dal- :

Ju(l 0) +6Lulu( )- 8Mcr =

_4K3240aG'd (19
C

5MG(I 0) +~4Mal. -

4K 3240aG' d (20)
C

In practice, one might do with .1da(O)
[22] or even Mal. [10]. A better compro-
mise, 02 being small, might be either

6:ulu(0) - MU(I 0) =

_ 4K [ 240a ~1dn

Jo
or
with other combinations also possible.
Indeed, the simultaneous  detection of
VROA in two or even three scattering
arrangements might be entirely feasible in

the future in view of the now easy availa-
bility of compact spectrographs and light
detection systems. There is, after all, as we
have already demonstrated with the dual
light collection system [21], no reason to
throwaway well over95% of the preciolls
scattered light! It should well be seen that
the presently fastest instrument [12] with
which at last acquisition times, compared
on an equal wavenumber, laser power, and
resolution basis, are achieved equal to or
better than with our earlier design [3],
does this with considerably less collected
light, and this feat opens up real possibil-
ities for simultaneous multiple scattering
arrangement  instruments.

As a last remark in this section. we
point out that a test on the internal consist-
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ency of the data is possible if Ada (180),
Ada(0), and AdaJ. are measured as one has
Ma(l 0)+ Mo-(0)-4&/0-.1 =0 (2

Obviously then, inspite of the present
euphoria over the ease of the measurement
of Ada (180), the independent measure-
ment of Ada nwill always be required for
a complete analysis of YROA data, with
an additional two measurements for either
Ada (180) and Ada (0), or Ada (180) and
Adal., or Ada(O) and 6.£laJ.inevitable. But
a reasonable compromise, aiming not at
the separation of quadrupole and magnet-
ic dipole contributions but rather the iso-
tropic and anisotropic contributions,  ap-
pears to be the measurement of either
Ada( 180) and Ada(O), or Adall and Adal'

4. Interpretation and Applications
Stereochemists  and biochemists on the
one side, and spectroscopists and theoreti-
cians on the other, will to a certain extent
be interested in different aspects of the
information contained in YROA data. Ei-
ther group will have its rich pickings, a
fact which is underscored with each new
type of molecule measured: small model

compounds, amino acids [23], peptides
and protei ns [24][25], carbohydrates
[26] [27].

A theoretically inclined spectroscopist
would want to have a VROA instrument
capable of routinely measuring  AdQOjl'
AdaJ., and either Ada( 180) or Ada(O), or
both, and it should reliably vyield all the
tensor invariants discussed above. In con-
junction with model calculations, e.g. with
the bond polarizability theory [13], or di-
rect ah initio calculations, a more thor-
ough understanding can be obtained of the
mechanisms  which underly the genera-
tion of Raman optical activity. This cer-
tainly provides guidance for establishing
rules relating the sign and the size of
VROA to the geometric molecular struc-
ture, but it also refines the knowledge of
molecular vibrations and of the electronic
structure of molecular fragments. For this
latter aspect, we suspect that the compar-
ison of the sign and size of I and 52, even
if the latter is generally small, might be
useful. A lot of work has already been
done along these lines and the reader is
here referred to the specialized literature.

As a stereochemist or biochemist on
the other hand, | would want to own an
instrument measuring YROA simultane-
ously in backscattering (AdO" (180» and
forwardscattering  (AdO"(O». To maximize
light collection and to minimize artefacts

A FRIBOURG

without lengthy adjustments, and also to
render the instrument as compact as possi-
ble, I would insist on coupling the en-
trance slits of my two spectrographs — with
carefully calculated fibre optics cross-sec-
tion transformers to the forward and back-
ward light-collection  optics. | would be
aware that sample preparation needed some
effort to exclude dust, gas bubbles, and as
much as possible fluorescence, and that in
routine  work stray light in a collinear
experiment would in general prevent me
from measuring frequencies below 350
cm-! [27].

A chemist thus equipped would be ina
position to distinguish  the isotropic and
anisotropic contributions  (Egns. 21 and 7)
to YROA, even though, for the anisotropic
contribution, he would be limited to the
somewhat arbitrary combination of 3|
+5| for the magnetic dipole and electric
quadrupole  part. This limitation is less
severe than it might appear. From the very
first YROA spectra measured in the sev-
enties for AdOjl and Adal., we concluded
that the quadrupole contribution (9. did not
determine the sign of VROA bands and
seemed generally much smaller than the
magnetic  dipole contribution 3i [10].
Likewise, we found that the isotropic part
aG' contributed little to the polarized spec-
tra (Eqn. 4), except for two partially polar-
ized bands at 755 cm-] and 1205 cm-!,
where it appeared important. As this gen-
eral early conclusions on the relative im-
portance of aG', I ,and 52 have so far been
confirmed without exception [17][22], a
YROA instrument for the determination
of the structure of molecules which yields
AdO"(180) and MO" (0) looks like a good
compromise.  Such an instrument should,
however, also be equipped to measure
conventional depolarization ratios, which,
within the limited precision admitted in
YROA spectroscopy, is nothing difficult
at all. We do not understand why this
valuable information has only occasional-
ly been used in the interpretation ofYROA
spectra. Even if afully polarized band will
never occur for a chiral, molecule, this
limiting case, for which 1 =52 =0 holds,
provides a valuable piece of information.
Similarly, the fact that the mean derived
polarizability a, and thus aG', vanishes
for a depolarized band is often helpful
[10J.

If contributions from aG' are small or
even negligible except for a few partially
polarized bands, why then should one try
to measure them? It is precisely because
sizeable values for aG' occur for particu-
lar vibrations only that their measurement
is important  [22]. Firstly, spectra and in-
terpretation are dramatically simplified by
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the display of those VROA bands only
which are generated through aG', and
secondly some of these bands appear char-
acteristic for chirally perturbed vibrations

on achiral molecular fragments. Theoletin-

ic methylene twist vibration has been sug-
gested to be such a probe [20][22]. In a
structure of C,, symmetry, the methylene

twist transforms as A,, and this irreducible

representation  is spanned by Gl G\,
and Gu:~but not by ay, al" and a:.‘A
chiral perturbation allowing- a@to contrib-
ute then will lead to large and characteris-

tic values of aG'. The situation is the
vibrational analogue to the chirally per-
turbed nn" transition ofthe carbony Igroup
with which stereochemists are well ac-
quainted.

Another case where the determination
of anisotropic and isotropic contributions
would doubtless yield abetter understand-
ing is the couplet often observed for the
anti symmetric deformation mode of the
methyl group in chiral arylethanes [2][28].
It was unambiguously  shown that the cou-
plet is present in polarized and depolar-
ized VROA spectra [to], and that it orig-
inates in a coupling of the methyl vibra-
tions with avibration of the H-atoms ofthe
aromatic part of the molecule, and not in a
steric deformation of the methyl group
[11]. Laterdiscussions ~ [29] centred ou: the
influence quadrupole contributions  might
have on its relative size in polarized and
depolarized spectra, while assuming aG'
to be negligible. We feel that a more fruit-
ful approach might consist in considering
in detail the contributions made by the
components  of the various tensors span-
ning different irreducible representations
of the group Cs, of the methyl group.

The conformational study of biomole-
cules requires the high sensitivity of col-
linear scattering. The reduction in measur-
ing time is certainly less pronounced than
one might conclude from Eqns. 4-8, be-
cause Raman scattering is a shot-noise-
limited experiment, and the summed in-
tensities are also higher in a collinear
experiment, but the gain in time is never-
theless important. This is particularly true
once aG' will be determined routinely by
forward scattering. No such experiment
has been published so far for biologically
important molecules, but we are confident
that, in view of the potential simplification
ofthe  VROA spectra, such data will even-
tually be measured.

Even in the absence of spectra for Ada
(0), YROA appears a far more incisive
probe of biomolecular conformation than
conventional vibrational spectroscopy. The
reason for this rests with the fact that only
those few vibrational coordinates within a
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complicated normal mode which sample
the skeletal chirality directly contribute to
the corresponding VROA band intensity.
In a first study intended to identify signals
characteristic of an o-helical structure the
VROA spectra of poly(L-lysine) in ran-
dom coil and a-helix conformation were
compared with spectra of bovine serum
albumin and insulin, and several charac-
teristic bands were tentatively identified
[25]. In a parallel study, VROA bands
characteristic of antiparallel 3-sheets were
found forconcanavalin A, a-chymotrypsin
and S-lactoglobulin when compared to the
model S-turn peptide L-Pro-r-Leu-Gly-
NH; [30].

Carbohydrates appear particularly well
suited for VROA spectroscopy. First re-
sults on D-glucose and several partially
deuterated n-glucoses [26] and disaccha-
rides [27] indicate signals which reflect
the - and fB-anomeric configuration of
monosaccharides, distinguish o- and f-
linked disaccharides and polysaccharides,
signals characteristic for the relative ori-
entation of substituents on the six-mem-
bered glucose ring, and signals which dis-
tinguish different rotamers of the exocy-
clic hydroxymethyl group. There is little
doubt that VROA will prove invaluable
for conformational studies of carbohy-
drates, even if some of the present vibra-
tional assignments must be considered
tentative and need confirmation by further
studies of series of related molecules. One
should obviously not loose sight of the fact
thata monosaccharide like p-glucose, even
discounting C-H and O-H stretching
modes, represents a vibrational assign-
ment problem with well over 50 normal
mode!

5. Conclusions

The use of a collinear scattering geom-
etry and recent advances in detector tech-
nology, in particular of backthinned CCD
devices with very high quantum efficien-
cies and low read-out noise, have made
possible VROA instruments with data ac-
quisition speeds equalling and surpassing
the best previous designs even while col-
lecting substantially less scattered light.
The reliable measurement of molecules as
difficult to measure as biopolymers in
solution has thus become a reality.

The relatively low amount of scattered
light needed for these results, due to the
quantum efficiency of the detector and the
use of acomparatively simple spectrograph
with a single high efficiency planar grat-
ing and a holographic notch filter, should
make the construction straightforward of

instruments capable of measuring VROA
simultaneously for more than one scatter-
ing arrangement. The simultaneous meas-
urement of VROA in backward and for-
ward scattering, straylight problems not
withstanding, appears particularly prom-
ising. Contrary to conventional Raman
spectroscopy, where the scattering inten-
sities are identical for these two configura-
tions, VROA in backward scattering de-
pends on anisotropic contributions only,
while forward scattering is essentially de-
termined by the isotropic part of the opti-
cal activity scattering tensor. A dramatic
simplification of VROA data can result,
and one expects their interpretation deci-
sively facilitated. The situation is not un-
like, but probably more favorable, to the
use of depolarization ratios in ordinary
Raman spectroscopy.

In conclusion, we point out that our
emphasis in this brief account of the devel-
opment of VROA has been on those as-
pects we consider most significant for the
more imminent future applications of the
technique. There might be other areas like
the determination of absolute configura-
tions by a comparison of measured and ab
initio calculated VROA spectra which one
might want to include in such a catalogue
[31]. Likewise, nonlinear techniques have
not even been mentioned here but might
become very important, because they
should allow the measurement of dilute
solutions, impossible in spontaneous Ra-
man scattering because of its limited dy-
namic range. Indeed, we see no reason
why this should notbe accomplished, once
a skilled experimentalist gets interested in
this areaand chooses an appropriate thresh-
oldless collinear phenomenon like Raman
gain/loss spectroscopy, instead of the gen-
erally favored CARS.
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