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Absgstract

DESIGN AND IMPLEMENTATION
OF INSTRUMENTATION FOR THE OBSERVATION OF
INFRARED (VIBRATIONAL) CIRCULAR DICHROISM
FROM AQUEOUS SOI.UTIONS
by

ouU 1L.¥E

Adviser: Professor Max Diem

This dissertation reports the design and con-
struction of two state-of-the-art dispersive instru-
ments for the observation of Infrared (Vibrational)
Circular Dichroism, theilr optimization, as well as
their sumerior performance. A discussion and com-
parison of result between the dispersive unit and
Fourier transform infrared VCD describe the advan-
tages and disadvantages of the respective technical
approaches. The studies of alanyl peptides in agueous
solution demonstrate application aspects of VCD in

attacking the difficult yet important problems of



iv

molecular conformation in agqueous solution, particu-
larly for biological mclecules. Furthermore, the
exhibited atructural sensitivity of VvCD toward molec-
ular chirality can find wide utilization in chiral
analysis and determination, in such field as chiral

synthesis and separation.
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Preface

The fascinating phenomenon of optical activity
has interested many scientists ever since its discov-~
ery. Around 1810, Fiench physicist Jean Baptiste Biot
discovered that when polarized light passes through
certain substances the polarization direction of the
light is rotated about its propagation direction[i].
The observed effect is called optical rotation, and
the substances which exhibit it are called optically
active, Optical rotation is one measure of optical
activity, Biot’'s study also showed that optical
activity is due to some molecular characteristic of
the substance, known later as the chirality of the
molecule.

Circular dichroism (CD), which measures the
absorption difference between left and right circu-
larly polarized light, was discovered in 1895 by yet
another French physicist, Aime Cotton. Circular
dichroism was soon understood to come about from the

same mechanism as optical rotation.
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Although optical rotation and circular dichro-
ism provide similar information about the molecule,
CD relates the information closely to the molecular
structure of some particular light-absorbing groups.
Thus, itg results are much casier interpreted. Howev-
er, CD was not widely used because of the extreme
instrumental difficulties. Only since the first
commercial €D instrument in the ultraviolet-visible
region was available in 1960, CD has become a popular
tool in research and analysis.

The extension of the measurements of circular
dichroism into the i1nfrared region has been a long-
sought goal for many scientists. It would utilize the
combination of the sensitivity of CD and the speci-
ficity of infrared spectroscopy to solve a variety of
problems in molecular stereochemistry. Yet, technical
obstacles made the goal impractical until the early
Nineteen Seventies{[ili]). The infrared circular di-
chrograph became reality, thanks to technical ad-
vances on several fronts, such as highly sensitive IR
detectors, personal computers, and, especially, the
photoelastic modulators in the IR region.

Because of the chiral nature of circularly
polarized light, CD is sensitive to the following:

a. structural difference between the molecules



containing chiral center(s), te. L- and D- (or S- and
R-) enantiomers;

b. conformational difference, ¢.g.. secondary
gstructures of polypeptides, te.a-helix or p-sheet, and
that of DNA, te. right- or left-handed double stranded
helix.

In the latter cases, the molecule may or may
not centain a chiral center, however, the overall
conformation must exhibit a pattern of asymmetry
(symmetry point group, C,) or dissymmetry (C }.

The field of studying optical activity has been
getting some new attention in light of recently
emphasized efforts on chiral molecules in areas such
as Organic Chemistry (chiral synthesis), Analytical
Chemistry (chiral separation and detection}, and
biochemistry (effect of molecular conformation on
biological reaction}, and, particularly, in pharma-
ceutical industry (new drug design and pharmacology
of enantiomers)fili,iv].

The aim of the research project in this disser-
tation has evolved, under the general objectives of
the laboratery research group, from the design and
instrumentation of VCD instruments to study stereo-
chemical systems, specifically, conformation of

biologically significant molecules. The detection and
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analysis in biomclecular spectroscopy has been chal-
lenging due to some inherent difficulties, such as
small quantity (thus, low concentration) available.

The major task of the research project includes
two assignments: first, design and building of two
state-of-the-art VCD instruments; second, employing
the instruments to study a specific system and to
demon-strate the usefulness of the technique. This
project also lays the ground work for others to carry
out conformation studies via VCD on peptides and
nucleic acids in aqueous solution,

The scope of this thesis i1ncorporates five
chapters. Chapter One briefly reviews theoretical
foundations of circular dichroism, including polar-
ized light, circularly polarized light, the measure-
ment of CD. Also contained in the chapter are Lam-
bert-Beer’s law for absorption spectroscopy and a
short description of a theoretical model, the Coupled
Oscillator, for the interpretation of VCD data. In
Chapter Two, the focus 1s on the different methods to
observe VCD and thelr respective advantages and
disadvantages. The three known designs are dispersive
IR with a photo-elastic modulator (PEM), regqgular FT-
IR with a PEM, and a modified FT-IR (using a polariz-

ing Michelson interferometer). Chapter Three deals



xii

excluesively with the designa of the two dispersive
VCD units, optimized for separate regions, at Hunter
College. The extensive discussion covers optical
design, electronic layout as well as their optimiza-
tion. Presented in Chapter Four are VCD data to show
the instrumental performance of VCD-I and VCD-II. A
comparison with FT-IR-VCD 13 also made, based on
spectra of the same sample. Chapter Five emphasizes
the application aspect of VCD via thorough studies of
alanyl dipeptide and alanyl tripeptide. The VCD data
exhibit an exceptional sensitivity of the technique
toward stereochemistry, both in terms of structure

and conformation.

References

(1] Applequest, J., American Scientist, 1987, 175,
58.

[ii] Stinson, S.C., Chemical & Engineering News,
Nov. 11, 1985, 21.

[1il]) Chemicai & Fngineering News, March 19, 19%0,
40.

[iv] Brittain, H.G., Spectroscopy, 1991, &(3),, 10;

and 6{6}, 13.



1. Theoretical Backyround of Circularxr Dichroism

1.1

Table of Contents

Abstract
Acknowledgements
Abbreviation
Symbol

Constants

List of Tables
List of Figures

Introduction

Light

1.1.1 Linearly Polarized Light

1.1.2 Circularly Polarized Light (CPL)
1.1.3 Lambert-Beer’'s Law

Circular Dichroism (CD)

xiii

iii
vi
Xi

Xiii
AV
Xvi
Xvii

Xx1i

11

13

1.2.1 Dipole Strength and Rotatory Strength 15

1.2.2 Quantum Chemical Description
Vibrational Circular Dichroism (VCD)
1.3.1 Formalism

1.3.2 Coupled Oscillator Model (COM)

17

21

21

25



Xiv

2, Methods to Obselve Vibrational Circular Dichroism

2.1 Dispersive Vihrational Circular Dichrograph 33

2.1.1 General Remarks 33
2.1.2 Theory of Operation - Optics 37
2.1.3 Theory of Operation - Electronics 46
2.1.4 cCalibration of VCD 52

2.2 Fourlier Transform Infrared (Vibrational)

Circular Dichroism - Photoelastic

Modulator 63
2.3 Fourier Transform Infrared VCD - Polarizing

Michelson Interferometer 75

3. Dispersive VCD Instruments at Hunter College

31,1 First vCD Instrument (VCD-1I) B3
3.1.1 General Optical Considerations B4
J.1.2 Optics of VCD-1 88
3.1.3 Electronics of VCD-I 97

3.2 Second VCD Unit (VCD-1T) 108
3.2.1 Optics of VCD-IT 109
3.2.2 Electronics of VCD-1I1 114

4. Performance of The Dispersive VCD's
4.1 Performance of VvCD-1I 119

4.2 Dispersive VCD vs. FT-VCD-PEM 146



4.3 Performance of vCD-11 and its Improvements
vs., VCD-I 1n the Region bhetwecen

1600-1750 cm™!

5. Results and Discussionsg
5.1 Vibrational Circular Dichroism of Alanyl
Dipeptide in the Amide 111 Spectral Reqgion

5.2 VCD sSstudy of Alanyl Tripeptide

References

xv

152

162

187

207



xvi

Abbreviations

AC - alternating current.
ADC - analog-to-digital converter.
Ch - {(electronic) circular dichroism

{in ultraviolet-visible region).
COM - coupled oscillator model,

CPL

circularly polarized light.

DC - direct current.,

D-D - D-alanyl-D-alanine.

D-D-D - D-alanyl-D-alanyl-D-alanine.
D-L - D-alanyl-L-alanine.

FT - Fouriler transform.

FT-1IR - Fourier transform infrared spectroscopy
(or spectrophotometer).

FT-VCD-PEM - a VCD instrument built on a FT-IR
with a PEM.

FT-VCD-PMI - a VCD instrument built on a FT-1IR
with a PMI.

IR - infrared spectroscopy.

LD - linear dichroism,

L-D - L-alanyl-D-alanine.

L-L - L-alanyl-L-alanine.

L-L-L - L-alanyl-L-alanyl-L-alanine,

MCT - mercury cadmium telluride, HgCdTe



Xvii

PC - personal computer.

PEM - photoelastic modulator.

PMI - polarizing Michelson interferometer.

VCD - vibrational (infrared) circular dichroism
(or dichrograph).

VCD~-1I - The first dispersive VCD built at

vCD-

ZPD

Hunter College.

I1 - The second dispersive VCD built at
Hunter College.

- vzero path difference (between the fixed
mirror and the movable mirror in the
Michelson interfoerometer).



Symbols

A(t,ﬁ) - vector potential of light.

A(v) - sample absorbance,

A ,(v) - sample absorbance due to right CPL.
A (v) - sample absorbance due to left CPL.
C - concentration, in mole/L.

D - dipole strength or dipole moment.

E - electric vector potential of light.

e, - electric charge on particle J.

3
G, - band shape function of the fth band.

f
g - anisotropy, or dissymmetric factor.
H - magnetic vector potential of light.
1(v) - light intensity.
J,(x) - n th order Bessel function.

K - light wave vector, K = ( 2w/c

l - sample cell pathlength,

m - magnetic dipole operator.

m, - mass of particle 3.

N(v) - complex refractive index.
Py - momentum of particle j.

Q - nuclear coordinates.

electron coordinates.

rotational strenqgth.

xviili



ry, - poesition of particle j.

V(v) - detector signal output.

Ve (V) = transmission signal not modulated by PEM,

V,-(¥) - signal modulated by PEM.
fiv) — molar extinction coecftficient, L-mole”
Fy — unit vector in direction U.

» - light wavelength.

v - light frequency, /A in Hz.

1

v - light frequency, 1/x in cm™ ',
w - angular frequency of light.
n - electric dipole operator.

0 - initial phase of light,

P - molecular wavefunction.

1

rCm

Xix



x1X

Constants and Units

¢ - apeed of light in vacuum, 2.998 x 10!° cm/second.
cm™! - wavenumber,

esu - electric static unit, 1.602 x 107!% coulomb.

h - Planck constant over 2x.

L - liter.

N - Avogadro's constant, 6.0225 x 10?? mol™l.



Xx1i

l.ist of Tables

I. VCD-I Components Specifications 80

I1I. VCD-1I Resolution Summary
(For monochromator HR320) 94

ITI. VCD-T11 Compunents Specifications 111

IV. VCD-IT Resolution Summary
(For monochromator HR640) 112

V. Vibrational Frequencies, Assignments,
and VCD Intensities of L-alanine in
Aqueous Solution in the 1200 - 1700 cm™!
Region leg

VI. Vibrational Frequencies, Asslignments,
and VCD Intensities of alanyl-alanine
in Aqueous Solution in 1200-1700 cm™!
Region 169

VII. Observed Frequencies, and IR and VCD
Intensities of alanyl-alanyl-alanine
(0.5 M in D0 ) 193

VIII. Comparison of Observed and Calculated
Coupled Oscillator Frequencies, and
Dipole and Rotational Strengths,
for Different Conformers 197



Figqure

Figure

Figure

Figure

Figure

Figure

Fiqure

Figure

Figure

Figure

Figure

10.

11.

xxii

IList of Figures
Linearly Polarized Light (Ex)
Decomposition of Linearly Polarized Wave

Right Circularly Pclarized Light:
a) side view;

b) viewing against light propagation
Coupled Oscillator Model

Optical Scheme of a Dispersive
Instrument

Electronic Block Diagram of VCD
Bessel Functions
Calibration Setup

Example Spectra of Instrumental
Calibration

Block Diagram for Fourier Transform
Infrared (Vibrational) Circular
Dichroism with a Photoelastic
Modulater (FT-VCD-PEM)

Fourier Transform VCD with a Polarizing
Michelson Interferometer

a) Polarizing Michelson Interferometer

3

6

10

26

38

47

51

54

58

65

17



b) Diagrams for FT-VCD-PMI Measuring
Absorbance, Circular Dichroism and
ILLinearly Dichroism

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Fiqure

Figure

Figure

Figure

Figure

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Optical Layout of VCD-1I

Electronic Scheme of the First
Dispersive VCD

Wave Forms of VCD Signal
Optical Layout of VCD-11
Electronic Scheme of vCD-11

Raw Spcctra of Neat (+)-u-Pinene
(1075-1350 cm™!)

Raw Spectra of Neat (-)-a-Plnene
(1050-1350 cm™!)

Single VCD Spectrum of (+)-a-Pinene

VCD Spectrum of Neat (-)-u-Pinene and
Instrument Baseline (900-1150 cm™!)

Raw Spectra of Neat (-)-a-Pilnene
(850-1250 cm™!)

VCD Spectrum of (-)-ua~-Pinene,
Fig.20 after Subtracting
Instrument Baseline

Spectra of (-)-a-Pinene,
by Nafie etal on FT-VCD-PEM

VCD Spectrum of Neat (-)})-a-Pinene
before cracking BaF, lens 133

Xxxiii

78

89

98

102

110

115

120

121

123

126

127

129

131



Fiqure

Figure

Figqure

Fiqure

Figure

Figure

Figure

Figure

Figure

Figure

Fiqure

Figure

25,

26.

27.

28,

29.

30.

31.

32.

33.

34,

35.

36.

Spectra of L-Alanine in H,0
(1250-1500 cm™')

Spectra of L-Alanine in DO
(1250-1500 cm™!)

Spectra of L-Alanyl-L-Alanine
in H,0 (1250-1500 cm™?)

Spectra of L-Alanyl-I,-Alanine
in D,0 (1250-1450 cm™')

Spectra of L-Alanyl-L-Alanine
in D,0 (1450-1750 cm™!)

Spectra of L-Alanyl-L-Alanyl-L-
Alanine in H,0 (1200-1425 cm™')

Spectra of L-Alanyl-L-Alanyl-L-
Alanine in D,O (1250-1750 cm )

Raw VCD Spectra of L-Alanyl-L-Alanyl-
L-Alanine and D-alanyl-D-Alanyl-D-
Alanine in D.0; enantiomeric

baseline and " D,0 (1250-1750 cm™})

Spectra of L-Alanyl-L-Alanyl-L-
Alanine form VCD-I in D,0O
(1600-1750 cm™)

Spectra of L-Alanyl-L-Alanyl-L-
Alanine from VCD-II in D,O
(1600-1750 cm™ 1)

Single VCD Spectrum of L-Alanyl-L-
Alanyl-L-alanine on VCD-11

Transmission Spectrum of Air
(Instrument Backqground) on VCD-11
(1600-1750 cm™!)

XXiv

136

137

138

140

141

142

143

144

154

155

156

158



Figure

Figure

Fiqgure

Figure

Figure

Figure

Figqure

Figure

Figure

Figure

Figure

Fiqgure

Figure

37.

38,

9.

40.

41.

42.

43 .

44 .

45.

16.

47.

48,

49.

VCD Spectra of Poly-L-Lysine 1n
Basic D,0 on VCD-I with a New
Detector (1600-1750 cm™!) 161

Structure of L-alanyl-L-alanine, L-L

Spectra of L-L and L-alanyl-D-alanine
(L-D) in H,0 (1250-1490 cm™})

Spectra of L-L and L-D in D,0
(1250-1490 cm™!)

Spectra of L-L and L-D in D,0
(1450-1750 cm™ 1)

Structure of L-alanyl-L-alanyl-
LL-alanine (L-L-L)

Zwitterionic Structuire of L-L-L

Spectra of L-L-L in D,0
(1550-1750 cm™!)

Structure of N-Acetyl-L-Alanyl-N'-
Methyl-Amide, AAMA

Raman Spectra of L-L-L (1550-1800
cm™}, polarized and depclarized)

Proposed Solution Conformation of
L-L-L, based on e¢xperimental VCD

and IR data, and energy minimization
calculations. ¢=120, y=-25

Spectra of L-L-L in Basic Solution
(1550-1750 cm™!, pD about 13)

Spectra of AAMA in D,O
(1500-1700 cm™ )

XXV

165

171

172

173

182

183

185

187

191

201

205

206



Chapter One

Theoretical Background of Circular Dichroism

This chapter consists of brief discugsions on
the following topics: i) linearly polarized light,
circularly polarized light, and Lambert-Beer's Law;
ii) a short formalism of circular dichroism (CD}) and
its measurements, dipole strength and rotational
strength; and iii) vibrational circular dichroilsm

(VCD) and the coupled oscillator model.

1.1 Light

The complex phenomena presented in this disser-
tation all begin with light interacting with mole-
cules of matter. It is appropriate first to express
light in a basic mathematical fashionfl,2], so all
the later discussions will be built on a solid foun-

dation.



1.1.1 Linearly Polarized Light

In a right-handed coordinate system the
electric potential (E(t,Z)), a vector, of a linearly
polarized electromagnetic wave propagating in 2

direction (¢f Fiqure 1) in vacuum, is given by

E(t,2) = E_ sin [2avt - Z/0)+¢0]
= E_ sin [b+0] (1.1)

d = 27vt = Z/3) (1.2)

Here, ﬁo is the maximum amplitude, a constant
vector in the XY plane, perpendicular to the Z axis
(the spatial coordinate}; the direction of EO will
be referred to as the polarization direction; v is
the frequency of the light wave (in Hz); t 183 the
time the light has traveled; » is the wavelength
(» = ¢/v), c is the speed of light in vacuum; and @
is the initial phase,

The light can be characterized by a wave vector
K = (222)¢,, where ¢, is a unit vector in propagation
direction, Z. Notice that v = cv = ¢/h = c|K|{/2x =
w/2n. Here, m is the angular frequency, 2av, and v 1s
1/, in unit of wavenumber (cm™!),

In addition to the electric component, light

also has a magnetlc component



Yigure 1. Linearly Polarized Light (Ex).



H(t,2) = H sin [ 8+0 ] (1.3)
Here ﬁo is the maximum amplitude, a constant vector,
also in the XY plane but perpendicular to EO.
For a point in space R = (X,Y,2) and time t,
both E(t,R) and H(t,R) can be derived from a single

quantity called vector potential A(t,R).

1 MA(t,R)
E(t,R) -

W
|

(1.4)
C &t

H(t,R) Yx A(t,R) (1.5)

For light with wave vector K along the Z axis
and linearly polarized alone U, a chosen spatial
direction, one gets

A(t,R) = ¥ A cos{2wt-K-R
¥ o

"

£, A, cosd (1.6)

The amplitude A  is proportional to both EO and
ﬁo. (They are equal in Gaussian units.,) The direction
of U can be any direction perpendicular to K and,

thus, the Z axis. For instance, if U = X and substi-

tuting #, = §_ into Equation (1.6), one obtains,



A(t,R) = §_ A_ cosb (1.7}

This is a light wave linearly polarized in the
XZ plane. If U = Y, one would obtain a light wave
polarized in the YZ plane. The third example is U =
(X+Y)//2, in which case, 7, = (FX+FY)Af?. Substituting

into Equation (1.6), one obtains
A(t,R) = (7 *+7, ) A cosd (1.8)

This 13 a lincarly polarized light whose pro-
jection on the XY plane is 45° with respect to the X
axis, It is also interesting to note that this par-

ticular linearly polarized light can be rewritten as

1
A(t,R) ==ﬂ[u(FxA0cosh + FyAUcosh)
= A, + A (1.9)

Equation (1.9) implies that this particular
linearly polarized light can be decomposed into two
linearly polarized waves perpendicular to each other
in the XZ and the YZ planes, 1respectively. These two
waves are in phase and have identical amplitudes, /2

times smaller than the original one. (¢f. Figure 2)



/N

Figure 2. Decomposition of a Linearly Polarized Wave (ﬁ) into
Two Linearly Polarized Waves (E, and EY)



1.1.2 Circularly Polarized Light (CPL)

As described above, a lincarly polarized
wave can be considered as the superposition of two
linearly polarized waves which are in phase. To
simplify the problem, the discussion hereafter con-
centrates just on the electric component of a light
wave, E. If there is a phase difference induced
between the Ex and ﬁy components of the aforementioned
linearly polarized light (Equation (1.9)), the re-
sulting superposition will depend on the induced
phase difference. Unless the phase difference is 0 or

/2, the ruperposition will no longer be a linearly

polarized wave,

If the waves E_ and E} in Equation (1.8) have a
phase difference of /2 (te.0 -0 = n/2), the superpo-
sition of those two linearly polarized waves will

lead to a circularly polarized wave.

E(t,z) = E__cos(s) + Eoycos(h+nQ)

= E, _cos(d) - Eoysin(h) (1.10)

P

The circularly polarized wave has a constant

UY|. However, the direction

amplitude, |E| =

|E,, |
X

of its electric potential (polarization direction)

keeps changing, rotating around the light propagation



direction (Z axis) at a pace of one rotation per
wavelength the light travelsa (cf. Figure 3b)., The
induced phase shift (called retardation), AO-Oy-OJt
must be equal to +x/2 (or 2na+ax/2, n = 0,1,2,...) for
left CPL; -a/2 (or 2nan-nf2, n = 0,1,2,...) for right
CPL.

The constant amplitude and ever changing direc-
tion of polarization are the characteristic of circu-
larly polarized light. A graphic i1llustration (cf.
Figure 3) will clarify the definition of circularly
polarized light. The light propagates towards the
viewer as the vecto)r of its electric potential ro-
tates in a circle with a constant amplitude. The CPL
whose electric vector rotates clockwise is called
right circularly polarized light and the one whose
electric vector rotates counterclockwise is called
left circularly polarized light,

CPL can be characterized by the unit vector « ,
which is a complex number. Thus, ¢ and £, are the
unit polarization vector of light propagating along
the 2 axis and linearly polarized along X and Y,

|

respectively. Then, ¢ = (Fiﬂfy)£J2=F+ = i, will stand

for the polarization vector of right CPL, and

Eu=(5{4fy)ﬁfé=;jﬁi will stand for the polarization

vector of left CPL propagating in positive 2 direc-

tion. Here and elsewhere, | 18 the imaginary unit
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(i=/-1).

When the retardation is 2nn, n = 0,1,2,..., the
superposition is the same as the original linearly
polarized light. When A0 is (2n+l)x, n=0,1,2,...,
the superposition is still linearly polarized light

but with opposite polarization direction. All other

superpositions of the two waves, E_ and E;, between
linearly polarized light and circularly polarized
light are called elliptically polarized light.

It is also worth noting that linearly polarized
light can be decomposed into two circularly polarized
light waves, one left CPL and one right CPL. They are
in phase and have equal amplitudes, half of the
amplitude of the original linearly polarized light.

For example,

E, = 0.5 {( E_ ) + ( E_ )]
= 0.5 {( E, ~(E, ) + ( E +IE )]
= 0.5 ( E, + E_ ) (1.11)

1.1.3 Lambert-Beer‘s Law
When a collimated monochromatic light beam

with intensity I_ and wavenumber v passes through a



12

homogenecus, isovtropic absorbing sample, it 18 atten-
uated. 1f the sample concentration is C [mole/L],
and the cell pathlength 18 { cm, the transmitted light

intensity is given by the Lambert-Beer’'s law:

1(v) = I_(v)1o(v¥

= I_(v)e M (1.12)

where ¢(v) i3 the molar extinction coefficient
or absorptivity in Lmol 'em™!, «v) is absorption
coefficient, in cm™!, and «v) = 2.303 «9C.

In the field of molecular optical activity, the

complex refractive index, N(v) is used.
N(v) = n(v) — (1/4xvxi(v) (1.13)

In an oriented sample, N({(v) depends on the
directions of propagation and polarization of the
light. Even in an isotropic sample, N{(v) is still a
function of the light polarization if the sample is
optically active.

If N (v) and N (v) denote the complex refrac-
tive indices for light polarized linearly along X or
Y direction, respectively, and N, (v) and N_(Vv) the
refractive indices for left CPL or right CPIL, respec-

tively, then the difference N (v) - Ny(G) is a meas-
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ure of linear birefringence (the recal part) and linear
dichroism (the imaginary part); the difference N (v)
- N {(v) is a measure of ciicular birefringence (the
real part) and circular dichroism (the imaginary
part).

Lambert-Beer’'s law holds for circularly polar-
ized 1light as well, though is does not hold in gener-
al for samples in which N{v) depends on the polariza-
tion state of light. Therefore, the following equa-

tion stands

I(v) = T (v)eNtvi! (1.14)

1.2 Circular Dichroism (CD)

Passing through a chiral medium, right and
left circularly polarized light beam experience
different electric and magnetic environments. The
interactions between light and molecules are differ-
ent for these two forms of CPL.. As a result, the net
absorption effect by the chiral medium on the right
CPL should be different from that of the left CPL.

Therefore, the measurement of the difference between
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those two absorptions reveals some insight into the
molecular chirality. Another way to understand why
circular dichroism is so sensitive towards the molec-
ular chirality is that the circularly polarized light
itself is chiral. The tip of the electric vector
travels in space in a helical route, which has a
handness.

Conventional CD measures the electironic transi-
tions of molecules in the ultra-violet and visible
(VV-Vis) region of electromagnetic radiation in the
wavelength 180 - 700 nm range. Typical chromophores
are x° <- n or a <- x transitions of organic or
biological molecules. For example, a carbonyl group,
C=0, absorbs at 295 nm due to a x° <- n transition;
an unconjugated C=C functiocnal group absorbs at 180
nm in the ultraviolet due to a a' <- x transition,
while the absorption peak of conjugated C=C gshifts
towards visible as the chain grows longer[3]. Some
transitions which also fall into this region are the
d to d electronic transitions of the transition
metals as well as the charge transfer between a metal
center ion and ligands in a system where different
ligands form a chiral environment surround the center

metal ion.
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1.2.1 Dipole Strength and Rotational Strength
Two important quantities in the CD meas-
urement are the dipole strength and the rotational
strength of a transition.
From quantum chemistry, one can derive the

following relationships:

Dipole Strength ( D ) = [<¥_| & [w,>|? (1.15a)
2.303 x 3 hc (V)

= . . J dv (1.15b)
833“ hand v

where i is the electric dipole operator; Ww_ is an
electronic ground state; and W, is the first excited
state. f(v) is the molar absorptivity.

The first part of the equation, (l1.15a), can be
derived from quantum chemistry, the second part,
(1.15b), from statistical thermodynamics. The inte-
gration represents the area under an absorption peak
corresponding to one electronic transition. That is,
of course, an experimental measurement. The terms in
front of the integral is a constant, 9.188 x 107%% esu
cm erg in SI units.

The rotational strength, R, 1S a unique quantity
CD measures, that accounts for the interaction be-

tween the electronic transition and the magnetic
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transition.

R = Im[<¥ | 4 [wp>e-<¥ | & |V >) (1.16a)

2.303 x 3 he }‘ rL(v) - fR(G)
3
322°N hand

= 2.297 x 10°%° ’ : - dv (1.16b)

Band

Its unit is also in esu cm erg in SI unit, Here: M is
the magnetic dipole operator; ¢(v) 18 the molar ab-
sorptivity due to the left CPL, and ¢,(v) is the molar
abgsorptivity due to the right CPL.

Circular Dichroism measures the absorption
difference between left CPL and right CPL. A unique
characteristic of an individual band for CD measure-
ment is a dissymmetric factor, or anisotropy (9g9).,

defined by(4]:

AL{¥) £ (v) — e_(¥) 4 R
q = = ) = - (1.17)
t(v) 0.5[|L(§) + ER{;’}] D

Practically, Ar(v) is computed from the maximum

of a CD peak, and ¢ v) i3 computed from the maximum of
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the corresponding absorption peak. To be more accu-
rate, A¢(v) and ¢(v) should be the areas under the
respective bands. The latter part of the equation is
easily obtained, from Equations (1.14b) and (1.15b).
The anisotropy, g, is a characteristic constant which

is used to identify a compound and its optical puri-

ty.

1.2.2 Quantum Chemical Description
In their book "Spectroscopy with Polarized
Light", Michl and Thulstrup[l] discusa thoroughly the
formulation of circular dichroism. Therefore, I shall
present only a summary of this description.
In gquantum chemistry, any measurable property

of a molecule can be expressed as

Byoe = |<¥ (4, Q)] H |w,(q,Q)>|? (1.18)

Here, 'W_(q,Q) is the wavefunction of the 1ini-
tial state of a transition (for example, ground
state); q is the electron coordinate; Q is the nuclei
coordinate; W, (q,Q}) is the wavefunction of the final
state of the transition; and H 1s the operator of the
desired property.

For the total absorption,
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1 e
Rpoe = o l<v (@@ x
o->t 2alve ! J m

j Xord -
- efrrd rU°pj|‘P0(q,Q)>|2

3
(1.19)

where e, is the electric charge on the jth particle;

m, is the mass of the particle; r, is its position; K

3

is the light wave vector, K=(bw/c)?K;E} is the unit

vector in the propagation direction of light; 7, is

the unit vector in the polarization direction of
light, and 51 is the linear momentum of the jth
particle.

The operator e*'j can be expanded into a

converging Taylor series since K'ry is << 1,
e =1 4+ K-r, - 0.5 (1("11Fj)2 + ... (1.20)
Keeping only the first term will change the

integral in Equation (1.19) to the familiar electric

transition dipole moment, M,

M{of) = < W, | nl| w, > (1.21)
= Ijejr1 (1.22)

The second term in the expansion 1s purely imaginary.
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It leads to the following integral:

o
v (@l ) KE, )Ty, )W (9,9)> (1.23)
J]oomy

Recalling that K ={2xv/c)&,, the integral becomes

€y

2nivc‘Pf(q,Q)| b3
joomy

(C) (P y* v, (q,Q)> (1.24)

Its integration will lead to the magnetic
dipole transition moment, M, and the electric quadru-

pole transition moment, Q.

M(of) = < w | fm |¥w > (1.25)
M= 0.5Z (I, x P, Jpyu* (1.26)

]
Qof) = < W, | | w, > (1.27)
g= 0.5 Xj [(EP)ey* + (£P)y*] (1.28)

Ignoring the terms of higher order in the

expansions i1n FEquation (1.20), the total absorp-
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tion, Equation (1.19), can now be rewritten as the

sum of those thiree transition moments.

4%
A ¢ = n G (v) |, M(of) + (7, x i) M(of)
hc b
+ 1w Q(of )| ? (1.29)
Here, G, (V) is a band shape function; n is the
number of molecules per c¢m?, n = CN/1000; N is

Avogadro’s number.

In case cf an unpolarized light passing through
isotropic solutions, the total ahsorption will con-
tain only the first term, the electric dipole transi-
tion moment. That is the already-familiar dipole

strength, Eguation (l.15a?.

|M(of)|?

Q
il

I

Re < W | 1| W, > < w| u| w, > (1.30)

In case of circularly polarized light, all
three terms in the sum contain real and imaginary
parts. When the square is evaluated (dot product of
two integrals), there will be some cross terms be-
tween M{of) and M(of). It is these cross terms that

give rise to the molecular optical activity.
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1.3 vibrational Circular Pichroism ( VCD )

1.3.1 Formalism

VCD is the extension of the CD tech-
nique into the infrared reqion. The theocretical
formalism of VCD is the same as the electronic CD
only this time both nuclear and electronic contribu-
tions need to be ¢valuated{5,6,7}. Again, the meas-
urements are the dipole strength and the rotational
strength, In VCD, like in other vibrational spectros-
copies, there are 3N-6 molecular vibrational transi-
tions (N is the number of atoms in the molecule under
investigation). Each transition has a dipole strength
(D,) and a rotational strength (R;). One should notice
that under normal condition both excited and ground
vibrational states are 1in the same electronic state
(usually the ground state). Therefore, in the formal-
ism Equations (1.1%5) and (1.16), one only needs to
substitute the vibrational wavefunctions for the
electronic wavefunctions, and applies them to all the
vibrational transitions.

D, = |<w | w; |w,>]? (1.31a)

i

= 9.188 X 1077° av {1.31b)

braannd
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R, = Im [<¥ | 3y [W,><¥ | M v >] (1.32a)
£, (VY — 6 (V)
= 2.297 X 10-39J t & (1.32Db)
band v

Af, (V) F V) = e (V) 4R

g, = i,. - ir ) iR R - N (1.33)
£y (V) 0.50¢ (V) + ¢,,(V)] D

i=1,2,...3N-6,

One unique advantage VCD offers over CD is the
specificity since the absorption peaks in the infra-
red region are often correlated with certain molecu-
lar vibrations of some known individual functional
groups. The assignments of many infrared peaks are
unambiguous, and can be easily found 1n the litera-
ture. In addition, via ncormal coordinate analysis,
the i1nfrared frequencies and peak intensities provide
information reqgarding the spatial corientation of the
functional groups, and thus, the molecular conforma-
tion. VCD will further explore that information in
the realm of chirality.

The first experimental infrared CD was observed

in 1973 by Holtzwarth’s group[8]. They were the only



23

group capable of performing this experiment at that
time. The extreme technical difficulty involved in
building a VCD ingtrument was the foremost obstacle
for other researchers interested in entering the
field. The rapid advancement in VCD instrumentation
in the late 70s and early 80s8{9,10,11,12]) has been
attributed to the commercial availability of some key
IR optical components with highly deasired property,
such as a high sensitivity HgCdTe detectors in the
mid-1R region. Also, the commercial availability of
high quality photoelastic modulators (PEM), the
heart of a VCD instrument, ended an era of home-made
FPEMs. Another special factor contributed to the
acceleration in VCD instrumentation was the dramatic
decrease in the price of the powerful personal com-
puter in the early 80s38. The later versions of VCD
instruments rely on PCs for instrument control, data
processing and on-screen spectral display. The use of
PCs not only sped up VCD experiments because of the
rapid data processing, but also improved reproduci-
bility by a complete digital control of the instru-
ments .

Along with the progress on the experimental
front, theoretical work has also flourished{5-7].
There are many theoretical models established to

attempt to calculate the frequency and intensity of
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VCD peaks|13-20]. However, the lack of knowledge of
the exact molecular wavefunctions has been the
stumbling block in the searching for a universal
theoretical model. Work in this area has met limited
success., It is worth noting that any calculation of a
VCD spectrum automatically would also predict the
corresponding infrared spectrum, both intensity and
frequency, in the region of interest.

On the other hand, theoretical models that
apply only to a few specific situations have been
much more successful. One of those models 1s the
coupled cscillator model (COM)[19]. Diem’s group has
been using this model exclusively and very success-
fully in interpreting data on some small peptide
samples in the amide I region as well as on some DNA
model molecules 1in the C=0 stretching vibration
region[21-25). For this reason, we will only discuss
the coupled oscillator theory, as an example, to
interpret VCD data and to demonstrate the usefulness
of vibrational circular dichroism in the study of

molecular conformation.
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1.3.2 Coupled Oscillator Model (COM)

The formalism of the coupled oscillator
model was published in detail in references 19, 23
and 26, Therefore, 1 only wish to concentrate on its
results and applications, instead of repeating the
deviation of the ecquations.

The coupled osgcillator model considers the
interaction between two identical or near identical
dipoles. When under the radiation of an appropriate
wavelength, instead of each dipole vibrating inde-
pendently, the two dipoles oscillate in a coordinated
manner, as 1if they "saw" each other. The interaction
produces a distinct couplet in the VCD spectrum
(positive-neqgative or negative-positive). The magni-
tudes and wavenumbers of the couplet depend on the
geometry of the dipoles. The coupling is not, howev-
er, limited to two dipoles, and can be extended to
any number of dipoles (called n-mer) until infinity
(polymer). The geometry dependence of VCD is used, in
turn, to study molecule conformation.

For simplicity, consider a hypothetical, opti-
cally active dimer composed of two diatomic, polar
molecules, 1 and 2 (that is, two dipoles). The dis-
tance vector, le, links the centers of mass of the
dipoles, (¢f. Figure 4)

For each molecule, the ground state and excited



Figure 4. Coupled Oscillator Model (cf. text); By=pg: dipole
moments; T,,: distance vector linking centers of mass.

9z
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state are:

W (q,,Q,) and W(q,,Q,) for 1

qi(qz,Qz) and Wﬁ(qE,Qz) for 2

where g and Q are electronic and nuclear coordinates,
respectively. The total wavefunction for the ground

state of the dimer is, then:

Q.(49,.9,,9,.Q,) = ¥.(q,,Q,) ¥ (4,,9Q,) (1.34)

Because the two molecules are identical, the
first excited states, ‘WW: and ¥\¥¥, would be degener-
ate. Therefore, the actual excited state, @, of the
dimer will be the symmetrical (+) and antisymmetrical
{(-) linear combinations of these two degenerate

states.

Q, = { |plo q,;f + |p][ lp-‘; )/r/—Q (1.35)

Next, one needs to evaluate u, and m, for tran-
sition Q@ -> @, and u_ and m_ for transition Q_  -> Q_,
and derive the corresponding dipole strength, D,, and

rotational strength, R respectively.

il’

The result of the derivation yields the follow-

ing equations (for more details, sce references 10,
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23 and 26). For the dimer, or two coupling dipoles,
Dy,; € =D, ) = + ik (1.36)
Ry, ( =R, ) =% (av /2c) ( Fr'l'z-r.lx A, ) (1.37)
Ve (=¥, ) = v, 2V, (1.38)
HytHy 3G Ty) gt T )
v = - - (1.39)
Yo, Ty,
12 12
Here D = u? is the dipole strength of the

diatomic monomer, and v_ is the monomer absorption

frequency in cm™! and c¢ the velocity. They both can be

obtained from a monomer absorption spectrum, or from

the literature. D, and D, are the respective dipole

strengths of the two absorption bands in the coupled

system. R, and R, are the rotational strengths of the

corresponding CD bands. They have equal absolute

values but opposite signs. v, and ¥, are the energies

(frequencies) of the two transitions, respectively.

v is one half of the fregquency splitting between

12

those two transitions. Notice that



D, + D_ = 2D = 2,
R, + R_ =0
v, tov_ = 2y,

For a system of n coupled dipoles,

resultant exciton transition is given by:

n n
R, = - (w,/c) I X CC (T i xi,)
1=1 j>1
n R n n
Dy = X G + 2 2 ¥ CyCy (i iay)
1=1 1=1 3>i
Ve =V, t e
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(1.40)
(1.41)
(1.42)

the kth

(1.43)

(1.44)

(1.45)

Here i, is the ith (monomer) dipole moment; flj

is the distance vector between the centers of mass of

dipoles i and j; C;, are eigenvectors of perturbation

matrix V”; and e, are eigenvalues of Vif

ﬁ'i.ﬁj 3(}-11'T_11)(}—11'Tij)

<
[
|

i - _
|Ty,1° Ty, 1°
i i

(1.46)

To calculate the VCD intensity and frequency on

a molecule with two or more lnteracting dipoles, one
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mugt provide the coordinates of the interacting
groups. The dihedral angles between the groups,
however, will depend on the molecule conformation,
which is actually the goal of the investigation.
Usually, a trial conformation is used, for example,
an open-chain confiquration, or better still, the
conformation from a solid state structure. The mono-
mer dipole strength (D) and absorption frequency (v )
are noceded as well.,

To predict the conformation of a molecule in
solution, one needs to compare the experimentally
observed IR and VCD spectra to the calculated ones,
and to find a recasonable fit with the observed one.
There will be an infrared and a VCD spectrum corre-
sponding to each assumed conformation, which is
formed by rotating certain bonds (ie., changing tor-
sion angles) in small steps, one at a time, from the
initial conformation. The torsion angles from the
best-fit calculation would be used to construct the
corresponding molecular conformation. This trial-and-
error method can be easily done on a personal comput-
er in real time.

The Coupled Oscillator Model demonstrates
clearly that the VCD signal will contain information

about the spatial arrangement of the polar groups 1n
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a molecule, This, of course, makes VCD a very attrac-
tive tool for the study of molecular conformation in
solution. Typical examples include peptides, whose
conformation is determined by the conformational
angles, ¢ and ¢, along the peptide backbone. The

amide I vibration around 1680 c¢m™!

is mostly due to
the stretching motion of the carbonyl (C=0) group,
located in the peptide linkage plane. In VCD calcula-
tion, sets of IR and VCD spectra, i1.e., D, R and v,
can be calculated by varying the angles (from 180° to
-180 degree)[21,27).

Since the coupled oscillator model is a rela-
tively simple approach to a very complex problem, it
has some weaknesses. The calculation ig carried out
for an idealized system, in which only the interac-
tion between identical monomers exists. No solvent
effects are considered, and only one vibrational mode
is considered. Therefore, the model does not apply to
the whole spectrum. Finally, it needs the information
on absorption (dipole strength) and frequency of the
monomer transition.

In spite of these limitations, the model has
been very useful 1in numerous situations{19,21,28,29),
and has also been extended to some cases involving

near-identical oscillators[22,25]. Furthermore, it

has been applied to molecules containing more than
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two oscillators(22,23,2€¢,30)]. The simplicity of the
model has made the applications on macromolecules
system possible, and the results have been very

promising.
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Chapter Two

Methods to Observe Yibrational Circular Dichroism

In this chapter, the three different approaches
presently used to measure VCD will be investigated.
The three essential optical designs are: a dispersive
infrared spectrophotometer with a photoelastic modu-
lator (PEM), a Fourier trangform infrared (FT-IR)
with a PEM, and a modified FT-IR with a polarizing

Michelson interferometer (PMI).

2.1 Dispersive Vibrational Circular Dichrograph

2.1.1 General Remarks
The dispersive design was the choice
of the very first infrared circular dichroism instru-
ment built by Holtzwarth etal.[8,9,31]. It was also
chosen by several other researchers in the field when
they built their respective first VCD instruments|[1l0,
11,12,32}. This design 138 appealing since it follows

the design of the commercial (electronic) circular di-
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chroism (CD) instruments and the resulting equipment
is 1eliable, flexible and casy to operate,.

Optically, a dispersive VCD is obtained by
adding two extra components, a polarizer and a pho-
toelastic modulator (PEM), to the sample compartment
of a conventional dispersive infrared spectrophotome-
ter (cf. Figure 5a). VCD is observed via a high
frequency polarization modulation. Radiation emerging
from the exit slit of the monochromator is linearly
polarized after passing a polarizer, and then con-
verted to circular polarization by a PEM. Grosjean
and Legrand originally proposed this method{33,34].

For differential measurement of two large
quantities, it is well known that it is more accurate
to measure the very small difference (107° - 10°% of
the average of the two originals) by a high frequency
alternate-current (AC) modulation method, rather
than a direct subtraction method. It is called the
"AC advantage”, resulting 1n a sensitivity increase
by twoe to three orders of magnitude[34,35). The
subtraction method is to directly measure the two
large quantities and subsequently subtract them. The
AC method consists of measuring a quantity (eyg.,
absorption) in two different but closed related modes

(eg., polarizations of light) by alternating between
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these two modes at a high frequency. Later, a lock-in
amplifier tuned to the high frequency is used to
extract the difference.

For a vCD instrument, the key component is the
Photoelastic Modulator (PEM), which produces left
circularly polarized light (CPL) and right CPL. The
working principle of a PEM can be found elsewhere{36,
37,38)] and will only be described briefly here. When
periodically compressed and expanded by one or two
piezoelectric transducers, some isotropic crystals
(in the infrared, for example, 2ZnSe or CaF,) display
an optical characteristic called birefringence. The
phenomenon of birefringence is that the crystals
exhibit sightly different refractive indices towards
light waves of different polarizations. The waves are
otherwise identical in frequency, amplitude and
phase. To graphically describe birefringence, let us
put a polarized light wave in a right-handed coordi-
nate system within one of the crystal mentioned
above. The polarized light wave penetrates the
crystal along the 2 direction, perpendicular to the
direction of compressing and expanding (X axis). The
direction of Y axis 1s perpendicular to both 2 and X
axes, thus, is also determined. The birefringence
occurs when the crystal is compressed (or expanded).

Penetrating that crystal, a light wave polarized in
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XZ plane experiences a refractive index that 1is
sightly different from the one experienced by a
another light wave polarized in YZ plane. Once again,
the two waves are otherwise identical in frequency,
amplitude and phase. To achieve circular polariza-
tion, the PEM introduces a phase shift of +a/2 (a
quarter of the wavelength, A/4) between these two
linearly polarized components. Thus, as the two waves
exit the crystal, the superposition of these two
waves 18 no longer a linearly polarized liqght, but
circularly polarized light.

The technique of vibrational circular dichroism
commonly applies a double modulation method. The
light beam is modulated by a chopper, as in a conven-
tional infrared spectrophotometer, and by a PEM.
Since a dispersive VCD is normally intended to only
cover a specific frequency region, the design can be
optimized for that region by carefully selecting
optical components from the IR source to the grating
in the monochromator to the detector. An example of
such selection is found in Chapter Three where de-
tailed descriptions of the two VCD instruments built

at Hunter College are presented.
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2.1.2 Theory of Operation - Optics

In order to understand the working princi-
ple of a dicpersive VCD instrument, it is beneficial
to first look at the evolution of light along the
optical path, from the source to the detector (c¢f.
Figure 5a) in mathematical terms([39).

Figure 5b indicates the axes of the polarizer
(X’) and the photoelastic modulator (X is the com-
pressing and expanding axis), such that the spatial
relationship of the axes is clear. 1, 3, 1" and 9’ are
the unit vectors of the axes X, Y, X' and Y’, respec-
tively.

In the following, the electric potential of the
light (E(t,2)), abbreviated E hereafter, will be
derived at certain key components. After passing the
monochromator, the light has a wavelength of » (and a

frequency of v).

i. After passing the polarizer:

E = /21’ Ecos (2wt - Z/X)

=,/21" E_cosb (2.1)

where E_ is the maximum amplitude, a constant; t is
the time; 2 is the distance the light has traveled

(¢f. Equation 1.1); and & = (2xwt-Z/2). The square root
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. P [ - .
[]){]> Honochromator-{]_>{} E Sam~——>{_D:]
H J— S
S C F P
S: infrared source C: optical chopper
F: filter P: polarizer
PEM: photoelastic modulator
Sam: sample D: infrared detector

Figure 5a. Optical Scheme of a Dispersive VCD

Y (PEM, slow)

Y X' (Polarizer)

~--———> X (PEM, fast)

Figure 5b. Optical Axes of Components
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of two normalizes the intensity to unity.

ii. At the PEM:

The polarizer axis ias gset at 45° with
respect to the optical axis of the PEM (X axis). As
the light reaches the PEM, it is considered a super-
position of two linearly polarized waves. One is
parallel and the other is perpendicular to the PEM
axis{cf. Chapter One). The Electric vector of the

light can be rewritten as

E = 1E coss + 3 E cosd (2.2)

Passing the PEM, one of the two components, for
example, the Y component, is retarded by an angle of

a {(called a phase shift).

E=1Ecosy + JEcos( b+a ) (2.3)

Here, we have chousen the X axis (unit vector 1)
as the fast axis, and the Y axis (unit vector %) as
the slow axis,.

Actually, both waves are slowed down while
penetrating the PEM crystal, but by different amounts
due to the birefringence of the crystal. The two

waves experience different refractive indices as they
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traverse the crystal; and « is their phase difference
as they exit the crystal.

Equation (2.3) can be rewritten as

1 E cos(6+0.5«~0.54) + 3 E_cos(8+0.5:+0,5a)

I

1IE_[cos(d+0.5:)cos8(0.5q) + 83in(8+0.5q)8in{0.5u))

+ JE [cos(d+0.5a)cos(0.5a) - sin(s+0.50}8in(0.5u)]

= E cos(6+0.5a)cos (0.5«) (1+7)
+ E s8in(6+40.5)8in(0.5q)(1-9)
= 1.4141'E_cos(0.5a)cos(8+0.5a)
- 1.414‘j'Eosin(O.Su)sin(b+0.5u)

(2.4)

Since 1 + §=,2 1", and 1 - 3= -/2 . (cf Figure 5b).
Equation (2.4) is viewed as two linearly polar-
ized waves, perpendicular to each other. They are n/2
out of phase, comparing cos(4+0.5a) and sin(s+0.,5a),
and with different amplitudes. lLater, in the discus-
sion of the VCD calibration, this information will be

utilized. Deriving Equation (2.4) further:

E=0.707E_[1'co8(0.5a)co8(8+0.5a)+1'8in(0.5a)cos (8+0.5a)
-~ J'cos(0.5a)cos(d+0.5a) ~ J'3in{(0.5«)3in(6+0.5«)

+ 1'cos(0.5u)cos(d+0.51) - 1'sin(0.5%qa)cos(b+0.5u)
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+ J'cos(0.5)8in(d+0.51) - J'8in(0.54)8in(8+0.5u) )

= 0.707 E_ x

[cos(0.5a}+3in(0.54)] {1 cos(8+0.5:)-9'831in(86+0.5a}]
+ 0.707E  x

[coB(0.5a)-8in(0.5¢)][1'co8(d+0.5a)+§'8in(8+0.5)]

{2.5)

Fquation (2.5) is the sum of a right circularly
polarized light (CPL) wave and a left CPL wave. They
are 1n phase but have different amplitudes, which
depend on a. As « varies periodically, right CPL or
left CPL alternatively dominates the intensity of
light produced, and we infer that the PEM produces
alternating right and left circularly polarized light

wavesgs.

11i. At the sample:
After passing an absorbing chiral
sample, the light electric potential becomes (apply-

ing the Lambert-Beer’s Law)

E = 0.707E0 X { [cos(0.5u)+8in(0.5a)] x
[i'cos(h+nﬁu)-j'sin(5+05u)]10~05a+(v,

+ [cos(0.5)-8in(0.5x)} x
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[1'cos (s 05u)+3 8in(8+05a) 107032 ()
(2.6)

Here A _(v) 18 the absoirbance of the sample due
to right circularly polarized light, and A_(¥) is the
absorbance due to left CPL. Because the absorption is
a measure based on the intensity of light, and the
intensity is directly proportional to the square of
the electric potential (E) of the light, the factor
0.5 in front of A_(v) and A (V) thus accounts for the

square.

E’ = 0.5E2 x
{[coB(0.51)+8in{0.54) J?[1coOsS (8+05)-J8in(b+ 05a) 121072+ 1D
+[co8(0.51)-8in(0.5x) ]?{1cos (8+0Sa)+38in(ss 0.5) 2107 AT
+ 2[c08?(0.5«)~51in?(0.5a) ][ 1 1cos?(d+ 0Sa)-%-I8in? (B+ 0.5a)
+ (1'3-1-9)cos(b+05a)8in(ds 0 Sa) J1O7IRL(TI*A_(V)] 1y

(2.7)

Applying the following vector and trigonometry iden-

tities:

i, =1, if i = 3 .
PERNRE (2.8)
DN 20, if i #

2

sin’x + cosix = 1, (2.9)



and sin(2x) = 2sin{x)cos(x) (2.10)

Equation (2.7) becomes

E? = 0.5EX{{1+8in«)107M+™ + [1-sina]107*-¥)
+ 2[cos?(0.5«)-8in2(0.54)] x
[C052(6+(l.*r1)-—Sinz((‘Hﬂ,ﬁu)]10—[A+{ﬂ'h-(‘r”}

(2.11)

iv. At the detector:

The electronic output of the detector,

43

a

voltage, is proportional to the time-averaged inten-

sity. Thus, an integration over a whole period of the

time variable, t, is necessairy. The third term of

Equation (2.11) goes to zero, because,

2n
J [cos?(b+050)-8in?(d+0Sa)] dEt = O (2.12)
0
So,
I = 0.5E2{[1+3ine]107*+) + [1-sina]107*-) (2.13)

Hereafter, the signal is converted to voltage, V(v).

V(¥v) = 0.5EX{[1 + 8ina]107"™ + (1 - sina]10°2-M)
= 0.5EX{ (107 2+ +10"A- M J45ina[ 10"+ (M _10-A- M}

= V (V) + V, (V) (2.14)
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where,
V- (¥) = 0.5EZ107"+(%) + 1072t (2.15)

is the retardation independent part of the V(v),

while

Voo (¥) = 0.5EXina[1072+¥) _ 107A_(%) (2.16)

is the retardation dependent part,

Only the ratio of Vv, (V) and V .(v) is of impor-
tance to a dichroism measurement for the reasons that
will be obvious later. Also, by taking the ratio, all
the proportional coefficients involved in the conver-
sions from the light electric potential to the light
intensity and from the intensity to the output volt-

age of the detector signal will be canceled.

Ve (¥) 1072+ _ q0-A™)
AC .
_— = 81hut IR, . . e i e - (2.17)
Ve (¥) 10°R+TV) 4 jy ATV
10°2+V) - 10-A_(V) 1010.5A+(w)+o.sn_(971
= gina -

X s
10—A+[\r) + 10—.\_(\7) 10[0.5A+("]*0.5A_{9}]

100 -5(A_MM-A (V)T _ 1-0-51A_(V)I-Ay (V)]

ginae - - - . A . . e e
100-5A_(VI-AL (V)] 4 10-0-5IA_(VI-AL(9))
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Substituting AA(¥)=A_(¥)-A, (%), and using 10*=e?-’%%x,

Voo (¥) . @0 302.303AAV) | | ,-0.5[2.303AATV)]
—— ] Sln(.l - . —_— e — e - —_ . —— B e —— -
Vioc (V) % S[2.303AA(V) ) 4 o-0.5{2.303AA(V)]
(2.18)
Substituting
ex - e-—x
tanh{x) = - . {2.19)
e® + e
Equation (2.20) is obtained
VAC(G) )
S - = 81na tanh[1.152 AA(V)] (2.20)
Ve (V)

Since AA(¥) is very small (less than 107%), the
hyperbolic tangent function can be replaced by its

arqgument.

VMJ;)
= gina [1.152 AA(V)] (2.21)

Ve (9)

It is, therefore, clear that once Vpe(v) and
the corresponding V,.(v) are measured, the VCD signal
(AA(v)) can be easily calculated. However, it must

also be noted that only if AA(V) is very small
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(smaller than 0.01), will the simple proportional
relation of Equation (2.21) stand, This should apply
for samples in most liquid solutions, in which small
VCD Bignals are observed due to relatively low con-
centrations and random orientation of the molecules.
For a large AA(v), as in some solid samples, Equation

(2.20) must be used.

2.1.3 Theory of Operation - Electronics

The electronics of the VCD instrument is
designed to extract the V .(v) and the Vv, .(v) from the
V(v), the total detector signal. As a result, the
signal processing scheme is different from that of a
conventional infrared spectrophotometer. Figure 6 is
the electronic layout of a dispersive VCD. The detec-
tor signal is separated into two paths. One processes
the transmission signal, V. (v), which is the same as
in a normal IR instrument. The other one processes
the differential signal, V,. (V). Since AA(V) 1is
proportional to the ratio of V,.(V) over V .(v), the
set-up described can directly measure AA(v) instead
of having to measure an A _(v) and the corresponding
A (V) and then subtracting one from the other. Once

again, a direct absorption subtraction method would
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48

have demanded a large {greater than 10%) linecar
dynamic range as well as extremely low nolise (S5/N >
10%) from the detector, the amplifiers and the other
electronics.

The Vv, .(v) signal is obtained by passing the
detector output through a low-pass filter to get rid
of the V,.(v) signal. Subsequently, it is demodulated
at the chopper frequency, f., using a phase-sensitive
detector (lock-in amplifier). The V, . (v) signal is
doubly demcdulated in series, first at the PEM fre-
quency, f,, then at the chopper frequency, f..

For the double demodulation to work well, the
two modulation frequencies should be as far apart as
possible (at least two orders of magnitude). Usually,
fy i in the neighborhood 50 kHz, while f. is less than
100 Hz. Because of the high frequency modulation, one
must be careful to select a detector and preamplifi-
ers whose response time is shorter than 1/f,. Thus,
the IR detector should have a response time on the
order of microsecond (10°% second), or faster, to
follow adequately the high frequency intensity modu-
lation.

Up to now we have not discussed the sina term
in Equation (2.21). To solve the equation, this term
must be solved first. a 1s the retardation generated

by the photoelastic modulator to produce right and
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left circularly polarized light waves. (One would
assume that u should be close to +x/2.) In fact, «
is not a constant:; instead, it tracks the PEM modula-
tion, and varies sinuscidally from +x/2 to -x/2 and

back, at frequency f,.

a = uosin(ZT;th) (2.22)

Here, a_  is the maximum retardation, a constant to be

determined. Thus,

gsina = sinfa sin(2af,t)] (2.23)

The sine function of an embedded sine function
can be evaluated using Bessel functions. Reference 40
has a detailed discussion of Bessel functions, For
our application, the useful results are the follow-

ing:

+ o
cos[X s8in(0)] = J (X) + 2 £ J, (X) cos(2n 0) {2.24)
n=o
+ 0o
sin{X s8in(0)) = 2 ¥ J, (X} sin[(2n-1)0] (2.25)

n=1
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o (-1)%(0.5x)""*
J (X) =% . (2.26)
k=0 k! I'{n+k+l)
For integer n and k, I'{(n+k+1) = (n+k)]I

Figure 7 is a diagram of J_(X), J,(X) and J,(X).
Notice that J (X) has a maximum of 0.5819 at X =
1.84, whereas sinX peaks at 0.5x = 1.57. The value of
J,(1.84) is 0.4.

In the dichroism experiments, J (X}, J,(X) and
J,{(X) are of significance. J_(X) is wanted in both the
circular dichroism (CD) and the linear dichroism
(LD). CD sometimes needs J (a ) for magnitude calibra-
tion. J,(X) accounts for signal in the circular
dichroism measurement because the sine function of
Fquation (2.23) in CD can be solved by Equation
(2.25), not (2.24). As a result, only the odd term
Bessel functions survive. J,(X) 1is essential in the
linear dichroism (LD) measurement because a deriva-
tion of this measurement would lead to a cosa term,
which could be solved by Equation (2.24) with only
the even term Bessel functions survive. The higher
order terms in Equations (2.24) or (2.25) will be
filtered out electronically by a lock-in amplifier
tuned to the first order frequency (0) in CD measure-
ment, or to the second order frequency (20) in LD

measurement. As a result, in VCD we get
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J.(x) = i __(_—_I): (x)u:,:- x* o

sTosl(n + 5)!

2 2*n!

Figure 7. Bessel Functions, J,(X), J4(X}, and J,(X)
(from ref.{(40) by erken)
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Sin{a 8in(24,t)] = 2J (u )sin(2xf t) (2.27)

where J,(a_ ) is the first order Bessel function.
Obviously, «a  is chosen to have the maximum J, (a ) for
a maximum observable signal. Therefore, a, = 1.84.

Equation (2.21) becomes,

Vac (V)

= 2 J,(1.84)[ 1.152 AA(¥)] (2.28a)
Ve (¥)

= 2 x 0.5819 x 1.152 AA(+V)

1.340 AA(V) (2.28b)

The term sin(2n~nf,t) disappears because the
output of the lock-in amplifier, tuned to f,, is a
direct current (DC) signal proportional to the ampli-
tude of the sin(2g%t) term. Here, by taking the ratio
of V,.(¥)/V,.(¥), the VCD spectrum, AA(V), is acquired
rather simply. This ratio-taking process is called

normalization of V, . (v).

2.1.4 Calibration of VCD Instrument([37,39])
In addition to the reqular wavenumber
calibration by a polystyrene film, the magnitude of a

VCD spectrum needs to be calibrated as well. That is
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because in a VCD mcasurement the ratio AA(~v)/A(V),
called the anisotropy, g, is a critical quantity. The
anisotropy is used for identification of an optically
active chemical and the determination of its optical
purity.

The calibration is carried out by 1inserting a
birefringent plate (B) and a second polarizer (ana-
lyzer, A) after the PEM instead of a sample. Figure
Ba is the optical scheme, and 8b indicates the opti-
cal axes of the components., Plate B has its fast axis
parallel to the X axis and its slow axis parallel to
the Y axis. The second polarizer is aligned with the
Y’ axis and is thus perpendicular to the first polar-
izer (P).

Recalling Equaticn (2.3), the electric poten-

tial of the light leaving the PEM can be described by
E =1Ecost + J Ecosa( 6+« ) (2.29)

Again, a 1s the phase retardation induced by PEM.

After passing the birefringent plate, which induces

yet another phase shift, B, at a given wavelength,

B = 1E0C036+ J Ecos( 6+ as+ B) {(2.30)
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Following a derivation similar to that for Equation

(2.4), replacing ua by {(«+ ),

obtains,

one

E = 1.4141'E_cos[0.5(a+f) ]cos [8+0.5(s )

- 1.414%E _8in[0.5(a+B) 181in[8+ 0.5+ B)]

(2.31)

Since A only allows the % term to pass,

E = - 1.4143'E_sin[0.5(a+P)]sin{de0.501¢ )] (2.32)
Therefore, the time-averaged intensity, I(v), at the
detector is given by
I(v) = 2E? sin’[ 0.5(a+f)] =

= nE: { 1 - cosa cosp + gina sinfi )
= xEZ {1 - cos{a,sin(2xf,t)]cosp
+ sin{a_sin(2xf,t))8inf} (2.33)
Substituting the Bessel function (Equation
(2.25)),

and considering that the lock-in amplifiers

filters out all terms except the first order,

the
detector output,

V(v), becomes

V(¥) = nEZ[1 - J_(a )cosp + 2J (a )sin(2nf,t)sing]

(2.34)
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Therefore, after the lock-in amplifiers, the ratio of

Vo (9) IV (7) is

Vac¥)

2J1(<10)Binﬁ
Ve (V) 1 - J,(a )cosp

(2.35)

Comparing to Equation (2.28a), the left sides of both

equation are the same. Therefore,

sinp
1.152 AA(V) = : (2.36)
1 - J_ (u )cosp

If p is known, AA(v) can be calibrated since
J, (a,) is already a known constant. A particularly
practical example is that using a quarter-wave plate,
g = n/2 (90") at a particular wavelength. Egquation

(2.36) becomes

1.152 AA(¥) = 1

0.868 (2.37)

AR (V)

The AA(v) scale, therefore, is calibrated at that
wavelength.
However, the action of a quarter-wave plate is

wavelength dependent. 1t can only retard n/2 at one
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exact wavelength on the whole spectrum. The certainty
of this position relies solely on the manufacturer’'s
specification. Furthermore, there are only a few
wavelengths at which quarter-wave plates are avail-
able. Thereby, the above calibration method is not
practical. However, there is a way to achieve cali-
bration without knowing the exact wavelength of the
retardation plate.

First, a VCD scan is run over the entire region
of interest with the same settings as above for the
plate (B} and the second polarizer. Egquation (2.35)
still stands for this situation.

Second, another VCD scan over the same region
is collected with both the plate (B) and the second
polarizer (A) being rotated by 90° (¢f. Figure 8c}.
Thus, two parameters have been changed here, compar-
ing to the first run: 1) The birefringent plate now
retards the X axis, which was formerly the fast axis.
So the phase shift induced by the plate is -p instead
of B. The total phase shift becomes (a-f) instead of
(au+B). ii) The second polarizer allows only 1' compo-
nent to pass when deriving from Equation (2.31) to
(2.32). Fiqure 9 depicts a sample spectra of the two
calibration scans, plotted on the same graph.

After A, the electric potential is (recalling

Equation (2.31)),
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E = 1.4141'E_ cos(0.5(u-f)] cos(d+05a-f)) (2.38)

The time-averaged intensity at the detector is given
by

I(¥) = 2EZ cos?{0.5(u-p)] =

uﬂf ({ 1 + cosa cosp + sinn 8inp )

2E2 { 1 + cos[ «_sin(2v,t) )cosp

+ ain| ftosin(;_’rgf"t) Ising } (2.39)

After the same considerations as in the previ-

ous discussion, we obtain

Ve (V)

Voe (V)

2Jl(uo)sinﬁ

- - (2.40)
1 + J (a, )cosp

At the crossing points of the two spectra in Figure 9

the left sides of Egquation (2.35) and Equation (2.40)
are equal. Thus,

23, (a_)sinp 23, (a )sing

(2.41)
1 - J {«,)cosp

1 + J (g, )cosg

Equation (2.41) has two sclutions:

1. 23, (a )sing = 0 (2.42)
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That means, AA(v) = 0. Those are the points
on the zero line (c¢f. Figure 9}). Since J {(a,) =

J, (1.84) = 0.5819 # 0, so,

sing = 0, (2.43)

f =na+nn (n=20,1,2...) (2.44)
At these zero crossing points, the plate (B)
retards the phase by an integral multiple of a (one
half of the wavelenygth) of the infrared radiation.

ii. 2J,(«, )sing # O, (2.45)

That means AA(v) # 0, These are the non-zerc crossing

points. Therefore, it must be that

cosf J_ (a ) = 0 {2.46)

since J (a ) = J_(1.84) = 0.5819 # 0,

cosp = 0, (2.47)

B=+0.5t+nn(n=2~0,1,2... ) (2.48)

At these points
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V- {V)
A = + 2 Jylal) (2.49)

Vi (V)

Comparing with Equation (2.28a), we find

1.152 AA(¥)

U
|+
Pt

AA (V) 0.868 (2.50)

I
|+

Those are the two groups of non-zero crossing
points. At any of these points, the absolute value of
the sensitivity of the instrument is known since the
actual VCD has to be 0.868. One calibration curve
will be a smooth curve linking all the positive non-
zero crossing points covering the entire wavelength
range. Any peoint on the curve must have a AA(vV) value
of 0.868. Any points on the other calibration curve
linking all the negative non-zero points must have a
AA(v) value of -0.868.

One other important fact being realized from
the discussion of this calibration procedure is the
sensitivity of the VCD measurement toward artifacts.
An artifact can be generated by any optical element
which alters the polarization state of light in
combination with an intensity reduction, for example,
by the solvent absorption because the technique of

VCD measures precisely the difference in absorption
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as the polarization state of light periodically
changes. In the calibration setup, this sensitivity
is utilized to serve us. The retardation plate alters
the light polarization, while the second polarizer
reduces light intensity (acting as an absorbing
substance). As a result, an artificial VCD signal
with a known magnitude is produced. However, any
other unwanted signals generated due to the sensitiv-
ity would be artifacts.

To eliminate this kind of artifacts, the sources
of reducing light intensity and the sources of alter-
ing light polarization must first be identified. In
additional to solvent absorption, some other sources
may also be likely to cause light reduction, such as
the absorption by the water vapor in the air, and by
the transmission optical elements (le. cell windows,
lenses, and detector window). Some likely sources for
altering the polarization state of light are: i)
lenses and windows, which are usually stressed when
polishing the surfaces, acting as a retardation
plate; 11) off-axial mirrors, particularly paraboloi-
dal and ellipsoidal mirrors, changing the light
polarization upon reflection; and iii) detectors,

often exhibiting polarization sensitivity.
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2.2 PYourier Transform Infrared (Vibrational) Circular

Dichroism with a Photoelastic Modulator (FT-VCD-PEM)

Fourier Transform Infrared {({FT-IR) spec-
troscopy has revolutionized the field of infrared
absorption spectroscopy, producing spectra of high
signal-to-noise ratio in a much shorter data collec-
tion time the dispersive methods[41,42).

FT-IR spectroscopy demonstrates two major
advantages over its dispersive counterpart: Fell-
gett‘s (multiplexing) advantage, which is due to the
fact that a wide wavenumbers range can be measured
all at once; and Jacquinot’'s (throughput) advantage,
due to the fact that an interferometer can allow a
large total light flux to reach the detector. The
detector noise, therefore, is very small compared to
the total signal. Since the detector 1s a major
source of noise in the infrared, FT-IR spectroscopy
produces spectra with a superior signal-to-noise
ratio. One other FT-IR advantage is important for
differential measurement. This is Connes’ advantage,
the excellent wavenumber accuracy (better than 0.01
cm~'), which permits spectra to be subtracted accu-
rately. Moreover, FT-1IR spectra can have a high
resolution (better than 2 cm !} throughout the entire

spectral region, For a dispersive instrument, to
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maintain a consistently high resolution, the exit
8lit width has to be adjusted according to the dis-
persion of the grating, which varies as the grating
turns or when switching to another gratings as needed
to cover a wide spectral range.

It was natural that Fourier transform spectros-
copy should "invade” the field of vibrational circu-
lar dichroism not long after the dispersive VCD was
operational. The reasons were two folds. First, the
FT-1IR technique had been matured and had begun to
dominate the infrared instrumentation market by the
late 708. Second, VCD had been proved tc be an unde-
niable new road to the understanding of molecular
structures, Nafie and Diem first proposed the theory
of FT-VCD-PEM[43)]) and reported the first results[44].
Others soon followed[6,7,45].

Very much like the dispersive VCD, the first
FT-VCD utilized a conventional FT-IR spectrometer
with the necessary compconents added to the sample
compartment to produce the light modulation. It also
employed a PEM and a lock-in amplifier set-up. Figure
10 is the block diagram of an FT-IR-VCD, published in
reference(44] by Nafie etal. The measurement still

consists of observing V .(¥), and V, (V).
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V(V) = V. (V) + V,.(¥) (2.51)

where
Ve (9) = 0.5V _(9) 102+ + 1020 (2.52)
Vyc(v) = 0.5V _(v)[10*2+ ™) — 10*-M Jsina (2.53)
v, = E (2.54)

The signal is modulated at the PEM frequency,
ag in the dispersive VCD. Since it is also modulated
at the Fourier frequency, the FT-VCD-PEM sometimes is
called a doubly modulated FT-1IR.

In a Michelson interferometer, the movable
mirror undergoes a uniform translation motion at a
velocity, V, . This action produces a time-dependent
intensity, called an interferogram. Due to the peri-
odic constructive and destructive phase interference,
the infrared radiation at each wavenumber (frequency)}
in the interferogram oscillates sinuscidally at its
own Fourier frequency, 2Vv.

An interferogram can be expressed as a function
of the path difference of the two mirrors, & = 2Vt (t

is the time the movable mirror has moved in one

scan), by the following equation:
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oo
Vs, ) =J V(v)cos (2 ) dv (2.55)
(o)

Wwhen an absorbing sample is placed in the beam,

V(¥) <can be substituted by Equation (2.51}),
[
V{5, ) =J [V (V) +V, (V) ]cos (2nvb ) dv (2.56)
O

Similar to a dispersive VCD, V, .(8 ) and V. (b )
are extracted separately, as the detector output is
split into two paths. Vv, (4 ) is demodulated at the
PEM frequency, /f,, and then changed to digital form
via an analog-to-digital converter (ADC) and stored.
Voe(d,) first passes a low-pass filter, to get rid of

V,c(t,), before being converted to a digital form and

stored.

po

Ve (8,)= J 0.5V_(v) (1072 M 4+10"*- ™M jcos (2x%8, ) dv
O

(2.57)

and

oo

V(8= J 0.5V _(v)2J,(a,) | 107 A+ 107 A%} Jcos (2mvd_)dv
O

(2.58)

The respective Fourier transformation of Equations
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(2.57) and (2.58) will yield V_ .(¥) and V, (). The
ratic of the two will give a VCD spectrum, the same
one observed from a dispersive VCD design (Equation

(2.28)).

V, (V)
e = 23 (a ) [1.152 AA(Y) ) (2.42)
Ve (V)

Because the Fourier transformation can only be
done with an entire set of data {(interferogram), the
Voe(8,) and V,_ . (b8 ) were collected separately with the
ADC set-up in Figure 10, and stored separately.
Afterward, they are respectively transformed into
Voc{¥v) and V,.(v). They could be collected simultane-
ously if two analog-to-digital converters were used.

Of the advantages FT spectroscopy has over its
dispersive counterpart in a normal absorption spec-
troscopy, only a few were carried over to FT-VCD-PEM
due to a variety of technical limitations. Some
improvements, such as a better signal-to-noise ratio
and a wider spectral range, have been achieved. Yet
the magnitude of those improvements has not been as
great as expected. Facling some new challenging prob-
lems, FT-VCD-PEM has not yet dominated the field of

VvCD, as did FT-IR in absorption spectroscopy.
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This 18 because there are several serious
technical problems in FT-VCD-PEM. First, the use of a
PEM limits the coverage of the FT-VCD experiment,
since the PEM 1is designed to produce the circularly
pclarized light waves at one setting, le., one
wavelength only, depending on the setting of a . In a
dispersive VCD, one adjusts the «, setting according-
ly as the monochromator scans. In FT-VCD-PEM, howev-
er, the multiplexing nature does not allow any PEM
ad justment during a scan. a  is set at one wavenum-
ber, usually the middle of a chosen region. The
result is that the light waves of other wavenumber
are only elliptically polarized. The farther away
from the selected wavenumber, the worse the distor-
tion of a circular polarization becomes., As a conse-
quence, amplitude calibration is a must to correct
the distorted spectra. One way, albeit undesirable,
to lessen this problem is to cut the covered range of
FT-VCD-PEM. Obviously, this approach also lowers the
multiplexing advantage.

Second, in most commercial FT-1IR instruments,
the off-axial ellipsoidal or parabolcidal mirrors are
used to focus a large, collimated light beam onto a
small image spot on the high sensitivity detector.
when a FT-VCD-PEM instrument is built on such a FT-IR

instrument, a large offset on the spectral baseline
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usually appears in VCD spectra. This type of artifact
is called the polarization bias. As discussed in the
previous section, this is due to the sensitive nature
of VCD towards any light intensity variations gener-
ated by absorption combining with light polarization
changes. The offset could be as large as ten times
the VCD signal, and is not uniform throughout the
spectrum, Thus, the offset has forced FT-VCD-FEM
instrument users to run elther the racemate or the
other enantiomer of the samples under the same condi-
tions to determine the true VCD baseline, which 1is
subsequently used to correct the original spectrum.
This method severely limits the application of VCD,
as the enantiomeric or the racemic forms are not
always available, particularly for some large biolog-
ical molecules. Keiderling and Malon have reduced
this problem by replacing the ellipscidal mirrors
with a lens and obtained satisfactory resuits(46].
Third, the dynamic range of several electronic
components, such as the detector, the lock-in ampli-
fier and the analog-to-digital converter (ADC), also
restrict FT-VCD-PEM from fully exercising its advan-
tages. This problem arises since VCD measures very
small changes in absorbance (10°°-10"% absorbance

unit) in the presence of a large signal, especially
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at the centerburst in the interferogram. Furthermore,
the gain of the lock-in amplifier has to be Bet tc
accommodate the centerburst, which may be two orders
of magnitude greater than the peaks nearby in the
interferogram. As a result, the sensitivity for
measuring the nearby peaks must be somewhat sacri-
ficed. A similar limitation also exists at the ADC,
which is typically a 16-bit converter with a dynamic
range of 1:2'%® = 1:65536. Obviously, it is difficult
to extract a VCD signal of 107° or less of the total
signal from a converter with a dynamic range less
than five orders of magnitude while still expecting a
reasonable signal- to-noise ratio. Reducing the
intensity of the centerburst by cutting down the
freguency coverage via an optical filter seems to be
the only way to solve this problem. On account of
these restraints, the FT-VCD-PEM generally covers

1 or less.

only about 500 cm”

For the same reasons mentioned earlier when
discussing the demodulation process, the PEM modula-
tion frequency, f,, should be two orders of magnitude
higher than the Fourier frequency, 2nvd /t. This 1is
because the minimum time constant of the lock-in
amplifier requires that difference in order to sepa-

rate the two frequencies effectively.

In addition to the above hardware problems,
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there are also some software problems. A normal VCD
spectrum exhibits both positive and negative peaks,
and the sum of all peak areas is close to zero. This
behavior is called conservative. This was predicted
theoretically and has been observed experimentally.
As a result, an ideal VCD interferocgram does not have
a centerburst. Instead, it has two groups of peakas
which are mirror images of each other, and are sym-
metrical about the zero-path-difference (ZPD) posi-
tion. The ZPD position is where the centerburst
occurs normally in an 1R absorption 1nterferogram.
Therefore, the standard Fourier transform algorithm
(Mertz and Forman method[41,49]) is inapplicable
since it looks for an absclute maximum as the center-
burst and treats the & at the maximum as the zero-
path-difference position[41],

This problem has been dealt with in several
ways., One is called the "stored phase” method. One
runs a normal IR absorption first and stores the
spectrum before running its VCD. The phase for trans-
forming the IR absorption spectrum 1is stored and
later used in locating the 2ZPD position of the V(D
spectrum. To prevent any changes caused by instrumen-
tal fluctuation, one should run the absorption and

VCD spectra under the same conditions as near in
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time as practicable. This method has been widely
used, however, it has been found that quite often the
transferred phase is not exactly correct([(47]. The
pessible cause of it may be in the electronic paths
of V,.(8,) and V_.(5,). Frequently, the deviation
(phase shift) is small, sometimes as small as one
data point. Even such a minute phase shift leads to a
drastically different spectrum after Fourier trans-
formation, as being found by many{7,48,49]). There-
fore, other non-stored-phase methcds have been de-
veloped.

Two methods are mostly acceptable in treating
the transformation of the VCD interferogram. Keider-
ling etal.[46] and de Haseth etal{49] separately demon-
strated that the ZPD position can be located by
utilizing the symmetric character of the VCD inter-
ferogram. Mcdifications to the software of the FT-VCD
have been developed[49,50]. Nafie and coworkers took
advantage of an imperfect VCD alignment, using the
polarization bias to produce a large centerburst in
the VCD interferogram. This method, however, requires
enantiomeric or racemic forms to correct the baseline
since the polarization bias is usually ten times
larger than the VCD signals|[48).

In Chapter Four, there will be further compari-

sons of advantages and disadvantages of dispersive VCD
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and FT-VCD-PEM, with some specific results from the
dispersive instruments at Hunter College and pub-

lished results from FT-VCD-PEM.



2.3 Pourler Transform Infrared VCD with a Polarizing

Michelsan Interferometer (FT-VUD-PMI)

The creation of FT-VCD-PMI was the result of a
desire to build a VUD instrument without a photorlas-
tic modulator, to avoeid the problems discussed in the
last seoction associated with using a PEM in FT-1IR
method. Also, FI-VCD-PMI permits an expansion of the
frequency tange, particularly going down to far
infrared region, Prior to the development of this
type of instrument, vibrational circular dichroism
had not been 1coported below 600 cm™'. Instruments
using PEMs can only go down to the limit of the
crystal transparency (eg., CaF,: 1100 cm™'; 2ZnSe: 600
cm™!; cds: 400 cm™!). Other crystal materials known

! have properties not

to be transparent below 600 cm”
suitable for a PEM, such as being too soft or hygro-
scopic.

Another reason to avoid using a PEM is its
inability to produce perfect modulation at all wave-
lengths simultanecously. Therefore, as stated in the
previous section, it 18 necessary to run an ampli-
tude-calibraticen as well as to run the enantiomer or
racemate for the baseline correction of the VCD

apectrum. That is more than double the data acquisi-

tion time. As a result, a non-PEM method is desired.
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The concept of the polarizing Michelson Inter-
ferometer (PMI), or Martin-Puplett Interfercmeter
(MPY), first appeared more than twenty years ago[51,
52]. It is particularly suitable for the far-infrared
region. Dignam and Baker first suggested using a PMI
for VCD in 1981[53]. However, it took quite some time
for the PMI principle to be recognized by VCD exper-
imentalists. Polavarapu developed the theoretical
formalism{54,55]}, and published a fe¢w calibration
spectra to demonstrate the feasibility of this ap-
proach. Nafie etal. published the first experimental
results on a-pinene in 1990[56],

The PMI is a modified Michelson Interferometer
{¢f. Figure 1la). The dielectric beamsplitter, normal-
ly used in the Michelson Interferometer, is replaced
by a polarizing grid beamsplitter (B), and the flat
mirrors by the roof-top mirrors (M, and M,). A roof-
top mirror consists of two flat, front-surface-re-
flecting mirrors that are set perpendicularly to each
other. (¢f Figqure 1la) Additionally, a polarizer (P)
is positioned at the entrance of the interferometer
and another polarizer, called the analyzer (A), is
placed immediately after the interferometer. The axis
of P is 45° with respect to the grid direction of B.

As a result, the linearly polarized beam leaving P
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a) Polarizing Michelson Interferometer
(from ref.[55) by Polavarapu)

Figure 11. FT-VCD-PMI
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(from ref.[(56) by Nafie et al)
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can be decomposed into two linearly polarized waves
of equal amplitudes., One of the waves with its elec-
tric potential vector, polarized parallel to the grid
direction of the beam splitter(B), will pass the beam
splitter and propagates toward the fixed mirror (M,).
The other wave polarized perpendicular to the grid
direction of the beam splitter will be reflected by
the beam splitter towards the movable mirror (M)).
The roof directions of the roof-top mirrors are also
aligned 45' with respect to the axis of B. This
arrangement of mirrors rotates the polarization of
the incoming light wave by 90° as the mirrors reflect
the beams back to the beam splitter. As the result
of these polarization rotation, the beam coming from

M, is reflected by B and the one from M_passes B.

£
Both beams recombine (and interfere with each other)
and exit the interferometer. The axis of A is set at
45° with respect to the axis of B, as well, and can
be parallel or perpendicular to the axis of P.

The PMI produces polarization interference
phase retardation, resulting in full cycles of polar-
ization modulation of each wavelength at its own
Fourier frequency. The polarization modulation cycle
is vertical linear, right circular, horizontal lin-

ear, left circular, and back to vertical linear (or

any cyclic permutation of these four states alternat-
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ing between linear and circular polarization states)
(¢f. Figure 11b).

Intensity modulation on the PMI, like on a
conventional FT-IR spectrophotometer, is achieved by
simply inserting the analyzer, whose axis is parallel
or perpendicular to the axis of the first polarizer,
after the interferometer. Thuas, a standard FT-IR

absorption spectrum can be obtained, since
VI(a) =J o.svo(c)lo*“"}{l + cos(4md ) ]dv (2.60)

where, V(4 ) is the observed interferogram and & is
the path difference between the movable mirror and
the fixed mirror. V_(v) is the source intensity
entering the interferometer. 0.5V _(v)107*7 is the IR
spectrum, V(v), which can be obtained by a cosine
Fourier transform of V'’ (4 ). The 0.5 accounts for the
P cutting in half the light intensity from the light
source, The plus or minus sign is determined by the
orientation of the analyzer with respect to that of
the first polarizer, parallel corresponding to posi-
tive (+) and perpendicular to negative {-).

Removal of the analyzer allows the circular

dichroism measurement of an optically active sample
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to be carried out through a sine Fourier transform of

the complex interferogram:

Vi(s,)= j 0.5V (¥)10°AV)[1 4+ 1.1SAA(V)sin(4xvd ) v
(2.61)

where

10-A V) = 0.5 1072+ 4+ 1072-(¥) (2.62)

is the same quantity as the one defined above in
Fquation (2.60), and AA(V) = A_(v}-A (V). The deriva-
tion of Equation (2.60) is similar to that described
in the dispersive section. A reverse cosine Fourier

AYY . A sine

transform of V' (% ) yields 0.5V _(v)10
Fourier transform of V(s ) will yield 0.5V _(¥)107%)
x {1.15 AA(v)]). The ratio of those two reverse Fouri-

er transformations will lead to AA(v), the VCD spec-

trum.

Jv" (6,)10°AMsin(4ma ) &
S LTl O .= 1.15 AA(V) (2.63)
Jv' (6,)10" 2V cos (498, ) o

The elimination of the PEM also allows the
omission of the lock-in amplifier. Therefore, the
only limiting factor left for a wider frequency cover-

age is the detector saturation. To enlarge the range
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while 8till preventing detector saturation, different
optical filters of a variety of cutoff ranges can be
used.

The first reported FT-VCD-PMI spectrum by Nafie
elal.[56]) on (-)-u-pinene showed excellent agreement
with FT-VCD-PEM result on the same sample. The 8ig-
nal-to-noise ratio was very good. However, it took
nineteen hours to produce the spectrum, comparing to
five and half hours needed in FT-VCD-PEM[{21] and six
hours or shorter for a dispersive VCD, The enantio-
meric spectrum was still needed for baseline correc-
tion. This ingtrument was constructed to cover only
the region between 800 cm™! (HgCdTe detector cutoff)
and 1600 cm™! (filter cutoff to prevent detector
saturation). By contrast, the prototype FT-VCD-PMI
in Polavarapu’s paper covers the range from 10 to
1000 cm™!, although a result from any real sample has
not yet been reported. As expected, the elimination
of the PEM allows the FT-VCD-PMI to cover a wider
range (up to 1000 cm™!). However, further exploration
and experimentation are needed to optimize the

FT-VCD-PMI experiment.,
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Chapter Three

Dispersive VCD Instruments at Hunter College

This chapter concentrates on a detailed discus-
sion of the design of the two dispersive vibrational
circular dichrographs built at Hunter College. Their
performance will be presented in the next chapter.

In the late 19708 and early 1980s the disper-
sive VCD system improved significantly with the
arrival of the highly sensitive HgCdTe detectors and
the commercial photoelastic modulators. The disper-
sive instrument constructed by Keiderling etal. pro-
duced some excellent spectra in the mid-infrared
region(57]. All these, combined with the operational
difficulties FT-VCD-PEM has been experiencing, have

rekindled interest in dispersive VCD.

3.1 The First Dispersive VCD Instrument (VCD-I){32]

VCD-1 is designed primarily to study the con-

formation of small peptides in aqueous solution via
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the amide 1I1 vibration. The assignments of that

vibration has been studied carefully by isotcpic

substitutions[58]. Hence, the design objective is an
instrument optimized around 1200 cm!, and also cover-
ing a reasonably wide range, 900 - 1800 cm™!, which

includes the amide I1I, II and I bands, with high

sensitivity.

3.1.1 General optical considerations

The ultimate goal in designing this VCD
instrument, as for any other specctrephotometer, was
to get the greatest light throughput at the best
resolution, These two mutually exclusive requirements
(only for a dispersive instrument) must be balanced
in the design, which attempts to optimize the system
by carefully matching the size of light source, the
optical aperture, the slit width (bandpass), and the
grating groove density.

In this case, the throughput was of special
importance because water, the solvent normally used,
absorbs strongly in the region. For a cell with CaF,
window and a 15 um spacer, H,0 transmits only 25% of
the light on average between 1200 and 1500 cm™!, while

D,0 transmits an average of about 70% between 1300

and 1800 cm™!,
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The spectral resolution requirement was some-
what relaxed; the design goal was to make it better
than 15 cm™! since in aqueocus solution the half width
at half height of most infrared peaks from samples of
our interest in this region is greater than 15 cm™!.

Several factors contribute to achieving that
goal. First, a high brightness source is desired.
Based on the principles of black-body radiation, the
higher the color temperature, the higher the infrared
output, Second, low F-number optics, including the
monochromator, were selected, giving a large accept-
ance angle. Furthermore, for two mirrors (or lenses)
of the same diameter, the one with lower F-number
produces a shorter total optical path. The selection
of the source and optics has to be done in a coordi-
nated fashion. The low F-number and the size of
optics reguire a small image size, consequently, a
small source size. The small image size also allows a
narrow slit width, therefore, maintaining high enough
resolution (8 - 15 cm™!). Moreover, the small image
size is easily reduced and focused onto the tiny area
of a high sensitivity detector, which is needed for
the VCD measurement. The small active area of the
semiconductor detector is a trade-off for its high
sensitivity since the sensitivity, expressed by D°,

is inversely proportional to square root of the
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area{41].

Third, whenever possible in the process of
selecting the optics, using a concave mirror with
metal coating on its front surface instead of a
convex lens would result in higher throughput due to
the fact that the light loss to the reflection of a
mirror is generally much smaller than the transmis-
sion loss to a lens in the infrared. For example, the
reflection loss is less than 1% on a gold-cocated
surfaces[59], whereas the light loss on a lens is
generally greater. On an interface at which the light
ray passes from one medium to another at normal
incidence, the light intensity loss 18, according

to(2]):

Intensity loss = S - - (3.1)

Here, n, and n, are the refractive indices of

the two interfacing media.

The light intensity loss would be 2.2% between
air (n,=1) and CaF, (n, = 1.35) on each surface. There
are two surfaces on each lens (or window), so the

total loss of light on a CaF, lens is 4.4%. BaF, has a

similar reflective index, n = 1.4, and so it would
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result a similar light loss. The loss from a ZnSe (n
= 2.4) lens would be much greater, 34% all together,
from the two surfaces of the lens. In addition, the
use of mirrors avoids chromatic aberrations associat-
ed with using a lens, but introduces spherical aber-
ration. Further thought has also been given to mini-
mize the number of mirrors to reduce the reflective
loss along the path.

Fourth, all optical components have been spe-
cially treated to glve maximum light throughput. All
reflecting surfaces, including those inside the mono-
chromator (mirrors and grating), were gold-coated.
The reflectivity of a gold-coated surface in the mid-
IR region is 99% compared to 90% for an aluminum-
MgF,-coated surface., This is actually not a small
matter since reflection losses can add up quickly.
For example, if there are eight Al mirrors in a
system, the loss would be (1-0.9081=57%. In contrast,
the loss would only be (1 - 0.99%) = 7.7¢% if they are
gold coated. Moreover, gold-ccating also offers a
long term chemical stability.

For the necessary transmission optics, espe-
cially the PEM crystal, it must be treated by a
method called anti-reflection (AR) coating. The light
loss at the surfaces between air (n = 1.0) and a

crystal with a larger refractive index (eg., 2.4 for
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ZnSe in the PEM) can be reduced drastically (to less
than 0.1%) by gradually and sequentially coating the
surface with certain substrates whose refractive
indices are between 2.4 and 1.0. The difference 1n
refractive indices between any two adjacent layers of

the substrate is8 very small (less than 0.1).

3.1.2. Optics of VCD-I

Following the guideline of the above
general considerations, VCD-1 was conceived. Figure
12 is the optical layout of VCD-I and Table I is the
specifications of elements used.

The infrared source is a high temperature
Nernast glower (ARTCOR, Inc., Model 242-103-5) of
small size (1.8 mm diameter x 12 mm useful length),
radiating at a color temperature of 2200-2400 K. The
glower is heated by 1.6 amp. AC at 60 Volts, and
consumes about 100 watts power. Its lifetime is about
2000 hours.

A previously constructed dispersive VCD, for
the mid-infrared region([57), employed a large carbon
rod source operating at 330 amp. and 8.5 V, which
produces a similar color temperature as Nernst glow-

er. Its size, B8 mm x 100 mm, caused a Berious
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VCD-I

Component

Nernst Glower
Source

Chopper

Monochromator

90

Table I

Component Specifications

Specification

Brightness Temperature 2200 K
1.8 mm x 12.7 mm

Mechanically modulates at 79.5 Hz

Czerny-Turner

F/4.4, £ = 320 mm

ruled grating, 120 g/mm

gold coated mirrors and grating

Polarizer

-—_— . BN

Photoelastic
Modulator

HgCdTe
Detector

Gold wire grid on AgBr substrate

ZnSe, octagonal, 12 mm thick
45 mm between opposing edges
anti-reflection coated,
modulates at 31.2 kHz

p* =

active area:
range: 800 -

3.556 x 1010
1.01
1800 cm
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problem, A long focal length monochromator (HR1000 by
Jobin-Yvon) had to be used to preserve good enocugh
resolution since the 8lit width (image Bize) was so
large. Therefore, the F-number of the collection
optics was relatively large (F/6.8). Furthermore, it
was hard to reduce the image size so it would fit the
detector size (2 mm x 10 mm), There are also some
operational difficulties associated with the carbon
rod. It must operate in an oxygen-free atmosphere in
order not to burn. As a 1esult, it needs an insulated
and water-cooled housing with a window (CaF,), as
well as continuous nitrogen purging. The expected
life time of each carbon rod is only 50-100 hours.
Since the Nernst glower and carbon rod have
almost exactly the same color temperature that deter-
mines the optical power output per unit area, it is
to the advantage of the Nernst glower to have a
smaller image size. As a result, the design of VCD-I
utilizes a lower F-number (F/4 or F/2), a shorter
total path and a smaller detector than the previous
VCD design. A shorter total pathlength makes the
physical size of the instrument small and reduces the
interference from the absorption by water vapor in
the air., The smaller the active area of a semiconduc-
tor infrared detector the more sensitive it is (see

3.1.1). All above factors compensate the light reduc-
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tion because of our smaller source size to a level
that total light throughput of these two system are
about same. In addition, the Nernst glower source
does not need a water-cooled housing, nitrogen purg-
ing and an isolated chamber with a window. It also
has a longer lifetime (greater than 20 times) and
lower power consumption (only 1/30}) than the carbon
rod.

The mirirors, M, - M, (Ealing Electro-Optics,

Inc.), are all gold-coated. The light collection

mirror, M can be set at either F/4 for one-to-one

1
imaging, or F/2 for one-to-two imaging. When running
in the amide I region, the light is focused one-to-
one on the entrance slit of the monochromator in the
F/4 setting, which matches the F-number of the mono-
chromator. The entrance and exit silts are 10 mm high
and their widths are set at 2.0 mm. M, and M, are B89
mm (3.5 inches) in diameter and 300 mm in focal
length. For the measurements in the amide III region
or lower, the F/2 collection is set to gain more
light as the resolution of the monochromator ias
better in this regilon (see Table I1), thus allowing
the 8lit of the monochromator to be opened wider (up
toc 4,0 mm). M is changed to a mirror of 102 mm (4

1

in.) diameter and 150 mm focal length. M, collects

1
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the light from the source, and reflects a collimated
beam. M, then focuses the beam onto the monochromator
entrance s8lit with an F-number of 4.4,

An optical chopper (Laser Precision Corp.,
model CTX-534), operating at 79.5 Hz, is placed
before the entrance sB8lit of a digitally controlled
monochromator (Instruments, SA, HR320). The chopper
is referenced externally by a gquartz frequency oscil-
lator to reduce frequency jitter, The monochromator
has a ruled grating (groove density 120/mm) and F-
number of 4.4, and provides satisfactory optical
resolution at a reasonable slit width(cf. Table I1).
The bandpass is 5.5 to 14.2 cm™! at slit width of 2.0
mm between 1200 and 1800 cm !, and 3.1 to 11.0 cm™! at
slit width of 4.0 mm between 800 and 1200 cm™!.

From Table 11, one can see that, while satisfy-
ing the resolution c¢riteria, the slit width can be
set at 2.0 mm for the region above 1400 cm™! (te.. the
amide 1 and II regions), which requires the light
collection optics be arranged F/4, and at 4.0 mm for

! {te., the amide ITT region),

the region below 1400 cm™
which requires a F/2 setting to fill the s8lit for
more light throughput.

Upon leaving the monochromator, the light

passes either a 5-10 ym or an 8-15 um bandpass filter



Wave-
length

{nm]

5.55%6
6.250
7.143
8.333
10.00

12.50

a. calculated by equations given in Ref.[60]

Table 11

VCD-1I Resolution Summary®:P

wave-
numbeoer

[em™1]

1800
1600
1400
1200
1000

800

linear
dispersion

[ nm/mm )

22.5
22.1
21.5
19.1
16.8
12.2

b. included angle is 24°.

(HR320 Monochromator)

Bandpass at slit width

2 mm

3 mm

[cm™']

4 mm
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(Oriel Corp.}, cutting off the higher order diffrac-

tion. M a flat mirror of 50.9 mm (2 inches) diame-

3
ter, changes the direction of light propagation,
providing room for succeeding optics. M,, a concave
mirror of 76 mm (3 in.) in diameter and 150 mm in
focal length, focuses the light beam through a polar-
izer and the photoelastic modulator (PEM) onto the
sample, which is mounted directly behind the PEM,

In front of the PEM is a gold-wire grid polar-
izer (Perkin-Elmer Corp,, 186-0243) on a silver
bromide (AgBr) disk. The polarizer is aligned with
its transmitting axis horizontal, because an experi-
ment indicates this component is more intense than
the vertical component.

The photoelastic modulator (Hinds Internation-
al, Inc., model PEM-80, system III/2S) has a clear
aperture of 42 mm in diameter. Its heart is a broad-
band antireflection-coated ZnSe crystal (transmission
> 90% between 12 and 5 pm). The stress ax1s of the
PEM is 45" with respect to the horizontal, the direc-
tion of the linear polarizer. It modulates at 31.2
KHz, at which frequency it alternately produces left
and right circularly polarized light. The modulation

frequency is really the resonance frequency of the

crystal, whose hardness and physical size determine
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this frequency. After the PEM, a sample cell holder
ia mounted on the PEM housing., The polarizer, PEM and
sample occupy a length of only six centimeters along
the optical path. Because the sample is positioned at
a focal point, the image size is small (1.8 mm x 10
mm for F/4 collection, 3.6 mm x 10 mm for F/2 collec-
tion), so small cells (15 mm in diameter) may be
used,

A single BaF, lens, 50 mm in diameter and 50 mm
in focal length, 1is placed after the sample to focus
the light beam onto the detector. The lens was chosen
to avoid the polarization bias associated with using
a mirror. BaF, cuts off below 850 cm™', which is
therefore the lower frequency limit of the VCD-I. To
go to even lower wavenumber, one could change the
lens to AR-coated ZnSe, for example; and the next

! of ZnSe crys-

barrier is the cutoff at about 600 cm”
tal inside the PEM . Depending on the collection
aperture, the position of the lens is adjusted so
that the image at the sample is demagnified to the
approximate size of the detector element.

A high sensitivity detector (Infrared Associ-
ates, Inc., Model HCT-80) was selected. Its active
element (1.0 mm x 5 mm) is a photoconductive mercury

cadmium teluride (MCT or HgCdTe) with a peak D" about

3.5 x 10'® cmH2® *Ww™! at 1000 cm™!. MCT, operating
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under liqguid nitrogen cooling, is the most sengitive
detector available in the region of interest. All
optical components are enclosed in a plexiglass

housing to permit dry air purging.

3.1.3 Electronics of VCD-I

Figure 13 is a schematic illustration of
the VCD electronics. The signal from the detector is
first amplified by a preamplifier (Infrared Associ-
ates), and subsequently 1is split into two paths for
processing V_ (v) and V,.{(v}. One of them leads to a
digital lock-in amplifier (Ludl Electronics Products,
Ltd.), demodulating at 79.5 Hz to extract the V (v).
This amplifier has a computer controlled, variable
input gain of 1, 10 or 100, followed by a voltage-to-
frequency converter and a fast, dual channel pulse
counter. This amplifier is mounted in a rack, which
also houses the monochromator motor drive, the PEM
modulation controller, the detector power supply, and
a communication interface (Intel PPI 8748). V .(v) is
directly read from the digital lock-in amplifier by a
computer via a 24-bit parallel bus. Through the same
channel, the computer also commands the monochromator

wavelength position and the PEM modulation (u.).
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The typical detector output without sample is
about one volt. With an H,0 sample in a CaF, cell and
15 uym spacer, the detector reads about 0.3 V (solvent
transmission). For a sample with an absorbance 0.5 at
a particular wavenumber, the detector ocutputs about
0.095 VvV, the V_ .(v) for that particular sample.
Assuming AA(v) is 107%, v, (v) would be in the neigh-
borhood of 1.9 x 107> Vv,

The above estimate of V,.(v) demonstrates the
necessity of using a phase-scnsitive detector, te, a
lock-in amplifier, to extract the small signal out of
a noise level that is much larger (say, 1% of the
transmittance, V_ .(v), approximately in the millivolt
range). The V,.(v) is processed by democdulating the
detector output at the PEM frequency, 31.2 kHz, by a
lock-in amplifier (Princeton Applied Research, model
124A) operating in band pass mode and minimum time
constant (< 1 ms)}). The gain of this lock-in amplifi-
er, defined by the ratio of full-scale dc output (10
volt)} to the input sensitivity, is usually between
500 and 1000, Le.. the input sensitivity range is set
between 10 and 20 mv. At these levels, no signal
overload occurs. Since the operating conditions are
set such that the sample IR absorbance 1is between 0.5
to 1.0, which translates to a V .(v) variation of

less than one order of magnitude, the fixed sensi-
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tivity setting of the PAR 124A is adequate.

The output of the PAR 124A is a 79.5 Hz signal
(¢f. Figure 14) since the VCD signal is only present
during the "on" cycle of the chopper. Consequently,
it is further demodulated at the chopper frequency,
79.5 Hz, by a second more sophisticated lock-in
amplifier {PAR 5207), all functions of which can be
monitored and serviced by an external computer. This

is of great significance because V } can vary by

actV
several orders of magnitude. A fixed sensitivity
accommodating the maximum signal would have to sacri-
fice accuracy of measurement for signals orders of
magnitude smaller. The dynamic range of the measure-
ment would be restricted. The PAR 5207 allows the
sensitivity setting to be adjusted over the entire
range from 100 nV to 5 V, so that the output signal
preserves 3.5 digit accuracy. As a result, digital
normalization becomes possible (uvideinfra). The input
signal to the PAR 5207 is compared with the present
sensitivity setting, which has steps of 1, 2, 5 and
10. If the signal is smaller than 40%, or larger than
110% the sensitivity setting, the setting is adjust-
ed accordingly. Whenever the PAR 5207 switches its

sensitivity setting, the computer pauses the scan-

ning, and delays for a period equal to six times the
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PAR 5207 time constant after the switching, then
resumes the scan. The delay is needed for the PAR
5207 to stabilize so the output data is valid. Howev-
er, because too frequent switching and delay can
result in a very slow scan speed, a sensitivity limit
is defined in the computer program to avoid the
unnecessary switching of the sensitivity setting when
the signal is very small, such as at the zero cross-
ing in a VCD spectrum or when there is no signal, for
example, outside an absorption band. Therefore, the
PAR 5207 is programmed not to switch its sensitivity
setting for the instrumental noise. The output of the
PAR 5207, a digital signal corresponding to V,.(v),
is sent directly to the computer via a standard RS232
serial communication port at 1200 baud.

Figure 14 shows the wave forms at various
points, which illustrates the evolution of the VCD
signal and helps to illustrate the design of the
ingtrument.

The figures presented are at only one spectral
point {(a certain v) during a given data acquisition
time, eg.. one second. The abscissae are time, and the
ordinates are signals expressed either in light

intensity, I, or a voltage,
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The chopper produces a square-wave (a), whose
pattern is modified after the sample (b), and on top
of the average absorption there is the differential
absorption (c¢). The difference is synchronized with
the PEM modulation frequency (d) (the graph shown
results a positive V, (v)). After filtering out the
high frequency component (V,.{v)) of (b), the digital
lock-in amplifier takes the average difference be-
tween "on" and "off" cycles of the square-wave within
a given data acquisition time and outputs V _(v) (e).
By contrast, the PAR 124A first filters out V (v},
and outputs the averaged difference in transmission
between left and right circularly polarized light,
T, (v)-T.(v) (f) with an 180" phase shift. This is
necessary since the definition of AA(v) 1s A (v)-A (v
"), and the higher a transmission, the smaller 1s the
corresponding absorption. Subsequently the PAR 5207
demodulates at 79.5 Hz, yielding V,.(v) (g). A
negative V,.(V) would have an 180" phase shift in
each V,.(v) graph, demonstrated by (c¢'), (f'), and
(g’).

An important difference between Hunter Col-
lege’s VCD-1 system and others is the use of the
digital normalization. As stated in the previous
chapter, AA(v) 1is proportional to the ratio of Vae (v

“)/V{v). VCD-I simultaneocusly measures V, . (v) and
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Vpe(¥), calculates AA(¥), and displays all of them in
real time on the computer screen. The corresponding
VCD spectrum (AA(v) versus wavenumber) is displayed
as well.

All the previously constructed dispersive VCD
instruments used an analog circuit for the normaliza-
tion. Normalization was done via a so-called autogain
circuit, whose principle is similar to what the
commercial UV-visible CD has been using. The circuit
monitors the transmission as the monochromator scans,
and maintains V .(v) (the input to the first lock-in
amplifier) constant, As a result, the AA(V) is then
directly proportional to the V,. (V). The way to
maintain the V_ .(Vv) constant in the commercial CD
instrument is by changing the gain of its detector, a
photomultiplier tube, by changing the voltage applied
teo it. In the infrared, however, the semiconductor
detector offers no such luxury. Therefore, another
method was sought. The most advanced method employs a
special lock-in amplifier, demodulating at f., in the
V,c{¥) path between the preamplifier of the detector
and the lock-in amplifier tuned to f,. The gain of
this special lock-in amplifier is controlled by a
feedback circuit so its output is kept constant. The

elimination of such an autogain circuit in our system
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appears to have improved the spectral signal-to-noise
ratio.

The PEM is synchronized to the wavelength of
the monochromator in order to achieve the quarter-
wave modulation at every wavelength during a scan.
The data are, therefore, dirvectly in AA(v) units.
This and the excellent reproducibility of VCD-I
demonstrate that the instrument need not be frequent-
ly calibrated, as was necessary in the other previ-
ocusly constructed dispersive and FT-VCD-PEM spectrom-
eters, which all utilized a fixed retardation. The
synchronization is done by issuing a voltage to the
PEM modulation control unit from a digital-to-analog
converter, which receives a gsignal from the computer
that is proportional to the monochromater wavelength.
This voltage is recalculated at each wavenumber as
the monochromator steps in a linear wavenumber 1incre-
ments, typically one cm™!.

controlling all electronics, including the
monochromator stepping motor, the synchronized PEM
modulation level and two of the three lock-in ampli-
fiers, is performed by an AT&T personal computer,
Model 6300, incorporating 8 MHz, 16-bit 8086/8087
processor, 640 Kbyte RAM, and a 20 Mbyte hard disk.
The software, written by Professor Max Diem and Mr.

Arthur Barlow, 1s completely menu driven and controls
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the data acquisition and the storage of IR absorption
and VCD spectra. An infrared transmission spectrum is
collected during a "prescan” (scanning forward with-
out a sample, then scanning backward with the
sample), and the infrared absorption spectrum is
computed, This prescan igs also useful in determining
suitable experimental conditions, such as the sample
concentration and the cell pathlenyth.

The data acquisition time is typically one
second per point, and is chosen to be the same as the
response time on the lock-in amplifier, the PAR 5207.
Both are input froem a menu display before any scan.
The time constant can be changed to 0.3, 3 or 10
second. The timing in the V .(v) data acquisition is
derived from a timer within the digital lock-in
amplifier. At each data point, the timer starts, and
the VvV, .(¥v) signal counts are acquired until the
preselected time expires. During the preselected
time, the chopper is "on" for 79.5 times. The V_ (V)
signal is actually the average of the difference
between the "on" and "off" cycles of the chopper
within that time frame. Subsequently, the V .(v) is
normalized with respect tc the input gain and the
time constant, and converted to a voltage. The analog

time constant of the PAR 5207 in the V,.(v) path is



107

also set the same as the data acquisition time by the
computer., The output of the PAR 5207, which has four
Bignificant figures and already normalized with
respect to the gain of the PAR 5207, is then normal-
ized with respect to the gain of the first lock-in
amplifier (PAR 124A), as well. Subsequently, AA(V) 18
calculated and displayed on the screen. Afterward,
the wavelenqth position of the next data point is
computed from the linear wavenumber increment (one
cm™ '), the monochromator is scanned to the new posi-
tion, and the FEM control voltage 1s calculated and
adjusted to this new wavelength, The software 18
written in Magic/L (Loki Engineering, Inc.), a lan-
guage combining the concept of FORTH with the struc-
ture of PASCAL or "C" compilers.

The performance of VCD-1 will be the subject of

the next chapter.
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3.2 The Second Dispersive VCD (VCD-II)[61)

It was apparent after VCD-I was operation-
al that the VCD spectra in the amide I reqion of some
small peptides in the aqueocus solution were very
interesting, and were easily interpreted by the
coupled oscillator model. Furthermore, other projects
involving another category of biolagically signifi-
cant molecules, nucleic acids, also exhibited results
that could be nicely interpreted and led to conforma-
ticnal understanding of the molecules, The probe for
the DNA is the carbonyl (C=0) stretching on the bases
of the nucleic acids, also in the region of 1550-1750
cm~!. However, the noise level of the spectra obtained
on VCD-I was consistently higher than what we would
have liked. The reason was mostly the lowered re-
sponsivity of the detector, which at 1670 cm™! drops
to 50 percent of the maximum. More than 40 scans are
needed in order to get a reasonable signal-to-noise
ratio. We concluded that a new instrument dedicated
to the region of 1550 - 1750 cm™! with a superior S/N
was needed. That was the design objective for the
VCD-1I1I.

The optical and electronic design of VCD-1I1I
are, understandably, very similar to those of VCD-I,

therefore, only the parts of major difference will be
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discussed.

3.2.1 Optics of VCD-1I
Figure 15 and Table 111 present the opti-
cal part of VCD-1II,.

The mirrors, M, - M {Ealing Electro-Optics,

1 3’
Inc.) are all gold-coated. The collection mirror (M,
d = 101.8 mm, fe.. 4 in., and £ = 200 mm) gathers light
at F/3.0 from the source, tLhe same model Nernst
glower used in VCD-I, and focuses the image at the
entrance slit of the monochromator, while matching
its F-number (F/5.7}). An optical chopper (same model
as the one in VCD-1}) operates at 45 Hz., The monochro-
mator (Instrument, SA, HR640) has a ruled grating
(groove density 150g/mm) and scans faster than the
HR320 used in VCD-I. The mirrors and the grating
inside the monochromator were, unfortunately, not
gold ccated because the monochromator is on locan from
the manufacturer. They are, however, standard alumi-
num coated.
Table 1V demonstrates clearly that setting the
8lit width at 3.0 mm satisfies the resolution re-
quirement very well for the regqgion between 1500 to

1800 cm™!. After the monochromator is a 5-10 pm band-
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Table 111

VCD-11 <Components Specifications

Component Specification
Nernst Glower Zr0, with rare earth metal
Source Brightness Temperature 2200 K

1.8 mm x 12.7 nmm

Chopper Modulates at 45 Hz

Czerny-Turner configuration
Monochromator F/5.7, £ = 640 mm
ruled grating, 150 g/mm

Polarizer wire grid on CaF, substrate

CaF, octagonal crystal

FPhotoelastic 35.5 mm clear aperture
Modulator modulates at 56,7 kHz
HgCdTe p* = B.9.68 x 1010 chz°'5w‘1
Detector area: 1.01 x 2.03 mm 1

(dual element) range: 1575 = 3225 cm’
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Table 1V

VCD-TI Resolution Summary (HR640 Monochromator)

Wave- wave - linear Bandpass at slit width
length number dispersion 2 mm 3 mm 4 mm
[ m ] [cm™!) [ nm/mm ] [ em™! )
5.556 1800 22.5 14.2
5.000 2000 8.902 7.11 10.66 14,22
5.263 1900 8.783 6.33 9.50 12.66
5.556 1800 8.644 5.59 8.39 11.19
5.882 1700 8.481 4.89 7.34 9.79
6,250 1600 8.286 4.24 6.36 8.47
6.667 1500 8.052 3.62 5.43 7.24

included angle is 18.221°
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pass filter (Oriel Corp.), cutting off higher order

diffraction above 2000 cm™!. M, is a flat mirror of

50.9 mm (2 in.) in diameter. M a concave mirror of

3
d = 76.2 mm (3 in.) and £ = 150 mm, refocuses the
light beam through a polarizer and the photoelastic
modulator onto the sample position.

The infrared grid polarizer (Cambridge Physical
Sciencea, model IGP 227-25) in front of the PEM is on
a calcium fluoride (CaF,) substrate disk and is
aligned with its transmitting axis horizontal for the
more intense component. The heart of photoelastic
modulator (Hinds Tnternational, Inc., model PEM-80,
system II/CF) 1s a CaF, crystal with a clear aperture
of 35 mm. The stress axis of the PEM is alsoc 45" with
respect to the horizontal. It modulates at 57.6 kHz,
higher than the one used in VCD-1 because it uses a
smaller crystal than VCD-I and CaF, is harder than
ZnSe. Similar to VCD-1I, a sample cell holder is
mounted on the PEM housing. Once again, the polariz-
er, PEM and the sample occupy only a short stretch in
the optical path. A CaF, lens, then, focus the light
beam onto a HgCdTe detector.

The detector (Infrared Associates, Inc., Model
HCT-80 6-7 Dual Element), specially made at our
request, has an active element consisting of two 1.0l

mm by 1.0l mm HqCdTe pieces, placed vertically to-
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gether. Its peak D' is about 8.969 x 10 '° cmHz? ®w™!
at 1785 cm™!, However, the responsivity drops drasti-
cally below 1600 cm™', which becomes the low-end
cutoff of VCD-11. We were told that 1t 1s extremely
hard to make a detector with the requested sensitivi-
ty in the region between 1400-1600 cm~!. All optical
components are enclosed in a plexiglass housing to
permit dry air purging. In this instrument, the
sample chamber 13 isolated from the rest of system
and 1s purged scparately. So, whenever changing the
sample cell, the rest of the system is not exposed to
the humid air outside, and the sample chamber can be
purged dry in a relatively short time. As a result,

scanning can proceed with little disturbance.

3.2.2 Electronics of VCD-II
The similar electronic scheme as VCD-1
were set up with some minor changes., (¢f. Figure 16)
The transmission (V,.(Vv)) is processed by a
home-built phase sensitive detector (designed around
two circuit boards produced by Evans Associates,
Lock-in Module, model 4110), demodulating at 45 Hz.
The amplifier can be set manually at a variable gain

of 1, 10, and 100, and an analog time constant of
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0.3, 1 and 3 second. Before any scan, a computer menu
requests the selected time constant, which should be
set the same as the data acquisition time. The output
of this lock-in amplifier is, then, sent to an ana-
log- to-digital converter (ADC) inside the computer.
Subsequently, V_ . (¥) is normalized with respect to
the gain and time constant.

The typical detector output for the instrument
(te., air transmittance) is about 2.5 V, which leaves
some room to mancuver the sample concentration or/and
the cell path length. With a CaF, cell containing D,O
and 15 um spacer, the detector reads about 1.75%5 V
(solvent transmission}.

For a sample with an absorbance of 1, the
detector outputs about 0.175 V, the V_ .(¥). Assuming
AR(¥) is 107*, v, would be in the neighborhood of 3.5
x 107° V.

In the V,.(v) detection chain, the ftirst lock-
in amplifier (PAR 5207) demodulates at the PEM fre-
quency, 57.6 kHz, operating in the band pass mode at
the minimum time constant of 1 ms. Its sensitivity is
set by the computer (write-only) at beginning of each
scan via a serial port {(com2), normally at 10 mV., So
the gain is 1000. Its output 1is subsequently fed into

the second lock-in amplifier (PAR 5205), demodulating

at the chopper frequency, 45 Hz. Like the PAR 5207 in



117

VCD-1I, all functions of this PAR $205 are monitored
and serviced by a computer so that the sensitivity
setting is adjusted to preserve the output signal
with four significant digits., The principle of genai-
tivity adjustment is the same as described in the
previous section, and need not to be repeated here.
The output of PAR 5205, a digital signal (V,.(v)), is
directly rvad by the computer via a standard RS 232
serial port (coml), and is subsecquently normalized
with respect to the gain of PAR 5207.

The PEM 18 fixedly set for the quarter-wave
retardation at 6.00 uym. This is considered adequate
because the small range VCD-II is covering, from 5.71
to 6.25 ym (1750-1600 cm™!'). Thus, any distortion on
the circular polarized wave at the other wavelengths
would be minor. The same model persconal computer and
the communication means used in VCD-I are on duty to
control this system, as well. The similarly packaged
software is written in MAGIC/L, the same language as
in VCD-1I.

AA(v) 1is computed, and displayed on the screen
along side with wavenumber (v), V .(v) and V,.(Vv), as
well as a spectrum, AA(v) vs. wavenumber. The comput-
er then goes on to calculate the wavelength (in um)

of the next data point from a wavenumber linear
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increment, and signals the stepping motor of the
monochromator to scan to that new wavelength, hence,
starts another cycle of mecasurement.

The most dramatic improvement of VCD-1II over
VCD-I in the region of 1600-1750 cm™! is the signal-
to-noise ratio, which is more than three times bet-
ter. For a normal agucous solution sample, the level
of signal-to-noise ratio from a single VCD scan is
large encugh to allow the operator to make some
judgments on the sample, such as concentration. Some
specific spectra will be present in the next chapter

to elaborate on the improvement.
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Chapter Four

Performance of Dispersive VOD

In this chapter, the representative data col-
lected on VCD-1I and VCD-11 demonstrate the perform-
ances of these instruments. Some specific comparisons
with FT-VCD-PEM revcal the advantages and disadvan-
tages of the dispersive VCD instruments. Topics also
discussed here are the improvement of VCD-ITI over
VCD~-I in signal-to-noise ratio in the region from

1600 cm™! to 1750 cm™!.

4.1. Performance of VCD-I[32]

The performance of VCD-1 can be gauged by
considering the spectra, Figures 17 and 18. These are
the raw spectra of a-pinene, (+) and (-) respective-
ly, collected on VCD-1I in the region of 1050- 1350
cm™!. Both samples were neat liquids (99% pure) from
Aldrich, directly used in sample cells with CaF,

windows without any further purification. The optical

purity of (-)-a-pinene is only 81%. The variable
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Figure 17. Raw Bpectra of Neat (+)-a-Pinene,
50 um CaF, cell, optical purity 98%;
top: VCD ?10 scans); bottom: IR.
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Figure 18. Raw SBpectra of Neat (-)-a-Pinene,
100 um CaP, cell, optical purity 81%;
top: 10 VCD scans; bottom: IR.
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pathlength cell used to contain the sample is set at
100 ym. The optical purity of (+)-a-pinene, however,
is 98% and the sample is run in a fixed pathlength
cell with a 50 uym teflon spacer. Each VCD spectrum is
the average of 10 scans, and it takes two and a half
hours to complete the acquisition. Figure 19 displays
a randomly selected scan that constitutes Figures 17.
It typifies an individual scan, whose scanning time
is only 15 minutes with already an excellent signal-
to-noise ratio. au-pinene has been a standard for
instrument testing in the vibrational optical activi-
ty, including beoth the studies in VCD and Raman
optical activity (ROA). The latter technique measures
the difference in Raman scattering between left and
right circularly polarized laser beam. It is common
to wutilize an a-pinene spectrum as a performance
indicator of a particular instrument. Based on the a
-pinene data, a direct comparison of a FT-VCD-PEM
instrument and a dispersive instrument, therefore, is
possible. There is a little baseline offset in Fig-
ures 17 and 18, but an enantiomeric baseline correc-
tion is not necessary since all bands are distinct,
the baseline is quite flat and the baseline offset is
very small.

The excellent signal-to-noise ratio, the small

baseline offset, and straight baseline are definitely
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Figure 19. A Single VCD Spectrum from the acquisi-
tion of Figure 17; 15 minutes scanning time.
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signs of a superior instrument performance. One other
indication of the excellent performance of VCD-I is
the remarkable quality of Figures 17 and 18 being
almost perfect mirror images to each other, This is
exactly what optical activity theory predicts,

Next, the spectral difference in Figures 17 and
18 will be discussed. There two major sources, namely
the cell pathlength and the optical purity, contrib-
uting to the difference. The cell pathlengths ratio
of (+)-u-pinene vs. (-)-a-pinene i3 0.5. A better
meagsure of the pathlength ratio should be the average
ratio of the absorbances for each pair of correspond-
ing peaks in the region. The average 13 0.68. It may
be used to calibrate the difference between the two
cell pathlengths. This difference just about compen-
sates the difference in the optical purities of the
two enantiomers: 1in the (+)-u-pinene sample, the 98%
optical purity means it also contains 2% (-)-a-pi-
nene, as a result, VCD intensities are proportional
to only 96% neat (+)-a-pinene; for the (-)-a-pinene
sample of 81% optical purity (containing 19% (+)-u-

pinene), VCD intensities can only be propertional to

62% neat (-)-a~-plnene. Hence, the optical purity
ratio of (+)-u-pinene versus (-)-a-pinene 1is 1.54.
Since 1/1.54 = 0.65, this factor almost compensates

for the pathlenqgth difference, The small dip on the
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racemate baseline about 1175 cm™! is believed to be
due to a distinct absorption peak that appeared at
the same wavenumber on the instrument transmission
spectrum. The interference is thought to be the
second order diffraction of the CO, absorption band
at 2350 cm’!,

Figure 20 shows the raw VCD spectrum in the
900-1150 cm™! region of (-)-u-pinene and the instru-
ment baseline by just scanning without sample, not
even an empty cell. Again, the spectra are the aver-
age of 10 scans, and the scanning time was about two
hours each for the sample and the baseline spectrum,
The KBr cell of variable pathlength was set at 50 um.
In the gpectrum shown, the raw VCD data of (-)-u-
pinene are superimposed on a curved baseline, repro-
ducible in the baseline scan. The baseline curve 1s
due to the proximity of the transmission cutoff of
the BaF, lens. The continuing decline of the baseline
is clearly shown in Figqure 21. That explains the
baseline change between the previous fiqures from a
sloping baseline in Figure 20 to a flat one in Figure
17. Figure 21 is the average of seven scans of neat
(-)-a~-pinene in a fixed path (50 um) cell with BaF,

windows, The total scan time was two hours and twenty
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Figure 20. VCD Bpectrum of Neat (-)~a-Pinene, in 50 um KBr
cell (upper) and instrument baseline (scanning
without sample), 10 scans each.
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Figure 21. Spectra of Neat (-)-a-Pinene, in 50
km BaF, cell; top: VvCD; bottom: IR. N
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minutes. The noise level increases considerably at the
low end of the spectrum because of the BaF, lens
cutoff. From the spectra shown, the sample absorption
obviously does not affect the instrumental baseline,
which, therefore, can be subtracted from the sample
spectrum easily. Fiqure 22 shows the VCD spectrum of
Figure 20 after baseline correction (top), and its
corresponding absorption spectium {(bottom).

The independence of the VCD-1 instrumental
baseline toward the sample absorbance is an important
difference between it and the other instruments built
previously. It is important for a VCD instrument to
be free of absorbance artifact, so as to avoid the
need for the other enantiomer or the racemate to
establish the true baseline. This i3 especially true
for samples like large biological molecules because
the enantiomer or racemate are not availlable. The
absorbance artifact is one of the major problems
troubling the users of FT-VCD-PEM instrumentation, as
described in Chapter Two. On the VCD-1 dispersive
unit, there is no need for a baseline correction in
the instances of Figures 17 and 18 for all practical
purposes. As a result, scan time and samples are
saved. In the lower frequency reqion (¢ Figure 20),
a simple subtraction of an instrumental baseline

(just VCD scan without a sample), or a solvent base-
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Figure 22. Spectrum of (-)-a-Pinene; top: VCD,
Fig.20 after subtracting instrument baseline;
bottom: correspconding IR.
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line (VCD scans of the svlvent only), usually cor-
rects the VCD spectirum of the sample. Since the
baseline is perfectly reproducible, using a previous-
ly collected solvent (or instrumental) baseline under
the same condition is acceptable. However, when VCD
signals are very small, the solvent background sub-
traction method is also utilized even in the high
frequency region, 1050-1350 em™!., Moreover, the enan-
tiomeric or the racemate baseline, when available,
has also sometimes been applied as the baseline to
ensure the trustworthiness of the spectra. This is
especially desirable in cases when signals are not
distinct even after multiple scans (30 or more), such
as the amide 111 bands of some small peptides.

Spectra in Fiqures 18 and 22 are nearly identi-
cal to those (-)-a-pinene spectra, collected from FT-
VCD-PEM by Nafie etal.[48]) (c¢f Figure 23) and by Pola-
varapu{45]), with approximately the same scanning
times. The reason for our breaking the spectra into
two parts on VCD-1I is the need to change the optical
filters. One covers 800-1250 ¢m~!, and the other
covers 1050-2000 cm™!.

VCD-1 demonstrates some capabilities which
compares favorably to FT-VCD-PEM in the high frequen-

cy region. In a single VCD scan (cf., Figure 19), it
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Figure 23. Spectra of (-)-a-Pinene, collected
on FT-VCD-PEM, from ref.[48] by Nafie et al.
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could distinguish all the a-pinene peaks that FT-VCD-
PEM has identified. This, combining with the real
time display of the spectrum on the screen, enables
an operator to monitor the spectrum and, if needed,
take appropriate actions promptly. Such actions
include making gquick judgments on the sample condi-
tions, and identifying and correcting any problems;
for instance, too large a sample concentration or too
long a cell pathlength. All of these have dramatical-
ly improved the reliability of VCD measurement, and
saved a lot of experimental time.

The VCD-I instrument benefited from a dramatic
improvement when the BaF, lens was unexpectedly
poppnd out its mount and dropped on the optical
table. That resulted in a massive crack going through
the entire lens, though the lens did not break.
Figqure 24 is a typical spectrum of (-)-a-plnene
before the lens cracking accident. Comparing to
Figure 18 for the exact same sample, the baseline
of fset almost disappeared as the result of the lens
cracking! The explanation may be a release of stress
in the BaF, crystal, the lens material. This stress
was most likely caused by the machining of the curved
surfaces of the lens. The dropping and subsequently
cracking of the lens released the tension within the

lens., As discussed in section 2.1.2, an isotropic
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Figure 24. VCD Spectrum of Neat (-)-a-Pinene,
in 50 um CaF, cell, 10 scans, before cracking
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crystal can be birefringent when it is under stress.
The birefringence accounted for the baseline offaet
in the VCD spectrum. The lesson here is that all
lenses, maybe even all refractive optical components,
used in a VCD spectrometer should be stress free, A
number of methods can be used. For example, after the
grinding, the lens should be heated to a temperature
just below the crystal melting point, then permitted
to cool down extremely slowly. This would allow the
crystal unit cell to realign, and release the stress
in the lens.

As stated in Chapter Three, VCD-1 was designed
for the studying amide I, II and 11I vibrations of
small peptides, Following are some VCD and corre-
sponding IR absorption spectra of L-alanine, L-ala-
nyl-L~alanine and L-alanyl-L-alanyl-L-alanine, re-
spectively. They exemplify the performance of VCD-I
for peptides in aqueous sclution. To run a VCD spec-
trum of a neat liguid has become trivial (eg. a-pi-
nene) because of its high concentration and no sol-
vent interference. However, running a sample in
aqueous solution is much more difficult, because of
the strong water absorption and low sample concentra-
tion. It is a remarkable achievement to observe high
quality VCD spectra in aqueous solution. All the VCD

spectra in this group of samples have been corrected
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with enantiomeric background since all the enantjom-
ers (D-alanyl peptides) were avallable. For the amide
III region, the samples were directly weighed and
dissolved in H,0. For amide I region, the samples
were deuterated by first dissolving in excess D,O,
lyophilizing, then again dissolving in an exact
amount of D,0 to produce the desired concentration.
Thus, the amide I’ mode (the prime denotes a deuter-
ated peptide linkage) was actually observed. Figure
25 and 26 are the spectra of L-alanine in the amide
IT1I region (1250-1500 ¢m™') in H,0 and D,0, respec-
tively[76). The two solution concentrations were the
same, 1.2 M, and so were the cell pathlengths, 15 um,
Each spectrum is the average of 8 scans and the total
scanning time is one hour and forty minutes each.
The assignment for the positive-negative couplet at
1307 and 1355 cm™! in H,0 solution are the two C_-H
deformation modes[58,62], the wvibrational motions of
which are perpendicular to each other. 0Of course,
there is no amide linkage in this molecule.
L-alanyl-L-alanine data were collected in a
fixed path cell with CaF, windows and 15 um teflon
spacer. Figure 27 shows 10 VCD scans from 1250 to
1500 cm™!, and total data acquisition time was two

hours, wii a sample concentration of 0.5 M. The peak
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Figure 25. Spectra of L-Alanipe, in 15 um CaF,
cell, 1.2 M in H,0; top: VCD, 8 scans avaerage,
enantiomeric baseline corrected; bottom: IR.
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Pigure 27. Spectra of L-Alanyl-L-Alanine, in

15 um CaFP, cell, 0.5 M in H,0; top: VCD, 10
scans average, enantiomeric baseline corrected;
bottom: IR.
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at 1285 cm™!, traditionally called the Amide III band,
was distinct in H,0 in both VCD and IR absorption.
This peak 18 about three times as high as the next
peak at 1295 cm!, Figure 28 and 29 are the spectra of
L-alanyl-L-alanine in P,0, in the amide III1’' and the
amide I’ regions, respectively. The VCD spectra are
also 10 scans averaged. The sample concentration was
1.0 M in Fiqure 28, and was 0.5 M in Figure 29,

There are some obviocus changes 1n the amide
III' region, comparing Figure 28 to Figure 27. The
next chapter will address the inteirpretation of these
spectral changes. Here the emphasis is on the obser-
vation that theire is not much VCD signal at the Amide
1’ band 1675 cm™! (¢f Figure 29).

Next, Figure 30 is the infrared absorption and
VCD spectra of L-alanyl-L-alanyl-L-alanine in H,O
from 1250 to 1425 cm™!. The sample concentration is
0.65 M. Figure 31 1s the infrared abscrption and VCD
spectra of L-alanyl-L-alanyl-L-alanine in Db,0 from
1250 to 1750 cm™!. The VCD spectrum is the average of
10 scans. The sample concentration is 0.493 M, and a
fixed path cell used a 15 um teflon spacer and CaF,
windows, as well. The most interesting observation
of Fiqure 31 was that amide I’ peaks show a distinct
negative-positive couplet. Figure 32 is the raw VCD

spectra of L-alanyl-L-alanyl-L-alanine, D-alanyl-D-
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Fiyure 28. Spectra of L-Alanyl-L-Alanine in 15
um CaF, cell, 1.0 M in D,0; top: VCD, 10 scans
average, snantiomeric baseline corrected;
bottom: IR.
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Figure 30. Spectra of L-Alanyl-L-pAlanyl-L-
Alapine in 15 um CaPp, cell)l, 0.65 M in H,0;
top: VCD, 10 scans average, enantiomeric
baseline correctsd; bottom: IR.
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Figure 31. Spectra of L-Alanyl-L-Alanyl-L-~
Alanine in 15 um CaP, cell, 0.49 M in D,0;

top:

VCD, 10 scans average, snantiomeric

baseline corrected; bottom: IR,
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alanyl-D-alanine, the enantiomeric background (the
average of L-alanyl-L-alanyl-L-alanine and D-alanyl-
D-alanyl-D-alanine), and D, 0. Figure 31 is the result
of the raw VCD spectrum of L-alanyl-L-alanyl-L-ala-
nine after subtracting the enantiomeric background.
As another clear demonstration of the instrument
independence of the sample absorbance, the VCD spec-
trum of D,0 follows exceptionally close to the spec-
trum of the enantiomeric background. This also means
that the VCD spectrum of D,0 can be used in place of
the enantiomeric baseline. The close agreement be-
tween the D,0 VCD and the enantiomeric baseline
reaffirms the reliabil’ty of the method of subtract-
ing the solvent VCD as the baseline on the VCD-I
instrument, for all practical purposes. The overall
slope of the VCD baseline mimics the D,0 transmission
gspectrum. The spectra shown above, collected within
reasonable scanning time, exhibit good signal-to-
noise ratio. The interpretation of those spectra

will be the subject of the next chapter.
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4.2 Dispersive VCD vs. FT-VCD-PEN

In this section a direct comparison of FT-VCD-
PEM and the dispersive instrument describes the
advantages and disadvantages of the two technigques.
The comparison is possible, based on the (-)-a-pinene
spectra collected on the Hunter College dispersive
VCD unit and the published spectra collected on a
Fourier transform infrared VCD unit with a photoelas-
tic modulator (FT-VCD-PEM) under the same conditions
[48). The discussion concentrates on gseveral specific
aspects.

FT-VCD-PEM instruments’ performance has been
superior to those early versions of the dispersive
instrument in many respects, such as scanning time
and spectral resolution. But unlike FT-IR absorption
spectroscopy, FT-VCD-PEM has not become a dominant
technique. In Chapter Two, several general problems
that l1limit the FT-VCD-PEM from exercising the full
advantages associated with Fourier transform method
were discussed. Since the 1980s, dispersive systems
have been improving. The popular perception that FT-
IR is always much better than dispersive IR is not
necessarily true here, and the dispersive VCD still
has its advantages. As a result, the two experimental

approaches will co-exist in the foreseeable future,
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and be complementary to ecach other because each meets
different criteria according to specific problems.

Figure 23 shows the VCD and the corresponding
IR spectra of (-)-u-pinene, published by Nafie, et
al.[48]), collected on a FT-VCD-PEM instrument. Figure
23 has a similar signal-to-noise ratio as Figure 18,
the same sample collected on VCD-I, The total time of
gix and half hours for data acquisition on the dis-
persive unit, covering a similar range (Figure 18 +
Figure 22), is only a little longer than the time of
5.5 hours the FT-VCD-PEM unit took. Although FT-VCD-
PEM reportedly has since been further improved (1in a
private communication, Prof. L.A. Nafie indicated
that the data acquisition time on their newly opti-
mized FT-VCD-PEM had been shortened somewhat}), the
expected FT-1IR advantage, of about two orders of
magnitudes time saving, has not been materialized.
Noticeably, the impressive capability for the disper-
sive instrument of a 15 minute, single scan (cf
Figure 21) in the high frequency region is a particu-
lar show oi siLrength.

More importantly, for the specific sample of a-
pinene, the Hunter College dispersive instrument has
demonstrated that the instrument baseline does not

depend on the sample absorbance. In the high frequen-
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cy region, there is little offset and almost no
baseline correction is needed, while 1in the low
frequency region the sloping baseline, due to the
tranamission cutoff of the BaF, lens, can be easily
corrected by a simple subtraction of a solvent (or
instrumental) VCD spectrum. This eliminates the
dependence on the enantiomer or the racemate for the
baseline correction, yet maintains the reliability of
the VCD siynal from only one enantiomer. By contrast,
with the exception of Keiderling’'s new "lens set-up",
the data from all other FT-VCD-PEM must employ an
enantiomeric or a racemate baseline correction since
the VCD spectra are superimposed on the corresponding
absorption spectra. That is, in additicnal to a large
offset and a sloping baseline, a VCD spectrum also
regsembles partially the corresponding absorption
spectrum. The only exception is a modified FT-VCD-PEM
in Keiderling’s laboratory at the University of
Illinois at Chicaqgo[46,6]. It uses a lens, instead of
the conventional ellipsoidal mirror, after the sample
in the optical path to focus the light onto the
detector. This drastically reduces the offset and
artifacts in VCD spectra, enabling reliable VCD
measurement from a single enantiomer to be made.
However, such a change also brings an additional

difficulty to the software, as discussed in Chapter
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Two, and needs extra software and hardware efforts, to
overcome the difficulty.

FT-VCD-PEM has achieved simultanecus coverage
of the entire mid-infrared region (850-1900 cm™!) with
a moderately high resolution (better than 4 cm™ 1y,
This is very attractive for applications of analyti-
cal purpose. Also, there is definitely an advantage
for FT-VCD-PEM in view of the commercial application:
tc a moderately priced, high quality FT-IR instrument
add a few components, both in hardware and software,
and FT-VCD-PEM ¢an be achieved, whereas a dispersive
unit has to be specially designed and built at a
similar or higher cost.

An intriquing issue is which approach is better
suited to a specific situation, The VCD technique 1is
most useful for molecular conformation study in
solution, specially, of bioclogically significant
molecules. In the infrared, solvent absorption bands
present considerable interference problems that
permit the collection of VCD data only in several
regions of spectral windows. Thus, in most cases, a
set of spectra must be acquired in different solvents
to form a complete VCD spectrum, say from 600-3500
cm~!. However, the “complete” spectrum is often not

wanted, and data for one or a few bands would be
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become the dominant technique in the field of vibra-

tional circular dichroiam,
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4.3 Performance of VCD-II[61] and its improvements

vs. VCD-I in the region between 1600 - 1750 cm™

The spectra calculated via the coupled
oscillator model (COM) as a function of the molecular
conformation (¢f Chapter Two} compare reasonably well
the observed VCD spectra for the C=0 stretching
region. The derived molecular conformation, in turn,
is used to interpret the observed spectra. The ini-
tial success with several small peptide samples in
the amide I’ region led to other research projects
involving polypeptides and DNA model samples, which
greatly broadened the systems in which our research
group is involved. The COM calculation for the DNA
data has also resulted in very favorable agreements.
However, DNA data collected under normal conditions
do show poorer signal-to-noise ratio. Therefore,
multiple scans needed to improve the S/N ratio took a
long data collection time. The encouraging, yet to be
improved, results in the 1550 - 1750 cm™! region on
both larger peptides and DNA samples demonstrated the
need for a dedicated instrument for this region. This
was the justification for building the second VCD
instrument. The main designing improvements for the
VCD-I1 were a higher detector sensitivity, a better

1

resolution (6 cm '), as well as better dry air purging



153

than that of the VCD-1I.

Figure 33 (part of Figure 31) and Fiqure 34 are
spectra of L-alanyl-L-alanyl-L-alanine, obtained
under the same conditions from VvCD-1I and VCD-11I,
respectively. Figure 33 is the average of 10 scans on
VCD-1I. Figure 34 is the average of 10 scans on VCD-11
and Figure 35 is one single scan out of Figure 34.
The signal-to-noise ratio of the spectrum in Figure
33 and those of Figure 35 are about the same! This
translates to an improvement the signal-to-noise
ratio by a factor of more than three (square root of
10). Similar spectral improvements were reported by
M. Gulotta from ocur research group on her samples ot
some small DNA model oligomers.

Moreover, the ability to identify VCD signals
in a single scan is really helpful. In cases where
the sample condition or the instrument settings are
not chosen appropriately, the operator can, during
the first scan, recognize that a problem exists, and
take proper action to correct the problem. This saves
a lot of valuable time and sample.

In addition, since the throughput of VCD-11 is
higher than VCD-I, it allows use of a longer cell
pathlength (up to 100 um). That, in turn, gives some

flexibility in the concentration requirement {down to
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Figure 33. Spectra of L~Alanyl-L-Alanyl-L-
Alanine, collected on VCD-I, part of Fig.31.
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Figure 34. Spectra of L-Alanyl-L-Alanyl-L-
Alanine, collected on VCD-IXI, 0.5 M in D,0,
CaP, windows, 15 um spacer; top: VCD(10 scans)
snantiomeric baseline corrected; bottom: IR.
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a few mg/ml).

Because of the substantial absoiption of water,
VCD-I can only use 15 uym or 25 um spacers, The 15 um
teflon spacer corresponds to the thinnest one found
commercially. As a result, the sample usually had to
be made as concentrated as possible (30 mg/ml or
higher). It is not so on VCD-II.

Since VCD-11 is covering the 1600-1750 cm™!
region, the strong absorption by atmospheric water
vapor in this same region interferes with the VCD
measurement, To aveid such interference, VCD-I1 needs
not only a good dry air purging, but also an air-
tight configuration to keep humid air out. The new
design incorporates a sealed enclosure with an iso-
lated sample chamber, Whenever changing the sample
cell, as normally done for any single beam instru-
ment, the outside humid air can only enter the sample
chamber. It affects conly 20 cm coptical path out of
the total of about 400 cm. Moreover, the sample
chamber is small, and has its own purging line as
well. Therefore, its humidity can be reduced quickly.
As a result, VCD-I1 can be maintained extremely dry,
most often at 0 % reading of relative humidity on the
LCD Digital Hygrometer (model 3309-50, Cole-Parmer

Instrument Co.). Figure 36 is a VCD-II transmission
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Figure 36. Transmission Spectrum of Air
{instrument background) on vCD-1I.
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spectrum of air only, before and after the dry air
purging. The flat line in the spectrum after the
purging, free of H,0 absorption peaks, is the best
illustration of the effectiveness of the dry air
purging.

Finally, an improvement on VCD-1 is worth
mentioning. The source of poor signal-to-noise ratio
in the amide I (6 um) region for the VvCD-I is princi-
pally due to the low response of the old detector,
most sensitive at 12 um. Substituting a new detector
on VCD-I, with a maximum D° of S5.11 x 10'° cmHz?w™! in
the 6-7 uym wavelength region, has lifted the VCD-1I
performance in the 1550 - 1750 cm™! to a degree com-
parable to that of VCD-II. Figure 37 is a VCD spec-
trum of u-helical polylysine, collected by C. Farrell
of our research group. It 1is the average of 12 scans.
The sample was dissolved in basic D,0 at pD of 12.5
and concentration of 25 mg/ml. The CaF, cell path-
length was 50 pm. Its signal-to-noise ratio is rough-
ly comparable to that obtained on VCD-II.

In summary, VCD-1 is a broad band instrument,

! to 1800 cm™! with the original

covering from 800 cm”
detector. However, with a new narrow-band detector,
it yields a sensitivity similar to that of VCD-II.
VCD-II is specially designed for the 6 um region with

a very high sensitivity with water vapor interfer-



160

ence, However, the detector respond drops sharply

when scanning below 1600 cm™!,
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solvent VCD, Collected by Codelia Farrell on
VCD-I with new detesctor.
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Chapter Five

Results and Discussions

In this chapter, the discussion will center
around the interpretations of two sets of data: 1)
alanyl-alanine in the amide III reqgion; and ii)
alanyl-alanyl-alanine in the amide I’ region. Those
investigations exemplify the applications of infrared
vibrational circular dichroism, particularly in the
conformaticnal studies of biologically significant

molecules in aqueous solution phase.

$.1. Vibrational Circular Dichroism of Alanyl Dipep-
tide in the Amide III Spectral Region{22]

Before Diem etal. published the first VCD
result in the amide III vibration region in 1988[{22],
there had been several reports of VCD observations in
regions of the amide A, amide I and amide II vibra-
tions of the peptide linkages[63-70). Those VCD
results, particularly those in the amide 1 region,

had demonstrated the conformational sensitivity of



163

VCD. Furthermore, it had been shown that the informa-
tion derived from VCD complements that cobtained from
the electronic CD[67].

The structural sensitivity of VCD originates
from the coupling of vibrational motions that are a
few bonds apart, and the coupling happens at the time
acale of molecular vibrations. Yet, in most of those
early investigations, the peptides were studied in
nonagueous media. It is understandable that several
earlier groups mostly shied away from water as the
solvent because of its enormous absorption 1n the
mid-infrared region, Still, Diem’s group took on the
challenge, worked with samples 1n aqueous solution in
the mid-IR region extensively and has been proving
that VCD is a novel probe of stereochemical sensitiv-
ity for molecules in water. These studies in aqueous
solution will have a special implication for mole-
cules of biological significance.

The frequency shift of the amide III vibration
of peptides in 1250 - 1350 cm™! region exhibits quali-
tative peptides conformational sensitivity, and
consequently has been used to complement crystallo-
graphic and electronic CD information[71]. Thus, the
significance of amide III VCD measurement lies in the

possibility of further exploring the secondary struc-
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ture of peptides. However, the amide I1II1 vibration is
far less defined in terms of atomic displacements
than other amide vibrations of the peptide linkage,
such as amide A (mostly N-H stretching) or amide I
{mostly C=0 stretching) modes. Mcreover, deuteration
of a peptide changes the composition of the amide III
vibration significantly. Therefore, only data taken
in H,0 solution contain the original amide IIT1 vibra-
tion, while data obtained in D,0 do not. This is true
mostly because the N-H deformation coordinate couples
with the C -H deformation coordinates, whereas the
N-D does not.

To test the feasibility of observing VCD in the
amide III region in aqueous solution, one of the
simplest chiral dipeptides, alanyl-alanine (¢ Figure
38 for the structure of L-alanyl-L-alanine, hereaf-
ter, abbreviated as L-L), was examined. One other
reason for choosing this molecule is the extensive
work and knowledge Diem's research group had acquired
on the alanyl dipeptides via vibrational spectroscop-
ic studies([58,62). The molecule, therefore, fits well
in the overall scope of an on-going research project,
The study includes all four diastereomer forms (lLe.. L-
L, L-D, D-L, D-D) to test the sensitivity of the VCD
signal toward changes in the stereochemical struc-

ture.



Figure 38. Structure of L-alanyl-L-alanine, L-L

S91
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A previous study([58,62), investigating the
vibrationa of various diastercomeric and isotopically
substituted alanyl dipeptides in the 1200 - 1800 cm™!
region, led to a detailed assignment of the vibra-
tions in the amide 111 spectral region. The study
concluded that the amide III region contains primari-
ly the methine deformation modes at the chiral carbon
atoma and the in-plane deformation of N-H in the
peptide linkage. The methines include one at the
amine terminal residue, Cﬁ—H, and another one at the
carboxylic acid terminal residue, C{-H. The finding
of this extensive coupling between those vibraticns
resulted in a postulation of delocalized C -H/N-H
deformation coordinates to describe the coupling. One
of the resulting delocalized coordinates at 1280 cm™!
is commonly referred as the (old) "amide III" mode.
The new assignment disagrees with the previcus as-
signment[72]), which assumed a coupling between the N-
H in~plane deformation and the C-N stretching motion,
but agrees with the normal coordinate calculations on
small alanyl oligomers{73}. It also agrees with the
normal coordinate calculations for alanyl-alanine
[74]. The VCD results in the amide III region sub-
stantiate the earlier conclusion regarding the cou-
pling of C -H/N-H coordinates and open a possibility

of utilizing the amide III VCD as a new tool in
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studying the peptide conformation.

Before discussing the VCD results of the alanyl
dipeptides, it is appropriate to first briefly review
the vibrations in the 1200-1700 cm™! spectral region
of alanine and alanyl-alanine., Table V is the summary
of the vibrations of L-alanine. The data are taken
from references 7% and 76, and Figqure 25 in Chapter
Four. The two vibrations at 1307 and 1355 cm™! are
assigned to two C,-H deformations, which are degener-
ate in a symmetric molecule such as CHCl,. In ala-
nine, the asymmetric environment of the chiral center
perturbs the degeneracy. These vibrations disappear
upon deuteriation of the C -H. These deformation
vibrations exhibit opposite sign in its VCD spectra
(¢f. Figure 25 in Chapter Four), as expected from two
states that were degenerate originally but now have
been perturbed and split. The other vibrations of
alanine at 1379, 1409 and 1462 cm™! are the methyl
symmetric deformation, the symmetric stretching of
carboxylic anion, and the methyl antisymmetric defor-
mation modes, respectively{75]. The methyl deforma-
tion modes show no detectable VCD intensity([76]. (cf
Figure 25)

Table VI summarizes the vibration assignments

of alanyl dipeptides in the 1200 - 1700 cm™! region,
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Table V

Vibrational Frequencies, Assignments, and VCD Inten-
gities of L-alanine in Aqueocus Solution 1in the 1200 -
1700 cm~! Region

frequency® IR intensityP® vCD intensity"” assignment®

cm~! A AA x 10°

1307 0.14 5.3 8(C,,~H)
1355 0.15 -5.5 8(C,~-H)
1379 0.10 5% (CH,)
1409 0.23 1.8 v#(COo,7)
1462 0.10 4% (CH,)
1590 v3%(CO,7)

a.The frequencies are taken from ref.75.

b.Infrared absorption and VCD intensities are pre-
sented in absorbance, rather than extinction units,
due to uncertainty of the uncalibrated path length
(about 15 ym, C = 1 M in H,0).

c. Symbols used: &, deformation; v, stretch; s, sym-
metric; as, antisymmetric,.



Vibrational Freguencies,

Tabl

169

e VI

Assignments, and VCD Inten-

sities of alanyl-alanine in Aqueous Solution in 1200-

1700 cm™!?

Region

frequency® TR intensity® vCD intensity® assignment

1280
1325
1340
1372
1407
1460
159049
16659

1280
1325
1340
1372
1407
1460
15909
16659

A

L-alany

5
6

o0
o

-

CCococe
Al SRR .

won

L-alany

c.15
0.05
0.03
0.2

0.34
0.19
0.65
0.45

AA x 10°

l1-L-alanine
1.8 C
-0.7 C
C
8" (CH,)
v (CO.7)
ba’(cﬁ3)
-0.5 v3%(C0,7)
amide I’

l1-D-alanine
-1.3 c
Po-
0.4 c
* (CH,)
. !
v (CO,7)
o“’(cﬁj)
as -
-0.5 v3®(CO,")
amide I’

a.The frequencieg are taken from ref.75.

b.¢f.comment b of Table Five; C=1M,

pathlength 15 um.

c.Coupled C M-H/N-H/C_C~H deformation; ¢f text.

d.Dzo data; C

= 0.5 M,

about 15 um path length.
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based on the Raman data of six isotopically substi-
tuted dipeptides. In D,0, the amide I’ band is about
1670 cm~! and the antisymmetric stretching mode of
carboxylic anion is at 1590 cm™! (¢f. Figure 39,40,
41).

For a better clarity, the VCD and IR absorption
spectra of L-alanyl-L-alanine (solid) are plotted
against the spectra of L-alanyl-D-alanine {(dash). The
respective concentration for each sample was 0.5 M in
H,0 in Figure 39 (1250-1490 cm™'), 1.0 M in D,0 in
Fiqgure 40 (1250 -1450 cm™'), and 0.5 M in D,0 in
Figure 41 (1450- 1750 cm™!).

The symmetric CO,” stretching (1407 cm™'), the
antisymmetric methyl deformation (1460 cm '), and the
symmetric methyl deformation (1372 cm™!) vibrations
occur nearly at the same wavenumbers as 1n alanine
itself. The next group of vibrations toward the lower
wavenumber are the methine (C_ -H) and the N-H in-
plane deformation modes. In the alanyl-alanine, one
expects to observe four C -H deformation vibrations,
two from the C,°-B and two from the C "-H. Indeed, all
four vibrations turn up at 1276 and 1329 cm™! for the
c,°-H deformations, and 1305 and 1355 cm”™! for the
Ca“—H deformations, in Raman[62]) as well as in infra-

red spectroscopies {c¢f. Fiqure 40). The minor shift
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Figure 39.
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Spectra of L-L (solid) and L-D (dash)
H20, both C = 0.5 M; top: VCD; botton:
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Wovernumber (1./cmD

Figure 40. Spectra of L-L (solid) and L-D (dash) in
020, both C = 1.0 M; top: VCD; bottom: IR.
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Figure 41. Spectra of L-L {(solid) and L-D (dash)

D,O0, both C = 0.5 M; top: VCD; bottom:
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toward lower wavenumber of the C “-H vibrations in D,O
solution from those in H,0 i8 expected because of the
isotopic substitution at the nitrogen atom {including
the NH,”)(75).

The spectrum of L-alanyl-L-alanine in H,0 for
the amide II1I region (¢f Figure 39, bottom) is mark-
ediy different from the one in D,0{25,58,62). It |is
neither similar to that of L-alanine, nor resembles a
simple addition of the C -H and N-H deformations.
Detailed isotopic studies revealed that the original
N-H in-plane deformation, at 1336 cm ![62], mixes
heavily with two of the four C,-H deformations. Thus,
the strong and unsymmetrically looking band at ca.
1280 cm™!, which had previously been assigned to the
amide III vibration, 1s a superposition of one origi-
nal CuC*H deformation at 1266 cm™', one highly coupled

', and one uncoupled C "-B defor-

vibration at 1281 cm”
mation at 1305 cm”!. The highly coupled band at 1281
cm~! is one of the resulting vibrations by the three
coupling coordinates, the N-H (1336 cm™!), one of C_°-
H (1329 cm™!) and one of C "-H (1355 cm™!) deforma-
tions cocrdinates. The assignments of the two bands
occurring at 1325 and 1340 cm~!, in both Raman and
infrared, are the remaining two linear combinations

of the aforementioned three coupling coordinates.

These two vibrations show distinct frequency



175

and intensity differences between the L-I, and D-L
diastereomers in Raman and infrared spectra (cf.
Figure 39, bottom). The differences are attributed to
the different coupling between these interacting
coordinates caused by the geometric dissimilarity.
Thus, the VCD spectra of these vibrations are of
particular interest since such coupling should dis-
close itself in distinct VCD features.

The VCD spectral results support the above
postulate not only by a perfect agreement in the
three wavenumbers, but also by a further distinction
in the corresponding intensities, which clearly
demonstrate the unique sensitivity of VCD towards the
diastereomers. The distinction is far better than the
IR absorption or Raman spectroscopy in this region.
Figure 39 are the VCD and corresponding infrared
spectra of L-L and L-D. The two VCD spectra can be
considered as representing all four diastereomers
since the VCD spectra of D-D and D-L are just the
mirror images of those of L-L and L-D, respectively.
Looking at the predominant VCD feature of L-alanyl-L-
alanine under the composite peak at 1280 cm™!, it is
obvious that the VCD is particularly sensitive to the
chirality of the acid terminal alanine residue be-

cause of the VCD signs change between L-L and L-D.
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The distinct negative VCD peak at 1325 cm™! in the L-L
spectrum coincides with the second peak of the afore-
mentioned Cn—H/N—H/Cﬁ-H coupling coordinates, while a
positive band in the L-D VCD spectrum cojincidesa with
the third peak (1340 cm™') of the coupling coordi-
nates. Interestingly, only one of the two vibrations
at 1325/1340 cm™! shows VCD in each of the diastereom-
ers and the signs of their VCD signals are opposite.
These mismatch and the sign switching at 12890

! indicate a close relationship among those three

cm”
peaks, thus, confirming the coupling between the N-H
in-plane deformation and C -H deformations. Removal
of N-H ( deuterated to N-D) destroys this coupling as
will be discussed in the next paragraph. The VCD

! ijg attributed to the coupled

intensity at 1280 cm”
c,N-B/N-H/C °-H coordinate, and not to the uncoupled
Cc,-H deformation at 1266 cm™' since the VCD peak at
1280 cm™! looks perfectly symmetric and indicates no
lower freguency component in it. A simple coupled
osclllator interpretation, involving three near-
degenerate coocrdinates, produce a useful simulated
spectrum. However, a quantitative interpretation will
require a normal coordinate analysis, which has been
done recently by G. Roberts[74], as well as an inten-

sity model calculation.

For the alanyl dipeptides in D,0, the peak at
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1276 cm™! maintained distinctly in the VCD spectra,
while the corresponding IR peak almost fainted into
baseline. This is a clear evidence that the N-B in-
plane deformation accounts the most for the amide IIl
IR absorption at 1280 cm™!, while its contribution to
the VCD intensity is relatively small. Upon deutera-
tion of the N-H, the clear pattern alteration in the
VCD spectrum of L-IL in the whole 1200 - 1500 cm™!
region, not just the peak at 1280 cm™!, is yet another
proof of a heavy mixing by the N-H deformation with
the C -H deformations in H,0 to form the amide III
bands. The N-B acts as a bridge, linking the C“"-H
and the C_ °-H. The disappearance of the coupling upon
deuteration of N-H also gives a measure on how close
the transitions are in order for the vibrational
coupling to occur.

The VCD spectra in the amide I1II region of the
alanyl dipeptides in D,0 have, once again, demon-
strated the sensitivity of this technique towards the
diastereomers (c¢f. Fiqure 41). Any of the four dias-
tereomers 1is easlly distinguishable from its VCD
spectrum.

None of the other vibrations in the 1250-1750
cm™! spectral reqion exhibit any significant differen-

tial (VCD) intensities. The most intense feature



178

observed cutside the amide 11I region is the antisym-
metric -CO,” stretching mode at ca. 1590 cm !, Its VvCD
intensity is very small (AA(V)/A(V) ca. 10°%, about
the detection limit of VCD-I). The VCD Bign of this
vibration is, as expected, determined by the chirali-
ty of the acid terminal alanine residue; that is, the
L-L and D-IL diastereomer exhibit the same VCD s8ign in
this band. Figure 39 presents the VCD spectra of L-L
and L-D species for a better clarity. Neither the
methyl deformations at 1379 and 1462 cm™!, nor the
amide II at 1409 cm™! shows any significant VCD inten-
sity.

It appears that all peptide VCD signals are due
to either of two mechanisms. In the C-H stretching
region, all large signals have been due to the me-
thine (C, -H) stretching vibration, during which a
sizable charge redistribution induces VCD intensity
[7). The other mechanism contributing to the previ-
ously observed VCD signals of peptide is of coupling
by two or more identical or near identical transi-
tions in a polymeric molecule., This mechanism is
responsible for all the amide A, amide 1 and amide II
VCD signals in the peptides studied by Nafie and
Keiderling[63-70]. They noted that the amide I VCD
signals nearly disappear as the peptide size qgoes

down to four amino acids, believing that the coupling
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of the transitions alsoc diminishes.

Thus, the chiral pertuibation of a symmetric
vibrational chromophore (such as CH,, CO,”) is too
small to produce any significant VCD intensity, and
most observed VCD 18 due to the charge-redistribution
mechanism or the coupled oscillator mechanism, In the
latter case, the coupling may be between identical
groups, or energetically similar vibrations, within
a close proximity in a pelymeric unit, such as the N-
H/C,-H deformations described earlier.

To conclude thisg section, the observation of
the VCD signals in the amide III region of peptides
in aqueocus solution is not only possible but also
meaningful. The amide II1 vibration is a result of
coupling by the N-H in-plane deformation and the
ad jacent C -H deformations on both sides of the N-H
along the peptide backbone. This interpretation is
far more complicated than that of other more local-
ized amide vibrations, and consequently more amenable
to an assignment based on group frequencies. Further-
more, the VCD of localized vibrations (eg. the amide
1) can be interpreted in terms of a simple coupled
oscillator model (¢f. the next section), whereas the
VCD signals in the amide I1I region require a de-

tailed normal coordinate analysis and VCD intensity
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calculations for a qualitative interpretation. Never-
theless, the amide 111 spectral region contains a
significant amount of structural information, as
evidenced by the comparison of the VCD spectra of
diastereomers of alanyl dipeptide. In addition, the
sengitivity of VCD toward all diastereomers in the
amide III region may well be utilized as an analyti-
cal tool in a biochemical and pharmaceutical analy-

sis,
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$.2 Vibrational Circular Dichroisa Study of Alanyl
Tripeptide[21)

This section will further demonstrate the
sensitive nature of VCD method towards the secondary
structure of a molecule in solution via the studies
in the amide I’ region of L-alanyl-L-alanyl-L-alanine
(¢f. Figure 42 for molecular structure). The detailed
interpretation process provides a classical example
of the mutual relationship between the theoretical
modeling and the experimentation.

The sensitivity of VCD signals towards the
secondary structure originates from the coupling of
two or more identical, or virtually identical, achi-
ral transitions of the peptide linkages arranged in a
dissymmetric pattern, such as an a-helix. The optical
activity of such dissymmetric structures has been
investigated theoretically in detail, both in elec-
tronic[26) and vibrational[l6,19,77] optical activi-
ty.

In the simplest example of dissymmetric vibra-
tional interaction - the coupled oscillator model (¢f.
Chapter One) - two identical achiral groups interact
and form the symmetric and antisymmetric coupled
excited states |+> and |->, respectively. The inter-
action, in most cases, is a straightforward dipole-

dipole coupling. The splitting between the |+> and



Figure 42. Molecular Structure of L-Alanyl-L-Alanyl-L-Alanine, L-L-L
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Figure 43.

Zwitterionic Structure of L-Alanyl-L-Alanyl-L-Alanine

£81
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the |~-> states can amount from a few to about a hun-
dred wavenumbers, depending on the dipole strength,
the geometry, and the distance between the oscilla-
tors.

In practice, the observed splitting most often
is less than the band width of the vibrational tran-
sitions since most samples investigated are in solu-
tion phase. Freguent molecular collisions in solution
phase broaden the band shape of a molecular transi-
tion. As a result, the transitions from the ground
state into the |+> and |-> excited states form only
one broadened and distorted infrared absorption band
instead of two distinct peaks. The corresponding VCD
spectrum, however, show distinct positive-negative
{or negative-positive) band shapes, as predicted by
the coupled oscillator theory. The |+> and |-> tran-
sitions exhibit opposite signs in circular dichroism.

Unlike alanyl dipeptides|[22] (c¢f. Figure 41},
the VCD spectrum of lL-alanyl-L-alanyl-L-alanine in a
neutral D,0 solution displays a distinct negative-
positive intensity pattern in the amide I’ region (/.
Figure 44). Such pattern should be interpreted as an
evidence of a stable coupled oscillator, at least on
the time scale of 107!'?-107!% second, thus, indicating

the existence of a preferred solution conformation.
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Figure 44. Spectra of L-L-L in D,0, C=0.49 M;
top: VCD; bottom: IR. (part of Fig.?32)
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To support this interpretation, other experiment
results are also presented. No coupling features are
observed for either L-alanyl-L-alanyl-L-alanine in a
basic D,0 sclution, or N-acetyl-L-alanyl-N’'-methyl-
amide (AAMA, c¢f. Figure 45 for structure) in a neutral
D,0 soluticon. Both these cases lack the zwitterionic
features. Thus, one can conclude that without the
zwitterionic interaction no stable solution conformer
exits that can support a coupled oscillator.

The samples, L-alanyl-l.-alanyl-L-alanine and D-
alanyl-D-alanyl-D-alanine (Chemical Dynamics, Inc.),
are deuterated (dissolved in excess D,0 and conse-
quently lycphilized from D,0) and redissolved in D,0
of a precisely calculated volume to make a 0.5 M
solution. The basic solution is prepared by titrating
the neutral solution with concentrated NaOD soluticn
until the pD cf the sample solution reaches approxi-
mately 13. The sample concentration is recalculated
accordingly. A fixed path cell is used with CaF,
windows and a 15 um teflon spacer. AAMA (Chemical
Dynamics, Inc.) sample is run at the same conditions.
The solution phase Raman spectra are obtained with a
500 mW laser excitation power at 514.5 nm on a com-
pletely digital Raman spectrometer described else-

where{78). The coupled oscillator calculations were



Figure 45,

Structure of

N-acetyl-L-alanyl-N'-methyl-amide, AAMA

L81
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carried out using the principles and formulae de-
scribed in Chapter One. The u, and u, are the dipole
strength of a single amide I’ transition, cobtained
from the 1R absorption spectrum of alanyl dipeptide,

which contains a single peptide linkage, by the

approximation(79] (for Lorentzian peaks):
t(v}) fmxw
po= dv = 0.92 x 10778 - (5.1)
v v

in esu cm erg. Here W denotes the half-width at the
half-height of the observed band.

The aim of the coupled oscillator calculations
is to utilize the observed rotational and dipole
strengths, as well as the dipolar splitting, to find
a molecular conformation that reproduces the experi-
mental parameters. The program performing these
calculations was written by M. Diem in FORTRAN 77 for
operation on a personal computer. The molecular
structure of the peptide is input in equilibrium bond
lengths and angles. Starting from the fully extended
form, ¢ = 182" and ¢y = 180°, rotations about the
torsion angles ¢ and y, respectively, in -5° steps
cover the entire conformation space ( ¢ and y: from
180° to -180"). For each conformation, T \Y R, D,

12 127
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and D_ are computed. The final step is searching the
72 x 72 conformational matrix for the best fit be-
tween the calculated and the experimentally observed
data. Conformational energy computation were done on
a MicroVAX computer (Digital FEquipment Corporation),
using MM2 and AMBER programs for the energy minimiza-
tion.

Based on a comparison of the vibrational spec-
tra of L-alanine, L-alanyl-L-alanine and L-alanyl-L-
alanyl-L-alanine, it is reasonable to assume that L-
alanyl-L-alanyl-L-alanine exists as a zwilitterionic
species in aqueous solution (¢f. Figure 43). Alanine,
with a pK_ of 2.3 and a pK, of 9.9, is known to exist
in agqueous solution nearly completely in the zwitte-
rionic form. In its IR and Raman spectra[75), this is
evident by the occurrence of two vibrations that are
indicative of the -CU, anion: the symmetric carboxy-
late stretching mode (1409 cm’!, strong in Raman) and
the antisymmetric carboxylate stretching mode (1595
cm™?!, strong in IR).

These modes are observed virtually unchanged in
L-alanyl-L-alanine[22] and L-alanyl-L-alanyl-L-ala-
nine, thus confirming that all three species exits as
zwitterions. Figure 44 shows the -CO, antisymmetric
stretching mode at ca. 1595 cm™'. The VCD intensity of

this mode is roughly constant for L-alanine, L-ala-
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nyl-L-alanine, L-alanyl-L-alanyl-L-alanine.

The higher frequency peaks shown in Figure 44
are the amide I’ modes. In L-alanyl-L-alanine (¢f
Fiqure 41), there is a single peak at ca. 1673 cm™}'. In
L-alanyl-L-alanyl-L-alanine, the amide I’ region
appears to have two distinct yet not completely
separated peaks at 1650 and 1675 cm~!. The higher
wavenumber component (1675 cm™!) is more intense and
more highly polarized in the Raman spectra (¢f. Figure
46), indicating that it is the |+> state, the symmet-
ric combination.

At the amide I’ vibration of L-alanyl-L-ala-
nine, not much VCD intensity is observed (¢f. Figure
29). However,at the same vibration L-alanyl-L-alanyl-
L-alanine, a distinct negative-positive couplet
(proceeding from the lower to the higher wavenumber)
occura. The occurrence of this VCD couplet, along
with the observation of two corresponding peaks in
the both IR and Raman spectra, strongly suggests that
coupling between the amide I’ vibrations is taking
place and that the observed features are attributable
to the coupled oscillator mechanism.

The exact wavenumbers of the absorption and the
VCD peaks are determined through a decomposition of

the overlapping peaks into Lorentzian components. The
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Figure 46. Raman Spectra of L-L-L, in neutral D,0; C = 0.49 M,
30 scans each; upper: polarized; lower: depolarized.
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decomposition of the VCD spectrum is also useful in
estimating any signal cancellation in the negative-
positive couplet. Basing on the splitting and band-
widths obtained from the absorption spectrum in
Figure 44, the cancellation of the VCD intensities is
small. The observed frequencies, and dipole and
rotational strengths are summarized in Table VII.

Two possible explanations for the observed
spectral features are worthy of discussion, consider-
ing two entirely different scenarios. First, a model
is built on the following interpretations: 1) the two
amide I' peaks observed in the vibrational, spectra
te.. infrared and Raman, and the VCD spectra were due
to two completely unrelated conformations; 1ii) each
conformer contributed with a monosignate VCD signal
in the vibrational spe~tra and the corresponding VCD
spectrum; and iii) the two mono-signate VCD signals,
however, happened to have opposite signs. This model
would fail to explain differences 1n the Raman depo-
larization ratios. In addition, the differences 1n
the wavenumbers of the two amide I’ frequencies would
be surprisingly large 1n the absence of any coupling
mechanism. Other spectral regions studied, notably
the amide 111 vibrations, do not indicate the occur-

rence of two conformers with the opposite VCD.
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Table VII

Observed Frequencies, and IR and VCD Intensities
of L-alanyl-L-alanyl-L-alanine (0.5 M in D,0)

frequency € rex Ar assignment
em™! L/mol cm L/mol c¢m
1595 815% -1.6 x 1072 vi®(CO, )
1650 513 ~1.4 x 1072 amide I’', v_

1675 394 1.3 x 107 amide I', ¥,
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Second, if the observed VCD is due to a coupled
oscillator mechanism, the molecule must exist in one
or more solution conformation that is stable on the
vibrational time scale, and which exhibits certain
VCD intensities. This condition can be satisfied by
the occurrence of a distribution of many slightly
different conformations with similar VCD features, or
the predominance of one or a few structures that will
dominate the VCD spectra. At present, it is impossi-
ble to distinguish these cases without concentration-
and/or temperature-dependent studies of the VCD
intensities.

Next, the discussion centers on the result from
the coupled oscillator interpretation of the observed
spectral features. The aim of this discussion 1s to
compare the VCD intensities computed via the coupled
oscillator model for the fragment (I) with the exper-
imental VCD data, and deduce a conformation for this
fragment. Finally, some other experimental evidences
are also presented to justify the structure proposed
in terms of a stabilizing interaction by the zwitte-

rionic groups.

8 R O

--C—N—-C—C-—N- (1)

H CHy H
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For each of the 5184 conformers (uwide supra), R,,

v and the ratio of D ,/D_ are calculated via the

127
coupled oscillator model. The resulting matrix is
searched for a suitable fit to the experimental data.
In Bearching the calculated matrix in the conforma-
tion space, the following features have utmost sig-
nificance. First. the sign and magnitude of V,,, which
half of the splitting between the |+> and |-> states,
have to be right. Second, the computed IR intensities
distribution between these states (D,/D_) must be
close to the obseirved values. Third, the signs and
magnitudes of the rotational strengths ought to be
reproduced.

Unfortunately (and surprisingly), none of the
5184 conformers give the desired optical parameters,
namely R, = 1 x 107*? esu?cm?, v, = 12.5 cm™!, and
D,/D_ = 0.8. In an attempt to improve the fit between
observed the computed apectral parameters, the direc-
tion of the dipole transition was allowed to deviate
slightly (+5°) from the direction of the C=0 bond.
Although this improved the fit somewhat, the overall

agreement is still unsatisfactory.

When relaxing the fitting requirements to

1.0 x 107*2< R, < 2.5 x 107*? esu?cm? (5.2)
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8.0 < V,, < 12.5 cm™! (5.3)

and 0.5 < D,/D_ < 2.5 (5.4)

a number of possibilities were found, with
¢ = 165 + 20° and y = -5 + 10°

A typical set of computed spectral parameters
for one of these conformers are summarized in Table
VITI.

Although these structures reproduced the ob-
served spectral data reasonably well, they have to be
discarded as possible conformations since they in-
clude such a twist of the fragment that the two amide
hydrogen atoms come within the van der Waals radii.

Thus, the results of the first search over the
conformation space of the peptide backbone fragment
do not yield any conformers which either generate
acceptable molecular structures, or for which VvV ., R,
and D ,/D_ are in good agreement with the experimental
data. Examining the calculation process closely, it
appears that there exists an exclusion rule prevent-

ing all three parameters R, , V and D,/D_ to con-

12¢
verge toward the experimental results simultaneocusly.
In particular, the required V,, value and the ratio

D,/D_ are incompatible: a large V,, almost invariably

results in a very small or very large D ,/D_ ratio.
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Table VIII

Comparison of
Observed and Calculated Coupled Oscillator
Frequencies, and Dipole and Rotational Strengths,
for Different Conformers

Observed

1675

1650
10.3
13.4

0.84

-0.91

Calculated

Form 1 Form 11
¢=16§' ¢=120:
y==5 y=-25
1671 1667
1654 1657
15.5 12.8
8.1 10.8
1.9 3.8
-1.9 -3.8
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This is understandable from a physical viewpoint: a
good coupling geometry between p, and p, will occur
when the twvo dipoles are either parallel or antipar-
allel. In these case, however, either D, or D_ will
become predominant at the expense vf the other tran-
sition.

Next, the attention is on looking for the
reasons that may cause the discrepancy between exper-
imental and calculated data. Both R and D depend,
besides the geometric parameters, on the dipole
strength. Mechanical coupling of the carbonyl vibra-
tions can effect strongly the splitting of the |+>
and |-> states, in addition to the dipolar coupling
energy expressed in Equation (1.38) (V,, matrix in
Chapter One). The relative magnitude of the dipolar
vs, mechanical coupling has been discussed
before[30]. Not including such mechanical coupling in
the calculations seriously underestimates the split-
ting between the |+> and |-> states. That is, the
observed splitting must be greater than the calculat-
ed one based on the current model. Furthermore, it is
likely that the two C=0 stretching frequencies are
not exactly degenerate, since their chemical environ-
ments differ at the positively and negatively charged
Zwitterionic residue positions. As a result, there

would also be an uncertainty here for the calculated
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spectrum.

Thua, it i3 advantageous to search the confor-
mations for a good fit for the observed dipole and
rotational strengths, omitting the coupling energy as
a requirement. In particular, emphasis is on the near
equality of D, and D_, while allowing V,, to be as low
as 5 cm™!.

This search yielded only a few conformers for
which D, and D_ are about the same, and R, > 0. These
conformers have ¢ and ¢y values of 120 + 5% and -25°,
respectively. Their spectral parameters are tabulated
also in Table VIII (Form II). However, the agreement
between observed and calculated parameters is Btill
not particularly good. As the ratio D,/D_ approaches
unity, the rotational strength becomes larger than
the experimental value by about a factor of 3. This
disagreement is, unfortunately, very large for the
structures that are most likely.

The discrepancy in the rotational strengths may
result from an underestimation of the VCD signal in
the instrument and cancellation of signal strengths
due to different conformers. Also, an absolute cali-
bration of signal as small as VCD is difficult. There
isa a good agreement between the data collected on

VCD~1I and other existing VCD spectrometers(76].
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However, the estimated deviation in the absolute
magnitude between the different instruments may be as
high as 30%, although the data are perfectly repro-
ducible on the respective instruments. The occurrence
of other structures with opposite VCD signal intensi-
tieas could easily decrease the observed rotational
strengths. However, it is impossible to quantify this
aspect at present time.

The IR abscorption and VCD spectra suggest
strong interaction of the two amide I’ transitions,
The VCD spectral pattern suggests a left-handed
helical structure, since the signal is a negative-
positive couplet[30]. The calculated absorption
intensities of a conformer with ¢=120° and y=-25° (cf.
Figure 47), called a "left-handed bridge conformer"
[80), are similar to the observed ones, but with a
smaller splitting between the excited states and with
a larger rotational strengths. The smaller observed
VCD intensities is not likely to be due to the over-
lap of a positive and a negative peak since the
observed splitting is about the same as the full
width of the peaks. The calculated splitting between

! if using the dipole-dipole

the atates is only 10 cm”
interactions as the only source for this splitting.

Kinetic energy coupling contributes to the increase
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Figure 47. Proposed Solution Conformation of L-L-L,
based on experimental VCD and IR absorption data, and
energy minimization calculations. ¢ = 120°, P = ~25°.
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of the splitting, That the original amide 1’ transi-
tions may not be exactly degenerate could also con-
tribute to the splitting.

It is alsc beneficial, via conformational
energy calculations, to assess whether or not a
molecule {(such as L-alanyl-lL-alanyl-L-alanine) is
likely to exist as a structure similar to the one
shown in Fiqure 47. This conformation is stabilized
by a intramolecular zwitterionic attraction. Although
these computations (uldesupra) do not take into account
solvation, which may be a major factor in the stabi-
lization of zwitterionic species, the resulting
gstructure is twisted strongly so the ionic end groups
can come near each other. The amount of stabilization
energy, compared to a fully extended form, is on the
order of 300 kJ/mol. Thus, these calculations support
that L-alanyl-L-alanyl-L-alanine exists in aqueous
scolution in a structure, or a number of structures,
similar to the one shown 1in Flgure 47.

However, the possibility certainly exists that
intermolecular head-to-tail zwitterionic interactions
of two or more L-alanyl-L-alanyl-L-alanine molecules
are the cause of the stabilization, This possibility
can not be eliminated entirely since the concentra-
tion range studied was s8till high. Such structures

would be legs strained, however. It is still assumed
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that the geometry of the central portion of the
peptide backbone (I) would be similar to that of the
internally stabilized structures in order to produce
the same spectral features.

The IR feature remains unchanged as the concen-
tration decreases. However, some instrumental con-
straints have prevented observing VCD as a function
of concentration below 0.005M., The main obstacle is
the strong water absorption, which limited the cell
path length to be not longer than 100 wm. That the IR
spectra do not change appreciably with concentration
suggests intramolecular coupling.

Upon removing the zwitterionic character of the
end groups by a base titration, the VCD couplet and
the distinct peaks in the IR absorption spectra
disappear (¢f. Figure 48). Instead, the absorption
spectrum shows only two peaks: the antisymmetric
carboxylic stretching vibration at 1595 cm™! and the
amide I’ at 1643 cm™!. This latter peak is nearly as
intense as the carboxylic stretching signal with
about the same A«(v)+(v) as in the neutral L-alanyl-L-
alanyl-L-alanine. At 1643 cm™!, there is still little
negative VCD intensity, most likely not due to the
carboxylic vibration. Similarly, N-acetyl-L-alanyl-

N’-methyl-amide, which possesses the same peptide
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linkage (I) environment as L-alanyl-L-alanyl-L-ala-
nine, exhibits only a single VCD peak in the 1550-
1750 cm™} region with a Ae(v)s(¥) of ~1.7 x 10°°% (cf
Figure 49),

Concluding from the absence of the coupled
vscillator spectral features in the latter two sam-
ples, the zwitterions are necessary for the stabili-
zation of L-alanyl-L-alanyl-L-alanine in the neutral
solution. Without such a stabilization, no dominant
structure supporting the coupling of oscillators
exists., It will be interesting to extend these stud-
ies to some different, somewhat larger peptides, for
which intramolecular zwitterionic interactions have
been postulated[81). VCD, with is high sensitivity
toward detecting secondary structure, thus may become
a prime technique in the structural investigations of

small biomolecules in aqueous soclution.
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Figure 48B. Spectra of L-L-L in basic solution.
C=0.5M, pD = 13; top: VCD; bottom: IR.
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Figure 49. Spectra of AAMA in D,0, € = 0.4 My
top: VCD; bottom: IR.
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