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Abstract

DESIGN AND IMPLEMENTATION 

OF INSTRUMENTATION FOR THE OBSERVATION OF 

INFRARED (VIBRATIONAL) C I R C U L A R  DICHROISM 

FROM AQUEOUS SOLUTIONS 

by 

OU LEE

Adviser: Professor Max Diem

This d i s s e r t a t i o n  r e p o r t s  the d e s i g n  and c o n ­

s t r u c t i o n  of two s t a t e - o f - t h e - a r t  d i s p e r s i v e  i n s t r u ­

m e n t s  for the o b s e r v a t i o n  of I n f r a r e d  (Vibrational) 

C i r c u l a r  D i c h r o i s m ,  t h e i r  o p t i m i z a t i o n ,  as w e l l  as 

t h e i r  s u p e r i o r  p e r f o r m a n c e .  A d i s c u s s i o n  and c o m ­

p a r i s o n  of r e s u l t  b e t w e e n  the d i s p e r s i v e  u n i t  an d  

F o u r i e r  t r a n s f o r m  i n f r a r e d  V C D  d e s c r i b e  the a d v a n ­

tages and d i s a d v a n t a g e s  of the r e s p e c t i v e  t e c h n i c a l  

approaches. The studies of alanyl peptides in aqueous 

s o l u t i o n  d e m o n s t r a t e  a p p l i c a t i o n  a s p e c t s  of V C D  in 

a t t a c k i n g  t h e  d i f f i c u l t  yet i m p o r t a n t  p r o b l e m s  of



m o l e c u l a r  c o n f o r m a t i o n  in aqueous solution, p a r t i c u ­

l a r l y  for b i o l o g i c a l  m o l e c u l e s .  F u r t h e r m o r e ,  t h e  

exh i b i t e d  structural sensitivity of VCD toward m o l e c ­

u l a r  c h i r a l i t y  ca n  find w i d e  u t i l i z a t i o n  in c h i r a l  

a n a l y s i s  and d e t e r m i n a t i o n ,  in such field as chiral 

synthesis and separation.
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Preface

The f a s c i n a t i n g  p h e n o m e n o n  of o p t i c a l  acti v i t y  
has i n t e rested many scientists ever since its d i s c o v ­

ery. A r o u n d  1810, Fiench physicist Jean Baptiste Biot 
d i s c o v e r e d  that when p o l a r i z e d  light pa s s e s  t h r o u g h  
c e r t a i n  s u b s t a n c e s  the p o l a r i z a t i o n  d i r e c t i o n  of the 

light is r o t a t e d  about its p r o p a g a t i o n  d i r e c t i o n ! i ]. 
The o b s e r v e d  effect, is c a l l e d  o p t i c a l  rotation, and 
the s u b s t a n c e s  which e x h i b i t  it are c a l l e d  o p t i c a l l y  
a c t i v e .  O p t i c a l  r o t a t i o n  is o n e  m e a s u r e  of o p t i c a l  
a c t i v i t y .  B i o t ' s  s t u d y  a l s o  s h o w e d  t h a t  o p t i c a l  

a c t i v i t y  is d u e  to some m o l e c u l a r  c h a r a c t e r i s t i c  of 

the s u b s t a n c e ,  k n o w n  later as the c h i r a l i t y  of the 
m o l e c u l e .

C i r c u l a r  d i c h r o i s m  (CD), w h i c h  m e a s u r e s  the 
a b s o r p t i o n  d i f f e r e n c e  b e t w e e n  left and right c i r c u ­

larly p o l a r i z e d  light, was d i s c o v e r e d  in 1895 by yet 

a n o t h e r  F r e n c h  p h y s i c i s t , A i m e  C o t t o n .  C i r c u l a r  

d i c h r o i s m  was soon u n d e r s t o o d  to c o m e  a b o u t  from the 
same m e c h a n i s m  as optical rotation.



Although optical r o t a t i o n  and circ u l a r  d i c h r o ­

ism provide similar i n f o r m a t i o n  about the molecule, 

CD relates the i n f o r m a t i o n  c l o s e l y  to the m o l e c u l a r  
structure of some p a r t i c u l a r  1ight-abaorbing groups. 

Thus, its results are much easier interpreted. H o wev­

er, CD was not w i d e l y  u s e d  b e c a u s e  of the e x t r e m e  

i n s t r u m e n t a l  d i f f i c u l t i e s .  O n l y  s i n c e  t h e  f i r s t  

c o m m e r c i a l  CD instrument in the u l t r a v i o l e t - v i s i b l e  

region was available in 19 GO, CD has become a popular 

tool in research and analysis.

The e x t e n s i o n  of the m e a s u r e m e n t s  of c i r c u l a r  

d i c h r o i s m  into the infr a r e d  region has been a long- 
sought goal for many scientists. It would utilize the 

c o m b i n a t i o n  of the s e n s i t i v i t y  of CD and the s p e c i ­

ficity of infrared spectroscopy to solve a variety of 

problems in molecular stereochemistry. Yet, technical 

obs t a c l e s  made the goal i m practical until the early  

N i n e t e e n  S e v e n t i e s [ii ] . T h e  infrared c i r c u l a r  di- 
c h r o g r a p h  b e c a m e  r e a l i t y ,  t h a n k s  to t e c h n i c a l  a d ­

vances on several fronts, such as highly sensitive IR 

detectors, personal co m p u t e r s ,  and, espec i a l l y ,  the 

photoelastic modulators in the IR region.

B e c a u s e  of t h e  c h i r a l  n a t u r e  of c i r c u l a r l y  

polarized light, CD is sensitive to the following:

a. structural difference between the molecules



c o n t a i n i n g  c h i r a l  contorts), i.e.. L- and D- (or S- and 
R - ) enantiomers;

b. c o n f o r m a t i o n a l  d i f f e r e n c e ,  e.g.. s e c o n d a r y  

structures of polypeptides, I.e.. n-helix or p-sheet, and 

that of DNA, I.e.. right- or left-handed dou b l e  stranded 

h e l i x .
In t h e  l a t t e r  cases, the m o l e c u l e  m a y  or ma y  

not c o n t a i n  a c h i r a l  c e n t e r ,  h o w e v e r ,  the o v e r a l l  

c o n f o r m a t i o n  m u s t  e x h i b i t  a p a t t e r n  of a s y m m e t r y  

(symmetry point group, C T) or d i s s y m m e t r y  (Cn ).
The field of studying optical a c t i v i t y  has been 

g e t t i n g  s o m e  n e w  a t t e n t i o n  in l i g h t  of r e c e n t l y  
e m p h a s i z e d  e f f o r t s  on chiral m o l e c u l e s  in areas such 

as O r g a n i c  C h e m i s t r y  (chiral s y n t h e s i s ) ,  A n a l y t i c a l  

C h e m i s t r y  ( c h i r a l  s e p a r a t i o n  a n d  d e t e c t i o n ) ,  an d  

b i o c h e m i s t r y  ( e f f e c t  of m o l e c u l a r  c o n f o r m a t i o n  on 

b i o l o g i c a l  r e a c t i o n ) ,  and, p a r t i c u l a r l y ,  in p h a r m a ­

c e u t i c a l  i n d u s t r y  (new drug d e s i g n  a n d  p h a r m a c o l o g y  

of e n a n t i o m e r s )[i i i ,i v ].

The ai m  of the research p r oject in this d i s s e r ­

ta t i o n  has evolv e d ,  under the g e n e r a l  o b j e c t i v e s  of 

the l a b o r a t o r y  r e s e a r c h  group, f r o m  t h e  d e s i g n  and 

i n s t r u m e n t a t i o n  of VCD instr u m e n t s  to s t u d y  s t e r e o ­

c h e m i c a l  s y s t e m s ,  s p e c i f i c a l l y ,  c o n f o r m a t i o n  of 
b i o l o g i c a l l y  significant molecules. The detection and
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a n a l y s i s  in b i o m o l e c u l a r  s p e c t r o s c o p y  has been c h a l ­
l e n g i n g  due to some i n h e r e n t  d i f f i c u l t i e s ,  s u c h  as 

small quantity (thus, low concentration) available.

The major task of the research project includes 

tw o  a s s i g n m e n t s :  first, d e s i g n  and b u i l d i n g  of tw o

s t a t e - o f - t h e - a r t  VCD i n s t r u m e n t s ;  second, e m p l o y i n g  
t h e  i n s t r u m e n t s  to s t u d y  a s p e c i f i c  s y s t e m  a n d  to 

d e m o n - s t r a t e  the u s e f u l n e s s  of the t e c h n i q u e .  T h i s  

project also lays the ground w o r k  for others to carry 

o u t  c o n f o r m a t i o n  s t u d i e s  v i a  V C D  on p e p t i d e s  a n d  

nucleic acids in aqueous solution.

T h e  s c o p e  of t h i s  t h e s i s  i n c o r p o r a t e s  f i v e  

c h a p t e r s .  C h a p t e r  O n e  b r i e f l y  r e v i e w s  t h e o r e t i c a l  

f o u n d a t i o n s  of c i r c u l a r  d i c h r o i s m ,  in c l u d i n g  p o l a r ­

ized light, c i r c u l a r l y  p o l a r i z e d  light, the m e a s u r e ­
m e n t  of CD. A l s o  c o n t a i n e d  in the c h a p t e r  a r e  L a m -  

b e r t - B e e r ' s  law for a b s o r p t i o n  s p e c t r o s c o p y  an d  a 

short description of a theoretical model, the C o u p l e d  

O s c i l l a t o r ,  for the i n t e r p r e t a t i o n  of VC D  data. In 

C h a p ter Two, the focus is on the different m e thods to 

o b s e r v e  V C D  a n d  t h e i r  r e s p e c t i v e  a d v a n t a g e s  a n d  
disadvantages. The three known designs are d i s p e r s i v e  

IR w i t h  a p h o t o - e l a s t i c  m o d u l a t o r  (PEM), r e g u l a r  FT- 

IR with a PEM, and a modified FT-IR (using a p o l a r i z ­

ing Mi c h e l s o n  interferometer). C h a pter Three deals
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e x c l u s i v e l y  w i t h  the d e s i g n s  of th e  t w o  d i s p e r s i v e  
VCD units, o p t i m i z e d  for separate legions, at Hunter 
C o l l e g e .  T h e  e x t e n s i v e  d i s c u s s i o n  c o v e r s  o p t i c a l  

design, e l e c t r o n i c  layout as well as their o p t i m i z a ­
tion. P r e s e n t e d  in C h a p t e r  Four are VCD data to show 
the i n s t r u m e n t a l  p e r f o r m a n c e  of VCD-I a n d  V C D -II. A 

c o m p a r i s o n  w i t h  F T - I R - V C D  is a l s o  m a d e ,  b a s e d  on 
s p e ctra of the same sample. C h a p t e r  F i v e  e m p h a s i z e s  
the application aspect of VCD via thorough studies of 
alanyl d i p e p t i d e  and alanyl tripeptide. The V C D  data 
e x h i b i t  an e x c e p t i o n a l  s e n s i t i v i t y  of the t e c h n i q u e  

t o w a r d  s t e r e o c h e m i s t r y ,  both in t e r m s  of s t r u c t u r e  
and conformation.
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Fy - unit vector in dilection U .
k - light wavelength.

v - light frequency, c / a. in Hz.
v - light frequency, 1 /k in c m -1.

to - angular frequency of light.
fi - electric dipole operator.
0 - initial phase of light.

ll* - mol ecu 1 a r wave f unc t ion .
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Constants and Units

c - speed of light in vacuum, 2.998 x 1 0 10 

c m -1 - wavonumber.

gbu - electric stat ic unit, 1.602 x 10“19 c_ 

ft - Planck const ant. over 2.i.

L - liter.
N - Avogadro's constant, 6.0225 x 102J mol'

c m / s e c o n d .
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( 'hup ter One  

Theoret ical  Background n f f ' i r cu lu r  Dichroism

This c h a p t e r  consists of brief d i s c u s s i o n s  on 
the f o l l o w i n g  topics: i) l i n e a r l y  p o l a r i z e d  light,
c i r c u l a r l y  p o l a r i z e d  light, and L a m b e r t - B e e r 's Law; 

ii) a short formalism of circular d i c h r o i s m  (CD) and 
its m e a s u r e m e n t s ,  d i p o l e  s t r e n g t h  a n d  r o t a t i o n a l  

s t r e n g t h ;  and iii) v i b r a t i o n a l  c i r c u l a r  d i c h r o i s m  
(VCD) and the coupled oscillator model.

1.1 Light

The complex phenomena presented in this d i s s e r ­

t a t i o n  all b e g i n  with light i n t e r a c t i n g  w i t h  m o l e ­

cules of matter. It is a p p r o p r i a t e  first to express 

light in a b a s i c  m a t h e m a t i c a l  fash i o n [1,2 ] , so all 
the later discussions will be built on a solid f o u n ­

dation.
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1.1,1 Linearly Polarized Light
In a r i g h t - h a n d e d  c o o r d i n a t e  s y s t e m  the 

electric potential (E{t,Z)), a vector, of a linearly 
p o l a r i z e d  e l e c t r o m a g n e t i c  w a v e  p r o p a g a t i n g  in Z 

direction (rj. Figure 1) in vacuum, is given by

E(t,Z) = Eo sin [ 2i(vt - Z/X)tO]
= Eo sin [fttO] {1,1)

fi - 2a(vt - Z/k) (1.2)

Here, E 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 is the
time the light has traveled; X is the wavelength

(X = c/v), c is the speed of light in vacuum; and 0

is the initial phase.
The light can be characterized by a wave vector 

K = (2.VX)i2, where rz is a unit vector in propagation 
direction, Z. Notice that v = cv = c/X = c j K | / 2 7- = 
m/2n. Here, ra is the angular frequency, 2,tv, and v is 

1/X, in unit of wavenumber (cm-1).

In addition to the electric component, light 

also has a magnetic component
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Figure 1. Linearly Polarized Light (Ex



4

H ( t ,Z ) = Ho s i n I ft + 0 ] (1.3)

Here Ho is the m a x i m u m  amplitude, a constant vector, 

also in the XY plane but p e r p e n d i c u l a r  to Eo.
For a point in space R = (X,Y,Z) and time t, 

both E(t,R) and H(t,R) can be d e r i v e d  from a single 

q u a n t i t y  called vector pot e n t i a l  A(t,R).

1 ftA ( t , R )
K(t,R) = ~ (1.4)

c ft t

H ( t , R ) = V  X A"( t , R ) (1-5)

For light with wave ve c t o r  K along the Z axis 

and linearly polarized alone U, a chosen spatial 
direction, one gets

A(t,~R) = fu A q cos { 2-Tvt-K * R)

= ru A o cosf> (1.6)

The amplitude Ao is p r o p o r t i o n a l  to both Eo and

Ho . (They are equal in G a u s s i a n  units.) The direction

of U can be any direction p e r p e n d i c u l a r  to K and, 

thus, the Z axis. For instance, if U = X and s u b s t i ­

tuting = ?x into Equation (1.6), one obtains,
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A(t,R) = ix A q cosfi (1.7)

This is a light w a v e  linearly pol a r i z e d  in the 
XZ plane. If U = Y, one would obtain a light wave 

pol a r i z e d  in the YZ plane. The third example is U = 

(X+Y)A/2, in which case, Fu = (f“x+F )///2. Subs t i t u t i n g  
into Equation (1.6), one obtains

1
A ( t , R )  - _  (t^ + ryJA^osft (1.8)

V  2

T h i s  is a l i n e a r l y  p o lar i zed light w h o s e  p r o ­

jection on the XY p l ane is 45° with respect to the X 

axis. It is a l s o  i n t e r e s t i n g  to note that this p a r ­
t i cular linearly pol a r i z e d  light can be rewritten as

1A(t,R) = (fxA ocosf> + f A ocosft)
/s/2

= K  + A y (1.9)

E q u a t i o n  (1.9) i m p l i e s  t h a t  t h i s  p a r t i c u l a r  

l i n e a r l y  p o l a r i z e d  l i ght can be d e c o m p o s e d  into two 

linearly polarized waves p e r pendicular to each other 

in the XZ and the YZ planes, respectively. T h ese two 

waves are in phase and have identical amplitudes, tJ2 

times smaller than the original one.(ri Figure 2)



Y

Figure 2. Decomposition of a Linearly Polarized Wave (E) into
Two Linearly Polarized Waves (E„ and Ev )x y

C\
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1.1.2 Circularly Polarized Light (CPL)
As des c r i b e d  above, a linearly polarized 

wave can be consid e r e d  as the superposition of two 
linearly polarized waves w h ich are in phase. To 

simplify the problem, the discus s i o n  hereafter c o n ­
centrates just on the electric component of a light 
wave, E. If there is a phase difference induced

between the E and E components of the a f o r e mentioned  x y

1 i nea r 1y po l a r i  zod l i g h t  { E q u a t i o n  (1.9)), the r e ­

s u l t i n g  s u p e r p o s i t i o n  w i l l  d e p e n d  on th e  i n d u c e d  
phase difference. Unless the phase differ e n c e  is 0 or 

n/2, the s u p e r p o s i t i o n  will no longer be a l i n e a r l y  
polarized wave.

If the waves E x and Ey in Equation (1.8) have a

phase differ e n c e  of x/2 (/■<’.. 0 -0 = ,i/2 ) , the superpo-y *
sition of those two linearly polarized waves will 
lead to a c i r c u l a r l y  polarized wave.

E(t,z) = Eoxcos(ft) + E cos (t\+ -r'2 )

= Enxcos(ft) - Eoys i n ( M  (1.10)

The circularly polarized wave lias a constant 

amplitude, |e | = | Et>x | = | e  |. However, the d i r e c t i o n
of its e l e c t r i c  p o t e n t i a l  ( p o l a r i z a t i o n  d i r e c t i o n )  
keeps changing, rotating around the light p r o pagation
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d i r e c t i o n  ( Z a x i s )  at a p a c e  of o n e  r o t a t i o n  p e r  
w a v e l e n g t h  t h e  l i g h t  t r a v e l s  (r/. F i g u r e  3b). T h e  

i n d u c e d  p h a s e  s h i f t  ( c a l l e d  r e t a r d a t i o n ) ,  AO - 0y-0x 

must be equal to +.t/2 (or 2n,i + ̂ /2, n = 0,1,2,...) for 

left CPL; -ji/2 (or 2nn-x/2, n = 0,1,2,...) for right 

CPL.
The constant amplitude and ever c h a n g i n g  d i r e c ­

tion of polarization are the c h a r a c t e r i s t i c  of c i r c u ­
l a r l y  p o l a r i z e d  light. A g r a p h i c  i l l u s t r a t i o n  (cf. 

Fi g u r e  3) will c l a r i f y  the d e f i n i t i o n  of c i r c u l a r l y  

p o l a r i z e d  light. Th e  light p r o p a g a t e s  t o w a r d s  the 
v i e w e r  as the v e c t o r  of its e l e c t r i c  p o t e n t i a l  r o ­
tates in a c i r c l e  with a c o n s t a n t  amplitude. The CPL 

w h o s e  e l e c t r i c  v e c t o r  r o t a t e s  c l o c k w i s e  is c a l l e d  

r i g h t  c i r c u l a r l y  p o l a r i z e d  l i g h t  a n d  the o n e  w h o s e  
e l e c t r i c  v e c t o r  r o t a t e s  c o u n t e r c l o c k w i s e  is c a l l e d  

left c i r c ularly polarized light.

C P L  can be c h a r a c t e r i z e d  by the unit v e c t o r  F , 

w h i c h  is a c o m p l e x  n u m b e r .  T h u s ,  fx a n d  Fy a r e  t h e  

unit p o l a r i z a t i o n  vector of light p r o p a g a t i n g  along 

the Z axis and linearly polarized along X and Y, 
respectively. Then, Fu = (Fx+/F ),£/2=F + = FH will stand 
for the polarization vector of right CPL, and 

Fu= ( F x-f F ) /,/2=f_=FL will stand for the p o l a rization  
v e c t o r  of left CPL p r o p a g a t i n g  in p o s i t i v e  Z d i r e c ­

tion. Here and elsewhere, i is the imaginary unit
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Figure 3. Right Circularly Polarized Light: a) side view;
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(t=/^i ) -
W h e n  the r e t a r d a t i o n  is 2nn, n = 0,1,2,..., the 

s u p e r p o s i t i o n  is th e  s a m e  as the o r i g i n a l  l i n e a r l y  

pol a r i z e d  light. When AO is (2 n + 1)r , n = 0 , 1,2, ,

the s u p e r p o s i t i o n  is s t i l l  l i n e a r l y  p o l a r i z e d  light 
but w i t h  opposite p o l a r i z a t i o n  direction. All other

superpositions of the two waves, E x and E y, b e t w e e n 

l i n e a r l y  p o l a r i z e d  l i g h t  a n d  c i r c u l a r l y  p o l a r i z e d  
light are called e l l i p t i c a l l y  polarized light.

It is also w o r t h  no t i n g  that linearly p o l a r i z e d  
light can be d e c o m p o s e d  into two circul a r l y  p o l a r i z e d  

light waves, one left C P L  and one right CPL. They are 
in p h a s e  an d  h a v e  e q u a l  a m p l i t u d e s ,  h a l f  of t h e  
a m p l i t u d e  of the o r i g i n a l  l i n e a r l y  p o l a r i z e d  light. 

For example,

E x - 0.5 [ ( E x ) + ( E~ ) ]

= 0. 5 [ ( E x - <Ey ) + { E x + (Ey ) ]

= 0. 5 ( E h + Ej ) ( l . H )

1.1.3 Lambert-Beer's L aw
When a c o l l i m a t e d  m o n o c h r o m a t i c  light b e a m

w i t h  i n t e n s i t y  I a n d  w a v e n u m b o r  v p a s s e s  t h r o u g h  a
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homogeneous, isotropic absorbing sample, it is a t t e n ­
uated. If the s a m p l e  c o n c e n t r a t i o n  is C [ m o le/L],  

and the cell p a t h l e n g t h  is / cm, the t r a n s m i t t e d  light 
intensity is given by the Lambert-Beer ■'3 law!

I ( v )  =  I o ( v ) 1 0 - , ( v ) O

=  I o ( v ) e - , ‘ ('v >' ( 1 . 1 2 )

w h e r e  t (v) is the m o l a r  e x t i n c t i o n  co e f f i c i e n t  
o r  a b s o r p t i v i t y  in L n o r ' c m ’1, < t ( v )  is a b s o r p t i o n  
coefficient, in c m -1, and u(v) - 2.303 tb')C.

In the field of molecular opt. ical act. ivity, the 

c o m plex r e f r a c t i v e  index, N(v) is used.

N ( v )  =  n ( v )  -  ( ( 1 . 1 3 )

In a n  o r i e n t e d  s a m p l e ,  N { v ) d e p e n d s  on th e  

d i r e c t i o n s  of p r o p a g a t i o n  and p o l a r i z a t i o n  of the 

light. E v e n  in an i s o t r o p i c  sample, N(v) is still a 

f u n c t i o n  of the light p o l a r i z a t i o n  if the s a m p l e  is 

op t i c a l l y  active.
If N (v) a n d  N (v) d e n o t e  the c o m p l e x  r e f r a c -  x y

tive i n d i c e s  for light po l a r i z e d  l i n e a r l y  along X or 

Y d i r e c t i o n ,  r e s p e c t i v e l y ,  a n d  Nj(v) a n d  N R (v) the 
refractive indices for left CPL or right CPL, r e s p e c ­

tively, t h e n  the d i f f e r e n c e  N (v ) - N (v ) is a meas-x y
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ure of linear b i refringence (the real part) and linear 
d i c h r o i s m  (the i m a g i n a r y  part); the d i f f e r e n c e  N L (v ) 
- N r (v ) is a m e a s u r e  of c i r c u l a r  b i r e f r i n g e n c e  (the 

r e a l  p a r t )  a n d  c i r c u l a r  d i c h r o i s m  (the i m a g i n a r y  

p a r t ).
L a m b e r t - B e e r 's law h o l d s  for c i r c u l a r l y  p o l a r ­

ized light as well, th o u g h  is does not hold in g e n e r ­
al for samples in which N(v) d e p e n d s  on the p o l a r i z a ­
t i o n  s t a t e  of light. T h e r e f o r e ,  the following e q u a ­
tion stands

1(5) = Io (5)eN<v>J (1.14)

1.2 C i r c u l a r  Dic h r o i s m  (CD)

Passing t h r o u g h  a chiral medium, right and 

l e f t  c i r c u l a r l y  p o l a r i z e d  l i g h t  b e a m  e x p e r i e n c e  
d i f f e r e n t  e l e c t r i c  a n d  m a g n e t i c  e n v i r o n m e n t s .  T h e  

i n t e r a c t i o n s  b e tween light and mol e c u l e s  are d i f f e r ­
ent for th^se two forms of CPL. As a result, the net 

a b s o r p t i o n  e f f e c t  by the c h i r a l  m e d i u m  on the right 

C P L  s h o u l d  be d i f f e r e n t  f r o m  that of the left CPL. 

T h e r e f o r e ,  the m e a s u r e m e n t  of the differ e n c e  b e t w e e n
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those two a b s o r p t i o n s  reveals some i n s i g h t  into the 

m o l e c u l a r  chiJ a l i t y . A n o t h e r  way to under s t a n d  why 

c irc ular di c h r o i s m  is so sensi tive t o w a r d s  the m o l e c ­
ular chi r a l i t y  is that the circularly p o l a r i z e d  light 
i t s e l f  is c h i r a l .  T h e  t i p  of the e l e c t r i c  v e c t o r  
t r a v e l s  in s p a c e  in a h e l i c a l  r o u t e ,  w h i c h  has a 

handnes s .
C o n v e n t i o n a l  CD measures the e l e c t r o n i c  t r a n s i ­

tions of m o l e c u l e s  in the u l t r a - v i o l e t  an d  v i s i b l e  
(UV-Vis) region of e l e c t r o m a g n e t i c  r a d i a t i o n  in the 
w a v e l e n g t h  180 - 700 nm range. T y p i c a l  c h r o m o p h o r e s

a r e  71* <- n or n* < - n t r a n s i t i o n s  of o r g a n i c  or
b i o l o g i c a l  m o 1eculos. For e x a m p l e , a c a r b o n y 1 g r o u p , 

C=0, a b s o r b s  at 295 nm due to a ji* <- n t r a n s i t i o n ;  

an u n c o n j u g a t e d  C=C functi o n a l  g r o u p  a b s o r b s  at 180 

n m in the u l t r a v i o l e t  du e  to a n* <- * t r a n s i t i o n ,  

w h i l e  t h e  a b s o r p t i o n  p e a k  of c o n j u g a t e d  C = C  shifts 
t o w a r d s  v i s i b l e  as t h e  c h a i n  grows l o n g e r [3 ] . Some 
t r a n s i t i o n s  w h ich a l s o  fall into this reg i o n  are the 

d to d e l e c t r o n i c  t r a n s i t i o n s  of t h e  t r a n s i t i o n  

metals as well as the charge transfer b e t w e e n  a metal 

c e n t e r  ion and l i g a n d s  in a s y s t e m  w h e r e  d i f f e r e n t  

ligands form a chiral environment surround the center 

metal ion.
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1.2.1 Dipole Strength end Rotational Strength
Tw o  i m p o r t a n t  q u a n t i t i e s  in the C D  m e a s ­

u r e m e n t  ar e  the d i p o l e  s t r e n g t h  and the r o t a t i o n a l  

strength of a transition.
F r o m  q u a n t  vim c h e m i s t r y ,  o n e  c a n  d e r i v e  t h e  

following relationships:

Dipole Strength ( D ) = l0 *^! M I 1  2 (1.15a)

2.303 x 3 he 
8.i3N

t(v)
dv ( 1 . 15b)

lirind v

w h e r e  £ is the e l e c t r i c  d i p o l e  o p e r a t o r ;  *l*o is an 

e l e c t r o n i c  ground state; and ,1*1 is the first e x c i t e d  

state. f(v) is the molar absorptivity.

The first part of the equation, (1.15a), can be 

d e r i v e d  f r o m  q u a n t u m  c h e m i s t r y ,  the s e c o n d  p a r t ,  

(1.15b), from stati s t i c a l  t h e r m o d ynamics. The i n t e ­

g r at ion represents the area u n d e r  an absorp t i o n  peak 

c o r r e s p o n d i n g  to one e l e c t r o n i c  transition. That is, 

of course, an e x p e r i m e n t a l  m e a s u r e m e n t .  The terms in 

front of the integral is a constant, 9.188 X 1CT39 esu 

cm erg in SI units.

The rotational strength, R, is a unique quan t i t y  
CD m e a s u r e s ,  that a c c o u n t s  for the i n t e r a c t i o n  b e ­

t w e e n  t h e  e l e c t  i o n i c  t r a n s i t i o n  and the m a g n e t i c
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R = Im[ <’l'o | m | • <l*i1 | ft I ' ^ J (1.16a)

2.303 x 3 he

32n N
d v

hiind

= 2.297 X 10"39
r f L ( v )  -  f R ( v )

d v

band
(1.16b)

Its unit is also in esu cm eig in SI unit. Horn: i is 

the m a g n e t i c  d i p o l e  o p e r a t o r ;  fL(v) is the m o l a r  a b ­

sorptivity due to the left CPL, and fR(v) is the mol a r  

absorptivity due to the right CPL.
C i r c u l a r  D i c h r o i s m  m e a s u r e s  the a b s o r p t i o n  

difference between left CPL and right CPL. A u n i q u e  

characteristic of an individual band for CD m e a s u r e ­

m e n t  is a d i s s y m m e t r i c  factor, or a n i s o t r o p y  (g), 

defined b y [4]:

g = At (v)  

t (v)

fL<5 > fr (v >

0.5[*l(v> + fR<v)]

4 R

D

Practically, A t ( v )  is c o m p u t e d  from the m a x i m u m  

of a CD peak, and tR(v) is computed from the m a x i m u m  of
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the c o r r e s p o n d i n g  a b s o i p t i o n  peak. To be m o r e  a c c u ­

r a t e ,  A i {v ) a n d  t{v) s h o u l d  b e  t h e  a r e a s  u n d e r  t h e  

r e s p e c t i v e  bands. The latter p a r t  of the e q u a t i o n  is 

ea s i l y  obtained, from Eq u a t i o n s  (1.14b) and (1.15b). 

The anisotropy, g, is a c h a r a c t e r i s t i c  constant which 

is used to identify a c o m p o u n d  and its optical p u r i ­

ty.

1.2.2 Quantum Chemical Description
In their book " S p e c t r o s c o p y  with P o larized  

Light", Miehl and T h u l s t i u p [ 1] d i scuss thoroughly the 

f o rmulation of circular dichroism. Therefore, I shall 

present only a summary of this description.
In q u a n t u m  c h e m i s t r y ,  a n y  m e a s u r a b l e  p r o p e i t y  

of a m o l e c u l e  can be expressed as

B0_>t = |<’»'w(q,Q)j H |Tf( q , Q ) > | 2 (1.18)

Here, T (q,Q) is the w a v e f u n c t i o n  of the i n i ­

t i a l  s t a t e  of a t r a n s i t i o n  ( f o r  e x a m p l e ,  g r o u n d  
state); q is the electron coordinate; Q is the nuclei 

c o o r d i n a t e ;  *l't(q,Q) is the w a v e f u n c t i o n  of the final 

state of the transition; and H is the operator of the 

de s ired propeity.

For the total absorption,



18

o-> f
t: , - ~

c'l'j (q,Q) | s e iR r1 "«
j m‘1

V P j i ' v q ' Q ^ r

(1.19)

where is the electric charge on the jth particle; 

m̂ j is the mass of the particle; r^ is its position; K 

is the light wave vector, K= (2.tv/c:) is the unit

vector in the propagation direction of light; f is 

the unit vector in the polarization dilection of 
light, and p^ is the linear momentum of the jth 

particle.

The operator e,Krj can be expanded into a 

converging Taylor series since K-r^ is «  1.

e'K-O = i + £r _ o.5 ( K :r~)2 + ... (1.20)

K e e p i n g  o n l y  the f i r s t  t e r m  w i l l  c h a n g e  th e  

integral in Equation (1.19) to the familiar elect r i c  

transition dipole moment, M.

M (of ) = < | ji t T o > (1-21)
'n = 1 (1-22)

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

G 1 - -< T f(q/Q)|l { i K - r j )( V  p )|*l'0 (q,Q)> (1.23)
j m J

R e c a l l i n g  that K = (2;rv/c)f , the integral becomes

2*iv<‘l'f (q,Q) | £ (rj)K (P1)u*|,Kt)(q/Q)> (1.24)
j mj

Its i n t e g r a t i o n  w i l l  l e a d  to t h e  m a g n e t i c  

di p o l e  transi t i o n  moment, Af, and the electric quadru- 

pole t r a n sition moment, Q.

Af(of ) ft | T o > (1.25)

ft = 0.5 X < rj x Pj )KxU* ( 1 .26)

q = 0.5 I [ < r jPj )k u* + (r")P))u*KJ (1-28)
j

I g n o r i n g  t h e  t e r m s  o f  h i g h e r  o r d e r  in t h e  

e x p a n s i o n s  in E q u a t i o n  (1.20), the total a b s o r p ­
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tion, E q u a t i o n  (1.19), can now be r e w r i t t e n  as the 

sum of those three transition moments.

4
A o_>f = n IGf(v) I * V  M (o f ) + (?R x ^ ) - M ( o f )

h e  f
+  i i v i KQ ( o f  ) i y  2 ( 1 - 2 9 )

Here, G ((v) is a band s h a p e  function; n is the 

n u m b e r  of m o l e c u l e s  p e r  c m 3, n = C N / 1 0 0 0 ;  N is

Avogadro's number.

In case of an u n p o l a r i z e d  light passing through 

iso t r o p i c  solutions, the total a b s o r p t i o n  will c o n ­

tain only the first term, the electric dipole t r a n s i ­
t i o n  m o m e n t .  T h a t  is the a 1r e a d y - fami 1 iar d i p o l e  

strength, Equation (1.15a).

D = |M(o f ) | 2

=  R e  <  *I'Q | m | > • <  9 ' f | | 'P o >  ( 1 - 3 0 )

In c a s e  of c i r c u l a r l y  p o l a r i z e d  l i g h t ,  al l  

t h r e e  t e r m s  in t h e  s u m  c o n t a i n  real an d  i m a g i n a r y  

parts. When the s q u a r e  is e v a l u a t e d  (dot p r o d u c t  of 

t w o  i n t e g r a l s ) ,  t h e r e  will be some c r o s s  t e r m s  b e ­

tween M(of) and M ( o f ). It is t h o s e  cross terms that 

give rise to the mol e c u l a r  optical activity.
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1.3 Vibrational Circular Dichroism ( VCD )

1.3.1 Formalism
VCD is the e x t e n s i o n  of the CD t e c h ­

n i q u e  i n t o  the i n f r a r e d  r e g i o n .  T h e  t h e o r e t i c a l  
f o r m a l i s m  of V C D  is the s a m e  as t h e  e l e c t r o n i c  C D  

on iy this time both nuclear and e l e c t r o n i c  c o n t r i b u ­
tions need to be e v a l u a t e d ! 5,6,7], Again, the m e a s ­

u r e m e n t s  are the d i p o l e  s t r e n g t h  and the r o t a t i o n a l  

strength. In VCD, like in other vibrational s p e c t r o s ­

copies, there are 3N-6 m o l e c u l a r  v i b r a t i o n a l  t r a n s i ­

tions (N is the number of atoms in the molecule under 

investigation). Each transition has a dipole strength 

(D A) and a rotat ional strength (Rj ) - One should notice 
that u n d e r  normal c o n d i t i o n  both e x c i t e d  and g r o u n d  

v i b r a t i o n a l  states are in the same e l e c t r o n i c  state 

(usually the ground state). Therefore, in the formal­

i s m  E q u a t i o n s  (1.15) and (1.16), o n e  o n l y  n e e d s  to 

s u b s t i t u t e  t h e  v i b r a t i o n a l  w a v e f u n c t i o n s  for t h e 

e l e c tronic wavefunctions, and applies them to all the 

v i brational transitions.

D i = l01,ol hi I ’»',>!2 (1.31a)

= 9.188 X 1CT39
h(v)

(1.31b)
rui
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Rl = Tm [ o y j  | | fhj j w o> ] (1.3 2 a )

= 2.297 X 10 -39 iR 1
cK (1.32b)

band

A fl(v) “ f i R t V > 4R
fi(v) O.S[Fll (v) + f1H(v) ] D

(1■33 )

One unique a d vantage VCD offers over CD is the 
specificity since the absorption peaks in the i n fra­

red region are often correlated with certain m o l e c u ­
lar v i b r a t i o n s  of some k n own i n d i v i d u a l  f u n c t i o n a l  

g r o u p s . The a s s i g n m e n t s  of m a n y  i n f r a r e d  p e a k s  are 

unambiguous, and can be easily found in the li t e r a ­
ture. In add i t i o n ,  via normal c o o r d i n a t e  a n a l y s i s ,  
the infrared frequencies and peak intensities provide 

information regarding the spatial orien t a t i o n  of the 
functional groups, and thus, the molecular c o n f o r m a ­

tion. VCD will f u r t h e r  e x p l o r e  that i n f o r m a t i o n  in 
the realm of chirality.

The first experimental infrared CD was observed 

in 1973 by Holtzwarth's group[8]. They were the only
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group c a p a b l e  of performing this e x p e r i m e n t  at that 

time. T h e  e x t r e m e  t e c h n i c a l  d i f f i c u l t y  i n v o l v e d  in 
building a VCD instrument was the foremost obstacle 

for o t h e r  r e s e a r c h e r s  i n t e r e s t e d  in e n t e r i n g  the 

field. The rapid a d v a n c e m e n t  in VCD i n s t r u m entation 

in the late 70s and e a r l y  8 0 s [ 9 , 1 0 ,  1 1 , 1 2 ] has been 

attributed to the commercial availability of some key 
IR optical components with highly d e s i r e d  property, 
such as a high s e n s i t i v i t y  H g C d T e  d e t e c t o r s  in the 

m i d - l R  region. Also, the c o m m e r c i a l  a v a i l a b i l i t y  of 

h i g h  q u a l i t y  p h o  t. oe 1 as t. i c m o d u l a t o r s  (PEM), the 

heart of a VCD instrument, ended an era of home-made 

P E M s . A n o t h e r  s p e c i a l  f a c t o r  c o n t r i b u t e d  to the 
acceleration in VCD i n s t r u m entation was the dramatic 
d e c r e a s e  in the price of the p o w e r f u l  personal c o m ­

p u t e r  in the e a r l y  80s. T h e  l a t e r  v e r s i o n s  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 e x p e r i m e n t s  b e c ause of the 

rapid data processing, but a l s o  improved r e p r o d u c i ­

bility by a complete digital c o n t r o l  of the i n s t r u ­
ments .

A l o n g  w i t h  the p r o g r e s s  on t h e  e x p e r i m e n t a l  

front, t h e o r e t i c a l  w o r k  hag a l s o  f l o u r i s h e d [5-7]. 

T h e r e  are m a n y  t h e o r e t i c a l  m o d e l s  e s t a b l i s h e d  to 

attempt to calculate the f r e quency and intensity of
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VCD p e a k 3[ 13-20 ] . However, the lack of k n o w l e d g e  of 

t h e  e x a c t  m o l e c u l a r  w a v e f u n e t i o n a  has b e e n  t h e  

s t u m b l i n g  b l o c k  in t h e  s e a r c h i n g  for a u n i v e r s a l  
theoretical model. Work in this area has met limited 

success. It is worth noting that any calculation of a 

V C D  s p e c t r u m  a u t o m a t i c a l l y  w o u l d  a l s o  p r e d i c t  the 
c o r r e s p o n d i n g  infrared spectrum, both i n t e n s i t y  and 

frequency, in the region of interest.

On the o t h e r  h a n d ,  t h e o r e t i c a l  m o d e l s  t h a t  

a p p l y  o n l y  to a few s p e c i f i c  s i t u a t i o n s  h a v e  b e e n  

m u c h  m o r e  s u c c e s s f u l .  One of t h o s e  m o d e l s  is the 

c o upled oscillator model ( C O M ) [19]. Diem's g r o u p  has 
b e e n  using this m o del e x c l u s i v e l y  and very s u c c e s s ­

f u l l y  in i n t e r p r e t i n g  d a t a  on s o m e  s m a l l  p e p t i d e  

samples in the amide I region as well as on some DNA 

m o d e l  m o l e c u l e s  in t h e  C = 0  s t r e t c h i n g  v i b r a t i o n  

r e g i o n [21-25]. For this reason, we will only d i scuss  

the c o u p l e d  o s c i l l a t o r  t h e o r y ,  as an e x a m p l e ,  to 

interpret VCD data and to d e monstrate the us e f u l n e s s  

of v i b r a t i o n a l  c i r c u l a r  d i c h r o i s m  in t h e  s t u d y  of 

molecular conformation.
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1.3.2 Coupled Oscillator Model (COM)

Th e  formal ism of the c o u p l e d  o s c i l l a t o r  

model was p u b l i s h e d  in det a i l  in r e f e r e n c e s  19, 23
and 26. Therefore, I only wish to c o n c e n t r a t e  on its 

results and a p p l i c a t i o n s ,  i n s t e a d  of r e p e a t i n g  the 
deviation of the equations.

T h e  c o u p l e d  o s c i l l a t o r  m o d e l  c o n s i d e r s  the 

interaction b e t w e e n  two identical or near identical 

dipoles. W h e n  under the radiation of an a p p r o p r i a t e  
w a v e l e n g t h ,  i n s t e a d  of each d i p o l e  v i b r a t i n g  i n d e ­
pendently, the two dipoles oscillate in a coordinated 

manner, as if they "saw" each either. The interaction 

p r o d u c e s  a d i s t i n c t  c o u p l e t  in t h e  V C D  s p e c t r u m  

(p o s i t i v e-negative or negative-positive). The m a g n i ­

tudes and w a v e n u m b e r s  of the c o u p l e t  d e p e n d  on the 

geometry of the dipoles. The coup l i n g  is not, h o w e v ­

er, l i m i t e d  to two dipoles, and c a n  be e x t e n d e d  to 

any number of d i p o l e s  (called n-mer) until infinity 

(polymer). The geometry dependence of VCD is used, in 

turn, to study molecule conformation.

For simplicity, consider a hypothetical, o p t i ­

c a lly a c t i v e  d i m e r  c o m p o s e d  of two d i a t o m i c ,  pol a r  

molecules, 1 and 2 (that is, two dipoles). The d i s ­
tance vector, T 12, links the centers of mass of the 

dipoles . (cf. Figure 4)
For each molecule, the ground state and excited



Figure 4. Coupled Oscillator Model (cf. text); 2 =
moments; T 12: distance vector linking centers of mass

dipole

KJ
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state are:

'^{q^Qi) and ’̂ ( q ^ Q j )  for 1 
’̂ ( q ^ Q j )  and 'I^(q2,Q2 ) for 2

where q and Q are electronic and nuclear coordinates, 

r e s p e c t i v e l y .  The total w a v e f u n c t i o n  for the ground  

s tate of the d i mer is, then:

n o < q i ' Q i ' H 2 'Q2> = 'lo(^2'Q2> ( 1 - 3 4 )

B e c a u s e  the t w o  m o l e c u l e s  are i d e n t i c a l ,  the 

first e x c i t e d  states, T^'l^ and w o u l d  be d e g e n e r ­

ate. T h e r e f o r e ,  the ac t u a l  e x c i t e d  state, £2, of the 
dimer will be the symmetrical (+) and a n tisymmetrical  

(-) l i n e a r  c o m b i n a t i o n s  of t h e s e  t w o  d e g e n e r a t e  

s t a t e s .

S2+ =  ( 'Y*t  +  ) / / / 2  ( 1 - 3 5 )

Next, o n e  needs to evaluate m + and m + for t r a n ­

sition £2 -> £2 and u and m for t r a n s i t i o n  £2 -> £2 ,O + - - O ~ r
and d e r i v e  the c o r r e s p o n d i n g  dipole s t l e n g t h , D ^ , and 

rotational strength, R if respectively.
T he result of the derivation yields the f o l l o w ­

ing e q u a t i o n s  (for m o r e  details, see r e f e r e n c e s  10,
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23 and 26). For the dimer, or two coupling dipoles,

D lf2 ( ~ D + ) = (1.36)

R i,2 ( = R + ) = * <--'V2 c > ( Ti ^ f ^ x  p2 ) (1.37)

-1,2 ( = "+ ) = "o t v ,2 (1.38)

1 2
M, ’M-

|t 12I

3 (l*i - T ]2 ) (n2 * T )3 )
(1 .39)

1 2

H e r e  D = n2 is t h e  d i p o l e  s t r e n g t h  o f  t h e  
d i a t o m i c  m o n o m e r , and vo is t h e  m o n o m e r  a b s o r p t i o n  

frequency in c m -1 and c the velocity. They both can be 

o b t a i n e d  from a monomer absorption spectrum, or from 

the l i t e r a t u r e .  Dj and D 2 a r e  the r e s p e c t i v e  d i p o l e  

st r e n g t h s  of the two a b s o r p t i o n  bands in the c o u p l e d  
system. R t and R2 are the rotational strengths of the 

c o r r e s p o n d i n g  CD b a n d s .  T h e y  h a v e  e q u a l  a b s o l u t e  
val u e s  but o p p o s i t e  signs, v and v are the e n e r g i e s  

( f r e q u e n c i e s )  of the two t r a n s i t i o n s ,  r e s p e c t i v e l y .  

V J2 is o n e  h a l f  of the f r e q u e n c y  s p l i t t i n g  b e t w e e n  

those two transitions. No t i c e  that



29

D+ + D = 2D = 2n2 (1 .40)

R + + R_ = 0 (1 -41 )

+ + <1 1 = 2vO (1 ■ 42)

F o r  a s y s t e m  of n c o u p l e d  d i p o l e s ,  t h e  k t h  

resultant exciton transition is given by:

n n
R * = - ( " V c > s 1 C ikC )k(T i j ' M > V  ( 1 - 4 3 )i=l j>i

= 1 + 2 " " (1.44)1=1 1=1 j>l

vk = vo + e k (1.45)

Here ^  is the ith (monomer) dipole moment; 

is the distance vector between the centers of mass of 

dipoles i and j; C\ ̂ are eigen v e ctors of p e r t u r b a t i o n  
matrix V ^ ;  and e k are eigenvalues of , :

i )
i 5

3 ( Mi 'T i1J (Mj ’ T i)
It ,,!’

(1.46)

To calculate the VCD intensity and f r e q u e n c y  on 
a m o l e c u l e  with two or more i n teracting dipoles, one
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m u s t  p r o v i d e  t h e  c o o r d i n a t e s  of t h e  i n t e r a c t i n g  

g r o u p s .  T h e  d i h e d r a l  a n g l e s  b e t w e e n  t h e  g r o u p s ,  

h o w e v e r ,  w i l l  d e p e n d  on the m o l e c u l e  c o n f o r m a t i o n ,  
w h i c h  is a c t u a l l y  t h e  g o a l  of t h e  i n v e s t i g a t i o n .  
Usually, a trial c o n f o r m a t i o n  is used, for example, 

an o p e n - c h a i n  c o n f i g u r a t i o n ,  o r  b e t t e r  s t i l l ,  the 
c o n f o r m a t i o n  from a solid s t a t e  s t r u c t u r e .  The m o n o ­
m er dipole strength (D) and a b s o r p t i o n  frequency (vQ ) 
are needed as well.

To p r e d i c t  the c o n f o r m a t i o n  of a m o l e c u l e  in 

s o l u t i o n ,  o n e  n e e d s  to c o m p a r e  the e x p e r i m e n t a l l y  

o b s e r v e d  IR and VCD s p ectra to the c a l c u l a t e d  ones, 
and to find a r e a s o n a b l e  fit w i t h  the o b s e r v e d  one. 
T h e r e  w i l l  be an infrared and a VC D  s p e c t r u m  c o r r e ­
s p o n d i n g  to e a c h  a s s u m e d  c o n f o r m a t i o n , w h i c h  is 

formed by r o t a t i n g  c e r t a i n  b o n d s  ((.<?., c h a n g i n g  t o r ­
sion angles) in small steps, one at a time, from the 

i n i t i a l  c o n f o r m a t i o n .  Th e  t o r s i o n  a n g l e s  f r o m  the 

b e s t - f i t  c a l c u l a t i o n  w o u l d  be used to c o n s t r u c t  the 
co r r e s p o n d i n g  molecular c o n f o r m a t i o n . This trial-and- 

error met h o d  can be easily done on a p e r s o n a l  c o m p u t ­

er in real time.
T h e  C o u p l e d  O s c i l l a t o r  M o d e l  d e m o n s t r a t e s  

c l e a r l y  that the VCD signal will c o n t a i n  i n f o r m a t i o n  
about the spatial a r r angement of the p o l a r  groups in
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a molecule. Thia, of course, makes VCD a very a t t r a c ­

tive tool for the s t u d y  of m o l e c u l a r  c o n f o r m a t i o n  in 

s o l u t i o n .  T y p i c a l  e x a m p l e s  i n c l u d e  p e p t i d e s ,  w h o s e  
c o n f o r m a t i o n  is d e t e r m i n e d  by th e  c o n f o r m a t i o n a l  
a n g l e s ,  4> a n d  , a l o n g  t h e  p e p t i d e  b a c k b o n e .  T h e  
amide I v i b r a t i o n  a r o u n d  1680 c m -1 is m o s t l y  due to 
the s t r e t c h i n g  m o t i o n  of the c a r b o n y l  (C-O) g r o u p ,  
located in the p e ptide linkage plane. In VC D  c a l c u l a ­

tion, sets of IR and V C D  spectra, i.e., D, R an d  v, 

can be calcul a t e d  by v a r y i n g  the angles (from 180* to 

-180 d e g r e e )[21,27].
S i n c e  the c o u p l e d  o s c i l l a t o r  m o d e l  is a r e l a ­

tively simple a p p r o a c h  to a very c o m p l e x  p r o b l e m ,  it 

has some w e a k n e s s e s .  T h e  c a l c u l a t i o n  is c a r r i e d  ou t  
for an i d e a l i z e d  system, in w h i c h  o n l y  the i n t e r a c ­

t ion b e t w e e n  i d e n t i c a l  m o n o m e r s  e x i s t s .  No s o l v e n t  

effects are considered, and only one vibra t i o n a l  mode 

is considered. Therefore, the model does not a p p l y  to 
the whole spectrum. Finally, it needs the infor m a t i o n  
on ab s o r p t i o n  (dipole strength) and f r e q u e n c y  of the 

monomer transition.
In s p i t e  of t h e s e  l i m i t a t i o n s ,  the m o d e l  has 

been very useful in nume r o u s  s i t u a t i o n s [19,21,28,29], 

and has a l s o  b e e n  e x t e n d e d  to some c a s e s  i n v o l v i n g  

n e a r - i d e n t i c a 1 o s c i l l a t o r s [22,25]. F u r t h e r m o r e ,  it 
has b e e n  a p p l i e d  to m o l e c u l e s  c o n t a i n i n g  m o r e  t h a n
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two o s c i 11 a t o r s [ 22 , 23 , 26 , 30 ] . The s i m p l i c i t y  of the 
m o d e l  has m a d e  the a p p l i c a t i o n s  on m a c r o m o l e c u l e s  
s y s t e m  p o s s i b l e ,  a n d  t h e  r e s u l t s  h a v e  b e e n  v e r y  

promis i n g .
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Chapter Two

Methods to O b serve  Vibrational Circular Dichrolsm

In this chapter, the three different approaches 

presently used to m e a s u r e  VCD will be investigated.  
The three essential optical designs are: a dispersive 
infrared s p e c t r o p h o t o m e t e r  with a photoelastic m o d u ­

lator (PEM), a F o u r i e r  t r a n s f o r m  i n f r a r e d  (FT-IR)  

w i t h  a PEM, and a m o d i f i e d  F T - I R  w i t h  a p o l a r i z i n g  

Michelson interferometer (PMI).

2.1 Dispersive vibrational Circular Dichrograph

2.1.1 General Remarks
The d i s p e r s i v e  de s i g n  was the c h o i c e  

of the very first infrared circular dichroism i n s t r u ­
m e n t  built by H o l t z w a r t h  et ai. [ 8 , 9 , 3 1 ] . It w a s  a l s o  

chosen by several other researchers in the field when 
they built their respective first VCD i n s t r u m e n t s [10, 

11,12,32], This design is appealing since it follows 

the design of the commercial (electronic) circular di-
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ch r o i s m  (CD) insl.rumenta and the resulting equipment 
is leliable, flexible and easy to operate.

O p t i c a l l y ,  a d i s p e r s i v e  V C D  is o b t a i n e d  by 

adding two extra components, a p o l a r i z e r  and a p h o ­
toelastic m o d u l a t o r  (PEM), to the sample compartment 

of a conventional dispersive infrared spectrophotome­

t e r  (cf. F i g u r e  5a). V C D  is o b s e r v e d  v i a  a h i g h  

frequency polarization modulation. Radiation emerging 

from the exit slit of the m o n o c h r o m a t o r  is linearly 

p o l a r i z e d  a f t e r  p a s s i n g  a p o l a r i z e r ,  and then c o n ­
v e r t e d  to c i r c u l a r  p o l a r i z a t i o n  by a PEM. G r o s j e a n  

and Legrand originally proposed this m e t h o d f 33,34].

F o r  d i f f e r e n t i a l  m e a s u r e m e n t  of t w o  l a r g e  

quantities, it is well known that it is more accurate 

to m e a s u r e  the very small d i f f e r e n c e  ( 10_3 - 10-6 of

the average of the two originals) by a high frequency 

a l t e r n a t e - c u r r e n t  (AC) m o d u l a t i o n  m e thod, r a t h e r  

t h a n  a d i r e c t  s u b t r a c t i o n  m e t h o d .  It is c a l l e d  the 

"AC advantage", resulting in a sensi t i v i t y  increase 

by tw o  t o  t h r e e  o r d e r s  of m a g n i t u d e [ 3 4 , 3 5 ] .  T h e  

s u b t r a c t i o n  m e t h o d  is to d i r e c t l y  m e a s u r e  the two 

large quanti t i e s  and subsequently subtract them. The 

AC m e t h o d  c o n s i s t s  of m e a s u r i n g  a q u a n t i t y  (e.g., 

absorption) in two different but closed related modes 

(e.g., p o l a r i z a t i o n s  of light) by alter n a t i n g  b e t w e e n
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these two modes at a high frequency. Later, a lock-in 

a m p l i f i e r  t u n e d  to t h e  h i g h  f r e q u e n c y  is u s e d  to 

e x tract the difference.

For a VCD instrument, the key com p o n e n t  is the 

P h o t o e l a s t i c  M o d u l a t o r  (PEM), w h i c h  p r o d u c e s  left 

c i r c u l a r l y  p o l a r i z e d  light (CPL) and right CPL. T h e  
w o r k i n g  principle of a PEM can be found e 1s e w h e r e [36, 
37,38] and will o n l y  be d e s c r i b e d  briefly here. When 

p e r i o d i c a l l y  c o m p r e s s e d  a n d  e x p a n d e d  by o n e  or two 

p i e z o e l e c t r i c  t r a n s d u c e r s ,  s o m e  i s o t r o p i c  c r y s t a l s  

(in the infrared, for example, ZnSe or C a F ;) display  

an o p t i c a l  c h a r a c t e r i s t i c  c a l l e d  b i r e f r i n g e n c e .  The 

p h e n o m e n o n  of b i r e f r i n g e n c e  is t h a t  the c r y s t a l s  
e x h i b i t  s i g htly d i f f e r e n t  r e f r a c t i v e  indices towards 

light waves of dif f e r e n t  polarizations. The waves are 

o t h e r w i s e  i d e n t i c a l  in f r e q u e n c y ,  a m p l i t u d e  a n d  

phase. To g r a p h i c a l l y  d e s c r i b e  birefringence, let us 

put a p o l a r i z e d  light w a v e  in a r i g h t -handed c o o r d i ­

n a t e  s y s t e m  w i t h i n  o n e  of t h e  c r y s t a l  m e n t i o n e d  

a b o v e .  T h e  p o l a r i z e d  l i g h t  w a v e  p e n e t r a t e s  t h e  

c r y s t a l  along the Z d i r e c t i o n ,  p e r p e n d i c u l a r  to the 

d i r e c t i o n  of c o m p r e s s i n g  and e x p a n d i n g  (X axis). The 

d i r e c t i o n  of Y axis is p e r p e n d i c u l a r  to both Z and X 

a x e s ,  thus, is a l s o  d e t e r m i n e d .  T h e  b i r e f r i n g e n c e  

oc c u r s  when the c r y s t a l  is c o m p r e s s e d  (or expanded). 

P e n e t r a t i n g  that c r y s t a l ,  a light wave p o l a r i z e d  in



36

XZ p l a n e  e x p e r i e n c e s  a r e f r a c t i v e  i n d e x  t h a t  is 

s i g h t l y  d i f f e r e n t  f r o m  th e  o n e  e x p e r i e n c e d  by a 

another light wave polarized in YZ plane. Once again, 

the two w a v e s  are o t h e r w i s e  id e n t i c a l  in frequency, 
a m p l i t u d e  a n d  phase. To a c h i e v e  c i r c u l a r  p o l a r i z a ­

tion, t h e  P E M  i n t r o d u c e s  a p h a s e  s h i f t  of +n/2 (a 

q u a r t e r  of the w a v e l e n g t h ,  i/4) b e t w e e n  t h e s e  t w o  

linearly pol a r i z e d  components. Thus, as the two waves 

e x i t  t h e  c r y s t a l ,  the s u p e r p o s i t i o n  of t h e s e  t w o  

w a v e s  is no l o n g e r  a l i n e a r l y  p o l a r i z e d  light, but 

circul a r l y  p o l arized light.
The tec h n i q u e  of vibrational c i r c u l a r  d i c h r o i s m  

c o m m o n l y  a p p l i e s  a d o u b l e  m o d u l a t i o n  m e t h o d .  T h e  

light b e a m  is modulated by a chopper, as in a c o n v e n ­

t i o n a l  i n f r a r e d  s p e c t r o p h o t o m e t e r ,  a n d  by a PEM. 

Since a d i s p e r s i v e  VCD is norma l l y  intended to only 

cover a s p e c i f i c  frequency region, the des i g n  can be 

o p t i m i z e d  f o r  t h a t  r e g i o n  by c a r e f u l l y  s e l e c t i n g  

op t ical c o m p o n e n t s  from the IR so u r c e  to the g r a t i n g  

in the m o n o c h r o m a t o r  to the detector. An e x a m p l e  of 

such s e l e c t i o n  is fou n d  in C h a p t e r  T h r e e  w h e r e  d e ­

t ailed d e s c r i p t i o n s  of the two VCD i n struments built  

at Hun t e r  C o llege are presented.
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2.1.2 Theory of Operation - Optics
In order to u n d e r s t a n d  the working p r i n c i ­

ple of a dispersive V C D  instrument, it is b e n e f i c i a l  

t o fir s t  look at t h e  e v o l u t i o n  of light a l o n g  t h e  

o p t i c a l  path, from t h e  s o u r c e  to the d e t e c t o r  (cf. 

Figure 5a) in mat h e m a t i c a l  terms[39].

Fi g u r e  5b i n d i c a t e s  the axes of the p o l a r i z e r  

(X') and the p h o t o e l a s t i c  m o d u l a t o r  (X is t h e  c o m ­

p r e s s i n g  and e x p a n d i n g  axis), such that the s p a t i a l  

relationship of the axes is clear. 1, 1' and are

the unit vectors of the axes X, Y, X' and Y', r e s p e c ­
tively.

In the following, the electric potential of the 

light (E(t,Z)), abbre v i a t e d  E hereafter, will be 

d e r i v e d  at certain key c o m p o n e n t s .  A f ter p a s s i n g  the 

monochromator, the light has a w a v e l e n g t h  of k (and a 

frequency of v ) .

i. After passing the polarizer:

E = //21' E q c o s  ( 2jtvt - Z/k)

- /silV EQcosft (2.1)

w h e r e  E o is the m a x i m u m  a m p l i t u d e ,  a con s t a n t ;  t is 

t h e  time; Z is the d i s t a n c e  t h e  light has t r a v e l e d  

(cf. Equation 1.1); and k = (2.tvt-Z/k). The square root



3 8

- __ n  11 p_> Mo n o c h r o m a t o r M - E
L- “ LI u M

Sam • £ o

S: infrarod source C: optical chopper
F: filter P: p o l a r i z e r
PEM; p h o t o e l a s t i c  modulator
Sam: sample D: infrared detector

Figure 5a. Optical Scheme of a D i s p e r s i v e  VCD

Y (PEM, slow)

X' (Polarizer)

 > X (PEM, fast)

Figure 5b. Optical Axes of Co m p o n e n t s
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of two normalizes the intensity to unity.

ii. At the PEM:

T h e  p o l a r i z e r  a x i s  is g e t  at 45* w i t h  
respect to the optical axis of the PEM (X axis). As 
the light reaches the PEM, it is considered a s u p e r ­

p o s i t i o n  of two l i n e a r l y  p o l a r i z e d  w a v e s .  O n e  is 
p a r a l l e l  and the o t h e r  is p e r p e n d i c u l a r  to the PEM 

a x i s  (c/. C h a p t e r  O n e). T h e  E l e c t r i c  v e c t o r  of th e  
light can be rewritten as

E = 1 Ecicosft + } Eocosf> (2.2)

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

u {called a phase shift).

E = i Eocosft + } E q c o s  ( ft + ti ) (2.3)

Here, we have chosen the X axis (unit vector 1) 

as the fast axis, and the Y axis (unit ve c t o r  5) a 9 
the slow a x i s .

A c t u a l l y ,  b o t h  w a v e s  ar e  s l o w e d  d o w n  w h i l e  

penetrating the PEM crystal, but by different amounts 
due to t h e  b i r e f r i n g e n c e  of th e  c r y s t a l .  T h e  two 

waves experience different refractive indices as they
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traverse the crystal; and <1 is their phase d i f f e r e n c e  
as they exit the c r y stal .

Equation (2.3) can be rewritten as

E = 1 E q c o s  ( 6+0 . 5u-0 - 5 u ) + } E c o s (6+0.5 u + 0 .5 « )

= tEQ [ cos (6+0 . 5u ) cos ( 0 . 5a ) + s i n {6 +0 . 5m ) 8 i n { 0 . S<i) ]
+ }Eo [ cos (6 + 0 . ) cos ( 0 . 5**) - s i n ( 6+0 . 5u ) s i n ( 0 . 5m ) ]

= Eocos (fi + 0.5n)cos(0.S(i) (1+3)
+ Eq s i n (6+0 . 5m ) s in ( 0 . 5u ) (1-^)

= 1.4141'E ocos ( 0. 5<i)cos (6+0 . 5(i)
- 1.414^'Eosin(0.5(i)sin(6+0.5d)

(2.4)

Since 1 + } = r / T  1' , and 1 - }  =  V  ■ ( c f .  Eigurr 5b) .

Equation (2.4) is viewed as two linearly p o l a r ­

ized waves, p e r p e n d i c u l a r  to each other. They are n/2 
out of phase, c o m p a r i n g  cos(6+0.5m) and s i n ( 6+ 0 . 5<i) , 
and w i t h  d i f f e r e n t  a m p l i t u d e s .  Later, in the d i s c u s ­
sion of the VCD calibration, this i n f o r m a t i o n  will be 

utilized. Deriving E q u a t i o n  (2.4) further:

E=0 . 7 07Eo[ 1* cos ( 0 . 5n ) cos ( 6+0 . 5<i) +1' sin ( 0 . 5m )cos ( 6+0 . 5<i)
- cos ( 0 . 5<i) cos (6+0 . 5a ) - ^ ' s i n ( 0 . 5<t) s i n ( 6+0 . 5<()

+ l'cos(0.5 a ) c o s (6+0.5 n ) - 1's i n (0.5 d )c o s (6+0.5 a )
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+ 3'cos ( 0 . 5a) sin (5+0 . 5d ) - }' s i n ( 0 . 5" ) gin(ft+O . 5»i) )

= 0.707 Eo x

[ cos (0.5«)+sin(0.5a) ] [l'cos(fi+0,5i[)-y sin(A+0.5<i) ]
+ 0.707E xO

[c o s (0.5a)-sin(0.5n) ] [1'c o s (ft+0.5 a )+}'si n(ft+0.5u) ]

(2.5)

Equation (2.5) ia the sum of a right circularly 
p o l a r i z e d  light (CPL) wave and a left CPL wave. They 

are in p h a s e  but h a v e  d i f f e r e n t  a m p l i t u d e s ,  w h i c h  
d e p e n d  on a. As a varies p e r i o d i c a l l y ,  right CPL or 

l e f t  C P L  a l t e r n a t i v e l y  d o m i n a t e s  the i n t e n s i t y  of 

lig h t  p r o d u c e d ,  and w e  inf e r  t h a t  the PEM p r o d u c e s  
alternating right and left circularly polarized light 
w a v e s .

iii. At the sample:

A f t e r  p a s s i n g  an a b s o r b i n g  c h i r a l  
sample, the light e l e c t r i c  pot e n t i a l  becomes (apply­
ing the L a m b e r t - B e e r 's Law)

E = 0.707Eo x { [cos(0.5u)+sin(0 . 5 a ) ] x
[ 1* COS (JS+ 0.5u ) sin (ft+ 0.5a ) J 1 0“ 0 - 5 A+ * ̂

+ [c o s (0.5 a )- s i n (0.5 a ) ) x
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[ l'cog (f>+ o.s.i)+}' sin(fi+ 0.5a) ] 1 O-0 • 5A- (̂  >
(2 .6 )

Here A + (v ) is the abaotbance of the sample due 

to right circularly polarized light, and A_(v) ia the 

absorbance due to left CPL. Because the absorption is 

a m e a s u r e  b a s e d  on the i n t e n s i t y  of light, an d  the 
intensity is d i r e c t l y  proportional to the square of 
the e l e c t r i c  p o tential (E) of the light, the factor
0.5 in front of A_ (v ) and A + (C ) thus accounts for the 
s q u a r e.

E 2 =  0 . 5E^ x

{ [ c o s  ( 0 . 5 a ) + s i n ( 0 . 5 u ) ] 2 [ l c o s  (fi+ 0 5a ) - } s i n {  ft+ 0 5a ) ] 2 1 0"A+ (^  

+  [ C O S  ( 0 „ 5 a ) - s i n ( 0 . 5 a )  ] 2 ( l c o s  ( f tr  0.5a ) + 3 s i  n  ( h* 0.5a ) ] 2 1 0 “A- (<r)

+ 2 [ C O S 2 { 0 . 5a ) - S in2 ( 0 . 5a) ] [ 1- lcos2 (ft* 0 5a ) - 3* 3s in2 (6+ 0 5(1)
+ ( i-3 - 1 - } ) C O S  (5+0 5a ) sin(6+0 5a ) ] 10*[A+ (,7)+A- (l7) 1 )

Applying the following vector and tri g o n o m e t r y  iden-

(2.7)

tities :

1, if i = j
(2 .8 )

0, if i ^ j

a i n2x + c o s 2x = 1 , (2.9)



43

and sin(2x) = 2s i n (x )c o s (x ) (2.10)

Equation (2.7) becomes

E 2 = 0 . 5Eo2{ [ 1+si na] 10_A+ rV) + [ 1 -si no ] 1 0 ~A- <*>
+ 2 [ cos2 ( 0 . 5<i)-s i n2 ( 0 . 5u ) ] x 
[ c o s  2 ( ft + <i S i ) - s in2 (ft+ o S i ) ] 1 0 ' 1A+ (^  + A - ̂  * }

(2 .1 1 )

i v . At the detect o r :

The e l e c t r o n i c  o u t p u t  of the d e t e c t o r ,  a 
voltage, is p r o p o r t i o n a l  to the t i m e - a v e r a g e d  i n t e n ­
sity. Thus, an integration over a w h ole period of the 

t i m e  v a r i a b l e ,  t, is n e c e s s a r y .  T h e  t h i r d  t e r m  of 
Equation (2.11) goes to zero, because,

2n
[ c o s 2 (ft+ o 5a) - sin2 (A * o 5ct) ] dt - 0 (2.12)

0
So,
I = 0. 5Eo2{ [ 1+si n,. ] 10"A+ (V̂  + [ l-sina]10"A- (V1) (2.13)

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

V {v ) = 0.5Eo2{[1 + sin«] 10'A+ fV) + [1 - s i n<t ] 1 0~A- )
= 0. 5Eq2{ [ 10"A+<^ + 10-A- ^  ]+sin«[ 1 0_A+ (̂  - 1 0"A- < ̂  ] }

= V d c (") + V a<<v"> (2.14)
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where,

V [)c(v> = 0 . 5Eo2[ 10'A+ (V) + 10'A- (V,J (2.15)

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

VAC(v) = 0 . 5 E > i n « [ 1 0 - A+ ‘v) - 10"A- (<r>] (2.16)

is the retardation dependent part.
Only the ratio of V ftC (v ) and V (v ) is of i m p o r ­

tance to a dichroism m e a surement for the reasons that 
will be obvious later. Also, by taking the ratio, all 
the proportional coefficients involved in the c o n v e r ­
sions from the light e l e c t r i c  pot e n t i a l  to the light 
intensity and from the i n t e n s i t y  to the output v o l t ­
age of the detector signal will be canceled.

1 0'A+ fV> - 1 0'A- fV)
s l nn icrA+ rv> + i o A-'tV) (2.17)

s l n<t
!Q-A+ fV) _ 1Q-A_CV) J 0 I 0, 5A+ fV) +0. 5A_(Vg ]

- X ....  ..io_A+ (V"> + io-A- (ff) l0 [°-5A+r^)+o-5A_(V))

s i n e
1 0 O.5[A_fv )^A+ rV) | _ 1 0 -0.5[A_(\g-A+ (*) ]

j 0 O.5[A_fV)-A+ (V) 1 + 1 0 -0.5IA_fV)-A+ (V) )
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x _ I . 303*Substituting AA(v)=A (v)-A+(v), and using 10x = e

V  (?) 0 O.5[2.3O3AAf^)] _ e -0.5[?.303AArv)]
••   = sin« --   - —   -V (5) e°-5[2, 3 03AA('V) ] + e -0.5|2.3tnAA(V> 1

(2.18)
Substitut i ng

e x - e~x
t a n h (x ) = (2.19)

e x + e~x

Equation (2.20) is obtained

V a c ^ > = s i n<t tanh [1.152 AA(v)] (2.20)
v oe (^ >

Since AA(v) is very small (less than 10"4 ), the 

h y p e r b o 1 ic t a ngent f u n c t i o n  can be r e p l a c e d  by its 

a r g u m e n t .

V AC<-) = sirn. [1.152 A A (v )] (2.21)
v d c <5 >

It is, t h e r e f o r e ,  c l e a r  that o n c e  V DC (v ) and 

the corresponding V AC(v) are measured, the VCD signal 

(A A (v )) can be e a s i l y  c a l c u l a t e d .  H o w e v e r ,  it m u s t  

a l s o  be n o t e d  t h a t  o n l y  if A A (v ) is v e r y  s m a l l
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( s m a l l e r  than 0 . 0 1 ) ,  w i l l  the s i m p l e  p r o p o r t i o n a l  
relation of E q u a t i o n  (2.21) stand. This sh o u l d  app l y  

for samples in m o s t  l i q u i d  solutions, in w h i c h  small 

VCD s i g n a l s  are o b s e r v e d  du e  to r e l a t i v e l y  low c o n ­

c e ntrations and r a n d o m  o r i e n t a t i o n  of the m o l e c u l e s .  

For a 1 arge A A ( v ) , as in some solid s a m p l e s , Equat ion 

(2.20) must be used.

2.1.3 Theory of Operation - Electronics
The e l e c t  i o n i c s  of the V C D  i n s t r u m e n t  is 

designed to e x t r a c t  the V |K, ( v )  and the V A C ( v )  from the 

V ( v ) ,  the t o t a l  d e t e c t o r  s i g n a l .  As a r e s u l t ,  t h e  

signal p r o c e s s i n g  s c h e m e  is d i f f e r e n t  from that of a 

conventional i n f r a r e d  s p e c t r o p h o t o m e t e r .  F i g u r e  6 is 

the electronic layout of a dispersive V C D .  The d e t e c ­

tor signal is sep a r a t e d  into two paths. One p r o cesses 

the t r a n s m i s s i o n  signal, V DC('')t which is the same as 

in a n o r m a l  IR i n s t r u m e n t .  T h e  o t h e r  on e  p r o c e s s e s  

t h e  d i f f e r e n t i a l  s i g n a l ,  V AC ( v ) . S i n c e  A A ( v ) is 

p r o p o r t i o n a l  to the r a t i o  of V A C ( v )  o v e r  V D C ( v ) ,  th e  

s e t - u p  d e s c r i b e d  ca n  d i r e c t l y  m e a s u r e  A A (v ) i n s t e a d  
of having to m e a s u r e  an A_ (v ) and the c o r r e s p o n d i n g  

A + (v ) and then s u b t r a c t i n g  one from the ot h e r .  O n c e  

again, a direct ab s o r p t i o n  subtraction m e t h o d  wou l d
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Figure 6

hv

.fEl

automatic 
normali zation 

circuit loc£-in 
ampli f ier

ADC

chopper

amp.

amp

Computer

Electronic Block Diagram of a Early Version 
of Dispersive VCD (cf. text)



4 8

h a v e  d e m a n d e d  a l a r g e  { g r e a t e r  t h a n  1 0 6 ) l i n e a r  

d y n a m i c  range as well as e x t r e m e l y  low n o i s e  (S/N > 

105 ) from the d e t e c t o r ,  the a m p l i f i e r s  and the o t her  
e 1ectron i c s .

T h e  V (v ) s i g n a l  is o b t a i n e d  by p a s s i n g  th e

d e t e c t o r  output t h r o u g h  a low-pass filter to get rid

of the VAC(v) signal. Su b s e q u e n t l y ,  it is d e m o d u l a t e d  

at the c h o pper f r e q u e n c y , fc , using a p h a s e - s e n s i t i v e  

d e t e c t o r  { l o c k - i n  a m p l i f i e r ) .  Th e  V (v ) s i g n a l  is 

d o u b l y  d e m o d u l a t e d  in series, first at the P E M  f r e ­

quency, /  , then at the chopper frequency, Jc .

For the d o u b l e  d o m o d u l a t i o n  to work w e 11, the 

two m o d u l a t i o n  f r e q u e n c i e s  should be as far apart as 

possible (at least two orders of magnitude). Usually, 

/M is in the n e i g h b o r h o o d  50 kHz, while JQ is less than 

100 Hz. Because of the high frequency modulation, one

m u s t  be c a reful to s e l e c t  a d e t e c t o r  and p r e a m p l i f i ­

ers w h o s e  r e s p o n s e  t i m e  is s h o r t e r  t h a n  1//M * Thus, 
t h e  1R d e t e c t o r  s h o u l d  h a v e  a r e s p o n s e  t i m e  on t h e  

o r d e r  of m i c r o s e c o n d  ( 1 0 -6 s e c o n d ) ,  or f a s t e r ,  to 

fo l l o w  a d e q u a t e l y  the high frequency i n t e n s i t y  m o d u ­

lation .
Up to n o w  we h a v e  not d i s c u s s e d  the s i n n  t e r m  

in Equa t i o n  (2.21). To solve the equation, this t e r m  
m u s t  be so l v e d  first, u is the r e t a r d a t i o n  g e n e r a t e d  

by the p h o t o e l a s t i c  m o d u l a t o r  to p r o d u c e  r i g h t  an d
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left c i r c u l a r l y  p o l a r i z e d  l i g h t  w a v e s .  (One w o u l d  

a s s u m e  that <1 s h o u l d  be c l o s e  to +^/2. ) In fact, u 

is not a constant; instead, it tracks the PEM m o d u l a ­

tion, and v a r i e s  s i n u s o i d a l l y  f r o m  + n/2 to -,i/2 an d  

back, at frequency /  .

.< = «0sin(2*/Mt) (2.22}

Here, «o is the m a x i m u m  retardation, a constant to be 

determined. Thus,

s i nu = s i n [ u q s i n ( 2x/"M t ) ] (2.23)

The sine f u n c t i o n  of an e m b e d d e d  sine funct i o n  

can be e v a l u a t e d  using Bessel functions. Reference 40 

has a d e t a i l e d  d i s c u s s i o n  of B e s s e l  f u n c t i o n s .  F o r  

our a p p l i c a t i o n ,  the useful r e s u l t s  are the f o l l o w ­

ing :

+ Ou
c o s [X s i n (0)] = JQ (X) + 2 1  J 2n(x > c o s (2n 0) (2.24)

n=o

+ Oo
sin[ X ain(0) ] = 2 1  J 2n_j(X) sin[(2n-l)0] (2.25)

n= 1
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co ( - 1 ) k ( 0 . 5X ) n + lt 
J„(X) = I (2.26)

k-o kI r (n + k + 1)

For integer n and k, I(n+k+l) = (n+k)l
Figure 7 is a diagram of Jo (X), Jj(X) and J (X). 

N o t i c e  t h a t  Jj(X) has a m a x i m u m  of 0 . 5 8 1 9  at X = 

1.84, whereas sinX peaks at 0.5* = 1.57. The value of 

J Q (1.84) is 0.4.
In the di c h r o i s m  experiments, J o(X), ,J (X) and 

{X ) are of significance. J Q ( X ) is wanted in both the 
c i r c u l a r  d i c h r o i s m  ( C D )  and t h e  l i n e a r  d i c h r o i s m  

(LD). CD sometimes needs J (« } for magnitude c a l i b r a ­

t i o n .  Jj(X) a c c o u n t s  for s i g n a l  in the c i r c u l a r  
d i c h r o i s m  m e a s u r e m e n t  b e c a u s e  the sine f u n c t i o n  of 

E q u a t i o n  (2.23) in C D  c a n  be s o l v e d  by E q u a t i o n
(2.25), not (2.24). As a result, only the odd t e r m  

Bessel functions survive. J ;(X) is essential in the 
l inear d i c h r o i s m  ( L D )  m e a s u r e m e n t  because a d e r i v a ­

t ion of this m e a s u r e m e n t  w o u l d  lead to a cos<» term, 

w h i c h  c o u l d  be solved by E q u a t i o n  (2.24) w i t h  only  
t he e v e n  term Bessel f u n c t i o n s  survive. The h i g h e r  

o r d e r  t e r m s  in E q u a t i o n s  (2.24) or (2.25) w i l l  be 

f i l t e r e d  out e l e c t r o n i c a l l y  by a lock-in a m p l i f i e r  
tuned to the first order frequency (0) in C D  m e a s u r e ­

ment, or to the second order frequency (20) in L D  

m e a s u r e m e n t . As a result, in VCD we get
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J M  = I
(- I)’

, = 0 s!(n + 0
■ * Ij

2 *n!

0

Figure 7. Bessel Functions, J (X), JjfX), and J 2 (X) 
(from r e f . (40) by Xrfken)



52

Sin{u0sin(2*/Mt) ] = 2 Jj ( „o ) s i n ( 2*/M t ) (2.27)

w h e r e  Jj(<«o ) is t h e  f i r s t  o r d e r  B e s s e l  f u n c t i o n .  
Obviously, (tQ is cho s e n  to have the m a x i m u m  J 1(«o ) for 

a m a x i m u m  o b s e r v a b l e  s i g n a l .  T h e r e f o r e ,  no - 1.84.

E quation (2.21) becomes,

v a c <5 ) = 2 J j(1.8 4)[ 1.152 A A (v )] (2.28a)
V DC^)

= 2 x 0.5819 x 1.152 AA( ̂  )

= 1 . 340 A A (v ) (2 ,28b)

T h e  t e r m  s i n ( 2 7t/M t ) d i s a p p e a r s  b e c a u s e  t h e  
o u t p u t  of t h e  l o c k - i n  a m p l i f i e r ,  t u n e d  to /M , is a 
direct c u r rent (D C ) signal prop o r t i o n a l  to the a m p l i - 

tude of the sin(2T/M t) term. Here, by taking the ratio 

of VAC(v )/ V ^ (v), the VCD spectrum, A A (v ) , is a c q u i r e d  

r a t h e r  s i m p l y .  T h i s  r a t i o - t a k i n g  p r o c e s s  is c a l l e d  

n o rmalization of V AC(v).

2.1.4 C a l i b r a t i o n  of V C D  I n s t r u m e n t [37,39]

In a d d i t i o n  to t h e  r e g u l a r  w a v e n u m b e r  

c a l i b r a t i o n  by a polystyrene film, the m a g n i t u d e  of a 

V C D  s p e c t r u m  n e eds to be c a l i b r a t e d  as well. That is
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b e c a u s e  in a V C D  m e a s u r e m e n t  the r a t i o  A A ( v ) / A ( v ) ,  

called the anisotropy, g, is a critical quantity. The 

anisotropy is used for identification of an optically 
active chemical and the d e t e r m i n a t i o n  of its optical 
p u r i t y .

The c a l i b r a t i o n  is c a r r i e d  out by i n serting a 
b i r e f r i n g e n t  plate (B) and a second pol a r i z e r  (ana­
lyzer, A) after the PEM i n stead of a sample. Figure 
8a is the optical scheme, and 8b indicates the o p t i ­

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 p o l a r i z e r  is aligned with the 
Y' axis and is thus perpendicular to the first polar­

izer (P) .
Rec a l l i n g  E q u a t i o n  (2.3), the e l e c t r i c  p o t e n ­

tial of the light leaving the PEM can be described by

E  = 1  E q c o s A + } Eocos( A + <t } (2.29)

A g a i n ,  u is the p h a s e  r e t a r d a t i o n  i n d u c e d  by PEM. 
A f t e r  passing the b i r e f r i n g e n t  plate, which induces 
yet another phase shift, p, at a given wavelength,

E  = 1 E q c o s 6  +  }  E qc o s ( A + a  + p ) (2.30)
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0 - "  m 4 } " 0  :

B

P : polarizer
B: b i r e fringent plate, quarter-wave retardation plate 
A: analyzer (second p o l a r i z e r ) .

a ) opt ics set-up

b) optical axes of first scan

X'(P, A)

> X (B slow)

c) o p t i c a 1 axes of second scan

Figure 8. Calibration Scheme
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F o l l o w i n g  a d e r i v a t i o n  s i m i l a r  to that for E q u a t i o n
(2.4), replacing u by (<ifP), one 

obta i n s ,

B = 1 . 4141'Ec cos[ 0 . 5 (<»+ (i} ] cos [ f1* 0.5(<»+ p) ]
- 1 . 414}' Eosin[ 0 . 5 (<»+ p) ] si n [ 0.s(u+ p) ] (2.31)

Since A only allows the term to pass,

E = - 1 .4 14^'Eosin[ 0. 5(u+ p) ] s i n[ft*o ..s(,i + p)] (2.32)

T h e r e f o r e ,  the t i m e - a v e r a g e d  intensity, I(v), at the 

d e t e c t o r  is given by

I(i?) = 2Eo2 sin2 [ 0 . 5 (<i+ p ) ] *
= jiE 2 ( 1 - cos<t cosp + sine sinp )

= tiE 2 {1 - cos [ uos in ( 27ifM t ) ] cosp

+ sin [ <iosin ( 2^/Mt ) ] sinp> (2.33)

S u b s t i t u t i n g  t h e  B e s s e l  f u n c t i o n  ( E q u a t i o n
(2.25)), and c o n s i d e r i n g  that the lock-in am p l i f i e r s  

f i l t e r s  ou t  all t e r m s  e x c e p t  th e  f i rst o r d e r ,  the 

d e t e c t o r  output, V(v), becomes

V (v ) = *Eo2[1 - Jo(«o)cos(i + 2 J 1(uo )sin(2n/Mt)sinfi]

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

V A C < * > / V DC<*> i9

V (v) 2 J 1(<to )sinp
= (2.35)

V < V‘) 1 - Jo ( % ) C ° 9P

Comparing to E q u a t i o n  (2.28a), the left sides of both 

equation are the same. Therefore,

s i np
1.15 2 A A (v ) = (2.36)

1 “ J0(«0 )c °3tt

If p is k n o w n ,  AA(v) c a n  be c a l i b r a t e d  s i n c e  

J o {«o ) is a l r e a d y  a k n o w n  c o n s t a n t .  A p a r t i c u l a r l y  

practical example is that using a q u a r t e r - w a v e  plate, 

P = n/2 (90*) at a p a r t i c u l a r  w a v e l e n g t h .  E q u a t i o n

(2.36) becomes

1.15 2 A A {v ) = 1
A A (v ) = 0.868 (2.37)

T h e  A A (v ) s c a l e ,  t h e r e f o r e ,  is c a l i b r a t e d  at t h a t

w a v e l e n g t h .

However, the a c t i o n  of a q u a r t e r - w a v e  p l a t e  is 

w a v e l e n g t h  d e p e n d e n t .  It can o n l y  r e t a r d  */2 at one
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exact w a v e 1 ength on the whole s p e c t r u m . The c e r tainty  
of this p o s i t i o n  relies so l e l y  on the m a n u f a c t u r e r ' s  

s p e c i f i c a t i o n .  F u r t h e r m o r e ,  t h e r e  a r e  o n l y  a f e w  
w a v e l e n g t h s  at which q u a r t e r - w a v e  plates are a v a i l ­
able. T h e r e b y ,  the a b o v e  c a l i b r a t i o n  m e t h o d  is not 

p r a c t i c a l .  However, there is a w a y  to a c h i e v e  c a l i ­
b r a t i o n  w i t h o u t  k n o w i n g  the e x a c t  w a v e l e n g t h  of the 

r e t a r d a t i o n  plate.
First, a VCD scan is run o v e r  the entire region 

of i n t e r e s t  w i t h  the same s e t t i n g s  as above for the 
p l a t e  (B) and the sec o n d  p o l a r i z e r .  E q u a t i o n  (2.35) 

still stands for this situation.
S e c o n d ,  a n o t h e r  VCD s c a n  o v e r  the same r e g i o n  

is c o l l e c t e d  w i t h  both the p l a t e  (B) and the s e c o n d  
p o l a r i z e r  (A) b e i n g  r o t a t e d  by 90* (c/. F i g u r e  8c).

Thus, two parameters have been c h a n g e d  here, c o m p a r ­

ing to the first run: i) The b i r e f r i n g e n t  p l ate now

retards the X axis, which was f o r m e r l y  the fast axis. 

So the p h a s e  shift induced by the p l a t e  is -p instead 
of p. The total phase shift b e c o m e s  (*i-p) i n stead of 

(u+p). i i ) The second p o l a r i z e r  al l o w s  only 1' c o m p o ­

nent to p a s s  w h e n  d e r i v i n g  f r o m  E q u a t i o n  (2.31) to 
(2.32). F i g u r e  9 depicts a s a m p l e  s p e c t r a  of the two 

c a l i b r a t i o n  scans, plotted on the same graph.
A f t e r  A, the electric p o t e n t i a l  is (recalling 

Equat ion (2.31)),
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v (cm'1)
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Figure 9, Sample Instrumental Calibration Spectra 
{from r e f . [39] by Nafie et a l )



59

E  = 1.4141'E0 cos(0.5(n-(() ] cos ( O.S(<»-p) ] (2.38)

The ti m e - a v e r a g e d  intensity at the detector is given 

by

I ( V ) = 2E^ c o s 2 [ 0 . 5 (<i-P) ] *

= *Eo < 1 + costt cosp + sinu sinp )
= rtÊ  { 1 + cos [ <ifjs i n( 2xfHt) Jcosp

A f t e r  the same consid e r a t i o n s  as in the p r e v i ­
ous discussion, we obtain

At the crossing points of the two spectra in Figure 9 

the left sides of Equation (2.35) and Equation (2.40) 

are equal. Thus,

+ sin[ (tQs i n ( ) Jsinp } (2.39)

2 J 1(<»o )sinp 

1 + Jo (ao )cosp
(2.40)

2Jj (<»o )sinp 

1 “ J 0(%)cosp

2Jj(uo )sinp 
1 + J o(uo )cosp

(2.41)

Equation (2.4 1) has two solutions:

i. 2 Jj ( u()) s i np = 0 (2.42)



60

That means, A A (v) = 0. Those are the points 

o n  t h e  z e r o  l i n e  (c/. F i g u r e  9). S i n c e  J (« ) =
J o (1.84) = 0.5819 * 0, so,

s i n p  -  0 ,  ( 2 . 4 3 )

p = j i + n j i { n  = 0 , l , 2 . . . )  ( 2 . 4 4 )

At t h e s e  zero c r o s s i n g  points, the p l a t e  (B) 
r e t a r d s  the p h ase by an i n t e g r a l  m u l t i p l e  of ti (one 
half of the wavelength) of the infrared radiation.

i i .  2J j ( c t o ) s i n p  ? 0 ,  ( 2 . 4 5 )

That m e ans AA(v) j* 0. T h e s e  are the n o n - z e r o  cros s i n g 

points. Therefore, it must be that

c o s p  J 0 ( « 0 ) = 0 ( 2 . 4 6 )

since J0{«0 ) = JQ( 1 .84 ) = 0.5819 0,

cosp = 0, (2.47)

P = + 0.5* + n n ( n = 0,1,2... ) (2.48)

At these points
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(2.49)

Comparing with E q u a t i o n  (2.28a), we find

1.15 2 A A (v ) = + 1
A A ( v ) = + 0.868 (2.50 )

T h o s e  a r e  the t w o  gro u p s  of n o n - z e r o  c r o s s i n g
points. At any of these points, the absolute value of 

the s e n s i t i v i t y  of t h e  instrument is known since the 

a c t u a l  V C D  has to be 0.868. O n e  c a l i b r a t i o n  c u r v e  

will be a s m o o t h  c u r v e  linking all the p o s i t i v e  non­
zero c r o s s i n g  p o i n t s  c o v e r i n g  the e n t i r e  w a v e l e n g t h  
range. Any p o i n t  on the curve must have a AA(v) value 
of 0.868. An y  p o i n t s  on the oth e r  c a l i b r a t i o n  curve 

linking all the n e g a t i v e  non-zero points must have a 

AA(v) v a l u e  of -0 .868 .

the d i s c u s s i o n  of this c a l i b r a t i o n  p r o c e d u r e  is the 
s e n s i t i v i t y  of the V C D  m e a s u r e m e n t  toward artifacts. 
An a r t i f a c t  c a n  be g e n e r a t e d  by any o p t i c a l  element  

w h i c h  a l t e r s  t h e  p o l a r i z a t i o n  s t a t e  of l i g h t  in 

c o m b i n a t i o n  w i t h  an intensity reduction, for example, 

by the s o l v e n t  a b s o r p t i o n  b e c a u s e  the t e c h n i q u e  of 

VCD m e a s u r e s  p r e c i s e l y  the d i f f e r e n c e  in a b s o r p t i o n

O n e  o t h e r  i m p o r t a n t  fact b e i n g  r e a l i z e d  from
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as th e  p o l a r i z a t i o n  s t a t e  of l i g h t  p e r i o d i c a l l y  
changes. In the c a l i b r a t i o n  setup, this s e n s i t i v i t y  

is utilized to serve us. The retardation plate alters 
the light p o l a r i z a t i o n ,  w h i l e  the second p o l a r i z e r  
r e d u c e s  l i g h t  i n t e n s i t y  ( a c t i n g  as an a b s o r b i n g  

s u b s t a n c e ) .  As a r e s u l t ,  an a r t i f i c i a l  VCD s i g n a l  

w i t h  a k n o w n  m a g n i t u d e  is p r o d u c e d .  H o w e v e r ,  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 a l t e r ­

ing light p o l a r i z a t i o n  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 v a p o r  in the air, and by 
the transmission optical e l e m e n t s  (/.?. cell windows, 

lenses, and detector window). Some likely sources for 
a l t e r i n g  the p o l a r i z a t i o n  s t a t e  of light are: i)

lenses and windows, w h ich are usually stressed when 

p o l i s h i n g  t h e  s u r f a c e s ,  a c t i n g  as a r e t a r d a t i o n  
plate; ii) off-axial mirrors, particularly paraboloi- 

d a l  and e l l i p s o i d a l  m i r r o r s ,  c h a n g i n g  th e  l i g h t  
p o l a r i z a t i o n  u p o n  r e f l e c t i o n ;  and iii) d e t e c t o r s ,  
often exhibiting polarization sensitivity.
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2.2 Fourier Transform Infrared (Vibrational) Circular 
Dichroism with a Photoelastic Modulator (FT-VCD-PEM)

Fourier Transform Infrared { F T - I K ) s p e c ­

t r o s c o p y  has r e v o l u t i o n i z e d  the f i e l d  of i n f r a r e d  

a b s o r p t i o n  s p e c t r o s c o p y ,  p r o d u c i n g  s p e c t r a  of high 
signal-to-noise ratio in a much shorter data c o l l e c ­

tion time the dispeisive m e t h o d s [41,42].

F T - I R  s p e c t r o s c o p y  d e m o n s t r a t e s  t w o  m a j o r  

a d v a n t a g e s  o v e r  its d i s p e r s i v e  c o u n t e r p a r t :  Fell-

g e t t 's (multiplexing) advantage, which is due to the 

f act that a w i d e  w a v e n u m b e r s  range ca n  be m e a s u  red 

all at once; and Jacquinot'a (throughput) advantage, 

due to the fact that an i n t e r f e r o m e t e r  ca n  a l l o w  a 

large total light flux to r e a c h  the d e t e c t o r .  The 
detector noise, therefore, is very small compared to 

the t o t a l  s i g n a l .  S i n c e  the d e t e c t o r  is a m a j o r  

source of noise in the infrared, FT-IR s p e c t r o s c o p y 

p r o d u c e s  s p e c t r a  w i t h  a s u p e r i o r  s i g n a l - t o - n o i s e  
ratio. On e  o t h e r  F T - I R  a d v a n t a g e  is i m p o r t a n t  for 

differential measurement. This is C o n n e s ' advantage, 
the exc e l l e n t  w a v e n u m b e r  accuracy (better than 0.01 

cm"1), w h i c h  p e r m i t s  spectra to be s u b t r a c t e d  a c c u ­

r a t e l y .  M o r e o v e r ,  F T - I R  s p e c t r a  c a n  h a v e  a h i g h  
resolution (better than 2 cm-1) throughout the entire 

s p e c t r a l  r e g i o n .  For a d i s p e r s i v e  i n s t r u m e n t ,  to
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m a i n t a i n  a c o n s i s t e n t l y  h i g h  r e s o l u t i o n ,  the e x i t  

slit w i d t h  hag to be a d j u s t e d  a c c o r d i n g  to the d i s ­
p e r s i o n  of the g r a t i n g ,  w h i c h  v a r i e s  as the g r a t i n g  

turns or when swi t c h i n g  to another gratings as needed 

to cover a wide spectral range.

It was natural that F o u r i e r  tra n s f o r m  s p e c t r o s ­

c opy should " i n v a d e ” the field of v i b r a t i o n a l  c i r c u ­

lar d i c h r o i s m  not long a f t e r  the d i s p e r s i v e  V C D  was 
o p e r a tional. The r e a s o n s  were two folds. First, t h e  

F T - I R  t e c h n i q u e  ha d  b e e n  m a t u r e d  a n d  ha d  b e g u n  to 

d o m i n a t e  the i n f r a r e d  i n s t r u m e n t a t i o n  m a r k e t  by t h e  

late 70s. Second, VCD had b e e n  pr o v e d  to be an u n d e ­

n i a b l e  n e w  r o a d  to t h e  u n d e r s t a n d i n g  of m o l e c u l a r  

structures. N a f i e  and Diem first p r o p o s e d  the t h e o r y  
of F T - V C D - P E M [43] and reported the first results[44]. 

Others soon f o l l o w e d [6 ,7,45].

V e r y  m u c h  like the d i s p e r s i v e  VCD, t h e  f i r s t  

F T - V C D  u t i l i z e d  a c o n v e n t i o n a l  F T - I R  s p e c t r o m e t e r  

w i t h  the n e c e s s a r y  c o m p o n e n t s  a d d e d  to the s a m p l e  

c omp a r t m e n t  to p r o d u c e  the light modul a t i o n .  It a l s o  

employed a PEM and a lock-in amplifier set-up. Figure 

10 iB the block d i a g r a m  of an FT-IR-VCD, published in 

r e f e r e n c e [44 ] by N a f i e  et al. T h e  m e a s u r e m e n t  s t i l l  

consists of obs e r v i n g  and VAC(v).
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Lock- in

ACDiaploy
VCO F FT A / D

DC

Low Ph i
F il le r

Figure 10. Block. Diagram for Fourier Transform 
VCD with a Photoelastic Modulator 
(from r e f . [44] by Nafie et al)
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V ( v )  =  V EiC ( v ) +  V A C ( v )  ( 2 . 5 1 )

where
V IV, ( v )  =  0 . 5 V  ( 5 ) [ 1 0 A+<*> +  1 0 * - ™ ]  ( 2 . 5 2 )

V A C ( v )  =  0.5V„(v )[10a+ ^* -  l O * - ^ ’ ]Bin<i (2.53)

V =  E 2 ( 2 . 5 4 )O O ' 9

T h e  signal is m o d u l a t e d  at the PEM f r e q u e n c y ,  

aB in the d i s p e r s i v e  VCD. Since it is also m o d u l a t e d  
at the Fourier frequency, the FT-VCD - P E M  sometimes is 

called a doubly m o d u l a t e d  FT-IR.
In a M i c h e l s o n  i n t e r f e r o m e t e r ,  t h e  m o v a b l e  

m i r r o r  u n d e r g o e s  a u n i f o r m  t r a n s l a t i o n  m o t i o n  at a 

velocity, V ,  . This a c t i o n  p r o d u c e s  a t i m e - d e p e n d e n t  

intensity, called an i n t e r f e r o g r a m . Due to the p e r i ­
odic constructive and d e s t r u c t i v e  phase interference, 
the infrared radiation at each wavenu m b e r  (frequency) 
in the i n t e r f e r o g r a m  o s c i l l a t e s  s i n usoi d a l l y  at its 

own Fourier frequency, 2 V v .

An i n terferogram c a n  be e x p r e s s e d  as a function 

of the path difference of the two mirrors, &x = 2Vt (t 
is t h e  t i m e  t h e  m o v a b l e  m i r r o r  h a s  m o v e d  in o n e  

scan), by the following equation:
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V < 6 ) = V (t ) C O S  ( 2,t v 6 x ) cfv
'O

(2.55)

When an a b s o r b i n g  sample is placed in the beam, 

V(v) can be s u b s t i t u t e d  by Equation (2.51),

S i m i l a r  to a d i s p e r s i v e  VCD, V AC ( )  and V [X,(ftx ) 

are e x t r a c t e d  s e p a r a t e l y ,  as the d e t e c t o r  o u t p u t  is 

s p l i t  i n t o  t w o  p a t h s .  V Ac^ftx^ * s d e m o d u l a t e d  at the 
P E M  f r e q u e n c y ,  fH , a n d  then c h a n g e d  to d i g i t a l  form 

via an a n a l o g - t o - d i g i t a l  c o n v e r t e r  (ADC) a n d  stored. 

V dc(6x ) first p a s s e s  a low-pass filter, to get rid of 
b e f o r e  b e i n g  c o n v e r t e d  to a d i g i t a l  f o r m  and

stored.

V D C < fix > =  D - 5 V o ( C ) [ 1 0 _ A+ {^  +  1 0 " A- 1' r) ] c o 3 ( 2 ^ A J t i S

( 2 . 5 7 )

V a c < \>= f 0.5Vo (v)2J](ao ) [ 10-A+<’>-10-A-<v> ]cos(2Tvftx)d5

V < \ > [ V IJC ( V  ) + V AC ( 5 ) ] cos ( 2 jrvfix ) cfc (2.56)

and

(2 . 58 )

The r e s p e c t i v e  Fourier t r a n s f o r m a t i o n  of Equations
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{2.57) a n d  (2.58) w i l l  y i e l d  V DC(v) and Th e

r a t i o  of the two will give a V C D  spectrum, the same 

one o b s e r v e d  from a d i s p e r s i v e  V C D  design ( E quation  

(2-28) ) .

V AC<"> = 2Jj(uo ) [ 1 . 152 A A (v )] (2.42)
Vpc (v )

B e c a u s e  the F o u r i e r  t r a n s f o r m a t i o n  can only be 

done w i t h  an entire set of d a t a  (interferogram), the 

V DC(&X ) and VftC (\ ) were c o l l e c t e d  separa t e l y  w i t h  the 
A D C  s e t - u p  in F i g u r e  10, a n d  s t o r e d  s e p a r a t e l y .  
A f t e r w a r d ,  t h e y  are r e s p e c t i v e l y  t r a n s f o r m e d  into  

V DC(v) and V AC (v ). They c o u l d  be c o l l e c t e d  s i m u l t a n e ­

o u s l y  if two analog-to-digital converters were used.

Of the a d v a n t a g e s  FT s p e c t r o s c o p y  has over its 
d i s p e r s i v e  c o u n t e r p a r t  in a n o r m a l  a b s o r p t i o n  s p e c ­

tro s c o p y ,  only a few w e r e  c a r r i e d  over to FT - V C D - P E M  

d u e  t o  a v a r i e t y  of t e c h n i c a l  l i m i t a t i o n s .  S o m e  

im p r o v e m e n t s ,  such as a b e t t e r  s i g n a 1 -to-noise ratio 

and a w i d e r  spectral range, h a v e  b e e n  achieved. Yet 

the m a g n i t u d e  of those i m p r o v e m e n t s  has not been as 

great as expected. F a c i n g  s o m e  new c h a l l e n g i n g  p r o b ­

lems, F T - V C D - P E M  has not yet d o m i n a t e d  the field of 

VCD, as did FT-IR in a b s o r p t i o n  spectroscopy.
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T h i s  is b e c a u s e  t h e r e  a r e  s e v e r a l  s e r i o u s  
technical problems in FT-VCD-PEM. First, the use of a 

P E M  l i m i t s  the c o v e r a g e  of the F T - V C D  e x p e r i m e n t ,  

since the PEM is d e s i g n e d  to produce the c i r c u l a r l y  

p o l a r i z e d  l i g h t  w a v e s  at o n e  s e t t i n g ,  i.e., o n e  

wavelength only, depending on the setting of «o . In a 

dispersive VCD, one adjusts the uQ setting acc o r d i n g ­

ly as the mo n o c h r o m a t o r  scans. In FT-VCD-PEM, h o w e v ­

er, the m u l t i p l e x i n g  nature does not a l l o w  any PEM 
a d j u s t m e n t  d u r i n g  a scan. ciq is set at one w a v e n u m -  

ber, u s u a l l y  th e  m i d d l e  of a c h o s e n  r e g i o n .  The 

re s u l t  is that the light waves of o t h e r  w a v e n u m b e r  

ar e  o n l y  e l l i p t i c a l l y  p o l a r i z e d .  T h e  f a r t h e r  away 

from the selected wavenumber, the w o r s e  the d i s t o r ­

tion of a circular polarization becomes. As a c o n s e ­
qu e n c e ,  a m p l i t u d e  c a l i b r a t i o n  is a m u s t  to c o r r e c t  

the d i s t o r t e d  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 F T - I R  instruments,  

the off-axial ellipsoidal or paraboloidal mirrors are 

used to focus a large, collimated light b e a m  onto a 

s m a l l  i m a g e  spot on the high s e n s i t i v i t y  det e c t o r .  

When a FT-VCD-PEM instrument is built on such a FT-IR 

instrument, a large offset on the spect r a l  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 g e n e r ­

ated by absorption combining with light polarization 
c h a n g e s .  The o f f s e t  c o u l d  be as l a r g e  as ten times 

the VC D  s i g nal, and iB not u n i f o r m  t h r o u g h o u t  the 

s p e c t r u m .  T h u s ,  the o f f s e t  has f o r c e d  F T - V C D - P E M  

i n s t r u m e n t  use r s  to run e i t h e r  the r a c e m a t e  or the 
other enantiomer of the samples under the same con d i ­

t i ons to d e t e r m i n e  the true V C D  b a s e l i n e ,  w h i c h  is 

s u b s e q u e n t l y  used to correct the original spectrum. 

This m e t h o d  severely limits the a p p l i c a t i o n  of VCD, 

as th e  e n a n t i o m e r i c  or the r a c e m i c  f o r m s  are no t  

always available, particularly for some large bi o l o g ­

ical m o l e c u l e s .  K e i d e r l i n g  and M a l o n  have r e d u c e d  

t h i s  p r o b l e m  by r e p l a c i n g  the e l l i p s o i d a l  m i r r o r s  

with a lens and obtained satisfactory resultB[46].

Third, the dynamic range of several electronic 

components, such as the detector, the lock-in a m p l i ­

fier and the analog-to-digital con v e r t e r  (ADC), also 

restrict FT-VCD-PEM from fully e x e r c i s i n g  its a d v a n ­

tages. This p r o b l e m  ar i s e s  s i n c e  V C D  m e a s u r e s  v e r y  

s m a l l  c h a n g e s  in a b s o r b a n c e  ( 1 0 _3- 1 0 ~ 6 a b s o r b a n c e  

unit) in the presence of a large signal, e s p e c i a l l y
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at the centerburst in the interferogram. Furthermore, 

the g a i n  of the l o c k - i n  a m p l i f i e r  has to be Bet tc 

accommodate the c e n t e r b u r s t ,  which may be two o r d e r s  
of m a g n i t u d e  g r e a t e r  t h a n  t h e  p e a k s  n e a r b y  in t h e  
i n t e r f e r o g r a m .  As a r e s u l t ,  t h e  s e n s i t i v i t y  f o r  

m e a s u r i n g  the n e a r b y  p e a k s  m u s t  be s o m e w h a t  s a c r i ­

ficed. A  similar l i m i t a t i o n  a l s o  e x i s t s  at the ADC, 

which is typically a 16-bit converter with a d y n a m i c  

range of 1 ; 2 16 = 1:65536. Obviously, it is d i f f i c u l t  
to extract a VCD sig n a l  of 10'5 or less of the tot a l  

s i g n a l  f r o m  a c o n v e r t e r  w i t h  a d y n a m i c  r a n g e  less 

than five orders of m a g n i t u d e  while still e x p e c t i n g  a 

r e a s o n a b l e  s i g n a l -  t o - n o i s e  r a t i o .  R e d u c i n g  t h e  

i n t e n s i t y  of the c e n t e r b u r s t  by c u t t i n g  d o w n  t h e  

frequency coverage via an o p t i c a l  filter see m s  to be 

t h e  o n l y  w a y  to s o l v e  t h i s  p r o b l e m .  On a c c o u n t  of 

t h e s e  r e s t r a i n t s ,  t h e  F T - V C D - P E M  g e n e r a l l y  c o v e r s  

only about 500 c m -1 or less.

F o r  the s a m e  r e a s o n s  m e n t i o n e d  e a r l i e r  w h e n  

di s c u s s i n g  the d e m o d u l a t i o n  process, the PEM m o d u l a ­

tion frequency, /  , s h o u l d  be two orders of m a g n i t u d e  

h i g h e r  than the F o u r i e r  f r e q u e n c y ,  2 ji vft^/1. T h i s  is 

b e c a u s e  the m i n i m u m  t i m e  c o n s t a n t  of t h e  l o c k - i n  

amp l i f i e r  requires that d i f f e r e n c e  in o r d e r  to s e p a ­
rate the two frequencies effectively.

In a d d i t i o n  to t h e  a b o v e  h a r d w a r e  p r o b l e m s ,
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there are a l s o  some s o f t w a r e  p r o b l e m s .  A normal V C D  
s p e c t r u m  e x h i b i t s  both p o s i t i v e  and n e g a t i v e  peaks, 

and the s u m  of all peak areas is c l o s e  to zero. This 

b e h a v i o r  is c a l l e d  c o n s e r v a t i v e .  T h i s  was p r e d i c t e d  
t h e o r e t i c a l l y  and has been o b s e r v e d  e x p e r i m e n t a l l y .  

As a result, an ideal VCD i n t e r f e r o g r a m  does not have 
a c e n t e r b u r s t .  Instead, it has t w o  g r o u p s  of pea k s  
w h i c h  a r e  m i r r o r  images of e a c h  ot h e r ,  and are s y m ­
m e t r i c a l  a b o u t  the z e r o - p a t h - d i f f e r e n c e  (ZPD) p o s i ­

t i on. T h e  Z P D  p o s i t i o n  is w h e r e  t h e  c e n t e r b u r s t  
occurs n o r m a l l y  in an 1R a b s o r p t i o n  i n t e r f e r o g r a m .  

T h e r e f o r e ,  the s t a n d a r d  F o u r i e r  t r a n s f o r m  a l g o r i t h m  
( M e r t z  a n d  F o r m a n  m e t h o d [ 4 1 , 4 9 J ) is i n a p p l i c a b l e  
since it looks for an absolute m a x i m u m  as the center- 
b u r s t  a n d  t r e a t s  the 6  ̂ at the m a x i m u m  as the zero- 

p a t h - d i f f e r e n c e  posit io n [4 1 ] .
T h i s  p r o b l e m  has b e e n  d e a l t  w i t h  in s e v e r a l  

ways. O n e  is c a l l e d  the " s t o r e d  p h a s e "  m e t h o d .  On e 

r u n s  a n o r m a l  IR a b s o r p t i o n  f i r s t  a n d  s t o r e s  t h e 

spectrum before running its VCD. The phase for tra n s ­

f o r m i n g  t h e  IR a b s o r p t i o n  s p e c t r u m  is s t o r e d  an d  
l a t e r  u s e d  in l o c a t i n g  the Z P D  p o s i t i o n  of the V C D 

spectrum. To prevent any changes c a u s e d  by instrumen­
tal f l u c t u a t i o n ,  one sh o u l d  run t h e  a b s o r p t i o n  and 

V C D  s p e c t r a  u n d e r  the s a m e  c o n d i t i o n s  as n e a r  in
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t i m e  as p r a c t i c a b l e .  T h i s  m e t h o d  has b e e n  w i d e l y  

used, however, it has been found that quite often the 

t r a n s f e r r e d  p h a s e  is not e x a c t l y  c o r r e c t [ 4 7 ]. T h e  

possible cause of it may be in the el e c t r o n i c  pat h s  

of V AC(*x ) and V DC (Ax ) - F r e q u e n t l y ,  the d e v i a t i o n  
(pha se shift) is small, s o m e t i m e s  as s m all as o n e  
data point. Even such a minute phase shift leads to a 
d r a s t i c a l l y  di f f e r e n t  s p e c t r u m  after Fourier t r a n s ­

formation, as b e i n g  found by m a n y { 7 , 48, 49 ] . T h e r e ­

fore, o t h e r  n o n - s t o i e d - p h a s e  m e t h o d s  have b e e n  d e ­

veloped .
Two m e thods are m o s t l y  a c c e p t a b l e  in t r e a t i n g  

the transformation of the VCD interferogram. Keider-  
ling etat.[ 46] and de Haseth etaf. [49] separately d e m o n ­

s t r a t e d  t h a t  the ZP D  p o s i t i o n  ca n  be l o c a t e  d by 
u t i l i z i n g  the s y mmetric c h a r a c t e r  of the VC D  i n t e r ­

ferogram. Modifications to the software of the FT-VCD 

have been d e v e l o p e d [49,50]. Nafie and coworkers took 
a d v a n t a g e  of an i m p e r f e c t  V C D  alignm e n t ,  u s i n g  the  

p o l a r i z a t i o n  bias to p r oduce a large c e n t e r b u r s t  in 

the VCD interferogram. This method, however, requires 
enantiomeric or racemic forms to correct the baseline 

s i n c e  the p o l a r i z a t i o n  b i a s  is u s u a l l y  t e n  t i m e s  

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 F T -VCD-PEM, with some specific tesults from the 
d i s p e r s i v e  instr u m e n t s  at Hunter C o l l e g e  and p u b ­
lished results from FT-VCD-PEM.



2.3 Fourier Transform Infrared VCD with a Polarizing 
Michel son Interferometer (FT-VCD-PMI)

The creation of F T - V C D - P M I  was the result of a 

desire to build a VCD .instrument without a phot on las - 
tic modulator, to avoid the problems discuss (id in the 
last s e c t i o n  a s s o c i a t e d  w i t h  u s i n g  a PE M  in F T - I R  
method. Also, F T - V C D - P M I  peimit.s an e x p a n s i o n  of the 
f r e q u e n c y  l a n g e ,  part i c u l a r l y  g o i n g  d o w n  to far 
i n f r a r e d  r e gion. Pi ior to t h e  d e v e l o p m e n t  of this 

type of i n s t r u m e n t ,  v i b r a t i o n a l  c i r c u l a r  d i e h r o i s m  
had n o t  b e e n  i e p o r t o d b e l o w  fi 0 0 c m -1. I n s t r u m e n t s  

u s i n g  P E M a  c a n  on iy go d o w n  to t h e  l i m i t  of t h e  
c r y stal t r a n s p a r e n c y  (e.g., CaF^: 1100 c m * 1; ZnSe: 600
cm -1; C d S : 400 c m -1). O t h e r  c r y s t a l  m a t e r i a l s  kno w n

to be t r a n s p a r e n t  b e l o w  600 c m -1 have p r o p e r t i e s  not 

suitable for a PEM, such as bei n g  too soft or h y g r o ­

scopic .
A n o t h e r  r e a s o n  t o  a v o i d  u s i n g  a P E M  is it s  

inability to p r oduce p e r f e c t  m o d u l a t i o n  at all w a v e ­
lengths s i m u l t a n e o u s l y .  T h e r e f o r e ,  as s t a t e d  in t h e  
p r e v i o u s  s e c t i o n ,  it is n e c e s s a r y  to run an a m p l i ­

tude - c a 1 ibration as well as to run the o n a n t i o m e r  or 

r a c e m a t e  for t h e  b a s e l i n e  c o r r e c t i o n  of t h e  V C D  
spectrum. That is more than d o u b l e  the data a c q u i s i ­

tion time. As a icsult, a non-PEM method is desired.
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The c o n c e p t  of the p o l a r i z i n g  M i c h e l s o n  I n t e r ­
f e r o m e t e r  (PMI), or H a r t i n - P u p l e t t  I n t e r f e r o m e t e r  

(MPI), first appeared m o r e  t h a n  t w e n t y  years ago[51, 
52]. It i 9 particularly suitable for the far-infrared 
region. D i g n a m  and Bak e r  first s u g g e s t e d  u s ing a PMI 

for VCD in 1981[53]. However, it took quite some time 
for the PMI principle to be r e c o g n i z e d  by VCD e x p e r ­
i m e n t  a l i s t s .  P o l a v a r a p u  d e v e l o p e d  t h e  t h e o r e t i c a l  

f o r m a l i s m [ 5 4 , b 5 }, and p u b l i s h e d  a few c a l i b r a t i o n  
s p e c t r a  to d e m o n s t r a t e  the f e a s i b i l i t y  of this a p ­

p r o a c h .  N a f i e  <’(«/. p u b l i s h e d  the first e x p e r i m e n t a l  
r e s u 1ts on a-pi nene in 199 0[5 6 ] .

T h e  PMI is a m o d i f i e d  M i c h e l s o n  I n t e r f e r o m e t e r  
{cj; F i g u r e  11a). The d i e l e c t r i c  beamsplitter, n o r m a l ­

ly used in the M i c h e l s o n  I n t e r f e r o m e t e r ,  is replaced 

by a p o l a r i z i n g  grid b e a m s p l i t t e r  (B), and the flat 
m i r r o r s  by the r o o f - t o p  m i r r o r s  (M w and M f). A r o o f ­

t o p  m i r r o r  c o n s i s t s  of tw o  flat, f r o n t - s u r f a c e - r e -  

flecting mirrors that are set p e r p e n d icularly to each 
other, (cf. Fi g u r e  11a) A d d i t i o n a l l y ,  a p o l a r i z e r  (P) 

is p o s i t i o n e d  at the e n t r a n c e  of the i n t e r f e r o m e t e r  
a n d  a n o t h e r  polarizer, c a l l e d  the a n a l y z e r  (A), is 

p l a c e d  i m mediately after the interferometer. The axis 
of P is 45* w i t h  respect to the grid d i r e c t i o n  of B. 

As a result, the linearly p o l a r i z e d  beam leaving P
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a) Polarizing Michelson Interferometer 
(from ref. [55] by Polavarapu)

F i g u r e  11. FT-VCD-PMI
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can be decomposed into two linearly p o l a r i z e d  waves  
of equal amplitudes. One of the waves with its e l e c ­

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 (Mf). 

The o t h e r  wave p o l a r i z e d  p e r p e n d i c u l a r  to the g r i d  

d i r e c t i o n  of the beam s p l i t t e r  will be r e f l e c t e d  by 

the b e a m  s p l i t t e r  t o w a r d s  the m o v a b l e  m i r r o r  (Mk ). 
The roof directions of the roof-top mirrors are also 
a l i g n e d  45* w i t h  r e s p e c t  to the a x i s  of B. T h i s  
a r r a n g e m e n t  of m i r r o r s  r o t a t e s  the p o l a r i z a t i o n  of 

the incoming light wave by 9 0 ’ as the mirrors reflect 

the beams back to the b e a m  splitter. As the result 

of these polarization rotation, the beam com i n g  from 

M f is r e f l e c t e d  by B a n d  the one from M m p a s s e s  B. 
Both beams recombine (and interfere with each other) 

and exit the interferometer. The axis of A is set at 

4 5 ’ with respect to the axis of B, as well, and can 

be parallel or perpendicular to the axis of P.
T h e  PMI p r o d u c e s  p o l a r i z a t i o n  i n t e r f e r e n c e  

phase retardation, resulting in full cycles of p o lar­
i z a t i o n  m o d u l a t i o n  of e a c h  w a v e l e n g t h  at its o w n  

Fourier frequency. The polarization modulation cycle 
is vertical linear, right circular, horizo n t a l  l i n ­
ear, left circular, and back to vertical linear (or 

any cyclic permutation of these four states a l t e r n a t ­
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ing between linear and circular p o l a r i z a t i o n  states) 

[qf. Figure lib).

I n t e n s i t y  m o d u l a t i o n  on the P M I ,  l i k e  on a 
conventional FT-IR spectrophotometer, is achieved by 

simply inserting the analyzer, whose axis is parallel 

or p e r pendicular to the axis of the first polarizer, 
a f t e r  the i n t e r f e r o m e t e r .  Thus, a s t a n d a r d  F T - I R  

absorpt ion spectrum can be obtained, since

v ' ( f t x ) =  ^  0 . 5 V o ( v ) 1 0  A < ^ ( 1  + c o g  ( 4 jrvftx ) ] d v  ( 2 . 6 0 )

where, V ( f t x ) is the observed interferogram and is
the path difference between the movable mirror and 
the fixed mirror. v 0 (*) is the source intensity 

entering the interferometer. 0  . 5 V o ( C ) 1 0 -A(<ri  is the I R  

s p e c t r u m ,  V ( v ) ,  w h i c h  can be o b t a i n e d  by a c o s i n e  

Fourier t r ansform of V ' ( A  ). The 0 . 5  a c c o u n t s  for the 
P cutting in half the light intensity from the light 

source. The plus or minus sign is d e t e r m i n e d  by the 
orientation of the analyzer with respect to that of 

the first polarizer, parallel c o r r e s p o n d i n g  to p o s i ­

tive (+) and perpendicular to negative {-).
R e m o v a l  of the a n a l y z e r  a l l o w s  the c i r c u l a r  

di c h r o i s m  m e a s u r e m e n t  of an o p t i c a L l y  active sample
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to be carried out through a sine Fourier t r a n s f o r m  of 

the complex i n t e r f e r o g r a m :

v "(Ax )= J  O . S V ^ M O - ^ U  + 1 . 1 5AA(^ ) sin ( 4jwAx ) ) c#v
(2.61 )

w h ere
1 0 -A(^) = 0 . 5 ( 1 0 -A + + 1 0 ~A- m  ) (2.62)

is the same q u a n t i t y  as the one defined above in 

Equation (2.60), and A A ( v )  = A _ ( v ) - A + ( v ) .  The d e r i v a ­

tion of Equation (2.60) is similar to that d e s c r i b e d  
in the disper s i v e  section. A  reverse cosine Fourier  

transform of V ' ( A x ) yields 0 . 5Vq ( v ) 1 0-A<A/} . A  sine 

Fourier tra n s f o r m  of V " ( A x ) will yield 0 . 5 V o ( v )  10_*(v) 

x  (1.15 A A ( v ) ] . The ratio of those two reverse F o u r i ­

er transformations will lead to A A ( v ) ,  the V C D  s p e c ­

trum.

I V " (A ) 10_A(,/1sin ( 4 ^ 6  ) cfc
 * x = 1.15 AA (v ) (2.63)

Jv' (Ax ) 1 0 “A(%r)c o 3 ( 4.t̂ Ax ) cfc

T h e  e l i m i n a t i o n  of t h e  P E M  a l s o  a l l o w s  t h e  

o m i s s i o n  of the l o c k - i n  a m p l i f i e r .  T h e r e f o r e ,  t h e  

only limiting factor left for a wider frequency c o v e r ­

age is the d e t e c t o r  s a t u r a t i o n .  To enlarge the r a nge
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while still p r e v e n t i n g  detector saturation, different 

optical filters of a v a r i e t y  of c u t o f f  ranges can be 
used.

The first reported FT-VCD-PMI s p e c t r u m  by Nafie 

e(a/.[56] on ( - ) - n - p i n e n e  s h o w e d  e x c e l l e n t  a g r e e m e n t  
w i t h  F T - V C D - P E M  r e s u l t  on the same s a mple. The sig- 
n a l - t o - n o i s e  r a t i o  w a s  v e r y  good. H o w e v e r ,  it t o o k  

nineteen hours to p r o d u c e  the sp e c t r u m ,  c o m p a r i n g  to 

five and half hours n e e d e d  in F T - V C D - P E M [21] and six 

hours or s h o r t e r  for a d i s p e r s i v e  VCD. T h e  e n a n t i o ­

meric s p e c t r u m  was still ne e d e d  for b a s e l i n e  c o r r e c ­
tion. This i n s t r u m e n t  was c o n s t r u c t e d  to c o v e r  only 

the region b e t w e e n  800 c m " 1 (H g C d T e  d e t e c t o r  cutoff) 

a n d  1 6 0 0  c m -1 ( f i l t e r  c u t o f f  to p r e v e n t  d e t e c t o r  

s a t u r a t i o n ) .  By c o n t r a s t ,  the p r o t o t y p e  F T - V C D - P M I  
in P o l a v a r a p u ' s  p a p e r  c o v e r s  th e  r a n g e  f r o m  10 to 

1 0 0 0  cm"1, a l t h o u g h  a result from any real sample has 

not yet been r e p o r t e d .  As e x p e c t e d ,  the e l i m i n a t i o n  

of the P E M  a l l o w s  t h e  F T - V C D - P M I  to c o v e r  a w i d e r  

range (up to 1000 c m -1). However, further e x p l o r a t i o n  

a n d  e x p e r i m e n t a t i o n  a r e  n e e d e d  t o  o p t i m i z e  t h e  
FT-VCD-PMI exper i m e n t .
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C h ap ter  T h ree  

D ispersive  V C I) Instrum ents  at H u n ter  C ollege

This c h a p t e r  c o n c e n t r a t e s  on a detailed d i s c u s ­
sion of the d e s i g n  of the two d i s p e r s i v e  v i b r a t i o n a l  
c i r c u l a r  d i c h r o g r a p h s  built at Hun t e r  College. The i r  

p e rformance will be presented in the next chapter.

In the late 1970s and e a r l y  1980s the d i s p e r -  
s i v e  V C D  s y s t e m  i m p r o v e d  s i g n i f i c a n t l y  w i t h  t h e  

a r rival of the hig h l y  s e n s i t i v e  H g C d T e  de t e c t o r s  and 
the c o m m e r c i a l  p h o t o e l a s t i c  m o d u l a t o r s .  The d i s p e r ­
s i v e  i n s t r u m e n t  c o n s t r u c t e d  by K e i d e r l i n g  et al. p r o ­

d u c e d  s o m e  e x c e l l e n t  s p e c t r a  in t h e  m i d - i n f r a r e d  

region[57]. All these, c o m b i n e d  with the o p e r a t i o n a l  

d i f f i c u l t i e s  F T - V C D - P E M  has b e e n  e x p e r i e n c i n g ,  have 

rekindled interest in d i s p e r s i v e  VCD.

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

V C D - I  is d e s i g n e d  p r i m a r i l y  to s t u d y  the c o n ­

f o r m a t i o n  of small p e p t i d e s  in a q u e o u s  s o l u t i o n  via
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t h e  a m i d e  ill v i b r a t i o n .  T h e  a s s i g n m e n t s  of t h a t  
v i b r a t i o n  h a s  b e e n  s t u d i e d  c a r e f u l l y  by i s o t o p i c  

s u b s t i t u t i o n s [58]. Hence, the de s i g n  o b j e c t i v e  is an 
instrument opt imi zed a round 1 2 0 0  c m -1, and also c o v e r ­

ing a r e a s o n a b l y  w i d e  range, 900 - 1800 c m -1, w h i c h

i n c l u d e s  t h e  a m i d e  III, II a n d  I b ands, w i t h  h i g h  
sens i t i v i t y .

3.1.1 General optical considerations
T h e  u l t i m a t e  goal in d e s i g n i n g  t h i s  V C D  

i n s trument, as for any o t h e r  s p o c t r o p h o t o m e t e r , was 
t o get t h e  g r e a t e s t  l i g h t  t h r o u g h p u t  at t h e  b e s t  
resolution. The s e  two mutually exclusive requirements 
(only for a d i s p e r s i v e  instr u m e n t )  m u s t  be b a l a n c e d  
in the design, w h i c h  attempts to optimize the s y s t e m  

by c a r e f u l l y  m a t c h i n g  the size of light source, the 

o p t i cal aperture, the slit w i d t h  (bandpass), and the 

grating groove density.
In t h i s  c a s e ,  t h e  t h r o u g h p u t  was of s p e c i a l  

i m p o r t a n c e  b e c a u s e  water, the s o l vent normally used, 

a b s o rbs s t r o n g l y  in the region. For a cell w i t h  C a F 2 

w i n d o w  and a 15 ^m spacer, H ;0 tr a n s m i t s  o n l y  25% of 
the light on a v e rage between 1200 and 1500 cm ' 1, while 

D 20 t r a n s m i t s  an a v e r a g e  of a b o u t  70% b e t w e e n  1300 

and 1800 c m -1 .



85

T h e  B p e c t r a l  r e s o l u t i o n  r e q u i r e m e n t  was s o m e ­

w h a t  relaxed; the d e s i g n  goal was to make it b e t t e r  

than 15 c m -1 since in a q u eous solution the half width 
at half height of most infrared peaks from samples of 

our interest in this region is greater than 15 cm'1.
S e v e  r a 1 f a c t o r s  c o n t r i b u t e  to a c h i e v i n g  that 

g o a l .  Fi r s t ,  a h i g h  b r i g h t n e s s  s o u r c e  is d e s i r e d .  
B a s e d  on the p r i n c i p l e s  of b l a c k - b o d y  radiation, the 

higher the color temperature, the higher the infrared 

o u t p u t .  S e cond, low F - n u m b e r  o p t i c s ,  i n c l u d i n g  the 

monoc h r o m a t o r ,  were selected, giving a large a c c e p t ­

ance angle. Furthermore, for two mirrors (or lenses) 

of t h e  s a m e  d i a m e t e r ,  t h e  o n e  w i t h  lower F - n u m b e r  
p r o d u c e s  a s h o r t e r  total o p t i c a 1 p a t h . The s e l e c t i o n  

of the source and opt i c s  has to be done in a c o o r d i ­

n a t e d  f a s h i o n .  T h e  l o w  F - n u m b e r  a n d  th e  s i z e  of 

o p t i c s  r e q u i r e  a s m a l l  i m a g e  size, c o n s e q u e n t l y ,  a 

small source size. The small image size also allows a 

narrow slit width, therefore, maintaining high enough 
r e s o l u t i o n  (8 - 15 c m -1). M o r e o v e r ,  the small image

size is easily reduced and focused onto the tiny area 

of a h i g h  s e n s i t i v i t y  d e t e c t o r ,  w h i c h  is n e e d e d  for 

t h e  V C D  m e a s u r e m e n t .  T h e  s m a l l  a c t i v e  a r e a  of the 

s e m i c o n d u c t o r  d e t e c t o r  is a t r a d e - o f f  for its h i g h  

s e n s i t i v i t y  sin c e  the s e n s i t i v i t y ,  e x p r e s s e d  by D * , 

is i n v e r s e l y  p r o p o r t i o n a l  to s q u a r e  r o o t  of th e
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a r e a [41],
T h i r d ,  w h e n e v e r  p o s s i b l e  in t h e  p r o c e s s  of 

s e l e c t i n g  t h e  o p t i c s ,  u s i n g  a c o n c a v e  m i r r o r  w i t h  

m e t a l  c o a t i n g  on its f r o n t  s u r f a c e  i n s t e a d  of a 

co n v e x  lens w o u l d  result in hi g h e r  t h r o u g h p u t  due to 

the fact that the light loss to the r e f l e c t i o n  of a 

m i r r o r  is g e n e r a l l y  m u c h  s m a l l e r  than the t r a n s m i s ­

sion loss to a lens in the infrared. For example, the 

r e f l e c t i o n  l o s s  is less t h a n  1 % on a g o l d - c o a t e d  

s u r f a c e s [59], w h e r e a s  the l i g h t  loss on a lens is 

generally greater. On an interface at which the light 

r a y  p a s s e s  f r o m  o n e  m e d i u m  to a n o t h e r  at n o r m a l  

i n c i d e n c e ,  the l i g h t  i n t e n s i t y  loss is, a c c o r d i n g  

t o [ 2 ]:

( n2 " n i )2Intensity loss = - - (3.1)
( n 2 +  )2

Here, n t and n 2 are the r e f r a c t  ive i n d i c e s  of 

the two interfacing media.

The light intensity loss w o u l d  be 2.2% between  

air (nj=l) and C a F 2 (n 2 = 1.35) on each surface. There 

a r e  t w o  s u r f a c e s  on e a c h  lens (or w i n d o w ) ,  so the 

total loss of light on a CaF 2 lens is 4.4%. B a F 2 has a 

s i m i l a r  r e f l e c t i v e  index, n = 1.4, a n d  so it w o u l d
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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 asso c i a t ­

ed with using a lens, but introduces spherical a b e r ­

ration. Further thought has also been given to m i n i ­

m i z e  the number of m i r r o r s  to reduce the reflective  

loss along the path.
Fourth, all o p tical c o m p o n e n t s  have been s p e ­

cially treated to give m a x i m u m  light throughput. All 

reflecting surfaces, including those inside the m o n o ­

c h r o m a t o r  (mirrors and g r a t i n g ) ,  w e r e  g o l d - c o a t e d .  
The reflectivity of a gold-coated surface in the mid- 

IR r e g i o n  is 99% c o m p a r e d  to 90% for an a l u m i n u m -  

H g F 3- c o a t e d  surface. T h i s  is a c t u a l l y  not a s m all  

m a t t e r  since r e f l e c t i o n  losses can add up q u i c k l y .  

F o r  e x a m p l e ,  if t h e r e  a r e  e i g h t  Al m i r r o r s  in a 

system, the loss would be (1-0.908 ) = 5 7 % . In contrast, 

the loss would only be (1 - 0 . 9 9 8) = 7.7% if they are 

g o l d  c o a t e d .  M o r e o v e r ,  g o l d - c o a t i n g  a l s o  o f f e r s  a 
long term chemical stability.

For the n e c e s s a r y  t r a n s m i s s i o n  optics, e s p e ­

c i a l l y  t h e  PEM c r y s t a l ,  it m u s t  be t r e a t e d  by a 

method called anti-reflection (AR) coating. The light 

loss at th e  s u r f a c e s  b e t w e e n  ai r  (n = 1 .0 ) a n d  a 

crystal with a larger r e f r a c t i v e  index (p.g., 2,4 for
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ZnSe in the PEM) can be reduced d r a s t i c a l l y  (to less 
than 0 .1 %) by g r a d u a l l y  and s e q u e n t i a l l y  c o a t i n g  the 

s u r f a c e  w i t h  c e r t a i n  s u b s t r a t e s  w h o s e  r e f r a c t i v e  

in d i c e s  are b e t w e e n  2.4 and 1.0. T h e  d i f f e r e n c e  in 

refractive indices b e t ween any two adjacent layers of 

the substrate is very small (less than 0 .1 ).

3.1.2. Optics of VCD-I

F o l l o w i n g  t h e  g u i d e l i n e  of t h e  a b o v e  

general c o n s i d e r a t i o n s ,  VCD-I was c o n c e i v e d .  F i g u r e  

12 is the optical layout of VCD-I and T a b l e  I is the 

specifications of elements used.
T h e  i n f r a r e d  s o u r c e  is a h i g h  t e m p e r a t u r e  

N e r n s t  g l o w e r  (A R T C O R ,  Inc., M o d e l  2 4 2 - 1 0 3 - 5 )  of 

small size ( 1 . 8  m m  d i a m e t e r  x 12 mm us e f u l  length), 

radiating at a c o l o r  t e m p e r a t u r e  of 2 2 0 0 - 2 4 0 0  K. The 

g l o w e r  is h e a t e d  by 1.6 amp. AC at 60 V o l t s ,  a n d  

consumes about 100 watts power. Its lifetime is about 

2 0 0 0  hours.
A p r e v i o u s l y  c o n s t r u c t e d  d i s p e r s i v e  VCD, for 

the m i d - i n f r a r e d  region[57], e m p l o y e d  a large c a r b o n  

rod s o u r c e  o p e r a t i n g  at 330 amp. a n d  8.5 V, w h i c h  

produces a s i m ilar c o l o r  t e m p e r a t u r e  as N e r n s t  g l o w ­

er. It8 size, 8 nun x 1 0 0  mm, caused a serious
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Figure 12. Optical Layout of VCD-I
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VCD-I

Component

Nernst Glower 
Source

Chopper

M o nochromator

Polar izer

Photoelast ic 
Modulator

HgCdTe
Detector

Table I 

Component S p e c i fications

Speci f ication

Brightness T e m p e r a t u r e  2200 K 
1 . 8  mm x 12.7 mm

M echanically modulates at 79.5 Hz

C zerny-Turner
F/4.4, f = 320 mm
ruled grating, 1 2 0  g / m m
gold coated mirrors and g r a t i n g

Gold wire grid on AgBr s u b s t r a t e

ZnSe, octagonal, 12 mm thick  
4 5 mm between oppos i ng e d g e s  
anti-reflection c o a t e d , 
modulates at 31.2 kHz

D* = 3.556 X 10 10 cm H z ° ' 5 W -1 
active area: 1.01 x 5,08 m m 2
range: 800 - 1800 c m - *
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problem. A long focal length monochromator (HR1000 by 
J o b i n - Y v o n )  had to be used to p r e s e r v e  good enough 

re s o l u t i o n  since the slit w i d t h  {image size) was so 

large. T h e r e f o r e ,  the F - n u m b e r  of the c o l l e c t i o n  

optics was relatively large (F/ 6 .8 ). Furthermore, it 

was hard to reduce the image size so it would fit the 

d e t e c t o r  s i z e  (2 m m  x 10 mm). T h e r e  are also some 
o p e r a t i o n a l  d i f f i culties a s s o c i a t e d  with the carbon 

rod. It must operate in an o x y g e n - f r e e  atmosphere in

order not to burn. As a result, it needs an insulated

an d  w a t e r - c o o l e d  h o u s i n g  w i t h  a w i n d o w  (CaF ) , as 

w e l l  as c o n t i n u o u s  n i t r o g e n  p u r g i n g .  The e x p e c t e d  

life time of each carbon rod is only 50-100 hours.

S i n c e  the N e r n s t  g l o w e r  an d  c a r b o n  rod have
almost exactly the same color temperature that det e r ­

mines the optical power output per unit area, it is 

to t h e  a d v a n t a g e  of th e  N e r n s t  g l o w e r  to h a v e  a 

smaller image size. As a result, the design of VCD-I 

u t i l i z e s  a lower F - n u m b e r  {F/4 or F/2), a s h o r t e r  

total path and a smaller d e t e c t o r  than the previous 

V C D  d e s i g n .  A s h o r t e r  t o t a l  p a t h l e n g t h  m a k e s  the 
physical size of the instrument small and reduces the 

i n t e r f e r e n c e  from the a b s o r p t i o n  by w a t e r  vap o r  in 

the air. The smaller the active area of a semiconduc­

tor infr a r e d  detector the m o r e  se n s i t i v e  it is (see 

3.1.1). All above factors compensate the light reduc­
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t i o n  b e c a u s e  of our s m a l l e r  s o u r c e  size to a level 

that total light t h r o u g h p u t  of these two s y s t e m  are 

a b o u t  same. In a d d i t i o n ,  t h e  N e r n s t  g l o w e r  s o u r c e  
does not need a w a t e r - c o o l e d  housing, nitrogen p u r g ­
ing and an i s o l a t e d  c h a m b e r  w i t h  a window. It also 

has a lo n g e r  l i f e t i m e  ( g r e a t e r  than 2 0 times) and 
lower power consumption (only 1/30) than the carbon 

r o d .
T h e  m i r r o r s ,  Mj - M 4 ( E aling E 1e c t r o - O p t i c s , 

Inc.), a r e  all g o l d - c o a t e d .  T h e  light c o l l e c t i o n  
mirror, Mj, can be set at ei t h e r  F/4 for o n e - t o - o n e  
imaging, or F/2 for o n e - t o - t w o  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 m o n o ­

chromator. The entrance and exit silts are 10 m m  high 

and their widths are set at 2.0 mm. Mj and M 2 are 89 

m m  (3.5 i n c h e s )  in d i a m e t e r  an d  300 m m  in f o c a l  

length. For the measurements in the amide III region 
or lo w e r ,  the F/2 c o l l e c t i o n  is set to g a i n  m o r e  
l i g h t  as th e  r e s o l u t i o n  of t h e  m o n o c h r o m a t o r  is 

better in this region (see Table II), thus a l l o w i n g  
the slit of the mo n o c h r o m a t o r  to be opened w i der (up 

to 4,0 mm). Mj is c h a n g e d  to a m i r r o r  of 102 m m  (4 
in.) d i a m e t e r  and 150 m m  focal length. Mj c o l l e c t s
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the light from the source, and reflects a c o l l i m a t e d  
beam. M 2 then focuses the beam onto the m o n o c h r o m a t o r 

entrance slit w i t h  an F-number of 4.4.

A n  o p t i c a l  c h o p p e r  ( L a s e r  P r e c i s i o n  C o r p . ,  
m o d e l  C T X - 5 3 4 ) ,  o p e r a t i n g  at 7 9 . 5  Hz, is p l a c e d  
b e f o r e  t h e  e n t r a n c e  s l i t  of a d i g i t a l l y  c o n t r o l l e d  
m o n o c h r o m a t o r  (Instruments, S A , HR320 ). T h e  chopper
is refere n c e d  extern a l l y  by a quartz frequency osci 1- 

lator to r e d u c e  fr e q u e n c y  jitter. The m o n o c h r o m a t o r  
has a r u l e d  g r a t i n g  (groove d e n s i t y  1 2 0 / m m )  and F- 

n u m b e r  of 4.4, an d  p r o v i d e s  s a t i s f a c t o r y  o p t i c a l  
r e s o l u t i o n  at a reasonable slit widt.h(cf. T a b l e  II). 
The b a n d p a s s  is 5,5 to 14.2 c m -1 at slit w i d t h  of 2.0 
mm b e t ween 1200 and 1800 cm-1, and 3.1 to 11.0 c m -1 at 
slit width of 4.0 mm between 800 and 1200 c m ' 1.

F r o m  T a b l e  II, one can see that, w h i l e  s a t i s f y ­

ing the r e s o l u t i o n  c r i t e r i a ,  the s l i t  w i d t h  can be 
set at 2.0 m m  for the region above 1400 c m ' 1 (i.e., the 
a m i d e  I a n d  II r e g i o n s ) ,  w h i c h  r e q u i r e s  t h e  light 
c o l l e c t i o n  o p t i c s  be arranged F/4, and at 4.0 mm for 
the region b e l o w  1400 c m " 1 (i.e., the amide III region), 
w h i c h  r e q u i r e s  a F/2 s e t t i n g  to fill t h e  s l i t  for 

more light throughput.

U p o n  l e a v i n g  t h e  m o n o c h r o m a t o r ,  t h e  l i g h t  

passes eit h e r  a 5-10 jun or an 8-15 |im b a n d p a s s  filter
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T a b l e  II 

VCD-I R e s o l u t i o n  Summary®'** 
(HR320 Monochromator)

W a v e ­
length

wave - 
number

1 inear 
di speis ion

Bandpass 
2 mm

at slit 
3 mm

[(mi] [cm-1 ] [n m / m m ] [cm-1 ]

5 .556 1800 22 . 5 14.2
6 .250 1600 22.1 10.9

7 . 143 1400 2 1.5 8.0 12.0

8.333 1200 19. 1 5 . 5 7 .6

10.00 1000 16.8 5.0
12 . 50 800 12.2 2 . 3

4 mm

11.0 

6.7 
3 . 1

a. calculated by eq u a t i o n s  given in R e f . [60]
b. included angle is 24*.
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(Oriel Corp.), c u tting off the higher o r d e r  d i f f r a c ­

tion. M 3, a flat mir r o r  of 50.9 mm {2 inches) d i a m e ­
ter, c h a n g e s  t h e  d i r e c t i o n  of l i g h t  p r o p a g a t i o n ,  

p r o v i d i n g  room for s u c c e e d i n g  o p tics. M 4, a c o n c a v e  

m i r r o r  of 76 m m  (3 i n . ) in d i a m e t e r  a n d  150 m m  in 
focal length, focuses the light beam through a p o l a r ­

izer a n d  the p h o t o e l a s t i c  m o d u l a t o r  (PEM) o n t o  the 
sample, which is mounted directly behind the PEM.

In front of the PEM is a g o l d - w i r e  g r i d  p o l a r ­
i z e r  ( P e r k i n - E l m e r  C o r p . ,  1 8 6 - 0 2 4 3 )  on a s i l v e r  

b r o m i d e  (AgBr) disk. T h e  p o l a r i z e r  is a l i g n e d  w i t h  
its t r a n s m i t t i n g  axis horizontal, b e c a u s e  an e x p e r i ­

m e n t  i n d i c a t e s  this c o m p o n e n t  is m o r e  i n t e n s e  t h a n 

the vertical component.
T he p h o t o e l a s t i c  m o d u l a t o r  (Hinds I n t e r n a t i o n ­

al, Inc., m o d e l  P E M -80, s y s t e m  I I I / Z S )  has a c l e a r  

a p e r t u r e  of 42 mm in diameter. Its heart is a b r o a d ­
band antireflec t i o n - c o a t e d  ZnSe crystal (transmission 

> 90% b e t w e e n  12 an d  5 ^ m ). The s t r e s s  a x i s  of the 

PEM is 45' with respect to the horizontal, the d i r e c ­
tion of the linear p o l a r i z e r .  It m o d u l a t e s  at 31.2 
KHz, at w h i c h  frequency it a l t e r n a t e l y  p r o d u c e s  left 
and r i ght c i r c u l a r l y  po l a r i z e d  light. The m o d u l a t i o n  

f r e q u e n c y  is r e a l l y  the r e s o n a n c e  f r e q u e n c y  of the 

c rystal, w h o s e  h a r d n e s s  and p h y s i c a l  size d e t e r m i n e
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this frequency. A f t e r  the PEM, a s a m p l e  cell h o l d e r  
is mounted on the PEM housing. The polarizer, PEM and 

sample occupy a length of o n l y  six c e n t i m e t e r s  along 
the optical path. Because the sample is po s i t i o n e d  at 
a focal point, the image s i z e  is small (1.8 m m  x 10 

mm for F/4 collection, 3.6 mm x 10 mm for F/2 c o l l e c ­

tio n ) ,  so s m a l l  c e l l s  (15 m m  in d i a m e t e r )  m a y  be 
u s e d .

A single B a F ; lens, 50 mm in d i a m e t e r  and 50 m m  
in focal length, is placed a f ter the sample to focus 

the light beam onto the detector. The lens was chosen  
to a v oid the p o l a r i z a t i o n  bias a s s o c i a t e d  w i t h  using 
a m i r r o r .  B a F 2 c u t s  o f f  b e l o w  850 c m -1, w h i c h  is
therefore the lower fre q u e n c y  limit of the VCD-I. To 
go to e v e n  l o w e r  w a v e n u m b e r ,  o n e  c o u l d  c h a n g e  th e  

lens to A R - c o a t e d  ZnSe, for e x a m p l e ;  a n d  t h e  next

barrier is the cutoff at about 600 c m -1 of ZnSe c r y s ­

tal i n s i d e  t h e  P E M  . D e p e n d i n g  on t h e  c o l l e c t i o n  
a p e r t u r e ,  the p o s i t i o n  of t h e  lens is a d j u s t e d  so 
that the image at the s a m p l e  is d e m a g n i f i e d  to the 
approximate size of the d e t e c t o r  element.

A high sens i t i v i t y  d e t e c t o r  ( I n f r a r e d  A s s o c i ­

ates, Inc., M o d e l  H C T - 8 0 )  w a s  s e l e c t e d .  Its a c t i v e  

e l e ment (1.0 mm x 5 mm) is a p h o t o c o n d u c t i v e  m e r c u r y

c a d m i u m  teluride (MCT or H g C d T e ) with a peak D* about

3.5 x 1 0 10 c m H z 0 5W _1 at 1 0 0 0  c m " 1. M C T ,  o p e r a t i n g
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under liquid n i t r o g e n  cooling, is the m o s t  s e n s i t i v e  
d e t e c t o r  a v a i l a b l e  in th e  r e g i o n  of i n t e r e s t .  A l l  
o p t i c a l  c o m p o n e n t s  a r e  e n c l o s e d  in a p l e x i g l a s s  
housing to permit dry air purging.

3.1.3 Electronics of VCD-I
F i g u r e  13 is a s c h e m a t i c  i l l u s t r a t i o n  of 

the VCD e l e c t r o n i c s .  The signal from the d e t e c t o r  is 
first a m p l i f i e d  by a p r e a m p l i f i e r  ( I n f r a r e d  A s s o c i ­
ates), a n d  s u b s e q u e n t l y  is s p lit into t w o  p a t h s  for 
p r o c e s s i n g  V pc(v) a n d  V AC {v ) . O n e  of t h e m  lea d s  to a 

digital lock-in a m p l i f i e r  (Ludl Electronics Products, 

Ltd.), d e m o d u l a t i n g  at 79.5 Hz to e x t r a c t  the V ^ ^ v ) .  

T h i s  a m p l i f i e r  has a c o m p u t e r  c o n t r o l l e d ,  v a r i a b l e  

input gain of 1, 10 or 100, followed by a volta g e - t o -
f r e q u e n c y  c o n v e r t e r  a n d  a fast, d u a l  c h a n n e l  p u l s e  

counter. This a m p l i f i e r  is m o u n t e d  in a rack, w h i c h  
a l s o  h o u s e s  t h e  m o n o c h r o m a t o r  m o t o r  d r i v e ,  t h e  P E M  

m odula t i o n  controller, the detector p o wer supply, and 

a c o m m u n i c a t i o n  i n t e r f a c e  (Intel PPI 8748 ). V [JC(v) is 

directly read from the digital lock-in a m p l i f i e r  by a 
c o m p u t e r  via a 24- b i t  p a r a l l e l  bus. T h r o u g h  the same 

channel, the c o m p u t e r  also commands the m o n o c h r o m a t o r  

w a v e l e n g t h  p o s i t i o n  and the PEM m o d u l a t i o n  (t*0 ).
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Figure 13. Electronic Scheme of VCD-I 
( c/. text )
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The t y pical detec t o r  output w i t h o u t  s a m p l e  is 

about one volt. With an H ;0 sample in a C a F ; cell and 

15 jiin spacer, the detector reads about 0.3 V (solvent 
transmission). For a sample with an absorbance 0.5 at 
a p a r t i c u l a r  w a v enumber, the d e t e c t o r  o u t p u t s  about 
0 . 0 9 5  V ,  t h e  V R r ( v )  for t h a t  p a r t i c u l a r  s a m p l e .  
A s s u m i n g  A A ( v )  is 1 0 - 4 , V AC(v) would be in the n e i g h ­

borhood of 1.9 x 10-5 V .

T h e  a b o v e  e s t i m a t e  of V AC (v ) d e m o n s t r a t e s  the 

necessity of using a phase-sensitive detector, i.e., a 
lock-in amplifier, to extract the small signal out of 
a n o i s e  l e vel t h a t  is m u c h  l a r g e r  (say, 1% of the 
transmittance, V ^ t v ) ,  approximately in the m i llivolt  

range). Th e  V A C ( v )  is p r o c e s s e d  by d e m o d u l a t i n g  the 

detector output at the PEM frequency, 3 1.2 kHz, by a 

lock-in a m p l i f i e r  (Princeton Applied Research, model 

124A) o p e r a t i n g  in b a n d  pass mode and m i n i m u m  time 
constant (< 1 ms). The gain of this lock-in a m p l i f i ­

er, defined by the ratio of full-scale dc output (10 
volt) to the input s e n s i t i v i t y ,  is u s u a l l y  b e t w e e n  

500 and 1000, I.e.. the input s e nsitivity range is set 

b e t w e e n  10 a n d  20 m V . At t h e s e  l e vels, no s i g n a l  

overload occurs. Since the ope r a t i n g  c o n d i t i o n s  are 

set such that the sample IR absorbance is between 0.5 
to 1.0, w h i c h  t r a n s l a t e s  to a V DC (v ) v a r i a t i o n  of 
less t h a n  one o r d e r  of m a g n i t u d e ,  the fixed s e n s i ­
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t ivity setting of the PAR 124A is adequate.

The output of the PAR 124A is a 79.5 Hz signal  

(c/. F i g u r e  14) since the VC D  signal is only p r e s e n t  
d u r i n g  the "on" c y c l e  of the chopper. C o n s e q u e n t l y ,  

it is f u r t h e r  d e m o d u l a t e d  at the c h o p p e r  frequency,

7 9 . 5  Hz, by a s e c o n d  m o r e  s o p h i s t i c a t e d  l o c k - i n  

a m p l i f i e r  {PAR 5207), all fu n c t i o n s  of which can be 

m o n i t o i e d  and serviced by an e x t e r n a l  computer. This 

is of g r e a t  s i g n i f i c a n c e  b e c a u s e  V AC (v ) can v a r y  by 

s e v e r a l  o r d e r s  of m a g n i t u d e .  A f i x e d  s e n s i t i v i t y  

a c c o m m o d a t i n g  the m a ximum signal would have to s a c r i ­
fice a c c u r a c y  of m e a s u r e m e n t  for s i g n a l s  o r d e r s  of 

m a g n i t u d e  smaller. The d y n a m i c  range of the m e a s u r e ­
m e n t  w o u l d  be r e s t r i c t e d .  T h e  P A R  5207 a l l o w s  t h e 

s e n s i t i v i t y  s e t t i n g  to be a d j u s t e d  o v e r  t h e  e n t i r e  

r a n g e  f r o m  100 nV to 5 V, so that the output signal  

p r e s e r v e s  3.5 d i g i t  a c c u r a c y .  As a result, d i g i t a l  

n o r m a l i z a t i o n  b e c o m e s  p o s s i b l e  (vtde Infra) . T h e  i n p u t  
sig n a l  to the PAR 5207 is c o m p a r e d  w i t h  the p r e s e n t  

s e n s i t i v i t y  setting, w h i c h  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 a d j u s t ­

e d a c c o r d i n g l y .  W h e n e v e r  t h e  P A R  5207 switches its 

s e n s i t i v i t y  s e t t i n g ,  t h e  c o m p u t e r  p a u s e s  t h e  s c a n ­

ning, and delays for a pe r i o d  equal to six times the
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P A R  5 2 0 7  t i m e  c o n s t a n t  a f t e r  t h e  s w i t c h i n g ,  t h e n  
r e s u m e s  the scan. T h e  d e l a y  is n e e d e d  f o r  the PA R  

5207 to stabilize so the output data is valid. H o w e v ­

er, b e c a u s e  t o o  f r e q u e n t  s w i t c h i n g  a n d  d e l a y  c a n  
result in a very slow scan speed, a s e n s i t i v i t y  limit 
is d e f i n e d  in t h e  c o m p u t e r  p r o g r a m  t o  a v o i d  t h e  
unnecessary switching of the sensitivity s e t t i n g  when 
the signal is very small, such as at the zero c r o s s ­
ing in a VCD spectrum o r  when there is no signal, for 
e xample, o u t s i d e  an a b s o r p t i o n  band. T h e r e f o r e ,  the 
PAR 5207 is p r o g r a m m e d  not to switch its s e n s i t i v i t y  

setting for the instrumental noise. The ou t p u t  of the 

P A R  5207 , a d i g i t a l  s i g n a l  c o r r e s p o n d i n g  to V AC (v ) , 

is sent directly to the c o m p u t e r  via a s t a n d a r d  RS232 
serial communication port at 1200 baud.

Fi g u r e  14 s h o w s  the wave forms at v a r i o u s  

p o i n t s ,  w h i c h  i l l u s t r a t e s  t h e  e v o l u t i o n  of the VC D  

s i g n a l  a n d  h e l p s  t o  i l l u s t r a t e  th e  d e s i g n  of th e  

i n s t r u m e n t .

The figures p r e s e n t e d  are at only o n e  spectral 
p o i n t  {a c e r t a i n  v) d u r i n g  a g i v e n  d a t a  a c q u i s i t i o n  

time, eg., one second. T h e  abs c i s s a e  are time, and the 
o r d i n a t e s  a r e  s i g n a l s  e x p r e s s e d  e i t h e r  in l i g h t  

intensity, I, or a voltage.
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The c h o p p e r  p r o d u c e s  a s q u a r e - w a v e  ( a ) ,  w h o s e  
p a t t e i n  is m o d i f i e d  a f t e r  the sample (b), and on top 
of the a v e r a g e  a b s o r p t i o n  t h e r e  is the d i f f e r e n t i a l  

a b s o r p t i o n  (c). The d i f f e r e n c e  is s y n c h r o n i z e d  w i t h  

t h e  P E M  m o d u l a t i o n  f r e q u e n c y  (d) (the g r a p h  s h o w n  
r e s u l t s  a p o s i t i v e  V AC (v ) ) . A f t e r  f i l t e r i n g  out the 

h igh  fre q u e n c y  c o m p o n e n t  (Vftc {v ) ) of (b), the digital  
l o c k - i n  a m p l i f i e r  t a k e s  the a v e r a g e  d i f f e r e n c e  b e ­
tween "on" and "off" cycles of the square-wave within 
a given data a c q u i s i t i o n  time and outputs V ^ J v )  (e). 
By c o n t r a s t ,  the PAR 1 2 4 A  f i r s t  f i l t e r s  out V f>c (v ) , 

and o u t p u t s  the a v e r a g e d  d i f f e r e n c e  in t r a n s m i s s i o n  
b e t w e e n  left a n d  r i g h t  c i r c u l a r l y  p o l a r i z e d  light, 
T l (v ) - T r (v ) (f) w i t h  an 180* p h a s e  s h i f t .  T h i s  is 
n e c e s s a r y  since the d e f i n i t i o n  of AA (v ) is A L (v)-AR (v 
"), and the higher a t r a n s m i s s i o n ,  the s m a ller is the 

c o r r e s p o n d i n g  a b s o r p t i o n .  S u b s e q u e n t l y  the PAR 5207 

d e m o d u l a t e s  at 7 9 . 5  Hz, y i e l d i n g  V AC ( v ) (g). A

n e g a t i v e  V AC (v ) w o u l d  h a v e  a n  1 8 0 ’ p h a s e  s h i f t  in 

e a c h  V AC (v ) g r a p h ,  d e m o n s t r a t e d  by ( c r ), (f'), a n d

( g ' ) •
An i m p o r t a n t  d i f f e r e n c e  b e t w e e n  H u n t e r  C o l ­

l e g e ' s  V C D - I  s y s t e m  a n d  o t h e r s  is t h e  u s e  of t h e  

d i g i t a l  n o r m a l i z a t i o n .  As s t a t e d  in th e  p r e v i o u s  
c h a p t e r ,  A A ( v )  is p r o p o r t i o n a l  to the r a t i o  of V AC (v 

- > / V D C ( v )  . V C D - I  s i m u l t a n e o u s l y  m e a s u r e s  V A . ( v ) an d
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V D C ( v ) # c a l c u l a t e s  A A ( v ) ,  and d i s p l a y s  all of them in 
real t i me on the c o m p u t e r  screen. The c o r r e s p o n d i n g  

V C D  s p e c t r u m  ( A A ( v )  ver s u s  w a v e n u m b e r )  is d i s p l a y e d  

as w e 11.
All the p r e v i o u s l y  c o n s t r u c t e d  d i s p e r s i v e  VCD 

instruments used an analog circuit for the n o rmaliza­

tion. N o r m a l i z a t i o n  was done via a so- c a l l e d  autogain 
c i r c u i t ,  w h o s e  p r i n c i p l e  is s i m i l a r  to w h a t  t h e  

c o m m e r c i a l  U V - v i s i b l e  CD has b e e n  using. The circuit 

monitors the tia n s m i a s i o n  as the m o n o c h r o m a t o r  scans, 

and m a i n t a i n s  V (v ) (the input to the first lock-in 
a m p l i f i e r )  c o n s t a n t .  As a result, the a A (v ) is then 
d i r e c t l y  p r o p o r t i o n a l  to t h e  V AC(v ) . T h e  w a y  to 
m a i n t a i n  t h e  V DC (v ) c o n s t a n t  in t h e  c o m m e r c i a l  CD 
instrument is by changing the gain of its detector, a 

p h o t o m u l t i p l i e r  tube, by changing the v o ltage applied 

t o it. In the i n f r a r e d ,  h o w e v e r ,  the s e m i c o n d u c t o r  

d e t e c t o r  o f f e r s  no s u c h  luxury. T h e r e f o r e ,  a n o t h e r  

m e t h o d  was sought. The most advanced me t h o d  employs a 
special lock-in amplifier, d e m o d u l a t i n g  at /  , in the 
V A C (v) p a t h  b e t w e e n  the p r e a m p l i f i e r  of the d e t e c t o r  

and the l o c k - i n  a m p l i f i e r  t u n e d  to /M . T h e  gain of 

t h i s  s p e c i a l  l o c k - i n  a m p l i f i e r  is c o n t r o l l e d  by a 

feedback circuit so its output is kept constant. The 

e l i m i n a t i o n  of such an autogain circuit in our system
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appears to have improved the spectral signa1-to-noise 

rat i o .

The PEM is s y n c h r o n i z e d  to the w a v e l e n g t h  of 

the m o n o c h r o m a t o r  in o i d e r  to a c h i e v e  the q u a r t e r -  
w a v e  m o d u l a t i o n  at e v e r y  w a v e l e n g t h  d u r i n g  a scan. 
Th e  d a t a  are, t h e r e f o r e ,  d i r e c t l y  in AA (v ) u n i t s .  

T h i B  a n d  t h e  e x c e l l e n t  r e p r o d u c i b i l i t y  of V C D - I  

demonstrate that the instrument need not be freq u e n t ­

ly calibrated, as was n e c e s s a r y  in the other p r e v i ­
ously constructed dispersive and FT-VCD-PEM s p e c t r o m ­

eters, w h i c h  all u t i l i z e d  a fixed r e t a r dation. The  
s y n c h r o n i z a t i o n  is done by issuing a voltage to the 

PEM modulation control unit from a d i g i t a l -to-analog  

converter, which receives a signal from the c o m p u t e r  

that is proportional to the monochromator wavelength. 

This v o l t a g e  is r e c a l c u l a t e d  at each w a v e n u m b e r  as 

the monochromator steps in a linear wavenumber i n c r e ­

ments, typically one c m -1.

c o n t r o l l i n g  all e l e c t r o n i c s ,  i n c l u d i n g  t h e  

m o n o c h r o m a t o r  s t e p p i n g  motor, the s y n c h r o n i z e d  PEM 

modulation level and two of the three lock-in a m p l i ­

fiers, is p e r f o r m e d  by an A T & T  p e r s o n a l  c o m p u t e r ,  

M o d e l  6300, i n c o r p o r a t i n g  8 MHz, 16-bit 8 0 8 6 / 8 0 8 7  

processor, 640 Kbyte RAM, and a 20 Mbyte hard disk. 

The software, w r i t t e n  by P r o f e s s o r  Max D i e m  and Mr. 

Arthur Barlow, is 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 w i t h ­
o u t  a s a m p l e ,  t h e n  s c a n n i n g  b a c k w a r d  w i t h  t he 
s a mple), and the i n f r a r e d  a b s o r p t i o n  s p e c t r u m  is 
computed. This prescan is also useful in determining 
suitable experimental conditions, such as the sample 
concentration a n d  the cell pathlength.

T h e  d a t a  a c q u i s i t i o n  t i m e  is t y p i c a l l y  o n e  
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 from a menu d i s p l a y  b e f o r e  any scan. 

T h e  t i m e  c o n s t a n t  c a n  be c h a n g e d  to 0.3, 3 o r  10

second. The tim i n g  in the ^ ) data a c q u i s i t i o n  is
d e r i v e d  f r o m  a t i m e r  w i t h i n  t h e  d i g i t a l  l o c k - i n  
amplifier. At each data point, the timer starts, and 

t h e  V DC< v ) s i g n a l  c o u n t s  a r e  a c q u i r e d  u n t i l  th e  

p r e s e l e c t e d  t i m e  e x p i r e s .  D u r i n g  t h e  p r e s e l e c t e d  

time, the c h o p p e r  is "on" for 79.5 times. The V DC (v ) 

s i g n a l  is a c t u a l l y  t h e  a v e r a g e  of t h e  d i f f e r e n c e  

b e t w e e n  th e  "on" a n d  "off" c y c l e s  of t h e  c h o p p e r  

w i t h i n  that t i m e  frame. S u b s e q u e n t l y ,  the V pc (v ) is 
n o r m a l i z e d  w i t h  r e s p e c t  to t h e  i n p u t  g a i n  a n d  t h e  
time constant, and converted to a voltage. The analog 

time c o n s t a n t  of the P A R  5207 in the V AC(v) p a t h  is
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also set the same as the data a c q u i s i t i o n  time by the 

computer. The output of the PAR 5207 , w h i c h  has four 

s i g n i f i c a n t  f i g u r e s  a n d  a l r e a d y  n o r m a l i z e d  w i t h  
r e s p ect to the gain of the PAR 5207, is t hen n o r m a l ­
i zed  w i t h  r e s p e c t  to t h e  g a i n  of the first l o c k - i n  
amp l i f i e r  (PAR 124A), as well. Subsequently, A A (v ) is 
c a l c u l a t e d  and d i s p l a y e d  on the s c r e e n .  A f t e r w a r d ,  
the w a v e l e n g t h  p o s i t i o n  of t h e  n e x t  d a t a  p o i n t  is 

c o m p u t e d  from the l i n e a r  w a v e n u m b e r  i n c r e m e n t  (one 

c m -1), the m o n o c h r o m a t o r  is s c a n n e d  to the new p o s i ­
tion, and the PP;M c o n t r o l  v o l t a g e  is c a l c u l a t e d  and 
a d j u s t e d  to t h i s  n e w  w a v e l e n g t h .  T h e  s o f t w a r e  is 

w r i t t e n  in M a g i c / L  (Loki E n g i n e e r i n g ,  Inc.), a l a n ­
guage co m b i n i n g  the c o n c e p t  of FORTH with the s t r u c ­
ture of PASCAL or "C" compilers.

The performance of VCD-I will be the s u bject of 

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

It was apparent after VCD-I was o p e r a t i o n ­
al that the VCD spectra in the amide I region of some 

s m a l l  p e p t  ides in th e  a q u e o u s  s o l u t i o n  w e r e  v e r y  

i n t e r e s t i n g ,  a n d  w e r e  e a s i l y  i n t e r p r e t e d  b y  the 
coupled oscillator model. Furthermore, other projects 
involving a n o ther cate g o r y  of b i o l o g i c a l l y  s i g n i f i ­
cant molecules, nucleic acids, also exhibited results 
that could be nicely interpreted and led to c o n f o r m a ­
tional 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'1. However, the noise level of the spectra obtained 

on VCD-I was c o n s i s t e n t l y  higher than w h a t  we w o u l d  
have liked. Th e  r e a s o n  was m o s t l y  the l o w e r e d  re- 

sponsivity of the detector, which at 1670 c m -1 drops 
to 50 p e r cent of the maximum. More than 40 scans are 

needed in o r d e r  to get a reasonable a i g n a l - t o - n o i s e  

ratio. We c o n c l u d e d  that a new instrument d e d i c a t e d  

to the region of 1550 - 1750 cm'1 with a superior S/N 

was n e e d e d .  T h a t  was the d e s i g n  o b j e c t i v e  for the 

V C D - I I .
T h e  o p t i c a l  a n d  e l e c t r o n i c  d e s i g n  of V C D - I I  

are, understandably, very similar to those of VCD-I, 
therefore, only the parts of major difference will be
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discus s e d .

3.2.1 Optica of VCD-II
Figure 15 and T a b l e  III p r esent the o p t i ­

cal part of V C D - I I .
T h e  m i r r o r s ,  Mj - M 3, ( E a l i n g  E l e c t r o - O p t i c s ,  

Inc.) are all gold-coated. The c o l l e c t i o n  mirror (M1( 
d = 101.8 mm, i.e.. 4 in., and f = 200 mm) gathers light 
at F / 3 . 0  f r o m  t h e  s o u r c e ,  t h e  s a m e  m o d e l  N e r n s t  

g l o w e r  u s e d  in VC D - I ,  an d  f o c u s e s  t h e  image at the 
e n t r a n c e  slit of the m o n o c h r o m a t o r ,  w h i l e  m a t c h i n g  

its F - n u m b e r  (F/5.7). An o p t i c a l  c h o p p e r  (same model 
as the one in VCD-I) o p e r a t e s  at 45 Hz. The m o n o c h r o ­
m a t o r  ( I n s t r u m e n t ,  SA, H R 6 4 0 )  hag a r u l e d  g r a t i n g  

(groove d e n s i t y  150g/mm) and scans faster t h a n  the 

H R 3 2 0  u s e d  in V C D - I .  T h e  m i r r o r s  a n d  th e  g r a t i n g  

i n s i d e  the m o n o c h r o m a t o r  w e r e ,  u n f o r t u n a t e l y ,  no t  

gold coated because the m o n o c h r o m a t o r  is on loan from 
the m a n u f a c t u r e r .  They are, however, standard a l u m i ­

num c o a t e d .
T a b l e  IV d e m o n s t r a t e s  c l e a r l y  that s e t t i n g  the 

s l i t  w i d t h  at 3.0 m m  s a t i s f i e s  the r e s o l u t i o n  r e ­

q u i r e m e n t  v e r y  w e l l  f o r  the r e g i o n  b e t w e e n  1500 to 

1800 c m -1. After the m o n o c h r o m a t o r  is a 5-10 |im band-



S': IB sourc«; HI, H2, M3- Mirrors; C- chopper;
f: filter; P: polariser; PKH: photoelastic Modulator; 
S: aaeple; L‘- Ca?2 l®na; HOT detector.

W 7 i n  i iT.i.jT-n.T 11 / >-/-rrTT7

■ii niunu

H t

V r_ :

/

Honoohrowtor I

u ;i
M3 KU1 i i  t i i i 4 d.J. i- t J. > . J  * /

P ? fc
VK '■ V
VM '

T  7T7r

J j -~J nj_ lit r ~i irr

plexiglass sail ^
j T J jJ -J n .ld rrn u lZ L Z Z ik
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Table H I  

VCD-II Components Specifications

Component

Neinst Glower 
Source

Chopper

Monochromator

Po lar i zer

Photoelast ic 
Modulator

Spec i f icat i on

Zr02 with rare earth metal 
Brightness Temperature 2200 K 
1.8 mm x 12.7 mm

Modulates at 4 5 Hz

Czerny-Turner configuration 
F/5.7, f - 640 mm 
ruled grating, 150 g/mm

wire grid on CaF2 substrate

C a F 2 octagonal crystal
35.5 mm clear aperture 
modulates at 56.7 kHz

HgCdTe D* = 8.9.68 x 1G10 c m H z 0 '5W -1
Detector area: 1.01 x 2.03 mm

(dual element) range: 1575 - 3225 c m ” 1



1 1 2

Table IV

VCD- T I Resolut. ion Summary (HR640 M o n o c h r o m a t o r )

Wave- w a v e ­ 1 inear Bandpa sa at slit width
ength number d i spers i on 2 mm 3 mm 4 mm
[inn] [ cm'1 ] [n m / m m ] [ cm*1 ]

5 .556 1 800 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 f i l t e r  (Oriel Corp.), c u t t i n g  off hi g h e r  o r d e r  

d i f f r a c t i o n  abo v e  2000 c m -1. M 2 is a flat mi r r o r  of 

50.9 m m  (2 in.) in diameter. M 3, a  c o n c a v e  mir r o r  of 
d = 7 6 . 2  m m  (3 in.) and f = 150 mm, r e f o c u s e s  th e

light b e a m  t h r o u g h  a p o l a r i z e r  and the p h o t o e l a s t i c  
m o d u 1 ator onto the sample pos it i o n .

The infrared grid p o l a r i z e r  (C a m b r i d g e  Physical 
Sciences, model I CP 227-25) in front of the PEM is on 

a c a l c i u m  f l u o r i d e  ( C a F ; ) s u b s t r a t e  d i s k  a n d  is 

a 1igned with its transmitting axis hor i zontal for the 
m o r e  i n t e n s e  c o m p o n e n t .  T h e  h e a r t  of p h o t o e l a s t i c  
m o d u l a t o r  (Hinds International, Inc., model PEM-80, 

system II/CF) is a C a F 2 crystal with a clear aperture 
of 35 mm. The stress axis of the PEM is also 45* with 
r e spect to the horizontal. It m o d u l a t e s  at 57.6 kHz, 
hig h e r  than the one used in V C D - I  b e c a u s e  it uses a 

s m a l l e r  c r y s t a l  than VCD-I a n d  C a F 2 is h a r d e r  t h a n  

Z n S e .  S i m i l a r  to V C D - I ,  a s a m p l e  c e l l  h o l d e r  is 
m o u n t e d  on the PEM housing. O n c e  again, the p o l a r i z ­

er, PEM and the sample occupy only a short stretch in 

the o p t i c a l  path. A C a F ; lens, then, focus the light 

beam o n t o  a HgCdTe detector.

The d e t e c t o r  (Infrared A s s o c i a t e s ,  Inc., Model 

H C T - 8 0  6 - 7  D u a l  E l e m e n t ) ,  s p e c i a l l y  m a d e  at o u r  

request, has an active element c o n s i s t i n g  of two 1.01 

m m  by 1.0 1 m m  H g C d T e  p i eces, p l a c e d  v e r t i c a l l y  to-
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g e t h e r . Its p e a k  D* is about 8 . 969 x 10 50 cinHz°'5W _1
at 1785 c m -1. However, the rosponsivity drops d r a s t i ­
c a l l y  b e l o w  1 6 0 0  c m -1, w h i c h  b e c o m e s  t h e  l o w - e n d
cutoff of VCD-II. We wore told that it is e x t r e m e l y  
hard to make a d e t e c t o r  with the requested s e n s i t i v i ­
ty in the region b e t w e e n  1400-1600 c m " 1. A l l  o p t i c a l  

c o m p o n e n t s  are e n c l o s e d  in a p l e x i g l a s s  h o u s i n g  to 
p e rm it d r y  a i r  p u r g i n g .  In t h i s  i n s t r u m e n t ,  t h e  

s a m p l e  c h a m b e r  is i s o l a t e d  f r o m  the rest of s y s t e m  
and is p u r g e d  s e p a r a t e l y .  So, w h e n e v e r  c h a n g i n g  the 
sample cell, the rest of the system is not e x p o s e d  to 
the humid air outside, and the sample c h a m b e r  ca n  be 
pu r g e d  dry in a r e l a t i v e l y  short time. As a result,  

scanning can proceed w i t h  little disturbance.

3.2.2 Electronics of VCD-II
T h e  s i m i l a r  e l e c t r o n i c  s c h e m e  as V C D - I  

were set up with some minor changes. (cf. Figure 16)

T h e  t r a n s m i s s i o n  (V DC(^)) ^ 3 p r o c e s s e d  b y  a
home-b u i l t  p h a s e  s e n s i t i v e  detector (de s i g n e d  a r o u n d  

t w o  c i r c u i t  b o a r d s  p r o d u c e d  by E v a n s  A s s o c i a t e s ,  

L o c k - i n  Module, m o d e l  4110), d e m o d u l a t i n g  at 45 Hz. 
The amplifier can be set m a n u a l l y  at a v a r i a b l e  gain  
of 1, 10, and 100, and an analog time c o n s t a n t  of
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0.3, 1 and 3 second. Be f o r e  any scan, a c o m p u t e r  menu

requests the selected time constant, which sh o u l d  be 
set the same as the d a t a  a c q u i s i t i o n  time. The output 

of this lock-in a m p l i f i e r  is, then, sent to an a n a ­
log- to-dig i t a l  c o n v e r t e r  (ADC) inside the c o mputer. 
S u b s e q u e n t l y ,  V DC (v ) is n o r m a l i z e d  w i t h  r e s p e c t  to 
the gain and time constant.

The typical d e t e c t o r  o u t p u t  for the i n s t r u m e n t  
(i.e.. air transmit! ance) is a b o u t  2.5 V, w h i c h  leaves 
some room to maneuver the s a m p 1e concenta at ion or/and  

the cell path length. W i t h  a C a F 2 cell c o n t a i n i n g  D20 
a n d  15 r*m s p a c e r ,  th e  d e t e c t o r  r e a d s  a b o u t  1.75 V 

(solvent transmission).
F o r  a s a m p l e  w i t h  a n  a b s o r b a n c e  of 1, t h e  

d e t e c t o r  o u t p u t s  a b o u t  0 . 1 7 5  V, the V DC (v ). A s s u m i n g

A A (v ) is 10'*, VAC w o u l d  be in the nei g h b o r h o o d  of 3.5

x 10~5 V.

In the VAC (v ) d e t e c t i o n  chain, the first lock- 
in a m p l i f i e r  (PAR 5207) d e m o d u l a t e s  at the PEM f r e ­

quency, 57.6 kHz, o p e r a t i n g  in the band pass m o d e  at 

the m i n i m u m  time c o n s t a n t  of 1 ms. Its sens i t i v i t y  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 ou t p u t  is subsequently fed into

the second lock-in a m p l i f i e r  (PAR 5205), d e m o d u l a t i n g  

at the chopper frequency, 45 Hz. Like the PAR 5207 in
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VCD-I, all f u n c t i o n s  of this P A R  5205 are m o n i t o r e d  
and s e r v i c e d  by a c o m p u t e r  so that t h e  s e n s i t i v i t y  
s e t t i n g  is a d j u s t e d  to p r e s e r v e  the o u t p u t  s i g n a l  
with four s i g n i f i c a n t  digits. The pri n c i p l e  of sen s i ­
t i v i t y  a d j u s t m e n t  is the s a m e  as d e s c r i b e d  in the 

p r e v i o u s  section, and need not to be r e p e a t e d  here. 

The output of PAR 5205, a d i g i t a l  signal (V ftC (v ) ) , is 
d i r e c t l y  load by the c o m p u t e r  via a s t a n d a r d  RS 212 

s e r i a l  p o r t  ( c oml), a n d  is s u b s e q u e n t l y  n o r m a l i z e d  
with respect to the gain of PAR 5207.

T h e  P P M  is f i x e d l y  set for t h e  q u a r t e r - w a v e  

r e t a r d a t i o n  at 6 . 0 0  n m . This is c o n s i d e r e d  a d e q u a t e  
because the small range VCD-II is covering, from 5.71 

to 6.25 |im ( 1 7 5 0 - 1 6 0 0  c m -1). Thus, any d i s t o r t i o n  on 
the c i r c u l a r  p o l a r i z e d  wave at the o t h e r  w a v e l e n g t h s  

would be minor. T h e  same model personal c o m p u t e r  and 

the c o m m u n i c a t i o n  m e a n s  used in VCD-I are on duty to 
control this system, as well. T h e  s i m i l a r l y  pack a g e d  

software is w r i t t e n  in MAGIC/L, the same l a n g u a g e  as 

in VCD-I.
A A (v ) is c o m p u t e d ,  and d i s p l a y e d  on the screen 

along s i d e  w i t h  w a v e n u m b e r  (v), and V AC (v ), as
well as a spectrum, A A ( v )  vs. w a venumber. The c o m p u t ­
er then goes on t o  c a l c u l a t e  the w a v e l e n g t h  {in urn) 

of t h e  n e x t  d a t a  p o i n t  f r o m  a w a v e n u m b e r  l i n e a r
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i n c r e m e n t ,  a n d  s i g n a l s  th e  s t e p p i n g  m o t o r  of t h e  
m o n o c h r o m a t o r  to scan to that ne w  wavelength, hence, 

starts another cycle of measurement.
T h e  m o a t  d r a m a t i c  i m p r o v e m e n t  of V C D - I I  o v e r  

VCD-I in the re g i o n  of 160 0 - 1 7 5 0  cm"1 is the signal- 

t o - n o i s e  ratio, w h i c h  is m o r e  than three times b e t ­

ter. For a normal a q u e o u s  s o l u t i o n  sample, the level 
of s i g n a l -  t o - n o i s e  rat. io f r o m  a s i n g l e  V C D  s c a n  is 
l a r g e  e n o u g h  to a l l o w  t h e  o p e r a t o r  to m a k e  s o m e  
judgments on the sample, such as concentration. Some 
specific spectra will be p r e s e n t  in the next c h a p t e r  

to elaborate on the i m p r o v e m e n t .
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In this c h a p t e r ,  the r e p r e s e n t a t i v e  d a t a  c o l ­
lec t e d  on V C D - I  and VC D - I I  d e m o n s t r a t e  the p e r f o r m ­

ances of these instruments. Some specific comparisons  
w i t h  F T - V C D - P K M  reveal the a d v a n t a g e s  and d i s a d v a n ­

tages of the d i s p e r s i v e  VCD instruments. T o p i c s  also 
d i s c u s s e d  h e r e  ar e  the i m p r o v e m e n t  of V C D - I I  o v e r  

V C D - I  in s i g n a  1 - t o - n o i s e  r a t i o  in t h e  r e g i o n  f r o m  
1600 c m -1 to 1750 cm"1.

4.1. Performance of V C D - I [32]
The p e r f o r m a n c e  of VCD-1 can be g a u g e d  by 

c o n s i d e r i n g  the spectra, Figures 17 and 18. T h e s e  are 

the raw s p e ctra of u-pinene, (+) and (-) r e s p e c t i v e ­
ly, c o l l e c t e d  on V C D - I  in the r e g i o n  of 1 0 5 0 -  1350 
c m -1. Both samples w e r e  neat liquids (99% pure) from 

A l d r i c h ,  d i r e c t l y  u s e d  in s a m p l e  c e l l s  w i t h  C a F 2 

w i n d ows without any further purification. The optical 

purity of ( - )-a-pinone is only 81%. The variable
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Figure 17. Raw Spectra of Neat (+)-o-Pinene, 
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p a t h l e n g t h  cell used to c o n tain the sample is set at 

100 jim. T h e  o p t i c a l  p u r i t y  of (+) - a - p i n e n e , however, 

is 98% a n d  th e  s a m p l e  is run in a f i x e d  p a t h l e n g t h  

cell w i t h  a 50 fun teflon spacer. Each V C D  s p e c t r u m  is 

the a v e r a g e  of 10 scans, and it takes two and a half 

hours to c o m p l e t e  the acquisition. Figure 19 displays 

a randomly selected scan that constitutes Figures 17, 

It t y p i f i e s  an i n d i v i d u a l  scan, w h o s e  s c a n n i n g  time  

is only 15 m i n u t e s  with already an e x c e l l e n t  s i g nal-  

t o - n o i s e  r a t i o ,  tt-pinene has b e e n  a s t a n d a r d  f o r  

instrument testing in the vibrational optical a c t i v i ­

ty, i n c l u d i n g  b o t h  t h e  s t u d i e s  in V C D  a n d  R a m a n  

optical acti v i t y  (ROA). The latter technique measures 

the d i f f e r e n c e  in R a man s c a t t e r i n g  b e t w e e n  left and 

right c i r c u l a r l y  p o l a r i z e d  laser beam. It is c o m m o n  

to u t i l i z e  an a - p i n e n e  s p e c t r u m  as a p e r f o r m a n c e  

i n d i c a t o r  of a p a r t i c u l a r  instrument. Based on the a 

- p i n e n e  d a t a ,  a d i r e c t  c o m p a r i s o n  of a F T - V C D - P E M  

instrument and a dispersive instrument, therefore, is 

possible. T h e r e  is a little b a s e l i n e  o f f s e t  in F i g ­

ures 17 and 18, but an e n a n t i o m e r i c  b a s e l i n e  c o r r e c ­

tion is not ne c e s s a r y  since all bands are distinct, 

the baseline is quite flat and the base l i n e  offset is 
very small.

The e x c e l l e n t  s i g n a l - t o - n o i s e  ratio, the small 

baseline offset, and straight baseline are definitely
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signs of a superior instru m e n t  performance. One other 
i n d i c a t i o n  of the e x c e l l e n t  p e r f o r m a n c e  of VCD-I is 
t h e  r e m a r k a b l e  q u a l i t y  of F i g u r e s  17 a n d  18 b e i n g  

al m o s t  p e r f e c t  mi r r o r  i m a g e s  to e a c h  other. This is 
e x actly what optical a c t i v i t y  theory predicts.

Next, the spectral d i f f e r e n c e  in Figures 17 and 

18 will be discussed. There two major sources, namely 
the cell pa t h l e n g t h  and the o p t i c a l  purity, c o n t r i b ­
u t i n g  to the d i f f e r e n c e .  T h e  cell p a t h l e n g t h s  r a t i o  
of ( + ) - u - p i n e n e  vs. ( - ) - u - p i n e n e  is 0.5. A b e t t e r  

m e asure of the pathlength ratio should be the average 

ratio of the absorbances for each pair of c o r r e s p o n d ­

ing p e aks in the region. Th e  a v e r a g e  is 0,68. It m a y  
be u s e d  to c a l i b r a t e  the d i f f e r e n c e  b e t w e e n  the t w o  
cell path l e n g t h s .  This d i f f e r e n c e  just about c o m p e n ­

sates the d i f f e r e n c e  in the o p t i c a l  p u r i t i e s  of the 

two e n ant iomers : in the (+ ) -.i-pinene sample, the 98%

o p t i c a l  p u r i t y  m e a n s  it a l s o  c o n t a i n s  2% ( - ) - a - p i -

nene, as a result, VCD i n t e n s i t i e s  are p r o p o r t i o n a l  
to o n l y  96% neat ( + ) - u - p i n e n e ;  for the ( - ) - a - p i n e n e  

s a m p l e  of 81% o p t ical p u r i t y  ( c o n t a i n i n g  19% ( + )-<»-
p i n e n e ), VCD intensities can only be prop o r t i o n a l  to 
62% n e a t  ( - )- n - p i n e n e . H e n c e ,  th e  o p t i c a l  p u r i t y  

r a t i o  of ( + )- u - p i n e n e  v e r s u s  ( - ) - u - p i n e n e  is 1.54. 
S i n c e  1/1.54 = 0.65, this factor a l m o s t  c o m p e n s a t e s  

for the p a t h l e n g t h  d i f f e r e n c e .  The small dip on the
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r a c e m a t e  b a s e l i n e  a b o u t  1175 c m -1 ia b e l i e v e d  to be 

d u e  to a d i s t i n c t  a b s o r p t i o n  p e a k  t h a t  a p p e a r e d  at 

the s a m e  w a v e n u m b e r  on the i n s t r u m e n t  t r a n s m i s s i o n  
s p e c t r u m .  T h e  i n t e r f e r e n c e  is t h o u g h t  to be t h e 

s e c o n d  o r d e r  d i f f r a c t i o n  of the C 0 2 a b s o r p t i o n  b a n d  
at 23 50 c m -1.

F i g u r e  20 s h o w s  th e  r a w  V C D  s p e c t r u m  in th e  
900-1150 c m -1 r e g i o n  of ( - ) -u-pinone and the i n s t r u ­

m e n t  b a s e l i n e  by just s c a n n i n g  w i t h o u t  s a m p l e ,  not 
even an empty cell. Again, the spectra are the a v e r ­
age of 10 scans, and the scanning time was about two 
hours each for the s a m p l e  and the b a s e l i n e  spectrum. 
The KBr cell of v a r i a b l e  pathlength was set at 50 n m . 
In t h e  s p e c t r u m  s h o w n ,  the r a w  V C D  d a t a  of { - ) 

pinene are s u p e r i m p o s e d  on a curved baseline, r e p r o ­

d u c i b l e  in the b a s e l i n e  scan. The b a s e l i n e  c u r v e  is 

d u e  to the p r o x i m i t y  of the t r a n s m i s s i o n  c u t o f f  of 
the B a F 2 lens. The c o n t i n u i n g  decline of the base l i n e 

is c l e a r l y  s h o w n  in F i g u r e  21. T h a t  e x p l a i n s  t h e 
b a s e l i n e  c h a n g e  b e t w e e n  the p r e v i o u s  figures from a 
sloping baseline in Figure 20 to a flat one in Figure 

17. F i g u r e  21 is the a v e r a g e  of seven scans of neat 

( - ) - a - p i n e n e  in a f i x e d  p a t h  (50 ^ m ) cell w i t h  B a F 2 

windows. The total scan time was two hours and twenty
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Figure 20. VCD Spectrum of Neat (-) -a-Pinene, in SO tin KBr 
cell(upper) and Instrument baseline (scanning 
without sample), 10 scans each.
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minutes. The noise level in c r e a s e s  c o n s i d e r a b l y  at the 
l o w  e n d  of the s p e c t r u m  b e c a u s e  of th e  lens

cutoff. From the spectra shown, the sample absorption 
o b v i o u s l y  does not affect the i n s t r u m e n t a l  baseline, 

wh i c h , the re fore, can be s u b t r a c t e d  f rom the s a m ple  

s p e c t r u m  easily. Figure 22 s h ows the VCD s p e c t r u m  of 

F i g u r e  20 a f t e r  b a s e l i n e  c o r r e c t i o n  (top), a n d  its 
co r r e s p o n d i n g  absorption s p e c t r u m  (bottom).

T h e  i n d e p e n d e n c e  of t h e  V C D - I  i n s t r u m e n t a l  
baseline toward the sample a b s o r b a n c e  is an important 
differ e n c e  between it and the o t h e r  instruments built 
p r e v i o u s l y .  It is i m p o r t a n t  for a V C D  i n s t r u m e n t  to 
be free of a b s o r b a n c e  a r t i f a c t ,  so as to a v o i d  the 

n e e d  f o r  th e  o t h e r  e n a n t i o m e r  o r  t h e  r a c e m a t e  to 

e s t a b l i s h  the true baseline. T h i s  is e s p e c i a l l y  true 

for s a m p l e s  like large b i o l o g i c a l  m o l e c u l e s  b e c a u s e  

the e n a n t i o m e r  or r a c e m a t e  a r e  n o t  a v a i l a b l e .  Th e  

a b s o r b a n c e  a r t i f a c t  is o n e  o f  t h e  m a j o r  p r o b l e m s  

troubling the users of F T - V C D - P E M  instrumentation, as 

d e s c r i b e d  in C h a p t e r  Two. O n  t h e  V C D - I  d i s p e r s i v e  

unit, t h e r e  is no need for a b a s e l i n e  c o r r e c t i o n  in 

the ins t a n c e s  of Figures 17 and 18 for all p r actical 
p u r p o s e s .  As a r e s u l t ,  s c a n  t i m e  a n d  s a m p l e s  a r e  
saved. In the lower f r e q u e n c y  r e g i o n  (cj. Figure 20), 

a  s i m p l e  s u b t r a c t i o n  of an i n s t r u m e n t a l  b a s e l i n e  

(just VCD scan without a sample), or a solvent base-
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line (VCD s c a n s  of the s o l v e n t  only), u s u a l l y  c o r ­
r e c t s  t h e  V C D  s p e c t r u m  of t h e  s a m p l e .  S i n c e  the 

baseline is perfectly reproducible, using a previous­
ly collected solvent (or instrumental) baseline under 
the same c o n d i t i o n  is acceptable. However, when VCD 
signals are very small, the s o l v e n t  background s u b ­

t r a c t i o n  m e t h o d  is a l s o  u t i l i z e d  e v e n  in the high 
frequency region, 1050-1350 c m -1. Moreover, the enan­
t i o m e r i c  or the r a c e m a t e  b a s e l i n e ,  when available, 
has a l s o  s o m e t i m e s  b e e n  a p p l i e d  as the b a s e l i n e  to 
ensure the t r u s t w o r t h i n e s s  of the spectra. This is 

e s p e c i a l l y  d e s i r a b l e  in c a s e s  w h e n  signals are not 

distinct even after multiple scans (30 or more), such 
as the amide Til bands of some small peptides.

Spectra in Figures 18 and 22 are nearly identi­
cal to those (- ) -<t-pi nene spectra, collected from FT- 
V C D-PEM by Nafie et at. [48] (cj. Figure 23) and by Pola-

v a r a p u [ 4 5 ] ,  w i t h  a p p r o x i m a t e l y  t h e  same s c a n n i n g  

times. The reason for our b r e a k i n g  the spectra into 

two parts on VCD-I is the need to change the optical 

f i l t e r s .  O n e  c o v e r s  8 0 0 - 1 2 5 0  c m -1, and the o t h e r  

covers 1050-2000 c m -1.
V C D - I  d e m o n s t r a t e s  s o m e  c a p a b i l i t i e s  w h i c h  

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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could d i s t i n g u i s h  all the n-pinene p e a k s  that FT-VCD- 
P E M  has i d e n t i f i e d .  This, c o m b i n i n g  w i t h  the real 
t ime d i s p l a y  of the s p e c t r u m  on the s c reen, enables 

an o p e r a t o r  to m o n i t o r  the s p e c t r u m  and, if needed, 
t a k e  a p p r o p r i a t e  a c t i o n s  p r o m p t l y .  S u c h  a c t i o n s  

i n c l u d e  m a k i n g  q u i c k  judgments on the s a m p l e  c o n d i ­

tions, and i d e n t i f y i n g  and c o r r e c t i n g  any problems; 
for instance, too large a sample c o n c e n t r a t i o n  or too 
long a cell pathlength. All of these have d r a m a t i c a l ­

ly i m p r o v e d  the r e l i a b i l i t y  of V C D  m e a s u r e m e n t ,  and 
saved a lot of experimental time.

The VCD-I instrument b e n e f i t e d  from a dramatic 
i m p r o v e m e n t  w h e n  t h e  B a F ; l e n s  w a s  u n e x p e c t e d l y  

p o p p e d  o u t  i t s  m o u n t  a n d  d r o p p e d  o n  t h e  o p t i c a l  

table. That resulted in a massive c r a c k  g o i n g  through 
t h e  e n t i r e  l e n s ,  t h o u g h  t h e  l e n s  d i d  n o t  b r e a k .  

F i g u r e  24 is a t y p i c a l  s p e c t r u m  o f  ( - )-<i-pinene 
b e f o r e  t h e  l e n s  c r a c k i n g  a c c i d e n t .  C o m p a r i n g  to 

F i g u r e  18 for t h e  e x a c t  s a m e  s a m p l e ,  t h e  b a s e l i n e  
o f f s e t  a l m o s t  d i s a p p e a r e d  as the r e s u l t  of the lens 

crackingi The e x p l a n a t i o n  may be a r e l e a s e  of stress 

in the B a F ; c r y s t a l ,  the lens m a t e r i a l .  T h i s  stress 

was most likely caused by the m a c h i n i n g  of the curved 

s u r f a c e s  of the lens. The d r o p p i n g  a n d  s u b s e q u e n t l y  
c r a c k i n g  of the lens released the t e n s i o n  w i t h i n  the 
lens. As d i s c u s s e d  in section 2.1.2, an isotropic
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crystal can be birefringent when it is u n der stress. 
The b i r e f r i n g e n c e  a c counted for the b a s e l i n e  offset 

in th e  V C D  s p e c t r u m .  T h e  l e s s o n  h e r e  is t h a t  all 
lenses, maybe even all refractive optical components, 

used in a VCD s p e c t r o m e t e r  sh o u l d  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 e x t r e m e l y  slowly. This w o u l d  a l l o w  the 

crystal unit cell to realign, and release the stress 

in the l e n s .
As stated in Chapter Three, VCD-I was designed 

for the s t u d y i n g  a m i d e  I, II and III v i b r a t i o n s  of 
s m a l l  p e p t i d e s .  F o l l o w i n g  are s o m e  V C D  a n d  c o r r e ­

sponding IR a b s o r p t i o n  spectra of L-alanine, L-ala- 
n y 1 -L~a 1 anine and L - a 1 a n y 1 - L - a 1 a n y 1 - L - a 1 a n i n e , r e ­

spectively. They e x e m p l i f y  the p e r f o r m a n c e  of VCD-I 

for peptides in aqueous solution. To run a VCD s p e c ­
t r u m  of a neat liquid has b e c o m e  t r i v i a l  (f.g„ u-pi- 
nene) because of its high c o n c e n t r a t i o n  and no s o l ­

v e n t  i n t e r f e r e n c e .  H o w e v e r ,  r u n n i n g  a s a m p l e  in 

aqueous solution is much more difficult, b e c a u s e  of 

the strong water absorption and low sample con c e n t r a ­

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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w i t h  e n a n t i o m e r i c  b a c k g r o u n d  s i n c e  all the e n a n t i o m -  
era (D-alanyl peptides) were available. For the amide 
III r e g i o n ,  t h e  s a m p l e s  w e r e  d i r e c t l y  w e i g h e d  a n d  

d i s s o l v e d  in H 20. F o r  a m i d e  I r e g i o n ,  t h e  s a m p l e s  

w e r e  d e u t e r a t e d  by f i r s t  d i s s o l v i n g  in e x c e s s  D 20, 

l y o p h i 1 i z i n g , t h e n  a g a i n  d i s s o l v i n g  in an e x a c t  
a m o u n t  of D 20 to p r o d u c e  the d e s i r e d  c o n c e n t r a t i o n .  
Thus, the amide I' m o d e  (the p r i m e  d e notes a d e u t e r ­

a ted  p e p tide linkage) was a c t u a l l y  observed. Figure 
25 and 26 are the s p e c t r a  of L - a l a n i n e  in the a m ide 

III l e g i o n  ( 1 2 5 0 - 1 5 0 0  c m -1) in H 20 and D ;0, r e s p e c ­

tively [76]. The two solution c o n c e n t r a t i o n s  were the 
same, 1.2 M, and so w e r e  the cell pathlengths, 15 .
Each spectrum is the average of 8 scans and the total 
s c a n n i n g  t i m e  is o n e  h o u r  a n d  f o r t y  m i n u t e s  e a c h .  
T h e  a s s i g n m e n t  for the p o s i t i v e - n e g a t i v e  c o u p l e t  at 

1307 and 1355 c m -1 in H 20 s o l u t i o n  are the t w o  C (1-H 

d e f o r m a t i o n  m o d e s [58,62], the v i b r a t i o n a l  m o t i o n s  of 

w h i c h  are p e r p e n d i c u l a r  to e a c h  o t h e r .  Of c o u r s e ,  
there is no amide linkage in this molecule.

L - a  1 a n y 1 - L - a 1 a n i n e  d a t a  w e r e  c o l l e c t e d  in a 
f i x e d  path cell w i t h  C a F 2 w i n d o w s  and 15 t e f l o n
s p a c e r .  F i g u r e  27 s h o w s  10 V C D  s c a n s  f r o m  1250 to 

1500 c m -1, a n d  t o t a l  d a t a  a c q u i s i t i o n  t i m e  w a s  t w o  

hours, wi; ' a sample c o n c e n t r a t i o n  of 0.5 M. The peak
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Figure 25. Spectra of L-Alanine, in 15 CaF2 
cell, 1.2 M in H 20; top: VCD, 8 scans average, 
enantiomeric baseline corrected; bottom: IR.
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enantiomeric baseline corrected; bottom: IR.
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at 1285 cm'1, traditionally called the Amide III band, 
was d i s t i n c t  in H ;0 in both VCD and IR a b s o r p t i o n .  

T h i s  p e a k  is about t h r e e  times as high as th e  next  

peak at 1295 c m -1. Figure 28 and 29 are the spectra of 

L - a l a n y l - L - a 1anine in D 20, in the amide III' and the 
amide I' regions, respectively. The VCD spectra are 
also 10 scans averaged. The sample concentration was 

1.0 M in Figure 28, and was 0.5 M in Figure 29.

T h e r e  are s o m e  o b v i o u s  c h a n g e s  in the a m i d e  

III' region, c o m p a r i n g  F i g u r e  28 to Figure 27. The 

next chapter will address the interpretation of these 

spectral changes. Here the emphasis is on the o b s e r ­

vation that there is not much VCD signal at the Amide 

I' band 1675 cm-1 (cf. Figure 29).
Next, Figure 30 is the infrared absorption and 

VC D  s p e c t r a  of L - a l a n y l - L - a l a n y l - L - a l a n i n e  in H 20 

from 1250 to 1425 c m -1. The sample c o n c e n t r a t i o n  is 

0.65 M. Figure 31 is the infrared absorption and VCD 

s p e c t r a  of L - a l a n y l - L - a l a n y l - L - a l a n i n e  in D 20 from 

1250 to 1750 c m -1. The VCD spectrum is the average of 

10 scans. The sample co n c e n t r a t i o n  is 0.493 M, and a 

fixed path cell used a 15 |im t e f l o n  spacer and C a F 2 

windows, as well. The most inter e s t i n g  o b s e r v a t i o n  

of Figure 31 was that amide I' peaks show a distinct 

n e g a t i v e - p o s i t i v e  couplet. Figure 32 is the raw VCD 

spectra of L - a 1 any 1- L - a 1a n y 1- L - a l a n i n e , D-alanyl-D-
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Figure 28. Spectra of L-Alany1-L-Manina in 15 
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average, enantiomeric baseline corrected; 
bottom: IR.



I u-

.6x10

141

- O

1 Ct

6x 1 C J

1 500 1 700
W G v e n i j m b e r (1/cm)
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a 1a n y  1 - D -a 1 a n i n e , t h e  e n a n t i o m e r i c  b a c k g r o u n d  (the 
a v e r a g e  of L - a l a n y l - L - a l a n y l - L - a l a n i n e  and D - alanyl-  

D - a l a n y l - D - a l a n i n e ) ,  and D ^ O . Figure 31 is the result 

of the raw V C D  s p e c t r u m  of L - a l a n y l - L - a l a n y l - L - a l a ­

nine a f ter s u b t r a c t i n g  the e n a n t i o m e r i c  background. 

As a n o t h e r  c l e a r  d e m o n s t r a t i o n  of t h e  i n s t r u m e n t  
i n d e p e n d e n c e  of the sa m p l e  absorbance, the V C D  s p e c ­
t r u m  of D 20 f o llows e x c e p t i o n a l l y  c l o s e  to the s p e c ­

trum of the e n a n t i o m e r i c  background. This also me fins 

that the VCD s p e c t r u m  of D 20 can be u s e d  in place of 
t h e  e n a n t i o m e r i c  b a s e l i n e .  T h e  c l o s e  a g r e e m e n t  b e ­

t w e e n  t h e  D 20 V C D  a n d  th e  e n a n t i o m e r i c  b a s e l i n e  

rea f f i r m s  the r e l i a b i l ’ty of the m e t h o d  of s u b t r a c t ­
i n g  t h e  s o l v e n t  V C D  as the b a s e l i n e  on t. he V C D - I  
i n s t r u m e n t ,  for all p r a c t i c a l  pur p o s e s .  T h e  o v e r a l l  
slope of the VCD baseline mimics the D 20 transmission  

s p e c t r u m .  Th e  s p e c t r a  s h o w n  above, c o l l e c t e d  w i t h i n  

r e a s o n a b l e  s c a n n i n g  time, e x h i b i t  g o o d  s i g n a l - t o -  

n o i s e  r a t i o .  T h e  i n t e r p r e t a t i o n  of t h o s e  s p e c t r a  

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

In this s e c tion a d i r e c t  c o m p a r i s o n  of F T - V C D - 

P E M  a n d  t h e  d i s p e r s i v e  i n s t r u m e n t  d e s c r i b e s  t h e  
a d v a n t a g e s  and d i s a d v a n t a g e s  of the two t e c h n i q u e s .  

The c o m p a r i s o n  is possible, b a sed on the (-)-d-pinene 

s p e c t r a  c o l l e c t e d  on the H u n t e r  C o l l e g e  d i s p e r s i v e  

V C D  u n i t  an d  the p u b l i s h e d  s p e c t r a  c o l l e c t e d  on a 

Fourier transform infrared VCD unit with a p h o t o e l a s ­

tic m o d u l a t o r  (FT-VCD-PKM) u n d e r  the same c o n d i t i o n s  
[48] . The discussion con c e n t r a t e s  on several specific 

a s p e c t s .
F T - V C D - P E M  i n s t r u m e n t s '  p e r f o r m a n c e  h a s  b e e n  

s u p e r i o r  to t h o s e  e a r l y  v e r s i o n s  of the d i s p e r s i v e  
i n s t r u m e n t  in m a n y  r e s p e c t s ,  s u c h  as s c a n n i n g  t i m e  

and s p e c t r a l  resolution. But un l i k e  FT-IR a b s o r p t i o n  

s p e c t r o s c o p y ,  F T - V C D - P E M  has not b e c o m e  a d o m i n a n t  

techni q u e .  In C h a p t e r  Two, s e v e r a l  g e neral p r o b l e m s  

that l i m i t  the F T - V C D - P E M  f r o m  e x e r c i s i n g  t h e  full 

a d v a n t a g e s  a s s o c i a t e d  w i t h  F o u r i e r  t r a n s f o r m  m e t h o d  

w e r e  d i s c u s s e d .  Since the 1980s, d i s p e r s i v e  s y s t e m s  

have been improving. The p o p u l a r  p e r c e p t i o n  that FT- 

IR is a l w a y s  m u c h  b e t t e r  t h a n  d i s p e r s i v e  IR is not 

n e c e s s a r i l y  true here, and the d i s p e r s i v e  V C D  still 

has its advantages. As a result, the two experimental 

a p p r o a c h e s  will c o - e x i s t  in the f o r e s e e a b l e  future,
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and be complement a 1y to each o t her because each meets 

di f f e r e n t  criteria according to specific piobloms.

F i g u r e  23 shows the VCD and the c o r r e s p o n d i n g  
IR s p e c t r a  of (- ) - n-pi none, p u b l i s h e d  by N a f i e ,  et 

al. [48], c o l l e c t e d  on a F T - V C D - P E M  i n s t r u m e n t .  Figure 
23 has a similar s i g n a 1-t o - n o i s e  ratio as Figure 18, 

the same sample collected on VCD-I. The total time of 
six and half hours for data a c q u i s i t i o n  on the d i s ­
p e r s i v e  unit, c o v e r i n g  a s i m i l a r  r a nge (Figure 18 + 
Figure 22), is only a little longer than the time of 

5.5 hours the FT-VCD - P E M  unit took. A l t h o u g h  FT-VCD- 

PEM r e p o r t e d l y  has since been further i m p r o v e d  (in a 
p r i v a t e  c o m m u n i c a t i o n ,  Prof. L.A. N a f i e  i n d i c a t e d  
that the d a t a  a c q u i s i t i o n  time on t h e i r  n e w l y  o p t i ­
m i z e d  F T - V C D - P E M  had b e e n  s h o r t e n e d  s o m e w h a t ) ,  the 
e x p e c t e d  F T - I R  a d v a n t a g e ,  of a b o u t  t w o  o r d e r s  of 

m a g n i t u d e s  t i m e  saving, has not b e e n  m a t e r i a l i z e d .  

Noticeably, the impressive capabi l i t y  for the d i s p e r ­

s i v e  i n s t r u m e n t  of a 15 m i n u t e ,  s i n g l e  s c a n  (cf. 

Figure 21) in the high frequency region is a p a r t i c u ­

lar s h o w  of strength.
M o r e  importantly, for the specific sample of <i- 

pinene, the Hunter C o l l e g e  d i s p e r s i v e  i n s t r u m e n t  has 

d e m o n  s t r a t e d  t h a t  the ins t r u m e n t  b a s e l i n e  doe s not 

depend on the sample absorbance. In the high frequen­
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c y r e g i o n ,  t h e r e  is l i t t l e  o f f s e t  a n d  a l m o s t  n o  

ba sel i ne c o l l e c t i o n  is n e e d e d ,  w h i l e  in t h e  l o w  

f r e q u e n c y  r e g i o n  the s l o p i n g  b a s e l i n e ,  d u e  to t h e  
t r a n s m i s s i o n  c u t o f f  of the B a F 2 lens, can be e a s i l y  
c o r r e c t e d  by a s i m p l e  s u b t r a c t i o n  of a s o l v e n t  (or 
i n s t r u m e n t a l )  V C D  s p e c t r u m .  T h i s  e l i m i n a t e s  t h e  

d e p e n d e n c e  on the e n a n t i o m e r  or the r a c e m a t e  for the 

baseline collection, yet maintains the r e l i a b i l i t y  of 

the VCD signal from only one enantiomer. By contrast, 

with the except ion of Ke i d e r 1i n g 's now "lens set-up", 
the d a t a  from all o t h e r  F T - V C D - P E M  m u s t  e m p l o y  an 
ena nt iome ric or a r a c e m a t e  ba s e 1i ne c o r r e c t i o n  sin c e  

the VCD spectra are superimposed on the c o r r e s p o n d i n g  
absorption spectra. That is, in additional to a large 

o f f s e t  and a s l o p i n g  b a s e l i n e ,  a V C D  s p e c t r u m  a l s o  

r e s e m b l e s  p a r t i a l l y  t h e  c o r r e s p o n d i n g  a b s o r p t i o n  

spectrum. The only ex c e p t i o n  is a modified F T - V C D - P E M  

in K e i d e r l i n g ' s  l a b o r a t o r y  at t h e  U n i v e r s i t y  of 

Illinois at C h i c a g o [46,6). It uses a lens, instead of 
the conventional ellipsoidal mirror, after the sample  

in t h e  o p t i c a l  p a t h  to f o c u s  t h e  l i g h t  o n t o  t h e  

d e t e c t o r .  T h i s  d r a s t i c a l l y  r e d u c e s  the o f f s e t  a n d  

a r t i f a c t s  in V C D  s p e c t r a ,  e n a b l i n g  r e l i a b l e  V C D  

m e a s u r e m e n t  f r o m  a s i n g l e  e n a n t i o m e r  to be m a d e .  
H o w e v e r ,  s u c h  a c h a n g e  a l s o  b r i n g s  an a d d i t i o n a l  
d i f f i c u l t y  to the s o ftware, as d i s c u s s e d  in C h a p t e r
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Two, and needs extra software and hardware efforts, to 

overcome the difficulty.
F T - V C D - P E M  has a c h i e v e d  s i m u l t a n e o u s  c o v e r a g e  

of the entire m i d - i nfrared region (850-1900 c m -1) with 

a m o d e r a t e l y  h i g h  r e s o l u t i o n  ( b e t t e r  t h a n  4 c m " 1). 

This is very a t t r a c t i v e  for a p p l i c a t i o n s  of a n a l y t i ­

cal purpose. Also, t h e r e  is d e f i n i t e l y  an a d v a n t a g e  
for F T - V CD-PEM in view of the commercial application: 
to a m o d e r a t e l y  priced, high q u a lity FT-IR instrument  
add a few components, both in hard w a r e  and software, 

and F T - V C D - P E M  can be achieved, w h e r e a s  a d i s p e r s i v e  

u n i t  h a s  t o  be s p e c i a l l y  d e s i g n e d  a n d  b u i l t  at a 

similar or higher cost.
An intriguing issue is w h i c h  a p p r o a c h  is better  

suited to a specific situation. The VCD t e c h n i q u e  is 

m o s t  u s e f u l  for m o l e c u l a r  c o n f o r m a t i o n  s t u d y  in 

s o l u t i o n ,  s p e c i a l l y ,  of b i o l o g i c a l l y  s i g n i f i c a n t  

mo l e c u l e s .  In the infrared, s o l vent a b s o r p t i o n  bands 
p r e s e n t  c o n s i d e r a b l e  i n t e r f e r e n c e  p r o b l e m s  t h a t  

p e r m i t  the c o l l e c t i o n  of V C D  d a t a  o n l y  in s e v e r a l  

r e gions of s p e c t r a l  w i n d o w s .  Thus, in m o s t  cases, a 

set of spectra must be acquired in d i f f e r e n t  solvents 
to f o r m  a c o m p l e t e  V C D  s p e c t r u m ,  say f r o m  6 0 0 - 3 5 0 0  

c m " 1, H o w e v e r ,  the " c o m p l e t e "  s p e c t r u m  is o f t e n  not 
w a n t e d ,  a n d  d a t a  fo r  o n e  or a f e w  b a n d s  w o u l d  be
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become the dominant t e c h n i q u e  in the field of v i b r a ­

tional circular dichioism.
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4.3 Performance of VCD-II[61] and its Improvement* 
ve. VCD-I in the region between 1600 - 1750 cm-1

T h e  s p e c t r a  c a l c u l a t e d  v i a  t h e  c o u p l e d  

oscill a t o r  model (COM) as a function of the m o l e c u l a r  

c o n f o r m a t i o n  (cj. C h a p t e r  Two) c o m p a r e  r e a s o n a b l y  well 
t h e  o b s e r v e d  V C D  s p e c t r a  f o r  t h e  C = 0  s t r e t c h i n g  

region. T h e  d e r i v e d  m o l e c u l a r  c o n f o r m a t i o n ,  in turn, 

is used to i n t e r p r e t  the o b s e r v e d  spectra. T h e  i n i ­

tial s u c c e s s  w i t h  s e v e r a l  s m a l l  p e p t i d e  s a m p l e s  in 

t h e  a m i d e  I' r e g i o n  led to o t h e r  r e s e a r c h  p r o j e c t s  
i n v o l v i n g  p o l y p e p t i d e s  and DNA m o d e l  samples, w h i c h  

g r e a t l y  b r o a d e n e d  the s y s t e m s  in w h i c h  ou r  r e s e a r c h  

g r o u p  is i n v o l v e d .  T h e  C O M  c a l c u l a t i o n  for t h e  D N A  

data has a l s o  r e s u l t e d  in very fav o r a b l e  agree m e n t s .  

However, D N A  d a t a  c o l l e c t e d  u n d e r  normal c o n d i t i o n s  

d o  s h o w  p o o r e r  s i g n a l - t o - n o i s e  r a t i o .  T h e r e f o r e ,  

multiple scans needed to improve the S/N ratio took a 

long data collection time. The encouraging, yet to be 

imp r o v e d ,  r e s u l t s  in the 1550 - 1750 c m -1 r e g i o n  on 

both larger peptides and DNA samples d e m o n s t r a t e d  the 

need for a dedicated instrument for this region. This 

w a s  the j u s t i f i c a t i o n  for b u i l d i n g  the s e c o n d  V C D  

i n s t r u m e n t .  The m a i n  d e s i g n i n g  i m p r o v e m e n t s  for the 

VCD - I I  w e r e  a h i g h e r  d e t e c t o r  s e n s i t i v i t y ,  a b e t t e r  

resolution (6 c m -1), as well as better dry air purging
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than that of the VCD-I.

Figure 33 (part of Figure 31) and Figure 34 are 

s p e c t r a  of L - a 1 a n y  1 - L - a 1a n y 1 - L - a 1 a n i n e , o b t a i n e d  

u n d e r  t h e  s a m e  c o n d i t i o n s  f r o m  V C D - I  a n d  V C D - I I ,  

respectively. Figure 33 is the average of 10 scans on 

VCD-I. Figure 34 is the a v erage of 10 scans on VCD-II 

a n d  F i g u r e  35 is o n e  s i n g l e  s c a n  o u t  of F i g u r e  34. 

The s i g n a l - t o - n o i s e  r a t i o  of the s p e c t r u m  in Figure 

33 and t h o s e  of F i g u r e  35 are a b o u t  the samel T h i s  
t r a n s l a t e s  to an i m p r o v e m e n t  t h e  s i g n a  1 - 1 o - n o i s e  

ratio by a factor of m o r e  than three (square root of 

10). S i m i l a r  s p e c t r a l  i m p r o v e m e n t s  w e r e  r e p o r t e d  by 

M. G u l otta f r o m  ou r  r e s e a r c h  group on her samples of 

some small DNA model oligomers.

M o r e o v e r ,  the a b i l i t y  to i d e n t i f y  V C D  s i g n a l s  

in a s i n g l e  s c a n  is r e a l l y  h e l p f u l .  In c a s e s  w h e r e  

the sample c o n d i t i o n  or the i n s t r u m e n t  settings are 
not c h o s e n  a p p r o p r i a t e l y ,  t h e  o p e r a t o r  can, d u r i n g  

the first scan, r e c o g n i z e  that a p r o b l e m  exists, and 

take proper action to c o r r e c t  the problem. This saves 

a lot of valuable time and sample.

In addition, s i n c e  the t h r o u g h p u t  of VCD-II is 

h i g h e r  t h a n  V C D - I ,  it a l l o w s  u s e  of a l o n g e r  c e l l  

p a t h l e n g t h  (up to 100 t*m). That, in turn, gives some 
flexibility in the c o n c e n t r a t i o n  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-II, 0.5 M in D20, 
CaF2 windows, 15 pm spacer; top: V C D (10 scans) 
enantiomeric baseline corrected; bottom: IR.
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a few m g / m l ).

Because of the s u b s t a n t i a l  a b s o r p t i o n  of water, 

V C D - I  can only use 15 or 25 ^m spacers. T h e  15 nm 

t e f l o n  spacer c o r r e s p o n d s  to the t h i n n e s t  o n e  found 

co m m e r c i a l l y .  As a result, the sample u s u a l l y  had to 

be m a d e  as c o n c e n t r a t e d  as p o s s i b l e  (30 m g / m l  o r  

higher). It is not so on VCD-II.

S i n c e  V C D - I I  is c o v e r i n g  th e  1 6 0 0 - 1 7 5 0  c m -1 

r e g i o n ,  the s t r o n g  a b s o r p t i o n  by a t m o s p h e r i c  w a t e r  
v a p o r  in this s a m e  r e g i o n  i n t e r f e r e s  w i t h  t h e  V C D  
measurement. To avoid such interference, VCD-II needs 

n o t  o n l y  a g o o d  dry a i r  p u r g i n g ,  b u t  a l s o  an a i r ­

t i g h t  c o n f i g u r a t i o n  to k e e p  h u m i d  a i r  out. T h e  n e w  

d e s i g n  i n c o r p o r a t e s  a s e a l e d  e n c l o s u r e  w i t h  an i s o ­

l a t e d  s a m p l e  c h a m b e r .  W h e n e v e r  c h a n g i n g  t h e  s a m p l e  

cell, as n o r m a l l y  d o n e  for a n y  s i n g l e  b e a m  i n s t r u ­

ment, the outside humid air can only enter the sample 

c h a m b e r .  It a f f e c t s  o n l y  20 c m  o p t i c a l  p a t h  o u t  of 

t h e  t o t a l  of a b o u t  4 0 0  cm. M o r e o v e r ,  t h e  s a m p l e  

c h a m b e r  is small, a n d  has its o w n  p u r g i n g  l i n e  as 

well. Therefore, its humidity can be reduced quickly. 

As a result, VCD-II c a n  be m a i n t a i n e d  e x t r e m e l y  dry, 

most often at 0 % reading of relative humidity on the 
L C D  D i g i t a l  H y g r o m e t e r  ( m o d e l  3 3 0 9 - 5 0 ,  C o l e - P a r m e r  

Instrument Co.). Figure 36 is a VCD-II tran s m i s s i o n
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s p e c t r u m  of air only, b e f o r e  and after the d r y  air 
p u r g i n g .  Th e  flat l i n e  in th e  s p e c t r u m  a f t e r  the 

p u r g i n g ,  free of H ;0 a b s o r p t i o n  peaks, is the best  
i l l u s t r a t i o n  of the e f f e c t i v e n e s s  of the d r y  a i r  

purging.
F i n a l l y ,  an i m p r o v e m e n t  o n  V C D - I  is w o r t h  

mentioning. The source of poor signal-to-noise ratio 
in the amide I (6 nm) region for the VCD-I is p r i n c i ­

p a l l y  du e  to the low r e s p o n s e  of the old d e t e c t o r ,  

most sensitive at 12 n m . S u b s t i t u t i n g  a new detector  
on VCD-I, with a maximum D* of 5.11 x 1 0 10 c m H z 3W -1 in 

the 6-7 (tm w a v e l e n g t h  r e g i o n ,  has lifted the V C D - I  
perfo r m a n c e  in the 1550 - 1750 c m -1 to a degree c o m ­
p a r a b l e  to that of VCD-II. F i g u r e  37 is a VCD s p e c ­
trum of (i-helical polylysine, collected by C. Farrell 

of our research group. It is the average of 12 scans. 

The sample was dis s o l v e d  in basic D 20 at pD of 12.5 

and c o n c e n t r a t i o n  of 25 m g / m l .  The C a F ; cell p a t h -  
length was 50 pm. Its s i g n a 1-to-noise ratio is r o u g h ­
ly comparable to that obtained on VCD-II.

In summary, VCD-I is a b r o a d  band instrument, 

covering from 800 c m -1 to 1800 cm"1 with the original 

detector. However, w i t h  a new narrow-band detector, 
it y i e l d s  a s e n s i t i v i t y  s i m i l a r  to that of V C D - I I .  

VCD-II is specially designed for the 6 region with 

a v e r y  high s e n s i t i v i t y  w i t h  w a t e r  v a p o r  i n t e r f e r -
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o nce. H o w e v e r ,  the d e t e c t o r  r e s p o n d  d r o p s  s h a r p l y  
when scanning below 1600 cm'1.
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Figure 37. VCD Spactra of Poly-L-Lyaine, in 
basic D,0 (pD ca. 12.5) , 25 aig/nl, in SO /im 
CaF2 cell, 12 scans average, corrected by 
solvent VCD. Collected by Codalia Farrell on 
VCD-I vitb new detector.
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C hap ter  Five 

R esults aiul Discussions

In t h i s  c h a p t e r ,  the d i s c u s s i o n  w i l l  c e n t e r  

a r o u n d  the i n t e r p r e t a t i o n s  of two s e t s  of d a t a :  i)
a l a n y l - a l a n i n e  in t h e  a m i d e  III r e g i o n ;  a n d  ii) 
a l a n y 1-a 1 a n y 1-a 1a n i n e  in the amide I' region. T h o s e  
investigations e x e m p l i f y  the applications of infrared 
v i b r a t i o n a l  c i r c u l a r  dichro i s m ,  p a r t i c u l a r l y  in the 
c o n f o r m a t i o n a l  s t u d i e s  of b i o l o g i c a l l y  s i g n i f i c a n t  

molecules in aqueous solution phase.

5.1. Vibrational Circular Dichroism of Alanyl Dipep- 
tida in the Amide III Spectral Region]22]

B e f o r e  D i e m  ft at p u b l i s h e d  the f i r s t  V C D  

result in the amide III vibration region in 1988(22], 
there had been several reports of VCD o b s e r v a t i o n s  in 

r e gions of the a m i d e  A, amide I and a m i d e  II v i b r a ­

t i o n s  of t h e  p e p t i d e  1 i n k a g e s [ 6 3 - 7 0  ] . T h o s e  V C D  

r e s u l t s ,  p a r t i c u l a r l y  t h o s e  in the a m i d e  I r e g i o n ,  

h a d  d e m o n s t r a t e d  the c o n f o r m a t i o n a l  s e n s i t i v i t y  of
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VCD. Furthermore, it had been shown that the informa­

tion derived from VCD complements that obtained from 

the electronic CD[67].
The s t r u c t u r a l  s e n s i t i v i t y  of VCD o r i g i n a t e s  

from the coup l i n g  of v i b r a t i o n a l  m o t i o n s  that are a 

few bonds apart, and the coupling happens at the time 

scale of m o lecular vibrations. Yet, in most of those 

e a r l y  i n v e s t i g a t i o n s ,  the p e p t i d e s  w e r e  s t u d i e d  in 
nonaqueous media. It is u n d e r s t a n d a b l e  that several 
e a r l i e r  groups m o s t l y  shied away f r o m  w a t e r  as the 

s o l v e n t  b e c a u s e  of its e n o r m o u s  a b s o r p t i o n  in the 

m i d - infrared region. Still, Diem's group took on the 

challenge, worked with samples in aqueous solution in 

the m i d - I R  r e g i o n  e x t e n s i v e l y  and has been p r o v i n g  

that VCD is a novel probe of stereochemical sensitiv­

ity for molecules in water. These studies in aqueous 

solution will have a special i m p l i c a t i o n  for m o l e ­

cules of biological significance.

The frequency shift of the a m i d e  III vi b r a t i o n  

of peptides in 1250 - 1350 cm"1 region exhibits q u a l i ­

t a t i v e  p e p t i d e s  c o n f o r m a t i o n a l  s e n s i t i v i t y ,  and  

c o n s e q u e n t l y  has been used to c o m p l e m e n t  crysta l l o -  

graphic and electronic CD i n f o r m a t i o n [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 III v i bration is 

far lesB d e f i n e d  in t e rms of a t o m i c  d i s p l a c e m e n t s  
than other amide v i b r a t i o n s  of the p e p t i d e  linkage, 

such as a m i d e  A (moBtly N-H s t r e t c h i n g )  or a m i d e  I 

{mostly C=0 stretching) modes. Moreover, d e u t e r a t i o n  

of a peptide changes the composition of the amide III 
v i bration significantly. Therefore, only data taken 

in H20 solution contain the original amide III v i b r a ­

tion, while data obtained in D20 do not. This is true 
mostly because the N-H deformation coordinate couples 

with the C)(-H defoimation coordinates, whereas the 
N-D does n o t .

To test the feasibility of observing VCD in the 

a m i d e  III r e g i o n  in a q u e o u s  s o l u t i o n ,  o n e  of the 
simplest chiral dipeptides, a 1 any 1-alanine (cf. Figure 
38 for the s t r u c t u r e  of L - a 1a n y 1- L - a 1anine , h e r e a f ­

ter, a b b r e v i a t e d  as L-L), was e x a m i n e d .  O n e  o t h e r  

reason for c h o o s i n g  this m o l e c u l e  is the e x t e n s i v e  

work and knowledge Diem's research group had acquired 

on the alanyl dipeptides via vibrational s p e c t r o s c o p ­

ic s t u d i e s [58,62). The molecule, therefore, fits well 

in the overall scope of an on-going research project. 

The study includes all four diastereomer forms (t.e.. L- 

L, L-D, D-L, D-D) to test the sensitivity of the VCD 

s ignal t o w a r d  c h a n g e s  in the s t e r e o c h e m i c a l  s t r u c ­
ture.
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Figure 38. Structure of L-alanyl-L-alanine, L-L
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A p r e v i o u s  s i u d y [ 5 8 , 6 2 ] ,  i n v e s t i g a t i n g  t h e  
vibrations of various d i a s t e r o o m e r i c  and i s o t o pically  

substituted alanyl d i p e p t i d e s  in the 1200 - 1800 c m -1 
region, led to a d e t a i l e d  a s s i g n m e n t  of t h e  v i b r a ­
t i o n s  in t h e  a m i d e  III s p e c t r a l  r e g i o n .  T h e  s t u d y  

concluded that the a m ide III region contains p r i m a r i ­

ly the methine d e f o r m a t i o n  modes at the chiral c a r b o n  
a t o m s  a n d  t h e  i n - p l a n e  d e f o r m a t i o n  of N - H  in t h e  

p e p t i d e  l i n k a g e .  T h e  m e t h i n e s  i n c l u d e  o n e  at t h e  
amine terminal residue, C*-H, and a n o t h e r  one at the 
c a r b o x y l  ic a c i d  t e r m i n a l  residue, C^t-H. T h e  f i n d i n g  
of this e x t e n s i v e  c o u p l i n g  b e t w e e n  those v i b r a t i o n s  
r e s u l t e d  in a p o s t u l a t i o n  of d e l o c a l i z e d  C (l- H / N - H  

deformation c o ordinates to describe the coupling. One 
of the res u l t i n g  d e l o c a l i z e d  c o o r d i n a t e s  at 1280 c m -1 

is c o m m o n l y  r e f e r r e d  as the (old) "amide III" m o de. 

T h e  n e w  a s s i g n m e n t  d i s a g r e e s  w i t h  t h e  p r e v i o u s  a s ­

signment [ 72 ] , which a s s umed a c o u p l i n g  between the N- 
H in-plane d e f o r m a t i o n  and the C-N stretching motion, 

but agrees w i t h  the normal c o o r d i n a t e  calculations on 

small alanyl o l i g o m e r s [73). It also agrees w i t h  the 

n o r m a l  c o o r d i n a t e  c a l c u l a t i o n s  for a l a n y 1 -a 1a n i n e  
[74]. T h e  V C D  r e s u l t s  in the a m i d e  III r e g i o n  s u b ­
s t a n t i a t e  the e a r l i e r  c o n c l u s i o n  r e g a r d i n g  the c o u ­
pling of C(J- H / N - H  c o o r d i n a t e s  and o p e n  a p o s s i b i l i t y  

of u t i l i z i n g  t h e  a m i d e  III V C D  as a n e w  t o o l  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 v i b r a t i o n s  in the 1200-1700 cm'1 spectral region 

of alanine and alany1-alanine. Table V is the summary 
of the v i b r a t i o n s  of L - a l a n i n e .  The data a r e  t a ken  

from r e f e r e n c e s  75 and 76, and Figure 25 in C h a p t e r  
Four. Th e  two v i b r a t i o n s  at 1307 and 1355 c m ' 1 are 

assigned to two C(1-H deformations, which are d e g e n e r ­
ate in a s y m m e t r i c  m o l e c u l e  such as C H C 1 3 . In a l a ­
nine, the asymmetric environment of the chiral center 

perturbs the degeneracy. The s e  v i b r a t i o n s  d i s a p p e a r  
u p o n  d e u t e r i a t i o n  of th e  C (i-H. T h e s e  d e f o r m a t i o n  
vibrations e x h i b i t  o p p o s i t e  sign in its VCD s p e ctra 
{cf. Figure 25 in Chapter Four), as expected from two 
states that w e r e  d e g e n e r a t e  o r i g i n a l l y  but now have 

b e e n  p e r t u r b e d  and sp l i t .  T h e  o t h e r  v i b r a t i o n s  of 

a l a n i n e  at 1379, 1409 and 1462 c m -1 are the m e t h y l

s y m m e t r i c  d e f o r m a t i o n ,  the s y m m e t r i c  s t r e t c h i n g  of 

carboxylic anion, and the methyl antisymmetric d e f o r ­
mation modes, r e s p e c t i v e l y [75 ] . The methyl d e f o r m a ­
tion modes s h o w  no d e t e c t a b l e  VCD intens i ty [ 7 6 ] . (r/.

Figure 25)
T a b l e  VI s u m m a r i z e s  the v i b r a t i o n  a s s i g n m e n t s  

of alanyl dipeptides in the 1200 - 1700 cm"1 region,
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Table V

V i b r a t i o n a l  F r e q u e n c i e s ,  Assignments, and V C D  I n t e n ­
sities of L-alanine in A q u eous Solution in the 1200 
1700 cm"1 Region

frequency® 1R i n t e n s i t y 11 VCD intensity1, assignment'

cm 1 A a a  x i o^

1307 0. 14 5 . 3 M C . - H )

1355 0. 15 -5 . 5

1379 0. 10 ft* {C H 3)

1409 0.23 1.8 v“(C02-)

1462 0.10 ft®8 (C H 3 )

1590 vas(C02")

a . The frequencies are t a k e n  from ref.75.
b . I n f r a r e d  a b s o r p t i o n  a n d  V C D  i n t e n s i t i e s  are p r e ­
se n t e d  in a b s o r b a n c e ,  r a t h e r  than e x t i n c t i o n  units, 
due to u n c ertainty of the uncalibrated path length 
(about 15 nm, C = 1 M in H 20 ) .
c. S y m b o l s  used: ft, d e f o r m a t i o n ;  v, stretch; s, s y m ­
metric; as, antis y m m e t r i c .
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Table VI

Vibrational Frequencies, Assignments, and VCD I n ten­
sities of a l a n y 1-alanine in Aqueous Solution in 1200- 
1700 c m -1 Region

frequency8 IR intensityb VCD intensityb assignment 

cm-1 A iA x 10!

L-alanyl-L-alanine

1280 0.15 1.8 c
1325 0.06 -0.7 c
1340 c
1372 0 .2 6"(CH )
1407 0 . 34 v"(C0 ')
1460 0.2 6a“ {CH.)
1590d 0.65 -0.5 va*(C02")
1665d 0.45 amide I'

L - a 1any1-D-alanine

1280 0.15 -1.3 c
1325 0.05 c
1340 0.03 0.4 c
1372 0.2 6* (CHj)
1407 0.34 v*(C0 _)
1460 0. 19 6a*(CH3)
1590d 0.65 -0.5 va,(CO ’)
1665d 0.45 amide I'

a.The frequencies are taken from r e f . 75.
b.cfcomment b of Table Five; C=lM, pathlength 15 urn.
c.Coupled C(iw-H/N-H/Cac-H deformation; cf. text.
d . D 20 data; C = 0.5 M, about 15 urn path length.
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b a s e d  on the Raman d a t a  of six i a o t o p i c a l l y  s u b s t i ­

t u t e d  dipeptideg. In D 20, the a m i d e  I' band is a b out  

1670 c m -1 and the a n t i s y m m e t r i c  s t r e t c h i n g  m o d e  of 

c a r b o x y l i c  a n i o n  is at 1 590 c m -1 (cj. F i g u r e  39, 4 0 , 

41).
For a better clarity, the VCD and IR a b s o r p t i o n  

s p e c t r a  of L - a l a n y 1 - L - a 1 a n i n e  (solid) a r e  p l o t t e d  

against the spectra of L - a l a n y 1 - D - a l a n i n e  (dash). The 

respec t i v e  c o n c e n t r a t i o n  for e a c h  sample was 0.5 M in 

H 20 in F i g u r e  39 ( 1 2 5 0 - 1 4 9 0  c m -1), 1.0 M in D^O in

F i g u r e  40 ( 1 2 5 0  - 1 4 5 0  c m -1), a n d  0 . 5  M in D 2 O in

Figure 41 (1450- 1750 c m -1).
The s y m m e t r i c  C 0 2- s t r e t c h i n g  (1407 c m  -1), the 

an t i s y m m e t r i c  methyl d e f o r m a t i o n  (1460 c m -1), and the 

s y m m e t r i c  methyl d e f o r m a t i o n  (1372 c m -1) v i b r a t i o n s  

o c c u r  n e a r l y  at the s a m e  w a v e n u m b e r s  as in a l a n i n e  

itself. The next group of vibrations toward the lower 

w a v e n u m b e r  are th e  m e t h i n e  (C(1-H) a n d  th e  N - H  i n ­

p l a n e  d e f o r m a t i o n  m o d e s .  In the a l a n y 1- a 1a n i n e , o n e  

e x p e c t s  to observe four C(t-H d e f o r m a t i o n  v i b r a t i o n s ,  

two from the C(ic-H and t w o  from the CaH-H, Indeed, all 

four vibrations turn up at 1276 and 1329 c m -1 for the 

C (ic-H d e f o r m a t i o n s ,  a n d  1305 a n d  1355 c m -1 for th e  

CaH-H deformations, in R a m a n [62] as well as in i n f r a ­

red spectroscopies {cj. Figure 40). The minor shift
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Figure 39. Spectra of L-L (solid) and L-D (dash) in
HjO, both C = 0.5 M; top: VCD; bottom: XR.
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Figure 40. Spectra of L-L (solid) and L-D (dash) in
D 20, both C * 1.0 M; top: VCD; bottom: IR.
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Figure 41. Spectra of L-L (solid) and L-D (dash) in
D 20, both C = 0.5 M; top: VCD; bottom: IR.
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toward lower wavenumber of the C ((c-H vibrations in D ;0 

solution from those in H 20 is expe c t e d  because of the 

isotopic substitution at the nitrogen atom {including 
the NH3+ ) [ 75].

T h e  s p e c t r u m  of L - a 1 a n y 1 - L - a 1 a n i n e  in H 20 for 

the amide III region (cj. Figure 39, bottom) is m a r k ­
edly d i f f e r e n t  from the one in D 20( 2 5 , 5 8, 62 ] . It is 
neither similar to that of L-alanine, nor resembles a 

s i m p l e  a d d i t i o n  of the C,(-H an d  N - H  d e f o r m a t i o n s .  

Detailed isotopic studies revealed that the original 
N - H  i n - p l a n e  d e f o r m a t i o n ,  at 1336 c m ' 1[62], m i x e s  
heavily w i t h  two of the four C (t-H deformations. Thus, 
the s t r o n g  and u n s y m m e t r i c a  11y l o o k i n g  b a n d  at ca. 

1280 c m ' 1, which had previously been assigned to the 

amide III vibration, is a superposition of one ori g i ­

nal C (ic-H deformation at 1266 c m -1, one highly coupled 
vibration at 1281 cm-1, and one uncoupled C(1N-H def o r ­

mation at 1305 cm'1. The highly c o u p l e d  band at 1281 
cm"1 is one of the resulting v i b r a t i o n s  by the three 
coupling coordinates, the N-H ( 1336 c m -1), one of C(ic- 

H ( 1329 c m -1) and one of C a N-H { 1 355 c m -1) d e f o r m a ­
tions c o o r d i n a t e s .  The a s signments of the two bands 

o c c u r r i n g  at 1325 and 1340 c m -1, in b o t h  R a m a n  and 
infrared, are the remaining two linear c o m b i nations  
of the aforementioned three coupling coordinates.

T h e s e  two v i b r a t i o n s  s h o w  d i s t i n c t  f r e q u e n c y
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and i n t e n s i t y  d i f f e r e n c e s  b e t w e e n  the L-L and D-L  
d i a s t e r e o m e r s  in R a m a n  a n d  i n f r a r e d  s p e c t r a  {cf. 

Figure 39, bottom). The differences are attributed to 

the d i f f e r e n t  c o u p l i n g  b e t w e e n  t h e s e  i n t e r a c t i n g  
c o o r d i n a t e s  c a u s e d  by the g e o m e t r i c  d i s s i m i l a r i t y .  

Thus, t h e  V C D  s p e c t r a  of t h e s e  v i b r a t i o n s  are of 
p a r t i c u l a r  interest since such c o u p l i n g  should d i s ­
close itself in distinct VCD features.

T h e  V C D  s p e c t r a l  r e s u l t s  s u p p o r t  t h e  a b o v e  

p o s t u l a t e  not o n l y  by a p e r f e c t  a g r e e m e n t  in t h e  

three wavenumbers, but also by a further distinction 

in t h e  c o r r e s p o n d i n g  i n t e n s i t i e s ,  w h i c h  c l e a r l y  
demonstrate the unique sensitivity of VCD towards the 

diastereomers. The distinction is far better than the 
IR a b s o r p t i o n  or Raman s p e c t r o s c o p y  in this region. 

F i g u r e  39 ar e  the V C D  an d  c o r r e s p o n d i n g  i n f r a r e d  

s p e c t r a  of L-L and L-D. The t w o  VCD s p e c t r a  ca n  be 

c o n s i d e r e d  as r e p r e s e n t i n g  all f o u r  d i a s t e r e o m e r s  

s ince t h e  V C D  s p e c t r a  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 c o mposite peak at 1280 cm'1, it is 
obvious that the VCD is particularly sensitive to the 

c h i r a l i t y  of the acid t e r m i n a l  a l a n i n e  r e s i d u e  b e ­

c a u s e  of the VC D  signs c h a n g e  b e t w e e n  L-L an d  L-D.
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The distinct negative VCD peak at 1325 c m -1 in the L-L 

s p e c t r u m  coincides with the second peak of the a f o r e ­

m e n t i o n e d  C^-H/N-H/C^-H c o u p l i n g  c o o r d inates, w h i l e  a 

p o s i t i v e  band in the L-D VCD s p e c t r u m  c o i n c i d e s  with 
t h e  t h i r d  p e a k  (1340 c m -1) of the c o u p l i n g  c o o r d i ­
nates. Interestingly, o n l y  one of the two v i b r a t i o n s  
at 1325/1340 c m -1 shows VCD in each of the d i a s t e r e o m ­

ers and the signs of their VCD signals are opposite.

T h e s e  m i s m a t c h  and the sign s w i t c h i n g  at 1280 

c m -1 indicate a c l o s e  r e l a t i o n s h i p  among t h o s e  three 

peaks, thus, c o n f i r m i n g  the c o u p l i n g  b e t w e e n  the N-H 
i n - p l a n e  d e f o r m a t i o n  and C (i-H d e f o r m a t i o n s .  R e m o v a l  
of N-H ( deuterated to N-D) destroys this c o u p l i n g  as 
w i l l  be d i s c u s s e d  in t h e  n e x t  p a r a g r a p h .  T h e  V C D  

i n t e n s i t y  at 1280 c m -1 is a t t r i b u t e d  to the c o u p l e d  
C a N- H / N - H / C (ic-H c o o r d i n a t e ,  and not to the u n c o u p l e d  

C ac-H d e f o r m a t i o n  at 1266 c m -1 since the V C D  p e a k  at 

1280 cm ' 1 looks p e r f e c t l y  s y m m e t r i c  and i n d i c a t e s  no 
l o w e r  f r e q u e n c y  c o m p o n e n t  in it. A s i m p l e  c o u p l e d  

o s c i l l a t o r  i n t e r p r e t a t i o n ,  i n v o l v i n g  t h r e e  n e a r ­
d e g e n e r a t e  c o o r d i n a t e s ,  p r o d u c e  a u s e f u l  s i m u l a t e d  

spectrum. However, a q u a n t i t a t i v e  i n t e r pretation will 

require a normal c o o r d i n a t e  analysis, which has been 

done recently by G. R o b e r t s [74], as well as an i n ten­

sity model calculation.

For the a l a n y l  d i p e p t i d e s  in D^O, the p e a k  at
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1276 c m -1 m a i n t a i n e d  d i s t i n c t l y  in the VCD spec t r a ,  
w h i l e  the c o r r e s p o n d i n g  IR p e a k  a l m o s t  f a i n t e d  into 
bas e l i n e .  T h i s  is a c l e a r  e v i d e n c e  t h a t  the N-H i n ­
plane d e f o r m a t i o n  accounts the most for the amide III 

IR a b s o r p t i o n  at 1280 c m -1, w h i l e  its c o n t r i b u t i o n  to 
the VCD i n t e n s i t y  is relati v e l y  small. Upon d e u t e r a -  

tion of the N-H, the cle a r  p a t t e r n  a 1t e r a t i o n  in the 
V C D  s p e c t r u m  of L - L  in the w h o l e  1 2 0 0  - 1 5 0 0  c m -1

region, not just the peak at 1280 c m -1, is yet another 
proof of a h e a v y  m i x i n g  by the N-H d e f o r m a t i o n  w i t h 
the C u -H d e f o r m a t i o n s  in H 20 to f o r m  the a m i d e  III 

bands. T h e  N - H  acts as a b r i d g e ,  l i n k i n g  t h e  C (ih-H 
and the C (1c-H. The d i s a p p e a r a n c e  of the c o u p l i n g  upon 

d e u t e r a t i o n  of N-H also gives a m e a s u r e  on how clo s e 

t h e  t r a n s i t i o n s  a r e  in o r d e r  fo r  t h e  v i b r a t i o n a l  

coupling to occur.
The VC D  s p e c t r a  in the ami d e  III r e g i o n  of the 

a l a n y l  d i p e p t i d e s  in D 20 hav e ,  o n c e  a g a i n ,  d e m o n ­

strated the s e nsitivity of this technique towards the 

d i a s t e r e o m e r s  (c/. F i g u r e  41). A n y  of the f o u r  d i a s ­

t e r e o m e r s  is e a s i l y  d i s t i n g u i s h a b l e  f r o m  its V C D  

s p e c t r u m .
N o n e  of the o t h e r  v i b r a t i o n s  in the 1 2 5 0 - 1 7 5 0  

c m -1 spectral region exhibit any significant d i f f e r e n ­

t i a l  (VCD) i n t e n s i t i e s .  T h e  m o s t  i n t e n s e  f e a t u r e
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observed outside the amide III legion is the a n t i s y m ­

me t r i c  - C 0 2" s t r e t c h i n g  m o d e  at ca. 1 590 c m -1. Its VCD 

i n t e n s i t y  is v e r y  s m a l l  ( A A (v)/A(v) ca. 10"5, a b o u t  
the d e t e c t i o n  limit of V C D -I). The V C D  sign of this 
vib r a t i o n  is, as expected, d e t e r m i n e d  by the c h i r a l i ­
ty of the acid terminal a l a nine residue; that is, the 

L-L and D-L d i a s t e r e o m e r  e x h ibit the same VCD sign in 

this band. Figure 39 p r e s e n t s  the V C D  s p ectra of L-L 

a n d  L - D  s p e c i e s  for a b e t t e r  c l a r i t y .  N e i t h e r  th e  
m e t h y l  d e f o r m a t i o n s  at 1379 a n d  1462 c m -1, n o r  th e  
amide II at 1409 c m -1 shows any significant VCD i n t e n ­
sity .

It appears that all p e p t i d e  VCD signals are due 

to e i t h e r  of t w o  m e c h a n i s m s .  In the C-H s t r e t c h i n g  

r e g i o n ,  all l a r g e  s i g n a l s  h a v e  b e e n  due to t h e  m e -  
t h i n e  { C (I-H) s t r e t c h i n g  v i b r a t i o n ,  d u r i n g  w h i c h  a 

s i z a b l e  charge r e d i s t r i b u t i o n  i n duces VCD i n t e n s i t y  
[7], T h e  other m e c h a n i s m  c o n t r i b u t i n g  to the p r e v i ­

ously observed V C D  s i g n a l s  of p e p t i d e  is of c o u p l i n g  

by tw o  o r  m o r e  i d e n t i c a l  or n e a r  i d e n t i c a l  t r a n s i ­

t i o n s  in a p o l y m e r i c  m o l e c u l e .  T h i s  m e c h a n i s m  is 

r e sponsible for all the amide A, amide I and amide II 

V C D  s i g n a l s  in th e  p e p t i d e s  s t u d i e d  by N a f i e  a n d  
K e i d e r 1 i n g [63 - 70 ] . T h e y  n o t e d  t h a t  the a m i d e  I V C D  
s i g n a l s  n e a r l y  d i s a p p e a r  as t h e  p e p t i d e  s i z e  g o e s  

down to four amino acids, b e l ieving that the coup l i n g
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of the transitions also diminishes.

Thus, the c h i r a l  p e r t u i b a t i o n  of a s y m m e t r i c  

v i b r a t i o n a l  c h r o m o p h o r e  (such as C H 3 , C 0 2") is too 

small to p r o d u c e  any signi f i c a n t  VCD intensity, and 

most observed VCD is due to the charge-redistribution 
mechanism or the coupled oscillator mechanism. In the 
l att er case, t h e  c o u p l i n g  may be b e t w e e n  i d e n t i c a l  
groups, or en e r g e t i c a l l y  similar vibrations, within 
a close proximity in a polymeric unit, such as the N- 

H/C(J-H deformations described earlier.

To c o n c l u d e  this section, the o b s e r v a t i o n  of 
the VCD signals in the amide III region of peptides 
in a q u e o u s  s o l u t i o n  is not o n l y  p o s s i b l e  but also 

m e a n i n g f u l .  T h e  a m i d e  III v i b r a t i o n  is a r e s u l t  of 
c o u p l i n g  by t h e  N - H  i n - p l a n e  d e f o r m a t i o n  a n d  the 
a d j a c e n t  C(i-H d e f o r m a t i o n s  on both sides of the N-H 

a l o n g  the p e p t i d e  b a c k b o n e .  T h i s  i n t e r p r e t a t i o n  is 

far more c o m p l i c a t e d  than that of other more loc a l ­

ized amide vibrations, and consequently more amenable 

to an assignment based on group frequencies. Further­

more, the VCD of localized vibrat i o n s  (e.g.. the amide 
I) can be i n t e r p r e t e d  in terms of a s i m p l e  c o u p l e d  

o s c i l l a t o r  m o d e l  (cj. the next section), w h e r e a s  the 

VC D  s i g n a l s  in the a m i d e  III r e g i o n  r e q u i r e  a d e ­

tailed normal c o o r d i n a t e  analysis and VCD intensity
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c a l c u l a t i o n s  for a q u a l i t a t i v e  interpretation. N e v e r ­

t h e l e s s ,  t h e  a m i d e  III s p e c t r a l  r e g i o n  c o n t a i n s  a 

s i g n i f i c a n t  a m o u n t  of s t r u c t u r a l  i n f o r m a t i o n ,  as 

e v i d e n c e d  b y  the c o m p a r i s o n  of the V C D  s p e c t r a  of 
d i a s t e r e o m e r s  of al a n y l  d i p e p t i d e .  In addition, the 
s e n s i t i v i t y  of V C D  t o w a r d  all d i a s t e r e o m e r s  in t h e  
amide III region m a y  w e l l  be u t i l i z e d  as an a n a l y t i ­
cal tool in a b i o c h e m i c a l  and p h a r m a c e u t i c a l  a n a l y ­

sis .
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5.2 Vibrational Circular Dichroiaa Study of Alanyl 
Tripeptide[21]

T h i s  s e c t i o n  w i l l  f u r t h e r  d e m o n s t r a t e  t h e  

sen s i t i v e  na t u r e  of V C D  method towards the s e c o n d a r y  

s t r u c t u r e  of a m o l e c u l e  in solution via the s t u d i e s  
in the amide I' region of L - a l a n y 1- L - a 1a n y 1-L-alanine  

(cf. Figure 42 for m o l e c u l a r  structure). The d e t a i l e d  
i n t e r p r e t a t i o n  p i o c e s s  provides a c l a s s i c a l  e x a m p l e  
of the m u t u a l  r e l a t i o n s h i p  b e t w e e n  t h e  t h e o r e t i c a l  

modeling and the experimentation.

T h e  s e n s i t i v i t y  of V C D  s i g n a l s  t o w a r d s  t h e  
s e c o n d a r y  s t r u c t u r e  o r i g i n a t e s  from the c o u p l i n g  of 
two or more identi c a l ,  or virtually identical, a c h i ­
ral transitions of the peptide linkages arranged in a 

d i s s y mmetric pattern, such as an <i-helix. The optical 

a c t i v i t y  of s u c h  d i s s y m m e t r i c  s t r u c t u r e s  has b e e n  
i n v e s t i g a t e d  t h e o r e t i c a l l y  in detail, both in ele c -  

tronic[26] and v i b r a t i o n a 1[16,19 , 77] o p tical a c t i v i ­

ty.

In the s i m p l e s t  e x a m p l e  of d i s s y m m e t r i c  v i b r a ­

tional i n t e r a c t i o n  - the coupled oscillator m o d e l  (cf 

C h a p t e r  One) - two ide n t i c a l  achiral groups inte r a c t  

a n d  f o r m  th e  s y m m e t r i c  and a n t i s y m m e t r i c  c o u p l e d  

e x c i t e d  states |+> a n d  |->, respectively. Th e  i n t e r ­
action, in m o s t  ca s e s ,  is a s t r a i g h t f o r w a r d  d i p o l e -  

dipole coupling. The splitting between the j+> and
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Figure 42. Molecular Structure of L-Alany1-L-Alany1-L-Alanine, L-L-L
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Figure 43. Zvitterionic Structure of L-Alanyl-L-Alanyl-L-Alanine
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the |-> states can a m o u n t  from a few to about a h u n ­

dred w a v e n u m b e r a , d e p e n d i n g  on the d i p o l e  strength, 
the geometry, and the d i s t a n c e  b e t w e e n  the o s c i l l a ­

tors .
In practice, the o b s e r v e d  s p l i t t i n g  most often 

is less than the band w i d t h  of the v i b r a t i o n a l  t r a n ­
sitions since m o s t  samples i n v e s t i g a t e d  are in s o l u ­
tion phase. Frequent molecular collis i o n s  in solution 

phase b roa d e n  the band shape of a m o l e c u l a r  t r a n s i ­

tion. As a r e s u l t ,  t h e  t r a n s i t i o n s  f r o m  the g r o u n d  

state into the |+> and |-> e x c i t e d  st a t e s  form only 

one bro a d e n e d  and d i s t o r t e d  infrared a b s o r p t i o n  band 
instead of two d i s t i n c t  peaks. The c o r r e s p o n d i n g  VC D  
s p e c t r u m ,  h o w e v e r ,  s h o w  d i s t i n c t  p o s i t i v e - n e g a t i v e  

(or n e g a t i v e - p o s i t i v e )  band shapes, as p r e d i c t e d  by 
the c o u p l e d  o s c i l l a t o r  theory. The |+> and |-> t r a n ­

sitions exhibit opposite signs in c i r c u l a r  dichroism.

U n l i k e  a l a n y l  d i pe pt i de s [ 2 2 ] {cf. F i g u r e  41), 

the VCD s p e c t r u m  of L - a l a n y 1 - L - a l a n y 1 - L - a l a n i n e  in a 

n e u t r a l  D ;0 s o l u t i o n  d i s p l a y s  a d i s t i n c t  n e g a t i v e -  
positive intensity pattern in the amide I' region (c/. 

Figure 44). S u c h  p a t t e r n  should be i n t e r p r e t e d  as an 

e vidence of a stable c o u p l e d  o s c i l l a t o r ,  at least on 

the time scale of 10-12-1 0 -15 second, thus, indicating 

the existence of a preferred solution conformation.
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<16x10

Ex'J Q 1

Figure 44

lLh

1 6 9 01630
V a v e n u m b e r  ( 1/'em)

. Spectra of L-L-L in DjO, C=0.49 M;
top: VCD; bottom: IR. (part of F i g . 32)
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To s u p p o r t  t h i s  i n t e r p r e t a t i o n ,  o t h e r  e x p e r i m e n t  
results are also presented. No coupling features are 

observed for either L - a 1a n y 1- L - a 1 a n y 1 -L-ala n i n e  in a 
b a s i c  DjO solution, or N - a c e t y l - L - a 1 a n y 1 - N '- m e t h y l - 

amide (AAMA, cf. Figure 45 for structure) in a neutral 
DjO solution. Both these cases lack the zwitterionic 

f e a t u r e s .  Thus, one c a n  c o n c l u d e  t h a t  w i t h o u t  the 
zwitterionic interaction no stable solution conformer 
exits that can support a coupled oscillator.

The samples, L - a 1 a n y 1 - L - a 1a n y 1-L-alanine and D- 
a 1 a n y 1 -D-alany 1 - D - a 1 anine (Chemical Dynamics, Inc.), 
are d e u t e r a t e d  ( d i s s o l v e d  in e x c e s s  D 20 an d  c o n s e ­

q u en tly lyoph i l i z e d  from D 20) and r e d i s s o l v e d  in D20 

of a p r e c i s e l y  c a l c u l a t e d  v o l u m e  to m a k e  a 0.5 M 
solution. The basic solution is prepared by titrating 
the neutral solution with c o n c e n t r a t e d  NaOD solution 
until the pD of the sample solution reaches approxi­

m a t e l y  13. The sample c o n c e n t r a t i o n  is r e c a l c u l a t e d  

a c c o r d i n g l y .  A fixed p a t h  c e l l  is u s e d  w i t h  C a F 2 

w i n d o w s  a n d  a 15 nm t e f l o n  s p a c e r .  A A M A  ( C h e m i c a l  

Dynamics, Inc.) sample is run at the same conditions. 
The solution phase Raman spectra are o b t a i n e d  with a 
500 mW laser e x c i t a t i o n  power at 514.5 nm on a c o m ­

p l e t e l y  d i g i t a l  Raman s p e c t r o m e t e r  d e s c r i b e d  else- 
where(78). The coupled oscillator calculations were



Figure 45. Structure of N-acety1-L-alany1-N’-methyl-amide, AAMA
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c a r r i e d  ou t  u s i n g  t h e  p r i n c i p l e s  a n d  f o r m u l a e  d e ­
s c r i b e d  in C h a p t e r  One. The ^  and are the dipole  

s t r e n g t h  of a s i n g l e  a m i d e  I' t r a n s i t i o n ,  o b t a i n e d  

from the IR a b s o r p t i o n  s p e c t r u m  of alanyl dipeptide, 

w h i c h  c o n t a i n s  a s i n g l e  p e p t i d e  l i n k a g e ,  b y  th e  

a p p r o x i m a t i o n [79] (for L o r o n t z i a n  peaks):

f (V)
dv = 0.9 2 x 10 (5.1)

in esu c m  erg. Here W d e n o t e s  the h a l f - w i d t h  at the 
h a l f - h e i g h t  of the observed band.

The a i m  of the c o u p l e d  o s c i l l a t o r  c a l c u l a t i o n s  
is to u t i l i z e  th e  o b s e r v e d  r o t a t i o n a l  a n d  d i p o l e  

streng t h s ,  as well as the d i p o l a r  splitting, to find 

a m o l e c u l a r  c o n f o r m a t i o n  that reprod u c e s  the e x p e r i ­

m e n t a l  p a r a m e t e r s .  T h e  p r o g r a m  p e r f o r m i n g  t h e s e  

c a l c u l a t i o n s  was written by M. Diem in FORTRAN 77 for 

o p e r a t i o n  o n  a p e r s o n a l  c o m p u t e r .  T h e  m o l e c u l a r  

s t r u c t u r e  of the peptide is input in e q u i l i b r i u m  bond 

lengths and angles. S t a r t i n g  f r o m  the fully exte n d e d  
f o r m ,  4> = 189' a n d  ^ = 1 8 0 ’ , r o t a t i o n s  a b o u t  th e

t o r s i o n  a n g l e s  and r e s p e c t i v e l y ,  in -5* steps

c o v e r  t h e  e n t i r e  c o n f o r m a t i o n  s p a c e  ( and : from

180* to - 1 8 0 ’ ). For e a c h  conformation, T J2, V ]2, R + D+
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and D_ are computed. The final step is s e a r c h i n g  the 

72 x 72 c o n f o r m a t i o n a l  m a t r i x  for the best fit b e ­

t w e e n  the c a l c u l a t e d  and the e x p e r i m e n t a l l y  obse r v e d  
data. C o n f o i m a t i o n a l  e n e r g y  c o m p u t a t i o n  were done on 

a H i c r o V A X  c o m p u t e r  (Digital E q u i p m e n t  Corporation), 

using MM2 and AMBER programs for the energy m i n i m i z a ­

tion .
Based on a c o m p a r i s o n  of the v i b r a t i o n a l  s p e c ­

tra of L-alanine, L - a 1 a n y 1 - L - a 1anine and L-ala n y l - L -  

alanyl-L-alanine, it is reasonable to assume that L- 

a l a n y 1 - L - a l a n y l - L - a l a n i  ne e x i s t s  as a zwitter ionic 

s p e cies in aqueous s o l u t i o n  (cf. Figure 43). Alanine, 

w i t h  a p K a of 2.3 and a pKb of 9.9, is known to exist 

in a q u e o u s  solution ne a r l y  c o m p l e t e l y  in the z w i t t e ­

rionic form. In its IR and Raman spectra[75), this is 

e v i d e n t  by the o c c u r r e n c e  of two v i b r a t i o n s  that are 

i n d i c a t i v e  of the -CCT anion! the s y m m e t r i c  carboxy- 

late stretching mode (1409 c m -1, strong in Raman) and 

the a n t i s y m m e t r i c  c a r b o x y l a t e  s t r e t c h i n g  m o d e  (1595 

c m ”1, strong in IR).
These modes are observed virtua lly u n changed in 

L - a l a n y 1 - L - a l a n i n e [22] and L - a l a n y 1 - L - a l a n y 1 -L-ala- 

nine, thus confirming that all three species exits as 
z w i t t e r i o n s .  F i g u r e  44 shows the -CO” a n t i s y m m e t r i c  

s t r e t c h i n g  m o d e  at ca. 1595 c m -1. The VCD i n tensity of 

this m o d e  is r o u g h l y  c o n s t a n t  for L-alan i n e ,  L-ala-
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nyl-L-alanine, L-alanyl-L-alanyl-L-alanin e.

T h e  h i g h e r  f r e q u e n c y  p e a k s  s h o w n  in F i g u r e  44 

ar e  t h e  a m i d e  I' m o d e s .  In L - a  1 a n y  1 - L - a  1 a n i n e  (c/. 

Figure 41), there is a single peak at ca. 1673 c m -1. In 
L - a l a n y 1 - L-a 1a n y 1 - L - a 1a n i n e , t h e  a m i d e  I' r e g i o n  

a p p e a r s  to h a v e  t w o  d i s t i n c t  y e t  n o t  c o m p l e t e l y  

s e p a r a t e d  p e a k s  at 1 6 5 0  a n d  1675 c m -1. T h e  h i g h e r  
w a v e n u m b e r  c o m p o n e n t  (1675 c m -1) is m o r e  i n t e n s e  and 

more highly po l a r i z e d  in the Raman spectra {cj. Figure 

46), indicating that it is the |+> state, the s y m m e t ­

ric combination.

At the a m i d e  I' v i b r a t i o n  of L - a l a n y 1 - L - a l a -  
nine, not much VCD i n t e n s i t y  is o b s e r v e d  (cj. Figure  

29). However,at the same vibration L - a l a n y 1-L-alanyl- 

L - a l a n i n e ,  a d i s t i n c t  n e g a t i v e - p o s i t i v e  c o u p l e t  

(proceeding from the lower to the higher w a v e n u m b e r )  

o c c u r s .  Th e  o c c u r r e n c e  of t h i s  V C D  c o u p l e t ,  a l o n g  

w i t h  t h e  o b s e r v a t i o n  of two c o r r e s p o n d i n g  p e a k s  in 

the both IR and Raman spectra, strongly suggests that 

c o u p l i n g  b e t w e e n  the a m i d e  I' v i b r a t i o n s  is t a k i n g  

place and that the observed features are a t t r i butable  

to the coupled o s c i l l a t o r  mechanism.

The exact waven u m b e r s  of the a b s o rption and the 

VCD p e aks are d e t e r m i n e d  t h r o u g h  a d e c o m p o s i t i o n  of 

the o v e rlapping peaks into Lorentzian components. The
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Figure 46. Raman Spectra of L-L-L, in neutral D2O; C - 0.49 M, 
30 scans each; upper: polarized; lower: depolarized.
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d e c o m p o s i t i o n  of the V C D  s p e c t r u m  is a l s o  u s e f u l  in 

e s t i m a t i n g  any si g n a l  c a n c e l l a t i o n  in the n e g a t i v e -  
p o B i t i v e  c o u p l e t .  B a s i n g  on the s p l i t t i n g  and ban d -  

w i d t h s  o b t a i n e d  f r o m  t h e  a b s o r p t i o n  s p e c t r u m  in 

Figure 44, the c a n c e l l a t i o n  of the VCD inten s i t i e s  is 

s m a l l .  T h e  o b s e r v e d  f r e q u e n c i e s ,  a n d  d i p o l e  a n d  

rotational s t rengths are summarized in T a b l e  VII.

T w o  p o s s i b l e  e x p l a n a t i o n s  f o r  t h e  o b s e r v e d  

spectral features are worthy of discussion, c o n s i d e r ­
ing two e n t i r e l y  d i f f e r e n t  scenarios. First, a model 

is buiIt on the following i nterpretat i o n s : i ) t he two

amide I' p e a k s  o b s e r v e d  in the v i b r a t i o n a l ,  s p e c t r a  

te., i n f r a r e d  and Raman, and the V C D  s p e c t r a  w e r e  due 

to two c o m p l e t e l y  u n r e l a t e d  c o n f o r m a t i o n s ;  i i ) each 

c o n f o r m e r  c o n t r i b u t e d  with a m o n o s i g n a t e  V C D  signal  

in the v i b r a t i o n a l  s p e c t r a  and the c o r r e s p o n d i n g  VCD 

spectrum; and iii) the two m o n o - s i g n a t e  VCD signals, 

however, h a p p e n e d  to have opposite signs. This model 

would fail to e x p l a i n  d i fferences in the R a m a n  d e p o ­

l a r i z a t i o n  r a t i o s .  In a d d i t i o n ,  th e  d i f f e r e n c e s  in 

the w a v enumbers of the two amide I' frequencies would 

be s u r p r i s i n g l y  large in the a b s e n c e  of any c o u p l i n g  

m e c h a  nism. O t h e r  s pec t ral r e g i o n s  s t u d i e d ,  n o t a b l y  

the amide III v i b r a t i o n s ,  do not i n d i c a t e  the o c c u r ­

rence of two c o n f o r m e r s  with the o p p o s i t e  V C D .



Table VII

Observed Frequencies, and IR and 
of L-alanyl-L-alany1-L-alanine

frequency fiMx A ^ ax
c m -1 L/mol cm L/mol cm

1595 815 -1.6 x 1CT2

1650 513 -1.4 x 10'2

1675 394 1.3 x 10'2

VCD Intensities 
(0.5 H in D20)

assignment

v*“(C02_) 

amide I ' , v_ 

amide I ',



394

Second, if the observed VCD is due to a coupled

oscillator mechanism, the molecule must exist in one 

or more solution c o n f o r m a t i o n  that is stable on the 

v i b r a t i o n a l  t i m e  scale, and w h i c h  e x h i b i t s  certain  

VCD intensities. This condition can be satisfied by 

t h e  o c c u r r e n c e  of a d i s t r i b u t i o n  of m a n y  s l i g h t l y  
different conformations with similar VCD features, or 
the predominance of one or a few structures that will 

d ominate the VC D  spectra. At present, it is impossi­

ble to distinguish these cases without concent ration- 

a n d / o r  t e m p e r a t u r e - d e p e n d e n t  s t u d i e s  of t h e  V C D  

i ntens ities.
Next, the discussion centers on the result from

the coupled oscillator interpretation of the observed 

spectral features. T h e  aim of this d i s c u s s i o n  is to 

compare the VC D  intensities computed via the coupled 

oscillator model for the fragment (I) with the exper­

imental VCD data, and deduce a c o n f o r m a t i o n  for this 

fragment. Finally, some other exp e r i m e n t a l  evidences 

are also p r e s e n t e d  to justify the st r u c t u r e  proposed 
in terms of a s t a b i l i z i n g  interaction by the zwitte­

rionic groups.

0 H 0
tl■C— N— C --C— N- (I)

H CH 3 H
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For each of the 5184 con fo r m e r  a (uMc supra ) , R +, 

V J2, a n d  th e  r a t i o  of D +/D_ a r e  c a l c u l a t e d  v i a  th e  

c o u p l e d  o s c i l l a t o r  m o d e l .  T h e  r e s u l t i n g  m a t r i x  is 
searched for a suitable fit to the experimental data. 

In s e a r c h i n g  the c a l c u l a t e d  m a t r i x  in the c o n f o r m a ­

tion space, the f o l l o w i n g  f e a t u r e s  have utmost s i g ­

nificance. First, the sign and m a g n i t u d e  of V 12, which 

half of the splitting between the |+> and [-> states, 

have to be right. Second, the c o m p u t e d  IR intensities 

d i s t r i b u t i o n  b e t w e e n  t h e s e  s t a t e s  (D / D _) m u s t  be 

c l o s e  to t h e  o b s e r v e d  v a l u e s .  T h i r d ,  the s i gns and 

m a g n i t u d e s  of the r o t a t i o n a l  s t r e n g t h s  ought to be 
r e p r o d u c e d .

U n f o r t u n a t e l y  (and s u r p r i s i n g l y ) ,  none of the 

5184 c o n f o r m e r s  give the d e s i r e d  o p t ical parameters, 

n a m e l y  R + = 1 x 10~42 e s u 2c m 2 , V ]2 = 12.5 c m -1, a n d  

D+/D_ = 0.8. In an attempt to improve the fit between 
observed the computed spectral parameters, the d i r e c ­

tion of the dipole t r a n s i t i o n  was a l l o w e d  to deviate 

s l i g h t l y  (+5*) from the d i r e c t i o n  of the C = 0  bond. 

A l t h o u g h  this improved the fit somewhat, the overall 

agreement is still unsatisfactory.

W h e n  relaxing the fitting requirements to

1 .0 x 10 42< R + < 2 .5 x 10 42 e s u 2c m 2 (5.2)
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8.0 < V 12 < 12.5 cm"1 (5.3)

and 0.5 < D + /D < 2 . 5  (5.4)

a number of possibi l i t i e s  were found, with
« = 165 + 20* and v = -5 + 10*

A t y p i c a l  set of c o m p u t e d  spectral p a r a m e t e r s  

for one of t h e s e  c o n f o r m e r s  are s u m m a r i z e d  in T a b l e  

V 111.
A l t h o u g h  t h e s e  s t r u c t u r e s  r e p r o d u c e d  t h e  o b ­

served spectral data r e a s onably well, they h a v e  to be 
d i s c a r d e d  as p o s s i b l e  c o n f o r m a t i o n s  s i n c e  t h e y  i n ­

clude such a twist of the fragment that the t w o  amide 

hydrogen atoms come w i t h i n  the van der Waals radii.

Thus, the r e s ults of the first search o v e r  the 

c o n f o r m a t i o n  s p a c e  of the p e p tide b a c k b o n e  f r a g m e n t  

d o  not y i e l d  a n y  c o n f o r m e r s  w h i c h  e i t h e r  g e n e r a t e  

acceptable m o l ecular structures, or for which V 12, R + , 

and D +/D_ are in good a g r e e m e n t  with the e x p e r i m e n t a l  
data. E x a m i n i n g  the c a l c u l a t i o n  process c l o s e l y , it 

appears that there e x i s t s  an exclusion rule p r e v e n t ­

ing all t h r e e  p a r a m e t e r s  R + , V 12, and D +/D_ to c o n ­

verge toward the e x p e r i m e n t a l  results simultaneously.  

In p a r t i c u l a r ,  the r e q u i r e d  V J2 value and t h e  r a t i o  

D +/D_ are in c o m p a t i b l e :  a large V J2 almost i n v a r i a b l y

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 Di f ferent Conformers

Calculated

Form I Form I:

Observed
*=165*
^=-5*

♦=120*
V=-25'

v+(cm_1) 1675 1671 1667

v_ (cm-1) 1650 1654 1657

D+[ 10~38(esu2c m 2) J 10.3 15.5 12.8

D_ [ 10~38 ( e s u 2c m 2 ) ] 13.4 8. 1 10.8

R +[ 10-42 (e s u 2c m 2 ) ] 0.84 1.9 3.8

R_t 10~42(esu2c m 2) ] -0 .91 -1.9 -3.8
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This is u n d e r s t a n d a b l e  f r o m  a physical v i e w p o i n t :  a

good coupling geometry b e t ween Hj and will occ u r

w h e n  the two d i p oles are e i t h e r  parallel or a n t i p a r ­

allel. In these case, h o w e v e r ,  e i t h e r  D + or D_ w i l l  

become p r e d o m i n a n t  at the e x p e n s e  of the o t h e r  t r a n ­

sition .

N e x t ,  t h e  a t t e n t i o n  is on l o o k i n g  f o r  t h e  

reasons that may cause the d i screpancy b e t w e e n  e x p e r ­

i m e n t a l  an d  c a l c u l a t e d  d a t a .  B o t h  R a n d  D d e p e n d ,  

b e s i d e s  t h e  g e o m e t r i c  p a r a m e t e r s ,  o n  t h e  d i p o l e  

strength. M e c h a n i c a l  c o u p l i n g  of the c a r b o n y l  v i b r a ­

tions c a n  e f f e c t  s t r o n g l y  the s p l i t t i n g  of the |+> 

and |-> states, in a d d i t i o n  to the d i p o l a r  c o u p l i n g  

e n e r g y  e x p r e s s e d  in E q u a t i o n  (1.38) ( V ]2 m a t r i x  in

C h a p t e r  One). The r e l a t i v e  m a g n i t u d e  of the d i p o l a r  

v s .  m e c h a n i c a l  c o u p l i n g  h a s  b e e n  d i s c u s s e d  

before[30). Not including such mechanical c o u p l i n g  in 

the c a l c u l a t i o n s  s e r i o u s l y  u n d e r e s t i m a t e s  the s p l i t ­

t i n g  b e t w e e n  t h e  j+> a n d  |-> s t a t e s .  T h a t  is, t h e  

observed splitting must be greater than the c a l c u l a t ­

ed one based on the current model. Furthermore, it is 

l i k e l y  t h a t  the two C = 0  s t r e t c h i n g  f r e q u e n c i e s  a r e  

not exactly degenerate, since their chemical e n v i r o n ­

ments di f f e r  at the p o s i t i v e l y  and negatively c h a r g e d  

z w i t t e r i o n i c  r e s i d u e  p o s i t i o n s .  As a r e s u l t ,  t h e r e  

w o u l d  a l s o  be an u n c e r t a i n t y  here for the c a l c u l a t e d
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spectrum.

Thus, it is advantageous to search the c o n f o r ­

m a t i o n s  for a g o o d  fit for the o b s e r v e d  d i p o l e  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 J2 to be as low 

as 5 cm'1.

This se a r c h  y i e l d e d  only a few c o n f o r m e r s  for 

which D+ and D_ are about the same, and R + > 0. These 
conformers have $ and ^ values of 120 + 5* and -25*, 

respectively. Their spectral parameters are tabulated 

also in Table VIII (Form II). However, the agreement 

between o b s e r v e d  and c a l c u l a t e d  pa r a m e t e r s  is still 

not par t i c u l a r l y  good. As the ratio D +/D_ approaches 

unity, the r o t a t i o n a l  s t r e n g t h  b e c o m e s  l a r g e r  than 

the exp e r i m e n t a l  v a l u e  by about a factor of 3. This 

d i s a g r e e m e n t  is, u n f o r t u n a t e l y ,  v e r y  l a r g e  for the 

structures that are most likely.

The discrepancy in the rotational strengths may 

result from an u n d e r e s t i m a t i o n  of the VCD signal in 

the instrument and c a n c e l l a t i o n  of signal strengths 

due to different conformers. Also, an absolute c a l i ­

bration of signal as small as VCD is difficult. There 

is a g o o d  a g r e e m e n t  b e t w e e n  the d a t a  c o l l e c t e d  on 

V C D - I  a n d  o t h e r  e x i s t i n g  V C D  s p e c t r o m e t e r s [76].
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Howe v e r ,  the e s t i m a t e d  d e v i a t i o n  in the a b s o l u t e  

magnitude between the different instruments may be as 

high as 30%, although the d a t a  are p e r fectly r e p r o ­

ducible on the respective instruments. The occurrence 

of other structures with opposite VCD signal intensi­

ties c o u l d  e a s i l y  d e c r e a s e  the o b s e r v e d  r o t a t i o n a l  
strengths. However, it is impossible to quantify this 

aspect at present time.
T h e  IR a b s o r p t i o n  a n d  V C D  s p e c t r a  s u g g e s t  

strong interaction of the two amide I' transitions. 

Th e  V C D  s p e c t r a l  p a t t e r n  s u g g e s t s  a l e f t - h a n d e d  

helical s t r u c t u r e ,  s i n c e  t h e  signal is a n e g a t i v e -  

p o s i t i v e  c o u p l e t [30]. T h e  c a l c u l a t e d  a b s o r p t i o n  

intensities of a conformer w i t h  and ^=-25* (cj.

Figure 47), called a " l e f t - h a n d e d  bridge conformer"

[80], are s i m i l a r  to the o b s e r v e d  ones, but w i t h  a 

smaller splitting between the excited states and with 

a larger rotational streng t h s .  The smaller o b s e r v e d  

VCD intensities is not likely to be due to the o v e r ­

lap of a p o s i t i v e  a n d  a n e g a t i v e  p e a k  s i n c e  t h e  

o b s e r v e d  s p l i t t i n g  is a b o u t  t h e  s a m e  as the full 
width of the peaks. The calculated splitting between 

the states is only 10 cm"1 if using the dipole-dipole 

interactions as the o n l y  s o u r c e  for this splitting. 

Kinetic energy coupling contributes to the increase
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of the splitting. That the original amide I' t r a n s i ­

tions may not be e x a ctly d e g e n e r a t e  could also c o n ­

tribute to the splitting.
It is a l s o  b e n e f i c i a l ,  v i a  c o n f o r m a t i o n a l  

e n e r g y  c a l c u l a t i o n s ,  t o  a s s e s s  w h e t h e r  or n o t  a 

m o l e c u l e  (such as L - a l a n y 1 - L - a l a n y 1 - L - a 1 a n i n e ) is 

l i k e l y  to e x i s t  as a s t r u c t u r e  s i m i l a r  to the one 

shown in Figure 47. This c o n f o r m a t i o n  is stabilized 
by a intramolecular zwitteiionic attraction. Although 
these computations (r/dc supra) do not take into account 
solvation, which may be a major factor in the s t a b i ­
l i z a t i o n  of z w i t t e r i o n i c  s p e c i e s ,  the r e s u l t i n g  
structure is twisted strongly so the ionic end groups 

can come near each other. The amount of stabilization 

energy, compared to a fully exte n d e d  form, is on the 
order of 300 k J / m o l . Thus, these calculations support 
that L-a 1 any 1-L-a 1 a n y 1 -L-a 1 a n i n e  exists in a q u e o u s  
solution in a structure, or a number of structures, 

similar to the one shown in Figure 47.
However, the possibility c e r tainly exists that 

intermolecular head-to-tail zwitterionic interactions 

of two or more L - a l a n y 1- L - a 1 a n y 1 - L - a 1anine molecules 
are the cause of the stabilization. This possibility 

can not be eliminated e n t i r e l y  sin c e  the c o n c e n t r a ­
tion r a n g e  s t u d i e d  was still high. Such s t r u c t u r e s  

would be less strained, however. It is still assumed
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t h a t  th e  g e o m e t r y  of t h e  c e n t r a l  p o r t i o n  of t h e  

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 c o n c e n ­

tr ation d e c r e a s e s .  However, some i n s t r u m e n t a l  c o n ­

straints have p r e v e n t e d  observing VCD as a function  

of c o n c e n t r a t i o n  b e l o w  0.005M. The main o b s t a c l e  is 
the strong w a ter absorption, which limited the cell 

path length to be not longer than 100 nm. That the IR 
spectra do not change appreciably with co n c e n t r a t i o n  

suggests intramolecular coupling.
Upon removing the zwitterionic character of the 

end groups by a base titration, the VCD c o u p l e t  and 
the d i s t i n c t  p e a k s  in the IR a b s o r p t i o n  s p e c t r a  

d i s a p p e a r  (c/. F i g u r e  48). Instead, the a b s o r p t i o n  

s p e c t r u m  s h o w s  o n l y  t w o  peakst the a n t i s y m m e t r i c  

carboxylic s t r e tching vibration at 1595 c m -1 and the 

amide I' at 1643 c m -1. This latter peak is nearly as 
i n t e n s e  as the c a r b o x y l i c  s t r e t c h i n g  s i g n a l  w i t h  
about the same Ar(v)Mv) as in the neutral L - a l a n y l - L -  

alany1 - L - a 1 a n i n e . At 1 643 cm"1, there is still little 

n e g a t i v e  VC D  i n t e n s i t y ,  most likely not d u e  to the 

carboxylic vibration. Similarly, N - a c e t y 1- L - a l a n y 1- 

N '- m e t h y 1 - a m i d e  , w h i c h  p o s s e s s e s  the s a m e  p e p t i d e
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linkage (I) e n v i r o n m e n t  as L - a l a n y 1 - L - a l a n y 1 - L - a l a -  

nine, e x h i b i t s  only a s i n g l e  V C D  p e a k  in the 1550- 
1 7 50 c m -1 r e g i o n  w i t h  a Af(v)/t(v) of -1.7 x 10~5 (c/.
Figure 49 ) .

C o n c l u d i n g  f r o m  th e  a b s e n c e  of the c o u p l e d  

oscillator spectral features in the latter two s a m ­
ples, the zwitterions are necessary for the s t a b i l i ­

zation of L - a l a n y l - L - a l a n y l - L - a l a n i n e  in the neutral 

solution. Without such a s t a b i lization, no domi n a n t  
s t r u c t u r e  s u p p o r t i n g  the c o u p l i n g  of o s c i l l a t o r s  
exists, it will be interesting to extend these s t u d ­
ies to some different, somewhat larger peptides, for 
which intramolecular z w i t t e r i o n i c  interactions have 
been p o s t u 1a t e d [81). VCD, w i t h  is h i g h  s e n s i t i v i t y  

toward detecting secondary structure, thus may become 

a prime technique in the structural investigations of 

small biomolecules in aqueous solution.
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