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Figure 6. "Quartet" and "triplet effects" observed in carbon-13 spectra 
with coherent proton decoupling (A = 4 kHz, Fmax = 6.7 kHz), (a) Methyl 
iodide in the usual cylindrical sample tube, 3 cm high, showing a 1:6:6:1 
peak height ratio, (b) Methyl iodide in a 35-^L bulb under the same 
conditions, showing the expected 1:3:3:1 ratio, (c) Methylene chloride in 
a cylindrical tube, showing a central peak 3.6 times taller than the outer 
peaks. 

depth of a liquid in a cylindrical tube should reduce the dif
ferential broadening to some extent. 

The simulations shown in Figures 4 and 5 suggest that, al
though the magnitude of the "quartet effect" diminishes very 
close to resonance and very far from resonance, it is never
theless significant over essentially the entire experimental 

range and cannot be completely avoided by a suitable choice 
of offset. In practice A and F must be chosen so as to keep the 
splittings reasonably small to avoid overlap problems in 
crowded spectra, and with these settings the broadening by 
decoupler field inhomogeneity will tend to be large. 

This problem provided the impetus for the development of 
an alternative method for observing the proton-carbon mul-
tiplet splittings in carbon-13 spectra, a technique known as 
"./-scaling".9 Since this method is insensitive to the inhomo
geneity of the decoupler field it should be particularly useful 
where off-resonance proton decoupling gives ambiguous re
sults. 
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Abstract: Hydrogen-bonded molecules and long-chain molecules have recently been shown to have abnormally high liquid heat 
capacities. It is now further shown that these abnormal values can only be accounted for by postulating an isomerization reac
tion. An analysis is made of the heat capacity contribution ACp(iSOm) of a simple isomerization reaction A <=± B and it is shown 
that Cp(iSom) can amount to as much as 8-10 cal/mol-K depending on the thermochemistry of the isomerization. Application 
is made to H2O and it is shown that AH = 2.2 ± 0.2, AS = 8.0 ± 1 will account for the excess ACP over the range 0-100 0C. 
These yield mole fractions for A7BOf 0.5 atO 0C and 0.75 at 100 0C. If form A is assumed ice-like then AF= 3.2cm3/mol and 
setting the coefficient of expansion «H2O = 0 at 4 0C leads to a simple expression for the molar volume of water which reprodu
ces the coefficient of thermal expansion very well in the range 0-100 0C with no additional assumptions. With additional as
sumptions about the compressibilities of the two forms, the minimum at 45 ° C in the compressibility of water can also be repro
duced. 

Introduction 

The molar heat capacity at constant pressure, Cp, increases 
when a gas is condensed to a liquid at constant temperature. 
This increase in Cp, ACP(vap), turns out to be nearly a constant1 

for what are termed normal liquids,2 namely, those that have 
Trouton constants (&HVBP/TB) equal to 20 cal/mol-K (eu). 
For the others, "abnormal" liquids, the departure of — AC^vap) 

from an average value of about 12 eu3 at 25 0 C can be used to 
provide quantitative information about their structure and 
hence also information about their other "abnormal" prop
erties. 

Heat Capacity of Liquids 

A general quantitative approach to ACp(vap) has been dif
ficult because of the paucity of data on Cp for both liquids and 
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gases. Part of these difficulties have been removed by the de
velopment of simple, empirical additivity rules for the accurate 
estimation of Cp for gases4 and recently in restricted regimes 
of temperature for liquids.5,6 

From the viewpoint of statistical mechanics, the condensa
tion of a dilute gas (density <10 atm equivalent at 0 0C) 
converts three translational and three rotational degrees of 
freedom and a pressure-volume term (PV) into six modes of 
motion in the liquid plus a corresponding PV term. If we con
sider the liquid as a disordered lattice these modes can be 
identified as follows. 

Three modes are associated with the translational oscilla
tions or librations of the centers of gravity of the molecules in 
a potential cage of near neighbors; three modes are associated 
with the torsional oscillations of the molecules about their 
centers of gravity, and finally the pressure-volume term be
comes the potential energy of expansion of the entire liquid 
lattice. 

To a very good order of approximation, the condensation of 
gas to liquid has very little effect on the internal modes of 
motion of a molecule.2 The small perturbations in frequencies 
associated with these internal modes is seldom larger than a 
few percent and has a negligible effect on their heat capacity 
contributions. This is a physically quite reasonable result since 
the average energy of interaction of a liquid molecule with each 
of its Z nearest neighbors is a small quantity of the order of 
2A£vap/Z « \%RTBIZ for normal liquids (TB = boiling 
temperature). Since Z » 12 for normal liquids this interaction 
is of the order of 1.5RTB or about 1 kcal when TB * 350 K. 
This is very small compared to the energies of bonds. 

This latter circumstance makes it possible to use the addi
tivity laws very extensively developed for gases4 to compute 
the contributions of the lattice modes for liquids where heat 
capacities are known even when the gas heat capacity is not 
known.5 For a polyatomic, nonlinear, dilute gas the contribu
tions of these modes to CP(g) is 8 eu. Hence the contributions 
of the internal modes to Cp(g) is (CP(g) - 8) eu. If Cp(Hq) is the 
measured heat capacity of the liquid then the contributions of 
these lattice modes, which we shall call Cp(iat), is given by 

Cp(lat) = Cp(\\q) - lCp(g) - 8] 
= —ACp(vap) + 8 (1) 

For normal liquids where —ACP(vap) at 25 0C has been 
found to be about 12 eu3 we see that the lattice modes will have 
a value of Cp(iat) =* 20 eu. It is possible to further break these 
down as follows. 

The librational motions of the center of gravity of a liquid 
molecule in the cage of its nearest neighbors is expected to 
approximate a low-frequency harmonic oscillator. If these 
frequencies are below 200 cm -1 they can be taken as classical 
oscillators with Cp = R.4 Thus the three center of gravity 
modes are expected to have a Cp contribution of 3i? = 6 eu. 

The three torsional modes of the molecule in its liquid cell 
will similarly behave as low-frequency oscillators if there is a 
barrier to free rotation. This will give them an upper limit of 
3R = 6 eu7 or if very anharmonic 3.3i? = 6.6 eu. For nearly 
spherical molecules such as CH4 or very symmetrical mole
cules such as C2H6 or CH3Cl, the effective barrier to rotation 
about one or more of the inertial axes may be <RT so that the 
torsion approaches a free rotation. In that case the contribu
tions of these modes will approach a lower limit each of R/2 
= 1 eu. Thus the three torsional contributions will be between 
3 and 6.6 eu. 

The lattice expansion is then represented by a contribution 
Cp(exp) * 8 eu given by the difference between 20 eu, the av
erage value for normal liquids of Cp(iat), and 12 eu, the antic
ipated contributions from the center of gravity motions. This 
is in excellent agreement with various theoretical and empirical 
estimates of this contribution for normal liquids. As an example 

we note that from thermodynamics we have 

_ a2 

Cp(exp) — Cp — Cu = Vl —— (2) 

Using typical values of V « 100 cm3/mol, T « 300 K, a « 
1.1 X 10_3/K, and /3 = 1 X 10 -4 atm -1 we estimate a value 
for CP(exp) ~ 8.5 eu. 

Abnormal Liquids 
If we restrict our attention to liquids below their boiling 

points we will find that CP(exp) is usually less than 8.5 eu and 
since the six center of gravity modes will not exceed 6R = 12 
eu we do not expect to find —ACp(vap) in excess of about 12 eu. 
However, a number of liquids show significant deviations from 
this behavior.3'5 Quite generally we find that H2O and alcohols 
show marked departures in excess of this value. In addition we 
find that flexible, long-chain molecules with more than eight 
consecutive single bonds will show progressively larger values 
for —ACp(vap). We shall classify these as abnormal liquids. 

The fact that H2O and the alcohols fall in this category is 
no surprise. They are long recognized to be exceptional in their 
liquid properties. Nor is the inclusion of long-chain molecules 
in this category surprising. Pitzer defined an "acentric" factor 
to permit characterization of liquids composed of very asym
metrical molecules in terms of deviations of properties from 
those of liquids composed of symmetrical or roughly spherical 
molecules.8 The perhaps surprising feature here is that the 
abnormality in Cp shows up only for liquids whose molecules 
exceed chains of Cs-

The case of water is of particular interest. Cp(L) (H2O) = 
18.0 eu at 25 0C. However, the abnormally small coefficient 
of thermal expansion of H2O over the range 0-60 0C is such 
that Cp(exp) (H2O) * 0. Thus in this range we would be forced 
to attribute the entire 18 eu to the internal modes together with 
the six center of gravity modes. The internal modes have very 
high frequencies and contribute 0 to Cp. But we have seen that 
the center of gravity modes cannot exceed about 12 eu. There 
is then an unaccounted contribution of about 6 eu to CP(\) 
(H2O). Similar arguments can be made for the excess heat 
capacity of the alcohols and long-chain compounds. In the 
absence of any other mechanical motion to which to assign the 
excess heat capacity we shall invoke a phenomenological ex
planation—isomerization. 

Let us assume that the excess heat capacities of what w"e 
have called abnormal liquids are to be assigned to the phe
nomenon of isomerization. For the moment we are not con
cerned with the nature of this isomerization, whether it is a 
chemical change or a physical change such as a change in 
conformation, packing, or coordination. 

Isomerization Heat Capacity 
A chemical isomerization, if it is accompanied by energy 

changes, for example, if it is endothermic, can contribute a 
significant amount to the apparent heat capacity of a system 
even when the molar heat capacities of the two or more iso
meric forms may be the same. Let us consider a single equi
librium between two isomeric forms of a molecule A and B: 

A «=± B A//i > 0 (3) 

Let us further assume that A and B mix like regular liquids,2 

are miscible in all proportions, and have a negligible heat of 
mixing. We can then treat the mixture as an ideal liquid and 
write for the enthalpy of the mixture: 

Hmix = xAH°A + xBH°B (4) 

where x\ and XB are the mole fractions of A and B and x\ = 
1 — XB- Then the heat capacity of the mixture is given by 
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Table I. Values of Isomerization Heat Capacity, Cp(isom)/.K, as a Function of AH\/RT and ASi/R" 

AHi/RT 
1 

0 
1 

ASt/R2 
3 
4 

0(1) 
0 (2.7) 
0 (7.4) 
0(20) 
0(55) 

0.2 (0.4) 
0.25(1) 
0.2(2.7) 
0.1 (7.4) 
0.05 (20) 

0.42(0.14) 
0.79 (0.37) 
1.0(1.0) 
0.79 (2.7) 
0.42 (7.4) 

0.43 (0.05) 
0.95 (0.14) 
1.8(0.37) 
2.25(1.0) 
1.78(2.7) 

0.3 (0.018) 
0.7 (0.05) 
1.7(0.14) 
3.2(0.37) 
4.0(1.0) 

0.2 (0.007) 
0.4(0.018) 
1.1 (0.05) 
2.7(0.14) 
4.9(0.37) 

1 Values of K\ are shown in parentheses. 

C, 7>(mix) ~ \ dT ) ~ x&C°p\ + -XBC0PB 

dxt dxv 
+ H 0 B ^ (5) + H°AdT " "dT 

= CPA + x B ( C % - CPK) + ( # ° B - # ° A ) ( f ^ ) 

= CPA + X B A C V + (A//0,) (^f) 

(6) 

(7) 

to C1 

We note that even when AC°pi = 0 there is a contribution . . >, . . v v « t " « t v , v » " " » " ' — ^ p i V UIWXW X̂» C4 V U H V H U U U U I 

Cp(mix) arising just from the enthalpy change in the isom 
erization AH°i izauon art \. 

We can reduce this equation further by expressing the mole 
fraction *B in terms of the equilibrium constant for reaction 
\,K\. For an ideal mixture: 

XB _ „ _ XB 
- Ai -

XA I ~ XB 
and 

* B = 
K 

1 +Ki 

(8) 

(9) 

Taking the logarithmic derivative of this last equation with 
respect to temperature we have: 

/ainjcB \ _ ZdInA-A _ 1 ZdA-A 
V dT Ip K dT / (1 +A-O KdT/ 

= ZdIn^1X I" _ _ A i _ l = 1 /5InJ^1X 

V dT I L 1 +A-J (1+A-,) V dT I K ' 
Hence from eq 9 and 10: 

/dxB\ K1 ZdInATA 
KdT/p (1 +A-j ) 2 \ dT I 

_ Kx ZA//A 

(1 +K1)
2KRT2/ 

Since from thermodynamics: 

-RTInKi = AiZi - ^ASi 
and 

ZdInA -A = AHi 

K dT1 / RT2 

Thus we can rewrite eq 7: 

Cpfmix) = CpA + ^ + ^ J ACp 

(11) 

(12) 

(13) 

(14) 

p\ 

+ R 
/AH 

) • 

Ki 
KRT) (\+KI)2 ( 1 5 ) 

When ACp, is small, only the last term in eq 15 can contribute TT nwii t—i\^ p . w Ljjiiia.ii., \jiiiy i n v i a j i i.v̂ i i n i n wvf i ^ v 

to an abnormally large entropy for the mixture. 
Let us consider this further. For values of A"i w 

small or very large, i.e., 0.1 or 10, the equilibrium win oe ai one 
limit or the other, mostly A or mostly B, and the CP(mix) will 

one 

be either CPA or CPB with a small contribution from the re
action. The term A"i/(1 + A-O2 is symmetrical with respect to 
values of Ki and 1/A"I and has a maximum value of 1A at A^ 
= 1. It is a flat maximum about A"i = 1 since for Ki = 1U or A"i 
= 4 it has the value 0.16, only a 33% reduction in value. Hence 
the reaction can only have a large contribution to Cp(mix) where 
(AHi/RT) is large. It cannot be too large or Ki will become 
too small (eq 13) unless we invoke very large values of ASi. 

Table I shows some examples of this isomerization heat 
capacity contribution for different values of AHi/RT and 
ASi/R. Values are also given for K\, shown in parentheses. We 
note that CP(isom) does not exceed R until {AH/R T) exceeds 
2. The values of AS/R and AH/RT selected for Table I have 
been chosen to span the range anticipated for liquids deviating 
markedly from normal in their Trouton constants. 

Heat Capacity of Water 

Eisenberg and Kauzmann9 have discussed the properties 
and structure of water and commented on the configurational 
heat capacity (here Cp(iSom)) in terms of structural changes. 
Cp(H2O)O) = 18.1 eu and changes by less than 1% from 0 to 100 
0 C. They have calculated CK(H2O)(I) over this range. It de
creases nearly linearly from 18.1 eu at 0 0 C to 16.3 eu at 100 
0 C. They also estimate the center of gravity contributions to 
Cv using frequencies derived from ice. This gives a value of 9 
eu for these six modes at 0 0 C increasing linearly to 10 eu at 
100 0 C. On this basis the maximum value of CP(iSOm) would 
vary from 9.1 eu at 0 0 C to 6.2 eu at 100 0 C. 

If we take the extreme position that the center of gravity 
modes in liquid water have their classical limit of 6R then 
we would estimate Cp(isom) as <6.2 eu at 0 0 C and <4.4 eu at 
1 0 0 0 C A conservative choice might be the mean values of 7.7 
± 1.6 eu at 0 0 C and 5.5 ± 1.5 eu at 100 0 C. Such a choice 
would allow for contributions to Cv from the mole fraction term 
in eq 7 (second term on the right-hand side) and eq 15. If we 
assume that the low-energy A form of water is ice-like in its 
properties while the high-energy B form is more classical in its 
properties, then AC°P, could be 2.6 eu and the contribution of 
this term might vary from about 1 to 2 eu over the 0-100 0 C 
range. However, it can have small negative as well as positive 
values and this raises somewhat the upper limits for 

^p(isom)' 
For C°p(iSom) = 7.7 eu at 0 0 C we can interpolate from the 

values shown in Table I that Hi/RT =± 4.1 with ASi/R = 3.5. 
At 0 0 C this leads to AHi = 2.2 kcal/mol. At 100 °C, C%(iSom) 
= 5.5 yields for the same choice of ASi/R = 3.5, the value 
AHi/RT = 3.4 for AHi = 2.5 kcal/mol, in reasonable agree
ment. The uncertainties in Cp(iSOm) permit a 15% uncertainty 
in the choices of AH/RT and AS/R. 

Within this range the values AHi/RT = 4.6 at 0 0 C (3.4 at 
100 0C) together with AS]//? = 3.4 form a self-consistent set. 
They give K{ = 0.30 at 0 0 C and Cp(isom) = 7.6 eu at 0 0 C and 
Ki = \.0 at 100 0 C with C°p(isom) = 5.6 eu. The mole fractions 
are xA = 0.77, x B = 0.23 at 0 0 C , and xA = XB = 0.50 at 100 
0 C. These also yield AHx = 2.5 kcal/mol and ASi = 6.7 eu. 

For comparison the earlier values listed, AHi/RT = 4.1 at 
0 0 C and AS,//? = 3.5 give Kx = 0.54 and xB = 0.36 at 0 0 C . 

Ljjiiia.ii
file:///jiiiy
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At 1OO 0 C these yield Ki = 1.66 and x B = 0.62, x A = 0.25 with 
C p(isom) = 4.2 eu. 

A final set which will turn out to be more compatible with 
the volume behavior of water is AHX/RT = 4.0, ASi/R = 4.0, 
and Ki = 1 at 0 0 C. This gives ACp(isom) = 8.0 eu and x B = 0.5 
at 0 0 C. At 100 0 C, Ki = 2.9, x B = 0.75, and AQ ( i s o m) = 3.2 
eu. This gives AHi = 2.2 kcal and ASi = 8.0 eu. 

We note from the foregoing that as anticipated, C^isom) 
is very sensitive to AHi/RT but much less to ASi/R. In con
sequence values of K and x have relatively large limits of un
certainty relative to C°p(iSom). 

Molar Volume of Water 

The heat capacity anomaly in liquids requires a phe-
nomenological two-component system in order to be resolved 
and this must affect all other properties as well. Thus the 
simplest, ideal model for the volume of such an isomerizing 
liquid can be written in terms of the A and B components as 

Vh = xAVA + xBVB 

= xA[VA° + {T - TQ)aAVA°] 

+ X B [ F 8
0 + {T-

(16) 

T0)aBVB] (17) 

where VA, VB, VA°, and F B 0 are the molar volumes of A and 
B and the superscripts refer to some reference temperature TQ. 
aA and aB are the coefficients of expansion of the two com
ponents and are assumed to be constant. In addition we assume 
that A and B mix with no significant volume changes. In terms 
of X8 = (1 - x A ) : 

F L = FA° + xBAF° + (T- T0)\aAVA° 

+ xB(aBVB° - aAVA°)\ (18) 

VL°-l(dVL/dT)pis The coefficient of expansion of a\_ 
given by 

AF 0 

Vi0 
a A VA 

VL0 (f?H1+«£i£-') 
+ ( r- r o )(«JV_=^iV)( |a) 

In order for « L ° to be zero at the reference temperature 
which we shall choose at 4 0 C (TQ) we require 

/ d X B \ = _ 

Vd7Vo 1 +xB 
/ O B J V _ , \ 
\aAVA° I AF 0 (20) 

(dxB/dT)o is given by eq 12 and using the thermodynamic 
parameters described earlier is in the range 2.9 X 1 0 - 3 to 3.7 
X 10"3. 

Taking AF 0 negative we see that any of a large set of values 
for the remaining parameters will fit eq 20. These can be ar
bitrarily reduced by using some known values for ice for the 
A species. 

From eq 18, neglecting the small term containing a, we can 
obtain a relation between AF 0 and VA° using the known value 
of F L = 18.0 cm3/mol at 0 0 C and our estimated value of 
xB . 

AF 0 =* (KL - F A ° ) / x B (21) 

This equation places more severe restraints on the possible 
values of XB than the Cp considerations. If, for example, we 
choose FA° = 19.6 cm3/mol, the value for ice we find AF 0 = 
( 1 . 6 / X B ) cm3/mol. For the several choices of values of Ki 
considered earlier the self-consistent set will yield values of 
AF° = -7 .0 cm3/mol which would require a molar volume for 
liquid-like H2O of 12.6 cm3/mol, which seems unreasonably 
low. A value of K{ = 1 at 0 0 C (xB = 0.50) gives the most 
reasonable value of AF° = - 3 . 2 cm3/mol. This gives FB° = 
16.4 cm3/mol and on substituting in eq 20 allows us to calcu

lable II. Some Calculated and Observed Values for the 
Coefficient of Expansion of Liquid Water 

temp, 0C 

100 
50 
4 
0 

-10 
-20 

Ki 

2.92 
1.86 
1.06 
1.00 
0.86 
0.73 

Xl 

0.75 
0.65 
0.53 
0.50 
0.46 
0.42 

104QfL, 

°c-', 
calcd 

(eq 19) 

7.4 
4.7 
0 

-0.2 
-1.4 
-2.7 

10 V , 
0 C - 1 , 
obsd 

(ref 10) 

7.5 
4.6 
0 

-0.68 
-2.9 
-6.8 

late « B = 1.23 X 10~3, a very reasonable value for a normal 
liquid. 

A severe test of these parameters and the model is to cal
culate £*L° for water over the known range. Some values are 
shown in Table II. 

The agreement is surprisingly good from the minimum at 
4 0 C to 100 0 C. It should be commented that the parameters 
of eq 19 have been totally fixed by the volumes of ice and water 
at 0 0 C and the heat capacity data. Thus the agreement in the 
values of « L at 50 and 100 0 C is striking. The model fails to 
reproduce the values of a below 4 0 C but the deviations are 
only large in the supercooled region and it is not clear that 
"equilibrium" values are observed. However, even here the 
small discrepancies could be reduced or eliminated by choosing 
a more realistic coefficient of thermal expansion for water 
which increases slightly with temperature rather than re
maining constant. 

Compressibility of Water 

The compressibility of water changes slightly from about 
51 X 10~6 ba r - 1 at O0C to 48 X 10~6 bar"1 at 100 0C with a 
very shallow minimum of about 45 X 1O-6 at 45 0 C. 
Kauzmann15 has interpreted this minimum as being incom
patible with a simple two-fluid model for liquid water such as 
the one considered here. The equation for ;8mjx, the com
pressibility of water obtained by differentiating eq 16, is given 
by 

pY 
1 (dVL\ 

VL\dp 

= xA 

K A « , VB a AF, / d B 

) : 
(22) 

But since 

SdXB] 

dP, 

/ d x g \ _ K /d ln / fX _ _ / A F A 
\dP/T (1 + / Q 2 V dP I \RTI ( I + * ) 2 

So that 

_ X A F A | 8 A I X B F B / 3 B , 
PL r + 

(AK1)
2A: 

F L F L VLRT(\+K)2 

(23) 

(24) 

Kauzmann's observation was to the effect that the last term 
in eq 24 was always positive so that it was difficult to account 
for a minimum in /?L with increasing temperature if the com
pressibility of liquid "water" {(3B) were assumed to be greater 
than /3A if the latter were assigned the small value associated 
with ice. This reasoning is quite correct. In such a case if (SB is 
set equal to 80 X 1O-6 ba r - 1 to fit 0L at 0 0 C then it leads to 
a value of /?L about 30% too high at 100 0 C. If, however, we 
choose to suppose that the "ice-like" liquid differs from bulk 
ice solid in having a higher compressibility and set /3A = 44 and 
(3B = 50 X 1O-6 at 0 0 C then we find that 0L decreases slightly 
from 51 at 0 0 C to 47 at 100 0 C with a weak minimum near 
40 0 C. By assigning a small positive temperature coefficient 
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similar to that for normal liquids the minimum can be en
hanced. Because AV and the choices of a are also open to 
variation there seems to be no difficulty in choosing mutually 
reasonable values which will fit all of the data considered here. 
In particular a choice of AV° = 4.0 cm3, VA° = 20.0 cm3, and 
VB0 = 16.0 cm3 with slightly larger values for aA and smaller 
values for as will give much improved fits in the supercooled 
region. 

Discussion 
The structure of water and models of multicomponent sys

tems to represent the properties of water have been proposed 
by many authors.9'1' In most of these models relatively little 
attention has been given to the heat capacities and conse
quently most of these models have not reproduced Cp very well, 
this despite the fact that they have generally used more com
plex structures than that suggested here. All of the ones that 
have fitted either the thermodynamic properties or the molar 
volumes have arrived at AH] and AKi values similar to those 
used here.12 The present results are of interest in that they 
suggest that the heat capacity data alone are sufficient to re
quire a minimum two-component system to represent this 
property of water. The detailed molecular structure that 
satisfies these requirements is of course outside the scope of 
the present approach.13 It is of interest to note, however, that 
the differences in energy between an ice-like, tetrahedral 
structure of specific hydrogen bonds and a structure of di-
pole-linked chains with coordination of about 6 is comparable 
to the A//i values we have considered here.14 

I. Introduction 

The structure and conformation of amino acids, oligopep
tides, polypeptides, and proteins have been studied extensively 
by spectroscopic methods owing to their direct relevance to the 
understanding of biochemical processes on a molecular level. 
Of these methods, X-ray diffraction of single crystals has 
provided the most accurate and detailed information. However, 
X-ray crystallographic methods are not applicable to solution 
phase samples where biological molecules may adopt altered 
conformations or undergo critical conformational changes 
while executing biological activity. Currently the most sensitive 
spectroscopic probes of solution phase conformation in proteins 
and related molecules are electronic optical activity, nuclear 
magnetic resonance, infrared absorption, and Raman scat
tering. Very often the results of several of these techniques 
must be combined to gain desired conformational inferences, 
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since no individual method is significantly superior to the 
others, or is so conclusive that supporting results are not 
helpful. 

In view of this situation, we have undertaken the application 
of the newly developed technique of vibrational circular di-
chroismla'b (VCD) to the study of protein-related molecules. 
The overall aim of this work is to provide a new spectroscopic 
method of investigation which will combine the conformational 
and configurational sensitivity of electronic optical activity 
with the rich structural content of vibrational spectroscopy. 
In the present study of alanine and some of its simple oligo
peptides we are investigating the VCD of a small group of 
closely related molecules in order to amplify some of the basic 
features of this new technique and to demonstrate the feasi
bility of further studies. 

In a recent communication,2 we reported the first observa
tion of VCD of an amino acid, alanine, in the carbon-hydrogen 
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