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The results obtained from the above methods of analysis of 
shift and coupling constant data are compiled in Table III. 

The limiting shift values given in Table III for the /J-D-ri-
bopyranose are similar to those reported for the /J-D-lyxopy-
ranose in Table I. This similarity supports the interpretation 
given for the agreement between the formation constants ob
tained for calcium and lanthanum binding to these anomers. 
Additional support for this interpretation can be found in the 
JM values for the /3-D-ribopyranoside which correspond to the 
coupling constant expected for the IC conformation.6 As in 
the case of the /3-D-lyxopyranose, the SM values for the /3-D-
ribopyranose arise from a combination of complex formation 
shift and a shift caused by metal-induced changes in the pop
ulations of conformers. For the other anomers of D-ribose, the 
shifts observed upon complexation with metal ions must arise 
solely from complex formation shifts, since no metal-induced 
changes in conformation are expected. 

As already indicated, the results of the plots of observed 
shifts against observed coupling constants (cf. Figure 7) can 
be used to check the results obtained from the plots of 8/ [M] 
against 8. Comparisons of the 8M values obtained from these 
two methods are in good agreement, showing that all the 
methods employed are at least internally consistent. In addi
tion, the values for JQ reported here are in good agreement with 
those measured from the spectra of D-ribose in the absence of 
any metal ions. These two observations serve to justify the use 
of eq 20 and 21 to analyze the shift and coupling constant data 
obtained from treatment of D-ribose with metal ions. 

Conclusions 

The methodology outlined here can be applied to analyze 

I. Introduction 

The helix-coil transition continues to stimulate considerable 
interest among both theorists and experimentalists. Over the 
last two decades, the former have produced numerous new or 
refined mathematical models which exhibit order-disorder 

the interactions of simple carbohydrates with metal ions. From 
the results of these procedures it is clear that 1:1 metal-sugar 
complexes are formed in aqueous solution. The present results 
bear out previous suggestions that the binding of metal ions 
to pyranoses occurs with the pyranose ring in a conformation 
which contains an ax-eq-ax arrangement of three consecutive 
hydroxyl groups. 
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phase transitions with provisions for fitting the abruptness of 
the transition "cooperativity" to experimental observations 
of the helix-coil transition.3a And, as new physical parameters 
become experimentally accessible, the measurement and 
usefulness of such parameters are frequently demonstrated via 
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Abstract: Measurements of the macroscopic properties of synthetic polypeptide liquid crystals indicate that the helix-coil pre
transition behavior parallels that reported in dilute solution studies. As varying amounts (<10% by volume) of TFA were 
added to PBLG in dioxane (24 mg/cm3 dioxane), observations were made on the pitch in zero magnetic field; in orientated 
nematic structures of the same liquid crystals, measurements of the diamagnetic susceptibility anisotropy, Ax, and the reorien
tation rate in a magnetic field were made. The results obtained indicate that the asymmetric part of the intermolecular poten
tial increases across the pretransition range while the twist elastic constant K22 remains unchanged. Even small amounts of 
TFA (~1% by volume) are sufficient to induce a sharp increase in the fluidity, reminiscent of the behavior of dilute, isotropic 
solutions of PBLG (i.e., breakdown of an aggregated network). In addition, this work demonstrates that extracting microscop
ic polypeptide side chain structural information from Ax measurements is feasible. Specifically, the average orientation of the 
PBLG side chain as well as its mobility can be monitored as TFA is added to the liquid crystal. The sum of evidence supports 
the idea that, in the pretransition region, the helix remains rodlike while there is an increased mobility of the side chain as TFA 
is added. 
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this dramatic //j/ramacfomolecular transition. However, the 
sustained attention devoted to the helix-coil transition by re
searchers from various disciplines has not yet yielded a concise 
picture of its molecular details. Controversy centers in par
ticular on the mechanism of the acid-induced helix-coil tran
sition in binary solvent systems. 

For the most part, dilute solutions of synthetic polypeptides 
(usually, poly(7-benzyl L-glutamate) (PBLG)) have been 
employed for model investigations of the helix-coil transition. 
A variety of experimental techniques have shown that in mixed 
solvent systems containing between 10 and 30% trifluoroacetic 
acid (TFA) by volume (depending on the solvent and molec
ular weight of the polypeptide), PBLG will change from a rigid, 
rodlike, a-helical polymer to a flexible, random-coil polymer.3b 

In addition, the literature contains many reports of subtle, 
gradual changes in experimental parameters used to monitor 
the state of the polypeptide across the range 1-10% TFA, prior 
to the precipitous change in the parameter at the helix-coil 
transition itself (see references cited in ref 3c and 4). Various 
theories have surfaced to account for pretransition behavior 
caused by halogenated acids in the low acid concentration 
range: the disruption of aggregated PBLG helices,5 the gradual 
"unfreezing" of the PBLG side chains on the periphery of the 
macromolecule with increasing TFA,6 the "melting" of low 
molecular weight helices to random coils in polydisperse PBLG 
samples.7 We take a different approach to pretransition phe
nomena, i.e., investigation of polypeptides in a highly aggre
gated liquid crystalline state. We select this approach because 
liquid crystals are ideally suited for quantitative experimental 
measurements of novel macroscopic properties that are related 
to changes in the polypeptide molecular conformation. 

The large axial ratio of the high molecular weight helical 
PBLG rods underlies an essentially entropically driven phase 
transition from an isotropic solution to a lyotropic liquid crystal 
in concentrated PBLG solutions.8 The inherent asymmetry of 
the a helix and resulting asymmetric i'«?ermacromolecular 
potential produces a cholesteric structure in the PBLG liquid 
crystal closely related to that formed in thermotropic liquid 
crystals. This cholesteric jw/?ramolecular structure is exhibited 
as a pattern of parallel, equispaced retardation lines when the 
liquid crystalline solution is viewed normal to the cholesteric 
twist axis.9 The viscoelastic properties of the liquid crystal are 
characterized by a set of elastic moduli, Ky, and viscosity 
coefficients, 7,-. These parameters are fundamental in the es
tablishment of the liquid crystal, and, together with its dia-
magnetic (dielectric) anisotropy, describe the response of the 
liquid crystal to external perturbations such as magnetic 
(electric) fields. In this paper, we examine the effect of TFA 
on the liquid crystalline phase of PBLG and relate observed 
changes in its macroscopic properties to previously reported 
phenomena in dilute solution studies of the helix-coil transi
tion. Measurement of the diamagnetic anisotropy of the liquid 
crystal affords a method for quantitatively monitoring changes 
in the polypeptide side chain secondary structure prior to the 
TFA-induced transition. 

II. Experimental Section 

Several years ago it was discovered that the cholesteric structure 
of PBLG liquid crystals could be transformed into an oriented nematic 
structure, given a sufficiently strong magnetic field.10 The field-in
duced structural transition is slow, requiring several hours in some 
cases. In the resulting arrangement, the rodlike helices are aligned 
parallel to the field. The slowness of response of this polymeric liquid 
crystal to external stimuli, in contrast to thermotropic liquid crystals, 
facilitates a number of physical measurements. 

All of the magnetic measurements were made with a modified vi
brating sample magnetometer, Mode! 155, Princeton Applied Re
search Corp. (See ref 11 for experimental details.) Magnetic fields 
up to 20 kOe and temperatures from room temperature to 70 °C were 
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Figure 1. The pitch of the cholesteric structure, P, normalized by the value 
for 0% TFA, P0, as a function of % TFA (vol) in PBLG-dioxane:TFA 
liquid crystals (24 mg polymer/cm3 dioxane). 

available with the related accessories. Direct optical observations of 
the spacing between retardation lines in the cholesteric liquid crystal 
were possible with a 70X polarizing microscope. 

The synthetic polypeptides were supplied by Pilot Chemical Co. 
(New England Nuclear). Polypeptide solutions were matured for at 
least 1 week to ensure complete solubilization of the polymer and 
homogeneity of the liquid crystal. In most cases, the development of 
the pattern of retardation lines occurred within a few days. 

Unless otherwise indicated, all liquid crystal samples used for the 
experimental measurements consisted of solutions of PBLG (mol wt 
= 300 000) in dioxane (24 mg polymer/cm3 dioxane) to which varying 
amounts of TFA were added. 

III. Results 

A. Cholesteric Pitch. The supramolecular structure exhib
ited by PBLG liquid crystals, the cholesteric structure, is 
characterized by the pitch Po of the helicoidal arrangement 
of a-helical macromolecules about an axis of torsion. (The 
subscript " 0 " indicates an absence of external fields and/or 
acid which perturbs the equilibrium value of the pitch.) In 
those macroscopic regions of the bulk sample which are viewed 
along a direction normal to the axis of torsion, the cholesteric 
texture is manifested as a series of parallel, equispaced, re
tardation lines of spacing PQ/2. In the liquid crystalline PBLG 
solution, Po is of the order of 1 -100 /xm, and varies with tem
perature and with PBLG concentration, c, in an inverse 
manner (Po <* 1/c2).8 

Utilizing the polarizing microscope to observe the retarda
tion lines, the variation of the pitch for the PBLG-dioxane:TFA 
liquid crystal in zero magnetic field was determined as a 
function of TFA concentration (vol %). In Figure 1, the data 
have been normalized to the value of the pitch in the absence 
of TFA, Po = 47 (jm. The effect of TFA is minimal below 2%. 
After this initial insensitivity, the pitch decreases more rapidly 
with TFA concentration in the remainder of the pretransition 
range (1-10% TFA; the helix-coil transition, determined by 
changes in the chemical shift of the "C-H proton,'2 occurs at 
~25%TFA(vol) ) . 

B. Twist Elastic Constant and Critical Magnetic Field. 
Application of a sufficiently strong magnetic field will untwist 
the cholesteric structure to form an aligned nematic struc
ture.10 Meyer13 and de Gennes14'15 have derived independently 
a theoretical relationship between the pitch of a cholesteric 
structure, P, and the applied magnetic field, H. They predict 
an increase in the pitch as the applied field is increased with 
a logarithmic divergence of P when the field strength ap
proaches a critical value. This behavior has been verified for 
lyotropic cholesteric polypeptide liquid crystals by Duke and 
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Figure 2. The twist elastic constant, K22, as a function of % TFA (vol) in 
PBLG-dioxane:TFA liquid crystals; ( • ) PBLG mol wt = 300 000; (•) 
PBLGmolwt = 310 000. 

Du Pre.16 In addition, theory relates the critical field, Hc, the 
initial pitch, PQ, the twist elastic constant, K22, and the dia-
magnetic anisotropy, Ax, as follows 

HQ = TrHK22/AxV/2/2Po (D 

The variation of H0 for increasing TFA concentration has 
been previously determined.17 With the value of Po (section 
A), we calculate (^22/Ax) from eq 1. An independent mag
netometer measurement of Ax is required (see section C) in 
order to determine the behavior of K22 when the TFA con
centration is changed. Figure 2 shows the variation of K22 as 
TFA is added to the PBLG-dioxane:TFA liquid crystal. Within 
experimental error, K22 appears insensitive to TFA concen
tration in the pretransition range. 

C. Diamagnetic Anisotropy. During the field-induced cho-
lesteric-nematic transition (H > H0), a time-dependent an
isotropy in the observed magnetic moment, A/j.(t), develops in 
the liquid crystal.1' The untwisting and alignment process is 
easily explained by the fact that, for the a-helical rodlike 
polypeptide molecules, the susceptibility per peptide residue 
along the longitudinal axis of the rod, a\, is diamagnetically 
smaller than the average transverse susceptibility per residue, 
at (axially symmetric rods). Hence, the system will take on a 
configuration of minimum energy in an applied magnetic field 
when the rods align parallel to the field. The resulting dia
magnetic anisotropy per mole of peptide residues of a macro-
scopically aligned nematic, Ax, will be given by 

Ax = (XII ~ X-L) = ^A(<TI ~ (Jt)S (2) 

where TVA is Avogadro's number and S = (,f2(3 cos2 8 — 1) > 
is the order parameter describing the angular deviation of the 
longitudinal axes of the rods from the nematic director caused 
by thermal motion.18 By observing A^(O as a function of time, 
we can obtain a value for Ax by writing Ax = An(">)/nH 
where Aju(°o) is the asymptotic value of Afi(t) for large t, H is 
the applied magnetic field, and n is the number of moles of 
polypeptide residues. (In order to calculate values for the twist 
elastic constant K22 and the rotational viscosity coefficient 71, 
sections B and D, respectively, it is necessary to express Ax in 
units of emu per cm3 of liquid crystal.19) 

The measured value of Ax in the PBLG-dioxane:TFA liquid 
crystal reflects the anisotropy of the polypeptide only. This is 
so because the solvent molecules are only slightly oriented 
(solvent order parameters in these liquid crystals determined 
with NMR, even in the case of specific solvent-polymer 
binding, are of the order of 0.00120). Hence, changes in Ax for 
PBLG liquid crystals having binary solvent systems which 
occur on changing the relative amounts of the two solvents 
reflect changes in the susceptibility of the macromolecule (o\ 
— <rt) and/or changes in S. 

x 

Figure 3. The anisotropy of the diamagnetic susceptibility of PBLG-di-
oxane:TFA liquid crystals as a function of % TFA (vol) (B, —). The an
isotropy of the diamagnetic susceptibility of the benzyl fragment of the 
PBLG side chain in PBLG-dioxane:TFA liquid crystals as a function of 
% TFA (vol) calculated from eq 4 with AxPGA = 2.58 X 10 -6 emu/mol 
( • , - - - ) • 

In Figure 3 (solid line), the observed diamagnetic anisotropy 
of the PBLG-dioxane:TFA liquid crystal is shown as the TFA 
fraction is increased. For expediency, TFA was added to a 
PBLG-dioxane liquid crystal in subsequent steps, i.e., the 
fraction of polymer in the liquid crystal decreases across the 
range 1-10% TFA. However, the observed decrease in Ax 
exceeds considerably that anticipated from mere dilution of 
polypeptide. High resolution NMR studies show that PBLG 
ester hydrolysis by TFA is very small on the time scale of these 
experiments; the decrease in Ax cannot be attributed to 
chemical degradation of the side chain.21 

D. Rotational Viscosity Coefficient. Once the cholesteric 
structure has been completely untwisted and the rods aligned 
in a magnetic field H > Hz, the resulting nematic director can 
be quickly rotated with the magnetometer to any desired ori
entation in the field (0 = 0o) and Afi(t) can be observed as a 
function of the time during which the nematic director realigns 
with the field (4> = 0). The realignment is driven by the mag
netic torque Tmag = -1Z2(Ax)H2 sin (20) and opposed by a 
viscous torque Tv-ls = —yi(d0/dr) which defines the rotational 
viscosity coefficient 71. In ref 11, we describe the mathematical 
details of relating 4>(t) to Afi(t) and the subsequent calculation 
of 71 = T(AX)H2 where T is the characteristic "time constant" 
for reorientation. 

Figure 4 presents the change in A/x(t) as a function of time 
occurring in the PBLG-dioxane:TFA liquid crystals with 0, 
1, and 2% TFA after setting <j> = 0O = 90° at / = 0 (H = 18 
kOe);thevaluesof7iare2.7X 103, 8.4 X 102, and 6.4 X 102 

P, respectively. It can be seen that the rate of reorientation 
increases dramatically with the addition of small amounts of 
TFA. The calculated value of 71 decreases by a factor of 4 with 
addition of ~ 1 % TFA. Reorientation rates for higher TFA 
concentrations (>2%) are too fast for accurate determination 
with the magnetometer. NMR studies of this process yield 
plots of the temporal development of solvent dipolar splittings 
and suggest that after the abrupt increase in the reorientation 
rate at 1%, 71 does not decrease significantly at higher TFA 
concentrations.22 The determination of 71 using solvent NMR 
spectra has recently been reported for PBLG liquid crystals.23 
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Figure 4. The change in the anisotropy of magnetic moment as a function 
of time for oriented, nematic PBLG-dioxaneTFA liquid crystals; at ( = 
0, the nematic director is aligned perpendicular to the magnetic field: (•) 
0% TFA, (A) 1% TFA, (•) 2% TFA. 

IV. Discussion 
A. Macroscopic Properties. The cholesteric structure which 

forms spontaneously in this class of liquid crystals is an unusual 
macroscopic manifestation of certain aspects of the confor
mation of the polypeptide molecule. The sign of the form op
tical rotation24 is a measure of the sense of the cholesteric twist. 
It is positive for cholesteric structures with a right-handed twist 
and negative for structures with a left-handed twist. The sense 
of the cholesteric twist is dependent on the chirality of the 
constituent molecules and the solvent used in the liquid crystal. 
For example, in liquid crystals with dioxane as a solvent, the 
right-handed a-helix PBLG generates a cholesteric structure 
with positive form optical rotation and the left-handed a-helix 
PBDG (a homopolypeptide with D-amino acids) generates a 
cholesteric structure with negative form optical rotation. In
dependent of solvent, liquid crystals containing a racemic 
mixture of PBLG and PBDG exhibit no form optical rotation, 
i.e., they form the untwisted nematic structure. 

Robinson8 noted an unusual behavior of the pitch and sense 
of the cholesteric structure when PBLG liquid crystals were 
prepared in various neat and mixed solvents. As noted above, 
PBLG-dioxane liquid crystals have positive form optical 
rotation; however, PBLG-CH2Cl2 liquid crystals have negative 
form optical rotation. In both solvents, the PBLG a helix is 
right-handed.3b-25 The situation is exactly reversed for PBDG. 
Figure 5 shows the change in the form optical rotation (2/Po) 
for liquid crystals prepared in binary solvent mixtures. Po in
creases as the fraction of polar solvent in dioxane:CH2Cl2 or 
dioxane:nitrobenzene mixtures is increased. At a critical ratio 
of solvents, Fo —• °°, the cholesteric structure is compensated 
(becomes an untwisted nematic structure) and the form optical 
rotation changes sign. 

Goossens has presented a general theory relating the origin 
of cholesteric twist to molecular chirality.26 He derives an 
angular dependent intermolecular potential for planar mole
cules whose long axes lie in adjacent "twist planes" separated 
by a distance rab: 

-Vab=(—-Acos26ab + — -sm26 a b \ (3) 
\rab* rab

s I 
The planes are perpendicular to the cholesteric axis; 6ab is the 
angle between the directions of the long axis alignment in re
spective planes a and b. The coefficient of the symmetric part 
of this potential, A, is related to the anisotropy of the molecular 
polarizability. The cholesteric twist occurs because of the 
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Figure 5. The form optical rotation, 2/Po, for cholesteric textures in PBLG 
liquid crystals with mixed solvent systems: (•) data for the binary solvent 
dioxane:CH2Cl2 (unspecified PBLG concentration);8 (•) dioxane:CH2Cl2 
(PBLG concentration, 20 mg polymer/cm3 solvent); {A.) dioxane:nitro-
benzene (PBLG concentration, 20 mg polymer/cm3 solvent). 

asymmetric part of the potential; B is related to the dispersion 
energy determined by electric dipole-electric quadrupole in
teractions. The magnitude of the twist, dab, is proportional to 
the ratio B/rabA.26 

This theoretical relation between molecular chirality and 
cholesteric twist, admittedly derived for thermotropic liquid 
crystals without cylindrical symmetry, nevertheless prompts 
us to speculate that some type of polypeptide conformational 
change resulting in a change of the apparent chirality of PBLG 
is responsible for the intriguing behavior of Po shown in Figure 
5 (seeref 44). 

In the past, the concept of a regular side chain secondary 
structure on the exterior of PBLG has been often discussed.30'4 

(In this context, side chain secondary structure refers to a 
dynamic, regular arrangement of the PBLG side chains re
sulting from a minimization of steric constraints and an en
hancement of electrostatic interaction between neighboring 
side chain chromophores.) In fact, the usually low electric di-
pole moment of PBLG peptide residues has been attributed to 
a specific antiparallel orientation of the dipole of the ester in 
the side chain relative to that of the amide in the back
bone.27 

Earlier, Samulski suggested that changes in the apparent 
chirality of the polypeptide could be accomplished through 
alterations of the side chain secondary structure while leaving 
the handedness of the helical backbone unperturbed.28 The 
magnitude of the angular displacements on the molecular scale 
of one PBLG rod relative to its nearest neighbor in dioxane and 
CH2CI2 is very small (dab is only minutes of arc).8 This 
suggests that the overall differences in the chiral appearance 
between the van der Waals surface of PBLG in dioxane and 
its "mirror image" in CH2Cl2 is rather small. It seems plausible 
that comparatively inert solvents such as CH2Cl2 and dioxane 
with variable polarity, dielectric constant, etc., could effect 
nonbonded interactions between side chain chromophores 
which stabilize or destabilize specific side chain secondary 
structures, i.e., the chiral sense of the PBLG exterior could 
change with solvent and result in a change in sign of B (eq 3) 
and P0 (Figure 5). 

The tightening of the cholesteric twist observed on increasing 
TFA concentrations (Figure 1) indicates that the magnitude 
of the asymmetric part of the intermolecular potential increases 
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across the pretransition range. This observation is compatible 
with a superficial conformational change of the PBLG mole
cule caused by specific TFA interactions with the side chain. 
In terms of Goossens' theory, the resulting change in the 
"appearance" of the PBLG rod would have to amplify asym
metric electrostatic interactions between rods (increase 6ab) 
and thereby decrease PQ. Below in part B we show that TFA 
disrupts PBLG side chain secondary structure. In order to 
remain consistent, we deduce that adding TFA increases 6ab 
by eliminating a side chain conformation which attenuates 
B/rabA. In other words, this side chain conformation, when 
intact, partly cancels the contribution to the asymmetric part 
of Vab made by the helical array of permanent electric dipoles 
on the polypeptide backbone. 

Physically, the twist elastic constant, K22, describes the force 
necessary to induce a twist deformation in the cholesteric 
structure, either mechanically, through an external field, or 
by natural thermal excitations. The twist elastic constant is 
dependent on short range and long range order in the liquid 
crystal. In principle, AT22 can be related to the intermolecular 
potential through the appropriate derivatives of a partition 
function. Although TFA changes the equilibrium angular 
orientation of one PBLG molecule relative to its neighbor {6ab), 
K22 does not change in the pretransition range (Figure 2). Po 
is related to the ratio of the coefficients in eq 3 and K22, pre
sumably, is a function of Vab- However, since B « A, a sizable 
change in PQ is not necessarily accompanied by a comparable 
change in K22- Polypeptide concentration, molecular weight, 
and solvent in the liquid crystal do influence A ^ - " ' 1 7 

The abrupt change in the rotational viscosity coefficient, 71, 
with the addition of small amounts of TFA to the liquid crystal 
is reminiscent of the behavior of dilute, isotropic solutions of 
PBLG. In such isotropic solutions, PBLG molecules aggregate 
in certain solvents, e.g., dioxane, benzene, ethylene dichlo-
ride.29 Various modes of aggregation have been proposed: 
end-to-end, parallel, and antiparallel lateral associations.5'29 

Although the nature of the intermolecular interactions re
sponsible for aggregation is uncertain, there is general agree
ment that thes addition to the solution of very small amounts 
of certain agents (dimethylformamide, formamide, dichlo-
roacetic acid, and TFA) will break down the aggregates; the 
solution then acquires the properties of a dispersion of discrete 
PBLG helices.529 In the liquid crystal, aggregation of the 
PBLG would result in an intermittent three-dimensional gellike 
network with viscoelastic properties characteristic of melts of 
ordinary random-coil polymers. Destruction of the aggregated 
network would be accompanied by an increase in fluidity of 
the liquid crystal. The decrease in 71 at 1-2% TFA (Figure 3) 
and the apparent insensitivity of 71 at higher acid concentra
tions22 strongly suggest that PBLG aggregates in the liquid 
crystal in the manner observed in dilute solutions. 

Studies of the bulk diamagnetic susceptibility of solid po
lypeptides have shown that 20% of the PBLG susceptibility can 
be attributed to the aromatic ring terminating the side chain." 
The decrease in Ax brought on by adding TFA to the PBLG 
liquid crystal (see Figure 3) is very likely due to a decrease in 
the contribution of the rather anisotropic ring to Ax when side 
chain secondary structure is perturbed (see section B). 

B. Microscopic Properties. Guha-Sridhar, Hines, and 
Samulski have previously suggested that measurements of the 
diamagnetic anisotropy could reveal aspects of the PBLG 
molecule's secondary structure.11 Namely, information about 
the average orientation of the PBLG side chain could be ob
tained if Ax can be separated into two contributions, Axhehx 

and Ax rmg. The former characterizes the anisotropy of the 
helical core of PBLG, the a-helical backbone plus part of the 
side chain, say, out to the a-carbon atom. The latter describes 
the anisotropy of the aromatic phenyl ring and benzyl CH2 of 
the ester terminating the side chains of PBLG. The separation 

can be carried out experimentally by subtracting AxPGA found 
for a liquid crystal containing poly(L-glutamic acid) (PGA), 
a polypeptide which has no aromatic ring on the side chain, 
from AxP B L G . This amounts to equating AxP G A to Axhelix. 
According to eq 2, the subtraction 

Ax
rin« = AxP B L G - AxP G A (4) 

can be carried out when S* is known (or has the same value) in 
both the PGA and PBLG liquid crystals. (Ax is expressed in 
units of emu per mole of peptide residues.) 

Recently, Murthy et al.30 have determined S1 in the PBLG 
liquid crystal using x-ray diffraction. Their studies show that 
(a) S is insensitive to polypeptide concentration in the range 
10-25% (wt/vol), (b) S does not vary with polypeptide axial 
ratio (molecular weight) in the range length/diameter = 
70-140, and (c) for a given axial ratio and concentration of 
PBLG S decreases only marginally with increasing TFA 
concentration in the pretransition range 0-10% TFA. These 
results indicate that S is not strongly dependent on the detailed 
nature of the constituents and that a value of S = 0.75 is rep
resentative of the degree of order for all polypeptide liquid 
crystals in this class. 

Since S changes very little in the pretransition range,30 the 
rodlike shape of PBLG prevails throughout this range of TFA 
concentration; the observed change in AxP B L G (Figure 3) 
implies a more subtle /«?/-amolecular structural change. 
Equation 4, when applied to the data in Figure 3 (assuming 
that S is the same in all polypeptide liquid crystals and that a 
previously determined value of AxP G A = 2.58 ± 0.3 X 1O-6 

emu/mol11), yields the behavior of Ax rmg in the pretransition 
region (dashed line in Figure 3). 

Ax rmg can, with some assumptions, give information about 
the orientation of the phenyl ring relative to the helix axis, I. 
For a uniaxially symmetric distribution of side chains about 
the helix axis 

Axring = 7VA(fflrin« - (T1
7^)S (5) 

where ffirm8 and o-t
rmg are the average components of the ring 

diamagnetic susceptibility along the transverse to 1, respec
tively: 

" l " " 8 = Oa COS2 a + Ob COS2 (3 + Uc COS2 7 

fftring _ \j2Ca s i n 2 a + y2(Jb s ; n 2 £ + l£fff s[n2 y 

aa, Ob, and ac are the principal values of the ring susceptibility 
tensor along the Cartesian coordinate axes a, b and c (the c axis 
is normal to the ring plane, see Figure 6); a, /3, and 7 are the 
polar angles between 1 and the a, b, and c axes, respectively. 
The bar indicates an average over the distribution of side chain 
orientations. The ring orientation can be uniquely defined by 
specifying only two of the three orientation functions having 
the form/a = %(3 cos2 a — 1), etc., which describe the average 
orientation of the a, b, and c axis. From eq 5 and 6, 

AX
ring = (XJa + Xbfb + XcTc)S (7) 

where Xa = N\aa, etc., and / a + fb + fc = 0. 
It is useful to compare calculated values of Ax rmg using 

previously reported static side chain conformations for PBLG 
with the experimentally determined value Ax r m 8 = 4.2 ± 0.8 
X 10 - 6 emu/mol (eq 4 and AxP B L G without TFA). In Table 
I, values for a, /3, and 7 obtained from experimental and the
oretical side chain conformations are listed. The former were 
derived from ir dichroism studies.31 The latter are computed 
low energy conformations which consider various contributions 
to the total conformational energy: bond rotational potentials, 
nonbonded van der Waals interactions, electrostatic interac
tions, and intermolecular perturbations.32 '33 Values of Ax n n g 

were calculated using eq 7 with the PBLG side chain benzyl 
fragment: Xa = Xb = -39 .9 X 10 - 6 emu/mol and Xc = 
-108.1 X 10 - 6 emu/mol; %(xa + Xb + Xc) is the value found 
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Table I. Calculated Axring for Specific Side Chain 
Conformations 

Figure 6. Schematic drawing of the PBLG side chain relative to the helix 
axis 1; a, b, and c axis form a Cartesian coordinate system with c normal 
to the ring plane (a, jj, and 7 are the polar angles); the 0; are the dihedral 
angles describing configurations about side chain bonds 1-6; the Si are the 
supplements of the valence angles between bonds/and/ — 1. «,• (not shown) 
is the angle between I and bond / (eq 8 and 9). 

for toluene (—64.54)35 less one H atom (Pascal value —2.93).36 

The best agreement is obtained with Tsuboi's side chain con
formation31 derived from ir studies of solid, oriented films of 
PBLG. However, the most striking aspect of this comparison 
with static conformations is the extreme sensitivity of the 
calculated Axn n g to small changes in a, /3, and y. 

There is considerable experimental evidence both in solution 
and in the solid state that a good deal of internal motion occurs 
in the PBLG side chain. The line widths of the PBLG high 
resolution nuclear magnetic resonance (NMR) spectrum37 and 
observed nuclear magnetic relaxation times38 suggest rota
tional reorientation correlation times for the phenyl ring of the 
order of 10 - 1 0 s, only a factor of 10 longer than that of benzene 
itself. Dielectric and NMR studies of the solid state of PBLG 
indicate substantial side chain segmental motion.33 The NMR 
second moment calculations for varying degrees of side chain 
internal motion yield best agreement with experiment (solid 
state; 20 0C) when free rotations of dihedral angles fo and $5 
(see Figure 6) are allowed, i.e., proton-proton nuclear dipolar 
interactions are effectively averaged by rotations about bonds 
6 and 5 on a time scale of order 10~7 s.33 Thus, it is very rea
sonable to assume that in the liquid crystal segmental motion 
within the PBLG aide chain occurs and that such motion must 
be considered when calculating Axring. 

The experimental evidence cited above strongly suggests 
rapid rotation of the ring about bond 6 (rotation of dihedral 
angle <j>6). Since the potential barrier to rotation 4>6 has sixfold 
symmetry and is of the order of 0.5 kcal/mol,32 the motion 
would be symmetric, and the resulting expression for the av
eraging of the ring susceptibility derived from eq 7 is 

Model Ref Ax
rl 

Tsuboi (ir dichroism) 
Scheragaet al.6/?i( + ) 
Scheraga et al.6 Rd-) 
Tanaka and lshida (ir) 
Tanaka and lshida^ 
Tanaka and Ishida^fl 

31 
32 
32 
33 
33 
33 

57 
90 
17 
65 
55 
51 

45 
28 
79 
48 
44 
62 

62 
62 
77 
69 
45 
65 

+ 10.5 
-8 .4 

+28.8 
+ 35.6 
-37.9 
+28.1 

" Calculated with eq 7 using S = 0.75, x„ = Xfc = -39.9 X 106 

emu/mol, and Xc = -108.1 X 10~6 emu/mol. * a, fi, 7 deter
mined from model constructed according to calculated dihedral 
angles (see ref 32 for side chain nomenclature). c Lowest potential 
energy of side chain dihedral angles. d Side chain dihedral angles 
correspond to the Boltzmann distribution. 

Table II. Calculated Orientation Functions of PBLG Side 
Chain Bonds 

Free rotation of dihedral 
4» 

06 
06 and 0s 

06. 05, and 04 
06, 05, 04, and 03 

angle 
Calcd orientation function" 

Bond / fi 

6 +0.16 
5 -0.48 
4 +1.91 
3 -15 .3 

AX™8 = [XA " 1A(Xa + X c W 6 (8) 

where/is = '/2(3 cos2 «6 - 1) describes the average orientation 

" Calculated with eq 8 and 9 using 86 = 70.5°, B5 = 66°, 04 = 
60°, and Axring = 4.2 X IO"6 emu/mol (no TFA). 

of bond 6 relative to the helix axis, 1 (eg = /3 and / 6 = / , in eq 
7). If, in addition to rotation of <t>6, symmetric rotation is al
lowed about successive dihedral angles in the side chain ($5, 
. . . , cj>i), Axn n g is given by 

AX
ring = [XA - '/2(X. + Xc)]Sfi I ! ^2(COS 6j+]), i < 5 (9) 

The factors /^(cos Bj+1) = V2(3 cos2 Bj+1 — 1) account for the 
averaging caused by rotation of <£,•; Bj+\ is the supplement of 
the valence angle between bondsy andy + 1 (see Figure 6 ) . / 
= '/2(3 cos2!/ — 1) describes the average orientation of bond 
/ relative to the helix axis. For perfect alignment,/ = 1 if bond 
/ is parallel to l a n d / = —0.5 if bond/ is perpendicular to 1. / 
= 0 for a random distribution of bond orientations and the 
highly improbable situation that bond i is fixed at the "magic" 
angle (55°44') relative to 1. 

Equations 8 and 9 provide a convenient way of examining 
the effects of proposed side chain motions. The orientation 
functions can be calculated by solving eq 8 for/5 and eq 9 for 
fi, i = 1-5, using side chain valence angles B1, the values for 
Xa.A.c above, S = 0.75, and the experimentally determined 
Axn n g . Table II lists the calculated values o f / related to 
varying degrees of rotational freedom, i.e., rotations of the 0,'s 
are introduced by beginning with the periphery of the side 
chain (^6) and progressively allowing rotational freedom about 
successive bonds of the side chain inward to the helix. We find 
unreasonable values of / if, in addition to free rotation of 4>e 
and 05, rotation is allowed about bonds 4, 3, 2, and 1 ( t h e / 
must lie in the range +1.0 to —0.5). That i s , / for / < 5 and 
concomitant motional averaging is not consistent with the 
measured diamagnetic anisotropy. For rotation of 4>(, and $5 
we find an extreme value/5 « —0.5 implying that bond 5 would 
be constrained to an orientation essentially perpendicular to 
the helix axis. 

Either orientation function,/5 or /5 , provides a parameter 
for monitoring the change in side chain reorientational mobility 
in the pretransition region. Figure 7 shows / 6 a n d / 5 as a 
function of TFA concentration in the liquid crystal calculated 
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Figure 7. The orientation functions/6 (•, —) and (—)/s (•, - - -) calcu
lated with eq 8 and 9 as a function of % TFA (vol) in PBLG-dioxane:TFA 
liquid crystals. The average orientation of bonds 6 and 5 relative to the 
helix axis decreases as acid is added to the liquid crystal. 

from eq 8 and 9 and the data in Figure 3. The average orien
tation of bonds 6 and 5 decreases with increasing TFA ap
proaching that for an isotropic distribution,/^ =/5 = 0. At 7 
and 10% TFA,/4 (free rotation about <f>e, 4>s, and 04) assumes 
reasonable values, +1.0 and +0.7, respectively. This suggests 
that at high concentrations of TFA, the averaging of the ring 
susceptibility tensor caused by free rotation of $6, 4>s, and r/>4 
is consistent with measured anisotropies. 

V. Conclusions 
In the last few years NMR studies of model compounds39 

and helix-coil transitions in nonprotonating solvents40 have 
produced new insights into the mechanism of solvent-induced 
denaturation of PBLG. The original mechanism proposed for 
the acid-induced helix-coil transition, protonation of the amide 
linkage in the PBLG backbone, has given way to a putatively 
less severe interaction of TFA with PBLG. Ir studies indicate 
protonation of, or hydrogen-bond formation with, the PBLG 
side chain ester group.3 In general, there has been increasing 
evidence that the polypeptide side chain, especially that with 
an aromatic group, is integrally related to the helix confor
mation and stability.41 This evidence plus that obtained from 
investigations of dynamic aspects of the helix-coil transition 
(nuclear Overhauser effect,42 high resolution NMR,6,22 nu
clear relaxation4-38) and the magnetic susceptibility data re
ported here clearly demonstrate that prior to the helix-coil 
transition, there is a change in mobility of the PBLG side 
chains. Previous investigations of pretransition phenomena in 
dilute solution strongly implied that the helix backbone re
mains rigid in this range of TFA concentration.3 More recent 
studies in liquid crystals suggest an increase in helix flexibility, 
i.e., the rodlike shape of PBLG is preserved while breaks in the 
helix rapidly propagate along the chain.22 Our susceptibility 
data imply that the increased molecular mobility is localized 
primarily within the side chain secondary structure. 

Although there is overwhelming evidence implicating side 
chain segmental motion in the pretransition range, a choice 
between orientation functions/5 and/6 to quantify this motion 
based on the magnetic data alone is quite arbitrary. In the 
absence of TFA, the selection of/6 = +0.16 to describe the 
average orientation amounts to lumping together all possible 
types of segmental motion (rotations of dihedral angles 4>\ 
through (j>s, wagging of the end of the side chain due to con
formation changes, etc.) to produce a more general kind of 
order parameter. On the other hand, a choice of/5 « —0.5 al
lows only those configurations of the preceding side chain 
segments (bonds 1-4) which result in an orientation of bond 

5 normal to the helix axis; i.e., it allows only restricted and 
correlated side chain motion. Also, for this choice, we must 
consider the reasonableness of the associated averaging mo
tions: rotation of the ring about bond 6 and, rotation about 
bond 5 (movement of bond 6 on the surface of a cone of arc 
206)- Unhindered rotation about bond 6 is plausible but free 
rotation for dihedral angle 4>5 seems somewhat less so, espe
cially in view of steric constraints imposed by neighboring side 
chains. 

Either/5 or/6 suffices as an indicator of increased side chain 
mobility as TFA is added to the liquid crystal and Figure 7 
presents strong evidence for disruption of a side chain secon
dary structure of PBLG by TFA at low acid concentrations 
prior to the TFA-induced helix-coil transition. These experi
mental measurements do not give new information about the 
mode of association of TFA with the PBLG side chain. A more 
detailed analysis of the dynamics of side chain segmental 
motion in the pretransition range can, however, be obtained 
from NMR investigations in the liquid crystal phases.43 

This work demonstrates that investigations of conforma
tional aspects of polypeptides in the liquid crystal phase are 
feasible, and that the macroscopic properties of this aggregated 
state exhibit behavior paralleling that reported in dilute solu
tion studies of pretransition phenomena. In addition, the pitch 
of the cholesteric texture and the anisotropic magnetic char
acteristics of oriented polypeptide liquid crystals are found to 
provide new points of departure from which to probe subtle 
aspects of polypeptide molecular conformation. 
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hydrogen-bonded and halogen-bonded complex formation, 
respectively, or (2) "ATGLC" = (K + a), where a is a measure 
of noncomplexing halogen/n-donor interaction or contact 
pairing.3'4 For lack of any conclusive evidence, one way or the 
other (see below), we arbitrarily chose the former description. 
Nevertheless, the qualitative discussion of the " ^ G L C " and 
concomitant enthalpy (which reflects a weighted average of 
all pairwise interactions) presented in parts 2 and 4 turns out 
to be equally valid for either description. 

The nature of halogen/n-donor interactions in these systems, 
however, is an unsettled matter.1-2 Charge-transfer bands 
(attributed to n -* a* transitions) have been found in the ul
traviolet region for several tetrahalomethane/amine systems,5,6 

but the reliability of the derived K values (K <Q.\ 1. mol - ' for 
FCCl3, ClCCl3, and BrCCl3 with triethylamine,5 and K ~ 0.03 
1. mol - 1 for CCU/n-butylamine6) is open to question.6-8 

Values this small indicate little or no complex formation and 
can hardly account for the "A^GLC" values and trends observed 
in parts 2 and 4. Also, no charge-transfer bands have been 
reported1 or found in our laboratory for mixtures of CBr4 or 
CCU and ether or thioether donors. Hence, while much ther
modynamic, spectroscopic, and structural evidence1 exists for 
strong halogen/n-donor interactions, it is not clear whether 
substantial complex formation is involved, or whether 
charge-transfer interactions play an important role. With re-
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Abstract: Nuclear magnetic resonance studies in the temperature range 10 to 40 0C are reported for the hydrogen bonding be
tween the electron acceptors and donors of the title, all in cyclohexane solution. Data on the variation of the chemical shifts of 
the haloform C-H proton as a function of donor concentration are treated by the Foster-Fyfe procedure which permits direct 
determination of the equilibrium constants, A-, for 1:1 hydrogen-bonded complex formation. The results are discussed in terms 
of Deranleau's criteria for reliability of the results and proof of fit of the proposed model. Enthalpies and entropies of hydrogen 
bonding are determined from the variation of In K with temperature. The thermodynamic constants so obtained and thermody
namic data previously determined by gas-liquid chromatography are used to evaluate thermodynamic parameters related to 
halogen/n-donor interaction. Consistent with other evidence and a polarization experiment reported here, the latter interac
tions are taken to involve negligible complex formation. The enthalpies of halogen/n-donor interaction are found to follow the 
trends CHBr3 > CHCl3 and N > S > O. The enthalpies of hydrogen bonding, which follow the trends CHCl3 > CHBr3 and 
N > O > S, are analyzed in terms of the double-scale equation of Drago. 
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