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mined are given in Table I. In many instances no good fit 
to the data could be obtained. 

With the three ((BzlGlu),, (CbzOrn),, (CbzLys),) di- 
methylformamide-soluble polymers only the solvent-side- 
chain mixing and the BET models give a good fit to the 
experimental data of the models tried. The BET c param- 
eter is a measure of the ratio of the equilibrium constants 
for the strong and the weak binding sites. As c is less than 
unity for (BzlGlu)n the BET isotherm appears to have no 
physical meaning in this case. The c values for (CbzLys), 
and (CbzOrn), are greater than unity, though not large. If 
the literal interpretation of the BET model is used, i e . ,  
the weak binding sites correspond to solvent condensation 
with a heat of sorption equal to the heat of condensation, 
then the strong binding site would be expected to have a 
heat of sorption in excess of the heat of dimethylformam- 
ide condensation. The fact that no observable heat is de- 
tected for (CbzOrn), suggests that although the BET iso- 
therm fits the data, it is not the model of choice. 

With the (MeGlu), the data can be fit to either a BET 
or the Langmuir + impenetrable rod models. The BET 
analysis yields values for the number of strong binding 
sites which is independent of temperature, and a temper- 
ature-dependent c parameter which corresponds to an en- 
thalpy of 3 f 0.5 kcal/mol of sorbed solvent. The model 
assuming binding sites for isolated sorption plus solvent- 
impenetrable rod mixing gives a sensible though not so 
good a fit, whereas the model assuming strong binding 
sites plus solvent-side-chain mixing does not fit the data. 
Taken literally one must postulate that when dimethylfor- 
mamide is sorbed onto (MeGlu),, the side chains stay or- 
dered. Additional information, presented in the accompa- 
nying paper, must be utilized to decide between the two 
models which fit the data. The absence of a significant 
temperature dependence in the binding constant does 
suggest, however, that the Langmuir + impenetrable rod 
model has less physical significance. Analysis of the 
(BzlAsp), data suggests a conclusion analogous to (Me- 
Glu),. 

The analysis of the (Ala), data is particularly inter- 
esting, in that (Ala), has no flexible side chain. Although 
the BET equation gives statistically a much better fit, 
several of the models can be sensibly fit to the data. The 
strong, independent sorption sites + solvent-side-chain 
mixing model makes no physical sense. The three remain- 
ing models which can fit the data, L, BET, and L + IR, 
could each be considered to be physically meaningful. The 
number of strong binding sites are, however, considerably 
different when analyzed by the different model equations. 
Thus, auxiliary information is needed in order to dist- 
inguish among the models. 

Structurally (Phe), is similar to (Ala), in that  it has 
very little possible sidechain flexibility. The conclusions 
are analogous to those for (Ala),. We were, however, able 
to measure isotherms a t  more than one temperature, thus 
allowing the temperature dependence of the BET c pa- 
rameter to be estimated. The temperature variation in c 
corresponds to an enthalpy of 4 f 1 kcal, and is similar to 
that estimated for (MeGlu),. 

The analysis of the vapor sorption isotherms can now be 
summarized. In terms of goodness of fit the Flory-Leonard 
solvent-side-chain mixing model adequately describes the 
sorption onto the three dimethylformamide-soluble poly- 
mers (BzlGlu),, (CbzLys),, and (CbzOrn),, whereas the 
finite layer BET model best describes sorption onto the 
non-dimethylformamide-soluble polymers (BzlAsp),, 
(MeGlu),, (Phe),, and (Ala),. Analysis of the tempera- 
ture dependence of the BET c parameter indicates an en- 
thalpy of condensation of dimethylformamide onto (Phe), 
and (MeGlu), which is 3-4 kcal in excess of the heat of 
dimethylformamide gas-liquid condensation enthalpy. 
Without additional information a unique isothermal 
model cannot be chosen for the four nonsoluble polymers 
from the various models considered. Finally the sorption 
data strongly indicate that (MeGlu), and (BzlAsp), have 
side chains which are ordered, and remain ordered during 
vapor sorption of dimethylformamide. 
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ABSTRACT: The solvent dependence of polymer nmr line widths has been determined for a series of helical poly- 
mers using dimethylformamide-d,. The side chains of poly(benzy1 glutamate) and poly(carbobenzoxyornithine) 
were found to become increasingly flexible as solvent was added. By contrast, the flexibility of sidechains of poly- 
(phenylalanine), poly(benzy1 aspartate) and poly( methyl glutamate) were found to be little effected by solvent sorp- 
tion. These results were consistent with sorption isotherm data.  Strong interactions of solvent and polymer can be 
detected, and correlate well with thermodynamic data. 

In previous papers1,* we have reported the results of 
vapor sorption studies of dimethylformamide onto a num- 
ber of polypeptides, poly(€-carbobenzoxy-L-lysine) 
((CbzLys),), poly(6-carbobenzoxy-L-ornithine) ((Cbz- 
Om),), poly(ybenzy1 L-glutamate) ((BzlGlu),), poly(y- 
methyl L-glutamate) ((MeGlu),), poly(P-benzyl L-aspar- 

(1) J. H .  Rai and W. G. Miller, Macromolecules, 5 ,45  (1972). 
(2 )  J. H. Rai and W.  G. Miller, Macromolecules, 6,257 (1973). 

tate) ((BzlAsp),), poly(L-phenylalanine) ((Phe),), and 
poly(L-alanine) ((Ala),). In this paper we present the re- 
sults of proton magnetic resonance studies of the interac- 
tion between dimethylformamide and the polypeptides. 
The mobility of the dimethylformamide molecules sorbed 
by the solid polymers and the effect of the sorbed dimethyl- 
formamide molecules on the mobility of polymer side 
chains were also investigated. 



Vol. 6, No. 2, March-April 1973 Side-Chain Substituent Effect on Dynamics of Helical Polypeptides 263 
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Figure 1. Nuclear magnetic resonance broad line spectrum, de- 
rivative curve: (a)  solid polymer (MeGlu),; (b)  (MeGlu), + 16.1 
wt 70 dimethylformamide-d7. 

Experimental Section 
The source and handling of the polypeptides and solvent used in 

the present work have been described previously.lsZ A Varian DP- 
60 spectrometer was used for the proton wide-line nmr measure- 
ments, which were carried out a t  28". For dimethylformamide line- 
width measurements, an  A-60D spectrometer was used a t  28". Both 
(CbzOrn),-dimethylformamide and (Bz1Glu)i-dimethylformamide 
solutions were prepared by the vapor sorption method. A weighed 
amount of (BzlGlu), (or (CbzOrn),) was placed in a 5-mm nmr 
tube. The tube and a beaker containing dimethylformamide were 
placed in a desiccator. The desiccator was evacuated and sealed, 
and the polymer was allowed to absorb dimethylformamide until 
the desired composition was obtained. With (MeGlu),, (BzlAsp),, 
(Phe),, and (Ala),, about 0.5 ml of dimethylformamide was added 
to the polymer, and excess dimethylformamide was removed slow- 
ly under low pressure until the desired composition was obtained. 
Deuterated dimethylfcirmamide (d7, 99.0% M.I.P.) was obtained 
from WilmadGlass Co., Inc., New Jersey. 

Results 
Proton magnetic resonance spectra of solid (BzlGlu),, 

(BzlAsp),, (MeGlu),, (Phe),, and (CbzOrn),, and the 
mixtures of the polymers with dimethylformamide were 
taken experimentally in the first derivative mode a t  ambi- 
ent temperature (-28'). The spectra were taken a t  a 
modulation frequency (40 Hz) which was substantially 
less than the line width, and also a t  small modulation 
amplitudes to eliminate modulation broadening. The 
most significant effect of adding dimethylformamide to 
the polymers is the appearance of a narrow line superim- 
posed on the broadline of the polymer. This behavior is 
observed with each of the five polymers. As shown in Fig- 
ure 1, the narrow line does not arise entirely from the di- 
methylformamide protons, as similar behavior was ob- 
served when deuterated dimethylformamide was sorbed 
onto the polymers, The nmr second moment3 determined 
as a function of dimethylformamide-d7 composition is 
shown in Figure 2. It is apparent that  the effect of di- 
methylformamide-d.7 on both the (BzlGlu), and 
(CbzOrn), second moments is significantly different from 
its effect on the second moments of (Phe),, (BzlAsp),, 
and (MeGlu),. The second moment of both (CbzOrn), 
and (BzlGlu), decreases smoothly and continuously with 

(3) A.  Carrington and A D. McLachlan, "Introduction to Magnetic Reso- 
nance,'' Harper & Row, New York, N.  Y., 1967, Chapter 3. 
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Figure 2. Nuclear magnetic resonance second moment as a func- 
tion of dimethylformamide-d7 content: ( 0 )  (Phe),, (0) 
(CbzOrn),, (A) (BzlGlu),, (x) (MeGlu),, ( 0 )  (BzlAsp),. 

increase in dimethylformamided7. The second moments 
of (Phe),, (BzlAsp),, and (MeGlu),, however, are seen to 
decrease upon adding small amounts of dimethylformam- 
ide-d-, with little further decrease when the amount added 
exceeds -10 wt %. The range of solvent composition that 
can be studied is rather limited with (Phe),, (BzlAsp),, 
and (MeGlu), if a single-phase system is to be main- 
tained. The nmr second moments of solid (Phe),, 
(BzlGlu),, (BzlAsp),, and (MeGlu), have been deter- 
mined.4-7 Our values are in reasonable agreement. 

The line shape of the nmr spectra of each of the solid 
polymers can be treated as if it were a single, broad ab- 
sorption. The spectra obtained from the mixtures of poly- 
mers and dimethylformamided7 can be resolved approxi- 
mately into two components, as shown in Figure 1b. By 
numerical integration, the relative number of protons in 
each component may be determined. The ratio, R, of the 
number of protons in the narrow to the broad component 
is plotted as a function of composition in Figure 3. Inas- 
much as even in the absence of solvent the spectra can- 
not be fitted to a simple mathematical form, such as a 
Gaussian line shape, the resolution of the spectra for sam- 
ples containing deuterated solvent was not done with the 
aid of analytical line shapes. Although there is a certain 
amount of arbitrariness, the general form of the composi- 
tion variation of the R values is considered to be meaning- 
ful. 

As a result of the slow motion of the polymer the direct 
nuclear dipole interactions are not averaged to zero and 
the line width of the proton resonance of the polymer is 
very broad even in the presence of considerable solvent, as 
can be seen from Figures 1 and 2. The resonance is so 
broad that in the high resolution Varian A-60 spectrome- 
ter it appears as a part of the base line. Consequently, by 
sorption of nondeuterated dimethylformamide onto the 
polymer the dimethylformamide protons could be studied. 
The solvent proton resonance was much narrower than 
that of the polymer on which it was sorbed, and was the 
order of 100-500 Hz. The line width was a function of the 
composition of the system as well as the nature of the 

(4) J .  A. E. Kail, J. A. Sauer, and A. E. Woodward, J .  Phys. Chem., 66, 

(5) K. HiKichi, J .  Phys. SOC. Jap. 19, 2169 (1964). 
( 6 )  S. Sugai, K. Karnashima, S. Makino, and J. Noguchi, J.  Polym. Sci., 

( 7 )  F. Happey, D. W. Jones, and B.  M. Watson, Blopolyrners, 10, 2039 

1293 (1962). 

Part A, 4, 183 (1966). 

(1971). 
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Table I 

Line Width a t  0.25 mol Estimate of Bound 
System Composition (mol DMF Sharp Component of DMF/mol of DMF (mol of DMFa/ 

Polymer of DMFa/mol of Monomer) Line Width (Hz) Monomer (Hz) mol of Monomer) 

(Ala), 
(MeGlu), 
(BzlGlu), 
(Phe), 
(ClzOm), 
(BzlAsp) n 

a DMF = dimethylformamide. 

0.35-0.15 
0.3-0.17 
0.75-0.2 
0.65-0.2 
0.6-0.4 
0.55-0.25 

t 
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Figure 3. R, the ratio of the number of protons in the narrow to 
the broad component, as a function of dimethylformamide-cl7 
content: (0) (CbzOrn),, (A) (BzlGlu),, (x) (MeGlu),, ( 0 )  
(BzlAsp),, ( 0 )  (Phe),, ( m )  (Phe), after exchange. 

polymer to which it was sorbed. It was noted also that the 
signal intensity a t  a fixed solvent composition depended 
on the nature of the polymer on which the dimethylforma- 
mide was sorbed, suggesting that some dimethylformam- 
ide .is bound for sufficiently long times to be dipolar 
broadened into the apparent base line. This was put on a 
semiquantitative basis by the use of Wilmad nmr mic- 
rotubes with cylindrical cavity, so that the entire sample 
was monitored by the detector. As a reference the intensi- 
ty of known quantities of glycerol was measured under the 
same instrumental conditions. In this manner an estimate 
could be made of the number of solvent molecules bound 
per monomer. The results are summarized in Table I, 
ranked in order of increasing line width. Solvent dissolved 
on (Ala), exhibits the narrowest line width, and the spec- 
trum is composed of a well-defined methylformyl proton 
doublet over the entire composition range that was stud- 
ied. By contrast no above base-line solvent signal was de- 
tected when 0.15 mol of dimethylformamide/mol of mono- 
mer was sorbed onto (BzlAsp),. Even in the highest sol- 
vent composition studied the nmr signal was broad, and 
the methyl and formyl protons were not resolved. When 
compared a t  a fixed solvent composition, such as 0.25 mol 
of dimethylformamide/mol of monomer (Table I), the 
wide variation in line width is evident and is a reflection 
of the difference in polymer-solvent interaction. 

Discussion 
Polymer Line Width. In previous papers1s2 we have 

shown that there is a qualitative difference in the sorption 
isotherms of the highly dimethylformamide soluble poly- 
mers (BzlGlu),, (CbzLys),, and (CbzOrn), and the di- 

80-160 
200-300 
150-300 
150-400 
250-400 
300-500 

125 
225 
275 
375 

>500 
>500 

0.05 
0.12 
0.16 
0.16 
0.33 
0.36 

methylformamide-insoluble polymers (MeGlu),, 
(BzlAsp),, (Phe),, and (Ala),. In the former the dissolu- 
tion thermodynamics were controlled by the entropy of 
solvent-polymer side-chain mixing whereas in the latter 
there was little evidence that this entropy source was a 
contributing factor. The polymer nmr line widths as a 
function of solvent composition likewise show a qualita- 
tive difference between the dimethylformamide soluble 
and insoluble polymers, as can be seen in Figure 2. With 
the soluble polymers continuing addition of solvent gives 
greater flexibility to the side chains. As the dipolar inter- 
action becomes averaged out the side-chain proton spec- 
trum collapses into a fairly narrow line. In dilute solution 
the width of the polymer spectrum is controlled by the 
protons more or less rigidly held in or near the helix back- 
bone. 

Addition of solvent to the nonsoluble polymer (BzlAsp), 
results in only a slight drop in the nmr second moment. 
Calculations based on the Van Vleck equations indicate 
that a t  room temperature in the solid polymers rotation is 
occurring in the phenyl and perhaps in the attached 
methylene group.? As viewed from the solvent composi- 
tion-polymer line width measurements the addition of 
solvent allows the side chain to have flexibility not much 
greater than in the solid state. This suggests that  the si- 
dechains are ordered in the presence of dimethylformam- 
ide, consistent with the sorption isotherms.2 The approxi- 
mate resolution of the spectrum into a narrow and a broad 
component, as shown in Figure 3, is consistent with the 
notion of rather inflexible side chains. 

The recent nmr studies by Bradbury et a1.8 show that 
there is a preferred side-chain orientation in (BzlAsp),- 
CDC1&F3COOH solutions. Theoretical calculations car- 
ried out by Yan et a1.9 indicate that for helical polyaspar- 
tate esters in uacuo, there are four possible preferred side- 
chain conformations, two longitudinal and two transverse 
to the helical axis. In transverse conformation, side chains 
wrap tangentially about the backbone a t  right angle to the 
helix axis; while in longitudinal conformation, side chains 
lie more nearly parallel to the helix axis. Recent nmr 
studies of Silverman et ~ 1 . ~ ~  exclude the possibility that a 
transverse conformation is preferred for left-handed a-he- 
lical (BzlAsp), in chloroform solution. Although the exact 
nature of the side chain conformation in (BzlAsp), is still 
not known, it seems highly likely that the side chains are 
ordered. 

The (Phe), data are similar to those for (BzlAsp),. Nu- 
clear magnetic resonance data on solid (Phe), have pre- 
viously4 indicated that the phenyl group has some mo- 

(8) E. M. Bradbury, B. G. Carpenter, C. Crane-Robinson, and H. Gold- 

(9) J. F. Yan, G. Vanderkooi, and H. A. Scheraga, J Chem. Phg.s., 49, 

(10) D. N. Silverman, G .  T. Taylor, and H. A. Scheraga, Arch Blochem. 

man, Nature (London), 225.64 (1970). 

2713 (1968). 

Biophys., 146,587 (1971). 
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Figure 4. Nuclear magnetic resonance spectra for (Phe), and 8.9 
wt 70 dimethylformamide-d- mixture (a)  before exchanged di- 
methylformamide-d- was desorbed, (b)  after exchanged di- 
methylformamide-d- was desorbed and new dimethylformamide- 
d? was added. 

tional freedom a t  room temperature. Addition of solvent 
increases the freedom, though it does not appear to pro- 
duce the complete motional freedom observed a t  high 
temperature for (Ph~e) , .~  Thus, the restricted rotation a t  
room temperature may be a result of local steric conflict 
which is not altered by addition of solvent. Again the nmr 
data are consistent W I  th  the sorption isotherms.2 

Small addition of dimethylformamide to (MeGlu), re- 
sults in a substantial drop in line width, which is relative- 
ly unaffected by further addition of solvent. Comparison 
with calculated line widths indicates that the side chain 
has considerable, but not complete, motional freedom. 
The ratio of the narrow to wide components (Figure 3) 
suggests that  there I S  considerable side-chain restriction. 
In concurrence with this the sorption isotherm2 was not 
describable by the solvent-side-chain mixing model. 

Solvent Line Widths. One would not expect the polar 
dimethylformamide molecule to strongly interact with the 
nonpolar (Ala), side chain, and the disappearance of only 
5% (Table I) of the solvent could easily be explained by 
tight binding to the ends of the presumably helical (Ala), 
molecules in this rather low molecular weight polymer.2 It 
is thus not surprising that the solvent exhibits the shar- 
pest spectrum when sorbed on (Ala),. Although a similar 
argument could be made for (Phe),, the line width is con- 
siderably larger. This may be a result of interaction of the 
phenyl ring with the solvent. Of considerable interest is 
the fact that  a significant amount of dimethylformamide 
appears to be tightly bound, which is consistent with the 
sorption isotherms.2 As with (Ala), the molecular weight 
was low suggesting a possibility of bonding to the ends of 
the chains such as the non-hydrogen-bonded NH groups. 
If so, isotopic exchange might occur between dimethylfor- 
mamide-d7 and the NH protons. In fact, the ratio of nar- 
row- to wide-lined polymer intensities (Figure 3) is consis- 

tent with the sharp line arising from loosely held, H-D- 
exchanged dimethylformamide. This view was further 
strengthened when a (Phe), sample was equilibriated 
with an excess of dimethylformamide-d, for 24 hr, the sol- 
vent removed, and fresh dimethylformamide-d- added. 
The spectrum did not now show a sharp line superim- 
posed on a much wider line (Figure 4). Further exchange 
studies suggest that  the exchangeable protons do not con- 
stitute the entire NH pool, but only a static fraction of 
them. Thus it is presumably dimethylformamide mole- 
cules hydrogen bonded to end units or to other exposed 
NH units, such as a D-isomer placement or disordered 
ends, which have a broad spectrum. As a result of this ex- 
change, the polymer second moments shown in Figure 2 
are probably smaller than the true values, as any proto- 
nated dimethylformamide resulting from exchange will 
undoubtedly contribute negligibly to the line width. 

The remaining polymers are all of high molecular 
weight and hence there is an insignificant contribution 
from potential bonding a t  the end of the helix. With 
(CbzOrn), the dimethylformamide may tightly bond to 
the side-chain NH and account for the significant fraction 
of bound solvent molecules. The situation with (BzlAsp), 
must, however, be different. The fact that  the side chains 
are ordered in (BzlAsp), while not in (BzlGlu), may be a 
result of stereochemistry. The dimethylformamide may 
strongly interact with the polar ester groups in such a 
manner as to contribute to the side-chain ordering in 
(BzlAsp),. Their strong interaction results in a rather 
wide solvent line width and in an altered isotherm when 
compared with (BzlGlu),. This strong interaction is defi- 
nitely not with NH groups as no isotopic exchange oc- 
curred with dimethylformamide-d7 and (BzlAsp), or (Me- 
Glu),. Although both isotherms and polymer nmr line 
widths were qualitatively different between (BzlGlu), and 
(MeGlu),, the solvent nmr line widths are nearly identi- 
cal. 

Summary. Using nmr, isotopic exchange and sorption 
isotherms2 the following conclusions can be drawn con- 
cerning the dissolution of various helical polymers in di- 
methylformamide. (1) It is necessary that the helical poly- 
mer has a flexible side chain in order to be soluble, as has 
been suggested.11 (2) The length of the side chain is not 
the determining factor as geometrical factors can intro- 
duce specific interactions which can dominate the entropy 
of solvent-side-chain mixing. (3) In the absence of flexible 
side chzrins the sorption isotherms are best described by 
the BET equation. (4) Polymer line-width measurements 
as a function of solvent composition can be a useful tool in 
helping to understand the sorption and solution properties 
of polymers. 

(11) P. J. Flory and W. J. Leonard, Jr., J.  Amer. Chem. SOC., 87, 2102 
(1965). 


