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Infrared Conformational Study of cycl i~at ion.’~J~ 
Poly(ethy1ene glycol)-Bound Homooligoglycines in 
the Solid State and in Solution* 
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Experimental investigations of the conformational 
preferences of monodispersed homooligoglycines were 
limited to very short chain lengths due to the low solubility 
of the higher oligomers. In this note we report the IR 
analysis in the solid state and in solution of a series of 
PEG-bound homooligoglycines of the general formula t-  

Chromatographically and analytically pure t-Boc- 
(Gly),-OPEG’s up to n = 9 have been synthesized by the 
liquid phase method6 by using bifunctional PEG of mo- 

Biopolymer Research Centre, C.N.R., Institute of Organic Boc-(Gly),-OPEG (n  = 1-9). 

In the light of the recent interest in the investigation 
of the conformation and conformational stability of bio- 
logically active molecules covalently linked to a polymeric 
 upp port,^-^ the study of poly(ethy1ene glycol)-bound po- 
lypeptides appears to be of exceptional relevance in many 
respects. The C-terminal macromolecular protecting group 
poly(ethy1ene glycol) (PEG)j permits effective stepwise 
synthesis and allows the conformational investigation of 
the covalently attached peptide without the time con- 
suming deprotection and isolation steps, due to its fa- 
vorable physical and optical proper tie^.^,^ In particular, 
the strong solubilizing effect of PEG enables conforma- 
tional studies of the otherwise poorly soluble peptides in 
a great variety of solvents. Thus, this approach permitted 
the conforinational analysis of homooligomers of L-Ala, 
L-Val, ~-(y-Bzl)Glu, and L-Met by using CD and IR mea- 
s u r e m e n t ~ . ~ - ’ ~  These results prompted us to extend this 
approach to the conformational analysis of homooligo- 
glycines. The Gly residue is of particular interest since 
it can explore a large conformational space, thus inducing 
a high flexibility to the peptide  hai in.'^-^' Moreover, the 
presence of Gly residues induces conformational charac- 
teristics in a linear peptide chain which are favorable for 

lecular weight 10 000. 
The results of the IR measurements in the solid state 

are presented in Table I. The assignments of the various 
bands of these poly(ethy1ene glycol)-bound peptides were 
made on the basis of the theoretical and experimental 
infrared data of peptides and polypeptides. The relative 
intensities of the bands and their changes with increasing 
chain length have been taken into consideration in the 
interpretation of the different bands. When n = 7-9 the 
peptides assume predominantly the antiparallel p con- 
formation (conformation When n = 3-5 the peptides 
assume a predominant conformation with hydrogen bonds, 
most probably of the interchain type, but quite different 
from the usual antiparallel p (conformation I) and ternary 
helix (conformation 11) conformations of poly(Gly),. In 
the region of n = 5-7 the antiparallel /3 conformation 
adopted by the highest oligomers and the conformation 
adopted by the lowest oligomers coexist. Contrary to our 
findings, Ac-(Gly)1-4-NHEt’s were reported to assume the 
ternary helix conformation.21,22 This difference in the 
conformational preferences of the lowest oligomers can be 
attributed to the effect of the bulky and bifunctional PEG. 
To clarify this point, we have carried out the solid-state 
IR measurements of the low molecular weight analogues 

*Dedicated to Professor Paul J. Flory on the occasion of his 70th t-Boc-(GlY)1-3-OMe* The IR spectra (TableI) are hies- 
sonable agreement with those of the corresponding Ac- birthday. 
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Table I 
IR Absorption Frequencies (Wavenumbers in c m - '  ) of the Various Homooligoglycines in t h e  Solid State  

3450-3250 1770-1720 1720-1600 1600-1500 750-630 
pept ide (amide A) ' (ester)  (amide I)' (amide 11) (amide V) 

t-Boc-( Gly),-OPEG 
n = l  3410,b 3380 1753 1716 
n = 2  341 0 ,3330 1750,1736 1716,1684, 1626 1530 
n = 3  S C  -- 1750, 1736 1715, 1678. 1627 1574, 1530 
n = 4  3325 -- 1750, 1737 1715 1674,1626 1573, 1530 640 
n = 5  3325 1750 1735 1715, 1675,1626 1574,1532 640 
n = 6  m,d 3302 m: 1736 1714, 1674, T652 1574,1532 710, 638 
n = 7  - 3300 1750,1737 1714,1684,1673, 1572,1528 714 

n = 8  3300 1750,1737 1714, 1686,1675, 1526 713 
1632 

1632 
n = 9  3300 1736 1714,1686,1674, 1527 715 

1631 ~.~~ 

t-Boc-( Gly ),-OMe 
n = l  3375 1756 -- 1717, 1700 - 1520 700 
n = 2  3380, 3335 1750 -- 1714,1680 1525 700, 675 
n = 3  -- 3335, 3280 1757 1712,1680,1645 1552.1538 688,672, 640 

' Of both  urethane and pept ide groups. Boldface numbers  indicate a s t rong band. Underlined numbers indicate a 
medium intensity band. Italic numbers indicate a very weak band. Lightface numbers indicate a weak band. 

Table I1 
IR Absorption Frequencies and AH/AF Values of the Various Homooligoglycines in Deuterated Chloroform Solution' - 

a t  high dilution ( = l o - '  M)  
a t  l o w  dilution ( = l o - *  M) 

AH/AF 
peptide 3500-3200 c m - '  1800-1500 c m - '  3500-3200 c m - '  value 

t-Boc-( Gly),-OPEG 
n = l  
n = 2  
n = 3  
n = 4  
n =  5 
n = 6  

n = l  
n = 2  
n = 3  

t-Boc-( Gly),-OMe 

' See footnote  b,  Table I. 

3465 
3450, 3350 
3450, 3360 
3445, 3350 
3440, 3345 
3440,3310 

3450 
3440 
3440, 3360 

1748,1714, 1642,1508 
1741, 1716, 1686, 1530 
1740,1710,1672,1634,1524 
1738,1672,1634,1606,1530 
1738,1666,1634,1605,1528 
1740,1660, 1634, 1604,1530 

1748,1716, 1508 
1746,1716,1690, 1524 
1748,1720,1680, 1516 

346 2 
3450, 3340 
3440, 3345 
3440, 3340 
3438, 3335 
3440, 3330 
3455 
3445,3350 
3440, 3360 

0 
0.11 
0.43 
0.92 
1.31 
3.78 

0 
0.04 
0.19 

(Gly)n-NHEt,21,22 but different from those of the PEG- 
bound analogues. 

The above mentioned effect of PEG on the solid-state 
conformations of homooligoglycines is noteworthy in view 
of the observed absence of a significant influence of PEG 
on the conformations of homooligovalines," homooligo- 
alanines,'l and homooligomethionines.13 One possible 
explanation may be that for Val, Ala, and Met peptides 
(in the latter case for n C 13) the interchain interactions 
of the /3 structures are so dominant that  the influence of 
the macromolecular C-protecting group is almost leveled 
off. 

The  IR measurements of the series of N-protected ho- 
mooligoglycines with -0PEG and -0Me as the C-protecting 
groups have also been carried out in different solvents such 
as CDC13, CD2C12, D20, and TFE. Considering a typical 
analysis of the IR spectra in CDC13 at  high dilution ( N 

M) (Table 11), it can be seen that the ratio of the N-H- - -0 
= C hydrogen-bonded N-H absorption to free (solvated) 
absorption (AH/AF), which is directly proportional to the 
amount of intrapeptide-chain hydrogen-bonded folded 
forms, rapidly increases with increasing chain length. This 
observation of the increasing folding with increasing chain 
length, as delineated by the AH/AF values, in a solvent with 
a relatively low solvating power for -CONH- groups, is 
quite similar to that reported for the Ala series." At high 
concentrations (= M), as the chain length increases, 
aggregation tends to increase also (Table 11); a partially 
developed /3 structure is present a t  n = 6 (particularly in 

CD2C1,), characterized by bands at  about 3305, 1635, and 
1530 cm-'. These observations are in close agreement to 
those in the solid state. 

To summarize, we have shown a dependence of the chain 
length, concentration, and nature of the C-terminal pro- 
tecting group upon the conformation of oligoglycines. For 
the observation of a well-developed antiparallel /3 structure 
in the solid state a critical chain length of about n = 7 is 
necessary; for very short chain lengths, a significant in- 
fluence of the polymeric C-terminal protecting group has 
been delineated. In solvents of low polarity both intra- 
peptide-chain hydrogen-bonded folded forms and inter- 
peptide-chain hydrogen-bonded associated forms, most 
probably of the extended type, occur, the relative amounts 
of which depend on peptide concentration. 

The observed structural multiplicity of homooligo- 
glycines is an indication of the important role of short- 
range interactions for the overall conformation of small 
peptides in the solid state and in solution. As expected 
from theory,16 the stability of the ordered structures for 
oligoglycines is low. Thus, in harmony with the experi- 
mental findings, minor changes in the local environment 
of the peptide chain may affect the distribution of the 
various conformational species. 

References and Notes 
(1) (a) Institute of Organic Chemistry, University of Padova; (b) 

Institute of Organic Chemistry, University of Mainz. 
(2)  J. Lasch, L. Bessmertnaya, L. V. Kozlov, and K. Antonov, Eur. 



Macromolecules 1980, 13, 774-775 

J. Biochem., 63, 591 (1976). 
A. Abuchowski. J. R. McCov. N. C. Palczuck, T. van Es. and 
F. F. Davis, J .  biol. Chem.,”252, 3582 (1977). 
V. P. Torchilin and A. V. Maksimenko, Biochirn. Biophys. 
Acta, 522, 277 (1978). 
The following abbreviations are used in the text: PEG, poly- 
(ethylene glycol); t-Boc, tert-butyloxycarbonyl; Ac, acetyl; 
“Et, ethylamino; Bzl, benzyl; OMe, methoxy; Ala, alanine; 
Val, valine; Gly, glycine; Glu, glutamic acid; Met, methionine; 
CD, circular dichroism; TFE,  2,2,2-trifluoroethanol; IR, infra- 
red. 
M. Mutter, H. Hagenmaier, and E. Bayer, Angew. Chem., 83, 
883 (1971); Angew. Chem., Int .  Ed. Engl., 10, 811 (1971); M. 
Mutter and E. Bayer, Angew. Chem., 86, 101 (1974); Angew, 
Chem., Int .  Ed.  Engl., 13, 88 (1974); M. Mutter, R. Uhmann, 
and E. Bayer, Justus Liebigs Ann. Chem., 901 (1976). 
M. Mutter, H. Mutter, R. Uhmann, and E. Bayer, Bio- 
polymers, 15, 917 (1976). 
M. Mutter, Macromolecules, 10, 1413 (1977). 
C. Toniolo, G. M. Bonora, and M. Mutter, J .  Am. Chem. Soc., 
101, 450 (1979). 
G. M. Bonora, C. Toniolo, and M. Mutter, Polymer, 19, 1382 
(1978). 
G. M. Bonora. M. Palumbo. C. Toniolo. and M. Mutter, 
Makromol. Chem., 180, 1293 (1979). 
C. Toniolo, G. M. Bonora, S. Salardi, and M. Mutter, Macro- 
molecules, 12, 620 (1979). 
C. Toniolo, G. M. Bonora, and M. Mutter, Int .  J .  Biol. Ma- 
cromol., l, 188 (1979). 
D. A. Brant, W. G. Miller, and P. J. Flory, J .  Mol. Biol., 23,47 
(1967). 
P. J. Flory and P. R. Schimmel, J .  Am. Chem. Soc., 89,6807 
(1967). 
P. J. Flory in “Statistical Mechanics of Chain Molecules”, 
Interscience, New York, 1969, p 258. 
R. T. Ingwall, E. A. Czurylo, and P. J. Flory, Biopolymers, 12, 
1137 (1973). 
M. Mutter and P. J. Flory in “Peptides”, M. Goodman and J. 
Meienhofer, Ed., Wiley, New York, 1977, pp 288-291. 
M. Mutter, J .  Am. Chem. Soc., 99, 8307 (1977). 
T. Miyazawa in “Poly-a-Amino Acids”, G. D. Fasman, Ed., 
Marcel Dekker, New York, 1967, pp 69-103. 
M. Avienon and C. Garrieou-Laeranee. Smctrochim. Acta, 

L I .  

Part AY27, 297 (1971). 
M. Avienon and J. Lascombe in “Conformation of Biological 
Molecdes and Polymers”, E. D. Bergmann and B. Pullminn, 
Eds., Academic Press, New York, 1973, pp 97-105. 

Small-Angle Neutron Scat ter ing from Stretched 
Polystyrene Networks 
STUART B. CLOUGH* 

Department  of Chemistry, University of Lowell, Lowell, 
Massachusetts 01854 

ANN MACONNACHIE and GEOFFREY ALLEN 

Department  of Chemical Engineering, Imperial College of 
Science a n d  Technology, London, England. 
Received February 4 ,  1980 

Several papers discuss small-angle neutron-scattering 
(SANS) experiments on the response of polymer chains 
to elongation of the specimen. Picot et  al.’ studied un- 
cross-linked polystyrene by using samples containing 1 % 
deuterated polystyrene (PS-d8) which had been subjected 
to rapid stretching above the glass transition temperature 
and then frozen at  room temperature. The deformation 
of the radius of gyration, R,, of the tagged molecules in 
both the longitudinal and transverse directions did not 
quite follow affine behavior. Benoit et ale2 measured the 
separation of chain ends (crosslink points) for a swollen 
polystyrene network uniaxially stretched to low elonga- 
tions. Hinkley et  aL3 measured the change in R, for po- 
lybutadiene networks, where the tagged chains connected 
two network junctions. Scatter in the data prevented the 
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making of a firm statement as to whether the predictions 
of the junction affine theory were closely followed. 

In the study reported here, SANS measurements were 
made on stretched, tagged polystyrene networks cross- 
linked by irradiation. The samples were elongated above 
Tg, held while the stress relaxed, and then cooled to room 
temperature. Determination of R, was made in directions 
both parallel and perpendicular to the stretch direction 
by using data analysis techniques developed especially for 
anisotropic ~ca t te r ing .~  Since the time required to collect 
sufficient data on anisotropic samples is long compared 
to that of the isotropic  sample^,^ measurements in the 
transverse direction were also made by cutting films per- 
pendicular to the stretch direction. Thus, the neutron 
beam was effectively parallel to the elongation direction, 
and isotropic scattering resulted. 

Experimental  Section 
The PS-$ was prepared by anionic polymerization: Mw 

= 1.63 X lo5, M ,  = 1.23 X lo5. This was mixed in toluene 
with normal protonated polystyrene characterized by Mw 
= 2.91 X lo5 and R, = 0.74 X lo5 to give 1.95% tagged 
molecules. After precipitation and drying, bars were 
compression molded with cross-sectional dimensions of 2.0 
cm by 1.2-2.0 cm. The bars were sealed under vacuum in 
tubes and cross-linked by 6oCo y radiation. Two samples 
were irradiated to slightly different total doses. After 
irradiation the samples had swell ratios in toluene of 11.0 
and 14.0, giving average molecular weights between cross- 
l i n k ~ , ~  &fC, of 2.3 X lo4 and 2.7 X lo4, respectively. 

The bars were elongated at  145 “ C  on an Instron tensile 
tester and held a t  the final elongation cy for 10 min to allow 
some stress relaxation. LY = l / l o  where 1 is the final length 
of the sample after elongation and lo is the initial length. 
After cooling, 1.5 mm thick specimens were cut in both the 
longitudinal and transverse directions. Identical samples 
without the tagged molecules were prepared for back- 
ground data. A range of elongations from a = 1.44 to 2.34 
was investigated. 

The SANS experiments were performed on the small- 
angle diffractometer Dl15 at the Institut Laue-Langevin, 
Grenoble, France. Two sets of experimental conditions 
were used: (1) for the “end-on” experiments, where the 
scattering is isotropic, the normal velocity selector with 
AX/X of 10% was used and the sample to detector distance 
was 10 m (Ao was 8.0 A); and (2) for the anisotropic mea- 
surements a velocity selector with AX/h of 50% was used 
thereby increasing the neutron flux by a factor of about 
3 compared with the 10% selector. Because of the very 
broad wavelength distribution the value of Xo used in the 
analysis was calculated by using the expression6 - 

ho = (X-2)-’/2 

The value of Xo used in the analysis was 7.0 A. The sample 
to detector distance was 20 m. 

Sca t te r ing  Theory 
The scattering law, S ( Q ) ,  for a polymer coil is 

N 

11 
S ( Q )  = N-2CeL@rt ,  (1) 

where rl, is the vector joining the segments i and j in a coil 
with N segments, Q is the momentum transfer equal to 
(4~/h) sin 012, h is the neutron wavelength, and 0 is the 
scattering angle. For a coil embedded in a matrix the total 
scattered intensity is a combination of coherent and in- 
coherent scattering of the form 

(2) I ( Q )  = A + S S ( Q )  
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