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ABSTRACT 

We have previously calculated the force fields and dipole-moment derivatives of the L-alanyl 
dipeptide, CHsCONHCHCHsCONHCH, in the C5, Cp, and Cy conformations with intramo- 
lecular NH* * *OC hydrogen bonding. We have now extended these studies with similar ones on 
four open, non-hydrogen-bonded conformers optimized by Scarsdale et al. - the/&, on, (Y,, and a!’ 
structures. The force constants were derived using the 4-21 Gaussian basis set and were scaled as 
before. The present results help to isolate the effects of conformation on the force fields and dipole 
derivatives, and also provide further insight into the effects of hydrogen bonding by comparison 
with the previous results. Additional effects can also be seen, such as those of the non-planarity 
of the peptide group, and the influence on the CO bond when the adjacent NH forms a hydrogen 
bond, and vice versa. 

INTRODUCTION 

In previous papers we have given the results of ab initio calculations of the 
force fields and dipole-moment derivatives of the glycine [ 1 ] and alanine [ 2 ] 
dipeptides, CH3CONHCHRCONHCH3 (R = H, CH3), in the C5 and C!, con- 
formations with intramolecular hydrogen bonding. These optimized confor- 
mations were obtained by Schiifer and co-workers [ 3,4] using the 4-21 Gaus- 
sian basis set. These workers also derived several conformers of Gly and Ala 
dipeptides in which NH. * * OC hydrogen bonds are not present [ 3-61. To see 
how the force fields vary with conformation alone, without additional compli- 
cations from changes in hydrogen bonding, we performed calculations on four 
of these “open” conformers of Ala dipeptide denoted by Scarsdale et al. [ 41 as 
the /&, (Yn, (Ye, and cy’ structures. Besides helping to isolate the effects of con- 
formation on the force constants and normal modes, one can also gain further 
insight into the effects of hydrogen bonding by comparison with earlier results 
on the C5, C?, and C;” Ala dipeptide conformers. It is hoped that these force- 
field calculations on nine conformations of Gly and Ala dipeptides, together 
with the geometry optimization studies of Schlifer and co-workers, will provide 
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a large set of data for help in developing more reliable molecular mechanics 
energy functions for peptides and polypeptides [ 71. 

C5 [-166.1671 

C7 RXl75.-621 

RLPHR R(-92,-6) 

Fig. 1. Seven optimized conformations of Ala dipeptide, with the # and v/ angles (in degrees) 
indicated. 
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TABLE 1 

Internal coordinates and molecular dimensions 

R Atoms 82 (YR (YL a!’ 

Bond stretches (A) 
1 4-6 
2 6-7 
3 7-9 
4 6-5 
5 7-8 
6 9-12 
7 12-17 
8 17-19 
9 12-13 

10 17-18 
11 4-1 
12 4-2 
13 4-3 
14 9-11 
15 9-10 
16 11-14 
17 11-15 
18 11-16 
19 19-20 
20 19-21 
21 19-22 

Angle bends (“) 
22 4-6-7 
23 4-6-5 
24 7-6-5 
25 6-7-9 
26 6-7-8 
27 9-7-8 
28 9-12-17 
29 9-12-13 
30 17-12-13 
31 12-17-19 
32 12-17-18 
33 19-17-18 
34 6-4-l 
35 6-4-2 
36 6-4-3 
37 l-4-2 
38 l-4-3 
39 2-4-3 
40 7-9-12 
41 7-9-10 
42 12-g-10 
43 11-9-10 

1.518 1.518 1.518 1.518 
1.369 1.371 1.369 1.362 
1.467 1.463 1.470 1.471 
1.220 1.218 1.219 1.222 
0.996 0.995 0.994 0.994 
1.534 1.534 1.538 1.526 
1.349 1.344 1.351 1.360 
1.463 1.463 1.463 1.466 
1.223 1.226 1.220 1.220 
0.992 0.991 0.991 0.993 
1.077 1.077 1.077 1.077 
1.083 1.083 1.083 1.083 
1.083 1.083 1.083 1.083 
1.532 1.539 1.533 1.541 
1.081 1.079 1.083 1.077 
1.079 1.079 1.079 1.082 
1.081 1.082 1.082 1.079 
1.083 1.084 1.078 1.082 
1.080 1.082 1.080 1.080 
1.082 1.079 1.081 1.081 
1.080 1.080 1.080 1.080 

114.4 114.6 114.7 114.8 
123.2 123.4 123.3 123.3 
122.4 122.1 122.1 121.9 
121.4 121.2 121.4 120.4 
119.3 119.3 119.1 120.3 
117.8 118.1 118.1 118.8 
115.5 117.2 115.2 115.2 
121.7 119.4 121.6 122.7 
122.7 123.4 123.0 122.2 
120.3 120.3 120.1 119.8 
119.4 119.1 119.5 120.3 
120.3 120.2 119.9 119.2 
108.6 108.6 108.5 108.6 
110.0 110.2 110.4 110.2 
110.6 110.6 110.4 110.4 
109.4 109.4 109.6 109.5 
109.7 109.6 109.5 109.6 
108.5 108.4 108.5 108.6 
110.6 114.0 111.1 108.5 
105.4 108.0 105.8 108.8 
107.8 106.0 106.0 106.7 
109.9 109.8 109.7 109.4 
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TABLE 1 (continued ) 

44 7-9-11 112.2 110.6 113.2 111.7 
45 12-9-11 110.7 108.4 110.6 111.6 
46 9-11-14 109.9 108.8 109.6 110.2 
47 9-11-15 109.6 110.3 109.8 108.5 
48 9-11-16 110.5 110.6 109.5 111.1 
49 14-11-15 109.6 109.5 109.5 109.1 
50 14-11-16 108.0 108.5 108.6 109.0 
51 15-11-16 109.1 109.1 109.7 109.0 
52 17-19-20 110.2 111.2 110.0 110.1 
53 17-19-21 110.9 109.4 110.9 110.8 
54 17-19-22 108.8 108.9 108.8 108.8 
55 20-19-21 108.3 108.4 108.4 108.3 
56 20-19-22 109.4 109.3 109.4 109.4 
57 21-19-22 109.3 109.6 109.4 109.5 

Out-of-plane bends’ (“) 
58 6-5 
59 7-8 
60 12-13 
61 17-18 

-0.4 -0.1 1.0 0.3 
- 12.6 - 12.2 11.9 7.5 
- 1.9 1.9 -4.6 0.1 
-0.4 6.4 -7.5 -8.8 

Torsions 
62 4-6 
63 6-7 
64 7-9 
65 9-12 
66 12-17 
67 17-19 
68 9-11 

*Positive: atoms C6, N17 move out of the C5 plane in Fig. 1; N7, Cl2 move below the plane. 

METHOD OF CALCULATION 

The four open conformers of Ala dipeptide used in the calculations are shown 
in Fig. 1, where their $ (C6-N7-C9-C12) and v/ (N7-C9-C12-N17) dihedral 
angles are indicated. Also shown, for ease of comparison, are the C5, Ce;l, and 
Cb conformers studied previously. The 4-21 SCF energies of the &, crR, cxL, 
and cx’ structures are, respectively, 3.9,4.9,6.7, and 7.9 kcal mole1 above that 
of the C$; the corresponding figures for C5 and C$ are 1.4 and 2.6 kcal mol-’ 
[ 41. It may be noted that the @ or w angles are similar in several pairs of con- 
formers: @ in C5 and (Y’ , @ in C”7” and an, 9 in CF and cyL, v/in C;” and (Y’ , and 
v/ in & and 0~~ These relations can be useful in looking for regularities in the 
variations with 9, v/ or hydrogen bonding in the geometries, force constants 
and normal modes. 
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The primitive internal coordinates and equilibrium molecular dimensions 
are listed in Table 1. The quadratic force constants and dipole-moment deriv- 
atives were computed with the 4-21 basis set [8] as in Ref. 1, using two-sided 
displacements along group, or local symmetry, coordinates. These group co- 
ordinates for Ala dipeptide, constructed from the primitive internal coordi- 
nates, are as given in Ref. 2. Because of the sizeable deviations from planarity 
in several of the out-of-plane bends (Table 1 ), we have used the expressions 
for the B matrix elements appropriate for non-planar groups [ 91. The force 
constants were scaled as in our previous papers, using the set of six scale factors 
derived for some amides by Fogarasi and Balizs [lo], two of which we modified 
[Il. 

RESULTS AND DISCUSSION 

The scaled diagonal and off-diagonal force constants in the group-coordi- 
nate basis are given in Tables 2 and 3 for all seven Ala dipeptide conformations; 
only off-diagonal terms of magnitude 20.05 in at least one of the conforma- 
tions are shown. The harmonic frequencies, infrared intensities, and potential- 
energy distributions for the &., an, (Ye and cy’ structures computed with all 
1 Fij ( > 0.01 are listed in Table 4. 

The NH stretch2 (str2) force constant is very nearly the same in C, and all 
the open conformations, where Nl7Hl8 is free. This shows that the significant 
decreases in this term in C”7” and Cp are due entirely to hydrogen bonding. 
The free NH strl term in the C, and open conformations varies slightly; among 
the latter its value is lowest in an, where N7H8 is most nearly cis to C”Cp (Fig. 
1 ), indicating the effect of the side group [ 11-131. The difference in f (NH 
strl) between Cy and (Ye, even though the NH and side chain are oriented 
similarly in both structures, may be a result of the hydrogen bonding; the some- 
what higher f (NH strl ) in CT compared with an is consistent with this rela- 
tion, particularly when we recall that the hydrogen bond is strongest in Cq 
[ 21. Another likely reason for these differences between C, and CI! may be the 
higher degree of non-planarity at N7 in ayR and (Ye (Table 1) . That the free 
f (NH strl ) is systematically lower than the free f (NH str2) may be due to the 
different substituents. This difference in the free NH stretch terms means that 
even open conformations of Ala dipeptide can exhibit two NH str frequencies, 
whose separation can be as much as 64 cm-’ (Table 4), thereby possibly com- 
plicating the identification of hydrogen-bonded structures in solution [ 11-13 
and references therein]. However, our results indicate that although the C!, 
conformer may indeed be difficult to distinguish from open conformers using 
the NH stretch bands, the C, conformers have bonded NH stretch frequencies 
well below 3400 cm- ’ [ 21, whereas the free NH stretch frequencies in all con- 
formations are above 3400 cm-l. Moreover, the infrared intensities (Table 4) 
of both NH stretch modes in the open conformers are expected to be much 
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TABLE 2 

Scaled diagonal force constants of Ala dipeptides” 

NH strl 6.363 6.453 6.577 6.521 6.415 6.448 6.471 
co strl 11.040 10.652 10.550 11.400 11.542 11.486 11.300 
CN strl 6.661 6.635 6.631 6.186 6.121 6.108 6.382 
MC str 4.170 4.187 4.167 4.169 4.169 4.165 4.159 
NC* str 5.168 4.856 4.922 4.799 4.857 4.832 4.847 
NH str2 6.666 6.239 6.134 6.607 6.656 6.632 6.676 
CO str2 10.922 11.026 10.965 11.221 11.044 11.385 11.479 
CN str2 6.794 6.901 7.032 6.692 6.792 6.573 6.405 
C*C str 4.259 4.126 4.039 4.166 4.078 4.135 4.139 
NM str 5.206 5.289 5.282 5.235 5.260 5.272 5.218 
MHl str 4.971 4.982 4.991 4.981 4.984 4.980 4.982 
MH2 str 4.796 4.804 4.785 4.781 4.778 4.787 4.781 
MH3 str 4.797 4.789 4.805 4.794 4.791 4.779 4.790 
CY? str 4.088 4.373 4.131 4.283 4.246 4.289 4.105 
C”H* str 4.801 4.918 4.941 4.904 4.926 4.755 4.965 
CH16 str 4.822 4.872 5.042 4.780 4.731 4.992 4.779 
CH14 str 4.778 4.865 4.812 4.940 4.945 4.932 4.799 
CH15 str 4.946 4.804 4.782 4.814 4.801 4.772 4.938 
MH22 str 4.875 4.857 4.860 4.848 4.830 4.831 4.856 
MH20 str 4.820 4.799 4.756 4.821 4.744 4.822 4.833 
MH21 str 4.820 4.751 4.796 4.768 4.875 4.782 4.797 
MCN def 0.946 0.968 1.034 0.993 0.987 0.974 0.979 
CO ibl 1.153 1.208 1.242 1.183 1.146 1.143 1.163 
CNCa def 0.924 1.149 1.432 0.952 0.910 1.001 0.952 
NH ibl 0.553 0.585 0.614 0.597 0.595 0.601 0.586 
CYCN def 1.018 1.164 1.256 1.117 1.111 1.088 1.047 
CO ib2 1.276 1.163 1.107 1.187 1.115 1.169 1.110 
CNM def 0.794 0.814 0.826 0.799 0.814 0.805 0.814 
NH ib2 0.585 0.656 0.659 0.573 0.564 0.575 0.583 
Ml sb 0.549 0.551 0.551 0.550 0.549 0.549 0.549 
Ml abl 0.521 0.519 0.519 0.521 0.521 0.520 0.521 
Ml ab2 0.522 0.521 0.522 0.523 0.522 0.523 0.523 
Ml rock1 0.649 0.652 0.656 0.651 0.649 0.651 0.649 
Ml rock2 0.605 0.607 0.606 0.607 0.606 0.602 0.604 
NC*C def 1.020 1.043 1.882 0.991 1.029 1.152 1.124 
H* bl 0.637 0.666 0.708 0.649 0.641 0.651 0.657 
H* b2 0.697 0.736 0.744 0.691 0.703 0.723 0.708 
C@bl 1.393 1.410 1.116 1.325 1.369 1.342 1.036 
Cab2 1.109 1.134 0.956 1.127 1.065 1.129 1.012 
C?‘sb 0.556 0.556 0.560 0.558 0.555 0.561 0.556 
Cflabl 0.539 0.533 0.533 0.534 0.539 0.526 0.544 
C? ab2 0.536 0.533 0.545 0.531 0.542 0.538 0.534 
Cfl rock1 0.669 0.673 0.690 0.671 0.674 0.688 0.669 
Cfl rock2 0.649 0.664 0.674 0.671 0.655 0.672 0.648 
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TABLE 2 (continued ) 

M2 sb 0.607 0.602 0.601 0.604 0.602 0.603 0.606 
M2 abl 0.544 0.548 0.548 0.547 0.546 0.547 0.545 
M2 ab2 0.535 0.540 0.541 0.538 0.538 0.538 0.537 
M2 rock1 0.783 0.781 0.780 0.782 0.781 0.781 0.782 
M2 rock2 0.796 0.792 0.791 0.796 0.780 0.795 0.799 
CO obl 0.777 0.803 0.825 0.763 0.761 0.775 0.778 
NH obl 0.220 0.243 0.293 0.197 0.208 0.237 0.206 
CO ob2 0.802 0.790 0.787 0.786 0.779 0.806 0.816 
NH ob2 0.234 0.255 0.303 0.233 0.205 0.194 0.206 
MC tar 0.060 0.058 0.062 0.064 0.065 0.065 0.063 
CN torl 0.446 0.546 0.561 0.404 0.419 0.462 0.435 
NC* tor 0.385 0.544 0.724 0.272 0.312 0.451 0.359 
C”C tor 0.320 0.397 0.552 0.294 0.344 0.422 0.357 
CN tor2 0.374 0.498 0.522 0.417 0.416 0.388 0.404 
NM tor 0.050 0.054 0.055 0.051 0.051 0.053 0.054 
C”CB tar 0.163 0.121 0.142 0.127 0.157 0.135 0.153 

“Units: stretches, mdyn A-l; bends and torsions, mdyn A rad-‘. Group coordinates are defined 
in Ref. 2. 

weaker than those of the bonded NH stretch modes in the C5 and C, structures 
[ 21. To conclude our discussion of the NH stretch force constants, we note 
that our results do not show clear evidence of an NH. e-N interaction that 
Scarsdale et al. [4] proposed to explain certain structural relations; the 
Hl%*.N7 distances are no shorter than 2.30 A ( aR), which would suggest a 
very weak interaction at best. 

The CO strl force constants in the open structures are relatively constant. 
The much reduced f(C0 strl ) values in Gq and CF are evidently due to the 
hydrogen bonding. That this term in C, is also significantly lowered (compare 
especially with cy’ where $ is nearly identical) suggests that the CO stretch 
force constant is affected when the adjacent NH forms a hydrogen bond, un- 
doubtedly because of the electronic resonance in the peptide group. Also, the 
C605 bond is longer in C5 (and the C6N7 bond shorter) than in the open 
structures, and an analysis of the Mulliken populations shows an increase in 
the partial charge on 05 in the C!, conformer as compared with the open con- 
formers. Furthermore, f(C0 str2) is considerably lower in CT than in cy’, 
where y is similar. These results point to the significance of cooperative elec- 
tronic effects [ 141 in structures, in particular crystals, where both the CO and 
NH groups of a peptide unit participate in hydrogen bonds. 

CO str2, being adjacent to C”, exhibits more variability in the open struc- 
tures; there is a distinct tendency for f(C0 str2) to increase as w increases in 
magnitude (Fig. 2 (a) ). The y angles are larger in C, and CT, but the force 
constant may be lowered by the hydrogen bonding, either directly on CO str2 
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TABLE 3 

Scaled off-diagonal group coordinate force constants of Ala dipeptides, 1 Fti 12 0.05” 

Term C5 

l-3 -0.04 -0.05 -0.01 -0.05 - 0.06 -0.06 -0.05 
l-5 0.13 0.04 0.0 0.02 0.02 -0.01 0.01 
l-7 -0.10 -0.01 0.0 0.0 0.03 0.05 0.02 
l-8 0.05 0.0 0.0 0.0 -0.01 -0.02 -0.04 
l-9 -0.06 0.0 -0.02 0.0 0.0 -0.02 0.0 
1-22 0.0 -0.01 -0.05 -0.04 - 0.03 -0.03 -0.03 
l-24 -0.11 -0.09 -0.08 -0.10 -0.10 -0.09 -0.09 
1-25 -0.11 0.02 0.04 0.01 0.02 0.03 0.02 
2-3 1.37 1.36 1.30 1.34 1.31 1.28 1.33 
2-4 0.36 0.36 0.38 0.37 0.37 0.38 0.37 
2-5 - 0.09 -0.09 -0.09 -0.11 -0.10 -0.10 -0.10 
2-6 0.0 -0.14 -0.17 0.0 0.01 0.02 0.0 
2-7 0.05 0.05 0.04 0.07 0.05 0.03 0.05 
2-8 0.0 0.05 0.06 -0.03 -0.03 -0.03 -0.02 
2-22 - 0.55 - 0.55 -0.49 -0.52 -0.52 -0.51 -0.53 
2-23 -0.16 -0.14 -0.05 -0.10 -0.11 - 0.09 -0.13 
2-26 - 0.02 0.08 0.07 0.0 -0.03 -0.03 0.0 
2-27 0.05 0.05 0.06 0.0 0.02 0.02 0.0 
2-35 0.03 -0.02 0.08 0.02 0.0 0.03 0.0 
2-38 0.04 0.07 0.03 0.0 -0.02 - 0.05 0.0 
2-39 0.05 0.0 0.03 0.03 0.02 0.0 0.04 
2-57 -0.02 0.04 -0.02 -0.05 -0.05 0.03 0.0 
3-4 0.31 0.30 0.31 0.30 0.31 0.31 0.31 
3-5 0.20 0.24 0.30 0.21 0.18 0.21 0.20 
3-7 -0.01 -0.02 -0.02 -0.04 - 0.06 -0.05 -0.04 
3-8 - 0.03 -0.09 -0.11 0.04 0.05 0.04 0.02 
3-9 - 0.03 0.04 0.07 -0.01 0.0 0.0 0.0 
3-15 -0.04 -0.05 -0.02 -0.07 -0.06 -0.01 -0.03 
3-22 0.19 0.16 0.17 0.15 0.18 0.19 0.17 
3-23 -0.45 -0.50 -0.49 -0.51 -0.47 -0.46 -0.47 
3-24 0.21 0.22 0.23 0.24 0.20 0.19 0.22 
3-25 0.17 0.19 0.22 0.19 0.19 0.20 0.19 
3-26 0.0 0.03 0.06 0.03 0.06 0.04 0.02 
3-29 0.0 -0.05 - 0.05 0.04 0.05 0.04 0.01 
3-35 -0.02 -0.02 0.19 -0.04 0.01 0.0 0.0 
3-37 -0.05 -0.05 0.03 -0.01 -0.03 0.02 -0.05 
3-51 0.0 -0.07 0.06 0.14 0.12 -0.14 -0.07 
3-55 0.01 -0.07 0.09 -0.01 0.03 -0.02 0.0 
3-56 0.02 -0.06 0.06 -0.02 0.02 0.0 0.02 
3-57 0.0 -0.03 0.02 0.02 0.0 0.05 0.0 
4-22 0.21 0.21 0.21 0.20 0.21 0.20 0.21 
4-23 0.25 0.25 0.26 0.26 0.25 0.25 0.25 
4-30 -0.29 -0.30 -0.30 -0.30 -0.29 -0.29 -0.29 
5-l 0.05 0.10 0.10 0.05 0.08 0.02 0.02 
5-8 -0.03 0.07 0.05 0.09 0.12 0.12 0.09 
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TABLE 3 (continued ) 

Term 

5-9 0.17 0.32 0.38 0.18 0.21 0.21 0.15 
5-14 0.25 0.16 0.25 0.21 0.16 0.24 0.24 
5-15 0.11 0.08 0.03 0.05 0.07 0.05 0.09 
5-22 0.02 - 0.03 -0.08 0.02 0.03 0.0 0.02 
5-23 0.06 0.0 -0.13 0.07 0.08 0.03 0.06 
5-24 0.26 0.42 0.60 0.26 0.22 0.32 0.27 
5-25 -0.18 -0.18 -0.20 -0.18 -0.18 -0.18 -0.20 
5-26 0.11 0.11 0.20 -0.04 -0.05 -0.04 - 0.05 
5-27 -0.10 0.04 0.07 0.09 0.11 0.09 0.08 
5-35 0.17 0.06 0.67 0.14 0.16 0.29 0.16 
5-36 -0.16 -0.24 -0.09 -0.17 -0.15 -0.17 -0.16 
5-37 0.31 0.31 0.29 0.30 0.31 0.29 0.31 
5-38 0.21 0.46 0.32 0.23 0.24 0.23 0.19 
5-39 0.38 0.30 0.35 0.32 0.31 0.35 0.36 
5-43 - 0.05 - 0.04 0.0 - 0.05 -0.04 -0.01 -0.06 
5-44 0.07 0.07 0.06 0.08 0.06 0.07 0.06 
5-51 0.0 -0.07 0.08 0.05 0.09 -0.08 - 0.03 
5-52 0.02 0.05 -0.01 0.05 0.0 0.0 -0.05 
5-53 0.0 0.05 -0.06 0.02 0.0 0.0 -0.03 
5-56 0.07 -0.19 0.16 0.0 - 0.02 -0.06 0.07 
5-57 0.04 0.17 -0.19 0.03 0.02 0.0 -0.02 
5-58 0.0 0.09 -0.10 0.04 0.0 0.03 -0.05 
6- 7 0.0 0.02 0.01 0.04 0.04 0.06 0.0 
6-8 -0.01 0.05 0.07 0.0 0.01 0.0 -0.02 
6-9 0.0 0.0 0.0 - 0.05 -0.07 -0.04 -0.02 
6-10 -0.07 -0.05 -0.03 -0.05 -0.05 -0.05 - 0.08 
6-26 -0.05 0.05 0.05 -0.07 -0.09 -0.06 -0.07 
6-28 - 0.09 -0.07 -0.06 -0.09 - 0.09 -0.10 -0.08 
6-29 0.04 0.11 0.12 0.07 0.07 0.06 0.03 
6-38 0.0 0.0 0.0 -0.07 -0.09 -0.06 0.01 
6-53 0.01 0.06 -0.04 0.0 -0.02 0.02 0.03 
6-57 0.01 0.05 -0.04 -0.02 0.02 -0.04 -0.02 
7- 8 1.31 1.30 1.28 1.32 1.34 1.32 1.30 
7- 9 0.41 0.37 0.40 0.36 0.41 0.38 0.34 
‘7-10 -0.08 -0.07 -0.07 -0.07 -0.07 -0.07 -0.06 
7-25 -0.06 -0.01 0.0 0.0 0.0 -0.01 0.01 
7-26 -0.54 -0.47 -0.47 - 0.50 - 0.49 -0.51 -0.50 
7-27 -0.05 -0.09 -0.09 -0.11 -0.09 -0.11 -0.12 
7-35 0.03 - 0.02 0.12 0.02 0.06 -0.01 0.05 
‘7-37 -0.04 -0.07 0.0 -0.05 -0.03 -0.04 0.0 
7-38 0.03 0.10 0.08 0.10 0.11 0.08 0.03 
7-39 - 0.04 0.0 -0.08 0.0 -0.04 -0.01 - 0.07 
7-55 0.0 -0.05 0.05 -0.01 -0.01 0.01 0.0 
7-56 0.0 -0.06 0.06 -0.04 0.0 -0.02 0.02 
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TABLE 3 (continued ) 

8-9 0.24 0.23 0.19 0.26 0.19 0.27 0.31 
8-10 0.10 0.11 0.11 0.09 0.10 0.09 0.10 
8-21 - 0.05 - 0.05 -0.05 -0.04 -0.05 -0.04 -0.05 
8-22 0.0 0.04 0.06 0.0 0.0 0.0 0.0 
8-23 0.0 0.05 0.08 0.0 0.0 -0.01 -0.02 
8-24 0.03 -0.05 -0.09 0.03 0.02 0.04 0.0 
8-26 0.18 0.14 0.08 0.14 0.09 0.15 0.20 
8-27 - 0.45 -0.42 - 0.42 -0.44 -0.44 -0.44 -0.45 
8-28 0.18 0.15 0.17 0.17 0.19 0.18 0.18 
8-29 0.19 0.25 0.26 0.18 0.17 0.18 0.19 
8-35 -0.02 0.05 -0.10 0.02 -0.01 0.04 0.05 
8-36 0.0 0.0 - 0.06 -0.02 -0.03 -0.01 - 0.02 
8-37 -0.04 0.0 -0.07 0.0 -0.02 -0.02 -0.05 
8-38 -0.02 -0.04 -0.04 -0.02 - 0.03 0.0 0.06 
8-39 -0.05 - 0.08 0.0 -0.06 -0.03 -0.05 -0.01 
8-48 0.07 0.07 0.08 0.07 0.06 0.07 0.06 
8-50 0.0 -0.06 0.07 -0.01 -0.01 0.02 0.0 
8-52 0.03 0.0 -0.04 0.0 - 0.04 0.07 0.04 
8-53 0.01 0.08 -0.06 0.0 -0.09 0.08 0.09 
8-55 0.0 0.10 -0.11 0.01 0.01 -0.02 -0.02 
8-56 -0.01 0.13 -0.17 0.03 0.0 0.0 -0.06 
8-57 -0.02 0.02 0.0 0.0 0.02 -0.05 - 0.06 
9-14 0.19 0.18 0.17 0.19 0.19 0.19 0.18 
9-16 0.0 - 0.06 0.0 -0.02 0.0 -0.02 -0.01 
9-17 0.0 - 0.02 0.0 - 0.06 -0.05 - 0.05 0.0 
9-23 -0.02 -0.08 -0.13 0.0 0.0 0.01 0.0 
9-24 0.0 0.18 0.29 0.0 -0.01 0.0 0.01 
9-26 0.11 0.36 0.46 0.31 0.38 0.31 0.29 
9-27 0.43 0.29 0.22 0.31 0.24 0.31 0.24 
9-29 0.02 0.04 0.06 0.02 0.02 0.02 0.02 
9-35 0.28 0.10 0.40 0.23 0.20 0.26 0.17 
9-36 -0.10 -0.19 -0.05 -0.11 -0.12 -0.10 -0.13 
9-37 -0.18 -0.19 -0.17 -0.17 -0.19 -0.16 -0.18 
9-38 0.47 0.19 0.23 0.15 0.24 0.17 0.17 
9-39 -0.20 -0.31 -0.18 -0.36 -0.26 -0.35 -0.17 
9-50 0.0 0.06 -0.06 0.0 0.0 0.0 0.0 
9-51 0.0 -0.10 0.13 -0.03 -0.05 0.04 0.0 
9-52 0.0 - 0.05 0.05 -0.07 0.0 - 0.07 0.03 
9-55 0.0 -0.11 0.12 0.0 0.0 0.0 0.0 
9-56 -0.03 -0.24 0.27 -0.04 - 0.02 -0.03 -0.02 
9-57 - 0.06 0.06 -0.05 0.0 -0.06 0.0 0.02 

10-20 0.10 0.11 0.13 0.09 0.13 0.10 0.10 
10-21 0.10 0.13 0.11 0.12 0.08 0.12 0.11 
lo-26 0.07 0.07 0.07 0.08 0.08 0.08 0.09 
lo-27 0.10 0.10 0.10 0.10 0.10 0.10 0.09 
lo-28 0.21 0.23 0.24 0.22 0.23 0.22 0.22 
10-29 -0.18 -0.18 -0.19 -0.18 -0.18 -0.18 -0.18 
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TABLE 3 (continued ) 

Term G C? CP 82 ff’ 

10-45 -0.51 -0.50 -0.50 - 0.50 - 0.50 -0.50 -0.51 
lo-48 - 0.05 -0.05 -0.04 - 0.05 - 0.05 -0.05 -0.05 
11-22 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
11-23 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 
11-31 -0.10 -0.10 -0.09 -0.10 -0.09 -0.09 -0.09 
11-33 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
12-30 0.05 0.06 0.05 0.05 0.05 0.06 0.05 
12-31 0.06 0.05 0.06 0.06 0.06 0.05 0.06 
12-32 0.10 0.09 0.10 0.10 0.10 0.10 0.10 
12-33 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 
12-34 0.09 0.09 0.09 0.09 0.09 0.09 0.09 
13-30 0.06 0.05 0.06 0.06 0.06 0.05 0.05 
13-31 0.06 0.06 0.05 0.05 0.06 0.05 0.05 
13-32 -0.09 -0.10 -0.10 -0.09 -0.10 -0.10 -0.10 
13-33 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 
13-34 -0.09 -0.09 - 0.09 -0.09 -0.09 -0.09 -0.09 
14-24 0.02 0.04 0.06 0.01 0.04 0.04 0.01 
14-26 0.02 0.08 0.02 0.07 0.04 0.06 0.02 
14-35 0.10 0.15 0.16 0.13 0.15 0.16 0.14 
14-36 0.23 0.20 0.22 0.21 0.22 0.21 0.22 
14-38 -0.25 -0.26 -0.24 -0.26 -0.29 -0.28 - 0.23 
14-39 -0.07 -0.07 -0.02 -0.11 -0.07 -0.11 - 0.05 
14-40 -0.33 -0.33 -0.35 -0.33 -0.33 -0.34 -0.33 
15-23 0.01 0.03 0.01 0.05 0.04 0.0 0.02 
15-24 -0.05 -0.07 0.0 -0.09 -0.07 0.02 - 0.04 
15-26 - 0.04 -0.05 0.07 -0.02 0.02 -0.02 -0.05 
15-27 0.02 0.02 - 0.06 0.0 -0.03 0.02 -0.05 
15-35 -0.12 -0.12 -0.11 -0.14 -0.12 -0.15 -0.11 
16-24 0.0 0.0 -0.09 0.0 0.0 -0.05 0.0 
16-35 -0.04 -0.06 -0.12 -0.04 -0.03 -0.09 -0.08 
16-38 0.01 0.02 0.05 0.0 0.0 0.03 0.02 
16-40 0.06 0.06 0.06 0.07 0.06 0.05 0.08 
16-41 -0.11 -0.11 -0.09 -0.12 -0.12 -0.10 -0.12 
16-43 0.08 0.09 0.06 0.09 0.10 0.08 0.07 
16-56 0.0 0.0 0.08 0.0 0.0 0.05 0.0 
17-39 0.08 0.05 0.04 0.10 0.08 0.10 0.05 
17-40 0.07 0.06 0.05 0.05 0.05 0.06 0.06 
17-41 0.06 0.05 0.05 0.05 0.05 0.05 0.05 
17-42 0.10 0.10 0.10 0.09 0.08 0.09 0.10 
17-43 -0.04 -0.05 - 0.05 -0.05 - 0.05 -0.05 -0.05 
17-44 0.07 0.08 0.09 0.08 0.08 0.07 0.09 
18-39 -0.07 -0.05 -0.04 -0.05 - 0.05 -0.05 -0.07 
18-40 0.05 0.06 0.07 0.06 0.06 0.06 0.05 
18-41 0.05 0.05 0.05 0.05 0.05 0.06 0.05 
18-42 -0.08 - 0.09 -0.10 -0.09 -0.10 -0.10 -0.08 
18-44 -0.07 -0.08 -0.07 -0.08 - 0.08 -0.08 -0.07 
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TABLE 3 (continued ) 

19-45 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
19-46 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 
19-48 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
20-45 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
20-46 0.06 0.06 0.07 0.06 0.06 0.07 0.06 
20-47 0.10 0.10 0.10 0.09 0.10 0.10 0.10 
20-49 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
21-28 -0.04 - 0.03 -0.04 -0.03 - 0.05 -0.03 -0.03 
21-45 0.06 0.06 0.06 0.06 0.05 0.06 0.06 
21-46 0.06 0.07 0.06 0.06 0.06 0.06 0.06 
21-47 -0.10 -0.10 -0.10 -0.10 -0.09 -0.10 -0.10 
21-49 -0.05 - 0.05 -0.05 -0.05 -0.06 -0.05 -0.05 
22-23 0.16 0.19 0.20 0.17 0.15 0.15 0.17 
22-24 0.04 -0.02 -0.09 0.0 0.03 0.03 0.02 
22-26 0.02 -0.03 -0.06 0.0 0.0 0.0 0.0 
22-33 0.12 0.12 0.11 0.12 0.12 0.12 0.12 
22-35 0.01 0.05 -0.19 0.03 0.03 -0.06 0.03 
22-38 0.02 -0.06 -0.02 0.02 0.0 0.0 0.04 
23-24 - 0.04 -0.16 -0.29 -0.08 -0.04 -0.06 -0.07 
23-25 - 0.05 -0.05 -0.05 - 0.05 -0.06 -0.06 -0.05 
23-26 0.01 - 0.09 -0.14 0.0 0.0 0.0 -0.01 
23-33 -0.09 - 0.08 -0.08 -0.08 -0.08 -0.08 -0.08 
23-35 0.01 0.08 -0.36 0.04 0.03 -0.10 0.03 
23-36 0.0 0.04 -0.05 0.0 0.0 0.0 0.0 
23-38 0.02 -0.15 -0.08 0.02 0.0 0.0 0.04 
23-51 -0.02 0.06 -0.07 0.0 0.0 0.01 -0.01 
23-55 -0.02 0.06 -0.05 0.0 -0.02 0.03 - 0.02 
23-56 -0.04 0.13 -0.13 0.03 -0.01 0.02 - 0.05 
23-57 0.0 -0.05 0.06 -0.01 -0.01 0.01 0.0 
24-26 0.04 0.20 0.35 -0.02 0.0 0.0 - 0.02 
24-28 -0.01 -0.03 - 0.05 0.0 0.0 0.0 0.02 
24-35 -0.02 -0.12 0.78 -0.03 -0.02 0.20 -0.04 
24-36 0.02 -0.10 0.10 -0.02 0.0 - 0.03 0.02 
24-38 -0.05 0.33 0.21 0.0 0.0 0.0 -0.05 
24-39 0.09 0.04 0.08 0.02 0.03 0.06 0.09 
24-43 0.0 0.0 0.06 0.0 0.0 0.04 0.0 
24-51 0.03 -0.11 0.12 0.04 0.05 -0.08 0.0 
24-52 0.02 -0.06 0.08 0.04 0.03 -0.07 -0.05 
24-53 0.0 0.07 -0.10 0.0 0.0 0.0 0.02 
24-55 0.03 -0.06 0.04 - 0.02 0.0 -0.03 0.04 
24-56 0.07 - 0.22 0.21 -0.05 0.04 -0.07 0.07 
24-57 0.03 0.24 -0.31 0.07 0.09 -0.10 0.02 
24-58 0.02 0.08 -0.11 0.04 0.02 -0.02 0.0 
26-27 0.02 0.04 0.06 0.06 0.09 0.07 0.13 
26-29 -0.01 0.05 0.07 -0.02 - 0.03 -0.03 -0.02 
26-35 0.0 -0.04 0.40 0.04 0.09 0.02 0.07 
26-36 0.04 - 0.08 0.04 -0.03 - 0.03 -0.03 -0.05 
26-37 0.0 0.0 - 0.06 0.02 -0.06 0.03 -0.08 
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TABLE 3 (continued ) 

Term 

26-38 0.0 0.23 0.21 0.15 0.20 0.12 0.0 
26-39 -0.06 -0.02 - 0.03 -0.03 0.0 -0.04 0.0 
26-50 0.0 0.07 - 0.09 0.0 0.0 0.0 -0.01 
26-51 0.0 -0.11 0.15 -0.04 -0.07 0.04 0.02 
26-55 -0.01 -0.10 0.12 0.01 0.03 -0.03 0.01 
26-56 -0.02 -0.26 0.34 -0.05 - 0.02 -0.02 0.02 
26-57 -0.01 0.05 -0.09 0.07 -0.05 0.10 -0.02 
27-28 0.04 0.05 0.05 0.04 0.04 0.04 0.03 
27-29 -0.06 - 0.06 -0.06 -0.06 -0.07 -0.06 - 0.06 
27-35 0.09 0.06 0.0 0.05 0.03 0.06 0.04 
27-38 0.16 -0.05 0.02 -0.01 0.03 0.0 0.05 
27-39 -0.02 -0.07 - 0.04 - 0.09 -0.05 -0.08 -0.04 
21-56 0.0 0.06 -0.06 0.02 0.01 -0.01 -0.04 
28-29 -0.02 -0.07 -0.08 -0.02 -0.02 -0.02 - 0.02 
28-35 0.03 0.04 -0.12 0.0 -0.04 0.0 -0.05 
28-38 0.05 -0.07 -0.05 - 0.06 - 0.08 -0.07 -0.01 
28-56 0.01 0.06 -0.07 0.02 0.0 0.02 - 0.03 
29-35 0.0 0.0 0.07 0.0 0.0 0.0 0.02 
34-50 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
35-36 0.03 0.07 0.18 0.04 0.06 0.02 0.03 
35-37 -0.06 -0.05 - 0.04 -0.08 -0.08 -0.09 -0.05 
35-38 0.27 -0.19 0.31 0.03 0.15 0.02 0.10 
35-39 0.06 -0.06 0.04 -0.04 0.02 0.0 -0.01 
35-43 -0.08 -0.06 -0.02 -0.08 - 0.07 -0.05 -0.06 
35-50 0.0 -0.03 -0.08 -0.01 -0.01 0.0 0.0 
35-51 0.03 0.01 0.19 0.0 -0.05 -0.03 0.05 
35-52 -0.03 0.05 0.08 0.01 0.03 -0.03 0.0 
35-53 -0.02 -0.02 -0.05 0.02 0.0 0.0 -0.02 
35-55 0.0 0.07 0.11 0.01 0.04 -0.02 0.0 
35-56 0.0 0.15 0.38 0.03 0.06 -0.04 -0.04 
35-57 - 0.08 - 0.04 -0.21 -0.02 -0.07 -0.02 - 0.04 
35-58 0.0 -0.05 -0.05 -0.04 -0.01 -0.01 0.0 
36-38 -0.03 -0.14 0.11 - 0.04 0.0 -0.02 0.0 
36-43 0.07 0.07 0.06 0.07 0.07 0.07 0.06 
36-51 0.04 0.04 0.06 0.02 0.0 0.0 0.05 
36-55 0.0 0.05 0.08 - 0.02 0.02 0.04 0.0 
36-56 0.05 0.14 0.18 0.02 0.06 0.07 0.04 
36-57 -0.05 -0.06 -0.09 -0.05 -0.04 -0.05 -0.05 
37-55 0.03 0.05 0.07 0.02 0.0 0.04 0.03 
37-56 0.11 0.06 0.12 0.05 0.02 0.10 0.11 
37-57 0.05 0.09 0.09 0.06 0.09 0.10 0.07 
37-58 0.0 0.05 0.05 0.02 0.02 0.02 0.02 
38-39 -0.06 0.03 -0.14 0.05 0.0 0.03 - 0.09 
38-43 0.06 0.04 0.02 0.05 0.05 0.03 0.05 
38-44 -0.02 -0.04 -0.03 - 0.05 - 0.03 -0.05 -0.02 
38-50 -0.01 0.06 -0.08 -0.02 -0.02 0.0 0.0 
38-51 - 0.05 -0.20 0.22 - 0.08 -0.12 0.13 -0.05 



186 
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38-52 -0.01 -0.03 0.02 -0.05 0.03 -0.08 0.0 
38-55 0.0 -0.08 0.10 0.04 0.06 -0.03 0.0 
38-56 -0.05 -0.36 0.34 - 0.06 -0.02 0.03 - 0.05 
38-57 0.02 0.17 -0.17 0.12 0.02 0.10 -0.08 
39-44 0.10 0.11 0.12 0.10 0.12 0.09 0.13 
39-50 0.0 0.04 0.05 0.03 0.02 0.02 0.0 
39-51 0.07 0.0 - 0.08 0.02 0.01 -0.07 0.05 
39-55 0.0 -0.05 -0.10 -0.03 -0.02 -0.04 0.01 
39-56 0.01 -0.07 -0.16 -0.04 - 0.04 -0.10 0.02 
39-57 0.02 -0.08 -0.12 -0.02 -0.04 -0.06 -0.11 
39-58 0.01 -0.04 -0.06 0.0 -0.02 -0.02 - 0.02 
49-59 0.05 0.05 0.05 0.05 0.05 0.05 0.06 
50-51 -0.05 -0.08 -0.13 -0.05 -0.05 -0.07 -0.06 
50-55 -0.08 -0.14 -0.15 -0.06 -0.07 -0.10 -0.09 
50-56 -0.10 -0.18 -0.24 -0.08 -0.08 -0.12 -0.12 
50-57 0.0 -0.05 -0.07 -0.01 -0.02 -0.04 0.0 
51-55 -0.08 -0.02 0.05 -0.07 -0.07 -0.04 -0.07 
51-56 0.0 0.16 0.25 0.02 0.05 0.14 0.08 
51-57 -0.10 -0.02 -0.02 - 0.05 0.03 0.09 -0.08 
52-53 -0.07 -0.07 -0.09 -0.07 -0.05 -0.05 -0.07 
52-55 0.02 -0.06 -0.05 -0.05 -0.05 -0.04 0.0 
52-56 0.10 0.02 0.02 -0.08 -0.11 -0.13 -0.07 
52-57 -0.01 -0.08 -0.10 0.0 0.08 -0.04 -0.09 
53-55 0.02 0.08 0.09 0.04 0.01 0.0 0.02 
53-56 -0.02 0.07 0.09 0.07 0.06 0.04 0.04 
53-57 0.06 0.15 0.19 0.07 0.06 0.06 0.07 
53-58 -0.09 0.0 0.0 -0.07 -0.06 -0.05 - 0.08 
55-56 0.13 0.29 0.39 0.10 0.13 0.20 0.14 
55-57 0.09 0.08 0.09 0.07 0.04 0.03 0.09 
56-57 0.10 0.05 0.06 0.07 0.15 0.17 0.09 
56-58 0.04 0.06 0.06 -0.03 -0.01 0.01 0.0 
57-58 0.03 0.17 0.24 0.07 0.11 0.08 0.09 

“Units: energy in mdyn A, stretching coordinates in A, bending coordinates in radians. Group 
coordinates are defined in ref. 2. 

(C,) or indirectly through the adjacent NH (C,). There also seems to be an 
inverse relationship between the CO stretch and CN stretch force constants of 
each peptide unit; this is demonstrated in Fig. 2 (b) and can be attributed to 
the electronic resonance in the peptide group. The points for f (CO strl ) versus 
f (CN strl ) in C”7” and CF are exceptional probably because of the strong hy- 
drogen bonds; that is, the CO bond is expected to be more affected than the 
CN bond by hydrogen bonding. 

The changes in f (CO strl ) and f (CO str2 ) also seem to be related to the 
planarity of the peptide groups. Figure 2 (c) shows a tendency for these terms 
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TABLE 4 

Normal modes of Ala dipeptides using scaled force constants 

v (cm-‘) I” Potential-energy distribution > 10% 
(km mol-‘) 

82 
3455 
3431 
3023 
3010 
2996 
2993 
2971 
2968 
2966 
2904 
2902 
2900 
1719 
1694 
1550 
1532 
1478 
1466 
1456 
1455 
1447 
1435 
1412 
1379 
1371 
1321 
1301 
1265 
1252 
1170 
1146 
1135 
1126 
1089 
1064 
1043 
1001 
943 
897 
849 
764 
672 
657 

39 NH strZ(98) 
40 NH strl(98) 
2 MH1 str(86) 
3 CH14 str(83), CH15 str(l4) 
3 C”H* str(61), CH16 str(l9), CH15 str(l7) 
8 MHZ2 str(65), MHZ0 (str(31) 

11 MHZ1 str (49 ) , MHZ0 str (38) 
3 MH3 str(51), MHZ str(50) 

25 C”Hastr(36), CH15 str(29), CH16 str(26) 
1 MHZ str(43), MH3 str(39), MHl str(l4) 

15 CH16 str(45), CH15 str(35), CH14 str(15) 
33 MHZ1 str(43), MHZ0 str(28), MH22 str(27) 

211 CO strl(78) 
252 CO strZ(81) 
382 NH ib2(53), CN strZ(27) 
306 NHib1(61),CNstrl(l8) 

2 M2 abl(92) 
6 C?ab2(85) 

14 @ab1(89) 
6 M2 ab2(95) 

12 Ml abZ(93) 
26 Ml abl(91) 
2 M2 sb(103) 
9 CBsb(104) 

32 Ml sb( 101) 
32 H” b1(30), C*C str(23), H* b2(17), CN strZ(11) 
27 H*b1(41),HOLb2(38) 

169 CNstr1(28),CNstr2(12),COib1(12) 
108 H*b2(27),CNstr2(16),CNstrl(14) 

1 M2 rock1 (58) 
75 NC”str(41), CflrockZ(20) 
1 M2 rockZ(88) 
7 CaC?str(37), CBrockl(l3) 
9 Cflrock1(24),NMstr(ll) 

15 Mlrock2(70),COob1(15) 
8 NM str(25), CBrock2(22), Ml rockl(l9) 

12 M1rock1(34),C”CBstr(17),NMstr(16) 
7 MC str(32) 
1 C~rockl(18),NCastr(14),CNstrl(12),CNC”def(ll) 
7 C”Cstr(l6),CNstr2(11),MZrockl(ll) 

32 COob2(42), CO ibZ(13) 
164 NHob2(42),NHob1(35),CNtor2(20),CNtorl(l7),NCator(l3) 

1 COob2(21),CNC”def(14),MCstr(l4),COib2(12),COibl(ll) 
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TABLE 4 (continued ) 

v (cm-‘) I” Potential-energy distribution > 10% 
(km mol-‘) 

628 16 
571 81 
558 113 

480 25 
427 7 
355 15 
340 6 
292 5 
261 0 
215 6 
196 2 
180 0 
167 4 
150 1 
108 9 
94 6 
81 6 

&R 
3467 
3403 
3024 
3014 
2998 
2998 
2970 
2968 
2960 
2903 
2899 
2893 
1726 
1679 
1552 
1526 
1477 
1465 
1461 
1455 
1445 
1435 
1406 
1371 
1371 
1322 

33 
15 
2 
1 
1 
7 

14 
1 

18 
0 

35 
12 

236 
236 
368 
320 

3 
1 

18 
10 
11 
24 
3 

27 
15 
6 

COob1(74),Mlrock2(19) 
COib1(30),CNtor2(14),NHob2(11) 
NHob2(48),NHob1(38),CNtor1(23),CNtor2(21),NCator(l4), 
COibl(13) 
Csb1(26),C”CNdef(22),CNtorl(ll) 
NCnCdef(38),MCNdef(33),CBb2(16) 
CO ib2(21), MCN def(l7), CNM def(15) 
C?b2(38) 
CNMdef(30),CBb1(13) 
CY?tor(88) 
CNC”‘def(29),CNtor2(23),NHob2(12),MCNdef(ll) 
CaCNdef(33),CNMdef(17),CBb2(12) 
MC tor( 100) 
NM tor(32), CNC” def(20), NC”C def( 18), CN tor2( 12) 
NMtor(96),NHpb2(16) 
CNtorl(41),NCLYtor(14),Cflbl(ll) 
C*C tor(l23),CNtor2(16) 
NCator(85),NHob1(15),CaCtor(10) 

NH str2 (99) 
NH strl(99) 
MHl str(86) 
CH14str(75),CaHOLstr(12) 
MH21 str(35), C*Hnstr(32), MH22 str(21) 
C”Hastr(38), MH21 str(28), MH22 str(l8) 
MH20 str(49), MH22str(34), MH21 atr(l9) 
MH3 str(50), MH2 str(48) 
CHl5 str(46), CH16 str(31), C”H* str(18) 
MH2 str(45), MH3 str(40), MHl str(l4) 
MH20str(51),MH22str(29),MH21str(l9) 
CH16 str(56), CH15 str(30), CH14 str(13) 
CO strl(84) 
CO str2 (84) 
NHib2(5’7),CNstr2(33) 
NH ib1(74), CN strl(20) 
M2 abl(91) 
Cfl ab2 (90) 
CBab1(93) 
M2 ab2 (94) 
Ml ab2 (93 ) 
Ml abl(91) 
M2 sb(105) 
Ml sb(89), CSsb(12) 
Cflsb(92),Ml sb(l2) 
H* b2(89) 
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TABLE 4 (continued ) 

v (cm-‘) I” Potential-energy distribution > 10% 
(km mol-‘) 

1292 88 CN str2(29), C”C str(22),NH ib2(22), CO ib2(12) 
1277 119 Hab1(44),CNstrl(19),COibl(10) 
1253 99 Hab1(33),CNstrl(24),NHibl(ll) 
1166 7 M2 rock1 (62) 
1162 49 NV str (35), CB rock2 (19) 
1125 6 M2 rock2 (86) 
1108 7 C@rockl(31), CXflstr(30) 
1097 12 NM str(36), CaC str(l1) 
1063 13 Mlrock2(71),COob1(15) 
1041 10 CBrock2(28),M1rockl(23),NMstr(17) 
996 10 M1rock(30),CaCbstr(12),NMstr(ll) 
931 4 MC str(30), C”C”str(24) 
899 2 CNstrl(l7),CBrockl(15),C~rock2(l5),CNC”def(l3),NCastr(lO) 
844 8 CuCstr(l6),CNstr2(l2),COib2(12),CNMdef(l2),M2rockl(l2) 
758 22 CO ob2 (56) 
657 152 NHob2(28),NHob1(24),CNtod(ll) 
651 21 COobl(42),Mlrock2(12),CNtor2(12) 
637 58 COib1(19),MCstr(l7),NHob1(16) 
592 6 COobl(34),CNtor2(11) 
547 82 NHob1(61),CNtor1(47),NHob2(36),NC”tor(28),CNtor2(18) 
516 37 COibl(22),MCNdef(20),COib2(12),CaCNdef(10) 
393 13 NC”C def(27), C”bl(25) 
353 14 MCN def(33), CO ib2(23) 
333 8 CNMdef(19),CBbl(12),CBb2(12),CaCBtor(12) 
298 7 C”Cstor(50),CNMdef(16) 
276 4 CBb2(36), CX”tor(33) 
219 6 C*CN def(27), CNMdef(16) 
203 1 C”CNdef(14),C”Ctor(13),CNtor2(12),NHob2(ll) 
183 0 MC tor(100) 
165 2 CNC”def(30),NCaCdef(21),NMtor(14) 
151 0 NM tar ( 101) 
110 6 CN tori (46) 
88 4 C”C tor(63), CN tor2(24), CO ob2(10) 
78 6 NCator(137),CaCtor(l15),COob2(14) 

LyL 

3461 
3413 
3030 
3023 
3001 
2990 
2973 
2967 

16 NH str2 (98) 
12 NH strl(98) 
1 CH16 str(75), CH14 str(l9) 
2 MHl str(85) 
3 CH14 str(63), CH15 str(30) 
8 MH22 str(62), MH20 str(34) 

15 MH21 str(57), MH20 str(38) 
4 MH2 str(52), MH3 str(49) 
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TABLE 4 (continued ) 

v (cm-‘) I” Potential-energy distribution > 10% 
(km mol-‘) 

2936 6 C*H* str(95) 
2911 22 CHl5 str(67), CH14 str(l8), CH16 str(13) 
2902 1 MH3 str(44), MH2 str(ll), MHl str(14) 
2900 34 MH21 str(39), MH22 str(32), MH20 str(28) 
1724 252 CO strl(79) 
1703 181 CO str2(83) 
1545 318 NH ib2(61), CN str2(28) 
1536 250 NH ibl(68), CN strl(19) 
1478 2 M2 abl(92) 
1476 12 CBab2(89) 
1455 5 M2 ab2 (94) 
1451 14 0” abl(90) 
1446 11 Ml ab2(93) 
1434 24 Ml abl(91) 
1409 2 M2 sb(l04) 
1374 16 CBsb(104) 
1371 31 Ml sb(lO1) 
1314 52 H”b2(62),CaCstr(12),NCustr(ll) 
1311 29 H* b1(57), C*C str(l2) 
1265 183 CNstr1(39),COib1(17),MCstr(l4),NHib1(13) 
1247 81 CNstr2(26),Hab2(22),Hab1(13),NMstr(ll) 
1171 2 M2 rock1 (55) 
1145 29 NC* str (27)) Cfi rock2 (27) 
1138 4 CaCBstr(30),CBrockl(19) 
1135 3 M2 rock2 (84) 
1077 5 NMstr(20),CBrockl(20),Habl(12),CaCstr(10) 
1063 19 Ml rock2 (68), CO obl(15) 
1047 5 CBrock2(30),M1rockl(18),NMstr(17) 
997 18 M1rockl(31),NMstr(18),CaCBstr(17),MCstr(ll) 
924 4 MCstr(20),CaC~str(17),CBrockl(12),C~rock2(11) 
891 1 CNstrl(19),CNCadef(17) 
827 13 COib2(14),CNMdef(l2),M2rockl(l2),C~Cstr(ll) 
772 34 CO ob2(53), NC*C def(15) 
659 8 MC str(23), CO ib1(19), CO ib2(10), C?b2(10) 
642 27 COob1(66),Mlrock2(19) 
585 106 CN tor2(44), NH ob2(40) 
573 45 NHob2(40),CNtor2(13),CaCstr(l2),NHob1(12),COob2(l0) 
546 170 NH obl(113), CN tor1(67), NC* tor(65) 
487 15 CYb1(30), C”CNdef(21) 
457 27 CO ib1(40), NCaC def(26) 
349 12 CNMdef(17),C@bl(15),CBb2(15),MCNdef(14) 
338 11 Cflb2(29), NCYJ def(l3), CO ib2(12), MCN def(12) 
301 9 MCNdef(32),CNMdef(25),CBb2(14),CBb1(12) 
268 1 CY? tor (93) 
205 0 CNC*def(23),CNtor2(17),CaCtor(l6),NHob2(l4),C*CNdef(ll) 
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TABLE 4 (continued ) 

v (cm-‘) I” Potential-energy distribution > 10% 
(km mol-‘) 

199 2 CaCNdef(34),CNMdef(21) 
186 1 MC tor(89) 
177 3 NC”tor(22),CNCQdef(20),NMtor(17),MCtor(16) 
154 1 NMtor(l05),NHob2(13) 
113 11 CNtor1(36),NC”tor(lb) 
107 4 C”Ctor(ll6),NC”tor(36),CNtor2(12) 
88 2 NC”tor(42),CNtorl(l4) 

Y474 49 NH str2 (99) 
3418 24 NH strl(100) 
3024 2 MHl str(85) 
3019 1 C”H* str(51), CH15 str(34), CH16 str(l2) 
3004 3 CH15 str(49), C*H* str(32), CH14 str(l8) 
2996 6 MH22 str(65), MH20 str(26) 
2977 14 MH21 str(53), MH20 str(45) 
2969 3 MH3str(31),MH2str(30),CHl4str(l9),CH16str(18) 
2967 7 CH14str(25),CH16str(24),MH3str(22),MH2str(l9),C~HOLstr(ll) 
2905 30 MH21 str(40), MH22 str(30), MH20 str(29) 
2902 1 MH2str(44),MH3str(40),MHlstr(l4) 
2900 13 CH16 str(46), CH14 str(37), CH15 str(l5) 
1720 247 CO str2 (83) 
1710 207 CO strl(82) 
1540 277 NH ib2(65), CN str2(25) 
1529 421 NH ib1(68), CN strl(22) 
1477 2 M2 abl(91) 
1470 18 CBab1(90) 
1454 8 C8ab2(87) 
1454 7 M2 ab2(92) 
1446 11 Ml ab2(94) 
1435 29 Ml abl(91) 
1412 0 M2 sb(lO4) 
1374 9 C@sb(lOO) 
1371 29 Ml sb(99) 
1326 9 Hab1(55),Hab2(28) 
1295 158 C”lCstr(28),CNstr2(27),$lHib2(12),COib2(11) 
1291 51 CNstrl(21),H”b2(18),Hab1(16) 
1260 96 Hab2(37),CNstrl(19),NHib1(12) 
1169 4 M2 rock1(58), NM str(l1) 
1137 21 NC” str(32), M2 rock2(28) 
1136 8 M2 rock2(61), NC* str(l5) 
1110 16 NM str(42) 
1099 8 C”CBstr(35),CBrock1(31) 
1063 17 Mlrock2(71),COob1(15) 
1018 2 Ml rock1(39), @rock2(20) 
979 27 CBrock2(23), Ml rockl(l6), NMstr(l4) 
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TABLE 4 (continued ) 

u (cm-‘) I” Potential-energy distribution > 10% 
(km mol-‘) 

947 8 
899 4 
840 6 
765 39 
681 8 
640 30 
605 98 

594 10 
524 31 
504 163 
375 21 
366 11 
305 8 
287 0 
264 5 
218 7 
191 2 
179 0 
161 1 
148 I 
120 5 
110 8 
85 4 

MC str(33), CNC”def(l0) 
C*CBstr(21), @rockl(l6), NC* str(15) 
CNstr2(17),M2rock1(13),CNMdef(12),C~Cstr(12),C0ib2(11) 
CO ob2(71) 
CO ib2(19), MC str(17) 
CO ob1(63), Ml rock2(17) 
NHob2(47),NHob1(45),CNtor2(29),CNtorl(21),NCator(l6), 
COobl(l1) 
COib1(30),NC”Cdef(l7),CYJNdef(ll) 
COib1(20),NC~Cdef(l7),COib2(16),MCNdef(ll) 
NHobl(71),NHob2(55),CNtor1(53),NCator(43),CNtor2(38) 
MCNdef(48),CBbl(13),COibl(ll) 
CBb2(24),COib2(22),C~b1(13),NCaCdef(ll) 
CNMdef(41),CBb2(27) 
CYY tor (99) 
Csb1(17),CBb2(17),NHob2(15),CNtor2(ll) 
CNC0def(35),C”CNdef(26),MCNdef(13),CNMdef(13) 
CNtor2(17),MCtor(10),CBb2(10) 
MC tor(96) 
NMtor(ll7),NHob2(12),M2rock2(10) 
CYJtor(54),NHob1(28),CNtorl(l2),CXNdef(lO) 
CNt.orl(31),CBbl(24),CaCtor(14) 
NC*tor(57),CNtor2(15) 
CaCtor(83),NC”tor(43),CNtor2(18) 

“Infrared intensity. 

in the open structures to increase as the OCNH dihedral angle deviates from 
planarity (180” ), whereas those in the C, and C, structures decrease. Figure 
2 (d) shows that, although the CO stretch force constants in the/I, and LY struc- 
tures do not correlate well with o (the CC (0 ) NC dihedral angle), those in the 
hydrogen-bonded conformers decrease almost linearly as CL) departs from 180’. 
Because the non-planarity of the CONH group reduces the electronic reso- 
nance in the CO and CN bonds, the increase in f (CO str ) with non-planarity, 
as measured by the OCNH angle, in the open structures is not surprising. The 
lack of correlation with w probably reflects the fact that this angle is not as 
direct a measure of the planarity of CONH when the out-of-plane angles at C 
and N are sizeable. That f (CO str ) in the C, and C7 conformers decrease with 
non-planarity suggests that higher degrees of non-planarity are associated with 
stronger hydrogen bonds. Such significant variations in force constants with 
the peptide group planarity are important because the deviations from plan- 
arity seen in these Ala dipeptide conformers (o ranging from 174.5’ to 187.6” 
[4] ) are not unusual in actual peptide structures. A recent crystal-structure 
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Fig. 2. Plots of the scaled CO stretch force constant: (a) versus 1 v/J ; (h) versus scaled CN stretch 
force constant; (c) versus OCNH dihedral angle; and (d) versus CC(O)NC dihedral angle. (b) 
X, f(C0 strl) and f(CN strl); 0, f(C0 str2) and f(CN str2). (c) and (d): X, C5 and C, con- 
formers; 0, open conformers. 

survey [ 151 found values of o in the range 157-201 O, and in crystalline Ala 
dipeptide itself o values of 171.9-191.6” were derived in an X-ray study [ 161. 

The CO and NH in-plane and out-of-plane bend (ib and ob ) force constants 
do not vary significantly in the open conformations. Among the other diagonal 
and off-diagonal terms, as we concluded previously [ 1,2], it is primarily those 
involving the C” atom that vary appreciably with conformation. Also notable 
are the changes in the C?H stretches. 

To summarize some of our results on the force fields of these Gly and Ala 
dipeptide structures, we again plot in Fig. 3 the scaled NH, CO, CN and CH 
stretch force constants against their respective equilibrium bond lengths. As 
before [ 21, we have fitted each set of points with a straight line, and the fol- 
lowing least-squares slopes result (in units of mdyn A-‘): -62, -75, -31, 
and - 35, respectively. Except for the CH stretch slope, these are smaller than 
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Fig. 3. Scaled NH, CO, CN and CH stretch diagonal force constants plotted against their respec- 
tive equilibrium bond lengths. 

obtained previously with much smaller sets of points. Even so, we continue to 
see close agreements of these slopes with the average diagonal cubic force con- 
stants, the values of which are -63, -85, -48, and - 35 mdyn A-‘, 
respectively. 

Turning to the normal modes, some of the amide modes in the seven Ala 
dipeptide conformations are summarized in Table 5. In the 1200-1300 cm-’ 
region, the amide III mixes strongly, and to varying degrees, with the H” bends 
(H” b). This mixing can be removed by looking at the “pure” amide III in 
CD”-Ala dipeptide and the “pure” H” b in the N-deuterated isotopomer; the 
resulting frequencies are given in Table 5. 

Because of their localized nature, the NH stretch frequencies reflect closely 
the differences in the force constants that were discussed above. Notable are 
the substantially lowered frequencies on hydrogen bonding, the systematically 
higher free NH str2 modes compared with the free NH strl, and the fact that 
both NH stretches show some sensitivity to conformation. 
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TABLE 5 

Some calculated frequencies (in cm-‘) in normal and selectively deuterated Ala dipeptides 

Mode G w W fiZ aR aL a’ 

NH str2 3471 3360 3334 3455 3467 3462 3474 
NH strl 3390 3414 3446 3431 3403 3413 3418 

Amide I (CO std ) 1698 1704 1699 1694 1679 1703 1720 
Amide I (CO strl ) 1668 1676 1682 1719 1726 1725 1710 

Amide II (NH ib2) 1557 1587 1594 1550 1552 1546 1540 
Amide II (NH ibl ) 1525 1534 1551 1532 1526 1536 1529 

Amide III (CN str2) /CD”l 1321 1322 1327 1295 1294 1292 1295 
Amide III (CN strl)/CDn 1276 1286 1294 1262 1263 1262 1278 

H* bend/(ND)z 

C%I, asym str/CD* 

CH” str/ (CD,), 2955 

1315 
1288 

3014 
2979 

1314 
1305 

2997 
2990 

2991 

1317 1300 1320 1305 1324 
1274 1296 1272 1283 1284 

3038 
2977 

3011 3028 
2968 3001 

3000 

3010 
2977 

2985 2993 2940 

3010 
2974 

3007 

In the open conformers, the amide I modes consisting primarily of CO strl 
are quite constant in frequency, whereas the CO str2 vibrations vary signifi- 
cantly, as would be expected because CO str2 is adjacent to C”. The much lower 
CO strl frequencies in CTq and Ct;x arise from the C, hydrogen bonds; the amide 
I modes in C5 are the most delocalized [2] and, consequently, do not reflect 
clearly the C5 hydrogen bond. The amide II modes are seen to be hardly sen- 
sitive to conformation in the non-hydrogen bonded structures. Thus, in poly- 
peptides the different amide II frequencies observed in different conforma- 
tions [ 17 ] arise mainly from differences in hydrogen-bond strength and from 
transition dipole-dipole interaction [ 17,181. 

The amide III modes, when C” is deuterated, hardly vary at all in the open 
conformers (with the exception of LY’ ), and are systematically higher in fre- 
quency in the hydrogen-bonded structures. On the other hand, on N-deutera- 
tion, the H” b modes vary markedly across all conformers. Thus, in normal 
truns peptides the amide III is sensitive to hydrogen bonding through its CN 
str and NH ib components, and to conformation mainly through its H* b 
contributions. 

Also listed in Table 5 are the @I-I, antisymmetric stretches (with C” deu- 
terated to remove accidental mixings) and the CH” str (with C!fl deuterated) 
to demonstrate that these modes are also affected by conformation, as we had 
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TABLE 6 

Dipole-moment derivatives a,&@ (in D A-l or D rad-‘) of Ala dipeptides referred to group axes* 

C6 N? 05 
NH strl 

CO strl 

CN strl 

NC” str 

MCN def 

CO ibl 

0.90 0.43 
0.32 0.40 
0.67 0.75 
0.51 0.64 
0.29 0.21 
0.25 0.20 
0.41 0.22 
4.23 4.47 
4.25 5.10 
3.99 5.22 
4.65 4.53 
4.52 4.24 
3.97 4.07 
4.34 4.48 

-4.70 -0.20 
-4.07 - 0.22 
-3.74 -0.12 
- 4.72 -0.06 
-4.30 -0.02 
- 3.41 -0.22 
-4.47 -0.24 

1.69 - 1.32 
1.96 -2.09 
2.11 -2.52 
1.56 - 1.48 
1.46 -1.36 
1.56 - 1.59 
1.11 - 1.40 

-1.99 0.89 
- 1.54 1.35 
-1.69 1.31 
- 1.32 0.92 
-0.93 0.68 
-0.83 0.50 
-1.52 0.59 
-3.16 2.14 
- 2.92 2.43 
-2.86 2.68 
- 2.87 2.00 
-2.69 1.94 
-2.75 2.07 
-2.99 1.92 

0.04 1.00 26 
0.03 0.51 51 

-0.09 1.01 48 
-0.16 0.83 51 
-0.21 0.41 35 

0.18 0.36 39 
0.29 0.54 28 

-0.01 6.15 47 
-0.14 6.64 50 

0.16 6.57 53 
-0.00 6.49 44 

0.24 6.20 43 
-0.12 5.68 46 
-0.05 6.24 46 

0.11 4.71 - 178 
- 0.05 4.08 - 177 
-0.09 3.74 - 178 
-0,12 4.72 - 179 
-0.40 4.32 -180 
- 0.02 3.41 - 176 

0.03 4.48 -177 
-0.41 2.19 -38 

0.10 2.87 -47 
0.21 3.29 -50 

-0.55 2.21 -44 
-0.23 2.01 -43 

0.53 2.29 -45 
-0.47 1.85 -52 

0.05 2.18 156 
-0.20 2.06 139 

0.20 2.15 142 
-0.19 1.63 145 
-0.14 1.16 144 

0.16 0.98 149 
-0.04 1.63 159 

0.08 3.81 146 
-0.34 3.81 140 

0.24 3.93 137 
-0.05 3.50 145 
-0.15 3.31 144 

0.15 3.45 143 
0.05 3.56 147 
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TABLE 6 (continued ) 

CNC” def 

NH ibl 

CO obl 

NH obl 

CN torl 

NC” tor 

4.20 -1.38 -0.06 4.42 -18 
2.84 - 3.08 0.23 4.20 -47 
2.79 -3.44 -0.16 4.43 -51 
1.83 -1.98 0.12 2.70 -47 
1.03 - 1.30 -0.17 1.67 -52 
0.96 -1.00 0.05 1.39 -46 
2.40 - 1.05 0.19 2.63 -24 
0.91 -0.37 0.14 0.99 -22 
0.53 -0.26 -0.01 0.59 -26 
0.50 -0.11 -0.05 0.52 -13 
0.42 -0.24 -0.30 0.57 -30 
0.46 -0.24 -0.34 0.62 -27 
0.43 -0.11 0.33 0.55 -14 
0.68 -0.25 0.24 0.76 -20 

- 0.09 0.01 0.80 0.81 174 
0.20 -0.02 1.52 1.54 -7 

-0.05 0.05 1.63 1.63 133 
0.03 - 0.09 1.16 1.16 -72 
0.11 -0.05 1.11 1.12 -23 

-0.11 0.15 1.16 1.17 126 
-0.43 0.28 1.21 1.31 147 

0.01 0.04 2.27 2.27 74 
-0.26 -0.13 1.03 1.07 - 153 

0.18 0.03 0.77 0.79 9 
0.30 0.28 1.14 1.22 43 
0.19 0.02 1.21 1.22 6 

-0.04 -0.24 1.23 1.26 -99 
0.40 -0.60 1.07 1.29 -56 
0.22 -0.13 -3.47 3.48 -31 

- 0.50 0.43 -3.39 3.45 139 
0.37 -0.46 -3.37 3.42 -51 

-0.19 -0.27 -2.36 2.38 - 125 
-0.11 0.04 - 2.22 2.23 160 
-0.03 -0.04 -2.43 2.43 - 128 

0.07 0.68 -2.02 2.13 84 
0.17 -0.07 - 3.36 3.36 -24 

-0.19 0.81 -4.90 4.97 103 
0.13 - 1.03 -5.19 5.29 -83 

- 0.96 0.20 -3.86 3.98 168 
-0.55 0.16 -3.31 3.36 164 

0.80 -0.08 -3.40 3.50 -6 
1.40 -0.20 - 3.07 3.38 -8 
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TABLE 6 (continued ) 

adas was abm I akas I tlb 

C12 N17 013 
NH str2 

CO str2 

CN str2 

CT str 

CYCN def 

CO ib2 

0.62 0.72 -0.02 
0.19 1.40 -0.37 
0.14 1.85 0.47 
0.24 0.63 0.10 
0.13 0.62 0.32 
0.16 0.33 -0.27 
0.51 0.61 -0.18 
4.19 4.79 0.23 
4.47 4.68 -0.37 
4.45 4.96 0.12 
4.24 4.82 -0.10 
4.33 4.95 0.05 
4.24 4.84 -0.37 
3.87 4.95 0.12 

-4.42 -0.40 0.09 
-3.87 -0.30 0.21 
-3.52 -0.43 -0.28 
-4.18 -0.74 -0.01 
-3.91 -0.96 - 0.25 
-3.88 -0.80 0.16 
-3.83 - 1.10 - 0.02 

0.30 0.16 -0.19 
0.62 - 0.53 0.43 
0.97 -0.87 -0.22 
0.41 -0.32 -0.00 
0.60 -0.42 0.19 
0.24 -0.14 - 0.48 
0.52 -0.37 - 0.02 
1.08 - 1.42 -0.02 
0.40 -2.96 0.34 
0.20 - 3.07 -0.31 
0.54 - 1.68 0.06 

-0.47 - 1.35 -0.17 
-1.06 -0.80 -0.11 

0.55 -0.11 -0.52 
-3.23 2.41 0.05 
-2.58 2.40 -0.05 
-2.21 2.30 -0.11 
-2.68 2.28 -0.11 
- 2.37 2.17 -0.14 
-2.41 2.16 -0.11 
-2.57 1.82 0.20 

0.95 50 
1.46 82 
1.91 86 
0.68 70 
0.71 78 
0.46 64 
0.81 50 
6.37 49 
6.48 46 
6.67 48 
6.42 49 
6.58 49 
6.44 49 
6.29 52 
4.44 - 175 
3.89 - 176 
3.56 -173 
4.24 - 170 
4.04 - 166 
3.96 - 168 
3.99 - 164 
0.39 28 
0.92 -41 
1.32 -42 
0.52 -38 
0.75 -35 
0.55 -30 
0.64 -35 
1.78 -53 
3.01 -82 
3.09 -86 
1.76 -72 
1.44 - 109 
1.33 - 143 
0.77 -11 
4.03 143 
3.53 137 
3.19 134 
3.52 140 
3.22 137 
3.24 138 
3.16 145 
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TABLE 6 (continued ) 

CNM def 

NH ib2 

CO ob2 

NH ob2 

Cm C tor 

CN tor2 

0.73 0.32 0.01 0.79 24 
0.99 0.84 -0.06 1.30 40 
1.15 0.87 0.02 1.44 37 
0.88 0.42 -0.04 0.97 26 
1.36 0.27 -0.01 1.39 11 
1.47 0.12 0.07 1.47 5 
0.91 - 0.05 0.29 0.96 -3 
0.59 -0.12 -0.03 0.61 -12 
0.73 -0.45 0.27 0.90 -32 
0.66 -0.54 -0.18 0.87 -39 
0.59 -0.41 0.04 0.72 -35 
0.55 -0.46 -0.07 0.72 -40 
0.57 -0.27 0.13 0.65 -25 
0.59 - 0.24 - 0.05 0.64 -22 

- 0.05 -0.02 0.85 0.85 - 160 
0.06 -0.21 -0.33 0.39 -75 

- 0.08 0.17 -0.38 0.43 115 
0.72 -0.56 0.79 1.21 -38 
0.94 - 0.98 0.28 1.39 -46 

-0.85 0.46 -0.07 0.97 151 
-0.40 0.25 1.10 1.20 148 
-0.00 0.09 2.24 2.24 91 

0.20 0.08 2.66 2.67 22 
-0.05 -0.05 2.70 2.70 - 139 
-0.32 0.09 2.07 2.10 164 
-0.68 0.22 2.22 2.33 162 

0.73 -0.25 2.39 2.51 -19 
0.45 0.28 1.90 1.98 31 
0.11 -0.15 3.38 3.39 -52 

-0.01 -0.29 4.37 4.38 -91 
0.11 0.51 4.32 4.35 78 

-0.74 -0.30 2.74 2.85 - 158 
- 1.19 0.30 3.24 3.47 166 

1.23 -0.83 2.90 3.26 -34 
0.42 0.50 1.76 1.88 50 

-0.11 0.08 -0.06 0.15 143 
0.34 -0.38 -0.33 0.61 -48 

-0.19 0.36 -0.41 0.58 118 
0.51 -0.47 -0.01 0.69 -42 
0.54 -0.52 - 0.43 0.86 -44 

-0.29 0.36 -0.41 0.62 128 
-0.08 0.27 0.30 0.41 108 



200 

TABLE 6 (continued ) 

Cl1 c9 H16 
C*C* str 

C”H* str 

NCY! def 

H”bl 

Ha b2 

Cab1 

0.17 0.47 0.46 0.68 71 
0.23 0.19 0.68 0.75 40 
0.24 0.33 0.56 0.69 55 
0.29 0.39 0.56 0.74 54 
0.40 0.67 0.65 1.02 59 
0.26 -0.08 0.77 0.82 -18 
0.41 0.59 0.45 0.85 55 

-0.05 0.36 0.04 0.36 98 
-0.13 0.08 -0.35 0.39 150 
-0.00 -0.08 -0.15 0.17 -93 
-0.19 0.39 -0.46 0.63 115 
-0.02 0.07 - 0.37 0.38 101 
-0.31 0.08 0.07 0.32 166 

0.03 0.13 -0.15 0.20 79 
-2.03 1.95 -0.21 2.82 136 
-2.29 1.93 -0.14 3.00 140 

3.84 -2.08 -0.29 4.37 -29 
- 1.92 1.06 0.65 2.28 151 
-0.40 0.21 0.21 0.50 152 

0.54 - 0.08 -0.10 0.55 -9 
-0.24 -0.23 0.79 0.86 - 136 
-0.02 -0.03 0.04 0.05 - 126 
-1.23 0.65 0.12 1.39 152 

1.03 -1.11 0.10 1.51 -47 
-0.66 0.40 0.87 1.16 149 
-0.21 0.41 0.55 0.74 124 
-0.27 -0.67 0.26 0.77 -112 

0.69 -0.10 0.91 1.15 -8 
0.15 -0.05 1.09 1.10 -19 
0.61 0.85 -0.23 1.07 55 

-0.51 -0.97 -0.60 1.25 -118 
0.68 0.39 0.12 0.79 30 
0.09 0.51 -0.50 0.72 80 
0.21 -0.52 -0.84 1.01 -68 

-0.03 -0.15 0.36 0.39 - 101 
-3.26 2.20 -0.14 3.94 146 

1.56 - 1.90 -0.46 2.50 -51 
-0.02 -0.98 0.18 0.99 -92 
-0.22 -1.80 -0.17 1.82 -97 

0.82 -1.47 -0.34 1.72 -61 
0.49 -1.23 0.11 1.33 -68 

-2.35 0.08 -0.29 2.37 178 
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TABLE 6 (continued) 

Cflb2 

was a&/as adas I @ias I IYb 

0.20 -0.32 -0.58 0.69 -51 
-0.48 - 1.46 0.31 1.56 - 108 

0.61 0.65 0.32 0.95 47 
0.00 -1.12 -0.23 1.15 -90 

-0.11 - 1.14 0.16 1.16 -96 
-0.11 -0.45 0.63 0.78 - 104 

0.55 -0.31 -0.32 0.70 -29 

‘Local axes of group A B C defined thus: f = AB, i = AC x AB. Entries are for C5 (first line ) , C$ , 
C;X , j$, (~a, (Ye, and (Y’ (subsequent lines). 
‘Angle from f in x-y plane, in degrees. 

found in our experimental study of cycle (D-Ala-L-Ala) in two crystalline 
forms [ 191. The precise nature of these frequency-conformation correlations 
is still not clear, given the small number of data points available at present. 
However, the CH” stretch frequency does seem to decrease with ly, which is 
consistent with our experimental observation [ 191 of a 21 cm-’ decrease when 
v changes from - 2.8” to 4.2’ in a cis peptide. 

The sets of frequencies for all seven conformers of Ala dipeptide yield the 
following vibrational free energies at 298.15 K (using the usual harmonic os- 
cillator expression [20], in kcal mol-‘): 109.68 (C,), 109.85 (Ce7s), 110.30 
(CF ), 109.55 &), 109.45 (a,), 109.66 ( CX~), and 109.51 (a’). The free ener- 
gies, given by the sum of the SCF energy and the vibrational free energy, in 
units of kcal mol-’ relative to that of CFq, are: 1.2 (C,), 3.1 (Cy ), 3.6 (/3z), 4.5 
( aR), 6.5 ( aL), and 7.6 (cy ’ ). Thus, the order of stability of the conformers is 
unchanged from that given by the SCF energies alone, and each conformer is 
slightly closer in energy to the C;q except for the CF structure. 

Table 6 lists the dipole-moment derivatives dp/d& with respect to the group 
coordinates (excluding those of the methyl groups) referred to local axes fixed 
within each group [ 11; see the footnote to the table for the definitions of the 
local axes. To help in comparison, all seven Ala dipeptide conformers are 
tabulated. 

The NH strl derivatives show marked variations in the open conformers 
and, unlike in the C5 and C, structures, have sizeable components perpendic- 
ular to the plane of the peptide group; this is probably related to the deviations 
from planarity at N7 (Table 1). The NH str2 derivatives clearly show a strong 
increase due to the C, hydrogen bonds. Except for CO strl in cyL, the CO stretch 
derivatives are all very similar in magnitude and direction even in the hydro- 
gen-bonded structures, pointing to a high degree of transferability. (Because 
CO str2 is more representative of the CO groups in polypeptides, the cyL excep- 
tion seems of little consequence. ) 
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The NH ib derivatives are not very conformationally sensitive, at least in 
their magnitudes, and as expected they increase when the NH group is bonded. 
All CO ibl and CO ib2 derivatives have nearly the same magnitude and direc- 
tion. The NH obl derivatives are systematically smaller in magnitude than the 
NH ob2 and in the open conformers the former are all virtually identical. (Note 
that NH obl is the more representative of NH groups in polypeptides.) There 
is the expected increase on hydrogen bonding and interestingly, a decrease in 
NH obl in the C, structures where the NH belongs to the acceptor peptide 
unit. Similar decreases in the CO ob derivatives are seen when the CO is in the 
donor peptide group. The situation in proteins andpeptide crystals, where each 
CONH is usually both a hydrogen-bond donor and acceptor, is likely to be more 
complicated. 

CONCLUSIONS 

We have extended our previous studies of the force fields of Ala dipeptide in 
C, and C, conformations with intramolecular hydrogen bonding by doing sim- 
ilar calculations on four open, non-hydrogen-bonded conformations. These re- 
sults have provided further insights into how force constants vary with con- 
formation and hydrogen bonding, and should be helpful in developing and 
testing force fields for normal mode and molecular mechanics calculations of 
peptides and polypeptides. 
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