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Synopsis

A valence force field has been refined for crystalline polyglycine I using its known anti-
parallel chain pleated-sheet structure and without replacing the CH; group by a point
mass. Polyglyeine I and four of its isotopic derivatives were used in the refinement.
The calculated frequencies are in good agreement with the observed, except for the amide
I modes. It isshown that this is a consequence of the fact that no reasonable force field
predicts a large Dy term of the Miyazawa perturbation treatment. The amide I split-
tings can, however, be satisfactorily accounted for by introducing a direct interaction
force constant between adjacent C—O groups in neighboring chains. This can reason-
ably arise from transition dipole coupling and corresponds to the heretofore neglected D
term.

INTRODUCTION

There have been many studies of the vibrational spectra of polyglycine,
+NHCH,CO-,, the simplest member of the polypeptides, NHCH-
RCO--,, and of the polyamides ¢ NH[CH.],CO>, as well.  The existence
of two rotational-isomeric structures in the crystalline state was first sug-
gested by Elliott and Malcolm from their infrared study.! They named one
form, which is obtained by casting from haloacetic acid solutions, poly-
glycine I (PG 1) and the other, obtained by precipitation from an aqueous
solution saturated with LiBr, polyglycine IT (PG II). The dichroism of
the infrared bands of PG I, of which oriented samples are readily obtain-
able, was also measured by them. The far infrared region was studied by
Miyazawa,? who found large spectral differences between PG I and PG II.
The most comprehensive infrared data on various isotopic molecules such
as —NHCH,CO—, —N%HCH,CO—, —NDCH,CO—, —NHCD,CO—,
and —NDCD,CO— were reported by Suzuki et al.* Krimm and Kuroiwa
analyzed low-temperature infrared spectra in relation to N—H-—-0=C"’
and C—H---0==C’ hydrogen bonding.* Raman data were reported re-
cently by Smith et al.® and by Small et al.® Inelastic neutron scattering
has been measured by Gupta et al’® Infrared and Raman studies on
oligomers and model compounds have been undertaken by several work-
ers.5,9—11

* To whom correspondence should be addressed.
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Theoretical calculations of normal vibrations of polyglycines have also
been carried out. However, most of these calculations are incomplete,
in the sense that they were done on only one or two isotopic molecules
and/or approximate structures. In addition, limited Urey-Bradley force
fields were employed in the calculations. When compared with the
abundance of experimental data mentioned above, a more refined calcula-
tion is clearly justifiable. As an extension of the recent study on the
valence force field of the amide group,!?:!? we have recalculated the normal
vibrations of various isotopic molecules of crystalline PG I and of the PG
II single chain, and have determined their valence force fields using the
actual structures. The results on PG I are reported here and those on PG
II in the following paper.

The normal vibrations of the PG I single chain were first treated by
Fukushima et al.'*'5 and then by Gupta et al.” Fukushima and Miyazawa,
also treated the PG I crystal consisting of antiparallel chains.’5:2¢ In all
of these calculations the CH; group was approximated by a single mass and
the chain conformation was assumed to be planar. The present calcula-
tions were done on the actual conformation determined by X-ray dif-
fraction studies, and without replacing the CH; group by a single mass.

EXPERIMENTAL

Far infrared spectra of PG I in the 500-200 cm—! region were obtained
using Beckman IR 12 and Perkin-Elmer 180 spectrometers. The sample,
from Sigma Chemical Company (molecular weight =26,000), was purified
by precipitating from a 19, solution of saturared aqueous LiBr. It was
then dissolved in dichloroacetic acid or trifluoroacetic acid and cast on
polyethylene film. The film was folded over and pressed under ca 18,000
psi. Three bands were found at 321 (very weak), 270 (broad and weak),
and at 217 em~! (medium). The band at 413 em—! reported by Gupta et
al.” was found in the unpurified sample, but disappeared upon purification.

CALCULATION OF NORMAL VIBRATIONS

The following normal coordinate treatment was carried out using the
GF-matrix method"” modified for crystals and polymeric chains.’® The
computations were done using PDP-10 and IBM 360 computers.

Crystal Structure

According to X-ray diffraction studies,'®-?® the unit cell of PG I contains
pleated sheet antiparallel chains and consists of four asymmetric units
(peptide groups). The erystal structure and the dimensions adopted in
the present calculations are shown in Figure 1. The structural param-
eters?! are listed in Table I. The translation along the chain axis was
taken as 3.45 A per peptide group, which corresponds to bond rotation
angles of p(N-C) = —140.15° and ¢(C-C’) = 135:88°. The distance
between the two neighboring chain axes in a sheet was taken as 4.70 A.
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Fig. 1. Structure of crystalline polyglycine I: (A) projected on the ab plane, (B) pro-
jected along the a axis.

TABLE I
Structural Parameters for Polyglycine?!

Bond lengths (in &)

HC—C') = 1.53 HC'=0) = 1.24

r(C'—N) = 1.32 r(C—H) = 1.07

r(N—C) = 1.47 r(N—H) = 1.00

Bond angles
LC—C'—N = 114° £C—C'=0 = 121°
£LC'—N—C = 123° £LC'—N—H = 123°
LN—C—C’ = tetrahedral LN—C—H = C'—C—H =
tetrahedral

The only interchain interaction considered in the calculations was the
N—H---0=C’ hydrogen bond. Accordingly, the distance between
neighboring sheets, that is the dimension along the ¢ axis, and the magni-
tude of the angle 8 of the monoclinic unit cell are of no importance. It was
assumed that a given peptide group and the peptide group to which it is
hydrogen bonded lie in the same plane together with the hydrogen bonds.
In other words, the b and ¢ coordinates of the methylene carbon of unit I
are assumed to be the same as those of unit III in Figure 1. For this
structure the angles C’'=0-—-H and N—H-—-0 are 175.5° and 176.0°,
respectively, C’=0---H—N being almost linear.

Internal Coordinates and Local Symmetry Coordinates

Internal coordinates for a peptide group of crystalline PG I are given
in Table II. In this table, Ar and A6 are increases in bond length and bond
angle, respectively; Ay and Ay, are a pair of bending coordinates per-
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TABLE II
Internal Coordinates for One Peptide Group of Crystalline Polyglycine I
R, = ar(C—C’) Ris = A(N—C—H)
R, = ar(C'—N) Ry = A((N—C—H')
R, = Ar(N—C) Ry = 48(C'—C—H)
Ry = ar(C’'=0) Ry, = a8(C'—C—H’)
Rs = Arf(N—H) Ry = A6(H—C—H’)
Rs = Ar(C—H) Ry = Ay(C’'=0-.-H)
R; = Aar(C—H") Ry = Ay  (C'=0---H)
Ry = ar(H...0) Ry = Ay(N—H---0)
Ry = A§(C—C'—N) Ry = Ay (N—H-.--0)
Ry = A9(C'—N—C) By = ao(O0=C'¢N
Ry = 00(N—C—C") s = 2 \g)
R, = 29(C—C'=0) Ry = Aw(H—N <C
Ry = A(N—C'=0) Ry = A(C—C’)
By = AO(C,_N'—H) Ry = At(C’—N)
Ris = A6(C—N—H) Ry = a{N—C)
8, Y
C=0————— H =Q=———- H
/% /¥ = +
N N
A7, (C=0---H) A7, (C=0--H)
C\’ 'y o}
N—H=--====-0 N-—H-=-----~ 0
Y4 + WS- +
C c
A% {N—H—--0) A% (N—H---0)
+ -
C C
N \
C=0+ N—H ~
/- A
N Cc
+ N - C’
Aw (o=c(c) Aw (H—N(C)

Fig. 2. Definitions of positive directions for some internal coordinates.

pendicular to each other for a linear group such as N-H-—--0;2? Awisan

out-of-plane bending coordinate for a trigonal planar group B——A<g,
defined by Aw = Aap sin( £C-A-D) where Acag is a displacement of the
bond B-A from the plane C-A-D; and At is the sum of all torsional co-
ordinates associated with a bond divided by the number of terms in the
sum?? (e.g., Al = (ATCCINC 4+ Arconm + Arocne + ATOC’NH)/‘l for the
C’-N bond, Arascp being the increase in the torsional angle for AB—CD
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TABLE III

Local Symmetry Coordinates® for One Peptide Group of Crystalline Polyglycine I
Sy = Rs N—C stretch
S = R C—C’ stretch
S; = R» C’—N stretch
S: =Ry C’=0 stretch
Sy = Rs N—H stretch
Se = (Rs + Ri)/2Y2 CH, sym. stretch
8; = (Rs — R)12"/ CH,; asym. stretch
8s = (2-Rw — Ru — Ry)/6"? C’NC deform.
Ss = (5'R11 - Rls - R17 - ng —_ R19 - Rzo)/301/2 NCC’ deform.
S = (2-Ry — Ry — Ru)/6"* CC'N deform.
Su = (R — Ri)/2' C’=0 1p bend
Siz = (R — Ris)/2"/ N—H ip bend
Siz = (4-Ryp — Ris — Rir — Rig — Rip)/20"/ CH; bend
Su = (Rig + Riy — Ris — Ri19)/2 CH; wag
S = (Ris — RBir — Ris + Ru)/2 CH, twist
S = (Rie — Bz + Ris — Ri19)/2 CH; rock
Si1 = R C’=0 op bend
Sis = Ras N—H op bend
Sis = Ry N—C torsion
S = Ra C—C’ torsion
Ser = R C’—N torsion
Szz = Ra H-. O stretch
Sz = Ru C’==0---H ip bend
Sz = Ry C’==0.--H op bend
S = Ry N—H---Oip bend
Sz = R N—H- -0 op bend

= Here ip denotes vibrations in the plane of the amide group and op denotes those per-
pendicular to this plane.

measured in the clockwise direction). Positive directions for the linear
bending and the out-of-plane bending coordinates were defined as shown
in Figure 2. Local symmetry coordinates for one peptide group, which
are constructed from the internal coordinates defined above, are given
in Table III.

Optically Active Symmetry Coordinates and Selection Rules

The optically active symmetry coordinates for the whole crystal are
classified into four symmetry species, A, B, Bs, and B;. These are shown
in Table IV, which was taken from Ref. 15. The symmetry coordinates
for each species are given by

S(A) =cX (St + St + St + Stv)

SB) = ¢ 2 (St + St — St — Stv)

‘ . . (1)
S(B) = ¢ 2 (St — Sir — S + Siv)
S(Bsy) = ¢ E (Sf - Sil - Szin - Sliv)
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TABLE IV
Symmetry Species and Selection Rules for Crystalline Polyglycine I
N -
Phase Symmetry Number Selection rules
Species  differences® C3a) CxDb) of modes Raman Infrarede
A (0,0) + + 21 active inactive
B: (0,7) - + 20 active active (H)
B: (m,0) + - 20 active active (1)
B; (m,7) - — 20 active active (L)

a The first and the second variables are the phase angles between intrachain and inter-
chain peptide group motions, respectively.

b The plus and minus signs indicate that the vibrations are symmetric and antisym-
metric, respectively, with respect to the symmetry element.

¢ The H and 1 signs indicate parallel and perpendicular dichroism, respectively.

where St Siy, Siyp, and Sty are vectors consisting of the local symmetry
coordinates defined by Table 1II for the peptide groups (I, II, I, and IV
as designated in Fig. 1) of the ¢th unit cell. The sums are taken over all
unit cells, and ¢ is a normalization factor.

Selection rules and the dichroic nature of the infrared bands are also
given in Table IV.

Valence Force Field

Force constants corresponding to the following types of potential energy
terms were considered in the present calculations (see Fig. 3).
1. Potential energy for each internal coordinate: :

V(a) = '/2f(a)- (Aa)? (2)

where Aa = Ar, A8, Ay, Aw, or At given in Table II, and V(a) and f(a) are
the relevant potential energy and force constant, respectively. Similar
notations are used in the following. (The units of f(a) are mdyn/A for the
stretching coordinate and mdyn—f& for the other coordinates).

2. Interaction energy between the bond stretching coordinates for a pair
of bonds which share a common atom:

V(?"l, 7"2) = f(?"%, 7‘2) . A’l"l . A7'2 (3)

(f(ry,r2) is in units of mdyn/A).

3. Interaction energy between the bending coordinate for a bond angle
and the stretching coordinate for a bond attached to the apex atom of the
angle:

V(Ar,A8) = f(r,0)-Ar- A8 (4)

(f(r,6) is in units of mdyn).

4. Interaction energy between the bending coordinates for a pair of bond
angles; between the out-of-plane bending coordinates for a pair of trigonal
planar groups; or between the bending coordinate for a bond angle and the
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Fig. 3. Definitions of interaction force constants.
out-of-plane bending coordinate for a planar group which share a common
bond and/or a common apex atom:
V(61,0,) = f(61,02) A6y Abe,
Vi{w,ws) = flwr,ws)  Awy- Aws, oOr (5)
V(,0) = f(6,0) A8 Aw.

(the f’s in Eq. (5) are in units of mdyn—fi).
5. Interaction energy between the torsional coordinate for a C’-N bond
and each of the out-of-plane bending coordinates for the

C c’
/
O0=C’ and H—N
AN N
N C
groups attached to the C'-N bond:
Viw,t) = flw,t) Aw- At (6)

(f(w,t) is in units of mdyn-A).
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No interaction terms were considered for the interchain coordinates ex-
cept for the one between the C’=0 stretching and O-—~H stretching co-
ordinates in the following part of the structure's-6:

N—H -0
0=’
\

The interaction energy between the C-H or N-H stretching coordinate
and any other coordinate was also neglected.

Since the angle bending coordinates adopted for the C—C’/O—N,
C’'—NH—C, and N—CH,—C’ groups are not all independent, the force
constants introduced above are not all independent. Instead, only a cer-
tain number of linear combinations are independent. The potential
energy matrix based on the symmetry coordinates, for which the local re-
dundancies in each of the above three groups are removed, must be ex-
pressed in terms of such independent linear combinations only. For ex-
ample, we do not need the six force constants f(CC'N), f(CC'=0), f-
(NC’'=0), f(CC'N,CC'=0), f(CC’'N,NC’=0), and f(CC'=0,NC'==0)
for the C—C’O—N group, but only the following three linear combina-
tions:

f(CC'N) — f(CC'N,CC’==0) — f(CC'N,NC’=0) + f(CC'=0,NC'=0),

f(CC'=0) — F(CC'N,CC'=0)
+ f(CC’N,NC'=0) — f(CC’=0,NC'=0),
and

J(NC'=0) + f(CC'N,CC'=0)
— f(CC’N,NC'=0) — f(CC’=0,NC'=0).

We have taken the above linear combinations as force constants, and repre-
sented them by f(CC’N), f(CC’=0), and f(NC'=0), respectively. That
is, the force constants f(CC’N) ete used hereafter include some minor
interaction terms such as f(CC’N,CC’=0). Similar modifications were
made for the force constants of the C’'—NH—C and N—CH,—C’ groups.
As a result, the seventy-eight force constants listed in Table V were adopted
for the PG I crystal.

The interdependence of force constants described above comes from
geometrical features. Isotopic substitution does not affect it.

Adjustment of Force Constants

The force constants were adjusted by considering (a) the infrared data
of —NHCH,CO—, N¥HCH,CO—, —NDCH,CO—, —NHCD,CO—,
and —NDCD,CO— reported by Suzuki, Iwashita, Shimanouchi, and
Tsuboi,® (b) the far infrared data on —NHCH,CO— obtained in the
present work, and (¢) the Raman data on —NHCH,CO— reported by
Small, Fanconi, and Peticolas.
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Our assignments of observed bands are almost the same as those for a
single chain in the previous studies.?:%7.14.18  The infrared bands were
assigned to B; modes, B, modes, and/or B; out-of-plane modes, since A
modes are infrared-inactive and B; in-plane modes are expected to be very
weak in the infrared spectrum (as pointed out by Fukushima, Ideguchi,
and Miyazawa'). The infrared dichroism data of Elliott and Malcolm?
were also considered, and all of the assignments were made consistent for
al]l isotopic molecules. The Raman bands of —NHCH.,CO— were as-
signed in a similar way.

Values for the interchain force constants were chosen in the following
way. A broad band centered at ca 140 em~! was observed by Krimm
and Kuroiwa,?* and also reported by Gupta, Trevino, and Boutin.” Simi-
lar bands were observed in the 110 ~ 130 em~! region for several poly-
(-@-amino acids) in the S-form by Itoh, Shimanouchi, and Oya.?* These
bands were assigned to the translational lattice vibration of the B; species,
which is approximately the O---H stretching vibration. IFrom the ob-
served frequency of ca 140 em—, f(O---H str.) = 0.2 mdyn/f& was de-
rived. The bending force constants for the C'=0~--H and N—H---0
groups were transferred from N-methylacetamide studied by Itoh and
Shimanouchi.?® The interaction force constant f(C’=0 str., O——-H str.)
in the structure below was introduced by Fukushima and Miyazawal® in

\
N—H---0

/
0=’
\
order to reproduce the »(0,7) — »(x,0) splitting of the amide I frequencies.
(Such an interaction term is probably physically justifiable, since the
resonant nature of the peptide group implies that changes in the C’=0
bond will influence the electronic distribution in the N—H bond, which in
turn will affect the H---O stretching vibration). In the present calcula-
tions two values were assumed, 0.0 and 0.45 mdyn/ 1&, the latter having
been used by Fukushima and Miyazawa.

With respect to the seventy-two intrachain force constants, the eigen-
values and eigenvectors of the J W J matrix (where J is the Jacobian matrix
defined by Ji; = dv;/9f;, J is the transpose of J, and W is a diagonal
weighting matrix for the frequencies) indicate that more than thirty force
constants are badly correlated with other force constants and that most
of the former are associated with skeletal vibrations. This is natural be-
cause there are thirty-five force constants directly associated with skeletal
vibrations while only fifteen observed frequencies serve to determine them
(note that the skeletal modes of deuterated molecules are almost the same
as those of the normal molecule, and their observed frequencies thereforc
cannot be considered as independent data for determining the force con-
stants). After several least-squares adjustment trials under various condi-
tions, twenty-nine force constants (of which four pairs werc set equal to



TABLE V  Force Constants for Polyglycine I

Value
Force constant Set I-12 Set I-2 Set I-3

1. fIN—C) 5.043(0.156) 5.078(0.144) 5.025(0.170)
2. f([C—C") 4.509(0.356) 4.520(0.304) 4.419(0.372)
3. f(C'—N) 6.299(0.515) 6.111(0.440) 6.304(0.536)
4. f(C'=0) 9.549(0.174) 9.436(0.153) 9.496(0.183)
5. f(IN—H) 5.827(0.032) 5.825(0.028) 5.998(0.034)
6. f(C—H) 4.564(0.016) 4.564(0.014) 4.564(0.017)
7. f(C'NC) 0.787(0.164) 0.788(0.151) 1.050(0.199)
8. fINCC") 1.00 *kxd ok

9. f(CC'N) 1.40f *okx ok

i(l) ;Elc\;((j]’;%))} 1.246(0.098) 1.274(0.091) 1.269(0.106)
g: ;Egl\?}g)} 0.463(0.015)  0.466(0.014)  0.496(0.016)
14. f(NCH) 0.715(0.032) 0.717(0.028) 0.699(0.033)
15. f(C'CH) 0.684(0.029) 0.682(0.025) 0.673(0.032)
16. f(HCH) 0.581(0.013) 0.584(0.012) 0.588(0.014)
17. f{(C’=0 op) 0.594(0.045) 0.595(0.039) 0.614(0.046)
18. f(N—H op) 0.171(0.018) 0.170(0.016) 0.191(0.038)
19. f(N—C tor) 0.037 o i

20. f(C—C’ tor) 0.037 i h

21. f(C'—N tor) 0.579(0.053) 0.580(0.048) 0.598(0.087)
22. f(N—C,C—C") 0.3 woxx o

23. f(C—C’,C’—N) 0.3 orx *Er

24. f(C'—N ,N-——C) 0.3 o ok

25. f(C—C’",C'=0) 0.5 FEx *okk

26. f(C'—N,C’'=0) 0.5 Hak or

27. f(C'—N,C’'NC) 0.3 o ok

28. f(N—C,C’'NC) 0.3 i *AE

29. f(N—C,NCC"’) 0.3 ok *xx

30. f(C—C’,NCC’) 0.3 *Ex Foxx

31. f(C—C’,CC'N) 0.3 s s

32. f(C'—N,CC’'N) 0.3 Ak kxx

33. (IC—C',CC'=0) 0.2 b *Ax

34. f(C'—N,NC'==0) 0.2 *Ak *Ax

35. f(C'=0,CC'=0) 0.45 *E* Ak

36. f(C'=0,NC'=0) 0.45 *kk *xx

3;; ﬁﬁ_—g {;CNI;III;I)} 0.294(0.061) 0.302(0.057) 0.298(0.067)
39. f(N—C,NCH) 0.517(0.043) 0.532(0.038) 0.520(0.046)
:(1) ;Eg:g,’%gg;} 0.026(0.051) 0.036(0.041) 0.044(0.050)
42. f(C—C’,C'CH) 0.205(0.068) 0.217(0.058) 0.225(0.073)
43. f(C'NC,NCC") 0.0 ko *Ax

44. f(NCC',CC’'N) 0.0 *Ak *ak

45. f(CC'N,C'NC) 0.0 ook *AE

46. {(NCC’,CC'=0) 0.0 i HEk

47. f(C'NC,NC’'=0) 0.0 *rx Sk

48. f(CC'N,C'NH) 0.2 Fkx *kx

49. f(NCC',CNH) -0.1% * koK ko

50. f(C'NC,NCH) 0.0 o e

51. f(C'NC,NCH) 0.0 i *oxx

52. f(CC'N,C'CH) 0.0 *Ek il

53. f(CC'N,C'CH’) 0.0 wkk .
54. SINCH,NCH") 0.026(0.028) 0.026(0.026) 0.018(0.030)




TABLE V (continued)

Value

Force constant Set I-1# Set 1-2 Set I-3
55. f(C’CH,C’CH’) —0.023(0.027) —0.027(0.025) —0.022(0.030)
56. f(NCH,C'CH) 0.033(0.018) 0.030(0.015) 0.022(0.018)
57. f(NCH,HCH) 0.05 *Hk ko
58. f(C'CH,HCH) 0.05 *aok *kk
59. f(NC'=0,C'NH) 0.251(0.072) 0.273(0.071) 0.238(0.081)
60. f(CC'=0,C’'CH) 0.1% hkd wkok
61. f(CC'=0,C’'CH’) 0.0 *hx *oEk
62. f(CNH,NCH) 0.058(0.034) 0.066(0.031) 0.076(0.034)
63. f(CNH,NCH") 0.077(0.033) 0.073(0.028) 0.068(0.036)
64. f(C'=0 op,NCC’) —0.05% *Hk ol
65. f(C’=0 op,C'CH) 0.1% *Ak okok
66. f(C’=0 op,C’'CH’) 0.0 *Ak *okok
67. f(N—H op,NCC’) 0.0 wokk *kk
68. f(N—H op,NCH) 0.0 *oHk *kk
69. f(N—H op,NCH’) 0.1t *okk *okk
70. f(C'=0 op,N—H op) —0.06% *kk *okk
71. f(C’=0 op,C’—N tor) 0.07% *hx *hk
72. f(N—H op,C'—N tor) —0.13¢% ok —0.08%
73. f(H-.-0) 0.2 *kk 0.0
74. f(C’'=0-.-H ip) 0.01 *E® 0.0
75. f(C'=0---H op) 0.01 *Ak 0.0
76. (IN—H.-.0 ip) 0.03 *Ax 0.0
77. IN—H-.- -0 op) 0.03 ok 0.0
78. f(C'=0,H---0) 0.0 0.45 0.0

s Set I-1 was obtained by assuming f(C'=0,H---0) = 0.0, Set I-2 by assuming
f(C'=0,H- - -0) = 0.45, and Set I-3 by the single-chain treatment.

b The symbols in the parentheses correspond to the internal coordinates of Table IT
in the following way:

A—B:ar(A—B)
ABC:40(A—B—C)

C'=0 op:Aw<O=C'<§>
N—H 0p:Aw<H—N<g )

A—B tor:At(A—B)
A—B---Cip:Ay) (A—B---C)
A—B---Cop:aAy (A—B---C).

¢ The values in the parentheses of the last three columns are the uncertainties in the
force constants calculated by

i

Tobs — Mie

Z ’M)i(l'i(’bs —_ yicalc)z /s
uncertainty in f; = (A1)

where nops is the number of observed frequencies, ng. the number of variable force con-
stants, and w; = Wand A = JWJ, Wand J being defined in the text.

The force constants followed by their uncertainties were determined by least squares,
those marked by t were adjusted by trial and error, and other force constants were trans-
ferred from amides!? and paraffins.?

d *** indicates that the value is in the same as in set I-1.
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each other) were determined by least squares, nine more constants were
adjusted by estimation, and the remaining thirty-four constants were fixed
to zero or to rough values estimated from the valence force field of the
amide group!? and that of the paraffins.? In carrying out the least-squares
adjustment, all observed frequencies were weighted by unity and N iso-
tope shifts were weighted by five, except for the shifts of amide I and amide
IT which were weighted by fifty since they only can determine the difference
f(C'=0) — f(C'—N). Only B; and B, vibrations were taken into account
in the adjustment of the intrachain force constants, because only a few ex-
perimental data are available for A and B; vibrations. Splittings between
A(»(0,0)) and B;(v(0,7)) frequencies and between B(v(x,0)) and B;(» (,7))
frequencies are small for most intrachain modes, as will be shown later,
and this simplified procedure does not produce any significant error. For
comparison, values of the force constants based on the single-chain treat-
ment were also derived by setting all interchain force constants equal to
zero.

The values of the force constants are listed in Table V. Set I-1 corre-
sponds to taking f(C’'=0,H---0) = 0.0, set I-2 to taking f(C'=0,
H---0) = 0.45 mdyn/ f&, and set I-3 is that for a single chain. The fre-
quencies of crystalline PG I calculated with the force constants of set I-1
are compared with the experimental values in Table VI. Assignments
based on the calculated potential energy distributions? are also given in
the table. While not a perfect description of the normal coordinate, the
potential energy distribution is a useful indication of the nature of the
normal vibration. The agreement between observed and calculated fre-
quencies is generally good, except for the amide I frequencies which will
be discussed in the next section. The frequencies calculated with set 1-2
force constants are all within a few em™! of those calculated with set I-1,
except for the amide I modes (A, 1645; By, 1686; B, 1641; B; 1682),
the coupled CH. rock and skeletal stretch B modes in the A and B, species
(A, 987 and 931, B,, 987 and 872), and the H~—-O stretching lattice vibra-
tion (B;, 138). For purposes of comparison the calculated frequencies,
assignments, and potential energy distributions for the single chain case
(ie, using force constant set I-3) are given in Table VII.

DISCUSSION

It is of interest to compare the potential energy distributions for the
normal modes of a single chain, given in Table VII, with those given by
previous calculations.”14%  We find from the present calculation that the
CH; wagging and rocking modes make a significant contribution to the
characteristic amide vibrations. This was of course not apparent in
earlier calculations where the CH. group was approximated by a point
mass. The present calculation also shows that the C’=O0 out-of-plane
bending mode (amide VI) and the C’=O0 in-plane bending mode (amide
IV) are significantly mixed. This is of course due to the nonplanar chain
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geometry used in the present calculation as compared to the planar poly-
peptide chain which was assumed in the earlier calculations. The dif-
ferent assignments of some of the lower frequency amide modes as well as
some of the skeletal modes undoubtedly arise from the different force field
used in the present work as well as from the factors mentioned above.

With respect to the caleulation on crystalline PG 1, it will be seen that
force constant sets I-1 and I-2 are not very different. Thus, the choice
of f(C'=0,H---0) = 0.0 or 0.45 does not affect the other force constants
appreciably. However, some force constants, such as f(C'NC), f(N-H
op), f(C'—N tor), and f(N-H op,C’-N tor), are considerably different for
the crystal than for the single chain. This is because the amide V and the
C’'NC deformation vibrations are coupled with lattice vibrations of the
crystal: amide V is coupled with the N—H-—--0 out-of-plane bending
mode and the C'NC vibration is coupled with the H-- -0 stretching mode.
This demonstrates the importance of including intermolecular interactions
if a valid description of the force field and of the normal modes is to be ob-
tained.

The agreement between observed and calculated frequencies for amide 1
is not very good. According to the first-order perturbation theory?2®:3.31
the frequency of an amide I mode is given by

v(8,6) = vy + X Dy, cos (s8) cos (t8") )

where vy is the unperturbed frequency and Dy, is the constant determining
interactions between peptide groups separated by ¢ chains and s groups
along the fth neighboring chain. Usually, only Dy’s and D,/’s are con-
sidered to be important, and for the antiparallel chain pleated sheet only
Dy and Dg?? have been used so far. Thus, in this case

v(8,6’) = vo + Dy cos 6 + Dy cos &’ (8)

Application of Eq. (8) to the three observed Amide I frequencies of
—NHCH;CO—, »(0,0) = 1674, »(0,7r) = 1685, and »(x,0) = 1636 cm !,
yields vy = 1660.5, Dy, = 19, and Dy = —5.5 ecm~t.  However, we have
found that the large and positive value of Dy, cannot be reproduced by
using any ordinary force field, which is why there is poor agreement between
the observed and calculated amide I frequencies shown in Table VI. Al-
though ecalculations were also done for different repeat lengths, viz, 3.35,
3.55, and 3.62 1&, for crystal structures in which neighboring chains were
displaced +0.5 A and —0.5 A along the chain direction, with respect to
the structure shown in Figure 1, a large and positive Dy, could never be ob-
tained. Nor have we been able to reproduce the large splittings claimed
by Gupta et al.” by using their force field. It seems therefore that the
only way to explain the splitting of the Amide I frequencies is to introduce
direct interaction force constants between amide I vibrations, or roughly
speaking, between C’=0 stretching vibrations.
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TABLE VI
Observed and Calculated Frequencies of Crystalline Polyglycine I (in em™—?1)
Observed Calculated Assignment
1. «NHCH,C’O-,
B A B,
3302(—9.5)%  3300(—8) 3300(—8) NH str.: 5(97)
2930 2932(0) 2932(0) CH, asym. str.: 7(99)
2869 2858(0) 2858(0) CH, sym. str.: 6(99)
1674, A -
1685(—0.8) 1663(~2) 1666(—2) Amide I: 3(17) 4(76) 10(12)
1517(—14.4)  1507(~31)  1510(—13)  Amide II: 2(14) 3(32) 11(15) 12(37)
1460 1441(0) 1441(0) CHS; bend: 13(99)
1409 1403(—1) 1403(—1) CH, wag: 2(16) 12(20) 14(62)
1245(~1) . 14(10) 15(71)
1255 1254(—1)  CH2tWIst 500
1214(—4) 1219(—3) 1218(—3) Amide IIT: 1(13) 3(14) 12(26) 14(24)
15(20)
1162 1156(—13)  1154(—13)  Skel. str. Ad: 1(62) 2(14)
1003(—6) _4(15) 16(39)
1018(—6) 995(—5) CHa rock: 4 14 16(48)
944(~5) 2 + 3 + 4(25) 9(12)
16(35) 17(11)
936 938(—6) Skel. str. Be: 2 + 3 + 4(40) 9(14)
16(27) 17(11)
704(—2) 703(—2) Amide V: 18(54) 21(59) 26(23)
628(—2) 646(—5) 639(—5) Amide IV: 11(36) 16(11) 17(17) 21(11)
572(—2) . 2(12) 11(29) 17(44)
589 572(—2) Amide VI: o119 11(26) 17(49)
321 319(—1) 320(—1) Skel. def. Af: 1(12) 9(15) 10(48)
226(—3) _8(50) 18(14)
270 257(—2) Skel. def. BE: g54) 29(21)
207, A 201(—4) a . _8(21) 10(11) 18(30)
217 207(—5) Amide VII: 8(43)
131(0) 9(33) 20(11) 22(11)
137(0) 9(27) 20(10) 21(13)
41(0) Torsion +  22(37) 23(15) 26(19)
75(0) lattice vib:  18(11) 21(16) 24(18)
25(17) 26(36)
36(0) 24(24) 25(51)
3302(—9.5) 3299(—8) 3299(—8) NH str.: 5(97)
2930 2932(0) 2932(0) CH, asym. str.: 7(99)
2869 2858(0) 2858(0) CH, sym. str.: 6(99)
1636(—0.9) 1659(—1) 1662(—2) Amide I: 3(15) 4(76) 10(12)
1518(—11)  1520(—11)  Amide II: 1(11) 2(20) 3(26) 11(11)
12(37) 14(10)
1432(—1) 1440(0) 1440(0) CH, bend: 13(98)
1340 1344(—5) 1343(—5) CH, wag: 14(76)
1259(0) . 2(13) 11(12) 12(44)
1257(—1)  Amide I 500y 11(11) 12(40) 15(12)
1236(—1) 1236(—1) .. 15(79)
1234(—1)  CHe WISt 10010) 15(76)
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TABLE VI (continued)

Observed Calculated Assignment
1018(—6) 1038(—8) _1(65) 2(10)
1033(—9) Skel. str. A: 171) 2(12)
991(—7) _3(14) 16(59)
975(—6) CHa rock: 4.11) 16(70)
896(—9) 881(—8) Skel. str. B: 2 + 3 + 4(67) 16(11)
768(—4) 766(—4) Amide IV: 1(20) 2(14) 8(10) 9(18)
11(22)
708 705(—1) . 18(35) 21(66) 26(22)
692(—1) Amide V: 100499 21(67) 26(23)
614(—3) 616(—5) 10(38) 17(23) 18(13)
623(~4) Amide VI 10(1282 ;;1(11) 17(43)
546(—5) j fSkzl_‘ 10(21) 16(11) 17(55)
oA 18a17)
561(—5) 10(37) 17(39)
356(—4) 355(—4) Amide VII: 9(22) 11(12) 18(20) 21(13)
270 267(0) 264(—1) Skel. def. B: 8(41) 11(31)
69(—1) 18(13) 19(29) 20(30)
21(11) 26(18)
~140 149(—1) 22(92)
34(0) Lattice vib  21(12) 24(32) 25(10)
-+ torsion: 26(28)
106(—1) 18(22) 20(13) 21(21)
24(20) 26(33)
2. 4NDCH,C'0),
B A B
2929 2932 2932 CH, asym. str.: 7(99)
2870 2858 2858 CH, sym. str.: 6(99)
2462 .
> 419} 2424 2424 ND str.: 5(95)
1680 1658 1662 Amide T: 3(17) 4(76) 10(12)
1475 1469 1470 Amide IT: 2(29) 3(33) 11(19) 14(12)
1440 1440 CH, bend: 13(99)
1346 1(16) 3(11) 14(79)
1352 1346 CH: wag: 14 30)
1276 .
1237} 1247 1247 CH, twist: 15(92)
1150 1149 Skel. str. A: 1(68) 2(11)
1028 2+ 3 + 4(27) 12(26)
1015 1024 Skel. str. B 14(10) 16(16)
963 .
050 063 + CH.rock 12(14) 16(56) 17(11)
905 05 + amide IIT: 2 + 3 + 4(35) 12(33)
625 640 636 Amide IV: 11(30) 16(10) 17(24)
572 572 575 Amide VI: 2(14) 11(35) 17(37)
511 501 Amide V: 18(46) 21(72) 26(23)

(eontinued)
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TABLE VI (continued)
Observed Calculated Assignment
B: A B,
316 _1(13) 9(16) 10(46)
326 Skel. def. Az 113 9(15) 10(51)
223 . 8(51) 18(12)
255 Skel. def. B: 8(54) 22(21)
197 ) - 8(20) 18(28)
204 Amide VIL: o073 01(11)
9(34) 20(11) 22(11)
129 135 9(28) 20(10) 21(12)
41 Torsion 22(36) 23(15) 26(19)
74 + lattice  18(11) 21(16) 24(18)
vib: 25(17) 26(36)
36 24(25) 25(50)
Bz, B3 B2 B3
2929 2932 2932 CH,; asym. str.: 7(99)
2870 2858 2858 CH: sym. str.: 6(99)
2462 ,
2419} 2423 2423 ND str.: 5(95)
1629 1653 1656 Amide I: 3(17) 4(77) 10(11)
1468 1468 Amide IT: 1(11) 2(29) 3(25) 11(14)
13(18)
1432 1433 1433 CH, bend: 13(82)
1342 1341 CH. wag: 14(77)
1276 )
1237} 1236 1235 CH, twist: 15(88)
1035 _1(49) 2(14) 16(20)
1027 Skel. str. A: 1070 2(14)
1015 1007 1(22) 12(24) 16(25)
1007 C}if mlfll; 4o 12(39) 16(34)
950 941 I*;I. © 12(45) 16(30)
924 C12(87) 16(42)
889 24 3 + 4(67)
873 Skel. str. B: 2+ 3 + 4(71)
760 759 Amide IV: 1(18) 2(15) 8(12) 9(16)
11(20)
614 614 X 10(23) 17(41)
616 A“J‘rld:kzll 10(15) 17(58)
542 dof. A, 10(38) 17(35)
553 €127 10(43) 17(27) 18(10)
504 506 o 18(68) 21(56) 26(24)
504 Amide V: 1 o 6Y21(65) 26(24)
354 353 Amide VIT: 9(22) 11(12) 18(15) 21(19)
266 262 Skel. def. B: 8(41) 11(31)
67 18(12) 19(30) 20(30)
26(19)
148 .. 22(92)
Lajflze vib  91(12) 24(32) 25(10)
34 OTs1on: 26(28)
104 18(20) 20(13) 21(19)

24(20) 26(34)
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TABLE VI (continued)

Observed Calculated Assignment,
3. 4NHCD:C'O)n
B A B
3297 3300 3300 NH str.: 5(97)
2165 2191 2191 CD: asym. str.: 7(97)
2118 2096 2096 CD; sym. str.: 6(96)
1684 1657 1661 Amide I: 3(17) 4(77) 10(12)
1498 1505 1508 Amide IT: 2(13) 3(32) 11(14) 12(39)
1297 1317 1315 Amide TII: 2(31) 12(42) 14(14)
1189 1186 1186 Skel. str. A: 1(71) 14(20)
1071 2 + 3 + 4(20) 13(51)
1066 CD:bend 2 + 3 + 4(15) 13(65)
1030 + skel. str. 2 + 3 + 4(13) 13(44)
B 14(15)
1015 1023 +CD: 2+ 3+ 4(16) 13(30)
twist 14(19)
928 934 934 +CD:  14(13) 15(52) 17(11)
866 871 867 wag: 2 + 3 + 4(18) 14(33)
16(15)
819 818 CD: rock: 15(33) 16(32) 17(16)
698 696 Amide V: 18(52) 21(63) 26(24)
610 612 610 Amide IV: 2(12) 11(51) 16(13)
520 ) C11(11) 16(26) 17(46)
534 520 Amide VI: 007) 17(46)
300 1(12) 9(20) 10(48)
314 Skel. def. A: 917 10051) 22(11)
217 - 8(48) 18(16)
244 Skel. def. B: g 3 11(11) 22(18)
198 . _8(24) 10(10) 18(27)
205 Amide VII: 18(42)
122 9(31) 20(12)
129 9(24) 20(11) 21(15)
40 Torsion 22(36) 23(16) 25(10)
+ lattice vib.: 26(19)
71 18(12) 21(14) 24(17)
25(18) 26(33)
35 24(26) 25(49)
BZ;B3 B2 B3
3297 3299 3299 NH str.: 5(97)
2165 2193 2191 CD; asym. str.: 7(97)
2118 2095 2095 CDs sym. str.: 6(96)
1627 1653 1656 Amide I: 3(14) 4(79) 10(12)
1508 1511 Amide IT: 1(13) 2(18) 3(32) 11(13)
12(39)
1256 1253 Amide III: 2(15) 11(11) 12(52)
1099 1107 1107 CD, wag: 2(16) 13(13) 14(52)
1073 1071 1070 CD;bend + 1(26) 13(56) 14(21)
1015 1016 1011 skel. str. A: 1(36) 13(22)
928 937 1(12) 2 + 3 + 4(29)

11(12) 15(16)

(continued)
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TABLE VI (continued)
Observed Calculated Assignment
B;, B: B B;
930 1(14) 2 4+ 3 + 4(24)
Skel. str. B 11(12) 15(24)
866 876 2 4 3 + 4(15) 15(50)
+ CD, twist  16(13)
861 24 3 + 4(23) 15(49)
+ CD;rock: 16(11)
806 796 2 4+ 3 + 4(19) 10(13)
16(42)
719 1(13) 2(11) 9(20) 11(15)
. C17(12)
718 Amide IV: 4 14y 0(15) 11(14) 17(11)
21(12)
700 695 18(37) 21(60) 26(22)
679 Amide V: 15(10) 16(18) 18(36)
21(48) 26(18)
564 561 10(37) 14(22) 17(11)
566 Amide VI 10(15821;1(25) 17(35)
515 + skel.  10(10) 16(19) 17(53)
def. A:  18(24)
534 10(33) 17(29)
327 325 Amide VII: 9(23) 11(25) 18(11)
243 244 Skel. def. B: 8(39) 11(18)
68 18(12) 19(30) 20(30)
21(11) 26(17)
145 Lattice vib 22(90)
33 21(13) 24(32) 25(10)
+ torsion: 26(28)
105 18(21) 20(13) 21(22)
24(20) 26(33)
4. £NDCD:C'0>n
B, A B
ﬁf‘é} 2424 2424 ND str.: 5(95)
2161 2191 2191 CD, asym. str.: 7(97)
2109 2095 2095 CD: sym. str.: 6(96)
1681 1652 1656 Amide I: 3(17) 4(77) 10(11)
1460 1456 1457 Amide TI: 2(26) 3(41) 11(21)
1228 1228 1(52) 2 + 3 + 4(29)
Skel. str. A 12(12) 14(35)
1097 1093 + CD:bend 1(25) 13(38)
1027 + skel. str. B: 13(61)
1015 1024 13(56)
950 942 L 12(22) 14(22) 15(28)
941 CD: twist: 1917) 14(23) 15(31)
923 916 912 Amide III: 3(10) 12(42) 15(25)
866 869 864 CD, wag: 2 + 3 + 4(19) 14(32)
16(17)
813 813 CD: rock: 15(37) 16(32) 17(16)
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TABLE VI (continued)

Observed Calculated Assignment
605 606 603 Amide IV: 2 + 3 + 4(20) 11(48)
16(13)
528 532 Amide V: 11(12) 16(12) 17(29) 18(28)
21(12)
505 494 Amide VI: 16(14) 17(17) 18(26)
21(60) 26(16)
297 1(12) 9(19) 10(48)
310 Skel. def. A: g16) 10(51) 22(11)
215 _8(50) 18(13)
242 Skel. def. B: ¢ 53 11(10) 22(18)
195 . - 8(22) 18(25)
201 Amide VII: 10029 01(11)
120 9(31) 20(12)
128 9(24) 20(10) 21(15)
40 Torsion 22(35) 23(16) 25(11)
+ lattice 26(19)
vib: 18(12) 21(13) 24(17)
71 25(18) 26(34)
35 24(26) 25(49)
By, B; B. Bs
;ﬁ‘é} 2423 2423 ND str: 5(95)
2161 2192 2191 CD; asym. str.: 7(97)
2109 2095 2095 CD, sym. str.: 6(96)
1630 1646 1649 Amide I: 3(16) 4(80) 10(11)
1455 1456 Amide I1: 1(17) 2(29) 3(37) 11(20)
12(11)
1101 1105 1105 CD, wag: 2(17) 13(15) 14(53)
1075 1069 1068 CD:. bend 1(25) 13(57) 14(22)
1015 1005 1000 + skel. str. A: 1(42) 13(21)
983 982 Amide TIT: 11(13) 12(62)
901 912 2 + 3 + 4(24) 12(11)
15(24)
906 2 + 3 + 4(18) 12(10)
. 15(38)
866 871 CDatwist o | 571 4(21) 15(39)
+ skel. 16(15)
853 str. B 24 3 + 4(33) 15(34)
+ CD; 16(11)
793 rock: 2 4 3 + 4(13) 15(12)
16(47)
780 2 + 3 + 4(17) 10(11)
16(54)
710 1(12) 2(13) 9(18) 11(14)
Amide IV: 17(11)
706 1(12) 9(18) 11(12) 17(15)
554 571 10(19) 14(12) 17(23)

21(18)

(continued)
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TABLE VI (continued)

Observed Calculated Assignment,
Bz, B3 B2 B3
570 Amide VI 10(11)17(43) 21(11)
515 10(29) 17(25) 21(16)
529 + jgfelx 10(30) 17(24) 18(24)
493 496 A 41 16(11) 17(18)
+ amide V:  18(72) 21(36) 26(20)
497 10(11) 18(47) 21(58)
26(21)
325 322 Amide VIT: 9(23) 11(25) 21(12)
243 244 Skel. def. B: 8(39) 11(17)
66 18(11) 19(31) 20(30)
26(18)
144 . 22(90)
33 Laj_“fjr:ilobn, 21(13) 24(32) 25(10)
© T 26(29)
104 18(20) 20(13) 21(19)
24(20) 26(34)

 Calculated with Set I-1 force constants.

b)) = »(N®) — »(N¥).

¢ The first number refers to the symmetry coordinate in Table III (S; in this case), the
number in parenthesis to the fractional potential energy in this coordinate (if it is 10 or
greater). Where one designation is given it signifies that both species have the same po-
tential energy distribution.

4 Skeletal stretch A is mainly the N-C stretching vibration.

O

¢ Skeletal stretch B is mainly a symmetric stretching vibration of the C—C’—N skele-
ton.

i Skeletal deformation A is mainly the CC’N deformation vibration mixed with the
C'NC deformation.

e Skeletal deformation B is mainly the C’'NC deformation vibration slightly mixed
with the CC’N deformation.

If direct interaction force constants are introduced between C'=0
stretching vibrations, the one in the following structure

\e—o-i V.
off, a CH
2 2
N—H---0=¢"
/ \

that is between the groups II and IV in Figure 1, seems to be the most
natural. This is because the distance between the centers of the above two
C’=O0 bonds is shorter than for any other pair. This interaction corre-
sponds to the Dy term of Eq. (7). As we have suggested,®® the Dy; term is
probably generally important in interpreting the splittings of the amide I
frequencies of the antiparallel chain pleated sheet structure. Thus, we ex-
pect that a more valid approximation of Equation (7) is

v(8,6") = vo -+ Dip cos & + Dy cos 8’ + Dy cos & cos &’ 9)
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TABLE VII
Caleulated Frequencies of Single-Chain Polyglycine I=

Calculated frequency

5= 0r S== Assignment
1666 1660 Amide T: 3(16) 4(74) 10(13)c
1908 1519 Amide II: ?8?; 35‘;’3; ;(1;;?)11%;()))12(40) 14(10)
1439 1439 CH. bend: 13(99)
1404 40 CH, wag: ?22 }12(20) 14(60)
1253 1239 CH, twist: 15(80)
T g Skelsan e
e osr CHirodki 300 S0) tacat)
o7 884 Skel. str. Bd:i i 2 i igg; ?égi)lﬁ(‘m) )
e 699 Amide V: iﬁéigi 352;3
o 778 Amide IV: 1353“;’)2(1 fglg)( 11 17 )( 191()1;>2)1 <111(?18)
o 549 Amide VI: ?E)g; )1}((5?1()))1(13%2;)1153%?1)
o 621 Slel. def. A iég;)g (1}17(111)0 (1‘;5(;2) 18(14)
230 s Skel. def. B4: gio0) 110
20 350 Amide VII: fl;?ég?)1?(lﬁ§)1s(1g) 21(18)
119 N Torsion: s;gg()) )13& i ; )19(10) 20(13)

s Calculated with Set I-3 force constants.

b Modes with phase differences of 0 or = between peptide group motions.
° Convention for potential energy distribution same as for Table VI.

4 See Table VI for descriptions of modes.

If we apply Eq. (9) to the three observed amide I frequencies of PG I,
and assume that Dj, = 5 em~!, which is the largest value given by any of
our trial calculations so far, we get »o = 1674.5, Dy = —19.5, and Dy, =
14 cm~!. Tt should be mentioned that large splittings have also been ob-
served for the C=0 stretching frequencies of dimers of carboxylic acids®
which have the structure

0---H—Q
C C// \C—C
/J
0—H---0

and the existence of some sort of direct interaction between the C=0
stretching vibrations was also suggested in this case.® In the latter case
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the interaction term corresponding to Dy was found to be —20 to —40
em™L

The Dy term could have its physical origin in the interactions between
the transition dipoles of the C=0 stretching vibrations, which would be
given by

(10)

a 2 2 — .
H(C==0,,C=0y) = 0.1 X( “ ) _€os @ — 3 cos B-cos vy

aTC=.o ’Rl 3

where f(C=0,,C=0,) is the interaction force constant between the two
C=O0 stretching vibrations, R is the vector connecting the centers of
wr and yo, cos @ = wi-pe/w||wel, cos 8 = wi-R/|ui/|R|, and cos v = w-R/
lggHRI, w1 and y, being the two transition dipoles (\921 = ly?\ = I(bp,/ br(;:o)l).
IR| is given in &, (Qu/drco) in Debye/A, and f(C=0,,0=0,) in mdyn/A.
If we assume that the center of the transition dipole of the amide I vibra-
tion is on the C’—0 bond located 0.6 A from the C’ atom, that the dipole
is tilted by 20° from the C'=0 bond toward the N — C direction,* and
that (Qu/0rc—o) = 8 D/ji, we get

J(C'=0y,C'=0m1) = f(C'=0,C'=0) = —0.03
f(C"=0n,C’'=Om) = f(C'=0,0'=0)n = —0.12
f(C,:OII)C,:OIV) = f(C'_——ch,:O)ll = 0.26

where I, II, III and IV denote the four groups shown in Figure 1 and 10,
01, and 11 correspond to the subscripts in Eq. (9). Readjusting the force
constants f(C’=0) and f(C’'=0,H---0) to 9.71 and 0.35 md/A, respec-
tively, we calculate the four amide I frequencies of PG I at »(0,0) = 1674,
»{0,m) = 1688, »(x,0) = 1639, and »(7,7) = 1721 cm—, in good agreement
with experiment. It should be noted that the application of Eq. (10)
to dimers of carboxylic acids always yields negative interaction terms (of
magnitude —15 to —30 em 1), as found by experiment. The direct inter-
action between C'==0 transition dipoles thus seems to be a reasonable and
probably necessary mechanism for accounting for the Amide T splittings
in polypeptides and proteins.
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