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Synopsis 

Bands in the ir and Raman spectra of L-valyl-glycyl-glycine (VGG) and VGG-ND have been 
assigned on the basis of a normal mode analysis of the known parallel-chain /3-structure of this 
tripeptide. Amide I, 11, 111, and V mode shifts are obtained by the interactions of dipole 
derivatives in symmetry coordinates, referred to as dipole derivative coupling. These derivatives, 
obtained from ab initio studies, are also used to calculate ir intensities of amide I, 11, and V 
modes. The agreement between predicted and observed frequencies and intensities is very good, 
providing confidence in the application of our force fields to the calculation of the vibrational 
modes of the general parallel-chain /3-sheet structure (following paper). 

INTRODUCTION 

Our extensive vibrational spectroscopic studies of peptides and poly- 
peptides’ have shown how normal mode analysis can be used to interpret ir 
and Raman spectra in terms of chain conformation. In addition to characteriz- 
ing the standard a-helix, antiparallel-chain 8-sheet, and p- and y-turn sec- 
ondary structures in this way, we have used such analyses to demonstrate the 
existence of the “extended-helix” conformation in polypeptides with charged 
side chains.2 The force fields developed in these studies thus exhibit broad 
applicability to a variety of polypeptide conformations. 

One of the structures not yet treated is the parallel-chain P-sheet. Although 
a common motif in protein~,~ this structure has not as yet been identified in 
polypeptides (it has been claimed to be present in some ~ligopeptides,~ but 
the spectral assignments were not rigorously founded). We have therefore 
computed the normal mode spectrum of the parallel-chain p-sheet, the results 
for which are presented in the following paper.5 

In order to place these calculations in perspective, it  seemed useful to do an 
analysis for a known parallel-chain p-structure. In the present paper, we 
present such a study for cvalyl-glycyl-glycine (VGG), a tripeptide known 
from single-crystal x-ray studies to form a parallel-chain p-structure.6 Since 
the NHZ and CO; end groups are a significant part of the structure, and 
therefore of the spectra, we have refined the force constants for these groups 
in the VGG structure, starting with assignments and values from glycine7 and 
triglycine (T. Sundius, J. Bandekar, and S. Krimm, to be published). In 

*This is paper number 38 in a series on “Vibrational Analysis of Peptides, Polypeptides, and 
Proteins,” of which paper number 37 is Ref. 27. 
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addition, we have used our recently calculated ab initio dipole derivatives of 
the peptide gr0up~9~ to compute amide mode interaction splittings and ir 
intensities. 

The results of these studies show that the ir and Raman bands of VGG and 
N-deuterated VGG (VGG-ND) can be interpreted completely and in excellent 
agreement with calculated frequencies. This strengthens our confidence in the 
analysis of the general parallel-chain /I-sheet ~ t ruc ture .~  

EXPERIMENTAL 

Samples of VGG were a gift from Prof. E. Subramanian of the Department 
of Crystallography and Biophysics of the University of Madras, India. Single 
crystals grown from this material were used in the x-ray studies.6 The 
N-deuterated material was obtained by dissolving - 5 mg of VGG in - 5 mL 
D,O for about 36 h and then freeze drying; this procedure was repeated three 
times. (Just drying under vacuum proved to be unsuccessful: the initial 
moisture present in the vacuum chamber was apparently sufficient to cause a 
reexchange of ND; to NH;.) 

Infrared spectra were obtained in KBr disks or, for the far ir, pressed films 
of the powder, a t  room and liquid N, (LN,) temperatures. The spectrometer 
was a Bomem DA3 FTIR instrument, operated at  a resolution of 2 cm-l. 
Raman spectra were obtained from powders in a capillary tube, using a Spex 
1403 spectrometer and 5145 A excitation. The laser power was 400 mW, and a 
spectral bandwidth of - 1 cm-' was used. Infrared spectra of VGG and 
VGG-ND are given in Fig. 1, and Raman spectra are presented in Fig. 2 .  

I 

20 100 2 0 0  3 0 0  A00 5 0 0  CM-1 
L - - . + - - - 4 ' ' ! : ' : ' ! ' ' : ' ! : ' 4  

(a) 
Fig. 1. Infrared spectra of VGG (heavy line) and VGG-ND (light line). (Some bands in the 

160-280-cm-' region of the ND compound are totally absorbing because of the thicknes of the 
sample.) 
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Fig. 2. b a n  spectra of VGG (heavy line) and VGG-ND (light line). 
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NORMAL MODE CALCULATIONS 

The unit cell of VGG is monoclinic, space group C2, with a = 24.058 A, 
b = 4.801 A, c = 10.623 A, /3 = 110.02", and Z = 4.6 The parallel-chain p- 
structure is in the ab plane, with hydrogen bonds directed along the b axis 
[see Fig. 3(a)]. Adjacent sheets perpendicular to the ab plane are oppositely 
directed, and are related by a twofold axis across which the NH; and COT 
end groups of four molecules are hydrogen bonded [see Fig. 3(b)]. 

The molecule appears to be the most extended observed so far ,  with 
the peptide chain repeat d(C:-C,") = 7.23 A [see Fig. 3(c)]. The backbone 

w2 = 170.7", +3 = - 146.6", and $, = 180.0". The peptide hydrogen bonds are 
rather weak, with d(N2 . . . 0;)  = 3.052 A, 8(N2-H, .. . 0;)  = 149.5", 
d(H2 . . .O;) = 2.23 A and d(N,. . .Oi) = 3.049 A, 8(N,-H3.. .Oi )  = 152.4", 
d(H, . . .O;) = 2.19 A. On the other hand, the hydrogen bonds between the 
end groups are reasonably strFng: d(N, . . .O i l )  = 2.887 A, 8(Nl-H, .. .Oil) 
= 155.7", d(H,. . .O i l )  = 1.99 A; d(N,. . .O;') = 2.805 A, B(Nl-H2.. .O;') = 

144.1", d(H2 ... 0;') = 1.93 A; and d(N,. . .G;) = 2.758 A, B(N,-H3. . .O;) = 

171.5", d(H, . . . 0;) = 1.86 A. 
In order to transfer our polypeptide force constants, i t  was necessary to use 

standard bond lengths and angles, including planar peptide groups.' We 
therefore regenerated the crystal structure with such geometry but with the 
G, $ dihedral angles as originally given.6 For the valyl side chain, the following 
parameters were used: d(Cy-CP) = 1.54 A, d(CP-CY) = 1.54 A, d(CY-H) = 1.09 
A; all angles about CP and CY were tetrahedral; the dihedral angles were 

torsion angles are #1 = 123.1", w1 = -179.4", G2 = -155.1", G2 = 154.7", 

7(N1-C:-Cp-Hp) = 120.0", 7(N1-C;-C'-C:) = 0", T(N,-C~~-CP-C;) = - 120.0", 
7(C;1-CP-CY-H1) = -120.0", 7(CY-C'-Cy-H 2 ) = 0", 7(Cf(-CP-C"-H3) = 120.0". 
For the end groups we used d(N,-H+) = 1.037 A, d(C-O-) = 1.249 A, 
angles about N, tetrahedral, O(C,"CO-) = 112.23", 7(H,-Nl-Cff-C,) = 120.0", 
7(H,-Nl-C;-Cl) = 0", 7(H3-N,-C:-Cl) = - 120.0", T(N,-C,*-C-O') = -4.0") 
T(N~-CZ-C-O") = - 180.0". 

The internal (R)  and local symmetry (S) coordinates of the peptide chain 
have been defined as in our earlier work.' Such coordinates for the valyl side 
chain are given in Table I. The CO; wagging coordinate of the trigonal planar 
C;CO; group is defined as an out-of-plane bend by Aw = Aa sin(OCO), where 
Aa is the displacement of the C,*C bond from the OCO plane. 

Although there are four molecules in the monoclinic unit cell, the primitive 
unit cell contains two molecules.'0 The 3n - 3 = 195 normal modes ( n  = 

number of atoms) divide into 98 A species and 97 B species, both of which are 
ir and Raman active. 

The force constants for the peptide chain were transferred from the force 
fields for polyglycine 11' and P-poly(~-alanine).'~,'~ The initial force constants 
for the valyl side chain were taken from the work of Snyder and 
Schachtschneider on branched  paraffin^.'^ While slight refinement of these 
force constants led to satisfactory frequencies below 1800 cm-', the com- 
puted CH, stretching modes were found to be rather low. Changing the 
stretching force constants associated with the CH, groups to those for 
p-poly(L-alanine)'2, l3 led to surprisingly good agreement with observation. 
The final force constants are given in Table 11. As noted above, for the NH,+ 
and CO; end groups, we started with force constants for glycine and tri- 
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TABLE I 
Coordinates for the Valyl Side Chain 

Internal Coordinates' 
- 

R, = Ar(C:H") 
R, = Ar(C:Cp) 
R3 = Ar(CBHB) 
R, = Ar(CBC[) 
R5 = Ar(ClH) 
R6 = Ar(C1H) 
R7 = Ar(C:H) 
Rs = Ar(CaCJ) 
R9 = Ar(CJH) 

R,, = Ar(CJH) 
R,, = Ar(CJH) 
R,, = AO(HC1H) 
R,, = AO(HC1H) 
R,, = AO(HC:H) 
R,, = AO(CsC:H) 
R,, = AO(CsCIH) 

R,, = A6'(CsClH) 
R,, = AQHCJH) 
R,, = AO(HCJH) 
R,, = AO(HCJH) 
R,, = AO(CaCJH) 
R,, = AO(CBC,YH) 
R,, = AO(CflCgH) 
R,, = AO(CrCPC:) 
R,, = AO(CpCsCJ) 
R,, = AO(C1CpCJ) 
R,, = AO(C,"CBHP) 
R,, = AO(C:CsCl) 
R,, = AO(HsCpC:) 
R,, = AT(CPC~) 
R,, = A.r(CpCl) 
R,, = AT(C@CJ) 

Symmetry Coordinatesb 

CPH" s 

CBHs s 

ClH, ss 
CIH, as1 
ClH, as2 

CJH, ss 
CJH, as1 
CJH, as2 
ClH, sb 
ClH, abl 
CIH, ab2 
ClH, r l  
ClH, r2 
CJH, sb 
CJH, abl 
CJH, ab2 
CJH, r l  
CJH, r2 
CB d 
CY bl  
C' b2 
Hs b l  
Hs b2 

c:ca s 

csc: s 

CPCJ s 

c;cB t 
csc: t 
CBCJ t 

aAr, Bond stretch; AO, angle bend; AT, torsion. 
b ~ ,  Stretch; ss, symmetric stretch; as, antisymmetric stretch; b, bend; sb, symmetric bend; ab, 

antisymmetric bend; d, deformation; r, rock, t, torsion. 
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TABLE I1 
Force Constants for Valyl Side Chain and for End Groups 

Force Constanta Valueh Force Constanta Valueb 

CH(CH:i), C"H" 
C"CB 
CPHP 
CBCY 
C Y H  
C"CPHP 
C"C0CY 
HPCBCY 
CPCYH 
CYCPC' 
HCYH 
CPCY t 
C T P ,  CPCY 
CPCY, CBCY 

C"Cfi, CC"C0 
CYH,CYH 

4.4628 
4.980 
4.590 
4.394 
4.800 
0.555 
1.230 
0.667 
0.700 
0.901 
0.524 
0.072 
0.064 
0.064 
0.071 
0.367 

C"CP, C"CBHB 
C"C4CTPCY 
CPC~,C"C"Y 
cPcr , cycPcY 
CPCY,CPCYH 
CPCr, HCYH 
NC"CP, CaCPCY 

C"CBCY, C*CBHP 

(C"CBCY,CPCYH)T 
(C "C OC ", C PC H), 

H ~ C W ,  C ~ C P H P  

C"C"7, C"CBC7 

C"CPCY, CYC"Y 
( H ~ ~ c ~ ~ c c Y ,  C P C Y H ) , ~  

CPCYH,  C P C Y H  
(HPCBCY, CPCYH), 

0.261 
0.351 
0.351 
0.351 
0.328 
0.047 
0.072 
0.050 

0.043 
0.072 

0.043 
0.040 

~ 0.124 

- 0.058 

~ 0.024 
- 0.045 

co, 

NH 
NC" 
HNH 

HNC" 
NC"H" 
NC"C 
NC" t 
N-H t 
NH, NH 
NC", C"C 
NC", HNC" 

co 
oco 
OCC" 
CO ... H 
C"C t 
c-0 t 
co, w 
c o ,  co 
co, C"C 

5.163 
4.823 
0.549 

0.829 
0.765 
0.819 
0.250 
0.0005 
0.022 
0.300 
0.294 

9.500 
2.100 
1.109 
0.010 
0.155 
0.001 
0.577 
1.400 
0.9584 

NC", HNH 
NC", NC*C 
NC", NC"H" 
C"C, NC"C 
C"CP, NC"H" 
C"CP, NC"CB 

HNH, HNH 
HNC", HNCO 
NC"C, NC"CP 

NC"C,CPC"C 

CO, oco 
c o ,  C"C0 
c o , ,  C"C0, 
C"C, oco 
C"C, C"C0 
C"C0, C"C0 
CO, w, CC"H' 
CO, w, CC"H2 

~ 0.150 
0.600 
0.627 
0.300 
0.079 
0.317 

~ 0.015 
~ 0.040 

0.150 

- 0.141 

~ 0.135 
0.700 

- 0.509 
- 0.652 

0.300 
~ 0.100 
- 0.093 

0.093 

"AB: AB bond stretch; ABC: ABC angle bend; X,Y: XY interaction; t, torsion; w, wag; T, 

hUnits: mdyn/A for stretch and stretch, stretch force constants; mdyn for stretch, bend 
trans; G, gauche. ~ 

constants; mdyn A for all others. 

glycine, and modified these slightly to give optimum agreement for VGG. It is 
not surprising that such refinement is necessary, since the detailed environ- 
ments of the end groups in VGG differ from those in the above structures. The 
force constants used for NH,I and CO; are also given in Table 11. The 
end-group hydrogen-bond force constants correspond to the structural param- 
eters of the original structure.6 
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In previous studies,', 15, l6 we computed the electrostatic coupling between 
similar amide vibrations by interacting dipole derivatives with respect to a 
normal coordinate, a p / a Q a ,  where the values of these derivatives were 
obtained by parametrizing observed splittings in the amide modes of /3- 
poly(L-alanine). We referred to this as transition dipole coupling (TDC). Since 
the eigenvectors of these amide modes can vary between molecules, it is more 
reliable to obtain the interaction by directly coupling dipole derivatives with 
respect to the symmetry coordinates, viz., a p / a S ,  which we refer to as dipole 
derivative coupling (DDC). The values of the a p / a S  that we used were taken 
from our ab initio studies of the peptide The intensities are propor- 
tional to 1 ap /aQ, I2 ,  where ( a p / a Q , )  = CiL,,( a p / a S i ) ,  with L the eigenvec- 
tor matrix defined by S = LQ. 

RESULTS AND DISCUSSION 

NH: and CO, Modes 

Since modes associated with the end groups are a significant part of the 
spectra, i t  is important to have reliable assignments for them so that the 
peptide-chain modes can be identified with confidence. We discuss the end- 
group modes first, comparing in Table I11 the assignments of these modes in 
VGG with those in some amino acids?,'7-23 A complete description of the 
modes in VGG is given in Table IV, and of those in VGG-ND in Table V. 

The unperturbed NHZ antisymmetric stretch (as) and symmetric stretch 
(ss) modes are predicted a t  3122 and 3115 and at  3034 cm-', respectively (see 
Table IV). The NH stretch (s) modes also occur in this general region, and are 
perturbed by Fenni resonance with combinations of amide I1 modes.24 Similar 
perturbations may occur for the NH; s modes, and we have therefore not 
attempted at this time to assign these bands in detail, beyond noting that 
N-deuteration shows that such modes should be assigned to the complex of 
bands above 3030 cm-'. The ND stretch region exhibits prominent bands a t  
24848 (ir), 2477MW (R), 2447VW (ir), 2444VW (R), 2417VW (R), 2330VW (R), 
and 2290MW (ir) cm-'. 

The NH; antisymmetric bend (ab) modes are clearly assigned to the strong 
and broad ir band centered a t  - 1611 cm-', since this band disappears on 
N-deuteration. In the LN, temperature spectrum, components are clearly seen 
a t  1616 and 1606 cm-'; their 10 cm-' splitting is significantly less than the 
predicted 23 cm-' splitting, but no intergroup coupling was taken into account 
in the calculation. The ND,f ab mode is predicted to dominate modes at 1162 
and 1134 cm-', and a new Raman band is observed at 1161 cm-', and to 
contribute to the shift of the Ha bend 1 (bl) mode at  1168 cm-' to a similar 
mode at 1188 cm-l, which seems to account for the shift of the 1171 cm-' 
band to - 1185 cm-'. 

The NH; symmetric bend (sb) mode is calculated a t  1517 cm-', and is 
observed in the 1498-1546 cm-' range in amino acids (cf. Table 111). It is 
probably assignable to a shoulder at  - 1510 cm-' in the ir spectrum, which is 
clearly seen as a well-defined, very weak band a t  LN, temperature that 
disappears on N-deuteration. The NDZ sb mode is predicted a t  1098 cm-'; it 
is possible that a new shoulder a t  - 1084 cm-' in the Raman is assignable to 
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TABLE IV 
Observed and Calculated Frequencies (in cm-') of VGG 

Observed' Calculated 

RaIIlan IR A B Potential Energy Distributionb 

3328M 3335s 
3317 shd 

3289VW 3285VW 3160VWl 

3012 sh 3010VWd 
2992 sh 

29728 2968M ) 

3076W 
3040Md 

2975 shd 

2961 shd 

2945VWd 

2930VW 2930VWd 
2918 shd 

2902VS 2903M 
2876W 2875W 

2870 shd 
2850 sh 2850 sh 

1663W 
1657VS 

1643W 1645VS 

1616Sd 
1606Sd 

( -  158oe) 
1568VW 

1541MW 15438 

- 1510 shd 
1470MW 1473W 
1459VW 1462VW 

1448M 1445M 

I 1411MS 
1403 sh 1404s 
1379MW 1384 sh 

1364MW 1362VW 

1309M 1307M 
1264MW 

1259M 

1235VS 1233M 
121953 1217 sh 

3014 

2982 

2929 
(2929 

2926 
2918 
2904 

2866 
2851 

1645' 
(1643' 

1632 
1609 
1595' 
1584 

1531' 
1517 
1469 
1462 
1455 

1442 
1423 
1416 

1400 

1388" 
1366 { 1363 
1350 
1316 
1267' 
126Oc 
1251 
1242 
1238' 
1208 

3280 
3278 
3122 
3115 
3034 

3014 

2984 
2983 
2983 
2982 

2929 
2929 
2926 
2918 
2904 

2866 
2851 
1661' 
1654' 

1632 
1609 

1584 
1564' 
1541' 

1517 
1469 
1462 
1455 
1454 
1453 
1442 
1423 
1416 

1400 

1389' 
1366 
1363 
1350 
1316 
1267' 
1260' 
1251 
1242 
1238" 
1208 

N, H s(98) 
NIH s(98) 

H, &97) 

C P ,  as(100) 

H, asl(91) 
H, as2(92) 

ClH,  asl(54) CJH, as2(32) CJH, asl(l1) 
CTH, as2(71) CJH, as2(16) CJH, asl(13) 
CiH,  asl(45) ClH,  as2(26) CJH, as2(17) 
CTH, asl(45) CJH, as2(35) CJH, asl(19) 

CJH, ~ ( 5 1 )  C lH,  ss(50) 
ClH, ss(51) CJH, ~ ( 5 0 )  
C,"H, ~ ( 9 9 )  

CaHP s(97) 
Overtone 
CaH" s(98) 

C,"H, ~$99)  

CznHz ss(99) 
c,o S(w C,N s(22) 

c,o s(M) ClN s(22) 
C,O s(76) C,N s(15) C,"CN d(l1) 

C,O s(76) C,N s(15) C,"CN d(l1) 
H, ab2(71) H, rl(13) 
H, abl(78) H, r2(11) 
N,H ib(22) N,H ib(20) C,N s(l1) C,"C s(l1) 
0, as(i04) 
N,H ib(22) N,H ib(20) C,N s(l1) C,"C s(l1) 
N,H ib(24) N,H ib(21) C,N s(10) C,N s(10) 
N,H ib(24) N,H ib(21) C,N s(l1) C,N s(10) 
H, sb(79) 
C: abl(40) HB b2(18) CJ abl(14) 
CJ ab2(48) C l  ab2(18) 
CJ abl(35) C l  ab2(26) CJ ab2(23) 
C,"H, b(25) C,"H, b(24) CJ abl(13) 
C l  ab2(40) CJ abl(21) C: abl(l1) 
C,"H, b(48) C,"H, b(38) 
Ha b2(35) C l  abl(18) 
C,"H, b(19) C,"H, w(19) 

0, ss(53) 0, b(27) C i C  s(16) C,"H, b(13) 

C,"H, w(24) Ha b2(14) C;C s(10) N,H ib(7) 
C: sb(54) CJ sb(49) 
CJ sb(54) C l  sb(48) 
C,"H, w(30) C,"H, w(28) 
CrCB s(27) Ha b2(26) H, rl(12) H, sb(8) H, r2(7) 
HB bl(33) N,H ib(8) H, rl(8) H, r2(7) 
CfH, w(l1) N,H ib(l1) Ha bl(10) H, rl(7) 
C,"H, tw(38) C,"H, w(15) 
C,"H, tw(67) C,"H, tw(19) 
C,"H, tw(35) C,"H, tw(13) N,H ib(9) N,H ib(8) 
H, r2(47) H, rl(14) H" b2(10) H, ab2(8) 



TABLE IV 
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~ ~ 

Observed" Calculated 

Ramm IR A B Potential Energy Distributionb 

1171W 
1150W 
1135 sh 
1125M 

1079W 

1037 sh 
1027VS 
1004MW 

9659 
951 sh 
927MW 
906W 
8445 
776W 
756W 
709VW 
671W 

641W 
593M 
585 sh 
565W 
515s 

444M 
405MW 
382W 

340W 
325W 
311MW 

277M 

240s 
223 sh 

164VW 
146VW 
1L5W 
109VW 

97w 

1171W 

1129MW 

1078W 

1036VW 
1026M 
1007VW 

969W 

926W 
904W 
843W 
774w 
757VW 
714MW 
675M 
670VWc 
647M 
592MW 
584MW 
564W 

506 W 
445w 
405W 
388VW 
360W 
334VW 
326VW 

954VWd 

297 sh 

280W 

260w 

247W 

188M 
180M 
166 sh 
144VW 
1L6W 

89W 

1168 

1136 
1127 
1101 
1073 
1055 
1033 
1013 
998 
994 
983 
972 
951 
936 
895 
835 
777 
750 
698' 
677" 
662' 
654' 
595 
586 
566' 
523 
499 
444 
417 
394 

327 
298 

27 1 

i 263 
249 
226 
217 
198 
197 
163 
140 
116 

( 93 

83 

1168 

1136 
1127 
1101 
1073 
1055 
1033 
1013 
998 
994 
983 
972 
951 
935 
895 
835 
777 
751 
698' 
677' 
661' 
654' 
595 
587 
566' 
521 
498 
445 
419 
394 

327 

295 

267 

260 
249 
225 
216 
198 
197 
159 
140 

109 
102 

86 

Ha bl(30) C,Y r2(14) H, r2(7) 

NC," s(22) NC; s(21) H, rl(13) 
C,Y rl(25) C: rl( l9) HP bl(13) 
Ha bl(30) NCZ s(17) H, rl(10) 
Ha b2(16) NCf s(14) NCP s(14) NC," s(13) C: r2(12) 
NC," s(16) H" bl(15) C: r2(11) HP  b2(10) 
C,Y r2(44) C: rl(35) C[ r2(10) 
NCY s(69) 
C,Y rl(33) CpC: s(21) CpC$ s(13) NC; s(12) 
C,"H, r(42) 
C: r2(15) CyCp s(12) 
C,"H, r(20) 
CfH, r(33) C:C s(29) 0, ss(12) 0, b(12) 
C;H, r(46) 
C;C $18) C t H 2  r(13) CIN s(10) 
CPC: s(32) CpC,Y s(28) CpCp s(10) 

C10 ib(16) 0, b(14) CPC s(10) 
C,N t(63) N,H ob(24) C,N t(22) N,H ob(8) 
C,N t(61) C,N t(l8) N,H ob(17) N,H ob(9) 
C10 ob(32) CPCN d(10) N,H ob(l0) 
C10 ob(29) C,O ib(20) N,H ob(7) 

0, r(24) C,"CN d(18) 0, w(17) 
C,0 ob(65) N,,H ob(7) 
NCP t(24) 0, r(13) H, . . . O  b(5) 
NC," t(23) C y  bl(10) H, . . . O  b(6) 
CB d(51) 
Cy b2(24) Cp d(14) 0, r(12) 
Cy b2(40) C p  bl(12) Cy bl(10) 
2 X 188 = 376 
2 X 180 = 360 
C,0 ib(14) NCiC d(13) CD bl(l1) N,H ob(5) 
NCPC d(22) CPCN d(14) Cy bl(12) Cp bl(l1) 

H, . . . O  s(14) 
NCpC d(18) C y  bl(14) C , 0  ib(12) C p  bl(l1) 

H . . . 0 s(7) 
NC,"C d(17) Cp bl(13) N,H ob(5) 
C p  bl(29) Cy bl(23) 
C B  bl(23) C y  bl(2L) 
NC$C d(20) 0, r(16) 
C,O ib(14) CNC," d(13) CNC; d(l3) N,H ob(12) 
CNC! d(19) CNC," d(18) H, . . .0 $5) 
Cp b2(37) N,H ob(12) C y  b2(11) H, ... Os(6) 
CP Cy t(88) 
C C$ t(84) 
H, . . . O  s(25) N,H . . . O  s(6) 
NCpC d(18) Cp  b2(18) CPCN d(12) C,O ob(l1) 
N,H.. .O  $14) H, . . .O s(12) 
H,. . . O  s(10) N,H.. . O  s(10) N,H.. . O  s(10) 
H, ... 0s(58)N2Hob(8) 
CfC t(26) N,H ob(l0) NC," t(10) H, . . .0 s(7) 

H, ... Os(19)C:C t(15)NCt t ( l l )N ,H ... Os(7) 

N,H. . .O $14) CPCs t(l1) H, . . . 0  $9) 

0, w 9 )  0, ss(l0) 

0, w(78) 

N,H . . . O  s(6) N,H ob(5) 

N,H ob(6) N,H ob (6) 



TABLE IV 
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Observed" Calculated 

RaRlan IR A B Potential Energy Distributionb 

72W 70W { 
70 

61 

50 
54 sh 

(33 

29VW 130 

17 

31VW 

14 
8 

78 

66 

55 

38 

36 

32 

23 

15 

C,"C t(16)C,"CB t(10)H ,... Os(7)W,H ... Os(5) 

NC," t(22) N,H ob(13) C,"Cp t(12) N,H ob(1l) 
NC," t(19) N,H ob(l8) NC,"C d(15) N,H t(7) 

N,H ob(5) 
N,H ob(20) NCZC d(18) C,"Cp t(10) H, . . . O  b(9) 
C,"Cp t(57) N3H ob(7) H, . . .O s(6) 
C,"Cp t(49) H, . . .O $5) 
H, . . .O b(17) NC," q14) H, . . .O s(15) H, . . . O  t(14) 
C,"Cp t(19)H ,... O t(13)NC," t(ll)N,Hob(6) 

H, . . . O  t(15) H, . . . O  b(8) 

NC," t(18) N,H t(14) H, . . . O  t(12) 

H3...0b(14)C,"C t(l l)N,Ht(9) H,...Os(8) 

H, ... Os(26) NClC d(12) C:Cp t(10) N,H ob(8) 
NC," t(17) H, . . .O b(15) C;C t(14) NC," t(9) 
CPC t(19) H, . . . O  b(14) N,H t(8) N,H.. . O  s(6) 

CyCt(24)N,Hob(12)NC," t(lO)N,H ... Os(8) 

H,...O b(14) N,Hob(l2)H, ... Os(l1) 
0, . . . H b(24) H, . . .O t(23) CO- t(10) 

N,H ob(5) N,H ob(5) 

N,H . . .O b(6) 

H, . . .O b(6) 

H, . . . O  s(8) N,H.. . O  s(6) N,H ob(5) 

N,H.. . O  b(6) 

N, H t(6) 

N,H ob(5) 

H, . . .O t(6) H, . . .O b(5) 

"S, strong; M, medium; W, weak; V, very; sh, shoulder. 
's, Stretch; ss, symmetric stretch; as, antisymmetric stretch; b, bend; sb, symmetric bend; ab, 

antisymmetric bend; ib, in-plane bend; ob, out-of-plane bend; d, deformation; w, wag; tw, twist; r, rock; 
H,, NH; ; 0,, COT. Only contributions of 10 or greater are included, except for NH and NH;, for which 
contributions of 5 or greater are included. In some cases, the value is an average of the PEDs for the A 
and B species. For the NH; group, H, . . .O s and H, . . .O b refer to the combined values of the three 
N-H bonds. 

Includes DDC interactions. 
Clearly visible in liquid N, temperature spectra. 

"Inferred from presence in spectra of Val-Gly-Gly-ND. 

TABLE V 
Observed and Calculated Frequencies (in cm- ') of VGG-ND 

Observed" Calculated 

Raman IR A B Potential Energy Distributionb 

1657W 1657' C,O s(70) C ,N  s(22) 
165OVS 1650' ($0 s(75) CiN s(15) CFCN d(10) 

1640vs ( 1639C C,O s(75) C,N s(15) CFCN d(10) 
1636W 

1589M 1582 1582 0, as(109) 1572Wd 

1641' C,O s(70) C,N s(22) 

1491VW 1491Wd 1490 1490 C t C  s(29) C,N s(20) ClH,  w(16) C,"H, b(13) C,O ib(12) 

1478VW 1480M 1481 1481 C:C s(24) C,N s(14) C,O s(12) CPCN d(12) Ha b2(10) 

14679 1471VWd 1469 1469 C: abl(33) Hp b2(19) C,Y abl(14) 
1461VW 1459 1459 C,Y ab2(57) 
1449 sh 1455 1455 C,Y abl(43) C: ab2(28) C,Y ab2(13) 

N, D ib(7) 

N, D ib(6) 



TABLE V 
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Observeda Calculated 

Raman IR A B Potential Energy Distributionb 

1445M 

1409s 

1373W 

1364MW 

1315VW 
1344%' 
1306M 
1280W 
1250MW 
1235MS 
1182W 
1161W 

1129MS 

1084 sh 
1078W 
1054VW 
1040 sh 

1029s 
1014 sh 
999vw 

960VS 

903VW 
9oow 

834W 
8 1 5 W  
801W 
745w 
736VW 

662MW 

595s 

560MW 

510 sh 
500s 

475w 
439M 
401MW 
381W 

1442W 

1407s ) 
1395Wd 

1371W 

1305M 
1282VW 
1250M 
1234W 
1187MW 
1159VW 

1127MW 

1079W 

1039 shd 

1028MW 
1015VW 
1005VWd 
973wd 

955w 
934w 

877 

800W 
747w 
729W 
693MW 

658M 
596MS 

558MS 

504VWd 

4768 
442M 
401MS 
382 W 

1422 

1399 

1368 ( 1366 
1364 { 1361 

1345 
1310 
1277 
1246 
1229 
1188 
1162 
1134 
1129 

1098 
1073 
1055 
1040 
1034 
1033 
1017 
1003 
990 
976 
963 
951 
928 
910 
905 

836 

806 
7 52 
727 
685 
650 

594 

( 1121 

513 
501 

484 
450 
412 
380 

1453 
1450 
1431 
1422 

1400 

1367 
1366 
1364 
1362 

1345 
1310 
1277 
1246 
1223 
1188 
1162 
1134 
1129 
1121 
1098 
1073 
1055 
1040 
1034 
1033 
1017 
1003 
990 
976 
963 
951 
928 
910 
905 

836 

805 
7 53 
727 
685 

644 ) 
594 
57 1 
566 
513 
50 1 
492 

450 
414 
38 1 

C l  ab2(45) CJ abl(27) C: abl(14) 
C;H, b(68) 
CZH, b(70) C,"H, b(10) 
HB b2(41) C: abl(25) 

0, ss(56) 0, b(28) C:C s(18) CZH, b(15) 

C: sb(30) CfH, w(22) H" b2(13) 
C;H, w(37) C l  sb(32) C,Y sb(19) 
CJ sb(73) 
C: sb(36) Ha b2(24) 

C,"H, w(53) C,N s(l1) 
CpCB s(31) HB bl(27) Ha b2(21) 
CZH, tw(76) CfH, tw(13) CPCB s(10) 
C,"H, tw(82) CZH, tw(13) 
HB bl(40) C;Cp s(12) 
H" bl(30) D, abl(12) D, sb(9) 
D, ab2(71) D, abl(8) D, rl(5) 
D, abl(62) D, ab2(8) D, r2(6) 
NC," s(29) NC; s(19) 
CJ rl(22) CI rl(16) NC," s(13) 
D, sb(76) 
Hp b2(19) C: r2(18) NC," s(14) CpC,Y s(l1) D, sb(8) 
NC," s(21) NC; $14) Ha bl(l1) C: r2(11) 
N,D ib(20) C;H, r(13) NC,* s(12) 
C,Y r2(27) N,D ib(18) C l  rl(12) 
CJ r2(24) C: rl(18) N,D ib(15) 
NCP $20) CpCs s(14) C,Y r2(14) C,Y rl(12) D, rl(9) 
NCP s(23) C,Y rl(23) CpC: s(l1) C: r2(10) 
NC," s(26) D, r2(20) CpCJ s(13) 
C;H, r(24) D, r2(21) 
CZH, r(21) N,D ib(14) 
CfH, r(48) CtC s(24) 0, ss(l0) O2 b(10) 
CtH,  r(31) N,D ib(27) C,"C s(12) 
N,D ib(23) C,N s(12) N,3D ib(7) 
D3 rl(36) CaC: s(18) CpCJ s(13) 

C,N s(15) D, r2(12) D, rl(5) 

CpC: s(20) CPCJ s(20) D, rl(19) C,"Cp s(18) 
0, b(36) 0, ss(l1) 
CPC s(13) C,O ib(l0) D,3 r2(9) 
C,O ob(63) Cp bl(10) 

C,O ib(26) C"CN d(l2) 

0, r(30) CZCN d(21) 
C,O ob(6l) N,D ob(l0) 
C,N t(63) N,D ob(29) C,N t(22) N,D ob(9) 
C,N t(49) N,D ob(25) C,N t(l8) N,D ob(5) 
Cy bl(13) 0, r(13) CPCN d(l1) C,N t(10) 
C,N t(15) Cy bl(l2) 0, r(l1) CpCN d(10) N,D ob(6) 
Cp d(51) 
C b2(25) 0, r( 12) 
Cy b2(37) Cy bl(10) 

0, w(92) 



TABLE V 
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Observed" Calculated 

Raman IR A B Potential Energy Distributionb 

353w 
322W 
308W 

273MW 

238M 

220 sh 

162VW 
1 4 4 W  

l l l W  

95w 

70W 

6ovw 

357M 
328W 

286MS 

- 269MS 

- 244MS 

- 228M 
218M 

206w) 193W 

185w 

175W 

167VW 
144W 
120VW 
115 sh 

96W 

87 W 

76VW 

65 sh 

54 sh 
45 vw 

355 
324 

281 
263 

( 254 
242 
224 

208 

lg8 

( 195 
159 
138 
115 

( 91 

{ 82 

69 

61 

49 
38 

33 

29 

16 

14 
8 

354 
324 
282 

259 

253 
240 
223 

208 

198 
196 

155 
138 

107 
101 

84 

77 

65 

54 

38 

36 

32 

23 

15 

NC," t(42) D, . . . O  b(17) D, .. . O  s(l1) D, t(l0) 
NC,"C d(14) C,O ib(14) N,D ob(5) 
Cy bl(18) NCPC d(17) CPCN d(13) 
NC,"C d(21) Cy  bl(17) CPCN d(15) 
NC,"C d(20) 0, r(l1) 
Cp bl(13) NCSC d(12) NCPC d(10) 
CB bl(21) Cy bl(13) N,D ob(6) 
CNC," d(12) C,O ib(l0) Cp bl(10) N,D ob(6) 
CB bl(28) CNC; d(10) N,D ob(6) 
CNC; d(20) CNCS d(17) D, . . .O s(7) 

Cp b2(36) CpCc,Y t(15) N,D ob(7) D, . . . O  s(5) 

CpC: t(67) CBC,Y t(25) 
CpCJ t(49) CBC: t(42) 
CpCl t(47) CpCJ t(32) 

D, . . . O  s(26) N,D.. . O  s(6) 
CB b2(18) NCPC d(17) CPCN d(13) C,O ob(l1) 
D, . . . O  s(18) N,D.. . O  s(14) 
D, . . .O s(10) N,D.. .O s(10) N,D. . .O s(10) 
D, . . . 0 s(60) N, D ob(7) 
C,"C t(27) N,D ob(l0) NC," t(10) D, .. .O s(7) N,D ob(6) 
D, .. . O  s(18) CSC t(16) NC; t(l1) N,D ob(7) 

N,D.. . O  s(15) CPCB t(l1) D, .. . O  s(9) 
C,"C t(16) C,"CB t(10) D, . . . O  s(7) N,D.. . O  s(6) 

NC,U t(22) N,D ob(13) C,"Cp t(13) N,D ob(l0) 

NC," t(19) N,D ob(16) NC,"C d(14) N,D t(7) 

N,D ob(19) NC,"C d(18) C,"Cp t(l1) I), . . . O  s(9) 
CpCp t(58) N,D ob(7) D, . . . O  s(6) 
CpCp t(48) D, . . .O s(5) 

cpc; t(54) cpc :  t(33) 

N,D . . . 0 s(7) N,D ob(7) 

N,D ob(5) 

N,D.. . O  h(5) 

N,D.. . O  b(6) 

Di . . -0 b(17) NC," t(14) D, . . .O s(16) D, .. . O  t(14) 
NqD t(5) 

CPCp t(l8) 4.. . O  t(l1) NCiC d(10) NC: t(10) 

D, . . . O  t(17) D, . . .O b(15) D,. . . O  s(13) 
NC,; t(18) N,D t(14) D, . . .O t(13) N,D.. . O  b(6) 
D, ... 0b(14)C,"Ct(ll)N3Dt(9)D, ... Os(8)N2Dt(6) 
D, . . .O s(26) NCtC d(12) N, D ob(8) 
NC," t(l8) D, . . . O  b(14) C;C t(14) NCP t(9) 
C,"C t(21) D, . . . O  b(14) N,D t(7) N,D.. . O  s(6) 

C:C t(24)NZDob(l2) N,D ... Os(8) D,. . .O t(6) 
D, ... O b(16) D, ... Os(12)N,Dob(lO) 
0, ... Db(24)D, ... Ot(23)CO- t(10) 

N, D ob(7) 

N, D ob(6) 

"S, strong; M, medium; W, weak; V, very; sh, shoulder. 
b ~ ,  Stretch; ss, symmetric stretch; as, antisymmetric stretch; b, bend; sb, symmetric bend; ab, antisymmet- 

ric bend; ib, in-plane bend; ob, out-of-plane bend; d, deformation; w, wag; tw,  twist; r, rock; D,, ND,' ; 0,, 
CO; . Only contributions of 10 or greater are included, except for ND and ND: , for which contributions of 5 
or greater are included. In some cases, the value is an average of the PEDs for the A and B species. For the 
ND; group, D3 . . . 0 s and D, . . . 0 b refer to the combined values of the three N-D bonds. 

Includes DDC interactions. 
Clearly visible in liquid N, temperature spectra. 
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this mode. It is clear that NH; sb is not as strong in the ir as NH; ab, and 
therefore its assignment in VGG is less certain. 

The main NH; rock (r) mode is predicted at  1208 cm-', and is clearly 
assigned to the strong Raman band at  1219 cm-' that disappears on N- 
deuteration. In amino acids, this mode is assigned to bands in the 1220-1238 
cm-' region. Contributions from NH; r are also present in other modes, and 
their behavior on N-deuteration is consistent with such an assignment: the 
mainly C:Cp s mode at  1316 cm-' is predicted to sMt down to 1310 cm-', 
and the corresponding observed bands at  1309 (R) and 1307 (ir) cm-' do shift 
down a few cm-'; the 1267 and 1260 cm-' modes contain NH in-plane bend 
(ib) as well as NH; r, so their disappearance is expected in any case, as is 
observed; the 1136 em-' mode, mainly NC," s and NCZ s, is predicted to shift 
down to 1129 cm-', and the distinct shoulder in the Raman at  1135 cm-' 
disappears and is replaced by a stronger band at  1129 cm-' that undoubtedly 
also contains the superimposed CY r modes previously observed at  1125 (R) 
and 1129 (ir) cm-'. The ND,I r mode is combined with a number of other 
modes, but its predicted behavior is well borne out by the observations. One 
dominant effect is the mixing of ND; r with the CBC: s and CpCJ s of the 
835 cm-' mode in VGG to "split" it inta two similar modes at  905 and 806 
cm-' im VGG-ND; indeed, the strong Raman band at  844 cm-l in the former 
disappears and is replaced by two new (weak) bands at  900 and 801 cm-' in 
the latter. This is a good example of how the effects of N-deuteration can be 
misleading in the absence of the insights provided by normal mode analysis: 
the disappearance of the 844 cm-' band would otherwise be taken as an 
indication that this mode contains a significant NH component, leading to its 
misassignment. In fact, it might be thought that the 844 cm-' band shifts to 
834 cm-' in VGG-ND, whereas it can be seen that the latter is an entirely 
different mode (C,N s) with a significant ND,I r component. Another effect is 
the mixing of ND,I r with the C,"H, r mode at  972 cm-', causing it to "split" 
into two modes at  976 and 963 cm-l (the latter mixing with N,D ib); the 
downshift of the strong 965 cm-' Raman band to 960 cm-' and the ap- 
pearance of a new ir band at  973 cm-' are consistent with these predictions. 
The redistribution of CBC; s and CpC,Y s in the 998 cm-' mode of VGG into 
modes in VGG-ND at  1093 and 990 cm-', the latter also containing ND; r, 
can account for the disappearance of the 1004 cm-' Raman band and its 
replacement by bands at  1014 and 999 cm-'. The non-COT components of the 
751-cm-' mode are predicted to combine with ND; r to give a new mode at  
727 cm-', and the disappearance of a Raman band at 756 cm-' in VGG 
combined with the appearance of a new ir band at  729 cm-l is consistent with 
this expectation. 

The NH; torsion (t) mode (designated NCY t in Tables IV and V) is found 
near 520 cm-' in a-glycine and near 480 cm-' in L-alanine and L-serine. We 
predict it a t  522 and 499 cm-' in VGG, and it is well assigiied to a strong 
Raman band at  515 cm-' that disappears on N-deuteration (a shift to 500 
cm-' is counterindicated by the normal mode analysis) and a weak ir band at  
506 cm-' that  also disappears on N-deuteration. The ND; t mode is calcu- 
lated at  355 cm-', and is assignable to a new Raman band a t  353 cm-' and 
perhaps the medium ir band at  357 cm-' (although overlap with the weak 
supposed overtone band a t  360 cm ' in VGG must be allowed for). 
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The CO, as mode is generally found in spectra of amino acids a t  1590-1595 
cm-' (see Table 111). We find no definable ir band in this region for VGG, but 
on N-deuteration, when the strong NH: ab band is removed, we clearly see a 
medium-intensity band a t  1589 cm-' with a well-defined shoulder (particu- 
larly a t  LN, temperature) a t  1572 cm-'. These bands are unambiguously 
assignable to CO; as, which we calculate a t  1584 cm-'. The splitting in the 
observed spectrum probably corresponds to an A-B separation; we do not 
calculate such a splitting since we have not incorporated a CO; -COT interac- 
tion. However, such an interaction undoubtedly exists, and is probably of the 
dynamic partial charge type that we have characterized in the formic acid 
dimer.25 The CO; ss mode is expected near 1410 cm-' and should clearly be 
assigned to the strong ir band at  1404 cm-'; we calculate i t  a t  1400 cm-'. We 
also attribute the Raman band a t  1411 cm-' to this mode rather than 
assigning it to  the C,"H, b, CgH, wag (w) mode calculated a t  1416 cm-', since 
i t  does not follow the shift pattern predicted on N-deuteration. The splitting 
in the CO; ss mode would therefore also be attributed to a coupling between 
the two molecules in the primitive unit cell.25 

The assignments of the CO; b, w, and r modes have been controversial, 
particularly as to whether the highest frequency is a bend or a wag mode. We 
have followed the order proposed by Destrade et al.,7 since their assignments 
were based on spectra of 15N- and 180-substituted molecules. 

Modes with significant contributions from CO; b are calculated a t  777 and 
751 cm-l, and can be assigned to observed bands near 775 and 757 cm-', 
respectively. These assigriments are impressively supported by the N-deutera- 
tion results: the 777-cm-l CO; b, CO; ss mode is predicted to shift down to 
753 cm-' [mainly due to the contribution of a CtC s(9) contribution in the 
latter case instead of a CPC s(6) contribution in the former], and the observed 
775 cm-' band indeed shifts down to 746 cm-'; the 751 cm-l C,O ib, C;C s 
mode with a CO; b component is predicted to shift down to 727 cm-' [with 
CO; b (7) and ND; r contributions], and indeed the observed 757 cm-' band 
shifts down to 729 cm-'. 

The CO; w mode is predicted to contribute a t  595 and 587 cm-' (the latter 
being mainly CO; r); assignments to observed bands near 593 and 584 cm-' 
are compelling. On N-deuteration, only the higher frequency mode is expected 
to  remain, and this is indeed what is observed. 

The CO; r mode is predicted mainly at  587 cm-', with a clear assignment 
to  the observed band at  584 cm-', and i t  contributes to modes calculated near 
418 cm-', with assignable observed bands a t  405 cm-'. On N-deuteration, the 
former mode is predicted to shift down to 571 cm-'; in fact, the 584 cm-' 
band disappears and new stronger bands appear near 559 ern-.' that, in 
addition to  the C,O out-of-plane bend (ob) mode near this position, probably 
contain contributions from the shifted COT r mode. The 418.cm-' mode is 
predicted to  shift to - 413 cm-' on N-deuteration, and the observed bands at  
405 cm-' in VGG shift to 401 cm-' in VGG-ND. In addition, COT r is 
predicted to  contribute, in combination with N,D ob, to a new mode at  484 
cm-' in VGG-ND, and indeed a new band is observed a t  475 (R), 476 (ir) 
cm-'. 

We see, therefore, that the modes of the NH,I and CO; end groups are very 
well accounted for by the normal mode analysis. This is the case even though 
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some of the frequencies, although not the force constants, differ significantly 
(particularly for the COT b, w, and r modes) from those of the amino acids (cf. 
a-glycine' in Table 111). 

AMIDE MODES 

The amide I, 11, 111, and V modes are found to be particularly sensitive to 
chain conformation,' and it is therefore important to see how well they are 
reproduced by the calculation. As in other polypeptide systems,' electrostatic 
coupling between similar amide I and amide I1 modes in the unit cell leads to 
significant frequency shifts. We calculate these interactions, as noted above, in 
the DDC formalismg rather than the TDC formalism used previously.' For 
the amide I, 11, and V modes, we have also calculated the I ap/aQI 2 ,  to which 
the ir intensities are proportional. 

The normal mode calculation predicts amide I frequencies for VGG a t  1669 
(A), 1663 (A), 1669 (B), and 1663 (B) cm-'. When DDC is incorporated, these 
shift to  (with relative l8p /aQI2  in parentheses) 1643 (5.4), 1645 (9.4), 1654 
(1.5), and 1661 (1.7) cm-', respectively. The very strong ir band observed at  
1645 cm-' is clearly assignable to the first two modes, whereas the weak ir 
band at 1663 cm-' can be assigned to the 1661 cm-' mode. We assign the very 
strong Raman band at  1657 cm-' to the calculated 1654 cm-' mode, since we 
feel, in the light of average ir/Raman coincidences in the spectrum, it is not a t  
the same frequency as the 1663 cm-' ir band. Thus, the amide I modes of 
VGG are excellently reproduced by our calculations. 

As expected,' there is a small downshift in the amide I frequencies on 
N-deuteration. For VGG-ND, we calculate unperturbed frequencies a t  1665 
(A), 1659 (A), 1665 (B), and 1659 (B) cm-'. When DDC is incorporated, these 
frequencies (and their relative l i?pl /~?Q1~) are predicted at  1639 (5.4), 1641 
(9.6), 1650 (1.7), and 1657 (1.8) cm-', respectively. The first two modes clearly 
are associated with the very strong ir band a t  1640 cm-'; the downshift from 
VGG is very well predicted. The second two modes correlate well with 
observed bands a t  1650VS (R) and 1661W (ir) cm- ', respectively, again 
reflecting the shifts associated with N-deuteration. 

The unperturbed amide I1 modes of VGG are predicted at  1548 (A), 1538 
(A), 1548 (B), and 1538 (B) cm-'. When DDC is included, the shifted 
frequencies (and their lap/8QI2) become 1595 (0.7), 1531 (O.O), 1564 (0.5), 
and 1541 (12.4) cm-', respectively. The strong ir band a t  1543 cm-' and 
the medium-weak Raman band at  1541 cm-', both of which disappear on 
N-deuteration, are clearly assignable to the 1541 cm-' mode. The very weak 
shoulder a t  1568 cm-' in the ir is most likely assignable to the predicted very 
weak band a t  1564 cm- '. No comparable band is seen, as might be expected, 
near 1595 cm-l, but this could be a result of overlap with the COT as mode, 
observed more easily in VGG-ND, a t  1589 cm-'. Otherwise, the observed 
bands are in excellent agreement with the predicted frequencies, as is the 
general amide II/amide I intensity ratio. It is also interesting to note that, 
whereas the ir-strong unperturbed frequency a t  1535 cm- in poly(g1ycine) I' 
shifts down with TDC interactions to 1515 cm-' and is observed very near 
this value, in VGG the unperturbed mode a t  1538 cm-' (also associated with 
glycine residues) is shifted to 1541 cm-' after DDC interactions and is 
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observed near this value. These differences are a result of the different 
interactions in the two different structures, and the excellent predictions in 
both cases testify to the validity of the interaction mechanisms we have 

On N-deuteration, the so-called amide 11' modes are calculated at  1490 and 
1481 cm-', and new bands are seen at 1491 and 1480 cm-'. The resulting ND 
ib is predicted to contribute to modes at  1040, 1034, 1033, 963, 928, and 910 
cm-'. Assignments to these modes are indicated in Table V; although satis- 
factory, they may be somewhat uncertain because of the weakness of most of 
the bands. However, the predicted downward shift of the 972 cm-' CFH, r 
mode to 963 cm-' as a result of mixing with N,D ib is mirrored by the 
downward shift of the strong Raman band at  965 to 960 cm-', confirming 
both assignments. 

The NH ib coordinate also contributes to modes in the - 1400-1200-cm-' 
region that, when combined with CN s, have been referred to as amide 111, 
although the CN s contribution is not necessarily always present.' In VGG 
such modes are predicted (including DDC interactions) at  1389, 1267, 1260, 
and 1238 cm-' (the unperturbed frequencies are 1389, 1274, 1263, and 1238 
cm-'), and their assignment is substantiated by their behavior on N-deutera- 
tion. (We are not able at present to provide calculated ir intensities for these 
modes, since the d p / a S  for eigenvector components such as Ha b, HP b, NH; 
r, CH, w, and CH, tw are not presently available.") The medium-weak 
Raman band at 1379 cm-', assignable to the first mode, is replaced in 
VGG-ND by a weak band at  1373 cm-', a result of CYH, sb mixing with 
C,*H, w to produce two new modes calculated at  1368 and 1366 cm-'. The 
other three modes, observed at  1264 (R), 1259 (ir), and 1235 (R,ir) cm-', are 
all replaced on N-deuteration by different eigenvectors in this region, in good 
agreement with observation: HS b l  is predicted to shift from 1267 to - 1226 
cm-', which can account for the residual band remaining at  1235 cm-'; C;H, 
w is now completely concentrated in the 1368, 1366 cm-' modes; and the 
CgH, tw  and C;H, tw contributions to the 1238 cm-' mode (as well as to 
unobserved modes at  1251 and 1242 cm-') are now concentrated in two modes 
a t  1277 and 1246 cm-', corresponding to new bands at  1280 (R), 1282 (ir) and 
1250 (R, ir) cm- '. Again, we see the complexity of the changes that occur on 
N-deuteration and how well they are accounted for by our force field. 

The amide V modes combine NH ob with CN t, and are usually strong in 
the ir and weak in the Raman. They are, of course, expected to be affected by 
N-deuteration, and this is true of the five such modes that we calculate at  698, 
677, 662, 654, and 566 cm-' (including DDC contributions of 0, +5, 0, +3, 
and + 2 cm- l) and their assigned ir bands at 714,675,670,647, and 564 cm ~ ', 
respectively. [The calculated l dp /aQ)2  of these modes are 2.8, 0.3, 0.4, 2.5, 
and 1.2, respectively. Observed ir bands corresponding to the latter three 
modes have relative intensities in reasonable agreement with those calculated. 
This is not true for the first two modes, which are the ones containing 
contributions from CN t. This may be due to the large uncertainty in the 
( a p / a S )  for CN t.9] The 698 and 677 cm-' modes are essentially pure amide 
V, and they "disappear" on N-deuteration. The 662 and 654 cm-' modes are 
mostly C,O ob, which is predicted to shift completely up to 685 cm-' in 
VGG-ND; indeed, a new band is observed at 693 cm-'. The C,O ib component 
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of the 654 cm-' mode is predicted to shift to 650 (A), 644 (B) cm-' in 
VGG-ND, and, although the observed shift is in the opposite direction, this 
appears to be a reasonable explanation for the 658 cm ' band remaining after 
N-deuteration. The 566 cm-' mode is mainly C,O ob, which is predicted to 
remain at  566 cm-' in VGG-ND, where i t  is mixed with N,D ob and probably 
overlapped by the shifted COT r mode; the new strong band appearing at  558 
cm- ' is consistent with these assignments. The ND ob coordinate, in addition 
to contributing at  566 cm-' and to a new mode at  513 cm-', for which a 
shoulder is observed in the Raman, is predicted to contribute to new modes at 
501 and 484 cm-', and strong new bands are observed at 500 (R) and 476 (ir) 
cm-' in VGG-ND that can be assigned to these modes. The apparent "shift" 
of the strong 515 cm-' Raman band of VGG to 500 cm- ' is therefore 
accounted for naturally by the calculation. Thus, the amide V bands are well 
predicted by the calculations, as are other bands in this spectral region. 

OTHER MODES 

We comment here on the assignment of some other bands in the spectra, 
based on the normal mode calculations. 

The assignments of the CH, and CH, stretch modes are complicated by the 
overlapping bands and the presence of Fermi resonances in this region.26 
Nevertheless, many assignments are relatively straightforward. The observed 
bands at  29723 (R) and near 2968M (ir) cm-l are clearly assignable to CH, as, 
while the band a t  2945VW (ir) cm-' may be due to CH, S S . ~ ~  The CZH, as 
mode is located above 3000 cm-' in triglycine (T. Sundius, J. Bandekar, & S. 
Krimm, to be published) and a similar assignment is indicated in VGG; the 
C,"H, ss mode is then reasonably assigned to the 2930VW (R, ir) cm-' bands. 
The CZH, as and CZH, ss modes are satisfactorily assigned to bands at  2926 
sh(ir) an 2850 sh(R, ir) cm- ', respectively. The frequencies of CH s modes are 
sensitive to the C-H bond length, and its force constant, in its dependence 
on local structure.27 Values of 2902 and 2870 cm-' for these modes are 
rea~onable,'~ and the assignments given in Table IV follow. A band near 2875 
cm-' has been found to be in Fermi resonance with the CH, ss mode near 
2940 cm- and is so assigned here. We have no clear assignment of the 2992 
sh(R) cm-' band (unless i t  is part of the group of CH, as modes). 

The assignments of all the CH, b and CH, ab modes made in Tables IV 
and V cannot be specific a t  the present time, although the observed bands in 
the - 1470-1450-cm-' region are basically accounted for. We have already 
noted that CH, sb is concentrated in two modes, a t  1366 and 1363 cm-l, in 
VGG but is distributed over four modes, a t  1368, 1366, 1364, and 1362 cm - ', 
in VGG-ND, and this seems to be in good accord with observation. 

A number of modes in the midfrequency range retain their character on 
N-deuteration but are predicted to shift in frequency, and these shifts are well 
reproduced by the calculations. Thus, the H" b l  mode at 1168 cmP1 is 
predicted to shift to 1188 cm-l, and the observed 1171 cm-l band of VGG 
indeed shifts to 1187 (ir) cm-' in VGG-ND; the NCY s mode at  1013 cm-' is 
predicted to shift up slightly, to 1017 cm- ', and the very strong Raman band 
at  1027 cm-l shifts to 1029 cm-l; and the complex mode at  998 cm-' is 
predicted to shift to 1003 cm-', with the observed bands shifting from 1004 to 
1014 cm-'. 
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In the low-frequency region, shifts of similar modes on N-deuteration are 
also predicted and observed. As in the case of the amide V modes, the 
observed shifts are not always in the same direction as those predicted. 
However, in view of the expected accuracy of the force field, the general 
agreement is quite acceptable. Such shifts, with assigned observed bands in 
parentheses, include 445 (444) to 450 (441), 418 (405) to 413 (401), 394 (385) to 
381 (381), 327 (325) to 324 (325), 298 (311) to 281 (288), 295 (297) to 282 (308), 
271 (280) to  263 (273), 267 (277) to 259 (269), and 262 (260) to 254 (241) cm-'. 
Analogous comparisons can be made for lower frequency modes, but their 
assignments must be considered tentative at  this stage, particularly since 
nonbonded interactions, which would be expected to influence lattice and 
similar low-lying modes, have not been incorporated into our calculations. The 
specific features of the other assignments, however, lend confidence to the 
general validity of our normal mode calculations. 

., 

CONCLUSIONS 

We have analyzed the ir and Raman spectra of VGG and VGG-ND from 
the point of view of testing our polypeptide force fields' for their ability to 
explain the spectra of a known parallel-chain P-structure, one that was not 
included in the original refinement process. We find that the predicted normal 
mode frequencies, including those of end groups, are in very good agreement 
with the observed bands: the average discrepancy between observed and 
calculated frequencies below 1700 cm-' is 5.1 cm-l. In particular, subtle as 
well as major changes in normal modes that are predicted to occur on 
N-deuteration are in fact found in the observed spectra of VGG-ND, including 
changes in modes that do not contain contributions from NH coordinates. 
These changes are undoubtedly specific to this structure, and serve as an 
important measure of the validity of our force fields. This kind of detailed 
evaluation of the normal mode origin of observed spectral bands and of their 
changes on isotopic substitution is necessary in order to be assured that the 
analysis is reliable. 

In addition to  calculating normal mode frequencies, we have also computed 
ir intensities of amide I, 11, and V modes, using dipole derivatives obtained 
from ab initio calculations on the peptide The agreement with 
observed band intensities is very good for the amide I, amide 11, and three of 
the five modes containing NH ob. For the other two amide V modes, 
uncertainty in the dipole derivative for CN t9 makes i t  difficult to evaluate 
the discrepancies a t  this time. It is nevertheless clear that calculated intensi- 
ties can provide important independent information on polypeptide conforma- 
tion. 

The satisfactory analysis of the vibrational spectra of VGG provides the 
basis for confidence in the predictions for the parallel-chain P-sheet ~ t ruc ture .~  
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