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A v&me force field for the amide group 

J. JAKEF and S. K~WM 
Harrison M. Randall Laboratory of Physics, University of Miohigan 

Ann Arbor, Miahigan 

(ReceiWd 6 December 1969) 

&&&-A valence force field is presented for the grouping R-CO-NH-R’ where R and R’ 
are CH, or CH,, derived from the frequencies of N-methylacetanide, nylons, and some of 
the deuteroderivatives. By refining all experimental data simultaneously,~the overail agree- 
ment between the experimental and caiculated frequencies is good. 

Do1~0 the last decade extensive experimental data have been collected on infrared 
spectra of molecules with the amide group [l-14]. An assignment of characteristic 
frequencies of the amide group was soon established [2] and later work led to an 
understanding of the origin of other bands in N-methylacetamide [ 3 1,121 and in poly- 

amides made from w-aminoacids [9]. Along with the assignment of ape&a, normal 
coordinate calculations for these molecules were being performed. The first of these WM 
that for N-methylacetamide [2] in which methyl groups were taken a.a m&Bs points and 
a Urey-Bradley force field was used. This calculation was later refined to the oomplete 
molecular model of N-methylacetamide [12, 161 using, in addition, experimental 
frequencies of molecules with deuterated methyl groups. A calculation of the out-of- 
plane vibrations of polyamides in the planar form was done with a valence force field 
neglecting totion coordinates and the amide VII vibration [ 161. A similar attempt with 

in-plane vibrations [ 171, using a Urey-Bradley force field for the amide group, was not 
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sucoessful due to a very poor computer used in this calculation (Russian Ural 2). 
However, it showed the probable necessity of using a vk&nce force field for the 
amide group. With the Urey-Bradley force field, reproduction of the fine structure 
of the CH, wagging vibrations in the region 1150-1300 cm-l (see [9]) was 
not possible. Recently, a calculation was done for the dimer of polyglyoine 
(CH&HCOCHZNHCOCHS) and was used for an estimation of the rotation angles of 
the central CO-CH, and CH,-NH bonds [la]. A calculation on nylon 6, in which 
methylene groups were taken as ma= points [13], showed that such a calculation may 
serve as a good tool in understanding *far infrared spectra below 600 cm-l, where 
there is no essential contribution from hydrogen atom motions. 

In this paper we present a valence force field for the grouping R-CO-NH-R’, 
where R and R’ are CH, or CH,, which was derived from the frequencies of N- 
methylacetamide, nylons, and some of their deuteroderivatives. In the nylons, 
n-paraffin force constants were used for the (CH,),_, chain (with the exception of 
some constants for the first and last methylene groups). The force constants of the 
amide group were assumed to be transferable between nylons and N-methyl- 
aeetamide. In out-of-plane blocks, torsion coordinates were included. In deriving 
this force field, we started from NEEDIZM’S force field [12] and refined it using 
experimental frequencies of polyamides. W’hen the refined force field was applied 
back to the N-methylaoetamide, some frequencies were about 100 cm-l off their 
experimental values. Therefore, it was necessary to refine all experimental data 
simultaneously. After doing this, the overall agreement between experimental and 
calculated frequencies was good, and most of the frequencies were reproduced to 
within 7 cm-l, although some greater deviations do occur (e.g. in the C-C stretching 
region in nylon 3). If this force field is applied to similar molecules [ 181, the agreement 
goes down only slightly; one frequency which seems to be systematically off about 
15 cm-f is the CH, wagging mode in the CH,-CH,--CO- group. 

Talc FORCE FIELD 

In view of the bad experience in the past with the Urey-Bradley force field for the 
amide group [17], we decided to introduce a valence force field instead. However, a 
unique result for this kind of force field cannot be expected, since the problem is 
expected to be ill-conditioned because of the large number of force constants. 
Therefore, measures must be taken to ensure the convergence of the refinement. 
These measures should express mathematically the physical requirements on the force 
constants, viz., that cross terms between remote coordinates should be small and that 
similar force constants should be close, and also the requirement that in each refine- 
ment cycle the differences between theinitial and retied force constants should be small. 

In our belief, the best way to do this is to add to the sum of the squares of fre- 
quency errors, i.e. 

C &l?+(ealo) - ~ik=zW i 
the sum of squares of all linear combinations of force constants which we wish to keep 
close to zero, properly weighted according to the accuracy with which we wish to do 

[ 181 J. JAI& and S. KRIMM, Speotrochim. Acta 27A, 35 (1971). 
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so. Thus, if the force constant fd should lie between -0.2 and 0.2, we add (fJO.2)‘; 
if the constantsf, andfj should be close to each other with an accuracy of 0.1, we add 
[(fd -f,)/O.l]s. In our refinement program, we have introduced three types of such 
requirements : that a force constant be close to a predefined value, that the difference 
between two force constants be close to a predefined value (usually zero), and that 
the diEerence between a force constant before and after refinement in eaoh cycle be 
close to zero. In addition, we permitted the corrections to any two chosen force 
constants to be kept exactly equal in each cycle. This was done to facilitate in- 
troducing more transferability among force constants than was assumed during the 
original ooding of the P matrices (otherwise it is necessary to recode the B matrices). 

The final values of the force constants are listed in Table 1. Of the 99 force 
constants in the polyamides (76 for the in-plane block and 23 for the out-of-plane 
block), 22 were transferred from n-paraffins, two torsion force constants were 
transferred from SHUXA~OUCHI [22], and the force constant for the N-H stretching 
vibration was estimated to be 5.98 in order to lead to the value of about 3300 cm-1 
for the N-H stretching frequency. Twelve more force constants are required for 
N-methylacetamide, of which 2 constants for C-H stretching were transferred 
from n-paraffins. The remaining 84 force constants, 60 for the in-plane block, 14 for 
the out-of-plane block, and 10 new constants for N-methylacetamide, were refined by 
least squares. The oross terms involving coordinates C-C(-CO)-H, C-C-C(=O), 
H-C-C(=O), N-C-H, N-C(=H+C, and H-C(-N)-C not shown in Table 1 

were also transferred from n-paraffins, neglecting the difference between C(=O), N, 
and C(=H,) atoms in these cross terms. Moreover, in the in-plane block 10 of the 
force constants were forced to the values of the similar force constants in n-paraffins 
with an accuracy of 0.1, and 6 with an accuracy of 0.2, as shown in Table 1. At first 
sight, the values of the force constants seem to be reasonable, although the value of 
the cross term between C-C(=O) and C=O may seem to be too high. But we must 
keep in mind that this set of forae constants certainly is not unique, and we are 
convinced that other sets, in which some of the force constants may differ by as 
much as 0.5 from those in Table 1, may reproduce the experimental data equally well. 

Some attention should also be paid to the transferring of force constants from 
n-paraffins. We calculated frequencies of some longer n-paraffins and observed that a 
few of the C-C stretching frequencies and several C-C-C bending frequencies 
were over 10 cm-l off their calculated values. Deviations of up to 7 cm-l were also 
observed in the CH, wagging frequencies, and here they were determined almost 
exclusively by phase differences associated with the corresponding modes. This 
dependence was also observed in the C-C stretching and C-C-C bending regions, 
although the interaction of both branches of the dispersion curves interferes some- 
what with this. Such errors are expected to be transferred to the amide force 
constants. That is, by keeping the n-paraffin force constants fixed during refinement, 
other constants which are being refined are forced to change so as to compensate for 
the errors caused by the fixed force constants. This compensation should probably 
work best for molecules with about five methylene groups, from which most of the 
data in the refinement were used. On this basis, we can explain some large errors in 
the C-C stretching frequencies in nylon 3 and in the CH, wagging frequency of the 
CH,CH,CO group. The application of this force field to other similar molecules with 
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the amide group showed the force field to be a powerful means of understanding and 
assigning their spectra [Ml. But it also showed clearly that a fwrther refkmment of 
this force field to remove some of the uncertainty caused by ill-conditioning would be 
possible and desirable if new experimental data, and/or a more retied set of n- 
paraffin force constants, were available. 

ASSUMED STRUCTURES AND COORDINATES 

In ;h;4c;lcy we used the following bond lengths [19]: dcH = 1.093 A, 
a. - 1.01 A, dco = 1.23 A, d,+o,_, = 1.34 A, dcc_a,_w = 1.47 A. 
AyaIgles in iheN:e%ylene and methyl groups were assumed tetrahedral, and angles 
in the C-CO-NH-C group were assumed trigonal (120’). Mass values used were 
mH = 1.007825, m, = 12, mN = 14.00307, m, = 15.99491, and mn = 2.01410. For 
the velocity of light and Avogadro’s number we used the values 2.997926 x lOlo cm/ 
set and 6.02267 x lOas mol-l respectively. 

The internal coordinates were bond lengths, bond angles, out-of-plane bend 
angles, and torsion angles. The first two kinds were used in the usual way: a + 1 
value of the coordinate means an increase by 1 A, or 1 rad., respectively. For 
defining the next two types, let us call one side of the carbon skeleton the upper side 
and the other the lower side. The value + 1 for the ctoordinate C=O (or N-H) 
out-of-plane bend means the C--O (N-H) bond is rotated by 1 rad. perpendicular 
to the C-C-N (C-N-C) plane and moves into the upper side of this plane. In 
the internal torsion coordinates we follow the FTTKTTSEIMA convention [20]: if 
atom X has m adjacent atoms and atom Y has n adjacent atoms, (n - l)(m - 1) 
dihedral angles about the X-Y bond may be defined. For the torsion coordinate 
about this bond we take the sum of the changes of all of these dihedral angles 
divided by (m - l)(n - 1). The plus sign for a dihedral angle is chosen in a direc- 
tion such that the change of the skeletal dihedral angle (i.e. the angle involving the 
C and N atoms only) moves both outer skeletal atoms into the upper side of the 
skeletal plane. This convention has the disadvantage that it changes the direction of 
the torsion coordinate about adjacent skeletal bonds from clockwise to counter- 
clockwise; on the other hand, we found it very convenient for setting up the B 
matrix elements. If the rotation angles in the molecule differ from those of the 
standard all-&-an8 for the skeleton (e.g. the y form of nylon 6), we ilrst rotate it to the 
standard conformation for determining the positive direction of the out-of-plane 
bending and torsion coordinates. 

We decided to remove the local redundancy in each methylene group by omitting 
the H-C-H bending coordinate and in the amide group by omitting the H-N- 
C(=O) and 0=%-N coordinates. The omission of the H-C-H bending coordinate 
leads to an increase by the value of Hd of all diagonal and cross terms between the 
remaining five angle coordinates around this carbon atom. This change is included 
in Table 1, where final refined values of force constants are listed. In the actual coding 
of the F matrices, we further changed our force constant set in the case of the CCH 

[lQ] J. L. KATZ and B. POST, f&tar C~ysl. 13, 624 (1960). 
[20] T. &fIYAZAWA and K. FUKUSEIMA, J. Mol. Spctry 15, 308 (1965). 
[21] R. cf. SNYDER, J. Chem. p&8. 47, 1316 (1967). 
[22] K. ITOH and T. SHIMANOUCHI, Bio~o&?ner8 6,921 (1907). 
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bending, NCH bending, and CH stretohing coordinates to some sums and differences 
of foroe constants yielding in-plane and out-of-plane blooks in polyamides whioh 
are mutually independent. Even in the case where oomplete independenoe is not 
obtained, it is worth doing so sinoe the oonditioning of the in-plane and out-of-plane 
blocks may be different, requiring a different approach to ensuring aonvergence. 
This is diffioult to do without having separated the force constants influenoing the 
individual blocks. For the convenienue of those who would wish to follow this 
approauh, we also include the symmetrized oombinations of force oonstants in 
Table 1. Note only that in forming out-of-plane coordinates, the internal ooordi- 
nate containing the hydrogen atom on the umer side of the skeletal plane always 
enters with a + sign. 

All calculations were performed on an IBM 360 ctomputer using a oomputer 
program written by one of us (J. J.). In coding this program, care was taken to 
save computer time and storage space in handling large matrices. The method of 
calculation was essentially the same as in the previous work [16, 161. 

EXPEBIMENTAL DATA 

Extensive experimental data on infrared frequencies of molecules with the amide 
group were collected in Prague in the early sixties [4, 6, 9, II]. These data were 
used in the present rehement, complemented by some data in the region below 
400 cm-1 [lo, 131. Although other data are available in the literature [l, 7, 81, there 
is an advantage in using experimental data from a single source, since systematio 
errors in a given region of the spectrum are then the same for all the frequencies. 
This is important for a successful simultaneous refinement of a transferable set of 
force constants, since accurate frequency shifts are much more relevant than accurate 
frequencies. This is so because such a refinement is in reality an extrapolation from 
frequency shifts to unknown eigenvedors, and in some cases changes in such 
frequency shifts of as little as 3 to 6 cm-l can lead to drastic changes in eigenvectors. 

The experimental frequencies are listed in Table 2 together with their statistical 
weights and calculated values. In our coding, 1273/3 means that the contribution to 
the sum of error squares was ((w,, - 1273)/3)*; i.e. rather than statistical weights 
P+, the values Pi-* are listed. Because of the small difference between the starting 
and refined set of force constants in the last refinement cycle, we did not repeat the 
frequency calculations with the final set in Table 1 for all molecules. Only the 
frequencies of nylon 6 and nylon 66 listed in Table 2 are those obtained with the set of 
force constants in Table 1; the other calculated frequencies are those obtained with 
the next-to-last set of force constants. 

In Table 2, B, W, T, R, and S mean CH, bending, wagging, twisting, rocking, and 
C-C stretching modes respectively. Where the assignment is shown between two 
lines, it relates to both of them (in the case of splitting of the monomer unit modes). 
The indices in the B, W, T, R, and S modes are sequence indices of the progression 
and are related to the phase differences in the polymethylene portion of the chain 
[23, 241. Compared to the previous assignment [9], we now denote one band in the 
CH, wagging progression as amide III, although the selection of the proper one is 

[23] H. PRIMAS and Hs. H. G~~TWRD, HeZw. Chim. Acta 86, 1669 (1963); 36, 1791 (1953). 
[24] J. JAKEL, Coil. Czech. Chem. Comnm. 80, 1523 (1965). 
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Tsbk 2. Experimental and oak&ted frequencies of nylona end N-methylsoetamides 

Nylon 3 Nylon 6 
Exp. CdC. Exp. CSlO. 
[O, lo] A’ A” Aaaignment [Q, 131 A, B, B, Assignment 

1646/a 
153716 
1467/4 
142814 
137313 
13sq3 
1201/2 
122412 
1203/3 
1116/Z 

1050/a 
076/4 
70213 

60713 

1643 
1553 
1454 
1421 
1314 
1363 

1227 

1118 

1070 
005 

722 

Amide I 
Amide II 
CH,(-NH) bend 
CH,(-CO) bend 
Amide M 

W* 
1285 TX 

W1 
1201 2; 

81 
1064 Ra 

5, 
C-CO a&&oh 

806 R1 
Amide IV 

605 Amide V 
582 Amide VI 

456j4 34314 

23013 

459 333 1 Skeletal bend 

225 Amide VII 
02 Skeletal torsion 

Nylon 4 
Exp. Calo. 

[Q, 101 A, J3a B, Amignment 

1641/6 
1550/6 
147413 
1451/3 

1418/a 

1351J6 
1312/2 

1274J3 
126313 
1231J3 
1212/2 
1100/2 
1126/2 
1106/3 

1070/a 

051/a 
87012 
755/2 

60213 
67413 

45413 

21413 

1645 

1477 
1462 
1419 

1379 
1354 
1314 

1213 

1123 

1068 
1021 
968 

777 

545 

384 

104 

08 

1302 

1266 

1192 

1081 

875 
756 

695 
580 

202 

107 

93 
40 

1645 Amide I 
1654 Amide II 
1477 B, 
1455 % 

1419 B1 107814 

1382 Amide III 
1371 Wa 

Amide III 

W, 
T. 

1278 g, 
TI 

1230 
W1 

TI 

1104 & 

B, 
1081 

S, 

1062 S* 
040 C-CO statoh 

R* 
R, 

600 Amide IV 
Amide V 
Amide VI 

465 Skeletal bend 
372 I 

Amide VII 

Skeletal bend 
and torsion 

164716 
1551J6 
1480/2 
147912 
1466/3 

1455/3 

143012 
142012 

1305/3 

129612 
128213 
127012 
124414 
1244/a 
1217/a 
1205/B 
1173/Z 
112812 
1116J2 

1043/2 
1032/2 

96412 
056/2 
93112 

734{2 
60213 
57013 

62412 
445J2 
42012 
37012 
34516 
20612 

220/3 
196/Z 
170/2 

1644 
1666 

1419 

1473 
1462 

1443 
1420 
1382 
1360 
1366 

1206 

1270 

1203 

1128 

1081 
1064 
1048 

1010 

933 

738 

544 

445 

368 

200 

64 
53 

1304 

1231 

1420 B, 
1366 AmideM 
1374 
1346 9 

1318 w: 
T, 
Tl 
W, 
T, 

1247 Wt 

1237 T4 
1216 

W, 

1175 T, 

1106 81 
1090 

1007 
4 
88 

955 

842 
767 

127 
606 
581 

1067 8, 

1026 84 

1010 8, 
064 C-CO &etch 

B, 
G-CO stretoh 

a* 

733 
R, 

Amide IV 

8, 
Amide V 
Amide VI 

519 

431 \ Skeletal bend 

332 

266 J 
217 Amide VII 

196\ 

126 
98 
71 
62 

Skeletal bend 
and torsion 

41 

1645 Amide1 
1566 Amide II 
1479 

B& 

1474 
4 

1460 Ba 

1444 

BI 
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=P. 
Nylon 8 (con.&) 

wo. 

1644/e 
l660/0 
1479/2 
147012 

144012 
142212 

1360/a 
134612 
1309/3 
130313 
1291/o 
128112 
1271/3 
1262/2 
1229/3 
1199/2 
116712 
1128/2 

1081/Z 
1066/4 

1012/4 
978/2 
94312 
879\2 
79313 

72712 
693/3 
681/3 
613/2 

43714 

1646 
1666 
1479 
1474 
1469 
1456 
1442 
1420 
1386 
1376 
1369 
1341 

1278 

1268 

1199 

1129 

1084 
1066 
1062 
1030 
1021 

948 

726 

414 
469 
448 
338 

163 
140 

1307 
1306 
1296 

1269 

1230 

1166 

1106 

977 

880 
799 
147 

723 
696 
681 

Bl4 

1 
134 
126 
84 
60 
6 3 

Amide I 
Amide II 

B, 
BS 
B, 
J% 
4 
3: 
W& 
w6 

Amide III 

_ 
TS 
TP, 
Tl 
WS 
T4 

F; 
WI 
Tb 
4 
ab 
4 
sb 
86 
S& 
4 
% 

C-CO etzeteh 

Rb 

3 

Amide IV’ 

81 
Amide V 
Amide VI 

Skdetal bend 

Amide VII 

Bkeletal bend 

ELkeletal torsion 

Exp. 
191 

1642j6 
1649/6 
l480[2 
146913 
146912 

Nylon 5 
CMO. 

4 4 J% Assignment 

1646 
1656 

1479 
1474 

1474 
1464 

1646 Amide I 
1616 Amide II 

1479 % 

1474 Bb 

1473 BS 

1466 % 

1419/2 

1343/3 
1326j2 

1308/3 

1287/2 

126712 
126914 
124612 

1219/a 
1204/3 
119712 
116312 
112612 

lOOOf 
94014 
908/2 
83012 
77012 

72612 
68813 
68213 
6&O/3 

I462 
1441 
1420 
1384 
1380 
1372 

1341 
1319 

1267 

1248 

1196 

1129 

1087 
1067 
1064 
1042 
1020 
1008 

962 

729 

609 
481 
466 
358 
249 
221 

33 
32 

1308 
1306 
1302 
1288 

1359 

1219 

1167 

1106 

996 

906 
831 
772 
737 

721 
696 
68X 

214 
137 
133 

100 
67 
49 

1461 
1442 

1420 4 
1386 WY 
1377 Amide III 
1366 
1366 

rv, 

WC 

1304 W4 

TS 

1433 W: 

T, 
12Ob 

Wl 

r; 

1111 Sl 

R9 
1106 8, 
1066 is, 

1062 S. 

1069 s; 
1027 J% 
987 84 

% 
939 c-~Ostretoh 

& 
R, 
R* 
4 

746 AmideIV 

s 
Amide V 
Amide VI 

662) 

471 
386 Skeletal bend 
342 
268 
216 

’ AmideVII 

I 
123 
112 

t Skeletal bend end 

I 
tonTio9l 
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J. JAI& and S. KBIMM 

Exp. 

Pj 

Nylon 11 
MO. 

A' 
- 

A” Assignment 

1644/t? 
1649/6 
148212 
147012 

142012 

1363/3 
134012 

129812 

1281/2 
1263/3 
124212 

122612 
1199/3 
1191/2 
1162/2 
1127/2 

1090/3 

999/3 
987/3 
96812 
94012 
900/2 

79312 

72312 
690/3 
68413 
64413 
49413 
44413 

1646 
1666 
1479 
1476 
1476 
1473 
1470 
1463 
1464 
1446 
1440 
1420 
1386 
1382 
1376 
1372 
1348 
1334 

1296 

1282 

1246 

1229 

1191 

1130 

1093 
1070 
1068 
1067 
1062 
1043 
1036 

980 

942 

140 

660 
604 
448 
409 
370 
313 
247 
223 

1309 
1308 
1306 
1303 
1299 

1284 

1263 

1234 

1204 

1160 

1109 

1024 

964 

900 
846 
796 
161 

I38 
I24 
I18 
696 
681 

Amide I 
Amide II 

B 10 
4 
% 
B, 

2 

4 
B* 
Bs 
B, 
WItI 
W, 

Amide III 

W, 
WT 

P 

T: 
T, 
Tl 
TK 
W, 
T, 
W4 
T7 
W* 
T, 
ws 
TP 
Wl 
T 
S:” 
R 10 
8% 

20 
8 D 
80 
87 
8, 
% 
8, 
8, 
R* 

C-CO stretch 

R, 

RR: 

% 
Amide IV 

R* 
R¶ 
R1 

Amide V 
Amide VI 

Skeletal bend 

Exp. 

[Ql 

Nylon 11 (cont.) 
Calo. 

A’ A” A8signment 

Exp. 

[41 

1640/6 

1661/e 

214 
144 
143 
119 

Amide VII 

106 
90 I Skeletal bend 

71 
68 

and torsion 

28) 
Nvlon 66 

celo. ” 
A, By 4, 4 Assignment 

1644 
1646 

1666 

Amide I 

1480/2 
147112 

1446/3 

142312 

1376/6 

1480 
1478 
1474 
1472 

1462 
1460 

1447 
1440 

1422 
1419 
1386 

1378 
1378 

1370 
1367 

1334 
1331 

1306 

1281/2 

122612 
1201/z 
1183/2 

114612 

106612 

1043/2 
1017/3 

Amide II 

B,WH) 
B,(NH) 
B,(NH) 
B,W) 
B,PH) 
B,W) 
B,PH) 
B,(NH) 
B,WU 
B,W) 
Amide III 

W,(NW 
WV,(NH) 
W,(NH) 
W, (NH) 
W&O) 
T,(CO) 
T, (NH) 

1306 T;(NH) 
1302 T,W) 

1289 T,(NH) 
1282 W,(CO) 

1282 W,(NH) 
1264 T,(W 

1260 T,(NH) 
1243 W,(CO) 

1226 T,(NH) 
1221 W,(NH) 
1199 W,(W 

1178 T,(NH) 
1160 WNH) 

1144 T&O) 
1131 

1106 
1099 

1069 1 

Skeletal stretch 

1066 R,(W 

1064 1064 j 
1049 

1003 

1043 
1019 

Skeletal stretoh 
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988/Z 

93412 
908/z 

- 
1092/C 
107912 

98414 
94014 

86Qj2 
76412 

496/S 

44912 

1087 
1078 8, 

1079 R, 
1034 1069 8, 

989 986 Amide III 
939 939 G-CM at&oh 

872 I% 
743 4 

770 687 Amide IV 
604 Amide VI 
402 Amide V 

639: 

383 

460 I 

366 Sk&&d bend 
334 
242 

202 Amide VII 

993 R, (NW 
960 c--co stretch 

936 O-CO stretch 
904 R,W) 

888 R,(NH) 
803 R*wl) 

798 B,(NW 
745 Amide IV 

743 WNH) 
741 R,Kw 

726 Amide IV 
721 & (NH) 

79812 

73213 
697 

695/3 
6Q5 Amide V 

as3j3 “2 681 Amide- 

83612 639 
I22 
472 

107 
103 
97 

I 

Skeletal bend 

93 and torsion 

48 

aoy3 394 
388/3 866 

Skeletal bend 

361 
33013 318 

284 
230/3 214 

214 
Amide VII 

183 
178 

126 

N-deu~&~ nylon 6 
Exp. cc&lo. 

EQ. 131 A, 3, 4 AJ3aigmll.3nt 

16,716 

141912 
1371/4 
1381/a 

1349/4 

130313 
1293/3 
1278i2 

124312 
122712 

11731% 

1090/Z 

981/4 
$6112 
@M/2 
92312 

1630 
1486 
1478 
1471 

1630 
1487 
1476 
1471 
1460 
1443 
1420 
1376 

1372 

Amide I 
Amide II 

B, 
B, 
3s 
3% 
4 

WK 

W4 

107 

12s 
112 

74 I Skeletal bend 
1443 
1420 

1376 
1367 
1339 

72 
60 

113 
fil 

44 
22 

IQ I 

and torsion 

1330 

EIP. 
IQ1 

N-deutarstal npton 4 
CdO. 

4 % 4 Assignment 

1304 
1281 

1276 1281 
1237 

1220 1629/6 
147314 

146414 

144814 

1419/a 
138414 
136914 

133414 

1263J3 
1261/Z 

1192/2 

1121/z 

1630 

1481 

1476 

1451 
1418 

1371 
1346 

1302 
1266 

1240 
1192 

1132 

Amide I 

Amide II 

Sl 

8s 
86 
43 
86 
S* 
4 

Amide III 
o-co stretoh 

R4 
G-CO &retch 

Ra 
&a 

1214 

1127 
1175 

1096 
1067 
1035 
1023 
990 
945 

1056 
1004 
983 

1247 
964 

836 
762 

926 

773’12 
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J. JAXEB and S. Kmacar 

N-deutauted nylon 6 (cont.) 
Exp. Celc. 

L0.131 A, B, B, Assignment 

49613 
641 

61212 
442/e 440 
429/z 
366/2 366 
34614 
29412 298 

22013 
106/2 
17012 

602 

217 

126 
97 
71 
61 

63 
63 

40 

730 Amide IV 

R1 
Amide VI 
Amide V 

613 

Skeletal bend 

332 

263 
Amide VII 

1061 

Skeletal bend 
and torsion 

Exp. 
[91 

N-deuterated nylon 7 
calo. 

A’ AX Assignment 

1632/6 

1421/2 
137412 

136614 
132312 

1302/3 
1289/3 
126212 

123012 
1219/z 
1168/e 
1127/2 
1110/a 
1096/c 
1066/3 

1021/4 
97312 
a7313 
037/B 
87’312 
79312 

728/2 

1630 
1487 
1476 
1474 
1467 
1464 
1442 
1420 
1380 
1373 
1348 
1314 

1260 

1213 

1126 

1106 
1066 
1066 
1036 
1016 
980 

936 

1307 
1306 
1206 
1269 

1229 

1166 

1106 

Amide I 
Amide II 

% 
B, 
B, 

2 

B: 
W, 

? 

w: 
T, 
T1 

3: 

2 

w: 
*, 
8, 

976 

378 
791 
744 
721 

86 
s6 

4 

66 
Amide III 

% 
&CO stretoh 

% 
R* 
R, 
R1 

Exp. 
c91 

N-deuterated nylon 7 (amt.) 
Cslc. 

A’ A” ~ianment 

40313 

122 

608 
467 

43614 443 

Amide IV 
604 Amide VI 
602 Amide V 

\ 

I Skeletal bend 

337 I 
214 Amide VII 

163 
139 > 

SkeIetaI bend 

134\ 
126 
83 

J 

Skeletal torsion 
69 
62 

Exp. 
[Ql 

N-deutarated nylon 8 
talc. 

4 % 4 Assignment 

1637/e 

1420/2 

130713 

1283/2 
126312 

1219/3 
1211/2 

1164/z 

112412 
1096/3 

1022/a 

99912 
97813 
97812 
93412 
911/3 
82812 
770/2 

1630 
1486 
1478 
1474 
1471 
1463 
1461 
1441 
1420 
1381 
1372 
1366 
1328 

1204 

1249 

1208 

1126 
1109 

1068 
1064 
1036 

1032 
1009 

980 

940 

1308 
1306 
1302 

1288 
1269 

1219 

1167 

1106 

996 

903 
828 
766 

1630 Amide I 
1486 Amide II 

1477 B, 
1474 BE 
1471 % 
1463 B, 
1461 B, 
1441 J-G 
1420 B, 
1382 w , 
1374 1360 2 

1335 w: 

2 

*: 
1290 WP, 

2 

1263 w: 
*, 

1204 tv, 

*, 
1128 

6, 

1104 8, 
RT 

1066 
1064 2 

1069 fJ: 
1036 

S, 

993 84 
% 

974 Amide III 

931 C-CO atretch 

R, 
R, 
R* 
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N-deuterated nylon 8 (c~nl.) 

z A 
Cdo. 

1 B B I 1 Assignme& 

726 

72612 

49413 

64313 
501 
479 
466 
356 
249 
220 

736 
719 
604 

213 
137 
135 

100 
67 
49 
44 
34 

33 
32 

I42 Amide IV 

BB, 
AmideVI1 
Amide V 

566 

383 

469 ) 

Skeletal bend 
340 
258 
214 

Amide VII 

122 
111 

Skeletal bend 
‘end torsion 

J 

N-deutemted nylon 11 

1632/S 1630 
1486 
1478 
1476 
1474 
1473 
1469 
1462 
1463 
1446 
1440 

142012 1420 
1384 
1379 
1372 
1366 
1340 
1318 

1286 
1288/2 
1266/3 

1261 
123312 

1229 
1199/2 

1198 

Amide I 
Amide II 

40 
BD 
Bl 
B, 
B, 
B6 
B4 
BO 
Bl 
B. 

1 

WI0 
W. 
W8 
W. 
WO 
W6 

1309 T. 
1308 T; 
1306 TI 
1303 T1 
1299 T, 

W4 
1284 T, 
1263 T, 

W$ 
1234 T. 

0 

Wl 
1204 

1162/2 
1129/Z 

97612 
96812 
93412 

84312 
79212 
I6414 
74112 

I2312 

48613 
64113 
49813 
44113 

1127 
1116 

1070 
1063 
1064 
1062 
1048 
1035 

1013 
968 
972 

933 

736 

664 
602 
445 
408 
370 
311 
246 
222 

Exp. 
N.deut.embd nylon 11 (w.) 

&lo. 
WI A* A* Aeaigmmfmt 

1160 

IO 
68 

1109 

I 
1024 

1 

Skeletal et&ah 

80 
Skeletal stretoh 

Amide III 
963 

898 
843 
792 
759 
I36 

723 Rl 
716 4 
604 Amide VI 
502 Amide V 

1 
214 
144 
143 
119 
106 
90 
82 , 

Skeletal bend 

Amide VII 

Skeletal bend end 

68 
30 
23J 

EI~. 
Clll 

1660/6 1662 
lass/s 1667 
1411~4 1462 

1461/e 
1458/6 
1441/s 
141412 
131412 
1300/2 

1446 

1415 
1378 
1302 

A’ 

CH,CONHCH, 
CldO. 

A’ Aaaignment 

Amide I 
Amide II 

1465 

1452 

CHJNH) aa bend 

CH,(CO) es bend 

aH,(NH) v= bend 
CH,(CO) sym bend 
Amide III 
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Exp. 

[Ill 

CH,CONRCH, @oat.) CD,CONHCH, (cont.) 

C&L Exp. CelC. 
A’ A” Assignment 1111 A’ A” Assignment 

1161/3 

1096/s 
1044/3 
99112 
88312 
72613 
628/Z 
600/3 
43913 
28913 
19213 

1183 
1134 

1106 
1064 

987 
884 

726 
634 

697 
442 
296 1 

196 
147 

136 I 

CH,(NH) rook 

N-CH, stretch 
CH,(CO) rock 
G-C stretch 
CH,(CO) rook 
Amide V 
Amide IV 
Amide VI 

Skeletal bend 

Amide VII 

CH, torsion 

71613 
69213 
63713 

687 
699 

636 

Amide V 
Amide IV 
Amide VI 

407/3 404 
28813 282 1 Skeletal bend 

182/3 189 Amide VII 
140 CH, torsion 
104 CD, torsion 

Exp. 

Cl11 

CD,CONDCH, 
CalC. 

A’ A” Assignment 

Exp. 

WI 

CH,CONDCH, 
Cela. 

1647/e 

A’ AX Assignment 
1480/6 
146216 

1647/6 1648 
148616 1496 
1471/4 1469 

1466 
1440/6 1462 
1446j4 1439 
1406/2 1408 
131212 1366 
1186/3 1186 

1134 
1123/3 1114 
1046/3 
1000/2 993 

966/3 967 
87212 872 

1062 

628/2 628 
636 

610/3 604 
43913 439 
29213 294 > 
189/3 196 

147 
136 1 

Amide I 
Amide II 

CH,(ND) ae bend 

CH,(CO) &B bend 

CH,(ND) sym bend 
CH,(CO) sym bend 

CH,(ND) rook 

N-CH, stretch 

CH,(CO) rock 

Amide III 
C-C stretch 
Amide VI 
Amide IV 
,&nide V 

Skeletal bend 

Amide VII 

CH, torsion 

=P 
Cl11 

1647/6 
1667/6 
146212 
1446/6 
1416/2 
132612 
1161/3 

1120/3 

87114 
907/3 
800/3 

CD,CONHCH, 
CU. 

A’ A” Assignment 

1661 Amide I 
1660 Amide II 
1460 

1466 
CH, aa bend 

1416 CH, sym bend 
1320 Amide III 
1166 

1121 
1133 

CH, rook 

N-CH. stretch 
1048 
1039 

866 

1046 CD, aa Lend 
CD, sym bend 
C-C stretch 

803 
908 CD, rock 

140812 
ll98/4 

112614 

97614 
910/3 
861/3 
79614 
688/3 

60613 
40213 
28Of3 
17313 

1634 
1488 

1466 

1451 
1407 
1200 

1133 
1126 
1047 1046 
1044 

968 
899 

867 
798 
683 

669 
498 

402 
281 > 

189 
140 
103 

Amide I 
Amide II 

CH, ae bend 

CH, eym bend 

CH, rock 

N-CH, stretch 
CD, a~ bend 
CD, sym bend 
Amide III 
CD, rock 
C-C stretoh 
CD, rook 
Amide IV 
Amide VI 
Amide V 

Skeletal bend 

Amide VII 
CH, toraion 
CD, torsion 

Exp. 

1111 

CH,CONHCD, 
Cdl?. 

A’ A” Aaeignment 

1647/e 
1664/6 
144713 
1437/6 
137312 
1302/2 
1146/3 

968/4 
89014 

72613 
606/4 
600/3 

1662 
1649 
1446 

1380 
1304 
1144 
1061 
1030 
1019 
967 

781 

610 

Amide I 
Amide II 

1462 

1069 
1044 

884 

724 

696 

CH, as bend 

CH, sym bend 
Amide III 
N-CH, stretch 
CH, rock 
CD, aa bend 
CD, sym bend 
C-C stretch 

CD, rook 

Amide V 
Amide IV 
Amide VI 



Tnble 2 (mat.) 

480 
ma 1 

Skeletal bend 

181 Amide VII 
144 CH, toreion 
101 CD* torsion 

=&@m* 

1640/s 
1430/s 
143214 
147316 
1367/X 
llsof3 

104113 

96614 

‘17313 
8%0[4 

SOS/3 
61614 
42813 

1647 
1464 
1440 

1463 
1366 
1187 
1068 

1666 
IQ46 

1044 
1009 

982 
937 
771 

884 
632 

606 
603 

486 
874 > 

181 
144 
101 

Amide I 
Amide II 
CR, es bend 
UH, se bend 
GE, eym bend 
N-OH* etFet& 
Amide IIZ 
OH, rook 

CD, ae bend 

CD, eym bend 
CH, rock 
c-c stretch 

CDs took 

Amide VI 
Amide XV 
Amide V 

Skeletal bend 

Amide VII 
CH, tarsion 
CD, tomGo= 

Exp. 

1111 

cD*CONECD* 
CdO. 

A’ A” Assignment 

164616 1680 Amide I 
lbS6/6 1640 Amide II 
132612 1323 Amide III 
i147ja I149 N--cH, &ret& 
lQQ6j4 lOB1 CD,(m) eym bend 

X046 0-G stretch 
1048 CD,(NH) ee bend 

1646 1046 CD,(CO) as bend 

102?/3 
979/3 
911/S 
82116 

T6Of6 
?lk~is 
6?4fS 
62613 
39413 
266/3 

1016 
96% 

826 

746 

670 

89% 
264 

916 

874 

693 Amid* v 
dmide TV 

634 Amide VI 

1 Skeletal bend 

176 Amide VII 

CDpNDCD, 
Exp. Cd& 
Pll A’ AX Assignment 

1636j6 1633 
14T3i2 1453 
1174j6 I164 
1 1 1016 1097 

lOlOf4 
986f4 
95014 
81233 
816/a 

1022 
%%I 
93l 

896 

74614 741 
67313 666 

1047 
1046 

3%6j3 3BO 
2883 263 

1048 

I 

1046 

919 

873 

656 
4%8 

z 
176- 
109 

96 1 

Amide I 
Amide II 
N-JJH, stretoh 

CDs bend, 
G--C atretch, 
and Amide m 
(&ox& mixed) 

CD,(CO) rock 

CD, (ND) rook 

Amide IV 
Amide VI 
Amide V 

Skeletsf bend 

Amide Vii 

CD, torsion 

quite &mbiguous &nt-~ amide III ~on~bu~ ~~~~ntl~ to several bands in the 
CZIS wagging region. On the other hand, the previous notation, where we included 
the amide III band with the wagging sequence, was rather confusiug. Further, we 
now denote the band a;C about 940 om-1 as C-C(=O) stretch instead of its previous 
inolusion with the S progression. 

There tire, some frequencies which were not experimentally observed. Of greatest 
sig~~~u~ is the &mid% IV in polyamides, whose absence has for a long time been 
discussed by those studying the infrared spectrtr of polyamides. The present cc& 
cul&ions show the somewhat surprisiug faot that this mode should lie in the 700 cm--l 

3 
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region, rather than in the 600 cm-l region where it was expected. In the former 
region it is masked by the strong amide V band, and in the deuterated molecules an 
ambiguity occurs as to whether some unpronounced shoulders in the vicinity of R, 
may belong to the remnants of nondeuterated molecules or to a weak amide IV’ 
band. No amide VI’ band was observed; calculation places it at 604 cm-l in nylons 
and at 628 cm-l in N-methylacetamide. The bands R,_, in nylons are masked by 
G-C stretching bands and could not be located with certainty. The dependence of 
these frequencies on force constants is somewhat similar to that of the 1045 cm-1 
band of nylon 66, and since the latter is well assigned, we can have some confidence in 
the calculated values of the former frequencies. No data for skeletal torsions (with 
the exception of amide VII), and for skeletal bends below 150 cm-l, are available. 
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