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The Normal Vibrations of trans-trans Diacetamide

By Toyozo Uno and Katsunosuke MACHIDA
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In a previous report on the infrared spectra
and structure of acyclic imides'?, it was con-
cluded that diacetamide takes the trans-cis and
the trans-trans configuration in the crystal in
A and B forms respectively. With respect to
form A, X-ray diffraction study was carried
out and the trans-cis configuration was proven
to be approximately valid®. Such a support
from X-ray analysis, however, has not yet been
given to form B, for which it is therefore
of interest to determine the type of its
hydrogen bond in connection with the mole-
cular symmetry in the crystal®.

The present work has been undertaken to
see whether or not the observed infrared
frequencies of diacetamide crystals in form B
can be reproduced by a reasonable set of
force constants based on the assumed trans-
trans structure. For this purpose, we have
carried out normal vibration calculations for
the in-plane vibrations of diacetamide and
diacetamide-d in the trans-trans configuration
and have obtained satisfactory results, particu-
larly for imide characteristic frequencies.

Calculation

The methyl group was treated as a point
mass, and the resulting eight-body problem
was treated by Wilson’s GF matrix method®,
A molecule of diacetamide in the trans-trans

1) T. Uno and K. Machida, This Bulletin, 3, 545 (1961).

2) K. Osaki, H. Koizumi and T. Watanabé, Symposium
on Molecular Structure, Sapporo, 1960,

3) T. Uno and K. Machida, This Bulletin, 3, 821
(1961).

4) E. B. Wilson, Jr., J. Chem. Phys., 7, 1047 (1939); 9, 76
(1941).

configuration has the C.; symmetry. Besides
the vibrations arising from the methyl group,
there are thirteen inplane vibrations, which are
classified into seven A, and six B, vibrations
according to their symmetry®. The N-H stretch-
ing vibration belonging to the A, species was
separated from the other A, vibrations*®, and
secular equations of the sixth order were set up
for both species A; and species B;. The internal
coordinates were defined as shown in Fig. 1,
and the symmetry coordinates were constructed
as shown in Table I. The bond lengths used
in the present calculations are : r(C-N) =1.324,
r(C=0)=121A and r(CH:-C)=1.54A. All
the bond angles were assumed to be 120°.
These bond lengths and bond angles are the
same as those used in the calculations for
N-methylacetamide by Miyazawa et al.”?
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Fig. 1. Internal coordinates of diacetamide.

5) The present description of the symmetry species is
based on Reports on Notation for the Spectra of
Polyatomic Molecules, J. Chem. Phys., 23, 1997 (1955). The
B: species in the present work should be compared with
the B) species of the previous papers!:»®,

6) B. L. Crawford, Jr. and J. T. Edsall, J. Chem. Phys.,
7, 223 (1939).

7) T. Miyazawa, T. Shimanouchi and 5. Mizushima,
ibid., 29, 611 (1958).
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TABLE I. SYMMETRY COORDINATES TasLe II. FORCE CONSTANTs (md./A)
Symmetry . P Initial Final
species Symmetry coordinates Description set set
Si=(1/2)'2d (ri+r2) C-N stretching Kc-n 5.50 4,00
So= (1/2)12d (r3+ry) C-C stretching Kc-0 8.50 9.80
A Ss=(1/2)12d(rg+r7) C=0 stretching Kc-cn, 3.40 3.20
' Si=(1/6)124(2ai2— a1 C-N-C bending Hu-x-c 0.35 0.31
— as) He-n-c 0.20 0.50
S5=(1/12)/24(2az— ars CH3~-C=0 bending Hx-c-cu, 0.30 0.30
— a5+ 20047 — @z — aay) Hy-c-0 0.35 0.20
Se=(1/2)4(az— s CH;-C=0 rocking Hcu,-c-0 0.30 0.25
+az—aw) Fi...c 0.50 0.35
Si=(1/2)124(ri—rs) C-N stretching Fe...c 0.40 1.70
Ss=(1/2)"24(rs—r) C-C stretching ?"‘--Cﬂs ?-gg ?-;’g

So=(1/2)/24(r¢—r;) C=0 stretching N...Q : :

p, So=(/DVdlre=r: Feny..0 0.50 0.50

Sio= (1/2)1!23(51}5
—ags)

Su=(1/12)1/24(2ass
—ayy— aje— 2aq
+an+an)

Sie=(1/2) d(a13— 16
— @zt azy)

N-H(N-D) in-plane
deformation
CH;-C=0 bending

CH;3-C=0 rocking

Force Constants. — The Urey-Bradley type
potential function®.

V= Ki(dr:)?+ X {Hyjrdri*(daig)?
i i)

+ Fi;(4q:;)?} +linear terms

was assumed. Here, three bond-stretching
(K}, five bond-angle-deformation (Hi;), and five
non-bonded repulsion (F;;) force constants
are necessary. These force constants may be
transferred from N-methylacetamide™, which
includes all the five pairs of adjacent bonds
(H-N-C, C-N-C, C-C-N, 0=C-N and C-C-0)
included in diacetamide. Diacetamide differs
from N-methylacetamide, however, in contain-
ing a carbonyl carbon atom instead of the
methyl carbon atom attached to the nitrogen
atom in the latter. This may leave a question
about the transferability of the force constants
related to the C-N-C linkage. There has been
no report, however, on the C-N-C bond angle
deformation and the C---C repulsion force
constants for the O=C-N-C=0O linkage. The
calculations were, therefore, started with
the initial set of the force constants transferred
from N-methylacetamide”™ . They are listed
in the first column of Table II. The refine-
ment of the force constants was made by a
comparison of the observed and the calculated
frequencies with reference to the Jacobian
matrix!®, Since there are two A, and one B;

8) T. Shimanouchi, ibid., 17, 245, 734, 848 (1949).

9) The only exception was Fg...c, which has been
chosen to be 0.30 md./A for N-methylacetamide’’.

10y T. Miyazawa, J. Chem. Soc. Japan, Pure Chem. Sec.
(Nippon Kagaka Zassi), 76, 1132 (1955).

skeletal deformation frequencies which have
not yet been observed, it was impossible to
adjust the related force constant directly from
these frequencies. On the other hand, except
for the imide I, II and III frequencies!'?, the
observed frequencies were found to be not far
from the frequencies calculated on the basis
of the initial set of the force constants. Con-
sidering these facts, adjustment was made
particularly with respect to the force constants
related mainly to the imide I, II and III fre-
quencies. In the course of this procedure it
was found that the difference in the bond
orders of C=0 and C-N bonds between
amides and imides should be taken into account
in the refinement of K¢=0, Kc-~ and Hu-n-c.
The conceivable canonical forms in the re-
sonance hybridization of an imide molecule

are shown in Fig. 2, from which it may
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Fig. 2. Resonance structures of imides.

easily be understood that the C=O bond order
increases but the C-N bond order decreases
with an increase in the contribution of the
non-polar form b. The trans-trans con-
figuration may be advantageous for form b
since the other two forms should give rise to
a strong repulsion between the adjacent oxygen
atoms. Thus, it is quite reasonable that

11) T. Uno and K. Machida, This Bulletin, 34, 551 (1961).
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imides should exceed amides with respect to
Kc-0 and vice versa with respect to Kc-~ and
Hy_x-c. In order to compensate for the
decrease in the valuz of K¢-w~, a marked in-
crease in the value of F¢...c was necessary for
the frequency fit in the 4; C-N-C symmetric
stretching frequency. As may be seen from
Fig. 2, imides have non-localized electrons
around the C-N-C linkage. Therefore, a
resonance cross term'? may be implicitly in-
cluded in the effective value of Fc...c. In this
respect, it is reasonable that the Fc..c of
diacetamide is comparable to the Fo...x rather
than to the Fc...c of N-methylacetamide™. The
repulsion between the oxygen atoms may also
be expected to contribute to the effective
value of the Fc..c of trans-trans diacetamide.
The quantitative treatment of these contribu-
tions could not be undertaken without the
determination of the lowest three skeletal
deformation frequencies. The final set of the
force constants obtained in the present calcula-
tion is shown in the second column of Table
II. They reproduce the observed frequencies
with deviations of less than 6%.

Numerical Calculation.—Most of the present
calculations were carried out on the KDC-1
digital computer at Kyoto University. A
program for the normal vibration calculation
was constructed with reference to those of the
previous investigators'?:'®2. The library sub-
routines were used for the matrix multiplica-
tions and for the solution of the secular
equations. These library subroutines were
connected to the additional subroutines
designed to calculate the F matrix®, the
Jacobian matrix'", the potential energy dis-
tribution'®!%>, and the LL' matrix'*>. The F
matrix was calculated from the A, matrices
and the force constants, K, according to the
formula!®:

F= %A;;Kh

The program was designed to be appropriate
to such a matrix, including many zero ele-
ments as A,. The construction of the F
matrix requires the following input for a given
matrix A,: (1) the values of the non-zero
elements, (2) the indices denoting the locations
of the non-zero elements, and (3) the number
of the non-zero elements. The same input,

12) T. Shimanouchi, International Symposium on
Molecular Structure and Spectroscopy, Tokyo (1962);: see
also S. Califano and B. L. Crawford, Jr., Spectrochim. Acta,
16, 889 (1960).

13) T. Shimanouchi and I. Suzuki, J. Mol. Spectroscopy,
6, 227 (1961); 8, 222 (1962).

14) J. Overend and J. R. Scherer, J. Chem. Phys., 32, 1289
(1960).

15) Y. Morino and K. Kuchitsu, ibid., 20, 1809 (1953).

16) 1. Nakagawa, J. Chem. Soc. Japan, Pure Chem. Sec.
(Nippon Kagaku Zassi), 74, 243 (1953).
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together with the L matrix, was used to con-
struct the Jacobian matrix. This method was
quite effective in utilizing the memory of the
computer and in reducing the computing time.
The present calculations, which included four
secular equations of the sixth order, the input,
and output procedures, could be performed
within fifty minutes.

Results and Discussion

In Table III, the final set of the calculated
frequencies are listed, together with the
potential energy distributions, and are com-
pared with the observed frequencies. The
previous assignments''’> of the characteristic
frequencies are in good agreement with the
results of the present calculations.

The calculated values for the imide I fre-
quencies elucidate well the facts that the A,
frequency (v:) is about 40cm~' higher than
the B: frequency (v;) and that it does not shift
on deuteration, while the B, frequency under-
goes a low-frequency shift by about 15cm~2.
The vibrations responsible for these frequencies
are almost all localized at the C=0O stretching
coordinates (Ss and Ss). The imide II and
III frequencies (vs and vs) belonging to the
B, species are contributed mainly from the
C-N stretching and the N-H in-plane deforma-
tion vibrations, as was suggested in a previous
paper'’?, It may be seen from the present
calculations, however, that the energetic con-
tribution of the C-C stretching vibration is
also important for the imide III frequency.
In contrast with the imide I and II frequencies,
the imide III frequency seems to vary with
the change of one or both of the frameworks
attached to the -CONHCO- group from the
methyl to the higher alkyl groups!". This
fact may reasonably be expected from the
present calculations, which show that inter-
action between the -CONHCO- group and
the alkyl framework vibrations is involved
in the imide III frequency.

With respect to the imide II' frequency
(vs'), the contribution of the C-N stretching
vibration is three times as energetically im-
portant as that of the N-D in-plane deforma-
tion vibration. The smallness of the contri-
bution of the C-C stretching vibration seems
to be related to the slight dependence of this
frequency upon the change of the alkyl
group!’>. The imide II, III and II' frequencies
of trans-trans diacetamide are quite analogous
to, respectively, the amide II, III and II' fre-
quencies of N-methylacetamide in the trans
configuration™ in their potential energy distri-
butions. It is of interest that the appreciable
difference in the corresponding force constants
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TABLE III. FREQUENCIES AND POTENTIAL ENERGY DISTRIBUTIONS
CH;CONHCOCH;
S);gleg';g:ry No. Vealed Yobs E?)‘;:fx‘ ﬁfes:l%;‘?? P.E.D.*
r v1 1732 1734 0.1 Imide I (sym.) S1(11), S;3(84)
ve 1289 1295 0.5 vc-N-c (sym.) S.(61), S2(39)
A J vy 1036 1035 0.1 Skeletal 51(24), S:(35), Se(23)
! vy 639 625 2.2 Imide IV S:(51), S5(18), Se(8)
I vs 375 — — S5(69)
Ve 193 — —_ 84(52), Ss(55)
vy 1697 1690 0.4 Imide I 85(85), Sw(ll)
(antisym.)
vs 1507 1505 0.1 Imide 1I S:(37), S1(69)
B vg 1203 1236 2.4 Imide III 5:(55), Ss(23), S510(20)
% vio 896 920 2.3 ve-c S:(11), 85(69)
vi1 511 523 2.3 Imide IV 511(86)
Viz 436 -_ _— 512(82)
CH;CONDCOCH;
(v 1730 1734 0.2 Imide I (sym.) 5,(10), S:(85)
| v 1288 1295 0.6 vc-N-c (sym.) S51(60), S2(39)
A ) v 1015 1035 1.8 Skeletal 5,(26), S,(34), S5(23)
! vy 637 625 1.9 Imide IV S2(51), S5(17), Ss(8)
l vs' 375 — — S5(69)
ve' 193 — — 54(52), S5(55)
vy' 1681 1675 0.4 Imide 1 S5(94)
(antisym.)
vg' 1375 1348 2.0 Imide II S$7(78), S3(10), $10(29)
B vy' 1007 951 5.9 Imide IIT’ S5(42), S10(49)
% vig' 861 901 4.4 ve-c 5:(18), S3(42), S$1,(19)
vt 504 523 3.6 Imide IV 511(86)
vis' 434 — — S12(84)

*1 | vobs— Vealed |/Vobs X 100
*2 v stretching, see also Ref. 11.
*3  FiiLlis®/Asx 100

between these compounds does not produce
any difference in the energetic natures of the
corresponding characteristic vibrations. Besides
the N-D in-plane deformation vibration, the
contribution of the C-C stretching vibration
is important for the imide III' frequency
(ve'), on which it has been revealed that the
influence of the alkyl group is also appreci-
able’?, The difference between the observed
and the calculated values (56cm~!) for the
imide III' frequency may be attributed to the
disregard of the interaction with the B, CH;
rocking vibration in the present calculations.
This is suggested by the facts that the inten-
sity of the 1035cm~! band of diacetamide in
form B is appreciably reduced on deuteration
and that a weak band appears at 1100cm~! for
diacetamide-d in form B%. For the undeute-
rated species, it seems that the absorption due
to the B; CH; rocking vibration is overlapped
by the 1035cm~! band due to the A, skeletal
vibration. For the deuterated species, however,
the B: CH; rocking vibration seems to couple
with the N-D in-plane deformation vibration,
thus giving rise to the 1100cm~! band and
pushing the imide III' frequency down from
the uncoupled value near the calculated fre-

quency (1007 cm~?!) to the observed frequency
(951 cm™!). This interpretation may be con-
firmed by the application of the product rule*
to the B: frequencies. As is shown in Table
1V, we have obtained a good agreement between
the observed and the theoretical ratios by em-
ploying the frequencies v; and v;' (i=7, 8, 9
and 10) which are shown in Table III, together
with two additional frequencies: 1035cm™!
for the undeuterated species and 1100cm~!
for the deuterated species.

The present calculations show that the two
imide IV frequencies assigned previously to
the two C=0 in-plane deformation vibrations®
are essentially different from each other in
their vibrational modes. The B; frequency
(vi1) arises from the almost pure CH;-C-=0
bending vibration, while the A, frequency (vs)
has a complicated vibrational mode to which

TapLE 1V. PRODUCT RULE RATIOS

Symmetry Observed* Theoretical
species ratio ratio
Mvi/llyy'  [IGH)| /|G(D)] 17
B; 1.41 1.40

1690, 1505, 1236, 1035 and 920
951 and 901

* pit

vi': 1675, 1348, 1100,
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the C-C stretching, CH3;—C=0 bending, and
CH;-C=0 rocking vibrations contribute. Such
a mixing of vibrational modes is also seen
for the A, skeletal frequency (vi). Further
discussion of the vibrational modes of v; and
vs, however, will not be undertaken here since
these mixed vibrational modes are probably
affected by those force constants related
mainly to the unobserved frequencies below
450 cm ™1,

Summary

A normal coordinate analysis of the in-plane
vibrations of diacetamide and of diacetamide-d
taking the trans-trans configuration has been
undertaken. The calculated frequencies agree
well with the observed frequencies for the
crystals in form B. The Urey-Bradley force

431

field has been adopted, and the force con-
stants obtained have been interpreted in
terms of the difference in resonance structures
between amides and imides. It has been
shown that the vibrational modes of the
characteristic imide frequencies are closely
related to the behavior of the corresponding
characteristic bands upon the change in the
alkyl frameworks attached to the imide group.
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