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The Vibrational Spectra of Succinimide and N-Deuteriosuccinimide
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The infrared spectra (4000—200 cm™) of
succinimide as a vapour (160°C), melt (~ 130
°C), oriented polycrystalline film, KT-pellet,
Nujol mull and dissolved in CCl,, CS,, CH,Cl,,
and CH,CN were recorded. Additional spectra
were obtained in the region 400—30 cm™1.
Raman spectra of the crystalline solid and
saturated solutions in various polar solvents
were recorded and semiquantitative polariza-
tion ratios were measured. Infrared and Raman
spectra of N-deuteriosuccinimide in the solid
state were recorded.

The fundamental frequencies were tentatively
assigned in terms of C,, symmetry based upon
Raman polarization data, dichroism of the
oriented film and analogies with the spectra
of the N-halogenated succinimides. Force
fields were derived by initially transferring
force constants from maleimide and succinic
anhydride, and the data were fitted together
with those of the N-halogenated succinimides
by a least square method.

We have recently reported the vibrational
spectra of maleic anhydride,! maleimide,* and
N-chloromaleimide.? These studies have now
been extended to the corresponding saturated
cyclic imides. In the present communication
we shall report our results for succinimide
(SIM) and the N-deuterated species (SIMD),
while the N-halogenated derivatives will be
treated in a forthcoming paper.® Previously,
infrared studies of SIM and SIMD as solids
have been restricted to the KBr region * and
oriented crystals in the NaCl region.® No melt
or solution data have been reported and the Ra-
man spectra have to our knowledge not been
recorded.

In the present study we have obtained as
complete infrared and Raman data as possible
within the limitations imposed by the low
vapour pressure and restricted solubility of
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SIM. The assigned fundamentals were compared
with the results of & normal coordinate analysis,
using a generalized valence force field, and treat-
ing SIM and SIMD together with the N-
halogenated succinimides.

EXPERIMENTAL

The sample of SIM was a commercial product
from Fluka AG, which was purified by repeated
sublimation on a cold finger (m.p. 126 °C, b.p.
287°C). The deuterated compound (SIMD)
was prepared by successive treatments with
D,0 and evaporation of the water. Although
most of the sample handling took place in a
dry box, a slight exchange of deuterium
from moist air was observed in the infrared
spectra. :
The infrared, far infrared, and Raman (using
the 4880 and 5145 A lines from an argon ion
laser (CRL 52 G)) spectrometers,! cells, and
general procedures? have been described.
Dimethylformamide (DMFA) was used as
solvent for the Raman spectra because of the
low solubility of SIM in non-polar solvents.

RESULTS

SIM and certain N-halogenated succinimides
have been studied by X.-ray crystallography
and the ring skeleton reported ?*® to be nearly
planar. Furthermore, the same holds true for
the related succinic anhydride in the vapour
phase.?

The fact that SIM forms dimeric molecules
in the crystal and probably in solution because
of two N—H...O=C hydrogen bonds (contrary
to the N-halogenated derivatives) presumably
do not perturb the fundamentals significantly.
As previously noted for the maleimides %
the comparatively weak intermolecular bonds
result in coinciding a, and b, as well as a,
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and b; modes (C,; symmetry of the dimer).
Only the N—H stretching and bending modes
are highly affected by the hydrogen bonding.
Therefore it seems appropriate to assume that
SIM and SIMD (like the corresponding malei-
mide * and maleic anhydride !) have Cy, sym-
metry in all the states of aggregation. The 30
fundamentals will then divide themselves into
the symmetry species: 10a,+ 5a,+ 6b, + 9b, in
which a, and b, represent in-plane, a, and b,
out-of-plane modes. All the fundamentals are
active in the Raman effect while those of
species a, are forbidden in the infrared spectra.

A vapour IR spectrum of SIM was recorded
at ca. 160°C, but due to the low vapour pres-
sure, the vapour contours gave no relevant
information for the assignments. Instead,
infrared measurements of the dichroic ratio
of oriented polycrystalline films gave in many
cages direct information about the species.
This method, particularly suitable for ortho-
rhombic crystals, has previously been applied
to succinimide by Hayashii ® and will therefore
not be described here. Our dichroic measure-
ments of various oriented polycrystalline films
of SIM were much more complete in terms of
spectral resolution and frequency range than
the earlier work ¢ employing NaCl-optics, but
confirmed the earlier results.

Under the assumption of C,, symmetry
for the molecules, the transition moments will
be directed along the X-, Y- and Z-axes (Fig.
2) for the b, b, and a, modes, respectively.
If an oriented gas model can be applied, the
dichroic ratio should be equal for all vibrations
belonging to the same species. In accordance
with Hayashii’s ® determination of the crystal
axes, the following infrared intensity ratios
should be expected for SIM:

(a) Iy>I,>1, for a,
) I;>1,>1, for b,
(e) I,> (I and I,) for a, vibrations.

I,, I, and I, denote the relative intensities
for the three mutually perpendicular axes
a, b and ¢ of the orthorhombic unit cell.
Additional support for the assignments
was provided by the Raman polarization data
obtained in saturated solutions in dimethyl-
formamide and water. Also, the force constant

calculations of SIM and SIMD were of consider-
able aid. Moreover, the striking similarity
between the spectra of SIM and those of N-
chloro-, N-bromo-, and N-iodosuecinimide *
was of great help for the assignments.

Spectral interpretations. As an illustration,

the infrared spectra of two oriented poly-
crystalline films of SIM are shown in Figs.
1A (E vector parallell with the ¢ and a axes)
and 1B (E vector parallell with the b and a
axes). The Raman spectrum of the solid is
given in Fig. 1C, while the observed infrared
and Raman frequencies are listed in Tables
1 (SIM) and 2 (SIMD). Our assigned funda-
mentals for both compounds are given in
Table 3 together with the calculated frequen-
cies.
The broad, intense bands at 3150 (solid),
3270 (melt) and 3280 c¢cm~ (CH,CN solution)
were interpreted as the hydrogen bonded N — H
stretch (»;). In CCl, solution an infrared band
at 3423 cm™ was considered as the “free’
7, (Table 1.) An intense infrared band at 3070
cm™ (solid) (absent for SIMD) disappeared
in dilute solution and was assigned ® as v4,+
¥3¢ in Fermi resonance with »,. In SIMD the
hydrogen bonded v, was found at 2326 cm™! in
the solid. The present data suggest that the
hydrogen bonding is stronger in SIM than in
maleimide since the N—H frequency shifts
from dilute solution to melt and further to
the solid state were larger for SIM. The two
CH, groups of SIM and SIMD will give rise
to four C—H stretching frequencies (one of
each species) which were attributed to bands
between 3000 and 2940 cm™ in SIM, SIMD
and the N-halogenated succinimides.*

It is well known from the maleimides,??
maleic,»»!® and succinic anhydride ° that the
C=0 stretch of species a, is invariably at
higher frequency than the b, mode. The same
rule applies to SIM, SIMD and the N-halogen-
ated succinimides and will be discussed in the
forthcoming paper.* In SIM », and v;; were
found at 1772 and 1697 cm™, whereas in SIMD
they were situated at 1771 and 1674 cm™,
respectively. A strong Raman band at 1766
cm™ in SIMD was interpreted as v;+7v,, in
Fermi resonance with »;. The present molecules
as well as the corresponding maleimides %2
and anhydrides 1,* have several strong or
medium intense bands in the region assigned
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Fig. 1. Infrared and Raman spectra of succinimide in the solid state: A. (upper curve) 4000 — 400
cem™!: the infrared spectrum of oriented crystals between KBr plates; solid line, E vector along ¢
axis; dotted line, E vector along a axis. 400 — 30 cm™: polyethylene pellet; B. (middle curve) the
infrared spectrum of oriented crystals between KBr plates; solid line, E vector along b axis; dotted
line, E vector along a axis; C. (lower curve) the Raman spectrum.

to combination bands or overtones, partly
enhanced by Fermi resonance to the a, and
b, fundamentals.

The two methylene groups of SIM and SIMD
will give rise to two scissor (a,, by), wag (@,, b,),
twist (@, b,) and rock (@, b,) fundamentals
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of which the scissor and wag are generally
localized vibrations situated around 1450 and
1300 em™, respectively. All the succinimides ¢
had intense infrared and Raman bands around
1425 cm™ assigned to an a; mode. The corre-
sponding b, scissoring modes (v,,) were assigned
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Table 2. Infrared and Raman spectral data for N-deuteriosuccinimide.

IR Raman Assignments IR Raman Assignments b
Solid Solid Solid Solid
Nujol Nujol
3146 m*© H4 1213 vw Vot =1230 B,
3060 m H 1190 s H/y,, fund. b,
2998 s ¥, fund. a, 1150 w 1150 vw  %,/,0+%,,=1160 B,/4,
2089 s v,, fund. b, 1116 w 2X Vyo= 1126 A,
2958 vs Vy/¥,y fund. a, /b, 1101 w sh Vi3 + Vs =1103 B,
2398 s sh 2400 vw Ve+v,=2424 A, 1096 s 1100 vw sh 9,, fund. b,
2386 s Vet 75, =2388 A4, FR 1060 w 2xv,,=1080 4,
2331 m sh 1045 w sh Vyo+ Vg = 1054 B,
2326 s 2317 m », fund. a, 1002 w sh H
2284 wsh ¥,+9,=2291 B, 999 m 1006 m v, fund. a,
2245 w sh 2245 vw V,+v,,=2271 B, 973 vw 974 vw Y30+ Vo= 982 B,
2205 m v,+v,=2230 A, FR 932w H
2180 sh Vy+v,=2190 A4, 916 vw 9156 vw bd w4 fund. a,
1900 vw Vs+v5=1006 B, 890 vw Vit V=903 B,
1822 w Voot 750 =1840 A4, 846 s 852 s Vs/¥ys fund. a,/b,
1766 s Vs+v,,=1777 A, FR 832 sh 837 m 2X¥,,=838 A,
1771 s 1762 s v, fund. a, 820 s 8256 msh v, fund. b,
1743 s sh 754 w Y5+ V=793 B,
1695 s H 635 s 634 s V,y/Vyy fund. a, /b,
1674 s 1667 m v, fund. by 589 vw Y10+ vy = 606 B,
1655 sh Vit v =1670 B, 563 w 564 w ¥y fund. b,
15622 vw sh v+ vy, =1640 B, 566 w
1468 w vt v,=1480 A, 548 m 548 s v, fund. b,
14256 m 1428 m v, fund. a, 543 wsh 9, fund. a,
1402 w 1406 m ¥y fund. b, 526 m 480 wbd v, fund. b,
1395 vw sh VetV =1409 B, 419 s 418 s V0 fund. a,
1358 s 1359 w ¥ fund. a, 360 wbd* 2X ¥y =374 4,
13356 w sh Y+, =1367 4, 268 vw v, fund. ay
1292 s ¥,, fund. b, 187 s ¥y, fund. b,
1272 s 1281 vw ¥y, fund. b, 176 s
1265 s sh 2x¥,,=1270 A, 130 m
1247 w 1241 vw sh v3+9,,=1266 4, 126 w lattice modes
1231 m 1228 m v, fund. a, 106 w
1222 w sh ¥, fund. a, 91 m

@ The weak infrared and Raman bands in the regions 5000 — 3200 and 2800— 2500 cm™ are omitted. ® When
available the combination frequencies and overtones are calculated from solid state data. ¢ For abbrevia-
tions used, see footnotes to Table 1. ¢ H=bands assigned to succinimide. ¢ Solid state frequencies below

400 cma! are from polyethylene (Rigidex) pellet.

to bands around 1400 cm™ in accordance with
the observed dichroism. Correspondingly, the
wagging fundamentals v, and »,, were observed
at 1238 and 1294 em™ (SIM) and 1231 and
1292 cm™! (SIMD).

The 1373 cm™ band which was clearly of
species @, involves predominantly CNC stretch,
close to the corresponding frequencies for the
maleimides.®? An infrared band at 1416 (SIM)
and 820 cm™ (SIMD) was interpreted as the
N-H(D) in-plane bend. In agreement with
the observed dichroism and Raman polarization
data, the 1226 cm™ band (SIM) is taken as the

CH, twist of species a, (v,,). The corresponding
b, mode (v,,) is assigned to the band at 1180
cm™ partly overlapping the b, fundamental
(¥4;), which involves the CNC stretch. Similar
bands are found for SIMD at 1222, 1190 and
1272 em™, respectively.

Three skeletal modes (v, 44, ¥s) With strong
contributions from skeletal C—C stretch are
found at 1001, 935 and 850 cm™! for SIM and
at 999, 1096 and 846 cm™ for SIMD. For
SIMD as well as for N-deuteriomaleimide ? the
b, modes of the region 1300—800 cm™, not
localized tc the methylene groups, are highly

Acta Chem. Scand. A 30 (1976) No. 7




Table 3. Observed (v,) and calculated (y.) funda-
mentals for succinimide and N-deuteriosuccinimide.

Species  Succinimide N-.Deuteriosuccinimide
and No. 9,4 Ve Y, ® Ve
a; 1 3150 3151 2326 2331
Vs 2960 2946 2958 2946
Y, 1772 1773 1771 1772
A 1428 1412 1425 1412
Vs 1373 1403 1358 1384
Ve 1238 1239 1231 1231
YV, 1001 973 999 972
Vg 860 839 846 831
Vo 640 640 6356 637
Y10 427 414 419 413
ay v, 3000 2998 2998 2998
¥, 1224 1190 1222 1190
Vs 936 1064 916 1064
Vis 537 538 543 538
vy 267 292 268 292
by ¥y 2990 2988 2989 2988
v, 1180 1197 1190 1197
Vis 844 749 . 846 768
v, 823 860 526 636
v, 563 536 563 534
Va1 190 184 187 177
by, v, 2946 2946 - 2946
Vyy 1697 1698 1674 1687
Vo 1416 1427 820 814
Vs 1402 1403 1402 1403
Vae 1294 1310 1292 1334
Ve, 1192 1173 1272 1234
Vas 935 941 1096 1140
Vao 650 666 635 656
Vao 556 553 548 5456

% When possible, frequencies are taken from the
infrared spectra of the solids.

mixed compared to the parent molecules, and
therefore causing erratic isotopic shifts.

The CH, rock of species a, (v,;) was found
between 935 and 908 cm! for SIMD and the
N-halogenated succinimides.* For SIM this
fundamental presumably overlaps the more
intense b, mode at 935 cm™.

For SIM three overlapping bands are situ-
ated between 850 and 820 cm™!. From compari-
son with the N-halogenated succinimides ¢ the
bands at 844 em™ are considered as the CH,
rock (vy,) of species by, while the stronger lines
at 823 cm™ are attributed to the N —H out-of-
plane bend (»,). For SIMD the CH, rock of
species b, overlaps the @, fundamental », at
846 cm™. The N —D bending mode of species
b,, is situated at 525 cm™! and corresponds

Acta Chem. Scand. A 30 (1976) No. 7
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to the band at 518 em™ for N-deuteriomalei-
mide.?

In complete agreement with the results
for the maleimides %* the succinimides have
two bands in the region 640— 680 cm™ taken
as v, (a,) and v, (b;), the former being more
intense in the Raman spectrum.

Weak bands at 5§37 and 543 ecm™! for SIM
and SIMD, respectively, are attributed to a
skeletal mode (v,,) of species a, while the corre-
sponding b, fundamental (v,,) is assigned to
the band 563 cm™ for both molecules.

For SIM the 563 cm™ band presumably
overlaps a fundamental (v} of species b,
mainly involving the asymmetrical bending
of the C= 0 groups. The corresponding @, mode
(v10) is assigned to the strong infrared and Ra-
man bands at 427 cm™ in good agreement
with the results from the maleimides.? Similar
bands are found for SIMD at 548 and 419 cm™,
respectively.

The remaining two fundamentals v, (a,)
and v, (b,) are attributed to the bands at
265 and 190 cm™ for SIM and at 268 and
187 cm™ for SIMD, in good agreement with
the results for the maleimides.®?

NORMAL COORDINATE ANALYSIS

Detailed knowledge about the harmonic
force constants cannot be obtained for SIM
and the N-halogenated succinimides * indepen-
dently since the information from the normal
vibrations is insufficient for this purpose.
Also, the ambiguities in the assignments
suggested us to use force constant calcula-
tions as a tool for obtaining more reliable
assignments rather than determining force
constants of general physical significance.
Therefore, the scope of this section is to demon-
strate that the approximation of transferable
force constants may be applied in establishing
reliable spectral interpretations of SIM, SIMD
as well as the N-halogenated succinimides.*

The normal coordinate analysis was carried
out employing an approximate internal valence
force field (IVFY), and the least squares method
was applied in adjusting the force constants.
As a starting point we used the force fields for
maleimide 2 and succinic anhydride.’ The
related structure and spectral similarities
of all the succinimides (N—H, N-D, N-C],
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Table 4. Final valence force constants for
succinimide.

Force type Constants
Symbol @ Value °
stretch K, 5.297
K, 11.611
K, 3.934
K4 3.5
K, 4.798
K, 5.456
stretch-stretch K, ,,, 1.045
Ko 1.53
Ko —0.04
Ko 0.3
Kog 1.087
K4 0.211
Kl‘h - 0.079
bend Hy, 1.185
He 1.185
Hy 0.574
Hg 0.574
Hp 0.538
Hy 1.344
H, 1.079
Hg 1.566
H, 0.47
stretch-bend Fyy 0.17
Fpe 0.17
Fo, -1.19
Fry 0.15
Fys 0.15
bend-bend FVn v —0.038
Fg.¢4, —0.038
le¢‘ —0.015
outo ¢ On, 0.411
On, 0.363
outo-outo On,n, 0.086
torsion T 0.931
outo-torsion Fagz, -0.118
7,7, 0.173
torsion-torsion T, -0.031

4 For meaning of symbols, see Fig. 2. ¥ In units of
mdyn A~? (stretch constants), mdyn rad—! (stretch-
bend interaction) and mdyn A rad—? (bending and
torsion constants). ¢ outo means out-of-plane
bending.

N ~Br, N-1I) justified the use of transferable
force constants. We therefore employed data
from all the five compounds simultaneously
in the least squares fitting, keeping the force
constants concerning the H,—C—C—H, part
of the molecule at the same value for all.

Moreover, we decided to give the C =0 bending
force constants and some of the interaction
constants a common value for all the com-
pounds. To reduce the number of parameters
further we have made Hy and H¢, Hy and Hg,
Fap and Frg, Fry and Fag, Fy,y, and Fyg ¢, equal.
The final force field consisted of 81 parameters.
It was reported * that for similar molecules
the C=0 stretching frequencies can be cal-
culated correctly by using interaction terms
between the two C=O bonds, the two C—N
bonds and between the C=0 and C—N bonds.
This model force field was also suitable for the
succinimides. For the remaining interaction
constants we have only introduced terms
between neighbouring groups.

Since the most complete data were obtained
for the solid state, we have employed these
frequencies in the calculations leading to even
more approximate force constants due to
crystal effects. The agreement between observed

Fig. 2. Internal coordinates for succinimide.
The following coordinates are not shown in
the figure: out-of-plane bending: =, =
a(NC,C,0,), 7,==(C4NC,0,), 7y = n(C,C,NH);
torsion: 7,=1(NC,C,C;), 7,=1(NC,C;C,). The
out-of-plane bending and torsion coordinates
are defined as in Wilson, Decius and Cross,!?
where the succession of the letters corresponds
to atom 2, 3, 4, 1 in the definition of the out-
of-plane bending coordinate. 6,, 8,: the bend-
ing of the angles HCH. The following structural
parameters were assumed: CN: 1.379; C,~C,:
1.477; C,—Cy: 1.520; C=0: 1.220; C—H: 1.09;
N-H: 0.99 A; /CNC: 110.0°; /NCC: 110.5%
/NCO: 122.9° and /C,C,H: 116.1°.
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and calculated frequencies was quite good for
the a, and b, species, while some large discrep-
ancies still remained for the out-of-plane
modes. This may very well be due to large
amplitudes of certain out-of-plane vibrations
as mentioned in Ref. 9. For the a, and b,
fundamentals (except those involving the
CH, groups) we have employed an almost
complete force field, using the approximation
of keeping some of the interaction constants
common for all the molecules. Since the assign-
ments for these species are not as certain as for
the in-plane modes and the force constants
not as physically interesting, we do not con-
sider it worth while to make any further
calculations to achieve a better fit. Later,
we will expand the calculations with more
data from succinic anhydride and the C-
deuterated species of both succinimide and
succinic anhydride.

The internal in-plane coordinates are shown
in Fig. 2, and the out-of-plane coordinates
are given in the underlying text. Our calculated
fundamentals are listed together with the obser-
ved frequencies in Table 3. The final set of
force constants for SIM and SIMD are given
in Table 4. The results seem physically reason-
able, although the restrictions imposed, keeping
some of the force constants transferable to
the halogenated molecules and using as few
constants as possible, are reflected in some
of the values. The potential energy distribu-
tion (PED) of the fundamentals among the
valence coordinates were calculated. These
data were not included in Table 3 for the sake
of brevity, but can be obtained from the authors
on request.
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