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ABSTRACT: Broadband microwave spectra of N-ethyl maleimide (NEM) and N-
ethyl succinimide (NES) have been recorded using chirped pulse Fourier transform
microwave spectroscopy in the Ka-band (26.5−40 GHz). The spectra for both
molecules were fit to a Watson A-reduced Hamiltonian in the Ir representation to
obtain best fit experimental rotational constants (NEM: A0 = 2143.1988(29), B0 =
1868.7333(22), C0 = 1082.98458(36); NES: A0 = 2061.47756(14), B0 =
1791.73517(12), C0 = 1050.31263(11)), centrifugal distortion constants, and
nuclear quadrupole coupling constants. While the heavy atoms of the five-
membered ring of both molecules are planar, the ethyl chain has its terminal methyl
group perpendicular to the ring. Along the relaxed potential energy curve for the
ethyl dihedral angle (θ1 = C(6)−C(5)−N−C(4)), the ethyl group experiences
significant steric strain when it is in the plane of the ring, associated with the
interaction of the ethyl group with the two carbonyl oxygens. This leads to
calculated barriers of θ1 = 1469 cm−1 and θ1 = 1680 cm−1 in N-ethyl maleimide and N-ethyl succinimide, respectively.

■ INTRODUCTION
Succinimides and maleimides are highly polar, 5-membered
rings with an NH group surrounded by two adjacent C�O
groups (Figure 1a,b). Both groups of molecules are important
compounds in biological chemistry, biotechnology, and organic
synthesis.1−3 Succinimide and its derivatives are used
pharmaceutically as analgesics4 and anticonvulsants.5−7 In
industry, succinimides are also used as lubricants in oils,

emulsion explosives, and corrosion inhibitors.8 They also
display antifungal and antimicrobial properties, and they even
have activity as insecticides.9 In these applications, substitution
at the N atom is employed, making the structural
consequences of N- substitution an important determiner of
the overall molecular shape.
In contrast to succinimides, the presence of a double bond

in the ring makes maleimides an important class of building
blocks in organic synthesis.10,11 Maleimides are used in the
protection of amino groups.11 Fluorescent maleimide deriva-
tives have been used to study the in vivo processes of
intracellular trafficking, membrane association, and autotox-
icity.12 Considering the many uses of succinimide, maleimide,
and their derivatives, these molecules have been the subject of
a number of theoretical and spectroscopic studies, especially of
their electronic and vibrational structure.5,8,13−17

Of the two parent molecules, maleimide and succinimide,
only maleimide has been studied previously by microwave
spectroscopy,15 and no other rotationally resolved studies are
available for these or any of their derivatives. The solid-state
structure of maleimide has been measured by X-ray
diffraction,18 and the gas-phase structures of both maleimide
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Figure 1. Chemical structures of a) maleimide, b) succinimide, c) N-
ethyl maleimide, and d) N-ethyl succinimide.
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and succinimide have been measured by electron diffrac-
tion.19,20 To our knowledge, there are no previous studies of
the rotational spectroscopy of N-ethyl-maleimide (NEM) or
N-ethyl-succinimide (NES) in either the gas phase.
Microwave spectroscopy is a consummate “shape detector”

for isolated molecules owing to its high resolution.21−24 It can
therefore provide critical structural details of these two
molecules under gas-phase conditions in which intermolecular
effects are absent, which is helpful for understanding the links
between their structures and their chemical and biological
properties.
In the present study, we focus on two alkyl derivatives, NEM

and NES, shown in Figure 1c,d. We have recorded and
analyzed their pure rotational spectra in the Ka band (26.5−40
GHz) with the help of density functional theory (DFT)
calculations. In addition to providing a complete set of
spectroscopic parameters for these species, the focus of the
work is to determine the preferred orientation of the N-ethyl
group on the five-membered rings of maleimide and
succinimide.

■ QUANTUM CHEMICAL CALCULATIONS
Structure optimizations and harmonic vibrational frequency
calculations were carried out on NEM and NES at several
levels of theory using the Gaussian 16 program suite.25

Important geometric and electronic structural parameters for
all calculations are presented in Tables S.1 and S.2. The
structures of NEM and NES were optimized using the
B2PLYP26 functional with the D3 dispersion correction and
the Becke−Johnson damping function27,28 with the def2-
TZVP29 basis set (Figure 2). We performed optimizations and
subsequent anharmonic calculations at the B3LYP/6-311+G-
(2d,p)30−32 level of theory for both molecules, NEM and NES.
In order to explore the potential energy surface for the ethyl

group, we carried out relaxed potential energy scans at the
B2PLYP-D3(BJ)/def2-TZVP level of theory along two
dihedral angles in both molecules. The scans were carried
out in 36 steps of 10° each. The C(6)−C(5)−N−C(4)
dihedral sets the orientation of the ethyl group relative to the
plane of the ring; this scan determines if there is more than one
conformational minimum for the ethyl group. The N−C(5)−
C(6)−H(*) dihedral determines the methyl internal rotation
barrier. Frequency calculations were performed at stationary
points to confirm that true minima have no imaginary

frequencies and that first order saddle points have only one
imaginary frequency.

■ EXPERIMENTAL METHODS
Samples of NEM and NES were purchased (98%, Sigma-
Aldrich) and used without further purification. The samples
were loaded into a sample reservoir located directly before the
pulsed valve, entrained in 3.75 bar of Ar, and were then
introduced into the vacuum chamber held at 10−6 Torr using a
pulsed (5 Hz) supersonic jet expansion. We used a pulsed
valve (Parker General Valve, Series 9) with a pinhole of 1 mm
diameter. Gas pulses of 650 μs duration were found to be
optimal. To obtain sufficient vapor pressure, NEM was heated
to 150 °C and NES was heated to 200 °C.
We used the Ka band (26.5−40 GHz) CP-FTMW

spectrometer at UC Davis to investigate the rotational spectra.
The details of the spectrometer have been previously
described.33 A chirped pulse is generated with a 16 GSa/s
arbitrary waveform generator (AWG, Tektronix AWG70002A)
coupled to an up-conversion bandwidth extension circuit to
reach 26.5−40 GHz and amplified by a 170 W traveling wave
tube amplifier (TWTA, Applied Systems Engineering 187 Ka-
H). The chirp is broadcasted into the vacuum chamber
through a 25 dBi horn antenna, and the molecular free
induction decay (FID) is collected by a matching horn
antenna. The FID is downconverted to 1−15 GHz and
digitized at 50 GSa/s with a 16 GHz oscilloscope (Tektronix
DSA71604C). The local oscillator and timing sources are
referenced to a 10 MHz Rb clock (Stanford Research System,
FS725), ensuring phase coherence. Each gas pulse was
interrogated with 20 3 μs chirps each separated by 20 μs,
yielding an effective acquisition rate of 100 FID/s at the
repetition rate of 5 Hz. The total length of each FID was 11.65
μs.

■ RESULTS
The B2PLYP-D3(BJ)/def2TZVP optimized bond lengths and
angles (Table S3) as well as the Cartesian coordinates for
NEM and NES at all levels of theory are provided in the
Supporting Information. The calculations predict that the 5-
membered ring in both molecules is planar, with the ethyl
group oriented out of the plane of the ring (Figure 2). From
the calculations, we can observe that B2PLYP-D3(BJ)/
def2TVZP is the level of theory with the lowest error when
compared to the rotational constants and centrifugal distortion

Figure 2. Optimized structures of a) N-ethyl maleimide (NEM) and b) N-ethyl succinimide (NES). The inertial axes are superimposed. The
geometries were calculated at the B2PLYP-D3(BJ)/def2-TZVP level of theory. The dihedral angles are indicated by θ1 = C(6)−C(5)−N−C(4)
and θ2 = N−C(5)−C(6)−H(*). The symmetry group of both molecules is C2v.
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constants for both NEM and NES. The error is lower than
0.15% for the rotational constants.
The results from the relaxed potential energy scan (PES)

around the dihedral angle C(6)−C(5)−N−C(4) are shown in
Figure 3. The calculations predict a single minimum at the
perpendicular orientation for both molecules. The same
behavior has been observed for ethylbenzene in which the
heavy-atom planar conformation has been confirmed to be a
first order saddle point.34 Harmonic frequency calculations of
the structure corresponding to the maximum of the PES scan
likewise yielded a single imaginary frequency for both NEM
and NES. The energy barriers were determined to be 1469

cm−1 for NEM and 1680 cm−1 for NES, respectively. While
this potential is largely a 2-fold potential, the shape of the curve
around the minima is widened while the barrier itself is
narrower than a pure V2 potential. As a result, we have fit the
PES scans to V2/V4 potentials using the functional form

= +V V V( ) (1 cos(2 )) (1 cos(4 ))1
2 2

1
2 4 . The best-fit

forms of this potential have significant V4 terms, with the
values for NEM (V2 = 1490 ± 23 cm−1, V4 = −173 ± 24 cm−1)
somewhat smaller than those for NES (V2 = 1704 ± 23 cm−1

and V4 = −216 ± 24 cm−1).

Figure 3. Relaxed potential energy curves of a) N-ethyl maleimide (NEM) and b) N-ethyl succinimide (NES) at the B2PLYP-D3(BJ)/def2-TZVP
level of theory. These curves were calculated by rotating the dihedral angle C(6)−C(5)−N−C(4), which changes the orientation of the ethyl group
relative to the plane of the ring. The double arrows indicate the barriers heights. The dashed lines are the fitted potentials to the relaxed potential
energy using the functional form: = +V V V( ) (1 cos(2 )) (1 cos(4 ))1

2 2
1
2 4 .

Figure 4. Experimental CP-FTMW rotational spectra of a) N-ethyl maleimide (NEM) and b) N-ethyl succinimide (NES) is shown in black. In
blue, we show the best fit simulated spectrum at rotational temperature of 7.5 K for NEM and 9 K for NES. The experimental spectra of NEM and
NES were averages of 200 k FIDs and 500 k FIDs, respectively. The asterisk indicates spurs lines.
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The internal rotation of the methyl group was inspected by a
second relaxed energy potential scan, yielding barriers of 1174
and 1169 cm−1 for NEM and NES, respectively. These are
typical barriers for methyl rotation in an ethyl group.35 Since
these barriers are so high, splitting due to the methyl rotor is
not expected to be observed in either of the experimental
spectra, since the half-widths of the spectral lines are ∼80 kHz.
To observe any splitting in our experimental spectra, the
methyl barrier would need to be lower than 700−800 cm−1.
Ethyl Maleimide. Figure 4a shows the acquired spectrum

of NEM, which is characterized by a rotational temperature of
about 7 K. Analysis of the spectrum was undertaken using
PGOPHER.36 Fits of the assigned quantum numbers were
made utilizing a Watson A-reduced Hamiltonian in the Ir
representation. Our fit included 65 rotational transitions with
partial resolution of the nuclear hyperfine splittings due to the
nitrogen nonzero nuclear spin, for a total of 142 unique
frequencies. These transitions are primarily strong a-type lines
along with a few weak c-type lines, assigned with a root-mean-
square (RMS) deviation of 22.47 kHz between the observed
and calculated frequencies. This is consistent with the
calculated dipole moments μa = −0.9 D and μc = 0.4 D for
NEM. The majority were R-branch transitions, some with
distinctive patterns and others that lacked regular structure.
The hyperfine splitting was in general collapsed over the range
of J values observed (8−18), but it was possible to determine
the χaa and χbb − χcc quadrupole coupling tensor elements.
Table 1 reports the asymmetry parameter κ to be 0.48 which
indicates that NEM is highly asymmetric, nearly equally distant
from the oblate and prolate top limits.
Table 1 presents the rotational constants, quartic centrifugal

distortion constants, and nuclear quadrupole hyperfine

coupling parameters that were determined for NEM. The
table compares the experimental best-fit parameters with those
calculated. For the rotational constants, we have adjusted our
B2PLYP-D3(BJ)/def2-TZVP values by adding the difference
from the Ae, Be, and Ce rotational constants and the A0, B0, and
C0 rotational constants obtained from the anharmonic
calculations obtained at B3LYP/6-311 + G(2d,p) level of
theory. The agreement between the calculated and the
experimental rotational constants is excellent (<0.09%). To
convert the quartic distortion constants from the IIIr
representation reported in the Gaussian output37 to the Ir
representation, we used the τ centrifugal distortion constants
from our anharmonic calculations. The agreement between the
experimental quartic centrifugal distortion constants and
calculated values is ∼15%, which is typical for these constants.
The nuclear hyperfine coupling constants have a lower error
between experiment and calculated values (>6%). All assigned
transitions can be found in Table S4.
Ethyl Succinimide. Figure 4b shows the 26.5−40 GHz

rotational spectrum of NES. The rotational constants,
quadrupole coupling constants, and centrifugal distortion
constants were all determined from the 673 unique transitions
(263 rotational transitions) using PGOPHER36 based on a
Watson A-reduced Hamiltonian in the Ir representation.
The majority of the observed transitions are a-type, as

expected given the dipole moments (μa = −1.3, μb = 0.0, μc =
0.4). Similar to the NEM spectrum, clear strong patterns
belonging to R-branches are present. The weaker transitions
are a mix of a- and c-type transitions. By comparing the
intensities of the transitions with the simulation, it was possible
to estimate the rotational temperature to be 9 K. The fitted
spectroscopic parameters and the calculated values are shown
in Table 2; the total RMS deviation of the fit is 24.79 kHz. All
assigned transitions can be found in Table S.5. The
comparison between experiment and calculation for NES is
of similar quality to that in NEM.

■ DISCUSSION
As previously stated, only a- and c-type transitions were
observed for NEM and NES (Figure 4). Despite careful
searches, no b-type transitions were observed. The presence of
only a- and c-type transitions shows that the ethyl group is
oriented perpendicular to the plane of the ring. In contrast to
the parent molecules succinimide20 and maleimide,15 both of
which have the N atom lying along the b axis, the mass of the
ethyl group reorients the principal axes relative to the ring,
leading to a strong μa component in the direction of the N
atom and no μb component by symmetry. If instead the ethyl
group were oriented in the plane of the ring, the spectrum
would be a- and b-type, as μc would be 0 by symmetry.
The strongest lines in the NEM and NES spectra had signal/

noise ratios of 60 and 200, respectively, which was not
sufficient for detecting 13C-substitued isotopologues in natural
abundance. Isotopic substitution experiments would allow the
heavy atom structure to be partially constrained experimen-
tally. Nonetheless, the close correspondence between exper-
imental rotational parameters and calculations lend confidence
that the calculations have sufficient accuracy to use them in our
structural assessment in what follows.
As shown in Figure 3, both molecules have a large energy

barrier at the two equivalent planar orientations of the ethyl
group arising primarily due to steric interactions with the two
keto oxygens, along with contributions from loss of hyper-

Table 1. Molecular Parameters for NEM Obtained from
PGOPHERa

par.b experimental calculatedc % errors

A0 [MHz] 2143.1988(29) 2145 0.09
B0 [MHz] 1868.7333(22) 1870 0.08
C0 [MHz] 1082.98458(36) 1084 0.09
ΔJ [kHz] 0.20300(84) 0.179 −13.4
ΔJK [kHz] 4.4437(36) 3.849 −15.4
ΔK [kHz] −4.452(35) −3.830 −16.2
δJ [kHz] 0.06472(43) 0.058 −11.6
δK [kHz] 1.8465(58) 1.61 −14.7
χaa [MHz] 1.824(89) 1.71 −6.67
χbb− χcc [MHz] 4.73(14) 4.73 0.00
μa [D] −0.9
μb [D] 0.0
μc [D] 0.4
RMS [kHz]d 22.48
κe 0.48 0.48
Nlines 142f

aThe experimental and calculated rotational constants, dipole
moment components, distortion constants are reported. bAll
parameters refer to the principal axis system. A Watson A-reduced
Hamiltonian in the Ir representation was used. cCalculated
equilibrium rotational constants have been corrected for zero-point
energy effects using anharmonic corrections (see text). dMicrowave
RMS is calculated with the following formula: [ ] N(obs calc) /2

. eAsymmetry parameter calculated with the following formula:
= B A C

A C
2 . fUnique frequencies.
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conjugation between the imide group and alkyl chain and
repulsion due to the eclipsing C−C−N−C interaction.
Harmonic frequency calculations at the heavy atom planar
maximum yielded only one imaginary frequency confirming it
as a saddle point. We looked for evidence of steric strain at the
transition states of the two molecules by comparing their
structures with the optimized minimum energy structures. In
its minimum energy structure with the ethyl group
perpendicular to the plane, NEM (Figure 5a) has equivalent
C(4)−N−C(5) bond angles that are 124.7°. However, for the
transition state, the vertical plane of symmetry is lost and the
two C−N−C(5) angles are distinct, 130.26°and 119.79°, with
the larger angle on the same side as the ethyl group, as shown
in Figure 5b. This structural adaptation reflects a significant
repulsion between the same side keto oxygen and the ethyl
group. Another significant change between these two
structures is the O(1)−C(1)−N angle, which increases by
almost 2° from the perpendicular structure (125.77°) to the
planar one (127.72°). The N−C(5) bond length as well as
some of the C−C bonds in the maleimide ring also experience
small changes as shown in Table 3.
Similar structural changes upon internal rotation of the ethyl

group in NES are observed despite the change from a double
bond to a single bond in the ring. The perpendicular minimum
energy structure has two equivalent C−N−C(5) angles of
123.15◦, while for the transition state (planar conformation)
the C−N−C(5) angle closer to the ethyl group increases to
129.09◦, while its counterpart decreases to 118.06° (Figure
5d). As with NEM, the O(1)−C(1)−N angle also changes by
∼2° from the perpendicular structure (124.54°) to the planar
one (126.54°). Even though NES has a single bond instead of
a double bond in the ring, which could lead to less rigidity, the
lengths of the C−C bonds in the ring do not seem to be more

sensitive to the movement of the ethyl group in NES than for
NEM (Table 3). The planarity of the ring in NES is retained
through the entire ethyl rotation including at the transition
state (Figure 5d).

■ CONCLUSION
The pure rotational spectra of NEM and NES were measured
in the 26.5−40 GHz range with a CP-FTMW spectrometer,
and all measured transitions were assigned for the first time,
providing experimentally determined rotational, centrifugal
distortion, and quadrupole coupling constants. The calculated
parameters are in excellent agreement with the experimental
values. To obtain a more complete and accurate gas phase
structure and fit the bond lengths and angles, the 13C, 18O, and
15N isotopologues will need to be measured. The presence of c-
type transitions and absence of b-type transitions determined
that the preferred orientation of the ethyl group in both
molecules is perpendicular to the plane of their respective

Table 2. Molecular Parameters for NES Obtained from
PGOPHERa

par.b experimental calculatedc % errors

A0 [MHz] 2061.47756(14) 2064 0.10
B0 [MHz] 1791.73517(12) 1794 0.15
C0 [MHz] 1050.31263(11) 1051 0.10
ΔJ [kHz] 0.14949(24) 0.135 −10.73
ΔJK [kHz] 3.1721(10) 3.099 −2.36
ΔK [kHz] −3.1528(22) −3.073 −2.60
δJ [kHz] 0.04907(65) 0.044 −11.52
δK [kHz] 1.32251(62) 1.283 −3.08
χaa [MHz] 1.471(15) 1.41 −4.33
χbb− χcc [MHz] 3.711(31) 3.52 −5.43
μa [D] - −1.3 -
μb [D] - 0.0 -
μc [D] - 0.4 -
RMS [kHz]d 24.79 - -
κe 0.46 0.46 -
Nlines 263f - -

aThe experimental and calculated rotational constants, dipole
moment components, distortion constants are reported bAll
parameters refer to the principal axis system. A Watson A-reduced
Hamiltonian in the Ir representation was used. cCalculated
equilibrium rotational constants have been corrected for zero-point
energy effects using anharmonic corrections (see text). dMicrowave

RMS is calculated with the following formula: [ ] N(obs calc) /2

. eAsymmetry parameter calculated with the following formula:
= B A C

A C
2 . fUnique frequencies.

Figure 5. Summary of select angles in degrees for the ground and
saddle point for NEM [a) and b)] and NES [c) and d)] that changed
most between the two structures. The structures were optimized at
the B2PLYP-D3(BJ)/def2TZVP level of theory.

Table 3. Calculated Distances and Angles for the Ground
State and the Saddle Point of NEM and NES

NEM NES

minimum saddle point minimum saddle point

C(1)−N−C(5) 124.67° 130.26° 123.15° 129.09◦

C(4)−N−C(5) 124.67° 119.79° 123.15° 118.06◦

O(1)−C(4)−N 125.77° 127.72° 124.54° 126.54◦

C(1)−C(4) (Å) 2.29 2.29 2.32 2.32
C(1)−C(2) (Å) 1.50 1.51 1.52 1.52
C(2)−C(3) (Å) 1.33 1.33 1.53 1.52
C(3)−C(4) (Å) 1.50 1.49 1.52 1.51
C(4)−N (Å) 1.39 1.39 1.39 1.39
C(1)−N (Å) 1.39 1.39 1.39 1.40
N−C(5) (Å) 1.45 1.47 1.46 1.47
C(5)−O(1) 2.93 3.09 2.88 3.04
C(5)−O(2) 2.83 2.77
C(6)−O(1) 3.59 2.90 3.54 2.86
C(6)−O(2) 4.33 4.28
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rings. Relaxed potential energy curves about the C(6)−C(5)−
N−C(4) dihedral angle were calculated, providing barriers of
1469 and 1680 cm−1 for NEM and NES, respectively. These
large barriers are a result of significant steric strain associated
with the interaction of the ethyl group with the two carbonyl
oxygens, leading to an increase in the C−N−C(5) bond angles
by more than 5° at the transition state.
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