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The effects of nitrogen inversion tunneling, methyl internal rotation, and *N
quadrupole coupling observed in the rotational spectrum of diethyl amine

Ha Vinh Lam Nguyen® and Wolfgang Stahl

Institute of Physical Chemistry, RWTH Aachen University, Landoltweg 2, D-52074 Aachen, Germany
(Received 29 April 2011; accepted 13 June 2011; published online 13 July 2011)

The rotational spectrum of diethyl amine as observed by molecular beam Fourier transform mi-
crowave spectroscopy shows splittings due to nitrogen inversion, '*N quadrupole coupling, and
internal rotation of the methyl groups. The rotational constants of diethyl amine were determined
to be A = 17.61499170(11) GHz, B = 2.103650248(49) GHz, and C = 1.981332501(47) GHz.
From the separation between the lowest symmetric and antisymmetric inversion energy level of
E = 760.77062(20) MHz a barrier to inversion, using a standard analytical model potential, of
1531 cm™" (18.31 kJ/mol) was deduced. The '*N quadrupole coupling constants were found to be
Xaa = 2.67576(37) MHz,  p, — X cc = 4.34144(65) MHz, and /5| = 2.9199(92) MHz. The internal
rotation of two equivalent methyl groups gave rise to very narrow multiplets; the torsional barrier
was determined to be 1051.74(57) cm~!. The experimental results were supplemented by quantum
chemical calculations. © 2011 American Institute of Physics. [doi:10.1063/1.3607992]

. INTRODUCTION

Many studies on ammonia' and small aliphatic amines,
such as methyl amine,> ethyl amine,> dimethyl amine,*
trimethyl amine,” and methyl ethyl amine® have been carried
out in the microwave region. Most of theses compounds, es-
pecially primary and secondary amines, show large amplitude
motions, e.g., internal rotation of the asymmetric NH, rotor
and proton inversion tunneling at the nitrogen atom. From
investigations on dimethyl amine* and methyl ethyl amine®,
where due to the inversion tunneling of the proton splittings
between the rotational lines of 2646.0 MHz and 1981.0 MHz,
respectively, were observed, we expected also in the case of
diethyl amine, CH3;CH,NHCH,CHjs;, splittings on the same
order of magnitude.

Moreover, due to the nuclear spin of I = 1 of the “N
nucleus and due to its electric quadrupole moment, hyper-
fine splittings arise and have been reported for several amines.
These splittings are usually on the order of 0.5 MHz. Since the
experimental resolution of our spectrometer is about 2 kHz,’
we expected to be able to resolve the '*N quadrupole hyper-
fine splittings also in the case of diethyl amine.

In our studies on diethyl ketone, CH3;CH,(C=0)
CH,CH3;, a molecule with a very similar structure, we found a
barrier to internal rotation of the methyl groups of 771.93(27)
cm~'.3 Therefore, we expected that in diethyl amine the split-
tings due to internal rotation of the two equivalent methyl
groups could also be resolved and would increase the com-
plexity of the spectra. However, there was another reason to
study this molecule. We were interested to find out, whether
the torsional barrier of the methyl groups is significantly dif-
ferent if compared to diethyl ketone.

) Author to whom correspondence should be addressed. Electronic mail:
nguyen@pc.rwth-aachen.de.
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Il. EXPERIMENTAL AND QUANTUMCHEMICAL
METHODS

A. Microwave spectroscopy

Diethyl amine was purchased from Merck Schuchardt
OHG, Hohenbrunn, Germany and used without further pu-
rification. Due to its low boiling point of only 328.7 K, mix-
tures of 1% of diethyl amine in helium at a total pressure
of 100 kPa could be easily prepared and served as a sam-
ple throughout all measurements. Details of the molecular
beam Fourier transform microwave (MB-FTMW) spectrom-
eter are given in Ref. 9 and will not be repeated here. At the
beginning of our studies a broadband scan in the range from
14.5 to 16.5 GHz was recorded. All lines observed were re-
measured under high resolution conditions. Each frequency is
split into two Doppler components. The width of each single
component was strongly dependent on the respective transi-
tion, however, they were always clearly broader than 1-3 kHz
which can be achieved with a molecule such as carbonyl sul-
fide under comparable conditions.” This might be attributed
to partly unresolved internal rotation splittings and hydrogen
spin-rotation and spin-spin coupling effects. A sample spec-
trum will be presented in Sec. III.

B. Quantum chemistry

At the beginning of the experimental work quantum
chemical calculations were carried out in order to obtain ini-
tial molecular parameters of diethyl amine for spectral as-
signment purposes. A fully optimized structure was calcu-
lated at the MP2/6-3114++G(d,p) level of theory using the
GAUSSIAN 03 program package.!” The nuclear coordinates
referred to principal axes of inertia are available as supple-
mentary material'! (Table S-I), the molecular structure is vi-
sualized in Fig. 1. It should be pointed out that all heavy atoms
are almost located within one plane. A harmonic frequency

© 2011 American Institute of Physics
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| Equilibrium structure IT ‘

FIG. 1. The two versions of the equilibrium geometry of diethyl amine are
obtained by quantum chemical calculation corresponding to the two energy
minima of the nitrogen tunneling process. The principal a and ¢ axes of inertia
are indicated showing that the dipole component (red arrow) in ¢ direction
changes sign upon proton tunneling.

calculation gives all roots real to confirm the equilibrium ge-
ometry. The rotational constants of A = 17.7066 GHz, B
= 2.1051 GHz, C = 1.9831 GHz indicate that diethyl amine
is a near prolate top with an asymmetry parameter of «
= —0.9845.'> The molecular dipole moment was found to be
@ = 1.089 D with the components p, = 0.000 D, u;, = 0.502
D, and p, = 0.967 D referred to the principal axes of iner-
tia. The a component is zero due to a bc mirror plane which
is perpendicular to the a axis and which contains the nitro-
gen atom. Additionally, the electric field gradient tensor at the
14N nucleus was calculated at the MP2/6-311++G(d,p) level
of theory. Referred to principal axes of inertia its elements
are g,y = —0.6064 a.u., qp, = —0.2250 a.u., q.. = 0.8314
a.u., qpc = 0.7114 a.u., and q,p = qqc = 0. Using an effective
4N quadrupole moment of 19.41 mb'? the quadrupole cou-
pling constants were calculated to be x,, = 2.766 MHz, x
= 1.026 MHz, . = —3.792 MHz, |x ».| = 3.244 MHz, and

Xab = Xac = 0.

lll. MICROWAVE SPECTRUM

The microwave spectrum of diethyl amine was assumed
to be similar to the spectrum of dimethyl amine extensively
studied by Wollrab and Laurie.* The molecule has the same
symmetry, a similar ratio of the dipole moment components
and also tunneling splittings arising from an inversion mo-
tion at the nitrogen atom were expected. Moreover, all lines
should show a '*N quadrupole hyperfine structure on the or-
der of 0.5 MHz and a smaller additional splitting due to the
internal rotation of two methyl groups. From the dipole mo-
ment components obtained from the ab initio calculations the
c-type spectrum was estimated to be by a factor of 4 stronger

J. Chem. Phys. 135, 024310 (2011)

than the b-type spectrum, whereas a-type lines cannot be
observed at all.

A. Overall rotation and nitrogen inversion tunneling

As mentioned before all heavy atoms are located almost
within one plane. The inversion motion can be considered as a
tunneling of the amino hydrogen from one energy minimum
at one side of this plane to an equivalent minimum on the
other side of the plane (see equilibrium structure versions |
and II in Fig. 1). This causes the lowest vibrational level (v
= 0) to split into a lower symmetric (+) sublevel and a higher
antisymmetric (—) sublevel. In the equilibrium geometry the
c axis is only approximately perpendicular to the plane con-
taining the heavy atoms and if the hydrogen atom moves dur-
ing the tunneling process, the principal axes of inertia are not
conserved. The sign of the ¢ dipole component is exchanged
(compare Fig. 1) during the tunneling motion causing the se-
lection rules + <> — and — < + for the c-type transitions.
The sign of the b dipole component does not change upon
inversion and the selection rules 4+ <> + and — <> — are ob-
tained for b-type transitions. In the case of dimethyl amine
the separation between the (4) and the (—) sublevel was
~1.323 GHz causing the c-type lines to split into doublets
separated by 2.646 GHz. The selection rules for the b-type
transitions predict these lines to be unsplit, however, due to
Coriolis interaction a narrow splitting usually below 100 kHz
is observed.

For the assignment a broadband scan in the range from
14.5 to 16.5 GHz was recorded (Fig. 2). As a first step a
rigid rotor spectrum based on the rotational constants from
the ab initio calculations was calculated. The b type Q-branch
lines J| j.; < Jo.s (marked in blue in Fig. 2) were immediately
identified and were used to improve the A — (B + C)/2 and
the B—C rotational constants. In a second step the center fre-
quencies of the c-type Q-branch J; ; < Jy; were predicted.
Since the inversion splitting was unknown at that time, the

I« 1y,
2 1=]
I« I3,
7 6 5 4 3 2 1=]
8 -
8 s
= 6 A r]l | ﬂg
g :l: = l o
] — o =
g il 1
4 E >
) ‘
0 T
14500 15000 15500 16000 16500
MHz

FIG. 2. Broadband scan of diethyl amine in the range of 14.5-16.5 GHz. Q-
branch b type transitions are marked in blue. The ¢ type transitions are shown
as thick lines. They are split into two components due to proton tunneling.
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calculated spectrum was shifted to higher frequencies and at
an offset of 0.761 GHz the observed and calculated spectra
matched. This was confirmed by shifting the calculated fre-
quencies by the same offset to lower frequencies, where the
transitions 1], < 15, and 2}, < 2, were found. Therefore,
the splitting of the rotational lines due to inversion was found
to be 1.522 MHz.

B. '“N Nuclear quadrupole coupling

All lines of the assigned ¢ type Q-branch J,; < Jo s ap-
pear as multiplets with a different number of lines. The two in-
version components (4 <— —) and (— < +) of the 1;; < 1
transition are sextets. For J = 2 to J = 5 septets were found
and for J > 5 only triplets could be measured. Therefore,
we attribute these splittings to '*N hyperfine quadrupole cou-
pling. It was surprising that even for J = 5 septets could be
observed, since the intensity of the F <> F + 1 transitions
should be only about 1.09% of the total multiplet intensity.

C. Methyl internal rotation

All components of the '*N quadrupole hyperfine multi-
plets were split again into triplets. These splittings are on the
order of 20 kHz, which is the same order of magnitude Fliege
et al. have reported for ethyl fluoride.'* Therefore, we con-
clude that also in the case of diethyl amine the barrier should
be on the order of 1171 cm™! as in ethyl fluoride. The triplet
structure is often found for molecules with two equivalent
methyl groups with a high hindering potential.’> A typical
spectrum is shown in Fig. 3.

16149.0216 MHz
AE2;;" € 20
16149.0379 MHz

16149.0048 MHz AA 2, € 2p

EE and EE* —— |

2\'_’+ e 2()2_ |

|' |
16148.780 16149.005 16149.230
MHz

FIG. 3. The F: 1 < 2 hyperfine component of the 2|, < 232 transition of
diethyl amine with splittings due to internal rotation of two methyl groups.
Doppler splittings are marked by brackets. For symmetry labels see Ref. 8.
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IV. ANALYSIS AND DISCUSSION

After the structure of the spectrum was roughly under-
stood, a global analysis of the overall rotation, the N inversion
tunneling, and the '*N nuclear quadrupole coupling was car-
ried out using the program SPFIT written by Pickett.'® For this
purpose the effective Hamiltonian

1

H="|v) (Hg + H} + Hyo(Xa: Xob — Xec)) (V]
v=0

+(10) {11 + 11) O) (Hc + Hy o(Xbe)), ey

was used. |0) and |1) represent the symmetric (4) and the
antisymmetric (—) inversion state, respectively. The notation
is similar to that used by Christen et al.'” The operator

Hg = AJ2+ BJF +CJ2 — AjJ* — Ay J2T? — Ag T}

—8;J2(JE+J2) — %5,{[1;, (JF+77)],. 2)
with Jx = J, + iJ. and the anti-commutator [..,..], de-
scribes the overall rotation and the centrifugal distortion in
terms of Watson’s A reduction in the I" representation.'® The
rotational constants A, B, C, and the centrifugal distortion
constants Ay, Ajx, Ak, 8y, 8k are assumed to be the same
for both, the |0) and |1) state.

The inversion splitting between the |0) and |1)energy lev-
els and its J and K dependence is expressed by the operator

1
H} =vE + 5(—1)”(E,12 + ExJ; + Ex(J} + J?)

+ Ejx J2T7). (3)

The Coriolis coupling operator is connecting the |0) and
|1) state. It is given by

HC = ic(-]b-]c + Jc-]b)- (4)

Finally, the operator of nuclear quadrupole coupling has
both diagonal and off-diagonal matrix elements in the inver-
sion quantum number v. It is represented by the expression

Hyo = V?-Q®. )

V®and Q@are the second rank irreducible tensor op-
erators of the electric field gradient tensor and the nuclear
quadrupole tensor, respectively. Details of treating nuclear
quadrupole coupling using the irreducible tensor method is
given in Ref. 19. Again, the nuclear quadrupole coupling con-
stants  x o, f, & € {a, b, c} are assumed to be the same for
both inversion states. Matrix elements associated with the di-
agonal coupling constants x,, and xp» — Xcc are also diago-
nal in the |0) and in the |1) state, respectively. The influence
of the off-diagonal constanty;,. is only a second-order effect
associated with the operator J,J. + J.J,. Its matrix elements
diagonal in the inversion quantum number are zero, but as in
the Coriolis coupling operator H¢ they are non-zero for matrix
element connecting the |0) and 1) state.
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TABLE I. Parameters describing the overall rotation, nitrogen inversion,
and "N quadrupole coupling of diethyl amine.

Parameter  Unit Obs. Calc. Obs. — Calc.

Overall rotation and centrifugal distortion

A GHz 17.61499170(11)  17.7066  —0.0916 (—0.52%)
B GHz 2.103650248(49)  2.1051 —0.0015 (—=0.07%)
C GHz 1.981332501(47)  1.9831 —0.0018 (—0.09%)
Ay kHz 0.23755(49)

Ajk kHz —3.1638(25)

8y kHz 0.025850(44)

Nitrogen inversion tunneling and Coriolis interaction

E MHz  760.77062(20)
E; kHz 1.6114(64)
Ejx kHz  —0.4550(82)
Ex MHz —0.059444(30)
E; kHz 0.4602(48)
Fpe MHz 0.45747(28)
14N quadrupole coupling
Xaa MHz 2.67576(37) 2.766 —0.090 (—3.4%)
Xbb—Xce MHz 4.34144(65) 4.818 —0.477 (—11.0%)
Xbe MHz 2.9199(92) 3.244 —0.324 (—11.1%)
Statistical information
N? 228
o® kHz 4.4

Number of hyperfine components in the fit.
bStandard deviation of the fit.

It should be noted that the absolute sign of the Cori-
olis coupling constant Fp. and the off-diagonal nuclear
quadrupole coupling constant y,. cannot be obtained from
the experiment because it depends on how the directions of
the principal axes of inertia are defined. However, the quan-
tity sign(Fj.)/sign(xs.), which might be called the relative
sign, is well-defined. Constants associated with the operators
Jodp + IpJ, and J,J. + J.J, are zero because the proton
tunneling in diethyl amine is restricted to the bc plane.

A list of all transitions included in the fit is given as sup-
plementary material'! (Table S-II). The fitted parameters and
a comparison with ab initio calculations is shown in Table .
The parameter definition (*.par) file of the program SPFIT is
also available as supplementary material'' (Table S-III).

All rotational constants agree better than 0.6% with the
values obtained by quantum chemical calculations at the
MP2/6-3114++G(d,p) level of theory. This agreement is sur-
prisingly good because the ab initio data refer to the equi-
librium geometry of the molecule whereas the experimental
constants are obtained for the vibrational ground state and
no corrections were made. The quartic centrifugal distortion
constants Ay, Ajk, and &; could be accurately determined;
they have a reasonable order of magnitude for this kind of
molecules. The constants Ag and §x were strongly correlated
with other parameters and could not be determined.

The most important constant associated with the inver-
sion tunneling is the separation between the lowest (v = 0)
symmetric and antisymmetric inversion energy levels E. The
slight J and K, dependence of the level separation is described
with the constants E;, Ejx, Ex, and E,. As in former stud-

J. Chem. Phys. 135, 024310 (2011)

TABLE II. Calculated energy levels and splittings of diethyl amine.

v ET/(kJ/mol)  E/(kJ/mol) (E~ — ET")/(kJ/mol) (E~ —ET)/h
0 3.402 3.403 0.001 761 MHz

1 9.880 9.899 0.019 46.6 GHz
2 15.423 15.816 0.393

3 19.514 21.521 2.007

4 24.617 27.732 3.115

5 31.102 34.612 3.510

Note Vimay = 18.31 kJ/mol, 1 kJ/mol = 83.59347 cm™, I, = 1.013534 uAZ, Opin
=54.842°, and F/G = 1.5, mp,x = 20.

ies on amines the constant E was used to determine the bar-
rier to inversion using a double minimum potential. Here, we
used a modified version of a potential proposed by Weeks,
Hecht, and Dennison for ammonia?® and also used by Penn
and Boggs for the inversion tunneling in methyl ethyl amine.®
Details concerning the model and the method of calculation
are given in Appendix A. For diethyl amine a barrier of
1531 cm~! (18.31 kJ/mol) was found. Some splittings of
higher tunneling levels (v = 1, 2, ...) calculated with the
same model are given in Table II. The shape of the double
minimum potential and the inversion energy levels are shown
in Fig. 4. It should be noted that all calculations of the inver-
sion barrier strongly depend on the model potential and on
the equilibrium geometry of the molecule. Therefore, the bar-
rier determined might contain a rather large systematic error,
however, it is useful if it is compared with inversion barri-
ers of other amines determined by exactly the same method.
The results for dimethyl amine, methyl ethyl amine, and di-
ethyl amine are given in Table III. In all cases the equilibrium
geometry was obtained by ab initio calculations at the MP2/6-
3114++G(d,p) level of theory. All inversion barriers obtained
by the same method were found within the narrow range of
1480 £ 59 cm~! (17.7 & 0.7 kJ/mol), whereas the agreement
between the barriers reported earlier is worse.

The Coriolis coupling constant is associated with the op-
erator JpJ. + J.Jp which has matrix elements connecting the
(4) and (—) inversion state. In the case of diethyl amine the

v/
kJ/mol
18.31 '\ "

100.0+

N W<

0.0 : : :
-180.0 -120.0 -60.0 0.0 60.0 120.0 180.0
8/°

FIG. 4. The double minimum potential as defined in Appendix A used to
describe the inversion tunneling at the nitrogen atom. The angle 6 is the angle
of the NH bond against the NCC plane. For the parameters see Table III.
In the inset the angles for the calculated equilibrium geometries, the barrier
height as determined from the v = 0 inversion splitting, and also the inversion
levels (in blue) are shown. Each level marked by the v quantum number is
split into a (+) and a (—) sublevel (see Table II).
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TABLE III. Potential barrier of proton tunneling in some amines.

I,/uA? O min/° E/MHz Vinax/(kJ/mol) Vinax/em™!
Dimethyl amine 1.000681 54.162 1323.0 17.17%, 18.4(46)* 1435%,1538(385)*
Methyl ethyl amine 1.007155 54.528 990.5 17.778, 21.7° 14854, 18146
Diethyl amine 1.013534 54.842 760.771 18.312 15312

2This work.

determination of F},. is mainly due to a near degeneracy of the
energy levels 3}, and 37, (Fig. 5). These levels are separated
by only 27.5 MHz. Moreover, the near degeneracy causes a
perturbation in the '*N quadrupole coupling splitting associ-
ated with one of these levels. An example is shown in Fig. 6,
where for the same rotational but different inversion transi-
tions different hyperfine patterns appear. It should be noted
that also in other amines such degeneracies are found, e.g., in
!SN-dimethyl amine the 1}, and the 1}, level are separated by
66 MHz and by 204 MHz for the normal species.* However,
these values are much bigger and in the case of '“N-dimethyl
amine no perturbation of the nuclear quadrupole hyperfine
structure has been reported.

The '“N quadrupole coupling constants obtained from
the global fit may be directly compared to the ab initio re-
sults. Here the deviation of the x,, constant is only —3.4%.
In contrast, the x,, — X and the xj. constants both differ
by —11%. These rather large deviations might have two rea-
sons: (i) When the constants were calculated from the electric
field gradient tensor as obtained by ab initio calculations, an
effective "*N nuclear quadrupole moment of 19.41 mb was
used. This value depends on the method and basis set and
might be not suitable in this case. (ii) The x, — x. and the
Xpe constants are averaged under the influence of the inver-
sion tunneling. The x,, constant is not affected by this aver-

En A
/MHz _
404
41500
312
a 4
41000 404
27.5 MHz .
3
40500 12 ...::::*::: fff %
761.1 MHz
40000 -
+
343 l
39500 + -

FIG. 5. Energy level diagram showing the near degenerate 3?2 and 375 levels
(27.5 MHz) and the inversion splitting of the 313 level (761.1 MHz) into a
symmetric (+) and an antisymmetric (—) inversion state. E/A is the rotation-
inversion energy in frequency units.

aging process since the tunneling path of the proton is located
in the bc plane.

The quadrupole constants were transformed into its prin-
cipal axes. This allows for comparison with other amines.
The results are shown in Table IV. The yx,, value of
—4.97626 MHz found for diethyl amine is in excellent agree-
ment with x.. = —5.05 MHz reported for dimethyl amine.
The corresponding absolute values of ammonia and primary
amines are usually lower, those of tertiary amines are slightly
higher. Unfortunately, in some cases the accuracy of the re-
ported coupling constants is not sufficient for a more detailed
comparison. In Fig. 7, the orientation of the principal axes of
the coupling tensor relative to the principal axes of inertia is
shown. The z axis of the coupling tensor points in a direction
where the maximum charge density of the nitrogen lone pair
is expected. This also agrees nicely with the direction of the
calculated dipole moment vector.

To determine the barrier to internal rotation, some se-
lected c-type transitions showing torsional splittings (also that
one in Fig. 3) were fitted with the program X1AM.?! Here, the
splittings VEg — Vaa, VEE — VAE, and vgg — Vgg+ instead of
the absolute line frequencies were fitted. For the nomencla-
ture of the torsional substates see Ref. 8. All other parameters
such as the rotational constants and the angles between the in-
ternal rotor axes and the inertial axes were fixed and only the
barrier to internal rotation was fitted. The result is given in
Table V. A list of all fitted lines is available as supplementary
material!' (Table S-IV). The barrier to internal rotation was
found to be ~1050 cm™! which is in a good agreement with
the barrier of about 1100 cm~! of the methyl group found in

4-4
33 —
2.2 313-303
23 43 ‘ 34 32
1 1 1 1
2.0 1.0 0.0 10 20
Frequency - 14447.951 MHz
4-4
33 =
22 313-3p3
23 43 34 3-2
1 1 1 1
2.0 1.0 0.0 10 20

Frequency - 15969.806 MHz

FIG. 6. '*N quadrupole hyperfine structure of the 313 <— 33 transition. Dif-
ferent patterns arise from a perturbation of the 3| level, which interacts with
the only 27.5 MHz lower 3?’2 level.
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TABLE IV. Comparison of principal quadrupole coupling constants (in
MH?z) of N in ammonia and in amines.

Xxx Xyy Xzz n
Ammonia (Ref. 1) 2.0421 2.0421 —4.0842 0
Methyl amine (Ref. 2) 2.4136 1.9805 —4.3941 —0.099
trans-ethyl amine (Ref. 3) 2.93 1.75 —4.68 —0.25
Dimethyl amine (Ref. 4) 3.04 2.01 —5.05 —0.20
Diethyl amine® 2.67576  2.30050 —4.97626 —0.075
Trimethyl amine (Ref. 5) 2.74 2.74 —-547 0
Quinuclidine® (Ref. 24) 2.5958 2.5958 —5.1915 0

Note: X > Xy = Xzz (by definition). Asymmetr}’ n=Xw— ny)/)(::~
4This work.
b Also called ABCO, 1-azabicyclo[2.2.2]octane.

FIG. 7. Experimental and calculated (MP2/6-311++G(d.p)) principal axes
X, , z of the N quadrupole coupling tensor. A part of the molecule is drawn
as a projection on the bc plane. The bonds of the atoms directly bonded to the
N atom are drawn as thick lines. The theoretical axes of the coupling tensor
and also the theoretical dipole moment vector p are dotted, the experimen-
tally determined axes are dashed.

TABLE V. Parameters describing the internal rotation of two methyl groups
of diethyl amine.

Parameter Unit Value

V3 kJ/mol 12.5816(68)
cm™! 1051.74(57)
GHz 31530(17)

Iy uA? 3.172 (fixed)*

L(i1,a) deg 35.85 (fixed)
L(iz,a) deg 144.15 (fixed)®®
L(i1,b) = L(i2,b) deg 125.84 (fixed)?
L(i1,¢) = L(i2,€) deg 90.87 (fixed)
N¢ 48

ad kHz 0.7

2Calculated from structure optimized at the MP2/6-311++G(d,p) level.
b/(iy,a) = 180°— (i} ,a) (due to symmetry).

“Number of torsional splittings.

dStandard deviation of the fit.
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ethyl fluoride'* and ethyl acetate,?? but much higher than the
value of 772 cm~! found in diethyl ketone.® The reason for a
lower barrier in diethyl ketone might be due to the inductive
effect of the carbonyl group.

V. CONCLUSION

From the microwave spectrum of diethyl amine as
recorded under molecular beam conditions molecular param-
eters were determined which allowed to reproduce the ob-
served spectrum within experimental accuracy. The analysis
was carried out using an effective Hamiltonian accounting for
overall rotation, centrifugal distortion, nitrogen inversion, and
1N nuclear quadrupole coupling. In contrast to previous work
on dimethyl amine* and methyl ethyl amine® the inversion
splittings of diethyl amine were described with molecular pa-
rameters instead of reporting the splitting of each single rota-
tional transition.

From the inversion splittings of diethyl amine and those
splittings reported for dimethyl amine and methyl ethyl amine
the barriers to nitrogen inversion were calculated. This anal-
ysis was based on a simple model potential and on geome-
try parameters obtained by the same ab initio methods and
basis sets for all three molecules. As a result, the inversion
barriers were found consistently in a range of 1480 £ 59
cm™! (17.7 £ 0.7 klJ/mol), and to increase monotonically in
the chemical sequence dimethyl — methyl ethyl — diethyl
amine.

Due to a near degeneracy of the 37; and the 3,
levels, which are separated by an energy difference of only
27.5 MHz, it became possible to determine the complete '“N
quadrupole coupling tensor. Thereby, also its principal axes
could be determined without additional information from iso-
topic substitution. This is interesting because the z axis of the
coupling tensor might be associated with the direction of the
lone pair at the nitrogen atom. By comparison with the results
of ab initio calculations the influence of vibrational averaging
due to the nitrogen inversion could be identified.

Finally, due to the inherently high resolution of MB-
FTMW spectroscopy narrow splittings due to internal rota-
tion of the methyl groups were resolved and analyzed to
give the torsional barrier of 1051.74(57) cm™' (12.5816(68)
kJ/mol).

This work is also considered as a reference for future
studies to be carried out on other amines. Most parameters
have been determined with a higher accuracy compared to the
studies on dimethyl amine and methyl ethyl amine. Again,
this is mainly due to the inherently high resolution of the MB-
FTMW spectroscopy, a method which was not available at
the time the older studies were carried out. It is also due to the
availability of the easy to use and extremely flexible programs
SPFIT and SPCAT by Pickett. Finally, it is due to a perturbation
between two rotorsional energy levels. Such perturbations are
also found in the other amines, but there the energy levels do
not come as close together as in diethyl amine. However, it is
believed that remeasurement and reanalysis of the spectra of
the other amines would significantly improve their molecular
parameters.
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APPENDIX A: PROTON TUNNELING

In order to obtain the hindering barrier from the observed
nitrogen inversion splitting a model potential was chosen,
since the exact potential and the tunneling path is usually
not known. Several double minimum potentials have been de-
scribed, e.g., that of Manning23 or that of Weeks, Hecht, and
Dennison.?’ The latter one has already been used by Penn and
Boggs for the inversion tunneling in methyl ethyl amine® and
it will also be used here with slight modifications concern-
ing the boundaries and the potential offset. The potential is
assumed to be periodic in 27:

V() = F +2G — 2F cos 0
4G L

26
+2Gcosf for —nL <6 <mL, (Al)
F? —nm <6 < —nL and
V@)= -—+2F+4G for .
4G nL<0<m
(A2)

The parameter L is determined by the angles 6,,;,, where
the potential is V (Opin) = 0,
emin F

= —. A3
cos — G (A3)

F and G are positive parameters. Following the method
of Penn and Boggs.® they were fixed at a constant ratio of
F /G = 1.5. However, the following expressions hold also for
the general case of arbitrary F /G ratios. The height of the
inversion barrier can be expressed as

2

F

With this potential the Hamiltonian has the same form as
in Ref. 20:

d2
H=-D—+ V(). AS
5 V) (AS)
The parameter D is defined by
h2
D=—, A6
oL (A6)

with the reduced moment of inertia /,, which refers to the
rotation of the amine H atom on a circular path around the
N atom against the molecular frame. Likewise, D can be
expressed in frequency units by the rotational constant D,
=D/h.
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The Hamilton matrix was set up in the basis of the planar
rotor wave functions

[l .
|m) — _eth’iZ — _1’
2

and truncated at a certain m = m,,. The matrix elements are
given by

(A7)

(m|H|n) = Dm® f(n —m, )

4G

1 1
—F|:f<n—m+z, rrL) + f<n—m—z, ]TL>]

2 2
+ G|:f<n—m+—, nL) + f(n—m——, nL)]

FZ
+ (— +2G)f(n —m,nL)

L L
F2
+ <E +2F +4G>
x[f(n—m, )= f(n—m,wL)] (A8)
with
A 1A it r=0

f@r, A) = 1 f e"do = )
21 Ja %sinrA if r#0
(A9)
The energy eigenvalues were obtained by diagonalization
of the Hamilton matrix using the Jacobi method. The eigen-
values are labeled by 0F, 07, 1+, 17,2%,27, ... in an ascend-
ing order of energy.

APPENDIX B: SUPPLEMENTARY MATERIAL

There is supplementary material'! available for this
paper. Table S-I contains the nuclear coordinates of diethyl
amine in the principal axes of inertia as calculated at the
MP2/6-3114++G(d,p) level of theory. In Table S-II a fre-
quency list of all assigned transitions of diethyl amine is
given. Table S-III contains a part of the parameter definition
(*.par) file of the program SPFIT used for fitting the overall ro-
tation, the inversion tunneling, and the '*N quadrupole hyper-
fine structure. Finally, a list of all torsional components used
to fit the internal rotation parameters of two methyl groups is
given in Table S-IV.
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