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The zero field 14N-hfs-multiplets and the high-field Zeeman-hfs-multiplets of low-J rotational 
transitions of the title compounds were observed in a flash pyrolysis setup under high-resolution 
conditions. From the zero-field hfs patterns the 14N spin-rotation coupling constants and the 14N 
nuclear quadrupole coupling constants were obtained. From the high-field Zeeman-hfs-multiplets, 
the diagonal elements of the molecular ^-tensor and the anisotropies in the diagonal elements of the 
molecular magnetic susceptibility tensor were determined and were used to derive the diagonal 
elements of the molecular electric quadrupole moment tensor. INDO calculations and restricted 
Hartree-Fock self consistent field calculations with a basis of TZVP quality were carried out at the 
experimental structures and critically compared to the experimental results.

Introduction

The present study is the second in a sequence of 
rotational Zeeman effect studies of small imine com­
pounds. The analysis of the rotational Zeeman effect 
gives experimental values for the anisotropies in the 
diagonal elements of the molecular magnetic suscepti­
bility tensor and of the diagonal elements of the 
molecular g-tensor, and it gives direct experimental 
access to the molecular electric quadrupole moment 
tensor. The analysis of the zero-field 14N hyperfine 
(hfs) multiplets, which is a prerequisite for the subse­
quent analysis of the Zeeman-hfs-multiplets, gives in­
formation on the vibronic expectation value for the 
electric field gradient tensor at the 14N nucleus and on 
its spin-rotation coupling tensor.

The molecular magnetic susceptibilities are of inter­
est in the context of additivity rules from local incre­
ments and for the assessment of molecular field in­
duced ring currents in aromatic molecules. The 
molecular electric quadrupole moments play an im­
portant role for the intermolecular forces at close
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range (-> local substructures in liquids, shapes of 
van der Waals complexes, etc.).

Furthermore the molecular electric quadrupole 
moments and the quadrupole coupling constants, the 
latter closely related to the electric field gradients at 
the quadrupole nuclei in the molecules, are of interest 
for the comparison with quantum chemical calcula­
tions. While the molecular quadrupole moments 
probe the quality of the electronic wavefunctions in 
the outer regions of the electron cloud, the field gradi­
ents probe the wavefunction in the immediate sur­
roundings of the quadrupole nuclei. We therefore 
found it interesting to run standard semiempirical and 
ab initio quantum chemical programs on the experi­
mental structures in order to get a feeling for their 
predictive power.

Thus the present contribution is subdivided into 
two parts. In the first part we describe the experiments 
and their analysis and in the second part we present 
the results of the quantum chemical calculations and 
compare them with the experimental results.

Experimental and Analysis

The pyrolysis flow system, the spectrometer, and 
the line shape analyses used to derive accurate satellite
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frequencies also in not completely resolved multiplets 
have been described in detail in [1] and [2].

A) Preparation and Spectra of the Ethanimines

Cis- and trans-ethanimine were produced by vac­
uum flash pyrolysis of the trimer, hexahydro-2,4,6- 
trimethyl-l,3,5-triazine, which, in its hydrated form, 
was obtained commercially from Aldrich (Steinheim, 
Germany). Prior to the pyrolysis crystal water and 
residual impurities were removed by vacuum sublima­
tion and subsequent recristallisation in ethanol. Both 
isomeric forms, cis and trans, are produced that way, 
but the thermodynamically less stable cis-isomer [3] is 
produced predominantly as indicated in the reaction 
scheme.

H
H N CH3 
1 /  \  I H3C-C C-H

H-N N-H

/  \
H CH3

The reason for this may be that the shape of the 
cis-species is sort of preformed in the trimer with its 
chair shaped ring and the methyl-groups and amine- 
hydrogens in aequatorial position. Due to the similar­
ity of their rotational constants, the ratio in which the 
two isomers were formed could be determined with 
fairly high precision from the relative intensities in 
closely neighboured rotational transitions. Account­
ing for the different dipole moments (the intensities are 
proportional to the squares of the or dipole 
moment, depending on whether the transition is of pa- 
or //ft-type [4]) the abundancies were calculated as 
,7eis:ntrans= 12:1 for a pyrolysis system with an unob­
structed rapid flow through the heated zone. This ra­
tio could be changed to approximately ncis: ntrans =5:1 
if the heated zone was loosely packed with quartz 
wool. For this comparison the overall How through 
the system was maintained at approximately the same 
level. It was controlled by the pressure drop accross 
the waveguide absorption cell (20 mForr at the en­
trance hole and below 1 mForr at the exit slit of the 
cell). Small differences in the Boltzmann factors of the 
two species were neglected in this calculation of the 
relative abundancies, and the dipole moments were 
taken from the work of Lovas et al. [5], i.e. =

2.408 (14) D and pb= 0.88 (16) D for the trans- and
= 0.834 (23) D and pb = 1.882 (5) D for the cis-spe­

cies. The absorption cells were cooled to — 50 C in 
order to increase the population differences between 
the lower and the upper rotational states and in order 
to reduce the rate constants for the reactions at the 
walls.

For the trans-species only /̂ a-type spectra could be 
collected under high resolution conditions because of 
the less favourable production rate for this species. 
However for the cis-species the signal to noise ratio 
was sufficient to allow for the collection of the /xa-type 
as well as of the more intense ^b-type spectra. For both

H
H3C-C '

N/
H

species already the zero field rotational transitions are 
split into multiplets. Fhe reason for this splitting is 
twofold.

First hindered internal rotation (torsion) of the 
methyl group causes a splitting into an A/E-doublet of 
equal intensity. Both satellites essentially correspond 
to the vibrational ground state of the methyl torsion. 
But this state is split into substates due to tunneling. 
The A-satellite arises from molecules with zero tor­
sional angular momentum, the E-satellite from 
molecules with a small tunneling angular momentum. 
For the theoretical background of internal rotation 
see [6].

Second, 14N quadrupole hyperfine interaction plus 
spin-rotation interaction cause an additional hfs-split- 
ting of each torsional satellite with hfs-satellites aris­
ing from molecules with different orientations of the
14N spin with respect to the rotational angular momen­
tum. Due to the fairly high torsional barriers (F3 = 
1.475 kcal/mol for the trans-isomer and F3 = 1.595 
kcal/mol for the cis-isomer [5]) the 14N hfs-patterns 
are experimentally identical for the two torsional 
states. As an example we present the zero-field multi-
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Fig. 1. For eis- and trans-ethanimine the 
multiplets of the 101 — 0oo rotational tran­
sition fall into the same spectral region. 
This allows for a comparatively accurate 
estimate of the relative number densities of 
the two isomers. The multiplet splitting is 
caused by methyl internal rotation (A- and 
E-species) and 14N nuclear quadrupole 
coupling (see text). For the simulation from 
the optimized molecular parameters (lower 
trace) Lorentzian line shapes were as­
sumed. The observed line widths are close 
to 95 kHz full width at half height.

plets of the Ioi^-Oqo transition in Fig. 1, which also 
gives information on the relative abundancies of the 
eis- and trans-species. For this recording the heated 
zone was stuffed with quartz wool in order to increase 
the number density of the trans-species in the pyroly­
sis products (see above).

The listing of our recorded zero field frequencies, 
which includes only the frequencies of the hfs satellites 
of the A-species, is given in Tables 1 (cis-ethanimine) 
and 2 (trans-ethanimine). In view of the comparatively 
high barrier, we have analysed the 14N-hfs of both 
species with the effective rigid rotor Hamiltonian 
given in Eqs. (2) and (3) of [1]. Our 14N-quadrupole 
coupling constants and 14N spin-rotation coupling 
constants, derived from a least squares fit to the split­
tings of both species are presented in Table 3. For 
comparison we also present the corresponding results 
published earlier in [5] and [7]. The accuracy of the 
quadrupole coupling constants has been improved by 
two orders of magnitude in the case of the cis-species 
and by better than one order in the case of the trans- 
species. They have now reached the quality needed for 
a critical comparison with new ab initio calculations 
(see below).

In the case of trans-ethanimine a slight discrepancy 
between our results and the results presented earlier in 
[7] is obvious. It is probably due to a misassignment 
in the earlier publication, where the 404<- 313 transi­

tion of the cis-form was misinterpreted as the 
716<-717 transition of the trans-form (compare Fig­
ure 2). The observed hfs pattern and the simulation 
from the optimized molecular parameters closely 
match our assignment (left), while the simulation of 
the 716<-717 pattern not only is predicted at a 
13 MHz lower frequency but also shows a significant 
deviation in the hfs splitting (right). Our assignment 
is further confirmed by the corresponding hfs-pattern 
of the torsional E-species measured at 33010.180 MHz 
(F'<-F = 3<-2), 33010.561 MHz (F'<-F = 5^4) and 
33011.714 MHz (F'<- F = 4 <- 3), respectively. The dif­
ferences between the peak frequencies in our observed 
spectrum (upper left) and the satellite frequencies re­
ported in [7] are due to the fact that our spectrum 
resulted from upward scans only. The occurrence of 
such a misinterpretation clearly demonstrates the ex­
perimental problems which may arise if different iso­
meric species are generated by pyrolysis and if their 
relative abundancies critically depend on the detailed 
conditions under which the pyrolysis is carried out. 
We note that in the present investigation the spin-ro­
tation constants of both species could be determined 
for the first time.

The high field AMj = 0 and AM; = +1 rotational 
Zeeman effect spectra of both isomers were studied as 
described in [1]. As an example we present Zeeman 
multiplets arising from the 101 0oo rotational tran-
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Table 1. 14N quadrupole hfs splittings of some low-J rota­
tional transitions of cis-ethanimine in the A-torsional state 
(within our present resolution the hfs of the E-state can not 
be distinguished from the corresponding A-state patterns). 
The calculated splittings follow from the optimized coupling 
constants presented in Table 3. The splittings are given with 
respect to the hypothetical center frequency: Av = v — v0.

Jk K'. *—JK K» T '-T Relative Al'exp. Alcaic. A
vJUHz intensity [MHz] [MHz] [KHz]

ôi ~~ 0Oo 1 -  1 11.10 — 0.505 -0.503 _2
18480.138 2 -  1 55.50 — 0.050 -0.048 — 2

1 -  0 33.30 0.252 0.248 4
1 10 ~ ' Ol 2 — 2 41.70 -0.092 -0.095 3
44469.347 T - 1 8.33 0.512 0.507 5

2 -  1 13.90 -0.393 -0.390 -3
1 -  2 13.90 0.804 0.801 3
0 -  1 11.10 -1.796 -1.794 -2
1 -  0 11.10 1.255 1.258 -3

2o2 -  lo, 1 -  1 8.33 -0.483 -0.482 -1
36940.263 2 -  1 25.00 -0.022

-0.019 -0.018 -1
3 - 2 46.60 -0.013
2 — 2 8.33 0.273

0.272 0.271 1
1 -  0 11.10 0.269

2,2 -  In 1 -  0 11.10 -1.251 -1.258 7
35882.199 2 — 2 8.33 -0.981 -0.982 1

3 - 2 46.60 0.021 0.016 5
2 -  1 25.00 0.253 0.255 -2
1 -  1 8.33 1.768 1.771 -3

7 — 7 -̂11 -02 1 -  2 5.00 -1.253 -1.253 0
45566.913 1 -  1 15.00 -0.792 -0.792 0

3 - 2 5.19 -0.513 -0.505 -8
3 - 3 41.50 -0.218 -0.220 2
2 — 2 23.10 0.782 0.783 -1
2 - 3 5.19 1.072 1.068 4
2 -  1 5.00 1.245 1.243 2

0̂4  ̂j 3 3 - 2 23.80 -0.671 -0.671 0
32937.341 5 - 4 40.70 -0.293 -0.293 0

4 - 3 31.30 0.860 0.861 -1
423 -  514 4 - 5 32.00 -0.988 -0.989 1
31410.531 5 -  6 39.40 0.388 0.390 _2

3 - 4 25.90 0.643 0.642 I
523 -  616 4 - 5 27.30 -0.644 -0.644 0
33124.471 6 - 7 38.50 -0.385 -0.385 0

5 -  6 32.40 0.984 0.988 -4

Table 2. Zero field 14N quadrupole hfs multiplets observed 
for trans-ethanimine in the A-torsional state. The calculated 
splittings follow from the optimized coupling constants given 
in Table 3. The splittings are given with respect to the hypo­
thetical center frequency: Av = v — v0.

Jk K\ <~JK_ K,
i'0/MHz

FV F Relative At'eXp. 
intensity [MHz]

Al'calc.
[MHz]

A
[KHz]

0̂1 ®00 1 - 1 33.30 -0.904 -0.904 0
18478.986 2 - 1 55.50 0.183 0.182 1

0 - 1 11.10 1.799 1.799 0
2U -  l,o 1 - 1 8.33 -0.636 -0.636 0
38136.334 2 —1 25.00 -0.898 -0.899 1

3 - 2 46.60 0.194 0.195 -1
2 —2 8.33 0.000 0.000 -1
1 - 0 11.10 1.669 1.667 2

2,2 -  !,, 2 —2 8.33 -0.741 -0.743 2
35779.025 2 —1 25.00 -0.899 -0.899 0

3 - 2 46.60 0.245 0.244 1
1 - 6 11.10 1.042 1.044 -2
1 - i 8.33 0.627 0.627 0

~> — 1-02 01 2 —2 8.33 -1.094 -1.095 1
36932.272 1 - 6 11.10 -0.894 -0.895 1

2 —i 25.00 -0.010 -0.009 -1
3 - 2 46.60 0.082 0.082 0
1 - 1 8.33 1.809 1.808 1

Table 3. 14N nuclear quadrupole and spin-rotation coupling 
constants (in MHz) of cis- and trans-ethanimine resulting 
from the least squares fit to the hfs-splittings reported in 
Tables 1 and 2. Uncertainties are one standard deviation 
from the fit. Also given are the rotational constants which 
enter into the calculation of the splittings and which are also 
needed for the subsequent analysis of the data.

sition of the two isomeric species in Fig. 3, which 
shows a Zeeman multiplet observed under A Mj = 0 
selection rule at a field of 15676 Gauss. As in case of 
the zero-field spectra (compare Fig. 1) the heated zone 
of the pyrolysis tube was loosely packed with quartz 
wool for the recording in order to increase the number 
density of the trans-species downstream of the reac­
tion zone.

In Table 4 we present the molecular ^-values and 
magnetic anisotropics for both isomeric species. The 
sign of the (/-values could be determined unambigu­
ously from intermediate field spectra as described in 
[8].

cis-ethanimine: 
constant
Zaa
Zbb
ZeeMaa
Mbb
M
Ba = 53120.528 (80) [5] 
Bh= 9778.4950 (106) [5] 
Bc= 8701.3167 (166) [5]
trans-ethanimine: 
constant
Zaa
Zhh 
Zee 
Maa 
Mhb
Meeß, = 49960.6 (117) [5] 
Bh= 9828.21 (15) [5] 
Bc= 8650.29(15) [5]

this work
0.9980 (22) 

-4.0524(22) 
3.0544(31) 

-0.0179(11) 
-0.0020(2) 
-0.0029 (2)

this work 
-3.6066(13) 

0.5488 (33) 
3.0578 (33) 

-0.0114(11) 
-0.0062(7) 

0.0022 (77)

Lovas et al. [5]
0.70 (45) 

-3.90(24) 
3.20(37)

* **

Brown et al. [7] 
-3.676(35) 

0.552(16) 
3.124(38)
* *** 
* ***

B) Preparation, Spectra and Analysis 
of the Propenimines

The propenimines were prepared by vacuum flash 
pyrolysis of freshly distilled diallylamine (Aldrich) ac-
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observed hfs—-pattern observed hfs-pattern

simulation of the 4 04 3 n hfs simxdation of the 7,e <- 7,7 hfs
midtiplet of the eis— species vnuLtiptet of the trans—species

Fig. 2. Observed 14N hfs multiplet of the 
404<-313 transition of the torsional A-spe- 
cies of cis-ethanimine, which in [7], in the 
believe that the "cis-spectrum" had too low 
intensity for detection, has been erro­
neously assigned to the 716<-717 transi­
tion of the other isomer, trans-ethanimine.

Fig. 3. The loi^Ooo transition of eis- and 
trans-ethanimine observed under AM; = 0 
and AM, = 0 selection rules (compare 
Fig. 1 for the zero field multiplet). At the 
applied field of 15.676 kGauss uncoupling 
of 14N-spin and overall rotation is essen­
tially complete for the cis-species with its 
smaller quadrupole coupling constants, 
while it is still incomplete for the trans-spe­
cies where the = 1 and M, = — 1 satel­
lites still show up as separate lines. Mj = 0 
applies for all satellites. This pattern con­
tains additional information on the mag­
netic susceptibility.

trans

A 1 I
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cording to the following simplified break down scheme:

h:c-ch=ch:
h -n ' 

rc -ch = ch 3

700° C - 800° C
(wixhout quartz wool)

450° C
(wilt quartz wool)

h
h2c--c^ +

c=n 
v( h 
(trans-anti)

h
h2c=c/  h

w  
l /
(trans-syn)

h
h2c=c\

ch,

Both isomeric forms trans-anti and trans-syn as 
well as propene are present downstream from the py­
rolysis zone. (No spectroscopic search for other reac­
tion products was carried out in the present study.) 
Here the thermodynamically more stable trans-anti- 
species [9] is produced preferentially with a ratio 
'̂ trans-anti/̂ trans-syn = 7:1 calculated from the relative in­
tensities of the 211«-110 rotational transition of the 
two isomeric species. The nomenclature is as follows: 
"trans" refers to the orientation of the double bonds 
with respect to the central C-C-bond while "anti" and 
"syn" refer to the orientation of the N H-bond with 
respect to the C - H-bond at the central carbon atom. 
In the pyrolysis of diallylamine, stuffing of the heated 
region with Si02-wool did not change the trans-anti/ 
trans-syn ratio, but it lowered the optimal tempera­
ture range for the pyrolysis to about 450 °C, which 
indicates a catalytic action.

In accordance with the reported dipole moments 
fia = 1.13 (1) D and fih = 1.66 (1) D for the trans-anti and 
Ha = 2.39 (1) D and n„ = 0.77 (2) D for the trans-syn [9], 
/ia-type as well as ^,,-type transitions could be 
recorded under high resolution conditions for the 
more abundant trans-anti-species. For the less abun­
dant trans-syn-species only the ^a-type spectra had

Table 4. Molecular (/-tensor elements and anisotropies of the 
molecular magnetic susceptibility (10~6 erg G"2 mol"*) of 
eis- and trans-ethanimine resulting from a least squares fit to 
the observed Zeeman multiplets of the torsional A-species.

cis- trans-ethanimine ethanimine
Molecular Gaa -0.29586(19) -0.13144(10)
Magnetic 9bb -0.04381 (14) -0.08347(9)
(/-tensor dec -0.00339 (20) -0.01221 (9)

cis- trans-
ethanimine ethanimine

Magnetic r r r - L;ao \bb <?rr 9.32(32) 0.23(11)
Susceptibility 8.05(25) 18.73(12)
Anisotropy

sufficient intensity to allow for high resolution study. 
In Fig. 4 we show the observed 14N-hfs-pattern of the 
l o l<-0oo rotational transition for the less abundant 
trans-syn-species.

Our zero field frequencies are reported in Tables 5 
and 6. The rotational constants [10] and our 14N 
quadrupole coupling constants and spin-rotation con­
stants, fitted to these observed splittings, are given in 
Table 7. Also given for comparison are the corre­
sponding values reported earlier by the Monash 
group [10]. The results will be discussed below with 
respect to quantum chemical calculations.

From the analysis of the high-field Zeeman split­
tings the .(/-values and susceptibility anisotropies listed 
in Table 8 were obtained. As in the case of the etha- 
nimines, the sign of the (/-values could be determined 
unambiguously from intermediate-field spectra.

Derived Molecular Parameters

As was shown by Flygare and coworkers [11] the 
theoretical expressions for the elements of the molecu­
lar (/-tensor and for the magnetic susceptibility tensor 
may be combined to derive "experimental values" for 
the molecular electric quadrupole moment tensor and 
for the anisotropies in the electronic second moments 
((14) and (16) in [1], respectively). Since some authors 
use a definition for the quadrupole moment which 
differs from ours by a factor of two, we explicitly give 
our definition:

Qaa=( 1*1/2)
nuclei
X z n(2a2n-  b2n- c 2n)
M

electrons
-< 0 | I  (2 a] — bj — cj) 10) 

j
(and cyclic permutations).

(1)
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F'

X

Fig. 4. Zero field 14N hfs pattern for the 
lol<-0oo rotational transition of the less 
abundant trans-syn-species of propen- 
imine. The hfs-pattern scales with 
(Xbb +Xcc)- The experimental full widths at 
half height are close to 80 kHz.

Table 5. 14N quadrupole hyperfine splittings of some low-J 
rotational transitions of trans-anti-propenimine. The calcu­
lated splittings follow from the optimized coupling constants 
presented in Table 7. The splittings are given with respect to 
the hypothetical center frequency: Av = v — v0.

Jk . K '+ *~JK F Relative AVexp. AvCa\c. A
ÜO/MHZ intensity [MHz] [MHz] [KHz]

1 10 —  ̂01 0 - 1 11.10 — 1.751 -1.753 + 2
41625.129 1 - 0 11.10 1.140 1.140 0

2 - 2 41.70 -0.111 -0.111 0
2 - 1 13.90 -0.336 -0.332 -4
1 - 1 8.33 0.586 0.583 3
1 - 13.90 0.808 0.804 4

101 Oqq 0 - 1 11.10 -0.372 -0.372 0
8709.182 2 - 1 55.50 -0.036 -0.036 0

1 - 1 33.30 0.183 0.185 -2
11 1 — ®oo 1 - 1 33.30 -0.967 -0.967 0
49921.622 2 - 1 55.50 0.198 0.198 0

0 - 1 11.10 1.912 1.912 0
2 — 1 ■̂11 1 10 1 - 1 8.33 -1.742 -1.742 0
17831.059 3 - 2 46.60 -0.121 -0.119 -2

2 - 1 25.00 0.190 0.189 1
1 - 0 11.10 0.596 0.595 1
2 - 2 8.33 1.102 1.105 -3

Tabic 6. Zero field 14N quadrupole hfs multiplets observed 
for trans-syn-propenimine. The calculated splittings follow 
from the optimized coupling constants given in Table 7. The 
splittings are given with respect to the hypothetical center 
frequency: Av = v — v0.

Jk K \ *~JK K + F Relative AVexp. Afcalc. A
P0/MHZ intensity [MHz] [MHz] [KHz]

ôi 0oo 1 - 1 33.30 — 0.746 -0.751 5
8699.010 2 - 1 55.50 0.150 0.152 -2

0 - 1 11.10 1.490 1.493 -3
1 110 1 - 1 8.33 -0.835 -0.835 0

17828.092 2 - 1 25.00 -0.745 -0.746 1
3 - 2 46.60 0.146 0.147 -1
2 - 2 8.33 * *** 0.189 *
1 - 0 11.10 1*538 1.540 -1

2 i 2 1 1 1 2 - 2 8.33 -0.808 -0.807 -1
16967.939 2 - 1 25.00 -0.749 -0.746 -3

3 - 2 46.60 0.220 0.218 2
1 - 0 1.10 0.712 0.709 3
1 - 1 8.33 0.827 0.826 1

—02 101 2 - 2 8.33 -0.910 -0.907 -3
17394.457 1 - 0 11.10 -0.746 -0.746 0

2 - 1 25.00 -0.005 -0.005 0
3 - 2 46.60 0.068 0.068 0
1 - 1 8.33 1.498 1.497 1
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Table 7. 14N nuclear quadrupole and spin-rotation coupling 
constants (in M Hz) of trans-anti- and trans-syn-propenimine 
resulting from the least squares fit to the hfs-splittings re­
ported in Tables 5 and 6. Uncertainties are one standard 
deviation from the fit. Also given are the rotational constants 
(in MHz) which enter into the calculation of the splittings 
and which are also needed for the subsequent analysis of the 
data.

Trans-anti-propenimine:
constant this work
Xaa 0.7414(11)
Zbb -3.8461 (11)
Zee 3.1047(16)
Maa -0.0127(5)
Mbb -0.0035(6)
Mcc 0.0021 (5) 
ßü = 45773.628 (18) [10] 
Bh= 4560.916(4) [10] 
Bc= 4148.242(3) [10]
trans-syn-propenimine:
constant
Xaa
Xbb
XccMaa
Mbb
Mcc B,=
Bb = 
B =

43759.52(18) [10] 
4564.581 (39) [10] 
4134.423 (30) [10]

this work 
-2.9938 (22) 
-0.1636(54) 

3.1574(54) 
-0.0103(18) 
-0.0022(11) 
-0.0022(11)

Brown et al. [10]
0.763 (26) 

-3.886(39) 
3.123 (55) 

-0.027(18) 
-0.007(10) 
-0.007(12)

Brown et al. [10]
-3.010(26) 

0.041 (68)
2.969 (27) * ***
* *** 
* ***

Knowledge of the molecular electric quadrupole mo­
ments is for instance of interest in the context of un­
derstanding the potential hypersurface of van der 
Waals complexes, which is largely determined by the 
electric dipole moments, the electric quadrupole mo­
ments and the electric polarizabilities of the constitu­
ent molecules.

If the structure of the nuclear frame is used as addi­
tional input, also "experimental values" for the an­
isotropies in the electronic second moments may be 
derived from the Zeeman parameters [12]:

nuclci
W - b 2}=  I  z n(ün-b;) + 8 n2 m„ \ B

9aa 9b b
Bh

A 2 (4)4 m r  ( ,  ̂ „ „ „ (
+ 77 1(2 caa — cbb — ccc) — (2 Cbh — Caa)j. 3 e N

(and cyclic permutation).
We present our molecular electric quadrupole mo­
ments and anisotropies in the electronic second mo­
ments in Table 9. Below we will compare them with 
the corresponding quantum chemical results.

Table 8. Molecular magnetic (/-tensor elements and aniso­
tropies of the molecular magnetic susceptibility (10"6erg 
G ~ 2 mol ~1) of trans-anti- and trans-syn-propenimine result­
ing from the least squares fit to the observed Zeeman multi­
plets.

Molecular gau 
Magnetic ghh 
.(/-tensor cjcc 
Magnetic 
Susceptibility 2 cfla —chfc —cf
Anisotropy 2cbb- c aa-£ cc 18.03(15)

trans-anti trans-syn
— 0.46144 (12) -0.33616(10)
-0.04498(7) -0.06039(8)
-0.00137(7) -0.00471(9)
trans-anti trans-syn 

18.74(11) 9.20(9)
25.95(12)

nuclci clcctrons
s  Z J a nbn-<S)\ I  3 cijbj |0> 
" J

Qab = (\e\/2)

(2)
The diagonal elements Qaa etc. are related to the mea­
sured cy-values, magnetic susceptibility anisotropies 
and rotational constants by

Qaa =
h \e\ ( 2gaa gbl

16 n2 nip \ ß„
fJc

Bh B,

\e\ N
12 r —r — r ) t" âa b̂h Sec'" (3)

Theoretical Studies

For comparison with our experimental results we 
did carry out semiempirical and ab initio quantum 
chemical calculations. For the semiempirical calcula­
tions we did run the INDO-program of Pople and 
Beveridge [13] with HameFs extension [14] for the 
calculation of the molecular electric quadrupole mo­
ments. For the ab initio calculation we did run the 
restricted Hartree-Fock self consistent field (RHF- 
SCF) routine from the Gaussian 86 program package 
of Pople and coworkers [15]. The 6-311 G** basis, i.e. 
triple zeta with polarisation functions (TZVP). p-or- 
bitals at H and d-orbitals at C and N, was used 
throughout. All quantum chemical calculations were 
carried out at the "microwave structures" [5, 9],

AJ The Molecular Electric Quadrupole Moments 
and the Anisotropies in the Second Moments 
of the Electronic Charge Distribution

In Table 9 we present a comparison between our 
experimental results for the components of the molec­
ular electric quadrupole moment tensor and of the 
anisotropies in the electronic second moments with 
the corresponding RHF-SCF-values. A pictorial pre-
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Table 9. Experimental values for the molecular electric quadrupole moments in D*Ä (see (3)) and the anisotropics in the 
electronic second moments in Ä2 (see (4)). Also given for comparison are INDO/2 and RHF-SCF-TZVP values calculated 
at the microwave structures. The last column gives the calculated values for the electronic out-of-plane second moments <c2>. 
The references for the structures are given below the names of the molecules.

Qaa Qhh Qcc <.a2- b 2} <b2- c 2> <c2>

methanimine exp. 0.44(17) 1.08(10) -1.52 (26) 6.86(5) 2.14(6)
[1] 6-311G** 0.56 1.15 -1.71 6.85 2.10 2.84

INDO/2 -0.04 1.16 -1.12 6.95 2.17 2.55
trans- exp. -5.72(9) 5.00(17) 0.72(17) 23.50(12) 4.86(14)
ethanimine [5] 6-311 G** -5.30 4.97 0.33 23.44 4.81 5.73

INDO/2 -3.92 4.25 -0.33 23.83 5.50 5.34
cis- exp. 2.28 (11) -0.94 (21) -1.34 (40) 24.85(15) 4.36(18)
ethanimine [5] 6-311 G** 1.90 -0.78 -1.12 24.93 4.37 5.77

INDO/2 3.74 -1.77 -1.97 24.95 4.41 5.34
trans-anti- exp. 2.20(11) 1.82(15) -4.02 (21) 55.68 (13) 7.73(10)
propenimine [9] 6-311 G** 2.05 2.12 -4.18 55.54 7.67 5.67

INDO/2 1.66 1.64 -3.30 55.73 7.85 5.10
trans-syn- exp. -4.01 (12) 6.59(16) -2.58 (23) 53.91 (13) 8.12(10)
propenimine [9] 6-311G** -4.68 7.15 -2.47 54.08 8.06 5.66

INDO/2 -5.26 6.91 -1.65 53.04 8.36 5.10

Table 10. Individual components of the molecular magnetic susceptibility tensor as derived from the experimental suscepti­
bility anisotropics (see Tables 4 and 8) and the RHF-SCF-TZVP values for <c2>, which, combined with the experimental 
-̂values and rotational constants, leaods to an additional linear equation for the susceptibilities (see (17) in [1]). For error 

propagation an uncertainty of ±0.1 Ä2 in the <c2> values was assumed throughout.

Methanimine Trans-ethanimine Cis-ethanimine Trans-anti- Trans-syn-
propenimine propenimine

Qaa -8.79(72) -26.97(94) -23.39(107) -23.19(74) -26.29(75)
Qhh -11.30(66) -20.80(92) -23.82(108) -23.42(77) -20.70(78)
Ccf -18.96(72) -33.37(109) -32.30(134) -41.69(86) -41.07(87)
£bulk -13.02(70) -27.05(100) -26.50(116) -29.43(79) -29.35(80)

sentation of the RHF-SCF-results is presented in Fig­
ure 5. For the anisotropies in the electronic second 
moments the differences between the experimental 
values and the RHF-SCF values are smaller than 
0.2 Ä2, i.e. an agreement within better than two exper­
imental standard deviations. For the molecular 
quadrupole moments the same statement holds with 
trans-syn-propenimine the only exception. In view of 
the fact that no attempt was made to correct the RHF- 
SCF-values for zero point vibrational effects this 
agreement appears to us as rather pleasing.

We therefore used the electronic out-off-plane sec­
ond moments, <c2>, as additional input for a predic­
tion of the bulk susceptibility and of the diagonal 
elements of the magnetic susceptibility tensor as de­
scribed for instance in [1]. To our knowledge these 
values have not yet been determined experimentally 
before. They are presented in Table 10. For error 
propagation an uncertainty of +0.1 Ä2 was assumed 
in the RHF-SCF-values for <c2>.

B) Spin-Rotation Coupling Constants

Spin-rotation coupling arises from the interaction 
of the nuclear magnetic dipole moments with the mag­
netic field caused by the overall rotation of the molec­
ular charge distribution. Since the latter is associated 
with the rotational angular momentum, while the for­
mer are associated with the nuclear spins, the spin-ro- 
tation Hamiltonian may be written phaenomenologi- 
cally as

HSR/h = - I  • M • J, (5)

where the spin-rotation coupling tensor, M, depends 
on the molecular charge distribution. Because of the 
"l/r-dependence", the dominant contribution to M 
arises from the p-electrons localized at the nucleus 
under consideration while the contributions of the 
other nuclei and their electronic environment largely 
cancel. From a detailed theoretical treatment Flygare 
[16] has derived an approximate expression for the
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systems of the molecular quadrupole moment tensors are roughly alligned to the orientation of the lone pair at the nitrogen, 
with the negative component along this direction. The comparison of the SCF- and experimental results, if referred to the 
principal inertia axes system (see Table 9), indicates that both are in rough agreement.

M-tensor elements (compare also (5) in [17]):

<Vr3>„M „ =
- 2 \ e \ M k  

nm\AE\

(6)

In (6) gN is the 14N nuclear g-value, the nuclear 
magneton, Bq(g=a,b, or c) are the rotational con­
stants, h is Planck's constant, < l/r3> = 16.6 ■ 1024cm"3 
the electronic expectation value for an electron in a 
nitrogen 2p-orbital [18], c the velocity of light, m the 
electronic mass, AE an average electronic excitation

energy, and Paa, Pbb, Pcc, and Pbc = Pch are the density 
matrix elements at the nitrogen (compare (5) in [1]). 
We have used INDO p-densities to predict the spin- 
rotation coupling tensor elements from (6). For the 
average excitation energies we took the reported 
n->7i* excitation energies, since they correspond to 
the leading terms in the second order perturbation 
expression which leads to (6).

In Table 11 we list the p-densities and n ->7t* excita­
tion energies. In Table 12 we compare the spin-rota­
tion coupling constants calculated according to (6) to 
our experimental values. For completeness we have
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Table 11. IN DO 2 p-density matrix elements at the I4N nu­
clei (see (5) in [1] and reported n->7i* excitation energies 
(references below the values), which were used to predict the 
14N spin-rotation coupling constants according to (6). For 
the rotational constants, which also enter into this equation, 
see Tables 3 and 7 (the rotational constants of methanimine 
are given in [1]). The p-densities were calculated at the exper­
imental structures (for the corresponding references see 
Table 9).

methanimine Pa Pb Pc A £/eV
Pa 1.2384 -0.1883 0.0000 5.38
Pb -0.1883 1.3052 0.0000 [30]
Pc 0.0000 0.0000 1.0897

trans-ethan- Pa Pb Pc
imine Pa 1.4396 0.1107 0.0000 5.43

Pb 0.1107 1.1007 0.0000 [30]
Pc 0.0000 0.0000 1.1196

cis-ethan- Pa Pb Pcimine Pa 1.0806 -0.0577 0.0000 5.29
Pb -0.0577 1.4557 0.0000 [30]
Pc 0.0000 0.0000 1.1195

trans-anti- Pa Pb Pc
propenimine Pa 1.1090 0.1107 0.0000 4.46

Pb 0.1107 1.4324 0.0000 [31]
Pc 0.0000 0.0000 1.1140

trans-syn- Pa Pb Pcpropenimine Pa 1.4275 0.1830 0.0000 4.46
Pb 0.1830 1.1540 0.0000 [31]
Pc 0.0000 0.0000 1.1033

Table 12. Comparison between the experimental values for 
the spin-rotation coupling constants with values calculated 
from the INDO/2 p-densities and n->rc* energies according 
to (6). In view of the approximations which lead to (6) the 
agreement is quite pleasing.

methanimine
Maa
Mbb
Mcc

exp. 
-0.0548 (8) 
-0.0090(3) 
-0.0009(3)

calc. 
-0.0556 
-0.0099 
-0.0082

trans-ethanimine
Maa 
Mbb
Mrr

exp. 
-0.0114(11) 
-0.0062(7) 

0.0022 (7)

calc. 
-0.0142 
-0.0027 
-0.0024

cis-ethanimine
Maa
MhhMcc

exp. 
-0.0179(11) 
-0.0020(2) 
-0.0029(2)

calc. 
-0.0145 
-0.0028 
-0.0024

trans-anti-propenimine
Maa 
Mhh
MCc

exp. 
-0.0127 (5) 
-0.0035(6) 

0.0021 (5)

calc. 
-0.0152 
-0.0016 
-0.0011

trans-syn-propenimine
Maa 
Mhb
Mcc

exp. 
-0.0103(18) 
-0.0022(11) 
-0.0022(11)

calc. 
-0.0150 
-0.0016 
-0.0014

also included the H,C = NH data determined earlier. 
From this Table it is obvious that Flygares expression 
(6) predicts the spin-rotation coupling constants with 
amazing accuracy, a finding which contrasts sharply 
with earlier statements from the Monash group [19].

C) 14A'' Nuclear Quadrupole Coupling Constants

The experimental quadrupole coupling constants 
are related to the vibronic ground state expectation 
values of the intramolecular electric field gradient ten-

/  d2V \sor, qQQ'=  — {  ̂  ̂ ), caused by the extranuclear

(7)

\Ö0 dg', 
charge distribution as follows:

xaa'= - \e \Q q gJ h

(with the indices g and g' running over the molecular 
axes). Q denotes the nuclear quadrupole moment. 
e and h the electronic charge and Planck's constant, 
respectively. For 14N the nuclear quadrupole mo­
ment, Q, is on the order of 20 mbarn (20 • 10"27 cm2), 
but its's accurate value appears to be still disputed. We 
quote three values from the literature:

£ ( 14N) = 17.4 (2) mbarn [20], 
£>(14N) = 19.3 (8) mbarn [21], 
Ö(14N) = 20.5 mbarn [22].

The effective field gradients, qaa, qhb, qcc, etc. arise 
from two partly compensating contributions, the elec­
tronic contribution and the nuclear contribution. 
Within the rigid nuclear frame approximation they 
are given as

9aa = ~ X
nuclei 7 \p\lT,n2 _r2 \^n lel \ Junk nki

nk
electrons

+ <0| X
13«

'jk> |0> (8)

(and cyclic permutations) 

for the diagonal elements, and as 

nû ei Zn\e\3ankbnk
4 a b = - Z  --------3------- -n rnk

electrons I g I 3 a U
+ <0| X i  J 10) (9)

j rjk
for the off-diagonal element. Here an k and aj k are the 
^-coordinates of the n-th nucleus and j-th electron 
with respect to the quadrupole nucleus (and cyclic 
permutations). While, in the rigid nuclear frame ap-
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16.84 (15) mbarn was used for the conversion from the field 
gradients to the coupling constants. This value resulted from 
a fit for best agreement between the calculated and the exper­
imental data.

proximation. the nuclear contribution is easily calcu­
lated from the microwave structure, the accuracy of 
the electronic contribution depends on the quality of 
the electronic wavefunction. Thus it's value is method 
and basis set dependent. Here we have carried out 
RHF calculations, and a simple way to account for the 
error in the wavefunction is to multiply the calculated 
electronic contribution by a basis set dependent cali­
bration factor. f Q. To our knowledge such a proce­
dure has been proposed first by Brown and coworkers 
[23], and we too had followed this approach in an 
earlier publication [24], However we no more regard 
this approach as reasonable and prefer to use (7) as it 
stands with one global Q value as a basis set depen­
dent calibration factor. The reason for this change in 
mind is as follows. The effect of deficiencies in the 
electronic wavefunction on the quality of the calcu­
lated field gradient depends very much on the region 
in the molecule where the deficiency occurs. Deficien­

cies in the neighbourhood of the other nuclei have 
comparatively little effect, since the main effect of the 
electronic contribution from these regions is to com­
pensate the contributions from the corresponding nu­
clei, and this irrespective of minor errors in the elec­
tron densities. But deficiencies in the immediate 
neighbourhood of the quadrupole nucleus have large 
effects due to the (l/r3)-dependence. Thus, scaling of 
the electron contribution as a whole as done in [23] 
and [24] will lead to a correction of the wavefunction 
errors in the close neighbourhood but also to less 
compensation of the contributions from the other nu­
clei. As a result, in a procedure as described above, 
where two effective Q-values are optimized for best fit 
between experiment and calculation, the necessity of, 
say. downscaling the calculated electronic contribu­
tion will also lead to an unwanted decompensation of 
the nuclear contribution and. as a consequence, to the 
necessity of downscaling also the latter. Therefore in
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Table 13. Principal inertia axes values for the nonzero ele­
ments of the intramolecular electric field gradient at the 
imine nitrogen as calculated by the Gaussian 86 RHF-SCF 
program for the 6-311 G** basis, the observed quadrupole 
coupling constants and the coupling constants calculated 
from the RHF-SCF field gradients and a basis set dependent 
conversion factor, which would corresponds to a 14N nuclear 
quadrupole moment of 16.84 mbarn. This conversion factor 
results from a least squares fit to the field gradients and 
coupling constants contained in this Table.

q/a.u. Xobs/MHz Zca>c/MHZ
methanimine aa 0.213743 -0.9131 (16) -0.8459

bb 0.668045 -2.6688(14) -2.6438
cc -0.881788 3.5819(21) 3.4896
ab -0.643438

trans-syn- aa 0.797217 -2.9938(22) -3.1550
propenimine bb 0.019879 -0.1636(54) -0.0787

cc -0.817096 3.1574(54) 3.2336
ab 0.797217

trans-anti- aa -0.219202 0.7414(11) 0.8675
propenimine bb 1.003266 -3.8461 (11) -3.9704

cc -0.784064 3.1047(16) 3.1029
ab -0.286868

trans-ethan- aa 0.928013 -3.6066(13) -3.6726
imine bb -0.161010 0.5488 (33) 0.6372

cc -0.767004 3.0578 (33) 3.0354
ab 0.452029

cis-ethan- aa -0.277728 0.9980 (22) 1.0991
imine bb 1.022666 -4.0524 (22) -4.0472

cc -0.744938 3.0544(31) 2.9481
ab -0.090395

N-methyl- aa -0.347014 1.578 (39) 1.3733
ethanimine bb 1.167197 -4.601 (37) -4.6191
[32] (32) cc -0.820183 3.023 (41) 3.2458

ab -0.115253
N-cyanoform­ aa -0.572815 2.032 (9) 2.2669
imine [33] (33) bb 1.143645 -4.586(7) -4.5259

cc -0.570830 2.554 (9) 2.2590
ab -0.043057

difluoro­ aa -0.239158 1.029 (20) 0.9465
methanimine bb 0.632304 -2.560(17) -2.5023
[35] (36) cc -0.393146 1.531 (22) 1.5559

ab -0.441170
formaldoxime aa -0.694536 3.0002 (32) 2.7483
[17] (37) bb 1.194573 -4.6900(20) -4.7269

cc -0.500037 1.6898 (20) 1.9787
ab 0.780375

trifluoro- aa -1.130912 4.645 (5) 4.4755
methanimine bb 0.812125 -3.178(14) -3.2140
[38] (39) cc 0.318787 -1.467(14) -1.2616

ab -0.865017

Q = 16.84 (15) mbarn 
a = 0.1423 MHz

practice such a two-parameter fit does not improve 
the fit very much if compared with a one parameter fit 
in which the calculated field gradient as a whole is 
scaled with just one gobal effective or pseudo quadru­
pole moment. On the other hand, the Q-value associ-

Table 14. Quadrupole coupling constants for two isomeric 
forms of propargylimine and C-cyanoformimine, respec­
tively, as predicted from RHF-SCF calculations (6-311G**). 
The conversion factor given in Table 13 was used to calculate 
the quadrupole coupling constants from the ab initio field 
gradients. For the propargylimines the discrepancies with 
respect to the reported experimental values [29] indicate that 
a reinvestigation under higher resolution should be carried 
out. For the C-cyanoformimines experimental values are not 
yet available.

<?/a.u. Xca.c/MHz Xobs/MHz
E-propargyl- aa -0.231755 0.917 0.1 (3)
imine bb 1.138032 -4.503 -3.8 (2)

cc -0.906277 3.586 3.7 (4)
ab 0.115090

Z-propargyl- aa 1.082824 -4.285 -4.1 (2)
imine bb -0.173803 0.688 1-4(4)

cc -0.909021 3.597 2.7(3)
ab 0.301513

E-C-cyano- aa -0.168823 0.668
formimine bb 1.185739 -4.692

cc -1.016916 4.024
ab 0.171310

Z-C-cyano- aa 1.127870 -4.463
formimine bb -0.110368 0.437

cc -1.017502 4.026
ab 0.338072

ated with the nuclear contribution to the field gradient 
has lost its meaning as the true nuclear quadrupole 
moment.

Our results are presented in Table 13 and in picto­
rial form in Figure 6. In addition to the ethanimines 
and propenimines studied here we also included our 
results for methanimine [1] and the reported results for 
difluoromethanimine [25], trifluoro-methanimine [26], 
N-cyanoformimine [27] and formaldoxime [17], We 
note that our Q (14N)-value of 16.84(15) mbarn for the 
conversion of imine field gradients calculated from 
RHF-SCF wavefunctions of 6-311 G** quality is also 
close to Huber's "pseudo quadrupole moment" 
(17.3 (3) mbarn) proposed to be used with "sp2-hy- 
bridized" 14N nuclei [28].

From the material presented in Table 13 we believe 
that the 14N quadrupole coupling constants of the 
"imine-nitrogen" can be predicted within ± 100 kHz 
from RHF-SCF-wavefunctions of 6-311 G**quality 
if a microwave structure is available. As examples we 
take the isomers of propargylimine, H -C  = e ' ­
e n  =NH, and of C-cyanoformimine, N = C - 
CH = NH. For the propargylimines quadrupole cou­
pling constants have been reported in the literature 
[29]. For C-cyanoformimine, the quadrupole coupling 
constants are not yet known. We present our SCF-
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predictions in Table 14. From the comparison with 
the reported values we conclude that at least the 
propargylimine with the acetylene group and the 
imine-hydrogen in eis position should be reinvesti­
gated since the 1 MHz discrepancy in ycc is far above 
our estimate of the uncertainty in the RHF-SCF pre­
diction. To check our predictions, high resolution 
studies for the eis- and trans-species of both molecules 
are planned at our laboratory.
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