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The *N nuclear quadrupolar coupling constants have been calculated for a series of nitrogen
containing molecules from ab initio SCF—LCAO-MO wavefunctions built on basis sets of Gaussian
type atomic functions. The various nuclear and electronic (from MO’s, atoms, basis functions) contribu-
tions to the total field gradient have been analyzed and their relation to molecular and electronic

structure is discussed.
The effect of the nature of the basis set on the accuracy of the computed field gradients has also

been studied.

Les constantes de couplage quadrupolaire nucléaire de '*N ont été calculées pour une série de
composés azotés & partir de fonctions d’onde ab initio SCF—LCAO-MO (Hartree-Fock) construites
sur une base de fonctions atomiques gaussiennes. Les diverses contributions nucléaires et &lectroniques
(provenant des orbitales moléculaires, des atomes, des fonctions atomique de base) au gradient de
champ total ont été analysées et reliées aux caractéristiques structurales des molécules considérées.

L’effet de la nature de la base de fonctions atomiques sur la précision des gradients de champs
calculés a aussi ¢té etudié.

Die '“N-Kernquadrupol-K opplungskonstanten sind fiir eine Reihe von N-haltigen Verbindungen
aus ab initio-Wellenfunktionen, die auf GauB-Orbitalen basieren, berechnet worden. Die einzelnen
Kern- und Elektronenbeitridge zum Feldgradienten wurden untersucht und diskutiert, desgleichen der
EinfluB des Typus der Basis auf die Genauigkeit der Resultate.

1. Introduction

The interaction of the nuclear quadrupole moment eQ (nuclei with spin > 1)
with the electric field gradient eq (arising from the nuclear and electronic charge
distributions) at the site of the nucleus, represented by the nuclear quadrupole
coupling constant y; = e?q;;Q/h, gives rise to a manifold of physical effects of
theoretical and practical significance [1-3]. Nuclear quadrupole interactions
have been subject of numerous investigations in spectroscopy (microwave,
magnetic resonance), solid state physics, molecular dynamics (through nuclear
quadrupole relaxation), theoretical chemistry, etc. Because of this very broad
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112 E. Kochanski, J. M. Lehn, and B. Levy:

impact in physics and chemistry it is of prime importance to be able to interpret
the quadrupolar coupling constants in terms of molecular structure and to
calculate the components of the field gradient tensor eq from molecular wave
functions.

Several semi-empirical methods have been used for calculating y values and
relating them to structural features and to electronic distributions [1-7]. Recently
all electron Hartree-Fock-SCF-LCAO-MO wave-functions have become avail-
able for molecules of moderate size. The computation of eq then serves several
purposes: testing the quality of the wave-functions, predicting quadrupole
coupling effects in spectroscopy etc., providing a complete non-empirical basis
for the interpretation of quadrupolar coupling constants in terms of molecular
structural (and eventually conformational) features.

Among the quadrupolar nuclei, the **N nucleus is of special importance since
it is widely distributed in a great variety of systems in organic, inorganic and
biological chemistry.

We present here a detailed study of the origin of field gradients at nitrogen
14 nuclear sites in a number of cyclic and acyclic molecules [8].

Non-empirical studies of '*N nuclear quadrupole coupling in some other
systems (especially cyano, X—CN, compounds) have also appeared recently [9—15].

2. Results
2.1. Method of Calculation

The field gradient tensor egq; is given by [9]:

Z (3R Rix — Ri /)

eq1=e[z

K=#1 RISK
n M 3rr—r2t

23 Y cklc,,< ————l<p>} 1)
i=1kl=1 7

eqy: field gradient tensor at the quadrupolar nucleus I
Zy: charge of nucleus K
Ry vector from nucleus I to K
1: unit dyadic
ry: nucleus I to electron vector
n: number of doubly occupied MO’s
building up the single-determinental wavefunctlon 14

¥ =[2n)]" "2 ®,0(1)0,B(2) ... @,5(2n). )

M, @, ¢,;: number M of atomic orbitals ¢, in the basis set of the @, expansions:
M

D, = Z Crr P 3
k=1

where the ¢, are known expansion coefficients.
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A programme has been written [16], which calculates the diagonal and off-
diagonal elements of the nuclear and electronic contributions to the field gradient
tensor in an arbitrary coordinate axis system x, y, z.

The method of calculation of the one-, two- and three-center integrals over
atomic orbitals ¢, in Eq. (1) is described elsewhere [16]. The atomic orbitals are
gaussian type functions (GTF).

The wavefunctions used are of the SCF—LCAO-MO type and have been
obtained in this or in other laboratories. They were ail built on a basis set of GTF’s
grouped into sets of contracted GTF’s (CGTF’s) and have been obtained with the
general programme IBMOL [17]. In some cases wavefunctions of different
qualities have been used for the same molecule.

After calculating eq, the programme diagonalizes the field gradient tensor and
computes the orientation of the principal axis system (X, Y, Z) of the field gradient
tensor with respect to the initial x, y, z coordinate axes, and the components of eq
inthe X, Y, Z axis system. Multiplying by eQy gives then the X, Y, Z components
of the nitrogen quadrupolar coupling constant. The output of the programme
consists of the components of the total field gradient and of its decomposition into
various contributions (see below 2.2).

2.2. Comments on Calculations and Results

The electric field gradient at the nitrogen site(s) has been calculated in the
following molecules:
pyrrole I, pyrazole 11, imidazole IT1, isoxazole IV, oxazole V, pyridine VI, pyrazine
VII, diazirine VIII, diimide IX, ammonia X, ethylene imine XI, methylene imine
XII, carbodiimide XIII, hydrazine XIV and borazane XV. For X, XI and XII both
the most stable form and the transition state for nitrogen inversion have been
studied.
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The wavefunctions have been obtained from the following references: I [18],
I1-V [19], VI [20], VII [21], VIIT [22], IX [23], X [24], XI [25], XTI [23, 26],
XIIT [23], XIV [27], XV [28]. These wavefunctions are composed of delocalized
MO’s except for compounds I1-V, where localized MO’s were available [19].
They are of varied accuracy, depending of the size of the basis set of GTF’s and
on the type of contraction used for building up the CGTF’s. Table 1 lists the basis
sets used. The fact that the s type GTF’s have an improper shape near the origin
should not affect much field gradient calculations even with relatively small basis
sets, since the major electronic contribution arises mainly from the 2p functions
of nitrogen, which behave correctly near the nucleus [11]. A sufficiently flexible
basis set should automatically take care of the Sternheimer core polarisation [29],
so that no special correction has been made although the smaller basis sets used
for the present systems are less satisfactory than the larger ones.

In order to compute the quadrupolar coupling constant component (e2q;Q/h)
to be compared with the experimental values it is necessary to know the *N
nuclear quadrupole moment eQ. The only value of eQ based exclusively on
experimental data (microwave data on the NO molecule) is quite inaccurate:
1.6 +0.7e x 10725 c¢m? [30]. Combining calculations of eq with accurate SCF
wavefunctions and experimental e2qQ/h data, the following values have been
obtained: 1.47e x 107%¢ ecm? [9, 10], 1.56¢e x 10725 cm? [12], 1.66e x 10~ 26 c¢m?
[13]. In view of these results, we used a value of 1.6 e x 1026 cm? which is probably
within 10 % of the real value.

Table 1 lists the computed total e?q;;Q/h components (x;;) for the various
substances I-XV and basis sets, the asymmetry parameters # (defined as # =y,
— Xl \Xysl With [x,,1 < lxgpl < 1x,,)), the orientation of the principal field gradient
axis system X, Y, Z with respect to the coordinate axis system x, y, z and the
corresponding available experimental data.

Microwave data are generally gas phase values for the inertial axis system
unless off-diagonal components may be measured; in many cases the inertial
and field gradient principal axis system coincide. Nuclear quadrupole resonance
(NQR) leads to the solid state value of the largest |y,;| component in the X, Y, Z
system and to # - ;| values are expected to be smaller in the solid state than in the
gas phase by about 0.3-0.5 MHz.

Tables 2-7 list analyses of the total field gradient into various contributions:
analysis of the nuclear contribution into contributions from the different nuclei,
analysis of the electronic contribution into contributions from the MO’s, from
the atoms and from the CGTF’s.



116 E. Kochanski, J. M. Lehn, and B. Levy:

Table 1. Calculated and experimental® **N nuclear quadrupole coupling tensor components y,, asymmetry
parameter n and rotation angle 0 for the principal axis system X YZ (in MHz)

Molecule Basis set® Lxx Yry Xzz n f(axis)®  Ref.
Exp.(method)*
I B, —5.24 291 2.34 0.11 0°
exp.(MW) —2.66 1.45 1.21 0.07 — [31]
I (N1 B —~492 3.04 1.88 0.24 15°04' (x)
exp.(NQR)? |2.6] — — — — [32]
exp.(MW)® —3.018 1.641 1.377 — — [47]
I (atN@Q) B 1.30 -632 5.01 059  —~28%49'(x)
exp.(NQR) — 13.995 — 0.657 — [32]
exp.(MW)®  0.794 —3.961 3.167 — — [471
Il (@N() B, ~4.30 1.91 2.39 0.11 88°35'(x)
exp.(NQR)? 1.7 — — — —_ [32]
II  (at N(3)) B, 1.45 —5.03 3.59 0425 50°43' (x)
exp.(NQR) — 13.27| — 0.129 — [32]
v B, 0.89 -6.01 5.12 0.70 —32°20/(x)
exp.(MW)°® <1 <1 <1 — -— [33]
A% B, 1.57 —4.98 341 031 51°10'(x)
exp.(MW)e  1.58 -3.99 241 0.21 — [33]
VI B, 351 -—6.30 2.79 0.115 0°
exp.(MW) 345 —4.388 1.43 0.405 — [34]
VII B, 347 —6.62 3.15 0.05 0°
exp.(NQR) — 4857 — 0.536 — [35]
VIIT (at N(1))f B, —0.31(—0.68) 2.93(2.93) —2.62(—2.25) 0.79(0.50) 23°28'(y)
B, ~0.40(—0.86) 2.69(2.69) —229(—1.8) 0.70(0.53) 29°40'(y) [36]
exp.(MW)®  |xaal<I1MHz y__—xpp=62MHz — — [37]
exp.(MW)® 048 2.05 -2.53 0.62 — [38]
exp.(MW)t —0.94 3.44 —-223 0.37 0° [397
IX trans(atN(1)) B, 1.39 431 —-5.70 0.51 59°16'(y)
IX cis(at N(1)) B, 1.57 4.15 —572 045 63°()
X  (pyramidal) B, 294 2.94 —5.87 0 0°
B — — —~3.94 0 0° [14]
exp.(MW) — — —4.084 0 — [40]
X  (planar) B, 3.50 3.50 -6.99 0 0°
X1 (pyramidal) B, 436 148 —584 0.49 29°11(y)
B, 3.35 1.02 —4.37 0.52 25°54' (v)
B, 3.00 0.57 ~357 0.68 25°50'(y)  [36]
exp.(MW)  3.004 0.685 —3.689 0.629 25°25'(y)  [41]
X1 (planar) B, 5.05 271 —17.76 0.30 0°
XII (bent) B, 321 —595 274 0.08 32°32/(2)
B, 132 —497 3.65 0.47 34°40/ (z)
B, 1.36 —4.52 3.16 0.40 33°18/(2)
B, 1.24 —4386 3.62 0.49 35°06'(z)
exp.(MW)! 19 —~51 32 025 31°(@z) [42]
XII (linear) B, 2.90 —8.02 5.11 0.28 0°
XII (at N(2)) B, 2.51 —2.55 0.04 097  ~27°(2)
XIV (at N(1)) By —5.89 1.82 407 0.38 ~42°(z))
exp.(NQR)  |4.82| — — 0.80 — [44]
XV atN 1.13 1.13 —225 0 0°
at B¥ -0.92 —-0.92 1.84 0 0°
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3. Discussion

We shall analyse successively the origin and the structural effects on the electric
field gradient at the '*N nucleus in the different types of compounds, considering
in turn the total field gradient and the various contributions.

Then, the effect of the basis set of atomic functions will be discussed and finally
the various conclusions reached will be briefly summarized.

3.1. Five-Membered and Six-Membered Heterocycles I-VI1

The wavefunctions used for the heterocyclic system I-VII were all built on the
minimal basis set B, (see footnote b in Table 1). Systems I, VI and VIIare described
in terms of delocalized MO’s, whereas localized MO’s were available for the
molecules 1I-V.

Total Field Gradient. Quadrupolar Coupling Constants (Table 1)

Inspection of the results listed in Table 1 leads to the following comments.
1) The agreement between calculated and experimental values of y;; is quite
poor and is not better than in the case of semi-empirical calculations of the
CNDO/2 type [45]. The discrepancy is especially large for the tricoordinated
nitrogen sites in pyrrole I, pyrazole IT (N(1)) and imidazole III (N(1)) where the

* Microwave (MW) and nuclear quadrupole resonance (NQR) are for gas and solid phase respec-
tively. Coupling constants are probably 0.3-0.5 MHz larger in gas phase than in solid state.

® Basis sets of gaussian type functions (GTF) and contracted GTF’s (CGTF):

B,:(7.3/3;2.1/1);

B,:(9:5/4; 4.2(3.2/2), the two pCGTF’s contain respectively 3 and 2 pGTF’s;

B;:(9.5/4; 4.2(4.1)/2), the two pCGTF’s contain respectively 4 and 1 pGTF’s;

B;: (10.5/4; 4.2(4.1)/2);

B,: (10.6/5; 5.3/3);

B,: extended set of gaussian lobe functions;

Bg: (9.3/3) uncontracted.

Convention: (number of s - p (on heavy atom)/s (on H) GTF’s; number of s - p (on heavy atom)/s
{on H) CGTF’s): (s - p/s GTF’s; s - p/s CGTFs).

¢ Angle 0 for transforming the coordinate axis system x y z into the principal axis system X Y Z of
the field gradient by rotation about axis (i).

4 Values obtained from the single NQR resonance reported in [32] assuming the same asymmetry
parameter as in pyrrole.

¢ Values for the inertial axis system.

T Calculated values in parentheses are for the coordinate axis system x y z.

¥ MW data in inertial axis system for C-methyl diazirine. The inertial axis system is rotated by
28724’ about the z axis with respect to the coordinate system x y z. These MW values cannot be compa-
red directly to the calculated y components.

® MW data for C-dimethyl diazirine in the inertial axis system which is identical with the coordinate
system x y z (x values in parentheses).

I MW data for N-methyl methylene imine (CH, = N— —CH3) in the inertial axis system. The orienta-
tion of this inertial axis system should be similar to that in propene (CH, = CH— —CH ) which is rotated
by 31° (z) with respect to the coordinate system x y z [43].

f In these two cases rotations about more than one axis occur for the (x,y,2)—(X, Y, Z)conversion.
Only the largest rotation is given; the other rotations are close to zero.

¥ A *'B nuclear quadrupole moment e Q of 3.55¢ x 10726 cm? has been used.
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Table 2. Contributions to the **N electric field gradient (principal axis system)®

Pyrrole I
X Y VA YZ X Y zZ YZ

Nuclear contributions
Total Ty ~094 0.36 0.58 0

Electronic contributions

MO CGTF

6a4(0) —043 —041 084 0 xN(1), xN(1) 322 —161 —161 0
4b,(0) -042 081 —-039 0 yN(1), yN(1) —086 172 —08 0
84,() —049 —045 094 0 ZN(1),zN(1) ~097 —097 194 0
1by(m Ip) 151 —075 -075 0 IN(1),sH(1) —011 —011 022 0
2 75 -089 -0

bifmlp) 175 ~089 087 0 Total T 046 —041 —004 0
Atoms

N(),N{d) 139 -08 —054 0

C@,C») —-020 018 002 O Total Ty-T; —140 077 062 0
CB3)C3)

N(1).H(1) -012 —012 025 0 Iy —524 291 234 0

2 In this and in the following Tables only the largest contributions to eq are listed (generally
=0.15). Because of the opposite charges of nuclei and electrons the total field gradient is Ty — Tj.

calculated values are about twice the experimental ones. However the values
calculated for the dicoordinated =N- sites are in appreciably better agreement
with the measurements, being about 50 % larger. Considering the electronic contri-
bution to the total field gradient (Tables 2—7), it is seen that in the case of dicoordi-
nated N sites there are always two components > |1], whereas for tricoordinated N
sites all three components are weak (<]0.3]), because of partial canceling of
individual contributions of opposite signs (see for instance the contributions of the
MO?s). Thus it is not surprising that less satisfactory computed values are obtained
in the latter case.

2) The tricoordinated and dicoordinate nitrogen sites are easily distinguished,
the former being characterized by lower values of the largest [y;;] component than
the latter.

3) The principal axis system X Y Z is oriented in such a way that the largest [yl
component lies approximatily in the direction of the classical localized nitrogen
“lone pair”. For the tricoordinated nitrogen sites the largest component lies along
the 7 type lone pair perpendicular to the molecular plane. For the dicoordinated
= N-—sites, the rotation angles # = 51°10’ and 50°43' calculated for the dicoordinat-
ed =N-sites in III (N(3)) and V are very near to the angle between the y axis and
the bissector of the C(2}-N(3)-C(4) angle (circa 52°). In the case of II (N(2)) and
IV, where one of the adjacent atoms is more electronegative than carbon, the
principal axis system is rotated towards the more electronegative atom. Thus
f=61°11" and 57°40’ for N(2) in IT and IV whereas the angle between the z axis
and the X(1)-N(2)-C(3) bissector is about 70°. For all dicoordinated =N-sites the
smallest y component lies in the direction of the n system (yxx).
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Table 3. Contributions to the **N electric field gradient ( principal axis system)?®

119

Pyrazole, 11 at N(1) at N(2)
X Y z YZ X Y VA YZ

Nuclear contributions

Atom Atom

N(2) —041 064 —023 044 N(1) —041 —-022 063 —045

C4) —-0.08 —008 016 —0.01 Cc@3 —-036 012 024 0.54

c® —-035 004 032 —-0.51 C@4 -010 017 —-0.08 0.04

H(1) -0.15 -012 027 011

Total Ty —~110 049 060 0.12 Total Ty —-099 019 0.80 0.02

Electronic contributions

Localized MO MO

N(2) 1s —-012 0.8 -—-006 0.12 N() 1s —-0.12 -006 0.18 -0.13

N(1)-H -0382 —-071 1.53 0.54 N(D)-N(2) -0.65 —-025 090 -0.80

N(1)-C(5) -0.78 039 039 —-1.19 N(2)-C(3) —-078 050 028 1.18

N(1}-N(2) -074 123 —-049 0.72 NQ2) Ip —117 234 -—-116 -—-0.32

N@) Ip 315 —-1.57 —1.58 —-0.00 NQ2)}-C(3)n 149 —-075 -0.74 0.06
N(1) Ip 017 -0.15 —-002 -007
CA-CS) = 022 —009 -0.13 -001

Atoms Atoms

N(1), N(1) 127 —-089 -038 0.06 N(1), N(1) —-031 -017 048 -0.35

N(2), N(1) -~012 023 -011 017 N(2), N(1) -0.13 -010 022 -0.20

N(2), N(2) —~031 048 -0.17 030 N(2), N(2) —0.43 183 —141 0.01

C(5),C(5) -023 002 021 -0.33 C(3),C(3) -023 008 015 0.35

H(6), N(1) -013 -011 023 0.08

CGTF CGTF

1sN(2), IsN(2) -~0.13 020 —-007 0.14 1sN(1), IsN(1) —-0.13 -006 019 -0.14

xN(1), xN(1) 314 —~157 —-157 0 xN(2), xN(2) 1.85 —-092 -092 0

yN(1), yN(1) ~085 170 -085 O yN(@2),yN(2) —168 335 —1.68 0

zN(1), sH(1) -0.11 -011 021 0.5 zN(2),zN(2) —060 —060 1.19 0

zN(1), zN(1) ~102 ~1.02 204 O

Total Ty 021 -031 010 0.12 Total T, —134 187 —053 0.02

Total Ty— Ty ~131 081 050 O Total Ty— Ty 035 —1.68 133 0

AN —-492 304 188 0 AN 130 —632 501 0

2 See footnote to Table 2.

4) In the case of isoxazole IV and oxazole V the experimental y;; values are
for the inertial axes whose orientation is unknown. For V the calculated and
measured values are similar enough for suggesting that the inertial axes are near
to the principal field gradient axes. This is not the case in isoxazole IV. It is found
that the axis system, in which all three y;;, components are smaller than |1|, cor-
responds to 0(x) ~ 15° (x,, = 0.89; 3,, =0.01; y,, = —0.90). Thus an approximate
orientation of the inertial principal axis system in IV is obtained.

Nuclear Contributions to the Field Gradient

The main nuclear contributions to the field gradient at the nitrogen sites in
compounds I-VII, arise from the directly linked atoms (see Tables 2—7). Nuclei
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Table 4. Contributions to the **N electric field gradient (principal axis system)®

Imidazole, I1I at N(1) at N(3)
X Y zZ Yz X Y z Yz

Nuclear contributions

Atom Atom

C(2) -0.35 0.06 029 -052 N —0.09 0.15 -006 0.08
N(3) —0.09 0.15 -006 —0.08 C(2) —0.36 0.04 0.32 0.52
C4) —0.08 0.15 -0.06 0.07 C4) -0.35 0.09 025 -0.51
C(5) -0.35 0.01 0.34 0.50

H(1) —0.15 031 -—-0.15 0.01

Total T, —1.06 0.66 040 —-0.01 Total Ty —-0.91 0.41 050 -0.03
Electronic contributions

Localized MO MO

N(1-H —0.85 1.71 —0.86 0.08 N@3) Ip —1.07 215 —1.08 0.04

N(}-C@ -079 —009 087 —111 C@-NB®es -076 059 070 1.1
N()-C(5) —-079 -022 101 104 N@-C@ —076 012 065 ~—113
N(1) Ip 308 —155 —153 —000 C@-N3)z 178 -091 —088 -004

Atoms Atoms

N(),N1) 108 -037 -071 000 C@2,C(2 -024 003 021 036
C(,C(2 -023 005 018 —034 NG,N@ —046 147 —102 —000
N(),C(5) —0i1 =-005 016 022 N@3,C@ —011 —019 011 —025
C(5,C() -023 001 021 033 C@),C@ —013 007 016 —035
N(),H(1) -013 026 -013 001

CGTF CGTF
xN(1),xN(1) 305 —152 —152 0 xN(3),xN@3) 178 -—089 —089 0
yN(1),yN(1) —1.04 208 —104 0 yNGLYNGE) —153 306 —153 0
ZN(1),zN(1) —093 —093 185 0 zN@3),zN(3) —0.70 —070 141 0
Total T, ~008 015 —023 —001 TotalT, —129 174 -045 0
Total Ty-T, -1.14 051  0.63 0 Total Ty—-T, 038 —134 095 0
Yx —430 191 239 0 An 145 —503 359 0

? See footnote to Table 2.

removed by more than one bond contribute much less. As expected the effect is
larger the higher the atomic number (H < C < N < O); because of the short N-H
bond the effect of a proton is relatively large when directly linked but is otherwise
very weak. The total nuclear contributions are very similar for similar nitrogen
sites in the different systems.

Electronic Contributions to the Field Gradient.

Molecular Orbitals. The use of localized M O’s for compounds II-V (Tables 3—5)
allows studying the effect of the various chemical “bonds”. The nitrogen lone pair
gives always the largest contribution. The effect is appreciably larger for tri-
coordinated nitrogen sites (N(1) in IT and in III), where the lone pair is almost
a pure N(2p) orbital, than for dicoordinated nitrogen sites (N(2) in IT and IV; N(3)
in III and V) where the lone pair is an sp? hybrid orbital. It is however interesting
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Table 5. Contributions to the 1*N electric field gradient ( principal axis system)?®

Isoxazole, IV Oxazole, V
X Y VA YZ X Y z YZ

Nuclear contributions

Atom Atom

o) -0.52 —-0.33 0.85 0.50 o) —0.10 016 -—0.07 0.09
C3) -0.36 0.19 017 054 C(2) —0.36 0.05 0.31 0.53
C4) -0.09 018 ~0.09 002 C4 -0.35 0.08 026 —0.51
Total Ty —1.08 0.14 0.93 0.05 Total Ty —-0.91 0.42 0.50 0.04

Electronic contributions

Localized MO Localized MO

1sO -0.13 —-0.08 021 0.13 1s C(2) —-0.12 0.16 0.10 0.17
Olp -~008 —0.06 0.15 0.04 1s C(4) —-0.12 028 009 -0.17
O-N -063 —-027 0.90 0.75 C(2}-Neo —0.76 0.76 0.69 1.12
N-C(3)¢ —0.78 0.62 016 —1.17 N-C(4) —0.76 093 067 -—-113
N lp -1.09 217 —1.07 0.36 Nip -1.06 213 -1.07 0.02
Olp 014 —-0.16 0.02 0.08 C(2)-N=n 177 —-090 -0.87 0.04

N-C3)r 152 -076 —076 —006
C@-COr 020 —008 -012 001

Atoms Atoms

0,0 -042 -0.28 0.70 0.40 C(2),C(2) -0.24 0.04 0.20 0.36
O,N -013 -0.10 0.24 0.20 N, N —0.49 145 -096 —0.00
N, N -0.32 1.74 —-143 0.01 C4),CHé -0.23 0.06 017 -0.34

C(3),C33) —-023 0.13 011  -034

CGTF CGTF

1s0,1s0 —014 —009 023 014  xN,xN 174 —087 ~087 0
250,250 ~0.11 —007 019 011  yN,y»N —152 304 -152 0
xN, xN 184 -092 —092 0 zN,zN —071 -071 143 0
YN, YN —161 321 —161 0

z0,z0  —010 -004 015  0.12

ZN,zZN  —055 -055 110 0

Total T, —131 174 —043 005 Total T, —133 174 041 004
Total Ty~T; 024 —~160 136 0 Total Ty-T, 042 —132 091 0
. 089 —601 512 0 In 157 —498 341 0

2 See footnote to Table 2.

to note that the large contribution of the lone pair in the first case is almost entirely
compensated by the contributions from the other MQ’s, whereas in the second
case the contributions of the other MO’s cancel out so that the total electronic
contribution is almost equal to that of the lone pair.

The next important effects is due to the z bond directly attached to the nitrogen
site (N(2) in I and IV; N(3) in III and V) and to the N—H bond (N(1) in II and
I1I), followed by the directly linked o bonds and then by the inner 1s shells of the
neighbouring atoms.
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Table 6. Contributions to the '*N electric field gradient (principal axis system) ®

Pyridine, VI Pyrazine, VII
X Y Z XY X Y zZ XY

Nuclear contributions
Total Ty 0.84 008 —-0.93 0 Total Ty 0.88 006 —0.94 0

Electronic contributions

MO MO
4b,(c) 060 —-029 —031 0 4b,(0) 058 —0.28 —0.31 0
5b,(0) 075 -0.36 -0.39 0 5b,(a) 074 -035 —-0.39 0
104, (0) —-0.20 045 --024 0 1b,(m) -024 -025 0.48 0
1b,(m) —-029 -030 0.60 0 10a, (Ip) —0.83 1.65 0383 0
11a,(Ip) —1.32 265 —-133 0 2b,(m) -0.58 -0.59 1.16 0
2b(w) -0.54 -0.54 1.08 0 11a,(p) —0.70 141 -0 0
Atoms Atoms
N(1), N(1) -0.95 1.79 -0.84 0 N(1), N(1) 0.97 190 —-093 0
N(1), C(2) 015 —-0.06 —0.09 0.24 N(1),C(2) 016 -010 -0.07 —-020
N(1), C(6) ’ N(1), C(6)
C(2),C(2) 028 —~004 -023 031 C(2),C(2) 030 -006 -025 —-032
C(6), C(6) C(6), C(6)
CGTF CGTF
sC(2),sC(2) 015 -—-0.02 -0.13 0.17 sC(2),sC(2) 016 -003 -013 0.17
sC(6), sC(6) sC(6),sC(6)
xN, xN 149 -075 -075 0 xN(1), xN(1) 150 -0.75 -0.75 0
YN, yN —1.66 332 —1.66 0 yN(1), yN(1) —1.71 341 —-171 0
zN, zN -079 -0.79 1.57 0 zN(1), zN(1) —-0.77 —-0.77 1.53 0
Total T; —0.09 176  —1.67 0 Total T —0.04 1.82 —-0.78 0
Total Ty—T; 093 -—-1.67 0.74 0 Total Ty-Ty 092 —1.76 0.84 0
AN 351 —-6.30 2.79 0 AN 347 —6.62 3.15 0

2 See footnote to Table 2.

In the case of I, VI and VII, the results are less clear cut since the delocalized
MO’s have been used. However it is seen that again the lone pair and a # MO make
up the largest contributions.

Considering the effect of couples of atoms, it is found that monocentric contribu-
tions are by far the most important ones, bicentric ones are weak and tricentric
ones are even weaker. Similar nitrogen sites show similar monocentric contribu-
tions.

Turning now to the contributions of the various atomic basis functions (con-
tracted gaussian type functions CGTF), it is seen that by far the most important
effects arise from the 2p type functions on the nitrogen site considered, the largest
effect being that of the 2p orbital making the smallest angle with the direction of the
nitrogen lone pair (2p, for N(1) in L, II and III; 2p, for N(2) in IT and IV, N(3) in
11T and V, N(1) in VI and VII). The effects of the other CGTF’s are all weak.
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3.2. Azo Compounds VIII and IX

Table 1 shows that the calculated values of the ¥ components in diazirine VIII
(coordinate axes x, y, z) are in reasonable agreement (within ca. 20%) with the
experimental values obtained for 3,3-dimethyldiazirine by microwave spectroscopy
(inertial axes identical with coordinate axes of VIII).

The largest |y| component {(x,,) is along the nitrogen lone pair in both forms
of diimide but it is in the direction of the = bond (jyy) in diazirine; however in this
latter case both lone pair and = components are of similar value. Comparing VIII
to cis diimide, it is seen (Table 7) that, although the specific electronic effects
introduced by the three membered ring play a role (especially for the X component
of Tp), the main changes are of nuclear origin; these are particularly important for
the y;, (lone pair) component which for VIII becomes smaller than yy, because
Ty(Z) compensates Tp(Z) in a large part.

The largest nuclear contribution is that of the neighbouring nitrogen nucleus.
The most important electronic contributions arise from the four highest lying
MO’s in both VIII and IX. These MO’s describe the nitrogen lone pairs, the
N-N, N-C, N-H ¢ bonds and the N-N = bond, and contain mainly (¢) or ex-
clusively (n) N 2p atomic orbitals.

The monocentric electronic contribution is the most important, but a large
bicentric effect arises also from the second nitrogen atom (Table 7).

Among the CGTF’s, the most important contributions come from the 2p
functions on nitrogen, especially from those which contain the GTF’s with largest
exponents (nearest to the nucleus).

3.3. Ammonia X and Aziridine X1

It is seen (Table 1) that the calculated y components are in satisfactory agree-
ment with experiment when wavefunctions built on extended basis sets are used
(see below). The same holds for the orientation of the principal axis system of the
field gradient in XI. The largest y component (y,;) is lying along the direction of
the nitrogen lone pair.

The largest nuclear contribution to the field gradient arises again from the
atoms directly linked to the nitrogen site. Two MO’s contribute very strongly
to the field gradient in aziridine: 8a which is the highest occupied, nitrogen lone
pair, MO and 4b which describes the (C-N) o bonds using mainly 2p, orbitals
on the nitrogen site.

Again the CGTF’s giving the strongest contribution are the N2p functions
containing the most compact GTF’s. Similar results hold for ammonia.

The geometry of the nitrogen site is seen to have a strong effect on the quadru-
polar coupling constant. When the nitrogen site becomes planar, i.e. in the transi-
tion state for nitrogen inversion, the components of the total field gradient increase
markedly as both the nuclear and electronic terms increase. By far the largest
individual increase is that of the contribution of the lone pair MO to the y,,
component. Indeed when the nitrogen site becomes planar, the nitrogen lone pair
becomes a pure 2p, orbital, thus unbalancing even more the local electronic
distribution.
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3.4. Methyleneimine X1I and Carbodiimide XIII

In methyleneimine XII (bent) the largest y component is again lying along
the nitrogen lone pair, the second largest one being also in the plane of the ¢ system.

These two components are very similar to the corresponding in-plane com-
ponents of y found for the analogous nitrogen sites in Il and in V. In carbodiimide
XIII there are two components of almost equal value one along the lone pair
direction and the other one also in the plane of the local ¢ system. Thus in com-
parison to methyleneimine, the analogous nitrogen site in carbodiimide displays
a large decrease of the lone pair component. This is in good agreement with the
dilution of the N(2) nitrogen lone pair into the adjacent N(1)=C double bond by
conjugation, as already noted from the population analysis [23]. As a further
indication, it is seen (Table 7), that whereas the nuclear contributions are not very
different in XII and in XIII (difference <0.3), two of the electronic contributions
are much weaker in XIII than in XII (difference of ca. 0.8).

The largest MO contributions in XII arise in decreasing order from the follow-
ing MO’s: the highest occupied, lone pair, MO 7a’; the # bond MO 14”; the 5a' MO
which describes in part the C—N ¢ bond and contains an important part of N(2p,)
character.

When comparing these MO contributions to those found in carbodiimide XIII
it is seen that in the latter case the main contributions arise from the low lying 6a
and 7a MO’s containing mainly 2p, and 2p, nitrogen atomic orbitals, followed by
the two highest occupied, lone pair type, MO’s 10a and 11a containing mainly
N2p, and N2p,.

In the transition state for nitrogen inversion in methylenimine, XII (linear),
a large increase of the quadrupolar coupling constants is observed, as in the
XI (planar) form of aziridine. Again by far the largest change with respect to XII
(bent) is found in the lone pair MO which becomes a pure 2p, orbital in the XII
(linear) form.

3.5. Hydrazine X1V and Borazane XV

The orientation of the principal field gradient axis system in hydrazine XIV
isnot as simple as in the other cases (see Fig. and Table 1). The largest y component
is distorted out of the intuitive lone pair direction, probably by the effect of N-N
bond. The largest MO contributions arise from the MO’s describing the nitrogen
lone pairs and the N—N bond.

In borazane XV, the largest y component lies along the B-N bond. It is how-
ever much weaker than in NH, X ( pyramidal), as complexation of the nitrogen lone
pair greatly reduces its contribution to the field gradient by diminishing the p
electron unbalance (hydrogen bonding leads to similar effects [14]). The nuclear
contributions are weak; the largest MO contributions arise from the MO’s con-
taining N 2p functions and describing the B-N and N-H bonds. The **'B quadru-
polar coupling constants calculated for H;B—NH; are much lower than those
measured for trialkylboranes (ca. |5| MHz [46]). This arises from the fact that the
creation of the B-N bond removes the p electron defect present in boranes and
partially balances out the B-H bonds. The '*N and ''B coupling constants are
calculated to be very nearly the same in the eclipsed form of borazane as in its
staggered conformation XV.
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It is also interesting to note that the atomic contribution of B at N is much
smaller than that of N at B (Table 7), which is similar to the effect of N(2) at N(1)
in hydrazine. The monocentric term at B is smaller than the bicentric one due to N.

Including the effects of neighbouring O, C and H atoms a general trend is
found: the effect of directly linked atoms on the field gradient at nitrogen decreases
in the orderO> N > C > B > H (see Tables 2—7). The effect of the vicinal N atom
is also found to be larger in azo compounds (Sect. 3.2) than in hydrazine probably
because of the shorter N, N distance in the former compounds.

3.6. Basis Set Effect on Calculated Field Gradients*

Basis set effects will be discussed principally on aziridine XI (pyramidal) and
on methylenimine XII (bent) for which several different basis sets have been used.

The results listed in Table 1 show that the main basis set effect is found on
changing from the minimal (7.3/3; 2.1/1) B, set to an extended set B,, B}, B; or B,
(see footnote b of Table 1).

1) The B, set leads to y;; values which are much higher (50% or more) than
those obtained with an extended set. In CH,NH the = component y,, and the yyy
component are strongly altered in the B; case. Such large effects may explain
the disagreement between the experimental and calculated y;; values (especially
for the tricoordinated nitrogen sites) in the heterocycles I-VII for which basis set
B, has been used.

2) The largest basis set effects are found when the nuclear and electronic
contributions to a given x; component are of opposite sign and of similar magni-
tude. This is the case for yyy in XI and for y4, in XII. Similar compensation effects
among the various electronic contributions may also explain the worse results
obtained for tricoordinated nitrogen sites as compared to dicoordinated ones in
the nitrogen heterocycles I-111.

3) Inspection of the individual electronic contributions shows that the large
variations due to the basis set occur for the terms (MO’s, CGTF’s) containing or
representing p orbitals on the nitrogen site. It is worth noting that the change in
contraction pattern of the p GTF’s in basis sets B,, B, and B, brings about a
relatively important change in y;; values (see VIII, X1, XII).

4) The orientation of the field gradient principal axis system, given by the
rotation angle 0, is less sensitive to the basis set than the y; components. It thus
appears that minimal basis set (B,) calculations may be used for predicting the
direction of the field gradient axes within 5°.

4, Conclusion

The conclusions reached in the present work are of three types:

1) Structural effects on electric field gradients and quadrupolar coupling
constants at nitrogen:

The principal component of the field gradient lies along the direction of the
nitrogen lone pair (except in special cases like diazirine) for both tricoordinated

! For the definition of the various basis sets see footnote b of Table 1.

9 Theoret. chim. Acta (Berl) Vol. 22
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and dicoordinated nitrogen sites. Any structural effect leading to partial or com-
plete disappearance of the lone pair decreases the field gradient: conjugation (in
carbodiimide, in pyrrole or in other heterocycles as compared to methylenimine
or ammonia), protonation (H*, NH; system [14]), complexation (H,B—NH,).

Tricoordinated and dicoordinated nitrogen sites show characteristic field
gradient components.

Adjacent N, O atoms lead to larger coupling constants. This may also hold
for other heteroatoms (see also Sect. 3.5).

The nitrogen nuclear quadrupole coupling constants are very sensitive to the
geometry at the nitrogen sites. Distortion towards the transition states of pyrami-
dal or planar nitrogen inversion strongly increases the coupling constants.

The calculations give useful indications about the orientation of the inertial
axis system as well as of the field gradient principal axis system.

2) Nuclear and electronic contributions to the field gradient:

By far the most important nuclear contributions arise from the adjacent
atoms.

The largest MO contribution arises from the lone pair MO; followed by the
7 MO (in the case of dicoordinate nitrogen sites) and then by the X—N ¢ bond MO’s.

The largest atomic contributions are the monocentric ones. The adjacent
atoms contribute much less to the field gradient; adjacent heteroatoms (O, N)
contribute however much more than adjacent C and H atoms (see also Sect. 3.5).

Among the CGTF contributions, the most important ones come from the
nitrogen 2p type functions. When two CGTF’s are used for describing the 2p
electronic distribution, the largest effect is due to the “internal” CGTF containing
the GTF’s with highest exponents.

3) Basis set effects on the computed field gradients:

Although qualitatively meaningful, but systematically overestimated, coupling
constants may be obtained with a wavefunction using a minimal basis set of
atomic functions, only an extended basis set may be expected to yield quantitatively
significant values.

Not unexpectedly, the computed field gradients are especially sensitive to
the p functions on the nitrogen site.

Furthermore the inclusion of d polarization functions on nitrogen may prove
also to be of importance.

We thank Drs. H. Basch, J. L. Calais, J. F. Harrison and P. Pyykké for sending us test calculations
for checking our program and Drs. H. Basch and G. Berthier for communicating to us the molecular
wavefunctions of some of the nitrogen containing heterocycles.

Note Added in Proof: For recent experimental results on the '“N nuclear quadrupole coupling
constants in imidazole ITT, see: Koo,J., Hsich,Y.-N.: Chem. Physics Letters 9, 238 (1971).
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