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The high field molecular Zeeman effect of low-J rotational transitions has been observed in methyl
nitrate. The spectrum is complicated by the presence of the small N nuclear quadrupole coupling.
Methyl top internal rotating splitting is negligible in the transitions studied here. From line shape
analyses the individual satellite frequencies in the Zeeman-hfs-multiplets could be determined with
experimental uncertainties typically smaller than +2 kHz. The molecular Zeeman parameters and
the '*N nitrogen coupling constants were fitted simultaneously to the observed splittings. The
molecular g-values are g,,= —0. 1168(5) g = —0.0449(3), d[‘ld 9= —00’35(4) The molecul‘lr mag-
netic susceptxbllny amsotroplcs in units of 10~ ° erg gauss ~* mol ! are 28, —&p—C..=+1. 74(54)
and 2¢,, — ¢ —¢,, = +13.14(53). The '*N nuclear quadrupole coupling constants are y,, =
+0.308(17) MHz, Iop— Aee= —0.262(31) MHz. The molecular electric quadrupole moments calcu-
lated from the observed rotational constants and Zeeman parameters in units of 10~ 2° esu cm? are
Q.= +34(6), Q,,= —4.6(6), and Q.. = +1.2(10). Knowledge of the molecular structure and the
molecular g-values also gives the diagonal elements in the paramagnetic susceptibility tensor and the
ansiotropies in the sccond moments of the eclectronic charge distribution. The results in units of

10~ "erggauss 2mole” ! are ;E = +118.14(10),

Cpy=+279.73(14), and &P = +357.40(26), and

(a?y— by = +37.14(14) A2, (b8 — (2> = +20.46(22) A2, and (¢*>—(a? >——5760(’1)Z\

Introduction

We have initiated the present study in view of our
interest in local rules for the molecular magnetic sus-
ceptibility tensor, here especially of the nitro group,
and in substituent effects on the intramolecular elec-
tric field gradient at the **N nucleus. From the earlier
studies of Dixon and Wilson [1] and of Cox and War-
ing [2] methyl nitrate is known to have a planar heavy
atom skeleton with the structure shown in Figure 1.
Also shown in Fig. 1 is the orientation of the molecular
electric dipole moment as determined from Stark effect
measurements [2]. In principle the rotational spec-
trum of methyl nitrate should consist of multiplets
split by **N quadrupole coupling and by methyl top
internal rotation but for low-J transitions in the tor-
sional ground state neither '*N hyperfine splitting nor
internal rotation splitting could be observed in the
previous investigations. With a methyl top internal
rotation barrier V5= +2321 cal/mole [1, 3] we indeed
could calculate the internal rotation splitting for the
observed a-type transition to be at most 12 kHz [4].
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On the other hand extrapolation from our '*N
quadrupole tensor determined for nitric acid [5] indi-
cated that the '*N hfs splittings should be measur-
able, especially in uncoupled molecular Zeeman effect
spectra.

In parallel to the microwave studies, extensive ab
initio calculations aiming at the equilibrium struc-
tures, the second moments of the electronic charge
distribution and at the electric field gradient at the
!N nucleus were carried out by M. H. Palmer [20]. A
triple zeta basis of gaussian type orbitals for (C, N,
O/H) containing a (10s 6p 1d/5s 1p) set contracted
to (5s 3p 1d/3s 1p) was used in these calculations.

Experimental

The sample was prepared in small quantities by di-
rect esterification from methanol and nitric acid in the
presence of sulfuric acid as described by Black and
Babers [6]. Great care was taken in the handling of the
sample because of its reported explosiveness.

The spectra were recorded with a CW-Stark-spec-
trometer using 8.3 kHz Stark-modulation and phase
stabilized backward wave oscillators as radiation
sources. Frequency sweeps were digitally controlled
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by a microcomputer [7]. Oversized rectangular brass
waveguide cells were used as absorption cells: an S-
band cell with inner cross section of 3.4 cm by 7.2 cm
for the AM, =0 recordings (see below) and a cell with
inner cross section of 1.0cm by 4.7cm for the
AM, = + 1 recordings. Furthermore a flow system was
used with sample pressures close to 1 mTorr at the
entrance hole to the cell and well below 1 mTorr at
the exit slit. Under these conditions predominantly
Lorentzian line profiles were observed with half
widths at half height in the range of 90 to 150 kHz.

Analysis

In zero field the low-J transitions studied here ap-
pear as slightly broadened singlets. As mentioned al-
ready, the extra broadening is caused by unresolved
"N quadrupole hyperfine splitting and to a much
lesser extent by internal rotation splitting. Application
of a strong magnetic field however pulls the (M, M,)-
satellites apart by the molecular Zeeman effect [8] and
leads to at least partly resolved multiplets. The effec-
tive Hamiltonian which is appropriate for the analysis
of these multiplets is given in symbolic form by

Aoy = Hpg+ Foe+ A+ Aot A, (1)

which results from a second order perturbation treat-
ment (see Van Vleck Transformation [9]) within the
vibronic states which aimes at the vibronic ground
state. For details we refer to the derivations presented
by Sutter [10] and by Sutter and Flygare [11]. In (1)
A,y is the rigid rotor Hamiltonian, A,, the nuclear
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Fig. 1. Microwave substitution structure and elec-
tric dipole moment vector of methyl nitrate as
determined carlier by Cox and Waring [2]. This
structure is used below to derive the second mo-
ments of the clectron charge distribution from the
Zeeman parameters.

Zeeman effect of the '*N nucleus, J#, the first order
molecular Zeeman effect. #. the second order molecu-
lar Zeeman effect. and #,, the orientation dependent
potential energy of the '*N nuclear quadrupole mo-
ment in the intramolecular Coulomb field. '*N spin
rotation interaction and internal rotation are ne-
glected. They contribute too little to the splittings of
the satellites with respect to the hypothetical center
frequencies as to be detectable. Also neglected for the
same reason are the nuclear Zeeman effect and the
spin-rotation coupling of the hydrogen nuclei.

Since the strong magnetic field effectively uncouples
"N spin and overall rotation, the uncoupled asym-
metric top basis |J. K, K., M,.1, M, is best suited
to set up the Hamiltonian. Sutter and Flygare [12]
have written the first-order energy in this basis. Their
result is

(J.K,K. M, . I.M;| #.|J.K,K., M,;, I, M;>
=h{B,(J}>+B,{J}>+B. I}~ 9: M H

‘ . . ., M,H
_lln («qua <Ju.> +qhh<"}:>+g(( <Jt~>l J(J+ {i
L oyt H? 3IME—J(J+1)
2N, ~ N, QJ=1)2J+3)J(J +1)

AEaa= O I +(Epy— O KT+ (E e —OID)
BM;—JJ+1]3 y,l —I{I +1]]

20U+ 1)Q2JI+3)2I-1)121-1)

i Saw <I2 + 2pp I + 10 T} (2)
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Table 1. Asymmetric top expectation values for the squares
of the components of the rotational angular momentum.
According to the Hellman-Feynman theorem they were cal-
culated as partial derivatives of the rigid rotor energies (see
for instance Table 5-4 of Ref. [22]) with respect to the rota-
tional constants.

J K, K, B I LI=

00 0 0.0000 0.0000 0.0000
1 0 1 0.0000 1.0000 1.0000
/| 1.0000 0.0000 1.0000
1 10 1.0000 1.0000 0.0000
2 0 2 0.0200 2.7459 3.2341
Z 1 2 1.0000 1.0000 4.0000
211 1.0000 4.0000 1.0000
2 21 4.0000 1.0000 1.0000
22 0 3.9800 1.2541 0.7659
3 0 3 0.0942 4.7782 7.1276
3 1 3 1.0112 2.3539 8.6349
3 1 2 1.0143 8.3239 2.6618
3 2 2 4.0000 4.0000 4.0000
3 2 1 3.9058 5.2218 2.8724
3 3 1 8.9888 1.6461 1.3651
330 8.9857 1.6761 1.3382

The notation used here is as follows. i is Planck’s
constant. B,, B,, and B, are the rotational constants.
(J2y, (J2>, and (J?) are the asymmetric top expecta-
tion values of the squares of the rigid rotor angular
momentum components with respect to the molecule
fixed axes. They are measured in units of 42 and were
calculated from the previously determined rotational
contants [2]

B,=11795.00 MHz,
B, =3438.25 MHz

B,=4707.53 MHz,
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Juas Ypp- and g, are the molecular g-values along the
principal inertia axes. &,,, &,,. and ¢, are the molec-
ular magnetic susceptibilities along the principal iner-
tia axes. S=(¢,,+ Sy + . )/3 1s the bulk susceptibility.
N, i1s Avogadro’s number. J and M, are the quantum
numbers of the rotational angular momentum (exclud-
ing spin) and of its projection on the magnetic field
axis (z-axis). 7., #ps- and y,. are the **N quadrupole
coupling constants. They are related to the vibronic
ground state expectation values of the intramolecular
electric field gradient at the **N nucleus by

Taa =€ 0 <6€alz/>/ h (and cyclic permutations) (3)
with e the electronic charge and Q the '*N nuclear
quadrupole moment. (For the '*N nuclear quadru-
pole moment Sundholm, Pyykko, Laaksonen and
Sadlej [13] have recently proposed a value of
2.05+0.05- 1072 cm? on the basis of a comparison
of their ab initio field gradients with experimental
'“N quadrupole coupling constants in NO* and N, )
All other fundamental constants were taken from Ap-
pendix E of [14].

There are also off-diagonal elements of the effective
Hamiltonian. From these, all elements which are off-
diagonal in the rigid rotor quantum numbers J and
K, K_* can be safely neglected in our present applica-
tion since they contribute too little. But the '*N
quadrupole coupling corrections which are off-diago-
nal only in M, and M, have to be accounted for in a
high resolution study as presented here. They have
been given by Wang and Flygare [15] and indepen-
dently by Sutter [10] as

(LK Ko Myt LM FU A | K Koo M LMD

=3CeM+D)CMF)UFM)J M+ DI +M)TFM, +1) 4)

and

(I K Koo My£2, LM, 52| A, |J. K, K., My 1 M (5)

=3CYUTFMYIFM,—1)(J £ M, +1)(J + M, +2)(I + M) (I + M, — 1)U F M, + ) (I F M, +2)

by differentation of the asymmetric top energy levels
with respect to the rotational constants as described in
[8], p. 125. Their values are given in Table 1. y, is the
nuclear magneton. H is the exterior magnetic field
which provides the quantization axis, g, the '*N nu-
clear g-factor and M, the projection quantum number
of the '*N spin with respect to the exterior field axis.

with
IRI—)JJ+1D)(2J—-1)(2J+3)°

(6)

* The asymmetric top states are designated by J and the
K-quantum numbers of the limiting prolate and oblate sym-
metric tops, K, and K_, respectively.



Table 2. Hypothetic center frequencies (v,) and Zeemann-'*N-hfs-splittings (4v=v—v,) observed for several low-J rotational transitions of methyl nitrate in its
vibronic ground state. (- indicates satellites with low intensity and poor signal to noise ratio not included in the fit, * indicates satellites perturbed by Stark-lobes
or other unassigned lines, also not included in the fit.) All frequencies are given in MHz. Relative internsities are in arbitrary units.

J K,K.—J K, K, H/Gauss M, M; M, Rel.  Av, AV qc A~ By J K. K.—JK,K, H/Gauss M, M; M, Rel.  dv,, AVeaie BY gy~ Al
Ve AMJ int. ‘I\: AMI nt.
101 - 000 13395 ~10 o 0 2 00390 00275 00115 211110 18086 10 -2 —1 6 ~0.3938 03889  —0.0049
8145.793 0 0.0 0 0 2 —~0.0503 —0.0655 00150 17 560.863 +1 -10 0 —1 1 1.2243
10 0o 0 2 00390 00266 00124 =10 =1 0 3 —~0.7831  —0.7751  —0.0080
T — —0. i ~0.0103
211110 13395 —10 -1 -1 6 03175 03261  —0.0086 ,}3 (‘) (,) 13 0.6844 _?333; 0010
17 560.893 0 ~10 0 0 8 00006 00080 —0.0086 By 3995
1.0 2 1 6 03225 03225 00034
—1.0 ! o 02308 —02399 —00149 00 -2 -1 6  —0303 03247 00213
00 —1 -1 6 02938 02989  —0.0051 00 0 —1 1 11665 :
0.0 0 0 8 —~0.0785 00602 —0.0183 0 — » 08125
0.0 1 1 6 —02607 —02638 00031 8'8 } 8 ; 0.8036 32})23 o083
0 —1 -1 6 03175 03252 —0.0077 00 0 11 —1.0602
1.0 0 0 8 —0.0006 0.0073  —0.0079 0.0 2 1 6 * 0.3867 *
it i L0 =02508 —0.2368 —0.0140 10 -2 -1 6 03938 —0.3894  —0.0044
201110 18 086 100 —1 =1 & 04505 04537  —0.0031 1.0 0o -1 1 1-2238
17 560.893 0 1.0 0 0 8 00007 00044 00051 10 1 0 3 —0.7831  —0.7757  —0.0074
~1.0 1 16 —0313¢  —03052  —0.0082 10 1 0 3 06844 0.6941  —0.0097
00 -1 -1 6 04214 04266 —0.0052 1.0 0 [ —1.0047
0.0 0 0 8 s 00726 * 10 2 1 6 03259 03220 00039
0.0 1 1 6 03301 03328 00027 212111 1339 40 -2 -4 § * —ois .
0 =1 =1 6 04506 04531 —0.0025 SR ~ 428
15022.276 +1 1.0 0 11 0.6527
1.0 0 0 8 00007 —0.0049 00056 -10 -1 0 3 —03740  —03819 00079
1.0 ! 1 6 —03134 03058  —0.0076 ~10 1 0 3 04959 04877  0.0082
212111 13395 10 1 -1 6 02427 02325 00102 -10 o 11 —0.7800
15022.261 0 —110 0o 0 8 00425 00383 00042 -10 2 1 6 ' 01479 *
~1.0 i 16 03135 03306 00171 00 -2 -1 6 —0.1105
0.0 i =1 8 02600 02731 00131 00 0 -1 1 06907
. . N 00 -1 0 3 —0.4694  —04694 00129
0.0 0 0 8 00527  —00516 —0.0056
0.0 1 16 —0.3008 02897 00111 00 10 3 03877 04002 —0.0125
10 =1 =1 6 02427 02337 0.0090 00 0 [ —0.7415
5 0.0 2 1 6 . 01962  *
1.0 0o 0 8 00425 00391 00034 o : P 5 . M
0 6 ~03135 03295 00160 . = -0.
: ! : 0. 10 0 —1 1 0.6539
212111 18086  —10 —1 —1 6 02924 03021  —0.0097 10 —1 0 3 —03740  —03812 00072
15022261 0 10 0 0 8 00383 0.0455 00072 10 1 0 3 04959 04885 00074
~1.0 1 16 —0.4665 —04576  —0.0089 1.0 0 11 —0.7789
0.0 1 -1 6 03423 03426 —0.0003 1.0 2 1 6 * 0.1490  *
0.0 0 0 8 00561  —0.0446 —0.0115
0.0 1 1 6 04358 04169 —0.0189 212111 18 086 -0 -2 -1 6 * ~02032  *
10 1 =1 6 02924 03029 00105 15022276 *1 -10 0 -1 1 0.8619
1.0 0 0 8 00383 00460 —0.0077 - }g *: g ; *82}732 *gg‘igg *ggggg
. —04665 04568 —0. —1. : : 65 :
10 1 1 6 0.466 04568  —0.0097 _le ! ‘- e
211110 13395 1.0 2 =1 & 02887 02913 00026 ~1.0 2 1 6 * 02111 *
17 560.863 +1 —10 0 —1 1 0.8945 00 =3 -1 6 * —0.1553  *
10 —1 0 3 ~0.5597  —0.5605  0.0008 0.0 0 =1 1 0.8999
10 1 0 3 05257 05282 —0.0025 00 —1 0 3 —05928  —0.6019  0.0091
1.0 0 11 0.7561 00 1 0 3 05773 05722 00051
—10 2 16 02452 02359 00093 0.0 0 11 —~1.0336
00 —2 -1 6 02104 02272 00168 0.0 2 1 6 * 02593 *
0.0 0 =1 1 0.8366 1.0 2 —1 & * 02024 *
00 1 0 3 05718 05979 00261 10 0 —1 1 0.8627
0.0 1 0 3 05206 04900  0.0306 T 0 3 ~0.5166  —0.5138 —0.0028
0.0 0 o1 ~0.8139 1.0 1 0 3 0.6688  0.6604  0.0084
0.0 2 16 03244 03000 00244 10 0 1 1 —~1.0711
0 -2 -1 6 02887  —02919 00032 10 2 1 6 * 02120  *
10 0 =1 1 0.8938
1o —1 0 3 ~0.5597  —0.5613 00016
10 1 0 3 05257 0.5273 00016
10 0 11 —0.7567
1.0 2 16 02452 02352 00100

. 19nS 'Y ' pue uuewiayodadsg f
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Fig. 2. Uncoupling of '*N spin and overall rotation causes the 1,, « 0,, rotational transition of methyl nitrate to split into a closely spaced doublet with
intensity ratio 1 (M, =0) to 2 (M, = +1). Even though the M, =0 satellite only shows up as a shoulder, the splitting, 4v=289.3 +0.9 kHz, follows with high
accuracy from a lineshape analysis. The three pictures demonstrate the sensitivity of the difference between the observed (I,,,) and calculated (1 ,,.) line profile
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with respect to minor changes in the assumed splitting (bottom trace).
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Fig. 3. Experimental and calculated Zeeman-'*N-hfs multiplets of the 211 « 110 rotational transition of methyl nitrate
observed under AM, =0 (left) and AM,; = +1 selection rule (right). As in Fig. 2 the bottom trace gives the difference between
the experimental and the calculated line profile. The frequencies are given with respect to the hypothetical center frequency
of the transition. For the absolute values of the frequencies compare Table 2.

The electric dipole selection rules for the rotational
transitions in the strong magnetic field are either
A1=0,4M,=0,4J =0, +1, and AM, =0 (electric vec-
tor of the microwave parallel to the exterior magnetic
field) or 4I=0, AM;=0, 4J=0,+1, and AM,= +1
(electric vector of the microwave perpendicular to the
exterior magnetic field). Since the electric vector of the
microwave is strictly polarized perpendicular to the
broad face of the waveguide cells, the proper selection
rule can be choosen by the orientation of the wave-
guide relative to the exterior field ([8], Chapt. I11.C).

The observed transitions, the magnetic fields. the
rotational assignments, and the relative intensities of
the satellites within each multiplet are given in
Table 2. For each multiplet the satellite frequencies
were determined from a least squares fit to the ob-

served line profile. In the fitting routine the relative
intensities of the satellites were used as known input.
They follow by theory from the direction cosine ma-
trix elements. Thus the fitted parameters were the
satellite frequencies, the position of the baseline, one
intensity. and the halfwidth. (As an approximation the
same halfwidth was used for all satellites which corre-
sponds to the assumption of identical collisional re-
laxation for all M,, M,-substates. This assumption
not only leads to good fits but also appears to be
reasonable in the light of recent results obtained by
Haekel and Mider [16] at our institute.)

The results of such line profile analyses and the
sensitivity of the profile with respect to minor shifts of
the satellite positions in the calculated spectra is
demonstrated in Figs. 2 and 3. In these figures the top
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trace shows the observed line profile, the second trace
shows the calculated line profile and the bottom trace
shows the difference. In Fig. 2 we show the 1,, <0,
transition observed under AM =0 selection rule. In
zero field this transition is split into a narrow triplet
with relative intensities given by 1:5:3. In the high
field Zeeman spectrum a doublet is observed with
intensity ratio 1 (M;=0) to 2 (M, = +1), and the dou-
blet splitting is closely related to the nuclear quadru-
pole coupling constant y,,. (Under neglect of the off-
diagonal elements, (2) would give 4v=0.3y,,.) From
the “observed” minus “calculated™ plots shown in the
figures one estimates the splittings to be determined
with an accuracy of at least +5 kHz. Indeed, the least
squares fit gives a splitting of 89.3 kHz with a single
standard deviation of only 0.9 kHz. This demonstrates
that a careful line profile analysis of high resolution
cw-spectra may yield results which are competitive
with front line microwave Fourier transform results.
Of course microwave Fourier transform spectroscopy
[17] has opened the completely new field of rotational
spectroscopy of almost nonpolar molecules, and its
higher sensitivity combined with its inherent high
resolution has yielded many new results for nitrogen
and deuterium hyperfine coupling and high barrier
internal rotation.

The least squares fitting of the Zeeman parameters
and the '*N quadrupole coupling constants to the
observed multiplets was carried out in an iterative
procedure. In each cycle the satellite splittings relative
to the hypothetical unsplit zero field center frequency
of the rotational transition were calculated from the
molecular parameters obtained in the previous cycle.
These calculated splittings together with the observed
satellite frequencies were then used to derive a hypo-
thetical unsplit zero field center frequency as intensity
weighted mean. As the last step in the cycle a new set
of molecular parameters was fitted to the above calcu-
lated splittings of the observed satellite frequencies
with respect to this center frequency. The iteration
procedure was stoped once the results had stabilized.
Our final molecular parameters are listed in Table 3.
Here and throughout this paper given uncertainties
correspond to single standard deviations. The alter-
nate sign for the molecular g-values can be ruled out
since it leads to an unrealistic small expectation value
for <0|' Y ¢210) (see (7) below).

From the theoretical expressions for the molecular
g-values and susceptibilities these Zeeman parameters
and the rotational constants can be used to calculate
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Table 3. Molecular g-values, magnetic susceptibility aniso-
tropies and '*N nuclear quadrugole coupling constants in
methyl nitrate, H,'?C'°O**N'°0O, from the fit to the
Zeeman-hfs-splittings reported in Table 2. The individual
components of the quadrupole coupling tensor follow from
Poissons equation (y,,+ 7y»+ 7..)=0. If the "*N nuclear
quadrupole moment Q=(2.054+0.05)- 10" cm? [13] is
used, they lead to the second derivatives of the extranuclear
contributions to the intra molecular Coulomb potential in
direction of the molecular principal inertia axes as given at
the bottom of the Table.

Yaa —0.1168(5)

G —0.0449(3)

g —0.0235(4)

2¢,.—&p—C.. 1.24(54)- 10 ®erg G ?mol !
2&p—Ce—Caa 13.14(53)- 10 ®erg G ? mol !
1o =0lps+Xeo) —0.308(16) MHz

—0.262(30) MHz
6.21(47)-10'® Vem 2

—5.75(44)- 10'®* Vem ™2

—0.46(04)- 10'°* Vem 2

== Hao— Xzel
G l/”atlz>,4N
G V,/6h3>,4N
(0? V/a('2>.4N

Table 4. Principal inertia axes coordinates of the atoms in
methyl nitrate as calculated from the r_-structure shown in
Fig. 1 of Cox and Waring [2]. In the last row we give the:
second moments of the nuclear charge distribution for this
r.-structure.

Atom a [A] b [A] ¢ [A]
H (in plane) 26114 —0.7473 0.0000
H (out of plane) 1.8898 0.6411 0.8960
H (out of plane) 1.8898 0.6411 —0.8960
C 1.8339 0.0143 0.0000
O (bridge) 0.6172 —0.7510 0.0000
N —0.5300 0.0557 0.0000
O (cis) —0.3830 1.2514 0.0000
O (trans) —1.5487 —0.5935 0.0000
59.5163 21.2614 1.6056

> Z,q2 /A2

the molecular electric quadrupole moments [18]. Ad-
ditional input of the microwave structure determined
by Cox and Waring [2] (see Fig. 1 and Table 4) leads to
the so called paramagnetic susceptibilities and to the
anisotropies in the second moments of the electronic
charge distribution ((8) and (10) of [18], respectively).
All these derived molecular parameters are listed in
Table 5. In addition to the above values, which are
determined directly from the Zeeman observables and
the molecular structure an estimate for the bulk sus-
ceptibility and for the individual diagonal elements of
the molecular magnetic susceptibility tensor in the
principal inertia axes system can be obtained from an
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Table 5. Molecular parameters which can be derived from the Zeeman-parameters in Table 3, from the experimental rota-
tional constants, from the geometry of the nuclear frame and from the ab initio value for the out-off plane second moment

of the electrons. (Q,, and &, remain undetermined.)

Molecular electric quadrupole moments Q.a
Qbh
Q('l'

Paramagnetic susceptibilities &P,
£p
Shb

Anisotropices in the second moments of the
clectronic charge distribution

QOIS a2—b? [0y

3.4(6) 10 2*°esucm?
—4.6(6) -10 %°esucm?
1.2(10) - 10~ 2®esu cm?

118.14(10) - 10" ®erg G2 mol ™!
279.73(14) - 10" ®erg G ? mol !
357.40(26) - 10 erg G~ ? mol !
37.14(14) A?

0] T bZ—c? 0y 20.46(22) A?

O c2—a? 0y  —57.60(21) A2
Diagonal elements of the magnetic susceptibility oa l —29.82(272)- 10" erg G * mol !
tensoﬂr with respect to the principal inertia ot —25.85(272)- 10 ®erg G2 mol ™!
axes system —35.02(290)- 10~° erg G2 mol !
Second moments of the electronic charge 0] a? |0y 64.8(10) A?
distribution i

0] T b2|0) 27.7(10) A?

0] X ¢t 10y 7.2(03) A2 (ab initio value [20] with

assumed uncertainty, see Text)

estimate or a reliable ab initio value for the out of
plane second moment of the electronic charge distri-
bution:

clectrons

2= X 10}
nuclei R 2’” (vl
= Z Z\' (:+ AT 2 {:n'r_éua_ibb}
» N,e*
h Jee  Yaa ¢
+ - .](( _ g _ M . (7)
16n°m, (B, B, B,

where Z is the atomic number of the v-th nucleus and
m, the proton mass.

Such an estimate can be obtained from the experi-
mental value in HNO;, where {¢*)>=4.40(13)- 10 '°
cm? was found [5]. combined with the additivity rules
as proposed for near planar molecules by Blickens-
derfer, Wang. and Flygare [19]. These rules are: 1 A2 for
each in-plane atom of the first row of the Periodic Table
as well as for each out-off-plane hydrogen, and 0.25 A2
for each in-plane hydrogen. Extrapolation from the
HNO ,-value along these rules by adding 3 A2 (one for
each of the two out-off-plane hydrogens and one for the
carbon atom) then leads to {¢?>=7.4 A2. Direct appli-
cation of the rules would lead to (¢2)=7.25 A2. In the
present application we use the mean value from M. H.
Palmers triple zeta bases calculations [20], which is

{c?)=172 A2 and we assume a rather conservative
uncertainty of +0.3 A% in this value, which embraces
the value extrapolated from the HNOj result. Substi-
tuting this value into (7), solving for (¢, —¢,, —¢,,) and
combining the result with the experimental an-
isotropies from Table 3 then leads to the individual
elements of the magnetic susceptibility tensor and to
the bulk susceptibility. The results are

Eaa= —29.82 +2.72,

Saa

Eop=—2585 4272, Euu=—30.23 +2.54,
¢, =—3502 +2.90,

all in units of 10~ °® erg gauss ? mol ',

The given uncertainties are calculated by gaussian
error propagation from the assumed uncertainty of
+0.3 - 10 ' cm? in the estimate for {¢?) and from the
experimental uncertainties of the Zeeman parameters
listed in Table 3. They are largely dominated by the
uncertainty assumed for {¢?). which alone adds 2.4 to
2.5 units to the final values.

Discussion

In Fig. 4 we compare '*N quadrupole coupling in
nitric acid [5] and in methyl nitrate. In nitric acid we
had previously been able to determine the complete
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coupling tensor from the coupling constants in the two
isotopomers HONO, and DONO,. For the compari-
son with our present results we now assume that the
electric field gradients in both molecules are identical
with the x-axis of the quadrupole coupling tensor tilted
by 1.1° with respect to the N—O-axis (sec Figure 4).
With this assumption and with the knowledge of the
principal inertia axes relative to the nuclear frame from
the microwave structures we are in the position to pre-
dict the quadrupole coupling constants for methyl
nitrate as

Jaa(nitrate) =cos*(¢) z, . (acid) +sin’(¢) z, , (acid),
Zp(nitrate) =sin*(¢) y, . (acid) +cos?(¢) 7, , (acid), (8)
7..(nitrate) = y._(acid),

where ¢=35.1"+1.1" is taken from the microwave
structures. Substituting y, . (acid) = 1.103(19) MHz,

7yy(acid)= —1.033(21) MHz and y. . (acid) = —0.070(8)
MHz into (8) gives

7bned (nitrate) = +0.358 £0.040,
7bied (nitrate) = —0.288 +0.039,
774 (nitrate) = —0.070 +0.008,

as compared to our experimental values
yoxP(nitrate) = +0.308 +0.016,
7i3P (nitrate) = —0.285+0.023,
75%P (nitrate) = —0.023 £ 0.023,

all in units of MHz. (The uncertainties in the predicted
values follow from the experimental uncertainties in
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Fig. 4. "*N quadrupole coupling tensor, transferred
as shown from nitric acid [5] into the molecular
frame of methyl nitrate, leads to coupling constants,
which closely match the observed values (compare
Eq. (8) of the text). The hyperbolas (not drawn
to scale) correspond to isopotential curves of the
Coulomb potential caused by the extranuclear
charge distribution. Dashed lines indicate negative
deviations from sphericity, solid lines indicate posi-
tive deviations. Quadrupole coupling probes these
deviations inside the volume of the nucleus.

the y-values of nitric acid and from an assumed addi-
tional uncertainty of +1" in the angle between the a-
and the x-axis.) The good agreement between the pre-
dicted and experimental quadrupole coupling con-
stants indicates that the electric field gradient at the
nitrogen is indeed largely unaffected by H- to CH ;-
substitution, at least for individual molecules in the
gas phase as studied here. We therefore believe that
quite in general the '*N quadrupole coupling tensor
of the nitrogen group as determined in [5] will be
transferable also to other molecules at least as long as
n electron delocalisation by double bonds can be
ruled out in the close vicinity of the nitro group.

We now turn to the discussion of the magnetic sus-
ceptibility tensor. Assuming that the molecular mag-
netic susceptibility tensor can be constructed as a sum
of local contributions, we should be able to predict the
tensor of methyl nitrate from the tensor of nitric acid
[5] and local tensors for H- and C,s(CH ;-) determined
previously. The latter values are presented in Table 6,
which is an excerpt of Table I1.2 of [§]. In order to
minimize uncertainties we concentrate on the experi-
mental values of the out-off-plane minus in-plane an-
isotopes i.e. on 2. —¢&,,—¢pp- In nitric acid the ex-
perimenal value was

Saa

(& —Ea—Epp)acia= — 741 £0.09 .

cc aa

With the corresponding values for H- and CH ;- from
Table 6 we predict

(&, —Eru—Epp)mirare = — 741 +0.91 +2.56 = —3.94,
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Table 6. Local magnetic susceptibilities for H- and C_ .- in
units of 10 ° erg gauss ~ mole '. They are taken from [§].
Table I1.2.

y

T_, X :A\;\ ;:)‘)':';-:::
H- —1.17(53) —2.08(38)
Cepe (H3C-) —9.92(181) —8.27(149)

all in units of 107 °erg gauss % mole™!. This value
sharply contrasts with our experimental value

(2

£ N exp
Sce “aa “—hh)nilrulc

= —1.24(54)—13.14(53)= —14.38(76).

The observed anisotropy is about 10.4 units more neg-
ative than predicted, which vastly exceeds the uncer-
tainties normally encountered in the application of the
local rules (compare for instance Table 11.4 of [8]).
At present we speculate that hyperconjugation might
sufficiently change the local susceptibility tensor of the
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