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The high-field first and second order Zeeman effect has been observed in Ethyleneoxide

0 0
1. \CH, D.cZ D,
and Pyridine

MND ﬁN

in order to determine the sign of the electric dipole moments from the g-values of different isotopes.
The experimental data indicate that in Ethyleneoxide the negative end is at the Oxygen while in
Pyridine the result is not conclusive. The effect of vibrations is discussed in some detail and it is
concluded that the vibrational dependance of the g-values should be accounted for if the sign of the
dipole moment is determined from Zeeman data (at least if H<— D substitutions are involved).

The rotational Zeeman effect of the most abun-
dant species of Ethyleneoxide! and Pyridine? has
been investigated previously. In the following we
report the results of rotational Zeeman effect studies
on several isotopic species.

D,C— CD,, H,C—CH,, 15 4 14
\0/ \O/ & —2_ i -

They were carried out in an attempt to determine
experimentally the sign of the electric dipole mo-
ment in both molecules.

The microwave spectrometer and the electro-
magnet used for these investigations has been de-
scribed in a previous publication3. The samples
were studied at pressures close to 10 mTorr and at
temperatures about — 65 °C. Typical experimental
linewidths were on the order of 150 to 300 kHz
full width at half height. As an example Fig. 1 shows
a broad band scan of the 5;3— 55, transition of
15N.Piridine at a magnetic field strength of 24170
Gaull.

* Present address: Universitdt Konstanz, Fachbereich Che-
mie, D-7750 Konstanz, Germany.
Reprint requests to Prof. Dr. D. H. Sutter, Institut fiir
Physikalische Chemie der Christian-Albrechts-Universitit,
Olshausenstrae 40—60, D-2300 Kiel, Germany.

The Zeeman splittings of the rotational transitions
were analyzed using the effective rotational Hamil-
tonian given in Equation (1). This Hamiltonian
results from a second order perturbation treatment
within the electronic states and under the assump-
tion of a rigid nuclear frame 4.
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with uy =|e| /2 M, c the nuclear magneton.

Phaenomenologically spoken part (a) corresponds to
the rotational kinetic energy with 4, B and C the
rotational constants and J,, J, and J. the compo-
nents of the rotational angular momentum in units
of k. Part (b) corresponds to the potential energy
of the rotational magnetic moment in the exterior

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the

@ROIS)

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht: Advancement of Science under a Creative Commons Attribution-NoDerivs
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland 3.0 Germany License.
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung®) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



E. Hamer and D. H. Sutter - The Electron Charge Distribution in Ethyleneoxide

266

‘uonjeanjes romod 01 anp st

san[eA-py 19YIIY YIIM Sa1I[[a1es 9y} Jo Furuapeoiq pue 1yJroy Iomo[ 9y, ‘(zH9 8£89.8°¢T) 1933ep ' Aq poieorpur st Louanb
-IJ p[PY 013z 9y ], ‘onfeA-py o1errdordde oY1 yYirm pa[[aqe[ YoBI SII[[91BS URWIIZ PaIR[NO[BD 9yl Jo sarouanbaij 10exa oy
SMOYS wo0110q 9y} 1B winnoads Ieq AyJ, ' 9[(B] Ul udAI sjuelsuod [euoneor pue ‘sordoxrjostue Ariqrdodsns ‘sonjes-6 oyl
Suisn pue Y31y jrey 1@ IPIM [[N] ZHY OF1 JO SYIPIM J[BY YiIm sodeys sul[ ueizjuaio| jo uondwnsse ay) Iopun paje[no[ed
sem 1] ‘wn1joads paje[no[ed 10indwiod B sMoys 90BI} 191udd O], ‘ZF[Y §1 A10Ad 18 o1 siayiew Aouanbalj ayjJ, *o[ni uornodafos
0= I19pun ssnes (LIHg 18 POAIdSqO QUIPUAJ-Ng; JO uonisuen [euoneiol ¢ < g oy jo ueos pueq peorg °[ ‘31j

ZHW L

induced molecular magnetic moment. y.,, x and

magnetic field H which is assumed to point in the

Zcc are the diagonal elements of the molecular sus-

space fixed Z-direction. gu., gp» and g.. are the

ceptibility tensor. (In molecules with Cy, symmetry

diagonal elements of the molecular g-tensor. Part (c)

such as Ethyleneoxide and Pyridine the molecular

corresponds to the potential energy of the field
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g-tensor, the magnetic susceptibility tensor and the
moment of inertia tensor are simultaneously diago-
nal with identical principal axes systems. (For the
theoretical expressions of the g- and y-tensor ele-
ments the reader is referred to the derivation pre-
sented in Ref.* and references cited therein.) Parts
(d) and (e) are important in the presence of qua-
drupole nuclei such as *N in Pyridine. Part (d) cor-
responds to the nuclear Zeeman effect (shielding
neglected) with g; the nuclear g-value of the i-th
quadrupole nucleus and I; its spin vector. Part (e)
corresponds to the potential energy of the nuclear
electric quadrupole moments within the intramolecu-
lar electric field gradient at the positions of the
quadrupole nuclei. Finally part (f) corresponds to
the translational Zeeman effect® which must be ac-
counted for in transitions showing first order Stark
effects but which proofed to be negligible in the
present investigation.

For all molecules except for !*N-Pyridine parts
(d) and (e) were neglected and the matrix of Heg
was set up within the basis of the appropriate asym-
metric top eigenfunction '], 7, M;) 6. (The Deute-
rium quadrupole coupling in Ethyleneoxide-D, is
sufficiently small to justify this approximation.)
The Zeeman splittings were then analyzed by the
standard first order treatment?. In the case of 14N-
Pyridine the matrix was set up in the uncoupled
basis |/J,7,M;,I, M;) with I and M; referring to
the spin and spin-projection quantum numbers of
the N nucleus. (Again the weak Deuterium qua-
drupole coupling was neglected.) From the non-
vanishing off-diagonal elements® only the quadru-
pole coupling matrix elements diagonal in / and in
the rotational quantum numbers J and 7 but off-
diagonal in M; and M; were accounted for and
treated by second order perturbation theory. At
fields close to 25 kG as were used throughout the
present work this approximation is sufficient, since
the magnetic field quite effectively uncouples nuclear
spin and overall rotation. This was also checked by
complete numerical diagonalization (compare Fig-
ure 2).

During the analysis of the experimental splittings
the slight inhomogeneity of the magnetic field was
accounted for %. For the complete listings of the mea-
sured splittings the reader is referred to Ref. 10
which may be obtained by the authors. The final
results of the least squares fits are given in Table 1.
Also listed in this Table are the nuclear quadrupole
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Fig. 2. AM=0 Zeeman multiplet of the 1y, — 2,, rotational
transition of Pyridine-4D recorded at a magnetic field
strength H=23.58 kG. Curves (d) and (p) show computer
plots calculated from the molecular parameters listed in
Table 1 under the assumption of Lorentzian lineshapes with
140 kHz full width at half height. Profile (d) is calculated
by numerical diagonalization of the Mj, M; submatrices of
the two rotational states. Profile (p) is calculated by second
order perturbation theory. Except for the M;=0, M;=0
satellite both calculated spectra coincide within the drawing
width of the bar spectrum (d’) which shows the satellite
frequencies and intensities obtained by numerical diagonali-
zation. (The less accurate second order frequency of the
0, O-satellite is indicated by the dotted line.) The dagger
indicates the center frequency of the zero field hyperfine
multiplet 18,

coupling constants for !*N in Pyridine-4-D since
they enter into the analysis of the Zeeman data via
Equation (1,e). They were determined seperately
from the zero field hyperfine splittings of the rota-
tional transitions ! and are in close agreement with
the values determined previously by Serensen et al.!2.

Table 2 shows lists of molecular quantities which
may be derived from the molecular g-values, mag-
netic susceptibility anisotropies and rotational con-
stants together with the bulk susceptibility and the
molecular structure 13. Since the evaluation is based
on the rigid rotor theoretical expressions of the
g-values etc. the listed values should be used with
appropriate caution. In general they will come close
to ground state vibrational expectation values. For a
discussion of this problem the reader is referred to
Reference 4.

With the shift of the molecular center of mass
upon isotopic substitution the partial compensation
of positive and negative electric currents due to the
rotation of the molecular charge distribution is also
changed. This makes it possible, at least in principle,
to determine the sign of the molecular electric dipole
moment from the molecular g-values and rotational
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Table 1. g-values and magnetic susceptibility anisotropies of Ethyleneoxide and Pyridine. Also given are the !‘N-nuclear
quadrupole coupling constants for 4D-Pyridine and the rigid rotor rotational constants fitted to the same low J rotational
transitions that were used for the Zeeman analyses. Quoted uncertainties are standard deviations from the least squares fit.
(With the present experimental setup only the relative signs of the g-values can be determined. The choice in bracketts
would lead to unreasonable values for the electric quadrupole moment and in the case of Pyridine to a negative value of

the electronic ground state expectation value for the sum of the squares of the c-coordinates of the electrons,
electrons

{0] 2 C:2]|0) and may thus be discarded.)
&

tb 0 0] H_H
H,eZ NCH, D,cZ_\CD, oy
., a H H
Molecular g-values Jaa — 0.09692 (4) — 0.07794.(9) — 0.08086(19) — 0.07935(7)
(+) (+) (+) (+)
gbb + 0.01848(5) + 0.01436(17) — 0.09974(16) — 0.09438(6)
=3 (=) (+) (+)
Jec + 0.03361 (7) + 0.02683(11) + 0.04101(17) —+ 0.04063 (6)
() =) =) (=)
Magnetic suscepti- NL (2 yaa—xbb— Ycc) 18.46 (7) 18.45(16) 54.12 (40) 53.3(10)
bility anisotropies [10—8 erg/ (G2 mole) ]
NL (2 x6b— Ycc— Yaa) — 0.05(10) 0.24(22) 62.02 (40) 60.1(16)
[10—% erg/ (G2 mole) ]
Rotational constants A [MHz] 25483.66(16) 2 20398.32(7) 2 6039.41(1) b 6038.98(1) b
B [MHz] 22121.13(18) 2 15456.13(9) 2 5680.37(1) b 5420.06 (1) b
C [MHz] 14097.95(16) 11542.71(7) 2 2926.54(1) b 2855.82(1) b
14N-quadrupole Y aa [MHz] — - — — 4.894(20) b
coupling constants 2 [MHz] - — = + 1.400 (40) b
2o [MHz] = = - +3.50(6) b

a Compare too C. Hirose, Bull. Chem. Soc. Japan 47, 1311 [1974].

b Compare too G. O. Serensen, L. Mahler, and J. Rastrup-Andersen, J. Mol. Structure 20, 119 [1974].

constants of two isotopic species. If the principal
axes system is parallel shifted (not rotated) upon
isotopic substitution, the theoretical expressions for
the g-values etc. lead to the following relation 1®

_l_e‘h_ (_Qiaa_
16 722 M,

4 %) =d4buy+dcue  (2)
and cyclic permutations. On the right hand side of
Egs. (2) 4a, Ab and Ac are the coordinates of the
center of mass of the primed isotropic species if
referred to the principal axes system of the un-
primed species, and u,, up, and u. are the com-

ponents of the electric dipole moment defined as
nuclei electrons

p=le|{2Z,1r,—(0|2r|0)}. M, is the Proton

mass. Again Eqgs. (2) are only valid within the
rigid nuclear frame approximation. In molecules
with Coy symmetry such as Ethyleneoxide and Pyri-
dine the symmetry of the frame should lead to zero
right hand sides in one of the three Equations (2).
In the following this Equation will be called “con-
trole Equation”. As will be discussed shortly it may

be used as a check on the approximations used in
the derivation of Equations (2).

If one uses the g-values and rotational constants
given in Table 1 together with the structures shown
in Fig. 3, the numerical results listed in Table 3 are

1)
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Fig. 3. To scale drawings of the structures of Pyridine and

Ethyleneoxide taken from Refs.!! and 12, Uncertainties (in

bracketts) are given in units of the last significant figure.

They are believed to embrace the equilibrium values [for a

discussion of the uncertainties (rs-structures, vibrational cor-
rections, etc. see ! and 12)].
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Table 2. Molecular quantities derived from the experimental data given in Table 1, the geometries of the nuclear frames
(see Fig.3) and the bulk magnetic susceptibilities !3. Quoted uncertainties follow from standard error propagation and do
not account for possible deficiencies of the rigid rotor model.

)
\
\ 0] 0
L L4 e b, H,eld NcH,
Molecular quadrupole moments in Qaa +2.7 013 2.6 *+0.05 —23 *1.2 —2.6 0.4
s —26 2
units of 1°nud;5“ cm D —42 017 37 £0.07 493 *15 8.0 0.4
Qaa= L;] {Z @2 an*—br*—cn?) Qcc +1.5 £0.26 1.1 *0.11 —6.9 22 —54 +0.6
n
electrons
—<0 | 22 asz_bsz_ccz ] 0>}
[ 4
__ hlel {zm _ 9w _ zg}
T 16atMp | 4 B [
2mc?
= e (2 raa—zo0—7ec}
Second moments of the nuclear charge I Z, a,? 12.88+0.10 12.81+0.10 49.52+0.05 49.61 +£0.05
distribution calculated from the S Znby? 8.92+0.05 8.9910.05 50.46 £0.05 50.46 £ 0.05
mgt;;;s;gwwn in Figure 3. The 5 5 » 3.41+0.02 3.41+0.02 0.0 0.0
Paramagnetic susceptibilities in 22 mote 60.59%0.31 60.79%0.3 242.1 *0. 242.7 +0.2
3 —6 2
e L m°1‘z) - A more 67.07£053 67254050  247.3 +04  247.9 +02
€
HZmare=— 55— NL- (—“AJ) Aot 87.7940.53 87.88%0.5 394.0 + 394.0 0.3
T 4me?
h Jaa nuclei . . l
{Snsz 4 %‘Zn(bn —Cn)lNL
Bulk magnetic susceptibilities in Zbulk 30.7 1.0 30.7 £1.0 — 49.21+09 — 49.21+0.9
units of 107® erg/ (G2 mole)
2ouk=NL" (Yaa+ xvb+ Jcc) [3
Diamagnetic susceptibilities in units %52 mote — 84.1 *1. — 853 *1.3 —273.6 £1.2 —2738 *
—6 2
of 10~% erg/(G m‘;h’)' T st — 977 1.6 — 980 *1.5 —2764 *13 —2764 *0.7
€
L more=—NL ey Ve ot —124.7 1. —124.7 *1.6 —481.0 +1.8 —482.8 *
electrons
(0|3 b2+c2|0)
=)aa mole"}_‘:‘;).mou etc.
Second moments of the electronic {0]Za?2|0) 16.17+0.56 16.18 £0.54 57.0 57.2
noments ol the o
e A2 0] 320 13214056 13211056 563 0.7 56.6 0.3
(0] 3 a?|0) 0] Zc2|0) 6.8510.56 6.90£0.54 8.1 8.0
&
2mc?
== (266 + Xco— Xaa)
__h_(@Jrﬂc__gﬂ)
1622 Mp\ B c A
nuclei
+32Zn llnz
n

obtained. They indicate that in Ethyleneoxide the
negative end of the molecule is at the Oxigen side
just as expected, while unexpectedly in the case of
pyridine the positive end of the molecule turns out

to be at the Nitrogen side. The large experimental
uncertainties however indicate that the latter result
is not conclusive. As is seen from the numbers given
in Table 3 these large uncertainties stem from the
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Table 3. Electric dipole moment of Ethylenoxide and Pyridine from the rotational Zeeman effect. Typically the two lead-
ing figures drop out of the differences in column one thus sharply reducing the accuracy of determined dipole moments.
Quoted uncertainties follow from the standard deviations of the g-values. The results listed in column two indicate that in
Ethyleneoxide Oxygen is at the negative end. (C.E. stands for the controle Equation which frem symmetry should give
zero within the rigid rotor approximation.) For Pyridine the result is not conclusive because of the large uncertainties. It
would indicate Nitrogen to be at the positive end. In column three accurate absolute dipole moments obtained from Stark
effect determinations as well as values calculated by the semiempirical INDO-method are listed for comparison. Also for
comparison Zeeman results obtained for Formaldehyde by Flygare and coworkers 17 are listed at the bottom of the Table.
The discrepancies between Stark-effect and Zeeman values indicate that the neglect of vibrations in the analysis of the
data is at least problematic.

Primed species  (gaa’/A"— gaa/A)

unprimed species (gos’/B’— gvb/B)
Aa, 4b, Ac (9cc’[C"—gec/C)
in A=10"%cm [sec]

b
I

Electric dipole moment
according to Eq. (2)
in Debye [10—18 esucm]

Calculated dipole
moment uINDO

absolute value |u|
from Stark-effect

—0.07794.(9)
2.039832-1010

0.09692 (4)
2.548366- 1010

0
AIK {77(7)&36(177)77_ 0.01848 (5) }
Bl 1.545613-101°  2.212113-101°

0.02683 (11) 0.03361(7)
1.154271-101°  1.409795-101

0.0, —0.0538, 0.0

—0.07935 (70)
 6.03898-10°

—0.08086 (19)

6.03941-10°

{—0.09438 (60)  —0.09974(16)
5.420061-10° 5.68037-10°
{0.04063 (60)  0.04101(17)
R A 00[2 85582-10°  2.92654-10°
2.9017(8)  —1.445(2) }
+) >C 0 ){282106 101 141732101
> { 0.22430(1)  —0.1917(5)
3.883400-101°  3.23686-1010
0.0994 (1) —0.0788(4) } B
0.0737, 0.0, 0.0{—— e= _ b = 47.62(182) -10— 14
+ {340040 1010 2.62725-1010 TR

=—1.77(60) - 10— 14
—9.37(132) -10— 14

—5.96(144) -10— 4

= +2.49(147) -10—13

} =1.46(139) -10—13
} =2.14(268) -10—13
=—9.06(169) -10— 14

} =-+1.47(16) -10—13

b, Zeeman= —0.39(13) upINDO= —21

C.E.

]‘llb,Stark |=1.88

Wb, Zeeman=—1.34(32)

ugINDO=2 07

Ua,Zeeman = — 3.61 (344) | Ha, Stark | =2.24

Ha,Zeeman= —5.29 (663)

C.E. uaINDO= —1.88

HUa,Zeeman=—2.40(26) | #a, Stark | =2.34

HUa,Zeeman= —1.25(30)

fact that the leading well determined digits drop out
of the differences in Equations (2). However we
believe that apart from the experimental uncertain-
ties systematic errors may play some role too. The
discrepancies of the two values for u determined
from the Zeeman data according to Eqs. (2), the
differences between the absolute values for u deter-
mined from the Zeeman effect and those determined
with considerably higher accuracy from Stark effect
investigations, and the failure of the “controle Equa-
tions” [Egs. (2)] to give zero right hand sides

within the experimental uncertainties all point in
that direction. In Ethyleneoxide for instance the
“controle Equation” (see Table 3) leads to a right
hand side which is off zero by more than 7 standard
deviations! Such deviations have been found also in
other molecules. As an example the results for
Formaldehyde which have been obtained by Flygare
and coworkers are listed for comparison at the bot-
tom of Table 3. In this case the “controle Equation”
leads to a value which is 5.4 standard deviations off
zero.
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Apart from the experimental uncertainties these
observed discrepancies are most likely due to the
neglect of vibrations during the analysis of the data.

Thus for instance vibrations perpendicular to the
plane of the heavy nuclei will generally lead to non-
zero expectation values at the right hand sides of
the “controle Equations”. Furthermore individually
averaged g-values and rotational constants are used
at the left hand sides rather than vibrational aver-
ages of the type (v=0]g,/4|v=0) etc. Finally
and probably most important, the vibrational func-
tions for “Proton-” and “Deuterium-vibrations”
which enter into the vibrational ground state aver-
ages differ considerably.

In order to account for these vibrational effects
an experimental knowledge of the vibrational de-
pendence of the g-values would be necessary. At the
present stage only an estimate is possible which is
based on the results obtained by Honerjager and
Tischer for some diatomics 6. If one assumes that
the order of magnitude of the v-dependence of the

1 D. H. Sutter, W. Hiittner, and W. H. Flygare, J. Chem.
Phys. 50, 2869 [1969].

J. H. S. Wang and W. H. Flygare, J. Chem. Phys. 52,
5636 [1970].

D. H. Sutter, Z. Naturforsch. 26 a, 1644 [1971].

D. H. Sutter and W. H. Flygare, The Molecular Zeeman-
effect, Chap. III in Topics in Current Chemistry, Vol. 63,
Springer-Verlag, Berlin, in press.

a) D. H. Sutter, A. Guarnieri, and H. Dreizler, Z. Natur-
forsch. 25a, 222, 2005 [1970]. — b) L. Engelbrecht and
D. H. Sutter, Z. Naturforsch. 30 a, 1265 [1975].

a) C. H. Townes and A. L. Schawlow, Microwave Spectro-
scopy, Chap. 4, McGraw Hill, New York 1955. — b) W.
Gordy and R. L. Cook, Microwave Molecular Spectra,
Technique of Organic Chemistry, Chemical Applications
of Spectroscopy Vol. IX, Part II, Chap. 7, Interscience
Publishers, John Wiley & Sons, New York 1970.

W. Hiittner and W. H. Flygare, J. Chem. Phys. 47, 4137
[1967].

a)C. K. Jen, Phys. Rev. 76, 1494 [1949]. — b) Compare
too Ref. 6 b, Chap. 11.2.

- [}

e

“
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g-values in diatomics and polyatomics will be about
the same, a rough estimate of possible “vibrational
uncertainties” in Egs. (2) leads to the conclusion
that even the rather large off zero value in the con-
trole Equation for Ethyleneoxide may still fall with-
in the range of necessary vibrational corrections.
We therefore conclude that sign of the dipole mo-
ment determinations from the rotational Zeeman
effect of different isotopic species, especially if
Hydrogen-Deuterium substitutions are used, should
include the analysis of excited vibrational states so
that equilibrium values can be used in Egs. (2) (to
further substantiate this result a systematic study of
Formaldehyde is planed).
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