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The Molecular g Values, Magnetic Susceptibility Anisotropics, 
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Abstract: The high-field first- and second-order Zeeman effect has been observed in furan and thiophene. The 
a coordinate is in the molecular plane and bisects the COC or CSC angle, and the b axis is also in the molecular 
plane. Using these coordinates, the molecular parameters for both molecules are listed below. Only the relative 
signs of the molecular g values are obtained experimentally. However, the absolute signs are conclusively assigned 
in both molecules by an analysis of the second moment of the charge distribution or molecular quadrupole moments. 
For furan the measured g values and magnetic susceptibility anisotropics are gaa = —0.0911 ± 0.0007, gbb = 
-0.0913 ± 0.0002, gr.c = 0.0511 ± 0.0001, 2x«a - x<* - x« = (43.04 ± 0.24) X 10"6 erg/(G2 mole), and 2X64 -
Xcc - X«« = (34.39 ± 0.20) X 10"6 erg/(G2 mole). The molecular quadrupole moments are Qaa = (0.2 ±0.4), Qbb = 
(5.9 ± 0.3), and Qcc = —(6.1 ± 0.4), all in units of 10-26 esu cm2. Using the known molecular structure allows 
a determination of the diagonal elements in the paramagnetic susceptibility tensor and the anisotropics in the 
second moment of the charge distribution. These numbers are Xa«° = 159.0 ± 0.4, xsi." = 149.2 ± 0.2, and x«p = 
243.3 ± 0.2, all in units of 10~6 erg/(G2 mole) and (a2) - (62) = -(1.6 ± 0.2), </b2) - (c2) = 31.0 ± 0.2, and 
(c2) — (a2) = —(29.4 ± 0.2), all in units of 10~16 cm2. Combining the above data with the known bulk susceptibility 
for furan gives the diagonal elements in the total magnetic susceptibility which are %«« = —(30.5 ± 1.6), XM = 
— (33.3 ± 1.6), Xcc = —(70.6 ± 1.6) in units of 10-6 erg/(G2 mole). Also available are the individual elements 
of the second moment of the charge distribution which are (a1) = 36.2 ± 0.7, (b2) = 37.8 ± 0.7, and (c2) = 
6.8 ± 0.7. all in units of 10~16 cm2. For thiophene the measured g values and magnetic susceptibility anisotropies 
are £„,, = -0.0862 ± 0.0023, gw = -0.0662 ± 0.0006, g« = 0.0501 ± 0.0005, 2x«» - XM - Xcc = (49.6 ± 1.1) X 
10~6 erg/(G2 mole), and 2xw> — x« — X«« = (50.6 ± 1.3) X 10-6 erg/(G2 mole). The molecular quadrupole mo
ments are Qaa = 1.7 ± 1.6, Qbb = 6.6 ± 1.5, and Qcc = —(8.3 ± 2.2) in units of 10~26 esu cm2. Using the known 
molecular structure allows a determination of the diagonal elements in the paramagnetic susceptibility tensor and 
the anisotropies in the second moment of the charge distribution. These numbers are Xa/ = 184.8 ± 2.0, Xt/ = 
244.3 ± 1.5, and XJ = 347.3 ± 1.6 in units of IO"6 erg/(G2 mole) and (a2) - (A2) = 13.9 ± 1.0, (A2) - (c2) = 
36.1 ± 0.7, and (c2) - (a2) = -(50.0 ± 0.8) in units of 10"16 cm2. Combining the above data with the known 
bulk magnetic susceptibility for thiophene gives the diagonal elements in the total magnetic susceptibility tensor 
which are Xa« = -(40.9 ± 1.2), Xn = -(40.5 ± 1.3), and Xcc = -(90.8 ± 1.7) in units of 10"6 erg/(G2 mole). 
Also available are the individual elements of the second moment of the charge distribution which are (a2) = 
58.6 ± 1.3, (b2) = 44.6 ± 1.2, and (c2) = 8.5 ± 1.2, all in units of lO"16 cm2. 

Bulk magnetic susceptibility data have been available 
for several molecules for some time. However, 

very little data are available on the individual elements 
of the paramagnetic, diamagnetic, and total magnetic 
susceptibility tensors. We report here experimental 
data which lead to the individual diagonal elements in 
the susceptibility tensors in furan and thiophene. 
These data also lead to the experimental determination 
of the molecular quadrupole moments and the second 
moment of the charge distribution in these two mole
cules. The results are compared to similar molecules. 

The experimental technique which is used to obtain 
the magnetic susceptibility information is to observe 
the rotational Zeeman effect by combining high 
magnetic fields with high-resolution microwave spec
troscopy. The first-order Zeeman effect in diamagnetic 
molecules leads to a measurement of the molecular g 
values in the principal inertial axis system. If the 
molecular structure is known, the molecular g values 
lead to a direct determination of the diagonal elements 
in the paramagnetic susceptibility tensor in the principal 
inertial axis system. The second-order molecular 
Zeeman effect leads to a direct measurement of the 

(1) (a) This work was partially supported by the Advanced Projects 
Agency Grant SD-131 to the Materials Research Laboratory at the 
University of Illinois, (b) Deutsche Forschungsgmeinschaft Post-
doctorate Fellow. 

anisotropics in the total magnetic susceptibility tensor 
elements. The anisotropies in the total magnetic 
susceptibility can be combined with the first-order-
determined paramagnetic susceptibility elements to 
yield the anisotropies in the ground-state second 
moment of the electronic charge distribution. Fur
thermore, if the bulk or average magnetic susceptibility 
is known, each element in the total susceptibility and 
each diagonal element of the second moment of the 
electronic charge distribution can be obtained. 

The first-order-determined molecular g values can be 
combined with the second-order-determined magnetic 
susceptibility anisotropies to obtain a direct measure
ment of the molecular quadrupole moments. 

The Experiment and Data Analysis 

The microwave spectrometer and the 72-in. high-field 
electromagnet have been described previously.2'3 

The zero-field microwave spectra of both furan4a 

and thiophene4b are well known. 

(2) W. H. Flygare, W. Huttner, R. L. Shoemaker, and P. D. Foster, 
J. Chem. Phys., 50, 1714 (1969). 

(3) S. G. Kukolich and W. H. Flygare, J. Am. Chem. Soc, in press. 
(4) (a) B. Bak, D. Christensen, W. B. Dixon, L. Hansen-Nygaard, 

J. Rastrup-Anderson, and M. Schottlander, / . MoI. Spectry., 9, 124 
(1962); (b) B. Bak, D. Christensen, L. Hansen-Nygaard, and J. Rastrup-
Anderson, ibid., 7, 58 (1961). 

Sutter, Flygare / Magnetic Susceptibility Anisotropies for Furan and Thiophene 



4064 

The theory of the rotational Zeeman effect in an 
asymmetric top has been given by Hiittner and FIy-
gare.6 The rotational energy levels of furan and thio-
phene are expected to be governed by eq 28 in ref 5 
which is 

* / , " , ) - - j x * ' - M. ; ^ X > . , W > -

Table I. The Observed Zeeman Spectra in Furan" 

Transition 
v0, MHz 

H, G Ml Ma Aj*exptl ACcalcd 

A^exptl -

ACcalcd 

H' 
'3Mj' - J(J + 1)' 

L(2/ - I)(I/ + 3) J 
1 

U(J + i). 
E(xw - xX-V) 

Z 

(1) 

X = Vs(Xaa + XM- + Xcc) is the average magnetic sus
ceptibility with Xaa, Xs6> and Xcc being the components 
along the principal inertial axes in the molecule. H is 
the external magnetic field, û0 the nuclear magneton, 
J and Mj are the rotational quantum numbers, gag is 
the molecular g value along the gth principal inertial 
axis, and (J1") is the average value of the squared rota
tional angular momentum (in units of ft2) along the 
gth principal inertial axis. The — ljixH2 term will 
cancel out in our observation of an energy difference. 
Thus, we can measure the absolute values of the three 
g values and two independent magnetic anisotropy 
parameters. The magnetic anisotropy components are 

Xaa X — T K^Xaa XDD XCC) 

Xm ~ X = -Z (~Xaa + 2X66 ~ Xcc) ( 2 ) 

Xcc X — ^ (. Xaa Xbb ~T ^Xcc) 

Only two of these equations are independent. We have 
written our least-squares program to give the values of 
2xaa — Xob ~ Xcc and 2x66 — Xcc - Xaa- The third 
anisotropy component is the negative sum of the first 
two as the trace of the tensor Xot ~ X is zero. 

The values of (JJ), (Ji,2), (Jc
2) are evaluated by stan

dard techniques using the previous rotational assign
ments. The rotational constants for furan are4a 

A = 9446.96, B = 9246.61, and C = 4670.88 MHz. 
The rotational constants for thiophene are4b A = 
8041.77, B = 5418.12, and C = 3235.77 MHz. Several 
rotational transitions in both furan and thiophene were 
observed at zero field and at high fields in both the 
AM = 0 and AM = ± 1 absorption cells. The 
observed transitions, frequencies, and magnetic fields 
in furan are listed in Table I. The thiophene results 
are listed in Table II. Only the strongest and well-
resolved spectra were used to extract the three g values 
and the two magnetic susceptibility anisotropy param
eters. The data in the first four transitions in both 
Tables I and II were used to obtain a least-squares fit 
for the five Zeeman parameters, and the results are 
listed in Table III. Only the relative signs of the g 
values are obtained experimentally. However, we will 
show conclusively below that the signs must be assigned 
to the values given in Table III. Several additional 
transitions are listed in Tables I and II. These 

(5) W. Hiittner and W. H. Flygare, J. Chem. Phys., 47, 4137 (1967). 

Ooo-loi* 
v„ = 13,917.512 
H = 25,388 

111-212* 

v0 = 23,259.195 

H = 25,470 

loi-2o2* 

v0 = 23,453.144 
H = 25,246 

322~321 

v0 = 13,431.144 
H = 29,512 

loi~2o2 
v0 = 23,453.144 
H = 27,512 

2l2~3l3 

v0 = 32,697.055 
H = 25,678 

2 02_221 

v0 = 14,335.25 
H = 25,533 

2i2_2n 
v0 = 13,727.689 
H = 25,549 

l l l _ 2 i 2 

v0 = 23,259.195 
H = 27,694 

0-
0-

- 1 -
0 -
1-

- 1 -
0 -

1-

- 1 -
0 -
1-

- 1 -
0-
1-

- 3 -
- 2 -
- 1 -

1-
2 -
3 -

- 1 -
0 -
1-

- 2 -
- 1 -

0 -
1-
2 -

- 2 -
- 1 -

0-
1-
2 -

- 2 -
- 1 -

0 -
1-

- 1 -
0 -
1-
2 -

- 2 -
- 1 -

0 -
1-

- 1 -
0 -
1-
2 -

- 2 -
- 1 -

1-

-1 — 
0 — 
1 — 

1 0.621 
-1 - 0 . 1 6 0 

0 
1 
2 

-2 
-1 
0 

0 
1 
2 

-2 
-1 

0 

- 3 
-2 
-1 

1 
2 
3 

-1 
0 
1 

-1 
0 
1 
2 
3 

-3 
-2 
-1 

0 
1 

-1 
0 
1 
2 

-2 
-1 
0 
1 

-1 
0 
1 
2 

-2 
-1 

0 
1 

-2 
-1 

1 

- 0 . 3 9 5 
- 0 . 0 0 8 
- 0 . 1 2 0 

0.943 
0.138 

- 1 . 1 5 5 

- 0 . 4 2 9 
+ 0.092 
- 0 . 1 6 4 
+0.891 
+0.228 
- 1 . 2 0 4 

- 3 . 0 5 5 
- 1 . 6 0 1 

1.610 
1.744 

- 0 . 1 4 6 

- 0 . 1 4 4 

- 1 . 1 2 0 

-0 .465^ 
- 0 . 2 5 5 
- 0 . 2 2 5 
-0.465» 
+ 1.025 
+0.825 
+0.385 

- 1 . 8 5 0 
+0.65» 

2.09 
2.68 

- 2 . 6 7 
- 0 . 5 0 
+0.65" 

- 1 . 9 3 0 
+0 .510 
+2.030 
+2.690 
- 2 . 6 1 0 
- 0 . 5 7 0 
+0.640 
+0 .990 
- 4 . 4 1 
- 1 . 0 0 

Unresolved 
shoulder 

2.06 

- 0 . 0 9 
- 0 . 2 5 
- 1 . 0 6 

0.620 
- 0 . 1 5 7 

- 0 . 3 9 7 
+0.002 
- 0 . 1 1 8 

0.944 
0.144 

- 1 . 1 7 4 

- 0 . 4 3 2 
+0 .093 
- 0 . 1 6 6 
+0.887 
+0.233 
- 1 . 2 0 6 

- 3 . 0 5 6 
- 1 . 6 0 2 
- 0 . 4 1 0 
+ 1.192 
+ 1.602 
+ 1.752 

- 0 . 1 2 5 
- 0 . 1 5 6 
- 1 . 1 2 0 

- 0 . 9 8 2 
- 0 . 4 7 8 
- 0 . 2 2 8 
- 0 . 2 3 1 
- 0 . 4 8 8 
+ 1.047 
+0.840 
+0.379 
- 0 . 3 3 5 
- 1 . 3 0 2 

- 1 . 8 9 0 
+0.566 

2.083 
2.663 

- 2 . 7 2 9 
- 0 . 5 4 2 
+0.707 
+ 1.018 

- 1 . 9 2 7 
+0.498 
+2.052 
+2.736 
- 2 . 6 6 8 
- 0 . 5 7 8 
+0.641 
+0.989 
- 4 . 4 2 5 
- 1 . 0 2 5 
+2.212 

+2.050 

- 0 . 0 7 5 
- 0 . 2 6 8 
- 1 . 0 7 4 

0.001 
- 0 . 0 0 3 

+0.002 
- 0 . 0 0 6 
- 0 . 0 0 2 
- 0 . 0 0 1 
- 0 . 0 0 6 
+0.019 

+0.003 
-0.001 
+0.002 
+0.004 
-0.005 
+0.002 

+ 0.001 
+0.001 

+0.008 
-0.008 

- 0 . 0 1 5 
+0.016 
+0.000 

+0.013 
+0.003 
+0.006 
+0.023 
- 0 . 0 2 2 
- 0 . 0 1 5 
+0.006 

+0.040 
+0 .084 
+0.013 
+0.017 
+0.059 
+0.042 
- 0 . 0 5 7 

- 0 . 0 0 3 
+0.012 
- 0 . 0 2 2 
- 0 . 0 4 6 
+0.058 
+0 ,008 
- 0 . 0 0 1 
+0.001 
+0.015 
+0.025 

( -0 .152) 

+0.010 

- 0 . 0 1 5 
+0.018 
+0 .014 

" The starred data in the first four transitions are used in the 
least-squares analysis to give the first five parameters in Table III. 
The calculated entries in this table are from the data in Table III. 
All frequencies are listed in MHz and the differences (A) are with 
respect to ^0.

 b Unresolved. 

additional data are fit very well with the assigned pa
rameters in Table III. 
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Table II. The Observed Zeeman Spectra in Thiophene" 

Transition 
vo, MHz 

H, G Ml Mi Afe,ptl Aisled 
ACexptl — 

AlValcd 

Table III. Zeeman Parameters, Molecular Quadrupole 
Moments, and Second Moment of the Charge 
Distributions in Furan and Thiophene" 

l l l - 2 l 2 * 

V0 = 15,125.603 
H = 25,534 

220-321* 

K„ = 28,879.89 
H = 25,044 

O00-Io1* 
v„ = 8654.05 
H = 25,688 

4*3-

^o 

H 

•4M* 

9061.30 
29,117 

2n-3i2 
vo = 28,488.? 
H = 25,028 

2l2~3l3 

vo = 22,202.32 
H = 25,412 

2o2-3o3 
vo = 2.3,044.21 
H = 25,581 

lio_2u 
Ko = 19,490.52 
H = 25,773 

-1 — 
0 — 
1 - * 

-1 — 
0 - * 
1 — 

-2 — 
-1 — 
0 - * 
1 — 
2-* 

-2-* 

0-* 

2 — 

0 — 
0 - * 

- 4 - » 
-3 — 
- 2 - * 
-1 — 

1 — 
2 — 
3 — 
4 — 

-2 
-1 

0 
1 
2 

-2 
-1 

1 
1 
2 

-2 
-1 
0 
1 
2 

-2 
-1 

0 
1 
2 

-2 
-1 

0 

-1 
0 
1 

-1 
0 
1 

0 
1 
2 

- 2 
- 1 

0 

- 1 
0 
1 
2 
3 

- 3 
- 2 

1 
0 

1 
- 1 

- 4 
- 3 

- i 
0 

a. 
3j 

- 3 
- 2 

-jr 
i 

- i 
0 

3' 
3 

- 1 
0 
D 
2 
3 

- 3 
- 2 
- 1 

0 
1 
2 

- 2 
- 1 

0 

- 0 . 0 0 2 
- 0 . 1 5 3 
+ 1.173 
+0 .317 

+ 1.54 
+0.817 

0.511 
0.605 

- 0 . 4 8 
- 1 . 1 8 
- 1 . 4 0 

0.429 
0.123 

-3 .78 
-2 .30 

1.70 

0.44 

- 0 . 0 7 
- 0 . 6 9 
- 1 . 0 

-0.40 

- 0 . 7 0 3 
+0.005 
- 0 . 1 5 9 
+ 1.167 
+0 .327 
- 1 . 4 0 6 

+2 .630 
+ 1.523 
+ 0 . 7 9 

0.580 
- 0 . 4 8 3 
- 1 . 1 3 7 
- 1 . 3 9 1 
- 1 . 2 4 6 
- 0 . 7 0 0 

0.430 
0.117 

- 3 . 7 9 1 
- 2 . 3 1 1 
- 1 . 0 6 9 
- 0 . 0 3 6 

0.760 
1.667 
1.780 
1.664 

1.684 
0.923 
0.461 
0.300 
0.440 

- 0 . 0 7 2 
- 0 . 6 7 8 
- 0 . 9 8 4 
- 0 . 9 9 0 
- 0 . 6 9 4 

- 1 . 3 9 3 
- 0 . 6 4 2 
- 0 . 2 2 6 
- 0 . 1 4 5 

0.401 

-0.63 

-0.32 

1.14 
0.84 
0.32 

+0.080 
+0 .62 
- 0 . 3 0 

1.141 
- 0 . 5 9 1 
- 0 . 2 7 8 
-0 .201 
- 0 . 3 6 2 

1.137 
0.855 
0.356 

+2.453 
+0.075 
+0.628 
- 0 . 3 1 9 
- 1 . 8 9 6 
- 0 . 5 4 0 

- 0 . 0 0 7 
+0.006 
+0.006 
- 0 . 0 1 0 

+0 .017 
+0 .027 
- 0 . 0 6 9 
+0 .025 
+0.003 
- 0 . 0 4 3 
- 0 . 0 0 9 

- 0 . 0 0 1 
+0.006 

+0 .011 
+0.011 

+0.033 
- 0 . 0 8 0 
+0.036 

- 0 . 0 2 1 
+0 .140 
+ 0 . 0 0 
+0 .002 
- 0 . 0 1 2 
- 0 . 0 1 6 
- 0 . 0 1 0 

0.001 

-6!o39 
- 0 . 1 2 2 
- 0 . 1 9 9 
- 0 . 0 3 8 
+0 .003 
- 0 . 0 1 5 
- 0 . 0 3 6 

+0 .015 
- 0 . 0 0 8 
+0.019 

" The starred data in the first four transitions are used in the 
least-squares analysis to give the first five parameters in Table III. 
The calculated entries in this table are from the data in Table III. 
All frequencies are listed in MHz and the differences (A) are with 
respect to v0.

 h Unresolved. 

Molecular Quadrupole Moments 

Huttner, Lo, and Flygare6 have given a general 
expression relating the molecular quadrupole moments 

(6) W. HUttner, M. K. Lo, and W. H. Flygare, / . Chem. Phys., 48, 
1206 (1968). 

Furan Thiophene 

goo 

gbb 

gcc 

2xoo — Xi* — Xcc 

2 x » — XK — Xaa 

Goo 

Qbb 

Qcc 
Xaap 

x»p 

x»p 

<a2> - (b>) 
(b*) - {a') 
<c2> - <a2> 

= 1h(Xaa + Xbb + Xcc) 

Xaa 

Xbb 

Xcc 

Xcc 

(a2) 
(A2) 
<c2> 

- 0 . 0 9 1 1 ± 0 . 
- 0 . 0 9 1 3 ± 0 . 
+0.0511 ± 0 , 

43.04 ± 0 . 
34.39 ± 0 . 

0 . 2 ± 0 . 
5 . 9 ± 0 . 

- 6 . 1 ± 0 . 
1 5 9 . 0 ± 0 . 
149.2 ± 0 , 
243.3 ± 0 , 
- 1 . 6 ± 0. 
3 1 . 0 ± 0 . 

- 2 9 . 4 ± 0 . 
- 4 4 . 8 0 ± 1. 
- 3 0 . 5 ± 1. 
- 3 3 . 3 d = 1 
- 7 0 . 6 ± 1 

— 189.5 =b 1 
- 1 8 2 . 5 d= 1 
— 313.9 =t 1 

36.2 d=0. 
3 7 . 8 ± 0 . 
6 . 8 ± 0 . 

0007 
0002 
0001 
24 
20 
4 
3 
4 
4 
2 
2 
2 
1 
1 
5 
6 
6 
6 

- 0 . 0 8 6 2 
- 0 . 0 6 6 2 
+0.0501 

49. 
50. 

1. 
6. 

.6 

.6 

.7 

.6 
- 8 . 3 
184.8 
244.3 
347.3 

13.9 
36.1 

- 5 0 . 0 
- 5 7 . 4 0 

- 4 0 . 9 
- 4 0 . 5 
- 9 0 . 8 

- 2 2 5 . 7 
- 2 8 4 . 8 
- 4 3 8 . 1 

58.6 
44.6 

8.5 

± 0 . 0 0 2 3 
=b 0.0006 
d= 0.0005 
± 1.1 
± 1. 
± 1. 
± 1. 
± 2 . 
± 2 . 
± 1. 
± 1. 
± 1. 
± 0 . 
± 0 . 8 
± 0 . 8 6 
± 1.2 
± 1. 
± 1. 
± 3 . 
± 3. 
± 3. 
± 1. 
± 1. 
± 1. 

" The a and b axes are in the plane and the a axis bisects the 
COC or CSC angle. The magnetic susceptibilities are listed in 
units of 10~6 erg/(G2 mole). The quadrupole moments are in 
units of 10~26 esu cm2, and the values of (a2) are in units of 10 -16 

to the measured Zeeman parameters in Table III. 
equation is 

This 

Qzz = 
lf ^ZnOzn* - r,') - ^ ( |E(3^2 - )̂JO 

he] 

SirM 

'2gz; Sxx Sw 

Gyy. 

(2x. 

2mc2 

X 
\e\N 

Xxx Xvy) \3) 

\e\ is the electronic charge, Zn is the charge on the «th 
nucleus, and zn and zt are the nuclear and electronic 
center of mass coordinates summed over all n nuclei 
and / electrons. (0| |0) indicates the ground elec
tronic state average value. M is the proton mass, h is 
Planck's constant divided by 2ir, G22 is the rotational 
constant along the zth principal inertial axis, c is the 
speed of light, m is the electron mass, and Â  is 
Avogadro's number. Direct substitution from Table 
III into eq 3 gives two sets of Q for either choice of the 
signs of the g values. The a axis bisects the COC and 
CSC angles and the b axis is also in the molecular plane. 
Referring to Table III we can now compute the molecular 
quadrupole moments for both molecules (in units of 
10-26esucm2). 

Furan 

and gw negative, gcc positive 

Qaa = 0.2 ± 0.4 

QM = 5.9 ± 0.3 (4) 

Qcc = - 6 . 1 ± 0.4 
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and gbi positive, gcc negative 

Qaa = -48.9 ± 0.4 

Qv, = -44.8 ± 0.3 (5) 

Qcc = 93.7 ± 0.4 

Thiophene 

gaa 

and gM negative, gcc positive 

Qaa = 1.7 ± 1.6 

Qbb = 6.6 ± 1.5 (6) 

Qcc = - 8 . 3 ± 2.2 
§aa 

and g6i, positive, gcc negative 

Qaa = -57.8 ± 1.6 

Qn = -63 .8 ± 1.5 (7) 

Qcc = 121.6 ± 2.2 
The signs, magnitudes, and trends for the molecular 

quadrupole moments in furan and thiophene are similar 
for either choice for the signs of the molecular g values. 
We will compare the above quadrupole moments with 
other molecules in the last section. However, we will 
note here two reasons for choosing eq 4 and 6 for the 
correct molecular quadrupole moments. The first 
reason is that the results in eq 5 and 7 give moments 
which are an order of magnitude larger than expected 
when compared to similar molecules such as ethylene 
oxide, ethylene sulfide, and fluorobenzene (see last 
section). Furthermore, we expect the Z>-axis quadrupole 
moment to be positive due to the protons, and we also 
expect the quadrupole moment perpendicular to the 
planar ring to be negative due to the electron density 
above and below the ring. We will demonstrate more 
conclusively in a later section that the signs for the g 
values given in Table III are correct. We have listed 
the preferred quadrupole moments for both molecules 
in Table III. 
The Anisotropies of the Second Moment 
of the Electronic Charge Distribution 

The anisotropies in the center of mass-average values 
of x2, y2, and z2 for the electronic charge distribution 
are also directly available from the experimental results 
in Table III and the known molecular structure of both 
molecules.4 

The total magnetic susceptibility, xff l along any axis 
is a sum of diamagnetic, XiA a n d paramagnetic, 
Xxxp, components defined by 

d _ 

Xxx Xxx i Xxx 

- 4S(0Ip'2+H° (8) 

e2N 
2mc' 

Hx. 
8irGrTM 

:Yzn(yn
2 + V) 

We now define the average values of the second 
moment of the electronic charge distributions as 

<*2> = /o|X><2|o' 

o>s> = <°!2>2 i0)> 

(z2) = (0£zt
2^y 

(9) 

Returning to eq 9, we can relate the anisotropies of the 
second moments in eq 9 to the observables in Table III 
and the known molecular structures.4 The appropriate 
equation is 

(y2) - (X') = YZrLyS - *„2) + 

" I Sw Sxx \ 
WM\ Gyy GXX/ 

1 4wc 2
 n _ _ 

I - i . o . i - IA^X]/!/ XxX Xzz) 
3e2Nl 

(2Xzx - Xw ~ Xt*)] (10) 

The values of ^nZnXn
2, 2„Znyn

2, and ZnZnZn
2 for 

the nuclei in furan4a and thiophene4b are given below 
(in units of IQ-16 cm2) 

Furan 

Thiophene 

Y.Znan
2 = 30.20 ± 0.04 

n 

E Z A 2 = 32.62 ± 0.06 
n 

YZnCn
2 = 0.00 

n 

YZnCIn2 = 51.43 ± 0.30 
n 

Yznbn
2 = 38.16 ± 0.34 

n 

YznCn
2 = 0.00 

(11) 

(12) 

The experimental uncertainties are from the structures 
given in ref 4a and 4b. 

Substituting the experimental g values and magnetic 
susceptibility anisotropies into eq 10 along with the 
nuclear squared coordinates in eq 11 and 12 gives the 
anisotropies in the second moment of the electronic 
charge distributions which are listed in Table III. 

Magnetic Susceptibility and Individual Elements 
in the Second Moment of the Charge Distribution 

Each of the individual elements of the second moment 
of the electronic charge distribution can be obtained by 
using the bulk magnetic susceptibility. The bulk 
magnetic susceptibility for both liquid furan and thio
phene have been measured by several groups and the 
results have been summarized.7 We choose here the 
best values as (the uncertainties are our estimates) 

Furan 

X = ^ \Xaa "T Xt>b "T Xcc) = 

-(44.80 ± 1.5) X 10-6 erg/(G2 mole) (13) 

Thiophene 

X = ^ \Xaa "T Xbb I Xcc) = 

-(57.40 ± 0.86) X 10"6 erg/(G2 mole) (14) 

The above bulk values can be combined with the 
experimental anisotropies in Table III to yield the 
individual components. The results are listed in Table 

(7) Landolt-Bornstein, "Physikalisch-Chemische Tabellen," Vol. 2, 
Part 10, Springer-Verlag, Berlin, 1951. 
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Table IV. Zeeman Parameters and Molecular Quadrupole Moments for Several Ring Compounds 

Molecule U, xx ~ Xm> 

0 

3 . 6 ± 0 . 6 

0 . 1 ± 0 . 6 

2 . 8 ± 0 . 4 

6 . 6 ± 0 . 5 

2 . 2 ± 0 . 4 

5 . 8 ± 0 . 4 

Xt, - 1KXxX + XmY 

-59.7 

- 5 8 . 3 ± 0 . 8 

- 5 0 . 1 ± 1.1 

- 3 8 . 7 ± 0 . 5 

- 1 7 . 0 ± 0 . 5 

- 1 5 . 4 ± 0 . 4 

- 9 . 4 ± 0 . 4 

Q..1* 
Q.» 
Q-J 

2 . 8 ± 1.6 
2 . 8 ± 1.6 

- 5 . 6 ± 2 . 8 

- 1 . 9 ± 0 . 8 
5 .1± 1.0 

- 3 . 2 ± 1.0 

1.7± 1.6 
6 .6± 1.5 

- 8 . 3 d= 2.2 

0 . 2 ± 0 . 4 
5 . 9 ± 0 . 3 

- 6 . 1 ± 0 . 4 

- 0 . 4 ± 0 . 4 
2 . 4 ± 0 . 3 

- 2 . 0 ± 0 . 6 

- 0 . 5 ± 0 . 7 
1.2 ± 0.8 

- 0 . 7 ± 0 . 7 

-4 .3d=0.5 
2 . 5 ± 0 . 4 
1 .8±0.8 

<z2) X 10" cm 

7 . 8 ± 1.6 

8 . 4 ± 0 . 6 

8 .5± 1.2 

6 . 8 ± 0 . 7 

8.0(estd) 

6 . 8 ± 0 . 4 

Ref 

H H 

H H 

H H 

H-H-F 
H H 

H H 

„ I 
H H 

' <Q 

H H 

,-H 
-•H 

H 
Hv 

H 

H 
H-. 

H-' 

g,f 

<• In units of 10~6 erg/(G2 mol). * In units of 1O - " esu cm2. e R. L. Shoemaker and W. H. Flygare, unpublished results. d W. 
Huttner and W. H. Flygare, ibid., 50, 2863 (1969). ' This work. ' R. C. Benson and W. H. Flygare, unpublished results. « D. Sutter and 
W. H. Flygare, MoI. Phys., 16,153 (1969). * D. Sutter, W. Huttner, and W. H. Flygare, J. Chem. Phys., SO, 2869 (1969). 

III. Also listed in Table III are the diagonal elements 
in the diamagnetic susceptibility tensor. 

We can now compute the individual elements in the 
second moment of the electronic charge distribution 
given by 

<°j2>2|°> = <*2> = -%£™ em 
vXyy i \zz Xxx J 

2mc2 

. . . LOCTO I X22 Xxx) \Xn ~T" Xzz Xzx /J 

e2N 
(15) 

Rewriting eq 15 in terms of the molecular g values and 
molecular structure (see eq 8) gives 

<*2> = -
2mc2 

[(.Xw + Xzz Xxx) ~r Z-I^nXn J 
n 

(Ew I Sz^ 8xx \ 
8TrMV 

\^VV ^JZZ " Z 

(16) 

It is interesting now to compute the square of the 
out-of-plane coordinate in both molecules for both signs 
of the molecular g values. Using eq 16, the x elements 

in Table III, the structural coordinates in eq 11 and 
12, and both signs for the g values gives the results 
listed below for (c2) (in units of 10-16 cm2). 

Furan 

and gM negative, gee positive 

<c2> = 6.8 ± 0.7 (17) 

gtta and gM positive, gcc negative 

<c») = - 8 . 4 ± 0.7 (18) 

Thiophene 

§aa 

and gm negative, gcc positive 

(c2) = 8.5 ± 1.2 (19) 

gaa and gM positive, gcc negative 
(c2> = -10.7 ± 1.2 (20) 

The results in eq 18 and 20 are clearly unreasonable. 
Thus, the g-value signs in both molecules are 
conclusively assigned leading to the results in eq 4 and 
17 for furan and eq 6 and 19 for thiophene. The 
remaining components of the second moment of the 
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charge distribution are listed in Table III for both 
molecules. 

Discussion 

It is interesting to compare several of the parameters 
in Table III with the similar and recently available 
results for other molecules. Several results of interest 
are listed in Table IV. The experimentally deter
mined anisotropics of the magnetic susceptibility in 
the molecular plane (xzx - x j show that the sulfur-
containing rings present less asymmetry in their response 
to the magnetic field than the corresponding oxygen-con
taining rings. It is also evident that the values of x*z ~ 
1MXTZ + Xn) decrease in magnitude progressively from 
benzene to ethylene oxide in Table IV. The values of 
Xzz — 1A(Xn + Xw) m a y ^e considered a criterion for 
aromaticity or derealization of the perpendicular IT 
electrons in these ring systems. In other words,8 ring 
currents can be excited by magnetic fields perpendicular 

(8) L. Pauling, J. Chem. Phys., 4, 673 (1936); F. London, J. Phys. 
Radium, 8, 397 (1937). 

Since the hydrated electron (eaq~) was identified in 
1962 its rate of reaction with some 400 organic 

compounds has been measured. However, only in com
paratively few cases were the products identified. The 
hydrated electrons, H atoms, and OH radicals formed 
by ionizing radiations in aqueous solutions react with 
benzene to form complex combinations of partially 
reduced and oxidized compounds including biphenyl 
and phenol.2-6 In a recent pulse radiolysis study of 
aqueous benzene at pH 3 with methanol as the OH 
radical scavenger, the cyclohexadienyl radical, resulting 
from H-atom addition, was identified. This radical 
disappears in a second-order diffusion-controlled 
reaction.7 Product analysis of the aqueous solutions 

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission. 

(2) M.Daniels, G. Scholes, and J. Weiss,/. Chem.Soc, 832(1956). 
(3) P. V. Phung and M. Burton, Radiation Res., 7,199 (1957). 
(4) L. I. Kartasheva and A. K. Pikaev, Zh. Fiz. Khim., 41, 2855 

(1967). 
(5) T. C. Hung, Bull. Inst. Chem. Acad. Sinica, No. 14, 1 (1967); 

Nucl. Sci. Abstr., 11, 23072 (1968). 
(6) V. S. Zhikharev and N. A. Vysolskaya, Zh. Fiz. Khim., 42, 360 

(1968). 
(7) M. C. Sauer, Jr., and B. Ward, J. Phys. Chem., 71, 3971 (1967). 

to the ring with increasing ease in the series from 
ethylene oxide to benzene in Table IV. 

It is also interesting to compare the molecular 
quadrupole moments in these ring compounds. The 
out-of-plane (x) molecular quadrupole moments are 
negative in all molecules in Table IV except ethylene 
oxide. This indicates the presence of the electrons 
above and below the molecular plane. Furthermore, 
the in-plane moments perpendicular to the symmetry 
axes (y) are all positive. These positive moments are due 
to the partially shielded protons in the outer regions of 
the molecule along the y axes. These simple cor
relations may be of help in estimating molecular 
quadrupole moments along the principal inertial axes in 
other molecules. 

The out-of-plane values for the second moment of the 
charge distribution in these molecules are also listed in 
Table IV. These values seem to correlate as expected 
with the number and type of heavy atoms in the plane 
and the number of out-of-plane protons. 
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was not attempted. In the radiolytic reduction of 
gaseous benzene in hydrogen and argon mixtures the H 
atom produces the cyclohexadienyl radical inter
mediate and 1.4-C6H8 and 1,3-C6H8 as the final products. 
When the hydroxyl radical reacts with aqueous C6H6 

it too adds to the ring and forms the hydroxycyclo-
hexadienyl radical, C6H8OH.8 In the present work, 
complications introduced by the H atoms and OH 
radicals were avoided by irradiating C6H6 solutions at 
100 atm of H2 pressure at pH 13. Under these con
ditions H and OH change into eaq~ by the reactions 

OH + H2 = H2O + H 

H + OH" = ea q- + H2O 

At pH 13 the equilibrium ratio [(eaq-)/(H)]equU = 2300 
[calculated from /c(eaq- + H2O) = 16 M~x sec"1 and 
/c(H + OH) = 2 X XQ1M-1 sec- 1J. Because the rate 
constant ratio A'(eaq~ + C6H6)/7c(H + C6H6) = 0.01, 
the eaq~ reaction dominates H-atom addition to benzene 
by a factor of 23.9 Consequently with less than 40 

(8) L. M. Dorfman, I. A. Taub, and R. E. Buhler, J. Chem. Phys., 36, 
3051 (1962). 

The Reduction of Benzene by Hydrated Electrons in y-Ray 
Irradiated Alkaline Solutions1 

Martin H. Studier and Edwin J. Hart 

Contribution from the Chemistry Division, Argonne National Laboratory, 
Argonne, Illinois 60439. Received December 30, 1968 

Abstract: Hydrated electrons convert benzene into 1,4-cyclohexadiene (1,4-C6H8) which is further reduced to cy-
clohexene (C6Hi0) and cyclohexane (C6H12). In addition dimeric products progress from Ci2Hi4 to Ci2H22 as re
duction proceeds. The hydrated electrons were produced by the 7-ray irradiation of pH 13 solutions saturated 
with H2 at 1500 psi pressure. 
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