This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 19 February 2013, At: 11:54

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Incorporating Nonlinear Optics

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl17

Crystal Structure of Azagalvinoxyl -
Observation of the Radical Dimer in
the Solid State

Kai-Ming Chi ®° , Joseph C. Calabrese @ & Joel S. Miller @

& Central Research and Development, E. I. du Pont de Nemours
and Co., Inc., Experimental Station-E328, Wilmington, DE,
19880-0328

b Department of Physics and Department of Chemistry, The Ohio
State University, Columbus, OH, 43210-1106, U. S. A.
Version of record first published: 22 Sep 2006.

To cite this article: Kai-Ming Chi , Joseph C. Calabrese & Joel S. Miller (1989): Crystal Structure
of Azagalvinoxyl - Observation of the Radical Dimer in the Solid State, Molecular Crystals and
Liquid Crystals Incorporating Nonlinear Optics, 176:1, 173-183

To link to this article: http://dx.doi.org/10.1080/00268948908037478

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268948908037478
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 11:54 19 February 2013

Mol. Cryst. Liq. Cryst., Vol. 176, pp. 173-184
Reprints available directly from the publisher
Photocopying permitted by license only

© 1989 Gordon and Breach Science Publishers S.A.
Printed in the United States of America

CRYSTAL STRUCTURE OF AZAGALVINOXYL - OBSERVATION OF
THE RADICAL DIMER IN THE SOLID STATE

KAI-MING CHI,a.b JOSEPH C. CALABRESE,2 AND JOEL S. MILLER2
aContribution No. 5193 from the Central Research and Development,
E. I. du Pont de Nemours and Co., Inc., Experimental Station-E328,
Wilmington, DE 19880-0328 and the PDepartment of Physics and
Department of Chemistry, The Ohio State University, Columbus, OH
43210-1106 U. S. A.

Abstract The molecular structure and crystal packing of azagalvinoxyl
radical have been determined by X-ray diffraction. The molecule is far
deviated from planar and two aroxy rings are twisted by 47.03°.
Relatively strong interaction between two molecules in the unit cell is
indicative of the existence of radical dimer which explains the singlet-
triplet magnetic behavior of azagalvinoxyl.

INTRODUCTION

Stable organic free radicals prepared from sterically hindered phenols have
been known for many years.! Among them, the 2,6-di-t-butyl-4-(3,5-di-t-butyl-
4-oxycyalohexa-2,5-dienylidene methyl)phenoxy radical, galvinoxyl, I, has
received a great deal of attention because of it exhibits ferromagnetic
coupling in the solid state.2 Below 85 K, I, however, undergoes a first order
phase transition to a very weakly magnetic state.2a,b This structural
transformation is unknown. The nitrogen analogue, the 2,6-di-t-butyl-4-(3,5-
di-t-butyl-4-oxycyclohexa-2,5-dienylidene amino)phenoxy radical, aza-
galvinoxyl, Il, although it has been characterized to be a ground state singlet
with a thermally accessible excited triplet state by magnetic susceptibility has
been poorly characterized.2b Herein we report the magnetic susceptibility
and the molecular structure of Il and is compared to .
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1
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I
PREPARATION OF AZAGALVINOXYL

Azagalvinoxyl, ll, was generated by oxidation of the corresponding phenol,
HI, which synthesized following Coppinger's method1d.3 with lead peroxide in
octane under nitrogen atmosphere. Recrystallization of Il from n-octane
under nitrogen in freezer provided greenish-black microcrystalline solid with

metallic luster.
t-Bu N t-Bu
O; :/l; ;\ OH
t-Bu t-Bu

Black plate-like single crystals of Il were obtained from methylene chloride
solution layered with acetonitrile under nitrogen in freezer. The single crystal
structure with the triclinic symmetry, space group [P (No. 2), a=10.672 (5) A,
b=12298 (6) A, c=10.288 (5) A, & =102.81 (4)°, B = 93.13 (4)°, y= 97.43
(4)°, V = 1300.7 A3, Z = 2, p(Mokg) = 0.62 cm™1, T = = -100°C, pcaicd = 1.079 ¢
cm-3, R = 0.046, Ry = 0.043 for 1822 unique reflections (I = 3.0 ¢ (1)), 26max =
470 for Mok radiation (A = 0.71069 A) on a Syntex R3 diffractometer]. A
labeling diagram and stereoview are presented in Figures 1 and 2. Tables 1 -
5 contain atomic coordinates, anisotropic thermal parameters, bond angle,
and inter- and intramolecular interactions.

STRUCTURE
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TABLE 1 Fractional Coordinates, x104 A, and Isotropic Thermal
Parameters for Il
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Atom X y z Biso, A2
o(1) 4204(3)  -2172(2) 1127(3) 3.3(1)
o(1') 1510(3) 4643(2) 5890(3) 4.2(1)
N(1) 4868(3) 1757(3) 4925(3) 2.6(1)
c(1) 4415(4)  -1285(3) 2010(4) 2.4(1)
c(1" 2345(4) 4065(3) 5571(4) 2.6(1)
c(2) 3325(3) -968(3) 2772(3) 2.1(1)
c(2) 2166(3) 3183(3) 4282(3) 2.1(1)
c(3) 3495(4) 20(3) 3709(4) 2.4(1)
c(3) 3010(4) 2452(3) 4093(3) 2.3(1)
C(4) 4675(4) 746(3) 4001(3) 2.1(1)"
C(4) 4065(4) 2486(3) 5050(4) 2.3(1)’
c(5) 5736(4) 426(3) 3315(4) 2.3(1)"
c(5") 4323(4) 3451(3) 6180(4) 2.5(1)
C(6) 5643(4) -527(3) 2323(3) 2.1(1)
c(6') 3550(4) 4242(3) 6449(4) 2.3(1)
c(7) 2051(4)  -1719(3) 2460(4) 2.5(1)
c(7') 1045(4) 3150(3) 3284(4) 2.4(1)
c(8) 1055(4)  -1242(4) 3342(4) 3.8(1)
c(8') 1091(4) 2264(4) 1998(4) 4.1(2)
c(9) 1543(4)  -1844(4) 1000(4) 3.6(1)
c(9) -197(4) 2850(3) 3877(4) 3.3(1)
Cc(10) 2168(4)  -2892(3) 2711(4) 3.5(1)"
c(107 1075(4) 4293(4) 2915(4) 3.6(1)"
c(i1) 6750(4) -809(3) 1496(4) 2.3(1)
c(11) 3819(4) 5265(3) 7624(4) 2.7(1)
c(12) 6386(4) -827(3) 23(4) 3.4(1)
c(12) 2857(4) 5193(3) 8657(4) 3.6(1)
c(13) 7123(4)  -1952(3) 1611(4) 3.2(1)
c(13) 3756(4) 6345(4) 7113(4) 4.1(1)
C(14) 7930(4) 77(4) 1954(4) 3.6(1)
c(14) 5141(4) 5357(4) 8296(4) 4.0(1)
H(3) 2808 242 4206 a
H(3') 2925 1889 3283 a

H(5) 6527 898 3561 a
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4533
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-1382
-2107
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a Hydrogen fixed atom coordinates (Bjso = 3.0 A2)

TABLE 2 Anisotropic Thermal Parameters, 103 A, for Il

Atom Ui1 U2z Uasz Us2 Uiz Uz
o(1) 43(2) 33(2) 42(2) 4(1) 5(1) -8(2)
o(1') 41(2) 57(2) 53(2) 29(2) -7(2)-16(2)
N(1) 30(2) 36(2) 33(2) 15(2) 1(2) 0(2)
c(1) 34(3) 31(3) 26(2) 9(2) -1(2) 7(2)
c(1" 33(3) 29(3) 38(3) 11(2) 5(2) 3(2)
C(2) 28(3) 29(3) 23(2) 9(2) -3(2) 9(2)
c(2) 26(2) 28(2) 28(2) 9(2) 5(2) 8(2)
c@3) 25(3) 40(3) 30(2) 14(2) -1(2) 12(2)
c(3) 32(3) 27(2) 27(2) 8(2) 2(2) 5(2)
C(4) 33(3) 30(3) 20(2) 16(2) -1(2) 7(2)
c(4) 25(2) 33(3) 29(2) 12(2) 5(2) 3(2)
C(5) 29(3) 32(3) 28(2) 8(2) -4(2) 6(2)
C(5) 29(3) 36(3) 27(2) 6(2) -4(2) 4(2)
C(6) 31(3) 27(2) 22(2) 10(2) 0(2) 7(2)
C(6") 33(3) 29(3) 27(2) 8(2) -1(2) 6(2)
C(7) 25(2) 34(3) 37(2) 3(2) -2(2) 12(2)
c(7') 27(2) 35(3) 30(2) 14(2) 0(2) 4(2)
c(8) 33(3) 56(3) 53(3) -2(2) 2(2) 14(2)
c(8) 50(3) 74(4) 33(3) 32(3) -12(2) 5(2)
c(9) 33(3) 55(3) 46(3) -1(2) -11(2) 16(2)
c(9) 36(3) 43(3) 46(3) 8(2) -8(2) 8(2)
C(10) 40(3) 41(3) 53(3) 0(2) -3(2) 17(2)
C(10") 37(3) 54(3) 55(3) 21(2) 0(2) 24(2)
c(11) 30(3) 30(2) 27(2) 7(2) 5(2) 5(2)
c(11) 34(3) 28(3) 36(2) 9(2) -1(2) -2(2)
c(12) 43(3) 51(3) 38(3) 18(2) 15(2) 8(2)
c(12") 56(3) 38(3) 39(3) 16(2) 9(2) -4(2)
C(13) 39(3) 40(3) 48(3) 19(2) 11(2) 9(2)
c(13) 60(3) 36(3) 54(3) 9(2) -3(2) -2(2)
C(14) 38(3) 47(3) 53(3) 14(2) 18(2) 7(2)
c(14) 47(3) 46(3) 50(3) 12(2) -6(2)-11(2)
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Unlike nearly flat molecules packing in the crystal of 1,4 significantly
large twist angle (47.03°) of two aroxy rings in azagalvinoxyl radical molecule
has been observed, Fig. 2. This probably results from the strong repulsion
due to the lone paired electrons on nitrogen atom and the smaller C4-N1-C4'
bond angle (123.6°) in comparison with the corresponding angle at the
central carbon (134°) in galvinoxyl. Also, two aroxy rings in Il are found to be
unequally twisted, that is, the dihedral angles between ring A, ring B and the
C4-N1-C4' plane are 43.8 and 10.99, respectively. These unequal twist
angles and the bond lengths of N1-C4' and C1'-O1' suggest that free radical
is mostly localized on ring A and ring B is preferably described as a quinoid
ring. There are two molecules in each unit cell with the stacking face-to-face
between the planes containing ring A and nitrogen. The distance between
two planes is shorter than the normal van der Waals distances, for example,
the distance between C4 atoms in two molecules is 3.150 (7) A. Thus, this
strong interaction can be considered as the dimerization of two molecules
which is in consistent with the early prediction.2d This dimerization
mechanism might be relevant to the first-order phase transition found in
galvinoxyl at low temperature which cause a dramatic change in its magnetic
property.2a.b

cla’

C13

FIGURE 1. Atom labeling diagram of Il
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TABLE 3 Intramolecular Bond Distance, A, for Il
Bond Distance Bond Distance
0O(1)-C(1) 1.242 (4) O(1)-C(1") 1.225 (4)
N(1)-C(4) 1.371 (4) N(1)-C(4) 1.310 (4)
C(1)-C(2) 1.484 (5) C(1)-C(6) 1.481 (5)
C(1")-C(2") 1.500 (5) C(1')-C(6') 1.494 (5)
C(2)-C(3) 1.358 (5) C(2)-C(7) 1.517 (5)
C(2')-C(3") 1.344 (5) C(2")-C(7") 1.524 (5)
C(3)-C(4) 1.422 (5) C(3')-C(4") 1.445 (5)
C(4)-C(5) 1.419 (5) C(4')-C(5") 1.450 (5)
C(5)-C(6) 1.362 (5) C(5')-C(6") 1.347 (5)
C(6)-C(11) 1.524 (5) C(6')-C(11") 1.523 (5)
C(7)-C(8) 1.526 (5) C(7)-C(9) 1.637 (5)
C(7)-C(10) 1.540 (5) C(7')-C(8) 1.524 (5)
C(7')-C(9") 1.525 (5) C(7')-C(10") 1.532 (5)
C(11)-C(12) 1.537 (5) C(11)-C(13) 1.537 (5)
C(11)-C(14) 1.5632 (5) C(11')-C(12")  1.526 (5)
C(11')-C(13") 1.541 (5) C(11')-C(14') 1.516 (5)
TABLE 4  Bond Angles, degq, for Il
Atoms Angle Atoms Angle
C(4)-N(1)-C(4") 123.6 (3) C(2")-C(3')-C(4) 123.5 (3)
O(1)-C(1)-C(2) 120.2 (4) C(3)-C(4)-C(5) 119.4 (3)
O(1)-C(1)-C(6) 120.9 (4) C(3')-C(4')-C(5") 117.7 (3)
0O(1")-C(1")-C(2) 119.9 (4) C(4)-C(5)-C(6) 122.0 (4)
O(1')-C(1")-C(6") 120.4 (4) C(4')-C(5")-C(6") 123.1 (4)
N(1)-C(4)-C(3) 124.0 (4) C(1)-C(6)-C(5) 118.7 (4)
N(1)-C(4)-C(5) 116.6 (4) C(1)-C(6)-C(11) 119.4 (3)
N(1)-C(4')-C(3") 125.0 (3) C(5)-C(6)-C(11) 121.8 (4)
N(1)-C(4')-C(5") 117.1 (4) C(1')-C(6')-C(5") 117.3 (3)
C(2)-C(1)-C(6) 118.9 (3) C(1')-C(6')-C(11') 119.2 (3)
C(2')-C(1")-C(6") 119.7 (3) C(5')-C(6')-C(11') 1235 (4)
C(1)-C(2)-C(3) 118.1 (4) C(2)-C(7)-C(8) 111.9 (3)
C(1)-C(2)-C(7) 120.1 (3) C(2)-C(7)-C(9) 110.8 (3)
C(3)-C(2)-C(7) 121.8 (4) C(2)-C(7)-C(10) 110.4 (3)
C(1')-C(2)-C(3") 117.1 (3) C(8)-C(7)-C(9) 107.1 (3)
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C(1)-C(2)-C(7") 119.0 (3) C(8)-C(7)-C(10)  107.0 (3)
C(3)-C(2")-C(7") 123.9 (3) C(9)-C(7)-C(10)  109.4 (3)
C(2)-C(3)-C(4) 122.8 (4) C(2)-C(7)-C(8)  111.0 (3)
C(2)-C(7")-C(9") 110.0 (3) C(12)-C(11)-C(14) 107.0 (3)
C(2)-C(7)-C(10) 110.1 (3) C(13)-C(11)-C(14) 107.3 (3)
C(8)-C(7)-C(9") 107.9 (3) C(6)-C(11)-C(12") 110.9 (3)
C(8)-C(7)-C(10") 107.6 (3) C(6')-C(11)-C(13") 109.4 (3)
C(9)-C(7')-C(10") 110.1 (3) C(6)-C(11)-C(14") 110.9 (3)
C(6)-C(11)-C(12) 109.5 (3) C(12')-C(11)-C(13") 109.4 (3)
C(6)-C(11)-C(13) 111.1 (3) C(12)-C(11")-C(14") 108.9 (3)
C(6)-C(11)-C(14) 111.8 (3) C(13')-C(11)-C(14") 107.3 (4)
C(12)-C(11)-C(13) 110.0 (3)

FIGURE 2. Stereoview of the unit cell of Il.

TABLE 5 Nonbonding Bond Distance, A, for Il

Atoms Distance Atoms Distance
O(1)--C(9) 3.014 (5) O(1")-C(10"a 3.380 (5)
O(1)-~C(10) 3.018 (5) N(1)-C(1)b  3.395 (5)
O(1)-C(12) 3.027 (5) N(1)-C(2)b  3.359 (5)
O(1)-C(13) 3.000 (5) C(3)-C(4)d  3.348 (5)
O(1")--C(9") 2.999 (5) C(3)-C(4)b  3.348 (5)
O(1')-C(10)  2.996 (5) C(3)-C(5)  3.307 (5)
O(1')-C(12')  3.013(5) C(4)-C(4)b  3.150 (7)
O(1")--C(13)  2.986 (5) C(3)--C(3) 3.045 (5)

a.x 1y, 1-z

b 1-x, -y, 1-2
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MAGNETIC SUSCEPTIBILITY

The measured paramagnetic susceptibility, xp, obey the Curie-Weiss
expression above 120 K with an effective moment, pesf = 2.58 ug and 6 = -43
K, Fig. 3.2 Below 120 K the susceptibility can be fit by the Bleaney-Bowers
equation® (eq. 1 where N = Avogadro's number, g the Lande g factor, kg the
Boltzmann constant, and pg the Bohr magneton) with an AEs.T (the energy
separation between the singlet ground state and the triplet excited state) of 66
cm-1 (95 K, 8 meV, 0.2 kcal/mol), Fig. 3. Our result are in a good agreement
with the previous report by Mukai who report a AEs.T of 60.5 cm-12b and a
lower susceptibility due to the "impurity." Our data indicates a higher impurity

x = [92Nug?/kpT] / [3+ exp(-AEs-T/kgT)] 0]
of S = 1/2 Il in our sample (5.9%). This experimental curve apparently
suggests that Il consists of the dimers with a singlet ground state and a triplet
excited state in the solid state. The structure confirms Mukai's prediction that
azagalvinoxyl dimerizes is the solid.2b

COMPARISON WITH GALVINOXYL

Although | and Il are isoelectronic, they possess quite different magnetic
properties. Magnetic susceptibility of azagalvinoxyl indicates that it consists
of a singlet ground state and a triplet excited state whereas | exhibits
ferromagnetic coupling. The observed radical dimer of Il by x-ray structure
determination is consistent with the data. The phase transition observed for
galvinoxyl is not understood. This phase transition might be due to a similar
dimerization we observed in azagalvinoxyl, but is unlikely to be similar as this
leads to single-triplet, not diamagnetic behavior. Further studies of sterically
hindered phenoxy radicals, including the low-temperature structure
determination of galvinoxyl are in progress.
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