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MAGNETIC INTERACTIONS IN THE CRYSTALS OF a- and /3-PHASES 
OF 2-HYDRO NITRONYL NITROXIDE AND RELATED COMPOUNDS 

YUKO HOSOKOSHI, MASAFUMI TAMURA, KIYOKAZU NOZAWA, 
SATOSHI SUZUKI, HIROSHI SAWA, REIZO KATO, AND MINORU 
KINOSHITA 
Institute for Solid State Physics, University of Tokyo, Roppongi, Minato-ku, 
Tokyo 106, Japan 

Abstract Magnctic properties and crystal structures of a- and P-2-hydro nitronyl 
nitroxide radicals (2-hydro-4,4,5,5-tetramethyl-4,5di~iydr~lH-imidazol-l-oxyl 
3-oxide) were investigated. Exchange couplings in both phascs wcre estimated 
from the parainagnctic susccptibility (1.8-300 K) and magnetization (up to  
400 kOc) mcasure1ncnts. AssignIncnt of thc couplings to molecular packings 
has bccn carried out. Close spacing between the ONCNO rnoictics yields 
various magnitude of cxchangc couplings from 0 to co.-30 K. In a-phase crystal, 
short contacts betwcen the ccntral carbon a t o m  with negative spin density 
and the NO groups with positivc spin density wcrc obscrvcd. However, this 
packing is assigned to an antifcrromagnctic cxchangc coupling, J / k B  = -11 K 
(R = -2JS1 .Sz) .  This casc suggests that carc must bc taken when we refer 
to McConnell's proposal. 

INTRODUCTION 

We have studicd the niagnetic propertics of a scrics of 
substituted phenyl nitronyl nitroxide radical crystals since the 
discovery of the first purely organic ferromagmt'*2 aiming to 
know the relation between the iriagnctic exchange couplings and 
the crystal st,ructurcs. In thcsc compounds, fcrromagietic or 
antifcrromagnctic cxchangc couplings have been attributcd to 
the interactions between the NO group and thc phenyl ring or 
to the ones betwcen the NO groups, respecti~ely.~-~ In iiitronyl 
nitroxidcs, most of the spin densities are concentratd on the ONCNO rnoicty and 
the relative mrangccmcnt of this unit plays substantial role in magnetic interactions. 

R= 

R=H,Br,l 
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116 Y. HOSOKOSHI ET AL. 

In this paper, we report on the magnetic properties and crystal structures of 
a- and @-phases of 2-hydro nitronyl nitroxide radicals (2-hydro-4,4,5,5-tetramethyl 
4,5-dihydrc+lH-imidazol-l-oxyl3-oxide, abbreviated as HNN). Replacing the phenyl 
ring by a monoatomic substituent, we expect direct interactions between the ONCNO 
moieties. Exchange couplings in both phases were estimated from the paramagnetic 
susceptibility (x,) and magnetization measurements. The rclation between the 
exchange couplings and the molecular packings are discussed. Magnetic properties 
and crystal structures of 2-bromo and 2-iodo nitronyl nitroxide (abbreviated as BrNN 
and INN, respectively) are also presented. 

EXPERIMENTAL 

The radicals were synthesized by the reported ~ a t h . ~ ? ~  Single crystals were grown by 
slow evaporation of concentrated solutions. X-ray intensity data were collected by 
a MAC Science automated four-circle diffractometer at 298 K. Cell parameters are 
listed in Table IV. Magnetic susceptibilities (1.8-300 K) were measured by use of a 
Quantum Design MPMS SQUID magnetometer. For the estimation of the molar 
diamagnetic susceptibility (xd), we used cylindrical compaction samples (4; 5mm, 
height; 2.2-2.8mm, weight; 63-72mg). The magnetization process was measured in 
pulsed magnetic fields up to 400 kOe (1.6-10 K). 

RESULTS AND DISCUSSION 

Crystal Structures of a- and @-HNN 

HNN crystallizes in two different phases. Around 76 “C, an a-phase crystal undergoes 
structural phase transition to a @-phase crystal. 

TABLE I Summary of crystallographic data with standard deviation in 

a-HNN P-HNN BrNN INN 
parentheses 

P&/n P21 Pbca Pbca 
a / A  11.879(3) 19.991 (4) 11.265(2) 11.454(3) 
b / A  11.611(2) 14.091(3) 16.851(3) 17.396(5) 
c / A  6.332(2) 12.144(2) 10.182(2) 10.069(3) 

VIA3 845.6(3) 3416(1) 1932.8(5) 2006.3(9) 
z 4 16 8 8 

/I/” 104.48(2) 92.92(2) - - 
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XlAGNETIC INTERACTIOKS IN THE CRYST.4LS OF (1- AKD P H N N  117 

Figure 1 shows the molecular packing 
of a-HNN. Chains elongate along the 
c-axis. Each chain consists of two 
alternating packing modes corresponding to 
the inversion centers (mode A; i. . i i ,  mode 
B; i---iii). 0.e.H distance (2.41(3) A) and 
C-H-0 angle (162(3)”) in mode , B  indicate 
the presence of weak hydrogen bonding. FIGURE 1 Crystal structure of 

+ c  

Figure 2 (a) shows the molecular 
packing of P-HNN projected onto the 
bc-plane. Eight molecules drawn in Figure 2 

a-HNN viewed along the 
direction perpendicular 
to the ONCNO plane of 
molecule i. 

(a) are crystallographically independent. 
Two packing modes similar to those in the a-phase crystal are observed. Figures 2 
(b) and (c) represent the two packing modes; mode A consists of the close spacing 
between the KO groups and mode B consists of the one between the KO group and 
the CH group. The intermolecular atomic distances are listed in Table 11. 

0 

FIGURE 2 (a) Crystal structure of P-HNN projected onto the bc-plane. 
(b) Packing mode A viewed along the direct,ion perpendicular to the 
ONCNO plane of molecule vi. (c) Packing mode B viewed along the 
direction perpendicular to the ONCNO plane of molecule viii. 
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118 Y .  HOSOKOSHI ET AL. 

TABLE I1 Intermolecular atomic distances (a) 
a-HNN 

mode A mode B 
o...o o...T\IT o...c T\IT...C c. . .c  C . . . O  C. . .H 
3.80 3.60 3.40 3.54 3.70 3.38 2.41 

mode A mode B 

vii. . -vi 3.82 4.20 vii- . -viii 3.13 3.09 
v..-iv 3.54 4.19 v- .vi 3.22 3.13 

5.11 4.81 iii. . -iv 3.33 3.16 
i. . aviii 4.97 4.70 i.. .ii 3.17 3.14 

p . .  . q  X P . .  . 0 9  O P . .  .NP p . .  . q  CP. ..oq OP.. .CQ 

... .. 
111. * .11 

Mametic ProDerties of a- and a-HNN 

x d  of HNN was estimated to be (-0.90 f 0.05) x emumol-'. This value can 
be used as a standard for other nitronyl nitroxide derivatives. Table 111 shows the 
comparison of the estimated x d  values between HNN, BrNN, and INN. They are 
consistent with the ones calculated using the Pascal law.* 

T-4BLE 111 Diamagnetic susceptibilities (Xd) with errors in parentheses 

Xd/lO-'emu mold' radical 
calculated" observed content/% 

HNN -95 -90(5) 99(1) 
BrNN -120 -115(5) 99(1) 
INN -135 -135(5) 97(1) 
a Calculated on the basis of the Pascal law.8 

The temperature dependence of xpT, which is proportional to the square of the 
effective moments is shown in Figures 3 (a) and 4 (a) for a- and P-HNN, respectively. 
The xpT values of a-HNN decreases monotonically with decreasing temperature. On 
the other hand, the xpT against T plot for ,&FINN exhibits stationary behavior 
around 10 K. The stationary value is about the half of the room temperature value. 

Figures 3 (b) and 4 (b) shows the magnetization process at low temperature. 
The magnetization isotherms of a-HNN saturate around 200 kOe and each isotherm 
crosses around 160 kOe. The saturation value is corresponding to the parallel 
alignment of 1 mol of S = 1/2 spins. On the other hand, the magietization isotherms 
of /3-HNN at 1.6 and 4.2 K with the field range 150-300 kOe take a constant value 
corresponding to the parallel alignment of 1/2 mol of S = 112 spins. Above 300 kOe, 
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MAGNETIC INTERACTIONS IN THE CRYSTALS OF Q- AND P-HNN 119 

FIGURE 3 (a) Temperature dependence of xpT for a-HNN. (b)Magnetization 
process of a-HNN. Solid curves represent the fitting results by the 
dimer model with J l k ~  = -11 K. 

0.40, I I I 

t 1 
A 4.2K 
x 1OK 

FIGURE 4 (a) Temperature dependence of xpT for P-HNN. (b)Magnetization 
process of P-HNN. Solid curves represent the fitting results by four 
independent dimers model (see text). 

the beginning of the second saturation process is recognized. 

Mannetestructural Correlation 

Both of the XpT against T plot and magnetization curves of a-HNN in Figure 3 
can be explained by the dimer model with J / k B  = -11 K ('Id = -2JS1 . S,).  This 
indicates that only one of the modes (A or B) has antiferromagnetic coupling; the 
magnetic coupling in the other one is negligible. Then, which mode is responsible for 
the antiferromagnetic coupling? This question will be answer4 from the exaniination 

The most outstanding feature of D-HNN is the stationary behavior in the XpT 
against T plot and in the magnetization isotherms. This means that a half of the 

of P-HNN. 
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1 20 Y .  HOSOKOSHI ET AL. 

spins in the system are strongly coupled, while the rest are weakly coupled. Thcn, at  
least, two exchange couplings, J1 and J 2  (I J1 I>>[ J 2  I) are required to explain the 
magnetic behavior of P-HNN. According to Table V, the intermolecular geometries 
belonging to mode B are almost the same. On the other hand, those belonging to 
mode A comprise two categories; the atomic distances within the two pairs, vii . . . vi 
and v . - - iv, are appreciably shorter than the ones within the two pairs, iii . . . ii and i 

- . viii. Therefore, it is natural to take each of the four dimers (vii . . . vi, v . . . iv, iii 
- - - ii, and i . - viii) as a magnetic unit. We analysed both the XpT against T plot 
and the magnetization isotherms of P-HNN in Figure 4 by four independent dimers 
model, 3t = -2 J1 (S,ii S,i + S, . Siv) - 2 Jz(Siii - S i i  + Si - S,iii). Satisfactory fit was 
obtained using the parameters J l /kB = -33 K and J2/kB = -1.5 K. Since twodimers 
in each category (vii vi and v . . . iv / iii - ii and i . . - viii) are not equivalent to 
each other, the estimated J1 and J 2  values should be considered as average ones. 

The exchange coupling, J l / k ~  = -33 K is considerably large among those of 
neutral nitronyl nitroxides which we studied. In phenyl derivatives, interactions 
between the NO groups with N...O distances of about 3.7 A bring about 
antiferromagnetic couplings of J /kB x -10 K.3*4 It should be noticed that sizable 
difference in the magnitude of exchange coupling is causcd by slight change in 
intermolecular overlap. 

Now, we return to a-HNN. Mode B in a-HNN resembles those in P-HIVN. The 
analysis of the magnetism of P-HNN revealed that the interaction between the KO 
group and the CH group (mode B) is negligibly small. Therefore, it is not appropriate 
to assign the magnetic coupling, J / k B  = -11 K, to the mode B. In other words, the 
hydrogen bonding is not relevant in the magnetic coupling in the present case. We 
conclude that mode A is responsible for the antiferromagnetic coupling, in spite of 
the short contacts between the central carbon atoms and the KO groups. According 
to L4cConnell’s p r o p ~ s a l , ~  the interactions between the carbon atom with negative 
spin density and the NO group with positive spin density arc expected to cause 
ferromagnetic interactions. In our case, however, the antiferromagnetic interactions 
between the NO groups are considered to exceed the ferromagnetic interactions 
between the carbon atoms and the NO groups. Therefore, we should be careful in 
referring to McConnell’s proposal. 

BrNN and INN 

BrNN and INN are isomorphous. Figure 5 shows the crystal structure of INN. 
Chain structure is formed along the a-axis by the a-glide reflection symmetry (I. - .O 
distance, 2.928(3) A is remarkably shorter than the sum of the van der Waals radii). 
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MAGNETIC INTERACTIONS IN THE CRYSTALS OF (x- AND P-HNN 121 

Dimeric structure (molecules i and ii), similar to the mode A in a-HNN, bridges the 
adjacent chains. The system thus lxcomes two-(lirncnsional. 

FIGURE 5 Crystal structurc of INN viewed along the direction 
the ONCNO plane of molecule i. 

perpendicular to 

Molecular packing of BrNN is almost the same as that of INN, whereas 
intrachain Br. - -0 distance is longer (2.970(3) A) in spitc of the smaller size of the Br 
atom. 

FIG 

t o ~ 3 5 ~ ~ ~ o o o o o o o o o o o o o o  

o*200 50 100 150 200 250 300 
T / K  

JRE 6 Temperature dcpcndencc of xpT of INI' 

The xP's of BrNN and INN above 150 K obcy thc CiirioWciss law with the 
Weiss constants, B = -2  K and 5 K, respectively. This indicates that the dominant 
magnetic interactions in BrNN and INN arc antifcrrornapctic and ferromagnctic, 
respectively. The existence of ferromagnetic interactions in INN is shown also by 
the plot of xpT against T (Figure 6); xpT increascs as ternpcrature lowcrs down to 
about 20 K. However, the decrease in xPT below about 20 K means that additional 
antiferromagnetic interactions also exist. Although BrNN and INN have almost the 
same molecular packings, the signs of dominant magnetic couplings are different. 
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