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Abstract: The title radical (F4BImNN) is a stable nitronylnitroxide that forms hydrogen-bonded NH---ON
chains in the solid state. The chains assemble the FABImMNN molecules to form stacked contacts between
the radical groups, in a geometry that is expected to exhibit ferromagnetic (FM) exchange based on spin
polarization (SP) models. The experimental magnetic susceptibility of FABImMNN confirms the expectation,
showing 1-D Heisenberg chain FM exchange behavior over 1.8—300 K with an intrachain exchange constant
of Jenainlk = +22 K. At lower temperatures, ac magnetic susceptibility and variable field heat capacity
measurements show that F4BImNN acts as a quasi-1-D ferromagnet. The dominant ferromagnetic exchange
interaction is attributable to overlap between spin orbitals of molecules within the hydrogen-bonded chains,
consistent with the SP model expectations. The chains appear to be antiferromagnetically exchange coupled,
giving cusps in the ac susceptibility and zero field heat capacity at lower temperatures. The results indicate
that the sample orders magnetically at about 0.7 K. The magnetic heat capacity ordering cusp shifts to
lower temperatures as external magnetic field increases, consistent with forming a bulk antiferromagnetic
phase below a Néel temperature of Ty(0) = 0.72 K, with a critical field of H. ~ 1800 Oe. The interchain
exchange is estimated to be zJ/k = (—)0.1 K.

Introduction for attempting to control the crystallography of stable organic

Purel . lecul . ials h b open-shell molecules and thereby their magnetic behaviors.
urely organic molecular magnetic materials have been targets We* and others” have had a strong interest in using

?t: Cigté%uallﬁc;nfrel?;'ggir'lntlgggt Sbmcgi the\)// vr\i/ere ?rr?iﬁ)rcﬁetljnlin benzimidazoles to organize organic radicals in magnetic systems.
€ s and reaiize S Dy CISCOveries o ony In particular, benzimidazoles readily form crystallographic

troxides and nitroxides that exhibit metal-free ferromagnetism
at low temperatures, such as pNPNNhere has been much
effort to discern crystallographic structurproperty relation-
ships between intermolecular packing and magnetic behavior.
Hydrogen bonding has been a particularly promising strategy
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chains due to their 1-D NH donor to azole N acceptor-NN similarities between BImMNN and FABImMNN (or their organic
interactions and offer a convenient crystallographic scaffolding alloys), given that fluorination can induce large changes in
to try to arrange attached radicals. Ferrer éfaind Miyazaki molecular properties. Indeed, Yoshioka’'s group has found that

et al*® reported magnetostructural and calorimetric studies a number of other BImMNN structural analogues are quite

showing 2tert-butylnitroxylbenzimidazole (BABI) to be an  different from BImMNN in magnetic and crystallographic
antiferromagnet with a N& temperature of 1.7 K. Yoshioka pehaviodh

and co-workers have reported magnetostructural studies of o preliminary repofg about F4BImNN noted that, despite
3-(beln2|m|d%zoli2-yl)14,érl,5,Z—I:Ietrar:net_hyl-fl,S-d|hyhd_g§|-ltn|- the similarity of crystallography and magnetism to those of
la;o E'ST'O;(' e-1-oxy t(' nI;M ) s ;)Wlng It tto ext.é'ﬁ'; Zt(;ong BImNN, the crystallographic packing was not identical. Because
-2 chain Terromagnetic (FM) exchange interactiohs.Ad- subtle changes in molecular packing can give significant changes
ditional studies on BIMNN by Blundell and co-workers con- in maanetic behavior further studv of EABIMNN seemed
firmed the dominance of 1-D FM chain interactions and gr . C v .

- . . appropriate. This article gives full details of the synthesis and
suggestedgthe presence of additional interchain eXChangemagnetostructural analysis of FABIMNN. including new mag-
interactions. ) . . . N .

netic and calorimetric studies that show it to act as a quasi 1-D
~ organic ferromagnet whose strongly FM coupled, hydrogen-

0 H oW X H-0 ) _ ; .
N H N 0. X N 4N bonded chains are antiferromagnetically coupled to give mag-
OZNO—(N N/>—N N/>—</N netic ordering below a critical temperature of about 0.7 K.
: H X ;
4 XYY S

Experimental Section

pNPNN BABI X=H BIMNN
X =F F4BImNN General Methods Ethanol (anhydrous, watetr0.02%) and metha-

nol (anhydrous, waterx0.01%) were dried ove3 A molecular sieves
Some of us recently reported that 2-(4,5,6,7-tetrafluoroben- before use. Triethylamine (99%) and chloroform (HPLC grade) were

zimidazol-2-yl)-4,4,5,5-tetramethyl-4,5-dihydré4dimidazole- obtained from Fisher Scientific and used as received. Other reagents
3-oxide-1-oxyl (F4BImMNN) shows strong 1-D chain ferromag- Were used as received.
netic (FM) exchange that is quite similar to that of BImNN. Instrumental Analyses.All melting points are reported uncorrected.

This showed that two molecules (BIMNN and FABIMNN) Mass spectrometry was carried ogt. at the.Uniyersity of Ma;sachusetts
having similar shapes, similar placement of similar hydrogen Amherst Mass Spectrometry Facility, which is supported in part by
bonding donor and acceptor groups, but strong electronic the National Sc_lence Foundaﬂo_n. Solution-phase electronic s_pln
perturbation of the polarity of substituent groups (F for H 'ésonance experiments were carried out at room temperature, using a
substitutions on the benzenoid ring) can still yield similar crystal B_“’ker B"_)Sp'n Elexsys E-500 spectrometer: system. Samples were
packing with commensurately similar magnetic behavior. Also dissolved in spectro-grade toluene, placed in 4 mm o.d. quartz tubes,
an organic alloy of BIMNN and FABIMNN gives similar. 1-D ' subjected to freezepump-thaw degassing and measured at 9.6 GHz,

. . . . modulation frequency 100 MHz, and modulation amplitude 0.05 G.
crystallographic chain formation and 1-D FM exchange interac- _q . Y . P
tions to the behaviors noted for the pure constituent radftals. DC magnetization and AC susceptibility measurements between 1.8

. . and 300 K were carried out on crushed polycrystalline samples of
It was not obvious that there would be strong crystallographic FABIMNN placed in gelatin capsules and held in place with a small

(4) (a) Ferrer, J. R.; Lahti, P. M.; George, C.; Antorrena, G.; PalaciGhem. .amount 9f cotton. The SamP'es were placed in a plastic straw and
Mater. 1999 11, 2205. (b) Xie, C.; Lahti, P. MTetrahedron Lett1999 inserted into a Quantum Design MPMS-5 SQUID magnetometer. The
g%lgcaig?'F(th?nrrel\r/i aﬂté?é;ol(_)?,hfé,Pz' 4'\2%?3)0[9;;(&;9&?}%;;‘;2“}'%.‘;\”'; magnetic behavior was measured at various applied fields (1000
George, C.; Oliete, P.; Julier, M.; Palacio, FFolyhedron2001, 20, 1465. 50 000 Oe).
© '\p/lgfgé%k',’:_\.(éosrgika,\',(l']k_)%rﬁ)’lg'éEgg%(fd;ibéaghé'ig'(f')v'ﬁe'?;‘rtlorzrfna’ AC susceptibility measurements between 0.5 and 4.2 K were carried
Xie, C.; Hill, P. J.; Choi, J.; Lahti, P. MCryst. Growth Des2005 5, out by the mutual inductance method, using polycrystalline samples in
%ﬁﬁ&u(r%)tyﬂ?t&‘agueDﬁle{" i’t')cl)':ﬂg" SP g @ggh%k"gaﬁfﬁm 1§b2£ezr?]' polyvinylchloride sample holders. The experimental setup is described
Mater. 2007, 19, 4111. elsewheré.

(5) (a) Yoshioka, N.; Irisawa, M.; Mochizuki, Y.; Aoki, T.; Inoue, Hiol. . _— .
Cryst. Lig. Cryst. Sci. Technol., Sect1897, 306 403. (b) Yoshioka, N.; Heat capacity measurements under a magnetic field were carried
giSwaa,y.;onhizlt‘JkiiY.; Kaﬁ),(':r.; Inoluce, H.;<|3_hb8, Shem'Rijt'tl?gsz id out with a commercial calorimeter based on a relaxation method

. (c) Yoshioka, N.; Inoue, H. stal Control in Organic Radical Solids. . . .
In Mé\g)netic Properties of Organircy Materigl$.ahti, PQM., Ed.; Marcel (Quantum Design, PPMS 6000). To verify the absolute heat capacity

Dekker: New York, 1999; p 553. (d) Yoshioka, N.; Matsuoka, N.; Irisawa, values, adiabatic calorimetry measurements were also done using a

M.; Ohba, S.; Inoue, HViol. Cryst. Lig. Cryst. Sci. Technol., Sect1899 _ ; ;
334 239, (e) Nagashima, H.. Irisawa, M.. Yoshioka, N.; Inoue M. laboratory-made apparatus that is described elsewhere.

Cryst. Lri]q- Cryst. Sci. Technol,, 8;16;0&2@02 376, 3z1- (f) Nagashima, Crystallographic analyses were carried out at the University of
'('5)’ Hgga'gﬂ?r;% N,_'|'. .'?r?(;fé H,_‘,'_ 'Yggsflﬁolilé m,fgf’yﬂégmen%ggazg’lggg Massachusetts Chemistry Department X-ray Structural Characterization
(h) Nagashima, H.; Fujita, S.; Inoue, H.; Yoshioka,@tyst. Growth Des. Facility (NSF CHE-9974648) on a Bruker Nonius CCD instrument.
2004 4, 19.

(6) (a) Fedy, K.; Sanz, N.; Luneau, D.: Belorizky, E. Rey,iforg. Chem. Data workup was carried out using SHELX®¥Land PLATON

1998 37, 4518. (b) Fegy, K.; Luneau, D.; Ohm, T.; Paulsen, C.; Rey, P. ORTEP diagrams were generated using ORTEP-3 for Windéws.
Angew. Chem., Int. Ed1998 37, 1270. (c) Lescop, C.; Luneau, D.;
Belorizky, E.; Fries, P.; Guillot, M.; Rey, fnorg. Chem1999 38, 5472.

(d) Lescop, C.; Luneau, D.; Bussiere, G.; Triest, M.; Rebemarg. Chem. (8) Oliveira, N. F., Jr.; Paduan-Filho, A.; Salinas, S. R.; Becerra, ®hys.
200Q 39, 3740. (e) Liu, Z.-L.; Zhao, B.; Jiang, Z.-H.; Yan, S.{Paodeng Rev. B 197§ 18, 6165.
Xuexiao Huaxue Xueb&001, 22, 5. (f) Beaulac, R.; Bussiere, G.; Reber, (9) Kume, Y.; Miyazaki, Y.; Matsuo, T.; Suga, H. Phys. Chem. Solid€992
C.; Lescop, C.; Luneau, INew J. Chem2003 27, 1200. 53, 1297.
(7) (a) Sugano, T.; Blundell, S. J.; Hayes, W.; DayP®lyhedron2003 22, (10) Sheldrick, G. M.SHELXTL97 Program for the Refinement of Crystal
2343. (b) Sugano, T.; Blundell, S. J.; Hayes, W.; Day,JPPhys. IV: Structures University of Gdtingen: Germany, 1997.
Proceeding2004 114 651. (c) Sharmin, S.; Blundell, S. J.; Sugano, T.;  (11) Spek, A. LJ. Appl. Crystallogr 2003 36, 7—13.
Ardavan, A.Polyhedron2005 24, 2360. (12) Farrugia, L. JJ. Appl. Crystallogr 1997 30, 565.
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Figure 1. Synthesis of FABImNN.

2,3-Bis(hydroxylamino)-2,3-dimethylbutane hydrogen sulfatevas (0.772 g, 79%) as a white solid. Mp: 17677°C (decomp)*H NMR
prepared from 2-nitropropane according to the procedure of Ovcharenko (400 MHz, aceton@s, ppm): 6 12.04 (br s, 1H, NH), 5.10 (s, 1H,
et al®® CH), 1.19 (s, 6H, Ch), 1.17 (s, 6H, CH). IR (KBr pellet, cnt?): 3285
3,4,5,6-Tetrafluoro-1,2-phenylenediamine (F4ADiAmyvas prepared (OH str), 2943 (NH str). MS (El): calcd for{GHeN4F4O, m/z= 348.3.
from commercially available nitropentachlorobenzene (Aldrich) ac- Foundm/z= 348. Elemental analysis calcd for&:6N4F402: C, 48.30;
cording to the procedure of Heaton et'dl. H, 4.63; N, 16.10. Found: C, 49.42; H, 5.16; N, 14.08.
4,5,6,7-Tetrafluorobenzimidazole-2-carbaldehyde Diethyl Acetal 2-(4,5,6,7-Tetrafluorobenzimidazol-2-yl)-4,4,5,5-tetramethy-4,5-
(F4BAc). Sodium (0.483 g, 21.0 mmol) was carefully added to dry  dihydro-1H-imidazole-3-oxide-1-oxyl (F4ABImMNN).To a suspension
ethanol (12 mL) followed by 3,4,5,6-tetrafluoro-1,2-phenylenediamine of 2-(4,5,6,7-tetrafluorobenzimidazol-2-yl)-1,3-dihydroxy-4,4,5,5-tet-
(1.60 g, 8.88 mmol) and ethyl diethoxyacetate (2.11 g, 12.0 mmol). ramethylimidazolidine (0.624 g, 1.79 mmol) in 75 mL of chloroform
The mixture was heated at reflux for 24 h and cooled to room ere added 76 mL of 0.25 M aqueous sodium periodate (1.90 mmol).
temperature, and then the solvent was removed under vacuum. Thea deep blue color formed as soon as the oxidizing solution was added.
residue was dissolved in water and extracted with dichloromethane. The mixture was stirred at room temperature under argon for 10 min.
The organic layer was separated to dryness. Chromatography on silicaThe chloroform layer was separated, and the aqueous layer was
gel with ethyl acetate/hexane (3/7) as the eluent yielded the acetal (1.48extracted with chloroform. The combined organic layers were dried
9, 51%) as a white powder. Mp: 26209 °C. *H NMR (400 MHz, over anhydrous calcium chloride and evaporated to dryness. Chroma-
CDCls, ppm): 6 11.19 (br s, 1H, NH), 5.74 (s, 1H, CH), 3.68 (m, 4H,  tography on silica gel with ethyl acetate/hexane (1/1) yielded the product
CHy), 1.17 (t, 6H,J = 7.0 Hz, CH). IR (KBr pellet, cnr?): 2930 (0.305 g, 49%), which was recrystallized from chloroform/methanol
(NH str). MS (El): calcd for GH12NoFsO, m/z = 292.2. Foundwz to give crystallographic quality, shiny blue-black prisms. Mp: 470
= 292. Elemental analysis calcd foi8:1:NoF.Oz: C, 49.30; H, 4.14;  172°C (decomposition). ESR (toluene, 9.63086 GHz): 7.22 G (2 N).
N, 9.59. Found: C, 49.53; H, 4.16; N, 9.51. IR (KBr pellet, cnm?): 3396 (NH, str). MS (El): calcd for GH1aN4F.O,
4,5,6,7-Tetraf|u0r0benzimidazole-Z-carbaldehyde (F4BA|d)A mz = 3451’ found m/z = 345. Elemental ana|ysis calcd for
solution of 4,5,6,7-tetrafluorobenzimidazole-2-carboxaldehyde diethyl c,,H,.FN,O,: C, 48.70: H, 3.80: N, 16.22; F, 22.01. Found: C, 49.27:
acetal (1.34 g, 4.59 mmolpil M aqueous sulfuric acid (300 mL) was  H, 3.99; N, 15.71; F, 22.00. Single-crystal X-ray diffraction analysis
stirred fa~ 1 h atroom temperature and then boiled for 10 min. The  details were deposited with the Cambridge Crystallographic Database,
solution was cooled to room temperature, and the pH was adjusted toccpC No. 295499.
ca. 9 with aqueous sodium carbonate. The resulting precipitate was
filtered, washed with water, and dried under vacuum to yield the product Results and Discussion
(0.766 g, 77%) as a white powder. Mp: 26807 °C. '"H NMR (400

MHz, acetoneds, ppm): 6 9.99 (s, 1H, CHO). IR (KBr pellet, cri): Synthesis and Characterization.The synthesis of FABImMNN
3076 (NH str), 1700 (€O str). MS (El): caled for @H:NoF,0 m/z= is summarized in Figure 1. The procedure of Heaton ét al.
218.1. Foundn/z = 218. Elemental analysis calcd foglNoF,O: C, was used to make diamine F4DiAm in good yield. The diamine

44.10; H, 0.92; N, 12.80. Found: C, 42.81; H, 1.00; N, 12.56.
2-(4,5,6,7-Tetrafluorobenzimidazol-2-yl)-1,3-dihydroxy-4,4,5,5-
tetramethylimidazolidine (F4BIMNNH3). 2,3-Bis(hydroxylamino)-

was then condensed with ethyl diethoxyacetate to give acetal
F4BAc and deprotected to the corresponding aldehyde FABAId.

2,3-dimethylbutane hydrogen sulfate (0.692 g, 2.81 mmol) and 4,5,6,7- The aldehyde was condensed with 2,3-bis(hydroxylamino)-2,3-

tetrafluorobenzimidazole-2-carbaldehyde (0.613 g, 2.81 mmol) were dimethylbutane hydrogen sulfdtein the presence of triethy-
dissolved in 21 mL of HPLC-grade methanol. To this mixture was |2mine to make the bis-hydroxylamine precursor of the desired

added triethylamine (0.284 g, 2.81 mmol). The mixture was stirred for radical, FABIMNNH3. Oxidation with aqueous sodium periodate
48 h under argon at room temperature and filtered. The resulting white followed by column chromatography gave crude FABIMNN,

solid was washed with ice-cold methanol and dried to give the product which can be recrystallized to give large blue-black prisms that
are highly stable to ambient conditions. This sequence works

13) gg&hﬁggg'g\éﬁ FoKin, S.: Rey, Rol. Cryst. Lig. Cryst. Sci. Technol., g fficiently well that synthesis of up to a 0.5 g of radical is
(14) Heaton, A; Hill, M.; Draksmith, FJ. Fluorine Chem1997, 81, 133. readily accomplished.
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Electron spin resonance (ESR) spectroscopy of FABIMNN 20010 B Lol
in toluene solution at room temperature shows a typical pentet 0 10 20 30 40 50

pattern hyperfine coupling (hfc) of 7.2 G from two equivalent

tions at the UB3LYP/LANL2DZ level of theoiy-1®are given
in Figure 2, based on the F4ABImNN crystal structure described

Table 1.

Temperature (K)
nitrogens. Computational estimates of the spin density popula- Figure 3. Selected polycrystalline solid ESR spectra and temperature

below. The major computed spin density is on the nitronylni- 295499

dependence afayg0f FABIMNN. The spectral ordinate scales are the same.

Crystallographic Summary for FABImNN, CCDC No.

troxide N—=O groups, consistent with experiment. The qualitative
spin distribution followst-spin polarization (SP) expectations,
except for the nonalternant imidazole unit, and the same-sign
polarization of fluorines as the benzenaiecarbons to which
they are attached. The computations show significant spin
density on the imidazole unit, but this was not resolved in the
experimental ESR spectra.

Figure 3 shows solid polycrystalline ESR spectra of F4ABImMNN
as temperature decreases. The spegiigbletermined from the
absorption mode maxima decreases sharply at lower tempera-
tures, consistent with changes in tiiensor in low dimensional
magnetic systems having dominant exchange along one crystal-
lographic axist’ The spectra split to exhibit multiple features
with cooling, and the spectral extent becomes broad, especially
below about 25 K. These temperature variations are all
reversible. Qualitatively similar changes were observed by
Sharmin et al®in ESR studies of BImNN single crystals. They
also noted the appearance of additional transitions in the ESR
spectrum at lower temperatures, which they tentatively ascribed
either to a structural phase transition or an onset of hyperfine
structure features in their spectra.

Table 1 summarizes the X-ray diffraction analysis of a single

Crystal Data

formula

formula weight
crystal system
space group

a, b, c[A]

a, B, y [deg]
VI[A3

VA

D(calc) [g/cn?]
Mu(Mo Ka) [mm~1]
F(000)

crystal size [mrf]

GigH13FaN4O2
345.2
monoclinic
P21/c (no. 14)
8.6540(4), 20.9710(9), 8.8500(4)
90, 110.397(2), 90
1505.42(12)
4
1.523
0.138
708
0.01x 0.03x 0.09

Data Collection

temperature (K)
radiation [A, Mo Ka]

6 (min, max) [deg]
datasetth, h; —kk; —1,I)
tot., unig. dataR(int)

293
0.710 73

1.9,25.0
—10, 10;—24, 24;,—10, 10
5128, 2653, 0.031

observed datd [> 20(1)] 1783
Refinement

Nref, Npar 2653, 219

R( > 20), wR(l > 20) 0.0517, 0.1613

R(all), wRs(all) 0.0863, 0.1932

Hall) 1.16

min, max resd density [efh —0.24,0.27

crystal of FABImMNN. Figure 4 shows an ORTEP style repre-

sentation of the structure. The most notable features of the analogous to that in BImMNRE Table 2 shows important

crystal packing are the hydrogen-bonded chains where tHé N
units are donors and both radicat-® and azole N act to some

operation X, ¥/, —

intermolecular, intrachain contacts generated by the symmetry
y, %, + 2). The double dashed line in Figure

(15) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b) Becke,
D. J. Chem. Phy51993 98, 5648. (c) Stephens, P. J.; Devlin, F. J.;
Chabalowskl C. F.; Frisch, M. J. Phys. Chem1994 98, 11623
(16) Computations were carried out using Gaussian 03, rev B.03: Frisch, M.
J., et al. Gaussian Inc.: Pittsburgh, PA, 2003.
(17) Nagata, K.; Tazuke, YJ. Phys. Soc. Jprl972 32, 337.
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(N1)H1:--02_4 distance of 2.01 A(N1::-02) = 2.814(4) A).
The (N1)HZ%-:N2_4 contact of about 2.7 A ((N1:::N2) =
3.152(4) A)) shown by the dashed single line in the figure is
significantly longer; its length indicates that it is weaker than
the (N1)HZ%--O2_4 interaction. Both contacts are also signifi-
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the data. Figure 6 shows the data and the fitted curve, where
both are shown after correction for the TIC: the fitt&@da/k
= (+)22.1+£ 0.6 K, where the uncertainty is the statistical 95%
confidence limits. Sugano et &reportedJsnaifk = (+)22 K
for BImMNN, measuring magnetic susceptibility at 200 Oe to
limit saturation effects. The intrachain exchange strengths for
BImNN and F4BImNN are thus very similar, consistent with
the similarities of the crystallographic chains in these systems.
The molar magnetization of FABIMNN easily saturates at 1.8
K, as shown in Figure 7. The experimental saturation magne-
tization Msat & 5400 emu/mol from the high field region is
compatible with expectations f& = %/, spin per radical. But,
the experimental(H) curve is most consistent with an effective
spin quantum number d&x ~ 9 using eq 3, wher@(y) is a
cantly bent by comparison to the ideal of linearity for hydrogen Brillouin function of magnetic fieldd and spin quantum number
bonds (155 for N1-H1---:0O2_4, and 110for N1—H1---N2_4), S= S« A comparison of the theoretic& = 9 magnetization
but both probably contribute to forming the chains in Figure 5. curve at 1.8 K to the data is given in Figure 7, normalized to
Magnetic MeasurementsFigure 6 shows the results of static  the experimentaMsa. Thus, S« is much larger than the value
field, dc magnetic susceptibility measuremengs< M/H) at expected for nearly isolatefl = Y/, FABIMNN spin carriers.
1000 Oe for polycrystalline FABImMNN, plotted 2% over 1.8- This is due to the strong exchange between radicals.
300 K. The increase iyT to about 3.0 emiK/Oe-mol as

Figure 4. ORTEP diagram for FABImMNN showing 50% probability
ellipsoids.

temperature decreases to 1.8 K shows the presence of ferro- M=Nugg-S-B(y)

magnetic (FM) exchange interactions. FABImNN is prone to

susceptibility saturatiof like BImMNN,”2but magnetization vs B(y) = 282-’8_ 1 cot 282-’8_ 1 y) - ziscotk(zls)

field measurements at 1.8 K (Figure 7) show a nearly linear

response up to 1000 Oe. The inset of Figure 6 shows the lower Qug*S*H

temperature portion of a CuriéNeiss plot of the data as1/ y= kT ®3)
versusT. A linear fit of the higher temperature portion of the

data gives a Curie constant of 0.389 eKiDe-mol and a Weiss The ac susceptibility behavior of FABIMNN was also

intercept off = (+)11 K. The Curie constant is in gOOd accord measured in a number of experiments_ Figure 8 S%\e,data
with the value expected f@= "/, spin carriers, and the Weiss  for F4BImNN obtained at several external fields from 0 to 7000
constant shows that there are quite strong FM exchangeQe, all at 50 Hz modulation frequency and 1 Oe modulation
interactions for an organic solid. field, between 2.1 and 10.0 K. No significant imaginary
TheyT data can be fit to a 1-D Heisenberg FM chain model component to thg.. was found under any of these conditions.
using the Hamiltonian in eq 1, where the exchange constant As the figure showsys. exhibits field dependent maxima. These
is the intrachain exchange constant between neighboringresults are virtually the same at modulation frequencies of 17
moleculesi andj and 1500 Hz, so the,. peak maximum positions are static rather
than dynamic in behavior (independent of ac modulation
H=-2J z S-S 1) frequency.) This behavior arises from short-range fluctuations
o in the magnetizatio® and indicates a crossover between low
From eq 1, the susceptibility dependence on temperature forgmherature behavior dominated by the temperature proximity
isolated 1-D ferromagnetic chains is given by e 2? of an ordered phase and the high temperature behavior of the

. 2 23 paramagnetic phase.
NgZ#B2 Cl, "X_a'f‘i_ 5(+X?+XE +X5 Idealized, completely isolated 1-D FM chains should not show
ST 1T FxtG Rt H 11X +TIC ordering above absolute zetbBut, experimentally realistic
X X systems with even small interchain interactions can give a
x = JI(2KkT) magnetically ordered state. Therefore the magnetic behavior of
A=5.797 991 6B = 16.902 653, FABImMNN was investigated bel2 K using a®He refrigerator

C = 29.376 885D = 29.832 959F = 14.036 918 systen® Figure 9 shows thg, data obtained at zero applied
) ' ' field, 155 Hz modulation frequency, 10 Oe modulation field,

F=2.7979916G=7.0086780, over 0.5-4.1 K. The data exhibit a characteristishaped cusp
H=18.653864 4] =4.5743114 (2) 4t 0.72 K, consistent with bulk magnetic ordering.

where the various physical constants have their usual meanings. Heat Capacny Measurements.Ther.mochemmal measure-
The Landeconstant for FABIMNN was fixed aj = 2.0066 ments were carried out on polycrystalline samples of FABImMNN

from the room-temperature polycrystalline ESR measurements;to investigate the_nature of its ordering tran§|t|on. Figure 10
shows heat capacity measuremedgsas a function of temper-

the exchange constadén.i/k = J/k and the TIC (temperature
g Bt (temp ature at zero field and at multiple external applied magnetic

independent correction) were optimized by a nonlinear fit to
P ) P y fields up to 20 000 Oe. The zero-field results show an ordering

(18) Baker, G. A., Jr.; Rushbrooke, G. S.; Gilbert, HFfhys. Re. 1964 135
A1272. (20) Becerra, C. C.; Paduan-Filho, 8olid State Commur2003 125 99.
(19) Swank, D. D.; Landee, C. P.; Willet, R. Phys. Re. B 1979 20, 2154. (21) Ising, E.Z. Phys 1925 31, 253.
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Figure 5. Intermolecular chain contacts for FABImMNN. Methyl groups are omitted in the ORTEP view for clarity. See Table 2 for contact distances.
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Figure 6. yT versus temperature data for FABImNN at 1000 Oe, corrected p o= fom o ;gh
for temperature-independent magnetism. Solid line in main chart shows 0.20 I ’ 0 029 3'358 !l_,,
1-D Heisenberg chain fit to data using eq 2. Solid line in inset shows €urie ’ ° j; 23 e B3 2ey Y L4 3 Uugy
Weiss line extrapolated from higher temperatlibg(T) data. *® $eunes . g
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0.80 Figure 8. Field-cooled ac magnetic susceptibility for FABImNN at 50 Hz
’ modulation frequency, 1 Oe modulation field, and constant applied fields
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Figure 7. Magnetization versus field data at 1.8 K for FABImNN. The qE, r o
solid line shows eq 3 foll = 1.8 K, S=9; the data and the curve have o I %
been normalized to the experimentls & 50 - °Q%
Table 2. Selected Intrachain Intermolecular Distances (A) for - °
F4BImNN; See Figure 5 - %o
[ | °0%®ap 0 0
01---C8_4 3.139(4) O%-N4_4 3.024(4) 0.0 ! L
01---02_4 3.165(4) O%-N2_4 3.198(4) 0.4 0.6 08 1.0 20 30 40
Nl"'02_4 2814(4) H']."02_4 2.01 Temperature (K)
N1---N2_4 3.152(4) Hi--N2_4 2.75

Figure 9. Ac magnetic susceptibility for FABImNN at zero field, 155 Hz
modulation frequency, 10 Oe modulation field.

cusp anomaly at 0.72 K, in good accord with the results from servedT, = 0.7 K yields |zJmesk] = 0.09 K for S = ¥/, spin

the ac magnetic measurements. carriers.
Equation 4 from mean field theory yields a rough estimate
of the magnitude of interchain exchang&l| between the T~ 25(12dved * Jenain ™~ 4)

strongly FM exchange coupled chains, whezeis the
(here unspecified) number of neighboring sites interacting  The changes in the critical temperature cusp in the magnetic
with the chain. Usingehaidk = +22 K from above, the ob-  C, data with increasing external field are similar to the behavior
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Figure 10. Experimental heat capacity for FABImMNN at several external
magnetic fields versus temperature.
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Figure 11. T.—H phase diagram from data in Figure 10. Solid line is a fit
to eq 6; see the text for details.
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Previous work has suggested some reasons {8dependence
of the low temperature heat capacity when magnetic studies
indicate antiferromagnetic orderid§At present, it is clear that

of other quasi-1D ferromagnetic systems having very weak F4BImNN forms an ordered state beldl, and the variation
interchain exchange interactions, such as 3(4-chlorophenyl)-1,5-in T, with the external field is consistent with a low dimensional

diphenyl-6-oxoverdazyl, CDV In particular, the behavior
is consistent with formation of a ground state bulk antiferro-
magnetic phase beloW. This is also consistent with the fact
that yac for polycrystalline F4ABImNN at the lowest measured

magnet having strongly anisotropic 1-D FM chain type exchange

and weak AFM exchange between the chains. Further details

of the nature of the ordered state are under investigation.
Magnetostructural Considerations.Yoshioka has describeti©

temperature approaches two-thirds of its maximum value at thethe most likely exchange path governing FM exchange in
Te cusp. For an antiferromagnet, eq 5 gives the relationship BImNN, which presumably also applies to the crystallographi-

expecteé® between the Nal temperaturel, = Ty and the

cally similar F4BImNN. The F4BImNN hydrogen bond scaf-

applied external magnetic field, where all terms have the typical folding assembles molecules into 1-D stacks in which radical

meanings. Thd, versus field data from Figure 10 give a good
fit to eq 5 as shown in Figure 11 fdi(0) = Tn(0) = 0.717+
0.001 K, critical fieldH. = 1.81+ 0.07 kOe, and coefficients
a=1.7+0.1,£ = 0.31+ 0.05; the uncertainties are statistical
95% confidence limits. The interchain exchange interaction
estimated fromH. using eq 6 withg = 2.0066 (from the ESR
studies above) igJ.e/k = (—)0.12 K. This is in good accord
with the mean field estimated magnitude obtained fiirand
JenairdK USINgG eq 4.

Ty(H) = Ty(O)[1 — (H/H)"*® (5)

(6)

Interestingly, theC, data below the ordering cusp (where the
lattice contribution is very small) are proportional 162
According to spin wave theoi#, a C, ~ T %2 dependence is
more consisteAt 26 with ferromagnetic ordering belowr,
while C, ~ T 3 dependence is expectédor antiferromagnets.

He ~ (22l * STaug)'?

(22) Takeda, K.; Hamano, T.; Kawae, T.; Hidaka, M.; Takahashi, M.; Kawasaki,
S.; Mukai, K.J. Phys. Soc. Jpri995 64, 2343.

(23) (a) Mouritsen, O. G.; Kjaersgaard Hansen, E.; Knak Jensen, By3.
Rev. B 198Q 22, 3256. (b) Becerra, C. C.; Oliveira, N. F., Jr.; Paduan-
Filho, A.; Figueiredo, W.; Souza, M. V. PPhys. Re. B 1988 38, 6887.

(c) Kobayashi, T.; Takiguchi, M.; Amaya, K.; Sugimoto, H.; Kajiwara,
A.; Harada, A.; Kamachi, MJ. Phys. Soc. Jpr1993 62, 3239. (d) Takeda,
K.; Hamano, T.; Kawae, T.; Hidaka, M.; Takahashi, M.; Kawasaki, S.;
Mukai, K. J. Phys. Soc. JpriLl995 64, 2343. (e) Takeda, K.; Mita, M.;
Kawae, T.; Takumi, M.; Nagata, K.; Tamura, M.; Kinoshita, 81.Phys.
Chem. B1998 102, 671. (f) Takeda, K.; Yoshida, Y.; Inanaga, Y.; Kawae,
T.; Shiomi, D.; Ise, T.; Kozaki, M.; Okada, K.; Sato, K.; Takui, Fhys.
Rev. B 2005 72, 024435/1. (g) Peres, N. M. R. Phys.: Condens. Matter
2003 15, 7271.

(24) de Jongh, L. J.; Miedema, A. Rdv. Phys.1974 23, 1.

(25) Miyazaki, Y.; Matsumoto, T.; Ishida, T.; Nogami, T.; Sorai, Bull. Chem.
Soc. Jpn200Q 73, 67.

(26) Ohmae, N.; Kajiwara, A.; Miyazaki, Y.; Kamachi, M.; Sorai, "hermo-
chim. Actal995 267, 435.
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N—O groups have excellent intermolecular overlap with the
central carbon in neighboring nitronylnitroxide groups. Figure
12 shows spin density isosurface m&jpsf high spin FM and

low spin AFM exchange coupled states of a pair of molecules
from the stack, with z-clipping at a plane that shows theQx

-«C contact shown in the simplified structural inset. The
computations were done using spin-unrestricted B3LYP hybrid
density functionals with a 6-31G* basis set (Gaus$ikayword
Guess= Mix for the S = 0O state); the methyl groups were
replaced with hydrogen atoms on the nitronylInitroxide unit. The
favorable contact with the opposite sign of spin density is readily
apparent in the high spin FM state (greeblue N—-O---C
contact), while unfavorable contact between sites with the same
sign (greerr-green) occurs in the AFM state. The observed FM
1-D chain type magnetic exchange is thus completely consistent
with the expectations of a SP model following—®-:-C
contacts as shown in Figure 13.

If exchange followed the hydrogen bond contacts by an SP
pathway instead, AFM chain exchange would be expected
(Figure 13), contrary to observation. Although the hydrogen
bonds in the chains of FABIMNN bring the donotN groups
into close proximity with the large spin populations on the
nitronylnitroxide N—-O units, the spin densities on the—K
unit are quite small (Figure 2) and apparently do not provide
effective exchange linkage between the radicals. A similar
situation occurs in some benzimidazaoéet-butylnitroxides?d
where very close NH--+O—N contacts hold pairs of radicals
together, but the dominant exchange path occurs by direct
dipolar interaction between nitroxide units, instead of through
the small spin densities of \H.

The FM SP model of Figure 13 gives a good account of the
dominantJchain 1-D chain exchange in FABIMNN. The weaker
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Figure 12. Spin density surfaces for FABImMNN radicals in a stack for high spin FM (left) and low spin AFM coupled (right) states, z-clipped at a plane
including the N-O---C contact. Green and blue surfaces denote opposite spin density sign. Picture from GaussView 3.07 using an surface isovalue of
0.0004.

DOMINANT
NO---C
EXCHANGE,
FM FAVORED

= NO--C
" NH--ON

DOMINANT
NH---ON
EXCHANGE,
AFM FAVORED

Figure 13. Possible spin polarization (SP) exchange pathways in FABImMNNHN-O—N contacts shown as dashed lines;@®:--C contacts shown as
arrows. Qualitative spin polarizations taken from Figure 2.

interchain exchangénr that leads to bulk ordering is harder
to assign. There are numerous intermolecular contacts3of

A involving the nitroxide oxygen atoms in FABIMNN, but
almost all of these are within the 1-D chains shown in Figures
5 and 13. For example, Figure 14 shows interchain (N4)O2
+(H)C5 nitroxide NO to nitroxide methyl contacts((N4)O2
-*H5B(C5)) = 3.68 A, r(02:--C5) = 4.294(6) A) that link the
1-D chains to form 2-D sheets in the crystallograpdmeplane.
These are shown in Figure 14: the hydrogen-bonded chains
run into the plane of the figure along tleeaxis, and the (N4)-
02--+(H)C5 contacts are in the middle, roughly along éhaxis.

The nitroxide methyl groups have only small spin densities from
Figure 2 but could provide pathways for weak exchange. Figure 14. Nitroxide to F-C and nitroxide to methyl contacts between
A third dimension of intermolecular contacts occurs between hydrogen-bonded chains in F4BImMNN; chains run alongctagis into the

nitroxide NO groups and peripheral benzenoid CF and nitroxide 79Ure-
methyl groups on a neighboring 2-D sheet. Each NO group is contacts are labeled in Figure 14 as NGBC contacts, as red
4.4-4.5 A from two CF groups and one methyl CH. These dashed lines roughly along tieaxis, on the upper and lower
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\ 7 & CFimethyl
™

y,

Figure 15. Contacts between hydrogen-bonded chains in BImNN (left, CSD deposition code REFXUV) and F4BImNN, showing unit cells; chains run into
the figure.

peripheries of the figure. The exchange role of the CF groups bonded chains. Variable temperature solid-phase ESR spectros-
is not obvious, but the computational data from Figure 2 indicate copy showsg-value shifts and line shape changes consistent
up to 0.1% of a spin resides on the fluorines to provide with dominant 1-D axial exchange interactions in the solid. Heat
additional exchange possibilities. We must emphasize that thecapacity measurements are also consistent with the quasi 1-D
suggested electronic exchange roles for the N@C and NO nature of the exchange interactions. Both magnetic susceptibility
+FC contacts shown in Figure 14 are speculative at present,and heat capacity measurements at zero field indicate a critical
but there appear to be no closer intermolecular exchange contactsemperature off. = 0.7 K. The variation of magnetic heat
between sites of a larger spin density. capacity of FABImNN with applied magnetic field is consistent

Assuming a priori that neither BIMNN nor FABIMNN  with an ordering transition to a bulk antiferromagnetic ground
undergoes significant changes in crystallographic packing uponstate belowT... The quasi-1D ferromagnetic chain exchange is
cooling to below a few kelvins, the difference between the two fajrly strong for an organic systemdgnain & +22 K; the low
is the packingetweerthe 1-D stacked chains. The CF units in  temperature heat capacity variation as a function of temperature
FABIMNN form favorableCF/methylcontacts with nitronylni-  ajlows a rough estimate of a ratio of intrachain to interchain
troxide methyl groups, bringing the benzenoid rings into closer exchange|JenaidZdnierd & 220-250.
proximity to the nitronylnitroxide units than occurs in BImNN,
for which methylmethylandaryl/aryl contacts dominate inter-
chain contacts. Figure 15 shows comparison views of the regions
of interchain contact. The chains in the two molecules are
geometrically “offset” in different ways, despite their very
similar intrachain crystallography.

This difference raises the question of whether or how the
radicals’ magnetisms fundamentally differ. Al®g K there is Acknowledgment. This work was supported in part by the
little difference in magnetic behavior, consistent with the U.S. National Science Foundation by grants CHE 0415716
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whether the interchain geometry differences between it and
F4BImNN correlate with significant differences in their low-
temperature magnetic behavior.

The use of benzimidazole-based hydrogen bonding to as-
semble F4ABImNN into a piled stack motif was a crucial strategic
choice in finding this addition to the family of pure organic
systems that exhibit bulk magnetic ordering. Further use of
hydrogen-bonding strategies seems promising to find additional
organic materials with magnetic ordering.

Supporting Information Available: Completeref16, F4BImMNN
crystallographic summary and HPLC trace, FABImMNN computed
Conclusions spin density, computed FABImMNN dyad triplet-single energy
gap in crystallographic chain. This information is available free

F4BImNN is a quasi 1-D organic ferromagnet that exhibits of charge on the Internet at http://pubs.acs.org.

strong 1-D FM chain exchange attributable to favorable spin
polarization induced inter-radical interactions along hydrogen- JA074211G
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