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Crystal structures and magnetic properties were determined for two novel compoundsioicbénzyl)-
pyridinium][M(mnt),] (mnt*~ = maleonitriledithiolate; M= Ni (1) or Cu @)). At room temperature, single
crystals ofl and2 were isostructural, featuring the formation of segregated columnar structures with regular
stacks of cations and anions. For crystah magnetic transition was observed~at20 K; furthermore, its
magnetic behavior was consistent with that of a regular Heisenberg antiferromagnetic (AFM) cBain of

1/, in the high-temperature phase (HT phase) and that of a spin-gap system in the low-temperature phase (LT
phase). Such a phenomenon is similar to the spin-Peierls transition. However, the crystal structarief

LT phase at 100 K revealed that its structural transition is associated with the magnetic transition. Because
crystal2 (S= 0) did not exhibit a structural transition, the structural transitiod of driven by spin-lattice
interaction.

Introduction w—m stacking, S-S, or S - M interactions. The magnetic
exchange characteristic is highly sensitive to the intermolecular

Crystalline materials that possess switch property and MEMOTY contacts and the overlap pattern between neighboring anions.

transduction have a great potential to be used in molecular spin-g, example, in the case of adjacent anions of the [M(stmt)

electronic orl sp|)|ntron_|tc h dewce;, such asc,j r\fgggener?tlon overlap in a slipped M-over-S configuration, the spin-polariza-
tsr:ansors,t mo e(t:u arl swite es,l an fmemhory te ial .n?ho . tion effect between the large positive spin densities on the M
€ most spectacuiar exampies of such matenais is the Spiny, g ang the small negative spin densities on the S atoms of

crossover compound,_in which a r_n_olecular s_pecie_s containingthe adjacent anions of [M(mnl)y may lead to a ferromagnetic
an octahedrally coordinated transition metal ion with a @d (FM) interaction; in contrast, direct contacts between & or

< o ectoric confguaton xbls s crossouer BENEED - M may esulin an aniferromsget (AFW) neracton
tions (cphan e of tem ergaturg aoolication of ressu‘:e lioht that an external perturbation could trigger a spin transition.
. LN 9 P » app P 9 Accordingly, a key issue in our research is the control of the
irradiation, or pulsed magnetic fieldf. Another molecular

. . ; [M(mnt),]~ anions during the columnar arrangement. Because
system that has demonstrated a spin-switch property is that ofthe stacking pattern of the [M(mal)” anions strongly depends
a radical compound with a quasi-one-dimensional (quasi-1D) gp gy dep

stacking structure. In such a compound, the magnetic interac-> " the molecular topology of the countercation, we proposed
tions Wi?hinastack are governed bp the iryltermolegularbital that the formation of a quasi-one-dimensional magnet of
o ' by . [M(mnt);]~ was attainable by modifying the molecular structure
overlap as well as the spin-polarization effect; thus, the property . 7 T
. X o ; of the countercation. Derivatives of benzylpyridinium ([RBz-
of the magnetic exchange is sensitive to the intermolecular _ . . ; . .
X L - Py]™) can serve as flexible cations that can be adjusted via
contacts; upon application of an external perturbation (that . e
. . . modifying the nature of the groups on the aromatic rihgs.
causes a change in the intermolecular contacts), the spin .
" & Consequently, we have recently prepared a series of [RBzPy]-
transition presumably occugs:

. . . [M(mnt)] ion-pair compounds (the substituent groups of the
. Ou;_ st;J_dles fhave folcusr_edton t_t;_e desu‘i;n, Fl)reparit'on'thaqdcation and the metal ions of the anion are listed in Table 1)
Investigation ot a nove! spin-transition molecutar sys fm al that form a structure with segregated stacks of cation and anion
is based on the molecular architecture of [M(rght\mnt~ =

N R . and show a spin-Peierls-like transitidriunfortunately, some
maleonitriledithiolate; M= Ni, Pd, or Pt). The formation of interesting features of this series of compounds remain poorly

. SL§nderstood; for example, although all compounds are isostruc-
i(:ze?r:ﬁtegj?;??#J::azggnixtt)i?\gggne[llsﬂcztr:%r;(;r?itélrjngtusrjcﬁn;s 2) tqral at room temperature (the anionic stack is regulqr_ in the
’ high-temperature (HT) phase), magnetostructural transition was

*To wh q hould be add 4 Phosd 11706 observed for some compounds, whereas only magnetic transi-
2849.OF\évx:?Fn;fiq?;gg—rlQ%g?%—smglijl: xrr?rsn@;gz.sr?okudai.ac:jp (X.M.R)); tion, for o_thers. To inVESt_igate this pu_zzling phenomenon, we

tnaka@imd.es.hokudai.ac.jp (T.N.). have carried out the design, synthesis, and structural charac-

(J;Tl;okkaido University and Japan Science and Technology Corporation terization of a series of compounds that do not possess a spin.
* Graduate School of Science, Nagoya University. Herein, we report on two ion-pair compounds [IPyBz]-
8 Research Center of Materials Science, Nagoya University. [M(mnt);] (IPyBz" = 1-(4'-iodobenzyl)pyridinium; M= Ni or
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TABLE 1: Reported Compounds in the Series of [IPyBz][Cu(mnt) 5] (2). The procedure as described above
[R'R?R3BzPy][M(mnt) ;] that Exhibit a Magnetic Transition for 1, but with [1-(4-iodobenzyl)pyridiniumj[Cu(mnt)] as the
R2 //\n—‘e starting material, was followed to affol{yield: 442 mg, 69%).
— Single crystals suitable for X-ray structure analysis were grown
O —= by slowly cooling an acetonitrile solution d. Elemental
R? ﬁ"‘ analysis: Calcd for ggH11NsSICu: C, 37.5; H, 1.73; N, 10.9%.
N Found: C, 37.3; H, 1.75; N, 10.6%.
Magnetic Susceptibility and Heat Capacity Measurements.
)_( Magnetic susceptibility measurements for polycrystalline samples
R C\\\N over the range 2350 K and for a crystal with dimensions of
N 3.0 x 1.0 x 0.2 mn? and a mass of 0.40 mg over the range
R1 R2 R3 M reference 2—300 K were carried out using a Quantum Design MPMS-
| H H Ni oresent paper XL superconducting quantum interfere_nce device (SQUID)
NO,, Cl, Br H H Ni 8a magnetometer under 1.0 T. Heat capacity measurements were
E H H Ni 8b performed following the relaxation method using a Quantum
CN H H Ni 8c Design Physical Property Measurement System (PPMS) over
NO;, Cl, Br H H Pt 8d the range 2150 K on both heating and cooling processes. A
E; HH E ml' gfe crystal with dimensions of 3.& 1.0 x 0.2 mn? and a mass of
CN NHz H Ni 8g 0.40 mg was attached to the sample platform with a small
cl NH, H Ni sh amount of grease.
vinyl H H Ni 8i X-ray Structural Analyses. Crystallographic data were

. ... collected using a Rigaku Raxis-Rapid diffractometer with Mo
Cu). The crystals of these two compounds are isostructural with ¢ (1= 0.710 73 A) radiation from a graphite monochromator.

each other at room temperature, in which the segregated stacksyctyre refinements were performed using the full-matrix least-
of cations and anions are regular. The [Nl(mht)compognd squares method off?. Calculations were performed using
Eormed_ a one-dimensional regular AFM chain system 8ith  gpE) x| 97 software packagéParameters were refined using
/2, which exhibited an abrupt drop in magnetic susceptibility 5 nisotropic temperature factors, with the exception of those for
(a spln-P(i|erIs-I|ke translltlon) be]ow_lZO K, whereas the o hydrogen atom. The hydrogen atoms were introduced at
[Cu(mnt)z] compound (without spin) did not show a structural - ;5|cyjated positions. Details of the crystal parameters, data
transition. collection, and refinement fot and 2 at 293 and 100 K are
summarized in Table 2. The bond lengths for the [M(rzjnt)

Experimental Section (M = Ni or Cu) anions, along with their estimated standard

Preparation of Compounds. Naxmnt, [IPyBz]Br, and deviations, are listed in Supporting Information Table S1. Some
[IPyBz][M(mnt)2] (M = Ni or Cu) were prepared according important intermolecular distances are listed in Table 3. The
to published proceduré§. determination of the crystal structure bfat low temperatures

[IPyBz][Ni(mnt) 5] (1). To a solution of [IPyBz][Ni(mnt),] (below ~140 K) was further complicated by the inaccuracy of
(932 mg, 1.0 mmol) in acetonitrile (5 mL) was added 150 the data due to diffuse scattering that is driven by magnetoelastic
mg, 0.6 mmol) and methanol (30 mL). The mixture was stirred interactions. To minimize the effect of diffuse scattering, the
for 10 min and then placed in a refrigerator at@ for 24 h. diffraction intensities ofl at 100 K were obtained using a
The resulting brown microcrystalline was collected by filtration, reduced exposure time of 40 s. Although the crystal structure
washed with methanol, and dried under vacuum (yield: 520 was consequently solved and refined, parameters such as wR
mg, 82%). Single crystals suitable for X-ray structure analysis and R remained somewhat high. Nonetheless, the main
were obtained by diffusing diethyl ether into an acetonitrile difference in the structures of the HT and low-temperature (LT)
solution of 1. Elemental analysis: Calcd forygH11NsS4INi: phases was undoubtedly in accordance with the crystal data
C, 37.8;H,1.75; N, 11.0%. Found: C, 37.9; H, 1.91; N, 10.9%. analyses.

TABLE 2: Crystallographic Data for 1 and 22

1(293 K) 1(100 K) 2 (293 K) 2 (100 K)
molecular formula @)HllleNiS4 C20H11|N5Ni84 Con11|N5CUS1 C20H11|N50US1
CCDC no. CCDC-260866 CCDC-260867 CCDC-260868 CCDC-260869
Mr 635.18 635.18 640.03 640.03
space group P2i/a P1 P2,/a P2i/a
alA 7.6048(15) 7.387(3) 7.625(1) 7.473(2)
b/A 26.742(5) 26.18(1) 26.524(6) 26.373(9)
cA 12.057(2) 11.886(8) 11.984(3) 11.883(4)
o/deg 90 88.57(2) 90 90
Bldeg 102.727(3) 77.28(2) 102.614(9) 102.34(1)
yldeg 90 87.29(2) 90 90
VIA3 2391.8(8) 2239(2) 2365.3(8) 2287(1)

Z 4 4 4 4

w/mm~t 2.469 2.637 2.600 2.688
MA 0.71073 0.71073 0.71073 0.71073
plg cnm3 1.764 1.884 1.797 1.858

Ry 0.0471 0.248 0.039 0.028
WR> 0.1144 0.559 0.128 0.074

ARy = 3 (|IFol — IFclI)/ZIFol, WRe = YW(|Fo|? — |Fc[2)/Fw(|Fo?)F Y2
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Figure 1. Plots ofym andymT vs T of a polycrystalline sample df. NI N2)
(upper) Open circles represent experimental data; the solid lines
represent the best fit data. (bottom) Plot gfT reproduced by (a)

subtracting the contributions of diamagnetism and possible van Vleck
paramagnetism (see text).

TABLE 3: Intermolecular and Interplane Distances (A) in
Both the HT and LT Phases

1(293K)  1(100K)  2(293K)  2(100K)

dy 3.981 3.719 4.004 3.913
d> 3.981 3.889 4.004 3.913
h 3.602 3.512 3.578 3.499
hy 3.635 3.518 3.582 3.450
G 4.598 4.393 4.579 4.489
C 4.598 4.535 4.579 4.489
01 3.699 3.574 3.714 3.636
02 3.885 3.793 3.898 3.826

Details about Molecular Orbital Calculations. Extended
Huckel molecular orbital calculatio#were carried out using
the CAESAR2 and SAMOA program packadésDouble<
Slater-type orbitaf$ were used for the C, N, and S atoms as
well as for the Ni 3d orbitals.

Results and Discussion

Magnetic Susceptibilities. The temperature dependence of
the magnetic susceptibility ) for polycrystallinel is displayed
in Figure 1. The value ofmT per mole ofl at 350 K is 0.322
emuK-mol™, which is slightly lower than the expected value (b) (c)

for an independent spin &= />. The initial smooth decrease i ) Molecular structure of. and th ted stacks of

of the ymT values, with cooling temperatures, is indicative of Cg%rfs énéa;ni:nicglg:‘gs trffb:a)‘:lrse (()b)at\cr)]p Vi:WS;e(g)reS%geevieswéc S0

antiferromagnetic exchange interactions between the nearest

neighboring spins. The abrupt drop of tgT value at~120 of various [Ni(mnt}]~ compound$. Both the anions and the

K implies the occurrence of a magnetic transition. The cations constructed segregated stacks that were parallel to the

subsequent drop to zero at around 90 K indicatesltignearly a-axis (Figure 2b and c). Within an anionic stack, the face-to-

diamagnetic below 90 K. When the temperature was increasedface anions slid along thb-axis, to eclipse each other. The

from 2 to 350 K, a very small hysteresis loop (less than 1 K) distances between the [Ni(mgt) molecular planes, which are

was detected, as illustrated in the inset of Figure 1. Temperaturedefined by the Ni ion and four coordinated S atoms, lare=

dependences of the magnetic susceptibility of a single crystal 3.602 A andh, = 3.635 A (Figure 3a), while the adjacent-Ni

at 1.0 T parallel to the- andc-axes (cf. Supporting Informa- . -Ni distances are identicatl{ = d, = 3.981 A), even if the

tion Figure S1) nearly coincided with each other but parallel atoms lie on a general point position (cf. note 14). Within a

to the b-axis exhibited small differences from the other two cationic stack, the neighboring cations overlap in a boat

cases. conformation, as illustrated in Figure 3b. The central-to-central
Crystal Structures. Becausel and?2 are isostructural at 293 distances of the adjacent benzene ringscare ¢, = 4.598 A,

K, only the detailed structure dfis presented. The asymmetric and the corresponding interplanar spacegare 3.699 andy,

unit within a cell that is comprised of a coupled [Ni(myht) = 3.885 A.

anion and IPyBz cation of1 is shown in Figure 2a. Most of In crystal2, the [Cu(mnt)]~ anions and the IPyBzcations

the bond lengths and angles are in good agreement with thoseare stacked in columns that are similar to thosé.iffthe bond
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Figure 3. Separations (A) between neighboring ions within (a) an anion
stack and (b) a cationic stack.
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[ X Figure 5. Temperature dependence of the molar heat capacity of
0.95 & [ The open stars and circles represent data in heating and cooling
| 100 e processes, respectively. The inset shows the excess heat capacity around
& AT the phase transition temperature.
om 090 | _ [l _w
o] [ xoes [ . . )
S /I & f discontinuous change; below 120 K, however, a sharp drop is
%\ 0.85 = 096} A —y observed, thus indicating the existence of a structural transition
[ . /| %V in 1 . .
0.80L | 0ol Except for the shorter intermolecular distances at the lower
’ ' s ' St temperature, the molecular and stacking structures for crigstal
J TIK at 100 and 293 K were nearly identical. In contrast1io
075 however, uniform compression upon cooling was observed;
' ! - L specifically, the Cu- -Cu distance between adjacent anions in
100 150 200 250 300 a stack and the central-to-central distance between adjacent
TIK benzene rings remained unchanged (Supporting Information
i ) Table S1), thus implying that a structural transition does not
Figure 4. Temperature dependence of the relative cell parameters of occur for2

1, which is defined a®(T)/P(293 K), whereP(T) represents the lattice

parameters af K. Heat Capacity. The results of the heat capacity measurements

for 1 are shown in Figure 5. A sharp thermal abnormality with

lengths and angles for the [Cu(m}t) anion are in good A shape was observed atl20 K. Although theCy(T)—T plots

agreement with those for [TBAJ[Cu(mnf}® (summarized in in the heati_ng_a_md cooling propedures_are superimposable, a
Supporting Information Table S1). To highlight the comparisons Small but significant supercooling/heating phenomenon (less

to 1, important intermolecular distances are listed in Table 3 tnan 1 K, Wg'l(.:h coincided with the sma:)ll hyst((eireéls L?Op in
and illustrated in Figure 3; these includgandc, (center-to- the susceptibility measurements, was observed. Furthermore,

center distances of neighboring benzene ringk),and d, th_(tahp?r?k ttemperattjre at tll7hl'< 'r? me hel;e\tm% %rocedl;re comutqles
(distances of intermetal ions in an anionic staak),and g. wi € lemperature at which the abrupt drop ol magnetic

(interplanar distances between neighboring benzene rings), an usceptibility occurs. The transition iptherefore, is not a spin-

. . ; eierls transition.
h; andh; (interplanar distances between the mean plane defined In the first-order approximation. a normal heat capacity would
by the M ion and coordinated S atoms). PP ' pacity

appear as a smooth curifdJpon subtraction of the contribution

For 1, the space group decreases fré(1)/a in the HT of such a normal heat capacity, the excess heat capacity around
phase toP1 in the LT phase at 100 K Moreover, the  the transition is displayed in the inset of Figure 5. The entropy
asymmetric unit switches from a IPyBand [Ni(mnt}] - pair of this transition (which includes the contribution of both

in the HT phase into two ion pairs in the LT phase. Although stryctural and spin) is estimated as 4.34J-mol~. Because

the molecular structures are nearly identical, distinct differences this value is lower than the theoretical maximum of spin entropy
were observed between the stacking structures in the LT andfor a mole ofS= 4, ion (RIn 2 ~ 5.76 JK~L-mol~2),7 it can

HT phases. At the phase transition, nonuniform compression pe suggested that a substantial short-range order persists over
and slippage of both the cation and the anion stacks cause (1khe temperature of the transition bf The short-range order is
alternating distances of the adjacent NiNi in an anionic stack  an indication of a lowered dimensionality of the magnetic spin
(dy = 3.719 A andd, = 3.889 A) and (2) distortion within a  system and is consistent with the chain structure of the
cationic stack as reflected in the central-to-central separations[Ni(mnt),]~ anions in crystall.18

between adjacent benzene rings € 4.393 A andg, = 4.535 Structurally, crystal should exist as a nearly perfect 1D spin

A). The temperature dependences of the relative lattice param-system because the anionic stacks are separated by the diamag-
eters, which are defined &%ei(T)/Pcei(293 K), wherePce(T) netic cationic stacks. Magnetic interactions between the anionic
andPce(293 K) represent the cell parametersTaand 293 K, stacks, therefore, should be significantly less than that within

respectively, are depicted in Figure 4. Upon cooling to 120 K, an anionic stack. Qualitative theoretical analyses of the magnetic
all parameters decrease smoothly without any significant exchange interactions between the nearest spins in both the HT
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; Heisenberg model of linear chain wit= /,?! using

VS AW
> > L - Nous”  A+BX L+ CX2 e @
A \15 p 4 ’ " kT 14 DX THEXZ+FX
b g
-,-"sv "LL_ P whereX = kgT/|J|, in which J is the magnetic exchange constant
R of the neighboring spins in a magnetic chain, the coefficients
bt t—g L A—F in the power series ard = 0.25,B = 0.14995,C =
I A 0.300 94,D = 1.9862,E = 0.688 54, and- = 6.0626, andyo
(3. ' ‘w'\*- represents the sum of the diamagnetic and the Van Vleck
& % um paramagnetic components. The best fit to eq 2 resulted|/in
& £y ks = 46.0 K andyp = —2.6 x 1074 emumol~! with a fixed

value of g = 2.01722 Because the magnetic susceptibility
@ ® exhibited a spin-gap feature in the LT phase, best fit calculations

) ) o L _were carried out usirtg
Figure 6. Schematic (a) top and (b) side views of the spin dimers in

crystall. J; andJ, represent magnetic exchange interaction within a

stack, whereads, J4, andJs represent those between stacks. A = % expAIm) + _C_I_: + % 3)
TABLE 4: Values of (Ae)22 and Ni- - -NiP Distances of " 1 1
Various Spin-Exchange Paths at 293 and 100 K for 1, where the fitting parameters ace= 17.2 emuK™*-mol™, A
Where the Spin Dimers Were Identified by Specifying Their = 606.2 K,C = 1.0 x 102 emuK-mol™, andy, = —1.4 x
Ni- « -Ni Distances 1074 emumol 1.

293 K 100 K The observed phenomena Inare very similar to that of a

spin-Peierls transition. However, evidence obtained from the
crystal structure analyses in the HT and LT phases as well as
the temperature dependence of the lattice parameters clearly

spin dimer distance Ne)? distance QAe)?

(a) Intrastack

j: g:ggi gggg g:gég 4222;’3 demonstrate that the transition is that of a magnetostructural
(b) Interstack type. In contrast, crystd, Whlqh is isostructural w[t[1 and is

s 11.876 0 11.654 2025 diamagnetic, does not_ exhibit a structura! tran_3|t|on over t_he

Ja 15.038 0 14.808 2025 same temperature region. These observations imply that-spin

Js 14.617 0 14.433 2025 lattice interactions play an important role in the structural

transition ofl and that the structure transition dfs driven by
spin—lattice interactions.

and LT phases were carried out using the extendédkélu  conclusion and Remarks
molecular orbital calculatiof? With respect to a spin system

with AFM exchange interaction, the magnetic exchange energy tr
(Jar) between two spin sites (spin dimer) is described as

2|n units of (meV?Y. ® In units of A.

Investigations were carried out to study a peculiar magnetic
ansition for [IPyBz][Ni(mnt}] (1), which is typically a regular
Heisenberg AFM linear chain in the HT phase but opens a spin
) gap in the LT phase. Such behavior is similar to that of a spin-

J.-0— (Ae) 1) Peierls transition. A sharp thermal anomaly withi &hape,
AF Ut which corresponded with this transition @, measurements,
indicated the transition is a first-order one. A supercooling/
where the spirorbital interaction energy/Ag) is defined as heating phenomenon consisting of a small hysteresis loop (less
the energy split between the two magnetic orbitals of a than 1 K) was observed in magnetic susceptibility measure-
[Ni(mnt),],2~ spin dimer andUe; is the effective on-site ~ ments. Crystal structural analyses, above and below the transi-
repulsive energy (nearly constant for a defined magnetic solid). tion, as well as the temperature dependence of the cell
Therefore Jar can be estimated with reasonable accuracy using parameters revealed that the transition is that of a magneto-
the correspondinge)2.1220Spin interactions between adjacent structural type. In contrast, a structural transition was not
spins in both the HT and LT phases are schematically illustrated observed for2, which is diamagnetic and isostructural with
in Figure 6. The results of the calculations are presented in Tableat room temperature. These results indicate that the structural
4. The values of £4€)? show that the magnetic interactions of transition inlis driven by spin-lattice interactions.
J; and J; within a stack are identical, whereas thoselgfl,,
andJs between the stacks are zero in the HT phase. In the latter
Eﬂ(e)?\/lcg)szsiig:g (;erzsf_?gg'ngeggEzf;gcc#ﬂ:?erfg?éecﬂgg22:2 ion, Culture, Sports, Science and Technology of Japan. The
interactions do not exist between two sp))lln sites and’the energyau'[hors thank Prof. Nomura and Dr. Ichimura for the use of
lit between the two magnetic orbitals is zer(; These resultsthe SQUID magnetometer. XM.R., a JSPS fellow (ID no.
Spiit be : ‘9 . : P03271), thanks the Japan Society for the Promotion of Science
demonstrate that this spin system is a perfectly regular one-¢. . financial support
dimensional AFM chain in the HT phase. Within a stack in the '
LT phase, however, the regular magnetic chain in the HT phase Supporting Information Available: Tables of the bonding
is distorted to yield unequal values&fandJ,. Moreover, finite distances for the anionic moieties band2, plots of ym(T)—T
magnetic interaction between stacks was observed. The magnetiof a single-crystal sample dfand a polycrystalline sample of
behavior ofl in the HT phase is approximately described as 2, and X-ray crystallographic files (CIF) dfand2 in both the
that of a uniform Heisenberg linear chain system. Magnetic HT and LT phases. This material is available free of charge via
susceptibility in the HT phase was simulated by a regular the Internet at http://pubs.acs.org.
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