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Magnetic properties of (mM-MPYNN *)[Mn ;,0,,(0,CPh)4(H,0),]":
Enhancement of magnetic relaxation in the Mn, cluster caused by the organic radical
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We report magnetic properties of the organic/inorganic hybrid salt,
(m-MPYNN ")[Mn 1,0,,(0,CPh 15(H,0) 4]~ (2), wherem-MPYNN * (= m-N-methylpyridinium nitronylIni-
troxide) is a stable organic radical cation Wi$r=% and [Mn ;5,0,,(0,CPh 14(H,0) 4]~ is a 12-nuclei Mn
cluster anion with S=%, together with the simple salt, [PPH; (=tetraphenylphosphoniuh
[Mn 150,40,CPh 14(H,0) 4] -2H,0 ( 1). The EPR spectra @ are composed of the separate absorption
signals of the Mn, cluster andm-MPYNN *, indicating a negligible exchange interaction between them.
Below 65 K, however, an overlap between the absorption tails is clearly observed, suggesting an energy
transfer between the resonances. While the temperature dependences of the paramagnetic susceptibilities of
and?2 are similar above~-4 K, the two salts show quite different spin dynamics below it. The magnetization
curve and ac susceptibility measurements reveal that the organic radical enhances the relaxation of the mag-
netization of the Mn, cluster and prevents the magnetization freezj§§163-1827)06846-X]

I. INTRODUCTION A stable organic radical family, nitronylnitroxide, has
been studied extensively, because of its potential ferromag-
Nanoscale magnetic materials are now the focus of conhetic interactions® The materials are so stable that it is easy

siderable research?® The 12-nuclei manganese complexesto produce ionic nitronylnitroxides by putting a cationic or
of the type[Mn 1,0,,(0,CR)15] (R=methyl, phenyl, etg, ~ anionic moiety on thea carbon. The cationm- or p-
are attracting much interest in the field of molecular magneN-methylpyridinium nitronylnitroxide(abbreviated asn- or
tism, because of their unusual magnetic properties. AMn P-MPYNN™, respectively, yields m'g{%rgstlng spin systems,
cluster molecule was synthesized by Lis in 1980 by means of4ch a5 Kagom%Qntlferromag_ne ;' _molecular  spin
wet chemistry. He also obtained the crystal strucfurethe Iad_der, ang_ SO Ohk |nhcct))rr_15)|na|tlorf13h\;vlth var|ou+s counter
1990’s various unusual magnetic properties were revealecﬁn:;)?hs' IMnt |sowog,gpy n Hs%t 0 E 'MPYNN cat|ond
the neutral Mn, clusters possess a high-spin ground state ofna* eMn .12( 2CPR 16 (H, )4] anion was prepared,
S=9- 10 mainly due to a pairwise antiferromagnetic inter- and its magnetic properties were studied by means of dc and
action J, between neighboring M (S=2) and Mrf* ac magnetic susceptibility measurements and EPR spectros-
1 N copy. We also examined the magnetic properties of
(S=32) ions in the cluster molecufe.” Except this interac- PE’BPQI)[MHHOQ(OZCPW (H 20)4]7,2?_{20 therpe the
tion, the cluster involves another three pairwise exchan .
interactionsJ,-J,, that are weaker thady bput are believed Younter part PPLi was the nonmagnetic tetrapheny|phospho-

i . . : nium, for the purpose of comparison.
to bring about almost continuous excited states of different purp P

spin multiplicity just above the high-spin ground stéte. Il. EXPERIMENTALS
Another character is a uniaxial magnetic anisotropy which )
is expressed by the zero-field splitting parameer of The standard material,

0.6—0.75 K57 The combination of the high-spin multiplic- (PPh;)[Mn 1,01,(0,CPh 14(H,0) 4]~ -2H,0, was pre-
ity and the magnetic anisotropy gives rise to a potentiapared according to the literature metHadwas identified by
barrier of DS?> between the up- and down-spin stdtes. the elemental analyses [Caldfound for

At low temperatures the rotation of the magnetic moment$©136H 112050PMny,: C, 50.4750.41; H, 3.493.48] and the

is not free and the friction accompanied by it brings aboutR spectrum [v=3061w), 1598m), 1557s), 1417s),

a hysteresis loop of magnetization curve and appearancBl9s), 677m), 657m), 614m) cm™*]. The hybrid salt of
of the imaginary component of ac susceptibilif’® mM-MPYNN™ and[Mn;0,5(0,CPh 1¢4H,0),4]~ was ob-
Very recently magnetization tunneling through the barriertained by the same method usingMPYNN *| ~ instead of
was discovered on the oriented single crystals ofPPh,1~: To a stirred solution of
[Mn 1,0 1,(0,CCHs) 14(H,0) 4111 While these properties [Mn 1,0 1,(0,CPh 14(H,0),] (250 mg in CH,Cl, (8 ml)
are considered to originate in the single cluster molecule, it isvas added solign-MPYNN * -1~ (33 mg under a N inert
interesting to see how they are affected by the environmentondition. The solution was stirred for 10 min and then small
around the Mn, cluster. In addition, since the nanoscale amounts of brown solid were removed by filtration. On the
magnetic materials are also attracting interest as a buildintpp of the filtrate surface was slowly added EtOAc/Bt
block of more unusual magnetic materials, it is important to(2:1, 12 m) and the mixture was stored for one night. 120
elucidate the intermolecular interactions of the Mmrtlus- mg of black plate crystals of
ters. (m-MPYNN *)[Mn ;,0,5(0,CPh ,4H,0),]~ were col-
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lected by filtration. Preliminary x-ray crystal analyses on the (a) (b)

crystals gave the lattice parametarsonoclinic a=18.60 270K %6
A, b=20.09 A, c=21.96 A, B=91.3°, andv=8203 A3
X
&X

However the crystal was unstable probably due to evapora
tion of crystal solvents and became mosaic rather quickly, sc 180K
we could not carry out the full structural analyses.

The mosaic sample dried in vacuo, seemed to be still 110K
hydroscopic, analyzing for ng-
MPYNN *)[Mn 1,0,5(0,CPh 14(H,0)4]~ [Calcdfound

for Cqo5H 10N 3050Mnq,: C, 48.2748.08; H, 3.473.64);

N, 1.351.58]. The agreement between the observation anc
calculation indicated that there was no chemical decomposi

tion after the sample has become mosaic. The IR spectrur//\k

6
6

65K X6
—\—
30K ,\y\/
showed the presence of the Mytluster aniorf ¥=3063w), 20K %
159m), 1553s), 1414s), 719s), 676m), 661(m), 613 m)
cm™1], but the bands om-MPYNN* were not clear, be- 12K
cause of superimposition of the cluster bands that were mucl
stronger than those ofi-MPYNN *.

X-band EPR were recorded on a JES-RE2X spectrometel 1+ 1, | L 1 . 1 . |
equipped with an Oxford continuous He gas-flow cryostat.o 2000 4000 60000 2000 4000 6000
The magnetic susceptibility and magnetization measure: H (Oe) H (Oe)
ments were carried out on a Quantum Design MPM5S su-
perconducting quantum interference device susceptometer. FIG. 1. EPR spectra of the polycrystalline sampled ¢ and
The samples for the measurements were pasted with grea2éb) at representative temperatures. In Figb) the signal intensi-
in the sample tubes in order to avoid the movement of theies at the higher three temperatures are reduced one-sixth.

sample caused by the strong magnetic force due to the high-
spin multiplicity. various metal ions, such as Mn and Cu i6f&* Since the

signals ofm-MPYNN* and the Mn cluster are observed
separately, it can be concluded that there is no chelation of
the NO groups to the Mn ions. This indicates that the ex-
The temperature-variable X-band EPR measurementghange interaction  between m-MPYNN™  and
were  performed on the  standard  sample[Mn;,01,(0,CPh 14(H,0) 4] is not significant. As the
(PPhZ)[Mnlelz(OzCPW 16(H20) 4] - 2H,0 ) temperature is decreased from 270 to 65 K, théactor
and the nitronyInitroxide salt ni-  shows a slight increase, followed by a considerable increase
MPYNN *)[Mn 1,0 1,(0,CPH 14(H,0),]~ (2) in the tem-  below it. The linewidth shows slight narrowing, as the tem-
perature range 7-270 K. The Spectralo&t representative perature is decreased down to 100 K, below which remark-
temperatures are shown in Fig(al An absorption signal able broadening takes place. Since an overlap between the
appears below-65 K atH=600 Oe g=10.5). As briefly ~absorption tails of the Mp, cluster andm-MPYNN * is
described in the literaturethe peak intensity grows with clearly present in the spectra below 65 K, the observed
increasing temperature up to 20 K, Whereupon it begins t(g-factor shift and linewidth broadening at the low tempera-
decrease until it disappears a65 K. Because of the com-
plicated electronic structure of the Mycluster® it is hard to 2.05 I I I I I
identify the spin states which are relevant to the absorption, 204 F (a) -
but the behavior suggests that it is from a thermally popu-

12K

lll. EPR SPECTROSCOPY

lated excited state. Figureéld shows the spectra & where % 2.031- % ]
the signal intensities at the higher three temperatures are re- <~ 2 02| .
duced to one-sixth. The absorption manifesting itself at 5

H=600 Oe below 65 K is easily assigned to that of the 201 S %oz g 3 ? o} 51 3 ]
Mn ;, cluster. The electronic structure of the Myrtluster in 2.00 | ] | , |

2 is similar to that in1 whose the ground state has been 300 —
reported to be oB=X.” Further the absorption observed at L % (b) i

H=3200 Oe §=2) in the whole temperature range is as- @ 200 |- % .
cribed to that ofm-MPYNN *. Figures 2a) and 4b) show & | i
the g factor and the peak-to-peak linewidthH ,, for the E §

. . . 100 5 —
absorption, respectively, plotted as a function of temperature. i S ogp3gd 222
At 270 K, g=2.006 andAHy,=73 Oe. Theg factor is 0 I I I I I
nearly equal to those of the simpile MPYNN * salts, while 0 50 100 150 200 250 300
the value ofAH, is larger than the usual on&sThe line T (K)

broadening would be caused by the inhomogeneous field
aroundm-MPYNN * created by the high-spin clusters. The  FIG. 2. Temperature dependence of tefactor (a) and the
NO groups of nitronylnitroxide often operate as a ligand tolinewidth AH g, (b) for the absorption of-MPYNN " in 2.
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FIG. 3. Temperature dependence of the produgt for the FIG. 4. Magnetization curves for the polycrystalline samples of

polycrystalline samples df (open circley and?2 (closed circlesat 1 (open circley and of2 (closed circlesat 1.7 K.
1.7 K, wherey,, is the paramagnetic susceptibility.

] ) large hysteresis loop whose coercive field is about 7000 Oe.
tures can be explained in terms of the cross relaxdfiofiit The closed circles represent the result2o08urprisingly the
is established that organic radicals possess enhanced spigp aimost disappears and the coercive field is less than 100
lattice interactions, be(;ause of their “soft” molecular struc- g \which is smaller than that df by two orders of magni-
tures: the spin states in them are affected_ by the m.OIGCU|%de. The hysteresis loop or, in the other words, the spin
vibration \%hso Or?’ co'mpared with thosef n b'norgan'ChSUb'dc}/namic of the Mn, cluster, is seriously affected by the
stances. en there is an energy transfer between the tV\(/)rganic radical, which must neighbor on the clusters in the
resonances of the inorganic and organic spin species, the.
" . O solid.
probability of an energy flow from spin to lattice is enhanced
through the strong spin-lattice interaction on the organic
molecule. The cross relaxation tis supported by the fact
that the signal of the My, cluster in2 is broader than the
corresponding signal df. The real (') and imaginary ") components of the ac
magnetic susceptibilities were recorded for the polycrystal-
line samples ofl and 2 in the temperature range 1.7-8 K.
IV de MAGNETIZATION The data forl were taken in zero dc field wita 2 Oe adield
The dc magnetic susceptibilities @fand 2 were exam-  at 10, 30, 99.9, 250, 499, and 997 Hz. In Fig&) &nd gb)
ined in the temperature range 1.7—300 K. The paramagnetiare shown the plots of' T vs T andx” vs T for 1, respec-
susceptibilitiesy, were obtained by compensating the Pas-tively. The insets show the behavior in the 1.7-3.0 K range
cal’'s diamagnetic susceptibility 6f1.63x 10 3 emumol"*  in an enlarged scale, where the data at the higher three fre-
for 1 or of —1.72< 10" emu mol ! for 2. The open circles quencies are omitted because of their p86N ratio. The
in Fig. 3 represent the temperature dependence of the prottalue of ' T decreases belw 6 K and that ofy” makes a
uct x,T for 1. The value shows a gradual decrease withmaximum simultaneously, showing systematic frequency de-
decreasing temperature down to 180 K and, after passingendence. The decreaseyhnT with the appearance of” is
through a broad minimum, it increases rather quickly. Theassociated with the freezing process of the magnetization: as
behavior is quite similar to those of the other Miigh-spin  the temperature is decreased, the thermal energy is reduced
molecule§’ and is caused by the antiferromagnetic interac-o a point where the magnetic moméntagnetizatiopof the
tion in the Mny, cluster. The closed circles in Fig. 3 show the Mn 3, cluster cannot follow the oscillating field. And when
results on2. The value of2 at 300 K is slightly larger than the temperature is decreased more, the motion of the mag-
that of 1, probably due to the contribution from the organic netic moment is completely frozen and the values of hdth
radical. The temperature dependenceygf for 2 is similar ~ and x” become small. The neutral Maclusters are known
to that for 1, although the two plots have an intersection atto exhibit two maximums iny”,% although the reason for
~80 K. There are several possibilities which can explain théhem has not been given yet. Actually we found another
intersection; an intermolecular interaction betweensmall maximum iny” at ~2 K even for the anion cluster
m-MPYNN *’s, modification in the intramolecular magnetic (see the insets in Fig.)5The anion Mn, clusters have been
parameters of the My3 cluster, or so on. reported to show only one maximum jf at ~5 K.’
The field dependence of the dc magnetizations was exam- In the process of the magnetization freezing in the
ined at 1.7 K in the field up to 20 kOe. The open circles inuniaxial single-domain magnetic particle, the thermal relax-
Fig. 4 show the magnetization curve fbrThe plots make a ation timer can be expressed by the following equatfort’

V. ac MAGNETIC SUSCEPTIBILITY
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5 3 _“% [ A A the frequency dependence of the ac magnetic susceptibility. The
E § 0.10 closed and open circles show the results on the HT and LT relax-
g g ation processes ih, respectively. The closed and open triangles do
:'E 22 0.08 those on the HT and LT relaxation processeg,irespectively. The
® = solid lines are the best fits to the Arrhenius equation.
0.06 J
1= 7 LA VY is quite consistent with the large hysteresis loop of the mag-
' Vizy; ) netization forl observed at 1.7 K which is below the esti-
matedTg.
0

The ac susceptibilities fd2 were recorded in zero dc field
with a 2 Oe adield at 10, 30, 99.9, 250, 499, 750, and 997
Hz. Figures 7a) and 1b) show the temperature dependences

FIG. 5. Temperature dependence of the ac magnetic susceptibﬁ-f X T .an?])( for 2, respectively. 'Lhef Insets S.hOW fthe be-
ity for the polycrystalline sample of at various frequenciesa) avior in the .1'7_4'0 K range at the rquenCIes C.’ 10, 30,
plot of y'T vs T, wherey' is the real componentb) plot of " vs and 99.9 Hz in ,an enlarged scale. 'll'here is a relatllvely con-
T, wherey” is the imaginary component. The insets show the de-Stant V"’_Ilue ofy'T=41 emu K mol"* abowe 4 K W'thou_t
pendence in the 1:73 K range on an enlarged scale. depending on the frequency. When the temperature is de-
creased from 4 Ky’ T shows a small decrease in the 2.5-4.0
K range, followed by a drastic decrease with systematic fre-
AE uency dependence. The valuey6fmake a small and large
T= ToeX[<—), (§D)] quency dep X ; : 9
kgT maximums at 3 andt& K or below, respectively, in accord
to the decreases ip’T. It is characteristic that the intensity
where, is the prefactorkg is the Boltzmann constant, and 'atio between the HT and LT maximums yf for 2 is con-
AE is the potential barrier between the up- and down-spintrary to that forl._Th,e closed circles and triangles in Fig. 6
states. The temperature dependencerafan be obtained SNOW the Arrhenius’ plots for the HT and LT freezing pro-
from the frequency dependence of the maximum yih cesses ir2, respectively. The two plots show a linear relation
wherer=1/ 27 v, {=frequency of the ac fie)d andT is the
temperature of maximum iy”. The open circles and tri-
angles in Fig. 6 show the Arrhenius’ plots for the higher-
(HT) and lower-temperatur€L.T) freezing processes if,
observed at-5 and 2 K, respectively. The two plots show a

T (K)

TABLE I. The potential barrielAE, the prefactorry and the
blocking temperaturd@ g for the HT and LT relaxation processes in
land2.

linear relation between lnand 17, suggesting that the re- ! 2
laxations are mainly governed by the thermal effect. TheHT relaxation

effect of the magnetization tunneling discoveredAE/kg (K) 55 50
recently’! "1 seems small. The obtained values %f and 74 (s) 1.0x10°8 3.0x10° 10
AE are listed in Table IAE of the LT relaxation is about Tg (K) 2.7 (1.9
half as much as that of the HT one. The bulk spin dynamics T relaxation

must be governed by the HT freezing process which makesE/kg (K) 28 25
the main maximum iny”. The blocking temperaturég is 70 (9) 3.4X10°° 5.0X 1010
evaluated to be 2.7 K using the data on the HT maximumg, () (1.3 1.0

whenTyg is defined as the temperatures£100 s. The value




14 564 KEIJI TAKEDA AND KUNIO AWAGA 56

demonstrated in the EPR measurements, the organic radical
and the Mn, cluster are practically connected from the
viewpoint of the energy transfer. This and the strong spin-
lattice interaction on the organic radical would be respon-
sible for the much shorter, values for2.

Since the bulk magnetic properties 2fare governed by
the LT freezing procesdl is estimated to be 1.0 K faz.
I & 997H2 This is consistent with the small hysteresis loop of the mag-

= 750Hz netization of2 found at 1.7 K, which is abovdyg. The
-5~ 499Hz _ crucial difference in the magnetization curve at 1.7 K be-

tween 1 and 2 can be simply understood by the low-
temperature shift of 5 in 2. However, it is worth noting that
the low-temperature shift of g is brought about mainly by
the suppression of the HT relaxation 2n The microscopic
origin of the two maximums iry” is not clear at this stage
and it is hard to discuss how their intensities are determined.
However, it is obvious that the organic radical can change
the intensity ratio, and it will be a future problem to clarify
the origin, taking advantage of the hint dropped by the or-
ganic radical.

We described two kinds of the magnetic relaxationg;in
the relaxation in the EPR and the rotation of the magnetiza-
tion toward a stable direction. The former occured in the
paramagnetic temperature range, after an excess energy was
given by an electromagnetic field, while the latter did in the
magnetization-freezing temperature range, when an external
field was applied. It was interesting that they were com-
monly enhanced by the organic radical.

40

w
(=)

Xl (emuK mol‘l)
)
o

10 M

X', (emu mol ™

2.0 2.5 3.0 3.5 4.0 4.5 VI. SUMMARY

We studied the magnetic properties of
FIG. 7. Temperature dependence of the ac magnetic susceptibfPPh; )[Mn 1501(0,CPh 14(H,0),4] -2H,0 (1) and
ity for the polycrystalline sample a2 at various frequenciesa) (m-MPYNN *)[Mn 1,0,5(0,CPh 14H,0) 4]~ (2). The
plot of ' T vs T, wherey' is the real componentb) plot of x" vs ~ EPR spectra o2 showed little exchange interaction between
T, where isy” is the imaginary component. The insets show thethe nitronylnitroxide and the My cluster, but suggested the
dependence in the 174 K range on an enlarged scale. energy transfer between them. Although of 1 and 2
showed similar temperature dependence abeveK, they
exhibited quite different spin dynamics below it: at 1.7 K,
the magnetization curve d exhibited little hysteresis in
contrast to the large hysteresis loop bf The temperature
and frequency dependences of the ac susceptibilities indi-
cated the characteristic decreasd ignand the shortening of
7o for 2.

between Imr and 1T, from which the values of, and AE
are obtained as shown in Table I. The ratio betwAé&nfor
the LT and HT processes is almost 1:2imas well as that in
1, while, in each process, the value AE for 2 is smaller
than that forl by ~10%. The parameteXE is caused by the
spin multiplicity and the magnetic anisotropy in the Mn
cluster, so that it is natural th&E is not very affected by
the organic radical. On the other hang,for 2 in each pro-
cess is shorter than that farby one or two orders of mag- This work was supported by the Grant-in-aid for Scien-
nitude. As for the parametery which is related to the mi- tific Research from the Ministry of Education, Science, and
croscopic mechanism or pathway of the relaxation, theCulture, of the Japanese government and by the CREST
dominant contribution from the spin-lattice interaction over(Core Research for Evolutional Science and Technglady
the spin-spin interaction is theoretically pointed BuAs  the Japan Science and Technology Corporatis).
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