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bstract

The results of 237Np-Mössbauer and magnetic study on neptunyl (+1, +2) (Np(V, VI); 5f2,1) complexes are discussed, focusing on their unique
eptunyl (O Np(V, VI) O)+1,+2-based low-dimensional (low-D) molecular magnetism in correlation with their structural details (the individual
nyl’-based uniaxial molecular structure, its dimensionality extended by the so-called ‘cation–cation bond’ (CCB), and their differences between
he neptunyls (+1) and (+2), etc.). For this purpose, first, the X-ray diffraction (XRD) and 237Np-Mössbauer data on their basic structural and
lectronic (hyperfine electric-quadrupole and magnetic) properties are described. On this basis, magnetic properties of over-10 oxo-neptunyl (+1)
omplexes are discussed and summarized, revealing several salient structure–magnetic property correlations in these systems such as the crucial
ole of 2D-CCB network structure for the onset of long-range magnetic order. As for the neptunyl (+2) complexes for which magnetic data are
ery sparse, the results of our most-recent study on the three systems, an oxo-trinitrato 1 NH4[NpO2(NO3)2] and two pyridine (py = C5H5N)
omplexes, 2 NpO2(acac)2py (acac = C5H7O2

−) and 3 NpO2(NO3)2byp (bpy (bipyridine) = C10H8N2), are presented. Here, due to the higher (+2)
eptunyl valence state, the CCB is not generally formed, and all these three are nominally the 0D non-CCB systems. Oxo-1 was found to be a
urie–Weiss paramagnet down to 2 K, similar to the formerly reported oxo-neptunyl (+2) 4 NaNpO2(CH3COO)3. While, the N-substituted 2 and
are found to exhibit strikingly different magnetic features from the above oxo-neptunyls (+1, +2), such as strongly field (H)-dependent peculiar
on-paramagnetic behavior up to 300 K for the both, and anomalous magnetic-relaxation (creep) behavior at low temperature for 2, etc. Possible
rigin and implication of such anomalous magnetic features of 2 and 3 are argued based on the extensive magnetic data collected for over the past
year.
2006 Elsevier B.V. All rights reserved.
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össbauer spectroscopy; X-ray diffraction

. Introduction

To elucidate the magnetic property of actinide (An; i.e., 5f)
omplexes is of particular interest from the viewpoint of actinide
ow-dimensional (low-D) molecular magnetism. For example, in
eptunyl (+1, +2) (Np(V, VI): 5f2,1) complexes (more generally
n actinyl complexes), strongly bonded linear (uniaxial) neptunyl

actinyl) (O Np(An) O)+1,+2 monocations (An = U, (Np), Pu,
m, etc.) with unpaired Np(An) 5f electrons exist as a single-
olecule magnetic entity and form unique 0D, 1D to 3D network

� The paper presented at Plutonium-Futures 2006 at Asilomar in 13 July.
∗ Corresponding author. Tel.: +81 29 284 3831; fax: +81 29 282 5939.

E-mail address: nakamura.akio@jaea.go.jp (A. Nakamura).
1 Present address: Toray Research Center, Ohtsu, Shiga 520-8567, Japan.
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tructure extended by the so-called ‘cation–cation bond’ (CCB)
1]. Though in the higher-divalent (+2) neptunyls (actinyls) the
ormation of such CCB network is generally less probable due to
he enhanced mutual electrostatic repulsion, suitable chemical

odification of neptunyl (actinyl) (+2) coordination environ-
ent, e.g., by substitution of non-nyl (equatorial) (and even nyl)

xygen(s) by other anion(s) such as nitrogen (and sulfur, etc.)
as is indeed done here), is expected to open a route to the syn-
hesis of novel actinide molecular entities (mono-, poly-nuclear
nd supramolecular magnetic systems) with different bonding
and network) character. Recently, transition-metal (3d) and lan-

hanide (4f) clusters, rings and complexes have been attracting
ncreasing interest as nanoscale and/or molecular magnets [2,3].
ince 5f electrons of the actinides are well known to exhibit
marginal character between the (more-itinerant) 3d and the

mailto:nakamura.akio@jaea.go.jp
dx.doi.org/10.1016/j.jallcom.2006.12.062
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more-localized atomic-like) 4f electrons [4], the extension of
uch study to actinides and further to their hybrid (i.e., 3d, 4f
lus 5f) versions [5–7] will significantly enlarge our scope for
anoscale and/or molecular magnets.

The 237Np-Mössbauer and magnetic study of several oxygen-
oordinated (oxo) neptunyl (+1) (Np(V); 5f2) complexes of
ur group [8–12] has indeed revealed that, through unique
nterplay of strong uniaxial crystal electric field of the nyl-
xygens and the strong spin-orbit coupling of the 5f-electron
ystems, they exhibit intriguing common feature as an Ising-
ype neptunyl (+1)-molecular magnet and yet diverse character
epending on the specific neptunyl (+1) CCB network struc-
ure from a Curie-para- to ferro- and meta-magnets. We have
een recently extending such study to neptunyl (+2) (Np(VI);
f1) complexes for which magnetic data are by far lacking,
n addition to a trinitrato oxo-complex 1 NH4[NpO2(NO3)2]
13], to two (acetylacetone(acac = C5H7O2

−) or trinitrato) pyri-
ine (py = C5H5N) complexes, 2 NpO2(acac)2py [14] and 3
pO2(NO3)2byp (bpy(bipyridine) = C10H8N2). Here, as men-

ioned above, due to the higher (+2) neptunyl valence state (i.e.,
ainly due to their enhanced mutual electrostatic repulsion),

uch CCB network formation is generally less probable, and
ll these three (1–3) are in fact nominally 0D non-CCB sys-
ems. In this sense, the latter 2 and 3, in which one and two of
on-nyl oxygens are substituted with nitrogen (N), respectively,
re regarded as our first-trial systems for chemically modify-
ng such ‘nyl’-based molecular structure and possibly realizing
ome alternative (non-CCB) network formation mechanism in
he future.

The oxo-1 was found to be a Curie–Weiss paramagnet over
= 2–300 K, similar to the formerly reported sodium nep-

unyl (+2) acetate 4 NaNpO2(CH3COO)3 [15]. While, the
-substituted 2 and 3 were found to exhibit many striking mag-
etic features different from those of the above oxo-neptunyl
+1, +2) complexes: For example, the both showed peculiar
eld (H)-dependent non-paramagnetic behavior up to room

emperature, which seems to imply the presence of minor fer-
omagnetic component (phase) with Curie temperature TC well
bove 300 K (TC > 300 K), and 2 showed anomalous magnetic
elaxation (creep) behavior at low temperature. To be frank,
here still remains some ambiguity whether such anomalous

agnetic behavior of 2 and 3 is indeed due to such non-nyl oxy-
en → nitrogen substitution effect. One disturbing factor here is;
nly for these two systems (2 and 3), we were obliged to adopt
ifferent sample-sealing method for the SQUID magnetic mea-
urements, the embedment in an organic resin (staycast), than
hat adopted for all other samples (simple sealing in a quartz
mple). Including this problem of new sample-sealing method,
ossible origin and implication of these anomalous magnetic
eatures of 2 and 3 are argued based on the extensive magnetic
ata collected for over the past 1 year.

Below, after the experimental section for the present three
eptunyl (+2) complexes (1–3), we first describe and discuss

he basic structural and electronic features of these neptunyl
+1, +2) complexes, essential for the understanding of their mag-
etic properties, based on their XRD and 237Np-Mössbauer data.
hereupon, in subsequent sections, their unique (yet different)
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nyl’-based molecular-magnetic properties will be delineated
nd discussed, first for the neptunyl (+1) and then for the nep-
unyl (+2) complexes, the both of which being centered mainly
n our own work. Thus, this paper is intended to be a (com-
rehensive) present-stage summary for this new area of actinide
ow-D molecular magnetism.

. Experimental

.1. Sample preparation

Polycrystalline powder samples of all the present neptunyl (+2) complexes
1–3) were prepared by wet-chemical methods reported by Alcock et al. for each
ystem [16a–c]. As the preparation procedure of oxo-1 is already given [13], only
hose of N-substituted 2 and 3 are briefly mentioned here. The starting 237NpO2

owder was dissolved in concentrated HNO3 solution by heating to a slight boil.
he solution obtained was evaporated to wet salt. The dry residue was dissolved

n distilled water, and the resultant Np(VI) solution was stocked in a glass flask.
he neptunyl(VI) nitrate used as the starting material, NpO2(NO3)2·xH2O, was
btained by evaporating this Np(VI) stock solution. All the synthesis and powder
RD analysis were made in a glove box at room temperature. To the 3 ml ace-

onitrile (CH3CN) solution containing 250 mg of the neptunyl(VI) nitrate, either
.15 ml of acetylacetone and 0.1 mol of pyridine (in case of 2) or 150 mg of 2,2′-
ipyridine (bpy) and 1 ml of acetonitrile (in case of 3) were added. In either case,
rown-colored powder precipitates are readily formed. Those were analyzed by
owder XRD diffractometer (Rigaku RAD-3C) with Cu K� radiation and were
dentified to be single phase materials of 2 and 3, respectively.

.2. 237Np-Mössbauer measurements

The 237Np-Mössbauer spectra were measured at 11–40 K in a cryostat
quipped with a driving system (Wissel GmbH, MS II), using a sealed assembled
41Am metal source (∼600 MBq) moving in sinusoidal driving mode [17a–c].
elocity calibration was made by using a laser calibrator Wissel MVC 450. All

he 1–3 samples used are their raw powders (containing no organic-resin solid-
fier) firmly encapsulated in a double inner-carbon and outer-Al container, the
atter further being thoroughly indium-sealed. All the sample (absorber) thick-
ess was ∼100 mg Np/cm2. The Mössbauer data thus obtained were least-square
tted to Lorenzian lines using “IGOR” (Wave metrics, Lake Oswego, Oregon)
oftware. As is well known and as is indeed the case for the present three sys-
ems, 237Np-Mössbauer spectra of these neptunyls (+1, +2) occasionally exhibit
he so-called paramagnetic-relaxation spectra. For the analysis of such spectra

ickman’s relaxation model [18] was adopted.

.3. SQUID magnetic measurements

DC magnetization (M) and magnetic susceptibility (χ = M/H) of 2 and 3 were
easured by a SQUID magnetometer (MPMS, QD) at 2–300 K at applied fields

f H = 0.002–5.5 T using about 10 mg of respective powder samples embedded
n a staycast (an organic epoxy resin). While, all the previous SQUID mag-
etic measurements of 1 [13] and the neptunyl (+1) complexes reported by our
roup [8–12] had been made simply by encapsulating their powders in quartz (or
ther) tube in inert (helium) atmosphere as in the case of above 237Np-Mössbauer
xperiment (i.e., without using such organic resin). As mentioned formerly, the
QUID magnetic data of most-recently measured these two 2 and 3 employing

his organic-resin sealant have exhibited many strikingly different peculiar fea-
ures from those of other oxo-neptunyl (+1, +2) complexes. It is likely that such
eculiar magnetic features of 2 and 3 are indeed originated from the non-nyl oxy-
en → nitrogen substitution in these systems. However, one interfering factor
ere is the effect of this new sample-sealing method. In fact, we have observed
olor change of sample 2 from brown to green during its 1–2 days embedment

rocess into the organic resin (staycast), suggesting the occurrence of chemi-
al reaction (most plausibly the Np(VI) → Np(V) reduction) around the sample
urface-area. In order to identify possible origin including this chemical reaction
ith the organic-resin, the extent and the nature of such magnetic anomalies, we
ave made their extensive and repeated SQUID magnetic measurements over the
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ig. 1. Schematic depicting of coordination polyhedra around Np(VI) of the pre
2); (c) NpO2(NO3)2byp (3).

ast 1 year. For example, we have made detailed isothermal M–H curve measure-
ents in small temperature interval (δT = 10–20◦) throughout the 2–300 K range

fter about 10 months from their initial magnetic measurements (see Fig. 4b in
rief).

. Results and discussions

.1. XRD and 237Np-Mössbauer results of neptunyl (+1,
2) complexes

Fig. 1a–c shows the schematic coordination polyhedra
round Np(VI) of the present three neptunyl (+2) complexes
–3 based on the reported XRD data [13,16a–c]: the oxo-

eptunyl (+2) 1 (Fig. 1a) has ideal hexagonal-bipyramidal
tructure (CN = 8) with two straight nyl-oxygens (2Onyls)
∠O–Np–O = 180◦) aligning parallel to the c-axis and six
on-nyl (equatorial) oxygens (6Oeqs) from three bidentate trini-

r
t
a
e

able 1
tructural and Mössbauer parameters of several neptunyl (+1, +2) complexes

p(VI) or Np(V) compound Da CNb Angle (◦)
(Onyl–Np–Onyl)

p(VI): NH4[NpO2(NO3)2] (1) 0 8 180
p(VI): NpO2(acac)2(py) (2) 0 7 (6O + N) 176.5
p(VI): NpO2(NpO3)2(bpy) (3) 0 8 (6O + 2N) 177.9
p(VI): NaNpO2(CH3COO)3 (4) 0 8 180
p(V): formates (5, 6), phthalate (7),
oxalate (8), mellitate (9),
polymellitate (10)

0–2 7–8 175–180

a Dimensionality of the nyl-network.
b Coordination number.
hree neptunyl (+2) complexes: (a) NH4[NpO2(NO3)2] (1); (b) NpO2(acac)2py

ratos. One-nitrogen (1N) substituted 2 (Fig. 1b) has distorted
entagonal-bipyramidal structure (CN = 7) with significantly
ent 2Onyls (∠O–Np–O = 176.5◦) and largely buckling non-nyl
Oeq + 1Neq from two acetylacetone and a pyridine ligands,
espectively. 2N-substituted 3 (Fig. 1c) has slightly distorted
exagonal-bipyramidal structure (CN = 8) with slightly bent
Onyls (∠O–Np–O = 177.9◦) and non-nyl 4Oeq + 2Neq from two
identate trinitratos and a biprydine, respectively. All these three
ave crystallographically only one kind of isolated Np(VI) site
hown here (the nearest-neighbor (NN) Np(VI)–Np(VI) distance
ell over 4.5 Å in every case), and hence are classified nominally

s 0D (non-CCB) mono-nuclear complexes.
For the sake of following discussion, we have listed in Table 1
elevant XRD and 237Np-Mössbauer data of these three nep-
unyls (+2) 1–3 in Fig. 1 and of the formerly reported sodium
cetate neptunyl (+2) 4 [15]. As is apparent, they all have
xtremely short (less than 1.80 Å) strongly covalent-bonded

Bond length
Np–Onyl (Å)

Bond length
Np–O (N)eq (Å)

Quadrupole:
e2qQ (mm/s)

Magnetic:
Heff (T)

1.735 2.468 244 291
1.78 2.33–2.37 (2.56) 191 220
1.728 2.47–2.49 (2.56) 239 296
1.766–1.787 2.456 238 270
1.82–1.85 2.37–2.60 88–100 500–550
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asically linear unique neptunyl (+2) (Onyl Np(VI) Onyl)+2

olecular structure, and additionally have weakly ionic-bonded
everal (generally four to six) non-nyl (equatorial) oxygens
Oeqs) at far-more distant position (∼2.3–2.5 Å). In both 2
nd 3, their respective one or two non-nyl nitrogens (1Neq or
Neqs) in Fig. 1b and c substituting the Oeqs are known to
ocate at even more-distant position (∼2.56 Å) than the lat-
er. The reported Shannon’s ionic radii (CN = 4) are 1.46 Å
or N3− and 1.38 Å for O2− [19]. So, this ionic-radii differ-
nce of 0.08 (=1.46 − 1.38) Å between N3− and O2− almost
uantitatively accounts for the non-nyl bond-length difference
etween Np(VI)–Neq

3− and Np(VI)–Oeq
2− in 3, but, in 2

his is even more different than this ionic-radii difference, as
een in Table 1. Whereas, tetramethyl-ammonium neptunium
VI) isothiocyanate, [N(CH3)4]4[Np(NCS)8], in which Np(VI)
s eight-fold N coordinated (CN = 8) in a distorted tetragonal
ntiprism structure, is reported to have considerably shorter
p(VI)–N bonds ranging 2.39–2.42 Å [20]. These results imply

hat, contrary to our expectation that nitrogen (N) forms stronger
ovalent An–N bond than the ionic An–O bond, the Neqs as well
s their Oeqs in 2 and 3 are rather weakly ionic-bonded to the
p(VI). However, as will be seen below, such O → N substi-

ution seems to have much greater direct as well as indirect
tructural and magnetic effects on the system than anticipated
erely from this kind of bond-length (difference) consideration.
For comparison, we have also briefly listed in the last one

ine available data for several oxo-neptunyl (+1) complexes; two
ormates, 5 NH4[NpO2(O2CH)2] and 6 NpO2(O2CH)(H2O),
nd a phthalate 7 (NpO2)2(O2C)2C6H4(H2O)3, reported by
s, and an oxalate 8 (NpO2)2(C2O4)(4H2O) [21,22], mellitate
nd polymellitate, 9 Na4(NpO2)2(C12O12)·8H2O [23] and 10
a3(NpO2)(C10O8H2)2·11H2O [24], reported by other groups

n literature. The neptunyls (+1) are found to have slightly more-
istant (less-uniaxial) Onyls (>1.80 Å) than the neptunyls (+2).

As for the 237Np-Mössbauer data listed in the last two
olumns, the electric and magnetic splittings (e2qQ and Heff)
f each system have been obtained through analysis of their
ell-known paramagnetic-relaxation spectra according to the
ickman’s model (which assumes only an Ising-type spin up

nd down (flip-flop) configurations) (see [18] for the details).
ig. 2 shows one such typical relaxation spectrum at 11 K for
(those of 1 and 2 are reported in [13,25], respectively). As

een here, superimposed to the large electric-quadrupole split-
ing (e2qQ) characteristic for these unique uniaxial neptunyl (+1,
2) molecules (largely distorted non-spherical electron distribu-

ion around the Np(V, VI)), though magnetically not long-range
rdered (i.e., paramagnetic) in the measured T = 11–40 K range,
he system gives either well-resolved magnetically split 237Np-

össbauer spectra due to the extremely slow relaxation rate;
−1 < 109 s−1 (τ: relaxation time) in this particular case (of
ourse, in other faster relaxation case, more vague magnetically
ot so well-split spectra are often observed too) [13], and reveals
learly the presence of internal (hyperfine) magnetic field (Heff)
t the 237Np(VI, V) nucleus through hyperfine interaction of

heir nuclear spin (I = 5/2 both in the ground and excited states)
ith very slowly fluctuating (flip-flopping) magnetic (spin plus
rbital–angular) moments of the 5f electrons (5f2,1) of the nep-

t
n
T

ig. 2. 237Np-Mössbauer spectrum of NpO2(NO3)2byp (3) measured at 11 K.
olid line: simulated curve according to the Wickman’s relaxation model [18].

unyls (+1, +2) (Np(V, VI)). With increasing temperature, their
elaxation time (τ/s) becomes shorter, i.e., the flip-flop rate (τ−1)
f the 5f magnetic moments becomes faster, and the Mössbauer
pectra become increasingly broadened and obscured.

One can immediately recognize in Table 1 that these
ndividual near-linear neptunyl (O Np O)+1,+2 monocations
molecules) have indeed very unique strongly axial-anisotropic
rystal, electric and magnetic structures, yet their degree
strength) and nature of uniaxial anisotropy being varied to

significant extent with Np valence and chemical constitu-
ion (and construction) of the system. For example, among the
our neptunyls (+2) listed here 1–4, only the 1N-substituted
has distorted pentagonal-bipyramidal structure (CN = 7) and

as definitely weaker structural axial anisotropy (the longer
p Onyl and shorter Np–Oequ bonds) compared with other three

ystems (two oxo-1 and -4 and 2N-substituted 3) with near-ideal
exagonal-bipyramidal structure (CN = 8). That is, the bond-
ength ratio of Np Onyl/Np–Oequ (�1) is definitely larger in 2
han those of the latter, hence, 2 has clearly much weaker (less
xial-anisotropic) quadrupole and magnetic splittings (e2qQ
nd Heff) as shown there. Such weaker structural, electric and
agnetic axial anisotropies of this 1N-substituted 2 (CN = 7)

Fig. 1b) is judged to result most plausibly from the overcrowd-
ng (steric hindrance) of bulky ligands (two acac(=C5H7O2

−)
lus a py(=C5H5N)) around the neptunyl (+2) in this system
16b]. This is directly reflected in its more (in fact most) distorted
nyl’ molecular structure (∠Onyl–Np–Onyl = 176.5◦) and non-
lanar bumpy non-nyl (4Oeq + 1Neq) coordination, in contrast
o the latter three systems (1, 3, 4).

It is also readily known in Table 1 that the neptunyls (+2)
Np(VI); 5f1) and (+1) (Np(V); 5f2) have significantly different
lectric and magnetic splittings. In short, the neptunyls (+2) have
uch larger e2qQ than the neptunyls (+1), reflecting the stronger

rystal-structural axial anisotropy in the former as seen there.
ut, the trend is just reversed for Heff, reflecting here the more-
agnetic nature of the ground-state electronic configuration in
he neptunyl (+1) (Np(V); 5f2: J = 4 in 3H4) than that in the
eptunyl (+2) (Np(VI); 5f1: J = 5/2 in 2F5/2) in the L–S coupling.
hese experimental e2qQ and Heff values are mostly in line with
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Table 2
Brief summary of magnetic and related properties of several neptunyl (+1) ((NpV): 5f1) complexes

Np(V) compound D CN TC (K) μ(eff)a

(μB)
μ(sat)a

(μB)
e2qQ
(mm/s)

Heff

(T)
Angle (◦)
(Onyl–Np–Onyl)

Np–Np (Å)

Formate: NH4NpO2(O2CH)2 (5) 0 8 – (para) 3.32 1.6–1.72 108 550 180 4.04–4.14
Formate: NpO2(O2CH)(H2O) (6) 2 7 12.8 (ferro) 2.82 1.23 88.5 550 178.2 4.06–4.16
Oxalate: [(NpO2)2(O4C2)]4H2O (8) 2 7 11.6 (ferro) 2.71 1.2–1.3 92 550 178.1 4.075
Phthalate:

[(NpO2)2(O2C)2C6H4(H2O)3] (7)
2 (2Np sites) 7 4.5 (meta) 2.22–2.57 1.18–1.2 75 496 177.4 + 178.6 3.91–4.20

Mellitate:
Na4(NpO2)2(C12O12)·8H2O (9)
(poly mellitate:
(Na3(NpO2)(C10O8 H2))2·11H2O)

2′(dimer) (0) 7 (7) 10 (para) 4.61 (5.91) – 97 549 172.7 (178.8) 3.482 (6.767)

(sat)
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(10)

a The free-ion (‘nyl’-model) values for Np(V) (5f2): μ(eff) = 3.58 (3.20)μB, μ

he reported theoretical calculations [26a and b], albeit in case
f e2qQ for neptunyl (+1) (and plutonyl (+2)) (i.e., 5f2) those in
able 1 are generally much smaller (∼1/2 or even less) than the
alculated one.

.2. Magnetic property of neptunyl (+1) (Np(V); 5f2)
omplexes

As mentioned formerly, the magnetic plus 237Np-Mössbauer
tudy of several oxo-neptunyl (+1) complexes of our group
8–12] has clarified their intriguing common feature as a ‘nyl’-
ased molecular magnet and yet diverse character from a
urie–Weiss para- to ferro- and meta-magnets depending on

he specific neptunyl (+1) CCB network structure. Before pro-
eeding to the present three neptunyls (+2) case (1–3) (plus 4)
n Fig. 1 and Table 1, we first discuss here the magnetic proper-
ies of oxo-neptunyls (+1) for which more ample experimental
ata are available. For this purpose, augmenting the last line of
able 1, we have re-listed in Table 2 more in detail the relevant
agnetic, 237Np-Mössbauer and XRD data of these neptunyl

+1) complexes.
Among the listed total six neptunyls (+1) (5–10), in con-

rast to the neptunyls (+2) in Table 1, only the first formate
has 0D (non-CCB) near-ideal hexagonal-bipyramidal struc-

ure (CN = 8, ∠Onyl–Np–Onyl = 180◦), and was found to be a
urie-paramagnet (or only marginal ferromagnetic) down to 2 K

9,10,12]. 5 has in fact a 1D chain structure along the c-axis direc-
ion. However, all the straight ‘nyl’ molecules are aligning here
erpendicular to this 1D chain (‖ the b-axis), and in this sense 5
s 0D without CCB. The next three systems, i.e., one other for-

ate 6 [8] and an oxalate 8 [21,22] and a phthalate 7 [11,12], the
ll are 2D CCB pentagonal-bipyramidal systems (CN = 7) with
umpy neptunyl (+1) 2D sheet (network). The former two (6 and
) with single kind of Np site are ferromagnets with the high-
st Curie temperature of TC ∼12–13 K reported for any neptunyl
+1, +2) complexes. On the other hand, the phthalate 7 is a meta-
agnet exhibiting a clear two-step magnetization (M–H) curve
elow its TN ∼ 4.5 K, corresponding well to the 1:1 presence of
he two kinds of Np sites [11,12].

Inspection of the listed data on these 0D to 2D oxo-neptunyls
+1) (5–8) in Table 2 indicates that the paramagnetic 0D 5

t
t
m
t

= 3.20 (1.60)μB.

CN = 8) has all the largest values of macroscopic magnetic
the effective-paramagnetic moment (μ(eff)) and the saturation
oment (μ(sat))) as well as the microscopic 237Np-Mössbauer

e2qQ and Heff) parameters. The latter three 2D CCB systems
6–8) (CN = 7), in spite of the observed magnetic ordering at
ow temperature, have generally smaller values of all these
arameters, roughly in the order; 0D 5 (CN = 8) > 2D 6 and 8
CN = 7) > 2D (+2Np sites) 7 (CN = 7). Since all these four sys-
ems have nearly the same NN Np–Np distance in the range
.90–4.20 Å as shown there, the main origin for this clear trend
s supposed to be concomitantly occurring (a) distortion of the
inear ‘nyl’ (O Np(V) O) structure and (b) misalignment of the
nyl’ molecules in the latter 2D CCB systems (6–8) (CN = 7).
hat is, in the simplest 0D non-CCB 5 (CN = 8), as mentioned
bove, the near-ideal linear (180◦) neptunyl (+1) molecules are
ll aligned just parallel to each other in the (only one) b-axis
irection. In contrast, in 2D 6 and 8 (CN = 7), though they too
ave crystallographically only one kind of Np site, their neptunyl
+1) molecules are not only distorted (∠O Np(V) O < 180◦) to
orm the bumpy 2D CCB sheet but also (mis)aligned at least
long the two different directions within such bumpy 2D sheet
8–10]. Further in 2D-CCB 7 (CN = 7) with two kinds of Np
ites they are more randomly (mis)aligned at least along four
ifferent directions in the even more-bumpy (more-buckling)
D sheet [11,12].

Though not listed in Table 2 (for the non-availability of
RD- and 237Np-Mössbauer data), Gruen and Huchison [15]

eported the magnetic susceptibility (χ) data at T = 14–320 K for
nother neptunyl (+1) oxalate 11 NpO2(O4C2)(H2O)2 (different
rom 8). The reported data can be well expressed by the simple
urie law: χ (mol) = 1.257/T, giving μ(eff) = 3.17μB. This large
alue of μ(eff) close to that of 5 implies that 11 is most plausibly
0D hexagonal-bipyramidal system (CN = 8) similar to 5.

The above results demonstrate that the neptunyl (+1) CCB
etwork formation (i.e., the neptunyl (+1)–neptunyl (+1) inter-
olecular interaction) is crucial for the onset of long-range
agnetic order in these systems, and simultaneously illustrate
he delicate influence of the individual ‘nyl’-molecular struc-
ure and its way of alignment on their macroscopic as well as

icroscopic molecular-magnetic properties. It is also true that
hey all are basically simple Curie-type (localized 5f2-electrons)



6 and C

p
a
f
p
μ

w
t
s
t
e
(
s
t
t
h
a
b
T
v
g
f
μ

a
5

l
1
9
c
t
t
m
(
r
p
v
(
t
fi
t
p

[
s
(
m
v
N
t
w
f
t
X
m
T
f
c

μ

m
T
t
n

3
c

m
p
g
L
(
s
b
a
l
t
N
a
c
r
l
p
o
c

3
N

0
s
(
(
t
a
(
h
d
e
(
t
N

a
m
s
d
l
l
(

26 A. Nakamura et al. / Journal of Alloys

aramagnets with no TIP term (χ0(TIP) = 0) with their (powder-
veraged) μ(eff) and μ(sat) both significantly quenched
rom the free-ion values for Np(V) (5f2) in the L–S cou-
ling (3H4: J = 4, gL = 4/5): μ(eff) = gLμB[J(J + 1)]1/2 = 3.58μB,
(sat) = gLJZμB = 3.20μB. Together with the above-discussed
ell-known 237Np-Mössbauer paramagnetic-relaxation spec-

ra, one can reasonably guess that, through interplay of such
trong uniaxial crystal electric field (CEF) of ‘nyl’ oxygens and
he strong spin-orbit coupling (characteristic only for these 5f-
lectron systems), these individual neptunyl (+1) monocations
Np(V): 5f2) are indeed behaving here as an unique Ising-type
ingle-molecule magnetic entity with its principal magnetiza-
ion axis (‖ JZ = ±4: the ground state non-Kramers doublet)
ightly confined along the linear neptunyl-bond direction. We
ave formerly proposed a theoretical treatment along this line
nd have succeeded to some extent in interpreting the above
asic magnetic features of these neptunyl (+1) systems [9,10,12].
he derived powder-averaged theoretical χ−1 versus T and M
ersus H curves for the simplest 0D 5 have been shown to
ive a better agreement to their experimental curves than the
ree-ion curves. In short, the derived powder-averaged values of
(eff) = 3.20μB and μ(sat) = 1.60μB [9,10] for our ‘nyl’ model
re in fair agreement with the respective experimental values for
listed in Table 2.
Some remarks are appropriate here for the last two systems

isted in Table 2, mellitate and polymellitate complexes, 9 and
0 [23,24]. From the XRD structural analysis, the mellitate
is reported to be the first example of neptunyl (+1) dimer

omposed of mutually coordinating largely distorted (172.7◦)
wo ‘nyl’ molecules with exceptionally short NN Np–Np dis-
ance (∼3.482 Å). In addition, this system is reported to exhibit
agnetic order at ∼10 K. However, no detailed magnetic data

e.g., whether ferro or antiferro, and its μsat value, etc.) are not
eported up to now. The only reported magnetic data are χ−1–T
lots at T = 10–250 K for the both [24]. The obtained very large
alue of μeff (=4.61μB) for this dimer 9 and its still larger value
=5.91μB) for the 0D polymellitate 10, the both far exceed even
he free-ion value (3.58μB) in the L–S coupling, and seem dif-
cult to reconcile with the above majority of magnetic data for

he oxo-neptunyls (+1). Reinvestigation of detailed magnetic
roperties of these two systems seems necessary and worthy.

We also note here that recently Albrecht-Schmitt et al.
27a–d] have been extending such XRD-structure and magnetic
tudy to more-complex double (and triple)-salts type neptunyl
+1) (and actinyl) compounds containing other (non-magnetic)
etallic centers (Ag, Se, etc.). A novel 3D CCB mixed-

alent Np(IV)/Np(V) selenite with three kinds of Np sites,
p(NpO2)2(SeO3)3, is reported to be a Curie paramagnet down

o 5 K with μ(eff) = 2.28μB [27b]. A 3D CCB �-AgNpO2(SeO3)
ith two kinds of Np(V) sites (both CN = 7) has lately been

ound to be a ferromagnet with TC ∼ 8 K [27c]. Most impor-
antly, with grown single crystals, in addition to the single-crystal
RD structure determination, they have measured its anisotropic

agnetic property along different crystallographic directions.
hough this attempt does not seem to have been fully success-

ul interfered with sample to sample variation of minor Np(IV)
ontent, etc., the reported values of μ(eff) (=2.32–3.19μB) and

l
i
0
t
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(sat) (=0.80–1.2μB) are qualitatively consistent with the above
ajority of the magnetic data for oxo-neptunyl (+1) complexes.
hese attempts altogether appear to be a promising next step

oward exploration of novel anisotropic (low-D) actinide mag-
etic systems and further of their 3d, 4f hybrid versions.

.3. Magnetic property of neptunyl (+2) (Np(VI); 5f1)
omplexes

We finally describe and discuss the results of most-recent
agnetic study of our group on the three neptunyl (+2) com-

lexes (1–3) with Np(VI) (5f1) in Fig. 1 and in Table 1: the
round state electronic configuration for the free ion; 2F5/2 in
–S coupling. Compared with the above-discussed neptunyls

+1) complexes, magnetic data of neptunyls (+2) are by far
parse, and almost the only one system for which we could find
oth the magnetic and 237Np-Mössbauer data was this sodium
cetate neptunyl (+2) complex 4 NaNpO2(CH3COO)3 [15,26a]
isted in Table 1. This seems to reflect the well-known fact
hat, among the multiple valence states of Np from Np(III) to
p(VII), Np(V) is the most stable in air and at room temperature,

nd even the third (next to Np(IV)) stable Np(VI)-containing
ompounds including the present neptunyls (+2) tend to be
educed (and decomposed) to the Np(V)-containing ones in pro-
onged (or in some case even in short) time scale. With this
recaution in mind, we have attempted a first systematic study
n the molecular-magnetic properties of these neptunyl (+2)
omplexes.

.3.1. Oxo-neptunyls (+2): NH4[NpO2(NO3)2] (1) and
aNpO2(CH3COO)3 (4)

As shown in Table 1 and discussed above, the two
D oxo-neptunyl (+2) complexes 1 and 4 have quite
imilar near-ideal hexagonal-bipyramidal structure (CN = 8)
∠Onyl–Np(VI)–Onyl = 180◦) (Fig. 1a), all the linear neptunyl
+1) molecules aligning in each only one crystallographic direc-
ion (‖ the c-axis and b-axis, respectively). In this sense, they
re neptunyl (+2) analogues of the 0D neptunyl (+1) formate 5
CN = 8) in Table 2. The both (1 and 4) have therefore very-alike
igh(est) values of quadrupole and magnetic splittings. Yet, in
etail, the reported slightly smaller values of both these param-
ters (e2qQ = 238 mm/s and Heff = 270 T) in 4 than those in 1
e2qQ = 244 mm/s and Heff = 291 T) seem to reflect consistently
he slightly smaller structural ‘nyl’ axial anisotropy (the longer
p–Onyl and shorter Np–Oeq) in 4 than in 1 in Table 1.
The χ−1–T data of the both systems are shown in Fig. 3 and

gain give very-similar slightly convex (Curie–Weiss type para-
agnetic) curves, reinforcing their structural and Mössbauer

imilarities. Down to 2 K, no sign of magnetic order has been
etected, as in the case of the 0D neptunyl (+1) formate 5. The
east square fitting of the measured data of 1 to the Curie–Weiss
aw of the type, χ = χ0 + C/T, where C is the Curie constant
=0.125μ(eff)2), results in the following expression (the solid

ine in Fig. 3); χ = 4.23 × 10−4 + 0.390/T. While, that for 4 orig-
nally reported in [15] (the dotted curve) is: χ = 2.40 × 10−4 +
.425/T. Thus, we obtain as the respective magnetic parame-
ers, μ(eff) = 1.766μB and χ0 = 4.23 × 10−4 emu/mol for 1, and
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Table 3
Brief summary on the magnetic properties of neptunyl (+2) complexes

0D Np(VI) compound CN Curie–Weiss equationa

χ = χ0 + C/T (emu/mol)
μ(eff)a (μB) χ0(TIP)a

(emu/mol)
μ(2 K, 5.5 T) (μB) Mferro

a

(emu/mol)

NH4[NpO2(NO3)2] (1) 8 4.23 × 10−4 + 0.390/T 1.77 4.23 × 10−4 0.81 –

NpO2(acac)2(py) (2) 7 (6O + N) 2.01 × 10−3 + 1.378/T 3.32 2.01 × 10−3 1.42 46.8 ± 0.4
2.12 × 10−3 + 1.398/T 3.34 2.12 × 10−3 1.50 52.5 ± 0.5

NpO2(NpO3)2(bpy) (3) 8 (6O + 2N) 1.72 × 10−3 + 0.287/T 1.52 1.72 × 10−3 0.32 10.0 ± 0.3
1.70 × 10−3 + 0.380/T 1.75 1.70 × 10−3 0.35 14.6 ± 4.4
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aNpO2(CH3COO)3 (4) 8 2.4 × 10 + 0.425/T

he free-ion (‘nyl’-model) values for Np(VI) (5f2): μ(eff) = 2.53 (2.14)μB, μ(s
a For 2 and 3, the upper = initially measured data, and the lower: after ∼10 m

(eff) = 1.844μB and χ0 = 2.40 × 10−4 emu/mol for 4. These are
isted in Table 3. The inset of Fig. 3 shows the M–H data of 1 at
ow temperature region. From this, μ(sat) is obtained. However,
ince no saturation is actually attained in the M–H curve even at
= 2 K and H = 5.5 T for all the present three systems 1–3, this
uantity is denoted in Table 3 as μ(2 K, 5.5 T). This parameter
s not reported for 4.

As a note added in proof, for 1 we have in fact briefly
eported in [13] the χ−1–T data measured at H = 0.1 T giving
ignificantly steeper and oppositely concave curve (see Fig. 6
f [13]). In Fig. 3 those are replaced with the more-reliable
igher-field (H = 0.5 T) data. The reason for this replacement
s that the previous H = 0.1 T data give seemingly irrelevant

uch-more strongly T-dependent parameters; μ(eff) = 1.70μB
nd χ0 = −2.76 × 10−4 emu/mol at higher-T (>150 K) range
nd μ(eff) = 1.77μB and χ0 = −4.75 × 10−4 emu/mol at lower-T
<150 K) range. That is, the H = 0.1 T data at 2–300 K can nei-
her be well expressed by a single Curie–Weiss curve, nor the
esultant negative values of χ0(TIP) (<0) in either temperature
ange seem reasonable, suggesting some experimental (or some

ther) problem involved here. One such plausible problem is
he slow initial M rise of the low temperature M–H curves at
ow field region (H < ∼0.2 T) seen in the inset of Fig. 3. This
aturally results in the smaller χ(=M/H) (i.e., the larger χ−1)

ig. 3. Reciprocal magnetic susceptibility (χ−1) vs. T plots of
H4[NpO2(NO3)2] (1). (�, �) Experimental data obtained in the ZFC

nd FC modes, respectively (sample weight: w = 97.9 mg; molecular weight:

W = 473 g). Solid line: the calculated curve. Dotted line: NaNpO2(CH3COO)3

4) [15]. Inset shows the M (μB/Np) vs. H(T) plots of 1 at low temperature
egion.
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1.84 2.40 × 10 – –

.14 (1.07)μB.
from the initial measurements.

alue at H = 0.1 T than that at H = 0.5 T, as is indeed observed
bove between the two χ−1–T curves up to T = 300 K measured
t H = 0.1 and 0.5 T in the usual T-scan mode. However, unfortu-
ately, we had not measured higher-temperature (>10 K) M–H
urves of 1. And this lack of higher-temperature (T = 20–300 K)
–H data prevents us to make an independent check of such

teeper and oppositely concave M–T curve obtained for H = 0.1 T
ver the wide temperature range up to 300 K. Accordingly,
ccepting the general view that the lower field (=0.1 T) data
re more susceptible to magnetic interference by minor mag-
etic impurities, the more-reasonable higher-field (=0.5 T) data
re adopted in Fig. 3. As will be discussed below and readily
een in Figs. 4 and 5, we have encountered the similar situation
but having just the reverse tendency that higher the H lower the
) in the magnetic data of 2 and 3, and there this lesson from

he present case study for 1 has been fully utilized.
Since the above Curie–Weiss expression for 4 was derived

y curve-fitting to much smaller number of data points (total
1 at T = 14, 20, 62, 77, 131, 185, 195, 240, 274, 298 and
20 K) exhibiting either much-larger experimental scatter, the
oth sets of data for 1 and 4 shown in Fig. 3 would be even-
ually regarded as almost indistinguishable single set of data
btained for the same system (sample). Thus, one can mention
ere that the 0D oxo-neptunyl (2+) complexes with near-ideal
exagonal-bipyramidal structure (CN = 8) are Curie–Weiss-type
localized 5f1 (Np(VI)) electron) paramagnet having their mag-
etic parameters (μ(eff), χ0(TIP) and μ(sat)) at most in the
ange covered by those obtained for these two complexes 1
nd 4 of this type listed in Table 3: μ(eff) = 1.766–1.844μB,
0(TIP) = (4.23–2.40) × 10−4 emu/mol and μ(sat) = 0.8–0.85
B.

The presence of χ0(TIP) term which accounts for the small
onvex curvature of the χ−1–T plots in Fig. 3 is characteristic for
he oxo-neptunyls (+2) different from the above-oxo-neptunyls
+1) for which almost always χ0(TIP) = 0 is found. According
o our proposed theoretical model [9,10], this implies that in
hese oxo-neptunyls (+2) (Np(VI); 5f1) not only the ground
ramers doublet (JZ = ±5/2) but also the relatively low-lying

xcited state (JZ = ±3/2 or else) split by the axial neptunyl

+2) crystal electric field will contribute to the magnetic sus-
eptibility (χ) of the system. Leaving such detailed analysis
or future study, we only compare here the experimental mag-
etic parameters with their free-ion values for Np(VI) (5f1:
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Fig. 4. (a) χ−1 vs. T plots of NpO2(acac)2py (2) (w = 14 mg, MW = 546.4 g).
Smaller open symbols: data obtained from the M–T (K) measurements at various
constant magnetic fields (Hs). Larger symbols (�, �): data from the M–H curve
measurements at various temperatures (initial and after 10 months, respectively)
(see text for the details). Dotted line: χ−1–T plot of 1 shown in Fig. 3. (b) Several
representative M vs. H curves for NpO2(acac)2py (2) at higher temperature
region above 20 K after 10 months (w = 14 mg, MW = 546.4 g). Bulk χ of the
system at each T (K) was determined from the higher field (H > ∼0.5 T) linear
M–H portion as χ = M/H, and from its extrapolation to the zero filed (H = 0 T)
small ferromagnetic component at each temperature was evaluated (see text for
details). Inset also shows the initial M–H curves at low temperature region below
20 K for the same system.

Fig. 5. χ−1 vs. T plots of NpO2(NO3)2byp (3) (w = 12 mg, MW = 549.2 g).
Smaller open symbols: data from the M–T measurements at various constant
magnetic fields (Hs). Larger filled symbols (�, �): data from the M vs. H mea-
surements at various T (K)s (initial, after 10 months) (see text for details). Inset
shows the initial M–H curves at 2, 10 and 100 K.
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F5/2; J = 5/2, gL= 6/7); μ(eff) = 2.53μB and μ(sat) = 2.14μB,
nd with those for our proposed ‘nyl’ model including only the
round-doublet (JZ = ±5/2) contribution; μ(eff) = 2.14μB and
(sat) = 1.07μB. Here again, as in the above neptunyl (+1) case

5 in Table 2), the (powder-averaged) experimental values of
oth μ(eff) = 1.766–1.844μB and μ(sat) = 0.8–0.85μB for 1 and
are significantly quenched from the free-ion values, and show
etter agreement with our ‘nyl’ model.

.3.2. Nitrogen (N)-substituted NpO2(acac)2py (2) and
pO2(NO3)2byp (3)

Figs. 4a and 5 show the χ−1–T data of the 1N-
ubstituted NpO2(acac)2py (CN = 7) 2 and the 2N-substituted
pO2(NO3)2byp (CN = 8) 3, respectively. For comparison,
−1–T curve of 1 is also shown in Fig. 4a. At a glance, one
an easily realize that both these two N-substituted systems

and 3 exhibit strikingly different magnetic behavior from
hose of the oxo-(+2) 1 and 4 (Fig. 3) discussed above. Both
f these data measured in the usual T-scan mode at various
agnetic fields (H = 0.002–5.5 T) show strongly H-dependent

eculiar non-paramagnetic behavior, apparently shifting from
T-independent Van-Vleck type to a Curie–Weiss type with

ncreasing H. In addition, as seen here for the two set of
−1–T data measured at the same H = 0.01 T for 2, the low-
eld data of the both systems often exhibit significant run to
un variation, even violating there-observed regular trend that
igher the H larger the χ−1 (i.e., smaller the χ). And in 3, as
een in Fig. 5 for H = 0.01 T data measured with the different
FC (zero-field cooled), FC (field-cooled) and RM (remnant-
agnetization) modes, the low-field χ−1 data sometimes have

ven a broad hump over extended intermediate temperature
ange (∼50–200 K) below 300 K.

Also as for the magnitudes of χ, among the four neptunyl (+2)
omplexes (1–4) in Table 1, the 1N-substituted 2, the only one
ystem with largely distorted pentagonal-bipyramidal structure
CN = 7) (Fig. 1b), has by far the largest χ values (the small-
st χ−1 values) and then mostly comes the 2N-substituted 3
CN = 8): i.e., they are in the order; 2 (CN = 7) 	 3 (CN = 8) > 1
nd 4 (CN = 8) for majority of their χ data. However, at low-
emperature range (T < ∼20 K), the latter inequality between 3
nd 1 (and 4) is reversed for higher-field (H > ∼1 T) region.
his can be more easily realized by comparing the respective
–H data at low temperature region shown as the insets of

igs. 3, 4b and 5 for 1, 2 and 3, respectively; at the lowest
= 2 K and the highest H = 5.5 T, 2 has surely the largest μ(2 K,
.5 T) value (∼1.5μB), but 3 has the smallest value (∼0.3μB),
nd in between comes 1 (∼0.8μB). That is, 2 (CN = 7) > 1
nd 4 (CN = 8) > 3 (CN = 8) for the μ(2 K, 5.5 T), as listed in
able 3.

A simple summary of the above-detailed peculiar χ−1–T
ehavior of 2 and 3 is that with decreasing field (H) the both
end to have increasingly larger and less-temperature-dependent
finally nearly constant) χ (=M/H) over the wide temperature

ange up to 300 K. This is just reverse to the above situa-
ion in 1 that the lower H = 0.1 T gives the smaller χ than the
igher H = 0.5 T. From these results, we have become aware of a
ossibility that in both 2 and 3 some minor ferromagnetic com-
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onent (or impurity) with Curie temperature TC well over 300 K
TC > 300 K) is giving rise to strong magnetic interference with
heir measured χ−1–T curves especially at lower-field region. To
erify this possibility, making use of the above lesson from the
ata-selection problem (H = 0.1 or 0.5 T data) in 1, we have made
etailed M–H curve measurements at small δT = 10–20◦ interval
ver the whole 2–300 K range for the both systems. These mea-
urements were in fact most thoroughly performed nearly after
0 months from their initial SQUID magnetic measurements in
hich most of the χ−1–T data (in Figs. 4a and 5 for 2 and 3,

espectively) and much fragmental low-temperature M–H data
in insets of Figs. 4b and 5 for 2 and 3, respectively) have been
easured.
Fig. 4b (the main figure) shows several selected higher-

emperature (>50 K) M–H curves of 2 obtained in these
ecent detailed measurements. Obviously, these isothermal M–H
urves of 2 at T = 20–300 K range all exhibit steep initial M
ise responsible for such peculiar strongly H-dependent χ−1–T
urves in Fig. 4a, followed by more gradual linear M change
ith H at higher-field region for H > ∼0.5–1 T. From the lat-

er linear higher-field M–H portion, the χ (=M/H) at each
emperature can be evaluated, and all the thus-obtained (now
-nondependent) χ values at various temperatures between
0 and 300 K are plotted in Fig. 4a as large filled symbols.
hile, the small ferromagnetic (FM) interference �M(ferro)

hat quickly saturates at low-field region (H < 0.5–1 T) at each
emperature was evaluated by extrapolating the higher-H lin-
ar M–H curve to H = 0 T. This gives almost the constant value
f �M(ferro) = ∼50–55 emu/mol for all T = 20–300 K. Provided
hat this is due to, e.g., a FM iron (Fe) impurity (μsat ∼ 2μB),
he obtained �M(ferro) is estimated to be a Fe content of

0.45–49 mol% level. Though data points are far more sparse
T = 20, 100 and 300 K), such H-nondependent χ can be also
valuated for the initial fragmental M–H curve data (only that
t T = 20 K is shown in the inset of Fig. 4b), and these initial χ

alues are also plotted in Fig. 4a as large open symbols.
3 was also found to have analogous M–H curves to 2 in Fig. 4b

ut with much smaller FM interference, �M(ferro) = ∼10–
5 emu/mol (corresponding to ∼0.09–0.13 mol% level FM-
mpurity content), though the raw M–H data are not shown here.
he obtained χ−1–T data are shown in Fig. 5 for both the initial

ragmental (T = 100 and 300 K) and recent detailed measure-
ents. These respective two sets of χ−1–T data obtained from

he M–H curve measurements shown in these Figs. 4a and 5 tell
s that (1) even the highest field H = 5.5 T data measured in the
sual T-scan mode are not naturally free from such FM inter-
erence and (2) the χ of 3 has changed (increased) much-more
apidly than that of 2 in this period (∼10 months), though its
alue itself is much smaller than the latter.

The obtained (H-nondependent) χ−1–T plots of (presumably
ulk) 2 and 3 (in the sense that the both are free from each FM
nterference �M(ferro)) shown in Figs. 4a and 5, respectively,
an be well represented by the Curie–Weiss law: χ = χ0 + C/T,

nd their actual Curie–Weiss expressions, the derived values
f μ(eff) and χ0(TIP) are summarized in Table 3 for both the
nitial and recent M–H curve measurements for the either sys-
em, together with their other magnetic parameters;μ(2 K, 5.5 T)
ompounds 444–445 (2007) 621–633 629

nd �M(ferro). Though, as mentioned above, data points from
he initial (fragmental) M–H curve measurements are certainly
ery small (T = (20), 100 and 300 K), we can obtain sufficiently
ccurate numerical values of all these listed magnetic param-
ters either in these cases. This is because we can perform
heir data analysis in full reference to the derived high-accuracy
urie–Weiss expressions obtained for the recent detailed mea-

urements for the either system.
Close inspection of the listed magnetic parameters (μ(eff),

0(TIP), μ(2 K, 5.5 T) and �M(ferro)) of 2 and 3 in Table 3
eveals that during these 10 months passed between the initial
nd recent M–H curve measurements almost all of these param-
ters for the both systems, except for the χ0(TIP) of 3, have
efinitely become larger (increased) to each different degree.
his means that some kind of chemical and therefore magnetic
odifications of the system is steadily proceeding with time

n both 2 and 3, adding up to their ‘initial’ high-TC (>300 K)
M component (phase) (�M(ferro)). Though more experimen-

al data are certainly necessary, we tentatively propose here two
ost-probable origins and/or mechanisms for such chemical
odifications of the system:

1) Chemical attack to these 2 and 3 powder samples by the
staycast (an organic epoxy resin) used for the first time to
seal them for the present SQUID measurements. As men-
tioned formerly, this sealing method was first applied to
respond to the recently tightened safety requirement for
RI handling. Since such chemical attack is considered to
occur most severely within initial 1–2 days during the ring-
opening solidification process of the staycast around the
powder surface area in direct contact with it, this origin
(mechanism) is judged to be responsible mainly for the
initial-stage generation of near-surface FM components (the
initial �M(ferro) listed in Table 3) for the both systems.
Note here that during this initial (1–2 days) solidification
process the color of 2 has in fact changed completely from
brown to green, most plausibly suggesting that Np(VI) of
this 1N-substituted neptunyl (+2) 2 at near-surface pow-
der area has been reduced to Np(V) to a significant extent.
While, such was not at all observed for 3, maintaining
its original brown color up to now. This difference in the
initial color change of 2 and 3 seems to accord with the
observed large and much smaller �M(ferro)s in the respec-
tive systems, i.e., 46.8 → 52.5 for 2 	 10 → 15 emu/mol
for 3 in Table 3, showing also the respective subsequent
changes over these 10 months by the arrows (→). This
means that 2 powder had been much more severely chem-
ically attacked by the ring-opening solidification reaction
of the staycast and hence indeed generated much larger
initial amount of near-surface high-TC (>300 K) FM com-
ponent (phase) than 3. Though how deep into the powder
interior this chemical attack has penetrated is not clear,
this is inferred to be very limited only to its near-surface

area, judging from the fact that these �M(ferro)s only
correspond to a quite small total amount of FM phase
(well less than 1%) for the both systems, as estimated
above.
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2) Self-radiation damage by �-decay of 237Np nucleus: This
origin (mechanism) is due to the intrinsic nuclear property
of the main constituent, the radioactive 237Np, distributed
homogeneously inside the whole powder sample. So, con-
trary to the above (1), this is judged to be operating continu-
ously everywhere in the powder 2 and 3 samples throughout,
and hence to be responsible mainly for the subsequent steady
chemical and magnetic changes of the system, i.e., the long-
term steady increase of these magnetic parameters in these
10 months in Table 3. As mentioned above, rather in reverse,
the long-term increase of �M(ferro) during these 10 months
is much more pronounced in 3 (∼1.5 times) than in 2 (only
∼1.12 times), and this clearly indicates that some origin
(mechanism) other than the chemical attack by the stay-
cast would exist here, for, if the latter alone is operating, 2
should exhibit the larger long-term �M(ferro) increase than
3 either here. As such chemical attack is considered to finish
mostly in 1–2 days within the initial ring-opening solidifica-
tion of the staycast, the observed relatively large long-term
�M(ferro) change over these 10 months (∼5–6 emu/mol for
the both systems) seems to be too large to be attributed only
to this origin. Moreover, as discussed above, the derived
magnetic parameters (μ(eff), χ0(TIP) and μ(2 K, 5.5 T)) of
both 2 and 3 powder-interior bulk phases, free from such
near-surface high-TC (>300 K) FM component (phase), also
exhibit similar long-term increase (also larger in 3 than in
2), reinforces our supposition that one other different mech-
anism, here-proposed (2), is also operating as one such
causing magnetic (and chemical) alteration of the whole
system including both the bulk-interior and near-surface
(already initially chemically modified) areas of either 2 or
3 powder sample. Though we are not aware of any litera-
ture report on this kind of long-term self-radiation damage
effect on the neptunyl (+1, +2) complexes, this seems likely
in view of rather fragile nature of these materials.

Whereas, the (worst) possibility that such high-TC (>300 K)
M component (maximum well below ∼1 mol% level) would
e a (fixed amount of) extrinsic FM metal (or its oxide) impurity
uch as iron (Fe) (or Fe3O4, etc.) seems to be excluded because of
he above very fact that the �M(ferro)s are changing (increasing)
ith time. We will return to this problem shortly later, and in

he below first discuss the derived bulk magnetic properties of 2
nd 3 supposed to be free from such FM interference.

Several characteristic magnetic features of these N-
ubstituted 2 and 3 are apparent in Table 3. First, 2 is found
o have all the largest values of these magnetic parameters
μ(eff), χ0(TIP) and μ(2 K, 5.5 T)) with all their relatively
mall changes over these 10 months. Particularly, very high
alue of μ(eff) = 3.32–3.34μB exceeds significantly the free-
on (and our proposed ‘nyl’-model) values of 2.53 (2.14)μB
or Np(VI), approaching to those for Np(V), 3.58 (3.20)μB
n Table 2. Also its μ(2 K, 5.5 T) exceeds the ‘nyl’-model

alue of 1.07μB, but is still smaller than the free-ion value of
.14μB. It is tempting to relate this exceptionally large value
f μ(eff) = 3.32–3.34μB of the largely distorted neptunyl (+2) 2
CN = 7) to that (μ(eff) ∼ 4.6μB) of the more-severely distorted

N

∼
o

ompounds 444–445 (2007) 621–633

eptunyl (+1) dimmer 9 in Table 2. In addition, 2 has χ0(TIP)
2.01–2.12 × 10−3) almost five times to one order of magnitude
s large as those of the oxo-1 and -4. It is inferred that such some
ind of exceptionality of macroscopic magnetic features of 2,
s well as that of its microscopic Mössbauer features in Table 1,
re associated with its largely distorted pentagonal-bipyramidal
tructure (CN = 7) brought about by the non-nyl O → N substi-
ution. As mentioned formerly, only 2 has much weaker uniaxial
nyl’-molecular, electric and magnetic structures in Table 1.

On the other hand, the 2N-substituted 3 has more ideal (less-
istorted) hexagonal-bipyramidal structure (CN = 8) similar to
he oxo-1 and -4, and its microscopic Mössbauer (electric and

agnetic) features are equally very alike to the latter (Table 1).
ndeed this system has similar magnetic parameters to the latter
μ(eff) = 1.52–1.75μB and μ(2 K, 5.5 T) = 0.32–35μB), except
or its large χ0(TIP) similar to 2. It is also found in Table 3
hat, though the initial �M(ferro) of 3 itself is relatively small
about one-fourth (1/4) of that of 2), this as well as its bulk
agnetic parameters (μ(eff), μ(2 K, 5.5 T)) have changed more-

ignificantly than those of 2 during these 10 months.
Apparently, our weak-point in the above discussion is that at

resent we cannot ascribe such anomalous magnetic behavior
f 2 and 3 definitely to the non-nyl O → N substitution effect
and its caused structural modification effect) of the system,
ue to the presence of additional interference effects from the
bove-mentioned new sample-sealing method (and the above
wo origin and mechanism (1) and (2)). To prove or disprove
he above argument on the chemical modifications of neptunyl
omplexes, additional experiments are certainly necessary. The
ost-direct experiment is to replace the present exopy-resin

staycast) sealant to chemically inert one such as paraffin, etc.,
hat does not chemically attack the powder sample, or, as previ-
usly done, to encapsulate (seal) the raw powder sample directly
n quartz (or other) tube without using any organic-chemical
ealant. Though the conventionally used last method seems dif-
cult to apply (as it is) due to the current RI-safety requirement,

o perform long-term careful and detailed SQUID magnetic
easurements of 2 and 3 (and also of other oxo-1, etc.) again

mploying either of the latter powder-sealing methods is of vital
mportance for deciding whether or not the here-observed minor
igh-TC (>300 K) FM component (phase) is really a chemically
odified surface phase of 2 and 3 generated through involvement

n the ring-opening solidification process of the staycast. This
s because up to now such high-TC (>300 K) FM Np-containing
ompound, whether neptunyl-complex type or any other non-
etallic inorganic compound, has never been reported. More

autiously, such experiments are necessary to conclude whether
he present minor high-TC (>300 K) FM phase is indeed not

FM metallic origin (e.g., Fe or Co, their some oxides, or
xo-complexes, etc.), and in addition, to confirm or exclude the
roposed long-term 237Np self-radiation effect on these systems.

.3.3. Anomalous magnetic relaxation (creep) behavior in

pO2(acac)2py (2)

Low temperature magnetic-relaxation (creep) data of 2 below
9 K around which the onset of subtle ferromagnetism is

bserved in Fig. 4a are also remarkable. As shown in Fig. 6 for
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Fig. 6. Magnetic-relaxation (creep) data for NpO2(acac)2py (2) at T = 5 K in
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rolonged time scale (t = 0–1000 min) (w = 14 mg, MW = 546.4 g). Both data
btained for the ZFC (H = 0 → 0.01 T) and RM (H = 5.5 → 0.01 T) modes are
hown. Inset shows the shorter-time data (t = 0–125 min) in extended scale.

= 5 K, we observe here anomalously large magnetization (M)
elaxation (creep) effect. As is clearly seen in the inset, both the
FC (H = 0 → 0.01 T) and RM (H = 5.5 → 0.01 T) data exhibit
ery large M change within the initial 10–20 min. Almost a fac-
or of two increase or decrease of M is observed for the ZFC
r RM-mode, respectively, especially in the latter (RM) even
xceeding the ‘equilibrium’ M (=Meq) value. And this initial
agnetic over-response is followed by a somewhat more grad-

al re-equilibration process back to the final ‘equilibrium’ state.
lso as seen here, the ZFC and RM modes measured in sequence
ithin the same run mostly converge more or less to the same
e, if ever this shows discernable long-term fluctuation and drift.
owever, here again, such Meq values are occasionally found to
iffer largely between the different runs. For example, though
aw data are not shown here, in some extremely case at 2 K,
he apparent Meq value for one set of ZFC and RM (H = 0 and
.5 → 0.03 T) is within the range of ∼800 ± 50 emu/mol at the
nal H = 0.03 T, while that of another set of ZFC and RM (H = 0
nd 5.5 → 1 T) is much smaller ∼360 ± 50 emu/mol at the final
= 1 T. That is, the Meq value at magnetic field (H = 1 T) about

3 times as large as that of the former (H = 0.03 T) is even less
han one-half (1/2) of that of the former.

Together with the decisive fact that such anomalous creep
ehavior almost completely disappears above TC ∼ 9 K, it is
lready evident in the above examples that the most impor-
ant direct origin (cause) of this anomalous creep behavior
f 2 at low temperature is definitely the onset of subtle fer-
omagnetism inside the powder-interior bulk phase of 2, i.e.,
he existence of bulk-interior low-TC (<9 K) FM phase itself,
ather than the above-clarified presence of minor high-TC
>300 K) FM phase with its small saturation magnetization
M(ferro) = 47–53 emu/mol (Table 3 and Fig. 4b). For exam-

le, the initial creep M changes (�MC (initial)) at 5 K shown
n Fig. 6 (H = 0 or 5.5 T → 0.01 T) are ∼70 or ∼−130 emu/mol
or the ZFC and RM modes, respectively, the both exceeding the

bove�M(ferro) of the minor high-TC (>300 K) FM phase. Even
ore larger �MC (initial) are commonly observed at lower-

emperature runs, e.g., �MC (initial) = ∼200–∼−350 emu/mol
or H = 0 or 5.5 → 0.1 T run at T = 4.5 K. Also, between the

m
o
S
a
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bove-mentioned two relaxation runs at T = 2 K with their
nal H = 0.03 and 1 T, a very large difference in Meq value
�Meq = 800–360 = 440 emu/mol) (even reversed in sign) is
btained. Obviously, all these values of �MC (initial) and �Meq
re too large to be explained by the minor high-TC (>300 K) FM
ontribution (�M(ferro) = 47–53 emu/mol), and hence convince
s that the magnetization (M) of the bulk-interior low-TC (<9 K)
M phase itself is here displaying such anomalous relaxation
ehavior. One other supporting evidence for this is that such
nomalous creep behavior is not observed for 3, in which the
inor high-TC (>300 K) FM phase is present either (though in

maller content (Table 3)), but the corresponding low TC FC
hase does not exist (Fig. 5) (or, if ever this exists at a little
ower T ∼ 7–8 K, this seems too subtle to be recognized as a
erromagnetic transition).

However, these do not at all mean that the presence of minor
igh-TC (>300 K) FM phase has no connection with the occur-
ence of such anomalous low-temperature creep behavior of the
ajor low-TC (<∼9 K) FC phase of 2 including also its another

eculiar feature mentioned just below. Rather inversely, from
ll the circumstantial evidences, it is inferred that the both are
losely associated with each other in many aspects of these
agnetic properties of 2. That is, in our view, without such coex-

stence and interaction between the minor high-TC (>300 K) and
ajor low-TC (<∼9 K) FM phases (a kind of proximity effect)

t seems difficult to rationalize the occasional happening of the
bove-mentioned even-reversed anomalous run to run variation
f Meq at low temperature (<9 K) and that of the χ−1–T plots at
igher-temperature region up to 300 K for which one example
s shown in Fig. 4a for the two set of H = 0.01 T data.

As also seen in Fig. 6, one other peculiar low-temperature
agnetic feature of 2 (either not observed in 3) is very large

erturbation effect of the SQUID M measurement itself on
he measured Meq, i.e., the stepwise (about 10-times dis-
rete) motion of the sample inside the differential-type SQUID
agnetic flux detector (QD, MPMS). A perpetual or very

hort interval (�t = 0 to several seconds) continuous or fre-
uent M measurements of 2 is found to cause a spike-like
25–30% reduction of the measured Meq (�Meq(spike)) within
15–30 min, and the subsequent less-frequent measurements

by making �t longer between the successive two measure-
ents) smoothly returns the M to its apparent Meq within almost

he same or somewhat longer time scale. Even in case the former
usy (�t = 0 to several seconds) measurements are continued
onger, the measured M value no more decreases, and the system
nly more slowly returns to the ‘equilibrium’.

To eliminate the possibility that this peculiar magnetic
esponse of 2 is due to some trivial technical problem of the
resent SQUID M measurement on this particular sample of 2
Ø∼3 mm and several (2–4) mm long, embedded in a homoge-
eous cylindrical staycast sealant of Ø∼5 mm and ∼6 cm long),
ome additional experiments have been done. First we checked
he effect of sample-scan length (l) from the minimum 3 cm to the
aximum 6 cm to see the possible influence of in-homogeneity
f the magnetic field (H) inside the sample chamber of the
QUID magnetometer. (The normally adopted is l = 4 cm for
ll our measurements.) Though this experiment showed some



6 and C

e
l
o
s
d

(
o
m
T
I
e
m
fi
t
t
s
i
k
n
m
a
s
i
v
fl

t
s
b
l
s
i
(
(

4

m
p
p
o
T
p
c
m
f
f
C
d
n
f
0
3
1
t

a
d
+
p
p
t
t
(
t
a
a
2

b
n
a
p
f
o
t
r
a
l
m
t
e
e
i
m
2
(
t
t
d
a

R

32 A. Nakamura et al. / Journal of Alloys

nhancement of �Meq(spike) at l = 6 cm compared to that at
= 3 cm, overall, such scan-length difference was found to have
nly minor effect well less than 5–10% difference in the mea-
ured �Meq(spike)s, mostly masked by much larger run to run
ifference of such �Meq(spike)s.

Secondly, we have performed the same creep measurements
at l = 4 m) at the same 5 K on two ceramics powder samples
f almost the same shape and mass but with quite different
agnetic characters: those are UO2 (antiferromagnet (AF) with

N = 30.8 K) and ZrN (type II superconductor with TC = 10.7 K).
n the former UO2, we have definitively observed neither creep
ffect itself nor its AF–M alternation by such busy M measure-
ent. On the other hand, For the latter ZrN (the upper critical
eld HC2 = 0.3 T [28a]), in the ZFC mode (e.g., H = 0 → 0.001 T)

he situation was analogous to the above UO2 case, i.e., nei-
her creep effect on its perfect diamagnetism in the Meissner
tate nor such perturbation effect on it were observed. While,
n the RM mode (H = 5.5 → 0.001 T) we do observed different
ind of creep effect well-known as the so-called flux-creep phe-
omenon [28b] and also dissimilar perturbation effect that the
ore-busy M measurements tend to enhance the decrease of its

pparently positive (paramagnetic) magnetization (M > 0) of the
ystem, because this gives more-frequent external disturbance to
ts well-known thermodynamically meta-stable heterogeneous
ortex state (the so-called mixed state) and hence enhances the
ux-creep rate.

In analogy to the above flux-creep behavior in the mixed vor-
ex state of type II superconductor ZrN and also to the so-called
pin (or cluster) glass phenomenon, though the observed creep
ehavior here is more complex and quite different from such
atter cases, this seems to be closely associated with the meta-
tability and microscopic heterogeneity of the system either as
n those latter cases, i.e., the coexistence of the minor high-TC
>300 K) and major low-TC (<∼9 K) FM phases and their mutual
possibly frustrated) magnetic interaction and competition, etc.

. Conclusion

In this paper, we have presented an up-to-date summary
ainly of our study on the unique low-D molecular magnetic

roperties of neptunyl (O (Np(V, VI) O)+1,+2; 5f2,1) com-
lexes. On the basis of their structural and electronic features
btained from the XRD and Mössbauer data (Figs. 1 and 2,
able 1), the magnetic properties of oxo-neptunyl (+1) com-
lexes are first discussed and summarized (Table 2). These
larify their basic identity as an Ising-type single neptunyl (+1)-
olecule magnet with quenched magnetic moment from the

ree-ion value, and yet diverse character from a Curie-para- to
erro- and meta-magnets depending on their specific 0D to 2D
CB network structure with varied degree of ‘nyl’-molecular
istortion. Discussions are then extended to much-less studied
eptunyl (+2) complexes for which such CCB is not generally
ormed, and here the results of our recent study on the three

D (non-CCB) systems, an oxo-1 and two N-substituted 2 and
, are presented (Tables 1 and 3, Figs. 3–6). While the oxo-
, together with the reported one other oxo-4, are confirmed
o be Curie–Weiss paramagnets (Fig. 3), the N-substituted 2

[

[
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nd 3, especially the former, are found to exhibit strikingly
ifferent magnetic features from the above oxo-neptunyls (+1,
2). Firstly, they showed strongly field (H)-dependent non-
aramagnetic behavior up to 300 K (Figs. 4a and 5), and a
lausible interpretation for this has been proposed based on
he presence of minor high-TC (>300 K) FM phase experimen-
ally evidenced from the extensive M–H curve measurements
Fig. 4b). This minor high-TC (>300 K) FM phase is supposed
o be generated initially around the powder sample surface
rea by the chemical attack from the used epoxy-resin sealant
nd then steadily throughout by the radiation damage by the
37Np �-decay. Further, 2 with largely distorted pentagonal-
ipyramidal structure (CN = 7) different from the other three
eptunyls (+2) (1, 3 and 4) (CN = 8) was found to exhibit
nomalous magnetic relaxation (creep) behavior at low tem-
erature below ∼9 K around which its bulk phase shows subtle
erromagnetic order. This includes a peculiar initial magnetic
ver-response and its somewhat more-gradual drift back to a
emporary apparent ‘equilibrium’ that differs tremendously from
un to run influenced by some unknown history of the sample
nd/or unregulated experimental condition, and an unusually
arge perturbation effect of the SQUID-magnetization measure-

ent itself on it, etc. Though the exact origin and mechanism for
hese anomalous magnetic features of 2 (and 3) are not appar-
nt at present (to elucidate them will need much-more future
xperiments), it seems that these anomalies best and symbol-
cally illustrate the presence of largely meta-stable fluctuating

agnetic (spin plus orbital) state both spatially and in time in
as a collective ensemble of an Ising-type individual neptunyl

O Np O)+2 molecular magnets. Much remain for future study
o elucidate these unique molecular magnetic properties of nep-
unyl (+1, +2) complexes and their N-substituted (and other)
erivatives more in depth and further to explore this new area of
ctinide (5f) low-D molecular magnetism.
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