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High-Dimensional Manganese(ll) Compounds with Noncovalent and/or Covalent Bonds
Derived from Flexible Ligands: Self-Assembly and Structural Transformation

Introduction

Increasing attention has been paid to the construction of two-
dimensional (2D) or three-dimensional (3D) magnetic systems
in order to gain a better understanding of the correlation between
structure and magnetishOne strategy to build a spatially well-
spanned framework, among others, is to utilize certain features
of potentially bridging ligands, such as conformational flex-
ibility, versatile binding modes, and the ability to form hydrogen
bonds. In this regard, bpe (1,2-bis(4-pyridyl)ethane), tp (tereph-
thalate), and azido ligands can be used as useful connectors t
bridge paramagnetic centers into high-dimensional molecular
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A hydrogen- and covalent-bonded 3D array, [Mn(bpel}d]n(ClO4)n(bpeln(H20)2n (2) [bpe= 1,2-bis(4-pyridyl)-
ethane], a covalent-bonded 3D network, [Mn(khp&)i.O)(tp)],(H20). (3) [tp = terephthalate], and a covalent-
bonded 2D sheet, [Mn(bpe)éN]n (4), have been synthesized and characterized by spectroscopic data and single-
crystal X-ray diffraction studies. CompleX contains two types of packing bpe molecules: One type of bpe
molecules £N31-bpe and symmetry-related bpe) run along the chain direction, and the other type of bpe molecules
(=N11-bpe and N21-bpe) are slanted to the chain linked by bridging-bpd.{ope). The chain is coupled with
hydrogen bonds via N31-bpe, while hydrogen bonds through packing bpe molecules of N11- and N21-bpe sew
the chains, leading to a 3D interlocking network structure. The bpe ligar8leawe an anti conformation for the
bridging bpe and a gauche conformation for the capping bpe with a dihedral angle between the two pyridyl rings
of 44.5°. The tp ligand acts as a linker of three metal ions through the unidentate and bridging modes, leading to
the formation of a 2D layer. The final molecular dimensionalityiis determined from adding bpe ligands to the

2D sheet connected by tp ligands, resulting in a covalent-bonded 3D array where the bridging bpe ligands link
the tp-bridged layers. The manganese(ll) cente4 oonsists of four equatorial azido nitrogen atoms and two
axial bpe nitrogen atoms. The one-dimensional chains formed by two azido bridging ligands are interconnected
by bpe ligands, each of which has two pyridyl rings with a dihedral angle tflé@ding to a two-dimensional
sheet. Variable-temperature magnetic susceptibility datasfd4 have been fitted to the infinite-chain model

(H = —J> S\i"Sai+1) derived by Fisher under the molecular field approximatibi. (Obtained exchange parameters
areJ = —0.083 cml, g = 2.0 for2andJ = —12.5 cm!, g = 2.0,J' = 1.3 cn1! for 4. In the case o8, the
magnetic nature was interpreted by the dimer moHe(—JS-S,), affording parameterd = —0.96 cnt?, g =

1.99,J" = —0.005 cn7. MO calculations on a hypothetical dimeric unit (§)sMn—bpe—Mn(NHj3)s are discussed

to evaluate the magnetic nature for the bpe-bridged sygdtem

The bpe ligand, which derives its structural versatility in the
solid state from conformational flexibility and hydrogen bond-
ing, has broad relevance to the construction of the solid-state
architecture and crystal engineeri@he tp ligand can form
multidimensional compounds owing to its multibinding ability
with regard to metal iondLikewise, the azido ligand has two
available coordination modes: end-on, known as a ferromagnetic
interaction modé,and end-to-end, known as an antiferromag-
netic* or a ferromagnetfccoupling mode. In fact, our initial
Gttempt at examining the synthetic strategy mentioned above
was made by applying the proper combination of the flexible
bpe with the tp ligand, leading to success in the preparation of

arrangements. :
9 a 3D manganese array, [Mn(bpe}®)a]n(tp)n(bpekn (1), linked
* Corresponding author. E-mail: ykdo@single kaist.ac.kr. by the covalent and hydrogen borfds.
TKorea Advanced Institute of Science and Technology. Hydrogen bonding, which is the important directional interac-
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Scheme 1. Synthetic Routes td—4.

Mn(CIO4),.6H,0  + NDIQN
[= bpe: 1,2-bis(4-pyridyl)ethane]

|

[Mn(bpe) (H20)4]1(ClO4)2n(bP€)4n(H20)2n (2)
3D network via covalent and H-bonds

2-
o] C ol excess NaNj
o] o}

[Mn(bpe)(H,0)4]1(tp)n(bPE)20 (1) [Mn(bpe)(N3).], (4)
3D array via covalent and H-bonds 2D sheet via covalent bonds

( = tp: terephthalate)

Dissociation

\

[Mn(bpe); 5(H20)(tp)]n(H20), (3)
3D network via covalent bonds

2NaN3

Mn(ac), + N N\

cannot provide enhanced magnetic interactions to the extent tha{0.50 mmol) was added a methanolic solution of bpe (0.50 mmol).
covalent-bonded systems can. Therefore, the preparation ofThe reaction mixture was stirred for 10 min at room temperature. The
purely covalent-bonded high-dimensional systems is particularly re_zs.ulting mixture was filtered, and the filtrate was aIIO\_Ned to stand,
crucial in the field of molecular magnets and the coupled use 9Iving, after several days, colorless crystals2ah 11% yield based

of two types of bridging ligands seems to be a reasonable O Mn. Anal. Calcd for GoHzN1O1ClLMn: C, 56.17; H, 5.66; N,
synthetic strategy, but examples still remain scérceaddition, 10.92. Found: C, 56.34; H, 5.46; N, 11.15. Selected IR data{cm

the transformation of noncovalent/covalent systems to high- KBr pellet). 3613 (m), 3539 (m), 3055 (m, broad, several spikes
Y 9 present), 1944 (w), 1606 (s, bpe pyridyl skeletal), 1561 (m), 1502 (w),

dimensional covalent systems has not been well investigated.; 419 (M), 1223 (w), 1093 (vs, €O stretching), 1005 (m), 827 (s)
Thus, we explored these two aspects according to the syntheticgy3 () 663 (w), 622 (m), 547 (m), 529 (m), 497 (W). '

route§ ogtllned in Spheme 1 by employing the appropriate [Mn(bpe) 1 (H>0)(tp)]»(H20)n (3). To a solution of2 (0.10 mmol)
combinations of the ligands bpe, tp, angNand the hydrogen i, 1 m|_ of methanol was added an aqueous solution of dipotassium
bond to attain new magnetically coupled systems with blended 5 (0.10 mmol). After 10 min of stirring, the reaction mixture was
bridges. Herein, we report the syntheses, structures, andittered, and the filtrate was left undisturbed. Well-formed colorless
magnetic properties of a hydrogen- and covalent-bonded 3D crystals of3, which were adequate for X-ray diffraction study, were
array, [Mn(bpe)(HO)4]n(ClO4)2n(bpekn(H20)2q (2), a covalent- obtained after several days in 94% yield based on Mn. Anal. Calcd for
bonded 3D network, [Mn(bpe}H20)(tp)l(H20) (3), and @ CsHzN1oOs:CloMn: C, 58.76; H, 4.93; N, 7.91. Found: C, 58.68; H,
covalent-bonded 2D sheet, [Mn(bpe)Hi (4) with two bridges. 4.93; N, 7.77. Selected IR data (chmKBr pellet): 3396 (m), 3235
Molecular orbital (MO) model calculations for the bpe-bridged (M, broad, several spikes present), 1986 (w), 1938 (w), 1653 (m), 1614

system were carried out to account for the magnetic mechanismgVs: triplet, tpv(CO,)), 1577 (vs, tpws(CO; 7)), 1544 (s), 1500 (m),

through the bpe bridge. 1444 (m), 1427 (s), 1380 (vs, 1R(CO;)), 1297 (m), 1227 (m), 1138
(w), 1092 (w), 1067 (w), 1017 (m), 929 (w), 897 (w), 866 (W), 830

Experimental Section (s), 758 (s), 650 (m), 599 (m), 546 (s), 514 (s). CompoBeas also

Syntheses. [Mn(bpe)(HO)an(CIO1)zn(bpelin(H20)zn (2). TO an generated by aIIo_Wing_the hydrogen- a_md_ covalenj[-bond-link(—‘_:d 3D
aqueous solution (10 mL) of manganese(ll) perchlorate hexahydrate Manganese arrayin solid state to stand inside a desiccator equipped
with CaCl for several months at ambient temperature as confirmed
(7) (a) Lehn, J.-M.Angew. Chem., Int. Ed. Engl99Q 29, 1304. (b) by IR and elemental analysis.

Palmans, A. R. A.; Vekemans, J. A. J. M.; Kooijman, H.; Speck, A. .
L.: Meijer, E. W. Chem. Commurl997, 2247. I P [Mn(bpe)(N3)2]n (4). To an aqueous solution (10 mL) of manganese-

(8) De Munno, G.; Julve, M.; Viau, G.; Lloret, F.; Faus, J.; Viterbo, D.  (Il) acetate (0.50 mmol) was added a 10 mL methanolic solution of
Angew. Chem., Int. Ed. Engl996 35, 1807. bpe (0.50 mmol). After being stirred for a few minutes, the reaction
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Table 1. Crystallographic Data foe—4

2 3 4
empirical formula (50H72N10014C|2Mn C26H26N306MI’] C12H12N8Mn
fw 1283.10 531.44 323.24
crystal system triclinic monoclinic triclinic
space group P1 P2i/c P1
a(h) 14.045(1) 10.050(3) 8.558(2)
b (A) 16.649(2) 11.963(4) 8.557(2)
c(A) 17.028(2) 21.921(4) 10.501(1)
o (deg) 72.09(1) 97.65(1)
£ (deg) 65.70(1) 92.72(4) 97.57(1)
y (deg) 65.05(1) 108.53(1)
V (A3) 3246.8(7) 2632.7(13) 701.2(2)
4 2 4 2
F(000) 1326 1104 330
deaica (g cn3) 1.294 1.314 1.512
u (mm-1) 0.353 0.545 0.936
scan mode wl20 wl26 wl6
max 2 (deg) 49.88 49.96 49.98
index range +h,%k, =+l +h,+k, £l +h, £k, £l
no. of tot. reflns 8782 2468 2071
no. of obsd 7422 1972 1569

reflection$
no. of params 846 325 208
R1P 0.0628 0.0880 0.0593
wRZ 0.1723 0.1928 0.1338
weighting 0.1161, 1.9012 0.1219,0 0.0600, 2.2275
schemex, y

aCriterion: Fo > 40(Fo). PR1 = Y||Fo| — [FI/S|Fc]. CWR2 =
{3 [W(Fo? — FAAS [W(FA)?} 2, wherew = 1/[0%(Fo?) + (xP)? + yP],
P = (Fo? + 2FH)/3.

mixture was treated with sodium azide (1.0 mmol) dissolved in 10 mL
of water. Thirty minutes of stirring the resulting pale yellow solution
was followed by filtration and standing of the filtrate. Pale yellow
crystals of4 suitable for X-ray diffraction were obtained in a yield of
56% based on Mn after several days of slow evaporation of the filtrate.
Anal. Calcd for GoHioNgMn: C, 44.59; H, 3.74; N, 34.67. Found: C,
44.60; H, 3.74; N, 34.79. Selected IR data (énKBr pellet): 3455
(w), 3380 (m), 3051 (w), 2937 (w), 2121 (v8«(Ns")), 2069 (vs,
va(N37)), 1606 (s, bpe pyridyl skeletal), 1554 (m), 1500 (w), 1440 (w),
1426 (m), 1225 (m), 1069 (m), 1013 (m), 872 (w), 822 (m), 807 (m),
766 (w), 637 (m), 616 (w), 544 (m), 532 (m), 490 (m). Compodnd
was also obtained by treatirywith excess sodium azide as confirmed
by IR spectroscopy.

Physical MeasurementsElemental analyses for C, H, and N were
performed at the Elemental Analysis Service Center of the Korea Basic
Science Institute. Infrared spectra were obtained from KBr pellets with
an EQUINOX 55 spectrometer. Thermal analyses (TGA) were per-
formed under nitrogen atmosphere at a heating rate °@/gin with
DuPont TA instruments. Magnetic susceptibility measurements were

Hong et al.

perchlorate anion i2 are disordered and were assigned a 0.25
occupancy factor. Fot, two ethyl carbon atoms (C16 and C26) of the
bpe ligand are disordered over two positions (CGirdl C26) and were
refined with a 0.5 occupancy factor. H atoms were calculated at
idealized positionsdcy = 0.970 A for methylene and 0.930 A for
phenyl) and refined riding on the corresponding carbon atoms with
isotropic thermal parametert) [= 1.2U(Crethylend and 1.2J(Cpheny)]-

Results and Discussion

Synthesis and Characterization.The availability of com-
pounds 2—4 depends on the type of the counteranion of
manganese(ll) salts employed. Outlined in Scheme 1 are the
synthetic routes to these compounds as well,aghose long-
term stability in the solid state was not properly documented in
our earlier reporf.

The equimolar reaction of manganese(ll) perchlorate hexahy-
drate with bpe led t® in a low yield of 11% based on Mn.
Consideration of the Mn:bpe ratio thsuggests that bpe is likely
the yield-limiting reagent and the yield is 55% based on bpe.
The use of manganese(ll) acetate instead of manganese(ll)
perchlorate hexahydrate did not give any tractable crystalline
solids. In the IR spectrum d, the sharp bands appearing at
3613 and 3539 cmt are attributed to unassociated—@&
stretching bands of lattice water molecules while the hydrogen-
bonded water molecules have the characteristic broad absorption
around 3055 cmt. The strong peak centered at 1606 ¢éris
due to the presence of pyridyl skeletal vibrations of the bpe
ligand.

The treatment o2 with dipotassium tp or the serial treatment
of manganese(ll) perchlorate with bpe and then with dipotassium
tp did not afford1 but gave3 in a high yield of 94%. On the
other hand, when manganese(ll) acetate was used instead of
manganese(ll) perchlorate, only the compotngas formed
In addition, it should be noted that, in the solid state, compound
1 can be transformed int8 by keepingl under dehydrating
conditions at ambient temperature.

The IR spectrum o8 shows two broad ©H stretching peaks
at 3397 and 3234 cm, indicating that all water molecules
participate in hydrogen bonds over the lattice. The characteristic
bands of the dicarboxylate units are shown in the usual region
at 1614, 1578 cmt for antisymmetric stretching and at 1383
cm! for symmetric stretching. The differences between anti-
symmetric and symmetric stretchings correspond to 231 and
195 cn1?, repectively, implying that the dicarboxylate units of
the tp ligand function as unidentate as well as bridging thits.

carried out at the Korea Basic Science Institute using a Quantum DesignThe TGA curve of3 reveals that the loss of the lattice water

MPMS-7 SQUID susceptometer. Corrections for the diamagnetism of
the samples were estimated from Pascal’s tables.

Crystallographic Data Collection and Structure Determination.
Data were collected at 293 K using an Enraf-Nonius CAD4TSB
diffractometer with graphite-monochromated Mwokadiation ¢ 0.710 73
A) in the w/26(2, 3) or w/® (4) scan mode. The unit cell parameters
were calculated by least-squares refinement of 22f@3 for 3, and
22 well-centered reflections ferin the ranges 21.34< 20 < 26.72
(2), 19.85 < 20 < 31.45 (3), and 5.10 < 20 < 31.6%4 (4). All data
were corrected for Lorentzpolarization effectsy-scan absorption
corrections with transmission minimums and maximums of 94.44%
and 99.97% foB and 98.67% and 99.94% fdrwere applied. Totals
of 8782 @), 2468 @), and 2071 4) reflections with the maximume
values of 49.88 (2), 49.96 @), and 49.98 (4) were measured, and
7422 @), 1972 @), and 1569 4) reflections were assumed to be
observed by applying the conditiéfy > 40(F,). Crystallographic data
and details of data collection are listed in Table 1.

The structures were solved with the SIR92 progi%fior 2 and the
SHELXS-86 progrart for 3 and4 and refined by least-squares analysis
using anisotropic thermal parameters for non-hydrogen atoms with the
SHELXL-93 program fo2—4.12 The four oxygen atoms of the second

molecules occurs in the range 7808 °C with a weight loss

of 3.5% (calculated value 3.4%); then the dehydration of
coordinated water molecules follows in the temperature range
109-138°C with a weight loss of 3.7%. The capping bpe ligand
degrades at 145200 °C with a loss of 16%, close to the
theoretical value of 17%. The next decomposition process (36%)
occurring in the temperature range 29010 °C is assigned to
the loss of the bridging bpe (calculated loss 35%), denoting
that the bridging bpe is more stable than the capping bpe with
respect to heating. The loss of the tp ligand occurs above 420
°C due to the strong bonds to metal ions. Heating to 800

(9) Drago, R. S.Physical Methods for ChemistSaunders College
Publishing: New York, 1992; p 469.

(10) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
M. C.; Polidor, G.; Camallio, M. JJ. Appl. Crystallogr.1994 27,
435.

(11) Sheldrick, G. MSHELXS-86 User GuideCrystallographic Depart-
ment, University of Gtlingen: Gidtingen, Germany, 1985.

(12) Sheldrick, G. MSHELXL-93 User GuideCrystallographic Depart-
ment, University of Gtingen: Gitingen, Germany, 1993.
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related bpe) run along the chain direction while the other two
(N11-bpe and N21-bpe) slant against the chain. It is interesting
to note that the conformational flexibility of bpe seenlins

also observed 2.6 All the bpe ligands in2 show an anti
conformation. The bridging bpe ligand possesses parallel pyridyl
rings with an interplanar distance of ca. 0.62 A whereas the
slanted coplanar packing bpe molecules adopt longer interplanar
distances of ca. 1.30 A for N11-bpe and ca. 1.38 A for N21-
bpe. In the case of N31-bpe running parallel with the chain,
the pyridyl rings are tilted toward each other to form a dihedral
angle of 29.8.

Shown in Figure 2a, omitting the slanted bpe molecules of
N11- and N21-bpe for clarity, shows the chain bridged by the
Ni-bpe ligand with an Mn-Mn distance of 14.045 A. The
metal centers are additionally interconnected with hydrogen
bonds between the coordinated water molecules and the parallel
bpe molecules (OW2-N31= 2.814 and OW2-N32e= 2.846
i o . ) A;e=—1+xy, 2. Figure 2b is a partially extended view
Figure 1. Molecular structure consisting of the repeating unit and part \hare the slanted bpe molecules are included and the orientation

of the symmetry-related fragment of one of the two independent . P - -
molecules oR in the asymmetric unit. The following symmetry codes is taken such that the chains illustrated in Figure 2a run into

are used to generate equivalent atoms: ()% 1—y, —z (b) 3 — the paper. The slanted bpe molecules interconnect manganese
x,1—-vy, —z centers belonging to the different chains via hydrogen bonds
with the coordinated water molecules (OWN11c= 2.777

Table 2. Selected Bond Distances (A) and Angles (deg)Z4or and OW?2--N21d = 2.749 A; c=3-x1-y,1—zandd
Mn1-OW1 2.150(2) Mn+0OW?2 2.188(2) =X, —1+y, 2), giving rise to the 3D network structure with
Mn1-N1 2.315(3) an interlocking feature as depicted in Figure 2c and Chart 1. In

OW1-Mnl-OW2  89.42(10) OW:Mnl-N 189.96(10) Figure 2c, the perchlorate counteranions and packing water

OW2-Mn1-N1 92.98(12) C+N1-Mnl  121.4(3) molecules, which are located near hexagon-like channels formed

C5-N1-Mn1 123.4(3) by stacking of the slanted bpe molecules and the coordinated

. S ~ water molecules, are discrete from the remaining 3D network
gave a brown solid which is likely to be manganese oxide in and thus are omitted for clarity. The shortest interchain-Mn
view of the IR spectrum. Mn distance is 9.910 A.

The preparation ot was accomplished by two pathways. [Mn(b
- ; : pe)1.s(H20)(tp)]n(H20)n (3). An ORTEP representa-
The first synthetic route is the same as thaf @xcept for the tion of 3 at the 50% prr(])babili?y level is shown in Figure 3.

use of 2 equiv of sodium azide instead of dipotassium tp. ItiS gg|acted hond distances and angles are reported in Table 3.

also possible to preparg by reacting2 with excess sodium . . L
azide. In this case, the stoichiometric reaction proved unsuc- of-l;Cveo %?t:ggezasat?)nqlst?rré%j ?gggeg;il glJi(gagnm dest%vﬁznz'gﬁgg
cessful. The IR spectrum dfas a KBr pellet shows two very distances of Mn2N11 = 2.288(5) and Mn&N31 = 2.266(5)

strong absorppons_ at 2.121 and 2969—érattr_| bmébl? o the A and three oxygen atoms from tp ligands and one oxygen atom
v4(N3™) stretching vibration of coordinated azide, indicating the from the water molecule with bond distances of MrCbl —

presence of a twisted configuration and/or an end-to-end binding2 151(4), Mn1-O2a= 2.146(5). Mn1-O3c = 2.198(4), and

H 14 . , - <. ’ - <. ’
mODd:SI:?irp:]c; %Zfltdhé; structures. [Mn(bpe)(H;0)aln(CIO4)zn- (ﬁf)?#gr?n\g/tilorzllziliii(tsﬂ)e iln;— rg;:?alobl?earllingnrlid?:oir'ﬁ"o(';lrrr:eat?cl)srlofor
(bp€)in(H20)n (2). Figure 1 represents the molecular structure the bridgin Nl)i-b e with an inteFr) lanar distance of ca. 1.48
consisting of the repeating u_nit and part of the symme_try-related A and agga%che coFr)lformation for trﬁ)e capping N31-bpe With a
fragment (-)f one of the two independent molgculeﬁm the . _dihedral angle of 445 between the two pyridyl rings. In
asymmetric unit. The perchlorate counteranions, the packing particular, the gauché conformation of the capping bpe is
water molecule, and the symmetry-related molecule of the fully stabilized,b the hvdroaen bond between N41 and the lattice
labeled packing bpe molecule are omitted in Figure 1 for clarity. water (OWZy--N41ey= 2%52 Ae=1-x 054y, 05— 2)
Selected bond distances and angles are reported in Table 2. The tp ligand acts as a linker of three metal ions through the

The Mn center lies in a distor hedral arrangement in " . o o . ;
€ center lies in a distorted octahedral arrangement unidentate and bridging modes, which is consistent with the

which the axial positions are occupied by nitrogen atoms (N1 interpretation of the IR spectrum. The inter-manganese distances
and N1b) of the bridging bpe ligands with MiN1 = 2.315(3) via extended tp and bpe ligands are 4.848 A for Mrin1a,

A and the equatorial ones are defln(_ed by four wat_er molecules 11.086 A for MnZ+-Mn1b, 10.998 A for Mnla-Mnib, 13.811
(OWL, Ow2, OW1Db, and OW2b) with MMOWL = 2.150- 445 \in1...Mn1d, and 15.642 A for MnZaMn1d.

(2) and MNnE0OW2 = 2.188(2) A. Each axial N1-bpe ligand ; )
bridges Mn(ll) ions, forming an 1D chain with an intrachain _ The overall 3D network feature & can be illustrated in

intermanganese distance of 14.045 A. Among four packing bpe following stepwise manner. Removal of the bpe molecules in
molecules, two bpe molecules (N31-bpe and its symmetry- 3 l€@ds to the stacked sheet system, and Figure 4a shows one
of such 2D sheets running in the plane. It is evident that

(13) Nakamoto, Klnfrared and Raman Spectra of Inorganic and Coor- Manganese centers in the sheet are coordinatively linked by tp
dination CompoundsPart B: Application in Coordination, Orgno- bridges and the additional hydrogen-bonding interactions occur

1'“995";"”9 and Bioinorganic Chemistnpth ed.; Wiley: New York,  among nonligating oxygen atoms of the tp ligand, the coordi-
(14) Cortes, R.; Drillon, M.; Solans, X.; Lezama, L.; Rojo,Ifforg. Chem. nated water molecule, and the lattice water {@@W1b =

1997, 36, 677. 2.724, OW1--OW2f = 2.780, and O4-OW2g = 2.845 A; f
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(1\.93 8 ?
Lk’

()

Figure 2. (a) View of the manganese 1D chain far(b) Partially extended molecular view 8f showing the interlocking feature. (c) Overall 3D
molecular view of2.

=1-x1—y,—zand g=x 05—y, —0.5+ 2, forming The manganese(ll) ion has a distorted octahedral environment,
hexagons in the open space of the 2D sheet. The inclusion offormed by four equatorial azido nitrogen atoms and two axial
the bpe molecules which connect sheets affords the final bpe nitrogen atoms. The average M¥(azido) bond distance
molecular dimensionality 08 as shown in Figure 4b. of 2.223 A is shorter than that of MrN(bpe) (2.264 A). The
[Mn(bpe)(N3)2]n (4). The molecular structure @f, which is Mn—azido angles of MaN—N, very important structural
consistent with the spectroscopic observations, is depicted inparameters from the magnetic point of view, are 136.9 and
Figure 5. Selected bond distances and angles are reported irl37.F. The Mn ions are connected by two azido bridging
Table 4. ligands, forming one-dimensional chains with an inter-manga-
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Figure 3. ORTEP drawing of3 with the atom-numbering scheme.
The following symmetry codes are used to generate equivalent atoms:
@1-—x-y,—z()x, 05-—y,05-7()x 05—y, 05+ z (d)
2—-%x%1-vy, —z

Chart 1. Representation of an Interlocking Feature2in

(b)
C
C /C\ c / Figure 4. Views of (a) the 2D sheet running in the plane and (b)
/ \ \ / the 3D network of3.
(o} C, C

CXZXCXCXZ

C/\/CXC\/\CXC
AXXA

C

= Slant packing bpe molecule with H-bonds
Figure 5. Perspective view oft with the atomic numbering scheme.
C = Manganese(Il) chains shown in Figure 2a Symmetry codes used to generate equivalent atoms:-1a) x, 1 +
v,Zzb)1l+x,-1+y,z@C1-—%x-y,—-z@d1l-x -y 1—z
Table 3. Selected Bond Distances (A) and Angles (deg)Jor

Table 4. Selected Bond Distances (A) and Angles (deg)4or

Mn1-02 2.146(5) MntO 12.151(4)

Mn1-03 2.198(4) Mn+05 2.218(5) Mn1—N1 2.252(6) MniN11 2.218(6)

Mn1—N31 2.266(5) MntN11 2.288(5) Mn1—N21 2.204(6) MntN2b 2.276(6)

Mn1-N23c 2.234(6) Mn+N13d 2.236(6)

02-Mn1-01 99.1(2) 02Mn1-03 91.7(2)
01-Mn1-03 168.6(2) 02Mnl-05 174.0(2) N11-Mn1-N(21  179.7(2) N1:+Mni1—N23c 89.5(2)
01-Mn1-05 85.3(2) 03Mnl1-05 83.6(2) N11-Mn1—-N13d 90.4(2) N2:Mnl1—-N23c 90.8(2)
02—-Mn1—-N31 90.7(2) OFMn1-N31 95.4(2) N13d-Mn1-N21  89.3(2) N13e-Mnl1—-N23c 178.4(2)
03-Mn1-N31 87.9(2) 0O5Mn1-N31 93.0(2) Mn1—N11-N12 136.9(5) MnEN21-N22 137.1(5)
02-Mn1—N11 86.5(2) O+Mnl—N11 86.5(2)
03-Mn1-N11 90.6(2) ~ O5Mn1-N11 89.7(2) A) found in the hydrogen- and covalent-bonded 3D comglex
N31-Mn1—-N11  176.8(3) C+Ol1-Mnl 139.5(4) : . : o
C1-02—Mn1 146.7(4) C803-Mn1 130.6(4) where the_two pyridy! rings of the bpe I|gan_d are _copl ar.
C15-N11—Mn1 121.7(4) C1:N11-Mn1 121.2(6) The resulting sheets are stacked along dhexis to give the
C35-N31-Mn1 120.2(3) C3%tN31-Mnl 123.6(5) layered crystal structure dfas shown in Figure 6. This clearly

shows that two types of bridging ligands play an important role
nese distance of 5.337 A along the chains. These chains ardn constructing a higher dimensional system, which is syntheti-
interconnected by bpe ligands, each of which has two pyridyl cally interesting from the molecular architectural and magnetic
rings with a dihedral angle of 67affording a two-dimensional ~ point of view.
sheet. The interdistance between Mn ions connected through Magnetism. [Mn(bpe)(H20)4]n(ClO4)2n(bpe)an(H20)n (2).
the bpe ligand is 13.893 A, slightly shorter than that (13.993 The magnetic susceptibility fo2 was measured in the range
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Figure 8. Plots ofym, andymT versusT for 3. The solid line represents
the best theoretical fit.

=
5 "2 = cm? molL at 2 K. TheymT value per 2Mn at 300 K is 8.80
"z SQ cm® K mol~1, which is in accord with the spin-only value in
SE 0.8 2 the absence of any exchange interaction. Upon coolingtfie
= =3

i

value decreases very slowly down to a value of 8.54 &m
mol~! at 100 K and then decreases rapidly from 7.74 &m
mol~1 at 35 K to 1.06 crA K mol~! at 1.8 K. This is
characteristic of an overall antiferromagnetic phenomenon.

0.4

0.0 There are three possible magnetic pathways based on the
A ' ' T crystal structure 08: the first through carboxylate moieties of
0 50 100 150 200 250 300 . . .
T/K tp units, the second via the benzene backbones of tp ligands,

and the last through the bpe bridge. The major contribution to
Figure 7. Plots c_)me a_lndeTversusTfoQ. The solid line represents the magnetic behavior observed 3nwould be made by the
the best theoretical fit. first magnetic route owing to the shortest distance between
magnetic centers. In this criterion, we simplified the magnetic
system to the exchange coupling in a dinuclear Mn(ll) unit
bridged by the carboxylate groups of tp ligands. The solution
to the Van Vleck expression using the isotropic Heisenberg
Hamiltonian for the dimanganese(ll) entity writtenthss —JS-

S (S = S = %) yields the magnetic susceptibiliy, described

in eq 216

1.8-300 K, as seen in Figure 7. At room temperature, compound
2 has gymT value of 4.04 criK mol~?, lower than that of the
noninteracting Mn(ll) entities. Thg, T value decreases slowly
and then abruptly below 16 K to reach a value of 2.98 &m
mol~1, typical of antiferromagnetic behavior.

The interpretation of the variation of the experimental
magnetic data with temperature was attempted by using the
infinite-chain model Kl = —J5 Sai*Sai+1) derived by Fishéf
as expressed in eq 1, with= cothPJS\(Sa + 1)KT] — [KT/

I = [INGBSy(Sy + 1Y/KTI(L + W1 - W] (1) wherex = JIKT.

IS\(Ss + 1)) Because of the extended network via the second and third

The parameters obtained from the fit of the experimental Pathways, the molecular field approximation was added, and
values with eq 1 usings = 5, areJ = —0.083 cnm! andg = the final expression of the magnetic susceptibility is given by

2.0. The measure of the goodness oRiidefined afk = [®/(n eq 3. The magnetic parameters obtained from the fitting
— K)]¥2 wheren is the number of data pointk,is the number

xm = [2NGBZIKTI[(e* + 56> + 146" + 306 ™ + 55>)/
(1+ 36 + 56 + 7e* + 9™ + 11)] (2)

— I 2
of parameters, an® = 3 [(xm)i°®® — (ym)i®¥92 is equal to 8.4 Am(MF) =y /[1 — (223 INGBI)x,) ®3)
x 1073 The weakness of the exchange coupling can be N .
explained by the large distance between the magnetic centerdProcedure ard = —0.96 cm™, g = 1.99, andJ’ = —0.005

in a chain. It appears that the smallevalue of2 compared ~ CM  With R= 1.9 x 10°% On the basis of this model, the
with that ) = —0.84 cnT) of 1 is due to the larger intrachain ~ @ntiferromagnetic interactions are presen8ias expected for
distance (13.993 A fot and 14.045 A foR) between magnetic ~ the carboxylate bridged systems. The exchange coupling
centers and/or the larger interplanar distance (ca. 0.5 ALfor ParameterJ) is similar to that of doubly bridged carboxylate
and ca. 0.62 A fof) between two pyridyl rings in the bridging manganese(ll) complex&d’ The small interdimer parameter

bpe liganct (3" is attributable to the contribution through the benzene rings
[Mn(bpe) 1 5(H20)(tp)] n(H20)n (3). The temperature depen-  ©f tP ligands and bpe bridges.
dence of the magnetic susceptibility per [Mn(bp€.0)(tp)L- [Mn(bpe)(N3)2]n (4). The thermal dependence of the molar

(H20)2 unit of 3in the form ofym vs T together withy, T vs T magnetic §usqeptlblllt%) in the temperature range-300 K
is shown in Figure 8. The/m value keeps increasing as 'S shown in Figure 9. When the sample is coolgd,rapidly
temperature decreases, reaches a maximum value of 0.615 cm - ] ]
mol~1 at 4.8 K, and then decreases down to a value of 0.582 (16) ;501'1(% C. S Kim, J.; Hur, N. H.; Do, ¥inorg. Chem.199§ 35,

(17) Cano, J.; De Munno, G.; Sanz, J. L.; Ruiz, R.; Faus, J.; Lloret, F;
(15) Fisher, M. EAm. J. Phys1964 32, 343. Julve, M.; Caneschi, AJ. Chem. Soc., Dalton Tran&997 1915.
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Figure 9. Plots of ym andymT versusT for 4. The solid and dotted
lines represent the best theoretical fits.

increases, reaches a round maximum near 74 K, and then

abruptly decreases, indicating the existence of an overall
antiferromagnetic interaction in a two-dimensional sheet. The
xmT value at 300 K is equal to 3.31 énKK mol~%, which is
already lower than the calculated value of 4.38dtnmol~1

for the noncoupled Mn(ll) ion. When the temperature is lowered
further, theymT value continuously decreases and finally reaches
a value of 0.0703 cAmK mol™! at 5 K, typical of antiferro-
magnetic behavior.

There are two possible magnetic exchange pathways on the

sheet ind: one is through the azido ligand and the other is via
the bpe ligand. Considering that the dominant factor which
governs the magnetic characterdivould be a short-distance
mediator between the magnetic centers, the overall antiferro-
magnetism ind should result from the azido bridge rather than
from the bpe ligand. Placing the focus for the interpretation of
magnetic properties af on the azido ligand, we attempted an
analysis of the magnetic susceptibility data by using eq 1. The
best fit of the magnetic data leads to the parameders2.08
andJ = —12.5 cntl. AlthoughR is acceptable as 3.2 1074,
the g factor obtained above is rather too large.

When theg value for the Mn(ll) ion withSy = %/, is fixed as
2.0, the exchange parameter is estimated td4e-11.5 cnt?!
andR = 4.9 x 104 Shown in Figure 9 as a dotted line is the
least-squares fitting curve which is lower than the data points
in the high-temperature regiom (> 74 K), indicating the
presence of a ferromagnetic contribution in this system. As a
matter of fact, the possible involvement of the bpe bridge ligand
in magnetic exchange hcannot be simply ruled out since the
presence of a weak magnetic interaction via the coordinatively
bridging bpe ligand was seen in [Mn(bpeX®)4]n(tp)n(bpebn
(1), where two adjacent paramagnetic centers are 13.993
separated by the bpe ligafdhe inclusion of the interchain
interaction { ') via the bpe bridge under the consideration of
the molecular field approximation (eq 3) into eq 1 leads to the
parameterg = 2.0,J=—12.5cm?, J' = 1.3 cnT!, andR =
2.9 x 1074 The solid line in Figure 9 demonstrates a better
agreement of the theoretical results with the experimental data.
The negative sign fal is as expected since the end-to-end type

azido bridge can mediate magnetic couplings whose natures are.
dependent mainly on the angle between Mn and the azido ligand

and the average MaN—N bond angle of 137for 4 substan-
tially deviates from 1695 which is the estimated value for the
accidental orthogonalit}® The magnitude of thd value of4

(18) (a) Escuer, A.; Vicente, R.; Goher, M. A. A.; Mautner, F.lAorg.
Chem.1996 35, 6386. (b) Escuer, A.; Vicente, R.; Goher, M. A. A.;
Mautner, F. A.Inorg. Chem.1998 37, 782.
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Figure 10. Plot of the variation of the square gap? versus the
dihedral angle between the two pyridyl rings of the bpe ligand. The
inset shows a scheme of the hypothetical dimeric model.

falls into the usual range observed for end-to-end azido-
dibridged Mn(ll) compound$* The positivel' value denotes
that the bpe ligand may mediate the weak ferromagnetic
coupling. The deviation of the theoretical consequence from
the experimental data points in the low-temperature region
implies the presence of an antiferromagnetic contribution
between 2D sheets df

MO Calculations. To clarify the magnetic nature of the bpe
ligand in4, the correlation between the bridging bpe conforma-
tion and magnetic properties of bpe-mediated magnetic systems
was explored by performing MO calculations at the EHT level
on the hypothetical dimeric unit (N§sMn—bpe-Mn(NH3)s
taken as a close mimic ofgN\ln—bpe—MnNs unit in 4. Since
the antiferromagnetic component is a function of the sum of
the squares of the energy gaps between the magnetic orbitals
on a ¢—d® system'® that is A2 = A%(d2) + AX(de-y2) +
AX(dy) + AXdy) + A?(dy) where A2 = |®, — O the
dependence off A2 on the variation of the dihedral angle
between the two pyridyl rings of the bpe ligand was calculated.
The dz orbital is oriented parallel to the MrN(bpe) direction
and the ¢, orbital is placed in the same plane with the two
pyridyl rings before the rotation. Two pyridyl groups are rotated
simultaneously in opposite directions with the Mn(NH
oieties fixed. As illustrated in Figure 10, the change in the
energy gaps mainly arises from thg dnd 4, orbitals and the
minimum of Y A? is observed in the dihedral angle range-60
70°. This minimum signifies the minimal antiferromagnetic
contribution (;AF) in a simple exchange between pairs of
magnetic orbitals] = (1/n?)Z;Jj; Jj = JjF(>0) + JjA7(<0)],*°

(19) Kahn, O.Molecular MagnetismVCH: New York, 1993; p 185.
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implying that the superexchange through the bpe ligand is more compound$ and4 with blended bridging ligands and intriguing
likely to become ferromagnetic near the dihedral angles betweenmagnetic properties. In view of the solid structure, com@Bex
60 and 70 than other angles. In fact, it is interesting to note is more stable than a 3D manganese array, [Mn(bp&i-
that the pyridyl rings of the bpe bridge h—3 are parallel, (tp)n(bpedn (1), under dehydrating conditions at ambient tem-
which allows antiferromagntic interactions, while in the case perature, as evidenced by the structural transformation of
of 4 the bridging bpe has tilted pyridyl planes with a dihedral complexlinto 3. It is interesting to note that three roles of the
angle of 67, which makes antiferromagnetic contribution bpe ligand in the molecular structuresbf4 are observed as
minimal and thus ferromagnetic contribution dominant. Hence, bridging, capping, and packing. This conformational flexibility
the foregoing simple MO treatment seems to be in favor of would allow the higher dimensional entities found in the present
supporting the role of the long-pathway bpe as a weak work.
ferromagnetic coupling mediator #h However, the lack of a Magnetic studies 02—4 show magnetic exchange coupling
reported example with ferromagnetic bpe bridging mediators parameters of = —0.083 cnt?! through the bpe bridge fd
hampers making any further conclusion on the magnetic andJ = —0.96 cnt?! via doubly bridged carboxylate motifs
behavior of the bpe ligand ih. Attempts at synthesizing high-  and an interdimer exchange constant= —0.005 cn1? for 3.
dimensional systems in which paramagnetic centers are coor-In the case ofl, there are two magnetic pathways with different
dinatively connected only by bpe ligands with dihedral angles magnetic naturesJ = —12.5 cnt? through end-to-end azido
of 60—70° between pyridyl planes are in progress. ligands and)' = 1.3 cnt! mediated by the bpe ligand with the
tilted pyridyl rings. The fascinating role of bpe as a ferromag-
netic mediator in4 was evaluated by performing MO calcula-
In this paper, we have demonstrated the synthetic significancetions at the EHT level on the hypothetical dimeric unit
of the coupled use of two types of bridging ligands in preparing (NHz)sMn—bpe-Mn(NHs).
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Conclusions



