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Detailed studies of the structures, magnetic properties and photodimerization of a series of formato-bridged MOFs with the 
general formula M2(HCOO)3(4,4′-bpe)3(H2O)3(X) (4,4′-bpe = 4,4′-bipyridylethylene, M = Mn (1-X), X = ClO4

, NO3
, BF4

,  
I, Br; M = Co (2-X), X = ClO4

, NO3
–; M = Zn (3-X), X– = NO3

) were reported. Careful magnetic measurements on an ori-
ented single crystal of 1-ClO4

 determined the spin-flop magnetic phase diagram and some intrinsic parameters, such as the in-
tralayer coupling J, the anisotropy field HA and the exchange field HE. Different anions can remarkably tune the magnetic 
properties of 1-X, especially the critical fields of the spin-flop transition. Compound 2-ClO4

 remained paramagnetic down to 
2 K.  

metal formate, spin-flop, magnetic phase diagram, photodimerization 

 

 
 

1  Introduction  

Molecule-based magnetic materials have attracted intense 
interest in recent years due to the fundamental researches 
and the development of new functional materials [1–5]. 
Parallel to the achievements such as the high Tc magnets 
[6–8], large coercivity and high magnetization [9, 10], sin-
gle-molecule and single-chain magnets [11–14] and so on, 
there is increasing interest in the multifunctional materials, 
which combine magnetism and other properties, such as 
conductivity [15], optical properties [16], porosity [17] and 
ferroelectric properties [18]. These materials present the 
possible synergism of different functions and thus new po-
tential applications. 

One of the main emphases on the design strategy is to 
search for good bridging ligands that can effectively medi-

ate the magnetic coupling between the local spin carriers. 
As we have already highlighted in our former article [19], 
the three-atom ligands, such as the azido (N3

) [19–21], the 

formate (HCOO) [19, 22] and so on, were proved to be 
good candidates to construct molecular magnets. They are 
particularly interesting in several aspects. First, they are not 
too big for magnetic coupling and can always transfer mod-
erate or strong magnetic interaction, ferromagnetic or anti-
ferromagnetic. Second, they show rich and vivid coordina-
tion characteristics and bridging modes to transition metal 
centers, which makes them capable to construct various 
interesting structures with efficient magnetic interactions. 
This will dramatically benefit the discovery of new molec-
ular magnets. Third, these three-atom bridges have an im-
portant feature, more or less in common, that they will usu-
ally preclude the inversion center between the two bridged 
metal ions. It will symmetrically allow the asymmetric in-
teraction; and weak-ferromagnetism (WF) due to spin-    
canting can thus be reasonably anticipated for many 
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three-atom bridged compounds [19, 23–26]. 
In the past few years, we have synthesized a series of in-

teresting molecular magnetic materials by using three-atom 
bridges, ranging from zero-dimensional single-molecule 
magnets to the three-dimensional magnets [19, 22, 27–32]. 
For the formato-bridged compounds, three-dimensional 
[AmineH][M(HCOO)3] [30–33] and [M3(HCOO)6](guest)n 
[22, 34] (AmineH+ is ammonium cations such as NH4

+, 
CH3NH3

+, (CH3)2NH2
+, CH3CH2NH3

+ and (CH2)3NH2
+ and so 

on; M = Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+) present two very 
interesting series. Among them, [M3(HCOO)6](guest)n is a 
unique family of the magnetic porous materials with flexi-
ble frameworks. In addition to the magnetic ordering, these 
flexible frameworks show absorption of a wide spectrum of 
both hydrophilic and hydrophobic guests through single-     
crystal-to-single-crystal transformation; and these guests can 
subtly adjust the TC and even the chirality of the frameworks. 
Recent results indicate that the [AmineH][M(HCOO)3] 3D 
systems are also very good platforms for the construction of 
a series of multiferroics [18, 31, 32, 35]. Furthermore, by 
introducing a trivalent iron ion into the system, three FeIII 
based complexes [NH2(CH3)2][FeIIIMII(HCOO)6] (M = Fe, 
Mn, and Co) could be synthesized and show some interest-
ing magnetic properties [36]. Besides these simple frame-
works without any coligands, another series of compounds 
M(HCOO)2(4,4′-bpy)(H2O)n (M = Mn, Co, n = 0; M = Co, Ni, 
n = 5) were also synthesized and investigated [37]. The 
bridging coligand was proved to be very important to the 
formation of some particular architectures and to the struc-
ture modification. As a continuing research along this line, 
we introduced another bridging coligand 4,4′-bpe (4,4′-bi-     
pyridylethylene) into the formato-bridged systems. As a 
rigid bridge, 4,4′-bpe has been widely employed in the con-
struction of self assembled and porous materials and also in 
the molecular magnetism [38–40]. Compared with 4,4′-bpy, 
4,4′-bpe has its own advantages: it is longer than 4,4′-bpy 
and might lead to bigger porosity; and furthermore it can 
bring some additional functionalities into the system since 
the olefin group (CH=CH) provides other properties, such 
as the photo or heat induced dimerization, photo induced 
isomerization and so on [41–43]. 

In light of these aspects discussed above, we synthesized 
a series of formato-bridged MOFs: M2(HCOO)3(4,4′- 
bpe)3(H2O)3(X) (M = Mn (1-X), X = ClO4

, NO3
, BF4

, I, 

Br; M = Co (2-X), X = ClO4
, NO3

; M = Zn (3-X), X = 

NO3
). Compounds 1-X show interesting magnetic proper-

ties and photoreactivity and their magnetic properties can be 
remarkably tuned by the X anions. We have briefly reported 
the magnetic property and photoreactivity of 1-ClO4

 in a 
communication [44]. Here, we report the detailed studies on 
the magnetic properties of 1-ClO4

 based on the measure-
ments on an oriented single crystal and the influences of the 
anions on their magnetic properties of 1-X.  

2  Experiments 

2.1  General remarks  

All starting materials were commercially available, of reagent 
grade, and used as purchased without further purification. 
Elemental analysis of carbon, hydrogen, and nitrogen was 
carried out with an Elementary Vario EL. The micro-infrared 
spectroscopy studies were performed on a Magna-IR 750 
spectrophotometer in the 4000–500 cm1 region. Variable–     
temperature magnetic susceptibility and field dependence of 
magnetization on the polycrystalline samples and a careful-
ly oriented single crystal of 1-ClO4

 were performed on the 
Quantum Designed MPMS XL-5 SQUID system and an 
Oxford Maglab 2000 System. All experimental magnetic 
data were corrected for the diamagnetism of the sample 
holders and of the constituent atoms (Pascal’s tables). The 
1H NMR spectrum was recorded in the Mercury 200 MHz 
of Varian. 

2.1.1  Synthesis  

A 6 mL of H2O containing 0.3 mmol of MX2 (or 0.3 mmol 
of MCl2 and 0.6 mmol of NaX/KX in case we didn’t find 
the MX2 in our lab; the Cl anion didn’t influence the syn-
theses of these materials) and 0.6 mmol of NH4HCOO·H2O 
was added to 5 mL of hot DMF containing 4,4′-bpe (0.30 
mmol). The solution was heated to around 50–60 °C, stirred 
for about 5 minutes and filtrated. Slow evaporation of the 
solution gave the column-like crystals of the desired com-
pounds, yield about 50%–60%. The elemental analysis re-
sults and the main IR absorption bands are listed in Table 1.  

2.1.2  Solid-state photoreaction 

A crystalline sample of 1-ClO4
 or 3-NO3

 (~30 mg) was 
placed in a water-cooled beaker and was irradiated using an 
Hg lamp (400 W) for approximately 2 days. For 3-NO3

, the 
irradiated sample can be directly dissolved in hot 
D6-DMSO for the 1H NMR. But for 1-ClO4

, the Mn2+ need 

to be removed first. The irradiated sample of 1-ClO4
 was 

dissolved in 20 mL of methanol, and then 20 mg of NaOH 
was added into the solution. After being stirred for 30 minutes, 
the dark brown precipitation was removed by filtration. The 
methanol was removed under reduced pressure and the res-
idue was washed with a small amount of water. After drying 
in the air, the product (a mixture of 4,4′-bpe and 4,4′-tpcb, 
tpcb = tetrakis (4-pyridyl)-cyclobutane) was dissolved in 
D6-DMSO and checked with 1H NMR (200 MHz, 298 K). 
Both spectrums are displayed in Figure S1 and S2 with the 
following peaks: 8.58 (d, Py–H of 4,4′-bpe), 8.33 (d, Py–H 
of 4,4′-tpcb); 7.60 (d, Py–H of 4,4′-bpe), 7.55 (d, CH=CH 
of 4,4′-bpe), 7.20 (d, Py–H of 4,4′-tpcb), 4.64(s, CH–CH of 
4,4′-tpcb). The yield was estimated to be less than 60% 
from the integral intensity of the peaks in NMR. 
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2.2  Structure determinations 

All these compounds are isostructures with small differ-
ences in the unit cell parameters. So, we collected the full 
datasets for only 1-ClO4

, 1-NO3
, 1-I and 2-ClO4

. For oth-
ers, we only checked their unit cell parameters. All data 
collections were made on a Nonius Kappa-CCD with Mo 
K radiation ( = 0.71073 Å) at 293 K. The structures were 
solved by direct methods and refined by a full matrix least 
squares technique based on F2 using the SHELXL 97 pro-
gram [45]. The hydrogen atoms of 4,4′-bpe and HCOO 
were added to the calculated positions. The hydrogen atoms 
of water were all added from the differential map or fixed to 
calculated positions. More details of the data collections are 
presented in Table 2. The crystal structures of these four 
complexes have been deposited at the Cambridge Crystal-
lographic Data Center and allocated the deposition numbers  

CCDC 626790, 863913-863915.  

3  Results and discussion 

3.1  Crystal structures 

All eight compounds are isomorphism (monoclinic, P21/c) 
and have a 3D pillared layer framework with M-HCOO-H2O 
herringbone layers along the ab plane connected by 4,4′-bpe 
pillars along the c axis. The X anions and lattice 4,4′-bpe 
molecules reside in the cavities of the framework (Figure 1). 
For the completeness of this work, we describe again the 
structure here, using 1-ClO4

 as an example. The details of 
the rest structures can be found in the CIF files. As shown 
in Figure 1(a), there are two unique octahedral Mn2+ ions 
(Mn1 and Mn2), both of which are equatorially coordinated  

Table 1  The elemental analysis results (the calculated results are in the brackets) and the main IR bands for all compounds 

Compounds 
Elemental analysis (%) 

IR (cm1) 
C H N 

Mn2(HCOO)3(4,4′-bpe)3(H2O)3(ClO4) (1-ClO4
) 

C39H39N6O13ClMn2 (945.09) 
49.44 (49.56) 4.55 (4.16) 8.84 (8.89) 1609s, 1425w, 1360w, 1103m,1090m,1013w 

Mn2(HCOO)3(4,4′-bpe)3(H2O)3(NO3) (1-NO3
) 

C39H39N7O12Mn2 (907.65) 
51.43 (51.61) 4.24 (4.33) 10.90 (10.80) 1610s 1505w, 1425w, 1363m, 1013w, 841w 

Mn2(HCOO)3(4,4′-bpe)3(H2O)3(BF4) (1-BF4
) 

C39H39N6O9BF4Mn2 (932.45) 
49.58 (50.24) 4.18 (4.22) 8.98 (9.01) 1611s,1538sh,1426w, 1358m, 1072m, 1011m 

Mn2(HCOO)3(4,4′-bpe)3(H2O)3(I) (1-I) 
C39H39N6O9IMn2 (972.54) 

48.12 (48.16) 4.36 (4.04) 8.62 (8.64) 1610s, 1505w, 1426w, 1358m, 1012m 

Mn2(HCOO)3(4,4′-bpe)3(H2O)3(Br) (1-Br) 
C39H39N6O9BrMn2 (925.55) 

50.01 (50.61) 4.30 (4.25) 9.21 (9.08) 1610s, 1505w, 1426w, 1358m, 1012m 

Co2(HCOO)3(4,4′-bpe)3(H2O)3(ClO4) (2-ClO4
) 

C39H39N6O13ClCo2 (953.07) 
48.32 (49.15) 4.33 (4.12) 8.85 (8.82) 1609s, 1425w, 1360w, 1103m, 1090m, 1013w 

Co2(HCOO)3(4,4′-bpe)3(H2O)3(NO3) (2-NO3
) 

C39H39N7O12Co2 (915.64) 
51.06 (51.16) 4.38 (4.29) 10.69 (10.71) 1610s 1505w, 1425w, 1363m, 1013w, 841w 

Zn2(HCOO)3(4,4′-bpe)3(H2O)3(NO3) (3-NO3
) 

C39H39N7O12Zn2 (928.54) 
50.41 (50.45) 4.13 (4.23) 10.75 (10.56) 1610s 1505w, 1425w, 1363m, 1013w, 841w 

Table 2  Crystallographic data for compound 1-ClO4
, 1-NO3

, 1-I and 2-ClO4
 

 1-ClO4
 1-NO3

 1-I 2-ClO4
 

Formula C39H39ClN6O13Mn2 C39H39N7O12Mn2 C39H39IN6O9Mn2 C39H39ClN6O13Co2 

Mr (g mol1) 945.09 907.65 972.54 953.07 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group P 21/c P 21/c P 21/c P 21/c 

a (Å) 10.1273(1) 10.0712(1) 10.1153(1) 9.9384(2) 

b (Å) 15.3853(2) 15.2468(3) 15.2778(2) 15.4628(3) 

c (Å) 27.6549(3) 27.6733(4) 27.5987(3) 27.1921(6) 

 (o) 92.722(8) 93.110(1) 94.704(2) 92.325(1) 

V (Å3) 4304.09(8) 4243.08(11) 4250.72(8) 4175.32(15) 

Z 4 4 4 4 

calcd (g cm3) 1.458 1.421 1.520 1.516 

 (MoKα) (mm1) 0.718 0.664 1.379 0.930 

R1 0.0474 0.0526 0.0360 0.0541 

wR2 0.1290 0.1486 0.0845 0.1541 

Max/min (e Å3) 0.982/0.489 0.679/0.577 0.647/0.786 0.681/0.709 

a) R1 = [||Fo||Fc||]/|Fo|; wR2 = {[w[(Fo)
2(Fc)

2]2]/[w(Fo
2)2]}1/2; w = [(Fo)

2 + (AP)2 + BP]1 where P = [(Fo)
2 + 2(Fc)

2]/3.  
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Figure 1  (a) The 2D herringbone layer of 1-ClO4

 with M2+ bridged by HCOO; (b) the pillared framework, the yellow ball represents the anions; (c) the 
schematic A and B sites in the framework; (d) the 4,4′-bpe column along b axis. 

by four O atoms from three different formates and one wa-
ter, and are axially coordinated by two N atoms from two 
4,4′-bpe. Connected by formates of two different bridging 
modes (syn-anti for O1-C1-O2 and O5-C3-O6, and anti-anti 
for O3-C2-O4), the Mn2+ ions form the 2D layer. One lat-
tice water molecule (O9) lies in the window of the 2D net-
work, and forms H-bonds with the metal-coordinated water 
and O1 of the formate bridges, resulting in dense layers. 
Due to the long pillar 4,4′-bpe, the interlayer Mn–Mn dis-
tances are quite long (ca. 14 Å), which results in a 2D mag-
netic system. The lattice water O9 and the staggering of 
adjacent layers blocks all possible channels of the frame-
work and leads to the formation of two distinct pseu-
do-cavities in sites A and B (Figure 1(b, c) and S3).  

Site A, surrounded by three 4,4′-bpe pillars, contains the 
ClO4

 anion, which forms weak O…H–C bonds with its pe-
ripheral 4,4′-bpe. Although different X anions can be easily 
included in the framework of 1-X by choosing different 
starting materials in the synthesis, they are not exchangea-
ble in-situ. This is reasonable for the non-accessible A sites. 
These anions of different sizes can subtly influence their 
structures, and thus their magnetic properties as shown be-
low. Site B, occupied by a lattice 4,4′-bpe, is surrounded by 
four 4,4′-bpe pillars in a manner such that two pairs of 
4,4′-bpe are nearly orthogonal to each other. The lattice 
4,4′-bpe is face-to-face to one pair of the 4,4′-bpe of the box 
but edge-to-face to another. The former leads to parallel 
stacking 4,4′-bpe columns along the b axis (Figure 1(d)). 
The olefins of adjacent 4,4′-bpe (C=C groups) are roughly 

parallel with the C–C distances of 3.883–4.143 Å for 
1-ClO4

. This structural feature satisfies the geometric crite-
rions of Schmidt for [2+2] photodimerization, namely, par-
allel alignment and olefin separation of < 4.2 Å [41, 46]. 

UV irradiation of the crystalline samples of 1-ClO4
 and 

3-NO3
 for 2 days indicates that they are photoactive in-

volving 4,4′-bpe to give tpcb (1H NMR in d6-DMSO: 4.64 
ppm for the CH–CH protons in 4,4′-tpcb). Even though the 
XRD patterns of 1-ClO4

 remained almost unchanged after 
the irradiation (Figure S4), we did not accomplish the reac-
tion from single crystal to single crystal because the reac-
tion results in the cracking of the crystals. Since the com-
pleteness of the reaction is only about 60% and some other 
changes happened during the reaction (the samples turns 
dark yellow for 1-ClO4

), the magnetic properties of the ir-
radiated samples are far from understandable. 

3.2  Magnetic properties 

To get a clear view of the magnetic properties of this series 
of compounds 1-X, we performed detailed magnetic meas-
urements on the powders of 1-ClO4

, 1-NO3
, 1-BF4

, 1-I and 

on one oriented single crystal of 1-ClO4
. An antiferromag-

netic state with a field induced spin-flop transition was 
proved to be the ground state of 1-ClO4

 and its magnetic 
phase diagram was established by series of careful meas-
urements. Furthermore, the anions with different sizes were 
proved to have some subtle influences on their magnetic 
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properties.  

3.2.1  Magnetic study upon 1-ClO4
 

The magnetic property of 1-ClO4
 was briefly reported in the 

formal communication and now we present the detailed 
results. The measurements were performed on a column-     
like single crystal of 0.92 mg and the data were calculated 
according to [Mn2] unit. Since  (92.7°) is very close to 90°, 
we will roughly consider the c axis (the reciprocal axis c* 
actually) being perpendicular to the herringbone layers in 
the structure. At the same time, since the c axis is the long 
dimension of the column (which was determined by the 
single crystal X-ray diffraction measurement), it is easy to 
orient the crystal with the c axis parallel or perpendicular to 
the field. The orientation accuracy were estimated several 
degrees during the measurements. Considering its 2D struc-
ture and its antiferromagnetic ground state, we proposed that 
the spins were perpendicular to the layer and it was proved 
by the rotation measurements (Figure 2). When the crystal 
is rotated around the c axis at 1.9 K, the  is almost iso-
tropic, suggesting the small difference in the magnetic be-
havior in the ab plane. Then, the angular dependence of  
was measured when the crystal was rotated around the ab 
plane (which means around any lines in the ab plane) at 
different temperatures (T = 1.9, 2.3, 2.7, 4.0, and 20 K, Fig-
ure 2). Remarkable anisotropy was observed at low temper-
atures: the minimums were observed when  = 0° and 180° 
(H//c) and the maximums were along 90° and 270° (H  c). 
Plus, these curves all stay below the curve around the c axis. 
These results are consistent with an antiferromagnet with 
the spins being perpendicular to the layer. The  parallel 
and perpendicular to the c axis are according to the // and 
. Due to the isotropic 6A ground state of Mn2+, the ani-
sotropy should arise from the specific alignment of the spins 
in an ordered state; and it should vanish gradually as the 
phase transfers from the ordered to the paramagnetic state. 
As is the case we observed: the difference between the 
maximum and the minimum diminishes as the temperature  

 

 

Figure 2  Angular dependent susceptibility for 1-ClO4
 under 1 kOe at 

different temperatures when the crystal is rotated along c axis and along ab 
plane ( = 0, H//c). 

increases and it is totally isotropic at 20 K.  
With the guide of the rotation results, we measured the 

magnetic properties (temperature dependent susceptibility 
(T) and field dependent magnetization M(H) at 2 K) with 
the external field H//c and Hc and also on the powder 
(Figure 3). All (T) curves above 20 K superpose together 
but a significant anisotropy emerges below 5 K. // shows a 
pronounced peak at 3.5 K and decreases toward zero on 
further cooling;  remains almost constant after reaching 
the maximum at 3.5 K. Meanwhile, powder shows a peak at 
3.5 K and reaches 0.63 cm3 mol1 at 2 K, close to the value 
0.59 cm3mol-1 of (2+//)/3. This behavior is consistent 
with the above result that 1-ClO4

 is an antiferromagnet with 
c as the easy-axis. The Néel temperature TN deduced from 
the peak position of d//T/dT is 2.5 K. Fitting of 1 above 
50 K with the Curie-Weiss law gives C = 8.65 cm3 mol1 K 
and a negative  = 3.5 K, indicating an intralayer AF cou-
pling. Well documented examples show that the magnetic 
coupling mediated by anti-anti and syn-anti formates can be 
antiferromagnetic [19, 22, 30–37]. If we consider these two 
formates to transmit similar coupling, the susceptibility for 
the Heisenberg antiferromagnet (S = 5/2) of a (6, 3) network 
(z = 3 and p4 = 2, see Ref. 46) can be fitted by Rushbrook 
and Wood’s HTS model using the eq. (1) with the Hamilto-
nian H = 2Ji,jSi·Sj [47]: 

 
12 2 6

1

( 1)
1

3
n

n
nB

Ng S S
C x

k T




  
  

 


－

 (1) 

Where x = J/kBT, and C1 = 17.5, C2 = 110.8333, C3 = 
304.1111, C4 = 991.8287, C5 = 9346.140, and C6 = 
364381.4. N, J, g, , S, kB and T have their usual meanings. 
The best fit of powder above 20 K gives the intralayer cou-
pling J = 0.21 cm1 and g = 2.02 with R = 3.1×105 [R = 
[(obscalc)

2/(obs)
2], consistent with the results reported 

for Mn-O-C(R)-O-Mn interactions (0.2 to 0.3 cm1) [19, 
22, 30, 37].  

 

 

Figure 3  Temperature dependence of  for 1-ClO4
. Inset: (a) Expansion 

of  below 10 K; (b) field dependent magnetization at 2 K. The data are for 
a single crystal (H//c and Hc) and a powder sample. The green line is the 
best-fit using HTS model.  
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For the M(H) measurements at 2 K (Figure 3, inset (b)), 
the M curve was almost a straight line reaching 7.55 B at 
50 kOe, lower than the saturated 10 B for [Mn2]. In the low 
field region (H < 10 kOe), M// increases more slowly than 
M does; and after an abrupt increase, it goes coincident 
with M until the field reaches about 40 kOe, where a se-
cond change, though less pronounced, happens. These two 
transitions can be confirmed by the two sharp peaks in the 
in-phase signal of the field dependence of the ac suscepti-
bility ′(H) up to 70 kOe on the powder, which are con-
sistent with the peaks of dM/dH (Figure S5). This M(H) 
behavior is typical for a spin-flop transition, which often 
occurs in antiferromagnets with small anisotropy when the 
external field is parallel to the easy-axis [48]. From Figure 
S5, the critical fields of the transition for 1-ClO4

 at 1.8 K 
are determined to be HSF = 12.8 kOe and Hc = 45.8 kOe. 

To further investigate the spin-flop transition of 1-ClO4
, 

we measured the detailed M//(H) with the field up to 70 kOe 
at different temperatures (T = 1.9–2.9 K, step 0.1 K, Figure 
4(a)) and //(T) under different fields (H = 1, 5, 10, 12, 15 
kOe, Figure 4(b)). Below TN, all M// curves have two transi-
tions, which become less pronounced when the temperature 
increases and disappear above TN. From the peaks of the 

dM/dH, series values of the critical fields (HSF, T) and (HC, 
T) can be obtained. These data determine part of the phase 
boundaries in the H-T plane. The // curves under different 
fields also show some regular changes. When H < HSF, all 
// curves show a peak and decrease monotonously towards 
zero. The curves shift to the low temperature along with the 
increasing fields. When H is larger than HSF (H = 15 kOe), 
the // increases again at low temperatures after reaching a 
round peak at about 3 K. This behavior is just like the  at 
1 kOe, in consistent with the fact that the spins under 15 
kOe flop to the direction perpendicular to the field. The 
derivatives of // curves give some other critical points, (H, 
T), in the H-T plane and complete the whole phase diagram 
of 1-ClO4

 (Figure 5). The filled squares and open circles are 
from the M//(H) and //(T) curves respectively, and the dot-
ted lines are added subjectively. Like a typical phase dia-
gram for a spin-flop transition, there are three different re-
gions: AF, SF, and P, respectively. The region AF corre-
sponds to the antiferromagnetic phase with the spins parallel 
to the c axis. With fields applied along c, increase of the 
temperature or field will lead to the phase transition to the 
spin-flop phase (SF region), and eventually to the paramag-
netic phase (P region).  

 

 

Figure 4  (a) The field dependent magnetization at different temperatures and (b) the temperature dependent susceptibility under different fields of 1-ClO4
 

with H//c.  

 

Figure 5  The H-T magnetic phase diagram of 1-ClO4
. The squares and 

dots are from the M(H) and (T) curves. The broken lines are for 
eye-guides. 

With the phase diagram, we can estimate two intrinsic 
parameters HE (internal exchange field) and HA (the anisot-
ropy field) [48]. Upon application of an external field H// on 
an antiferromagnet, a competition is set up between H// and 
HE. For an antiferromagnet with weak anisotropy, when H// 
reaches a critical field HSF, the anti-parallel magnetizations 
on the two sublattices flop from the direction of the 
easy-axis to that perpendicular to it. A further increase of H// 
to HC will totally align the spins to the direction of the field, 
which makes the system to the saturated paramagnetic state. 
In the molecular field model, the HE and HC are related to 
the critical fields at T = 0 K, HSF(0) and HC(0), by the fol-
lowing equations [48]: 
 2 1/2

SF E A A(0) (2 )H H H H   (2) 

 C E A(0) 2H H H   (3) 
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From the extrapolation of the phase diagram down to 0 K, 
we can estimate the critical fields at 0 K: HSF(0) ≈ 14 kOe, 
HC(0) ≈ 45 kOe. Thus, the HE and HA could be estimated 
to be about 24.5 kOe and 3.9 kOe. The ratio  = HA/HE, a 
relative measure of the ideality of the isotropic exchange 
interaction, is estimated to be 0.16. With the equation HE = 
z|J|S/gB, we can also get the intralayer exchange coupling 
J = 0.30 cm1, which is close to the value obtained before.  

The spin-flop transition has been widely observed and 
investigated in the classic magnetism and molecular mag-
netism. Since both the HC and TN are proportional to the 
magnetic interaction, it is not very easy to observe HC under 
normal lab conditions. If the coupling is too strong, a too 
big HC is probably needed to overwhelm the AF interactions 
to align all the spins parallel in a saturated paramagnetic 
state. This situation happens in our formal reported com-
pound Mn(N3)2(bt)2 where Mn2+ ions are bridged by the EE 
azido [49]. However, if the interaction is too weak, the TN 
for the ordered state will be too low. For compound 1-ClO4

, 
the formate ligand can transmit moderate magnetic interac-
tions. Due to this suitable coupling, the TN and HC are both 
lower than Mn(N3)2(bt)2, falling in the measurement range 
of our SQUID system. 

3.2.2  Magnetic investigations on the powders of 1-X 

All magnetic data on powders for 1-ClO4
, 1-NO3

, 1-BF4
 

and 1-I, including the (T) at 1 kOe (Figure S6), the field-     
cooled (FC) susceptibility at 200 Oe (inset of Figure 6(a)), 
the ac susceptibility ′(T) (Hdc = 0 Oe, Hac = 2 Oe, Figure 
6a), the M(H) at 2 K (Figure S7), and the field dependence 
of ac susceptibility ′(H) at 1.8 K (Figure 6(b)) were meas-
ured. Some important magnetic parameters are displayed in 
Table 3. Although the Curie constants are the same to be 
8.65 cm3 mol1 K, the Weiss constants vary from 3.5 to  
5.3 K. Using the same HTS model and equation 1, the (T) 
above 50 K can be fitted well (Figure S6) and the J values 
are from 0.21 to 0.28 cm1. All the FC and ′(T) curves 
have a peak in the range of 3.5 to 4 K, indicating a phase 
transition. No detectable out-of-phase signals or frequency 
dependence were observed. From the peaks of the d′T/dT, 
the TN can be deduced, varying from 2.5 to 3.0 K. The M(H)  

curves at 2 K for 1-X increase almost linearly, with the 
maximum magnetization Mmax at 50 kOe decreasing gradu-
ally from 1-ClO4

 to 1-I. The spin-flop transitions are still 
obvious and they are further proved by the peaks in the ′(H) 
curves, which correspond to the critical fields HSF and HC 
(Figure 6(b)). There are no obvious differences in HSF but 
the HC increases obviously from 1-ClO4

 to 1-I. 
From these experiments, we can draw two conclusions. 

First, different anions do not change the basic magnetic 
properties of the framework since all the curves and param-
eters are very similar to each other. This fact is somewhat 
obvious since these anions do not participate in the magnet-
ic coupling directly. The second and more interesting point 
is that the anions do have some obvious influences on their 
magnetic properties. As the size of the anions diminishes 
from 1-ClO4

 to 1-NO
3
 and 1-BF4

 and to 1-I, the ||, TN, J, 

and especially HC, increase gradually, the Mmax decreases 
gradually, and the HSF stays almost unchanged (Table 3). 
The sizes of the anions have the opposite influence on the 
||, TN, HC and |J|: the bigger the anion is, the smaller these 
parameters are. These changes might originate from the 
structure modifications of different anions. Careful analysis 
of the structure reveals that the Mn-Mn distances change 
slightly according to the anions. The interlayer Mn-Mn dis-
tances between Mn1-Mn2, Mn2-Mn1A, Mn1A-Mn2A de-
crease with the decrease of the size of the anions (6.19, 6.37, 
5.16 Å for 1-ClO4

; 6.17, 6.32, 5.14 Å for 1-NO3
; 6.17, 6.36, 

5.13 Å for 1-I). These small decreases may increase the 
interlayer coupling J slightly, particularly at very low tem-
perature near 0 K. Since HC is proportional to HE and thus 
to J, increase of J will increase remarkably the critical field 
HC from 45.8 kOe for 1-ClO4

 to 56.8 kOe for 1-I.  

3.2.3  Magnetic property of 2-ClO4
 

Although it is isostructural to 1-X, compound 2-ClO4
 only 

shows the paramagnetic behavior down to 2 K. Displayed in 
Figure 7 are the T(T), 1(T) at 1 kOe and M(H) at 2 K for 
[Co2] unit. Upon cooling from 300 K, the T value decreas-
es monotonously from 6.4 cm3 mol1 K till 2 K. The Curie-    
Weiss fit of the high temperature data gives C = 7.07 cm3  

 

 

Figure 6  (a) The temperature dependent ac susceptibility (Hac = 2 Oe, Hdc = 0 Oe) and FC (H = 200 Oe, inset) for 1-X; (b) the field dependent ac suscep-
tibility at 1.8 K for the powder samples of 1-X up to 70 kOe. 
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Table 3  Magnetic parameters for 1-ClO4
, 1-NO3

, 1-BF4
 and 1-I 

  (K) TN (K) Mmax (B) HSF (kOe) Hc (kOe) J (cm1) 

1-ClO4
 1.8 2.5 7.44 13.0 45.8 0.21 

1-NO3
 3.1 2.8 6.97 13.0 51.6 0.25 

1-BF4
 3.1 2.8 7.20 13.1 50.6 0.24 

1-I 5.3 3.0 6.50 12.9 56.8 0.28 

 

 

Figure 7  Temperature dependent susceptibility M
1 and MT for 2-ClO4

. 
Inset: the field dependent magnetization at 2 K.  

mol1 K and  = 30.5 K. This big negative  definitely 
should have some contributions from the spin-orbit cou-
pling for the 4T1g state for a Co2+ center and also indicate the 
AF coupling between the Co2+ centers. The M(H) increases 
almost linearly with no obvious abnormality, reaching 4.1 
μB at 70 kOe. Furthermore, the field dependent magnetiza-
tion at a dc field of 200 Oe (Figure S8) and the ac suscepti-
bility under a zero dc field (Figure S9) were also measured. 
No sharp peaks were found in these figures, clearly exclud-
ing the antiferromagnetic phase transition for 2-ClO4

. 

4  Conclusions 

As our ongoing investigations on the three-atom bridged 
molecular magnets, we presented here a series of multifunc-
tional metal-organic frameworks with M2+ ions bridged by 
HCOO. By introducing the potential functional coligand 
4,4′-bpe, these MOFs can have two distinct properties: 
magnetism and photoreactivity. Solid-state [2+2] photodi-
merization and antiferromagnetism with well-defined 
spin-flop transition were both observed in compounds 
Mn2(HCOO)3(4,4′-bpe)3(H2O)3(X) (X = ClO4

, NO3
, BF4

, I, 
Br). The magnetic properties of 1-ClO4

 were carefully in-
vestigated by detailed measurements on a well oriented sin-
gle crystal. The spins in the antiferromagnetic state were 
confirmed to be parallel to the normal of the Mn-HCOO 
layer. The phase diagram of the spin-flop transition was 
established; and the exchange field HE, the anisotropy field 
HA, the intralayer coupling J, and the anisotropy parameter 
 are estimated to be HE = 24.5 kOe, HA = 3.9 kOe, J = 

0.21 cm1, and  = 0.16, respectively. Furthermore, the 
framework has one pseudo-cavity being selectively filled by 
anions with variable size, which remarkably can tune their 
magnetic properties, especially the spin-flop critical fields. 

Supporting Information Available: X-ray crystallograph-
ic CIF files for compounds 1-ClO4

, 1-NO3
, 1-I and 2-ClO4

, 
the NMR spectrums, XRD patterns of 1 before and after the 
photoreaction, additional structural and magnetic figures.  
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