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Synthesis, Structure and Properties of a New Iron (I} Diphosphonate:
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Under hydrothermal conditions, a new iron {ll! diphosphonate namely [NHa(CHz} sNH,] (Fe." {O:PC{CH:}
{OH) (PO:H)}:] * 2H:0 was synthesized and structurally characterized. The compound contains covalent double
chains of [Fe:"[0:PC(CHs) (OH}PO.H}2].% . charge balanced by the protonated pentamethylenediamine. The
double chains are held 1ogether by very strong hydrogen bonds, forming a three-dimensional open network. Weak

ferromagnetic coupling is observed for the compound.
Keywords: iron diphosphonate crystal structure magnetic property Mésshauer spectra

0 Introduction tions and sensors!' “*'. A number of phosphunate com-

pounds have been prepared, among which rumpounds

An increasing attention has heen paid to the metal )
with open framework or porous structures are of most

phosphonate chemistry in recent vears. primarily due to : [7~11)
‘ ‘ ’ Interest .

their potential applications in ion exchanges, absorp- As an extension to vur previous studies of templah:
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influences on directing the struvtures of transition melal 462w, 416m. 407m * ¢m”'. Same vompound vun he

phosphonates.  baused on 1-hydroxyethylidenediphosp-
honate [hedp, C:PC{CH:] (OH} (PO ] -1 lterein
we teport the structure and magnetic propertivs o a new
rrun-hedp compound  [NH,{CH:} <NH-] [Fe.! [OsPC
(CHa) COH{PO-HY J2] = 2H:0 (1), To the Liest of nur
knowledge, iron phosphonate compounds reported
so far are still rather limited in number, including
HFe" (C.HPO:H) .. HFe" (RPO:) = - H:O(R = CzHs,
CsHs). HFe " {CH:-POY) 21700 Fe U {C3HsPO,)

H-0™Y, [Feal H:0 )20 0:PCH.POH )Y 2 ] (H:0 321 e
[NHat CH:2)4NHa] [Fe:" [OsPC(CH;) (OH) (POH) }2)

° H:D[ 1 I‘
1 Experimental

1.1 Materials and Methods
All the starting materials were reagent grude usel

as purchased. Elemental analyses were performed on a
PE 240C eclemental analyzer. Infrared spectra were
recorded on a IFS66V spectrometer with pressed KBr
pellets. Masshauer spectrum was carried aut with an
Austin 3-600 Mdssbauer speetrometer using a **Cu/Pd
source. The instrument was calibrated by a standurd
sample of Naa[Fe(CN)s{NO} ] - 2HO {SKNP) at room
temperature. The isomer shift was reported relative to
SNP. Variable-temperature magnetic susceptibility data
were nbtained on polycrystalline sample (38, 8mg]
from 2 1o va. 300K in 2 magnetic field of 10kOe after
zero-field couling using a Maghlab System 2000 mug-
netometer. Diamagnetic corrections were estimated
from Pascal”s constants'™’,

1.2 Synihesis of [NH.(CH,)sNH;][Fe:{O0-PC
(CH,)(OH) (PO} }.1 - 2H.O(1}
Hydrothermal treatment of a minture of FrS0, -

7H:0{Immol, 0.2787g}. 50% hedpHi{len?), LiP

{Immol, 0.0265z) and H:0 (8em’}, adjusted by 1.

S-pentamethylenediamine to pH == 3. 5, at 1407 for

48l resulted in the manophasic coludess needle-like

crystals. The crystals were further used for single crystal

structire determination and property measurements,

Anal. Caled. for CoHsoFexNa01sPe: C. 16. 16: H, 4, 88,

N, 3.77%. Found: C. 16.25: H. 4.79: N, 3. 74%. IR

{KBr): 3653m, 3426s, 3260s(br), 1676m, 1628m.

[563m, 1530m, 1502m, 1474m, 1418w, 1371w,

1133s, 10065, 9245, 9015, 793m, 669w, 568ur. 497w,

obtained without the addition of [uoride. The com-
pourndt is not stable and can be oaidizeid m air slowly,
as suggested by irs brown color on the crystal surfaces.
1.3 Crystallographic Studies

A single crystal with dimensions 0. 15 x0. 06 x
0. 06mm was used for sltructural deteromnaton on o
Stepens  Smart-CCD  diffractometer using  graphite-
monochromated Mo Ao radiation( A =0. 710734)
wom temperature.  Intensily data were callercted in

The data were integrated using the
121]

1271 frames.
Siemens SAINT program with the intensities cor-
rected for Lorentz factor, polanzation, air ahsurption,
and absorption due to vanation in the path length
tbrough the detector faceplate. Empincal absorption
correction was applied.

The structure was solved by direct nrcthod and
refined on F* by full-matrix least squares using
SHELXTL™*"! . All non-hydrogen atoms except the C
and N atoms in [NHa{ CH:)sNHs]** were refined with
The

tamethylenediammonium cations are dhisorildered over

antsotropic  displacement  parameters. pen-
1wo favtors Tixed at
D. 33333 and 0. 16666. respectively. The C-C and C-N
constraints were used in the further refinements, All
hydrogen atoms except those in  [NHat CH:) sNH,J **

were located in differenve electrun density maps and

sites, each with occupuney

refimed with the isotropic displacement parameters 1.2
or |. 4 times the preceding normal atoms. The hydrogen
atoms in [NHi{ CH:}sNH1]** were placed in calculated
positions, The disordered € and N atoms and ull hy-
drogen atoms were refined isotrapically, Crystallo-
graphic data are summanzed in Table 1, atomic coor-
dinates in Table 2, and selected Lond lengihs aml an-

gles in Table 3.
2 Results and Discussion

2.1 Description of the Structure
Compound 1 crystallizes in space group P2,/ ¢. It
[Fe: [0:PC{CHs}

charge balanced by protonated

contains anionic double chains of
(OH) {POH) ] ] ™
pentamethylenediamine (Fig. I and 2). The double
¢hain is vonstructed from twu equivalem single chains
by edge-sharing of the {FeQs] actahedra. Within each
single chain, the diphosphonate (O-PCICH.) (QH)
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Table 1 Crystallograpbic Data
comnpuund i
farmuia CallwMNaFe: T
M 657.93
viystal system wonuelinic
space gruup Fhee
a4 554071110
LYE 12.72612)
cFR le 13714)
B. (%) 9% 38(21
¥r Al 1122, 714)
A 2
B Agsem™) 1.946
F{G001 676
pw(MoRe)som™! 16. 57
gooduess of it on F? 1,053

0. 0350, 0, 0892
0. 0441, 0 0022
0433, -0 377

R, whelf»20(f)]
(ull Jatal
{30 oy | A band (0
Rz LA -1LFIIFE] Fel,
wh:= [T wi Ff = F2P AT wl R2V]?
{PO:H))?" bridges the Fe atums in a bis{chelating)
mode using 0(1), 0(2),0(4).0(5) and O(7) atoms.

Therefore. the double chain structure can be viewed as

A

10,PC(CH:) (OH) (POsH) - groap as the rail (Fig.
1). The Fe atum, sitting al an inversion venter, has a
distorted octahedral geometry, The Fe-O bapd lengths
[2.0687(3) ~2.338(3) A] are comparable to those
in the vther Fe {ll) -phosphunate compounds '™ = The
Fe(l)---Fe(1B) distance vver the 4O bndye is 3. 417
A, and the Fe(1)-0(4)-Fe(IB) angle 1= 101 301~
The hond valence sum vabcalated for Fe s 1,97
The phosphunate pxvgens in |O-PC1CH-) 1OH]
{PO.H)]*" in the htle compound is singly protunated.
Each phasphonate grunp presents ooe terminal bomling
with a slightly longer P-0 distance [P(1)-0(3) L. 541
(31 A, P{2)-0(6) 1.5340(3) A].

must hnk the two ternringd oxygen atoms o order

The hyvdrogen atom

satisly the valence of oxygen. Snhscquently. a very
strong hydrogen hond is found hetween the neighloriog
double chains with the 0(3] -0(6') distance 2. 3544,
Hence a three-dimensionul supra-moleculur network
structure is built up [rom hydrogen bonded | Fe2"[0:PC
(CHz) (OH) (PO:H)} :] ™ double chams with one-

a lulder with the {Fe:l 4-0)1) as the rung and the dimensional channels generated along the  [100] di-
Table 2 Atomic Coordinates and Equivalent Isofropic Displacement Parameters {A%) for 1

utem 3 3} z UHeq) atum . ¥ H eyl
Fe(l) 0.383911; Q.0512(1) 0.083111} 00211 PiLl) 0 §913(1) Q. 1483101} 0.157% ) o2ty
Fi2) Q. 5%6612) - 0Q.0B3L(1] 0. 117611} 04191 1) oll) 0 663105%) Q. 16270 0 0924121) [V bR M
02} 1. 135815) 0.1589(2) Q. 128412} 0.02911) (S]] 0. 8674(61 0, 224513} 0,230412) 0 034410}
Q4 0.63235) -0.0609(2) 0.947712) 0.02201) (3) 1150075 -0.071412) 0 0950127 hozally
019:]] 0. B60416) —-0,193712) 0. 152212) 0.0310L) | ©{7) 0, 6122(6) 0. 009513) 0.2135 20 (VPR TR
O01W) 0.570318) -10.1612(3) 0. 309213) 1.057(1) Ci2} 1. O448(8) -0.002614) 0 27981 3] v 021
i Q. B65617) 0.0141404) Q. 199313} 0. 020011 Wil 0 5860040) Q25521110 -0, 06031 131 [V VI
a2t 0. 37701401 0. 7429110)  0.0570(11) 0.017(2) CL11) 0. 7420030) 0.3477111) -0.0718713) U 05812)
CI12)  0.67301301 O J44E(12) -0.0309113) 0058021 | C113) 0. 4250(3D) Q45531101 -0 0038012 0, OS8IL2)
Cildl 0Q.3200(301 0.5650{11) -0.0026111) O.058(2) | Ci115) Q.3%30040) Q.62961101 1 D73BI10) 0 L5812}
N{ZL)  0.67501501 D 2457(16) -0.0782(19) 0.M7(2) | XN(22y 0Q.3850(s0) 0.7281115) 0. 1045015) 0 01712
CL21) Q.7190150)  0.3500(20) - 0.0400(30) 0. 058(2) C122)  Q 4730(50) 0.3837117) - 0. 01900 20) s
CLX310 0.4250060) 0.4984(18) -0.0287115) M 058(2) | Ci24y Q.4020(7D) Q.54681171 0 05571 18] 0, L5§12)
CI25) Q. 5140(60F  0.6536(12) 0.0580(201 0.058(2)

Ueql is defined as one thand of The Irace of the orthoganahzed U, tensor.

Table 3 Selected Bond Lengthsi A) and Angles(®) for 1

Fel1)-0(54) 2.057(31 Fel 1)-0(48) 2 08B(3)
Fel1)-014) 2.327(3) Fel1)-0(7| 2, 3B(3)
P(1)-0(3 [.53401(3) PI1)-CiT) 1. B4R(5)
¥(2)-0(6) 1. 54043) P(21-Ci 1) 1. B35(5)
O(5A(-Fe(11-0(4B)  97,37(12) QI5A)-Fe(1)-O(F1 168 48112
O(4B)-Fe{1:-0124) 06 76[12) OI1)-Fe{1}-0{24) 92 97(12)
0{1)-Fel1)-044) B3.27(11) Q(24)-Fel1)-0(4) 173 57111)
(L1 -Fel1)-0(7) 78.63(12) O1248)-Fe(1)-0(7) 96.87(12]
FI2)-0(4)-FelIB)  138.5(2)  P(21-014)-Fell) 115 SI(I7

Fel1}-001}) 209113} Fell)-U124) 215013

P(11-0{2) 1 51313) Py 1) | 51613)

I'M(2)-0{5) 1 5t5(3) P{2-ihd) L 52313)
CHAD)-Fed 1) 010 92.27(12% O(54)-Fei 11-0(241 Wk 28112)
M SAY-Fel D)-0rdr 92,4211 Q048 -Fel11-014) T8, 68112)
DISA)-Fel)-00T) 9002012} V4B -FelH-M7y 155 130121
T 4)-Fel 13-0(7) 730011 POE-ULi-Fer1) 119 39117)
Fe{1B)-00(4)-Fel 1) [01.32012} CyL1-0{7)-Fell) 103 7{z)

Synmeiry mransformations uged 10 generate equivalent atoms: A:

a-1,4, 5 B:

—x+l, -5, -z
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Table 4 Hydrogen Bonds(A, °) for 1
D-H-A d{D-H) dIH--A1 JD-A} < PDHA) n-1--A diD-N1y d{H -A) JID- AY <L DHA)

3) -H(3) - 08 0 78{5) 1 68{5) 2.4%4(4} 170(6) (71 - T 1% 0.77¢5) 1 93(5) 2 633(5) 17616)
DIIW) -HUIWA)--0(3)" 0 M6} 2.0416) 2 811151 143(al OOIW) —HilwB)--0{2)" 0 94iar 2 03(71 2 8%05) 15115)
NiL) = 101A (--0(5)" u. 849 2.4l 2 8§2(2) [51.3 NV -H(LBI- -1 6) . 89 2 0a 2750017 138 6
N(L)-H(1C) 0TI 0. &g 1. 98 283 1588  N{zI-Inz2C)-- o iy 0. 82 21 2OThIT) 12006
N(21) - HI21C)--0(6) 0.B% r22 3. 08(2) 164,23 N{21) -H(2IEL]--011) 0. 89 220 2 96131 1419

Symmetry translonnalions used to generale equivalent aloms: 30 — v+ 1, =y, ~ 7, iir -+ 4+ 172 -2+ LA/Y

i, —a+loy-Ts2 —z41/2 v: —x 42, p~142. - 241200 ~x+k ~v —znvie —x+ll 341 -z

Fig. 1

A fragmenl of the double chain i 1 with atomic
laheling scheme {509% probability)

All H aloms except H\ 3} are omitted for clanty.
rection {Fig. 2). The disordered [NHa(CH:)NHs]**

cations and waler molecules reside in the channels with

extensive hydrogen bending interactions (Table 4.
Compound 1 is isostructural to [NH;(CH2).NH:] [Fes"
{O,PC(CH;) (OH) {POHY} L) - WO, previously re-
ported by us as a communication’ ',
2.2 Massbauer Spectrum

The room temperature Massbauer spectrum for the
iitle compound is shown in Fig. 3. It can be least-
squares fitted with one doublet corresponding 1o the one
type of iron componenis. The parameters & (isomer
shift] and AEy(quadrupole splitting] obtained are
1. 63 and 1. 35mm - 5~', respectively, typical of high-

13621 The resull agrees wall with the

spin Fe (B) jons
magnelic measurements.
2.3 Magnetic Properties

Fig. 4 shows the [emperature dependent molar
magnelic susceptibilities in the forms of yw and yu T vs
T plots for 1. The effective magnetic moment at 298 K
{6.16 pe per Fe) is much bigher than the spin-unly
value of 4. 90 g for S=2. atiribnted 1o the orbilal
comribution of bigh spin Fe (I} ions. The Weiss con-
stant, determined in the temperature range 100 to
300K, s +22. 7K, suggesting a weak ferromagnetic

Fig. 2 Crystal paching of 1 viewed along a-axis
All H aloms except H{3) are onutted for clarity
] A ﬁ; H
£ T
E i st L.
% 'w !
£ v, us
1 L
] s
_ gy
vl
“« 4 2 e 2 & o
velogity / {mm -y )

Fig. 3 Madsshauer spectrum for 1
pxchange between the magnetic centers. The ferro-
magnelic interaction is confirmed by the slow mncreasing
of yuT on coohing from room temperature befure u
maximum is reached al 62K. Below 62K. the 7T
value drops rapidly which could be caused by ihe zero-
field splining of the ground state. According to tbe
structure mentioned above, compound 1 cunlains a
double cbain structure linked by strong hydrogen
bonds, Within the double cbain. there exists onygen
bridged {Fe:0:} dimers. The dimers are further con-
nected by O-P-O bridges. As the O-P-O bridge is
usually not efficient in mediating tbe magnetic interac-

tions because of electron localization, the Jumtuant
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FLr 5% [NHa( CHz)}sNH, | [ Fea { OsPC (CHy) (OHHPO:H) 2] - 2H:0: c7y
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Fig. 4 ywand yx T vs T plots for 1

ferromagnetic coupling chserved in 1 should he mainly
atichute 1o the {Fe:0:} dimers. The theoretical fitting
using an isotropic dimer model for $=2, hased on the
data in the temperature range 60 ~ 300K, led to pa-

I

rameters g =2.56, J= +1 2Zlem"".

based on the dala in the whole temperature range was

A similar fitting

not successful. Ferromagnetic exchange couplings are
also ohserved in the other 20 or X (X=F, CI
hridged diferrous complexes where the Fe-O{X} -Fe
angles fall in the range 91. 9 to 101. 7°1'% 2 ¥ The
Fe-0-Fe angle in 1 is 101. 3%

In summary, this paper reports a new iron ()
diphosphonate chain compound, [NH;{CH:) .NH,]
[Fe:"{0:;PC{CH,} (OH) {PO;H) }2] * 2H:0. The very
strong inter-chain hydrogen bonds connect the chains
inlo an open network structure. A dominani ferromag-

netic interaction is observed.
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