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Summary 

This thesis describes the syntheses， structures and physical properties (thermal， optical 

and magnetic) of hetero-bimetallic mixed-valence coordination polymers belonging to the 

family ofPrussian blue cyanide compounds. [MnII(R-pnH)(H20)][Cr
III(CN)6]"H20， 

[MnJI(rac-pnH)(H20)][Cr
lll(CN)6].H20 and [Mn

JI(enH)(H20)][Cr
lll(CN)6].H20， where pnニ

1，2-diaminopropane and en = ethylenediamine， have consequently been studied (Chapters 

III -V) using a variety of techniques (chapter 11) in the aim finding relations between chirality 

and magnetism. Chapter I introduces the subject and details ofthe project. 

[Mn(R-pnH)(H20)][Cr(CN)6]"H20 consists of a chirallayered magnetic network based on 

a square-grid with Mn-NC-Cr connections as its R-enantiopure congener， 

[Mn(S-pnH)(H20)][Cr(CN)6].H20， and is also a ferrimagnet (Tc 38 K) in its low 

temperature phase (RGN・LTP).It is found to survive two consecutive reversible single 

crystal-to-single crystal structural phase transitions at 310 (RGN・LTPto high temperature 

phase， RGN-HTP)叩 d360 K (RGN・HTPto dehydrated phase， RGN-DP) while preserving 

the same space-group P 21212 1• The structures of all its phases and some of the magnetic 

properties were performed on one single crystal. The first transition is of first-order and 

involves exchange of coordinating and non-coordinating water molecules and Mn bond with 

the secondary amine nitrogen to the primary one which is promoted by proton-transfer. The 

second is the complete dehydration producing a 3D-network by additional cyanide bridges. 

The first transition results in an increase of Tc to 39 K and the second to 73 K. These are 

associated with rotation of the easy/intermediate/hard axes going from a/b/c crystallographic 

axes for RGN-LTP to a/c/b for RGN-HTP to b/a/c for RGN-DP. 

[Mn(rac-pnH)(H20)][Cr(CN)6].H20 (rαcGN) crystallizes in the monoclinic achiral P 
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211m space-group having the same square-network of Mn-CN-Cr， and is a soft ferrimagnet 

(Tc = 36 K). The S-and R-enantiomers are randomly disordered. racGN shows reversible 

dehydration-rehydration to racGN-DP having a three-dimensional network and adopts the 

achiral orthorhombic P mnb space-group. racGN・DPis a ferrimagnetic (Tc = 70 K) with 

enhanced coercive field at 2 K of 64 Oe compared to the virgin sample. 

[Mn(enH)(H20)][Cr(CN)6]-H20 (enGN) crystallizes in the achiral orthorhombic P cmn 

space-group with similar structure and is a ferrimagnet (Tc = 42 K). enGN shows reversible 

single crystal to an amorphous dehydrated phaseヲenGN-DPis ferrimagnetic (Tc = 75 K). 

TGA，DSCラ IRand UV・visprovide evidences of the reversibility and reproducibility of 

the transitions， the order parameter ofthe transition and the mixed-valency character. 

一一V一一
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Chapter 1 

Introduction 

The field of magnetism based on molecules or molecular components is a fast advancing 

area of research and is of major academic and industrial importance. As the desired 

long-range magnetic ordering is becoming quite common and can be designed， in some cases， 

for systems of interest， research is being directed towards improving the critical transition 

temperatures， the magnetic hardness and the energy products. Critical temperature strongly 

depend on the number of atoms between paramagnetic center like above 800 K for the oxides 

(one-atom bridge) and decreases to nearly 200 K for the Prussian blue family having 

two-atom cyanide bridges while for those containing three-atom bridges Tc are less than 30 

K. I Depending on the desired application， the required magnetic hardness， as measured by the 

coercivity field， can vary from zero Oersted (very so白)for high efficiency smooth motors， to 

kilo-Oersted for everyday memorydevices such as metro tickets， to average hard magnets of 

ten kilo-Oersted for permanent memory recordings such as music and computer disks， to very 

hard ones of several tens of kilo-Oersted for writing/erasing heads? The control of this aspect 

of magnetism is the most difficult. One choice is the anisotropy of the moment carriers. Very 

anisotropic carriers， for example cobalt(II)， are used for obtaining hard magnets while 

non-anisotropic carriers such as iron(III) or Mn(II) provide soft magnets. The energy product 

(B x H where B is the remanant magnetization and H is the coercive field for a square 

hysteresis loop) of a magnet is proportional to the area within the hysteresis loops， which is 

dependent on temperature as well as orientation of the magnet in an extemal field. The 

coercive field has been discussed earlier， where as the remanant magnetization depends on the 

quality， the form， the type of magnetic ordering and the spin quantum numbers of the 

elements of the sample. The order of decreasing remanant magnetization is as follows， 

ferromagnet， ferrimagnet and canted-antiferromagnet.3 In addition to these rules that have 
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C':en established principally for metals and alloys and are also applied for metal-organic 

i:ompounds， the latter provide several other properties belonging to the organic part that has 

been useful in the development of metal-organic magnets. One disadvantage of the latter is 

the low density of moments. Using paramagnetic ligands is a way to increase the moment 

density and also to provide closer distances between the different paramagnetic centers. The 

organic moiety， diamagnetic or paramagnetic， can be used to organize the metal centers into 

certain crystal types th国 satis命theorbital-rule for obtaining long-range magnetic ordering. 

For example， the dicyanamide anion (NC-N-CN-) was elegantly used to generate rutile 

structures with divalent transition metals that satisfy the orthogonality-rule of Goodenough 

and Kanamori and resulted in ferromagnetism for d7 and d8 metals while 

canted-antiferromagnetism was obtained for a and d5 metals.4 

Among the recent developments， single-molecule magnet (SMM) and single-chain magnet 

(SCM) have been realized， where the major requirement for stabilizing these very peculiar 

magnetic properties relies on the magnetic anisotropy of the systems. SMM and SCM form a 

class of materials that bridges the gap between paramagnetism and long-range ordered 

magnetism covering a wide variety of spin dynamics.5，6 These compounds are also of 

importance in the development of nanosized materials. 

As pointed out above， the various magnetic properties are thought to be accessible through 

design of the coordinating ligands， the choice of paramagnetic centers and the control of the 

structural and magnetic dimensionalities. Working along these lines， much advances have 

been made which led to the realization of mu1ti-property within one compound. Therefore in 

parallel to these works， there is a concerted effort to deliberately introduce other properties 

suchぉ photo-reactivity/guest sensitivity8 and electrical conduction.
9 Photo-induced magnet 

was achieved by selecting metals with the appropriate ratio in Prussian blue analogues， 

showing the photo-activated magnetization and pole inversion by exciting within the 

appropriate IT・bandr問egl白OIn1?ム
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ferro・antiferromagnet，8hCurie temperature increment8a，b，i，j as well as spin-crossover critical 

temperature change8d，f，l，m upon guest molecule absorptionldesorption. For the magnets 

combined with electric properties， antiferromagnetic ordering and superconductivity，ge 

ferrornagnetic ordering and metallic conductivity，9a ferromagnet and ferroelectricity 

(multiferroics)9f，g have been reported. Most unusually observation has been the field-induced 

superconducti vity. 9d 

Magnets with interesting optical properties have also received much attention. 

Non-linear-optical properties， such as magnetization-induced second harmonic generation 

(MSHG)， are among the first to be realized.1O The Magneto-Chiral-Dichroism (MChD) effect 

in absorption or emlsslOn is expected for chiral magnets. The MChD e百ectwas first 

demonstrated in the deutrated dimethyl sulphoxide solution of chiral structural molecule， 

[Eu((+ or-)・tfC)3] where (+ or-)ーtfcis trifluoro・(+or -)-camphorato.ll 

Beside them， the chiral magnet is of special interest. For the magnetism， absence of 

centro・symrnetrycan also provide pathways for the asymmetric Dzyaloshinsky-Moriya (DM) 

interaction to operate and can result in inducing "chirality" in the magnetic structure. The DM 

interaction was first introduced by Dzyaloshinsky and consequent1y modified by Moriya to 

explain the weak-ferromagnetism inα:..Fe203・12Up to date， several chiral magnets have been 

synthesized due to the spontaneous resolution phenomenon upon crystallization by the use of 

auxiliary chiral ligands. In one case， these magnets were made from ligands without an 

optically active center， such as those with a twisting ligand (P or M) or metal・tris(oxalate) (A 

or ~) as well as from simple formate anion.13 Meanwhile， in another case from ligands with 

an optically active center， such as simple arnines，14，15 organic radicals，I6 or naturally available 

compounds.17 Very recently， new chirality induced porous achiral magnet by absorption ofthe 

chiral a1cohol was reported.18 

Among these strategies， our group is working on auxiliary ligand method with Prussian 

blue building blocks and this work led to several chiral magnets belonging to different crystal 
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classes and systems. Among them is [Mn"(S-pnH)(H20)][Cr
lII(CNhl・(H20)(SGN-LTP) 

which we abbreviated to 'GN for green needle¥15 This compound has several facets to it， 

which are incorporated by choice; it is heterometallic class-II mixed-valent， it has 

paramagnetic centers of different spin， and it chiral by virtue of the presence of only one 

enantiomer in the structure. It is a soft ferrimagnet (Tc = 38 K; Hcoercive < 10 Oe). Furthermore， 

neutron diffraction indicates the chiral magnetic structure (P 2121'21')19a and μ-SR results are 

consistent with chiral magnetic structure，19b moreover， giant non-linear third harmonic 

ac-susceptibilities were found-19E 

To develop this area， further experiment on GN as well as synthesizing achiral reference 

samples had been invoked to elucidate the sole effect of chirality. Surprisingly， GN showed 

other ground states as a function of the temperature with reversible single crystal-to・single

crystal transformations/O increasing number of the chiral magnet. In this thesis， we discuss on 

the crystal structure of GN and its structural transformations and the accompanying physical 

properties (chapter III). Consequently， successfully synthesized GN reference sample racGN 

(chapter IV) and enGN (chapter V) with structural and physical properties changes are 

described. 

-5-
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Chapter 11 

Experimental Section 

11-1. Synthesis ofK3[Cr(CN)61 

This compound was synthesized by a slight modification to the reported procedure.21 

(Caution: Potassium cyanide is very toxic and should be used only in a well-ventilated hood 

and manipulated with latex gloves). 50 mL of an aqueous solution of KCN (13.02 g， 200 

mmol) was heated to 80 oC and the added drop by drop to a 50 mL aqueous solution of 

CrCh・6H20(15.9 g， 48.9 mmol). The dark-orange solution formed was filtered through a 

Celite@545 column until the filtrate loses its turbidity. 

In a different dry flask Hg/Zn amalgam was prepared by adding 4 mL of 0.5 M HCI to a 

mixture of HgCh (0.2 g， 0.74 mmol) and Zn powder (2.0 g， 30.6 mmol) (Waming: This is a 

fuming reaction). After mixing， the solvent was removed by decantation. 

The experiments that followed were performed under dry nitrogen. To the amalgam， 12 

mL of an aqueous solution of CrCh・6H20(0.266 g， 1.0 mmol) was added and stirred until the 

color of the solution has changed to pale-blue. The reduced chromium solution was added to 

the orange CrCh・KCNsolution prepared above. The resulting mixture was stirred for 3 hours 

and the color of the solution changed from dark-orange to an orange-yel1ow. After the color 

change， the solution was exposed to air and stirred ovemight. The color of the solution reverts 

back to dark-orange. 550 mL MeOH was then added to the solution to yield a yellow 

precipitate. This precipitate was filtered and washed with EtOH and then ether. The solid was 

dissolved in a minimum amount of iced water and filtered through Celite. MeOH was then 

added to it while stirring to give a yellow precipitate， which was filtered and washed with 
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EtOH and ether. Yield 1.91 g (5.87 mmol)， 11.8% (5.87 / 49.9 mmol based on CrIII). The 

presence of this product was confirmed and its quality was verified from UV-vis spectra using 

an aqueous solution containing 5.04 mM ofthe product (0.04102 gヲ0.126mmol in 25 mL of 

H20).Obs.λ= 378.5 nm (ε= 89.6 mor
1 L cm-1)，λ= 306.5 nm (ε= 66.4 mor1 L cm-1); Ref. 

λ= 377 nm (ε= 85.9 mor1 L cm-1)，λ= 307 nm (ε= 59.5 mor1 L cm-1). 1 

11-2.1. Synthesis of R-pn.2HCl 

This compound was synthesized with slight modification to that referenced in the book. 22 

A solution containing L-(+)-tartaric acid， (+tartH2， 289 g， 1.92 mol) in 380 mL of H20 was 

added to 81.8 mL of rac-l，2-diaminopropane， (rac-pn， d = 0.87 g/mol， 0.961 mol) to yield a 

white precipitate. The solution with precipitate was heated to :::::: 80 oC until complete 

dissolution of the solid and then cooled slowly to 0 oC with vigorous stirring to yield a white 

precipitate. This precipitate was fi1tered， washed with iced water and then re-dissolved in 800 

mL of I-hO at 0 oc. Recrystallization of the solid was then performed very slowly with the 

Erlenmeyer f1ask wrapped by a towel and aluminum foil and left ovemight， followed by 

cooling in ice while it is vigorously stirred. The white precipitate was filtered and washed 

with iced water. This recrystallization was repeated three more times from 720ヲ480and 480 

mL of H20， respectively. The final white precipitate R中nH2[+tarth・2H20(170 g， 0.414 mol) 

was partially dissolved in 200 mL of H20 and Ca(OH)2 (67.2 g， 0.907 mol) was added 

drop-wise to the suspension with vigorous stirring. The mixture was kept stirring ovemight at 

40 oC. The resu1ting heavy precipitate was fi1tered and washed with iced water and all the 

filtrate was collected. KOH solid was added to the filtrate until the solution separated into 

two-Iayers. The upper layer was separated and to it was added 70 mL 37% HCI (d = 1.19 
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g/mL， 0.845 mol). The mixed solution was evaporated until a white precipitate was observed. 

EtOH was added to the suspension to give a heavier white precipitation. The precipitate was 

filtered and washed with EtOH and ether. Yield 28.0 g， 39.6% (0.19 / 0.48 mmol based on 

R-pn). 

Optical purity was obtained from measurement on a polarimeter using a 10 mL aqueous 

solution containing the product (2.00 g，α= 4.0 deg. mL g-l dm-1， theoretical value = 0.800 

deg for 1 dm light pass) with reference to 100 mL aqueous solution of sucrose (1.48 g，α= 

66.5 deg. mL g-l dm-1， theoretical value = 0.984 deg for 1 dm light pass). The observed value 

of R-pn・2HCl/Sucrose was 0.78 while theoretical value is 0.82. Assuming that by-product is 

S田pn.2HCl，enantio-excess is calculated at 96%. 

11-2.2. Synthesis of S-pn.2HCl 

This compound was synthesized from same protocol with R-pn.2HCl with using 

D-(・)-tartaricacid instead of L-(+)-tartaric acid. 

A solution containing D-(・)-tartaricacid， (-tartH2， 300 g， 2.00 mol) in 400 mL of H20 was 

added to 95 mL of rac・1，2・diaminopropane，(rac-pn， d = 0.87 g/mol， 1.11 mol) to yield a 

white precipitate. The solution with precipitate was heated to ~ 80 oc until complete 

dissolution of the solid and then cooled slowly to 0 oC with vigorous stirring to yield a white 

precipitate. This precipitate was fi1tered， washed with iced water and then re-dissolved in 700 

mL of H20 at 0 oC. Recrystallization of the solid was then performed very slowly with the 

Erlenmeyer flask wrapped by a towel and aluminum foil and left ovemight， followed by 

cooling in ice while it is vigorously stirred. The white precipitate was filtered and washed 

with iced water. This recrystallization was repeated three more times with 700 mL of H20. 

-9-



The final white precipitate S-pnH2[-tarth・2H20(172 g， 0.446 mol) was partially dissolved in 

200 mL ofH20 and Ca(OH)2 (67.2 g， 0.907 mol) was added drop-wise to the suspension with 

vigorous stirring. The mixture was kept stirring overnight at 40 oC. The resulting heavy 

precipitate was filtered and washed with iced water and al1 the filtrate was collected. KOH 

solid was added to the filtrate until the solution separated into two-layers. The upper layer was 

separated and to it was added 80 mL 37% HCl (d = 1.19 g/mL， 0.966 mol). The mixed 

solution was evaporated until a white precipitate was observed. EtOH was added to the 

suspension to give a heavier white precipitation. The precipitate was filtered and washed with 

EtOH and ether. Yield 25.8 g， 31.8% (0.175 1 0.55 mmol based on S-pn). 

Optical purity was obtained from measurement on a polarimeter using a 25 mL aqueous 

solution containing the product (2.97 g，α=・4.0deg. mL g-1 dm・lラtheoreticalvalue =ー0.475

deg for 1 dm light pass) with reference to 25 mL aqueous solution of sucrose (8.65 g，α= 66.5 

deg. mL g-1 dm-1， theoretical value = 23.0 deg for 1 dm light pass). The observed value of 

S-pn・2HCl1 Sucrose was -0.02042 while theoretical value is ・0.02064.Assuming that 

by-product is S-pn・2HCl，enantio・excessis calculated at 99%. 

11-2.3. Synthesis of rac-pn.2HCI 

7.0 mL ofrac-1，2・diaminopropane(d = 0.87 g/mol， 82.6 mmol) was added to 13.6 mL of 

37 % HCl (d = 1.19 g/mL， 167 mmol). The mixture was evaporated to yield a white powder. 

It was then dissolved into a minimum amount of hot water. The concentrated hot solution was 

cooled down to room temperature and then added to EtOH while stirring until no precipitation 

occurs. The precipitate was filtered and washed with EtOH and ether. Yield 7.55 g， 62% (51.3 

182.6 mmol) 

-10-



11-2.4. Synthesis of en.2HCI 

A solution of 10 mL of ethylenediamine (d = 0.899 g/mL， 150 mmol) in 30 mL of H20 

was added to 30 mL of 37% HCl (d = 1.19 g/mL， 362 mmol). The mixture was evaporated to 

yield a white powder， which was then dissolved in a minimum amount of hot water. The 

concentrated hot solution was cooled down to room temperature and EtOH was added while 

stirring until no more white precipitation occurs. The precipitate was filtered and washed with 

EtOH and ether. Yield 19.1 g， 96% (144 /150 mmol). 

11-3.1. Synthesis of [Mn(R-pnH)(H20)] [Cr(CN)6].H20 (RGN-LTP) 

This compound was synthesized by a slightly modified method to that reported:s For this 

part of the synthesis， all manipulations were performed under an argon atmosphere. 2 mL of 

aqueous R-pn・2HCl(368 mg， 2.5 mmol) and K3[Cr(CN)6] (203 mg， 0.625 mmol) were mixed 

with 0.5 mL of 8.0 M KOH (4 mmol) and the mixture was placed at the bottom of a glass tube 

(14 mm inner diameter). 1.5 mL of H20・EtOH(3: 1) was then layered on top of this mixture， 

followed by layering with 2.5 mL of H20・EtOH(1 :3) solution of孔1nCb・4H20(372 mg， 1.88 

mmol). The glass tube was sealed and kept in a dark place. After two months， green needle 

plate crystals were harvested. This method also yields cubic crystals of Prussian blue as 

byproduct in proportion not exceeding 10%. The crystals were filtered and washed with H20， 

EtOH and ether. The desired crystals were separated manually under an optical microscope 

for further measurements. Yield 175 mg (including cubic crystal)， 74.9% (0.468 / 0.625 mmol 

based on K3[Cr(CN)6]). Anal. Ca1cd for RGN-LTP， C9H15CrMnN802: %Calc. C， 28.89; H， 

4.04; N， 29.94. Found: C， 28.90; H， 3.95; N， 30.34. 
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11-3.2. Synthesis of [Mn(S-pnH)(H20)][Cr(CN)6]'H20 (SGN-LTP) 

This compound was synthesized from same protocol with RGN-LTP with using 

S-pn.2HCl instead of R-pn.2HCl. For this part of the synthesis， all manipulations were 

performed under an argon atmosphere. 3.0 mL of aqueous S-pn・2HCl(494 mg， 3.36 mmol) 

and K3[Cr(CN)6J (0.225 g， 0.69 mmol) were mixed with 0.4 mL of 8.0 M KOH (3.2 rnmol) 

and the mixture was placed at the bottom of a glass tube (10 mm inner diameter). 2.6 mL of 

H20・EtOH(3:1) was then layered on top ofthis mixture， followed by layering with 3.4 mL of 

H20・EtOH(1 :3) solution of MnCh・4H20(501 mg， 2.53 mmol). The glass tube was sealed 

and kept in a dark place. After two months， green needle plate crystals were harvested. This 

method also yields cubic crystals of Prussian blue as byproduct in proportion not exceeding 

10%. The crystals were filtered and washed with H20， EtOH and ether. The desired crystals 

were separated manually under an optical microscope for further measurements. Yield 131 mg 

(inc1uding cubic crystal)， 50.7% (0.350 / 0.690 mmol based on K3[Cr(CN)6]). Anal. Calcd for 

SGN圃LTP，C9H15CrMnN802: %Calc. C， 28.89; H， 4.04; N， 29.94. Found: C， 28.95; H， 

3.85; N， 29.96. 

11-3.3. Synthesis of [Mn(rac-pnH)(H20)][Cr(CN)6]'H20 (racGN) 

All manipulations were performed under an argon atmosphere. 0.5 mL of aqueous 

rac-pn.2HCl (147 mg， 1.0 mmol) and K3[Cr(CN)6J (16.3 mg， 0.05 mmol) was mixed to 0.1 

mL of 8.0 M KOH (0.8 mmol) and the mixture was placed at the bottom of a glass tube (6 

mm inner diameter). 0.4 mL of H20・EtOH(3: 1) was then layered on top of this mixture， 

followed by layering with 0.5 mL of H20・EtOH(1 :3) solution of MnCh-4H20 (74.2 mg， 

0.375 mmol). The glass tube was sealed and kept in a dark place. After a few weeks， green 
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needle plate crystals were harvested. This method also yields cubic crystals of Prussian blue 

as byproduct in variable proportion not exceeding 10%. The crystals were filtered and washed 

with H20， EtOH and ether. The desired crystals were separated manually under an optical 

microscope for further measurements. Yield 14.1 mg (including cubic crystal)， 76% (0.038 / 

0.05 mmol based on K3[Cr(CN)6]). Anal. Calcd for racGN， C9H15CrMnN802: %Calc. C， 

28.89; H， 4.04; N， 29.94. Found: C， 28.84; H， 4.37; N， 29.97. 

11-3.4. Synthesis of [Mn(enH)(H20)][Cr(CN)6].H20 (enGN) 

For this part all manipulations were performed under an argon atmosphere. 2 mL of 

aqueous en・2HCl(332 mg， 2.5 mmol) and K3[Cr(CN)6] (203 mg， 0.625 mmol) were mixed 

with 0.5 mL of 8 M KOH (4 mmol) and the mixture was placed at the bottom of a glass tube 

(14 mm inner diameter). 1.5 mL of H20・EtOH(3: 1) was then layered on top of this mixture， 

followed by layering with 2.5 mL of H20・EtOH(1 :3) solution of MnCh.4H20 (372 mg， 1.88 

mmol). The glass tube was sealed and kept in a dark place. After a few weeks， green needle 

plate crystals were harvested. This method also yields cubic crystals of Prussian blue as 

byproduct in proportion not exceeding 10%. The crystals were filtered and washed with H20， 

EtOH and ether. The desired crystals were separated manually under an optical microscope 

for further measurements. Yield 170.6 mg (including cubic crystal)， 75.8% (0.474 / 0.625 

mmol based on K3[Cr(CN)6]) Anal. Calcd. for enGN， C8H13CrMnN802: %Calc. C， 26.52; 

H， 4.17; N， 30.98. Found: C， 26.57; H， 3.98; N， 31.01. 

-13-



11-4. Elemental analyses 

Elemental analyses for C， H and N were perforrned on a Perkin-Elmer 2400II at the 

Natural Science Center for Basic Research and Development (N-BARD)， Hiroshima 

University‘ 

11・5. Infrared spectroscopy 

Infrared spectra were recorded by transmission through KBr disks containing ca. 0.5 % of 

the compounds using a HORIBA FT-IR spectrometer FT・720.For RGN-HTP， the KBr 

pressed disk was warrned to 323 K for 2 days before measurement. For RGN・DP，racGN・DP

and enGN・DP，some powdered KBr containing the virgin sample was vacuumed at 383 K for 

2 hours， and then pressed into disk. For RGN-HP and racGN-HP， each virgin sample was 

heated to 365 K瓜 arate of 1 Klmin， exposed to air for overnight， then mixed with KBr and 

pressed into disk. For RGN-HP virgin sample was heated to 365 K at a rate of 1 KJminラ

soaked into water， dried under nitrogen， then mixed with KBr and pressed into disk. For 

racGN・DP(2nd)， some powdered KBr containing racGN-HP was vacuumed at 383 K for 2 

hours， and then pressed into disk. 

11・6. Polarimetry 

Optical purity was measured by transmission through a solution (1 dm light pass) using an 

ADP220 polarimeter (Bellingham and Stanley Ltd). 

-14-



11-7. UV-Vis spectroscopy 

UV-vis spectra ofK3[Cr(CN)61 was measured by transmission through an aqueous solution 

in a quartz cell (1 cm light pass) using a SHIMADZU UV 160A spectrometer. UV-vis 

absorption spectra of RGN-LTP were recorded by transmission through a single crystal (1.5 x 

5 mm2 and thickness of ca. 0.2 mm) held on cut slots between two aluminum sheets by use of 

an UVIKON-XL of BIOTEK Instruments. Due to the high absorption below 400 nm， the 

transmission was too low to allow for any measurement to be performed. 

11・8. Magnetic measurements 

Magnetic measurements were carried out by use of a Quantum Design MPMS・5SSQUID 

magnetometer. Diamagnetic corrections were estimated using Pascal constants，23，24 and 

background correction by experimental measurement of an empty gelatin capsule. 

Magnetic properties for polycrystalline samples for RGN-LTP， SGN-LTP， racGN and 

enGN were collected by in-situ measurement except for the rehydration of enGN・DP.The 

sample of RGN-LTP was transforrned from virgin RGN-LTP to quenched RGN-HTP， 

relaxed RGN・LTP，dehydrated RGN-DP and rehydrated RGN-HP， sequentially. After each 

transforrnation， the phase was verified by locating its magnetic critical temperature. The 

RGN-HTP was obtained by warrning the sample of RGN-LTP from 300 to 312 K at a rate of 

0.25 KJmin and cooled down to 100 K at a rate of -10 KJmin. The relaxed RGN-LTP was 

obtained by annealing the sample from 280 to 295 K and back to 280 K at a rate of 0.25 

KJmin. RGN-DP was obtained by warrning the sample from 310 to 360 K at a rate of 0.5 

KJmin and purged for one hour at 360 K. RGN-HP was obtained by exposing to the air for 1 

week. The S-isomer， SGN・LTPwas treated with same procedure for RGN-LTP. The sample 
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of racGN was transformed from racGN to dehydrated rαcGN-DP， rehydrated racGN・HP，

and dehydrated racGN-DP (2nd)， sequentially. The racGN-DP was obtained by heating the 

sample from 310 to 360 K at a warming rate of 0.5 Klmin. Then， racGN・HPwas obtained by 

exposing to the air for 1 month， then the phase was transformed into racGN-DP (2nd) by 

heating the sample from 310 to 360 K at a warming rate of 0.5 Klmin. The sample of enGN 

was collected for vlrgm enGN， followed by those of the dehydrated enGN-DP， then 

rehydrated enGN-HP. The dehydrated enGN・DPwas obtained by heating the virgin sample 

in a f10w of helium from 310 to 360 K at a warming rate of 0.5 Klminute in the SQUID 

machine， then the dehydrated sample was soaked in distilled water to recover the initial state 

enGN-HP. The phase state was verified by locating the critical temperature after each 

transformation. 

Zero-field-cooled and field-cooled measurements were performed in an applied field of 5 

Oe and magnetic susceptibility were measured in an applied field of 100 Oe. Magnetic 

susceptibilities for quenched RGN・HTPwere collected on cooling from 100 to 2 K， followed 

by warming from 106 to 300 K. For Dehydrated samples RGN-DP， racGN-DP， racGN-DP 

(2nd)， and enGN・DP，magnetic susceptibilities were collected on cooling from 360 to 2 K. 

For the other phases， magnetic susceptibilities were collected on cooling from 300 to 2 K. 

Isothemlal magnetization at 2 K was measured for each phase from -50 to 50 kOe. 

Isothermal initial magnetizations were collected at 2 K on one single crystal， which were 

aligned along crystallographic axes determined by the aid of single crystal X-ray diffraction， 

from 0 to 50 kOe. Two single crystals were used to complete the full set of measurements. 

Measurements were done for b-axis (RGN-LTP)， c-axis (RGN-LTP)， c-axis (RGN-HTP)， 

b-axis (RGN-HTP)， a-axis (RGN-LTP)，α-axis (RGN-HTP)， a-axis (RGN-DP)， b-axis 
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(RGN・DP)and c-axis (RGN・DP)，sequentially. The crystallographic axes were determined 

more accurately from the mmlmum or maximum point of angular dependence of the 

magnetization. The phases were determined by their magnetic critical temperatures. The two 

crystals were covered with methyl methacrylate polymer (PMMA) using CH2Ch・

The first single crystal (RGN・LTP)was set to the sample rotor with the a-axis parallel to 

the rotation axis， and MH curve for b-axis (RGN・LTP)was first measured and then the 

crystal was rotated by 900 followed by measuring the c-axis (RGN-LTP). In this orientation 

the virgin RGN-LTP was transformed into quenched RGN・HTPby warming from 290 K to 

312 K at a rate of 0.25 Klmin and cooled down to 100 K at a cooling rate of -10 Klmin. MH 

curve for c-axis (RGN-HTP) was measured and the crystal was rotated by 900 followed by 

measuring along the b-axis (RGN-HTP). The quenched RGN・HTPwas annealed to the 

relaxed RGN-LTP by warming the sample from 280 to 295 K and cooling to 280 K at a rate 

of 0.25 Klmin. The same crystal (RGN聞LTP)was remounted on the sample rotor with the 

c-axis parallel to the rotation axis and MH curve was measured for a-axis (RGN-LTP). The 

relaxed-LTP was transformed into quenched-HTP by warming from 290 to 312 K at a rate of 

0.25 Klmin twice and cooled down to 100 K at a cooling rate of ・10Klmin. MH curve for 

a-axis (RGN-HTP) was measured. Then， the quenched-HTP was dehydrated by heating from 

310 to 360 K at a rate of 2 Klmin. MH curve for a-axis (RGN-DP) was measured and then 

the crystal was rotated by 900 followed by measuring the b-axis (RGN-DP). The second 

crystal was set to sample rotor with the a-axis parallel to the rotation axis. The crystal was 

dehydrated by heating from 310 to 360 K at a rate of 2 Klmin， MH curves for c-axis 

(RGN・DP)was measured. 

-17-



11・9. Thermogravimetric and differential thermal analyses 

Thermogravimetric and differential thermal analyses were performed on 10.060， 10.237， 

9.799 and 10.574 mg of RGN・LTP，SGN・LTP，r，αcGNand enGN sample， respectively， using 

a Rigaku Instrument TG8120 operating under dry nitrogen with heating from 290 to 363-380 

K at a rate of 1 KJmin， and cooling down to 290 K at a rate of 10 KJmin. After cooling， the 

dehydrated sample was exposed to air overnight for RGN・LTP，SGN・LTP，and racGN. 

The dehydrated sample of enGN・DPwas exposed to high humidity air (humidity ~ 93%， 

temper剖ure~ 310 K) for overnight. Further measurements were performed to higher 

temperatures by use of a Perkin-Elmer Pyris 6 TGA operating under dry nitrogen at a heating 

rate of 5 KJmin for 21.841， 15.497 and 18.343 mg of RGN・LTP，racGN， and enGN sample， 

respectively. 

11・10. Differential scanning calorimetηr 

Calorimetric experiments were performed at two different warming rates using a Rigaku 

Instrument DSC8230 under nitrogen atmosphere. For the RGN・LTP，measurement with slow 

warming rate of 0.25 and 2 KJmin was performed on a sample of 20.009 and 4.990 mg with 

20.693 and 5.442 mg of Alz03 as references， respectively. For the racGN， measurement at a 

warming rate of 1 KJmin was performed on 21.844 mg of sample which are tightly packed in 

an aluminum pan with lid with 10.42 mg of Aluminum lid as a reference. 

H・11. Powder X-ray diffraction 

The powder X-ray diffraction patterns were measured on a Rigaku Rint 2000 system using 

Cu・Kαradiationand employing a scan rate of 4.00/min and step of 0.020
• For the RGN-LTP， 
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the sample was transformed from the virgin RGN・LTPto quenched RGN-HTP， relaxed 

RGN-LTP， dehydrated RGN-DP and rehydrated RGN圃LTP，sequentially. The quenched 

RGN-HTP was obtained by placing the virgin RGN-LTP in a heated desiccator and kept at 

315 K for 1 hour. The relaxed RGN・LTPwas obtained by placing the sample in a refrigerator 

operating at 283 K and kept for 2 hours. RGN・DPwas obtained by placing relaxed 

RGN-LTP in a heated desiccator at 363 K for 30 min under nitrogen. Rehydrated RGN-HP 

was obtained by exposing the RGN-DP sample to air for 30 min. The S-isomer， SGN-LTP 

was treated with same PI叫 ocolwith RGN-LTP. 

For the racGN， the sample was transformed from vlrgm racGN to dehydrated 

racGN・DP，rehydrated racGN-HP， and dehydrated racGN-DP (2nd)， sequentially. 

Dehydrated racGN・DPwas obtained by placing the sample in a heated desiccator kept at 363 

K for 10 min under nitrogen. Reydrated racGN圃HPwas obtained by exposing to air for 30 

min， then this hydrated phase was placed in a heated desiccator kept at 363 K for 10 min 

under nitrogen again to transform into racGN-DP. For the enGN， the sample was 

transformed from virgin enGN to dehydrated enGN・DP，and then rehydrated enGN-HP. 

Dehydrated enGN・DPwas obtained by placing the sample in a heated desiccator kept at 363 

K for 10 min under nitrogen. Reydrated enGN-HP was obtained by exposing to air for 1 hour. 

The simulated patterns were calculated from the single crystal X-ray data using 

RIETAN田2000.29

11-12. Single crystal X-ray diffraction 

All the diffraction data were collected by in-situ measurements using a Bruker 

SMART-APEX diffractometer equipped with a CCD area detector and 
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graphite-monochromated MoKαradiation，λ= 0.71073 A，ω-scan mode (0.30- steps). 

Semi-empirical absorption corrections on Laue equivalents were applied. The structures were 

solved by direct methods and refined by full-matrix least-squares against 戸ofall data using 

SHELX・97.Hydrogen atoms on nitrogen and carbon atoms were inc1uded in ca1culated 

positions and not refined for RGN series. Meanwhile， only C6 atom for racGN， C4 and C5 

atoms for enGN were inc1uded due to static disorder for the other series. The positions of the 

hydrogen atoms on oxygen atom were located from the different Fourier map unless the 

refinement is unstable. All the atoms were refined anisotropically except for hydrogen atoms. 

For the RGN-LTP， the crystals were found to break during temperature cyc1e and this was 

associated with the different hardness when the crystals were glued to the glass fiber using 

araldite. Furthermore， direct f10w of nitrogen onto the crystal during intensity measurement 

for RGN-HTP at 309 K where the structural phase transition was observed gradually affects 

the quality of the diffraction peaks. This occurs only in the first transformation from virgin 

RGN・LTPto RGN-HTP. To circumvent the two difficulties two precautions were taken. One 

is to wrap the selected crystal with a thin polyethylene sheet (c1ing film) without using glue 

and this is then glued to the glass fiber with araldite at one end and the other end is left open; 

otherwise it was not possible to properly dehydrate the crystal in-situ. The second problem 

was resolved by use of a c1ear drinking straw around the crystal. Neither of these appears to 

affect the diffracted intensities. For the racGN and enGN， the crystals were glued to the glass 

fiber using araldite. 
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Chapterill 

[Mn(R-pnH)(H20)] [Cr(CN)6].H20: A Chiral Soft Ferrimagnet Displaying 

Two Reversible Single Crystal-to-Single Crystal Transformations， Proton 

Transfer and Increment of Curie Temperature 

Dehydration 
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ChapterIII 

[Mn(R-pn町(H20)][Cr(CN)6].H20: A Chiral Soft Ferrimagnet Displaying Two 

Reversible Single Crystal-to-Single Crystal Transformations， Proton Transfer and 

Increment of Curie Temperature 

ID-l. Abstract 

We report the structural and thermal， optical and magnetic properties of the S-enantiopure 

chiral layered magnetic network 骨色1(8・pnH)(H20)][Cr(CN)6]-H20 where pn 

1，2・diaminopropane.In addition to the common structural and magnetic features of its 

S-enantiopure congener， [Mn(R-pnH)(H20)][Cr(CN)6]-H20， consisting of a square-grid 

Mn-NC-Cr connections and a ferrimagnetic ground state (Tc = 38 K) in its low旬mperature

phase (RGN-LTP)， the former is found to survive two consecutive reversible single 

crystal-to-single crystal structural phase transitions at 310 (RGN-LTP to high temper剖町e

phase， RGN・HTP)and 360 K (RGN・町Pto dehydrated phase， RGN-DP) while preserving 

the same space-group P 212121・Thestructure determinations of all its phases and some of the 

magnetic properties were all performed on one single crystal in each case. The first transition 

is a subt1e change involving exchange of coordinating and non-coordinating water molecules 

and Mn bond with the secondary amine nitrogen to the primary one which is assisted by 

proton-transfer， and the transition is of first-order. The second is the complete dehydration 

producing a 3D-network by additional cyanide bridges. The first transition results in an 

increase of Tc to 39 K and the second to 73 K. These are associated with rotation of the 

easy/intermediate/hard axes going合omaIb/c crystallographic axes for RGN-LTP to alc/b for 

RGN-HTP to b/alc for RGN・DP.TGA， DSC， IR and UV-vis spectroscopy provide additional 

evidences of the reversibility and reproducibility of the transitions as well as the 

thermodynamic order parameter of the transition and the mixed-valency character. 
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ID-2. Introduction 

The field of magnetism based on molecu1es or molecular components is a fast advancing 

area research and is of major academic and industrial importance. As the desired long-range 

magnetic ordering is becoming quite common and can be designed， in some cases， for 

systems of interest， research is being directed towards improving the critical transition 

temperat町es，the magnetic hardness and the energy products. These are thought to be 

accessible伽 oughdesign of the coordinating ligands， the choice of paramagnetic centers and 

the control of the structural and magnetic dimensionalities. These advances have led to the 

realization of multiprope均rwl也inone compound. Therefore in para11el to these works， there 

is a concerted effort to deliberately introduce other properties such as electrica19 or proton 

conduction，25 optical facets such as chirali臥14・18non・lineari句，26or luminescence，27 and most 

recentlぁpOroSl句r.28While several successes have been recorded， there is still major work in 

progress in a number of laboratories around the world. We have concentrated on introducing 

chirality in modified Prussian blue by the use of enantiopure amine ligands or in 

metal-organic radical systems in the search for new phenomena where coupling of magnetism 

with the chirality can be evidenced. Our work has led to several chiral magnets belonging to 

di妊erentcrystal classes. Among them is [Mnll(S・PnH)(H20)][C~I(CN)6]'H20 (SGN-LTP) 

which we abbreviated to‘GN for green need1e"戸Thiscompound has several facets to it， 

which are inco中oratedby choice; it is heterometal1ic class-II mixed-valent， it hω 

paramagnetic centers of different spin， and it is chiral by virtue of the presence of only one 

enantiomer in the structure. It is a soft ferrimagnet (Tc 38 K; Hcoercive < 10 Oe). 

Furthermore， neutron di飴action，ESR，μ-SR and non-linear ac-susceptibi1ities reveal there is 

new physical phenomenon not observed previously that is associated with the chirality and 

magnetic order.19 In order to veriちrsuch findings we have undertaken the synthesis of its 

racemic and its congener containing the R-enantiomer ligand， 

仰nll(R-pnH)(H20)][C~(CN)6] ・H20. The structural， thermal， optical and magnetic properties 
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ofthe latter form the content of the present chapter. 

This compound displays an amazing range of interesting properties that have not been 

encountered in any compounds of the sort. The crystals are robust and are able to survived 

two structural phase transitions reversibly， including dehydration and rehydration， through a 

series of sequences where eight crystal structures have been determined in its different forms 

on the same single crystal while preserving the same space-group. The associated magnetic 

properties have also been studied thoroughly. Interestingly， one of the phase transitions 

involves a rarely observed proton-transfer mechanism resembling a biological system such as 

a musc1e and is thermodynamically of first-order. And the dehydration changes the crystal 

system from a 2D magnetic dimensionality to one of 3D and is accompanied by a giant leap 

ofthe Curie temper.剖urefrom 38 through 39 and finally 73 K. 

m・3. ResuIts and discussion 

Considering the wide range of techniques used to elucidate the complexities in the 

structures and the properties through two reversible modifications， we present the 

experimental da阻 andtheir discussions for the thermal， structural， optical and magnetic 

properties in-turn. Also due to orientation dependence of the magnetic properties we first 

present those studied on powdered samples and then on the aligned single crystals. 

m・3.1. Synthesis 

The original reported synthesis of green needles of [Mn(S-pnH)(H20)][Cr(CN)6]'H20 also 

resulted in the formation of yellow thin needle of a non-hydrate compound 

Ko.4 [Cr(CN)6] [Mn(S・pn)](S)_pnHo.614fand the cubic crystal of Prussian blue analo思le，

L也1[Cr(CN)6hl3・5・6H20勾 O町 approach used for the synthesis of 

[Mn(R-pnH)(H20)][Cr(CN)6]-H20 did not give any ofthe yellow form. 
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ill-3.2. Thermogravimetric and differential thermal analyses 
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Figure 3・1.(a) Thermogravimetric and (b) DTA for RGN-LTP for several dehydration and 

rehy的 tioncycles in the low temperature region (the black arrows point to the temperature 

cycle and the gray arrows to the transformations)， and (c) TGA for the high temperature 

reglOn. 

The TG measurements of samples consisung of powdered crystals of virgin RGN・LTP

under nitrogen atrnosphere show a日rstweight loss around 350 K to a stable state up to 450 K 

where they decompose (Figure 3-1). The observed percentage weight loss (9.8%) is in good 

agreement with the departure oftwo water molecules per formula unit (9.63%). However， the 

DT A indicates two endothermic仕ansformations，one at 310 K and the other around 350 K. 

The latter corresponds to the dehydration of the samples. The former is due to a structural 

phase transition. These two transformations are label as RGN-LTP (low temperature phase) 

to RGN-HTP (high temperature ph蹴 )and RGN-HTP to RGN・DP(dehydrated phase). On 

lowering the temperature ofthe samples baving been heated only to 380 K under nitrogen the 
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weight gain is minirna1. Interestingly， upon exposure ofthe samples to air (hurnidity :::::: 50 %) 

at ambient temperature ca. 290 K for :::::: 8 ho町s，they re-absorb water and recover their initial 

weights， which we label as RGN-DP to RGN-HP (rehydrated phase). These processes are 

reversible and have been perforrned four tirnes consecutively. 

At higher ternperatures the samples display a cascade of weight losses starting at 450 K 

and reaching 47% ofthe molar rnass at 1075 K. The value appears to approach that expected 

for the sums of the oxides， Mn02 and Cr203 

Differential scanning calorimetry ill-3.3. 
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Figure 3・2.DSC curves showing the reversible transformation RGN-LTP付 RGN-HTP

rneasured at two di百erentscan speeds. 

To quantifシthephase transforrnation observed without a weight loss in the TGA， we 

different at two calorirnetry on powdered sarnples of RGN・LTPperforrned differential 

scan-rates (Figure 3・2).At low scan-rate of 0.25 K/rnin the heat capacity on heating confirms 

the endothermic transformation at 305 K and on cooling it is recovered at a lower temperature 

of 290 K. This hysteresis suggests a first-order transition. Cycling the ternperature at a higher 

scan-rate of 2 K/rnin. the transforrnation appears at a slightly elevated temperature of 311 K 

while there is no sign of a recovery down to 280 K. This suggests that it is possible to quench 

magnetlc and crystallographic by confirrned 
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measurements (see later). The abs'Orpti'On was estimated t'O be 3.45 kJ/m'Ol (0.825 kcallmol) 'On 

warming and 3.59 kJ/m'Ol (0.858 kcallm'Ol) 'On c'O'Oling. We therefore label another phase t'O 

identi今thequenched state by quenched RGN-HTP. 

m・3.4. Crystal structures 

The crystal structure 'Of this c'Omp'Ound at ambient conditi'Ons has been determined f'Or 

several crystals丘omseveral batches and als'O 'On the same 'One at different times. F'Oll'Owing 

the realization that there are several stable gr'Ound states as a functi'On 'Of temperature and that 

inter-conversi'Ons between them are reversible， we characterized the structures in its di首erent

states 'On several crystals.百leresults were quite satis命ingexcept that we n'Oticed由atthere is 

a subt1e difference in the c'O'Ordinati'On 'Of the diamine. In the virgin crystals， the secondary 

amine nitrogen forms the Mn-N b'Ond while for the RGN-HTP and RGN-DP crysta1line 

phases it is the prlmary amine nitr'Ogen. Alth'Ough， this was c'Onsistent f'Or several crystals， it 

d'Oes not rem'Ove the th'Ought that there may be tw'O di宜erentcrystal f'Orms 'One with the 

primary amine coordinating and f'Or the other it is the secondary amine. Subsequent1y， we 

undertook a careful re-examinati'On 'Of the crystal structures performed 'On 'One single crysta1. 

This was n'Ot without pr'Oblem. One is the cracking 'Of the crystals on tempera旬recycling， 

sec'Ond is the reproducibility of the different Statesω 'One change合omthe extreme limIts. 

First， we enc'Ountered也at也ecrys凶 thermalexpansi'On is different t'O the araldite glue which 

causes breaking 'Of the crystals which we final1y res'Olved by applying glue t'O a cling film 

wrapping holding the crysta1. Second we f'Ound that the stabili守'Ofthe crystals in a direct 

fl'Ow 'Ofnitrogen for intensity measurement 'Of RGN-HTP at 309 K was n'Ot so good and s'O we 

protected the crystal by surrounding it wIth a clear drinking straw 'Only at the first 

transformati'On fr'Om virgin RGN-LTP. The final protocol adopted f'Or the rep'Orted structures， 

here， is given below pictorially. We have listed the structure determinati'Ons by numbers in red 

c'Olor and the transformation processes from one state to the 'Other in blue.σi思rre3・3)The 
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transformation processes have been recorded in in-situ movie forms (see movie 3-1，・2，・3，-4， 

・5，・6).We describe below the structures in the three ground states， RGN-LTP， RGN-HTP， 

RGN・DPand its rehydrated form RGN-HP and discuss the changes at the di旺erentstages of 

the cycle. 

Protocol for X-ray measurements 

Figure 3・3.Protocol used for in-situ single crystal structure determinations. 

Crystallographic Data for all phases achieved are given in table 3・1and a list of the bond 

distances and angles is given in table 3-2. X-ray structural ana1yses of the all the data 

collections indicate there is a conservation of the space-group P 2}2}2} in all its states as that 

found for the compound with the S-enantiomer of diaminopropane. The structure ofthe virgin 

crystal of the R-form at ambient condition is an exact mirror image of that reported for the 

S-form. As such we will 0凶Yhighlight some extra details that have not been reported and is 

important in following and understanding the rest ofthe manuscript. 
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Figure 3-4. Projections ofthe structures along the a-axis (left)， a view ofthe square grid layer 

ofMn (pink)加 dCr (blue) atoms connected through cyanide (middle)， and ORTEP drawing 

(right) for (a) RGN-LTP， (b) RGN-HTP and (c) RGN-DP. The two water molecu1es (red and 

green) are differentiated by tbe use of different colors. 
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Table 3・2.Selected bond dis伽 ces，angles and me旬1separations for RGN-LTP， RGN・HTP

andRGN・DP.

Selected bond distances (A) for oc帥 edralgeometries for Mn and Cr 

RGN-LW RGN-HTPb RGN-DpC 

Mn(I)-N(I) 2.208(3) 2.193(4) 2.245(14) 

地 (1)-N(2) 2.230(3) 2.212(4) 2.180(15) 

地 (1)・N(3) 2.205(3) 2.213(4) 2.201(16) 

Mn(1)-N(4) 2.202(3) 2.234(4) 2.169(14) 

Mn(I)・O/Ne 2.235(2) 2.218(2) 2.259(9) 

Mn(I)-~ 2.314(2) 2.283(3) 2.371(9) 

Cr(1)-C(I) 2.067(3) 2.072(4) 2.114(15) 

Cr(l)・C(2) 2.076(3) 2.082(5) 2.027(18) 

Cr(I)-C(3) 2.075(3) 2.078(4) 2.043(18) 

Cr(1)-C(4) 2.064(3) 2.075(4) 2.060(15) 

Cr(1)-C(5) 2.054(3) 2.071(3) 2.080(10) 

Cr(I)-C(6) 2.072(3) 2.059(3) 2.063(11) 

"From也ep釘ameterof virgio RGN・LTP. bFrom the par阻leterof RGN-HTP. "From the par釘neterof RGN・DP.

旬(8)fN(7)別(7)forRGN・LTPj.・HTP/-DP，respectively. 'O(l)/O(2)fN(5) for RGN・LTPj.・HTPj.・DP，re叩ectively.

Bond angles (0) for octahedral geometries for Mn and Cr 

RGN・LTP" RGN-HTPb RGN・Dy

N(1 )-Mn(1 )-N(2) 91.17(8) 90.68(11) 89.0(3) 

N(1 )-Mn(1 )-N(3) 89.07(9) 91.20(12) 88.5(5) 

N(1)・地(1)-~ 95.45(10) 89.53(13) 92.3(6) 

N(I)-Mn(I)・O別e 83.79(10) 91.24(12) 91.2(5) 

N(2)-Mn(I)-N(4) 87.47(9) 89.11(12) 88.9(5) 

N(2)・地(1)-~ 89.06(10) 85.47(14) 89.4(6) 

N(2)-Mn(1 )-0別e 92.16(10) 97.61(13) 99.6(5) 

N(3)-Mn(I)-N(4) 92.23(9) 88.98(11) 92.5(3) 

N(3)-Mn(I)-~ 92.47(10) 93.25(14) 81.7(5) 

N(3)-Mn(I)-Ome 86.31(10) 83.64(12) 89.5(5) 

N(4)-Mn(I)-Nd 86.50(10) 88.88(13) 80.9(6) 

N(4)-Mn(I)・O別e 94.29(10) 90.36(11) 95.8(6) 

N(I)-Mn(I)-N(4) 177.61(14) 178.40(14) 172.9(6) 

N(2)-Mn(1 )-N(3) 178.42(11) 177.72(13) 170.6(6) 

Nゐfn(I)-Ome 178.57(8) 176.81(11) 170.4(4) 

C(1 )-Cr(1 )-C(2) 89.21(10) 87.81(13) 91.8(4) 

C( 1 )-Cr( 1 )-C( 4) 90.45(17) 93.09(18) 90.2(6) 
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C(1)-Cr(l)・C(5) 89.93(14) 90.30(17) 92.8(7) 

C( 1 )-Cr( 1 )-C( 6) 87.33(14) 90.25(17) 90.5(6) 

C(2 )-Cr( 1 )-C(3) 90.66(16) 91.8(2) 87.1(7) 

C(2)-Cr( 1 )-C( 5) 90.86(14) 90.54(17) 95.5(6) 

C(2)-Cr(I)-C(6) 89.74(14) 90.87(15) 85.6(6) 

C(3)-Cr(l)・C(4) 89.63(10) 87.22(13) 90.6(4) 

C(3)-Cr(l)・C(5) 88.56(15) 90.97(16) 91.0(7) 

C(3 )-Cr( 1 )-C( 6) 94.18(15) 88.49(17) 85.8(7) 

C(4)-Cr(I)-C(5) 87.37(15) 90.77(17) 88.6(7) 

C( 4 )-Cr( 1 )-C( 6) 92.01(14) 87.82(15) 90.2(6) 

C(1)-Cr(I)-C(3) 178.49(16) 178.69(19) 176.1(8) 

C(2 )-Cr( 1 )-C( 4) 178.20(16) 178.4(2) 175.3(7) 

C(5)-Cr(1 )-C(6) 177.18(19) 178.51(14) 176.5(4) 

制(8)別(7)別(7)for RGN-LTPf.・HTP/・DP，respectively. '0(1)/0(2)別(5)forRGN・LTP/-HTP/・DP，respectively. 

Selected bond angles CO) for two-dimensional sheet 

RGN・LT:p'l RGN-BTPb RGN-DPC 

C(I)-~(I)-~(I) 165.0(3) 171.9(4) 163.9(16) 

C(2)#1_~(2)-~(1 ) 152.0(3) 153.3(4) 173.0(15) 

C(3l2_~(3)-~(1) 177.8(3) 166.6(4) 151.3(16) 

C(4l3-~(4)-~(I) 162.3(4) 150.8(4) 161.6(16) 

C(5)#4_~(5)-~(1) 140.5(7) 

~(I)-C(I)-C巾) 177.8(4) 176.2(4) 173.1(17) 

~(2t5-C(2)-Cr( I) 176.2(3) 176.9(4) 179.1(18) 

~(3)#6_C(3)・C可 1) 177.0(4) 176.2(4) 176.8(19) 

~(4)非7-C(4)・C可1) 177.6(4) 173.9(4) 170.8(16) 

~(5)#8 -C(5)・C可1) 173.2(8) 

Symme句'codes:#1 x'・l，y，z;#2・x，y・112，-z+ 112; #3・x・1，Y・112，-z+ 112;岸4・x-1I2，-y+l， z+1I2; #5 x+l， y， z; #6・x，y+l/2，

-z+1I2; #7・x・1，y+1I2， -z+1I2;者8・x・1/2，-y+l， z・112.

Distances for hydrogen bonds (A) 

RGN・LT:p'l

N(7)…0(1t1 2.954(4) 

~(7)・・・0(2)

0(1)…N(5t2 
0(1)…N(6)岸3

2.835(6) 

2.742(4) 

2.763(3) 

RGN-BTPb 

N(8)…0(2) 2.958(4) 

N(8)"""0(1) 

0(2)…N(5) #4 
0(2)…N(6) #5 

2.862(6) 

2.724(4) 

2.752(4) 

Sy温metIy∞des:#1・x+l/2，-y+l， z+1I2;再2x・1/2，-y+l/2， -z; #3・x+1I2，-y+l， z・112;#4 x・1/2，-y+1I2， -z+l; #5・x+112， -y+ 1， 

z+1I2. 
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Intra-network metal separations (A) through one cyanide group. 

RGN-LTP" RGN-H1Y' RGN・DpC

地 1(1)…Cr(l/ 5.3642(8) 5.3911(9) 5.448(4) 

地 (1)…Cr(1l1，g 5.2670(8) 5.2821(9) 5.386(4) 

地 1(1)"'Cr(1t2， h 5.4147(8) 5.3778(9) 5.189(4) 

Mn(I)…Cr(lt3，1 5.3368(8) 5.2486(9) 5.247(4) 

地 1(1 )"'Cr(1 )#4，1 5.092(3) 

Mn(I)"'Cr(l) (Ave.) 5.3457(16) 5.3249(18) 5.272(8) 

MetaI separation也rough七(1)-N(I)，gcο)-N(2)， hC(3)・N(3)，1C(4)-N(4)， JC(5)-Nσ). Symm巴甘ycodes: #1 x.・l，y，z;が2・x+l，
y+l/2， -z+ 112;再3・X，y+ 112， -z+ 112; #4・x+1I2，-y+l， z+1I2. 

Selected intra-network metal separations (A) through two cyanide groups. 

RGN・LTP" RGN-HTPb RGN・DpC

陥 (1)…Mn(1)#1，k 7.6420(8) 7.4439(9) 7.712(5) 

Mn(I)"'Mn(1)札k 7.6420(8) 7.4439(9) 7.712(5) 

Mn(1 )"'Mn(1 )#3， / 7.4708(7) 7.6026(9) 7.194(3) 

地(1)'"凶(1)#4， / 7.4708(7) 7.6026(9) 7.194(3) 

Cr(l)・・・C可lt1，k 7.6420(13) 7.444(2) 7.712(5) 

Cr(l)…C可lt2，k 7.6420(13) 7.444(2) 7.712(5) 

Cr(I)'''Cr(I)眠 I 7.2753(7) 7.2507(8) 6.839(3) 

Cr(l)…Cr(I)蛇 t 7.2753(7) 7.2507(8) 6.839(3) 

MetaI s叩arationa10ng to k//α・郎isand l//b・拡is.Symme佐y∞des: #1 x+l， y， z; #2 x・1，y， z; 者3・x，y+l/2， ・z+1I2;者4・L

y・1/2，-z+ll2; #5・x+l，y+1I2， -z+1I2; #6・.x+l，y・112，-z+ 112. 

Selected inter-network metal separations (A). 

RGN・LTP" RGN-HTPb 

Mn(I)…Cr(1t1 7.3217(6) 7.6883(9) 

Mn(I)'''C可lt2/#3 7.7780(7) 7.4696(8) 

Mn(I)'''Mn(I)#4 8.3453(7) 8.5886(10) 

地 (1)・・・刷1)“ 8.3453(7) 8.5886(10) 

Mn(I)…Mn(lt1 8必66(7) 8.7350(10) 

陥 (1)'"陥 (1t
2 8.4566(7) 8.7350(10) 

Cr(1)…Cr(1)“ 8.1168(9) 8.2477(11) 

Cr(1 )'''Cr(1 )#3 8.1168(9) 8.2477(11) 

Cr(1)・"Cr(1t
7 8.6856(9) 9.0727(11) 

Cr(1)'・・Cr(1)絡 8.6856(9) 9.0727(11) 

Symme句F∞des:#1・x+1I2，-y+l， z+I12; #2・.x+112， -y+ 1， z・112;的 x・112，-y+ 112， -z; #4・x・112，-y+l， z+1I2; #5・x・112，-y+l， 

z・112;#6 x+ 112， -y+ 112，・ζ#7x+ll2， -y+l/2， -z+l;が8x-1I2， -y+1I2， -z+l. 
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m・3.4.1. Structures ofvirgin RGN-LTP (1)， relaxed RGN-LTP (6)， relaxed RGN-LTP 

(10)， and rehydrated RGN-HP (14) at 298 K 

The low temperature phase has been observed on several crystals and at several stages 

through the protocol used of this s旬dyon one single crystal and their struc旬redeterminations 

confirm the reversibility at all stages. We have performed all the structures at 298 K to be 

consistent and for easy comparison. It is c1ear from the reliabi1ity factors出剖 direct

comparisons of the geometries can be carried out with complete confidence. The key feature 

ofthe s加 C旬reofthe RGN-LTP is the 2D叫回regrid ofMn and Cr(CN)4 where the Mn and 

Cr altemate in the ab-plane and bridged by cyanide (Figure 3・4a).However， the layers are not 

planar but are corrugated and propagated along the b・axisand are in-phase with its 

neighboring layers. Viewing along the c-axis， that is perpendicular to the layers， we find th瓜

adjacent layers are staggered. The remaining two cyanide groups complete the octahedral 

coordination of the Cr atom and pointing out of the layers whi1e the amine and one water 

molecule are coordinated trans-to each other to the Mn atom. Both metals show slight 

distortion coordination from perfect octahedral geome句， where Mn(1)-N/O distances range 

合om2.202(3) to 2.314(2) A and N・，Mn-N/Oangles are in the range 83.79(10)・95.45(10)0

and 177.61(14)・178.57(8)0for cis and仰 nspositions. While Cr(I)-C distances range企om

2.054(3) to 2.076(3) A and C-Cr-C angles are in the range of 87.33(14)・94.18(15land 

177.18(19)・178.49(16)0for cis and trans positions. Another water molecule is situated in the 

galleries between the layers. To balance the charges a proton is needed and based on chemical 

grounds， it was thought to be on the non-coordinated nitrogen of the amine in the previous 

report of the compound with the S-enantiomer. We find that也isproton， involved in strong 

hydrogen bonding between the diamine， the coordinated and the non-coordinated water 

molecules， is coupled to the transition from RGN・LTPand RGN-HTP. Important to note 

w1血respectto the structure of RGN・HTPis由atthe amine is coordinated to the Mn atom via 

the nitrogen α-carbon. 
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ill-3.4.2. Structures of RGN-HTP at 330 K (3)， RGN-HTP at 298 K (4)， and quenched 

RGN-HTP at 200 K (8) 

The s仕uctureof the RGN-HTP phase has been detennined at different旬mpera加resto 

veri命thereversibility as well as to confinn the thennodynamic order of the phase transition. 

We find that the latter is of first-order and it was， therefore， possible to quench the crystal in 

the high temperature phase by fast cooling and this a110wed us to s知dythe low temperature 

magnetic properties (see later). 

The main feature of the structure of the RGN-HTP remains the same as the RGN-LTP for 

all three determinations， while the most striking difference is an increase ofthe c-axIs (14.9 to 

15.6 A; 4.6%) from RGN-LTP to RGN-HTP (Figure 3-4b). The structural phase transition 

丘omRGN-LTP to RGN-HTP was then easily identified by collecting a 2D frame on the 

CCD as a function of temperature (see movie 2). The coordination of the metals exhibits less 

distortion企oman octahedron compared ω由eRGN-LTP where Mn(l)-N/O distances range 

from 2.193(4) to 2.283(3) A and N-Mn・N/Oangles are in the range of 85.47(14)・97.61(l3)0

and 176.81(11) -178.40(14)0 for cis and trans positions. While Cr(l)-C distances range from 

2.059(3) to 2.082(5) A and C-Cr-C angles are in the range of 87.22(l3)・ 93.09(18)0and 

178.4(2) -178.69(19)0 for cis and trans positions. Within the 2・Dsheets， the average Mn-Cr 

separations for RGN-HTP 5.3249(18) A is slightly shorter than that for RGN-LTP 

(5.3457(16) A)， and the shortest intersheet metal separations are observed between the Mn 

and Cr atoms (7.3217(6) and 7.4696(8) A for RGN・LTPandRGN・HTP，respectively)， while 

the shortest intersheet homometa1lic contacts are greater than 8 A (8.1168(9) and 8.2477( 11) 

A for RGN・LTPandRGN・HTP，respectively). To our su中rise，the largest change was the 

way the amine is coordinated to the Mn atom. In contrast to the RGN-LTP where the nitrogen 

on the α-carbon makes a bond with the Mn， for RGN-HTP it is the one on the s-carbon. This 

difference， which was observed when the crystal structures of the two phases were perfonned 

on different crys旬Is，is reproducible when both were perfonned on the same crystal. There are 
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two ways this can take place and they are discussed in the next section. It involves the 

hydrogen bonding between the layers. Between the 2・Dsheets， the non-coordinating nitrogen 

atom (N(7) of the amine for LTP and N(8) for HTP) forms two hydrogen bonds with the 

oxygen atom of the coordinating water (N…0(1') / 0(2)， 2.954(4) and 2.958(4) A for 

RGN-LTP and RGN-HTP， respectively) and crystal water (N…0(2) / 0(1)， 2.835(6) and 

2. 862( 6) A for RGN・LTPand RGN-HTP， respectively). The oxygen atom (0(1) for LTP and 

0(2) for HTP) of coordinating water forms two more hydrogen bonds between nitrogen atoms 

of cyanide group in neighboring layer; (0…N(タ)， 2.742(4) and 2.763(3) A; 0…N(6')， 

2.724(4) and 2.752(4) A for RGN・LTPandRGN圃HTP，respectively). 

ill-3.4.3. Structure of DP (12) at 298 K 

Preparation of the crystal structure for the determination of the dehydrated phase 

(RGN・DP)was performed by heating the single crystal at a rate of 2 Klmin up to 360 K and 

cooled down to 298 K for structural measurement. This procedure was done in a nitrogen 

stream. Recording of the di宜ractionpattem出 afunction of tempera印reshows the 

consecutive transitions from RGN-LTP to RGN-HTP and then合omRGN-HTP to RGN-DP. 

While the Bragg spots are ofthe same size and shape on going from RGN-LTP to RGN-HTP， 

they are severely elongated for RGN-DP and on returning to RGN-HP upon rehydration. 

However， after data reduction and analysis we were able to refme the structure for RGN-DP 

to acceptable reliabilities. 

The X-ray structural analysis of RGN-DP reveals the same P212121 space group but 

instead it displays three-dimensional connectivity between Mn and Cr via the previously 

non-bridging cyanides (Figure 3-4c). Both the coordinating and non-coordinating water 

molecules are absent合omthe structure， while the free cyanide takes the place of the departed 

water. This causes severe movements of the layers and eventually the layers stack in eclipse 

form when viewed along the c-axIs. The amine isぉ thatobserved in the RGN・HTPstructure. 
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地 1ion exhibits distorted octahedral geometry (Mn・Ndistance are in the range from 

2.169(14) to 2.371(9) A and N-Mn-N angles are in the range of 80.9(6)・99.6(5)0and 

170.4(4)・172.9(6)0for cis and trans position) comprising nitrogen atoms offive [Cr(CN)6]3・

ions and pnH molecule. Mn(1) has four bridging cyanide nitrogen atoms (N(I)， N(2)， N(3) 

and N(4)) in equatorial positions， nitrogen atom N(7) from pn and nitrogen atom N(5) of 

bridging cyanide to complete its octahedral geometry. Replacement of the oxygen atom O( 1 ) 

(RGN-LTP and RGN-HTP) to也eN(5) of layer bridging cyanide (RGN-DP)， brings the 

crystal structure to the higher dimension (2・Dto 3・D).The geometries of the Cr and Mn 

octahedral suggest more distortion也anthose observed for RGN・LTPandRGN・HTP.More 

distortions are also evidenced within the cyanide network， where the observed minimum 

Mn-N-C and Cr-C-N angles inRGN-DP are 140.5(7) and 170.8(16)0， respectively， compared 

to 152.0(3) and 176.2(3)0 for RGN-LTP and 150.8(4) and 173.9(4)0 for RGN-HTP. 

Heterometal (Cr-..Mn) separations for RGN・DPare considerably shorter (5.092(3)， 5.189(4) 

A) than those for RGN-LTP (5.2670(8)・5.4147(8)A) and RGN-HTP (5.2486(9)・5.3911(9)

A). Homometal separations (Mn…Mn and Cr-..Cr) linked by two cyanide groups along the 

ab-plane in RGN・DPare different from the other phases. In both RGN-LTP and RGN-HTP， 

these separations range合om7.2507(8) to 7.6420(13) A describing that the bimetallic square 

from Mn(1)， Cr( 1)， Mn(1 ') and Cr(1 ') ions is slight1y distorted from the ideal sq凶re.On the 

con甘'ary，homometal separations in RGN-DP along the b-axis are 7.194(3) and 6.839(3) A， 

while those along the ル似isare 7.712(5) A (x2). The difference indicates that the bimetallic 

square is compressed along the b-出 isduring dehydration. 

Comparison with RGN-HTP， RGN・DPhas same space-group， but has different structural 

motifs. The length ofthe c-axis and the cell volume for RGN-DP (14.058(5) A， 1452.8(9) A3) 

are smaller than that for RGN-HTP (15.6319(15) A， 1684.1(3) A3). The unit cell volume is 

decreased 231.3 A3 by dehydration. 
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ill-3.5. Powder X-ray diffraction 
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Figure 3・5.Experimental XRPD (Cu Kα) pa抗emsfor virgin RGN・LTP，RGN-HTP， relaxed 

RGN-LTP， RGN-DP， and RGN-HP from bottom to top. 

Powder X-ray diffraction for a11 phases were collected by in-situ measurements. The 

results are shown in figure 3-5 and 3-6， including the calculated diffraction pattems using the 

single-crystal data. It is clear that出epattem for virgin RGN-LTP， relaxed RGN-LTP and 

RGN-HP are as expected仕omthe single crystal experiments， indicating the two structural 

changes are bulk properties. However， the loss of intensity was observed after dehydration. 

To investigate the hydration process， the same sample was placed on a glass plate， heated 

to 360 K for 30 min and exposed to the air， again. During the hydration， narrow 2θrange was 

collected repeatedly. As can be seen in figure 3・7，when the dehydrated sample was exposed 

to air， 002 pe出 ofRGN-DP (2θ= 12.40) and that of RGN-LTP (2θ= 11.70) start decreasing 

and growing， respectively， and no peak observed合omRGN-HTP. It should be noted that this 

experiment was performed at 302 K where RGN-HTP is stable. Ifthe hydration processes are 

from RGN・DP血roughRG -HTP to RGN-LTP， this experimental condition would trap 

HTP and show peaks of this phase. Therefore it is clear that hydration process change 

RGN-DPtoRG -LTP directly 
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Figure 3・6.Experimental and simulated XRPD (Cu Kα) pa口emsfor (a) RGN-LTP， (b) 
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Figure 3・7.Powder X-ray diffraction pattems (Cu-Kα) for the three different phases (bottom) 

and expos町'etime dependence ofthe rehydration transformation of RGN-DP to RGN-HP in 

au. 

ill-3.6. Mechanism for structural transformation and dehydration 

The structural transformations encountered in the present study are unprecedented. We 

therefore provide in the following section a possible mechanism to explain the one major 

difference between the structures of the RGN・LTPcompared to RGN-HTP， that is the way 

the amine is coordinated to the layer， being to the secondary nitrogen for RGN・LTPand 

primary one for RGN・HTP.There are two possible ways this can occur. One is through 

rotation of the amine (Figure 3・8)，which we believe is energetically unfavorable and for the 

other one has to consider th瓜thereis a series of events taking place. The other way is through 

proton transfer. In this mechanism the ‘loose' proton is the key and its hydrogen bonding with 

the water molecules is ofmajor importance and also define the energy barrier. This transition 

is experimentally found to be of first order and therefore all the events happen in one 

concerted fashion. As can be seen in figure 3-9， first the proton is believed to be on the 

non-coordinated nitrogen atom N(7) of the amine. It hops to the water molecule 0(1) 

coordinated to the Mn on one layer and the H30+ formed becomes loose (step 1). This proton 

makes water molecule to leave from the Mn atom， and reaches the nitrogen N(8') on a 

a-carbon of adjacent R-pn molecule， via a crystal water molecule， meanwhile the N-Mn bond 

dissociates and the other proton of pn transfers to the coordinating water molecule due to 

electronic repulsion (step II). Subsequentl弘 newcoordination bonds are formed between 

Mn-N and Mn-O (step III). The nitrogen atom was previously non-coordinating amine on 

s-carbon， and the oxygen atom was crystal water. Once this proton moving is accomplished， 

this reaction goes through one side to the other along a-axis like domino， accompanies with 

spot shape metamorphosis in the movie (steps rv， V， VI). However， since in both s加 ctures
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the amine is coordinated to the peaks of the corrugated sheets and the water molecules are in 

the troughs， we propose出atthe layer corrugation must change by one pitch in the transition. 

Although the two structures are almost identical， there must be a subtle energy difference 

between the two so that the compound can reversibly settle in one or the other depending on 

the temperature. (Fi伊re3-10)

RGN・LTP• ー.
-ー

. . ". 
02 

RGN・HTP

02 
N7 

Structural phase transition 通・

Figure 3・8.One of the possible mechanisms for structural transition at 310 K. pn molecules 

rotate through the structural change 
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Figure 3-9. The proton-transfer mechanism for the structural transition at 310 K and the 

evolution of one Bragg reflection through the transition showing the existence ofboth phases. 
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Figure 3・10.Potential energy curves for the reversible transformation of RGN・LTPto 

RGN-HTP. 

and crystal the 仕omleave water molecules all the of dehydration， process 1n the 

non-coordinating cyanide groups in adjacent layer coordinate to vacant Mn site (Figure 3-11) 

The dehydrated form retains the connections to the amine as in the RGN-HTP structure but 

when it is rehydrated at room temperature， it appears to return to the RGN-LTP without the 
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passage through the RGN-HTP in agreement to the stability of the two phases above and 

below the transition temper剖uresof 31 0 K. 

RGN・HTP
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Figure 3・11.Evolution of the structure during the dehydration and the associated bond 

breaking and bond forming steps. 

ID-3.7. lnfrared spectroscopy 
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Figure 3・12.Transmission infrared spectra of the three phases. 
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The infrared spectra of the three phases are shown in figure 3・12.The bands can be 

assigned using group合equenciesas follows (Table 3・3).The asymmetric and symme佐ic

stretching modes ofthe water molecules are observed at the highest energy peaks at 3635 and 

3541 cm-t， respectively. Its bending mode is observed at 1680 cm・1.All three bands are absent 

合omthe spectrum ofthe RGN-DP confirming the dehydration of RGN・LTPandRGN・HTP.

The corresponding NH stretching modes and those of CH are observed at lower energies. We 

note that some sharpening ofthese bands are observed in the spectrum of RGN-DP compared 

toRGN・LTP，RGN-HTP， and RGN-HP and which may be associated with the presence of 

hydrogen bonds in the la抗ertwo. Qnly two sharp stretching modes of the cyanide are 

observed in the spectra of RGN-LTP， RGN-HTP， and RGN・・HPand their energies are the 

same for the three. However， for RGN・DPthere are two extra peaks of less intensity which 

may be due to the difIerence between those within and between layers. A very strong peak at 

474 cm-1 is seen in a11 spectra which may be due to Cr-C mode. 

Table 3・3.Frequencies and assignments ofthe bands in the spectra of RGN・LTP，RGN-HTP， 

RGN-DP， and RGN-HP. 

RGN・LTP RGN-HTP RGN-DP RGN-HP 

3635m 3631 m 3629m v(O・H)

3541 m 3546m 3534m v(O・H)

3338 s 3338 s 3352m 3336 s v(N-H) 

3273 s 3237 s 3300m 3273 s v(N-H) 

3236 s 3236 s 3232 s v(N-H) 

3180 s 3182 s 3182 s v(N-H) 

3047 s 3047 s 3018m 3056 s v(C・H)

2983 s v(C・H)

2939 s 2941 s 2937 s 2937 s v(C-H) 

2771m v(C・H)

2702w 2701 w 2700w 2703w 

2677w 2675w 2675w 2675w 

2596w 2596w 2600w 2595w 
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2558w 

2503w 2501 w 2478w 2503 vw 

21585 21585 2160 s 2158 s v(C三N)

2146m v(C=N) 

2139m 2139m 2138 sh 2139m v(C三N)

2125m v(C三N)

1932 VW， br 1921 vw， br 1923 w， br 1925 vw， br 

1680w 1680w 1676m 0(0・H)

1618m 1628m δ(N・H)

1603 s 16025 1603 s 1602 s o (N-H) 

1581 m 0(N・H)

15185 1518 s 1510 s 1520 s o(C・H)

1462m 1462m 1470m 1462m o(C-町

1400w 1400w 1416w 1403 w o (C-H) 

1373 w 1373w 1394w 1375 w o(C・H)

1336w 1338w 1369w 1338w 

1321 w 1323w 1290w 1321 w 

1186w 1l86w 1196w 1186w v(C・N)

1163 w 1161 w 1174w 1161 e v(C-N) 

1078w 1078w 1078w 1078w v(C・N)

1055w 1055 vw 1055w 1053 w v(C・N)

1024m 1024 s 1009 s 1024w v(C-N) 

985m 985m 985m 985m v(C-N) 

914m 914m 914m 914m δ(N-H) 

874w 873w 899w 876w o (N-H) 

806w， br 794w 810 w，br o (N-H) 

714w， br 706呪 br 708w， br 

588w 590vw 

567w 557w 523m 567vw 

474vs 474vs 476vs 474vs v(Cトc)

436m 
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ID-3.8. UV-Vis spectroscopy 

The transmission UV-vis spec佐山nof a single crystal is shown in figure 3-13. In contrast 

to the colors of the individual components which is yellow for Cr(CN)6 and colorless for 

MnON5， that of RGN-LTP is green. However， the color is not so intense. The transmission 

spectrum shows three bands in the visible region. The green color is due to the window at 19 

kK. The three bands are all additional to those of the individual components， thus are 

intervalence bands (Mn → Cr or Cr→Mn) and their presence can be explained by a 

simple molecular-orbital scheme and considering that the crystal field splitting is much larger 

for the Cr(CN)6 center. The weak intensities of the bands suggest that they may be 

spin-forbidden. The most likely spin forbidden will be the Cr→Mn intervalence transitions. 

Therefore we assign the lowest energy to the transition from the t2g (Cr)→ t2g (Mn) centered 

at 13 kK， the middle energy band to出et2g (Cr)→ eg (Mn) at 16.5 kK and the higher energy 

band at 21 kK is also t2g (Cr)→ eg (Mn). The fine structure in the lower energy band (13800， 

13300， 12826， 12444 cm-1) may have two origins. One is that they are vibrational structures 

but the spacings are irregular. The other is that they are due to splitting of the t2g levels as a 

consequence of the departure from octahedral symmetry. 
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igure 3・13.UV-Vis absorption specむummeasured by transmission through a single crystal 

ofRGN・LTPin its virgin state 
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ID-3.9. Magnetic properties 

A11 the magnetic data was collected by in-situ measurement. At first， the magnetic 

measurements for virgin RGN・LTPwere performed. The same experiments for quenched 

RGN-HTP were duplicated after the sample has been warmed from room tempera仰向to 312 

K at a rate of 0.25 Klmin and cooled down rapidly to 100 K at a rate of・10Klmin. Then， 

measurements for relaxed RGN・LTPwere performed after quenched RGN-HTP was 

annealed by changing the temperature from 280 to 295 K， and back to 280 K at a rate ofO.25 

Klmin. Afterward， the data for DP were collected after relaxed RGN圃LTPwas dehydrated by 

heating from 310 to 360 K at a rate of 0.5 K. Finally， those of rehydrated RGN-LTP were 

measured after RGN-DP was exposed to air for 2 weeks. 
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Figure 3-14. Temperature dependence of (a) XMT and (b) XM-1 in an applied field of 100 Oe 

for virgin RGN-LTP， quenched RGN-HTP， relaxed RGN-LTP， dehydrated RGN・DP，and 

rehydrated RGN-HP 

The temperature dependences of ;(MT of all compounds are displayed in Figure 3-14a. The 

XMT values for virgin RGN-LTP， quenched RGN・HTP，relaxed RGN-LTP， dehydrated 

RGN-DP and rehydrated RGN-HP are 4.94， 4.94， 4.90， 4.69 and 5.06 emu K morl at 300 K， 

and decrease witb decreasing tempera旬redown to minimum value of 3.64 (84 K)， 3.65 (96 

K)， 3.65 (84 K)， 3.83 (126 K) 3.71 emu K rnorl (84 K)， respectively. Upon further cooling， 
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XMT increases to a maximum value of 838 (33 K)， 885 (33 K)， 866 (33 K)， 1810 (54 K) and 

853 emu K mor
l 
(33 K) and decrease below this temperature. Dehydrated RGN-DP shows 

lower XMT value in the high temperature region and higher maximum value than出atof the 

other phases， indicating strong antiferromagnetic interaction between spin centers 

The XM-
1 
value for RGN-LTP， RGN-HTP， relaxed RGN-LTP， RGN-DP， and RGN-HP， 

follow the Curie-Weiss law (xM=  C / (T-め)in the range 300・114K， 300・126K， 300 -108 

K，360・162K and 300 -108 K with Weiss constants θof -64.6，・73.0，・62.5，-83.3 and -68.3 

K， respectively， indicating antiferromagnetic interaction between CrIII and MnII ions through 

the cyanide bridge as well as with Curie constants C of 5.98，6.06，5.91，5.93， and 6.25 emu K 

mor1， respectively， which are in good agreement with theoretical value (6.25 emu K mor1). 
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Figure 3・15.Temperature dependence of FC magnetization in an applied filed of 5 Oe for 

RGN-LTP， RGN-HTP， relaxed RGN-LTP， RGN-DP， and RGN-HP. 

In the zero-field-cooled (ZFC) and field-cooled (FC) measurement， a long-range magnetic 

ordering is observed below 38， 39， 38， 73 and 38 K for RGN-LTP， RGN-HTP， relaxed 

RGN-LTP， RGN-DP， and RGN-HP (Figure 3-15， 16). Structural phase transition and 

dehydration increase Tc up slightly and dramatically. A correlation is seen between the Weiss 
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constants θand the critical tempera加reTc， except for rehydrated RGN-LTP. 

The difference of the Tc value between RGN-HTP and RGN・・LTPcan be explained by 

exchange interaction. For RGN-LTP， the average metal separations between Mn and Cr atom 

in two-dimensional sheets for RGN-HTP (5.3249(18) A)， is shorter than th剖 forRGN-LTP 

(5.3457(16) A). Therefore RGN-HTP has more overlap between metal and cyanide ligand 

orbital than RGN-LTP， which gives higher Tc value for RGN・HTP.Meanwhile， the nearly 

doubled Tc for RGN-DP is assumed to be due to not only increasing number of magnetic 

neighbors through cyanide group but also shortening distances between Mn and Cr atoms 

through cyanide group (5.272(8) A) 
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Figure 3-16. Temperature dependence of ZFC and FC magnetization for (a) RGN・LTP，(b) 

RGN-HTP， (c) relaxed RGN・LTP，(d) RGN-DP， and (e) RGN-HP in an applied filed of 5 
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susceptibilities against the extemal oscillating field applied along the chiral axis，α-axis， with 

the合equencyf = 1 Hz 

An extensive work has been performed on the ac-susceptibi1ity measurements (Figures 

3・17and 18) ofthis compound by Prof. Masaki Mito and his group at the Kyushu Institute of 

Technology (Tobata， Kitakyushu)， inc1uding first and higher harmonics， as a function of 

合equency，amplitude of the oscillating field， dc-field and temperature as well as extemal 

pressure which will be published separately. These measurements were performed on both 

powdered and aligned single crystals samples prepared by the author and they reveal an 

anomalous behavior around the magnetic ordering transition which depends on the orientation 

of the field， the frequency and field of the osciIIating field. Very sharp peaks near the 

transition and an enhancement of the third harmonic at the expense of the first harmonic as a 
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function of applied field have been associated with resonance effects defining the length scale 

of the magnetic chirality as proposed by theoretical models using a Dzyaloshinsk:i・Moriya

approach. While the sharp anomaly is prominent for [Mn(S-pnH)(H20)][Cr(CN)6]-H20， its 

absence for [Mn(rac-pnH)(H20)][Cr(CN)6]-H20 is clear indication ofthe manifestation ofthe 

direct relation between structural chirality and magnetic chirality. The presence of a 

quasi-static mode， also known by Goldstone mode， has been identified. In the ordered state 

出echiral domain structure appears to lock-in with the frequency of 1 Hz for an applied field 

of 3.8 Oe. It suffices to say for the present paper that the observation of non-linear 

susceptibility confirms the long-range magnetic ordering. A preliminary report of these 

results has already appeared 

田-3.11. Bysteresis loops 

Hysteresis loops were observed for RGN-DP and RGN-BP at 2 K， but not observed for 

RGN・LTP，RGN-HTP， relaxed RGN-LTP， (Fi思江e 3・19).The observed saturation 

magnetization values for RGN-LTP， RGN-BTP， relaxed RGN・LTP，RGN・DPand RGN-BP 

were 2.07， 2.06， 2.07， 2.05 and 2.00 !1B， respectively， which is in good agreement with the 

theoretical value of antiferromagnetic coupling between Cr3+ and Mn2+ ions (5/2・3/2= 1，λ1s 

=2μB). The largest observed coercive field among all phases is only 40 Oe in RGN-DP， 

describing all phases are soft ferrimagnets. 
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Figure 3・19.Isothermal magnetization at 2 K for (a) RGN-LTP， (b) RGN・HTP，(c) relaxed 

RGN-LTP， (d) RGN-DP， and (e) RGN-HP. 
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Table 3-4. Magnetic parameters for all phases 

RGN-LTP RGN-HTP rel瓜 ed RGN・DP rehydrated 

RGN-LTP RGN・HP

日ttingarea / K 300 -114 300 -126 300・108 360 -162 300 -108 

R2 value 0.9999 0.9997 0.9998 0.9998 0.9998 

ぴ/cm3 Kmol・1 5.98 6.07 5.91 5.93 6.25 

(IIK -64.6 同 73.0 -62.5 -83.3 -68.3 

%MT(300K)1 
4.94 4.94 4.90 4.69 5.06 

emumor
1 
K 

Tmin
c 
I K 84 96 84 126 84 

%MT(T.凶n)l
3.64 3.65 3.65 3.83 3.71 

emumor1 K 

T/IK 38 39 38 73 38 

M2 K
e 
I emu G mor

1 
285 344 344 1471 614 

Msa{!μB 2.07 2.06 2.07 2.05 2.00 

HcglOe 5 4 6 40 20 

M阻 MhlμB 0.062 0.055 0.074 1.128 0.267 

aCurie constants. ~eiss ∞田tants. 'Temperatures at minimum values of XMT. dCritical tempera旬resbas巴don FC 

measurements.、1a伊etizationat 2 K in FC measurement (H = 5 Oe). -'Magnetization saturation value at 2 K. gc∞:rcive filed 
at 2 K. hRemnant magnetization at 2 K. 
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RGN-DP at 2 K. Magnetic field was applied along the three principal crystallographic axes. 

for (a) RGN-LTP， (b) RGN-HTP， curves Initial Magnetization Figure 3・20

All phases have different magnetic anisotropy. For RGN-LTP， the initial magnetization 

curves for the three principal crystallographic axes are shown in fi別re3-20 and the saturation 

value for each axis， each phase is in table 3-5. As can be seen the easy， interrnediate and hard 

axes are a-， b-and c-axis and the magnetizations with field applied along these axes saturate 

at 100， 3000 and 4500 Oe， respectively. This magnetic anisotropy is changed after structural 

phase transition and dehydration. For the quenched RGN-HTP the easy， interrnediate and 

hard axes are a-， c-and b-axis and saturation of magnetizations are reached at 50， 3500 and 

4500 Oe， respectively. For RGN-DP the easy， intermediate and hard axes are b-，α-and c-axis 

and saturation at 400， 2500 and 16000 Oe， respectively. In all there cases the easy axis of 

magnetization remains within the Mn-Cr layer but rotate合oma-to b-axis upon dehydration. 

The intermediate axis rotates from b-for RGN-LTP to c-for RGN-HTP and to a-axis for 
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RGN-DP. The hard axis changes form c-for RGN-LTP to b-for RGN-HTP and back to 

c-axis for RGN-DP. One noticeable change is the large field required to align the moment 

along the hard axis for RGN-DP compared to RGN・LTPandRGN・HTP.The reason for the 

intermediate axis rotation from RGN-LTP to RGN-HTP is not expected while change of the 

easy axis upon dehydration may not be so unusual due to the large structural change that 

accompanies the process where the homometal distance along b・axisin RGN-DP is shortened. 

RGN-LTP to change from intermediate-axis and hard-the 町leasure口lent，During the 

RGN-HTP was observed by rotating sample (Figure 3-21). The dehydration was easily found 

合omthe drop of the magnetization value during heating the sample (Fi思江e3-22). 
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Table 3-5. Magnetic field when magnetization is saturated along each axis for all phases. 

Easy axis， sat. Field / Oe 

Interrnediate axis. sat. Field / Oe 

Hard axis， sat. Field / Oe 

ID-3.13. Magnetic structures 

RGN・LTP RGN-HTP RGN-DP 

α-axis， 100 

b-axis， 3000 

C四ωas，4500

α-axis，50 

c-axis， 3500 

かaxis，4500

b-axis， 400 

a-axis. 2500 

c-鉱is，16000 

The magnetic structures were determined by Clara Gonzalez at the Institute Laue 

Langevin (Grenoble， France) on samples prepared by the author， using a combination of 

single-crystal diffraction on the VIVALDI Laue diffractometer and DIO. Using group analysis 

for the orthorhombic space-group the di飴actiondata were found to satisfシar 4 irreducible 

representation for LTP and HTP but a r3 for DP. This means antiferromagnetic aligmnent of 

Cr and Mn moments along the a-axis for LTP and HTP and along the b-axis for DP (Figures 

3・23and 24). Although the directions of the moments in the di百erentphases and the 

ferrimagnetism are in good agreement with the observed magnetization measurements on 

single-crystals， the canting of the moments is not. The theoretical prediction of the magnetic 

Bragg intensities for the different models within the group analysis may have to be 

reconsidered. 

b 

Figure 3-23. Magnetic structure of RGN-LTP of GN corresponding to r4・Viewsalong the a， 

b and c axes. 
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a 

Figure 3-24. Magnetic structure of RGN-DP of GN corresponding to r 3・Viewsalong the Q， 

b and c axes. 

ID-3.14. Conformation of structural phase transition and dehydration for S-isomer 

[Mn(S-pnH)(H20)] [Cr(CN)6]'H20 

The reversible structural phase transition and dehydration for S-isomer of GN are 

confirmed through TG-DTA measurement (Figure 3-25)， powder X圃raydiffraction (Fi伊 e

3-26， 27)， and zero-field-cooled， field-cooled measurements (Figure 3・28，29)
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Figure 3・27.Experimental XRPD (Cu Kα) pattems with simulated pa伐ems合omR-isomer 

crystallographic data for (a) SGN-LTP， (b) SGN-HTP， (c) relaxed SGN-LTP， (d) SGN-DP， 
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and (e)SGN・HP.
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Figure 3-28. Temperature dependence ofFC magnetization for all phase in an applied filed of 
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Figure 3・29.Temperature dependence ofZFC， FC magnetization for (a) virgin SGN・LTP，(b) 

quenched SGN-HTP， (c) relaxed SGN司LTP，(d) dehydrated SGN・DP，and (e) rehydrated 

SGN-HP in an applied filed of 5 Oe. 

m・4. Conclusion 

[Mn{(RlS)-pnH}(H20)][Cr(CN)6]-H20 prove to be the compounds with the highest 

number of functionalities which include heterometallic mixed-valency， chirality， 

ferrimagnetism and proton-transfer， as well as surviving two single crystal-to-single crystal 

phase transitions reversibly without great loss of crystal1inity. One of the phase transitions， 

which is of first-order， is promoted by a rare proton-transfer between amine/amrnonium and 

waterlhydroxonium couples which brings changes in the coordination of the amine and water 

and requires a concerted change of curvature of the corrugation of the Mn-CN -Cr layers as is 

comrnonly observed in muscles. Dehydration of the crystals introduces bridges between the 

layers resuIting to an increase in magnetic dimensionality which in-tum enhances the Curie 

temperature from 38 to 73 K and adds a small amount of magnetic hardness and changes to 

the magnetic anisotropy. All these are absolutely reversible. 

Movies of transformation processes. 

Movie 3-1 : 02 MovieRGN-LTP to RGN-HTP 

Movie 3-2 : 05 Movie RGN-HTP to relaxed RGN-LTP 
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Movie 3・3: 07 Movie relaxed RGN・LTPto quenched RGN・HTP

Movie 3・4: 09 Movie Annealing to relaxed RGN-LTP 

Movie 3・5: llMovie dehydration to RGN・DP

Movie 3-6 : 13 Movie Rehydration to RGN-HP 
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Chapter IV 

[Mn(rac-pnH)(H20)] [Cr(CN)6]・H20:Reversible Dehydration-Rehydration 

Induces Increment-Decrement ofDimensionality， Curie Temperature and 

Magnetic Hardness 
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ChapterIV 

[Mn(rac-pnH)(H20)] [Cr(CN)G].H20: Reversible Dehydration-Rehydration Induces 

Increment-Decrement of Dimensionality， Curie Temperature and Magnetic Hardness 

W・1. Abstract 

We report the synthesis， crystal structure and magnetic properties of the two-dimensional 

achiral soft-ferrimagnet [Mn(rac-pnH)(H20)][Cr(CN)6]'H20 (racGN， pn = 

1，2・diaminopropane)出 acomparison to the well-investigated two-dimensional chiral 

enantiopure ferrimagnets [Mn(RlS-PnH)(H20)][Cr(CN)6]-H20 (RGN-LTPISGN・LTP).

racGN crystal1izes in the monoclinic achiral P 211m space-group having a two-dimensional 

square-network of Mn・Crwith bridging cyanide， and behaves as a soft ferrimagnet below 36 

K. racGN shows reversible dehydration-rehydration where the crystal structure of the 

dehydrated racGN・DPis formed of a three-dimensional network with an additional cyanide 

bridge and adopts the orthorhombic achiral P mnb space-group. racGN・DPexhibits a 

ferrimagnetic behavior at 70 K and coercive field前 2K of 63 Oe which are near1y doubled 

the critical tempera知reand 8 times the coercive field of the virgin sample. 

IV-2. Introduction 

There is growing interest in exploring multifunctional magnetic materials， in particular in 

the search for organic-inorganic hybrid materials combining magnetism with electrical 

properties，9 optical prope此ies，26，27photoreactivity，7 guest sensitive Curie temperature，8 and 

chira1ity.14-18 These materials are not only of interest for their novelty with multifunctionalities 

but are also desired for academic pu中osesto understand the way electrons interact in hybrid 

systems to generate coupled phenomena. In this con旬xt，chira1ity and/or porosity with 

magnetism is of special interest. The materials of this category are believed to open new 
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windows for new devices.10・11 The chiral magnet [Mn(8-pnH)(H20)][Cr(CN)6]'H20 

(SGN-LTP) was reported by our group employing the simplest chiral diamine ligand in 

2003.15 This compound belongs to the orthorhombic chiral space-group P 212121 and it adopts 

a two-dimensional network structure. Below the Curie temperature (Tc = 38 K) the saturation 

magnetization is 2メιwhichare in good agreement with the theoretical value for an 

antiferromagnetic ordering of Cr3+ (8 = 3/2) and Mn2+ (8 = 5/2) ions. 80 far， other 

investigation using E8R，メト8R，neutron powder diffraction， single crystal neutron diffraction 

have been performed and all points to novel physical phenomenon in molecular magnet with 

chiral space-group.19 Although， these measurements have been done only with enantiopure 

chiral compound RGN・LTP/SGN・LTP，a test ofthis conclusion using the racemic compound 

is crucial. In addition to these studies on the RGN-LTP/SGN・LTP，we have demonstrated 

earlier也atseveral ground states can be stabilized as a function of either temperature or water 

content as well the reversible conversions between them with the associated physical 

properties. 

Here， we report the synthesis， single-crystal structure determinations of the two different 

forms， thermogravimetric analyses， optical spectroscopy and the magnetic properties of the 

achiral magnet [Mn(rac-pnH)(H20)][Cr(CN)6]-H20 (racGN)ぉ areference to the chiral 

magnetRGN・LTP/SGN・LTPand shows that certain basic properties are similar. 

日'-3. Results and discussion 

IV-3.1. Crystal structures 

We recently observed reversible single crystal-to-single crystal transformation associated 

with a structural phぉetransition and dehydration of [Mn(R-pnH)(H20)][Cr(CN)6]-H20 

(RGN・LTP).These results motivated us to investigate other stable ground states as a function 

of the temperature. A similar in-si同 crystalstructure analysis study was undertaken starting 
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合oma virgin crystal for racGN. Crystallographic Data for all phases achieved are given in 

table 4・1and a list of the bond distances and angles is given in table 4-2. 

When the crystal was heated to 360 K， the diffraction pattems change (see movie 4・1)and 

crystal structure of the dehydrated phase (racGN-DP) was obtained successfully. After the 

structural analysis of the dehydrated phase， the crystal was exposed to the air and the 

di倍actionspots change were monitored for 2 hours (see movie 4・2).Unit cell parameters 

obtained from these spots are almost也esame as those of the virgin crystal， but the spots were 

too broad to realize a full crys旬1structure. However， when the hydrated crystal was heated to 

360 K again， the dehydrated crystal structure was restored (see movie 4・3).Subsequent1y， the 

crystal was kept in the small plastic box with water at 298 K for 1 week， but the results were 

the same as the previous hydrated crystal. The quality of the spots was again too diffuse to 

permit the determination of the crystal structure. As can be seen in the figure 4・2，the crys泊l

was transformed企omone state to the other. We have listed the structure determinations by 

numbers in blue color and the transformation processes from one state to the other in red. The 

transformation processes have been recorded in in-situ movies except for the last hydration. 

We describe below the structures of virgin (racGN) and dehydrated phase (racGN・DP)and 

discuss the changes at the different s旬ge.
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Table 4・1.Crystallographic Data for virgin racGN (1)， dehydrated racGN・DP(3)，rehydrated 

racGN-HP (5)， dehydrated racGN-DP (7)， rehydrated racGN・HP(9).

Compound lQ: racGN 3Q: racGN-Dpb デ:racGN-1IY 7Q:racGN・Dpd 9Q: racGN-HPe 

fonnuIa C9Hl5CrMnN802 C9HIICrMI剖8 C9H15Ci恥&企~802 C9Hll CrMnN8 C9H15CrMI企~802

fw 374.23 338.20 374.23 338.20 374.23 

T，K 298 298 298 298 298 

a回osphere Air Ni位ogen Air Ni仕ogen Air 

exposure tune， sec 25 40 40 40 25 

nO.of企ames 1010 710 970 1050 1280 

crystal system Monoclinic Orthorhombic Mon∞linic Orthorhombic Monωlinic 

space-group P2lm Pmnlr Pmnlr 

a，A 7.6945(14) 7.730(4) 7.631(5) 7.7245(12) 7.696(4) 

b，A 14.543(3) 13.627(7) 14.430(9) 13.609(2) 14.556(8) 

c，A 7.9749(14) 14.064(7) 7.925(5) 14.061(2) 7.996(4) 

点。 110.918(3) 90 110.958(11) 90 110.941(9) 

V， A3 833.6(3) 1481.4(14) 815.0(9) 1478.1(4) 836.6(8) 

Z 2 4 4 

Dc， g/cm3 1.491 1.516 1.520 

μ(MoKα.)，mm-1 1.424 1.584 1.588 

江戸talsize， mm3 0.5 x 0.2 x 0.05 0.5 x 0.2 x 0.05 0.5 x 0.2 x 0.05 0.5 x 0.2 x 0.05 0.5 x 0.2 x 0.05 

Tminand Tm皿 0.7364，1.0000 0.7775， 1.0000 0.7891，1.0000 

。血血d弘直，deg 2.734，27.66 2.896，24.14 2.994， 25.18 

total no. of reflections 4042 4755 6945 

no. of unique reflections (RmJ 1916 1764 1792 

no. of observed [Iと20(乃] 1512 1064 1101 

no. of parameters 125 112 112 

Rl /wR2 [1と2cめ] 0.0364，0.0949 0.0559，0.1224 0.0492，0.1101 

Rl / wR2 (all data) 0.0476，0.1008 0.1018，0.1350 0.0882，0.1197 

GOF 0.975 0.928 0.936 

A〆elN -0.283， 0.622 -0.549， 1.138 -0.318，0.879 

明umbeぉ∞rrespondto批匂lfe4・2.bData were collected afterぬe羽rginracGN sample was heated to 360 K at a rate of 2 

K/min血 dc∞leddown to 298 K at a rate of -10 K/min. under a nitrogen atmosphere. cnata were c'Ollected after racGN-DP 

was exposed t'O air at 298 K for 2 ho町s.ザDatawere c'Ollected after rehydrated racGN-HP was heated t'O 360 K at a rate 'Of 2 

K/min and c∞凶 downto 298 K at a rate 'Of ・10K/min. under ni回 gena回 osphere.eData were collected after racGN・DP

was kept in血esmall plastic box 叩出 waterat 298 K for 1 week.弘!{axand min residual d四sity.E'fhis space-gr'Oup is the 

sameぉ白esymme位yf'Or P nma (N'O. 62) which is employed for unifonn defmition 'Ofaxes for白 RGNseries. 
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Table 4-2. Selected bond distances， angles and metal separations for virgin racGN and 

ιhvdrated racGN-DP. 

三こlectedbond distances (A) for octahedral geometries for 1也1and Cr. 

racGN racGN-DP 

Mn(I)-N(I) 2.225(2) 地 1(1)-N(1) 2.217(4) 

Mn(I)-N(2) 2.212(2) Mn(1)-N(2) 2.191(4) 

地 1(1)-0(1) 2.214(3) Mn(1)-N(3) 2.258(6) 

お金1(1)-N(6) 2.307(4) Mn(I)・N(5) 2.437(9) 

Cr(I)-C(I) 2.075(3) Cr(I)-C(1) 2.0卯(5)

Cr(I)-C(2) 2.068(3) Cr(I)-Cρ) 2.065(4) 

Cr(I)-C(3) 2.059(3) Cr(1)・C(3) 2.085(7) 

Bond angles CO) for octahedral geometries for Mn and Cr. 

racGN racGN-DP 

N(I)-Mn(I)-N(2) 91.06(10) N(1)-Mn(I)-N(2) 88.51(15) 

N(1 )-Mn(1 )-N(1 )#1 88.87(13) N(I)-Mn(I)-N(3) 97.50(14) 

N(l)拍 1(1)-N(6) 88.03(9) N(l )-Mn(1 )-N(1 t3 89.87(19) 

N(I)・Mn(1)ー0(1) 90.84(8) N(1 )-Mn(1 )-N(5) 90.19(19) 

N(2)-Mn(1 )-N(2tl 89.00(13) N(2)-Mn(1 )-N(3) 92.26(15) 

N(2)-Mn(1 )-N(6) 92.22(9) N(2)-Mn(1)・N(2)#3 91.5(2) 

N(2)拍 1(1)-0(1) 88.91(9) N(2)-Mn(1 )-N(5) 80.20(19) 

N(1 )-Mn(1 )-N(2t
l 179.74(9) N(1)抽(1)叩t3 170.24(16) 

0(1)-Mn(1)-N(6) 178.42(12) N(3)-Mn(1 )-Nσ) 169.1(3) 

C(1 )-Cr(1 )-C(2) 89.78(10) C(1)-Cr(1)・C(2) 89.90(17) 

C( 1 )-Cr( 1 )-C(3) 88.13(11) C(1 )-Cr(1 )-C(3) 94.24(17) 

C(1)・Cr(l)・C(2)抱 90.22(10) C( 1 )-Cr( 1 )-C( 4) 89.2(2) 

C(1)・Cr(1)-C(3)ね 91.87(11 ) C(1)・Cr(1)・C(1)桝 90.2(2) 

C(2)-Cr(1 )-C(3) 88.80(11) C(2)-Cr(1 )-C(3) 88.86(19) 

C(2)・Cr(1)・C(3t
2 91.20(11 ) C(2)-Cr(1 )-C( 4) 87.7(2) 

C(2)・Cr(l)・C(2)#4 89.8(3) 

C(1 )-Cr(1 )-C(2)科 176.88(19) 

C(3)-Cr(1 )-C( 4) 175.1(3) 

Symme句r∞des:#1 x，-y+1/2，z; #2・x，-y，-z;#3・x+3/2，yみ #4・x+1/2，y，z.
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Selected bond angles CO) for two-dimensional sheet. 

racGN racGN・DP

C(1 )-N(1 )-Mn(1) 162.9ρ) C(1)-N(1)・陥(1) 169.5(4) 

C(2t
1
-N(2)-Mn(1 ) 166判2) C(2)#3 -N(2)-Mn(I) 159.1(4) 

C(3)-N(3)-Mn(1 ) C(3)桝-N(3)拍 (1) 147.5(5) 

N (1 )-C( 1 )-C可1) 177.2(2) N(1 )-C(1 )-C可1) 177.0(4) 

N(2)岸'2-C(2)・Cr(I) 177.4(2) N(2t
5
-C(2)耐Cr(I) 174.3(4) 

N(3)-C(3)-C可1) N(3)“-C(3)・Cr(I) 172刻6)

Symme句Tcodes:再1x+l，yι#2x・l，yぷ拘x，y+1/2，-z+ 112; #4・x+l，-y+1I2，z+1I2;#5 x，y-1/2，-z+ll2; #6・x+1， -y+ 1I2，z-1I2. 

Distances for hydrogen bonds (A). 

Symmetry∞des: #1 x，y，・l+z

N(5)・・・0(2)

0(1)・・'N(3t1

racGN 

2.781(11) 

2.785(3) 

In紅a・networkmetal separations (A) through one cyanide group. 

racGN 

Mn(I)…Cr(I)Q 5.3臼4(8) 陥 1(1)・・・Cr(IY

Mn(1 )"'Cr(1 )#1. b 5.3814(8) 地 1(1)"'Cr(1 t 2
• d 

Mn(I)"'Cr(lt3c Mn(I)'''Cr(1 #3. 

Mn(I)"'Cr(l) (Ave.) 5.3729(11) 地(1)"'Cr(I)(Ave.) 

racGN・DP

5.430ο) 

5.276(2) 

5.201(3) 

5.323(4) 

Meぬ1separation出roughQC(I)-N(l)， bC(2)-N(勾，cC(3)-N(3). S戸nme句Tcodes:岸1x+l， y， z; #2 X， y+1/2， -z+1I2; #3・x+l，

-y+ll2， z+ 112. 

Selected intra-network metal separations (A) through two cyanide groups. 

racGN racGN・DP

Mn(l)"'Mn(1)#l. d 7.694(2) Mn(I)"'Mn(I)#l.d 7.730(4) 

陥(1)'"拍1(1t2• d 7.694(2) Mn(I)"'Mn(lt2
•
d 7.730(4) 

Mn(1)'''Mn(lt
3
.
e 7.5012(15) Mn(I)"'Mn(I)#7.e 7.317(4) 

Mn(I)"'Mn(l)#4.e 7.5012(15) Mn(I)"'Mn(lt8
•
e 7.317(4) 

Cr(1 )"'Cr(I)岸1.d 7.6945(14) Cr(l)…C可1)札 d 7.730(4) 

Cr(l)…Cr(lt2
•
d 7.6945(14) Cr(l)…Cr(lt2.d 7.730(4) 

Cr(l)・ "C可lt5• e 7.272(2) Cr(l)・・・C可1)#7. e 6.909(4) 

Cr(l)…C可1)紙 e 7.272(2) Cr(l)…Cr(1 t 8
• e 6.909(4) 

Metal separation along to d" a-凱isand '''b-似is.S戸nm出y∞des:者lx+l，y，z;#2x・1，y， z;再31・.x，-y，・z;#4 l-x， 1・y，・z;#5
-x， y+ 112， -z; #6・x，y・112，-z; #7 x， y+ 112， -z+ 112; #8 X， y・112，-z+ 112. 
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Selected inter-network metal separations (A). 

racGN 

Mn(1)"'Cr(l)岸l

Mn(l)…Mn(ll2 

Mn(l)…地(1)#1

Mn(l)…Mn(l)給

地(1)・・地(1)桝

Cr(l)・"Cr(1l2
Cr(l )…Cr(lt1 

Cr(1)…Cr(1)#1 

Cr(1)…Cr(1)制

7.5376(11) 

7.9749(12) 

7.9749(12) 

8.8875(10) 

8.8875(10) 

7.9749(11 ) 

7.9749(11 ) 

8.8875(9) 

8.8875(9) 

Symmelry codes:再1x， y云z・1;再2x， y， ..-:+1;再3x+1， y，け1;#4 x・1，y， z-l 

a) 

b ，、

，、，

‘ 
)
 
b
 

b 

Figure 4・1.Projections ofthe structures along the a-axis (Ie仕)，a view ofthe square grid layer 

ofMn (pi此)and Cr (blue) atoms connected through cyanide (middle)， and ORTEP drawing 

(right) for (a) racGN， and (b) racGN-DP. The two water molecules (red and green) are 

differentiated by the use of di百erentcolors. 
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Figure 4-2. The protocol adopted for in-situ single crystal X-ray detenninations 

well-defined two where sample， made for the RGN-LTP observations the Unlike 

phase structural 315 K involving a first-order at The first take place. transformations 

transition assisted by a proton-transfer where the amine is detached from one later and 

attached to the neighbor layer through the other nitrogen in the place of the coordinated water 

molecules which then becomes uncoordinated while the non-coordinated water molecules 

complete transfonnation involves second The amme. of the the bonding place takes 

dehydration which is accompanied by the formation of further cyanide bridges resulting in a 

3D-network. The crystals of racGN in contrast show only one transformation which involved 

both the amine movement仕omcoordination of one nitrogen to the other and from layer to 

The major structural differences are therefore the change of layer and the dehydration 

dimensionality and the coordination of the diamine. For the virgin phase (racGN) the crystal 

to those of RGN-LTP/SGN-LTP having a two-dimensional Mn-Cr similar structure IS 

bond while the Mn-N the forms mtrogen amme secondary and network square-!:，Tfid 

dehydrated phase (racGN-DP) has a three-dimensional crystal structure and Mn-N bond with 
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I、二3.1.1. Crystal structure of virgin racGN 

X-ray structural analysis of the diffraction data on a single crystal of racGN suggests a P 

211m space-group and a two-dimensional corrugated layered structure which are parallel to the 

Jb-plane and stack along the c-axis in an eclipsed manner (Figure 4・la).The repeating unit of 

出eanionic two-dimensional layer consists of a bimetallic square motif of Mn(I)， Cr(1)， 

Mn(1 ') and Cr(1 ') ions connected by equatorial cyanide groups of the [Cr(CN)6]3・ion.A 

common structural motif as for RGN・LTPis seen in the two-dimensional sheet consisting of 

bimetallic square， but the structures differ in space-group and the stacking manner of the 

sheets. The space-group for RGN-LTP/SGN-LTP is P 212121， and it is changed to P 211m by 

凶 eof racemic mixture of pn which introduces a mirror plane on Mn atom as well as an 

inversion center on Cr atom. In the crystal structure of RGN・LTP/SGN・LTPthe 

two-dimensional sheets are stacked as [ABAB]， where alternate layers are generated by the 21 

似 isalong the c-axis. In contrast， for racGN the two-dimensional sheets are stacked in an 

eclipsed fashion on top of each other [AAAA]， which consequent1y， halved the c-axis found 

in RGN-LTP/SGN-LTP.βangles are 900 (Orthorhombic) and 1100 (Monoclinic) in 

RGN・LTP/SGN-LTPand racGN， respectively. 

Mn ion exhibits octahedral geometry comprising ni位ogenatoms of four [Cr(CN)6]3・lon

and pnH and 0勾rgenof water molecules. Mn(1) has fo町 bridgingcyanide nitrogen atoms 

(N(1)， N(2)， N(I') and N(2')) in the equatorial positions，出仕ogenatom N( 6) from pn and 

oxygen atom 0(1) from water molecule to complete its octahedral geometry. The Mn(I)-N(6) 

distance， 2.307(4) A， is longer than the others (2.212(2)・2.225(2)A)， describing octahedral 

geometry with one elongated bond. In contrast for RGN-LTP， the Mn(1)-N/O distances range 

from 2.202(3) to 2.235(2) A and the N-Mn・N/Oangles are in the range of 83.79(10) to 

95.45(10) 0 for cis positions. The octahedral geometry of 1必1(1)for racGN appears to be 

more distorted than RGN-LTP. The Mn-N-C and Cr-C-N bond angles within the layer range 

合om162.9(2)・166.4(2)0and 177.2(2) -177.4(2t respectively for racGN. For the RGN・LTP，
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出eformer range was wider， 152.0(3) -177.8(3)0 but the latter is similar， 176.2(3) -177.8(4)0， 

respectively. Thus the coπugation of the two-dimensional layer of racGN is less pronounced 

than th剖ofRGN・LTP.

In the two-dimensional sheet， the average separations between the Mn and Cr atoms 

through CN bridge is 5.3729(11) A for racGN， which is slightly longer than that for 

RGN-LTP (5.3457(16) A). The shortest intersheet metal-metal separation for racGN is 

observed between the Mn and Cr atoms (7.5376(11) A)， while the shortest intersheet 

homometal1ic contacts are longer than 7.9 A (7.9749(11) A). From the viewpoint of the 

magnetic dipole interaction， a distance of less than 10 A describes a ferromagnetic interaction 

between two-dimensional sheets， which is the same situation as for the RGN・LTPcompound. 

Between two-dimensional sheets， the nitrogen atom N(5) in non-coordinating amine is 

found to have one hydrogen bond with the 0勾rgenatoms of crystal water (N( 5)…0(2)， 

2.781(11) A) molecules， but not with the oxygen atom of coordinating water (N(5)…0(1')， 

3.903(9) A) which is found in RGN-LTP (2.835(6) A). The oxygen atom 0(1) of 

coordinating water is found to have two hydrogen bonds between nitrogen of cyanide group 

in neighboring layer (0(1)…N(3')， 2.785(3) A). One hydrogen bond is generated by mirror 

symmetry 合omthe other. 

The crystal structure analysis described above revealed a statistical disorder of the 

diamine ligand on two equivalent crystallographic positions where one is occupied the 

S-enantiomer and the other by the R-enantiomer. Within this model there is a common atom 

(N6) which has full occupancy and all the other atoms are on half occupancies. N6 is also the 

one coordinated to the Mn atom. The structure was resolved within the achiral space-group P 

211m. We therefore tested the possibility of finding solutions where the two enantiomers are 

fully ordered or the compound contains either of the two enantiomers by spontaneous 

resolution upon crystallization. Search for a doubled unit cell was on1y successful for a x 2b x 

c but attempt to do full structure refinement resulted in locating only the metal ions. Given 
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也前theextinctions are similar for both P21 and P 211m， we attempted several models using 

出eformer. When the crystal structure was solved as enantiopure R-and S-isomer， the flack 

p紅ameterswere 2.2% and 15.6%， respectively. However， unusual bond lengths， C6-C7 

(1.786 A) and C5・N5(1.310 A)， were observed. Then， the crystal structure was refined using 

both isomers but as adjustable quantity an acceptable refinement was obtained for R : S = 53 : 

47. For all other住ialsrefinement， none of them converged during refinement. These results 

indicate the presence of statistical disorder of the two enantiomers in crystal structure. 

IV・3.1.2. Crystal structure of racGN-DP 

The crystal structure of dehydrated racGN・DPwas obtained from in-si加 measurement.

The same single crystal used above was heated to 360 K and cooled down to 298 K for 

structural measurement. All procedures were done in a nitrogen stream. The X-ray structural 

analysis on dehydrated racGN-DP found the P mnb space-group and a three-dimensional 

crystal structure (Figure 4・1b ). The two-dimensional sheets in the αb-plane stack in a 

staggered fashion along the c-axis as a ∞nsequence of a sliding of the corrugated sheets to 

introduce the new cyano bridges between the sheets. These new connections change the 

crys旬1system and also the s戸nmetry.In the virgin phase， the mirror plane is perpendicular to 

the b・似isand the Cr ion is on an inversion center， whereas in the dehydrated phase， the 

mirror planes are perpendicular to the a-axis and the Cr ion is on the mirror plane， and n glide 

symmetry is introduced. 

After dehydration， the coordinating oxygen atom 0(1) (racGN) is replaced by the 

nitrogen atom N(3) in bridging cya出degroup. The Mn ion exhibits distorted octahedral 

geometry comprising atoms of five [Cr(CN)6]3・ionsand nitrogen of pnH. Mn(I) hωfour 

bridging cyanide nitrogen atoms (N(l)， N(2)， N(l') and N(21)) in equatorial positions， nitrogen 

atom N(5) from pn and nitrogen atom N(3) of bridging cyanide to complete its octahedral 

geometry. It should be noted that coordination of the diamine is switched after dehydration， 
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being Mn-N(6) in racGN to Mn・N(5)in racGN圃DP.This change suggests the existence of 

structural phase transition which changes coordination nitrogen atom as observed for 

RGN-LTP. 

The Mn(1)-N(3) and Mn(1)-N(5) distances are 2.258(6) and 2.437(9) A which are longer 

than the others (2.191(4)・2.217(4)A)， describing an axially elongated octahedral geome住y

and suggests that dehydrated racGN・DPhas a more distorted Mn octahedron than racGN. In 

the cyanide network， the observed minimum Mn-N-C and Cr-C-N angles of dehydrated 

racGN-DP is 147.5(5) and 172.8(6)， respectively， which are smaller than those of racGN 

(162.9(2)， 177.2(2)0). Heterometal separa討onslinked by one cyanide group for the dehydrated 

racGN-DP have shorter distance (5.201(3)， 5.430(2) A) than也前forthe racGN (5.3814(8)， 

5.3644(8) A). The disorder of the diamine is also present in the structure of racGN-DP. 

However， there are now two common atoms， the coordinating nitrogen N(5) and the methyl 

carbon. 

IV-3.2. Thermogravimetric analyses 

The TG measurements of samples consisting of powdered crystals of racGN under 

nitrogen atmosphere show a first weight loss starting剖 340K to a stable state up to 450 K 

where they decompose (Figure 4・3).The observed percentage weight loss (9.6%) is in good 

agreement with the depa削 eoftwo water molecules per formula unit (9.63%). 

On lowering the temperat町eof the samples having been heated only to 370 K under 

nitrogen the weight gain is minima1. Interestingly， upon exposure of the samples ωalr 

(humidity ;:::: 50%) at ambient temper剖ureca. 290 K for ;:::: 7 hours， they re-absorb water and 

recover their initial weights， which we label as dehydrated racGN・DPto hydrated racGN-HP. 

These processes are reversible and have been performed fo町 timesconsecutively. 

As mentioned in the part of racGN・DPcrystal structure， it is expected to have two 

endothermic peaks in DTA curve during dehydration. However， only one peak can be seen， 
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indicating that structural phase transition and dehydration occurs at the same time and the 

small peak from structural phase transition is covered by large peak from dehydration. 
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Figure 4・3.(a) Thermogravimetric and (b) DTA for racGN for several cyc1es of dehydration 

and rehydration in the lowぉmpera旬reregion， and (c) TGA for the high temperature region. 

日1-3.3. Differential scanning calorimetry 

The result from the crystal structure determinations is that there is a possibility that a 

transfonnation什oma low temperature phase to a high temperature phase may be present as 

found for RGN-LTP which is then fol1owed by the dehydration. For RGN・LTPthe two 

processes are well separated by 50 K and in the case of racGN the two may be c10se in 

temperature. To search for the structural phase transformation， we performed differential 

calorirnetry on powdered samples of racGN. 

The powdered sample was sealed in alurninurn pan with lid to shift the dehydration 

process to higher temperatures (Figure 4-4). The DSC curve showed a large endothennic pe比
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from 360 K with small peak around 370 K. This peak might be from the structural phase 

transition found at 310 K for RGN-LTP. The integration of this peak estimates to be 1.16 

kJ/mol (0.277 kcal/mol) which is approximately one third of the absorption in RGN・LTP

(3.45 kJ/mol). The smaller endothermic peak and higher temperature phase transition may be 

associated with the hydrogen bonding. It can be explained by the presence of a higher barrier 

for a proton-むansfermechanism to take place due to lack of the hydrogen bond between a 

non-coordinating amine N(5) and a water molecule 0(1') in racGN. The smaller endothermic 

and the high peak describing the less di庄町enceof energy levels between vlrgm state 

temperat1.江ephase that first amine of rac-pn associates to Mn-N bond 
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Figure 4-4. DSC curves for racGN. 

Powder X-ray diffraction IV-3.4. 

To verify the structural change by dehydration and hydration， powder X-ray diffraction for 

each phase was collected by in-situ measurement (Fi思江e4-5). Diffraction data for virgin 

ample of racGN was collected on the glass plate. The same experiment for racGN・DPwas 

performed after the sample had been dehydrated for 10 min at 360 K， then the sample was 

exposed to air for 30 min to measure racGN-HP， and dehydrated for 10 min at 360 K again to 

measure racGN-DP (2nd). The results are shown in figure 4-6 with di宵ractionpa悦 musmg 
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virgin racGN was used for the simulation. 
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lV-3.5. lnfrared spectroscopy 

Infrared spectra of racGN， dehydrated racGN・DP，rehydrated racGN・・HP，and its 

dehydrated racGN-DP(2nd) are shown in figure 4-7. In the spectra， bands associated to H20， 

pn and CN can be identified (Table 4-3). The OH and NH stretching modes are observed 

above 3000 cm-1. The CN stretching modes are observed in the range 2200・2100cm-1. The 

presence oftwo such peaks in racGN， and rehydrated racGN-HP may be due to bridging and 

terminal cyano groups. Meanwhile only one broad peak can be seen for dehydated phases. It 

might be from mixture of four crystallographically independent cyano groups. The bending 

modes of H20 and amine σroup in pn are seen at 1680 and 1600・1580cm-
1
， respectively. The 

bending mode of C-H， stretching mode of C-N， and bending mode of N-H are seen 1520 -

1400， 1200・980，920・790cm-1， respectively. The M-O and M-N bond stretch modes appear 

below 530 cm-1. The peaks at 3631(m)， 3543(m)， and 1678(w) cm-1 disappears after 

dehydration， which is consistent with the assignment for H20 molecules. 
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Figure 4・7.Infrared transmission spec仕afor racGN， racGN・DP，racGN・HP，and racGN-DP 
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Table 4・3.Frequencies and assignments of the bands in the spectra of racGN， racGN-DP， 

racGN-HP， and racGN-DP (2nd). 

racGN racGN-DP racGN-HP racGN-DP 

(2nd) 

3631 m 3627m v(O・町

3543m 3533 m， sh v(O・H)
3413 vw 3413 vw v(N-H) 

3336 s 3348m 3336 s 3348m v(N-H) 

3274 s 3294m 3273 s 3294m v(N-H) 

3238 s 3240 s v(N-H) 

3062 s， br 3030m 3062 s， br 3030m v(C-町

2981 s 2981 s v(C-H) 

2941 s 2940m 2941 s 2926m v(C・H)
2767w 2769w 

2702w 2704w 2706w 2704w 

2673w 2676w 2675w 2679w 

2592w 2603w 2596w 2605 vw 

2555 vw 2553 vw 

2503w 2484 vw 2505 vw 2486 vw 

2156 s 2152 s， br 2156 s 2152 s， br v(C=N) 

2137m 2139 s v(C三N)

1924 VW， br 1890 vw， br 1928 vw， br 1896 vw， br 

1680w 1678w d(O・町

1628 m， sh 1620m 1630 s， sh 1622 m， 

1603 s 1601 m 1603 s 1600 s δ(N-H) 
1581 m 1581 m， sh d(N-H) 

1518 s 1514m 1520 s 1516 s δ(C-H) 
1495 sh 1485 m 1496m 1485m d(C-町

1462m 1464m 1462m 1466m δ(C-町
1404w 1416w 1404w 1416w δ(C-H) 

1394w 1396m δ(C-H) 
1377w 1371 w 1379w 1371 w 

1338w 1339 w 

1323w 1292 w 1325w 1294w 

1244 vw 1244 vw 

1186w 1196w 1186 w 1196w v(C-N) 

1161 w 1161 w v(C・N)
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Figure 4・8.Temperature dependence of(a) %MTand (b)加 1in an applied field of 100 Oe for 

virgin racG NヲdehydratedracGN・DP，rehydrated racGN-HP， and racGN-DP (2nd) which is 

dehydrated sample of racGN-HP. 

The temperature dependence of )j..AT for virgin racGN， dehydrated racGN・DP，rehydrated 

racGN-HP， and racGN-DP (2nd) in a field of 100 Oe are displayed in自伊re4・8a.The XMT 

values are 5.09， 4.86， 5.10 and 4.78 emu K morJ at 300 K， and decrease with lowering 

temperature down to a minimum value of 3.69 (78 K)， 3.96 (120 K)， 3.72 (78 K)， and 3.91 

emu K mor
1 
(114 K)， respectively. Upon further cooling， the )j..AT values increase to 

maximwn values of 921 (31 K)， 1830 (52 K)， 1212 (30 K)， and 1990 (52 K) emu K mor1 

before decreasing below出istemperature， respectively. The Xtvl-J value for each phase follows 

the Curie-Weiss law CXM= C / (T -め)wIth Weiss constant θof -65.7，・80.3，・65.4and -83.0 K 
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and Curie constant C of 6.17， 6.16， 6.20， and 6.11 emu K mor1， respectively (Figure 4-8b). 

These Curie constants are comparable to the theoretical value (for Mn(II) and Cr(III) : 112 x 

5釘/2x 7/危2+ 1/危2x 3/危2x 5/危2= 6.2お5emu K mor勺.The negati ve Weiss constants indicate 

considerable antiferromagnetic interaction between C~ ion and Mnll ions through the 

cyanide bridge. 
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Figure 4-10. Temperature dependence of ZFC， FC magnetization in an applied filed of 5 Oe 

for (a) racGN， (b) racGN・DP，(c) racGN・HP，and (d) racGN-DP (2nd). 

In the zero-tield-cooled (ZFC) and field-cooled (FC) measurements， spontaneous 

magnetization confirming long-range magnetic orderings are observed below 36， 70， 36 and 

70 K for racGN， racGN-DP， racGN-HP， and racGN-DP (2nd)， respectively (Figure 4-9， 10) 

The small difference of the Tc value between racGN and RGN・LTPcan be explained by 

exchange interaction due to slight structural di百erenceswithin the layer. For RGN・LTP，the 

average metal separations between Mn and Cr atom in the two-dimensional sheets for 

RGN-LTP (5.3457(16) A) is longer than that for racGN (5.3729(11) A). Therefore， molecular 

overlap between metal sites involving the cyanide ligand orbitals for racGN is less than that 

for RGN-LTP， which describes the lower Tc value for RGN-LTP. For racGN-DP Tc is 

nearly doubled due to two associated changes; increasing number of magnetic neighbors 

through cyanide b'TOUP， that is a change of mabrnetic dimensionality企om2D to 3D， and to 

shortening distances between Mn and Cr atoms through cyanide group (5.323(4) A). 
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A hysteresis loop for each compound was observed at 2 K (Figure 4・11).The observed 

saturation magnetization values for racGN， racGN・・DP，racGN・HP，and racGN-DP (2nd) 

were 2.03， 2.00， 1.99 and 2.05μH， respectively， which are in good agreement with the 

theoretical value for antiferromagnetic coupling between Cr3+ and Mn2+ ions (5/2・3/2= 1). 

The observed remanant magnetization are 0.07， 0.71， 0.10， and 1.06μB and coercive field in 

the hysteresis loop are 8， 63， 6， and 53 Oe， respectively. These values suggest th剖 racGNis a 

soft ferrimagnet while it becomes a slight1y hard magnet upon dehydration and recover the 

initial so武nessby rehydration. 

Table 4-4. Magnetic parameters for racGN， racGN-DP， racGN-HP， and racGN-DP (2nd). 

racGN racGN-DP racGN-HP racGN・DP

(2nd) 

Fitting region / K 300 -114 360 -168 300 -114 360 -168 

If va/ue 0.9999 0.9999 0.9999 0.9997 

ぴIcm3Kmor1 6.17 6.16 6.20 6.11 

rilK -65.7 -80.3 -65.4 -83.0 

Tmmc/K 78 120 78 114 

XMT(九1In)I emumor1 K 3.69 3.96 3.72 3.91 

XMT (300 K) I emu mor1 K 5.09 4.86 5.10 4.78 

T/IK 36 70 36 70 

M2どlemuGmol・1 396 1550 633 1530 

MsaUμB 2.03 2.00 1.99 2.05 

HcglOe 8 63 6 53 

M阻 MhlμB 0.07 0.71 0.10 1.06 

aCurie∞ifist佃ts.~eiss constants. 'Temperatures at minimum values of XMT dCritical temperatures based on FC 

measurements. 'Magnetization at 2 K in FC measurement (H = 5 Oe). iMagnetization saturation value at 2 K. gc∞rcive filed 

at 2 K. ~emanant magnetization at 2 K. 
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IV-4. Conclusion 

In summary， the achiral two-dimensIonal [Mn(rac-pnH)(H20)][Cr(CN)6]-H20 (racGN) 

was successfully synthesized by the use of racemic pn. The magnetic properties of this 

compound correspond to those of a soft ferrimagnet be10w 36 K. Comparing to 

RGN・LTP/SGN-LTP，common features are seen in crystal structure， ferrimagnetic behavior 

in two-dimensional sheet， ferromagnetic interaction between sheets， and softness of the 

magnet. These results indicate that racGN is a good reference to the chiral magnet 

(RGN-LTP/SGN-LTP). Further physical measurements will be undertaken to elucidate the 

sole efIect of chirality by the use of both compounds. Moreover reversible dehydration is 

demons位atedon racGN. As a result of the dehydration， crystal structure is changed to 

three-dimensional crystal structure with new cyanide bridging as well as Tc is doubled to 70 K， 

and coercive field at 2 K is increased from 8 to 63 Oe. 

Movies of transformation processes. 

Movie 4-1 : 2 Movie dehydration企omracGN to racGN-DH 

Movie4・2: 4 Movie rehydration仕omracGN・DHtoracGN

Movie 4-3 : 6 Movie debhydration from racGN to racGN-DH 
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ChapterV 

[Mn(enH)(HzO)][Cr(CN)6]'HzO Reversiblity of Single Crystal-to-Amorpbous 

Debydrated Pbase and Associated Increment-Decrement of Curie Temperature and 

Magnetic Hardness 

V-l. Abstract 

We report the synthesis， crystal structure and magnetic properties of the two-dimensional 

achiral soft-ferrimagnet [Mn(enH)(H20)][Cr(CN)61・H20(enGN) as a comparison to the 

well-investigated two-dimensional chiral enantiopure fe凶magnets

[Mn(RlS-p凶f}(H20)][Cr(CN)61・H20 (RGN-LTP/SGN同LTP). enGN crystallizes in the 

orthorhombic achiral P cmn space-group having a two-dimensional square-network of Mn・Cr

with bridging cyanide， and behaves as a soft ferrimagnet below 42 K. enGN shows reversible 

single crystal-to-amorphous dehydrated phase， enGN-DP. enGN-DP exhibits long-range 

ordering at 75 K to a ferrimagnetic statβand coercive field at 2 K of 100 Oe which are higher 

critical temperature and coercive field than the virgin sample. 

V-2. Introduction 

The considerable efforts that are being devoted in designing magnetic materials based on 

molecules or molecular assemblies using organic linkers have resulted a whole gamut of 

materials exhibiting long-range magnetic ordering at finite temperatures. In addition to the 

very wide range of Curie tempera知res，based in ferromagnetism. ferrimagnetism and 

canted-antiferromagnetism， several improvement of other parameters such as coercivity field 

and remanant magnetization， have been realized. Furthermore， the introduction of other 

properties such as optical or electrical has been successful and responsive coupling of the two 

is being observed. This growing interest in exploring multifunctional magnetic 

organic-inorganic hybrid materials now includes the combination of magnetism and electrical 
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properties，9 optical properties，26，27 photoreactivity，7 guest sensitivity，8 and chirality.14・18Along 

this line we have been searching for chiral magnets and in particular to look for new physical 

phenomenon and to understand the relation between structural chirality and magnetic chirality 

and how they are coupled. Experimental observations of the magneto-chira1 dichroism have 

been observed and recent1yl1 we have observed other magnetic anomalies which are related to 

magnetic chirali守 Atheoretical study of these effects points to the orbital and spin coupling 

via a Dzyaloshinski coupling mechanism as for weak ferromagnetism.
12 

1n this context， chirali句rand porosity with magnetism is of special interest. The chiral 

magnet [Mn(S-pnH)(H20)][Cr(CN)6]-H20 (SGN-LTP) was reported by our group employing 

the simplest chiral diamine molecule in 2003.15 This compound belongs to the orthorhombic 

chiral space-group P 212121 and it has two-dimensional network structure. Below the Curie 

temperature (Tc = 38 K) the saturation magnetization is 2メιdueto antiferromagnetic 

ordering of Cr3+ (S = 3/2) and Mn2+ (S = 5/2) ions. Although， these measurements have been 

done on1y with chiral compound RGN-LTP/SGN-LTP， a test ofthis conclusion is crucial. We 

therefore have explored the use of ethylenediamine in the place of diaminopropane to produce 

an achiral system for comparison. 

Here， we report the synthesis， single-crystal structure determinations of different forms， 

thermogravimetric analyses， optical spec甘oscopyand the magnetic properties of an achiral 

magnet [Mn(enH)(H20)][Cr(CN)6]oH20 as a reference of chiral magnet RGN-LTP/SGN-LTP 

and demonstrate the reversible dehydration as well as the associated changes in the magnetic 

propertles. 
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V-3. Results and discussion 

V-3.1. Crystal structures 

We recent1y observed reversible single crystal-to-single crystal佐ansformationassociated 

w1由 astructural phase transition and dehydration of [Mn(R-pnH)(H20)][Cr(CN)6].H20 

(RGN・.LTP).These results motivated usωinvestigate other stable ground states as a function 

of the temperature. A similar in-situ crystal structure study was undertaken starting from a 

virgin crystal for enGN. When the crystal was heated to 360 K， the diffraction spots 

disappeared (see movie 5・1)，indicating dehydration results in an amorphous phase. However， 

when the crystal was exposed to the air， after the trial of the structural analysis of the 

dehydrated phase， the diffraction spots were recovered (see movie 5-2) enough to rea1ize the 

same crystal structure as the virgin sample. 
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Table 5-1. Crystallographic data for virgin enGN and rehydrated enGN-HP. 

Compound Virgin enGN Rehydrated enGN-HP" 

formu1a C9H13Cd也会~802 C9H13 CrMnN802 

伽 360.20 360.20 

T，K 298 298 

atmosphere Air Air 

exposuretune，sec 10 20 

nO.of企ames 830 830 

crysta1 system Orthorhombic orせlorhombic

space-group PcmnC PcmnC 

a，A 7.5177(8) 7.5298(9) 

b，A 14.6493(15) 14.6804(19) 

C.A 14.9539(15) 14.9760(19) 

v.N 1646.9(3) 1655.5(4) 

Z 4 4 

Dc， g/cm3 l.453 l.445 

μ(MoK，α)，mm'l 1.438 l.431 

crysta1 size， mm3 0.6xO.2 x 0.1 0.6 x 0.2 x O.l 

Tmin and Tmax 0.5316， l.0000 0.7784， l.0000 

θbnandθbllX> deg 2.710，27.839 3.028，27.96 

tota! no. ofreflections 6353 6009 

no. of unique reflections (Rint) 1950 1913 

no. of observed [ 1と20(乃] 1617 1336 

no.ofparameters 117 116 

Rl /wR2 [1三20(.乃] 0.0395，0.l263 0.0414，0.l182 

Rl / wR2 (a1l data) 0.0458，0.1322 0.0605，0.1297 

GOF l.075 1.001 

d.l e/N -0.525， 0.573 -0.289， 1.166 

"Di缶action出tawere collected after virgin enGN was heated to 360 K at a rate of 2 K1min and c∞leddownω298 K at a 

rate of・10K1min，出enintensity data for也eamorphous phase were∞llect吋，followed by出巴exposureof the crystal to 

air for 1.5 hour. ~aximum and minimum residual elec住'ondensities. C This space-group is白 samesymr即位yasPnma

(No. 62) which凶 employedfor uniform defmition of山 axesfor the RGN series. 
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Table 5・2.Selected bond distances， angles and metal separations for virgin enGN. 

Selected bond distances (A) for octahedral geometries for Mn and Cr. 

Mn(I)-N(I) 2.198(2) Cr(I)-C(I) 

陥 (1)羽(2) 2.212(2) Cr(I)-C(2) 

Mn(1)-N(4) 2.3ω(3) Cr(1 )-C(3) 

Mn(I)-O(I) 2.227(2) 

Selected Bond angles (0) for octahedral geometries for Mn and Cr. 

N(1 )-Mn(1 )-N(I)再 90.06(13) C(1)・Cr(I)-C(2)

N(1)-Mn(I)羽(2) 90.68(10) C(1)-Cr(I)-C(3) 

N(1)-Mn(1)-N(4) 92万 (8) c(1 )-Cr(l)・C(2l2

N(I)拍 1(1)・0(1) 85.04(7) C(l)-Cr(l)・C(3)位

N(2)-Mn(1 )-N(2l1 88.56(12) C(2)-Cr(1 )-C(3) 

N(2)-Mn(I)-N(4) 88.23(8) C(2)・Cr(l)・c(3戸
N(2)-Mn(I)・0(1)

N(I)-Mn(I)剖(2)#1

N(4) -Mn(I)・0(1)

94.01(8) 

178.74(8) 

176.87(11) 

Symme句r∞des:#1 X， y -112， z; #2・x，-y， -z. 

Selected bond angles CO) for two dimensional sheet. 

c( 1 )-N(1 )-Mn(1) 170.9(2) 

C(2l1-N(2)・陥(1) 156.0(2) 

Symmetry∞des: #1 x+l， y， z; #2 x・l，y，z. 

Distances for hydrogen bonds (A). 

N(5)"'0(lt1 2.937(4) 

N(5)…0(2) 2.831(9) 

N ( 1 )-C( 1 )-Cr( 1 ) 

N(2)存'2-C(2 )-Cr( 1 ) 

N(3)"'0(ll
2 

N(3)・・・0(1)ね

Symmetry∞des: #1・x+1I2，y， z+ll2; #2 -x+1/2， y， z-l/2; #3 -x+ll2， -y+l/2， z・1/2.

Se1ected intra-network metal separations (A) through one cyanide group. 

Mn(I)…Cr(I)O 5.3802(5) 

M1(1)…Cr(1 t1. b 5.2813(5) 

Mn(l)…Cr(l) (Ave.) 5.3308(7) 

Metal separation through oC(1)-N(l)， bC(2)-N(2). S戸lffietrycod凶:が1x+l，y， z. 
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2.063ρ) 

2.066(2) 

2.062(3) 

88.59(10) 

89.14(10) 

91.41(10) 

90.86(10) 

88.36(10) 

91.臼(10)

177.1(2) 

175穴2)

2.752(4) 

2.752(4) 



Selected intra-network metal separations (A) through two cyanide groups. 

Mn(I)"'Mn(1l1.c 7.5177(10) Cr(1)…Cr(1l1.C 
Mn(1)"'Mn(1)山 7.5605(7) Cr(1)…cr(1l3

•
d 

7.5177(8) 

7.3246(8) 

Meta1 separation along to Cjj a-axis and今'jb-axisSymmetry codes:が1x+1， y， z;者2-x+l， -y+l，叫#3・X，y+1I2，-z 

Selected inter-network metal separations (A). 

恥1n(1)'''Cr(1)岸 7.4984(7)

Cr(1)…c可112 8.3686(7) 

Mn(1)・・'Mn(1l3

Mn(1)'"陥 (1)糾

SyI即時try∞des:#1 x+1/2， -y， z・1/とが2x+ 112， -y， -z+1l2; #3 -x+312， y， +112;再4・x+1/2，y， z+1/2. 

V-3.1.1. Crystal structure for enGN and its rehydrated form 

8.3066(9) 

8.4326(9) 

Details of the crystal data are given in table 5・1and a list of the bond distances and angles 

is given in table 5・2.X-ray structural analyses of the diffraction data on a single crystal of 

enGN suggest an achiral orthorhombic P cmn space-group， compared to a chiral 

orthorhombic P 212121 for RGN・LTPcontaining only the R-enantiomer of propanediamine 

and an achiral monoclinic P 211m for racGN containing both the S-and R-enantiomers of 

propanediamine. The key feature of all the crystal structures is也e2D-square grid of Mn and 

Cr( CN)4 where the Mn and Cr altemate in the ab-plane and bridged by cyanide. However， the 

layers are not planar but are corrugated and propagated along the b-axis and are in-phase with 

the neighboring layers. Viewing along the c-axis， that is pe中endicularto the layers， we find 

that adjacent layers are staggered. The remaining two cyanide groups complete the octahedral 

coordination of the Cr atom and pointing out of the layers while the amine and one water 

molecule are coordinated trans・toeach other to the Mn瓜om.(Figure 5・1)

As can be seen in table 5-2， Mr白1n(1り)-N/Odistances range企om2.198(2勾)tωo 2.303(σ3) A and 

N 

and trans positions. While Cr(l)・Cdistances range合om2.062(3) to 2.066(2) A and C-Cr-C 

angles are in the range of 88.36(10)ー91.64(10)0for cis positions. 

The space-group for RGN・LTPis P 212121， and it is changed to P cmn by use of achiral 

en， which introduces a mirror plane perpendicular to b・axis，n glide symmetry and inversion 
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center. The Mn， both nitrogen atoms of en are on the miITor plane and the Cr atom locates on 

as mverslOn center. 

In the two-dimensional sheet， the average separation between the Mn and Cr atoms 

through the cyanide bridge is 5.3308(7) A for enGN， which is s1ightly shorter than that for 

RGN-LTP (5.3457(16) A). The shortest intersheet metal-metal separation for enGN is 

observed between the Mn and Cr atoms (7.4984(7) A)， while the shortest intersheet 

homometallic contacts are longer than 8.3066(9)λFrom the viewpoint of the magnetic 

dipole interaction， a distance of less than 10 A describes a feITomagnetic interaction between 

two-dimensional sheets， which is the same situation as for the RGN-LTP compound. 

，、，

Figure 5・1.Projections of the structures along the a-axis (left)， a view of the square grid 

layer of Mn (pink) and Cr (blue) atoms connected through cyanide (middle)， and ORTEP 

drawing (right) for enGN. The two water molecules (red and green) are differentiated by the 

use of different colors. 

Between the two-dimensional sheets， the nitrogen atom N(5) in the non-coordinating 

amine and found to have two hydrogen bond with the oxygen atoms of the non-coordinated 

water molecules， (N(5)…0(2)，2.831(9) A)， and with the oxygen atom ofcoordinating water 

(5)…0(1')， 2.937(4)λ). Furthermore， the oxygen atom O( 1) of the coordinating water is 

found to have two hydrogen bonds between nitrogen of cyanide group in neighboring layer 
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(0(1)…N(3')， 2.752(4) A). One hydrogen bond is generated by mirror symmeむy丘omthe 

other. 

V-3.1.2. Crystal structure for dehydrated structure of enGN-DP 

Attempts to collect diffraction data for the dehydrated crystal failed as practically all the 

Bragg diffractions disappeared upon dehydration. However magnetic measurement showed an 

increase of about 30 K in the Curie tempぽa加re(see below) suggesting for the formation of a 

3・Dstructure， comparable to those observed for RGN-DP and racGN-DP. The dehydration 

for the latter two compounds changes the crys同1system from a 2D magnetic dimensionality 

to one of 3D and is accompanied by a giant leap ofthe Curie temperature from 38土2to 73土2

K. Interestingly the Bragg diffraction is recovered with almost the same quality after exposure 

of the same crystal to air suggesting reversibility. Compared to propanediamine where the two 

nitrogen atoms are different to one another， in ethylenediamine they are equivalent. This 

equivalence results in a higher symmetry space-group and a disorder of the ethylenediamine 

where the two nitrogen atoms have fully occupied positions and common to the disordered 

pair. This also resu1ts in the two nearest cyanide groups合omthe Cr atoms of adjacent layers 

to be equidistant企omthe coordinating oxygen atom of the water molecule. Therefore， we 

propose that upon dehydration there is equal probability for either cyanide to occupy the 

position of the leaving water molecule and consequent1y， causes severe disorder and lost of 

the crystallinity. On the other hand， rehydration repairs the faults and brings about complete 

recovery of order within the structure. 
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Figure 5・2.(a) Thermogravimetric， (b) DTA curves for enGN for several cyc1es of in the low 

temperature region， (c) TGA measurement for the high temperatu閃 reglOn.

consisting of powdered several samples performed on were measurements The TG 

crystals of enGN under nitrogen atmosphere. In each case the sample shows a first weight 

loss starting at 340 K and attains a plateau at 360 K， which is stable up to 480 K where it 

decomposes (Fi思汀e5-2). The observed percentage weight loss (9.8%) is close to the value 

lowering the On water molecules per formula unit (10.0%). of two departure for the 

temperature of the samples having been heated only to 363 K under nitrogen the sample 

weight is slightly increased. Upon exposure of the samples to high humidity air (humidi句;::::;

93%， temperature ;::::; 310 K) for overnight， they re-absorb water and recover 93% of water 

molecules. This recovery was labeledぉ dehydratedenGN-DP to rehydrated enGN-HP. 

iterativel 

measurement showed slightly less and less rehydration ratio (92%， 90%， 88%， and 88%， for 
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after 2nd， 3rd， 4th， and 5th run)， describing more and more fragments were introduced. 

Except for the 1st run， sudden drop ofthe weight at the first part ofmeasurement can be seen， 

indicating the water molecules exist on the surface and left when the sample was placed under 

nitrogen atmosphere. It is not clear the results between single crystal X-ray and TG 

measurements. A plausible explanation is that produced defects through 

dehydration-rehydration were very small and only contribute to the broadening the Bragg 

reflections and are averaged out in the refinements. In the DTA curve (Figure 5-2b)， only 

endothermic peaks were found， indicating no structural phase transition in enGN. 

An independent measurement under nitrogen to 1100 K shows a gradual weight loss from 

470 K to a metastable compound剖 750K which has a mass corresponding to MnCr(CN)s 

and is followed by another continuous weight loss to出e1100 K (Figure 5-2c). 

V-3.3. Powder X-ray diffraction 

To veriちrthe structural changes taking place during dehydration and rehydration， powder 

X-ray diffraction for each phase was collected by in-situ measurement. Diffraction data for 

virgin sample of enGN on a glass plate were collected. The same experiment for enGN-DP 

was performed a白erthe sample had been dehydrated for 10 min叫 360K. Then， the data for 

the rehydrated sample of enGN-HP were collected after exposing the same sample to air for 1 

hour. The results are shown in figure 5・3together with the diffraction pattem calculated from 

the single-crystal data. It is clear that the pa抗emfor virgin enGN， and hydrated enGN-HP 

show almost same pattem， indicating dehydration is reversible. However， the loss of 

cη's旬llinitywas always observed for the dehydrated samples. 
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enGN-DP， and rehydrated enGN-HP. 
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Figure 5・4.Infrared transmission spectra of enGN， dehydrated enGN-DP， and rehydrated 

enGN-HP. 

The infrared spectra of the virgin， dehydrated， and rehydrated phases are shown in figure 

The follows (Table usmg group丘equenclesas assib'11ed be can 5-4. The bands 

asymmetric and symmetric stretching modes of the water molecules are observed at the 

highest energy peaks at 3600 and 3523 cm -1， respectively. Tts bending mode is observed at 

1701 cm -1. All three bands are absent丘omthe spectrum of the enGN-DP and emerged in 

corresponding NH The process. and rehydration confirming the dehydration enGN-HP 

and those of CH are observed at lower energies. We note that some stretching modes 

sharpening of these bands are observed in the spectrum of the enGN・DPcompared to enGN 
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and enGN-HP which may be associated with the presence of hydrogen bonds. Three sharp 

bands of stretching modes ofthe cyanide are observed in the spectra of enGN and enGN・HP，

where the intensities are 2:2:1 which may suggest that the weaker may be the 

non-coordinating cyanide. However， for enGN・DPthere are only two peaks， which may be 

due to a11 the cyanide groups are now bridging. A very strong peak剖 474cm-1 is seen in a11 

spectra which may be due to Cr-C mode. 

Table 5・3.Frequencies and assignments ofthe bands in the spectra ofthe enGN， dehydrated 

enGN・DP，and enGN-HP. 

enGN enGN-DP enGN-HP 

3600m 3590m v(O・H)

3523m 3502m v(O・H)

3342 s 3340 s v(N-町

3323m 3322 s v(N・H)

3284 s 3298 s 3284 s v(N・H)

3236 s 3238 s 3240 s v(N-H) 

3164 s 3165 s 3166 s v(N・H)

3130m 3132 s v(N-町

3066 s 3056 s 

2966 s 2964 s v(C・H)

2947 s 2924m 2947 s v(C-H) 

2839m 2897w 2841 m v(C・H)

2852w v(C・H)

2831 vw v(C・H)

2162 s 2158 s 2161 s v(C-N) 

2152 s 2146 s 2154 s v(C・N)

2139m 2139m v(C・N)

1990 vw 

1714 w 

1658m 

1606 s 1600 s 1606 s δ(N-H) 

1593 s δ(N・H)

1519 s 1520 s o(C・H)

1477m 1475 vs 1477 s o(C・H)
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1462 m 
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1371 w 1369 w 
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Figure 5-5. Temperature dependence of (的 XMTand (b) XM-1 for virgin enGN， dehydrated 

enGN-DP， and rehydrated enGN・HP.

The temperature dependence of XMT for enGN， enGN・DP，and rehydrated enGN-HP 

measured in a field of 100 Oe are displayed in figure 5・5a.The XM1'values are 4.96， 4.90， and 

4.90 emu K mor
1 
at 300 K， and decrease with lowering temperature down to a minimum 

value of3.67 (90 K)， 3.99 (120 K)， and 3.70 (90 K) emu K mor
1
， respectively. Upon further 
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cooling， the XMT values increase to maximum values of 951 (32 K)， 2005 (55 K)， and 1104 

emu K mor
l 
(32 K) before decreasing below these temperatures， respectively. The XM-1 value 

for each phase follows the Curie-Weiss law CXM= C / (T -め)with Weiss constant θof・72.5，

-83.7， and -73.2 K and Curie constant C of 6.20， 6.28， and 6.09 emu K mor1， respectively 

(figure 5-5b). These Curie constants are comparable to the theoretical value (for Mn(II) and 

Cr(III)・1/2x 5/2 x 7/2 + 112 x 3/2 x 5/2 = 6.25 emu K molサー Thenegative Weiss constants 

indicate considerable antiferromagnetic interaction between CrIII ion and MnII ions through 

the cyanide bridge. 
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Figure 5・6.Temperature dependence of ZFC and FC magnetization for enGN， enGN・DP，

and enGN-HP. 

In the zero-field-cooled (ZFC) and field-cooled (FC) measurements in an applied field of 

5 Oe， spontaneous magnetization confirming long-range magnetic orderings are observed 

below 42， 75 and 42 (+65) K for enGN， enGN-DP and enGN・HP，respectively (Figure 5-6). 

The small difterence of the Tc value between enGN and RGN-LTP can be explained by 

exchange interaction due to slight structural differences within the layer. For RGN-LTP， the 

average metal separations between Mn and Cr atom in the two-dimensional sheets for 
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RGN-LTP (5.3457(16) A) is longer than that for enGN (5.3307(7) A). Therefore， molecular 

overlap between metal sites involving the cyanide ligand orbitals for enGN is more than that 

for RGN-LTP， which describes the higher Tc value than RGN-LTP. For enGN-DP Tc is 

significant1y higher than the virgin sample. In the previous papers， the relationship between 

magnetic properties and crys旬1structure for the similar compound (RGN・LTP)was 

discussed. The Curie temperature of RGN-LTP increases from 38 to 73 K， accompanying 

crys旬1dimensionality change from 2・Dto 3・D upon dehydration. It is understood as a 

consequence of the increase neighbors through the cyanide network and appearance of 

relatively shorter Mn"'Cr distance. For the case of enGN， all of the water molecules have 

been released. Consequent1y， new random cyanide network between adjacent layers are 

formed， giving more connection between paramagnetic centers. Upon rehydration of the 

previously dehydrated sample by soaking in water， the magnetization in a field of 5 Oe shows 

two anomalies; one at the Curie旬mperat町eof the virgin sample and the other at 65 K. While 

the one at 42 K indicates that the process of rehydration reverse the sample to the virgin state， 

the small magnetization trailing at higher temperatures indicates that some fragments of the 

sample retain the dehydrated form. 

A hysteresis loop for each compound was observed at 2 K (Figure 5・7).The observed 

saturation magnetization values for virgin enGN， dehydrated enGN-DP， and rehydrated 

enGN-HP were 2.02， 2.05 and 2.04μH， respectively， which are in good agreement with the 

theoretical value for antiferromagnetic coupling between Cr3+ and Mn2+ ions (5/2・3/2= 1). 

The observed remanant magnetization are 0.36， 0.67， and 0.51μB and coercive field in the 

hysteresis loop are 62， 101， and 62 Oe， respectively. These values suggest th前回GNis a soft 

ferrimagnet while it slightly hardens upon dehydration and recover the initial softness by 

rehydration. A similar effect is observed for the propanediamine compounds. 
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Table 5-4. Magnetic parame旬rsfor virgin enGN， dehydrated enGN・DP，and rehydrated 

enGN-HP. 

enGN enGN-DP enGN-HY 

Fitting region / K 300 -120 360-160 300-120 

R
2 
va/ue 0.9998 0.9998 0.9998 

ぴ/cm3 Kmol・1 6.20 6.28 6.09 

(}/K -72.5 -83.7 -73.2 

Tmin
c /K 90 120 90 

加 T(Tmin)!emumorl K 3.67 3.99 3.70 

XMT (300 K)/ emu morl K 4.96 4.90 4.90 

TCd/K 42 75 42 (+65) 

M与ピ/emuGmol・1 480 1597 814 

MsaUμB 2.02 2.05 2.04 

Hcg/Oe 62 101 62 

M阻l/μB 0.36 0.67 0.51 

acuri巴∞nstants.bWeiss constants. 'Temperatures at minimum values of %MT. dCritica1 temperatures bas吋 onFC 

m郎町ments.'Ma伊etizationat 2 K in FC measurement (H = 5 Oe). J:Ma伊etizationsaturation value at 2 K. gCoercive 

filed at 2 K ~emanant magnetization at 2 K iAftぽsoakedin disti11ed water. 

V-4. Conclusion 

In summary， achiral two-dimensional [Mn(enH)(H20)][Cr(CN)6]-H20 (enGN) is 

successful1y synthesized by the use of ethylenediamine having similar layered s飢lctureω

[Mn(RlS-p吐I)(H20)][Cr(CN)6]'H20(RGN・LTP/SGN-LTP).It is a soft ferrimagnet with 

comparable TCurie 42 K as those of RGN-LTP/SGN・LTPand the coercivity and TCurie are 

increased reversibly upon dehydration. These results indicate that enGN is a good reference 

to the chiral magnet (RGN-LTP/SGN-LTP). Further physical measurements will be 

undertaken to elucidate the effect of chira1ity by the use of both compounds. In contrast， 

reversible single crystal-to-amorphous dehydrated phase is found for enGN as a consequence 

of the high symmetry causing severe disorder due to equal statistical probability. 
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Movies of transformation processes. 

Movie 5・1: 2 Movie dehydration from enGN to enGN心H

Movie 5・2: 4 Movie rehydration from enGN・DHtoenGN
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ChapterVI 

Concluding Remarks 

The principal essence of the proposed project of the thesis has been achieved for the 

physics part (the study of the ac-susceptibilities and the magnetic structures from neutron 

diffraction) and the chemistry part (the present thesis) of it has been more than successful 

with the additional unexpected phase transitions th剖 tooka major part of the time to 

comprehend. Within the aim of the project， we have successfully synthesized three novel 

compounds， a chiral one [Mn(R-pnH)(H20)][Cr(CN)6]'H20 and two achiral congeners， 

[Mn(rac-pnH)(H20)][Cr(CN)6]-H20 and [Mn(enH)(H20)][Cr(CN)6]-H20. A1though the main 

structural， thermal， optical and magnetic properties have some similarities， there are several 

differences which turn out to be related to the symmetry or subtle difference in the packing 

arrangements. These are highlighted in the corresponding chapters. 

[Mn(R-pnH)(H20)] [Cr(CN)6]-H20 proves to be the compound with the highest number of 

functionalities which include heterometallic mixed-valency， chirality， ferrimagnetism and 

proton-transfer， as well as survIVmg two single crystal-to-single crystal phase transitions 

reversibly without great loss of crystallinity. One of the phase transitions， which is of 

first-order， is promoted by a rare proton-transfer between amine/ammonium and 

water/hydroxonium couples which brings changes in the coordination of the amine and water 

and requires a concerted change of curvature of the corrugation of the Mn-CN・Crlayers as is 

commonly observed in muscles. Dehydration of the crystals introduces bridges between the 

layers resulting to an increase in magnetic dimensionality which in-turn enhances the Curie 

temperature from 38 to 73 K and adds a small arnount of magnetic hardness and changes to 

the magnetic anisotropy. All these are absolutely reversible. 
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The achiral two-dimensional [Mn(rac-pnH)(H20)][Cr(CN)6]'H20 (racGN) provided a 

good test to elucidate the association between structural chirality and magnetic chirality. It is a 

soft ferrimagnet below 36 K. Comparing to RGN-LTP/SGN-LTP， common features are seen 

in the CIγstal structures， ferrimagnetic behavior which is dominated by the two-dimensional 

sheet organization and the ferromagnetic interaction between sheets， and so釦lessof the 

magnet. Moreover， reversible dehydration is demonstrated on racGN. As a result of 

dehydration， the crystal structure is changed to three-dimensional accompanied by doubling 

of Tc to 70 K， and coercive field at 2 K increasing from 8 to 63 Oe. 

The second achiral compound， [Mn(enH)(H20)][Cr(CN)6lH20 (enGN)， crystallizes in 

the achiral orthorhombic P cmn space-group with similar structure and is a ferrimagnet (Tc = 

42 K). enGN shows reversible single crystal-to-an amorphous dehydrated phase， enGN-DP is 

ferrimagnetic (Tc = 75 K). 

TGA， DSC， IR and UV-vis spectroscopy provide additional evidences of the reversibility 

and reproducibility of the transitions as well as the thermodynamic order parameter of the 

transition and the mixed-valency character. 

While major advances have been made in the last three years on the chemistry and physics 

of chiral magnets， which are accompanied by solid theoretical calculations， this work can be 

extended in using the acquired knowledge in the development of devices. On the academic 

aspects of chiral magnets further efforts can be made to create new materials having di百erent

space groups where the symmetry requirements for the coupling of structural chirality and 

magnetic chirality may be di百erentand thus will provide food for thoughts. On the 

application aspect further work on using chiral magnets as optical filters may be a source of 

controlling optical information tec1mology. 
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A novel series of linear chain coordination polymers， [Nl4][MII(H2P02)3(H20)] where M = 
Mn， Co， Ni， has been obtained by the reaction of divalent metals salts with ammonium 

pyrophosphite， [NH4][H2P02]， in a methanol-water mixture. They crystallise in the 

monoclinic P 2/n cell which contain polar chains aligned with opposing polarity. Both 

bridging and terminal monodentate coordination modes are exhibited by the H2POよ.Two 

types of hydrogen-bond between a coordinated water and a monodentate H2P02 -connect the 

chains泊toa 3D-network. The compounds have been further characterised by IR and UV -vis 

spectroscopies， TGA， and their magnetic properties measured. A11 three compounds exhibit 

weak antiferromagnetic nearest neighbour interaction. A simi1ar study on the known 

Felll(H2POJ3 is also reported. Its magnetic susceptib出tyfits a model for a lD-antiferromagnet 

with 21/k of 1.20(1) K and g of2.019(2). 



Introduction 

In developing magnetic materials， chemists have for a number of ye訂sbeen interested 

in coordination polymers of transition meta1s.1.2 Among the criteria for obtaining long-range 

magnetic ordering， the number of bridging atoms between the moment carriers is an important 

factor as it defines the strength of the magnetic exchange interaction between the nearest-

neighbour moment carriers.3 The strength decreases with the number of bridging atoms in the 

connector; for example the critical住ansitiontemperature， being dependent of the exchange 

interaction， is above 800 K for the oxides (one-atom bridge) and decreases to nearly 200 K for 

the Prussian blue family having two-atom cyanide bridges while for those containing three-

atom Tc are less than 30 K.
4 There is considerable interest by magneto-chemists in using 

three-atom bridges due to the wider range of chemicals available but only few systems are 

known where every metal centre is bridged uniformly.5 Amongst them are those containing 

azide，6 imid位。le，7dicyanamide，8 carbonate，9 oxalatelO and formatel1. The latter has been of 

much importance to us in the development of materials exhibiting dual property， such as 

porosity and magnetism.l1 Following this line of work， we are searching for other ligands to 

mimic the formate ion and therefore， we have started a study of the structural and magnetic 

properties of hypophosphite， H2P02 -. 

Hypophosphite salts are known for metals of the alka1i，12 alkaline earth，13 transition，14-

181anthanide，I9 and group 14 20
• Several examples of organic cations are also known to form 

stable salts. Coordination complexes with a third component， a coordinating organic ligand 

such as urea， phenanthroline or bipyridine， are known for copper and manganese.21 Among 

them， several coordination complexes have been isolated with paramagnetic cations of the 

frrst row transition metals. Only few studies of their magnetic properties have been performed 

and the resu1ts show that only two of them exhibit long-range magnetic ordering; 

CoCl(H2P02).H20 is a weak ferromagnet below 8.4 K while NiCl(H2POz}.H20 is a Curie-

Weiss paramagnet above 4.5 K and Mn(H2P02)2・H20is an antiferromagnet below 6.5 K.
14.16 

Interestingly， the copper(II) complex， Cu(H2P02)2' is not very stable and it displays 

two consecutive phase transitions transforming it between the three ground states.17 Also of 

current interest is the variable water content of the cobal 
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Here， we report the syntheses， single-crystal structure determinations， 

thermogravimetric analyses， optical spectroscopy and the magnetic properties of an 

isostruct町 alseries， [N~][Mll(H2P02)3(H20)] ， where M = Mn， Co and Ni as wel1 as the 

magnetic properties of the struc加rallycharacterised [FeIlI(H2P02)3].18 

Experimental 

Synth回is

[NH4][H2P02]: 158 mL of 50 % H3P02 (d-1.274 g/cm乙1.58mol) was mixed slowly with 

130 mL of 26 % aqueous ammonia solution (d-0.90 g/cm九1.72mol) and the mixture was 

evaporated to yield a white powder. It was dissolved into 150 mL of hot methanol and the 

solution was cooled before 300 mL of ether was added while stirring. A white crysta11ine 

precipitation was obtained after a few hours followed by filtering and washing with ether and 

finally dried in vacuum. Yield 104.4 g， 82.3 %. 

[NlI.t][Mn(H2POU3(H20)] : A mixture of2.6 mL of 1.0 M [N~][H2P02] in CH30H， 0.3 ml 

of 1.0 M MnCh・4H20in CH30H and 1.1 ml of water was placed at the bottom of a glass 
tube. The mixture was then layered with 8 mL of acetone， capped and left to stand. After 1 

week pale pink needle crystals of [NH4][MnII(H2POU3(H20)] and few c1e訂 pinkblocks of 

[Mnll(H2P02)2(H20)] were harvested.百lecrystals were separated manually under an optical 

microscope for further measurements. Yield 63.7 mg， 74.3 %; Anal. Calcd: H， 4.23; N， 4.90. 

Found: H， 3.83; N， 4.90 for ~][Mn(H2P02)3(H20)]. 

[NlI.t][CO(H2P02)3(H20)] : A mixture ofO.3 mL ofO.4 M CoCh.6H20 in CH30H， 2.4 mL of 

1.0 M [N~][H2P02] in CH30H， 1.2 mL ofwater was placed in a glass tube and left open to 

air. After 1 week the mixed solution had concentrated and hexagonal purple-red plate crystals 

were harvested. Yield 71.0 mg， 61.2 %; Anal. Calcd: H， 4.17; N， 4.83. Found: H， 3.93; N， 

4.98.[N~][Ni(H2P02)3(H20)] : A mixture of 1.0 mL of 1.0 M NiCh.6H20 in CH30H and 

5.0 mL of 1.0 M ~][H2P02] in CH30H was placed in a glass tube and left open to air. The 

crystals are formed in two steps; first green blocks are formed which over a period of one 

week turned into hexagonal yellow-green plate crystals of the desired compound. The crystals 

were harvested and washed with ethanol and acetone. Yield 227 mg， 78.2 %; Anal. Calcd: H， 

4.l8; N， 4.84. Found: H， 3.64; N， 4.78. 

[Fe(H2P02)3] : 270 mg (4.83 mmol) of Fe powder in a smal1 glass tube (ゆ 5mm， 35 mm 

height) was placed at the bottom of a large glass tube (ゆ 14mm). 10 mL of 50 % H3P02 (d-

1.274 g/cm乙96.5mmol) was then added to cover the small tube. After 2 month， colourless 
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crystals were harvested. The small tube with the remaining Fe powder was taken out and the 

products in the large glass tube were collected. Yield 1.743 g， 48.1 % 

[CO(DZO)6}(DzPOz)z : 2 mL of an aqueous solution containing 4.0 M [N~][H2P02] and 1.0 

M CoCh.6H20 was placed at the bottom of a glass tube. The solution was the layered with 8 

mL of acetone and left. After 5 days， the red crystals formed were collected. Yield 0.432 g， 

72.5 %. The crystals were distinctly different in shape and colour from those of 

[N~][Co但2P02)3(H20)]. 百出 phasewas checked by determination of the unit cell on single 

crystal.14 

Characterization 

Powder X-ray diffraction pattems were recorded using either a Rigaku Rint 2000 

system equipped with Cu・Kαradiationor a Siemens D500 equipped with Co・Kαradiation

and employing a scan rate of 40/min and scan step of 0.020
• The simulated pattems were 

calculated from single crystal X-ray data using RIETAN-2000 program.22 

For the single-crystal X-ray structure determinations， diffraction intensity data at 173 

K were col1ected for selected crystals mounted on glass fibers using a Bruker SMART Apex 

CCD diffractometer equipped with Mo・Kα1radiation. Absorption corrections were applied 

using the multiscan program SADABS.23 The structures were solved by direct methods， and 

the non-hydrogen atoms were refined anisotropically by the least-squares method on F2 using 

血eSHELXτ工progr佃 1戸Thehydrogen atoms were either found by difference Fourier maps 

or were generated geometrically at theoretical positions using the riding model (C-H， 0.96 A， 

N-H， 0.90 A). Crystal data， as well as details of the data col1ection and refmement， for the 

complexes are summarized in Table 1. CCDC・XXX-XXXcontain the supplementary 

crystal10graphic data for this paper. These data can be obtained free of charge from The 

Cambridge Crysta1lographic Data Centre via www.ccdc.cam.ac. uk/data_request/ cif. 

h企訂edspectra were recorded by transmission through KBr pellets containing ca. 1 % 

ofthe compounds using a Perkin-Elmer FTIR Spectrum RX1. 

UV -Vis absorption spectra were recorded by transmission through glycerol mulls of 

the grounded crystals held between two microscope slides by use of a UVIKON-XL of 

BIOTEK Instruments. For the cobalt compound a single crystal transmission spectrum was 

also measured. The crystal was mounted on cut slots between同roaluminium sheets. 

Thermogravimetric analyses were performed on approximately 40 mg of each sample 

using a Perkin-E1mer Pyris 6 TGA operating under dry nitrogen at a heating rate of 50C per 

minute. 
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Magnetic susceptibi1ity measurements were perf'Ormed in an app1ied field 'Of 100 Oe 

'On c'O'Oling fr'Om 300 t'O 2 K using a Quantum Design MPMS-5S SQUID magnet'Ometer. 

Is'Othermal magnetizati'Ons at 2 K were measured f'Or each c'Omp'Ound fr'Om 0 t'O 50 kOe. 

Results and Discussion 

Synthesis 

The syntheses 'Of crysta1s 'Of [N&][M"(H20)但2P02)3]f'Or the three metals are quite 

dependent 'On the s'Olvents， c'Oncentrati'Ons and 'Other c'Onditi'Ons as presented ab'Ove. While 

acet'One diffusi'On w'Orks well f'Or manganese， it d'Oes n'Ot w'Ork f'Or c'Obalt and nickel. 

Furtherm'Ore， the quality 'Of crystals f'Or c'Obalt is improved by additi'On 'Of a bit 'Of water whi1e 

this pr'Ocedure is n'Ot suitable f'Or nickel. A wide range 'Of c'Onditi'Ons was tried and the 

'Optimised 'One f'Or each metal is described ab'Ove. We sh'Ould n'Ote that using ethan'Ol instead 'Of 

methan'Ol gives n'O crystals and using diffusi'On 'Of acet'One in p町eaque'Ous s'Oluti'Ons 'Of the 

metal i'Ons and [NRt][H2P02] results in p'Owders 'Or crystals 'Of an'Other phase， 

[M(H20)6](H2P02)2・Itappears th瓜differentmixtures 'Of methan'Ol-water is required f'Or every 

metals and the am'Ount 'Of water sh'Ould be l'Ower f'Or the smaller cati'Ons， suggesting a subtle 

balance between s'Olvati'On and c'Omplexati'On. 

Structural Characterization 

Table 1. Crystall'Ographic da岡 f'Or[NRt][M"(H20)伺2P02)3].

C'Omp'Ound 

f'Ormula 
fw 
T，K 
Atm'Osphere 
Crystal System 
Space Gr'Oup 
a，A 
b，A 
c，A 
s，deg 
v，A3 
Z 
Dc， g/cm3 

μ(M'OKα)，mm-1 

T min and T max 
8min and 8m山 deg
n'O. 'Oft'Otal reflecti'Ons 

[NRt] 
[Mn(H20)但2P02)3]
H12MnN 07P3 
285.96 
173 K 
Ni位。gen
M'On'Oclinic 
P21/n 
7.4412(6) 
15.1467(12) 
9.3051(5) 
108.230(2) 
996.13(12) 
4 
1.907 
1.809 

0.7137， 0.7137 
3.08，28.32 
6149 
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[NRt] 
[C'O(H20)(H2P02)3] 
H12C'ON07P3 
289.95 
173 K 
Ni住ogen
M'On'Oclinic 
P2dn 
7.3669(15) 
14.914(3) 
9.2048(18) 
108.38(3) 
959.7(4) 
4 
2.007 
2.290 
0.6573， 0.6573 
3.22，29.37 
8020 

[NRt] 
PH(H20)(H2P02)3] 
H12 Ni N 07 P3 
289.73 
173 K 
Nitr'Ogen 
M'On'Oclinic 
P2dn 
7.3202(2) 
14.7961(4) 
9.1762(2) 
108.8140(10) 

940.78(4) 
4 
2.046 
2.574 

0.7828，0.6687 
2.75，29.44 
5878 



no.ofunique 2414 2646 2750 
reflections (Rint) 
no. of observed [ J三 1876 2155 2236 

20(1)] 
no. of parameters 151 145 145 
R1 /wR2 [J ~ 2仁粉] 0.0274， 0.0678 0.0267， 0.0705 0.0243， 0.0625 
ワワ

Rl / wR2 (all data) 0.0410，0.0716 0.0370， 0.0678 0.0356， 0.0651 
GOF 1.040 1.102 1.109 
企〆，e/A3 ー0.369，0.381 -0.355， 0.668 -0.407， 0.477 

The single-crystal structure of [Mnll(H2P02)2(H20)] was also determined and found to 
correspond to that reported (P 21/c， a = 7.8338(2)， b = 7.3864(2)， c = 10.7552(2) A， s = 
102.826(1)0， Z = 2， V = 606.81(3) N).16 

Figure 1. Projection of the structure along the 101 direction showing the chains with the 
terminalO・PH2-Opointing in opposite directions， and the hydrogen-bonds (black-white 
stripped) between the water (yellow) and the oxygen atoms of the terrninal O-PH2・O.
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Figure 2. Structure of a single chain showing the two bridging 0-PH2・0，the terrninal 0-PH2-
o and the water molecule (yellow). 

Table 2: Bond lengths (A) and Angles (0). 

Distance Distance Distance 

Mn(1)-0(5) 2.134(3) Co(I)-0(5) 2.0739(16) Ni(1)ー0(5) 2.0527(14) 

Mn(l)ゅ0(4) 2.157(2) Co(l)事0(4) 2.0914(15) Ni(l)ー0(4) 2.0546(13) 

Mn(1)-0(3) 2.167(2) Co(I)-0(3) 2.0929(14) Ni(1)ー0(3) 2.0585(13) 

Mn(1)-0(6) 2.185(2) Co(l)ー0(6) 2.1102(15) Ni(l)ー0(6) 2.0738(13) 

Mn(I)-0(7) 2.194(2) Co(l)ー0(7) 2.0993(15) Ni(1)-0(7) 2.0603(13) 

Mn(l)ーQQ2 2.202(2) Co(1)ー0(1) 2.1244(14) Ni(1)ーQQ2 2.0786(12) 

Angle Angle Angle 

O( 5)-Mn( 1 )-0(4) 93.08(9) 0(5)ーCo(1)ー0(4) 92.35(6) 0(5)-Ni(I)-0(4) 92.36(5) 

0(5)ーMn(1)ー0(3) 176.84(10) 0(5)ーCo(1)ー0(3) 176.54(6) 0(5)-Ni(l)ー0(3) 176.40(6) 

0(4)ーMn(1)ー0(3) 86.60(8) 0(4)ーCo(l)ー0(3) 86.48(6) 0(4)-Ni(l)ー0(3) 86.54(5) 

0(5)-Mn(1)ー0(6) 88.17(10) 0(5)ーCo(1)-0(6) 87.99(7) 0(5)-Ni(1)ー0(6) 87.38(6) 

0(4)-Mn(I)-0(6) 93.68(9) 0(4)-Co(I)-0(6) 94.05(6) 0(4)-Ni(1)ー0(6) 93.68(5) 

0(3)-Mn(1)ー0(6) 88.71(8) 0(3)ーCo(I)-0(6) 88.84(6) 0(3)-Ni(1)ー0(6) 89.27(5) 

0(5)-Mn(1)ー0(7) 91.69(10) 0(5)ーCo(1)ー0(7) 91.61(6) 0(5)唱Ni(1)ー0(7) 91.53(6) 

0(4)-Mn(1)ー0(7) 173.55(9) 0(4)ーCo(1)ー0(7) 173.71(6) 0(4)-Ni(1)ー0(7) 173.76(6) 

0(3)-Mn(1)ー0(7) 88.88(9) 0(3)ーCo(1)ー0(7) 89.83(6) 0(3)-Ni(1)ー0(7) 89.87(5) 

0(6)-Mn(I)-0(7) 90.81(9) 0(6)ーCo(1)田0(7) 90.97(6) 0(6)-Ni(1)ー0(7) 91.38(5) 

0(5)-Mn(1)ー0(1) 95.l2(10) O( 5)-Co( 1 )-O( 1) 93.81(7) 0(5)-Ni(1)骨0(1) 93.60(6) 

0(4)-Mn(1)ー0(1) 88.65(9) 0(4)ーCo(1)-O(1) 88.56(6) O( 4)-Ni(1 )-0(1) 88.93(5) 

0(3)-Mn(1)ー0(1) 88.02(8) 0(3)ーCo(1)-O(1) 89.42(6) 0(3)-Ni(l)ー0(1) 89.81(5) 

0(7)ーMn(1)ー0(1) 86.60(9) 0(7)-Co( 1 )-O( 1) 86.30(6) 0(7)-Ni(1)ー0(1) 85.95(5) 

Q{6)-Mn(I)-O(1 ) 175.87(9) 0(6)-Co(1)ー0(1) 176.77(6) 0(6)-Ni(l)ー0(1) 177.18(5) 
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The crystal structures ofthe three compounds， as determined from single crystals X-

ray di百raction(Table 1)， were found to be identical exceptおrthe bond dis凶 cesand angles 

which vary in relation to the ionic radii of the metal cations (Table 2).百leasymmetric unit 

(Fi思lreSI) contains one transition metal， three pyrophosphite (H2P02)， one water molecule 

and one ammonium cation. The key feature of the structures is the presence of one-

dimensional chains ofthe transition metals with two bridging 0・PH2-Oand terminal 0・PH2・o

and H20 to complete the octahedral coordination of the central metal (Figures 1 and 2). One 

of the bridging 0・PH2・ocoordinates adopts an anti-anti mode whi1e the other adopts a syn・
anti mode and the terminal 0・PH2・ois in an anti-coordination to the metals. A motif not 

observed in the chemistry of pyrophosphite coordination. The chains are parallel to one 

another and point along the 101 direction. Each chain is dipolar with the terminal 0・PH2・o

groups pointing perpendicular to the chain axis and the water molecules point in the opposite 

direction. However， the chains are related by a 21 screw-axis so that neighbouring chains have 

their dipoles oppositely oriented. The bond distances are a11 normal with the average M-O 

increasing in the order Niく Co< Mn while a11 the others are similar within experimental 

errors. The metal centres are only slightly distorted from octahedral geometry and the most 

noticeable is a 4+2 Jahn-Te11er elongation where the longer bonds are to the uncoordinated 0・

PH2-0. Within one chain the Jahn・Te11erdistortion altemates from site to site by nearly 900
• 

The bridging and terminal 0-PH2-O adopt almost identical geometry except for a s1ightly 

wider angle O-P-O of 1190 for one ofthe bridging 0・PH2・ocompared ω1160 for the 0吐ler

two. Two important hydrogen bonds， involving the water molecule and the terminal 0・PH2・

0， exist to connect the chains into a 3D-network. The first is between 07 (water) and 01 (the 

coordinated oxygen) and the second is between the 07 and 02 (the non-coordinatβd oxygen). 

The ammonium counter-balances the charge and sits in cavity. 

Powder X-Ray Diffraction 

All the peaks in the powder diffraction pattems of the polycrystalline samples of the 

compounds σigure S2) were indexed to those calculated by RIETAN. This suggests there are 

no other phases present in the bulk samples within the experimental errors of ca. 1 %. The 

diffraction pattem for Fe(H2P02)3 is also consistent with that determined from the single 

αysta1 structure (Figures S3 and S4).18 
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Infrared Spectroscopy 

Infrared spectra of the three compounds are shown in figure 3 as well as those of the 

ammonium salt， FellI(H2P02)3 and [Co(H20)6](H2P02)2 for comparison (Table 3). The spec住a

of the three compounds are almost identical to each other， confirming their isostructura1 

nature. By comparison of the spectra to those of the ammonium salt， FelII(H2P02)3 and 

Co(HzUMH2P02)2' the NH4， H20 and H2P02 group frequencies can be identified.
25 The OH 

and NH stretching modes are observed above 3000 cm-1 and those ofPH are in the range 2190 

-2400 cm-1
• The presence of three such peaks may be due to the three crystallographically 

independent O-PH2-O groups. The bending modes of H20 and NH4 are se氾nat 1670 and 

1400-1472 cm-1， respectively， while those of PH2 range between 1100 and 1175 cm-1
• The P-O 

modes are centred at 1075 cm-1
• A medium intensity peak at 810 cm-1 is assigned to the 

rocking mode of PH2・TheM-O bond stretch modes are weak and appear below 500 cm-1
• 

一一NH4

一一Mn
，4，ω 回~、

5 t 川ハヘペれW.Mí\rr\~r\ l)~ -Co
ぷ‘コー
co 
c ¥11 ~ r ~r 1-Ni 。
cn 
cn 

111 ~ -Fe E 
cn 
c 

~ ~ V¥ 1 U'，" V V¥ 」一一Co・H20

4 6 8 10 20 30 

Wavenumber (1 rf cm-1) 

Figure 3. In企aredtransmission spec凶 of[NH4] [(H2P02)]，開&][Mn(H20 )(H2P02)3]， 
開&][CO(H20)(H2P02)3]，[NH4][Ni(H20)(H2P02)3]， Fe町H2P02)3and Co(H20MH2P02)2 
(仕omtop to bo口om).
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Table 3: Frequencies and assignments ofthe bands in the spec仕aofthe complexes.25 

Mn Co Ni Fe Co・H20 NH是 Assignment 
3348 s， br 3350 s， br 3358 s， br 3440 s sh 3494vw sh v(N-H) 
3168 s， br 3156 s， br 3156 s， br 3242 vs 3220 s br v(O・町
3052， sh 3048 s， br 3048 s， br 3177 vs 3080 s br v(O・H)
2908vw 2912 vw 2918 vw 3004 s br 
2864vw 2864vw 2860vw 2878 s br 

2434s 
2416 s 2412 s 

2384w 2398w 2404w 2356s v(P-H) 
2358 s 2364s 2368 s 2282 vw v(P-H) 
2350 s 2350 sh 2250vw v(P・H)
2336 sh 2338 s 2338 s 2192w v(P-H) 

2042vw 
1942m 
1896vw 

1698 vw 1700vw 
1670vw 1668w 1670w 1670m 1634vw δ(H20) 
1472m 1472m 1474m 1462 s δ(NH2) 
1450m 1448m 1446m o(NH2) 
1424m 1426m 1426m 1402w δ(NH2) 
1400m 1402 1402 sh δ(NH2) 
1210 sh 1212 sh 1214vw 
1174m 1184m 1184 s 1178 s δ(PH2) 

1160m 1152 s 1144vw δ(PH2) 
1148m 1146s 1144s 1118 vs 1110 s v(PH2) 
1086m 1086m 1086m v(P02) 
1076w 1074 sh 1074m 1076 vs 1074s v(P02) 
lO60m 1064m 1062m 1055 s sh v(P02) 
1036m 1036m 1036m 1023 s 1036 s v(P02) 

822w 822m 822m (PH2) rock 
810m 812m 812m 807 s 800 s br 800 s (PH2) rock 

636 s br 
502w 530vw 

486w 488w 488w 
456w 454w 452w 462m 476m 442m 

420w 

UV -Vis Spectroscopy 

The UV・visabsorption spectra of the complexes were recorded by transmission 

through suspensions of fmely ground powders in glycerol held between two microscope slides 

(Figure 4). The spec佐atherefore suffer from a high diffusion due to scattering which 

increases with energy. The absorption bands are supe中osedon this background. These 

spec佐aare limited to 350 nm due to absorption of the glycerol and the glass slides. In contrast 

the transmission spec住arecorded through a masked single crystal are free of the high 
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diffusion and are extended to the highest energy (180 nrn). The spectrum for the cobalt 

complex shows two bands in the visible region; a strong one at 534 nm and a shoulder at 483 

nm wruch are assigned to the ~lg(F) → ~liP) and ~liF) → 4A2g transitions， respectively.26 

The strong bands in the UV region below 200nm are possibly due to the ligands. The 

spectrum of the nickel comp1ex consists of two weak bands at 767 and 681 nm and a s住ong

one at 417 nm. The former two are assigned to the 3 A2g→ 3T1iF) which is sp1it due to spin-

orbit coupling that rnixes the 3T1g and lEg states. The band at 400 nm is the 3 A2g→ 3T)g(P) 

transition. For the manganese complex， no band is observed in the visible. The observed 

spectra are characteristics of those of the corresponding divalent metals in an octahedral 

coordination of six oxygen atoms.26 
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Figure 4. Transmission uv-visible spectra of [NH4][Mn(H20)但2P02)3]，
~][CO(H20)(H2P02)3 ] and [NH4][Ni(H20)(H2P02)3]. 

Thermogravimetric Analyses 

The results of the thermogravimetric ana1yses indicate that the three compounds 

behave slightly di百'erent(Figure 5). They are stab1e up to 1500C and the first weight 10ss 

corresponds to the departure of the coordinated water and it appears to be harder to remove 

for the nickel compound compared to those of cobalt and manganese. The second weight loss 

is the departure of NH3. The remaining metal-phosphite has different stability for the three 

meta1s. Its stability increases仕omMn to Ni and to Co. The products may be the results of 
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different progression of condensation of H2P02 to H4P203， H6P304 and higher weight 

oligomers. 

The colourless crystals of Fe(H2P02)3 show stability to 200
0C followed by a weight 

loss amounting to the departure of two oxygen atoms and resulting in a light orange powder. 

The powder x-ray diffraction ofthe latter indicates that it is highly crystalline but TREOR and 

DICVOL are unable so far to find a unit cell. Two further steps to reach a mass corresponding 

to FeH6P304・
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Figure 5. Thermogravimetry for [N~][Mn(H20)(H2POÜ3 ]， [閃NH弘4][CO吋(H匝20)(但H2POα2)か川)3川3]，
[仰NH砧叫f弘叫4][1'例[Ni心i(伺H20)(但H七2♂PO仏2)治川)3川3斗]and F民FelI町I

Magnetic Measurements 

The magnetic susceptibilities and the inverse susceptibilities of the compounds are 

shown in figure 6. The results ofthe Curie-Weiss fit ofthe data and the tempera加rerange are 

given in table 4. All three compounds exhibit weak antiferromagnetic coupling between 

nearest neighbours. The Curie constants are al1 normal for these cations in their divalent 

oxidation state. However， the Weiss tempera回resare quite different due to the presence or 

absence of local anisotropy. The isothermal magnetizations at 2 K also indicate the presence 

of AF coupling and therefore deviate from the Brillouin functions for the isolated 

paramagnets of spin 5/2， 3/2 and 1 (Figure 7).27 

The susceptibility of Fe(H2POU3 is different to those of the divalent metals and it 

shows a maximum at 5 K (Figure 8). The Curie-Weiss fit of the magnetic susceptibility of 

Fe(H2P02)3 for data above 50 K indicates antiferromagneticaIly coupled nearest neighbour 
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interaction while a very good fit to a 1D-antiferromagnetic chain， using the equation below， is 

obtained for the whole temperature range with 2J/k of 1.20(1) K and g of 2.019(2)戸The

slight deviation below 3 K may be due to the presence of interchain exchange interaction 

which appears to be also antiferromagnetic. The isothermaI magnetization at 2 K also indicate 

the presence of AF coupling and exhibits a linear dependence on field without reaching 

saturation at the highest field of our SQUID magnetometer. 

x=(均官+すtf)

u=吋等当)-(2JS~;可)

Table 4: Summary ofthe magnetic parameters ofthe complexes. 

Temperature range (K) 
C/ cm3 Kmor1 

8/K 

lD AF -FIT 

Fe 

50-294 

4.6(1) 
-9.7(4) 

2J/k = 1.20(1) K 
g = 2.019(2) 

Ni 

2-300 
1.428(2) 
-3.8(2) 

Co 
100-294 
3.49(1) 
-35.0(8) 

恥1:0

2-294 
4.464(2) 
・3.3(1)
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Figure 6. Temperature dependence of the magnetic susceptibility (circles) and its inverse 
(triangles) for 例~][Mn但20)(H2P02)3 ] (red)， [NH4] [CO(H20)(H2P02)3] (blue) and 
例~][Ni(H20)(H2P02)3] (green). 
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Figure 7. Isothermal magnetization for [NH4][Mn(H20)(H2P02)3] (red)， 
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Figure 8. Temperature dependence ofthe magnetic susceptibility ofFeUI(H2P02)3 (circles) 
and the fit to a lD-AF model (solid line). 

Conclusion 

In the present work， we have isolated and characterised structurally and magnetically a 

novel series of transition metal one-dimensional polymers， ~][Mn(H20)(H2POÛ3] where 
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M = Mn， Co or Ni， having two bridging and one terminal O-PH2・ogroups. They all behave 

Curie-Weiss paramagnets with weak antiferromagnetic near-neighbour interaction. In 

contrast， the polymer [Fe(H2P02)3] with three bridging 0・PH2・ogroups exhibits a one-

dimensional antiferromagnetic behaviour. 
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from the corresponding author. 
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Supplemantary Materials 

05 

日gureSI: Crystal structure and ORTEP drawing for [NH4][Mn(H20)(lhP02)3]. Co and Ni 
compounds are isostructural. 
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Figure S4: View ofthe crystal structure ofFe(lhP02)3 showing the arrangernent ofthe one-
dirnensional chains (reference 18). 
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