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ABSTRACT

Multifunctional molecular materials are of high interest because of the
coexistence of two or more functionalities such as magnetism, electrical conductivity,
and ferroelectric and optical properties. The radical anion of tetracyanoquinodimethane
(TCNQ) can serve as a spin-carrying bridge to enhance magnetic exchange interactions
between paramagnetic metal ions and electrical conducting columnar stacks that allow
for conduction electrons to travel over long distances. In this vein, coordination
compounds with metal ions and TCNQ are excellent candidates for combining magnetic
properties with electrical conductivity. The goal of my research is to synthesize new
bifunctional materials based on organocyanides and to study their structure-property
relationships, which will serve as guidelines for the synthesis of molecular materials
with enhanced properties that are promising for applications in electronic devices.

A facile modular synthetic approach has been developed to introduce partially
charged TCNQ species in hybrid inorganic-organic bifunctional magnetic and electrical
conducting materials. By taking advantage of the structural breathing features of the
metal-organic cations in conjunction with the n-stacking interactions of partially charged
TCNQ radicals, an anomalous conducting behavior has been observed in
[Co(terpy)2](TCNQ)3*CH3CN, which is composed of alternating semiconducting and
spin-crossover layers. A series of isostructural compounds [Ln(TPMA)(tTCNQ)(|t
OH)](TCNQ), CH3CN (Ln = Dy, Gd, Y) with partially charged TCNQ have also been

synthesized and it has been found that the Dy(ll11) compound exhibited slow relaxation



of the magnetization and semiconductivity. This procedure was further generalized to
systems containing single-molecule magnets and other functional cationic species with
partially charged TCNQ radicals, indicating that this method is highly promising for the
synthesis of a variety of bifunctional materials with electrical conducting properties.
Magnetic metal-organic frameworks are promising for applications in high
density data storage and small molecule recognition and sensors. TCNQ dianion can be
employed as a substitute for carboxylate anions in the formation of MOFs that exhibit
interesting interactions between the host framework and guest molecules. It has been
found that aromatic guest molecules can induce distinct magnetic ordering in the family
of magnetic MOFs Fe(TCNQ)(4,4’-bpy)>guest. The flexibility of dicyanamidobenzene
dianions allows them to be bridging ligands for the formation of interesting structures,

including a quadruple helical aperiodic structure.



DEDICATION

To my wife and our daughter Emily



ACKNOWLEDGEMENTS

First of all, | would like to thank my advisor, Dr. Dunbar, for her guidance and
tremendous support throughout the course of this research. | am extremely grateful for
her mentorship

| am grateful to my committee members, Dr. Gabbay Dr. Hughbanks, and Dr.
Ross, for their helpful discussions and suggestions to this work. | also would like to
extend my gratitude to my collaborators Dr. Mario Wriedt (Clarkson University), Dr.
Kevin Gagnon (ALS, LBNL), Dr. Lukas Palatinus (Institute of Physics of the AS, CR),
Dr. John Bacsa (Emory University), and Dr. Joseph Reibenspies.

| also acknowledge the previous and current group members of the Dunbar group
for their help during my graduate career here. They include Dr. Hanhua Zhao, Dr.
Zhongyue Zhang, Dr. Helen Chifotides, Dr. Andrey Prosvirin, Dr. Zhao-Xi Wang, Dr.
Maria Ballesteros Rivas, Dr. Yuan-Zhu Zhang, Dr. Silvia Gomez, Dr. Yue Ma, Dr.
Dawid Pinkowicz, Dr. lan Giles, Dr. Heather Southerland, Dr. Bruno Pena, Dr.
Zhanyong Li, Dr. Andrew Brown, Dr. Amanda David, Dr. Mohamed Saber, Dr. Codi
Sanders, Dr. Toby Woods, Dr. Jill Ellenbarger, as well as Haomiao Xie, Charles
Culbertson, Zhilin, Guo, Zhe Shen, Ryan Coll, Francisco Birk, David Kempe, Sayan
Saha, Kelsey Schulte, Augustin Millet, and Carolyn Gunthardt.

Finally, I would like to thank my family for their encouragement and support,

especially my wife, for her love and bringing our daughter to us.



TABLE OF CONTENTS

Page
ABSTRACT .ottt ettt et e be s be e teeRe e st et et et e beeteareere e et nes i
DEDICATION ..ottt bbbttt bbbttt st bbb nne e 0\
ACKNOWLEDGEMENTS ..ottt ettt ees %
TABLE OF CONTENTS ..ottt sttt Vi
LIST OF FIGURES. ......c.oi ittt sttt naans iX
LIST OF TABLES ...ttt XX
CHAPTER | INTRODUCTION AND LITERATURE REVIEW .......cccovvvivircieiene, 1
Multifunctional Molecular MaterialS ..........cccooeiiiiiiiiiincee e 1
MOIECUIAr IMAGNETISIM ...t 3
SPIN=CIOSSOVET ....ecuveitieteete et et e e et e te e st e s te et este e be et e e seesteeteaaeesbaesaeaneesreeneeareenneans 3
Spin-canted antiferroMagnEtiSIM...........ccuiiiieiiie e 7
Single-molecule MAGNELS .......ccvoiiiiee e 9
Applications of single-molecule Magnets ..o, 12
Organocyanide-Based Functional Molecular Materials..............ccccoooveveiieiecie i, 15
CHAPTER Il ELECTRICALLY CONDUCTING AND SPIN-CROSSOVER
BIFUNCTIONAL MATERIALS ..ottt 27
INEFOTUCTION ...ttt e st e nreeseeereesreeneaneenreas 27
EXPErimental SECHION .......ccooviiiiiie e 34
SYNENESIS ... bbbt 34
Magnetic and conductivity MeasUremMENtS ...........cccveiveieeieeriesie s e e e e 37
Single crystal X-ray crystallography ... 37
Powder X-ray diffraCtion...........cccoiiiiiiiii i 38
RESUILS aNd DISCUSSIONS .....eeuvieiieiiieireiesieesieeiesiee e eesree e esee e steeaesseessaenaesneesraeseanes 40
SYhesis and Preparation...........cccveieeiie i 40
Variable temperature single crystal X-ray Studies ...........ccccceverenenenieniinienees 57
MagNELIC PIrOPEITIES .....vveieieiie ittt ettt e b e rr e e reesneeenes 72
CONAUCTIVITY PIOPEITIES ....veeiieeieiesteete sttt 76
LO00] 0 0d [11 [ SO PSRRI 77

Vi



CHAPTER Il COEXISTENCE OF SLOW RELAXATION OF THE

MAGNETIZATION AND SEMICONDUCTING PROPERTIES ..........ccocviiiiniiinnnn, 79
INEFOTUCTION ...ttt et e s e beebeeneenreas 79
EXPerimental SECHION .......cvcoiie e 80

SYNTNESES ..t nre e nnes 80
Magnetic and conductivity MeasUreMENTS ..........ccevververieereeriesieeseesesee e esresee e 83
Single crystal X-ray crystallography ..........cccooeviiiiiieiiiie e 84
Powder X-ray diffraCtion...........cccooviiieiiiiciicse e 84
RESUILS aNd DISCUSSIONS .....couviiiieiiieiiieiesiie e see sttt ae et nae e sre e enes 85
Lanthanide-TCNQ-based electrical conducting SMM..........c.cccevviieiievn e s, 85
Cobalt-TCNQ-based electrically conducting SMM..........ccoccoiiiiiiiiinnnienicienn 115
Extension of the synthetic methodology to other functional systems with
partially charged TCNQ SPECIES. ......ciieieieieiie ettt 137
(070] ol 1] o] 0 SRR PRPRPRIN 153

CHAPTER IV MAGNETIC ORDERING IN TCNQ-BASED METAL-ORGANIC

FRAMEWORKS WITH HOST-GUEST INTERACTIONS ......ccooeiiiiiiiinieeeiees 154
T L8 ot A o] o OSSR 154
EXpPerimental SECHION .........coieii e 157

Syntheses and CharaCterization............cocueeeiereniieni e 157
RESUILS AN DISCUSSIONS .....ovveviiiiiisiieiesieeieie ettt 158
SYNNESES AN STTUCTUIES.......viuiieiiiiie et 158
Single crystal X-ray crystallography .........cccocceviviiiiiiiicieese e 164
Powder X-ray diffraCtion...........ccoouiiiiiiiiie e 167
INFrared SPECLIOSCOPY ...vveiveeieerie ettt be e e nreas 168
MAGNELIC PIrOPEITIES ...ttt bbbttt 169
(0] ol 1S o] SRS PRPRPRRRIN 187

CHAPTER V METAL-ORGANIC MACROCYCLES WITH BRIDGING
ORGANOCYANIDE DIANIONS: DINUCLEAR COMPLEXES AND
POLYMERIC ARCHITECTURES INCLUDING AN UNPRECEDENTED

QUADRUPLE HELICAL APERIODIC STRUCTURE.......ccccoiiiiiieciceceeeeee, 189
T T L8 T4 A T o S 189
EXperimental SECHION ........cc.oiiiiiiecc e 194
Syntheses and crystallograpiy ..o 194
Crystallography detailS..........cc.ooieiie i 197
RESUILS aNd DISCUSSIONS ......eveeuieiiiesireieeiesieesieeeesee e eeesreesseesaesseesseeseessaesseessesneessens 203
DinUCIEar COMPIEXES ......c.vveieie ettt aeesree s 203
Self-assembled polymeric architeCtures ..o, 226

CHAPTER VI SUMMARY AND OUTLOOK ......ccctitiieieieierienie e, 241

vii



REFERENCES

viii



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

LIST OF FIGURES
Page

Packing diagram of the crystal structures of [BEDT-TTF]s[Mn"Cr"'(0x)s]
(left) and [C][MN"Cr™" (0X)3(CoH5OH)] (FIGht). ..o 2

The d orbital splitting diagrams of octahedral d* electron configurations
showing the two different electronic ground states (left) and the magnetic
characterization of spin-crossover showing the distinct HS and LS states in

the T vs. T plot (right, y is the magnetic susceptibility). ........cccoovvvviieiiinnnn, 5

Typical spin-crossover behavior of a gradual spin transition (left) and an
abrupt spin transition with hysteresis (right). .......ccccccovvei i, 5

Different types of magnetic states between the spins in bulk magnetic
MALETTAIS. ..ot bbbt 8

Magnetic characterization of the different types of magnetic states as shown
N the YT Versus T Plot. ...ooveeiiiiieiie e 9

a). Structure of the Mn12 acetate molecule. Hydrogen atoms and the
crystallizing solvent molecules are omitted for the sake of clarity. b). The
potential energy scheme shows the different energy levels of Mn12 acetate.
The green arrows represent the thermally activated process where the spins
have to go through the highest energy barrier as depicted. The blue arrow
indicates quantum tunneling processes where the spin states can go through
instead of over the Darrier. 38 . .. ..o 10

Schematic representation of effect of external magnetic field on the the

thermal and quantum tunneling relaxation of the magnetization in SMMs.

a). Under a zero dc field, the degenerate spin states are equally populated in

the two potential wells due to zero-field splitting. b). Upon the application

of an external magnetic field, the Zeeman effect breaks the degeneracy to
result in a selective population of spin states. When the external magnetic

field is removed, the relaxation of the magnetization can take place either
through the anisotropy energy barrier (c) or through quantum tunneling (d).
Adapted from referenNCe. % .........oeieeeeeeeeeeeeeeee oot 12

Figure 8. Applications of SMMs as spin-valves (top left) for transitors, qubits for

Figure 9.

guantum information storage (bottom left) and quantum computing (right,
an SMM junction with the read-out of different energy levels). ..........ccccc..... 13

Molecular structures of organocyanide acceptors (top) and the reduction of
TCNQ to the monoanionic radical and dianionic forms (bottom).................... 16

iX



Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Packing diagram of the crystal structure of Cu(DM-DCNQI), showing the
stacked DM-DCNQI MOIBLIES. ......covviiieiirieiieeciee et 17

Schematic presentation of the magnetic coupling between Gd(111) ions
through: (a) TCNQ" radical bridge, (b) diamagnetic bridge............cccccveuenen. 18

The semiconductor Cdy(TCNQ)s5(H20), exhibits a 3-D framework

structure with four different bridging modes of TCNQ. Reproduced with
permission from reference 62.%% Copyright Royal Society of Chemistry

2004, .ottt e s 20

Molecular structure of TCNQ and the labelling of selected C-C bonds......... 22

The chain structure (top) and the packing diagram of [Co(CgHgNS).]

viewed along the | axis (bottom). Color code: cobalt (purple), nitrogen

(blue), sulfur (yellow), carbon (gray). Hydrogen atoms are omitted for the
SAKE OF CIAITEY. ..veeeeiiec e 29

Thermal hysteresis of the T and electrical conductivity of the hybrid
material of [Fe(trz-NH,)3][SO,4] and oxidized polypyrrole........c..ccovreennee. 30

Bulk powder and simulated powder X-ray diffraction patterns of
(LT (=000 ] (o ) TSR 39

Overlay of the powder X-ray diffraction patterns of simulated
[Co(pyterpy)2](TCNQ),*DMF+CH30H (blue), bulk powder of
[Co(pyterpy)2](TCNQ),*CH3CN<CH3OH (red) and bulk powder of
[Co(pyterpy)2](TCNQ),sDMF+CH30H (black) at 300 K. .......ccccovevevivennne. 39

Two general synthetic schemes of the bifunctional SCO conductors............. 41

The asymmetric unit of the crystal structure of
[Co(terpy)2](TCNQ)3*CH3CN with the thermal ellipsoids drawn at the
50% probability level. Hydrogen atoms are omitted for the sake of clarity. 42

The coordination sphere of Co(ll) in [Co(terpy)2](TCNQ)3*CH3CN with
the Co-N bond distances measured in A at 100 K. ..........cccooveeevereinecsnennnns 48

(a). Packing diagram of the structure of [Co(terpy)2](TCNQ)s*CH3CN. The
TCNQ triads (blue and red) are depicted in a space-filling model and the
[Co(terpy),]** cations (green) and interstitial CHsCN molecules (black)
are represented by the capped-stick models. (b). schematic presentation of
the “criss-cross” pattern of the TCNQ triads. Each of the colored blocks
represents one TCNQ triad. (c). Schematic representation of the intra- and
inter-triad interactions at 180 K. The three distinct TCNQ species are

X



Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

A(purple), B(magenta) and C(orange). The centroid-centroid distances
between the quinoid ring centroids of the neighboring TCNQ species are
AEPICLEA 1N GIEEN. ...t 49

Temperature dependence of the n-n stacking distances of the TCNQ
species in [Co(terpy)2](TCNQ)3*CH3CN with cc for centroid-centroid
distances, s for shift distances and pp for plane-plane distances. .................. 50

(a). Temperature dependence of the Co-N bond distances with

corresponding error bars for compound 1. (b). Temperature dependence of
the unit cell parameters and volumes with corresponding error bars of
compound 1. (c). Temperature dependence of the estimated charges on
individual TCNQ species (A, B, C as denoted in Figure 1) and the total
charge of TCNQ triads. .....ccoveieeiiiieiece e 52

Face index of a single crystal of [Co(terpy)2](TCNQ);*CH3CN. The long
direction of the thin needle crystals is along the stacking direction (a axis)
Of the TCNQ TrHaUS. ....ecveeeeeieceee e 54

Temperature dependence of the (a) molar magnetic susceptibility ¥T
product and (b) electrical conductivity of compound 1. ........ccccevveiviienenn, 55

Arrhenius plot of the conductivity data from 195 to 300 K (the red line is a
linear fit Of the data). .........ccoceiiiiiiii e, 56

Asymmetric unit (a) and the cationic part (b) of the crystal structure of
[Co(pyterpy)2](PFs). with thermal ellipsoids drawn at the 50% probability
level. The disordered [PFg] anions and the hydrogen atoms are omitted for
the Sake OF CIAMILY. ....ooooiiiiie e 58

Temperature dependence of the Co-N bond distances in [Co(terpy)](PFs)2
with the standard deViations. ............ccooveiieieniieriee e 61

Temperature dependence of the unit cell parameters of
[Co(pyterpy)2](PFs). with the estimated standard deviation included. ......... 61

Packing diagram of [Co(pyterpy).](PF¢). with the stacking interactions of

the terminal Py(N3) rings highlighted in the space-filling model.

Hydrogen atoms and disordered [PFs]” anions are omitted for the sake of
CHAIIEY. oot 62

Asymmetric unit in the crystal structure of
[Co(pyterpy)2](TCNQ),sDMF+MeOH with thermal ellipsoids drawn at the
50% probability level. The hydrogen atoms are omitted for the sake of
CHAIIEY. oot 64

Xi



Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42,

Figure 43.

Temperature dependence of the Co-N bond distances of
[Co(pyterpy)2](TCNQ)22DMEMEeOH.........ccccoveiieieiieieee e 66

Cell parameters of [Co(pyterpy)2](TCNQ).DMF+<CH3O0H at different
TEIMPEIATUIES. ©.eivviieitiie ettt n e bn e nnes 66

Packing view of the crystal structure of
[Co(pyterpy)2](TCNQ),sDMF+CH30H highlighting the stacking
interactions between the terminal and central pyridyl groups.............cccc.c..... 69

Packing view of the crystal structure of
[Co(pyterpy)2](TCNQ),sDMF+CH30H highlighting the stacking

interactions between the TCNQ dimers of AA (magenta) and BB (green)

in the space-filling model. ..., 70

Side view (a) and top view (b) in the crystal structure of
[Co(pyterpy)2](TCNQ),sDMF+CH30H highlighting the stacking

interactions between the TCNQ dimers of AA (magenta) and the

Py(8)Py(8) stacked dIMErS. .......ccevveiieiieiiee e 71

Side view (a) and top view (b) in the crystal structure of
[Co(pyterpy)2](TCNQ),sDMF+CH30H highlighting the stacking

interactions between the TCNQ dimers of BB (green) and the Py(5)Py(5)
stacked dimers in space-filling model. ..., 71

Temperature dependence of ymT versus T plots for compounds
[Co(pyterpy)2](PFs)2, [Co(pyterpy).](TCNQ). DMF MeOH and
[Co(pyterpy)2](TCNQ)2 MECN MEOH. ..o 73

Temperature dependence of the conductivity of a single crystal of
[Co(pyterpy)2(TCNQ)22DMF*CH3OH. ......ooviiiiiiiiiieee e, 76

Schematic representation of the factors that are contributing to the
electrical conductivity of [Co(terpy)2](TCNQ)3 CH3CN......cceevvevvveieiene, 77

Asymmetric unit of [Dy(TPMA)(t TCNQ)(eOH)](TCNQ), CH3CN.
Hydrogen atoms are omitted for the sake of clarity. ...........ccccoovevviiincnen 86

Perspective views of the structure of [Dy(TPMA)(Jt TCNQ)(j
OH)](TCNQ), ‘CH3CN showing the bridging TCNQ radicals and the
bridging hydroxXide MOIELIES. .........ccvriiiiiiiiiere e, 88

Packing diagram of structure of [Dy(TPMA)(Jt TCNQ) (|t
OH)](TCNQ), CH3CN showing the n-w stacking interactions between the
TCNQ SPECIES. eieuvieiire ettt st et e e be e s e e steesrseabaeanee s 89

Xii



Figure 44,

Figure 45.

Figure 46.

Figure 47.

Figure 48.

Figure 49.

Figure 50.

Figure 51.

Figure 52.

Figure 53.

Packing diagram of [Dy(TPMA)(t TCNQ)(+OH)](TCNQ), CHsCN
showing the different TCNQ species (denoted as A, B and C) stacked
TOGTNET . .. e e 90

Powder X-ray diffraction patterns of [Ln(TPMA)(Jt TCNQ)(jt
OH)](TCNQ), CH3CN (Ln =Y, Gd, Dy). The green trace is a simulation
produced from single-crystal X-ray diffraction data of [Dy(TPMA)(j.t
TCNQ)(J+OH)](TCNQ), CH3CN and the other three are from bulk
polycrystalling SAMPIES. ........covviieiicccece e 91

Temperature dependence of T of [Dy(TPMA)(e TCNQ) (|t
OH)](TCNQ), CH3CN under a 1000 Oe applied magnetic field. ................. 97

Field dependence of the magnetization of [Dy(TPMA)(Jt TCNQ) (|t
OH)J(TCNQ)2 CH3CN at 1.8 K. ..o 98

Temperature dependence of the in-phase (top) and out-of-phase (bottom)
AC magnetic susceptibilities of [Dy(TPMA)(J+ TCNQ)(|t
OH)](TCNQ), CH3CN under a zero applied DC magnetic field................... 99

Temperature dependence of the in-phase (solid symbols) and out-of-phase
AC magnetic susceptibilities of [Dy(TPMA)(Jt TCNQ)(jt

OH)](TCNQ), CH3CN under applied DC magnetic fields of 200 Oe (top)

and 600 Oe (DOtEOM). ....ooiviiiiiece e 100

Temperature dependence of the in-phase (solid symbols) and out-of-phase
AC magnetic susceptibilities of [Dy(TPMA)(Jr TCNQ) (|t

OH)](TCNQ), CH3CN under applied DC magnetic fields of 1000 Oe (top)
and 2000 Oe (DOLEOM). ......eceiiieiece e 101

Arrhenius plot of the relaxation time, as determined from variable-
temperature AC susceptibilities of [Dy(TPMA)(Jx TCNQ)(lt

OH)](TCNQ), CH3CN at temperatures between 5 and 11 K and under a

1000 Oe DC magnetic field. .........cccooveiieiiie e 102

Frequency dependence of in-phase (top) and out-of-phase (bottom) AC
magnetic susceptibilities of [Dy(TPMA)(Jt TCNQ) (|t

OH)](TCNQ), CH3CN at different temperatures under an applied DC
magnetic field 0of 2000 OE€. .......ccccviiii e 103

Temperature dependence of T for [Dy(TPMA)(J+ TCNQ)(|t
OH)](TCNQ), ‘CH3CN under different applied DC magnetic fields. The
inset shows the low temperature region as indicated. ............ccocvevviveieninnn, 105

Xiii



Figure 54.

Figure 55.

Figure 56.

Figure 57.

Figure 58.

Figure 59.

Figure 60.

Figure 61.

Figure 62.

Figure 63.

Figure 64.

Top: Experimental data and fitted line of the temperature dependence of

xT for [GA(TPMA)(JxTCNQ)()tOH)](TCNQ)2 CH3CN under a 1000 Oe
applied magnetic field. Bottom: the temperature dependence of the ¥ T
product of [Gd(TPMA)(Le TCNQ)(eOH)](TCNQ), CH3CN under

different applied DC magnetic fields. ..., 107

Experimental data and fitted line of the temperature dependence of T for
[Y(TPMA)(e TCNQ)(eOH)](TCNQ), CH3CN under a 1000 Oe applied
MAGNELIC FIEI. ..o 110

Experimental data and fitted line of the temperature dependence of T for
[Y(TPMA)(eTCNQ)(rOH)](TCNQ). CH3CN under a 100 Oe applied
MAGNELIC FIEIA. ..o 111

Experimental data and fitted line of the temperature dependence of T for
[Y(TPMA) (e TCNQ)(I+OH)](TCNQ), CH3CN under a 5000 Oe applied
MAGNELIC FIEIA. ... 112

The temperature dependence of T for [Y(TPMA)(Jt TCNQ)(j
OH)](TCNQ), CH3CN under different applied DC magnetic fields. The
inset shows the low temperature region as indicated. ...........ccocvvveiveieniennn, 113

Top: temperature dependence of the electrical conductivity. Bottom:
Arrhenius plot of electrical conductivity of [Dy(TPMA)(J+ TCNQ)(1t
OH)](TCNQ), CH3CN. The red symbols are experimental data and the

black line is the linear fit with an activation energy of 0.43 eV. ................. 114

Asymmetric unit of [Co(Tpm),](TCNQ)s. Hydrogen atoms have been
omitted for the sake OF CIarity. .......ccooiiiiiiiii e, 116

Packing diagram of the crystal structure of [Co(Tpm),](TCNQ)s. The
[Co(Tpm),]** cations are in green and the TCNQ species are in red........... 119

The temperature dependence of ¥T for [Co(Tpm),](TCNQ)3 under a 1000
Oe DC magnetiC fIeld. ........ccooiiiiiiiiee e 120

Temperature dependence of the in-phase (solid symbols) and out-of-phase
AC magnetic susceptibilities of [Co(Tpm),](TCNQ)3 under an applied DC
magnetic field 0f 1200 O€. .......ccccviiii e 121

Frequency dependence of in-phase (top) and out-of-phase (bottom) AC

magnetic susceptibilities of [Co(Tpm),](TCNQ)3 at different temperatures
under an applied DC magnetic field of 1200 Oe.........cccccevvvvviveveiierieienn, 122

Xiv



Figure 65.

Figure 66.

Figure 67.

Figure 68.

Figure 609.

Figure 70.

Figure 71.

Figure 72.

Figure 73.

Figure 74.

Figure 75.

Arrhenius plot of the relaxation time, as determined from variable-
temperature AC susceptibilities of [Co(Tpm),](TCNQ); at temperatures
between 5 and 11 K under a DC magnetic field of 1200 Oe. ..........cccveneee. 123

Powder X-ray diffraction patterns of [Co(Tpm)2](TCNQ)s. The red trace

(top) is a simulated pattern from single-crystal X-ray diffraction data of
[Co(Tpm),](TCNQ)3 and the black trace (bottom) is from a bulk
polycrystalline Sample. ... 126

Top: temperature dependence of the electrical conductivity. Bottom:
Arrhenius plot of electrical conductivity of [Co(Tpm)2](TCNQ)s. The red
symbols are experimental data and the black line is the linear fit with an
activation energy 0f 0.33 BV. ..o 127

Asymmetric unit of [Fe(Tpm),](TCNQ)s. Hydrogen atoms have been
omitted for the sake Of CIarity. .......cccooeiiiiiiii e, 128

Asymmetric unit of [Ru(terpy).](TCNQ)s ‘CH3CN. Hydrogen atoms have
been omitted for the sake Of Clarity. ... 131

Asymmetric unit of [Zn(terpy).](TCNQ).5 3CH3CN. Hydrogen atoms
have been omitted for the sake of clarity. .........ccocooviiniiini 138

Asymmetric unit of [Ru(bpy)s](TCNQ),. Hydrogen atoms have been
omitted for the sake OF CIarity. .......ccooviiiiiiii e, 144

Top: temperature dependence of the electrical conductivity. Bottom:
Arrhenius plot of electrical conductivity of [Ru(terpy),](TCNQ)s CH3CN.
The red symbols are experimental data and the black line is the linear fit

with an activation energy 0f 0.30 EV. ......cccoiiiiiiiiicee e 149

Top: temperature dependence of the electrical conductivity of
[Ru(bpy)s](TCNQ)4. Bottom: Arrhenius plot of electrical conductivity of
[Ru(bpy)3](TCNQ)4. The black symbols are experimental data and the red
line is the linear fit with an activation energy of 0.29 V. ........cccovevvienienn, 150

Packing diagrams for [Zn(terpy)2](TCNQ).5 3CH3CN viewed along the a
(top) and b (DOTLOM) AXES. ....ecvvevreieiiee e 151

Top: temperature dependence of the electrical conductivity. Bottom:
Arrhenius plot of electrical conductivity of

[Zn(terpy)2](TCNQ)..5 BCH3CN. The red symbols are experimental data

and the black line is the linear fit with an activation energy of 0.19 eV......152

XV



Figure 76.

Figure 77.

Figure 78.

Figure 79.

Figure 80.

Figure 81.

Figure 82.

Figure 83.

Figure 84.

Figure 85.

Figure 86.

Scheme of the solvent exchange process in Fe(TCNQ)(4,4’-bpy) where the
methanol molecules in the as-synthesized MOF can be exchanged by
aromatic guest molecules such as benzene, anisole and nitrobenzene......... 157

Two of the most common coordination modes of TCNQ dianions, with
adjacent TCNQ species being perpendicular (left) and parallel (right) to
BACN OLNET. ..o s 159

Structure of the metal-organic frameworks Fe(TCNQ)(4,4’-bpy)>CH30H.
Solvent molecules are omitted for the sake of clarity. ............ccccceeeevvenenne. 160

Fragments of the crystal structure of 1>guest (benzene (left), toluene
(middle) and aniline (right)) showing the relative positions of the different
guest molecules in the MOF. The pyridyl and benzene rings are

disordered, and only one of the disordered guest molecules are shown for

the Sake Of CIArItY. ....ocooeiiiic 161

Left: Ball and stick model of the crystal structure of Mn(TCNQ)(4,4’-
bpy)>C¢Hs with the pyridyl and benzene rings disordered. Right: A

fragment of the structure of Fe(TCNQ)(4,4’-bpy)>CsHsNO, with the

TCNQ and nitrobenzene species highlighted in a space-filling model. ....... 162

Packing diagram of 3 showing the flat planes of Fe'"-TCNQ?Z.................... 163

Powder X-ray diffraction patterns of Fe(TCNQ)(4,4’-bpy) with the

inclusion of different solvent molecules: methanol (black, simulated),
methanol (orange, experimental), benzene (blue), toluene (red),

nitrobenzene (green) and aniline (tUrqUOISE). ........covvverereieni i 168

Temperature dependence of the ¥T plot of the MOF Fe(TCNQ)(4,4’-bpy)
IN AITFErent SOIVENTS. ..o 170

The fitting of temperature dependent molar magnetic susceptibility of
15CH30H to Eq. 2. The symbols are the experimental data and the dotted
lines are the fitted data. ..........cooovereiiiii e 172

The fitting of temperature dependent molar magnetic susceptibility of
15CgHsNH, to Eq. 2. The symbols are the experimental data and the
dotted lines are the fitted data. ...........ccooveveiieriieieee e 173

The fitting of temperature dependent molar magnetic susceptibility of

15C¢Hg to Eq. 2. The symbols are the experimental data and the dotted
lines are the fitted data. .........ccooiiiiiiie e 174

XVi



Figure 87.

Figure 88.

Figure 89.

Figure 90.

Figure 91.

Figure 92.

Figure 93.

Figure 94.

Figure 95.

Figure 96.

Figure 97.

Figure 98.

Figure 99.

The fitting of temperature dependent molar magnetic susceptibility of
15CsHsCH3to Eq. 2. The symbols are the experimental data and the
dotted lines are the fitted data. ...........ccooveriiiiiniii e 175

The fitting of temperature dependent molar magnetic susceptibility of
15CsHsNO, to Eq. 2. The symbols are the experimental data and the
dotted lines are the fitted data. ...........ccooceveiiiiiiiie e, 176

Variable temperature in-phase and out-of-phase AC magnetic
susceptibility data for the Fe(TCNQ)(4,4’-bpy) MOFs in four aromatic
solvents at different AC freqUENCIES. ........ccocviiiieiiieiee e, 179

ZFC and FC of the “as-synthesized” Fe(TCNQ)(4,4’-bpy) Dguest. ............ 180

Hysteresis of the Fe(TCNQ)(4,4’-bpy) MOFs at 1.8 K in different
AFOMALIC SOIVENTS. ..ottt e e e e et e e e e e e ee e, 181

Temperature dependence of the AC magnetic susceptibility of
Fe(TCNQ)(4,4’-bpy) after being dried under vacuum. ............cccoceevvvrveennenn. 182

The magnetization of the Fe(TCNQ)(4,4’-bpy)>CsHsNO; at 1.8 K This is
shown as an example; other samples of Fe(TCNQ)(4,4’-bpy)>guest
showed Similar DENAVION. .........ccoiiiiiiiee e 183

Temperature dependence of the T product (left) and hysteresis of the
magnetization (right) for Fe(TCNQ)(DMF)222DMF. ........c.ccoveveieeirierenen, 185

ZFC and FC magnetization data for 3. .........ccocceoieveeieiin i 186

The in-phase (solid symbols) and out-of-phase (hollow symbols) AC
susceptibilities 0f 2DCHZOH. ..., 187

Molecular structures of the organocyanide dianions DCNQI?", syn-Me-
DCNB? and the syn- and anti- conformers of DCNBZ . ..........cc.cocvvvennn.... 191

Molecular structure of the cationic metal-organic macrocycle building
block [Mn(dpop)(H20)2]%* and [Cr(salen)(H20)2]%" . cvv.vooveeeeeeeeeeeeeeeren. 193

Asymmetric unit (top) and molecular structure (bottom) of the crystal
structure of {Mn(salen)(CH3OH)}»(u-DCNQI) (6). Thermal ellipsoids are
drawn at the 50% probability level. Hydrogen atoms and disordered free
solvent molecules are omitted for the sake of clarity..........c.ccccooviiiiinnnnn, 207

Xvii



Figure 100.

Figure 101.

Figure 102.

Figure 103.

Figure 104.

Figure 105.

Figure 106.

Figure 107.

Figure 108.

Figure 109.

Temperature dependence of the ¥T of {Mn(salen)(CH30H)},(u-DCNQI)
(6) showing both the experimental data (solid square) and fitting result
(SOIA TINE). .t nreas 210

Asymmetric unit (top) and molecular structure (bottom) of the crystal
structure of {Mn(salen)(CH3OH)}2(u-DM-DCNQI) (7). Thermal

ellipsoids are drawn at the 50% level- these are not thermal ellipsoids.
Hydrogen atoms and free solvent molecules are omitted for the sake of

(0= V] /SO 211

Crystal structure of {Mn(salen)(CH3OH)}»(u-DM-DCNQI) (7) showing
the hydrogen bonding interactions between the cyano-nitrogen and
hydroxyl group of the methanol molecule. ... 212

Asymmetric unit of the crystal structure of {Mn(salen)(CH3OH)},(u-anti-
N(cyano),N(amido)-DCNB)*CH3CN (8). Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms are omitted for the sake of
CIAMILY. e 215

Crystal structure of {Mn(salen)(CH3OH)},(u-anti-N(cyano),N(amido)-
DCNB)+CH3CN (8) showing the hydrogen bonding interactions between
the methanol and salen oxygen atoms of the adjacent molecules............... 216

Crystal structure of {Mn(salen)(CH3OH)},»(u-anti-N(cyano),N(amido)-
DCNB)*CH3CN (8) showing the n-rt stacking interactions between the
phenyl rings of the salen ligands.............ccoiiiiiiiiiei e 216

Temperature dependence of the ¥T and 1/x data for
{Mn(salen)(CH3OH)}2(u-anti-N(cyano),N(amido)-DCNB)*CH3CN (8)
showing both the experimental data (blue and green dotted lines) and

fitting result according to the Curie-Weiss law (pink and red lines)........... 219

Asymmetric unit of the crystal structure of {Cr(salen)(CH3OH)}2(u-Me-
DCNB) «CH3CN+CH30H (9). Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms and free solvent molecules are omitted
for the sake Of CIAritY. .....ooviiieiee e, 220

Temperature dependence of the ¥T and 1/ of {Cr(salen)(CH30H)}(u-
Me-DCNB) «CH3CN+CH30H (9) showing both the experimental data

(blue and green dotted lines) and fitting result according to the Curie-

Weiss law (pink and red 1NES).........coceieiiiiiiniiieee e 225

The asymmetric unit of the crystal structure of 1 (a). The zigzag chain-
like structure of 1 (b) and the packing diagram viewed along the a axis
(c). The n-n stacking interactions between the pyridyl groups of the dpop

XViii



Figure 110.

Figure 111.

Figure 112.

Figure 113.

Figure 114.

Figure 115.

ligands are indicated by the red circles. The disordered species, hydrogen
atoms and free solvent molecules are omitted for the sake of clarity......... 227

The asymmetric unit of the crystal structure of 2 (a). The zigzag chain
structure of 2 (top) and its packing diagram viewed along the a axis
(bottom). The n-n stacking interactions between the pyridyl groups of the
dpop ligands are indicated by red circles. Hydrogen atoms and free

solvent molecules are omitted for the sake of clarity. .......c.c.ccoecvvvviiennne 229

Top: 1-D neutral chain of [{Mn(dpop)}s(u-syn-DCNB)3(p-anti-

DCNB)2]n showing the repeat units for different conformers of (DCNB)*

in the chain with a pattern of SASSA-SASSA (S = syn, A = anti). Bottom
left: four chains forming a quadruple helical tube with each color
corresponding to one chain. Bottom right: two tubes connected by =-
stacking of the pyridyl rings of the dpop ligands............c.ccocvvivniniiinienen, 232

Packing diagram of 3 illustrating the alternating large and small channels
viewed along the c axis (left) and side view of the channels highlighting

the m-stacking interactions between the pyridyl groups of the dpop

[1GANAS (FIGNT). ... e 233

Zig-zag chains of Mn(dpop)(u-anti-DCNB)+(H,O)(CH3CN) stitched
together by water molecules through hydrogen bonding. The hydrogen
bonds are depicted by green dotted liNes. ........cccccveevviieiieceie e, 234

(). Asymmetric unit of compound 4. Thermal ellipsoids are drawn at the
50% probability level. (b). Stacking diagram of compound 4 viewed

along the b axis showing the layers of the chains of Mn(dpop)(u-anti-
DCNB)+(H,0) segregated by acetonitrile molecules (green spheres in the
space-filling model). Water molecules are represented by the red spheres

in the space-filling model. Hydrogen atoms are omitted for the sake of
CHANILY. e 235

Asymmetric unit of compound 5. Thermal ellipsoids are drawn at the

50% probability level. The aliphatic and aromatic hydrogen atoms have
been omitted for the sake Of Clarity. ..........ccccocvveiiiiiiciccccee e, 238

XiX



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

LIST OF TABLES

Page
Characteristic infrared v(CN) stretching frequencies and electrochemical
potentials of substituted TCNQ molecules (at a Pt working electrode vs.
Ag/AgCI in acetonitrile with 0.2 M [BusN][PF¢] as the electrolyte). ............... 19

Pertinent crystallographic data for [Co(terpy)2](TCNQ)s*CH3CN at different
TEIMPEIALUIES. ..eiiitii ettt e b e e nbb e e bb e e e bn e e abeee s 44

Co-N bond distances (in A) of [Co(terpy),](TCNQ)3;*CHsCN at different
TEIMPETALUIES. ..eiiviii ettt ettt e e b e e nbb e e e bn e e abnee s 47

Selected bond angles (in degree) in the Co(ll) coordination sphere of
[Co(terpy)2](TCNQ)3*CH3CN at different temperatures. ........c.ccceevevvevvenenne. 47

The charges (p) of different TCNQ species in [Co(terpy)2](TCNQ)3*CH3CN
at various temperatures estimated from the Kistenmacher’s formula (b, ¢ and
d are average C-C bond distances as depicted below). .........ccccvcvviiiiiiinnennn, 51

Pertinent crystallographic data for [Co(pyterpy).](PFs). at different
TEIMPEIALUIES. ... 60

Co-N bond distances (A) of [Co(pyterpy).](TCNQ)2*DMF+«CH3;0H at
dIfference teMPEratUIES. ........cviiiiiieieie s 63

Pertinent crystallographic data for [Co(pyterpy)2](TCNQ),*DMF+CH30H at
dIfferent tEMPEIALUIES. ......oo.iiiiiieeieee e 67

The charges (p) of different TCNQ species in [Dy(TPMA)(Jt TCNQ)(jt
OH)](TCNQ), CH3CN at 100 K as estimated from the Kistenmacher’s

formula (A, B, C as denoted in Figure 41; b, ¢ and d are average C-C bond
distances as depicted DEIOW). .......ccoviiiiiiiii s 87

Table 10. Summary of crystallographic parameters for [Dy(TPMA)(Jt TCNQ) (e

OH)J(TCNQ)2 TH3CN. ..o 92
Table 11. Bond distances of [Dy(TPMA) (it TCNQ)(J+OH)](TCNQ)2 CH3CN............. 93
Table 12. Bond angles of [Dy(TPMA)(ltTCNQ)(ltOH)](TCNQ), CH3CN. ................ 94

Table 13. Summary of crystallographic parameters for [Co(Tpm),](TCNQ); and

[FE(TPM)2](TCNQ)3. weeeeireeiiieieeiiesie et eee e sreenaeeneenreas 117

XX



Table 14.

Table 15.
Table 16.
Table 17.
Table 18.

Table 19.

Table 20.
Table 21.

Table 22.

Table 23.

Table 24.
Table 25.
Table 26.
Table 27.
Table 28.
Table 29.
Table 30.

Table 31.

Table 32

The charges (p) of different TCNQ species in [Co(Tpm),](TCNQ); at 110

K as estimated from the Kistenmacher’s formula (A, B as denoted in Figure
60; b, c and d are average C-C bond distances as depicted below). .............. 118
Bond distances for [Co(Tpm)2](TCNQ)z. .c.veveevveieiieieeie e 124
Bond angles for [Co(TpmM)2](TCNQ)3. «ooveeeereriieiesiere e 125
Bond distances for [Fe(Tpm)2](TCNQ)z...ccvieerieriiiieieeie e 129
Bond angles for [Fe(Tpm)2](TCNQ)3. .eoveevereeiieiesiese e 130
Summary of the crystallographic parameters for

[Ru(terpy)2](TCNQ)s CH3CN and [Ru(bpy)s](TCNQ)4. c.covevvivevieieivicienn 132
Bond distances for [Ru(terpy),](TCNQ)3 CH3CN.......cccovviiiieiiciececen 133
Bond angles for [Ru(terpy)2](TCNQ)3 CH3CN. .....ooveiviieiieceeeseeeeie e 135

The charges (p) of different TCNQ species in
[Ru(terpy)2](TCNQ)3; CH3CN at 110 K as estimated from the
Kistenmacher’s formula (A, B, C as denoted in Figure 69; b, c and d are

average C-C bond distances as depicted Delow)..........ccccoeveiiiiiiiiiiciinnen, 137
Summary of crystallographic parameters for

[Zn(terpy)2](TCNQ)25 BCHZCN. ...ocviiiccecce e, 139
Bond lengths for [Zn(terpy),](TCNQ)25 B3CH3CN. ....ccveiviiiiiicciieceee 140
Bond angles for [Zn(terpy)2](TCNQ)2.5 BCH3CN. ....cocvviiiiie, 142
Bond distances for [RU(bpy)s](TCNQ) 4. ..cceieerieiiiiieieiie e 145
Bond angles for [RU(BPY)s](TCNQ) 4. «.veveverieriiiiiieieieiese e 147
Pertinent crystallographic data for 1osolventand 3..........cccccoovvevviieivennene 165
IR stretching frequencies of the —CN groups in different TCNQ? species. ..169
Summary of the magnetic parameters in 1DgUESL. .......ccceecveveerieereerieseenen, 176
Summary of the structural parameters of 1>guest from single crystal X-

TAY SEUAIES. ..t 178

207

. A summary of pertinent polarity,”" IR and magnetic data for 1oguest......... 184

XXi



Table 33.
Table 34.

Table 35.

Table 36.
Table 37.
Table 38.
Table 39.

Table 40.

Table 41.

Table 42.

Table 43.
Table 44.
Table 45.
Table 46.

Table 47.

Pertinent crystallographic data for compounds 1-5..........ccccccoviveiiiinniniinnnnn 201
Pertinent crystallographic data for compounds 6-9.............ccccccveveiiieiecciennnn, 202
Calculated exchange coupling constants (in cm™) between select metal ions

through DCNQI* and DCNB? bridging ligands based on the Hamiltonian

H = — S 182 oot teee ettt ettt e e r e n e 204
Bond distances of {Mn(salen)(CH3OH)},(u-DCNQI) (6).....ccovevvvivevrriiennnn 208
Bond angles of {Mn(salen)(CH3OH)}2(1-DCNQI) (6). .cvvvvvvvvvveieiieiiieieennn 209
Bond distances of {Mn(salen)(CH3OH)}>(u-DM-DCNQI) (7). .ccoovvvevennnne 212
Bond angles of {Mn(salen)(CH30H)}2(u-DM-DCNQI) (7). .oovvvviviiiiene 213
Bond distances of {Mn(salen)(CH3OH)},(u-anti-N(cyano),N(amido)-
15101N) )T @) 2 210 () PR 217
Bond angles of {Mn(salen)(CH3OH)},(u-anti-N(cyano),N(amido)-
1510112 )Y@ 2 210 NN C:) TP 218
Bond distances of {Cr(salen)(CH30H)}.(u-Me-DCNB) *CH3CN+CH30H
()OS 222
Bond angles of {Cr(salen)(CH3OH)}2(u-Me-DCNB) «CH3CN+CH30H (9).223
Bond Lengths of compound L. ........ccooeiiiiiiiiniiieicee e 228
BoNd Lengths OF 2. ......ooiiiieece e 230
BONd Lengths OF 4. .......oviiiiiii e 236
BoNnd Lengths OF 5. ......ooiiiicice e 239

xXXii



CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

Multifunctional Molecular Materials

Functional materials in chemistry, physics, biology and materials research have
played an important role in the evolution of technology for mankind. Molecule-based
functional materials have recently emerged as a new class of hybrid materials owing to
their advantages of pre-designed bottom up synthesis, the facile tuning of their
properties, their well-defined structures, and possibility of multifunctionalities.!?

Multifunctional molecular materials are of high interest to chemists and material
scientists because of the potential coexistence of two or more functionalities such as
magnetic, conducting, ferroelectric and optical properties.®*** What is more interesting is
that the interactions between these functionalities is not like those in a Swiss army knife,
where the different functionalities are just incorporated in one object. We are after the
synergy between these functionalities where, for example, one can use a magnetic field
to control the electrical conducting behavior of a material or use an electrical field to
control the magnetic responses of a material. One of the prototypical examples is the
combination of metallic  conductivity with ferromangnetic ordering in [BEDT-

TTF]s[Mn"Cr'"(ox)s], as reported by Coronado and coworkers in 2000. This

" A portion of this chapter is reprinted with permission from “Structural distortions of the spin-
crossover material [Co(pyterpy),](TCNQ), mediated by supramolecular interactions”, by Xuan Zhang,
Haomiao Xie, Maria Ballesteros-Rivas, Zhao-Xi Wang and Kim R. Dunbar, Journal of Materials
Chemistry C, 2015, 3, 9292-9298, DOI: 10.1039/C5TC01851J, Copyright 2015 by Royal Society of
Chemistry.
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bifunctional  crystalline  molecular material was obtained through an
electrocrystallization method and the BEDT-TTF and metal-oxalate species are

responsible for the electrical conductivity and magnetic properties respectively.

<1 On

BEDT-TTF = bis(ethylenedithio)- C* = 1-(hydroxyethyl)-4-(N,N-
tetrathiafulvalene dimethylamino)pyridinium
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[BEDT-TTF];[Mn'"Cr'"(ox),] [Cl[Mn"Cr'"(ox),(C,HsOH)]

Figure 1. Packing diagram of the crystal structures of [BEDT-TTF]s[Mn"Cr'"'(0x)4]
(left) and [C][Mn"Cr'"(0x)s(C2HsOH)] (right).

Moore’s law asserts that the number of transistors on a given microprocessor
chip is expected to double every two years. This law is projected to approach the
physical miniaturization limit of conventional materials by the mid-2020s, by which
time the smallest features in a chip will be on the scale of 2-3 nm. Molecular materials
are promising alternatives to these traditional materials, as they usually exhibit sizes of
below 3 nm. These intriguing characteristics make them promising for applications in

quantum computing, data storage, and magnetic refrigeration.>"®



Molecular Magnetism
Spin-crossover

Spin-crossover, also known as a spin transition, is a magnetic bistable
phenomenon generally observed in transition metal ions of octahedral geometries that
have d*-d’ electron configurations. The spin states of these complexes can be switched
between high spin (HS) and low spin (LS) states with changes in temperature or upon
application of external stimuli such as light and pressure. Such magnetic bistability
renders them excellent candidates for applications as sensors as well as memory and
display devices.**?

A first approximation of these two states in their respective equilibrium
geometries requires that the high spin state have a slightly higher quantum mechanical
energy than the low spin state so that it is thermodynamically favorable above a certain
temperature.”® The underlying principle is that such a spin transition (low spin to high
spin) needs to be induced by a certain amount of energy to compensate for the increase
in entropy from the low spin to high spin states, which has more unpaired electrons and a
higher degeneracy than the former. From the view of ligand field theory, the splitting
energy (A) between the ey and tyy orbitals as well as the electron pairing energy (P)
determine whether a complex is in LS or HS states (Figure 2, left). That is to say, if the
ligand field splitting is larger than the electron pairing energy, the electrons will prefer
the tyy orbitals to the ey orbitals and the LS state of the metal complex will be more
favorable.’* On the other hand, when the splitting energy is smaller than the electron

pairing energy, which is in accordance with Hund’s rule, the electrons will begin to
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occupy the ey orbitals before filling the tyy orbitals to allow for as many unpaired
electrons as possible to result in a HS state of the metal complex. At the stage where the
splitting energy and the electron pairing energy is of similar magnitude, thermal energy
(ksT) will be sufficient to trigger the transitions between the HS and LS states of the
metal complexes.

Accompanying these theoretical explanations are the differences in the magnetic
susceptibility of the compounds (Figure 2, right) and in the bond distances between the
metal ions and the donor atoms. The bond distances of the metal coordination sphere are
longer for HS states than the LS states due to the antibonding character of the eq orbitals
and the non-bonding character of the tyg orbitals. The shorter and longer bond distances
will, at the same time, apply a larger and a smaller ligand field splitting, respectively, to
the d orbitals of the metal ions. On average, the changes in metal-ligand bond distances
are about 0.10, 0.15 and 0.20 A for Co(ll), Fe(I11) and Fe(ll) systems respectively.”® As a
result, the metal coordination sphere will exhibit a significant change in the size of the
molecules, which can also be transmitted to the macroscale as the unit cell, or even the
size of the crystals expands and contracts with increasing and decreasing temperatures,
which is known as a structural breathing behavior due to the population of the HS and

LS states, respectively.



Spin-state switchin
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Figure 2. The d orbital splitting diagrams of octahedral d° electron configurations
showing the two different electronic ground states (left) and the magnetic
characterization of spin-crossover showing the distinct HS and LS states in the T vs. T
plot (right, x is the magnetic susceptibility).
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Figure 3. Typical spin-crossover behavior of a gradual spin transition (left) and an
abrupt spin transition with hysteresis (right).

Despite the fact that SCO originates from changes in the volumes of the
molecules, intermolecular interactions such as n-x stacking and hydrogen bonding play
an important role in the cooperative behaviors of the spin transition processes. When the
changes in the molecules are effectively transmitted to the crystals, this cooperativity
will be exhibited as an abrupt spin transition; otherwise, a gradual spin transition is

observed (Figure 3). SCO behaviors with hysteresis are desirable due to the potential



application of these materials as memory devices. In addition, SCO systems with larger
structural variations such as Fe(ll) and Fe(lll) are generally more likely to exhibit steep
spin transitions as compared to Co(ll) systems for which it is difficult to engender abrupt
spin transitions with hysteresis.

SCO was first discovered by Cambi and coworkers in a Fe(lll) thiocarbomate
system in the early 1930s.® The most commonly encountered spin-crossover (SCO)
materials are octahedral Fe(ll) compounds in which the spin transition involves a change
in electronic structure from ty’ey’ <> tag'eg”.""*® The spin transitions can be abrupt and
exhibit hysteresis if strong cooperative interactions between the spin centers are
present.'#%

In stark contrast to the plethora of known Fe(ll) SCO species, Co(ll)-based SCO
materials are more scarce and their spin state transformation is generally more gradual
because only one electron is involved in the spin-transition in an octahedral geometry,
viz., from ty’eg’ < tyeey’).”4%* Another difference is that Co(ll) SCO systems usually
require stronger field ligands as compared to Fe(ll) systems, the ligands sets of which
solely lead to LS states in Co(l1).” Among the most widely studied Co(l1)-based SCO
materials are salts of [Co(terpy).]** (terpy = 2,2";6',2"-terpyridine) for which it is known
that counterion identity and the presence of interstitial solvent both affect the magnetic
properties.?**" For example, [Co(terpy),](CIO.), and [Co(terpy).](BF.), exhibit SCO
behavior but [Co(terpy)2](PFs). does not; instead, the latter exists in a HS ground state
with a small fraction of LS states being populated even at room temperature.?® The 4°-

substituted terpy derivatives with hydroxyl, alkyl, alkoxyl groups have also been
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extensively investigated and it was found that the presence of long alkyl chains promote
interesting properties and/or phase such as reverse spin-transition, re-entrant spin-
transition, liquid crystalline SCO materials and SCO films.***
Spin-canted antiferromagnetism

According to the different types of magnetic interactions between the spins, the
magnetic states of bulk magnetic materials are traditionally categorized into
paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic states (Figure 4). In a
paramagnet, the spins are randomly oriented in the material and no long-range ordering
is present. Spins of equal magnitude are long-range ordered in ferromagnets and
antiferromagnets; in the former case the spins are aligned in a parallel fashion to exhibit
an increase in the magnetic moment when these spin are ordered whereas in the latter
situation the spins are aligned in an antiparallel manner to reach a zero magnetization
upon ordering. A ferrimagnetic state is a special case stemming from the antiparallel

(antiferromagnetic) alignment of spins, which will show a non-zero magnetization when

the spins are not of equal magnitude.
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Figure 4. Different types of magnetic states between the spins in bulk magnetic
materials.

Another interesting case that results from antiferromagnetic interactions of equal
spins is a spin-canted antiferromagnetic state where the adjacent spins are tilted at a
certain angle from each other. Due to the fact that the spins are not total cancelled, a
non-zero magnetization is observed similar to the ferrimagnetic state. Therefore, spin-
canted antiferromagnets will be observed as a phenomenological “weak ferromagnetic”

response.
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Figure 5. Magnetic characterization of the different types of magnetic states as shown in
the ¢T versus T plot.

Single-molecule magnets

As the traditional semiconducting and magnetic materials are reaching their
miniaturization limits in the near future, alternative molecular materials are receiving
more attention due to the fact that they are readily available in the size regime below the
2-3 nm limits. Single-molecule magnets (SMMs), also known as molecular
nanomagnets, are a type of molecular compounds that exhibit slow relaxation of the

magnetization and magnetic hysteresis, which are of a molecular origin rather than a



collective effect of long-range magnetic ordering in conventional bulk magnets. These

superparamagnetic-like properties are observed below a certain temperature, known as

the blocking temperature.
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Figure 6. a). Structure of the Mnl12 acetate molecule. Hydrogen atoms and the
crystallizing solvent molecules are omitted for the sake of clarity. b). The potential
energy scheme shows the different energy levels of Mn12 acetate. The green arrows
represent the thermally activated process where the spins have to go through the highest
energy barrier as depicted. The blue arrow indicates quantum tunneling processes where
the spin states can go through instead of over the barrier.>"*

SMM behavior was first identified in a dodecanuclear manganese complex,
[Mn12012(CH3C00)16(H20)4] 2CH3COOH 4H,0, which is also known as “Mnl2
acetate” (Figure 6)."***! This prototypical SMM consists of twelve manganese ions

connected by oxide and carboxylate bridges, in which the spins of the four Mn(1V) in the
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middle of the molecule are antiparallel to the spins of the eight peripheral Mn(l1l) ions,
to exhibit an S = 10 spin ground state. Mn12 acetate has an effective energy barrier of
66 K for the reversal of the spin magnetization with a negative magnetic anisotropy of -
0.66 K.

Two of the key parameters in SMMs are spin and magnetic anisotropy, as the
energy barrier for the reversal of magnetization is defined as U = |D|S? for integer spin
systems and U = |D|(S%1/4) for half integer spin systems. Current efforts for the
enhancement of the energy barrier focus mainly on single-ion anisotropy, isotropic
exchange interactions and anisotropic exchange interactions.*?

The observation of SMM behaviors is usually conducted through the
measurement of AC magnetic susceptibility, where frequency-dependent peaks of the
out-of-phase () magnetic susceptibility are often a good indicator of slow relaxation of
the magnetization. For a thermally activated relaxation process, the relaxation time t
follows the Arrhenius law (z = 1/(2zv) = roexp(Uesi/ksT)), v is the AC frequency and kg is
the Boltzmann constant) and fitting of the experimental data to the Arrhenius law can be
used to obtain the effective energy barrier.

Apart from the thermally activated relaxation processes, other relaxation
processes must also be considered for the realization of SMMs with high blocking
temperatures.”® In many cases the frequency-dependent alternating current (ac)
susceptibility signals are not observed under a zero applied direct current (dc) magnetic
field due to predominant quantum tunneling processes which are facilitated by inter-

molecular dipole-dipole interactions. In such a case, a dc field can be applied to lift the
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degeneracies between the microstates as it stabilizes the spins that are in the same

direction and destabilizes the spins in the opposite orientations (Figure 7).

b
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Figure 7. Schematic representation of effect of external magnetic field on the the
thermal and quantum tunneling relaxation of the magnetization in SMMs. a). Under a
zero dc field, the degenerate spin states are equally populated in the two potential wells
due to zero-field splitting. b). Upon the application of an external magnetic field, the
Zeeman effect breaks the degeneracy to result in a selective population of spin states.
When the external magnetic field is removed, the relaxation of the magnetization can
take place either through the anisotropy energy barrier (c) or through quantum tunneling
(d). Adapted from reference.*?

Applications of single-molecule magnets
Applications of SMMs have been demonstrated in spin valves where the

preferred direction spin of the molecular valve can either allow the current to pass
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through or resist the current (Figure 8, top left). Another feature of SMMs is that they
can behave as potential quantum bits (qubits). As opposed to classic bits, where the
smallest information storage unit can exist in either “0” or “1” states, SMMs can behave
as qubits, which can exist in states that are superpositions of the “0” and “1” states due
to quantum entanglement (Figure 8, bottom left). Wernsdorfer and coworkers have
successfully demonstrated the read-out of the nuclear spin trajectories in a molecular

spin transistor (Figure 8, right).**
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Figure 8. Applications of SMMs as spin-valves (top left) for transitors, qubits for
quantum information storage (bottom left) and quantum computing (right, an SMM
junction with the read-out of different energy levels).
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While it is of utmost importance to synthesize and design SMMs that have higher
blocking temperatures and stability, one of the biggest practical challenges for the
applications of these molecular nanomagnets is the control and read-out of individual
SMM information. On a practical note, however, it is more feasible at the moment to
organize SMMs in ordered arrays such as quasi-1-D chains or 2-D layers for device
applications instead of attempting to control all the individual molecules.

As part of a collaborative effort between the Dunbar group and the Wriedt group
at Clarkson University, the prototypical SMM [Mn;012(0,CCH3)16(OH2)s] was
incorporated under mild conditions into a highly porous metal-organic framework
(MOF) matrix as a “proof-of-concept” for controlled nanostructuring of SMMs. Four
independent experiments revealed that the SMM clusters were successfully loaded in the
MOF pores, namely synchrotron-based powder diffraction, physisorption analysis, and
in-depth magnetic and thermal analyses. The results provide incontrovertible evidence
that the magnetic composite, SMM@MOF, combines key SMM properties with the
functional properties of MOFs. Most importantly, the incorporated SMMs exhibit a
significantly enhanced thermal stability with SMM loading advantageously occurring at
the periphery of the bulk MOF crystals with only a single SMM molecule isolated in the
transverse direction of the pores.*

In another vein, a promising series of quasi-1-D compounds was formed by the
self-assembly of organic TCNQF radicals and the anisotropic [Ln(valpn)Cu]®**
dinuclear cations. Magnetic characterization revealed that the effective energy barrier for

the reversal of the magnetization in this rare hetero-tri-spin compound is significantly
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larger than the reported single-molecule magnet with the isolated ‘TbCu’ dinuclear cores
and the supramolecular stacking interactions of TCNQF« radicals were found to be
essential for the 1-D correlation of the magnetic behavior.”® It is promising to induce
electrical conductivity of the TCNQ radical stacks and to study the effect of electric field
on the magnetic properties of these potential bifunctional materials.
Organocyanide-Based Functional Molecular Materials

Organocyanides””  such  as  tetracyanoethylene  (TCNE),  7,7,8,8-
tetracyanoquinodimethane (TCNQ) and dicyanoquinodiimine (DCNQI) (Figure 1) are
excellent electron acceptors that have been extensively studied as radical units in
magnetic,”® semiconducting,*® catalytic®® and electrically bistable ‘switching’>*
materials. They can be easily reduced to monoanionic radicals through a reversible one-
electron reduction process. These radicals are generally stable in air in the solid state and
can stack into conducting columns in semiconductors or produce a ferrimagnetic state in
magnetic materials by bridging metal ions with while mediating antiferromagnetic
coupling.”*®® The organocyanide ligands can also form dianions that are stronger
coordinating ligands than the radical monoanion forms, a fact that leads to robust
framework solids that can undergo ligand-to-metal charge transfer and charge transfer to

guest molecules.***
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Figure 9. Molecular structures of organocyanide acceptors (top) and the reduction of
TCNQ to the monoanionic radical and dianionic forms (bottom).

Two important examples of the remarkable organocyanide-based materials that
have appeared include the report in 1991%° of V(TCNE),»yCH.Cl, (x = 2, y = 0.5),
which is a room temperature magnet with a Tc of ~400 K (albeit amorphous in nature),
and Cu(TCNQ) which has been under intense investigation since 1979 as an excellent
candidate for electronic memory devices.”® The latter type of semiconducting material is
renowned for its “switching” properties which involves a large enhancement of the
conductivity properties upon the application of a threshold voltage. Apart from the non-
volatile memory-type switching materials, there are other fascinating metallic

conductors such as Cu(DM-DCNQI), (DM-DCNQI = 2,5-dimethyl-DCNQI) and related

16



derivatives that exhibit room temperature conductivities as high as 800 Sscm™ which is

on the order of graphite.”’

Figure 10. Packing diagram of the crystal structure of Cu(DM-DCNQI), showing the
stacked DM-DCNQI moieties.

Since the discovery of the metallic and superconducting properties of organic
conductors such as TTF-TCNQ,® BEDT-TTF-TCNQ,” and the room temperature
magnet V(TCNE),syCH,Cl, (x = 2, y = 0.5),>® considerable efforts have been directed
towards the study of organocyanide-based molecular materials and devices. In the
aforementioned solid state metal-organocyanide compounds with electrical conducting
properties, partially charged TCNQ and DCNQI, and their monoanionic radicals are
commonly encountered, with the organocyanide moieties stacked in a columnar fashion
through supramolecular interactions to form an electron-conducting pathway via
coordination to diamagnetic late transition metals and main group ions such as Cu(l),

Ag(l), Cd(11) and TI(1).°>®® Apart from being charge carriers in electrically conducting
17



materials, the singly charged organocyanide anion radicals are excellent spin carriers for
mediating magnetic interactions. Due to the unpaired electrons with S =1/2 on these
organocyanide radicals, ferrimagnetic states are obtained when they function as bridging
ligands between two metal ions with higher spin states and can propagate long-range
magnetic interactions. For example, in the ferrimagnet Gd-TCNQ, the larger Gd"' spins
(S1= 7/2) are mediated through the spins on the TCNQ radicals (S, = 1/2). The spins on
the metal centers and the radicals are antiparallel with parallel spins on the alternating
metal ions, which results in a non-zero magnetization of the material in its ordered state
(Scheme 2a).** By comparison, if the two paramagnetic metal ions are bridged by a
diamagnetic ligand, the spins on the metal centers tend to align in an antiparallel fashion
(antiferromagnetic coupling), which results in zero net magnetization in its ordered state

(Scheme 2b).

(a) 4 £ (b) M A
Gd

Gd Gd — — Gd
i~ B \ 4 i
S;=7/2 S,=1/2  S,=7/2 $i=7/2  S,=0  S;=7/2

Figure 11. Schematic presentation of the magnetic coupling between Gd(lll) ions
through: (a) TCNQ" radical bridge, (b) diamagnetic bridge.
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Table 1. Characteristic infrared v(CN) stretching frequencies and electrochemical
potentials of substituted TCNQ molecules (at a Pt working electrode vs. Ag/AgCl in
acetonitrile with 0.2 M [BusN][PF¢] as the electrolyte).

Organocyanide v (CN) /cm™ Eliaqredy IV E%1a(red) IV
TCNQ(OMe); 2217,2175 +0.06 20.41
TCNQMe; 2222,2164 +0.15 -0.33
TCNQ 2221 +0.25 -0.29
TCNQI; 2213,2201 +0.46 +0.01
TCNQBr; 2223,2150 +0.49 0.00
TCNQCI, 2226,2209 +0.48 -0.03
TCNQF, 2226 +0.60 +0.09

In addition to the electronic properties and the supramolecular =n-stacking
interactions of organocyanide radicals, the rational tuning of their electron-accepting
ability renders them ideal for controlling the electronic and magnetic properties of the
ensuing materials. For example, substitution of the TCNQ quinoid ring with a series of
electron-donating or withdrawing groups allows for tuning of electron-accepting
properties by systematic control of the reduction potentials over a wide range (Table
1).% The substituents not only affect the electrochemical potentials of the TCNQ
derivatives, but they can also induce steric effects or halogen bonding if involved in n-
stacking interactions; the combination of these interactions can give rise to other diverse

properties that are not otherwise easily accessible,*®®+%3°
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Another important aspect of these organocyanide molecules is the presence of
multiple cyanide groups, which confer to them versatile bridging modes with metal ions.
In this context, TCNQ has been reported to exhibit all four possible bridging modes, i.e.,
monodentate, uo-, usz- and us-TCNQ. Moreover, the u-TCNQ units in the structure of
Cd,TCNQs35°2H,0 are in the syn- and anti-conformations with the Cd(ll) ions on the
same or opposite sides of the TCNQ plane, respectively.®” The ensuing structures have
the potential to give rise to materials with versatile properties, and thus, the investigation
of structure-property relationships is crucial for the design, synthesis and development of

metal-organocyanide-based functional materials.
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Figure 12. The semiconductor Cd,(TCNQ)35(H20). exhibits a 3-D framework structure
with four different bridging modes of TCNQ. Reproduced with permission from
reference 62.%% Copyright Royal Society of Chemistry 2014.
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Whereas the radicals are fundamental for the electronic and magnetic properties
of organocyanide-based materials, the organocyanide dianons can be used in place of
polycarboxylate anions to form porous metal-organic frameworks that exhibit selective
gas adsorption and magnetic properties.>*®® |n addition, as reported by our group and
others, -dimerized (TCNQ),* units can serve as longer and robust linkers in MOFs.®® In
one study, Kitagawa and coworkers reported selective adsorption of NO and O, in
MOFs incorporating (TCNQ),* units; the selective adsorption of the gases was attributed
to the dynamic charge-transfer interactions between TCNQ and the guests, and the
flexible gate opening and closing of the framework pores.”

In the aforementioned examples, the degree of charge-transfer plays a critical
role in the resulting properties of the materials. The compounds with monoanion radicals
of TCNQ, DCNQI, their partially charged moieties, and their derivatives exhibit higher
conductivity when engaged in stacked structures. The partial charges render the
electrons highly delocalized throughout the stacks and therefore enhance the
conductivity. For example, in the TCNQ infiltrated HKUST-1 thin films, the presence of
partially charged TCNQ moieties induces a substantial increase in the conductivity of
the material.”

Spectroscopic and structural data are good indicators of the charges on
organocyanide molecules.”” From a molecular orbital point of view, when TCNQ
molecules are reduced, the additional electrons are placed in the antibonding m* orbital,
which weakens the CN triple bonds. The reduction of TCNQ results in a red shift of the

v(CN) stretching frequency as compared to that of a neutral TCNQ (2221 cm™). It
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should be noted, however, that coordination to metal ions may also affect the v(CN)
stretching frequency as back donation from the metal results in a red shift as well.”* With
regard to structural studies, Kistenmacher and coworkers developed an empirical
formula, which has proved to be particularly helpful in estimating the charge on TCNQ
molecules in the solid state from selected bond distances in the crystal structures.®’*"
The charge is p = A[c/(b + d)] + B (A = -41.667 and B = 19.833, as established from
neutral TCNQ (» = 0) and RbTCNQ'’ (p = -1)), and the corresponding bond distances
b, ¢ and d are depicted in Figure 13. Similar formulae for TCNQ derivatives such as
TCNQF,, BTDA-TCNQ and DM-DCNQI have also been developed in the literature.”®"

In this dissertation, the charges on TCNQ molecules in the solid state are estimated from

the Kistenmacher relationship unless otherwise stated.

Figure 13. Molecular structure of TCNQ and the labelling of selected C-C bonds.

In general, TCNQ salts are described as narrow band intrinsic semiconductors
whose density of states are independent of the temperature and their charge carrier
mobility is inversely proportional to the temperature.’ In the semiconducting region, the
electrical conductivity follows an activated process governed by the Arrhenius law (o =

ooexp (-AE4/KT)) as the temperature changes.®
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Research in the Dunbar group in the area of metal-organocyanide compounds
focuses on the overarching goal of mapping out structure-property relationships in
magnets and conductors.®*®% One of the early benchmarks in our research was the
discovery of polymorphism in Cu'(TCNQ) which resolved a decades-long enigma
surrounding the irreproducibility of the switching behavior of devices® composed of
microcrystalline Cu(TCNQ) films grown from redox reactions of copper foil with
neutral TCNQ in acetonitrile. Two polymorphs of Cu(TCNQ) have been identified with
distinct conductivities, referred to as Phase | and Phase Il, and it was determined that the
former phase is the one responsible for the switching behavior.

Main group metal-TCNQ compounds have also been under investigation in the
Dunbar group because of the resemblance of TI' to alkali metals which have been
studied extensively as charge-transfer salts with TCNQ anions.*® The difference is that
thallium is coordinated to eight cyanide groups of the TCNQ radicals. A poor
semiconductor referred to as the Phase | polymorph of TI(TCNQ) was found to undergo
a crystal-to-crystal phase transition in the presence of water into a much better
semiconducting Phase Il with a room temperature conductivity of 0.54 Secm™. This was
the first observation of an irreversible solid-state transformation in such materials that
does not involve the exchange of solvent molecules.

One of the primary goals in the study of molecule-based functional materials is
the synergistic response of multiple physical properties. In this vein, our group is
interested in multifunctional molecular materials that show the coexistence of properties

including magnetism, conductivity and, if possible, ferroelectricity. The series of
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transition metal-TCNQ compounds, M"(TCNQ), (M=Mn, Fe, Co, Ni) prepared by us
over ten years ago led to the realization that open shell (paramagnetic) metal ions
bridged by TCNQ radicals resulted in ferrimagnetic ground states which undergo
magnetic ordering albeit of a glassy nature.”® More interestingly, these glassy magnets
also behave as semiconductors with room temperature conductivities as high as 1.4x107
Secm™. The semiconducting state is expected to originate from the stacks of TCNQ
radicals formed through m-m interactions in the compounds along which charge carriers
can be mobile, but, due to the lack of structural information, the exact details of the
nanocrystalline materials is still elusive and requires further investigation.

Another example of the strategies being used to integrate magnetic interactions
through bridging ligands with electron conducting pathways via stacks of partially
reduced TCNQ anions was reported by our group in 2011.”* The compound {[Mn(4,4’-
bpy)(n*-TCNQ)2(CH3OH),JTCNQ} 0.5H,0 holds the room temperature conductivity
record of 3.8 S em™ for TCNQ-coordinated materials, with formal non-integer charges
of -2/3 on the coordinated and uncoordinated TCNQ species. In spite of its metallic
conductivity, this prototype suffers from the fact that the 4,4’-bpy (4,4’-bipyridine)
which acts as a spacer is not able to transmit strong superexchange coupling between the
paramagnetic S=5/2 Mn" ions.

In general, it is logical to expect that magnetic coupling of paramagnetic metal
ions through longer linkers such as 4,4’-bpy are not as effective as when bridges of
shorter exchange pathways like cyanide (CN), oxide (O*) and azide (N3) are used.

Indeed, it was reported in the studies of dinulear Ru™ compounds that coupling through
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bridging pyrazine was very small ([J]<0.2 cm™)®* ®  but, importantly for the present
topic, it was later demonstrated by Crutchley and coworkers that Ru(lll) ions could
couple effectively through a bridging diamagnetic DCNQI* with a coupling constant of
J=-53 cm™, despite the long distance between the metal spin centers of ~13 A%

One of the goals in this research is to take advantage of what is known to date as
described in the previous paragraphs to study the magnetic coupling of paramagnetic
metal ions in metal-organic frameworks (MOFs), which are also commonly known as
porous coordination polymers (PCPs). Such materials have been extensively studied for
their potential applications in gas separation/storage, catalysis and as sensors.®” The
structures of MOFs, typically involve carboxylic acid linkers to connect secondary
building units, but it is known that these ligands are not efficient at transmitting
magnetic coupling. It was our hypothesis that organocyanide dianions can be used in
place of carboxylic acids in the construction of MOFs and, indeed, there is some
precedent for this idea from independent work from the Robson and Kitagawa
groups.>*®8 |n these separate efforts, the TCNQ? dianion was generated by the
disproportionation of TCNQ™ or from the direct deprotonation of H,TCNQ.
Nevertheless, the series of MOFs that resulted exhibit similar 3D structures composed of
2D M"-TCNQ?* (M=2Zn, Cd, Mn, Fe, Co) neutral networks pillared by 4,4’-bpy bridges,
with the adjacent TCNQ? anions perpendicular to each other. In was also found that
these redox active MOFs exhibited charge transfer (CT) between guest solvent

molecules and the host frameworks.
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By taking advantage of the versatility of the organocyanides in forming radical
monoanions and dianions, we assert that coordination compounds with transition metals
that combine several properties are possible to access. Both the monoanionic radical and
the dianion can serve as bridges, but they differ in that the former leads to
semiconducting properties when involved in stacking interactions whereas the latter is a
good electron donor ligand for the formation of more robust metal-organic frameworks,
allowing for post-synthetic interactions with small electron acceptors involving charge
and/or electron transfer. By substituting electron donating or withdrawing groups in
place of the hydrogen atoms on the phenyl/quinoid rings of the organocyanides (Table
1), further tunability and fine control over the corresponding properties can be achieved

in these multifunctional molecular materials.

26



CHAPTER II
ELECTRICALLY CONDUCTING AND SPIN-CROSSOVER BIFUNCTIONAL

MATERIALS"

Introduction

Hybrid inorganic-organic materials are attractive owing to the flexibility in the
choice of building blocks with tunable functionalities and their potential applications in
memory devices and field-effect transistors.?*** An important subset of these materials
is magnetic molecule-based compounds that hold promise for significant miniaturization
of future devices.>** Crystalline molecular materials are also advantageous for
engendering multifunctionality through the use of modular synthetic procedures which is
an ideal approach for elucidating structure-property relationships." Some notable
examples are conducting magnets exhibiting bulk/single-molecule magnetic
properties>® and electrically conducting spin-crossover (SCO) complexes.***

The electron acceptor TCNQ (TCNQ = 7,7,8,8-tetracyanoquinodimethane) forms
a highly stable radical which has been widely used as a building block for the design of
coordination polymers and charge-transfer complexes with intriguing redox, magnetic,

46,55,61,62,71,98-107

electrical conducting and/or switching properties. The successful

" A portion of this chapter is reprinted with permission from “A cobalt(l1) spin-crossover compound
with partially charged TCNQ radicals and an anomalous conducting behavior”, by Xuan Zhang, Zhao-Xi
Wang, Haomiao Xie, Ming-Xing Li, Toby J. Woods and Kim R. Dunbar, Chemical Science, 2016, 7,
1569-1574, DOI: 10.1039/C5SC03547C, Copyright 2016 by Royal Society of Chemistry; and from
“Structural distortions of the spin-crossover material [Co(pyterpy),](TCNQ), mediated by supramolecular
interactions”, by Xuan Zhang, Haomiao Xie, Maria Ballesteros-Rivas, Zhao-Xi Wang and Kim R.
Dunbar, Journal of Materials Chemistry C, 2015, 3, 9292-9298, DOI: 10.1039/C5TC01851J, Copyright
2015 by Royal Society of Chemistry.
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realization of molecular organic conductors requires the uniform stacking of organic
molecules in addition to the presence of open-shell radicals, preferably with non-integer
charges, and minimal Coulombic interactions.’®'® In TCNQ-based electrical
conducting charge-transfer compounds the TCNQ radical anions typically stack in a
parallel manner, a situation that facilitates overlap between their frontier orbitals. A main
challenge that remains to be addressed, however, is the design of TCNQ-based
multifunctional materials that exhibit synergistic interactions, rather than the typical
scenario in which the properties are observed as isolated events in separate thermal
regimes.*®™

Spin-crossover is a form of magnetic bistability triggered by external stimuli e.g.,
light, pressure and temperature.?*%*! Given that crystal packing constitutes a chemical
pressure which affects metal-ligand bond distance variations that occur with spin-

crossover events, 12113

we were curious as to whether these stimuli-responsive structural
changes would affect the electron transport properties of a hybrid material that contains
semiconducting n-stacks of TCNQ radicals co-crystallized with a metal complex that
undergoes notable structural changes under thermal perturbation. The underlying
reasoning is that the transition temperature of the SCO event could be tuned over the
temperature range of 100-300 K to match the thermal regime of the semiconducting
behavior of the TCNQ sub-lattice.””****™! |n this context, we note that composite
conducting SCO materials exhibiting synergistic interactions have been obtained by

combining conducting organic polymers and SCO complexes.*****> Chen and coworkers

reported a 1-D coordination polymer of [Co(CsH¢NS),] (CoHsNSH = 8-
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mercaptoquinoline), which is a rare example of one compound with the coexistence of
SCO and semiconductivity.’*® The cobalt coordination sphere is composed of two
nitrogen and four sulfur donor atoms and the Co-donor bond distances have a difference
of about 0.1 A between the LS and HS states. Due to the strong n-m stacking interactions
between the quinoline groups and --Co-S-Co-S --- infinite chains, this coordination
polymer was reported to behave as a semiconductor with an activation energy of 0.76 eV

and a conductivity of 1.7 <107 S/cm at 293 K (Figure 14).

Figure 14. The chain structure (top) and the packing diagram of [Co(CyHsNS),] viewed
along the I axis (bottom). Color code: cobalt (purple), nitrogen (blue), sulfur (yellow),
carbon (gray). Hydrogen atoms are omitted for the sake of clarity.

Galan-Mascar& and coworkers reported an excellent example of engendering the
switching of electrical conductivity in a hybrid material by a combination of p-doped
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polypyrrole and SCO coordination polymers [Fe(trz)(Htrz),][BF4] and [Fe(trz-
NH,)3][SO4] (Htrz = 1,2,4-triazole, trz-NH, = 4-amino-1,2,4-triazole). Doped
polypyrrole was chosen as a candidate for the electrically conducting component
because its polymeric chains is highly dependent on pressure, which affects the inter-
chain distances and hence the density of states at the Fermi level.'*” Therefore, by the
incorporation of the SCO coordination polymers in the conducting polymer, the
temperature dependent magnetic behavior of the former will exert a chemical pressure
that affects the inter-chain interactions and the electrical conductivity. In this case, the
thermal hysteresis observed in the SCO component is transmitted to the electrical

conductivity of the conducting polymer matrix (Figure 15).
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Figure 15. Thermal hysteresis of the T and electrical conductivity of the hybrid
material of [Fe(trz-NH,)3][SO,4] and oxidized polypyrrole.
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In a similar fashion, [Fe(trz)(Htrz),][BF4] was incorporated into a heterostructure
with polycarbonate which exhibited synergistic effects between the SCO induced
volume changes in the structure and the electrical conductivity of the metallic
conductors.*®

A number of crystalline conducting SCO materials have also been reported that
offer an ideal platform for the investigation of structural-property relationships by the
co-crystallization of Fe-based SCO complexes with metal dithiolate radicals,?*%118120
In order to realize significant electrical conductivity in these materials, however,
galvanostatic oxidation of the mono-anion radicals is usually performed to generate
partially charged radicals, which helps to enhance the delocalization of electrons
throughout the radical stacks. In comparison, reports on TCNQ-based SCO conductors
have been scarce, with the most recent one being reported by Shatruk and coworkers
who took advantage of the comproportionation reaction between neutral TCNQ and the
mono-anion TCNQ"™ radical to yield partially charged radicals which give rise to a high
room temperature conductivity of 0.2 S cm™.*#*?? Dye to the extra step of combining
equal equivalents of the two TCNQ sources in this comproportionation method,
however, a single source of partially charged TCNQ radicals would be more desirable.
In this vein, we noted that Gutierrez and coworkers reported the salt [EtsNH](TCNQ), as
a source of partially charged TCNQ radicals for a series of electrical conducting
compounds, viz., [M(terpy)](TCNQ)s (M = Ni, Cu, Zn and terpy = 2,2";6',2"-

terpyridine). Unfortunately no structural information is available for these compounds.?
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One of the main challenges in SCO research is the initiation of cooperative
interactions between the individual spin centers the presence of which induce sharp spin
transitions and a memory effect as evidenced by thermal hysteresis.’***?® A leading
strategy to this end is to incorporate SCO entities into coordination polymers with
chemical linkages that assist in enhancing cooperative interactions.’?”**® Another
approach is to take advantage of supramolecular interactions such as hydrogen bonding,
n-stacking between the aromatic fragments and interdigitation of long alkyl chains
attached to discrete SCO units.’**212130 | this study, we employed Co(ll)-based SCO
complexes with an expanded aromatic system with the aim of studying the effects of
intermolecular n-stacking of the planar terpy ligands and TCNQ radicals on the
magnetic properties of the resulted materials. In addition, we reasoned that, as TCNQ
radical stacks are well known for their electrical conducting properties, inter-molecular
interactions between the SCO moieties and TCNQ radicals could lead to bifunctional
SCO conductors.®®12213L  Of relevance to the present study is the previously
demonstrated work from our group and others that organocyanide radicals such as
TCNQ™ (7,7,8,8-tetracyanoquinodimethane) effectively enhance properties through
supramolecular -stacking interactions, *6100.132:1%4

Herein we report the successful use of [EtsNH](TCNQ), as a readily accesible
source of partially charged TCNQ radicals for the synthesis of the inorganic/organic
hybrid bifunctional material, [Co(terpy).](TCNQ)s; CH3CN. This crystalline molecular
material exhibits an impressively high electrical conductivity of 0.13 S cm™ at room

temperature due to the presence of partially charged TCNQ radicals despite their unusual
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“cross-stacking” patterns. In addition, the observation of an unprecedented anomaly in
the electrical conductivity of [Co(terpy)2](TCNQ); CH3CN at 180-190 K was observed
and is attributed to the structural variations and charge fluctuations of the TCNQ stacks
as evidenced by detailed temperature dependent X-ray crystallography, magnetic and
electrical conductivity studies. Furtherly, we expanded the m system of the terpy ligand
to incorporate an additional pyridyl ring to form the salts [Co(pyterpy)2](TCNQ),.
solvents (pyterpy = 4’-(4°’-pyridyl)- 2,2°:6°,2*’-terpyridine) and studied the effect of
supramolecular stacking interactions of TCNQ™ radicals on the structures and SCO

behavior of the Co(ll) entities.'*

As the temperature decreased from 300 to 110 K, an
unusual structural “breathing behavior” was observed as the Co(II) coordination sphere
exhibited a contraction from the HS-LS transition with subsequent expansion due to a
Jahn-Teller distortion of the LS state of Co(ll). However, due to the segregation of
TCNQ radicals by the pyridyl groups of the pyterpy ligands, the conductivity of this
material was not very remarkably high. [Co(pyterpy)2](TCNQ), DMF MeOH (pyterpy =
4’-(4>°’-pyridyl)- 2,2°:6”,2’-terpyridine) and its isostructural solvate
[Co(pyterpy)2](TCNQ), MeCN MeOH were isolated and investigated in order to probe
the effect of solvent molecules on the SCO properties. The compound
[Co(pyterpy).](PFs). was used as a control in this study for documenting the structural
distortions and inter-molecular interactions observed in the TCNQ radical SCO
materials. It was found that supramolecular m-stacking interactions exist between

TCNQ" radicals and the aromatic pyridyl fragments of the [Co(pyterpy).]** cations

which affect the SCO events.
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Experimental Section
Synthesis

The reagents terpy (2,2;6',2"-terpyridine, TCl america), Co(CIlO,), 6H,0
(Sigma-Aldrich) and the solvents THF (tetrahydrafuran, reagent grade, Alfa Aesar),
acetonitrile (reagent grade, Sigma-Aldrich), N,N-dimethylformamide (reagent grade,
Sigma-Aldrich) were used as received without further purification. The starting materials
LITCNQ, (EtsNH)(TCNQ),, pyterpy and Co(terpy)2(ClO4), 0.5H,0O were synthesized
according to the literature.”>**%%" The starting material [Co(pyterpy).](ClOs), was
prepared by a modified procedure from the literature.®® Caution! Perchlorates are
potentially explosive and should be handled very carefully in small amounts. Avoid heat,
drying and grinding.

(EtsNH)(TCNQ)2. A solution of 1.4 g (4.9 mmol) of TCNQ in 150 mL of THF
was refluxed and 0.38 mL (2.7 mmol) of trimethylamine was added. The solution turned
dark green immediately and was stirred for 3 hours. The resulting solution was left to
stand at room temperature overnight. Dark green black crystals were collected by
filtration and washed with THF. Yield 0.45 g (65% based on TCNQ).

[Co(terpy)2](TCNQ)3 CH3CN. A solution of (EtsNH)(TCNQ), (0.15 mmol) in
MeCN (9 mL) was added to a solution of Co(terpy),(ClOg4), 9.5H,0 (0.1 mmol) in
MeCN (2 mL). After several minutes, X-ray quality dark blue needles of 1 had already
formed. The product was separated by filtration after 30 minutes. Yield 50.7 mg (45%).

Elemental analysis: calculated (%) for Co01CgsNigH3s CH3CN: C(69.27), H(3.16),
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N(22.57); found: C(69.15), H(3.64), N(22.43). IR: Nujol mulls on KBr plates: v(CN)
2200.1, 2171.1 and 2152.3 cm™, §(C-H, TCNQ) 834.0 and 823.7 cm™.

[Co(pyterpy)2](ClO4),. Co(ClO4)2*6H,0 (0.6 mmol, 0.220 g) was dissolved in 9
mL of MeCN:H,0 (v:v = 1:2) solvent. A suspension of pyterpy (1.2 mmol, 0.352 g) in 5
mL of MeCN was slowly added to the solution to yield a dark red suspension. After
stirring for 2 hours at room temperature, 5 mL H,O was added. The reaction mixture was
concentrated to ~10 mL by evaporation in air. The precipitate was collected by filtration,
washed with water and dried in air to obtain 0.40 g (76% yield) of red powder.

[Co(pyterpy).](PFe), H20. A suspension of pyterpy (1 mmol, 0.310 g) in 5 mL
of MeCN: MeOH (v:v = 4:1 ) was added into a solution of Co(OAc);, 4H,0 (0.5 mmol,
0.125g) in 5 mL of methanol. The color of the solution turned dark red, and after stirring
for 2 hours, 10 mL of an aqueous solution of KPFg (1.5 mmol, 0.277g) was added and
the mixture was stirred for another hour. The precipitate was collected by filtration,
washed with water and dried in air to afford 0.39 g (79% vyield) of red-orange product.
Elemental analysis: calculated (%) for CaoH2sCoNgP,F1, H,O: C(48.65), H(3.06),
N(11.35); found: C(48.83), H(2.99), N(11.36).

[Co(pyterpy).](PFe).. Red crystals of solvent free [Co(pyterpy).](PFs). were
obtained by diffusing diethyl ether wvapor into a DMF solution of
[Co(pyterpy)2](PFs). H,O. The phase purity of the freshly prepared bulk crystalline
powder was verified by powder X-ray diffraction. See Table 6 for single crystal X-ray

crystallography data.

35



[Co(pyterpy)](TCNQ), DMF MeOH. [Co(pyterpy).](PFs)2*H20O (0.1 mmol,
97mg) in 2 mL of DMF:MeOH (v:v = 1:1) was layered with LITCNQ (0.20 mmol,
42.2mg) in 4 mL of MeOH in a 3 dram vial. After the solution had been left undisturbed
for 30 minutes, 71 mg of dark purple crystals were collected by filtration (34% vyield).
The phase purity of the freshly prepared bulk crystalline powder was verified by powder
X-ray diffraction. See Table 1 for variable temperature single crystal X-ray
crystallography data. After standing in air, the fresh sample tended to partially lose
methanol and pick up water. Elemental analysis: calculated (%) for
CesH35CoONys 0.75CH;OH DMF 1.85H,0:  C(66.78), H(4.11), N(19.54); found:
C(66.61), H(3.97), N(19.71). IR: Nujol mulls on KBr plates: v(OH) 3369.7 cm™, v(CN)
2196.1, 2178.6 and 2165.9 cm™, §(C-H, TCNQ) 822.9 cm™.

[Co(pyterpy)](TCNQ), MeCN MeOH. A sample of [Co(pyterpy)2](ClO4),
(0.10 mmol, 87.7mg) was dissolved in 10 mL of a MeCN:MeOH (v:v = 4:1 ) mixture,
filtered and then slowly treated with a solution of (Ets3NH)(TCNQ), (0.10 mmol, 50 mg)
in 5mL acetonitrile. After standing for 30 minutes, the reaction mixture was filtered to
obtain 40 mg of dark purple crystals (61% yield). IR: Nujol mulls on KBr plates: v(OH)
3372.4 cm™, v(CN) 2195.1, 2178.6 and 2165.9 cm™, §(C-H, TCNQ) 822.9 cm™. The
phase purity of the freshly prepared bulk crystalline powder was verified by powder X-
ray diffraction. Crystal Data for Cg;H43CON1;O (M =1161.11 g/mol): triclinic, space
group P-1 (no. 2), a=8.939(3) A b =13.632(5) A, ¢ = 24.204(8) A, a = 76.313(4)°, B =
81.950(4)°, vy = 87.007(4)< V = 2836.8(16) A3, Z = 2, T = 110.15 K, p(MoKa) = 0.365

mm™?, Deac = 1.359 g/cm?, 26219 reflections measured (3.076° < 20 < 48.81°), 9330
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unique (Rint = 0.1068, Rsigma = 0.0951) which were used in all calculations. The final Ry
was 0.0502 (1> 20(I)) and wR, was 0.1254 (all data).
Magnetic and conductivity measurements

Magnetic measurements were carried out using a Quantum design MPMS-XL
SQUID instrument over the temperature range 2-390K. The diamagnetic contributions of
the atoms and sample holders were accounted for during the data analysis process by
using Pascal’s constants.

A standard four-probe method was used to measure the resistivity with gold
wires attached to the thin needle-like single crystals using gold paste. The measurements
have been carried out on multiple samples and the general profile of temperature
dependent conductivity is exemplified by the data in Figure 25b. The temperature was
controlled by using the cryrogenics of a SQUID MPMS instrument at a rate of 2 K/min
and stablized at each point for 60 s before the next measurement was made to allow for
thermal equilibrium of the samples. For the Co(pyterpy).]** compounds, single crystal
conductivity measurements were performed by the two-probe method on the MPMS-XL
SQUID magnetometer over the temperature range of 100-300K with a constant current
source.

Single crystal X-ray crystallography

Single-crystal X-ray data were collected at different temperatures on a Bruker
APEX CCD diffractometer equipped with a graphite monochormated MoKa radiation
source (A=0.71073 A). Suitable crystals were affixed onto a nylon loop with paratone oil

and place in a cold steam of N»(g). The data sets were recorded by the w-scan mehod
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and integrated followed by an absorption correction in the Bruker APEX Il software
package. Solution and refinement of the crystal structures were carried out using the
SHELXT™® and SHELXL™® programs and the graphical interface Olex2."*" Hydrogen
atoms were placed at calculated positions. A summary of pertinent information relating
to unit cell parameters are provided in Table 2, Table 6 and Table 8. CCDC 1403742-
1403750, 1049086-1049089, 1426087-1426088 contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Powder X-ray diffraction

Powder X-ray diffraction experiments were carried out on a Bruker D8 powder
X-ray diffractometer. Phase purity of the bulk products were confirmed by the powder
X-ray diffraction patterns in comparison with the simulated powder patterns obtained
from the single crystal X-ray structural data. [Co(pyterpy)2](TCNQ),sDMF+<CH30H has
also been confirmed to be isostructural with [Co(pyterpy)2](TCNQ),*CH3CN+CH3OH as

their powder XRD patterns matched quite well.
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Results and Discussions
Sythesis and preparation

In the literature, two types of materials have been synthesized for the coexistence
of SCO and electrical conductivity. The first examples are amorphous polymers
consisting of SCO coordination polymers in conducting organic polymers such as
polycarbonate and doped polypyrrole. The advantage of this amorphous material is its
facile synthetic procedures as compared to the second type, which is a crystalline
material prepared by the co-crystallization of SCO complexes and organic or metal-
organic radicals. In order to achieve significant conductivity, howeverm charge
delocalization needs to be optimized. Two general strategies have been employed for the
oxidation of the monoanion radicals to partially charged anion radicals in the literature,
namely galvanostatic oxidation of the anion radicals and comproportionation of the
anion radicals and neutral acceptors. In this work, we have developed a new strategy that
helps to combine the facile synthesis of the heterostructures and the crystallinity of the

co-crystals by using a solution process that leads to crystallization in a matter of minutes.
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Figure 18. Two general synthetic schemes of the bifunctional SCO conductors.
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Figure 19. The asymmetric unit of the crystal structure of [Co(terpy),](TCNQ)3*CH3CN
with the thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms are
omitted for the sake of clarity.

A facile metathesis reaction between [Co(terpy)2](ClO4),¢0.5H,0 and the mixed-
valence salt [EtsNH](TCNQ), in acetonitrile produces dark blue/purple thin needle
crystals of [Co(terpy)2](TCNQ)s*CH3CN over the course of several minutes. Variable
temperature single crystal X-ray studies revealed that the structure of
[Co(terpy)2](TCNQ)3*CH3CN remains in the non-centrosymmetric space group Pna2;
over the temperature range T = 300, 190, 180, 150, 130 and 100 K (Table 2). The
asymmetric unit of the structure is composed of one [Co(terpy),]** cation, three TCNQ
moieties and one free acetonitrile molecule (Figure 19). The octahedral coordination

environment of Co(ll) is distorted in such a manner that the metal center is closer to one
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of the terpy ligands (N1N2N3) than the other one (N4AN5NG6). This is evidenced by the
shorter bond distances of Co-N1 (1.867(3) A), Co-N3 (1.980(4) A), and Co-N2
(1.978(4) A) than those of Co-N4 (1.920(3) A), Co-N5 (2.153(4) A) and Co-N6
(2.162(3) A), as well as the larger bond angle of N2-Co-N3 (163.4(1)9 than that of N5-
Co-N6 (158.0(1)9 (100 K, Figure 20 and Table 3). The Co-N1 bond distance is
relatively short as compared to those in other LS Co(ll) compounds, which is attributed
to a strain effect and a stronger Jahn-Teller distortion exerted by the crystal packing
effects.?11212 As the temperature decreases from 300 K, the Co-N bond lengths do not
exhibit a significant decrease until 190 K, which is most likely due to dynamic disorder
of HS and LS Co(ll) entities.?® From 190 to 180 K, when the dynamic disorder
diminishes and Co(ll) ions are all in the LS state (vide infra), an obvious decrease in the
Co-N bond distances was observed (Figure 23a). From 180 to 150 K, four of the Co-N
(N1, 4, 5, 6) bonds exhibit an unusual elongation (Figure 23a) instead of a contraction,
which is ascribed to the Jahn-Teller distortion of the °E state of LS Co(ll) ions. This
unusual structural “breathing” behavior is also transmitted to the macro-scale as
evidenced by a similar trend in all three unit cell axes and the unit cell volume variations

(Figure 23b) upon thermal fluctuation.
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Table 2. Pertinent crystallographic data for [Co(terpy)2](TCNQ)s*CH3CN at different

temperatures.
Temperature 100 K 130 K 150 K 180 K 190 K 300 K
Empirical CesH37Co | CggHi7N1g | CesHi7Nig | CesHs7Co | CesHs7Co | CesCoNyg
formula Nig Co Co Nig Nig Hs;
Formula weight | 1179.09 1179.09 1179.09 1179.09 1179.09 1179.09
Temperature/K 100 130 150 180 190 300
orthorhom | orthorhom | orthorhom | orthorhom | orthorhom | orthorhom
Crystal system
bic bic bic bic bic bic
Space group Pna2; Pna2; Pna2; Pna2; Pna2, Pna2;
18.9411(1 19.2853(1
alA 18.967(3) | 19.087(7) | 18.969(6) | 19.074(6)
0) 5)
b/A 8.6917(4) | 8.6864(12) | 8.742(3) | 8.681(3) | 8.705(3) | 8.7270(7)
33.5158(1
c/A ) 33.532(5) | 33.634(12) | 33.397(10) | 33.611(10) | 33.589(3)
o/° 90 90 90 90 90 90
p/e 90 90 90 90 90 90
y/° 90 90 90 90 90 90
Volume/A® | 5517.7(5) | 5524.8(13) | 5613(3) | 5499(3) | 5581(3) | 5653.1(8)
Z 4 4 4 4 4 4
pcak;g/cm3 1.419 1.418 1.395 1.424 1.403 1.385
wmm'* 0.376 0.376 0.370 0.377 0.372 0.367
F(000) 2420.0 2420.0 2420.0 2420.0 2420.0 2420.0
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Table 2. Continued.

Temperature 100 K 130 K 150 K 180 K 190 K 300 K
0.149 x 0.25 x 0.31 x 0.25 x 0.237 x
Crystal 0.3 x<0.12
0.038 x 0.15 x 0.06 x 0.15 x 0.035 x
size/mm? %0.008
0.02 0.008 0.008 0.008 0.015
Synchrotr Synchrotr
MoKa (A
on (A= MoKa (A MoKa (A | MoKa (A on (A=
Radiation =0.71073
0.41328 | =0.71073) =0.71073) | =0.71073) | 0.51800
A)
A A
20 range for
4,310 4.294 to 4.268 to 2.438 to 4.27 to 2.424 10
data
58.26 52.044 49.708 53.008 52.042 52.798
collection/<
-25<h< -23<h< -22<h< -23<h< -23<h< 24<h<
25,-11<k | 23,-10<k | 22,-10<k | 23,-10<k | 23,-10<k | 24,-10<k
Index ranges
<7,-45< [ <10,41<(<10,-39<|<10,-41<|<10,41<| <6,-41<
1<45 1<41 1<39 1<41 1<41 1<42
Reflections
77611 54108 50404 56984 55562 73630
collected
14467 [Rin | 10889 [Rin; | 9665 [Riny | 11364 [Riny | 11002 [Rie | 11144 [Ri
Independent =0.1046, | =0.1147, | =0.1488, | =0.1606, | =0.0928, | =0.1130,
reflections Rsigma = Rsigma = Rsigma = Rsigma = Rsigma = Rsigma =
0.1007] 0.1092] 0.1256] 0.1625] 0.0735] 0.0977]
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Table 2. Continued.

Temperature 100 K 130 K 150 K 180 K 190 K 300 K
Data/restraints/ | 14467/1/7 | 10889/1/7 | 9665/1/79 | 11364/1/7 | 11002/1/7 | 11144/1/7
parameters 95 95 5 95 95 95
Goodness-of-fit
1.010 0.872 0.864 0.845 1.018 1.044
on F?
R. = Ry = R: = R: = R. = R; =
Final R indexes 0.0507, 0.0451, 0.0450, 0.0508, 0.0475, 0.0482,
[[>=26 (I)] WR, = WR, = WR, = WR, = WR, = WR, =
0.1083 0.0783 0.0713 0.0868 0.0710 0.1173
R, = R, = R; = R; = R, = R; =
Final R indexes | 0.0796, 0.0854, 0.0838, 0.1258, 0.0799, 0.0757,
[all data] wWR, = wR, = wR, = wR, = wR, = wR, =
0.1243 0.0888 0.0817 0.1240 0.0829 0.1483
Largest diff.
peak/hole /e A" | 0.49/-0.59 | 0.32/-0.59 | 0.22/-0.43 | 0.29/-0.30 | 0.23/-0.36 | 0.60/-0.53
3
Flack
0.486(16) | 0.437(18) | 0.370(19) | 0.38(2) | 0.489(18) | 0.46(2)
parameter
Ri = IRl - IRl ZFl wRy = [Zw(Fo - [F)?/Zw(Fo)T? w =

0.75/(¢*(F,)+0.00010F ;7).
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Table 3. Co-N bond distances (in A) of [Co(terpy)](TCNQ)s*CH;CN at different

temperatures.

Temperature 100 K 130 K 150 K 180 K 190 K 300 K
Col-N1 1.867(3) | 1.862(4) | 1.874(5) | 1.862(6) | 1.868(4) | 1.878(5)
Col-N3 | 1.980(4) | 1.975(4) | 1.981(5) | 1.983(6) | 1.989(4) | 2.001(5)
Col-N2 | 1.978(4) | 1.969(4) | 1.982(5) | 1.982(6) | 1.991(4) | 2.000(5)
Col-N4 | 1.920(3) | 1.923(4) | 1.921(5) | 1.910(6) | 1.921(4) | 1.909(5)
Col-N5 | 2.153(4) | 2.149(5) | 2.151(5) | 2.135(7) | 2.149(4) | 2.131(5)
Col-N6 | 2.162(3) | 2.154(4) | 2.163(5) | 2.145(6) | 2.142(4) | 2.141(4)

Table 4. Selected bond angles (in degree) in the Co(ll) coordination sphere of
[Co(terpy)2](TCNQ)3*CH3CN at different temperatures.

Temperature | 100 K 130 K 150K | 180K | 190K 300 K
N1-Col-N2 | 81.53(15) | 81.35(19) | 81.61(19) | 81.0(3) | 81.79(17) | 80.92(19)
N1-Col-N3 | 81.99(15) | 81.79(18) | 81.7(2) | 81.7(3) | 81.24(17) | 81.42(19)
N2-Co1-N3 | 163.36(13) | 163.02(17) | 163.24(19) | 162.5(2) | 162.94(16) | 162.26(18)
N4-Col-N5 | 79.19(15) | 79.49(18) | 79.5(2) | 79.2(3) | 78.91(19) | 79.1(2)
N4-Col-N6 | 78.84(15) | 78.8(2) | 78.8(2) | 79.3(3) | 79.25(18) | 78.7(2)
N5-Col-N6 | 158.01(14) | 158.22(18) | 158.3(2) | 158.5(3) | 158.15(18) | 157.9(2)
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Figure 20. The coordination sphere of Co(ll) in [Co(terpy).](TCNQ)3*CH3CN with the
Co-N bond distances measured in A at 100 K.
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Figure 21. (a). Packing diagram of the structure of [Co(terpy).](TCNQ)3;*CH3CN. The
TCNQ triads (blue and red) are depicted in a space-filling model and the [Co(terpy).]**
cations (green) and interstitial CH;CN molecules (black) are represented by the capped-
stick models. (b). schematic presentation of the “criss-cross” pattern of the TCNQ triads.
Each of the colored blocks represents one TCNQ triad. (c). Schematic representation of
the intra- and inter-triad interactions at 180 K. The three distinct TCNQ species are
A(purple), B(magenta) and C(orange). The centroid-centroid distances between the
quinoid ring centroids of the neighboring TCNQ species are depicted in green.

The TCNQ radicals form triads (ABC as designated in Figure 19) in the
structure, which are then stacked in such a manner that the adjacent triads form a
hitherto unknown cross-stacking pattern of TCNQ moieties along the a axis, with a
parallel arrangement along the b axis (Figure 21a and Figure 21b). At 180 K, A and B
exhibit a close centroid-centroid distance of ~3.35 A within the triad whereas the
centroid-centroid distance between B and C is ~3.77 A. The corresponding inter-triad

distances are longer at ~5.52 and 5.57 A (Figure 21c). The semiconducting/SCO layers
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pack along the c axis in an alternating fashion. The stacking distances of the TCNQ units
follow the same trend upon thermal perturbation as the Co-N (N1,4,5,6) bond lengths
and a decrease in the centroid-centroid and shift distances from 190 to 180 K was

observed (Figure 22).
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Figure 22. Temperature dependence of the n-7 stacking distances of the TCNQ species
in [Co(terpy).](TCNQ)3*CH3CN with cc for centroid-centroid distances, s for shift
distances and pp for plane-plane distances.

The charges on the TCNQ species have been estimated from Kistenmatcher’s
formula based on several signature C-C bond lengths in TCNQ (Table 5).” At 300 K,
the negative charges on A (-1.03) and B (-0.92) are close to -1 whereas C (-0.33) is
closer to the neutral form. Importantly, the charges on the different TCNQ species
fluctuate as temperature changes (Figure 23c). From 190 to 180 K, the charges on A and
B show a decrease toward -1 while that on C exhibits an increase toward the neutral

form to result in a charge localized state of the triads.
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Table 5. The charges (p) of different TCNQ species in [Co(terpy).](TCNQ)3*CH3CN at
various temperatures estimated from the Kistenmacher’s formula (b, ¢ and d are average
C-C bond distances as depicted below).

N \ N
A 9
b d
C
Vi A\
N N
Temperature TCNQ b/A c/A d/A p p(Triad)
A 1.424 1.423 1.420 -1.01
100 K B 1.424 1.413 1.425 -0.83 -2.23
C 1.434 1.394 1.438 -0.39
A 1.422 1.420 1.417 -1.01
130 K B 1.430 1411 1.425 -0.76 -2.05
C 1.437 1.388 1.437 -0.29
A 1.427 1.420 1.427 -0.90
150 K B 1.432 1.417 1.434 -0.78 -1.81
C 1.452 1.388 1.442 -0.14
A 1412 1.404 1414 -0.87
180 K B 1.420 1.407 1.416 -0.84 -1.90
C 1.428 1.373 1.429 -0.19
A 1.427 1.410 1.419 -0.80
190 K B 1.428 1.409 1.424 -0.75 -1.89
C 1.433 1.388 1.435 -0.33
A 1.417 1.417 1414 -1.03
300 K B 1.416 1.412 1.419 -0.92 -2.27
C 1.433 1.385 1.429 -0.33
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Figure 23. (a). Temperature dependence of the Co-N bond distances with corresponding
error bars for compound 1. (b). Temperature dependence of the unit cell parameters and
volumes with corresponding error bars of compound 1. (c). Temperature dependence of
the estimated charges on individual TCNQ species (A, B, C as denoted in Figure 1) and
the total charge of TCNQ triads.
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Melby and coworkers reported that the charges of the TCNQ species in
[EtsNH](TCNQ), are delocalized in the solid state. In solution, the salt dissociates into
TCNQ and TCNQ™.** Therefore, when employed as a starting material for the current
study, [EtsNH](TCNQ), serves as a single source of both neutral and -1 charged TCNQ
species for the triads [(TCNQ)(TCNQ™),]* with two of the TCNQ charges (A and B)
being close to -1 and that of the third one (C) being nearly 0. A delocalized state is
observed in the solid state of 1 close to room temperature.

The temperature dependent magnetic susceptibility of 1 was measured under a
1000 Oe DC magnetic field for T = 2 - 390 K (Figure 25a). A typical Co(ll) gradual
SCO occurs,**1*31% with yuT gradually decreasing from 1.02 emu K mol™at 390 K to
0.41 emu K mol™ at 2 K. Even at 390 K the HS state is not fully populated, as the
expected T value for isolated spin-only HS Co(ll) centers is ~1.88 emu K mol™. The
ymT value at 190-180 K indicates that the Co(ll) is almost all in the LS state. The TCNQ
radicals give rise to a negligible contribution to the magnetic susceptibility which is
typical of TCNQ materials due to radical dimerization.******% No thermal hysteresis

was observed in the SCO behavior.
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Figure 24. Face index of a single crystal of [Co(terpy)2](TCNQ)s;*CH3CN. The long
direction of the thin needle crystals is along the stacking direction (a axis) of the TCNQ
triads.

The temperature dependence of the electrical conductivity of compound 1 was
measured on single crystals using the standard four-probe method'“® along the a axis (the
TCNQ triad stacking direction, Figure 24) over the temperature range of 50-300 K. As is

expected for partially charged radical stacks of TCNQ,%"148

compound 1 exhibits a
high room temperature conductivity of 0.13 S cm™ and behaves as a semiconductor
between 300 and ~195 K with an activation energy of 0.47 eV (Figure 25b and Figure

26).
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Figure 26. Arrhenius plot of the conductivity data from 195 to 300 K (the red line is a
linear fit of the data).

What is most striking, however, is that the conductivity exhibits an
unprecedented anomaly with a dip to ~4.9 <107 S cm™ at ~180 K from ~8.8 <10 S
cm™at ~190 K (Figure 25b). This anomaly at 180-190 K is attributed to a combination
of the TCNQ radical stacking distance variations (Figure 22) and charge fluctuations
(Figure 23c) as the temperature decreases from 190 to 180 K. The decrease in the TCNQ
stacking distances from 190 to 180 K is correlated to the decrease in Co-N bond

distances as well as to a possible Peierls distortion.**

At the same time, the charge
fluctuations of the TCNQ species result in a charge localized state of the TCNQ triads
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([(TCNQ)(TCNQ"),]%) at 180 K that also contributes to the decrease in conductivity, as
the charges on A and B become close to -1 and C is in the neutral form (vide supra).
Below 150 K, the conductivity becomes nearly independent of temperature until 50 K
which is also likely a result of the Peierls state but with slightly larger stacking distances
than those at 180 K. Apart from the stacking interactions of the TCNQ moieties within
the triads, the cross-stacking pattern of the TCNQ triads is also likely to be important for
the conducting behavior as it disrupts continuous overlap of the frontier orbitals and at
the same time minimizes Coulomb repulsion between adjacent triads. Obviously, a
precise understanding of the role of the inter-triad interactions for charge transport
requires in-depth theoretical studies.
Variable temperature single crystal X-ray studies

[Co(pyterpy).](PFg).. Variable temperature single-crystal X-ray crystallography
is a powerful tool for the investigation of structure-property relationships in SCO
materials due to the fact that the metal-ligand bond distances in these “breathing”

materials go through distinct changes with thermal perturbation,**%*°*
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Col

Figure 27. Asymmetric unit (a) and the cationic part (b) of the crystal structure of
[Co(pyterpy).](PFs). with thermal ellipsoids drawn at the 50% probability level. The
disordered [PFg] anions and the hydrogen atoms are omitted for the sake of clarity.
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Single crystal X-ray diffraction studies reveal that [Co(pyterpy)2](PFs).
crystallizes in the tetragonal space group 14;/a and with an asymmetric unit composed of
one-quarter of a [Co(pyterpy),]** cation and one-half of a [PFg] anion (Figure 27).
Variable temperature single crystal X-ray studies reveal that the space group remains the
same at the temperatures 110, 150 180 and 300 K (Table 6). At 110 K, the Co(ll) ion is
in a compressed octahedral environment with short axial Co-N1 bond distances of
1.923(5) A, elongated equatorial Co-(N2) distances of 2.101(3) A and N1-Co1-N2 bond
angles of 78.9(1)< The Col-N1 and Col1-N2 bond distances and unit cell parameters
exhibit a uniform decrease from 300 to 150 K, below which temperature they display an
unusual increase at 110 K (Figure 28 and Figure 29) which is the result of a Jahn-Teller
distortion of the 2E state of LS Co(ll) centers as observed before by Halcrow and
coworkers in [Co(terpy).](BF.), below 100 K.* The typical structural breathing
behavior is one breathing cycle of contraction and expansion of the metal coordination
sphere with temperature completes during a full cooling and warming cycle.™®! In
contrast, the structural changes in compound [Co(pyterpy).](PFs). exhibits an unusual
“double breathing” phenomenon in which two cycles of contractions and expansions of

the Co(ll) coordination sphere are completed as the temperature goes in one full cooling

and warming cycle in the range of 110-300 K.
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Table 6. Pertinent crystallographic data for

[Co(pyterpy).](PFs). at different

temperatures.
110 K 150 K 180 K 300 K
Empirical
formula CaoH2C0F15NgP; | CygHzCoF15NgP; | CaoHagCoF1,NgP, CaoH2C0oF1,NgP
Formula weight 969.57 969.57 969.57 969.57
Temperature/K 110.15 150.15 180.15 300.15
Crystal system tetragonal tetragonal tetragonal tetragonal
Space group 14,/a 14,/a 14,/a 141/a
alA 8.785(2) 8.715(2) 8.730(4) 8.888(12)
b/A 8.785(2) 8.715(2) 8.730(4) 8.888(12)
c/A 57.646(13) 57.026(16) 57.00(2) 57.91(8)
o/° 90 90 90 90
p/° 90 90 90 90
v/° 90 90 90 90
Volume/A® 4449(2) 4331(3) 4344(4) 4575(13)
Z 4 4 4 4
Peatcd/CM’ 1.448 1.487 1.482 1.408
u/mm'1 0.547 0.562 0.560 0.532
F(000) 1956.0 1956.0 1956.0 1956.0
Crystal size/mm® | 0.14 x0.1 x0.05 | 0.14 x0.1 x0.05 | 0.14 x<0.1 x<0.05 0.12 x0.11 x0.06
- MoKa (A = MoKa (A= MoKa (A = _
Radiation 0.71073) 0.71073) 0.71073) MoKa (A =0.71073)
2@ range for data | ) g6 1054338 | 28561053458 | 28581053464 |  2.814t0 51.352
collection/
-11<h<11,-11 | -10<h<11,-10 | -11<h<11,-11 | _ ]
Index ranges <k<11,-73<1 | €<k<11,-71<1 | €k<10,-72<1 10=h=10,-10<k
<10,-70<1<70
<73 <72 <71
Reflections 25113 23725 23554 22459
collected
Independent 2467 [Rin = 2301 [Rin = - 2314 [Rim= | 5177 [Rint = 0.1007,
reflections 0.0499, Rsigma = | 0.0598, Reigma = | 0.0771, Reigna = Rsigma = 0.0551]
0.0261] 0.0313] 0.0395] '
Data/restraintsip | 546781170 2301/82/160 2314/81/155 2177/81/141
arameters
GOOdg‘rstS;"f'f” 1,509 1.153 1.858 1.928
Final R indexes | R; =0.0991, wR, R; =0.0997, R; =0.1442, R1=0.1643, wR2 =
[1>=20 (I)] =0.3183 WR, = 0.3001 WR, = 0.4238 0.4576
Final R indexes | R; =0.1153, wR, R;=0.1175, R; =0.1663, R1=0.1894, wR2 =
[all data] = 0.3402 wR, = 0.3178 WR, = 0.4372 0.4708
Largest diff.
peak/hole / ¢ A 1.41/-0.69 1.26/-0.77 1.58/-0.91 1.49/-0.82
2 219172 _
Ri = Z|Fo| - [Flll Z[Fo|. WRz = [Ew(Fo| - [F))7/EW(F)T™ w =

0.75/(6*(Fo)+0.00010F?).
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Figure 28. Temperature dependence of the Co-N bond distances in [Co(terpy)](PFe)2
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Figure 29. Temperature dependence of the unit cell parameters of [Co(pyterpy).](PFe)2
with the estimated standard deviation included.
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Figure 30. Packing diagram of [Co(pyterpy).](PFs). with the stacking interactions of the
terminal Py(N3) rings highlighted in the space-filling model. Hydrogen atoms and
disordered [PFg] anions are omitted for the sake of clarity.

The terminal pyridyl group (Py(N3) engages in n-stacking interactions between
individual molecules along two directions (a and b axes) accompanied by the rotation of
Py(N3) by 35.46<° from the main terpy plane (Figure 30). The peripheral (Py(N2))
pyridyl rings stack with only a single nearest neighbor with no long-range stacking
interactions.

[Co(pyterpy).](TCNQ). solvates. Metathesis reactions of
[Co(pyterpy)2](PFs). H20 and LITCNQ in mixtures of methanol and DMF or methanol
and acetonitrile give dark purple crystalline products of
[Co(pyterpy)2](TCNQ), DMF MeOH or [Co(pyterpy)2](TCNQ), MeCN MeOH,
respectively. The two products crystallize with the same space group, similar unit cell
parameters and packing patterns with the only difference being the presence of
interstitial DMF or acetonitrile molecules. Consequently, variable temperature X-ray
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diffraction studies were conducted on a crystal of [Co(pyterpy)2](TCNQ), DMF CH3;0OH
whose space group and packing patterns remain the same at 110, 150, 180 and 300 K.
The compound crystallizes in the triclinic P 1 space group with a cationic
[Co(pyterpy),]** unit, two TCNQ" radicals, one DMF and one methanol molecules in the
asymmetric unit (Figure 31). The crystals gradually lose methanol as evidenced by the
single crystal X-ray diffraction data at 300 K where the methanol molecule is best
refined with a partial occupancy (Table 8). The same single crystal was used for all the
variable temperature X-ray diffraction studies. One of the TCNQ radical anions is
engaged in hydrogen bonding with a methanol molecule with a N---O distance of
2.903(4) A (110 K).

Table 7. Co-N bond distances (A) of [Co(pyterpy).](TCNQ),*DMF<CH30H at
difference temperatures.

110K 150 K 180K 300 K

Col-N1 | 1.962(2) | 1.9732) | 1.957(2) | 1.970(2)

Col-N2 | 2242(2) | 22442) | 22432) | 2.207(2)

Col-N3 | 22152) | 22252) | 2.2232) | 2.195Q2)

Col-N4 | 1.888(2) | 1.901(2) | 1.886(2) | 1.918(2)

Col-N5 | 2.024(2) | 2.0292) | 2.021(2) | 2.052(2)

Col-N6 | 2.013(2) | 2.0372) | 2.0102Q) | 2.0412)
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Figure 31. Asymmetric unit in the crystal structure of
[Co(pyterpy)2](TCNQ),sDMF*MeOH with thermal ellipsoids drawn at the 50%
probability level. The hydrogen atoms are omitted for the sake of clarity.
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The Co(ll) ion is in a similar compressed octahedral geometry but is distorted in
such a fashion that the metal ion is closer to the N4 in the pyterpy ligands along the N4-
Co1-N1 direction as compared to the situation for [Co(pyterpy)2](PFs). as evidenced by
the Co-N bond distances ([Co(pyterpy)2](TCNQ), DMF CH3;OH at 110 K, Col-N1=
1.962(2) A, Co1-N2 =2.242(2) A, Co1-N3 =2.215(2) A, Co1-N4 = 1.888(2) A, Co1-N5
= 2.024(2) A, Co1-N6 = 2.013(2) A, Table 7). The two equatorial Co-N2 and Co-N3
bonds are quite elongated and thermal effects have a relatively small influence on them.
The other four Co-N bond distances decrease as the temperature is lowered from 300 to
180 K and then experience an unusual increase from 180 to 150 K which is presumably
due to a Jahn-Teller distortion of the ?E state of LS Co(ll) as found for
[Co(pyterpy)2](PFs). (Figure 32). The difference in this case is that the unusual
elongation is observed below 180 K for [Co(pyterpy)2](TCNQ), DMF CH3OH as
opposed to 150 K in [Co(pyterpy)2](PFs)2. The higher temperature for the elongation in
[Co(pyterpy)2](TCNQ), DMF CH3OH indicates that the lower local symmetry of the
Co(ll) center helps to stabilize the LS state more than does the higher local symmetry
present in [Co(pyterpy).](PFs)2. A “double breathing” behavior is also reflected in the
unit cell b and ¢ dimensions and the contraction in the volume from 300 to 180 K and

then expansion from 180 to 150 K (Figure 33).
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Figure 32.
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Table 8. Pertinent crystallographic data for [Co(pyterpy)2](TCNQ).sDMF<CH30H at
different temperatures.

Temperature 100 K 150 K 180 K 300 K
Empirical formula CesHa7CON170, | CggHa7CON170, | CegHa7CON170, | Cg761Ha3CON1701 25
Formula weight 1193.15 1193.15 1193.15 1172.44
Temperature/K 110.15 150.15 180.15 300.15
Crystal system triclinic triclinic triclinic triclinic
Space group P-1 P-1 P-1 P-1
alA 8.911(5) 8.941(7) 8.981(3) 8.986(4)
b/A 13.921(8) 13.990(11) 13.924(4) 13.909(6)
c/A 24.708(15) 24.828(19) 24.722(8) 24.825(11)
a/° 74.249(7) 74.116(9) 74.006(11) 105.759(6)
e 81.736(8) 82.082(10) 81.940(11) 95.448(6)
v/° 85.755(7) 85.910(10) 85.735(12) 94.088(6)
Volume/A® 2917(3) 2957(4) 2940.4(16) 2957(2)
Z 2 2 2 2
Peacglem’ 1.358 1.340 1.348 1.317
u/mm'l 0.358 0.353 0.355 0.351
F(000) 1234.0 1234.0 1234.0 1209.0
0.25 x<0.13 % 0.25 x<0.13 % 0.25 x<0.13 %
Crystal size/mm?® 0.25 x0.13 %0.08
0.08 0.08 0.08
MoKa (A= MoKa (A = MoKa (A = MoKa (A =
Radiation
0.71073) 0.71073) 0.71073) 0.71073)
20 range for data
3.042t052.044 | 3.028 t0 53.464 | 3.07 to 52.044 3.058 to 53.466
collection/<
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Table 8. Continued.

Temperature 100 K 150 K 180 K 300 K
-10<h <10, - -l1<h<11,- -I1<h<11,-
-11<h<11,-17<
Index ranges 17<k=<17,-30 | 17<k<17,-31 | 17<k<16,-30
k<17,-31<1<31
<1<30 <1<31 <1<30
Reflections collected 30512 31031 25859 33075
11425 [Ri = 12363 [Rin = 11436 [Ri = 12505 [Riy =
Independent reflections | 0.0983, Rgjgma = | 0.0428, Rgigma = | 0.0718, Rgigma = 0.0424, Rsigma =
0.0935] 0.0538] 0.0736] 0.0584]
Data/restraints/parameters 11425/0/797 12363/0/797 11436/0/797 12505/0/797
Goodness-of-fit on F? 1.058 1.091 1.049 1.024
Final R indexes [[>=20 R; = 0.0508, R; =0.0461, R; = 0.0446, R; =0.0475, wR, =
] wR, = 0.1228 wR, = 0.1388 wR, = 0.1187 0.1011
R, =0.0759, R, =0.0607, R, =0.0580, R; =0.0871, wR, =
Final R indexes [all data]
wWR, =0.1379 WR, = 0.1560 WR, =0.1287 0.1195
Largest diff. peak/hole / e
0.99/-0.68 0.67/-0.66 0.64/-0.48 0.20/-0.30
A—3
Flack parameter CesHs7CON170, | CggHa7CON170, | CegHa7CON70, | Ce7.61H43CON1701 25
2 29112
Ri = Z|Fo] - |Fe|l/ ZIFo. WRy = [Zw(Fo| - [F)7/ZwW(Fo)]™. w =

0.75/(6*(F,)+0.00010F ;7).
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The additional terminal pyridyl groups in [Co(pyterpy).](TCNQ), DMF CH3;0H
are involved in n-stacking interactions with TCNQ radicals to varying degrees owing to
the different rotational orientations present. The rotations of Py(N7) to Py(N1) and
Py(N8) to Py(N4) are approximately 13.78 and 36.51< respectively. Due to the
relatively large rotation of the Py(N8) ring, it can only stack with the Py(N8) ring of
another [Co(pyterpy),]** cation whereas the less rotated Py(N7) ring is engaged in inter-
molecular stacking with closer contacts of both the Py(N1) and Py(N7) rings (Figure 34).
In addition to these rotations, the structural distortion of
[Co(pyterpy)2](TCNQ), DMF CH30H as compared to [Co(pyterpy)2](PFe)2 is reflected

in the bending of the pyridyl rings (Figure 31).

Figure 34. Packing view of the crystal structure of
[Co(pyterpy)2](TCNQ).sDMF+CH30H highlighting the stacking interactions between
the terminal and central pyridyl groups.

As depicted in Figure 35, the two unique TCNQ radicals in the asymmetric unit
designated as A and B are stacked as AA and BB dimers with inter-planar distances of ~
3.217 and 3.088 A, respectively. Furthermore, the TCNQ dimers AA engage in

interactions with two stacked Py(8) rings of the [Co(pyterpy),]** cations in an alternating
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AA-Py(8)Py(8)-AA fashion (Figure 36). As for the TCNQ dimers BB, these are
separated by the [Co(pyterpy).]** cations (Figure S5) with no additional contacts. In
contrast to [Co(pyterpy)2](PFs)2, in which only the pyridyl groups of the
[Co(pyterpy)2]** cations are available for stacking, the n-interactions between the pyridyl
groups and TCNQ radical anions in [Co(pyterpy)2](TCNQ),sDMF<CH30H provide

secondary ligand sphere modulation effects on the [Co(pyterpy),]** SCO units.

Figure 35. Packing view of the crystal structure of
[Co(pyterpy)2](TCNQ),sDMF+CH30H highlighting the stacking interactions between
the TCNQ dimers of AA (magenta) and BB (green) in the space-filling model.
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Figure 36. Side view (a) and top view (b) in the crystal structure of
[Co(pyterpy)2](TCNQ),sDMF+CH30H highlighting the stacking interactions between
the TCNQ dimers of AA (magenta) and the Py(8)Py(8) stacked dimers.

Figure 37. Side view (a) and top view (b) in the crystal structure of
[Co(pyterpy)2](TCNQ),»DMF+<CH3OH highlighting the stacking interactions between
the TCNQ dimers of BB (green) and the Py(5)Py(5) stacked dimers in space-filling
model.
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Magnetic properties

Inorganic salts of [Co(pyterpy),]** are known and have been investigated for
their biological activities, but no magnetic properties for these compounds have been
reported.’® Magnetic measurements were carried out on freshly prepared crystalline
powders of [Co(pyterpy)2](PFs)2,  [Co(pyterpy)](TCNQ), DMF CH3;OH  and
[Co(pyterpy)2](TCNQ), CH3CN CH3OH in gel capsules from T = 5-390 K at a
cooling/heating rate of 5 K/min. The phase purities of the freshly prepared bulk
crystalline powders were verified by powder X-ray diffraction studies (Figure 16 and
Figure 17). The compound [Co(pyterpy).](PFs). was measured as a control experiment
for the non-innocent TCNQ radical anion salts and exhibits a very gradual spin transition
that does not reach a fully populated LS state even at 5 K with a ymT value of 0.61(1)
emu K/mol (Figure 38). At room temperature, the yuT value of 1.42(1) emu K/mol
corresponds to ~56% of Co(ll) in the HS state (assuming g = 2.16). Similar behavior was

recently reported by Brooker and coworkers for a closely related compound [Co(py-

143

Pzpypz)2](BF4)2 (py-pzpypz = (4-(4-pyridyl)-2,5-dipyrazyl-pyridine).
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Compounds [Co(pyterpy)2](TCNQ), DMF CH3;0H and
[Co(pyterpy)2](TCNQ), CH3CN CH30OH exhibit typical Co(ll) gradual spin-crossover
with LS ywT values of 0.45 emu K/mol and 0.41 emu K/mol, respectively. These values
are higher than the spin-only values for LS Co(ll), which is attributed to spin-orbit
coupling. At 300 K, [Co(pyterpy)2](TCNQ), DMF CH3;0H and
[Co(pyterpy)2](TCNQ), CH3CN CH3OH exhibit yqT values of 0.58 and 1.11 emu

K/mol, corresponding to ~7% and 39% HS population of Co(ll) (assuming g = 2.19),
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respectively. At 390 K, [Co(pyterpy)2](TCNQ), DMF CH3;0H and
[Co(pyterpy)2](TCNQ), CH3CN CH3OH exhibit yuT values of 0.94 and 1.63 emu
K/mol, corresponding to ~27% and 67% HS population of Co(ll), respectively. The Ty,
value (the temperature at which the SCO molecules are equally populated in the HS/LS
state) of compound [Co(pyterpy).](TCNQ), CH3CN CH3OH is ~332 K, whereas the
value for [Co(pyterpy).](TCNQ), DMF CH3OH is clearly higher than 390 K but cannot
be determined from the experimental data due to instrument limitations. Below ~180 K,
the Co(ll) ions in compound [Co(pyterpy)2](TCNQ), DMF CH3;OH are almost entirely
in the LS state. The LS states of Co(ll) in [Co(pyterpy)2](TCNQ), CH3CN CH30H,
however, are not fully populated until below 110 K. The spins on the TCNQ radicals are
paired due to the close contacts of the TCNQ radical dimers in the structure of
[Co(pyterpy)2](TCNQ), DMF CH3;0H and [Co(pyterpy).](TCNQ), CH3CN CH30H,
therefore they would not be expected to contribute to the magnetic moment.*® The
cooling and warming curves of the x7 plots of all three compounds exhibit no
discernible hysteresis, which is common for similar Co(I1) SCO systems.'*31>

As the structural analyses indicate, the cell parameters for crystals of
[Co(pyterpy)2](PFs). exhibit only one important change at ~150 K as the temperature
decreases with no discernible changes down to 110 K (Figure 29). In contrast, the trend
in the changes of the b and c unit cell edges and the unit cell volume for
[Co(pyterpy)2](TCNQ), DMF CH30H exhibit two anomalies at ~180 and 150 K,
namely a decrease in values from ~300-180 K, an increase in the range ~180-150 K, and

then a second decrease below 150 K (Figure 33). These results indicate that the Jahn-
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Teller distortion in the high symmetry (14,/a) compound [Co(pyterpy)2](PFs). occurs at
lower temperatures as compared to [Co(pyterpy).](TCNQ), DMF CH3OH with a lower
symmetry which results in an incomplete transition from HS to LS in the former
compound at 110 K, but a nearly complete transition to LS for
[Co(pyterpy)2](TCNQ), DMF CH30H below 180 K.

The effect of solvent molecules also plays an important role in the spin-transition
of [Co(pyterpy).](TCNQ)z*solvent compounds. As mentioned earlier, compounds
[Co(pyterpy)2](TCNQ), DMF CH3;0OH and [Co(pyterpy).](TCNQ), CH3;CN CH;0OH
crystallize in the same space group and exhibit similar packing patterns, with the only
difference being the presence of DMF versus acetonitrile solvent molecules. It has been
reported before in 3-D Fe(ll) SCO frameworks that a smaller solvent molecule tends to
exert a higher chemical pressure and stabilize the LS state.”™*!** However, in our case
the higher Ty, of [Co(pyterpy)2](TCNQ), DMF CH3OH as compared to
[Co(pyterpy)2](TCNQ), CH3CN CH30H is attributed to a higher overall chemical
pressure induced by the larger DMF molecules which help to stabilize the LS states
more than the smaller acetonitrile molecules in
[Co(pyterpy)2](TCNQ), CH3CN CH3OH. This cannot be simply rationalized by the size
of the solvent molecule because, besides the difference in SCO systems (Fe(ll) vs.
Co(ll)), it is possible that in discrete molecular complexes the positions of SCO entities
may move slightly to mitigate the effect of size variation in the interstitial solvents. In

addition, the shape, orientation and the electronic effects of the solvent molecules are
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also expected also play a role and it would be interesting in future work to systematically
investigate these factors.'>>*°
Conductivity properties

Electrical conductivity studies performed on single crystal samples of
[Co(pyterpy)2](TCNQ), DMF CH30H revealed a room temperature conductivity of ~5
x 10 S/em. It is interesting to note that the conductivity, unlike for semiconducting
materials with TCNQ radicals stacks, is nearly independent of temperature between 300
and 100 K (Figure 39), which is possibly due to a compensation effect of decreased

charge-carrier concentration and increased charge carrier mobility as the temperature

decreases.™’
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Figure 39. Temperature dependence of the conductivity of a single crystal of
[Co(pyterpy)2](TCNQ),sDMF+CH30H.
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Conclusions

In summary, an anomalous conducting behavior occurs at 180-190 K in a highly
conducting hybrid inorganic/organic-radical bifunctional SCO conducting molecular
material. This anomaly is directly correlated with the structural variation arising from the
HS to LS transition of Co(ll), subsequent Jahn-Teller distortion of LS Co(ll) and
concomitant charge fluctuations of the partially charged TCNQ radicals. This modular
synthetic procedure for the introduction of partially charged TCNQ radicals is highly
promising for the synthesis of other bifunctional materials with electrically conducting

properties, efforts that are currently being explored in our laboratories.

As the temperature decreases from 190 to 150 K

)

TCNQ stacking

distances
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Figure 40. Schematic representation of the factors that are contributing to the electrical
conductivity of [Co(terpy).](TCNQ)3 CH3CN.

The bifunctional SCO materials [Co(pyterpy)2](TCNQ).esolvent with different
crystallizing solvents have been synthesized and characterized by variable temperature
single crystal X-ray diffraction and magnetic measurements. Strong intermolecular

interactions between the SCO centers have been realized by taking advantage of the
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supramolecular zn-stacking interactions between the terminal pyridyl groups of the
pyterpy ligands and TCNQ radicals. In comparison to the high symmetry compound
[Co(pyterpy)2](PFs)2, in which the HS to LS transition is incomplete even at 5 K, the
radical-pyridyl n-stacking interaction distorts the Co(ll) coordination geometry and helps
to stabilize the LS 2E state. The design of multifunctional SCO materials with improved
cooperativity may benefit from this new strategy of employing organic radicals to

enhance intermolecular interactions.

78



CHAPTER Il
COEXISTENCE OF SLOW RELAXATION OF THE MAGNETIZATION AND

SEMICONDUCTING PROPERTIES

Introduction

The synthesis of nanoscale materials for electronic devices is a central theme in
materials research. Given that conventional materials are estimated to approach their
miniaturization limit by 2025, more efforts are being directed at the design of new
types of nanoscale materials, including molecular nanomagnets that are capable of
behaving as traditional magnets, but with much smaller sizes such as 1 or 2 nanometers.
As a result, such molecular nanomagnets could operate at much faster speeds and require
less energy than conventional devices because of the quantum effects that they exhibit.

Another intriguing aspect of the research in this disseration is the study of
bifunctional magnetic and semiconducting molecular materials. By building such
materials with alternating functional layers, we hope to address their magnetic behaviors
through the application of an electric field, or vice versa, which will make them superior
candidates for transistors and sensors. By using two distinct inorganic and organic
components, we have achieved such materials and observed interactions between the
different functionalities. This is a big step toward their device applications as they can be
processed directly from solution and can crystallize in a matter of minutes.

In this work, a series of isostructural chain-like compounds [Ln(TPMA)(Lt

TCNQ)(tOH)](TCNQ), CH3CN (Ln = Dy, Gd, Y) have been synthesized. Magnetic
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and electrical conductivity studies revealed that the Dy(l11) compound exhibited slow
relaxation of the magnetization at 5.0-8.2 K and semiconductivity at 180-350 K.

It has also been demonstrated that other functional species such SMMs and
photosensitizers such as  [Co(Tpm)o]**, [Ru(terpy)-]**, [Ru(bpy)s]** and
[Zn(terpy),]* can also be incorporated into electrically conducting bifunctional materials
through a generalized modular synthetic approach by using the easily accessible TCNQ
radical source of [EtsNH](TCNQ).

Experimental Section
Syntheses

The starting materials TPMA  (tris(pyridylmethyl)amine)™® and Tpm
(tris(pyrazolyl)methane)™® were synthesized according to literature methods.
Dysprosium  trifluoromethanesulfonate  (triflate,  Sigma-Aldrich),  gadolinium
trifluoromethanesulfonate  (Sigma-Aldrich) and yttrium trifluoromethanesulfonate
(Sigma-Aldrich) are used as received without further purification. The reagents terpy
(2,2";6',2"-terpyridine, TCI america), Co(ClO,), 6H,0 (Sigma-Aldrich) and the solvents
THF (tetrahydrafuran, reagent grade, Alfa Aesar), acetonitrile (reagent grade, Sigma-
Aldrich), N,N-dimethylformamide (reagent grade, Sigma-Aldrich) were used as received
without further purification. The starting materials (EtsNH)(TCNQ), and
Co(terpy)2(ClO.), 0.5H,0 were synthesized according to the literature.?****3" The
starting material [Co(pyterpy).](ClO,), was prepared by a modified procedure from the

literature.®® Caution! Perchlorates are potentially explosive and should be handled very

carefully in small amounts. Avoid heat, drying and grinding.
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[Dy(TPMA)(ETCNQ)(eOH)](TCNQ), CH3CN (1). 0.1 mmol (61.1 mg) of
dysprosium trifluoromethanesulfonate and 0.15 mmol (43.5 mg) of TPMA were
dissolved in 4 mL of acetonitrile and stirred for 20 min. A solution of 0.15 mmol (76
mg) of (EtsNH)(TCNQ), in 9 mL of acetonitrile was filtered through glass wool into the
dysprosium trifluoromethanesulfonate solution. Dark blue crystals formed after a few
minutes. The product was filtered and rinsed with acetonitrile after 20 min. Yield 44.2
mg (39 % based on Dy). IR: Nujol mulls on KBr plates: v(CN) 2206.2, 2177.5 and
2153.3, 2136.6 cm™, §(C-H, TCNQ) 826.7 cm™.

[GA(TPMA) (L TCNQ)(+OH)J(TCNQ)2 CH3CN (2). 0.1 mmol (60.5 mg) of
gadolinium trifluoromethanesulfonate and 0.15 mmol (43.5 mg) of TPMA were
dissolved in 4 mL of acetonitrile and stirred for 20 min. A solution of 0.15 mmol (76
mg) of (EtsNH)(TCNQ), in 9 mL of acetonitrile was filtered through glass wool into the
dysprosium trifluoromethanesulfonate solution. Dark blue crystals formed after a few
minutes. The product was filtered and rinsed with acetonitrile after 20 min. Yield 44.8
mg (40 % based on Gd). IR: Nujol mulls on KBr plates: v(CN) 2208.1, 2173.4 and
2153.7,2132.6 cm™, §(C-H, TCNQ) 826.6 cm™.

[Y(TPMA)(ETCNQ)(EOH)](TCNQ)2 CH3CN (3). 0.1 mmol (53.9 mg) of
yttrium trifluoromethanesulfonate and 0.15 mmol (43.5 mg) of TPMA were dissolved in
4 mL of acetonitrile and stirred for 20 min. A solution of 0.15 mmol (76 mg) of
(EtsNH)(TCNQ), in 9 mL of acetonitrile was filtered through glass wool into the

dysprosium trifluoromethanesulfonate solution. Dark blue crystals formed after a few
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minutes. The product was filtered and rinsed with acetonitrile after 20 min. Yield 44 mg
(39 % based on Y).

[Co(Tpm)2](TCNQ)3 (4). 0.025 mmol (12.1 mg) of Tpm and 0.0125 mmol (6.2
mg) of CoCl, 6H,0 was dissolved in a mixture of 1 mL of CH3CN and 1mL of CH3;OH
and stirred for 10 min. To this solution was added a solution of 0.025 mmol (11.4 mg) of
(EtsNH)(TCNQ), in 6 mL of CH3CN through glass wool. Dark purple crystals formed
after a few minutes. The product was filtered and rinsed with acetonitrile after 15 min.
Yield 8.8 mg (64 % based on Co). IR: Nujol mulls on KBr plates: v(CN) 2199.8, 2177.2
and 2156.4 cm™, §(C-H, TCNQ) 837.4 and 856.0 cm™.

[Fe(Tpm)2](TCNQ)s (5). 0.025 mmol (12.0 mg) of Tpm and 0.0125 mmol (6.0
mg) of Fe(ClO,4),; xH,0 were dissolved in a mixture of 1 mL of CH3;CN, 1mL of CH;0H
and 1 mL of water and stirred for 10 min to obtain a pink solution. Then to this solution
was added a solution of 0.025 mmol (11.8 mg) of (EtsNH)(TCNQ), in 6 mL of CH3CN
through glass wool. Dark blue crystals formed after a few minutes. The product was
filtered and rinsed with acetonitrile after 15 min. Yield 9.5 mg (69 % based on Fe).

[Ru(terpy)2](TCNQ)s CH3CN (6). A solution of 0.05 mmol (25.2 mg) of
(EtsNH)(TCNQ), in 6 mL of CH3CN was filtered through glass wool into a solution of
0.025 mmol (21.5 mg) of [Ru(terpy).](PFs). in 1 mL of CH3CN. Dark purple crystals
formed after a few minutes. The product was filtered and rinsed with acetonitrile after 15
min. Yield 11.3 mg (37 % based on Ru). IR: Nujol mulls on KBr plates: v(CN) 2199.9,

2169.6 and 2151.0 cm™, §(C-H, TCNQ) 834.6 and 818.6 cm™.
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[Ru(bpy)s](TCNQ)s (7). A solution of 0.05 mmol (24.7 mg) of
(EtsNH)(TCNQ), in 3 mL of CH3CN was filtered through glass wool into a solution of
0.025 mmol (23.6mg) of [Ru(bpy)2](PFs)2 in 1 mL of CH3CN. The mixture was left in
air to slowly evaporate. Dark purple crystals were harvested by filtration after a day.
Yield 15.2 mg (44 % based on Ru). IR: Nujol mulls on KBr plates: v(CN) 2194.0 and
2150.3 cm™, 8(C-H, TCNQ) 831.9 and 849.0 cm™.

[Zn(terpy).](TCNQ)25 3CH3CN (8). A solution of 0.11 mmol (25.1 mg) of
terpy and 0.05 mmol (18.3 mg) of Zn(ClO,), 6H,0 in 2 mL of CH3CN was filtered to
remove insoluble impurities. To this solution was added a solution of 0.1 mmol (51.2
mg) of (EtsNH)(TCNQ), in 6 mL of CH3CN through glass wool. Dark blue crystals
formed after a few minutes. The product was filtered and rinsed with acetonitrile after 60
min. Yield 24.1 mg (41 % based on Zn). IR: Nujol mulls on KBr plates: v(CN) 2199.2
and 2149.4 cm™, §(C-H, TCNQ) 825.0 cm™.

Magnetic and conductivity measurements

Magnetic measurements were carried out using a Quantum design MPMS-XL
SQUID instrument over the temperature range 1.8-300 K. The diamagnetic contributions
of the atoms and sample holders were accounted for during the data analysis process by
using Pascal’s constants.

The four-probe method was wused on single crystal samples of
[Ru(bpy)s](TCNQ), and [Ru(terpy).](TCNQ)s CH3CN to measure the resistivity with
gold wires attached to the thin needle-like single crystals using gold paste. The

temperature was controlled by using the cryrogenics of a SQUID MPMS instrument at a
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rate of 2 K/min and stabilized at each point for 60 s before the next measurement was
made to allow for thermal equilibration of the samples. For
[Zn(terpy)2](TCNQ)25 3CH3CN, single crystal conductivity measurements were
performed by the two-probe method on the MPMS-XL SQUID magnetometer over the
temperature range of 100-300K with a constant current source. Conductivity
measurements on samples of [Dy(TPMA)(LeTCNQ)(JrOH)](TCNQ), CH3CN and
[Co(Tpm),](TCNQ)3; was carried out on pressed pellets of polycrystalline samples with
the four-probe and two-probe method respectively.
Single crystal X-ray crystallography

Single-crystal X-ray data were collected at different temperatures on a Bruker
APEX CCD diffractometer equipped with a graphite monochromated MoKa radiation
source (A=0.71073 A). Suitable crystals were affixed onto a nylon loop with Paratone oil
and place in a cold steam of N»(g). The data sets were recorded by the w-scan mehod
and integrated followed by an absorption correction in the Bruker APEX Il software
package. Solution and refinement of the crystal structures were carried out using the
SHELXT® and SHELXL programs and the graphical interface Olex2.*** Hydrogen
atoms were placed at calculated positions.
Powder X-ray diffraction

Powder X-ray diffraction data were measured on a Bruker D8 powder X-ray
diffractometer at room temperature. Phase purity of the bulk products were confirmed by
powder X-ray diffraction patterns which were compared with the simulated powder

patterns obtained from the single crystal X-ray structural data.
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Results and Discussions
Lanthanide-TCNQ-based electrical conducting SMM

Syntheses and structures. Dy(ll1)-based SMMs have been studied extensively
due to superior properties of strong spin-orbit coupling and large magnetic moment. Our
design strategy is to use TCNQ- radicals as bridging ligands to realize large spin ground
states. A tetradentate capping ligand, tris(pyridylmethyl)amine (TPMA), was employed
to restrict the number of available coordination sites of the Dy(lll) ion. Dark purple
crystals of [Dy(TPMA)(JrTCNQ)(J+OH)](TCNQ)2 CH3CN formed in a few minutes
when a solution of (Et3NH)(TCNQ)2 in acetonitrile was added to a solution of Dy(llI)
trifluoromethanesulfonate and TPMA in acetonitrile. The compound crystallizes in the
triclinic space group P-1 (Table 10) with the asymmetric unit being composed of one
Dy(111) ion coordinated to one TPMA, one TCNQ radical and one hydroxide anion, in

addition to two uncoordinated TCNQ species and one acetonitrile molecule (Figure 41).
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Figure 41. Asymmetric unit of [Dy(TPMA)(tTCNQ)(lOH)](TCNQ), CHsCN.
Hydrogen atoms are omitted for the sake of clarity.
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The presence of hydroxide groups were justified by the charge balance of the
formula unit as two of the TCNQ species are monoanions and the third one is neutral
(Table 9). In addition, the Dy-O bond lengths of 2.208(6) and 2.251(6) A fall into the
range of Dy-O(hydroxide) distances reported in the literature as compared to Dy-O bond
distances for aqua or oxo-groups. The bond angle of Dy-O-Dy is 111.7(3)° and the
distance between the two Dy(lll) ions that are bridged by the hydroxide group is
relatively short at 3.6901(8) A. As the reactions were carried out in air, small amounts of
moisture in the solvents or air can lead to hydrolysis of trifluoromethanesulfonate to
result in hydroxide groups.

Table 9. The charges (p) of different TCNQ species in [Dy(TPMA)(JxTCNQ)(jt

OH)]J(TCNQ), CH3CN at 100 K as estimated from the Kistenmacher’s formula (A, B, C
as denoted in Figure 41; b, c and d are average C-C bond distances as depicted below).

N N

b d
C
N N
TCNQ b /A c/A d/A p
A 1.415 1.411 1.420 -0.90
B 1.435 1.370 1.438 -0.03
C 1.416 1.406 1.426 -0.77
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The Dy(ll) ion is eight coordinate with four nitrogen donors from the TPMA
ligand, two nitrogen atoms from two bridging TCNQ species and two oxygen atoms
from the two bridging hydroxide groups. The structure can also be viewed as a chain of
[Dy(TPMA)(JIx TCNQ)(l+OH)], organized via n-r stacking interactions of the TCNQ

species (Figure 42 and Figure 43).

Figure 42. Perspective views of the structure of [Dy(TPMA)(JtTCNQ)(Lt
OH)](TCNQ), CH3CN showing the bridging TCNQ radicals and the bridging hydroxide
moieties.
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Figure 43. Packing diagram of structure of [Dy(TPMA)(JtTCNQ)(lt
OH)](TCNQ), CH3CN showing the m-m stacking interactions between the TCNQ
species.
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Figure 44. Packing diagram of [Dy(TPMA)(tTCNQ)(+OH)](TCNQ), CH3CN
showing the different TCNQ species (denoted as A, B and C) stacked together.

Similar compounds of [Y(TPMA)(rTCNQ)(rOH)](TCNQ), CH3;CN and
[GA(TPMA)(Ir TCNQ)(JrOH)](TCNQ)2 CH3CN were prepared from the same method
by using Y(III) trifluoromethanesulfonate and Gd(lll) trifluoromethanesulfonate,
respectively, instead of the Dy(lll) trifluoromethanesulfonate in the synthesis of
[DY(TPMA) (It TCNQ)(JrOH)](TCNQ)2 CH3CN. The series [Ln(TPMA)(JtTCNQ) (Lt
OH)](TCNQ), CH3CN (Ln =Y, Gd and Dy) is isostructural as judged by powder X-ray

diffractions pattern data (Figure 45).
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Figure 45. Powder X-ray diffraction patterns of [Ln(TPMA)(JtTCNQ)(lt
OH)](TCNQ), CH3CN (Ln =Y, Gd, Dy). The green trace is a simulation produced from
single-crystal X-ray diffraction data of [Dy(TPMA)(Jt TCNQ)(ltOH)](TCNQ), CH3CN
and the other three are from bulk polycrystalline samples.
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Table 10. Summary of crystallographic parameters for [Dy(TPMA)(LeTCNQ)(jt

OH)](TCNQ), CH3CN.

Empirical formula Cs6H33DyN;170
Formula weight 1122.49
Temperature/K 100
Crystal system triclinic

Space group P-1
alA 12.0565(11)
b/A 13.3616(13)
c/A 15.5728(14)
a/° 98.761(2)
B/° 98.832(2)
v/° 104.227(2)
Volume/A’ 2355.1(4)
Z 2
peaicglem® 1.583
wmm’ 1.650
F(000) 1124.0
Crystal size/mm® 0.08 x0.07 %0.04
Radiation MoKa (A =10.71073)
20 range for data collection/° 4.934 t0 46.656
Index ranges -13<h<13,-14<k<14,-17<1<17
Reflections collected 78503
Independent reflections 6800 [Rint = 0.1873, Rsigma = 0.1056]
Data/restraints/parameters 6800/31/627
Goodness-of-fit on F* 1.125
Final R indexes [[>=2c (I)] R, =0.0661, wR, = 0.0958
Final R indexes [all data] R; =0.1046, wR, = 0.1067
Largest diff. peak/hole / e A 1.26/-1.82

Ry =X||Fol-|Fell/ZIFol. WR=[EW(|Fo|-|Fe))/IEW(Fo)’ Y2 w= 0.75/(c*(Fo)+0.00010F,7).

Goodness-of-fit = { = [w(Fo? - F%)?]/(n-p)}? , where n is the number of reflections and

p is the total number of parameters refined.
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Table 11. Bond distances of [Dy(TPMA)(LeTCNQ)(lOH)](TCNQ), CH3CN.

Atom Atom Length/A Atom Atom Length/A
Dyl Dy1’ 3.6901(8) c27 C26 1.370(10)
Dyl 01 2.208(6) C13 Cl4 1.370(11)
Dyl 01" 2.251(6) C1l C2 1.386(11)
Dyl N4 2.558(6) C14 C15 1.368(11)
Dyl N5 2.550(7) C4 C3 1.380(11)
Dyl N1 2.518(6) C8 C9 1.364(11)
Dyl N2 2.615(7) C8 C7 1.367(12)
Dyl N8’ 2.525(7) C3 C2 1.374(10)
Dyl N3 2.513(6) C38 C37 1.428(11)
01 Dy1’ 2.251(6) C38 C39 1.336(10)
N4 C6 1.473(9) C37 C36 1.450(10)
N4 C12 1.478(10) C37 C40 1.368(11)
N4 C18 1.480(9) C35 C36 1.329(10)
N5 C19 1.152(9) C35 C34 1.437(10)
N1 C5 1.345(9) C41 C40 1.437(12)
N1 C1 1.341(10) C41 N11 1.146(9)
N2 C11 1.337(9) C40 C42 1.442(11)
N2 C7 1.345(10) C52 C54 1.405(11)
N8 Dy1° 2.525(7) C52 C49 1.392(10)
N8 C30 1.152(9) C52 C53 1.438(12)
N6 c21 1.154(10) C48 C49 1.435(10)
N3 C17 1.340(9) C48 C47 1.342(10)
N3 C13 1.349(9) C54 N16 1.154(9)
C6 C5 1.497(11) C49 C50 1.423(10)
C28 C30 1.416(11) C53 N15 1.143(9)
C28 C29 1.423(11) C51 C46 1.430(10)
C28 C25 1.414(10) C51 C50 1.341(10)
Ci11 C12 1.494(11) N9 C31 1.146(9)
Ci11 C10 1.372(11) C46 C47 1.419(10)
N7 C29 1.145(9) C46 Cl4 1.416(11)
C19 C20 1.390(11) C31 C32 1.430(11)
C5 C4 1.363(11) C32 C34 1.371(10)
C23 C22 1.430(10) C32 C33 1.430(12)
C23 C24 1.361(10) C34 C39 1.436(10)
C20 C22 1.407(10) N12 C42 1.149(10)
C20 c21 1.430(12) N10 C33 1.144(10)
C22 C27 1.410(10) C44 C43 1.405(12)
C16 C17 1.373(11) C44 C45 1.421(12)
C16 C15 1.362(11) C43 N13 1.135(10)
C10 C9 1.381(11) C45 N14 1.148(9)
C25 C24 1.427(10) C56 C55 1.448(12)
C25 C26 1.414(10) N17 C55 1.124(10)
C18 C17 1.497(10)
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Table 12. Bond angles of [Dy(TPMA) (e TCNQ)(LEOH)](TCNQ), CH3CN.

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/’
01 Dyl | Dyl' | 34.53(16) C22 Cc20 | c21 121.8(7)
o1’ Dyl | Dyl' | 33.78(16) CcC20 | c22 C23 120.4(7)
01 Dyl 01! 68.3(3) C20 | C22 c27 123.0(7)
01 Dyl N4 82.49(19) c27 C22 C23 116.5(7)
o1’ Dyl N4 130.40(19) C15 C16 C17 119.7(8)
o1’ Dyl N5 74.2(2) C11 C10 C9 118.8(7)
01 Dyl N5 142.1(2) N7 C29 C28 177.9(8)
01 Dyl N1 98.9(2) C28 C25 | c24 120.2(7)
o1’ Dyl N1 81.0(2) C26 C25 | C28 122.6(7)
01 Dyl N2 79.1(2) C26 C25 | c24 117.1(7)
o1’ Dyl N2 138.5(2) N4 C18 C17 114.5(6)
01 Dyl N8* 104.2(2) NG c21 C20 177.5(8)
o1’ Dyl N8* 87.0(2) C23 C24 C25 121.6(7)
01 Dyl N3 143.0(2) N3 C17 C16 122.8(7)
o1' Dyl N3 148.4(2) N3 C17 C18 115.5(7)
N4 Dyl | Dyl' | 108.49(13) C16 C17 C18 121.5(7)
N4 Dyl N2 66.2(2) C26 c27 C22 122.3(7)
N5 Dyl | Dyl' | 107.83(14) N3 C13 C14 123.7(7)
N5 Dyl N4 128.2(2) N1 C1 C2 122.8(7)
N5 Dyl N2 130.05(19) C27 C26 C25 121.0(7)
N1 Dyl | Dyl' | 89.88(14) C15 C14 | c13 118.6(7)
N1 Dyl N4 64.5(2) C5 C4 C3 119.7(7)
N1 Dyl N5 80.1(2) C9 C8 C7 118.4(8)
N1 Dyl N2 130.4(2) C8 C9 C10 119.3(8)
N1 Dyl N8* 147.8(2) C2 C3 C4 118.2(7)
N2 Dyl | Dyl' | 110.09(14) C3 C2 C1 119.1(8)
N8 Dyl | Dyl' | 96.58(15) N2 C7 C8 123.5(8)
N§* Dyl N4 140.2(2) C16 C15 Cl4 118.9(8)
N8* Dyl N5 67.9(2) C39 C38 C37 121.8(7)
N8’ Dyl N2 76.5(2) C38 C37 C36 116.8(7)
N3 Dyl | Dyl' | 175.95(14) C40 | C37 C38 120.7(7)
N3 Dyl N4 67.54(19) C40 | C37 C36 122.5(7)
N3 Dyl N5 74.8(2) C36 C35 | C34 121.4(7)
N3 Dyl N1 87.6(2) C35 C36 C37 121.4(7)
N3 Dyl N2 69.4(2) N11 | c41 C40 179.0(9)
N3 Dyl N8* 87.2(2) C37 C40 | c41 122.6(7)
Dyl 01 Dy1' 111.7(3) C37 C40 | C42 120.6(7)
C6 N4 Dyl 107.1(4) C41 C40 | C42 116.9(7)
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Table 12. Continued.

Atom | Atom | Atom | Angle/° Atom | Atom | Atom | Angle/°

Cl12 N4 Dyl 109.7(4) C49 C52 C53 123.1(7)
C6 N4 C18 108.9(6) C49 C52 C54 122.6(7)
C12 N4 C18 109.5(6) C47 C48 C49 121.4(7)
C18 N4 Dyl 111.6(4) N16 C54 C52 178.0(9)
C19 N5 Dyl 142.6(6) C52 C49 C48 121.5(7)
C5 N1 Dyl 119.4(5) C52 C49 C50 121.9(7)
Cl N1 Dyl 123.6(5) C50 C49 C48 116.6(7)
C1 N1 C5 117.0(7) N15 C53 C52 177.3(8)
Cl1 N2 Dyl 116.4(5) C50 C51 C46 121.6(7)
Cl1 N2 C7 117.1(7) C47 C46 C51 116.7(7)
C7 N2 Dyl 125.3(5) C44 C46 C51 121.6(7)
C30 N8 Dy1° 158.4(6) C44 C46 C47 121.7(7)
C17 N3 Dyl 119.6(5) N9 C31 C32 179.0(9)
Cl7 N3 C13 116.3(6) C31 C32 C33 117.1(7)
C13 N3 Dyl 122.2(5) C34 C32 C31 122.7(7)
N4 C6 C5 109.8(6) C34 C32 C33 120.3(7)
C30 C28 C29 114.5(6) C32 C34 C35 122.0(7)
C25 C28 C30 123.4(7) C32 C34 C39 120.6(7)
C25 C28 C29 122.1(7) C39 C34 C35 117.4(7)
N2 Cl1 C12 116.2(7) C48 C47 C46 121.9(7)
N2 Cl1 C10 122.7(7) N12 C42 C40 177.7(9)
C10 Cl1 C12 121.1(7) C51 C50 C49 121.7(7)
N4 C12 Cl1 112.2(6) C38 C39 C34 121.2(7)
N5 C19 C20 176.1(8) C46 C44 C45 121.9(7)
N1 C5 C6 114.4(7) C43 C44 C46 122.0(7)
N1 C5 C4 123.1(7) C43 C44 C45 116.1(7)
C4 C5 C6 122.4(7) N13 C43 C44 179.1(10)
C24 C23 C22 121.4(7) N14 C45 C44 178.5(9)
N8 C30 C28 176.5(9) N10 C33 C32 176.2(9)
C19 C20 C22 122.2(7) N17 C55 C56 178.1(10)
C19 C20 C21 115.9(7)

11-X1-Y,1-Z2: 21-X,1-Y -Z
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Magnetic properties. Temperature dependent magnetic susceptibility studies of
[Dy(TPMA) (It TCNQ)(I+OH)](TCNQ)2 CH3CN were carried out at under a static DC
field of 1000 Oe over the temperature range of 300-1.8 K (Figure 46). The 4T value
remains nearly constant at 14.6 emu K mol™ (per formula unit) as the temperature is
lowered to ~100 K, with the T value of 14.6 emu-K-mol ™ at 300 K matching well with
contributions from one Dy(l11) ion and one TCNQ™ (Dy(lIl), 4f°, ®Hysp, J = 15/2, L = 5,
S =5/2, g = 1.33; TCNQ", S = 1/2, g = 2.0). Below 100 K, the T value gradually
decreases to a minimum value of 13.2 emu K mol™ at ~6 K, which is possibly due to the
antiferromagnetic coupling between the spin centers and/or the thermal depopulation of
the excited Stark sublevels of Dy(lll) ions as the temperature decreases. As the
temperature is further lowered, the T value exhibits an increase to a maximum of 13.5
emu K mol™ at 2 K, indicating the presence weak ferromagnetic interactions between

the spin centers (vide infra). Below 2 K, the ¥T value drops to 13.4 emu K mol™.
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Figure 46. Temperature dependence of T of [Dy(TPMA)(eTCNQ)(lx
OH)](TCNQ), CH3CN under a 1000 Oe applied magnetic field.

The expected magnetic moment for one Dy(l11) and one TCNQ"™ radical is ~12.4
Bohr magnetons but the observed magnetic moment of [Dy(TPMA)(tTCNQ)(Lt
OH)](TCNQ), CH3CN is ~5.8 Bohr magnetons at 1.8 K and 7 T (Figure 47). The lack of
magnetization saturation even at 7 T in the field-dependent magnetization at 1.8 K
supports the presence of significant magnetic anisotropy as expected for Dy(lll)

compounds.

97



Magnetization (B.M.)
w

2
Magnetization at 1.8 K
1
0 X 1 1 1 1 1 1 J
0 10000 20000 30000 40000 50000 60000 70000

Magnetic field (Oe)

Figure 47. Field dependence of the magnetization of [Dy(TPMA)(J+TCNQ)(jt
OH)](TCNQ), CH3CN at 1.8 K.

AC magnetic susceptibility measurements were preformed to probe the dynamic
properties of [Dy(TPMA)(Jt TCNQ)(eOH)](TCNQ), ‘CH3CN. Under a zero applied DC
field, only a beginning in the out-of-phase (x””) AC signals was observed down to 1.8 K
(Figure 48). This result is indicative of slow relaxation of the magnetization but it is
possible that due fast quantum tunneling of the magnetization, no peaks in the out-of-

phase signal can be observed above 1.8 K, which is the lower limit of the instrument.
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Figure 48. Temperature dependence of the in-phase (top) and out-of-phase (bottom) AC

magnetic susceptibilities of [Dy(TPMA)(tTCNQ)(JtOH)](TCNQ), CH3CN under a
zero applied DC magnetic field.
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Figure 49. Temperature dependence of the in-phase (solid symbols) and out-of-phase
AC magnetic susceptibilities of [Dy(TPMA)(JtTCNQ)(J+OH)](TCNQ), CH3CN under
applied DC
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Given this result, DC magnetic fields of different magnitudes were applied for
the AC magnetic measurement to probe the slow relaxation of the magnetization. As the
DC field is increased from 200 to 1000 Oe, a series of frequency-dependent peaks in the
out-of-phase (y”) signals appear over the temperature range of 5-8 K (Figure 49 and
Figure 50). At 2000 Oe, quantum tunneling has been minimized and a field-induced
slow relaxation of the magnetization behavior is observed. This is solely a thermally
activated relaxation process as the relaxation time can be fitted well to an Arrhenius law
to yield an effective energy barrier for the reversal of magnetization of 43.4 K with a

pre-exponential factor of 7o = 7.8 <107 s (Figure 51).
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Figure 51. Arrhenius plot of the relaxation time, as determined from variable-
temperature AC susceptibilities of [Dy(TPMA)(JrTCNQ)(leOH)](TCNQ), CH3CN at
temperatures between 5 and 11 K and under a 1000 Oe DC magnetic field.
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As the dynamic magnetic properties of [Dy(TPMA)(tTCNQ)(lt
OH)](TCNQ), CH3CN show a dependence on the applied DC magnetic field, its
temperature dependent magnetic susceptibilities were also investigated under various
DC magnetic fields in order to probe the effect of external DC fields on the magnetic
interactions in [Dy(TPMA)(t TCNQ)(ltOH)](TCNQ), CH3CN. Below 2000 Oe the T
values showed pronounced increases at ~2 K, indicating the presence of weak
ferromagnetic interactions at low fields (Figure 53). Another feature that is worth noting
is that the peaks in the T plots at 2 K diminish as the fields are increased and disappear
when the fields are above 3000 Oe, indicating that these weak ferromagnetic interactions
are suppressed by the application of external DC magnetic fields. These observations
taken together with the AC studies suggest that the application of DC magnetic fields in
this case not only suppresses the quantum tunneling of the magnetization, but also tunes
the magnetic interactions in [Dy(TPMA)(t TCNQ)(tOH)](TCNQ), ‘CH3CN. However,
due to the possible complications of the system involving magnetic anisotropy of Dy(ll1l)
ions, the super-exchange interactions between the Dy(ll1) ions through both the TCNQ
radicals and hydroxide groups, as well as the inter-chain interactions through the n-n
stacking interactions between the TCNQ species, makes it highly challenging to

decipher the magnetic properties.
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Figure 53. Temperature dependence of T for [Dy(TPMA)(tTCNQ)(lt

OH)](TCNQ), CH3CN under different applied DC magnetic fields. The inset shows the
low temperature region as indicated.
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In order to simplify the system by eliminating some of the factors mentioned
above, the isostructural compound, [GA(TPMA)(LtTCNQ)(JxOH)](TCNQ), CH3CN
was synthesized. Because Gd(lIl) ions are isotropic (S = 7/2, g = 2.0), the compound
will serve as a model for the study of the magnetic interactions between the lanthanide
ions through TCNQ radicals and hydroxide bridges without the complication of
magnetic anisotropy. Variable temperature magnetic susceptibility studies were first
carried out under a DC magnetic field of 1000 Oe. The T values remain almost
unchanged from 300 down to 100 K, below which temperature they decrease gradually
at first then abruptly as the temperature reaches 1.8 K (Figure 54, top). The T value of
8.3 emu K mol™ at 300 K matches well with the presence of one Gd(lIl) ion and one
TCNQ radical (Gd(II), S =7/2, g = 2.0; TCNQ radical, S = 1/2, g = 2.0). Fitting of the
experimental data to a Curie-Weiss law y = C/(T-0) results in a Curie constant C of 8.3
emu K mol™ and a Weiss constant & of -2.5 K. The negative Weiss constant is a
characteristic of antiferromagnetic interactions in this compound. The temperature
dependence of the magnetic susceptibilities were also measured at different DC
magnetic fields in which the iso-field lines overlapped quite well (Figure 54, bottom),
suggesting that the magnitude of the DC magnetic field has no discernable effect on the

magnetic interactions.
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Figure 54. Top: Experimental data and fitted line of the temperature dependence of T
for [GA(TPMA)(J+ TCNQ)(J+OH)](TCNQ), CH3CN under a 1000 Oe applied magnetic
field. Bottom: the temperature dependence of the T product of [GA(TPMA)(Lt
TCNQ)()eOH)](TCNQ), CH3CN under different applied DC magnetic fields.
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Two facts are established by the comparison of the isostructural Gd(l1l) and
Dy(111) compounds, namely that the magnetic field dependent responses in the magnetic
interactions in the Dy(l11) compound is due to the contribution of magnetic anisotropy
and that antiferromagnetic interactions are dominant in the system. As a result, the
increase of ¥T at low temperatures at low magnetic fields is likely due to spin-canting of
the anisotropic Dy(lll) centers, which are coupled by antiferromagnetic interactions
through the TCNQ radical and hydroxide bridges.

Other possible contributors to the magnetic interactions of the spin centers are
the inter-chain interactions through the n-n stacking of the TCNQ species, although it
may be quite small compared to the super-exchange interactions through the TCNQ
radical and hydroxide bridges. In order to investigate the magnetic interactions of the n-n
stacked TCNQ species, another isostructural Y (I11) compound, [Y(TPMA)(e TCNQ)(jt
OH)](TCNQ), CH3CN was prepared. As Y(IIl) is diamagnetic, the only magnetic
contribution of the magnetic moment is from the paramagnetic TCNQ radicals. Fitting of
the experimental data in the high temperature region of 20-300 K to a Curie-Weiss law
with a correction for temperature-independent paramagnetism (TIP), y = C/(T-0) + TIP,
results in a Curie constant C = 0.33 emu K mol™, a Weiss constant 6 = -42 K and a TIP
of 6.8 x 10" emumol®. The large negative Weiss constant indicates strong
antiferromagnetic interactions between the stacked TCNQ radicals. The presence of a
significant TIP is attributed to Pauli paramagnetism due to the delocalized electrons in
the stacked TCNQ species.'®® The temperature-dependent magnetic susceptibilities

measured at different DC magnetic fields revealed that iso-field lines overlapped DC
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magnetic field affects the delocalization of the electrons on the stacked TCNQ species.
The fitting of experimental data collected at 100 Oe of applied DC magnetic field results
in a Curie constant C = 0.2 emu K mol™, a Weiss constant 0 = -42 K and a TIP of 2.1 x
10 emu mol™. The fitting of experimental data collected at a 5000 Oe applied DC
magnetic field results in a Curie constant C = 0.34 emu K mol™, a Weiss constant 6 = -
42 K and a TIP of 5.0 = 10®° emu mol™. Therefore, the increased DC magnetic field
diminishes the TIP and the delocalization of electrons in the TCNQ stacks in addition to
the magnetic anisotropy in the Dy(lll) compound. In addition, the antiferromagnetic
inter-chain interactions through the stacked TCNQ species contribute to the spin-canted
states of [Dy(TPMA)(Jt TCNQ)(JtOH)](TCNQ), CH3CN. However, due to the fact that
the magnetic contributions from the TCNQ radicals are very small as compared to those
of Dy(lll), the anisotropy of Dy(lll) plays a more important role for the magnetic

behavior of [Dy(TPMA) (e TCNQ)(eOH)](TCNQ), CH3CN.
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Figure 55. Experimental data and fitted line of the temperature dependence of T for
[Y(TPMA)(eTCNQ)(I+OH)](TCNQ)2 CH3CN under a 1000 Oe applied magnetic field.
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Figure 56. Experimental data and fitted line of the temperature dependence of T for
[Y(TPMA)(e TCNQ)(eOH)](TCNQ), CH3CN under a 100 Oe applied magnetic field.

111



0.35

0.3

x T (emuxK/mol)
o

o N

N (3]

o
-
(3}

0.1

0.05

Hpc = 5000 Oe

—Fit

+ Experimental

150 200 250 300

Temperature (K)

Figure 57. Experimental data and fitted line of the temperature dependence of T for
[Y(TPMA)(e TCNQ)(£OH)](TCNQ), CH3CN under a 5000 Oe applied magnetic field.
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Figure 58. The temperature dependence of T for [Y(TPMA)(tTCNQ)(lt
OH)](TCNQ), CH3CN under different applied DC magnetic fields. The inset shows the
low temperature region as indicated.

Electrical conducting properties. Conductivity measurements were carried out
on pressed pellets of polycrystalline samples of [Dy(TPMA)(tTCNQ)(j+
OH)](TCNQ), CH3CN by the four-probe method. The compound behaves as a
semiconductor in the temperature range of 180-350 K with a small activation energy of

0.43 eV (Figure 59). The conductivity at room temperature is 5.0 <10 S €m™.
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Figure 59. Top: temperature dependence of the electrical conductivity. Bottom:
Arrhenius  plot  of electrical conductivity of [Dy(TPMA)(eTCNQ)(j
OH)](TCNQ), CH3CN. The red symbols are experimental data and the black line is the
linear fit with an activation energy of 0.43 eV.
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Cobalt-TCNQ-based electrically conducting SMM

It was discovered recently in the Dunbar group that the [Co(Tpm),][ClO4], (Tpm
= tris(pyrazol-1-yl)methane) and [Co(Tpm),][BPh4].-2MeCN behave as field induced
SMM s with large uniaxial anisotropy (D values around -100 cm™). The effective energy
barriers under optimized DC fields for the former and the latter are 30.6 and 44.7 cm™,
respectively.’® The Co(ll) ion is in a trigonal antiprismatic geometry, which forces the
trigonal distortion and results in the large single-ion anisotropy. The cationic part of
these two complexes are responsible for the SMM behaviors and, fortunately, they are
stable in air. Therefore, it occurred to us that the [Co(Tpm),]** cation would be a good
candidate for the incorporation of SMMs into into electrical conducting materials with
anionic TCNQ radicals.

Reaction of [Co(Tpm),]Cl, with (EtsNH)(TCNQ), in a mixture of methanol and
acetonitrile resulted in the formation of dark purple crystals of [Co(Tpm),](TCNQ); after
a few minutes. The salt crystallizes in the triclinic space group P-1 with the asymmetric
unit consisting of one-half of a [Co(Tpm),]** cation and one and one-half of TCNQ

species (Figure 60 and Table 13).
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Figure 60. Asymmetric unit of [Co(Tpm),]J(TCNQ)s. Hydrogen atoms have been
omitted for the sake of clarity.
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Table 13. Summary of

crystallographic parameters for [Co(Tpm),](TCNQ)s and
[Fe(Tpm)2](TCNQ)s.

Empirical formula Cs6H32CON24 CseFeNasH3o
Formula weight 1099.98 1096.90
Temperature/K 110.15 150.15
Crystal system triclinic triclinic

Space group P-1 P-1
alA 8.026(4) 8.122(3)
b/A 10.025(5) 10.034(3)
c/A 16.873(9) 16.752(5)
a/° 101.751(6) 101.121(4)
B/° 92.267(7) 91.063(4)
v/° 110.553(6) 111.195(4)
Volume/A® 1235.5(11) 1243.1(7)
Z 1 1
peaicglem® 1.478 1.465
wmm™ 0.416 0.372
F(000) 563.0 562.0
Crystal size/mm® 0.08 <0.06 x<0.01 0.21 x<0.18 x<0.016
Radiation MoKa (A = 0.71073) MoKa (A =0.71073)
26 range for data 2484 10 52.952 4.458 t0 50.056
collection/
Index ranges -10<h<10,-12<k<12,- | -9<h<9,-11<k<11,-19
21 <1<21 <1<19
Reflections collected 13261 11906
. 5047 [Rint = 0.2536, Rsigma = | 4387 [Rint = 0.0698, Rsigma =
Independent reflections [ 0.3876] g [ 0.0589] g
Data/restraints/parameters 5047/0/367 4387/0/367
Goodness-of-fit on F 0.926 1.074
rinal ke 201 R, = 0.0046, wR; = 0.1660 | Ry =0.0372, wR; = 0.0048
Final R indexes [all data] | R; =0.2954, wR, =0.2608 | R; =0.0449, wR, = 0.0991
Largest dlfngeak/hole /e 0.40/-0.45 0.29/-0.53

Ri =X||Fol-IFell/ZlFol. WR=[EW(|Fo|-|Fe))/[EW(Fo)?]Y2. w=0.75/(6*(Fo)+0.00010F2).
Goodness-of-fit = { = [w(Fo> - F2)?]/(n-p)}? , where n is the number of reflections and

p is the total number of parameters refined.
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Three of the TCNQ molecules stack into one triad with no long-range stacking
with each other being evident; instead, the TCNQ triads are staggered with respect to
each other (Figure 61). The TCNQ molecules are partially charged with estimated
charges from the structural parameters listed in Table 14.

Table 14. The charges (p) of different TCNQ species in [Co(Tpm)2](TCNQ)s at 110 K

as estimated from the Kistenmacher’s formula (A, B as denoted in Figure 60; b, ¢ and d
are average C-C bond distances as depicted below).

N N
\ /
N\, 4
C
Vi A\
N N
TCNQ b /A c/A d/A p

A 1.423 1.399 1.410 -0.74
B 1.425 1.385 1.426 -0.40
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Figure 61. Packing diagram of the crystal structure of [Co(Tpm)2](TCNQ)s. The
[Co(Tpm),]** cations are in green and the TCNQ species are in red.

The magnetic properties of [Co(Tpm),]J(TCNQ); are similar to the single-ion
behavior of the [Co(Tpm),]°* cation. The temperature dependence of the magnetic
susceptibility measurements were carried out under a DC magnetic field of 1000 Oe in
the temperature range of 2-300 K (Figure 62). The ¥T value of 2.7 emu-K-mol™ at 300 K
is much higher than the spin-only contributions from a Co(ll) ion (S = 3/2), which is
attributed to spin-orbit coupling. The T value remians essentially constant at 2.7
emu K mol™ (per formula unit) as the temperature is lowered to 120 K, below which
temperature it gradually decreases to ~2.0 emu K mol™ at 2.0 K. An isostructural

compound was obtained with Fe(ll) instead of Co(ll) but this compound is diamagnetic.
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Figure 62. The temperature dependence of T for [Co(Tpm),](TCNQ)3 under a 1000 Oe
DC magnetic field.
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Frequency-dependent AC magnetic studies were conducted under an optimized
DC magnetic field of 1200 Oe. Frequency-dependent peaks in the out-of-phase signals
were observed in the temperature range of 5-11 K (Figure 63 and Figure 64). Fitting of
the relaxation time to the Arrhenius law yielded an effective energy barrier of 37.8 K

and a pre-exponential factor of 3.2 <10 s (Figure 65).
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Figure 63. Temperature dependence of the in-phase (solid symbols) and out-of-phase
AC magnetic susceptibilities of [Co(Tpm),](TCNQ); under an applied DC magnetic
field of 1200 Oe.
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Figure 64. Frequency dependence of in-phase (top) and out-of-phase (bottom) AC
magnetic susceptibilities of [Co(Tpm),](TCNQ); at different temperatures under an
applied DC magnetic field of 1200 Oe.
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Figure 65. Arrhenius plot of the relaxation time, as determined from variable-
temperature AC susceptibilities of [Co(Tpm),](TCNQ)3 at temperatures between 5 and
11 K under a DC magnetic field of 1200 Oe.

Conductivity measurements were carried out on pressed pellets of polycrystalline
samples of [Co(Tpm).]J(TCNQ); by the two-probe method. It behaves as a
semiconductor over the temperature range of 125-300 K with a small activation energy

of 0.33 eV (Figure 59). The conductivity at room temperature is 1.3 x10° S €m™.
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Table 15. Bond distances for [Co(Tpm),](TCNQ)s.

Atom Atom Length/A Atom Atom Length/A
Col N1 2.132(8) N8 C13 1.145(11)
Col N1 2.132(8) N9 Cc21 1.141(11)
Col N3? 2.091(7) N10 C22 1.146(10)
Col N3 2.091(7) C11 C12 1.417(13)
Col N5? 2.122(7) C11 C13 1.431(13)
Col N5 2.122(7) C11 Cl4 1.382(11)

N1 N2 1.370(9) Cl4 C15 1.433(11)
N1 C1 1.321(11) Cl4 C19 1.413(11)
N2 C3 1.356(10) C15 C16 1.341(11)
N2 C10 1.418(10) C16 C17 1.425(11)
N3 N4 1.370(9) C17 C18 1.434(11)
N3 C4 1.340(10) C17 C20 1.385(11)
N4 C6 1.325(11) C18 C19 1.353(11)
N4 C10 1.455(10) C20 Cc21 1.430(13)
N5 NG 1.360(9) C20 C22 1.421(11)
N5 C7 1.314(10) N11 C24 1.153(10)
NG C9 1.367(10) N12 C25 1.148(11)
NG C10 1.449(10) C23 C24 1.416(12)
C1 C2 1.383(12) C23 C25 1.432(12)
C2 C3 1.354(12) C23 C26 1.399(11)
C4 C5 1.415(12) C26 Cc27 1.411(11)
C5 C6 1.350(11) C26 C28? 1.422(11)
C7 C8 1.395(12) Cc27 C28 1.344(11)
Cc8 C9 1.368(12) C28 C26° 1.421(11)
N7 C12 1.162(11)

1-X,1-Y,2-Z; 2-X,1-Y 1-Z
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Table 16. Bond angles for [Co(Tpm),](TCNQ)s.

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/’
N1 Col N1 180.0 N4 C6 C5 109.0(8)
N3 Col N1 85.3(3) N5 C7 C8 110.7(8)
N3’ Col N1! 85.3(3) C9 C8 C7 105.6(9)
N3' Col N1 94.7(3) N6 C9 C8 107.2(8)
N3 Col N1' 94.7(3) N2 C10 N4 111.6(7)
N3' Col N3 180.0 N2 C10 N6 109.9(7)
N3 Col N5 85.3(3) N6 C10 N4 109.1(7)
N3 Col N5' 94.7(3) C12 Cl1 C13 116.3(9)
N3* Col N5 94.7(3) C14 C11 C12 121.5(9)
N3 Col N5 85.3(3) Cl4 Ccl1 C13 122.2(8)
N5 Col N1' 81.7(3) N7 C12 Cl1 | 178.7(12)
N5 Col N1 98.2(3) N8 C13 C11 | 178.2(10)
N5 Col N1' 98.3(3) C11 C14 C15 120.6(8)
N5 Col N1 81.7(3) C11 Cl4 C19 120.5(8)
N5 Col N5 180.00(15) C19 Cl4 C15 118.9(8)
N2 N1 Col 118.0(6) C16 C15 C14 120.6(8)
C1 N1 Col 138.0(7) C15 C16 C17 121.0(8)
C1 N1 N2 104.0(7) C16 C17 C18 118.2(8)
N1 N2 C10 119.3(7) C20 C17 C16 121.2(8)
C3 N2 N1 111.5(7) C20 C17 C18 120.6(8)
C3 N2 C10 128.4(7) C19 C18 C17 120.6(8)
N4 N3 Col 119.0(5) C18 C19 C14 120.6(9)
C4 N3 Col 135.8(6) C17 C20 c21 121.7(8)
C4 N3 N4 105.1(7) C17 C20 C22 122.1(8)
N3 N4 C10 119.0(7) C22 C20 c21 116.2(8)
C6 N4 N3 111.0(7) N9 C21 C20 | 179.4(11)
C6 N4 C10 130.0(7) N10 C22 C20 | 179.3(10)
N6 N5 Col 116.3(5) C24 C23 C25 113.8(8)
C7 N5 Col 136.3(7) C26 C23 C24 122.1(8)
C7 N5 N6 106.9(7) C26 C23 C25 123.9(8)
N5 N6 C9 109.6(7) N11 C24 C23 | 176.2(10)
N5 NG C10 122.0(7) N12 C25 C23 | 178.6(10)
C9 N6 C10 128.0(7) C23 C26 c27 121.2(8)
N1 C1 C2 112.0(9) C23 C26 | C28° | 121.4(8)
C3 C2 C1 106.0(9) c27 C26 | C28° | 117.3(8)
C2 C3 N2 106.5(8) C28 c27 C26 122.6(9)
N3 C4 C5 109.9(8) c27 C28 | C26° | 120.1(9)
C6 C5 C4 105.0(8)
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Figure 66. Powder X-ray diffraction patterns of [Co(Tpm),](TCNQ)s. The red trace
(top) is a simulated pattern from single-crystal X-ray diffraction data of
[Co(Tpm),](TCNQ)3 and the black trace (bottom) is from a bulk polycrystalline sample.
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Figure 67. Top: temperature dependence of the electrical conductivity. Bottom:
Arrhenius plot of electrical conductivity of [Co(Tpm)2](TCNQ)s. The red symbols are
experimental data and the black line is the linear fit with an activation energy of 0.33 eV.
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Figure 68. Asymmetric unit of [Fe(Tpm),](TCNQ)s. Hydrogen atoms have been omitted
for the sake of clarity.
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Table 17. Bond distances for [Fe(Tpm),](TCNQ)s.

Atom Atom Length/A Atom Atom Length/A
Fel N2' 1.9642(17) N8 C13 1.152(3)
Fel N2 1.9642(17) N9 Cc21 1.150(3)
Fel N4 1.9610(17) N10 C22 1.144(3)
Fel N4T 1.9610(17) C11 C12 1.432(3)
Fel NG? 1.9683(17) C11 C13 1.427(3)
Fel NG 1.9683(17) c11 Cl4 1.396(3)
N1 N2 1.368(2) Cl4 C15 1.436(3)
N1 C1 1.447(3) Cl4 C19 1.435(3)
N1 C2 1.347(2) C15 C16 1.351(3)
N2 C4 1.326(3) C16 C17 1.441(3)
N3 N4 1.369(2) C17 C18 1.430(3)
N3 C1 1.447(2) C17 C20 1.395(3)
N3 C5 1.349(3) C18 C19 1.354(3)
N4 c7 1.331(3) C20 Cc21 1.425(3)
N5 NG 1.370(2) C20 C22 1.428(3)
N5 C1 1.437(3) N11 C24 1.153(3)
N5 Cc8 1.356(2) N12 C25 1.154(3)
N6 C10 1.324(3) C23 C24 1.420(3)
C2 C3 1.369(3) C23 C25 1.427(3)
C3 Cé 1.404(3) C23 C26 1.414(3)
C5 Cé 1.368(3) C26 Cc27 1.427(3)
C6 c7 1.395(3) C26 C28? 1.431(3)
C8 C9 1.361(3) C27 C28 1.360(3)
C9 C10 1.393(3) C28 C26° 1.431(3)
N7 C12 1.148(2)

1X1-Y,-Z; 21-X,1-Y 1-Z
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Table 18. Bond angles for [Fe(Tpm),](TCNQ)s.

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/’
N2* Fel N2 180.0 N2 C4 C3 111.05(18)
N2 Fel N6' 94.42(7) N3 C5 C6 106.43(18)
N2! Fel N6’ 85.58(7) C5 C6 C7 106.40(19)
N2' Fel N6 94.42(7) N4 C7 C6 110.48(18)
N2 Fel N6 85.58(7) N5 C8 C9 106.47(18)
N4' Fel N2 91.88(7) C8 C9 C10 | 105.87(18)
N4 Fel N2! 91.88(7) N6 C10 C9 111.70(18)
N4' Fel N2' 88.12(7) C13 Cl1 Cl12 | 116.39(17)
N4 Fel N2 88.12(7) Cl4 | C11 | C12 | 121.44(18)
N4 Fel N4' 180.00(8) Cl4 | c11 | c13 | 122.16(17)
N4 Fel N6' 88.33(7) N7 C12 | c11 179.3(2)
N4 Fel N6 88.33(7) N8 C13 | cu 179.6(2)
N4' Fel N6 91.67(7) Cll | C14 | C15 | 121.22(17)
N4 Fel N6’ 91.67(7) Cl1 | Cc14 | C19 | 121.00(18)
N6 Fel N6’ 180.0 C19 | c14 | ci15 | 117.78(17)
N2 N1 C1 118.73(15) Cl6 | C15 | C14 | 121.16(18)
C2 N1 N2 111.56(16) C15 | Cc16 | C17 | 121.08(18)
C2 N1 C1 129.50(17) C18 | C17 | C16 | 117.55(17)
N1 N2 Fel | 117.90(12) C20 | C17 | C16 | 120.71(18)
C4 N2 Fel | 136.86(14) C20 | C17 | C18 | 121.67(17)
C4 N2 N1 104.95(16) C19 | c18 | c17 | 121.41(17)
N4 N3 C1 118.08(15) C18 | C19 | C14 | 120.96(18)
C5 N3 N4 111.59(16) Cl7 | C20 | C21 | 121.52(18)
C5 N3 C1 130.30(17) C17 | c20 | c22 | 121.57(18)
N3 N4 Fel | 118.51(12) C21 | C20 | C22 | 116.83(18)
C7 N4 Fel | 136.39(14) N9 C21 | C20 179.0(2)
C7 N4 N3 105.10(16) N10 | C22 | C20 178.8(3)
N6 N5 C1 117.43(15) C24 | C23 | C25 | 115.86(17)
C8 N5 N6 111.71(16) C26 | C23 | C24 | 120.80(18)
C8 N5 C1 130.19(17) C26 | C23 | C25 | 123.23(17)
N5 N6 Fel | 118.85(12) N1l | C24 | C23 178.2(2)
C10 N6 Fel | 136.87(14) N12 | C25 | C23 177.6(2)
C10 N6 N5 104.24(16) C23 | Cc26 | C27 | 121.87(18)
N3 C1 N1 109.48(16) C23 | C26 | C28° | 121.01(17)
N5 C1 N1 109.16(16) C27 | C26 | C28° | 117.12(17)
N5 C1 N3 109.72(15) C28 | C27 | C26 | 121.33(18)
N1 C2 C3 107.03(17) C27 | C28 | C26° | 121.55(17)
C2 C3 C4 105.40(18)
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Figure 69. Asymmetric unit of [Ru(terpy)2]J(TCNQ); CH3CN. Hydrogen atoms have
been omitted for the sake of clarity.

131



Table 19. Summary of the crystallographic parameters for [Ru(terpy),](TCNQ)s; CH3CN

and [Ru(bpy)s](TCNQ)a.

Compound [Ru(terpy),](TCNQ)s CH3CN [Ru(bpy)s](TCNQ)4
Empirical formula CesH37N19RuU CsN2RUH40
Formula weight 1221.23 1386.39
Temperature/K 110.15 110.15
Crystal system orthorhombic triclinic
Space group Pna2; P-1
alA 18.9142(17) 13.4651(13)
b/A 8.6872(8) 15.6768(15)
c/A 33.690(3) 16.2631(16)
a/° 90 98.7730(10)
pB/° 90 95.4600(10)
v/° 90 94.1520(10)
Volume/A® 5535.7(9) 3364.2(6)
Z 4 2
peaicglem’ 1.465 1.369
wmm’ 0.348 0.297
F(000) 2488.0 1412.0
Crystal size/mm® 0.27 %0.05 x<0.03 0.2 x0.11 x0.04
Radiation MoKa (A =10.71073) MoKa (A =0.71073)
20 range for data 4.306 to 53.462 3.362 to 48.814
collection/
Index ranges -23<h<23,-10<k<10,- | -15<h<15,-18<k <18,
42<1<42 -18 <1< 18
Reflections collected 58686 30695
Independent reflections 11714 [RintOTO(;IQ(,)??]SO’ Rsigma = 11%52;5?0?0%23]83’
Data/restraints/parameters 11714/1/795 11052/0/910
Goodness-of-fit on F° 0.922 1.047

Final R indexes [[>=2c

(]

R1 = 0.0345, wR; = 0.0553

R; = 0.0344, wR, = 0.0848

Final R indexes [all data]

R1=0.0494, wR;, = 0.0587

R, =0.0434, wR, = 0.0880

Largest diff. peak/hole / e
A3

0.57/-0.88

0.59/-0.56

Flack parameter

-0.03(2)

N/A

Ry =3||Fol-|Fell/ZFol. WR=[EW(|Fol|-|Fc))/IEW(Fo)* Y2 w= 0.75/(¢°(F0)+0.00010F,°).

Goodness-of-fit = { & [w(Fo> - F2)?J/(n-p)}? , where n is the number of reflections and

p is the total number of parameters refined.
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Table 20. Bond distances for [Ru(terpy),](TCNQ)s CH3CN.

Atom Atom Length/A Atom Atom Length/A
Rul N2 2.050(3) C34 C35 1.431(6)
Rul N4 1.971(4) C34 C39 1.417(6)
Rul NG 2.064(3) C26 C16 1.472(6)
Rul N1 1.971(4) C26 c27 1.384(6)
Rul N3 2.077(3) C47 C48 1.361(5)
Rul N5 2.068(3) C47 C46 1.422(6)
N2 C10 1.373(5) C5 C4 1.378(5)
N2 C6 1.346(5) C10 C1 1.477(6)
N15 C56 1.142(5) C10 C9 1.376(5)
N4 C16 1.341(5) C61 C62 1.435(5)
N4 C20 1.343(5) C61 C60 1.435(6)
NG C30 1.346(6) C31 C33 1.425(6)
N6 C26 1.376(6) C37 C38 1.421(6)
N1 C5 1.352(5) C37 C40 1.419(6)
N1 C1 1.354(5) C59 C60 1.354(7)
N14 C54 1.146(5) C7 C6 1.386(5)
N3 C15 1.347(5) C7 Cc8 1.377(7)
N3 C11 1.372(5) C2 C1 1.388(6)
N5 C21 1.370(5) C2 C3 1.387(6)
N5 C25 1.352(5) C25 C24 1.390(6)
N11 Cad 1.159(6) C38 C39 1.365(6)
N10 C42 1.145(6) C29 c28 1.378(6)
N17 C65 1.148(5) C16 C17 1.388(5)
C30 C29 1.377(6) C57 C55 1.440(6)
N16 C57 1.144(5) N18 C66 1.129(5)
C12 C11 1.380(6) Cc27 C28 1.386(6)
C12 C13 1.381(6) C49 C48 1.426(6)
C52 C54 1.425(6) C49 C50 1.422(5)
C52 C53 1.418(6) C62 C63 1.345(5)
C52 C49 1.405(5) C55 C56 1.438(6)
C15 Cl4 1.370(5) C20 C19 1.390(6)
N12 C45 1.154(5) C43 C45 1.422(6)
N7 C32 1.153(5) C43 C46 1.415(6)
N13 C53 1.145(5) C43 Ca4 1.427(6)
C64 C65 1.433(6) C40 C42 1.430(6)
C64 C61 1.392(6) C40 ca1 1.415(6)
C64 C66 1.438(6) N9 Cal 1.148(6)
c11 C5 1.476(6) C24 c23 1.369(6)
C58 C59 1.430(6) C14 C13 1.388(6)
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Table 20. Continued.

Atom Atom Length/A Atom Atom Length/A
C58 C63 1.442(6) C3 C4 1.388(6)
N8 C33 1.155(5) C51 C50 1.362(5)
c21 C20 1.470(6) Cc8 C9 1.387(6)
C21 C22 1.390(6) C22 C23 1.372(7)
C36 C37 1.417(6) C17 C18 1.383(6)
C36 C35 1.346(6) N19 C67 1.141(7)
C32 C31 1.434(6) C68 C67 1.461(7)
C34 C3l 1.398(6) C18 C19 1.372(7)
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Table 21. Bond angles for [Ru(terpy)2](TCNQ)3z CH3sCN.

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/°
N2 Rul N6 90.27(12) C62 C61 C60 117.1(4)
N2 Rul N3 158.43(12) C34 C31 C32 120.8(4)
N2 Rul N5 92.95(13) C34 C31 C33 124.1(4)
N4 Rul N2 97.76(13) C33 C31 C32 114.9(4)
N4 Rul N6 78.94(17) C36 C37 C38 117.2(4)
N4 Rul N1 176.98(14) C36 C37 C40 121.3(4)
N4 Rul N3 103.79(14) C40 C37 C38 121.5(4)
N4 Rul N5 79.49(15) C60 C59 C58 120.9(5)
N6 Rul N3 93.06(12) C8 C7 C6 119.5(4)
N6 Rul N5 158.43(16) N13 C53 C52 178.9(5)
N1 Rul N2 79.69(14) C3 C2 Cl 118.7(4)
N1 Rul N6 102.60(17) N5 C25 C24 121.4(5)
N1 Rul N3 78.79(14) C39 C38 C37 120.6(4)
N1 Rul N5 98.96(14) C30 C29 C28 119.3(5)
N5 Rul N3 91.73(13) N4 C16 C26 112.7(4)

C10 N2 Rul 114.1(3) N4 C16 C17 120.4(4)
C6 N2 Rul 127.9(3) Cl7 C16 C26 126.8(4)
C6 N2 C10 117.8(3) N16 C57 C55 177.8(5)

C16 N4 Rul 119.6(3) C26 C27 C28 119.6(5)

C16 N4 C20 122.1(4) C52 C49 C48 121.2(4)

C20 N4 Rul 118.1(3) C52 C49 C50 121.6(4)

C30 N6 Rul 127.6(4) C50 C49 C48 117.2(4)

C30 N6 C26 118.5(4) C63 C62 C61 121.5(4)

C26 N6 Rul 113.8(3) N1 Cl C10 112.9(4)
C5 N1 Rul 119.9(3) N1 C1 C2 120.0(4)
C5 N1 Cl 121.5(4) C2 Cl C10 127.1(4)
C1 N1 Rul 118.5(3) C58 C55 C57 122.1(4)

C15 N3 Rul 127.4(3) C58 C55 C56 121.9(4)

C15 N3 Cl1 118.6(4) C56 C55 C57 115.9(4)

Cl1 N3 Rul 113.9(3) C47 C48 C49 121.6(4)

C21 N5 Rul 113.5(3) N4 C20 C21 114.0(4)

C25 N5 Rul 127.9(3) N4 C20 C19 119.5(4)

C25 N5 C21 118.6(4) C19 C20 C21 126.4(4)
N6 C30 C29 122.4(5) C36 C35 C34 120.3(4)

Cl1 C12 C13 120.0(4) C38 C39 C34 121.7(4)

C53 C52 C54 115.4(4) C45 C43 C44 115.1(4)

C49 C52 C54 122.3(4) C46 C43 C45 120.9(4)

C49 C52 C53 122.3(4) C46 C43 C44 123.8(4)
N3 C15 Cl4 122.3(4) N12 C45 C43 178.4(5)
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Table 21. Continued.

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/°
C61 C64 C65 121.9(4) C41 C40 C37 121.1(4)
C61 C64 C66 123.2(4) C41 C40 C42 115.9(4)

N3 Cl1 C12 120.9(4) N15 C56 C55 179.0(5)
N3 Cl1 C5 115.0(4) N2 C6 C7 122.4(4)
C12 Cl1 C5 124.1(4) C62 C63 C58 121.3(4)
C59 C58 C63 117.4(4) C23 C24 C25 119.6(5)
C55 C58 C59 121.3(4) N10 C42 C40 177.6(5)
C55 C58 C63 121.3(4) C15 Cl4 C13 119.5(4)
N5 C21 C20 114.4(4) C59 C60 C61 121.7(4)
N5 C21 C22 121.2(4) C12 C13 Cl4 118.7(4)
C22 C21 C20 124.4(4) C43 C46 C47 121.4(4)
C35 C36 C37 122.6(4) C43 C46 C51 121.0(4)
N7 C32 C31 178.1(5) C51 C46 C47 117.6(4)
C31 C34 C35 121.3(4) N9 C41 C40 178.4(6)
C31 C34 C39 121.3(4) N11 C44 C43 176.5(5)
C39 C34 C35 117.5(4) N18 C66 C64 176.8(5)
N14 C54 C52 177.6(5) C2 C3 C4 120.6(4)
N17 C65 C64 178.0(5) C5 C4 C3 118.7(4)
N6 C26 C16 114.6(4) C50 C51 C46 121.5(4)
N6 C26 C27 120.8(4) C51 C50 C49 121.2(4)
C27 C26 C16 124.7(4) C29 C28 C27 119.2(5)
C48 C47 C46 120.9(4) C7 C8 C9 118.7(4)
N1 C5 Cl1 112.3(4) N8 C33 C31 177.7(5)
N1 C5 C4 120.5(4) C23 C22 C21 119.3(5)
C4 C5 Cl1 127.2(4) C18 C17 C16 118.0(4)
N2 C10 Cl 114.6(4) C24 C23 C22 119.8(5)
N2 C10 C9 121.7(4) C10 C9 C8 119.7(4)
C9 C10 Cl 123.6(4) C19 C18 C17 121.0(4)
C64 C61 C62 121.2(4) N19 C67 C68 179.2(7)
C64 C61 C60 121.8(4) C18 C19 C20 119.0(5)
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Table 22. The charges (p) of different TCNQ species in [Ru(terpy)2](TCNQ); CH3CN at
110 K as estimated from the Kistenmacher’s formula (A, B, C as denoted in Figure 69;
b, c and d are average C-C bond distances as depicted below).

N N
\ /
A o 4
C
4 N\
N N
TCNQ b /A c/A d/A p

A 1.426 1.409 1.422 -0.79
B 1.384 1.410 1.4238 -1.09
C 1.437 1.388 1.436 -0.29

Extension of the synthetic methodology to other functional systems with partially
charged TCNQ species

From the aforementioned results, it can be ascertained [EtsNH](TCNQ), is a
very good starting material for the preparation of bifunctional materials with electrical
conducting properties and, as such, is also of interest for the design of other functional
cationic species such as photosensitizers.

Three compounds have been obtained with cationic species of [Ru(terpy).]*,
[Ru(bpy)s]** and [Zn(terpy).]**, respectively. It is interesting to note that the products
[Ru(terpy)2](TCNQ)s CH3CN and [Zn(terpy)2](TCNQ)..5s 3CH3CN give rise to different
structures. [Ru(terpy)2](TCNQ); CH3CN is isostructural with

[Co(terpy)2](TCNQ)3 CH3CN as discussed in Chapter I, whereas
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[Zn(terpy)](TCNQ)25 83CH3CN crystallizes in triclinic P-1 with two and one-half

TCNQ species per formula unit (Table 19, Figure 69 and Figure 70).

N19

Figure 70. Asymmetric unit of [Zn(terpy)2](TCNQ)..5s 3CH3CN. Hydrogen atoms have
been omitted for the sake of clarity.
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Table 23. Summary of crystallographic parameters for [Zn(terpy),](TCNQ),.s 3CH3CN.

Empirical formula CesHa1N19Zn
Formula weight 1165.55
Temperature/K 110.15
Crystal system triclinic

Space group P-1
alA 8.163(3)
b/A 9.859(3)
c/A 35.001(11)
a/° 89.943(3)
pB/° 87.170(3)
v/° 86.208(3)
Volume/A® 2807.3(15)
Z 2
peaicd/cm’ 1.379
wmm’ 0.500
F(000) 1200.0
Crystal size/mm® 0.17 x0.11 x0.07
Radiation MoKa (A =10.71073)
20 range for data collection/° 3.496 to 48.814
Index ranges -9<h<9,-11<k<11,-40<1<40
Reflections collected 20580
Independent reflections 8999 [Rint = 0.0691, Rsigma = 0.1102]
Data/restraints/parameters 8999/0/748
Goodness-of-fit on F* 1.076
Final R indexes [[>=2c (I)] R; =0.0766, wR, = 0.1768
Final R indexes [all data] R; =0.1132, wR, = 0.1899
Largest diff. peak/hole / e A° 0.75/-0.67

Ri =X||Fol-IFoll/EIFol. WR=[EW(|Fo|-|F))¥/[EW(Fo)?]Y2. w=0.75/(6*(Fo)+0.00010F2).

Goodness-of-fit = { = [w(Fo> - F2)?]/(n-p)}? , where n is the number of reflections and

p is the total number of parameters refined.
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Table 24. Bond lengths for [Zn(terpy).](TCNQ),.s 3CH3CN.

Atom Atom Length/A Atom Atom Length/A
Znl N1 2.090(5) N10 C39 1.156(7)
Zn1 N2 2.193(5) N11 C47 1.157(7)
Zn1 N3 2.194(5) N12 C48 1.147(7)
Zn1 N4 2.091(4) C37 C38 1.436(3)
Zn1 N5 2.164(5) C37 C39 1.430(8)
Zn1 NG 2.183(4) C37 C40 1.401(7)
N1 C1 1.348(7) C40 C41 1.429(7)
N1 Cc5 1.346(7) C40 C45 1.437(7)
N2 Cl1 1.344(7) C41 C42 1.359(7)

N2 C15 1.348(7) C42 C43 1.435(7)
N3 C6 1.347(7) C43 Cad4 1.432(7)
N3 C10 1.336(7) C43 C46 1.381(7)
N4 C16 1.338(7) C44 C45 1.356(7)
N4 C20 1.347(7) C46 C47 1.435(8)
N5 Cc21 1.359(7) C46 C48 1.440(8)
N5 C25 1.345(7) N13 C50 1.147(8)
NG C26 1.333(7) N14 C51 1.146(8)
NG C30 1.341(7) N15 C59 1.157(8)
C1 C2 1.382(8) N16 C60 1.145(8)
C1 C15 1.471(9) C49 C50 1.407(10)
C2 C3 1.389(10) C49 C51 1.421(10)
C3 C4 1.353(9) C49 C52 1.427(8)
Ca C5 1.384(3) C52 C53 1.416(8)
C5 C6 1.478(8) C52 C57 1.421(8)
C6 C7 1.393(8) C53 C54 1.375(3)
c7 Cc8 1.393(9) C54 C55 1.418(8)
C8 C9 1.358(9) C55 C56 1.428(8)
C9 C10 1.389(8) C55 C58 1.415(8)
c11 C12 1.378(9) C56 C57 1.366(8)
C12 C13 1.373(10) C58 C59 1.423(9)
C13 Cl4 1.381(11) C58 C60 1.429(10)
Cl4 C15 1.385(9) N7 C32 1.149(7)
C16 C17 1.396(7) NS C33 1.155(7)
C16 C30 1.480(7) C31 C32 1.422(8)
C17 C18 1.388(8) C3l C33 1.417(8)
C18 C19 1.383(8) C31 C34 1.416(7)
C19 C20 1.388(7) C34 C35 1.433(7)
C20 C21 1.484(8) C34 C36! 1.437(7)
c21 C22 1.385(3) C35 C36 1.346(7)
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Table 24. Continued.

Atom Atom Length/A Atom Atom Length/A
c23 C24 1.381(8) N19 C65 1.251(18)
C24 C25 1.374(8) C65 C66 1.493(19)
C26 Cc27 1.387(8) N18 C63 1.226(15)
c27 C28 1.380(8) C63 C64 1.444(16)
C28 C29 1.398(7) N17 C61 1.130(9)
C29 C30 1.389(7) C61 C62 1.445(10)

N9 C38 1.139(7)
11-X,2-Y,1-Z
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Table 25. Bond angles for [Zn(terpy),](TCNQ).5 3CH3CN.

Atom | Atom | Atom Angle/* Atom | Atom | Atom Angle/°
N1 Znl N2 75.45(19) N5 C21 C22 121.2(5)
N1 Znl N3 75.22(18) C22 C21 C20 123.7(5)
N1 Znl N4 172.03(18) C23 C22 C21 119.1(5)
N1 Znl N5 109.68(17) C22 C23 C24 120.0(5)
N1 Znl N6 100.18(17) C25 C24 C23 118.6(5)
N2 Znl N3 150.55(18) N5 C25 C24 122.3(5)
N4 Znl N2 97.84(18) N6 C26 C27 122.9(5)
N4 Znl N3 111.60(16) C28 C27 C26 118.0(5)
N4 Znl N5 75.55(17) C27 C28 C29 119.7(5)
N4 Znl N6 74.84(16) C30 C29 C28 118.5(5)
N5 Znl N2 101.22(16) N6 C30 C16 115.4(5)
N5 Znl N3 86.25(17) N6 C30 C29 121.6(5)
N5 Znl N6 150.13(17) C29 C30 C16 122.8(5)
N6 Znl N2 86.66(16) C39 C37 C38 115.8(5)
N6 Znl N3 101.02(16) C40 C37 C38 123.0(5)
Cl N1 Znl 119.0(4) C40 C37 C39 121.3(5)
C5 N1 Znl 119.4(4) N9 C38 C37 178.8(6)
C5 N1 Cl 120.8(5) N10 C39 C37 179.6(6)

Cl1 N2 Znl 127.1(4) C37 C40 C41 121.5(5)
Cl1 N2 C15 118.5(5) C37 C40 C45 120.8(5)
C15 N2 Znl 114.3(4) C41 C40 C45 117.7(5)
C6 N3 Znl 115.1(4) C42 C41 C40 121.1(5)
C10 N3 Znl 126.0(4) C41 C42 C43 121.2(5)
C10 N3 C6 118.7(5) C44 C43 C42 117.8(4)
C16 N4 Znl 119.7(4) C46 C43 C42 120.7(5)
C16 N4 C20 120.5(5) C46 C43 C44 121.6(5)
C20 N4 Znl 119.5(4) C45 C44 C43 121.0(5)
C21 N5 Znl 115.7(3) C44 C45 C40 121.3(5)
C25 N5 Znl 124.9(4) C43 C46 C47 122.5(5)
C25 N5 C21 118.8(5) C43 C46 C48 123.0(5)
C26 N6 Znl 124.5(4) C47 C46 C48 114.4(5)
C26 N6 C30 119.4(5) N11 C47 C46 178.8(6)
C30 N6 Znl 115.6(3) N12 C48 C46 178.8(6)
N1 C1 C2 120.0(6) C50 C49 C51 116.0(6)
N1 Cl C15 113.8(5) C50 C49 C52 122.7(6)
C2 Cl C15 126.2(6) C51 C49 C52 121.3(6)
Cl C2 C3 119.2(6) N13 C50 C49 177.2(7)
C4 C3 C2 119.8(6) N14 C51 C49 177.3(8)
C3 C4 C5 119.7(6) C53 C52 C49 121.0(6)
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Table 25. Continued.

Atom | Atom | Atom Angle/* Atom | Atom | Atom Angle/°
N1 C5 C6 114.3(5) C57 C52 C49 121.8(6)
C4 C5 C6 125.4(6) C54 C53 C52 121.4(6)
N3 C6 C5 115.6(5) C53 C54 C55 121.6(6)
N3 C6 C7 121.7(6) C54 C55 C56 116.9(5)
C7 C6 C5 122.7(5) C58 C55 C54 121.7(6)
C8 C7 C6 118.4(6) C58 C55 C56 121.4(6)
C9 C8 C7 119.7(6) C57 C56 C55 121.2(6)
C8 C9 C10 119.0(6) C56 C57 C52 121.9(6)
N3 C10 C9 122.4(6) C55 C58 C59 121.7(6)
N2 Cl1 C12 122.7(6) C55 C58 C60 122.9(6)

C13 C12 Cl1 118.5(7) C59 C58 C60 115.2(6)
C12 C13 Cl4 119.7(7) N15 C59 C58 177.5(8)
C13 Cl4 C15 119.0(7) N16 C60 C58 178.2(8)
N2 C15 Cl 116.4(5) C33 C31 C32 114.5(5)
N2 C15 Cl4 121.5(6) C34 C31 C32 122.6(5)
Cl4 C15 Cl 122.0(6) C34 C31 C33 122.8(5)
N4 C16 Cl7 121.4(5) N7 C32 C31 177.3(6)
N4 C16 C30 113.9(5) N8 C33 C31 176.7(6)
C17 C16 C30 124.6(5) C31 C34 C35 121.2(5)
C18 C17 C16 118.1(5) C31 C34 C36" 122.0(5)
C19 C18 Cl17 120.2(5) C35 C34 C36" 116.7(5)
C18 C19 C20 118.8(5) C36 C35 C34 121.8(5)
N4 C20 C19 120.9(5) C35 C36 C34! 121.4(5)
N4 C20 C21 113.6(5) N19 C65 C66 149.6(17)
C19 C20 C21 125.4(5) N18 C63 C64 167.2(15)
N5 C21 C20 115.1(5) N17 C61 C62 177.8(8)
11-X,2-Y,1-Z
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Figure 71. Asymmetric unit of [Ru(bpy)s](TCNQ)4. Hydrogen atoms have been omitted
for the sake of clarity.

144



Table 26. Bond distances for [Ru(bpy)s](TCNQ)s.

Atom Atom Length/A Atom Atom Length/A
Rul N1 2.0456(19) C48 C49 1.427(4)
Rul N2 2.0471(18) C49 C50 1.445(4)
Rul N3 2.0677(19) C49 C52 1.393(4)
Rul N4 2.0593(18) C50 Ch1 1.334(4)
Rul N5 2.0501(19) C52 C53 1.438(4)
Rul NG 2.0581(18) C52 C54 1.417(5)
N1 C1 1.354(3) N15 C56 1.146(3)
N1 C5 1.366(3) N16 C57 1.151(3)
N2 C6 1.355(3) N17 C65 1.151(3)
N2 C10 1.355(3) N18 C66 1.146(3)
N3 Ci1 1.353(3) C55 C56 1.428(3)
N3 C15 1.356(3) C55 C57 1.430(3)
N4 C16 1.353(3) C55 C58 1.394(3)
N4 C20 1.349(3) C58 C59 1.435(3)
N5 Cc21 1.345(3) C58 C63 1.423(3)
N5 C25 1.360(3) C59 C60 1.349(3)
NG C26 1.365(3) C60 C61 1.426(3)
N6 C30 1.343(3) C61 C62 1.436(3)
C1 C2 1.368(3) C61 C64 1.398(3)
C2 C3 1.373(4) C62 C63 1.352(3)
C3 C4 1.386(3) C64 C65 1.427(3)
C4 C5 1.388(3) C64 C66 1.427(3)
C5 C6 1.469(3) N7 C32 1.149(3)
C6 c7 1.387(3) N8 C33 1.152(3)
C7 C8 1.384(3) N9 Cal 1.152(3)
Cc8 c9 1.375(3) N10 C42 1.147(3)
C9 C10 1.371(3) C31 C32 1.426(3)
C11 C12 1.373(3) C3l C33 1.428(3)
C12 C13 1.377(4) C31 C34 1.401(3)
C13 Cl14 1.392(3) C34 C35 1.437(3)
Cl4 C15 1.388(3) C34 C39 1.428(3)
C15 C16 1.474(3) C35 C36 1.350(3)
C16 C17 1.384(3) C36 C37 1.428(3)
C17 C18 1.377(3) C37 C38 1.426(3)
C18 C19 1.369(4) C37 C40 1.397(3)
C19 C20 1.373(3) C38 C39 1.349(3)
Cc21 C22 1.373(4) C40 C41 1.425(3)
c22 c23 1.372(4) C40 C42 1.430(3)
C23 C24 1.365(4) N19 C68 1.144(3)
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Table 26. Continued.

Atom Atom Length/A Atom Atom Length/A
C25 C26 1.470(3) N21 C77 1.147(3)
C26 C27 1.383(3) N22 C78 1.148(3)
c27 C28 1.367(4) C67 C68 1.429(3)
c28 C29 1.378(4) C67 C69 1.429(3)
C29 C30 1.378(3) C67 C70 1.395(3)
N11 Cad 1.145(4) C70 C71 1.433(3)
N12 C45 1.147(3) C70 C75 1.431(3)
N13 C53 1.150(3) C71 C72 1.351(3)
N14 C54 1.153(4) C72 C73 1.433(3)
C43 Cad4 1.423(5) C73 C74 1.431(3)
C43 C45 1.436(4) C73 C76 1.394(3)
C43 C46 1.383(4) C74 C75 1.353(3)
C46 C47 1.436(4) C76 C77 1.431(3)
C46 C51 1.429(4) C76 C78 1.431(3)
c47 C48 1.341(4)
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Table 27. Bond angles for [Ru(bpy)s](TCNQ)a.

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/’
N1 Rul N2 78.82(7) N11 C44 C43 179.0(4)
N1 Rul N3 173.43(7) N12 C45 C43 178.8(4)
N1 Rul N4 95.90(7) C43 C46 C47 120.8(3)
N1 Rul N5 95.33(7) C43 C46 C51 121.8(3)
N1 Rul N6 91.63(7) C51 C46 C47 117.4(3)
N2 Rul N3 97.73(7) C48 C47 C46 121.3(3)
N2 Rul N4 92.61(7) C47 C48 C49 121.4(3)
N2 Rul N5 172.10(7) C48 C49 C50 117.2(3)
N2 Rul N6 95.65(7) C52 C49 C48 121.3(3)
N4 Rul N3 78.59(7) C52 C49 C50 121.5(3)
N5 Rul N3 88.60(7) C51 C50 C49 121.3(3)
N5 Rul N4 93.26(7) C50 C51 C46 121.5(3)
N5 Rul N6 79.10(7) C49 C52 C53 122.6(3)
N6 Rul N3 94.29(7) C49 C52 C54 123.5(3)
N6 Rul N4 169.76(8) C54 C52 C53 113.9(3)
Cl N1 Rul 126.52(17) N13 C53 C52 179.3(4)
Cl N1 C5 117.5(2) N14 C54 C52 178.9(4)
C5 N1 Rul 115.92(14) C56 C55 C57 116.4(2)
C6 N2 Rul 116.14(14) C58 C55 C56 121.7(2)
C6 N2 C10 118.1(2) C58 C55 C57 121.8(2)

C10 N2 Rul 125.68(16) N15 C56 C55 177.8(3)
Cl1 N3 Rul 126.45(16) N16 C57 C55 178.9(3)
Cl1 N3 C15 118.0(2) C55 C58 C59 120.7(2)
C15 N3 Rul 115.41(15) C55 C58 C63 121.7(2)
C16 N4 Rul 115.58(14) C63 C58 C59 117.5(2)
C20 N4 Rul 125.80(17) C60 C59 C58 120.9(2)
C20 N4 C16 118.0(2) C59 C60 C61 121.7(2)
C21 N5 Rul 126.25(16) C60 C61 C62 117.3(2)
C21 N5 C25 118.0(2) C64 C61 C60 121.4(2)
C25 N5 Rul 115.67(15) C64 C61 C62 121.3(2)
C26 N6 Rul 114.83(15) C63 C62 C61 121.0(2)
C30 N6 Rul 126.70(16) C62 C63 C58 121.5(2)
C30 N6 C26 118.22(19) C61 C64 C65 121.5(2)
N1 C1l C2 123.3(2) C61 C64 C66 122.9(2)
Cl C2 C3 119.5(2) C66 C64 C65 115.6(2)
C2 C3 C4 118.5(2) N17 C65 C64 178.5(2)
C3 C4 C5 120.1(2) N18 C66 C64 178.2(3)
N1 C5 C4 121.1(2) C32 C31 C33 116.0(2)
N1 C5 C6 114.2(2) C34 C31 C32 122.3(2)
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Table 27. Continued.

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/’
N2 C6 C5 114.7(2) N7 C32 C31 179.0(3)
N2 C6 C7 121.7(2) N8 C33 C31 178.5(2)
C7 C6 C5 123.6(2) C31 C34 C35 121.3(2)
C8 C7 C6 119.0(2) C31 C34 C39 121.2(2)
C9 C8 C7 119.4(2) C39 C34 C35 117.50(19)

C10 C9 C8 119.2(2) C36 C35 C34 121.2(2)
N2 C10 C9 122.5(2) C35 C36 C37 121.0(2)
N3 C11 Cl12 122.6(2) C38 C37 C36 117.7(2)

Cl1 C12 C13 119.7(2) C40 C37 C36 121.5(2)

C12 C13 Cl4 118.6(2) C40 C37 C38 120.7(2)

C15 Cl14 C13 119.3(2) C39 C38 C37 121.5(2)
N3 C15 Cl4 121.7(2) C38 C39 C34 121.0(2)
N3 C15 C16 114.9(2) C37 C40 C41 123.0(2)

Cl4 C15 C16 123.4(2) C37 C40 C42 120.9(2)
N4 C16 C15 114.8(2) C41 C40 C42 116.1(2)
N4 C16 Cl17 121.6(2) N9 C41 C40 178.7(2)

C17 C16 C15 123.6(2) N10 C42 C40 178.1(2)

C18 C17 C16 119.2(2) C69 C67 C68 114.9(2)

C19 C18 Cl7 119.3(2) C70 C67 C68 122.5(2)

C18 C19 C20 119.2(2) C70 C67 C69 122.6(2)
N4 C20 C19 122.5(2) N19 C68 C67 178.1(3)
N5 C21 C22 122.0(3) N20 C69 C67 177.1(3)

C23 C22 C21 120.0(3) C67 C70 C71 121.0(2)

C24 C23 C22 118.7(3) C67 C70 C75 121.5(2)

C23 C24 C25 119.7(2) C75 C70 C71 117.50(19)
N5 C25 C24 121.5(2) C72 C71 C70 121.4(2)
N5 C25 C26 114.7(2) C71 C72 C73 120.9(2)

C24 C25 C26 123.7(2) C74 C73 C72 117.9(2)
N6 C26 C25 114.89(19) C76 C73 C72 120.5(2)
N6 C26 C27 121.3(2) C76 C73 C74 121.6(2)

C27 C26 C25 123.8(2) C75 C74 C73 121.0(2)

C28 C27 C26 119.4(2) C74 C75 C70 121.3(2)

C27 C28 C29 119.7(2) C73 C76 C77 121.8(2)

C28 C29 C30 118.8(2) C73 C76 C78 122.4(2)
N6 C30 C29 122.5(2) C78 C76 C77 115.82(19)

C44 C43 C45 116.0(3) N21 C77 C76 178.7(2)

C46 C43 C44 122.3(3) N22 C78 C76 178.7(2)

C46 C43 C45 121.6(3)
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Figure 72. Top: temperature dependence of the electrical conductivity. Bottom:
Arrhenius plot of electrical conductivity of [Ru(terpy),](TCNQ)s; CH3CN. The red
symbols are experimental data and the black line is the linear fit with an activation
energy of 0.30 eV.

The product [Ru(bpy)s](TCNQ), contains four TCNQ species in the formula unit
which leads to an average charge of -0.5. Conductivity measurements were carried out
on single crystals of these three samples. The four-probe method was used on single

crystal samples of [Ru(bpy)s](TCNQ)s and [Ru(terpy).]J(TCNQ)s CH3CN.
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[Ru(terpy)2](TCNQ); CH3CN behaves as a semiconductor over the temperature range of
136-236 K with a small activation energy of 0.30 eV (Figure 72). At temperatures new
to room temperature the conductivity was unstable. [Ru(bpy)s;](TCNQ),4 behaves as a
semiconductor in the temperature range of 120-300 K with a small activation energy of
0.29 eV (Figure 73). It exhibits a good conductivity of 2.7 =< 10 S/cm and it is noted
that it also shows instability of the conductivity around room temperature.
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Figure 73. Top: temperature dependence of the electrical conductivity of
[Ru(bpy)3](TCNQ)4. Bottom: Arrhenius plot of electrical conductivity of
[Ru(bpy)s](TCNQ)4. The black symbols are experimental data and the red line is the
linear fit with an activation energy of 0.29 eV.
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Figure 74. Packing diagrams for [Zn(terpy).](TCNQ).s 3CH3CN viewed along the a
(top) and b (bottom) axes.

For [Zn(terpy).](TCNQ).5 3CH3CN, single crystal conductivity measurements
were performed by the two-probe method. The compound behaves as a semiconductor
over the temperature range of 120-300 K with a small activation energy of 0.19 eV
(Figure 75). It exhibits a lower conductivity of 3.9 x 10 S/cm at room temperature,
which is likely due to the poor packing of TCNQ species in the structure, as one of the
TCNQ species does not participate in long-range interactions which interrupts the charge

carrier pathway (Figure 74).
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Figure 75. Top: temperature dependence of the electrical conductivity. Bottom:
Arrhenius plot of electrical conductivity of [Zn(terpy)2](TCNQ).5 3CH3CN. The red
symbols are experimental data and the black line is the linear fit with an activation
energy of 0.19 eV.
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Conclusions

A series of isostructural chain-like compounds [Ln(TPMA)(JtTCNQ)(le
OH)](TCNQ), CH3CN (Ln = Dy, Gd, Y) have been synthesized. Magnetic and electrical
conductivity studies revealed that the Dy(111) compound exhibited slow relaxation of the
magnetization at 5.0-8.2 K and semiconductivity at 180-350 K. DC magnetic fields have
been found to not only suppress the quantum tunneling of the magnetization, but also
affect the spin-canted antiferromagnetic interactions in [Dy(TPMA)(tTCNQ)(j+
OH)](TCNQ), CH3CN. In addition, the increased DC magnetic field diminishes the TIP
and the delocalization of electrons in the TCNQ stacks in the compounds.

It has also been demonstrated that other functional species like SMMs and
photosensitizers such as  [Co(Tpm)o]**, [Ru(terpy)-]**, [Ru(bpy)s]** and
[Zn(terpy),]* can also be incorporated into electrically conducting bifunctional materials
through a generalized modular synthetic approach by using the easily accessible TCNQ
radical source of [EtsNH](TCNQ),. The hybrid conducting SMM [Co(Tpm),](TCNQ)3
retained the slow relaxation of the magnetization of the cationic unit and constitutes a
good example for the study of interactions between SMM units and conducting
frameworks in future work. The hybrid conducting photosensitizers will be good
examples for the study of the effect of photoirradiation on the electrically conducting

properties.
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CHAPTER IV
MAGNETIC ORDERING IN TCNQ-BASED METAL-ORGANIC FRAMEWORKS

WITH HOST-GUEST INTERACTIONS”

Introduction

Metal-organic frameworks (MOFs), also known as porous coordination polymers
(PCPs), have attracted enormous attention over the past two decades because of their
potential applications in gas separation/storage, catalysis and sensing.’®**® These
versatile crystalline materials exhibit rich structural variability and porosity and are ideal
platforms for introducing multi-functionality. The topic of MOF materials has primarily
focused on increasing porosity for gas storage but recent exciting advances are being

166,167

made in relatively underexplored areas of catalytic reactivity, electrical

71168172 and magnetic properties.'”**"* Ligand design is extremely important

conductivity
in MOF research due to the plethora of choices these organic linkers offer for the
variation of MOF topologies and functionalities. Long rigid anionic carboxylate and
phosphonate, and/or neutral N-donor ligands have been commonly used as MOF linkers
in order to ensure both large void spaces and thermodynamic stability of the framework.

Recently, the use of redox active organic linkers or those equipped with

functional groups has been on the upsurge as part of the current trend to design MOF’s

“Part of this chapter is reprinted with permission from “Magnetic ordering in TCNQ-based metal—
organic frameworks with host—guest interactions”, by Xuan Zhang, Mohamed R. Saber, Andrey P.
Prosvirin, Joseph H. Reibenspies, Lei Sun, Maria Ballesteros-Rivas, Hanhua Zhao and Kim R. Dunbar,
Inorganic Chemistry Frontiers, 2015, 2, 904-911, DOI: 10.1039/C5QI00128E, Copyright 2015 by
Chinese Chemical Society (CCS), Peking University (PKU), and the Royal Society of Chemistry.
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that display special properties such as selective gas/guest adsorption, catalytic reactivity,
charge mobility and conductivity.*”>*"® The use of redox-active linkers as alternatives to
carboxylic acid ligands in MOFs is exemplified by the implementation of ligands such as
TTF derivatives, NDIs, TCNQ", TCNQ®* and (TCNQ-TCNQ)* (TTF =
tetrathiafulvalene, NDI = naphthalenediimide, TCNQ = 7,7,8,8-tetracyanoquino-
dimethane) in the formation of MOFs,*9:99:168177-184

The investigation of MOF materials for different applications in magnetism, such

as data storage and quantum computing,'®>*%

is hindered by the fact that the long linkers
typically employed in the syntheses of MOF materials are not effective at mediating
magnetic interactions. To tackle this problem, we have been studying metal-
organocyanide linkers that are known to engender conducting and magnetic properties in
extended architectures and have potential applications in non-volatile switching and
memory devices *04960646674188  Tha  tnability of the redox activity of the
organocyanide ligands make them very promising for accessing materials that combine
semiconducting properties and magnetic ordering. Both theoretical and experimental
studies have demonstrated that doubly reduced diamagnetic organocyanide ligands are
capable of engendering effective magnetic coupling between metal spins, results that are
attributed to an energetically favorable match between the ligand pz orbitals and the
metals dr orbitals.**** In this vein, we recently studied the magnetic properties of a
series of anionic frameworks of the type [Mo(TCNQ)s]* (M= Mn, Fe, Co, Ni) and it was

found that the TCNQ? ligand promotes long range magnetic ordering despite the long

coupling pathway.®® The lack of accessible cavities in these three-dimensional materials,
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however, precluded the possibility of enhancing magnetic and electronic properties via
post-synthetic modifications or interactions with small guest molecules.

With the backdrop of previous work as a source of inspiration, we turned our
attention to guest responsive magnetic MOFs as interesting targets because of their
potential applications in molecular recognition and sensing in addition to the possibility
for fine-tuning the magnetic properties by absorption/release of small guest

molecules.}9%1%

Previously, we had found that
[Mny(TCNQF4)(CH30H)75(H20)05](TCNQF,),2¢7.5CH30H acts as a “magnetic sponge”
and can reversibly switch between a glassy magnetic and a paramagnetic state triggered
by de-solvation and solvation effects.’® Of interest in the context of this work is the
existence of TCNQ dianionic-based MOFs, M(TCNQ)(4,4’-bpy)>CH30H (M = Zn, Cd,
Mn, Fe, Co; 4,4’-bpy = 4,4°-bipyridine),>*®"708818L197  \yhich exhibit 3D structures
composed of 2D M"-TCNQ? neutral networks pillared by 4,4°-bpy (4,4’-bipyridine)
linkers. It has been shown that these redox active MOF materials preferentially absorb
aromatic solvent molecules such as benzene, nitrobenzene and anisole, leading to
distinct color changes owing to variable degrees of charge-transfer between the host
frameworks and the guest molecules (Figure 76).°” We postulated that host-guest charge-

transfer interactions could lead to guest-induced magnetic responses of the M-TCNQ

grids of the MOFs based on changes in the electron density on the TCNQ dianion.

156



Solvent exchange

}-‘1
5

>

'f—"i

Benzene, anisole,
nitrobenzene...

Fe(TCNQZ)(4,4"-bpy)>CH,OH Fe(TCNQZ)(4,4'-bpy)>Guest

Figure 76. Scheme of the solvent exchange process in Fe(TCNQ)(4,4’-bpy) where the
methanol molecules in the as-synthesized MOF can be exchanged by aromatic guest
molecules such as benzene, anisole and nitrobenzene.

Herein, we report the guest modulated magnetic properties of the MOFs,
M(TCNQ)(4,4’-bpy)>solvent (M = Fe (1), Mn(2)), with the inclusion of different
aromatic solvent molecules as well as two new 2-D network compounds,
Fe(TCNQ)(DMF), 2DMF (3, DMF = N,N-dimethylformamide) and
Fe(TCNQ)(CH3CN), 2 CHsCN. The TCNQ? anions were found to promote cooperative
interactions between the high-spin Fe' ions modulated by the aromatic guest molecules.
This case study of solvent mediated magnetic behavior of redox-active MOFs resulting
from electrostatic and steric interactions between the framework and the guest molecules
serves as a proof of concept for the realization of guest controlled magnetic MOFs.*%’
Experimental Section
Syntheses and characterization

The synthetic procedures were carried out under a nitrogen atmosphere using

standard Schlenk-line techniques. The H,TCNQ molecule was prepared according to the

literature by the reduction of TCNQ with mercaptoacetic acid.’®® The compound
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Fe(TCNQ)(4,4’-bpy)*6CH30OH was prepared by a slight modification of the reported
procedures.**®

Soaking of the Fe(TCNQ)(4,4’-bpy) MOFs in benzene, toluene, aniline,
nitrobenzene was carried out with degassed solvents under a nitrogen atmosphere.
Powder X-ray diffraction measurements were performed with a BRUKER D8-Focus
Bragg-Brentano X-ray Powder Diffractometer equipped with an CuKa radiation source
(L = 1.5406 A, 40 kV and 40 mA). The samples for magnetic measurements were
prepared by sealing crushed crystals with a minimum volume of the corresponding
solvents in quartz NMR tubes.

Fe(TCNQ)(DMF), 2DMF. A solution of 0.2 mmol of Fe(SO,),*7H,0, 0.5
mmol of Li(OAc)*2H,0 and 20 mg of ascorbic acid in methanol was layered on a
solution of 0.2 mmol of H,TCNQ in (N, N-dimethylformamide (DMF). Yellowish green
crystals formed in two days. IR: V(CN) 2196.7, 2134.5 cm™; v(CO) 1639.7 cm™.
Results and Discussions
Syntheses and structures

The formation of TCNQ?® containing coordination networks has been achieved
by disproportionation of TCNQ", the deprotonation of H,TCNQ by lithium acetate and
the direct reduction of neutral TCNQ by metal complexes.>*®!% The synthetic method
employed in this work is slightly modified from reported procedures and was carried out
using 4,4’-bpy/DMF in the absence of LiOAc to deprotonate H,TCNQ in order to
generate TCNQ® in situ. Under anaerobic conditions, layering of a solution of

FeSO4+7H,0 in CH3OH onto a mixture of H,TCNQ and 4,4’-bpy in DMF results in the
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formation of red-orange crystals of the product Fe'(TCNQ)(4,4’-bpy)>CHsOH
(1>CH30H) in three days. The reaction is considerably slower than the reported
procedures with either LIOAc as the deprotonation reagent for H,TCNQ or the
disproportionation reactions TCNQ radicals to produce TCNQ?, a favorable situation

which leads to the formation of larger single crystals.

T
Figure 77. Two of the most common coordination modes of TCNQ dianions, with
adjacent TCNQ species being perpendicular (left) and parallel (right) to each other.

The structure of the compound (1oCH3;OH) was confirmed to be the same as
previously reported by Kitagawa and coworkers.?® As they reported, data collected at
133 K reveal that the (Fe"-TCNQ?%) units form corrugated sheets with adjacent pi-
TCNQ?* bridges being arranged perpendicular to each other (Figure 77, left); these
sheets become more flattened as the temperature increases from 133 to 243 K. The 2-D
networks are pillared by 4,4’-bipyridine to form the 3-D frameworks (Figure 78) and the
cavities are filled with methanol molecules that can be replaced with aromatic guest

molecules by soaking the crystals in neat aromatic solvents. Single crystals are preserved
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during these experiments bu,t only in the case of Zn(TCNQ)(4,4’-bpy)>CsHs
compound, were the benzene molecules crystallographically located.®” For the reported
nitrobenzene and anisole soaked crystals of compound 1, the framework structures were
solved with the Fe-TCNQ network being disordered between the corrugated sheets and
the planar sheets; weak peaks of electron density were observed in the cavity and are
ascribed to disordered guest molecules. Charge-transfer between the TCNQ? in the host
framework and the guest aromatic molecules was reported previously on the basis of

diffuse reflectance UV-Vis spectra but no additional properties were reported.®

Bour o &
ww\
?m /‘ ﬁbm fﬁ 71;.

Figure 78. Structure of the metal-organic frameworks Fe(TCNQ)(4,4’-bpy)>CH3OH.
Solvent molecules are omitted for the sake of clarity.

Single crystal X-ray structures of compound 1 with different interstitial aromatic
solvents were colllectes in order to probe structure-property relationships (Table 1). For
benzene, toluene and aniline, low electron densities of the disordered solvent molecules
were observed in the frameworks. The structures were solved in the tetragonal space

group 14/mcm, which is consistent with reported structures of these frameworks.®
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Refinement of the guest molecules in the pores of the framework was carried out by
using models of the corresponding aromatic molecules to fit the residual electron
densities. The positioning of the guest molecules from refinement of 2>5CgHg is
consistent with the structure of Zn(TCNQ)(4,4’-bpy)>CsHs as previously reported
(Figure 3, right), where no intimate interaction between the aromatic guest molecules
and the host framework is observed and the planes of the aromatic molecule are vertical
to the M-TCNQ 2-D planes. Unfortunately, the crystal structure of compound
15CgHsNO, exhibited severe twinning and disorder problems and was not refined
satisfactorily.* A possible lower symmetry space group was found, as compared to
benzene, toluene and aniline containing frameworks of 1, which is consistent with the
observation of extra peaks for 1>CgHsNO; in the powder X-ray diffraction patterns (vide

infra).

Figure 79. Fragments of the crystal structure of 1>guest (benzene (left), toluene
(middle) and aniline (right)) showing the relative positions of the different guest
molecules in the MOF. The pyridyl and benzene rings are disordered, and only one of
the disordered guest molecules are shown for the sake of clarity.

In addition to the relative positions of the guest molecules in the framework,
structural distortions were also observed with the inclusion of different guest molecules

as reflected in the bond distances and angles listed in Table 1. The Fe-TCNQ 2-D sheets
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of the benzene, toluene and aniline- containing MOFs are essentially planar with respect
to the TCNQ* bridges, whereas those of 15CH;OH and 15CgHsNO, are clearly
corrugated with larger TCNQ dihedral angles. Presumably the observed structural
distortions reflect both steric and electrostatic effects of the guest molecules and are
expected to exert different effects on the magnetic coupling through the TCNQ? bridges

as well as the canting angles of the Fe(ll) centers.

Figure 80. Left: Ball and stick model of the crystal structure of Mn(TCNQ)(4,4’-
bpy)>C¢Hs with the pyridyl and benzene rings disordered. Right: A fragment of the
structure of Fe(TCNQ)(4,4’-bpy)>CsHsNO, with the TCNQ and nitrobenzene species
highlighted in a space-filling model.

In order to further investigate the effects of structural distortions as well as the
single-ion magnetic anisotropy of the metal center, two additional model compounds
were prepared, viz., Mn(TCNQ)(4,4’-bpy) (2)** with the isotropic Mn" ions and the new
2D compound Fe(TCNQ)(DMF),+2DMF (3+2DMF) with planar Fe-TCNQ networks. In
this case, DMF molecules occupy the axial positions of the Fe(ll) coordination sites due

to the absence of the pillaring ligand 4,4°-bipyridine. As in the case of the Fe"
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analogues, crystallographic studies of 22CH3OH revealed corrugated 2-D Mn-TCNQ
networks whereas a new structure for 2o5CgHg was found to contain planar Mn-TCNQ
networks with disordered benzene molecules situated vertical to the Mn-TCNQ planes
(Figure 3,right). These results further support the electrostatic nature of the interactions.
Single crystal X-ray studies of compound 3<2DMF revealed a 2D structure with flat Fe-
TCNQ sheets (the TCNQ? units are parallel to each other as shown in Figure 1b, Fe-
N(cyano) bond lengths are 2.124(5) and 2.113(6) A), with two DMF molecules

occupying the axial positions (Figure 4).

Figure 81. Packing diagram of 3 showing the flat planes of Fe"-TCNQ?.
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Single crystal X-ray crystallography

Single-crystal X-ray data were collected at 110 or 100 K on a Bruker APEX
CCD diffractometer equipped with a graphite monochormated MoKa radiation source
(A=0.71073 A) or a Synchrotron source (A=0.41328 A), respectively. Suitable crystals
were affixed to a nylon loop with Paratone oil and place in a cold steam of N»(g). The
data sets were recorded by the m-scan method and integrated followed by an absorption
correction in the Bruker APEX Il software package. Solution and refinement of the

crystal structures were carried out using the SHELXT™® and SHELXL*

programs and
the graphical interface Olex2.*** Hydrogen atoms were placed at calculated positions. A
summary of pertinent information relating to unit cell parameters are provided in Tables
S1. CCDC 1414461-1414463, 1414477 contain the supplementary crystallographic data

for this paper. These data can be obtained free of charge from the Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 28. Pertinent crystallographic data for 1osolvent and 3.

Compound 15CgHs | 12CeHsNH;, | 15CgH5CH3 3
Empirical formula CaoFeNgH3, | CasHosFeNg | CagHagFeNgs | CaaHsFeNgO4
Formula weight 676.58 602.48 600.49 552.42
Temperature/K 100 110 100 110.15
Crystal system tetragonal tetragonal tetragonal triclinic
Space group 14/mcm 14/mcm 14/mcm P-1
alA 12.3580(6) | 12.340(2) | 12.3673(3) | 7.3351(15)
b/A 12.3580(6) | 12.340(2) | 12.3673(3) | 8.8483(18)
c/A 22.9288(15) | 22.852(4) | 22.9031(6) 11.466(2)
o/° 90 90 90 82.20(3)
p/e 90 90 90 89.30(3)
v/° 90 90 90 68.41(3)
Volume/A® 3501.7(4) | 3480.0(13) | 3503.03(19) 685.0(3)
Z 4 4 4 1
pcamg/cm3 1.283 1.150 1.139 1.3391
wmm™ 0.470 0.466 0.090 0.594
F(000) 1408.0 1248.0 1248.0 290.5
Crystal size/mm?® 0.08 <0.04 | 0.1 <0.08 x| 0.04 <0.04 x| 0.15 x0.12 <
x0.04 0.04 0.04 0.1
Radiation synchrotron | MoKa (A= | synchrotron(A | Mo Ka (A =
(h= 0.71073) | =0.41328) 0.71073)
0.41328)
20 range for data 7.584 to 3.564 to 3.408 to 51t050.16
collection/< 49.836 49.986 26.536
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Table 28. Continued.

Compound 1>5CgHe 1D5CsHsNH, | 12CeHsCH3 3
Index ranges -14<h< -14<h< -13<h<13, | -8<h<8,-10
14,-14<k | 14,-14<k | -13<k<13, | <k<10,-13
<14,-27<1|<14,-27<1| -25<1<25 <I<13
<27 <27
Reflections collected 38815 15663 39663 6240
Independent reflections 835 [Rint= | 838 [Rint= 689 [Rint = 2396 [Rint =
0.0635, 0.0343, 0.0352, Rsigma | 0.0546, Rsigma
0.0152] 0.0112]
Data/restraints/parameters | 835/0/60 838/59/60 689/101/66 2396/0/172
Goodness-of-fit on F 1.182 1.335 1.122 1.052
Final R indexes [[>=26 | R; =0.0598, | R; =0.0774, | R; =0.0592, R, =0.0887,
(|)] WR; = WR; = WR; = 0.1632 WR; = 0.2517
0.1639 0.2042
Final R indexes [all data] | R; = 0.0638, | R; =0.0884, | R; =0.0609, | R; =0.1059,
WR; = WR; = WR; =0.1676 | wR, =0.2680
0.1781 0.2294
Largest diff. peak/hole /e | 0.65/-0.47 1.29/-0.52 0.56/-0.38 2.05/-1.50
A—B
Ri = ZIFl - [Fdl/ ZFl wWRy = [Zw(Fo| - [Fe)/EW(Fo)T w =

0.75/(6*(Fo)+0.00010F?).
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The structure of 1>CgHsNO, was determined with a similar unit cell (tetragonal,
a = 17.375, ¢ = 22.963) to the reported one at room temperature,® but was best refined
in a different tetragonal space group namely P42,2. However, it should be noted that this
space group is still somewhat ambiguous and the structure could only be refined
isotropically due to twinning and disorder. Several data sets were collected on single
crystals of 15CgHsNO, from different batches of reactions but the same problem
persisted. It is interesting to note from the electron density difference maps that, unlike
the cases of benzene, toluene and aniline containing frameworks of 1 and 2>CgHg Where
the plane of the aromatic molecules are situated vertical to the M-TCNQ plane (Figure 3,
left), the nitrobenzene molecule exhibits a face-to-face contact with the TCNQ moiety of
the Fe-TCNQ network (Figure 3). Such a positioning indicates the presence of m-n
stacking/electrostatic interactions between the TCNQ? anions and the polar nitrobenzene
molecules. The perpendicular orientation of the nitrobenzene dipole moment to the
TCNQ?* molecule suggests an electrostatic interaction.
Powder X-ray diffraction

Room temperature powder X-ray diffraction methods were employed to monitor
the structures of bulk samples containing different aromatic solvent molecules. The
match of the patterns indicates that the frameworks of the structures are preserved in all
cases (Figure 5). Several new peaks arising from the inclusion of different solvent
molecules may be attributed to the ordered arrangement of the corresponding solvent
molecules and the small distortions of the host frameworks resulting from the included

guest molecules.
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Figure 82. Powder X-ray diffraction patterns of Fe(TCNQ)(4,4’-bpy) with the inclusion
of different solvent molecules: methanol (black, simulated), methanol (orange,
experimental), benzene (blue), toluene (red), nitrobenzene (green) and aniline
(turquoise).

Infrared spectroscopy

Infrared spectral data, summarized in Table 2, indicate the presence of v(C=N)
stretching modes characteristic of TCNQ?*.®® The lower energies of these bands as
compared to previously reported compounds indicate a slightly higher negative charge

on the TCNQ? units, consistent with charge-transfer from aromatic guest molecules to

the TCNQ? units.
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Table 29. IR stretching frequencies of the —CN groups in different TCNQ? species.

Compound v(CN)/cm™
H,TCNQ 2257, 2204
15CH30OH 2181, 2112
15CsHs 2185, 2059
15CgHsNO, 2183, 2114

15C7Hg 2183, 2116, 2055
15CgHsNH; 2182, 2116
3 2197, 2134

Magnetic properties

The tendency of the compounds in this study to lose interstitial solvents renders it
difficult to accurately characterize them in the dry state. Owing to this situation, samples
for magnetic measurements were conducted on crushed crystals covered in a minimum
volume of the solvent in sealed quartz tubes to avoid interstitial solvent loss. The
magnetic measurements of these compounds were carried out using a SQUID MPMS
instrument over the temperature range 1.8-300 K. Diamagnetic contributions of the
intercalated and excess solvent were accounted for during the subsequent data analysis
process.

The temperature dependence of yT data are shown in figure 6. The room
temperature ¥T values (1DCH3;OH, 3.32 emu K mol™; 1oCgHg, 3.41 emu K mol™;
15C7Hs, 3.33 emu K mol™; 15CsHsNO;, 3.48 emu K mol™; 15C¢HsNH,, 3.41 emu K

mol™) correspond to the expected value for an isolated high spin iron(11) center (S=2, g
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= 2.12). Upon lowering the temperature, the T values decrease monotonically down to
~ 5 K (Figure 6) indicative of antiferromagnetic interactions. The small fluctuations in
the ¥T values above 50 K are attributed to freezing of the solvents. The temperature
dependence of the magnetic susceptibilities between 300-5K were fit to a Curie-Weiss

law with Weiss constant values of 0 =-9.4 K for 1DCH30H, -11.1 K for 12CsHsNO,

and -11.2 K for all three of 15CgHs, 15C7Hg and 15CgHsNH, (Table 1), data that
support the presence of antiferromagnetic interactions within the MOF framework
(Table 3), in addition to other possible contributing factors such as spin-orbit coupling at

high temperatures and zero-field splitting at low temperatures.
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Figure 83. Temperature dependence of the ¥T plot of the MOF Fe(TCNQ)(4,4’-bpy) in
different solvents.
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For estimation of the magnetic exchange parameter the mean field approximation

199 ¢an be used:

formula

J =36kB /(2z5(S+1)). Eq. 1
where z is the number of neighbor ions. Keeping in mind a layered motif of the
compounds in our case z = 4. The obtained values are in the Table 30.

Given the crystal structure, the magnetic susceptibility data can be alternatively
interpreted using eq. 2, describing the 4T of a 2D Heisenberg quadratic-layer
antiferromagnet. This formula, based on the isotropic Heisenberg Hamiltonian H = -
2J%;SiS; is as follows:*®

Ng?B?/2xT =3x + Y Cp/x" 1 Eq. 2
where x = kT/JS(S+1), N is Avogadro’s number, f — Bohr magneton and k — Boltzmann

constant and C, are tabulated constants. The results of fitting the data to Eq. 2 (Figure

84-Figure 88) are summarized in Table 3.
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Figure 84. The fitting of temperature dependent molar magnetic susceptibility of

15CH30H to Eq. 2. The symbols are the experimental data and the dotted lines are the
fitted data.
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Figure 85. The fitting of temperature dependent molar magnetic susceptibility of

15CgHsNH; to Eqg. 2. The symbols are the experimental data and the dotted lines are the
fitted data.
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Figure 86. The fitting of temperature dependent molar magnetic susceptibility of

15CgHg to Eq. 2. The symbols are the experimental data and the dotted lines are the
fitted data.

174



3.9 - 0.4
1Dtoluene "
3. - 0.35
25 - 0.3
©° 5 ’ =
5 3l L 0.25,g
= —— . 02 €
§ 15 . 2
|;< - 0.15 =
L - 0.1
0.5 - o, —— - 0.05
: W@—e—o-e-e-owé_e_ﬁe_eﬂo_e%% 5
0 50 100 150 200 250 300
Temperature (K)

Figure 87. The fitting of temperature dependent molar magnetic susceptibility of

15CsHsCH3to Eq. 2. The symbols are the experimental data and the dotted lines are the
fitted data.
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Figure 88. The fitting of temperature dependent molar magnetic susceptibility of
15CgHsNO; to Eq. 2. The symbols are the experimental data and the dotted lines are the
fitted data.

Table 30. Summary of the magnetic parameters in 1>guest.

-1 -1 Canting
Guest Te /K 6 /K (esjt{rcnrgted) (cajlétc,urlgted) angle
/degree
Methanol 4.5(2) -9.4 -0.41 -0.32 0.02
Aniline 4.9(5) -11.2 -0.49 -0.32 0.19
Benzene 3.9(2) -11.2 -0.49 -0.35 0.42
Toluene 3.7(2) -11.2 -0.49 -0.37 0.49
Nitrobenzene 4.7(2) -11.1 -0.48 -0.34 0.84

176



Similar behavior was observed in our recently reported [PhsPMe];[Fe2(TCNQ)s]
magnetic MOF,®® but it is worth noting that the estimated coupling constants using the
same equation for the current series is more than double of that in the former case. This
finding is presumably due to the higher degree of planarity of the bridging TCNQ units
which allows for better dn-pz overlap between the metal centers and TCNQ dianions. In
the case of [PhsPMe]s[Fe2(TCNQ)s], the planarity of the TCNQ* moiety has been
significantly disrupted (the dicyanomethyl and the phenyl fragments of TCNQ?® have an
average dihedral angle of 28.059, whereas in compound 1, the TCNQ? moiety remains
planar with only a little distortion in the case of methanol and nitrobenzene (see dihedral
angles in Table 31). Therefore, two additional magnetic superexchange coupling
pathways (through trans-7,8- and cis-7,8-cyano groups) may be contributing to the
dominate antiferromagnetic interactions in the temperature range of 300-5 K in addition
to the 7,7-cyano coupling pathway through the short end of TCNQ? as found in the case
of [PhsPMe];[Fe.(TCNQ)s]. The presence of additional coupling pathways helps to
explain the increased coupling in the current series. Given the structural similarity of the
dicyanomethyl fragment of the TCNQ? bridge and dicyanamide anion, it is noted that

they exhibit comparable magnetic coupling strength between Fe(11) centers.?*2%2
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Table 31. Summary of the structural parameters of 1oguest from single crystal X-ray

studies.
Fe- Fe- TCNQ
Space ) Fe-N- )
Guest N(cyano) N(pyridyl) o Y dihedral
rou cyano) /<
Jroup 1A 1A Y angle /°
Methanol P-42:c 2.144(2) 2.184(2) 160.01 3.84
Benzene 14/mcm 2.138(3) 2.187(5) 165.83 0
Aniline [4/mcm 2.127(4) 2.196(7) 164.62 0
Toluene [4/mcm 2.139(3) 2.196(4) 165.07 0
Nitrobenzene | P42,2 2.125 2.180 161.31 9.92

Below 5 K, maxima in T begin to appear for all samples indicating the onset of
weak ferromagnetic interactions. Taking into account that the magnetic interactions of
the metal ions through 4,4’-bpy are usually weakly antiferromagnetic,’#?%*?% the
magnetic behavior is essentially 2-D between the Fe'' centers in the frameworks bridged
by ;,L4-TCNQ2' linkers; the increase in ¥T at low temperatures can be ascribed to canted
spin states from the interlayer interactions. Structural distortions in the 2-D sheets of
Fe(TCNQ) and/or electronic interactions between TCNQ?® and the aromatic solvent
molecules are the plausible reasons for the uncompensated magnetic moments and
therefore “weak ferromagnetic” (canted antiferromagnetic) responses at 3-5 K.

Zero-field-cooled (ZFC) and field-cooled (FC) magnetization data at 10 Oe

exhibit bifurcations in all cases (Figure S1), implying that long-range ordering of the

magnetic moments is occurring. This conclusion is also supported by the appearance of
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frequency independent peaks in both the in-phase and out-of-phase AC magnetic
susceptibilities at low temperatures which suggests a magnetic transition is occurring
from a paramagnetic state with antiferromagnetic interactions to a canted
antiferromagnetic state (Figure 7). In addition, field dependent magnetization hysteresis
loops were observed for all samples at 1.8 K (Figure 91), which signifies the presence of

spontaneous magnetization below their corresponding T values.
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Figure 89. Variable temperature in-phase and out-of-phase AC magnetic susceptibility

data for the Fe(TCNQ)(4,4’-bpy) MOFs in four aromatic solvents at different AC
frequencies.
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Figure 91. Hysteresis of the Fe(TCNQ)(4,4’-bpy) MOFs at 1.8 K in different aromatic

solvents.
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Figure 92. Temperature dependence of the AC magnetic susceptibility of
Fe(TCNQ)(4,4’-bpy) after being dried under vacuum.

The field dependent magnetization curves at 1.8 K (Figure S4) did not reach
saturation even under a field of 7 T which is another piece of evidence for
uncompensated moments from the spin-canted states. The canting angles (Table 1) were
estimated from the equation #= tan (M,/M), where My = gS is the saturation
magnetization when all the moments are aligned in a parallel manner in the
structure and M, is the remnant magnetization (intercept of the linear part of

magnetization curve).?®® The largest canting angles of the 1onitrobenzene and
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15toluene are consistent with the most prominent weak ferromagnetic responses at low

temperatures.
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Figure 93. The magnetization of the Fe(TCNQ)(4,4’-bpy)>CsHsNO; at 1.8 K This is
shown as an example; other samples of Fe(TCNQ)(4,4’-bpy)>guest showed similar
behavior.

The trend of ordering temperatures in the present series is affected by the
structural distortions of the Fe(TCNQ) planes which are the main source of spin canting.
The effect of structural distortions is evident in 1DCH3;OH and 15C¢HsNO, which
exhibit corrugated Fe(TCNQ) sheets unlike the planar sheets in the structures containing
benzene, toluene and aniline. It is worth noting that the three polar solvents, CH3;OH,
CsHsNO, and CgHsNH, induce higher T, values (4.5, 4.7 and 4.9 K respectively) as
compared to the less polar benzene and toluene guest molecules (T, = 3.9 and 3.7 K,
respectively). Such an observation suggests an effect of guest polarity (Table 32) on the

ordering temperature which is consistent with the orientation of the guest molecules
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observed in the crystal structures. Another possible factor is charge-transfer between the
host frameworks and the guest molecules which was previously reported.®® Such
interactions should affect the spin density on the TCNQ? units hence the magnetic
coupling through it, but the observed T, values do not simply follow the order of =-
accepting strength of the guest molecules. It is also possible that the electrostatic
interaction between the framework and guest molecules results in changes of the
electron density on the TCNQ?, and, in turn, affects magnetic coupling.
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Table 32. A summary of pertinent polarity,”" IR and magnetic data for 1oguest.

Guest Snyder polarity index v(C=N) /cm™ Te
Methanol 6.6 2181.1, 2111.7 4.5
Aniline 6.2 2182.2,2115.8 4.9
Nitrobenzene 45 2182.6, 2113.7 4.7
Benzene 3.0 2185.0, 2059.1 3.9
Toluene 2.3 2183.0, 2116.3, 2055.3 3.7

The relationship between the distortion of the structures and the magnetic
properties can be further modeled for the 2-D network compound 3 which exhibits flat
rather than corrugated planes of Fe-TCNQ units (Figure 4). The hypothesis that
structural distortion leads to the spin-canted states in the magnetically coupled 2-D
network is further supported by this model compound. Temperature dependent magnetic
measurements performed on 3 revealed that it is a paramagnet with antiferromagnetic
interactions with no spin-canted states at low temperatures. However, the ¥T value of a

dry sample (3a) exhibits an increase at low temperatures (Figure 8a), indicating the onset
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of a spin-canted antiferromagnetic state, which is most likely due to the distortion of the
flat plane to a corrugated plane upon the loss of DMF molecules. The lack of saturation
of the magnetization for both samples indicates that the net magnetic moments stem
from uncompensated canted spin states. The observation of a hysteresis loop and
bifurcation in ZFC-FC curve (Figure 8b and Figure 95) for the dry sample 3a also
underscores the importance of structural distortion for the canted spin states in the

present series.

a s b - 1.2
3.5 =
\ 0.7
5 8 <
=
s 2.5 5 g-y
= 9 —+-Dry powder w® o :
g N -15000 $'1 5000 15000
1.5 —— -
3 -=-Solvated “q:';
';z : ()] 0.8 -
=
0.5 =
0 = 1.3 -
0 100 200 300
Temperature (K) Magnetic field (Oe)

Figure 94. Temperature dependence of the yT product (left) and hysteresis of the
magnetization (right) for Fe(TCNQ)(DMF),*2DMF.
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Figure 95. ZFC and FC magnetization data for 3.

Single-ion magnetic anisotropy was also found to play a role in the canted states
in the Fe(TCNQ)(bpy) MOFs. When the isotropic Mn" analog was used, 2oCH3;OH
exhibits only antiferromagnetic ordering at low temperatures without the presence of the
canted spin states although the 2-D networks of Mn-TCNQ are substantially corrugated

(Figure 96).
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Figure 96. The in-phase (solid symbols) and out-of-phase (hollow symbols) AC
susceptibilities of 22CH3;0OH.

Conclusions

The properties of TCNQ-based magnetic MOF materials were investigated by
magnetic, structural and infrared studies. The magnetic behavior of Fe(TCNQ)(4,4’-bpy)
MOFs can be modulated by altering the polarity and the size of the aromatic guest
molecules. In addition, an investigation of the magnetic properties of this series of MOFs
revealed that the TCNQ-dianion bridge is a promising candidate for incorporation into
magnetic MOF materials. Structural evidence was obtained to support the conclusion
that significant steric and electrostatic interactions between the polar nitrobenzene and
the negatively charged TCNQ? species occurs in the frameworks. The 2-D model

compound Fe(TCNQ)(DMF),+2DMF was synthesized and magnetic studies suggest that
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structural distortion is responsible for the transition to canted spin states. A comparison
to the isostructural Mn(ll) analogs of the MOFs indicate that single-ion magnetic
anisotropy is crucial for the presence of canted spin states in the Fe-TCNQ-based MOFs.
The magnetic phase transitions are due to the electrostatic and steric interactions
between the guest molecules and the host frameworks. The opportunity to modulate
magnetic properties by the interaction of TCNQ dianions in framework solids with
aromatic small molecules of different polarity and steric hindrance make them promising

for applications in molecule recognition and sensors.
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CHAPTER V
METAL-ORGANIC MACROCYCLES WITH BRIDGING ORGANOCYANIDE
DIANIONS: DINUCLEAR COMPLEXES AND POLYMERIC ARCHITECTURES
INCLUDING AN UNPRECEDENTED QUADRUPLE HELICAL APERIODIC

STRUCTURE"

Introduction

Molecule-based magnetic materials are of high interest due to their potential
applications in data storage and quantum computing.?*®?*® One of the most fundamental
subjects in molecular magnetism is the superexchange interactions between spin carriers
through atomic/molecular bridging ligands and, in this vein, efforts to achieve strong
coupling through relatively long organic linkers is a subject of great importance for the
synthesis of magnetic metal-organic frameworks (MOFs) and multifunctional molecular
materials.*"4192%1

The organocyanide acceptors TCNQ and DCNQI (Figure 1, TCNQ = 7,7,8,8-
tetracyanoquinodimethane, DCNQI = dicyanoquinodiimine) have been widely studied as
organic components in charge-transfer complexes that exhibit interesting magnetic and

electrically conducting properties.®:6299100107.122211 Tha djanionic forms of DCNQI are

useful bridging ligands in charge-transfer and mixed-valence molecules as reported

“Part of this chapter is reprinted with permission from “Self-Assembly of Organocyanide Dianions
and Metal-Organic Macrocycles into Polymeric Architectures Including an Unprecedented Quadruple
Helical Aperiodic Structure”, by Xuan Zhang, Hanhua Zhao, Lukas Palatinus, Kevin Gagnon, John Bacsa,
Kim R. Dunbar, Crystal Growth & Design, 2016, 16, 1805-1811, DOI: 10.1021/acs.cgd.6b00112,
Copyright 2016 by American Chemical Society.

189



before by Crutchley and coworkers for the meta- and para-dicyanamidobenzene dianions
and their derivatives.”?*#* Recently, Robson and Abrahams demonstrated that the
doubly reduced forms are also convenient ligands for metal-organic frameworks.*> As
an example of the remarkable properties imparted by these reduced organocyanide
molecules, we noted that strong antiferromagnetic coupling of J > -400 cm™ (H = -
2J51S;) between trivalent ruthenium ions in dinuclear complexes through the para-
dicyanamidobenzene dianion (DCNQI*) and a J value of ~ -100 cm™ for the mixed
valence analogues have been observed.?® In the context of this research, we became
intrigued by chemistry of the meta-dicyanamidobenzene dianion (DCNB?) which was
predicted by Ruiz and coworkers to facilitate ferromagnetic interactions between
specific paramagnetic metal ions.'*!

In addition, organocyanide dianions have been widely used as linkers in the
synthesis of metal-organic frameworks that show interesting properties of host-guest
charge-transfer interactions.>®" 8818321527218 npivasaka and coworkers have also
reported interesting magnetic superexchange interactions between paddlewheel
diruthenium complexes through TCNQ? dianions. Our group has been interested in the
superexchange interactions through TCNQ dianions in MOFs for their potential to

produce magnetic MOFs for small molecule sensing applications.®**%°
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Figure 97. Molecular structures of the organocyanide dianions DCNQI*, syn-Me-
DCNB? and the syn- and anti- conformers of DCNB?",

Dinuclear models are the simplest ones for the study of superexchange
interactions. In our pursuit of organocyanide dianions as bridging ligands in the
formation of magnetic MOFs, we targeted model complexes to study the magnetic
superexchange intereactions through organocyanide dianions in order to learn whether
they would be suitable candidates for the synthesis of magnetic MOFs. It has been
predicted from computational studies of organocyanide dianions that Kahn-Sham orbital
symmetry matching of the ortho- and para-dicyanamidobenzene dianions can mediate
strong ferro- and antiferro- magnetic coupling between paramagnetic trivalent metal
centers, respectively, despite the diamagnetic nature of these dianions.

In addition to the stronger covalent and coordination bonds in common organic

and inorganic compounds, supramolecular interactions play a central role in the self-
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assembly of functional molecular materials.”*® The elaboration of supramolecular
architectures using building block approaches has been widely employed for the
synthesis of electrical conducting and magnetic materials.*®**>??*??! |nteractions such as
weak covalent bonding, hydrogen bonding, anion-r, cation-n and 7t-7 interactions are all
of interest in this chemistry due to the crucial roles that they play in dictating the
structures and properties of the resulting materials.?2%%

Macrocyclic metal-organic complexes such as [M(dpop)(H.0),]Cl, 4H,0 (M =
Mn, Fe, Co, dpop=2,13-dimethyl-3,6,9,12,18-pentaazabicyclo-[12.3.1]octadeca-
1(18),2,12,14,16-pentaene) (Figure 2) have been used as precursors for the formation of
cyanide bridged molecular magnets with versatile architectures including polynuclear
complexes, molecular wheels and one-dimensional coordination polymers.?*? The
equatorial plane of these cationic building blocks consists of five neutral nitrogen donors
from the dpop ligand with the axial positions being occupied by two water molecules

that serve as potential labile coordination sites for bridging ligands that can lead to one-

dimensional coordination polymers.
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Figure 98. Molecular structure of the cationic metal-organic macrocycle building block
[Mn(dpop)(H20).]** and [Cr(salen)(H20),]*".

Herein, we report a series of para- and meta-dicyanamidobenzene dianion
bridged Mn(l1l1) complexes as model compounds to study their ability to mediate
magnetic superexchange coupling between Mn(lIl) ions. The organocyanide dianions
employed are para-dicyanamidobenzene (DCNQI?), 2,5-dimethyl-para-
dicyanamidobenzene (DM-DCNQI?), meta-dicyanamidobenzene (DCNB?) and 2-
methyl- meta-dicyanamidobenzene (Me-DCNB?). We investigated the electronic and
steric effects of the methyl groups on the structures and magnetic properties of the
resulting dinuclear complexes.

In another effort, self-assembly reactions of the metal-organic macrocyclic
complex [Mn(dpop)(H20),]Cl, 4H,O with the organocyanide dianions (TCNQ)%,
(DCNQI)* and (DCNB)? have been investigated. Four new coordination polymers and
one mononuclear compound, Mn(dpop)(u-anti-TCNQ) n Sol (1), Mn(dpop)(u-
DCNQI) nSol (2), {Mn(dpop)}s(u-syn-DCNB)3(u-anti-DCNB), nSol (3), Mn(dpop)(u-

anti-DCNB) - (H,0)(CHsCN) (4) and Mn(dpop)(1:-DCNB)(H,0) (5) have been

193



synthesized and structurally characterized. Compound 3 represents a rare coordination
polymer composed of quadruple helices. It was found that the (DCNB)? anion self-
assembles with metal-organic building blocks to afford a variety of chain-like structures
depending on the variable crystallization conditions. The differences in the structures of
the reported compounds are discussed in the context of the conformations of the
organocyanide ligands and the role of supramolecular interactions such as n-stacking and
hydrogen bonding interactions.?**%*
Experimental Section
Syntheses and crystallography

The reactions were carried out under a nitrogen atmosphere using standard
Schlenk-line techniques unless otherwise stated. The starting materials were used as
received without further purification. The starting materials [Mn(salen)]ClO4+2H,0 and
[Cr(salen)(H20),]CI were prepared according to reported procedures.?*2%* CAUTION!
Perchlorates are potentially explosive and should be handled with great care in small
quantities. Avoid drying, heating and grinding.

[Mn(dpop)(H20);]Cl, 4H,0,  H,DCNQI,  H,DCNB,  Hy(Me-DCNB),
[PhsAs]2(DCNB) and [PhsAs],(Me-DCNB) were prepared according to literature
methods.?**?*® The precursor [Ph,As],(DCNB) was prepared as reported in the literature
by a metathesis reaction of H,DCNB with tetraphenylarsonium chloride hydrate ina 2 M
NaOH solution.?®*

Synthesis of Mn(dpop)(#-TCNQ) 1 Sol (1). A solution of 55.3 mg (0.1 mmol)

of [Mn(dpop)(H20),]Cl,*4H,0 in 5 mL of methanol was added to a solution of 20.7 mg

194



(0.2 mmol) of H,TCNQ and 20.2 mg (0.4 mmol) of lithium acetate dihydrate in 15 mL
of methanol. After standing undisturbed overnight, the orange solution was filtered and
the filtrate was layered with diethyl ether. Orange crystals were harvested after three
days (yield: 22.5 mg, 42%). IR: v(CN) 2162 cm™, 2098 cm™.

Synthesis of Mn(dpop)(#-DCNQI) 2CH30H H,0 (2). A 110.5 mg (0.2 mmol)
sample of [Mn(dpop)(H,0),]Cl, 4H,0, 31.5 mg (0.2 mmol) of H,DCNQI and 40.6 mg
(0.4 mmol) of lithium acetate dihydrate were dissolved in 10 mL of methanol and stirred
for 1 hour after which time a mixture of diethyl ether and hexanes (1:2.5) was layered on
top of the solution. Brown crystals were harvested after four days (yield: 32 mg, 28%).
IR: v(CN) 2143 cm™.

Synthesis of {Mn(dpop)}s(u-syn-DCNB)s(u-anti-DCNB), ©1 Sol (3). A 50.8 mg
(0.1 mmol) sample of [Mn(dpop)(H20),]Cl; 4H,O and 92.1 mg (0.1 mmol) of
[PhsAs],(DCNB) were dissolved in 5 mL of methanol and 20 mL of acetonitrile was
added. Orange needles of the product formed over the course of 3 hours (yield: 36 mg,
71%). IR: v(CN) 2091 cm™.

Synthesis of Mn(dpop)(u-anti-DCNB) H,0 CH3;CN (4). A 50.8 mg (0.1
mmol) sample of [Mn(dpop)(H20);]Cl, 4H,O and 921 mg (0.1 mmol) of
[PhsAs],(DCNB) were dissolved in 5 mL of methanol and 15 mL acetonitrile. The
solution was then layered on top of 5 mL of water. Orange platelet crystals of the

product formed over the course of 3 days (yield: 4 mg, 7%). IR: v(CN) 2191 cm™.
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Synthesis of Mn(dpop)(u1-DCNB)(H20) (5). Needle-like crystals of
{Mn(dpop)}s(u-syn-DCNB)s(«-anti-DCNB), ©1 Sol were soaked in water for three days
in air and pale orange block crystals of 5 were obtained. IR: v(CN) 2193 cm™.

{Mn(salen)(CH3OH)},(u-DCNQI) CH3CN (6). A solution of 88 mg (0.2
mmol) [Mn(salen)(H,0)]CIO, in 10 mL of acetonitrile was added to a solution of
H,DCNQI (0.2 mmol, 31 mg) and 1,8-Bis(dimethylamino)naphthalene (0.4 mmol, 86
mg) in 10 mL of methanol. The mixture was stirred for 30 min and filtered before being
concentrated to ~2/3 of the volume. This solution was stored at 4 <C overnight which led
to the formation of dark brown crystals (49 mg, 26% vyield based on Mn). IR: Nujol
mulls on KBr plates: v(CN) 2092.2 cm™.

{Mn(salen)(CH30H)},(u-DM-DCNQI) (7). A solution of 88 mg (0.2 mmol) of
[Mn(salen)(H20)]CIO4 in 10 mL of methanol was added to a solution of [PhsAs],(DM-
DCNQI) (0.1 mmol, 95 mg) in 5 mL of methanol. The mixture was stirred for 30 min
and filtered before being concentrated to ~one-half of the original volume. This solution
was stored at 4<C for four days which led to the formation of brown crystals (49 mg,
26% yield based on Mn)

{Mn(salen)(CH3OH)},(u-anti-N(cyano),N(amido)-DCNB) CH3sCN (8). A
solution of 44 mg (0.1 mmol) [Mn(salen)(H,0)]CIO4 in 5 mL of methanol was added to
a solution of [PhsAs]»(DCNB) (0.1 mmol, 92 mg) in 10 mL of methanol. The mixture
was stirred for 30 min and kept at 4<C for two days which led to the formation of red

crystals.
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{Cr(salen)(CH3;OH)},(#-Me-DCNB) -CH3;CN CH30OH (9). A solution of 47 mg
of [PhsAs],(Me-DCNB) in 14 mL of methanol was layered on a solution of 44 mg (0.1
mmol) [Cr(salen)(H20);]CIO4 in 14 mL of acetonitrile. Yellow brown crystals were
harvested after four days.

Crystallography details

General data collection and structural refinement procedures. Single crystal
X-ray diffraction data of compound 1 were collected on a Bruker D8 Venture X-ray
(CuKa, A = 1.54178) diffractometer. Single crystal X-ray diffraction data of compounds
2, 4, and 5 were collected on a Bruker APEX 2 X-ray (Mo-Ka, A = 0.71073)
diffractometer. Single crystal X-ray diffraction data of compound 3 were collected on a
Bruker D8 diffractometer equipped with an Apexll CCD detector on beamline 11.3.1
(Synchrotron, A = 0.7749) at the Advanced Light Source in Berkeley, CA. Solution and
refinement of the crystal structures of compounds 1, 2, 4, and 5 were carried out using
the SHELX* suite of programs by direct methods and least squares minimization,
respectively, using the graphical interface Olex2.**

Solution and refinement details of compound 3. The analysis of the diffraction
patterns revealed an incommensurately modulated structure with highly visible first
order satellites and very faint second order satellites. Structure solution was therefore
performed directly in (3+1)-dimensional superspace by the program Superflip.2® The
analysis of the solution®®” confirmed the superspace group symbol P4/nnc(00y)0000

estimated from the symmetry of the diffraction pattern and systematic absences.
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The interpretation of the superspace electron density yielded the positions and
modulation functions of all atoms of the organometallic moieties, and revealed an
intricate structure formed by columns of interpenetrating helices that form large
channels. The contents of the channels were, however, uninterpretable in terms of
solvent molecules. The 3:2 ratio of the syn and anti forms is approximate, valid only in
the supercell description. In the actual incommensurate structure there is a (very slight)
excess of the anti form.

The structural refinement was performed also using the superspace formalism
with the program Jana2006.2*® The refinement was complicated. The modulation is very
strong and involves switching of the DCNB molecule between syn and anti
conformations (Figure 5). It is likely that the modulation involves a certain degree of
disorder, but it was impossible to model such disorder in such a complex structure with a
manageable number of parameters. Moreover, the channels contain disordered solvent
molecules which form continuous electron density in the channels. This density is also
modulated. It was impossible to locate individual solvent molecules in the channels, with
the exception of two methanol molecules and one group in the axis of the channel, which
was interpreted as an acetonitrile molecule. The density in the channels was modelled
with partially occupied carbon atoms modulated with harmonic occupational modulation
functions. All these limitations in the completeness of the structure model combined
with only a moderate quality of the diffraction data led to the refinement with a R-value
R1(obs) = 13.03%. Despite this relatively high R-value, the basic features of the

structure — the positions and connectivity of the [Mn(dpop)]> building blocks and
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DCNB? anions are undoubtedly correct and the higher-than-usual R-value is attributed
to the difficulties in accounting accurately for the residual disorder and in describing the
channel contents. During the refinement, distance only restraints on the C-O distance of
one methanol molecules and acetonitrile were used. No restraints were applied to the
DCNB or dpop moieties.

Two CIFs of this structure were deposited in CCDC. The file named
helical_superspace.cif is the CIF of the full modulated structure in the the superspace
formalism. This file can be used to analyze the modulated structure, but its use requires
sufficient knowledge of the superspace description of the modulated structures. The file
named helical_supercell.cif contains an approximation to the true modulated structure in
a five-fold supercell. This approximation is relatively good, because the length of the
modulation vector is 0.411c*, which is close to the commensurate value 0.4c* used for
the supercell approximation. This approximation thus captures most of the features of
the real structure and is easily tractable because it has a high symmetry (P4/nnc) and
relatively few independent atoms. It is still an approximation, however, and it does not
capture all the features of the model, especially not the non-periodic sequence of the syn
and anti conformations of the DCNB? moiety along the helix as well as the arrangement
of the disordered Mn(dpop) groups. An analysis of the modulated structure revealed that
the model contains ~ 2% of disordered [Mn(dpop)]** groups.

A summary of pertinent crystallographic information is provided in Table 1.

CCDC 1448303-1448308 contains the supplementary crystallographic data for this
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work. These data can be obtained free of charge from the Cambridge Crystallographic

Data Centre via www.ccdc.cam.ac.uk/data request/cif.

X-ray structural determination of 9. A pale yellow-brown plate of dimensions
0.03 x 0.02 % 0.005 mm* was mounted on a MiTeGen kapton loop in a 100(2) K
nitrogen cold stream provided by an Oxford Cryosystems Cryostream 700 Plus low
temperature apparatus on the goniometer head of a Bruker D8 diffractometer equipped
with an Apexll CCD detector on beamline 11.3.1 at the Advanced Light Source in
Berkeley, CA. Diffraction data were collected using synchrotron radiation
monochromated using silicon(111) to a wavelength of 0.7749(1) A. A two-shell data
collection was performed to optimize dynamic range, an approximate full sphere was
collected with 260 = 0.0° at 2 second exposure and an additional hemisphere was
collected with 260 = -48<at 7 second exposure. A total of 42052 reflections were
collected of which 8150 were unique [R(int) = 0.0550] and 5873 were observed [I>2c
(D]. The structure was solved by direct methods (SHELXT) and refined by full-matrix

least-squares on F* (SHELXL-2013) using 581 parameters and 14 restraints.
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Table 33. Pertinent crystallographic data for compounds 1-5.

Compound 1 2 3 4 5
Empirical formula Co7H26MnNg C23H2(7)M”N9 Ciz5H12sMnsNys CZSHaZL\llOOM C23H33:1\1903M
Formula weight 530.52 484.47 2532.3 543.54 538.52
Temperature/K 100 110 100 110 110
Crystal system triclinic monoclinic tetragonal monoclinic triclinic
Space group P-1 P21/c P4/nnc(é)0y)000 P2./c P-1
a/A 7.9873(5) 8.2615(17) 28.9206(16) 17.284(4) 7.6509(15)
b/A 13.7930(9) 27.899(6) 28.9206(16) 7.6577(15) 11.237(2)
/A 15.8770(10) 11.966(2) 37.7665(8) 19.598(4) 15.457(3)
a/° 71.108(3) 90 90 90 105.76(3)
B/° 77.419(3) 96.19(3) 90 93.58(3) 95.39(3)
v/° 74.256(3) 90 90 90 99.92(3)
Modulation vector - - 0.41065(6)c* - -
Volume 1576.53(18) 2742.0(10) 6317.6(6) 2588.8(9) 1245.8(5)
YA 2 4 8 4 2
e/ g/cm’ 1.064 1.174 1.190 1.395 1.436
p./mm'l 3.626 0.507 0.564 0.549 0.575
F(000) 500.0 1012.0 2332.6 1140.0 566.0
Crystal size/mm3 0.15x0.11 x 83;8 : 0.10x 0.08 x 0.23x0.21 x 0.27 x0.14 x
0.08 0.020 0.06 0.04 0.11
Radiation CuKa (A = MoKa (A = Synchrotron (A = MoKa (A = MoKa (A =
1.54178) 0.71073) 0.7749) 0.71073) 0.71073)
20 range for data 7.764 to 2.92to 4.164 to 3.85to
collection/® 109.612 42.506 >-421059.36 56.79 52.694
-8<h<8§, -14 -8<h<s§, - -36<h<36,-36 -22<h<23,- -9<h<9, -14
Index ranges <k<14,-16<| | 28<k<28,- | <k<36,-10<I< | 10<k<10,- | <k<14,-19<
<16 12<1<12 10,-1<m<1 26<1<26 <19
Reflections collected 20035 19638 152130 29688 13546
3864 [Rint = 3046 [Rint = 10321 [Rjc = 6439 [Rin; = 5063 [Rint =
Independent reflections 0.0356, R, = 0.1100, R, = 0.1588, R, = 0.1274,R, = 0.0236, R, =
0.0255] 0.0672] 0.0482] 0.1244] 0.0301]
D i 4/1
ata/ res"a'”sts/ parameter | 3864/ 8030/ >3 | 3046/0/300 | 10321/4/261 6439/0/346 | 5063/0/334
Goodness-of-fit on F> 1.082 1.038 3.76 1.023 1.027
o ] R,=0.0480, | R,=0.0445 | R,=0.1395 wR, | R,=0.0668, | R,=0.0667,
Final Rindexes [I>=20 (N |\ o _6 1255 | wR,=0.0931 =0.2331 WR,=0.1488 | wR,=0.1609
o R,=0.0540, | R,=00763, | R,=0.1675 wR, | R,=0.1426, | R,=0.0762,
Final Rindexes [all datal |\ 2 _51327 | wR,=0.1048 =0.2364 WR,=0.1821 | wR,=0.1674
Largest diff. peak/hole /e | 65 6 33 0.23/-0.30 1.07/-0.90 1.04/-0.53 1.39/-0.65
A
Ri = 3F Fl/ ZIF R, = [Ew(F Fe)/ 2w (Fo)*H? =
1 = ZR| - Rl IFol. WRz = [Ew(|Fo| - [F)7Ew(Fo)]™ w =

0.75/(¢*(F,)+0.00010F ;).
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Table 34. Pertinent crystallographic data for compounds 6-9.

Identification code 6 7 8 9
Empirical formula Cua66H40MNoNg 34066 | CagHsoMNoNgO | CaoHagMNoNgO | CyugHagCraNgO
7 8 6 7
Formula weight 924.05 954.83 862.70 943.94
Temperature/K 110(2) 110(2) 110(2) 100(2)
Crystal system monoclinic triclinic monoclinic orthorhombic
Space group P2,/c P-1 P2,/n Pbca
alA 9.5987(17) 8.0954(10) 12.6060(16) 17.2983(6)
b/A 18.583(3) 11.7929(14) 15.677(2) 21.2906(8)
c/A 12.656(2) 12.8286(15) 19.331(3) 24.3309(8)
o/° 90 68.0550(10) 90 90
pB/° 107.687(2) 83.802(2) 92.416(2) 90
v/° 90 81.431(2) 90 90
Volume/A® 2150.7(7) 1121.5(2) 3817.0(8) 8960.9(5)
Z 2 1 4 8
Pealcg/cm® 1.427 1.414 1.501 1.399
w/mm™ 0.649 0.626 0.723 0.689
F(000) 953.0 498.0 1784.0 3936.0
Crystal size/mm® 0.14 x0.05 x0.02 0.19 x<0.11 x 0.18 x<0.08 < | 0.030 <0.020
0.08 0.04 x%(0.005
Radiation MoKa (A =10.71073) MoKa (A= MoKa (A = synchrotron (A
0.71073) 0.71073) =0.7749)
20 range for data 5.536 to 53.446 3.428t052.744 | 3.346t0 54.206 | 5.836 to 55.65
collection/<
Index ranges -12<h<12,-23<k -10<h <10, - -16<h<16,- | -20<h<10, -
<23,-16<1<15 14<k<14,-16 | 20<k<20,-24 | 25<k<24,-
<1<16 <1<24 28 <1<29
Reflections collected 22828 12310 43535 42052
Independent reflections 4548 [Ri = 0.0678, 4555 [Rine = 8420 [Rin = 8150 [Ri =
Rsigma = 0.0555] 0.0242, Ryigma = | 0.0637, Rgigma = | 0.0550, Ryigma
0.0303] 0.0486] = 0.0550]
Data/restraints/parameter 4548/3/302 4555/3/296 8420/6/531 8150/14/581
S
Goodness-of-fit on F* 1.038 1.051 1.031 1.032
Final R indexes [[>=2c R; =0.0486, WR, = R; =0.0318, R; =0.0389, R;=0.0612,
(] 0.1145 wR, =0.0742 | wR,=0.0850 | wWR,=0.1574
Final R indexes [all data] R; =0.0797, wR, = R; =0.0396, R; = 0.0600, R; =0.0879,
0.1306 wR, =0.0780 WR, = 0.0946 WR, =0.1724
Largest diff'.& pseak/hole /e 0.92/-0.35 0.34/-0.23 0.54/-0.43 1.22/-0.53
Ri = IR - [|Fl/ ZIFol. WR; [Zw(|Fo| IFD)ZEw(Fo)’ 2. w =

0.75/(¢*(F,)+0.00010F ;).
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There are two solvent sites, one acetonitrile and the other methanol. The second
site has a residual difference peak of 1.215 eA® which does not correspond to any
logical modeling. The restraints were used to fix the distance and displacement of the
hydrogen atoms on the coordinated methanol molecules as well as to constrain the
displacement parameters of the solvent molecules. The hydrogen atoms on carbon
atoms were generated geometrically and refined as riding atoms with C-H = 0.95- 0.99
A and Uiso(H) =1.2 times Ueq(C) for CH and CH2 groups and Uiso(H) =1.5 times
Ueq(C) for CH3 groups.

Results and Discussions
Dinuclear complexes

The series of compounds are all neutral dinuclear [M(salen)(CH3OH)]
complexes bridged by dicyanamidobenzene dianions. 1,4-dicyananamidobenzene
dianion (DCNQI?*) exhibited only one conformation while the flexibility of 1,3-
dicyananamidobenzene dianion (DCNB?) allows itself to exist in syn or anti
conformations.

It has been predicted by Ruiz and coworkers that para-dicyanamidobenzene
(DCNQI) and meta-dicyanamidobenzene (DCNB) bridging dianions should result in
strong coupling (antiferromagnetic and ferromagnetic, respectively) between trivalent
transition metals based on the model compound (NH3)sM-(xz-DCNQI)-M(NHj3)s (M=Cr,
Mn, Fe).!*! Therefore, in this work, trivalent metal-salen compounds were prepared and
the reactions between [M(salen)(H,0).]CIO, (salen=N,N'-ethylenebis(salicylimine),

M=Cr, Mn and para- and meta- dicyanamidobenzene dianions were planned.
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The di-protonated forms the bridging ligands (H.DCNQI and H,DCNB) were

216234234 and they were found to be quite stable in

prepared by using literature methods
the solid state. The dianion forms of the ligands were obtained by the de-protonation of
H,DCNQI and H,DCNB using bases such as lithium acetate, triethylamine, sodium
hydroxide and proton sponge (1,8-bis(dimethylamino)naphthalene). These dianions were
introduced into the reactions by either using the preformed tetraphenylarsonium salts or

via in situ de-protonation of the di-protonated forms.

Table 35. Calculated exchange coupling constants (in cm™) between select metal ions
through DCNQI* and DCNB? bridging ligands based on the Hamiltonian H = —/S$,$,.

electron configuration J(DCNQIZ-) Jem™! J(DCNBZ-) Jem™!
3
Cr(I1I) t -161.3 +62.1
g
31
Mn(11T) t e -177.9 +116.6
2g g
3 2
Fe(III) t e —289.2 +86.5
2g g
3 2
Mn(II) t e —0.8 -0.001
2g g
6 2
Ni(II) t e +0.1 +0.14
2g g

The low dimensional compounds based on trivalent metal ions bridged by
DCNQI? will serve as models for fundamental studies of the efficacy of these bridges to
mediate exchange couplings. A dinuclear complex of {Mn(salen)(CH3OH)}.(u-DCNQI)
was obtained by the reaction of [PhsAs];[DCNQI] and Mn(salen)(H,0),]CIO, in a
mixture of CH3;CN and CH3;OH as dark brown crystals. The product
{Mn(salen)(CH3OH)}2(u-DCNQI) crystallizes in the monoclinic P2;/c space group with

the asymmetric unit being composed of one-half of a DCNQI* anion and one

204




[Mn(salen)(CH30OH)]" cation. Magnetic measurements conducted on crushed crystals of
the product showed only weak antiferromagnetic interactions between the Mn(lll)
centers. A dinuclear Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian (H = —2J5,5,)

superexchange model was employed to fit the experimental data.

) 200 12) 6] 2
_3g° 60eT +28e T +10eT+2eT .
XT=—" 20]  12] 6] 2] (equatlon 3)

8 9e T +7¢ T +5eT +3eT +1

For an S=2 system, the T value was obtained from the Van Vleck equation as
shown in Equation 3, and the best fitting resulted in a coupling constant of J = -0.28 cm™
and g = 1.97 (Figure 100). These results indicate that very weak antiferromagnetic
interactions through the DCNQI* bridging ligand are occurring in this case. This
situation is quite different from the claims of Ruiz and coworkers, who predicted the
coupling of Mn(l11) through DCNQI* would be strongly antiferromagnetic with J= -89
cm .1 This discrepancy could be explained by the strong Jahn-Teller distortion along
the axial direction (perpendicular to the Mn-salen plane) of the Mn(lll) coordination
sphere, which causes an elongation of Mn1-N3 distance (2.243(3) A) and a bending of
the Mn1-N3-C17 angle (157.2(3)°). In their calculations, the molecular parameters were
adopted from a compound reported by Crutchley and coworkers, (NH3)sRu-(«-DCNQI)-
Ru(NHa)s, and a metal-nitrogen (M-N) bond distance of 1.938 A and a metal-nitrogen-
carbon (M-N-C) bond angle of 175° were used.?*® The longer Mn-N distance and smaller
Mn-N-C angle caused by Jahn-Teller distortion in {Mn(salen)(CH3;OH)}»(x-DCNQI) of
this study will cause diminished dmn-pm overlap between the metal and the bridging

DCNQI?. As a result, the ability of DCNQI? to mediate antiferromagnetic interactions

205



in {Mn(salen)(CH3;OH)},(x-DCNQI) is much weaker than the theoretical prediction and
that found for (NH3)sRu-(u-DCNQI)-Ru(NHs)s. In another compound, DM-DCNQI with
two electron-donating methyl groups was employed instead of DCNQI but the product
{Mn(salen)(CH3OH)}2(u-DM-DCNQI) (7) showed weak antiferromagnetic interactions
as well. The dinuclear complex of {Mn(salen)(CH3;OH)}.(u-DM-DCNQI) was obtained
as dark brown crystals by the reaction of [PhsAs],[DM-DCNQI] and
Mn(salen)(H,0),]CIO4 in CH3OH. Different from {Mn(salen)(CH30OH)}.(u-DCNQI),
the product {Mn(salen)(CH3;OH)}2(x-DM-DCNQI) crystalizes in the triclinic P-1 space
group with the asymmetric unit being composed of one-half of a DM-DCNQI* anion
and one [Mn(salen)(CHsOH)]" cation. The Mn-N3 bond distance (2.179(2) A) of
{Mn(salen)(CH3;0H)}.(u-DM-DCNQI) (7) IS shorter  than that in
{Mn(salen)(CH30H)},(u-DCNQI) (2.243(3) A) but the Mn1-N3-C1 bond angle
(135.5(1)°) of the former is more bent than the latter (157.2(3)°). Hydrogen bonding
interactions between the cyano-N atom and hydroxyl group of the methanol molecule
also contributes to the distortion of Mn1-N3-C1 bond (Figure 102). It is possible that the
bent Mn1-N3-C1 bond angle weakens the dn-pm overlap between the metal and the

bridging DM-DCNQI?* ligand.
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Figure 99. Asymmetric unit (top) and molecular structure (bottom) of the crystal
structure of {Mn(salen)(CH3OH)}.(1-DCNQI) (6). Thermal ellipsoids are drawn at the
50% probability level. Hydrogen atoms and disordered free solvent molecules are
omitted for the sake of clarity.
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Table 36. Bond distances of {Mn(salen)(CH3OH)}»(u-DCNQI) (6).

Atom Atom Length/A Atom Atom Length/A
Mn1 02 1.884(2) C10 C11 1.444(4)
Mn1 o1 1.877(2) C16 C11 1.415(4)
Mn1 03 2.315(2) C16 C15 1.412(4)
Mn1 N1 1.979(2) Cé C5 1.406(4)
Mn1 N2 1.989(3) C11 C12 1.412(4)
Mn1 N3 2.243(3) C9 C8 1.523(4)

02 C16 1.322(4) C2 C3 1.375(4)
01 C1 1.317(3) C18 C19 1.385(4)
03 c21 1.426(4) C18 C20 1.391(4)
N1 c7 1.279(4) Cl4 C15 1.372(4)
N1 Cc8 1.477(4) Cl4 C13 1.384(5)
N2 C10 1.281(4) C5 C4 1.367(4)
N2 C9 1.473(4) C12 C13 1.377(4)
N3 C17 1.166(4) C19 C20" 1.389(4)
N4 C17 1.204(4) C20 C19" 1.389(4)
N4 C18 1.422(4) C4 C3 1.411(4)
c7 Cé 1.434(4) C22 N5 1.186(10)
C1 C6 1.425(4) C22 C23 1.315(9)
C1 C2 1.400(4)

12-X,1-Y,1-Z
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Table 37. Bond angles of {Mn(salen)(CH3OH)},(u-DCNQI) (6).

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/°
02 Mnl 03 92.63(8) 01 Cl C2 118.7(3)
02 Mn1 N1 173.23(10) C2 Cl C6 117.6(3)
02 Mn1 N2 91.31(9) N2 C10 Cl1 124.7(3)
02 Mn1 N3 95.35(9) 02 C16 Cl1 123.9(3)
01 Mn1 02 93.65(9) 02 C16 C15 118.4(3)
01 Mnl 03 87.82(9) C15 C16 Cl1 117.7(3)
01 Mn1 N1 92.51(9) Cl C6 C7 122.9(3)
01 Mn1 N2 173.25(9) C5 C6 C7 117.2(3)
01 Mn1 N3 93.72(9) C5 C6 Cl 119.8(3)
N1 Mn1 03 84.81(9) C16 Cl1 C10 122.5(3)
N1 Mn1 N2 82.33(10) C12 Cl1 C10 118.0(3)
N1 Mn1 N3 87.04(10) C12 Cl1 C16 119.4(3)
N2 Mn1 03 87.39(9) N2 C9 C8 106.9(2)
N2 Mn1 N3 90.35(10) C3 C2 Cl 121.3(3)
N3 Mn1 03 171.76(8) C19 C18 N4 118.4(3)

C16 02 Mn1 127.02(19) C19 C18 C20 117.9(3)
Cl 01 Mn1 128.43(18) C20 C18 N4 123.6(3)
C21 03 Mn1 120.65(18) C15 Cl4 C13 121.6(3)
C7 N1 Mn1 125.5(2) N1 C8 C9 106.6(2)
C7 N1 C8 121.6(3) Cl4 C15 C16 121.1(3)
C8 N1 Mn1 112.85(18) C4 C5 C6 121.6(3)
C10 N2 Mn1 125.6(2) C13 C12 Cl1 121.5(3)
C10 N2 C9 121.1(3) C12 C13 Cl4 118.7(3)
C9 N2 Mn1 113.22(18) C18 C19 C20° 120.9(3)
C17 N3 Mn1 157.2(3) C19* C20 C18 121.1(3)
Cl7 N4 C18 117.9(3) C5 C4 C3 118.5(3)
N1 C7 C6 125.5(3) C2 C3 C4 121.1(3)
N3 C17 N4 175.7(3) N5 C22 C23 167.5(8)
01 Cl C6 123.6(3)

12-X,1-Y,1-Z
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Figure 100. Temperature dependence of the yT of {Mn(salen)(CH30H)}2(u-DCNQI)
(6) showing both the experimental data (solid square) and fitting result (solid line).
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Figure 101. Asymmetric unit (top) and molecular structure (bottom) of the crystal

structure of {Mn(salen)(CH3OH)}.(u-DM-DCNQI) (7). Thermal ellipsoids are drawn at
the 50% level- these are not thermal ellipsoids. Hydrogen atoms and free solvent

molecules are omitted for the sake of clarity.
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Figure 102. Crystal structure of {Mn(salen)(CH3;OH)}.(u-DM-DCNQI) (7) showing the
hydrogen bonding interactions between the cyano-nitrogen and hydroxyl group of the
methanol molecule.

Table 38. Bond distances of {Mn(salen)(CH3OH)}»(u-DM-DCNQI) (7).

Atom Atom Length/A Atom Atom Length/A
Mn1 o1 1.8778(12) C4 c2! 1.391(2)
Mn1 02 1.9067(12) C4 C5 1.508(2)
Mn1 03 2.3428(13) C6 C7 1.408(2)
Mn1 N1 1.9815(15) C6 C11 1.420(2)
Mn1 N2 1.0954(14) C7 C8 1.379(2)
Mn1 N3 2.1786(15) Cc8 C9 1.399(3)

01 C6 1.324(2) C9 C10 1.371(3)
02 c21 1.332(2) C10 C11 1.414(2)
03 c22 1.435(2) C11 C12 1.439(2)
N1 C12 1.291(2) C13 Cl4 1.521(3)
N1 C13 1.475(2) C15 C16 1.438(3)
N2 Cl4 1.472(2) C16 C17 1.416(2)
N2 C15 1.288(2) C16 c21 1.424(2)
N3 C1 1.189(2) C17 C18 1.368(3)
N4 C1 1.267(2) C18 C19 1.399(3)
N4 C3 1.413(2) C19 C20 1.382(3)
C2 C3 1.398(2) C20 C21 1.400(3)
C2 c4 1.391(2) 04 C23 1.409(3)
C3 C4 1.405(2)

LX,1-Y,-Z
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Table 39. Bond angles of {Mn(salen)(CH3OH)}»(u-DM-DCNQI) (7).

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/’
01 Mnl 02 94.25(5) C2 C3 C4 119.27(16)
01 Mn1 03 85.51(5) C4 C3 N4 117.07(15)
01 Mn1 N1 92.13(6) c2' C4 C3 118.58(16)
01 Mn1 N2 171.41(6) c2' C4 C5 121.50(16)
01 Mn1 N3 96.67(5) C3 C4 C5 119.92(16)
02 Mnl 03 87.89(5) 01 C6 C7 118.51(15)
02 Mn1 N1 172.18(6) 01 C6 Cl1 123.57(15)
02 Mn1 N2 91.37(6) C7 C6 Cl1 117.91(16)
02 Mnl N3 92.01(6) C8 C7 C6 121.19(17)
N1 Mn1 03 88.11(5) C7 C8 C9 121.07(17)
N1 Mn1 N2 81.79(6) C10 C9 C8 118.84(17)
N1 Mn1 N3 91.73(6) C9 C10 Cl1 121.67(17)
N2 Mnl 03 88.22(5) C6 Cl1 C12 123.26(16)
N2 Mn1 N3 89.61(6) C10 Cl1 C6 119.30(16)
N3 Mn1 03 177.82(5) C10 Cl1 C12 117.43(16)
C6 01 Mnl 128.96(11) N1 C12 Cl1 124.75(16)

C21 02 Mn1 126.41(11) N1 C13 Cl4 107.02(14)
C22 03 Mn1 127.84(11) N2 Cl4 C13 107.16(14)
C12 N1 Mn1 126.00(12) N2 C15 C16 125.26(16)
C12 N1 C13 120.23(15) C17 C16 C15 117.63(16)
C13 N1 Mn1 113.71(11) Cl7 C16 C21 118.97(17)
Cl14 N2 Mn1 113.77(11) C21 C16 C15 123.31(16)
C15 N2 Mnl 124.63(13) C18 C17 C16 121.56(17)
C15 N2 Cl4 121.36(15) Cl17 C18 C19 119.33(17)
C1l N3 Mnl 135.46(13) C20 C19 C18 120.54(18)
Cl N4 C3 121.30(15) C19 C20 C21 121.45(17)
N3 Cl N4 173.22(19) 02 C21 C16 123.22(16)
c4' C2 C3 122.14(16) 02 C21 C20 118.60(16)
C2 C3 N4 123.66(15) C20 C21 C16 118.16(16)
LX,1-Y,-Z
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As the para-dicyanamidobenzene dianions (DCNQI) did not give rise to strong
antiferromagnetic coupling between Mn(lll) centers as expected, the meta-
dicyanamidobenzene dianions were also employed as bridging ligands to test if this
ligand would mediate ferromagnetic coupling between trivalent metal ions. In order to
obtain the dinuclear complex of [Mn(salen)(CH3OH)]* bridged by DCNB? in a similar
fashion to the ones bridged by DCNQI* and DM-DCNQI*, the reaction between
[PhsAs]o[DCNB] and Mn(salen)(H,0),]CIO, was carried out in a mixture of CH3;OH
which led to dark brown crystals. Surprisingly, the crystals turned out to be
{Mn(salen)(CH3;0H)},(u-anti-N(cyano),N(amido)-DCNB)*CH3;CN which is different
from the terminal nitrogen bridged dinuclear complexes of {Mn(salen)(CH3OH)}(u-
DCNQI) and {Mn(salen)(CH30H)},(«-DM-DCNQI). {Mn(salen)(CH3OH)}»(u-anti-
N(cyano),N(amido)-DCNB)*CH3CN crystalizes in the monoclinic P2;/c space group
with the asymmetric unit being composed of one DCNB? anion and one
[Mn(salen)(CH3OH)]" cation. It is worth noting that the two Mn-N bond distances are
quite different with Mn1-N3(cyano) and Mn2-N5(imido) being 2.175 (2) and 2.260(2) A,
respectively. The former is similar to the Mn1-N3 bond distance in
{Mn(salen)(CH30H)},(u-DM-DCNQI) (2.179(2) A) while the latter is close to the Mn1-
N3 bond distance in {Mn(salen)(CH3OH)}2(u-DCNQI) (2.243(3) A). The DCNB*
bridged dinuclear molecules are engaged in hydrogen bonding interactions with each
other through the methanol oxygen and salen oxygen atoms of the adjacent molecules
(Figure 104). Phenyl rings of the salen ligands also engage in n-7 stacking interactions

(Figure 105). As a result, only weak antiferromagnetic interactions have been observed
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in {Mn(salen)(CH30H)},(u-anti-N(cyano),N(amido)-DCNB)*«CH3CN. Fitting of the
experimental temperature dependent yT data to a Curie-Weiss law revealed a Weiss

constant of -1.0 cm™ and a g value of 1.95 (Figure 106).

Figure 103. Asymmetric unit of the crystal structure of {Mn(salen)(CH3;OH)},(u-anti-
N(cyano),N(amido)-DCNB)*CH3CN (8). Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms are omitted for the sake of clarity.
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Figure 104. Crystal structure of {Mn(salen)(CH3OH)},(n-anti-N(cyano),N(amido)-

DCNB)*CH3CN (8) showing the hydrogen bonding interactions between the methanol
and salen oxygen atoms of the adjacent molecules.

Figure 105. Crystal structure of {Mn(salen)(CH3OH)},(n-anti-N(cyano),N(amido)-
DCNB)*CH3CN (8) showing the n-m stacking interactions between the phenyl rings of
the salen ligands.
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Table 40. Bond distances of {Mn(salen)(CH3;OH)}»(u-anti-N(cyano),N(amido)-
DCNB)*CH3CN (8).

Atom Atom Length/A Atom Atom Length/A
Mn1 02 1.8777(16) C26 C31 1.419(3)
Mn1 01 1.9111(16) C26 Cc27 1.400(3)
Mn1l 05 2.3110(16) C17 C16 1.517(3)
Mn1 N2 1.9823(19) C5 C6 1.401(3)
Mn1 N3 2.1753(19) C5 C4 1.384(3)
Mn1 N1 1.9988(19) C18 C19 1.439(3)
Mn2 04 1.9055(16) C24 C19 1.412(3)
Mn2 03 1.8759(16) C24 c23 1.404(3)
Mn2 06 2.3278(17) C33 C34 1.519(3)
Mn2 N8 1.9755(19) C32 C3l 1.436(3)
Mn2 N5 2.2602(19) C6 C7 1.392(3)
Mn2 N7 2.0011(19) C3l C30 1.409(3)

04 C4l 1.342(3) C15 Cl4 1.440(3)
03 C26 1.332(3) C7 C2 1.385(3)
02 C24 1.323(3) C36 C35 1.441(3)
01 c9 1.337(3) C36 C37 1.404(3)
05 C25 1.418(3) Cl4 C9 1.409(3)
06 C42 1.422(3) Cl4 C13 1.412(3)
N8 C33 1.473(3) C9 C10 1.407(3)
N8 C32 1.286(3) C19 C20 1.413(3)
N2 C17 1.476(3) C10 C11 1.384(3)
N2 C18 1.288(3) C4 C3 1.381(3)
N5 Cc8 1.319(3) C13 C12 1.375(4)
NS C6 1.417(3) C30 C29 1.371(4)
N4 C1 1.281(3) c23 C22 1.384(3)
N4 C2 1.408(3) C40 C39 1.381(3)
N7 C35 1.281(3) C2 C3 1.401(3)
N7 C34 1.477(3) C39 C38 1.387(4)
N3 C1 1.178(3) C37 C38 1.375(4)
N1 C15 1.285(3) C11 C12 1.389(4)
N1 C16 1.472(3) C20 C21 1.363(4)
NG Cc8 1.166(3) c22 C21 1.398(4)
C41 C36 1.410(3) C28 Cc27 1.375(3)
c41 C40 1.402(3) c28 C29 1.390(4)
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Table 41. Bond angles of {Mn(salen)(CH3;OH)},(u-anti-N(cyano),N(amido)-
DCNB)*CH3CN (8).

Atom Atom Atom Angle/ Atom Atom Atom Angle/®
02 Mn1 o1 95.76(7) 03 C26 C31 122.8(2)
02 Mn1 05 89.18(7) 03 C26 c27 118.7(2)
02 Mn1 N2 91.68(7) c27 C26 C31 118.4(2)
02 Mn1 N3 94.41(7) N2 C17 Cl6 106.57(18)
02 Mn1 N1 173.06(7) C4 C5 C6 119.3(2)
o1 Mn1 05 86.70(6) N2 C18 C19 124.7(2)
o1 Mn1 N2 170.78(7) 02 C24 C19 123.6(2)
o1 Mn1 N3 91.06(7) 02 C24 c23 118.3(2)
o1 Mn1 N1 90.43(7) c23 C24 C19 118.1(2)
N2 Mn1 05 87.97(7) N8 C33 C34 106.17(18)
N2 Mn1 N3 93.80(7) N6 c8 N5 176.0(2)
N2 Mn1 N1 81.87(8) N8 C32 C31 124.4(2)
N3 Mn1 05 175.94(7) C5 C6 N5 118.6(2)
N1 Mn1 05 88.03(7) Cc7 Cé N5 122.6(2)
N1 Mn1 N3 88.60(7) c7 [ C5 118.8(2)
04 Mn2 06 90.08(6) C26 C31 C32 123.0(2)
04 Mn2 N8 172.30(7) C30 C31 C26 119.2(2)
04 Mn2 N5 95.07(7) C30 C31 C32 117.7(2)
04 Mn2 N7 90.99(7) N1 C15 Cl4 125.5(2)
03 Mn2 04 94.46(7) C2 c7 C6 121.9(2)
03 Mn2 06 90.15(7) cal C36 C35 123.6(2)
03 Mn2 N8 91.84(7) C37 C36 cal 119.1(2)
03 Mn2 N5 95.68(7) C37 C36 C35 117.2(2)
03 Mn2 N7 171.57(8) N1 C16 c17 107.33(18)
N8 Mn2 06 85.49(7) C9 Cl4 C15 123.1(2)
N8 Mn2 N5 88.69(7) C9 Cl4 C13 119.1(2)
N8 Mn2 N7 82.26(8) C13 Cl4 C15 117.8(2)
N5 Mn2 06 171.89(7) 01 C9 Cl4 122.8(2)
N7 Mn2 06 83.41(7) 01 C9 C10 118.2(2)
N7 Mn2 N5 90.22(7) C10 C9 Cl4 118.9(2)
ca1 04 Mn2 129.49(14) C24 C19 C18 122.9(2)
C26 03 Mn2 125.91(14) C24 C19 C20 119.5(2)
C24 02 Mn1 127.68(15) C20 C19 C18 117.6(2)
C9 o1 Mn1 125.90(14) N7 C35 C36 125.4(2)
C25 05 Mn1 134.56(15) Cl1 C10 C9 120.5(2)
c42 06 Mn2 134.76(15) C3 c4 C5 121.8(2)
C33 N8 Mn2 112.96(14) N7 C34 C33 108.51(18)
C32 N8 Mn2 125.82(16) C12 c13 Cl4 121.2(2)
C32 N8 C33 121.21(19) C29 C30 C31 121.1(2)
c17 N2 Mn1 113.33(14) C22 c23 C24 121.0(2)
c18 N2 Mn1 125.64(16) C39 C40 cal 120.3(2)
C18 N2 c17 121.03(19) Cc7 c2 N4 117.2(2)
[ N5 Mn2 111.35(14) Cc7 c2 C3 118.8(2)
c8 N5 C6 115.21(18) C3 c2 N4 123.9(2)
C6 N5 Mn2 122.90(14) C40 C39 C38 121.5(2)
C1 N4 C2 118.36(19) C38 C37 C36 121.7(2)
C35 N7 Mn2 126.66(16) C10 Cl1 C12 120.9(2)
C35 N7 C34 120.4(2) c21 C20 C19 121.4(2)
C34 N7 Mn2 112.90(14) C13 C12 Cl1 119.5(2)
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Figure 106. Temperature dependence of the T and 1/x data for
{Mn(salen)(CH3OH)},(u-anti-N(cyano),N(amido)-DCNB)*CH3CN (8) showing both the
experimental data (blue and green dotted lines) and fitting result according to the Curie-
Weiss law (pink and red lines).
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Figure 107. Asymmetric unit of the crystal structure of {Cr(salen)(CH3;OH)}.(n-Me-
DCNB) *CH3CN+CH30H (9). Thermal ellipsoids are drawn at the 50% probability level.
Hydrogen atoms and free solvent molecules are omitted for the sake of clarity.
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Due to the flexibility of the DCNB? ligand, in order to force of the conformation
to syn-DCNB? (which was used in the theoretical studies) it is necessary to install a
substituent group such as methyl group. Another issue that needs to be considered, as
mentioned above, is the Jahn-Teller elongation along the axial position of Mn(lll).
Therefore, in this case, Cr(Il) and Me-DCNB? were prepared to take into account of
both the steric and electronic factors. The reaction of [Cr(salen)(H.0),]ClIO, with
[PhsAs].[Me-DCNBJ resulted in yellow brown crystals of {Cr(salen)(CH3OH)}2(u-Me-
DCNB) *CH3CN<CH30H (9). The produce crystallizes in the orthorhombic Pbca space
group with the asymmetric unit being composed of one Me-DCNB? anion and one
[Cr(salen)(CH30OH)]" cation. Although the Cr-N bond distances (Cr1-N5 = 1.974(4) A
and Cr2-N8 = 1.984(4) A) are significantly shorter than the Mn-N bond distances in
compounds 6-8 (Mn1-N3 = 2.243(3) A in compound 6, Mn1-N3 = 2.1786(15) A in
compound 7, Mn1-N3 = 2.1753(19) and Mn2-N5 = 2.2602(19) A in compound 8),
presumably due to the absence of Jahn-Teller elongation of the axial positions, the
magnetic coupling did not show a big difference. Only weak antiferromagnetic
interactions were observed in {Cr(salen)(CH3;OH)},(u-Me-DCNB)*CH3CN<CH30H
with a Weiss constant of -1.8 cm™ (Figure 108) in contrast to the calculated strong

ferromagnetic interactions.
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Table 42. Bond distances of {Cr(salen)(CH30H)},(u-Me-DCNB) «CH3CN+<CH30H (9).

Atom Atom Length/A Atom Atom Length/A
crl 01 1.909(3) C4 C5 1.370(7)
Crl 02 1.954(3) C5 C6 1.415(6)
Crl N5 1.974(4) C6 c7 1.440(6)
Crl N1 2.003(3) C8 C9 1.530(6)
Crl N2 2.015(4) C10 C11 1.439(6)
Crl 05 2.024(3) C11 C12 1.402(6)
Cr2 04 1.912(3) C11 C16 1.419(6)
Cr2 03 1.961(3) C12 C13 1.381(6)
Cr2 N8 1.984(4) C13 Cl4 1.386(7)
Cr2 N4 2.009(3) Cl4 C15 1.365(6)
cr2 N3 2.014(4) C15 C16 1.396(6)
Cr2 06 2.025(3) C17 c22 1.400(7)
N1 C7 1.277(6) C17 C18 1.412(6)
N1 Cc8 1.480(5) C18 C19 1.386(7)
N2 C10 1.272(5) C19 C20 1.369(9)
N2 C9 1.481(5) C20 Cc21 1.375(8)
N3 c23 1.272(6) C21 c22 1.406(7)
N3 C24 1.480(5) C22 C23 1.450(6)
N4 C26 1.290(6) C24 C25 1.519(7)
N4 C25 1.472(6) C26 c27 1.417(7)
N5 C33 1.182(6) Cc27 C28 1.424(6)
NG C33 1.278(6) Cc27 C32 1.431(6)
NG C34 1.416(5) C28 C29 1.388(8)
N7 Cal 1.268(5) C29 C30 1.382(8)
N7 C36 1.415(5) C30 C31 1.369(7)
N8 Cal 1.178(5) C31 C32 1.405(7)
01 C1 1.308(5) C34 C39 1.389(6)
02 C16 1.337(5) C34 C35 1.402(6)
03 C17 1.342(5) C35 C36 1.401(6)
04 C32 1.310(5) C35 C40 1.497(6)
05 C42 1.416(6) C36 C37 1.392(6)
06 C43 1.432(6) C37 C38 1.371(6)
C1 C2 1.413(6) C38 C39 1.399(6)
C1 C6 1.428(6) C1S N1S 1.151(10)
C2 C3 1.371(7) C1S C2S 1.445(10)
C3 C4 1.391(7) 015 C3S 1.355(12)
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Table 43. Bond angles of {Cr(salen)(CH30H)}.(u-Me-DCNB) «CH3CN+CH30H (9).

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/°
01 Crl 02 97.14(12) C4 C5 C6 121.3(5)
01 Crl N5 96.04(15) C5 C6 Cl 119.6(4)
02 Crl N5 90.06(13) C5 C6 C7 117.0(4)
01 Crl N1 91.78(14) C1l C6 C7 123.4(4)
02 Crl N1 170.84(14) N1 C7 C6 125.4(4)
N5 Crl N1 86.91(14) N1 C8 C9 108.2(3)
01 Crl N2 172.55(13) N2 C9 C8 106.5(3)
02 Crl N2 88.82(13) N2 C10 Cl1 123.6(4)
N5 Crl N2 88.40(15) Cl12 Cl1 C16 118.0(4)
N1 Crl N2 82.46(14) C12 Cl1 C10 117.7(4)
01 Crl 05 89.33(12) C16 Cl1 C10 124.3(4)
02 Crl 05 88.86(11) C13 C12 Cl1 121.9(5)
N5 Crl 05 174.62(15) Cl12 C13 Cl4 119.1(5)
N1 Crl 05 93.36(13) C15 Cl4 C13 120.7(4)
N2 Crl 05 86.31(13) Cl4 C15 C16 121.3(4)
04 Cr2 03 97.22(13) 02 C16 C15 119.2(4)
04 Cr2 N8 92.44(14) 02 C16 Cl1 121.8(4)
03 Cr2 N8 92.25(13) C15 C16 Cl1 119.0(4)
04 Cr2 N4 91.79(14) 03 Cl7 C22 123.7(4)
03 Cr2 N4 170.97(15) 03 C17 C18 117.7(5)
N8 Cr2 N4 87.98(14) C22 Cl7 C18 118.6(4)
04 Cr2 N3 172.67(13) C19 C18 Cl17 119.6(5)
03 Cr2 N3 88.74(14) C20 C19 C18 121.8(5)
N8 Cr2 N3 91.58(15) C19 C20 C21 119.3(6)
N4 Cr2 N3 82.23(15) C20 C21 C22 120.8(6)
04 Cr2 06 88.85(13) Cl7 C22 C21 119.8(5)
03 Cr2 06 88.97(11) Cl17 C22 C23 124.0(4)
N8 Cr2 06 178.10(14) C21 C22 C23 116.2(5)
N4 Cr2 06 90.58(13) N3 C23 C22 122.7(5)
N3 Cr2 06 86.99(14) N3 C24 C25 106.5(4)
C7 N1 C8 119.8(4) N4 C25 C24 108.5(4)
C7 N1 Crl 125.6(3) N4 C26 C27 125.6(4)
C8 N1 Crl 113.1(3) C26 C27 C28 116.8(5)

C10 N2 C9 121.8(4) C26 C27 C32 124.4(4)
C10 N2 Crl 126.4(3) C28 C27 C32 118.6(5)
C9 N2 Crl 111.5(3) C29 C28 C27 120.2(5)
C23 N3 C24 120.8(4) C30 C29 C28 120.5(5)
C23 N3 Cr2 127.2(3) C31 C30 C29 120.5(6)
C24 N3 Cr2 111.7(3) C30 C31 C32 121.6(5)
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Table 43. Continued.

Atom | Atom | Atom Angle/° Atom | Atom | Atom Angle/°
C26 N4 Cr2 125.3(3) 04 C32 C27 123.1(4)
C26 N4 C25 121.1(4) 04 C32 C31 118.5(4)
C25 N4 Cr2 112.7(3) C31 C32 C27 118.5(4)
C33 N5 Crl 149.7(3) N5 C33 N6 173.4(5)
C33 N6 C34 119.0(4) C39 C34 C35 121.9(4)
C41 N7 C36 121.5(4) C39 C34 N6 121.2(4)
C41 N8 Cr2 144.0(3) C35 C34 N6 116.9(4)

C1 01 Crl 128.7(3) C34 C35 C36 118.0(4)
C16 02 Crl 123.8(2) C34 C35 C40 121.2(4)
Cl7 03 Cr2 123.0(3) C36 C35 C40 120.8(4)
C32 04 Cr2 129.0(3) C37 C36 C35 120.3(4)
C42 05 Crl 128.4(3) C37 C36 N7 122.9(4)
C43 06 Cr2 127.5(3) C35 C36 N7 116.8(4)

01 Cl C2 119.2(4) C38 C37 C36 120.7(4)

01 Cl C6 123.9(4) C37 C38 C39 120.6(5)

C2 Cl C6 116.9(4) C34 C39 C38 118.6(4)

C3 C2 Cl 121.9(5) N8 C41 N7 172.7(5)

C2 C3 C4 121.0(5) N1S C1S C2S 174.1(9)

C5 C4 C3 119.2(5)
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Figure 108. Temperature dependence of the ¥T and 1/y of {Cr(salen)(CH30OH)}»(u-Me-
DCNB) «CH3CN+<CH30H (9) showing both the experimental data (blue and green dotted
lines) and fitting result according to the Curie-Weiss law (pink and red lines).
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Self-assembled polymeric architectures

One can logically expect that, by substituting the axial water molecules of the
metal-organic macrocyclic complex [Mn(dpop)(H.0).]Cl, with dianionic bridging
ligands such as TCNQ*, DCNQI* and DCNB?, neutral 1-D chain-like coordination
polymers can be formed. Indeed, the reaction between [Mn(dpop)(H,0),]Cl,+4H,0 and
deprotonated H,TCNQ produces orange plate-like crystals of compound 1. A single
crystal X-ray crystallographic study revealed that the TCNQ? ligand serves as a u,-
bridge in which only two anti-CN groups of the four cyano groups of TCNQ dianions
are coordinated to the axial positions of the macrocycles to form a 1-D zigzag chain-like
structure (Figure 3 top). These chains pack in the crystal structure by establishing n-n
stacking interactions between the pyridyl groups of the dpop ligands (Figure S2) to form
one dimensional channels along the crystallographic a axis which are occupied by

solvent molecules (Figure 3, bottom).
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Figure 109. The asymmetric unit of the crystal structure of 1 (a). The zigzag chain-like
structure of 1 (b) and the packing diagram viewed along the a axis (c). The n-n stacking
interactions between the pyridyl groups of the dpop ligands are indicated by the red
circles. The disordered species, hydrogen atoms and free solvent molecules are omitted

for the sake of clarity.
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Table 44. Bond Lengths of compound 1.

Atom Atom Length/A Atom Atom Length/A
Mn1 N6 2.276(4) N8 C22 1.169(16)
Mn1 N5 2.31(3) C22 C23 1.47(2)
Mn1 N4 2.21(4) c27 C25 1.38(3)
Mn1 N1 2.30(2) c27 C25° 2.00(3)
Mn1 N3 2.23(2) c27 C26° 0.96(3)
Mn1 N2 2.306(15) C25 ca27* 2.00(3)
Mn1 N8 2.331(11) C25 C23 1.40(2)
Mn1 N8A 2.236(11) C25 C26 1.46(2)
Mn1 N1A 2.163(17) C23 C24 1.31(2)
Mn1 N4A 2.39(4) C26 c27° 0.96(3)
Mn1 N5A 2.25(3) C24 N9 1.23(2)
Mn1 N2A 2.312(14) NSA C22A 1.140(15)

N6 C16 1.158(6) C22A C23A 1.32(2)
N5 C6 1.27(3) C23A C24A 1.46(2)
N5 [ 1.46(2) C23A C25A 1.43(2)
N4 C9 1.60(4) C24A N9A 1.139(19)
N4 C10 1.50(3) C26A C25A 1.41(2)
N7 C18 1.145(6) C26A C27A? 1.89(3)
c21 C19' 1.397(6) C25A C27A 1.44(3)
c21 C20 1.378(6) C27A C26A’ 1.89(3)
N1 C5 1.34(2) N1A C5A 1.30(2)
N1 C1 1.33(2) N1A CIA 1.27(2)
C16 C17 1.384(7) C5A C4A 1.45(2)
C17 C19 1.472(6) C5A C6A 1.53(3)
C17 C18 1.407(7) C4A C3A 1.20(3)
C19 c21’ 1.396(6) C3A C2A 1.40(3)
C19 C20 1.418(6) C2A CIA 1.44(2)
N3 Ci11 1.37(3) C1A C14A 1.46(2)
N3 C12 1.50(3) C14A C15A 1.56(2)
C6 C5 1.51(2) C14A N2A 1.30(2)
C6 C7 1.52(2) C13A C12A 1.50(2)
C5 C4 1.460(18) C13A N2A 1.44(2)
N2 C13 1.46(2) CI12A N3A 1.52(2)
N2 Cl4 1.35(2) N3A C11A 1.442(18)
C8 C9 1.569(18) C11A C10A 1.51(3)
C10 c11 1.55(3) C10A N4A 1.49(3)
C13 C12 1.48(3) N4A C9A 1.41(3)
C2 C1 1.52(3) C9A C8A 1.58(2)
C2 C3 1.41(3) C8A N5A 1.42(3)
C1 Cl4 1.43(2) C7A C6A 1.52(2)
Cl4 C15 1.49(2) C6A N5A 1.28(2)
C4 C3 1.36(2)
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A similar compound, namely Mn(dpop)(u-DCNQI)+nSol, was obtained by using
H,DCNQI instead of H,TCNQ. Single crystal X-ray crystallography revealed that the
product is composed of zigzag chains of Mn(dpop)(«-DCNQI) ¢ n Solvent (Figure 4).
These chains pack with the aid of hydrogen bonding interactions between the amido-
nitrogen atoms of the DCNQI? ligand and solvent methanol molecules as well as by n-
stacking interactions of the pyridyl rings (inter-plane distance of about 3.523(8) A) of
the dpop ligands. The result is the formation of one-dimensional channels along the a

axis which are occupied by solvent molecules of methanol and water.
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Figure 110. The asymmetric unit of the crystal structure of 2 (a). The zigzag chain
structure of 2 (top) and its packing diagram viewed along the a axis (bottom). The n-n
stacking interactions between the pyridyl groups of the dpop ligands are indicated by red
circles. Hydrogen atoms and free solvent molecules are omitted for the sake of clarity.
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Table 45. Bond Lengths of 2.

Atom Atom Length/A Atom Atom Length/A
Mn1 N1 2.236(3) N8 C23 1.301(6)
Mn1 N2 2.299(4) N9 Mn12 2.224(4)
Mn1 N3 2.330(3) N9 C23 1.176(5)
Mn1 N4 2.319(4) C1 C2 1.385(6)
Mn1 N5 2.303(4) C1 Cl4 1.504(6)
Mn1 NG 2.232(4) C2 C3 1.373(6)
Mn1 NQ? 2.224(4) C3 C4 1.380(6)

N1 C1 1.343(5) Ca C5 1.389(6)
N1 C5 1.349(5) C5 C6 1.501(6)
N2 C6 1.263(5) C6 C7 1.505(6)
N2 C8 1.462(5) C8 C9 1.514(6)
N3 c9 1.479(5) C10 C11 1.519(6)
N3 C10 1.475(5) C12 C13 1.521(6)
N4 C11 1.474(5) Cl4 C15 1.498(6)
N4 C12 1.464(5) C17 C18 1.389(5)
N5 C13 1.467(5) C17 C22 1.397(5)
N5 Cl4 1.268(5) C18 C19 1.387(6)
NG C16 1.190(5) C19 C20 1.387(5)
N7 C16 1.295(6) C20 c21 1.391(5)
N7 C17 1.417(5) C21 C22 1.386(6)
N8 C20 1.410(5)

114X,3/2-Y ,-1/2+Z; 2-1+X,3/2-Y,1/2+Z

The DCNB? anions assemble with the Mn(ll) macrocyclic building blocks to
yield {Mn(dpop)}s(u-syn-DCNB)3.s(u-anti-DCNB),45'n  Solvent (6 = 0.1), an
unprecedented example of an inorganic quadruple helix with an incommensurately
modulated structure (Figure 5). In this reaction, [Mn(dpop)(H20).]Cl,*4H,O and
[PhsAs],(DCNB) were combined in a mixture of acetonitrile and methanol to produce
orange needle-like crystals of compound 3. The flexibility of the DCNB? anion allows it
to exist in anti or syn conformations which leads to the formation of a helical chain-like

structure as evidenced by single crystal X-ray diffraction studies (Figure 5). Five of the
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bridging DCNB? ligands serve as a repeat unit which then follows a pattern of SASSA-
SASSA (A = anti-DCNB?, S = syn-DCNB?). Four of the symmetry-related helical
chains further organize into a quadruple helix, which is then tethered into a three-
dimensional structure by m-stacking interactions between the pyridyl groups of the dpop
ligands (Figure 6). Two types of 1-D channels are formed along the c axis, with the
smaller one formed inside the quadruple helix and the larger one formed by the packing
of these quadruple helical tubes through the m-stacking interaction of the pyridyl groups
of the dpop ligands. It is also noted that the adjacent quadruple helices possess opposite
chirality due to the symmetry (Figure 5, bottom right). The packing of helical chains
through m-stacking of pyridyl groups leads to 1-D nanochannels that are filled with
solvent molecules which occupy approximately 38.6% of the unit cell volume

(calculated using the SQUEEZE option in PLATON).?*
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Figure 111. Top: 1-D neutral chain of [{Mn(dpop)}s(p-syn-DCNB)s(p-anti-DCNB);]n
showing the repeat units for different conformers of (DCNB)? in the chain with a pattern
of SASSA-SASSA (S = syn, A = anti). Bottom left: four chains forming a quadruple
helical tube with each color corresponding to one chain. Bottom right: two tubes
connected by n-stacking of the pyridyl rings of the dpop ligands.
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Figure 112. Packing diagram of 3 illustrating the alternating large and small channels
viewed along the c axis (left) and side view of the channels highlighting the n-stacking
interactions between the pyridyl groups of the dpop ligands (right).

The structure of compound 3 is incommensurately modulated, but the modulation
vector g = 0.41065(6)c* is close to a commensurate value of 2/5¢*. Therefore, a
supercell approximate to the incommensurate structure may be constructed which has a
high symmetry space group P4/nnc with a ¢ parameter five times that of the basic
structure. One of the five positions of Mn(dpop)?* is disordered in the supercell due to
the high symmetry of the approximation in the supercell. Apart from this artifact, the
supercell model captures most of the important features of the structure.

It is interesting to note that, in the presence of water, 1-D zigzag chains of
compound 4 instead of the helical chains in compound 3 is produced from the same
starting materials. Compound 4 crystallizes in the monoclinic space group P2;/c with the
asymmetric unit consisting of one [Mn(dpop)]** macrocycle, one anti-DCNB? bridging

ligand and one uncoordinated water molecule (Figure 7). Only the anti- conformation of

DCNB? is present in the structure of 4, while both the anti- and syn- conformations are
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present in compound 3 when the quadruple helical tubes are formed. This structural
difference is ascribed to the role that the water molecules play, because the hydrogen
bonding interactions between the water molecules and the cyano-N atoms dominate
which leads to the stabilization of zigzag chains with only one conformation of the
DCNB? bridging ligand (Figure 8). The distances between the donor and acceptor atoms
of the hydrogen bonds are 2.937(5) and 2.972(5) A for 01-H1-N1 and O1-H2-N2 with
corresponding angles of 171(4) and 174(4)°, respectively (Figure 8). These results
indicate that the self-assembly of the flexible chain Mn(dpop)(x-DCNB) can be
controlled by using different crystallizing solvents. Also, by installing different
substituents on the phenyl ring of DCNB?, it is possible to force the bridging ligands
into specific conformations. A view of the packing of these zigzag chains along the b
axis in the structure revealed that they form 2-D layers which are separated by layers of

acetonitrile solvent molecules (Figure 9).
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Figure 113. Zig-zag chains of Mn(dpop)(u-anti-DCNB)+(H,0)(CH3CN) stitched
together by water molecules through hydrogen bonding. The hydrogen bonds are
depicted by green dotted lines.
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Figure 114. (a). Asymmetric unit of compound 4. Thermal ellipsoids are drawn at the
50% probability level. (b). Stacking diagram of compound 4 viewed along the b axis
showing the layers of the chains of Mn(dpop)(u-anti-DCNB)+(H,0) segregated by
acetonitrile molecules (green spheres in the space-filling model). Water molecules are
represented by the red spheres in the space-filling model. Hydrogen atoms are omitted
for the sake of clarity.
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Table 46. Bond Lengths of 4.

Atom Atom Length/A Atom Atom Length/A
Mn1 N1 2.253(3) N9 Mn1° 2.275(3)
Mn1 N2 2.288(3) N9 C23 1.168(5)
Mn1 N3 2.317(3) Cl C2 1.390(5)
Mn1 N4 2.327(3) C1 C14 1.501(5)
Mn1 N5 2.289(3) C2 C3 1.393(5)
Mn1 NG 2.259(3) C3 C4 1.382(6)
Mn1 NO” 2.275(3) C4 c5 1.393(5)

N1 C1 1.343(5) C5 Cé 1.495(5)
N1 C5 1.339(5) C6 C7 1.498(5)
N2 C6 1.278(5) C8 C9 1.513(6)
N2 C8 1.467(5) C10 C11 1.501(6)
N3 C9 1.455(5) C12 C13 1.525(6)
N3 C10 1.464(6) Cl4 C15 1.495(5)
N4 C11 1.461(5) C17 C18 1.393(5)
N4 C12 1.454(5) C17 C22 1.387(5)
N5 C13 1.461(5) C18 C19 1.384(6)
N5 Cl4 1.274(5) C19 C20 1.392(6)
NG C16 1.174(5) C20 Cc21 1.396(5)
N7 C16 1.284(5) c21 C22 1.401(5)
N7 Cl7 1.408(5) N10 C24 1.165(7)
NS Cc21 1.402(5) C24 C25 1.401(7)
N8 C23 1.295(5)

L+X,1/2-Y ,-1/2+Z; 2+X,1/2-Y 1/2+Z

The versatility in the bridging modes of DCNB? for the formation of
coordination polymers has been reported before in a series of chain-like compounds
composed of cationic chains of [{Cu'(tpy)}.(u-DCNB)J** (tpy = 2,2;6',2"-terpyridine)
with different counterions.?***° Each of the Cu(tpy)** building units is connected to a
cyano nitrogen atom from one DCNB? and an imide nitrogen atom from another
(DCNB)? ligand, with all four nitrogen atoms of each DCNB? shared by four different
Cu(ll) ions. This structure involves a square pyramidal Cu coordination geometry and a

shortened pathway of -N-C-N- instead of the length of the entire anion for magnetic
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superexchange between the paramagnetic Cu(ll) centers. In the presence of small anions
such as chloride, inter-chain interactions dominate and only antiferromagnetic
interactions were observed. However, when larger anions were employed, inter-chain
interactions are minimized and weak ferromagnetic behavior results. It is noted that, in
the reported structures, only the syn- conformer of DCNB™ ligand is present.

The crystals of compound 3 transformed into crystals of a new mononuclear
compound 5 when soaked in water for several days. The asymmetric unit of 5 consists of
one [Mn(dpop)(H,0)]** cation, one DCNB? as a monodentate ligand and two water
molecules. Only one of the axial positions of the Mn(ll) coordination sphere is occupied
by the DCNB? anion, with the other one being coordinated to a water molecule. The
distances between the donor and acceptor atoms of the hydrogen bonds are 2.781(5) and
2.814(4) A for O1-H1B--02 and 03-H3C-N8 with corresponding angles of 144(5) and

170.9(3)°, respectively.
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Figure 115. Asymmetric unit of compound 5. Thermal ellipsoids are drawn at the 50%
probability level. The aliphatic and aromatic hydrogen atoms have been omitted for the
sake of clarity.
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Table 47. Bond Lengths of 5.

Atom Atom Length/A Atom Atom Length/A
Mn1 01 2.241(3) N8 Cc21 1.395(4)
Mn1 N1 2.234(3) N8 C23 1.311(5)
Mn1 N2 2.350(4) N9 C23 1.189(5)
Mn1 N3 2.372(4) C1 C2 1.429(6)
Mn1 N4 2.305(3) C1 Cl4 1.489(6)
Mn1 N5 2.265(3) C2 C3 1.352(6)
Mn1 NG 2.292(3) C3 C4 1.400(6)

N1 C1 1.291(5) C4 C5 1.397(5)
N1 C5 1.366(5) C5 C6 1.476(5)
N2 C6 1.259(5) C6 C7 1.515(6)
N2 C8 1.451(5) C8 C9 1.494(6)
N3 c9 1.469(6) C10 C11 1.502(7)
N3 C10 1.449(6) C12 C13 1.529(6)
N4 C11 1.459(5) Cl4 C15 1.474(6)
N4 C12 1.480(5) C17 C18 1.401(5)
N5 C13 1.444(6) C17 C22 1.391(5)
N5 Cl4 1.312(5) C18 C19 1.386(5)
N6 Cl16 1.200(5) C19 C20 1.381(5)
N7 C16 1.288(5) C20 c21 1.409(5)
N7 C17 1.417(4) c21 c22 1.402(5)
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In conclusion, it has been found that a series of one-dimensional coordination
polymers adopt distinct structures depending on the conformations of the bridging
ligands, crystallization conditions and dominate weak supramolecular interactions. The
flexible nature of the dianionic bridging ligand which can adopt a syn- or anti-
conformation, led to the formation of supramolecular nano-tubular quadruple helices
composed of helical chains of inorganic macrocycle building blocks through a self-
assembly process. Further research efforts will be directed towards more fine control of
the conformations of the para- and meta-dicyanamidobenzene dianions by introducing
substituents on the phenyl rings and by using small chiral molecules to induce homo-

chirality in the coordination polymers.
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CHAPTER VI

SUMMARY AND OUTLOOK

Multifunctional molecular materials are of high interest because of the
coexistence of two or more functionalities such as magnetism, electrical conductivity,
ferroelectric and optical properties. In particular, organocyanides such as the
prototypical tetracyanoquinodimethane (TCNQ) molecule have played an important role
in the development of magnetic and conducting molecular materials. The radical anion
form of TCNQ can serve as spin-carrying bridges to enhance magnetic exchange
interactions between paramagnetic metal ions and/or form electrical conducting
columnar stacks that allow for conduction electrons to travel over long distances.
Therefore, coordination compounds with metal complexes and TCNQ are excellent
candidates for combining magnetic properties with electrical conductivity. The goal of
the research represented in this dissertation has been to synthesize new materials based
on organocyanides and to study their structure-property relationships. These findings
serve as yseful guidelines for the synthesis of molecular materials with enhanced
properties that are promising for applications in electronic devices.

The overarching goal of pushing the frontier of multifunctional materials further
towards the realization of synergistic interactions between different functionalities was
approached by employing a modular synthetic approach to obtain hybrid inorganic-
organic multifunctional materials. One of the well-studied systems is electrically

conducting spin-crossover (SCO) complexes, most of which consist of Fe(ll) SCO units
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and metal dithiolate conducting units. In the current work, we chose a Co(ll) SCO unit,
which has a much less abrupt spin transition than the Fe(ll) analogues, in order to
minimize disruption to the stacking interactions of the TCNQ radicals. A facile modular
synthetic approach was developed that does not require the previously reported
electrochemical or self-redox reactions to realize partially reduced radicals. By taking
advantage of the structural breathing features of the metal-organic cations in conjunction
with the supramolecular n-stacking interactions of partially charged TCNQ radicals, an
anomalous  conducting  behavior ~ was  achieved in  the  compound
[Co(terpy)2](TCNQ)3*CH3CN which is composed of alternating semiconducting and
spin-crossover layers. An anomalous conducting behavior occurs at 180-190 K that is
directly correlated with the structural variation arising from the HS to LS transition of
Co(ll) followed by Jahn-Teller distortion of LS Co(ll) and concomitant charge
fluctuations of the partially charged TCNQ radicals. This modular synthetic procedure
for the introduction of partially charged TCNQ radicals is highly promising for the
synthesis of other bifunctional materials with electrical conducting properties.

In addition to the SCO units, other functional species such SMMs and
photosensitizers  such as  [Co(Tpm)o]**, [Ru(terpy)-]**, [Ru(bpy)s]** and
[Zn(terpy).]* can also be incorporated into electrically conducting bifunctional materials
through a generalized approach by using the easily accessible TCNQ radical source of
[EtsNH](TCNQ),. The hybrid conducting SMM [Co(Tpm)2](TCNQ)3 retains slow
relaxation of the magnetization of the cationic unit and represents a good start for the

study of interactions between the SMM units and conducting units in future work. The
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hybrid conducting photosensitizers will be nice examples for the study of the effect of
photoirradiation on the electrical conducting properties.

By using a similar method, a series of isostructural chai-like compounds
[Ln(TPMA) (e TCNQ)(+OH)](TCNQ), CH3CN (Ln = Dy, Gd, Y) with mixed-valence
TCNQ species have been synthesized. Magnetic and electrical conductivity studies
revealed that the Dy(lll) compound exhibited slow relaxation of the magnetization at
5.0-8.2 K and semiconductivity at 180-350 K. DC magnetic fields have been found to
not only suppress the quantum tunneling of the magnetization, but also affect the spin-
canted antiferromagnetic interactions in [DYy(TPMA) (e TCNQ)(j+
OH)](TCNQ), CH3CN. In addition, the increased DC magnetic field has been found to
diminish the TIP and the delocalization of electrons in the TCNQ stacks. Future work
will concentrate on employing other TCNQ derivatives in order to get higher electrical
conductivity in the TCNQ radical stacks and studying the effect of electric field on the
magnetic properties of these bifunctional materials.

Magnetic metal-organic frameworks (MOFs) are promising for applications in
low density data storage, small molecule recognition and sensors. The redox-active
TCNQ dianion can be employed as a substitute for carboxylate anions in MOF
frameworks that may exhibit interesting interactions between the host framework and
guest molecules. It has been found that aromatic guest molecules such as benzene,
toluene, aniline and nitrobenzene can induce distinct magnetic ordering in the family of
magnetic MOFs Fe(TCNQ)(4,4’-bpy)>guest which were structurally characterized by

single crystal X-ray studies. In the case of nitrobenzene, close contacts between the
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electron accepting nitrobenzene and the electron donating TCNQ dianion in the
frameworks constitute structural evidence for charge-transfer interactions. Other
aromatic guests did not show such a close contact but the Fe-TCNQ network was found
to be more planar, with the phenyl rings of the guests situated vertical to the Fe-TCNQ
2-D networks. Magnetic characterization revealed magnetic phase transitions from a
paramagnetic state with antiferromagnetic interactions to a spin-canted state at 3-5 K. In
addition, the guest-dependent long-range magnetic ordering through the TCNQ dianions
at low temperatures was correlated with the electron accepting ability and sterics of the
included aromatic guests. Further oxidation of this series of metal-organic frameworks
through post-synthetic modification is underway to prepare materials with stronger
magnetic interactions mediated by the radical TCNQ spin-carrier as a bridge for the
metal centers in the MOFs.

It has been found that a series of one-dimensional coordination polymers adopt
distinct packing structures depending on the conformations of the bridging ligands,
crystallization conditions and dominating weak supramolecular interactions. By taking
advantage of the flexible nature of the dianionic bridging ligand which can adopt a syn-
or anti- conformation in the structure, supramolecular nano-tubular quadruple helices
composed of helical chains of inorganic macrocycle building blocks were achieved
through a self-assembly process. Further research efforts will be directed towards the
rational control of the conformations of the para- and meta-dicyanamidobenzene
dianions by the choice of substituents on the phenyl rings and the use of small chiral

molecules to induce homo-chirality in the coordination polymers.
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Apart from the synthetic efforts to obtain SMMs with higher blocking
temperatures by design strategies that consider both the spin and anisotropy
contributions, the nanostructuring of SMMs and their interactions with other functional
properties are of equal importance for the practicle applications of SMMs in spin valves,
transistors, quantum information storage and quantum computing. Therefore, as a
direction for future work, the organization of SMMs into ordered arrays of 1-D chains,
2-D sheets with layered structures, and the well-defined 3-D porous frameworks of
MOFs will be of great interest, especially considering that one may take advantage of the
interactions between the SMMs with other functionalities for the control of slow
relaxation of the magnetization.***® For example, in a synergistic system with alternating
layers of SMMs and electrical conducting materials, it may be possible to address the
SMM behaviors by measuring the electrical conductivity responses of the bifunctional
material. By the incorporation of SMMs into a porous magnetic matrix, one may be able
to control the SMM responses as the intrinsic magnetic field imparted by the magnetic
matrix can induce exchange bias which is similar to what has been used in traditional

magnetic data storage devices.
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