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ABSTRACT

Lanthanides are termed rare-earth elements; they are not rare in nature because their
levels in the earth’s crust are often equal to or higher than those of some physiologically
significant elements. Although the members are very similar from a chemical point of view
due to the shielding of 4f valence electrons by the completely filled 5s* and Sp6 orbital but
each of them has its own very specific physical properties including color, luminescent
behavior and nuclear magnetic properties. Studies based on lanthanide ions are of special
challenge due to their specific electronic, magnetic or spectroscopic properties result from a
precise description of coordination sphere around the metal ions. Coordination compounds of
lanthanides have found a variety of application in material science including contrast agents,
superconductors, magnetic materials, catalyst and anticancer agents. Due to these attractive
features, the coordination and supramolecular chemistry of lanthanide complexes have
attracted much attention.

For the sake of convenience, the work embodied in the thesis is presented in the following
chapter:

The first chapter of the thesis is the general introduction and presents an up to date
survey of literature related to the various lanthanide complexes, organic compounds (salts),
their photophysical properties and thermal analysis respectively. The different types of
complexes and salts related to the present research have been posed in the context of the cited
work.

Some pH dependent europium (lII) and gadolinium (III) complexes viz,
[Eu(phen),CI5CH30H], [Eu(2,6-DNP);phenCH3;OH], [Eu(2,6-DNP);phen(OH)].Hphen, [Eu
(2,6-DNP);bipyOH;], [Eu(2,6-DNP);bipy(OH)].Hbipy, [Gd(phen),(NOs),], [Gd(2,6-DNP);
phenCH;OH], [Gd(2,6-DNP);phen(OH)],.(Hphen),, [Gd(2,6-DNP);bipyOH;], [Gd(DNP);
bipy(OH)].Hbipy having 2,6-dinitrophenol (2,6-DNP), 1,10-phenanthroline (phen) and 2,2'-
bipyridine (bipy) ligands have been synthesized and characterized by different physico-
chemical methods including single crystal X-ray crystallography are presented in chapter two.
Their thermal properties have been studied by thermogravimetric analysis (TG) and
demonstrated that the final product after decomposition was stable oxide (Eu,03 and Gd,03)

for all these complexes. The thermal stability of these complexes decreases in the order:
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[M(2,6-DNP);phen(OH)].Hphen > [M(2,6-DNP)3bipy(OH)].Hbipy > [M(2,6-DNP);phen
CH;0H] > [M(2,6-DNP);bipyOH;] > [Eu(phen),Cl3CH3;0H] / [Gd(phen),(NOs)3], (M = Eu,
Gd). Isothermal thermogravimetric study in the range of 410-450 °C and 270-310 °C has been
performed for Eu(Ill) and Gd(Ill) complexes respectively, while the kinetics of thermal
decomposition was evaluated by applying model fitting as well as an isoconversional methods.
To investigate the response of these complexes under the condition of rapid heating, ignition
delay (D;) has been measured.

The third chapter of the thesis deals with the syntheses of some lanthanide [Ln(1ll) =
Gd(Ih,  Eu(I), Tb(lll] complexes viz., [Gd(tptz)Cl,(OH,)].C1.4H,0, [Gd(tptz)
(SCN);(CH;0H),0H,].CH;0H,  [Gd(tptz)(OBz),(n-OBz)OH,],.H,0, [Gd(phen)Cl(OH2)4]
.CL.CH;0H, [Gd(phen)(SCN);CH3;0H].phen, [OHy(phen)(2-pyca),Gd,(pn-0x)Gda(2-pyca),
(phen)OH,].6H,0, [Eu(tptz)Cl3(CH;0H),].CH;0H, [Eu(tptz)(SCN);(CH;0H),OH,].CH;0H,
[OH2(OB2z)y(tptz)Eu; (u-OBz),Eu,(tptz)(OBz),OH,]. CH;OH.7H,0,  [Eu(phen);(SCN);CHj3-
-OH].phen, [OHy(phen)(2-pyca),Eu,(n-0x)Eux(2-pyca),(phen)OH,].6H,0, [Tb(tptz)Cl3(CH;-
-OH),].CH3;0H, [Tb(tptz)(SCN);(CH;0H),OH,].CH;0H, {[Tb,(tptz)(OBz),(n-OBz)],.[Tb,
(tptz)(OBz);CH;0H]}.CH;0H.2H,0,  [Tb(phen),Cl30H;].CH;0H,  [Tb(phen)a(SCN);CH;-
-OH].phen, [OH,(phen)(2-pyca),Th,(n-0x)Tby(2-pyca)(phen)OH,].6H,O where 2,4,6-tris(2-
pyridyl)-1,3,5-triazine, 1,10-phenanthroline, KSCN, sodium benzoate (NaOBz), 2-pyrazine
carboxylic acid (2-pyca) act as supporting ligands. These complexes have been characterized
by different methods including IR and single crystal X-ray crystallography. These complexes
were tested for  photophysical and  thermal  behavior.  The  complexes
[Gd(tptz)(SCN);(CH;0H),0H;].CH;0H, [Eu(tptz)(SCN);(CH30H),0H,].CH;0H, [Tb(tptz)
(SCN)3(CH30H),0H;].CH30H are mononuclear and show the three dimensional pseudo host-
guest like supramolecular structure along ‘c’ axis. The same reaction in presence of sodium
benzoate gave binuclear bridged complexes [Gd(tptz)(OBz),(n-OBz)OH,],.H,0,
[OHL(OBz),(tptz)Eu,(u-OBz),Eus(tptz)(OBz),OH,].CH3;0H.7H, 0, {[Tb(tptz)(OBz)(p-
OBz)]5.[Tby(tptz)(OBz);CH;0H]}.CH;0H.2H,0. The photophysical properties of these
complexes have been studied with ultraviolet absorption, excitation and emission spectral
studies. Thermogravimetric analysis showed that after complete decomposition, all complexes
resulted in the formation of thermally stable lanthanide oxide (Ln,Os).

The chapter four of the thesis deals with the preparation of salts having picric acid

[(OH)(NO,);C6H,] (PA) and nitrogen-rich heterocycles like different ditopic pyrazoles [PzH,



PZM?H, Pz™MH, H,dmpz], 1,10-phenanthroline (phen), 2,2';6'2"-terpyridine (terpy),
hexamethylenetetramine (hmta), 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz), urea, I1H-1,2,4-
triazole-3,5-diamine (guanazole), cyclohexane-1,2-diamine (1,2-DACH), 6-phenyl-1,3.5-
triazine-2,4-diamine (benzoguanamine). The reaction of picric acid with other components
resulted in the formation of various types of salts as [2PA".2PzH,". OH,], [PA".PZ"*H,"], [PA"
Pz""MeH," CH;0H], [2PA"2H.dmpzH".CH3CN] [PA .phenH'.CH;OH], [2PA"terpyH,"],
[PA.hmta], [3PA tptzH;™], [PA .Uronium], [PA".3,5-diamino-1,2,4-triazolium], [PA’
.1/2cyclohexane-1,2-diaminium],  [PA".6-phenyl-2,4-diamino-1,3,5-triazinium].  Due to
presence of nitrogen-rich heterocycles, each salt contains infinite two or three dimensional
structures held together by primary N-H---O, O-H-*N, O-H--O hydrogen bonds and secondary
C-H-+0O interactions. The structures and harmonic vibration frequencies of the complexes were
calculated in terms of the density functional theory. The orientation of molecule remains same
in both the solid and the gaseous phase. Theoretical studies suggested that the structures
remain the same in both solid and gaseous phase, and the hydrogen bond interaction energy
largely depends on the nitrogen-rich heterocycles in different salts. The thermal decomposition
of these salts has been studied by thermogravimetry (TGA), derivative thermogravimetric
(DTG) and differential thermal analysis (DTA). Kinetic parameters have been evaluated using
models fitting and isoconversional methods.

The material reagents, synthetic procedures, experimental details, theoretical
calculation, ignition delay measurement, thermal kinetic analysis and different type of
spectroscopic measurements are described in chapter five of the thesis. Methods for the
preparation of different type complexes with Ln(IIl) and also synthesis of organic salt have

been reported.



LIST OF PUBLICATIONS

Udai P. Singh, Nidhi Goel, Gurdip Singh, Pratibha Srivastava “pH-Dependent host-guest
complexes of europium (I1I) and gadolinium (I1I): Syntheses, structural and thermal studies”
Inorganica Chimica Acta, (Under review)

. Nidhi Goel, Udai P. Singh, A. K. Singh, Gurdip Singh, Pratibha Srivastava “Thermolysis of
supramolecular synthons of picric acid-substituted pyrazoles: Syntheses, structural and
computational study” Combustion and Flame, (Communicated)

Gurdip Singh, Inder Pal Singh Kapoor, Dinesh Kumar, Udai P. Singh, Nidhi Goel “Preparation,
X-ray crystallography and thermal decomposition of transition metal perchlorate complexes with
perchlorate and 2,2'-bipyridyl ligands” Inorganica Chimica Acta, 362, 4091 (2009).

Sudesh T. Manjare, Ray j. Butcher, Nidhi Goel, Udai P. Singh, Harkesh B. Singh “I-(2-
Bromobenzyl)-3-isopropylbenzimidazolin-2-one” Acta Crystallographica, Section E, E65, 02836
(2009).

Inder Pal Singh Kapoor, Manisha Kapoor, Gurdip Singh, Udai P. Singh, Nidhi Goel
“Preparation, characterization and thermolysis of nitrate and perchlorate salts of 2,4,6-
trimethylaniline” Journal of Hazardous Materials, 173, 173 (2010).

Kaushik Ghosh, Nidhi Tyagi, Pramod Kumar, Udai P. Singh, Nidhi Goel “Stabilization of
Mn(II) and Mn(111) in mononuclear complexes derived from tridentate ligands with N2O donors:
Synthesis, crystal structure, superoxide dismutase activity and DNA interaction studies” Journal
of Inorganic Biochemistry, 104, 9 (2010).

Kaushik Ghosh, Sushil Kumar, Rajan Kumar, Udai P. Singh, Nidhi Goel “Oxidative cyclization
of phenolic schiff base and synthesis of cyclometallated ruthenium nitrosyl complex:
Photoinduced NO release by visible light” Inorganic Chemistry, 49, 7235 (2010).

Kaushik Ghosh, Sushil Kumar, Rajan Kumar, Udai P. Singh, Nidhi Goel “Photocleavage of
coordinated NO under visible light from two different classes of organometallic ruthenium
nitrosyl complexes: Reversible binding of phenolato function” Organometallics, 30, 2498 (2011).
. Kaushik Ghosh, Pramod Kumar, Nidhi Tyagi, Udai P. Singh, Nidhi Goel “Synthesis, structural
characterization and DNA interaction studies on a novel copper complex: Nuclease activity via

self-activation” Inorganic Chemistry Communications, 14, 489 (2011).

vil



10. K. Selvakumar, Harkesh B. Singh, Nidhi Goel, Udai P. Singh “Methyl ester eunction: An

11.

12.

intramolecular electrophilic trap for the isolation of aryltellurenyl hydroxide and
diorganotellurium dihydroxide” Organometallics, xxx, ooo (2011).

Dinesh Kumar, Inder Pal Singh Kapoor and Gurdip Singh, Udai P. Singh, Nidhi Goel
“Preparation, X-ray crystallography and thermolysis of transition metal nitrates of 2, 2°-
bipyridine” Journal of Thermal Analysis and Calorimetry, (2011) (dccepted).

Inder Pal Singh Kapoor, Manisha Kapoor, Gurdip Singh, Udai P. Singh, Nidhi Goel
“Preparation, characterization and thermolysis of nitrate salts of aminopyridine” Combustion and

Ilame, (2011) (Acccepted)

viil



CONFERENCES / SYMPOSIUM / WORKSHOPS

Participated in “9™ CRSI, National Symposium in Chemistry (NSC-9), University of Delhi,
India, 1¥-4" Feb., (2007).

Participated in 2" CRSI-RSC Symposium on the Chemical Sciences, Indian Institute of Science,
Bangalore, India, (2008).

. Nidhi Goel, Udai P. Singh, A. K. Singh “Syntheses, strucural, photophysical and thermal
properties of some gadolinium (III) & europium (III) complexes”, 10" CRSI National
Symposium in Chemistry (NSC-10), Indian Institute of Science, Bangalore, India, P-165 (2008)
(Poster Presentation).

. Nidhi Goel, Udai P. Singh “Synthesis, Structural and Explosive Studies of some Europium (111)
Complexes” First National Symposium & Exhibition on Trends in Explosive Technology,
Terminal Ballistics Research Laboratory Sector-30 Chandigarh, India, (2008) (Poster
Presentation).

. Nidhi _Goel, Udai P. Singh “Supramolecular synthesis of binary co-crystals”, Symposium on
Modern Trends in Inorganic Chemistry MTIC — XIII, Indian Institute of Science, Bangalore,
India, P-103 (2009) (Poster Presentation).

. Nidhi Goel, Udai P. Singh. A. K. Singh “Thermolysis of supramolecular synthons of picric acid-
substituted pyrazoles: Syntheses, structural and computational study”, 13" CRSI National
Symposium in Chemistry (NSC-13), KIIT, University, Bhubaneswar, India, P-129 (2011) (Poster
Presentation).

Participated in “4™ Conference on recent trends in instrumental methods of analysis, Department
of Chemistry, Indian Institute of Technology Roorkee, India, 18-20" Feb., (2011).

Participated in two days National Workshop on “Techniques and challenges for structure
solution in chemical crystallography”, sponsored by Bruker-AXS, Germany. Indian Institute of
Technology Roorkee, India, August 31°-01% Sep., (2007).

Participated in two days International Workshop on “Chemical evolution and origin of life”,

Indian Institute of Technology Roorkee, India, 05-07" March (2010).



CONTENTS

Page No.
CANDIDATE’S DECLARATION
ACKNOWLEDGEMENT i
ABSTRACT iii
LIST OF PUBLICATIONS vii
CHAPTER-1: GENERAIINTRODUCTION 1
CHAPTER-2: pH-DEPENDENT HOST-GUEST COMPLEXES OF 27
EUROPIUM (III) AND GADOLINIUM  (III):
SYNTHESES, STRUCTURAL AND THERMAL
STUDIES
CHAPTER-3: SYNTHESES, STRUCTURAL, PHOTOPHYSICAL 99
AND THERMAL STUDIES OF SOME LANTHANIDE
(1IT) COMPLEXES

CHAPTER-4: SYNTHESES, STRUCTURAL, COMPUTATIONAL 187
AND THERMAL STUDIES OF SALTS WITH
PICRIC ACID AS ONE COMPONENT

CHAPTER-5: EXPERIMENTAL 301



CHAPTER-1

General Introduction




Lanthanides are f-block elements with atomic number from 57 to 71. In nature, they
never exist as pure elements, but only as sparsely distributed minerals. Although lanthanides
are termed rare-earth elements; they are not rare in nature because their levels in the earth’s
crust are often equal to or higher than those of some physiologically significant elements. The
lanthanide series is characterized by a gradual filling of the 4f shell. Since, in most cases, the
4f electrons are chemically inert and atomic like, all lanthanides behave in a very similar
manner and basic properties such as the atomic volume, bulk modulus and melting
temperature vary in a more or less regular manner across the series [1]. Their unique chemical
similarity is due to the shielding of 4f valence electrons by the completely filled 5s* and 5p°
orbitals. Although the members are very similar from a chemical point of view, each of them
has its own very specific physical properties including color, luminescent behavior and nuclear
magnetic properties. The ionic radii of lanthanides range from 0.1034 nm (Ce) to 0.0848 nm
(Lu), the values being relatively higher than those in other elements with the same oxidation
number. Despite the high charge, the large size of the Ln(III) ions results in low charge density
and their compounds are predominately ionic in character. The lanthanide (III) ions are typical
‘A’ type cations in the Ahrlansd-Chatt-Davies sense or hard acid in the Pearson sense, so they
tend to bound to ligands containing pure oxygen donors (e.g. oxalate ion, f-diketonate ions),
mixed oxygen-nitrogen donors (e.g. polyamine-polycarboxylate ions) and nitrogen donors
(e.g. 1,10-phenanthroline, bipyridine, terpyridine). The past several years have witnessed the
rapid growth of interest in the lanthanides and their coordination chemistry. Studies based on
lanthanide ions are of special challenge due to their specific electronic, magnetic or
spectroscopic properties result from a precise description of coordination sphere around the
metal ions. Coordination compounds of lanthanides have found a variety of application in
material science including contrast agents, superconductors, magnetic materials, catalyst and
anticancer agents [2-5]. Restricting our discussion on the luminescent and thermal properties

of lanthanide complexes, the following recent literatures have been cited.

LUMINESCENT PROPERTIES

The emission from lanthanide ions has been utilized extensively in biological systems.
The applications range from luminescent labels of biologically relevant molecules and
detection of cellular functions in vivo to the elucidation of structures and function of enzymes
and proteins. The emission from lanthanides has proven useful as a sensitive detection method

in biological systems. The valance 4f electrons of trivalent lanthanide ions are well shielded



from the environment by the outer core 5s and 5p electrons and are minimally involved in
bonding. The ligand field splitting for Ln(III) complexes is very small, so radiation less decay
processes are relatively inefficient, and emission from these complexes is common. The
absorption and emission spectra of Ln(lll) complexes consist of sharp and narrow bands
corresponding to f~f transitions of the metal ion. Direct excitation with UV radiation into the
Ln(lll) f~f transitions leads to weak emission, because of the poor ability of ions to absorb
light. The photoluminescent intensities of lanthanide complexes are strongly dependent on
their organic composition [6-8]. Organic ligands do a better job at absorbing light where ligand
excitation is followed by the intramolecular energy transfer from the ligand triplet state to
lower lying emissive lanthanide excited state. The organic chromophore acts like some sort of
antenna. The most commonly used antenna moieties are based upon pyridine, bipyridine,
terpyridine, phenanthroline, 2,4,6-tris(2-pyridyl)-1,3,5-triazine and various derivatives of
pyrazole.

Zhang et al. [9] synthesized six new homodinuclear lanthanide (I11) complexes with a
flexible tripodal carboxylate ligand [H;L = 3,3'-(2-((3-carboxynaphthalen-2-yloxy)methyl)-2-
(4-methylphenylsulfonamido)propane-1,3-diyl)bis(oxy)di-2-naphthoic acid], of formulae
|Ln;Lo(DMF)4].4DMF (Ln = La, Nd, Eu, Gd, Tb, Dy, DMF = N, N-Dimethylformamide). The
crystal structures revealed that these complexes are isostructural, and molecules are connected
from 0D to 3D supramolecular structures by hydrogen bonds. They also investigated the
photophysical property of the Eu(II) complex and the magnetic property of Gd(III) complex.
Ramya et al. [10] synthesized three new binuclear lanthanide complexes of general formula
[Lna(L)s(H20)4] [Ln = Tb (1), Eu (2) and Gd (3)] supported by the novel aromatic carboxylate
ligand 4-(dibenzylamino)benzoic acid (HL). Complex 1 exhibited high green luminescence
efficiency in the solid state with a quantum yield of 82%. On the other hand, poor
luminescence efficiency has been noted for the Eu’'-4-(dibenzylamino)benzoate complex.
Choi et al. [11] reported the lanthanide-based metal-organic frameworks (Ln-MOFs) and
investigated the photoinduced electron transfer between the excited Eu-MOF nanoparticles and
various organic compounds, such as aromatic sulfides and amines. From the time resolved
emission measurements, the bimolecular quenching rate constants of luminescence from the
Eu’* ions in the MOF framework by electron donors were determined and explained in terms
of the Marcus theory of electron-transfer reactions. Furthermore, spatially resolved emission

quenching images obtained by confocal fluorescence microscopy revealed that small (large)



quencher molecules quickly (slowly) and homogeneously (inhomogeneously) penetrate
microsized Eu-MOF crystals. An et al. [12] synthesized some lanthanide (Ln) complexes (Ln
= Er, Nd, Yb) with an organic ligand, 6-diphenylamine carbonyl 2-pyridine carboxylic acid
(HDPAP) (Fig. 1.1). They also investigated near infrared luminescence of these complexes
(Er-DPAP, Nd-DPAP and Yb-DPAP). The results showed that the lanthanide complexes have
electroneutral structures and the near infrared (NIR) emission exhibits characteristic narrow

emission of the lanthanide ions.

Fig. 1.1: Crystal structure of Ex(DPAP);.12H,0
Lv et al. [13] synthesized Eu®" (or Tb*") of 3,5-dinitrobenzoic acid and 1,10-phenanthroline
ternary rare earth complexes and characterized by thermal analysis, infrared spectroscopy,
elemental analysis and fluorescence spectroscopy. They used nano-TiO; in the luminescence
layer to change the electroluminescence property of RE(3,5-DNBA);.phen (RE = Eu*for Tb™).
Remya et al. [14] synthesized three new lanthanide complexes Tba(SbBP);(H20)2 (1),
Gd,(SbBP)3(H20), (2), and [Tb(SbBP),][Na(DB,3C¢)H,0] (3) on the basis of novel
heterocyclic B-diketone, 4-sebacoylbis(1-phenyl-3-methyl-5-pyrazolone (H2SbBP). They also
investigated the photophysical properties of 1 and 3 in solid state, and the quantum yields and
Dy lifetimes were found to be 4.82 + 0.01% and 18.13 + 0.82% and 1.11 + 0.01 and 2.82 =
0.02 ms, respectively. Puchalska et al. [15] reported the photophysical properties of two
europium  (1II) complexes: EuLsbipy(1/2bipy) (1) and Eulsbipy (2) (L =
CCI;C(O)NP(O)(OCHj3),, bipy = 2,2'-bipyridine). They also studied the high resolution



emission, excitation of emission spectra and lifetimes of both europium (III) complexes in
solid state as well as in methanol solution at 77 and 300 K. On the basis of optical studies, they
proved efficient sensitized luminescence and proposed the probable energy transfer
mechanism. Liu et al. [16] synthesized a series of complexes of poly(N,N-diethylacrylamide-
co-methacrylicacid) (PDEA-co-MAA) with Ln(Ill) (Ln = La, Eu, Tb). They also studied the
luminescence spectra of Eu(1IT) and Tbh(IIT) complexes in solid state. The complexes exhibited
strong characteristic luminescence of Eu(III) and Tb(III) ions, while the luminescence intensity
depends on the content of DEA and Ln(IIl) ions. Shyni et al. [17] synthesized three new
homodinuclear lanthanide (IIT) complexes of xanthene-9-carboxylic acid, [Lna(XA)s(DMSO),
(H;0),] (Ln = Eu (1), Tb (2) and Gd (3); HXA = xanthene-9-carboxylic acid; DMSO = -
dimethylsulfoxide) (Fig. 1.2). They also investigated the photophysical properties of these

complexes in the solid state at room temperature.

Fig. 1.2: Crystal structure of Euy(XA)s(DMSO).(H;0);
Tanase et al. [18] synthesized the mononuclear complexes of formula [Ln(pcam);](CF;S0;);
(Ln = Eu, Tb; pcam = pyridine-2,6-dicarboxamide) by the reactions of pyridine-2,6-
dicarboxamide with Eu(IIl) and Tb(IIl) triflates. Both the Eu(Ill) and Tb(III) complexes
exhibited efficient ligand sensitized luminescence in the visible region with lifetimes of 1.9 ms
and 2.2 ms, respectively, in the solid state. Tang et al. [19] reported the synthesis of solid
complexes of lanthanide isothiocyanates with an amide-type tripodal ligand, 2,2',2"-nitrilotris-

(N-phenylmethyl)-acetamide. They also investigated the luminescent properties of the Sm(III),



Eu(III), Tb(III), Dy(IIl) isothiocyanate complexes in solid state and the Tb(III) complex in
solvents. Jang et al. [20] synthesized two dinuclear Eu(Ill) complexes by employing f-
diketones and 2,2"-bipyrimidine (bpm) as sensitizing ligands for the Eu* ion and a bridging
ligand, respectively. The use of dibenzoylmethane (dbm) and trifluorothenoylacetone (tta) as
B-diketones gave [Euy(dbm)s(bpm)] (1) and [Eu,(tta)s(bpm)] (2). The analysis of the
absorption, excitation and emission spectra of the dinuclear complexes along with a
comparison with analogous mononuclear complexes containing the same B-diketone ligands
and 1,10-phenanthroline (phen) suggested that the dinuclear complexes followed the
luminescence mechanism of general Ln(Ill) complexes. Soares-Santos et al. [21] prepared
samarium (IIT) complexes of Hpic, HpicOH and H,nicO and determined the crystal structures
of K;[Smy(pic)s(u-pic):].7.5H,0, [Sm(picOH),(u-HpicO)}H,0)].3H,O and [Sm(HnicO),(u-
HnicO)(H,0)].5H,0 complexes by single crystal X-ray diffraction studies. The X-ray crystal
structures showed one-dimensional polymeric chains for all complexes presenting N, O- or O,
O- chelation for the ligands (Fig. 1.3).

Fig. 1.3: Perspective views of one dimensional [Sma(pic)s(p-pic)z]n™™ coordination polymer
They also reported that all these complexes exhibited room temperature emission spectra on
excitation at 325 nm. The emission spectra of the complexes were composed of a series of
straight lines, assigned to the Sm(I1I) intra-4f° transitions, ‘Gsp — 6H5/2,7/2, on, 112and of a large
broad band in the range of 380-680 nm for all the complexes, which may arise from the
ligands excited states. Wang et al. [22] synthesized a novel 6-hydroxy chromone-3-
carbaldehyde benzoyl hydrazone (L) ligand and its samarium (III) complex with the
composition [SmL(NOs),]NO;. The molecular structure of this complex demonstrated that the
samarium ion is ten coordinated (Fig.1.4) and showed characteristic line emission of f-f

transitions of metal ion when they are excited with UV light.



Fig. 1.4: Crystal structure of Sm(III) complex with hydrazone
Lenaerts et al. [23] reported that the luminescent Tb(IIl) complex covalently coupled to an
organic—inorganic hybrid material by immobilization of [Tb(CsHsNCO2)3(phen)(H20).]
complex on the sol-gel glass matrix and showed a green photoluminescence upon irradiation
with UV light. Oyang et al. [24] prepared different Tb(IIl) complexes like [TbL3(DMSO)
(HoO)]a, [TbL3(DMF)(H,0)]; and [TbLs(bipy)(H20)]2.2H,0 (HL = amino benzoic acid) and
reported their crystal structures. All these complexes were binuclear with two carboxyl groups,
act bidentate bridges between two Tb(III) ions. They also calculated the fluorescence life time
of the °Dy state energy and the emission quantum yield for all the complexes, and found that
the complex [TbL3(DMSO)(H,0)], showed the highest emission quantum yield (0.91) and the
fluorescence life time (610 ps). Qu et al. [25] reported the hydrothermal synthesis of a
coordination polymer with [Euy(BDC);(H,0J]» composition (BDC = 1,3-benzenedicarboxy-
late). In the X-ray structure of this complex, all H,BDC molecules were completely
deprotonated and all the oxygen atoms from the carboxylic groups of BDC anions take part in
coordination with the metal ions. The BDC anio.ns adopted only one type of coordination
mode: two bridging bidentates to coordinate with Eu(II) ions. They also investigated the
luminescence properties of the above coordination polymer. Song et al. [26] used
hydrothermal reaction for the synthesis of one novel samarium coordination polymer

[Sm(Hdipic)(dipic)(H20),.4H,0], (Fig. 1.5). Single crystal X-ray studies revealed that one



bridged dipic anion connects two adjacent samarium ions and formed one dimensional chain.

They have also reported their emission properties.

Fig. 1.5: Crystal structure of [Sm(Hdipic)(dipic)(H,0),.4H,0],
Liu et al. [27] reported the preparation of a supramolecular europium coordination polymer
with the composition {[Eu(IA);s(phen)].H,O}, (IA = itaconic acid) and structurally
characterized by single crystal X-ray diffraction. In the crystal structure (Fig. 1.6), the 1A

ligands exhibited tetra and pentadentate coordination modes.

Fig. 1.6: Coordination environment of the Eu(1Il) ion in{[Eu(IA), s(phen)].H,O},



Zheng et al. [28] synthesized three isostructural 2-D square grid coordination polymers
[Lny(NDC)s(phen),(H,0),] (Ln = La (1), Eu (2), Ho (3), NDC = I,4-naphthalenedi-
carboxylate, phen = 1,10-phenanthroline) by hydrothermal reactions of lanthanide chloride
with 1,4-naphthalenedicarboxylic acid and phen. The asymmetric unit of 2 consists of
[Eu,(NDC)3(phen),(H,0),] as a building unit (Fig. 1.7). There are two independent Eu(I1l)
ions where Eul and Eu2 are both eight coordinated with N,Og donor set in a dodecahedral
environment. They also investigated the photophysical and magnetic properties of these

complexes.

Fig. 1.7: Coordination environment of [Euy(NDC)3(phen),(H,0);]
The two dimensional coordination polymers were assembled into three dimensional network
via O-H--O hydrogen bonding between coordinated water molecules and uncoordinated
carboxylate oxygen atoms of the 1,4 naphthalenedicaroxylate anions in the adjacent layer. The
excitation spectra at 77 K of above compound were obtained by setting 16235 and 16204 cm™!
as the analyzing wave numbers. Scanning in the range of 578.0-581.0 nm revealed two sharp
excitation peaks, which showed that there are two Eu(lll) ion sites. Zhang et al. [29] reported
the synthesis, structure and luminescent properties of a new terbium (IIl) B-diketiminate
complex of composition [{(2,6-Me,CsH3)NC(Me},CH]|Tb-CI(THF)(u-Cl),Li(THF),. Single
crystal X-ray analysis revealed that this complex was binuclear (Fig.1.8). They suggested that
due to an efficient energy transfer from the ligand to the central Tb(IIl), this complex showed a
strong emission corresponding to Tb(III) Ds—"F) (J = 6, 5, 4, 3) transitions with *Ds—'Fs

(550 nm) green emission as the most prominent group.



Fig. 1.8: Crystal structure of [{(2,6-Me,CsH3;)NC(Me) },CH]TbCI(THF)(u-C),Li(THF),
A binuclear terbium complex [Tba(Hsal)s(H20):][(Hphen);].2H,O [Hsal = 0o-HOCsH4sCOO']
was synthesized and characterized by elemental analysis, molar conductance, IR, UV-VIS, X-
ray powder diffraction, thermogravimetric analysis and fluorescence [30]. The single crystal
X-ray study showed the presence of hydrogen bonding, m-m stacking interactions and
electrostatic attractions in two-dimensional supramolecular structure of this compound. The
solid state luminescence behavior of this complex was also studied. Barja et al. [31] reported
the structures and properties of dimeric [Tby(CH3;COO)s(H20)4].4H0, [Tby(CF;CO0),
(H20)6] and of mononuclear [Tb(Hoda);].H,oda.H,O complexes. They also recorded the
luminescence emission spectra of powder samples and of aqua solutions of all these
complexes. Barja et al. also prepared a homometallic terbium (III) trans-2-butenoate polymer
of composition [{Tb(MeCH=CHCOQO;);(H,0)}.MeCH = CHCO;H], and their dimeric 1,10-
phenanthroline derivative [{Tb,(MeCH=CHCO,)s.(phen);.2H,0] and characterized by single
crystal X-ray analysis [32]. As shown in X-ray structure, the Tb(IIl) coordination polymer
crystallized in the centrosymmetric space group P-1 (Z = 2), as the polymeric chains were built
up by TbOy units along ‘¢’ axis. In crystal structure of dimeric 1,10-phenanthroline derivative
of above complex, each Tb(lll) ion was coordinated to three trans-2-butenoates and one
phenanthroline with nine coordinated Tb(III) center in a monocapped square antiprism
geometry. They also found that the luminescence excitation and emission spectra of
microcrystalline powder samples of Tb(Ill) complexes were very similar and the metal

centered transitions bands *D;—'F; (J=6,5, 4 and 3) were observed at 489, 544, 585 and 621



nm. Soares-Santos et al. [33] reported the synthesis and structural characterization of a new
Tb(I1T) complex with 2,6-dihydrooxybenzoic acid and its single crystal X-ray diffraction

studies revealed that the complex crystallizes in the chiral and non-centrosymmetric P2, space

group (Fig. 1.9).

Fig. 1.9: Chiral complex anion, [Tb(2,6-dhb)5(H20)2]2'
An interesting feature of the crystal was the medium-intensity hydrogen bond between the
water molecule and the hydroxy group of the neighboring [Ln(2,6-dhb)s(H,0),]* complex
resulted in the formation of a hydrogen-bonded metal chain which runs along the ‘a’ direction

of the unit cell (Fig. 1.10).

Fig. 1.10: Perspective along the ‘a’ axis of [nBusN],[Tb(2,6-dhb)s(H,0);]
They also described for the first time the luminescent properties of the Th(IIl) complex with

the 2,6-dihydroxybenzoate ligand. Wan et al. [34] synthesized some coordination polymers

10



like  [Eu(1,2-BDC)(1,2-HBDC)(phen)(H,0)]n, [Eu(1,3-BDC);(phen),(H20):],.4nH,0 and
[Eu(1,4-BDC)3n(phen)(H,0)], by hydrothermal reactions of europium (III) chloride with
three isomers of H,BDC, phen and characterized by single crystal X-ray diffraction. Their

crystal structure and packing views are given in Fig. 1.11-1.12.

Fig. 1.12: Packing diagram of [Eu(1,2-BDC)(1,2-HBDC)(phen)(H,0)], along ‘a’ axis
Out of above three coordination polymers, [Eu(1,2-BDC)(1,2-HBDC)(phen)(H,0)], exhibited
intense red fluorescence under UV light. Wang et al. [35] reported a binuclear europium
complex [Eu(m-BrBA);(H2O0)(phen)]; in the ethanol solution and characterized structurally by
X-ray diffraction. In above complex, each Eu(lll) ion is coordinated to one 1,10-

phenanthroline molecule, one monodentate carboxylate group, one water molecule and four



bridging carboxylate. The excitation and luminescence spectra of the title complex measured
at room temperature showed that the title complex emitted red fluorescence under UV light.

The intensity of the luminescence band arising from Dy — 'F, transition was most intense.
THERMAL PROPERTIES OF LANTHANIDE COMPLEXES

The lanthanide metal complexes with nitrophenols as high energetic materials have
been the subject of fairly extensive investigation in thermal and combustion properties. On
thermolysis, these complexes release the chemical energy available in them and produce
gaseous decomposition product and solid residues. Harrowfield et al. [36] reported the single
crystal room-temperature X-ray studies on hydrated specimens (deposited from aqueous
solutions) of the sequence of trivalent lanthanoid picrates La — Tb. They found that the latter
form is frequently found partially desolvated toward the undecahydrate without loss of crystal
integrity, as water is lost from tunnels in the lattice, with the actual hydrate stoichiometry
dependent on the history of the specimen. In both sets of compounds, similar complex species
[ Ln(pic),(OHa,)s]" are observed, with one picrate uncoordinated as counter ion and six lattice
water molecules. The lanthanoid ion is > 8-coordinated, one of the coordinated picrate
moieties being quasibidentate, with an ortho-nitro group oxygen atom having a long contact to
the metal atom in both series. Yun et al. [37] synthesized the Ln(IIl) complexes,
[Sm(Pic)>(H,0)s]Pic.6H,O (1) and [Ho(Pic)(H20);](Pic),.3H,0 (2) using picrate ligand and
their crystal structures were analyzed by X-ray diffraction methods (Fig. 1.13). Based on the
results of the TG-DTG and DSC thermal analysis, it was analyzed that the lanthanide picrate
complexes 1 and 2 are thermally decomposed in three distinctive stages, the dehydration, the

picrate decomposition and the formation of the metal oxide.

0206

Fig. 1.13: Crystal structure of [Sm(Pic),(H;0)¢]Pic.6H,0
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Yun et al. [38] reported the title complexes [M(NTO),(H,0)¢].NO3.2H,0 with NTO ligand (M
= Gd, Ho) (Fig. 1.14). Based on the results of TG-DTG thermal analysis, the thermal
decomposition reaction of complexes was analyzed to have three distinctive stages such as the
dehydration of water, the cleavage of NTO ring, decomposition of NO; ion and the formation
of metal oxide. The DSC curve appears to indicate that dehydration process is composed of
three steps. The three dehydration stages occurred in the temperature range of 30186 °C. The
total mass loss for these three dehydration steps is 22.5% due to the mass loss of two

crystalline and six coordinated water molecules.

Fig. 1.14: Crystal structure of [Ho(NTO)2(H20)6] NO3.2H,0

Yan et al. [39] reported the thermal decomposition process and mechanism of lanthanide

complexes with N-phenylanthranilic acid. On heating in air atmosphere, the TG-DTA curves
of La’, Pr*, Nd’* complexes showed three processes (two dehydrations and one
decomposition), while the TG-DTA curves of Gd3+, Eu*’, Tb*, Sm*, Dy3+ complexes showed
two processes (one dehydration and one decomposition), the final products are rare earth
oxides. On heating in nitrogen atmosphere, the TG-DTA curves of all the complexes showed
two processes, the final products are the mixtures of lanthanide oxides and carbon. Jr et al.
[40] synthesized and characterized- the hydrated lanthanide picrates with a composition of
Ln(pic);.xH,O (Ln = La, Lu, Y). The results showed tHat the thermal decomposition of
hydrated lanthanide picrates occurs in three similar groups, allowing the study of the thermal

stability and the determination of the different number of hydration water molecules. These



compounds were explosives and their thermal decomposition occurs in highly exothermic
events. Jr et al. [41] also reported the lanthanide picrates complexes with DTSO; (1,3-dithiane-
1,3-dioxide) ligand (Fig. 1.15). Thermal decomposition of these compounds by TG-DTG and
DSC were performed. It was found that the compounds are comprised in a single isomorphous
series and their thermal decomposition occurs as exothermic events. The final products were

found to be lanthanide dioxysulfates.

Fig. 1.15: Crystal structure of trans-DTSO,
Nakagawa et al. [42] reported the Janthanoid (1II) picrates (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd,
Dy and Yb) from picric acid. Combustion analysis, ICP emission analysis and UV
spectrophotometry showed that the light lanthanoid picrate, i.e. Ln = La-Gd, are all
undecahydrates, while the heavy ones, Dy and Yb, are octahydrates. An examination, by TG-
DTA has revealed that these hydrates, being fairly stable in air at ambient temperature, are
quite labile to give partially or completely dehydrated samples upon drying under vacuum, in a
desiccator, and / or at elevated temperatures just above 30 °C. Boncher et al. [43] reported
polycrystalline lanthanide sulfide materials, formed at low temperatures using a single-source
precursor based on the lanthanide dithiocarbamate complex. Thermal decomposition of a
single-source lanthanide dithiocarbamate precursor was successfully employed to obtain
lanthanide chalcogenide materials. Brzyska and Ozga [44] studied the thermal decomposition
in air of mephenamates of yttrium and lanthanides from La(Ill) to Lu(Ill). During heating, the
hydrated complexes Ln(C;sH40,N);.nH,O (n = 3-14) lose water of crystallization in one (Y,
La-Sm, Gd-Lu) or two steps (Eu), then anhydrous (Sm, Gd, Dy, Tm, Lu) or lower hydrated (Y,
La-Nd, Eu, Tb, Ho, Er, Yb) complexes decompose directly to oxides or with intermediate

formation of very unstable oxycarbonates (La, Nd). Sallama and Mahmoudb [45] investigated



the complex-formation of the lanthanide (I11) cations with D-penicillamine methyl ester in
acidic and neutral media. The macroscopic protonation constants of the ligand and the
formation constants of [Ln.Pme],", [L.(Pme),]", [Ln.Pme.OH]" and [Ln.Pme.(OH),]
complexes have been determined from pH-metric data using BEST computer program. They
also studied that the complexes decompose in four steps as shown by their TG and DTA
analysis with the formation of Lny(SO4); as a final product. Christos et al. [46] reported the
neutral complexes of the general formula [Ln(3-OCHj3-salo)s], by the reaction of a lanthanide
(II1) nitrate (Ln = Pr, Nd, Gd, Dy, Er) with 3-methoxy-salicylaldehyde (3-OCHj3-saloH). They
also analyzed the released products, due to the thermal decomposition by on-line coupling MS
spectrometer to the thermobalance in argon, allowed to prove the proposed decomposition
stages. In order to confirm the stability scale provided on the basis of the onset decomposition
temperature, a kinetic analysis of the three decomposition stages was made using the Kissinger
equation, while the complex nature of the decomposition kinetics was revealed by the
isoconvertional Ozawa—Flynn—Wall method. Tian et al. [47] synthesized two complexes of
[Ln(CA)sbipy], (Ln = Tb and Dy; CA = cinnamate; bipy = 2,2'-bipyridine) and characterized
by elemental analysis, infrared spectra, ultraviolet spectra, thermogravimetry and differential
thermogravimetry techniques. The thermal decomposition behavior of the two complexes
under a static air atmosphere was discussed by thermogravimetry and differential
thermogravimetry. The non-isothermal kinetics was investigated by using a double equal-
double steps method, the non-linear integral isoconversional method and the Starink method.
The mechanism functions of the first decomposition step of the two complexes were also
determined. Ye et al. [48] synthesized a series of lanthanide complexes with the 4-
ethylbenzoic acid ligand (4-eba), [Ln(4-eba);(phen)]> (Ln = Nd (1), Sm (2), Eu (3), Tb (4), Dy
(5) and Ho (6); phen = 1,10-phenanthroline). They also discussed the thermal analysis of the
six complexes by TG-DTG techniques. The activation energy E values of the first
decomposition stage for complexes 1-6 were calculated by integral isoconversional non-linear
(NL-INT) and Ozawa iteration methods, respectively. Wang et al. [49] reported the Sm(lll)

complex with 1,10-phenanthroline (phen) and 5-chloro-2-methoxybenzoate (5-Cl-2-MOBA). |
The crystal and molecular structure of the complex, as well as its molecular formula and
composition [Sm(5-CI-2-MOBA);phen],, were determined by single crystal X-ray diffraction,
elementary analyses, infrared (IR) and thermogravimetric-differential thermogravimetric (TG-

DTG) measurements. Yun et al. [50] reported the Tb(IIl) complex containing 2,4-
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dinitrobenzoate (2,4-DNB), Tb(2,4-DNB);(H,0),].CoHsOH. This complex crystallized in the
triclinic space group P-1, where the eight-coordinated Tb ion with six carboxylate groups and
two water molecules forms a slightly distorted square antiprism. They also studied the thermal
properties of the terbium complex. Czylkowska and Markiewicz [51] synthesized novel
mixed-ligand complexes Dy(4-bipy)(CCl,HCOO);.H,O and Ln(4-bipy), s(CCl3C0O0);.2H,0
(where Ln(IT) = Ce, Nd). They also studied the thermal properties of complexes in the solid
state under non-isothermal conditions in air atmosphere.

The research conducted on energetic materials during last years has also led to the
discovery of various types of organic compounds and salts which can be used as a component
in the propellants and explosives. Propellants are chemicals which are used to produce the
thrust required to propel the rockets. These are the main source of chemical energy [52] for
modern space launch vehicles such as rockets and missiles. Polynitro compounds, which have
high energy parameters, are used as constituents of explosive compositions and solid-rocket
propellants [53]. Kamlet and Adolph [54] reported that the impact sensitivities of organic high
explosives are primarily functions of the rates of the thermal decomposition processes taking
place in the temperature regimes generated under the impact hammer. For classes of
explosives with similar decomposition mechanisms, there appear to be statistically significant
linear relationships (sensitivity/composition trends) between logarithmic 50% impact heights
and OB, o values. They also showed that polynitroaromatic explosives containing a C-H
linkage alpha to the aromatic ring are more sensitive as a class than explosives lacking such a
Jinkage. Gilbert and Leccacorvi [55] reported that the dinitrobenzene (DNB) can be prepared
either by the nitration of benzene or by the oxidation of nitroaniline. The explosive
decomposition products of DNB are CO,, CO, H,, N;, CHy, HCN, C,H;, NH4HCO;5, C and its
VOD is 6100 m/s. Kamlet et al. [56] demonstrated the relationship between impact sensitivity
with the structures of high explosives and found that the initiation step in polynitroaromatics,
is presumably a scission of the C-NO; bond where C-NO, homolysis to form NO and an
aromatic radical, is a dominant decomposition channel. But those having C-H bond alpha to

the polynitroaromatic ring, decompose by C-H bond scission as shown in scheme 1.1.



Aromatic free radicals

Scheme 1.1: C-H and C-N bond scission in polynitroaromatics

Urbanski [57] reported that 2,4,6-trinitrophenol (picric acid) is of the greatest importance and
thermal decomposition of picric acid can be represented as follows:

16CsH;0 (NO,); — 32CO; +40CO + 4CH, + 2H,0 + 3C,H; + 3HCN + 4.5H,

+21.5N, + 2NH,/HCO; + 9C
Thermal decomposition of 5-nitro-2,4-dihydro-3H-1,2,4-triazole-3-one (NTO) have been
carried out by Rothgery et al. [58]. They observed that the stability of NTO is to aging of the
sample. Kinetic analysis suggested an auto-catalytic mechanism and the decomposition
mechanism changed abruptly at 212 °C where an ignition occurred. Formation of ‘NO; radical
by C-NO, cleavage, with the rupture of the adjacent C-N bond appears to be the probable
mechanism in the thermal decomposition of NTO.

Heterocycles like pyrazolo-pyrazole generally have a higher density and oxygen
balance, important parameters for increasing the performance of an energetic material, than
their carbocyclic analogues. Mikhailov et al. [59] developed a method of synthesis of 2,6-
diazido-3,5-dicyanopyridine, 2.4 6-triazido-3,5-dicyanopyridine, 2.3.4,5-tetraazido-6-
cyanopyridine and determined the heats of formation and explosive properties of compounds.
The replacement of endocyclic nitrogen atoms by C-CN fragments in the aromatic ring of
polyazides strongly reduces the explosive risk of these compounds with retention of the
energetic properties of the molecules. Kapoor et al. [60] synthesized four phenylene-
diammonium dinitrate salts. They also studied their thermal properties by using

thermogravimetry (TG) and simultaneous thermogravimetry-differential scanning calorimetry
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(TG-DSCQ). Singh et al. [61] prepared six dimethylanilinium chlorides (DMACI) and studied
their thermal decomposition properties by TG and DSC techniques. They also evaluated the
kinetic parameters from the isothermal and non-isothermal TG data. Singh et al. [62] reported
the thermolysis of dimethylanilinium nitrates (DMAN) by TG, DTA, ignition delay, impact
and friction sensitivity measurements. Although kinetics of the thermal decomposition of these
salts were evaluated by fitting TG data in nine-mechanism-based kinetic models, only Avrami
Erofeev (n = 2, 3) and contracting area (n = 2) gave the best fits. Felix et al. [63] studied the
thermal analysis of RDX and its three plastic bonded explosives (PBXs) by using various
thermo analytical techniques, under different conditions. The thermal analyses did not show
any significant reduction in thermal stability of RDX. Kinetic analysis of isothermal TG data
was made by model fitting methods as well as a model free isoconversional method. Kapoor et
al. [64] synthesized hydrogen sulphate, nitrate and perchlorate salts of diphenylamine and
evaluated their thermal decomposition by TG (static air) and DSC (inert atmosphere). The
diphenylammonium hydrogen sulphate under thermal and microwave irradiation formed 4-
(phenylamino) benzenesulphonic acid by sulphonation process, whereas nitrate and
perchlorate salts did not form corresponding nitro and perchloro derivatives, rather they ignite
and explode, respectively, to form gaseous products along with a residual carbon. Kapoor et
al. [65] synthesized three salts of phenylenediammonium and studied their thermal
decomposition by thermogravimetry (TG), differential thermal analysis (DTA) and explosion
delay (Dg) measurements. They also found that the oxidation-reduction reactions near the
surface of thermolysing perchlorates may be responsible for the decomposition, followed by
explosion.

The above literature revealed that the luminescent and thermal properties of lanthanide
complexes with 1,10-phenanthroline (phen), 2,2"-bipyridine (bipy), 2,4,6-tris(2-pyridyl)-1,3,5-
triazine (tptz) as primary ligands and 2,6-dinitrophenol (2,6-DNP), Sodium benzoate (NaOBz),
2-pyrazinecarboxylic acid (2-pyca) as secondary ligands have not been reported in details.
Accordingly in present thesis, we have attempted the structural, photophysical and thermal
properties of lanthanide (III) [Ln = Eu, Gd, Tb] complexes as well as the thermal kinetic

analysis of various organic salts.
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CHAPTER-2

pl-Dependent Host-Guest
Complexes of Europium (111)
and Gadolinium (111):
Syntheses, Structural and
Thermal Studies







Both polynitro aromatic and aliphatic compounds have been extensively studied as
high energetic compounds [1, 2]. Presence of even one nitro group is sufficient to increase the
thermal decomposition of aromatic compounds as nitrates are powerful oxidizing agent and
decompose at elevated temperature to give oxygen as one of the major product. Nevertheless,
aromatic compounds which have two or more nitro groups, exhibit distinctly marked explosive
properties. Keshavarza et al. [3] reported a new method for activation energy or the Arrhenius
parameter E, of the thermolysis in the condensed state for different polynitro arenes as an
important class of energetic molecules. The methodology assumes that E, of a polynitro arene
with general formula C,H,N:O4 can be expressed as a function of optimized elemental
composition as well as the contribution of specific molecular structural parameters. They also
reported the new method which can predict E, of the thermolysis under conditions of Soviet
Manometric Method (SMM) and suggested that the proposed new method can also be used to
predict E; of three polynitro arenes, i.e. DIPAM and NTFA. Stepanov et al. [4] studied the
effect of chemical structure on the thermal stability of multifunctional gem-trinitro compounds
and found that depending on the structure of the compounds, the decomposition rate changes
by more than two orders of magnitude, which is due not only to the effect of substituents but
also to the different mechanisms of the rate-determining stage of the process. Singh et al. [5]
repbrted the thermolysis of 3-amino-5-nitro-1,2,4-triazole (ANTA) using thermogravimetry-
differential thermal analysis (TG-DTG-DTA) and differential scanning calorimetry (DSC)
techniques in N, atmosphere. They found that the decomposition of ANTA occured in two
steps i.e. first step corresponds to the removal of NO; followed by ring rupture and various
condensed phase processes leading to the formation of CO,, N,O, HCN and HCNO. Rao and
Yoganarasimhan [6] reported the mode of decomposition of 2,4 N-trinitro anilino acetic acid
[glycine, N-(2,4 dinitrophenyl), N-nitro] and its methyl and ethyl esters from a study of the
kinetic parameters of their thermal decomposition using DTA, isolation and identification of
some of the nonvolatile products of decomposition. From which, they concluded that these
compounds decompose through the scission of N-NO; bond. Singh and Pandey [7]
synthesized the nitrate complexes of copper, nickel and zinc with diethylenetriamine (dien) i.e.
[Cu(dien);](NOs),, [Ni(dien);|(NO3),-2H,0 and [Zn(dien),](NOs),. The kinetic parameters for
both non-isothermal and isothermal decomposition of the complexes were evaluated by
employing Coats—Redfern (C—R) method and Avrami—Erofeev (A-E) equations (n = 2 and 3),

respectively. They also reported that all these complexes were found to be insensitive towards
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impact of 2 Kg mass hammer up to the height limit (110 cm) of the instrument used. Singh and
Felix [8] reported the crystal structure, thermolysis and applications of 5-nitro-2,4-dihydro-
3H-1,2,4-triazole-3-one (NTO). They also summarized the various studies dealing with
applications of NTO as a high-energetic material. Ferenc et al. [9] reported the physico-
chemical properties of 4-chloro-2-nitrobenzoates of Co(ll), Ni(Il) and Cu(ll). All analysed 4-
chloro-2-nitrobenzoates are polycrystalline compounds with colors depending on the central
ions: pink for Co(Il), green for Ni(Il) and blue for Cu(ll) complexes. Their thermal
decomposition was studied only in the range of 293-523 K, because it was found that on
heating in air above 523 K, 4-chloro-2-nitrobenzoates decomposed explosively. Hydrated
complexes lose crystallization water molecules in one step and anhydrous compounds are
formed. The final products of their decomposition are the oxides of the respective transition
metals. From the results, they concluded that during dehydration process no transformation of
nitro group to nitrite takes place.

The explosive characteristics depend on properties such as shear strength and
molecular orientations of the crystalline material [10-12]. Zeman et al. [13] and Zeman [14]
have correlated the thermal decomposition kinetics of polynitro aromatic explosives at lower
temperatures with heat of explosion, detonation characteristics. They also specified the thermal
stabilities of polynitroaromatic compounds by means of non-isothermal DTA and determined
the initial temperatures of the exotherms Tp as well as the Piloyan decomposition activation
energies, E, of the compounds. The thermal decomposition of polynitro organic compounds
involves simple bond scission prior to explosion. A notable feature of these reactions is the
fact that the aromatic ring remains intact. The next stage of thermolysis involves propagation
reaction which involves exothermic oxidation/reduction reactions leading to the formation of
low molecular weight and thermodynamically stable gaseous products. It has been also proved
that the dissociation of ring does not occur until most of the attached substituents are removed.
The thermolysis of polynitro aromatic compounds begins with one or more endothermic
initiation steps. These steps involve C-NO, homolysis, and NO, or NO are formed which
attack the aromatic ring producing CO and CO,. The overall unified thermolysis mechanism

can be suggested in scheme 2.1.
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: C-N
Ring (NOy), = » | Ring +NO,+NO+0O
bond scission

Condensed phase

ring rupture | ORR

CO+CO+H+H,0 o @
+ Oxides of nitrogen

+ Carbonaceous residue

where n=234.....................

ORR = Oxidation reduction reaction

Scheme 2.1: Schematic illustration of the thermolysis mechanism

2,6-dinitrophenol (2,6-DNP) is one of the six possible dinitrophenol forms used in the
synthesis of dyes, other organic chemicals, wood preservatives, explosives and insecticides.
The absence of nitro groups at the para position on 2,6-DNP makes the nitro group at ortho
position be involved strongly in chelate formation i.e. it can coordinate in different ways when
it is present in solution, and the coordination mode again changes when one more ligand is
present in same solution. Yun et al. [15] reported the crystal structure of a (2,6-
dinitrophenolato)lithium complex [Li(2,6-DNP)(H,0)],.2H,O which is centrosymmetric in
nature (Fig. 2.1). They also reported the thermal decomposition of this dimeric complex which
occurs in two steps i.e. first between 57 and 80 °C, corresponds to dehydration and the second,

between 330 and 370 °C, corresponds to decomposition of the complex with explosion.
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Fig. 2.1: Crystal structure of [Li(2,6-DNP)(H,0)],.2H,0
Yun et al. [16] further reported the Ln(llI) complexes with 2,6-dinitrophenol ligand, [Lax(2,6-
DNP)s(H20)4].4H,0 and [Tb(2,6-DNP)3;(H,0);] (Fig. 2.2). Based on the results of TG-DTG
and DSC thermal analysis, they suggested that the lanthanide 2,6-DNP complexes were
thermally decomposed in three distinctive stages, the dehydration, the 2,6-DNP decomposition

and the formation of the metal oxide.

Fig. 2.2: Crystal structure of [Tb(2,6-DNP);(H,0);]
Yun et al. [17] synthesized the lanthanide complexes of 2,6-DNP with Y(III) beside Ce(IIl),
Pm(III), Lu(I1l) and analyzed their crystal structures by X-ray diffractions methods. La(III) ion
formed the dimeric complex [Lax(2,6-DNP)s(H,0)4].4H,0, while the rest of Ln(IIl) ions
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formed the monomeric complexes [Ln(2,6-DNP);(H,0);]. He found that in the La(lll)
complex, the significance of the structure is the presence of the bridged ligands and the
terminal ligands in the bimetallic compound. The thermal properties of these complexes were
also studied by TG-DTG and DSC thermal analysis method. Based on the results of TG-DTG
and DSC analysis, he also proposed the thermal decomposition mechanism of the complexes
i.e. the complexes were thermally decomposed in three distinctive stages, the dehydration, the
2,6-DNP decomposition, and the formation of the metal oxide. Kim et al. [18] reported the
formation of [Ho(2,6-DNP);(H,0)s], where Ho™ is nine coordinated via three bidentate 2,6-
DNP and three water molecules (Fig. 2.3) and discussed the dependences of metal to ligand
bond lengths according to the atomic number of lanthanide elements. They also studied the

thermal properties of lanthanide complexes by TG-DTG and DSC thermal analysis methods.

Fig. 2.3: Crystal structure of [Ho(2,6-DNP);(H,0)s]
Suh et al. [19] reported the synthesis of nine-coordinated [Nd(CsH3N205)3(H20)3] system with

a slightly distorted tricapped trigonal prismatic coordination geometry. The Nd(III) ion is
coordinated to three H,O and by three bidentate 2,6-dinitrophenolate ligands. The coordinated
NO, groups are almost coplanar with the benzene rings. Suh et al. [20] also reported the
formation of compound [Y(CgH3N,05)3(H20);5], where Y atom is nine-coordinated with a
slightly distorted tricapped trigonal prismatic coordination geometry. The Y(III) ion is
coordinated to three bidentate 2,6-dinitrophenolate ligands and three water molecules. Aly et
al. [21] compared the reactivity of the coordinated monodentate oxine and of the bidentate

anion in the complexes ThOx4.HOx and UO,0x,.HOx (HOx = oxine) by the reaction of these
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complexes with nitrophenols. The mixed ligand complexes isolated were formulated as
ThOx4.2Hph and as UO,0x,.Hph [Hph = picric acid and 2,4-dinitrophenol for Th(IV) and also
2,6-dinitrophenol for U(VI)]. They tentatively suggested the structures with the formation of
hydrogen bonds between the oxygen atom of the chelated oxinate and that of the nitrophenol.
Layton et al. [22] synthesized the adducts between the alkali-metal salts of 1-nitroso-2-
naphthol, o-nitrophenol, 2,4- and 2,6-dinitrophenol and ligands viz., 1,10-phenanthroline, or
2,9-dimethyl-1,10-phenanthroline.

The above literature revealed that the syntheses of lanthanide complexes, described in
this chapter are not available in literature. The present chapter reports the syntheses of the
lanthanide metal complexes with phen and bipy in the presence of secondary ligand 2,6-
dinitrophenol at different pH. Thermal stability of these complexes has been studied by means
of thermogravimetric analysis, while kinetic parameters have been evaluated using models
fitting and isoconversional methods. The possible pathways of thermolysis of these salts have

also been proposed.

RESULTS AND DISCUSSION

The syntheses of the complexes 2a-2j were carried out by the stoichiometric
combination of lanthanide chloride (MCl;.6H,0, M = Eu, Gd,), 1,10-phenanthroline (phen) /
2,2"-bipyridine (bipy) and 2,6-dinitrophenol (2,6-DNP) in methanol. Reaction of 1,10-
phenanthroline with europium (III) chloride and gadolinium (III) nitrate resulted in the
formation of complex [Eu(phen),Cl3CH3;OH] (2a) and [Gd(phen),(NOs)s] (2f), whereas in the
presence of 2,6-DNP at pH 6-7, the same reaction yielded the complex [Eu(2,6-
DNP);phenCH;0H] (2b) and [Gd(2,6-DNP);phenCH3OH] (2g). This reaction at pH 4-5 gave
the complexes [Eu(2,6-DNP);phen(OH)].Hphen (2¢) and [Gd(2,6-DNP);phen(OH)],.(Hphen),
(2h). The complexes [Eu(2,6-DNP);bipyOH,] (2d) / [Gd(2,6-DNP);bipyOH,] (2i) and
[Eu(2,6-DNP);bipy(OH)] .Hbipy (2e) / [Gd(2,6-DNP);bipy(OH)].Hbipy (2j) were prepared by
the reaction of lanthanide (I1I) chloride with 2,2'-bipyridine and 2,6-DNP at pH 6-7 and pH 4-
5, respectively as given in scheme 2.2. The different formulations were confirmed by
elemental analysis and crystallographic structure analysis of these complexes. The
crystallographic data, structure refinement parameters, selected bond lengths and bond angles
are listed in Table 2.1-2.18. The selected hydrogen bonding data are summarized in Table
2.19.
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phen [Eu(phen),C1;CH;0H | (2a)
[Gd(phen),(NO;)s] (2f)

2,6-DNP + phen _  [Eu(2,6-DNP);phenCH,0H] (2b)

(pH 6-7) |Gd(2,6-DNP);phenCH;0H] (2g)
EuCl;.6H,0 / 2,6-DNP + phen _  [Eu(2,6-DNP);phen(OH)].Hphen (2¢)
Gd(NO;);.6H,0 (pH 4-5) [Gd(2,6-DNP);phen(OH)|,.(Hphen), (2h)

2,6-DNP + bipy _  [Eu(2,6-DNP);bipyOH,]| (2d)
(pH 6-7) [Gd(2,6-DNP);bipyOH,] (2i)

2,6-DNP + bipy . [Eu(2,6-DNP);bipy(OH)].Hbipy (2e)
(pH 4-5) [Gd(2,6-DNP);bipy(OH)].Hbipy (2j)

- OH
\_ 7 \_7/

1,10-phenanthroline 2,2’-bipyridine 2,6-dinitrophenol
( phen) ( bipy) (2,6-DNP)

Scheme 2.2: Scheme for the synthesis of complexes 2a-2j
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Infrared spectra

The presence of coordinated 2,6-dinitrophenolate anions are suggested by strong bands
at 1566, 1538 cm™ and 1365, 1336 cm™ [23]. The frequencies were split into two bands for
v{(NO,), exhibiting the 2,6-dinitrophenolate coordination through phenolic oxygen and oxygen
of one ortho-nitro group, behaving as a bidentate [23, 24]. The band attributed to v(NO) at
988-940 cm’ was shifted to 938 cm, indicating the coordination of 2,6-dinitrophenolate
anion through the oxygen atom [25] for 2b-2j. In complex 2a-2¢, 2f-2h, the C=C and C=N
ring stretching vibrations bands in the region 1650-1400 cm™ indicates the coordination of
phen to the metal center while in complexes 2d, 2e, 2i, 2j, the stretching bands C=C (1577 cm
") and C=N (1558 cm’') in free bipy shifted to 1596 cm™ and 1568 cm™ on complex
formation suggested that bipy ligands coordinated to the lanthanide metal centre through the
nitrogen atoms [26]. The out of plane the hydrogen deformation vibration of free phen and
bipy are obtained at 735 and 845 cm™'. The broad absorption appears at around 3350 cm™ [27],
the typical stretching of alcohol hydroxyl, indicating the presence of methanol in complex 2a,
2b, 2g, and the IR spectra of the complexes show strong bands in the range of 3545-3320 ¢cm’’
assignable to v(OH) stretching vibrations of coordinated water and OH molecules [28] in
complex 2¢-2e, 2h-2j.

Crystal structure of [Eu(phen);Cl;CH;0H] (22)

The single crystal X-ray diffraction studies confirmed the formulation of 2a as
[Eu(phen),Cl3CH;0H] and the molecular structure is given in Fig. 2.4. The complex
crystallizes in the orthorhombic system with space group P 21 21 21 (Z = 4). The structure
analysis demonstrated that complex 2a contains mononuclear europium centre, where the
europium is coordinated by four N atoms (N1, N2, N3, N4) from two phen ligands and three
chloride ions (Cl1, CI2, CI3). The coordination polyhedron is completed by coordination of
one O-atom (O1) of methanol molecule with total coordination number eight. A coordinated
polyhedron around Eu*? ion is square-antiprism; atoms N1, Cl1, Ol, CI2 and N2, N3, N4, CI3
form upper and lower square planes, respectively (Fig. 2.5). Eu-N bond distances of
coordinated phen ligands are in the range of 2.581(6) - 2.642(6) A, while the Eu-O1 bond
distance of coordinated methanol is 2.497(5) A which is in good agreement with the reported
values for lanthanide complexes with methano! coordination [29, 30]. The crystal packing
shows the presence of C-H-+Cl intermolecular and intramolecular interactions between

hydrogen atoms of phen ligand, methy! group of methanol and chloride atoms which are in the
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range of 2.639 — 2.869 A. C-H-x interactions [C11-HI1-x, 3.135 and 3.305 A; C17-H17-x,
3.389 A; C18-H18:x, 3.406 A] are also observed between two phen ligands of neighboring
complexes (Fig. 2.6). A pseudo host-guest architecture along the ‘a’ axis is observed due to the
presence of C-H--m interactions between two complexes (Fig. 2.7).
Crystal structure of [Eu(2,6-DNP);phenCH3;OH] (2b)

This complex crystallizes in monoclinic space group P 21/n. The molecular structure of
2b is shown in Fig. 2.8 where the europium centre is nine coordinated with two N-atoms (N1,
N2) from one phen, six O-atoms (01, 02, O3, 04, 05, 06) from three 2,6-DNP and one O-

atom (O7) from coordinated methanol molecule. Eu®

ion forms three six-membered chelate
rings with each 2,6-DNP through an O-atom of the nitro group and an O-atom of the phenolate
group, whereas the phen ligand coordinates to Eu™ ion, forming a five membered ring. A
coordinated polyhedron around Eu® ion is slightly distorted tricapped trigonal prism (Fig.
2.9). The Eu-O bond distances to the nitro groups are in the range of 2.518(3) - 2.782(5) A,
while the Eu-O bond distances to the phenolate groups are in the range of 2.268(7) - 2.302(4)
A. The average Eu-O bond distance to the nitro group is 2.616 A which is sightly smaller than
the reported value i.e. 2.664 A, whereas the average Eu-O bond distance to the phenolate
group is 2.292 A which is slightly greater than the reported value in Tb-2,6-DNP complexes
[16]. The Eu-N bond distances of coordinated phen ligands are in the range of 2.577(7) -
2.606(3) A which is shorter as compare to complex 2a. The intermolecular C-H-+O [C31-
H31B--010, 2.899(4) A] interactions between hydrogen atoms of methy! group of methanol
and O-atom of nitro group of 2,6-DNP and n--n [3.544(3) A] interactions with neighboring
molecules, resulted in the formation of two dimensional structure (Fig. 2.10).
Crystal structure of [Eu(2,6-DNP);phen(OH)].Hphen (2¢)

The complex 2¢ crystallizes in triclinic space group P-1 and the europium centre is
eight coordinated with two N-atoms (N1, N2) from one phen, five O-atoms (02, O3, 04, O5,
06) from three 2,6-DNP and one O-atom (O1) from coordinated deprotonated water molecule
(Fig. 2.11). The structure also contains uncoordinated protonated phen molecule in the lattice.
Eu® ion forms two six-membered chelate rings with two 2,6-DNP through an O-atom of the
nitro group and an O-atom of the phenolate group but one 2,6-DNP is coordinated to the
europium centre in monodentate manner through the single O-atom of phenolate group,
whereas the phen ligand coordinates to Eu® ion, forming a five membered ring. A coordinated

polyhedron around Eu® ion is slightly distorted square-antiprism; atoms N1, O, 05, O6 and

35



N2, 02, 03, 04 form upper and lower square planes, respectively (Fig. 2.12). The Eu-O bond
distances to the nitro groups are in the range of 2.543(5) - 2.555(3) A, while the Eu-O
distances to the phenolate groups are in the range of 2.236(6) - 2.313(4) A. Eu-O4 bond
distance [2.236(6) A] is shorter than the Eu-02 [2.289(4) A] and Eu-O6 [2.313(4) A]. The
average Eu-O bond distances to the phenolate group and nitro group is 2.279 A and 2.549 A,
respectively which are smaller as compare to complex 2b. The Eu-N bond distances of
coordinated phen ligands are in the range of 2.569(4) - 2.588(4) A which is shorter as compare
to the complex 2a, 2b. The crystal packing shows that one mononuclear complex
intermolecularly hydrogen bonded to the neighboring complex via C-H--O [C22-H22--016,
2.947(10) A; C29-H29--012, 2.918(7) A; C38-H38--013, 2.606(11) A; C39-H39--013,
3.153(9) A] and C-H--n [C21-H21-m, 3.456(5) A] interactions. These different non-covalent
interactions among host molecules cause the formation of cavity to accommodate the guest
(Hphen) as shown in Fig. 2.13a and 2.13b. It is also observed that the hydrogen atoms of the
coordinated deprotonated water molecule (O1) is involved in extensive hydrogen bonding with
the nitrogen atom (N3) of Hphen molecule present in lattice and protonated nitrogen (N4) with
the coordinated oxygen (O1) of deprotonated water molecule via O1-H1A-N3, 2.197(36) A
and N4-H4A-+01, 2.058(3) A intermolecular interactions (Fig. 2.14a and 2.14b).
Crystal structure of [Eu(2,6-DNP);bipyOH;| (2d)

The coordination geometry in 2d (Fig. 2.15) is same as in complex 2b in which metal
centre is coordinated with two N-atoms (N1, N2) from one bipy, six O-atoms (02, O3, 04,
05, 06, O7) from three 2,6-DNP and one O-atom (Ol) from coordinated water molecule
instead of methanol molecule as compared to 2b. A coordinated polyhedron around Eu™ ion is
slightly distorted tricapped trigonal prism (Fig. 2.16). The Eu-O bond distances to the nitro
groups [2.348(10) - 2.663(15) A] are greater than the phenolate groups [2.281(10) - 2.741(9)
A], while the Eu-N bond distances of coordinated bipy ligand are in the range of 2.542(9) -
2.569(10) A. Like complex 2¢, in complex 2d also one molecule is non-covalently hydrogen
bonded to the neighboring molecule through the C-H--O [C3-H3--08, 2.535(15) A; C7-
H7--03, 2.668(12) A; C9-H9--04, 2.651(14) A; C9-H9--OI1, 2.671(16) A and O--O
[O1--05, 2.994(18) A; O1-06, 2.609(18) A; 01013, 3.023(17) A] intermolecular

interactions and resulted in the formation of two dimensional sheet like structure (Fig. 2.17).
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Crystal structure of [Eu(2,6-DNP)s;bipy(OH)|.Hbipy (2¢)

This complex is isomorphous with the complex 2¢ containing bipy ligand instead of
phen (Fig. 2.18). The europium centre is eight coordinated with two N-atoms (NI, N2) from
one phen, five O-atoms (02, 03, 04, 05, O7) from three 2,6-DNP and one O-atom (O1) from
coordinated water molecule. The structure also contains uncoordinated Hbipy molecule in the
lattice which involve in extensive hydrogen bonding. A coordinated polyhedron around Eu®
ion is distorted square-antiprism; atoms N1, 02, O3, O7 and N2, O1, O4, O5 form upper and
lower square planes, respectively (Fig. 2.19). The Eu-O bond distances to the nitro groups are
in the range of 2.565(25) A and 2.562(50) A, while the Eu-O distances to the phenolate groups
are in the range of 2.279(16) - 2.314(24) A. The Eu-N bond distances of coordinated bipy
ligands are 2.568(35) - 2.595(40) A which is slightly shorter than in complex 2¢. The crystal
packing shows that the C-H-~-O [C9-H9-O14, 2.475(35) A; C13-H13-+013, 3.047(29) A;
C14-H14--013, 3.095(49) A; C27-H27--016, 2.387(32) A] and C-H-mn [C27-H27-,
3.440(64) A] non-covalent interactions between one host to other give spiral packing with
cavity (Fig. 2.20a and 2.20b). The cavity is occupied by Hbipy through different non-covalent
interactions viz., O1-H1A-"N4, 2.037(16) A and N3-H3A--O1, 2.142(27) A (Fig. 2.21a and
2.21b).

Crystal structure of [Gd(phen)2(NO3)3] (2f)

Single crystal X-ray studies reveal that the complex 2f crystallizes in a monoclinic
space group C 2/c (Z = 4). The molecular structure is shown in Fig. 2.22. The analysis
demonstrated that the complex is monomeric where gadolinium atom is coordinated by four
nitrogen atoms of two bidentate phenanthroline ligands and six oxygen atoms from three
nitrate ions having coordination number ten. A coordinated polyhedron around Gd™ ion is
bicapped square-antiprism; atoms N1, N2, Ol, O4 form upper and lower square planes,
respectively which are capped by oxygen atoms (02) (Fig. 2.23). The Gd-O bond distances are
in the range of 2.481(6) - 2.542(31) A, while the Gd-N bond distances of coordinated phen
ligands are 2.526(12) - 2.582(6) A. The structural analysis shows that one mononuclear
complex non-covalently hydrogen bonded to the neighboring complexes via C-H-O [C3-
H3--01, 2.746(15) A; C4-H4--05, 2.469(9) A; C8-H8--Ol, 2.578(6) A; CI12-H12-O1,
2.789(19) A] interactions and resulted in the formation of sheet like network (Fig. 2.24).
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Crystal structure of [Gd(2,6-DNP);phenCH3;0H] (2g)

Fig. 2.25 shows the coordination geometry and atom labeling in the crystal structure of
complex 2g, whose unit cell consists of one gadolinium ion, three 2,6-dinitrophenol, one
phenanthroline and one methanol molecule. The structural feature of complex is that the
presence of three 2,6-DNP ligands coordinated in bidentate fashion directly to the metal ion.
The skeletal structure around the Gd(III) ion forms a slightly distorted tri-capped trigonal
prism. The oxygen atoms of nitro groups, O, (3,4,6) lie close enough to the metal atom to be
considered to have a significant bidentate interaction. Therefore, Gd(IIT) ion forms three six-
membered chelate rings with each 2,6-DNP through an O, (3,4,6) atom of the nitro group and
an O, (2,5,7) atom of the phenolate group; in the chelate rings, O, (2,5,7)-Gd-0,(3,4,6) lie
around 54°. Fig. 2.26 shows the coordination polyhedron of the Gd(IlI) ion of the complex.
The Gd-O bond distances to the nitro groups are in the range of 2.490(2) - 2.697(3) A, while
the Gd-O bond distances to the phenolate groups are in the range of 2.272(4) - 2.307(2) A. The
average Gd-O bond distance to the nitro group is 2.571 A, whereas the average Gd-O bond
distance to the phenolate group is 2.291 A. The Gd-N bond distances of coordinated phen
ligands are in the range of 2.554(4) - 2.589(2) A. One unit cell consist of four mononuclear
unit of gadolinium which are hydrogen bonded to each other via C-H-m and m-m
intermolecular interactions. C-H--n interactions are very weak which are in the range of 3.755
A, while m-m interactions are 3.480 A as shown in Fig. 2.27. Other non-covalent interactions
are OO which are in the range of 2.976(4) — 2.986(5) A. All these intermolecular interactions
are involved in the formation of two dimensional structures (Fig. 2.28).

Crystal structure of [Gd(2,6-DNP);phen(OH)|,.(Hphen); (2h)

The crystal structure for complex 2h is presented in Fig. 2.29. The structural feature of
complex 2h is that three 2,6-DNP and one deprotonated water molecules are coordinated
directly to the gadolinium atom in the inner coordination sphere, while one protonated
phenanthroline is freely occupied in lattice. A coordinated polyhedron around Gd** ion is
distorted square-antiprism; atoms N1, O1, O3, O5 and N2, 02, O4, O6 form upper and lower
square planes, respectively (Fig. 2.30). The Gd-O bond distances to the nitro groups are in the
range of 2.523(13) - 2.539(11) A, while the Gd-O distances to the phenolate groups are in the
range of 2.227(14) - 2.318(14) A. Gd-O6 bond distances [2.227(14) A] is shorter than the Gd-
02 [2.318(14) A] and Gd-O5 [2.277(11) A]. The average Gd-O bond distance to the phenolate
group and nitro group is 2.274 A and 2.531 A, respectively. The Gd-N bond distances of
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coordinated phen ligands are in the range of 2.542(11) - 2.568(12) A which is very similar to
Gd-N bond distance of 2g. The crystal packing shows that one mononuclear complex
intermolecularly hydrogen bonded to the neighboring complex via C-H-+O [C2-H2:-029,
2.397(16) A; C3-H3--029, 3.272(14) A; C28-H28--026, 2.540(1) A; C29-H29--019,
2.818(15) A; C44-H44--0O11, 3.102(17) A; C45-H45--011, 2.897(17) A; C57-H57-010,
2.882(19) A; C57-H57--016, 2.782(18) A] interactions. The different non-covalent
interactions among host molecules create a cavity for the guest Hphen as shown in Fig. 2.31a
and 2.31b. The hydrogen atoms of the coordinated deprotonated water molecule shows the
extensive hydrogen bonding with the nitrogen atom of Hphen molecule present in lattice and
protonated nitrogen with the cobrdinated oxygen of deprotonated water molecule [(i) Ol-
H1A-N10, 1.960(14) A; O17-HI7A-N11, 2.113(13) A; (i) N12-H12--01, 2.078(9) A; N9-
H9A--017, 2.053(8) A]. The protonated phen molecule also hydrogen bonded to the host
molecule via C32-H32--07, 2.611(13) A; C33-H33--07, 3.188(11) A and C33-H33--08,
2.983(19) A non-covalent interactions (Fig. 2.32a and 2.32b). All these intermolecular
interactions are involved in making the host-guest supramolecular motif.

Crystal structure of [Gd(2,6-DNP);bipy(OH)].Hbipy (2j)

This compound crystallizes in the triclinic space group P-1 (Z = 2). The molecular
structure, shown in Fig. 2.33, reveals a central gadolinium atom situated in a coordination
sphere composed of five oxygen and two nitrogen atoms from 2,6-DNP and bipy ligands,
respectively. The coordination geometry is completed with one oxygen atom from
deprotonated water molecule. The structure also contains uncoordinated Hbipy molecule in the
lattice which involve in extensive hydrogen bonding. The coordination polyhedron, shown in
Fig. 2.34, can be described as a distorted square antiprism. The Gd-O bond distances to the
nitro groups are in the range of 2.531(6) A and 2.561(3) A, while the Gd-O distances to the
phenolate groups are in the range of 2.279(6) - 2.305(3) A. The Gd-N bond distances of
coordinated bipy ligands are 2.533(4) - 2.589(4) A. The crystal packing shows that the C-H---O
[C3-H3-+013, 2.702(3) A; C4-H4--012, 2.648(5) A; CI15-H15-05, 2.453(4) A; C7-
H7A--012, 2.731(6) A; C25-H25-+016, 2.396(4) A] and C-H--n [C3-H3-m, 3.421(9) A; C7-
H7A-m, 3.444(9) A] interactions between host molecules help to create a cavity as shown in
Fig. 2.35a and 2.35b. This cavity is occupied by Hbipy through different non-covalent
interactions viz., O15-H35-+N9, 2.179(55) A; NI10-H10--015, 2.028(1) A; C38-H38:-06,
2.559(3) A and C38-H38--m, 3.288(9) A as shown in Fig. 2.36a and 2.36b.
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Thermal analysis

To check the thermal stability of the complexes in solid state, TGA of representative
complexes 2a-2j are recorded (Fig. 2.37 - 2.38) and thermal decomposition data are given in
Table 2.20. Thermogravimetric analysis indicated that complexes 2a-2j are stable up to about
100 °C but at higher temperatures, curves showed irregular pattern until plateau reached in
between 700 and 800 °C due to the formation of thermally stable lanthanide oxide (Ln,Os3).
According to TG curve, thermal decomposition process of complex 2a can be divided into
three stages. The first weight loss of 4.31% between 114.0 and 134.0 °C corresponds to the
release of methanol molecule. The second weight loss 28.40% was observed in between 189.0
and 238.0 °C may be due to the release of one phenanthroline molecule. The third weight loss
of 44.45% corresponds to the release of another phenanthroline and three chloride molecules.
The above pattern of degradation was also supported by the differences in different bond
lengths (Table 2.19). The complexes 2b, 2g show the same pattern of thermal decomposition
in TG curve, exhibited three well-separated weight loss stages. In first step, one methanol
molecule with ~ 3.2% mass loss (106-133 °C) in complex 2b, ~ 3.02% mass loss (142-186 °C)
in complex 2g leaves out, while one phen molecule (178-234 °C) with 20.17% mass loss for
2b, (336-400 °C) with 19.53% mass loss for 2g release in next second step. In third stage, three
2,6-DNP molecules are released with 58.77% and 59.31% weight loss in complex 2b and 2g,
respectively. The complexes 2¢, 2h with host-guest structures follow the similar constellation
in TG curve and decomposition occurs in five well separated stages. The first weight loss of
1.64% (151-154 °C), 1.43% (136-142 °C) occurred due to the loss of deprotonated water
molecule in complex 2¢ and 2h, respectively. The second weight loss of 16.72% (154-275 °C)
and 17.48% (142-300 °C) corresponds to the loss of non-coordinated Hphen molecule,
whereas the third weight loss of 17.04%, 17.67% was due the release of another coordinated
phen molecule in 2¢ and 2h, respectively. One 2,6-DNP molecule releases between 309-441
°C (~15.85% mass loss) and 342-536 °C (~15.99% mass loss), while another two 2,6-DNP
release between 441-496 °C (~33.44%), 539-609 °C (~32.01%) in 2¢ and 2h, respectively. The
complexes 2d, 2i decompose in three different steps including removal of coordinated water
molecule in first step with 1.98% mass loss (107-132 °C) and 1.79% mass loss (151-179 °C),
whereas phen molecule releases in the temperature range of 178-232 °C with 16.38% mass
loss, 295-401 °C with 16.21% mass loss, respectively. In third stage, three 2,6-DNP molecules
are released with 59.21% and 60.69% weight loss in complex 2d and 2i, respectively. The
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complexes 2e, 2j follow the same thermal decomposition pattern and occur in five well
separated stages. The first weight loss of 1.72% (151-154 °C), 1.57% (138-146 °C) occurred
due to the loss of deprotonated water molecule in complex 2e and 2j, respectively. The second
weight loss of 14.13% (154-279 °C) and 14.39% (146-301 °C) corresponds to the loss of non-
coordinated Hbipy molecule, whereas the third weight loss of 14.68%, 14.23% was due the
release of another coordinated bipy molecule in complex 2e and 2j, respectively. One 2,6-DNP
molecule releases between 300-447 °C (~16.96% mass loss) and 350-549 °C (~16.16% mass
loss), while another two 2,6-DNP release between 447-486 °C (~34.53%), 549-613 °C
(~33.87%) in 2e and 2j, respectively. The release of 2,6-DNP molecules in two stages may be
correlated with different europium—oxygen bond lengths of coordinated 2,6-DNP and their
coordination mode. The TG curve indicates that complex 2f decomposes immediately after
melting and the decomposition continues up to 435 °C with about 81.9% weight loss,
corresponds to release of two molecules of phen and three molecules of coordinated nitrates.
The kinetics of thermal decomposition of these complexes was evaluated using
fourteen mechanism based kinetic models, shown in Table 2.21. Different parameters such as
slope, correlation coefficients etc. were calculated by different models, and with the help of
these parameters activation energy for thermal decomposition were also calculated (Fig. 2.39
and 2.42). In the model ﬁtting method, the kinetics is analyzed by choosing a “best fit” model
based on the value of correlation coefficient » close to 1. Since the kinetics was done in very
lower range of a, values of activation energies (E,) obtained from different models for a
particular sample are nearly equal. As reported in Table 2.22-2.23, the order of activation
energies obtained from isoconversional method for europium (Eu) and gadolinium (Gd)
complexes follow the same order. It is difficult to assign a single value of E, to a particular
process taking place in such a complex solid state decomposition. The isoconversional method
shows that the thermolysis of these complexes is not as simple as indicated by model fitting
method. As can be seen from Fig. 2.40 and 2.43, for a particular complex, each activation
energy has separate value at different o. It is true [31] that energetic materials appear to have
reaction characteristics that are generally consistent with the isoconversional principle as long
as the confinement conditions are constant and appropriate to the intended application.
Moreover, these complexes have been found to be stable at room temperature, but experience

has shown that when subjected sudden to high temperature, they ignite.
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Following equation
dQu/dt =dp/dt—dq/dt ..............o. (D

Where dQu/dt is the net rate of heat gain in the system, dy /dt is the rate of heat produced by
pre-ignition reactions, dg/dt is the rate of heat dissipation.

Ignition will occur when

Where H' = minimum amount of heat required to raise the temperature of the system to the

point of ignition. From eq." (2), it follows that

Qu=H = veeoreeiieeeeeeee 3)

Where H = total heat produced by pre-ignition reactions. The ignition would occur only if

H-q>H’
The total heat produced by the pre-ignition reactions must be greater than H' by the amount of

heat dissipated. Thus

The following equation was derived by Freeman and Gordon [32].

{y = AeSHYRT
Where AH* is the heat of activation and is approximately equal to activation energy (E”). If the
activities of the reactants do not change significantly during pre-ignition reactions, the log of
the time of ignition should be a linear function of the reciprocal of the absolute temperature,
and the relation comes out to be as given in Eq". (5).

Ignition delay and activation energy in the temperature range 400-460 °C for
complexes 2a-2e and 410-450 °C for complexes 2f-2j are reported in Table 2.24-2.25. E,
values obtained from the kinetic analysis data, suggest that this could be thermal stability order

which is also following the same trend. The difference in activation energy (E,) for complexes
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obtained from kinetic analysis is much greater than from ignition delay (E.). This is due to
sudden heating in ignition delay. The activation energy for ignition (E,*) of both europium
and gadolinium complexes 2a-2j are in decreasing order, [M(2,6-DNP);phen(OH)].Hphen >
[M(2,6-DNP);bipy(OH)].Hbipy > [M(2,6-DNP);phenCH;OH] > [M(2,6-DNP)3;bipyOH;] >
[Eu(phen),CI;CH;0H] / [Gd(phen),(NOs);], (M = Eu, Gd). E;* was determined from the slope
of a plot of In (D;) vs. 1/T as shown in Fig. 2.41 and 2.44. The highest value of D; and E,* for
complex 2¢/2h and 2e/2j suggests that these are the most stable due to the more non-covalent
interactions between the mononuclear complex and protonated 1,10- phenanthroline and 2,2'-
bipyridine molecules present in the lattice of these complexes. From the above calculation, it is
clear that the value of activation energy for Gd complexes is higher than that of Eu. This may
be attributed to the half-filled valence shell electronic configuration of Gd** ion (f’ system) and
the greater electronic charge density on Gd atom than Eu [33]. The OB values reported in

Table 2.24-2.25, suggest that these complexes belong to low explosives.
CONCLUSION

We have reported first time the pH dependent host-guest complexes of Ln(III) [Eu,
Gd]. At pH 6-7, the coordination number of complex is nine but at pH 4-5 the coordination
number reduce to eight and contain a guest molecule in lattice which are protonated as we
know that the phen/bipy ligands are more stronger base than the water molecule i.e. these
ligands have more tendency to get the proton than water [34]. The greater coordination number
in complex 2b, 2d, 2g, 2i may also be responsible for non host-guest structure of the
complexes. The presence of a maximum number of non-covalent interactions in 2c¢, 2e¢, 2h, 2j
may be responsible for the creation of a pseudocavity for trapping the guest molecule and
assembled a three dimensional supramolecular architecture. The thermal studies carried out
using non-isothermal and isothermal TG in air, provide an understanding of the nature of
energetic complexes during thermal analysis i.e. thermal decomposition occurs in multistage
and the corresponding metal oxides were found to be formed. The isoconversional method
shows that the mechanism of thermal decomposition changes as the reaction proceeds. The

thermal stability is found in the order Gd > Eu.
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Table 2.1: Crystal data and structure refinement for [Eu(phen);Cl;CH3;0H] (2a)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
¢ (A)
o ()
BC)
v )
V(A%
Crystal size (mm)
z
Peated (g M)
m
F (000)
8 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
*R1 (I>20(1))
R1 (all data)
*wWR2 (I>26(1))
wR2 ( all data)

C25H19CI3N4OEU*

Colorless
649.76
orthorhombic
P212121
11.079(5)
11.677(6)
18.431(9)
90.00
90.00
90.00
2384.8(2)

027x021x0.17

4
1.810
2.993
1276
2.06-29.54
-15<h<10
-16< k<16
=25 <1222
6654
6104
6654/0/298
0.043
0.050
0.129

0.138

RU=Y||E|=| /L | Fal, wR2 = {5 [w(R, = F.2)’}/ Tw(F.})"}"”

* Hydrogen is not added on methanol molecule



Table 2.2: Selected Bond Distances (A) and Bond Angles (°) for [Eu(phen),Cl;CH;0H]

(2a)
Bond Distances
Eul—N] 2.627(6) [ Eul—O1 2.497(5) |
Eul—N2 2.642(6) Eul—ClI 2.700(2)

Eul—N3 2.588(6) Eul—CI2 2.673(2) f
Eul—N4 2.581(6) Eul—CI3 2.742(2) |
Bond Angles

NI—Eul—N2 63.03(17) N4—Eul—Cl1 138.07(13)
NI—Eul—Cl! 75.25(13) N4—Eul—CI2 84.47(13) |
NI—Eul—CI2 82.07(13) N4—Eul—CI3 71.48(13)
N2—Eul—CI2 142.41(13) Ol—Eul—NI 133.00(17) |
N2—Eul—ClI3 70.37(13) Ol—Eul—N2 141.24(17) - |
N3 —Eul—NI| 138.72(17) Ol1—Eul—N3 71.57(16)
N3—Eul—N2 78.25(17) Ol—Eul N4 70.32(18) :
N3—Eul—Cl1 83.72(13) Ol—Eul—cCl 74.91(12) i
N3—Eul—CI2 138.68(13) O1—Eul—CI2 73.28(12)
N3—Eul—CI3 102.85(13) T O1—Eul—CI3 139.45(11)
N4—FEul—N] 146.64(17) Cll—Eul—Cl3 145.54(5) |
N4—FEul—N2 116.79(17) Cl2— Eul—ClIl 107.33(5)
N4—FEul—N3 63.72(17) Cl2—Eul—CI3 90.07(5) B
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Table 2.3: Crystal data and structure refinement for [Eu(2,6-DNP);phenCH30H] (2b)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)

b (A)

c(A)

o (')

BC)

v )
V(A%
Crystal size (mm)

z

Pealca (g M)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)

C31HNgO6Eu
Yellow
913.53

Monoclinic
P 21/n
9.998(12)
17.253(19)
19.296(2)
90.00
91.39(6)
90.00
3327.6(6)

0.31x0.23x0.18
4
1.824
1.977 .
1816
1.58-33.28

-l4<h<]15

-26 <k <26

-29<7<29
12499
8672
12499/0/506
0.034
0.063
0.121
0.138
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Table 2.4: Selected Bond Distances (A) and Bond Angles (°) for [Eu(2,6-DNP);phen

CH;0H] (2b)
Bond Distances
Eul—N1 2.606(3) Eul—O04 2.518(3) ]
Eul—N2 2.577(7) Eul—O 2.549(4) 1
Eul-—01 2.268(7) Eul—O06 2.302(4) |
Eul—02 2.782(5) Eul—O7 2.442(6) r
Eul—O3 2.308(2)
Bond Angles
NI1—Eul—02 129.10(8) O4—Eul—02 65.34(9)
N2—Eul—NI 63.15(9) 04—FEul—O05 72.18(9) |
N2—Eul—O02 127.51(9) 05—FEul—N] 99.51(9) .
Ol—Eul—02 62.72(9) O5—Eul—N2 71429
O1—Eul-—03 88.46(9) 05—Eul—02 131.38(9)
O1—Eul—04 127.84(9) 06—FEul—N] 74.24(8)
Ol—FEul—05 147.12(10) 06—FEul—N2 111.49(8)
Ol—Eul—06 138.87(9) 06—FEul—03 132.23(8)
Ol—Eul—07 79.9(1) 06—Eul—04 [74.75(8)
0O3—Eul—N]1 140.95(8) 06—Eul—O05 65.70(8)
03—FEul--N2 78.88(8) 06—Eul—O07 68.13(9)
[03—Eul—02 67.75(8) O7—Eul—N] 80.03(9) -
03—Eul—04 67.73(8) O7—Eul—N2 140.54(9)
03—Eul—O05 75.24(10) 07—Eul—O02 65.93(9)
03—Eul—07 132.44(9) O7—Eul-—04 83.67(9) :
04-—Eul—N1 148.53(8) 07—FEul—05 131.93(10)
04— Eul—N2 135.48(9)
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Table 2.5: Crystal data and structure refinement for [Eu(2,6-DNP);phen(OH)].Hphen

(2¢)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
BC)
()
V(A%
Crystal size (mm)
Z
Peaiea (8 M)
U
F (000)
O range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)

Ca2Ha7N 10O 16Eu
Yellow
1079.71
Triclinic

P -1
12.089(11)
13.004(12)
14.650(14)

91.03(2)
103.16(2)
109.79(3)
2098.8(3)
0.26x0.24 x0.17
2

1.709

1.583

1104
1.85-27.99
-15<h<I3

-9 <k<17
-19<171<19

9574

7715
9574/0/630

0.037

0.052

0.088

0.096
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Table 2.6: Selected Bond Distances (A) and Bond Angles (°) for [Eu(2,6-DNP);phen(OH)].

Hphen (2¢)
Bond Distances
Eul—N] 2.588(4) Eul—O3 2.555(3) j
Eul—N2 2.569(4) Eul—O04 2.236(6) ,
Eul—Ol 2.364(6) Eul—O05 2.543(5) 'f
Eul—02 2.289(4) Eul—06 2.313(4) ﬁ
Bond Angles

N2—Eul—N] 63.45(10) 04—Eul—O0l 151.39(11)
Ol—Eul—N1 79.24(9) 04— Eul-—02 96.30(12)
O1—Eul—N2 77.42(10) O4—FEul—O03 71.44(10)
02—Eul—NI 142.57(10) O4—Eul—O05 137.60(12)

02— Eul—N2 79.26(11) 04— Eul—06 104.76(12)

02— Eul—O0l 90.14(10) O5—Eul-—NI1 134.65(9)
02—FEul—03 67.02(9) | O5—Eul—N2 136.36(10)
0O2—Eul—05 71.83(9) O5—Eul—03 66.43(8) -
02—Eul—06 135.28(11) 06—Eul—N]1 80.91(11)
O3—Eul—NI] 140.96(9) 06—FEul—N2 143.63(11) T
O3—Eul—N2 129.54(9) 06—FEul—Ol 89.57(11)
O4—Eul—N]I 78.79(12) 06—FEul—03 82.84(10)
O4—FEul—N2 76.47(12) 06—Eul—05 65.96(11)
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Table 2.7: Crystal data and structure refinement for [Eu(2,6-DNP);bipyOH;] (2d)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
BC)
v ()
V(A%
Crystal size (mm)
Z
Peatea (8 M)
m
F (000)
0 range for data collection

limiting indices

No. of measured reflections

No. of observed reflections

Data/ restraints/parameters
RT (I>20(I))
R1 (all data)
wR2 (I>20(1))
wR2 (all data)

* Hydrogen 1s not added on water molecule.

CasH17N5O6Eu
Yellow
873.47

Monoclinic
P2l/c
6.988(12)
23.961(4)
18.979(3)
90.00
100.61
90.00
3123.5(9)
0.32x0.26x0.23
4
1.857
2.102
1782
1.38-29.91
9<h<4
-25<k<33
-26 <1 <25
6813
3889
6813/0/517
0.096
0.127
0.297
0.309
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Table 2.8: Selected Bond Distances

lllllllll

51

(2d)

Bond Distances
Eul—Ol 2.449(9) Eul—06 —[2.348(10)
Eul—02 2.301(12) Eul—O07 2.741(9) O
Eul—O3 2.663(15) Eul—N| 2.542(9) |
Eul—04 2.566(9) Eul—N2 2.569(10)
Eul—05 2.281(10)

Bond Angles
NI—Eul—N2 63.43(30) 04—Eul—N2 142.89(30)
NI—Eul—03 81.82(38) 04—Eul—O03 71.51(36)
NI—Eul—04 153.26(30) O4—FEul—07 121.1729) J
N2—Eul—03 143.18(36) O4—Eul—C23 69.70(32) "
N2—Eul—07 65.57(29) O5—Eul—NI 135.17(33)
N2—Eul—C23 | 119.63(32) | 05—Eul—N2 83.39(32)
Ol—Eul—N] 123.16(34) O5—Eul—O01 72.03(33) I
Ol—Eul-—N2 76.91(34) 05-—Eul—02 138.85(38)
Ol—Eul—04 72.70(36) O5—Eul—O03 132.69(39) 1
Ol—Eul—03 116.56(39) 05—Eul—04 67.41(32) K
Ol Eul—07 129.63(32) O5—FEul—O06 85.60(33) ]
Ol—Eul—C23 131.66(32) 05—Eul-—07 71.40(31) .
02—Eul—N] 77.47(37) 05—FEul—C23 66.16(32)
O2—FEul—N2 96.39(36) 06— Eul—NI 91.39(34)
02—Eu!l—0l 67.95(39) O6—Eul—N2 127.42(33)
02—FEul—O03 62.66(42) 06—FEul—Ol 145.35(34)
02—FEul—04 91.56(36) 06—Eul—O03 161.2139)
02—Eul—06 123.75(39) 06—Eul—04 74.39(34)
02—Eul—07 145.14(35) 06—FEul—07 62.18(32)
02—Eul—C23 140.73(37) 06—FEul—C23 19.53(33)
03—Eul—07 113.62(35) O7—FEul—C23 55.90(31)
03—Eul—C23 78.50(38)




Table 2.9: Crystal data and structure refinement for [Eu(2,6-DNP);bipy(OH)|.Hbipy (2¢)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
¢ (A)
o ()
BC)
v )
V(A
Crystal size (mm)
Z
Peatca (g M)
U
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)

C38H27N10016Eu
Yellow
1031.67

Triclinic
P -1
12.192(5)
12.927(5)
14.378(5)
88.62(3)
82.67(3)
63.80(2)
2015.2(14)
0.36 x0.24x0.18
2
1.700
1.644
1032
1.89-23.87
-l4<h<l14
-15<k<I5
-17<1<17
7110
3330
7110/0/588
0.060
0.128
0.136
0.186
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Table 2.10: Selected Bond Distances (A) and Bond Angles (°) for [Eu(2,6-DNP);bipy(OH)]

.Hbipy (2e)
Bond Distances
Eul—N] 2.568(35) [ Eul—03 2.565(25)
Eul—N2 2.595(40) Eul—04 2.562(50) )
Eul—O] 2.401(58) Eul—O5 2.314(24)
Eul—02 2.279(16) Eul—O07 2.295(44) )
Bond Angles
N2—Eul—NI 63.10(32) 04— Eul—O03 65.05(32)
N2—Eul—03 145.46(34) O5—FEul—N] 143.4038)
N2—Eul—04 132.18(32) O5—Eul—N2 80.60(37)
Ol1—Eul—O03 131.70(34) 0O5—Eul—Ol 89.09(37)
Ol—Eul—04 68.48(33) O5—Eul—03 83.59(38)
02—Eul—NI 79.57(36) O5-—Eul—O04 65.58(36)
' 02—Eul—N2 141.72(36) | O7—Eul—NI1 75.6039)
O2—Eul—Ol 87.09(34) 07— Eul—N2 84.08(36)
02— Eul—O03 66.50(34) O7—FEul—O01 154.43(37)
02—Ful—04 71.37(35) O7—Eul—02 95.12(39)
02—Eul—05 134.98(41) O7—Eul—03 713337)
03—Eul—NI1 129.25(34) 07 —Eul—04 136.21(38)
04— Eul—NI 137.39(33) O7—Eul—05 106.64(42)
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Table 2.11: Crystal data and structure refinement for [Gd(phen),(NO3);| (2f)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
BC)
()
V(A%
Crystal size (mm)
z
Pealcd (g m™)
U
F (000)
0 range for data collection

Jlimiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1 (I>20(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)

CraH16N700Gd
Colorless
703.69
Monoclinic
C2c
11.177(7)
17.883(12)
12.999(9)
90.00
100.34(2)
90.00
2556(3)
0.25x0.19x0.14
4
1.829
2.663
1380
2.17-35.27
-l6<h<17
-26 <k <25
-18 <7<20
4245
2993
4245/0/187
0.054
0.098
0.144
0.207
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Table 2.12: Selected Bond Distances (A) and Bond Angles (°) for [Gd(phen)»(NO3);] (2f)

Bond Distances

Gdl—NI' 2.526(12) Gd1—Ol 2.481(6)
GdI—NI 2.526(12) Gd1—02' 2.542(31)
Gd1—N2' 2.582(6) Gd1—02 2.542(31)
Gd1—N2 2.582(6) Gd1—04' 2.491(6)
Gdl—ol' 2.481(6) Gd1—04 2.491(6) |
Bond Angles
01'—Gd1—O0l 142.75(19) | 04—Gd1—02 103.99(23)
01'—Gd1—04' 71.51(20) INI—Gd1—02 69.61(19)
01—Gd1—04' 74.97(20) NI—GdI—02 69.61(19)
01'—Gd1—04 74.97(20) 02—Gd1—02 171.60(22)
01'—Gd1—04 74.97(20) 0O1'—Gd1—N2' 142.12(19)
04'—Gd1—04 50.98(18) O1—Gd1—N2' 74.91(20) |
01'—GdI—NI1' 72.35(18) 04" Gd1—N2' 136.67(18)
0O1—Gd1—NI' 120.40(18) 04-—Gd1—N2' 140.15(18)
04 —GdI—NT' 84.86(23) NI1'—Gd]—N2' 84.27(17) |
04—Gd1—NI' 131.55(20) NI1—Gd1—N2' 64.75(17)
OI'—GdI—NI1 120.40(18) 02'—Gd1—N2' 118.83(19) |
O1—Gd1—NI 72.35(18) 02—Gd1—N2" 68.84(19) '
04" GdI—NI 131.55(20) O1'—Gd1—N2 74.91(20) }
04—Gd1—NI 84.86(23) O1—Gd]—N2 142.12(19) ’
NI1'—Gd1—NI 142.94(17) 04'—Gd1—N2 140.15(18)
01'—Gd1—02' 1 50.80(21) 04—Gd1—N2 136.67(18)
01—Gd1—02' 125.82(21) N1'—Gd1—N2 64.75(17)
04'—Gd1—02' 103.99(23) NI1—GdI—N2 1 84.27(17)
04—Gd1—02' 68.03(22) 02 —Gd1—N2 68.84(19)
NI1'—Gd1—02' 113.26(19) 02—Gd1—N2 118.83(19)
NI1—Gd1—02' 69.61(19) N2'—Gd1—N2 68.18(17) o
01'—Gd1—02 125.82(21) O1'—GdI—N3' 25.87(18)
01—Gd1—02 50.80(21) N2i—Gd1—N3i 134.57(18)
01—Gd1—N3' 139.61(19) N2—Gd1—N3i 69.92(19)
04'—Gd1—N3' 87.85(21) N3—O01—Gdl 97.11(41)
04—Gd1—N3' 69.32(20) N3—02—Gd] 95.52(50)
NI1'-Gdl—N3' 93.34(18) N4—04—Gdl 95.64(29)
N1—Gd1—N3' 94.54(18) C5—NI1—Gdl 121.75(46) |
02'—Gd1—N3' 24.93(21) Cl—NI1—Gd] 119.45(38)
02—Gd1—N3' 151.06(21) [ C6—N2—Gd] 123.67(45)
04 —Gd1—02 68.03(22) Cl10—N2—Gd! 116.53(39) B




Table 2.13: Crystal data and structure refinement for [Gd(2,6-DNP);phenCH3;0H] (2g)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o (')
BC)
v ()
V(A%
Crystal size (mm)
Z
Peated (g M)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)

C31H2/N3016Gd
Yellow
918.81

Monoclinic
P21/n
9.765(9)

17.139(14)
19.271(16)
90.00
91.51(3)
90.00
3224.6(5)
0.33x0.27x0.19
4
1.893
2.152
1820.0
1.59-31.86
-l4<h<14
=255k <25
-28 <1<28
11064
9003
11064/0/495
0.030
0.044
0.093
0.11
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Table 2.14: Selected Bond Distances (A) and Bond Angles (°) for [Gd(2,6-DNP);phen

CH;0H] (2g)
Bond Distances
Gd1—NI 2.589(2) Gd1—04 2.490(2)
Gd1—N2 2.554(4) Gd1—05 2.307(2) 5N
Gd1-—01 2.415(3) Gd1—06 2.697(3)
Gd1—-02 2.296(3) Gd1—07 2.272(4)
Gd1—03 2.527(2) |
Bond Angles
07—Gd1—02 137.57(7) O1—GdI1—NI 80.09(7)
07—Gd1—05 89.35(7) 04—Gd1—NI1 148.30(7)
02—Gd1—05 132.91(7) 0O3—Gd1—NI 100.00(6)
07—Gd1—01 80.27(7) N2—Gd1—NI 63.53(7)
02—Gd1—O01 68.09(7) 07—Gd1—06 64.23(6)
05—Gd1—O01 133.00(7) 02—Gd1—06 121.33(6)
07—Gd1—04 129.86(7) 05—Gd1—06 68.51(6)
02—Gd1—-04 75.06(7) 01—Gd1—06 65.69(6)
05—Gd1—-04 68.53(7) 04—Gd1—06 65.83(6)
01—Gd1—04 83.55(6) 03—Gd1—06 131.24(6)
07—Gd1—03 146.61(7) N2—Gd1—06 127.74(6)
02—Gd1—03 65.94(6) NI—Gd1—06 128.74(6)
05—Gd1—03 74.77(7) N5—O3—Gdl 136.80(16) |
01—Gd1—03 131.82(6) N4—04—Gd] 136.46(17)
04—Gd1—03 71.59(6) C18—05—Gdl 137.24(17) o
O7—Gd1—N2 76.93(7) C22—07—Gdl1 139.17(18)
02—Gd1-—N2 110.90(7) N8—06—Gdl 128.40(15)
05—Gd]1—N2 77.92(7) C27—01—Gdl 132.72(16)
01—Gd1—N2 141.15(7) C9—N]1—Gdl 124.01(18)
04—Gd1—N2 134.93(7) Cl1—NI1—Gdl 117.38(16)
03—Gd1—N2 71.16(6) Cl—N2—Gdl 122.38(18)
0O7—Gd1—NI1 73.61(7) C4—N2—Gdl1 118.57(16)
02—Gd1—NI 73.69(7) Cl17—02—GdlI | 137.60(17) -
05—Gd]—NI | 140.28(7) B
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Table 2.15: Crystal data and structure refinement for [Gd(2,6-DNP);phen(OH)],

.(Hphen); (2h)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
BC)
1)
V(A%
Crystal size (mm)
Z
Peated (8 M)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (1>20(1))

wR?2 (all data)

CgsHs4N2003,Gd>
Yellow
2169.95
Triclinic
Pl
12.044(15)
13.021(15)
14.660(16)
90.76(7)
103.23(7)
109.60(6)
2098.1(4)
0.33x 024 x 0.17
2
1.717
1.670
1082
2.04 - 3948
21 <h <21
-16 < k<23
-24 <1 <26
31281
21486
31281 /3/1235
0.035
0.063
0.095
0.120
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Table 2.16: Selected Bond Distances (A) and Bond Angles (°) for [Gd(2,6-DNP);phen
(OH)]2.(Hphen); (2h)

Bond Distances

\ Gd1—NI 2.544(12) Gd2-—N13 2.568(13)
Gd1—N2 2.579(13) Gd2—N14 2.555(12)
Gd1—O1 2.375(16) Gd2—O017 2.351(16)
Gd1—02 2.318(14) Gd2—O018 2.285(13)
Gd1—03 2.523(13) Gd2—O019 2.547(11)
Gd1—04 2.539(11) Gd2—020 2.525(13)
Gd1--05 2.277(11) (Gd2—021 2.285(13)
GdI1—O06 2.227(14) Gd2—022 2.253(14)

Bond Angles
06—Gd1—05 99.75(32) 022—Gd2—021 104.81(39)
06—Gd1—02 99.87(37) 022—Gd2—O018 95.39(36)
05—Gd1—02 135.29(36) 021—Gd2—018 135.96(39)
06—Gd1—O1 152.01(32) 022—Gd2—017 151.19(31)
05—Gd1—O1 90.01(31) 021—Gd2—O017 90.46(30)
02—Gd1—O01 91.03(32) 018—Gd2—O017 89.88(31)
06—Gd1—03 136.80(32) 022-—Gd2—020 138.09(34)
05—Gd1-—03 71.53(26) 021—Gd2-—020 66.37(33)
02—Gd1—O03 66.66(34) 018—Gd2—020 72.41(31)
01—GdI—O03 71.18(29) 017—Gd2-—020 70.37(28)
06—Gd1—04 71.18(29) 022—Gd2—019 71.27(31)
05—Gd1—04 67.45(28) 021—Gd2—O019 82.23(32)
02—Gd1—04 81.7(3) 018—Gd2—019 67.69(31) -
01—Gd1—04 136.34(26) 017—Gd2—O019 136.03(26)
03—Gd1—04 66.41(26) | 020—Gd2—O019 66.99(26)
06—Gdl-—NI 78.57(32) 022—-Gd2—N14 75.90(33)
05—Gd1—NI 79.47(31) 021—Gd2—N14 143.76(34)
02—Gd1—NI 143.94(34) 018—Gd2—N14 78.75(33)
01-—Gd1—NI 77.54(27) 017—Gd2—N14 77.42(26)
03—Gd1—NI 136.71(29) 020—Gd2—N14 136.18(28)
04—Gd1—NI 129.55(27) 019—Gd2—N14 129.61(28)
06—Gd1—N2 77.09(30) 022—Gd2—NI13 78.98(33)
05—GdI—N2 143.12(27) 021—Gd2-—-N13 80.80(33)
02—Gd1—N2 80.60(33) 018—Gd2—NI13 142.19(33)
O1—GdI—N2 79.41(29) 017—Gd2—N13 79.59(27)
03—Gd1—N2 134.73(25) 020—Gd2—N13 134.42(28)
04—Gd1—N2 140.14(28) 019—Gd2--NI13 140.44(28)
N1—Gd1—N2 63.80(29) N14—Gd2—NI13 63.56(28)
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Table 2.17: Crystal data and structure refinement for [Gd(2,6-DNP);bipy(OH)|.Hbipy

2))
Empirical formula C33H27N 10016Gd
Color Yellow
Formula weight (g mol™) 1036.95
Crystal System Triclinic
Space Group P-1
a (A) 11.849(7)
b (A) 12.964(7)
¢ (A) 14.227(7)
a (%) 88.51(3)
B(%) 82.08(3)
v ©) 63.60(3)
V(A% 1937.83(18)
Crystal size (mm) 0.32X0.26X0.21
Z 2
Pealca (8 M”) 1.777
M 1.803
F (000) 1034
0 range for data collection 1.75 - 37.65
limiting indices 20<h <20
S22 <k=22
24 <[<21
No. of measured reflections 20419
No. of observed reflections 17485
Data/ restraints/parameters 20419 /0/590
R1 (I>20(1)) 0.031
R1 (all data) 0.042
wR2 (I>20(1)) 0.087
wR2 (all data) 0.10
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Table 2.18: Selected Bond Distances (A) and Bond Angles (°) for [Gd(2,6-DNP);bipy
(OH)].Hbipy (2j)

Bond Distances

Gd1—NI1 2.553(4) Gdl—O03 2.561(3)
Gd1—N2 2.589(4) Gd1—04 2.531(6)
Gd1—Ol 2.350(6) Gd1—O05 2.305(3)
Gd1—02 2.288(2) Gd1—06 2.279(6)

Bond Angles
06—Gd1—02 100.84(5) N1—Gd1—O03 127.85(5)
06—Gd1—O05 98.44(6) 06—Gd1—N2 82.18(5)
02—Gd1—O05 136.41(6) 02—Gd1—N2 141.30(5)
06—Gd1—Ol 155.32(5) 05—Gd1—N2 79.82(5)
02—Gd1—Ol 85.87(5) 01—Gd1—N2 78.06(5)
05—Gd1—Ol 92.49(6) 04—Gd1—N2 132.53(5)
06—Gd1—04 133.68(5) NI—Gd1—N2 62.58(5) |
02—Gd1—04 71.58(5) 03—Gd1—N2 145.46(5) J
05—Gd1—04 66.83(5) C11—05—Gd! 139.68(14) |
01—Gd1—04 70.99(5) N4—04—Gd]1 133.71(13)
06—Gd1—NI1 78.58(5) C17—02—Gd! 142.79(13)
02—Gd1—N]1 80.05(6) N5—03—Gdl 136.96(12)
05—Gd1—NI 142.38(6) C23—06—Gd! 141.66(12)
O1—Gd1—NI 79.26(5) Gd1—O1—H?2 115.76(271)
04—Gd1—NI 139.80(5) Gd1—O1—H]1 119.39403) |
06—Gd1—O03 70.19(5) Cl—N1—Gdl 118.44(13)
02—Gd1—03 66.68(5) C5—N1—Gdl 122.91(11)
05—Gd1—O03 84.07(5) C10—N2—Gd] 119.53(13)
01—Gd1—O03 133.30(5) C6—N2—Gdl 122.04(11)
04—Gd1—03 64.90(5) -
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Table 2.19: Non-covalent interactions for 2a, 2¢-2f, 2h, 2j (A and °)

S.N D-H-A d(D-H) d(H-A) d(D-A) | <(DHA)>

1. | [Eu(phen),Cl3CH;0H] (2a)
CI2-H12-Cll 0.930(7) 2.782(2) 3.457 130.2
C13-H13-ClI 0.930(7) 2.643(2) 3.533 160.6
C20-H20-+Cl1 0.930(7) 2.639(2) 3.527 159.8
C23-H23+Cl1 10.930(7) | 2.728(2) 3.555 148.7
CI-H1-CI2 0.931(8) 2.736(2) 3.382 1272
Cl4-H14--CI2 0.930(7) 2.658(1) 3.580 171.5
C21-H21-+CI2 10.930(7) 2.809(2) 3.489 130.8
C28-H28B-CI2 0.960(7) 2.869(2) 3.803 164.6
CI1-HI1-CI3 0.929(8) 2.775(2) 3.487 134.1

2. | [Eu(2,6-DNP);phen(OH)|.Hphen (2c)
O1-HI1A~N3 0.645(33) [2.19736) | 2.829 166.8
N4-H4A 01 0.860(3) 2.058(3) 2.788 1423
C9-H9-+07 0.931(7) 2.422(7) 3.249 147.9
C22-H22+016 0.930(6) 2.947(10) | 3.366 108.9
‘C31-H31-+-08 0.930(7) 2.581(6) 3.284 1327
C29-H29--012 0.930(7) 2.918(7) 3.661 137.8
C38-H38-+013 0.93(1) 2.606(11) | 3.353 1377
C39-H39--013 [ 0.931(9) 3.153(9) 3.628 113.7

3. | [Eu(2,6-DNP)3bipyOH;] (2d)
C3-H3-+08 0.932(24) [2.535(15) | 3.398 154.1
C7-H7-+-03 0.932(20) | 2.668(12) | 3.447 1414
C9-H9-04 0.931(11) | 2.651(14) |3.345 131.8
C9-H9+O11 0.931(11) |2.671(16) | 3.469 144.2
C12-HI12A+012 0.931(22) | 2.609(18) | 3.265 127.9

4. | [Eu(2,6-DNP);bipy(OH)].Hbipy (2¢) )
1 O1-HTA-N4 0.819(4) 2.037(16) | 2.820 159.9
N3-H3AO] 0.860(2) 2.14227) | 2.861 140.8
C13-H13-013 0.932(29) | 3.047(29) | 3.682 126.7
C14-H14-013 0.927(29) | 3.095(49) | 3.686 123.2
C9-H9-+014 0.930(23) | 2.47535) |3.367 160.7
C27-H27-+-016 0.931(25) |2.387(32) |3.278 160.1

5. | [Gd(phen);(NO3);] (2f)
C3-H3-01 0.929(8) 2.746(15) | 3.478 136.3
C4-H4--05 0.931(8) 2.469(9) 3.315 151.2
C8-H8Ol 0.931(9) 2.578(6) 3.503 1725 |
C12-H12-01 0.930(1) 2.789(19) | 3.495 133.6 |
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[Gd(2,6-DNP)3phen(OH)],.(Hphen), (2h)

O1-HIA~NI0 0.820(1) 1.960(14) | 2.749 160.9
O17-H17A-N11 0.820(8) 2.113(13) | 2.873 153.8
N12-H12-+0]1 0.860(11) | 2.078(9) 2.779 138.2
N9-H9A 017 0.860(8) 2.053(8) 2.812 146.7
C2-H2--029 0.930(2) 2397(16) | 3.211 146.1
C3-H3-029 0.930(19) | 3.272(14) | 3.660 107.4
C28-H28--026 0.930(15) | 2.540(1) 3.225 130.7
C29-H29--019 0.930(2) 2.818(15) |3.582 140.1
C32-H32+-07 0.929(33) | 2.611(13) |3.341 135.7
C33-H33+-07 0.932(20) | 3.188(11) | 3.663 113.6
C33-H33--08 0.932(20) | 2.983(19) | 3.682 132.9
C44-H44--011 0.929(19) | 3.102(17) | 3.641 118.7
C45-H45--01 | 0.931(16) | 2.897(17) | 3.538 127.1
C57-H57--010 0.930(16) | 2.882(19) | 3.071 92.81
C57-H57-016 0.930(16) | 2.782(18) | 3.564 1423
[Gd(2,6-DNP)3bipy(OH)].Hbipy (2j) -
015-H35--N9 0.610(53) |2.179(55) |2.782 169.7
N10-H10--015 0.859(2) 2.028(1) 2.768 1438
C3-H3+013 0.930(3) 2.702(3) 3.334 125.9° )
C4-H4--012 0.929(3) 2.648(5) 3.610 162.7
C7-H7A~012 0.930(2) 2.731(6) 3.456 157.9 )
C15-H15-05 0.930(3) 2.453(4) 3.249 143.6
C25-H25-+-016 0.930(3) 2.396(4) 3.301 164.2
C38-H38--06 0.929(3) 2.559(3) 3.189 125.4
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Table 2.20: TG-DTG phenomenological data of 2a-2j under air atmosphere

S.N | Stage | DTG peak Mass loss (%) Constituents lost
(Temp.’C) obs. calc.
1. | [Eu(phen);CI3;CH30H] (2a)
L. 154.0°C 4.31 4.80 one methanol molecule
II. 376.0 °C 28.40 29.90 one phenanthroline
[11. 501.0°C 44.45 44.90 one phenanthroline, three chlorides
2. | [Eu(2,6-DNP);phenCH30OH] (2b)
L. 114.0 °C 32 3.5 one methanol molecule
II. 237.0°C 20.17 21.6 one phenanthroline
I11. 455.0 °C 58.77 59.89 Three 2,6-DNP molecules
3. | [Eu(2,6-DNP)3;phen(OH)].Hphen (2c¢)
L 153.0°C 1.64 1.66 one deprotonated water molecule
IL. 204.0 °C 16.72 18.31 protonated phen (noncoordinated)
[ 299.0°C 17.04 18.31 one phenanthroline
V. 398.0 °C 15.85 16.89 one 2,6-DNP molecule
| V. 464.0 °C 33.44 33.98 Two 2,6-DNP molecules
4. | [Eu(2,6-DNP);bipyOH;] (2d)
B 116.0 °C 1.98 2.1 one water molecule
I1. 227.0°C 16.38 17.56 one bipyridine
L 443.0 °C 59.21 61.8 Three 2,6-DNP molecules
5. | [Eu(2,6-DNP);bipy(OH)].Hbipy (2e)
L. 155.0 °C 1.72 1.74 one deprotonated water molecule
I1. 214.0°C 14.13 15.13 protonated bipy (noncoordinated)
[11. 297.0°C 14.68 15.13 one bipyridine
IV. 381.0°C 16.96 17.79 one 2,6-DNP molecule
V. 458.0°C 34.53  [355 | Two 2,6-DNP molecules
6. | [Gd(phen),(NOs)3] (2f)
L. ‘ 432.0 °C ‘ 81.9 \ 82.7 ‘ Two phen, Three nitrates
7. | [Gd(2,6-DNP);phenCH3;0H] (2g)
L. 151.0°C 3.02 3.48 one methanol molecule
II. 382.0°C 19.53 21.5 one phenanthroline
I11. 591.0 °C 59.31 60.07 Three 2,6-DNP molecules )
8. | [Gd(2,6-DNP);phen(OH)|,.(Hphen); (2h)
L. 139.0 °C 1.43 1.56 one deprotonated water molecule
1L 271.0°C 17.48 18.36 protonated phen (noncoordinated)
11 367.0°C | 17.67 18.27 | one phenanthroline )
oY, 529.0 °C 1599  [16.96 | one2,6-DNP molecule
V. 587.0 °C 32.01 33.92 Two 2,6-DNP molecules
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9. | [GA(2,6-DNP);bipyOH;] (2i) J
L 167.0°C  [1.79  [2.04 | one water molecule |
II. 343.0°C 16.21 | 17.78 one bipyridine
[1I. 575.0 °C 60.69 62.82 Three 2,6-DNP molecules

10. | [Gd(2,6-DNP);bipy(OH)].Hbipy (2j) B ) -

I. 142.0 °C 1.57 1.64 one deprotonated water molecule
I1. 257.0°C 14.39 15.15 protonated bipy (noncoordinated)
I11. 327.0°C 14.23 15.06 one bipyridine
IV. 467.0 °C 16.16 17.74 one 2,6-DNP molecule
V. 591.0 °C 33.87 3548 Two 2,6-DNP molecules

Table 2.21: Set of reaction models applied to describe thermal decomposition of solids
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S.N Reaction model f(a) g(a)
1. | Power law 407" a’’ N
2. | Powerlaw 3 a3 - ]l )
3. | Power law 207 o'’ :
4. | Power law 230777 o’? ]
5. | One-dimensional diffusion 12a" [ . I
6. | Mampel (first order) l- o -In(1- o) j
7. | Avrami-Erofeev 4(1- a)[-In(1- a)”? [-In(1- o)]"* )
8. | Avrami-Erofeev o 3(1- a)[-In(1- (1)]2/3 [-In(1- )]’ B
9. | Avrami-Erofeev 2(1-o)[-In(1- OL)]”2 [-In(1- ) 2
10. | Contracting sphere 3(1- o)™’ I-(1-a)"”?
11. | Three-dimensional diffusion 2(1- ) 2[1-(1- )1 [ [1-(1- )"
12. | Contracting cylinder 2(1-a)"* ]-(I-oc)”2
13. | Prout-Tomkins a(l-a) In(a/ 1-a) - n
14. | Ginstling-Brounshtein 32[(1-0) =177 [1-2 o/ 3)]-(1- )



Table 2.22: Arrhenius parameters for isothermal decomposition of complexes 2a-2e

Complexes (2a) (2b) (2¢) (2d) (2Ze)
Model® E. r E, r E. r E. r E, r
1 36.06 | 0.908 |65.80 | 0.985 |74.99 |0.972 |64.62 [0.959 |70.50 [ 0.988
2 36.15 | 0.909 |65.79 |0.985 | 74.77 |0.972 | 64.65 | 0.960 | 70.34 | 0.988
3 3635 | 0912 | 65.59 | 0.987 | 7433 |0.972 | 64.68 | 0.962 | 70.03 | 0.988
4 37.45 [ 0.926 |64.16 | 0987 [71.93 |0.975 | 64.36 | 0.967 | 68.10 | 0.990 |
5 3795 0931 |63.28 |0.987 [70.95 |0.976 | 64.07 | 0.968 | 67.14 | 0.991 |
6 37.61 [0.927 |63.89 [0.986 [72.19 [0.975 | 64.18 [ 0.966 |67.89 |0.990
7 36.92 | 0.920 | 65.08 | 0.987 |73.62 |0.973 | 64.02 | 0.966 | 69.05 | 0.990
8 36.63 | 0.916 | 6521 |0.985 |74.16 |0.973 |64.50 |0.962 | 69.61 | 0.989
9  [36.88 0919 |64.90 0986 |73.64 |0.973 |64.46 |0.963 | 69.19 |0.989
10 3738 [0.925 |64.25 | 0.986 |72.48 [0.974 | 64.33 | 0.966 | 68.30 |0.990 |
11 38.70 [ 0.956 |62.45 |0.943 [70.43 [0.969 [64.71 [ 0.942 |66.10 | 0.964
12 3726 0923 |64.42 [ 0.986 |72.63 |0.974 | 64.40 | 0.966 | 68.49 [0.990
13 36.44 | 0.913 [65.39 [0.985 |74.79 |0.972 | 64.39 [0.960 |69.95 | 0.988
14 3835 [0.935 |62.68 | 0.987 [70.47 [0.977 [63.77 [0.968 | 66.37 [ 0.991 |

Table 2.23: Arrhenius parameters for isothermal decomposition of complexes 2{-2j

Complexes 2 2g) (2h) 2i) Qj)

Model® E. r E, r E. r E. r E, r
1 9621 [0.974 | 111.51 | 0.983 | 218.12 [0.979 | 110.26 | 0.986 | 116.73 | 0.972
2 96.17 | 0.974 | 111.46 | 0.983 | 217.87 | 0.979 | 110.23 [ 0.986 | 116.54 | 0.973
3 [96.08 |0.974 | 111.35]0.983 [217.38 [0.979 | 110.18 | 0.986 | 116.17 | 0.973
4 95.57 1 0.973 | 110.67 | 0.984 |214.46 | 0.977 | 109.85 [ 0.986 | 113.95 | 0.976
5 95.32 [0.972 [ 110.33 [ 0.984 | 214.73 [ 0.977 | 109.69 | 0.986 | 112.87 | 0.978 |
6 95.73 10.973 [ 110.90 | 0.983 |214.73 | 0.977 | 109.94 | 0.986 | 114.25 | 0.976
7 96.15 [ 0.974 [ 110.18 | 0.989 | 217.73 [0.979 | 100.10 | 0.983 | 112.09 | 0.978
8 96.10 10.974 [ 111.38 [ 0.983 |217.07 | 0.979 | 110.18 | 0.986 | 116.00 | 0.973
9 96.01 |0.974 | 111.26 | 0.983 | 216.48 | 0.978 | 110.12 | 0.986 | 115.56 | 0.974
10 95.76 | 0.973 | 110.94 | 0.983 | 215.12 | 0.977 | 109.96 [ 0.986 | 114.52 [ 0.976 |
11 9523 1 0.972 | 110.52 | 0.942 |212.87 [ 0.975 | 110.04 | 0.949 | 112.35 | 0.967
12 95.78 [0.973 | 110.96 | 0.983 | 215.32 | 0.977 | 109.97 | 0.986 | 114.65 L0-975J
13 96.24 | 0.974 [ 113.33 | 0.982 |216.93 | 0.978 | 108.94 | 0.986 | 119.10 | 0.981
14 95.26 | 0.972 | 127.26 [ 0.950 |233.23 [ 0.963 | 102.11 | 0.970 | 112.37 | 0.979 |

*Enumeration of the model is as given in Table 2.21
E, = kJmol”!
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Table 2.24: Ignition delay activation energy for thermal ignition (E*) and correlation
coefficient (r) for the complexes 2a-2e

D; /s at temperature/ °C

S.N | 400 415 430 445 460 | E*/ kJmol” - OB |
+] +] +1 +1 +1 (KJ/mol)

1. | [Eu(phen);Cl;CH;0H] (2a) :

75 71 68 62 56 19.6 1 0.97‘9I-m1‘“

2. | [Eu(2,6-DNP);phenCH;0H] (2b) - ]
I ) 78 71 67 63 25.0 0.977 | -100.70

3. [Eu(2,6-DNP);phen(OH)].Hphen (2¢) ]

105 90 78 69 58 47.7 0976 | -122.26

4. | [Eu(2,6-DNP);bipyOH;] (2d) ) ]

80 71 63 60 58 223 0.973 | -90.46 |

5. | [Eu (2,6-DNP)3bipy(OH)].Hbipy (2¢) |
- 100 | 86 78 65 57 38.4 0.995 | -115.54

Table 2.25: Ignition delay activation energy for thermal ignition (E*) and correlation
coefficient (r) for the complexes 2f-2j

D; /s at temperature/ °C _
S.N | 410 420 430 [ 440 [ 450 | g+ wrmol” ) OB
+1 £l +1 #1 £l (KJ/mol)
6. | [Gd(phen)(NOy)s] (21)
95 80 | 65 60 48 100.0 0.994 | -115.96
7. | [Gd(2,6-DNP);phenCH;0H] (2g) '
1 82 | 68 59 52 40 103.0 0.991 | -100.13
8. | [Gd(2,6-DNP)sphen(OH)],.(Hphen), (2h) -
79 71 54 43 38 118.9 0.990 | -121.66
9. | [Gd(2,6-DNP);bipyOH;] (2i) |
87 | 73 | 65 53 44 101.8 0.995 | -91.74
10. | [Gd(2,6-DNP);bipy(OH)].Hbipy (2j) 1
76 65 512 44 36 | 1141 0.997 | -114.95
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Fig. 2.4: Crystal structure of [Eu(phen),Cl;CH3;0H] (2a). Color code: Eu, pink; C, grey; H,
orange; O, red; N, blue; Cl, green

Fig. 2.5: The coordination polyhedron of the Eu™ ion in 2a. Color code: Eu, pink; O, red;
N, blue; Cl, green
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Fig. 2.6: Various C-H~-Cl and C-H-n intermolecular and interamolecular interactions
in 2a. Color code: Eu, pink; C, grey; H, orange; O, red; N, blue; Cl, green

Fig. 2.7: Three dimensional pseudo host-guest structure along ‘a’ axis in 2a. Color code:
Eu, pink; C, grey; H, orange; O, red; N, blue; Cl, green
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Fig. 2.8: Crystal structure of [Eu(2,6-DNP);phenCH;OH] (2b). Color code: Eu, pink; C,
grey; H, orange; O, red; N, blue

Fig. 2.9: The coordination polyhedron of the Eu ion in 2b. Color code: Eu, pink; O, red,;
N, blue
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Fig. 2.10: Various C-H-+O and C-H--n intermolecular interactions in 2b. Color code: Eu,
pink; C, grey; H, orange; O, red; N, blue

Fig. 2.11: Crystal structure of [Eu(2,6-DNP);phen(OH)].Hphen (2¢). Color code: Eu, pink;
C, grey; H, orange; O, red; N, blue
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Fig. 2.12: The coordination polyhedron of the Eu*? ion in 2¢. Color code: Eu, pink; O, red;
N, blue

Fig. 2.13 (a): Formation of cavity among host molecules via C-H---O and C-H-*n non-
covalent interactions in 2¢. Color code: Eu, pink; C, grey; H, orange; O, red,
N, blue
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(b)

Fig. 2.13 (b): Space-fill model in 2¢ along ‘b’ axis between host molecules. Color code: Eu,
pink; C, grey; H, orange; O, red; N, blue

Fig. 2.14 (a): C-H--O, N-H--O, O-H-N and =n*--m non-covalent interactions between host
-guest molecules in 2¢. Color code: Eu, pink; C, grey; H, orange; O, red; N,
blue
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(b)

Fig. 2.14 (b): Space-fill model in 2¢ between host and guest molecules. Color code: Eu,
pink; C, grey; H, orange; O, red; N, blue; Hphen, green

Fig. 2.15: Crystal structure of [Eu(2,6-DNP);bipyOH,] (2d). Color code: Eu, pink; C,
grey; H, orange; O, red; N, blue
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N, blue

Fig. 2.17: Two dimensional sheet via C-H---O and O--O non-covalent interactions in 2d.
Color code: Eu, pink; C, grey; H, orange; O, red; N, blue
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Fig. 2.18: Crystal structure of [Eu(2,6-DNP);bipy(OH)] . Hbipy (2e). Color code: Eu, pink;
C, grey; H, orange; O, red; N, blue

Fig. 2.19: The coordination polyhedron of the Eu*” ion in 2e. Color code: Eu, pink; O, red;
N, blue
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Fig. 2.20 (a): Formation of cavity among host molecules via C-H+-O and C-H:+1 non-
covalent interactions in 2e. Color code: Eu, pink; C, grey; H, orange; O, red;
N, blue

Fig. 2.20 (b): Space-fill model in 2e along ‘b’ axis between host molecules. Color code: Eu,
pink; C, grey; H, orange; O, red; N, blue
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Fig. 2.21 (a): N-H-+O and O-H-N non-covalent interactions between host-guest molecules
in 2e. Color code: Eu, pink; C, grey; H, orange; O, red; N, blue

Fig. 2.21 (b): Space- fill model in 2e between host and guest molecules. Color code: Eu,
pink; C, grey; H, orange; O, red; N, blue; Hbipy, cyan
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Fig. 2.22: Crystal structure of [Gd(phen),(NOs);] (2f). Color code: Gd, green; C, grey; H
orange; O, red; N, blue :

3

Fig. 2.23: The coordination polyhedron of the Gd" ion in 2f. Color code: Gd, green; O,
red; N, blue
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Fig. 2.24: Two dimensional sheet like structure via C-H--O non-covalent interactions in
2f. Color code: Gd, green, C, grey; H, orange; O, red; N, blue

Fig. 2.25: Crystal structure of [Gd(2,6-DNP);phenCH3;OH] (2g). Color code: Gd, green; C,
grey; H, orange; O, red; N, blue
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Fig. 2.26: The coordination polyhedron of the Gd™ ion in 2g. Color code: Gd, green; O,
red; N, blue

Fig. 2.27: Packing diagram of unit cell via C-H--n and n---1 non-covalent interactions in
2g. Color code: Gd, dark green; C, green; H, pink; O, red; N, blue
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Fig. 2.28: Various O-O intermolecular interactions in 2g. Color code: Gd, green; C, grey;
H, orange; O, red; N, blue

Fig. 2.29: Crystal structure of [Gd(2,6-DNP);phen(OH)],.(Hphen), (2h). Color code: Gd,
green; C, grey; H, orange; O, red; N, blue
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Fig. 2.30: The coordination polyhedron of the Gd* ion in 2h. Color code: Gd, green; O,
red; N, blue

Fig. 2.31 (a): C-H---O non-covalent interactions among host molecules in 2h. Color code:
Gd, green; C, purple; H, orange; O, red; N, blue
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Fig. 2.31 (b): Formation of cavity among host molecules via C-H++O non-covalent interact
-ions in 2h. Color code: Gd, green; C, H, O, N, yellow

Fig. 2.32 (a): C-H--O, N-H--O and O-H-~N non-covalent interactions between host-gyest
molecules in 2h. Color code: Gd, green; C, grey; H, orange; O, red; N, blue
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Fig. 2.32 (b): Host-guest supramolecular motif via C-H--O, N-H--O and O-H-N non-
covalent interactions in 2h. Color code: Gd, green; C, H, O, N, yellow;
Hpben, purple

Fig. 2.33: Crystal structure of [Gd(2,6-DNP);bipy(OH)].Hbipy (2j). Color code: Gd, green;
C, grey; H, orange; O, red; N, blue
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Fig. 2.34: The coordination polyhedron of the Gd* ion in 2j. Color code: Gd, green; O,
red; N, blue

Fig. 2.35 (a): Formation of cavity among host molecules via C-H++O and C-H+x non-
covalent interactions in 2j. Color code: Gd, green; C, grey; H, orange; O, red;
N, blue
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Fig. 2.35 (b): Formation of cavity among host molecules via C-H---O and C-H--n non-
covalent interactions in 2j. Color code: Gd, green; C, H, O, N, orange

Fig. 2.36 (a): C-H---n, N-H---O and O-H-*N non-covalent interactions between host-guest
molecules in 2j. Color code: Gd, green; C, grey; H, orange; O, red; N, blue
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Fig. 2.36 (b): Host-guest supramolecular motif via C-H--O, N-H:+O, O-H-N and C-
H---1t non-covalent interactions in 2j. Color code: Gd, green; C, H, O, N,
orange; Hbipy, purple
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Over the past decades, much research have been performed on the lanthanide
complexes with organic ligands because these complexes can exhibit strong luminescence and
have a lot of potential applications for the fluorescence probes or labels in biological
immunoassay and active central species in photoluminescent materials [1-5]. Luminescence in
lanthanide compounds with organic ligands proceeds throughout intramolecular energy
transfer from excited ligand triplet states to the coordinated ion. The efficiency of this process
depends on the efficiency of the organic ligand absorption, the ligand-to-lanthanide ion energy
transfer and the lanthanide luminescence. A good correlation between the excited levels of the
lanthanide and the charge transfer (CT) energy of the ligand leads to enhancement of the
luminescence in such systems [6-8]. According to the molecular fragments principle,
commonly used organic compounds viz., 1,10-phenanthroline, 2,2'-bipyridine and 2,4,6-tris(2-
pyridyl)-1,3,5-triazine act as the energy donor and luminescence sensitizer for lanthanide ions.
The compound 1,10-phenanthroline, 2,2"-bipyridine behave as bidentate ligands while 2,4,6-
tris(2-pyridyl)-1,3,5-triazine (tptz), a bulky aromatic compound featuring three 2-pyridyl rings
fixed on a central 1,3,5-triazine platform [9], has been widely used as a multi-dentate ligand in
metal coordination chemistry. There are a few structurally characterized lanthanide complexes
in which tptz acts as a tridentate ligand [10]. The tptz, by offering three coordinating atoms,
protects the lanthanide ion from interacting with solvent molecules, and therefore, restrains
solvent-based vibrational coupling and luminescence quenching [11]. Furthermore, the
remaining nitrogen atoms allow further coordination to other metals, transition metals in
particular. Thus, complicated heterometallic complexes structurally may be envisioned, for
which novel magnetic as well as luminescence properties can be expected [12-14]. The
complexation ability of tptz depends in part upon the size of the metal cations, which normally
coordinate as a tridentate ligand to give a 1:1 metal/ligand ratio, and a considerable number of
transition metals and lanthanide complexes of this ligand has been studied [15-17]. Besides
this, these compounds also act as the second assistant ligands for some lanthanide complexes
of carboxylates or diketonates. Lanthanide carboxylate and diketone complexes show
interesting crystal structures due to the variable coordination number of metal centers as well
as coordination versatility of these ligands. The donor ability of oxygen atoms toward different
lanthanides [especially Eu(I1I), Tb(IIT), Sm(IIT), Dy(III)] increases the fluorescence intensity in
lanthanides. The synthesis and structural studies of lanthanide complexes with efficient photo

luminescent properties continue to be an active area of research. Several classes of ligands
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have been utilized for the preparation of Ln(Ill) complexes. Wu et al. [18] reported two series
of novel lanthanide complexes of composition [Ln(dca),(phen),(H,0);](dca).phen (Fig. 3.1)
and [Ln(dca)s;(bipy)(H20)], (Ln = La, Pr, Sm, Gd). The crystal structure of
[Sm(dca),(phen)2(H,0)3](dca).phen consisted of discrete [Sm(dca),(phen),(H,0)3]" cations,
dca anions and lattice phen molecules, whereas the structure of the [Sm(dca)s;(bipy).(H20)],

was characterized by infinite chains.

Fig. 3.1: Crystal structure of [Pr(dca),(phen),(H,0);](dca).phen
Wang et al. [19] reported new lanthanide coordination polymers with 1,2.45-
benzenetetracarboxylic acid, Lny(-betc)z(4,4'-bipyH2) (Ln = Eu, Gd). The crystallographic data
shows that they are isostructural and possess three dimensional framework with one
dimensional rhomboid channels, where the 4,4'-bipyridine molecules exist steadily via
hydrogen bonds. The results of complexes indicate that 4,4'-bipyridine molecule acting as a
template, plays an important role in the formation of complexes and thus has a synergistic
action in the construction of three dimensional framework with large channels. Desilva et al.
[20] synthesized a novel Eu(lll) complex featuring three dibenzoylmethanate (DBM) ligands
and a Lewis base ligand 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz). The nonacoordinate
europtum ion features six oxygen atoms of the three DBM ligands and three nitrogen atoms
from the tptz ligand, forming a distorted monocapped square antiprism. They also studied that
the electronic absorption of the complex is essentially ligand-based, while the emission is
characteristic of a Eu(III) ion. It is concluded that the metal-centered red emission is promoted

by the ligand-assisted energy transfer, namely the antenna effects. Wietzke et al. [21] reported
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the crystal structure of the europium chloride with tptz, [Eu(tptz)Cl3(CH30H);].CH30H and
shows that tptz is a better ligand than terpy in acidic media owing to its additional

protonation/complexation site (Fig. 3.2).

cual

Cci2a)
0(4l -~ 7 N6

Fig. 3.2: Crystal structure of [Eu(tptz)CI3(CH;0H),].CH;0H
Tedmann et al. [22] reported the synthesis and characterization of seven coordinated europium
complex, [EuCl3(CioHsN,0,).2CH30OH] as shown in Fig. 3.3. They also reported the
luminescence properties of the title compound, where Eu®™ cation has a non-degenerate

emitting level.

Fig. 3.3: Crystal structure of [EuCI3(CoHgN»0O).2CH;0H]
Liu et al. [23] synthesized and characterized novel europium complex, using 2-(4-
methoxy)phenyl-5-(2-pyridyl)-1,3,4-oxadiazole as a secondary ligand. They also reported its

thermal stability, UV absorption and photoluminescence of this europium complex, as well as
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its electroluminescence in polymer light emitting devices (PLEDs). The results show that this
europium complex displayed intense UV absorption band around 350 nm and sharp red
emission peaked at 612 nm with a full width at half maximum of 9 nm in chloroform. The
PLEDs with this europium complex doped into a blend of poly (N-vinylcarbazole) and 5-
biphenyl-2-(4-tert-butylphenyl)-1,3,4-oxadiazole exhibited a light intensity of 12 cd/m” at 24
V with a characteristic red emission of europium ion at 613 nm.

Zheng et al. [24] synthesized the binuclear europium complex [Eu,(SA)e¢(phen),].6H,O (where
SA = succinamate, phen = 1,10-phenanthroline) containing two crystallographically
independent Eu(SA);(phen) species in which the Eu(IIl) ions have two different coordination
environments (Fig. 3.4). The "Fo—Dj excitation peaks at 580.16 and 580.46 nm at 77 K and
the stark components of 5Do—>7FJ transitions, especially 5D0—>7F1 and °Dy—’F, emission lines,

show that this complex has two Eu(IIl) ion sites.
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Fig. 3.4: Crystal structure of [Euy(SA)s(phen),].6H,O
Fukuda et al. [25] reported novel higher-order mixed chelate complex of composition
[ Tb(terpy)(acac)(NOs),] and defined the splitting parameter, Av, of the NOj ligand, increases
with decreasing ionic size across the lanthanide series. Song et al. [26] synthesized and
characterized a series of lanthanide complexes with two structurally related ligands, 1,1,1,1-
tetrakis{[(2'-(2-benzylaminoformyl))phenoxyl] methyl} methane (L") and 1,1,1, [-tetrakis{[(2'-
(2-picolyaminoformyl))phenoxyl]methyl} methane (L") (Fig. 3.5). They also studied the

luminescence properties of the resulting complexes, formed with ions and used in
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fluoroimmunoassays (Ln = Eu, Tb). It is noteworthy that subtle variation of the terminal group
from benzene to pyridine not only sensibly affects the overall molecular structures but also the

luminescence properties as well.

Fig. 3.5: Crystal structure of {[TbsL'5(NO3)12.6C4H 60}
Song et al. [27] reported five novel lanthanide [Eu(IIT) (1), Tb(IIT) (2), Sm(II1) (3), Dy(I11) (4)
and Gd(III) (5)] complexes with 5-Bromonicotinic acid (5-Brnic). The results reveal that
{[Tb(5-Brnic);(H20);].H.0}, (2) and [Sm(5-Brnic);(H,0),.H,0], (3) exhibit different

coordination geometries and crystal structures. The lowest triplet state energy of 5-Brnic was
determined to be 24330 cm’ corresponded to the 0-0 transition in the phosphorescence
spectrum of its gadolinium complex at 411 nm. The strong luminescent emission intensities of
these complexes indicated that the triplet state energy of S-Brnic is suitable for the
sensitization of luminescence of Eu(Ill), Tb(IlI), Sm(IIl) and Dy(Ill), especially for that of
Tb(III) and Dy(IIl). Singh et al. [28] reported that the reaction of GdCls and TbCls with one
equivalent of the potassium salt of the tridentate ligand hydrotris(pyrazol-1-yl)borate [K(tp)]
and two equivalents of sodium p-X-benzoate (X = H, Cl, Br and NO;) yielded the complexes
of composition [{(tp)Ln(p-p-X-OBz),}.] (Ln = Gd, Tb) (Fig. 3.6). The compounds consist of a
seven-coordinate tetrakis carboxylato bridged dimetal unit with two capping hydrotris
(pyrazolyl)borate ligands. Unit cell determinations suggested that [{(tp)Tb(u-p-CI-OBz)2}2],
and [{(tp)Tb(u-p-NO;-OBz),},] are isostructural with [(tp)Gd(p-p-Cl-OBz)4Gd(tp)].4CH,Cl,
and [(tp)Tb(p-p-Cl-OBz)4Tb(tp)].4CH,Cl,. The luminescence properties of the unsubstituted
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and para-substituted Gd and Tb benzoate complexes have been studied in solution at room

temperature.

Fig. 3.6: Crystal structure of [(tp) Tb(u-p-CI-OBz)4sTb(tp)]
Yan et al. [29] synthesized a novel quaternary dinuclear terbium complex
[Tbo(phth),(Hphth),(phen),(H,0)4] where H,phth and phen are phthalic acid, 1,10-
phenanthroline, respectively (Fig. 3.7). They also reported the photophysical properties which
have been studied with UV absorption spectrum, excitation and emission spectrum, which

exhibit strong green emission.

Fig. 3.7: Crystal structure of [Tby(phth),(Hphth),(phen),(H,0),]
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Li et al. [30] synthesized a series of homodinuclear Ln(Ill) complexes with the 4-cba ligand,
[Lay(4-cba)s(phen),(H,0)s] (1) (Fig. 3.8) and [Lny(4-cba)s(phen),(H,0).] (Ln = Pr (2), Nd (3),
Sm (4), Eu (5), Gd (6) and Dy (7), 4-Hcba = 4-cyanobenzoic acid; phen = 1,10-
phenanthroline). They investigated the magnetic properties of 2-7 at variable-temperature.
Complex 7 shows a significant ferromagnetic interaction between Dy(IlI), while no magnetic
interaction exists between Gd(II) ions in 6. In 2-5, the value of yMT decreases with
decreasing temperature but the magnetic interactions between the Ln(III) ions cannot
definitely be concluded. The strong fluorescent emissions of 4, 5, and 7 demonstrate that
ligand-to-Ln(IIT) energy transfer is efficient and that the coordinated water molecules do not

quench their luminescence by the nonradiative dissipation of energy

Fig. 3.8: Crystal structure of [La,(4-cba)s(phen),(H,O)s]
Gawryszewska and Ciunik [31] synthesized a series of lanthanide complexes with o-
phenylenedioxydiacetic acid (PDDA) as [Ln(CioHgOs)1 5(H20):]. H2O where Ln = Tb(IIl),
Gd(111), Eu(IlI). Absorption, emission and excitation spectra as well as luminescence decay
time measurements were used to characterize the dynamics of the excited states and to
determine the ligand-to metal energy transfer mechanism for the complexes in solid state and
solution. Lam et al. [32] synthesized and characterized lanthanide carboxylate complexes with
benzoic acid and its derivatives. They also studied the photophysical properties of the Eu and
Tb complexes i.e. the complexes exhibited sensitized luminescence in the visible spectral
region but the luminescence intensities and lifetimes were very sensitive to quenching by the

OH groups of methanol molecules. The solid-state magnetic properties of the Gd and Tb
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complexes demonstrated the presence of weak antiferromagnetic exchange interactions at very
low temperatures, caused by interaction between the neighboring ions along the chain. The
above literature revealed that the syntheses of lanthanide complexes, described in this chapter
are not available in details. The objective of present work is to see whether the secondary
ligands would affect the structure and photophysical properties of some Ln(IIl) complexes,
compared to its mononuclear complexes as it has been reported that the appropriate organic
ligands can act as light collectors (antenna) and transfer absorbed energy to the coordinated
lanthanide ion (emitter). In view of the potential applications of lanthanide complexes, this
chapter reports the synthesis, structural, photophysical and thermal properties of some Ln(III)
complexes with benzoate and other ligands.
RESULTS AND DISCUSSION

The reaction of hydrated lanthanide chloride (GdCl;, EuCl;, TbCly,) with
corresponding organic ligands as 2,4,6-tris(2-pyridyl)-1,3,5-triazine, 1,10-phenanthroline,
KSCN, sodium benzoate (NaOBz), 2-pyrazine carboxylic acid (2-pyca) resulted in the
formation of various types of metal-organic frameworks which is represented by the general
scheme 3.1-3.2. The reaction of LnCl; with tptz and phen resulted in the formation of
mononuclear complexes [Gd(tptz)Cl,(OH,)4].CL.4H,0 (3a), [Gd(phen)Clo(OH,)4]).CI.CH;OH
(3d), [Eu(tptz)Cl3(CH30H),].CH3OH (3g), [Tb(tptz)Cl;(CH;0H),].CH;0H (31), [Tb(phen),
Cl;0H;].CH3;0H (30), while the same reaction in the presence of KSCN give the thiocyanate
complexes viz., [Gd(tptz)(SCN);(CH30H),0H;].CH;0H (3b), [Gd(phen)(SCN);CH3;0H]
.phen (3e), [Eu(tptz) (SCN);(CH;0H),0H,].CH30H (3h), [Eu(phen),(SCN);CH3;OH].phen
(3j), [Tb(tptz)(SCN); (CH;0H),0OH,].CH;0H (3m), [Tb(phen),(SCN);CH;OH].phen (3p).
But when we use the secondary organic ligands as 2-pyca and OBz in the reaction mixture, the
binuclear and bridged metal-organic frameworks, namely [Gd(tptz)(OBz),(u-OBz)OH;],.H,O
(3¢), [OHa(OBz)(tptz)Eu;(n-OBz),Euy(tptz)(OBz),OH,].CH3;0H.7TH,O  (3i),  {[Tbi(tptz)
(OBz)2(1-OBz)],.[ Tba(tptz)(OBz);CH30OH]}.CH;0H.2H,0  (3n), [OHa(phen)(2-pyca),Gd,(p-
0x)Gd,(2-pyca)r(phen)OH;].6H,0  (3f), [OHy(phen)(2-pyca);Eu,(pn-ox)Eus(2-pyca)(phen)
OH,].6H,O (3k), [OHa(phen)(2-pyca),;Tb(p-ox)Tb,(2-pyca).(phen)OH;].6H,O  (3q) were
obtained. The complexes 3g and 31 were synthesized by literature method [10, 21], and the
synthesis of [Eu(phen),Cl3CH3;OH] has been described in chapter 2. All these complexes were
characterized by elemental analysis, infrared, thermogravimetry and X-ray crystallography. In

the absence of suitable crystal, we could not collect the data for 3e, 3p, 3k, 3q complexes. The
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crystallographic data, selected bond lengths, bond angles and non-covalent interactions are

listed in Table 3.1 - 3.23.

[Gd(tptz)ClL(OH,),|.CL4H,0 (3a)
[Eu(tptz)Cly(CH;0H),).CH;0H (3g)
[Th(tptz)Cly(CH;0H),.CH;0H (31)

[Gd(tptz)(SCN),(CH;OH),0H,].CH,0H (3b)
[Thi(tptz)(SCN)s(CH;OH),0H,].CH,0H (3m)

KSCN
tptz

GdCI/EuCl;/TbCl;

[Gd(tptz)(OBz),(n-OBz)OH,],.H,0 (3¢)
_NaOBz _ | 0B,(OBz),(tptz)Eu,(1-OBz),Eu,(tptz)(0Bz),0H,|.CH;0B.7H,0 (3i)
{[Tb,(tptz)(OBz);(n-OBz)],.[ Thy(tptz)(OBz); CH;0H]}.CH;OH.2H,0 (3n)

| AN
Na+O N~
o; : | N
_ A 7 AN
Sodium benzoate \ |
P N A

(NaOBz)

2.4,6-tris(2-pyridyl)-1,3,5-triazine
(tptz)

Scheme 3.1: Scheme for the synthesis of complexes 3a-3¢, 3g-3i, 31-3n
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hen . [Gd(phen)Ciy(OH,),].CL.CH;0H (3d)
[Tb(phen)2C|30H2].CH3OH (30)

[Gd(phen),(SCN);CH;0H].phen (3e)
KSCN . [Eu(phen),(SCN);CH;0H].phen (3)
phen [Th(phen),(SCN);CH;0H].phen (3p)

GdCly/EuCly/TbhCl;

[OH,(phen)(2-pyca),Gd, (1-0x)Gd,(2-pyca);(phen)OH,].6H,0 (30
% [OH(phen)(2-pyca);Eu(1-0x)Eu,(2-pyca),(phen)OH,1.6H,0 (3k)
PRET " |OH,(phen)(2-pyca);Thy(p-0x)Thy(2-pyca),(phen)OH,].6H,0 (3q)

2-pyrazine carboxylic acid
(2-pyca)

1,10-phenanthroline
( phen)

Scheme 3.2: Scheme for the synthesis of complexes 3d-3f, 3j-3k, 30-3q

Infrared spectra
The IR spectra of all the complexes show strong bands in the range of 3545-3320 cm™

due to v(OH) stretching vibrations of lattice and / or coordinated water molecules [33]. The
infrared spectra of the complex 3a-3¢, 3g-3i, 31-3n gave a strong absorption as an asymmetric

doublet at 1551-1522 cm™' due to the stretching vibrations of v(C=C), v(C=N) of tptz (ca.
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1530 cm™ as a strong singlet in free tptz) [17]. In complexes 3b, 3e, 3h, 3j, 3m, 3p, the
presence of v(C-N) bands at 2067 cm”' shows the coordination of thiocyanate to the metal
center through the nitrogen. The C-N stretching frequencies of thiocyanate are generally lower
in the N-bonded complexes than the S-bonded complexes (near 2010 cm™) [33]. The IR bands
of complexes 3¢, 3i, 3n in the range of 1614-1612 cm” and 1541-1532 c¢cm™' have been
assigned to asymmetric (v,s) and symmetric (vs) stretching vibrations of carboxyl group,
respectively; indicating that the coordination behaviors of the benzoate groups are same in all
these complexes i.e. bidentate. The position of IR bands at 1599 cm” (vas) and 1421 cm'l(vs)
are slightly different than those benzoates, which are coordinated as a bidentate. This
coordination mode of the carboxylate groups was further confirmed by X-ray crystallographic
studies. The C=C and C=N ring stretching vibrations bands (in the region 1650-1400 cm™') and
out of plane hydrogen deformation vibrations of free phenanthroline at 845 and 735 cm’ were
shifted to lower side on coordination [34] indicates the coordination of phen to the metal
center. In contrast to the free acid (2-pyca) (vco: 1721 cm"), the complexes 3f, 3k, 3q show C-
O absorption bands between 1635 and 1610 cm’ indicating the presence of coordinated -COO®
group. The bands due to the ring vibrations [33] of the pyrazine molecule are found to move to
higher frequency and the band due to the carboxyl group which moves to a lower frequency, in
the compounds, suggests that the nitrogen atoms in the aromatic ring and the oxygen of the
carboxyl groups are coordinated to the metal atom [35, 36].
Crystal structure of [Gd(tptz)Cl(OH,)4].CL.4H,0 (32)

The single crystal X-ray studies reveal that the complex 3a crystallizes in a monoclinic
space group Clcl (Z = 4). As shown in Fig. 3.9, the crystal structure of complex contains a
mononuclear metal center in which gadolinium atom is coordinated by three nitrogen atoms
from tptz and two terminal chlorine atoms. The coordination polyhedron is completed by four
water molecules to obtain the coordination number nine. One chlorine atom is in lattice to
balance the charge on the gadolinium metal center. The lattice has also four water molecules.
The three coordinated six-membered rings of the tptz ligand are close to being co-planar. The
gadolinium-nitrogen bond distances are in the range of 2.584(7) — 2.648(8) A (Table 3.2). The
Gd1-N2 bond distance [2.648(8) A] is the longest bond distance among all gadolinium-
nitrogen bond distances. The molecules are linked through weak non-covalent interactions
viz., 03-Cl3, 3.123(9) A; 06~Cl1, 3.166(10) A; 06--C12, 3.235(11) A; O7--Cl1, 3.299(17)
A: O7-CI2, 2.636(17) A; 07-C13, 3.091(16) A; O1--N6, 3.202(8) A; 02-+N4, 3.033(11) A,
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02-+N6, 2.782(10) A; 04--05, 2.678(17) A; 0508, 3.003(16) A, resulting an entirely
different three dimensional zig-zag molecular arrangement (Fig. 3.10 and 3.11).
Crystal structure of [Gd(tptz)(SCN)3;(CH30H),OH;].CH30H (3b)

This complex is nine coordinated with tridentate tptz ligand, threc thiocyanate, two
methanol and one water molecules. One methanol molecule is present in lattice as shown in
Fig. 3.12. Single crystal X-ray studies reveal that this complex crystallizes in a orthorhombic
space group Pben (Z = 8). The gadolinium-nitrogen bond distances with tptz are in the range
of 2.557(8) — 2.605(8) A while with thiocyanate, these are in the range of 2.394(7) — 2.464(8)
A. The gadolinium-nitrogen bond distance with thiocyanate is shorter than with tptz. The
gadolinium-oxygen bond distance is 2.426(6) A with the water molecule, while in the range of
2.462(6) — 2.481(7) A with the coordinated methanol molecules. The uncoordinated methanol
molecule in lattice is hydrogen bonded to the coordinated thiocyanate where the methanolic
oxygen act as a hydrogen donor [O4-H4---S1, 2.518(4) A]. In addition, the methanolic oxygen
(04) also acts as hydrogen acceptor with the tptz ligand [C10-H10--04, 2.601(11) A]. C-Hx
interactions are also present between two molecules of tptz ligands of neighboring gadolinium
complexes [(i) C4-H4-n, 3.675(1) A; (i) C10-H10-x, 3.514(1) A]. Other weak non-covalent
interactions [03+S2, 3.258(6) A; S1--S1, 3.155(5) A] are due to coordinated methanol and
thiocyanate in adjacent complexes (Fig. 3.13). All these intermolecular interactions are
involved to construct a three dimensional host-guest supramolecular motif along the ‘a’ axis
where the methanol molecule acts as a guest (Fig. 3.14).

Crystal structure of [Gd(tptz)(OBz):(u-OBz)OH,},.H20 (3¢)

The single crystal X-ray diffraction studies confirmed the formulation of complex 3¢ as
being [Gd(tptz)(OBz)2(u-OBz)OH,]2.H;O. It crystallizes in monoclinic space group P 21/c (Z
= 2). It contains a binuclear metal center in which each gadolinium is coordinated by three
nitrogen atoms from a tptz ligand and five oxygen atoms from four benzoates and one oxygen
from coordinated water molecule, having coordination number nine, while one water molecule
is freely present in lattice as shown in Fig. 3.15. The gadolinium atoms are separated by
4.763(11) A. Structural studies of lanthanide carboxylate complexes have shown that the
carboxylate groups may be coordinated simultaneously in three modes, namely chelating,
bridging and chelating bridging [37, 38]. In present structure X-ray studies show that all the
four benzoates coordinate in chelating-bridging mode within the dimeric unit i.e. one benzoate

behaves as monodentate ligand, while the other as a bidentate. The other two benzoates
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coordinate to the metal in a bridging mode as can be seen from the differences in bond
distances of Gd-O for coordinated benzoate (Table 3.6). The gadolinium-oxygen bond
distances with benzoates are 2.307(4) — 2.513(4) A. The bridged benzoates show the shorter
distance as compare to other coordinated benzoates. The gadolinium-nitrogen bond distances
with tptz are in the range of 2.617(11) — 2.627(6) A. According to Fig. 3.16, the uncoordinated
water molecule non-covalently hydrogen bonded to the coordinated benzoate and tptz where it
acts as an acceptor via C10-H10-+08, 2.991(27) A; C23-H23--08, 2.961(27) A interactions,
while the others C-H--O interactions between the adjacent complexes are C3-H3:-O2,
2.573(6) A; C4-H4--02, 2.691(3) A; C4-H4--04, 2.838(7) A; C35-H35-07, 2.537(7) A. A
ladder like molecular rearrangement is possible along the ‘b’ axis due to these intermolecular
hydrogen bonded interactions (Fig. 3.17).

Crystal structure of [Gd(phen)Clz(OH;)4].CI.CH;0H (3d)

The molecular structure of 3d is shown in Fig. 3.18. The structure analysis
demonstrated that complex 3d contains mononuclear gadolinium center where the metal ion is
coordinated by two nitrogen atoms (N1, N2) of phen ligand and two terminal chloride ions.
The coordination polyhedron is completed by coordination of four water molecule with total
coordination number eight. A chloride ion and also a methanol molecules crystallize in lattice
where the CI” ion complete the +3 charge on the metal center. The gadolinium-nitrogen bond
distances of coordinated phen ligand are in the range of 2.574(6) — 2.589(6) A, while the
gadolinium-oxygen is 2.433(6) — 2.442(7) A. The chloride ion in lattice show non-covalent
interactions [02-H2A-CI3, 2.416(6) A; O4-H4A--CI3, 2.453(4) A; O4-H4B--Cl3, 2.374(91)
A] with the coordinated water molecules of adjacent mononuclear complex. The methanol
molecule in lattice also non-covalently hydrogen bonded to coordinated water molecule via
03-H3A05, 1.889(9) A; O5-H3A--03, 1.845(6) A interactions as shown in Fig. 3.19. These
interactions cause the formation of two dimensional ladder like molecular rearrangement for
this complex (Fig. 3.20).

Crystal structure of [OHz(phen)(Z-pyca)zGdl(u-ox)Gdz(Z-pyca)z(phen)OHz].6H20 (31)

The molecular structure of 3f is depicted in Fig. 3.21. From the crystal structural study,
it is clear that this is a binuclear complex and crystallizes in triclinic space group P 1 (Z = 1).
Each gadolinium metal center is coordinated by two nitrogen atoms (N1, N2) from phen, two
(N3, N4) from 2-pyca, one oxygen (O1) from water molecule, two (02, O3) from 2-pyca and

two (04, O5) from oxalic acid. This reaction includes oxidative-coupling of methanol to oxalic
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acid. Six water molecules are also present in lattice. One binuclear complex hydrogen bonded
to the adjacent complex through C29-H29--05, 2.693(23) A; CI5-HI5-m, 3.387(15) A
intermolecular interactions (Fig. 3.22a). The freely present water molecules in lattice also
show non-covalent interactions [O11--O15, 2.792(53) A; 014015, 2.530(15) A; 016019,
2.725(33) A; 019020, 2.687(50) A] with each other. These water molecules further |
interacted with coordinated water molecule and the oxygen atom of 2-pyca via CI5-
H15--014, 3.387(13) A; C19-H19--014, 3.010(13) A interactions as shown in Fig. 3.22b.
Host-guest supramolecular network is constructed due to the presence of these intermolecular
interactions.
Crystal structure of [Eu(tptz)(SCN)3;(CH30H),OH,].CH;0H (3h)

The europium complex 3h crystallizes in orthorhombic space group Pben (Z = 8). It is
a nine coordinated mononuclear complex with three nitrogen atoms (N1, N2, N3) of tridentate
tptz ligands, three nitrogen atoms (N4, N5, N6) of thiocyanates, two methanol and one water
molecules as shown in Fig. 3.23. It also contains one uncoordinated methanol solvent in
lattice. The europium-nitrogen bond distances with tptz fall in the range of 2.588(3) - 2.636(5)
A while with thiocyanates, 2.434(4) — 2.470(4) A. The Eu-N and Eu-O bond distances are
larger than the Gd-N in complex 3b. The europium-oxygen bond distances with methanol and
water molecules are 2.458(3) — 2.517(4) A which are also greater than Gd-O bond distance in
the complex 3b. The uncoordinated methanol molecule shows the intermolecular hydrogen
bond interaction with the mononuclear europium complex where the oxygen atom (04) of
methanol acts as donor with the thiocyanate, O4-H4-:S3, 2.535(1) A, the methyl group of
methanol also act as donor with thiocyanate, C26-H26B-:S3, 2.967(2) A. The others hydrogen
bonded non-covalent interactions [O1-H1A+S2, 2.475(56) A; C19-H19--S1, 3.176(1) A; C20-
H20--S3, 3.083(2) A] and very weak non-covalent interactions [02--S1, 3.189(4) A, §3-S3,
3.176(2) A] are shown in Fig. 3.24. There are no C-H-x interaction in this complex as in 3b.
These different non-covalent interactions cause the construction of a three dimensional pseudo
host-guest supramolecular framework along the ‘¢’ axis where methanol in lattice behaves as a
guest molecule (Fig. 3.25).

Crystal structure of [OH;(OBz),(tptz)Eu;(n-OBz),Eu,(tptz)(0OBz),OH,].CH;0H.7H,0
(31)

This complex crystallizes in triclinic space group P 1 (Z = 1). Each metal center
completes its coordination number (nine) through three nitrogen atoms from trident tptz

ligands, five oxygen atoms from benzoates and one oxygen from water molecule, whereas
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seven water molecules are freely present in lattice as shown in Fig. 3.26. The europium-
nitrogen bond distances with tptz are in the range of 2.583(23) - 2.660(29) A, while the
europium-oxygen bond distances with benzoates are in the range of 2.236(19) — 2.524(19) A.
The bridged benzoates show the shorter distance of europium-oxygen bond as compare to
terminally coordinated benzoates. The binuclear europium complex is hydrogen bonded to the
neighboring complex via C-H-m [C19-H19-w, 3.477(6) A; C20-H20--m, 3.627(6) A; C37-
H37-x, 3.548(12) A; C52-H52-m, 3.553(11) A] intermolecular interactions. Due to these C-
H-7 non-covalent interactions, four binuclear complex hydrogen bond to each other and
construct a cavity for guest i.e. behave as a host. The seven water and one methanol molecules
act as guest molecules and occupy these cavities. These free seven water molecules non-
covalently bonded to each other via O-+0 [017-+019, 2.997(35) A; 019-+020, 2.787(31) A;
017--022, 3.008(31) A; 015016, 2.737(39) A; 015022, 2.690(47) A; 016021,
2.886(40) A] intermolecular interactions. Three uncoordinated water molecules show the
intermolecular interactions with the coordinated benzoates through OO0 [04:-020, 2.703(29)
A; 013017, 2.892(31) A; 010015, 2.851(32) A; 014021, 2.878(36) A] weak
interactions. The methanol molecule also involved in non-covalent interactions [C82-
H82A-020, 2.845(36) A; C82-H82B--021, 2.121(22) A; C82-H82C-021, 2.637(24) A]
with uncoordinated water molecules, where the methyl group acts as donor and water as an
acceptor (Fig. 3.27). All these interactions help to construct an entirely different three
dimensional supramolecular metal-organic framework for this complex (Fig. 3.28).

Crystal structure of [Eu(phen),(SCN);CH3;0H].phen (K1)

The complex 3j crystallizes in the triclinic space group P-1 (Z=2) with an
uncoordinated phenanthroline molecule in the asymmetric unit. Fig. 3.29 shows the molecular
structure of the complex with numbering of the atom. From crystal structure, it is clear that
europium is eight coordinated, bonding to four nitrogen atoms of two bidentate 1,10
phenanthroline ligands, three monodentate thiocyanate groups. The coordination polyhedron in
this complex is also completed by one methanol (CH;OH) group. The europium-nitrogen bond
distances of coordinated phenanthroline ligands are in the range of 2.585(4) — 2.620(4) A.
Among all the Eu-N(phen) bond distances, Eu(1)-N(1) bond distance [2.620(4) A] is the
longest. The average Eu-N(phen) bond distance [2.601 A] is longer as compare to average Eu-
N(phen) bond distances [2.584 A]. The europium-nitrogen (thiocyanate) bond distances are in

the range of 2.435(5) — 2.452(5) A. The Eu(1)-N(7) bond distance [2.452(5) A] is the longest
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bond distance among all three Eu-N(thiocyanate) bond distances. The average Eu-
N(thiocyanate) bond distance is [2.444 A]. For all thiocyanate ligands, the average N-C and C-
S bond distances are 1.154 A and 1.625 A, respectively; consistent with the reported values. In
3j, all the N-C-S bond angles [N8-C38-S2; 178.9(5)°, N7-C37-S1; 178.4(5)° and N9-C90-S3;
178.7(5)°] are approximately very close to linearity, but there is no significant difference in the
Eu-N-C bond angles. The average Eu-N-C bond angle is 162.4° that concludes that all
thiocyanate groups show a significant bending at the nitrogen atoms of thiocyanate ligands.
The average angles involving the thiocyanate ligands at the metal center are cis-N-Eu-N of
81.41° and trans-N-Eu-N of 147.98°. The non-coordinated phenanthroline molecule in the
asymmetric unit is bonded to the mononuclear complex through C-H--O [C36-H36A-O1,
3.160(5) A] hydrogen bond between non-coordinated phenanthroline molecule and oxygen
atom of coordinated methanol. The same non-coordinated phenanthroline molecule is again
bonded to another mononuclear comple* through C-H--S [C26-H26A--S1, 3.076(7) A; C34-
H34A--S1, 2.887(2) A; C91-H91A-S2, 3.703(6) A; C92-H92A~S1, 3.037(4) A] hydrogen
bond between non-coordinated phenanthroline molecule and sulfur atom of coordinated
thiocyanate ligand (Fig. 3.30). In addition to this, other non-covalent interactions are weak
meen [3.378(5) — 3.415(2) A] stacking interactions between the coordinated phenanthroline
molecules, C-H--S [C39-H39AS3, 3.189(4) A] and C-H-N [C19-HI19A-N8, 2.738(5) A]
from the adjacent mononuclear complex. All these interactions are involved in the formation
of host-guest supramolecular architecture as shown in Fig. 3.31.

Crystal structure of [Tb(tptz)(SCN);(CH;O0H),OH,].CH;0H (3m)

The complex 3m crystallizes in orthorhombic space group Pben (Z = 8). It is nine
coordinated mononuclear complex with three nitrogen atoms (N1, N2, N3) of tridentate tptz
ligands, three nitrogen atoms (N4, N5, N6) of thiocyanates, two methanol and one water
molecules. It also contains the one uncoordinated methanol solvent in lattice as shown in Fig.
3.32. The terbium-nitrogen bond distances with tptz are in the range of 2.588(3) - 2.638(5) A
while with thiocyanates, they are in the range of 2.434(4) — 2.468(4) A. The terbium-oxygen
bond distances with methanol and water molecules are in the range of 2.458(3) — 2.520(4) A.
The Tb-N and Tb-O bond distances are almost same as in complex 3h. The coordinated
methanol molecule shows the intermolecular hydrogen bond interaction [O2-H2A--S2,
2.513(56) A; C24-H24B--S1, 2.929(1) A] with adjacent terbium complex where the oxygen

atom (0O2) and methyl group of methanol acts as donor with the thiocyanate. The
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uncoordinated methanol molecule hydrogen bonded to coordinated thiocyanate via O4-
H4--S3, 2.540(1) A; C26-H26B-S3, 2.975(2) A interactions. The other intermolecular
interactions are C14-H14--83, 2.931(2) A; 03--S1, 3.188(4) A; S3--S3, 3.178(2) A as given
in Fig. 3.33. A three dimensional pseudo host-guest supramolecular framework along the ‘¢’
axis where methanol in lattice behaves as a guest molecule, is formed due to these non-
covalent interactions (Fig. 3.34).

Crystal structure of {[Tb,(tptz)(OBz),(n-OBz)]2.[Tby(tptz)(OBz); CH;0H]}. CH;0H.
2H,0 (3n)

The single crystal X-ray studies reveal that the unit cell consists of two
crystallographically independent complex, one mononuclear and one binuclear complex with
two water and one methano! molecules in lattice (Fig. 3.35). This complex crystallizes in a
triclinic space group P-1 (Z = 1). In mononuclear unit, the terbium ion is in nine coordination
environment, coordinated by three nitrogen atoms from tptz ligand, five oxygen atoms from
three benzoates (two OBz behave as bidentate and one as monodentate). The coordination
polyhedron is completed by one solvent methanol molecule. The terbium-nitrogen bond
distances in this unit are in the range of 2.524(6) — 2.569(6) A and the terbium-oxygen
distances are in the range of 2.377(7) - 2.487(5) A. In binuclear complex, each metal center is
coordinated by three nitrogen atoms from tptz and six oxygen atoms from benzoates (two OBz
coordinated to the metal center in bidentate manner and two in bridging mode). The different
type of C-H-m interactions are present in this complex (i) binuclear moiety non-covalently
hydrogen bonded to the adjacent binuclear complex through C12-H12--m, 3.148(5) A; C13-
H13-7, 3.279(7) A; C23-H23-x, 3.389(5) A, (ii) the two mononuclear complex is hydrogen
bonded via C3-H3-x, 3.409(3) A, (iii) mononuclear and binuclear complexes are hydrogen
bonded to each other via C3-H3-m, 3.409(3) A; CI11-H1 1, 3.371(6) A which are involved
in making a cavity to occupy the methanol and water molecules. The methanol occupied the
cavity through C80-H80B--010, 1.928(5) A, while the water molecules with oxygen atoms of
benzoates and nitrogen atom of tptz via 01015, 2.738(8) A; 02014, 2.847(8) A:
03015, 2.761(7) A; N6--014, 2.985(8) A intermolecular interactions, respectively (Fig.
3.36). These intermolecular interactions are responsible for the formation of an entirely
different ladder like host-guest supramolecular metal-organic framework along ‘¢’ axis as

shown in Fig. 3.37.
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Crystal structure of [Tb(phen),Cl;0H,].CH3;0H (30)

The molecular structure and numbering of 3o is shown in Fig. 3.38. The structure
analysis demonstrated that the complex contains mononuclear terbium center, where the
terbium is coordinated by four nitrogen atoms (N1, N2, N3, N4) of two phen ligands and three
chloride ions. The coordination polyhedron is completed by coordination of one water
molecule with total coordination number eight. A methanol molecule also crystallizes in
lattice. The terbium-nitrogen bond distances of coordinated phen ligands are in the range of
2.577(2) A — 2.586(2) A. There are various non-covalent interactions as O-H+-O, O-H--Cl, C-
Heem, [O1-H30--02, 1.877(2) A; O1-H31--CI2, 2.555(33) A; 02-H2--CI3, 2.370(1) A; Cé6-
H6-CI2, 2.731(0) A; C11-H11B-x, 3.360(2) A] with neighboring terbium complexes as
shown in Fig. 3.39. The methanol molecule in lattice also non-covalently hydrogen bonded to
coordinated chloride molecule via C25-H25--Cl1, 2.922(0) A and resulted in the formation of
three dimensional ladders like packing along ‘b’ axis (Fig. 3.40).

Photophysical properties

Due to the smaller ligand-field splitting for Ln(IIT) complexes, the radiationless decay
processes are relatively inefficient and emission from these complexes is common [39]. The
characterivstics sharp and narrow bands in the absorption and emission spectra of Ln(III) ions
correspond to the f-f transitions. The numbers of bands depend upon the particular lanthanide
ion and its electronic states arrangement. Direct excitation with UV radiation leads to weak
emission because of the poor ability to absorb the light, whereas the sensitized emission in
chelate complexes causes an increase (by several orders of magnitude) in the lanthanide based
emission. Nd emission could be detected for the Gd complexes. The ultraviolet absorption
spectra (spectra not shown) of the complex 3g, shows maximum absorption bands at 298.0 nm.
The fluorescence arises from intramolecular energy transfer from the ligand to the Eu(lll)
center. The absorption of UV radiation by the ligands produces an excited triplet state, which
in turn causes an intramolecular energy transfer to the Eu(Ill) ion. Upon decay from the
excited state, fluorescence is observed. The emission spectrum for 3g displays bands at 585.0
nm (*Do — 'F}); 612.0 nm "Dy — 'F,); 644.0 nm (°Dy — F3); 698.0 nm (°Dy — 'Fs). The
intensity sequence of the peaks is — Ispo— 772 > Ispo — 783 > Ispo — 7F1 > Ispo — 7r4. The electronic
dipole transition *Dy — F, exhibits the highest relative emission intensity (Fig. 3.41). From
the spectrum, it is clear that no emission from the ligands present in the complex are observed,

indicates that a very efficient energy transfer occurs from the ligands to Eu(Ill) ion. Fig. 3.42
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and 3.43 show the luminescence spectra of the complex 3h, 3i in methanol. UV-VIS
absorption spectra of both complexes reveal absorption bands at Ama = 292 and 230 nm,
respectively. The complex 3h shows the emission at 585.6 nm Dy — 'F1); 618.0 nm (Do —
7E,); 648.4 nm (*Do — F3); 691.6 nm (*Dy — 'F,) and the electronic dipole transition *Dg —
F, exhibits the highest relative emission intensity, while the complex 3i shows the more
emission bands with more number of transitions (SDO — 7Fo, 12,3, 4) and Do — "F, shows the
highest relative emission intensity. The Dy — 'Fo transition is relatively weak and the
emission band is not symmetrical. The inhomogeneous broadening of the Dy — 'Fo emission
band arises from the site to site variation in the local field acting on the ions. The emission
spectrum of complex 3i vary significantly from 3h as the crystal system is triclinic, whereas
the complex 3h crystallizes in orthorhombic crystal system in Pbcn space group and in
complex 3i, benzoate groups are coordinated to the europium ions in different chelating mode.
On the other hand, the emission bands for [Eu(phen),ClsCH;OH] (described in chapter-2)
(Fig. 3.44) are same as in complex 3g but the intensity sequence is different from others due to
different local coordination sites. The intensity sequence of the peaks is — Ispo— 7r3 > lspo — 7,2
> Tspo — 771 > Ispo — 7r4. The main emission features for the complex 3j, centered at 598.79 nm
arising from electronic dipole transition 5D0 — 'F,. The other sharp bands at 644.37 nm (SDO
— "F3) and 698.97 nm (*Dy — 'F4) are also identifiable (Fig. 3.45). As shown in Fig. 3.46 and
3.51, the emission spectra contain narrow and well resolved bands which corresponds to Do
— 7Fj (j = 0-4) and Dy — 7Fj (j = 2-6) transition for Eu(lIl) 3k and Tb(Il) 3q complexes,
respectively. They show high intensive emission due to the increase in the energy of 2-pyca’
ligand triplet level and coordination of the nitrogen hetero atom by the lanthanide (Eu, Tb)
ions. The luminescence spectrum (Fig. 3.48) of the complex 3m indicates that the complex
exhibits strong luminescence, which may arise from D, — 7FJ- (J = 6-3) transition, a typical
characteristic of Tb>". The main emission occurs, as expected, in the Dy — 'Fe. Although the
5D, — 'Fs, °Ds — "Fsand *Ds — 'F; transitions are also present. The existence of a single peak
at about 486.0 nm indicates the presence of only one single emitting species corresponding to
the metal center. The emission spectrum of the Tb in complex 31, 3o (Fig. 3.47 and 3.50) and
3p (Fig. is not shown), excited into lowest energy ligand centered absorption (Amax = 226 nm,
264 nm, respectively) exhibits typical narrow band features, originating from the transition
from D, ground state to the 'F; (J = 6-0) multiplets. The bands at 489.0, 544.39, 581.61 and

622.0 nm are attributed to the transition from D, state to the "Fe, 7F5, 7F4, s, respectively.
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These transitions have medium intensity and show moderate sensitivity to the ligand
environment. The most intense band is observed at 544.39 nm and it is due to Dy — 7F5
transition. The emission spectrum (Fig. 3.49) of the complex 3n exhibits specific maxima at
ca. 488.99, 544.77, 564.98, 587.07 and 621.7 nm. The number of components of the Dy — Fs
transition indicates the presence of more than one chemically different Tb(IlI) ion sites. This is
the most intense peak. The complex 31 and 3o show similarity with each other as both are
mononuclear, whereas complex 3n is different as this contains both binuclear and
mononuclear units, and have different local coordination sites. So the emission spectra are
very sensitive to the structural changes in the closest environment of the Ln(IIl) i.e. changes in
symmetry of the lanthanide complexes causes changes in fluorescence spectra as also
suggested by Legendziewicz et. al. [40, 41].
Thermal study

The thermograms were recorded for all the complexes by thermogravimetry (TG) and
derivative thermogravimetric (DTG) technique in the temperature range 20-800 °C at a heating
rate of 10 °C min"' under air atmosphere. Thermo gravimetric analysis indicated that
complexes are stable at room temperature but at higher temperatures, curves showed irregular
pattern until plateau reached up to 800 °C due to the formation of thermally stable lanthanide
oxides (Ln,0O3). The thermo analytical data for complexes 3a-3q are listed in Table 3.24.
According to TG curve as shown in Fig. 3.52, thermal decomposition process of complex 3a
can be divided into two stages. The first weight loss of 14.2% between 91-125 °C corresponds
to the release of one chloride and four molecules of water. These are uncoordinated and occur
in lattice freely, release easily. The second weight loss 62.1% was observed in the temperature
range of 350-550 °C. At 798 °C, the complex was completely degraded into GdpO;. The
complexes 3b, 3h, 3m showed the same pattern of thermal decomposition exhibited three well-
separated weight loss stages, concluded that the coordination atmosphere is same around the
metal center (Fig. 3.59). In first step, one uncoordinated methanol molecule with 4.2% mass
loss leaves out in the temperature range of 103-161 °C ,while coordinated water, methanol and
thiocyanates with ~ 32.2% mass loss release simultaneously in the temperature range of 300-
450 °C. In third stage, one 2,4,6-tris(2-pyridyl)-1,3,5-triazine molecule is released with ~
41.5% weight loss in the temperature range of 576-661 °C. Thermal decomposition of complex
3¢ (Fig. 3.53) can be divided into two stages. The first weight loss of 1.0% between 76-102 °C,

corresponds to the release of uncoordinated water molecule, and the second weight loss 75.1%

118



was observed in the temperature range of 400-524 °C. The water molecule occurs in lattice is
less stable and can easily leaves out in comparison to coordinated molecules. The complex 3d
decomposes in three steps i.e. first step involves the removal of uncoordinated chloride and
methanol with 11.93% mass loss at 103 °C, while coordinated chloride and water molecules
leave out completely at 324 °C. The coordinated phen completely decompose at 487 °C with
35.13% weight loss in next third step (Fig. 3.54). TG curve of complex 3f exhibited two well
separated weight loss as shown in Fig. 3.55. The first weight loss of 7.3% occurred from 100-
175 °C temperature due to the loss of six uncoordinated water molecules, whereas the second
weight loss of 69.3% between 300 °C and 565 °C corresponds to the loss of coordinated
molecules. The remaining weight, 23.4% corresponds to the percentage of Gd and O
components indicated the formation of gadolinium oxide (Gd20s) as final product. The
complexes 3k and 3q show the same trend of thermal decomposition as 3f, given in Table
3.24. TG curve of complexes 3g and 31 have same pattern and show that decomposition
occurred in three stages. According to Fig. 3.56, in complex 3g, the methanol molecule present
in lattice releases first with 4.34% mass loss at 105-158 °C, while coordinated water, two
methanol and three chloride molecules simultaneously leave out with ~ 26.83% mass loss in
the temperature range of 305-467 °C and one 2,4,6-tris(2-pyridyl)-1,3,5-triazine molecule 1s
completely removed with ~ 43.92% weight loss at 667 °C in third stage. The complex 3i shows
the same thermal decomposition pattern as complex 3¢ but in 3i, one methanol and seven
water molecules are released with 7.67% weight loss in temperature range 99-131 °C in first
step, while 73.19% weight loss occurs between 401-554 °C in next second step due to the rest
coordinated groups (Fig. 3.57). The TG curve and thermal behavior of complex
[Eu(phen),Cl;CH30H] has been shown in chapter 2. The complex 3j decomposes in different
ways in three stages (Fig. 3.58). Non-coordinated phen releases at 291 °C with 21.8% mass
loss, while the coordinated phen groups decompose at 487 °C with 43.24%. The rest
coordinated thiocyanates and methanol molecules leave out at 636 °C with 19.79% weight loss
in last step. The complexes 3e and 3p thermally decompose in the same manner as 3j (Table
3.24). The TG thermogram clearly indicates that thermal decomposition of complex 3n occurs
in three steps (Fig. 3.60). This complex on heating first looses 2.5% of its mass at around 99
°C i.e. low temperature decomposition, resulting the loss of methanol and water molecules,
occurring in lattice. Beyond this temperature, a plateau is observed where 25.51% mass loss

occurs which is responsible for the removal of C4oH3NegO7 at 223-326 °C. Almost complete
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decomposition 49.67% occurs at around 543 °C i.e. high temperature decomposition which
corresponds to the release of C7gHssN 1202 Therogravimetric analysis shows that the complex
30 exhibited three weight loss stages (Fig. 3.61). The first weight loss of 4.5% in between 77-
99 °C corresponds to the loss of uncoordinated methanol. The second weight loss of 17.83%
occurred in between 221-319 °C corresponds to the loss of coordinated three chlorides and one
water molecules, while third weight loss 57.93% occurred in between 450-550 °C corresponds

to the loss of coordinated phen molecules.
CONCLUSION

In conclusion, we have reported the synthesis, structures, photophysical and thermal
properties of some mononuclear and binuclear lanthanide complexes using tptz, phen,
benzoate, 2-pyca ligands. All lanthanide complexes show eight or nine coordination depending
on the presence of different types of ligands in the reaction mixture. The complexes 3b, 3h,
3m with tptz ligand give the pseudo host-guest like supramolecular motif along ‘¢’ axis, while
in presence of benzoate in the reaction mixture, the complexes 3¢, 3i, 3n give the three
dimensional bridging architecture. The complex 3f is solvothermally synthesized in which two
gadolinium metal centers are bridged by the oxalic acid which is formed by the oxidative
coupling of methanol solvent at high pressure and temperature. The structural integrity and the
highly ordered arrangement of lanthanide centers in these complexes promise their
applications as structural and functional building blocks for a variety of lanthanide-containing
materials. The photophysical properties of these have been studied with excitation and
emission spectra and reveal the presence of single luminescent site i.e. efficient ligand-to-
metal energy transfer. Thermal analysis shows that all synthesized complexes are stable at

room temperature and decompose at high temperature to give stable lanthanide oxides.
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Table 3.1: Crystal data and structure refinement for [Gd(tptz)Cl2(OH>)4].C1.4H,0 (3a)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
¢ (A)
o ()
BC)
v
vV (AY
Crystal size (mm)
Z
Pealed (g M)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1 (1>26(1))
R1 (all data)
wR2 (1>20(1))
wR2 (all data)

CgH12NgOgClGd*
Colorless
703.94
Monoclinic
Clcl
14.859(6)
10.632(6)
17.478(8)
90.00
93.97(3)

90.00
2755.0(2)
0.31x0.26x0.19
4
1.697
2.748
1364
2.34-31.49
-19<h <21
-15<k<l14
-18 <7125
7280
6774
7280/2/325
0.058
0.066
0.169
0.183

*Hydrogen are not added on water molecules.
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Table 3.2: Selected Bond Distances (A) and Bond Angles (°) for [Gd(tptz)Cl,(OH2)4).

CI.4H,0 (3a)
Bond Distances
| Gd1—N| 2.584(7) Gd1—O3 2.471(9)
' Gd1—N2 2.648(8) ) Gd1—04 2.409(9)
' Gd1—N3 2.641(9) Gd1—Cl1 2.494(10) ]
Gd1—O1 2.451(7) Gd1—CI2 2.418(10) |
| Gd1—02 2.449(8) ]
Bond Angles
04—Gdl—CI2 97.57(31) O1—Gdl—NI 68.65(23)
04—Gd1—02 73.26(27) 03—Gd1—NI 121.69(26)
Cl2—Gd1—02 69.65(28) Cl1—Gd1—NI 68.39(27)
04—Gd1—Ol 73.98(26) 04— Gd1—N3 78.45(27) ]
Cl2—Gd1—Ol 136.73(29) Cl2—Gd1—N3 144.42(29)
02— Gd1—Ol 67.28(23) 02—Gd1—N3 138.91(26)
- 04—Gd1—O03 68.76(30) O1—GdI1—N3 76.72(27)
Cl2—Gd1—O03 72.44(33) 03—Gd]—N3 73.24(32)
- 02—Gd1—03 120.90(28) Cl1—Gd1—N3 83.31(30)
01—Gd1—03 135.75(26) N1—GdI—N3 62.96(25) N
- 04—Gd1—Cll 138.26(30) 04—Gd1—N2 144.86(26)
Cl2—Gd1—ClI1 76.50(33) Cl2—Gd1—N2 78.11(28)
02—Gd1—Cll 137.06(29) 02—Gd1—N2 72.59(24)
01—Gd1—Cll 137.03(28) 01—Gd1—N2 85.42(24) |
03— Gd1—ClI 70.12(32) NI1—Gd1—N2 61.69(23)
04— Gdl—NI 130.84(25) N3—Gd1—N2 124.62(25)
03—Gd1—N2 138.64(28) C13—N3—Gd| 122.12(67)
Cl—GdI—N2 75.28(28) C9—N3—Gdl 121.42(62) N
Cl2—Gdl—N 131.56(28) C6—NI1-—Gd1 124.13(52)
02— Gd1—NI 117.40(23) C8—NI1-—Gdl 121.40(52)
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Table 3.3: Crystal data and structure refinement for [Gd(tptz)(SCN);(CH3;0H);OH;].

CH30H (3b)
Empirical formula C4H25No0,4S:Gd*
Color Yellow
Formula weight (g mol'l) 753.97
Crystal System Orthorhombic
Space Group Pbcn
a(A) 27.024(12)
b (A) 14.987(7)
¢ (A) 14.156(6)
o () 90.00
B(") 90.00
) 90.00
vV (A% 5733(4)
Crystal size (mm) 0.29x023x0.15
Z 8
Pealed (g M) 1.747
U 2.580
F (000) 2984
0 range for data collection 1.51-28.47
limiting indices -32<h<36
-18 < k<17
-11<7<18
No. of measured reflections 6755
No. of observed reflections 4118
Data/ restraints/parameters 6755/131/374
R1(1>20(1)) 0.064
R1 (all data) 0.126
wR2 (I>20(1)) 0.158
wR2 (all data) 0.204

*Hydrogens are not added on coordinated water and methanol molecules.
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Table 3.4: Selected Bond Distances (A) and Bond Angles (°) for [Gd(tptz)(SCN);
(CH30H);0H,].CH3;0H (3b)

Bond Distances

' Gd1—NI1 2.577(8) Gd1—N6 12.442(8)
Gd1—N2 2.557(8) Gd1—O1 2.426(6)
Gd1—N3 2.605(8) Gd1—O02 2.481(7)
Gd1—N4 2.394(7) Gd1—O03 2.462(6)
Gd1—N5 2.464(8) |
Bond Angles
N4—Gd1—O] 135.79(22) N6—Gd1—NI 78.65(25)
N4—Gd1—N6 76.97(26) 03—Gdl—NI 140.07(22)

' 01—GdI—N6 136.32(24) N5—Gd1—N]1 [ 144.0726) |

'N4—Gd1—03 69.66(22) 02—Gd1—N| 78.25(23)
01—Gd1—O03 137.93(20) N2—Gdl—NI 62.17(26)
N6—Gd1—O03 71.90(24) N4—Gd1—N3 79.28(24)
N4—Gd1-—N5 137.70(25) O1—Gd1—N3 80.72(21)

O1—Gd1—N5 72.94(23) N6—Gd1—N3 141.68(24)
N6—Gd1—N5 102.23(26) 03—Gd1—N3 71.83(22)
03—Gd1—N5 70.08(22) N5—Gd1—N3 76.44(25)
N4—Gdl— 02 141.58(24) 02—Gd1—N3 139.10(22)
01—Gd1—02 68.88(21) N2—Gd1—N3 62.65(24)
N6—Gd1—02 69.05(23) NI—Gd1—N3 124.79(24)

- 03—Gd1—02 114.0121) C22—02—Gd] 148.33(57)
N5—Gd1—02 69.05(25) C23—03—Gd] 131.41(54)
N4—Gd1—N2 66.82(24) C1—N1—Gd]I 121.9861)
O1—Gdl—N2 68.97(21) C5—NI1—Gdl 122.89(59)

' N6—Gd1—N2 130.57(25) C8—N2—Gdl 122.32(61)

03—Gd1—N2 120.99(21) C6—N2—Gd1 122.52(58) ]
N5—Gd1—N2 127.20(26) C13—N3—Gd| 122.06(59)

 02—Gd1—N2 124.91(23) C9—N3—Gd]I 120.77(57)

' N4—Gd1—NI 77.97(25) C19—N4—Gd1 169.58(75)
01—Gd1—NI 81.90(24) C20—N5—Gd1 179.27(76)
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Table 3.5: Crystal data and structure refinement for [Gd(tptz)(OBz)(n-OBz)OH;]..

H,0 (3¢)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (&)
¢ (A)
o ()
BC)
1)
V(A%
Crystal size (mm)
z
Peatca (g M)
1
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (I>26(1))

wR2 (all data)

C78Hs4N12016Gdo*
Colorless
1729.83
Monoclinic
P2l/c
13.275(17)
15.035(17)
18.810(2)
90.00
95.91(6)
90.00
3734.6(8)
0.27x0.23x0.17
2
1.538
1.836
1724
1.54-28.56
-17<h <17
20 < k<17
25 <125
9285
_ 6356
9285/0/487
0.036
0.074
0.102
0.145

*Hydrogen are not added on water molecules.
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Table 3.6: Selected Bond Distances (A) and Bond Angles (°) for [Gd(tptz)(OBz),(n-OBz)
0H2]2.H20 (3(!)

Bond Distances

| Gdl—NI 2.622(3) Gd1—O03 2.367(5)

| Gd1—N2 2.617(6) Gd1—04 ) 2.396(3)
Gd1-—-N3 2.627(6) Gd1—O5 2.500(6) 1
Gd1—Ol 2.513(4) Gd1—O6' 2.307(4)
Gd1—02 2.477(8) GdI'—06 2.307(4)

Bond Angles

T06—Gd1—03 81.10(12) 04—Gd1—NI 139.54(10)
06—Gd1—04 107.34(10) 02—Gd1—NI 73.07(11)

- 03—Gd1—04 140.68(11) 05—Gd1—NI 144.65(10)

06—Gd1—02 128.38(11) O1—Gd1—NI 69.01(11) .
03—Gd1—02 131.40(12) N2—Gd1—NI1 62.32(10)
04—Gd1—02 73.68(11) 06—Gd1—N3 148.75(11)

- 06—Gd1—05 76.99(11) 03—Gd1—N3 80.04(12) N
03—Gd1—O05 73.14(12) 04—GdI-—N3 73.71(10) |
04—Gd1—05 71.74(10) 02—Gd1—N3 82.49(11) |
02—Gd1—O05 142.28(11) 05—Gd1—N3 73.81(11)
06—Gd1—O0] 77.94(13) O1-—GdI—N3 129.48(12)
03—Gdl—01 145.35(13) N2—Gd1—N3 61.16(12)

' 04—Gd1—Ol 72.65(12) NI—Gdl—N3 123.3(1)
02—Gd1—O01 52.45(12) C32—01—Gd] 91.76(31)

' 05—Gd1—O01 127.19(12) C32—02—Gd1 93.39(32)
06 —Gd1—N2 129.32(11) C33—03—Gd] 136.69(35)
03—Gd1—N2 63.77(12) C25—04—Gdl 121.42(28)

' 04—Gd1—N2 123.10(11) C25—06—Gd!’ 171.93(28)

02—Gd1—N2 68.03(11) C1—N1—Gd]1 121.5527) |
05—Gd1—N2 121.05(11) C5 NI1—Gdl 121.16(26)
O1—Gd1—N2 110.85(12) C8—N2—Gdl 122.03(28)
06 Gd1—NI 76.94(10) C6—N2—Gd]I 120.32(26)
03-——GdI—NI 79.59(11) C9—N3—Gd] 122.58(32) N
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Table 3.7: Crystal data and structure refinement for [Gd(phen)Cl,(OH3)4].C1.CH;0H

(3d)
Empirical formula Ci3H 9oN,OsCl3Gd*
Color Colorless
Formula weight (g mol™) 546.86
Crystal System Triclinic
Space Group P -1
a(A) 6.713(5)
b (A) 11.045(5)
¢ (A) 13.131(5)
a () 87.83(5)
B 79.50(5)
v () 80.18(5)
V(A% 943.3(9)
Crystal size (mm) 0.31x 0.23 x 0.15
Z 2
Peatcd (g M) 1.901
U 3.561
F (000) 528
0 range for data collection 3.13-39.98
limiting indices -l <h<12
-15 <k <19
=22 <123
No. of measured reflections 11350
No. of observed reflections 8355
Data/ restraints/parameters 11350/0/233
R1 (I>20(1)) 0.037
R1 (all data) 0.062
wR2 (I>20(1)) 0.109
wR?2 (all data) 0.150

*Hydrogen is not added on one coordinated water molecules.
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Table 3.8: Selected Bond Distances (A) and Bond Angles (°) for [Gd(phen)Cl;(OH,)4].Cl

.CH;0H (3d)
Bond Distances

" Gd1—NI 2.574(6) Gd1—O03 2.433(6)
Gd1—N2 2.589(7) Gd1—O4 2.442(7)
Gd1—O] 2.436(7) Gd1—Cl1 2.734(7) T
Gd1—O02 2.429(3) Gd1—CI2 2.783(9)

Bond Angles

(02— Gd1—03 75.11(12) 03— Gd1—Cl1 73.24(10)
02— Gd1—Ol 77.80(12) Ol— Gdl—CIl 139.48(9)

03— Gd1—oOl 144.91(12) 04— Gd1—ClI 74.64(8)
02— Gd1—04 72.29(9) NI— Gdl—ClI 78.20(7)
03— Gdl1—04 118.24(11) N2— Gd1—Cl1 76.88(7)
Ol — Gdl1—O04 72.92(11) 02— Gd1—CI2 80.20(9)

| 02— Gd1—NI 149.30(9) 03— Gd1—CI2 1'80.34(9)
03— Gdl—NI 82.71(11) Ol— Gd1—CI2 73.38(8)
Ol— Gd1-NI 11.79(11) 04— Gd1—CI2 140.06(8)
04— Gd1—NI 138.00(9) NI— Gd1—CI2 75.32(8)
02— Gd1—N2 144.13(9) N2— Gd1—CI2 111.10(8)
03— Gdl—N2 139.02(11) Cll-— Gd1—CI2 144.54(3)

01— Gd1—N2 73.61(11) Cl— N1— GdI 122.46(24)

04— Gd1—N2 78.88(10) CI12—NI1— Gd] 119.34(22) N
N1— Gdl1—N2 64.04(8) C10—N2— Gdl 122.67(27)
02— Gd1—Cl1 114.23(8) Cl11—N2— Gdl1 118.77(22)
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Table 3.9: Crystal data and structure refinement for [OH,(phen)(2-pyca),Gd(n-0x)Gd;
(2-pyca)2(phen)OH;].6H,O (31)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
¢ (A)
o ()
BC)
)
vV (AY)
Crystal size (mm)
Z
Pealed (8 m_S)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1(I>20(1))
R1 (all data)
wR2 (1>20(D))
wR2 (all data)

CyH28N12020Gd2*
Colorless
1383.31
Triclinic
P1
10.550(3)
11.814(4)
12.753(4)
101.54(15)
105.89(14)
111.45(14)
1340.4(7)
027x022x0.18
1
1.714
2.539
676

1.76-28.28
-13<h<13
-15 <k <15
-16 <1<16
11055
9228
11055 /3/721
0.040
0.056
0.111
0.140

*Hydrogen are not added on water molecules.
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Table 3.10: Selected Bond Distances (A) and Bond Angles (°) for [OHz(phen)(2-pyca);

Gd(n-0x)Gd,(2-pyca)(phen)OH,].6H,O (3f)

Bond Distances

Gd1—N] [ 2.654(27) Gd2—N5 2.610(27) |

' Gd1—N2 2.609(26) Gd2—N6 2.651(25)

Gd1—N3 2.654(30) Gd2—N7 2.722(28)

" Gd1—N4 2.692(27) Gd2—N8 2.636(26) B
Gd1—Ol 2.411(30) Gd2—06 2.452(30)
Gd1—O02 2.409(37) Gd2—O7 2.426(22)

Gd1—O03 2.344(27) Gd2—08 2.432(25)

Gdl—04 2.409(22) Gd2—09 2.352(26)

' Gd1—O05 2.424(24) Gd2—O10 2.367(36)
Bond Angles

03—Gd1—Ol 82.80(59) Ol—Gdl—NI 71.13(62)

- 03—Gd1—02 127.87(62) 02—Gd1—NI 119.78(64)
01—Gd1—O02 148.07(58) 05— Gd1—NI 120.33(66) 1
03—Gd1—O05 144.74(63) 04—Gd1—NI 139.71(57) |

- 01—Gd1—O05 75.56(56) N2—Gd1—NI1 61.89(60)
02—Gd1—O05 73.34(61) N3—Gd1—NI 73.75(66) n
03—Gd1—04 80.33(54) 03—Gd1—N4 60.77(61)
01—Gd1—04 73.51(54) 01— Gd1—N4 126.93(52)

| 02—Gd1—04 100.46(59) 02-Gd1—N4 72.85(59)
05—Gd1—O04 67.07(56) 05—Gd1—N4 112.27(56) B
03—Gd1—N2 137.85(60) O4—Gd1—N4 63.95(55)
O1—GdI—N2 90.63(58) N2—Gd1—N4 142.33(58)

" 02—Gd1—N2 1 72.45(62) " IN3—Gdl—N4 [ 68.79(57) ]
05— GdI—N2 70.67(57) NI—Gdl1—N4 127.37(62) '
04— GdI—N2 137.31(50) Cl10—N1—Gd!I 118.62(162) |
03—Gdl—N3 78.36(63) C11—N1—Gdl 122.5(16)
O1—GdI—N3 143.07(56) C24—04—Gd1 117.14(120)
02—Gd1—N3 63.05(62) Cl1—N2—Gd1 118.36(151)
05—Gd1—N3 134.06(61) C12—N2—Gdl 118.39(134)
04—Gd1—N3 132.71(58) C22—03—Gd1 132.46(166) |
N2—Gd1—N3 82.71(61) C21—N4—Gdl 119.51(164)

" 03—Gd1—N] 76.70(67) C18—N4—Gdl 126.83(153)

C16—N3—Gd1 116.24(144) 09—Gd2—N7 65.62(59)
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C13—N3—Gdl 126.78(159) 010—Gd2—N7 69.01(59)
C17-—02—Gdl 124.92(152) " 08—Gd2—N7 65.62(57)
09—Gd2—010 128.89(63) 07—Gd2—N7 108.89(56)
09—Gd2—O08 82.94(58) 06—Gd2—N7 131.08(54)
010—Gd2—O08 98.94(57) N5—Gd2—N7 139.62(60) |
09—Gd2—O07 145.84(58) N8—Gd2—N7 70.10(52) |
010—Gd2—06 148.07(55) N6—Gd2—N7 127.65(57)
07—Gd2—06 77.76(55) C23—08—Gd2 123.82(156)
09—Gd2—N5 135.92(61) C24—07—Gd2 119.09(129) |
010—Gd2—N5 73.42(60) 010—Gd2—O07 71.45(62)
08—Gd2—N5 136.12(58) 08—Gd2—07 65.39(57)

07— Gd2—N5 171.38(58) 09—Gd2—06 82.15(58)
06—Gd2—NS5 89.11(56) 010—Gd2—06 148.07(55) |
09—Gd2—N8 77.88(54) C23—05—GdlI 121.73(159)
010—Gd2—N8 65.45(52) C25—N5—Gd2 122.01(156)
08—Gd2—N8 135.70(51) C36—N5—Gd2 [ 122.0(14)
07—Gd2—N8 133.97(52) C34—N6—C35 114.88(172)
06—Gd2—N8 139.28(48) C34—-N6—Gd2 128.98(155)
N5—Gd2—N8 81.40(53) C35—N6—Gd2 116.01(121)
09—Gd2—N6 73.05(62) C46—09—Gd2 128.24(145)
010—Gd2—NG6 121.88(64) C42—-N7—Gd2 13326(157) |
08—Gd2—N6 139.15(57) C45—N7—Gd2 107.49(123)
07—Gd2—N6 123.29(60) C41—N8—Gd2 127.24(155)
06—Gd2—N6 69.33(58) C38—N8—Gd2 113.76(124)
N5—Gd2—N6 63.49(57) C37—010—Gd2 125.69(182) i
N8—Gd2—N6 71.02(55) .
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CH;O0H (3h)

Table 3.11: Crystal data and structure refinement for [Eu(tptz)(SCN)3;(CH30H),OH,].

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
¢ (A)
o ()
B()
v ()
V(A%
Crystal size (mm)
Z
Pealod (g M)
m
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)

*Hydrogen are not added on water and one methanol molecules.
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Ca4H23NoO4S3Eu*
Yellow
749.69

Orthorhombic
Pbcn
27.124(3)
15.117(2)
14.291(2)
90.00
90.00
90.00
5859.8(13)
027x021x0.17
8
1.700
2.402
2984
1.50-31.64
24 <h<40
-19 <k <20
-19<1<17
8332
6807
8332/0/378
0.041
0.057
0.154
0.172




Table 3.12: Selected Bond Distances (A) and Bond Angles (°) for [Eu(tptz)(SCN);
(CH30H);OH;|.CH;0H (3h)

Bond Distances

Ful—NI1 2.636(5) [ Eul—N6 2.434(4) ]
Eul—N2 2.588(3) Eul—Ol 2.485(3) |
Eul—N3 2.611(4) Eul—02 2.517(4)

Eul—N4 2.470(4) Eul-03 2.458(3)

Eul—N5 2.468(4)

Bond Angles

‘N6—Eul—O03 135.43(12) N5—Eul—N3 144.07(12)
N6—Eul—N5 138.18(13) N4—Eul—N3 77.74(13)
03—Eul—N5 72.97(12) Ol—Eul—N3 139.34(10)
N6—Eul—N4 76.73(14) 02—Eul—N3 77.22(12)
0O3—FEul—N4 136.19(12) N2—Eul-—N3 62.38(11)
N5—Eu]—N4 102.91(14) N6—Eul—NI1 79.09(13) i
N6—Eul—Ol 69.25(12) 0O3—FEul—NI 80.64(10)
03—FEul—O0l 138.48(10) N5—Eul—NI1 77.09(13)
N5—Eul—O01 70.91(11) N4—Eul—NI 142.25_(14) o
N4—Eul—Ol 72.52(12) Ol—Eul—NI 71.99(10)
N6—Eu1—02 141.11(13) 02—Eul—NI 139.80(11)
03—Eul—02 68.45(12) N2—Eul—NI 61.96(11) n
03—Eul-—02 68.45(12) N3—Eul—NI 124.27(13) ]
N4—Eul—02 69.37(13) C25—01-Eul 130.72(25)
O1—Eul—02 115.78(11) C24—02—Eul 147.14(27)
N6—Eul—N2 67.07(11) C10—N2—Eul 122.06(25) i
" 03—Eul-—N2 68.36(10) C6—N2—Eul 122.80(26)
N5—Eul—N2 126.80(11) C11—N3—Eul 121.78(27)
N4—Eu1—N2 130.29(12) C15—N3—Eul 121.15(31) I
"O1—Eul-——N2 120.61(10) C21—N4—Eul 164.00(38) |
O2—Eul—N2 123.55(10) C22—N5—Eul 178.86(33)
N6—Eul—N3 77.48(11) C23—N6—Eul 170.46(37) i
O3—FEul—N3 82.01(9)
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Table 3.13: Crystal data and structure refinement for [OH,(OBz),(tptz) Eu(n-OBz);Eu,
(tptz)(OBz);OH,].CH3;0H.7H,0 (3i)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
¢ (A)
o ()
BC)
v ()
V(A%
Crystal size (mm)
z
Peated (g M")
U
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1(1>20(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)

*Hydrogen are not added on water molecules.
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Cr9HssN12002Eu*
Colorless
1831.32
Triclinic
Pl
12.927(11)
12.930(10)
13.791(11)
82.623(5)
83.15(4)
64.85(4)
2064.2(3)
029x021x0.14
l
1.473
1.584
918
1.49-28.47
-17<h<17
-17 <k <17
-18<7<18
16186
10729
16186/362/1038
0.066
0.111
0.153
0.198



Table 3.14: Selected Bond Distances (A) and Bond Angles (°) for [OH,(OBz)y(tptz)

Eu;(n-OBz),Eus(tptz)(0OBz),0H,].CH;0H.7H,0 (3i)

Bond Distances

Eul—N4 2.583(23) Eu2—NI 2.700(25)
Eul—NS5 2.660(29) Eu2—N2 256521y |
Eul—N6 2.650(19) Eu2—N3 2.593(27)
Eul—Ol 2.483(19) Eu2—07 2.479(19)
Eul—O02 2.436(20) Eu2—O8 2.375(18)
Eul—O03 2.524(19) Eu2—09 2.514(19)
"Eul—04 2.507(18) Eu2—010 2.504(16)

Eul—O05 2.429(17) Eu2—Ol1l 2.309(18) ]
Eul—06 2.236(19) Eu2—O12 2.386(19)
Bond Angles

06—Eul—O05 82.41(60) O5—Eul—N6 67.62(59)
06—Eul—02 103.55(61) 02—FEul—N6 [121.84(61) )
O5—Eul—02 140.85(56) Ol—Eul—N6 122.41(61)
06—Eul—O01 77.95(66) 04— Eul—N6 69.59(62) N
05—Eul—O01 74.11(62) 03—Eul—N6 112.33(56)
02—Eul—O0l 69.61(67) N4—Eul—N6 62.08(57) )
06—Eul—04 124.36(64) 06—Eul—N5 79.29(70)
05—FEul—04 136.5(6) O5—Eul—N5 76.91(64) *
02—Eul—04 71.55(59) 02—Eul-—N5 142.17(68) i
Ol—Eul—04 138.96(66) Ol-Eul—N5 145.07(73) |
06-—Eul—03 72.87(59) O4—Eul—N5 75.97(74)
0O5—Eul—O03 ' 143.80(59) 03—Eul—N5 72.87(71) N
02 —Eul—03 ~172.16(59) N4—Eul—N5 123.01(70) ]
O1—Eul—O03 123.88(65) N6—Eul—N5 60.96(67)
04—Eul—O03 52.47(65) C1—O04—Eul 92.41(149)
06—Ful—N4 149.95(59) C1—O3—Eul 93.74(164)
O5—Eul—N4 83.73(58) C29—05—Eul 140.18(157)
02—FEul—N4 71.98(59) C22—06—Eul 168.71(158) |
O1—Eul—N4 72.65(67) C66—02—Eul 136.63(161) |
O4—Eul—N4 83.30(61) C59—N5—Eul 120.09(178)
06—Eul—N6 134.02(60) C50— N4—Eul 122.52(149) |
C54—N4—Eul 124.26(143) O12—Eu2-N3 78.66(67)
O11—Eu2—O08 101.74(55) 07— Eu2—N3 144.75(72) |
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[ O11—Eu2—012 142.02(60) O10—Eu2—N3 71.81(69)

08— Eu2—012 79.66(59) 09—FEu2— N3 72.78(69)
Ol 1—Eu2—07 71.19(63) N2—Eu2—N3 63.07(72)

' 08— FEu2—07 74.67(64) Ol11—Eu2—NI] 73.93(61)

' 012—Eu2—07 72.75(67) O8—Eu2—NI | 147.85(59)
O11—Eu2—010 74.28(57) O12—Eu2—NI 85.02(64)
08—Eu2—010 124.92(57) O7—Eu2—NI 73.84(69)
O12—Eu2—010 135.96(63) O10—Eu2—N] 85.30(63) |
07—Eu2—O010 143.36(64) 09—Fu2—NI1 128.22(61)
O11—Eu2—09 68.62(58) N2—Eu2—N] 61.20(61)

08 —Eu2—09 75.66(61) N3—Eu2—NI 124.0971) |
012—Eu2—09 144.77(63) C35-—N1—Eu2 115.89(175) |

- O7—Eu2—09 122.84(64) C39—NI—Eu2 119.4(14)
010—Eu2—09 51.23(62) C40—N3—Eu2 124.67(176)
O11—Eu2—N2 123.31(62) C44—N3—Eu2 120.03(179)
08—FEu2—N2 134.69(62) C8— O12—Eu2 1 140.00(167) |

' O12—Eu2—N2 68.19(65) C22—011—Eu2 143.12(159) |
07—Eu2—N2 121.50(67) C66—08—FEu2 171.69(162)

' 010—Eu2—N2 69.52(64) C15—O010—Eu2 93.03(152) |

09 Eu2—N2 114.21(62) C15—09—Eu2 92.60(159)

" Ol1—Eu2—N3 139.30(64) C74—N2—Eu2 126.69(167)

08 FEu2—N3 80.37(64) C65—N2—Eu2 123.85(161) |
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Table 3.15: Crystal data and structure refinement for [Eu(phen)2(SCN); CH;OH]J.phen

&)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
BC)
v )
V (A%
Crystal size (mm)
Z
Peatca (g M)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1 (I>20(1))

R1 (all data)
wR2 (I>20(1))

wR2 (all data)

C4oH27NoOS;Eu*
Colorless
897.89
Triclinic
P-1
10.386(5)
12.450(6) A
15.497(7) A
96.22(2)
105.62(2)
102.41(3)
1855.14(15)
029x0.21x0.17
2
1.607
1.906
898.0
1.39-26.06
-12<h=<12
-15<k<15
-19</<19
7221
6519
7221/0/487
0.044
0.052
0.119
0.134

*Hydrogen are not added on methanol molecule.
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Table 3.16: Selected Bond Distances (A) and Bond Angles (°) for [Eu(phen),(SCN)3

CH;0H].phen (3j)

Bond Distances

138

Eul—NI1 2.620(4) Eul—N7 2.452(5)
Eul—N2 2.607(4) Eul—N8 2.435(5)
Eul—N3 2.594(4) Eul—N9 2.446(5)
Eul—N4 2.585(4) Eul—Ol 2.439(4)
Eul—N5 24684y |

Bond Angles
N8—Eul—Ol 141.32(15) N4—Eul—N3 [ 63.85(14)
N8—Eul—N9 79.28(17) N8—Eul—N2 78.96(15)
O1—Eul—N9 77.26(15) Ol—FEul—N2 124.05(12)
'N8—Eul N7 183.52(16) | N9—Eul—N2 176.86(15)
' Ol—Eul—N7 130.15(15) N7—Eul—N2 73.42(14)
| N9—Eul—N7 147.95(17) N4—Eul—N2 144.59(14)
N8—FEul—N4 109.74(17) ' N3—Eul—N2 146.95(12)
Ol1—Eul—N4 70.83(15) N8—FEul—NI 141.79(15)
N9 Eul—N4 137.80(16) Ol—Eul—N1 72.17(15)
N7—Eul—N4 73.65(16) N9—Eul—N] 97.87(16)
N8—Eul—N3 72.79(15) N7—Eul—NI 79.42(16)
Ol—Eul—N3 73.58(12) | N4&—Eul—NI1 1 97.87(15)
N9—Eul—N3 81.30(15) N3—Eul—NI 145.01(14)
N7—Eul—N3 118.96(14) N2—Eul—NI 63.50(14)




Table 3.17: Crystal data and structure refinement for [Tb(tptz)(SCN)3(CH30H);OH].

CH;0H (3m)
Empirical formula C4H23NgO4S3Th*
Color Yellow
Formula weight (g mol™) 756.65
Crystal System Orthorhombic
Space Group Pbcn
a(A) 27.124(3)
b (A) 15.117(2)
¢ (A) 14.291(2)
o () 90.00
B(") 90.00
v ) 90.00
V(A% 5859.8(13)
Crystal size (mm) 0.26x0.19x0.13
Z 8
Pealcd (g M) 1715
M 2.675
F (000) 3000.0
0 range for data collection 1.50-31.64
limiting indices 24 <h <39
-19 <k <20
-19</<21
No. of measured reflections 8564
No. of observed reflections 6789
Data/ restraints/parameters 8332/0/378
R1 (I>20(1)) 0.042
R1 (all data) 0.058
wR2 (1>20(1)) 0.158
wR2 (all data) 0.174

*Hydrogen are not added on water and one methanol molecules.
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Table 3.18: Selected Bond Distances (A) and Bond Angles (°) for [Tb(tptz)(SCN);
(CH3;0H);OH;].CH30H (3m)

Bond Distances

Tbl—N1 12.638(5) Tb1—N6 2.435(4)
Tb1—N2 2.588(3) Tb1—O1 2.458(3)
Tbl—N3 2.610(4) Tb1—02 2.483(3) |
Tbl—N4 2.471(4) Tb1—O03 2.520(4)
Tb1—N5 | 2.468(4)

Bond Angles
N6 Tb1—Ol 135.43(12) N4—Tb1-—N3 77.74(13) ]
N6—Tb1—N5 138.20(13) 02—Tb1—N3 139.36(10)
O1—Tbl—N5 72.89(12) 03—Tb1—N3 77.22(12)
N6—Tb1—N4 76.74(14) N2—Tb1—N3 62.32(11)
O1—Tb1—N4 136.22(12) N6—Tbl—N1 79.06(13)
N5—Tbl—N4 102.97(14) O1—Tbl—N]1 80.63(10)
N6—Tb1—02 69.28(12) N5—Tb1—NI 77.05(13)
O1—Tb1—02 138.42(10) N4—Tb1—NI 142.22(14)
'N5—Tbl—02 70.92(1 1) 02—Tbl1—NI1 71.97(10) |
'N4—Tbl—02 72.52(12) O3—Tbl—NI 139.79(11)
'N6—Tbl—03 141.15(13) N2—Tb1—NI 62.04(12)
Ol—Tb1—03 68.43(12) N3—Tbl—NI 124.29(13)
N5—Tbl—03 69.87(13) C24—02—Tb] 130.78(26)
N4—Tb]—O03 69.41(13) C25—03—Tbl 147.13(27)
02—Tbl—03 115.78(11) Cl—NI—Tbl 121.51(32)
N6—Tb1—N2 67.03(11) C5—NI—Tbl 121.28(32) |
" O1—Tbl—N2 68.4(1) C6—N2—C10 114.74(34)
N5—Tb1—N2 126.80(11) C6—N2—Tbl 122.74(26)
N4—Tbl—N2 130.23(12) C10—N2—Tbl 122.15(26)
02—Tbl—N2 120.66(10) C11—N3—Tb] 121.87(27)
03—Tb1—N2 123.5(1) C15—N3—Tbl 121.20(31)
N6—Tb1—N3 77.48(11) C21—N4—Tbl 164.02(39)
O1—Tb1—N3 82.06(9) C22—N5—Tbl 178.97(34)
N5—Tbl—N3 144.06(12) C23—N6—Tbl 170.43(3 '
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Table 3.19: Crystal data and structure refinement for {[Tb;(tptz)(OBz)2(n-OBz)]>.
[Thy(tptz)(OBz);CH3;0H]}.CH;0H.2H,0 (3n)

Empirical formula
Color
Formula weight (g mol'])
Crystal System
Space Group
a(A)

b (A)

c(A)

o ()

BC)

()

V(A%
Crystal size (mm)

Z

Pealca (g M)
n
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1(I>205(1))

R1 (all data)

wR2 (1>20(1))

wR2 (all data)

C119HgoN 13022 Ths*
Colorless
2599.95
Triclinic

P-1
14.253(11)
15.754(13)
17.686(17)

67.53(3)
88.23(3)
82.09(3)
3634.4(5)
0.33x0.23x0.19
1
1.612
2.009
3654
1.25-27.51
-13<h<18
-17 <k <20
22 <122
15839
11718
15839/0/994
0.043
0.070
0.121
0.155

*Hydrogens are not added on water molecules.
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Table 3.20: Selected Bond Distances (A) and Bond Angles (°) for [Tb,(tptz)(OBz),
(n-OBz)]2.[ Tb2(tptz)(OBz);CH3;0H]}.CH;0H.2H,0 (3n)

Bond Distances

Tbl—NI 2.566(7) Tb2—N7 2.569(6)
Tb1—N2 2.566(6) Tb2—N8 2.524(6)
Tb1-—N3 2.601(6) Tb2—N9 2.554(6)
Tb1—Ol 2.428(5) Tb2—07 2.377(7)
Tbl—O2 2.471(6) Tb2—O8 2.444(6)
Tb1—O3 2.400(5) Tb2—09 2.487(5)
Tb1—O4 2.485(6) Tb2—010 2.438(6)
Tob1—O5 2.307(6) Tb2—O11 2.479(6)
Tb1—O6' 2.265(6) Tb2—012 2.286(6)
Th1'—06 2.265(6) :
Bond Angles
05—Tb1—O03 78.02(17) N2—Tb1—N1 62.79(16)
05—Tbl—Ol 73.63(16) 05—Tb1—N3 75.98(16)
| 03—Tbl—O1 143.10(15) 03—Tb1—N3 71.42(15)
| 05—Tb1—02 79.44(16) O1—Tbl—N3 122.28(15)
03—Tbl—02 142.07(15) 02—Tb1—N3 73.76(15)
[ O1—Tb1—02 53.27(14) 04—Tb1—N3 87.43(15)
05—Tbl—04 131.40(16) N2—Tb1—N3 62.63(16)
03— Tb1—O4 53.38(14) NI—Tbl—N3 125.34(15)
O1—Tbl—O4 147.57(15) 06—Tb1—05 90.41(18)
02—Tb1—04 139.07(15) 06—Tb1—O03 79.22(16)
05—Tbl—N2 133.74(17) 06— Tbl—O1 77.86(16)
" 03—Tb1—N2 105.49(16) 06'—Tb1—02 131.06(17)
Ol—Tbl—N2 111.13(15) 06— Tbl—O4 81.38(16)
02—Tbl1—N2 70.30(16) 06—Tb1—N2 135.84(17)
04—Tb1—N2 68.78(15) 06—Tbl—NI 79.24(17)
O5—Tbl—NI 149.21(17) 06—Tb1—N3 149.54(17)
03—Tbl—N1 127.15(15) C1—O1—Tbl 92.33(35)
' O1—Tbl—NI 75.85(15) C1—O02—Tbl 90.57(35)
| 02—Tbl—N1 85.70(15) C8—03—Tbl 94.76(35)
04—Tbl—NI 76.00(15) C8—04—Tbl 90.72(35)
| C15—05—Tb1 147.02(44) 09—Tb2—N8 70.22(15)
C22—NI1—Tbl 120.28(35) 012—Tb2—N9 146.51(17)
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C26—N1—Tbl 121.79(39) 07—Tb2—N9 87.66(17)
C27—N2—Tbl [121.84¢41) O10—Tb2—N9 §L.10(17)
C29—N2—Tbl 122.32(38) 08—Tb2—N9 125.13(17)
C34—N3—Tbl 121.26(39) O11—Tb2—N9 72.00(17)
C30—N3—Tbl 121.86(36) 09— Tb2—N9 72.29(17) |
Cl15 06—Tbl’ 168.71(43) N8—Tb2—N9 63.68(16)
012—Tb2—O07 77.87(17) O12—Tb2—N7 79.62(17)
012 Tb2—O010 84.32(16) 07—Tb2—N7 141.17(16)
07—Tb2—010 127.92(16) 010—Tb2—N7 80.24(15)
012—Tb2—O08 81.50(16) 08 -Tb2—N7 67.53(16)
07—Tb2—O08 78.12(16) O11—Tb2—N7 128.37(16)
010—Tb2—08 146.58(15) 09— Tb2—N7 94.88(15)
' 012—Tb2—Ol1 75.10(16) N8—Tb2—N7 63.30(16) N
07—Tb2—-Ol1 74.81(16) N9—Tb2—N7 126.68(16)
010— Tb2—O11 53.30(15) C40—07—Tb2 135.24(44)
08—Tb2—O11 147.24(15) C41—08—Tb2 93.86(41)
012— Tb2—09 131.60(15) C41—09—Tb2 91.69(40)
07—Tb2—09 77.48(15) C48—010—Tb2 93.79(35)
010—Tb2—09 142.62(14) C48—O11—Tb2 92.52(36)
 08—Tb2—09 52.97(14) C55—012—Tb2 132.03(43)
011—Tb2—09 135.14(14) C62—N7—Tb2 119.96(46) o
012—Tb2—N8 139.65(16) C66—N7—Tb2 120.45(40) |
07—Tb2—N8 141.77(16) C69— N8—Tb2 121.55(36)
010- Tb2—N38 74.66(15) C67—N8—Tb2 122.15(40)
08— Tb2—N8 97.43(16) C74—N9—Tb2 121.49(42)
O11—Tb2—N8 115.26(15) C70—N9—Tb2 121.02(40) J
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Table 3.21: Crystal data and structure refinement for [Tb(phen),C,OH,].CH;0H (30)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
¢ (A)
o ()
BC)
v )
V (A%
Crystal size (mm)
Z
Pealed (g M”)
i
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (1>20(1))

wR2 (all data)
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C5H2N4O,Cl3Th
Colorless
675.75
Monoclinic
P2(1)/c
18.024(6)
10.821(4)
12.665(5)
90.00
101.44(2)
90.00
2421.24(15)
0.23x0.17x0.11
4
1.854
3.284
2184
1.15-41.43
-33<h<23
20 < k<20
23 <1<21
16246
12863
16246/0/323
0.027
0.044
0.082
0.103



Table 3.22: Selected Bond Distances (A) and Bond Angles (°) for [Tb(phen);Clz0H;].

CH;0H (30)
Bond Distances
TbI—NI1 2.577(2) Tbl— Ol 2.368(1)
Tb1—N2 2.590(2) Tb1—Cl1 2.691(2)
Tb1—N3 2.586(2) Tb1—CI2 2.727(2) )
Tb1—N4 2.578(3) Tb1—CI3 2.756(0)
Bond Angles

O1—Tbl—NI 1 69.96(5) N3—Tb1—CI2 140.94(3)
O1—Tb1—N4 138.34(5) N2—Tb1—CI2 73.93(3)
NI1—Tb1—N4 148.01(5) CI1—Tb1—CI2 85.76(1)
O1—Tbl—N3 75.75(5) O1—Tb1—CI3 83.86(4)
NI—Tbl—N3 130.96(5) NI—Tbl—CI3 136.31(3)
N4—Tb1—N3 64.42(5) N4—Tb1—CI3 72.08(4)
Ol—Tbl—N2 78.94(5) N3—Tb1—CI3 70.32(3)
NI—Tbl1—N2 64.45(5) N2—TbI—CI3 76.893)
N4—Tb1—N2 1 125.37(5) CI1—Tbl—CI3 139.78(1)
| N3—Tbl—N2 140.19(5) Cl2—Tbl—CI3 115.20(1)
Ol1—Tbl—Cl! 100.86(4) ' C1—NI1—Tbl 123.08(11)
NI—Tbl—ClI 80.86(3) C5—NI—Tbl 119.05(11) o
N4—Tb1—Cll 78.92(4) C12—N2—Tbl 124.15(11)
N3—Tbl1—ClI 72.27(3) C9—N2—Tbl 118.41(11)
N2—Tb1—ClI 143.33(3) C21- N3—Tbl 123.44(12)
O1—Tbl—CI2 141.46(4) C20—N3—Tbl 118.79(11)
'NI—Tbl—CI2 73.82(3) C13-—-N4—Tbl 123.23(12)
N4—Tb1—CI2 [ 80.17(4) C17--N4—Tbl 119.12(12)
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Table 3.23: Non-covalent interactions (A and °) for complexes 3b-3d, 3f, 3h-3j, 3m-30

S.N D-H-A d(D-H) | dH-A) | d(D-A) | <(DHA)>
1. | [Gd(tptz)(SCN)3(CH30H),0H,].CH;0H (3b)
04-H4-S1 0.820 2.518(4) [3.335 [174.9
C4-H4A~O1 0.930 2.503(7) | 3379 | 157.1
C10-H10+-04 0.932 2.601(11) |[3.406 | 144.9
C4-H4A 7 0.930 3.675(1) | 3.470 | 170.1
2. | |Gd(tptz)(OBz);(n-OBz)OH,|2.H,0 (3c) ' ]
1 C3-H3-02 0.930 2.573(6) |[3.208 [ 125.8
' C4-H4--02 0.930 2.6913) 3262 | 1203
| C4-H4--04 0930 | 2.838(7) |3.484 [1275
C10-H10--08 0.930 2.991(24) |3.875 | 1594
C23-H23-+08 0.930 2.961(22) |3.560 | 1235
| C35-H35-07 0.931 2.537(7) | 3338 | 1444
" 3. | [Gd(phen)Cl,(OH,)4].CI.CH;0H (3d) '
- | 02-H2A--CI3 0.820 2.416(6) |3.106 | 1423
" 04-H4A-CI3 0.821 2.453(4) [ 3.085 | 1344
04-H4B-CI3 0.886 2.374(91) [3.085 | 149.9
03-H3A-05 0.821 1.889(9) | 2.608 | 145.5
05-H5A-03 0.820 1.845(6) | 2.608 | 153.9
4. | [OHy(phen)(2-pyca),Gd;(n-0x)Gd,(2-pyca),(phen)OH,].6H,O (3f)
C15-H15-014 0.927 3.387(13) [6.455 [1322
C19-H19-014 0.936 3.010(13) [9.523 [1592
C29-H29-+05 0.935 2.693(23) |3.409 | 133.9
C15-H15n 0.927 3387(15) | 3.717 |1335
5. | [Eu(tptz)(SCN);(CH;0H),0H,].CH;0H (3h)
C19-H19-S] B 0.931 3.176(1) | 4.09]1 167.8
C20-H20--S3 10931 3.0832) | 3.721 127.3
C26-H26B-S3 0.961 2.967(2) | 3.662 130.2
Ol-HIA-S2 0.829 2.475(56) | 3.289 | 167.4
04-H4--S3 10820 [2535(1) [3355 |1774 |
6. | [OHy(OBz)y(tptz)Eu,(n-OBz),Euy(tptz)(0Bz),0H,].CH;0H.7H,0 (3i)
C19-H19-n 0.925 3.477(6) |3.821 [ 113.6
C20-H20-n 0.932 3.627(6) | 3.687 | 1215
| C37-H37-n 0.936 3.548(12) | 3.699 | 91.86
C52-H52-+ 0.931 3.553(11) |3.651 | 88.6
C82-H82A++020 0.959 1.887(3) | 2.845 |1776
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C82-H82B-021 0.957 2.121(22) [2755 1223
C82-H82C021 0.960 2.63724) | 2755 | 86.7 i
7. | [Eu(phen),(SCN);CH3;OH].phen (3))
C36-H36A~Ol1 0.930 3.160(5) |3.359 ]94.20
C26-H26AS1 0.930 3.076(7) | 3.702 | 126.1
C34-H34A-S1 0.931 2887(2) 13716 | 1490 |
C92-H92A -S| 0.929 3.037(4) | 3.684 | 128.1
CY1-H91A~S2 0.930 3.703(6) | 3.907 | 150.]
C39-H39A-S3 0960 | 3.189(4) |3.886 |[130.8
C19-H19A~N8 0.930 2.738(5) | 3.499 | 139.7
8. | [Tb(tptz)(SCN)3(CH;0H),0H,].CH;0H (3m) o
. 02-H2A-S2 T0820 [25136) 13290 [170.8
04-H4--S3 0.820 2.540(1) | 3.359 | 177.0
Cl4-H14--S3 0.930 2.931(2) | 3.609 | 1328
C24-H24B--S| 0.960 2929(1) [ 3.729 | 1415
C26-H26BS3 0.960 2.975(2) | 3.664 | 1297
9. | {[Tbi(tptz)(OBz)2(n-OBz)]2.[ Tby(tptz)(OBz);CH3;0H]}.CH;0H.2H;0 (3n)
C3-H3n 0.930 3.409(3) 4018 | 125.1
CI1-Hll~7 0.930 3371(6) | 4.165 | 144.6
C12-H12-n 0.930 3279(7) | 3742 | 1129
C13-H13-n 0.930 3148(5) | 3.674 | 1177
| C23-H23-n 0.931 3.389(5) | 3.464 | 74.34 |
C36-H36"n 0.929 3.194(5) |3.753 | 1205 ‘
C46-H46-1 0.930 3.401(6) | 4262 | 1549
C60-H60-7 0.930 3587(7) | 4468 |159.0 |
C80-H80B-~010 0.960 1928(5) | 2.866 | 164.9
10.  [Tb(phen),Cl;0H,].CH;0H (30) )
O1-H30--02 0.820 1.877(2) | 2.684 | 167.3
O1-H31-CI2 0.820 2.555(33) |3.142 | 172.0
02-H2--CI3 0.820 2.370(1) [ 3.110 | 150.4
| C6-H6-Cl12 - 0.930 2.731(0) | 3.626 | 161.8 |
C25-H25B+Cll 0.960 2.922(0) | 3652 1337 |
C11-HI1B= 0.930 J 3360(2) | 3.408 | 85.06 )



Table 3.24: TG-DTG phenomenological data of 3a-3q under air atmosphere

S.N 'S‘tages DTG peak Mass loss (%) Constituents Jost
(Temp.°C)
Obs. Calc.
1. [ [Gd(tptz)Cly(OH,),].Cl.4H,0 (3a)
[ 118 °C 14.2 14.8 One chloride, four water molecules
ol 536°C | 62.1 63.05 | CgHoN0sCl,
2. | [Gd(tptz)(SCN)3;(CH3;0H),OH,].CH;0H (3b)
I 150 °C 39 4.2 One uncoordinated methanol molecule
11 413°C 32.2 33.6 | CsHyoN303S;
111 643 °C 40.6 41.1 | CigH2Ng
3. | [Gd(tptz)(OBz),(n-OBz)OH,],.H,0 (3¢)
I I 66 °C 1.0 1.02 | One uncoordinated water molecule —
o 511°C 75.1 76.2 | CsgHssN 12015 N
4. | [Gd(phen)Cl(OH,)4].CL.CH30H (3d) B
I | 91 °C 11.93 12.31 One chlor'ide, one methanol molecules
11 267 °C 25.67 26.08 | Two chloride, four water molecules
11 409 °C 35.13 36.18 | One phenanthroline molecule
5. | [Gd(phen)(SCN);CH;3;OH].phen (3¢)
I 281°C 19.8 21.9 | One uncoordinated phen molecule
[I 476 °C 41.7 43.8 | Two coordinated phen molecules
m | 563°C 21.3 22.8 | C4H,N;0S; '
6. | [OH;(phen)(2-pyca),Gd,(u-0x)Gd(2-pyca),(phen)OH;|.6H,0 (3f)
] 129 °C 7.3 7.5 Six uncoordinated water molecules
1| 552°C | 6933 | 71.48 | CuHieNi20u4 N o
7. | [Eu(tptz)Cl3(CH;0H),0H,].CH;0H (3g) o
I 153°C 4.19 4.67 | One uncoordinated methanol molecule
1 414°C 26.83 | 27.51 | CoHyoClOy i
I11 644 °C 43.92 45.61 | C,gH2Ng
8. | [Eu(tptz)(SCN)3(CH30H),0H;].CH;0H (3h) K
1 151 °C 4.1 4.2 One uncoordinated methanol molecule
11 409 °C 32.3 33.8 | CsHyoN303S; -
m | 639°C 40.63 | 41.46 | CigHiaNg
9. | [OH2(OBz)y(tptz)Eu, (n-OBz),Eu,(tptz)(OBz),OH,].CH;0H.7H,0 (3i)
i I 121°C 7.67 8.52 One methanol, seven water molecules
1l 527°C | 73.19 | 7454 | CyHssNpOug |
10. | [Eu(phen)»(SCN);CH;OH].phen (3j) :
4 I | 284°C | 2056 | 22.05 | One uncoordinated phen molecule
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I [ 469°C | 4279 | 44.10 | Two coordinated phen molecules
| 571°C | 1913 | 20.05 | C4H;N;08;
11. | [OH (phen)(2-pyca);Eu,(u-0x)Euy(2-pyca),(phen)OH,].6H,O (3k)
[ 137 °C 6.9 7.8 Six uncoordinated water molecules
T 559°C 68.1 703 | C4H3N 204 1
12. | [Tb(tptz)Cl3(CH3;0H),OH,].CH;0H (31) |
1 153°C 4.32 4.62 | One uncoordinated methanol molecule |
11 414 °C 25.89 27.24 | CoH(Cl504
111 644 °C 44.10 45.15 | CygH2Ng
13. | [Tb(tptz)(SCN)3(CH30H),OH,].CH30H (3m)
1 153 °C 4.1 4.2 One uncoordinated methanol molecule
1T 414 °C 3243 33.58 | CsHgN30O3S5
111 644 °C 39.80 41.00 | CigH12Ng
14. | {[Tby(tptz)(OBz)(n-OBz)]2.[ Th2(tptz)(OBz); CH;0H]}.CH30H.2H,0 (3n)
I 89 °C 2.53 2.57 | One methanol, two water molecules
11 293 °C 25.51 26.51 | C40H;3NgO4
[11 477 °C 49.67 50.61 | C;3Hs4N 20, j
15. | [Tb(phen);Cl30H;].CH30H (30) !
[ 82°C 4.5 4.7 One methanol molecule
[ 315°C 17.83 18.35 | Three chloride, one water molecules
M1 524 °C 57.93 58.66 | Two phen. molecules
16. | [Tb(phen)(SCN); CH3;O0H].phen (3p)
[ 282°C 19.79 21.88 | One uncoordinated phen molecule
11 472 °C 41.56 43.76 | Two coordinated phen molecules
I 576 °C 20.13 | 22.77 | C4HaN;0S; -
17. | [OHz(phen)(2-pyca),Tb(n-0x)Th2(2-pyca),(phen)OH,].6H,0 (3q)

I

133 °C

6.17

7.69

Six uncoordinated water molecules

11

556 °C

67.54

69.63

Ca6H32N 12014
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Fig. 3.9: Crystal structure of [Gd(tptz)Cl(OH;)4].CL.4H,O (3a). Color code: C, grey; H,
orange; O, red; N, blue; Gd, purple

Fig. 3.10: Various non-covalent interactions in 3a. Color code: C, grey; H, orange; O, red; N,
blue; Cl, green; Gd, purple

150



Fig. 3.11: Zig-zag molecular arrangement via O-+O, N---O, Cl--O non-covalent interacti-
: -ons in 3a. Color code: C, grey; H, orange; O, red; N, blue; Cl, green;, Gd, purple
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Fig. 3.12: Crystal structure of [Gd(tptz)(SCN);(CH3;0H),OH,].CH30H (3b). Color code: C,
grey; H, orange; O, red; N, blue; S, yellow; Gd, purple
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Fig. 3.13: Various non-covalent interactions in 3b (a) S-S, O-S (b) C-H:~-O, O-H-S via
methanol (c) C-H-+O, C-H--x. Color code: C, grey; H, orange; O, red; N, blue;
S, yellow; Gd, purple
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Fig. 3.14: Host-guest like supramolecular motif along ‘c’ axis in 3b (a) without guest (b) with
guest. Color code: C, grey; H, orange; O, red; N, blue; S, yellow; Gd, purple
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Fig. 3.15: Crystal structure of [Gd(tptz)(OBz),(1-OBz)OH,|,.H,O (3¢). Color code: C, grey;
H, orange; O, red; N, blue; Gd, purple

Fig. 3.16: Various C-H--O non-covalent interactions in 3¢. Color code: C, grey; H, orange;
O, red; N, blue; Gd, purple
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Fig. 3.17: Ladder like molecular arrangement along ‘b’ axis via non-covalent interactions
in 3¢. Color code: C, grey; H, orange; O, red; N, blue; Gd, purple; lattice water
molecule, green
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Fig. 3.18: Crystal structure of [Gd(phen)Cl,(OH,)4].C1.CH;0H (3d). Color code: C, grey;
H, orange; O, red; N, blue; CI, green; Gd, purple

Fig. 3.19: Various O-H:-Cl, O-H-+O non-covalent interactions in 3d. Color code: C,
grey; H, orange; O, red; N, blue; Cl, green; Gd, purple
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Fig. 3.20: Two dimensional view of 3d. Color code: C, grey; H, orange; O, red; N, blue; ClI,
green; Gd, purple
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Fig. 3.21: Crystal structure of [OHy(phen)(2-pyca),Gd;(1-0x)Gd(2-pyca)z(phen)OH; ]
.6H,0 (3f). Color code: C, grey; H, orange; O, red; N, blue; Gd, purple

(a) (b)
Fig. 3.22: Host-guest like supramolecular motif along ‘a’ axis via non-covalent interactions
in 3f (a) without guest (OH,) (b) with guest. Color code: C, grey; H, orange; O,
red; N, blue; Gd, purple; water, green
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Fig. 3.23: Crystal structure of [Eu(tptz)(SCN);(CH3;0H),OH,].CH3;0H (3h). Color code: C,
grey; H, orange; O, red; N, blue; S, yellow; Eu, green

Fig. 3.24: Various C-H--O, O-H---§, S---S, O---S non-covalent interactions in 3h. Color
code: C, grey; H, orange; O, red; N, blue; S, yellow; Eu, green
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Fig. 3.25: Host-guest like supramolecular motif along ‘¢’ axis in 3h (a) without guest (b) with
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o 0K,

Fig. 3.26: Crystal structure of [OH,(OBz),(tptz)Eu, (u-OBz),Eu;(tptz)(OBz),OH,)].CH;OH
.TH,0 (3i). Color code: C, grey; H, orange; O, red; N, blue; Eu, green

Fig. 3.27: Various non-covalent interactions in 3i. Color code: C, grey; H, orange; O, red;
N, blue; Eu, green
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(b)

Fig. 3.28: Host-guest like supramolecular motif along ‘a’ axis in 3i (a) without guest (CH;OH,

7H,0) (b) with guest. Color code: C, H, O, N, S, orange; Eu, green; CH;OH, purple

water, red
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Fig. 3.29: Crystal structure of [Eu(phen),(SCN);CH3;OH].phen (3j). Color code: C, grey; H,
orange; O, red; N, blue; S, yellow; Eu, green

Fig. 3.30: Various non-covalent interactions in 3j. Color code: C, grey; H, orange; O, red,
N, blue; S, yellow; Eu, green
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(b)

Fig. 3.31: Host-guest like supramolecular motif along ‘a’ axis in 3j (a) without guest (b) with
guest. Color code: C, purple; H, orange; O, red; N, blue; S, yellow; Eu, green; guest
(phen), pink

165



Fig. 3.32: Crystal structure of [Tb(tptz)(SCN);(CH;0H),OH,].CH;0H (3m). Color code: C,
grey; H, orange; O, red; N, blue; S, yellow; Tb, pink

Fig. 3.33: Various C-H--O, C-H---S, O-H-:S, S---S, O-+:S non-covalent interactions in
3m. Color code: C, grey; H, orange; O, red; N, blue; S, yellow; Tb, pink
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Fig. 3.35: Crystal structure of {[Tb;(tptz)(OBz),(n-OBz)],.[Tby(tptz)(OBz);CH;0H]} .
CH;0H.2H,0 (3n). Color code: C, grey; H, orange; O, red; N, blue; Tb, pink

Fig. 3.36: Various non-covalent interactions in 3n. Color code: C, grey; H, orange; O, red;
N, blue; Tb, pink; methanol, cyan; water molecule, green
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(b)

Fig. 3.37: Ladder like host-guest supramolecular motif along ‘¢’ axis in 3n (a) without guest
(b) with guest. Color code: C, H, O, N, green; Tb, pink; CH;OH, purple; water, red
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Fig. 3.38: Crystal structure of [Tb(phen),Cl;0H,].CH;0H (30). Color code: C, grey; H,
orange; O, red; N, blue; Cl, green; Tb, pink

Fig. 3.39: Various C-H--Cl, O-H--O, O-H---Cl, C-H---n non-covalent interactions in 3o0.
Color code: C, grey; H, orange; O, red; N, blue; Cl, green; Tb, pink
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(b)

Fig. 3.40: Ladder like molecular arrangement along ‘b’ axis for 3o (a) without CH;OH (b)
with CH;OH (purple). Color code: C, H, orange; O, red; N, blue; Cl, green; Tb, pink
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Fig. 3.41: Emission spectrum for [Eu(tptz)Cl;(CH3;0H),OH,].CH30H (3g)
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Fig. 3.42: Emission spectrum for [Eu(tptz)(SCN);(CH30H),OH,].CH30H (3h)
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Fig. 3.43: Emission spectrum for [OH;(OBz),(tptz)Eu,(u-OBz),Eus(tptz)(OBz),OH,]
.CH3;0H.7H,0 (3i)
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Fig. 3.44: Emission spectrum for [Eu(phen),Cl;CH3OH]
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Fig. 3.45: Emission spectrum for [Eu(phen),(SCN);CH3OH].phen (3j)
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Fig. 3.46: Emission. spectrum for [OHy(phen)(2-pyca),Eu;(p-0x)Euy(2-pyca),(phen)OH;]
.6H,0 (3k)
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Fig. 3.47: Emission spectrum for [Tb(tptz)Cl5(CH;0H),OH,].CH;0H (3I)
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Fig. 3.48: Emission spectrum for [Tb(tptz)(SCN);(CH3;0H),0OH;,].CH3;0H (3m)
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Fig. 3.49: Emission spectrum for {[Tb(tptz)(OBz),(n-OBz)],.[Tby(tptz)(OBz);CH3OH]}.
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Fig. 3.50: Emission spectrum for [Tb(phen),CI;0H;].CH;0H (30)
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Fig. 3.51: Emission spectrum for [OH,(phen)(2-pyca),Tb;(u-0x)Tb,(2-pyca)z(phen)OH,|
.6H,0 (3q)
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Fig. 3.52: TGA curve for [Gd(tptz)Cl;(OH,)4].C1.4H,0 (3a)
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Fig. 3.54: TGA curve for [Gd(phen)Cl,(OH3)4].C1.CH3;0H (3d)

178



1413

70+

hdass ks Vo

&5 4

T T T T T T —
100 200 WO AT B G T B
Temp C:?

Fig. 3.55: TGA curve for [OH;(phen)(2-pyca),Gd, (n-0x)Gda(2-pyca),(phen)OH,].6H,0 (3f)
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Fig. 3.56: TGA curve for [Eu(tptz)Cl3(CH30H),OH,].CH;0H (3g)
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Fig. 3.58: TGA curve for [Eu(phen),(SCN);CH;OH].phen (3j)
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Fig. 3.59: TGA curve for [Tb(tptz)(SCN)3(CH;0H),OH,].CH;0H (3m)
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Fig. 3.60: TGA curve for {[Tb(tptz)(OBz),(u-OBz)],.[ Tba(tptz)(OBz); CH;OH]} .CH;0OH.
2H,0 (3n)
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Fig. 3.61: TGA curve for [Tb(phen),CI;0H,].CH30H (30)
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The nitro phenols as high energetic materials have been the subject of fairly extensive
investigation of various aspects, such as the thermal and combustion properties [1], molecular
structure [2], solvent extraction [3] and coordination behavior [4]. Picric acid (2,4,6-tri-
nitrophenol) is a highly nitrated compound, basically used to produce very sensitive explosive
as the NO; groups are the major source of oxygen in the energetic molecules, which contribute
significantly to the detonation or combustion process [5]. It is also used to manufacture dyes,
antiseptic agent, medicines, etching copper as well as a colorimetric regent. Co-crystallization
of picric acid with nitrogen-rich heterocycles, develop new energetic materials with higher
performance or enhanced insensitivity to thermal or shock insults as the heterocycles generally
have higher heat of formation, density and oxygen balance than their carbocyclic analogues [6-
8]. Energetic salts based on nitrogen-rich heterocycles have been the subject of great interest in
several research groups, particularly in the last couple of years as these are used extensively
for both civilian and military applications. These high-nitrogen compounds [9-13] form a
unique class of energetic materials whose energy is derived from their very high positive heat
of formation rather than from the combustion of the carbon back bone or the ring/cage strain.
Energetic materials that are salt-based often possess advantages over non-ionic molecules
since these salts tend to exhibit lower vapour pressures and higher densities than their
atomically similar non-ionic analogues. Five membered nitrogen-containing heterocycles are
traditional centers for energetic materials. The pyrazole nucleus both thermally and
hydrolytically is very stable and occupies a position similar to that of pyridine or ammonia in
spectrochemical series. As a ligand, it coordinates to metals and metalloids through the 2-N
but after deprotonation, the formed pyrazolate anions can coordinate through both nitrogen
atoms as an exobidentate ligand of C,, symmetry. The nucleophilicity of the nitrogen and their
steric accessibility may be varied through appropriate ring substitution. However the literature
on co-crystallization using pyrazole as one component and picric acid as other component are
very limited. Llamas-Saiz et al. [14] reported the picrate of tris(pyrazol-1-yl)-1,3,5-triazine
(TPT) containing water and chlproform, exists as an oxonium picrate solvated by TPT and
chloroform in the solid state (Fig. 4.1). All H atoms of the oxonium cations are involved in
strong hydrogen bonds joining the TPT molecule and picrate anion. They also reported that the

TPT molecule mimics the crown ethers in stabilizing the H;0" cation.
&
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Fig. 4.1: Structure of the picrate of tris(pyrazol-1-yl)-1,3,5-triazine (TPT) containing water
Infantes et al. [15] reported the crystal structure of 3(5)-aminopyrazolium picrate salt where
the anions and the cations are linked by a two dimensional network of hydrogen bonds in the
‘ab’ plane. They also compared the relative stability of the tautomeric forms of the 3(5)-
aminopyrazolium cation using Ab initio molecular orbital methods at the HF and B3LYP
levels using a 6-31G** basis set. Zaderenko et al. [16] reported the crystal structure of the
diethy! 2-benzimidazol-1-ylsuccinate-picric acid (1/1) by X-ray diffraction analysis. Diethyl 2-
benzimidazol-l-ylsuccinate molecules form channels along the ‘a’ axis, in which the picric
acid molecules are located which are held together by hydrogen bonding. They also studied the
'H NMR spectra in DMSO-dg solution and CP/MAS solid BC NMR of this 2-benzimidazol-1-
ylsuccinate-picric acid (1/1) molecular complex, suggest that the picric acid linkage depends
on the nature of the azole.

Heterocycles that contain large amounts of nitrogen are typically relatively dense, and
the smaller amounts of hydrogen and carbon enhance good oxygen balance. Normally, they
also have higher heats of reaction. Because a higher percentage of the decomposition products
will be dinitrogen, these nitrogen-rich compounds are promising high energetic materials with
high energy densities [17]. From an analysis of the structures of thermally stable explosives, it
appears that introduction of amino groups into heterocycles is one of the simplest approaches
to enhance their thermal stability [8]. However, until now, most research is based on
compounds with both nitro and carbon-amino or nitrogen-amino substitutents [8].
Dobrowolska et al. [18] reported the crystal structure of 2:1 picric acid (PAH) with
tetramethylpyrazine (TMP) (Fig. 4.2). They found that the two equivilent "NH--O" hydrogen
bonds are formed with the length of 2.601 A (calculated 2.640 A).
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Fig. 4.2: Crystal Structure of 2PAH:tetramethy|pyrazine

Jin et al. [19] reported the imidazolyl derived complex [N,N’-butylenebis(imidazole):(2,4,6-
trinitrophenol),;]. They found that in this complex, two parallel imidazolium cations and two
antiparallel 2,4,6-trinitrophenolate anions formed 32-membered rings through hydrogen
bonding interaction and these rings extended along the ‘c’ axis direction to form one
dimensional railway structure. Due to presence of many weak interactions, the complex
showed three dimensional layer structure. Chandramohan et al. [20] reported the synthesis of
acenaphthene picrate (ACP) as shown in Fig. 4.3. They also characterized through the
elemental analysis, powder XRD, NMR and FTIR techniques.

O,N

HO NO,

Fig. 4.3: Structure of ACP
Narayana et al. [21] reported the formation of 2-aminopyrimidinium:picrate
(C4HgN;".CsH,N307) compound and found that the geometric parameters of the title
compound were in the usual ranges. Two nitro groups are almost coplanar with the aromatic
picrate ring [dihedral angles 3.0 (2) and 4.4 (3)°], while the third is significantly twisted out of
this plane [dihedral angle 46.47 (8)°]. Anions and cations are connected via N-H-+O hydrogen

bonds. Smith et al. [22] reported the crystal structure of a second monoclinic polymorph of
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anilinium picrate (CsHsN":CsH,N30;) that showed a three dimensional hydrogen-bonded
polymer with strong primary interspecies interactions involving the proximal phenolate and
adjacent nitro group O-atom acceptors and separate anilintum H-atom donors in two cyclic
R%,(6) associations. MacDonald et al. [23] reported the supramolecular chemistry and crystal
structures of two concomitant polymorphs (1 and 2) of a 1:2:2 complex between betaine,
mmidazole and picric acid. Co-crystallization of these complexes gaves discrete aggregates
composed of five different molecules joined by four N-H-~O and four C-H:-O hydrogen
bonds. The network of hydrogen bonds between betaine, imidazole and picric acid mimics the
connectivity present in the Asp---His-Ser catalytic triad and serves as a structural model for

hydrogen bonding in the active site of serine proteases (Fig. 4.4).

4 & 3
Fo i Fo I

s 8

Polymorph 1 Polymorph 2
(a) (b)

Fig. 4.4: (a & b) The supramolecular units in polymorphs 1 and 2 contain betaine, imidazolium
cations, and picrate anions in a ratio of 1:2:2, respectively. Stick and space-filling
view that show the similarity in structure of the supramolecular units in 1 and 2.

Garcia et al and Toscano [24] reported the title compound, IBA-PIC (IBA = 4-(3-indolyl)
butyric acid, PIC = picric acid). The IBA-PIC complex occured as two independent molecules
with different conformations. Molecules of both IBA and picric acid lie approximately parailel

to (100) in layers and n-bonding interactions across the 3.55 A spacing.
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Yamaguchi et al. [25] reported the m-molecular complex of phenanthrene:picric acid.
Phenanthrene and picric acid molecules are stacked alternately along the ‘¢’ axis, making their

molecular planes parallel to each other (Fig. 4.5).

Fig. 4.5: Crystal Structure of phenanthrene:picric acid
Darwich et al. [26] reported the picrate salts using high nitrogen-content heterocycles 3,4,5-
triamino-1,2 4-triazole. They also determined the sensitivity of the compounds to shock and
friction by standard BAM tests revealing a low sensitivity. Yathirajan et al. [27] reported the
crystal structure of phthalazin-1 (2H)-one-picric acid, and found that the three nitro groups are
almost coplanar with the aromatic picrate ring [dihedral angles 10.2 (2)°, 7.62 (16)° and 8.08
(17)°] (Fig. 4.6). They also suggested that the phthalazin-1(2H)-one molecules are connected
via N-H-+O hydrogen bonds, forming centrosymmetric dimmers, and the molecular

conformation of the picric acid is stabilized by an intramolecular O-H--O hydrogen bond.

me By
s

Fig. 4.6: Crystal Structure of phthalazin-1(2H)-picric acid

191



Muthamizhchelvan et al. [28] reported crystal structure of 2-chloroanilinium picrate (2CAP)
(Fig. 4.7) where the proton from the phenolic OH group of the picric acid has been transferred
to the amino group of the 2-chloroaniline. The bond lengths and angles of the picrate anion
show the characteristic values, with C1-C2, 1.429(3) A, which are longer and deviate from the
regular aromatic values; the C1-O1 value is 1.270(3) A, which is intermediate between the

single and double bonds.

Fig. 4.7: Crystal Structure of 2-chloroanilinium picrate
Singh et al. [29] reported that the energetic salts offer many advantages over conventional
energetic molecular compounds and the use of nitrogen containing anions. and cations
contributes to high heats of formations and high densities. Klapotke et al. {30] synthesized 1 4-
dimethyl-5-aminotetrazolium-5-nitrotetrazolate in  high yield from I 4-dimethyl-5-
aminotetrazolium iodide and silver S-nitrotetrazolate. They also found that 1,4-dimethyl-5-
aminotetrazolium-5-nitrotetrazolate is the first example of an energetic material which
contains both tetrazole based cation and anion, and is hydrolytically stable wifh a high melting
point of 190 °C (decomposition). Xue et al. {31] synthesized new energetic salts via the
quaternization of azido or nitro derivatives of imidazole, 1,2.4-triazole and substituted
derivatives of tetrazole with nitric or perchloric acid or with iodomethane followed by
metathesis reaction with silver nitrate or silver perchlorate. They also confirmed the structures
of 1,4-dimethyl-3-azido-1,2,4-triazolium nitrate, 3-azido-1,2,4-triazolium nitrate, 1-methyl-4-
amino-1,2 4-triazolium perchlorate and 1,4-dimethyl-2-H-1,2 4-triazolium triiodide using
single crystal X-ray analysis. Xue et al. [32] also synthesized new energetic salts via the
quaternization of derivatives of N-aminoazoles with nitric or perchloric acid or with

iodomethane followed by metathesis reaction with silver nitrate or silver perchlorate, and
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found that the most of the salts exhibited good thermal stabilities and low melting points.
Huynh et al. [33] reported the synthesis and properties of novel 4,4',6,6'-tetra(azido)hydrazo-
1,3,5-triazine and 4,4',6,6'-tetra(azido)azo-1,3,5-triazine where the hydrazo and azo linkages
not only desensitize but also dramatically increase the melting point of the polyazido products.
Chavez et al. [34] synthesized and discussed the properties of various 1,2,4,5-tetrazine
explosives and energetic materials. These are the nitrate and perchlorate salts of 3,6-
diguanidino-1,2,4,5-tetrazine, the nitrate and perchlorate salts of 3,6-diguanidino-1,2,4,5-
tetrazine-1,4-di-N-oxide, 3,6-bis(1H-1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-tetrazine and its 1,4-
di-N-oxide derivative, 3,3'-azobis(6-amino-1,2,4,5-tetrazine) and its oxidation products. On
the basis of above literatures, it may be concluded that co-crystallization of picric acid with
different types of nitrogen-rich heterocycles, described in this chapter are not available in
literature. The objective of this work is to co-crystallize the picric acid with nitrogen-rich
- heterocycles and to see the effect of them on explosive properties of picric acid. The present
chapter describes the synthesis, structural, thermal studies and theoretical calculation of some
salts. Thermal stability of these salts has been studied by means of thermogravimetric and
differential thermogravimetric analysis methods, while kinetic parameters have been evaluated

using models fitting and isoconversional methods.

RESULTS AND DISCUSSION

3-phenyl-5-methylpyrazole [Pz™™°H] [35] (4a), 4-(3,5-dimethyl-4H-pyrazole-4-yl)-
3,5-dimethyl-1H-pyrazole [Homdpz] [36] (4b) were synthesized by the literature method. The
reaction of picric acid (2,4,6-trinitrophenol) (PA) with corresponding nitrogen-rich
heterocycles as pyrazole (PzH), 3,5-dimethylpyrazole (PzM*H), 3-phenyl-5-methylpyrazole
(Pzph’MeH), 4-(3,5-dimethyl-4H-pyrazole-4-yl)-3,5-dimethyl-1H-pyrazole (H.dmpz) yielded
salts viz., [2PA"2PzH,".OH,] (4¢), [PA".PZM?H,"] (4d), [PA".PZ""M°H," .CH;0H] (de), [2PA”
2H,dmpzH".CH;CN] (4f) as given in scheme 4.1. The different formulations were confirmed
by elemental analysis, infrared and X-ray crystallography. The crystallographic, structure
refinement parameters and selected hydrogen bonding data are summarized in Table 4.1 to 4.4

and 4.13.
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~ PzH  _  2pA-2PzH,*.OH,|(40)

Me2
P2H _ pA-PMOH, T (4d)

Ph,M
PZYCH (A, PAPMeH, .CH,OH] (4¢)

H,d
20MP% [2PA"2H,dmpzH".CH,CN] (4)

R=R=P=H [PzH]
R=R=Me, P=H [PZM*H]

R=Me, R=Ph, P=H [PZMeH]

R=R=Me, P=P2M*™  [H,dmpz]

Scheme 4.1: General method of preparation of salts 4¢-4f

Infrared spectra

The asymmetric and the symmetric stretching vibrations of -NO, group show bands at
1536 cm™ and 1334 cm™, respectively [20, 37]. Usually, the asymmetric stretching vibration
of the -NO, group is sensitive to the polar influences and electronic states of the nucleus. The
shift of the va,(NQ,) vibration to lower frequency (1581-1530 cm™) in the spectrum of the salts
(4c-4m) compared with the free picric actd (1607 cm’ ) suggested the large electron density on
the picric acid. The NH stretching vibration is normally observed at 3500-3400 cm’ which is
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shifted to lower wavenumber (3102 - 3056 cm™) due to the attaraction of the -NH protons by
the picrate anion leading to an increase in —NH bond length in salts (4c-4n) [38]. The shifting
towards lower frequency in both cases, is due to the hydrogen bonded non-covalent
interactions between donor (-NH protons) and acceptor (picrate anion) [39].

Crystal structure of [2PA".2PzH,".OH;] (4¢)

The salt 4¢ crystallizes in the triclinic crystal system with P-1 space group. As shown
in Fig. 4.8, the unit cell consists of two molecules of protonated pyrazole with four NH group,
two molecules of deprotonated picric acid i.e. the acidic hydrogen of the hydroxyl group on
picric acid has been transferred to the nitrogen atom of the pyrazole and a water molecule.
Both deprotonated picric acid groups and protonated nitrogen atoms of both pyrazole form a
cationic anionic acid-base pair via N-H-O [N7-H7A--O1, 1.852(23) A; N10-HI10A:-08,
1.930(21) A] and C-H-+O [CI3-HI3A--02, 2.581(1) A; CI18-HI8-09, 2.532(1) A]
intermolecular interactions (Fig. 4.9). Due to the presence of various interactions, picrate and
pyrazolate ions are self assembled in a three dimensional square shaped channels and these
channels act as a host molecules for water as the guest molecule. The guest molecules are
situated between the two channels through N-H--O [N8-H8A--O15, 1.783(24) A; NO-
H9B--015, 1.921(19) A] as well as O-H-+O [O15-H15A-08, 1.969(24); O15-HI5A-+014,
2.259(22) A; O15-H16A--01, 2.037(23) A] non-covalent interactions (Fig. 4.10).

Crystal structure of [PA".PzM2H, '] (4d)

The unit cell of 4d contains one molecule of anionic deprotonated picric acid and one
molecule of cationic protonated 3,5-dimethyl pyrazole (Fig. 4.11). It also crystallizes in the
triclinic crystal system with P-1 space group. It contains N-H--O [N4-H4A--O1, 1.678(21) A;
N4-H4A-07, 2.298(24) A; N5-H5-07, 2.362(4) A] as well as C-H-+O [C2-H2:--06,
2.603(2) A; C7-H7A--01, 2.606(3) A; C9-H9--04, 2.639(4) A; C11-HI11B--05, 2.478(4) A]
non-covalent interactions which are responsible for the formation of sheet with rectangular
cavities in three dimensional views (Fig. 4.12). This cavity can be used for trapping the
appropriate size of guest molecule (1.2 A).

Crystal structure of [PA.Pz""M*H,".CH;0H] (4¢)

The co-crystallization of picric acid and 3-phenyl-5-methylpyrazole resulted in the
formation of salt 4e which crystallizes in monoclinic system with P 1 21/c 1 space group. The
methanol solvent present in lattice, binds one molecule of picrate anion and one molecule of 3-

phenyl-5-methylpyrazole (Fig. 4.13). The presence of different non-covalent interactions viz.,
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N-H-O [N1-H1-~01, 1.782(23) A; N1-H1--02, 2.315(21) A; N2-H2A 08, 1.664(22) Al, C-
H--O [CI-HIC02, 2.355(2) A; C6-H6--07, 3.149(2) A; C6-H6-+08, 2.859(2) A; C7-
H7--07, 2.592(3) A; C17-H17B-05, 2.687(3) A; C17-H17C-06, 3.020(2) A; Cl7-
H17C+07, 2.636(2) A], O-H-O [08-H8A-O1, 2.151(3) A; O8-H8A 06, 2.225(3) A] cause
the formation of host-guest structure (Fig. 4.14). Due to these interactions, cation and anion
forms the cross-wires which are stacked one above the others and forms an oval shaped cavity
between the two sets of cross-wires for guest methanol molecule as shown in Fig. 4.15.
Crystal structure of [2PA".2H,dmpzH".CH;CN] (4f)

The salt 4f with two molecules of picric acid, two molecules of 4-(3,5-dimethyl-4H-
pyrazole-4-yl)-3,5-dimethyl-1H-pyrazole and one molecule of acetonitrile in unit cell,
crystallizes in the monoclinic system with P 1 21/c space group (Fig. 4.16). The N-H and C-H
group of pyrazole in 4f is non-covalently interacted with 02, 08, O11, O13 and O14 atoms of
picrate acceptor, forming a charge-assisted N-H--O" [N13-HI3A-+014, 2.792(25) A; Nl14-
HIAA-O8, 1.800(25) A; N14-H1AA~014, 2.284(25) A] and 'C-H-+O" [C19-H19B--O11,
2.575(2) A; C22-H22A-011, 2.605(5) A; C30-H30A--02, 2.685(7) A; C30-H30C--05,
2.761(9) A; C32-H32A-+08, 2.914(2) A; C33-H33B-+014, 2.600(3) A] hydrogen bonds. The
presence of different non-covalent interactions resulted in the formation of host-guest structure
where the host assembly was present with rectangular shaped cavity. This cavity is formed by
the picrate and 4-(3,5-dimethyl-4H-pyrazole-4-yl)-3,5-dimethyl-1H-pyrazolate ions. The guest
acetonitriles are located inside the cavity through C-H-N [C2-H2-+N15, 2.433(9) A; C21-
H21C-N15, 2.413(3) A] intermolecular interactions where the solvent molecule behaves as
both donor and acceptor. (Fig. 4.17). All these interactions form the three dimensional zig-zag
railway track like perspective view (Fig. 4.18).

The above structural studies reveals that on increasing the subsituents of pyrazole ring, the
number of non-covalent interactions vary from salt 4¢ to 4f which in turn causes different type
of three dimensional packing view for each salt.

When we performed the reaction of picric acid with 1,10-phenanthroline (phen),
2,2',6' 2"-terpyridine (terpy), hexamethylenetetramine (hmta), 2,4,6-tris(2-pyridyl)-1,3,5-
triazine (tptz), the salts viz., [PA".phenH".CH;OH] (4g), [2PA" terpyH,"*] (4h), [PA.hmta] (4i),
[3PA'.tptzH;+3] (4j) were obtained ( scheme 4.2).
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_phen _  pA- phenH.CH;0H] (4g)
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Scheme 4.2: General method of preparation of salts 4g-4j

Crystal structure of [PA".phenH".CH;0H] (4g)

Salt 4g crystallizes in the triclinic space group P-1 and the § angle is 71.296(13)°

(Table 4.5). In this case, there are one molecule of deprotonated picric acid, one molecule of

protonated 1,10-phenanthroline and one methanol molecule in the asymmetric unit i.e. acidic

hydrogen of the hydroxyl group on picric acid has been transferred to the one nitrogen atom of

1,10-phenanthroline as shown in Fig. 4.19. The protonated nitrogen (N1) shows the strong

hydrogen bonding with the oxygen atom (O8) of methanol molecule via N1-H1B--08,
1.831(29) A interaction. The crystal packing also shows other C-H-Q [C7T-H7A--O1,
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2.338(18) A; C7-H7A-+02, 2.404(9) A; C9-H9--03, 3.016(19) A; C11-H11--03, 2.628(9) A;
C12-H12-+06, 2.840(21) A; C14-H14--07, 2.410(2) A; C15-H15--08, 2.839(5) A; Cl6-
H16--08, 2.807(4) A; C19-H19C--03, 2.746(3) A] and O-H-+O [08-H8--01, 2.002(3) A;
08-H8-+04, 2.419(19) A] non-covalent interactions (Fig. 4.20). Stacking of both organic
moieties with methanol molecules make three dimensional ladder like assemble where the
methanol molecules act as the pillars (Fig. 4.21).

Crystal structure of [2PA.terpyH; "] (4h)

Salt 4h is in monoclinic space group P21/c (Table 4.6) with two molecules of anionic
deprotonated picric acid and one molecule of cationic protonated 2,2',6',2"-terpyridine in
asymmetric unit (Fig. 4.22). In this crystal structure, the two nitrogen atoms (N1, N3) of terpy
molecule are protonated which show the strong hydrogen bonding with the oxygen atom (O8)
of picrate anion via N-H-+O [NI-HIA--08, 2.031(110) A; N3-H3A--08, 1.727(49) A]
interactions. Other weak intermolecular interactions C-H-+O [C4-H4--012, 2.697(3) A; C7-
H7--011, 2.7143) A; C7-H7--012, 2.619(3) A; C8-H8--05, 2.949(8) A; C9-H9---Ol,
2.287(5) A; C12-H12-+01, 2.380(4) A; C13-H13--02, 2.489(8) A; C13-H13--011, 2.600(3)
A; Cl14-H14--05, 2.121(7) A; C15-H15--04, 2.328(7) A] and OO [013--06, 2.968(6) A;
014-+06, 3.010(5) A] are also present (Fig. 4.23). Due to the presence of various non-covalent
interactions, the three dimensional view of 4h shows mat-like supramolecular structure as
shown in Fig. 4.24.

Crystal structure of [PA.hmta] (4i)

The co-crystallization of picric acid and hexamethylenetetramine resulted in the
formation of co-crystal 4i which crystallizes in monoclinic system with P 21/c space group
(Table 4.7). The asymmetric unit contains one molecule of picric acid and one molecule of
hexamethylenetetramine as shown in Fig. 4.25. It is true co-crystal i.e. no proton transfer
occurs. Like previous salt, 4i also shows different intermolecular interactions viz., C-H:-O
[C7-H7A--04, 2.607(2) A; C7-H7A--06, 3.255(4) A; C7-H7B-06, 3.042(4) A; C8-
H8A--03, 2.972(2) A; C8-H8A-04, 3.159(2) A; C9-H9B--07, 2.627(1) A; C10-H10A-04,
2.707(1) A; CI10-H10A--05, 3.017(2) A; C10-HI0A-06, 2.599(1) A; C11-HII1-07,
2.676(2) A], C-H-N [C7-H7A-+N7, 2.800(2) A; C8-H8AN5, 2.858(1) A; C9-H9B:N2,
2.924(2) A; C10-HI10A-N3, 2.977(2) A], O-H-+O [O1-H1-+03, 3.228(2) A] and O-H-N
[O1-H1-+N6, 2.119(1) A]. In this co-crystal, the intermolecular C-H++N hydrogen bond plays

a key role in the self-assembly of the hmta to generate one dimensional zig-zag chain i.e. CH;
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group of one hexamine forms C-H-N interaction with the nitrogen atom of the neighboring
hmta, while on the other side the picric acid stack one above the other molecule through the O-
H-+O interactions (Fig. 4.26), resulting in an entirely different three dimensional packing as
alternate channels of picric acid and hexamethylenetetramine which are hydrogen bonded to
each other (Fig. 4.27).

Crystal structure of [3PA".tptzH3"] (4j)

Salt 4j in triclinic space group P-1(Table 4.8) has one protonated 2,4,6-tris(2-pyridyl)-
1,3,5-triazine cation and three picrate anions where only pyridy!l nitrogen atoms (N10, N12,
N15) are protonated through the proton transfer from the hydroxyl group of picric acid,
resulting in the formation of ionic salt (cationic - anionic polar salt) (Fig. 4.28). As shown in
Fig. 4.29, seven molecules of picrate anion are interlinked with each other through the weak
non-covalent interactions O--O [03--010, 3.308 A; 03015, 3.558 A; 0509, 3.570 A;
010--020, 3.475 A; 013--017, 3.536 A; 014016, 3.105 A] and formed a pseudocavity
which act as a host for tptz molecule. The guest molecule is resided in cavity with the support
of N-H--O and C-H-+O non-covalent intermolecular interactions. C-H and three protonated
pyridyl N-H of tptz are involved in the C-H-+O [C19-H19-+014, 2.484(5) A; C19-H19-+-017,
2.795(8) A; C20-H20--027, 2.633(5) A; C21-H21--018, 2.661(2) A; C22-H22:-020,
2.839(8) A; C28-H28--015, 2.649(6) A; C28-H28--016, 2.534(6) A; C29-H29--0O15,
2.601(6) A; C33-H33--08, 1.955(4) A] and N-H-+O [N10-H10--017, 2.637(24) A; NI12-
H12--08, 1.931(26) A; NIS-H15--020, 2.243(29) A; NI5-HI15-021, 2.777(29) A]
interactions with the oxygen atom of picrate anions (Fig. 4.30). The presence of different types
of non-covalent interactions between picrates and protonated 2,4,6-tris(2-pyridyl)-1,3,5-
triazine in asymmetric unit gave cationic-anionic host-guest structure with entirely different
packing view in comparison to others (Fig. 4.31).

The above structural studies show that on increasing the nitrogen atom, the non-covalent
interactions increase step by step which are responsible to give the entirely different
perspective view for 4g-4j.

Co-crystallization of picric acid with amines viz., urea, 1H-1,2,4-triazole-3,5-diamine
(guanazole), cyclohexane-1,2-diamine (1,2-DACH), 6-phenyl-1,3,5-triazine-2,4-diamine
(benzoguanamine), resulted in the formation of various types of salts as [PA".Uronium] (4k),
[PA".3,5-diamino-1,2,4-triazolium] (41), [PA".1/2cyclohexane-1,2-diaminium] (4m), [PA".6-

phenyl-2,4-diamino-1,3,5-triazinium] (4n), represented by the general scheme 4.3.
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Scheme 4.3: General method of preparation of salts 4k-4n

Crystal structure of [PA".Uronium| (4k)

The salt 4k crystallizes in a monoclinic system having P21/c space group with Z = 4
(Table 4.9) as it contains one molecules of picrate and uronium in an asymmetric unit. The
molecular structure is depicted in Fig. 4.32, where it shows the acidic hydrogen of the
hydroxyl group on picric acid protonates the oxygen atom (O11) of urea and making the
cation. The molecular packing analysis shows that the N-O (acceptor) and C-H (donor) of
picrates are self dimerized with R*(10) motif involving C-H--O [C3-H3-03, 2.587(7) A; C5-
H5--05, 2.999(15) A] interactions and also weak O-+O [05--06, 2.889(8) A; 03--04,
3.198(16) A] intermolecular interactions are present, which are responsible for one
dimensional spiral molecular -arrangement as shown in Fig. 4.33. The protonated oxygen (O11)

of urea shows the strong hydrogen bonding with the phenolic oxygen atom (OT) of picrate via
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O-H-+O [Ol11-H11~01, 1.740(2) A] interaction. Both organic moieties make three
dimensional zig-zag arrangement along the ‘c’ axis through N-H--O [N6-H6A--O1, 2.135(6)
A; N6-H6A--02, 2.651(4) A; N6-H6B-06, 2.701(2) A; N6-H6B-+07, 2.373(10) A; N7-
H7A-02, 2.246(8) A; N7-H7A--03, 2.968(2) A; N7-H7B--04, 2.625(5) A; N7-H7B--06,
2.224(3) A] and other C-H-+0, O-H--O, O+0 non-covalent interactions (Fig. 4.34).

Crystal structure of [PA".3,5-diamino-1,2,4-triazolium] (41)

Salt 41 is in monoclinic space group C 2/c (Table 4.10) with one molecule of anionic
deprotonated picric acid and one molecule of cationic protonated 1H-1,2,4-triazole-3,5-
diamine in an asymmetric unit (Fig. 4.35). In this structure, two molecules of picrate anion are
self dimerized with R%(10) motif involving C-H+O [C7-H7-+06, 2.699(6) A] interaction, and
also a picrate anion is interconnected to the adjacent picrate via weak non-covalent interactions
0--0 [02--04, 3.117(43) A; 03--04, 2.948(17) A}, create a cavity of size 1.3 A, resulting the
ribbon shaped one dimensional packing along ‘ac’ plane. Meanwhile, two molecules of
protonated 1H-1,2,4-triazole-3,5-diamine are self dimerized with R22(8) motif involving N-
H-*N [N4-H4---N3, 2.115(31) A] interaction and also two triazole molecules are stacked one
above other via N-H-n [N4-H4A-n, 3.347(47) A; N4-H4B--m, 3.302(34) A; N5-H5B--,
3.304(6) A] interactions, forming two dimensional layer along ‘¢’ axis (Fig. 4.36). One
molecule of cationic 1H-1,2,4-triazole-3,5-diamine attracts three molecules of picrate anions,
and one N-H group of it shows the strong hydrogen bonding with the phenolic oxygen (O1) of
picrate anion [N1-H1-+O1, 1.932(27) A]. Other non-covalent interactions N-H:+O, are in the
range of 2.202(26) - 2.689(39) A (Fig. 4.37). The resulting heteromeric synthon due to these
hydrogen bonds connects the acid and base into an infinite three dimensional packing as
alternate channels of picrate anions and 1H-1,2,4-triazole-3,5-diamine cations along the ‘¢’
axis (Fig. 4.38). The mat-like supramolecular architecture along the ‘a’ axis for 41 is shown in
Fig. 4.39.

Crystal structure of [PA".1/2cyclohexane-1,2-diaminium] (4m)

According to Fig. 4.40, the asymmetric unit of salt 4m contains one molecule of picrate
and half molecule of 1/2cyclohexane-1,2-diaminium which crystallizes in monoclinic system
with C 2/c space group (Table 4.11). In 1,2-diaminocyclohexane, both amino nitrogens (N4)
are protonated by the hydroxyl group of both picric acid molecules. Picrate anions are self
assembled to form a hydrogen bonded homomeric synthons through O--+O [02--06, 3.109(10)
A; 0207, 3.109(10) A; 05-:07, 3.160(12) A; 04--06, 3.139(5) A] and C8-H8--x [3.250(3)

201



A] intermolecular interactions. The four picrates non-covalently interact via O--O, generate a
cavity of size 1.54 A (Fig. 4.41a), resulting the three dimensional spiral packing as shown in
Fig. 4.41b. On the other side, l/2cyclohexane-1,2-diaminium acts as a base and does not
assembled with the same molecule but shows non-covalent interactions with four molecules of
picrate anions through N-H--O [N4-H4A--O1, 2.092(18) A; N4-H4A--07, 2.385(6) A; N4-
H4B--07, 2.293(16) A, N4-H4C--01, 1.928(8) A; N4-H4C--02, 2.428(30) A]. The extended
hydrogen bonding network is also formed which involves R*,(8) graph-set association through
C-H-+O [C2-H2B-06, 2.431(22) A] intermolecular interactions (Fig. 4.42). The various non-
covalent interactions present in the salt, help in the formation of pseudocavity through the self
assembled interactions of acids and base where 1/2cyclohexane-1,2-diaminium act as a
pseudoguest, present in the cavity (Fig. 4.43).

Crystal structure of [PA".6-phenyl-2,4-diamino-1,3,5-triazinium] (4n)

The crystal structure of salt 4n demonstrated that the asymmetric unit contain one
molecule of picrate anion and one molecule of 6-phenyl-2,4-diamino-1,3,5 triazine cation,
crystallizes in triclinic with space group P-1 (Table 4.12). The ionic species is formed by the
transformation of the proton from the hydroxyl group of picric acid to the one nitrogen atom
(N6) of 6-phenyl-2,4-diamino-1,3,5 triazine (Fig. 4.44). Crystal packing reveals that the four
molecules of picrate anions are intermolecularly hydrogen bonded and make cavity of size 1.9
A. Also two molecules of picrates are self dimerized with R%(10) motif through C-H---O [C5-
HS5A-05, 2.722(15) A] interactions, forms other cavity of size 1.1 A (Fig. 4.45a). The non-
covalent interactions among different picrate anions cause the formation of three dimensional
zig-zag molecular arrangement along ‘bc’ plane as shown in Fig. 4.45b. The base 6-phenyl-
2,4-diamino-1,3,5-triazinium also interconnected with other same molecule through C-H--N
[C11-H11--N8, 2.572(15) A] and N-H-N [N8-H8--N5, 2.248(13) A] intermolecular
interactions, resulted in the formation of spiral molecular structure along the ‘a’ axis (Fig.
4.45c). These molecules are also partially stacked one above the other via weak m-n
[3.504(15) A] interactions as shown in Fig. 4.45d. The protonated nitrogen (N6) of 6-phenyl-
2,4-diamino-1,3,5-triazinium shows the strong hydrogen bonding with the phenolic oxygen
(O1) of picrate i.e. N6-H6--O1 [1.920(57) A]. Both organic moieties are held together by
various non-covalent interactions viz., C-H-+O [C12-H12--04, 2.593(8) A; C13-H13--04,
2.728(11) A; C14-H14--05, 2.537(11) A] and N-H--O [N7-H7A--02, 2.389(15) A and
3.003(14) A; N7-H7A--03, 2.377(9) A; N7-H7B--02, 2.227(12) A] (Fig. 4.46). These non-
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covalent interactions present between cation and anion resulted in the formation of entirely
different three dimensional packing as alternate channels of picric acid and 6-phenyl-2,4-
diamino-1,3,5 triazine (Fig. 4.47).
In case of these salts, the multidimensional hydrogen bonds between picrates and protonated
amines control the crystal structures, and lead to the alternate stacking of cations and anions.
This causes the formations of zig-zag structures.
Computational study

The optimized structural parameters of all individual nitrogen-rich heterocyclic
compounds, acids and their salts were calculated at B3LYP/6-31G(d, p) basis sets and are
summarized in Table 4.16. Each optimized geometries showed positive vibrational
frequencies, showing that optimized structure was the global minimum on the potential energy
surface. Single point energy calculations were performed, and zero point corrected total
energies for various species were recorded. In addition to the characterization of these salts
and co-crystals, the gas phase geometries, harmonic vibrational frequencies and binding
energies of whole series are computed.
The hydrogen bond interaction energies were determined according to the following equation:
Energy calculations for salts

AE = Esain— (E «+ Encig)
Energy calculations for co-crystal
AE = Ecocrystal — (E xt Eacia)

Where Esai, Eco-crystal, Ex and Eaciq are the zero point corrected total energies of salt, co-crystal,
nitrogen-rich heterocycles and acid, calculated at DFT(B3LYP)/6-31G(d,p) level of theory.
We have removed the solvent and water molecules to check the relative stability.
The trend observed for the hydrogen bond interaction energy is given in Table 4.14. In case of
salt 4¢ and 4d, the number of non-covalent interactions are same as both have almost same
amount of hydrogen bond interaction energy. On the other hand in salt 4e and 4f the
interaction energy are still greater than 4¢ and 4d as the numbers of non-covalent interactions
are high but the factor of steric hindrance is also play an important role. The more steric
hindered groups on the pyrazole ring reduce the hydrogen bond interaction energy. This is
important to point out that the salt 4e shows the more hydrogen bond interaction energy than
salt 4f due to the fact that the two pyrazole rings create the much more steric hindrance in salt

4f as compared to salt 4e which reduce the hydrogen bond interaction energy. In case of salts
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4g-4j, the acid is same and heterocyclic organic moieties are different. DFT calculation shows
that as the nitrogen atom increases stepwise, the hydrogen bond interaction energy increases in
the same manner. There is a slight difference in hydrogen bond interaction energy in salt 4g
and 4h as both salts have almost same non-covalent interactions but in case of co-crystal 4i,
the energy is almost twice as compared to salt 4g as the nitrogen atom increases i.e. twice
which shows the more intermolecular interactions and stabilize the co-crystal. The hydrogen
bond interaction energy is highest in salt 4j where the bulkiness increases due to the
crystallization of more acid molecule as compared to others which show the more contribution
in the strong and weak hydrogen bond interactions with the protonated 2,4,6-tris(2-pyridyl)-
1,3,5-triazine. In case of salts 4k-4n, the steric hindrance plays an important role to describe
the order of hydrogen bond interaction energy. This is important to point out that the salt 4n
shows the Jeast hydrogen bond interaction energy than others as the substituted phenyl group
on the triazine ring produce the greater steric hindrance which reduces the hydrogen bond
interaction energy. Along with this, the negligible difference in the energy of the optimized
structure and the crystal structure of these salts and co-crystal (Table 4.15), as well as the bond
lengths and angles of the salts and co-crystals (obtained from theoretical calculation and
crystallographic data) as given in Table 4.16, suggests that the orientation and interaction
remain almost the same both in gaseous and the solid phase (Fig. 4.48 —4.50).
Thermal analysis

These salts are stable at room temperature and their thermal stability is demonstrated
by a thermogravimetry (TG), derivative thermogravimetric (DTG) and differential thermal
analysis (DTA). The thermoanalytical data for salts 4c-4n are listed in Table 4.17 and the non-
isothermal TGA-DTA curves of salts 4c-4n are shown in Fig. 4.51-4.62. Salt 4¢ shows two
steps decomposition. In the first step (71-205 °C), one water molecule and protonated pyrazole
leave out (~23.4% mass loss) which corresponds to endotherm at 159 °C in DTA thermogram,
while in the second step (205-279 °C) one picrate ion (~ 72.8% mass loss) leaves out
exothermically at 350 °C. Beyond this temperature, the explosion of resulting mass occurs
with the formation of gaseous products. The TG-DTA thermogram for salt 4d indicates that it
also undergoes two stages decomposition. The first stage (~ 28.2% mass loss) corresponds to
endotherm at 102 °C. In this step one molecule of 3,5-dimethy! pyrazolate (92-200 °C) leaves
out. In the second stage (200-234 °C), picrate ion leaves (~ 68.5% mass loss), corresponds to

exotherm at 278 °C. Three steps decomposition takes place in salt 4e. In the first step methanol
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molecule releases in the 101-225 °C temperature range (~ 7.1% mass loss) which corresponds
to endotherm at 162 °C, while in next second and third steps, both 3-phenyl-5-methyl
pyrazolate and picrate ions release in 225-295 °C (~ 52.8% mass loss) and 505-666 °C (~
35.9% mass loss) temperature range, respectively. The DTA peak at 281 °C and 589 °C is
exothermic for both steps, respectively. TG curve of salt 4f exhibited three well-separated
weight loss stages. In first step, acetonitrile molecule releases in 99-171 °C temperature ranges
(~ 4.6% mass loss). In second step (240-289 °C), protonated Hodmpz leaves out (~ 49.7%
mass loss) exothermically at 293 °C, while picrate ion (~ 45.1% mass loss) also releases (289-
689 °C) exothermically at 686 °C in third step. The non-isothermal TG thermogram clearly
indicates that thermal decomposition of salt 4g occurs in three steps. This salt on heating first
looses 7.0% of its mass at around 200 °C due to the loss of methanol molecule, shows an
endothermic peak at 206 °C. Beyond this temperature, a plateau corresponds to 49.1% mass
loss is observed due to the removal of picrate (250-337 °C) exothermally at 319 °C. Aimost
complete decomposition 41.8% occurs at around 600 °C, which corresponds to the release of
protonated 1,10-phenanthroline. The exothermic peak for the same appeared at 537 °C. The
TG curve of salt 4h indicates that it decomposes immediately after melting and the
decomposition continues up to 314 °C with about 62.1% weight loss corresponds to release of
two molecules of picrate anion. The second weight loss (34.2%) occurs in the region 420 °C to
620 °C, due to the removal of protonated 2,2';6',2"-terpyridine. The sharp exothermic peaks for
both steps are occured at 301 °C and 531 °C, respectively. The thermal decomposition process
of co-crystal 4i can be divided into two stages. The first weight loss of 60.3% between the
temperature range 178-342 °C responsible for the release of picric acid, leading to appearance
of first exothermic peak at 270 °C in DTA curve, while the second weight loss 36.4% was
observed in between 512-711 °C, may be due to the release of hexamethylenetetramine
organic moiety. This process can also be observed as exothermic in DTA at 585 °C. On the
other hand in salt 4j, weight loss occurs in a single step. The DTA reveals exactly the same
changes as shown by the TGA. In the DTA curve, there is a sharp exothermic peak at 301 °C
which supports the crystalline nature of 4j [40]. The TG curve indicates that 4j decomposes
continuously between the temperature range 175-306 °C with ~ 94.5% weight loss. The salt 4k
indicates two major steps of weight loss. The first weight loss of 76.2% between 136 and 264
°C, corresponding to the release of picrate anion with a sharp exothermic peak at 188 °C in

DTA, while the second weight loss of 20.4% occurs between 264 and 412 °C, responsible for
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the removal of uronium cation. For this mass loss, a exothermic peak at 312 °C in DTA is
obtained. According to TG curve, salt 41 is stable up to 200 °C. The decomposition starts at
225 °C and continue up to 330 °C with 68.1% mass loss due to the release of picrate anion,
whereas 1H-1,2,4-triazole-3,5-diamine cation releases completely at 689 °C. The exothermic
peaks are perceived at 264 and 677 °C in DTA for both steps, respectively. The salt 4m and 4n
also follow the same way of decomposition as others (Table 4.17). The exotherms are due to
oxidation-reduction reactions leading to ignition in all cases.

The kinetics of thermal ‘decomposition of salts 4¢c-4n were evaluated using fourteen
mechanism based kinetic models as given in Table 4.18. The set of reaction models [41-44]
were used to analyse the isothermal TG data (in the range 200-240 °C for 4¢c-4f (Fig. 4.63),
290-330 °C for 4g-4j (Fig. 4.66) and 230-270 °C for 4k-4n (Fig. 4.69), to calculate the E,
values for thermal decomposition which were done in the range of decomposition/vaporization
using indigenously fabricated TG apparatus. The activation energy values are reported in
Table 4.19-4.21. In the model fitting method, the kinetics is analysed by choosing a “best fit”
model based on the value of the correlation coefficient r close to 1. Among various values of r
calculated from different models, the highest value of r for salts 4¢, 4e, 4g-4j, 4k, 4m
corresponds to model 14, for 4d and 4f corresponds to model 4, for 41 correspond to model 11
and for salts 4n corresponds to model 1. An average value 55.5, 64.3, 67.0, 55.0, 78.7, 42.3,
37.2, 39.0, 20.4, 48.3, 109.8 and 48.6 kJ mol” have been obtained as activation energy for
isothermal decomposition of 4c-4n salts. The isoconversional method is known to permit
estimation of activation energy independent of the model uséd. Realistic kinetics parameters
can only be extracted in a way that is independent of the reaction model. In our case, we have
adopted the isoconversional method reported by Vyazovkin [45, 46]. This approach indicates
that the decomposition of these salts is not simple as indicated by model fitting method.
According to Fig. 4.64, 4.67, 4.70, for a particular salt each activation energy has a separate
value at different . Although these salts are stable at room temperature but ignite when
subjected to sudden high temperature. Further to evaluate the sensitivity of these salts, their
ignition delay measurement were carried out in temperature ranges 340-380 °C for salts 4¢-4f
and 380-420 °C for 4g-4n (Table 4.22-4.23). For salts 4¢-4n, E,* was determined from the
slope of a plot of In (D;) vs. 1/T as shown in Fig. 4.65, 4.68, 4.71. The energy of activation for
ignition is 28.6, 29.3, 46.4 and 37.7 kJ mol™ for salts dc-4f, respectively. From the ignition

delay measurements, it is clear that the salt 4e is highly thermal stable than 4¢, 4d and 4f as it
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has the highest activation energy of ignition delay. The energy of activation for ignition is
79.6, 89.2, 99.9 and 108.3 kJ mol" for salts 4g-4j, respectively, and the energy of ignition
delay for 4j is highest as compared to 4g-4i salts, may be due to stabilization of molecule by
highest number of non-covalent interactions and highest hydrogen bond interaction energy.
The energy of activation for ignition is 92.8, 694, 47.3 and 434 kJ mol” for salts 4k-4n,
respectively and salt 4n is less stable as compared to 4k-4m. The activation energy (calculated
by isothermal TG) and ignition delay measurement has different values which may be due to
the different temperature ranges. The oxygen balance values reported in Table 4.22-4.23,
suggest that these salts belong to low explosers. The thermal decomposition process of
energetic materials often involves a concert of bond breaking and bond forming steps under
condensed or gas phase reaction. The weakening of a particular bond seems to enhance the
tendency to have a predominant, identified path to decomposition. The overall process of
decomposition takes place at higher temprature by transfer of proton (N-H bond cleavage)
from secondary organic nitrogen-rich heterocyclic moieties to picrates, and form the
corresponding O-+H bond in the condensed phase prior to ignition to form finally gaseous
products leaving a black carbon residues [47] (Scheme 4.4-4.6).
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CONCLUSION

Hydrogen bonding is important for genération of robust and supramolecular
heterosynthons to give entirely different three dimensional packing views. Accordingly, we
have successfully synthesized supramolecular networks containing common picric acid and
heterocyclic organic moieties.

In salt 4c-4f, the host molecules self assembled due to various types of non-covalent
interactions and form different shaped cavity. On the other hand the solvent molecules as
water, methanol and acetonitrile behave as the guest molecule and occupied the cavity in salt
4c, de-4f. The variation of substituent groups on pyrazole ring plays an important role in
controlling the structure of the co-crystals.

In case of salts 4g-4j, the non-covalent interactions increase on increasing the number of
nitrogen atoms in secondary organic moieties. The presence of a maximum number of non-
covalent interactions in salt 4j may be responsible for the creation of a pseudocavity for
trapping the 2,4,6-tris(2-pyridyl)-1,3,5-triazine as a guest molecule.

In salt 4k and 41, one dimensional ribbon shaped chains while in 4m and 4n, two dimensional
networks are formed by the hydrogen bonds between the picrate molecules. As the size (steric
hindrance) of diamines increases, the drastic change was observed in the cavity size. The
diversity of supramolecular structures in present chapter may be due to the difference in the
structures of secondary organic moieties.

Theoretical studies suggested that structures are same in both solid and gaseous phase, and
hydrogen bond interaction energy largely depends on the functional moieties, involved in the
interaction. The ignition delay measurements suggest that the steric strain effects cause
weakening of N-H bond, favouring proton transfer and the enhancement of the rate of

decomposition in 4¢c-4f and 4k-4n salts.
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Table 4.1: Crystal data and structure refinement for [2PA".2PzH,".OH;] (4c)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
a()
BC)
v ()
V(A%
Crystal size (mm)
Z
Peaica (8 M”)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1° (I>20(1))
R1 (all data)
wR2°(I>26(1))
wR2( all data)

CisH1eN19O15
Yellow
612.41

Triclinic
P-1
7.679(2)
11.827(2)
13.529(3)
98.54(10)
101.78(10)
91.84(10)
1187.04(5)
0.27x0.19x0.13
2
1.713
0.152
628
1.56-30.93
-10<h <1
-17< k<19
-19</<19
7439
6133
7439/0/412
0.038
0.049
0.109
0.129
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Table 4.2: Crystal data and structure refinement for [PA".Pz"**H, "] (4d)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
B
v ()
V (A%
Crystal size (mm)
Z
Pealca (g M)
m
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1 (I>20(1))
R1 (all data)
wR2 (I>206(1))
wR2 (all data)

CiiHIINsO,
Yellow
325.25

Triclinic
P-1
7.802(3)
8.245(3)
10.945(4)
101.13(2)
92.80(3)
90.56(2)
689.89(4)
0.27x0.21x0.17
2
1.566
0.133
336
2.52-31.85

Sl <h<]l

-1 k<12

-16<I1<16
4679
3140

4679/0/214
0.049 -
0.072
0.123
0.150
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Table 4.3: Crystal data and structure refinement for [PA'.PZPh’MeH2+.CH3OH] (4e)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
¢ (A)
o. (')
BC)
v ()
V (A%
Crystal size (mm)
z
Peated (8 m-z)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1(I>20(1))

R1 (all data)

wR2 (I>26(1))

wR2 (all data)

212

C17H17N50g
Yellow
419.36

Monoclinic
P2l/c

14.730(10)

7.089(5)

17.543(12)

90.00
93.95(3)
90.00
1827.7(2)
0.34x0.29x0.23
4

1827.7(2)

1827.7(2)

1827.7(2)

1.39-28.26

-19<h <19
9<k=<9
-18 <723
4457
3194
4457/0/282
0.040
0.070
0.116
0.147



Table 4.4: Crystal data and structure refinement for [2PA".2H,dmpzH".CH;CN] (4f)

Empirical formula Cy4H37N 15014
Color Yellow
Formula weight (g mol™) 879.79
Crystal System Monoclinic
Space Group P2l/c
a(A) 16.076(2)
b (A) 21.176(3)
c(A) 11.591(15)
a(’) 90.00
B(*) 94.07(7)
v ) 90.00
V (A% 3935.9(9)
Crystal size (mm) 0.23x0.19x0.13
z 4
Pealca (8 M) 1.485
U 0.118
F (000) 1832
0 range for data collection 1.27-28.40
limiting indices 21 <h<2l
27 < k<28
-15</<15
No. of measured reflections 9793
No. of observed reflections 7226
Data/ restraints/parameters 9793/0/601
R1(I>20(1)) 0.056
R1 (all data) 0.080
wR2 (I>26(1)) 0.184

wR2 (all data) 0.202
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Table 4.5: Crystal data and structure refinement for [PA".phenH".CH;0H] (4g)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
BC)
v(O)
V (A%
Crystal size (mm)
Z
Pealca (g M)
u
F (000)
O range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(I))

R1 (all data)

wR2 (I>26(1))

wR2 (all data)

Ci9H1sNsOs
Yellow
441.36

Triclinic
P-1
9.874(3)
10.102(2)
10.903(3)
67.23(13)
71.29(13)
82.67(14)
949.8(4)
0.24x0.19x0.11
2
1.543
0.123
456
2.19-30.89
-l4<h<]14
-14 <k<I3
-15<71<12
5856
3119
5856/0/295
0.049
0.105
0.130
0.169
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Table 4.6: Crystal data and structure refinement for [2PA'.terpyH2+2] (4h)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
a ()
B
v )
V(A%
Crystal size (mm)
Z
Peatea (g M)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1(1>20(1))
R1 (all data)
wR2 (1>206(1))
wR2 (all data)
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C7H17N9O4
Yellow
691.50

Monoclinic
P2l/c
16.835(12)
22.038(16)
7.628(5)
90.00
95.85(3)
90.00
2815.7(3)

0.31x0.26x0.22

4
1.631
0.135
1416
3.03-25.00
20<h <20
26 <k <26
-9<17<8
4950
3533
4639/0/459
0.081
0.102
0.216
0.242



Table 4.7: Crystal data and structure refinement for [PA.hmta] (4i)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
BC)
v ()
V (A%
Crystal size (mm)
Z
Pealed (8 m.z)
u
F (000)
O range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1(1>26(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)
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C2H5sN70;
Yellow
369.31

Monoclinic
P2(1)/c

12.486(5)
6.579(2)
18.530(7)
90.00
107.04(2)
90.00
1455.44(9)

0.24x0.19x0.14

4
1.685
0.141

768
1.71-28.91

-l16<h<l16

-8<k <8
-25<1<23
3778
2973

3778/0/235
0.044
0.061
0.146
0.169



Table 4.8: Crystal data and structure refinement for [3PA"tptzH; "] (4j)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c (&)
o ()
BC)
v
V(A%
Crystal size (mm)
Z
Pealca (g M)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1 (I>20(1))
R1 (all data)
wR2 (I>26(1))
wR2 (all data)

C36H21N1502
Yellow
999.68

Triclinic
P-1
12.000(12)
12.449(12)
14.396(14)
70.36(5)
87.59(5)
73.85(5)
1942.7(3)
031 x0.27x0.21
2
1.709
0.145
1020
1.50-28.57
-l6<h=<16
-l6 <k<l6
-19</<19
9852
7789
9852/0/661
0.049
0.066
0.143
0.171
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Table 4.9: Crystal data and structure refinement for [PA".Uronium] (4k)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c (A)
o ()
BC)
1)
V(A%
Crystal size (mm)
z
Peated (g M)
u
F (000)
B range for data collection

Jimiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1(I1>20(1))
R1 (all data)
wR2 (I>20(1))
wR2 (all data)

C7H7N5O3
Yellow
289.18

Monoclinic
P2l/c
3.886(11)
25.824(8)
11.167(3)
90.00
93.71(11)
90.00
1118.4(6)
0.32X0.26X0.21
4
1.717
0.158
592
1.58-28.29
S5<h<4
-34 <k <34
-13<7<14
2754
1934
2754/0/182
0.046
0.073
0.146

0.181
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Table 4.10: Crystal data and structure refinement for [PA".3,5-diamino-1,2,4-triazolium]|

(41)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
B()
v ()
V(A%
Crystal size (mm)
Z
Pealed (8 m-B)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1(I>26(1))
R1 (all data)
wR2 (I>20(1))
wR2 (all data)

CgHgN3O4
Yellow
328.22

Monoclinic
C2
22.834(14)
4.808(3)
22.557(14)
90.00
94.17
90.00
2470(3)
0.24X0.21X0.17
8
1.765
0.156
1344
1.79-29.56
-30<h <30
-6 <k <6
-29<1<30
3353
2137
3353/0/224
0.044
0.076
0.125
0.154

219



Table 4.11: Crystal data and structure refinement for [PA".1/2cyclohexane-1,2-diamin-

-ium] (4m)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
BC)
()
V(A%
Crystal size (mm)
z
Pealed (8 m_B)
u
F (000)
0 range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters

R1 (I>20(1))

R1 (all data)

wR2 (I>20(1))

wR2 (all data)

C1sH20N5O 14
Yellow
572.42

Monoclinic

C2/c
22.105(8)
8.165(3)
14.524(5)
90.00
117.74(16)
90.00

2319.8(14)

0.31X0.27X0.21
4
1.639
0.143
1184
2.87-28.43 -
29<h<29

-10< k<10

-19<7<19
2749

1700

2749/0/182
0.086
0.132
0.273

0.296
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Table 4.12: Crystal data and structure refinement for [PA".6-phenyl-2,4-diamino-1,3,5

- triazinium| (4n)

Empirical formula
Color
Formula weight (g mol™)
Crystal System
Space Group
a(A)
b (A)
c(A)
o ()
B(")
()
V(A%
Crystal size (mm)
z
Pealca (g M)
M
F (000)
O range for data collection

limiting indices

No. of measured reflections
No. of observed reflections
Data/ restraints/parameters
R1 (I>20(1))
R1 (all data)
wR2 (I1>20(1))
wR2 (all data)
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Ci5H12NgO4
Yellow
416.33

Triclinic
P -1
7.604(16)
7.940(19)
14.596(4)
88.56(9)
81.72(9)
77.43(9)
851.3(3)
0.29X0.19X0.13
2
1.624
0.133
428
1.41-27.21
9<h=<9
-10<k<10
-18<7<I8
3678
1609
3678/0/275
0.090
0.150
0.168
0.288



Table 4.13: Non-covalent interactions for 4c-4n (A and °)

S.N D-H-A d(D-H) d(H-A) d(D-A) <(DHA)> |
1. | [2PA 2PzH,".OH;] (4¢) ]
015-H16A01 0.847(22) | 2.037(23) | 2.804(2) 150.23(228)
015-H16A+07 0.847(22) | 2.317(24) | 2.904(2) 126.77(201)
015-H15A-08 0.831(25) | 1.96924) |[2.721(2) 150.29(215)
O15-HI5A~014 | 0831(25) | 225922) |2.837(2) 126.94(198)
N7-H7A-O1 0.877(22) | 1.852(23) | 2.693(2) 160.07(210)
N8-H8A015 0.92024) | 1.783(24) | 2.679(2) 163.91(219)
N9-H9B--015 0.869(19) | 1.921(19) | 2.724(2) 152.96(197)
N10-H10A--08 0.851(22) | 1.93021) | 2.764(2) 166.39(220)

2. | [PA.PZMH, "] (4d)
N4-H4A--O1 0.95421) | 1.67821) | 2.596(4) 166.44(218)
N4-H4A 07 0.954(21) | 2.298(24) | 2.834(4) 114.87(162) |
N5-H5--07 0.860(2) 2.362(4) 2.837(5) 115.19(9) |
C2-H2--06 0.930(1) 2.603(2) 3.418(2) 146.62(8)
C7-H7A-01 0.960(2) 2.606(3) 3.374(5) 137.17(12) |
C9-H9-04 0.930(2) 2.639(4) 3.516(6) 1575309) |
CI1-H11B-05 0.959(2) 2.478(4) 3.420(5) 167.26(12) J
3. | [PA.PZ"YH,".CH;0H] (de) - ]
| NI-HI-01 0.912(23) | 1.782(23) [2.647(4) 157.43(206)
NI-HI-+02 0.912(23) |2.31521) |2.888(4) 120.65(176) |
N2-H2A-08 1.01422) | 1.664(22) | 2.660(3) 166.12(197)
08-H8AO] 0.820(1) 2.151(3) 2.846(4) 142.64(9)
08-H8A-06 0.820(1) 2.225(3) 2.900(3) 139.92(10)
CI-HIC~02 0.960(2) 2.355(2) 3.170(3) 142.32(13)
C6-H6+-07 0.931(2) 3.149(2) 3.600(4) 111.83(12)
C6-H6+-08 0.929(2) 2.859(2) 3.728(4) 156.29(12)
C7-H7-+07 0.930(2) 2.592(3) 3.323(4) 135.81(13)
C17-H17B+05 0.960(3) 2.687(3) 3.577(5) 154.55(14)
C17-H17C06 0.960(2) 3.020(2) 3.730(3) 131.81(14)
C17-H17C07 0.960(2) 2.636(2) 3.593(3) 174.87(14)
4. | [2PA.2H,dmpzH'.CH;CN] (4f)

N NI3-HI3A~O014 | 0.947(23) | 2.792(25) | 2.989(9) 143.64(22) |
N14-HIAA-O8 0.901(25) | 1.800(25) | 2.679(8) 164.75(227)
NI4-HIAA~O14 | 0901(25) |2.284(25) |2.776(11) | 114.67(34)
C2-H2-N15 0.930(2) 2.433(9) 3.193(11) | 138.85(16) |
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C19-H9B--O11 0.960(2) 2.575(2) 3.471(3) 155.35(14)
C21-H21C~NI5 0.960(3) 2.413(3) 3.240(4) 144.19(19)
C22-H22A--011 0.960(2) 2.605(5) 3.491(5) 153.47(14)
C30-H30A--02 0.960(3) 2.685(7) 3.349(11) | 126.77(14)
C30-H30C-05 0.960(4) 2.761(9) 3.592(13) | 145.26(15)
C32-H32A--08 0.960(4) 2.914(2) 3.649(6) 134.26(14)
C33-H33B--014 0.959(4) 2.600(3) 3.331(6) 133.18(22)
[PA".phenH'.CH;0H] (4g)

08-H8--01 0.820 2.002(3) 2.2.767 155.1
08-H8:-04 0.820 2.419(19) | 2.993 127.8
NI-HIB08 0.896 1.831(29) [2.682 157.7
C7-H7A~O] 0.930 2.338(18) | 3.218 157.7
C7-H7A--02 0.930 2.404(9) 3.114 133.0
_C9-H9-~03 0.930 3.016(19) | 3.757 1377
Cl1-H11--03 0.930 2.628(9) 3.457 148.8
CI12-H12--06 0.930 2.84021) | 3.741 163.5
Cl14-H14--07 0.930 2.41(2) 3.300 | 160.3
C15-H15--08 0.930 2.839(5) 3.340 115.0
C16-H16--08 0.929 2.807(4) 3.338 117.4
| C19-H19C--03 0.930 2.746(7) 3.620 151.5
[2PA .terpyH, "] (4h) -
NI-HI1A-08 0.964 2.031(110) | 2.718 126.6
N3-H3A--08 0.997 1.727(49) | 2.6%4 162.4
C4-H4-012 0.929 2.697(3) 3.595 162.7
C7-H7--0l1 0.931 2.714(3) 3.450 136.6
C7-H7--012 0.931 2.619(3) 3.524 164.3
C8-H8-05 0.930 2.949(8) 3.618 130.1
C9-H9-+-Ol 0.930 2.287(5) 3.178 160.2
Ci2-H12:-01 0.930 2.380(4) 3.305 172.9
Cl13-H13--02 0.930 2.489(8) 3.098 123.2
C13-HI13-Ol1 0.930 2.600(3) 3.361 139.3
Cl14-H14--05 0.929 2.121(7) 3.707 143.2
Cl15-H15-+04 0.930 2.328(7) 3.147 146.7
[PA.hmta] (4i)

O1-H1--03 0.820 3.228(2) 3.697 119.0
O1-H1-+N6 0.820 2.119(1) 2.663 123.7
C7-H7A--04 0.970 2.607(2) 3.206 120.1
C7-H7A--06 0.970 3.255(4) | 3.612 103.8
C7-H7B--06 0.970 3.042(4) 3.612 118.9
C8-H8A-03 0.970 2.972(2) 3.773 140.6
C8-H8A-04 0.970 3.159(2) 3.925 137.0
C9-H9B--07 0.970 2.627(1) 3.450 142.8
C10-H10A-04 0.969 2.707(1) 3.326 122.1
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CI10-HIOA---O5 0.969 3.017(2) 3511 113.0
C10-HI10A---O6 0.969 2.599(1) 3.525 159.7
CII-H11A--O7 0.970 2.676(2) 3.177 112.5 |
C7-H7A-N7 0.970 2.800(2) 3.662 148.4
C8-H8A:--N5 0.970 2.858(1) 3.394 115.7
C9-HI9B--N2 0.970 2.924(2) 3.856 161.3
C10-HI10A---N3 0.969 2.977(2) 3.670 1294 j
C10-HI0B-+N7 0.971 2.801(3) 3.662 148.2
C12-H12B-*N7 0.969 2.908(3) 3.379 111.0
8. | [3PA.tptzH;’'] (4)) ) B ]
TN10-H10--017 0.831 2.637(24) $3.084 115.1
NI2-HI2A--08 0.867 1.931(26) 2.791 170.3
NI15-H15---020 1.102 | 2.243(29) 3.262 152.7
N15-H15--021 1 1.102 2.777(29) 3.590 130.3
CI19-H19---014 1 0.931 2.484(5) 3.327 150.6
| C19-H19--017 0.931 2.795(8) 3.197 1107.2 -
| C20-H20--017 10.930 2.633(5) | 3.175 117.8
C21-H21--018 0.930 2.661(2) 3.540 157.9 .
C22-H22---020 10.930 2.839(8) 3.608 1407 |
C28-H28--015 0.930 2.649(6) 3.238 121.8 '
C28-H28---016 0.930 2.534(6) 3.454 169.5
C29-H29---015 0.930 2.601(6) 3217 124.1
- C33-H33--08 0.929 1.955(4) 2.872 168.4
9. [PA".Uronium] (4k)
Ol11-H11--01 0.821 1.740(2) 2.547 167.0
Ol11-HI11--07 0.821 2.340(9) 2.762 112.6 ]
N6-H6A---O1 0.861 2.135(6) 2.817 135.7 N
N6-H6A-+02 0.861 2.651(4) 3.453 155.4 |
N6-H6B:-06 0.860 2.701(2) 3.384 137.2
N6-H6B--07 0.860 2.373(10) 3.218 167.5 E
N7-H7A--02 0.860 2.246(8) 3.076 161.9 1
N7-H7A---0O3 0.860 2.968(2) 3.753 152.7
N7-H7B--04 0.860 2.625(5) 3.106 116.5
| N7-H7B---06 0.860 2.224(3) 3.024 154.5
C3-H3--03 0.930 2.587(7) 3.478 160.6
- C5-H5-+05 0.930 2.999(15) | 3.884 159.4
| 10. [PA".3,5-diamino-1,2,4-triazolium] (41)
N1-H1--Ol 1 0.877 1.932(27) 2.674 141.4 ]
N2-H2--04 0.894 2.357(29) 3.229 165.0
N4-H4A---05 0.867 2.689(35) 3.037 1054
N4-H4B-+-05 0.867 2.688(49) 3.034 105.5
N5-H5A--03 10.861 2.203(26) | 3.034 161.0
N5-H5B--0O1 0.860 2.234(28) 2914 136.0
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N4-H4B--N3 0.867 2.11531) 2.967 167.5
C7-H7:-06 0.929 2.699(6) 3.042 102.7 |
11. [PA".1/2cyclohexane-1,2-diaminium] (4m)
N4-H4A---Ol 0.889 2.092(18) 2.755 141.6 |
N4-H4A---O7 0.889 2.385(6) 2.928 119.5 :t
N4-H4B--07 0.890 2.293(16) 3.126 155.9 |
N4-H4C---Ol 0.890 1.928(8) 2.755 153.9
N4-H4C--02 0.890 2.428(10) 2.940 116.9
C2-H2B--06 0.969 2.431(22) 3.347 157.3 B
12. | [PA".6-phenyl-2,4-diamino-1,3,5-triazinium| (4n) B
N6-H6---0O1 0.810 1.920(37) 2.685 157.3
N6-H6---07 0.810 2.567(63) 3.159 131.0
N7-H7A--02 0.859 2.389(15) 3.144 146.9
N7-H7A--03 0.850 2.377(9) 3.172 154.0
N7-H7B-+Ol 0.860 1.964(8) 2.710 144.4 |
N7-H7B--02 0.860 2.227(12) 2.902 135.2
N8-H8B--O7 0.860 2.113(11) 2.925 157.0
N8-HB8A NS5 0.861 2.248(13) 3.062 157.8
Cl12-H12--04 0.930 1 2.593(8) 3.223 125.5
C13-H13--04 0.930 2.728(11) 3.297 120.3
C14-H14---05 0.930 2.537(11) 3.376 1 150.2
| CI5-HI5-03 10930 1 3.012(16) | 3.906 [ 1618 |
Table 4.14: Hydrogen bond interaction energy (Kcal/mol)
S.N Salts Hydrogen bond |
interaction energy
S U _ (Kcal/mol)
1. [2PA".2PzH, .OH,] (4¢) 13.39
2. [PA"Pz"’H,"| (4d) 14.51
3. [PA.PZz""M*H,".CH;0H] (4e) 26.56
4. [2PA".2H,dmpzH".CH;CN] (4f) 21.96 -
5. | [PA. phenH'.CH;0H] (4g) 9.46 |
6. [2PA .terpyH, "] (4h) 12.50 |
7. [PA. hmta] (4i) 18.72
8. [BPA". tptzH3 '] (4)) 21.49
9. [PA".Uronium] (4k) 19.83 |
" 10. | [PA.3,5-diamino-1,2,4-triazolium] (41) 17.32
11. [PA".1/2¢cyclohexane-1,2-diaminium] (4m) 15.33 !
12. | [PA".6-phenyl-2,4-diamino-1,3,5-triazinium] (4n) 10.26
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Table 4.15: Comparison of energy in Solid phase and Gasous phase

S.N Salts Energy of CIF-
optimized Energy of
str. optimized
(gaseous phase) str.
(solid phase)
1. | [2PA".2PzH;".OH;] (4¢) 1147.0008 1146.9993
2. | [PAPZH,"| (4d) 1225.6003 1225.6543
3. | [PA P M H," CH;0H] (4e) 1417.1913 1417.2243
4. [2PA'.2H2dmsz+.CH3CN] (49) 1529.2960 1529.3021
5. | [PA". phenH .CH;0H] (4g) 1491.9409 1492.5091
6. [2PA'.terpsz+2] (4h) 2583.0971 2584.4358
7. [PA. hmta] (4i) 1375.1767 1375.4929 |
8. | 3PA. tptzH;’'] (4) 3782.6183 3782.5788
9. | [PA".Uronium] (4k) 1146.1599 1146.1047
10. | [PA".3,5-diamino-1,2,4-triazolium] (41) 1272.8796 1273.2988
11. | [PA".1/2¢cyclohexane-1,2-diaminium] (4m) 2189.0005 2188.3719
12. | [PA".6-phenyl-2,4-diamino-1,3,5-triazinium] (4n) | 1543.102] 1543.0546 ]

Table 4.16: Comparison of bond lengths (A) and bond angles (°) in solid and gaseous

phase for salts 4¢-4n

S.N Parameters X-ray B3LYP/6-31G(d,p)
1. | [2PA.2PzH, .OH;] (4¢) )

Bond Lengths |
NI1-02 1.228(2) 1.228 R
O3-N1 1.231(2) 1.230 |
04-N2 1.233(2) 1.232

05-N2 1.228(2) 1.227

06-N3 1.230(2) 1.229 |
O7-N3 1.228(2) 1.228

N2-C4 1.449(2) 1.449

C4-C3 1.386(2) 1.386 ]
C3-H3A 0.930(1) 0.929

N3-C2 1.458(2) 1.458

C3-C2 1.377(2) B 1.376

01-Cl 1.258(2) 1.257

C2-Cl 145302 | 1.453

NI1-C6 1.456(2) 1.455

C1-C6 1.499(2) 1.449 )

C4-C5 1.386(2) 1.386 |
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C6-C5 1.378(2) 1.377 )
C5-HSA 0.929(1) 0.929

N9-N10 1.340(2) 1.341 J
N9-C16 1.335(2) 1.334

Cl6-H16 0.930(1) 0.930

Cl16-C17 1.386(2) 1.385 I
Cl17-H17 0.930(1) 0.930

N10-C18 1.336(2) 1.335

C17-C18 1.386(2) 1.385
C18-HI8 0.930(1) 0.930 |
N9-H9B 0.869(19) 0.868 |
N10-H10A 0.851(22) 0.850

Bond Angles

02—N1—03 122.88(11) 122

02—NI1—C6 118.62(10 118.59 B
03—NI1—C6 118.41(10) 118.48

05—N2—04 124.15(11) 124.17

05—N2—C4 118.04(11) 117.96

04—N2-—C4 117.81(10) 117.85

07—N3—06 123.26(12) 12327 |
07—N3—C2 118.9(1) 118.89 |
06—N3-—C2 117.82(10) 117.80

C5—C4—C3 121.64(11) 121.65

C5—C4—N2 118.94(11) 118.89

C3—C4-—N2 119.38(10) 119.40

C2—C3—C4 118.57(11) 118.54

C2—C3—H3A 120.69(12) 120.73

C4—C3—H3A 120.74(12) 120.71

C3—C2—Cl 124.60(11) 124.61

C3—C2—N3 115.83(10) 115.80 B
C1—C2—N3 119.57(10) 119.57 |
01—C1—Cé6 125.11(11) 125.12

01—C1—C2 123.04(11) 123.02

C6—C1—C2 111.74(10) 111.74

C5—C6—Cl 124.14(10) 124.14 j
C5—C6—NI 115.42(10) 115.39 |
Cl—C6—N| | 120.42(10) 120.44 |
C6—C5—C4 119.02(11) 119.00 |
C6—C5—HS5A 120.49(12) 120.49 |
C4—C5—HSA 120.48(12) 120.50 |
C17—Cl16—HI16 125.94(13) 125.98 |
C18—C17—Cl6 105.63(11) 105.61 [
C18—CI17—H17 127.22(12) 127.20 [
C16—CI17—H]17 127.15(13) 127.17 |
N10—C18—C17 108.35(11) 108.39

N10—CI8—H]I8 125.79(12) 125.79
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Cl17—CI8—HI8 125.86(12) 125.81

N10—N9—H9B 117.83(138) 117.80

N9—NI10—HI10A 118.75(150) 118.75

[PA.PZ"’H,"] (4d)

Bond Lengths

01—C6 1.251(2) 1.318 B

02—NI 1.220(2) 1.251

03—NI 1.216(2) 1.220 -

04—N2 1.226(2) 1227

05—N2 1.225(2) 1.232

06—N3 1.226(2) 1.228

O7—N3 1.224(3) 1.224

NI—C] 1.458(2) 1.454 E

N2—C3 1.448(3) 1.466

N3—C5 1.450(2) 1.473

N4—C8 1.330(2) 1.335

N4—N5 1.340(2) 1.356

N4—H4A 0.95421) 1.061

N5—C10 1.337(3) 1.358

N5—H5 0.860(2) 1.009 -

C1—C2 1.364(3) 1.391 ]

C1—Co6 1.447(2) 1.423

C2—C3 1.389(2) 1.384 |

C2—H2 0.930(1) 1.081

C3—C4 1.377(2) 1.400 |
| C4—C5 - 1.3793) | 1.381

C4—H4 0.930(2) 1.093

C5—C6 1.442(2) 1.415

C7—C8 1.480(3) 1.498

C7—HT7A 0.960(2) 1.091

C7—H7B 0.960(2) 1.096

C7—H7C 0.960(2) 1.095

C8—C9 1.390(3) 1.417

C9—C10 1.377(3) 1.383

C9—H9 0.930(2) 1.080

C10—Cl1 1.488(3) 1.495 B
| C11—HI1IA 0.960(2) 1.096
ClI—HI1IB 0.959(2) 1.096

Cl1—HI1IC 0.960(3) 1.091

Bond Angles

03—N1—02 123.70(13) 124.58

03 NI Cl 118.36(12) 119.02
' 02—NI-—CI 117.93(12) 117.79

05—N2—04 123.42(15) 124.58

05—N2—C3 118.36(12) 117.67

04—N2—C3 | 118.22(13) 117.74
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07—N3—06 122.52(13) 126.25
07—N3—C5 118.98(12) 117.32
06—N3—C5 118.48(12) 116.39
C8—N4—N5 108.71(12) 104.85
C8—N4—H4A 127.47(132) 126.74
N5—N4—H4A 123.80(149) 122.79
C10—N5—N4 109.89(12) 113.26
| C10—N5—H5 125.06(14) 128.52
N4—N5—HS5 125.04(13) 118.24
C2—C1—C6 125.70(12) 122.01
C2—CI—NI 117.22(11) 117.71
C6—C1—NI 117.06(11) 120.26
Cl—C2—C3 117.70(12) 118.83
Cl—C2—H2 121.12(13) 120.12
C3—C2—H2 121.18(13) 121.03
C4—C3—C2 121.56(12) 121.98
C4—C3—N2 119.01(12) 119.86
C2—C3—N2 119.42(11) 118.14
C3—C4—C5 119.85(12) 117.97
C3—C4—H4 120.11(13) 122.31
C5—C4—H4 120.04(13) 119.63
C4-—C5—C6 123.24(12) 123.19
C4 C5—N3 115.99(11) 117.56
C6—C5—N3 120.74(11) 119.24
01—C6—CS 127.02(12) 120.03
01—C6—Cl 120.97(12) 123.97
C5—C6—Cl [11.91(11) 115.96
C8—C7—H7A 109.46(15) 110.72
C8—C7—H7B 109.47(15) 111.3]
C8—C7—H7C 109.47(16) 110.94
N4—C8—C9 107.62(12) 110.60
N4—C8—C7 120.77(13) 121.25
C9—C8—C7 131.59(14) 128.14
C10—C9—C8 106.82(13) 105.84
C10—C9—H9 126.60(15) 126.62
C8—C9—H9 126.57(14) 127.52
' N5—C10—C9 106.95(13) 105.48
N5—C10—Cl1 121.49(14) 122.75
C9—C10—Cl1 131.51(14) 131.76
CI0—CII—HIIA 109.46(15) 111.75
Cl0—C11—HIIB 109.46(16) 110.03
C10—ClI—HIIC 109.44 111.80
PA Pz "“*H,".CH;0H] (de)
Bond Lengths
NI-N2 1.350(3) 1.370
NI-C2 1.330(2) 1.357
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NI-HI 0.912(23) 1011
N2- C4 1.347(3) 1.360
N2 - H2A 1.014(22) 1011
C3- H3 0.930(2) 1.078
C3-C2 1.389(2) 1.386
C3-C4 1.387(3) 1.408
C6 -H6 0.931(2) 1.087
C6- C5 1.392(2) 1.410
C6 -C7 1.386(3) 1.389
¢5-€Cl16 1.400(3) 1.408
C5-C4 1.467(3) 1.447
C2 -Cl 1.488(3) 1.491
| C10-HIO 0.930(2) 1.085
C10-C9 1.381(3) 1.389
C8- H8 0.930(2) 1.084
C8-C7 1.382(3) 1.399
C8-C9 1.383(3) 1.398
C7-H7 0.930(2) 1.085
C9- H9 0.930(2) 1.088
Cl-HIA | 0.960(2) 1.095
Cl-HIB 0.959(2) 1.090
Cl-HIC 0.960(2) 1.093
CI15-HI5 0.930(2) 1.081
Cl15-Cl6 1.377(2) 1.368
Cl5-Cl4 1.380(3) 1.407
CI2-C13 1.369(2) | 1.368
CI2-Cl1 1.450(3) 1.485
CI2-N5 1.453(3) 1.461
CI3-HI3 0.930(2) 1.081
C13-Cl4 1.385(3) 1.407
Cl6-Cl1 1.452(3) 1.485
C16-N3 1.452(3) 1.460
C11-01 1.249(2) 1.225
Cl14-N4 1.446(2) 1.410
N3-03 1.235(2) 1.24]
N3-02 1.232(2) 1.227
N5-07 1.232(2) 1.241
N5-06 1.229(2) 1.227
N4-05 1.230(2) 1.251
N4-04 1.236(2) 1.253
Bond Angles
C2—NI1—N2 109.57(14) 108.68
C2—NI—HI 132.79(136) 126.97
N2—NI—H] 117.64(142) 119.58
C4—N2—N1 108.79(14) 109.28
C4—N2—H2A 133.09(119) 125.46

230




NI—_N2—H2A 117.54(119) 119.37
Cl6—Cl5—Cl4 119.65(16) 120.05
Cl6—C15—HI5 120.17(17) 119.79
Cl4—C15—HI5 120.18(16) 120.14
CI3—Cl2—Cl1 125.07(15) 124.24
CI3—CI2 N5 115.74(14) 116.01
ClI—C12—N5 119.19(14) 119.74
Cl2—Cl13—Cl4 118.78(15) 120.06
C12—CI13—HI3 120.65(16) 119.80
Cl4—CI13—HI3 120.57(17) 120.13
CI5Cl6—N3 115.59(15) 116.02
CI5Cl6—Cl]1 123.93(16) 124.25
N3—Cl16—Cl | 120.46(14) 119.72
Ol—ClI—CI2 122.88(15) 124.47
01—C11—Cl16 125.80(16) 124.44
Cl2—Cl1_Cl6 111.32(14) 111.08
Cl15-Cl4—Cl3 121.05(15) 120.21
C15—Cl4—N4 119.77(14) 119.89
C13—Cl14 N4 119.16(14) 119.88
C4_C3—C2 106.87(15) — [107.86
C4 C3—H3 126.53(17) 126.04
C2—C3—H3 126.60(18) 126.07
C7—C6—C5 120.37(16) 119.79
C7—C6—H6 119.82(17) 119.56
C5--C6—H6 119.81(17) 120.58
C6—C5—CI0 118.99(16) 119.62
C6—C5—C4 121.84(15) 121.12
Cl10—C5—C4 119.16(16) 119.24
NI—C2—C3 107.53(15) 107.48
NI—C2—Cl 121.92(15) 121.70
C3 -C2—Cl 130.51(16) 130.77
C9—_CI10—C5 120.05(16) 120.30
C9—CI10—HI10 119.94(17) 119.54
C5—C10—HI10 120.01(17) 120.11
C7—C8C9 119.73(17) 120.57
C7—C8-H8 120.15(19) 121.32
C8-C7—C6 120.27(17) 120.06
C8_C7—H7 119.82(18) 120.21
C6—C7—H7 119.90(18) 119.71
N2—C4C3 107.24(14) 106.30
N2—C4—C5 122.46(15) 122.66
C3—C4 C5 130.26(15) 131.02
C10—C9—C8 120.59(17) 1119.62
C10—C9—H9 119.71(19) 121.09
C8_C9_H9 119.71(18) 119.27
C2—CIl—HIA 109.51(17) 110.74
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C2—CIl—HIB 109.48(17) 109.85
C2—Cl—HIC 109.49(17) 111.47 |
02—N3—03 122.08(14) 123.98 -
02— N3—Cl6 119.38(14) 118.50
03—N3—Cl16 118.53(14) 117.48
06—N5—07 122.76(14) 124.00 )
06—N5—C12 119.11(14) 118.49 N
07—N5—CI2 118.07(14) 117.48
05—N4—04 [ 123.41(15) 121.93 ]
05—N4—Cl4 118.31(14) 119.18
04—N4—Cl4 118.27(13) 118.87

| 2PA".2H,dmpzH’.CH;CN] (4f) |
Bond Lengths
C4—O0] 1.266(3) 1.222
C4—C5 1.430(3) 1.486
C4—C3 1.434(3) 1.485
Cl—C2 1.391(4) 1.403 ]
c1—C6 1.372(4) 1.415
Cl1—N2 1.447(4) 1.406
C5—C6 1.383(4) 1.363
C5-NI 1.454(3) 1.466
7 1.356(4) 1.370
C3—N3 1.464(4) 1.453 _
C2—H2 0.930(2) 1.079 ]
C6—H6 0.930(3) 1.082
02—NI 1.227(4) 225 I
03—NI 1.227(3) 1.235 B
04—N2 1.224(4) 1.230
05—N2 1.222(4) 1.281
06—N3 1.208(3) 1.222
07—N3 1.210(4) 1.253
Cl6—C21 1.480(3) 1.489
C16—N10 1.341(5) 1.340
N9—N10 1.348(3) 1.352 ]
N9—H9AA 0.875(32) 1.010
N10—HI10A 0.882(34) 1.059

| N8—N7 1.353(3) 1.354
N7—H7AA 0.898(25) 1.008
C18—N9 1.331(3) 1.349
C21—H21A 0.959(3) 1.092 -
C21—H21B 0.960(3) 1.091
C21—H21C 0.960(3) 1.095
C18—C22 1.494(5) 1.491 ]
C22—H22A 10.960(2) 1.091

C22—H22B 0.960(2) 1.095
C22—H22C 0.960(4) 1.094
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C17—Cl4 1.467(4) 1.467 |
Cl14—CI5 1.383(3) 1.430 [
C13—Cl4 1.412(5) 1.395

C13—C19 1.476(3) 1.495

C19—HI9A 0.960(4) 1.095 |
C19—HI19B 0.960(2) 1.090 !
C19—HI19C 0.961(4) 1.095 ‘
C15—N7 1.353(5) 1.328

C15—C20 1.486(3) 1.498

C20—H20A 0.960(3) 1.091

C20—H20B 0.959(2) 1.095

C20—H20C 0.959(3) 1.096

CI13—N8 1.337(3) 1.354

Bond Angles
01—C4—C5 127.56(19) 124.55

01—C4—C3 120.00(19) 124.45

C5—C4—C3 112.41(19) 110.98

C6—C1—C2 121.34(21) 119.87

C6—C1—N2 119.52(21) 120.28 -
C2—C1—N2 1 119.1321) 119.83 -
C6—C5—C4 122.62(20) 123.88

C6—C5—NI 116.40(19) 115.92

C4—C5—NI 120.97(19) 120.18

C2—C3—C4 126.20(21) 124.71

C2—C3—N3 118.76(21) 116.30 |
C4—C3—N3_ 115.04(19) 118.98 -
C3—C2—Cl 117.30(22) 119.78 B l
C3—C2—H2 121.30(23) 120.10 l
C1—C2—H2 121.39(23) 120.10

C1—C6—C5 120.11Q21) 120.66 ]
C1—C6—H6 119.92(23) 120.79

C5—C6—H6 119.98(22) 118.50

06—N3—07 124.34(22) 124.94

06—N3—C3 118.03(20) 117.77 B
07—N3—C3 117.63(21) 117.25

02—N1—03 122.34(19) 123.46

02—N1—C5 | 119.14(19) 119.54 B
03—NI1—C5 118.51(19) 116.98

05—N2—04 123.77(24) 120.52

05—N2—Cl| 118.17(22) 120.50

04-—N2—C| 118.06(22) 118.97 |
C18—C17—Cl6 105.66(18) 105.95 1
C18—C17—Cl4 127.96(19) 127.22 J
Cl6—C17—Cl4 126.36(18) 126.81 |
N8—C13—Cl4 110.92(17) 111.02

N8—C13—C19 122.62(19) 120.35
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Cl4—C13—C19 126.46(19) 128.61
N9—C18—Cl17 108.50(18) 108.01
N9—C18—C22 121.63(18) 122.13
C17—C18—C22 129.8(2) 129.83
CI15—Cl4—CI13 105.25(18) 105.24
C15—Cl14—C17 127.59(18) 127.39
Ci3—Cl4—Cl17 127.16(18) 127.35
N10—C16—C17 107.91(17) 107.15
N10—C16—C21 121.77(20) 122.39
C17—Cl6—C21 | 130.32(20) 130.45
N7—Cl5—Cl4 106.16(17) 104.96
N7—C15—C20 122.91(19) 122.48
C14—C15—C20 130.93(20) 132.54
C18—N9—NI10 109.11(17) 108.7 9
C18—N9—HI9AA 128.88(203) 133.44
NI10—N9—H9AA 122.00(226) 117.03
Cl16—N10—N9 108.80(18) 110.07
Cl6-—NI10—HI10A 121.69(212) 130.41
N9—NI10—HI0A 129.5(22) | 11951
C13—N8—N7 104.79(17) | 104.55
C15—N7—N8 112.87(17) 114.21
C15—N7—H7AA 126.69(155) 125.96
N8—N7—H7AA 120.27(160) 118.81
[PA".phenH'.CH;0H] (4g)

Bond Lengths

01—Cl 1.242(9) 1.243
02—N4 1.219(7) 1.236
03—N4 1.221(6) 1.233
04—N3 1.218(10) 1.245
O5—N3 1.218(4) 1.235
06—N5 1.218(5) 1.235
O7—N5 1.234(11) 1.235
N1—C7 1.325(4) 1.337
NI—CI8 1.361(11) 1.366
NI—HIB 0.896(28) 1.044
N2—Cl6 B 1.320(5) 1.321
N2—C17 1.355(9) 1.413
N3—C6 1.449(7) 1.444
N4—C2 1.452(11) 1.457
N5—C4 1.450(11) 1.450
C1—Cé6 1.451(11) 1.466
Cl1—C2 1.454(5) 1.466
C2—C3 1.373(10) 1.375
C3—C4 1.376(11) 1.402
C3—H3A 0.930(4) 1.082
C4—C5 1.380(6) 1.391
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C5—C6 137(1) 1385
C5—H5A 0.930(7) 1.081
C7—C8 1.383(10) 1399
C7T—HTA 0.930(8) 1.088
C8—C9 1370(11) 1380
C8—HSA 0.931(3) 1.082
C9—C10 1.399(5) 1414
C9—HY 0.930(7) 1.086
Cl0—C18 1.402(10) 1414
CI0—CI1 1.437(12) [.434
ClI—C12 1347(5) 1362
Cli—H11 0.930(7) 1.085
Cl2—C13 1.426(10) [.433
CI2—HI2 0.930(8) 1.086
Cl13—C14 1.405(5) 1414
C13—C17 1.408(12) 1.420
Cl14—C15 1358(10) 1379
Cla—H14 0.930(8) 1.086
Cl5—Cl6 1.403(11) 1413
CI5—HI5 0.930(4) 1.084
CI7—Cl18 1.433(5) 1.440
Bond Angles
C7—N1—C18 122.63(17) 123.170
C7—NI—HIB 116.78(141) 117.90
CI8—NI—HIB 120.56(155) [18.89
Cl6—N2_Cl17 116.82(16) 118.14
05—N3—04 122.502) 122.04
05—N3—C6 118.40(18) [18.82
04—N3—C6 119.02(17) 119.11
02—N4—03 122.12) 123.76
02— N4—C2 119.22(19) 118.06
03—N4—C2 118.64(18) 118.12
06—N5—07 124.00(23) 12422
06—N5—C4 118.57(19) 117.80
07—N5—C4 117.42(21) 117.96
O1—C1—C6 124.01(17) 124.09
01-—Cl—C2_ 124.47(16) 7123.65
C6—C1—C2 111.52(15) 11222
C3—C2—N4 116.45(17) 7.1
C3_C2_Cl 124.13(16) 123.77
N4—C2—Cl 119.33(16) 119.10
C2—C3—C4 119.25(19) 119.41
C2_C3H3A 120.35(18) 120.43
C4—C3—H3A 120.4(2) 120.13
C3—C4—C5 121.48(18) 121.00
C3—C4—N5 119.68(19) 119.46
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236

| C5- C4—N5 118.80(18) 119.48
C6—C5—C4 119.09(18) 119.72
C6—C5—HSA 120.45(20) 120.10
C4—C5—HSA 120.46(19) | 120.16
C5—C6—N3 116.27(17) 116.99
C5—C6—Cl 124.45(17) 123.23
N3—C6—Cl [ 119.26(16) 119.77
N1—C7—CS8 120.13(18) 119.76
C7—C8—HSA | 120.26(20) 115.14
C8—C9—CI0 120.48(19) 120.56
C8—C9—H9 119.82(21) 120.44
C10—C9—H9 119.7(2) 118.98
C9—C10—Cl18 118.04(17) 117.98
C9—C10—Cl1 123.49(18) 123.05
C18—Cl0—ClI 118.46(17) 118.96
C12—C11—CI10 120.61(19) 120.93
C12—CI1—HII 119.72) 120.74
C10—CI11—HII 119.68(20) 118.32
C11—C12—Cl13 121.62(19) 121.03
Cl1—C12—HI2 | 119.16(20) 120.35
C13—CI12—HI2 119.22(21) 118.60
Cl4—C13—Cl17 116.56(17) 116.62
C14—C13—C12 123.60(18) 123.49

| C17—C13—=C12 119.82(18) 119.87
C15—Cl14—CI3 119.53(19) 119.39

| C15—Cl4—H14 | 120.22(21) 121.03

| CI3—Cl4—Hl14 | 120.25(20) 119.56
Cl4—C15—Cl6 119.44(20) 119.02
Cl4—C15—HI5 120.3(2) 121.13
C16—CI5—HI5 120.26(20) 119.83
N2—C16—C15 123.52(19) 119.02
N2—Cl6—HI16 118.23(20) 119.83
C15—Cl6—HI16 118.25(21) 121.13
N2—C17—CI3 124.12(17) 123.71
N2—C17—CI8 117.80(16) 117.83
C13—C17—C18 118.05(16) 118.45
NI—CI18—CI0 119.16(17) 119.05
NI—C18—C17 119.39(16) 120.26
Cl10—C18—Cl17 121.44(16) 120.68
NI—C7—H7A 119.92(20) 115.14
C8—C7—H7A 119.95(21) 125.05
C9-—C8—C7 119.5(2) 119.41 )

| C9—C8—HSA 1120.24(20) 121.76
[2PA".terpyH, "] (4h)

Bond Lengths -
01—C2] | 1.225(6) | 1.240




02—N4 1.149(10) 1.140
03—N4 1.186(9) 1.230 -
04—N5 1.170(9) 1.233

05—N5 1.179(8) 1.242

06—N6 1.223(8) 1.237

07—N6 1.231(7) 1.238

08-—C22 1.271(5) 1.272

09—N7 1.225(5) 1.236

010—N7 11.221(5) 1.227

O11—N8 1.223(5) 1.237

O12—N8 1.217(5) 1.232

013—N9 1.213(5) 1.231

O13—N9 1.213(5) 1.232

NI—CI 1.343(5) 1.339

N]—C5 1.355(5) 1.359 |
N1—HIA 0.964(102) 1.038 ;
N2—C6 1.336(5) 1.333 !
N2—C10 1.341(5) 1.334

N3—CI15 1.328(5) 1.344 -
N3—Cl1 1.357(5) 1.356 -
N3—H3A 0.997(49) 1.058 )
N4—C16 1.446(8) 1.464

N5—C20 1.466(7) 1.461 )
N6—C18 1.447(5) 1.459 )
N7—C23 1.467(5) 1.458

N8—C27 1.475(5) | 1.449 B
N9—C25 1.462(5) 1.444

Cl—C2 1.373(5) 1.382

Cl—HI 0.930(4) 1.081 N
C2—C3 1.390(6) 1.389

C2—H2 0.931(4) 1.08]

C3—C4 1.388(5) 1.398

C3—H3 0.930(4) 1.081

C4—C5 1.385(5) 1.383

C4—H4 0.929(4) 1.081

C5—C6 1.481(5) 1.478

C6—C7 1.388(5) 1.404

C7—C8 1.395(5) 1.391

C7—H7 0.931(4) 1.083 ]
C8—C9 1.395(6) 1.394

C8—HS8 0.930(4) 1.084

C9-—Cl10 1.392(5) 1.399 ]
| C9—HY9 0.930(4) 1.083

Cl10—Cl1 1.487(5) 1.479 )
Cl1—CI2 1.372(5) 1.394 ]
C12—Cl3 1.400(6) 1.393 )
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CI12—H]12 0.930(4) 1.082
C13—Cl4 1.377(6) 1.395

C13—HI3 0.930(4) 1.085

Cl4—Cl5 1.384(5) 1.387

Cl4—HI4 0.929(4) 1.083

Cl15—HI5 0.930(4) 1.085

Cl6—Cl17 1.343(6) 1.394

| Cl6—C2I 1.463(6) 1.452

[ C17—CI8 [ 1.389(6) [ 1.386
C17—H17 0.930(4) 1.008

C18—C19 1.389(6) 1.394

C19—C20 1.370(7) 1.378

C19—H19 0.930(4) 1.082

C20—C21 1.444(6) 1.451

C22—C27 [ 1.429¢5) 1.469

C22—C23 1.435(5) 1.469

C23—C24 1.380(5) 1.385

C24—C25 1.371(6) 1.392

C24—H24 0.930(4) 1.081

C25—C26 1.388(5) 1.403

C26—C27 1.358(5) 1.371

C26—H26 0.930(4) 1.082

Bond Angles

C1—N1—C5 123.32(32) 124.65
CI—NI—HIA 140.07(594) 118.31
| C5—NI—HIA [95.07(644) 96.99

C6—N2—C10 118.55(31) 119.56
C15—N3—Cl1 122.74(34) 123.41
C15—N3—H3A 112.68(264) 115.81
CI1—N3—H3A 124.57(290) 120.76
02—N4—03 110.55(74) 124.94
02—N4—Cl6 122.99(62) 123.80
03—N4—Cl6 121.18(57) 120.39
04—N5—05 117.80(69) 117.66
| 04—N5—C20 119.31(50) 117.59
05—N5—C20 122.88(54) 118.53
06—N6—07 124.03(60) 122.92
06—N6—C18 116.85(39) 117.39
07—N6—C18 119.11(37) 117.66
010—N7—09 124.21(36) 122.61
010—N7—C23 117.50(31) 118.39
09—N7—C23 118.29(32) 118.95
O12—N8—O11 | 124.59(38) 124.61
O12—N8—C27 117.61(34) 117.73
O11—N8—C27 117.79(31) 117.83
O13—N9—O014 123.80(33) 122.39

238




239

O13—N9—C25 118.77(31) 118.76
O14—N9—C25 117.42(30) 119.43
N1—C1—C2 120.23(33) 120.56
Nl—Cl1—HI 119.80(36) 117.88 |
C2—Cl—H1 119.97(40) 123.44 ‘
C1—C2—C3 118.45(38) 118.66 ]
Cl—C2—H2 120.76(36) 119.23
C3—C2—H2 120.78(36) 122.04
C4—C3—C2 120.14(34) 119.94 ]
C4—C3—H3 119.94(35) 119.03
C2—C3—H3 119.92(41) 119.03
C5—C4—C3 120.03(33) 119.47
C5—C4—H4 119.95(39) 121.07
C3-—C4—H4 120.02(36) 119.03 -
NI—C5—C4 117.83(34) 118.82
N1—C5—C6 115.54(31) 116.45 !
C4—C5—C6 126.62(32) 124.61 |
N2—C6—C7 122.87(35) 122.03 '
N2—C6—C5 114.80(31) 114.83
C7—C6—C5 122.33(32) 123.12
C6—C7—C8 118.42(33) 118.23
C6—C7—H7 120.80(39) 121.16
C8—C7—H7 120.78(36) 120.59
C7—C8—C9 119.18(34) 119.73
C7—C8—HS8 120.43(35) 120.11
' C9—C8—HS8 120.38(41) 120.14
C10—C9—C8 118.08(36) 117.79
C10—C9—H9 120.99(35) 121.74
C8—C9—H9 120.93(36) 120.45
N2—C10—C9 122.89(32) 122.63 |
N2—C10—Cl1 114.80(31) 114.08 lj
C9—C10—Cl 1 122.30(34) 123.28 t
N3—CI1—CI12 119.03(33) 118.13 |
N3—C11—C10 116.50(33) 116.69 h
CI12-Cl1I—CI0 124.46(34) 125.13
£11=L12-€138 119.34(35) 119.83
Cl1—CI12—HI2 120.30(36) (11971 -
C13—CI2—HI2 120.36(41) 120.41
C14—C13—CI12 119.83(40) 1 120.02
C14—CI13—HI3 120.12(38) 120.29
C12—CI13—HI3 120.05(40) 119.67 ]
C13—Cl14—Cl5 118.90(34) 118.56
CI3—Cl4—H14 120.55(43) 121.69
C15—Cl4—Hl4 120.55(39) 119.74 _
N3—C15—Cl4 120.13(35) 120.01 |
N3—C15—HI5 119.90(39) 115.03 B J
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Cl14—CI15—HIS 119.97(36) 124.94
Cl17—C16—N4 115.52(43) 115.62
Cl17—Cl6—C21 125.82(41) 122.87
N4—Cl16—C21 118.66(43) 121.49
Cl6—CI17—Cl18 119.15(37) 120.06
Cl6—C17—H17 120.31(38) 119.70 |
C18—CI17—H17 120.54(42) 120.23
Cl7—CI18—CI19 120.2(4) 120.92
| C17—CI18—N6 118.19(36) 119.62 -
C19—CI8—N6 121.59(37) 119.44 |
C20—C19—C18 119.81(43) 118.89 |
C20—C19—HI9 120.14(47) 120.71 |
CI8—CI9—HI9 120.05(44) 120.38
C19—C20—C21 124.39(43) 124.39
| C19—C20—NS5 116.47(45) 115.89
C21—C20—N5 119.14(39) | 119.70
01—C21—C20 127.17(44) 121.06 N
01—C21—Cl6 122.23(42) 126.19
C20—C21—Cl6 110.59(38) 112.69
08—C22—C27 124.21(35) | 125.68
08—C22—C23 124.18(33) 122.71 -
C27—C22—C23 111.60(31) 111.57
C24—C23—C22 124.39(33) 124.63 |
C24—C23—N7 116.48(33) 116.78
C22—C23—N7 119.12(31) 118.56
C25—C24—C23 118.46(35) 119.09
C25—C24—H?24 120.77(36) 119.89
C23—C24—H24 120.77(36) 120.98
C24—C25—C26 121.62(34) | 120.68 |
C24—C25—N9 118.98(33) 119.49
C26—C25—N9 119.31(31) 119.78
C27—C26—C25 118.14(32) 120.24 |
| C27—C26—H26 120.93(38) 119.86
C25—C26—H26 120.93(36) 119.87
C26—C27—C22 125.43(35) 123.18
C26—C27—N8 117.77(31) 116.23
C22—C27—N8 116.68(31) 120.57
[PA.hmta] (4i) -
Bond Lengths
01—l 1.245(2) 1.317
O1—HI 0.820(1) 0.994
0O2—NI 1.207(2) 1.226
O3—NI 1.223(2) 1.229
04—N3 1.236(2) 1.227 ]
O5—N3 1.227(2) 1227
06—N2 1.227(2) 1220




O7—N2 1.232(2) 1.252 ]
N1—C6 1.470(2) 1.474 [
N2—C2 1.446(2) 1.455 |
N3—C4 1.441(2) 1.472
N4—Cl 1 1.445(2) 1.480
N4—C7 1.473(2) 1.486
N4—C8 1.477(2) 1.481
N5—C9 1.441(2) 1.475
N5—C8 1.471(2) 1.473
N5—C12 1.476(2) 1.477 -
N6—Cl1 1.515(2) 1.474
N6—C10 1.517(2) 1.476 B
N6—C9 1.520(2) 1.479 !
N7—C10 1.447(2) 1.476
N7—C7 1.468(2) 1.474
N7—CI2 1.474(2) 1.474
C1—C2 1.458(2) 1.424
C1—C6 1.459(2) 1.416
C2—C3 1.372(3) 1.392
C3—C4 1.378(2) | 1.384
C3—H3 0.930(1) 1.081 |
C4—CS 1.391(2) 1.398
C5—C6 1.366(3) 1.383 -
C5—H5 0.930(2) 1.094

| C7—H7A 0.970(1) 1.094
C7—H7B 0.970(2) | 1.093 )
C8—HSA 0.970(2) 1.095 '
C8—HSB 0.970(2) 1.094
C9—H9A 0.970(2) 1.095
C9—H9B 0.970(2) 1.095
C10—HI0A 0.969(2) 1.095
C10—HI10B 0.971(1) 1.095
Cl1—HI11A 0.970(1) 1.093
Cl11—HI11B 0.971(2) 1.093
C12—HI2A 0.970(2) 1.095
Cl12—HI2B 0.969(2) 1.095 |
Bond Angles |
Cl—O1—HI 109.43(15) 106.56
02—N1—03 122.33(17) 126.08
02—NI1—C6 119.93(13) 117.70
03—N1—C6 117.73(14) 116.16 )
06—N2—07 121.19(14) 123.13
06—N2—C2 118.89(13) 119.08 -
07—N2—C2 119.92(15) 117.72
05—N3—04 122.89(14) 125.43 |
05—N3—C4 119.13(13) 117.69
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04—N3C4 117.97(15) 116.86
Cll—N4—C7 109.16(12) 107.49

Cl11—N4—C8 108.70(12) 107.79

C7—N4—C8 108.25(11) 107.79

C9—N5—C8 109.17(13) 107.93

C9 N5 ClI2 109.13(12) 108.04

C8_ N5 CI2 108.22(12) 107.83

CI1—N6—CI10 108.54(11) 107.90

C11—N6—C9 108.66(11) 107.66

C10—N6—C9 108.42(11) 107.71

Cl0—N7—C7 108.99(13) 107.95

C10—N7—CI2 108.71(12) 107.86

| C7—N7—C12 108.66(12) 108.09

01—Cl—C2 125.79(16) 123.78

01—Cl—C6 122.54(16) 120.35

C2—Cl1—C6 [11.66(14) 115.82 B
C3—C2—N2 115.57(15) 117.63

C3—C2—Cl 124.07(14) 122.13

N2—C2—Cl 120.36(13) 120.22 1
C2—C3—C4 192716) 118.84

C2—C3—H3 120.38(14) 120.27 ]
C4—C3—H3 120.35(14) 120.88 ]
C3—C4C5 121.48(13) 118.84

C3—C4—N3 119.49(15) 118.55 !
C5—C4—N3 119.00(13) 119.62 O
Co6—C5—C4 o [He.anasz 125
C6—C5—H5 120.44(17) 119.24

C4—C5 H5 120.46(14) 122.49

C5—C6—Cl 124.22(16) 123.06

C5—C6NI 115.75(13) 116.68

Cl—C6 NI [20.03(13) 120.24 o
N7—C7—N4 112.04(12) 112.41

N7—C7H7A [ 109.18(12) 108.77

N4 C7—HTA 109.25(13) 108.54

N7—C7—H7B 109.20(15) 109.51 B
N4—C7 H7B 109.19(14) 109.02

H7A—C7—H7B 107.89(13) 10849 i
N5—C8 N4 112.09(11) 112.59 |
N5—C8—HSA 109.20(15) 108.90 ]
N5 C8_H8B 109.20(13) 109.33 -
N4—C8—H8A 109.20(12) 108.73 —
N4—C8—H8B 109.18(13) 108.50

H8A—C8—H8B 107.87(15) 108.69 ]
N5—C9—N6 109.76(11) 112.67 —
N5—C9—HO9A 109.72(14) 109.12 N
N6—C9—H9A 109.72(13) 108.83
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N5—C9—H9B 109.73(15) 109.09

N6—C9—H9B 109.75(12) 108.72 -
H9A—C9—HIB 108.14(15) 108.30

N7—C10—N6 110.03(12) 112.74 -
N7—C10—HI10A 109.66(15) 108.86
N6—C10—HI10A 109.66(13) 108.89
N7—C10—H10B 109.65(13) 108.93
N6—C10—H10B 109.65(13) 108.95
H10A—C10—H]10 108.16(13) 108.35

N4—Cl1—N6 109.95(14) 112.82

N4—Cl1—HIIA 109.64(13) 109.01

N6—CIl1—HIIA 109.69(12) 108.54

N4—CIl1—HI 1B 109.64(14) 108.63

N6—C11—HI1B 109.70(13) 109.26
HI1A—CI11—HI1B 108.20(15) 108.46

N7—C12—N5 111.87(12) 112.58

N7—CI12—HI2A 109.21(13) 109.08
N5—CI12—HI2A 109.29(14) 108.88
N7—CI12—HI2B 109.26(12) 108.99 -
N5—C12—H12B | 109.24(14) | 108.85
HI12A—C12—HI2B 107.89(17) 108.35

[3PA.tptzH3*'| (4))

Bond Lengths

01—Cl 1.239(4) 1.239

02—NI 1.232(5) 1.228

03—N1 - 1.230(4) 1.236

04—N2 1.232(4) 1.233

05—N2 1.233(4) 1.231

06—N3 1.237(3) 1.229

07—N3 1.229(3) 1.232

08—C8 1.257(4) 1.231

09—N4 1.229(3) 1.242

010—N4 1.232(3) 1.230

O11—N5 1.233(4) 1.235

O12—N5 1.223(4) 1.235 B
013—N6 1.231(5) 1.229

014—N6 1.230(5) 1.217

015—ClI5 1.231(4) 1.257 ) |
O16—N7 1.243(5) 1.229 |
O17—N7 1.231(3) 1.230 |
0O18—N8 1.235(3) 1.222 ]
019—N8 1.236(3) 1.232

020—N9 1 1.230(4) 1.231

021—N9 1.218(5) 1.228 i
N1—C6 1.448(5) 1.451 B
N2—C4 1.436(5) 1.436
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N3—C2 1.452(4) 1.448 ]
N4—C7 1.457(5) 1.442

N5—Cl1 1.452(5) 1441 ]
N6—C9 1.460(4) 1.456 ]
N7—Cl16 1.442(3) 1.460 ]
N8—Cl18 1.442(5) 1.451

N9—Cl14 1.456(4) 1.456

N10—C19 1.339(4) 1.338

| N10—C23 1.350(4) 1.351

N10—H10A | 083131) 0.830 -
N11—C24 1.333(3) 1.332

NT1—C26 1.335(4) 1.335

NI12—C31 1.337(4) 1.336

NI12—C27 1.359(4) 1.359

NI2—HI2A 0.867(26) 0.867

NI13—C25 1.330(4) 1330 -
N13—C26 1.337(4) 1.336

N14—C25 1.332(4) 1.331 1
| N14—C24 1.334(4) 1.334

| C33—C34 1.340(4) 1338

C33—C32 1.356(4) 1.356

C33—H33 0.929(2) 0.929

ClC2 1.459(5) 1.459

Cl—C6 1.460(4) 1.459

C2C3 1.367(5) 1.381

C3—C4 1.390(4) 1.367

C3—H3 0.929(3) 0.929 }

C4—C5 1.385(5) 1.367

C5—C6 1.382(5) 1.367 ]
C5—H5 0.930(3) 0.929 B |
C7—CI2 1.380(4) 1.368 .

C7—C8 1.451(4) 1.471

C12—Cl1 1.374(5) 1.395 |
Cl2— HI2 0.930(3) 10930

C11—C10 1.394(4) 1.380

C10—C9 1.376(4) 1376

'CI0—HI10 10.93003) 0.930

C9—C8 [.454(5) 1.465

Cl15—Cl6 1.466(4) 1.453 j
C15—C14 1.472(4) 1.451 ]
Cl4 CI3 1.369(5) 1.381

C13—C18 1.396(4) 1.373

CI13—HI3 0.931(2) 0.930

C18—C17 1.381(4) 1.394

CI7—Cl6 1.376(5) 1.375

C17—H17 0.930(3) 0.929



C19—C20 1.383(4) 1.382 |
C19—H19 0.931(3) 0.930

C20—C21 1.387(5) 1.386 N
C20—H20 0.930(3) 0.931

C21—C22 1.390(5) 1.390

C21—H21 0.930(3) 0.930

C22—C23 1377(4) 1376 |
C22—H22 0.930(3) 0.930

C23—C24 1.480(4) 1.480

C25—C32 1.474(4) 1.473 ' j
C26—C27 1.480(4) 1.479 J‘
C27—C28 1.378(4) 1.377 r
C28—C29 1.398(4) 1.397

C28—H28 0.930(3) 0.930

C29—C30 1.385(4) 1.384

C29—H29 0.930(3) 0.931 B
C30—C31 1.383(4) 1.383

C30—H30 0.930(3) 0.930

C31—H31 0.930(3) 0.930

C32—NI5 1.381(4) 1381

N15—C36 1.390(5) 1.390

N15—HI5 1.102(28) 1.101

| C36-—C35 1.384(5) 1.384

C36—H36 0.930(3) 0.929

C35C34 1.372(4) 1.371 ]
C35—H35 0.930(3) - 10.929 B
C34—H34 0.930(3) 0.930

Bond Angles ]
03—N1—02 123.00(19) 122.39

03—N1—C6 118.39(18) 118.25

02—NI—C6 118.61(18) 119.33 B
04—N2—05 123.21(20) 122.72

04—N2—C4 118.13(18) 118.41

05—N2—C4 118.66(18) 118.85 ]
07—N3—06 123.88(18) 121.78

O7—N3—C2 118.68(17) 118.78

06—N3—C2 117.41(17) 119.40

09—N4—010 122.02(19) 123.17

09—N4—C7 119.63(18) 118.82

O10—N4—C7 118.34(18) 117.99

O12—N5—O011 123.46(22) 123.44

O12—N5—Cl1 118.70(19) 118.68

O11—N5—Cl1 117.84(20) 117.86 -
014—N6—013 123.17(17) 122.03 |
014—N6—C9 118.81(17) | 119.63 |
013—N6—C9 118.02(18) | 118.32
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017—N7—016 121.77(18) 123.86
017—N7—Cl16 118.81(15) 117.41
016—N7—Cl16 119.39(15) 118.69
O18—N8 019 122.74(16) 123.18
018—N8—CI18 118.84(17) 118.15
019—N8—CI138 118.41(16) 118.66
021—N9—020 122.36(18) 122.96
_021—N9—Cl4 119.35(18) [118.42
020—N9—C14 118.27(17) 118.60
C19—N10—C23 122.62(17) 122.55
C19—NI10—HI0A 119.60(175) 119.63
C23—N10—H10A 117.76(178) 117.78
C24—N11—C26 113.30(17) 113.33
C31—N12—C27 122.10(18) 122.11
C31—NI12—HI2A 115.54(177) 115.51
C27—NI12—HI2A 122.35(171) 122.36
C25—N13—C26 114.59(15) 114.55
C25—N14—C24 113.66(17) 113.66
C34—C33—C32 121.01(18) 121.01
 C34—C33—H33 119.48(17) | 119.52
C32—C33—H33 [119.51(18) 119.46
01—Cl1—C2 122.68(18) 124.99
01—C1—C6 126.47(19) 124.36
C2—C1—C6 110.84(17) 110.59
C3—C2—N3 116.01(17) 114.88
O e O e O 125.77(18) 124.67
N3—C2—Cl [ 118.20(17) 120.19
[ C2—C3—C4 118.44(19) 119.72
C2—C3—H3 120.78(20) 120.17
C4—C3—H3 120.78(21) 120.10
C5—C4—C3 121.18(20) 121.17
C5—C4—N2 119.93(19) 118.86
C3—C4—N2 118.87(18) 116.04
C6—C5—C4 119.75(19) 118.44
C6—C5—HS5 120.12(20) 120.78
C4—C5—H5 120.13(21) 120.76
C5—C6—NI 115.90(18) 116.04
C5—C6—Cl 123.89(19) 125.72
NI—C6—C] 120.20(18) 118.20
C12—C7—C8 123.76(19) 124.77
C12—C7—N4 115.77(19) 116.10
C8—C7—N4 120.47(18) 119.12
Cl1—C12—C7 119.62(20) 119.31
Cl1—CI12—HI12 120.20(22) 1120.33
C7—CI2—HI2 120.19(21) 120.35
C12—C11—C10 121.42(21) 121.02
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CI2—CI11—NS5 118.59(19) 120.48
C10—CI1—N5 119.98(20) 119.58
C9—Cl10—Cl] 118.71(20) 118.46
C9—C10—HI10 120.63(21) 120.13
Cl1—CIl0—HIO 120.66(22) 120.28
C10—C9—C8 124.34(19) 124.67
C10—C9—N6 115.84(18) 114.88
C8—C9—N6 119.75(18) 120.44
08—C8—C7 124.21(19) 124.36
08—C8—C9 123.71(18) 124.99
C7—C8 -C9 112.07(18) 110.59
015—CI15—Cl6 124.96(19) 124.19
015—CI5-—Cl4 124.40(17) 1 123.71
Cl6—CI5—Cl4 110.60(16) 1112.08
C13—Cl4 N9 116.09(18) 115.82
C13—C14—Cl5 124.81(17) 124.34
N9—C14—CI5 119.10(16) 119.74
Cl14—CI3—CI8 119.26(19) 118.69
C14—CI3—HI3 120.36(18) 120.64
C18—CI13—HI3 120.38(18) 1120.66
C17—C18—Cl3 121.06(17) 121.46
C17—C18—N8 118.46(16) 118.54
C13—CI18—N8 120.44(18) 119.98
Cl6—C17—CI8 119.57(17) 119.59
Cl6—CI7—HI17 120.18(20) 120.14
C18—CI7—HI17 120.25(19) [ 120.26
C17—C16—N7 114.87(16) 114.85
C17—C16—Cl5 124.66(18) 123.73
N7—C16—CI5 120.47(16) 120.48
N10—C19—C20 119.51(19) 119.53
N10—CI19—HI9 120.23(19) 120.19
C20—C19—HI9 120.26(19) 120.27
C19—C20—C21 119.24(19) 119.28
C19—C20—H20 120.39(21) 120.40
C21—C20—H20 120.37(21) [ 120.31
C20—C21—C22 119.88(20) | 119.84
C20—C21—H2I 120.06(20) 120.08
C22—C21—H21 120.06(22) 120.07
C23—C22—C21 119.07(20) 119.04
C23—C22—H22 120.46(19) 120.50
C21 C22—H22 120.47(20) 120.45
N10—C23—C22 119.67(16) 119.72
N10—C23—C24 [ 117.82(17) | 117.77
C22—C23—C24 122.50(18) 122.48
NI11—C24 N4 126.86(17) 126.83
N11—C24—C23 118.78(17) 118.81
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N14-—C24--C23 114.34(17) 114.32 |
NI13—C25—N14 125.67(18) 125.67 |
N13—C25—C32 118.12(16) 118.13
N14—C25—C32 116.17(17) 116.16
NI1—C26NI3 125.72(18) 125.69
N11—C26—C27 118.30(17) 11829 |
N13—C26—C27 115.85(16) 115.89 )
N12—C27—C28 119.96(17) 119.95
N12—C27—C26 116.10(17) 116.07
C28—C27—C26 123.69(16) 123.71
C27—C28—C29 118.80(17) 118.80
C27—C28—H28 120.61(19) 120.60
C29—C28—H28 120.59(19) 120.59
| C30—C29—C28 119.71(19) 119.74 |
C30—C29—H29 120.14(20) | 120.09 ]
C28—C29—H29 120.14(19) 120.60
C31-—C30-C29 119.50(19) | 119.45 B
C31—C30-—H30 120.25(19) | 120.27
C29-—C30-—H30 120.26(21) 120.16
 NI12—C31—C30 119.86(18) | 119.87
| N12—C31—H3 120.11(20) | 120.17 - |
C30—C31—H3! 120.03(20) 119.94 |
C33—-C32—NI5 120.49(19) 120.45
C33—C32—C25 117.54(17) 117.55
N15-—-C32—C25 121.97(17) 121.98
C32—N15—C36 118.49(19) 1182 ]
C32—NI15—HI5 121.72(132) 121.73
C36—NI15—HIS5 119.73(130) 119.67
C35—C36—N15 120.06(21) 120.00
C35—C36-H36 119.94(23) 119.93 |
N15—C36—H36 120.0(2) 119.10 B ]
C34—C35—C36 119.10(21) 119.10 ]
C34—C35—H35 120.4521) 120.48
C36—C35—H35 120.45(22) 120.40 |
C33—C34—C35 120.84(19) 120.87
C33—C34—H34 119.55(21) 119.53

| C35—C34—H34 119.60(22) 1959

9. | [PA.Uronium] (4k)
Bond Lengths
01-—Cl 1.246(2) 1.256
C5—C6 1.374(3) 1.383
C5—C4 1.376(3) 1.392
C5—HS5 0.930(4) ) 1.081
C4-—C3 1.387(6) 1.392
C4—N2 1.453(2) 1.456
C6—Cl 1.442(6) 1.457
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C6—N3 1.451(4) 1.457
C3—C2 1.366(3) 1.382

C3—H3 0.930(2) 1.081

Cl1—C2 1.450(3) 1.457

C2—NI 1.459(6) 1.459 ) ?
N3—07 1.208(2) 1.239 - %
N3—06 1.218(6) 1.231

N2—04 1.221(4) 1.233
| N2—O05 1.227(6) 1.233

N1—O3 1.205(4) 1.231

N1—02 1.209(3) 1.239 |
011—C8 1.297(5) 1.335

Ol1—HI11 0.821(1) 0.967

N6—C8 1.305(3) 1.315

N6—HG6A 0.861(2) 1.034

N6—H6B 0.860(3) 1.008

C8—N7 1.304(3) 1.321

N7—H7A 0.860(3) 1.041

N7—H7B 0.860(3) 1.007

Bond Angles -

C6—C5—C4 119.72(17) 119.66

C6—CS5—HS 120.16(17) 120.09

C4—C5—H5 120.13(17) 120.24

C5—-C4—C3 121.08(17) 121.05

C5-—C4—N2 119.63(16) 119.46 )
C3—C4—N2 | 119.28(16) 121.05

C5—C6—Cl 123.68(17) 123.20 e
C5—C6—N3 116.37(16) 116.09

C1—C6—N3 119.95(15) 120.69

C2—C3—C4 118.84(17) 119.61 )
C2—C3—H3 120.55(18) 120.12

C4—C3—H3 120.61(19) 120.25

01—C1—C6 125.63(17) 123.67

01—C1—C2 122.32(17) 123.12

C6—Cl1—C2 112.04(16) 113.13

C3—C2—Cl 124.37(17) 123.27

C3—C2—NI1 116.33(17) 116.11

C1—C2—NI 119.28(16) 120.61

07-—N3—06 121.10(18) 122.79

07—N3—C6 121.21(16) 119.29

06—N3—C6 117.68(16) 117.89 1
04—N2—05 123.73(19) 124.63
| 04—N2—C4 118.47(16) [ 117.67 |
05—N2—C4 117.80(16) | 117.68

03—N]—02 122.13(20) | 122.78

03—NI1—C2 118.88(17) | 117.76
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02—N1—C2 118.95(18) 119.43
C8—OI11—HII 109.49(16) 111.64
C8—N6—HO6A 119.96(19) 119.84
C8—N6—H6B 120.01(19) 119.07
HO6A—N6-—H6B 120.03(21) 121.08
O11—C8-—-N7 115.74(18) 115.55
O11—C8—N6 121.42(18) 121.97
N7—C8—N6 122.84(19) 122.46
C8—N7—H7A 120.08(20) 120.20
C8-N7—H7B 120.04(20) 121.50
H7A—N7—H7B 119.87(25) 118.91
10. | [PA".3,5-diamino-1,2,4-triazolium] (41)
Bond Lengths
01—C3 1.252(3) 1.252
02—N6 1.224(7) 1.249
0O3—N6 1.236(4) 1.229
04—N7 1.231(4) 1.233
O5—N7 1.225(16) 1.232
O6—N8 1.223(11) 1.231
O7—N8§ 1.226(3) 1.235
NI—CI 1.345(22) 1.343
| N1—C2 1.378(5) 1.385
NI—HI - 0.877(25) 1.054
| N2—Cl 1.325(6) 1.347
| N2—N3 1.397(13) 1.397
| N2—H2 - 0.894(25) | 1.006
N3—C2 1.308(9) 1.317
N4—C2 1.341(20) 1.347
N4—H4A 0.867(25) 1.018
N4—H4B 0.867(27) 1.007
N5—C] 1.318(4) 1.347
N5S—HSA 0.861(14) 1.007
N5—HS5B 0.860(3) 1.019
N6—C4 1.448(21) 1.444
N7—C6 1.445(3) 1.456
N8—C8 1.460(7) 1.463
¢—-cs8 1.443(23) 1.457
C3—C4 1.454(8) 1.461
C4—C5 1.375(3) 1.388
C5—C6 1.37921) 1.387
C5—HS 0.929(4) 1.081
C6—C7 1.391(7) 1.398
C7—C8 1.359(3) 1.377
C7—H7 0.929(14) 1.082
Bond Angles
ClI—NI1—C2 1107.21(15) | 107.14

250




CI—NI—HI 124.65(164) 129.69
C2—NI1—HI 128.11(160) 122.95
CI—N2—N3 111.88(14) 112.49
C1—N2—H?2 126.15(137) 128.26
N3—N2—H2 121.68(144) 119.19
C2—N3—N2 103.32(15) 102.55
C2—N4—H4A 119.38(159) 118.46
C2—N4—H4B 121.31(170) 117.45
| H4A—N4—H4B 117.05(240) 118.41
C1—N5—H5A 120.00(17) 118.64
Cl-—N5—H35B 120.05(16) 118.04
H5A—N5—H5B 119.95(19) 117.23
02—N6—03 122.38(16) 122.41
02—N6-—C4 120.05(16) 119.36
O3—N6—C4 117.56(14) 118.19
05—N7—04 122.64(16) 124.67
O5—N7—C6 118.60(16) 117.61
04—N7—C6 118.77(16) 11771
06—N8—O7 123.21(15) 123.48
06—N8—C8 117.99(14) 117.41
O7—N8—C8 118.80(14) 119.07
N5—C1—N2 129.32(15) 128.52
N5—C1—NI 124.50(16) 125.48
N2—C1—NI 106.17(15) 105.93
N3—C2—N4 126.01(18) 127.38
N3—C2—NI 111.42(16) | 111.87
N4—C2—NI 122.55(17) 120.72
01—C3—C8 123.48(17) 122.33
01—C3—C4 124.96(16) 124.62
C8—C3—C4 111.45(14) 112.93
C5—C4—N6 117.06(16) 116.18
C5—C4—C3 123.44(16) 123.12
N6—C4—C3 119.45(14) 120.69
C4—C5—C6 120.02(17) 119.61
C4—C5—H5 120.03(18) 120.18
C6—C5—H5 119.95(18) 120.19
C5—C6—C7 120.67(17) 121.09
C5—C6—N7 120.45(17) 119.42
C7—C6—N7 118.83(16) 119.46
C8—C7—Co 118.69(16) 119.60
C8—C7—H7 120.64(19) 120.19
C6—C7—H7 120.66(17) 120.20
C7—C8—C3 125.55(17) 123.48
C7-—C8—N8 116.42(15) 116.47
C3—C8—N8§ 117.92(14) 120.03
11. | [PA".1/2¢cyclohexane-1,2-diaminium] (4m)
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Bond Lengths

01—C4 1.256(6) 1.265
02—N] 1.179(6) 1240
0O3—NI 1.217(16) 1.228
04—N2 1.214(16) 1.231
O5—N2 1.235(7) 1.231
06—N3 1.232(5) 1.228
O7—N3 1.219(9) 1.241
NI—C5 | 1.450(5) 1.458
N2—C7 1.442(7) 1.459
N3—C9 1.446(18) 1.457
| N4—C3 1.488(7) 1.505
N4—H4A 0.889(8) 1.049
N4—H4B 0.890(4) 1.044
N4—H4C 0.890(3) 1.020
Cl—ClI' 1.429(14) | 1.536
Cl—C2 1.466(8) 1.537
Cl-—HIA 0.969(9) 1.097
Cl—HIB 0.971(12) 1.094
C2—C3 B 1.479(8) 1.532
C2—H2A 0.969(7) 1.097
C2—H2B 0.969(13) 1.096
C3—C3i 1.438(15) 1.540
C3—H3 0.980(9) 1.093
C4—C5 1.449(19) 1.453
C4—C9 1.451(7) 1.452
C5—C6 1.371(7) 1.385
C6—C7 1.376(7) 1.390
C6—H6 0.930(12) 1.082
C7—C8 1.393(18) 1.391
C8—C9 1.360(7) 1.383
C8—H8 0.930(5) 1.082
Bond Angles
02—N1—03 120.23(40) 123.25
02—NI1—C5 121.63(37) 118.56
O3—NI1—C5 118.10(29) 118.14
| O4—N2—05 122.38(38) | 124.93
04—N2—C7 119.39(37) 117.51
O5—N2-—C7 118.23(37) 117.54
O7—N3-—06 122.37(36) 123.01
O7—N3--C9 119.90(29) 118.77
O6—N3-—C9 117.71(30) 118.79
C3—N4—H4A 1 109.43(37) 112.78
C3-—N4—H4B 109.50(31) 111.19
H4A—N4—H4B 109.52(28) 110.62
C3—N4—H4C 109.45(33) 106.68
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H4A—N4—H4C 109.47(35) 106.95 )
H4B—N4—H4C 109.46(32) 108.44
Cl'—C1—C2 116.84(45) 111.87 0
ClI'—CI—HIA 108.11(51) 110.24 )
C2—Cl1—HIA 108.16(50) 109.57
C1I'—CI—HIB 107.98(56) 109.48
C2—C1—HIB 108.08(64) 108.93
HIA—CI—HIB 107.31(93) 106.56
€1—C2—C3 | 113.55(42) 110.23
C1—C2—H2A 108.8(6) 110.78
 C3—C2—H2A 108.85(55) 110.06
C1—C2—H2B 108.86(39) 109.40
C3—C2—H2B 108.90(39) 109.25
H2A—C2—H2B 107.73(50) 107.04
C3i—C3—C2 115.9(4) 114.56
C3i—C3— N4 116.53(39) 115.70 ;
C2—C3—N4 112.41(35) 112.03
C3i—C3—H3 103.26(55) 108.95
C2—C3—H3 103.14(51) 109.61
N4—C3—H3 103.17(47) 104.84 |
01—C4—C5 125.53(30) 123.27 ;
01—C4—C9 122.50(33) 123.62 l
C5—C4—C9 111.92(26) 113.01 ‘_
C6—C5—C4 123.52(32) 123.44 |
C6—C5—NI 116.04(33) 116.03 "
| C4—C5—NI | 120.44(24) 120.51 |
C5—C6—C7 119.85(36) 119.48 |
C5—C6—H6 120.12(39) 120.20
C7—C6—H6 120.03(37) 120.30
C6—C7—C8 121.25(35) 120.98
C6—C7—N2 120.21(36) 119.48
C8—C7—N2 118.53(37) 119.52 |
C9—C8—C7 118.50(39) 119.62 |
C9—C8—H8 120.73(41) 120.06
C7—C8—HS$ 120.77(37) 120.30
C8—C9—N3 115.41(36) 115.92
C8—C9—C4 124.96(36) 123.25 )
N3—C9—C4 119.62(30) 120.81 B

12. | [PA".6-phenyl-2,4-diamino-1,3,5-triazinium] (4n)
Bond Lengths
01—Cl 1.258(7) 1.252
02—NI 1.240(8) 1.235
| O3—NI 1.222(9) 1.231
04—N2 1.206(7) 1.232
05—N2 1.241(8) 1.232
06—N3 ) 1.235(8) 1.229
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07—N3 1.241(8) 1.248
NI1—C2 1.453(9) 1.463
N2—C4 1.449(8) 1.457
N3—C6 1.444(7) 1.444
N4—C7 1.318(8) 1.341
N4—C8 1.327(8) 1.335
N5—C9 1.332(9) 1.332
N5—C7 1.349(9) 1.346
N6—C9 1.348(8) 1.367
N6—C8 1.360(9) 1.374
N6—H6 0.810(61) 1.044
N7—C8 1.308(9) 1.326
N7—H7A 0.859(6) 1.008
N7—H7B 0.860(6) 1.026
N8—C9 1.315(9) | 1.333
N§—HSA 0.861(5) 1.007
N§—HEB 0.860(6) 1.019
Cl—C2 1.444(9) 1.458
Cl—Cé6 1.445(9) 1.461
C2—C3 1.371(8) 1.379
C3—C4 1.393(9) 1.396
C3—H3A 0.930(6) 1.082
C4—C5 1.375(8) ]1.388
C5—C6 1.377(8) 1.387
C5—H3A 0.931(6) 1.082
C7—Cl10 1.494(9) | 1.477
Cl10—Cl11 1.395(9) 1.404
C10—CI15 1.401(9) 1.404
Cl11—C12 1.383(8) 1.391
Cll—HI11 0.930(7) 1.083
C12—Cl13 1.395(10) 1.397
Cl12—HI2 0.930(6) 1.085
Cl13—Cl14 1.378(10) 1.397
CI3—HI3 0.930(6) 1.086
Cl14—CI15 1.401(8) 1.391
Cl4—H14 0.930(7) 1.085
| CI5—HI5 1.0.930(6) | 1.083
Bond Angles
03—NI1—02 122.62(43) 123.21
03—NI1—C2 118.38(39) 117.41
02—NI1—C2 118.99(40) 119.35
04-—N2—05 123.95(46) 124.73
04-—N2—C4 118.93(43) 117.61
05—N2—C4 117.12(40) 117.64
06—N3—07 122.42(43) 122.55
| O6—N3—C6 118.20(38) 119.17
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07—N3—C6 119.38(40) 118.26
C7—N4—C8 116.14(42) 116.05 B *
C9—N5—C7 115.13(42) 116.54 |
C9—N6—C8 119.08(40) 118.56

C9—N6—H6 129.56(402) 128.50 |
C8—N6—H6 111.05(409) 117.91

C8—N7—H7A 120.09(49) 117.08

C8—N7—H7B 119.95(49) 121.87

H7A—N7—H7B 119.96(52) 120.97

C9—N8—H8A 119.99(43) 116.67

C9—N8—H8B 120.02(47) 122.22

H8A—N8—HSB 119.99(48) 121.08

01—CI1—C2 122.97(41) 123.13 ) B
01—C1—C6 125.04(40) 123.93

C2—Cl-—C6 111.77(40) 112.93 ]
C3—C2—Cl 125.32(43) 123.28 -
C3—C2—NI 115.86(40) 116.13 i
Cl—C2—NI 118.58(40) 120.57

C2—C3—C4 118.33(42) 119.80

C2—C3—H3A 120.84(48) 1120.04 ]
C4—C3—H3A 120.84(51) 120.14 |
C5—C4—C3 120.77(44) 121.07

C5—C4—N2 120.80(42) 119.45

C3—C4—N2 118.36(40) 119.47

C4—-C5—C6 120.24(43) 119.47

C4—C5—HSA 119.89(46) | 120.28

C6—C5—HSA 119.87(45) 120.23

C5—C6—N3 117.32(41) 116.24 i
C5—C6—Cl 123.51(41) 123.38

N3—C6—Cl 119.1(4) 120.35

N4—C7—N5 126.59(48) 125.45

N4—C7—C10 115.71(43) 117.34 ]
N5—C7—C10 117.68(41) 117.20

N7—C8—N4 119.65(44) 120.51

N7—C8—N6 119.03(43) 118.26 |
N4-—C8—N6 121.31(43) 121.21

N8—C9—N5 119.97(44) 119.70 N
N8—C9—N6 118.36(42) 118.72 -
N5—C9—N6 121.66(43) 121.56 B
Cl11—C10—CI5 119.20(45) 119.46

C11—C10—C7 122.01(42) 120.31

Ci5—C10—C7 118.62(41) 120.22

C12—C11—CI0 | 121.42(44) [ 120.14 ]
CI2—CI1—HI1 119.30(46) 120.89

C10—CI11—HI11 119.28(52) 118.95 )
Cl1—CI12—CI3 118.79(43) | 120.09 B
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Cl1—CI2—HI2 120.57(48) 119.81
C13—CI2—HI2 120.64(53) [ 120.08
Cl14—CI13—CI2 120.98(51) [7120.03
C14—CI13—H13 119.51(48) 119.97
Cl2—CI3—HI3 119.50(46) 119.98
C13—Cl14—Cl5 120.12(45) 120.10
C13—Cl4-Hl4 119.9(6) 120.08
Cl5—Cl4—H14 1 119.97(46) 119.81
Cl4—CI5—CI0 [ 11947(43) 120.14
C14—CI5—HI5 120.20(48) 120.92
C10—CI15—HI5 120.33(52) 118.93

Table 4.17: TG-DTG-DTA phenomenological data of 4c-4n under air atmosphere

S. N | Stage TG DTA DTG
T range / Observed mass | Peak temp. / nature Peak temp. /
C | loss (%) °C °C
1. | [2PA.2PzH,".OH,] (4¢) )
I 71-205 23.4 159 endo 135
11 205-279 72.8 280 exo 268
2. | [PA.PZYH,"] (4d) o
I 92-200 282 102 endo 190
11 200-324 68.5 278 exo 271 |
3. | [PA.PZ""™MH,".CH;0H] (4e)
I 101-225 7.1 162 endo 161
11 225-295 528 28]  exo 275
1 505-666 35.9 589 ex0 592
|
| 4. | [2PA"2H,dmpzH".CH;CN] (4f)
I | 99-151 4.6 154 endo 147
11 240-289 49.7 293 exo 282
11 289-689 45.1 686 exo 678
5. | [PA.phenH .CH;0H] (4g) i
I 100-200 7.0 206 endo 215
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11 250-337 49.1 319 exo 320

1N 337-600 41.8 537 exo 549
6. | [2PAterpyH,'’] (4h) B

[ 200-314 62.1 301 exo 299

11 420-620 34.2 531 exo 536
7. | [PA.hmta] (4i) -

[ 178-342 60.3 270 exo 267

11 512-711 36.4 585 exo 555
8. | [3PA.tptzH3’'] (4)

I 175-306 94.5 301 exo 295
9. [PA" . Uronium] (4k)

I 136-264 76.2 188°C exo 205

11 264-412 20.4 312°C exo 324
10. | [PA".3,5-diamino-1,2,4-triazolium]j (41)

I 225-330 68.1 264°C exo 262

Il 455-689 30.3 677°C exo 666
11. | [PA".1/2cyclohexane-1,2-diaminium] (4m)

I 200-327 76.4 301°C exo 299

I | 470-620 19.2 531°C €x0 536
12. | [PA".6-phenyl-2,4-diamino-1,3,5-triazinium]| (4n)

I 221-322 51.4 299°C exo 300

11 524-634 43.6 588°C exo 617
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Table 4.18: Set of reaction models applied to describe thermal decomposition of solids

" Model no. W Reaction model f(a) g(a)
1. Power law 4o”? ot
2. Power law ) 30 - o’ ]
3. Power law 247 o™ 1
4. Power law 2/3 o’? o
5. One-dimensional diffusion 12a’ o
6. Mampel (first order) l-a -In(1- o) :
7 Avrami-Erofeev 4(1- o)[-In(1- o) [-In(1-o)]"*
8. Avrami-Erofeev 3(1- )[-In(1- w)]*” [-In(1- a)]""°
9, Avrami-Erofeev 2(1- o)[-In(1- o)]"? [-In(1- o0)]"*
10. Contracting sphere 3(1- o) 1-(1- o))"
11. Three-dimensional diffusion | 2(1- ) [1-(1- &)°T" | [1-(1- @)""°]*
12, Contracting cylinder 20-0)7% 1-(1-a)"?
13. Prout-Tomkins a(l-a) ' _ In(a/ 1- o)
14. | Ginstling-Brounshtein’ 32[(1- o) =177 [1-2 a/3)]-(1- )

Table 4.19: Arrhenius parameters for isothermal decomposition of 4c-4f

* Enumeration of the model is as given in Table 4.18.

E,=kJ/mol
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Salts (4¢) (4d) (4¢) (4
Model® E, r E. r E, r E, r

1 61.5 0.971 66.0 0.998 62.8 0.964 60.5 0.948

2 61.3 0.972 65.8 0.998 62.9 0.965 60.2 0.949

3 60.9 0.972 65.4 0.998 63.3 0.966 59.4 0.950

4 58.5 0.975 64.3 0.999 65.0 0.972 55.0 0.953
5 57.4 0.976 64.1 0.999 65.8 0.975 53.1 0.953

6 56.2 0.976 64.6 0.999 66.3 0.976 539 0.951

7 58.6 0.975 64.6 0.998 64.7 0.971 57.4 0951 |
8 590 0974 |654 0998 | 644  |0970 |58 0949 |

9 58.3 0.975 65.1 0.999 64.9 0.972 57.1 0.950 |

10 57.5 0.936 64.6 0.999 65.6 0.974 55.0 0.952
11 54.5 0.975 64.7 0.957 67.9 0.956 50.4 0.888

12 58.0 0.976 64.6 0.999 65.2 0.973 55.6 0.952

13 59.0 0.973 65.9 0.998 64.3 0.969 59.0 0.948

14 |555 0977 643 0998 |670 |0978 |sl2 |0951 |



Table 4.20: Arrhenius parameters for isothermal decomposition of 4g-4j

Salts (4g) (4h) (4i) 4j)
Model® E, r E. r E. r E. r

1 81.7 0.997 45.6 0.896 35.4 0.899 38.2 0.980

2 81.6 0.997 45.6 0.897 355 0.900 38.1 0.980

3 81.4 0.997 45.4 0.900 35.7 0.900 38.2 0.980

4 80.0 0.997 44.1 0.914 36.7 0.907 38.1 0.983

8 79.3 0.997 43.2 0919 37.0 0.911 38.2 0.984

6 79.9 0.997 43.5 0915 |36.6 0.908 39.0 0.985

7 80.7 0.997 45.3 0912 36.0 0.902 38.4 0983 |

8 81.1 0.997 44.9 0903 358 ]0.902 38.5 0.983

9 80.8 0.997 446 10906 36.0 0.903 38.6 0.984

10 80.1 0.997 44.0 0912 37.3 0.907 38.6 0.985

11 78.6 0.998 41.8 0.905 36.5 0.902 39.7 0.951

12 80.3 0.997 44.2 0.911 36.4 0.906 38.4 0.984

13 81.4 0.997 45.1 0.922 35.5 0.901 38.7 0.983

14 78.7 0997 423 0.923 37.2 0.915 39.0 ]0.985
Table 4.21: Arrhenius parameters for isothermal decomposition of 4k-4n

Salts (4k) (41) (4m) (4n)
Model® E, r E, r E, r E, ro |

1 18.4 0.964 51.0 0.701 120.5 0976 |48.6 0.985 |

2 18.6 0.964 50.9 0.706 120.1 0976 |48.4 0.985

3 18.8 0.964 50.8 0.718 119.1 0977 |48.2 0.984

4 19.7 0.966 49.7 0.777 113.5 |10.979 |473 0.983
| 5 20.0 0.967 49.1 0799 | 1107 10980 |474 0983 |

6 20.2 0.967 49.3 0.818 1150 [0.978 | 477 0.983

7 19.6 0.965 50.4 0.771 116.7 10979 |47.6 0.984 ]
B 8 19,3 0.965 50.4 0.760 1192 10977 |48.2 0.984

9 19.6 0.966 50.1 0.776 1182 10.977 | 48.0 0.984

10 19.9 0.966 49.6 0.795 1154 10978 |47.6 0.983

11 20.7 0.962 48.3 0.837 1100 | 0915 |480 0912

12 19.8 0.966 49.8 0.784 1156 0978 |47.6 0.983

13 19:3 0.965 50.5 0.759 120.7 0976 | 48.6 0.984

14 20.4 0.968 48.5 0.831 109.8 | 0980 |47.6 0982 |
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Table 4.22: Ignition delay activation energy for thermal ignition (E*) and correlation
coefficient (r) for salts 4¢c-4f

D; /s at temperature/ °C T [
% -1
o B 340 | 350 | 360 | 370 | 380 | . /kJmol r Ll
(KJ/mol)
+] :i:] | +1] _j:I 4] ]
1. [2PA".2PzH,".H,0] (4c)
109 | 99 | 93 82 78 28.58 0.993 -57.6
2. [PA.Pz"H, '] (4d) - '
97 | 85 | 79 [ 74 | 67 29.30 0.993 -66.17
3. [PA~PZ""V*H,".CH;0H] (de) T
107 ] 8 | 79 | 68 | 6l 46.45 0.997 -79.78
| 4. | [2PA2H,dmpzH".CH;CN] (4f) -
| 112 | 93 80 | 77 | 70 37.75 0.974 715

Table 4.23: Ignition delay activation energy for thermal ignition (E*) and correlation
coefficient (r) for salts 4g-4n

}Y D; /s at temperature/ °C |
1 * -1
| SN 380 | 390 | 400 | 410 | 420 E(Ié';;'[':(;’l') r 0B
\ +1 +] +1] +] +|
: 5. [PA".phenH".CH;0H] (4g)
163 [ 125 ] 92 | 80 [ 71 79.6 0.984 -86.17
6. | [2PA terpyH,"?] (4h) -
118 [ 82 | 69 | 53 [ 45 89.2 0.992 -79.85
7. |[PA.nmta] (di) - |
225 | 175 | 128 | 100 | 79 99.9 0.999 -59.75
8. | [3PA. tptzH5 '] (4j) B
138 1 90 [ 67 | 55 | 42 108.3 0.992 7258 |
9, [PA”.Uronium] (4k) |
65 48 36 30 | 24 92.8 0.996 462 |
~10. [PA".3,5-diamino-1,2 4-triazolium] (41) -
108 ] 78 [ 65 | 58 | 50 69.4 0.980 -38.7
11. [PA".1/2cyclohexane-1,2-diaminium] (4m) '
78 | 66 | 59 | 54 [ 46 473 0.994 -63.3
12. 7_[Iﬁ.6jphglyil-2:4jliaimino-l,3,5-triazinium] (4n |
103 ] 92 | 81 | 73 | 65 43.4 0.999 —66.6j
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Fig. 4.8: Crystal structure of [2PA".2PzH,".OH;] (4¢). Color code: C, grey; H, orange;
O, red; N, blue

Fig. 4.9: Various N-H---O and O-H---O non-covalent interactions in 4¢. Color code: C,
grey; H, orange; O, red; N, blue
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Fig. 4.10: Host-guest supramolecular motif via N-H---O, C-H---O, O-H-+-O non-covalent
interactions in 4¢. Color code: C, grey; H, orange; O, red; N, blue; H,O, guest
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Fig. 4.11: Crystal structure of [PA"PZM**H,"] (4d). Color code: C, grey; H, orange; O,
red; N, blue

(a) (b)

Fig. 4.12: (a) Various non-covalent interactions, (b) Sheet like packing via N-H--O, C-
H---O interactions, forming a rectangular cavity in 4d. Color code: C, grey; H,
orange; O, red; N, blue
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Fig. 4.13: Crystal structure of [PA',PZP WMery,* CH;0H] (4e). Color code: C, grey; H,
orange; O, red; N, blue

Fig. 4.14: Various N-H--O and C-H-+O non-covalent interactions in 4e. Color code: C,
grey; H, orange; O, red; N, blue
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Fig. 4.15: Host-guest supramolecular motif via N-H-+O, C-H--O non-covalent interactions
in 4e. Color code: C, grey; H, orange; O, red; N, blue; CH;OH, guest
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Fig. 4.16: Crystal structure of [2PA”2H,dmPzH" .CH;CN] (4f). Color code: C, grey; H, orange;
O, red; N, blue

Fig. 4.17: Various N-H-+O, C-H-+O and C-H-N non-covalent interactions in 4f. Color code:
C, grey; H, orange; O, red; N, blue
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Fig. 4.18: Host-guest supramolecular motif via N-H--O, C-H--«O, C-H--N non-covalent inter-
- actions in 4f. Color code: C, grey; H, orange; O, red; N, blue; CH3CN, guest

1

08

Fig. 4.19: Crystal structure of [PA" phenH".CH;OH] (4g). Color code: C, grey; H, orange; O,
red; N, blue
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Fig. 4.20: Various non-covalent interactions in 4g. Color code: C, grey; H, orange; O, red,
N, blue

Fig. 4.21: Three dimensional ladders like molecular arrangement in 4g. Color code: PA’,
green; phen, red, CH3OH, blue
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Fig. 4.22: Crystal structure of [2PA" terpyH, ] (4h). Color code: C, grey; H, orange; O,
red; N, blue

%
\gvr
-
3—0]‘;(5)\

Fig. 4.23: Various non-covalent interactions in 4h. Color code: C, grey; H, orange; O, red,
N, blue
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Fig. 4.24: Three dimensional mat like supramolecular motif along the ‘¢’ axis in 4h. Color
code: C, grey; H, orange; O, red; N, blue

Fig. 4.25: Crystal structure of [PA hmta] (4i). Color code: C, grey; H, orange; O, red; N, blue
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Fig. 4.26: (a) C-H-~N interactions in hmta, (b) One dimensional zig-zag molecular arrange-
-ment in hmta, (¢) O-H-+O interactions in PA, (d) Various non-covalent interact-
-ions in 4i. Color code: C, grey; H, orange; O, red; N, blue; hmta, blue
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Fig. 4.27: Three dimensional packing in 4i as alternate channels of picric acid and hmta
along the *b’ axis. Color code: PA, green; hmta, blue

010

Fig. 4.28: Crystal structure of [3PA .tptzH; ] (4j). Color code: C, grey; H, orange; O, red;
N, blue
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Fig. 4.29: Pseudo cavity formed by host (picrates) entrapping guest tptz anions via OO
non-covalent interactions in 4j. Color code: C, grey; H, orange; O, red; N, blue

Fig. 4.30: Various N-H---O, C-H-+O non-covalent interactions in 4j. Color code: C, grey;
H, orange; O, red; N, blue
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Fig. 4.31: Three dimensional perspective view of cationic-anionic host-guest structure along ‘c’
axis in 4j. Color code: C, green; H, orange; O, red; N, blue

Fig. 4.32: Crystal structure of [PA"Uronium] (4k). Color code: C, grey; H, orange; O, red; N,
blue
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(b)

Fig. 4.33: (a) One dimensional spiral molecular arrangement among picrates (b) Various
N-H-+O and O-H++O non-covalent interactions in 4k. Color code: C, grey; H,
orange; O, red; N, blue
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Fig. 4.34: Three dimensional zig-zag molecular arrangement along the ‘¢’ axis in 4k. Color code:
C, grey; H, orange; O, red; N, blue

Fig. 4.35: Crystal structure of [PA".3,5-diamino-1,2,4-triazolium] (41). Color code: C, grey; H,
orange; O, red; N, blue
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(b)

Fig. 4.36: (a) One dimensional ribbon shaped packing along ‘ac’ plane among picrates (b)
Two dimensional layered along ‘¢’ axis among 3,5-diamino-1,2 4-triazolium in 41.
Color code: C, grey; H, orange; O, red; N, blue
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Fig. 4.37: Various N-H-O non-covalent interactions in 41. Color code: C, grey; H, orange,
O, red; N, blue

Fig. 4.38: Three dimensional packing as alternate channels of picrates and 3,5-diamino-1,2,4-
triazolium along the ‘¢’ axis in 4l. Color code: C, pink; H, orange; O, red; N, blue;
cation, blue
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Fig. 4.39: Mat-like supramolecular architecture along the ‘a’ axis in 41. Color code: C,
grey, H, orange; O, red; N, blue

Fig. 4.40: Crystal structure of [PA".1/2cyclohexane-1,2-diaminium] (4m). Color code: C,
grey; H, orange; O, red; N, blue
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() (b)

Fig. 4.41: (a) Formation of cavity via non-covalent interactions (b) Three dimensional spiral
packing among picrate anions in 4m. Color code: C, grey/purple; H, orange; 0,
red; N, blue

Fig. 4.42: Various C-H-+O and N-H-+O non-covalent interactions in 4m. Color code: C,
grey; H, orange; O, red; N, blue
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Fig. 4.43: Perspective view of the supramolecular motif in 4m. Color code: C, pink/purple;
H, orange; O, red; N, blue; 1/2cyclohexane-1,2-diaminium, green

Fig. 4.44: Crystal structure of [PA”.6-phenyl-2,4-diamino-1,3,5-triazinium] (4n). Color code: C,
grey; H, orange; O, red; N, blue
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(a) (b)

(c) (d)

Fig. 4.45: (a) Formation of cavity via intermolecular interactions (b) Three dimensional
zig-zag molecular arrangement among picrates (¢) Spiral molecular arrange-
-ment and (d) Stacking among 6-phenyl-2,4-diaminol,3,5-triazinium via var
-ious non-covalent interactions in 4n. Color code: C, grey/pink; H, orange;
O, red; N, blue.
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Fig. 4.46: Various C-H-+O and N-H--O non-covalent interactions in 4n. Color code: C, grey;
H, orange; O, red; N, blue

Fig. 4.47: Three dimensional packing as alternate channels of picrates and 6-phenyl-2,4-diamino
-1,3,5 triazinium in 4n. Color code: C, pink; H, orange; O, red; N, blue; 6-phenyi-2,4-
diamino-1,3,5 triazine, green
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(d)

Fig. 4.48: Optimized geometry of salts (a) 4¢ (b) 4d (c) 4e (d) 41. Color code: C, cyan,;
H, white; O, red; N, blue
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(d)

Fig. 4.49: Optimized geometry of salts (a) 4g (b) 4h (c) 4i (d) 4j. Color code: C, cyan;
H, white; O, red; N, blue
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(d)

Fig. 4.50: Optimized geometry of salts (a) 4k (b) 41 (¢) 4m (d) 4n. Color code: C, cyan,
H, white; O, red; N, blue
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Fig. 4.51: Non-isothermal TG-DTA in air at standard atmospheric condition of [2PA"
2PzH," OH,] (4¢)
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Fig. 4.53: Non-isothermal TG-DTA in air at standard atmospheric condition of [PA” PzMe
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Fig. 4.54: Non-isothermal TG-DTA in air at standard atmospheric condition of [2PA’
2H,dmPzH".CH;CN] (4f)

288



2 4
[ -
a4l
| "’/\ e 29
- —— - — T—'_- e e e et B— -
[ _’/\ |
183
""-‘- B
,.d”z(f\?- 'ﬁ‘*‘hu_‘_ L
- e
./.w

,-l-—--f

Ma uV
. \'

ada | S Y T T R /_I_ | IR NPT N W U N |
. - - . "
4 o e - Y
% e <. t >

&
-
- a3
-
— ]
- | N | 1 L Il Il i [ S — L e A L
50 199 5 aom %23 0w 1% 422 480 =00 15 L] [ L] 00 80 Py

Tews ol

Fig. 4.55: Non-isothermal TG-DTA in air at standard atmospheric condition of [PA
phenH" .CH;OH] (4g)
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Fig. 4.57: Non-isothermal TG-DTA in air at standard atmospheric condition of [PA.

hmta] (4i)
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Fig. 4.59: Non-isothermal TG-DTA in air at standard atmospheric condition of [PA"
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MATERIALS

All manipulations were carried out under air atmosphere. Ethanol, acetonitrile,
chloroform and methanol were carefully purified and distilled under nitrogen prior to use by
the literature method [1]. Pyrazole {PzH), 3,5-dimethylpyrazole (PZMCZH), 2,6-dinitrophenol
(2,6-DNP), 1,10-phenanthroline (phen), 2,2';6'2"-terpyridine (terpy), 2,4,6-tris(2-pyridyl)-
1,3,5-triazine (tptz), 1H-1,2,4-triazole-3,5-diamine (guanazole), cyclohexane-1,2-diamine, 6-
phenyl-1,3,5-triazine-2,4-diamine (benzoguanamine), GdCl;.6H,0, EuCl;.6H,0, TbCl;.6H,0
of the highest grade were purchased from Sigma-Aldrich, Chemical company, USA. 2,2'-
bipyridine (bipy), hexamethylenetetramine (hmta), urea, Gd(NO;);.6H,0O and benzoic acid
were commercially available frdm s.d.fine-chem Limited, Mumbai. The sodium salt of benzoic
acid was prepared by reacting with the appropriate amount of sodium hydroxide in water.

Potassium thiocyanate was purchased from Loba Chemie, Mumbai.

INSTRUMENTATION

Crystalline complexes and salts were carefully dried under vacuum for several hours
prior to elemental analysis on CHNS analyzer Elementar Vario EL III. IR spectra were
obtained on a Thermo Nikolet Nexus FT-IR spectrometer in KBr. Absorption spectra were
recorded on Perkin Elmer UV-visible Spectrophotometer, (Lambda 35) equipped with
thermostated bath (Julabo). The emission spectra were measured on Perkin-Elmer LS-55
model spectrophotometer.

X-RAY CRYSTALLOGRAPHIC STUDY

The X-ray data collection were performed on a Bruker Kappa Apex four circle-CCD
diffractometer using graphite monochromated MoKa radiation (A = 0.71070 A). In the
reduction of data, Lorentz and polarization corrections, empirical absorption corrections were
applied [2]. Crystal structures were solved by Direct and Patterson methods. Structure
solution, refinement and data output were carried out with the SHELXTL program [3, 4]. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in geometrically
calculated positions using a riding model. Images and hydrogen bonding interactions were
created in the crystal lattice with DIAMOND and MERCURY softwares [5, 6].
COMPUTATIONAL STUDY

Geometry optimization of different species involved both for salts and co-crystals were

done by using Density Functional Method (B3LYP) with 6-31G(d,p) basis set as implemented
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in the Gaussian 03 suite of program [7]. The input for the simulation was the Z matrix
generalized by Gauss view [8, 9] that was also used for visualizing the optimized structures of
molecules. ChemCraft, Version 1.5 software was used for comparing the optimized structure

with the crystallographic one.
THERMAL ANALYSIS

Non-isothermal and Isothermal TG

Non-isothermal TG of complexes and salts were recorded in the temperature range 10—
800 °C at a heating rate of 10 °C min™ in static air using Perkin-Elmer’s (pyris Diamond)
thermogravimetry analyzer. The accuracy of the furnace was +1°C, while the isothermal TG
studies (Wt. 0.03 g, 100-200 mesh) of complexes and salts were also performed at appropriate
temperature in static air using indigenously fabricated TG apparatus [10] fitted with
temperature cum controller.
Ignition Delay Measurements

The ignition delay (D;) data were recorded using tube furnace technique [11] (mass 0.02 g,
100-200 mesh) in appropriate temperature range (+1°C). Each run was repeated five times.
The D; data were found to fit in the following equation [12-14]
D, = A e BT

where E,* is the activation energy for thermal ignition, A is the pre-exponential factor and T is
the absolute temperature. E,* was determined from the slope of a plot of In (D)) vs. 1/T.
Percent Oxygen Balance

The percent oxygen balance (OB) for metal complexes and salts were calculated by
following equation, suggested by Martin and Yallop [15].
For metal complexes-

OB =-1600(2x + y/2 + M — Z)/ molecular weight
where x, y and z are the respective number of C, H, O atoms and M is the number of metal
atom.
For saits-
OB = [(z - 2x - y/2) 100]/ n

where X, y and z are the respective number of C, H, O atoms and n is the total number of

atoms in the molecule.
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Kinetics Analysis of Isothermal TG Data
Kinetic analysis of solid state decomposition is usually based on a single step kinetic
eq. [16]
da/dt=k(Mf(a) (N
where t is the time, T is the temperature, o is the extent of conversion (0 < o < 1), kK (T) is the
rate constant and f () is the reaction model [17], which describes the dependence of the
reaction rate on the extent of reactions. The value of « is experimentally derived from the
global mass loss in TG experiments. The reaction model may take various forms; the
temperature dependence of k (T) can be satisfactorily described by the Arrhenius eq., whose
substitution into eq. (1) yields
da/dt=Aexp (-E/RT).f(a) ... (2)
where, A is pre exponential factor, E is activation energy and R is the gas constant.
Model Fitting Method
Rearlrangement and integration of equation (1) for isothermal conditions gives
gw=kMt (3)
where g (a) =¢ [*[f(0)]" da s the integrated form of the reaction model. The subscript j has
been introduced to emphasize that substituting a particular reaction model in eq. (3) results in
evaluating the corresponding rate constant, which is determined from the slope of a plot of g;
(a) verses t. For each reaction model selected, the rate constants are evaluated at several
temperatures T; and Arrhenius parameters are determined using the Arrhenius eq. (4) in its
logarithmic form ‘
Ink(T)=InA;j-Ej/RT, ... @)
Arrhenius parameters were evaluated for isothermal experimental data by the model fitting
method.
Model Free Isoconversional Method
This method allows the activation energy to be evaluated without making any assumptions
about the reaction model. Additionally, the method evaluates the effective activation energy as
a function of the extent of conversion which allows one to explore multistep kinetics. The
basic assumption of the isoconversional method [17] is that the reaction model as defined in
eq. (1) is not dependent on temperature or heating rate. Under isothermal conditions, on

combining eq. (3) & (4) we get-
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Antei=In[Ad/g ()] - Eo/RT;y (5)
where E, is evaluated from the slope of the plot of —In tq; against T, Thus, E, at various o
for complexes and salts have been evaluated.
SYNTHESES OF COMPLEXES AND SALTS
Chapter-2
(i) Synthesis of [Eu(phen),Clz;CH3;0H] (2a)

To the methanolic solution of EuCl3.6H,O (0.18 g, 0.5 mmol), 0.19 g, 1.0 mmol of
1,10-phenanthroline in 10.0 ml methanol was added drop wise and the reaction mixture was
stirred for 8 hrs. The solution was filtered on celite and the solvent was evaporated under
vacuum. The resultant solid in 69.2% (0.45 g, 0.69 mmol) yield was recrystallized from
methanol at 4 °C. Anal. Calcd. (%) for CosHsCI3N4OEu (649.76): C, 46.09; H, 3.07; N, 8.60.
Found: C, 46.01; H, 2.95; N, 8.43. IR (KBr, cm™): 1626, 1581, 851, 722.

(ii) Synthesis of [Eu(2,6-DNP);phenCH3;0H] (2b)

To the methanolic solution of 2a, added the methanolic solution of 2,6-DNP (0.04 g,
0.25 mmol) having pH 6-7 with continuous stirring. The reaction mixture was further stirred
for 8 hrs at room temperature. The precipitate was filtered and washed with 95% methanol.
The suitable crystals in yellow color were obtained from slow evaporation of solvent with in |
week. Yield: 67.3% (0.61 g, 0.67 mmol). Anal. Caled. (%) for C31H21NgOgEu (913.53): C,
40.81; H, 2.21; N, 12.28. Found: C, 40.61; H, 2.19; N, 12.17. IR (KBr, cm™): 1609, 1577,
1567, 1533, 1360, 1344.

(iii) Synthesis of [Eu(2,6-DNP);phen(OH)].Hphen (2¢)

The complex 2¢ was prepared and crystallized in 72.8% (0.79 g, 0.72 mmol) yield by
the method as described for 2b except the pH of 2,6-DNP solution was 4-5 during reaction.
Anal. Calcd. (%) for C4aHy7N10016Eu (1079.71): C, 46.72; H, 2.52; N, 12.97. Found: C, 46.51;
H,2.38: N, 12.84. IR (KBr, cm™): 1612, 1586, 1569, 1540, 1357, 1333.

(iv) Synthesis of [Eu(2,6-DNP);bipyOH,] (2d)

Complex 2d was prepared and crystallized in 68.3% (0.59 g, 0.68 mmol) yield by the
method as outlined for 2b using 2,2"-bipyridine (0.03 g, 0.25 mmol) instead of 1,10-
phenanthroline. Anal. Calcd. (%) for C2sH7NgOsEu (873.47): C, 38.50; H, 1.96; N, 12.82.
Found: C, 38.39; H, 1.84; N, 12.67. IR (KBr, cm™): 1609, 1582, 1567, 1536, 1358, 1342.
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(v) Synthesis of [Eu(2,6-DNP);bipy(OH)].Hbipy (2¢)

Complex 2e was prepared and crystallized in 72.3% (0.75 g, 0.72 mmol) yield by the
method as outlined for 2b using 2,2"-bipyridine (0.03 g, 0.25 mmol) at pH 4-5. Anal. Calcd.
(%) for C33Ha7N1006Eu (1031.67): C, 44.24; H, 2.63; N, 13.57. Found: C, 44.19; H, 2.53; N,
13.32. IR (KBr, cm™): 1610, 1581, 1565, 1538, 1355, 1347.

(vi) Synthesis of [Gd(phen),(NO3);] (2f)

Solutions of Gd(NO3);.6H,0 (0.21 g, 0.5 mmol) in methanol (10.0 ml) and 1,10-
phenanthroline (0.19 g, 1.0 mmol) in methanol (10.0 ml) were mixed slowly. The resulting
solution was stirred for 8 hrs and filtered on celite. The filtrate was dried under vacuum to
afford a powder solid in 73.0% (0.51 g, 0.73 mmol) yield. The compound was recrystallized
from methanol at room temperature. The suitable colorless crystals were obtained from slow
evaporation of solvent within 5 days. Anal. Calcd. (%) for Co4H¢N7O9Gd (703.69): C, 40.96;
H, 2.29; N, 13.93. Found: C, 40.79; H, 2.13; N, 13.81. IR (KBr, cm™): 1627, 1583, 1561,
1553, 1361, 1347, 847, 719.

(vii) Synthesis of [Gd(2,6-DNP);phenCH;O0H] (2g)

Complex 2g was prepared and crystallized in 69.4% (0.63 g, 0.69 mmol) yield by the
method as outlined for 2b using GdCI3.6H,0 (0.02 g, 0.5 mmol) instead of EuCl;.6H,0. Anal.
Caled. (%) for C3;H2NgO16Gd (918.81): C, 40.52; H, 2.30; N, 12.19. Found: C, 40.23; H,
2.19; N, 12.11. IR (KBr, cm™): 3445, 1623, 1595, 1553, 1421, 1335, 1262, 1098, 1021, 845,
726, 675.

(viii) Synthesis of [Gd(2,6-DNP);phen(OH)],.(Hphen); (2h)

The complex 2h was prepared and crystallized in 66.8% (0.72 g, 0.66 mmol) yield by
the method as described for 2¢. Anal. Calcd. (%) for CgaHsqN20O3,Gdy (2169.95): C, 46.49; H,
2.51; N, 12.91. Found: C, 46.33; H, 2.44; N, 12.73. IR (KBr, cm"): 3365, 1614, 1548, 1521,
1464, 1429, 1338, 1249, 1012, 910, 850.

(ix) Synthesis of [Gd(2,6-DNP);bipyOH;] (2i)

Complex 2i was prepared and crystallized in 69.8% (0.61 g, 0.69 mmol) yield by the
method as outlined for 2d. Anal. Caled. (%) for CsHsNgO6Gd (880.74): C, 38.18; H, 2.17;
N, 12.72. Found: C, 38.11; H, 2.09; N, 12.53. IR (KBr, cm™): 3417, 1618, 1524, 1433, 1331,
1266, 1012, 869, 739.
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(x) Synthesis of [Gd(2,6-DNP):bipy(OH)].Hbipy (2j)

Complex 2j was prepared and crystallized in 71.6% (0.74 g, 0.71 mmol) yield by the
method as outlined for 2e. Anal. Calcd. (%) for C33H27N10016Gd (1036.95): C, 44.01; H, 2.62;
N, 13.50. Found: C, 43.89; H, 2.56; N, 13.39. IR (KBr, cm™): 3402, 1615, 1525, 1435, 1338,
1257, 1021, 906, 874.

Chapter-3
(i) Synthesis of [Gd(tptz)Cl,(OH3)4].CL.4H,0 (3a)

Solutions of GdCl3.6H,0 (0.37 g, 1.0 mmol) in methanol (10.0 ml) and 2,4,6-tris(2-
pyridyl)-1,3,5-triazine (0.31 g, 1.0 mmol) in methanol (10.0 ml) were mixed and the resulting
solution was stirred overnight. The solution was filtered on celite and the filtrate was dried
under vacuum to afford a powder solid in 82.01% (0.57 g, 0.82 mmol) yield. The compound
was dissolved in water-methanol mixture and the suitable colorless crystals were obtained
from slow evaporation of solvent at room temperature (about one week). Anal. Calcd. (%) for
Ci3H12NsOsCl3Gd (703.94): C, 30.71; H, 1.72; N, 11.94. Found: C, 30.59; H, 1.63; N, 11.71.
IR (KBr, cm™): 3433, 1551, 1522, 1379, 1252, 768, 670.

(ii) Synthesis of [Gd(tptz)(SCN);(CH3;0H);OH,].CH30H (3b)

A mixture of potassium thiocyanate (0.15 g, 1.5 mmol) and 2,4,6-tris(2-pyridyl)-1,3,5-
triazine (0.15 g, 0.5 mmol) in 15.0 ml methanol was added to the methanolic solution of
GdCl3.6H,0 (0.19 g, 0.5 mmol). The reaction mixture was stirred at room temperature for 8
hrs and the solution was filtered. The filtrate was dried under vacuum to afford a powder solid
in 79.8% (0.60 g, 0.79 mmol) yield. The compound was recrystallized from methanol at 4 °C.
Anal. Caled. (%) for Co4H22N904S3Gd (753.97): C, 38.23; H, 2.94; N, 16.71. Found: C, 38.11;
H, 2.87; N, 16.65. IR (KBr, cm™"): 3443, 2067, 1630, 1545, 1519, 1381, 1256, 756, 627.

(iii) Synthesis of [Gd(tptz)(OBz),(n-OBz)OH,],.H,0 (3¢)

A mixture of sodium benzoate (0.21 g, 1.5 mmol) and 2,4,6-tris(2-pyridyl)-1,3,5-
triazine (0.15 g, 0.5 mmol) in 15.0 ml methanol was added to the methanolic solution of
GdCl5.6H,0 (0.19 g, 0.5 mmol) and the mixture was stirred at room temperature for 4 hrs. The
solution was filtered on celite and the filtrate was dried under vacuum to afford a powder solid
in 74.2% (1.3 g, 0.74 mmol) yield. Anal. Calcd. (%) for C73Hs4N12016Gd, (1729.83): C, 54.15;
H, 3.15; N, 9.72. Found: C, 54.01; H, 3.08; N, 9.59. IR (KBr, cm™'): 3425, 16.12, 1599, 1537,
1421, 1017, 718, 676.
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(iv) Synthesis of [Gd(phen)Cl2(OH,)4].Cl.CH30H (3d)

To the methanolic solution of GdCl;.6H,O (0.37 g, 1.0 mmol), 1,10-phenanthroline
(0.19 g, 1.0 mmol) solution in methano! (10.0 ml) was added drop wise and the resulting
solution was stirred for 8 hrs. The reaction mixture was filtered on celite and the solvent was
evaporated under vacuum. The resultant solid in 81.02% (0.44 g, 0.81 mmol) yield was
recrystallized from water-methanol mixture at room temperature. Anal. Caled. (%) for
C13H9N,05Cl3Gd (546.86): C, 28.55; H, 3.56; N, 5.12;. Found: C, 28.43; H, 3.49; N, 5.06. IR
(KBr, cm™): 3456, 1624, 1591, 1465, 1372, 847, 763, 670.

(v) Synthesis of [Gd(phen),(SCN);CH3;OH].phen (3e)

A mixture of potassium thiocyanate (0.14 g, 1.5 mmol) and 1,10-phenanthroline (0.10
g, 0.5 mmol) in 15.0 ml methanol was added to methanolic solution of GdCl;.6H,0O (0.19 g,
0.5 mmol). The suspension was stirred at room temperature for 8 hrs and the solution was
filtered. The filtrate was dried under vacuum to afford a powder solid in 69.8% (0.63 g, 0.70
mmol) yield. Anal. Calcd. (%) for CsH2sNoOS;Gd (904.13): C, 53.13; H, 3.12; N, 13.94.
Found: C, 52.98; H, 3.07; N, 13.85. IR (KBr, cm™): 3346, 1596, 1568, 1467, 1377, 848, 769.
(vi) Synthesis of [OH,(phen)(2-pyca),Gd;(n-0x)Gd,(2-pyca)(phen)OH,].6H,O (3f)

A mixture of GdCl;.6H,0 (0.37 g, 1.0 mmol), 2-pyrazine carboxylic acid (0.24 g, 2.0
mmol), 1,10-phenanthroline (0.19 g, 1.0 mmol), water (10.0 ml) and methanol (5.0 ml) in a 25
ml Teflon-lined autoclave under autogenous pressure was heated at 170°C for 7 days.
Colorless crystals of 3f were obtained by cooling the reaction mixture at room temperature.
Yield: 79.6% (1.10 g, 0.79 mmol). Anal. Calcd. (%) for CssH28N12020Gd, (1383.31): C, 39.94;
H, 2.04; N, 12.15. Found: C, 39.83; H, 1.95; N, 12.09. IR (KBr, cm™): 3380, 1639, 1459,
1392, 845, 735.

(vii) Synthesis of [Eu(tptz)Cl3(CH3;0H),].CH3;0H (3g)

Complex 3g was prepared in 79.1% (0.44 g, 0.79 mmol) yield by the method as
outlined for 3a using EuCl3.6H,0 (0.18 g, 0.5 mmol) instead of GdCl3.6H,0. Anal. Calcd. (%)
for Cy1H24NsO3Cl3Eu (558.65): C, 45.15; H, 4.33; N, 15.03. Found: C, 25.63; H, 4.27; N,
14.91. IR (KBr, cm™): 3431, 1553, 1519, 1376, 1249, 763, 667.

(viii) Synthesis of [Eu(tptz)(SCN);(CH;0H),0OH;].CH;0H (3h)

Complex 3h was prepared and crystallized in 77.4% (0.58 g, 0.77 mmol) yield by the

method as outlined for 3b using EuCl;.6H,0 (0.18 g, 0.5 mmol) instead of GdCl3.6H,0. Anal.
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Caled. (%) for CasH23N9O4S3Eu (749.69):lC, 38.45; H, 3.08; N, 16.81. Found: C, 38.29; H,
2.99: N, 16.69. IR (KBr, cm™): 3449, 2066, 1630, 1543, 1378, 1260, 1156, 1013, 763, 675.
(ix) Synthesis of [OHZ(OBz)z(tptZ)Eu1(p.-OBZ)zEuz(tptz)(OBz)ZOHz].CH;OH.7H20 (3i)

Complex 3i was prepared and crystallized in 68.7% (1.26 g, 0.68 mmol) yield by the
method as outlined for 3¢ using EuCl3.6H,0 (0.18 g, 0.5 mmol) instead of GdCl;.6H;O. Anal.
Calced. (%) for C7oHsgN12022Eu; (1831.32): C, 51.81; H, 3.19; N, 9.18. Found: C, 51.69; H,
3.11: N, 9.09. IR (KBr, cm™): 3445, 1614, 1599, 1541, 1421, 1021, 766, 718.

(x) Synthesis of [Eu(phen);(SCN);CH3;OH].phen (3j)

Complex 3j was prepared in 72.9% (0.65 g, 0.73 mmol) yield by the method as
outlined for 3e using EuCl;.6H,0 (0.18 g, 0.5 mmol). Anal. Caled. (%) for C4oH27N9OS;EU
(897.89): C, 53.51; H, 3.14; N, 14.04. Found: C, 53.33; H, 3.10; N, 13.93. IR (KBr, cm"l):
3344, 1596, 1569, 1464, 1375, 846, 769.

(xi) Synthesis of [OH,(phen)(2-pyca);Eu;(p-0x)Eu,(2-pyca)(phen)OH;].6H20 (3k)

Complex 3k was prepared in 77.3% (1.07 g, 0.77 mmol) yield by the method as
outlined for 3f using EuCl;.6H,0 (0.36 g, 1.0 mmol). Anal. Caled. (%) for Cs6H4aN12020Eu;
(1388.78): C, 39.78; H, 3.19; N, 12.10. Found: C, 39.67; H, 3.11; N, 11.97. IR (KBr, cm"):
3382, 1638, 1454, 1393, 847, 733.

(xii) Synthesis of [Tb(tptz)Cl3(CH3;0H),].CH;0H (31)

Complex 31 was prepared in 81.02% (0.46 g, 0.81 mmol) yield by the method as
outlined for 3a using TbCl3.6H,0 (0.19 g, 0.5 mmol) instead of GdCl;.6H,0. Anal. Calcd. (%)
for Cy1HaaNgO3CL3Th (565.62): C,44.59; H, 4.27; N, 14.85. Found: C, 25.34; H, 4.19; N\,
14.71. IR (KBr, cm™): 3437, 1556, 1519, 1371, 1256, 765, 675.

(xiii) Synthesis of [Tb(tptz)(SCN)3(CH30H),OH,].CH;0H (3m)

Complex 3m was prepared and crystallized in 74.9% (0.57 g, 0.75 mmol) yield by the
method as outlined for 3b using TbCl3.6H,O (0.19 g, 0.5 mmol). Anal. Caled. (%) for
CaaH23No04S3Th (756.65): C, 38.09; H, 3.06; N, 16.66. Found: C, 37.91; H, 2.97; N, 16.52. IR
(KBr, cm™): 3420, 2059, 1621, 1541, 1377, 1086, 763, 675.

(xiv) Synthesis of {[Tb(tptz)(OBz)2(n-OBz)]2.[ Tba(tptz)(0Bz); CH;0H]}.CH;0H.2H,0
(3n)

A mixture of sodium benzoate (0.21 g, 1.5 mmol) and 2,4,6-tris(2-pyridyl)-1,3,5-

triazine (0.15 g, 0.5 mmol) in a water-methanol mixture (v/v %, 1:4, 10 ml) was added to the

methanolic solution of TbCl3.6H,0 (0.19 g, 0.5 mmol). The suspension was stirred at room
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temperature for 6 hrs and filtered on celite. The filtrate was dried under vacuum to afford a
powder solid in 72.9% (1.92 g, 0.72 mmol) yield. Anal. Calcd. (%) for C;19HgoN302:Th;
(2599.95): C, 54.99; H, 3.41; N, 9.70. Found: C, 54.67; H, 3.34; N, 9.57. IR (KBr, cm™"): 3441,
1612, 1599, 1532, 1421, 1255, 1008, 854, 768, 722.
(xv) Synthesis of [Tb(phen),Cl30H;].CH30H (30)

The methanolic solutions (10 ml) of TbCl5.6H,O (0.19 g, 0.5 mmol) and I,10-
phenanthroline (0.09 g, 0.5 mmol) was stirred overnight and filtered on celite. The filtrate was
dried under vacuum to afford a powder solid in 78.0% (0.53 g, 0.78 mmol) yield. The
compound was recrystallized from methanol at 4 °C. Anal. Caled. (%) for CysH22N4O,Cl3Thb
(675.75): C, 44.43; H, 3.28; N, 8.29. Found: C, 44 31; H, 3.13; N, 8.15. IR (KBr, cm™): 3356,
1625, 1590, 1382, 640.

(xvi) Synthesis of [Tb(phen),(SCN); CH3;OH].phen (3p)

Complex 3p was prepared in 73.4% (0.66 g, 0.73 mmol) yield by the method as
outlined for 3e using TbCl;.6H,0 (0.19 g, 0.5 mmol). Anal. Calcd. (%) for C4HsNgOS;Tb
(905.81): C, 53.03; H, 3.11; N, 13.99. Found: C, 52.89; H, 3.03; N, 13.83. IR (KBr, em™y:
3343, 1594, 1566, 1459, 1373, 843, 764.

(xvii) Synthesis of [OH,(phen)(2-pyca),;Tb(n-0x)Tb,(2-pyca);(phen)OH;].6H,0 (3q)

Complex 3q was prepared in 67.8% (0.95 g, 0.68 mmol) yield by the method as
outlined for 3f using TbCl;.6H,0 (0.37 g, 1.0 mmol). Anal. Calcd. (%) for CsgHaaN12020Tb2
(1402.72): C, 39.38; H, 3.16; N, 11.98. Found: C, 39.21; H, 3.09; N, 11.87. IR (KBr, cm™):
3378, 1637, 1461, 1389, 843, 729.

Chapter-4

3-phenyl-5-methylpyrazole [Pz""°H] [Ref. 35 of chapter 4] (4a), 4-(3,5-dimethyl-4H-
pyrazole-4-yl)-3,5-dimethyl-1H-pyrazole [Hmdpz] [Ref. 36 of chapter 4] (4b) were
synthesized by the literature method.

(i) Synthesis of [2PA".2PzH,".OH,] (4¢)

Picric acid (0.22 g, 1.0 mmol) and pyrazole (0.06 g, 1.0 mmol) were mixed in a water-
methanol mixture (v/v %, 1:4, 10 ml). The resulting solution was stirred for 6 hrs and filtered
through celite. The filtrate was evaporated to dryness under vacuum and the yellow solid
obtained was redissolved in methanol. The yellow crystals of salt 4¢ in 69.0% (0.42 g, 0.69
mmol) yield, suitable for X-ray data collection were obtained by slow evaporation of solvent at

room temperature. Anal. Calcd. (%) for CigHsNoO15 (612.41): C, 76.49; H, 2.37; N, 23.56.
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Found: C, 76.35; H, 2.31; N, 23.47. IR (KBr, cm™): 3218, 3141, 2996, 1843, 1611, 1567,
1539, 1494, 1360, 1321, 1278, 1162, 1134, 1077, 909, 769, 711, 608, 543.
(ii) Synthesis of [PA~Pz"*H,"] (4d)

Salt 4d was prepared by same procedure as outlined above for 4¢ using 3,5-dimethyl
pyrazole (0.09 g, 1.0 mmol) in methanol (10 ml) with 63.2% (0.20 g, 0.63 mmol) yield. Anal.
Caled. (%) for Cj)H;NsO7 (325.25): C, 40.62; H, 3.40; N, 21.53. Found: C, 40.43; H, 3.29;
N, 21.39. IR (KBr, cm™): 3191, 3126, 1586, 1469, 1336, 1298, 1154, 1032, 1008, 835, 737.
(iii) Synthesis of [PA~.Pz""™*H,".CH;0H] (4e)

Salt 4e was prepared by same procedure as outlined above for 4¢ using 3-phenyl-5-
methyl pyrazole (0.16 g, 1.0 mmol) in methano! (10 ml) with 71.8% (0.30 g, 0.72 mmol) yield.
Anal. Calcd. (%) for C,7H,7N505 (419.36): C, 48.69; H, 4.08; N, 16.70. Found: C, 48.49; H,
3.97; N, 16.53. IR (KBr, cm™): 3308, 3102, 1860, 1627, 1533, 1431, 1341, 1260, 1151, 1082,
834, 780, 702, 534.

(iv) Synthesis of [2PA".2H,mdpzH".CH;CN] (4f)

Salt 4f was prepared by same procedure as outlined above for 4c using 4-(3,5-
dimethyl-4H-pyrazole-4-yl)-3,5-dimethyl-1H-pyrazole (0.19 g, 1.0 mmol) in an acetonitrile-
methanol mixture (v/v %, 1:4, 10 ml) with 68.9% (0.61 g, 0.68 mmol) yield. Anal. Calcd. (%)
for C34H37N 15014 (879.79): C, 46.41; H, 4.23; N, 23.88. Found: C, 46.37; H, 4.19; N, 23.73. IR
(KBr, cm™): 3347, 1830, 1626, 1581, 1536, 1426, 1313, 1165, 1072, 907, 812, 710, 616.

(v) Synthesis of [PA.phenH".CH;0H] (4g)

Salt 4g was prepared by same procedure as outlined above for 4¢ using 1,10 -
phenanthroline (0.19 g, 1.0 mmol) in an acetonitrile-methanol mixture (v/v %, 1:4, 10 ml) with
62.5% (0.27 g, 0.62 mmol) yield. Anal. Caled. (%) for C,9H5NsOg (441.36): C, 51.71; H,
3.42: N, 15.86; Found: C, 51.59; H, 3.33; N, 15.63. IR (KBr, cm™): 3357, 3056, 1514, 1364,
1312, 1263, 1159, 1076, 1016, 909, 847, 785, 744,715, 619.

(vi) Synthesis of [2PA".terpyH,*"] (4h)

Salt 4h was prepared by same procedure as outlined above for 4g using 2,2';6',2"-
terpyridine (0.23 g, 1.0 mmol) with 72.8% (0.50 g, 0.72 mmol) yield. Anal. Calcd. (%) for
Ca7H7NgOy4 (691.50): C, 46.90; H, 2.47; N, 18.23. Found: C, 46.78; H, 2.32; N, 18.09. IR
(KBr, cm™): 3429, 3098, 1860, 1635, 1527, 1435, 1337, 1269, 1160, 1080, 915, 834, 780, 704.
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(vii) Synthesis of [PA.hmta] (4i)

Salt 4i was prepared by same procedure as outlined above for 4g using
hexamethylenetetramine (0.14 g, 1.0 mmol) with 73.7% (0.27 g, 0.73 mmol) yield. Anal.
Caled. (%) for C,HsN7O7 (369.31): C, 39.03; H, 4.09; N, 26.55. Found: C, 38.89; H, 3.93;
N, 26.42. IR (KBr, cm™): 3438, 2917, 2552, 1629, 1562, 1483, 1433, 1404, 1361, 1287, 1257,
1156, 1014, 978, 820, 791, 708.

(viii) Synthesis of [3PA™.tptzH;*"] (4j)

Salt 4j was prepared by same procedure as outlined above for 4g using 2,4,6-tris(2-
pyridyl)-1,3,5-triazine (0.31 g, 1.0 mmol) with 68.9% (0.68 g, 0.68 mmol) yield. Anal. Calcd.
(%) for C3sH2N 5Oz (999.68): C, 43.25; H, 2.11; N, 21.01. Found: C, 43.08; H, 2.09; N,
20.87. IR (KBr, cm™): 3426, 3104, 1860, 1633, 1609, 1531, 1434, 1342, 1272, 1155, 1087,
918, 830, 778, 732, 705, 660.

(ix) Synthesis of [PA".Uronium] (4k)

Salt 4k was prepared by same procedure as outlined above for 4g using urea (0.06 g,
1.0 mmol) with 71.5% (0.21 g, 0.71 mmol) yield. Anal. Calcd. (%) for C;H;NsO3 (289.18): C,
29.07; H, 2.43: N, 24.22; Found: C, 28.93; H, 2.34; N, 24.17. IR (KBr, cm'l): 3412, 3103,
2882, 1856, 1709, 1635, 1534, 1432, 1345, 1148, 1082, 926, 826, 774, 729, 530.

(x) Synthesis of [PA".3, 5-diamino-1,2,4-triazolium] (41)

Picric acid (0.22 g, 1.0 mmol) and 1H-1,2,4-triazole-3,5-diamine (0.09 g, 1.0 mmol)
were mixed in a water-methanol mixture (v/v %, 1:4, 10 ml). The resulting solution was
refluxed for 2 hrs and filtered through celite. The filtrate was evaporated to dryness under
vacuum and the yellow solid obtained was redissolved in methanol. The yellow diamond
shaped crystals of salt 4l in 77.8% (0.25 g, 0.77 mmol) yield were obtained by slow
evaporation of solvent at room temperature. Anal. Caled. (%) for CgHgNgO; (328.22): C,
29.37; H, 2.15; N, 34.25. Found: C, 29.23; H, 2.05; N, 34.11. IR (KBr, cm™): 3460, 3418,
3354, 3168, 1839, 1689, 1627, 1548, 1430, 1329, 1272, 1163, 1076, 999, 912, 788, 711, 656.
(xi) Synthesis of [IPA".1/2¢cyclohexane-1,2-diaminium] (4m)

Salt 4m was prepared by same procedure as outlined above for 41 with cyclohexane
1,2-diamine (0.11 g, 0.5 mmol) with 69.7% (0.39 g, 0.69 mmol) yield. Anal. Calcd. (%) for
CisHxoNgO 4 (572.42): C, 37.77; H, 3.52; N, 19.57; Found: C, 37.53; H, 3.41; N, 19.47. IR
(KBr, cm™): 3429, 2926, 1633, 1547, 1489, 1428, 1342, 1265, 1084, 910, 780, 702, 628.
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(xii) Synthesis of [PA".6-phenyl-2,4 diamino-1,3,5-triazinium] (4n)

Salt 4n was prepared by same procedure as outlined above for 41 with 6-phenyl-1,3,5-
triazine-2,4-diamine (0.18 g, 1.0 mmol) with 67.0% (0.27 g, 0.67 mmol) yield. Anal. Calcd.
(%) for CysH12NsO7 (416.33): C, 43.28; H, 2.90; N, 26.91. Found: C, 43.19; H, 2.83; N, 26.49.

IR (KBr, cm™): 3378, 3105, 2874, 1856, 1673, 1535, 1429, 1336, 1154, 1082, 976, 855, 778,
704, 534.
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