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Abstract 

----------------------------------------------------- 
Two-dimensional inorganic-organic (2D-IO) hybrids are very interesting material 

systems which, because of their unique stacking layered structure and tunable physical 

properties have become very popular amongst application scientists and material engineers 

recently. The 2D-IO hybrids exhibit tunable optical, structural, magnetic, and thermal 

properties which can be controlled up to a large extent in each attribute of theirs by 

appropriate engineering in their inorganic networks and the interplanar organic moiety 

during synthesis. The length and conformation of the organic molecules largely decide the 

overall structural and thermal stability while the type of the divalent metal and halogen 

ions in the inorganic network determine the optoelectronic and magnetic properties. 

Numerous reports in the recent literature from the perspective of potential applications in 

varieties of areas such as data storage, memory devices, low-temperature magnetic 

refrigeration technology, energy storage and  optoelectronics shows the significance of 

these material systems and the extensiveness for further exploration they bring in.  

There are two facets of the work that has been conducted in the current thesis. The first 

one deals with the chemical synthesis of the new and lead-free 2D-IO hybrid systems and 

in the second one, investigation of the optical, magnetic and thermal properties of those 

have been carried out. The lead-free and transition metal-based 2D-IO hybrids have been 

synthesized by two-step solution processing method. Thermal stability and solid-solid 

structural phase transitions have been studied in the copper- and manganese-based 2D-IO 

hybrids by varying the length and conformation of the organic part, and metal-halogen 

network. The longer carbon atom chain and manganese chloride-based 2D-IO hybrids are 

found to be most thermally stable among all the systems studied here. 

Diversity in the structural and optical properties has been investigated in the copper-

based 2D-IO hybrids by varying the size of the organic part and halogen element. The 

longer organic-based IO hybrids are found to be in uniform single crystalline phase 

whereas the shorter organic based-IO hybrids are seen to exist with composition dependent 

structural frustration and immiscible amorphous phase. The optical properties are 
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independent of the organic moiety present in the hybrids. Also, the absorption features 

such as optical band gap can be systematically tuned by proper composition of the halogen 

ions. Much importantly, a broadband white light emission in the entire visible range 

extending into the infrared is observed from copper and manganese based 2D-IO hybrids. 

The copper-based 2D-IO hybrids are ferromagnetic below the Curie temperature in the 

range of 7-12 K due to the Jahn-Teller distortion of copper ions whereas manganese-based 

IO systems are antiferromagnetic below Neel temperature of ~43 K. In the mixed Cu-Mn 

2D-IO hybrid systems, intertwined magnetic phases corresponding to ferromagnetic and 

antiferromagnetic phases are observed at a particular Cu-Mn doping level. These results 

indicate that only after a certain Mn-doping level, it does not lead to Cu substitution rather 

prefers to form its own crystalline phase. Therefore, a competition between the structural 

and magnetic entropies is at the interplay. Lastly, the Magnetocaloric effect has been 

studied in the Cu-based 2D-IO hybrids to find their suitability in low-temperature magnetic 

refrigeration technology. The Magnetocaloric performance of these systems is found to be 

comparable to those of the more commonly studied transition metal oxide perovskites. 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

साराांश 

----------------------------------------------------- 

द्वि-आयामी अकाबबद्वनक-काबबद्वनक (2 डी-आईओ) सांकर बहुत ही ददलचस्प सामग्री प्रणाद्वलयाां हैं, जो दक 

उनके अद्वितीय स्टैककग स्तररत सांरचना और ट्यून करने योग्य भौद्वतक गुणों के कारण आवेदन वैज्ञाद्वनकों 

और सामग्री इांजीद्वनयरों के बीच बहुत लोकद्वप्रय हैं। 2D-IO सांकर ट्यून करन े योग्य ऑद्वटटकल, 

सांरचनात्मक, चुांबकीय और थमबल गुणों को प्रदर्शशत करते हैं, जो दक उनके अकाबबद्वनक नेटवकब  में उपयुक्त 

इांजीद्वनयररग और सांशे्लषण के दौरान इांटरटलेनर ऑगेद्वनक म्यूटेशन िारा उनमें स े प्रत्येक द्ववशेषता में 

काफी हद तक द्वनयांद्वित दकया जा सकता ह।ै काबबद्वनक अणुओं की लांबाई और सांरचना मोटे तौर पर समग्र 

सांरचनात्मक और थमबल द्वस्थरता का फैसला करती ह ैजबदक अकाबबद्वनक नेटवकब  में डाइवलेंट धातु और 

हलैोजन आयनों के प्रकार ऑटटोइलेक्ट्रोद्वनक और चुांबकीय गुणों को द्वनधाबररत करते हैं। डटेा भांडारण, 

मेमोरी द्वडवाइस, कम तापमान चुांबकीय प्रशीतन प्रौद्योद्वगकी, ऊजाब भांडारण और ऑटटोइलेक्ट्रॉद्वनक्ट्स जैसे 

क्षेिों की दकस्मों में सांभाद्ववत अनुप्रयोगों के पररपे्रक्ष्य से हाल के साद्वहत्य में कई ररपोटब इन भौद्वतक 

प्रणाद्वलयों के महत्व और आगे की खोज के द्वलए व्यापकता को दशाबती ह।ै  

वतबमान थीद्वसस में काम के दो पहलू हैं। नए और लेड-फ्री 2D-IO हाइद्विड प्रणाद्वलयों के रासायद्वनक 

सांशे्लषण के साथ पहला सौदा और दसूरे में, उनके ऑद्वटटकल, चुांबकीय और थमबल गुणों की जाांच की गई 

ह।ै लीड-मुक्त सांक्रमण धातु-आधाररत 2D-IO सांकर को दो-चरण समाधान प्रसांस्करण द्ववद्वध िारा 

सांशे्लद्वषत दकया गया ह।ै तापीय द्वस्थरता और ठोस-ठोस सांरचनात्मक चरण सांक्रमण का अध्ययन ताांबा- 

और मैंगनीज-आधाररत 2D-IO सांकर में काबबद्वनक भाग, और धात-ुहलोजन नेटवकब  की लांबाई और रचना 

में द्वभन्नता से दकया गया ह।ै लांबी काबबन परमाणु शृ्ांखला- और मैंगनीज क्ट्लोराइड-आधाररत 2D-IO 

सांकर यहाां अध्ययन दकए गए सभी प्रणाद्वलयों में सबसे अद्वधक थमबल रूप से द्वस्थर पाए जाते हैं। 

ऑगेद्वनक पाटब और हलैोजन तत्व के आकार को अलग-अलग करके कॉपर-आधाररत 2D-IO सांकर में 

सांरचनात्मक और ऑद्वटटकल गुणों में द्ववद्ववधता की जाांच की गई ह।ै लांबी काबबन परमाणु शृ्ांखला 

आधाररत IO सांकर समान एकल दक्रस्टलीय चरण में पाए जात ेहैं जबदक छोटे काबबद्वनक आधाररत IO 

सांकर सांरचना पर द्वनभबर सांरचनात्मक हताशा के साथ मौजूद होत े हैं। ऑद्वटटकल गुण सांकर में मौजदू 

काबबद्वनक चपलता से स्वतांि हैं। इसके अलावा, ऑद्वटटकल बैंड गैप जैसी अवशोषण सुद्ववधाओं को 



 
 

व्यवद्वस्थत रूप से हलोजन आयनों की उद्वचत सांरचना िारा ट्यनू दकया जा सकता ह।ै बहुत महत्वपूणब 

बात, दशृ्य क्षेि में एक िॉडबैंड सफेद प्रकाश उत्सजबन ताांबे और मैंगनीज आधाररत 2D-IO सांकर से दखेा 

जाता ह।ै ताांब ेके आयनों के जाह्न-टेलर द्ववरूपण के कारण कॉपर आधाररत 2D-IO सांकर 7-12 K की 

सीमा में क्ट्यूरी तापमान से फेरोमैग्नेरटक होते हैं जबदक मैंगनीज-आधाररत IO द्वसस्टम ~ 43 K के नील 

तापमान पर एांटीफेरोमैग्नेरटक होते हैं। द्वमद्वश्त Cu-Mn 2D-IO हाइद्विड द्वसस्टम, फेरोमैग्नेरटक और 

एांटीफेरोमोमैग्नेरटक चरणों के सांगत इांटरवेटेड चुांबकीय चरण एक द्ववशेष Cu-Mn डोपपग स्तर पर दखेे 

जाते हैं। इन पररणामों से सांकेत द्वमलता ह ै दक केवल एक द्वनद्वित Mn-डोपपग स्तर के बाद, यह Cu 

प्रद्वतस्थापन की ओर नहीं जाता ह,ै बद्वकक अपने स्वयां के दक्रस्टलीय चरण बनाने के द्वलए पसांद करता ह।ै 

इसद्वलए, सांरचनात्मक और चुांबकीय एांरॉद्वपयों के बीच एक प्रद्वतयोद्वगता परस्पर दक्रया पर ह।ै अांत में, कम 

तापमान वाले चुांबकीय प्रशीतन प्रौद्योद्वगकी में इसकी उपयुक्तता का पता लगाने के द्वलए Cu- आधाररत 

2D-IO हाइद्विड में Magnetocaloric प्रभाव का अध्ययन दकया गया ह।ै इन प्रणाद्वलयों के 

मैग्नेटोकलोररक प्रदशबन को आमतौर पर अध्ययन दकए जाने वाले सांक्रमण धातु ऑक्ट्साइड पेरोवेसाइट्स 

की तुलना में अद्वधक पाया जाता ह।ै 
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packing of (C12H25NH3)2PbI4 2D-IO hybrid showing in-plane Pb-I-Pb 

bond angles in phase-I and phase-II. 
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1.10 Magnetic Superexchange interaction between two magnetic ions in 

the inorganic plane of the 2D inorganic-organic hybrid system. 

Upward and downward arrows reperesent electron filling for up and 

down spin electrons. X represents halogen and M represents metal 

ions in the octahedra forming the inorganic plan. 
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1.11 Schematic representation of the heating and cooling processes taking 

place in a magnetic refrigerator. T represents the ambient temperature 

and ∆T denotes the temperature difference created during a certain 

process in the material. 
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1.12 Fundamental features such as magnetization (M), free energy (F), 

entropy (S), and heat capacity at constant pressure (CP) of the first- 

and second-order phase transitions. 
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1.13 Difference in the behavior of the heat capacity at constant field (CH),  
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magnetic entropy change (∆S) and adiabatic temperature change 

(∆Tad) during the first- and second-order phase transitions.  
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2.1 Schematic view of the formation of 2D inorganic-organic hybrids 

from the organic halide and inorganic compound.   
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2.2 Schematic diagram for the crystalline packing of (R-NH3)2MX4 2D-

IO hybrids where the box represents a unit cell. Inorganic layers 

contain an infinitely extended arrangement of (MX6)
4-

 octahedra (M 

= metal, X = halogen) in the ab plane and the organic molecules (R-

NH3)
+
 act as the spacers between any two consecutive inorganic 

planes. Hydrogen atoms omitted for clarity. 
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2.3 X-ray diffraction pattern of the layered 2D-IO hybrid system. Inset 

shows Bragg's reflection by the atomic planes where θ is the angle of 

the X-ray beam with respect to atomic planes and d is the inter-plane 

distance. 
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2.4 Schematic view of the (a) sample illumination by the monochromatic 

light (b) processes of Rayleigh and Raman scattering and (c) Raman 

setup where M1, M2, M3, and M4 are mirrors.  
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2.5 Schematic optical arrangement of FTIR spectrometer. It consists of 

an IR source, an interferometer and a detector. 
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2.6 Schematic representation of the thermogravimetric analysis (TGA) 

measurement. A sample pan with a precision balance is placed inside 

a furnace and it is heated and cooled during the experiment. The mass 

of the sample is measured with increasing temperature. An inert or a 

reactive gas such as nitrogen is flowed over the sample to control the 

sample environment and exits through an exhaust.  
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2.7 Schematic view of differential scanning calorimetric measurements. 

There are two crucibles or pans; one is a sample pan in which powder 

of the sample is added while another pan is left empty which is used 

as a reference. Both the pans are placed on top of heaters which are 

controlled by a computer. It measures the difference in the heat flow 

between sample and reference pan with increasing temperature. 

 

 

 

 

 

52 



xiv 
 

2.8 Schematic diagram of UV-VIS-NIR spectrometer to measure the 

absorbance spectra which consists of a light source, sample holder, 

detector, and a monochromator or a grating to separate the different 

wavelengths of light. 
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2.9 The schematic diagram of the PL setup used to record the PL spectra 

of the studied materials. The sample is illuminated with a 325 nm He-

Cd laser via mirrors and the PL is collected through lenses. 
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3.1 (a) Glancing angle X-ray diffraction patterns of C12CuCl1-xBrx IO 

hybrids for various halogen compositions, x. The results for parent 

inorganic CuCl2.2H2O and CuBr2 compounds are also shown as 

indicated. (b) The XRD patterns for C6CuCl1-xBrx hybrids. 

Composition-dependent XRD peak-shifts in the characteristic (002) 

and (003) peak positions for (c) C12CuCl1-xBrx systems and that in the 

characteristic (001), (002) and (003) peak positions for (d) C6CuCl1-

xBrx systems. In (d) the solid symbols are for main (00l) diffraction 

peaks while the open symbols are for the split peaks around the main 

diffraction peaks in the mixed halides. 
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3.2 Room temperature Raman spectra of (a) C12CuCl1-xBrx and (b) 

C6CuCl1-xBrx hybrids at the 532 nm excitation wavelength. 

Corresponding Raman spectra of parent compounds CuCl2.2H2O and 

CuBr2 are also shown in (b) with dotted lines. (c) Change in the 

Raman shift with increasing Br/Cl ratio. The dotted lines are drawn 

as guide to the eyes.  
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3.3 Room temperature IR spectra of (a, b) C12CuCl1-xBrx and (c, d) 

C6CuCl1-xBrx IO hybrids in the frequency range 4000-400 cm
-1

.
 
The 

IR spectra of parent compounds CuCl2.2H2O and CuBr2 are also 

shown in (c, d) by dotted lines. 
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3.4 Room temperature optical absorption data in the UV-Visible from (a) 

C12CuCl1-xBrx, (b) C6CuCl1-xBrx, thin films casted from solution by 

spin coating on quartz slides. Data for parent CuCl2.2H2O and CuBr2 

compounds are also shown in (b) by the dashed lines. (c) True color 
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shift of the C12CuCl1-xBrx IO hybrids with decreasing Cl/Br ratio. 70 

3.5 (a) Schematic energy level diagram for possible electronic transitions 

between the orbitals of Cu-Cl and Cu-Br bands in C12CuCl1-xBrx and 

C6CuCl1-xBrx hybrids. Absorption spectra of pristine (b) C12CuCl and 

(c) C12CuBr 2D-IO hybrid systems. The insets in (b) and (c) are 

schematic representations for possible electronic transitions during 

charge transfer and the d-d transitions. 
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4.1 TGA curves as recorded for C12CuCl1-xBrx, C6CuCl1-xBrx (x = 0 and 

1), C12MnCl 2D-IO hybrids, and the parent inorganic compounds, 

CuCl2.2H2O and CuBr2 for a comparison, in the experimental 

temperature range of 30-600 
o
C. 
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4.2 Heat flow in Watt/g vs temperature from the DSC measurements on 

2D-IO hybrids (a) C6CuCl, (b) C6CuBr including the parent inorganic 

compounds, (c) CuCl2.2H2O, and (d) CuBr2 as obtained during the 

successive cycles of heating and cooling under the same 

measurement conditions. The solid-solid transition temperatures in 

C6CuCl during heating and cooling cycles are marked. 
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4.3 Heat flow curves in Watt/g vs temperature from the DSC 

measurements on (a) C12CuCl1-xBrx, and (b) C12Cu1-yMnyCl obtained 

during successive cycles of heating and cooling under the same 

measurement conditions for various compositions x, y as indicated. 

Various solid-solid transition temperatures are marked in the 

hysteresis curves. 
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4.4 Room temperature Raman spectra of C12Cu1-yMnyCl systems for 

various compositions, y = 0, 0.25, 0.50, 0.75, and 1 without any 

background correction. Right panel shows the Eigen vectors for the 

Cl-Cu-Cl symmetric stretching A1g mode, the Cl-Cu-Cl asymmetric 

stretching Eg mode and the Cl-Cu-Cl asymmetric bending 

deformation F2g mode associated to the vibrations inside the CuCl6 

octahedra. 
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4.5 Room temperature photoluminescence spectra of (a) C12CuCl1-xBrx,  
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and (b) C12Cu1-yMnyCl hybrids taken at the excitation wavelength 

325 nm. Insets show the corresponding absorbance spectra for all the 

compositions x and y. Schematic energy level diagrams for (c) 

C12CuCl1-xBrx and (d) C12Cu1-yMnyCl systems where possible optical 

transitions during light absorption and emission are indicated. The 

orbitals and/or the terms values of various levels are also indicated. 
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5.1 Schematic view of the d-orbital energy levels in the Cu
2+

 ion in an 

octahedral environment. The energy levels of d-orbitals in Cu
2+

 split 

into t2g (or dxy, dyz, dxz) and eg (or dz2, dx2-y2) states due to the crystal 

field splitting (in the left panel). The right panel shows the splitting of 

d-orbitals due to the Jahn-Teller distortion. 
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5.2 Schematic view of CuCl6 octahedra in ab-plane. The hydrogen 

bonding (H-bond) between H of NH3 and the Cl of the octahedra are 

shown by dotted lines. The elongated Cu-Cl bonds in the inorganic 

planes can be identified with thicker lines relative to other Cu-Cl 

bonds. White circles represent the out-of-plane Cl atoms. 
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5.3 Temperature-dependent magnetization M at fixed normal magnetic 

field of 400 Oe for (a) (C12H25NH3)2Cu(Br1-xClx)4 and (b) 

(C6H9C2H4NH3)2Cu(Br1-xClx)4 2D-IO systems for different 

compositions x. The results for the zero- and finite-field cooling are 

identical. The differential dM/dT curves are shown in the insets 

where Tc represents the Curie temperature of paramagnetic to 

ferromagnetic transition. 
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5.4 Magnetic field dependent isothermal magnetization curves measured 

at sample temperature of ~10K for (a) (C12H25NH3)2Cu(Br1-xClx)4 and 

(b) (C6H9C2H4NH3)2Cu(Br1-xClx)4 2D-IO systems. Insets are zoomed-

in views for better clarity of the hysteresis. 
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5.5 Fig. 5.5: M-T measurement data at fixed applied field of 400 Oe for 

(a) (C12H25NH3)2Cu1-yMnyCl4 (y = 0, 0.5 and 0.75), and (b) 

(C12H25NH3)2Cu1-yMnyCl4 (y = 1). Insets: (i) Differentiated M-T data 

for determining the ferromagnetic transition temperature, and (ii) 
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zoomed-in view of the M-T data for determining the 

antiferromagnetic transition temperature. 
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5.6 (a) Field-dependent isothermal magnetizations (M-H) measurements 

at various sample temperatures as indicated for (a) y = 0.0 and (b) y = 

1.0. Insets show a zoomed-in view of the M-H data for clarity in the 

hysteresis. 
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5.7 (a) X-ray diffraction spectra of (C12H25NH3)2Cu1-yMnyCl4 for y = 0.0, 

0.25, 0.50, 0.75 and 1.0. The XRD pattern for the parent CuCl2 

compound is also shown as marked. (b) Zoomed-in view of the XRD 

spectra of (C12H25NH3)2Cu1-yMnyCl4 revealing double peak structures 

of all the diffraction peaks from (00l) only for y = 0.75 composition. 
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5.8 Magnetic phase diagram, TC vs y (doping) of the (C12H25NH3)2Cu1-

yMnyCl4 two-dimensional IO hybrid systems. The red and star dots 

represent the experimentally obtained values. FM: ferromagnetic, 

AFM: anti-ferromagnetic phases. . 
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6.1 (a) Magnetic field dependent isothermal magnetization curves for 

(C12H25NH3)2CuCl4 at different sample temperatures in the first 

quadrant. (b) Temperature dependent magnetic entropy change in 

(C12H25NH3)2CuCl4 at different applied magnetic fields. (c) Relative 

cooling power (RCP) at various external fields determined from the 

change in the magnetic entropy as discussed in the text. 
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6.2 Arrott’s M
2
 vs H/M isotherms at different sample temperatures on 

both sides of the Curie temperature for (C12H25NH3)2CuCl4 2D-IO 

system. 
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6.3 (a) M vs H on log-log scale taken at the Curie temperature Tc ~ 10K 

for the (C12H25NH3)2CuCl4 2D-IO system. The solid line is linear fit 

to the data using Eq. (4). (b) Field dependence of the change in the 

magnetic entropy, –ΔS on log-log scale. The solid line is linear fit to 

the data using Eq. (6.5). 
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6.4 Logarithmic scaling plot in the critical region. All experimental data 

fall on two branches of the universal curves for T > TC and T < TC. 
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