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After decades of development, host-guest chemistry has become a highly 

multidisplinary field, spanning areas of chemistry to material science. The construction of 

host molecules and materials for housing specific guest species often involves a 

complicated combination of subtle electronic and structural interactions. The number of 

interacting sites and type of non-covalent forces that are involved in the host-guest 

interaction determine the stability of a complex. Thus, a comprehensive understanding of 

the binding behavior and structure-property relationship is as crucial as the design and 

synthesis of host materials. Conventional characterization methods of crystalline solid 

state materials such as single crystal XRD are key but have their limitations. In this case, 

accurate and structurally sensitive characterization methods are highly demanded.  
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In this dissertation, Raman and X-ray absorption spectroscopy techniques are 

employed to complement conventional characterization methods, FT-IR, UV and XRD, 

to help identify the structural change and host-guest interactions on various systems in 

their solid form, including metal-organic frameworks and macrocycle complexes. The 

results of these investigations revealed unique information to help understand host-guest 

interactions in these systems and may help the further improvement of their applications.  

Chapter 1: An overview of the research background is introduced. The overview 

will start from a general introduction of host-guest systems, followed by a summary of 

methods used for probing the structural changes and host-guest interactions. Detailed 

descriptions of the specific classes of these systems are covered in the remaining part of 

the chapter, namely metal-organic frameworks and cucurbit[n]uril.  

Chapter 2: A flexible metal organic framework (MOF) comprised of Co(II) ions 

and 4,4’-oxybis(benzoic acid) linkers undergoes substantial structure rearrangements 

upon removal of the metal coordinated water molecules upon activation. Two 

complementary structurally sensitive methods, X-ray absorption and Raman spectroscopy, 

are used to build a composite picture of the MOF activation process by revealing the 

specific local structural changes about both the Co sites and the organic linkers that are 

not apparent through standard powder X-ray diffraction studies. 

Chapter 3: The activation and CO2 gas adsorption processes in the rht-type 

metal-organic framework, [Cu3(TDPAT)(H2O)3]·10H2O·5DMA (TDPAT=2,4,6-tris(3,5-

dicarboxylphenylamino)-1,3,5-triazine) were investigated on the molecular level using 

several spectroscopic characterization methods. The remarkable selectivity of this 
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framework for CO2 is attributed to the high density of coordinatively unsaturated metal 

nodes and amine linker functionality that both serve as gas binding sites. Spectroscopic 

evidence for these binding interactions as well as the concomitant electronic and 

molecular level structural changes of the host framework and CO2 guest is derived from a 

combination of in situ UV-vis diffuse reflectance, X-ray absorption and Raman 

spectroscopy studies. Results showed that the activation process produced subtle 

structural rearrangements of the framework that may be influencing the binding 

interactions upon subsequent CO2 adsorption. 

Chapter 4: The activation and CO2 gas adsorption processes of a series of MOFs, 

M2(dobdc) (M=Mg, Co, Ni, Zn; dobdc= 2,5-dihydroxy-benzene dicarboxylic acid), were 

studied in-situ by Raman spectroscopy and diffuse reflectance spectroscopy. The high 

density of open metal sites lining the pore wall internal surfaces gives extraordinary gas 

storage capacity and selectivity to these frameworks, especially under low pressure. The 

fact that a considerable capacity gap exists among these iso-structural frameworks 

remains puzzling. In this chapter, a careful examination of in-situ Raman and diffuse 

reflectance spectra reveals that other than the well known factor of binding affinity, the 

unique local and global structure change that each framework experiences upon 

activation (ie removal of labile metal-bound solvent molecules) may have a significant 

impact on the gas adsorption properties as well. 

Chapter 5: A complex formed between cucurbit[7]uril (CB7) and ferrocene (Fc) 

is investigated in the solid state using Raman spectroscopy. The Raman spectra are 

compared with those of the CB7 host and Fc guest reference molecules, revealing 
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significant frequency shifts of some vibrational modes upon complexation. These 

changes expose the structural and electronic interactions between the host and guest 

components and provide evidence that the ferrocene moiety resides within the 

cucurbituril cavity in the solid state environment.  
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Chapter 1. Introduction 

Host-guest chemistry in porous materials and supramolecular compounds is the 

core concept behind their functionality for adsorption-based applications or molecular 

encapsulation. It is generally considered as the interactions between a larger molecule or 

molecular framework with sizeable cavity or porous framework (host) and a smaller 

molecule or ion (guest) to produce a larger complex or impregnated material. The main 

driving force of this interaction is not covalent bonds but weaker forces, such as, 

hydrogen bonding, π-π interaction, or van der Waals forces. 
[1]

  

Host-guest interactions play a central role in numerous areas of biology, 

chemistry and physics, from complicated enzyme and DNA systems 
[2] 

of life to selective 

sensing, 
[3]

 catalysis, 
[4, 5]

 and even advanced concept of molecular information storage 
[6, 

7]
 and molecular machine. 

[8]
 The unique structure-property relationship brought by the 

intermolecular interactions has greatly extended the horizon of chemistry and lead to 

countless potential applications. The self-assembly reactions and the resulting properties 

of these host-guest systems are determined by the binding forces, binding sites and 

structure. Thus, identifying the binding sites and the way they are interacting is crucial in 

understanding the behavior of host-guest systems, and may also lead to rational design of 

new materials. There are various mature techniques, including FT-IR, UV/Vis, NMR and 

X-ray diffraction that can help researchers to understand the electronic and structural 

ramifications of these interactions. Under some circumstances, these conventional 

techniques alone fail to reveal important information about the host-guest interaction as 

described below. In this dissertation, Raman and X-ray absorption spectroscopy, along 
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with the conventional characterization technologies are employed to obtain a more 

complete view of the interactions in some host-guest complexes.  

The main focus of this dissertation is investigating activation-induced structural 

changes and framework-gas interaction in metal-organic frameworks (MOFs) by 

spectroscopy methods. Three different MOF-related projects will be introduced from 

Chapter 2 to Chapter 4. In Chapter 5, we will show that these methods can also be used to 

study the host-guest interactions involved in supramolecular complexes through the 

example of a ferrocene-cucurbit[7]uril complex. 
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1.1 Electronic and Structurally sensitive spectroscopy techniques 

 While the more conventional characterization methods mentioned above are 

widely used and provide solid evidence about the structural information and nature of 

host-guest interaction, each one has its own limitations. SXRD is only applicable when 

the materials retain their crystallinity after the guest inclusion treatment, and PXRD can 

only provide very limited information about the binding site. NMR is less applicable in 

many cases for probing host-guest interactions in solid state materials since solid state 

NMR usually requires specific sample formats that are less amenable to in situ 

measurements. In terms of IR, the heavily overlapped peaks and relative low resolution 

of conventional FTIR spectrometers make subtle changes difficult to recognize. Thus, 

other methods are needed to complement the traditional means of characterization to 

provide a more complete picture of these host-guest interactions. In this thesis, we 

specifically employed the following electronic and structurally sensitive spectroscopy 

techniques to help investigate the molecular level structure changes and host-guest 

interactions in several MOF systems and a CB[7]-ferrocene inclusion complex: Raman 

spectroscopy and X-ray absorption spectroscopy.   

1.1.1 Raman spectroscopy 

Both Raman and IR spectroscopy measure the vibrational modes of a given 

molecule or material. While IR directly probes the energy difference between two 

vibrational energy levels by absorbing the light with the same energy, Raman 

spectroscopy yields this information indirectly by measurement of inelastically scattered 

light. When the electric field (E) of incident monochromatic laser light interacts with 
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molecules with polarizability α, the resulting electric dipole moment P = αE deforms the 

molecules and force them to vibrate at characteristic frequency. As a result, these photons 

are scattered accompanied by changes of energy (Figure 1.1). If the scattered photons 

lose energy, the energy difference between the incident photons and scattered photons is 

called “stokes shift”. If the scattered photons gain energy, the energy difference is called 

“anti-stokes shift”. In a simple harmonic approximation, the frequency of a vibration, ν, 

is proportional to 
 

 
 , in which k is the force constant and μ is the reduced mass. For a 

given molecule, k is correlated to the equilibrium bond length Re (Badger’s rule), thus the 

change of Raman frequencies can be used to analyze the structural changes. Blue shift of 

a Raman mode indicates higher force constant/shorter bond and vice versa. Since the 

host-guest interactions are strongly affected by the structural features of both components, 

the molecular level structural information obtained by Raman spectroscopy can help 

build a clearer structure-property relationship of host-guest systems. Although the 

vibrational modes are much more complex due to mixing and coupling in larger systems, 

such as extended networks or supramolecular compounds, qualitative conclusions can 

still be drawn in our studies. Resonance Raman (RR) occurs when the excitation laser 

frequency coincides with the energy of a molecule’s electronic excited states. Depending 

on the magnitude of the transition dipole moment associated with the electronic transition, 

the vibrational coordinates that involve significant excited state displacement can be 

enhanced by up to 3~5 orders of magnitude. While an intensity analysis can be used to 

elucidate excited state structure information, 
[9]

 RR is employed primarily as a signal 

enhancing mechanism in this work. Raman spectroscopy and IR are complementary to 

each other since their activity is determined by selection rules in which vibrational modes 
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with dipole moment change are IR active and vibrational modes with change of 

polarizability are Raman active. IR spectroscopy is generally more sensitive than Raman 

spectroscopy, but Raman has advantages of better resolution. A combination of Raman 

and IR can complement each other to generate a complete picture of the vibrational state 

of a given material.  

Raman spectroscopy has become a crucial characterization method for many 

types of materials, 
[10-12]

 and also starts to show its value in MOF studies. 
[13, 14]

 Most of 

the reported studies however focus on using Raman to probe the existence of guest 

species. In our work, particularly on the MOF systems, more subtle changes of the 

framework itself along with the guest species are investigated to reveal the structural 

changes associated with guest binding interactions.  

 

Figure 1.1 Illustration of Raman Scattering. 
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1.1.2 X-ray absorption spectroscopy 

X-ray absorption occurs when the X-ray photon is absorbed by the core electron 

of an atom (Figure 1.2). 
[15]

 Since the core electrons have distinguishable core-level 

binding energy in different elements, X-ray absorption spectroscopy (XAS) is an element 

specific technology. A XAS spectrum usually contains two parts, the X-ray absorption 

near edge spectrum (XANES) and extended X-ray absorption fine structure (EXAFS).  

Each part reveals different type of information: The XANES region contains information 

on the absorbing element oxidation state and coordination geometry. EXAFS is the result 

of interference between the photo-electron and back scattered electrons from the 

neighboring atoms, thus, it can be used to determine the distance, type and number of 

surrounding atoms by fitting the following equation: 

       
              

 

   
                  

 

 

Where f (k) and δ (k) are scattering properties of the atoms neighboring the excited atom, 

N is the number of neighboring atoms, R is the distance to the neighboring atom, and σ
2
 is 

the disorder in the neighbor distance. From the equation, N, R and σ
2
 can be determined 

by the scattering amplitude f (k) and phase-shift δ (k), which comes from the 

experimental data. Analysis of both parts provides a convenient way to obtain the local 

atomic environment information, especially when the information cannot be obtained 

through XRD characterization. XAS has shown to be an important characteristic 

technique in metalloproteins, mixed oxides, ternary and quaternary semiconductor solid 

solutions. 
[16]

 Recently, XAS has gradually attracted attention in the studies of structural 
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information in MOF materials and some pioneer works have been reported 
[17-20]

. In 

chapter 2 and 3, we will extend the application of XAS to more systems and show the 

advantages and limitations of XAS in MOF research. 

 

Figure 1.2 Illustration of X-ray absorption process. Reprinted with permission from 

Fundamental of XAFS, University of Chicago, Chicago. Copy right 2004, Matthew 

Newville. 
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1.2 Metal-Organic Frameworks 

The majority of this thesis will focus on the spectroscopic studies of host-guest 

interactions in Metal-Organic Framework (MOF) materials. MOFs are comprised of 

metal ions and organic linkers that self assemble through coordination bonds to form 

crystalline materials. Due to the strong coordination bonds, many MOFs have a robust 

framework that can retain their structure after the removal of guest molecules. This 

permanent porosity allows the inclusion of other guest molecules, leading to various 

adsorption-based functionality and applications.   

 

Figure 1.3 MOF-5 framework. Zn4(O) sub units are represented as blue tetrahedrn. Zn 

(blue), oxygen (red), carbon (grey) 

In 1999, Yaghi and coworker reported the first robust and highly porous MOF: 

MOF-5 (Figure 1.2). 
[21]

 With an octahedral zinc(II)oxo metal node and terephthalate 

linkers, MOF-5 forms a cubic shape framework. MOF-5 achieves a porosity of 61% of 

10 Å 
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the total volume and a BET surface area of 2320 m
2
/g, which is higher than most other 

porous materials. 
[22]

 The same group then used a method called isoreticular expansion to 

further increase MOF surface areas, leading to the reports of MOF-177 in 2004 
[23]

 and 

MOF-210 in 2010, 
[24]

 with reported surface areas of  3780 m
2
/g and 6240 m

2
/g, 

respectively. Isoreticular MOFs (IRMOFs) are great examples to show the tunability of 

MOF structures. By simply increasing the length of the linker molecule, MOFs with 

different pore size but same topology can be obtained. Modification of the linker shape or 

functionality can lead to a tremendous number of structures and functions. More than 

20,000 different frameworks have been reported in the past 15 years, and this number is 

still increasing. The versatile structural and chemical tunability of MOFs has attracted 

tremendous interest in the past decade due to their potential application in gas storage 
[25-

27]
 and separation 

[28-32]
, catalysis 

[33-35]
 and sensing.

 [36-38]
 In the following sections, we 

will discuss these features in detail. 

1.2.1 Structure Features  

The functionality of frameworks is crucial for optimization of the host-guest 

interaction. In this section, we describe some important pore surface properties, including 

the pore shape and shape, open metal sites and functional groups. 

1.2.1.1 Pore size and shape 

The shape and size of pores in MOFs play important roles when considering their 

use in catalysis and gas adsorption applications. The high surface area of MOF materials 

allows efficient packing of small guest molecules in the pores. For non-polar gases, like 

hydrogen and nitrogen, the functionality of organic linkers is not the driving force for 
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encapsulation. The most import factor is the pore size and surface area.  The mechanism 

is similar in the case of methane storage.  The capacity of methane storage is proportional 

to the pore volume of a MOF material. In the ultra low density MOF-210, 
[24] 

the uptake 

can reach up to 476 mg/g at 80 bar, which is almost twice as much as the capacity in a 

high pressure gas cylinder under the same pressure.  

The molecular sieving effect caused by the pore size and shape is also crucial for 

the separation of molecules. MOFs with small pore apertures can block larger guest 

molecules, but allow the adsorption of the smaller ones. Ma and coworkers reported the 

selective adsorption of H2 over N2 in PCN-13 
[39]

 and PCN-17. 
[40]

 In MIL-96, the 

selective adsorption of CO2 over CH4 is also observed based on this sieving effect. 
[41]

 

Both separations are important industrial processes for purification of natural gas or H2 

for fuel cell applications.    

 The variety of pore sizes and shapes also offer advantages when considering 

MOFs as catalytic hosts. The frameworks with larger pore openings allow much easier 

diffusion of incoming reactants or outgoing products. 
[42]

 Rational design of specific 

structures give MOFs the ability to fill the gap between zeolite materials and mesoporous 

supports 
[34]

, since the zeolites usually have limited cavity size for many reactants and 

mesoporous silicates have too large void space to retain the confinement effects.  

1.2.1.2 Functionalization of internal surface 

Although the pore size and shape determines what guest molecules can access the 

inside of MOFs, the chemical properties of the internal pore surface are more important 

when specific host-guest interactions are responsible for selective adsorption behavior. 
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The interaction can be related to polarity, quadrupole moment and H-bonding depending 

on the chemical functionality of the pore surface. 
[2]

  

One MOF application that commonly exploits differences in guest molecule 

binding is selective gas absorption. The green house gas generated from fossil fuel 

combustion has become one of the most important environmental challenges we are 

facing. Effective separation and storage of CO2 from the emitted gas is an urgent problem 

waiting to be solved. The post-combustion flue gas from fossil-fuel power station is a 

mixture of N2, water vapor, CO2, NOx and SOx. All these emitted gases have very similar 

molecular diameters, which makes them difficult to separate by size effect. The 

separation has to rely on creating an internal environment which has different affinity to 

each component in the flue gas.  Compared to the main component N2, CO2 has 

significantly higher polarizability (CO2, 26.3 × 10
-25

 cm
-3

 versus N2, 17.6 × 10
-25

 cm
-3

) 

and quadrupole moment (CO2, 13.4 × 10
-40

 C•m
2
; N2, 4.7 × 10

-40
 C•m

2
). 

[29]
 Modification 

of the pore surface to a more polar environment can greatly enhance the selectivity of 

CO2 over N2.  

There are two typical strategies to enhance CO2 capture performance, including 

polarizing organic functionalization and/or incorporating open metal sites in the 

frameworks.  As part of the first approach, nitrogen or oxygen containing basic groups 

have been widely adopted for improving CO2 adsorption. The dispersion and electrostatic 

forces resulting from the interaction of the quadrupole moment of CO2 with dipoles of 

heteroatom creates higher affinity between CO2 and the decorated pore surface. An amine 

functionalized MOF-5 adsorbs 10% CO2 under ambient pressure with 20% less surface 
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area. 
[43]

 The same enhancement has been shown in many other MOFs functionalized 

with strongly polarizing groups MOFs compared to their parent materials. 
[44-46]

 

The other well studied strategy for enhancing MOF CO2 adsorption is the use of 

open metal sites in the frameworks. In some MOFs, one or more coordination site of the 

metal center is not coordinated to the linker but to rather labile solvent molecules. An 

open site can be created by removal of coordinated solvent molecule under vacuum and 

elevated temperature. The CO2 capacity of a MOF with high density of open metal sites 

will be much higher than conventional CO2 adsorption materials. 
[39]

 M/DOBDC, a 

family of frameworks consist of various metal ions and 2,5-dioxido-1,4-

benzenedicarboxylate linker, represents some of the best performing MOFs utilizing open 

metal site. The binding sites rich pore environment of M/DOBDC frameworks gives 

them a high CO2 capacity which can reach up to 26 wt % under atmospheric pressure. 
[47]

   

In another work, Ryotaro et al reported selective adsorption of one non-polar gas, 

acetylene over another, carbon dioxide based on H-bonding between C2H2 and non-

coordinated oxygen from the linker. 
[27]

 These examples showed how the chemical 

tunability of MOFs provides numerous possibilities for designing new functional 

materials. 

1.2.1.3 Framework flexibility  

While most MOFs are stable, rigid structures, there are flexible MOFs that can 

respond to pressure, temperature or/and guest molecules.
[48-56]

 Since considerable 

flexibility can be hardly found in other porous hosts materials, this unique potential 

feature of MOFs can be exploited for many applications. In one of the most intensively 
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studied flexible framework series, called MIL-53, comprised of terephthalate linkers and 

metal nodes such as Al
3+

 or Fe
3+

, 
[49]

 the structure can switch between narrow and wide 

pore form in response of temperature or guest changes. In MIL-53, the hydrated form is 

slightly distorted due to the hydrogen-bonding between guest H2O molecules and the 

oxygen atoms from the carboxylate groups and axial coordinated hydroxyl groups. The 

structure can expand upon H2O removal and or temperature change, a phenomenon is 

called framework “breathing”. The MIL-53 family shows dramatically different breathing 

behavior for different metal centers, whereas the Cr
3+

 version change between an 

orthorhombic large pore and a monoclinic narrow pore, while the dehydrated Fe
3+

 

version has a C2/c symmetry. Consequently, the frameworks show different guest 

adsorption behavior due to the pore size differences. 
[50]

 Another interesting feature of 

flexible MOFs is the “gate opening” effect. A good example is the MOF reported by 

Joobeom Seo and coworkers in 2009, 
[51]

 in which the pore is blocked by long 

hydroxyethoxy groups on the linker. The linker can be pushed to rotate by increasing 

pressure and reveal the pore for guest inclusion.  

The host-guest interactions in these systems are fairly complicated since their 

structure become less well-defined due to the rearrangement of framework. So far, the 

rearrangement mechanism is not completely clear because the single crystal studies are 

usually limited to the as-synthesized form while the guest removed MOFs commonly lose 

some degree of their long range order. More in-depth studies are still needed.  
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1.2.2 Characterization of MOFs 

The most informative way to obtain structural information on MOFs is single 

crystal XRD. The structure of the frameworks can be refined from the diffraction data if a 

single crystal of the framework is obtained. Some recent studies on the activation and gas 

adsorption in MOF materials 
[57-59]

 have shown that XRD is an extremely valuable tool 

for the determination of MOF structures. SXRD studies however are not always possible 

due to the often times non-trivial work of growing good quality single crystals. Moreover, 

when single crystals are obtained, they can easily loose long range order during further 

treatment (such as thermal activation process). The disorder of guest molecules can also 

significantly affect the quality of refinement. Powder X-ray diffraction (PXRD) gives 

valuable but more indirect information about the crystal lattice parameters with fewer 

sample requirements. In the study of gas adsorption in MIL-53 Cr, the flexible 

framework exhibits a breathing behavior with a significant change in the unit cell which 

is monitored by in-situ PXRD. 
[60]

 The shift of low angle peaks indicates an expansion of 

the pore dimension from the evacuated form to the guest included form. 

 IR spectroscopy also plays an important role in the study of MOF materials since 

it can provide valuable information about the vibrational energy changes that can be 

associated with host-guest interactions. For example, IR can be used to identify the 

binding site of CO2 in MOFs, when CO2 is adsorbed on a open metal site by a M
n+

 – 

O=C=O adduct, the IR active asymmetric stretching (ν3, 2349 cm
-1

) and bending (ν2, 667 

cm
-1

) modes of CO2 are expected to change due the electron donating nature of this 

interaction and break of the CO2 symmetry. The shift of both modes has been proven as 

an effective indicator of CO2 binding in multiple studies. 
[13, 32, 59, 61, 62]

 While the CO2 is 
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interacting with the functional groups attached to the internal surface, IR is sensitive 

enough to distinguish the strong zwitterionic carbamates type of interaction, 
[45]

 electron 

donor-acceptor complex 
[63]

 and polarization effect 
[64]

 between the functional groups and 

CO2.   

1.3 Host-guest complex based on Cucurbit[n]uril 

1.3.1 Cucurbituril Homologues: Structures and Properties 

The final chapter of this thesis involves a spectroscopic investigation of the host-guest 

interactions behind the formation of a supramolecular complex based on Cucurbit[n]urils 

(CB[n]), which constitute a family of macrocyclic compounds in which n glycoluril units 

are linked by methylene bridges (Figure 1.1). The first member of these compounds was 

discovered by Behrend et al in 1905 
[65]

, but the chemical composition was not identified 

until 1981, 
[10]

 when Mock and coworkers determined the structure of a CB[6] calcium 

bisulfate complex by X-ray diffraction. In 2000, the other members of the CB[n] family 

were isolated and identified by Kim and coworkers 
[11]

. Since then, the CB[n] series has 

joined the ranks of other heavily researched host molecules, such as crown ethers, 
[68]

 

cyclodextrins 
[69]

 and calixarenes.
[70]

 

As shown in Figure 1.1, CB[n] has a hydrophobic cavity that is surrounded by a rim 

of polar carbonyl groups. The carbonyl groups at the portals of CB[n]s provide binding 

sites for charge-dipole interaction and hydrogen bonding, as well as a coordination site 

for metal ions. Beside these similarities, the distinguishable differences in the cavity and 

portal sizes give them abilities to recognize various guest molecules 
[71]

. Smaller 

members like CB[6] tend to form stable complexes with small species like ammonium 
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ions, while CB[7] can encapsulate bigger guests, such as ferrocene, adamantanamine or 

methyl viologen dication (MV
2+

) in a 1:1 ratio. CB[n] with more than seven glycoluril 

units can even encapsulate more than 2 molecules. For example, 2, 6-

dihydroxynathphalene (HN) can form a 1:1:1 charge-transfer (CT) complex with MV
2+

 

and CB[8]. This CT interaction between HN and MV
2+ 

is largely enhanced in CB[8] due 

to the close contact in the cavity of CB[8] 
[72]

. 

 

 

                          

 

Figure 1.4 Structures of CB[n]. The atoms are carbon (gray), nitrogen (blue) and oxygen 

(red) 

The unique features of each CB[n] host offer various potential applications. 

Because of the ability to stabilize two different guest molecules in certain orientations, 

some reactions can occur in larger CB[n] hosts with high stereoselectivity. 
[73-75]

 Kim and 

some other groups also reported several examples of molecular machines and switches 

n = 5, 6, 7, 8, 10 

20.0 Å 

13.1 Å 

n = 5 

n = 10 

9.1 Å 

9.1 Å 
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based on CB[6] and CB[8] complexes. 
[76, 77]

 Recently, some studies show that CB[n] can 

form stable charge transfer complexes with dye molecules and anchor them on nano 

metal oxides or quantum dots. 
[78-80]

 These devices may lead to improvement of light 

harvesting ability to help design better photo-voltaic devices. 

1.3.2 Characterization of Cucurbit[n]uril 

 Single crystal X-ray diffraction (XRD) and nuclear magnetic resonance (NMR) 

spectroscopy are the two most commonly used characteristion methods in CB[n] studies. 

The first accurate crystal structure obtained for this class of supramolecular systems was 

that of a CB[6]-calcium complex isolated and characterized by Mock et al. 
[10]

 Over a 

decade later, the remaining homologues of CB[n] (n = 5,7,8 and 10) and some associated 

complex were reported by Kim 
[67]

 and Isaacs 
[81]

. 
1
H NMR is especially useful to 

distinguish the homologues of CB[n]. The protons on the methylene groups have 

distinctive chemical shifts that increase progressively with more glycoluril units while the 

methylene and methane carbons down shift. Furthermore, the encapsulated species and 

their reaction products can also be readily identified from the chemical shift, relative 

intensities and spin-spin couplings. 
[73]

  

 Another frequently used technique is infrared spectroscopy which probes the 

vibrational energy levels associated with the bonding interactions in molecules and 

materials. The existence of peaks at characteristic frequencies can help identify the 

interacting species and the frequency shift of characteristic peaks reveals the changes of 

bond strength and polarization. Thus, IR is a widely used tool when probing the 

encapsulation of guest molecules in host molecules such as CB[n]s, as well as the 

interaction of CB[n]s to other materials. 
[67, 82, 83]
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While most of the characterizations of CB[n] inclusion complexes are conducted in 

solution form or by single crystals, practical applications will most likely require solid 

state material or immobilized material on solid surfaces. 
[71]

 In these cases, the 

characterization methods are limited, especially if the complexes are not in single crystal 

form. Other techniques are required to analyze the structural changes and host-guest 

interaction of inclusion complexes in non-crystalline solid state formats.  This will be the 

focus of the Raman spectroscopy studies described in Chapter 5.  
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Chapter 2. Monitoring the activation of a flexible coordination network 

using structurally sensitive spectroscopy techniques 

2.1 Introduction 

 Open metal sites in the coordination network are advantageous for enabling metal 

participation in the gas molecule adsorption process or catalytic reactions with substrates 

contained within the pores. Several strategies have been employed to integrate 

unsaturated metal sites in porous materials, including the use of porphyrins as linkers in 

the framework that will subsequently bind metal ions but leave available axial 

coordination sites on the metal ions in the process.
[1-3]

 Network flexibility is another 

variable in coordination network design that can influence its selectivity for a specific gas 

adsorption or catalytic process. The dynamic behavior of several flexible networks has 

been reported in which the pore shape and size adapts in response to guest inclusion such 

as gas adsorbates.
[4, 5]

 Similarly, flexible structures that exhibit condensed phase guest-

shape response behavior 
[6-11]

 have been reported and are suspected to play an important 

role in selective catalytic processes.   

 Coordination networks having both dynamic flexibility and available metal sites 

for adsorbed guest molecule interactions are particularly intriguing for optimizing the 

structure/function properties of these materials. In most networks reported with these 

properties, 
[12-15]

 the network metal sites are exposed through coordinated solvent removal 

by thermal activation and on account of their inherent flexibility, may be especially 

amenable to drastic local structure changes while retaining their overall crystallinity. 

Striking color transformations of the bulk materials are commonly encountered upon 
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activation, which is usually indicative of a change in metal coordination environment 

upon solvent removal. Despite these suspected coordination environment changes 

however, detailed quantitative information regarding the molecular-level structural 

differences between the solvated and desolvated forms of these frameworks are rarely 

revealed. This is most likely because material activation, while necessary to remove the 

coordinated solvent molecules from the networks, often results in partial loss of long-

range order, rendering the traditional X-ray diffraction methods of characterization less 

effective for accurate structural determination. An in-depth understanding of the local 

structural changes that occur both around the metal and on the linker is vital however, as 

it may help elucidate the trends observed on the macroscale in terms of gas separation or 

catalytic activity especially since these adsorption based processes ultimately rely on the 

host-guest interactions within the activated framework on the molecular level.  

 To validate our methodology, we explore the local structure changes incurred 

upon activation of a flexible coordination network exhibiting catalytic behavior in this 

chapter. The framework is composed of Co(II) ions connected through oxygen bridged 

bis(benzoic acid) linker molecules to form a 2D layered network as shown in Figure 2.1. 

[16]
 [Co(Hoba)2(H2O)2] (H2oba = 4,4’-oxybis(benzoic acid)), the as-synthesized material, 

contains two axially coordinated water molecules on each cobalt site that complete a near 

octahedral geometry. One carboxylic acid group of each ligand is deprotonated and forms 

bridging carboxylate bonds with two neighboring Co(II) ions. The other carboxylic acid 

remains protonated, forming hydrogen bonds with the adjacent Co(Hoba)2 layer.  
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Figure 2.1 Structure of CoHoba. Co (aqua), O (red) C (grey). 

TGA measurements of this material indicate a mass loss consistent with the 

removal of both coordinated water molecules within the activation temperature range of 

110 to 160
o
C, leaving 4-coordinate Co(II) sites. 

[16]
 Material activation is accompanied by 

a distinct color change from pink to blue, suggesting a tetrahedral environment for the 4-

coordinate Co sites. When these labile metal bound waters are removed upon activation, 

open metal sites are potentially made available for subsequent host-guest interaction. In 

this case, this dehydrated material has been reported to catalyze olefin epoxidation 

reactions and with 96% conversion, the activated material outperforms the fully solvated 

material by more than 25% in terms of efficiency.
[16]

 While it is clear from these results 

that the availability of the metal as Lewis acid sites for participation in the reaction is 

crucial for efficient performance, a detailed picture of the activated metal site, beyond 

that which can be inferred from color change alone, along with other coincident local 

structure changes in the most catalytically active form of the material, may ultimately 
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help elucidate the reaction mechanism. We illustrate how this information can be attained 

using multiple structurally sensitive spectroscopic techniques.  

 In this chapter, X-ray absorption spectroscopy (XAS) is employed along with 

Raman spectroscopy as complementary structurally sensitive techniques to build a 

composite picture of the local structure changes of CoHoba upon activation.  XAS 

provides element specific electronic and structural information about the Co sites in this 

material, with insights on metal coordination geometry and oxidation state revealed 

through XANES measurements and short range distance information about the Co(II) 

ions provided by the analysis of the EXAFS region. The utility of this technique for 

characterizing coordination networks has only recently been recognized with several 

fundamental studies reporting new structural details on coordination networks and their 

adsorption processes.
[17-22]

  

Several recent studies combining FTIR and Raman spectroscopy methods provide 

new structural insights on coordination networks and their adsorption behavior. 
[12, 23-29] 

These measurements primarily focused on the higher frequency vibrational modes 

pertaining to the linkers. In the present study, we use Raman spectroscopy to both support 

the coordination environment changes about the metal sites derived through EXAFS 

analysis and reveal the structural changes happening on Hoba linkers further away from 

the metal centers.  
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2.2 Results 

2.2.1 XRD characterization 

The characterization of CoHoba and activated CoHoba by PXRD confirms the 

retention of crystallinity while indicating long range structure changes that occur upon 

dehydration. As shown in Figure 2.2, the (00l) diffraction peaks shift to lower 2θ angles 

when the solvent is removed, indicating framework expansion along the crystallographic 

c-axis, i.e. increased separation distance between the layers of carboxylate-bridged Co(II) 

ions across the hydrogen bonds of the Hoba linker carboxylic acid groups. 

 

Figure 2.2 The PXRD patterns of the simulated (black), CoHoba (red), and activated 

CoHoba (blue) samples. The first five (00l) peaks are indicated in the simulated pattern. 
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2.2.2 X-Ray Absorption Spectroscopy.   

The X-ray absorption spectrum of CoHoba was monitored before during and after 

heat activation of the material. The progression of spectra showing the changes upon 

heating is shown in Figure 2.3. The two averages of four scans obtained at room 

temperature, one before and one after activation, were used in the data analysis and fitting. 

The changes occurring in the XANES region upon activation are shown in Figure 2.4 

while the EXAFS data and corresponding fits are presented in Figure 2.5 and 2.7. The 

parameter values obtained from the best fits are summarized in Tables 2.1 and 2.2. The 

fitting process is described in the later sections along with an analysis of these data in the 

context of providing specific structural details about the dehydrated metal sites.  
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Figure 2.3 The progression of XAS spectra collected in situ upon heating the sample 

from ~25°C (black trace) to 150°C (red trace). 
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Figure 2.4 Cobalt K-edge XANES spectra of CoHoba (black) and activated CoHoba (red) 

with highlight of pre-edge feature (× 20 magnification) at 7709.5 eV. 
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Figure 2.5 Experimental EXAFS spectrum of CoHoba (solid trace) overlaid with 

theoretical fit (dashed line) obtained using crystal structure model. Data plotted in (a) k 

and (b) R (magnitude in black and imaginary component in grey). 
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Table 2.1 Summary of EXAFS fitting parameters and distance information for as-

synthesized CoHoba obtained from crystal structure.
a
 

Sattering Path
b
 distances from crystal 

structure  

Reff  

(EXAFS fit) 

Degeneracy 

(N) 

σ
2
 

Co-Ow 2.07 2.06 2 0.007 

Co-O2 2.11 2.10 4 0.007 

Co-C7 3.10 3.08 4 0.009 

Co-C7-O2 3.26 3.23 8 0.009 

Co-O7 3.44 3.42 2 0.009 

Co-O2-Ow 3.56 3.53 16 0.005 

Co-O2-O6 3.56 3.54 8 0.005 

Co-C1 3.86 3.83 4 0.008 

Co-O7-O6 3.89 3.87 4 0.001 

Co-O7-O21 3.91 3.88 4 0.001 

Co-O1 3.93 3.91 2 0.003 
a
 ΔEo = -1.67 eV and So

2
 = 0.87 used for each scattering path. R-factor = 0.006  

b
 see Figure 2.6 for atom labeling information   

 

 

 

Figure 2.6 Model derived from crystal structure of as-synthesized CoHoba used in 

EXAFS fitting. Atom labels pertain to scattering paths listed in Table 2.1 with the 

following equivalencies: O6 = O2, C7 = C21. 
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Figure 2.7 Comparison between EXAFS spectra of CoHoba and activated CoHoba in (a) 

k-space, (b) FT R-space (also includes the theoretical first shell fits) see text for details of 

fitting. 

Table 2.2 Summary of the parameter values obtained from first shell EXAFS fits of 

CoHoba and activated CoHoba compared with crystal structure data. 

Co-O Scattering Path N S0
2
 ∆E0 Reff σ

2
 R-factor 

crystal structure 
a
 6 - - 2.09

b
 - - 

CoHoba 6 1.01 1.53 

(1.005) 

2.08(0.009) 0.007 

(0.001) 

0.001 

Activated CoHoba 4.2 1.01 1.53  2.01 (0.005) 0.009 

(0.001) 

0.003 

a 
[ref. 45]  

b 
average Co-O bond distance. Fitting errors shown in parentheses. 

2.2.3 Raman spectroscopy 

Raman data collected from CoHoba before and after dehydration are shown in 

Figure 2.8 and the observed vibrational frequencies along with corresponding mode 

assignments are summarized in Table 2.3. The assignments were made with the aid of 

both DFT calculations and the Raman measurements of several reference compounds, 

including CoHoba solvated with D2O, and the protonated and deprotonated forms of the 

H2oba linker alone. These reference spectra can be found in Figure 2.9. A summary of the 

DFT calculations is provided in Tables 2.4, 2.5 and 2.6. 

(a) (b) 
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Figure 2.8 Raman spectra of CoHoba (Black) and activated CoHoba (Orange). (Top) 

Full spectral range, * KNO3 internal standard peaks. (Bottom) Highlighted low and high 

frequency regions (see text for detailed analysis). 

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

 

 

R
a

m
a
n

 I
n

te
n

s
it
y

Raman shift (cm-1)
 

Figure 2.9 Raman spectra of Na2oba (green), H2oba (magenta) and D2O@CoHoba (blue), 

CoHoba (black) and activated CoHoba (red). 
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Table 2.3 Observed Raman frequencies and corresponding vibrational mode assignments 

of CoHoba and activated CoHoba 

CoHoba Activated CoHoba Vibrational Mode assignment 

301 300 Phenyl ring tilt   

418 417 δ Phenyl ring 

499 499 β (CCPhCCOOH) + γ (CH) 

616 616 δ Phenyl ring 

628  627 δ Phenyl ring   

640 643 δ Phenyl ring 

645 660 ν (Co-O) linker 

801, 811 792, 809 
δ Phenyl ring + δ (COC) ether + γ (CH)phenyl + 

δ(OOH) H-bond 

851 847 δ Phenyl ring + β (OCO) carboxylate 

1135, 

~1141sh 1136, 1146 β (CH) 

1170, 1164 1169, 1165 β (CH) 

1204 1200 νs (CO) ether 

1290br 1290br ν (OOH) H-bond 

1416 1436 νs (CO) carboxylate 

1508 1507 νas (CO) carboxylate 

1532 - β (HOH) coordinated water 

1612 1611 ν (CC)phenyl 

~1630sh ~1630sh ν (CO)carboxylic acid 


a
- stretching; s - sym. stretching; as - asym. stretching; - in-plane-bending;  - out-

of-plane bending;; - deformation; sh – shoulder; br – broad; 
b 

Description includes 

dominant contributions to normal vibrational mode only. 
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Table 2.4 Experimental and calculated Raman active vibrational mode frequencies with 

descriptions of dominant components of the corresponding vibrational mode assignments 

for the 4,4’-oxybis(benzoic acid) reference molecule. 

Experimental 

Frequency 
Calc. Frequency Vibrational assignment 

303 298 Phenyl ring tilt 

419 427 Phenyl ring 

503 518  (CCPhCCOOH) + γ (CH) 

613 602 γ (OH) 

621 628 γ (OH) +  Phenyl ring 

653 654  Phenyl ring 

739 732  (COC) + (CH) + Phenyl ring 

781 784  (COC) +  Phenyl ring 

819 828 sym (CO) ether + (COC) +  Phenyl ring 

840 br 846 (CH)phenyl

1133 1190 (CH)

1166 1221 (CH) + γ (OH)

1203 1239 νsym (CO) ether + β (CH) 

1290 - ν (H…OH)carboxylic acid 

1317 1397 β (OH) + νsym (C-OH) 

1593 1637 ν (CC)phenyl 

- 1654 ν (CC)phenyl 

1613 1673 ν (CC)phenyl 

1635br 1820 νsym (C=O)carboxylic acid 

- stretching; s - sym. stretching; as - asym. stretching; - in-plane-bending;  - out-of-

plane bending;; - deformation; sh – shoulder; br - broad 
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Table 2.5 Experimental and calculated Raman active vibrational mode frequencies with 

descriptions of dominant components of the corresponding vibrational mode assignments 

for the 4,4’-oxybis(benzoate) dianion reference molecule. 

Experimental 

Frequency 
Calc. Frequency Vibrational assignment 

295 304 Phenyl ring tilt 

634 661  Phenyl ring 

656 -  (Na
+
O

-
)
a
 

763 761  (OCO) + γ (CH) +  Phenyl ring 

790 790 (COC) + γ (OCO)  +  Phenyl ring 

853 838 (OCO) + sym (CO)ether +  Phenyl ring

864sh 844 (CH)phenyl 

1136 1126 (CC)carboxylate + (CH) 

1164 1175 (CH) 

1192 1205 sym (CO) ether + (CH) 

1429 1364 sym (CO)carboxylate  

1502 - asym (CO)carboxylate 

1593 1640 (CC)phenyl  

1606 1653 (CC)phenyl  

- stretching; s - sym. stretching; as - asym. stretching; - in-plane-bending;  - out-of-

plane bending;; - deformation; sh – shoulder; br - broad 
a
Experimental data only; Na

+
 counter ions most likely situated  near oxygens of 

carboxylate groups  
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Table 2.6 Calculated Raman active vibrational mode frequencies with descriptions of 

dominant components of the corresponding vibrational mode assignments for the model 

system with coordination of Hoba to the Co metal. 

Calc. 

Frequency 
Vibrational assignment 

320 Phenyl ring tilt 
405 Phenyl ring tilt 

426  Phenyl ring 

490  Phenyl ring + (CCPhCCOOH) 

507  (CCPhCCOOH)+  (OH) +  Phenyl ring 

556 νasym (CoO) +  Phenyl ring+ (OH) 

564 νasym (CoO) +  Phenyl ring 

679 νsym (CoO) + (COC)ether+ (OH) +  Phenyl ring 

718 (OH) + (CH) + (COC)ether  

745 (OCO)COOH+ (COC)ether + (CH) 

818 (OCO)+ (COC)ether + Phenyl ring  

848  (CH)phenyl 

881 (OCO)carboxylate + νasym (CO) ether +  Phenyl ring  

898  (CH)phenyl +  Phenyl breathing + (COC)carboxylate + (OCO)carboxylate 

1153 νsym (CO)carboxylate +  Phenyl ring 

1189 ν (CO)ether+ (CH)
b
 

1205 ν (CO)ether + (CH)
a
 

1223 (CO) ether  + (COH) +(CC)
b
 

1338  (CO)ether +  (CH)
a
 

1469  (CC)carboxylate + sym (CO)carboxylate + (CH)
a
 

1571  (CC)carboxylate + (CC)phenyl  +  (CH)
a
 

1650  (CC)phenyl 

1670  (CC)phenyl 

1833  (C=O)carboxylic acid 

- stretching; s - sym. stretching; as - asym. stretching; - in-plane-bending;  - out-of-

plane bending;; - deformation; sh – shoulder; br - broad 
a
 localized on phenyl group closest to Co(II) 

b
 localized on phenyl group attached to the carboxylic acid group 
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2.2 DISCUSSION 

2.2.1. X-ray absorption spectroscopy analysis 

2.2.1.1 XANES analysis.  

The differences observed in the XANES region before and after activation, as 

highlighted in Figure 2.4 are indicative of the local coordination geometry changes about 

the cobalt sites in CoHoba upon removal of these water molecules. The pre-edge feature 

at 7710 eV ascribed to the 1s to 3d bound state transition has low but measurable 

intensity in the spectrum of the hydrated material, CoHoba, in concert with a near 

octahedral coordination geometry.
[30]

 This transition, despite being dipole forbidden is 

still observed due to both 3d + 4p mixing and quadrupolar coupling. The intensity of the 

1s  3d pre-edge feature increases significantly upon in situ monitoring of the 

dehydration process, which indicates a loss of centrosymmetry consistent with a 

distortion in coordination towards tetrahedral geometry. 
[31-33]

 The relative intensity of 

this peak has been used along with simplified angular overlap estimates to approximate 

the dihedral angle between the ligand-metal-ligand planes in a series of 4 coordinate 

copper complexes with known geometries ranging from square planar to tetrahedral.
[34]

 

That study, which aimed to quantify the level of tetrahedral distortion in 4 coordinate 

Cu(II) complexes based on the observed 1s  3d relative intensity, predicts a nearly 

three-fold increase in the peak intensity upon changing the dihedral angle from 0
o
 to 90

o
 

(i.e., D2h to D2d symmetry). While a direct comparison with these results is compromised 

by the different ligand field environment provided by the Hoba linker and change in 

coordination number in the case of CoHoba, the ~2.5 times relative intensity increase of 
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the 1s  3d in XANES spectrum of the water free CoHoba, indicates a Co coordination 

is closer to the D2d limit. 

 Moreover, the octahedral to tetrahedral geometry change is further supported by 

the lack of appearance of a resolved 1s  4p transition shoulder feature on the rising 

edge, which is typically strong for square planar and weak for tetrahedral coordination. 
[31]

  

The reduced “white line” intensity at 7725 eV is at least in part due to the lower cobalt 

coordination number of the dehydrated CoHoba (i.e. fewer scattering path contributions) 

although multiple scattering and other contributions to the intensity in this region 

complicate the interpretation and prevent a quantitative assessment of coordination 

number from XANES data alone.   

 By comparison, Cu K-edge XANES spectra of HKUST-1 before and after 

dehydration to remove the metal-bound water molecules shows a different set of changes 

in the edge region. 
[18] 

Notably, while the 1s  3d pre-edge peak exhibits very little 

change, the resolved 1s 4p shoulder shows measurable enhancement.  These changes 

are consistent with the more rigid paddle wheel SBU structure containing the Cu sites. In 

other words, unlike the flexible network of CoHoba, HKUST-1 does not experience a 

significant dihedral angle change between the two O-Cu-O planes and thereby retains a 

more square planar symmetry in the process. These correlations between XANES 

features and ligand field geometries of transition metal complexes have been well 

established in the literature with model complexes showing similar trends. 
[30-36]

 

2.3.1.2 EXAFS analysis  

While the XANES region is sensitive to the local geometry, analysis of the 

EXAFS region provides accurate radial distance information about the cobalt sites, in 



40 
 

 

other words Co coordination number and bond lengths. The experimental EXAFS 

spectrum for the as-synthesized material, CoHoba is depicted in Figure 2.5 with the 

Fourier Transform χ(R) spectrum produced using a k-range of 2-12.0 Å
-1

 and k-weight of 

2. The calculated fit to these data over the R range 1–4 Å  is generated using a model 

(Figure 2.6) based on the theoretical scattering paths derived from the reported single 

crystal data for CoHoba. 
[16]

 As the overlay in Figure 2.5b illustrates, the calculated χ(R) 

spectrum not only accurately reproduces the first peak at R=1.60 Å arising from the Co-O 

single scattering paths but also mimics the complicated amplitude pattern in the region 

beyond this first shell peak, which arises from multiple interfering longer distance single 

and multiple scattering paths. The fit was produced using fixed scattering path 

degeneracies derived from the model, and a symmetric expansion variable to allow the 

effective scattering path lengths to vary while maintaining their relative distances to one 

another. A summary of the parameter values obtained from the best fit is found in Table 

2.1 along with the corresponding distances derived from the crystal structure. This 

comparison illustrates that the fit yields distance information with negligible deviation 

from the crystal structure. 

 After activation, the χ(k) data show a significant decrease in the amplitude and 

frequency of oscillations (Figure 2.7a). The corresponding χ(R) spectrum (Figure 2.7b) 

reflect lower scattering amplitudes and shorter scattering path distances across the 

measurable R range. These changes proved not to be merely a consequence of an elevated 

temperature effect as they persisted even after cooling the sample back to RT when the 

final data sets were collected for fitting. Given the complexity of the structure, and lack 

of crystallographic information on the activated CoHoba, the fitting model used for the 



41 
 

 

comparison of the pre- and post-dehydration EXAFS data was simplified by limiting it to 

one average first shell Co-O scattering path. Consequently, the R-range for these fits was 

restricted to 1-2.1 Å, which effectively encompasses only the first shell distance range. 

For the pre-activation EXAFS data, a fixed Co-O scattering path degeneracy of 6 was 

used in its first shell fit to reflect the known coordination number of the octahedral Co 

sites in the hydrated CoHoba while the amplitude term S0
2
, the energy shift, ∆E0, 

effective length of the Co-O scattering path Reff, and the mean-square disorder of 

neighbor atoms σ
2
 were varied. The post-activation EXAFS data were fit using the same 

amplitude, S0
2
 and energy shift, ∆E0 values as obtained from the pre-activation fit while N, 

Reff and σ
2
 parameters were varied. A comparison of the parameter values obtained from 

these calculated fits, which is presented in Table 2.2, reveals the quantitative structure 

changes of the Co coordination environment upon dehydration. Specifically the Reff 

distances reveal a 0.07 Å reduction in Co-O coordination bond length while the best fit 

scattering path degeneracy value of 4.2 confirms the expected coordination number 

decrease accompanying near complete removal of metal bound water molecules. 

2.3.2. Raman spectroscopy analysis 

2.3.2.1 Vibrational mode assignments.   

The vibrational mode assignments for the Raman spectra of CoHoba and 

activated CoHoba were made by rigorous comparisons with experimentally collected 

Raman spectra for several reference materials, which included a D2O solvated version of 

CoHoba and the protonated and deprotonated forms of the H2oba linker alone. 

Theoretical vibrational frequency calculations were performed and compared with well 
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established literature values where applicable to aid the Raman band assignments of these 

linker systems. 

 Comparison of the Raman spectrum of the hydrated CoHoba with that of the 

version containing D2O reveals the modes that involve the coordinated solvent through 

the frequency downshifts induced by the effect of the heavier isotope. Two prominent 

bands at 788 and 1082 cm
-1

 are present in the deuterated version and not in the water 

containing one. Their disappearance upon activation to remove the D2O strongly points to 

their assignments as the coordinated D2O Co-O stretch and D-O-D bend respectively. 

The expected downshift in frequencies of theses Raman bands leads to the identification 

of the analogous modes in the hydrated CoHoba, with the water bending mode assigned 

to the peak at 1550 and the Co-O (coordinated water) stretch contributing to the 

overlapping band region between 800 and 850 cm
-1

. These assignments are further 

supported by the loss in intensity that occurs in these frequency regions upon activation, 

indicating the removal of coordinated water molecules.      

 Many of the modes, particularly those localized on the linker components, can be 

assigned unambiguously based on known characteristic frequency ranges for different 

functional groups. 
[37]

 Accordingly, the intense peak at 1612 cm
-1

 in the Raman spectrum 

of CoHoba is assigned to a phenyl CC stretch and the broad shoulder at higher energy 

(~1630 cm
-1

) is identified as the CO stretch of the carboxylic acid side of the linker. The 

symmetric and asymmetric CO stretches of the carboxylate moieties are assigned to the 

peaks in the hydrated CoHoba at 1416 and 1508 cm
-1

, respectively. These assignments 

were also supported by the comparison of the Raman spectra with those of both 

oxybis(benzoic acid) and oxybis(benzoate) disodium salt. As illustrated in Figure 2.9, the 
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dicarboxylic acid contains the broad COOH feature between 1600 and 1650 cm
-1

 while 

the dicarboxylate does not.  Similarly, the deprotonated form contains the carboxylate 

stretches at 1430 and 1503 cm
-1

 while the protonated form shows no peaks in this region.  

Both forms of the linker contain the characteristic aromatic C-C stretching peak around 

1600 cm
-1

. A similar comparison of CoHoba with the linker references shows that all 

spectra contain a peak around 1200 cm
-1

, which falls in the characteristic frequency range 

of ether group symmetric C-O stretches. 
[37]

 DFT vibrational mode calculations on the 

protonated and deprotonated forms of the linker in this frequency range also support this 

assignment. The experimental spectra contain peaks around 1135 and 1165 cm
-1

, which 

are primarily attributed to in-plane C-H wagging modes on the phenyl groups but are also 

likely coupled to ring distortions and/or motion of the carboxylate/carboxylic acid groups, 

as indicated by the DFT calculations of these modes. In the CoHoba spectrum, these 

modes exhibit energy splitting; a likely consequence of the reduced symmetry and 

unequal environments of the two phenyl groups in the metal coordinated linker.  

 The reference spectra and corresponding DFT vibrational mode calculations 

facilitate the identification of linker modes in the lower frequency region as well, where 

assignments are typically more challenging. The prominent peak at ~850 cm
-1

 in the 

CoHoba spectrum is assigned to a linker mode dominated by phenyl ring distortions and 

OCO carboxylate bending motion. This assignment is based on the observed peak and 

calculated mode in this frequency region for the reference dicarboxylate linker. At 

slightly lower energy, several bands with peak maxima at around 800 and 810 cm
-1

 are 

assigned, with the aid of vibrational calculations on both linker references, to a 

combination of modes involving phenyl ring, out-of-plane C-H, and hydrogen bond 
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distortions coupled with bending modes of the oxy bridge. The overlapping intensities 

and more delocalized nature of the coupled linker modes in this frequency range, 

however, undermines our confidence in this assignment.  The remaining modes observed 

in this low frequency region are most likely attributed to phenyl ring distortions and 

tilting modes with the exception of the peak at 645 cm
-1

, which we have assigned to the 

Co-O stretch involving the metal and the coordinated linker carboxylate. Despite the fact 

that this band severely overlaps with and is most likely coupled to the linker-based modes 

in this frequency region, several factors lend credence to the assignment in this case.  For 

one, theoretical calculations on a model complex composed of the Hoba linker 

coordinated to a Co(II) ion (Table 2.6) predict a Co-O stretching mode precisely in this 

frequency range.  Also, this region of the low frequency range below 700 cm
-1

 Raman 

shift, where most metal-ligand stretches fall,
[38]

 is the only part of the spectrum that 

experiences a significant frequency shift after activation. 

2.3.2.2 Structural change implications  

Differences in frequency and intensity observed in the Raman spectrum of 

CoHoba upon dehydration, as illustrated in Figure 2.8 and summarized in Table 2.3, 

signify the structure changes that occur in the process. An analysis of these spectral 

changes and the inferred structural ramifications follows. 

 The loss of coordinated water molecules is indicated by the disappearance of the 

modes associate with them. Specifically the broad peak at ~1530 cm
-1

, which is assigned 

to the coordinated water bending mode shows drastically reduced intensity after 

activation.  Some of the intensity loss in the 800-850 cm
-1

 range may be attributed to 

dehydration as well since the Co-Owater stretching frequency is suspected to be in this 
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region based on comparison with the Raman spectrum of the D2O version of CoHoba 

(see Figure 2.9). The overlapping bands in this region however, prevent a definitive 

assignment for this vibrational mode.  

 Changes observed for the vibrational modes involving the Co and carboxylate 

linker oxygen corroborate the conclusions drawn from the XAS analysis.  For example, 

the mode containing significant Co-Olinker stretching character, assigned to the peak at 

645 cm
-1

, exhibits a significant increase in frequency (and therefore force constant) after 

activation. This trend is consistent with the shorter, more covalent Co-O coordination 

bonds in the tetrahedral geometry suspected in the dehydrated state. Additionally, the 

frequency difference between the symmetric and asysmmetic C-O stretch in metal 

carboxylate complexes has been connected to the carboxylate OCO angle, with reduced 

splitting accompanying smaller bond angle, albeit in the context of comparing bridging 

versus chelating carboxylate complexes.
[39-41] 

Therefore, after activation of CoHoba, the 

observed ~20 cm
-1 

decrease in splitting between the vibrational modes assigned to the 

symmetric and asymmetric carboxylate C-O stretches suggest a smaller, less strained, 

bridging carboxylate angle in activated CoHoba compared to the water coordinated 

network as the cobalt sites collectively distort to tetrahedral geometry. This hypothesis is 

further supported by the behavior of the 851 cm
-1

 Raman band assigned to a vibration 

dominated by OCO bending motion of the carboxylate groups. The downshift of this 

mode to 847 cm
-1

 upon dehydration is consistent with a smaller force constant that would 

be associated with a less strained bond angle. 

 Closer inspection of the COO stretching modes reveals that upon activation only 

the symmetric mode upshifts in frequency to reduce Δ, while the asymmetric COO 
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stretch is effectively unchanged. The different behavior of these modes is most likely 

attributed to the steric effects imposed by the bridging coordination of the Hoba linkers. 

Since the asymmetric mode involves simultaneous shortening and lengthening of C−O 

bonds, its force constant would not be as significantly altered by the reduced 

metal−carboxylate coordination sphere as that of the symmetric mode, where both C−O 

bonds shorten and lengthen in concert. This trend has been documented and explained for 

other metal carboxylate complexes in which the carboxylate ligand coordination is 

varied.
[42, 43]

 

 Unlike XAS characterization, vibrational spectroscopy studies are not limited to 

the immediate coordination sphere around the metal sites. In fact they are particularly 

revealing of the structure change happening on the linker parts of the network. The 

Raman peak at 801 cm
-1

 attributed primarily to a mode that contains significant COC 

bending of the oba ether group downshifts to 792 cm
-1

 indicating a change in the dihedral 

angle between the two phenyl rings in the dehydrated CoHoba and can be explained by 

considering the bridging oxygen lone pair electron interactions with the neighboring 

aromatic carbons. In other words, a smaller dihedral angle would lead to increased 

electron repulsion between the lone pair electrons on oxygen and the π system on the 

neighbor benzene ring, thereby weakening the C-O bonds. 
[44, 45]

 Similarly the peak 

around 1204 cm
-1

, which are assigned to COC streching of the oba ether group 

downshifts in frequency by 4 cm
-1

, indicating the C-O bond become slightly weaker upon 

activation. The red shift is much smaller since the stretching mode is less sensitive to 

bond angle change. Finally, the frequency of the peak at ~1275 cm
-1

, which we attribute 

to a (OH…O) distortion between the H-bonded carboxylic acid groups, remains 
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unchanged after dehydration. This indicates an overall retention of the H-bonding 

network in the material, while the slight decrease in relative peak intensity, most likely 

through broadening, may indicate some additional disorder introduced in the H-bonding 

arrangement. Taken together, analysis of these linker localized vibrational modes 

suggests minimal change in hydrogen bond strength of between neighboring Hoba linkers 

with less constrained ether groups serving as “hinges” to accommodate the collective 

distortions about the Co sites. Notably, these conclusions are consistent with the PXRD 

measurements of of CoHoba and activated CoHoba, which indicate an expansion along 

the axis containing these H-bonded linkers. 

 By comparison, modes experiencing little change in frequency or intensity upon 

removal of metal bound waters tend to be located on the parts of the network that are less 

prone to structural rearrangement upon dehydration. For example the vibrations involving 

the aromatic carbons of the phenyl groups around 1612 cm
-1

 and the C-O and O-H bonds 

of the carboxylic acid side of the Hoba linker experienced negligible shift in frequency 

after activation. The low frequency modes below 650 cm
-1

 which tend to be dominated 

by phenyl ring rocking and out-of-plane deformations also appear to be immune to the 

structure changes associated with activation. 
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2.4 Conclusion 

In this chapter, we probed the activation process in a flexible MOF material to 

elucidate the specific structural changes accompanying the metal-bound solvent removal. 

The two spectroscopy methods employed, XAS and Raman, proved uniquely 

complementary in attaining this information. This study not only established the efficacy 

of using this combined spectroscopy approach for interrogating molecular level structure 

in these porous hybrid materials, but it also revealed the sometimes drastic local 

coordination geometry changes of the metal sites that can occur upon activation but are 

not readily apparent through PXRD measurements.  In the specific material chosen for 

this investigation, the cobalt (II) sites undergo a change from octahedral to tetrahedral 

coordination geometry leading to increased covalency of the metal carboxylate bonds and 

therefore a contraction of the coordination spheres. The results also suggest that the 

oxygen bridge on the Hoba linker provides a point of flexibility that allows the network 

to undergo significant distortion while maintaining crystallinity. These structure changes 

inferred from the XAS and Raman studies are consistent with those indicated by the 

PXRD measurements, i.e. the crystal expansion between Co(Hoba)2 layers of the network. 

Taken together, the consequences of these local and long range order structural changes 

may be crucial for understanding their role in catalytic processes. For example, while 

coordinated solvent removal through activation implies increased availability of open 

metal sites for catalytic reactions, the reduced coordination sphere and tetrahedral 

geometry distortion could in fact inhibit metal accessibility for some particularly flexible 

networks. Future studies will be dedicated to using these spectroscopy methods for in situ 

interrogation of catalysis reactions in this and other materials.   
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2.5 Materials and Methods 

2.5.1 MOF materials.  

The material and corresponding XRD, TGA data were provided by Professor Jing 

Li in Department of Chemistry at Rutgers University-New Brunswick. The synthesis of 

CoHoba was performed according to the previously published procedure, 
[45]

 

Co(NO3)2·6H2O (0.4 mmol) and H2oba (0.8 mmol) were mixed in 10 mL of distilled 

water, and two drops of TEA was added in to the solution to adjust the pH value to ~7.00. 

The solution was then heated at 120 C for 3 days, followed by cooling at a rate of 0.1 

C/min to room temperature. The pink plate-like crystals of 1 (0.1452 g, 0.24 mmol, 60 % 

yield based on cobalt) were collected. 

3.5.2 Powder X-ray diffraction 

Powder X-ray diffraction patterns of all the samples were recorded on a Rigaku 

Ultima IV X-Ray diffractometer at room temperature using Cu Kα radiation (λ = 1.5406 

Å). Graphite monochromator was used and the generator power settings were at 40 kV 

and 44 mA. Data were collected between a 2 of 3-50 with a step size of 0.02 at a 

scanning speed of 4.0 deg/min. 

2.5.3 Thermogravimetric Analysis 

 Thermogravimetric (TG) analysis was performed on a TA Q50 

Thermogravimetric Analyzer with a temperature ramp of 10 °C/min from room 

temperature to 600 °C under nitrogen gas flow. The TG profile (Figure 2.10) shows a 
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weight loss of 6.0 wt% for the as-synthesized sample in the range of 110 C to 160 C 

upon heating. The weight loss can be assigned to the coordinated water molecules and 

matches very well with the theoretically calculated amount (5.9 %) based on the crystal 

structure. The water-free sample is thermally stable up to 300 C, followed by 

decomposition at higher temperatures. 

 

Figure 2.10 Thermogravimetric analysis of a freshly prepared sample of CoHoba 

showing a good match of the observed weight loss with the calculated value. 

2.5.4 X-ray Absorption Spectroscopy   

The X-ray absorption data were collected at Beamline X18A at the National 

Synchrotron Light Source (NSLS). Spectra were collected at the Cobalt K-edge (7709eV) 

in transmission mode. The X-ray white beam was monochromatized by a Si(111) 

monochromator and detuned by 25% to minimize the harmonic content of the beam. A 

cobalt foil was used as the reference for energy calibration. The incident beam intensity 

(I0) was measured by a 15 cm ionization chamber with 70% N2 and 30% He gas 
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composition. The transmitted beam intensity (It) and reference (Ir) were both measured 

by a 30 cm ionization chambers with 80% N2 and 20% Ar gas composition.  

 XAS spectra were collected during the MOF activation process using a 

specialized sample chamber for in situ measurements, which has previously been 

described. 
[46]

 Briefly, the sample holder consists of 3 mm diameter Kapton tube mounted 

on a heater. A thermocouple wire in close proximity to the sample is used to monitor the 

temperature, which was adjusted by a temperature controller. 24.2 mg of CoHoba was 

thoroughly ground with ~100 mg boron nitride. The mixture was packed into the Kapton 

tube yielding approximately one absorption length. The sample chamber was 

continuously purged with dry Helium gas for the duration of the experiment. 

 XAS spectra of the as-synthesized sample were first collected at room 

temperature (~25
o
C) (four scans). While the sample was then gradually heated to 150

o
C, 

spectra were continuously collected to monitor the activation process. The sample was 

maintained at this elevated temperature and data were collected on until no further 

changes were observed in the spectra (~2 hours) to ensure complete dehydration. The 

activation temperature was chosen based on previously published data, which showed 

complete dehydration of CoHoba under these conditions. The sample was then cooled to 

25
o
C and another four scans were collected after returning to this temperature to allow 

the spectra comparison between the hydrated and dehydrated materials without needing 

to compensate for temperature effects on the Debye-Waller factor in the analysis. The 

XAFS data were processed and analyzed using the Athena and Artemis programs of the 

IFEFFIT package based on FEFF 6. 
[47, 48]   
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2.5.5 Raman Spectroscopy 

Raman spectra were collected using a 785 nm single frequency diode laser with ~ 

25 mW power, a triple monochromator and a 1340 × 100 pixel liquid nitrogen-cooled 

CCD detector (Princeton Instruments). With 150 μm entrance slit width, the spectral 

resolution was < 5 cm
-1

 and peak frequency shifts of <1 cm
-1

 could be measured. Raman 

data of the as-synthesized sample was collected on a spinning pellet prepared from a 

mixture of 20 wt% of CoHoba in KNO3, which is used as an internal frequency standard. 

The sample was spun to minimize the residence time of the laser on one spot of the 

sample thereby avoiding excessive heating that could locally activate the material. The 

dehydrated sample, activated CoHoba, was prepared for Raman measurements by 

suspending 20 mg of CoHoba in 1 ml H2O in a quartz cuvette equipped with septum top 

screw cap and followed by extra- and intra-network dehydration at 150
o
C in a vacuum 

oven overnight. Once the dried material had adhered to the walls, solid KNO3 was added 

to the cuvette, which was immediately sealed upon removal from the oven.  

2.5.6 DFT Computational methods and theoretical vibrational frequency results 

The geometry optimizations and theoretical vibrational modes of several 

reference molecules were calculated using the Gaussian 09 program package 
[49] at the 

density functional theory (DFT) level with Becke’s three parameter functional and Lee-

Yang-Parr functional (B3LYP) method. 6-31G* basis set was used for all the calculations. 

Calculations were performed on the model systems whose optimized geometries are 

depicted in Figure 2.11. Mode descriptions were assessed based on animation of the 

atomic vector displacements using Chemcraft.  A summary of the calculated frequencies 



53 
 

 

for the most Raman active vibrational modes is provided in Table 2.4, 2.5 and 2.6 and 

does not include compensation for vibrational mode anharmonicities through the use of a 

scaling factor.
2
  

 

a.)  b.)  

c.)  

Figure 2.11 Optimized geometries for model systems, a) 4,4’-oxybis(benzoic acid) , b) 

4,4’-oxybis(benzoate) c) coordination mode of 4,4’-oxybis(benzoate) to the Co metals. 
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Chapter 3. In situ spectroscopy studies of CO2 adsorption in a 

dually functionalized microporous metal-organic framework 

3.1 Introduction 

  The tunable chemical composition, pore size and shape and the unique 

functionalities these attributes afford make MOF materials ideal for potential adsorption-

based applications such as gas separation and storage, heterogeneous catalysis, 

luminescence-based sensing and others. Several recent reviews have highlighted the 

progress made in developing MOFs for these applications.
[1-9]

 Current interest in carbon 

sequestration technology for reducing the amount of atmospheric greenhouse gases has 

prompted the development of MOF materials for selective CO2 filtering to prevent its 

release into the atmosphere, for example from the flue gas emissions of industrial 

processes. In contrast to conventional CO2 adsorption technologies, which often suffer 

from either low capacity or low selectivity, MOFs can be designed with high densities of 

potential binding sights with strong affinities for CO2 molecules. For example, the well-

studied framework, MOF-74
[10]

 (also known as CPO-27)
[11, 12]

 exhibits exceptional CO2 

uptake and selectivity, particularly for the Mg version, due to its large surface to volume 

ratio and the favorable binding between CO2 and the accessible open metal sites lining 

the channels of the framework.
[13, 14]

 Other frameworks take advantage of the Lewis 

basicity of amines for promoting CO2 adsorption ability by incorporating them at linker 

positions.
[15, 16]

  Furthermore, a handful of frameworks incorporate both types of binding 

sites (i.e. coordinatively unsaturated metal nodes and amine functionalized linkers) as a 

strategy for improving MOF CO2 adsorption performance.
[17, 18]

 In all these frameworks, 
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an in-depth understanding of the intrinsic host-guest interactions behind the CO2 

adsorption mechanism, which has been the target of several recent experimental and 

computational studies,
[19-23]

 will be helpful in directing the design of new MOFs for this 

adsorption-based application. The added structural complexity of dually functionalized 

frameworks makes assessing the adsorption mechanism especially complicated and a task 

best tackled using multiple in situ characterization methods. 

                               

Figure 3.1 Crystal structure of CuTDPAT (left) and H6TDPAT linker (right). 

  In chapter 2, we show that XAS and Raman spectroscopy are useful 

complementary techniques to reveal structural changes. In this chapter, we not only focus 

on interrogating the activation process but also the framework-CO2 interaction the Cu-

based MOF depicted in Figure 3.1, [Cu3(TDPAT)(H2O)3]·10H2O·5DMA 

(TDPAT=2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-triazine). This MOF, which has 

previously been reported 
[24, 25]

 was designed to have both types of potential binding sites 

for CO2 adsorption described above; coordinatively unsaturated metals and secondary 

amine linker functionality. As in other rht-type MOFs 
[26-32]

 with potentially open metal 

sites, the paddle wheel Cu sites in CuTDPAT are rendered pore wall accessible by 



59 
 

 

removal of coordinated labile solvent molecules through thermal activation. The 

secondary amines that serve as Lewis base sites for gas adsorption are incorporated on 

the phenyl groups of the triazine linkers. While its remarkable selectivity for CO2 

adsorption has been shown by gas isotherm measurements 
[24 ,25]

 and further substantiated 

through computational studies, 
[22, 23]

 the specific molecular level interactions and 

framework structure changes associated with that behavior have not been evaluated in 

great detail. In this work, the activation and CO2 gas adsorption processes in CuTDPAT 

are probed using a combination of in situ spectroscopy techniques, namely UV-visible 

diffuse reflectance, X-ray absorption and Raman spectroscopy. While the diffuse 

reflectance measurements probe valence electron transitions, XAS involves monitoring 

specific core electron transfer processes. Both methods are well suited for studying metal 

containing materials. The former provides valuable electronic and indirect geometry 

information through the behavior of the d-d absorption bands. The interpretation of both 

the X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) spectral regions allows complementary evaluation of metal oxidation 

state, coordination geometry and short range distance information.  XAS is well 

established in the study of other solid state porous materials such as zeolites 
[33-37]

 and 

while it is increasingly being incorporated in the arsenal of MOF characterization 

methods, its utility has been primarily limited to aiding the refinement of MOF crystal 

structures and verifying the coordination environments of post-synthetically incorporated 

metal sites. 
[38-40]

 When applied to MOF materials through in situ measurement, this 

technique can provide electronic and atomic level distance information needed to 

determine potentially important metal electron distribution and framework structural 
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changes during the host-guest adsorption events. In addition to our own work, 
[41]

 other 

studies have employed XAS to interrogate the local metal coordination in MOF materials 

upon activation and subsequent adsorption of various gases. 
[40, 42, 43]

 Raman spectroscopy 

is another important characterization technique amenable to both in situ and solid state 

sample measurement. In the context of this work, it is used to monitor the vibrational 

frequencies assigned to the different components of the framework and the adsorbed CO2 

molecules within the pores. The important structural changes and relative participation of 

the different framework components are implicated by the observed changes in the 

individual Raman modes. The utility of this technique has been demonstrated for the 

structural characterization of MOF materials and their adsorption processes. 
[19, 41, 44-53]

  

As demonstrated below, each technique has its own limitations, but when combined they 

generate a more complete picture of activation and gas adsorption process and the local 

structural ramifications. 
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3.2 Result 

3.2.1 UV-vis diffuse reflectance spectroscopy  

 The diffuse reflectance spectra of CuTDPAT obtained during activation and CO2 

gas treatment are showed in Figure 3.2. Spectral shift of the lowest energy band is 

observed almost immediately upon heating and no further change occurs after 70ºC. The 

maximum absorption of the lowest energy band is observed to blue shift from 708 to 581 

nm upon dehydration. Upon subsequent exposure to CO2 gas environment, the absorption 

maximum red shifts to a final peak position of 608 nm. 
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Figure 3.2 In-situ absorption spectroscopy of CuTDPAT (black), activated CuTDPAT 

(blue), activated CuTDPAT treated with CO2 (red). 
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Figure 3.3 Copper K-edge XANES spectra of CuTDPAT (black), activated CuTDPAT 

(blue), activated CuTDPAT treated with CO2 (red), all obtained at room temperature. 
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Figure 3.4 Comparison between experimental EXAFS data (solid line) with theoretical 

fit (dashed line) in R-space (magnitude and real components). 
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Table 3.1 Summary of EXAFS fitting Parameters. 

Scatterig Path degeneracy (N) Reff (Å) σ2(Å2) 

CuTDPAT-Hydrated : R2=0.002 

Cuabs-O1 4 1.96   0.01    (1.94) b 0.005 0.001 

Cuabs-Owater 1 2.11   0.08    (2.13) 0.018 0.024 

Cuabs-Cu2 1 2.65   0.04    (2.63) 0.008 0.004 

Cuabs-C 4 2.87   0.05    (2.84) 0.005 0.005 

Cuabs-C-O 8 3.00   0.06    (3.02) 0.006 0.008 

CuTDPAT-Activated  : R2=0.003 

Cuabs-O1 4 1.94 0.004 0.005 0.001 

Cuabs-Cu2 1 2.55 0.04 0.011 0.004 

Cuabs-C 4 2.83 0.03 0.006 0.004 

Cuabs-C-O 8 2.96 0.04 0.004 0.005 

CuTDPAT-CO2: R
2=0.003 

Cuabs-O1 4 1.95 0.01 0.005 0.001 

Cuabs-Oco2 0.76   0.5a  2.14 0.13 0.017 0.034 

Cuabs-Cu2 1 2.63 0.06 0.009 0.006 

Cuabs-C 4 2.86 0.06 0.005 0.005 

Cuabs-C-O 8 2.99 0.06 0.006 0.008 

 

3.2.2 X-Ray Absorption Spectroscopy 

 Averages of three XAS scans obtained at room temperature, including before and 

after activation, as well as after CO2 loading and rehydration are depicted in Figures 3.3 

and 3.4. The changes occurring in the XANES region under these conditions are shown 

in Figure 3.3 while the EXAFS data and corresponding fits of the CO2-loaded and 

rehydrated sample are presented in Figure 3.4. In the latter, EXAFS spectra are shown as 

the Fourier transform χ(R) spectra produced using a k range of 2-12.5 Å
-1

 and k weight of 

2. The calculated fit to these data was performed over an R range 1.0-3.1 Å and was 

generated using a model based on the theoretical scattering paths derived from the 

reported single crystal data for Cu-TDPAT. 
[24]

 The parameter values obtained from the 

best fits are summarized in Table 3.1. For the hydrated material, the EXAFS fit was 

generated using fixed scattering path degeneracies, N, as determined by the single crystal 

structure model while the amplitude term, S0
2
, the energy shift, ΔE0, effective length of 
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the scattering path Reff, and mean-square disorder term of neighbor atoms σ
2
 for each of 

these paths were variable parameters. The same model without the Cu-Owater scattering 

path was used to fit the post-activation EXAFS data. In this case, the S0
2
 and ΔE0 values 

were fixed to those obtained from the pre-activation fit along with the scattering path 

degeneracies. The scattering path effective distance and disorder parameters however 

were used as variables. Finally, to fit the spectrum of the CO2 loaded material the fitting 

model included an axially positioned O to generate the relevant Cu-OCO2 scattering path. 

It should be noted that EXAFS has limited utility for distinguishing among scattering 

paths involving the same or similar atoms, such as C, N or O. The fitting scheme 

described above is only possible because of the ability to restrict the fitting model using a 

priori knowledge of the exact coordination environment from single crystal data and the 

overall change in coordination known to occur upon the activation and gas adsorption. 

Nevertheless, some ill-defined fitting parameters are inevitable since the structure 

predicts several overlapping scattering paths that contribute to the same region of the 

EXAFS spectrum beyond the first shell peak. An analysis of these data and fits in the 

context of providing specific structural details about the dehydrated metal sites and their 

CO2 interactions, including their limitations, is described in the Discussion Section. 

3.2.3 Raman spectroscopy 

 Raman spectra collected upon activation and gas adsorption of CuTDPAT are 

shown in Figure 3.5. The observed vibrational frequencies along with corresponding 

mode assignments are summarized in Table 3.2. Vibrational mode assignments were 

made by comparison with well-established literature values, 
[57-61]

 the TDPAT ligand 

spectrum and its computed theoretical vibrational mode frequencies. These reference 
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spectra can be found in Figure 3.6 along with a summary of the DFT calculated TDPAT 

vibrations in Table 3.3. Accordingly, the intense set of overlapping peaks at 1598 and 

1625 cm
-1

 is assigned to the phenyl C-C and amine C-N stretching modes respectively. 

The peaks in the 1200-1500 cm
-1

 region are dominated by C-C stretch, C-N stretch as 

well as C-H and N-H wagging modes of the linker. The main peak at 996 cm
-1

 is assigned 

to a phenyl ring breathing mode while the peak at 978 cm
-1

 is assigned to a triazine ring 

breathing mode. The region of the spectrum below ~900 cm
-1

 contains the low energy 

distortion modes of the linker and also those involving the metal site distortions. A 

triazine ring distortion mode occurs at 681 cm
-1

 in the hydrated framework and 

downshifts to 677 cm
-1

 upon activation. The strong feature at 497 cm
-1

 is assigned to a 

Cu-O stretch that includes coordinated water oxygen since it is not present in the ligand 

Raman spectrum and drastically changes upon activation. The peak in this region 

observed at 506 cm
-1

 for the activated framework is also attributed to this Cu-O stretch 

involving only the remaining metal carboxylate oxygen bonds. The broad peak at 171 cm
-

1
 in the hydrated framework most likely contains a number of overlapping modes 

including a Cu- Cu stretch involving the weakly interacting Cu sites spanning the 

paddlewheel node. This vibration is more evident in the activated framework spectrum 

which contains a well-resolved up shifted peak at 230 cm
-1

 and is consistent with the 

vibrational assignments of other Raman studies on similar Cu frameworks. 
[62]
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Figure 3.5 Full spectra of as-synthesized CuTDPAT (black), CuTDPAT treated with 

H2O saturated CO2 (pink), activated CuTDPAT (blue), activated CuTDPAT treated with 

pure CO2 gas (red); (b-e) expanded spectral regions of the Raman full spectra in (a). 
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Figure 3.6 Experimental (orange) and calculated (black) Raman spectra of H6TDPAT 

ligand. The calculated low frequency peaks were scaled up for better view. 

Table 3.2 Experimental Raman Frequencies and Corresponding Vibrational Mode 

Assignments of CuTDPAT.  

CuTDPAT 
CuTDPAT-

H2O/CO2 

CuTDPAT-

activated 

CuTDPAT-

CO2 
Raman assignment 

171 171 sh Sh ν(Cu-Cu) + others 

- - 230 223 ν(Cu-Cu) 

- - 459 459 ν (Cu-O) 

497 496 - - 
ν (Cu-O) 

- - 506 505 

681 681 677 677 Triazine ring distortion mode 

744 744 743 743 δ Phenyl Ring 

808 807 803 804 
β(COO-) 

823 823 821 822 

978 976 977 977 Triazine ring breathing mode 

996 995 995 995 Phenyl ring breathing mode 

1015 1013 1012 1012 Triazine ring distortion mode 

1241 1240 1232 1234 ν(C-N)triazine + (N-H) 

1263 1262 1257 1257 ν(C-N) + (N-H) +  (C-H) 

1277 1274 1275 1275 ν(C-N) 

- 1286 - 1286 ν-(CO2) 

1328 1326 1323 1325 ν(C-C)ph + ν(C-N) + ν(COO-) 

1362 1360 - - β(H2O)coordinated 

- - - 1381 ν(CO2)coordinated 

- 1389 - 1389 ν+(CO2) 

1427 1425 1420 1420 (C-H)+(N-H) 

1441 1441 1437 1437 (C-H)+(N-H) 

1598 1597 1603 1601 ν(C-C)ph 

1625 1624 1621 1621 ν(C-N) 
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Table 3.3 Experimental and calculated Raman active vibrational mode frequencies with 

descriptions of dominant components of the corresponding vibrational mode assignments 

for the H6TDPAT ligand. 

Exp.  Frequency of 

H6TDPAT 
Calc. Frequency Raman assignment 

199.5 165 In plane Phenyl Ring tilt 

207.1 184 Out plane Phenyl Ring tilt 

269.1 277 δ Phenyl Ring 

354.2 308 β(COOH) 

396.5 330 ν(COOH) 

665.7 607 δ Phenyl Ring 

756.9 690 In plane δ benzene ring 

786.0 759 δ Phenl Ring + γ(N-H)amine 

971.5 931 Triazine ring breath 

992.1 994 Phenyl ring breath 

1232.0 1216 ν(C-N)tirazine 

- 1258 ν(C-C)phenyl+ν(C-N)+β(C-H)+β(N-H)+β(O-H) 

1346.8 1363 ν(C-C)phenyl+ν(C-N)+β(C-H)+β(N-H)+β(O-H) 

1428.5 1424 ν(C-C)phenyl+ν(C-N)+β(C-H)+β(N-H) 

- 1443 ν(C-C)phenyl+ν(C-N)+β(C-H)+β(N-H) 

- 1499 ν(C-C)phenyl+ν(C-N)+β(C-H)+β(N-H) 

1605.3 1592 ν(C-C)phenyl 

1626.2 1608 ν(C-OH) 
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3.3 Discussion 

3.3.1 Local metal coordination changes upon activation and CO2 gas adsorption 

 The single crystal structure of Cu-TDPAT in its as-synthesized form (Figure 3.1) 

shows that the Cu sites have a distorted square pyramidal symmetry, excluding the weak 

Cu-Cu interactions spanning the paddlewheel node. Simple ligand field theory can be 

used to rationalize this geometry and predict the trend in geometry change upon 

dehydration and CO2 interaction. In the hydrated coordination environment, the 

electrostatic repulsion from coordinated water molecule drives the carboxylate oxygens 

out of plane from the Cu(II) ions, while removal of these z-axis ligated molecules 

(through activation) eliminates this repulsion, predicting a structure change toward square 

planar. The electronic ramifications of this altered coordination geometry lead to a larger 

d-orbital energy level splitting through energy stabilization of the z-component d-orbitals 

and destabilization of the x,y-plane d-orbitals. Upon axial binding with CO2, the distorted 

square pyramidal geometry along with a smaller d-orbital splitting should be only 

partially recovered owing to the weaker interaction compared to that of H2O. The lowest 

energy region of the UV-vis diffuse reflectance spectra (Figure 3.2) contains the d-d 

absorption band reflecting this splitting behavior. Therefore energy shifts in this region 

can be interpreted as an indirect probe of metal coordination changes. Indeed, the 

observed spectral behavior of Cu-TDPAT upon in situ activation and CO2 adsorption 

steps (spectral blue shift followed by partial red shift return) is consistent with the 

aforementioned predicted changes in metal geometry. However, this type of electronic 

spectroscopy inadequately measures the more subtle changes in local metal coordination 

environment, such as the interaction between the close lying copper sites that will 
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invariably influence the d-orbital splitting as well. Moreover, the overlap with other 

nearby absorption bands, namely LMCT bands confounds the assignment and 

interpretation of spectral changes. Consequently, these diffuse reflectance data are best 

complemented by a combination of other structurally sensitive spectroscopy 

measurements to build a more complete picture of the local metal coordination 

environment associated with the CO2 adsorption process.  

 The XAS results reveal both electronic and structural changes of the Cu sites 

within the framework first upon transformation into the activated form and then upon 

exposure to CO2 gas environment. The edge position at 8990 eV, which remains 

unshifted throughout the experiment, confirms the Cu
2+

 oxidation state of the metal sites. 

The XANES region contains a very weak pre-edge feature at 8977 eV attributed to the 

1s3d quadrupole allowed transition. The preserved low intensity of this feature 

indicates that the Cu sites maintain their high centrosymmetry upon changes in the axial 

coordination position. The edge feature at 8985 eV, which is weak in the hydrated 

material but becomes more pronounced upon in situ activation, is assigned to a metal 

localized 1s to 4p transition with “shakedown” contribution arising from a coupled 

LMCT transition. 
[63, 64]

 This feature is commonly observed in Cu(II) square planar 

complexes. Polarized XAS studies on oriented single crystals of Cu(II) complexes with 

geometries ranging from square planar to tetragonal have revealed unambiguously that 

this transition involves final states with metal 4pz character, i.e. oriented perpendicular to 

the equatorial CuL4 plane. 
[65]

 Consequently, sensitivity to the nature of metal ligation in 

the axial position is expected. In the absence of axial coordination, this 4pz orbital can be 

regarded as σ-nonbonding and therefore highly localized on the metal center.  Axial 
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ligation reduces this Cu 4pz character and the resulting changes in the valence electron 

shielding account for the decreased intensity of this edge feature. This is consistent with 

the 1s4pz intensity increase observed upon dehydration. When the framework is loaded 

with CO2, the edge feature intensity falls to an intermediate level between those observed 

for the activated and hydrated forms, which indicates that the CO2 is indeed interacting 

with the open metal sites but not as strongly as water.  

 Analysis and fitting of the EXAFS region provides additional structural 

information of the metal coordination number and distance changes that occur during the 

activation and CO2 adsorption processes. These fitting results are summarized in Table 

3.1. As anticipated, the best fit of the hydrated framework EXAFS spectrum yields only 

minor deviations from the scattering path distances derived from the crystal structure 

model. The activated framework data set was best fit using a Cu coordination model that 

lacks the axially ligated oxygen path, indicating the removal of the coordinated water 

molecules from the Cu sites upon thermal treatment. EXAFS fitting shows that the Cu-

Ocarboxylate bond distances remained relatively constant throughout the dehydration and 

adsorption processes. Rather, the distance between the pair of copper atoms that comprise 

the metal paddle wheel nodes of the framework appears to be more sensitive to the 

presence or absence of axial interaction with both H2O and CO2 molecules. The fits 

reveal a 0.1 Å reduction in Cu-Cu distance upon activation from the hydrated to 

dehydrated form. This change is consistent with that derived from other EXAFS work on 

the activation of the well-studied HKUST-1 MOF also with paddlewheel-like nodes. 
[39]

 

Following exposure of the activated Cu-TDPAT framework to CO2, the fit of the 

resulting spectrum yields a Cu-Cu distance of 2.63 Å, which is close to the 2.65 Å of the 
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hydrated framework. This change implies that CO2 interaction with the exposed metal 

sites induces a return to the distorted Cu geometry similar to that of H2O coordination. 

The large σ
2
 values associated with the axial Cu-O paths obtained from the fits of both 

the hydrated and CO2-loaded frameworks indicate a higher level of disorder as expected 

for these labile coordinated molecules in each case. While the EXAFS fitting results point 

to more subtle structural implications of the activation and CO2 adsorption processes, the 

complexity of the structure and the resulting overlapping scattering paths yield a 

considerably congested EXAFS spectrum. The resulting uncertainties in the fits demand 

caution against over interpretation and prevents a truly accurate assessment of the 

coordination distances beyond the first shell.  

 Raman data collected under identical conditions provides the necessary 

complementary measure of the local metal structure changes incurred during the 

activation and CO2 loading processes. First, the disappearance (and reappearance upon 

rehydration) of the mode containing the Cu-Owater stretch at 496 cm
-1

 confirms the loss of 

the coordinated water molecules upon activation. Furthermore, changes in the low 

frequency region containing the Cu-Cu stretch are consistent with the inter-metallic 

distances derived from EXAFS fitting described above. Specifically, in the hydrated 

framework, the broad feature with maximum around 170 cm
-1

 gives way to a new peak at 

230 cm
-1

 upon in situ activation. This peak then red shifts to 223 cm
-1

 upon CO2 

adsorption. With the dominant vibrational mode contribution to these bands assigned to a 

mode involving significant Cu-Cu stretch, its behavior provides further evidence that 

there is increased metal-metal interaction (i.e. stronger force constant for interaction and 

shorter Cu-Cu distance) first upon removal of axially ligated solvent molecules and then 
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also when loaded with CO2. Moreover, the frequency shift of this band in the latter case 

indicates that the weaker Cu-CO2 interaction causes a smaller perturbation of the Cu-Cu 

interaction than found in the framework with hydrated Cu sites. 

3.3.2 Linker localized structure changes upon activation and CO2 adsorption 

 In this section we discuss structural changes incurred by the triazine linkers within 

the Cu-TDPAT framework during the activation and CO2 loading processes. EXAFS is 

not sensitive to longer range distances from the absorbing Cu sites, so we turn to Raman 

spectroscopy and the behavior of the linker localized vibrational modes for inferring 

more structural information about these framework components. Most of these modes, 

which include distortions of the triazine core, secondary amine and phenyl group, 

undergo some degree of red-shift in frequency (3-7 cm
-1

) upon removal of the framework 

coordinated and encapsulated water molecules as outlined in Table 3.2. This most likely 

reflects an overall lower energy and cooperative relaxation that the linker system 

experiences in the process. The crystal structure of the hydrated framework reveals a 

slightly twisted orientation of the phenyl rings relative to the triazine core yet by DFT 

geometry optimization, the H6TDPAT molecule alone has a planar structure. Therefore, 

the Raman behavior upon dehydration and in comparison to the H6TDPAT reference 

spectrum (Figure 3.6) indicates a transition to this less strained linker geometry. When 

CO2 is introduced to the activated framework, some changes in linker localized mode 

frequencies are observed but the subtlety of these frequency shifts compared to those 

involving the metal sites however, indicates that the amine site-CO2 interaction has 

negligible structural effect on the linkers.  
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3.3.3 CO2 interactions with dually functionalized framework   

 Evidence of the CO2 interactions with the different potential binding sites within 

this dually functionalized framework is provided by the behavior of both the Raman 

active CO2 vibrational modes and those of the framework. The characteristic CO2 Fermi 

resonance peaks at 1388 and 1285 cm
-1

 are observed when the framework is exposed to 

CO2 gas environment. Their unaltered frequency and sharpness indicates they are 

attributed to the non-interacting (or very weakly interacting) CO2 molecules within the 

vicinity of the laser focus. The new band observed at 1381 cm
-1

 in this spectrum is 

attributed to the CO2 molecules that are coordinated within the framework. A shift to 

lower frequency of the upper Fermi resonance band is expected upon coordination since 

the accompanying change in electron density induces symmetry breaking of the linear 

molecule. 
[67]

 To determine the relative contributions of the linker versus metal site 

coordination in producing this observed spectral change, these Raman data were 

compared with that obtained from a sample purged with “wet” CO2 (i.e. the activated 

framework was purged with H2O saturated CO2 gas). In this case, H2O, with its higher 

affinity for metal binding, will preferentially coordinate the open metal sites, 
[23]

 

rendering only the secondary amine binding sites on the linker available for CO2 binding.  

The spectrum shows only the sharp Fermi dyad peaks and a complete absence of the 

lower frequency peak around 1381 cm
-1

. This observation implies that only coordination 

with the open metal sites strongly perturbs the electronics and symmetry of the CO2 

molecules. This approach of “poisoning” the metal sites to differentiate contributions to 

gas binding behavior has been successfully applied in other vibrational spectroscopy 

studies of MOF CO2 adsorption. 
[68]

 The Raman spectrum of the CO2/H2O loaded 
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framework, CuTDPAT-H2O/CO2 exposes the interaction between CO2 and the triazine 

linkers with the slight out of plane distortion found in the initial hydrated crystal 

structure. As shown in Figure 3.4 and outlined in Table 3.2, all the phenyl localized 

vibrational modes, such as the breathing mode at 996 cm
-1

 and C-C stretch mode at 1598 

cm
-1

 shows negligible change after CO2 adsorption (<1 cm
-1

). In contrast, the triazine 

breathing mode at 978 cm
-1

 and the secondary amine modes involving a C-N stretching 

and N-H wagging motion at 1277, 1427 and 1441 cm
-1

 and all experience a red shift of at 

least 2 cm
-1

. The red shift of these peaks is consistent with the lowered force constants 

expected for electron donating interactions with CO2. These mode frequency shifts are 

not observed however when comparing the spectra of the activated versions, ie 

CuTDPAT-activated vs CuTDPAT-CO2. This suggests that the amine groups serve as 

stronger binding sites for CO2 in the hydrated form. One possible explanation is that the 

out-of-plane distortion of the triazine linker in the hydrated form of the framework may 

enhance its Lewis basicity. While more evidences are needed to support this hypothesis, 

the observations are consistent with the studies published by Zhang and co-worker. 
[23]

 

Their work shows that CuTDPAT can adsorb CO2 up to ~3 wt% from dry mixture (15:85 

CO2/N2) verse the ~2 wt% from wet mixture (15:75:10 CO2/N2/H2O) at 1 atm. However, 

the selectivity of CO2 in the later experiment is higher over the entire pressure range from 

0 to 1atm. These results can be rationalized by our observations in Raman spectra of 

CuTDPAT. In CuTDPAT-H2O/CO2 sample, open metal sites are preferentially 

coordinated by water molecules so that the CO2 uptake is less than the activated 

CuTDPAT, in which both open metals sites and amine functional groups are avaible. 

While the larger shifts of amine related modes in CuTDPAT-H2O/CO2 Raman spectrum 
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imply that structural difference from the activated form may increase the accessibility or 

basicity of the amine groups, which can be related to the higher selectivity of CO2 over 

N2.  
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3.4 Conclusion 

 In this chapter, the structural changes and CO2 binding interactions in an rht-type 

MOF material with multiple potential binding sites were probed by in situ UV-vis, XAS 

and Raman spectroscopy methods. The combined spectroscopic analysis revealed the 

reversible Cu coordination geometry changes from square pyramidal to square planar 

upon activation and partial recovery when CO2 is coordinated to the metal sites. The in 

situ Raman measurements revealed subtle structural changes of the linker and metal node 

components as well as the Cu upon framework activation and CO2 adsorption. These 

results showed that the dehydration process produced larger structural rearrangements of 

the framework compared to subsequent CO2 adsorption. Raman analysis comparisons 

between the dry and wet CO2 loaded frameworks provide experimental evidence for the 

interaction of CO2 and both open metal and linker amine/triazine groups. These results 

support the concept that Lewis base functionalized linkers provide binding sites for CO2 

in addition to the open metal coordination sites but indicate that the linker distortion that 

occurs upon activation can influence the effectiveness of the binding interaction possibly 

by altering its basicity. 
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3.5 Materials and Methods 

The materials were provided by Professor Li at Rutgers University-New 

Brunswick. 

3.5.1 Synthesis of 2, 4, 6-tris(3, 5-dicarboxylphenylamino)-1, 3, 5-triazine (H6TDPAT) 

5-aminoisophthalic acid (7.6 g, 0.042 mol), NaOH (2.68 g, 0.067 mol), and 

NaHCO3 (4.37 g, 0.052mol) were mixed in 70 mL H2O. The mixture was stirred at 0 
o
C, 

during which cyanuric chloride (1.84 g, 0.01 mol) in 1,4-dioxane (35 mL) was added 

dropwise. The mixture was then stirred at 100 
o
C for 24 hours before cooling down to 

room temperature. The solution was adjusted to pH =2 with HCl solution and the 

resulting solid was collected by filtration, rinsed several times with distilled water and 

then hot methanol and dried to give pure H6TDPAT (5.0 g, yield: 90%).  
1
H NMR ([D6] 

DMSO, 300 MHz): δ=8.12 (3H), 8.47 (6H), 9.67 (3H) ppm. 

3.5.2 MOF Materials.   

  CuTDPAT was synthesized following the previously published procedure, 
[24]

 

Cu(NO3)2•3H2O (492 mg, 2.04 mmol), H6TDPAT (90 mg, 0.147 mmol) were dissolved 

in 6 mL DMA, 6 mL DMSO, 0.3 mL H2O and 2.7 mL HBF4. The mixture was sonicated 

until homogeneous solution was achieved and then sealed in a vial and heated at 85 
o
C 

for 5 days. Upon cooling to room temperature, blue crystals were collected after filtration 

and washing with DMA for several times. The as-made Cu-TDPAT sample was 

immersed in methanol for 3 days to exchange the non-volatile solvents, during which the 

extract was decanted and replaced with fresh methanol every 3 hours and all samples 
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were characterized by powder X-ray diffraction to verify the crystallinity.  

3.5.3 Diffuse reflectance spectroscopy  

 Diffuse reflectance spectra of CuTDPAT were collected using a Cary-Varian UV-

visible-NIR spectrophotometer equipped with a diffuse reflectance accessory and 

controlled environment (vacuum/gas and temperature) solid state sample holder (Harrick 

Instruments). Adsorption spectra of the sample ground with KBr were collected at 10 ºC 

intervals from 30 ºC to 120 ºC under dynamic vacuum. After cooling the sample to room 

temperature adsorption data were collected upon subsequent purging with CO2 gas until 

no further spectral changes were observed. 

3.5.4 Raman spectroscopy  

Raman spectra were collected using a 532 nm single frequency diode laser with ~ 

8 mW power, a triple monochromator and a 1340 × 100 pixel liquid nitrogen-cooled 

CCD detector (Princeton Instruments). With 50 μm entrance slit width, the spectral 

resolution was < 3 cm
-1

 and peak frequency shifts of <1 cm
-1

 could be measured. The 

sample was deposited on a stainless steel frit and attached on a spinning sample holder in 

a home-made reaction chamber with optic windows. The sample was spun during the 

data collection process to minimize the residence time of the laser on one spot of the 

sample thereby avoiding excessive heating that could locally activate the framework. The 

Raman data of as-synthesized CuTDPAT, activated CuTDPAT and CO2 treated 

CuTDPAT was measured in-situ in the reaction chamber. 
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 3.5.5 X-ray Characterization 

 X-ray absorption data were collected at the copper K-edge (8979eV) in 

transmission mode at Beamline X18A at the National Synchrotron Light Source (NSLS). 

The X-ray white beam was monochromatized by a Si(111) monochromator and detuned 

by 25% to minimize the harmonic content of the beam. Copper foil was used as the 

reference for energy calibration. The incident beam intensity (I0) was measured by a 15 

cm ionization chamber with 100% N2. The transmitted beam intensity (It) and reference 

(Ir) were both measured by a 30 cm ionization chamber with 60%  N2 and 40% Ar. XAS 

spectra were collected during heat activation, CO2 adsorption and H2O re-coordination 

using a Claussen cell reactor. This cell, which has previously been described,
43

 enables 

simultaneous controlled temperature and gas flow environment on a sample contained 

within a 3mm diameter Kapton tube for in situ measurements. A mixture of 5 mg of 

CuTDPAT thoroughly ground with ~100 mg of boron nitride was packed into the sample 

tube to yield approximately one X-ray absorption length. Three XAS spectra of the as-

synthesized sample were first collected at room temperature (~25 ºC) under continuous 

He gas purge. Spectra were continuously collected during heat activation of the sample 

(ie. gradual heating to 150 ºC under He gas flow) until no further spectral changes were 

observed to ensure complete dehydration. Another three scans were collected once the 

sample was cooled back to 25
o
C to void the temperature effects on the Debye-Waller 

factor in comparison between hydrated and dehydrated sample data. To study the CO2 

adsorption process, the gas flow was switched to dry CO2 and again the data was 

collected continuously to monitor the uptake of CO2 in the framework. Finally, in situ 

XAS was used to monitor the MOF rehydration process. In this step, the same sample, 
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having undergone the treatments described above, was first thermally reactivated and 

then cooled to room temperature under dry He flow to drive off adsorbed CO2.  The 

reactivated sample was then purged with “wet” helium gas (ie He was sent through a 

bubbler containing water prior to exposure to the MOF sample) to recover the hydrated 

framework. XAS spectra were collected throughout this process to monitor the 

rehydration structure. All XAFS data were processed and analyzed using the Athena and 

Artemis programs of the IFEFFIT package based on FEFF 6.
44, 45

 

  The crystallinity of this MOF sample was monitored by synchrotron PXRD 

(Figure 3.7) immediately before and after each adsorption/desorption step described 

above to show that the crystallinity and long range order were preserved throughout the 

process. The diffraction patterns of CuTDPAT were recorded on a 2D detector at X18A 

of NSLS in Brookhaven National Lab. All the measurements were operated at room 

temperature using 10keV X-ray right after the corresponding XAFS scans. 
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Figure 3.7 PXRD patterns of CuTDPAT before and after activation, upon CO2 loading 

and rehydration. Bottom trace: theoretical PXRD pattern. 
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3.5.6 DFT computational methods  

The geometry optimization and vibrational modes of TDPAT was calculated 

using the Gaussian 03 program package
 [68]

 at the density functional theory (DFT) level 

with Beck’s three parameter functional and Lee-Yang-Parr functional (B3LYP) method. 

6-31G basis set was used. A summary of the calculated frequencies for the most Raman 

active vibrational modes is provided in Table 3.3. The vibrational mode anharmonicities 

were compensated using of a scaling factor of 0.96 in reporting their frequencies. 
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Chapter 4 In-situ Raman studies of activation and CO2 gas 

adsorption in a series of iso-structural M/DOBDC frameworks 

4.1 Introduction 

Materials with enhanced physisorption behavior have attracted intensive attention 

for fuel gas storage and selective separation of gas mixtures. 
[1-3]

 The relatively low 

regeneration energy requirements of physisorption can help reduce the operation cost 

significantly, but the low capacity usually limits their applications. 
[4]

 Metal-Organic 

frameworks (MOF) seem capable to overcome this shortcoming thanks to their huge 

surface areas and versatile internal chemical environment. Among the thousands of newly 

developed MOF materials, M/DOBDC (M = Mg, Ni, Co, Zn; DOBDC = 2,5-dioxido-1,4-

benzenedicarboxylate) MOFs (also known as CPO-27 
[5, 6]

 or MOF-74. 
[7, 8]

) have 

demonstrated extraordinary capacity for CO2 adsorption, 
[3]

 as well as H2, propylene and 

other fuel gases. 
[1]

 Each of these materials consists of M(II) ions connected by DOBDC 

linker to form a 3D porous honeycomb-like hexagonal structure with 1D channels. Each 

metal ion in these frameworks coordinates to six oxygens in an octahedral symmetry, in 

which five oxygens come from carboxylate ligand and one from a coordinated solvent 

molecule. The solvent molecule can be removed upon elevated temperature or vacuum to 

expose open metal sites. Despite the relative low surface area of M/DOBDC frameworks, 

the high concentration of open metal sites distributed along the internal face of 

M/DOBDC frameworks gives them ultra high capacity and selectivity of various gases at 

low pressure (Figure 4.1). Interestingly, although all M/DOBDC family members show 

superior gas capacity compared with most of other frameworks under low pressure, 
[3]
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M/DOBDC frameworks with different metals exhibit dramatic differences in 

performance when compare to each other. In the study in 2008, Caskey et al measured 

the CO2 uptake of the four best performing M/DOBDC under low (0.1 atm) and 

atmospheric pressure. 
[9]

 The result shows Mg/DOBDC hosts ~12 CO2 molecules per unit 

cell under 0.1 atm, while Co/DOBDC and Ni/DOBDC hosts ~7, respectively. And 

Zn/DOBDC has a significant lower uptake of 4 molecules per unit cell. In another study 

the next year, Yazaydin and coworkers compared this M/DOBDC series with 10 other 

MOFs under 0.1 bar (Figure 4.2). 
[10]

 The result also shows a considerable difference of 

CO2 uptake in the isostructure M/DOBDC frameworks. These uptakes are 0.721, 0.436, 

0.638 and 0.213 molecules of CO2 per metal site for Mg, Co, Ni and Zn. The reason for 

these significantly different uptakes and the order with respect to the metal is not entirely 

clear. Caskey proposed that the ionic character of Mg-O bond may be responsible for the 

ultra high capacity of CO2 in Mg/DOBDC. Incomplete activation, pore blockage and/or 

partial collapse of the Zn/DOBDC structure upon activationwas hypothesized to play a 

role in the significantly lower CO2 uptake in that framework, but the crystallographic 

characterization does not seem to support that argument. The full picture could be much 

more complicated than merely one or two factors, thus, local coordination environment 

and framework flexibility, including the relative accessibility of the metal sites after the 

activation process should be considered for a better interpretation.  
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Figure 4.1 Illustration of M/DOBDC frameworks. M (blue), oxygen (red) and carbon 

(grey). 

 

Figure 4.2 Experimental CO2 uptake in 14 different MOFs at 0.1 bar. Reprinted with 

permission from J. Am. Chem. Soc., 131:18198-18199. Copyright 2009 American 

Chemical Society 

 So far, XRD, 
[11-13]

 vibrational spectroscopy, 
[13-15]

 neutron powder diffraction 

(NPD), 
[16]

 XAS, 
[17-20]

 and theoretical simulation 
[15, 20-23]

 studies have been conducted to 

explain the adsorption behavior of M/DOBDC. Most of these investigations focus on 

individual M/DOBDC frameworks and do not include systematic comparisons between 

-H2O 
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each of the M/DOBDC family members. In this chapter, a combination of XRD, in-situ 

diffuse reflectance and in-situ Raman spectroscopy methods is used to investigate the 

subtle structural changes in the series of M/DOBDC frameworks with different metal 

nodes upon activation and CO2 adsorption.  
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4.2 Result 

4.2.1 X-ray diffraction 
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Figure 4.3 The PXRD patterns of simulated Zn/DOBDC(black), Mg/DOBDC (orange), 

Co/DOBDC (pink), Ni/DOBDC (green) and Zn/DOBDC (blue) 

The PXRD patterns of samples used in this experiment are shown in Figure 4.3. 

These PXRD data were compared to a PXRD pattern simulated from Zn/DOBDC single 

crystal XRD data 
[11]

 to verify that they have the structure of M/DOBDC. After the in-situ 

Raman study, the PXRD data was collected from the same sample again to exam the 

structure and crystallinity. As shown in Figure 4.4, the results show that the crystal 

structures of all four samples after heat and CO2 treatment are consistent with the as-
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synthesized samples. No significant change of signal intensity also indicates that little 

loss of crystallinity occurs during the experiment. 
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Figure 4.4 The PXRD pattern of M/DOBDC frameworks before (solid line) and after 

activation/CO2 adsorption (dashed line) 
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4.2.2 UV-vis diffuse reflectance spectroscopy 

The diffuse reflectance spectra of M/DOBDC obtained during activation and CO2 

treatment are shown in Figure 4.5. Mg/DOBDC (Figure 4.5a) and Zn/DOBDC (Figure 

4.5d) shows no signal in the visible region as expected due to the absence of d-d 

transitions. In all cases the absorption from the ligand (max ~ 400 nm) shows little 

change since the removal of metal coordinated water has negligible impact on the 

electronic state of the ligands.  

Diffuse reflectance spectra of Co/DOBDC are shown in Figure 4.5c.  Given the 

tetragonally distorted octahedral approximate coordination for the high spin Co(II) sites 

in the as-synthesized (hydrated) framework, the two absorption bands at 18348 cm
-1

 and 

below 8000 cm
-1

 for can be assigned to the 
4
A2(F)  

4
E(P) and 

4
A2(F) 

4
E(F) ligand 

field state transitions,
[24-26]

 respectively. The former band red shifts to 17574 cm
-1

 upon 

activation and then partially returns to 17920 cm
-1

 after CO2 adsorption. The latter band 

is not complete due to the limitation of instrument so that it will not be discussed in this 

chapter. The band that appears at 13986 cm
-1

 after activation is assigned to a 
4
E(F) 


4
B1(F) transition and then blue shifted to 14265 cm

-1
 after CO2 adsorption. This band is 

probably buried under the strong transition to 
4
A2(P) in the as-synthesized sample as it is 

well documented to be a weak transition in pseudo octahedral geometries. 
[25]

 The 

increased intensity of this band is due to the symmetry change to five coordinate C4v 

upon activation. 

The spectrum of the as-synthesized Ni/DOBDC shows four bands at 20280, 

15200, 13620 and 9337 cm
-1

, which can be assigned to ligand field state transitions under 
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C4v symmetry. The shoulder peak at 20280 likely has contributions from the 
3
B1  

3
E(P) 

and 
3
B1  

3
A2(P) transitions. 

[27]
 This band blue shifts upon activation and becomes more 

overlapped with the ligand absorption band. The absorption band with double maxima at 

15200 and 13620 nm is most likely dominated by a 
3
B1  

3
E transition with significant 

contribution from the transition to the the close lining spin forbidden 
1
A1 state that gains 

intensity as a result of spin-orbit coupling. 
[28] 

The two peaks merge into one maximum at 

14472 upon activation and then after CO2 treatment, the band splits once again to two 

descernable features with maxima at14930 and 13333 cm
-1

. The 9337 cm
-1

 band is 

assigned to the transition to 
3
B2 state. 

[24, 27]
 This band shifts to 9660 cm

-1
 upon framework 

activation and returns to nearly the same peak position (9354 cm
-1

) after CO2 adsorption. 

 

 

(a) 
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(c) 
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Figure 4.5 Diffuse reflectance spectra of M/DOBDC frameworks. 

4.2.3 Raman Spectroscopy 

A comparison of the Raman spectra of the four frameworks is shown in Figure 

4.6. Raman spectra collected upon activation and CO2 adsorption of M/DOBDC 

frameworks are shown in Figure 4.7 and Figure 4.8. The observed vibrational frequencies 

with the corresponding mode assignments are listed in Table 4.1. The assignments were 

determined by comparison with literature values 
[29-36]

 and those measured from 

H4DOBDC ligand alone which were in turn supplemented by computed theoretical 

vibrational modes frequencies. The reference spectrum is illustrated in Figure 4.9 and a 

summary of the experimental frequency values of H4DOBDC and corresponding DFT 

calculated vibrational modes are provided in Table 4.2. All four samples were activated 
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and again exposed to water vapor at room temperature. This process was monitored by 

Raman and the final resulting hydrated sample generated almost identical Raman spectra 

as the as-synthesized hydrated samples, illustrating the reversibility of the 

hydration/dehydration process in these frameworks. The comparisons between as-

synthesized samples and samples recovered after the in-situ experiments are shown in 

Figure 4.10 which indicates the change observed in the experiment are reversible. Both 

XRD and Raman data show that no permanent structure change or framework damage 

occurred during the experiment. 

Due to the similarity of Raman spectra of all samples, the description below is the 

general assignment of all four frameworks. One should be aware that the assignments of 

some low frequency region (100 cm
-1

 to 400 cm
-1

) are derived primarily from literature 

values. Some ambiguity exists due to the potential solid state effects. The weak peaks 

from 100 cm
-1

 to 250 cm
-1

 are assigned to O-M-O symmetric and asymmetric bending 

modes. The peaks in the region 375 cm
-1

 to 410 cm
-1

 are assigned to M-O stretching. The 

strong peaks around ~560 cm
-1

 are the bending mode of carboxylate group. The sharp 

peaks at ~820 cm
-1

 are assignment to the benzene breathing mode.  The intense peaks in 

the region of 1260-1290 cm
-1

 is assigned to the hydroxyl C-O stretch mode. The peak at 

~1420 cm
-1

 and 1500 cm
-1

 are assigned to the symmetric and asymmetric stretch mode of 

coordinated carboxylate groups, respectively. The broad peaks in the 1550 cm
-1

 to 1580 

cm
-1

 region is the C-C stretch mode of the benzene ring and the last set of peaks at ~1617 

cm
-1

 is the C=O stretch mode. Notably, two small but distinct peaks at 1389 cm
-1

 and 

1381 cm
-1

 (Figure 4.11), which only appear upon CO2 treatment are assigned to CO2 

localized vibrations. The first one is assigned to the higher energy Femi dyad peak of free 
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CO2 (the other one of the pair which would be anticipated at 1285 cm
-1

, is obscured by 

one of the intense linker band at 1284 cm
-1

and therefore not observed). The peak at 1381 

cm
-1

 can be assigned to the same vibrational mode but red shifted due to the break of CO2 

symmetry. 
[37, 38]

 Mg/DOBDC shows two extra peaks at 310 and 1660 cm
-1

 which 

disappear after activation. The origin of the two peaks is not clear but may be related to 

the local vibration of coordinated H2O.  

Table 4.1 Experimental Raman frequencies (cm
-1

) and corresponding vibrational mode 

assignment. The shift after activation is shown in parentheses. 

Mg/DOBDC Co/DOBDC Ni/DOBDC Zn/DOBDC Raman assignment 

137 (-22) 137 (-14) 153 (-15) 142 (-33) β (O-M-O) 

229 (-16) 239 (-21) 269 (-11) 219 (-16) β (O-M-O) 

410 (+14) 391 (+20) 410 (+8) 379 (+34) ν(M-O) 

β (COO)carboxylate 562 (+6) 563 (+9) 570 (+6) 559 (+16) 

821 (-3) 818 (0) 827 (0) 820 (-5) Ring breath 

1284 (+13) 1272 (+9) 1274 (+9) 1267 (+11) ν(C-O)hydroxyl + ring breath 

1430 (+3) 1413 (+9) 1417 (+2) 1411 (+13) sym. ν(COO)carboxylate 

1505 (-6) 1503 (-5) 1501 (-7) 1505 (-3) asym. ν(COO)carboxylate 

1576 (0) 1560 (0) 1561 (0) 1563 (-3) ν(C-C)phenyl 

1626 (+4) 1617 (+4) 1618 (+2) 1618 (+6) ν(COO)carboxylate + ν(C-C)phenyl 

 

 

Figure 4.6 Full Raman spectra of as-synthesized Mg/DOBDC (black), Co/DOBDC 

(pink), Ni/DOBDC (green) and Zn/DOBDC (blue).  
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Figure 4.7 Expanded low frequency region of as-synthesized (black), activated (red) and 

CO2 treated (blue) M/DOBDC. 
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Figure 4.8 Expanded high frequency region of as-synthesized (black), activated (red) and 

CO2 treated (blue) M/DOBDC. 
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Figure 4.9 The Raman spectra of calculated H4DOBDC ligand (red), experimental 

H4DOBDC (black) and Zn/DOBDC (blue). 

Table 4.2 Experimental and calculated Raman active vibrational mode frequencies with 

descriptions of dominant components of the corresponding vibrational mode assignments 

for the H4DOBDC ligand 

Exp.  Frequency of 

H4DOBDC 

Calc. 

Frequency 
Raman assignment 

396 392 Out of plane ring tilt 

484 490 In plane ring tilt 

752 756 Ring breathing 

1267 1316 ν(C-O)hydroxyl + Ring breathing 

1293 1360 β(C-H) 

1453 1466 sym. ν(COOH) + β(C-H) + Ring breathing 

1578 1600 asym. sym. ν(COOH) + β(C-H) + Ring breathing 

1675 1731 ν(C=O) + sym ν(C-C)phenyl  
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Figure 4.10 The Raman spectra of as-synthesized M/DOBDC frameworks and 

frameworks recovered after in-situ experiments. 
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Figure 4.11 Expanded spectra of highlighted CO2 features in Mg/DOBDC (black), 

Co/DOBDC (pink), Ni/DOBDC (green) and Zn/DOBDC (blue). 

 



106 
 

 

4.3 Discussion 

 As discussed above, CO2 uptake measured for each framework increased in the 

order Zn<Co<Ni<Mg. A well established theory may be used to explain the difference. 

Based on empirical data and electron repulsion model, Holmes 
[41]

 showed that in high 

spin square pyramidal coordination compounds, the Lbasal-M-Lbasal angle (defined as θ) 

increases upon increasing number of d-electrons from    to    transition metals. In this 

C4v symmetry, this increasingly fills the    ,     and     orbitals, generating more 

repulsion between these orbitals and basal ligands which force the basal ligands move 

toward a larger θ. When the number of electrons increases to ten, however all the d 

orbitals are filled and a uniform d-electron distribution is formed, the symmetry of lowest 

energy goes to a small θ again. So that in terms of the Lbasal-M-Lbasal angle θ, a relation of 

Zn
2+

 (d
10

) < Ni
2+

 (d
8
) > Co

2+
 (d

7
) can be built. This comparison brings a new factor that 

may be contributing to the difference of CO2 uptake. One can imagine that at least for 

transition metal based versions of the framework, the open metal sites generated upon 

activation may be less accessible with smaller θ, fitting with the Zn/DOBDC < 

Ni/DOBDC > Co/DOBDC trend in observed CO2 uptake performance. Mg/DOBDC is 

excluded from the comparison because its electron structure is quite different from the 

other three elements. An analysis of the reported crystal structures along with the diffuse 

reflectance and Raman data obtained upon activation follows and shows strong support 

for this structure changes hypothesis. 

The single crystal XRD data 
[13]

 show that the metal site in M/DOBDC in the 

hydrated form is a tetragonally distorted octahedral symmetry with elongated axial 

ligands, in which the metal ion is equatorially coordinated to four oxygens atoms, and 
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axially coordinated to one linker hydroxyl oxygen and one oxygen from a pore wall-

facing water molecule. The two axial M-O bonds are approximately 2.2 Å. The four 

equatorial M-O bonds are approximately 2.0 Å and slightly bent out-of-plane away from 

the coordinated water, leading to C4v symmetry for these metal sites. Upon the removal of 

the water through thermal activation, the coordination geometry converts to a distorted 5 

coordinate square pyramidal geometry, also with C4v symmetry which makes Holmes’ 

theory applicable. The degree to which this distortion occurs may ultimately impact the 

accessibility of the metal sites in the framework walls for further gas adsorption.  

As shown in figure 4.5a-d, these coordination geometry changes have negligible 

effect on the diffuse reflectance (DR) spectra of Mg/DOBDC and Zn/DOBDC due to the 

absence of d-d transitions but alter the DR spectra of Co/DOBDC and Ni/DOBDC. While 

the general trends of these changes can be explained by ligand field theory, the 

interpretation presented here may not be comprehensive since these changes can also be 

affected by steric and electrostatic effects. 

 

Figure 4.12 the ground and excited state d-electron configurations under these two 

geometries. 
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Figure 4.13 calculated orbital energy level of square pyramid pentacoordinated transition 

metal ion, as a function of the Lbasal-M-Lbasal angle θ. The vertical energy unit is in eV. 

Reprinted with permission from Inorg. Chem. 14:365-374 . Copyright 1975 American 

Chemistry Society. 

In the DR-UV-vis spectra of Co/DOBDC, a considerable red shift of the 
4
E(P) 

and 
4
B1 transitions occurs upon framework activation, indicating a significant energy 

decrease between the ground state and the excited states in the newly created 5 coordinate 

geometry. This shift may be explained at least in part by considering the ground and 

excited state d-electron configurations under these two geometries illustrated in Figure 

4.12 and a simple electron repulsion model. In this model, the removal of axial ligand 

reduces the repulsion between    ,    and     orbitals because the interaction between 

the d electrons and σ orbitals of ligands is anti-bonding, after the coordinated water is 

removed, the basal oxygens should move toward the empty position due to the repulsion 

between ligands. As shown in Figure 4.13, the relative energies of d orbitals in a 
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pentacoordinated square pyramid complex are predicted to be strongly associated with 

the Lbasal-M-Lbasal angle, defined as θ. 
[26, 27, 39, 40]

 As this bond angle θ bends away from 

180º, the dxz and dyz orbitals begin to mix with the basal ligand σ orbitals, so the anti-

bonding interaction increases the energy of the two orbitals. At the same time, the overlap 

between the basal ligand orbitals and    ,         orbitals is reduced which leads to a 

decrease of     and        energy level. Thus, the red shift of Co/DOBDC absorbance 

bands may indicate a notable change of θ. from a starting value of ~189
o
 in the hydrated 

framework to a value less than 180
o
 In this case, the four equatorial oxygens flipped away 

from the axial ligand and move towards the empty axial position. This assumption is also 

supported by the increased intensity of transition to 
4
B1(F) state. This transition usually is 

very weak in pseudo octadehral symmetry because its orbitally forbidden from a 
4
A2(F) 

ground state. But in a square pyramidal symmetry with relatively small θ, the energy 

level of 
4
E(F) ground state become more degenerate with 

4
A2(F) so that the transition can 

be observed.  

While the analysis of Ni/DOBDC DR spectra may be more complicated, due to 

the significant overlap of the 
3
E(P) band with that of the ligand, it is apparent that the 

blue shift of the band is opposite to what is found in the Co/DOBDC case. The reversed 

shift direction compared to Co/DOBDC suggests a different change in θ when the 

coordination environment changes. In Ni/DOBDC, the basal ligands should move 

towards the empty axial position like Co/DOBDC but the final form may be a planar 

geometry with θ closer to 180º. The reduced overlap with    ,     orbitals stabilized 

these orbitals and cause a larger energy gap between the ground state and 
3
E(P), 

3
B1(F) 

states. These observations are consistent with the Holms’ work. 
[41] 



110 
 

 

Raman data collected under the same condition adds more information to the local 

structural changes. First, Raman spectra from in-situ experiments provide evidence that 

the coordinated water molecules are indeed removed upon activation and the yielded 

open metal sites are then occupied by CO2 molecules. The significant red shift of O-M-O 

bending vibrational mode in the region of 150 cm
-1

 ~ 300 cm
-1 

indicates a reduced 

repulsion from the axial position. These peaks then show a slight blue shift after CO2 

treatment, which implies the existence of weakly interacted CO2 molecules. Furthermore, 

a weak feature at 1381 cm
-1

 that appears upon CO2 treatment is a peak red shifted from a 

signature peak of CO2 at 1388 cm
-1 

(Figure 4.11). 
[37, 38]

 This peak is a sign of ‘end-on’ 

interaction between CO2 molecule and open metal site because the electron density 

change breaks the original D∞h symmetry to a C∞h. The characteristic 1388 cm
-1

 peak of 

free CO2 is also observed in the spectra and very likely come from the non-interacting or 

very weakly interacting CO2 molecules. The reason that the intensity of this free CO2 

peak varies in the spectra from one M/DOBDC CO2 treated sample to the other is not 

entirely clear. 

Another significant change of Raman spectra is related to the bond distance 

between the metal ion and surrounding ligands. From table 4.1, an interesting trend of the 

M-O stretch, COO bending mode and symmetric COO stretch modes can be observed 

upon activation. All three vibrational modes mentioned above undergo blue shift of 

frequencies upon activation. This change can be rationalized by a more compact 

coordination sphere with shorter M-O and C-O bonds. It’s worth to remark that the blue 

shift of M-O stretch vibrational mode (~400 cm
-1

) of Ni/DOBDC is less than half that of 

Co/DOBDC and only one fourth of Zn/DOBDC. The same trend remains for the other 
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two modes, in which Mg/DOBDC and Ni/DOBDC only have minor increase of 

frequencies, but Co/DOBDC and Zn/DOBDC shifted much more. Approximately, the 

frequencies shift is in the order of Mg/DOBDC ≈ Ni/DOBDC < Co/DOBDC < 

Zn/DOBDC. This difference strongly implies that Zn/DOBDC experienced the most 

dramatic local structure alternation to form a compact coordination sphere, while 

Mg/DOBDC and Ni/DOBDC has relatively small changes of bond length. In this case, 

the open metal sites are harder to access by CO2 molecules due to steric effect. Hence, the 

trend fits the expectation from the CO2 adsorption experiments.  

Beside the local coordination environment, Raman data also provides a hint about 

an additional structural change of Zn/DOBDC compared to the other frameworks. After 

the activation process, the ring breathing mode and the C=C stretching mode from the 

ligand stay at the same frequencies in all samples except for Zn/DOBDC, which shows a 

slightly shift to lower frequencies after water removal. These frequency changes suggest 

that a rearrangement of the ligand position or orientation occurs upon activation. But the 

relationship between this phenomenon and the property of framework is not clear. 
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4.4 Current Conclusions and Future Work 

In this chapter, four isostructure M/DOBDC (M = Mg, Co, Ni, Zn) MOFs were 

investigated by in-situ DR-UV-vis and Raman spectroscopy methods. The comparison of 

the resulting spectra reveals unique structural change in each framework. DR-UV-vis 

shows that a possible variation of ligand-metal-ligand bond angles among the activated 

frameworks. Raman spectra revealed the difference of metal-ligand bond length changes 

upon activation. Both factors have the potential to affect CO2 adsorption property and 

agree with the experimental data of CO2 uptake. This study shows that CO2 capacity of 

M/DOBDC may be affected by a combination of various factors, and that the local 

coordination structure at the metal site upon activation likely plays an important role. 

 Correct interpretation of the complicated spectroscopy data is not trivial and 

frequently over simplified model is used. The results are not only obtained from the 

combination of various spectroscopy techniques, but also from previously obtained single 

crystal structure and CO2 adsorption data. Some previously mentioned ambiguities, such 

as the uncertain assignment of low frequency modes in the Raman spectra, as well as the 

local structure information of Mg/DOBDC and Zn/DOBDC are still waiting for more 

work to support. These missing pieces can be filled by phonon calculation of the 

extended frameworks and XAS experimental, which will be the center of the future work. 
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4.5 Material and Methods 

4.5.1 Synthesis of M/DOBDC MOF materials 

 M/DOBDC MOFs were synthesized following the previously published 

procedure, 
[11, 13]

 Mg/DOBDC: A solution of 2,5-dihydroxybenzene-1,4-dicarboxylic 

acid (0.074 g, 0.375 mmol) in THF (5 ml) and a solution of magnesium(II) acetate (0.19 

g, 0.75 mmol) in water (3 ml) were mixed in a glass reaction tube of 50 ml. 1.5 ml NaOH 

(1 mol/L) was added into the mixture while stirring. The tube was sealed by a Teflon cap 

and heated in a pre-heated oven at 110ºC for 3 days. The light yellow powder was 

collected by filtration and washed by THF and water. Co/DOBDC: A solution of 2,5-

dihydroxybenzene-1,4-dicarboxylic acid (0.74 g, 3.75 mmol) in THF (50 ml) and a 

solution of cobalt(II) acetate (1.87 g, 7.5 mmol) in water (25 ml) were mixed in a glass 

reaction tube of 150 ml. The tube was sealed by a Teflon cap and heated in a pre-heated 

oven at 110ºC for 3 days. The deep red micro-crystals was collected by filtration and 

washed by THF and water. Ni/DOBDC: A solution of 2,5-dihydroxybenzene-1,4-

dicarboxylic acid (0.6 g, 3 mmol) in THF (10 ml) and a solution of cobalt(II) acetate (1.5 

g, 6 mmol) in water (10 ml) were mixed in a glass reaction tube of 40 ml. The tube was 

sealed by a Teflon cap and heated in a pre-heated oven at 110ºC for 3 days. The yellow 

powder was collected by filtration and washed by THF and water. Zn/DOBDC: A 

solution of 2,5-dihydroxybenzene-1,4-dicarboxylic acid (0.074 g, 0.375 mmol) in THF (5 

ml) and a solution of zinc(II) acetate (0.23 g, 0.75 mmol) in water (3 ml) were mixed in a 

glass reaction tube of 50 ml. 1.5 ml NaOH (1 mol/L) was added into the mixture while 

stirring. The tube was sealed by a Teflon cap and heated in a pre-heated oven at 110ºC 
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for 3 days. The light yellow powder was collected by filtration and washed by THF and 

water. 

4.5.2 X-ray diffraction 

The powder samples of M/DOBDC (M = Mg, Co, Ni, Zn) before and after 

activation were measured on a Bruker SMART APEX CCD diffractometer by using Cu 

Kα radiation over the range of 3-50º at room temperature. 

4.5.3 Diffuse reflectance spectroscopy 

 Diffuse reflectance spectra of M/DOBDC (M = Mg, Co, Ni, Zn) samples were 

collected using a Cary-Varian UV-visible-NIR spectrophotometer equipped with a 

diffuse reflectance accessory and controlled environment (vacuum/gas and temperature) 

solid state sample holder (Harrick Instruments). Adsorption spectra of the samples were 

collected at 10 ºC intervals from 30 ºC to 150 ºC under dynamic vacuum. The adsorption 

spectra were collected again after cooling to room temperature and followed by purging 

with CO2 gas until no further spectral changes were observed. 

4.5.4 Raman spectroscopy 

Raman spectra were collected using a 532 nm single frequency diode laser with ~ 

8 mW power, a triple monochromator and a 1340 × 100 pixel liquid nitrogen-cooled 

CCD detector (Princeton Instruments). With 50 μm entrance slit width, the spectral 

resolution was < 3 cm
-1

 and peak frequency shifts of <1 cm
-1

 could be measured. The 

sample was deposited on a stainless steel frit and attached on a spinning sample holder in 

a home-made reaction chamber with optic windows and a remote IR temperature detector. 
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The sample was spun during the data collection process to minimize the residence time of 

the laser on one spot of the sample thereby avoiding excessive heating that could locally 

activate the framework. The Raman data of as-synthesized M/DOBDC, activated 

M/DOBDC and CO2 treated M/DOBDC was measured in-situ in the reaction chamber. 

After the collection of as-synthesized sample, the samples were heated to 150 ºC under 

vacuum and the temperature was hold for 1 hr to ensure complete activation. Then the 

chamber was purged with dry N2 and cooled to room temperature when the Raman 

spectra of activated samples were collected. At last, dry CO2 was purged through the 

chamber for 20 min to replace N2 and Raman spectra were collected again.  

4.5.5 DFT calculation 

 The geometry optimization and vibrational modes of H4DOBDC was calculated 

using the Gaussian 03 program package
 [42]

 at the density functional theory (DFT) level 

with Becke’s three parameter functional and Lee-Yang-Parr functional (B3LYP) method. 

6-31G basis set was used. A summary of the calculated frequencies for the most Raman 

active vibrational modes is provided in Table 4.2. 
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Chapter 5. A Raman spectroscopy study of cucurbit[7]uril-

ferrocene host-guest complex in the solid state  

5.1 Introduction 

 Owing to their selective complexation behavior, cucurbit[n]urils (CB[n]s), have 

emerged as promising water soluble macrocyclic hosts for a number of applications, 

including stereoselective chemical reaction mediation, drug delivery and dye-binding for 

displays, sensors and solar cells.
[1-3]

 The unique architecture and the negative electrostatic 

potential surface of the interior create an ideal host environment for the encapsulation of 

either positively charged or neutral guest molecules. Multiple intermolecular forces are 

responsible for the CB[n] complexation process, including ion-dipole and hydrophobic 

interactions between the molecular guest and the host cavity interior.
[2-4]

 Additionally, the 

carbonyl groups on the perimeter of the CB[n] opening can strongly interact with metal 

ions.
[5-8]

 This complexation mechanism contrasts with that found in other cavitands such 

as cyclodextrins, in which the hydrophobic interactions alone are believed to dominate 

the complexation process.
[9]

 Consequently, the multiple binding forces involved in CB[n] 

encapsulation give rise to highly stable inclusion complexes in solution, with binding 

equilibrium constants as high as 10
15

 M
-1

,
[10]

  as well as in the solid state. In fact several 

crystal structures of CB complexes with encapsulated guest molecules have been 

reported.
[11-13]

 

 Given the growing interest in using these supramolecular hosts in solid state 

materials, in particular interfaced with semiconductor surfaces,
[2, 14-16]

 it is essential to 

understand the structural ramifications for guest@CB[n] complexes in the solid state. 
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One important question is whether these host-guest complexes are stable not only in 

single crystalline form but in other solid state environments as well. While there are 

standard ways of probing the CB encapsulation process in solution (
1
H NMR, for one), 

studying CB complexes in solid phase environments presents a greater challenge since 

characterization methods are more limited. Vibrational spectroscopy is a useful method 

for analyzing molecular structure and structural changes of inclusion complexes by 

monitoring the frequency shifts of specific vibrational modes attributed to either the host 

or the guest. FTIR is a readily available technique that has been applied to several CB[n] 

complexes in solid state environments.
 [17-19]

 As illustrated by these examples, the utility 

of this technique for gaining in depth structural information is severely limited when the 

measurable IR bands originating from the CB host overlap with those of the encapsulated 

guest. Raman spectroscopy is ideally suited for studying materials in solid state has been 

used to interrogate the structures of other host-guest systems such as molecular species 

inside zeolite frameworks 
[20-22]

 carbon nanotubes,
[23, 24]

 clathrates
[25, 26]

 and other 

supramolecular cavitand complexes,
[27-31]

 it has not been widely utilized to study CB[n] 

complexes. The Raman spectra of the CB[n] (n=5-8) host macrocycles were only recently 

published along with their vibrational mode assignments.
[32]

 Since then, several surface 

enhanced Raman scattering (SERS) investigations of CB complexes adsorbed onto metal 

nanoparticles in solution have been reported.
[33-35]

 The plasmonic effects at the interfaces 

or nanojunctions in these systems afford incredibly large Raman enhancement factor 

(10
10

 to 10
11

), allowing measurements of very low CB complex concentrations. 

Traditional Raman spectroscopy techniques are needed to elucidate the structural 
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ramifications of cucurbituril complex formation on non-metallic surfaces and other solid 

state environments where CB[n] concentrations are much higher.  

 

Figure 5.1 Depiction of CB7 and Fc@CB7  

 In this chapter we present that the Raman spectroscopy can be a useful tool to 

investigate supramolecular complex in the solid state, specifically a complex formed 

between CB7 and ferrocene, Fc@CB7 (Figure 5.1). Ferrocene and CB7 can form stable 

complex with an equilibrium constant of 4×10
4
 L/mol in aqueous solution. 

[49]
 This 

investigation demonstrates how Raman spectroscopy can be used to 1.) confirm the 

residence of the guest molecule inside the CB7 cavity in the solid state and 2.) interrogate 

the structural changes that both the host and guest experience upon encapsulation. 

Ferrocene was chosen for this initial study because its Raman spectrum is well known 

and fully assigned 
[36, 37]

 and its complexation behavior with CB7 has been well 

documented. 
[13, 38-40]
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5.2 Result and Discussion 

These Raman data comparisons (Figure 5.2) demonstrate the vibrational 

frequency shifts (or lack thereof) for the different vibrational modes upon complexation. 

The two low frequency bands of Fc, the symmetric Fe-Cp ring stretch at 307 and ring tilt 

at 391 cm
-1

, increase in frequency to 318 and 400 cm
-1

 respectively, indicating higher 

force constants for these modes upon complexation with CB7. This trend is in line with 

the anticipated restricted motion along these vibrational coordinates for a constrained Fc 

molecule residing within the CB cavity. Similar changes in force constant have been 

reported for Fc derivatives with bridge Cp ligands that also restrict motion along these 

Fc-Cp stretch and tilt coordinates.
[42]

 Additionally, this interpretation of the Raman data 

is consistent with the crystal structure of Fc@CB7. 
[13]

 The slightly shorter Fe-C 

distances reported for the complex compared to the known values for unbound Fc with 

the same conformation indicate higher bond orders and therefore higher force constants 

for the Fe-Cp stretch and tilt modes. 

The vibrational modes localized on the CB7 macrocycle also exhibit subtle 

changes when Fc is incorporated in the complex. Most notably, the two CB ring 

distortion modes at 442 and 833 cm
-1

, which both involve deformations of the cavity 

interior, appear at lower frequencies when Fc is included. The reduced force constants for 

these modes may reflect an overall expansion of the macrocycle upon Fc encapsulation 

due to weak interactions between the peripheral hydrogens of the Cp rings and the C and 

N atoms of the CB7 cavity interior. 
[13]

 At the same time, modes such as the one assigned 

to a CB HC-CH twist at 654 cm
-1

 with only peripheral atomic displacements, show no  
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Figure 5.2 (a) Raman spectra of Ferrocene (Blue), CB7( red), the physical 

mixture(Orange) and Fc@CB7 (Black). Selected Raman spectral regions highlighting (b) 

Fc  and (c) CB7 vibrational modes. (note: KNO3 internal standard peaks indicated with *) 

change in frequency when Fc is present. One likely explanation for this observation is 

that guest molecule encapsulation may have little or no effect on the force constants of 

modes dominated by atomic displacements of the macrocycle exterior. In other words 

with the ferrocene located inside the CB7 cavity, the outside of the macrocycle host 

would probably not contribute much to the weak intermolecular forces responsible for 

guest binding and therefore vibrational modes localized on this part of the ring would not 

be sensitive to the guest presence. Accordingly, a similar trend is observed for the ring 

deformation mode at 899 cm
-1

 and both the symmetric and asymmetric CB7 C-N 

* * * 
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stretching modes (1382 and 1425 cm
-1

, respectively), none of which involve significant 

distortions of the ring interior. However, the spectral overlap of the Fc and nitrate bands 

in the higher frequency range makes the assessment difficult for the latter two modes. 

Table 5.1 Observed Raman frequencies for Fc, CB7 and Fc@CB7 and corresponding 

vibrational mode assignments.
a,b

 

Fc Fc@CB7 vibrational assignment mode no.
a
 

307 

cm
-1

 
318 cm

-1
 Fe-Cp 

391 400 Cp ring tilt 16 

998 994 C-H (||) 

1059 - C-H (||)
c
 

1104 1104 Cp ring breathing 3 

1411 - C-C
c
 15 

CB7 Fc@CB7 vibrational assignment  

443 440 σN-C-N  

654 655 τHC-CH  

834 829 δC-N-C + ρCH2  

899 900 βC-N-C +τN-C-C-N + νC-C  

1382 - Sym.  νC-N
c
  

1425 1426 Asym.  νC-N  

1760 ~1755
d
 νC=O  

ν = stretch, β = bend, δ = deformation, ρ = rock, σ = scissor, τ = twist. 

|| is with respect to the Cp ring plane. 
a
vibrational mode assignments and mode numbers 

for Fc obtained from reference [30]  
b
vibrational mode assignments for CB7 obtained 

from reference [27]  
c
overlap with other Raman peaks prevents accurate frequency 

determination.  
d
very weak 

 

 The steric interactions imposed by host-guest complexation may restrain certain 

vibrational motion, providing an intuitive explanation for some of the observed 

vibrational frequency changes described above. However, this is undoubtedly only part of 

the picture. There are electrostatic interactions that may also shift the vibrational mode 

frequencies, but not necessarily in the same direction as the steric effect. For example one 
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might reasonably expect that encapsulation would mechanically constrain the Cp ring 

breathing mode, thereby increasing its force constant. However, strong electrostatic field 

generated by neighboring functional groups, such as carbonyl group in CB7, may 

decrease the breathing mode of Cp ring. Down shift of Cp ring breathing mode has been 

reported in other type of host materials, such as zeolites. 
[20, 43]

 These opposing influences 

between steric effect and electrostatic field within the Fc@CB7 complex would, at least 

in part, negate each other’s effect on this intraligand mode. While we should not exclude 

the possibility that the Cp ring breathing mode simply is not affected by encapsulation 

and therefore does not shift in frequency, a negating effect could be another reason that 

the intense Cp ring breathing mode at 1104 cm
-1

 shows no frequency change in the 

Raman spectrum of the Fc@CB7 complex.    

 The C-H bending modes of the Cp ring may also be sensitive to electrostatic 

effects, which can be used to explainthe observed downshift (i.e. lower force constant) of 

the Cp C-H bending mode from 998 to 994 cm
-1

. This C-H bending vibration also 

exhibits a significant rise in relative intensity, which implies an increase in polarizability 

of this mode upon CB7 interaction with the Fc guest in the complex. 

 In addition to the multifaceted nature of the host-guest interaction, there are other 

factors that need be recognized when interpreting the Raman data for this complex. For 

one, the crystal structure reveals that the Fc enjoys some degree of rotational freedom 

within the CB7 cavity, leading to different orientations within the solid state complex. 
[13]

 

This structural inhomogeneity is most likely responsible for the slight Fc peak broadening 

observed in the Fc@CB7 Raman spectrum, which reflects an average of the guest 

orientations in the CB7 cavity. The other important factor that should not be neglected is 
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the effect of counterions that coordinate with the complex. It is well known that cations in 

solution influence CB[n] complexation behavior due to their interaction with the 

electronegative part of the ring. 
[7, 8]

 Upon solvent removal, the location of the remaining 

cations relative to the CB cavity, with or without Fc guest molecules present, is not 

entirely clear and therefore neither is their contribution to the observed Raman spectrum. 

Most likely though, these countercations reside in the vicinity of the electronegative 

carbonyl groups lining the CB ring and would therefore influence the carbonyl stretching 

mode observed around 1760 cm
-1

. While this mode appears to downshift upon CB7 

complexation, the inability to discern the influence of the guest from that of the cations 

outside the cavity prevents us from drawing any conclusion regarding the role of the 

carbonyls in the host-guest interaction based on these data alone. These structural 

ambiguities and complicated host-guest interactions of Fc@CB7 highlight the need for 

additional experimental or theoretical evidence to fully explain the observed Raman 

spectrum changes for this complex in the solid. 
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5.3 Conclusion 

In summary, despite some ambiguities, the observed behavior of specific vibrational 

modes localized on different parts of the complex provide strong evidence that Fc resides 

within the CB7 cavity and points to some of the more subtle structural and electronic 

interactions between the host and guest components. This chapter represents the 

fundamental Raman spectroscopy study of a cucurbituril host-guest complex in the solid 

state, laying the foundation for future Raman studies that aim to elucidate the structure of 

other CB[n] complexes in solid state environments when single crystal is not avaible or 

in-situ monitor a working CB[n] device. 
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5.4 Materials and Methods 

5.4.1 General  

CB7, CB7-Fc complex and corresponding NMR, IR, UV spectra are provided by 

Professor Galoppini at Rutgers University-Newark. 
1
H-NMR (499.896 MHz) spectra 

were collected on a Varian IN0VA 500 NMR spectrometer at room temperature in D2O. 

Chemical shifts were reported in ppm () relative to the central line of the solvent 

(D2O=4.82 ppm). Acetone, methanol (HPLC grade), ferrocene, glycoluril, formaldehyde 

(37% solution in water), cyano-4-hydroxy-cinnamic acid (CHCA) were used as 

received. Spectrophotometric grade solvents were used for the spectroscopic and 

spectrometric measurements. Attenuated Total Reflectance Infrared (FT-IR-ATR) spectra 

were recorded at room temperature on a Thermo Scientific Nicolet 6700 Spectrometer, 

with 100 numbers of scans and a resolution of 4 cm
-1

. High resolution mass spectra 

(MALDI) were obtained on the departmental mass facility (Bruker Daltonics Apex-Qe 

series, Fourier Transform Mass Spectrometer) using CHCA as the matrix. The complex 

was mixed with a solution of the matrix in CH2Cl2/CHCl3. The mixture was deposited on 

the plate and allowed to dry in the air at room temperature prior to the measurement. UV-

Vis absorption spectra were acquired at ambient temperature on a Varian Cary-500 

spectrophotometer.  
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5.4.2 Synthesis of Cucurbit[7]uril.  

4000 3500 3000 2500 2000 1500 1000

 

A
b
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rb
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n
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cm
-1

 Fc@CB7 with KNO3

 Physical Mixture

 Fc@CB7

 CB7

 Fc

 

Figure 5.3 FTIR-ATR spectrum of Fc@CB7 compared with those of CB7, Fc, physical 

mixture of Fc and CB7 and Fc@CB7 mixed with KNO3 (same sample used for Raman 

measurements, peak at 1370 attributed to NO3 internal standard for Raman frequency 

calibration) 

CB7 was synthesized following a procedure published by Nau and coworkers, 
[44] 

and separation of CB7 from the CB[n] homologues and the product purification were 

adapted from procedures described by Kim and coworkers.
[41, 45]

 The pure product was 

dried under vacuum at 140 
o
C for 48 h. The spectral data were consistent with those 

reported in literature: 
[14, 41, 46-48] 1

H-NMR (D2O):  = 4.27-4.30 ppm (d, 14 H,  J = 15.5, 

CH2), 5.58 ppm (s, 14 H, CH), 5.82-5.85 ppm (d, J = 15.4, 14 H, CH2); FT-IR-ATR: ~ 

3432 (N-H), 2925 (C-H), 1721 (C=O), 1634 (C=C), 1468 (C-N), 1373, 1320, 1219, 1185, 

965, 800 cm
-1

, MALDI m/z calcd for [(C6H6N4O2)7 + Na]
+
: 1185.3327; found: 1185.3334. 

calcd for [(C6H6N4O2)7 + K]
+
: 1201.3067; found: 1201.3066.  
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5.4.3 Formation of Fc@CB7 Complex 

The encapsulated ferrocene can be easily oxidized into ferrocenium
[49]

 in acidic 

solutions as indicated by the appearance of the characteristic ferrocenium peak at 625 nm 

in the UV-vis spectrum (Figure 5.4). Therefore, in order to obtain the neutral complex, 

the aqueous CB7 (1 mM) solution was first adjust to pH 7 and then 3 mL aqueous 

solution of CB7 was transfered into a quartz cuvette charged with ferrocene (0.6 mg, 

0.003 mmol). The mixture was degased by several freeze-pump-thaw cycles, then 

sonicated and stirred overnight. Figure 5.5 shows that the complex under neutrual pH is 

stable and there is no sign of ferrocenium formation after one and half weeks, unlike that 

of the complex obtained at pH<2 (Figure 5.5). The pH 7 solution was quickly transferred 

into a round bottom flask and water was removed by rotary evaporation. The resulting 

orange powder was collected and used for Raman measurements. 
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Figure 5.4 UV-Vis spectra of Fc and Fc@CB7 solutions in aerated conditions. 
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Figure 5.5 Solution UV-Vis spectra of Fc@CB7 complexes deaerated (pH<2 and pH 7) 

after 1 ½ week. 

5.4.4 Raman Spectroscopy  

Solid State CB7 and ferrocene samples were prepared Raman measurements by 

grinding with ~80 wt% KNO3 as an internal frequency standard and then pressed into 

pellets. Raman spectra were collected using 785 nm diode laser (Innovative Photonic 

Solutions) excitation (~25 mW), a Trivista triple monochromator and a 1340 x 100 pixel 

Spec-10 liquid nitrogen-cooled CCD detector (Princeton Instruments). With 150 m 

entrance slit width, the spectral resolution was < 5 cm
-1

. Data were collected on spinning 

samples when possible to minimize photodecomposition or thermal damage. Due to a 

reduced amount of sample, The Fc@CB7 complex was pressed with KNO3 in a smaller 

sample holder that did not allow spinning. However, no evidence of photodecomposition 

or thermal damage was detected upon laser irradiation throughout the experiment.  
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CONCLUSION 

 In this dissertation, Raman spectroscopy and XAS are used to investigate the 

structural change and host-guest interaction in three kinds of MOF materials and one 

supramolecular complex. We first validated our methodology in Chapter 2 by monitoring 

the activation process of a flexible framework-CoHoba. The results show that these 

methods are useful complementary techniques to reveal local structural changes in 

coordination complex when XRD fall short to provide detailed information. In terms of 

the materials, these studies also revealed large structure changes that may have 

implications regarding the accessibility of the metal sites for further catalytic reactions. 

Then in Chapter 3, we applied in-situ Raman spectroscopy and XAS to obtain a more 

complete picture of the structural changes during activation process and the host-guest 

interaction in a dual functionalized framework-CuTDPAT. This work provides evidences 

about the interaction between both binding sites in this framework and also reveals that 

the structural differences between activated and hydrated CuTDPAT may have 

considerable impact on the adsorption behavior. In Chapter 4, rather than investigate 

individual frameworks, we start to look for a pattern in the structure-property relationship. 

In this chapter, the activation and gas adsorption process of four iso-structural 

frameworks are studied by in-situ Raman spectroscopy and diffuse reflectance UV-vis. 

The results show that in frameworks with the same ligand and structure, different metal 

centers behave differently upon activation and eventually lead to distinguishable gas 

uptakes. XAS and computational studies are planned to further elucidate the relationship 

between metal coordination geometry changes and gas adsorption property. Although the 

limited amount of works in this dissertation can not give a direct guidance for MOF 
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design and synthesis, further investigation of other MOF systems can reveal more 

patterns in the structure-property relationship and eventually provide enough information 

for rational design of MOFs. 

 We also attempted to utilize some of the same spectroscopy techiques to study 

systems other than MOFs that involve host-guest interactions. The complexation between 

cucurbit[7]uril and ferrocene is investigated by Raman spectroscopy in Chapter 5. The 

result shows that Raman spectroscopy can provide molecular level structural information 

of CB7-ferrocene complex. Since Raman spectroscopy can be conveniently applied on 

samples in most formats, especially solid state environments, it may become quite useful 

when studying supramolecular devices ex-situ or in-situ. 


