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Abstract 

Materials with hybrid organic-inorganic interface, large void pore volume, high surface 

area per unit volume, and broad pore size distribution, are used in diverse applications like 

molecular transport, surface catalysis, bio-mineralization etc., where water is the most widely 

used solvent. In the work presented here, we have employed proton and deuterium solid state 

magic angle spinning (MAS) NMR to investigate the distribution of water on silica surface and 

water induced dynamics of functionalized silica materials. Our study contributes to the 

understanding of surface binding, pore filling, and local dynamics in mesoporous hybrid 

materials.   

In the first part of the work, we have employed existing solid state NMR techniques to 

investigate the distribution of water molecules near the pore surface of PMOE. Proton MAS NMR 

spectra of PMOE acquired at different hydration levels are analysed and interpreted in terms of 

water clusters of various sizes and distributions of water layers on the pore surface. Based on the 

analysis, a possible pore filling mechanism is proposed. For PMOE, the proton spectral analysis 

suggests that both radial and axial filling mechanisms play a significant role in the hydration 

process. Formation of larger clusters at lower hydration suggests that the pores of PMOE are 

getting filled with water at lower hydration levels than those of SBA-15. The challenges faced 

while analysing 1H MAS NMR spectra of PMOE are addressed. 

Correlation between dynamics induced by a few water molecules/nm2 on SBA-15 amine-

functionalized linkers and the resultant possible molecular conformations is the main focus of the 

study in the second part of the work presented here. Two widely used mesoporous hybrid 

materials with amine functionalization are used in the study. The diamines tethered at the end 

group of GPTMS and MATMS are deuterated. By analysing deuterium and proton MAS NMR 

spectra acquired at different temperatures and various hydration levels, dynamics of the linkers 

and its dependence on temperature is investigated. Effective quadrupolar parameters calculated 

from deuterium MAS NMR spectra were indicative of molecular dynamics induced by a few 

water molecules within the proximity of the grafted linkers. A-priori molecular dynamic 

simulations were performed to (i) derive possible molecular conformations associated with 

dynamics, (ii) to understand the connection between the length of the linker and dynamics, and 

(iii) to understand the restriction on dynamics due to steric hindrance generated by double bonds. 

The effective quadrupolar parameters calculated from the MD simulations were consistent with 

those obtained from deuterium MAS NMR analysis.   
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I 

1. Introduction 

One of the major goals of studying materials and biomolecules is establishing relation 

between structure and function. Nuclear magnetic resonance (NMR) [1,2] spectroscopy is a 

versatile and non-invasive analytical tool for probing molecular level structure and dynamics. 

NMR experiments involve nuclei which possess a non-vanishing spin and hence a non-zero 

nuclear magnetic moment [3,4]. In an NMR experiment, the sample under study is placed in a 

large external magnetic field that exhibits high temporal stability and spatial homogeneity. 

The nuclear spins in the sample are then subjected for a short time to a resonant magnetic 

field oscillating in the radiofrequency (RF) range. The effect of this brief irradiation, called 

RF pulse, is to tilt nuclear magnetization into a plane perpendicular to the static magnetic 

field. After the RF pulse is switched off nuclear magnetization precesses around the static 

magnetic field and induces a voltage in the same coil which was used for excitation. This 

current is recorded and constitutes the NMR signal. The NMR signal is Fourier transformed 

[5] and the result constitutes the NMR spectrum. The appearance of an NMR spectrum 

depends on the spin interactions in the sample hence on the environment of the nuclei 

involved in the experiment, such that information on molecular structure and dynamics can 

be derived [6,7].  

In the periodic table, more than 70% of atoms possess non-zero magnetic moment and 

hence may be involved in NMR experiments. Protons (
1
H) have almost 100% natural 

abundance, are highly sensitive due to high gyromagnetic ratio, and are present in most 

organic molecules, hence 
1
H NMR is widely used for structural determination. Commonly 

occurring elements in biomolecules are carbon and nitrogen. NMR experiments involving 

these elements are usually performed with 
13

C (nuclear spin ½, 1.1% abundance) and 
15

N 

(nuclear spin ½, 0.4% abundance), isotopes. Because of the low abundance, often 

experiments are performed after 
13

C and/or 
15

N isotopic enrichment. A few important and 

noticeable features of an NMR spectrum are: the characteristic frequencies at which spectral 

lines appear, the width of each line, the areas enclosed by peaks, and the multiplicities of the 

peaks. In case of solution state NMR, rapid molecular tumbling results in narrow, high 

resolution NMR spectra. With complex molecules, higher dimensional NMR experiments can 

be performed correlating various spins and spin interactions in multiple dimensions, from 

which configuration and conformation of biopolymers – proteins, nucleic acids and their 
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complexes can be precisely determined [8,9]. NMR spectral analysis provides information 

about the chemical environment, number of nuclei with same magnetic and chemical 

equivalence, the nearest neighbour interactions, purity of the sample, sample concentration, 

information on intramolecular motions such as rotation, diffusion, and so on. The process 

through which perturbed nuclei return to thermal equilibrium, termed as relaxation, is 

particularly reflected in the widths of the NMR resonances [7]. Relaxation depends on the 

local environment of the nuclear spins and on molecular motion, hence NMR relaxation 

studies often provide valuable information on molecular structure and dynamics [3].  

Solid state NMR is widely used in materials chemistry and in structure determination 

of biological systems [10-13]. Most of the inorganic materials, minerals and membrane 

proteins are insoluble in any solvents or water and hence solid state NMR naturally becomes 

a method of choice. When the sample under study is in the form of a polycrystalline solid, 

NMR spectra exhibit broad features due to the fact that spin interactions are orientation 

dependent. This results in low resolution spectra and hence structural information is hard to 

retrieve. In order to attain high resolution spectra mimicking solution NMR, solid state NMR 

usually employs spinning the sample at ‗magic angle‘ (54.7
o
 with respect to the static 

magnetic field), which averages out the orientation dependent spin interactions resulting in 

narrow spectral lines and higher signal-to-noise ratio (sensitivity) [14-16]. Even under magic 

angle spinning (MAS) proton solid state NMR spectra are severely broadened by 
1
H-

1
H 

homonuclear dipolar interactions, which are not averaged out by sample rotation. Therefore, 

contrary to solution NMR, proton solid state MAS NMR is not very informative unless the 

sample is spun at MAS rates considerably higher than the interaction strength. However, if 

molecular dynamics is present, the resulting proton spectral lines may be sufficiently narrow, 

and thus may provide structural and dynamical insight. Multiple pulse sequences in 

association with MAS are often used to achieve resolution of protons in solid state NMR [17-

19]. For experiments involving 
13

C, 
15

N etc., cross polarization (CP/CPMAS) [20-22] is a 

widely used technique for achieving better sensitivity in solid samples. In CP/CPMAS, 

proton magnetization is transferred to the detected nucleus, which typically is less abundant 

and has lower gyromagnetic ratio, resulting in sensitivity enhancement. Substantial sensitivity 

enhancement of the detected nucleus in a CP/CPMAS experiment is achieved by RF 

irradiation of the protons during detection. This technique is commonly referred as 

heteronuclear decoupling. CPMAS and heteronuclear decoupling [23] are essential building 

blocks employed in various multi-dimensional experiments. With advancements in 
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technology and techniques, solid state NMR has become an indispensable tool for chemists to 

study different classes of materials such as catalysts, polymers, glasses, zeolites, electrode 

and electrolyte materials, pharmaceutical compounds, membrane proteins, amyloid fibrils etc.  

Due to its non-destructive nature, the principles of magnetic resonance have been 

extended to new fields like magnetic resonance imaging (MRI) [25,26], magnetic resonance 

spectroscopy (MRS) [27,28], NMR metabolic profiling [29,30], dynamic nuclear polarization 

(DNP) [31-33], optical detection techniques [34-36], etc.  

A brief introduction to the basics of NMR, including both classical and quantum 

mechanical pictures, is given below. 

1.1 Basics of NMR 

1.1.1 Classical Description of NMR 

Most nuclei possess an intrinsic spin angular momentum,  , and a nuclear magnetic 

moment,  , associated to it. The relation between spin angular momentum and the magnetic 

moment [3] is given by  

                                                                        ,                                                        (1.1) 

where   is the gyromagnetic ratio, which is characteristic of a particular nuclear isotope. The 

classical energy of a magnetic moment   placed in an external magnetic field B is 

      .               (1.2) 

Choosing the z axis of the coordinate system along the external magnetic field and taking into 

account the quantization of the spin angular momentum, energy of the magnetic moment is 

quantized according to, 

                                                                                 ,            (1.3) 

where    is the projection of spin angular momentum on the z axis. The spin magnetic 

quantum number m takes (2I + 1) values from - I to I. For I = 1/2,       , corresponding 

to the spin-up and spin-down states denoted by   and   respectively. The energy in Eq. (1.3) 

is called Zeeman interaction. The energy difference            is given by    

      and the corresponding angular frequency,        , is known as the Larmor 

frequency.  
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Figure 1.1 Schematic representation of Zeeman energy levels of spin ½ nuclei. 

 The nuclear spins present in a sample are not isolated and interact among themselves 

and with the other degrees of freedom of the lattice. Therefore a description of magnetic 

resonance phenomena has to be based on statistical considerations. At thermal equilibrium, 

the arrangement of the nuclear spins over different energy levels is given by Boltzmann 

distribution [3,4]. For spin-1/2 nuclei, if     and    are the number of nuclei per unit volume 

in the lower and higher energy states respectively, then                 

           ⁄              ⁄   

where the normalizing constant   satisfies         ⁄          ⁄   , and    represents 

the total number of nuclei per unit volume,   is temperature and    is Boltzmann constant. 

Because of the difference between    and   , a net macroscopic magnetization,    , will 

point along the direction of the external magnetic field and it is given by 

        
  

 
       .                                  (1.4) 

For magnetic fields and temperatures encountered in most NMR experiments,      ⁄    

and, by expanding in Taylor series the exponentials and retaining only the linear terms in 

      (the high temperature approximation), Eq. (1.4) can be simplified to [3]  

               
       

    
  

The simplest NMR experiment proceeds as follows. The sample containing nuclear spins of 

interest is placed in a homogeneous static magnetic field and inside an RF coil. For a brief 

period of time the RF coil delivers a radiofrequency magnetic field oscillating close to 

Larmor frequency, termed as RF pulse. The RF magnetic field is applied perpendicular to the 

static magnetic field. The effect of the RF pulse is to bring the equilibrium nuclear 
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magnetization of the nuclear spins of interest into the plane perpendicular to the static 

magnetic field. After turning off the pulse, the nuclear magnetization precesses around the 

static magnetic field at the Larmor frequency and relaxes back to the equilibrium 

magnetization,    . Precession of magnetization induces a current in the detection coil 

surrounding the sample, this current is recorded and constitutes the NMR signal or free 

induction decay (FID). The factors that affect the return of magnetization to equilibrium are 

the spin-lattice relaxation time (T1) and spin-spin relaxation time (T2) [3,4,7]. The spin-lattice 

relaxation time determines the rate of transfer of energy from the nuclear spin system to the 

lattice. Spin-spin relaxation time is used to quantify the decay rate of the transverse 

magnetization due to loss of phase coherence between nuclear spins. The time evolution of 

nuclear magnetization,  , in the presence of static and RF magnetic fields, is described by the 

phenomenological Bloch equations, 

                                                    

                                               
   

  
         

     

  
                                                              

                                                                                                  

                                                
   

  
         

  

  
                                                                       

                                                                                                      

                                                 
   

  
         

  

  
                                                                     

                                             

According to Eq. (1.5-1.7), the time dependence of magnetization during detection is  

                                                                (   
  

 

  )                                                        

                                                                     ( 
  

 

  )                                                  

                                                                   ( 
  

 

  )                                                   

assuming that the magnetization points along x direction at the end of the RF pulse. The 

quadrature signal [6],     , is proportional to              and according to Eq. (1.9, 

1.10) is given by    

                                                                
         

 

                                                  (1.11)                                     

The NMR spectrum,     , is obtained by taking the Fourier transform
 
of the time-domain 

signal     .                 
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     ∫     
 

 

         

For the signal in Eq. (1.11) the real part of the spectrum consists of an absorptive Lorentzian 

peak centered at    with full width at half maximum (FWHM)     , or, in frequency units, 

      [3,4,6].  

In real samples, spin-spin interactions and interactions with the lattice lead to spin 

precession at frequencies slightly different from the Larmor frequency. The slight alteration 

of the precession frequency is a signature of the molecular environment of the nuclei. As a 

result, the spectrum is usually more complex and may contain several resonance lines, each 

of which may exhibit a fine structure. A more accurate description of NMR, which takes into 

account the interactions between spins and with the electronic environment, is provided 

within the quantum-mechanical framework. 

1.1.2 Quantum-Mechanical Description of NMR 

In quantum mechanics, the state of a quantum system is defined by the state vector, 

      ⟩. The state vector evolves in time according to Schrodinger equation,  

                                                     
 

  
     〉           〉                                       (1.12)                     

where   is the Hamiltonian. The formal solution of Eq. (1.12) is given by   

     〉             〉, 

where the propagator or evolution operator,  , is a unitary operator satisfying  

  
 

  
                   

and         , where 1 is the unit operator. For a time-independent Hamiltonian, the 

propagator is 

              . 

For a system of nuclear spins, interacting with each other and with other degrees of freedom, 

the statistical description of the system by means of the state vector is cumbersome and an 

appropriate description is provided by the density operator formalism [3,4,6].  
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For a non-isolated system, it is impossible to ascribe a unique state vector at a given 

time, but a statistical description can be given in terms of probabilities for the system of being 

found in a series of quantum states. If the probabilities of finding the system in state   〉 is   , 

the density operator is defined as 

  ∑  

 

  〉〈    

The statistical expectation value of an observable   of the system is given by  

〈 〉  ∑⟨      ⟩

 

        

where    ⟩  represents a basis in the Hilbert space of the quantum system. The evolution of 

the density operator is given by Liouville-von Neumann equation [6] 

  
  

  
 [   ]  

For a time-independent Hamiltonian, the solution of the Liouville-von Neumann equation 

reads 

                    

where       is the initial density operator.  

It can be shown that, for a system in thermal equilibrium with the environment at temperature 

T, the equilibrium density operator is 

     
 

 
 

  
     

where                    .  

For a nuclear spin in a uniform magnetic field, the Hamiltonian can be expressed as 

                 

with        . For a spin ½ nucleus, the eigenvalues of   are        for   ⟩ and   ⟩ 

states. For temperatures and magnetic fields occurring in NMR experiments,          , 

and the equilibrium density operator can be approximated by 

    
 

 
(  

   

   
  )  

Let us consider, within the density operator formalism, the effect of an RF pulse applied on 

an ensemble of spin-½ nuclei in thermal equilibrium with the lattice. The total Hamiltonian 
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including the RF pulse, oscillating at frequency   and of amplitude        , where    is 

the strength of oscillating magnetic field, can be written as 

                     

in angular frequency units and the factor of   is introduced for convenience. The 

corresponding propagator satisfies  

 
 

  
                   

The mathematical problem is simplified by first passing to a new representation called the 

rotating frame [3,4,6]. This is achieved by setting 

               ̃       

The new propagator  ̃ , which describes evolution of the system in the rotating frame, 

satisfies  

 
 

  
 ̃       ̃    ̃       

where 

 ̃                           
               

                                                                                          

The terms rapidly oscillating at    can be neglected and the Hamiltonian becomes time-

independent, 

 ̃                  

If the radio frequency   matches exactly the Larmor frequency, the density operator in the 

rotating frame at the end of the RF pulse of duration   can be written as  

 ̃             ̃           

where  ̃       . Using          
                      , we get 

 ̃    
 

 
 

 

 

   

   
(                 )  

Taking into account that,   (  )   ,   (    )   ,   (  
 )  

 

 
, etc., the x component of 

magnetization is zero and the y component, is given by 
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               ̃      〈     〉       (   ̃   )  
 

 
  (

   

   
)                                          

 

where „tilda‟ signifies that the magnetization is computed in the rotating frame and   is the 

total number of nuclei per unit volume. It can be seen that a fraction of magnetization has 

been rotated into the transverse plane. The amount of transverse magnetization can be 

maximized by setting the duration of the RF pulse such that        . In this case  

                                              

      
      

    
       

 

and we see that the whole equilibrium magnetization     has been converted into transverse 

magnetization by the action of the RF pulse. Once the RF pulse is turned off, the transverse 

magnetization evolves under the Zeeman interaction with the static magnetic field and signal 

is detected. The density operator in the laboratory frame at the end of the RF pulse can be 

obtained from the density operator in the rotating frame by an inverse rotation,  

    

             ̃            
 

 
 

 

 

   

   
(                 )  

Taking into account that now        in the laboratory frame, the density operator at time t 

during detection is  

              

                           
 

 
 

 

 

   

   
{                         }  

Proceeding in the similar way as in Eq. (1.13), we find the transverse magnetization 

components as 

           (        )  
       

    
              

           (        )   
       

    
              

The quadrature signal is  

                                                              
                                           (1.14) 

where    
 

 
    , is a constant phase. The Fourier transform of this signal results in a 

peak at the Larmor frequency   . 
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 In most NMR experiments the raw signal is combined with a reference RF signal 

which oscillates at the same frequency   as the RF field applied for excitation. As a result the 

processed signal oscillates at frequency      and it can be shown that for evaluation of 

this signal it is sufficient to compute the density operator in the rotating frame. Thus, if after 

excitation at frequency  , the system is found along x in the rotating frame (  ), the 

processed signal        is  

                  
        . 

If     ,     becomes time independent. In practice     decays with relaxation time    

which is not accounted with the simple formalism developed here. From now onwards the 

label      is dropped from equations and it is understood that all calculations are performed in 

the rotating frame.  

 Since the unit operator in the density operator never contributes to NMR signal and 

since the actual recorded signal depends on spectrometer hardware, a further simplification in 

notation will be made by omitting the unit matrix and the numerical factors in the thermal 

density operator:  

         
 

 
(  

   

   
  )         . 

In polarization-transfer experiments involving nuclei I and S of different gyromagnetic ratios, 

the       ⁄  factors have to be reintroduced. If experiment involves two spin species S and I 

of Larmor frequencies          and          we may write 

                                

         
 

 
(  

    

   
   

    

   
  )                  

 

1.1.3 Nuclear Spin Interactions  

The basic NMR picture introduced above has to be modified in order to take into 

account various interactions of the nuclear spins and their effect on the NMR spectra. This 

section introduces the mathematical description of various nuclear spin interactions [8,9,10] 

and the essential techniques for achieving spectral sensitivity and resolution in solid-state 

NMR experiments.  

According to the discussion in the previous section, nuclear spins interact with 

external static and RF magnetic fields and the corresponding Hamiltonian is  
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where                and                                 . In the rotating 

frame, the time independent Hamiltonian representing the externally applied magnetic fields 

can be written as 

 ̃                  . 

Besides the interaction with external magnetic fields, nuclear spins interact among 

themselves or with the electronic environment. There exist several types of internal 

interactions, however the corresponding Hamiltonian can be always expressed in a given 

Cartesian coordinate system by means of a second rank tensor,  ̿, as 

             

           ̿   (        ) (

         

         

         

)  (        )  ∑      

  

                     

    

where   and    are vectors, which can be spin operators or a spin operator and an externally 

applied magnetic field, and          [10-13]. The components of the tensor depend on the 

frame of reference, however it is always possible to specify a coordinate system in which the 

interaction tensor is diagonal. Such a coordinate system is named as the principal axis system 

(PAS) [10]. Rather than working with the Cartesian tensors     and     it is convenient to 

employ irreducible spherical tensors. The components of any Cartesian tensor of rank 2 can 

be expressed in terms of components of irreducible spherical tensors of rank 0 (scalar), 

1(anti-symmetric) and 2 (symmetric). If     and     represent components of the spherical 

tensors connected to     and     the interaction Hamiltonian can be written as,                                    

                                                      ∑ ∑              

 

    

 

   

                                                     

The tensors     and     represent the spatial and the spin parts of the interaction Hamiltonian. 

The relation between Cartesian and spherical tensor components is given in the Table 1.1.  

 As we have seen in the previous section, description of the nuclear spin system is 

simplified in the rotating frame coordinate system. In the rotating frame an internal 

interaction becomes time-dependent according to 
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                 ̃                
        ∑ ∑               

     

 

    

 

   

                                   

  

Table 1.1 Relationship between Cartesian and spherical components of spin and space part of 

a second rank tensor [19]. 

 

 

 

 

 

  

 

 

When the interaction with external magnetic field is considerably larger than the internal 

interactions, the terms with     oscillate rapidly and their influence on the spin dynamics is 

insignificant. Thus, by neglecting terms with    , in the lab or rotating frame Eq. (1.17) 

takes the form 

                                              ̃       
        

        
    , (1.18) 

where the superscript L indicates that the components are in the lab frame. This is called the 

secular approximation and the terms in Eq. (1.18) are called secular terms [10-13]. Secular 

approximation is excellent for most internal interactions and typical static magnetic fields in 

the Tesla range. It can be shown that secular approximation amounts to keeping only those 

terms in  ̃    that commute with the Zeeman Hamiltonian. The irreducible tensor 

components in the lab frame,    
 , and in the PAS frame,    

   , are related by 

                                                 

                                                  
  ∑     

                                                                    

 

     

 

 

where        are the Euler angles which relate the lab frame coordinate system to the PAS. 

The coefficients             are the Wigner rotation matrices [19]. This transformation is 

    
 

 

√ 
[           ] 

    
 

 

√ 
[              ] 

    
 

 

√ 
[       ] 

    
 

 

√ 
[         ] 

     
 

 

 
[                  ] 

     
 

 

 
[                      ] 

     

√ 
[                ] 

     

√ 
[                    ] 

     
 

 

 
[                  ] 

     
 

 

 
[                      ] 

     
 

 

 
[                  ] 

     
 

 

 
[                      ] 
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used to express the space part of the Hamiltonian in terms of the irreducible tensor 

components in the PAS. 

Chemical Shift: When a sample is introduced in a static magnetic field the electronic orbitals 

are slightly perturbed resulting in non-vanishing electronic current density around the 

nucleus. These electronic currents produce a very small magnetic field    at the nucleus and 

the nuclear spin couples to this field with a Zeeman-like Hamiltonian     . This interaction 

causes a shift to the NMR precession frequency and is called the chemical shift interaction. 

The direction and magnitude of    depends on the electronic environment of the nucleus. For 

a nuclear spin   placed in a static magnetic field   , the Hamiltonian representing the 

chemical shift interaction as per Eq. (1.15) is represented as [10] 

                                                                   ̿                                                        (1.20) 

where  ̿ is the chemical shift tensor which can be decomposed into irreducible spherical 

tensors  of rank 0, 1 and 2. The chemical shift tensor is diagonal in the PAS, which is fixed 

with respect to the molecule. The rank 0 component corresponds to one third of the sum of 

the diagonal elements of   ̿ in the PAS and is called the isotropic chemical shift. Under the 

secular approximation the rank 1 component does not contribute and rank 2 component 

represents the chemical shift anisotropy (CSA).  The isotropic chemical shift is represented as 

                                                          
 

 
    

       
       

    .                                   (1.21) 

 The anisotropic part of the chemical shift is determined by two parameters, the chemical 

shift anisotropy     and the asymmetry parameter   defined as 

                                                                    
        ,                                                (1.22) 

                                                                   

                                                                 
   

        
   

   
        

                                                                    

 

Defining             ,     (           ) ,  ̿   ̿ , and taking into account that 

   
   , the    

  and    
  components are  

 

√ 
[   

     
     

 ] and  
 

√ 
[    

     
     

 ] 

and       
 

√ 
[      ],       

 

√ 
[       ]. The chemical shift Hamiltonian can be 

written as  

                                                           ̃      
        

    .                                          (1.24) 
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Expressing    
  and    

  in terms of the components in the PAS according to Eq. (1.19), if 

      are the Euler angles which relate the lab frame coordinate system to the PAS, we 

obtain    
     

     √      and 

         

       
  ∑    

               √
 

 

 

    

                                             

     

where     is the reduced Wigner rotation matrix [19]. The resulting chemical shift 

Hamiltonian in the laboratory frame is 

                        [           
   

 
                         ].                (1.26) 

The Euler angles   and   are in fact the polar angles   and   describing the direction of the 

static magnetic field in the PAS. From here onwards we use angles   and   such that  

                             [           
   

 
                         ].         (1.27a) 

The chemical shift Hamiltonian can be written as 

                                                                   (              )              (1.27b) 

where the isotropic frequency,                is separated from the chemical shift 

anisotropy  

                                             
   

 
                        ]             (1.28) 

Let us compute the time evolution of a nuclear spin under the chemical shift 

interaction in the rotating frame for which     . The corresponding propagator can be 

written as 

                       

After the 90
o
 excitation pulse the density operator is         and the density matrix at time 

t reads 

                                                        

The corresponding signal can be written as 

        
     

    (      )     (      )   [                              ] 

                                                                                  ,                                             (1.29) 
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where   is a constant.  A given orientation       corresponds to a given spectral component 

at frequency         . For a powder sample, the above signal has to be integrated over all 

possible orientations      , giving rise to 

                                        

                                     
 

  
∫ ∫      

 

 

  

 

                                                                             

 

The powder pattern thus can be obtained by Fourier transforming the above Eq. (1.30). Since 

    is a continuous function of       it follows that the spectrum will be confined to a 

certain frequency range and will exhibit a specific lineshape depending on parameters     

and  . Lineshapes simulated using SIMPSON (Simulation program for solid state NMR) [37] 

for        , and   are shown in Figure 1.2. The lineshape corresponding to     (Figure 

1.2(a)) is termed as axially-symmetric powder pattern. 

 

 

 

 

 

  

Figure 1.2 Simulated powder spectra for   values 0, 0.5, and 1.0. The time domain signal 

after a single     pulse is Fourier transformed to get the resultant spectra shown in (a-c). The 

parameters used for simulation are,            ,           , and the nucleus 

considered is 
13

C. 

Spin-Spin Interactions  

(a) J-coupling: This interaction is mediated through bonded electrons connecting any two 

nuclei in the sample. J-coupling results in spectral multiplicities of NMR resonances and is 

very useful for sequential assignment of solution-state NMR spectra. The anisotropic part of 

J-coupling interaction is very small and hence can be neglected. For a homonuclear         

spin pair, the bilinear J-coupling Hamiltonian can be written as, 
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               [  

   
 
   

   
 
   

   
 
]     [  

   
 
   

   
    

   
 ].         (1.31) 

This expression simplifies to   

                                                               
                                                                  (1.32) 

for a heteronuclear       spin pair.       ⁄           is the J-coupling strength in frequency 

units. Typically J-coupling is in hundred Hz range or below. For example, a strong J-

coupling exists,              , for a directly bonded 
13

C - 
1
H spin pair while usually 

1
H - 

1
H J-couplings are less than 10 Hz [8]. Since solid state NMR line widths are of the order of 

100-1000 Hz, usually special NMR techniques are needed to retrieve J-coupling in solids 

[12]. The presence of the so called flip-flop term,   
   

    
   

 , in multi-spin systems is 

responsible for magnetization exchange between like spins [10].  

(b) Dipolar Interaction: The magnetic dipole moment of a nucleus i creates a local magnetic 

field and the dipole moment of a neighbouring spin j interacts with this local magnetic field 

and results in shifting of the Zeeman energy levels [10]. The bilinear dipolar Hamiltonian can 

be obtained from classical electromagnetic theory as  

                                         

                                      
       

     
 0 

(      )(      )

   
       1                                                 

 

where the classical magnetic dipole moment    is replaced by its quantum-mechanical 

counterpart          and     is the internuclear vector connecting the nucleus i and j.  

Using Eq. (1.15), the homonuclear dipolar Hamiltonian can be written as   

                                                                       ̿                     (1.34) 

where  

 ̿     [

    
    

 ⁄              
            

 

           
     

    
 ⁄              

 

           
            

     
    

 ⁄   

] 

and dipolar coupling constant                
 ⁄ . The dipolar coupling tensor  ̿  is 

traceless and symmetric. For homonuclear dipolar interaction,         , and in the lab 

frame the Hamiltonian can be expressed in terms of spherical tensors     and    . Under 
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secular approximation the homonuclear dipolar Hamiltonian is given by Eq. (1.17). Since 

   
   ,    

   , and  

                                                               
     √        

    
 ⁄    , 

                                                             
 

√ 
                       , 

the homonuclear dipolar Hamiltonian in the secular approximation is  

                            

                         
        

          

 
[                     ]                              

 

where   is the polar angle the internuclear vector     makes with the applied magnetic field 

with         
      

 ⁄ .  

After excitation with a 90
o 

pulse the density operator of a homonuclear spin pair is 

            . The density operator at time t during detection is                     , 

and it can be shown that  

                    (       )    (
 

 
  

  )                       
 

 
  

                 (1.36) 

The corresponding signal is  

                {    (       )}     (
 

 
  

  )   ,(       )
 
-      (

 

 
  

  )     (1.37) 

where   
                ⁄ and we have taken into account that   {(    

   )               }   . Fourier transform of this signal results in a spectrum containing 

two peaks located at  
 

 
  

 . In case of the powder, the signal has to be integrated over   

according to Eq. (1.30). Because of its dependence on           , the spectrum of a 

dipolar-coupled spin pair in a powder display a characteristic lineshape termed as Pake 

pattern [10,11]. A simulated dipolar spectrum is shown in Figure 1.3. For a heteronuclear 

spin pair    , the secular dipolar Hamiltonian simplifies to 
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Figure 1.3 Simulated homonuclear dipolar Pake pattern corresponding to protons in a rigid 

CH2. The distance between two protons is        which provides a dipolar coupling strength 

of    
   ⁄    

        . The spectrum was simulated using SIMPSON program. 

After 90
o
 excitation pulse of the S spin, the density operator is        , and it can be 

shown that the density operator at time t during detection of the S spin is  

                                                       
                

                           (1.39) 

where   
     

             ⁄   Fourier transform of this signal results in a spectrum 

containing two peaks located at    
  and in a powder the spectrum is again a Pake pattern.  

We can see from the Eq. (1.39) that the strength of the dipolar interaction depends on 

the gyromagnetic ratio‘s of the coupled nuclei and is inversely proportional to the cube of the 

distance of separation between them. Therefore the Pake pattern provides valuable structural 

information as it is directly associated with the distance of separation between the interacting 

spins. To appreciate the magnitude of the dipolar interaction, if we consider two protons 

separated by a distance of    , the dipolar interaction strength is about 121 kHz, whereas for 

the same distance and for a 
1
H-

13
C spin pair, the magnitude reduces to 30 kHz as        . 

For a 
2
H-

13
C spin pair, it further reduces to 4.6 kHz as           . In real samples, the 

closest distance between two protons is larger than    , for example in CH2 it is       , 

which provides a dipolar coupling strength of about 23 kHz. Similarly for a CH pair, the 

closest internuclear distance is       leading to dipolar interaction strength of 22.7 kHz. In 

practice, since one nuclear spin is dipolar coupled to several other nuclear spins, Pake 

patterns are rarely observed experimentally. This problem is especially severe in samples 

containing protons as protons form a strong dipolar-coupled network [11]. Due to the proton 

dipolar network also simple CSA powder patterns for the rare spins (eg. 
13

C, 
15

N, 
29

Si etc.) 
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are difficult to obtain. Extracting information on chemical shift and dipolar couplings in 

solids demand more complex pulse techniques [11,12].  

At this point, it is worth mentioning that the homonuclear dipolar Hamiltonian 

contains a flip-flop term,   
   

    
   

 , which is responsible for spin-diffusion in solids.   

Quadrupolar Interaction: More than 70% of NMR active nuclei have nuclear spin    , 

and they possess a nuclear electric quadrupolar moment   , where   is the charge of the 

electron. Nuclear quadrupole moment is due to the fact that electric charge distribution inside 

the nucleus is not spherically symmetric. The interaction between the quadrupolar moment 

and electric field gradient tensor (EFG)  ̿  arising from the electronic environment [11], 

results in quadrupolar interaction Hamiltonian,  

                                                                            ̿                   (1.40) 

where  ̿ is the quadrupolar interaction tensor, and is related to  ̿ via the nuclear electric 

quadrupolar moment as, 

                                                                   ̿  [            ]  ̿.                                (1.41) 

Irrespective of the coordinate system, the tensor  ̿ is symmetric  ̿    ̿               and 

traceless, {           }   . Defining             ,             ,  ̿   ̿ , we 

construct the corresponding spherical tensor components needed for the secular 

approximation, using Eq. (1.18). We find that    
   ,    

   , and    
  √  ⁄    

 , 

     √ ⁄ [   
    

    
    

 ]   √ ⁄  [   
        ]  Hence the quadrupolar 

Hamiltonian in the secular approximation takes the form 

                                                   
     

   
 

√ 
[   

        ].                                  (1.42) 

If the PAS frame is obtained by a rotation of the LAB frame characterized by Euler angles 

       

                                                       
  ∑    

               
    .                                 (1.43) 

In the PAS the relevant spherical tensor components are      
        

     
 

 
    

       
    , 

     
        

     , and     √      
   . Taking into account the Wigner matrix elements,  



 
 

20 
 

                                           
  √      

   [                    ], 

where the asymmetry parameter   [   
       

   ]    
    [   

       
   ]    

   , and the 

secular quadrupolar Hamiltonian becomes 

   
  

 
[                     ][  

          ] 

with          
            ⁄  is the quadrupolar angular frequency. The quadrupolar 

coupling constant is,         ⁄     
       , where        represents the z 

component of the EFG tensor in the quadrupolar  PAS. The Euler angles   and   are in fact 

the polar angles   and   of describing the direction of the static magnetic field in the PAS. 

From here onwards we use angles   and   such that  

                    

                                
  

 
[                     ][  

          ]                        

          

In order to calculate the signal after a 90
o 

pulse, the density operator has to be 

evaluated at time t during detection. If      it can be shown that 

              
             

    [         ]    (  
  )  

where  

                                                

                                               
  

  

 
[                    ]                                        

The corresponding signal is  

                                                      (  
  )      

       (  
  ).             (1.45) 

Fourier transform of this signal results in a spectrum containing two peaks of equal intensities 

located at    
 . Since a powder spectrum is a summation over crystallite orientation it 

follows that the powder spectrum is also symmetric. In case of the powder, the signal has to 

be integrated over   and   according to Eq. (1.30). Because of the dependence of   
  on   

and  , the spectrum of a quadrupolar spin in a powder display a characteristic lineshape.  The 

span of the spectrum depends on    whereas the lineshape depends on   as illustrated in 

Figure 1.4. 
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Figure 1.4 SIMPSON simulated spectra of 
2
H nucleus with different          and  . 

The secular Hamiltonian given in Eq. (1.44a) constitutes an excellent approximation 

if    is sufficiently small in comparison to   , like in deuterium (
2
H, I=1) where the 

maximum quadrupolar coupling strength is of the order of 260 kHz while           for 

600 MHz NMR spectrometer. 
2
H has low gyromagnetic ratio and low natural abundance 

hence requires isotopic enrichment which is costly. Another spin-1 quadrupolar nucleus with 

99% natural abundance and present in all amino-acids and proteins is 
14

N. The 
14

N 

quadrupolar coupling is within 1-5 MHz and a correction called the second-order quadrupolar 

interaction has to be added to Eq. (1.44a). For quadrupolar coupling constants in the MHz 

range the second-order quadrupolar interaction is in the kHz range. For half-integer nuclear 

spins the signal can be divided into two contributions. Part of it arises from coherences 

involving states     ⟩ and      ⟩ (the so called central transition). These coherences are 

affected by second-order quadrupolar interaction but are not affected by the first order 

quadrupolar interaction; hence the central transition lineshapes spans only a few kHz. All 

other coherences contributing to signal (e.g. coherences involving states     ⟩ and     ⟩ 

termed as satellite transitions) are affected by first order quadrupolar interaction and the 

corresponding lineshapes are much broader, from hundreds of kHz up to a few MHz. As a 

result the NMR spectrum of half-integer nuclear spins is dominated by the central transition 

[12,13]. Experiments and theoretical methods specifically designed for quadrupolar nuclei are 

under constant development and have enriched the field of solid state NMR [11,12]. A few 
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commonly occurring and widely studied half integer quadrupolar nuclei in the solid state are 

7
Li (I=3/2), 

27
Al (I=5/2), 

23
Na (I=3/2) etc.  

1.1.4 Sensitivity Enhancement Techniques 

Magic angle spinning (MAS): The nuclear spin interactions described above are anisotropic, 

thus orientation dependent, hence spectra acquired in polycrystalline samples are broad. This 

results in poor resolution and sensitivity of the NMR spectrum when compared with solution 

NMR. Powder spectra are rich in structural information, but information is hard to retrieve 

due to lack of sensitivity and resolution.  

 

 

 

 

 

 

 

 

 

 

Figure 1.5 SIMPSON simulated spectra showing the effect of MAS on the anisotropic line 

shape due to chemical shift interaction at (a) static case and various MAS rates, (b)    = 

     , (c)      , and (d)       . The parameters considered corresponds to a 
13

C nucleus, 

with             and          . 

Therefore for solid samples requirement of high resolution spectra enabling sensitivity and 

resolution is a necessity. As discussed before, all interaction Hamiltonians have a spatial part, 

   , and a spin part,    . By careful manipulation of the anisotropic spatial part, high 

resolution solid state NMR spectra can be achieved. One of the important and widely used 

techniques to remove the orientation dependent anisotropy in polycrystalline samples is to 
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rapidly spin the sample at an angular frequency   , about an axis inclined at 54.7
o
, termed as 

magic angle, with respect to the applied magnetic field [14-16]. Due to MAS the spatial part 

of the spin Hamiltonian becomes time-dependent and the anisotropic part is averaged out, 

resulting in high resolution NMR spectra.  

    When the sample is spun, PAS changes its orientation periodically with respect to the lab 

frame, rendering the spatial part of the interaction Hamiltonian time-dependent [17]. The 

chemical shift Hamiltonian given in Eq. (1.27a) becomes time-dependent as 

                      (                  )    

                                         
   

 
[                            

                                                                            ]  .                    

                        √          
 

 
                 

 

 
              ;  

                                          
 

 √ 
          ;    

 

 
           

 where       are the Euler angles corresponding to rotation from rotor frame to the PAS 

frame. Since the Hamiltonian is commuting with itself at different times, the propagator is  

   

          .  ∫           
 

 

/     .    ∫                 
 

 

/  

For a given crystallite orientation, the evolution of the density matrix in the rotating frame 

and after 90
o
 excitation can be written as 

                                  

      .∫                 
 

 

/       .∫                 
 

 

/  

It can be shown that 

   . ∫                 
 

 

/         ∑          

 

    

        

This is an infinite series of terms oscillating at     of amplitude    [10]. The signal for a 

given crystallite orientation is 

                     (      )     (      )         ∑          
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The signal from a powder sample can be calculated as 

     
 

   
 ∫   

  

 

∫       ∫             
  

 

 
 

 

 

From Eq. (1.46) it can be seen that the spectrum for a single crystallite orientation consists of 

a centre-band positioned at the isotropic frequency     , and spinning sidebands placed 

symmetrically at frequencies         . This holds also for a powder and in addition 

Fourier transform of      result in sharp spinning sidebands that are in-phase with respect to 

each other [11]. If spinning frequency     (Hz) is considerably less than the anisotropy, 

spinning sidebands occur within the width of the corresponding static spectrum, as shown in 

Figure 1.5. With increasing spinning frequency, the intensities of the sidebands decrease and 

at spinning frequencies comparable to or larger than the chemical shift anisotropy the 

spectrum consists of a single line appearing at the isotropic frequency     , as illustrated in 

Figure 1.5(d). Though MAS results in high resolution solid state NMR spectra, the 

information on anisotropic interactions, which depends on molecular structure, is lost. 

Nevertheless, by spinning slow or by using specially designed pulse techniques for 

reintroducing these interactions (termed as recoupling sequences) [12,13], structural 

information can be retrieved selectively. Thus MAS together with multi-dimensional 

experiments that correlate various interactions and selectively reintroduce anisotropic 

interaction has become the state-of-art in solid state NMR for deriving structural information. 

A detailed derivation of the intensity of the sidebands and the time-dependent Hamiltonian 

corresponding to chemical shift anisotropy can be found in the literature [10].  

Deuterium MAS NMR: In the context of deuterium NMR, referring to Eq. (1.44a) in section 

1.1.3, static quadrupolar Hamiltonian under MAS becomes [10,11], 

                                                 [  
          ] ,                                  (1.47)  

where for    ,  

                                     *
 

 
                    

 

 √ 
                  +, 

and   and   are the polar angles of the Z axis of the quadrupolar PAS with respect to the 

rotor frame. For     the quadrupolar frequency          
            ⁄  is related to 

quadrupolar coupling constant as    
 

 
  . Since [          ]    the propagator can be 

written as  
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          .  [  
          ]∫           

 

 

/ 

and, similarly to the static case,  

                                    [         ]             , 

where  

                                                          ∫           
 

 
.                  

The corresponding signal is  

                                                      (       )      
       (       ).  

Similar to the chemical shift anisotropy  

   (       )  ∑        

 

    

        

The corresponding spectrum consists of sidebands located at    .  

 

 

 

 

 

 

 

 

Figure 1.6 SIMPSON simulated spectra showing the effect of MAS on anisotropic lineshape 

with different       , for           and          . The quadrupolar parameters are 

indicated in the figure. 

For a powder the relative intensities of the sidebands depend on   ,  , and   . Thus, analysis 

of experimental spinning-sideband patterns can lead to the quadrupolar parameters    and  . 

A few deuterium MAS NMR spectra, simulated using SIMPSON with different quadrupolar 

parameters, at two different MAS rates are shown in Figure 1.6. It can be seen that spectral 
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features are altered with change in MAS rates. Comparison of experimental and simulated 

spectra provides the quadrupolar parameters. This best-fit procedure is reliable only when 

there are no molecular dynamics present in the system. With molecular dynamics, the 

spectral features become more complex, suiting the nature of dynamics. Numerous motional 

models and computational schemes have been proposed and developed over decades in order 

to understand molecular dynamics and its impact on deuterium MAS NMR spectra [11]. A 

description of dynamic modulated deuterium MAS NMR spectra is given in section 1.3. 

Proton MAS NMR: Proton solid state MAS NMR spectra consist of broad centre band and 

sidebands, similar to Figure 1.5. The spin Hamiltonian contains pairwise dipolar terms 

besides the Zeeman interaction: 
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  ∑  
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) 

   
   

 

Dipolar terms corresponding to different proton spin pairs do not commute with each other at 

different times, thereby resulting in broad features in the proton MAS NMR spectra. As a 

consequence distinct proton chemical shifts   
  are not resolved for most rigid samples at  

MAS rates below 30 kHz. With the introduction of ultra-fast MAS (         ) well 

resolved proton spectra can be achieved especially for small molecules [38-41]. A partial 

narrowing of the broad proton MAS spectra NMR occurs when molecular motion is present. 

This is detailed in section 1.2 and in chapters 2 and 3. MAS NMR spectra of other nuclei     

in samples containing proton dipolar network also exhibit broad centre band and sidebands 

hindering resolution of different chemical shifts. This broadening is a consequence of the fact 

that the     heteronuclear and     proton homonuclear dipolar terms do not commute at 

different times. The broadening can be removed by irradiating the protons during the 

detection of   nuclear spins. This technique is known as heteronuclear decoupling [23] and 

currently there exists several efficient irradiation schemes in solid state MAS NMR [42-45].  

Heteronuclear decoupling has become an integral part of many solid state NMR experiments, 

for example experiments involving 
13

C and/or 
15

N etc.   

Cross Polarization (CP): Direct 90
o
 pulse excitation and detection of dilute or rare nuclei, 

which in addition may have low gyromagnetic ratio, suffer from low signal-to-noise ratio 

(SNR). In an NMR experiment the excitation-detection scheme is performed several times 

and signals from individual scans are added in order to enhance the signal-to-noise ratio [6]. 



 
 

27 
 

The inter-scan delay ensures that excited nuclear spins relax back to equilibrium before 

beginning of the next scan. Longer longitudinal relaxation times lead to large inter-scan 

delays (100‘s of seconds to hours) and hence increased experimental times. Increase in SNR 

of low-abundance and/or low gyromagnetic ratio spins can be obtained by cross polarization 

[20], a widely used technique in solid state NMR. CP initiates polarization transfer from 

abundant (I) spins (typically 
1
H) to dilute or rare spins S (e.g. 

13
C), the signal of which is 

subsequently detected.  

 

 

 

 

Figure 1.7 Schematic of a cross polarization pulse sequence. CP contact time is shown as 

   .   

In CP experiments magnetization transfer is mediated through the I-S dipolar 

interaction. The CP pulse sequence (Figure 1.7) starts with a 90
o
(Y) excitation pulse on I 

spins which tilts the I-spin magnetization to the X axis. Subsequently on-resonance RF 

irradiation of strength     and phase X is applied on the I spins for a duration    . 

Simultaneously RF irradiation of strength     is applied on the S spins. Polarization transfer 

occurs during    when the I and S RF strengths satisfy the so-called Hartmann-Hahn 

matching condition [20-22]. For CP experiments on static samples Hartmann-Hahn matching 

condition is 

                                                                                                                       (1.48) 

Theoretically, CP provides a sensitivity enhancement of S spins by a factor of        

when compared with single pulse excitation. We have seen in the previous section that MAS 

averages the dipolar interaction. Since CP is mediated through heteronuclear dipolar 

interaction, in order to reinstate polarization transfer under MAS, the dipolar interaction 

needs to be recoupled. This is achieved by modifying the matching condition given in Eq. 

(1.48) as below,   

                                                                                                                             (1.49) 
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with        Since dipolar couplings are stronger for shorter internuclear distances and are 

also averaged by molecular dynamics, by tuning the duration of    , CP can be used to 

selectively polarize nuclear spins at certain chemical sites of interest in both static and non-

spinning samples. The basic CP/CPMAS pulse sequence has been developed over years in-

order to ensure uniform and efficient polarization transfer for a broad range of chemical shifts 

or offsets [46-48]. Due to high selectivity and sensitivity, CP/CPMAS has become an 

important element of many solid state NMR experiments. Wherever suitable, we have 

employed CPMAS to obtain structural characteristics of the materials under study.   

1.2 Mesoporous Materials 

 This section provides a general introduction about the properties of materials 

employed in this study. Description of mesoporous materials, their synthesis and 

characterization, properties of water molecules under confinement within the pores of these 

materials studied by NMR, are discussed. A brief overview of recent literature employing 

solid state NMR to study properties and characteristics of these materials is also furnished. 

 Material science witnessed a breakthrough in 1992 by Mobil Corporation laboratory, 

with the discovery of mesoporous materials, the M41S silicates [49]. Since then, the field has 

undergone impressive progress in the development of new mesoporous materials based on 

different synthesis conditions. Depending on the composition of materials used for synthesis, 

the properties of synthesised materials differ from those of M41S. Mesoporous materials can 

be classified as silica based and otherwise. Silicon-based mesoporous materials are termed as 

mesoporous silicates and all others are termed as non-siliceous mesopores. Mesoporous 

nanoparticles have ordered cylindrical pores with tunable range of pore diameters. According 

to International Pure and Applied Chemistry, the pore diameters of mesoporous silicate 

materials range within          .  The family of M41S materials composed of amorphous 

silica network, have large channels from 1.5 to 10 nm, ordered in hexagonal (Mobil 

Crystalline Materials: MCM-41), cubic (MCM-48), and laminar (MCM-50) arrays [49-52]. 

Their long-range order, large surface area >700 m
2
/g, high thermal, hydrothermal, and 

chemical stability made them potential candidates for adsorption, catalysis and various other 

biotechnology applications. Following M41S materials, other type of mesoporous silica 

materials were synthesized such as SBA-15 (Santa Barbara Amorphous) [50] with hexagonal 

array of pores, and larger pore size ranging within 4.6 – 30 nm.   
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 MCM-41 and SBA-15 are considered as potential materials for controlled drug 

release because of properties such as hexagonal ordered structure, high surface area and non-

cytotoxic properties. When synthesised below 130 
o
C, pore structures studied using X-ray 

diffraction, high-resolution transmission electron microscopy, etc. revealed microscopic 

differences between these two materials [51-64]. In SBA-15, as revealed by 
129

Xe NMR 

[53,54], the hexagonal mesopores are inter-connected by micropores, which facilitate 

adsorption at very low concentration when compared with MCM-41 where these channels 

remain unconnected. Thicker silica pore walls in SBA-15 provide higher thermal stability 

under irradiation with high energy electron beams in comparison with MCM-41 [55,57-59]. 

To conclude, the micropore - mesopore structure in SBA-15 has a strong influence on facile 

desorption, fast adsorption kinetics, its efficacy in different catalytic transformation reactions 

and so on, thereby providing a vast scope of molecular engineering of the silica surface 

through surface functionalization [60-64]. A large percentage of SBA-15 (MCM-41) 

framework consists of –Si-O-Si linkage, termed as siloxanes, which are hydrophobic (Figure 

1.8) [65]. Inner pore walls or surface have germinal, vicinal silanols, or isolated (free) 

silanols, which are hydrophilic. Increasing the concentration of hydroxyl groups is essential 

as they interact with other chemical species, aiding in adsorption and functionalization. 

Therefore, synthesis and calcination is carried out at different temperatures and at various pH 

levels, in order to tune the micropore - mesopore structure, silanol concentration etc.  

 

Figure 1.8 Silicon-oxygen types present in SBA-15 (taken from Ref. [65]). 

 

Subsequently, additional efforts were invested in enhancing the functionality of 

mesoporous silica materials by expanding the framework composition. Compatibility of 

functionality was broadened by the development of hybrid organic-inorganic mesoporous 

interfaces [66-69]. In 1999, Ozin et al., Inagaki et al. and Stein et al. independently developed 

a novel class of materials known as periodic mesoporous organosilicates (PMOs) with 
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varying pore size in 2 - 30 nm range [66-69]. In PMO‘s the organic bridge (-R-) is situated 

within the channel as (-Si-O-Si-R-Si-O-Si-) [70]. These bridged mesoporous materials were 

further developed to form xerogels and aerogels of increased transparency and porosity. 

These materials are of light weight due to increased porosity. This extended their applications 

as matrices for growing metal semiconductor nano-clusters, in optical applications such as 

waveguides and laser etc. The organic-inorganic bridges in PMO‘s permit tuning of 

hydrophilicity, hydrophobicity, and adsorption of guest molecules resulting in modification 

of bulk properties [70].  

 Surface polarity influences adsorption and hence the catalytic activity of these 

materials.  In certain cases, by changing chemical composition of the catalyst, polarity can be 

changed. Other major factors that affect the polarity and morphology of the mesoporous 

material are: the extent of confinement of guest molecules, number density of active sites, 

and the features of these active sites [71-75]. For possible catalytic application, one has to 

understand the transport phenomena of confined guest molecules which need efficient 

transport channels in and out of the silica channels. Efficiency of catalysis is closely related 

to transport phenomena as they allow the guest molecules to react and leave the surface 

afterwards. The peculiar features of these materials have triggered several studies to 

understand dynamics of molecules near mesoporous silica surfaces [76-79]. 

 Insight on the features of mesoporous materials and the dynamics of confined guest 

molecules or functionalized molecules is hence essential to understand the functions of these 

materials. We have focused our study on two important molecular sieves in this thesis, SBA-

15, with and without functionalization, and periodic mesoporous organosilicates with ethane 

as organic bridge (PMOE) [80].  

1.2.1 Synthesis and Characterization of Mesoporous Materials 

 Synthesis of mesoporous materials involves two branches of chemistry, sol-gel and 

micelle chemistry [52,52,56,57,70,73,75]. The template used for synthesis is liquid 

crystalline self-assembled surfactant molecules. Due to the large scale industrial applications 

of these materials, the hydrothermal and mechanical stability are critical. Therefore, up to 

now there are many publications in the literature which offer different synthesis mechanisms, 

investigates the cooperative assembly of micelles and silicates, optimize the synthesis 

conditions and physical properties. Various synthesis methods have been established using 

bridged organosilica precursors, by incorporating a large variety of organic moieties, from 
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simple bridges containing methylene, ethylene, phenylene, etc., to long hydrocarbon chains 

containing N, S or O, metal complexes, and so on [75]. Apart from synthesis of the materials 

used in the work, a few important synthesis mechanisms and their outcome, are listed in the 

references and will not be discussed further [71-88]. 

 Several methods are used to characterize these materials in terms of adsorption, 

surface properties, and structure [52,53,56,61,63,66,70,74,77]. Surface functionality is 

usually studied by a combination of techniques such as, elemental analysis, Fourier transform 

infrared spectroscopy (FTIR) [56,57,70], solid state NMR [85-88], thermogravimetry and 

adsorption [62,71,78]. Surface area, mean pore size, pore connectivity, surface heterogeneity, 

and mean pore volume are provided by the gas (N2, O2, Ar) adsorption technique [89]. Pore 

order can be estimated by X-ray diffraction (XRD) [90] and transmission electron 

microscopy (TEM) [61]. Scanning electron microscopy (SEM) [90] is used to estimate pore 

morphology and pore structure. FTIR is used to study functional groups covalently bonded to 

the pore walls of these materials. Alternation of porosity manifests in pore size, its 

accessibility and pore size distribution, and can be efficiently studied using N2 gas adsorption 

data at 77K for relative pressure ranging from ~0.05 to ~0.3. This helps to evaluate the 

monolayer capacity according to Brunauer-Emmet-Teller (BET) [91] method. The outcome 

of adsorption measurement is plotted in a sorption isotherm with the amount of gas adsorbed 

in the solid sample versus relative pressure. The calculations assume that (i) adsorbent 

surface and all adsorption sites are uniform, (ii) intermolecular interactions of adsorbed 

molecules are absent, (iii) at maximum adsorption only monolayers are formed, (iv) all 

molecules are adsorbed through the same mechanism, and (v) adsorbate molecule is 

immobile [92-94]. Adsorption isotherms are analysed using the following equation, 

    
          

 
 

   
 

     

   
 
 

  
   

where    and    are the volume of the adsorbed molecules and maximum adsorbed 

molecules respectively,      is the relative pressure (equilibrium pressure   versus 

saturation pressure   , at the temperature of adsorption), and   is a constant reflecting the 

strength of the interaction between the gas and the surface.    and   are calculated from the 

sorption graph. Therefore, the total surface area   can be expressed by the following 

equation, where    is the Avogadro number,    is the cross section area of the adsorbate 

                                       and            is the molar volume: 
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 Pore size distribution and pore volume from the nitrogen sorption isotherms are 

determined most commonly by the Barrett-Joyner-Halenda (BJH) [95] method. The method 

assumes that all pores have cylindrical shape, and there is no interaction between the fluid 

and the pore wall. Using Kelvin equation [96] that correlates pore diameter and pore 

condensation pressure,  

  (
 

  
)   

    

    
 

where   is the surface tension of liquid nitrogen,    is the molar volume,    is the pore 

radius,   is the temperature, and   is the universal gas constant. Considering also the fluid-

pore wall interaction, the modified Kelvin equation reads,        , where     is the 

critical radius and   is the statistical thickness. The shape of the isotherm depends on the 

porosity and the differences of the thermodynamic states between the confined and bulk 

liquid.  

 We have employed both BET and BJH methods to calculate the pore diameter, pore 

surface area and pore volume of the mesoporous materials studied here.  

1.2.2 Solid State Nuclear Magnetic Resonance Studies on Mesoporous Systems 

 Solid state NMR is a non-invasive, non-destructive technique which can differentiate 

chemical compositions, and can probe intramolecular motions, motions such as rotation, 

diffusion, etc. One of the major challenges while studying adsorbed molecules on surfaces is 

sensitivity and resolution of NMR spectra [97]. Since adsorbed molecules are close to the 

pore surface, NMR spectra of these molecules may exhibit line broadening. Since position 

and intensity of spectral lines are very crucial in identifying binding sites, high resolution 

spectra are desirable. Magic angle spinning has addressed sensitivity and resolution issues to 

a larger extent for adsorbed molecules on silicate materials. Proton spectra are in most cases 

severely broadened by 
1
H-

1
H homonuclear interactions. However, if molecular motion is 

present, the resulting spectral lines may be sufficiently narrow, and thus may provide 

sufficient chemical shift discrimination [98-102].  

29
Si which is an integral part of the mesoporous framework is a 4.7 % abundant spin-

1/2 nucleus [103,104]. Since the associated oxygen atom is NMR inactive due to spin zero, 
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an isotopic enrichment to 
17

O, spin 5/2, is needed for any correlation studies involving 

oxygen; hence 
17

O studies are not commonly pursued. Characterization of the mesoporous 

framework is usually done by analysing 
29

Si MAS or 
1
H-

29
Si CPMAS/2D correlation 

experiments. Figure 1.9(a) displays a template of SBA-15, modelled using Materials Studio 

[105] with quartz-alpha as the unit cell [106-108].  

 

 

 

 

 

 

 

 

 

Figure 1.9 (a) SBA-15 template, modelled using Materials Studio, starting with quartz-alpha. 

Geminal, vicinal and isolated silanol are shown. The various silica species, Q2, Q3, and Q4 at 

-92.5, -102, and -112 ppm respectively are also marked. 
29

Si spectrum of SBA-15 recorded at 

10 kHz, (b) MAS and (c) CPMAS spectra and their deconvoluted components. The CP 

contact time was 5 ms.  The colour code for molecules shown in (a) is, yellow for silicon 

atoms, red for oxygen atoms, and white for hydrogen atoms. 

A supercell of dimension 8 x 8 x 5 is formed and a pore is made to mimic the mesopore. 

Geminal, vicinal, and isolated silanols on the pore surface are shown along with the silica 

species, termed as Q2, Q3, and Q4, which resonate at ~ -90, -100, and -110 ppm in a 
29

Si MAS 

(CPMAS) spectrum [109]. Each 
29

Si species differ in relaxation rates, with the longest T1 for 

Q4. A 
29

Si spectrum of SBA-15 recorded at 10 kHz MAS and its deconvoluted spectral 

components are shown in Figure 1.9(b). The MAS spectrum displays Q4 and Q3 as the 

dominant silica species. The activity of the pore surface depends on the percentage of Q2 sites 

[99-102]. Though quantification of the signals from CPMAS spectra is not possible, the 
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presence of Q2 silica species can be verified using a CPMAS spectrum. Figure 1.9(c) shows a 

29
Si CPMAS spectrum where Q2 silica species appears and Q3 becomes well resolved. Due to 

polarization transfer from vicinal silanols, for a CP contact time of 5 ms, it can be seen that 

Q3 gains more intensity than Q2.  

Water is the medium for most naturally-occurring reactions and interaction of water 

with silica surfaces is under constant study in order to understand confinement effects in 

environmental studies, biological applications etc. Since mesoporous silicate materials have 

hybrid organic-inorganic interface, large void pore volume, high surface area per unit volume 

and broad pore size distribution, they are used in diverse applications like molecular 

transport, surface catalysis, bio-mineralization etc., where water is the most widely used 

solvent. In particular, study of dynamics of confined water is important as water is found in 

nanoscopic confinements and it is known that properties of water under confinement differ 

from those of free water [99-102]. Confined water can experience hydrophilic/hydrophobic 

interactions or form hydrogen bonds. Different interactions of water molecules, among 

themselves or with the surface, result in distinct and well-defined chemical shifts in 
1
H MAS 

NMR spectra. Depending upon the strength of hydrogen bonding the NMR relaxation 

mechanisms differ. Hence, proton relaxation experiments can be employed to distinguish 

between different proton species on the surface.  

Extensive studies using solid state 
1
H and 

2
H MAS NMR spectroscopy were 

performed by various groups in order to understand the host–guest interactions in MCM type 

materials (pore size 2-6 nm) and SBA type materials (pore size 5-10 nm). Grünberg et al. [99] 

have systematically analysed different water environments in the pores of SBA-15 and 

MCM-41 by analysing the 
1
H MAS and static NMR spectra. Recently, 

1
H MAS NMR 

spectroscopy was employed to monitor the specific course of water in MCM-41, initially 

existing in a bulk-like form inside the pores and then distributing itself through the pores by 

hydrogen bonding to surface silanol groups [110-112]. Apart from proton NMR, dielectric 

relaxation spectroscopy (DRS) [113], FTIR, and high resolution quasi elastic neutron 

scattering, have revealed unusual hydrogen bonding networks of confined water. 

Subsequently, Trébosc et al. [85] have performed a systematic study of MCM-41 type 

mesoporous silica nanoparticles under low surfactant concentration using high solid state 

NMR at high MAS rates (~45 kHz). The structural characterization was performed by 

employing one-dimensional and two-dimensional 
1
H, 

29
Si, 

13
C, 

1
H-

1
H and 

1
H-

29
Si 

experiments. Studies performed by Trébosc et al. on organically functionalized mesoporous 
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silica materials provided detailed structural information through heteronuclear correlation 

experiments under fast MAS.   

Amitay-Rosen et al. [101,102] have studied the slow exchange dynamics of 

selectively deuterated adsorbed amino acids (alanine, methionine etc.) close to silica surfaces 

in aqueous environment. Proton and deuterium MAS NMR spectra were recorded as function 

of temperature and hydration for characterizing surfaces and for studying dynamics. They 

have also developed a spectroscopic methodology for quantifying the number of water 

molecules per nm
2
 in the pores of mesoporous materials. Azais et al. [114] has extended 

solution NMR techniques to study the confinement of guest molecules in MCM-41. The 

sample is characterized through J-coupling based experiments under MAS. Cross-relaxation 

techniques were employed to achieve signal enhancement of 
13

C nuclear spins of the 

confined benzoic acid.  

 

 

 

 

 

Figure 1.10 Schematic of possible hydrogen bonding configurations of a few water 

molecules near the pore wall of mesoporous SiO2 surface is shown along with the proton 

chemical shift ranges.  

A schematic illustration of different proton species based on the model derived from proton 

MAS NMR study is shown in Figure 1.10 [98-102]. At very low hydration levels, when a few 

water molecules are adsorbed on the inner pore surface of mesoporous silicates, the adsorbed 

water molecules can engage in hydrogen bonding exhibiting characteristic resonances within 

a few distinct chemical shift ranges in the proton spectrum.  Following Grünberg et al. and A-

Rosen et al., these proton - oxygen structures situated near oxygen sites of the silica surface 

are termed as clusters [99-102]. With increase in water loading, different clusters undergo 

fast dynamics leading to sufficiently resolved proton spectra with characteristic chemical 

shift ranges. Such chemical shift ranges can be used to track different clusters present on the 

surface as a function of hydration, and their contribution to materials under study, in terms of 
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surface-guest interaction and pore-filling. The characteristic chemical shift ranges are [99-

102]: (i) 5.8-7 ppm corresponding to protons that are strongly hydrogen bonded to the silica 

surface termed as acidic protons, (ii) 4.4-5.2 ppm corresponding to bulk water where more 

than two water molecules are hydrogen bonded, (iii) 3.1-3.4 ppm corresponding to a single 

water molecule hydrogen bonded to –Si-OH-, (iv) 3.6-4.1 corresponding to a situation where 

two water molecules are hydrogen bonded to -Si-OH-, and (v) 1.6-2 ppm corresponding to 

isolated silanols. In certain cases, chemical shifts in the range 0.8-1.5 ppm were also 

observed, arising from water molecules trapped in surface inhomogeneity, called as 

monomers [99,115]. A representative proton MAS NMR spectrum from SBA-15 is shown in 

Figure 1.11 [115]. The spectrum is deconvoluted using DMFIT [116] into components with 

chemical shifts in the characteristic ranges discussed above.  

 

 

 

 

 

 

 

 

Figure 1.11 Proton NMR spectrum of SBA-15, recorded at 10 kHz MAS rate. Various 

spectral components deconvoluted using DMFIT and the corresponding chemical shift is 

shown.   

1.3 Dynamic Deuterium MAS NMR and Molecular Dynamic Simulations 

 Second part of the work presented in the thesis investigates dynamics induced by 

adsorbed water molecules on functionalized SBA-15, with the aid of deuterium MAS NMR. 

In order to comprehend the correlation between molecular motion and deuterium spectra, a 

brief introduction to dynamic deuterium MAS NMR is provided in this section. Towards the 
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end, a general introduction to molecular dynamic studies and in particular its pertinence to 

the thesis is given. 

Molecular motions in the range of microsecond to second are of particular interest in 

dynamic studies, as this is the time scale of many significant biological events, chemical 

reactions, catalysis, protein folding etc. [11]. Slow dynamics is particularly sensitive to 

differences in structure as seen from polymer behaviour at glass transition, transport of ions 

or charges in viscous media etc.  Dynamic studies provide crucial information about polymer 

morphology like chain organization and mobility, and heterogeneities in structure and 

dynamics of amorphous polymers [11, 117,118]. In solution state, due to molecular tumbling, 

only dynamics slower than the Brownian motion is detected, mainly through isotropic 

chemical shift exchange experiments. Therefore, nanosecond-microsecond dynamics 

information is lost. The inherent limitations of solution state NMR also include the need of 

solubility of molecules in solution, and broadening of spectral lines due to slower motion 

with increase in molecular size thereby reducing sensitivity and resolution of NMR spectrum. 

   Solid state MAS NMR does not have these inherent limitations and hence emerged 

with time as an important and efficient tool for the study of motional processes. With increase 

in size of molecules, the MAS spectral lines can acquire broadening due to non-averaged 

anisotropic interactions [11-13]. Nevertheless, the advancements in hardware and different 

pulse techniques have succeeded over years to provide atomic-level structural and dynamic 

information in non-crystalline samples, insoluble systems, or even large molecules like  

nuclei acids and membrane proteins. Since picosecond to microsecond dynamics in proteins 

determines 
13

C and 
15

N T1 relaxation times, site-resolved internal dynamics in proteins can be 

obtained through relaxation-based experiments on isotopic enriched solid samples [41]. 

Internal motions in the range of hundreds of microsecond reduce 
1
H-

13
C or 

1
H-

15
N dipolar 

couplings as the bond orientation changes randomly due to dynamics. Analysis of 
13

C 

chemical shift anisotropy or 
2
H quadrupolar powder spectra provides detailed insights about 

molecular reorientations and a large number of one-dimensional and two-dimensional studies 

are reported in the literature till date [11,12]. Molecular motion can be characterized by 

motional amplitude which can change with tensile stress and temperature. Rotational jumps 

and angular fluctuations in molecules often happen as a function of temperature or when a 

phase transition occurs [11]. Phenylene ring flip by 180
o
 [11, 120,121] is a well-known 

example (discussed below) and, apart from solid state NMR, electron paramagnetic 

resonance (EPR) [117,118] and quasi elastic neutron scattering experiments are employed to 
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study these molecular flips. Tuning these large amplitude motions is very important for 

tailoring host-guest systems for specific applications. 

1.3.1 Deuterium Lineshape Analysis and Motional Model  

Deuterium, a quadrupolar nucleus with    , is particularly useful for studying 

dynamics due to the following reasons. The z axis of the PAS of the quadrupolar tensor is 

fixed in the bond direction. With molecular mobility, the PAS reorients with time resulting in 

averaging of the quadrupolar interaction in the lab frame [11,122]. Therefore 
2
H NMR 

spectra naturally reflect molecular mobility [11,101,102]. Deuterium solid state NMR 

lineshapes are highly sensitive to motional timescales ranging from 10
-11 

to 10
-2 

s. Even with 

two deuterons spatially correlated, due to the low gyromagnetic ratio, the homonuclear 

dipolar interaction between deuterons is negligible (< 1 kHz) and hence spin diffusion is 

slow. This results in purely motional-induced relaxation times. Numerous analytical and 

numerical tools are available for the analysis of deuterium dynamic spectrum [123-126]. The 

maximum deuterium quadrupolar coupling is about 260 kHz arising from a rigid C-D group. 

Hence a single pulse would be able to excite the entire spectral range.  

In functionalized materials, an organic linker is covalently bonded to the silica surface 

thereby altering or enhancing the function of mesoporous materials. This process is termed as 

grafting. If grafting concentration is low, 1 molecule/nm
2
,
 
even with isotopic labelling, static 

deuterium NMR spectra lack sensitivity [127]. Conversely, low concentration is necessary to 

avoid intermolecular interactions. In such cases, 
2
H MAS NMR is preferred over its static 

counterpart as sensitivity is significantly increased and at the same time information about 

quadrupolar interaction is retained. Even with the merits mentioned above, owing to the low 

deuterium natural abundance, 0.02 %, isotopic enrichment is necessary. Nevertheless, due to 

its sensitivity to a broad range of dynamic time scales, deuterium is a valuable nucleus for 

probing dynamics in diverse systems, ranging from proteins to materials. Among the type of 

motions that may affect quadrupolar interaction in a solid are (a) torsion oscillations, where a 

molecule makes small amplitude motion about a stable equilibrium and (b) hindered 

rotations, [3] where the molecule may undergo transition between several positions, separated 

by potential barrier, at a certain rate.  

Molecular motional timescales are characterized by correlation time   and 

corresponding rate of exchange,  . Based on this, dynamics is categorized as slow (rates up 
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to 10
4
 s

-1
, for deuterium     ), intermediate (10

4
 to10

6
 s

-1
,     ) and fast (>10

6
 s

-1
, 

    ) [3,11,101,102].  Pronounced changes of the solid state NMR spectrum occur when 

     is comparable to the anisotropy, MAS rate or magnitude of the RF field. In this case 

dynamic time scale is termed as intermediate and interference between molecular dynamics 

and coherent evolution result in reduction of intensity of the spectrum. For slow motion, the 

resultant spectrum is largely free from motional effects. This is often termed as rigid limit or 

static limit, and motion-independent quadrupolar parameters,    and  , can be estimated 

from analysis of the spectrum [122]. With the presence of molecular mobility (angular 

fluctuations, jumps between discrete molecular sites or molecular flips) in the intermediate or 

fast motion limit, quadrupolar parameters corresponding to the rigid limit are averaged, and 

the dynamic MAS NMR spectrum is characterized by a reduced effective quadrupolar 

coupling constant and possibly modified asymmetry parameter [11,101,102,117-127].  

Dynamic studies often involve comparison of rigid-limit quadrupolar coupling 

parameters        with the dynamic average    ̅   ̅ . Such comparisons may suggest or 

support a specific molecular motional model.  The motionally averaged quadrupolar 

lineshapes are dependent only on two parameters,  ̅  and   ̅   . However knowledge of 

   ̅   ̅  is not capable to discriminate different types of motion, as for example diffusive 

processes, discrete jumps, etc., may result in identical lineshapes [11]. Localized motions in 

liquid crystalline polymers and polymer model membranes are investigated by Spiess and co-

workers through analysis of deuterium spectra of deuterated phenyl groups [11,117-119]. 

Utilizing deuterated phenyl groups is particularly informative as they undergo fast, discrete 

jumps between well-defined geometries. The changes in 
2
H MAS NMR theoretical 

lineshapes due to possible types of dynamics are illustrated using the example of deuterated 

phenylalanine (d5) [120,121]. Figure 1.12 shows a schematic of a phenylalanine (d5) with the 

phenyl ring undergoing dynamics about the       axis. The spectrum in the rigid limit, 

{    }              the spectrum corresponding to 180
o
 flips about       

axis,                , and the spectrum superimposing both rigid (20%) and 180
o
 flip (80%) 

components is shown. When phenyl ring undergoes fast rotation about the       axis, the 

    of the    - bonded deuterium is aligned along      bond direction and makes 60
o
 with 

the axis of rotation. The resultant dynamic averaged quadrupolar parameters become 

             and the corresponding spectrum is shown in (e). Since      lies along the 

axis of rotation, the experimental spectrum should have a rigid contribution. A rigid 
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contribution may also arise from those phenyl rings which are not undergoing dynamics. As 

shown by Gall et al., [120] since the dynamic averaged and the rigid components exhibit 

different relaxation times, experimental parameters can be chosen in order to select only the 

dynamic components.  The spectra shown in Figure 1.12 are simulated using NMR-

WEBLAB, [125] and for 180
o
 fast flip a two site jump model on a cone is assumed with cone 

angle       and jump angle        . A discussion of the cone model is given below.  

 

 

 

 

 

 

 

 

Figure 1.12 (a) Schematic representation of phenylalanine (d5). Spectra simulated using 

NMR-WEBLAB for (b) rigid limit, with {    }              (c) 180
o
 flip about       

axis resulting in {  ̅   ̅}                  , (d) sum spectrum of (a) and (b) with 20% of 

rigid and 80% of dynamic components, and (e) free uniaxial rotation with rotation axis 

making 60
o
 with      bond direction resulting in {  ̅   ̅}              .  

Dynamic Model: The simple and most commonly encountered molecular motional 

model is restricted to motion of bonds or segments on a cone [124,125]. For motion on a 

cone, it is assumed that the principal values of the quadrupolar tensor remain constant during 

motion. If part of the molecule rotates about a fixed bond, or if the motion takes place about a 

Cn axis, it can be categorized as motion on a cone. Schematic of a two site jump on a cone for 

a C-D bond is shown in Figure 1.13. where the vertical axis of the cone, assigned as ZCF, can 

be aligned with the rotation axis, and XCF axis points along the symmetry axis. In this 

coordinate system, the jump positions are characterized by        and       , where   is 

half the apex angle of the cone, and the jump angle,         . By a coordinate 
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transformation by means of Wigner matrices, from the PAS to the cone frame (CF), the 

components of the quadrupolar interaction tensor,  ̿, in the CF can be determined. Effective 

quadrupolar parameters are calculated by averaging  ̿ over   angles. 

 

 

 

 

 

 

 

Figure 1.13 (a) Schematic representation of a two site jump for a C-D group, modelled on a 

cone [125]. 

Conformational transitions, e.g. trans-gauche, are often encountered in alkyl chains or 

molecules with tetrahedral symmetry. In such cases, rapid molecular motion often combines 

small angle librations around equilibrium positions combined with occasional discrete jumps, 

or discrete jump between   sites,    2, possibly with change in conformation [11]. Due to 

deviation from local symmetry, the     sites may be characterized by unequal potential wells 

and unequal populations [3,11]. Angular fluctuations for discrete jumps between multiple 

sites can result in a spectrum containing both axial and non-axial quadrupolar contributions. 

Linewidth of the spinning sidebands, quadrupolar parameters extracted from the spectrum, 

their variation with temperature, etc. can be utilized to associate the NMR derived 

information to molecular mobility. When several dynamic components are present the 

powder lineshape becomes more complex as illustrated in Figure 1.14, where static and MAS 

spectra are sums of axially-symmetric rigid,                   and asymmetric 

dynamic components,                   .  Equal and unequal populations are 

considered, as specified in the figure captions. Molecular motions may also involve a range 

of dynamic timescales at the same time resulting in complex spectrum. Relaxation studies are 

particularly important in the fast motional regime [123], where relaxation times of 
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quadrupolar order reflect dynamics. A few experimental techniques have also been developed 

to address dynamics through deuterium solid state NMR.  

 

 

 

 

 

 

 

 

Figure 1.14 Simulated static and MAS (5 kHz) spectra of deuterium arising from the sum of 

rigid and dynamic components, with (a, c) equal and (b, d) unequal populations. In (c) and 

(d), the blue spectral lines are shifted towards left for better visibility. 

Amitay Rosen et al. [101,102] have employed Bloch-McConnel [128] equations to retrieve 

kinetic parameters associated with molecular dynamics. Since deuterium is known for its 

sensitivity towards molecular dynamics, they have employed 
2
H MAS NMR to understand 

the slow exchange motion of the adsorbed solute guest molecules in mesoporous silicates. 

Floquet theoretical approach was used to simulate the dynamic deuterium MAS NMR spectra 

and the simulated spectra were compared with the experimentally analysed 
2
H MAS NMR 

spectra so as to derive kinetic parameters. Based on the analysis of the kinetic parameters a 

motional model for exchange dynamics was suggested. The system under consideration 

consisted of deuterated small molecules adsorbed in mesoporous materials like SBA-15, 

MCM-41 etc. The dynamic model assumed a two-site exchange process, where the solute 

molecule is exchanging between an isotropic free state and a bound state. Deuterium dynamic 

studies of adsorbed guest molecules were also conducted time and again by Buntkowsky and 

co-workers for various systems [166]. There exists several software tools for deuterium 

dynamic modelling, NMR-WEBLAB, EXPRESS (exchange program for relaxing spin 
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systems) [125], KLDMAS (lysine (K) leucine (L) dynamic MAS) [126] are a few among 

them.  

Distorted quadrupolar lineshapes may introduce errors in the estimation of 

quadrupolar parameters. Hence in most cases, a quadrupolar echo [124,125] sequence is 

utilized which provides lineshapes largely free from artefacts. However, with samples 

containing less number of deuterons utilization of quadrupolar echo is not recommended due 

to sensitivity loss. In our studies we have recorded dynamic deuterium MAS spectra using the 

90
o
 pulse-acquisition and the time domain signal was shifted to first echo before Fourier 

transform. Along with removing artefacts produced by the probe/electronics, shifting to the 

first echo also removes any fast decaying, intermediate dynamic, components. Molecular 

dynamics involved in the systems under study (chapter 3) is mostly in the fast dynamic 

regime; hence shifting the signal by first echo has not introduced substantial errors in the 

analysis.          

1.3.2 Molecular Dynamic Simulations 

In fact, no single approach is capable to provide a complete picture of molecular 

dynamics and usually multi-technique approaches are employed. Within this strategy, 

nowadays computer assisted simulations and molecular modelling have become an integral 

part of NMR studies of structure and dynamics in proteins and microcrystalline systems.  The 

field of materials science, catalysis and mesoporous materials in particular, benefits now from 

the multidisciplinary point of view which aligns computational modelling with synthesis and 

characterization. Efficient algorithms, parallel computing, improvement in computer 

memory, machine learning, and newly developed visualization tools make computer 

modelling useful to many fields.  

Catalysis deals mostly with mesoporous materials which are amorphous. 

Understanding amorphous silica systems is challenging due to heterogeneity in its 

composition and local structure. As mentioned earlier, the structure and properties of the 

amorphous materials strongly depend on synthesis protocol. This poses difficulty in 

modelling them and often crystalline materials are used as approximate amorphous support. 

 -quartz and  -crystabollite are the most used candidates for building amorphous silica 

surface models [106-108]. Quest for improved models including the thermodynamic 

properties of hydrogen bonded and non-hydrogen bonded silica surfaces was addressed by 
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Prof. Uglienco [129]. Based on density functional theory (DFT) [131], they introduced a 

model capable to predict properties of MCM-41 more accurately. In DFT, the computational 

complexity associated with the many-body Schrödinger equation is sidestepped by focusing 

on the electron density and representing the total energy of the system as a unique functional 

form of electron density. The problem of computing ground state energy and particle density 

of N-coupled electron system has been addressed by Kohn and Sham [130]. The Kohn-Sham 

equations consist of N single particle three dimensional equations with a modified effective 

potential which is function of particle density. The modified potential is also a function of 

quantum-mechanical exchange and correlation (XC) of the particles, and is relatively small 

when compared with single particle kinetic energy or Coulomb potential. Finding 

approximations to the XC terms defines the success of DFT. Further improvements and 

combinations of DFT with other classical molecular modelling have enriched the 

computational arena [131-133].  

Rimola et al. studied the adsorption of glycine on silica surface using a crystalline 

silica surface model [107]. Costa et al. studied the interaction of glycine with an amorphous  

hydrophilic silica surface by means of a periodic DFT [131-133]. In these computational 

studies, Costa et al. propose a binding model according to which carboxylate in glycine 

facilitates the main anchor of the amino acid while ammonium is pendent. This is contrary to 

the observations derived from solid state NMR experimental studies performed by Ben Shir 

et al. [134]. They reported that the adsorbents, glycine and L-alanine, interact with silica 

surface (SBA-15, MCM-41) via their amine moiety while their carboxylate end is pendent. 

The proposed model based on their experimental observations suggests a positively charged 

ammonium moiety interacting with the negatively charged Si-O
-
 on the surface. This further 

highlights the importance of employing experimentally-derived MD constraints whenever 

possible. A correlation between the characteristics of silanols at silica surfaces in the presence 

of solvents has been studied with ab-initio molecular dynamics (AIMD) [135] simulations of 

the full silica-water interface. Pioneering work on amorphous silica-water interface has been 

investigated by Cimas et al. using DFT based molecular dynamic simulations [135].  Jayanthi 

et al. [127,135,137] have utilized MD simulations to provide a model supporting the 

adsorption-desorption kinetics, of a deuterated di-peptide on hydrated silica surface. 

MD study relevant to the work utilizes Dassault‘s Materials Studio [105] and follows 

the work reported by Vega and co-workers in grafted mesoporous systems. In MD, 

simulation of a system amounts to choosing a potential,              , where            
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defines the position of N atoms in the system. Potential energy of a system is the sum of 

bonded energy, non-bonded energy, and energy associated with intermolecular interactions, 

called the cross-terms energy. The total energy can hence be represented as 

                                                                  . 

        includes bond stretching, bond bending, and dihedral angle energy terms. 

             includes the effect of neighbouring atomic positions on bond lengths, valance 

angles and torsion angles. The energy of interaction between non bonded atoms includes van 

der Waals and electrostatic terms. Van der Waals interaction uses the Lennard-Jones 9-6 

function and Ewald summation is used to calculate Coulombic interaction. Within the 

Materials Studio package, DISCOVER for minimalization and COMPASS (Condensed phase 

Optimized Molecular Potentials for Atomistic Simulation Studies) [138] forcefield for 

dynamics are used for the study presented in the thesis. Minimalization or optimization is an 

integral part of any MD simulation where optimal atomic coordinates, bond-lengths, dihedral 

angles of atoms are obtained by minimizing the energy. This will avoid any local distortions 

in the structure resulting in unstable simulation during a dynamic run. In Materials Studio, 

within DISCOVER, smart minimizer starts with the method of steepest descent, and we have 

chosen the conjugate gradient method for minimization. Method of steepest descent generates 

low energy structures irrespective of the initial structure and conjugate gradient method 

improves the minimum-line search direction by an iterative process. For large systems, 

conjugate gradient is the method of choice [105].  

In this study, equilibration was achieved within 10,000 steps in time steps of 1 fs.  

Time evolution of the model system was computed using the classical MD approach which 

involves simultaneous integration of Newton‘s equations of motion for all atoms in the 

system. Simulations were performed at constant volume and temperature (NVT) ensemble, 

simulation temperature was controlled by Anderson thermostat. Dynamic runs were carried 

out for about 1-2 ns, and each 1000
th

 configuration, corresponding to changes at 1 ps, was 

saved as a trajectory file. We have imposed periodic boundary conditions while performing 

simulations where a volume containing N particles is treated as a primitive cell of an infinite 

periodic lattice of identical cells.  

Host silica surface is modelled following Chaffe [108]. Construction of the MD 

template and analysis of the trajectories extracted from MD runs follows the details in Ref. 

[127]. The initial structure is generated from   quartz with unit cell dimensions     



 
 

46 
 

       , and          . A periodic           supercell is created and a hexagonal 

pore is formed by removing silicon and oxygen atoms. After attaining a pore diameter of ~ 

3.8 – 4.0 nm, all the vacant silicon atoms are saturated with hydroxyl (OH) groups and vacant 

oxygen are saturated with hydrogen (H) atoms. The template is subjected to DISCOVER 

minimization, followed by dynamic runs of ~500 ps. After each MD calculation water 

molecules are consecutively removed, when the distance between the hydrogen bonded OH 

and H in adjacent Si-OH---HO-Si is       . Subsequent removal of water results in Si-O-Si 

linkage and also introduces slight deviations form hexagonal pore geometry. The surface was 

dehydrated so as to achieve surface hydroxyl concentrations of ~ 2.5 OH/nm
2
. The template 

thus modelled forms the mesoporous surface in our study to which the linear molecule to be 

grafted, after structural minimalization using DISCOVER program, is covalently bonded. 

The template along with the grafted molecule is subjected to a few more DISCOVER 

minimalizations so as to get a stable energy minimized equilibrium model, to be considered 

for further dynamic simulations. For dynamic simulations, hydroxyls are randomly 

distributed, near the grafted molecule mimicking a real scenario, yet maintaining the silanol 

concentration as ~2.5 OH/nm
2
. Figure 1.15 shows an MD simulation template used in this 

study.  

 

 

 

 

 

 

 

 

Figure 1.15 Mesoporous template with grafted linker (diamine-GPTMS in T3 configuration) 

used in this study.   

Dynamic simulation output provides trajectory file with the instantaneous coordinates 

of all the atoms belonging to the grafted molecule. The molecular coordinates are extracted 
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from Materials Studio, and are analysed using already existing MATLAB
@ 

(Mathworks Inc.) 

code. For an axially symmetric deuterium quadrupolar coupling, in a C-D bond, the Z 

component of the PAS of the EFG tensor points along the bond direction. With molecular 

mobility this PAS randomly changes orientation. The expression of moving EFG tensor in a 

fixed coordinate system is given by 

    
   

   

 
(

                                        

                                        

                                  

)   

where       represents the time-dependent polar angles that correlate the fixed frame to the 

moving frame and    
    is the Z principal value of the EFG tensor. From each trajectory file, 

      are calculated with respect to a fixed coordinate (F) system and    
  is obtained. Taking 

the average of    
  for 1-2 ns MD run and diagonalizing the averaged matrix provides 

dynamic averaged    ̅   ̅  parameters. All MD simulations provided in chapter 3 are analysed 

in this manner by assuming a fixed coordinate system. A fixed coordinate system was defined 

with respect to the pore wall of the template. The line connecting any two oxygen atoms, O1 

and O2, bonded to the –Si- atom, through which the molecule is anchored to the pore wall, is 

taken as the reference line, say X
F
 axis. The line which contains the –Si- atom and the centre 

O of the O1-O2 segment is considered as Z
F
 axis. The axis Y

F
 is the line perpendicular to X

F
 

and Z
F
 which passes through O. All coordinates extracted from the dynamic run are subjected 

to a coordinate transformation and the dynamics is interpreted with respect to this fixed 

coordinate system. The spatial variation of C-D bond direction with respect to this coordinate 

system is analysed for dynamic information. Coordinates extracted from trajectories are also 

used for calculating dihedral angles which can provide information on conformational 

changes associated with molecular mobility if any. 

 Similar to the previous studies [127,135], dynamic studies are free from any motional 

model hence called a-priori.  

1.4 Objectives of the Study 

 The work presented in this thesis is distributed in two chapters. Chapter 2 analyses the 

distribution of water in the pores of mesoporous materials of interest as revealed through 

proton MAS NMR. Chapter 3 discusses dynamics of linkers, induced by a few water 
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molecules/nm
2
,
 
analysed using proton and deuterium MAS NMR and MD simulations, in 

functionalized mesoporous hybrid materials of interest. The main objectives are as follows. 

 (i) To understand surface characteristics of a hydrophobic-hydrophilic silica 

surface through proton solid state MAS NMR: In chapter 2, we investigate the connection 

between the characteristics of pore surface and the concentration of –OH groups, under 

controlled hydration of a mesopore containing both hydrophilic and hydrophobic sections. 

This type of studies is extended to a complex system for the first time. We provide a pore 

filling model through the study of distribution of confined water in ethane substituted 

periodic mesoporous organosilicate (PMOE) materials. Proton spectra acquired at different 

hydration levels are analysed and interpreted in terms of water clusters of various sizes and 

distributions of water layers on the pore surface. The challenges encountered while analysing 

the surface under water adsorption, and the manner in which they were overcome are 

discussed.  

(ii) To understand water-induced dynamics of inkers in amine-functionalized 

mesoporous hybrid materials using proton and deuterium MAS NMR and MD 

simulations: In chapter 3, we present a deuterium MAS NMR analysis on amine-

functionalized hybrid materials (3-glycidyloxypropyl)trimethoxysilane (3-GPTMS) and 3-

(trimethoxysilyl)propylmethacrylate (3-MATMS) grafted on SBA-15. Proton and deuterium 

solid state NMR experiments under MAS were performed at two hydration levels and 

temperatures ranging from 253 to 315 K. Changes in deuterium MAS lineshapes are analysed 

and information related to molecular dynamics is derived. From the NMR spectral analysis, 

we could suggest a relation between mobility and length of the linkers, steric hindrance, and 

grafting concentration. By correlating proton and deuterium MAS NMR spectral analysis, the 

role of a few water molecules in inducing dynamics of the linkers is investigated. MD 

simulations support the experimental analysis and provided molecular conformations 

associated with dynamics.  
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2 
Dynamic studies on Periodic Mesoporous Organosilicates 

A number of studies have been reported in which different types of PMOs have been 

characterized, mostly by X-ray diffraction and transmission electron microscopy as 

mentioned in section 1.2.  Nevertheless, these techniques do not provide a molecular level 

picture similar to the one obtained through solid state NMR techniques where information 

about bonding, nearest neighbour correlations, interaction strengths and dynamics, etc. can be 

derived. Grűning et al. employed surface enhanced NMR spectroscopy (SENS) [139] using 

dynamic nuclear polarization (DNP) to study functionalised PMOs. The organic part of a 

PMO and that of the surface functionalization of PMOs by Cp*Ir(III) derivatives were 

characterized using DNP-SENS. 
13

C, 
29

Si and 
15

N CPMAS as well as 
1
H–

13
C and 

1
H–

29
Si 

heteronuclear correlation experiments on PMO derivatives were performed at natural 

abundance using the above technique for structural characterization. Their observations not 

only confirmed the proposed four-layer structure found by XRD and TEM studies, but also 

allowed the reactivity of the surface groups to be quantified, which was difficult otherwise. 

Additional evidence for the formation of surface complexes was obtained through a 2D 
1
H–

13
C-HETCOR (heteronuclear correlation) experiment. F. Lin et al. [140] studied an ethane 

PMO using EPR, through the nitroxyl radical. EPR line shapes displayed differences due to 

the mobility of the radical in the presence or absence of adsorbed water. Jones et al. [141] 

investigated the structural heterogeneities depending on different pre-hydrolysis treatments of 

organic silica precursors in CH2–CH2 and CH=CH PMOs using 
1
H fast MAS (25 kHz), 

13
C 

and 
29

Si CP-MAS and 2D HETCOR (
1
H–

29
Si and 

1
H–

13
C) experiments. Kinetic studies were 

performed using 
13

C and 
29

Si variable contact time (VCT) CP-MAS experiments. 

Distributions of organic functional groups within the PMOs were analysed using solid state 

NMR observations. Recently, Mietner et al. [142] used the potential of solid state NMR to 

understand the molecular mobility of water confined in periodic PMOs. Their observations 

show that the mobility of confined water is influenced by the polarity of the organic moiety. 

2D HETCOR (
1
H–

29
Si and 

1
H–

13
C) NMR experiments at high, medium and low water 

loading were performed and subsequently a pore filling model was proposed. Through solid 

state NMR observations, they concluded that pore size and polarity contribute equally to the 

confinement effects of water, thereby resulting in drastic changes in the dynamic properties.  
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In the present study, using the methods described in chapter 1, we monitor the 

distribution of water molecules near the pore surface in two different mesoporous materials, 

an ethane-PMO (PMOE) and SBA-15, through one pulse 
1
H MAS NMR spectroscopy. The 

major difficulty in extending similar approach to study PMOE is the presence of -CH2-CH2- 

group in the bulk of PMOE which will subsequently interfere with the dynamic proton 

analysis. We have employed 2D wide-line separation (WISE) [11,167] technique to obtain 

information on proton homonuclear dipolar interactions associated with -CH2-CH2- which 

was subsequently used for analysing the proton MAS NMR spectra.  

2.1 Materials and Methods 

2.1.1 Synthesis of SBA-15 and PMOE:- Mesoporous silica SBA-15 was synthesized by 

using Pluronic 123 (P123) as the surfactant and tetraethylorthosilicate (TEOS) as the silica 

precursor in acidic medium through a sol–gel hydrothermal method. In a typical procedure, 

19.8 g of P123 was dispersed in 135 g of water in a one litre beaker and stirring was 

continued for up to 1.5 h. To this dispersed solution, 540 g of 2 M HCl was added with 

constant stirring and the reaction was continued for a further 2 h. After 2 h, 40.5 g of TEOS 

was added to the solution in a drop wise manner and the reaction was extended for one day. 

The colloidal reaction mixture was transferred to a 1 L autoclave for ageing at 100 
o
C for 48 

h. The residual solution was filtered, washed with water, and dried at 70 
o
C for 12 h. Finally, 

the as-synthesized material was calcined at 540 
o
C for 6 h to obtain the white powdered SBA-

15 (Figure 2.1(a)) [50]. 

 

 

 

 

 

 

 

Figure 2.1 Schematic representation of  (a) SBA-15 and (b) ethane substituted organosilica  

(PMOE) 

(a) (b) 
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The synthesis of ethane containing periodic mesoporous organosilica was carried out 

by using trimethyloctadecylammonium bromide (C18-TAB) as the surfactant and 1, 2-bis- 

(triethoxysilyl) ethane (BTEE) as the silica precursor. In a typical synthesis, 3.36 g of C18-

TAB was dissolved in an aqueous (96 ml of water) NaOH (1.62 g) solution. The reaction 

mixture was stirred for 20 minutes and to this solution, 4.5 g of BTEE was added in a drop-

wise manner. Stirring of the solution was continued for up to 20 h at room temperature. The 

colloidal solution was transferred to a round bottom flask and kept at 95 
o
C for 40 h for 

ageing with vigorous stirring. After 40 h, the solution was filtered, washed with water and 

ethanol and dried at 70 
o
C for 12 h. The resultant material was solvent extracted by acidified 

ethanol (0.5 ml of conc. HCl in 60 ml of ethanol for 1 g of as-synthesized material) at 70 
o
C 

for 12 h. The solvent extracted material was filtered, washed and dried at 50 
o
C for 10 h 

(Figure 2.1(b)) [67]. 

2.1.2 Sorption Analysis:- N2 adsorption–desorption isotherms, pore size distributions (inset) 

and the textural properties of PMOE and SBA-15 were determined by using a Micromeritics 

Tristar II, USA and the results are plotted in Figure 2.2. Both materials exhibit a type-IV 

isotherm with a H1 hysteresis loop, which indicates the existence of mesoporous integrity. 

The BET surface area, pore diameter and pore volume of SBA-15 and PMOE are given in 

Table 2.1. 

 

 

 

 

 

 

 

 

Figure 2.2 N2-Sorption isotherm and pore size distribution curves (inset) of SBA-15 (black) 

and PMOE (red). 
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              Table 2.1: Textural properties of SBA-15 and PMOE 

 

2.1.3 Sample Preparation:- The solvent extracted, dried PMOE and SBA-15 packed in a 4 

mm rotor may have had some amount of adsorbed water. The samples were subjected to 

vacuum to reach their driest possible states. In order to increase the hydration level within the 

packed samples, the rotors with cap open were kept in separate closed environments along 

with exposing them to a definite amount of double distilled water. The weight gains of the 

rotors containing the samples were measured within an accuracy of ±0.1 mg, and 1D 
1
H 

MAS NMR spectra of the samples were recorded under identical experimental conditions as 

explained in the next section. In order to prepare samples with different hydration levels in a 

controlled manner, the hydrated samples inside the rotors were subjected to a vacuum line by 

removing the rotor cap and by pumping for specific time periods. After each pumping period, 

the weight of the rotor containing the sample was measured and a 
1
H MAS NMR spectrum of 

the sample was recorded. 

2.2 NMR Measurements 

The 
1
H MAS NMR spectra analysed and compared here were recorded at 298 K on a Bruker 

DSX 300 MHz NMR spectrometer equipped with a 4 mm MAS probe. One pulse NMR 

experiments were performed at a spinning rate of 10 kHz, the 
1
H 90

o 
pulse length was 2.5 µs 

and the recycle delay was 1 s. 
29

Si and 
13

C CPMAS spectra of SBA-15 and PMOE were also 

recorded at a 10 kHz MAS rate. The CPMAS contact time was 5 ms for 
29

Si and 1 ms for 
13

C. 

A two-dimensional 
1
H–

13
C WIde-line SEparation experiment was performed at a 10 kHz 

MAS rate in a DSX 300 MHz spectrometer. The incremental delay used was 5    for 256 t1 

points, thus providing an acquisition time of 1.28 ms in the indirect dimension. The recycle 

delay used was 2 s and the number of scans was 128 for each t1 increment. A short contact 

time was used during the CP transfer and the STATES [143] method was used to acquire and 

process the two dimensional data. We also recorded a 
1
H MAS spectrum at 298 K at a 

spinning rate of 60 kHz in an AV 700 MHz spectrometer. 

Sr.No. Materials BET Surface area 

[m
2
/g] 

Mean pore 

diameter (nm) 

Mean pore 

volume [cm
3
/g] 

1 SBA-15 841 7 1.24 

2 PMOE 775 3 0.83 
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2.2.1 Characterization of the System  

The surface of mesoporous silica materials can be complex due to the presence of 

different types of silica groups and hydroxyls. 
29

Si CP-MAS NMR spectra of PMOE and 

SBA-15 recorded for the driest states of the samples are shown in Figure 2.3(a,b) 

respectively. For PMOE, peaks labelled T1 (-47 ppm), T2 (-58 ppm), and T3 (-67 ppm) shown 

in Figure 2.3(a) arise from those silicon atoms that are connected to the organic environment 

[CH2Si(OH)2(OSi)], [–CH2Si(OH)(OSi)2], and [–CH2Si(OSi)3], respectively. The 
29

Si CP-

MAS NMR spectrum shown in Figure 2.3(b) exhibits the well characterized Q2, Q3 and Q4 

resonances of SBA-15 with chemical shift values of -92, -103, and -113 ppm, respectively. 

13
C CP-MAS NMR spectra of PMOE and SBA-15 recorded for the driest states of the 

samples are shown in Figure 2.3(c and d), respectively. The 
13

C peak shown in Figure 2.3(c) 

at 5.3 ppm is due to the bulk –CH2–CH2– carbons of PMOE, whereas there was no 
13

C signal 

from SBA-15, as expected. The peaks marked with ‗*‘ are from the surfactants. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 
29

Si and 
13

C CPMAS spectra of PMOE and SBA-15 recorded at 10 kHz are shown 

in (a and b) and (c and d) respectively. Surfactant peak in the 
13

C spectrum are denoted by *. 

 

2.2.2 Data Analysis:- All 
1
H proton MAS NMR spectra analysed were deconvoluted into 

distinct spectral components using the DMFIT program.
 
The total integrated intensity 
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provided by DMFIT program was used further to estimate the number of protons per nm
2
 in 

the pores of the materials under study, as discussed below. 

2.3 Results and Discussion  

2.3.1 Analysis of Proton MAS NMR Spectra of PMOE and SBA-15  

In this study, we investigate the distribution of adsorbed water in PMOE at different 

hydration levels through proton one pulse MAS NMR spectroscopy. The proton density 

within the pores is characterised by the parameter p, which describes the proton concentration 

per nm
2
 at each hydration level of the sample [98,101,102]. With the prior knowledge of the 

pore surface area (Figure 2.2 and Table 2.1) and the integrated intensity derived from proton 

MAS NMR spectra at different hydration levels, we calculated the corresponding p values. 

The total integrated intensity was calculated and correlated with the weight loss for both 

samples, as shown in Figure 2.4(a,b). While increasing or decreasing the hydration levels, we 

observed that the recorded proton MAS NMR spectra at room temperature for both samples 

were reproducible, in terms of the chemical shift pattern and total integrated intensity. Based 

on this observation and the linear dependence of weight loss on the total integrated intensity, 

we conclude that the hydration process is reversible in the pores of PMOE and SBA-15.  

 

Figure 2.4 Linear variation of the total integrated intensity of the proton spectrum with 

respect to weight loss (mg) at various levels of pumping in PMOE (a) and SBA-15 (b). The 

corresponding p values were calculated at each stage and are shown 
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The normalized total integrated intensity vs. weight loss shown in Figure 2.4 was 

plotted and analysed using the linear fit program in Origin
@

. The program provided the slope 

and intercept as (-0.079 ± 0.005, 0.93 ± 0.03) for PMOE and (-0.049 ± 0.002, 0.98 ± 0.03) for 

SBA-15, respectively. The intercept with the x-axis was 11.7 mg for PMOE and 20 mg for 

SBA-15 from which the amounts of dry PMOE and SBA-15 present in the rotor were 

calculated as 21.5 mg and 29.6 mg, respectively. Using these values, the total pore surface 

areas of the samples were estimated as 1.66 x 10
19

 nm
2
 for PMOE and 2.49 x 10

19
 nm

2
 for 

SBA-15. From the total pore surface areas, for any hydration level, the number of protons per 

nm
2
 was finally evaluated. In this study, for SBA-15, as a function of hydration, the p values 

vary between 3 and 54 H nm
-2

 and for PMOE, the variation is between 3 and 47 H nm
-2

. We 

approximated the calculated p values to the nearest integer. 

In contrast to SBA-15, PMOE has a dipolar –CH2–CH2– proton network in its bulk. 

Therefore, the proton spectra at all hydration levels exhibit a ‗broad base‘ arising from 

proton–proton dipolar interactions. Hence, for PMOE, the total integrated intensity of the 

proton spectra also includes the intensities arising from the bulk proton network. The 

contribution from the bulk -CH2-CH2- network does not depend on hydration level, hence 

information related to its position, line width, and percentage needs to be known in order to 

estimate p and for further analysis of the spectral contributions of bulk water and surface 

protons in PMOE. In order to extract approximately the dipolar-broadened proton line shape 

associated with the –CH2-CH2- protons, a two dimensional 
1
H-

13
C wide-line separation 

experiment was performed at 10 kHz MAS with a short cross polarization contact time. In the 

WISE experiment, after initial proton excitation, transverse proton magnetization is made to 

evolve freely during t1 and is transferred to 
13

C through a CP process, followed by 
13

C 

detection.  WISE experiment is widely used in polymers in order to derive heterogeneity of 

molecular dynamics. In this experiment, the wide 
1
H NMR lines, overlapping in the 1D 

spectrum can be well resolved according to the chemical shift of the bonded 
13

C nuclei. 

Hence, the heterogeneity of mobility is directly extracted from the 
1
H lineshapes in the F1 

dimension.  

The projection extracted from the two dimensional wide-line MAS spectrum shown in 

Figure 2.5 was used to estimate the line width and position of the resonance associated with 

the –CH2-CH2 protons in the PMOE bulk. The proton centreband is located at 2 ppm with a 

full width at half maxima (FWHM) of ~3200 Hz. Subsequently, the 1D proton spectrum 
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corresponding to the driest state, with p~3H/nm
2
, of the PMOE sample has been deconvoluted 

by incorporating, besides the bulk water and surface proton components, a component 

centred at ~2ppm and FWHM of ~3200 Hz whose amplitude was optimized, together with 

the amplitudes and lines widths of all the other components, to get the best fit model. The 

proton spectrum of the driest state of the sample has been selected for optimization because 

the signal intensity due to –CH2-CH2-is significant in this case due to less percentage of bulk 

water and surface protons. Since the amount of –CH2-CH2 protons is constant in the sample at 

all hydration levels, all PMOE spectra are deconvoluted by incorporating the broad lineshape 

component with the same position, amplitude, and linewidth determined for the driest 

sample. In all deconvolutions, the broad dipolar lineshape at 2 ppm is referred as the ‗base‘. 

The spectrum with the best fit at p~3 H/nm
2
 is shown in Figure 2.6.  

 

 

 

 

Figure 2.5 Proton F1 projection extracted from a 
1
H{

13
C} 2D Wide-line Separation spectrum 

of PMOE (p ~ 3 H/nm
2
) acquired at 10 kHz MAS with a DSX 300 MHz spectrometer at room 

temperature. The centreband is positioned at 2 ppm, with a FWHM of ~3.2 kHz. The 

projection is extracted at the maximum of the 
13

C resonance (5.3 ppm). 

 

 

 

 

 

 

 

Figure 2.6  Deconvolution of proton MAS spectrum of PMOE at p~3 H/nm
2
 using DMFIT.  
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2.3.2 Analysis of Proton Spectral Components:- The inner pore surface of PMOE is 

composed of an –O–Si–CH2–CH2–Si–O– network and, upon hydration, water molecules can 

form hydrogen-bonding networks starting from the silicon–OH groups on the surface. 

Following Grűnberg et al. and Rosen et al., we refer to these proton–oxygen structures as 

clusters, situated near to an oxygen site on the surface [99,101,102]. At low to moderate 

water loading, the presence of different clusters undergoing fast dynamics leads to 

sufficiently resolved proton spectra displaying characteristic chemical shift ranges. Such 

characteristic chemical shift ranges can be used to track different cluster types and their 

contribution in the material under study and at different hydration levels. 

The proton spectra of PMOE and SBA-15 [99,101] exhibit characteristic resonances 

within a few distinct chemical shift ranges: (i) 5.8–7 ppm, corresponding to protons that are 

strongly hydrogen-bonded to the silica surface and termed acidic protons, (ii) 4.4–5.2 ppm, 

corresponding to bulk water, (iii) 3.1–3.4 ppm, corresponding to water molecules that are 

hydrogen bonded to the surface silanols (–Si–OH + H2O), termed surface protons, (iv) 3.6–

4.1 ppm, corresponding to clusters of larger size, (v) 1.6–2.0 ppm, corresponding to isolated 

Si–OH, and (vi) 1.0–1.1, corresponding to isolated water molecules termed monomers [99]. 

(a) PMOE. The proton spectra of PMOE at different p values are shown in Figure 2.7(i–v). A 

representative deconvoluted spectrum along with the total fit (dotted red) is shown in Figure 

2.8 for a p value of 29 H nm
-2

 and a few more deconvolutions at various hydration levels are 

presented in the Appendix Figure A2.1–A2.4. The relative percentages of isolated silanols 

and water proton resonances at different p (H nm
-2

) values and the ratio between the volume 

of adsorbed water and the pore volume (%) are given in Table 2.2. This ratio is estimated as 

            , where    is the volume of water in the mesopore at a given hydration level 

and    is mean pore volume of the amount of dried sample under study. Starting from the 

minimum p (H nm
-2

) value of 3, the surface distribution of water at different hydration levels 

is discussed below. The proton spectrum at p ~ 3 H nm
-2

 was deconvoluted into four lines 

corresponding to (i) isolated silanols (~42%), (ii) surface water (40.2%), (iii) acidic protons 

(14.6%) and (iv) monomers (3.2%). Correlating 100% of the protons to a p value of 3 H nm
-2

, 

we have a maximum of 1.26 isolated silanols per nm
2
 on the surface, 1.21 surface protons per 

nm
2
, and 0.44 and 0.09 protons per nm

2
 for acidic protons and monomers, respectively. At 

moderate to high p values, two additional resonances were observed simultaneously in the 

chemical shift ranges of 3.6–4.1 ppm and 4.4–5.2 ppm. Finally, at the maximum p value of 



 
 

58 
 

~47 H nm
-2

, the spectrum is dominated by an asymmetric bulk water peak, which was 

deconvoluted into two components centred at 4.6 and 4.4 ppm, with ~71% and ~19% relative 

integrated intensities. The variation in relative integrated intensity of different components 

with respect to hydration is shown in Figure 2.9. Although the peak corresponding to isolated 

silanols was not visible in the spectra, assuming a component at the chemical shift value of 

isolated silanols was necessary for deconvolution, as the experimental spectra could not have 

been fitted otherwise within the 1.5–2 ppm range. Still, in order to directly confirm the 

presence of isolated silanols, we performed a 1D 
1
H MAS NMR experiment at fast MAS (60 

kHz) for p ~ 3 H nm
-2

, and a proton resonance at 1.7 ppm was observed corresponding to the 

range of isolated silanols, as shown in Figure 2.10. 

 

 

 

 

 

Figure 2.7 Proton MAS spectra of PMOE for various p values. The spectral intensity is scaled 

with respect to p ~ 47 H nm
-2

 and the multiplication factor is displayed on the left side of 

each spectrum. 

Table 2.2 Relative percentages of isolated silanols and water protons and the ratio between 

the volume of adsorbed water and the pore volume (      %) (calculated with respect to the 

specific pore volume) in PMOE tabulated for different p (H nm
-2

) values. The total integrated 

intensity includes contribution from peaks in the 0.8-1.5 ppm range. 

 

 

 

 

 

p 

(H/nm
2
) 

1.6-1.7 

ppm 

(%) 

3.1 

-3.4 ppm 

(%) 

3.6-4.1 

ppm 

(%) 

4.4-5.2 

ppm 

(%) 

5.8-6.6 

ppm 

(%) 

       
(%)  

3 42 40.2   14.6 4.1 

8 20.1 11.8 46.6  18.5 11.1 

18 11.2 4.5 66.7  14.6 25.0 

20 10.1 4.3 65.7 2.7 14.9 27.8 

23 7.2 4.4 48.7 24.4 11.4 32 

29 7.1 2 46.7 31.5 8.9 40.3 

31 5.3   83.2 8.3 43.1 

38 3.6   85.2 7.7 52.8 

47 2.5   90.2 4.8 65.4 
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Figure 2.8 A representative deconvolution of the proton MAS spectrum of PMOE at p ~ 29 H 

nm
-2

 using DMFIT. 

 

 

 

 

 

Figure 2.9 Variation of the relative 

intensity percentage as a function 

of p in PMOE,  for (a) bulk and 

surface water protons and (b) 

isolated silanols and acidic protons. 
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Figure 2.10 Proton MAS spectrum of PMOE at p ~ 3 H/nm
2
 recorded at MAS rates of 60 

kHz (red) in a 700 MHz spectrometer and 10 kHz (black) in a 300 MHz spectrometer. The 

proton resonance corresponding to 1.7 ppm is marked by (*). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Proton MAS spectra of SBA-15 at different p values. 

(b) SBA-15. Figure 2.11(a(i–iv)) shows the proton MAS NMR spectra of SBA-15 recorded 

at different hydration levels, with p (H nm
-2

) values ranging from 3 to 21. The relative 

percentages of the isolated silanols and water proton resonances given in Table 2.3 are 

plotted in Figure 2.12(a, b) as a function of p (H nm
-2

). A few deconvolutions of SBA-15 

spectra for various hydration levels are given in Appendix Figure A2.5–A2.8. At the lowest p 

value of ~3 H nm
-2

, SBA-15 contains about 57.2% isolated silanols, 31.7% surface water and 
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11.1% acidic protons. Therefore, on the surface of SBA-15, at p ~ 3 H nm
-2

, we have a 

maximum of 1.72 silanols per nm
2
, 0.95 surface protons per nm

2
 and 0.33 acidic protons per 

nm
2
. With an increase in p value, the resonance observed in the 3.1–3.4 ppm range gradually 

shifts to a lower field. Finally, at p ~ 54 H nm
-2

, the spectrum is dominated by an asymmetric 

resonance in the bulk water range, which we deconvoluted into two components centred at 

4.6 ppm and 4.4 ppm, with 56% (FWHM 0.2 ppm) and 41% (FWHM 0.4 ppm) relative 

intensity, respectively. 

 

 

 

 

 

 

 

Figure 2.12 Variation of the relative intensity percentage as a function of p in SBA-15  for 

(a) bulk and surface water protons and (b) isolated silanols and acidic protons 

Table 2.3. Relative percentages of isolated silanols and water protons and the ratio between 

the volume of adsorbed water and the pore volume (      %) (calculated with respect to the 

specific pore volume) in SBA-15 tabulated for different p (H nm
-2

) values. 

 

 

 

 

(c) Dynamics of Water Clusters. Based on the analysis of the proton spectra of both PMOE 

and SBA-15, we discuss the distribution and dynamics of water molecules on the surface of 

these materials in terms of water clusters. At low to moderate p values, the protons within the 

clusters are exchanging quickly, and hence the chemical shift associated with a given cluster 

is approximately the average of the proton chemical shifts of the protons within it. The 

p 

 (H/nm
2
) 

1.8-2 

ppm 

 (%) 

3.1-3.4 

ppm 

(%) 

3.6-4.1 

ppm 

(%) 

4.4-5.2 ppm 

(%) 

5.8-7.0 

ppm 

(%) 

      
(%)  

3 57.2 31.7   11.1 3.0 

9 9.3 57.7 14.6  18.4 9.1 

15 4.3  78.5  18.2 15.2 

21 0.8  78.5 5.3 15.4 21.2 

28 0.4  55.5 28.6 14.7 28.3 

54    97 3 54.6 
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distinct chemical shifts of the clusters indicate that proton exchange between the clusters is 

slow when compared to the rapid exchange within the clusters. We define the size of a 

cluster, x, as the number of protons present in it. For isolated silanols (1.6–2.0 ppm), the 

cluster size is x = 1, whereas for monomers and acidic protons, due to the presence of single 

water molecules, the cluster size is x = 2. Proton resonances in the range 3.1–3.4 ppm 

correspond to single water molecules interacting with Si–OH protons, thus the size of the 

clusters for this chemical shift range corresponds to x = 3. With the addition of one or more 

water molecules, the average chemical shift changes due to fast exchange in the 3.6 to 4.1 

ppm range. The resonances in the above range correspond to a cluster of size x ≥ 4. 

At low to moderate hydration levels, water molecules bind to the surface in clusters of 

smaller size. An estimate of cluster sizes and their contribution can be obtained from the 

integrated intensity of different spectral components at low to moderate water loading. The 

variation in integrated intensity of different water clusters present in SBA-15 as a function of 

their size is shown in Figure 2.13(a). At p ~ 3 H nm
-2

, there is no contribution from clusters 

with x ≥ 4. With an increase in p from 3 to 9 H nm
-2

, the intensity of the isolated silanols (x = 

1) reduces, whereas the intensity of acidic (x = 2) and surface protons (x = 3) increases. As 

hydration increases from 3 to 9 H nm
-2

, more water molecules attach to the surface through 

hydrogen bonding with the silanols, hence silanol intensity reduces. Simultaneously, more 

surface water clusters (x = 3) are formed and a small amount of clusters with x ≥ 4 is also 

observed. Increasing the hydration further, at p ~ 15 H nm
-2

, the contribution from x = 1 

reduces further, and there is no observable contribution from the surface protons. Instead, we 

observe a significant increase in the intensity due to clusters with x ≥ 4. 

The variation of integrated intensity of different water clusters present in PMOE as a 

function of their size is shown in Figure 2.13(b). At p ~ 3 H nm
-2

, the main contribution is 

due to isolated silanols and surface protons. There is no contribution from clusters with x ≥ 4 

at this hydration level. As p increases from 3 to 18 H nm
-2

, the intensity of the isolated 

silanols (x = 1) and surface protons (x = 3) reduces, whereas the intensity of acidic (x = 2) 

protons increases. The observed intensity due to clusters with x ≥ 4 increases significantly 

from p = 8 to 18 H nm
-2

. We would expect a significant decrease in isolated silanol intensity 

with hydration, but instead, we observe a moderate decrease in intensity. This may be due to 

the existence of isolated silanol sites or pore segments that are not accessible to water 

molecules [140]. Further experimental evidence is needed to elucidate the nature of this 

behaviour. Inspection of Figure 2.13 shows that PMOE pores get filled with water at lower p 
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values in comparison to those of SBA-15. This observation is supported by the lower pore 

diameter in PMOE when compared with that of SBA-15. 

 

  

Figure 2.13 

Cluster distribution in (a) 

SBA-15 at p ~ 3 (solid), ~9 

(lines) and ~15 (white) and in 

(b) PMOE at p ~3 (solid), ~8 

(lines) and ~18 (white). 

Monomers are represented by 

(i) and acidic protons by (ii). 

For PMOE and SBA-15, the 

proton spectra at p ~ 18 H 

nm
-2

 and p ~ 15 H nm
-2

, 

respectively, are scaled to an 

arbitrary value (2000 a.u.). 

Intensities of all spectra are 

scaled accordingly. 

 

 

To justify the above statement we have calculated the maximum number of water 

molecules that could accommodate within SBA-15 and PMOE pores. From BET 

measurements the total pore surface area corresponding to the amount of dried sample within 

the rotor is estimated as 24.893*10
18

 nm
2 

for SBA-15, and 16.6*10
18

 nm
2 

for PMOE. Since 

one water molecule corresponds to an area of         [168], irrespective of the sample under 

study, ideally 9 water molecules/nm
2
 are required for monolayer formation, amounting to 

          .  

The above results emphasis the presence of 6 silanols/nm
2 

in the sample, a value 

which is significantly higher than the generally accepted silanol density (3-4 silanol/nm
2
) for 
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fumed silicas [131].
 
In this study we have estimated that a maximum of 2 and 1.6 silanol/nm

2 

is present in SBA-15 and PMOE respectively. Accordingly in SBA-15, two water molecules 

can form hydrogen bonding with them, resulting in a    value of         . From this, we 

may conclude that, at           monolayer may be formed and for any higher   values, 

cluster formation may be observed. This is further confirmed by the SBA-15 proton MAS 

NMR spectrum from           on wards (Fig. 2.12 & 2.13). For SBA-15 it is estimated 

that about 60 water molecules (             are required to completely fill the pore 

volume enclosed in a pore cylinder of 1 nm
2 

lateral surface area. Similarly, in the case of 

PMOE, about 26 water molecules
          ⁄   are required to fully fill the pore volume 

enclosed in a pore cylinder of 1 nm
2 

lateral surface area. In our experimental samples, at 

highest hydration level, the pores of PMOE are 90% filled whereas for SBA-15 the pores are 

45% filled. Therefore the pores of both materials are partially filled, but at lower   values the 

pores of PMOE  are filled more when compared with SBA-15. In the case of PMOE because 

of the presence of –CH2-CH2- in the silica network, the surface density of silanols is reduced 

when compared with SBA-15. This may result in the cluster formation at lower   values. 

This can be seen from the experimental observation provided in Fig. 2.13, at  ~ 8 H/nm
2
. 

2.3.3 Dynamics, Water Layers, and Pore Filling in PMOE and SBA-15 

Based on Figure 2.9, 2.12, and 2.13, we now compare the dynamic behaviour of 

protons in both samples. We can picture the pores or pore segments in the samples as covered 

with water layers of different thickness. Generally, one can expect a distribution of layers 

with respect to thickness, the change of the distribution with hydration, and that this 

distribution (with its characteristic centre, width, and line shape) has a signature in the proton 

NMR spectrum. For example, a broader distribution would lead to a larger line width of the 

observed resonance. We show below that important information can be gathered about the 

distribution of water layers at different hydration levels from the analysis of the proton 

spectra.  

In SBA-15, starting from the dry state of p ~ 3 H nm
-2

, the proton resonance at 3.1 

ppm with a relative intensity of 31% shifts to 3.4 ppm at p ~ 9 H nm
-2

. A further gradual shift 

of the proton line to a lower field is observed with an increase in p from 15 to 54 H nm
-2

. 

Finally, at p ~ 54 H nm
-2

, an asymmetric peak can be observed, which we deconvoluted into 

two components centred at 4.6 ppm and 4.4 ppm. For a water layer of a given thickness, the 

fast exchange results in an average proton chemical shift. A thicker layer would result in an 
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Figure 2.14 Overlaid normalized proton spectra of (a) SBA-15 and (b) PMOE acquired at 

various p values. The impurity peak at 2.1 ppm is shown with a (*). (c) Normalized 

intensities as a function of p for the 3.6–4.1 ppm and 4.4–5.2 ppm resonances in PMOE. (d) 

Corresponding FWHM as a function of p value. 

average chemical shift positioned more towards the bulk water chemical shift (4.4–5.2 ppm). 

The smooth variation in proton chemical shift to a lower field shown in Figure 2.14(a) can 

thus be attributed to a gradual increase in the thickness of water layers with an increase in 

hydration. This gradual increase in thickness of water layers with hydration also suggests that 

the pore filling mechanism is predominantly radial. The resonance observed in the range 3.6– 

4.1 ppm thus corresponds to a distribution of water layers of different thickness centred on 

some average layer thickness. For SBA-15, this model was already proposed by Buntkowsky 

and co-workers based on analysis of 
1
H MAS NMR spectra [99]. The distribution of 

adsorbed water on the pore surface of SBA-15 studied here is similar to that reported by 

Buntkowsky et al., which is reasonable as the pore diameters of SBA-15 in both studies are 

very similar (7 vs. 8 Å). 
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In PMOE, the proton resonance observed at 3.1 ppm in the dry state (p ~ 3 H nm
-2

) 

shifted to 3.9 ppm at 18 H nm
-2

 and its intensity increased (Figure 2.14(b)). With a further 

increase in p to 23 H nm
-2

, besides the 3.9 ppm peak, a new resonance appears at 4.5 ppm. 

Increasing the level of hydration further towards 47 H nm
-2

, the 4.5 ppm resonance shifts 

very slightly towards a lower field with an increase in relative intensity while the 3.9 ppm 

peak shifts significantly towards the 4.5 ppm resonance and decreases in relative intensity. At 

p ~ 47 H nm
-2

, only one peak is present at around 4.5 ppm and it exhibits an asymmetric line 

shape. The asymmetric peak was deconvoluted into two components at 4.4 and 4.6 ppm, 

similar to SBA-15 at p ~ 54 H nm
-2

. 

The resonance in the 3.6–4.1 ppm range behaves similarly to that observed in SBA-

15, therefore it can be attributed to a water layer distribution showing a gradual increase in 

the average water layer thickness with an increase in hydration. The fact that the second 

resonance is observed in the range of bulk water implies that it corresponds to fully or almost 

filled pores or pore segments. The simultaneous presence of both resonances and their 

behaviour upon hydration imply that at moderate to high water loadings, the layer thickness 

distribution must be the sum of two contributions. One of them corresponds to fully or almost 

fully filled pores and the other one is peaked at an average thickness, which increases on 

hydration. 

A similar behaviour was observed in MCM-41 by Buntkowsky and co-workers [99], 

where the coexistence of partially filled and fully filled pore segments was inferred from 
1
H 

MAS NMR spectra. They also proposed that the pore filling process is predominantly axial in 

MCM-41. Their conclusions are relevant to PMOE as the pore diameters of MCM-41 (3.3 

nm) and PMOE (3.0 nm) are similar. Based on the analysis of the 
1
H MAS NMR studies on 

PMOE, we observed that from low to moderate p values, the proton resonance corresponding 

to 3.1–3.4 ppm steadily shifts to a lower field. Although its relative percentage decreases, the 

absolute intensity of this resonance steadily increases which suggests a radial pore filling 

mechanism. As p increases above 18 H nm
-2

, this resonance continues to shift and grow in 

intensity, as shown in Figure 2.14(c), such that radial filling must still take place. However, 

the presence of the 4.5 ppm resonance that corresponds to filled or almost filled pore 

segments and its increase in intensity with hydration (Figure 2.14(c)) suggests that axial 

filling must also occur. Inspection of Figure 2.14(c) shows that the rates of increase for both 

resonances are very similar, which indicates that the rates of radial and axial filling are also 

similar. Therefore, we conclude that in PMOE, both axial and radial filling play a significant 
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role in the process of hydration at moderate to high p values. In Figure 2.14(d), the line 

widths of the two main resonances are displayed at moderate to high hydration levels. The 

increase and subsequent decrease in line width of the 3.6–4.1 ppm resonance may indicate 

that the contribution to water thickness distribution of partially filled pore segments becomes 

broader and subsequently narrower with an increase in hydration in the considered p value 

range. On the other hand, the steady decrease in line width of the 4.4–5.2 ppm resonance 

suggests a monotonous decrease in ‗line width‘ of the contribution to water thickness 

distribution corresponding to filled or almost filled pore segments. However, a change in line 

width of NMR resonances can also be due to changes in the genuine relaxation process due to 

a change in molecular dynamics, etc. 

2.4. Conclusions 

The adsorption of water in two different mesoporous materials, PMOE and SBA-15, 

has been studied using proton MAS solid state NMR spectroscopy. Through the analysis of 

the NMR spectra, we have systematically studied the distribution of bulk and surface water 

protons in both materials as a function of hydration. 

By correlating the weight gain of the samples to the total integrated intensity of the 

recorded proton spectra at each hydration level, we have calculated the number of protons per 

nm
2
 (p H nm

-2
) on the pore surface. Proton resonances observed at various hydration levels 

have been deconvoluted within several chemical shift ranges corresponding to (a) isolated 

silanols, (b) surface protons, (c) protons undergoing fast exchange within clusters of larger 

size, (d) bulk water, (e) acidic protons, and (f) monomers. The variation in relative integrated 

intensity of bulk and surface water components has been interpreted in terms of clusters and 

distributions of water layers. 

We performed an analysis of the NMR spectra in terms of water cluster size and their 

contributions for both samples at low to moderate p values. We observed that clusters of 

larger size are formed at lower p values in PMOE in comparison to SBA-15. This means that 

the pores of PMOE are getting filled with water at lower hydration levels. The smaller pore 

diameter of PMOE supports this conclusion. The formation of clusters on the surface of 

PMOE eventually leading to pore filling results from the interplay between the hydrophobic 

methylene bridges that reduce the effective adsorptive surface area and the lower pore 

diameter 
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. Contrary to our expectations and in contrast to SBA-15, with an increase in 

hydration in PMOE, we did not observe a significant decrease in the intensity of isolated 

silanols. This may be due to the existence of isolated silanol sites or pore segments that are 

not accessible to water molecules in PMOE. Further experimental evidence is needed to 

elucidate the nature of this behaviour. 

For PMOE at moderate to high p values, the simultaneous presence of two major 

resonances (at 3.6–4.1 ppm and 4.4–5.2 ppm) and their behaviour upon hydration imply that 

the water dynamics can be described in terms of a water layer distribution that is a sum of 

two contributions, one corresponding to fully or almost fully filled pores and the other one 

being peaked at an average layer thickness that increases on hydration. The asymmetry of the 

bulk water peak observed at the highest hydration level of the sample can be attributed to the 

gradual overlap of the two contributions with increasing hydration. The similar increase in 

intensity of resonances situated in the 3.6–4.1 ppm (corresponding to partially filled pore 

segments) and 4.4–5.2 ppm ranges (corresponding to fully or almost filled pore segments) 

suggests that both radial and axial filling mechanisms play a significant role in the hydration 

process. For SBA-15, the smooth variation in proton chemical shift to a lower field has been 

attributed, in agreement with previous studies, to the gradual increase in the average 

thickness of water layers with an increase in hydration and to a pore filling mechanism that is 

predominantly radial. For PMOE at low to moderate p values, the main dynamic resonance 

observed gradually shifts to a lower field in the range 3.1–3.8 ppm and increases in intensity. 

Therefore, for PMOE at low to moderate p values, the pore filling mechanism must also be 

predominantly radial. 

We have proposed a connection between spectral line widths and the water thickness 

distribution in PMOE according to which narrowing or broadening of the two major 

resonances is due to narrowing or broadening of the water thickness distribution. Further 

information is needed to confirm this. The information on surface water distribution, cluster 

dynamics, pore filling mechanism etc. derived from proton MAS NMR study may be further 

used for understanding the catalytic properties of PMOE. Similar approaches can be useful in 

the context of understanding the properties of other periodic mesoporous organosilicates and 

other similar systems as they may provide information about the surface inhomogeneity, 

mobility of guest molecules on the surface, etc. 
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3 

Dynamics in Amine-Functionalized Hybrid Materials 

Grafting of organic components to the silica network of organosilane-based materials 

plays an important role in the development of new materials [144-146]. The existence of 

efficient ways to introduce organic groups onto the surface of mesoporous materials as a 

means to tailor their properties has widened their industrial applications and enriched the 

research avenues [147,148]. Such hybrid materials have the potential to outperform the 

current biomaterials in terms of their mechanical properties and have played a major role in 

orthopaedic and dental applications, cancer therapy etc.  

One of the commonly used precursors for the preparation of functionalized groups is 

3-glycidoxypropyltrimethoxysilane (GPTMS) because of its versatile applications, such as 

antiscratch coatings, solid electrolytes, anticorrosion coatings, etc. [149-151]. GPTMS is also 

used as part of hybrid materials in optical wave guides, optical limiting, structured layers in 

microelectronics, and electrically conductive films, and for the preparation of second order 

nonlinear materials [152]. Because of the wide range of applications, the physicochemical 

properties of GPTMS are under continuous investigation [153-156]. The dynamic behaviour 

of water molecules in hydrated polymethacrylate has been examined by Yamada-Nosaka et 

al. [155]. The above studies highlight the correlation between function and molecular 

structure or dynamics. For correlating and widening the possibilities of these materials for 

varied applications, it is very important to understand the changes in dynamics under 

different conditions in host−guest systems. 

The aim of the study presented in this chapter is to understand the molecular 

dynamics of amine functionalized mesoporous materials through deuterium and proton solid 

state MAS NMR. Polyfunctional amines are popular curing agents for fabrication of organic 

polymers based on the epoxy-amine system [157,158]. Amine functionalized hybrid materials 

are in wide use for CO2 capture and in biomimetics where the functional efficiency depends 

on the kinetics of the linkers and the rate of adsorption of the mesoporous materials 

[159,160]. Understanding of the physical microstructure of amine functionalized mesoporous 

materials is important in assessing the CO2 transport behaviour. It has been reported that in 

various amine functionalized mesoporous silica, the CO2 uptake is governed by hindering or 

un-hindering of the amine groups by Si−OH on the surface [159,160]. In hemodialysis, usage 
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of mesoporous silica with amine functionalization has enabled the adsorption of more layers 

of urea within the mesopores. Amine functionalized propyl hydrocarbon chains help in better 

packing of chemisorbed urea and hence have high potential in the design of an artificial 

kidney [161]. 

In this study, we have covalently bonded methylene-deuterated diamines as tethered 

groups in two widely used functionalized materials to monitor its dynamics. Two samples 

were synthesized by grafting 3-GPTMS or 3-(trimethoxysilyl)propyl methacrylate (3-

MATMS) as an organic linker on SBA-15, and through post grafting a methylene deuterated 

diamine is attached as a pendent group to both. Proton and deuterium solid state one pulse 

NMR experiments under magic angle spinning (MAS) were performed at two hydration 

levels and temperatures ranging from 253 to 315 K. Since deuterium is selectively introduced 

through the diamines, deuterium MAS NMR lineshape analysis is performed for obtaining 

molecular dynamic information. Further, molecular dynamic simulations are performed to 

understand the conformations associated with dynamics and the results are compared with 

NMR observations.  

3.1 Materials and Methods 

3.1.1 Synthesis of Mesoporous Deuterated Organofunctionalized SBA-15 Catalysts. 

SBA-15, a mesoporous silica, was synthesized by sol−gel hydrothermal method by using 

Pluronic 123 (P123) as surfactant and tetraethylorthosilicate (TEOS) as silica precursor in 

acidic medium and detailed procedure is mentioned in previous literature. The surface 

modification of SBA-15 has been performed by the anchoring of (3-glycidyloxy 

propyl)trimethoxysilane (3-GPTMS) [157,158] or 3-(trimethoxysilyl)propyl methacrylate (3-

MATMS) as organic linker on SBA-15 through postgrafting method [162]. The synthetic 

procedure is explained as 0.5 g of pretreated SBA-15 at 110 °C for 3 h in 10 mL toluene was 

reacted with 0.25 and 0.5 milli moles of GPTMS and MATMS organic linkers respectively at 

95 °C for 10 h under inert atmosphere. After 10 h, the reaction mixture was cooled, filtered, 

and washed with toluene followed by dichloro-methane. The material was dried at 70 °C for 

12 h and solvent extracted with a Soxhlet apparatus by using dichloromethane as a solvent to 

remove the unreacted organic modifiers. 

The surface modified SBA-15 materials, glycidyloxy-functionalized SBA-15 

(GP@SBA-15) or methacrylate-functionalized SBA-15 (MA@SBA-15), were treated with 
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ethylene-d4-diamine (0.25 and 0.5 mmol respectively; taken in a ratio 2:1 with respect to the 

moles of organic linkers) in 8 mL of toluene at 70 °C for 16 h under N2 conditions. The 

material was filtered, thoroughly washed with an excess amount of toluene and 

dichloromethane to remove the excess amount of deuterated diamines, dried at 50 °C for 12 

h, and designated as d4-GPN@SBA-15 (Scheme 1) and d4-MAN@SBA-15 (Scheme 2). 

Scheme 1. Synthesis of Deuterium-Based Glycidyloxy-Functionalized SBA-15 Catalyst 

 

Scheme 2. Synthesis of Deuterium-Based Methacrylate-Functionalized SBA-15 Catalyst 

 

 

 

 

 

 

 

3.1.2 Sample Preparation. The samples were vacuum-dried and packed in two separate 4 

mm rotors. The wetting of the sample and further drying was similar as in previous 

publications [1001,102,127,135,137,163]. The rotors with cap open were kept in a separate 

closed environment and were exposed to a definite amount of double distilled water (a few 

microliters) for more than 24 h. The proton NMR spectra recorded subsequently were 

reproducible when correlated to sample weight gain and loss. Hence, we conclude that 

adsorbed water molecules are uniformly distributed within the sample. We made four 
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samples, two each for diamine-GPTMS and diamine-MATMS, respectively. We refer the 

samples as ―dry‖ or ―wet‖, depending on the relative degree of water adsorption. The 

schematics of the two linkers bonded in T3 configuration are shown in Figure 3.1(i, iv) 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic of (i) diamine-GPTMS, and (iv) diamine-MATMS linkers in T3 

binding configuration to SBA-15 surface. Position of the deuterated methylene carbons in the 

linkers are marked as (1, 2). 
29

Si and 
13

C CPMAS spectra of post grafted diamine-GPTMS (ii, 

iii) and of post grafted diamine-MATMS (v, vi), recorded at 298 K and 10 kHz MAS in the 

dry state. 

3.1.3 Solid State NMR. 
1
H and 

2
H MAS NMR spectra were recorded with a 700.13 MHz 

Bruker Avance
+
 NMR spectrometer equipped with 4 mm MAS probe. Proton one pulse 

experiments were performed at a spinning rate of 10 kHz, 
1
H 90° pulse length was 2.5 μs, and 

the recycle delay was 4 s. 
2
H spectra were recorded with a recycle delay of 1 s, MAS rate of 

6666 Hz, and a 90° pulse length of 3.5 μs. 
29

Si and 
13

C CPMAS spectra of both the samples 

post grafting of the deuterated diamines were recorded with a DSX 300.13 MHz Bruker 
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NMR spectrometer, at a MAS rate of 10 kHz, and high power proton decoupling. The CP 

contact time for 
13

C and 
29

Si was 1 and 5 ms, and the number of transients acquired was 

40,000 and 30,000 respectively. All deuterium spectra were processed using MatNMR [164]. 

Time domain data was left shifted until the first echo and Fourier transformed with a line 

broadening of 100 Hz. 

3.1.4 Basic Setup of Molecular Dynamic Simulations. MD simulations were performed 

using Materials Studio [105]. The basic setup of MD is explained in chapter 1, section 1.3 

and in [127,136]. Care was taken to sparsely distribute silanols along the accessible region of 

anchored diamine-GPTMS and diamine-MATMS. 

3.2 Results and Discussion 

3.2.1 Spectral Analysis. 
29

Si CPMAS spectra of diamines-GPTMS and diamine-MATMS, at 

the driest state are shown in Figure 3.1. Apart from the well reported Q2, Q3, and Q4 

configurations of silicon in mesoporous silicates with chemical shifts −92 ppm, −103 ppm, 

and −112 ppm, additional peaks are observed at −58 ppm and −67 ppm corresponding to 

molecules which are covalently bonded to a silicon atom and anchored to the surface through 

two oxygen atoms (T2) and three oxygen atoms (T3) respectively. T2 corresponds to an 

intermediate state during synthesis, [(OH)(O)2Si-(CH2)3OCH2CH(OH)-CH2NH-(CD2)-

(CD2)-NH2], or it may arise from the ethoxy [−O−CH2−CH3] which was used (TEOS) during 

the synthesis of SBA-15. T3 corresponds to the molecular formula 

[(O)3Si(CH2)3OCH2CH(OH)CH2NH-(CD2)-(CD2)-NH2]. Direct covalent binding of 

deuterated diamine as −(O)3Si-NH-(CD2)-(CD2)-NH2 and its variants is another possibility, 

but the 
29

Si CPMAS spectra of both the samples did not show additional vicinal and geminal 

(−85 ppm, −75 ppm) chemical shifts of silylamines [165]. Even though a quantitative 

estimation is not possible from the CPMAS spectra, since the percentage of grafting is low, 

the relative percentage of the Tn sites can be compared. The relative percentage of T3(T2) in 

diamine-GPTMS vs diamine-MATMS is 7.54(4.59) versus 12.6(8.3). This is reasonable as 

the grafting concentration of linkers and diamines in MATMS is twice when compared with 

diamines-GPTMS. In the present work we have not estimated the grafting and diamine 

coupling efficiencies. In both cases, more linkers are grafted in T3 configuration, and the ratio 

of T3/T2 in both samples is comparable, ∼1.6. The relative percentage of Q2 in diamine-

GPTMS is about 11.6%, whereas in diamines-MATMS it is 5%. The relative percentages 
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obtained from deconvolution of 
29

Si CPMAS spectra of both the samples are given in Table 

3.1. 

 13
C CP-MAS spectra of post grafted diamine-GPTMS and diamine-MATMS 

of the deuterated diamine are shown in Figure 3.1. The chemical shifts corresponding to 

diamine-GPTMS are (a) 71 ppm, (b) 22.7 ppm, (1, 2) 39.6 ppm, (e, f) 51.4 ppm, and (c, d) 

73.2 ppm. For diamine-MATMS, the 
13

C chemical shifts are (a) 6.91 ppm, (g) 13.56 ppm, (b) 

21.3 ppm, (1, 2) 39.5 ppm, (c) 66.2 ppm, (f‘) 124 ppm, (e‘) 178 ppm and (d‘) 186 ppm. 

Though 
29

Si CP-MAS spectra of both samples show the presence of T2 conformation, the 
13

C 

CPMAS spectrum of diamine-GPTMS does not show the presence of ethoxy. This may be 

due to the lower grafting concentration in diamine-GPTMS and hence reduced intensity of 

these peaks. 

Table 3.1: Relative percentages of various resonances extracted using DM FIT from 
29

Si 

CPMAS spectra of SBA-15 modified with diamine-GPTMS and diamine-MATMS. 

 

 

 

 

 

 

 

 

Ethoxy peaks observed in diamine-MATMS are shown with ―*‖ and correspond to 25.3 and 

51 ppm. We have observed a considerable difference in the intensity of deuterated carbons (1, 

2) for the two samples, although they are recorded under identical CP conditions. This may 

be due to more contribution from remote protons and less dynamics of the end group in 

diamine-MATMS. The reduced intensity of peaks (1, 2) may also arise due to a lower 

coupling yield of diamine to GPTMS when compared with diamine to MATMS. However we 

could not clearly identify the epoxy 
13

C resonances which would be present for uncoupled 

GPTMS.  

To summarize, 
29

Si CPMAS analysis shows that linkers are grafted either in T2 or in 

T3 configuration, more linkers being grafted in the T3 configuration in both samples. The 

assignment of 
13

C CPMAS spectra shows that ethoxy is absent in diamines-GPTMS.  

29
Si groups 

in modified 

SBA-15 

Diamine-

GPTMS (%) 

Diamine-

MATMS (%) 

Q2 11.64 4.99 

Q3 50.93 47.04 

Q4 25.31 27.07 

T2 4.59 8.3 

T3 7.54 12.6 
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3.2.2 Analysis of Proton Spectrum of Diamine-GPTMS and Diamine-MATMS.  

When hydrated, the surface of mesoporous silica materials becomes complex due to 

the distribution and dynamics of adsorbed water on the pore surface. Proton NMR spectrum 

would be able to differentiate between water molecules which are hydrogen bonded to the 

surface and water molecules hydrogen bonded with themselves through chemical shift 

discrimination. Below, a brief description of the proton spectra and the dominant dynamic 

components present is given.  

The 
1
H MAS NMR spectra of the wet and dry state of diamine-GPTMS and diamine-

MATMS recorded at 298 K are shown in Figure 3.2 and 3.3 respectively. For diamine-

GPTMS, the ratio of total integrated proton intensity of dry and wet samples is 0.58, whereas 

it is 0.6 for diamine-MATMS. The total integrated intensity of the proton spectra is correlated 

to the weight loss and the number of protons/nm
2
 is calculated in both the samples. We have 

estimated a           and          for Wet and Dry states of diamine-GPTMS and a 

          and          for Wet and Dry states of diamine-MATMS. The spectra were 

deconvoluted using DMFIT to their respective dominant dynamic components, bulk water or 

free water with a chemical shift range of 4.4−5.2 ppm, surface water at 2.8−3.3 ppm, which 

may appear when the surface has a few number of water molecules which form hydrogen 

bonds with the surface silanols (Si−OH + H2O), and isolated silanols (Si−OH) in the 1.6−1.8 

ppm range. When the sample becomes dry, a fewer number of water molecules that are in the 

pores closer to the surface form hydrogen bonding with Si−O− resulting in the formation of 

isolated silanols. Resonance arising from isolated silanol is prominently visible in the proton 

spectra recorded at the dry state of both samples. The         values calculated are 

consistent with the distribution of water molecules on SBA-15 discussed in Chapter 2, where 

cluster formation is reported at    .The variation of the relative integrated intensity of 

dynamic components with respect to hydration and temperature for diamine-GPTMS and 

diamines-MATMS is shown in Figure 3.2 and 3.3 respectively. Deconvolution of the proton 

spectra recorded at 298 K for both samples is shown in the Figure 3.4.  
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Figure 3.2 (a) Proton spectra of diamine-GPTMS recorded at 298 K for the wet and dry state. 

(b−d) Relative percentage of bulk water, surface water, and isolated silanols at 253, 273, 298, 

and 315 K of diamine-GPTMS. The ratio of the total integrated intensities of dry and wet 

samples is 0.58 for diamine-GPTMS.  

 

 

 

 

 

 

 

 

 

 

Figure 3.3 (a) Proton spectra of diamine-MATMS recorded at 298 K for the wet and dry 

state. (b−d) Relative percentage of bulk water, surface water, and isolated silanols at 253, 

273, 298, and 315 K of diamine-MATMS. The ratio of the total integrated intensities of dry 

and wet samples is 0.6 for diamine-MATMS. 
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 Proton spectra of diamine-GPTMS and diamine-MATMS at low temperatures exhibit 

broad spectral features arising from homonuclear dipolar coupling of solidified bulk water. 

Solidified bulk water, present at low temperatures, results in a broad resonance such that the 

total integrated intensity over the range of interest reduces. The relative amount of surface 

water and isolated silanols increases at lower temperatures for both samples. At 253 K, both 

samples show a significant contribution from bulk water, ∼35% for diamine-GPTMS and 

∼15% for diamine-MATMS. Bulk water not solidified at lower temperatures will contribute 

to the dynamics of grafted molecules. The percentage of isolated silanols in diamine-

MATMS is almost half when compared to diamine-GPTMS. This is due to the higher 

grafting concentration in diamine-MATMS (hence less Q2). In both samples, the amine 

protons and the dynamic methylene protons are not visible in the proton spectra even at 

lowest hydration levels, in spite of narrower line-widths expected due to dynamics. We 

attribute the absence of these peaks to low grafting concentration.   

 

 

 

 

 

 

 

 

 

Figure 3.4 (a,b) Diamine-GPTMS
 1

H MAS spectra recorded at 298 K and their best fit, for 

the wet and dry states. The spectra correspond to Figure 3.2(a) in the main text. (*) denotes 

an impurity peak with relative integrated intensity < 1%. Ratio of the total integrated 

intensities for the dry and wet samples is 0.58. (c,d) Diamine-MATMS
 1

H MAS spectra 

recorded at 298 K and their best fit, for the wet and dry states. The spectra correspond to 

Figure 3.3(a) in the main text. (*) denote impurity peaks with relative integrated intensity < 

1%. The peak observed at 0.6 ppm and denoted by (x) has a constant relative integrated 

intensity of 5 % in both wet and dry states and is excluded from the dynamic discussion. 

Ratio of the total integrated intensities for the dry and wet samples is 0.6. 
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   The above discussion provides an estimate of the relative percentage of bulk water 

protons, surface protons, and silanols present in the sample which may be able to induce 

molecular mobility of anchored molecules. The molecular conformations associated with the 

mobility may also depend on the length of the anchored molecule, presence of double bonds 

in the molecule, and presence of −OH−, N−H, etc. in the molecule which can interact with 

Si−OH through hydrogen bonding. The correlation between molecular dynamics initiated by 

the distribution of water protons on the surface of the mesoporous materials and deuterium 

MAS NMR spectra is discussed below.                                                                                    

3.2.3 Analysis of Deuterium Spectra of Diamine-GPTMS and Diamine-MATMS.           

Deuterium MAS spectra of wet and dry diamine-GPTMS, recorded at 253 and 315 K along 

with the best fit spectra, are shown in Figure 3.5. The spectra were deconvoluted using 

DMFIT to their respective dynamic components. A minimum of three components with 

different line widths were needed to get the best fit spectra. The errors in the quadrupolar 

coupling parameters    ̅  ̅  are calculated based on Monte Carlo error analysis in DMFIT. 

Spectra recorded at 273 and 298 K along with the best fit are shown in Appendix Figure 

B3.1. Representative 
2
H MAS NMR spectra along with deconvoluted components, and 

difference between experimental and best fit spectra, are shown in Figure 3.6.  

 Close observation reveals that (a) sidebands have relatively sharp linewidths, (b) 

frequency span is the same irrespective of hydration, and (c) spectra are not arising from a 

single quadrupolar coupling tensor at any temperature. The presence of relatively sharp 

spectral components suggests that molecules are undergoing dynamics in the fast motional 

limit. On the other hand, the absence of broad spectral components suggests that dynamics in 

the intermediate motional regime is not reflected in the spectra. Since the time domain 

deuterium data were processed by removing the data points until the first echo, it is 

reasonable to assume that components arising from slow dynamics and thus having fast 

transverse relaxation rates will not appear in the analysed spectra. However, one cannot 

overrule the possibility of slower dynamics with intermediate jump rates. While analysing the 

spectra, a small redistribution of the intensity of the sidebands has been incorporated 

wherever necessary to symmetrize the spinning sideband pattern. The quadrupolar coupling 

parameters    ̅  ̅  employed to get the best fit spectra are given in Table 3.2. For all spectra, 

the errors are below                  for the rigid component, below                   
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for the intermediate component and below              } for the large amplitude dynamic 

component. 

Table 3.2. Best-Fit Quadrupolar Parameters for Diamine GPTMS at Various Temperatures 

Temperature (K) (a) WET    ̅       ̅  (b) DRY    ̅       ̅  

253 {158, 0. 09}, {85, 0.7} 

{43, 0.7} 

{158, 0. 09}, {88, 0.58} 

{43, 0.7} 

273 {158, 0. 09}, {83, 0.8} 

{43, 0.7} 

{158, 0. 09}, {88, 0.64} 

{44, 0.7} 

298 {150, 0.1}, {64, 0.99} 

{43, 0.7} 

{158, 0. 09}, {73, 0.64} 

{43.3, 0.7} 

315 {150, 0.1}, {62, 0.99} 

{43, 0.7} 

{158, 0. 09}, {74.6, 0.65} 

{43, 0.7} 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5  
2
H MAS NMR spectra of diamine-GPTMS recorded at 6666 Hz MAS, 253 and 

315 K, along with the best fit for the dry (a, b) and the wet (d,e) states of the sample. Relative 

percentages of rigid (■), intermediate (Δ), and large amplitude (*) dynamic quadrupolar 

components for the dry (c) and the wet (f) states of the sample. 



 
 

80 
 

 

Figure 3.6 Diamine-GPTMS 
2
H MAS NMR spectra recorded at 6666 Hz MAS, and 298 K 

for the wet and dry state. The relative percentage of integrated intensity and the averaged 

quadrupolar parameters of the deconvoluted components are shown in the plot.  

 Based on the averaged quadrupolar coupling values, the spectral components with 

  ̅                 ,   ̅                     , and   ̅             are referred to as 

rigid component, intermediate amplitude dynamic component, and large amplitude dynamic 

component respectively. Intermediate amplitude and large amplitude dynamic components 

may correspond to two different types of molecular mobility resulting in the reduced 

quadrupolar couplings mentioned above. The relative percentages of all the three spectral 

components and their variation with respect to temperature and hydration are given in Figure 

3.5. The relative percentage of intermediate and large amplitude dynamic components 

increases with temperature in the dry state, and the relative percentage of large amplitude 

dynamic component is low at all temperatures. With the wet sample, there is a significant 

decrease in the percentage of intermediate dynamic component and a significant increase in 

the large amplitude dynamic component in the 270−310 K interval. Variation with 

temperature of the relative percentages of the rigid component and the sum of intermediate 

and large amplitude dynamic components is shown in Appendix Figure B3.2.  
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Figre 3.7 
2
H MAS NMR spectra of diamine-MATMS recorded at 6666 Hz MAS, 253 and 

315 K, along with the best fit for the dry (a, b) and the wet (d,e) states of the sample. Relative 

percentages of rigid (■), intermediate (Δ), and large amplitude (*) dynamic quadrupolar 

components for the dry (c) and the wet (f) states of the sample. 

Deuterium MAS spectra of wet and dry diamine-MATMS, recorded at 253 and 315 K, along 

with the best fit spectra are shown in Figure 3.7. Spectra recorded at 273 and 298 K along 

with the best fit are shown in Appendix Figure B3.3. Representative 
2
H MAS NMR spectra 

along with deconvoluted components and difference between experimental and best fit 

spectra are shown in Appendix Figure B3.4. The best fit values of the quadrupolar parameters 

are given in Table 3.3. For all spectra, the errors are below                 for the rigid 

component, below                for the intermediate component and below 

               for the large amplitude dynamic component. As before, a small 
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redistribution of the intensity of the sidebands has been incorporated wherever necessary to 

symmetrize the spinning sideband pattern. The quadrupolar parameters corresponding to 

rigid, intermediate dynamic, and large amplitude dynamic components are      

             ,                          , and              respectively. 

 Table 3.3. Best-Fit Quadrupolar Parameters for Diamine-MATMS at Various Temperatures 

 

 

   

 

        

Variation with temperature of the relative percentages of the rigid component and of the sum 

of intermediate and large amplitude dynamic components is shown in Appendix Figure B3.5. 

The variation of relative percentages for all the three spectral components is shown in Figure 

3.7. Similar to diamine-GPTMS, the relative integrated intensity of intermediate and large 

amplitude dynamic components increases with temperature in the dry state, and the 

percentage of large amplitude dynamic component is low at all temperatures. For the wet 

sample, there is a gradual decrease in the percentage of intermediate dynamic component and 

a significant increase in the large amplitude dynamic component in the 270−315 K interval. 

The large amplitude dynamic component may be due to the additional rotational degree of 

freedom about C1 – C2 bond axis of the (D3, D4) deuterons when compared with (D1, D2). 

This is revisited in section 3.3.2. 

For both linkers, 
2
H MAS NMR spectral analysis provided similar results. Deuterium 

spectral line widths for diamines-GPTMS and diamine-MATMS are comparable even though 

the grafting concentrations are different. The change in molecular conformation due to 

dynamics, leading to the averaged quadrupolar parameters, can be compared across the 

linkers, as the change in mobility is largely due to the presence or absence of water molecules 

in the vicinity of the grafted molecule. Additional dynamics can arise from the steric 

hindrance or segmental mobility due to a difference in the length of the linkers. 

 

Temperature (K) (a) WET    ̅       ̅  (b) DRY    ̅       ̅  

253 {158, 0.09}, {92, 0.77} 

{43.3, 0.7} 

{158, 0.09}, {88, 0.7} 

{43.3, 0.7} 

273 {158, 0. 09}, {83, 0.78} 

{43.3, 0.7} 

{158, 0.09}, {86, 0.6} 

{43.3, 0.7} 

298 {155, 0.09}, {72, 0.7} 

{43.3, 0.9} 

{158, 0.09}, {78, 0.59} 

{43.3, 0.7} 

315 {155, 0. 09}, {64, 0.97} 

{43.3, 0.7} 

{158, 0.09}, {73.6, 0.63} 

{43.3, 0.7} 
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3.2.4 Molecular Level Picture from Deuterium Solid state NMR.  

In this section, the correlation between dynamics of the grafted molecules and the 

averaged quadrupolar parameters is addressed.  

Quadrupolar parameters reported for deuterated rigid molecules having C−
2
H are 

                           [11,117-119,167-172]. However, we could not fit any of 

the 
2
H MAS NMR spectra recorded from diamine-GPTMS and diamines-MATMS with zero 

anisotropy of the rigid component. The small anisotropy of the rigid component obtained 

from the best fit spectra can thus be attributed to a small angle jump. This could be due to 

local motion of the end groups, −NH-CD2-CD2-NH2 in diamine-GPTMS and =N-CD2-CD2-

NH2 in diamine-MATMS, with respect to the organic linker grafted. Additional changes in 

mobility affecting average quadrupolar parameters can also arise due to the presence of 

−C=N− in diamines-MATMS. 

The orientation dependent NMR quadrupolar frequency is given in Eq. [1.44a,b; 

1.47]. As discussed in section 1.3.1, dynamic studies often involve comparison of rigid-limit 

quadrupolar coupling parameters        with the dynamic average    ̅   ̅ . When the 

molecules undergo a dynamic process, the angles       which denotes the orientation of the 

magnetic field in the quadrupolar PAS changes with time, resulting in an averaged 

quadrupolar interaction characterized by averaged quadrupolar parameters {  ̅   ̅} . It is 

important to note that even if    , the motionally averaged asymmetry parameter may not 

vanish [122]. The dynamic averaged quadrupolar parameters result in changes of the NMR 

quadrupolar frequency and of the 
2
H spinning sideband pattern. Therefore, analysis of 

2
H 

spinning sideband patterns can provide information about molecular motion.  

For reorientation by small angles, the frequency changes very slightly with respect to 

the rigid limit. If the mobility is rapid on the time scale of   
  , the spread of angles       

over which      bond vector can fluctuate and can be estimated [122] by solving 

{          ̅            }

 
 

  

  ̅
⁄  , where    is the isotropic rigid component. For small 

angle librations,  

                                                      ̅   ̅     3.1 

and 
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                                                   ̅              ,     3.2 

where    is half the jump angle between two orientations. For small displacements, only one 

solution of    is valid for a given  {  ̅   ̅}. In both the samples, we believe that      is 

undergoing small angle reorientations resulting in {  ̅   ̅}  in the range 

                       . Line-shape analysis of the experimental spectrum provided 

an asymmetry parameter ~ 0.1 for all rigid components. Assuming the above model is valid 

in this study, we have estimated approximately the quadrupolar parameters of rigid 

component as                by utilizing the experimentally observed {  ̅  ̅} at 298 K 

from the dry state of both samples. The corresponding    calculated with Eq. [3.2] is ~ 13
o
. 

The experimentally observed {  ̅   ̅} values corresponding to the rigid component are thus a 

consequence of small angle libration of the      bond vectors. The    values calculated 

above are further used in the molecular dynamic simulations while deriving dynamic average 

quadrupolar parameters.  

Table 3.4 Ratio between Populations of the Rigid Component and the Sum of Intermediate 

and Large Amplitude Dynamic Components. 

Temperature 

(K) 

diamine-GPTMS  

(PRigid/PInt.+large) 

diamine-MATMS 

(PRigid/PInt.+large) 

Dry Wet Dry Wet 

253 1.21 1.53 1.86 2.48 

273 0.95 0.94 0.98 1.17 

298 0.85 0.87 0.92 1 

315 0.61 0.65 0.79 0.6 

 

The ratio between populations of the rigid component and the sum of intermediate 

and large amplitude dynamic components, PRigid/PInt.+large, are given in Table 3.4 for both 

samples. For diamine-MATMS, PRigid/PInt.+large ≥ 1 for wet sample between temperatures 253-

298 K. This may arise due to presence of more silanols interacting with the molecule and thus 

resulting in less mobility. For diamine-GPTMS, PRigid/PInt.+large are comparable among wet 

and dry samples between 273 - 315 K. It can be concluded that diamine-GPTMS is more 

dynamic when compared with diamine-MATMS. This may be attributed to the smaller length 

of diamine-MATMS and/or to more restricted motion due to the –C=N- double bond in 

diamine-MATMS when compared with diamine-GPTMS. In both samples PRigid/PInt.+large 
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reduces with increase in temperatures. Since the associated motion is complex, and the 

number of data points limited, we did not employ the ratios to calculate the Arrhenius energy. 

To summarize, 
2
H MAS NMR spectra recorded at different temperatures for wet and 

dry samples are deconvoluted into three spectral components. For both samples, the average 

quadrupolar parameters are similar, suggesting that the mechanism inducing dynamics in 

both samples is also similar. From the presence of ∼50% relative integrated intensity of a 

component with large average quadrupolar coupling and small asymmetry parameter, it can 

be inferred that a significant fraction of the linkers is undergoing small angle libration. The 

other two spectral components, corresponding to medium and small averaged quadrupolar 

coupling, can be attributed to different molecular mobilities. This observation is later 

substantiated by molecular dynamic simulations. The sum of the dynamic components 

increases with temperature and hydration, whereas the rigid component reduces with 

temperature, but its relative percentage remains more or less in the same range at different 

hydration levels in both samples. A higher population ratio between the rigid and the sum of 

total dynamic components in diamine-MATMS indicates more restricted dynamics of the 

linker. 

3.2.5 Water Induced Dynamics: A Correlation between Proton and Deuterium NMR 

Analysis.  

 Information about the role of hydration on the dynamics of linkers can be obtained by 

combining the analysis of proton and deuterium MAS NMR spectra. Water distributes over 

the surface of SBA-15 providing three distinct chemical shift regions corresponding to bulk 

water, surface water, and isolated silanols. In the present study, it can be seen from the proton 

and deuterium spectral analysis in both samples that, with an increase in the relative 

percentage of bulk water from the dry to wet state, the large amplitude dynamic component 

increases substantially, especially at 298 and 315 K. The analysis also shows an increase of 

the relative percentage of bulk water as well as an increase in the large amplitude dynamic 

component with temperature. This suggests that large amplitude dynamics is induced by bulk 

water in the vicinity of the linker. Following previous studies, we assume that a minimum of 

one water molecule adsorbed on the surface and ending in the formation of two vicinal 

silanols may be able to initiate dynamics of the linkers, resulting in the intermediate dynamic 

component. From Figure 3.2 and 3.3, it is observed that the percentage of surface water and 

isolated silanols is more in the dry state of both samples. Similarly, we also observe more 
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percentage of the intermediate dynamic component in the dry state of both samples. This 

supports the assumption that intermediate dynamics is induced by surface water and isolated 

silanols.  

 Molecular conformational changes of the grafted molecule resulting in averaged 

quadrupolar parameters are investigated below using molecular dynamic simulations. 

3.3. Molecular Dynamic Simulations. 

 We have performed MD simulations on models of both samples. As averaged 

quadrupolar parameters are due to motional changes in the orientation of the quadrupolar 

PAS frame, the time evolution of all the C−
2
H unit vectors, [             ], pointing 

along the respective C−
2
H bond directions of the two methylene groups is traced. From the 

MD output, the trajectories of four       are extracted, mapped on a unit sphere, and the time 

averaged quadrupolar parameters {  ̅   ̅}are calculated [127,136]. Details of MD simulations 

and the analysis of the trajectories extracted from dynamic simulations are provided in 

chapter 1. A brief overview is given below. 

3.3.1 MD Simulations of Diamine-GPTMS.  

 The linker diamine-GPTMS as shown in Scheme 1 is made in 3D atomistic and energy 

minimized. A template with a pore diameter of ~40 Å is energy minimized, and the molecule 

is covalently bonded in the T3 configuration. For T3, there will be one Si−OH near the silicon 

atom to which the linker is bonded. In another template, the molecule has been covalently 

bonded in T2 configuration and to the third oxygen, hydrogen is bonded to form a hydroxyl, 

instead of ethoxy in agreement with the 
13

C/
29

Si CPMAS spectra. The templates with various 

possibilities of anchored hydroxyls, and with the molecule bonded in T2 or T3 configuration, 

are energy minimalized and equilibrated for       . Free water molecules were not 

included in the MD model. The conformation at the end of the run is taken as an xsd file and 

is further subjected to FORCITE dynamic simulation for        using a COMPASS force 

field. Each 1000th molecular configuration, after 1 ps, is saved as a trajectory file. The 

trajectories of C−
2
H unit vectors,      , are extracted and analysed using an already existing 

homewritten Perl and Matlab codes by choosing a reference coordinate system            

as explained at the end of section 1.3.2. The corresponding      , values i = 1−4, are plotted 

on the surface of a sphere. The calculated    ̅   ̅  values are provided in Table 3.5. All 

simulations were performed at 298 K. Deuterons    and    are bound to undergo the same 
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reorientation dynamics, likewise deuterons     and   . The coarseness of the dynamic time 

steps employed in the simulations are reflected in the deviation of the quadrupolar couplings 

calculated from the MD output for deuterons    and    (and deuterons    and    . On the 

other hand, it has to be noted that the differences in the average quadrupolar coupling 

calculated between deuterons    and    (and deuterons    and   ) are very small. The fact 

that these small differences are very small suggests that the output from the dynamic studies 

through MD approach is sufficiently accurate and reliable.  

Silanols are positioned at various distances accessible to the linkers from the 

anchoring silicon atom and the corresponding {  ̅   ̅} values calculated are given in Table 

3.5.   

Table 3.5. Diamine-GPTMS: Averaged Quadrupolar Parameters    ̅  ̅  Calculated from 

Molecular Dynamic Simulations.            corresponds to        and       whereas 

           corresponds to        and       respectively. (refer to Figure 3.1). 

 

 

 

 

 

 

 

 The time dependence of dihedral angles for diamine-GPTMS anchored in T3 

configuration, with hydroxyls at a distance of 3.631, 12.208, and 12.292 Å with respect to the 

anchored silicon, is shown in Figure 3.8. For T2 configuration, the time dependence of 

dihedral angles with hydroxyls situated at 4.396, 4.337, and 4.665 Å is also shown in Figure 

3.8. The reduced quadrupolar parameters corresponding are shown in Table 3.5, model 1 and 

2. For T3 configuration, the variation in dihedral angles is between 180° to 60°, 180° to −60°, 

180° to −120°, etc. The changes in dihedral angles may also reflect transitions between 

“trans” and “gauche‖ molecular conformation along with other staggered/ bent 

conformations. In the case of T2, the dihedral angle changes from 180° to −60° and from 180° 

no. grafting 

configuration 

no. of Protons 

anchored 
                        

{  ̅       ̅} 

           

{  ̅       ̅} 

1 T3 3 3.631, 12.208, 

12.292 

           , 
{                      

           , 

2 T2 3 4.396, 4.337,  

4.665          
        , 

          
         , 

3 T2 4 3.737,  2.673, 

4.308, 5.924              
           , 

           
            , 

4 T3 3 4.468, 4.713,  

5.043             
           , 

            
          , 

5 T3 3 3.846,  14.577, 

12.215            
        ,  

         
        , 

6 T3 4 3.846, 12.215, 

12.258, 14.016 

          , 
                     

          , 
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to −120° for         and         respectively.       for i = 1 and 3 are shown for T3 and 

T2 in Figure 3.9 along with the respective averaged quadrupolar parameters. For T2, the 

trajectory (i = 1 and 3) spans three distinct regions, whereas for T3 the trajectories are 

distributed over a broad region. Molecular conformations extracted for T3 at 0.6, 0.9, and 1.3 

ns and for T2 at 0.3, 0.6, and 0.9 ns are shown nearby. It can be seen, for both T2 and T3 

molecular conformations, that the molecule is stabilized with the surface through −OH---HO-

Si− and/or −NH2---HO-Si− hydrogen bonding. This results in restricted mobility of the linker 

and local mobility of the end group, as also seen from the time dependence of dihedral 

angles. 

 With respect to position of the hydroxyls in the neighbourhood of the linker, the 

dynamics of the linkers may differ; yet, we see that averaged quadrupolar parameters are very 

similar. Results of a few more molecular dynamic simulations with hydroxyls at different 

positions are shown in Table 3.5. Figure 3.10 displays yet another possibility for a T2 

configuration with hydroxyls at a distance of 3.737, 2.673, 4.308, and 5.924 Å from the 

anchoring silicon corresponding to model 3 in Table 3.5. Trajectory spans two distinct 

regions, and the transition between the two resulted in averaged quadrupolar coupling in the 

range of            . The molecular conformation extracted at 0.9 and 1.2 ns from the 

dynamic run is also shown. As before, it can be seen that the linker gets stabilized to the 

surface through −(H)C−OH---HOSi, −NH---HO-Si, and −NH2---HO-Si hydrogen bonding. 

 

 

 

 

 

 

 

 

 

Figure 3.8 Time dependence of dihedral angles along the length of the linker, extracted from MD simulations, for diamine-

GPTMS anchored in T3 and T2 configurations, and the model (1, 2) in Table 3.5.  
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Figure 3.9 Spatial variation of C-
2
H vectors        , corresponding to the model of Figure 

3.8, drawn on a unit sphere. Out of four C-
2
H vectors only,       and       are shown. The 

average quadrupolar coupling parameters derived from MD are shown near the spheres. 

Molecular conformations extracted from MD simulation are shown nearby. Yellow (Si), red 

(O), gray (C), blue (N), and white (H) are the colour codes for the respective atoms. 

 The    ̅   ̅  values derived from MD analysis of molecular models belonging to Nos. 1-

4 correspond to the values for the intermediate dynamic component obtained from the 

deuterium MAS NMR spectra, whereas the values for models 5 and 6 correspond to the large 

amplitude dynamic component as shown in Table 3.2 for wet and dry samples, at 298 K. It 

can be seen from the spatial variation of the trajectory vectors shown in Figure 3.9 that, in the 

case of model-1 (T3) most of the trajectory vectors are confined within a rather narrow strip 

on the unit sphere, whereas for model-2 (T2) the trajectories are within three well-defined 

regions, resembling a ―three site‖ jump motion. For model (3), shown in Figure 3.10, it can 

be seen that dynamics is confined in two well-defined regions, resembling a 

―two site‖ jump motion. The time dependence of the dihedral angle, and the molecular 

conformations corresponding to model (4) in Table 3.5, are shown in Appendix Figure B3.6. 

Also in this case the dynamics resembles a ―two site‖ jump motion. The spatial distribution of 

trajectory vectors for model 5 (Figure 3. 11) shows dynamics over a wider range of angles 

and results in a reduction of the averaged quadrupolar coupling to values in the range 

found from the deuterium MAS NMR analysis for the large amplitude dynamic component. 
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In contrast to models (1-4), which show trajectory vectors spread over two or three well 

defined regions, the trajectory vectors for model (5, 6) spread over a single large region. For 

models (2-4) most of the time the trajectory vectors execute rapid jumps within one region 

followed by abrupt transitions of a larger jump angle to another region. The same holds for 

models (5-6) except that the rapid small angle jumps and the larger angle jumps bring the 

trajectory within a single extended region on the unit sphere. For all models, the average 

jump angle corresponding to the rapid motion is about 15°, and the average jump angle for 

large jumps is about 60°. The different geometrical arrangements of the hydroxyls considered 

in the simulations are just a few from the total number of possible arrangements. However, it 

is unlikely that qualitative differences would occur when considering additional geometrical 

arrangements of the hydroxyls. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Time dependence of dihedral angles, spatial variation of vectors C-
2
H        , 

and molecular conformations derived from MD for T2 configuration of diamine-GPTMS 

corresponding to model (3) in Table 3.5. The average quadrupolar parameters are shown 

nearby. Yellow (Si), red (O), gray (C), blue (N), and white (H) are the colour codes for the 

respective atoms. 
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Figure 3.11 MD calculations for diamine-GPTMS in T3 configuration and three hydroxyls 

positioned at 3.846, 14.577, and 12.215 Å from the anchoring silicon atom (model (5) in 

Table 3.5 (main text)). Time dependence of dihedral angles (left), spatial variation of C-
2
H 

vectors (right), and the average quadrupolar coupling parameters derived from MD are 

shown. Yellow (Si), red (O), gray (C), blue (N), and white (H) are the colour codes for the 

respective atoms. 

3.3.2. MD Simulations in Diamine-MATMS.  

 Diamine-MATMS, either in T2 configuration with ethoxy bonded to the third oxygen or 

in T3 configuration, is covalently bonded in separate templates, and FORCITE dynamic 

simulations are performed as described above at room temperature. Averaged quadrupolar 

parameters are shown in Table 3.6. The major difference we derived from the MD studies is 

the restriction in mobility imparted by the double bond =N-C1(D2) when compared with the 

end group -(D2)C2-N(H2). The difference in mobility is reflected in the averaged quadrupolar 

parameters shown in models 1, 2, and 5 in Table 3.6. 

 The time dependence of dihedral angles shown in Figure 3.12, arising from T2, with 

hydroxyls placed at 3.403, 2.889, 4.381, and 6.656 Å, displays a more constrained dynamics 

when compared with T3 where the hydroxyls are positioned at 3.435, 3.313, and 3.409 Å. The 

above configurations correspond to models (4) and (6) given in Table 3.6. It can be seen that 
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dynamics of CaCbCcO and CbCcOCd‘ in T3 and NC1C2N in T3 and T2 arises 

from a transition between various molecular conformations. In the case of T3, it is evident 

from the molecular conformations extracted at 0.25, 0.65, and 1.35 ns shown in Figure 3.13 

that the linker is stabilized with the surface through (H2)CO---HO-Si and NH2---HO-Si 

hydrogen bonding. The intermediate molecular conformation associated with T2 at time 

periods 0.15, 0.55, and 1.42 ns displays similar hydrogen bonding as above. In both cases, the 

molecule is partially stabilized with the surface through -CO---HO-Si- hydrogen bonding, yet 

the end group undergoes dynamics. The trajectories      , for i = 1 and 3, and the averaged 

quadrupolar parameters arising from T3 and T2 are shown in Figure 3.13. 

 

Figure 3.12 Time dependence of dihedral angles along the length of the linker, extracted 

from MD simulations, for diamine-MATMS anchored in T3 and T2 configurations, and the 

model (4, 6) given in Table 3.6. 
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Figure 3.13 Spatial variation of C-
2
H2 vectors        , corresponding to the model of Figure 

3.12, drawn on a unit sphere. Out of four C-
2
H vectors only       and       are shown. The 

average quadrupolar coupling parameters derived from MD are shown near the spheres. 

Molecular conformations extracted from MD simulation are shown nearby. Yellow (Si), red 

(O), gray (C), blue (N), and white (H) are the colour codes for the respective atoms. 

Table 3.6. Diamine-MATMS: Averaged Quadrupolar Parameters    ̅   ̅  Calculated from 

Molecular Dynamic Simulations.            corresponds to        and       whereas 

           corresponds to        and       respectively. (refer to Figure 3.1). 

 

Appendix Figure B3.7 shows results from T2 configuration with four hydroxyls at a distance 

of 3.022, 3.811, 3.511, and 4.673 Å from the anchoring silicon corresponding to model 3 in 

Table 3.6. In this case also, the    ̅   ̅  values derived from models 3, 4, and 6 correspond to 

no. grafting 

configuration 

no. of Protons 

anchored 
                        

{  ̅       ̅} 

           

{  ̅       ̅} 

1 T3 1 3.776 

 

        , 
{                  

         , 

2 T3 2 4.763, 6.467.  

           
        , 

          
         , 

3 T2 4 3.022,  3.811, 

3.511, 4.673.            
         , 

         
         , 

4 T2 4 3.403, 2.889,  

4.381,6.656.             
         , 

          
          , 

5 T2 4 2.771,  3.509, 

3.911, 3.751.          
          ,  

         
        , 

6 T3 3 3.435, 3.313, 

3.409. 

         , 
                     

           , 

7 T3 4 4.358,4.598, 

6.744, 8.649. 
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the values for the intermediate dynamic component obtained from the deuterium MAS NMR 

spectra shown in Table 3.3, at 298 K. Appendix Figure B3.8 shows results from a T3 

configuration with hydroxyls positioned at 4.763 and 6.467 Å, corresponding to model (2) in 

Table 3.6.       arising from the -C2D2-NH2 part of the diamine provided an average 

quadrupolar coupling of 44 kHz, whereas      for =N- C1D2- resulted in 77 and 79 kHz. The 

difference in the averaged quadrupolar parameters arising from (D3, D4) and (D1, D2) is 

probably due to the additional rotational motion of -C2D2-NH2 about the C1 - C2 bond. 

Similar rotational motion was not observed in diamine-GPTMS MD simulations perhaps due 

to the longer chain length and hence more complex dynamics. We did not encounter in our 

previous MD studies different averaged tensors arising from a single dynamic run, which 

may be attributed to the rigidity imparted by the double bond. Dynamic simulations were also 

performed with a T2 configuration and four hydroxyls positioned at 2.771, 3.509, 3.911, and 

3.751 Å, corresponding to model (5) in Table 3.6 and are shown in Appendix Figure B3.9 

along with the averaged quadrupolar parameters. In order to investigate the dynamics with 

hydroxyls positioned differently, simulations were performed with a configuration given in 

model (7) in the Table 3.6, and the results are shown in Appendix Figure B3.10. Similar to 

previously reported studies, we have observed that the molecule got almost stabilized through 

NH2---OH-Si and (H2)C-O--- HO-Si hydrogen bonding, resulting in averaged quadrupolar 

couplings in the 153-156 kHz range, in agreement with the non-isotropic rigid component for 

the wet sample at 298 K. Representative plots showing the variation of the polar angle θ for 

diamine-GPTMS and diamine-MATMS are shown in Appendix Figure B3.11 and Figure 

B3.12. Similar to diamine-GPTMS, it can be seen that the averaged quadrupolar parameters 

derived from MD simulations agree with the range of parameters obtained from deuterium 

MAS NMR analysis. In the case of diamine-MATMS, the trajectory vectors are either 

confined within a rather narrow strip on the unit sphere, or spread over two or three regions, 

or over a single large region leading to quadrupolar parameters in the range of intermediate or 

large amplitude dynamic component, similar to diamine-GPTMS.  

 We have presented only a few geometrical arrangements of the silanols with respect to 

the molecule grafted, but it is unlikely to have large deviations of the calculated values while 

considering other geometrical arrangements. MD analysis suggests that a minimum of one 

hydroxyl in the vicinity of the linker may be sufficient to initiate dynamics of the linker, 

resulting in averaged quadrupolar parameters.  
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 Apart from dynamics due to transitions between various molecular conformations in 

both samples resulting in averaged quadrupolar parameters, a few more points are discussed 

below. As shown in Table 3.4, the relative percentage of the rigid component is larger for the 

wet diamine-MATMS. This is supported by the MD simulation which shows stabilization of 

the linker to the surface through hydrogen bonding. However, in the case of diamine-

GPTMS, with a maximum of four silanols and a few geometric arrangements, we did not 

observe the stabilization of the linker, perhaps due to the larger length of the molecule. As 

chain length increases, the segmental motion also increases, resulting in more dynamics as 

shown in Table 3.4. 

3.4 Conclusions 

 In this chapter, 
2
H MAS NMR spectra of methylene deuterated diamine functionalized 

GPTMS and MATMS grafted in SBA-15 were analysed for dynamics information as a 

function of temperature and hydration. Since applications of functionalized materials also 

depend on the degree of grafting, we have chosen two different grafting concentrations of the 

hybrid materials to monitor dynamics. Average quadrupolar parameters extracted from 

deconvoluted components of 
2
H MAS NMR spectra are in similar ranges for both samples. 

Deconvolution of 
2
H MAS NMR spectra resulted in (a) a rigid quadrupolar coupling constant 

indicating small-angle jumps, (b) an intermediate dynamic component, and (c) a large 

amplitude dynamic component. By assuming a simple “small angle” jump model, the jump 

angle corresponding to the rigid component resulting from the libration/local motion of 

C−
2
H2‘s was calculated. The ratio between the rigid and sum of intermediate and large 

amplitude dynamic components is similar for diamine-GPTMS in both dry and wet states, 

whereas in diamine-MATMS it increases with hydration, signifying more restricted dynamics 

of the linker with an increase in hydration. This may be attributed to the smaller length of 

diamine-MATMS and/or to more restricted motion due to the –C=N− double bond in 

diamine-MATMS when compared with diamine-GPTMS. 

 It can be seen from the proton and deuterium spectral analysis in both samples that, 

with an increase in the relative percentage of bulk water from dry to wet, the large amplitude 

dynamic component increases substantially. This suggests that large amplitude dynamics is 

induced by bulk water in the vicinity of the linker. Similarly, we also observe a larger 

percentage of intermediate dynamic component in the dry state of both samples. This 
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supports the assumption that intermediate dynamics is induced by surface water and isolated 

silanols.  

 Subsequently, molecular dynamic simulations were performed with silanols occupying 

a few geometrical arrangements near the linker to mimic low and high hydration levels. The 

average quadrupolar couplings calculated from the MD output by analysing the time 

dependent trajectories of the C−
2
H unit vectors were within the ranges provided by 

2
H MAS 

NMR spectral analysis. Inspection of the spatial distribution of trajectory vectors showed that 

dynamics resembling ―two site‖ jump motion with almost equal population or ―three site‖ 

jump motion with slightly varying population resulted in averaged values of the quadrupolar 

parameters corresponding to the range for the intermediate dynamic component found 

through NMR analysis. Depending on the position of the accessible silanols on the surface, a 

restricted distribution of trajectory vectors in a relatively narrow strip on the unit sphere also 

provided intermediate dynamic component. On the other hand, values of the averaged 

quadrupolar parameters in the range of the large amplitude dynamic component resulted from 

a spread of the trajectory vectors over an extended single region on the unit sphere. 

 MD simulations also provided molecular conformations associated with dynamics and 

stabilization of the linker with the surface through weak hydrogen bonding. MD simulations 

indicate that the intermediate and the large amplitude dynamic components derived from 

NMR data may be the result of transitions between different molecular conformations, 

including transition between trans and gauche conformations. For diamine-MATMS by 

increasing the number of accessible silanols on the surface, the linker gets stabilized through 

hydrogen bonding with the surface, in agreement with the analysis of NMR data. MD showed 

evidence of steric hindrance in diamine-MATMS, resulting in intermediate and large 

amplitude dynamic components arising from a single anchoring configuration. 

 Many reported studies demonstrate that the functional efficiency of the amine 

functionalized hybrid mesoporous materials depends on the kinetics of the linkers and the 

adsorption of guest molecules. Analysis of 
2
H MAS NMR spectra and the complementary 

insights derived from molecular dynamic simulations widen the understanding of molecular 

transport and binding in amine functionalized hybrid mesoporous materials.  
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4 

Summary and Discussions 

Aim of this research is to characterize guest-host interactions at the molecular level in 

ethane substituted periodic mesoporous organosilicates and  amine functionalized SBA-15 by 

employing  
1
H and 

2
H solid state magic angle spinning (MAS) NMR and MD simulations.  

We have employed 
1
H solid state MAS NMR to monitor the distribution of water 

clusters on the pore surface of ethane substituted periodic mesoporous organosilicate, PMOE. 

By correlating the weight gain of the samples to the total integrated intensity of the recorded 

proton spectra at each hydration level, we have calculated the number of protons per nm
2
 (p 

H nm
-2

) on the pore surface. PMOE proton spectra acquired at different hydration levels are 

analysed and interpreted in terms of water clusters of various sizes according to the p values 

and the distribution of water layers on the pore surface. Distribution of water layers as a 

function of hydration enabled us to predict a pore filling model in PMOE. For PMOE at 

moderate to high p values, the behaviour of spectral components upon hydration suggests that 

both radial and axial filling mechanisms play a significant role. This is in contrast to SBA-15, 

for which analysis of proton MAS NMR spectra as function of hydration suggests a 

predominantly radial pore-filling mechanism. 

 2
H MAS NMR was employed to monitor the dynamics induced by surface adsorbed 

water molecules on two types of amine-functionalized SBA-15, diamine-GPTMS and 

diamine-MATMS, with different grafting concentrations. Amine functionalized linkers are 

used in this study due to their profound importance in CO2 capture and in biomimetics, where 

the functional efficiency depends on the kinetics of the linkers and degree of adsorption of 

the mesoporous materials. Deconvolution of 
2
H MAS NMR spectra resulted in (a) a rigid 

quadrupolar coupling constant indicating small-angle jumps, (b) an intermediate dynamic 

component, and (c) a large amplitude dynamic component. The ratio between the rigid and 

sum of intermediate and large amplitude dynamic components is similar for diamine-GPTMS 

in both dry and wet states, whereas in diamine-MATMS it increases with hydration, 

indicating more restricted dynamics of the linker with an increase in hydration. This may be 

attributed to the smaller length of diamine-MATMS and/or to more restricted motion due to 

the –C=N− double bond in diamine-MATMS when compared with diamine-GPTMS. 
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Analysis of deuterium and proton spectra suggests that one water molecule/nm
2
 

adsorbed near the linker may be sufficient to induce dynamics of the linkers thereby resulting 

in averaged quadrupolar parameters. Molecular Dynamic simulations were performed and the 

analysis of the time-dependent molecular trajectories lead to average quadrupolar parameters 

similar to those obtained from deuterium MAS NMR analysis. MD simulations also provided 

various molecular conformations associated with dynamics and indicated stabilization of the 

linker on the surface through weak hydrogen bonding. In the two samples studied, we found 

that difference in grafting concentration had negligible effect on the dynamics.  

 However, in many cases efficient performance of the functionalized materials depends 

on the grafting concentration and hence it would be interesting to monitor systematically the 

dynamics of linkers as a function of grafting concentration. Beyond a specific grafting 

concentration, dynamics of the linkers may get hindered due to intermolecular interaction. 

This may be reflected in the deuterium MAS NMR spectra as increased linewidths, change in 

relaxation times, or providing rigid-limit spinning-sideband patterns which are less sensitive 

to hydration or temperature. Due to lack of sensitivity, the methodology presented here may 

have limitations after a specific grafting concentration. This may require non-trivial 

development/application of additional experiments, incorporating perhaps NMR of other 

nuclei. In the case of PMOE, investigation of distribution of water clusters was not performed 

as a function of temperature. With pore walls being both hydrophobic and hydrophilic, low 

temperature studies at different hydrations may provide further insight about the distribution 

of water on the pore surface. Nevertheless, the work presented here illustrates that analysis of 

NMR spectra and correlation with the molecular dynamics simulations can lead to a 

conclusive molecular level picture of structure and dynamics. 
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Appendix A 

 Proton MAS NMR analysis – PMOE. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure A2.1 Deconvolution of proton MAS spectrum of PMOE at p ~ 38 H/nm
2
 using 

DMFIT. The corresponding chemical shifts including the impurities (2.1 ppm (~0.2%), 1.2, 

0.8 ppm) are indicated along with the best fit.  

 

 

 
p 

(H/nm
2
) 

1.62 ppm 

(%) 

1.13ppm 

(%) 

4.4 ppm 

(%) 

4.63 ppm 

(%) 

6.59 ppm 

(%) 

38 3.6 3.5 50.4 34.8 7.7 
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 Figure A2.2 Deconvolution of proton MAS spectrum of PMOE at p ~ 31 H/nm
2
 using 

DMFIT. The corresponding chemical shifts including the impurities (2.1 ppm (~0.2%), 1.2, 

0.8 ppm) are indicated along with the best fit. The percentages of the relative integrated 

intensity after subtraction of the impurity peaks are given.  

 

 

p 

(H/nm
2
) 

1.63 ppm 

(%) 

1.1 ppm 

(%) 

4.3 ppm 

(%) 

4.6 ppm 

(%) 

6.6 ppm 

(%) 

31 5.3 3.2 48.3 34.9 8.3 
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Figure A2.3 Deconvolution of proton MAS spectrum of PMOE at p ~ 23 H/nm
2
 using 

DMFIT. The corresponding chemical shifts including the impurities (2.1 ppm (~0.2%), 1.2, 

0.8 ppm) are indicated along with the best fit. The percentages of the relative integrated 

intensity after subtraction of the impurity peaks are given.  

 

 

 

 

 

p 

(H/nm
2
) 

1.71 ppm 

(%) 

1.06 ppm 

(%) 

3.3 ppm 

(%) 

3.91 ppm 

(%) 

4.51 ppm 

(%) 

6.6 ppm 

(%) 
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 Figure A2.4 Deconvolution of proton MAS spectrum of PMOE at p ~ 18 H/nm
2
 using 

DMFIT. The corresponding chemical shifts including the impurities (2.1 ppm (~0.2%), 1.2, 

0.8 ppm) are indicated along with the best fit. The percentages of the relative integrated 

intensity after subtraction of the impurity peaks are given.  
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Proton MAS NMR analysis – SBA-15. 

 

 

 

 

  

 

 

 

 

 

 

Figure A2.5 Deconvolution of proton MAS spectrum of SBA-15 at p ~ 54 H/nm
2
 using 

DMFIT.  
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Figure A2.6 Deconvolution of proton MAS spectrum of SBA-15 at p ~ 28 H/nm
2
 using 

DMFIT.  
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Figure A2.7 Deconvolution of proton MAS spectrum of SBA-15 at p ~ 21 H/nm
2
 using 

DMFIT.  
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 Figure A2.8 Deconvolution of proton MAS spectrum of SBA-15 at p ~ 9 H/nm
2
 using 

DMFIT.  
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Appendix B 

Deuterium MAS NMR spectral analysis 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B3.1 Diamine-GPTMS 
2
H MAS NMR spectra recorded at 6666 Hz MAS, for 

temperatures 273 and 298 K, along with their best fit are shown for the wet and dry states of 

the sample. Best fit spectra are obtained by summing the individual deconvoluted 

components 
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Figure B3.2 Percentage of rigid (■) and sum of intermediate and large amplitude dynamic 

components (□) as function of temperature for the dry and wet states of diamine-GPTMS. 

The total sum (▲) is shown at the top of the plot. 
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Figure B3.3 Diamine-MATMS 
2
H MAS NMR spectra recorded at 6666 Hz MAS, for 

temperatures 273 and 298 K, along with their best fit are shown for the wet and dry states of 

the sample. Best fit spectra are obtained by summing the individual deconvoluted 

components. 
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 Figure B3.4a Diamine-MATMS 
2
H MAS NMR spectra recorded at 6666 Hz MAS, and 298 

K for the wet state. The relative percentage of integrated intensity and the averaged 

quadrupolar parameters of the deconvoluted components are shown in the plot. 

 

 

 

 

 

 

 

 

Figure B3.4b  Diamine-MATMS 
2
H MAS NMR spectra recorded at 6666 Hz MAS, and 298 

K for the dry state. The relative percentage of integrated intensity and the averaged 

quadrupolar parameters of the deconvoluted components are shown in the plot. The large 

amplitude dynamic component contributes very little to the best fit. 
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Figure B3.5 Percentage of rigid (■) and sum of intermediate and large amplitude dynamic 

components (□) as function of temperature for the dry and wet states of diamine-MATMS. 

The total sum (▲) is shown at the top of the plot. 
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Analysis of Molecular Dynamic Simulations 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B3.6 MD calculations for diamine-GPTMS in T3 configuration and three hydroxyls 

positioned at 4.468, 4.713 and 5.043 Å from the anchoring silicon atom (model (4) in Table 

3.5 (Chapter 3). Time dependence of dihedral angles (left), spatial variation of      vectors 

(middle), and molecular conformations (right) derived from MD. Averaged quadrupolar 

parameters are shown nearby. Yellow (Si), red (O), grey (C), blue (N), and white (H) are the 

colour codes for the respective atoms. 
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Figure B3.7 MD calculations for diamine-MATMS in T2 configuration and four hydroxyls 

positioned at a distance of 3.022, 3.811, 3.511, and 4.673   from the anchoring silicon atom 

(model (3) in Table 3.6 (Chapter 1)). Time dependence of dihedral angles (left), spatial 

variation of      vectors (middle), and molecular conformations (right) derived from MD. 

Averaged quadrupolar parameters are shown nearby. The time dependence of dihedral angles 

shows very limited dynamics along the chain except for the end group. Dynamics of –C2-
2
H2-

NH2 provides an averaged quadrupolar coupling of 74 and 76 kHz, whereas for =N- C1-
2
H2- 

it is 80 and 82 kHz. Yellow (Si), red (O), grey (C), blue (N), and white (H) are the colour 

codes for the respective atoms. 
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Figure B3.8 MD calculations for diamine-MATMS in T3 configuration and two silanols 

positioned at 4.763 and 6.467   from the anchoring silicon atom (model (2) in Table 3.6 

(Chapter 3)). Time dependence of dihedral angles (left), spatial variation of      vectors 

(middle), and molecular conformations (right) derived from MD. Averaged quadrupolar 

parameters are shown nearby. The time dependence of dihedral angles shows very limited 

dynamics along the chain except for the end group. Dynamics of –C2-
2
H2-NH2 provides an 

averaged quadrupolar coupling of 44 kHz, whereas for =N- C1-
2
H2- it is 77 and 79 kHz.  

Yellow (Si), red (O), grey (C), blue (N), and white (H) are the colour codes for the respective 

atoms.  

 

 

 

 

 

 



 
 

115 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B3.9 MD calculations for diamine-MATMS in T2 configuration and four hydroxyls 

positioned at 2.771, 3.509, 3.911, and 3.751   from the anchoring silicon atom (model (5) in 

Table 3.6 (Chapter 3)). Time dependence of dihedral angles (left), spatial variation of      

vectors (right), and molecular conformations (bottom) derived from MD. Averaged 

quadrupolar parameters are shown nearby. The time dependence of dihedral angles shows 

very limited dynamics along the chain except for the end group. Dynamics of –C2-
2
H2-NH2 

provides an averaged quadrupolar coupling of 43 and 48 kHz, whereas for =N- C1-
2
H2- it is 

77 and 80 kHz.  Yellow (Si), red (O), grey (C), blue (N), and white (H) are the colour codes 

for the respective atoms.  
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Figure B3.10 MD calculations for diamine-MATMS in T3 configuration and four hydroxyls 

positioned at 4.358, 4.598, 6.744 and 8.649   from the anchoring silicon atom (model (7) in 

Table 3.6 (Chapter 3)). Time dependence of dihedral angles (left), spatial variation of      

vectors (right), and molecular conformations (bottom) derived from MD. Averaged 

quadrupolar parameters are shown nearby. The time dependence of dihedral angles shows 

very limited dynamics along the chain. The molecule got almost stabilised through NH2---

OH-Si and (H2)C-O---HO-Si hydrogen bonding resulting in averaged quadrupolar couplings 

in the 153-156 kHz range in agreement with the rigid component for the wet sample at 298K. 

Yellow (Si), red (O), grey (C), blue (N) and white (H) are the colour codes for the respective 

atoms.  
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Figure B3.11 Time dependence of the polar angle   for C1-
2
H1,2 (a,b) and C2-

2
H3,4 (c,d) for 

diamine-GPTMS and the model described in Figure 3.10. 

 

 

 

 

 

  

 

 

 

 

 

Figure B3.12 Time dependence of the polar angle   for C1-
2
H1,2 (a,b) and C2-

2
H3,4 (c,d) for 

diamine-MATMS and the model (6) given in Table 3.6. Molecular conformations are shown 

nearby. 
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Abbreviations 

NMR   Nuclear Magnetic Resonance 

RF   Radio Frequency 

MAS   Magic Angle Spinning 

CP   Cross Polarization 

MRS   Magnetic Resonance Spectroscopy 

DNP                            Dynamic Nuclear Polarization 

FWHM  Full Width at Half Maximum 

PAS   Principal Axis system 

CSA   Chemical Shift Anisotropy 

SIMPSON  SIMulation Program for SOlid state NMR 

EFG   Electric Field Grandient 

SNR   Signal to Noise Ratio 

M41S   Mesoporous 41 molecular Sieves 

MCM-41  Mobil Crystalline Materials-41 

SBA-15  Santa Barbara Amorphous-15 

PMO   Periodic Mesoporous Organosilicates 

PMOE   Ethane substituted Periodic Mesoporous Organosilicate 

FTIR   Fourier Transform Infrared Spectroscopy 

XRD   X-Ray Diffraction 

TEM   Transmission Electron Microscopy 

SEM   Scanning Electron Microscopy 

BET   Brunauer-Emmet-Teller 

BJH   Barrett-Joyner-Halenda 

DRS   Dielectric Relaxation Spectroscopy 

EPR   Electron Paramagnetic Resonance 
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QENS   Quasi Elastic Neutron Scattering 

EXPRESS                   Exchange Program for Relaxing Spin Systems 

KLDMAS  Lysine (K), Leucine(L), Dynamic MAS 

DFT   Density Functional Theory 

XC   eXchange and Correlation 

AMID   Ab Initio Molecular Dynamics 

MD   Molecular Dynamics 

CASTEP  CAmbridge Serial Total Energy Package 

VASP   Vienna Ab initio Simulation Package 

GIPAW  Gauge Including Projector Augmented Wave 

         COMPASS           Condensed-phase Optimized Molecular Potentials for Atomistic 

Simulation Studies 

GPTMS                      Glycidyloxy Propyl Trimethoxy Silane 

MATMS                     (trimethoxysilyl)propylmethacrylate 

SENS                          Surface Enhanced NMR Spectroscopy 

HETCOR                    Heteronuclear Correlation 

VCT                            Variable Contact Time 

WISE                          WIde-line Separation 

P123                            Pluronic123 

TEOS                          TetraEthylOrthoSilicate 

BTEE                          Bis-(TriEthoxysilyl) Ethane 
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