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Abstract 

 

Carbenes are neutral species having six electron in valance shell. Their incomplete octet and 

coordinative unsaturation, it makes unstable and they have only traditionally studied as highly 

reactive species. But after the emergence of N-Heterocyclic Carbenes (NHC’s) in 1991 it 

opened a new class of research in organic chemistry and in transition metal chemistry, with 

numerous applications. Many experimental techniques is available to study carbenes. Matrix 

isolation infrared spectroscopy in one such technique in which carbenes can be trapped at very 

low temperature and provide long life time to study.  This technique has advantage of small 

line width, which is efficient to study weak bonded complexes like hydrogen bond and various 

conformations.  

Very recently, hydrogen bonding interaction studied between carbene and proton donor solvent 

as R2C
…..H-X. The nucleophilic nature of NHC provides strong hydrogen bonding site with 

the proton donor solvents like H2O, MeOH.  

I am currently working on the conformational analysis and the weak interaction study of the 

“N-heterocyclic carbene” using Matrix Isolation FTIR Spectroscopy supported by ab-initio 

calculations. In this work, the hydrogen bonded complexes of N-heterocyclic carbene with 

water have been studied. The main aim of this work is to investigate the structure of the various 

hydrogen bonded complexes between the precursor molecules. The computational work has 

been performed at R-B3LYP, M06-2X and MP2 level of theories using 6-311++G (d,p) basis 

set. The interaction between N-heterocyclic carbene carbon and hydrogen of proton donor 

solvent (NHC….H-OH) has been observed as a dominating interaction in the optimized ground 

state. To study these complexes experimentally, the matrix isolation experimental facility has 

been used. 
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INTRODUCTON 

 

1.1      Carbenes  

1.1.1   Carbene Structure and Spin Multiplicity  

Carbenes are neutral species, in which the carbene carbon has two nonbonding electrons, which 

may be in a singlet or triplet sate. The carbene carbon is also covalently bonded to other atoms.  

In classical carbene systems, the carbene is attached covalently to two other carbons, such as 

dimethyl or diphenyl carbene.  It is also possible that the carbene carbon may be attached to 

hetero atoms, such as N, S, O.  The class of carbenes where hetero atom involved is nitrogen 

has become one of the popular systems in recent times – the N-heterocyclic carbene, which 

also happens to be theme of study of this work.  

Singlet carbenes result from a σ2 or p𝝿
2 configuration while the triplet carbene from a σ1p𝝿

1 

configuration.  

The geometry of the carbene can be linear, described by sp-hybridization of the carbene carbon 

and two nonbonding electrons occupy px and py orbitals, where px and py are two degenerate 

orbitals. In the bent geometry, the carbene carbon adopts an sp2-hybridization and two non-

bonding electrons occupy px and py orbitals which are non-degeneratei. Due to bending py 

orbital remain unchanged and is denoted as p𝝿  ,whereas  px orbital acquire some s-character 

and is denoted as σ which leads to stabilization as shown in fig.1. The orbital structure of 

singlet and triplet carbene as shown in fig.2ii. 

 

 

 

 

Figure 1: Representation of nature of frontier orbital of divalent carbonii 



2 
 

 

                                                                        

 

Figure 2: Orbital Structure of Singlet and Triplet Carbene 

Reactivity of carbenes 

The multiplicity of carbene carbon atom decides primarily the reactivity of carbenesiii. Singlet 

and triplet carbenes behave differently as the former generally acts as an electrophile 

participating in pericyclic reactions or can also act as nucleophiles. Triplet carbenes are known 

to be biradicals and they show step wise addition reactionsiv (Fig. 3).  

 

 

                           

 

 

Figure 3: Reactivity of Singlet and Triplet Carbene 

Stability of carbenes 

The substitutes on the carbene carbon, through the operation of the inductive and mesomeric 

effects, mainly decide the stability of the carbenes. Steric effects may also play a role.  

Inductive effect: Electron- withdrawing substituents (Cl, O, N) attached to the carbene atom 

render stability to the singlet. σ-electron-withdrawing substituents induce  more s-character in 

px orbital, resulting in a lowering the energy of σ orbital. Therefore the energy gap σ-p𝝿 increase 

and favors the singlet statev. On other hand if σ-electron-donating substituents are attached to 
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the carbene atom, they induce less of an s-character in px orbital, resulting in small σ-p𝝿 gapv, 

thus favoring the triplet state as shown in fig. 4.                                            

 

Figure 4: Molecular diagram of carbene showing inductive effect of substituents 

Mesomeric effect: Mesomeric effect can be understood in terms of interaction of the carbon 

orbital (σ, p𝝿 or px, py) and the p or 𝝿 orbital of the carbene substituents. If there are 𝝿-

electron-donating substituents (X) such as –F, Cl, Br, NR2, PR2, O-R, these can interact 

with the vacant p orbital, increasing the energy of p orbital. The σ orbital remain 

unchanged and the σ-p𝝿 gap increases which favors the singlet bent state. Whereas 𝝿-

electron-withdrawing group(Y) such as –COR, CN, SiR, BR2 imparts a linear singlet state. 

If both types of substituents(X & Y) are attached then quasi-linear carbenevi is formed as 

shown in fig.5.                                                                             

Usually carbenes are very reactive; however, some carbenes, the singlet carbenes, are 

thermodynamically stable in the absence of moisture and can be isolated and stored.  The triplet 

carbenes on the other hand have half-life of a few seconds.  These species can only be observed 

in experiments, but cannot be stored.   
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Figure 5: Molecular diagram of carbene showing mesomeric effect of substituents 

Energy of singlet and triplet carbenes 

In general triplet carbenes are more stable than singlet; the triplet being therefore the ground 

state. However, substituents can influence the state of the carbene. If there are electron 

donating groups that can donate electron pair into empty p-orbital of carbene, this may stabilize 

the singlet state by delocalizing the pair of electrons. If energy of the singlet state is sufficiently 

reduced, it can then actually become the ground state.  

 

 

 

 

                        

Figure 6: Energy difference between singlet and triplet carbeneiv 

The positive sign of ΔEst = Esinglet – Etriplet means that the ground state is triplet. 
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1.1.2.   N-Heterocyclic carbenes 

With the emergence of N-heterocyclic carbenesvii, a new direction has been launched in the 

study of carbene chemistry. NHC’s are generally singlet carbenes in which divalent carbon 

atom is attached to at least one nitrogen atom. In early 1960’s Wanzlick first investigated the 

existence of NHCviii. NHC’s are electron rich species and can serve as good σ donor ligands. 

They can form strong complexes with metalsvii. 

The first free stable carbene was prepared by in 1991 Arduengo and co-workers by using a 

strong base sodium hydride (NaH) and the catalytic amount of dimethylsulfoxide (DMSO) in 

tetrahydrofuran (THF)ix as shown in fig.7. The use of polar aprotic solvent DMSO facilitates 

dissolution of N-heterocyclic carbene precursor salt for a homogenous reaction without 

interfering with the de-protonation process and gives normal carbeneix. 

Figure 7: Preparation of the stable 1,3-di-1-adamentylimidazolin-2-ylidene (IAd) as the 

first representation of free carbene 

1.2.   Spectroscopic methods of studying carbenes 

One of the most widely used techniques for investigation of carbene is Matrix Isolation 

Infrared Spectroscopy. The technique of matrix isolation is used to trap the reactive species 

which are then probed using spectroscopic techniques such as IR, UV/Vis and ESR. Where IR 

spectroscopy is used as the probe, N2 or Ar, which are transparent in the infrared region, are 

used as the matrix gases. Hydrocarbon glasses, popularly referred to as Schpolskii matrices, 

are used in UV/Vis or ESR studies.x 
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As will be shown later, matrix IR spectroscopy in combination with computations serves as a 

power tool in the study of the structure and binding of carbenes.  

In this work, we have attempted to study the hydrogen bonding interactions of NHC with water, 

which can be expected to involve a strong hydrogen bond.  We will now therefore discuss the 

nature and importance of the hydrogen bond.  

1.3   The hydrogen bond 

Hydrogen bond is a non-covalent interaction between two polar groups that occurs when 

hydrogen comes between two more electronegative atoms like F, O, N etcxi. Hydrogen bond 

can be denoted as X-H….Y, where X is the donor atom and Y is the acceptor atom. Depending 

upon the geometry of the molecule and environment of the molecule the energy of hydrogen 

bond lie between 1-40kal/mol. Hydrogen bond is stronger than van der Waals forces and 

weaker than ionic and covalent bond. Hydrogen bonding interactions is well known to 

influence a large number of processes in chemistry, biology, physics and material science.  The 

stability of the DNA and protein structures are some of the celebrated examples of the 

importance of the hydrogen bond.  Molecular conformations in chemistry and reaction 

pathways have been guided by these interactions.  A few of the hydrogen bonded structures 

are shown in fig 8. 

 

                                

Figure 8: A schematic representation of hydrogen bond formation 
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Hydrogen bond studies 

Matrix isolation infrared spectroscopy is powerful technique to study hydrogen bond 

interactions. The formation of X-H….Y bond results in the weakening of the covalent X-H 

bond, which leads to a decrease of X-H frequency. This is called red shift in X-H stretch in 

which electron is transferred from the proton acceptor to an anti-bonding orbital of X-H which 

causes a weakening of X-H bond and a consequence shift to lower frequency. Some atypical 

examples have been observed where there is a shift to higher frequency region of X-H bond, 

which are popularly known blue shifted hydrogen bondsxii,xiii. 

Computational chemistry is used to investigate the hydrogen bond and for a corroboration with 

experimentsxiv. In this work we used R-B3LYP, M06-2X and MP2 methods using 6-311++G 

(d,p) basis set to investigate the hydrogen bonded interaction, between 1,3-di-isopropyl-4,5-

dimethylimidazol-2-ylidene and H2O. 

1.4   Current research in hydrogen bonding complex of carbene: 

Very recently, Raut et al. investigated the hydrogen bonded complexes of 1,3-

dimethlimidazol-2-ylidene with H2O and MeOHxv. The hydrogen bonded complexes of NHC-

H2O and NHC-MeOH were found to be significantly stronger than many typical hydrogen 

bonded complexes. This conclusion was arrived at from the observed large red shifts in 

frequency of H2O and MeOH (583cm-1 & 546cm-1 respectively) as a result of complex 

formation. 

The experimental results were also supported by ab-initio calculation at MP2 and M062x 

methods using 6-311++G(d,p) and aug-cc-pVDZ basis set. The interaction energy of NHC 

with H2O and MeOH was computed to be 9.1kcal/mol and 9.8kcal/mol respectively, which 

indicates strong basic character of NHC’s. 
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Figure 9: Structure of NHC-H2O complex and NHC-MeOH complex 

Recently Sander and Costa also investigated hydrogen bonded complex of diphenylecarbene 

and MeOH using EPR and infrared spectroscopyxvi. They found very strong hydrogen bond 

giving rise to 864cm-1 frequency shift in O-H stretch. Interestingly they also found that the spin 

state of the NHC is changed from triplet to singlet state as a result of the hydrogen bond 

formation.  

1.5   Motivation for the present work 

It has been a challenge to study NHC and their complexes.  Matrix isolation is ideally suited 

for this purpose. NHC’s are very reactive species and are capable of displaying very strong 

hydrogen bonding owing to the presence of highly nucleophilic carbene carbon. Literature 

reports presents only one experimental study of the hydrogen bonded complexes of NHC till 

date . Raut et al. used 1,3-dimethylimidazol-2-ylidene (NHC) which was generated in situ from 

the carboxylate precursor.  This NHC was found to form hydrogen bonded complexes with an 

interaction energy of 9 kcal/mol with H2O and MeOH in the matrix. This method of NHC 

generation was accompanied by formation of huge amounts of CO2 as a byproduct of precursor 

pyrolysis in the matrix which pose a difficulty in complete and clean spectral analysis of NHC 

hydrogen bonded complexes. In order to resolve this difficulty, we used 1,3-diisopropyl-4,5-

dimethylimidazol-2-ylidene (NHC) which is a stable carbene. This carbene could be directly 

deposited in the matrix without any accompanying by-products produced during the deposition 

process. This NHC is however moisture sensitive and very reactive, and one therefore had to 
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exercise great caution in sample preparation and deposition. In the present study complexes of 

1,3-diisopropyl-4,5dimethylimidazol-2-ylidene (NHC) with H2O and D2O were co-deposited 

and studied for complex formation. The experiments were corroborated with computational 

studies. To aid in the understanding of the possible structures of the NHC-water complex, we 

show below the potential active sites of NHC and water to indicate hydrogen bond sites: 

  

                                (a)                                                                                 (b)               

 Figure 10: (a) Structure of 1,3-di-isopropyl-4,5-dimethylimidazol-2-ylidene and 

                    (b) Water 

In 1,3-di-isopropyl-4,5-dimethylimidazol-2-ylidene, both nucleophilic carbene carbon and 𝝿-

cloud (Site A & Site B respectively) act as proton acceptor and the hydrogens of H2O (Site D) 

acts as proton donor. The oxygen of H2O (Site C) also acts as proton acceptor. 

This multiple site of precursor molecules leads to several hydrogen bonded complexes and our 

aim is to investigate the all possible complexes than can be formed. Matrix isolation infrared 

spectroscopy provides us to investigate all local minima as well as global minimum.  
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Chapter 2 

Matrix Isolation Technique and Experimental Setup 

 

This section deals with experimental setup of matrix isolation infrared spectroscopy, which is 

used to study hydrogen bonded complex of N-heterocyclic carbene with H2O and D2O. This 

section also deals with the instrumentation parts of matrix isolation technique and experimental 

setup that is used to study the complexes of NHC-H2O and NHC-D2O. 

2.1   Matrix isolation technique  

Matrix isolation is a technique in which guest molecules are trapped in the rigid host materials 

at very low temperature (12K). Host material for this technique that are generally used are inert 

gases like N2, Ar, Ne and Xe. This technique was first developed by George C. Pimentel in 

mid-1950, to study free radicalsxvii. This technique is a very powerful for the studies on 

unstable and reactive species like carbene, nitrenes etc. In this technique the typical guest:host 

sample ratio is 1:1000 or 1:100000 which ensures 99% isolation. Because the guest molecules 

are embedded in a host material, the diffusion process and bimolecular reactions cannot take 

place. The sample and the inert gas are deposited on to the KBr or CsI window and studied by 

infrared spectroscopy. Quartz window is used for studied UV-Vis Spectroscopy. Electron spin 

resonance spectroscopy also studied where the deposition is done on sapphire-tipped copper 

rods. 

 

 

 

 

 

 

Figure 11: A schematic representation of isolation of sample and deposition 
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2.2   Advantage of matrix isolation technique 

The inert gases used in this technique which do not react with the guest molecules. Inert gases 

are mostly monoatomic except N2, all of which do not infrared absorptions and are therefore 

ideally suited for vibrational spectroscopy.  

In the inert gas cage, the molecules do not experience any intermolecular interactions because 

of the isolation in the solid matrix. Doppler and Collisional broadening also absence because 

molecules are immobilized in frozen matrix. Since molecules are trapped at very low 

temperature, therefore electronic and vibrational levels of molecules are less populated. 

Owing the all reasons, the matrix isolated spectra are sharp and simple unlike condensed phase 

spectra that have large spectral line widths.  

2.3   Matrix Environmental Effects 

Even though the matrix in these experiments are inert gases, and are not expected to perturb 

the chemistry and spectroscopy of the trapped species, they nevertheless perturb the spectra 

for various reasons. We discuss some of the effects below: 

a) Matrix shifts:  

The guest molecules are trapped in the inert matrix and still experience very weak interaction 

with the matrix which result in a shift in the frequency or splitting of bands. The long range 

London dispersion forces and the short range repulsive forces are two dominant forces for this 

interaction. This frequency shift, 𝜟ν in a matrix with respect to the gas phase value arises from 

electrostatic (𝜟νelec), including (𝜟νind), dispersive (𝜟νdis) and repulsive interaction (𝜟νrep) and 

is given by the following expressionxviii 

                                          𝜟ν = ( νmatrix – νgas ) = 𝜟νelec + 𝜟νind + 𝜟νdis + 𝜟νrep 

A theoretical treatment of matrix induced frequency shift has been given by Pimental and 

Charles. It has been shown that a tight cage usually introduces a blue shift in vibrational 

frequencies (relative to the gas phase values) and a loose cage a red shift.xix 
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b) Multiple trapping sites: 

The guest species are trapped in the matrix in either substitutional site or interstitial holes. 

Different trapping sites have different kind of intermolecular interaction with the matrix and 

trapped species. 

Therefore different matrix cage induces different shifts in the band. Splitting of the band can 

be easily identified by changing the matrix, since different matrix do not have same trapping 

sites. 

c) Aggregation:  

In matrix isolation the guest species and matrix ratio in experiment are 1:1000, which conform 

the 99% isolation. By increasing the concentration of guest species there is chances to form 

dimer, trimmer. If two guest species are trapped very close to each other, then modification in 

vibrational band can be observed due to overlap of their respective cages. The probabilities of 

intermolecular interaction to ensure the maximum isolation of analyte molecules can be 

calculated by formula P= (1-r)12, where r is the reciprocal of the matrix ratio. For very small 

value of r the expression becomes P= (1-12r), from this it is clear that the matrix ratio of 1000 

is needed to ensure 99% isolationxx. 

d) Matrix structure: 

All inert gas matrix except helium crystalizes in face centered cubic ( FCC)xxi. In FCC crystal, 

a guest species is trapped in the sustitutional site where host molecule is replaced by guest 

species. Guest species are trapped by 12 nearest matrix atoms. It not possible to guest molecule 

to accommodate one sustitutional site replacing the one host molecule. So generally more than 

one substitutional sites are occupied by the guest molecule. A site with 18 nearest atoms is 

created by removing two matrix atoms. 

 In addition to substitutional site, crystal lattice can also have interstitial sites, Tetrahedral sites 

(T) and octahedral sites (O). A tetrahedral site has 4 nearby matrix atoms, whereas octahedral 

site has 6 nearby matrix atoms. A guest molecule with a spherical diameter of 0.159 Å and 

0.293 Å can be accommodated in Tetrahedral and octahedral site respectively. 
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2.4   Instrumentation setup: 

The main components of matrix isolation setup involve cryostat, vacuum system and FTIR 

spectrometer. The photograph of matrix isolation IR spectroscopy of our lab and its main 

components are shown in the following figure 12.  

 

Figure 12: A Schematic representation of parts of matrix isolation setup 

2.4.1   Matrix Isolation Infrared Setup 

           The main parts of matrix isolation setup are:  

1. Cryostat 

2. Vacuum System 

(1) Cryostat: 

Cryostat is used to get cryogenic temperature which is required to solidify the inert gas and 

also helps to form matrix structure. The matrix gases like Ar, Ne, Xe, N2 are requires a very 

low temperature of around 10-15K for forming solid matrix. The common cryogenic fluids 

used in cryostat to obtain low temperature are liquid N2, liquid He, liquid H2.  Closed cycle 

cryostats are also available working on the principle of a Gifford-McMohon cycle to generate 

very low temperature (~77K and 12K) and using He as the working fluid.  
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 In our system helium compressor is used to produce 10K temperature which is equipped with 

the cryostat CH-202w/HC4E1 model (Sumitomo Heavy industries Ltd.).The helium 

compressor is cooled with the 3kW chiller unit. (Fig. 13) 

                                                                            

 

 

 

 

 

 

 

(a)                                                                                  (b) 

Figure 13: (a) Photograph of Cryostat and (b) Block Diagram of Cryostat 

The cryostat can further subdivided into four main components: 

a)  Cold head   b) A helium compressor   c) Temperature control unit   d) An optical extension 

set 

Cold head and a helium compressor  

The lowest temperature achieved by this cryostat which uses He in GM cycle is around 10K. 

The cold head is connected to compressor by two stainless steel bellows tubes and electrical 

power cable. One of the bellows tube supplies high pressure Helium gas from compressor to 

cold head, other bellows tube returns low pressure Helium gas from cold head. Evacuation of 

the assembly is done through vacuum port mounted on the on the expender as shown in fig.13. 

The heat generated during the compression of the gas of the compressor and diffusion pump 

can be removed by chiller. 
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Temperature control unit    

In our cryostat temperature is measured by silicon diode sensor. At the cold end of cryostat 

there is heater coil which can regulate the temperature 12K to 300K. To anneal the matrix we 

increase the temperature upto 27K for N2 matrix and 35K for Ar matrix. Annealing enhances 

the diffusion and promotes the reaction of trapped species. 

An optical extension set 

A optical extension set consist a substrate holder, radiation shield and vacuum jacket. A KBr 

window is mounted on the substrate holder. Sample deposition happens on the KBr window. 

It is the cold end of the cryostat where the temperature is around 12K. This KBr window 

surrounded by radiation shield which is made up of copper. The vacuum jacket has four ports. 

Another vacuum jacket is attached with this vacuum jacket through O ring seal.  

 

 

 

 

 

 

 

 

                                     (a)                                                                  (b)          

Figure 14: (a) Internal part of second stage expender (b) A schematic diagram of cryostat 

parts containing optical extention set 
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(2)   Vacuum system 

There are two types of pumping system used in this setup. 

a) Rotary pump   b) Diffusion pump     

The rotary pump is basically a mechanical pumps which remove the air from the system by 

rotary devices. The average vacuum can maintained by this pump around 10-3 mbar. These 

pumps have mainly two purpose: 

 a) They remove bulk of the air which is initially at atmospheric pressure b) Since diffusion 

pump cannot exhaust against atmospheric pressure so backing of diffusion pump it used.  The 

pumping speed of rotary pumps are 100 lit/min. 

Diffusion pump can produce vacuum up to 10-6 mbar. The pumping speed of diffusion pump 

is ~300 lit/min and is backed by a rotary pump.  It is made up of stainless steel chamber 

containing vertically stacked cone-shaped jet assemblies. At the base of chamber there is an 

oil container in which generally silicon oil used. Oil has very low vapor pressure and it is 

heated by an electric heater. The vapor of the oil move upward and is expelled through jet 

assemblies. To cool the chamber, cold water flow around the chamber through the coil outside 

coil.       

2.4.2   FTIR spectrometer 

To record an infrared spectrum, we have used Fourier transformed infrared spectroscopy.            

Broker Tensor 27 FTIR spectrometer was used for our experiments operating at a resolution 

of 0.50 cm-1 for recording the spectrum in the spectral range 4000-400 cm-1. 

2.5   Experimental procedure 

The carbene 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene was weighed (~11mg) inside a  

glove box and taken into sample holder. The initial pressure of the system was 2.6*10-6mbar. 

In another glass bulb, H2O or D2O was taken. The glass bulb was thoroughly degassed, 

subjected to several freeze-pump-thaw cycles before deposition, in order to eliminate any 

trapped gaseous impurities. We have done our experiments using both single jet and double jet 

nozzles.  



17 
 

In the single jet method, we mixed D2O (~5mbar) with N2 in mixing chamber. After 

preparation of mixing chamber we set-up our carbene sample holder system, to the desired 

temperature (~7C) to get enough concentration of NHC as shown in figure 15. Once the desired 

temperature was reached, the deposition of the mixture of matrix gas and water or deuterium 

oxide was done for 15 minutes. After completion of the deposition, a spectrum was recoded. 

The KBr substrate was then warmed to 27 K and held at this elevated temperature for 30 

minutes and then returned to 12 K. The spectrum of matrix thus annealed was again recorded.  

After every experiment, the vacuum system was opened and cleaned before the start of the 

next experiment. 

  

                                       a)                                                                               b) 

Figure 15:  a) Experimental setup b) Sample Holder 

2.6   Computational procedure 

Hartree-Fock (HF), density functional (DFT) and Møller-Plesset perturbation theory(MP2), 

Configuration interaction(CI), coupled cluster(CC), Multi-Configurational self-consistent 

field(MCSCF), etc. are some of the popular electron structure methods used for ab-initio 

calculationsxxii. 

The computational study was carried out using Gaussian 09xxiii package in Linux operating 

system. The computational work has been performed at R-B3LYP, MO6-2X and MP2 method 

using 6-311++G (d,p) basis set. To examine the nature of interactions between the monomers 

of complexes, AIM (Atoms in molecule) package was also used.  
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2.6.1   Geometry optimization 

In computational chemistry geometry optimization is first performed to arrive at the structure 

of the system, which corresponds to the minimum on the potential.  At this point the forces on 

the atom are zero and is also referred to as a stationary point.xxiv 

After optimization we get most stable configuration of the molecule, which may correspond to 

the local minima or global energy minima. That these are stationary point structures is 

confirmed by a vibrational frequency calculation, which must ensure that all frequencies are 

positive. xxv 

2.6.2   Basis Set Superposition Error (BSSE) 

When the energy of complex (EAB) is computed, the basis function used are those of both the 

monomer subunits. For computing the energy of individual monomers (EA and EB), the basis 

function pertaining to only corresponding monomers are used. As the number of basis function 

used is large in the computation of complex, the energy obtained will be lower. In complex, 

basically each monomer can use the basis functions of other. Stabilization energies thus 

derived from the calculated energies EA, EB and EAB will be overestimated and the error is 

referred to as the basis set superposition error (BSSE). The best way to estimate BSSE is to 

increase the basis set unit the stabilization energy is stable to desired accuracy. The commonly 

used method to correct for BSSE is by counterpoise correction proposed by Boys and Bernadi. 

In this scheme, the energies of monomer EA and EB and the complex EAB are calculated in the 

same basis set spanned by the functions of the complex AB and the difference is obtained as 

follows: 

𝜟E = EAB (AB) – [EA (AB) + EB (AB)] 

Where, EA = Energy of the monomer A using the basis set AB 

               EB = Energy of the monomer B using the basis set AB 

               EAB = Energy of the complex AB using the basis set AB 

BSSE corrected term is evaluated as follows: 

 BSSE correction = {[EA (A) – EB (AB)] + [EB (B) – EB (AB)]} 
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The BSSE correction term turns out to be positive. Which this term is added to the raw 

stabilization energy, a negative quantity, and overall BSSE corrected energy becomes less 

negative.  

2.6.3   AIM Analysis: 

For performing the AIM analysis, we first generated wave functions corresponding to 

optimized geometry of our complexes using the Gaussian09 package. From the electron 

density information, we obtain the bond critical points, charge density (𝝆) and the Laplacian 

of charge density (Δ2𝝆). If the first derivative of 𝝆(r) is zero at point of space r then that point 

will correspond to a critical point, where the 𝝆(r) will be minimum, maximum or can be saddle 

point. The second derivative of 𝝆(r) at this point gives whether the function will be maximum 

or minimum. Positive sign corresponds to minimum and negative sign corresponds to 

maximum at this point. The rank of critical point (ω) which is equivalent to the number of non-

zero eigen values or non-zero curvature of 𝝆 at the critical point and the signature (σ) is the 

algebraic sum of the signs of the eigen values. The critical point is denoted by (ω, σ). For 

example (3,-1) critical point means, there is three non-zero curvature and one positive and two 

negative eigen value. A (3,-1) correspond to the bond between two atoms, a (3,+1) corresponds 

to the a ring, a (3,+3) corresponds to the a cage.xxvi 

The sum of the three Hessians (λ1, λ2, λ3) at the critical point, gives the Laplacian of charge 

density(Δ2𝝆) which provides us useful information, in which the electronic charge density is 

distributed in the inter nuclear region. For the hydrogen bonded complex the charge density at 

the critical point is around 10-2 e/(bohr)3 and the Laplacian of the charge density is positive. 
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Chapter 3 

Result and Discussions 

 

In this chapter we will discuss our results on the study of the 1,3-diisopropyl-4,5-

dimethylimidazol-2-ylidene (NHC) and its complexes with water as well as deuterium oxide 

using computation and matrix isolation technique. NHC’s have strong nucleophilic character 

at the carbene carbon and 𝝿-cloud of the ring, which provides strong hydrogen bond interaction 

with water. We will also discuss the isotopic shift in the frequency of water and D2O. The 

experimental procedure and computational methods used in this work has already been 

discussed in chapter 2. 

3.1   Isolation and Characterization of NHC 

1,3-diisopropyl-4,5 dimethylimidazol-2-ylidene was synthesized using KI  in dry THF giving 

the stable NHC. It was solid, orange brown in color, which was sensitive to air so, which could 

therefore be handled only in a glove box. 

3.1.1   NMR Study: 

Before use, the carbene was characterized using NMR. Both 1H and C13 NMR spectra of 1,3-

diisopropyl-4,5 dimethylimidazol-2-ylidene were recorded.  In particular the feature at 207 

ppm in the 13C NMR confirmed the product to be the carbene. The assignment of the other 

carbon atoms in the NHC are given in Table 1. Proton NMR spectra were also recorded that 

confirm the identity of the substrate that we were using in our experiments.  After the 

experiment, NMR spectra were again recorded of the substrate remaining after the deposition 

of the matrix, to ensure that the carbene was in fact intact during all of the experiments.  The 

persistence of the 207 ppm feature due to the carbene ensure that the carbene was intact in all 

the experiments conducted. The NMR spectra are shown in Fig. 16 and fig.17. 
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Carbon environment  Chemical shift(ppm) 

C=C (in alkenes) 115 - 140 

RCH2NH2 30 - 65 

R2CH2 16 - 25 

RCH3 10-15 

Carbene carbon <190 

 

Table 1: Table of typical chemical shift in C13 NMR spectra 

 

Figure 16:  13C NMR of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene before the 

experiments  
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 Figure 17:  13C NMR of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene before the 

experiments  

 

Figure 18: 1H NMR Spectra of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene after the experiment 
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3.1.2   FTIR Study: 

We also recorded the IR spectra of 1,3-diisopropyl-4,5 dimethylimidazol-2-ylidene (NHC) in 

Nujol, which is shown in Fig. 19. After discounting the peaks due to the solvent Nujol, it can 

be seen that the major peaks for pure NHC lie between 2970-2873cm-1, which are essentially 

due to CH3 stretches of methyl and isopropyl groups.  The features at 1332, 1360cm-1 

corresponds to anti symmetric and symmetric ring modes.  The features at 1400-1600cm-1 are 

due to the bending mods of CH3 groups. To confirm that these features do indeed correspond 

to the NHC, we have also presented the computed scaled spectra for the NHC for comparison, 

with the experimentally recorded spectra for NHC.  It can be seen that there is a good 

agreement of the experimental spectrum with the computed spectrum, thereby confirming that 

the substrate is indeed NHC. 

3000 1500 1000

3000 1500 1000

3000 1500 1000

cm-1

carbene

A
bs

or
ba

nc
e carbene in nujol

nujol

 Figure 19: Spectra of Nujol, Carbene in Nujol and Computed spectra of carbene 

Our 1H and 13C NMR and IR spectra therefore confirm the identity of the NHC substrate that 

we were using in our experiments.  

 

(b) 
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3.2      Computational results 

3.2.1   Conformational analysis:  

In 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene there are a two isopropyl group. This gives 

rise to many conformations due to the orientation of the isopropyl groups. We located three 

different conformer. We can define all three conformers in terms of dihedral angel. The table 

2 for all three conformer is give below and it can be seen that the three conformers are isoergic.  

Hence we will restrict our discussion for the complexes using conformer 1. 

  

 

 

 

 

 

 

 

 

 

 

Conformer  Dihedral angel 

(H20-C17-N13-C1) 

 

Dihedral angel 

(H30-C27-N12-C1) 

Energy difference 

(kal/mol) 

Conformer-1 162.72 -162.72 0 

Conformer-2 15.21 -166.09 0.003 

Conformer-3 -13.56 12.71 0.006 

 

Table 2: Relationship between dihedral angle of all conformer 

 



25 
 

The energies were calculated at M062x/6-311++G (d,p) level of theory for all three conformers 

of NHC. By looking the energy differences between all three conformers we conclude that 

conformer-1 is the most stable among them and it will be global minima. It is only this 

conformer that we consider when studying complex formation.  

3.2.2   Calculation for possible complexes   

The possible complexes which can be formed from 1,3-diisopropyl-4,5-dimethylimidazol-2-

ylidene and water by using M062X/6-311++G(d,p) and MP2/6-311++G(d,p) level of theory 

are given below.  

1) Complex 1: Hydrogen of water acts as proton donor to the carbene carbon in  

1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene 

2) Complex 2a: In this structure one proton of water acts as proton donor to the carbene carbon 

atom, and other proton interact with backbone (double bond) of the NHC 

3) Complex 2b: In this structure, the proton of water interacts with nitrogen atom of the 

carbene. 

4) Complex 3: Oxygen of the water acts as proton acceptor to the hydrogen attached to doubly 

bonded carbon in 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene 

5) Complex 4: Very weak complex in which water is between two methyl groups of isopropyl 

and oxygen of water acts as proton acceptor to hydrogens of two methyl groups. 

The stabilization energies along with ZPE (zero point energy) and BSSE correction are 

tabulated. Among the all complexes, complex 1 is the most stable followed by complex 2a, 

complex 2b, complex 3, complex 4. Complex 2b and complex 4 did not optimized at MP2/ 

6-311++G(d,p) level of theory. 

Frequency calculations were performed at the same level of theory. For all complexes, all the 

frequencies were found to be positive, which shows that the all structure obtained are minima 

on the potential energy surfaces. In the complexes obtained at this level, the O-H and O-D 

stretching modes are red shifted as shown in fig. 20 
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Figure 20: Computed IR spectra of carbene, water and complex at MP2/6-311++G(d,p) 

level of theory. 

3.2.3 Optimized geometries obtained at M062X/6-311++G(d,p) and MP2/6-311++G(d,p) 

with their stabilization energies for complexes of NHC with Water given below: 

 

 

                  

 

 

 

                          Complex-1                                                             Complex-2a 
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                           Complex-2b                                                                Complex3 

 

 

 

 

 

                                                                    Complex-4 

Figure 21: Structures of optimized geometries obtained for the five deferent complexes 
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Table 3: Computed stabilization energy (in Kcal/mol) of NHC-H2O complexes. 

Raw/ZPE/BSSE corrected energy values: 

 Complex  M06-2x/6-311++G** MP2/6-311++g** 

1. Complex-1 12.19/10.28/11.43 12.29/10.16/9.28 

2. Complex-2a 8.56/6.72/7.30 8.40/6.82/4.87 

3. Complex-2b 6.84/5.37/5.88 Not Optimized  

4 Complex-3 3.08/1.91/1.73 3.40/2.07/1.62 

5 Complex-4 2.65/1.57/0.75 Not Optimized 

 

3.3 Experimental: 

Matrix isolation experiments were performed in a N2 matrix to study the NHC interaction with 

H2O and D2O. Experiments were performed at various conditions to optimize the deposition 

conditions. It was found that to obtain a good infrared spectrum, the NHC had to be maintained 

at ~70. The temperature was maintained using a water-ice bath. The experiments were done 

using both single and double jet nozzles.  

3.3.1 Matrix isolation infrared spectra of 1,3-diisopropyl-4,5-dimethylimidazol-2-

ylidene(NHC) 

Fig. 22 shows the infrared spectrum of NHC, in a nitrogen matrix.  Typically about 3 mmoles 

of nitrogen was deposited on the KBr substrate along with the NHC.  The deposition rate was 

about 3 mmoles/hr and a deposition lasted for about 45 minutes.  

The main features in the spectrum are those due to the C-H stretches of the alkyl groups present 

in the NHC.  The small feature seen at 3727 cm-1 is due to water, which though not deliberately 

deposited, appears in all spectra as an ubiquitous impurity.  
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Figure 22: Spectral feature of 1, 3-diisopropyl-4-5-dimethylimidazol-2-ylidene in N2 

matrix (a) after annealing (b) before annealing 

After deposition of NHC in N2 matrix, and recording a spectrum at 12K, we annealed the 

matrix at 27 K for about an hour. This was a process to encourage the diffusion of the substrates 

and result in complex formation. As a result of complex formation, new features can be 

expected to be observed in the spectra.  

3.3.2   Matrix isolation infrared spectra of H2O and D2O: 

Experiments were now performed where the NHC and water were codeposited.  The relative 

ratios of NHC and water were adjusted by altering the vapor pressures of each substrate by 

maintaining the appropriate temperatures. The anti-symmetric stretch of H2O appears at 

3727cm-1, while the symmetric stretch occurs at 3635cm-1.  The bending mode can be observed 

at 1597cm-1. Experiments were also conducted where NHC was codeposited with D2O in N2 

matrix. The spectral feature for D2O appears at 2765cm-1, 2655cm-1 and 1179cm-1 for each of 

the modes referred to above.  
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Figure 23: Experimental spectra of H2O in N2 Matrix in the ratio of (5:1000) at 12K 
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Figure 24: Experimental spectra of D2O in N2 matrix in the ratio of (5:1000) at 12K 
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3.3.3   Matrix isolation spectra of NHC-H2O and NHC-D2O complexes  

In the codeposition experiments of NHC-H2O, the features of H2O in the complex was 

computed to occur near 2880 cm-1.  A careful examination of this region did reveal a feature 

near 2884.4 cm-1 (Fig. 23).  While it is certainly no conclusive, it is likely that this feature may 

be due to the NHC-water product.  More experiments would necessarily have to be done to 

confirm the origin of this feature.   

We therefore thought it might help if we performed codeposition experiments with D2O, so 

that the red shifted feature of the NHC-D2O can also be identified if they do appear in the 

spectra.  The isotope shift would clearly confirm the assignment. Hence experiments were also 

performed with D2O for the above purpose.  

 

 

 

 

 

 

 

 

 

 

 

                                        (A)                                                                                                  (B) 

Figure 25: Comparison of IR spectra of complex, NHC and H2O. (A) Before annealing 

(B) After the Annealing. (a) NHC (70C): H2O:N2 (5:1000), (b) NHC (70C):N2 (1000) and 

(c) H2O:N2 (5:1000) 
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                                       (A)                                                                                              (B) 

Figure 26: Comparison of IR spectra of complex, NHC and D2O. (A) Before annealing 

(B) After the Annealing. (a) NHC (70C):D2O:N2 (5:1000), (b) NHC (70C):N2 (1000) and 

(c) D2O:N2 (5:1000) 

 

3.3.4   Experimental and vibrational analysis 

The experimental spectra of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene and its complex 

with H2O  and D2O in N2 matrix are shown in fig. 25 and 26 respectively. The figure shows 

spectra recorded both at 12K and that recorded after the matrix is annealed at 27 K. The feature 

due to the complex 1 is computed to occur at 2884.4cm-1 for the OH stretch and at 2363 cm-1 

for the OD stretch. Since complex-1 is the most stable complex among all complexes, it is 

likely that complex 1 would be observed experimentally. In the nitrogen matrix, weak product 

features appear red shifted by 843.1 cm-1 in the O-H stretch of water and 402.81 in the O-D 

stretch of D2O. These features are in general agreement with the computed shifts of  
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646.8cm-1 for the O-H modes.  However, given that these features are extremely weak, more 

experiments are clearly required for confirming their origin.  

It must also be recognized that the hydrogen bonding in these complexes being so strong the 

normal mode picture of the H2O vibrations break down.  The vibrations of water can no longer 

be assigned as symmetric and anti-symmetric stretch, but as bound and unbound O-H.   

3.4   AIM Analysis: 

In this section we calculate electron charge density at bond critical point (BCP) and the 

Laplacian of charge density for different types of complexes as shown in Table 4. The electron 

density at the bond critical point (BCP1), is large with a value of 0.038 e/(bohr)3  between 

carbene carbon atom and hydrogen of water. This implies that the hydrogen bond interaction 

between NHC and H2O in complex-1 is stronger than in any of the other complexes. In 

complex-1, water also have weak interaction with hydrogen of isopropyl groups and forms two 

seven member rings which may be makes it more stable than other complexes. 

In complex-2a water interact with NHC in stacked fashion. This is second most stable complex 

was observed computationally. The electron density was found between carbene carbon and 

hydrogen of water at BCP1 is around 0.012 e/(bohr)3. In this structure water also interacts with 

hydrogen of two isopropyl groups and the double bond of the NHC. 

In complex-2b, which was the next in terms of the interaction energy, at the M062X/ 

6-311++G(d,p) level of theory, the electron density was found around 0.012 e/(bohr)3 at 

BCP1.This structure could not be located at MP2/6-311++G(d,p) level of theory. 
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Figure 27: AIM structure of all complexes showing the bond critical points 
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Table 4: Aim calculations for 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene and water 

complexes 

Complex  Critical point  𝝆(rc) Δ2𝝆(rc) 

Complex 1 

MP2/6-311++G(d,p) 

BCP1 0.0380929 

 

0.0696 

 BCP2 0.0057198 

 

0.019486 

 

Complex 2a 

MP2/6-311++G(d,p) 

BCP1 0.01252 0.037231 

 

 BCP2 0.00842 0.026431 

 

 BCP3 0.00418 0.01538 

 

Complex-2b 

M062x/6-311++G(d,p) 

BCP1 0.01494 0.055357 

 

 BCP2 0.00636 0.022042 

 

 BCP3 0.00612 0.022247 

 

Complex-3 

MP2/6-311++G(d,p) 

BCP1 0.00865 0.029121 

 

 BCP2 0.00868 0.028962 

 

Complex-4 

M062x/6-311++G(d,p) 

BCP1 0.00702 0.028595 

 

 

 BCP2 0.00734 0.027178 

 

 

 



36 
 

Table 5: Some selected geometrical parameters of complexes at M062X/6-311++G(d,p) 

and MP2/6-311++G(d,p), where bond length is given in Å, bond angle in degree : 

Complex-1 M062x/6-311++g(d,p) MP2/6-311++g(d,p) 

 

 

 

 

 

 

 

 r(C1-H16) 1.92 1.92 

r(O14-H16) 0.98 0.99 

r(O14-H15) 0.96 0.96 

r(C1-N12) 1.35 1.37 

r(C2-C7) 1.36 1.38 

N12-C1-H16 126.34 125.08 

C1-H16-O14 172.25 170.90 

N13-C1-N12 103.18 102.32 

H15-O14-H16-C1 179.99 179.98 

 

Complex2a M062x/6-311++g(d,p) MP2/6-311++g(d,p) 

  

 

 

 

C3-H36 2.46 2.40 

H29-O34 2.83 3.00 

H16-O34 2.94 3.01 

H35-C1 2.60 2.69 

N32-C3-N33 102.37 101.57 

O34-H36-C3 128.70 135.55 

H35-O34-H36-C3 3.22 1.06 
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Complex2b M062x/6-311++g(d,p) Complex-4 M062x/6-311++g(d,p) 

 

 

 

 

 
N12-H36 2.25 O34-H21 2.59 

H36-C1 2.62 O34-H17 2.73 

O34-H28 2.77   

O34-H4 2.70   

N12-C1-N13 102.19   

O34-H36-C1 160.66   

H35-O34-H36-C1 165.91   

 

 

 

Complex-3 M062x/6-311++g(d,p) MP2/6-311++g(d,p) 

  

 

 

O34-H5 2.43 2.47 

O34-H9 2.43 2.47 

N33-C3-N32 102.21 101.47 

H36-O34-H5 121.07 123.01 

H35-O34-H9-C8 4.27 29.66 
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3.5   Discussion 

In the N2 matrix, the feature due to the complex were observed at 2884cm-1 for the O-H stretch 

and 2363cm-1 for the O-D stretch were observed. In the water monomer, the normal modes are 

designated as anti-symmetric and symmetric stretches.  However, in the hydrogen bonded 

NHC-H2O complexes, the strong interaction, breaks down the normal mode picture and the 

vibrations of water have to be designated as bound and unbound O-H and O-D stretches. The 

large red shift of 843cm-1 found for complex 1 in the N2 matrix, indicates a strong hydrogen 

bond in operation in this complex.  

 

 

N2 Matrix Calculated 

frequencies  

Scaled 

frequencies  

Scaling 

factor  

Experimental 

frequencies(cm-  

Computed 

shift(cm-1) 

Experimental 

shift(cm-1) 

Mode of 

assignment  

D2O 2933.6  0.9427 2765.8   Asym. OD 

strech 

Water  4005.5  0.9305 3727.3   Asym. OH 

stretch 

Complex1 

(OH 

bound) 

3310.3 3080.4 0.9305 2884.4 -646.8 -843.1 Bound OH 

to carbene 

Complex 

1(OD 

bound) 

2409.1 2271.3 0.9427 2363.2 -494.5 -402.8 Bound OD 

to carbene 

                           Frequency Shift (Δν) = (Monomer Frequency) – (Complex Frequency) 
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Chapter-4 

Conclusions 

 

The thesis provides computational and experimental study of strong hydrogen bond interaction 

between N-heterocyclic carbene and water. The experiments study is done by matrix isolation 

infrared spectroscopy. The NHC was identify by 13C and 1H NMR spectroscopy. The feature 

at 207 ppm in the 13C NMR confirmed the product to be the carbene. The computational study 

is done by Gaussian09 programme and the computational analysis has performed at M062x 

and MP2 method using 6-311++G(d,p) basis set. There were five complexes observed 

computationally. The stability order of all complexes: complex-1 > complex-2a > complex-2b 

> complex-3 > complex-4. The stabilization energy of complex 1 found to be 9.2kcal/mol 

which indicate the strong hydrogen bond interaction between NHC and H2O. In experimental 

very weak feature at 2884.4cm-1 for water complex with the red shift of 843.1cm-1 is could be 

the product peak. These features are in good agreement with the computed shifts of 646.8cm-1 

for the O-H modes.  However, given that these features are extremely weak, more experiments 

are clearly required for confirming their origin. 
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