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ABSTRACT 

 

High-resolution pulsed beam Fourier Transform Microwave Spectroscopy 

(PBFTMS) technique has been used to investigate the rotational spectra, molecular 

structures and electronic charge distribution of organometallic and organic molecules.  

The thesis reports high-resolution rotational spectral findings for nine different 

asymmetric-top molecules in the singlet electronic ground state including: 

Cyclopentadienyltungstentricarbonylhydride, Bis-(cyclopentadienyl)tungstendihydride, 

Tetracarbonylethyleneosmium, two substituted Ferrocenes and an organic keto-enol 

tautomeric system, Z-2-Hydroxypyridine and 2-Pyridone.  Moreover, gas-phase 

rotational constants and distortion constants have also been reported for an excited 

vibrational state of Cyclopentadienylnickelnitrosyl complex using a high-resolution 

Fourier Transform Spectrometer (FTS) system at Kitt Peak Arizona, (KPNO). 

Preliminary microwave results for a fluxional molecule, 

Cyclopentadienyliridiumdicarbonyl are also presented in this work.  Extensive Density 

Functional Theory (DFT) calculations have been performed in conjunction with the 

experiments to provide additional insight toward further understanding the equilibrium 

structures, structural isomers and electric field distributions of these molecules.  These 

calculations were not only helpful in predicting the preliminary structure and rotational 

constants of the molecules of interest, but also advantageous in analyzing the observed 

spectra.   
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CHAPTER 1:  INTRODUCTION 

   

1.1 MICROWAVE SPECTROSCOPY & ORGANOMETALLIC CHEMISTRY 
 

 Broadly speaking, spectroscopy is the art of measuring and interpreting the 

molecular responses to electromagnetic radiation.  In general, ultraviolet-visible (UV-

VIS), Infrared (IR) and microwave radiations probe electronic, vibrational and rotational 

excitations of the molecules respectively.  These transitions occur at different frequency 

ranges and among all, rotational transitions need the least energy stimulation for a 

transition to take place.  A detailed and complete picture of a molecule can be obtained 

by analyzing the rotational spectrum of a molecule.  The high resolution microwave 

spectroscopy has the ability to obtain precise and accurate structural parameters of 

molecules and a great number of examples can be found in the literature.1  The extremely 

high sensitivity and high resolution of the pulsed-beam Fourier transform microwave 

spectrometer system allows new structural measurements of larger and less stable 

molecules systems.  In the current work, the pulsed-beam Fourier transform microwave 

spectrometer system has been used to discover the structures of relatively large transition 

metal complexes.  In principle, microwave spectroscopy is a wonderful analytical tool 

since every polar molecule exhibits a unique spectrum in the microwave region.  An 

extensive data collection is needed for a detailed analysis of the spectrum.  As stated, in 

order to see a rotational transition in the microwave region, the molecule of interest 

should possess a permanent dipole moment.  Once the spectrum has been observed, it is 
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necessary to assign the quantum numbers for the observed transitions.  The time required 

to obtain the spectrum and to assign the quantum numbers may vary from few days to 

several months depending on the complexity of the molecule.  Moreover, in order to 

determine the complete structure of a molecule, additional spectra are needed for various 

isotopically substituted species.  

The structures and electronic properties of a wide variety of organometallic 

molecules have been investigated and presented in this thesis using high resolution 

pulsed-beam Fourier transform microwave spectrometer system (PBFTMS).  The 

fundamentally important structural properties were directly obtained by analyzing 

rotational spectra and hyperfine spectra of these molecules.  The technique of pulsed-

beam Fourier transform microwave spectroscopy was first successfully applied by the 

late W.H.Flygare in late 1970’s.2, 3  Initially, Flygare’s research group had been 

interested in investigating the electric charge distribution of small molecules using 

Fourier transform microwave spectroscopy through nuclear quadrupole coupling effects 

and Zeeman effect.  Flygare and co-workers later developed the Fourier transform 

spectrometer so that the interaction of molecules can take place inside a spacious Fabry-

Perot microwave cavity.  In this modified setup, a gas-pulse is supersonically expanded 

to the microwave cavity which interacts with a short microwave pulse and subsequently 

the rotational emission from the polarized gas is coupled out of the cavity and detected.  

This kind of setup is ideal for high resolution gas-phase spectroscopy as this will 

significantly increase the number density of the molecules of interest unlike in 

conventional rotational spectroscopy. The Flygare-Balle type spectrometer system has 
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been used to obtain the data presented in the current work.   The origin and the specifics 

of the spectrometer system are presented in the experimental section in this thesis 

(Chapter 3).     

The gas-phase structural results and electronic properties of a total of seven 

organometallic and two organic complexes were presented in this thesis using the 

aforementioned pulsed-beam Fourier transform microwave technique (PBFTMS).  The 

organometallic complexes studied were: tetracarbonylethyleneosmium;  

Os(CO)4 (η2-C2H4), cyclopentadienyltungstenhydride; W(CO)3H (η5-C5H5), 

cyclopentadienylmolybdenum hydride; Mo(CO)3H (η5-C5H5),  

bis-cyclopentadienyltungstendihydride; WH2 (η5-C5H5)2, ethynylferrocene;  

(η5-C5H5)Fe(η5-C5H4)CCH, ferrocenecarboxaldehyde;  

(η5-C5H5)Fe(η5-C5H4)CHO and cyclopentadienyliridiumdicarbonyl; Ir(CO)2 (η5-C5H5) – 

(Chapters 4, 5, 6 and 8).  All the organometallic molecules investigated here contain a  

d-block transition metal atom.  In addition to these molecular systems, microwave spectra 

of a keto-enol tautomeric system, 2-hydroxypyridine and 2-pyridone and a possible 

spectra of a hydrogen bonded dimer between these two tautomers have been measured 

using PBFTMS system (Chapter 7 & log 26 in the Kukolich lab for unpublished H 

bonded dimer data).  Moreover, a high resolution infrared spectrum of 

cyclopentadienylnickel nitrosyl (NiNO(η5-C5H5)) has been measured and analyzed using 

a high resolution Fourier Transform Spectrometer (FTS) system at Kitt Peak, Arizona, 

(KPNO).  The specifics of this spectrometer system are discussed briefly in Chapter 9.  
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Most of these novel and important structural findings have been published in various 

journals (see Appendix B).   

The rotational spectra and theoretical studies of tetracarbonylethyleneosmium,  

Os(CO)4 (η2-C2H4) have yielded important structural findings and to our knowledge, this 

marks the first detailed gas-phase structural study of this metallacycle.  Olefin-transition 

metal complexes of this type serve as important models of transition states in metal-

mediated transformations of alkenes.14  A significant reduction of the s-character of 

ethylene sp2 carbons and the bond order of carbon-carbon bond has been observed upon 

complexation to osmium tetracarbonyl moiety.4                 

The rotational spectra of two important transition metal monohydrides, namely,  

cyclopentadienyl metal tricarbonyl hydride of tungsten and molybdenum  

W(CO)3H(η5-C5H5) and Mo(CO)3H(η5-C5H5) have been measured and successfully 

analyzed in the present work.  These microwave spectroscopy findings have yielded 

important structural details.  The W-H and Mo-H bond lengths were also determined for 

these two complexes using Kraitchman analysis.  The results showed that the W-H 

distance is slightly shorter than the Mo-H bond distance.  This shorter W-H bond length 

could be attributed to a possible lanthanide contraction of the f electrons of W atom.   

Further more, high resolution microwave spectral findings for (η5-C5H5)2WH2 have 

shown important structural information of this complex around the tungsten metal atom.  

Motivation behind this research was to determine whether this molecule is a “classical 

dihydride” or a “dihydrogen” complex.  Microwave spectra for eleven isotopomers of 

(η5-C5H5)2WH2 were recorded in the 5-12 GHz range using the current spectrometer 
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system with a much more improved homodyne detection system.  The newly modified 

homodyne system greatly simplified the microwave circuit with no apparent loss in 

sensitivity.  Based on the present microwave finding for this molecule, it has been 

determined that this molecule is a “classical dihydride”.  Unfortunately, the lack of 

spectra from 13C substituted species limits the degree to which some of the parameters of 

the complex can be independently and accurately determined.  Therefore, rotational 

spectra of additional isotopomers with 13C substitutions at the three different Cp ring 

positions (2.1% natural abundance) are warranted in order to accurately determine 

cyclopentadienyl ring parameters.   

Gas-phase structural findings of substituted ferrocene complexes have yielded 

interesting structural results and conformational behaviors of these molecules.  An array 

of substituted ferrocene complexes; chloroferrocene,5 bromoferrocene,6  

methylferrocene,7 and dimethylferrocene8 have been studied in our lab previously using 

PBFTMS technique.  This together with present microwave results for ethynylferrocene9 

and ferrocenecarboxaldehyde10 have yielded important electronic and structural 

properties of a wide variety of substituted ferrocene molecules.  The distance from 

cyclopentadienyl ring to the iron atom, r(Cp-Fe) have been compared to the inductive 

Hammett parameter (σΣI) of the substituents and the oxidation potential of these 

complexes.  These findings revealed that there is a systematic trend between the r(Cp-Fe) 

and these two parameters and the substituents play and important role on the final 

structure of the molecule. From this study, the distance from the Fe atom to the center of 

the Cp ring of ferrocene (a molecule with no dipole moment) has been deduced. 
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The highly resolved rotational spectra of two tautomers  

(Z)-2-hydroxypyridine and 2-pyridone and their deuterated analogues were measured and 

are presented in the current work.   The study yielded important electronic and structural 

properties of these molecules.  From the obtained spectrum, Nitrogen (14N) and 

deuterium (2H) quadrupole hyperfine structures were completely resolved for many of the 

observed transitions.  The new and improved experimental rotational constants obtained 

for the H and D isotopomers for both tautomers allow the precise determination of 

hydrogen atom coordinates, complete diagonal elements of 14N quadrupole tensor and  

p orbital occupation numbers. Moreover, a total of over twenty five transitions have been 

measured for the dimer forms from (Z)-2-hydroxypyridine and 2-pyridone.  However, the 

analysis of these lines has not been successful due to a possible tunneling effect of 

hydrogen and hyperfine splitting.  According to a recent optical study, no tunneling has 

been observed for deuterated dimer of (Z)-2-hydroxypyridine and 2-pyridone.  Therefore 

in order to assign the H-bonded dimer, it would be useful to obtain the spectrum of D-

bonded dimer.  So far, about 10 possible lines have been measured for this D-bonded 

dimer and this work remains an interesting and ongoing project.  These H-bonded 

systems are very important due to its possible chemical and biological implications.  The 

dimer between (Z)-2-hydroxypyridine and 2-pyridone can be used as a model complex 

for understanding the dynamics of DNA base pair interactions.   

Another ongoing and unfinished project in this thesis is (η5-C5H5)Ir(CO)2project.  

However, the analysis of the spectrum of this molecule is not very straight forward as this 

exhibits a hindered motion within the complex.  Microwave spectra of similar complexes, 
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(η5-C5H5) Co(CO)2
11

 and (η5-C5H5) Rh(CO)2
12

 have been measured and partially analyzed 

previously in our lab.  These molecules appear to have a ten fold barrier to rotation of the 

–M(CO)2 (where M = Co, Rh, Ir) fragment about the C5 axis of the cyclopentadienyl 

group.  Splitting and additional transitions due to hindered internal rotation have been 

observed in these complexes.  In addition to this, cobalt and iridium further split these 

transitions due to quadrupole coupling.  The potential energy barrier to internal rotation 

has been calculated for both cobalt and rhodium complexes and these calculations 

indicate that the barrier height is in the order of 0.1 to 0.3 kJmol-1.  So far, nearly a 

hundred transitions have been measured for (η5-C5H5) Ir(CO)2 complex and many more 

transitions still need to be measured. In addition to above mentioned microwave studies, 

high resolution infrared spectra of (η5-C5H5) NiNO has been measured using Fourier 

transform infrared spectrometer available at Kitt Peak, Arizona. The FT-IR spectral 

finding yield important structural finding for the upper and ground state of the title 

complex.  The rotationally resolved lines have been measured for the C-H symmetric 

stretch vibration (ν 1=3110 cm-1).  These spectral finding were compared with the 

previously obtained low-resolution infrared, high-resolution microwave and current 

density functional theory calculations.  Current high resolution infrared data is expected 

to aid in understanding the molecular structure and force constants for this organometallic 

molecule in the vibrational excited state.                

Extensive Density Functional Theory (DFT) calculations have been performed 

along with the experiments to provide further understanding the equilibrium structures, 

structural isomers and electric field distributions of these molecules.  These structural 
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parameters, which are fundamental properties of the molecules, are very important and 

essential in understanding the reactivities and chemistry of these complexes.  These 

molecular systems have been extensively used in organic synthesis, mainly as catalysts 

and model complexes for important reactions. 

Organometallic chemistry is a fascinating subject and it plays an important role in 

the development of inorganic chemistry.  The organometallic compounds contain atleast 

one metal-carbon bond.  According to literature, much of the chemistry of p-block metals 

was understood in early twentieth century, but that of d-block metals has been developed 

much more recently.13  Much of the systematic studies were started in 1950’s and since 

then, d-block organometallic compounds continue to find new applications in various 

research fields.  These include; interesting new types of reactions, unusual structures and 

important practical applications in industrial catalysis and organic reactions.  The 

organometallic chemistry field has provided some powerful synthetic methods and 

important explanations to many new aspects of chemistry and is beginning to make links 

with bio-chemistry with the studies of several metalloenzymes which involve 

organometallic intermediates.   

 Crystal Field Theory (CFT) is an important tool in understanding the geometry 

and the magnetism of transition metal complexes.  The theory details how the energy of 

the d-orbitals alters based on the number of ligands and type of the ligand present around 

the metal center.  The CFT assumes that the energy of d-orbitals of an isolated metal 

atom is degenerate.  In general, when there are six ligands present around the nucleus, the 

geometry is usually octahedral.  However, when the coordination number is four, 
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complexes may have either tetrahedral or square-planar geometry.  As the six ligands 

approach the metal along different directions (six octahedral directions), the energy of the 

d-orbitals changes and this is shown in Figure 1.1.  Energy alters according to the shape 

of the orbital and in the octahedral model, dz2 and dx2-y2 destabilize more than the dxy, dyz 

and dxz.  These two energy levels are labeled according to their symmetries and the 

energy difference between these two is known as the “crystal field splitting” (∆).  The 

splitting pattern is different in tetrahedral and square-planar complexes.       

                                                                                                                                                            

     

 
 

 

 

 

 

FIGURE 1.1:  Crystal Field splitting in an octahedral geometry 
 

 
 Ligand-Field Theory, which important in electronic structure calculations is 

another model extensively used to determine the electronic structure of these types of 

complexes.    The s, three p and five d orbitals of the valence metal ion are considered 

along with six lone pair orbitals of the ligand in this model.  These orbitals can be 

combined according to the symmetry (symmetry match) and this results six bonding 

orbitals and six anti-bonding orbitals as illustrated in Figure 1.2.  As shown, the 

remaining d orbitals do not find the symmetry match and therefore it is called 

nonbonding orbitals.  The crystal filed splitting changes based on the nature of the ligand.   
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As discussed above, the current chapter basically summarizes the fundamentals of 

organometallic chemistry of transition metal complexes.  Detailed discussion on the 

subject of organometallic chemistry is beyond the scope of this thesis. “The 

Organometallic Chemistry of the Transition Metals” by R.H. Crabtree14 is a good source 

for further reference about this subject.          

    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

FIGURE 1.2:  The Molecular Orbital picture 
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CHAPTER 2:  THEORY 

 

2.1 INTRODUCTION 
 

 Rotational energies, allowed transitions for symmetric and asymmetric top 

molecules and intensities for these rotational transitions are governed by quantum 

mechanical laws.  Quantum mechanical treatment of rotating bodies and coupling of 

various angular momenta have been successfully worked out and reported in the past.1  

Therefore, these extensive derivations and all the coupling schemes will not be described 

in this chapter.  The rotational spectra of linear molecules are also not presented in the 

current chapter as none of the studied complexes are linear in this work.  Instead, the 

current chapter details essential theoretical aspects and equations needed for interpreting 

and understanding the rotational spectra of symmetric and asymmetric-top molecules 

with and without quadrupole hyperfine interaction.  The detailed discussions and 

derivations of rotational spectroscopy for various types of molecules are well 

documented in popular microwave and rotational spectroscopy text books.1, 15  Readers 

are directed to these books and references cited therein for further understanding of 

detailed derivations and angular momentum coupling schemes.  Most of the equations 

and theory in this section are directly taken from these text books.             
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2.2 ROTATIONAL SPECTRA 
 

I.  Symmetric-Top Molecules 

 Molecules can be classified based on the values of the three moments of inertia.  

Usually, x-, y- and z- axes picked by a customary set of rules, such as z is along the 

highest axis of rotational symmetry.  However, a, b, c are chosen to make equation 2.2.1 

true.  If two moments of inertia of a molecule are equal and different than the third one, it 

is classified as a symmetric-top molecule.  Based on the magnitude of the third moments 

of inertia, these symmetric-top molecules  can be divided in to two sub groups, namely 

prolate symmetric-top molecules (equation 2.2.2)  and oblate symmetric-top molecules 

(equation 2.2.3).                

                                       IA  ≤  IB  ≤  IC      Equation:  2.2.1 

                                       IA  〈  IB  =  IC      Equation:  2.2.2 

                                      IA  =  IB  〈  IC       Equation:  2.2.3 

 

 For a rigid symmetric-top molecule with no net orbital and spin angular 

momentum, the classical expression for the rotational kinetic energy is shown in equation 

2.2.4.  Here Ja, Jb and Jc are rotational angular momenta along A, B and C axes 

respectively.    The above equations (2.2.2 and 2.2.3) can be rearranged to get classical 

energy expressions for prolate and oblate symmetric top molecules.  Next, the 

corresponding quantum mechanical Hamiltonian can be used with a suitable basis in 

order to derive the energy of prolate and oblate energy expressions.  This is summarized 

in the following equations (equations 2.2.4 through 2.2.10).       
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E   =   Ja
2/2IA +  Jb

2/2IB +  Jc
2/2IC    Equation:  2.2.4 

E   =   Ja
2/2IA +  1/2IB (Jb

2 +  Jc
2)    (Prolate top) Equation:  2.2.5 

E   =     1/2IB (Ja
2 +  Jb

2) + Jc
2/2IC    (Oblate top) Equation:  2.2.6 

Since Ja
2 +  Jb

2 +  Jc
2 = J2  

E   =   J2/2IB +  ( 1/2IA - 1/2IB ) JA
2    Equation:  2.2.7 

 

Hamiltonian Ĥ   =   Ĵ2/2IB +  ( 1/2IA - 1/2IB ) ĴA  
2  Equation:  2.2.8 

Using the basis ⎪J K M 〉  

E JK = B J (J + 1) + (A –B) Ka2   (Prolate top) Equation:  2.2.9 

E JK = B J (J + 1) + (C–B) Kc2  (Oblate top) Equation:  2.2.10 

 

Where rotational constants are defined by,  

A = h / 8π2IA     ;    B = h / 8π2IB     ;    C = h / 8π2IC 

 

 As the molecule rotates, it also distorts under the effects of centrifugal forces 

resulting in an energy-level expression (equation 2.2.11 and 2.2.12 for prolate and oblate 

top molecules) with centrifugal distortion constants DJ, DK and DJK.  The constant DJK 

splits out the transitions with different K for a given J + 1  J transition.  The selection 

rules for symmetric-top molecules are; ∆J = 0, ±  and ∆K = 0.   

   

F (J, K) = B J ( J + 1) – DJ [J(J+1)]2 + (A – B) K2 – DKK4 – DJK J(J+1)K2  2.2.11 

F (J, K) = B J ( J + 1) – DJ [J(J+1)]2 + (C – B) K2 – DKK4 – DJK J(J+1)K2  2.2.12 
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II. Asymmetric-Top Molecules 

 All three moments of inertia are independent and different for an asymmetric-top 

molecule (IA   ≠    IB ≠   IC) and subsequently rotational spectra for asymmetric-top 

molecules are more complex.  The reduced Hamiltonian for asymmetric tops can be 

expressed using two different forms and these two are derived by Ray16 and Aliev and 

Watson17 (equations 2.2.13 and 2.2.14 respectively).         

 

Ray’s Hamiltonian Ĥ   = ½(A + C) Ĵ2 + ½ (A – C) H(κ)   equation 2.2.13 

Where H(κ) = ĴA  
2 +  κ ĴB  

2 – ĴC  
2and κ  =  ( 2B – A –C) / (A – C) 

 

Watson’s Hamiltonian  

Ĥ = ½ (Bx + By)Ĵ2 + [Bz -1/2 (Bx + By)]Jz
2 + ¼ (Bx – By) (J+2+ J-2)     2.2.14 

Where Bx, By and Bz are the rotational constants along the principal axis of the molecules.   

Ψ asymmetric = ∑ a JK ϕ JK±      2.2.15 

 

Table 2.2.1 represents six possible ways of identifying principal axis  

(a, b and c) with the x, y, z subscripts in equation 2.2.14.  Either Ir  (κ ≈ -1, near prolate 

limit) or IIIl (κ ≈ +1, near oblate limit) haven been used for all the molecules studied  in 

the current experimental work.  The basis function for asymmetric-top molecules is 

expressed as a linear combination of symmetric-top basis functions (equation 2.2.15).    

Solving these equations manually will be very challenging.  Therefore, various computer 

programs are available to solve these and to calculate energy levels for asymmetric-top 
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molecules.  After solving and digitalization of even and odd symmetries, (2J +1) energy 

levels are obtained as results for asymmetric-top splitting.  The ordering of the energy 

levels is illustrated in Figure 2.2.1 using a correlation diagram between oblate and prolate 

symmetric-tops.       

 

 

 

 

 

 

 

 

 

                       Prolate – top                                                             Oblate - top 

 

FIGURE 2.1:  Prolate- Oblate correlation diagram with the labeling scheme. 
 
 

Axis Ir IIr IIIr Il IIl IIIl 

x b c a c a b 

y c a b b c a 

z a b c a b c 

 

TABLE 2.2.1:  Six possible different representations of principle axis systems. 

Ka = 0 
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Ka = 1 

Ka = 1 

Ka = 0 

Ka = 2 

Ka = 0 

Ka = 1 

Ka = 0 

Ka = 2 

Ka = 1 

Ka = 0 

000 
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111 110 
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212 211 

221 220 

J= 0

J= 1

J= 2
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 The selection rules for asymmetric-top molecules are more complicated than 

those of linear and symmetric-top molecules.  Most of the molecules studied in this thesis 

have three dipole moments along the principle axes as shown in Figure 2.2.2.  Each non-

vanishing dipole moment component makes a certain set of transitions possible and this 

leads to a set of selection rules.  The selection rule for J and M are ∆J = 0, ±1 and ∆M=0, 

±1.  These set of transitions are summarized in Table 2.2.2.    

 

 

FIGURE 2.2:  Three components of the dipole moment in the principal axis system.   
 

Transition Criteria Selection Rules 

 

a -type 

 

µa ≠ 0,  µb = µc = 0  

∆J = 0, ±1, ∆M = 0, ±1,  

∆Ka = 0, (±2, ±4 …………)  

∆Kc = ±1, (±3, ±5 …………) 

 

b -type 

 

µb ≠ 0,  µa = µc = 0 

∆J = 0, ±1, ∆M = 0, ±1,  

∆Ka = ±1, (±3, ±5 …………) 

∆Kc = ±1, (±3, ±5 …………) 

µ 

µa µb 

µc 

b 

a 

c 
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c -type 

 

µc ≠ 0,  µa = µb = 0 

∆J = 0, ±1, ∆M = 0, ±1,  

∆Ka = ±1, (±3, ±5 …………) 

∆Kc = 0, (±2, ±4 …………) 

 

TABLE 2.2.2:  Various selection rules for dipole allowed transitions for  

asymmetric-top molecules. 

 

 The Hamiltonian expressed in equation 2.2.14 does not contain any centrifugal 

distortion constants.  In general, the effective rotational Hamiltonian includes quartic 

(Ĥd
(4)) and sextic (Ĥd

(6)) distortion terms apart from the rigid rotor Hamiltonian (Ĥr). 

 

 

2.3 QUADRUPOLE HYPERFINE INTERACTION  
 

 Much information about the electronic structure and the chemical bonding of a 

molecule can be obtained by analyzing the nuclear quadrupole hyperfine spectrum of a 

molecule.  The hyperfine structures of molecules arise from either magnetic or electric 

field interactions of the molecular fields with the nuclear moments.  If a nucleus of a 

molecule of interest possesses a nuclear spin equal or greater than one (I ≥1), splitting of 

the transitions can be observed in the rotational spectrum.  Nuclear quadrupole 

interaction results from a non-spherical distribution of the nuclear charge (which gives a 

nuclear quadrupole moment) and a non-spherical distribution of electronic charge about 
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the nucleus.  This results an electric field gradient at the nucleus.  This interaction puts a 

twisting torque on the nucleus and aligns its spin moment and the spin angular 

momentum couples with the rotational angular momentum and gives rise quadrupole 

splitting in the spectra.  The filed gradients at the nucleus depend upon the rotational 

states of the molecules.  Therefore, the nuclear quadrupole interaction differs for each 

rotational states and leads to a hyperfine structure of the rotational states.  For an external 

field free molecule, the nuclear spin I is coupled to the molecular rotational angular 

momentum J to form a resultant total angular momentum F.  The effective Hamiltonian 

with the addition of nuclear quadrupole term is expressed in equation 2.3.1.   

 

           Ĥ effective = Ĥ rotation +  Ĥ centrifugal distortion + Ĥ quadrupole interaction  equation 2.3.1 

Where the quadrupole Hamiltonian (ĤQ) has been first derived by Casimer (equation 

2.3.2). 

       ĤQ = (eQqJ / 2J (2J -1) I (2I – 1) x (3(I.J)2 + 3/2 (I.J) – ( I2.J2))  equation 2.3.2 

I.J = ½ (F2 – J2 – I2), F2 = (J + I)2 and F = J +I, J +I-1, J +I-2, J +I-3,………….. 

 

In the above equation, F denotes the total angular momentum and eQq is the 

nuclear quadrupole coupling constant.  The hyperfine structure is generally quite 

complicated for symmetric and asymmetric-top molecules and hence the extensive 

derivations and theory are not discussed in the current chapter.  The hyperfine spectra are 

even more complicated when a molecules has two quadrupolar nuclei.  The coupling of 
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each nucleus perturbed the rotational states which alters the average field gradient.  The 

Gordy and Cook text book15 is a good resource for an interested reader about this subject.     
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CHAPTER 3: EXPERIMENTAL 

 

3.1 INTRODUCTION 
 

 Pulsed-beam Fourier transform microwave spectroscopy has become an important 

and a successful technique due to its high sensitivity and resolution in the detection of 

gas-phase species.18  Several groups around the world have successfully applied this 

method to detect various types of gas-phase species.19, 20, 21, 22, 23, 24  This thesis presents 

the determination of gas-phase structures of transition metal complexes in the singlet 

electronic state.  Typical molecular frequencies are measured between rotational levels 

with the angular momentum up to J = 9 (where J is the rotational quantum number) as the 

higher rotational levels (J >9) are mostly depopulated due to rotational cooling of the free 

jet expansion.   

 Molecular spectroscopy is the interaction of molecules with electromagnetic 

radiation.  There are three major types of transitions, which can be obtained at different 

frequency ranges of the electromagnetic radiation namely; electronic, vibrational and 

electronic.  Electronic transitions require high energy (UV region) sources whereas 

vibrational (Infrared region) and rotational (Microwave region) transitions need 

considerably low energy stimulation.  All the molecules presented in this thesis are 

studied in the microwave region except the results presented in Chapter 9 (a high 

resolution infrared study).  Hence the current chapter details the specifics and 

characteristics of the microwave spectrometer along with the general experimental 
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procedure followed by data analysis section.  Throughout the thesis, the energy of the 

measured transitions are measured in MHz and exclusively referred to the energy of the 

rotational transitions.  The pulsed supersonic expansion helps to populate the molecules 

in low energy states due to translational, rotational and vibrational cooling and therefore 

all the rotational transitions recorded in this thesis were within the ground vibrational 

state.  Furthermore, these transitions are measured in a very low pressure and nearly 

collisionless environment and this is accomplished by the supersonic jet expansion.   This 

enhances the sensitivity and resolution of the instrument significantly.  The rotational 

transitions are governed by the quantum mechanical laws.  These selection rules with 

basic quantum mechanical laws and important theory behind rotational spectroscopy 

were described in Chapter 2, Theory section.  Almost all the transitions measured in this 

work represent R-branch transitions (∆J = +1) with a limited number of Q-branch 

transitions (∆J = 0 for a few asymmetric top molecules).   

 

 

3.2 PULSED BEAM FOURIER TRANSFORM MICROWAVE SPECTROMETER 
 

I.  Past & Present Systems 

  A Flygare-Balle type pulsed-beam Fourier transform microwave spectrometer 

was first constructed at the University of Arizona in 1983.  The initial design and the 

origin of the spectrometer were well documented in Roger Eugene Bumgarner’s thesis25.  

Hence the specifics of the previous setup will not be discussed in detail here.  Since the 

initial design of the spectrometer, major modifications and upgrades have been done in 
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order to enhance the sensitivity of the instrument.  In the previous spectrometer system, 

syperhetrodyne microwave detection system has been employed as the detection scheme 

and this was similar to what other researchers have used 26,  19, 20, 21, 22, 23, 24 since the initial 

invention of pulsed-beam Fourier transform (PBFT) microwave spectrometer by Flygare 

and Balle.18   Recently, this superhetrodyne detection system has been replaced with a 

homodyne detection scheme.  The low-noise preamp improved S/N greatly simplified the 

microwave circuit with no apparent loss in sensitivity.  This detection scheme has been 

employed for the two most recent projects (see sections 4.1 and 5.2 in Chapter 4 and 5 

respectively). The specifics of the homodyne detection will be discussed in detail later in 

this chapter under principles of operation and detection schemes. 

  In order to understand and to get a clear picture of how the entire instrument 

functions, the main spectrometer system can be categorized into few major components, 

namely; Vacuum system, Fabry-Perot cavity, pulsed-nozzle system, Microwave 

electronics and detection schemes for signal processing.  The components of these 

systems will be discussed in detail in the following sections of the current chapter. 

The schematic diagrams of the past and present spectrometer systems are shown in 

Figure 3.1A and 3.1B respectively. 
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(A) 

 
 
(B) 

 
FIGURE 3.1A & 3B.  Past and Present Spectrometer systems with heterodyne & 

homodyne detection schemes.   
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II. Vacuum System 

 An efficient high vacuum system is essential in order to get optimum results out 

of the spectrometer.  This low pressure is achieved by the simultaneous operation of a 

diffusion pump and a fore pump.  The combination of both these pumps produces a 

pressure in the order of 10-7 Torr inside the microwave cavity.  The baffle of the diffusion 

pump is cooled using chilled water system (NESLAB cool flow system II) via two 

circulating pumps (PROCON) so that it can trap the hot oil and other chemicals.  The 

cooled baffle helps to keep the cavity clean and free from diffusion pump oil.  The 

diffusion pump is set to turn off when the fore line pressure exceeds 40 mTorr or in the 

event of a power outage.  The diffusion pump slowly warms up when there is a power 

outage since there is no chilled water circulation.  When the diffusion pump comes to a 

certain temperature (approximately 40-50 °C), it will shut off automatically.  The 

diffusion pump cannot be turned back on until the fore line pressure is less  

 than 40 mTorr.  The pulsed valve unit (the top flange of the cavity) can be taken out of 

the system only after bringing the pressure inside the cavity to one atmosphere.  This can 

be done by letting air into the line which connects the fore pump and the diffusion pump.  

The pressure inside the cavity and fore line is monitored by employing a home made 

penning ionization gauge and a panthervac GPT-450 vacuum gauge. 

 

III. Fabry-Perot Cavity 

A Fabry- Pérot interferometer (Fabry-Pérot resonator or cavity) is a linear 

resonator (or cavity) which consists of two highly reflecting mirrors and is often used in 
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high resolution spectroscopy.27  The two spherical mirrors (12″diameter with 24″ radii of 

curvature) are housed inside the vacuum chamber with approximately 30 cm separation 

and supported by three aluminum rods as shown in Figure 3.2.  One of these mirrors is 

fixed whereas the other one can be moved in and out along the horizontal axis as 

illustrated in the Figure 3.2.  This movable mirror is mounted to an external electric 

motor so that it can move in and out.  The microwave radiation and the molecular signal 

are brought in and out of the Fabry-Pérot resonator with the help of an antenna and this is 

attached to the center of the fixed mirror.  The microwave radiation can be efficiently 

coupled to the cavity mode by moving this antenna in and out of the resonator.  As stated, 

the microwave radiation is directed into the cavity via this antenna through a coax cable 

and the cavity mode is monitored by detecting the long reflected microwave pulse 

through a directional coupler.  When the mirror separation equals the cavity resonance 

mode, the reflected power drops to minimum and can be seen in the scope.  A standing 

wave can be obtained at this point and it travels back and forth between two mirrors as 

shown in Figure 3.3.  The Fabry-Pérot cavity relaxation time (τc) with a Q-factor  

= νc / ∆νc = 104 for a cavity mode at 10 GHz is about (τc =) 0.2 µs.  This is less than the 

characteristic decay time for macroscopic polarization (τc < T2 = 100 µs), which is a 

condition that is ideal for this kind of spectrometer configuration.  The cavity bandwidth, 

∆νc = 1 / 2 πτc is about 1 MHz for the current system. 
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FIGURE 3.2 Fabry- Pérot microwave cavity and the two mirrors.  
 
 
 

IV. Principles Of Operation & Detection Schemes  

 In general, the principles of operation of the pulsed-beam Fourier transform 

spectrometer used in this experiment are common for all the spectrometers of this type.  

Hence, the properties and some explanations about the spectrometer were directly taken 

from the review by A.C.Legon28 about the pulsed-nozzle Fourier transform microwave 

spectroscopy and included in this section.  The operation of the spectrometer depends 

mainly on achieving the correct timing for a sequence of several different events.  First a 

short gas pulse (about 1 millisecond) is introduced to the Fabry-Pérot cavity using a 

series 9 general valve as shown in Figure 3.3.  As the molecules expand from a high-
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pressure region to a region with low pressure (adiabatic expansion), random translational 

kinetic energy and internal energy are converted into directed mass flow and thereby cool 

the molecules.  This will result in a very low rotational temperature (~ 10 Kelvin) and a 

nearly collisionless expansion approximately perpendicular to the cavity axis.  This helps 

to reduce the Doppler broadening of the lines and subsequently increases the sensitivity 

and resolution of the instrument.        

 After a suitable time delay (75µs), the microwave radiation of frequency ν is 

pulsed into the cavity (about 0.1 to 10 µs duration) by opening the pin-diode switch 

(Figure 3.1).about ensure that the gas pulse is between the mirrors, the microwave 

radiation of frequency ν, to which the cavity is formed into a pulse of about   The 

radiation pulse thereby carries with it into the cavity a band of frequencies ∆ν = 1 MHz 

centered at ν.  If the molecule of interest has one or more rotational transition in the range 

∆ν about ν, an appreciable macroscopic polarization can be induced in the gas.  This 

polarization corresponds classically to a phase-coherent oscillation of the molecular 

electric dipole moments that is induced by the radiation.  The delay of approximately  

3 ms is very important; otherwise the microwave pulse will arrive either too early or too 

late to polarize the main body of the gaseous molecules.  As stated in the previous 

section, the next essential requirement is that the characteristic decay time for the 

macroscopic polarization (T2) should be much longer than the time for the dissipation of 

the polarizing pulse (τc) within the Fabry-Pérot cavity.  The pin diode switch can be held 

closed for long enough for the polarizing pulse to dissipate but can still be opened early 
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to capture the coherent rotational emission signal at the frequency νm as the polarized 

gas begins to emit spontaneously. 

 
 

FIGURE 3.3. Pulsed-valve system and microwave standing waves inside the cavity.  
 

 The superhetrodyne detection system has been employed for most of the 

molecules studied in this thesis except two most recent projects (the two molecules 

presented in section 4.1 and 5.2).  The microwave spectrometer used in this work 

operates between 4-18 GHz range and it consists of three main microwave bands, namely 
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C-band (4-8 GHz range using YIG tuned transistor oscillators from Avantek), X-band (8-

12 GHz range using YIG tuned Gunn diode oscillators from Watkins-Johnson and Ku 

band (12-18 GHz range also using YIG tuned Gunn diode oscillators from Watkins-

Johnson).  However, majority of the work in this thesis has been done in the range  

4-12 GHz.  In the first stage, the rotational emission at frequency νm is mixed in the 

detector with a phase-coherent signal at ν-20 MHz to give an intermediate frequency  

|ν - νm| ± 20 MHz.  After amplification, this resultant signal is mixed in a second stage 

with further phase-coherent radiation of frequency 20 MHz to beat down the signal and to 

yield |ν - νm| .  After suitable signal averaging, this is Fourier transformed to obtain the 

intensity versus frequency signal.  The details on how to scan for a molecular signal using 

the previous setup (superhetrodyne) are well documented in the thesis of Roger 

Bumgarner and Chakree Tanjaroon.  Hence, these steps will not be repeated here.  

Instead, the details of the current detection scheme (homodyne detection system) will be 

discussed in detail in this section.  

 The previously used superhetrodyne system was successful because the chosen 

intermediate frequency (in this case 20 MHz) is high enough so that the 1/f noise 

associated with the electronics and nonlinear devices (such as superhetrodyne mixer) was 

much lower than would be obtained with video detection, or homodyne detection without 

preamplification.  However, the high availability of low-noise, wide-bandwith solid state 

amplifiers in the past 10 to 12 years, and more recently lower-noise cryogenic amplifiers 

has allowed other design configurations for improved S/N ratio.  In the current 

spectrometer setup, low-noise (1 dB noise figures at room temperature and even low 
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noise at liquid nitrogen temperature) MITEQ amplifiers (AFS3-04000800-10-KCR-4 and 

AFS3-08001200-10-KCR-4) have been used.  These amplifiers, which amplify the 

molecular free induction decay signal by 20 to 30 dB, are placed between the antenna and 

the input of the mixer for the superhetrodyne or homodyne detector system.  The added 

noise from the mixer and the subsequent amplifier becomes insignificant in this 

configuration.  After the amplification step, there is no longer a significant difference in 

the resulting S/N whether we use superhetrodyne detection with 20 MHz intermediate 

frequency (IF) or homodyne detection with 0 frequency IF and the signal frequencies in 

the 10 to 800 kHz range.  The main advantage of the homodyne detection system is that 

the same microwave source can be used for the stimulating signal going into the 

microwave cavity and the local oscillator signal for the homodyne mixer.  In the early 

systems, a separate, phase-locked microwave source was used to provide the LO signal 

for the superhetrodyne detector.  In more recent systems, 29, 30 31 the offset LO signal was 

generated from the stimulating signal frequency using a single-sidebanded mixer.  In 

order to test the efficiency of the homodyne detection system, tests were conducted using 

single substitution 13C transitions for butadiene iron tricarbonyl.32  With the present 

homodyne detection system, these transitions could be seen with only a few beam pulses.  

The improvement in S/N for the cooled, 77 K amplifier was about a factor of 2, which 

means a factor of 4 reduction in the required data collection time.  This is a great 

improvement because this will significantly reduce the manual scanning time of the 

spectrometer.  A schematic diagram of the present detection system is shown in  
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Figure 3.1B.  (The specifics of the homodyne detection system were taken from our 

recently published paper on bis-cyclopentadienyltungstendihydride).33   

 

 

3.3 GENERAL EXPERIMENTAL PROCEDURE 
 

I.  Predicting Rotational Constants & Spectra 

 As the first step of this microwave research, transition frequencies have to be 

predicted as accurately as possible.  In order to do this, rotational constants have to be 

calculated using a suitable method.  It is important and advantageous to have a good 

frequency prediction before the experiment as the current spectrometer does not have the 

automated scanning mode.  This will significantly reduce the manual scanning time in 

this type of high-resolution spectroscopy.  In this work, the rotational constants have been 

predicted mainly by using two methods.  First, one can use a commercially available 

computational package, such as Gaussian in order to predict rotational constants.  

Through out this thesis, extensive density functional theory calculations have been 

performed in order to optimize the molecular structure and to obtain rotational constants.  

Many times, the rotational constants obtained from this kind of calculation are within 1% 

of the experimental value.  All the density functional theory calculations presented in 

thesis were performed on TINTIN IBM, SUPER and SGI-AURA-HPC computer clusters 

using Gaussian 9834 and more recent Gaussian 03 programs35.  More often, the non-local 

Becke’s three parameters with modified Perdew and Wang’s correlation functions 

(B3PW91) have been routinely used to optimize the geometry of molecules.  First the 
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geometry is optimized using a smaller basis set (such as SVP) for carbon, hydrogen and 

oxygen and later the calculation can be improved using a larger basis set (such as aug-cc-

pVTZ) for these atoms.  The larger basis sets require a significantly longer computational 

time, but yield precise rotational constants (usually within 1%).  Various calculations 

performed for each molecule will be discussed in the subsequent chapters (see the 

theoretical section, DFT calculations in the chapters 4 through 9). 

 The other way of predicting rotational constants is to use the solid-state or gas-

phase diffraction geometry available for a particular molecule.  Some of the molecules 

presented in this thesis have previously been studied using X-ray, electron or Neutron 

diffraction experiments.  Therefore the coordinates of these molecules are available in the 

Cambridge Structural Data base (CSD).  The X-ray database can be accessed using the 

command “cq” in the X-ray9 server at the Department of Chemistry, University of 

Arizona and one can search a particular molecule based on the key words; “formula”, 

“structure” or “author”.   Once the molecule of interest has been found, the (x, y, z) 

coordinates can be exported as a .pdb (protein data bank) file and directly used to get the 

rotational constants using the program ROTCONST (see following sections on how to 

use this program). 

 These preliminary rotational constants are needed to predict the spectrum of a 

particular molecule and this can be done either by using Herb. M. Picket’s SPCAT 

program36 or the program modified by Roger E. Bumgarner (SPECPLT program).  The 

SPCAT program requires two main files namely, file.var and file.int.  The .var file can be 

generated when doing density functional calculations using the key word 
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“output=Pickett”.  The .int file is the intensity file, which contains the maximum and 

minimum rotational states (J and K), partition function, rotational temperature and the 

dipole moment of the molecule.  The program can be executed using the command  

“spcat file.”.  This will generate various different files including the frequency prediction 

file (file.cat).  Example input files with some explanation are presented in Appendix A.   

 The input file for the SPECPLT program (spec.in) needs the rotational constants, 

centrifugal distortion constants (if available) and the type of dipole transitions in order to 

predict the spectrum for a molecule.  The SPECPLT is a user-friendly program and the 

source codes are available from the Kukolich lab.  The frequency predictions are 

normally done in the 4-18 GHz range.  ROTCONST is a similar program, which can be 

used to predict rotational constants from the coordinates.  The output of this program 

yields the coordinates in the principal axis system (a, b, c) and the rotational constants of 

the molecule.  The SPECPLT and ROTCONST programs can be executed using the 

command SPECPLT 〈spec.in and ROTCONST 〈rot.in respectively.  This will result the 

output files.  Few example files are presented in Appendix A.     

 

II. Sample Preparation & Synthesis 

 The complexes studied in this thesis were either synthesized using previously 

published procedures or purchased from commercial sources such as Aldrich and Strem 

chemicals.  Since almost all these molecules are highly sensitive to air and moisture, 

extra caution had to be taken when handling these compounds.  Most of the commercial 

samples were resublimed prior to use in the experiment.  After sublimation, a particular 
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sample was transferred to a glass sample cell in an oxygen free dry box atmosphere and 

stored under nitrogen or neon.  A general sublimation procedure is as follows.  First the 

sample of interest is transferred into a previously baked (using an oven) two-neck round 

bottom flask inside the dry box.  Then a side arm and a cold finger are attached to this 

two-neck flask and this setup is taken out from the dry box and connected to a vacuum 

manifold.  The temperature of the cold finger is chosen either at ice 0 °C or dry ice -70 

°C and the sublimation conditions will depend largely on the nature of the sample.  If a 

sample has a high vapor pressure, it can be sublimed easily using a low temperature (0 to 

25 °C) and a high pressure (0.1 – 10 Torr).  On the other hand, if a sample is less volatile, 

higher temperatures (up to approximately 130 °C) and lower pressures (0.1 – 0.01 Torr) 

are needed for the sublimation. Samples are directly sublimed to the glass sample cell for 

highly volatile complexes.  These samples are stored under nitrogen for further use.  As 

stated, if a sample is not available from commercial sources, it has been synthesized 

using well-established procedures.  Details on these synthesis procedures are presented in 

the following chapters under the experimental section of each molecule.  All the bulk 

solvents were dried prior to use in the synthesis and more often, small quantities were 

purchased (usually from Aldrich) in sure-seal bottles.   

In order to determine the complete structure of a molecule, it is necessary to 

obtain the spectrum of additional isotopomers.  The current spectrometer has the ability 

to measure low abundance isotopomers such as 13C (~1%) and various low abundance 

metal isotopes (>1%).  However, these transitions are very weak compared to the main 

isotopomer lines and need higher signal averaging.  These transitions can be predicted by 
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scaling the rotational constants and usually this is accurate within ±5 MHz.  These 13C 

and low abundance metal isotopic data are very important in getting most of the structural 

parameters of a target molecule.  However, deuterium enriched samples have to be 

synthesized in order to measure the spectrum as 2H cannot be measured in natural 

abundance (~ 0.01%) using the current spectrometer setup.  Many different perdeuterated 

samples were synthesized for the molecules studied in this thesis.  More often,  

hydrogen – deuterium exchange has been done by using a proper deuterating agent.  The 

synthesized samples were sometimes characterized using mass spectrometry,    1H-NMR 

and Infrared spectroscopy techniques.    

 

 

III. Data Acquisition  

  Several important steps have to be performed prior to collecting data for a new 

molecule. First the spectrometer settings have to be optimized (tuned) using a known 

“test” molecule.  This optimization is very critical especially when the instrument has not 

been used for a long period of time because it is essential to tune-up every component of 

the system prior to start a new experiment.  Tuning-up the pulsed valve is very critical in 

this process.  Two test molecules have been used in order to optimize the spectrometer 

system, namely difluorobenzene and butadiene iron tricarbonyl.  The microwave spectra 

of these complexes are well analyzed and reported in the literature.32, 37  Both these 

molecules have large dipole moments and hence give very strong signals.  As the very 

first step of the calibration, a strong transition frequency is selected (usually in the same 
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region as the predicted frequency of the sample) and the microwave power has been 

adjusted so that the signal can be seen with a single gas pulse.  Next the power 

attenuators and the time delay have been adjusted in order to further enhance the signal.  

Sometimes, it may be necessary to adjust the antenna in and out of the Fabry-Perot cavity 

to get a maximum coupling with the Q of the cavity mode.  Once the spectrometer is 

tuned properly, less abundant 13C (1%) transitions should be seen within 10 shots.  Then, 

the system is cleaned by pumping out the remaining test molecules (overnight).  Baking 

of the gas line is recommended here since it keeps the system free from moisture and 

other used chemicals.       

 Research grade ultra pure neon (usually 99.999% from Matheson Tri Gas) has 

been used as the carrier gas for all the molecules studied in this thesis.  The advantage of 

using neon is that it usually does not form complexes with the organometallic complexes.  

The neon gas backing pressure is maintained between 0.6 to 1.0 atm for majority of the 

complexes.  However the experimental conditions mainly depend on the nature and the 

vapor pressure of the sample.  If a sample is less volatile, usually it needs to be heated 

until a sufficient vapor pressure is obtained.  On the other hand, if a sample is very 

volatile, it has to be cooled to reduce the vapor pressure.  In this case, it is essential to 

maintain a low baking pressure to save the sample for a long period of time.  Different 

proportions of ethanol / water slush have been used to obtain temperatures all the way 

down to – 25 °C.    The sample is pulsed into the microwave cavity at a rate of 1 – 2 Hz 

by employing a series 9 General pulse value (with a 2.0 mm opening).  This adiabatic 

expansion helps to populate low rotational levels due to rotational cooling of the 
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molecules (approximately 10 – 12 Kelvin).  A SUPELCO gas purifier tube is placed 

between the neon gas cylinder and the gas pipeline to check and monitor the purity of the 

carrier gas.   

 The scanning for a molecular signal is done in the following way.  First, a high 

intensity transition frequency is selected (from the best prediction) for a particular 

molecule and input into the microwave synthesizer.  Usually, these transition frequencies 

are predicted either from X-ray or DFT as discussed in the previous section of this 

chapter.  More often, DFT calculated values have been used as the starting geometry 

since this gives reliable and more accurate constants.  Next the carrier gas pressure is 

adjusted to between 0.5-1.0 atm and set the sample temperature a little bit below its 

sublimation temperature.  For extremely volatile samples, the sample temperature has to 

be cooled (between 0 to – 25 °C) as discussed in the sample preparation section above.  

As stated, the scanning is done in the vicinity of the predicted frequency and if a 

transition is not observed within ± 200 MHz, a broader scan is needed.  Sometimes the 

sample temperature, cavity mode and carrier gas pressure have to be adjusted in order to 

increase the chances of seeing the lines.  However, extra caution has to be taken not to 

decompose the sample.  The initial frequency search can be done by pulsing the pulse 

value faster than the normal rate (>1-2 Hz).  This is done by selecting the g-scan mode 

(recording less data points, 256) instead of the normal p-scan mode (512 data points).  

This will significantly reduce the manual scanning time as the current instrument setup 

does not support the automated scanning mode.  If a transition is observed using the  

g-scan mode, it has to be recorded by switching to p-scan mode.  If a line is seen within 
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15 to 20 shots, it is a good indication that it can be optimized by varying the experimental 

conditions. Most of the time, a molecular signal can be optimized so that it can be seen 

within a single beam pulse.  These observed transition frequencies are recorded above 

and below the center frequency in the spectra window (~ 1 MHz) and sort fix these points 

using the data capture program Win Draw 1.0 (see Section I in 3.4).                     

 

 

3.4 DATA ANALYSIS & COMPUTER PROGRAMMING   
 

 Nowadays, almost every aspect of spectroscopy has been benefited from powerful 

computer programs. These programs are indispensable for the development of modern 

spectroscopy and to process data obtained from various experiments.   

Several different computer programs have been used to analyze the data presented 

in this thesis and this section summarizes the specifics of those programs.  These program 

have been written using FORTRAN, “C” language, Visual Basic and Q Basic.  The 

source codes for these programs are well documented in Roger E. Bumgarner and Brian  

J. Drouin dissertations.  Atleast one example file for each program is presented in 

Appendix A for future reference and modifications.   
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I.  Data Capture Programs 

 Data capturing has exclusively been done using Win Draw 1.0, a program written 

by Chris Dannemiller, an undergraduate in the Kukolich lab.  It has the ability to plot and 

sortfix the measured frequencies.  The sortfix basically averages the same frequencies 

over the measured data set and yields the experimental frequency with the error.  In order 

to record a measured frequency of a line, one has to record several frequencies around the 

center frequency of the transition.  Before sort fixing a new line, the previously worked 

out files (temporary file, sort fixed file and peak-picked file) have to be deleted by 

choosing the option “stats” on the main tool bar.  Detailed steps on how to use this 

program is available in the Kukolich lab.  

 

II. Data Work-Up & Fitting Programs  

 Two different fitting programs, SPFIT 36 and FITSPEC25 have been used to 

analyze all the measured data presented in this thesis.  After assigning the quantum 

numbers for corresponding transitions, both these programs were employed in most cases 

to test and compare the rotational parameters.  The SPFIT program is a powerful program 

written by Herbert M. Pickett and it is widely used to analyze various types of molecular 

spectra.  However, this program is not a very user friendly one though it can be used for 

different types of molecules.  This can be freely downloaded from 

http://spec.jpl.nasa.gov/ web site.   

In order to fit some measured lines for a molecule, SPFIT requires two 

independent files, namely file.lin and file.par.  The file.par contains the adjustable 
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rotational parameters with centrifugal distortion constants while the file.line consists of 

transition frequencies and assigned quantum numbers.  A few example files with some 

explanations are presented in Appendix A.  Once the file.lin and file.par are ready, 

various output files can be generated by using the command “spfit file.”  As mentioned, 

this will create many output files (file.fit, file.out, file.var, file.bak) and these files can be 

used to predict the new rotational spectrum and to plot the spectrum.  The file “fit.out” 

gives the main fitted parameters with respect to the assigned transitions.  However, this 

file does not give the correct standard errors associated with fitted parameters.  Therefore, 

a different program has to be used to get these errors.  The program “PIFORM”38 has 

been used for this purpose and this reformats the .out file and determines the standard 

errors for the constants.  In this work, the SPFIT program has been routinely used to fit 

measured rotational transitions for various symmetric and asymmetric molecules with 

and without hyperfine structures.  Depending on the nature of the molecule, these 

transitions can be fitted using Watson-A reduced or Watson-S reduced Hamiltonian.   

The second data analysis program that has been used throughout this work is the 

FITSPEC program.  This program is designed to fit spectra for symmetric and 

asymmetric top molecules without hyperfine structure.  The program is very 

straightforward and it has the ability to predict accurate quartic distortion constants with 

the correct sign.  The FITSPEC program has been written and modified by 

R.E.Bumgarner and S.G.Kukolich and source codes and the newer version of the 

program can be obtained from the Kukolich lab.     
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III. Structural Analysis Programs 

A.  Least-Squares Structural Fit 

 A least-squares structural fit program can be used to get the final geometry of the 

molecule.  The main program consists of three main FORTRAN files (rotsub.f, 

parameter.f, fitq77.f).  In addition to this, one more input file (parameter.in) is needed in 

order to execute the program.  In general, one has to change only the parameter.f and 

parameter.in files to run the program for a new molecule.  The parameter.f file consists 

of geometric parameters defined for a molecule with the atomic masses whereas the 

parameter.in file contains the initial values for the geometric parameters specified in the 

parameter.f file along with the rotational constants measured for various isotopomers.  It 

is important to define the variable and fixed parameters in the correct format (PP(1), 

PP(2), PP(3),… etc.,) in the parameter.f file and to change the number of rotational 

constants measured in the appropriate places in the subroutines.  It is also necessary to 

recompile the parameter.f file using the command “f77.f” after all the modifications and 

this will yield an output a.out file.  The program will adjust the variable parameters with 

respect to the measured rotational constants and produce the output file, which contains 

new coordinates of the molecule (in the fort.10 file) and gas-phase structural parameters 

with their errors of the molecule.  The fit files used to get the structures of (C5H5)2WH2 

and C2H4Os(CO)4 are presented in Appendix A.          
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B.  Kraitchman Analysis 

 Kraitchman analysis has been extensively used to analyze the structures of many 

molecules in this thesis.  The program was designed to get the structural parameters of 

asymmetric-top molecules based on the single isotopic substitution.  The program can 

also be used to analyze the symmetric top species because the isotopic substitution alters 

the symmetry of the molecule (makes it slightly asymmetric).  The program yields the 

coordinates of the mono substituted atoms (for example 2H and 13C) with respect to the 

principal axis system.  Sometimes, vibrational averaging effects have to be neglected in 

order to determine reasonable coordinates for various atoms in different molecules.  For 

the multiple substituted species (for example, di and quadruple substitutions for 

hydrogen, see Kraitchman analysis section in chapter 4 for tetracarbonylethyleneosmium 

complex and chapter 5 for biscyclopentadienyltungstendihydride complex), the 

Kraitchman equations have to be constructed using first principals.1  However, given the 

fact that the Kraitchman analysis uses the changes in the moments of inertia due to the 

monosubstitution of different atoms in the molecule and that the moments of inertia are 

related to the square of the coordinates of the substituted atoms, one can obtain only the 

absolute values of these coordinates.  Therefore, X-ray, DFT or structural fit results 

would be required to complete the analysis and to assign the signs of all the substituted 

atom coordinates.  Few example Kraitchman files can be found in Appendix A. 
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IV. Other Important Programs 

A.  Graphical program - RPLUTO 

 RPLUTO is a very important and powerful program that can be used to generate 

the pictures of molecules.  All the molecular illustrations in this thesis have been done 

using this program and an example input file is presented in Appendix A.  The program 

allows one to view a molecule in an X, Y, Z axis system and this is important in order to 

determine the dipole moments along different axes and “visualize” the molecule.  

RPLUTO is available in the X-ray 9 server in the X-ray crystallography facility in the 

Department of Chemistry, University of Arizona.  In order to run the program, it is 

necessary to turn on the “X-Win32” in a normal window and to set the environment of 

the computer using the command “setenv DISPLAY 128.196.212.247:0.0”.  Here the 

numbers are the IP address of the computer (in this case, the computer SGK9 in the 

Kukolich lab).  Once the coordinate file, (name.dat) is ready, the molecule can be viewed 

by using the command rpluto name. (without the extension).  A suitable orientation of the 

molecular picture from rpluto can be converted to a postscript file (name.ps) and this can 

be used to create detailed pictures of molecules for publications and presentations (using 

the program Page Draw / Mayura Draw).  Once the postscript file is made, it has to 

convert into an .ai file (name.ai) using the command “ps 2ai name.ps name.ai” using MS 

DOS.  
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B. Plotting Program - GNU PLOT 

 The gnu plot program can be used to display the measured rotational frequencies 

as a stick plot.  The program has the capability to plot these frequencies versus intensity 

of the observed transitions.  This is very useful in assigning quantum numbers for the 

measured lines.  This process involves matching the theoretical spectrum with the 

experimental spectrum and usually works well for symmetric-top molecules.  This 

simulation can be done by adjusting the rotational constants and other parameters such as 

distortion constants and nuclear quadrupole coupling constants.  When there is a 

reasonable agreement between the simulated spectra and the experimentally measured 

spectra, quantum numbers can be assigned for various transitions of the molecule.  

Subsequently, a new and modified prediction can be obtained from the assigned lines and 

this can be used as a starting point to analyze the spectrum.  For more complicated 

asymmetric-top molecules with hyperfine structure, a careful analysis is required with 

respect to the splitting pattern.      
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CHAPTER 4:  MICTROWAVE SPECTROSCOPY OF 

METALLACYCLES 

 
 

4.1 THE GAS-PHASE STRUCTURE OF TETRACARBONYLETHYLENE 
OSMIUM 
 

I.  Abstract 

 Rotational spectra of seven isotopomers for the metallacycle 

tetracarbonylethyleneosmium, Os(CO)4(η2-C2H4), were measured in the 4 -12 GHz range 

using a Flygare - Balle type pulsed-beam Fourier transform microwave spectrometer 

system.  Olefin-transition metal complexes of this type serve as important models of 

transition states in metal-mediated transformations of alkenes.  Three osmium (192Os, 

190Os, and 188Os) and three unique 13C isotopomers (13C ethylene, axial, and equatorial 

positions) were observed in natural abundance.  Additional spectra were measured for an 

isotopically enriched perdeuterated sample, Os(CO)4(η2-C2D4).  The measured rotational 

constants for the main osmium isotopomer (192Os) are A = 925.3256(6) MHz,  

B = 755.1707(3) MHz, and C = 752.7446(1) MHz, indicating a near-prolate asymmetric 

top molecule.  The ~140 assigned b-type transitions were fitted using a Watson S-reduced 

Hamiltonian including A, B, C, and five centrifugal distortion constants.  A near-complete 

r0 gas-phase structure has been determined from a least-squares fit using eight adjustable 

structural parameters to fit the 21 measured rotational constants.  The resulting ethylene 

C-C bond length of 1.432(5) Å is significantly longer than the free ethylene value of 

1.339 Å.  Furthermore, the ethylene hydrogen atoms are displaced 26.0(3)° above the 
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plane of the ethylene carbons, and the Os-C-C-H dihedral angle is 107.4(1)°, indicating 

that the ethylene carbon atoms have near sp3 character in the complex.  Kraitchman 

analysis of the available rotational constants gave principal axis coordinates for the 

carbon and hydrogen atoms, which are in excellent agreement with the least-squares fit 

results.  The C-H bond length (rs = 1.085(4) Å) derived from Kraitchman analysis agrees 

well with the value calculated from density functional theory.  The new results on this 

osmium complex are compared with earlier work on the similar complex, 

tetracarbonylethyleneiron (Fe(CO)4(η2-C2H4)).  The ethylene structural changes upon 

complexation to the metal are found to be larger for the ethylene-osmium complex than 

for the analogous ethylene-iron complex. 
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II. Introduction  

 
Transition metal—alkene bonding has been a topic of interest for decades; the 

reactivity and catalytic of activity many metal—olefin complexes display depend upon 

the metal—olefin bond characteristics.39,40,41,42 In 1951, Dewar43 proposed a synergistic 

model in which the olefin donates electron density from its filled  

π-bonding orbital into the vacant metal d(π) orbital, forming a π-bond.  This is 

accompanied by π-back-donation from an occupied d(�) orbital on the metal into the π*-

orbital of the olefin.  Both effects lead to a strengthening of the metal—ligand bond, 

while the olefin (sp2) character of the ligand is reduced due to donation of its π-bonding 

electron density and back-filling of it’s π*-antibonding orbital.   Dewar’s model was 

successfully applied by Chatt and Duncanson44 to explain the observed properties of 

Zeise’s salt, K[(η2-C2H4)PtCl3], and the thenceforth-named Dewar-Chatt-Duncanson 

model has become the standard theory of metal—olefin bonding in organometallic 

chemistry.  Dewar45 suggested the existence of two extremes of the metal-olefin bond 

character depending on the overall charge transfer between the metal and ligand.  A 

“simple π-complex” results when the amount of π-back-donation from the metal atom is 

negligible.  However, increasing amounts of back-donation give an effective metal—

olefin double bond equivalent to the classical strained three-membered ring—or 

metallacyclopropane—picture.  He noted that a smooth continuum of metal-olefin 

bonding character exists between these extremes, with no sharp point of distinction 

between the two. 
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The structure and bonding of tetracarbonylethyleneosmium, Os(CO)4(η2-C2H4), 

have been investigated previously, predominantly by Norton and coworkers.46,47,48  In 

1992,46 they published results from 1H NMR spectra, single-crystal X-ray diffraction 

measurements, and Hartree-Fock ab initio calculations.  A comparison of the J coupling 

constants of the complex versus those of free ethylene indicated a significant 

rehybridization of the ligand (specifically, a decrease in the H-C-H angle and an increase 

in the C-C bond length) upon coordination to the metal.  The X-ray results confirmed the 

expected “trigonal bipyramidal” geometry of the complex, giving bond lengths and 

angles in general agreement with their ab initio results, except for a rather long, and 

relatively uncertain, ethylene C-C bond length of 1.488(24) Å versus a Hartree-Fock 

value of 1.44 Å.  Accurate H-atom coordinates could not be obtained from the X-ray data 

Then, in 1994,47 Anson et al. performed a comprehensive vibrational assignment of the 

hydrocarbon features in the infrared and Raman spectra of the complex and its (13C2H4) 

and (C2D4) isotopomers, which further indicated its metallacyclopropane nature.  Finally, 

Bender et al.48 performed another 1H NMR study using liquid crystal (nematic phase) 

solvents to determine the bond lengths and bond angles around the ethylene carbons in 

solution.  After correcting their experimental structural parameters for harmonic 

vibrational contributions, they obtained rCH = 1.083(2) Å, ∠HCH = 113.48(5)°, and the 

angle between the plane of the CH2 group and the C-C bond, ∠out-of-plane = 31.27(2)°.      

 The ethylene carbonyl complexes of the group 8 transition metals  
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(M(CO)4(η2-C2H4); M = Fe, Ru, Os) have been extensively studied with density 

functional theory (DFT) calculations.  Li and coworkers49 have nicely illustrated the 

effect of relativity on the metal—olefin bond strength and the structural deformation of 

the ethylene ligand upon descending the d8 column.  Nechaev et al.50 have used an energy 

decomposition analysis (EDA) method to estimate the ratio of electrostatic and covalent 

bonding present in the group 8 ethylene carbonyl complexes.  Their calculations allowed 

the authors to further partition the metal-ethylene bond into the individual contributions 

from the irreducible representations of the system point group (C2v).  For  

Os(CO)4(η2-C2H4), they obtained an (a1)σ contribution of 42.4% and a 53.3% (b2)πll 

contribution (minor (b1)π⊥ and (a2)δ contributions comprised the 4.3% balance), 

indicating significant metal ligand back-bonding and hence metallacyclopropane 

character. 

 In the present work, we have used Fourier transform microwave spectroscopy 

measurements of seven unique Os(CO)4(η2-C2H4) isotopomers to obtain the first near-

complete, gas-phase structure of the complex, including accurate and precise ethylene 

carbon and hydrogen atom coordinates.  From the available data, we have determined 

two consistent sets of structural parameters, using both Kraitchman’s relations and a 

least-squares fit analysis, which are in excellent agreement with our and previous DFT 

predictions.  The new results on this osmium complex are compared with the earlier FT 

microwave spectroscopy work on the similar complexes, tetracarbonylethyleneiron51 

(Fe(CO)4(η2-C2H4)) and tetracarbonyldihydroosmium52 (H2Os(CO)4), and with previous 
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studies of the title complex.  These results further indicate the extent to which 

coordination to a metal center can modify carbon-carbon double bonds. 

 

III. Experiment 

 The title compound and the perdeuterated species have not been synthesized in 

the Kukolich lab.  One of the Kukolich lab collaborators from University of Alberta 

(Josef Takats and John Washington) sent us these samples.  Following procedures are 

based on the synthesis they used to make the title molecule and the perdeuterated species.   

 

A. General Considerations 

The synthesis of Os(CO)4(η2-C2H4) (1) may be carried out via the photolysis of 

either Os(CO)5
53 or Os3(CO)12

46 in the presence of ethylene.  The preparation used herein 

is a minor modification of the previously published synthesis of 1 from Os(CO)5 with 

pentane, rather than butane, used as the reaction solvent.  Details describing the synthesis 

and characterization of Os(CO)4(η2-C2H4)53, 46 have been reported previously but detailed 

synthetic route for the synthesis of  Os(CO)4(η2-C2D4)54 (1-d4) has not been published 

earlier.   

 

B. Starting Materials and Reagents 

Unless otherwise noted, all procedures were carried out using standard Schlenk 

techniques under a nitrogen atmosphere.  Pentane (HPLC Grade) was purchased from 

Caledon Laboratories and was distilled from CaH2 immediately prior to use.  Ethylene 
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was purchased from Linde and ethylene-d4 (99% atom D) was purchased from Isotec, 

both were used as received.  The Os(CO)5 used in the syntheses was prepared by a 

published procedure.55   

 

C. Physical Measurements 

Infrared spectra were obtained on a Bomem MB-100 Fourier transform 

spectrometer over the range 2200-1600 cm-1.  All FT-IR spectra were obtained as 

solution samples held between KBr (0.1 mm) plates. 

 

D. Photochemical Techniques 

The photochemical syntheses were carried out using the immersion well shown in 

Figure 4.1.1.  The immersion well has an approximate solution volume of 100 mL.  The 

immersion well consists of an outside cooling jacket, two ports for the cooling solution, a 

gas inlet, two ports for solution sampling, and a cooling insert into which the lamp is 

placed.  The irradiation source was a Philips HPK 125W Mercury Vapor lamp and the 

wavelength of the radiation was controlled using a cut-off filter (λ > 370 nm) fashioned 

from GWV (Glaswerk Wertheim) glass.  A Julabo F83 circulating bath was used to 

circulate an ethanol solution through the photochemical apparatus, maintaining the 

reaction solution at the desired temperature while keeping the lamp cool.  Reaction 

progress was measured by periodically removing small amounts (ca. 0.2 mL) of reaction 

solution with a 1-mL syringe and recording the FT-IR spectrum.       
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E. Preparation of Os(CO)4(η2-C2H4), 1 

The photochemical immersion well was charged with a pentane solution 

containing Os(CO)5 (234 mg, 0.708 mmol) and the solution volume adjusted to 90 mL 

using freshly distilled pentane.  The temperature of the immersion well was maintained at 

-40 °C and ethylene was bubbled through the solution via the gas inlet for 10 minutes 

(approximately 1 bubble/s) prior to photolysis.  The cooled solution was then photolyzed 

for 55 minutes while maintaining constant ethylene bubbling.  The reaction was deemed 

complete when no ν(CO) peaks due to Os(CO)5 were present and only ν(CO) bands due 

to 1 were observed in the FT-IR spectrum.  The resulting pentane solution containing 1 

was transferred by cannula to a flask pre-cooled to -78 °C.  Care was taken to avoid 

subjecting solutions of 1 to ambient light and all subsequent operations were carried out 

under darkened conditions.  The solvent and excess ethylene was removed in vacuo at -

60 °C to yield a yellow-brown residue.  The contents of the flask were then distilled at 

room temperature under static vacuum (0.05 Torr) to a Schlenk tube cooled with liquid  

nitrogen, affording 1 in 80% yield (188 mg, 0.569 mmol). 

 

F. Preparation of Os(CO)4(η2-C2D4), 1-d4 

Compound 1-d4 was synthesized using a similar procedure via the method 

described for 1.  The immersion well was charged with a pentane solution containing 

Os(CO)5 (204 mg, 0.618 mmol) and the solution volume adjusted to 90 mL using freshly 

distilled pentane.  The temperature of the immersion well was maintained at -40 °C and 

ethylene-d4 was bubbled through the solution via the gas inlet for 2 minutes 
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(approximately 1 bubble/s) prior to photolysis.  The cooled solution was then photolyzed 

for 2 hours while maintaining a slow nitrogen purge (approximately one bubble every 3 

seconds).  At approximate 15 minute intervals during the photolysis, the nitrogen purge 

was stopped and ethylene-d4 was bubbled through the reaction solution for 20 seconds, 

after which time the slow nitrogen purge was resumed.  The reaction was deemed 

complete when no ν(CO) peaks due to Os(CO)5 were present and only ν(CO) IR-bands 

due to 1-d4 were observed.  The ν(CO) bands of 1-d4 were identical to those for 1, 

consistent with results reported by Norton and co-workers.54  After complete photolysis 

the resulting reaction solution contained suspended yellow-brown particles which is 

ascribed to the photochemical decomposition of Os(CO)5. The longer photolysis time and 

evidence of Os(CO)5 decomposition is likely the result of the lower concentration of 

ethylene-d4, as compared to ethylene, during the photochemical reaction to produce 1-d4.  

The isolation of 1-d4 was carried out as described for 1 with 1-d4 isolated in 49% yield 

(101 mg, 0.302 mmol). 

 

G.  Microwave Experiment 

 Rotational transitions of Os(CO)4(η2-C2H4) were measured in the 4 -12 GHz 

range using a Flygare-Balle type pulsed-beam Fourier transform microwave spectrometer 

system, which is described elsewhere.56  Caution was used when handling the samples as 

the complex is fairly sensitive to light, heat, moisture, and air.  Both the normal and 

perdeuterated samples were maintained at -15 °C to -20 °C (using ethanol/water dry ice 

slush) during the experiment to limit their vapor pressure.  Research grade neon was 
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employed as carrier gas at a backing pressure of 0.7-0.8 atm.  Gas pulses were injected 

transversely into the microwave cavity (background pressure = 10-6 Torr) at a rate of 1-2 

Hz using a pulsed valve (General Valve, Series 9, 2 mm orifice).  The superhetrodyne 

microwave detection system used previously was replaced by a new homodyne detection 

system which has been explained in detail in a recent paper.33  The most intense 

transitions of the main and the multiply substituted Os(CO)4(η2-C2D4) isotopomers could 

be detected within a single gas pulse.  The linewidths obtained (FWHM) were ~30 kHz 

for well-resolved lines and yielded measurement uncertainties 1-6 kHz  

 

 

IV. DFT Calculations 

 Extensive density functional theory calculations were performed using the 

Gaussian 03 program suite57 to optimize the equilibrium geometry and produce 

preliminary rotational constants prior to searching for molecular rotational transitions.  

Results from our best calculations are reported in Table 4.1.1, and were obtained using 

Becke’s three parameter hybrid exchange potential (B3)58 with the Perdew-Wang 

(PW91)59 gradient-corrected correlation functional.  Dunning’s correlation-consistent 

triple-zeta basis sets augmented by diffuse functions (aug-cc-pVTZ)60 were employed for 

carbon, hydrogen, and oxygen, while the Hay-Wadt VDZ (n+1) ECP61 was chosen for 

osmium.  All geometry optimizations were followed by a frequency analysis to ensure 

that the stationary points found were true minima on the potential energy surface.  Figure 

1 illustrates the DFT-calculated geometry of the complex in the principal axis system.  
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The ethylene group is bound on one of the equatorial sites of a near trigonal bypyramidal 

structure, and the C-C bond lies in the equatorial plane.  The molecule possesses C2v 

symmetry with the b-axis coinciding with the two-fold rotation axis bisecting the 

ethylene C-C bond. The “axial” carbonyl ligands, which are staggered with respect to the 

ethylene carbons, lie in the ab plane and are angled slightly (~4°) toward the ethylene 

ligand.  The “equatorial” carbonyl ligands are eclipsed with the ethylene carbons and lie 

in the bc mirror plane with a C—Os—C angle of ~105°.  The normal isotopomer has a 

calculated dipole moment of 1.32 Debye oriented completely along the b principal axis.  

The DFT structural parameters are reported in Table 4.1.8 for comparison with 

experimental values.        

 The capability of Gaussian 03 to do numerical differentiation along the normal 

vibrational modes to determine anharmonic vibrational parameters for DFT methods was 

used to calculate quartic centrifugal distortion constants.  The rotational parameters 

obtained from this calculation are given in Table 4.1.4 along with the experimental values 

for comparison.  

 

 

V. Results and Data Analysis 

 Using the preliminary rotational constants obtained from the DFT calculations, 

Herb Pickett’s SPCAT program62 was used to predict the b-type transition frequencies 

with selection rules ∆J = 0, ±1, ∆Ka = ±1, ∆Kc = ±1, ±3.  As illustrated in Table 4.1.4, the 

rotational constants of the normal isotopomer obtained from the DFT calculations agree 
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remarkably well with the experimentally obtained values.  This drastically simplified the 

initial search for lines; in fact, the first transition measured (J'Ka'Kc'  J"Ka"Kc" =  

616  505) at 9197.8522 MHz deviated only 1.5 MHz from the frequency predicted from 

calculation.  Osmium has four isotopes with appreciable natural abundances (188Os 

13.2%, 189Os 16.2%, 190Os 26.3%, 192Os 40.8%) with only 189Os having a nuclear spin (I 

= 3/2).  Figure 4.1.2(A) illustrates the 414  303 transitions at ~6195 MHz observed using 

the normal Os(CO)4(η2-C2H4) sample.  Similar three-line patterns were observed for most 

of the ∆Ka = +1 transitions.  Comparing the observed isotope splitting with those 

predicted by DFT calculations on the various osmium-substituted isotopomers indicated 

that these persistent triads are due to 188Os, 190Os, and 192Os species.  The energy level 

splitting due to the 189Os nuclear quadrupole moment presumably makes the spectrum of 

this isotopomer too weak to observe.  Figure 4.1.2(B) shows the 404  313 transitions in 

which lines from the different osmium isotopomers are completely overlapped. This was 

the case for many of the ∆Ka = -1 transitions, and in such overlapped cases the center 

frequency was assigned to the most abundant 192Os species.  Upon quadruple deuterium 

substitution of the ethylene hydrogen atoms, the complex center of mass shifts along the 

b axis even closer to the osmium atom.  This decreased the observed isotope splitting, 

leading to broader, unresolved lines in most cases.  The resultant quadrupole coupling of 

the four deuterium nuclei (I = 1) must also contribute to the observed line width, as the 

splitting was not resolvable.  Thus, we decided to choose the center frequency for many 

of the broadened, poorly resolved lines and assign only the 192Os-D4 isotopomer 

transitions.  Nearly 140 “b-type” dipole transitions were measured for the various 
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osmium, perdeuterated, and 13C (2.1% natural abundance) isotopomers in the 4 -12 GHz 

range.  No 18O transitions were observed in the present study. 

 The measured transitions were fitted to a rigid-rotor Hamiltonian with centrifugal 

distortion constants using H. M. Pickett’s SPFIT fitting program,62 and are listed in 

Tables 4.1.1, 4.1.2, and 4.1.3 along with the fit residuals from the calculated values.   The 

molecule is a very near prolate asymmetric top, and the 42 observed transitions for the 

most abundant 192Os isotopomer were fitted using a Watson S-reduced Hamiltonian in the 

Ir representation including rotational parameters A, B, C, DJ, DJK, DK, d1, and d2.  For the 

less abundant 190Os(CO)4(η2-C2H4), 188Os(CO)4(η2-C2H4), and the perdeuterated species, 

192Os(CO)4(η2-C2D4), A, B, C, DJ, and DK were fitted while DJK, d1, and d2 were held 

fixed at the values obtained for the most abundant 192Os isotopomer.  Due to the limited 

data sets (see Table 4.1.3) obtained for the 13C-substituted isotopomers, all of the 

distortion constants were held fixed at the values obtained for the normal (192Os) 

isotopomer.  Table 4.1.4 summarizes the rotational parameters obtained from the analyses 

of all the isotopomers.  We note that the centrifugal distortion constants are quite small, 

indicating that the molecule has a fairly rigid structure.  The rotational parameters 

obtained from DFT calculations, including the distortion constants, are in excellent 

agreement with the experimental results.   
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VI. Molecular Structure 

A.  Least-Squares Structural Fit 

 In the present study, a total of 21 rotational constants have been determined for 

various isotopomers of tetracarbonylethyleneosmium, and these constants were used to 

obtain r0 structural parameters for this molecule.  The least-squares structural fits were 

done by adjusting the structural parameters to obtain the best fit to the 21 rotational 

constants.  Because we have not measured spectra corresponding to isotopic substitution 

at every unique atom in the complex, we had to enforce some reasonable constraints in 

the structure for the least-squares analysis.  DFT calculations predict that the ∠Os-C-O 

angles for the axial and equatorial carbonyl ligands are 178.1° and 179.7°, respectively; 

we have constrained them both to 180°.  Furthermore, the DFT calculations predict that 

the equatorial C-O bond distance is 1.1437 Å, while the corresponding axial bond 

distance is 1.1385 Å.  The respective carbonyl bond distances were fixed to these DFT 

calculated values in the least-squares fit, since no data for 18O isotopomers were obtained 

in the present study. The Cet-H bond distance has been used as an adjustable parameter, 

but this resulted in a large (unreasonable) value for the ethylene C-C bond distance (1.49 

Å) and significant correlations among the ethylene group structural parameters.  

Consequently, this CetH bond distance was held fixed to the DFT value of 1.083 Å during 

the fit.  Within the C2v symmetry of the molecule, this scheme allowed variation of eight 

independent structural parameters in a fit to the 21 measured rotational constants and 

these parameters were found to be the best determinable set.  The parameters are: (1) the 

distance from osmium to axial carbon, r(Os-Cax), (2) the distance from osmium to 
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equatorial carbon, r(Os-Ceq),  (3) the distance from osmium to ethylene carbon, r(Os-Cet), 

(4) CaxOsCax angle, (5) CeqOsCeq angle, (6) CetOsCet angle, (7) HCetH angle, and (8) the 

angle between the plane of the CH2 group and C-C bond (∠out-of-plane).   The overall 

standard deviation of the least-squares structural fit was 15 kHz, which is an excellent 

result considering the standard errors of the rotational analyses range from 3-6 kHz, and 

portions of the structure were fixed to DFT values.  The measured and calculated 

rotational constants (A, B, C) for various isotopomers of Os(CO)4(η2- C2H4) are shown in 

Table 4.1.5 along with the fit residuals.  The Cartesian coordinates (in Å) obtained in the 

principal axis system and all the structural parameters derived from the structural fit are 

presented in Tables 4.1.6 and 4.1.7, respectively.  The estimated uncertainties are  

± 0.010 – 0.020 Å for these coordinates, as most were not fitted directly.  There were 

some highly correlated parameters in the fit. The r(OsCax) and CaxOsCax angle have a 

correlation coefficient of 0.99, as do the r(OsCeq) and CeqOsCeq angle.  However, the 

correlated structure fit parameters obtained were confirmed by the Kraitchman analysis 

which is not hampered by such correlation problems.  The Table 4.1.7 also summarizes 

the structural parameters obtained from X–ray diffraction46 and our DFT calculations 

along with the FTMW values obtained for an isoelectronic Fe(CO)4(η2- C2H4)51 and a 

similar complex, H2Os(CO)4.52          

   

B.  Kraitchman Analysis 

 A complete substitution structure (rs) could not be obtained in the present study 

since we have not measured all the possible unique isotopomers for this complex (no 18O 



 77

isotopomers were measured in this work).  Nevertheless, the more important hydrogen, 

carbon, and osmium atom coordinates were derived from a Kraitchman analysis63 since 

we have measured multiple Os substituted isotopomers, the perdeuterated species, and all 

the unique 13C isotopomers of the molecule.  Kraitchman analysis was important because 

the Kraitchman-derived coordinates are not subject to the same correlation effects present 

in the least-squares structural fit.  Given that the Kraitchman analysis uses the changes in 

the moments of inertia due to single or multiple (vida infra) isotopic substitution, and 

these moments are related to the squares of the coordinates of the substituted atoms, one 

can only obtain the absolute values of these coordinates.  Because the Os atom lies so 

near the COM, when the Kraitchman relations were applied to Os isotopic substitution, 

non-zero |a|, Ib|, and |c| coordinates with significant uncertainties were obtained.  

However, by symmetry, the Os atom must lie along the b principal axis (Figure 4.1.1) 

with both |a| and |c| = 0, and we have assumed this to be true.  We then used the absolute 

distance of the substituted Os atom from the COM as the Os |b| coordinate.  The absolute 

distance from the COM is a simple function of the changes in the moments of inertia 

upon isotopic substitution, and can be more precisely determined than the individual 

components. In order to analyze the quadruple substitution of the four equivalent 

hydrogen atoms (D4), it was necessary to develop the formulae to obtain the substitution 

coordinates from first principles.  The details of this derivation are described in our 

earlier paper on the isoelectronic Fe(CO)4(η2 - C2H4) complex.  Because the relative 

orientation of the principal axis system differs in the Os and Fe complexes, we have 

reproduced the relationships here, with respect to the Os coordinate system, for clarity. 
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The coordinates determined in the parent-molecule (192Os(CO)4C2H4) principal axis 

system are presented in Table 4.1.8 along with the absolute distance to the center of mass 

(COM) for each atom.  The various molecular structure parameters derived from the 

Kraitchman analysis coordinates are given in Table 4.1.7 along with the respective values 

obtained from the least-squares structural fit.   

 

 

VII. Discussion 

Microwave spectroscopy measurements of seven unique 

tetracarbonylethyleneosmium isotopomers have yielded the first accurate gas-phase 

structural parameters for this complex.  The structural data obtained by the various 

methods (least-squares, Kraitchman, and DFT from the present work, and the previous  

X-ray46) are summarized in Table 4.1.7.  We first note the excellent agreement between 

the parameters obtained by Kraitchman analysis and the least-squares structure fit, and 

furthermore, the validity with which our best DFT method reproduces the experimental 

structure.  The Kraitchman experimental value for the Cet-H bond distance (1.085 Å) 

illustrates that fixing this parameter to the DFT value (1.083 Å) does not cause significant 

error in the structure-fit analysis.  However, the effective (r0) C-H bond would be 

expected to be slightly (~0.01 Å) longer than both the DFT (re) and Kraitchman (rs) 

values due to vibrational effects.  As noted above, the derived Kraitchman values for the 

r(Os-Cax) and r(Os-Ceq) bond distances confirm the corresponding structural fit 

parameters which were found to be correlated.  Furthermore, these data confirm the 
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general trend among the X-ray,46 DFT, and Fe(CO)4(η2- C2H4)51 microwave results that 

the M-Cax distance is slightly longer than the M-Ceq distance.  The agreement between the 

Kraitchman and structure fit CaxOsCax and CeqOsCeq angles is less good, but satisfactory.  

The experimental r(Os-Cet) distance is slightly shorter than values obtained by X-ray 

diffraction and DFT predictions. The important and most interesting result is the 

deformation of the ethylene ligand upon coordination to the osmium atom.  The ethylene 

C-C bond length of 1.43 Å, which bisects the free ethylene average r (C=C) value64 of 

1.3391(13) Å and the r0(C-C) bond length65 (1.534(2) Å ) of ethane.  Furthermore, the 

angle between the plane of the CH2 group and the C-C bond (∠out-of-plane) is 26°.  This 

creates an ∠Os-C-C-H dihedral (tortional) angle of 107°, again halfway between the 90° 

expected for unperturbed ethylene and the 120° expected for pure sp3-hybridized carbon 

atoms.  Finally, the observed HCetH angle is 111°, further confirming the 

metallacyclopropane nature of the complex.  Figure 4.1.3 illustrates the structural fit bond 

lengths and interbond angles obtained for the osmium-ethylene fragment along with the 

out of plane angle of hydrogen atoms (angle between the –CH2 plane and the C-C bond). 

 The main discrepancy between the gas-phase and previous X-ray structure46 is the 

ethylene C—C bond length.  The present value of 1.43 Å is in much better agreement 

with all the available theoretical calculations.46,49,50  In the X-ray study, the authors were 

forced to place the hydrogen atoms in idealized positions with a C—H bond length of 

0.96 Å, and this probably led to the long C—C bond length  (1.488(24) Å) with a 

relatively large uncertainty.  Norton and coworkers48 also reported an angle between the 

plane of the CH2 group and the C—C bond (∠out-of-plane) of 31.27(2)° from solution-phase 
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1H NMR measurements taken in liquid crystal solvents.  This value, while a bit large, 

appears to be a reasonable result considering their method could only give the relative 

shape of the ethylene group, and the authors used the X-ray C-C bond length (1.488(24) 

Å) as the scale factor to get the absolute geometry.  

 Comparing the present Os(CO)4(C2H4) gas-phase structure with that of 

Fe(CO)4(C2H4) obtained from FT microwave measurements,51 we conclude that the 

degree of metal(dπ)  olefin(π*) back-bonding is slightly greater for the Os complex.  In 

the Os complex, the back-bending of the CH2 group from the ethylene plane is 26.0(3)° 

versus 21.8(1)° for the Fe species.  The osmium ∠HetCetHet angle (111.2(1)°) is slightly 

closer to the sp3 angle than in the iron complex (113.6(5)°), and the C-C bond is slightly 

shorter for the iron complex (1.421(7) Å versus 1.432(5) Å).  This is in agreement with 

previous DFT studies of the ethylene carbonyl complexes of the d8 metals.49,50  Li et al.49 

have pointed out that the relativistic contraction of the 6s orbital for Os decreases the 

effective nuclear charge felt by the 5d atomic orbitals, causing them to destabilize and 

expand.  This destabilization increases the metal d(σ)—olefin π energy gap, and 

decreases the π-bonding orbital overlap (see Figure 5 of Ref. 11).  However, the  

d(π)—olefin π* energy gap becomes smaller, thus increasing metal olefin  

back-bonding.        

 When the ethylene ligand is replaced by two hydride ligands in H2Os(CO)4,52 

significant changes in the CetOsCet  and CaxOsCax angles occur (Table 4.1.7).  The 

hydride ligands reside in the equatorial plane with an H-Os-H angle of 88.3(7)°.  The 

H2Os(CO)4 complex is thus “pseudo-octahedral”, and it is not surprising that the CetOsCet 
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angle (99(2)°) is smaller than in the near trigonal bipyramidal Os(CO)4(C2H4) complex 

(105.8(3)°).  However, the axial carbonyl ligands tilt even further toward the hydride 

ligands, with ∠CaxOsCax = 163(3)°,  The reason behind the tilt of the axial carbonyls 

toward any ligands which are less effective π acceptors than CO has been investigated in 

detail by Bender and Norton et al.,46 and will not be repeated here.  Their analysis 

implied a greater back-bonding from the metal to the equatorial carbonyls than to the 

axial ones, resulting in shorter M—Ceq bonds.  This trend is confirmed in both the  

Os(CO)4(η2-C2H4) and Fe(CO)4(η2-C2H4) structures, but the larger uncertainty in the 

r(Os-Cax) and r(Os-Ceq) bond distances in the H2Os(CO)4 structure prevents any reliable 

comparison.  

  
 
 
VIII. Conclusions 

 A near complete three dimensional gas-phase structure of the Os(CO)4(η2-C2H4) 

complex, including accurate and precise ethylene carbon and hydrogen atom coordinates 

have been determined for the first time.  The structural parameters determined from 

Kraitchman analysis and least-squares structural fit are in excellent agreement with those 

obtained from density functional theory calculations, and indicate a substantial 

rehybridization of the ethylene carbons upon coordination to the osmium atom.  The 

ethylene C-C bond length is elongated by 0.09 Å relative to free ethylene, and the angle 

between the plane of the CH2 group and the C-C bond is 26.0(3)°.  We also find that the 

degree of metal olefin back-bonding of the osmium complex is greater than in the 
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analogous Fe(CO)4(η2-C2H4) complex.  These results confirm the conclusion of Norton 

and coworkers46,47,48 that tetracarbonylethyleneosmium is closer to a metallacyclopropane 

than to a simple π-complex.  
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FIGURE 4.1: Low Temperature Photochemical Apparatus (Immersion Well) 
 

 

 

 



 84

 

 

FIGURE 4.2:  The molecular structure and the principal axis system for 
tetracarbonylethyleneosmium.  As shown, axial carbons are staggered with the ethylene 
carbons and are at an angle of 4.1(5)° relative to the “a” axis.  The size of the hydrogen 
atoms has been increased for illustration purposes. 
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(A) 

 

(B)  

 

FIGURE 4.3:  Observed spectra of Os(CO)4(η2-C2H4)  for two different transitions. 
(A) Transition corresponding to J'Ka'Kc'  J"Ka"Kc" = 414  303 at ~6195 MHz deriving 
from three osmium isotopes (188Os, 190Os and 192Os).  (B) Spectrum observed for the 
J'Ka'Kc'  J"Ka"Kc"  = 404  313 transition at ~5863 MHz.   Somewhat broader spectrum is 
due to overlapped lines resulted from different osmium isotopes.    
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(A) 

  

 

 

FIGURE 4.4.  Structural parameters for the osmium- ethylene fragment  
(A), (B)  Osmium-ethylene fragment of the molecule showing the bond lengths and 
interbond angles.   (C)  The angle between the carbon-carbon bond and the plane of –CH2 
(out of plane angle of ethylene hydrogen) and CetOsCet angle. 
 

 

(B) 

(C) 
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TABLE 4.1.1:  Measured transition frequencies for the most abundant  

(C2H4192Os(CO)4, 41% natural abundance) and perdeuterated (C2D4192Os(CO)4)  

isotopomers with the deviations from calculated values.  (in MHz). 

Quantum Nos. C2H4Os(CO)4 C2D4Os(CO)4 

J′ Ka′Kc′ JKaKc measured dev measured dev 

303 212   4279.3493 0.0016 

313 202 4691.8402 0.0001 4494.0882 -0.0079 

322 211 5046.1990 -0.0040 4817.4604 0.0050 

321 212 5053.5943 -0.0098 4887.7100 -0.0051 

331 220 5400.5692 -0.0030 5140.8174 -0.0003 

330 221   5142.9918 -0.0014 

414 321 5493.2144 -0.0162   

413 322 5517.6240 0.0116   

404 313 5863.2021 -0.0001 5760.1590 -0.0051 

414 303 6194.9470 0.0002 5927.0890 -0.0003 

423 312 6550.4697 0.0039 6255.9156 0.0012 

422 313 6565.3967 0.0039 6405.4907 -0.0027 

432 321 6908.4219 0.0012 6605.2869 0.0009 

431 322 6908.5476 0.0015 6616.2813 -0.0018 

441 330 7259.2318 -0.0019 6904.7747 -0.0033 

440 331   6904.9129 -0.0030 
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515 422 6994.7393 0.0021   

514 423 7031.4965 -0.0001   

505 414 7375.5146 0.0046 7237.0612 0.0017 

515 404 7696.9273 -0.0006 7357.3389 0.0039 

524 413 8053.5108 0.0004   

523 414 8078.6410 0.0032 7949.2656 0.0042 

533 422 8416.1696 0.0017   

532 423 8416.5456 0.0003   

542 431 8767.1250 0.0003 8373.5876 0.0040 

541 432   8374.5586 0.0008 

625 532 8170.2777 -0.0147   

624 533 8172.0400 0.0049   

616 523 8494.7217 -0.0027   

615 524 8546.5252 -0.0082   

606 515 8888.7135 0.0027 8707.7804 0.0032 

616 505 9197.8522 0.0000 8788.5977 0.0008 

625 514 9555.3418 0.0007 9104.4326 0.0006 

624 515 9593.4625 -0.0033   

634 523 9923.7433 -0.0011   

642 533   9844.6908 0.0031 

643 532 10275.0000 -0.0002 9840.7721 -0.0009 

726 633 9677.8785 0.0075   
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725 634 9680.9990 -0.0092   

717 624 9993.0541 0.0015   

707 616 10402.6847 -0.0019 10172.0773 -0.0024 

717 606 10697.8051 -0.0025 10223.2867 0.0026 

726 615 11055.9669 0.0018   

725 616 11110.0227 -0.0055   

744 633 11782.8555 0.0031   

808 717 11917.3017 -0.0015 11631.0352 -0.0045 

818 707 12196.9002 0.0001   
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TABLE 4.1.2:  Measured rotational transition frequencies and fit residuals for  

190Os (26%) and 188Os (13%) isotopes of tetracarbonylethyleneosmium.   

All the frequencies are in MHz.    

Quantum Nos.                           C2H4
190Os(CO)4                                        C2H4

188Os(CO)4 
 

J′ Ka′Kc′ JKaKc measured dev measured dev 

313 202 4691.8750 0.0016 4691.9092 -0.0006 

322 211 5046.2300 -0.0081 5046.2700 0.0072 

321 212 5053.6120 -0.0080 5053.6400 0.0022 

414 303 6194.9990 0.0029 6195.0483 -0.0003 

423 312 6550.5164 0.0021 6550.5656 0.0007 

515 422 6994.7832 -0.0044 6994.8380 0.0011 

514 423 7031.4500 0.0014   

441 330 7259.2778 -0.0003 7259.3326 -0.0005 

515 404 7697.0000 0.0032 7697.0686 0.0005 

524 413 8053.5765 0.0002 8053.6484 0.0039 

625 532 8170.2940 0.0031   

533 422 8416.2118 -0.0005 8416.2646 0.0051 

532 423 8416.5887 0.0019 8416.6338 0.0021 

616 523 8494.8004 -0.0030 8494.8906 0.0118 

615 524 8546.4710 0.0024   

606 515 8888.6840 -0.0018   

616 505 9197.9457 0.0012 9198.0461 0.0098 
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625 514 9555.4316 0.0025 9555.5227 0.0066 

634 523 9923.7991 0.0032 9923.8400 -0.0064 

717 624 9993.1680 -0.0004 9993.2832 0.0082 

716 625 10062.6140 -0.0024   

717 606 10697.9290 0.0022 10698.0503 0.0098 

726 615 11056.0781 -0.0024 11056.1943 0.0051 

818 707 12197.0479 -0.0018   
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TABLE 4.1.3:  Measured transition frequencies (in natural abundance, 2.1% in all cases) 

and deviations from calculated values for various unique 13C substituted isotopomers (in 

MHz). 

 

 

 

 

 

 13C1( ≡C3) axial 13C2( ≡C4) equatorial 13C5( ≡C6) ethylene 

J′Ka′Kc′ JKaKc measured dev measured dev measured dev 

404 313 5824.8839 -0.0130 5855.3945 0.0028 5858.8628 -0.0019 

441 330 7254.6050 0.0052     

505 414   7366.1260 -0.0028 7371.8996 -0.0026 

524 413 8023.5117 0.0039 8012.0859 -0.0014 7981.1110 0.0069 

523 414  0.0211 8055.8965 -0.0025 8067.7439 -0.0015 

533 422 8394.5918 -0.0084 8374.5058 -0.0071 8356.8545 -0.0011 

532 423 8394.9624 -0.0101 8375.6510 0.0097 8360.9759 0.0038 

542 431 8753.9660 -0.0056     

541 432     8698.3507 0.0036 

606 515 8833.3720 -0.0013 8878.0036 0.0015 8885.6544 0.0043 

616 505 9150.8906 0.0057   9107.0651 -0.0044 
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TABLE 4.1.4.  Rotational and distortion constants obtained from the least-squares fits for all measured isotopomers.   

DFT calculated parameter values are also presented for comparison purposes.   

 

a DFT calculated values using B3PW91 level / aug cc-pVTZ for C, H, O & Hay- Wadt VDZ (n+1) ECP for Os.  See text for more details.  b 
Held fixed to most abundant 192Os values during the fit. 
 

Parameter C2H4Os(CO)4 
(192Os) 

DFT 
a 

(192Os) 
C2H4Os(CO)4 

(190Os) 

C2H4Os(CO)
4 

(188Os) 

C2D4Os(CO)4 
(192Os) 

13C axial 
(192Os) 

13C equatorial 
(192Os) 

13C ethylene 
(192Os) 

A (MHz) 929.3256(6) 930.8531 929.3328(5) 929.3407(7) 881.4489(1) 929.2751(3) 923.1201(10) 920.6996(5) 

B (MHz) 755.1707(3) 754.6160 755.1689(2) 755.1666(7) 744.4294(1) 750.9077(2) 753.9757(4) 754.9994(3) 

C (MHz) 752.7446(3) 752.5644 752.7494(2) 752.7545(3) 724.3714(2) 748.4802(2) 749.8525(8) 747.2494(3) 

DJ (kHz) 0.037(3) 0.050 0.033(3) 0.033(3) 0.035(1) 0.037(3)b 0.037(3)b 0.037(3)b 

DJK (kHz) 0.227(17) 0.208 0.227b 0.227b 0.227b 0.227b 0.227b 0.227b 

DK (kHz) - 0.29(3) - 0.24 - 0.24(3) - 0.23(4) - 0.21(1) - 0.29b - 0.29b - 0.29b 

d1 (kHz) - 0.002(2) - 0.002 - 0.002b - 0.002b - 0.002b - 0.002b - 0.002b - 0.002b 

d2 (kHz) 0.0073(8) - 0.0066 0.0073b 0.0073b 0.0073b 0.0073b 0.0073b 0.0073b 

σFIT (kHz) 4.7 - 3.2 3.6 3.3 2.5 5.7 3.4 

N 42 - 24 18 27 8 7 9 
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TABLE 4.1.5:  Results from the structural fit showing measured and calculated rotational 

constants (A, B, C) for various isotopomers of C2H4Os(CO)4.   All the values are in MHz 

and the standard deviation of the fit is 15 kHz. 

 

Isotopomer Parameter Measured Calculated M-C 

192Os A 929.3256 929.3329 -0.0073 

 B 755.1707 755.1739 -0.0032 

 C 752.7446 752.7480 -0.0034 

190Os A 929.3328 929.3417 -0.0089 

 B 755.1689 755.1739 -0.0050 

 C 752.7494 752.7537 -0.0043 

188Os A 929.3407 929.3506 -0.0099 

 B 755.1666 755.1739 -0.0073 

 C 752.7545 752.7596 -0.0051 

13Cequatorial A 923.1201 923.1013 0.0188 

 B 753.9757 753.9358 0.0399 

 C 749.8525 749.8751 -0.0226 

13Caxial A 929.2751 929.2652 0.0099 

 B 750.9077 750.9127 -0.0050 

 C 748.4802 748.4701 0.0101 

13Cethylene A 920.6996 920.7018 -0.0022 
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 B 754.9994 754.9983 0.0011 

 C 747.2494 747.2472 0.0022 

Perdeuterated A 881.4489 881.4493 -0.0004 

 B 744.4294 744.4275 0.0019 

 C 724.3714 724.3706 0.0008 
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TABLE 4.1.6: Cartesian atomic coordinates (Å) in the principal axis system obtained 

from the least-squares fit to the measured rotational constants for C2H4Os(CO)4.  

Uncertainties in the coordinates are 2σ.  

 
 

Atom a b c 

Os 0.000 0.051 0.000 

C2 0.000 -1.123 1.552 

C4 0.000 -1.123 -1.552 

O2 0.000 -1.813 2.464 

O4 0.000 -1.813 -2.464 

C1 1.948 0.202 0.000 

C3 -1.948 0.202 0.000 

O1 3.083 0.290 0.000 

O3 -3.082 0.290 0.000 

C5 0.000 2.141 0.716 

C6 0.000 2.141 -0.716 

H1 0.893 2.409 1.266 

H2 -0.893 2.409 1.266 

H3 -0.893 2.409 -1.266 

H4 0.893 2.409   -1.266 
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TABLE 4.1.7:  Comparison of present microwave structural parameters obtained for C2H4Os(CO)4 with X-ray, DFT, analogues 

C2H4Fe(CO)4 molecule and closely related species, H2Os(CO)4.  “M ” denotes the respective metal atom, Os or Fe for each complex.  

Here bond lengths are in angstroms and bond angles are in degrees.    

 
Parameter 

 
C2H4Os(CO)4 

Microwave 
(Structural Fit) 

 
C2H4Os(CO)4 

Microwave 
(Kraitchman) 

 
C2H4Os(CO)4

 

X-RAY a 

 
C2H4Os(CO)4 

DFT 

 
C2H4Fe(CO)4 
Microwave b 

 
H2Os(CO)4 

Microwave c 

M – Cax 1.954(2) 1.951 1.942 1.955 1.815(2) 1.958(12) 

M – Ceq 1.946(5) 1.944 1.920 1.938 1.806(9) 1.968(16) 

M – Cet 2.209(5) 2.204 2.220 2.223 2.117(14) 1.720(11)e 

Cet – Het 1.083d 1.085 0.960 1.083 1.070(4) - 

Cet – Cet 1.432(5) 1.426 1.488 1.434 1.421(7) - 

Cax – Oax 1.138d - 1.140 1.138 1.142 (3) 1.130* 

Ceq – Oeq 1.144d - 1.144 1.144 1.145(3) 1.143* 

∠ Ceq M Ceq 105.8(3) 103.7 106.0 105.3 111.7(9) 99.0(20) 

∠ Cax M Cax 171.1(9) 173.3 171.0 172.8 174.9(22) 163.0(30) 

∠ Cet M Cet 37.8(2) 37.5 39.0 38.0 39.2(5) 88.3(7)f 

∠ Cet Cet Het 120.3(1) 120.7 109.0 119.0 120.6(5) - 

∠ Het Cet Het 111.2(1) 111.0 110.0 113.0 113.6(5)  

H et  
(out of plane) 

26.0(3) 25.9 35.2 27.8 21.8(1) - 
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aRef (19), bRef (23), cRef (26).   dHeld fixed to DFT during the fit. .  eOs-H bond distance f∠HOsH interbond angle for Os(CO)4H2 
complex.  Estimated errors for Kraitchman analysis are ± 0.01Å for bond lengths and ± 1°  for bond angles.    
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TABLE 4.1.8:  Results obtained from Kraitchman analysis showing absolute values of 

substituted atomic coordinates in the parent (192Os(CO)4C2H4) principal axis system. 

 

Atom |as|  (Å) |bs|  (Å) |cs|  (Å) rcom (Å) 

Os 0.000 0.051 0.000 0.051 

Cax 1.948 0.169 0.000 1.955 

Ceq 0.000 1.146 1.529 1.911 

Cet 0.000 2.141 0.713 2.256 

Het
a  0.894 2.409 1.267 2.409 

 

aValues derived from quadruple substitution of hydrogen 
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CHAPTER 5:  MICTROWAVE SPECTROSCOPY OF TRANSITION 

METAL MONO-HYDRIDES & DI-HYDRIDES   

 

 
5.1 ROTATIONAL SPECTRA AND THE METAL-HYDROGEN BOND 
LENGTHS FOR THE W(CO)3H(η5-C5H5) AND Mo(CO)3H(η5-C5H5) 
COMPOUNDS 
 

I.  Abstract 

The W-H and Mo-H bond lengths were obtained from high resolution rotational 

spectra of C5H5Mo(CO)3H, C5H5W(CO)3H, C5H5Mo(CO)3D, and C5H5W(CO)3D. Data 

for five molybdenum and four tungsten isotopomers were obtained for both the normal 

and deuterium-substituted species. The asymmetric-top rotational parameters A, B, C, J, 

and J were determined from the least-squares fits and these results indicate that the 

structures of these complexes are nearly rigid. The hydrogen bond lengths were 

determined for both complexes using Kraitchman analyses. The molybdenum-hydrogen 

bond length for the C5H5Mo(CO)3H complex is rMo-H = 1.80(1) Å. The tungsten-

hydrogen bond length for the C5H5W(CO)3H complex is rW-H = 1.79(4) Å. Density 

functional theory (DFT) calculations of the structures were performed to obtain the 

optimized theoretical structures for C5H5Mo(CO)3H and C5H5W(CO)3H. Results 

obtained from the DFT calculations are in good agreement with the experimental 

parameters, and the Mo-H value is in good agreement with previously reported Mo-H 

bond lengths for similar complexes.  
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II. Introduction 

Transition metal complexes have been known to function as selective catalysts for 

a wide variety of chemical reactions. Recently, there has been a considerable interest in 

understanding the mechanisms of hydride transfer reactions for the C5H5M(CO)3H 

(where M = Cr, W, Mo) type of complexes.66 Several derivatives of the C5H5M(CO)3H 

complexes have been studied and explored as catalysts for protonation of olefins, 

aldehydes, and ketones. Bullock and Song have demonstrated that the rate of hydride 

transfer for some derivatives of C5H5M(CO)3H is highly dependent on steric factors, 

temperature, and the strength of the M-H bond.67, 68, 69  The C5H5M(CO)3H complex can 

function as a hydride, proton, or hydrogen donor and its conjugate is quite reactive and 

can react with a wide variety of ligands. For example, the conjugated form of 

C5H5W(CO)3H has been demonstrated to bind onto MgO and Al2O3 surfaces via the 

carbonyl ligands.70 These recent studies have provided useful information concerning the 

catalytic properties of the C5H5M(CO)3H complexes and their derivatives.  

Molybdenum and tungsten metals also play a vital role in enzymatic reactions in 

living organisms. These metals are anchored at the active sites of many enzymes and 

proteins, where the enzyme-substrate reactions can take place.71 For example, in bacteria, 

molybdate is bound at the active site of a molybdate protein by seven hydrogen bonds.72 

Other interesting studies relating to tungsten chemistry, which recently received 

considerable attention, involved theoretical investigations of the structure and reactivity 

of WH6, the tungsten hexahydride complex. 73, 74 The molecular structure of this complex 
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is unknown experimentally. The structure of a similar type of complex, W(CH3)6, has 

been experimentally observed,75 suggesting that a similar complex such as WH6 could 

possibly exist as a stable complex. Therefore new data for the gas-phase W-H bond length 

could be useful for assisting theoretical modeling of WH6 structures.  

The reactivity of organometallic complexes is known to be highly dependent on 

the properties of coordinating ligands. Many of the newly derived hydrides from the 

C5H5M(CO)3H complexes are usually coordinated by larger ligands, which can be neutral 

or electrically charged, in place of the carbonyl ligands. Altering a ligand geometry or 

charge could have considerable effect on the electronic properties, bonding, and the 

stability of the metal-hydrogen bond. In order to better understand how ligand 

substitutions affect metal-hydrogen bonding, it is important that information about the 

precursor structure [structure of building blocks, C5H5M(CO)3H in this case] be known as 

accurately as possible. Thus, a detailed knowledge of the C5H5M(CO)3H geometry and 

the metal-hydrogen bond lengths can be useful in better understanding the larger 

complexes.  

The gas-phase hydrogen bond distances of the C5H5Mo(CO)3H and 

C5H5W(CO)3H complexes have not been previously measured. The crystal structure of 

C5H5W(CO)3H had been reported earlier from the x-ray diffraction experiment.76 

However, the W-H bond length for the C5H5W(CO)3H complex was not obtained. In the 

recent work to study the structure and acidity of the W-H bond, Shafiq and co-workers 

reported the crystal structure of a similar complex, (C5H4CO2H)(CO)3WH, using x-ray 
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diffraction technique.77 The W-H bond length was not determined from this recent study, 

and the hydride ligand was assumed to be located between the two equivalent carbonyl 

ligands. For the C5H5Mo(CO)3H complex, the crystal structure of this complex has never 

been previously published. In a paper78 on the topic of x-ray and neutron diffraction 

studies of (C5H5Me5)Mo(CO)3H, Brammer et al. also reported (through private 

communication) some structural parameters for C5H5Mo(CO)3H from an unpublished 

neutron diffraction study. The Mo-H bond lengths reported for these crystal structures of 

molybdenum hydrides are in pretty good agreement with the present gas-phase value 

from the present measurements on C5H5Mo(CO)3H. Because of possible lanthanide 

contraction associated with tungsten metal, the C5H5W(CO)3H complex is expected to 

exhibit a slightly shorter M-H bond length compared to the C5H5Mo(CO)3H complex.  

X-ray diffraction experiments have been quite successful for probing the overall 

geometry of large organometallic complexes. However, the X-ray measurements in 

earlier work did not detect the hydrogen atoms and in more recent studies the 

uncertainties for hydrogen atom coordinates are quite large. Because the X-ray 

measurements show electron density, and the density around hydrogen atoms is 

aspherically displaced toward the bonded atom, X-H distances from X-ray work are often 

significantly shorter than the true X-H distances.79 Microwave spectroscopy 

measurements can overcome this problem, and thus can provide an accurate measurement 

of metal-hydrogen bond, particularly for the monohydride organometallic complexes.  

In the present study, the W-H and Mo-H bond lengths were measured by studying 

high resolution rotational spectra of C5H5Mo(CO)3H, C5H5W(CO)3H, C5H5Mo(CO)3D, 
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and C5H5W(CO)3D. No previous measurements of rotational spectra and hydrogen bond 

lengths for these molybdenum and tungsten hydride complexes have been reported. 

Density functional theory (DFT) calculations of the structures were performed to obtain 

the optimized theoretical structures for C5H5Mo(CO)3H and C5H5W(CO)3H. The results 

obtained from the DFT calculations were compared with the experimental results to gain 

more information about the molecular geometry of both complexes and test the 

theoretical calculations. Comparisons between the experiment and DFT calculations 

suggested that the structures of both these complexes are very close to the basic "piano 

stool" type of structure (see Figure 5.1A & B.). The hydrogen atom is located between 

two of the three carbonyl "legs," which are bent away from the C5H5 ring. The effect of 

lanthanide contraction in the tungsten complex is observed; however, the lanthanide 

contraction appears to only slightly shorten the-H bond.  

 

III. Experiment 

The C5H5Mo(CO)3H and C5H5W(CO)3H complexes were purchased from Aldrich 

Chemical and resublimed prior to use in the experiment. The sample was placed in a glass 

sample cell, which was connected directly to a pulsed valve, located inside the sample 

chamber. The sample was heated in order to produce sufficient vapor pressure before 

pulsing the sample into the microwave cavity. The temperature of the C5H5Mo(CO)3H 

complex was maintained at 40–45 °C and the temperature of the C5H5W(CO)3H complex 

was maintained at 60–65 °C in order to obtain adequate vapor pressures. The sample was 
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pulsed into the microwave cavity at the rate of 1–2 Hz using neon as a carrier gas. The 

backing pressure of neon was maintained between 0.7–0.8 atm. The background pressure 

inside the microwave chamber was about 10–6 Torr. The rotational frequencies were 

measured in the range of 4–12 GHz using a pulsed beam Fourier transform microwave 

spectrometer system.   

The deuterated species C5H5Mo(CO)3D and C5H5W(CO)3D were synthesized 

from C5H5Mo(CO)3H and C5H5W(CO)3H, respectively, by exchange, using CH3CO2D as 

deuterating agent. To synthesize C5H5W(CO)3D about 2.5 g of C5H5W(CO)3H was 

charged into the dry flask and subsequently purged with N2 gas for 15 min. Ten ml of 

dried tetrahydrofuran (THF) was then injected via a syringe into the sample flask and 

followed by 2.5 ml of deuterated acetic acid, CH3CO2D. The resulting solution was 

heated to about 68 °C for 10 h and allowed to cool overnight. The solvent was pulled off 

with vacuum and the remaining dark colored residue sublimed at 68 °C and 0.1 torr to 

obtain the yellow/tan C5H5W(CO)3D product. The same basic procedure was used for the 

synthesis of C5H5Mo(CO)3D except the reaction temperature of this complex was 

maintained at 40 °C.  

 

IV. Data Fitting and Results 

A total of over 500 a-dipole transitions were measured for the C5H5Mo(CO)3H, 

C5H5Mo(CO)3D, C5H5W(CO)3H, and C5H5W(CO)3D complexes. Tables 1S–8S 
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(Electronic Physics Auxiliary Publication Service, 80EPAPS) show the measured and 

calculated transition frequencies for the various tungsten isotopes of C5H5W(CO)3H and 

C5H5W(CO)3D complexes. Many of the observed transitions for the C5H5W(CO)3H 

complex clearly showed four distinct peaks corresponding to four different tungsten 

isotopes: 186W, 184W, 183W, and 182W. Five different molybdenum isotopes 100Mo, 98Mo, 

96Mo, 94Mo, and 92Mo were observed for the C5H5Mo(CO)3H complex. Tables 9S–18S 

(Electronic Physics Auxiliary Publication Service,80 EPAPS) show the measured and 

calculated transition frequencies for the C5H5Mo(CO)3H and C5H5Mo(CO)3D complexes. 

The observed rotational transitions for the molybdenum and tungsten isotopomers were 

fitted using a least-squares fitting program FITSPEC25. Only five variable parameters (A, B, 

C, J, and J) were needed to obtain very good fits to the measured transitions, with 

small deviations (Tables 5.1.1 and 5.1.2). The quartic centrifugal distortion constant J is 

only 0.03–0.04 kHz, indicating that these complexes behave very much like rigid rotors. 

The standard deviations obtained from fitting the observed transitions range from  

3 to 8 kHz, indicating the excellent quality of the fits. The molecular parameters obtained 

from these fits for C5H5W(CO)3H and C5H5Mo(CO)3H are given in Tables 5.1.1. and 

5.1.2 respectively. As expected, due to isotopic effects, the frequencies for the rotational 

transitions decrease as the isotopic mass increases. This closely spaced pattern of lines 

due to the metal isotopic mass distribution greatly facilitated the line assignments in the 

analysis of the measured spectra. Deuterium quadrupole splitting were not observed for 

these complexes, even for lower J transitions (in the 4 GHz region).  
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The assignments of transitions were done with the aid of spectral simulations. The 

theoretical spectra of C5H5 98Mo(CO)3H and C5H5 184W(CO)3H (the most abundant 

isotopomer) were simulated using rotational constants from the DFT calculations. The 

simulated spectrum was then compared to the experimental spectrum. The relatively good 

agreement between the theory and experimental results allowed tentative assignments of 

transitions. The assigned transitions were later fit to the asymmetric top Hamiltonian 

using the least-squares iterative fitting procedure. Once the transitions for the normal 

C5H5 98Mo(CO)3H and C5H5 184W(CO)3H were assigned and fit, the transitions measured 

for the other tungsten and molybdenum isotopomers could be analyzed and fit without 

much difficulty using the same fitting procedures discussed above.  

 

V. DFT Calculations 

The DFT was used to predict the equilibrium geometries of the C5H5W(CO)3H 

and C5H5Mo(CO)3H complexes. The calculations are performed exclusively with the 

B3PW91 hybrid functional of Beck, Perdew, Wang, and Lee.58, 59, 81 The results from 

DFT calculations are compared to the experimental results obtained from analyzing our 

microwave spectra. All density functional calculations were performed on an IBM-640 

cluster computer (TINTIN) using the GAUSSIAN 98 program34 at the University of 

Arizona. Sufficiently large basis sets were selected for carbon and oxygen. Basis sets, 

which include polarization functions, were selected for the hydrogen, molybdenum, and 

tungsten atoms. The following basis sets were selected, which included polarization 
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functions for carbon and hydrogen atoms: 6-311G** 82plus the polarization basis. The Mo 

and W basis sets and effective core potential (ECP) were from the Hay and Wadt (n + 1) 

ECP VDZ basis sets.61 The internal coordinates were fully optimized using redundant 

internal coordinates. Frequency analyses were done to check that the stationary points are 

at least local minima. No anharmonic corrections were made on the metal-hydrogen bond 

so the calculated values for Mo-H and W-H probably underestimate the measured, 

vibrationally averaged Mo-H and W-H bond lengths. Nevertheless, the DFT structures 

seem to give a correct description of the geometries of C5H5Mo(CO)3H and 

C5H5W(CO)3H. The rotational constants obtained from the DFT calculations are in good 

agreement with the experimental values. The DFT coordinates in the standard orientation 

and rotational constants for both complexes are given in Tables 5.1.3 and 5.1.4.  

 

VI. Kraitchman Analysis 

The metal-hydrogen bond lengths for the C5H5Mo(CO)3H and C5H5W(CO)3H 

complexes were obtained using the Kraitchman analysis procedure by comparing sets of 

rotational constants for the hydrogen and deuterium isotopomers of both complexes. 

From the Kraitchman data, the metal and hydrogen atomic coordinates in the principal 

axis system were determined. The hydrogen atomic coordinates in the principal axis 

system (abc coordinates) for different sets of tungsten isotopes were obtained for 

C5H5W(CO)3H from the Kraitchman analysis. These hydrogen coordinates were 

averaged to produce the average abc coordinates. For the Kraitchman analysis to obtain 
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the metal atom coordinates, the most abundant pairs of isotopomers were used. For 

tungsten, the 186W-184W pair was used and for molybdenum, two pairs 98Mo-94Mo, and 

98Mo-92Mo gave results with acceptable error limits (Table 5.1.5). Similar analyses were 

done for C5H5Mo(CO)3H and the average abc coordinates for the hydrogen atom were 

obtained for the molybdenum complex.  

The sign of the Kraitchman abc coordinates (for Mo, W, H) could not be directly 

obtained from this data. To determine the sign of each atom coordinate, the Kraitchman 

coordinates for the metal and hydrogen were compared to the coordinates obtained from 

DFT calculations. The sign for the c coordinate can be unambiguously assigned for the 

Mo, W, and H atoms (see Tables 5.1.3, 5.1.4, 5.1.5). However, the sign for the a 

coordinate and b coordinates were more difficult to determine for H, W, and Mo atoms, 

particularly the H atom. Our DFT calculations predicted the hydrogen to lie on the a–c 

plane of the principal axis system. The b coordinates from the Kraitchman analyses are 

near 0.5 Å. Since the Kraitchman analysis provides rms distances, this is a vibrational 

averaging error rather than an indication that the H atom lies slightly out of the a–c plane. 

This effect contributes to the uncertainty associated with the H atom coordinates. Thus, 

we fixed the value of the b coordinate of the H atom to zero. After making the best 

choices for the signs of the a coordinates and c coordinates (see Table 5.1.3), the metal-

hydrogen bond distance can be obtained using the following formula:  
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where r is the M-H distance. Using this method, the metal-hydrogen bond distances rW-H 

and rMo-H were determined for the C5H5W(CO)3H and C5H5Mo(CO)3H complexes 

respectively, and are given in Table 5.1.5.  

 

VII. Discussion 

The analysis of the high-resolution rotational spectra of C5H5W(CO)3H and 

C5H5Mo(CO)3H have yielded important information about the gas-phase molecular 

structure and the metal-hydrogen bond distance for the two hydride complexes. The 

measured rotational constants for the C5H5W(CO)3H and C5H5Mo(CO)3H complexes are 

in very good agreement with the present theoretical values. The measured rotational 

constants are only about 0.4%–1.0% larger than the DFT values. Although the present 

DFT calculations predicted shorter than observed Mo-H and W-H bond lengths, these 

calculated values could be improved to near the experimental values if one takes into 

account the vibrational averaging corrections and uses larger basis sets for Mo and W. 

Compared to the C5H5W(CO)3H complex, the rotational constant values obtained for 

C5H5Mo(CO)3H are slightly smaller than the C5H5W(CO)3H values. This is consistent 

with the fact that the Mo-H bond length is slightly longer than the W-H bond length. The 

Mo-H and W-H bond distances obtained from this method are rMo-H = 1.80(1) Å and  

rW-H = 1.79(4) Å, respectively. The present Mo-H value is in good agreement with the 

limited, previous x-ray and neutron diffraction studies of similar complexes. The reported 

Mo-H value for (C5Me5)Mo(CO)3H is 1.789(7) Å and for C5H5Mo(CO)3H, it is 1.72 Å. 
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Although the two metals atoms have nearly the same listed atomic radii,83 it appears that 

the W-H bond is slightly shortened by the lanthanide contraction.  
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(A) 

 

(B) 

 

 
FIGURE 5.1(A) & (B):  Molecular structures of C5H5W(CO)3H and C5H5Mo(CO)3H 

with the atomic numbering scheme.  
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TABLE 5.1.1: Measured rotational parameters obtained from the least-squares fits for the 

normal and deuterated isotopomers of η5-cyclopentadienyltungsten tricarbonyl hydride. 

Fixed parameters are denoted with an asterisk. The listed error limits are 1 . 

  C5H5W(CO)3H   

Parameter     186W  184W  183W  182W  

A (MHz)  968.6540(13)  968.6999(12)  968.7242(20)  968.7454(6)  

B (MHz)  752.5160(3)  752.5415(4)  752.5542(8)  752.5683(2)  

C (MHz)  639.7440(3)  639.7433(4)  639.7439(10)  639.7433(2)  

J (MHz)  0.000 042(3)  0.000 034(2)  0.000 028(4)  0.000 036(1)  

J (MHz)  0.000 015*  0.000 015(2)  0.000 020(6)  0.000 015*  

Fit (MHz)  0.008  0.004  0.005  0.004  

Lines  56  54  43  47  

  C5H5W(CO)3D   

A (MHz)  963.1927(29)  963.2217(18)  963.2493(64)  963.2584(25)  

B (MHz)  748.4828(4)  748.5042(4)  748.5167(8)  748.5279(3)  

C (MHz)  639.5195(4)  639.5198(4)  639.5151(7)  639.5201(3)  

J (MHz)  0.000 046(4)  0.000 034(2)  0.000 021(6)  0.000 041(3)  

J (MHz)  0.000 023*  0.000 023(2)  0.000 023*  0.000 023*  

Fit (MHz)  0.008  0.003  0.007  0.006  

Lines  42  39  23  47  

rW-H (Å)  1.79(4)       
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TABLE 5.1.2: Measured rotational parameters obtained from the least-squares fits for the 

normal and deuterated isotopomers of  η5-cyclopentadienylmolybdenum tricarbonyl 

hydride. Fixed parameters are denoted with an asterisk. The listed error limits are 1 . 

   C5H5Mo(CO)3H   

Parameter  100Mo  98Mo  96Mo  94Mo  92Mo  

A (MHz)  973.0338(28)  973.0967(16) 973.1662(12)  973.2291(24)  973.3197(21) 

B (MHz)  747.2680(7)  747.3048(3)  747.3429(3)  747.3805(3)  747.4218(3)  

C (MHz)  640.8683(10)  640.8675(3)  640.8650(3)  640.8649(3)  640.8580(3)  

J (MHz)  0.000 041(3)  0.000 041(1)  0.000 039(1)  0.000 044(2)  0.000 040(2)  

J (MHz)  0.000 013(5)  0.000 077(1)  0.000 070(2)    

Fit 

(MHz)  
0.004  0.004  0.002  0.004  0.003  

Lines  28  41  35  23  26  

   C5H5Mo(CO)3D   

A (MHz)  967.5037(25)  967.5718(21) 967.6321(44)  967.6875(79)  967.7740(53) 

B (MHz)  743.1228(2)  743.1563(2)  743.1893(4)  743.2219(6)  743.2574(3)  

C (MHz)  640.6689(2)  640.6655(4)  640.6630(5)  640.6621(6)  640.6566(2)  

J (MHz)  0.000 032*  0.000 032(4)  0.000 032*  0.000 032*  0.000 032*  

Fit 

(MHz)  
0.003  0.003  0.004  0.005  0.004  

Lines  9  16  11  7  10  

rMo-H (Å)  1.80(1)      
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TABLE 5.1.3: Atomic coordinates for C5H5W(CO)3H in the standard orientation 

obtained from the B3PW91 calculation. The coordinates are given in angstrom. The 

rotational constants are A = 964.5779 MHz, B = 748.9756 MHz, C = 639.7980 MHz. 

Atom  a  b  c  

W  0.032 23  0.000 039  –0.114 227  

O  1.653 023  –2.515 719  –1.032 308  

O  2.215 708  –0.000 438  2.141 853  

O  1.652 961  2.516 120  –1.031 764  

H  0.401 074  –0.000 349  –1.790 594  

C  1.088 432  –1.577 508  –0.681 323  

C  1.420 110  –0.000 055  1.311 657  

C  1.088 276  1.577 848  –0.681 141  

C  –2.036 896  –1.151 092  –0.082 411  

H  –2.129 085  –2.177 030  –0.407 772  

C  –1.737 675  –0.715 234  1.238 368  

H  –1.584 725  –1.352 711  2.096 526  

C  –1.737 995  0.715 589  1.237 994  

H  –1.582 41  1.353 591  2.095 799  

C  –2.037 327  1.150 643  –0.083 018  

H  –2.129 750  2.176 380  –0.408 950  

C  –2.224 028  –0.000 466  –0.894 737  

H  –2.468 752  –0.000 797  –1.946 777 
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TABLE 5.1.4: Atomic coordinates for C5H5Mo(CO)3H in the standard orientation 

obtained from DFT calculations. The coordinates are given in angstrom. The calculated 

rotational constants are A = 962.9753 MHz, B = 742.2341 MHz, C = 640.2889 MHz. 

Atom  a  b  c  

Mo  –0.046 623  –0.000 140  –0.135 624  

O  –1.673 265  2.501 823  –1.082 956  

O  –2.201 895  0.000 250  2.152 246  

O  –1.677 340  –2.498 992  –1.084 082  

H  –0.472 958  0.000 560  –1.785 191  

C  –1.104 591  1.573 978  –0.718 415  

C  –1.415 949  0.000 317  1.316 769  

C  –1.106 958  –1.572 331  –0.719 187  

C  2.034 022  1.148 705  –0.129 123  

H  2.121 429  2.174 822  –0.455 933  

C  1.757 682  0.714 216  1.194 475  

H  1.616 310  1.352 103  2.054 626  

C  1.756 972  –0.714 883  1.195 161  

H  1.614 981  –1.351 809  2.055 923  

C  2.032 910  –1.150 903  –0.128 025  

H  2.119 293  –2.177 418  –0.453 857  

C  2.203 470  –0.001 574  –0.945 073  

H  2.433 779  –0.002 199  –2.000 488 
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TABLE 5.1.5: Atomic coordinates in the center of mass (abc) system obtained from the 

Kraitchman analysis of C5H5W(CO)3D and C5H5Mo(CO)3D. The parent isotopomers 

are C5H5W(CO)3H and C5H5Mo(CO)3H. The coordinates are given in angstrom. 

   Atom  a  b  c  

H (186W) 0.6801(15)  0.4319(9)  –1.7720(38)  

H (184W) 0.6777(13)  0.4295(8)  –1.7739(34)  

H (183W) 0.6808(23)  0.4269(15)  –1.7728(60)  

H (182W) 0.6768(11)  0.4286(7)  –1.7750(28)  

H (average) (+)0.6788(16)  0.0a  –1.7734(11)  

186W (+)0.0215(45)  0.0a  –0.109(23)  

rW-H (Å) 1.79(4)      

H (100Mo) 0.7197(15)  0.5209(11)  –1.8000(38)  

H (98Mo) 0.7229(10)  0.5222(7)  –1.7992(25)  

H (96Mo) 0.7228(13)  0.5221(10)  –1.8005(34)  

H (94Mo) 0.7239(22)  0.5219(16)  –1.8014(56)  

H (92Mo) 0.7238(15)  0.5242(11)  –1.8026(38)  

H (average) (–)0.7226(15)  0.0a  –1.801(12)  

94Mo 0.0405(6)  0.0493(8)  –0.136(2)  

92Mo 0.0359(3)  0.0565(4)  –0.136(1)  

Mo (average) (–)0.0382(23)  0.0a  –0.1360(39)  

rMo-H (Å) 1.80(1)     

a The H, Mo, and W atomic b coordinates are fixed at zero. 
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5.2 ROTATIONAL SPECTRA & STRUCTURE OF WH2 (η5-C5H5)2 
 

I.  Abstract 

 

 Microwave spectra for 11 isotopomers of bis(η5-cyclopentadienyl)tungsten 

dihydride ((C5H5)2WH2) were recorded in the 5—14 GHz region using a Flygare-Balle 

type pulsed beam spectrometer.  Spectra from four tungsten isotopomers of both the 

(C5H5)2WH2 and (C5H5)2WHD species, and three W isotopomers for the (C5H5)2WD2 

complex have been measured.  The ~250 b-type transition frequencies assigned for these 

near-prolate asymmetric tops were accurately described (σfit = 2-4 kHz) by the rotational 

parameters A, B, C, and one centrifugal distortion constant, ∆J. The small ∆J indicated a 

fairly rigid structure.  From a least-squares fit using the resulting 33 rotational constants 

to obtain the molecular structure, we were able to determine the W—H bond length,  

r(W-H) = 1.70(1) Å, the H-W-H bond angle, ∠(H-W-H) = 78.0(20)°, the W-Cp centroid 

distance, r(W-Cp) = 1.94(2) Å, the angle made by the Cp centroids with tungsten,  

∠(Cp-W-Cp) = 155(5)°, and the average C-C bond length, r(C-C) = 1.43(2) Å.  The 

hydrogen separation is r(H-H) = 2.14(1) Å, indicating that this is clearly a “classical 

dihydride” rather than an “η2-dihydrogen” complex.  The WH2 moiety parameters 

determined from Kraitchman’s equations (r(W-H) = 1.70(1) Å, ∠(H-W-H) = 78.9(20) °, 

r(H-H) = 2.16(1) Å) agree well with the least-squares results.  Furthermore, the 

experimental r0 structural parameters agree well with the re parameters obtained from 

DFT calculations.  This work also marks the first microwave study of a bent metallocene 
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complex.  The present measurements were made with pulsed-beam Fourier transform 

spectrometer employing a homodyne-type detection system, and this configuration is 

described. This homodyne system greatly simplifies the microwave circuit, with no 

apparent loss in sensitivity. 

 

II. Introduction 

 

 The preparation of the first organometallic transition metal hydride [H2Fe(CO)4] 

in 1931 by Hieber84 initiated extensive research into the chemistry, structure, and 

spectroscopic properties of transition metal dihydride complexes.  The intrigue and 

importance of transition metal hydrides is apparent from the numerous review articles 

appearing in the recent literature.85,86,87,88 They are important participants in numerous 

industrial processes, such as catalytic hydrogenation and hydroformylation reactions, and 

are versatile stoichiometric reagents in organic and organometallic synthesis.89   

  Bis(η5-cyclopentadienyl)tungsten dihydride was first synthesized90 in 1961, and 

subsequently there have been numerous reports of its uses and importance in inorganic 

and organometallic chemistry.91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107 The 

spectroscopic investigation of (C5H5)2WH2 was initiated by M. L. H. Green et al. in 

1961.90  In their initial paper detailing the synthesis of the title complex, the authors 

performed a high-resolution NMR study of (C5H5)2WH3
+ obtained by dissolving the 

dihydride in concentrated HCl.  The spectrum revealed two equivalent, and one non-
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equivalent hydridic protons, indicating the non-linearity of the metal-to-ring axes.  Then 

in 1975, J. C. Green and coworkers measured the ionization potentials of several bent bis 

(η-cyclopentadienyl) metal complexes, including (C5H5)2WH2, via photoelectron 

spectroscopy, and proposed a molecular orbital bonding model to account for the 

observed spectra.108  In 1986, solution and matrix-isolated Raman and IR studies of the 

W-H and W-Cp stretching regions were performed by Girling et al. to identify the 

skeletal vibrational modes.109  Finally, in 2002, gas-phase and n-pentane solution 

electronic absorption spectra revealed the lowest lying 5dx2 (HOMO)  R6p Rydberg 

transition of (C5H5)2WH2, having a term value of T = 16,600 cm-1.110  No previous X-ray 

or neutron diffraction studies have appeared.   

   The present work on bis(η5-cyclopentadienyl)tungsten dihydride marks the first 

microwave study of a bent metallocene complex. The pure rotational transitions of four 

tungsten isotopomers has been observed (182W, 26.5%; 183W, 14.3%; 184W, 30.6%; 186W, 

28.4%) in natural abundance, and the mono- and di-deuterated isotopomers 

((C5H5)2WHD and (C5H5)2WD2) were synthesized and their spectra has been recorded.  

The (C5H5)2WH2, and (C5H5)2WD2 isotopomers have C2v symmetry, reducing the number 

of independent structural parameters needed to specify the structure. The 33 rotational 

constants measured were used to refine a partial gas-phase structure, which is compared 

to DFT predictions and bonding parameters of the WH2 moiety obtained from 

Kraitchman’s equations.     
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III. Experiment 

 

 Bis(η5-cyclopentadienyl)tungsten dihydride was purchased from Aldrich (No. 

510807) and used without further purification to limit handling.  The lemon-yellow 

complex darkens quickly with more than brief exposure to air; thus, the sample was 

prepared in a dry box under a nitrogen atmosphere. The mono- and di-deuterated 

complexes, (C5H5)2WDH and (C5H5)2WD2, were synthesized via a method described by 

Ito and Nakano.111  0.2 g of (C5H5)2WH2 were weighed into a three-neck round-bottom 

flask fitted with a vacuum adapter and cold-finger.  2.0 mL acetic acid-d (99 atom % D, 

Aldrich No. 151777) was added, and the resulting colorless solution was stirred overnight 

at room temperature under a nitrogen flow.  The solvent was removed under vacuum, 

leaving yellow crystals, which were purified by sublimation.  From the resulting sample, 

rotational transitions corresponding to both the mono- and di-deuterated isotopomers, as 

well as the parent complex, could be observed.   

Microwave spectra were measured in the 5-14 GHz region using a Flygare-Balle 

type pulsed-beam Fourier transform spectrometer which is similar to earlier 

spectrometers,112 but modified to employ a homodyne detection system.  This homodyne 

system greatly simplifies the microwave circuit, with no apparent loss in sensitivity.  The 

homodyne detection scheme has been discussed in detail in Chapter 2.  The glass sample 

cell was connected directly to the pulsed valve (General Valve, Series 9, 2 mm orifice), 

and the enclosure surrounding the solenoid and sample was maintained at ~95 ºC to 

obtain sufficient sample vapor pressure.  Research grade neon was employed as carrier 
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gas at a backing pressure of 0.7-0.8 atm.  Gas pulses were injected transversely into the 

microwave cavity (back-ground pressure = 10-6 torr) at a rate of 1-2 Hz.  The most 

intense transitions of the main isotopomer could be detected within a single gas pulse, 

with FWHM linewidths of ~30 kHz for well-resolved lines, giving measurement 

uncertainties of 1-6 kHz.   

   

                 

IV. Results & Data Analysis 

 

 Before searching for microwave spectra of (C5H5)2WH2, extensive DFT 

calculations were performed using the Gaussian 03 program suite35 to optimize the 

structure and obtain preliminary rotational constants.  Results from our best calculations 

are reported in Table 5 and in the footnote to Table 4.   Becke’s three-parameter hybrid 

exchange functional 58 with the Perdew-Wang 1991 gradient-corrected correlation 

functional59 (B3PW91) was employed, while describing the carbon and hydrogen atoms 

with Dunning’s correlation-consistent triple-zeta basis sets augmented by diffuse 

functions (aug-cc-pVTZ),60 and choosing the Hay-Wadt VDZ (n+1) ECP 61 for tungsten.  

Figure 5.2.1 illustrates the theoretical minimum-energy geometry for (C5H5)2WH2 in the 

principal-axis coordinate system.  The calculations predict that the complex possesses C2v 

symmetry with the b-axis coincident with the two-fold rotation axis, and the ab and bc 

planes coinciding with the mirror planes.   The Cp rings are eclipsed, and the H atoms on 
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C3, C4, C8 and C9 are eclipsed with the hydridic protons H11 and H12. The calculated 

dipole moment is 1.34 Debye, lying along the b principal axis. 

 Using these preliminary rotational constants (see footnote to Table 4), Herb 

Pickett’s SPCAT program 36 was used to predict the b-type transition frequencies with 

selection rules ∆J = 0, ± 1, ∆Ka = ± 1, ∆Kc = ± 1, ±3.  Upon searching, the  

J'Ka'Kc'  J"Ka"Kc" = 414  303 transition was found at 7956.9180(19) MHz, just ~15 MHz 

below the predicted value. A total of over 250 b-dipole transitions were measured for the 

(C5H5)2WH2, (C5H5)2WDH and (C5H5)2WD2 complexes. The assignments, transition 

frequencies, and their observed-calculated values are reported in Tables 5.2.1 – 5.1.3. 

Transitions arising from the four observed W isotopomers were well resolved for the ∆Ka 

= + 1 lines, with typical splitting of 0.5—2.0 MHz between adjacent lines and with the 

expected frequency ordering 186W < 184W < 183W < 182W.  In the Ka'  Ka" = 0  1 and 

2  3 stacks, the transition frequency order is reversed (186W > 184W > 183W > 182W), 

while in the Ka'  Ka" = 1  2 stack, the relative ordering changes between the two 

asymmetry-split components.  Figure 5.2.2 illustrates two different transitions observed 

in the experiment.  Spectra predicted from the DFT rotational constants of the various W 

isotopomers significantly aided the assignments in these cases.   The Ka'  Ka" = 3  2 

and 3  4  ∆J = 0 transitions occur at ~6060 MHz  and ~8490 MHz, respectively, and 

Table 2 reports the assignable Q-branch transitions for the various (C5H5)2WH2 species.  

Quadrupole splitting due to the 2H nuclei were unresolvable.         

 The observed transitions were analyzed using Pickett’s SPFIT 62 least-squares 

fitting program, and the results are summarized in Table 5.2.4.  It was found that the ~45 
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lines measured for each of the (C5H5)2WH2 isotopomers could be accurately described 

(σfit = 3-4 kHz) using only four variable parameters: A, B, C, and ∆J.  The ∆J centrifugal 

distortion constant is only ~0.02 kHz, and attempts to include more centrifugal distortion 

parameters gave undetermined values for the additional distortion constants, and did not 

significantly improve the fit.  The small distortion constants indicate that the complex is 

fairly rigid.  In fitting the data sets for the (C5H5)2WDH and (C5H5)2WD2 species, which 

include from 14 to 7 lines, the ∆J centrifugal distortion constant was fixed to 0.027 kHz, 

the value obtained for the most abundant (C5H5)2
184WH2 isotopomer.  This gave precisely 

determined rotational constants with fit standard errors of 2-3 kHz.  An excellent 

agreement between the 184WH2 experimental and B3PW91 rotational constants indicated 

the importance of using density functional theory calculations in predicting the structures 

of organometallic complexes.  The differences between the calculated and experimental 

rotational constants are 1 % or less.       

 

 

V. Discussion 

 

A. Kraitchman Analysis 

  The rotational constants for the multiple tungsten isotopomers of the 

(C5H5)2WH2, (C5H5)2WDH and (C5H5)2WD2 have been employed to locate the principal 

axis coordinates of the W and H atoms using Kraitchman equations.  To locate the 

tungsten atom, we have chosen the most abundant (C5H5)2
184WH2 complex as the parent, 
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while using both (C5H5)2
182WH2 and (C5H5)2

186WH2 as singly-substituted isotopomers.  

(C5H5)2
184WDH was paired with the (C5H5)2

184WH2 parent to determine the hydrogen 

atom coordinates.  For a non-planar asymmetric top, Kraitchman’s equations are best 

formulated in terms of the planar moments of inertia.113  Considering the symmetry of the 

complex and employing the Ir representation (a = z, b = x, c = y), all isotopically 

substituted atoms lie in the xy plane (|z| = 0), and the W atom lies on the x axis (|y| = 0).  

In principle, this should simplify the problem, as substitution of a hydrogen atom, from 

symmetry considerations, should result in no change in the planar moment of inertia as 

measured from the z axis, ∆Pz = ½ (-∆Ix + ∆Iy + ∆Iz) = 0.  Whereas, W atom substitution 

should maintain both ∆Pz and ∆Py = ½ (-∆Iy + ∆Iz + ∆Ix) = 0.  When the ∆Pz term for H 

substitution and the ∆Pz and ∆Py terms for W substitution were calculated from the 

rotational constants, however, only the ∆Pz  term for W atom substitution was negligible, 

indicating that ground-state vibrational averaging effects contribute to the analysis.  This 

creates some ambiguity, since this would indicate that the W atom has non-zero |x| and |y| 

coordinates, while H atoms have non-zero |x|, |y| and |z| coordinates.  Furthermore, 

because the ∆Py term for the W atom substitution is small, the uncertainty associated with 

the W |y| coordinate is significant.  It was assumed that the W atom lies on the x axis, and 

the absolute distance of the substituted W atom from the center of mass (COM) as the W 

|x| coordinate.  The absolute distance from the COM is a simple function of the changes 

in the moments of inertia upon isotopic substitution, and can be more precisely 

determined than the individual components.  The hydrogen coordinates do not suffer 

from as large uncertainties, thus the non-zero |z| coordinate could be included in the 
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analysis.  It was also assumed that the x, y and z coordinates of H11 were equal to the x, -

y, -z coordinates of H12 to maintain planarity of the WH2 moiety.  From these 

coordinates,  rs(W—H) = 1.69(1) Å,  rs(H—H) = 2.16(1) Å, and  ∠(H-W-H) = 79.5(20)° 

parameters have been determined.  Kraitchman’s procedure for the multiple substitutions 

of the equivalent hydrogen atoms have also been employed using 182WH2-182WD2, 

184WH2-184WD2, and 186WH2-186WD2 as the appropriate parent-isotopomer pairs, and 

assumed that the WH2 group lies in the xy-plane.  This gave the |x| and |y| coordinates of 

the hydrogen atoms, yielding an average rs(H-H)  = 2.16(1) Å.  This H ··· H bond length 

clearly indicates that this is a “classical dihyride” rather than an “η2-dihydrogen” 

complex.   Using as the x coordinate of the W atom the absolute distance from the center 

of mass obtained above in the single substitutions of 182WH2-182WHD, 184WH2-184WHD, 

and 186WH2-186WHD, we obtain an average rs(W-H) = 1.70(1)Å, and an average  

∠(H-W-H) = 78.9(20)°.  The results of the Kraitchman analyses are summarized in  

Table 5.2.5.      

 

B. Least-Squares Structure Fit 

 A set of the more important r0 structural parameters for the (C5H5)2WH2 complex 

has been obtained by a least-squares refinement of five adjustable parameters to obtain a 

fit to the 33 available rotational constants.  Several different assumptions have been made 

since we have not measured all the unique atom isotopomers of the complex.  First, it was 

assumed that the molecule has C2v symmetry.  Second, studies of similar complexes have 

shown that the cyclopentadienyl rings deviate very little from planarity.114,115  Hence the 
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C5H5 rings were assumed to be planar in the analysis.  Also, the Cp carbon-hydrogen 

bond distance, r(C—H), was fixed at 1.077 Å, which was the average from the DFT 

calculations, and in agreement with the average value from a neutron diffraction study of 

the (C5H5)2MoH2 complex.115  Under these constraints, the structure was fitted to the 

experimental rotational constants employing the following parameters as variables: the 

tungsten-hydrogen bond distance, r0(W—H), the H-W-H bond angle, ∠(H-W-H), the 

distance from cyclopentadienyl ring center to the tungsten atom, r0(Cp—W), the  

Cp-center-W-Cp-center bending angle,  ∠(Cp-W-Cp), and a Cp ring radius variable, 

r0(Cp), to describe the proportion of the cyclopentadienyl rings.  Three different 

strategies for defining this last parameter were explored.  During initial attempts to fit the 

structure, equal C-C bond distances and ∠(C-C-C) bond angles were assumed, while 

varying the (equal) distance of each carbon atom from the Cp-ring (pentagon) center.  

This gave a reasonable structure, with a fit standard deviation of 137 kHz; however, both 

DFT and the (C5H5)2MoH2 neutron diffraction study indicate that the C-C bond distances 

and ∠(C-C-C) bond angles are not equal.  To compensate for this, the geometry of the 

cyclopentadienyl carbon atoms was first initialized to the DFT geometry, and made the 

distance from the Cp-ring center of mass to C(1) a variable parameter.  The coordinates 

of the other carbon atoms were then scaled accordingly to maintain the Cp-ring 

proportional values obtained from the DFT calculation.  This was then repeated using the 

initial geometry and ring proportion of the cyclopentadienyl rings from the (C5H5)2MoH2 

neutron diffraction study.  These DFT-scaled and (C5H5)2MoH2-scaled analyses gave fit 

standard deviations of 88 kHz and 77 kHz, respectively.  The results of the best fit, with 
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the above constraints, are given in Table 5.2.5.  The principal axis system atomic 

coordinates of the (C5H5)2
184WH2 isotopomer which were obtained from the structure fit 

results are given in Table 5.2.6.  

 Unfortunately, the lack of spectra from 13C-substituted species limits the degree to 

which some of the parameters for the C5H5 ligands can be independently and accurately 

determined.   The main complication is that without 13C data, the fit parameters 

associated with the Cp ring geometry (r(W-Cp),  ∠(Cp-W-Cp), and the radius r(Cp)) are 

highly correlated.  Attempts were made to fix one or more of these Cp-associated 

parameters to reasonable values, such as those from DFT calculations or those from the 

(C5H5)2MoH2 neutron diffraction study.  These efforts successfully eliminated the 

correlations, but yielded larger fit standard deviations, and gave ∠ Η-W-H values of 

~90º, much larger than the values obtained from DFT and Kraitchman results.  The only 

way to obtain reasonable results for the WH2 geometry was to float all three of the above 

mentioned Cp parameters in the least-squares analysis. This, however, resulted in the 

three parameters being correlated with each other with coefficients of 0.99.  The rW-H 

distance is free from any significant correlation, but the W-H-W angle is correlated to 

each of the three Cp parameters with coefficients of 0.96.  While the least-squares results 

in Table 5.2.5 represent our best fit (σfit = 77 kHz), the r(Cp-W), ∠(Cp-W-Cp) and r(Cp) 

parameters cannot be independently and  accurately determined from the available data, 

and consequently, conservative estimates have been made for the uncertainties for these 

parameters.   Furthermore, the vector from the tungsten atom to the Cp centroid is 

assumed to be perpendicular to the Cp ring plane.  The DFT predictions and 
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(C5H5)2MoH2 neutron diffraction study indicate, however, that the rings are very slightly 

tilted by ~3.5°, such that the W—Cp centroid—C(1) angle is ~86.5°.  Fixing this “tilt-

angle” in the least-squares analysis did decrease the σfit, but resulted in a r(W—H) 

distance shorter than both the Kraitchman and DFT value.  As the Kraitchman analysis 

has been shown to partially compensate for vibrational effects,116 both the rs and DFT re 

r(W—H) should be shorter than the effective value.  It was chosen to neglect this Cp 

tilting in our analysis.   

 

C. Comparisons to Similar Molecules 

 The present (C5H5)2WH2 structural parameters have been compared to those of 

several relevant transition metal hydride complexes in Table 7.  The Cp-M-Cp bending 

angle is smaller in the trihydride complexes, (C5H5)2MH3 (M = Nb, Ta; ∠Cp-M-Cp = 

~140°)117 than the dihydride complexes, (C5H5)2MH2 (M = Mo,115 W; ∠Cp-M-Cp = 

~150°), due to the increased ring-ligand steric repulsion in the trihydrides.  Furthermore, 

in both cases, the r(M-H) distance increases in going from row 4 to 5, but the r(M-Cp) 

distance is relatively unchanged.  Comparing the Mo and W bis(cyclopentadienyl) 

dihydrides with the cyclopentadienyl tricarbonyl hydrides,118,119 it is observed that the  

r(M-H) are significantly longer for the tricarbonyl hydride complexes, and the r(M-Cp) 

for (C5H5)W(CO)3H is significantly longer than that of (C5H5)2WH2, indicating that the 

bonding is highly dependent upon the oxidation state of the metal. 
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VI. Conclusions 

 

 The first quantitative structure determination of the  

bis(η5-cyclopentadienyl)tungsten dihydride complex has been undertaken in the present 

study.  Rotational constants from 11 different isotopomers have yielded precise values for 

the WH2 structure parameters, with the values from the partial r0 structure fit in good 

agreement with those from the Kraitchman analyses.  Rotational spectra of additional 

isotopomers with 13C substitutions at the three different Cp ring positions (each at 2% 

natural abundance) are warranted to more accurately determine the r(Cp-W), ∠(Cp-W-

Cp) and r(Cp) ring parameters.  This study also marks the first microwave study on bent 

metallocenes. 
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FIGURE 5.2.1:  Structure of bis-cyclopentadienyl tungsten dihydride complex showing 

important structural parameter values obtained from the least-squares fit.   
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(A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(B)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.2.2  (A) & (B): Observed 414  303 and 707 616 transitions for the 
molecule.  As shown, frequency order is reversed for ∆K = -1 transitions for different 
tungsten isotopes.  FWHM of the observed lines are approximately 30 kHz.     
 
 

184W = 7956.9187(19) 

183W = 7957.6387(38) 

183W = 10790.4912(77) 

183W = 10790.8793(61) 

182W = 10790.0969(59) 
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TABLE 5.2.1: Observed ∆J = +1 (R branch) transitions of the various tungsten 

isotopomers of (C5H5)2WH2.  The values in parenthesis are fit residuals (measured – 

calculated) in kHz. 

 

J'Ka'Kc'  J"Ka"Kc" 182WH2 183WH2 184WH2 186WH2 

313      202 6280.1611(-2.3) 6279.5895(3.6) 6279.0115(-2.3) 6277.8766(-0.9) 

414      303 7958.3643(-3.7) 7957.6387(-2.2) 7956.9187(-2.4) 7955.4877(-3.8) 

515      404 9631.4242(1.4) 9630.5244(1.1) 9629.6319(-0.5) 9627.8652(0.4) 

616      505 11299.5266(-2.1) 11298.4353(-0.3) 11297.3524(-0.2) 11295.2049(-1.0) 

717      606 12962.9466(4.3) 12961.6377(0.7) 12960.3424(-0.4) 12957.7824(0.9) 

404      313 5616.7933(-1.9) 5617.0208(-1.2) 5617.2416(-6.4) ---- 

505      414 7336.8438(-3.6) 7337.1094(-5.1) 7337.3780(-1.9) 7337.8956(-6.0) 

606      515 9061.3896(-5.7) 9061.7188(-0.6) 9062.0384(-1.7) 9062.6738(0.5) 

707      616 10790.0969(0.8) 10790.4912(0.9) 10790.8793(0.4) 10791.6506(1.0) 

808      717 12522.5547(-0.1) 12523.0313(2.7) 12523.4974(3.6) 12524.4242(3.4) 

221      110 7034.4442(-0.4) 7033.4844(-0.9) 7032.5326(-0.5) 7030.6467(0.2) 

220      111 7045.3445(2.6) 7044.4336(-0.5) 7043.5344(1.3) 7041.7486(0.8) 

322      211 8723.3320(2.2) 8722.2744(3.7) 8721.2217(1.7) 8719.1387(1.6) 

321      212 8756.1656(-0.4) 8755.2691(5.7) 8754.3707(3.3) 8752.5938(2.4) 

423      312 10406.7930(2.9) 10405.6074(1.8) 10404.4326(2.0) 10402.1016(0.2) 

422      313 10472.8266(2.4) 10471.9590(2.9) 10471.0961(2.0) 10469.3916(6.1) 

524      413 12084.8359(4.2) 12083.4974(1.3) 12082.1738(2.5) 12079.5443(-1.4) 

523      414 12195.6128(2.6) 12194.8164(7.4) 12194.0169(4.3) 12192.4414(6.0) 

625      514 13757.4658(-1.8) 13755.9500(-5.3) 13754.4544(-0.6) 13751.4844(0.7) 
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624      515 13924.9063(11.8) 13924.1931(-2.7) 13923.5033(2.9) 13922.1239(-1.4) 

615      524 6670.5891(-3.9) 6671.6571(-6.2) 6672.7203(-4.4) 6674.8203(-3.8) 

717      624 8099.4436(0.4) 8099.1599(-0.6) 8098.8821(-0.6) 8098.3272(-2.1) 

716      625 8407.5346(-1.6) 8408.7305(1.1) 8409.9092(-1.6) 8412.2522(0.2) 

818      725 9750.9482(-0.8) 9750.3704(4.4) 9749.7910(2.0) 9748.6484(1.5) 

817      726 10149.6086(0.2) 10150.9492(2.4) 10152.2701(0) 10154.8945(-2.8) 

331      220 11166.5039(7.8) 11164.9641(8.5) 11163.4359(9.9) 11160.4063(9.7) 

330      221 11166.5576(-11.2) 11165.0219(-7.0) 11163.4945(-5.6) 11160.4643(-7.7) 

432      321 12866.0582(-0.4) 12864.4618(-6.0) 12862.8854(-3.0) 12859.7570(-3.0) 

431      322 12866.4203(-2.5) 12864.8359(0.3) 12863.2614(1.7) 12860.1392(0.9) 

827      734 7526.7920(-1.4) 7527.7529(-9.2) 7528.7221(-0.5) 7530.6283(0.9) 

826      735 7542.0219(-0.2) 7543.1413(3.2) 7544.2422(-2.6) 7546.4408(-1.0) 
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TABLE 5.2.2: Observed Q- branch (∆J = 0) transitions. 

J'KaKc  J"KaKc 182WH2 183WH2 184WH2 186WH2 

936      927 6050.5469(-3.8)a ---- 6047.4466(-3.2) ---- 

835      826 6056.5906(-5.7) 6055.0888(-9.6) 6053.6089(-1.2) 6050.6625(-1.9) 

734      725 6060.8648(5.0) 6059.4019(-0.7) 6057.9500(-4.7) 6055.0888(-1.2) 

633      624 ---- 6062.2913(0.8) ---- 6058.0601(0.4) 

532      523 6065.5195(1.0) 6064.1088(2.6) 6062.7049(2.1) 6059.9242(-2.7) 

431      422 6066.5490(-3.7) 6065.1484(-2.0) 6063.7562(-0.8) 6061.0007(-0.2) 

330      321 6067.0713(-3.3) 6065.6726(-4.8) 6064.2924(3.4) 6061.5426(-0.3) 

331      322 6067.4318(-4.6) 6066.0543(11.6) 6064.6547(-3.0) 6061.9203(1.6) 

432      423 6067.6365(-0.2) 6066.2479(3.0) 6064.8613(-0.5) 6062.1250(-1.6) 

533      524 6068.0463(2.8) 6066.6549(-0.6) 6065.2763(0) 6062.5511(2.1) 

634      625 6068.7583(-0.8) ---- 6066.0021(-3.7) 6063.2917(-0.3) 

735      726 ---- ---- 6067.1726(-1.4) 6064.4782(-3.8) 

836      827 ---- ---- 6068.9287(5.7) ---- 

945      936 ---- ---- 8488.7930(-1.4) ---- 

946      937 ---- ---- 8489.0773(-3.4) ---- 

844      835 8493.2974(-4.5) ---- ---- ---- 

845      836 8493.4397(-1.5) ---- 8489.5300(-3.0) ---- 

743      734 8493.7090(8.3) 8491.7409(-1.4) 8489.8016(5.1) ---- 

744      735 8493.7539(-9.8) ---- ---- 8486.0123(-2.6) 

541      532 8494.1280(6.1) 8492.1641(-3.6) ---- 8486.3864(0.6) 

441      432 ---- 8492.2595(-2.5) ---- 8486.4814(-13) 
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TABLE 5.2.3:  Observed transitions for the various mono deuterated isotopomers of 

(C5H5)2WH2.  The numbers in parentheses are observed minus calculated values in units 

of kHz 

J'Ka'Kc'  J"Ka"Kc" 182WDH 184WDH 186WDH 183WDH 

313      202 6233.0965(-2.4)a 6232.0498(-3.7) 6231.0169(-3.2) 6232.5714(-2.8) 

414      303 7901.9089(0.1) 7900.6003(0) 7899.3060(-0.1) 7901.2526(0.3) 

515      404 9564.5501(-2.6) 9562.9427(0) 9561.3516(1.5) ---- 

616      505 11221.3333(0.1) 11219.3922(4.7) 11217.4629(0.1) ---- 

404      313 5629.2500(1.5) 5629.6323(-4.3) 5630.0189(0.1) 5629.4458(4.2) 

505      414 7348.3680(-2.4) 7348.8156(-0.3) 7349.2539(-0.7) 7348.5884(-3.1) 

221      110 6946.8424(-1.7) 6945.0843(-3.4) 6943.3555(1.6) 6945.9603(-1.6) 

220      111 6960.0729(-2.5) 6958.4063(-1.8) 6956.7617(-0.9) 6959.2370(-0.6) 

322      211 8628.5599(0.4) 8626.6266(2.2) 8624.7126(-1.1) 8627.5911(3.5) 

321      212 8668.4681(-2.4) 8666.8079(1.8) 8665.1602(-3.1) ---- 

423      312 10303.6922(-2.9) 10301.5313(-6.2) 10299.4078(1.4) ---- 

422      313 10384.0612(1.2) 10382.4538(2.8) 10380.8643(1.2) ---- 

524      413 11972.2682(7.3) 11969.8359(-0.8) 11967.4414(-0.2) ---- 

523      414 12107.2865(1.9) 12105.7930(3.4) 12104.3164(1.5) ---- 
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TABLE 5.2.4:  Observed transitions for the various di deuterated isotopomers of 

(C5H5)2WH2.  The numbers in parentheses are observed minus calculated values in units 

of kHz 

J'Ka'Kc'  J"Ka"Kc" 182WD2 184WD2 186WD2 

414      303 7854.5417(-0.3) 7853.2919(-1.6) 7852.0653(3.9) 

515      404 9510.8112(-0.1) 9509.2630(-1.3) 9507.7357(-2.4) 

616      505 ---- 11159.1068(1.6) ---- 

322      211 8538.6725(-3.7) 8536.8854(-0.4) 8535.1133(0.9) 

321      212 8580.5716(2.3) 8579.0527(-2.4) 8577.5553(0.6) 

423      312 10208.0000(2.6) 10205.9893(1.0) 10203.9980(-1.4) 

422      313 10292.3919(-0.7) 10290.9475(3.3) 10289.5091(-0.5) 

523      414 12012.3021(-0.2) 12010.9792(-1.1) 12009.6719(-0.1) 
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TABLE 5.2.5:  Fitted rotational and distortion constants for various tungsten 

isotopomers.   

Parameter 182WH2 183WH2 184WH2 186WH2 

A (MHz) 2063.33400(20) 2063.03083(21) 2062.72985(15) 2062.13368(14)

B (MHz) 855.26809(21) 855.26925(22) 855.27056(16) 855.27236(16) 

C (MHz) 844.44337(21) 844.39355(22) 844.34444(15) 844.24627(15) 

∆J (kHz) 0.0216(22) 0.0228(23) 0.0272(16) 0.0260(16) 

σfit (kHz) 4.36 4.39 3.25 3.02 

# lines 46 43 48 44 

 

184WH2 DFT: A = 2086.6618 MHz, B = 852.3157 MHz, C = 842.8363 MHz from  
B3PW91/ aug-cc-pVTZ on C and H and Hay-Wadt VDZ (n + 1) ECP on W. 
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TABLE 5.2.6:  .  Fitted rotational parameters for various tungsten isotopes of mono and di deuterated species. 

 

Parameter 182WHD 183WHD 184WHD 186WHD 182WD2 184WD2 186WD2 

A (MHz) 2035.328(4) 2035.0496(7) 2034.7731(5) 2034.2246(2) 2008.1145(8) 2007.6046(7) 2007.0989(7) 

B (MHz) 853.9812(2) 853.9801(3) 853.9796(2) 853.9779(1) 851.8728(5) 851.8752(4) 851.8781(4) 

C (MHz) 840.8587(1) 840.8139(4) 840.7694(2) 840.68095(8) 838.1119(3) 838.0249(2) 837.9396(3) 

∆J (kHz) [0.027] [0.027] [0.027] [0.027] [0.027] [0.027] [0.027] 

σfit (kHz) 2.73 2.71 3.13 1.55 1.98 1.84 1.90 

# lines 14 7 14 14 7 8 7 
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TABLE 5.2.7:  Comparison of bis(η5-cyclopentadienyl)tungsten dihydride structural parameters obtained from least-squares 

analysis, Kraitchman analyses and DFT calculations.     

 
 rW-H  (Å) rH-H (Å) ∠ H-W-H (°) rW-Cp (Å) 

r0
a 1.70(1) 2.14(1) 78.0(10) 1.94(2) 

Kraitchman/Single 

Substitutions 
1.69(1) 2.16(1) 79.5(20) --- 

Kraitchman/Multiple 

Substitutions 
1.70(1) 2.16(1) 78.9(20) --- 

DFTb 1.696 2.125 77.6 1.941 

r0
a 1.70(1) 2.14(1) 78.0(10) 1.94(2) 

Kraitchman/Single 

Substitutions 
1.69(1) 2.16(1) 79.5(20) --- 

 

a Standard deviation of least-squares fit = 77 kHz. 
b B3PW91/ with aug-cc-pVTZ basis on H and C atoms and Hay-Wadt VDZ (n + 1) ECP on W atom
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TABLE 5.2.8:  Atomic coordinates of the (C5H5)2
184WH2 complex in the center of mass 

(abc) system obtained from the least-squares structure fit.  (in angstroms).a   

Atom a B c 

C1 1.634 -1.437 0.0b 

C2 1.814 -0.617 -1.170 

C3 2.106 0.700 -0.707 

C4 2.106 0.700 0.707 

C5 1.814 -0.617 1.170 

H11 1.400 -2.488 0.0b 

H12 1.744 -0.934 -2.196 

H13 2.293 1.547 -1.341 

H14 2.293 1.547 1.341 

H15 1.744 -0.934 2.196 

C6 -1.633 -1.437 0.0b 

C7 -1.814 -0.617 -1.170 

C8 -2.106 0.700 -0.707 

C9 -2.106 0.700 0.707 

C10 -1.814 -0.617 1.170 

H16 -1.400 -2.488 0.0b 

H17 -1.744 -0.934 -2.196 

H18 -2.293 1.547 -1.341 

H19 -2.293 1.547 1.341 

H20 -1.744 -0.934 2.196 

H21 0.0b 1.487 1.071 

H22 0.0b 1.487 -1.071 

W23 0.0b 0.163 0.0b 
 

a Estimated error in coordinates ±0.010—0.020 Å. bConstrained to zero in fit under 
symmetry considerations. 
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TABLE 5.2.9:  Structural parameters of various transition metal hydrides. 

 
Molecule Method rM-H  (Å) ∠H-W-H (°) rH-H  (Å) rM-Cp  (Å) avg. rC-C  (Å) ∠Cp-M-Cp (°)b 

(C5H5)2WH2
a microwave 1.70(1) 78.0(10) 2.14(1) 1.94(2) 1.43(2) 155(5) 

(C5H5)2MoH2
c 

neutron 

diffraction 
1.685(3) 75.5(3) 2.06 1.94 1.421(5) 151.5d 

(C5H5)2NbH3
e x-ray 1.69(4) 63(3) 1.75 2.059(11) 1.394(6) 143d 

(C5H5)2TaH3
e 

neutron 

diffraction 
1.774(3) 62.9(5) 1.85 2.065 1.421(3) 141d 

(C5H5)W(CO)3Hf microwave 1.79(2) ---- ---- 2.03(1) 1.423(4) ---- 

(C5H5)Mo(CO)3Hg microwave 1.80(1) ---- ---- ---- ---- ---- 

 

aThis work. 
bAngle measured from the Cp-centroid  
cReference 50. 
dReference reports the angle measured from the normal of the Cp rings to the metal. The value in this table is measured from 
the Cp-centroid and was determined from the crystal structure for direct comparison.   
eReference 52. 
fReference 54. 
gReference 53.
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5.3 GAS-PHASE STRUCTURE OF W(CO)3H (η5-C5H5) 
 
 
I. Abstract 

High-resolution microwave spectra for 13C isotopomers of 

cyclopentadienyltungsten tricarbonyl hydride were measured using a pulsed-beam 

Fourier transform microwave spectrometer system. The new rotational constants for the 

13C isotopomers are combined with the previously obtained rotational constants for 

normal and deuterium isotopomers to obtain the gas-phase structure of 

cyclopentadienyltungsten tricarbonyl hydride (section 5.1). The new frequencies for the 

five unique 13C isotopomers were measured in the 5-7 GHz range for C5H5W(CO)3H. 

Kraitchman analysis and least squares structure-fitting procedures were used to determine 

the structural parameters. The results from the structural fit yielded the W-H bond length, 

r0(W-H) = 1.79(2) Å, which agrees very well with the previously reported value, rs(W-H) 

= 1.79(4) Å, obtained with a much smaller data set. The present study also yielded the 

distance from tungsten to the C5H5 ring, r(W-Cp) = 2.03(1) Å, which corresponds to an 

average W-C (of Cp) bond length of 2.37(2) Å. The experimental ring radius for Cp of 

r(Cp) = 1.20(2) Å corresponds to an average cyclopentadienyl C-C bond length of 

1.423(4) Å. Deviations of near 0.02 Å from C5 symmetry for the W-C bond lengths for 

the Cp ligand and smaller deviations for the C-C bond lengths were obtained from the 

DFT calculations, and incorporating these deviations into the least-squares fit improved 

the standard deviation by a factor of  5. The average bond length from tungsten to the 

carbonyl carbons is r(W-CO) = 1.97(2) Å. Results obtained from the structural fit are in 
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very close agreement with the experimental, Kraitchman analysis values. Results from 

new DFT calculations are given, with heavy-atom coordinates in very good agreement 

with experimental values, and a slightly shorter calculated W-H bond length, re(W-H) = 

1.73 Å.  

 

II. Introduction 

Transition-metal monohydride complexes play important roles in many chemical 

and biological processes. One important class of these monohydride complexes is the 

C5H5M(CO)3H (where M = Cr, Mo, W) complexes. These transition-metal hydride 

complexes often serve as useful catalysts and metal precursors in acid-base synthetic 

reactions. For example, a number of molecular derivatives of such complexes have been 

explored as selective catalysts,67, 68, 69 stoichiometric reactants or reactive intermediates 

for hydrogenation, hydroformulation reactions,120, 14, 121 and protonation of aldehydes and 

ketones.122 Central to these catalytic reactions is the fact that, for these types of 

complexes, the metal-hydrogen bond can function as a proton, hydrogen, or hydride 

donor under various reaction conditions. For example, Shafiq and co-workers have 

investigated the acidity and solubility of (C5H4CO2H)W(CO)3H and related complexes in 

water.77 They have shown that, in a polar solvent such as water, the W-H site of 

(C5H4CO2H)W(CO)3H is less likely to deprotonate than in organic solvents. It was found, 

however, that in organic solvents deprotonation of the W-H site becomes 
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thermodynamically favorable. These results suggest that the acidity of the W-H bond is 

highly dependent on the structure and intermolecular interactions of the other ligands.  

Various interesting applications have been proposed for the 

cyclopentadienyltungsten tricarbonyl hydride complex, C5H5W(CO)3H, in recent years. 

One example is the study reported by Otten and Lamb, who suggested that this 

monohydride and related complexes might be of potential use as surface-supported 

catalysts. They demonstrated that the protonated form of the C5H5W(CO)3H complex 

could bind firmly on alumina surfaces via the carbonyl ligands, thus leaving the reactive 

hydrogen atom exposed above the surface.70 Another potentially important and useful 

application of tungsten-based transition-metal compounds is in the use of tungsten to 

store or capture hydrogen atoms, potentially providing a new type of hydrogen storage 

device. Recently, Pyykkö and co-workers have studied the possible existence of stable 

WH12 species, using density functional theory (DFT) and second-order perturbation 

theory MP2 calculations.123 Their calculations have shown that the four side-on-bonded 

H2 units can be detached more easily than the remaining four classical W-H hydride 

ligands. Therefore the new gas-phase data for the W-H bond length could be useful for 

evaluating the theoretical methods and finding the basis sets and functionals, which 

provide the most accurate structures.  

The gas-phase  Mo-H and W-H bond lengths for C5H5Mo(CO)3H and 

C5H5W(CO)3H based on Kraitchman analysis of normal and deuterated isotopomers, 

yielded Mo-H and W-H bond lengths of 1.79(4) and 1.80(1) Å, respectively 119. The 
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nearly equal Metal - Hydrogen bond lengths can be attributed to the lanthanide 

contraction associated with the f electrons of the tungsten atom. These M-H bond lengths 

are the only experimental structural information reported in the previous work. Only a 

few 13C transitions had been obtained in this earlier work for the C5H5W(CO)3H complex 

and no 13C transitions for the C5H5Mo(CO)3H complex.  

In the present study, many more rotational constants have been measured for 

additional isotopomers of the d4 metal monohydride C5H5W(CO)3H, in order to find the 

complete gas-phase structure. Microwave spectra of 13C isotopomers for the 

C5H5W(CO)3H complex were successfully measured in the frequency range of 5-7 GHz. 

By combining the present 13C isotopic data with previously measured tungsten and 

deuterium isotopic data, we were able to determine a nearly complete gas-phase structure 

for C5H5W(CO)3H. Although X-ray data for C5H5W(CO)3H were reported about 35 years 

ago,124 the H atom coordinates were poorly determined, and no previous data for the gas-

phase structure of this complex were known. Accurate structural information is of 

fundamental importance for understanding the strength, stability, and reactivity of the 

metal-hydrogen bond for the C5H5W(CO)3H complex. In addition, the gas-phase 

structural information can supply some information about how steric interactions affect 

the stability of the W-H bond. Thus, we believe that these new results will further 

increase our understanding of the reactivity of M-H bonds in free complexes such as 

C5H5M(CO)3H and related molecules. Moreover, information on the gas-phase structural 

results of C5H5W(CO)3H should be useful for testing the validity of the theoretical 

methods.  
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III. Experimental  

Cyclopentadienyltungsten tricarbonyl hydride, C5H5W(CO)3H, was purchased 

from Aldrich (No. 511234) and resublimed prior to use for the present measurements. 

The rotational transitions of 13C isotopomers, in natural abundance, were measured in the 

5-7 GHz range using a Flygare-Balle type pulsed-beam Fourier transform spectrometer 

(PBFTS) system.56 The resublimed sample was transferred into a glass sample cell in the 

dry box. The sample cell then was placed and securely anchored into the connector 

located at the back end of the pulsed valve. The sample cell was evacuated to remove any 

remaining air and moisture. Neon gas was then admitted into the sample cell; neon 

pressure was set in the range of 0.7-0.8 atm, and this pressure was maintained throughout 

the experiment. The sample and pulse valve were heated to about 60-65 C in order to 

obtain a sufficient sample vapor pressure. Although the molecular signal could be 

observed at about 35 C, for the common isotopomer heating the sample to 65 C 

exponentially increased the strength of the molecular FID signal. The instrumental 

settings were optimized using a strong transition of the parent complex as a test line. The 

cavity mode, time delay, and microwave power were adjusted until the signal of the 

parent test line could be obtained within a single beam pulse. Many of the observed 13C 

frequency transitions were seen with a signal averaging between 500 and 1500 beam 

pulses. No 18O isotopomers were observed for the C5H5W(CO)3H complex in the present 

experiments.  
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IV. Results & Data Analysis 

A total of sixty transitions due to five unique 13C isotopomers, with various 

tungsten isotopes, were observed for the C5H5W(CO)3H complex in the present study. 

Three unique 13C isotopomers on the C5H5 ring were measured using our atomic labeling 

scheme, these unique isotopomers are 13C1, 13C2 (equivalent to 13C3), and 13C4 (equivalent 

to 13C5), as shown in Figure 5.3.1. Two unique 13CO isotopomers were also measured, 

and these are 13C6 and 13C7 (equivalent to 13C8). Table 5.3.1 shows the measured and 

calculated 13C rotational transition frequencies obtained using the least-squares fitting 

procedure for the C5H5W(CO)3H complex. Most of the observed a-type transitions were 

confined to three groups, namely J = 3  4, 4  5, and 5  6. Since relatively fewer 

number of transitions were measured for the 13C isotopomers compared to the parent 

complex, these measured transitions were fitted using only three variable parameters: the 

A, B, and C rotational constants. Table 5.3.2 shows the measured rotational parameters 

obtained from the previous study11 for the normal and deuterated isotopomers of the most 

abundant isotopomers, C5H5
184W(CO)3H and C5H5

184W(CO)3D. For these isotopomers, 

many more transitions were measured so that A, B, C, and the distortion constants ( J and 

J) were obtained. The measured quartic centrifugal distortion constants are very small, 

ranging between 0.02 and 0.04 kHz, suggesting a fairly rigid structure for the molecule. 

More importantly, they are not expected to vary significantly with isotopic substitution; 

thus, fixing the values for the distortion constants for 13C isotopomers is not expected to 

introduce additional uncertainty in the resulting fit parameters A, B, and C. Measured 

rotational parameters for the unique sets of 13C transitions are summarized in Tables 5.3.3 
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and 5.3.4. In all these cases, the fit standard deviation is in the range of 1-9 kHz. The 

measured and "best fit" calculated rotational constants are given in Table 5.3.5. The 

standard deviation of the preferred structural fit is 0.18 MHz.  

 

V. Structural Analysis 

Kraitchman analyses were carried out for the measured 13C rotational constants to 

obtain the C5H5 and CO carbon atom coordinates in the center of mass (COM) system. 

Results of the Kraitchman analysis for the tungsten and deuterium isotopomers were 

given in our previous study.  Kraitchman structural parameters (rs) were obtained from 

these COM atomic coordinates for this complex, which are shown in Table 5.3.6. Table 

5.3.6 also includes structural data obtained from the DFT calculations and from the 

preferred structural fit.  

In the present study, 33 rotational constants were measured for various unique 13C 

isotopomers (Tables 5.3.3 and 5.3.4) and these were combined with the previously 

obtained 24 rotational constants for various tungsten and deuterium isotopomers. In all of 

the measurements, a total of 57 rotational constants have been acquired and these were 

used in the least-squares fits to determine the molecular structure of C5H5W(CO)3H. 

Several different adjustable parameters were employed in the structural fit program, and a 

list of the parameters we believe could be most accurately determined is as follows: P(1) 

= r(Cp), the ring radius of C5H5 (Cp); P(2) = r(W-Cp), the distance between the center of 
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the ring and the W atom; P(3) = r(W-H6), the tungsten-hydrogen bond distance; P(4), the 

W-H6 angle with the molecular z axis; P(5) = r(W-C6), the distance from tungsten to the 

C6 atom; P(6), the W-C6 angle with the z axis; P(7) = r(W-C7), the distance from tungsten 

to the C7 atom (equivalent to C8). The basic structure of this complex and the values 

obtained for these parameters are shown in Figure 5.3.1, with the numbering of the 

carbon atoms indicated. The fit results for the measured and calculated rotational 

constants for various isotopomers are illustrated in Table 5. As stated, a total of 57 

rotational constants were used in the global structure fit, and this yielded a standard 

deviation of 0.18 MHz. For this fit many of the structural parameters, such as C-H and C-

O bond lengths, and the small deviations from C5 symmetry of the Cp ligand were fixed 

at values obtained from the DFT calculations. Several different fits were done where the 

Cp ligand was constrained to C5 symmetry, but the resulted standard deviation was much 

larger  

(~1 MHz).   The major deviation from C5 symmetry relative to the W atom is that  

r(W-C1) > r(W-C2) > r(W-C4), with differences of 0.02 Å. This can be interpreted as a 

"tilt" of the Cp group away from being perpendicular to the nominal z axis. Smaller 

deviations of the C-C bond lengths for the Cp ligand from the equal values expected for 

C5 symmetry were also obtained from the calculations and included in calculating the 

atom coordinates in the least-squares structure fit. For the preferred fit (Table 5.3.6, fifth 

column), the complex was constrained to have a plane of symmetry (Cs symmetry).  

The structural parameters obtained from the least-squares fit are in very good 

agreement with the Kraitchman results and in reasonably good agreement with the DFT 
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results. In the present DFT calculation the tungsten-hydrogen (W-H6) bond distance is 

still underestimated, and this may be primarily due to the fact that the calculated value is 

an re value, whereas the structural fit results will be much closer to r0 values. The present 

W-H bond length from the Cs-symmetry-constrained DFT calculations is closer to the 

experimental values than that of the previous calculation.119 The structure fit and the 

Kraitchman values for the metal-hydrogen bond length agree remarkably well, within the 

error limits. Except for this metal-hydrogen bond distance and the agreement for 

Kraitchman, DFT, and structural fit parameters are quite good and agree within the 

experimental error limits. The Cartesian coordinates obtained from the least-squares fit 

results are given in Table 5.3.7.  

 

VI. DFT Calculations 

In the present study, several different density functional theory (DFT) calculations 

have been performed with the constraint of Cs (a-c mirror plane) symmetry for the 

C5H5W(CO)3H complex, using the B3PW91 functional and basis sets with polarization 

and diffuse functions. Results obtained from these calculations are shown in Table 5.3.6, 

columns 3 and 4. In column 3 are the results from the previous calculation,119 and column 

4 shows our new theoretical results obtained with the complex constrained to Cs 

symmetry. We used the Pople basis set 6-311G++(d,p) with diffuse and polarization 

functions for C, O, and H and the Hay-Wadt VDZ effective core potential for the 

tungsten atom. Details and references for the methods and basis sets were given earlier.  



 

 

152

VII. Discussion & Conclusions 

Using the present data, combined with the data obtained from the previous study 

(section 5.1), both the rs and r0 structural parameters have been determined for the 

C5H5W(CO)3H complex. The rs structural parameters were obtained directly from 

Kraitchman analyses of the isotopic data, whereas the "near-r0" structural parameters 

were determined by adjusting structural parameters to fit calculated rotational constants 

to the measured rotational constants, using a least-squares structural fitting program 

available in our laboratory. The present W-H bond length as determined from the 

structural fit is r0(W-H) = 1.79(2) Å, in excellent agreement with the Kraitchman value. 

Since a much larger data set was used in the present work, the effects of correlation in the 

fit are much smaller and the confidence in the values of the structural parameters 

obtained is much higher. The DFT-calculated value, re(W-H) = 1.734 Å, is significantly 

shorter than the experimental values and this discrepancy could be reduced if one were to 

apply vibrational averaging corrections and use larger basis sets for the W atom. There is 

previous evidence that third-row transition-metal hydrides exhibit anomalously large 

anharmonicity in the M-H bond from microwave work on a rhenium hydride.125 Looking 

at the Cartesian coordinates obtained from the structural fit (see Table 5.3.7), the 

hydrogen (H6) lies in the a-c plane (b coordinate is zero) and the sign of a and c 

coordinates of W and H6 are consistent with the Kraitchman atomic coordinates. 

However, because no vibrational corrections were made to the fit results, the rs and r0 

values obtained do not represent the true re equilibrium bond length for C5H5W(CO)3H. 

The 5-C5H5-W carbon-tungsten bond distances and W-C bond lengths to the carbonyl 
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groups obtained from Kraitchman and structural fit analyses are in agreement, within the 

experimental uncertainties, and display the same trend in distortions from C5 symmetry 

as the least-squares-fit values. The average cyclopentadienyl C-C bond length obtained is 

1.423(4) Å, and this agrees well with the DFT-calculated value. The DFT calculations 

indicated deviations of near 0.02 Å from C5 symmetry for the W-C bond lengths for the 

Cp ligand and smaller deviations for the C-C bond lengths. Incorporating these deviations 

into the least-squares fit improved the standard deviation by a factor of five.  

                      In conclusion, a nearly complete gas-phase structure of  

5-cyclopentadienyltungsten tricarbonyl hydride has been obtained from present and 

previous microwave data. The least-squares-fit, DFT-calculated, and Kraitchman results 

show that the basic structure of the complex is close to the "piano stool" type of structure. 

The hydrogen atom attached to the metal is located between two of the three carbonyl 

ligands and is bent away from the C5H5 ring. This hydrogen is found to be in the a-c 

plane of the complex.  
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FIGURE 5.3.1: Structure of Cyclopentadienyltungstentricarbonyl hydride complex with 
the atomic numbering scheme. 
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TABLE 5.3.1:  Measured 13C transitions for various tungsten isotopomers.   

 J Ka Kc J' Ka' Kc' measd calcd residual J Ka Kc J' Ka' Kc' Meas. Calc. Res. 

                   

 3  2  1  4  2  2  5740.377 5740.377 0.0000  4 3  2  5  3  3  6978.619 6978.620 -0.0007 

 4  1  4  5  1  5  6537.678 6537.677 0.0013  4 1  3  5  1  4  6988.618 6988.619 -0.0009 

 4  0  4  5  0  5  6556.209 6556.207 0.0022  4 4  0  5  4  1  6997.130 6997.132 -0.0024 

 4  2  3  5  2  4  6841.178 6841.182 -0.0042 4 2  2  5  2  3  7191.892 7191.887 0.0046 

                   

 3  2  1  4  2  2  5740.540 5740.540 0.0000  4 3  2  5  3  3  6978.767 6978.766 0.0013  

 4  1  4  5  1  5  6537.737 6537.737 0.0004  4 1  3  5  1  4  6988.736 6988.736 -0.0002 

 4  0  4  5  0  5  6556.263 6556.264 -0.0005 4 4  0  5  4  1  6997.289 6997.290 -0.0011 

                   

 4  1  4  5  1  5  6550.903 6550.907 -0.0036 4 1  3  5  1  4  6995.581 6995.586 -0.0047 

 4  2  3  5  2  4  6849.248 6849.240 0.0076  4 3  1  5  3  2  7091.203 7091.208 -0.0046 

 4  3  2  5  3  3  6983.439 6983.434 0.0053                    
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 4  1  4  5  1  5  6550.959 6550.959 0.0003  4 3  2  5  3  3  6983.520 6983.520 0.0004  

 4  2  3  5  2  4  6849.358 6849.358 -0.0008 4 1  3  5  1  4  6995.833 6995.833 0.0002 

                   

 4  0  4  5  0  5  6558.828 6558.827 0.0003  4 1  3  5  1  4  6986.075 6986.081 -0.0063 

 4  2  3  5  2  4  6837.603 6837.598 0.0049  4 3  1  5  3  2  7075.551 7075.557 -0.0062 

                   

 4  2  2  5  2  3  7179.832 7179.824 0.0073  4 1  3  5  1  4  7004.852 7004.849 0.0023  

 3  2  1  4  2  2  5763.893 5763.887 0.0059  4 2  2  5  2  3  7218.508 7218.514 -0.0062 

 4  0  4  5  0  5  6570.873 6570.874 -0.0008                   

                   

 4  1  4  5  1  5  6539.350 6539.345 0.0050  4 3  1  5  3  2  7075.734 7075.738 -0.0048 

 4  2  3  5  2  4  6837.703 6837.709 -0.0063 4 2  2  5  2  3  7180.112 7180.103 0.0089  

 4  1  3  5  1  4  6986.308 6986.311 -0.0027                   
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 4  0  4  5  0  5  6570.808 6570.809 -0.0006 4 3  2  5  3  3  7002.800 7002.803 -0.0030 

 4  2  3  5  2  4  6860.716 6860.714 0.0020  4 4  0  5  4  1  7023.739 7023.737 0.0015 

                   

 3  2  1  4  2  2  5764.052 5764.053 -0.0011 4 4  0  5  4  1  7024.089 7024.090 -0.0007 

 4  1  4  5  1  5  6553.752 6553.748 0.0038  4 3  1  5  3  2  7121.356 7121.354 0.0015  

 4  0  4  5  0  5  6570.920 6570.927 -0.0062 4 2  2  5  2  3  7218.700 7218.707 -0.0065 

 4  1  3  5  1  4  7004.971 7004.967 0.0042  5 0  5  6  0  6  7838.835 7838.836 -0.0006 

 4  4  1  5  4  2  7015.016 7015.011 0.0055                    

                   

 3  2  1  4  2  2  5764.212 5764.209 0.0032  4 4  0  5  4  1  7024.254 7024.254 0.0004  

 4  2  3  5  2  4  6868.912 6860.916 -0.0035 5 1  5  6  1  6  7832.347 7832.346 0.0005  

 4  1  3  5  1  4  7005.080 7005.079 0.0009  5 0  5  6  0  6  7838.904 7838.903 0.0012  

                   

 3  2  1  4  2  2  5750.232 5750.227 0.0057  4 2  2  5  2  3  7204.595 7204.597 -0.0015 

 4  4  0  5  4  1  7013.157 7013.161 -0.0041 5 0  5  6  0  6  7853.199 7853.198 0.0009 
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TABLE 5.3.2: Experimental rotational parameters obtained from the Least-Squares fits 

for the normal and deuterated Species of the Most Abundant (184W) Tungsten Isotope. 

 

Parameter C5H5
184W(CO)3H C5H5

184W(CO)3D 

A (MHz) 968.6999(12) 963.2217(18) 

B (MHz) 752.5415(4) 748.5042(4) 

C (MHz) 639.7433(4) 639.5198(4) 

J (MHz) 0.000034(2) 0.000034(2) 

J (MHz) 0.000015(2) 0.000023(2) 

fit (MHz) 0.004 0.003 

 



 

 

159

TABLE 5.3.3: Experimental rotational parameters obtained from the Least-Squares fit for unique 13C isotopes on the C5H5 

Ring of ( 5-Cyclopentadienyl)tungsten tricarbonyl hydride.a 

 

Parameter 13C2
b 13C2

c 13C5
d 13C5

e 13C1
f 13C1

g 

A (MHz) 966.2535(86) 966.2843(30) 964.6513(224) 964.8898(30) 967.1710(248) 967.4019(240) 

B (MHz) 747.7477(6) 747.7742(2) 747.3814(26) 747.4011(4) 746.0566(22) 746.1003(22) 

C (MHz) 635.2710(6) 635.2778(2) 636.8614(26) 636.8594(3) 635.6467(26) 635.6300(24) 

J (kHz) 0.036h 0.10h 0.0 0.0 0.0 0.0 

fit (kHz) 3.2 1.1 8.4 1.0 8.8 9.3 

 

a The indicated error limits correspond to 2 . 
b C5H5

186W(CO)3H. 
c C5H5

184W(CO)3H. 
d C5H5

183W(CO)3H. 
e C5H5

182W(CO)3H. 
f C5H5

186W(CO)3H,  
g C5H5

183W(CO)3H. 
h Fixed parameter. 
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TABLE 5.3.4: Experimental rotational parameters obtained from the Least-Squares fit for 13C1 or 13C3 CO isotopomers of  

( 5-Cyclopentadienyl)tungsten tricarbonyl hydridea 

Parameter 13C7
b 13C7

c 13C7
d 13C7

e 13C6
f 

A (MHz) 963.3498(288) 963.9450(378) 963.3792(108) 963.3985(68) 964.7016(561) 

B (MHz) 750.7390(20) 750.7620(28) 750.7649(10) 750.7879(6) 749.0557(28) 

C (MHz) 636.8150(30) 636.7799(24) 636.8189(8) 636.8227(4) 638.1326(22) 

J (kHz) 0.0 0.0 0.023g 0.020g 0.0 

fit (kHz) 8.9 4.0 4.9 2.8 7.2 

 

a The indicated error limits correspond to 2  
b C5H5

186W(CO)3H. 
c C5H5

184W(CO)3H. 
d C5H5

183W(CO)3H. 
e C5H5

182W(CO)3H and 13C2 CO isotopomer. 
f C5H5

184W(CO)3H. 
g Fixed parameter. 
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TABLE 5.3.5: Results from the structural fit showing measured and calculated rotational 

constants (A, B, C) for various isotopomersa 

 

Isotopomer Measured (M) Calculated (C) M - C 

184W 968.6999 968.6834 0.0165 

 752.5415 752.5705 -0.029 

 639.7433 639.8015 -0.0582 

186W 968.6546 968.6489 0.0057 

 752.5138 752.5495 -0.0357 

 639.7462 639.8014 -0.0552 

182W 968.7459 968.7183 0.0276 

 752.5679 752.5917 -0.0238 

 639.7440 639.8016 -0.0576 

183W 968.7242 968.7008 0.0234 

 752.5542 752.5810 -0.0268 

 639.7439 639.8016 -0.0577 

184W and 13C2 966.2843 966.2854 -0.0011 

 747.7742 747.7271 0.0471 

 635.2778 635.2764 0.0014 

184W and 13C6 964.7016 965.5164 -0.8148 

 749.0557 748.6294 0.4263 

 638.1326 638.3276 -0.1950 
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184W and 13C7 963.9450 963.3256 0.6194 

 750.7620 750.8080 -0.0460 

 636.7799 636.8739 -0.0940 

184W and D 963.2217 963.1533 0.0684 

 748.5042 748.6212 -0.1170 

 639.5198 639.3587 0.1611 

186W and 13C2 966.2535 966.2512 0.0023 

 747.7477 747.7063 0.0414 

 635.2710 635.2761 -0.0051 

186W and 13C1 967.1710 967.1431 0.0279 

 746.0566 746.0006 0.0560 

 635.6467 635.7106 -0.0639 

186W and 13C7 963.3498 963.2928 0.0570 

 750.7390 750.7880 -0.0490 

 636.8150 636.8738 -0.0588 

186W and D 963.1808 963.1227 0.0581 

 748.4790 748.6027 -0.1237 

 639.5225 639.3587 0.1638 

182W and 13C5 964.8898 965.0396 -0.1498 

 747.4011 747.3268 0.0743 

 636.8594 636.7744 0.0850 

182W and 13C7 963.3985 963.3589 0.0396 
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 750.7879 750.8282 -0.0403 

 636.8227 636.8739 -0.0512 

182W and D 963.2502 963.1842 0.0660 

 748.5245 748.6400 -0.1155 

 639.5233 639.3588 0.1645 

183W and 13C5 964.6513 965.0209 -0.3696 

 747.3814 747.3154 0.0660 

 636.8614 636.7742 0.0872 

183W and 13C1 967.4019 967.1921 0.2098 

 746.1003 746.0303 0.0700 

 635.6300 635.7110 -0.0810 

183W and 13C7 963.3792 963.3422 0.0370 

 750.7649 750.8180 -0.0531 

 636.8189 636.8739 -0.0550 

183W and D 963.2534 963.1686 0.0848 

 748.5189 748.6306 -0.1117 

 639.5122 639.3588 0.1534 

 

a Rotational constants are given in MHz and are given in the order A, B, and C for each 
isotopomer. The standard deviation for the fit is 0.18 MHz. 
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TABLE 5.3.6: Comparison of the internal structural parameters obtained from the 

Kraitchman Analysis, DFT calculations, and the Structural Fit (in Å)a 

Parameter Kraitchman DFTb DFTc Structural fit 

W-H6 1.79(4) 1.716 1.734 1.79(2) 

W-C1 2.39d 2.387 2.401 2.40(2) 

W-C2 2.399(4) 2.368 2.386 2.38(2) 

W-C3 2.41(4) 2.368 2.386 2.38(2) 

W-C4 2.357(18) 2.340 2.360 2.35(2) 

W-C5 2.357(18) 2.340 2.360 2.35(2) 

W-C6 1.962(6) 1.990 1.983 1.944(20) 

W-C7 1.969(6) 1.981 1.973 1.980(20) 

W-C8 1.969(6) 1.981 1.973 1.980(20) 

C1-C2 1.42d 1.421 1.429 1.420(4) 

C1-C3 1.42d 1.421 1.429 1.420(4) 

C2-C4 1.495(14) 1.423 1.429 1.422(4) 

C3-C5 1.49(2) 1.423 1.429 1.422(4) 

C4-C5 1.470(14) 1.431 1.438 1.430(4) 

 

a The atomic labeling scheme corresponds to the labeling scheme in Figure 5.3.1. The 
indicated error limits correspond to 2 . 
b From previous work (Section 5.1). 
c This work.d b axis C8 coordinates are fixed to the DFT value. 
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TABLE 5.3.7: Cartesian Coordinates for Cyclopentadienyltungstentricarbonyl hydride  

(in Å) obtained from structural fit. 

 

Atom x y z atom x y z 

W 0.005 0.000 -0.092 H1 -2.473 0.000 -1.982 

C1 -2.249 0.000 -0.916 H2 -2.162 2.184 -0.432 

C2 -2.076 1.150 -0.101 H3 -2.162 -2.184 -0.432 

C3 -2.076 -1.150 -0.101 H4 -1.665 1.327 2.092 

C4 -1.802 0.715 1.224 H5 -1.665 -1.327 2.092 

C5 -1.802 -0.715 1.224 H6a 0.740 0.000 -1.721 

C6 1.337 0.000 1.324 O1 2.126 0.000 2.161 

C7 1.065 -1.577 -0.649 O2 1.631 -2.520 -0.998 

C8 1.065 1.577 -0.649 O3 1.631 2.520 -0.998 

 

a Hydrogen atom directly bound to the tungsten atom. 
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CHAPTER 6:  MICTROWAVE SPECTROSCOPY OF 

SUBSTITUTED FERROCENE COMPLEXES. 

 
6.1 THE GAS-PHASE STRUCTURE OF ETHYNYLFERROCENE 
 

I. Abstract 

Gas phase structural parameters for ethynylferrocene have been determined using 

microwave spectroscopy. Rotational transitions corresponding to a- and b-type dipole 

moments were measured. Twenty-four rotational constants have been measured by fitting 

the measured transitions for various isotopomers using a rigid rotor Hamiltonian with 

centrifugal distortion constants. Least-squares fits to determine structural parameters and 

Kraitchman analyses have been used to determine the gas phase structural parameters and 

the atomic coordinates from the rotational constants. The distance between the Fe atom 

and the C atoms of the cyclopentadienyl rings is r(Fe-C1) = 2.049(5) Å, and the distance 

between the carbon atoms of the cyclopentadienyl ring is r(C-C) = 1.432(2) Å. The 

ethynyl group is bent away from the Fe atom and out of the plane of the carbon atoms in 

the adjacent cyclopentadienyl ring by 2.75(6) . Structural parameters were also obtained 

from DFT calculations and Kraitchman analyses, and the results are compared. Analysis 

of fit results for 13C isotopic substitution data indicates that the carbon atoms of the two 

cyclopentadienyl rings are in an eclipsed conformation in the ground vibrational state. 

Trends in microwave experimental values for the distance from the Fe atom to the center 

of the cyclopentadienyl ring for a series of substituted ferrocenes have been analyzed. 
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This analysis provides an estimate of the gas phase distance from the Fe atom to the 

centers of the cyclopentadienyl rings for ferrocene of 1.65(1) Å.  

 

II. Introduction 

There are many useful correlations between structure and reactivity for 

organometallic compounds. Microwave spectroscopy can be used to accurately determine 

the effects of substituents on the molecular structures of ferrocenes and other complexes. 

In the present work, the basic structural parameters are determined for ethynylferrocene 

and compared with similar parameters for other substituted ferrocenes.  

Ethynylferrocene (ETHFE) is an attractive synthon used to synthesize many 

polymeric ferrocenyl organometallic compounds.126, 127 These poly-ynes, in general, find 

applications as organic conductors,128 in optoelectronic applications and photonics,129, 130 

as part of a quantum-dot cellular automaton,131 and as metalloethynyl nanoparticles with 

thermo set properties.132 Given the importance of this compound, ETHFE has been 

studied using 57Fe NMR,133 13C NMR,134 Mössbauer spectroscopy,135 and electrochemical 

studies in solution.136 These methods provide a better understanding of the electronic 

properties of this compound. Previous studies on the various substituted ferrocene 

compounds have shown that there are linear correlations between some of the 

experimentally measured electronic properties. The electronic properties that were 

correlated are oxidation potentials from electrochemical studies in solution, 57Fe 
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quadrupole splitting obtained using Mössbauer spectroscopy in the solid phase, and gas 

phase ionization energies from photoelectron spectroscopy.137, 138, 139 The proposed 

reason for the above linear correlations is that the main contribution to the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) for these complexes is the atomic orbital of the metals.140 However, it is also 

important to have accurate and precise structural data, so that there will be a better 

understanding of structural, chemical, and electronic properties. Previously, the structure 

of this complex was determined using X-ray diffraction,141,142 which indicated the 

existence of a weak hydrogen bond between the ethynyl hydrogen of one ETHFE 

molecule and the triple bond of the -CCH group of another ETHFE molecule. These 

weak hydrogen bonds along with other crystal packing effects present in the solid phase 

distort the "true structure" of the molecule. Because these effects are absent in the gas 

phase, the structural determination of this molecule using Fourier transform gas phase 

microwave spectroscopy was undertaken. The gas-phase structure of an array of 

substituted ferrocene compounds have been determined using microwave spectroscopy in 

the past in the Kukolich lab.5,6, 7, 8  

In the present work, the microwave spectra of ETHFE and 1-deuterio-2-

ferrocenylethyne (DETHFE) have been recorded. The spectra of the ETHFE 56Fe, 54Fe, 

57Fe, and 13C isotopomers and the DETHFE 56Fe isotopomer have been recorded in the 

frequency range of 4-12 GHz. Rotational constants were determined by a least-squares 

fitting of the assigned transitions. From these rotational constants, structural parameters 

of the molecule were obtained using a structural least-squares analysis and from 



 

 

169

Kraitchman analyses. Comparisons of the theoretical and X-ray data with the gas phase 

microwave data provide a more complete understanding of the structure of ETHFE. 

Furthermore, by combining results from the previous microwave studies on substituted 

ferrocenes with the present work, the correlations of a gas phase structural parameter, 

namely the distance between the iron atom and the cyclopentadienyl (Cp) ring, with the 

Hammett parameter ( I) and with the redox potential of the molecule have been 

analyzed. Figure 1 shows the structure of ETHFE with all of the carbon atoms labeled.  

 

III. Experiment 

The ETHFE was purchased from Aldrich (catalog number: 44265-8) and used as 

received. The preparation of DETHFE was based on the modified synthesis of 

ferrocenylpropyne.143, 144  A round-bottom flask was charged with 1.0 g of ETHFE, 30 

mL of anhydrous ether, and a stir bar inside the dry-box. The dark red crystals dissolved 

readily, giving a deep orange solution. In addition, 8.0 mL of 1.6 M n-butyllithium 

(LinBu) in hexane and 10 mL of anhydrous ether were placed in a separate round-bottom 

flask. Outside the drybox, the orange-yellow-tinged LinBu solution was syringed into the 

ETHFE solution at -78 C, causing the solution to become darker. The solution was 

warmed to room temperature and stirred overnight. Then, 1.5 mL of D2O was added into 

the solution at 0 C. The reaction was instantaneous, causing the solution to lighten and 

give a glutinous white precipitate. The liquid was transferred to a smaller flask via 

syringe, and the solvent was removed at room temperature and 20 Torr, with the residual 
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solvent removed at 0.5 Torr. Upon bringing the flask back to atmospheric pressure with 

the addition of nitrogen, the resultant liquid solidified. The solid was then sublimed at 0.5 

Torr and 40 C using a cold-water finger for collection. The dark red air-stable crystals 

were used without further purification. This synthesis leads to deuterium substitution at 

the ethynyl hydrogen site, Het (see Figure 6.1.1).  

The specifics of pulsed-beam Fourier transform microwave spectrometer used for 

the current experiment is explained in Chapter 3 in detail. Both compounds were heated 

above the melting point to 60 C to obtain sufficient vapor pressure, and the pressure of 

the neon carrier gas was maintained at 0.5 atm. This mixture was pulsed into the Fabry 

Perot cavity at a constant pulse rate of 2 Hz. A low-noise liquid-nitrogen-cooled amplifier 

increased the sensitivity and improved the signal-to-noise ratio significantly, which 

facilitated obtaining the transitions of different isotopomers in natural abundance. Thirty-

nine transitions were recorded for the 56Fe isotopomer, and 11 transitions were observed 

for 54Fe (6% natural abundance), while five transitions each were observed for 57Fe (2% 

natural abundance) and the four 13C isotopomers (2% natural abundance). In the case of 

DETHFE, 20 transitions were recorded for 56Fe.  

 

IV. Theoretical Methods 

Different theoretical methods and basis sets were used to find the best structure 

for ETHFE. The two methods used were DFT, using Becke's three-parameter functional 
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with the nonlocal correlation provided by Perdew and Wang (B3PW91)58, 59, 145 and MP2 

(M ller-Plesset correlation energy correction truncated at second-order146, 147, 148, 149. The 

basis sets used are (1) the Los Alamos double-  basis set (LANL2DZ),150,151, 152 (2) the 

Dunning/Huzinaga valence double-  on carbon and hydrogen atoms with 

Stuggart/Dredsen electron core potentials on the iron atoms (SDD),153, 154 (3) Stuggart 

potentials on all atoms except for the hydrogen atoms (SDDAll), and (4) the Hay and 

Wadt (n+1) basis set with an effective core potential for iron61 and a split-valence plus 

polarization basis set (SVP)155, 156 for the carbon and hydrogen atoms.  

All geometry optimization methods were followed with frequency analysis to 

ensure that the stationary points found were at least local minima. The B3PW91 

calculations with different basis sets predict structural parameters and rotational constants 

closer to the experimental values. In the case of the MP2 method, the calculations with 

different basis sets predict smaller structural parameters and higher rotational constants 

compared to those from the microwave experiment. This is consistent with the fact that 

the MP2 method tends to underestimate bond lengths. The success of the B3PW91 

calculation to produce near experimental quality results is consistent with the usage of the 

"best" exchange-correlation potentials for these molecules.154  An energy optimization 

starting from the staggered conformation of the molecule using any of the above methods 

and basis sets resulted in rotation to the eclipsed conformer. This indicates that the 

eclipsed conformer is the lower energy conformation.  
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The preferred method and basis set used to predict the geometry and structure of 

ETHFE is B3PW91 and the Hay and Wadt (n+1) basis set with an effective core potential 

for iron and the split-valence plus polarization basis set (SVP) 155, 156 for the carbon and 

hydrogen atoms. This combination was preferred because it allowed us to predict the 

rotational constants closer to the experimental values and resulted in a shorter initial 

search for the rotational transitions of the molecule ETHFE.   All of the theoretical 

calculations were done on an HP/Compaq Alpha supercomputer (AURA) using Gaussian 

03 programs35 at the University of Arizona.  

 

V. Data Analysis  

The observed transitions for the various isotopomers are listed in Tables 6.1.1 

through 6.1.2. These transitions were fitted using a least-squares-fitting program, 

SPFIT,36 which employs a standard rigid rotor Hamiltonian with centrifugal distortion 

constants. Following this fitting procedure, piform,38 was used to get the standard errors 

associated with the fitted parameters.  For ETHFE with the normal isotopes (12C12, 1H10, 

and 56Fe), transitions were fit using five adjustable parameters, the three rotational 

constants (A, B, and C) along with two distortion constants ( j and k). In the case of the 

other observed isotopomers of the molecule (54Fe, 57Fe, 13C2,5, 13C3,4, 13C9,8, and 13C7,10), 

the observed transitions were fit using the rotational constants as adjustable parameters 

while holding the distortion constants j and k fixed to the values obtained from the 

normal isotopomer fit. For the synthesized compound, DETHFE, the transitions were 
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fitted using four adjustable parameters, the three rotational constants (A, B, and C) along 

with a distortion constant ( j). The values obtained for these parameters are given in 

Table 6.1.5.  

For an accurate determination of the rotational constants for different low-

abundance isotopomers, four transitions were measured and fitted. A prediction resulting 

from this least-squares fit was used to find and measure the fifth transition, which was 

then added to the least-squares fit. This procedure helped to verify that the initial 

assignments were correct. Even though the molecule has two dipole moment 

components, a and b, the transitions due to the b dipole are at least four times weaker. 

Hence, only the strong a-type dipole transitions were observed for the low-abundance 

isotopomers.  

 

VI. Structure Determination 

A. Least-Squares Fit.  

The least-squares structural fits were done by adjusting the structural parameters 

to obtain the best fit to the 24 rotational constants from the various isotopomers. For the 

least-squares fit, a coordinate system is defined such that the z-axis origin is at the Fe 

atom and passes through the center of the two Cp rings. The x-axis is perpendicular to the 

z-axis, passes through the Fe atom, and lies parallel to the ethynyl group. The y-axis is 

perpendicular to the x and z-axes. This definition of the cylindrical coordinate system 
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automatically defines the Fe atom to be at the origin, with the x and z- axes defining the 

symmetry plane of the molecule. The plane defined by the x and z-axes is also the a-b 

plane of the molecule. Thus, during the least-squares fit, the molecule is constrained to 

belong to Cs point group symmetry. This is experimentally proven by the observation of 

only one set of unique rotational constants for each pair of 13C atoms related by reflection 

in the a-b plane (13C2,5, 13C3,4, 13C9,8, 13C7,10). It is further assumed that the two Cp rings 

have C5 symmetry. This assumption that deviations from C5 symmetry for the Cp rings 

are small enough to be neglected is supported by the DFT calculations and the results of 

the Kraitchman analyses. For chloroferrocene, many more isotopomers were measured in 

order to determine these distortions, but values were barely larger than the uncertainties. 

Different structural fits were done to decide which structural parameters could be 

unambiguously determined. From the analysis of the correlation effects, a particular set 

of four structural parameters was found to be the best determinable set. These four 

parameters are (1) the distance from the Fe to the center of the Cp ring, r(Fe-Cp), (2) the 

carbon-carbon bond length of the Cp ring, r(C-C), (3) the angle that the ethynyl group (-

C CH) makes with the Cp ring, also called the "tilt angle", a(Cp-CCH), and (4) the C1-

Het length of the ethynyl functional group, r(C1-Het). The "best fit" values obtained are (1) 

r(Fe-Cp) = 2.048 68(5) Å, (2) r(C-C) = 1.43152(2) Å, (3) "tilt angle" a(Cp-CCH) = 

2.75(6) , and (4) r(C1-Het) = 3.692(2) Å. The above listed uncertainties, for the first 

three parameters, only include the statistical uncertainty from the least-squares fit. When 

the effects of correlation of the variable parameters, with parameters not directly 

determined in the fit, are included, the uncertainties become much larger. These values, 
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and more reliable uncertainties, are shown in Figure 6.1.1, which also shows the structure 

of the complex. The distances from the Fe atoms to the center of the two Cp rings were 

assumed to be the same. For a test fit where the distances were independently varied, the 

resulting values for the two r(Fe-Cp) distances came out the same, within the 

uncertainties. The initial starting structure for the least-squares fit was based on the 

results from the DFT calculations. Because deuterium substitutions were not made on the 

Cp ring, the C-H bond distances of the Cp ring were all fixed at 1.088 Å and the radial 

symmetry of the C-H bonds was maintained during the fit. These C-H bond lengths are 

quite unlikely to be in error by more than 0.002 Å, and hence this constraint does not 

introduce a further error. No attempts were made to vary the C5H4C2H moiety tilt angle 

with respect to the C5H5Fe moiety; this angle was maintained at 0 .  

The structural fit obtained as described above yielded a standard deviation of  

0.02 MHz. The Cartesian coordinates (in Å) obtained in the principal axis system from 

the least-squares fit are given in the Table 6.1.6, and all of the parameters derived from 

this structure are given in Table 6.1.7. The estimated uncertainties are ±0.02 Å for these 

coordinates, because most were not fitted directly. These values are based on fixing the 

bond distances r(C1-C1') and r(C1'-C2') (see Table 6.1.7) at the values of 1.4214 and 

1.2173 Å, respectively. These fixed bond lengths were obtained from the B3PW91 

calculations outlined in the Theory section. The value of r(C1-Het) is quite accurately 

determined from the fit. However, because the bond distances r(C1-C1') and r(C1'-C2') and 

r(C2'-Het) are correlated, the uncertainty in the value of r(C2'-Het) will depend on the 

accuracy of the calculated values for r(C1-C1') and r(C1'-C2'). The value of a(Cp-CCH) 
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indicates that the ethynyl group deviates out of the plane of the Cp ring, in a direction 

away from the Fe atom by 2.75(6) .  The C1 and C6 atoms were also found to be 

eclipsed.  

B. Kraitchman Analysis. 

All the 13C and deuterium-substituted isotopomers have not been measured in this 

study.  Therefore the complete substitution structure was not obtained with the present set 

of data. Nevertheless, the present substitution structural coordinates obtained from 

available data set are close to the least-squares fit values and provide further support to 

the accuracy of the least-squares fit.  The various structural parameters derived from the 

Kraitchman analysis are given in Table 6.1.7.  

Given the fact that the Kraitchman analysis uses the changes in the moments of 

inertia due to the monosubstitution of different atoms in the molecule and that the 

moments of inertia are related to the square of the coordinates of the substituted atoms, 

one can obtain only the absolute values of these coordinates. These absolute values of the 

coordinates determined in the principal axis system of the parent molecule are given in 

Table 6.1.8. The best indication that the gas phase structure of ETHFE is "eclipsed" is 

obtained from the least-squares fit results, which do not converge for the staggered 

conformation, and the theoretical calculations, which favor the eclipsed conformation. 

The nonzero coordinates obtained along the c principal axis for the substituted atoms 

54Fe, 57Fe, Het, and 2Het represent root-mean-square values due to the vibrational 

averaging present in the molecule, and these values were set to zero when the internal 
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parameters were calculated using the Kraitchman coordinates. The Fe parameters derived 

from the Kraitchman analysis are obtained using 54Fe as, bs, and cs coordinates, because 

this isotopomer has more assigned transitions, and therefore, better determined 

coordinates are obtained when compared to the 57Fe substitution results.  

C. Correlation of Structural Changes with the Hammett Parameters.  

A comparison between the parameters obtained for different substituted ferrocene 

compounds is shown in Table 6.1.9. These values are obtained from previous microwave 

studies5, 6, 7, 8 for all of the compounds except ferrocene. The values of the parameters for 

ferrocene (X = H and Y = H) are obtained from the electron diffraction structure.157 As 

shown in Table 6.1.9, the r(C-C) bond length does not change among the different 

complexes but the r(Fe-Cp) distance changes significantly. This trend can be related to 

the electronegativity of the substitution on Cp; that is, an increase in electronegativity 

decreases the r(Fe-Cp) distance. We therefore observed a linear correlation between the 

gas phase structural parameter r(Fe-Cp) and the inductive Hammett parameter12 I, 

which is proportional to the electronegativity of the substituent group. A linear regression 

analysis was done between the parameters for the five substituted molecules. This 

analysis results in an equation (1) with the regression statistics r = 0.93. The least-

squares regression line obtained is shown in Figure 6.1.2A. 
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Furthermore, a linear correlation is observed between the gas phase structural 

distance r(Fe-Cp) and the ferrocene/ferrocenium redox potential at ambient temperatures 

relative to the ferrocene (Fc) standard.158, 159 Thus, the E0 values are given by the 

equation, Eox(Fc-X) - Eox(Fc-H), where Eox(Fc-X) is the oxidation potential of the 

ferrocenyl derivatives and Eox(Fc-H) is the oxidation potential of the ferrocene. A linear 

regression analysis was done, and the plot is shown in Figure 6.1.2B. The following 

equation (2) was obtained from this analysis and the value of r = 0.91. 

 

The error bars on the data points along the y axis in both Figures 6.1.3 and 6.1.4 reflect 

the uncertainties present in the microwave gas phase values for the r(Fe-Cp) parameter. 

Extrapolating the gas phase data for r(Fe-Cp) for the substituted ferrocenes, in this 

manner, allows us to obtain an approximate gas phase value for unsubstituted ferrocene 

of r(Fe-Cp) = 1.65(1) Å, which is very much consistent with the electron diffraction 

value.157  

 

VII. Discussion 

Gas phase structural parameters for ETHFE have been determined from 

microwave spectroscopic measurements. The structural parameters determined by using 

three different methods, least-squares fitting and Kraitchman analysis of the measured 

transitions and DFT calculations, agree within the uncertainties. Using the least-squares 
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fit, with some parameters fixed, we find the bond distances between the Fe atom and the 

C atoms of the two Cp rings are 2.049(5) Å and the C-C bond distances of the Cp rings 

are 1.432(2) Å. The uncertainties in the parentheses are much larger than the statistical 

error contributions to the fit, because C5 symmetry was assumed and these parameters are 

correlated with other parameters, which are not fit directly.  

A comparison between the values of the C2'-Het bond from the crystal structure17 

determined by X-ray diffraction and the gas phase structure by microwave spectroscopy 

shows the bond length is quite different. The value of the C2'-Het bond length from X-ray 

diffraction is 0.773 Å, and the value obtained from the present least-squares analysis is 

1.053(4) Å. This deviation is not a surprising result because the hydrogen atom positions 

are usually poorly determined using X-ray diffraction. We used the least-squares fit value 

for r(C1-Het) and subtracted the fixed values [r(C1-C1') + r(C1'-C2')], as discussed above, 

to get a value for r(C1-Het) = 1.053 Å. The value is in good agreement with the bond 

length in free acetylene160 r(C-H) = 1.058 Å. The average distance for Fe-C of the Cp 

ring from X-ray diffraction is 2.0 Å. This distance is significantly shorter than the value 

obtained from the least-squares fit, which is 2.049(5) Å. The distance from Fe to the Het 

atom determined from the X-ray diffraction structure is 4.9 Å. This distance is also 

significantly shorter when compared with the value determined from Kraitchman 

analysis, 5.09(8) Å. The value of the A-rotational constant obtained using the X-ray 

structure is 1391 MHz, which is higher by 84 MHz when compared to results from the 

gas phase microwave experiment (see Table 6.1.5). The experimental and DFT calculated 

structures obtained for the molecule ETHFE show that the Cp rings are in an eclipsed 
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conformation unlike ferrocene, which is staggered in the crystal 161and eclipsed in the gas 

phase. Any attempt to do least-squares fit using a staggered conformation as a starting 

point did not converge, and this is consistent with the prediction from the theoretical 

calculations that the staggered conformation has a much higher energy when compared to 

the eclipsed conformer. A single point energy calculation predicts the difference in 

energy between the eclipsed and staggered conformers to be 3 kJ/mol, with the eclipsed 

conformer being more stable. This calculation was done using the rB3PW91 method and 

using the Hay and Wadt (n+1) basis set with an effective core potential for iron and the 

split-valence plus polarization basis set (SVP) for the carbon and hydrogen atoms.  

The "tilt angle" is defined to be the angle that the substituent (in our case, the -C C-H 

group) makes with the carbon plane of the substituted Cp ring. From previous studies in 

this lab, this angle was consistently shown to have a nonzero value. In the case of 

chloroferrocene, the value of the "tilt angle" is 2.7(6) , and for dimethylferrocene,20 the 

value for this angle is 2.66(2) . For the case of this molecule, the "tilt angle" determined 

from the least-squares fit is 2.75(6) , in the direction away from the Fe atom. All of the 

theoretical methods and basis sets described in the theoretical section predict this "tilt 

angle" to be 0.1 . A DFT calculation fixing the "tilt angle" at the experimental value 

while optimizing the other parameters predicted the energy to be 0.02 kcal/mol higher 

when compared to the value obtained when all of the structural parameters were 

optimized. Calculations where the tilt angle was varied indicated a nearly flat variation of 

the energy with the tilt angle, for small values of this angle. These calculations were done 

using the rB3PW91 method and the Hay and Wadt (n+1) basis set with an effective core 
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potential for iron and the split-valence plus polarization basis set (SVP) for the carbon 

and hydrogen atoms. The X-ray diffraction study indicates the "tilt angle" to be 1.7 , 

which is close to the present experimental value. This non-zero tilt angle is probably due 

to the repulsion between electrons of -C C-H and the valence electrons of the iron 

atom.  

The linear correlation between the structural parameter r(Fe-Cp) and the Hammett 

parameter I is shown in Figure 3. The reason for this linear correlation is due to the 

variation of the inductive effect of the substituent. This alters the electron density of the 

Cp ring. There is an increase in electron density as the electronegativity of the substituent 

group decreases. This affects the binding of the Fe- -Cp ligand. This effect is normally 

reflected as a decrease in the binding energy and the ionization energy of the complex. 

Indeed, a study using electron spectroscopy for chemical analysis on methyl substitutions 

on the Cp ring has indicated that the binding energy between the metal atom and the Cp 

ring decreases with increasing methyl substitutions.162  It is also seen that there is an 

increase in the ionization energies with the increasing electron-withdrawing nature of the 

substituent.  This effect is also observed in the measurement of the oxidation potential in 

nonaqueous solvents, with the oxidation potential shifting to a more positive direction as 

the electron-withdrawing nature of the substituent increases.  This effect is seen in gas 

phase Fourier transform microwave spectroscopy as a decrease in the r(Fe-Cp) distance 

as the electronegativity of the substituent increases and is displayed by the plots shown in 

Figures 6.1.2A and B.   
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From equations 1 and 2, one can deduce the gas phase r(Fe-Cp) distance of 

ferrocene. The value of I in the case of ferrocene is zero, and this gives a value of  

r(Fe-Cp) from eq 1 of 1.66 Å. Using eq 2 and knowing that the oxidation potential ( E ) 

for ferrocene is 0.0 V, one obtains the r(Fe-Cp) value 1.65 Å. It can be seen that the two 

independent methods of analysis reproduce the r(Fe-Cp) distance for ferrocene within 

1%. This value of r(Fe-Cp) for ferrocene of 1.65(1) Å, determined as described, falls 

within 1% of the electron diffraction value of 1.66 Å.  

 

VIII. Conclusions 

In conclusion, the near complete gas phase structure of ETHFE has been obtained. 

The present data set with multiple isotopomers allows us to determine, with high 

accuracy and precision, the positions of the various heavy atoms in the structure. The 

present work also indicates that the compound exists in the gas phase as an “eclipsed” 

conformer, with a slight tilt of the ethynyl group away from the Fe atom. The present 

work, in combination with the previous work on substituted ferrocene compounds, 

presents a coherent picture of the effect of substitution on the Cp rings. Further more, the 

present work also yields the distance from the Fe atom to the center of the Cp ring for 

unsubstituted ferrocene.    

 



 

 

183

 

 
 
 
FIGURE 6.1.1: Structure and structural parameters obtained from microwave results for 

ethynylferrocene.  
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TABLE 6.1.1: Observed transitions for ETHFE (56Fe) with fit residuals 

 

J Ka Kc J' Ka' Kc' 
Measured 

Frequencies 

O - C 

(in kHz) 
4 1 4 3 1 3 5508.9887(7) 0 

4 0 4 3 0 3 5612.4794(5) -1 

4 2 3 3 2 2 5870.0694(6) 3 

4 1 3 3 1 2 6141.5547(8) -5 

4 2 2 3 2 1 6154.9149(5) 1 

5 0 5 4 1 4 6789.6572(5) 6 

5 1 5 4 1 4 6846.0279(9) -4 

3 2 1 2 0 2 6906.5691(3) -6 

5 0 5 4 0 4 6907.7906(7) -1 

5 1 5 4 0 4 6964.1625(6) -9 

4 2 3 3 1 2 7109.9023(9) 13 

5 2 4 4 2 3 7294.0854(9) 1 

5 4 2 4 4 1 7450.6159(10) 10 

5 3 3 4 3 2 7451.8403(2) 14 

5 4 1 4 4 0 7454.9440(7) 11 

5 3 2 4 3 1 7543.8060(6) -3 

5 1 4 4 1 3 7580.0008(0) -4 

5 2 3 4 2 2 7754.3000(7) -10 

6 0 6 5 1 5 8145.8013(7) 3 
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6 1 6 5 1 5 8170.7894(7) -6 

6 0 6 5 0 5 8202.1719(7) -7 

6 1 6 5 0 5 8227.1695(6) -6 

6 1 5 5 1 4 8947.4157(7) -6 

6 4 3 5 4 2 8961.3337(4) 5 

6 4 2 5 4 1 8980.0638(8) -12 

7 0 7 6 1 6 9477.2806(6) -2 

7 1 7 6 1 6 9487.8382(6) 7 

7 0 7 6 0 6 9502.2773(5) -2 

7 1 7 6 0 6 9512.8255(5) -3 

7 2 6 6 2 5 10065.5264(6) 8 

7 1 6 6 1 5 10254.1113(10) -1 

7 3 5 6 3 4 10403.6780(7) 6 

8 0 8 7 1 7 10796.3438(6) 12 

8 1 8 7 1 7 10800.6283(11) -3 

8 0 8 7 0 7 10806.8797(7) -1 

8 1 8 7 0 7 10811.1813(6) 1 

7 2 5 6 2 4 10825.9805(7) 3 

8 1 7 7 1 6 11533.3875(6) 0 

8 3 6 7 3 5 11844.8633(11) -11 
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TABLE 6.1.2:  Observed transitions for ETHFE (54Fe) with fit residuals. 

 

J Ka Kc J' Ka' Kc' 
Observed  

Frequencies 

O – C 

(in kHz) 
4 0 4 3 0 3 5614.9548(3) -5 

4 1 3 3 1 2 6144.3761(4) 0 

5 1 5 4 1 4 6849.1628(3) 7 

5 0 5 4 0 4 6910.8490(8) -5 

5 1 4 4 1 3 7583.3794(6) -8 

6 1 6 5 1 5 8174.5117(9) -2 

6 0 6 5 0 5 8205.8486(6) 0 

6 2 5 5 2 4 8696.5267(6) 4 

6 1 5 5 1 4 8951.3047(7) 3 

7 1 7 6 1 6 9492.1436(6) -1 

7 1 6 6 1 5 10258.4922(8) 2 
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TABLE 6.1.3: Observed transitions for various ETHFE Isotopomers, (57Fe, 13C2,5, 13C3,4, 13C9,8, and 13C7,10) with fit residuals. 

 
 
Qu. Nos. 57Fe  13C2,5  13C3,4  13C9,8  13C7,10  

 Obs. O-C Obs. O-C Obs. O-C Obs. O-C Obs. O-C 

414 313 
5507.7363(5) -2 5492.0286(6) 0 5484.1597(5) -1 -- -- 5483.8733(6) 0 

404 303 
5611.2563(8) 3 5594.6730(6) 2 5583.9710(5) 1 5574.8493(5) -1 5586.3698(4) 2 

413 312 
6140.1636(5) 3 6118.5098(6) 0 6124.7100(4) 2 6091.7310(7) -1 6110.5531(6) 0 

515 414 
6844.4877(5) 0 -- -- -- -- 6798.2861(6) 1 -- -- 

505 404  
-- -- 6886.5474(2) -2 6871.5008(5) 1 6862.1738(5) -1 6876.1657(3) -2 

514  413 
7578.3216(11) -3 7552.2662(6) -1 7552.7558(9) -2 7522.5024(6) 1 7542.1230(6) -1 
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TABLE 6.1.4: Observed transitions for DETHFE (56Fe) with fit residuals. 

 
J Ka Kc J' Ka' Kc' Obs. Frequencies O – C 
3 1 2 2 1 1 4524.1716(6) 9 

4 1 4 3 1 3 5357.1468(5) -1 

4 0 4 3 0 3 5460.9570(4) 1 

4 2 3 3 2 2 5712.3099(4) 3 

4 1 3 3 1 2 5980.5916(6) 3 

4 2 2 3 2 1 5990.1286(7) 5 

5 1 5 4 1 4 6657.1315(5) -7 

5 0 5 4 0 4 6719.7188(6) -3 

5 2 4 4 2 3 7098.1478(4) 2 

5 1 4 4 1 3 7381.9297(5) -1 

6 1 6 5 1 5 7944.9679(2) -5 

6 0 6 5 0 5 7977.0929(4) 0 

6 1 5 5 1 4 8714.0073(3) -3 

7 1 7 6 1 6 9225.0881(8) 3 

7 0 7 6 0 6 9240.0148(6) 3 

7 2 6 6 2 5 9795.0508(4) -6 

7 1 6 6 1 5 9985.7122(7) 3 

7 3 5 6 3 4 10125.5462(10) -11 

8 0 8 7 0 7 10507.4404(9) 6 

8 1 7 7 1 6 11228.9206(6) 1 
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TABLE 6.1.5: Rotational parameters obtained for the different isotopomers of ETHFE  

(56Fe, 54Fe, 57Fe, 13C2,5, 13C3,4, 13C9,8, and 13C7,10) and DETHFE (56FeD), determined using 

Least-Squares Fits.  (in MHz). 

Parameter 56Fe 54Fe 57Fe 13C2,5 

A 1307.397 (4) 1307.611(6) 1307.286(1) 1299.909(8) 

B 819.8373(3) 820.2258(8) 819.644(1) 816.4342(4) 

C 654.6347(4) 654.9374(2) 654.4854(4) 652.8387(3) 

j 0.000031(3) [0.000031(3)]b [0.000031(3)]b [0.000031(3)]b 

k 0.0051(6) [0.0051(6)]b [0.0051(6)]b [0.0051(6)]b 

(fit) 0.007 0.004 0.002 0.001 

# of lines 39 11 5 5 

Parameter 13C3,4 13C9,8 13C7,10 56FeD 

A 1292.414(8) 1305.623(7) 1298.380(9) 1286.793(5) 

B 819.0830(5) 812.2979(4) 815.4798(5) 798.7219(4) 

C 651.2160(3) 650.2266(2) 651.8125(4) 636.1039(4) 

j [0.000031(3)]b [0.000031(3)]b [0.000031(3)]b 0.000042(4) 

k [0.0051(6)]b [0.0051(6)]b [0.0051(6)]b  

(fit) 0.005 0.001 0.004 0.005 

# of lines 5 5 5 20 

 

b Held fixed during the fit. 
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TABLE 6.1.6: Coordinates (in Å) for ETHFE obtained from a Least-Squares fit, given in 

the principal axis system. 

atom a b c 

Fe -0.385 -0.178 0.000 

C6 -0.868 1.813 0.000 

C7 -1.408 1.167 1.158 

C8 -2.281 0.122 0.716 

C9 -2.281 0.122 -0.716 

C10 -1.408 1.167 -1.158 

H6 -0.178 2.639 0.000 

H7 -1.194 1.422 2.182 

H8 -2.839 -0.546 1.349 

H9 -2.839 -0.546 -1.349 

H10 -1.194 1.422 -2.182 

C1 1.660 -0.301 0.000 

C2 1.120 -0.946 1.158 

C3 0.247 -1.991 0.716 

C4 0.247 -1.991 -0.716 

C5 1.120 -0.946 -1.158 

H1 1.334 -0.691 2.182 

H2 -0.311 -2.659 1.349 

H3 -0.311 -2.659 -1.349 
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H4 1.334 -0.691 -2.182 

C1' 2.519 0.833 0.000 

C2' 3.307 1.761 0.000 

Het 3.990 2.565 0.000 
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TABLE 6.1.7: Structural parameters obtained for the ETHFE molecule. 

bond length rs (in Å) ro (in Å) rdft (in Å) 

r(C1-C2)  1.432(2) 1.429 

r(C2-C3) 1.421(1) 1.432(2) 1.428 

r(C3-C4) 1.410(1) 1.432(2) 1.427 

r(C4-C5) 1.423(1) 1.432(2) 1.427 

r(C6-C7)  1.432(2) 1.428 

r(C7-C8) 1.424(3) 1.432(2) 1.429 

r(C8-C9) 1.421(3) 1.432(2) 1.426 

r(C9-C10) 1.440(3) 1.432(2) 1.428 

r(C1-Het)  3.692(2) 3.703 

r(Fe-C1)  2.049(5) 2.049 

r(Fe-C2) 2.035(7) 2.049(5) 2.046 

r(Fe-C3) 2.052(5) 2.049(5) 2.047 

r(Fe-C4) 2.052(5) 2.049(5) 2.052 

r(Fe-C5) 2.035(7) 2.049(5) 2.047 

r(Fe-C6)  2.049(5) 2.048 

r(Fe-C7) 2.049(5) 2.049(5) 2.049 

r(Fe-C8) 2.056(9) 2.049(5) 2.048 

r(Fe-C9) 2.056(9) 2.049(5) 2.050 

r(Fe-C10) 2.049(5) 2.049(5) 2.052 

r(C1-C1')  1.4214b 1.421 
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r(C1'-C2')  1.2173b 1.217 

bond angle s (in deg) o (in deg) dft (in deg) 

C7-C6-C10 108.3(9) 108b 108 

C2-C1-C1'  126b 126 

C5-C1-C1'  126b 126 

C1'-C2'-Het  180b 180 

-C CHet "tilt angle"  2.75(6)  

a The approximate ro structure is obtained from the least-squares fitting. The rs structure 
is obtained using a Kraitchman analysis. The rdft structure is the output of the theoretical 
calculation [B3PW91/Hay-Wadt (n+1) ECP] and, because vibrational corrections were 
not included, is an re structure. The listed error limits on the parameters are 1 . 

b Obtained from the DFT calculation and used to calculate r(C2'-Het).  
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TABLE 6.1.8: Coordinates obtained from Kraitchman analyses in the principal axis 

system of the parent molecule, ETHFE (12C12
1H10

56Fe).  (in Å) 

atom as  bs  cs  

54Fe 0.381 0.178 0.020 

57Fe 0.379 0.178 0.036 

Het 3.979 2.573 0.044 

13C2 1.107 0.943 1.162 

13C3 0.261 1.994 0.715 

13C7 1.400 1.169 1.156 

13C8 2.284 0.139 0.717 
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TABLE 6.1.9: Structural parameters of different Ferrocene Compounds,  

(C5H4-Y)-Fe-(C5H4-X), relative oxidation potentials at ambient temperatures,a  

and Hammett substituent constants ( I) for Cp ligandsb,c. 

Name X Y r(C-C) r(Fe-Cp) E  I 

chloroferrocene Cl H 1.433(2) 1.610(5) 0.195 0.47 

bromoferrocene Br H 1.433(1) 1.630(2) 0.165 0.44 

methylferrocene CH3 H 1.4289(2) 1.6528(3) -0.06 -0.04 

dimethylferrocene CH3 CH3 1.434(5) 1.670(2) -0.115 -0.08 

ETHFE C CH H 1.432(2) 1.6464(1) 0.110 0.21 

Ferrocenea H H 1.440(2) 1.661(2) 0.0 0 

a The values are obtained from electron diffraction data. 
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FIGURE 6.1.2:  Plots of linear regression analyses correlating r(Fe-Cp) with ΣσI  and ∆E0 
of the substituents.  (A) The plot is governed by the equation r(Fe-Cp) = -0.0821ΣσI + 
1.6585.  (B) Plot of  r(Fe-Cp) vs. ∆E0 of the substituent. The plot is governed by the 
equation  r(Fe-Cp) = -0.1499 ∆E0 + 1.6509.            

ΣσI 

∆E0 

r(Fe-Cp )/ Å 

r(Fe-Cp)/ Å 
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6.2 ROTATIONAL SPECTRA & STRUCTURE OF FERROCENE 
CARBOXALDEHYDE 
 

I. Abstract 

Gas-phase structural parameters for ferrocenecarboxaldehyde have been 

determined using Fourier transform microwave spectroscopy. Rotational transitions due 

to a-, b-, and c-type dipole moments were measured. Eighteen rotational constants were 

determined by fitting the measured transitions of various isotopomers using a rigid rotor 

Hamiltonian with centrifugal distortion constants. Least-squares fit and Kraitchman 

analyses have been used to determine the gas-phase structural parameters and the atomic 

coordinates of the molecule using the rotational constants for various isotopomers. 

Structural parameters determined from the least-squares fit are the Fe–C bond lengths to 

the cyclopentadienyl rings, r(Fe–C) = 2.047(4) Å, and the distance between the carbon 

atoms of the cyclopentadienyl rings, r(C–C) = 1.430(2)  Å and r(C1–C1 ) = 1.46(1)  Å of 

ring carbon and aldehyde carbon atom. Structural parameters were also obtained using 

density-functional theory calculations, and these were quite helpful in resolving 

ambiguities in the structural fit analysis providing some fixed parameters for the 

structural analysis. The results of the least squares and the calculations indicate that the 

carbon atoms of the Cp groups for ferrocenecarboxaldehyde are in an eclipsed 

conformation in the ground vibrational state.  
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II. Introduction 

Ferrocene-based systems have played an important role in the development of 

organometallic chemistry and continue to find new applications in the fields of biological, 

inorganic, and physical chemistry. Ferrocenecarboxaldehyde (FcCHO) has been used as a 

redox sensor to monitor substrate binding,163 for incorporation in large proteins to act as 

redox relays164 and as a DNA probe for study of DNA damage,165 illustrating the versatile 

nature of the ferrocene systems. Widespread use of substituted ferrocenes has sustained 

the interest in the study of different properties of various ferrocene systems since the time 

of the initial characterization by Wilkinson.166, 167 

FcCHO is a particularly interesting ferrocene derivative, as it exists in two phases, 

a plastic crystalline phase (phase I) between temperatures of 44 and 123.5 °C and a low-

temperature amorphous phase (phase II). These two phases have been studied using x-ray 

diffraction 168, 169 and the dynamics of molecular reorientations in phases I and II were 

investigated by incoherent neutron-scattering techniques.170 FcCHO has also been studied 

using 57Fe-NMR,171 13C-NMR,172Mössbauer spectroscopy,173 He(I) photoelectron 

spectroscopy,174 and electrochemical studies in solution.  These studies provide a better 

understanding of the electronic properties of the molecule. There have been various 

studies that correlated the effects of substituents to the redox behavior of the ferrocene 

moiety by changing the energy level of the highest occupied molecular orbital (HOMO). 

In the case of FcCHO, the electron-withdrawing group (such as –CHO group) lowers the 

energy level of the HOMO, making it easier to reduce. 175  The x-ray diffraction studies 
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provide structural parameters; however, the crystal-packing effects present in the solid 

phase distort the "true structure" of the molecule.  In contrast, the structure determination 

using high-resolution microwave spectroscopy yields precise structural parameters and an 

array of substituted ferrocenes has been successfully analyzed previously in the Kukolich 

lab. 5, 6, 7, 9, 176   

The structure of FcCHO with the labeling scheme for the carbon atoms is shown 

in Figure 6.2.1. From measurements using the "normal" distribution of isotopomers for 

FcCHO molecule, the spectra for 56Fe,  54Fe,  57Fe, and four unique 13C isotopomers were 

recorded. For the deuterium-enriched sample (ferrocene–2H–carboxaldehyde, FcCDO), 

only the 56Fe isotopomer with the 2H substitution at the Hald position was measured. All 

spectra were measured in the 4–12 GHz frequency range. Rotational constants were 

determined by least-squares fitting of the assigned transitions. From these rotational, 

structural parameters of the molecule were obtained using a structural least-squares 

analysis and also from Kraitchman analyses. Comparisons of the theoretical and x-ray 

data with the gas-phase microwave data provide a more complete understanding of the 

structure of FcCHO.  

III. Experiment 

The FcCHO was purchased from Aldrich (catalog number: 122459) and used as 

received. The preparation of the ferrocene–2H–carboxaldehyde was based on a 

modification of the synthesis of FcCHO.177 2.0 g of ferrocene and a stir bar were placed in 

a two-neck round-bottom flask. The round-bottom flask was placed in –20  °C ice-
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methanol slush and a stream of nitrogen gas passed through it. With the nitrogen gas 

continuously flowing, 30 ml of dry tetrahydrofuran (THF) was added and the mixture was 

stirred for 15 min. The red crystals of ferrocene dissolved to give a deep orange solution. 

To this solution, 9.2 ml of 1.7M  t-butyl lithium (tBuLi) in pentane was added over a 15-

min period. The solution was then stirred for 40 min and the temperature was increased to 

–10  °C. In the dry box a solution of 1-ml dry THF and 1.7 ml of N, N-

dimethylformamide-1–2H was prepared and added to the solution containing ferrocene 

and tBuLi. The mixture was left to react for 40 min, and no color change was observed. 

The ice-methanol slush was removed and 0.25 ml of 1M HCl was added, resulting in the 

formation of the deep red precipitate. The solvent was removed at 55 °C with a slow 

decrease in pressure from 1 atm to 0.5 torr. After being brought back to atmospheric 

pressure by adding nitrogen, the remaining residue was sublimed at 0.5 torr and 75 °C 

and collected using a cold-water finger. The dark red crystals were isolated from the cold 

finger in the dry box and were used with no further purification. This synthesis yields 

FcCDO, with deuterium substitution at the aldehyde hydrogen site, Hald (Figure 6.2.1).  

The specifics of the pulsed-beam Fourier transform microwave spectrometer used 

for the current experiment is described in the experimental section previously  

(Chapter 2).  Both compounds, FcCHO and FcCDO, were heated to 80 °C to obtain 

sufficient vapor pressure, and the pressure of the neon carrier gas was maintained at 0.5 

atm. This mixture was pulsed into the Fabry-Perot cavity at a constant pulse rate of 2 Hz. 

A low-noise liquid-nitrogen-cooled amplifier was placed in the rigid coax line attached to 

the antenna in the cavity to increase the sensitivity by improving the signal-to-noise ratio. 
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Typical improvements in S/N were a factor of 2, with some variation with frequency, 

since the amplifier was not attached to the mirror nor directly connected to the antenna. 

Since the factor-of-2 improvement in S/N reduces averaging time by a factor of 4 to 

achieve equivalent sensitivity, this facilitated measuring transitions of the different 

isotopomers in natural abundance. Ninety-three transitions were recorded for the 56Fe 

isotopomer and 15 transitions were observed for 54Fe (6% natural abundance), six 

transitions were observed for 57Fe (2% natural abundance) and five each for the two 13C 

isotopomers (1% natural abundance). In the case of FcCDO, 24 transitions were recorded 

for 56Fe. These measured transitions for the various isotopomers are listed in Tables 6.1.1 

through 6.1.3.  

 

IV. Theoretical Methods 

Density functional theory (DFT) calculations were used to optimize the geometry 

of FcCHO. Becke's three-parameter hybrid exchange potentials (B3) with the Perdew-

Wang (PW91)58, 145, 178 correlation functional have been known to produce accurate 

values for structural parameters for the first-row transition metals. In the present work, 

two basis sets have been used for the iron atom, namely, the Hay and Wadt (n+1) basis 

set with effective core potential61 and the Stuttgart relativistic, small-core effective core 

potential (ECP) basis set (Stuttgart RSC1997 ECP).155156179,180  In each case, split-

valence plus polarization SVP155, 156 basis sets  were employed for the carbon, hydrogen, 

and oxygen atoms.  The combination of the B3PW91 method with the Hay and Wadt 
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(n+1) basis sets with the effective core potential for iron and the SVP basis sets for the 

carbon, hydrogen, and oxygen atoms gave structural parameters close to the experimental 

parameters. However, this method and basis set combination did not characterize the "tilt 

angle" and the deviation of Hald from the plane of the Cp ring, which was observed in the 

FcCHO molecule. The tilt angle is defined to be the angle that the substituent (in our 

case, the bond C1–C1 ) makes with the plane of the substituted Cp ring. The deviation of 

the Hald from the plane of the Cp ring along the z axis is represented as z(Hald). To more 

accurately characterize the tilt angle and z(Hald), the combination of rB3PW91 method 

with Stuttgart RSC1997 ECP for Fe atom and the SVP basis sets for the carbon, 

hydrogen, and oxygen atoms were used. The success of the B3PW91 calculations to 

produce near-experimental quality results is consistent with the usage of the "best" 

exchange-correlation potentials for these molecules.181 An energy optimization starting 

from an initial staggered conformation of the molecule, using any of the above basis sets, 

resulted in rotation to the eclipsed conformer. This indicates that the eclipsed conformer is 

the lower-energy conformation.  All the theoretical calculations were performed on a 

HP/Compaq Alpha supercomputer (AURA) using GAUSSIAN 03 programs35 at the 

University of Arizona.  
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V. Data Analysis 

The observed transitions for the various isotopomers were fitted using a weighted 

least-square fitting program, SPFIT,36 which employs a standard rigid rotor Hamiltonian 

with centrifugal distortion constants. Due to a uniform underestimation of the 

measurement uncertainties during the fit procedure, a program, PIFORM was used, for 

convenience, to correct the fitted parameter uncertainties to obtain values of the various 

constants with conventional standard errors. For FcCHO, with the normal isotopes 

(12C11,1H10,16O1,56Fe), transitions were fitted using eight adjustable parameters: the three 

rotational constants (A, B, and C), and five distortion constants ( J, K, JK, J, and 
k). 

The observed transitions for isotopomers of the molecule (54Fe,57Fe,13C1,13C1 ) were 

fitted using the rotational constants as adjustable parameters, while holding the distortion 

constants J, K, JK, J, and k
 fixed to the values obtained from the normal 

isotopomer fit. For the synthesized compound, FcCDO, the transitions were fitted using 

five adjustable parameters: the three rotational constants (A, B, and C) along with two 

distortion constants ( J and K). The values obtained for these parameters are given in 

Table 6.2.4.  Even though the molecule has three dipole moment components, a, b, and c, 

transitions due to the b and c dipole moments are weaker. Hence, only the strong a-type 

dipole transitions were observed for the low-abundance isotopomers.  

 

 



 

 

204

VI. Structure Determination 

A.  Least-squares fit 

The least-squares structural fits were accomplished by adjusting the structural 

parameters to obtain the best fit to the 18 rotational constants from the various 

isotopomers. For the least-squares fit, a coordinate system is defined with the origin at the 

Fe atom, and such that the z axis passes through the center of the two Cp rings. The x axis 

is perpendicular to the z axis, passes through the Fe atom, and lies parallel to a line 

joining the center of the Cp ring and C1 carbon atom (Figure 6.2.1). The y axis is 

perpendicular to the x and z axes. It is also assumed that the two Cp rings have C5 

symmetry and the planes of these Cp rings are parallel. The assumptions that deviations 

from C5 symmetry for the Cp rings and the angle between the Cp planes (C5H4CHO and 

C5H5) are small enough to be neglected are supported by the DFT calculations. A detailed 

study was done for the chloroferrocene, where the effects of isotopic substitution were 

carefully studied in order to measure deviations from planarity and deviations from C5 

symmetry (for C atoms) for the C5H4Cl ligand. Even though some small distortions were 

detected, the resulting values for these distortions were barely larger than the 

uncertainties. That experimental study along with the present DFT calculations supports 

the above assumptions used in the present analysis.  

Many different structural fits were done to decide which structural parameters 

could be unambiguously determined. The DFT calculations were also used as a guide to 

reasonable initial structures. From the analysis of the fit results, a particular set of five 
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structural parameters was found to be the best determinable set. These five parameters are 

(1) the distance from the Fe atom to the center of either the Cp ring r(Fe–Cp), (2) the ring 

radius of both the Cp rings r(Cp) [which can be used to directly calculate r(C–C), the 

carbon-carbon bond distances for the Cp rings], (3) the angle that the C1–C1  makes with 

the Cp ring (the tilt angle) a(Cp–CHO), (4) the C1–C1  bond length r(C1–C1 ), and (5) z 

displacement of the Hald with respect to the plane of the Cp ring, z(Hald). The best-fit 

values obtained are (1) r(Fe–Cp)=1.647(4), (2) r(Cp)=1.2164(2), (3) tilt angle a(Cp–

CHO)=0.3(2)°, (4) r(C1–C1 )=1.46(1)  Å, and (5) z(Hald)=0.29(4)  Å. The values of the 

parameters are shown in Figure 6.2.1, which also shows the structure of the complex. As 

indicated above, the tilt angle was found to be very small [only 0.3(1)°] and moves C1  

away from the Fe atom. The distances from the Fe atom to the centers of the two Cp rings 

were assumed to be the same. This was verified by a test fit, where the distances were 

independently varied and the resulting values for the two r(Fe-Cp) distances came out to 

be the same, within the uncertainties. The initial starting structure for the least-squares fit 

was based on the results from the DFT calculations. Since deuterium substitutions were 

not made on the Cp ring, the C–H bond distances of the Cp ring were all fixed at 1.088 Å 

and the radial symmetry of the C–H bonds was maintained during the fit. Both C1 –Hald 

and C1 –O distances were manually adjusted by small increments in the fits. We also 

found that the CHO moiety with respect to the Cp plane is quite nonplanar in our best-fit 

results. Relative to the C1–C1  bond, the C1 HO group is "bent" up (toward Fe) by nearly 

30°. This result can readily be seen in the last lines of Table 6.2.5. Fits were also done 

with the C–CHO moiety constrained to be planar, but the standard deviations of the fit 
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were larger ( =0.14  MHz versus 0.07 MHz) and a much larger (unreasonable) value was 

obtained for r(C1–C1 ) (1.6 Å).  

The structural fit obtained as described above yielded a standard deviation of 0.07 

MHz.  The coordinates (in angstroms) obtained from the least-squares fit for the principal 

axis system of the molecule (a,b,c) and in the Cartesian coordinate system derived from 

the unsubstituted ferrocene principal axes (x,y,z) are shown in Table 6.2.5. The 

parameters derived from this least-square-fit structure are summarized in Table 6.2.7. As 

stated, the bond distances r(C1 –Hald) and r(C1 –O) were manually adjusted and fixed at 

the values of 1.116 and 1.243 Å, respectively. These values are very close to values 

obtained from the DFT calculations. Several test fits were run where the aldehyde (–

CHO) group was rotated with respect to the plane of the Cp ring and the standard 

deviation was found to be greater than 0.7 MHz. The resulting value of a(Cp–CHO) 

indicates that the C1–C1  deviates out of the plane of the Cp ring, in a direction away from 

the Fe atom only by 0.3(1)°, so it is almost in the plane of the Cp ring. The Hald atom is 

moved upwards, towards the Fe atom by 0.29(4) Å. From the structural fit, it was also 

found that C1 and C6 are eclipsed and any attempt to fit a structure starting from a 

staggered conformation did not converge.  

B.  Kraitchman analysis 

Since we have not measured all of the 13C and deuterium-substituted isotopomers, 

a complete substitution structure could not be obtained. Nevertheless, the Kraitchman 

analysis was very helpful in the structural analysis because the Kraitchman-derived 
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coordinates are not subjected to the same "correlation errors" that the least-squares-fit 

parameters are. The present substitution structural coordinates (see Table 6.2.6) obtained 

are close to the least-squares-fit values and provide support for the accuracy of the least-

squares-fit parameters. The various structural parameters derived from the Kraitchman 

analysis are given in Table 6.2.7. Since the Kraitchman analysis uses the changes in the 

moments of inertia due to the monosubstitution of different atoms in the molecule and 

that the moments of inertia are related to the square of the coordinates of the substituted 

atoms, one can obtain only the absolute values of these coordinates. The absolute values 

of these coordinates determined in the principal axis system of the parent molecule are 

given in Table 6.2.6. The Fe parameters derived from the Kraitchman analysis are 

obtained by using 54Fe  as, bs, and cs coordinates with the most abundant 56Fe isotopomer 

as the "parent" molecule. A larger number of transitions were measured for the 54Fe 

isotopomer than for the 57Fe isotopomer.  Therefore, 54Fe was used as the parent 

molecule.  

 

VII. Discussion 

Gas-phase structural parameters for FcCHO have been determined from 

microwave spectroscopic measurements. Using the least-squares fit, with some 

parameters fixed, we find that the bond distances between the Fe atom and the C atoms of 

the two Cp rings are 2.047(4) Å, and that the C–C bond distances of the Cp rings are 

1.430(2) Å. The uncertainties given in the parentheses are larger than the statistical error 
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contributions to the fit, because C5 symmetry was assumed and these parameters are 

correlated with other parameters, which are not fitted directly.  

The agreement of the structural parameters for Kraitchman analysis, DFT 

calculations, and least-squares fit were well within the experimental error limits. The 

value obtained for C1–C1  bond distance from Kraitchman is slightly lower than the DFT 

and structural fit values, whereas x-ray diffraction studies overestimate this bond length. 

The difference between the Kraitchman and least-squares-fit values may be an indication 

of correlation effects in the fit, and in this case we would favor the Kraitchman-derived 

value.  The experimental and DFT-calculated structures obtained for the FcCHO 

molecule show that the Cp rings are in an eclipsed conformation. However, in the case of 

ferrocene, the Cp rings are staggered in the crystal182 and eclipsed in the gas phase. 

Attempts to perform least-squares fit using a staggered conformation as a starting point 

did not converge, and this is consistent with the prediction from the theoretical 

calculations that the staggered conformation has a much higher energy when compared to 

the eclipsed conformer. A single-point energy calculation predicts the difference in 

energy between eclipsed and staggered conformer to be 4  kJ/mol, with the eclipsed 

conformer being more stable. This calculation was done using the rB3PW91 method and 

using the Stuttgart RSC1997 ECP for iron and the SVP basis set for the carbon, oxygen, 

and hydrogen atoms.  

The tilt angle is defined to be the angle that the substituent (in this case, the bond 

C1–C1 ) makes with the carbon plane of the substituted Cp ring.  From previous studies in 
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the Kukolich lab, this angle has been consistently shown to have a nonzero value, in the 

direction away from the Fe atom. In the case of chloroferrocene, the value of the tilt angle 

is 2.7(6)°, for dimethylferrocene, the value of this angle is 2.66(2)°, and for 

ethynylferrocene, the value of this angle is 2.75(6)°. This study gives 0.3(2)° tilt angle for 

ferrocenecarboxaldehyde and this indicates that the substituent (in this case C1 HO ) 

almost lies in the plane of the substituted Cp ring.  

The linear correlation between the distance between the Fe atom and the center of 

the Cp, r(Fe–Cp), and the Hammett parameter I was presented in earlier work on 

ethynylferrocene.176 It has been found that there is a linear correlation between the 

electron-withdrawing effect of the substituent and the inductive Hammett parameter.  

This simply alters the electron density of the Cp ring and there is a decrease in electron 

density of the Cp ring as the electronegativity of the substituent group increases. This 

affects the binding of the Fe- -Cp ligand and is observed as an increase in the binding 

energy183 and ionization energy of the complex, and structurally as the variation of the 

distance from the Fe atom to the center of the Cp ring. Using the result for r(Fe–Cp) from 

earlier study, r(Fe–Cp)=1.6585–0.0821 I, and substituting the value for 
I=0.35 for 

the –CHO group, one determines the r(Fe-Cp) distance to be 1.630 Å. This value falls 

within 1% of the experimental gas-phase microwave value of 1.647(2) Å and adds further 

support to the validity of this correlation analysis.  
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VIII. Conclusions 

In conclusion, the near-complete gas-phase structure of FcCHO has been obtained 

using microwave spectroscopy. The present work also indicates that this compound exists 

in the gas phase as an eclipsed conformer, with a small tilt of the aldehyde group away 

from the Fe atom of only 0.3(2)° and Hald is displaced towards the Fe atom by 0.29(4) Å. 

The present work also supports the previously obtained coherent picture of the effect of 

substituent effects on the structure of ferrocene.  
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FIGURE 6.2.1: Molecular structure of Ferrocene carboxaldehyde with fitted parameter 
values.   
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TABLE 6.2.1: Observed transitions for FcCHO (56Fe) with fit residuals (in MHz).  The 

average error in the observed values is 0.0005 MHz for all the transitions. The listed 

observed frequencies are an average of four to six measurements taken at different 

stimulating frequencies. 

J Ka Kc J  Ka  Kc  
Observed 

frequencies 

O–C 

(kHz) 

4 1 4 3 1 3 5530.9236 0 

4 0 4 3 0 3 5632.2061 0 

4 1 4 3 0 3 5752.4220 0 

3 2 2 2 1 1 5847.4059 0 

4 2 3 3 2 2 5870.0252 0 

4 3 2 3 3 1 5949.0948 0 

4 3 1 3 3 0 5974.1313 0 

3 2 1 2 1 1 6000.5630 0 

4 1 3 3 1 2 6127.4693 1 

4 2 2 3 2 1 6132.7385 0 

3 2 2 2 1 2 6313.6044 2 

3 2 1 2 1 2 6466.7604 1 

5 1 4 4 2 3 6613.3339 0 

5 0 5 4 1 4 6817.9444 –1 

5 1 5 4 1 4 6876.4005 –1 

5 0 5 4 0 4 6938.1616 0 
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5 1 5 4 0 4 6996.6167 –1 

4 2 3 3 1 2 7085.5298 –1 

3 3 1 2 2 0 7172.6270 –2 

3 3 0 2 2 0 7174.1945 –1 

3 3 1 2 2 1 7204.9092 –2 

3 3 0 2 2 1 7209.2116 –1 

4 1 3 3 0 3 7277.0527 –1 

5 2 4 4 2 3 7297.7690 0 

5 4 2 4 4 1 7440.7335 –2 

5 3 3 4 3 2 7442.7455 –2 

5 4 1 4 4 0 7444.4522 1 

4 2 2 3 1 2 7501.4024 1 

5 3 2 4 3 1 7524.6701 –1 

5 1 4 4 1 3 7571.3947 –1 

5 2 3 4 2 2 7725.1143 –1 

4 2 3 3 1 3 8013.6190 1 

6 0 6 5 1 5 8183.7942 2 

6 1 6 5 1 5 8210.1967 1 

6 0 6 5 0 5 8242.2543 5 

5 2 4 4 1 3 8255.8321 1 

6 1 5 5 2 4 8265.4302 1 

6 1 6 5 0 5 8268.6520 0 



 

 

214

7 1 6 6 2 4 8405.3807 –1 

4 2 2 3 1 3 8429.4875 –1 

4 3 2 3 2 1 8579.2856 –3 

4 3 1 3 2 1 8608.6308 4 

3 3 0 2 1 1 8635.0564 –2 

4 2 2 3 0 3 8650.9869 1 

7 2 5 6 3 3 8688.5989 0 

6 2 5 5 2 4 8701.9979 2 

4 3 2 3 2 2 8732.4449 0 

4 3 1 3 2 2 8761.7849 1 

6 5 2 5 5 1 8925.2805 3 

6 5 1 5 5 0 8925.7363 –4 

6 3 4 5 3 3 8927.6012 0 

6 4 3 5 4 2 8947.9450 0 

6 1 5 5 1 4 8949.8635 –1 

6 4 2 5 4 1 8964.0758 –2 

7 2 5 6 3 4 8992.0689 –2 

3 3 1 2 1 2 9096.9539 0 

5 2 3 4 1 3 9099.0473 –1 

6 3 3 5 3 2 9119.8115 1 

5 1 4 4 0 4 9216.2464 3 

6 2 4 5 2 3 9286.6486 –1 
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6 2 5 5 1 4 9386.4318 1 

3 3 1 2 0 2 9449.1218 2 

7 0 7 6 1 6 9525.1421 1 

7 1 7 6 1 6 9536.4898 0 

7 0 7 6 0 6 9551.5436 –1 

7 1 7 6 0 6 9562.8934 0 

4 4 1 3 3 0 9768.8864 –2 

4 4 0 3 3 0 9769.3626 1 

4 4 1 3 3 1 9773.1896 0 

4 4 0 3 3 1 9773.6654 2 

5 2 4 4 1 4 9780.4617 –1 

7 1 6 6 2 5 9833.4977 1 

5 3 3 4 2 2 9889.2983 1 

4 3 1 3 1 2 9977.2894 –1 

5 3 2 4 2 2 10 000.5574 –3 

7 2 6 6 2 5 10 082.4885 0 

7 1 6 6 1 5 10270.064 1 

5 3 3 4 2 3 10 305.1697 2 

7 3 5 6 3 4 10395.747 0 

5 3 2 4 2 3 10 416.4304 0 

7 5 3 6 5 2 10 432.9767 1 

7 5 2 6 5 1 10 435.4656 1 
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7 4 4 6 4 3 10 459.0807 –5 

7 4 3 6 4 2 10 509.6208 5 

7 2 6 6 1 5 10 519.0545 0 

5 2 3 4 1 4 10 623.6773 –2 

7 3 4 6 3 3 10747.393 1 

7 2 5 6 2 4 10 797.2045 –1 

6 2 4 5 1 4 10 814.3033 2 

8 0 8 7 1 7 10 853.8665 –7 

8 1 8 7 1 7 10 858.5824 –1 

8 0 8 7 0 7 10 865.2253 3 

8 1 8 7 0 7 10 869.9337 2 
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TABLE 6.2.2: Observed transitions for FcCDO (56Fe2H) with fit residuals (in MHz). The 

numbers within the parentheses are the errors in the observed values obtained by 

averaging four to six subsequent spectra. 

J Ka Kc J  Ka  Kc  
Observed 

frequencies 

O–C 

(kHz) 

4 0 4 3 0 3 5574.1185(3) –4 

4 2 2 3 2 1 6051.5508(3) 9 

4 1 3 3 1 2 6052.1776(5) 11 

5 1 5 4 1 4 6805.3642(4) 4 

5 0 5 4 0 4 6868.2139(6) –5 

5 2 4 4 2 3 7213.6725(9) –8 

5 3 3 4 3 2 7351.5415(3) 4 

5 3 2 4 3 1 7427.4602(3) 5 

5 1 4 4 1 3 7482.4944(5) 2 

5 2 3 4 2 2 7623.4049(6) 6 

6 1 6 5 1 5 8126.477(3) –6 

6 0 6 5 0 5 8159.6646(5) –4 

6 2 5 5 2 4 8603.9092(4) –8 

6 5 2 5 5 1 8815.2571(6) 7 

6 5 1 5 5 0 8815.6572(8) 1 

6 3 4 5 3 3 8819.0781(6) –7 

6 4 3 5 4 2 8836.9596(7) –6 
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6 1 5 5 1 4 8850.5052(4) –2 

6 4 2 5 4 1 8851.5059(4) –3 

6 3 3 5 3 2 8998.3549(8) –8 

6 2 4 5 2 3 9167.2119(9) –3 

7 1 7 6 1 6 9440.1607(5) 9 

7 0 7 6 0 6 9456.0000(5) 7 

7 1 6 6 1 5 10 161.3214(9) 3 
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TABLE 6.2.3: Observed transitions for FcCHO 54Fe, 57Fe, 13C1, and 13C1  isotopomers with fit residuals. The observed 

frequencies are given in MHz. The numbers within the parentheses are the errors in the observed values. 

      54Fe 57Fe 13C1  13C1 

J Ka Kc J  Ka  Kc  Observed frequencies 
O–C 

(kHz) 

Observed 

frequencies 

O–C 

(kHz) 

4 1 4 3 1 3 5533.7223(7) 1 5529.5404(6) 0 

4 0 4 3 0 3 5634.9570(6) 0 5630.8512(7) 6 

4 1 3 3 1 2 6130.5451(6) 3 6125.9539(5) 6 

5 1 5 4 1 4 6879.8672(4) –2 6874.6869(6) –3 

5 0 5 4 0 4 6941.5635(4) 0 6936.4805(7) 1 

3 3 1 2 2 0 7174.1945(2) –1   

3 3 0 2 2 0 7178.5062(2) 0   

3 3 1 2 2 1 7206.5183(1) 0   

3 3 0 2 2 1 7210.8291(1) 1   

4 1 3 3 0 3 7280.3853(2) –2   
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5 3 3 4 3 2 7446.5959(3) 0   

5 4 1 4 4 0 7448.3291(3) –1   

5 1 4 4 1 3 7575.1122(4) 1 7569.5521(4) –6 

5 2 3 4 2 2     

4 2 2 3 1 3 8432.7883(3) 0   

4 3 2 3 2 1 8581.5281(1) 0   
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TABLE 6.2.4: The spectral parameters obtained for the different isotopomers of FcCHO (56Fe; 54Fe; 57Fe; 13C1 , 13C1) and 

FcCDO (56Fe2H) determined using least-square fits. The error limits on all the values are 1 . 

 

Parameter 56Fe 54Fe 57Fe 13C1  13C1 56Fe2H 

A(MHz) 1289.908 85(2) 1290.1502(5) 1289.79(2) 1286.97(2) 1289.48(1) 1277.713(6) 

B(MHz) 814.627 05(1) 815.0455(3) 814.419(1) 805.8324(6) 811.2310(6) 803.4413(6) 

C(MHz) 659.227 67(1) 659.5647(3) 659.0611(6) 653.4004(9) 656.9553(6) 652.8231(7) 

J(Hz) 101.4(1) [101.4]a [101.4]a [101.4]a [101.4(1)]a 86(8) 

K(Hz) –292.4(5) [–292.4]a [–292.4]a [–292.4]a [–292.4(5)]a --- 

JK(Hz) 364(1) [364]a [364]a [364]a [364]a –32(2) 

J(Hz) 32.82(5) [32.82]a [32.82]a [32.82]a [32.82]a --- 

k(Hz) –65(1) [–65]a [–65]a [–65]a [–65]a --- 

(fit)(kHz) 1.8 1.2 4.4 3.5 2.1 6.2 

Number of lines 93 15 6 5 5 24 



 

 

222

TABLE 6.2.5: The coordinates (in Å) for FcCHO obtained from a least-squares fit, given 

in the principal axis system (a, b, c) and in the Cartesian system (x, y, z) as explained in 

the least-square-fitting section of the text. The estimated uncertainties are 0.01 Å. 

Atom a b c x y Z 

Fe –0.424 –0.197 0.009 0.000 0.000 0.000 

C1 1.612 –0.331 –0.166 1.216 0.000 1.647 

C2 1.188 –0.807 1.114 0.376 1.157 1.647 

C3 0.286 –1.896 0.904 –0.984 0.715 1.647 

C4 0.152 –2.093 –0.505 –0.984 –0.715 1.647 

C5 –0.971 1.126 –1.167 0.376 –1.157 1.647 

C6 –0.919 1.776 –0.220 1.216 0.000 –1.647 

C7 –1.343 1.300 1.060 0.376 1.157 –1.647 

C8 –2.245 0.211 0.851 –0.984 0.715 –1.647 

C9 –2.379 0.014 –0.559 –0.984 –0.715 –1.647 

C10 –1.560 0.981 –1.221 0.376 –1.157 –1.647 

H2 1.498 –0.410 2.079 0.712 2.192 1.647 

H3 –0.212 –2.473 1.681 –1.864 1.355 1.647 

H4 –0.466 –2.847 –0.990 –1.864 –1.355 1.647 

H5 1.087 –1.014 –2.243 0.712 –2.192 1.647 

H6 –0.230 2.599 –0.400 2.305 0.000 –1.647 

H7 –1.033 1.697 2.025 0.712 2.192 –1.647 

H8 –2.742 –0.366 1.627 –1.864 1.355 –1.647 
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H9 –2.997 –0.740 –1.044 –1.864 –1.355 –1.647 

H10 –1.444 1.093 –2.297 0.712 –2.192 –1.647 

C1  2.539 0.764 –0.458 2.679 –0.050 1.654 

Hald 2.502 1.161 –1.500 3.130 –1.026 1.355 

O 2.853 1.602 0.404 3.369 0.945 1.374 
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TABLE 6.2.6: The rs coordinates (in Å) obtained from Kraitchman analyses in the 

principal axis system of the parent molecule. 

Atom |as| |bs| |cs| 

54Fe 0.398 0.191 0.007 

57Fe 0.397 0.190 0.017 

Hald 2.475 1.150 1.577 

13C1 1.600 0.307 0.196 

13C1  2.519 0.702 0.649 
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TABLE 6.2.7: Structural parameters obtained for the FcCHO molecule. The approximate 

ro structure is obtained from the least-squares fitting. The rs structure is obtained using 

Kraitchman analysis. The rdft structure is the output of the theoretical calculation 

(rB3PW91/Stuttgart RSC 1997 ECP). The rx-ray structure is obtained from the x-ray 

studies. The listed error limits on the parameters are 1 . 

Bond length rs(Å) ro(Å) rx-ray(Å) rdft(Å) 

R(C–C) --- 1.430(2) 1.40 1.429 

r(Fe–Cp) --- 1.647(4) 1.65 1.648 

r(Fe–C1) 1.99(9) 2.047(4) 2.03 2.037 

r(C1–C1 ) 1.44(1) 1.46(1) 1.48 1.468 

r(C1 –Hald) 1.03(4) 1.116a 1.07 1.122 

r(C1 –O) --- 1.243a 1.05 1.210 

Bond angle s(°) o(°) x-ray(°) dft(°) 

Cp ring C–C–C --- 108a 109.5 108 

C1–C1 –Hald  --- 116a 111 114 

C1–C1 –O  --- 122a 136 125 

C5–C1–C1 –Hald  --- 18a 1 –6 

C2–C1–C1 –O  --- –16a 7 0 

–C1 HaldO  --- 0.3(2)b 4.3c 2.8c 

a Held fixed during the structural fit. See text for further details. 
b Away from the Fe atom.  
c Towards the Fe atom. 
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CHAPTER 7:  MICTROWAVE SPECTROSCOPY OF  

A TAUTEMERIC SYSTEM       

 
7.1 MICROWAVE MEASUREMENTS OF 14N AND D QUADRUPOLE 
COUPLING FOR (Z)-2-HYDROXYPYRIDINE AND 2-PYRIDONE 
TAUTOMERS 
 
I. Abstract 

Rotational spectra for the two tautomers (Z)-2-hydroxypyridine and 2-pyridone 

and their deuterated isotopomers were measured in the microwave range between 4 and 

14 GHz using a pulsed beam Fourier transform microwave spectrometer. Nitrogen and 

deuterium quadrupole hyperfine structure was completely resolved for many of the 

observed transitions, and the measured 14N quadrupole coupling tensors are quite 

different for these two tautomers. The eQqcc(N) values have opposite signs. The 14N 

quadrupole coupling strengths for (Z)-2-hydroxypyridine in the principal inertial axis 

system are as follows: eQqaa(N) = -0.076(11), eQqbb(N) = -2.283(6), and eQqcc(N) = 

2.359(6) MHz. The 14N and D nuclear quadrupole coupling strengths for (Z)-2-

deuteriohydroxypyridine in the principal inertial axis are eQqaa(N) = -0.1465(4), 

eQqbb(N) = -2.2045(4), and eQqcc(N) = 2.3510(4) MHz and eQqaa(D) = -0.0250(9), 

eQqbb(D) = 0.1699(4), and eQqcc(D) = -0.1449(4) MHz. The 14N quadrupole coupling 

strengths for 2-pyridone in the principal inertial axis system are eQqaa(N) = 1.496(4), 

eQqbb(N) = 1.269(4), and eQqcc(N) = -2.765(4) MHz. The 14N and D nuclear quadrupole 

coupling strengths for 1-deuterio-2-pyridone in the principal inertial axis system are as 

follows: eQqaa(N) = 1.511(2), eQqbb(N) = 1.249(5), and eQqcc(N) = -2.759(5) MHz and 
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eQqaa(D) = -0.110(7), eQqbb(D) = 0.354(6), and eQqcc(D) = -0.244(6) MHz. New, 

improved, experimental rotational constants were obtained for the H and D isotopomers 

of both tautomers. Kraitchman analysis indicates the "tautomeric" hydrogen atom is at a 

distance of 2.653(2) Å in 2-hydroxypyridine and a distance of 2.124(1) Å in 2-pyridone 

from the centers of mass of the two tautomers, respectively. The DFT calculated eQq(N) 

values for both the tautomers and the deuterated tautomers are in good agreement with 

the present experimental values. The Townes-Dailey model has been used to analyze the 

new quadrupole coupling data of the tautomers and the results are presented in terms of 

nitrogen atom p-orbital occupation numbers.  

 

II. Introduction 

The chemistry of keto-enol tautomers has been a subject of considerable interest 

in organic chemistry for many years, but there is recent interest in these tautomers 

because they form a hydrogen-bonded dimer, which may provide a simple model for 

DNA base pair interactions. Extensive, high-resolution electronic spectroscopy studies on 

these dimers in the gas phase184, 185, 186 have been reported recently. These recent 

measurements on the (Z)-2-hydroxypyridine (2hpy) and 2-pyridone (2pyd) dimers have 

provided new data and increased the motivation to learn more about the spectroscopic 

properties of these tautomers. The individual tautomers (monomers) are shown in Figure 

7.1.1A Gas-phase electronic spectroscopy187, 188 measurements on these monomers was 

reported earlier. The individual keto-enol tautomers, 2hpy and 2pyd, in recent years have 
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also been studied using X-ray diffraction methods. 189, 190, 191 The structural and 

equilibrium properties of the keto-enol tautomerism of 2-hydroxypyridine (enol) and 2 

pyridone (keto) had been extensively studied earlier. Also, the existence of two tautomers 

in the solid, liquid, and gas phases were confirmed by various experiments. 192, 193, 194, 195, 

196  

Previous microwave spectroscopy197 measurements have provided some 

information on the gas-phase structures, equilibrium concentration, dipole moments, and 

14N quadrupole coupling strengths for these two tautomers. The 14N quadrupole hyperfine 

structure for these tautomers, particularly 2pyd, was not well resolved in the previous 

microwave experiments. This was, in part, due to measurements on high-J transitions. 

Accurate measurements of quadrupole coupling strengths in this system are important 

because these strengths provide direct information about electric field gradients and the 

electronic structure of these molecules, and significant differences in the electronic 

structure and bonding are revealed by quite different values for the 14N quadrupole 

coupling.  

In the present study, we have obtained precise measurements of 14N quadrupole 

coupling strengths for 2hpy and 2pyd, and for the monodeuterated isotopomers, (Z)-2-

deuterio-hydroxypyridine (2Dpy) and 1-deuterio-2-pyridone (1Dpd). The hyperfine 

splitting observed for low-J transitions in the frequency  range 4-14 GHz, using a pulsed-

beam Fourier transform microwave spectrometer, were mostly quite well resolved, 

allowing accurate determinations of the quadrupole coupling tensors. The rotational 
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constants were determined and the new values are in excellent agreements with the 

previous microwave results.14 The diagonal elements of the 14N and D nuclear 

quadrupole coupling tensors in the inertial and molecular frames were obtained in the 

present work for 2hpy, 2Dpy, 2pyd, and 1Dpd. Using the 14N quadrupole moment, we 

also calculated the electron occupation numbers for the nitrogen p-orbitals, the ionic 

character in and bonds, and the negative charges on the nitrogen atom for the two 

tautomers and their corresponding isotopomers. A description of the bonding 

environment around the 14N nuclei was deduced from the quadrupole coupling values and 

is one of the key findings reported in this paper. These details about the bonding 

environment may play a significant role in describing the base-pair interaction. Density 

functional theory (DFT) calculations were performed to calculate the 14N electric field 

gradients and quadrupole coupling strengths for these tautomers and for the similar 

molecules pyrrole and pyridine.  

 

III. Experimental  

The compound (Z)-2-hydroxypyridine (2hpy) was purchased from Aldrich 

Chemicals (H5680-0, 97% purity) and used without further purification. The deuterated 

compounds were synthesized by adding an excess of D2O to 2hpy and stirring for 5 h. 

Then the excess D2O was removed by vacuum. The synthesis was done using a nitrogen 

atmosphere. The compound was loaded into a glass sample cell inside a drybox in order 

to minimize the moisture content. The loaded sample cell, which was sealed tightly with 
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removable caps, was inserted into the back of a pulsed valve gas inlet, located inside the 

sample  chamber. The sample was heated to 120 C, and this temperature was 

maintained throughout the experiment. We found that it was not necessary to heat the 

sample to 180-200 C as had been done in earlier optical and microwave work. It 

appears that significant decomposition of sample occurs at these higher temperatures. 

Dark, sticky brown residues could be seen collecting on the inside surface of the sample 

cell when the sample was heated to 180-200 C. Neon was used as a carrier gas with the 

backing pressure maintained at about 0.7 atm.  

Both of the samples were pulsed into the microwave cavity at the rate of about 2 

Hz. Adjustments in the cavity mode, time delay, attenuator, and power were made to 

optimize the observed FID, S/N ratio. The molecular signal from the spectrometer cavity 

was passed through a liquid-nitrogen cooled, MITEQ low-noise amplifier. This amplifier 

significantly improves the spectrometer S/N ratio. Many of the observed FID signals 

could be seen with a 6:1 S/N using single beam pulse.  

 

IV. Results 

The transition frequencies for the tautomers were measured in the 4-14 GHz range 

using a pulsed-beam Fourier transform microwave spectrometer,56 similar to the original 

Flygare-Balle system. 18  Scanning for molecular signals were straightforward because 

rotational constants for the two tautomers were known from the previous microwave 
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measurements. Both the a- and b-type dipole transitions were observed for all four 

compounds, with the a-type dipole transitions being stronger. Overall, a total of 22 

hyperfine transitions were obtained for 2hpy, 27 hyperfine transitions were obtained for 

2pyd and 19 each for the two mono deuterated tautomers. The observed transition 

frequencies for 2hpy, 2Dpy, 2pyd, and 1Dpd with measurement errors and fit residuals, 

are given in Table 1, parts a and b, and Table 2, parts a and b, respectively. An example 

spectrum of 2pyd, showing the nuclear hyperfine structure splitting of the rotational 

transition into three components (a, b, c) due to the nitrogen quadrupole coupling, is 

given in Figure 2 to illustrate a typical molecular signal.  

The observed transitions for both tautomers were fit with the SPFIT program,36 

using the Watson A-reduced (prolate, Ir representation) Hamiltonian with rotational 

constants (A, B, C) and hyperfine strengths as adjustable parameters. The following five 

adjustable parameters were used in the fit: P1 = A, P2 = B, P3 = C, P4 = 1.5eQqaa, and P5 

= 0.25(eQqbb - eQqcc) for each molecule. The fit results obtained for the normal and the 

deuterated tautormers in this work are shown in Table 7.1.3, parts a and b. The set of 

quartic distortion constants were obtained for both tautomers from the previous 

microwave measurements in 28-40 GHz range. These distortion values are very small, 

0.1-0.5 kHz for DJ, DJK, and DK, and -0.04 kHz for d1 and -0.01 kHz for d2. For the low-J 

transitions measured in this work, such small distortion constants do not contribute 

significantly to the overall rotational energies. The centrifugal distortion constants were 

too small to be determined outside of the statistical error limits. Fits were tried including 

the previous centrifugal distortion (CD) constants and with CD constants fixed to zero, 
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and the derived rotational constants did not change within the error limits. The diagonal 

elements, eQqaa, eQqbb, eQqcc, of the 14N quadrupole coupling tensors were completely 

determined for 2hpy and 2pyd. The two sets of quadrupole coupling strengths clearly 

have opposite signs (see Table 7.1.3a). This is believed to be due to the difference in 

orientation of the nitrogen lone pair p-orbital. The sign of eQq for 2pyd is the same as the 

sign observed for pyrrole, where the nitrogen lone pair p-orbital is known to lie 

perpendicular to the aromatic ring system. Similar results were obtained in the case of the 

deuterated tautomers with regard to the signs of the nuclear quadrupole coupling 

strengths.  

 

V. Theoretical Methods 

DFT methods with the gradient-corrected functionals were used to optimize the 

geometry and calculate electric field gradients for 2pyd, 2hpy, pyrrole, and pyridine. 

Becke's one-parameter and three-parameter hybrid exchange potentials with Perdew-

Wang (PW91)58, 59 and Lee-Yang-Parr (LYP)145 correlation functionals have been shown 

to produce accurate predictions of structures and energies for a wide variety of small 

organic molecules. All density functional calculations were  performed on an IBM-640 

cluster computer (TINTIN) and HP-Compaq-alpha (AURA) at the University of Arizona 

using the GAUSSIAN 98 and 03 programs. The following nonlocal Becke's three-

parameter hybrid exchange potentials with Perdew-Wang's and Lee-Yang-Parr 

correlation functionals were used: B3LYP and B3PW91. Sufficiently large basis sets 
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were selected for carbon, nitrogen, and hydrogen atoms, including both polarization and 

diffuse functions, 6-31++G(d, p), 6-311++G(d, p), and 6-311+G(df, pd).  

The molecular structures of 2pyd and 2hpy are shown in Figure 7.1.1A. The a- 

and b-inertial axes lie in the plane of the molecule. In this study, geometry optimization 

was performed before calculating the electric field gradients in 2pd, 2hpy, pyrrole, and 

pyridine. The optimized atomic coordinates for 2pyd and 2hpy, in their standard 

orientations, were rotated to the principal inertial axis system using a rotation program 

written in our laboratory. These atomic coordinates for 2pyd and 2hpy, in their principal 

axis system, were then used to calculate the electric field gradients. Optimization was 

done using tight convergence criteria without symmetry constraints, using the keywords 

opt (nosymm, tight) option. The electric field gradients obtained this way however are the 

same as those obtained by using the opt (symm, tight) option. The results from DFT 

calculations are compared to the experimental results obtained from microwave spectra 

(see Tables 7.1.4 and 7.1.5).  

The theoretical 14N quadrupole coupling strengths, eQqaa, eQqbb, and eQqcc, for 

2hpy and 2pyd can be determined from the values of electric field gradients qaa, qbb, and 

qcc, obtained from the DFT calculations. The 14N nuclear quadrupole moment calculated 

by Bailey 198 is Q(14N) = 0.01941 barn. This value of 14N nuclear quadrupole moment 

obtained by Bailey gives eQ/h = 4.5617(43) MHz/au, and this value can be multiplied by 

the calculated qxx (au) to give the theoretical 14N quadrupole coupling strengths in MHz. 

Bailey22 obtained this Q(14N) by carrying out DFT calculations of 14N electric field 
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gradients moment in a number of sp, sp2, and sp3 hybridized molecules similar to those 

discussed in the present work.   In this work, the calculations of quadrupole coupling 

strengths from the electric field gradient were obtained using eQ/h = 4.5617(43) MHz/au 

as reported by Bailey.22 The calculated 14N quadrupole coupling strengths in the inertial 

axial system for 2pyd and 2hpy were compared to the experimental values obtained from 

this work. In addition, 14N quadrupole coupling strengths for pyrrole and pyridine were 

calculated and the results were compared to the previous theoretical and experimental 

values. 199, .200, 201, 202, 203.  

The same theoretical methods and basis sets were used in the determination of the 

deuterium (D) electric field gradients. The theoretical values are compared with the 

experimental results (see Table 4b). The value of Q(D) used is 0.00286 barn and this was 

obtained using experimental measurements of hyperfine splitting in HD and D2 by 

Bishop and Cheung. 204 However, the theoretical D quadrupole coupling strengths are not 

nearly as close to the experimental values, when compared to the 14N results.  

 

VI. Nitrogen Quadrupole Coupling and P-Orbital  

Occupation Numbers 

The 14N quadrupole coupling strengths in the bond-axis system and nitrogen p-

orbital occupation numbers were obtained for 2hpy, 2Dpy, 2pyd, and 1Dpd, and 

compared with those for pyridine. The molecular parameters obtained from this analysis 
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are listed in Table 7.1.6. The quadrupole coupling strengths along the a, b, and c principal 

inertial axes of the molecule, are obtained directly from the experimental data. As shown 

in Figure 7.1.1B, it is convenient to discuss, and compare, the quadrupole coupling 

strengths in a bond-axis system where the z-axis lies along the nitrogen lone pair 

direction, and the plane of the molecule coincides with the x-z plane. The y-axis is 

perpendicular to the molecular plane and is assumed to lie nearly parallel to the c inertial 

axis in the case of both the tautomers. For an ortho-substituted pyridine, which has only 

one plane of symmetry, nitrogen quadrupole coupling is more difficult to determine 

because the field-gradient perpendicular to the molecular plane axis (y-axis in our 

orientation) is not defined by symmetry as it is for pyridine. However, the previous study 

of 2-fluoropyridine 205 demonstrated that the quadrupole coupling strengths of ortho-

substituted pyridines can be compared to those for pyridine if the coupling tensor a, b, 

and c axis system values are transformed into the a, b, and c axis system of pyridine. This 

transformation is required to bring all the nuclear quadrupole moments into the same 

basis for comparison.  

The transformation from the a, b, and c axis system to the x, y, and z bond axis 

system of nitrogen, for these molecules requires a rotation of 31.56 . It is not appropriate 

to use the value of 30  for this transformation, which is the approximate value one 

obtains for the unsubstituted pyridines. Because of the ortho-substitution for the cases of 

2hpy, 2Dpy, 2pyd, and 1Dpd, the principal inertial axis system is reoriented by a slightly 

greater angle than 30  from the bond-axis system. Hence, the angle of 31.56  was used, 

which was obtained from a previous study of 2-fluoropyridine, even though the true angle 
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will be slightly different for the different isotopomers. The assumption is made that the 

off-diagonal elements in the a, b, and c principal axis system are negligibly small. This is 

a required assumption since we did not obtain the off-diagonal quadrupole coupling 

tensor element, eQqab, in the inertial axis system in this work. The equations for the 

transformation to calculate the x, y, and z axis quadrupole tensor components are shown 

below: 

 

 

The same angle of rotation (  = 31.56 ) is used for all four of the compounds to 

determine 14N nuclear quadrupole coupling strengths in the bond axis system even though 

these angles are slightly different for different molecules. The results obtained using the 

above transformations are given in Table 7.1.6. From this table, it is clear that the 14N 

quadrupole coupling strengths for 2hpy, and 2Dpy are similar to those for pyridine and 2-

fluoropyridine, suggesting a similar bonding environment around the nitrogen atom. 

However, the 14N quadrupole coupling strengths for 2pyd and 1Dpd are quite different, 

suggesting these have different nitrogen bonding environments. These differences can be 

related to the fractional number of electrons in the nitrogen-hybridized p-orbitals oriented 

along the respective x, y, and z axes.  

The equations relating the quadrupole coupling strengths and asymmetry 

parameters to the three-valence p-orbitals of nitrogen are given below. These equations 
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can produce good estimates of the electron occupation numbers for the nitrogen p-

orbitals. Detailed discussions of these equations can be found in several standard 

microwave books and references therein. 15C, 206  For a molecule with a nitrogen sp2-

hybridized orbital, the equations relating the asymmetry parameter and quadrupole 

coupling strengths to p-orbital occupation numbers are as follows (with the axis system 

such that the y-axis is perpendicular to the molecular plane): 

 

 

The electron occupation numbers for px, py, and pz orbitals for sp2 hybridization are 

 

 

and for the nitrogen sp3-hybridized orbitals, the following equations can be used (with 

our axis orientation, the y-axis is perpendicular to the molecular plane): 
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where as
2 is the bonding s-character and is the angle C1-N-C5. The electron occupation 

numbers for px, py, and pz orbital for an sp3-hybridized atom are 

 

 

The ionic characters for and bonds are i  and i , respectively. c is the amount 

of bonding by the electrons in the pz orbital. C- is the negative charge on the nitrogen 

atom and is a screening parameter, which is assumed to be 0.30. Using these equations, 

we calculated the electron occupation numbers for px, py, and pz orbitals, the ionic 

character for and bonds, and the negative charge on the nitrogen atom. The results of 

this population analysis are given in Table 7.1.6.  

 

VII. Discussion 

There were no previous measurements of nuclear quadrupole coupling along any 

axis for the two deuterated tautomers, for either the 14N or D nuclei. The present study 

not only gives the 14N nuclear quadrupole strengths but also gives the D nuclear 

quadrupole coupling (see Table 3b), thus making this work one of the few studies to 

obtain the values of D nuclear quadrupole strengths bonded to two different nuclei, 
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namely oxygen (in the case of 2Dpy) and nitrogen (in the case of 1Dpyd). The values of 

the 14N nuclear quadrupole coupling strengths, eQqaa, eQqbb, and eQqcc for the D 

isotopomers are not significantly different (Table 7.1.3, parts a and b) from those for the 

normal isotopomers. This is not surprising since the electric quadrupole moment of 14N is 

small and the rotation angle about the principal axes is small. Even in the case of 35Cl, 

with an electric quadrupole moment 4 times larger than the 14N nucleus, 207 one observes 

a small shift of 60 kHz going from CH3Cl to CH2DCl for the measured 35Cl nuclear 

quadrupole coupling strengths.208 The signs of the 14N nuclear quadrupole coupling 

strengths in the deuterated tautomers show the same trend as for the nondeuterated 

tautomers. The values of nuclear quadrupole coupling strength for D have the same signs 

for the two tautomers but have different values along the inertial axes (Table 7.1.3b).  

A Kraitchman analysis was carried out for the singly substituted isotopomers to 

determine the coordinates for the OH hydrogen (in 2hpy) and the NH hydrogen (in 2pyd). 

The results of these calculations are shown in Table 7.1.7 and are in good agreement with 

the previous study.197 This analysis determines the distance of the hydrogen atom from 

the center of mass of the two tautomers (rH(com)). This distance for the case of 2hpy is 

2.653(2) Å and that in the case of 2pyd is 2.124(1) Å.  Comparisons of ab initio 

calculations (DFT), and experimental, quadrupole coupling strengths in the principal 

inertia axis system suggests that the nitrogen bonding environment and the electric field 

gradients for 2pyd are similar to those for pyrrole (See Tables 4 and 5). The quadrupole 

coupling strengths in the inertial axis system for 2hpy are different from the calculated 

pyridine values. Calculations of eQq for 2hpy using B3LYP and B3PW91, with larger 
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basis sets (6-311+G (d, p) and 6-311+G (df, pd)) yielded values (both in magnitude and 

sign) that agree quite well with the experimental values. It is clear that the larger basis 

sets, with addition of diffuse and polarization functions, produce better results compared 

to the results using smaller basis sets. The two sets of quadrupole coupling strengths for 

the two tautomers are different in magnitude and opposite in sign. For 2hpy, the signs of 

the 14N quadrupole coupling strengths (eQqaa, eQqbb, eQqcc) goes as (-, -, +). For 2pyd, 

the sign of the 14N quadrupole couplings strengths (eQqaa, eQqbb, eQqcc) goes as (+, +, -). 

An explanation of the sign reversal observed for 2hpy and 2pyd is discussed below.  

The results of high-resolution microwave measurements can now provide a better 

picture of 14N quadrupole coupling strengths for 2hpy, 2pyd, 2Dpy, and 1Dpd. With all 

the three diagonal tensor components in the inertial system determined, we can rotate 

these inertial components into the bond-axis system of pyridine as discussed in section V. 

This rotation transformation allows us to obtain the eQqxx, eQqyy, and eQqzz components 

relative to the pyridine bond axis system. The results of this transformation are shown in 

Table 7.6.6 and the values are compared to the eQqxx, eQqyy, eQqzz components of 

pyridine199 and 2-fluoropyridine.205 The 14N quadrupole coupling strengths for 2hpy and 

2Dpy are similar to pyridine and 2-fluoropyridine, whereas the 14N quadrupole coupling 

strengths for 2pyd and 1Dpd are markedly different from pyridine and 2-fluoropyridine 

values. This difference suggests that the 2pyd and 1Dpd nitrogen-bonding environments 

are different from the 2hpy and 2Dpy bonding environments. The sign reversal observed 

between 2hpy (eQqzz = -3.620(3) MHz) compared to 2pyd (eQqzz = 1.1315(6) MHz) 

suggests that the charge distributions are different in the ring. Because the ring 
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environment is very similar, the orientation of 14N lone pair electrons alone would affect 

the way electronic charges distribute along the bond-axis. The previous microwave 

experiment197 suggested that 2pyd may contain a pyrrole-type of nitrogen (sp3 hybrid), 

where the nitrogen lone pair electrons lie perpendicular to the ring system, and that 2hpy 

contains a pyridine-type of nitrogen (sp2 hybridized). Our analysis of the nitrogen p-

orbital population (nx, ny, nz) along with and ionic characters (i  and i ) for 2hpy and 

2pyd provides further evidence supporting this conclusion. This analysis also indicates 

that the deuterium substitution does not affect the hybridization, as one might expect.

 From Table 7.1.6, we can see that nx, the occupation numbers for electrons in the 

nitrogen px orbital (lying in the molecular plane), for the molecules 2hpy, 2Dpy,  

2-fluoropyridine, and pyridine are all quite similar, values ranging from 1.2 to 1.33. Good 

agreement is also seen for the electron occupation numbers nz (also lying in the molecular 

plane) and ny (perpendicular to the molecular plane) for 2hpy, 2Dpy, 2-fluoropyridine, 

and pyridine. For these three compounds, the electron occupation number nz is about 1.7, 

which is significantly larger than the nx and ny occupation numbers. These results show 

that the nitrogen-bonding environment for 2hpy and 2Dpy is very similar to pyridine and 

2-fluoropyridine. The large nz occupation number observed for 2hpy, 2Dpy, pyridine, and 

2-fluoropyridine corresponds to placing the nitrogen lone pair electrons in the pz orbital, 

which lies in the molecular plane. Thus, the nitrogen-bonding environment obtained for 

2hpy and 2Dpy is consistent with sp2 hybridization. The occupation numbers, nx, ny, nz, 

for 2hpy and 2Dpy are slightly larger than the values for 2-fluoropyridine. This larger 

value in the case of 2-fluoropyridine is possibly due to the difference in the 
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electronegativity between fluorine and oxygen atoms. The higher electronegativity 

associated with the fluorine atom should decrease electron density in the ring and hence, 

diminish the negative charge on the nitrogen denoted by C-. This explains why C- is 

almost twice as large for the cases of 2hpy and 2Dpy when compared to 2-fluoropyridine. 

The nitrogen-bonding environment obtained for 2pyd is consistent with sp3 hybridization. 

This picture is clear if we examine the electron occupation numbers for 2pyd and 

compare them to the numbers for 2hpy. The two values of nx and nz for 2hpy and 2pyd 

are essentially the same in magnitude. For 2pyd, the electron occupation number of the py 

orbital that lies perpendicular to the molecular plane is ny = 1.74. This value of ny is about 

the same magnitude as nz (which corresponds to the electron occupation number in the pz 

orbital that lies along the molecular plane) values of 2hpy, 2-fluoropyridine, and pyridine. 

We have argued in the previous discussion that the largest occupation number (nz) 

observed for 2hpy, 2-fluoropyridine, and pyridine must be related to the occupation 

numbers for the nitrogen lone-pairs electrons. The largest occupation number, ny, for 

2pyd suggests that the nitrogen lone-pair occupies the py orbital, which lies perpendicular 

to the molecular plane. This in contrast to 2hpy where for the nitrogen lone pair of 

electron is in the pz. Clearly, the signs and magnitudes of 14N quadrupole coupling 

strengths for 2hpy and 2pyd give a good indication of where the nitrogen lone-pair 

electrons are located. We have noted that the deuteration of the two tautomers does not 

significantly affect the 14N quadrupole coupling strengths or the occupation numbers for 

nitrogen lone-pair electrons.  
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The new rotational constants determined from this work are in excellent 

agreement with values from the previous microwave measurements (see Table 7.1.3a). 

The experimental inertial defect calculated for 2hpy is = -0.0026 amu-Å2, indicating 

that this tautomer is a planar molecule. The experimental inertial defect calculated for 

2pyd is = -0.0342 amu-Å2. This is about an order of magnitude larger than the value of 

2hpy, suggesting a possible slight deviation from planarity, but this could be due only to 

vibrational averaging effects. A previous fluorescence excitation experiment suggested 

that the structure of 2pyd is planar in the electronic ground state. However, in a higher 

electronic excited state, the structure of 2pyd is definitely nonplanar (  = -1.383 amu-

Å2), as the nitrogen atom in 2pyd is moved out of the molecular plane.188  
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(A) 

 

 
 
 

 
 
FIGURE 7.1.1: Molecular structure of the monomers at different orientations.   
(A) Molecular structure of 2HPY and 2PYD.  (B) Structure of 2HPY showing the bond 
axis system for the 14N quadrupole tensor ellipsoid.  The molecule is in the x-z plane.   

(B) 
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TABLE 7.1.1: Measured Hyperfine Transitions for (Z)-2-hydroxypyridine and  

(Z)-2-Deuteriohydroxypyridine, with Fit Residualsa 

a. (Z)-2-Hydroxypyridineb 

 

J Ka Kc F J' K'a K'c F' obsd obsd - calcd 

0 0 0 1 1 0 1 1 4643.6609(42) -0.0146 

0 0 0 1 1 0 1 2 4643.7082(22) 0.0097 

1 1 1 2 2 0 2 3 6061.8081(77) 0.0009 

0 0 0 1 1 1 1 1 7700.5475(22) 0.0000 

0 0 0 1 1 1 1 2 7701.2308(26) -0.0014 

0 0 0 1 1 1 1 0 7702.2619(28) 0.0022 

1 1 1 2 2 1 2 2 8395.3126(48) -0.0034 

1 1 1 0 2 1 2 1 8395.4615(129) -0.0067 

1 1 1 1 2 1 2 2 8396.0075(29) 0.0065 

1 1 1 2 2 1 2 3 8396.0706(30) -0.0037 

1 1 1 1 2 1 2 1 8397.1802(46) -0.0003 

1 0 1 1 2 0 2 2 9119.1619(101) 0.0073 

1 0 1 2 2 0 2 3 9119.3473(79) 0.0063 

1 1 0 1 2 1 1 1 10177.6001(63) 0.0020 

1 1 0 2 2 1 1 3 10178.7124(91) -0.0009 

1 1 0 2 2 1 1 2 10179.4444(82) -0.0027 
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2 1 2 3 3 0 3 4 10960.6113(96) -0.0028 

2 1 2 2 3 0 3 3 10960.9121(49) 0.0053 

1 0 1 1 2 1 2 2 11452.8798(46) 0.0070 

1 0 1 2 2 1 2 3 11453.6029(53) -0.0053 

2 0 2 2 3 0 3 3 13294.6233(107) -0.0017 

2 2 1 3 3 2 2 4 13931.0853(48) -0.0038 

 

b. (Z)-2-Deuteriohydroxypyridinec 

J Ka Kc F1 F J' Ka' Kc' F1' F' obsd obsd - calcd 

3 1 2 2 3 3 0 3 2 3 6685.6949(9) -0.0103 

3 1 2 4 4 3 0 3 4 4 6686.0301(10) -0.0019 

3 1 2 4 5 3 0 3 4 5 6686.1021(12) -0.0003 

3 1 2 2 3 3 0 3 3 4 6686.3275(2) 0.0019 

1 1 1 1 2 0 0 0 1 2 7609.6387(8) 0.0024 

1 1 1 2 3 0 0 0 1 2 7610.2905(12) 0.0049 

1 1 1 2 2 0 0 0 1 1 7610.3242(4) -0.0003 

2 1 2 2 3 1 1 1 2 3 8159.6764(5) 0.0098 

2 1 2 1 2 1 1 1 0 1 8159.8418(7) -0.0005 

2 1 2 3 4 1 1 1 2 3 8160.4173(9) 0.0001 

2 0 2 2 3 1 0 1 1 2 8855.6374(5) 0.0023 

2 0 2 3 4 1 0 1 2 3 8855.8036(13) -0.0028 
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2 1 1 1 2 1 1 0 1 2 9850.8223(5) 0.0063 

2 1 1 2 3 1 1 0 1 2 9851.9283(7) 0.0074 

2 1 1 2 3 1 1 0 2 3 9852.6172(6) 0.0013 

3 1 3 3 4 2 1 2 3 4 12152.8066(7) -0.0106 

3 1 3 3 3 2 1 2 2 2 12153.5859(5) 0.0035 

3 1 3 4 5 2 1 2 3 4 12153.6523(4) -0.0073 

3 0 3 3 4 2 0 2 2 3 12936.4941(4) -0.0057 

3 0 3 4 5 2 0 2 3 4 12936.7422(7) 0.0018 

 

a Frequencies are given in MHz. Experimental measurement errors are in parentheses.b 
The standard deviation of the fit is (fit) = 0.0055 MHz.c The standard deviation of the fit 
is (fit) = 0.0053 MHz. 
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TABLE 7.1.2: Measured Hyperfine Transitions for 2-Pyridone and 1-Deuterio-2-

pyridone, with Fit Residualsa 

J Ka Kc F J' K'a K'c F' obsd obsd - calcd 

0 0 0 1 1 0 1 0 4661.5423(22) 0.0015 

0 0 0 1 1 0 1 2 4662.2167(27) 0.0026 

0 0 0 1 1 0 1 1 4662.6644(29) 0.0014 

1 1 1 2 2 0 2 3 6283.3852(87) 0.0007 

1 1 1 1 2 0 2 2 6283.6474(75) 0.0002 

0 0 0 1 1 1 1 0 7511.9399(28) -0.0034 

0 0 0 1 1 1 1 2 7512.5152(59) 0.0006 

0 0 0 1 1 1 1 1 7512.8964(59) 0.0011 

1 1 1 1 2 1 2 1 8398.9193(44) -0.0008 

1 1 1 2 2 1 2 3 8399.8011(44) 0.0064 

1 1 1 0 2 1 2 1 8399.8631(57) -0.0089 

1 1 1 1 2 1 2 2 8400.3071(17) 0.0042 

1 1 1 2 2 1 2 2 8400.6859(37) 0.0023 

1 0 1 1 2 0 2 1 9132.8829(59) 0.0042 

1 0 1 2 2 0 2 3 9133.6906(88) 0.0056 

1 0 1 1 2 0 2 2 9133.8762(124) -0.0032 

1 0 1 0 2 0 2 1 9134.0097(33) 0.0089 

1 0 1 2 2 0 2 2 9134.3298(40) 0.0014 
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1 1 0 0 2 1 1 1 10248.1650(63) 0.0035 

1 1 0 2 2 1 1 2 10248.7666(36) -0.0045 

1 1 0 2 2 1 1 3 10249.1788(60) -0.0003 

1 1 0 1 2 1 1 2 10249.5957(93) -0.0051 

1 1 0 1 2 1 1 1 10250.2356(43) 0.0000 

2 1 2 3 3 0 3 4 11155.2746(70) -0.0028 

1 0 1 2 2 1 2 3 11250.0948(33) -0.0003 

2 1 2 3 3 1 3 4 12490.7033(55) -0.0015 

2 1 2 2 3 1 3 3 12490.9023(100) 0.0000 

 

b. 1-Deuterio-2-pyridonec 

J Ka Kc F1 F J' Ka' Kc' F1' F' obsd 
obsd - 

calcd 

1 1 1 1 2 2 1 2 1 2 8296.7250(8) -0.003 

1 1 1 2 3 2 1 2 3 4 8297.6192(5) 0.002 

1 1 1 1 2 2 1 2 2 3 8298.1083(7) 0.002 

1 1 1 1 1 2 1 2 2 2 8298.1842(7) 0.003 

1 1 1 2 3 2 1 2 2 3 8298.5125(9) -0.002 

1 0 1 1 2 2 0 2 1 2 9029.4063(9) 0.004 

1 0 1 2 2 2 0 2 3 3 9030.2300(15) -0.005 

1 0 1 1 2 2 0 2 2 3 9030.4273(19) -0.001 
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1 0 1 2 3 2 0 2 2 3 9030.8880(10) 0.015 

1 1 0 0 1 2 1 1 3 2 10185.5820(1) 0.001 

1 1 0 0 1 2 1 1 1 2 10185.7578(12) 0.006 

1 1 0 2 3 2 1 1 3 4 10186.7677(10) -0.006 

1 1 0 1 1 2 1 1 2 2 10187.1084(4) -0.001 

1 1 0 1 2 2 1 1 2 3 10187.1977(2) -0.005 

2 1 2 3 4 3 0 3 4 5 11179.0801(9) 0.000 

2 1 2 1 2 3 0 3 2 3 11179.2476(6) 0.000 

2 1 2 3 3 3 1 3 4 4 12326.1182(6) -0.004 

2 1 2 2 3 3 1 3 3 4 12326.3164(11) -0.004 

 

a Frequencies are given in MHz. Experimental measurement errors are in parentheses.b 
The standard deviation for the fit is (fit) = 0.0040 MHz.c The standard deviation for the 
fit is (fit) = 0.0046 MHz. 
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TABLE 7.1.3: Rotational Parameters Obtained from Fitting the Observed Hyperfine 

Transitions (Tables 7.1.1 and 7.1.2) Using SPFIT for 2-Hydroxypyridine (Table 7.1.1a), 

2-Pyridone (Table 7.1.2a), 2-Deuteriohydroxypyridine (Table 7.1.1b), and 1-Deuterio-2-

pyridone (Table 7.1.2b)a 

 

a. 2-Hydroxypyridine and 2-Pyridone 

parameter 
(Z)-2-

hydroxypyridinec 
2-pyridonec 2-pyridone14 

(Z)-2-

hydroxypyridine14

A 5824.9554(27) 5643.7580(18) 5643.7585(15) 5824.9459(44) 

B 2767.5319(12) 2793.46893(71) 2793.47174(98) 2767.5307(20) 

C 1876.16268(90) 1868.81993(51) 1868.8234(99) 1876.1647(17) 

eQqaa -0.076(11) 1.4962(38) -- 0.4(3) 

eQqbb -2.2828(64) 1.2691(40) -- -2.3(3) 

eQqcc 2.3588(64) -2.7653(40) -2.8(2) 1.9d 

(fit) 0.0055 0.0040 0.076 0.067 

b  

(amu-Å2) 
-0.0026 -0.0342 -0.035 -0.003 
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b. 2-Deuteriohydroxypyridine and 1-deuterio-2-pyridone 

parameter 

(Z)-2-

deuteriohydroxy

pyridinec 

1-deuterio-2-

pyridonec 

1-deuterio-2-

pyridone14 

(Z)-2-

deuteriohydroxy

pyridine14 

A 5781.54157(6) 5413.8379(7) 5413.8498(44) 5781.4898(44) 

B 2674.43661(1) 2782.8362(1) 2782.8321(24) 2674.4450(29) 

C 1828.64323(8) 1838.3065(8) 1838.3102(29) 1828.6362(24) 

eQqaa(N) -0.1465(4) 1.511(2) -- -- 

eQqbb(N) -2.2045(4) 1.249(5) -- -- 

eQqcc(N) 2.3510(4) -2.759(5) -- -- 

eQqaa(D) -0.0250(9) -0.110(7) -- -- 

eQqbb(D) 0.1699(4) 0.354(6) -- -- 

eQqcc(D) -0.1449(4) -0.244(6) -- -- 

(fit) 0.0052 0.0046 0.104 0.061 

b  

(amu-Å2) 

-0.011 -0.040 -0.040 -0.010 

 

a All fit parameter values are given in MHz. Standard errors are 1 .b Inertial defect, 
 = Ic - Ia - Ib where B (MHz) = 505379.05 (MHz)/Ib (amu-Å2) conversion formula is 
used. Frequencies from ref 14 fit with the Watson s-reduced Hamiltonian with rotational 
constants and quartic distortion terms.c This work.d For eQqcc = 1.9 MHz, no error bar 
was given. 
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TABLE 7.1.4: Comparison of Experimental to Calculated 14N Quadrupole Coupling 

Strengths for Pyridone and 2-Hydroxypyridinea and Experimental to Calculated D 

Quadrupole Coupling Strengths in 1-Deuterio-2-pyridone and  

(Z)-2-Deuteriohydroxypyridineb 

 

a. 14N Quadrupole Coupling Strengths 

 

Molecule eQqaa(N) eQqbb(N) eQqcc(N) source 

Pyridine 1.496(4) 1.269(4) -2.765(4) this work 

2-hydroxypyridine -0.076(1) -2.283(6) 2.359(6) this work 

Pyridine - - -2.8(2) ref 14 

2-hydroxypyridine 0.4(3) -2.3(3) 1.9 ref 14 

1-deuterio-2-pyridone 1.511(2) 1.249(5) -2.749(5) this work 

B3LYP/6-31++G(d,p) 

pyridone 

1.430 1.275 -2.705 this work 

2-hydroxypyridine 0.047 -1.941 1.894 this work 

1-deuterio-2-pyridone 1.498 1.335 -2.833 this work 

(Z)-2-deuteriohydroxypyridine 0.049 -2.034 1.985 this work 

B3LYP/6-311++G(d,p) pyridone 1.509 1.321 -2.831 this work 

pyridone 1.509 1.321 -2.831 this work 
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1-deuterio-2-pyridone 1.582 1.384 -2.966 this work 

(Z)-2-deuteriohydroxypyridine -0.0464 -2.321 2.368 this work 

B3PW91/6-311++G(d,p) 

pyridone 

1.490 1.263 -2.753 this work 

2-hydroxypyridine -0.0374 -2.159 2.196 this work 

1-deuterio-2-pyridone 1.555 1.319 -2.874 this work 

(Z)-2-deuteriohydroxypyridine -0.0385 -2.255 2.293 this work 

B3PW91/6-311++G(df,pd) 

pyridone 
1.397 1.218 -2.615 this work 

2-hydroxypyridine -0.115 -2.185 2.300 this work 

1-deuterio-2-pyridone 1.458 1.271 -2.729 this work 

(Z)-2-deuteriohydroxypyridine -0.119 -2.283 2.403 this work 
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b. D Quadrupole Coupling Strengths 

Molecule eQqaa(D) eQqbb(D) eQqcc(D) source 

1-deuterio-2-pyridone -0.110(7) 0.354(6) -0.244(6) this work 

(Z)-2-deuteriohydroxypyridine -0.0250(9) 0.1699(4) 
-

0.1449(4) 
this work 

1-deuterio-2-pyridone - - - ref 14 

(Z)-2-deuteriohydroxypyridine - - - ref 14 

1-deuterio-2-pyridone -0.005 0.151 -0.147 this work 

(Z)-2-deuteriohydroxypyridine -0.075 0.237 -0.162 this work 

B3LYP/6-311++G(d,p)     

1-deuterio-2-pyridone -0.006 0.159 -0.153 this work 

(Z)-2-deuteriohydroxypyridine -0.078 0.246 -0.168 this work 

B3PW91/6-311++G(d,p) 

1-deuterio-2-pyridone 

-0.006 0.160 -0.154 this work 

(Z)-2-deuteriohydroxypyridine -0.081 0.251 -0.169 this work 

B3PW91/6-311++G(df,pd) 

1-deuterio-2-pyridone 

-0.007 0.155 -0.148 this work 

(Z)-2-deuteriohydroxypyridine -0.082 0.245 -0.164 this work 

 

a Calculations were done using Q(14N) = 0.01941(2).22 All values are reported in MHz 
and the theoretical values of quadrupole coupling terms (as obtained from Gaussian) 
were multiplied by -1. Note: all theoretical values of the electric field gradients obtained 
from calculations had sign opposite to experiments and were multiplied by -1.b 
Calculations were done using Q(D) = 0.00286 barns.28 All values are reported in MHz.  
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TABLE 7.1.5: Comparisons of Experimental to Calculated 14N Quadrupole Coupling 

Strengths in Pyrrole and Pyridinea 

Molecule eQqaa eQqbb eQqcc source 

pyrrole 1.45(2) 1.21(2) -2.66(2) ref 23 

 1.412(3) 1.292(4) -2.704(2) refs 24, 25 

pyridine -4.88(4) 1.43(3) 3.45(2) ref 23 

 -4.908(3) 1.434(3) 3.474(3) refs 26, 27 

B3LYP/6-31++G(d,p) 

pyrrole 

1.585 1.197 -2.782 this work 

pyridine -4.301 1.536 3.025 this work 

B3LYP/6-311++G(d,p) 

pyrrole 

1.589 1.295 -2.884 this work 

pyridine -5.038 1.553 3.484 this work 

B3PW91/6-311++G(d,p) 

pyrrole 

1.545 1.277 -2.821 this work 

pyridine -4.957 1.551 3.406 this work 

B3PW91/6-311+G(df,pd) 

pyrrole 

1.475 1.197 -2.672 this work 

 1.415 1.215 -2.630 ref 22 

pyridine -4.949 1.444 3.505 this work 

 -4.908 1.450 3.458 ref 22 

a Calculations were done using Q(14N) = 0.01941(2).22 All values are reported in MHz. 
Note: all theoretical values of the electric field gradients obtained from calculations had 
sign opposite to experiments and were multiplied by -1.
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TABLE 7.1.6: Comparison of the 14N Quadrupole Coupling Strengths in the Bond Axis System and p-Orbital Occupation 

Numbers for Pyridine, 2-Fluoropyridine, 2-Hydroxypyridine, (Z)-2-Deuteriohydroxypyridine, 2-Pyridone, and 1-Deuterio-2-

pyridonea 

parameter pyridineb 2-fluoropyridinec 2-hydroxypyridine 
(Z)-2-

deuteriohydroxypyridine 
2-pyridone 

1-deuterio-2-

pyridone 

eQqxx 1.43 1.81(5) 1.2612(4) 1.102(1) 1.6335(7) 1.669(1) 

eQqyy 3.45 2.82(5) 2.359(6) 2.351(4) -2.765(4) -2.759(2) 

eQqzz -4.88 -4.62(5) -3.620(3) -3.453(1) 1.1315(6) 1.090(1) 

nx(px) 1.22 1.20 1.33 1.36 1.37 1.37 

ny(py) 1.08 1.13 1.26 1.28 1.74 1.74 

nz(pz) 1.71 1.71 1.76 1.77 1.40 1.41 

i (NC) 0.22 0.21 0.33 0.36 i (NC) = 0.37 i (NC) = 0.37

     i (NH) = 0.43 
i (NH) = 

0.45 

i  0.03 0.13 0.26 0.28 c = 0.26 c = 0.26 

C- 0.52 0.55 0.92 0.99 0.91 0.92 

a The molecules lie in the x-z plane and the y-axis is parallel to the inertial c-axis. Angle for tensor transformation is 31.56 
degrees.29 Values for eQq are in MHz. Nitrogen p-orbital populations are nx, ny, nz. The ionic and characters are denoted as 
i  and i  respectively. Negative charge on nitrogen C- is in the e unit.b All values obtained from ref 23.c Nitrogen quadrupole 
coupling strengths obtained from ref 29.
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TABLE 7.1.7: Atomic Coordinates in the Center of Mass (abc) System Obtained from 

the Kraitchman Analysis 

 Z-2-hydroxypyridinea Z-2-hydroxypyridineb 2-pyridonea 2-pyridoneb 

a  2.52(1) 2.52(8) 0.814(6) 0.82(2) 

b  0.833(4) 0.82(3) 1.961(1) 1.95(6) 

c  0.0 0.0 0.0 0.0 

rH(com) 2.653(2)  2.124(1)  

a This work.b Reference 14. 
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CHAPTER 8:  MICROWAVE SPECTROSCOPY MEASUREMENTS 

OF A FLUXIONAL MOLECULE 

 

 
7.1 ROTATIONAL SPECTROSCOPY MEASUREMENTS OF 
CYCLOPENTADIENYLIRIDIUM-DICARBONYL 
 

I. Abstract 

 Microwave rotational transitions corresponding to J = 3 2 and 4 3 in the  

5-7 GHz were measured for cyclopentadienyliridium-dicarbonyl, C5H5Ir(CO)2 molecule 

using Flygare-Balle type pulsed-beam microwave spectrometer system.  Additional 

transitions and splitting were observed for this molecule due to its hindered rotation.  The 

C5H5Ir(CO)2 is structurally similar to previously studied Cobalt and Rhodium analogues 

and it appears to have a ten-fold barrier to rotation of the - Ir(CO)2 fragment about the C5 

axis of the C5H5 group. The observed frequencies for this molecule can not be fitted using 

a rigid rotor Hamiltonian due to internal rotation effects.  Calculations are being 

performed to simulate the spectrum for the title molecule and to predict the preliminary 

rotational constants and to estimate the potential energy barrier.  The results of the 

rotational analysis would allow one to compare the structural details of these floppy 

molecules along the d9 series.        
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II. Introduction 

 In contrast to many mono nuclear transition metal complexes studied in this 

thesis, the rotational spectra of cyclopentadienyliridiumdicarbonyl, C5H5Ir(CO)2 exhibit a 

hindered rotational motion.  The relatively “open” structure of this stable three ligand 

complex has the ability to rotate freely around the –Ir(CO)2 fragment about C5 rotation 

axis of Cp group.  According to previous microwave work on similar complexes, 

C5H5Co(CO)2
11

 and C5H5Rh(CO)2
12  , these molecular systems have  relatively low 

barrier height for internal motion (0.1 – 0.3 kJmol-1).  The analysis of previous 

microwave spectra of cobalt and rhodium analogues yielded approximate values for 

rotational parameters along with the barrier heights.  The hindered rotational motion 

makes it harder to analyze the spectra of these molecules. Moreover, the rotational 

spectra of cobalt and iridium systems further complicated by the nuclear quadrupole 

coupling of metal nucleus.   

 These molecular systems have wide spread applications in organic synthesis and 

more often, it has been mainly used as catalysts for important reactions.209, 210, 211,212, 213, 

214, 215   Extensive theoretical studies have been reported in the literature for C5H5M(CO)2 

(where M = Co, Rh, Ir) complexes in order to understand the charge transfer 

mechanisms,216 reaction mechanisms217 and to explore the excitation energies and 

oscillator strengths218 of important rections.  A study using variable energy photoelectron 

spectra has revealed the molecular orbital assignments and ground state orbital characters 

of C5H5M(CO)2 analogues.219   
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 The microwave spectroscopy is a great tool for understanding the structures of 

these types of molecules in the singlet ground state.  However, in contrast to many 

molecules studied using this technique, the C5H5Ir(CO)2 shows internal motion which 

makes it difficult to assign the spectrum.  However, a possible analysis of the spectra 

obtained for C5H5Ir(CO)2 in conjunction with a high level calculation would be very 

beneficial in order to further understand the structure of this important synthon.   

 

     

III. Experimental 

 Takats group at the University of Alberta, Canada kindly provided us 

Cyclopentadienyliridium-Dicarbonyl sample.  The compound has been synthesized 

according to the previously published procedure by Gardner and coworkers.220  A small 

amount of the sample was transferred to a glass sample cell inside the dry box.  This was 

directly attached to the pulsed value system and the neon baking pressure has been 

adjusted to 0.5-0.6 atm. However, the molecular transitions were not sensitive to the 

background pressure of the molecule.  The experiment was done at room temperature 

because the title compound has a sufficient vapor pressure even at low temperatures.  

Data were collected using a Flygare-Balle type pulsed beam Fourier transform 

microwave spectrometer system.  Superhetrodyne detection scheme has been used to 

record the molecular signal.  Density functional theory calculations were performed 

(using b3pw91, Hay-Wadt basis set for Iridium and aug-cc-pVTZ for C,H,O) prior to 

start the experiment and this was quite helpful in the initial search.  The detailed 
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discussions on these calculations were presented in previous sections under theory 

section.            

  

IV. Preliminary Results & Data Analysis  

So far, nearly seventy lines were measured in the 6-7 GHz range and these 

transitions are listed in Table 8.1.1.  No attempts were made to assign these lines as still a 

great number of transitions have to be measured for the title complex.  Both Iridium 

isotopes (191Ir 37% and 63%) have nuclear spin I=3/2 and hence exhibits quadrupole 

splitting.  On top of that, internal rotation should further split these transitions.  It is 

possible that one transition splits in to ten or more components due to these effects.  

According to previously published paper on similar C5H5Co(CO)2, larger splitting may be 

due to internal rotation effects and smaller splitting may be due to quadrupole coupling 

effects.  As a starting point to fit these transitions, it is necessary to consider only the 

internal rotor splitting (only ∆m = 0, where m refers to internal rotor states) without 

considering the quadrupole effects.  The Hamiltonian matrix for hindered rotation can be 

constructed in the |J K m〉 free-rotor basis and digitalized.  Here m is the quantum number 

for “free” rotation of the “top” (C5H5 ring) relative to the “frame”.  The selection rules in 

the free-rotor basis are ∆m = 0 and ∆K = 0, ±2, ±4,….   The ∆K = 0 transitions will be 

stronger than those with ∆K = 0, ±2, ±4,….  Only states with an even |m-K| can exist 

because carbonyls are bosons in this case.  It may be helpful and important to reproduce 

C5H5Co(CO)2 fitted parameters before attempting to fit these C5H5Ir(CO)2 spectrum.  In 

order to obtain the quadrupole coupling constants, the K=0 transitions will have to be 
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chosen as the relations between splitting and eQq values are nearly independent of 

internal rotation effects for K=0 and m=0.  

 

V. Discussion 

Preliminary microwave spectra for a fluxional molecule, C5H5Ir(CO)2 were 

measured in the 5-7 GHz range (possible J′ = 3  J = 2 and J′ = 4  J = 3 transitions) in 

the current experiment. More transitions have to be recorded in the regions up to 10 GHz 

in order to start the assignment.  However, this will be a challenging project as a single 

rotational line splits into many more components due to internal rotation effects and 

nuclear quadrupole effects.  The molecule has a V10 potential energy barrier with 

approximately 0.1-.0.5 kJ mol-1 barrier height.  Since the hindered rotation is around the 

a-axis (the main symmetry axis in Figure 8.1.1), the A rotational constant is strongly 

correlated with V10.  Going from a “free rotor” to “high barrier” results in A constant 

ranging from 1440 to 2170 MHZ according to previous work on C5H5Co(CO)2.  

However, it is important to further investigate the rotational spectra of this fluxional 

molecule as this will enable one to compare the barrier heights and other effects with the 

previously obtained similar Rhodium and Cobalt analogues.     
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FIGURE 8.1.1: Preliminary  molecular structure of CpIr(CO)2 obtained from DFT 
calculations.   
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TABLE 8.1.1:  Observed transitions (so far) for the η5- C5H5Ir(CO)2 complex.  

Transition Observed Transitions (MHz) 

J′ = 3  J = 2 5212.297(4) 

 5213.994(1) 

 5225.793(3) 

 5228.975(4) 

 5230.629(5) 

 5232.883(2) 

 5250.371(2) 

J′ = 4  J = 3 6639.174(9) 

 6639.889(5) 

 6640.836(4) 

 6642.347(3) 

 6643.114(2) 

 6646.321(4) 

 6646.679(2) 

 6652.084(6) 

 6652.254(8) 

 6653.629(4) 

 6653.992(5) 

 6656.789(7) 
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J′ = 4  J = 3 6657.469(3) 

 6659.824(2) 

 6660.806(2) 

 6855.811(3) 

 9856.208(4) 

 6856.685(5) 

 6857.004(3) 

 6862.294(1) 

 6864.026(5) 

 6866.567(5) 

 6867.262(6) 

 6867.464(5) 

 6868.254(4) 

 6877.776(3) 

 6878.039(1) 

 6878.692(9) 

 6881.268(7) 

 6881.817(2) 

 6881.946((6) 

 6884.078(2) 

 6884.445(3) 

 6887.875(2) 
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J′ = 4  J = 3 6888.639(3) 

 6905.776(3) 

 6910.627(4) 

 7154.191(4) 

 7154.496(4) 

 7155.531(3) 

 7166.417(3) 

 7168.227(5) 

 7169.256(7) 

 7169.649(8) 

 7170.187(6) 

 7170.298(4) 

 7170.942(8) 

 7170.974(7) 

 7171.418(7) 

 7171.831(6) 

 7173.607(8) 

 7178.082(6) 

 7178.187(4) 

 7180.751(6) 

 7180.918(5) 

 7181.649(5) 
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J′ = 4  J = 3 7181.913(3) 

 7181.966(6) 

 7182.658(6) 

 7183.188(5) 

 7183.3173) 

 7184.267(9) 

 7184.812(6) 

 7185.841(4) 

 7187.263(4) 

 7187.729(5) 

 7188.073(5) 

 7189.058(6) 

 7189.992(4) 

 7190.163(4) 

 7191.466(5) 

 7198.315(5) 

 7198.579(6) 

 7198.702(6) 

 7198.962(7) 

 7203.217(6) 

 7204.188(5) 

 7204.713(5) 
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J′ = 4  J = 3 7204.827(6) 

 7205.246(7) 

 7205.293(4) 

 7206.517(3) 

 7206.607(4) 

 7208.257(5) 

 7209.073(5) 

 7210.369(7) 

 7210.848(6) 

 7211.590(6) 

 7212.204(8) 

 7213.141(5) 

 7215.919(4) 
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CHAPTER 9:  A HIGH-RESOLUTION INTRARED STUDY OF AN 

ORGANOMETALLIC MOLECULE 

 

9.1 HIGH-RESOLUTION INFRARED SPECTRUM OF THE ν 1 BAND OF  
η5-C5H5NiNO 
 

I. Abstract 

Gas phase rotational constants and distortion constants have been determined for 

the ν 1 (v=1) excited vibrational state of cyclopentadienylnickel nitrosyl (C5H5NiNO) 

using a high resolution Fourier Transform Spectrometer (FTS) system at Kitt Peak, 

Arizona, (KPNO).  The rotationally resolved lines have been measured for the C-H 

symmetric stretch vibration (ν 1=3110 cm-1).  One hundred fifty five lines have been 

assigned and fitted using a   rigid-rotor Hamiltonian with centrifugal distortion.  The 

vibrational band center, excited state rotational constants and distortion constants derived 

from the measured spectrum for this prolate symmetric-top molecule are  

νo = 3110.4129(4) cm-1, A′ = 0.14328(8) cm-1, B′ = C′ = 0.041285(1) cm-1,  

DJ′ =  0.078(1) kHz, DJK’= 2.23(4) kHz and DK’= -2.63(2) kHz  respectively.    Several 

different combination differences, with a common upper state were calculated for 

different K – stacks for the observed spectra and the consistency of the lower state 

rotational constants obtained provided further support to the current assignment.  Even 

though the ground state rotational constant (B′) derived from this combination differences 

analysis agrees with the previously obtained FTMW value to within 0.15% , this term has 



 

 

271

been fixed (to the FTMW value) in the present analysis to avoid correlation effects and to 

get more accurate results.  The A′′ rotational constant and distortion constants for the 

ground vibrational state were also held fixed during the analysis to avoid correlation 

effects.  The new measured parameters are compared with the previously obtained results 

from Fourier transform microwave and infrared spectroscopy measurements.  The C-H 

vibration stretching frequency and rotational constants were calculated using Density 

Functional Theory (DFT) calculations and these were quite helpful in resolving 

ambiguities in the fitting procedure and for initial assignments of measured lines. 

 

 

II. Introduction 

 There has been a considerable interest in π-bonded organometallic transition 

metal complexes since the initial discovery and characterization of ferrocene 221, 222.  

These π-bonded transition metal complexes have played an important role in the 

development of organometallic chemistry.  The complex, cyclopentadienylnickel Nirosyl 

(CpNiNO) appears to be one of the first organometallic complexes to be studied using 

microwave spectroscopy 223.  This complex (CpNiNO) has been found to be an excellent 

catalyst for  cyclo-oligomerization of di-alkenes 224, 225 and polymerization of terminal 

alkynes 226.  

  Studies using various different isotopic species have revealed that this complex 

has a linear Ni-N-O system and a five fold axis of symmetry (C5) orthogonal to the C5H5 

plane 227 , 228.  The C5v symmetry axis was established by the correlation of line intensities 
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with the calculated nuclear spin statistics of the molecule.  Even though an earlier 

electron diffraction study 229 had suggested a bent Ni-N-O system, Ronowa and 

coworkers 230 later showed that the Ni-N-O moiety is linear and the structure is consistent 

with the gas-phase microwave structure.  The nuclear quadrupole coupling constant for 

14N (I=1) has been determined using Fourier Transform Microwave Spectroscopy by two 

groups231, 232.  The analysis using two different models (Townes-Daily model 231 & 

Pauling model 232) indicate that the Ni-N bond exhibits primarily double bond character.   

             Different research groups have studied low-resolution infrared spectra of this 

complex in different phases in order to assign various infrared and Raman active 

frequencies 233, 234, 235, 236.  Moreover, photoelectron studies 237, 238 have yielded orbital 

energies and ionization energies of the CpNiNO complex. 

 In this work, the high-resolution infrared spectrum of CpNiNO has been recorded 

in the frequency range 2500 to 5700 cm-1.  The symmetric-top structure of CpNiNO has 

made it easier to analyze this high-resolution infrared data.  There are thirty three 

fundamental vibrational modes of CpNiNO, which can be described with their symmetry 

and activity as follows; six A1-IR active / Raman depolarized, one A2 –IR inactive, seven 

E1-IR active / Raman depolarized, and six E2-Raman depolarized, where the A1, A2  and 

E1 , E2 modes are singly and doubly degenerate233 respectively.  In the present analysis, 

the ro-vibrational spectrum for the A1 symmetric C-H stretch (ν1 vibrational mode) has 

been analyzed using a Fourier-transform spectrometer system available at Kitt Peak 

Arizona.  For the ν1 stretch mode, the transition dipole moment lies along the main 

symmetry axis (see Fig.1), so this gives rise to a parallel ( // ) type band.  Various 



 

 

273

different researchers have measured this ν1 symmetric stretch to be between 3110 cm-1 

and 3118 cm-1 for different phases. However, the report of a detailed infrared analysis in 

the gas phase by Feltham and coworkers [233] located the ν1 C-H stretch at 3110 cm-1.   

 The present work has yielded rotational constants and distortion constants for the 

upper vibrational state, in addition to a more precise value for the ν1 symmetric stretching 

vibrational mode.  A comparison is made between theoretical calculations and the 

present, new, high resolution infrared data and this is expected to aid in understanding the 

structure of this molecule in the vibrational excited state. 

 

 

III. Experimental 

The preparation of CpNiNO molecule was based on a published synthesis 

procedure by Piper et al. 239  In a typical synthesis, a suspension containing 

dicyclopentadienyl nickel (nickelocene) in dry n-pentane was prepared inside a dry box.  

This was capped with a rubber septum and NO gas was passed through this suspension 

for several hours with constant stirring while keeping the reaction mixture at ice 

temperature.  The resulting red color solution, in the presence of sludge, was vacuum 

distilled with a short distillation arm to obtain the title compound, CpNiNO, as a bright 

red liquid.  The product was isolated in a small round bottom flask at dry ice temperature.  

The CpNiNO complex has sufficient vapor pressure at room temperature to allow for 

gas-phase spectroscopy.   
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 The vibration-rotation spectra were recorded using 1-m Fourier Transform 

Spectrometer (FTS) located at McMath-Pierce facility of the National Observatory 

(NSO) at Kitt Peak, Arizona.  The basic experimental details and experimental setup are 

given in Table 9.1.1.  To collect the absorption spectra of CpNiNO, a cylindrical glass 

sample cell (1.38 m long) was placed between the infrared source and the entrance 

aperture of the FTS, with the ends of the sample cell capped with CaF2 windows having 

o-ring seals.  This sample cell was constructed with a valve at one end to admit the 

sample.  A T–joint was attached to this adjustable valve and one end was connected to 

two liquid nitrogen cooled traps followed by a vacuum pump.  A small glass sample cell, 

with another valve, containing CpNiNO was attached to the other end of this T-joint to 

introduce the CpNiNO vapor.  The absolute accuracy of the instrument is 0.056 cm-1, 

based on calibrations using a HeNe single-frequency reference laser and measuring near-

infrared acetylene lines, with well-known frequencies.  Quick scans were taken at 

different concentrations and pressures of CpNiNO before finding the “best” set of 

conditions.  Once optimized, the spectra were recorded with the basic set up parameters.  

Before introducing the sample of CpNiNO to the main sample cell tube, a high resolution 

spectrum of the empty cell was recorded under the same basic experimental conditions to 

allow subtraction of a background.  All of the spectra were recorded at room temperature.   
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IV. Theoretical Methods 

Different theoretical methods and basis sets were tested in the quest to find the best 

calculated structure for CpNiNO.  The final method used was DFT with Becke’s three-

parameter functional with the non-local correlation provided by Perdew and Wang 

(B3PW91). 58, 81 , 178   The following basis sets were used to compare the structural results.   

 

(a) Los Alamos double zeta basis set, (LANL2DZ)61, 151, 152 

(b) Dunning / Huzinaga valence double zeta on carbon, nitrogen, oxygen and 

hydrogen atoms with Stuttgart / Dredsen electron core potentials on nickel atom 

(SDD) 227, 240 

(c) Hay-Wadt (n+1) basis set with effective core potential for nickel 61 and split-

valence plus polarization basis set (SVP)155, 156 for carbon, nitrogen, oxygen and 

hydrogen atoms.   

  All geometry optimization methods were followed by a frequency analysis to 

ensure that the stationary points found were at least local minima.  The B3PW91 

calculations with different basis sets predict structural parameters and rotational constants 

closer to the experimental values.  These calculations were performed using the options 

vibrot and anharmonic.  These options may be used along with the Optimization and 

Frequency routines in Gaussian 03 in order to calculate zero point energies, anharmonic 

frequencies and anharmonic vibration-rotation couplings241, 242, 243, 244.   

 Results from the theoretical calculations, using the options, vibrot and 

anharmonic were used to aid the assignments of quantum numbers for the various 
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transitions.  These calculations not only predict the rotational constants for the 

equilibrium (re) structure of the molecule, but also the constants for the ground (r0) and 

the excited vibrational states for the molecule.   

 The preferred method and the basis set used to predict the geometry and the 

structure of CpNiNO is B3PW91 with the Hay-Wadt (n+1) basis set and an effective core 

potential for nickel and the split-valence plus polarization basis set (SVP) for the carbon, 

nitrogen, oxygen and hydrogen atoms.  This method and the basis set combination were 

preferred because the harmonic frequencies of the molecule were closer to the 

experimental gas-phase low resolution infrared spectrum values for the molecule, after 

scaling the theoretical values with a standard correction factor of 0.9607245.  The second 

reason for preferring this method and basis set is that the rotational constant, B (=C) for 

the r0 structure was closer to the measured value from the gas-phase Fourier transform 

microwave spectroscopy measurements 231.  All the calculated values are given in Table 

9.1.3 along with the respective current and previous experimental values.   

 All the theoretical calculations were performed an on HP/Compaq Alpha 

supercomputer (AURA) using Gaussian-03 Programs  which is available at the University 

of Arizona. 
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V. Data Analysis 

  Line lists for the center frequencies for the observed transitions were generated 

for this complex using the software PC-GREMLIN.  As part of the process of selecting 

the transitions for CpNiNO molecule, the measured spectrum was ratioed to the empty 

cell spectrum recorded under the same experimental conditions.  This spectrum was used 

for the analysis using PC-GREMLIN.  To double check, the transitions could be correctly 

attributed to be the CpNiNO complex; the line frequencies were cross-checked with the 

Hitran 246 Data base for all other listed molecules in the infrared frequency range of 

interest (3110 to 3120 cm-1). 

 All the assigned transitions for CpNiNO which were used in the fit are listed in 

Table 9.1.2.  Out of many lines observed (close to 1500), one hundred fifty five lines 

were carefully selected to be used in the fitting program, SPFIT, which employs a 

standard rigid rotor Hamiltonian with centrifugal distortion.  As the measurement 

uncertainties were underestimate during the fit procedure, a program, PIFORM  was used 

to correct the fitted parameter uncertainties in order to obtain values of the various 

constants with conventional standard errors.   

 Transitions obtained for the prolate symmetric-top, CpNiNO were fitted using six 

adjustable parameters namely; 1.  Rotational constants for the excited vibrational state (A′ 

, B′), 2. Centrifugal distortion constants for the excited state (DJ′ , DJK′, DK′) and 3. Pure 

vibrational frequency (the energy difference between v=0 and v=1 level) for the ν1 mode.  

In the fitting analysis, the ground state rotational constants (A′′ , B′′ ) and the distortion 

constants (DJ′′ , DJK′′, DK′′) were held fixed to the previously obtained more precise values 
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from Fourier-transform Microwave Spectroscopy 231 and the current DFT values.  In 

addition, effects of the nuclear quadrupole coupling due to 14N were ignored as the 

splitting due to N nuclear quadrupole interaction is much smaller than the resolution of 

the FTS instrument (0.006 cm-1).  The fitted parameters from the least squares fit along 

with the calculated values and previous experimental values are presented in Table 9.1.3 

for comparison. 

 The first fundamental vibrational band corresponding to the A1 symmetric stretch 

of C-H has been analyzed.  As mentioned above, this band is due to the transition dipole 

moment parallel to the z- axis (symmetry axis) and gives an IR active parallel (//) band.  

Therefore the transitions obey the parallel selection rules ∆K = 0 with ∆J = ±1 for the K′ 

= 0  K′′ = 0 transition and ∆J = 0, ±1 transitions for K ≠ 0.   The intensities of these 

lines are governed by the HÖnl-London factors 247.   The energy expression involved for 

the origin of the sub-bands is as follows247 (Eq.1). 

 

                    νo 
sub  =  νo    +   [ (A′[v]  -  A′′[v])    -    (B′[v]  -  B′′[v]) ] K2        Eq. (1)  

 

        In Eq.1, A′ and B′ represent the rotational constants for the upper vibrational state 

and A′′ and B′′ are the rotational constants for the ground vibrational state.  The whole 

parallel band will appear to consist of one P, one R and the blended-line Q branch.  Each 

of these lines consists of a number of components (J+1 in the R branch and J in the P 

branch).  This PQR branch structure was readily observed in the current spectra 

indicating that this molecule is symmetric top.  Altogether, eighty eight P branch 
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transitions and sixty seven R branch lines for various K-stacks were fitted in the current 

analysis with a standard deviation of 0.0022 cm-1.  However, no Q branch transitions 

were well resolved and hence not included in the current analysis.  The distortion 

constants are not shown in Eq.1.  The equations for the P (∆J= -1) and the R (∆J= +1) 

branches are similar to equation one, except for the additional terms which are:  

B′ [ (J+1)(J+2)] - B′′ [J(J+1) ]  for the R-branch and B′ [ (J-1)J] - B′′ [J(J+1) ]  for the 

P-branch.  

 

VI. Discussion 

The high-resolution infrared spectrum of the π-bonded transition metal complex, 

CpNiNO has been measured and analyzed.  The analysis yields the rotational constants 

(A′ , B′ ) for the vibrational excited state, distortion constants for the excited state and the 

fundamental ν 1, C-H stretching frequency for the CpNiNO molecule.  The reported 

values agree well with the previously measured experimental and calculated values (see 

Table 9.1.3) to within the experimental uncertainties.  A convincing set of combination 

differences involving a common upper level (LSCD) have been calculated for several 

different transitions for various different K – stacks.  These calculations yielded lower 

state rotational constant (B′′) and as can be seen in Table 9.1.4, the consistency of the 

values obtained for B′′ further supports the validity of the current assignment and the fit 

results.  These combination differences have been calculated with respect to seven 

different, common upper rotational states.  However the deviations in the ground 

rotational constants from this analysis are about 2 MHz when compared to the previously 
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obtained FTMW value.231   Nevertheless, this level of agreement is as good as we would 

expect considering the experimental errors for the measured IR lines.  The ground state 

rotational constants, A′′ , B′′ along with the ground state distortion constants were held 

fixed to the FTMW results in the current analysis to obtain more reliable parameters for 

the excited state.  The present study also provided the fundamental C-H stretching 

frequency, 3110.4129(4) cm-1 and this agrees well with the previous low resolution 

infrared value obtained by Feltham and co-workers 233.   

The rotational constants, A′  and B′  obtained for the upper vibrational state from 

the present study are 0.14328(8) cm-1 and 0.041285(1) cm-1.  Furthermore, the excited 

state rotational constant B′  obtained experimentally is 0.00072 cm-1 lower than the 

ground state rotational constant B′′ (FTMW value)231 and this trend has been observed in 

the current density functional theory calculated values, and would be an expected effect 

of vibrational averaging for an excited vibrational state  The calculated constants differ 

from the current experimental results by 1 – 3%, these calculated values can be improved 

to near experimental values if one takes in to account vibration averaging corrections and 

uses a larger basis set for the Ni atom.  The difference between ground and excited state 

rotational constants were as expected, and this is caused by an increase in average 

internuclear distance in the upper vibrational state.  The best fit, with standard deviation 

of 0.0022 cm-1, was obtained by constraining the ground state distortion constants  (DJ′′, 

DJK′′ and DK′′) to the previous FTMW results, while treating the distortion constants  for 

the vibrational excited state  (DJ′, DJK′, DK′) as adjustable parameters.  This is a reasonable 

approach because distortion constant values may be affected by other low lying 
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vibrational levels.  Attempts to fit the measured lines by keeping the same distortion 

constants for both ground and excited vibrational states resulted much higher standard 

deviation for the fit.  The upper state distortion constant, DJ’ obtained from the current 

analysis is very close to the previously reported microwave value of 0.08(2) kHz.  

However, DJK′  for the upper state shows a significant decrease when compared to the 

microwave value (Table 9.1.3).  This is probably due to more readily distorted bond 

angles in the upper state compared to the lower state.  An inclusion of an additional 

distortion constant (DK′) further improved the fit deviation.  In this case, the ground state 

DK′′ value held fixed to zero because neither DFT nor FTMW values is available for this 

constant.      

The line broadening in the spectra is probably a combination of both Doppler and 

Pressure broadening.   

 

                            ∆ν( FWHM)  = 7.1  x 10-7 x  ν0  x  √(T/M)      Eq: (2) 

 

The Doppler broadening can be calculated from Eq.2, where ∆ν is the width of 

the line in cm-1 at half the peak height (FWHM), ν0 is the line center in cm-1, T is the 

temperature of the cell (room temperature in our case) in Kelvin and M is the molecular 

weight in atomic mass units.  According to this, the Doppler broadening of the lines we 

measured is approximately 0.0043 cm-1.  Pressure broadening is more difficult to 

estimate, but according to gas kinetic theory, this is approximately 0.00033 cm-1 per Torr 

for hard sphere collisions.  However this underestimates the value, by an order of 
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magnitude, or more for large polyatomic molecules.  Since the approximate vapor 

pressure of the sample used was 100 -150 Torr in the experiment, the pressure 

broadening due to sample pressure will be a significant factor for the line width observed.  

So, we believe that the spectra observed at resolution 0.006 cm-1 are already at the 

Doppler and/or pressure-broadened resolution limit.  Furthermore, judging the 

appearance of the lines in the spectra, we believe that it is highly unlikely that recording 

the spectra of these large polyatomic molecules with higher instrumental resolution, on 

the order of 0.001 cm-1, would resolve any further structure in the spectra. 

 

                 

VII. Conclusions 

In conclusion, the gas phase rotational constants and distortion constants for the 

excited vibrational state (v=1) corresponding to ν1 vibrational band of C - H have been 

determined using high resolution Fourier transform infrared spectroscopy.  The analysis 

also yields the C-H symmetric vibrational stretching frequency (ν1) for the CpNiNO 

transition metal complex.  The observed values for these parameters agree well with the 

previously measured experimental values and current theoretical values.  Current high 

resolution infrared data is expected to aid in understanding the molecular structure and 

force constants for this organometallic molecule in the vibrational excited state.   
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FIGURE 9.1.1:  Molecular structure of cyclopentadenyl nickel nitrosyl indicating main 
C5 symmetry axis.  Arrows represent the fundamental C-H vibration mode which is used 
to obtain the high resolution spectrum.    
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TABLE 9.1.1: Experimental parameters and settings for the FT spectrometer. 

 

Spectral Coverage 1780 - 5700 cm-1 

Resolution used (FWHM) 0.006 cm-1 

Number of co-added scans 10 

Recording time ~ 1 hour 

Absorbing path length  1.38 m 

Aperture diameter 3.0 mm 

Source Quartz halogen 

Beam Splitter KCl 

Detectors (2) InSb 

Optical Filters Wedged Ge 
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TABLE 9.1.2:  Measured and Calculated vibration-rotation transition frequencies for 

CpNiNO, and the fit residuals (M-C).  All the frequency values are in cm-1 units and σFIT 

is 0.0022 cm-1.  

 

J′ K′ v′ J′′ K′′ v′′ Measured Calculated M-C 

45 0 1 46 0 0 3105.2096 3105.2093 0.0004 

45 1 1 46 1 0 3105.2069 3105.2073 -0.0004

45 2 1 46 2 0 3105.2020 3105.2016 0.0005 

45 3 1 46 3 0 3105.1920 3105.1920 0.0000 

44 2 1 45 2 0 3105.3439 3105.3442 -0.0003

44 1 1 45 1 0 3105.3502 3105.3500 0.0003 

44 0 1 45 0 0 3105.3510 3105.3519 -0.0009

43 1 1 44 1 0 3105.4915 3105.4913 0.0002 

43 0 1 44 0 0 3105.4932 3105.4932 0.0000 

42 5 1 43 5 0 3105.5870 3105.5869 0.0001 

42 4 1 43 4 0 3105.6035 3105.6032 0.0003 

42 3 1 43 3 0 3105.6159 3105.6162 -0.0003

42 2 1 43 2 0 3105.6252 3105.6256 -0.0004

42 1 1 43 1 0 3105.6310 3105.6312 -0.0002

42 0 1 43 0 0 3105.6232 3105.6331 -0.0099

41 1 1 42 1 0 3105.7701 3105.7699 0.0002 

41 0 1 42 0 0 3105.7720 3105.7718 0.0002 
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40 4 1 41 4 0 3105.8802 3105.8795 0.0007 

40 3 1 41 3 0 3105.8922 3105.8923 -0.0001

40 2 1 41 2 0 3105.9012 3105.9016 -0.0004

40 1 1 41 1 0 3105.9067 3105.9072 -0.0005

40 0 1 41 0 0 3105.9131 3105.9091 0.0040 

39 4 1 40 4 0 3106.0162 3106.0156 0.0006 

39 3 1 40 3 0 3106.0289 3106.0284 0.0005 

39 2 1 40 2 0 3106.0371 3106.0376 -0.0005

39 1 1 40 1 0 3106.0425 3106.0432 -0.0007

39 0 1 40 0 0 3106.0569 3106.0451 0.0118 

38 4 1 39 4 0 3106.1468 3106.1504 -0.0036

38 3 1 39 3 0 3106.1635 3106.1631 0.0004 

38 2 1 39 2 0 3106.1719 3106.1723 -0.0004

38 1 1 39 1 0 3106.1778 3106.1779 -0.0001

38 0 1 39 0 0 3106.1776 3106.1798 -0.0022

37 2 1 38 2 0 3106.3049 3106.3057 -0.0008

37 1 1 38 1 0 3106.3155 3106.3113 0.0042 

37 0 1 38 0 0 3106.3148 3106.3132 0.0016 

36 3 1 37 3 0 3106.4266 3106.4287 -0.0021

36 2 1 37 2 0 3106.4384 3106.4378 0.0006 

36 1 1 37 1 0 3106.4435 3106.4434 0.0002 

36 0 1 37 0 0 3106.4451 3106.4452 -0.0001
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33 1 1 34 1 0 3106.8319 3106.8316 0.0003 

33 0 1 34 0 0 3106.8379 3106.8335 0.0045 

31 7 1 32 7 0 3106.9978 3107.0016 -0.0038

31 5 1 32 5 0 3107.0399 3107.0415 -0.0016

31 4 1 32 4 0 3107.0560 3107.0571 -0.0011

31 3 1 32 3 0 3107.0680 3107.0695 -0.0015

31 2 1 32 2 0 3107.0765 3107.0784 -0.0019

31 1 1 32 1 0 3107.0840 3107.0839 0.0001 

31 0 1 32 0 0 3107.0850 3107.0857 -0.0007

29 1 1 30 1 0 3107.3315 3107.3309 0.0006 

29 0 1 30 0 0 3107.3335 3107.3327 0.0008 

26 7 1 27 7 0 3107.6074 3107.6107 -0.0033

26 6 1 27 6 0 3107.6475 3107.6316 0.0159 

26 5 1 27 5 0 3107.6493 3107.6499 -0.0006

26 4 1 27 4 0 3107.6641 3107.6652 -0.0011

26 3 1 27 3 0 3107.6765 3107.6774 -0.0009

26 2 1 27 2 0 3107.6858 3107.6863 -0.0005

26 1 1 27 1 0 3107.6908 3107.6916 -0.0008

26 0 1 27 0 0 3107.6924 3107.6934 -0.0010

24 2 1 25 2 0 3107.9192 3107.9203 -0.0011

24 1 1 25 1 0 3107.9243 3107.9256 -0.0013

24 0 1 25 0 0 3107.9253 3107.9274 -0.0021
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22 1 1 23 1 0 3108.1538 3108.1543 -0.0005

22 0 1 23 0 0 3108.1555 3108.1561 -0.0006

19 2 1 20 2 0 3108.4816 3108.4824 -0.0008

19 1 1 20 1 0 3108.4882 3108.4876 0.0006 

19 0 1 20 0 0 3108.4826 3108.4894 -0.0068

16 4 1 17 4 0 3108.7821 3108.7834 -0.0013

16 3 1 17 3 0 3108.7948 3108.7953 -0.0005

16 2 1 17 2 0 3108.8036 3108.8040 -0.0004

16 1 1 17 1 0 3108.8089 3108.8093 -0.0004

16 0 1 17 0 0 3108.8110 3108.8110 0.0000 

12 5 1 13 5 0 3109.1769 3109.1792 -0.0023

12 4 1 13 4 0 3109.1944 3109.1942 0.0003 

12 3 1 13 3 0 3109.2055 3109.2060 -0.0005

12 2 1 13 2 0 3109.2152 3109.2147 0.0006 

12 1 1 13 1 0 3109.2198 3109.2199 -0.0001

12 0 1 13 0 0 3109.2215 3109.2216 -0.0001

11 2 1 12 2 0 3109.3152 3109.3141 0.0011 

11 1 1 12 1 0 3109.3191 3109.3193 -0.0002

11 0 1 12 0 0 3109.3223 3109.3210 0.0013 

8 1 1 9 1 0 3109.6105 3109.6097 0.0008 

8 0 1 9 0 0 3109.6112 3109.6115 -0.0003

7 3 1 8 3 0 3109.6898 3109.6902 -0.0004
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7 2 1 8 2 0 3109.6985 3109.6988 -0.0003

7 1 1 8 1 0 3109.7040 3109.7040 0.0000 

7 0 1 8 0 0 3109.7055 3109.7057 -0.0002

1 1 1 2 1 0 3110.2421 3110.2421 0.0000 

1 0 1 2 0 0 3110.2449 3110.2439 0.0010 

1 0 1 0 0 0 3110.5005 3110.4955 0.0050 

2 1 1 1 1 0 3110.5771 3110.5750 0.0021 

2 0 1 1 0 0 3110.5777 3110.5767 0.0010 

3 2 1 2 2 0 3110.6504 3110.6497 0.0007 

3 1 1 2 1 0 3110.6550 3110.6550 0.0000 

3 0 1 2 0 0 3110.6575 3110.6567 0.0008 

4 3 1 3 3 0 3110.7196 3110.7197 -0.0001

4 2 1 3 2 0 3110.7280 3110.7284 -0.0004

4 1 1 3 1 0 3110.7335 3110.7336 -0.0001

4 0 1 3 0 0 3110.7355 3110.7354 0.0001 

7 2 1 6 2 0 3110.9564 3110.9567 -0.0003

7 1 1 6 1 0 3110.9620 3110.9619 0.0001 

7 0 1 6 0 0 3110.9647 3110.9637 0.0010 

8 1 1 7 1 0 3111.0349 3111.0354 -0.0005

8 0 1 7 0 0 3111.0365 3111.0372 -0.0007

12 1 1 11 1 0 3111.3152 3111.3165 -0.0013

12 0 1 11 0 0 3111.3176 3111.3183 -0.0007
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14 4 1 13 4 0 3111.4223 3111.4228 -0.0005

14 3 1 13 3 0 3111.4350 3111.4350 0.0000 

14 2 1 13 2 0 3111.4440 3111.4439 0.0001 

14 1 1 13 1 0 3111.4489 3111.4492 -0.0003

14 0 1 13 0 0 3111.4505 3111.4510 -0.0005

17 3 1 16 3 0 3111.6235 3111.6243 -0.0008

17 2 1 16 2 0 3111.6322 3111.6332 -0.0010

17 1 1 16 1 0 3111.6380 3111.6386 -0.0006

17 0 1 16 0 0 3111.6389 3111.6404 -0.0015

22 2 1 21 2 0 3111.9235 3111.9227 0.0008 

22 1 1 21 1 0 3111.9272 3111.9282 -0.0010

22 0 1 21 0 0 3111.9337 3111.9301 0.0036 

23 3 1 22 3 0 3111.9678 3111.9676 0.0002 

23 2 1 22 2 0 3111.9759 3111.9767 -0.0008

23 1 1 22 1 0 3111.9810 3111.9823 -0.0013

23 0 1 22 0 0 3111.9849 3111.9841 0.0008 

25 3 1 24 3 0 3112.0724 3112.0717 0.0008 

25 2 1 24 2 0 3112.0819 3112.0808 0.0011 

25 1 1 24 1 0 3112.0853 3112.0864 -0.0011

25 0 1 24 0 0 3112.0881 3112.0882 -0.0001

26 2 1 25 2 0 3112.1318 3112.1309 0.0009 

26 1 1 25 1 0 3112.1371 3112.1365 0.0006 
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26 0 1 25 0 0 3112.1378 3112.1384 -0.0006

27 1 1 26 1 0 3112.1861 3112.1853 0.0008 

27 0 1 26 0 0 3112.1876 3112.1872 0.0004 

31 2 1 30 2 0 3112.3623 3112.3617 0.0006 

31 1 1 30 1 0 3112.3678 3112.3674 0.0004 

31 0 1 30 0 0 3112.3692 3112.3693 -0.0001

32 3 1 31 3 0 3112.3951 3112.3945 0.0006 

32 2 1 31 2 0 3112.4045 3112.4040 0.0005 

32 1 1 31 1 0 3112.4101 3112.4097 0.0004 

32 0 1 31 0 0 3112.4120 3112.4116 0.0004 

35 3 1 34 3 0 3112.5119 3112.5132 -0.0013

35 2 1 34 2 0 3112.5232 3112.5228 0.0004 

35 1 1 34 1 0 3112.5289 3112.5286 0.0003 

35 0 1 34 0 0 3112.5309 3112.5306 0.0004 

38 4 1 37 4 0 3112.6060 3112.6066 -0.0006

38 3 1 37 3 0 3112.6209 3112.6200 0.0009 

38 2 1 37 2 0 3112.6279 3112.6298 -0.0019

38 1 1 37 1 0 3112.6361 3112.6357 0.0004 

38 0 1 37 0 0 3112.6380 3112.6377 0.0003 

39 2 1 38 2 0 3112.6628 3112.6628 0.0000 

39 1 1 38 1 0 3112.6691 3112.6688 0.0004 

39 0 1 38 0 0 3112.6698 3112.6707 -0.0009
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44 5 1 43 5 0 3112.7685 3112.7665 0.0020 

44 4 1 43 4 0 3112.7844 3112.7841 0.0003 

44 3 1 43 3 0 3112.7981 3112.7980 0.0001 

44 2 1 43 2 0 3112.8070 3112.8081 -0.0011

44 1 1 43 1 0 3112.8132 3112.8142 -0.0010

44 0 1 43 0 0 3112.8169 3112.8163 0.0006 
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TABLE 9.1.3:  The structural parameters obtained for the CpNiNO complex using least-

squares fits.  The theoretical values obtained using rB3PW91 level and three different 

basis sets are presented for comparison.  The listed values are in cm-1 (unless otherwise 

not mentioned) and error limits are 1 σ.                              

  

This  Study 

 

Previous 

Studies 

 

Hay-

Wadt 

 

LANL2DZ 

 

SDD 

ν0 3110.4129(4) 3110b 3144 3194 3191 

A′′ [0.1459]c - 0.1459 0.1437 0.1436 

B′′ = C′′ [0.04200487(2)]a 0.04200487(2)a 0.04140 0.04002 0.04121 

DJ′′ / kHz [0.08]a 0.08(2)a - - - 

D JK′′ / kHz [2.70]a 2.70(6)a - - - 

D K′′ / kHz [0.00] - - - - 

A′ 0.14328(8) - 0.1458 0.1436 0.1435 

B′ = C′ 0.041285(1) - 0.04138 0.04000 0.04119 

D J′ / kHz 0.078(1) - - - - 

D JK′ / kHz 2.23(4) - - - - 

D K′ / kHz -2.63(2) - - - - 

N 155     

σ / cm-1 0.0022     

a:  The values were held fixed to the gas phase FTMW values during the fit. 
b:  Frequency obtained from low-resolution Infrared experiment  
c:  Fixed to DFT value 
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TABLE 9.1.4:  Calculated lower state combination differences (LSCD = combination 

differences with a common UPPER state) for various rotational states.  The B′′ values 

were calculated using LSCD formula ∆ F(J) = 4 B′′ (J + ½).  As shown, the consistency 

of the value for the lower ground state rotational, B′′constant provides further support to 

the fit.     

 

Upper J state 

Frequency 

R-branch 

Frequency 

P-branch 

 

B′′ 

 

K state 

39 3112.6698 3106.0569 0.041854 0 

 3112.6691 3106.0425 0.041941 1 

 3112.6628 3106.0371 0.041935 2 

     

38 3112.6380 3106.1776 0.041951 0 

 3112.6361 3106.1778 0.041937 1 

 3112.6279 3106.1719 0.041922 2 

 3112.6209 3106.1635 0.041931 3 

 3112.6060 3106.1468 0.041943 4 

     

26 3112.1373 3107.6924 0.041933 0 

 3112.1371 3107.6908 0.041946 1 

 3112.1318 3107.6858 0.041943 2 
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22 3111.9337 3108.1555 0.041980 0 

 3111.9272 3108.1538 0.041927 1 

     

12 3111.3176 3109.2215 0.041922 0 

 3111.3152 3109.2198 0.041908 1 

     

8 3111.0365 3109.6112 0.041921 0 

 3111.0349 3109.6105 0.041894 1 

     

7 3110.9647 3109.7055 0.041973 0 

 3110.9620 3109.7040 0.041933 1 

 3110.9564 3109.6985 0.041930 2 
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CHAPTER 10:  CONCLUSIONS & FUTURE DIRECTIONS 

 

The structures and electronic properties of a wide variety of organometallic 

molecules have been investigated and presented in this thesis using high resolution 

pulsed-beam Fourier transform microwave spectrometer system (PBFTMS).  The 

fundamentally important structural parameters and properties were directly obtained by 

analyzing rotational spectra and hyperfine spectra of variety of organometallic and two 

organic molecules in the present work.  Extensive Density Functional Theory (DFT) 

calculations have been performed in conjunction with the experiments to provide 

additional insight toward further understanding the equilibrium structures, structural 

isomers and electric field distributions of these molecules.  The fundamentally important 

structural parameters are very important in understanding the reactivities and chemistry 

of these complexes.  As mentioned in detail in previous chapters, these molecular 

systems have been extensively used in organic synthesis, mainly as catalysts and model 

complexes.   

A total of seven organometallic and two organic complexes containing various 

ubiquitous ligands have been studied and presented in this thesis.  The organometallic 

complexes studied were; tetracarbonylethyleneosmium; Os(CO)4 (η2-C2H4), 

cyclopentadienyltungstenhydride; W(CO)3H (η5-C5H5), cyclopentadienylmolybdenum 

hydride; Mo(CO)3H (η5-C5H5), bis-cyclopentadienyltungstendihydride; WH2 (η5-C5H5)2, 

ethynylferrocene; (η5-C5H5)Fe(η5-C5H4)CCH, ferrocenecarboxaldehyde;  

(η5-C5H5)Fe(η5-C5H4)CHO and cyclopentadienyliridiumdicarbonyl; Ir(CO)2 (η5-C5H5) – 
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(Chapters 4, 5, 6 and 8).  All the organometallic molecules investigated here contain a  

d-block transition metal atom.  In addition to these molecular systems, microwave spectra 

of a keto-enol tautomeric system, 2-Hydroxypyridine and 2-Pyridone and a possible 

spectra of a hydrogen bonded dimer between these two tautomers have been measured 

using PBFTMS system (Chapter 7).   

Moreover, a high resolution infrared spectrum of cyclopentadienylnickel nitrosyl 

(NiNO(η5-C5H5)) has been measured and analyzed using a high resolution Fourier 

Transform Spectrometer (FTS) system at Kitt Peak, Arizona, (KPNO) – (Chapter 9).  

Most of these novel and important findings has been published in various journals  

(see Appendix B).   

The rotational spectra and theoretical studies of tetracarbonylethyleneosmium,  

Os(CO)4 (η2-C2H4) have yielded important structural findings and, to our knowledge, this 

marks the first detailed gas-phase structural study of this metallacycle (Chapter 4).  

Olefin-transition metal complexes of this type serve as important models of transition 

states in metal-mediated transformations of alkenes.    A near complete gas-phase 

structure has been obtained by analyzing a total of seven different isotopomers.  A 

significant reduction of the s-character of the ethylene sp2 carbons and the bond order of 

carbon-carbon bond has been observed upon complexation to osmium tetracarbonyl 

moiety.  Future directions of this project, as far as the microwave spectroscopy is 

concerned, may include obtaining the spectra for a similar complex, Ru(CO)4 (η2-C2H4) 

as the complete gas-phase structure for the remaining molecule in the series,  

Fe(CO)4 (η2-C2H4) has been analyzed previously in our lab51.  This will allow a direct 
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comparison of some important structural and electronic properties of group VIII 

transition metals of the complexes of this type. The ethylene structural changes upon 

complexation to the metal are found to be larger for the ethylene-osmium complex than 

for the analogous ethylene-iron complex and it will be very interesting to see the 

structural changes of ruthenium analogue upon complexation.   However, this will be a 

challenging project as ruthenium analogue is found to be more labile and reactive (least 

stable) than the osmium and iron analogues.  The ruthenium species can be synthesized 

using the same method used to synthezise tetracarbonylethylenosmium.  Extra caution 

has to be taken in order to prevent the decomposition of the final product to Ru3(CO)12.   

Another challenging and important research related to this area will be studying 

acetylene derivatives of the iron, ruthenium and osmium complexes of the type M(CO)4 

(η2-C2H2) where M = Fe, Ru, Os.  Lability and reactivity will be even higher for these 

acetylene analogues and therefore handling becomes more difficult.  None of these 

systems have been studied using microwave spectroscopy and not much of structural 

information is available in the literature.               

The rotational spectra of two important transition metal monohydrides, namely,  

cyclopentadienyl metal tricarbonyl hydride of tungsten and molybdenum  

W(CO)3H(η5-C5H5) and Mo(CO)3H(η5-C5H5) have been measured and successfully 

analyzed in the present thesis (Chapter 5, Section 1).  These microwave spectroscopy 

findings have yielded important structural details.  In the case of tungsten analogue, a 

total of nineteen rotational constants were measured for different tungsten and unique 13C 

isotopomers.  These constants allowed to get a near complete gas-phase structure for  
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W(CO)3H(η5-C5H5).  The structural parameters obtained from the least-squares analysis 

and Kraitchman analysis agree well with the structure obtained from DFT calculations.  

The W-H and Mo-H bond lengths were also determined for these two complexes using 

Kraitchman analysis.  The results showed that the W-H distance is slightly shorter than 

the Mo-H bond distance.  This shorter W-H bond length could be attributed due to a 

possible lanthanide contraction of the f electrons of W atom.  No 13C data were measured 

for Mo species in natural abundance in spite of an extensive search.  In the future, it 

would be worthwhile to synthesize isotopically enriched 13C isotopomers of Molybdenum 

species in order to get a more complete structure.  Again, this will be challenging because 

two out of seven isotopes of Mo (95Mo and 97Mo) have a nuclear spin of 5/2 and this will 

split the lines due to nuclear quadrupole interaction.  Some transitions believed to be 

derived from these isotopes have been observed in the present study, but these could not 

be assigned due to lack data.  Therefore, it is interesting and important to measure more 

hyperfine lines for this molecule and to determine nuclear quadrupole coupling constant 

for Mo(CO)3H(η5-C5H5).  Measuring of nuclear quadrupole constants for this molecule 

would provide greater insight in to the electronic charge distribution and bonding around 

the molybdenum center.  However, the assignment of the hyperfine spectra for this 

molecule will be very challenging due to spectral congestion and line overlap.   

Another important and interesting research project emanating from this tungsten 

and molybdenum mono-hydride project is the study of the rotational spectrum and the 

gas-phase structure of a similar Cr(CO)3H(η5-C5H5) complex.   Several attempts have 

been made to synthesize this molecule using previously published procedures. 248, 249, 250  
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Although we were successful in making the complex, handling of this product was very 

difficult due to its rapid decomposition even with a little exposure to oxygen.  The color 

of the hydride is lemon yellow, but it quickly decomposes to a green color dimer,  

(η5-C5H5Cr(CO)3)2 with a little exposure to air. Impurities present in the sample and high 

sensitivity to heat may be another problem for this.  In fact, we received a freshly 

synthesized sample of  Cr(CO)3H(η5-C5H5) from Sean McGrady, University of New 

Brunswick, Canada, but observed the same decomposition (within a few minutes, the 

sample turned green) when transferring in to our glass sample cell.  A newly designed 

sample cell may be needed in order to do further tests with this molecule.  This chromium 

analogue has a higher vapor pressure than the tungsten and molybdenum complexes.  

This is an advantage in designing and using a different sample cell for this species than 

the regular sample cell.  The measurements of this chromium analogue would allow 

direct comparison of structural parameters of group VI complexes of this type.  It is 

interesting to see how the Cr-H bond length differs from other two W and Mo analogues.  

In addition, measurements of gas-phase structure and electric field distribution of these 

mono-hydrides will be useful in understanding the acidity and reactivity of these 

complexes with respect to the metal hydrogen bond distance.   

High resolution microwave spectral findings for (η5-C5H5)2WH2 have shown 

important structural information of this complex around the tungsten metal atom (Chapter 

5, Section 2).  Motivation behind this research was to confirm whether this molecule is a 

“classical dihydride” or a “dihydrogen” complex.  Microwave spectra for eleven 

isotopomers of (η5-C5H5)2WH2 were recorded in the 5-12 GHz range using the current 
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spectrometer system with a simplified and improved homodyne detection system (see 

experimental section, Chapter 3 for more details about the new detection scheme).  This 

homodyne system greatly simplified the microwave circuit with no apparent loss in 

sensitivity.  Over two hundred and fifty transitions have been measured for the  

(η5-C5H5)2WH2, (η5-C5H5)2WHD and (η5-C5H5)2WD2 isotopomers.  According to 

microwave results, we have confirmed that this molecule is a “classical dihydride”.  

Unfortunately, the lack of spectra from 13C substituted species limits the degree to which 

some of the parameters can be independently and accurately determined.  The fitted 

parameters associated with the cyclopentadienyl ring geometry (r(W-Cp), ∠(Cp-W-Cp) 

and r(Cp) – ring radius) are highly correlated and without 13C data, it is impossible to get 

an independent value for these parameters.  Therefore, as far as future projects are 

concerned, rotational spectra of additional isotopomers with 13C substitutions at the three 

different Cp ring positions (2.1% natural abundance) are warranted in order to accurately 

determine cyclopentadienyl ring parameters.  However, extra caution has to be observed 

when handling this sample due to its rapid decomposition with atmospheric oxygen.  

Another potentially rewarding and important project emanating from these mono-

hydride and di-hydride projects is the study of the microwave spectra of (η5-C5H5)2NbH3.  

As shown, this molecule has three “H’s” attached to niobium metal center and it is very 

important to know whether these are hydrides, dihyrogen or combination of both.  Few 

unsuccessful attempts were made to obtain the spectra of this molecule.  Therefore, 

further investigations of this molecule are certainly worthwhile in order to understand the 

“actual structure” of this trihydride.   
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Gas-phase structural findings of substituted ferrocene complexes have yielded 

interesting structural results and conformational properties of these molecules.  An array 

of substituted ferrocene complexes; chloroferrocene,6 bromoferrocene,5  

methylferrocene,7 and dimethylferrocene8 have been studied in our lab previously using 

PBFTMS technique.  This together with present microwave results for ethynylferrocene9 

and ferrocenecarboxaldehyde 10 have yielded important electronic and structural 

correlation for a wide variety of these substituted ferrocene complexes.  Rotational 

spectra for twenty-four and eighteen isotopomers have been measured for 

ethynylferrocene and ferrocenecarboxaldehyde respectively and these constants were 

used with the values obtained from density functional theory calculations in order to get 

the near complete structure of the molecules.  More importantly, the distance from 

cyclopentadienyl ring to the iron atom, r(Cp-Fe) have been compared to the inductive 

Hammett parameter (σΣI) of the substituents and the oxidation potential (∆E0) of these 

complexes.  These findings revealed that there is a systematic trend between the r(Cp-Fe) 

and these two parameters (σΣI & ∆E0)  and that the substituents have significant and 

systematic effects.  From this study, we have been able to deduce the distance from the 

Fe atom to the center of the Cp ring for a molecule with no dipole moment, namely, 

ferrocene, using microwave spectroscopy (see Chapter 6).   

In order to check further the validity of our results, we targeted another 

substituted ferrocene, namely vinylferrocene.  Unfortunately we have not been successful 

in measuring the rotational spectra of this complex despite many attempts.  

Vinylferrocene is commercially available and the sample can be purchased from Aldrich 
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(cat. number).  However, synthesizing isotopically enriched (with deuterium) will be 

challenging but possible.  The normal sample readily sublimes at 45-50 °C temperature 

and is a good candidate for gas-phase spectroscopy.  Therefore, obtaining the microwave 

spectra of this complex will be an interesting project in the future.   

The microwave spectral findings of (η5-C5H5) Ti (η7-C7H7) have yielded some 

important electronic and structural properties of this metal-sandwiched complex.251  The 

analysis of the rotational spectrum gives the nuclear quadrupole coupling constant of 

Titanium and the electric field distribution of this complex around metal center.  To our 

knowledge, this study marks the first microwave spectra of cycloheptatrienyl (C7H7) 

system.  Only two isotopomers for this complex have been measured so far and none of 

the possible 13C spectra has been obtained for this complex.  As far as future projects are 

concerned, it is interesting and important to measure more isotopomers of this complex in 

order to get the complete gas-phase structure.  More importantly, it is essential to get the 

spectrum of (η5-C5H5) Ti (η7-C7H7) – 7d (deuterium at position seven in the 

cycloheptatrienyl ligand) in order to locate the hydrogen atom position of the C7H7 ring.  

Details on how to make this substitution have been reported in the literature.252,253, 254  

In order to compare the spectral findings and to compare the results obtained for  

(η5-C5H5) Ti (η7-C7H7), a similar project has been undertaken.  This time, the molecule of 

interest was a similar type complex, (η5-C5H5) Zr (η7-C7H7).  The zirconium analogue is 

structurally very much similar to titanium species and both these complexes behave the 

same in the gas-phase.  This complex has an intense purple color and can be synthesized 

using the same procedure used to synthesize the titanium species. 255  We have been 
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successful in making this compound many times, but we were unable to obtain the 

spectrum.  Even though this complex sublimes at 115-120 °C, we noted a rapid 

decomposition of the sample within few hours of running in the spectrometer.  This must 

be due to its high sensitivity to air, moisture and may be to light and heat.  We observed 

the same problem with the titanium complex.  Unfortunately, we were not successful in 

obtaining the spectrum of this complex despite many attempts.  Therefore, obtaining the 

microwave spectrum of (η5-C5H5) Zr (η7-C7H7) will be an important project in the future 

because this would allow one to compare the spectral findings of this species to similar  

(η5-C5H5) Ti (η7-C7H7) complex.   

Another important complex of this type is (η5-C5H5) V (η7-C7H7).  When 

comparing to diamagnetic titanium and zirconium species, this complex is paramagnetic 

but can be synthesized readily.256  We have not been successful in getting the spectrum of 

this molecule even with extensive scanning.  One major reason for this could be the effect 

of earth’s magnetic field on the spectral lines of this molecule.  If one were to obtain the 

spectrum of the vanadium species, it is advisable to reduce the effect of earth’s magnetic 

field as much as possible.  We have installed Helmholtz coils around the cavity of the 

current spectrometer and tried to tune the field to zero with the help of a Gauss meter.  

Even though this is one way of canceling the field, we noted that the field inside the 

cavity is not very homogenous and hard to get rid of due to other magnetic parts of the 

instrument and other effects.  It would be worthwhile to do these experiments with better, 

stationary Helmholtz coils as the reliability of the current coils are not very high.  
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Therefore possible microwave studies of CpZrCHT and CpVCHT remain ongoing and 

challenging projects.  

The highly resolved rotational spectra for the two tautomers  

(Z)-2-hydroxypyridine and 2-pyridone and their deuterated isotopomers yielded 

important electronic and structural properties of these molecules.  From the obtained 

spectrum, Nitrogen (14N) and deuterium (2H) quadrupole hyperfine structures were 

completely resolved for many of the observed transitions (Chapter 7).  The new and 

improved experimental rotational constants obtained for the H and D isotopomers for 

both tautomers allow the precise determination of hydrogen atom coordinates, complete 

diagonal elements of 14N quadrupole tensor and p orbital occupation numbers. Moreover, 

a total of over twenty-five transitions have been measured for the dimer forms from  

(Z)-2-hydroxypyridine and 2-pyridone in the 5-10 GHz frequency range.  However, the 

analysis of these lines has not been successful due to a possible tunneling effect of 

hydrogen and hyperfine splitting.  According to a recent optical study, no tunneling has 

been observed for deuterated dimer of (Z)-2-hydroxypyridine and 2-pyridone.  Therefore 

in order to assign the H-bonded dimer, it would be useful to obtain the spectrum of D-

bonded dimer.  So far, about 10 possible lines have been measured for this D-bonded 

dimer and this work remains as an interesting and ongoing project.  These H-bonded 

systems are very important due to its possible chemical and biological implications.  The 

dimer between (Z)-2-hydroxypyridine and 2-pyridone can be used as a model complex 

for understanding the dynamics of DNA base pair interactions.   
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Another on going and unfinished project in this thesis is (η5-C5H5) Ir(CO)2 

project.  However, the analysis of the spectrum of this molecule is not very straight 

forward as this exhibits a hindered motion within the complex.  Microwave spectra of 

similar complexes, (η5-C5H5) Co(CO)2
257

 and (η5-C5H5) Rh(CO)2
258

 has been measured 

and partially analyzed previously in our lab.  These molecules appear to have a ten fold 

barrier to rotation of the –M(CO)2 (where M = Co, Rh, Ir) fragment about the C5 axis of 

the cyclopentadienyl group.  Splitting and additional transitions due to hindered internal 

rotation has been observed in both these complexes.  In addition to this, cobalt and 

iridium nuclei further split these transitions due to quadrupole coupling.  The potential 

energy barrier to internal rotation has been calculated for both cobalt and rhodium 

complexes and these calculations indicate that there is a coupling between the internal 

rotation and distortion of the Cp ligand. So far, nearly fifty transitions have been 

measured for (η5-C5H5) Ir(CO)2 complex and many more transitions still need to be 

measured. (Chapter 8).  However, before attempting to measure more of these lines, it is 

advisable to reproduce and refit previously measured cobalt spectra again.  Also, it is 

essential to get help from a good theoretician for this project as the analysis of the spectra 

is not very straightforward.   

In addition to above mentioned microwave studies, high resolution infrared 

spectra of (η5-C5H5) NiNO has been measured using Fourier transform infrared 

spectrometer available at Kitt Peak, Arizona. The FT-IR spectral finding yield important 

structural finding for the upper and ground state of the title complex (Chapter 9).  The 

rotationally resolved lines have been measured for the C-H symmetric stretch vibration  
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(ν 1=3110 cm-1).  These spectral finding were compared with the previously obtained 

low-resolution infrared, high-resolution microwave and current density functional theory 

calculations.  Current high resolution infrared data are expected to aid in understanding 

the molecular structure and force constants for this organometallic molecule in the 

vibrational excited state.  Furthermore, high-resolution infrared spectra have been 

measured for another organometallic complex, CH3ReO3, but no analysis has been done 

on this data.  According to previous high-resolution microwave results259, this prolate 

symmetric-top molecule exhibits an internal rotation and a large quadrupole coupling 

effects due to rhenium.  However, this may not be appearing in the infrared spectrum due 

to the resolution limits.  Therefore the analysis of the spectra of CH3ReO3 will yield 

further understanding of this complex in the vibrational excited state.                

Apart from this, several different unfinished and partly done projects have not 

been reported in the present thesis.  All these complexes ((η6-C6H6)Mo(CO)3, 

CH3Mn(CO)5, (η5-C5H5)2FeMn(CO)5, Fe2S2(CO)6 are organometallic complexes and it is 

fruitful to further investigate these complexes in order to gather important structural 

findings.  Detailed experimental description of the CH3Mn(CO)5 project is well 

documented in the thesis of Chakree Tanjaroon.  In addition to the transitions recorded 

previously for this complex, few additional transitions were measured for the  

symmetric-top species of this molecule (see log 26, Kukolich lab).   

Further more, few transition frequencies were measured (see log 26, Kukolich 

Lab) for (η5-C5H5)2FeMn(CO)5 dinuclear molecule and this will be a very good 

microwave spectroscopy project in the future.  The first ever microwave spectra of a 
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dinuclear complex has been successfully analyzed and published260 previously in our lab.  

The Fe-Mn system possesses a much larger dipole moment than the previously measured 

Mn-Re complex and therefore it is a very good candidate for microwave spectroscopy.  

The synthesis261 of this complex is straightforward and the compound was successfully 

made and characterized using mass spectrometry before.  One major issue is the low 

rotational constants due to the high mass of this complex, which ultimately results in high 

J transitions (low population).  However, this is truly a new arena for microwave 

spectroscopy and future work on similar dinuclear metallic complexes would potentially 

yield many new interesting results, both structurally and spectroscopically.                 
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APPENDIX A:  EXAMPLES OF INPUT, OUTPUT AND  

PROGRAM FILES 

 

 
 
1.  ROTCONST:  An example of a rot.in file used for (C5H5)2NbH3 molecule.  
Rotational constants can be obtained using this program. 
 
NbHdft 
24 2 
X       92.90  -0.000016       -0.334820       -0.000133 
C1      0..0    -2.327885       -0.903590         0.008163 
C2      0.0     -2.118887       -0.101864       -1.152698 
C3      0.0     -1.726453        1.189745       -0.720100 
C4      0.0     -1.723676        1.198729         0.707970 
C5      0.0     -2.112667       -0.087610         1.158278 
C6      0.0       2.328010       -0.903393       -0.001411 
C7      0.0       2.116338       -0.092909       -1.155764 
C8      0.0       1.724715        1.195257       -0.712671 
C9      0.0       1.724973        1.193294         0.715524 
C10    0.0      2.115629       -0.096265         1.155256 
H1      0.0     -0.001243       -1.190358       -1.505032 
H2      0.0     -0.000573       -2.078143       -0.005235 
H3      0.0       0.000989       -1.202334        1.497888 
H4      0.0       2.649327       -1.942763       -0.002984 
H5      0.0       2.245949       -0.406564       -2.189244 
H6      0.0       1.486155        2.045514       -1.350884 
H7      0.0       1.486946        2.041535         1.356463 
H8      0.0       2.245600       -0.412285         2.187874 
H9      0.0      -2.251544       -0.422745       -2.183530 
H10    0.0      -1.489530        2.034871       -1.365601 
H11    0.0      -1.485128        2.052366         1.341277 
H12    0.0      -2.239881       -0.396335         2.193510 
H13    0.0      -2.647011       -1.943508         0.015680 
 
 
 
2.  Output from ROTCONST program. 
 
MASSES AND COORDINATES IN XYZ INERTIAL FRAME 
     MASS           X          Y          Z 
   92.906400  -0.000016  -0.334820  -0.000133    X      
   12.000000   0.000000  -2.327885  -0.903590    C1     
   12.000000  -2.118887  -0.101864  -1.152698    C2     
   12.000000  -1.726453   1.189745  -0.720100    C3     
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   12.000000  -1.723676   1.198729   0.707970    C4     
   12.000000  -2.112667  -0.087610   1.158278    C5     
   12.000000   2.328010  -0.903393  -0.001411    C6     
   12.000000   2.116338  -0.092909  -1.155764    C7     
   12.000000   1.724715   1.195257  -0.712671    C8     
   12.000000   1.724973   1.193294   0.715524    C9     
   12.000000   2.115629  -0.096265   1.155256    C10    
    1.007825  -0.001243  -1.190358  -1.505032    H1     
    1.007825  -0.000573  -2.078143  -0.005235    H2     
    1.007825   0.000989  -1.202334   1.497888    H3     
    1.007825   2.649327  -1.942763  -0.002984    H4     
    1.007825   2.245949  -0.406564  -2.189244    H5     
    1.007825   1.486155   2.045514  -1.350884    H6     
    1.007825   1.486946   2.041535   1.356463    H7     
    1.007825   2.245600  -0.412285   2.187874    H8     
    1.007825  -2.251544  -0.422745  -2.183530    H9     
    1.007825  -1.489530   2.034871  -1.365601    H10    
    1.007825  -1.485128   2.052366   1.341277    H11    
    1.007825  -2.239881  -0.396335   2.193510    H12    
    1.007825  -2.647011  -1.943508   0.015680    H13    
 
 
 ((((CENTER OF MASS COORDINATES)))) 
 X=  0.123598892 
 Y= -0.083787825 
 Z= -0.048373143 
 ((((((((((((((((())))))))))))))))) 
 ********PROLATE SYMMETRIC LIMIT******** 
 THE ROWS OF THE MATRIX BELOW ARE THE UNIT 
VECTORS A,B,C. THE TRANSPOSE OF THIS MATRIX 
IS THE DIRECTION COSINE MATRIX. 
 
              0.99666D+00 -0.81714D-01 -0.12691D-02 
 
              0.76690D-01  0.92979D+00  0.36001D+00 
 
             -0.28237D-01 -0.35890D+00  0.93295D+00 
 
 THE ANGLES OF ROTATION ARE 
 THETA=  21.101 
 PHI=  -0.202 
 PSI= 175.501 
 ###########ROTATIONAL CONSTANTS########### 
 A=   1619.28743807MHZ 
 B=    865.09862404MHZ 
 C=    769.19685957MHZ 
 (B+C)/2=    817.14774180MHZ 
 KAPPA= -0.774372833 
 
  MASSES AND COORDINATES IN ABC SYSTEM 
 
   ATOM         A          B          C         MASS 
 X          -0.102750  -0.225521   0.138591    92.906400 
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 C1          0.061273  -2.403907   0.011019    12.000000 
 C2         -2.232106  -0.586347  -0.960470    12.000000 
 C3         -1.947076   0.800416  -1.031516    12.000000 
 C4         -1.946855   1.323095   0.297499    12.000000 
 C5         -2.230005   0.259347   1.190262    12.000000 
 C6          2.263951  -0.576100   0.275722    12.000000 
 C7          1.988224  -0.254324  -1.086136    12.000000 
 C8          1.492088   1.072886  -1.124015    12.000000 
 C9          1.490693   1.585238   0.209116    12.000000 
 C10         1.984859   0.574481   1.071153    12.000000 
 H1         -0.032154  -1.562860  -0.958317     1.007825 
 H2          0.039155  -1.848330   0.759523     1.007825 
 H3         -0.032762  -0.492757   1.847490     1.007825 
 H4          2.669126  -1.518423   0.638209     1.007825 
 H5          2.144343  -0.908076  -1.941410     1.007825 
 H6          1.185658   1.615394  -2.017855     1.007825 
 H7          1.183336   2.586414   0.509369     1.007825 
 H8          2.138908   0.662363   2.144283     1.007825 
 H9         -2.336791  -1.265978  -1.803274     1.007825 
 H10        -1.779185   1.371994  -1.943740     1.007825 
 H11        -1.779662   2.363088   0.575237     1.007825 
 H12        -2.332880   0.335230   2.270475     1.007825 
 H13        -2.609459  -1.918574   0.805444     1.007825   
 
 
 
 
3.  SPECPLT:  An example of a spec.in file used for the prediction of C2H4Os(CO)4 
 
192OsH 
927.18451074    754.55371173    750.56718042 
0 1 0 10 
0 1 0 
0.0 0.0 0.0 
0.1 1.0 1.0 
4000 10000 
0.0  0.0  0.0 
 
 
 
 
4.  Part of the output file obtained using SPECPLT program for the above input file. 
 
  MICROWAVE SPECTRUM OF:   OsEt                                        
 
                    (A+C)/2 =      838.876     (A-C)/2 =      88.309 
                    KAPPA =  -0.95485685      MAXIMUM J = 10 
                    A =     927.185     B  =     754.554     C =     750.567 
                    UA =  0             UB =  1             UC =  0 
                    DJ =   0.00000      DJK =   0.00000     DK =   0.00000 
                    EMIN =  2000.000      EMAX =  20000.000 
              226 TRANSITIONS - TRANS. ORDERED BY FREQ. 
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      TRANSITIONS         FREQUENCY    LINE STR.    DIPOLE 
 
      2( 2, 1) -  3( 1, 2)            4003.407               0.174         B 
      2( 1, 2) -  3( 0, 3)            4346.377               1.057         B 
      2( 0, 2) -  3( 1, 3)            4678.053               2.011         B 
      2( 1, 1) -  3( 2, 2)            5033.255               1.667         B 
      2( 1, 2) -  3( 2, 1)            5045.556               1.609         B 
      3( 3, 0) -  4( 2, 3)            5147.267               0.126         B 
      3( 3, 1) -  4( 2, 2)            5148.290               0.126         B 
      2( 2, 0) -  3( 3, 1)            5388.457               2.493         B 
      2( 2, 1) -  3( 3, 0)            5388.526               2.493         B 
 
 
 
 
5.  The input file used to fit the main isotopomer of tetracarbonylethyleneosmium 
complex using the latest version of FITSPEC program. 
 
 
'OsEtH4 main isotopomer fit ' 
'OsEtH4' 
8 ! NUMBER OF CYCLES 
8  0  0  ! TOTAL NO. VAR. PARAM., DERIVATIVE PRINT SW. 
'A', 929.3261,  'F',0.00001,1 
'B', 755.1829,  'F',0.00001,1 
'C',752.7332,  'F',0.00001,1 
'DELTJ',0.00006,'F'0.0001,1 
'DELTJK',0.00010,'F',0.0001,1 
'DELTK',0.00020,  'F',0.0001,1 
'DELJ',0.0000060,'F',0.0001,1 
'DELK',0.00030,'F',0.0001,1 
15,6,'N' ! NO. LINES IN FIT, # Q. NOS. 
5053.6006       3,      2,      1,      2,      1,      2 
4691.8402       3,      1,      3,      2,      0,      2 
5046.2116       3,      2,      2,      2,      1,      1 
5400.5692       3,      3,      1,      2,      2,      0 
5863.2021       4,      0,      4,      3,      1,      3 
6194.9462       4,      1,      4,      3,      0,      3 
6550.4697       4,      2,      3,      3,      1,      2 
6565.3967       4,      2,      2,      3,      1,      3 
6908.4219       4,      3,      2,      3,      2,      1 
6908.5476       4,      3,      1,      3,      2,      2 
7259.2318       4,      4,      1,      3,      3,      0 
5493.2129       4,      1,      4,      3,      2,      1 
5517.6240       4,      1,      3,      3,      2,      2 
8053.5087       5,      2,      4,      4,      1,      3 
8078.6390       5,      2,      3,      4,      1,      4 
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6.  Part of the output obtained from the above input file.  This gives the standard 
deviation of the fit and the new values for fitted parameters.  

 
   DATE =  0-  0-    0 
  THE FOLLOWING VARIABLES WERE FIXED DURING THE FIT  
 
 
 
 VARIABLE                FIXED AT  
  
 ******************************************************************************* 
 
 ITERATIVE CYCLE #  0 
 
  #  PNAME                    VALUE               STD. DEV. 
  1  A                     929.3261000          0.2483654388E-01 
  2  B                     755.1829000          0.3814923070E-01 
  3  C                     752.7332000          0.3605977594E-01 
  4  DELTJ                0.6000000000E-04      0.1233604309E-03 
  5  DELTJK               0.1000000000E-03      0.6842064178E-03 
  6  DELTK                0.2000000000E-03      0.1243337618E-02 
  7  DELJ                 0.6000000000E-05      0.6531526521E-04 
  8  DELK                 0.3000000000E-03      0.1679936865E-01 
 
 
  STD. DEV. OF OVERALL FIT=                    0.19493     
 
ITERATIVE CYCLE #  6 
 
  #  PNAME                    VALUE               STD. DEV. 
  1  A                     929.3260925          0.6270771618E-03 
  2  B                     755.1828437          0.9926376289E-03 
  3  C                     752.7332676          0.9363946437E-03 
  4  DELTJ                0.6336154151E-04      0.3191654722E-05 
  5  DELTJK               0.8998212750E-04      0.1864703249E-04 
  6  DELTK               -0.1344937759E-03      0.3037734799E-04 
  7  DELJ                 0.1862259563E-05      0.1702269137E-05 
  8  DELK                 0.5721602152E-02      0.4380577351E-03 
 
 
  STD. DEV. OF OVERALL FIT=                    0.51006E-02 
 
 
    J   K   K   J*  K*  K*   MEASURED(MHz)   CALCULATED(MHz)  (M.-C.)(MHz) 
 
    3   2   1   2   1   2      5053.6006       5053.6073      -0.0067 
    3   1   3   2   0   2      4691.8402       4691.8390       0.0012 
    3   2   2   2   1   1      5046.2116       5046.2039       0.0077 
    3   3   1   2   2   0      5400.5692       5400.5726      -0.0034 
    4   0   4   3   1   3      5863.2021       5863.2050      -0.0029 
    4   1   4   3   0   3      6194.9462       6194.9447       0.0015 
    4   2   3   3   1   2      6550.4697       6550.4667       0.0030 
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    4   2   2   3   1   3      6565.3967       6565.3966       0.0001 
    4   3   2   3   2   1      6908.4219       6908.4224      -0.0005 
    4   3   1   3   2   2      6908.5476       6908.5470       0.0006 
    4   4   1   3   3   0      7259.2318       7259.2307       0.0011 
    4   1   4   3   2   1      5493.2129       5493.2277      -0.0148 
    4   1   3   3   2   2      5517.6240       5517.6156       0.0084 
    5   2   4   4   1   3      8053.5087       8053.5118      -0.0031 
    5   2   3   4   1   4      8078.6390       8078.6399      -0.0009 
     
  ***** CAUTION ATTEMPTING DAMPENED FIT! *****  
  FIT STOPPED DUE TO DIVERGENCE EVEN THOUGH DAMPENED FIT HAS BEEN TRIED. 
 
 
 
 
7.  An example of a fit.in file used in the least-squares structural fit program.  This 
file was used to fit tetracarbonylethyleneosmium complex.     
 
8 21 1 20 
1.936 106.0 1.958 168.7 40.4 15.0 121.0 2.22 
929.3256 0 
755.1707 0 
752.7446 0 
923.1201 0 
753.9757 0 
749.8525 0 
929.2751 0 
750.9077 0 
748.4802 0 
920.6996 0 
754.9994 0 
747.2494 0 
881.4489 0 
744.4294 0 
724.3714 0 
929.3328 0 
755.1689 0 
752.7494 0 
929.3407 0 
755.1666 0 
752.7545 0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
 
 



 

 

315

 
8.  The parameter.f file used for the above input file.    
 
 
C *****STRUCTURE FIT-Ethylene Osmium Tetracarbonyl  ****** 
C *****8 parameter fit with 21 rotconsts******************* 
C ****** WRITTEN (Chandana) 01-11-2007******* 
C******* FINAL version!!!*******! 
C LINK-FTMCF,FITA2,ROTSUB 
       SUBROUTINE FCNDP(NP,ND,NV,NDATA,X1,P0,W,CM) 
        IMPLICIT REAL*8(A-H,O-Z) 
        DIMENSION X1(ND,NV),W(ND),P0(NP),CM(ND,NP) 
        DIMENSION FO(60),ZO(60),YO(60),XO(60) 
        DIMENSION F(60),X(60),Y(60),Z(60),PP(NP) 
        DIMENSION AN(NP),BN(NP),CN(NP) 
        NCYC=NCYC+1 
        DELTA=1.0D-05 
        N=15 
        ISW=0 
        SYM=2 
        NX=0 
C**********MASSES********* 
        OSM=191.961479 !Osmium 192 mass 
        HM=1.0078250321 !HYDROGEN mass 
        CAM=12.0000 !Carbon mass 
        OM=15.9949146221 !Oxygen mass 
C**********ASSIGN MASSES TO STRUCTURE*************** 
        F(1)=OSM 
        F(2)=CAM 
        F(3)=CAM 
        F(4)=OM 
        F(5)=OM 
        F(6)=CAM 
        F(7)=CAM 
        F(8)=OM 
        F(9)=OM 
        F(10)=CAM 
        F(11)=CAM 
        F(12)=HM 
        F(13)=HM 
        F(14)=HM 
        F(15)=HM 
        DO 12, I=1,N 
         FO(I)=F(I) 
12      CONTINUE 
C*********USE PARAMATERS TO OBTAIN GEOMETRY******** 
        DO 50, I=1,NP 
         PP(I)=P0(I) 
50      CONTINUE 
        CALL GSUB(NP,PP,X,Y,Z) 
        DO 20, L=1,N 
         XO(L)=X(L) 
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         YO(L)=Y(L) 
         ZO(L)=Z(L) 
20      CONTINUE 
C**********CYCLE THROUGH ABC DATA SETS**************************** 
        DO 100, NQ=1,21,3 
         DO 60, L=1,N 
         F(L)=FO(L) 
60       CONTINUE 
C**********STARTING WITH THE MOST ABANDANT 192Os*********** 
         IF(NQ.EQ.4) THEN 
                      F(2)=13.0033548378 !Eclipsed equatorial 
         END IF 
         IF(NQ.EQ.7) THEN 
                      F(2)=CAM 
                      F(6)=13.0033548378 !Staggered axial 
         END IF 
         IF(NQ.EQ.10) THEN 
                      F(2)=CAM 
                      F(6)=CAM 
                      F(10)=13.0033548378 !Ethylene 
         END IF        
         IF(NQ.EQ.13) THEN 
                      F(2)=CAM 
                      F(6)=CAM 
                      F(10)=CAM 
                      F(12)=2.0141017780 !D4 
                      F(13)=2.0141017780 
                      F(14)=2.0141017780 
                      F(15)=2.0141017780 
         END IF 
         IF(NQ.EQ.16) THEN                   
                      F(1)=189.958445 !Osmium 190  
         END IF                              
         IF(NQ.EQ.19) THEN                   
                      F(1)=187.9558360 !Osmium 188  
         END IF                              
 
C****************************************** 
         ISW=1  
         CALL ROTCONST(N,SYM,F,X,Y,Z,A,B,C,ASYMK,ISW) 
         ISW=0 
         W(NQ)=A 
         W(NQ+1)=B 
         W(NQ+2)=C 
         DO 40, K=1,NP 
          PP(K)=P0(K)+DELTA 
          CALL GSUB(NP,PP,X,Y,Z) 
          PP(K)=P0(K) 
          CALL ROTCONST(N,SYM,F,X,Y,Z,AN(K),BN(K),CN(K),ASYMK,ISW) 
40       CONTINUE 
         DO 70, L=1,N 
          X(L)=XO(L) 
          Y(L)=YO(L) 
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          Z(L)=ZO(L) 
70       CONTINUE 
         DO 30, K=1,NP 
          CM(NQ,K)=(AN(K)-A)/DELTA 
          CM(NQ+1,K)=(BN(K)-B)/DELTA 
          CM(NQ+2,K)=(CN(K)-C)/DELTA 
30       CONTINUE 
100     CONTINUE 
       RETURN 
       END 
 
       SUBROUTINE GSUB(NP,PP,X,Y,Z) 
        IMPLICIT REAL*8(A-H,O-Z) 
        DIMENSION X(24), Y(24), Z(24), PP(NP) 
        DIMENSION XP(60),YP(60),ZP(60)  
        pi=ACOS(-1D0) 
        RCOA=1.1385 !Axial C-O distance from DFT  
        RCOE=1.1437 !Equatorial C-O distance from DFT 
        ROCA=PP(1)  !1.938  ! 
        ACOCA=PP(2) !106.0  ! 
        ROCB=PP(3)  !1.955  ! 
        ACOCB=PP(4) !173.0  ! 
        ROCC=PP(8)  !2.223  ! 
        ACOCC=PP(5) !37.6   ! 
        RCH=1.0828  !C-H Bond distance from DFT 
        AOOP=PP(6)  !10.0   ! 
        AHCH=PP(7)  !113.0  ! 
C************************************************************* 
C*  First, constrain Osmium to the coordinate origin                                        
         X(1) = 0.00                                                                           
         Y(1) = 0.00                                                                           
         Z(1) = 0.00  
C*************************************************************         
C*  Now define coordinates for the equatorial Carbonyls eclipsed with ethylene  
         Rad1=(ACOCA/2)*pi/180  
         X(2)=-ROCA*COS(Rad1) 
         Y(2)=ROCA*SIN(Rad1) 
         Z(2)=0 
         X(3)=X(2) 
         Y(3)=-Y(2) 
         Z(3)=0 
         X(4)=-(ROCA+RCOE)*COS(Rad1) 
         Y(4)=(ROCA+RCOE)*SIN(Rad1) 
         Z(4)=0               
         X(5)=X(4)            
         Y(5)=-Y(4)           
         Z(5)=0               
C*************************************************************                                                                            
            
C*  Now define coordinates for the axial Carbonyls staggered with ethylene  
         Rad2=(ACOCB/2)*pi/180 
         X(6)=ROCB*COS(Rad2) 
         Y(6)=0 
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         Z(6)=ROCB*SIN(Rad2) 
         X(7)=X(6) 
         Y(7)=0 
         Z(7)=-Z(6) 
         X(8)=(ROCB+RCOA)*COS(Rad2) 
         Y(8)=0 
         Z(8)=(ROCB+RCOA)*SIN(Rad2)               
         X(9)=X(8)            
         Y(9)=0 
         Z(9)=-Z(8)               
C*************************************************************             
C*  Now define coordinates for the ethylene Carbons 
         Rad3=(ACOCC/2)*pi/180 
         X(10)=ROCC*COS(Rad3) 
         Y(10)=ROCC*SIN(Rad3) 
         Z(10)=0 
         X(11)=X(10) 
         Y(11)=-Y(10) 
         Z(11)=0 
C*************************************************************             
C*  Now define coordinates for the Hydrogens          
         Rad4=AOOP*pi/180 
         Rad5=(AHCH/2)*pi/180 
         X(12)=X(10)+RCH*SIN(Rad4) 
         Y(12)=Y(10)+RCH*COS(Rad4)*COS(Rad5) 
         Z(12)=RCH*COS(Rad4)*SIN(Rad5) 
         X(13)=X(12) 
         Y(13)=Y(12) 
         Z(13)=-Z(12) 
         X(14)=X(12) 
         Y(14)=-Y(12) 
         Z(14)=-Z(12) 
         X(15)=X(12) 
         Y(15)=-Y(12) 
         Z(15)=Z(12)                                                                         
C************************************************************* 
       RETURN 
       END 
 
 
 
 
9.  Part of the output obtained by executing the above two files.   
 
8    21     1    20 
              1.9360 
            106.0000 
              1.9580 
            168.7000 
             40.4000 
             15.0000 
            121.0000 
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              2.2200 
 
        929.3256   0.0 
        755.1707   0.0 
        752.7446   0.0 
        923.1201   0.0 
        753.9757   0.0 
        749.8525   0.0 
        929.2751   0.0 
        750.9077   0.0 
        748.4802   0.0 
        920.6996   0.0 
        754.9994   0.0 
        747.2494   0.0 
        881.4489   0.0 
        744.4294   0.0 
        724.3714   0.0 
        929.3328   0.0 
        755.1689   0.0 
        752.7494   0.0 
        929.3407   0.0 
        755.1666   0.0 
        752.7545   0.0 
        
CYCLE NUMBER   20 
            P0                    P1                  P1 - P0 
     0.19457893709D+01     0.19457893549D+01    -0.16002118629D-07 
     0.10580854563D+03     0.10580854654D+03     0.90649310168D-06 
     0.19539857691D+01     0.19539857752D+01     0.61065755473D-08 
     0.17111355866D+03     0.17111355537D+03    -0.32945315950D-05 
     0.37799506755D+02     0.37799506358D+02    -0.39704251835D-06 
     0.14363177344D+02     0.14363177316D+02    -0.28753863076D-07 
     0.11672446835D+03     0.11672446818D+03    -0.16811339196D-06 
     0.22095465640D+01     0.22095465819D+01     0.17856518229D-07 
0FINAL VALUES OF THE PARAMETERS AND STANDARD DEVIATIONS 
0            I                   P0(I)                  SDP 
             1             0.19457893549D+01     0.46888655174D-02 
             2             0.10580854654D+03     0.26426506546D+00 
             3             0.19539857752D+01     0.18114167092D-02 
             4             0.17111355537D+03     0.98060716815D+00 
             5             0.37799506358D+02     0.20792910806D+00 
             6             0.14363177316D+02     0.12273856075D+00 
             7             0.11672446818D+03     0.39506259864D+00 
             8             0.22095465819D+01     0.53716045122D-02 
0          YMEAS                 YCALC                RESIDUE 
         929.3256              929.3329               -0.0073 
         755.1707              755.1739               -0.0032 
         752.7446              752.7480               -0.0034 
         923.1201              923.1013                0.0188 
         753.9757              753.9358                0.0399 
         749.8525              749.8751               -0.0226 
         929.2751              929.2652                0.0099 
         750.9077              750.9127               -0.0050 
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         748.4802              748.4701                0.0101 
         920.6996              920.7018               -0.0022 
         754.9994              754.9983                0.0011 
         747.2494              747.2472                0.0022 
         881.4489              881.4493               -0.0004 
         744.4294              744.4275                0.0019 
         724.3714              724.3706                0.0008 
         929.3328              929.3417               -0.0089 
         755.1689              755.1739               -0.0050 
         752.7494              752.7537               -0.0043 
         929.3407              929.3506               -0.0099 
         755.1666              755.1739               -0.0073 
         752.7545              752.7596               -0.0051 
0SUM OF SQUARED RESIDUES =  0.30685556948D-02 
   STD. DEVIATION OF FIT =  0.15363682689D-01 
 
 CORRELATION COEFFICIENT MATRIX OF PARAMETERS 
0 
   0.100000D+01  -0.991537D+00  -0.983744D+00   0.983678D+00   0.466404D+00   0.266325D-01   
0.111791D-02  -0.977051D+00 
  -0.991537D+00   0.100000D+01   0.969076D+00  -0.966237D+00  -0.575713D+00  -0.988719D-01  -
0.114500D+00   0.977384D+00 
  -0.983744D+00   0.969076D+00   0.100000D+01  -0.999635D+00  -0.399734D+00   0.131294D+00   
0.313513D-01   0.923077D+00 
   0.983678D+00  -0.966237D+00  -0.999635D+00   0.100000D+01   0.380442D+00  -0.139946D+00  -
0.564426D-01  -0.923099D+00 
   0.466404D+00  -0.575713D+00  -0.399734D+00   0.380442D+00   0.100000D+01   0.599434D+00   
0.808812D+00  -0.533346D+00 
   0.266325D-01  -0.988719D-01   0.131294D+00  -0.139946D+00   0.599434D+00   0.100000D+01   
0.554637D+00  -0.219877D+00 
   0.111791D-02  -0.114500D+00   0.313513D-01  -0.564426D-01   0.808812D+00   0.554637D+00   
0.100000D+01  -0.488147D-01 
 
 
 
 
10.  Kratichman input  & output files.  
 
Input: 
 
  'Kraitchman analysis for EtOs(CO)4' 
'11-17-2006' 
'Parent: EtOs(CO)4; All single substitutions' 
4 
'Parent', 929.32558, 755.17066, 752.74465, 331.9724376 
0.00057, 0.00033, 0.00026 
'EthC13', 920.69962, 754.99942, 747.24940, 332.9757924 
0.00034, 0.00018, 0.00033 
'AxylC13', 929.2751, 750.9077, 748.4802, 332.9757924 
0.0017, 0.0011, 0.0023 
'EquaC13', 923.12006, 753.97570, 749.8525, 332.9757924 
0.00093, 0.00047, 0.0010 
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Output: 
 
Kraitchman analysis for EtOs(CO)4 
 11-17-2006 
 Parent: EtOs(CO)4; All single substitutions 
 
                           Parent's Rotational Constants 
               A                        B                        C 
    929.325580+/-0.000570    755.170660+/-0.000330    752.744650+/-0.000260 
                               M=    331.972438 
 
            Rotational Constants          C.O.M. coordinates 
EthC1     Constant      Uncertainty      Value      Uncertainty 
  A      920.699620      0.000340      0.052874      0.002812 
  B      754.999420      0.000180      2.141091      0.113853 
  C      747.249400      0.000330      0.713346      0.037932 
 M/R     332.975792          -         2.256177      0.000155 
 
AxylC     Constant      Uncertainty      Value      Uncertainty 
  A      929.275100      0.001700      1.948151      0.543970 
  B      750.907700      0.001100      0.168963      0.047178 
  C      748.480200      0.002300      0.043312      0.012094 
 M/R     332.975792          -         1.955943      0.000501 
 
EquaC     Constant      Uncertainty      Value      Uncertainty 
  A      923.120060      0.000930      0.051941      0.005199 
  B      753.975700      0.000470      1.146166      0.114721 
  C      749.852500      0.001000      1.529935      0.153132 
 M/R     332.975792          -         1.910942      0.000278 
 
 
 
 
11.  PICKETT – This program is freely available from the 
http://www.ifpan.edu.pl/~kisiel/asym/pickett/crib.htm website.  The following 
information was directly taken from this site.        
 
SPCAT: 
input 
     var   -   constants, errors + correlation matrix from SPFIT  
    .int   -   information for intensity calculation  
    .bin   -   parameters and variances generated by a previous run of SPFIT  
output:       
     .out   -   main output file  
    .cat   -   catalogue file, calculated transitions only, 80-column format, no frequency sorting - 
                  this serves    as input for the merging program  
    .str   -     output of transition dipoles  
    .egy   -   output of energy levels, derivatives, and eigenvectors 
 
SPFIT: 
 inpit 
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     par   -   control flags and declarations + values of constants  
    .lin   -   transition listing  
output:           
     .bak   -   backup of the original .par file  
    .par   -   modified .par file with constants resulting from fit  
    .var   -   as .par but with errors and Cholesky decomposition of correlation matrix for use in SPCAT  
    .fit   -   main output file  
    .bin   -   binary output file containing parameters and variances for use by the predictive program  
 
USEFUL CODES: 
 
10000 A         10000 A       spin 1:                     
20000 B         20000 B       110010000chi.aa*3/2     
30000 C         30000 C       110020000chi.bb*3/2   
                              110030000chi.cc*3/2    400001  
  200-DJ          200-DJ      110040000chi(b-c)/4     
 1100-DJK      1100-DJK     110610000chi.ab         
 2000-DK       2000-DK      110210000chi.bc         
40100-delJ      40100 d1      110410000chi.ac 
41000-delK      50000 d2      110011000chi.k*3/2    
                              110010100chi.J*3/2   
 
 
Example files  
 
.var file 
 
OsEtCO4 - 13C1 axial                                    Tue Oct 10 12:38:49 2006 
   8    8   10    0     0.0000E+00     1.0000E+06     1.0000E+00 1.0000000000 
s   1  1  0  25  0  2  10   6  0  -1  0 
           10000   9.292733106953420E+02 8.46222506E-05 / A 
           20000   7.509067378038776E+02 6.45382269E-05 / B 
           30000   7.484812010830144E+02 5.95091728E-05 / C 
             200  -3.744548550644322E-05 1.00000000E-37 / -DJ 
            1100  -2.270291206043333E-04 1.00000000E-37 /-DJK 
            2000   2.905401936418137E-04 1.00000000E-37 /-DK 
           40100   1.702016270482260E-06 1.00000000E-37 /-d1 
           50000  -7.312891796277835E-06 1.00000000E-37 / -d2 
 
 
.int file 
 
192Os-13C1 int 
0011 00001 1314.    0     9    -7. -7.          18.        10. 
    002    1.1000 / b dipole moment 
 
 
 
.par file 
 
OsEtCO4 - 13C1 axial                                    Tue Oct 10 12:38:49 2006 
   8    8   10    0     0.0000E+00     1.0000E+06     1.0000E+00 1.0000000000 
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s   1  1  0  25  0  2  10   6  0  -1  0 
           10000   9.292733106953420E+02 1.00000000E+37 / A 
           20000   7.509067378038776E+02 1.00000000E+37 / B 
           30000   7.484812010830144E+02 1.00000000E+37 / C 
             200  -3.744548550644322E-05 1.00000000E-37 / -DJ 
            1100  -2.270291206043333E-04 1.00000000E-37 /-DJK 
            2000   2.905401936418137E-04 1.00000000E-37 /-DK 
           40100   1.702016270482260E-06 1.00000000E-37 /-d1 
           50000  -7.312891796277835E-06 1.00000000E-37 / -d2 
lin file 
 
 4  0  4  3  1  3                        5824.8839     0.001 
 4  4  1  3  3  0                        7254.6050     0.001 
 5  3  3  4  2  2                        8394.5918     0.001 
 5  3  2  4  2  3                        8394.9624     0.001 
 5  4  2  4  3  1                        8753.9660     0.001 
 5  2  4  4  1  3                        8023.5117     0.001 
 6  1  6  5  0  5                        9150.8906     0.001 
 6  0  6  5  1  5                        8833.3720     0.001 
 
 
 
 
12.  RPLUTO – Input file for rpluto program. 
 
OsEtCO4 final geometry for paper  
15 
Os   0.000      0.051     0.000 
C2   0.000     -1.123     1.552 
C4   0.000     -1.123    -1.552 
O2   0.000     -1.813     2.464 
O4   0.000     -1.813    -2.464 
C1   1.948      0.202     0.000 
C3  -1.948      0.202     0.000 
O1   3.083      0.290     0.000 
O3  -3.083      0.290     0.000 
C5   0.000      2.141     0.716 
C6   0.000      2.141    -0.716 
H1   0.893      2.409     1.266 
H2  -0.893      2.409     1.266 
H3  -0.893      2.409    -1.266 
H4   0.893      2.409    -1.266 
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APPENDIX B: LIST OF PUBLICATIONS FROM THIS THESIS 

 

1.  Gas-phase structure of Tetracarbonylethyleneosmium.  Karunatilaka, Chandana; 
Tackett, Brandon, S.; Kukolich, Stephen, G. Journal of the American Chemical Society 
(submitted) 
 
2.  High-Resolution Infrared Spectrum of the ν 1 band of η5-C5H5NiNO.  
Karunatilaka, Chandana; Subramanian, Ranga,; Pedroza, Davian; Idar, Deanne, J.; 
Kukolich, Stephen, G. Journal of Physical Chemistry A (submitted)  
 
3. Microwave Spectra and Gas-Phase Structural Parameters of  
Bis(η5-cyclopentadienyl)tungsten Dihydride.  Tackett, Brandon S.; Karunatilaka, 
Chandana; Daly, Adam M.; Kukolich, Stephen G.  Organometallics, ACS ASAP.   
 
4.  Determination of structural parameters for ferrocenecarboxaldehyde using 
Fourier transform microwave spectroscopy.      Subramanian, Ranga; Karunatilaka, 
Chandana; Schock, Riley O.; Drouin, Brian J.; Cassak, Paul A.; Kukolich, Stephen G.    
Journal of Chemical Physics (2005), 123(5), 054317/1-054317/9.   
 
5.  Microwave Spectroscopy Measurements of the Gas-Phase Structure of 
Cyclopentadienyltungsten Tricarbonyl Hydride.  Tanjaroon, Chakree; Karunatilaka, 
Chandana; Keck, Kristen S.; Kukolich, Stephen G.  Organometallics, (2005), 24(12), 
2848-2853.   
 
6.  The Gas Phase Structure of Ethynylferrocene Using Microwave Spectroscopy.      
Subramanian, Ranga; Karunatilaka, Chandana; Keck, Kristen S.; Kukolich, Stephen G.    
Inorganic Chemistry, (2005), 44(9), 3137-3145.  
 
7.  Microwave Measurements of 14N and D Quadrupole Coupling for (Z)-2-
Hydroxypyridine and 2-Pyridone Tautomers.  Tanjaroon, Chakree; Subramanian, 
Ranga; Karunatilaka, Chandana; Kukolich, Stephen G.    Journal of Physical Chemistry A 
(2004), 108(44), 9531-9539.  
 
8.  Microwave spectra and the metal-hydrogen bond lengths for the C5H5Mo(CO)3H 
and C5H5W(CO)3H complexes.      Tanjaroon, Chakree; Keck, Kristen S.; Sebonia, 
Matthew M.; Karunatilaka, Chandana; Kukolich, Stephen G.  Journal of Chemical 
Physics, (2004), 121(3), 1449-1453.  
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