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Abstract 

Solid-state nuclear magnetic resonance permits access to the orientation-dependent NMR 

interaction tensors. A review of the solid-state 77Se NMR literature introduces areas of 

active research and places the presented experimental work into context. A 

comprehensive investigation of selenium chemical shift tensors provides a theoretical 

foundation using density functional theory for the level of relativistic theory, via the 

zeroth order regular approximation, required to reproduce experimentally determined 

values and trends. The selenium chemical shift tensors for a number of organoselenium, 

organophosphine selenide, and inorganic selenium systems are reported for the first time. 

Multinuclear magnetic resonance investigations of iminobis(dialkylphosphine 

chalcogenide) systems, HN(R2PE)2 (E = O, S, Se; R = Ph, ;Pr), together with their 

respective calculated values demonstrate the sensitivity of the selenium chemical shift 

tensor to hydrogen bonding and disorder within their solid-state structures. Indirect one-

bond selenium-phosphorus coupling constants, 1J(77Se,31P)iS0, are diagnostic with respect 

to the presence of an acidic N-H proton. The magnitudes ofl J(77Se, P)iS0 for the 

HN(R2PSe)2 (R = Ph, 'Pr) species, > 700 Hz, are on the order of 200 Hz larger than those 

found for [N('Pr2PSe)2]~ systems. The study of metal(II) tetraisopropyldiselenoimido-

diphosphinato complexes, M[N(1Pr2PSe)2]2, by solid-state NMR presents a novel non-

symmetric inorganic X-Se-Y moiety for solid-state Se NMR investigation. The 

characterized M-Se-P linkages are members of six-membered, MSe2P2N, rings. The 

pseudo-boat or distorted chair conformations of the heterocyclic rings, commonly 

encountered in Mn+[N(R2PSe)2]n systems, have been differentiated by solid-state 77Se 



NMR. The selenium chemical shift tensors for the pseudo-boat MSe2P2N rings possess 

spans, Q. = 5n - 833, that are on the order of 100-200 ppm larger than those from rings 

with a distorted chair conformation. Calculated orientations for the selenium chemical 

shift tensors are also found to differ depending on the conformation of the heterocyclic 

ring. The selenium chemical shift tensor for the central selenium in the square-planar 

complex Se[N('Pr2PSe)2]2 was described by qualitative molecular orbital theory, and its 

computation was found to require spin-orbit relativistic corrections in order to accurately 

reproduce the principal components, 8;;. The largest magnitudes reported for 

1 J(77Se,77Se)iso and ^(^Te^Se)™ were found for the Se[N(iPr2PSe)2]2 and 

Te[N('Pr2PSe)2]2 complexes, respectively. 
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Chapter 1 

Introduction and Overview 

1.1 Introduction 

1.1.1 Selenium 

Since its initial discovery by Berzelius in 1818, selenium has steadily been 

incorporated in nearly all areas of chemistry. While the early chemistry involving 

selenium was predominately inorganic in nature,1 the development of organoselenium 

chemistry in the 1970s2"4 paved the way for many of the studies probing the suspected 

importance of selenium in biological systems over the next thirty years.5 With the 

function of selenium as an essential nutrient in mammalian systems firmly solidified,6"8 

attention has returned to selenium within inorganic systems particularly with regard to 

materials chemistry. 

The protective function of selenium in biology has been associated with numerous 

diseases including thyroid and reproductive function,7 heart and cardiovascular 

diseases,5'7 as well as cancer.9'10 Although selenium compounds generally show 

structural properties similar to those of their sulfur analogues,11 organoselenium 

compounds frequently possess unique chemical reactivities and biological activities.12 

Glutathione peroxidase, the first selenoprotein identified in mammals, blocks the 

formation of peroxides and free radicals both of which are believed to trigger various 

forms of cancer.5'8 The discovery that the TGA codon directs the incorporation of 

selenium has ultimately led to the acceptance of selenocysteine as the 21st amino acid.13'14 

Selenocysteine is generally located at the active site of selenoproteins,7 and a recently 
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identified selenoprotein family exhibiting a diselenide bond between selenocysteine 

residues15 has been highlighted as a potential source of cellular redox regulation.16 

Selenium is also found in a wide range of materials that have found applications 

in many industrial fields such as photoelements, in solar technology, in metal coatings, as 

well as lubricants, and pharmaceuticals.17 The discovery of electrical conduction within 

organic quasi one- or two-dimensional charge transfer complexes containing 

tetraselenafulvalene species led to the first organic superconducting material 

tetramethyltetraselenafulvalene hexafluorophosphate, (TMTSF)2PF6.18'19 Subsequent 

studies of these materials have ventured to investigate the nature of the conducting phases 

as well as any transitions into the various ground states expected for these materials 

including charge and spin density wave, as well as singlet and triplet superconductivity 

states.20 

Recently, selenium has witnessed an increasingly important role within nano-

scale systems. Selenium has been utilized in the structure of various nanoparticles, 

nanowires, and nanotubules.21"29Applications of selenium in nano systems are known in 

the preparation of indium and gallium selenide materials,30"32 selenium incorporation 

within nanochannels of porous materials, ' in thermoelectric materials, ' as memory 

devices, and for selenium nanowires themselves, ' as well as their use as templating 

agents for the formation of nanotubes of other materials.40'41 

Vitreous systems containing selenium are classified as a member of the 

chalcogenide glasses and comprise one of two families of non-oxide glasses. These 

glasses are typically formed with neighboring elements of the periodic table, i.e., 

phosphorus, germanium, arsenic, tellurium, etc. Modern developments and applications 
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of chalcogenide glasses have recently been reviewed. These materials are sought after 

primarily as a result of their unique optical applications in the mid-infrared.42 For 

example, P-Se-Al glasses are optical and electronic materials with prospective 

applications as infrared optical fibers, reversible conductivity switching devices, 

semiconductors, photoconductors, photo-resists, and solid electrolytes.44 

1.1.2 Nuclear Magnetic Resonance 

For physicists, chemists, material scientists, biochemists, and medical researchers, 

nuclear magnetic resonance, NMR, is one of the most important characterization 

techniques at their disposal.45'46 The discovery that the chemical shift and indirect spin-

spin coupling interactions were resultant from the local environment of the nucleus being 

investigated demonstrated the potential of NMR in characterizing a variety of chemical 

species. As virtually every element in the periodic table possesses an NMR-active 

isotope, NMR is accessible to essentially any chemical system of interest. 

Nuclear magnetic resonance of neat liquids or dilute solutions may be considered 

the conventional application of NMR due to its widespread use. Rapid molecular 

tumbling of the chemical species in the liquid phase typically results in averaging of the 

NMR parameters of interest to their isotropic values. The resulting NMR spectra of 

liquids are generally composed of narrow and well-defined peaks, which can be readily 

described by the isotropic chemical shift, SjSO, of each non-equivalent nucleus present in 

the sample and where applicable the isotropic indirect spin-spin coupling constant, JiS0, 

between NMR-active nuclei. In addition, nuclear magnetic relaxation data can yield 

information on the overall motion of the molecule in solution, as well as modes of motion 

3 



within the molecule itself. For all of this available information, NMR of liquids has been 

utilized in the routine characterization of synthetic products, in the structure 

determination of complex biomolecules, and in the pursuit of reaction mechanisms and 

other dynamics in solution. However, nuclear magnetic resonance studies in solution 

provide only a portion of the information available from NMR in general. The 

anisotropic NMR interactions hold valuable orientation-dependent information. In 

addition to the anisotropics of those already mentioned, the chemical shift and indirect 

spin-spin coupling interactions that are averaged to their scalar isotropic values, the 

dipolar and quadrupolar interactions are averaged to zero in solution. 

As a result of these additional interactions as well as their anisotropic 

contributions, solid-state NMR is more complicated than that of solution phases and 

potentially more informative. The strong anisotropic chemical shift, dipolar, and possibly 

quadrupolar interactions typically found in NMR of polycrystalline solids generally result 

in broad, featureless lineshapes. Additionally, nuclear magnetic relaxation times are 

known to be significantly longer in the solid state, typically an order of magnitude larger 

or more. The lack of definition in these obtained spectra is of little use for 

characterization purposes; however, recent developments in methodology provide the 

experimentalist with the power of discretion over many NMR interactions including their 

anisotropics. One such approach in modern solid-state NMR that provides high-

resolution 'solution-like' spectra involves the combination of magic angle spinning, high-

power decoupling, and cross polarization, which will be discussed in more detail in 

Chapter 3. 
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With the continual improvement of computational power and the development of 

scientific computing software, the theoretical calculation of NMR parameters has 

developed into an entirely complementary approach to modern solid-state NMR 

spectroscopy.47 The accurate reproduction of experimental NMR values is a good test of 

the level of theory employed in calculating such second-order properties as the nuclear 

magnetic shielding and indirect spin-spin coupling interactions. As calculations are 

performed on predefined structures, either from computational geometry optimizations or 

via crystal structure determinations, calculated parameters correspond to explicit 

structural sites and can often be assigned to specific resonances in the experimental 

spectrum. Additionally, the orientation-dependent interactions are calculated within the 

frame of reference of the predefined structure, and the relative orientation of the principal 

axis system of the calculated interaction tensor within the molecular frame is an 

important piece of information that is not readily extracted from solid-state NMR spectra 

of polycrystalline solids. These calculated orientations, in the case of nuclear magnetic 

shielding tensors, have been found to be in good agreement with the corresponding 

experimentally determined orientations of chemical shift tensors from single-crystal 

NMR studies.48 

1.1.3 Focus System 

77 

In the process of pursuing an increase to the literature available on Se NMR, the 

majority of the experimental chapters of this thesis are each focused on the solid-state 

NMR results of a specific compound; iminobis(dialkylphosphine selenide), HN(R2PSe)2, 

and the complexes of its mono-anionic bidentate ligand form; tetraalkyldiselenoimido-
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diphosphinate, [N(R2PSe)2]\ Scheme 1.1. In addition to characterizing the NMR 

parameters from these complexes, by studying this class of compounds, system specific 

questions, information, and answers are sought. 

Se Se Se 

RT? "•••IIR 

R' NH \ 
R-T?" 

Se "1 

^•••tll [^ 

'N 
^^l ~'«M| 

Scheme 1.1 Iminobis(dialkylphosphine chalcogenide) and tetraalkyl-
diselenoimidodiphosphinato systems. 

Tetraalkyldichalcogenoimidodiphosphinato complexes, Mn+[N(R2PE)2]n (E = O, 

S, Se, Te), display variable binding geometries about the metal center that have been 

shown to depend on the choice of E, R, and M.49"53 This flexibility in the 

dichalcogenoimidodiphosphinate system is one of its greatest advantages, where the 

EPNPE framework can be tailored to various coordination geometries desired by the 

central metal.51'54 The large chalcogen-chalcogen separation or 'bite' facilitates regular 

coordination spheres with large central atoms.55 Applications of dichalcogenoimido­

diphosphinate complexes include single-source precursors for solid-state metal 

chalcogenide materials, as probes for stereochemically active lone pairs, lanthanide shift 

reagents, luminescent materials, and enzyme mimetics, as well as catalysts, and selective 

metal chelating agents. 

From an NMR standpoint, the iminobis(dialkylphosphine selenide) systems 

provide a wealth of interactions for investigation. The presence of phosphorus-31,1= lA, 

N.A. 100%, directly bonded to every selenium-77, / = Vi, N.A. 7.63%, is expressed in 
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every Se NMR spectrum via indirect spin-spin coupling, J( Se, P)jso, for each 

selenium environment. This indirect spin-spin coupling interaction is also available 

through the satellite peaks in the corresponding P NMR spectrum. As the two selenium 

atoms in the tetraalkyldiselenoimidodiphosphinate anion are the coordinating atoms 

within the metal complexes, the selenium chemical shift tensor should provide a sensitive 

probe to the nature of the complexing metal, as well as the conformation of the six-

membered MSe2P2N ring(s) formed. Indirect spin-spin coupling constants between 

selenium-77 and any NMR-active nuclides of the complexed metal center,' J(M,77Se)iSO, 

are accessible from either the 77Se or metal NMR spectrum. The ability to obtain 

./-couplings from either of the NMR-active nuclei makes multinuclear NMR 

investigations a valuable approach in obtaining, verifying and identifying these 77Se 

NMR parameters. 

1.2 Overview 

The principal objective of the research presented in this thesis is to provide an expanded 

foundation for an improved interpretation of the nuclear magnetic resonance properties of 

selenium containing chemical systems, particularly chemical shifts and indirect nuclear 

spin-spin couplings. The goal of this thesis is achieved via experimental and theoretical 

means through solid-state NMR spectroscopy and density functional theory, DFT, 

computations. These parameters provide insight into the 77Se NMR interactions through 

the comparison of experimental and calculated values with each other and, where 

possible, in the context of chemical concepts such as molecular geometries and electronic 

structures. 
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In Chapter 2 the current literature on solid-state Se NMR spectroscopy is 

reviewed, placing the research presented in this thesis into context. Chapter 3 details the 

basic principles, theory and techniques utilized in the conducted research contained in 

subsequent chapters. The pertinent interactions contained within the selenium-77 NMR 

Hamiltonian are covered. The experimental procedures permitting the acquisition of 

high-resolution solid-state 77Se NMR spectra are presented along with the methods of 

extracting the desired NMR parameters. Additionally, the theory of nuclear magnetic 

shielding will be discussed in the context of its computation within a DFT framework. 

DFT calculations including scalar and spin-orbit relativistic effects via the zeroth order 

regular approximation, ZORA, are addressed briefly. 

Chapter 4 presents a comprehensive investigation of selenium chemical shift 

77 

tensors. Experimentally determined chemical shift tensors from solid-state Se NMR 

spectra for several organic, organometallic, and inorganic selenium containing 

compounds. Selenium magnetic shielding tensors were calculated for all of the 

molecules investigated using ZORA DFT. The computations provide the orientations of 

the chemical shift tensors, as well as a test of the theory for calculating the magnetic 

shielding interaction for heavier elements. The ZORA DFT calculations were performed 

with non-relativistic, scalar relativistic, and scalar with spin-orbit relativistic levels of 

theory, and provide a gauge of the level of relativistic theory required to accurately 

reproduce the experimental trends and values. 

A 31P and 77Se solid-state NMR investigation of the iminobis(dialkylphosphine 

chalcogenide) FTN(R2PE)2 (R = 'Pr, Ph; E = O, S, Se) systems is presented in Chapter 5. 

The results are related to the known HN(R2PE)2 structures. Scalar relativistic ZORA 
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DFT nuclear magnetic shielding tensor calculations were performed yielding the 

orientations of the corresponding chemical shift tensors. 

Chapters 6 and 7 report the results of multinuclear magnetic resonance 

investigations of the metal(II) complexes of the tetraisopropyldiselenoimido-

diphosphinate anion, Mpsr(iPr2PSe)2]2. In Chapter 6, a solid-state 31P, 77Se, 113Cd, and 

Hg NMR study on the single-source precursors for metal-selenide materials, 

M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg) is presented. In Chapter 7, a comparison of the 

square-planar complexes of Group 10 (Pd11, Pt11) and 16 (Se11, Te11) centers with 

[N(iPr2PSe)2]" is made based on the results of solid-state 31P, 77Se, 125Te, and 195Pt NMR 

spectroscopy. In both chapters, the experimental results are supported and assisted by 

discussions of corresponding ZORA DFT computations. 

Chapter 8 summarizes the contributions of the research presented in this thesis 

made to solid-state 77Se NMR spectroscopy. Experimentally determined results are 

placed in context of the known literature of solid-state 77Se NMR covered in Chapter 2. 

77 

Important theoretical considerations for the calculation of Se NMR parameters are 

revisited. Finally, system specific information from the multinuclear NMR investigations 

of the iminobis(dialkylphosphine selenide) systems studied is summarized. 
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Chapter 2 

Solid-State Selenium-77 NMR 

2.1 Introduction 

2.1.1 Selenium-77 NMR 

Selenium-77 is one of the six natural isotopes of selenium and, with a natural 

abundance of 7.63%, it is the only NMR-active isotope of selenium possessing a nuclear 

spin quantum number, /, greater than zero. Early hyperfine measurements suggested that 

77Se possessed a nuclear quadrupole moment, I> Vr,1 however, in 1951 earlier reports2'3 

were confirmed supporting that / = Vi for 77Se.4 The resonant frequency of 77Se relative 

to that of protons is 19.07%, and has a relative receptivity of 5.37 x 10"4 and 3.15 with 

respect to hydrogen-1 and carbon-13, respectively.5 Practical considerations such as 

longer spin-lattice relaxation times, T\, and small observed nuclear Overhauser effects 

find that 77Se NMR is typically of comparable sensitivity to 13C NMR.6 

Nuclear magnetic resonance has been utilized to investigate essentially every area 

of selenium chemistry. Selenium-77 NMR is an ideal technique for investigating 

selenium-containing materials as the 77Se chemical shift ranges over 3000 ppm6'7 and is 

extremely sensitive to changes in molecular structure. Selenium-77 NMR in the solution 

phase has been thoroughly reviewed, _1 where it has been used in studies of molecular 

dynamics and chemical reactions in addition to molecular characterization. In 1986, 

77 

Luthra and Odom originally compiled the growing Se NMR data on organoselenium 

compounds.9 In 1995, Duddeck's comprehensive review expanded the values of 77Se 

NMR parameters for organic selenium systems to include inorganic species and metal 
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complexes.6 In 2004, Duddeck provided an update of his 1995 review of liquid-state 77Se 

NMR spectroscopy. 

2.1.2 Solid-State 77SeNMR 

77 

Solid-state Se NMR spectroscopy provides isotropic chemical shift, 8jS0, indirect 

spin-spin coupling constants, Jjso, as well as spin-lattice, T\, and spin-spin, Ti, relaxation 
77 

times. Particularly important is that solid-state Se NMR provides access to anisotropic 

interactions that are generally inaccessible from solution NMR studies. The most 

commonly encountered anisotropic parameter in NMR is the chemical shift. There are a 

number of conventions for describing this anisotropy, all of which utilize the isotropic 

average of the principal components, 8H, of the chemical shift tensor: 

8lso=\{Sn+822+8^) [2.1] 

which is often used in comparison with chemical shifts obtained in solution. Haeberlen's 

notation defines the anisotropy, Aa, and asymmetry, r|a, as: 

^ = S2Z--(,SXX+SYY) [2.2] 

r, =1^11 8-M1 [2.3] 
2 ACT 

where |8zz - 5jso| > |5xx - Sisol > |8YY - Sisol-13 The so-called Maryland notation replaces 

the anisotropy and asymmetry with the span, Q, and skew, K: 
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Q = ^ l l - ^ 3 3 [2.4] 

g = 3 ( ^ 2 2 - ^ ) [2.5] 
Q 

where 8n > 822 > 833.14 Orientation dependencies also exist for direct dipolar and indirect 

spin-spin coupling interactions, which can be utilized to orient the principal axes of the 

various interaction tensors (8^, J\\, etc.) with the dipolar Se-X vector and potentially 

within the crystal axis frame. 

77 

In contrast to the well reviewed literature on Se NMR in solution phases, a 

similarly comprehensive solid-state 77Se NMR review is lacking. General 77Se NMR 

reviews have covered solid-state 77Se NMR reasonably well; however, the data is 

typically compiled as a lump sum of the results of the technique rather than organized by 
77 (\ H \C\ 

functionality as with the results of the solution Se NMR data. ' ' The specifically 

solid-state 77Se NMR reviews that have appeared focus almost entirely on diamagnetic 

systems,15 and some on only selected diamagnetic organoselenium compounds.16"18 

2.1.3 Structure 

A compilation of the literature on solid-state 77Se NMR investigations to the end 

of 2007 is presented, with select publications from 2008. Every effort has been made to 

provide as complete a review as possible; however, some accounts have no doubt been 

missed despite these efforts. The review has been structured as follows, beginning with 

the solid-state 77Se NMR data for elemental selenium, followed by sections on selones 
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(X-Se double bonded systems), bridging selenium environments, inorganic selenium 

systems, and finally miscellaneous molecular structures containing selenium. 

Following recent IUPAC recommendations19 the three principal components of 

the available selenium chemical shift tensors have been tabulated, where necessary 

deriving them from the reported values of Ao and na, or Q and K. However, as many 

authors have utilized the anisotropy and asymmetry convention of Haeberlen or the span 

and skew of the Maryland convention in discussions of the respective chemical shift 

tensors reported, in some cases their use has been retained in the body of this review. All 

chemical shifts have been reported with respect to dimethyl selenide. As numerous 

reference compounds have been utilized for reporting selenium chemical shifts, the 

values of 8iso used to convert the reported chemical shifts to those with respect to a neat 

liquid of dimethyl selenide are given in Table 2.1. Given the noted medium dependence 

of the selenium chemical shift,6 all principal components, da, as well as isotropic 

chemical shifts, 8iS0, are reported to the nearest whole number in parts per million, ppm. 

This level of accuracy seems appropriate given that the selenium chemical shift range is 

approximately ten times that of C, whose chemical shifts are typically reported to one 

decimal place (± 0.1 ppm), and at least three times that of the lighter chalcogens O and 

33 o 20 

Indirect spin-spin coupling constants, 1J(77Se,X)iS0, have been reported only in the 

cases where they have been obtained directly from solid-state Se NMR spectroscopy. 

The signs of 1J(77Se,31P)iSo21'22 and 1J(199Hg,77Se)iso
23 are known to be negative, and have 

been reported as such herein, even if they were not in the source from which they were 

taken. 
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77c Table 2.1 Isotropic selenium chemical shifts of various Se NMR reference compounds 

Compound 

CdSe 

Ph3PSe 

Me2Se 

H2Se04 

Na2Se03 

(NH4)2Se04 

H2Se03 

H2Se03 

Condition 

solid 

chloroform 

neat 

aqueous 

aqueous (inf. dilute) 

solid 

aqueous 

saturated 

8iso 

-492 

-275 

0 

1001 

1253 

1040 

1282 

1300 

Theoretical calculation of magnetic shielding tensors, a, are one of the most 

complementary techniques to solid-state NMR because of their connection with the 

experimental chemical shift tensors through the relationship 

Su (sample) = [2.6] 

where aiso(ref) is the isotropic shielding of a standard reference, here Me2Se (£). 

Numerous investigations of calculated selenium magnetic shielding and/or chemical shift 

tensors have been reported.24"31 Additionally, recent theoretical computations of indirect 

spin-spin coupling constants involving selenium have appeared in the literature. " The 

interested reader is encouraged to pursue these references for a more detailed description 

of the intricacies of calculating 77Se NMR parameters. For the purposes of this review, 

only the theoretical parameters obtained in conjunction with experimental solid-state 77Se 

NMR values will be discussed in relation to the performance of the computations. 
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2.2 Solid-State 77Se NMR 

2.2.1 Selenium 

The structure of crystalline selenium is known to possesses helical chains of 

selenium that are oriented in a hexagonal arrangement.35 Solid-state NMR investigations 

of elemental selenium have demonstrated the sensitivity of 77Se chemical shifts to minor 

changes in the local environment since the initial investigation of a single crystal of 

trigonal selenium at 77 K. This study indicated that the most shielded principal 

component lies nearly parallel to the direction of the helices. " Subsequent variable 

temperature experiments up to 480 K have demonstrated a general decrease in selenium 

shielding with increasing temperature for crystalline selenium, see Table 2.2.38"40 Self-

diffusion within crystalline selenium has been monitored by spin-lattice relaxation rates 

between 350 K and 492 K.41 Additional studies of elemental selenium by solid-state 

NMR have been noted in conjunction with investigations of various inorganic selenides 

and are in agreement with the values from the above single-crystal measurements.42"44 

Selenium is also known to exist in a vitreous form which consists primarily of 

selenium chains and Se6 rings.45 The solid-state 77Se NMR spin-lattice relaxation of 

glassy selenium has been investigated in the temperature range 200 K < T < 275 K, and 

reported that the relaxation found was dominated by to paramagnetic impurities. The 

77Se NMR spectra of crystalline and glassy selenium have been contrasted. 5>47'48 The 

results of Bureau and coworkers, 5' along with those of Gopal and Milne, show that 

the vitreous structure of glassy selenium is demonstrated with a substantially broader 

isotropic line width, 17 kHz at Bo = 7.0 T. 
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Table 2.2 Solid-state Se NMR chemical shifts and chemical shift tensors for elemental 
selenium. 

Compound 

Se 

Vitreous Se 

Se in orthorhombic I2 

(51atom%Se) 

15wt%SeinAlP04-5 

34 wt% Se in zeolite Y 

Rb2[Pd(Se4)2]Sea 

T / K 

77 

290 

RT 

RT 

RT 

480 

Oi s o 

666 

772 

792 

800 

793 

812 

862 

865 

808 

849 

712,812, 

1139 

627 

652 

611 

896 

1006 

1017 

1025 

1033 

1055 

958 

1023 

822 

694 

797 

817 

825 

844 

834 

686 

731 

833 

408 

513 

542 

550 

558 

535 

237 

202 

Reference 

35 

38 

39 

40 

50 

38 

45 

48,49 

49 

50 

50 

51 

Elemental selenium has also been characterized within various structures by solid-

state 77Se NMR. Parise et al. have loaded selenium into the porous frameworks of the 

aluminophosphate AIPO4-5 and within zeolite Y.50 When AIPO4-5 was loaded with 15% 

selenium by weight, a 77Se MAS NMR signal at 849 ppm showed significantly less 

C A -in 

chemical shift anisotropy than found in trigonal selenium. Three Se NMR peaks were 

detected for 34 wt % selenium in zeolite Y; however, only two of the signals one at 712 

ppm and the other at 824 ppm are attributed to elemental selenium. The peak at 1139 

ppm was assigned to an oxidized selenium species. Iodine is known to assist in the 

crystallization of selenium,52 and Gopal and Milne have detected crystalline Se within 
77 

orthorhombic iodine at the eutectic composition of 51 atom % Se:l2 by solid-state Se 

NMR.49 The Se8 rings within Rb2[Pd(Se4)2]-Se8 form infinite [Rb(Se8)]x
x+ columns 
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perpendicular to the [Pd(Se4)2]x
2x" planes.51 The selenium nuclei within the Ses rings are 

more shielded than the above selenium species likely due to their interaction with Rb+.51 

2.2.2 Selones 

2.2.2.1 Seleno-Carbonyls 

Of the seleno-carbonyl moieties, C=Se, one of the simplest are the ambidentate 

selenocyanate ligands, SeCN". In the solid state, the SeCN" anion yields 77Se NMR 

powder patterns that are axially symmetric or near axially symmetric, consistent with the 

known linear structure of this anion. Selenium chemical shift parameters found for 

ASeCN (A = K+, NFL^, NMe/), whose spans range from 804 - 874 ppm, which are 

reproduced in Table 2.3. Ab initio calculations of the selenium chemical shift tensor for 

SeCN", at the Hartree-Fock and MMler-Plesset second-order perturbation levels, on an 

optimized structure yield qualitative agreement with the experimentally observed 

values.53 

Solid-state 77Se NMR studies of additional seleno-carbonyl systems have, to date, 

focused on various derivatives functionally similar to selenourea, Se=C(NH2)2-

Selenourea itself possesses nine non-equivalent molecules within the unit cell and the 

weighted average of the obtained selenium chemical shift tensors, given in Table 2.3, are 

reduced to the single peak at 177 ppm within the camphor inclusion compound of 

selenourea.54 The 7V,7V-dimethyl derivative, Se=C(NH2)(NMe2), possesses only a single 

iV,./V-dimethyl selenourea molecule within the crystal structure asymmetric unit as evident 

by the single selenium chemical shift tensor reported. 5 Wazeer and coworkers have 

studied a variety of additional derivatives of selenourea by solid-state 77Se NMR.56 
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77c Table 2.3 Solid-state Se chemical shifts and chemical shift tensors for selono-carbonyl 
systems.a) 

Compound 

-283 

-256 

-299 

180 

213 

60 

69 

72 

31 

56 

57 

173 

169 

43 

8n 

25 

26 

-40 

480 

501 

725 

471 

445 

427 

442 

451 

541 

496 

601 

§22 

-23 

-15 

-40 

410 

260 

57 

-52 

-19 

-50 

-40 

-55 

390 

430 

465 

833 

-849 

-778 

-814 

-349 

-122 

-604 

-213 

-210 

-284 

-233 

-225 

-412 

-424 

-938 

Reference 

KSeCN 

NH4SeCN 

[NMe4]SeCN 

(NH2)2CSeavg
b» 

(NMe2)(NH2)CSe 

N 

1 N 

R = H 

R = Me 

R = Et 

R = nPr 

R = 'Pr 

R = H 

R = OH 

a) Experimental temperature either room temperature or was not specified. 
b) Weighted average of values from nine non-equivalent selenourea molecules. 

53 

53 

53 

54 

55 

56 

56 

56 

56 

56 

56 

56 

56 

The selenium chemical shift tensors of the functionalized imidazolidine-2-selones and 

l,3-diazinane-2-selones as well as l,3-diazepine-2-selone, shown in Figures 2.1a-c, serve 

as a good example of the sensitivity of the magnetic shielding interaction to peripheral 

modifications of a structural framework.56 

2.2.2.2 Phosphine Selones 

Phosphine selones are another functional group that have been used to investigate 

the local environment of selenium by solid-state 77Se NMR. As shown in Tables 2.4 and 
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77 

Table 2.4 Solid-state Se chemical shifts and chemical shift tensors for phosphine selone 
systems. a) 

Compound 

Me3PSe 

Ph3PSe 

0 ^ 

°7 

5e 

1 
1 

3 
R = Me 

\ A ^ R = Et 
* ^ \ / \ R = *Bu 

R = 4-Me2NPh 

Se Se 

; \ 
H 3 C - / 

6 CH3 

diso 

-200 

-258 

-243 

-144 

312 

266 

128 

196 

161,131 

8„ 

-118 

-122 

-86 

822 

-133 

-288 

-264 

533 

-349 

-362 

-377 

Reference 

57 

57 

58 

59 

59 

59 

59 

59 

a) Experimental temperature either room temperature or was not specified. 

2.5, the isotropic selenium chemical shifts and indirect one-bond selenium-phosphorus 

coupling constants, 1J(77Se,31P)iSO, in phosphine selone systems vary from -258 ppm to 

312 ppm, and -656 to -1160 Hz, respectively. Grossman and coworkers have 

investigated the anisotropic chemical shift and indirect spin-spin coupling interactions in 

7 7 S7 

70% Se enriched trimethyl- and triphenyl-phosphine selone. For, MesPSe, 

experiments provide a mean value of the anisotropy of the phosphorus-selenium J tensor 

of MesPSe, bJ ~ +650 ± 200 Hz. The experimental value is in good agreement with the 

value calculated, +705 Hz, using DFT.57 

Solid-state 77Se NMR has also been utilized in the characterization of several 

other P=Se systems, yielding both isotropic chemical shifts and values of J{ Se, P)iS0. 
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a) 
/ 

b) 

Se 

H 

R = H, Me, Et, nPr, 'Pr 

d) 

e) 

Se 

O ' / O 

2W 
Se. .Se 

Se 

R 

:Se 

R = H,OH 

=Se 

f) 

R = Me, Et, <Bu, 4-Me2NPh 

Se Se 

H3C- / \ sSe 

CH3 

c) 

=Se 

g) H3C 

Se 

Figure 2.1 a) imidazolidine-2-selones, b) l,3-diazinane-2-selones, c) 
l,3-diazepine-2-selone, d) tetraphosphorus heptaoxide monoselenide, e) 
l,3-diselena-2,4-diphosphetane-2,4-diselones, f) 3,5-dimethyl-1,2-4-
triselena-3,5-diphospholane-3,5-diselone, and g) 2-iVyV-diisopropylamino-
1,3,2X -oxaselenaphospholane-2-selone are representative of the seleno-
carbonyls (a-c) and phosphine selones (d-g) that have been studied by 

77£ solid-state "SeNMR. 

The inorganic adamantane-like structure of tetraphosphorus heptaoxide monoselenide, 

P^ySe, Figure 2.Id, with 8iS0 = -144 ppm, has the largest value of V^Se, 3 1 ?)^ recorded 

by solid-state 77Se NMR, at -1160 Hz.58 The magnitudes of the selenium-phosphorus 

coupling constants were utilized in the structural characterizations of the 1,3-diselena-
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n 7/77 c „ mT Table 2.5 Indirect spin-spin coupling constants, J( Se, X);so (m < 77) a) 

Compound 

Ag7PSe6 

Me3PSe 

Ph3PSe 

[(•Bu)(Ph)P(S)Se]2 

[('PrO)2P(S)Se]2 

[(Me3CCH20)2P(S)Se]2 

S 

Hli 2 • C6H6 solvate 

R = Me 
<5o *Se 

R = 4-Me2NPh 

R = Me 

— R = 'Bu 

Se Se P=Se 

H3C~^.P/ \ *== S e P-Se-P 

Se Se CH> P-Se-Se 

H,C 

/ S % . / e / ^ P = S e 

V i ) -CH3 P " S e - C 

H3C 

Se 

$3 
o 

raX(n) 

31P(1) 
31P(1) 

31P(1) 

31P(1) 
31P(1) 

31P(1) 

31P(1) 

31P(1) 

31P(1) 

31P(1) 

31P(1) 

31P(1) 

31P(1) 

31P(1) 

3IP(1) 

31P(1) 

3,P(1) 

3IP(1) 

nJ(77Se,X)is0 / Hz 

-430, -524 

-656 

-733, -736 

-355 

-532 

-469, -486 

-418, -429 

-458, -406 

-730 

-730 

-780 

-700 

-260 

-260 

-260 

-730, -750 

-420 

-340, -350 

-870, -892 

-393, -465 

-1160 Hz 

References 

60,61 

57 

57 

62 

63 

64 

65 

65 

59 

59 

59 

59 

59 

59 

59 

59 

66 

58 

a) Experimental temperature either room temperature or was not specified. 

2,4-diphosphetane-2,4-diselones and in 3,5-dimethyl-l,2,4-triselena-3,5-diphospholane-

3,5-diselone, Figures 2.1e and 2.If, which were able to easily differentiate the P=Se 

1 7 /77 c „ 31 1 7 y 7 7 c 31T moieties, 'J("Se, P)iso < -700 Hz, from the bridging Se environments, V("Se, P)iso > 

59 -350 Hz, see Table 2.5. Similarly for 2-7V,7V-diisopropylamino-l,3,2r-
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oxaselenaphospholane-2-selone, Figure 2.1g, Potrzebowski et al. have differentiated the 

bridging C-Se-P moiety from the P=Se selenium environment using 77Se CP MAS 

spectra of based upon the magnitudes of the selenium-phosphorus coupling constants.66 

2.2.3 Bridging Selenium Systems 

Bridging selenium environments are one of the most common moieties found in 

selenium containing systems. Hydrogen selenide, the simplest bridging selenium system, 

undergoes two solid-solid phase transitions where the two highest temperature phases, 

solid I and II, are cubic and the low temperature phase, solid III, is non-cubic. A solid-

77 

state Se NMR study of F^Se has yielded spin-lattice relaxation data over the entire solid 

I phase temperature range, the temperature dependence of the 77Se chemical shift for the 
en 

solid I and II phases, and the traceless selenium shielding tensor in the solid III phase. 

A large deuterium isotope shift in 5jS0(Se) of 7 ppm per deuterium from H^Se -> HDSe -> 
(\1 • 77 • 

DiSe was also observed in the solid I phase. Solid-state Se NMR investigations of 

F^Se and D2Se inclusion compounds found that hydrogen selenide is deshielded by 

approximately 30 ppm in the small cage, with respect to the large cage, of the structure I 

clathrate hydrate.68'69 

The subsection that follows has been organized in order to review the 

contributions to solid-state 77Se NMR made on systems where selenium bridges two 
77 

organic centers; i.e., those containing C-Se-C linkages. Discussion of the solid-state Se 

NMR investigations of selenium bridging organic and inorganic or two inorganic atoms 

follow. 
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2.2.3.1 Bridging Organic Centers 

2.2.3.1.1 Selenoethers 

Dimethyl selenide, as the primary reference for selenium chemical shifts, holds a 

position of interest in solid-state 77Se NMR. The selenium chemical shift tensor for 

Me2Se, the simplest of selenoethers, has been characterized at 77 K by Collins, Ratcliffe 

and Ripmeester, and is reproduced in Table 2.6.54 

Selenoethers of biological relevance, such as the seleno-amino acid 

selenomethionine, have become an important class of selenium containing biomolecules 

since the recognition of selenium as an essential nutrient in mammalian systems.70 

Selenomethionine with selenocysteine, amino acids where sulfur has been replaced with 

selenium, are the primary sources of selenium in the human body.71 Potrzebowski and 

coworkers have characterized the selenium chemical shift tensors in the L- and DL-

forms of selenomethionine.72'73 The slowing of the rotation of the methyl group in 

L-selenomethionine was shown to have a large influence on the selenium chemical shift 

tensor at low temperature.72 Gajda et al. have also calculated the selenium chemical shift 

tensor in L-selenomethionine using DFT, demonstrating rough agreement with the 

experimental principal components and that the orientation of 822 lies perpendicular to the 

local C5-Se-CY plane, and that 811 and 833 are coincident within this local plane.72 

Selenium analogues of the crown ethers, the polyselenoethers or selenium 

• * 77 

coronands, show intriguing natural and host-guest conformations. Isotropic Se 

chemical shifts measured by solid-state NMR in coronands ranging from 1,5,9-

triselenacyclododecane, 12Se3, to 1,5,9,13,17,21-hexaselenacyclotetracosane, 24Se6, see 

Figure 2.2, cover between 113 ppm and 327 ppm.74"77 Through electrochemical 
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Table 2.6 Solid-state Se chemical shifts and chemical shift tensors for selenium 
bridging organic centers. 

Compound 

Me2Se 

L-Selenomethionine 

DL-Selenomethionine 

[8Se2][S02CF3]2 

12Se3a) 

12Se4a) 

14Se4a) 

16Se2S2a) 

16Se4a) 

16Se4(OH)a) 

16Se4(OH)2
a) 

[16Se4][S03CF3]2
a) 

18Se6a) 

24Se6a) 

CH3 

R = H 

n "^"' 
Y =̂T \ R o CH3 LX/— w 

\ P 
7 v—ph 
/ \ 

R OCH3 

XKX 
H 3 C ' XH 3 

T / K 

77 

183 

297 

313 

297 

333 

RT 

Oiso 

6.7 

123 

73 

123 

84 

108 

112 

114 

810 

768 

206, 300 

130, 171, 186, 196,203,209 

220, 225 

136, 179, 199 

115,118,157,165,177 

167 

131 

113,134,145,155,192 

173, 420, 505, 737 

136,188,206,264,327 

158, 174, 194 

408 

536 

529 

591 

624 

586 

600 

658 

670 

8„ 

226 

388 

339 

384 

311 

252 

369 

360 

1066 

1005 

299 

264 

749 

917 

915 

942 

999 

956 

1007 

970 

982 

822 

141 

178 

154 

181 

179 

204 

202 

205 

1066 

1005 

132 

83 

410 

454 

413 

443 

451 

463 

472 

818 

830 

833 

-347 

-197 

-276 

-196 

-237 

131 

-236 

-223 

300 

292 

70 

47 

64 

236 

259 

388 

423 

340 

321 

186 

198 

Reference 

54 

72 

72,73 

73 

73 

73 

77 

77 

74,76 

76 

77 

76 

77 

77 

78,79 

75,76 

76 

80 

80 

80 

80 

80 

54 

l) See Figure 2.2. 
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oxidation of 1,5,9,13-tetraselenahexadecane, 16Se4, the complex [16Se4][S03CF3]2 is 

afforded yielding four very different peaks at 173, 420, 505, and 737 ppm in the 77Se 

7R 7Q 

NMR spectrum, ' which have been assigned to the four unique selenium atoms in the 

asymmetric unit based on estimated contributions to the 77Se line width from Se-F dipolar 
7Q 

couplings. To date, only two selenium chemical shift tensors involving selenium 

coronands, those for l,5,9,13-tetraselenacyclohexadecan-3-ol, 16Se4(OH), have been 

completely characterized.77 

Carbon-selenium-carbon functionalities also occur within more rigid, including 

aromatic, structures. The selenium chemical shift tensors from solid-state 77Se NMR for 

some selenazole and selenazoline derivatives coupled with chiral moieties, Figures 

2.3a-e, have been compared with their corresponding solution NMR values, where 

observed differences are discussed with respect to conformational variations.80 Another 
77 

selenoether within a rigid framework that has been studied by solid-state Se NMR is 

tetramethyltetraselenafulvalene, TMTSF Figure 2.3f, which is a precursor for some of the 

organic conducting and superconducting materials that will be discussed in the following 

section. The two similar selenium chemical shift tensors for the neutral TMTSF 

molecule in the solid state have been characterized at room temperature and are 

reproduced in Table 2.6.54 

2.2.3.1.2 Organic Conductors 

Electrical conductivity in organic systems has illuminated the influence of 

molecular structure on organic conductivity and superconductivity.81 Since their initial 

description,82 these so-called Bechgaard salts; (TMTSF)2X, where X is a mono-valent 
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a) 

,Se 

8Se2 

d) 

/ \ 

12Se3 (X=C), 12Se4 (X=Se) 14Se4 

16Se2S2 E= S; R,R' = H 

16Se4 E = Se; R,R' = H 

16Se4(OH) E = Se; R = OH, R' = H 

16Se4(OH)2 E = Se; R,R' = OH 

18Se6 24Se6 

Figure 2.2 The selenium coronands that have been studied by solid-state 
77SeNMR: a) 1,5-diselenacyclooctane (8Se2), b) 1,5,9-
triselenacyclododecane (12Se3) and 1,3,7,9-tetraselenacyclododecane 
(12Se4), c) 1,4,8,11-tetraselenacyclcotetradecane (14Se4), d) 1,5-
diselena-9,13-dithiacyclohexadecane (16Se2S2), 1,5,9,13-
tetraselenacyclohexadecane (16Se4), 1,5,9,13-
tetraselenacyclohexadecane-3,-ol (16Se4(OH)), 1,5,9,13-
tetraselenacyclohexadecane-3,ll-diol (16Se4(OH)2), e) 1,3,7,9,13,15-
hexaselenacyclooctadecane (18Se6), and f) 1,5,9,13,17,21-
hexaselenacyclotetracosane (24Se6). 
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a) e) ^X 

f) 
H 3 C V 

H 3C 

-Se 

-Se 

Se_ 

Se 

. C H 3 

CH3 

g) 
' S ^ -Se Se_ / S ^ 

V S e S e ^ S ' 

Figure 2.3 Structurally rigid selenoethers that have been studied by solid-
state 77Se NMR: selenazoles (a,b), selenazolines (c-e), and 
tetraselenafulvalenes (f,g). Also given, in h), is the structure of the 2,5-
dihalo-tetracyanoquinodimethane, X2TCNQ (X = CI, Br), anion. 
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anion, continue to be investigated due to the wide variety of available physical properties 

that depend on the choice of anion as well as environmental variables such as pressure, 

temperature, and applied magnetic field. ' All members of these charge transfer salts 

are essentially isostructural, and thus it is the nature of the inorganic anion that largely 

o r 

governs the various low temperature properties observed. At room temperature and 

ambient pressure, the Bechgaard salts are described as quasi one-dimensional conductors; 

however, at low temperature there exists a competition between two types of critical 

behavior.00"00 Should the anion, X, possess a center of symmetry then the metal-insulator 

transition in the 10-20 K region is one that results in a magnetic spin density wave 

(SDW) state. Under pressure the metal-insulator transition is gradually depressed and 

above a critical pressure, typically > 6 kbar, a superconducting (SC) state is established at 

temperatures less than IK. If X does not contain a center of symmetry, the phase 

diagram for these materials is complicated by an additional phase transition that occurs 
an 

above the SDW/SC transition. This new phase boundary is a structural phase transition 

associated with ordering the non-centrosymmetric anions. 

Nuclear magnetic resonance investigations have been instrumental in both 

describing the nature of, and detailing the transitions between, the low temperature 

phases of these materials.90'91 Selenium has become the preferred nucleus of interest in 

these solid-state NMR studies, as the selenium nuclei exhibit no rotational behavior 

within the rigid TMTSF framework which simplifies the analysis of the electronic origin 

of the 77Se relaxation rates in comparison to those over the entire temperature range via 
1 QO Q'i 1 

'H NMR. '~ Selenium-77 nuclear spin-lattice relaxation rates, T{ , are the most 

common form of NMR information utilized in the characterization of the phase 
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transitions in the (TMTSF)2X salts, as they reveal low frequency electronic spin 

dynamics occurring at or near the onset of these transitions.94 The number and range of 

phase transitions that have been studied by solid-state 77Se NMR are summarized in 

Table 2.7. 

(TMTSF)2PF6 is a Bechgaard salt containing the centrosymmetric anion PF6-, 

which possesses a metal-insulator transition at ~ 12 K at ambient pressure. Solid-state 

77Se NMR evidence for this transition comes from T{x data that exhibit a local maximum 

at 12.2 K under 1 bar of pressure, and at 8.7 K under 5.5 kbar (below the critical pressure 

of 6 kbar). ' ' " Applications of strong magnetic fields, > 15 T, have induced an 

additional SDW state, a so-called field induced SDW, observed as a discontinuity in the 

T{x vs T plot around 4 K and suggest that additional FISDW states could be found in the 

presence of even higher applied magnetic field strengths.92'99 The transition to the initial 

insulating SDW state at ambient pressure can be suppressed with the application of 

pressure and metallic character is retained down to 1.2 K at pressures greater than 8 

kbar.89'96'98'100 (TMTSF)2PF6 is well known as the first organic molecular 

superconductor,101'102 but the nature of the superconducting phase has only recently been 

investigated by solid-state 77Se NMR. Knight shifts of samples under 7 kbar of pressure 

and low magnetic field strengths, < 2.4 T, were studied as a function of temperature down 

to 0.09 K.103"105 The results were inconsistent with those predicted to arise from 

conventional superconductivity (spin-singlet electron pairing), and strongly support 

superconductivity from spin-triplet pairing. Under pressures sufficient to induce a 

superconductive phase transition, the SC state can be suppressed by moderate magnetic 
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Table 2.7 Solid-state 77Se NMR monitored phase transitions in the organic conductors, 
A2X. 

A 

TMTSF 

TMDTDS 
F 

BETD-
TSF 

X 

PF6-

C104"(R) 

CIO4XQ) 

N03-

Re04" 

FSO3" 

PF6" 

Re04" 

C12TCNQ" 

Br2TCNQ" 

A,-FeCl4" 

Anion 
ordering 

TAO 

K 

NA 

24 

-

180 

89 

NA 

163 

TMI 

K 

12.2 

8.7 

4 

> 0 

3.5 

9 

180 

89 

7 

163 

20 

12 

3.5 

1.6 

Metal-insulator 

PMI 

kbar 

.001 

5.5 

-

.001 

-

-

-

~ 

7 

.001 

_ 

So, MI 

T 

>15 

> 4 

-

-

-

-

~ 

-

9 

11.7 

Tc 

K 

1 

1 

> 0 

Superconducting 

Pc 

kbar 

10 

.001 

-

Bo, c 

T 

<4 

>18 

fields that recover a conducting phase. This intermediate region of applied magnetic field 

strengths between the suppression of the SC and onset of the FISDW states exhibit a 

magic angle effect, MAE, where sharp reductions in magnetoresistance can occur for 

certain angles of the (TMTSF)2PF6 single crystal with respect to the applied magnetic 

field direction.106 These reductions in magnetoresistance are predicted to enhance the 
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FISDW phase transition temperature;107 however, attempts to observe this behavior via 

solid-state 77Se NMR have been unsuccessful to date.108'109 

Modifications to the (TMTSF)2PF6 system have been prepared and investigated in 

order to elucidate further information on the nature of the various phases of this complex. 

77 

Solid-state Se NMR studies under high pressure, 6 and 7 kbar, on (TMTSF)2PF6 doped 

with 10% (TMTSF)2AsF6 have ventured to investigate the result of introducing disorder 

into this system near the SC boundary.94 The donor molecule tetramethyldithiadiselena-

fulvalene, TMDTDSF, presents a mixed sulfur-selenium system whose bis-cationic 

complexes with PF6~ show intermediate properties between those of (TMTSF)2PF6 and 

the tetramethyltetrathiafulvalene salt, (TMTTF)2PF6.110 Selenium-77 spin-lattice 

relaxation studies have identified the onset of a SDW state at 7 K in 

(TMDTDSF)2PF6.
85'93 

(TMTSF)2C104 has received considerable interest as the conducting state in this 

salt can be maintained down to liquid helium temperatures, and it is the only Bechgaard 

salt that exhibits a SC state, with Tc ~ 1.2 K, at ambient pressure.111 As mentioned above, 

non-centrosymmetric anions complicate the behavior of their salts due to the presence of 

anion disorder. For the perchlorate salt, an anion ordering transition occurs at 24 K; 

however, the disorder can be frozen into the sample by rapidly cooling the sample below 

40 K resulting in the so-called quenched, or Q, state. The result of retaining the 

disordered C104" anions is a magnetic SDW phase is induced and stabilized below 3.5 K 

as evidenced by a peak in the 77Se spin-lattice relaxation rate around this 

temperature.86'88'112 
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Only by slowly cooling (TMTSF)2C104 through its anion ordering transition does 

the SC state appear at low temperature and ambient pressure. While the 77Se T{x does 

not show any anomalous behavior at or near the anion ordering temperature, TAO = 24 K, 

a broad peak in the 77Se nuclear spin echo decay rate, T2~
l, does provide evidence for this 

transition.113"115 The initial explanation for this behavior in T{1 was slow molecular 

motions; ' l however, a recent investigation charges that carrier density fluctuations 

rather than molecular orientational fluctuations are responsible. 5 After slow cooling of 

(TMTSF)2C1C>4, within the relaxed (R) state of the perchlorate salt, a non-magnetic 

conducting state persists down to the SC transition at ambient pressure. Numerous solid-

state 77Se NMR studies have shown an enhancement in spin-lattice relaxation rates as the 

sample is cooled towards the SC transition producing a plateau of T{1 below 25 

K 86,88,112,116,117 R e c e n t s o l i d _ s t a t e 7? S e N M R i n v e s t i g a t i o n s 0 f (TMTSF) 2 C10 4 in the 

superconducting state appeared consistent with spin-triplet pairing; however, a low 

applied magnetic field, 1 T, and very low temperature, 100 mK, investigation suggests 

that the nature of the SC results from the salt in the spin-singlet state.118 Applications of 

magnetic fields in excess of 4 T at low temperatures can suppress SC and induce a SDW 

state. The ability to stabilize SDW states via two methods, from retaining anion disorder 

by rapid cooling to the quenched state or by applying large magnetic fields on a slowly 

cooled relaxed state sample, demonstrates the degrees of choice and control one can exert 

on these systems. Solid-state 77Se NMR linewidth and T{ investigations have also been 

utilized in diagnosing these and subsequent FISDW states at low temperatures under field 

strengths of up to 15 i.83'84'86'88'112'119"121 
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Similar to (TMTSF)2C104, (TMTSF)2N03 is a charge transfer salt with a non-

centrosymmetric anion. While the anion ordering transition is known, TAo = 41 K, 77Se 

T{ experiments around this temperature failed to observe any anomalies; however, the 

SDW transition at 9 K was observed by the characteristic peak in T{1 as well as line 

broadening at this temperature. 

(TMTSF)2Re04 is another Bechgaard salt containing a non-centrosymmetric 

anion and a structural phase transition associated with the ordering of the anion; however, 

unlike the perchlorate and nitrate salts, the X = ReCV salt is accompanied by a metal-

insulator transition at its anion ordering transition, TAO = 180 K.122 The temperature 

77 

dependence of the solid-state Se NMR spectra between 285 K > T > 1 3 5 K a r e 

compared with those of the related mixed S-Se system (TMDTDSF)2Re04 (TAo = 163 K) 

from 230 K > T > 120 K.85 Selenium-77 spin-lattice relaxation rates for both of these 

perrhenate salts show characteristic exponential drops in T{ with decreasing temperature 
„ + T 85,93 

at IAO-

Recently, a Bechgaard salt containing anions with a permanent electric dipole 

moment has been investigated. Similar to the perrhenate salt, (TMTSF)2FS03 possesses 

an anion ordering transition accompanied by a metal-insulator transition at 89 K. Solid-

state 77Se NMR investigations have shown abrupt lineshape changes and that the Knight 
1 S7 11'X 

shift and T{ decrease exponentially with temperature at TAO- ' Under a pressure of-

6 kbar, (TMTSF)2FS03 becomes superconducting around 3 K.124 A solid-state 77Se 

NMR investigation of (TMTSF)2FS03 under a pressure of 6.5 kbar between 200 K > T > 

5 K has revealed lineshape broadening and a peak in the spin-spin relaxation rate at 
rr 123,125,126 
lAO-
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Bis(ethylenedithio)tetraselenafulvalene, BETD-TSF Figure 2.3g, has also been 

utilized within 2:1 charge transfer salts similar in nature to the Bechgaard salts; however, 

the (BETD-TSF)2X salts are able to form quasi two-dimensional organic conductors. 

The first (BETD-TSF)2X systems to be investigated by solid-state 77Se NMR were the 

2,5-dihalo-tetracyanoquinodimethane salts, X = CI2TCNQ and B^TCNQ depicted in 

Figure 2.3h. The two similar salts exhibit distinct phase behaviors, where at ambient 

pressure the CI2TCNQ salt is metallic to low temperatures, the B^TCNQ complex 

possesses a metal-insulator transition at TMI = 12 K. Solid-state 77Se NMR linewidth and 

1 197 1 9Q 

T{ data are able to detect the TMI in the B^TCNQ salt, " and the lack of any 

anomalies in T{x down to 5 K for the CI2TCNQ complex support that the salt is metallic 

at least down to this temperature. ' With increasing pressure TMI decreases for the 

Br2TCNQ salt, at 3.5 kbar (BETD-TSF)2(C12TCNQ) becomes a superconductor at 1 K, 

and above 6 kbar a metal-insulator transition occurs at TMI > 10 K. A maximum in the 

77Se spin-lattice relaxation rate at 20 K has been observed for (BETD-TSF)2(C12TCNQ) 

under a pressure of 7 kbar establishing TMI for the complex under this pressure.1 ° 

Unlike the TMTSF analogues, the (BETD-TSF)2X salts are not isostructural with 

respect to variation of X and several polymorphs are known to exist. The (BETD-

TSF)2l3 salts form numerous polymorphs that are particularly interesting as they possess 

linear I3" anions, and the tetrathiafulvalene derivative (3-(BETD-TTF)2l3 was the second 

ambient pressure superconductor to be found.131 Preliminary solid-state 77Se NMR 

spectra for a-(BETD-TSF)2l3 between 50 K and 150 K have appeared in a recent report 
1Of* 

on charge disproportionation in organic conductors. 
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In solid-state 77Se NMR investigations of (BETD-TSF)2GaCl4, K-(BETD-

TSF)2GaCl4 has been used as a reference system as it remains metallic with no evidence 

for superconductivity down to 0.5 K.132 Conversely A,-(BETD-TSF)2GaCl4, which differs 

from the K-polymorph in the arrangement of the BETD-TSF molecules,133 shows 

superconductivity below 6 K at ambient pressure. 134 Solid-state 77Se NMR Knight shift, 

linewidth and spin-lattice relaxation rate investigations on A.-(BETD-TSF)2GaCl4 in the 

range 1 0 0 K > T > 7 K have revealed the development of antiferromagnetic spin 

fluctuations below 30 K.135'136 

The (BETD-TSF)2FeX4 (X = CI, Br) salts are an interesting case as the FeX4_ 

anion possesses high spin Fe3+. Under ambient pressure, A,-(BETD-TSF)2FeCi4 shows a 

metal-insulator transition at TMi = 8 K. External applied magnetic fields reduce TMi and 

solid-state 77Se NMR evidence for this transition has been found at 3.5 K when BQ = 9.0 

T,137 and 1.6 K when B0 = 11.7 T.138 At fields greater than 18 T, ^-(BETD-TSF)2FeCl4 

undergoes field induced superconductivity, FISC, reaching a maximum Tc = 4.2 K at B$ -

33 T, and with even greater magnetic fields Te returns to 0 K around BQ = 45 T. Solid-

state 77Se NMR measurements were able to provide the first direct evidence of strong 

coupling between the conduction n electrons and the Fe d electron spins in 

MBETD-TSF)2FeCl4,
126'137'139'140 and another FISC K-(BETD-TSF)2FeBr4.

141'142 This 

evidence has been used to elucidate the nature of the FISC state in these materials. In 

1962, Jaccarino and Peter predicted FISC when the external field is able to cancel the 

exchange field from the Fe moments.143 The high field solid-state 77Se NMR studies of 

the (BETD-TSF)2FeX4 FISCs have been interpreted as evidence for this Jaccarino-Peter 

compensation mechanism.126'137'139'140'142 
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2.2.3.2 Bridging Organic and Inorganic Centers 

Organic diselenides, the selenium equivalent of organic peroxides, are an 

intriguing functional group as they possess glutathione peroxidase-like activity.144"148 

The C-Se-Se environments within diphenyl diselenide have been probed by solid-state 

77 

Se NMR, noting a large difference in the most shielded principal component, 833, 

between the two selenium sites in this diselenide.149 IGLO calculations of the selenium 

chemical shift tensors of Pli2Se2 were used to identify that the differences in 833 were 

primarily due to differences in Se-Se-Cipso-Cortho torsion angles.149 Potrzebowski and 

coworkers have investigated the effects of polymorphism on the selenium chemical shift 

tensor(s) in bis(2,3,4,6-tetra-Oacetyl-P-D-gmcopyranosyl) diselenide shown in Figure 

2.4a. 5 The polymorphs were identified based on the arrangements of the 

C-C-Se-Se-C-C backbone, where the selenium chemical shift tensors were related to the 

crystal structures of the anti-syn and anti-anti conformations. The structure of a third 

polymorph, unable to be characterized by X-ray crystallography, was deduced to possess 

the syn-syn conformation with the assistance of solid-state 77Se NMR.150 

Selenium bridging organic and inorganic centers other than selenium have been 

characterized by solid-state 77Se NMR. Of these, a large percentage includes complexes 

of seleno-carbonyls with group 11 or 12 late transition metal centers. Selenourea, 

JV,JV-dimethyl selenourea, as well as various imidazolidine-, diazinane-, and diazipine-

selones have been coordinated with zinc, silver, cadmium, ' gold, ' and 

mercury,151'155'156 see Figures 2.4b-f. For complexes with first and second row transition 

metals, the isotropic chemical shifts were consistently more shielded than those found for 

the uncoordinated seleno-carbonyl, see Tables 2.8 and 2.3, respectively.55'151152 
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OAc OAc 

R = H, Me, Et, "Pr, !Pr 

n* 
Se Au PEt, Br 

f) 

n* 
=Se Au PEt, Br" 

h) 

<Qn 
/ 

.N!Pr, 

N!Pr, 
n = 2;R = H'Pr n = 3 ; R = H,Me 

Figure 2.4 Examples of the bridging selenium environments that have 
been studied by solid-state 77Se NMR: a) bis(2,3,4,6-tetra-0-acetyl-P-D-
glucopyranosyl) diselenide; imidazolidine-selone coordination complexes 
with b) cadmium, c) gold and d) mercury; diazinane-selone complexes 
with e) mercury and f) gold; as well as the ferrocenyl complexes g) 
tetrakis(ferrocenylselenolato)stannane and h) l,3-dibora-2-selena-
[3] ferrocenophane. 
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Table 2.8 Solid-state 77Se chemical shifts and chemical shift tensors for selenium 
bridging organic and inorganic centers.a) 

Compound ISO 

350 

425 

484 

367 

461 

514 

416 

124 

152 

180 

170 

192 

129 

140 

-155 

-156 

12 

8 

60 

2 

13 

-37 

-22 

-27 

-20 

49, 107, 

113,120 

205 

69 

S„ 

537 

565 

718 

639 

779 

844 

731 

970 

1101 

382 

398 

417 

382 

801 

90 

107 

804 

670 

881 

463 

471 

898 

903 

947 

1076 

578 

455 

822 

510 

527 

504 

484 

434 

473 

400 

-215 

22 

304 

322 

305 

329 

-96 

0 

-29 

94 

121 

42 

11 

15 

-28 

-7 

-60 

8 

394 

159 

833 

2 

183 

231 

-22 

169 

225 

118 

-383 

420 

-146 

-210 

-146 

-325 

-283 

-559 

-546 

-861 

-768 

-741 

-468 

-446 

-983 

-962 

-968 

-1144 

-361 

-405 

Reference 

Ph2Se2 

anti-syn 

anti-anti 

syn-syn 

Zn(Se=C(NH2)2)2Cl2 

Ag[Se=C(NMe2)(NH2)][N03] 

Ag[Se=C(NMe2)(NH2)]2[N03] 

Cd(Se=C(NH2)2)2Cl2 

Cd(SeC6H2CPr)3)(bpy) 

R = H 

R = Me 

R = Et 

R = "Pr 

R = 'Pr 

<§r^ "Sn 

[Me3P-Au-Se=C(NH2)2]2[Cl]2 

N 

J Se Au 1 

n̂  
:Se Au PEtj Br 

149 

150 

150 

150 

151 

55 

55 

151 

157 

152 

152 

152 

152 

152 

153 

154 

1 Experimental temperature either room temperature or was not specified. 
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Table 2.8 Continued.10 

Compound 6n 

620 

787 

862 

578 

304 

548 

636 

S22 

425 

6 

52 

443 

187 

116 

520 

833 

360 

-159 

-127 

-983 

-468 

-413 

-878 

Reference 

i 

1 Se Au 1 

n< 
•Au PEts Br 

Hg(Se=C(NH2)2)2Cl2 

R = H 
n = 2 

R = 'Pr 
n = 2 

R = H 
n = 3 

R = Me 
n = 3 

228 

207 

262 

102,95 

13 

112,125,130 

8 

84 

92 

124, 138 

154 

151 

a) Experimental temperature either room temperature or was not specified. 

Relatively fewer inorganic complexes of selenolates, RSe", have been 

characterized by solid-state 77Se NMR. The single-crystal NMR of the cadmium 

complex, Cd(SeC6H2('Pr)3)2(bpy), was investigated as an analogue to biologically 

1S7 77 

occurring metalloproteins that coordinate by cysteine and histidine residues. The Se 

CP MAS spectrum of a microcrystalline powder sample of tetrakis(ferrocenylselenolato)-

stannane, Figure 2.4g, yields four isotropic chemical shift values at 49, 107, 113, and 120 
ppm for the C-Se-Sn selenium environments 158 
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Table 2.9 Indirect spin-spin coupling constants, nJ(7 Se,mX)is0 (m > 77)J 

Compound 

[NMe4]2[Zn(Se4)2] 

12Se4b) 

18Se6b) 

[NMe4]2[Cd(Se4)2] 

[Me2SnSe]3 

[NMe4]2[Hg(Se4)2] 

(Hg(CN)2)(16Se4)b) 

X(n) 

77Se(l) 

77Se(2) 

77Se(2) 

113Cd(l) 

U9Sn(l) 

199Hg(l) 

199Hg(l) 

V(77Se,X)iso / Hz 

150-180 

31-36 

128,129 

250-330 

1191, 1264 

1178,1246,1133 

-1220--1480 

-110,-123 

Xfn) 

199Hg(2) 

77Se(2) 

nJ(77Se,X)is0/Hz 

330 

43 

References 

159 

76 

75,76 

159 

160 

161 

159 

162 

Experimental temperature either room temperature or was not specified. 
See Figure 2.2. 

2.2.3.3 Bridging Inorganic Centers 

2.2.3.3.1 Symmetric X-Se-X Linkages 

In this section, only selenium bridging two inorganic centers of the same element 

are considered. The B-Se-B linkage in l,3-dibora-2-selena-[3]ferrocenophane, Figure 

2.4h, gives a 77Se CP MAS NMR peak at 41 ppm, quite different than that found at -40 

°C in solution, 4.3 ppm.163 

77 

The N-Se-N moiety produces a broad peak at 1113 ppm in the Se CP MAS 

NMR spectrum of Se[N(SiMe3)2]2 due to indirect spin-spin and residual dipolar coupling 

from 1 4N.1 6 4 The magnitude of 1J(77Se,14N);S0 was estimated to be approximately 53 Hz 

in Se[N(SiMe3)2]2-164 The eight-membered ring system l,5-Se2S2N4 possesses an 

alternating nitrogen-chalcogen pattern and the two 77Se chemical shifts, 1409 and 1455 

ppm, for the two N-Se-N linkages within the ring are more deshielded than found in 

Se[N(SiMe3)2]2, and one of the most deshielded selenium environments found by solid-

state 77Se NMR.165 
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Grossman and coworkers have synthesized a family of l,3-diselena-2,4-

diphosphetane-2,4-diselones, (RPSe2)2 (R = Me, Et, lBu, 4-Me2NC6H4), Figure 2.1e, and 

have employed solid-state NMR in order to elucidate their structures. The isotropic 77Se 

chemical shifts and indirect spin-spin coupling constants for the two equivalent P-Se-P 

components, from CP MAS spectra, range from 621 ppm to 890 ppm, and all possess 

lJ(71SQ,3l?)iso ~ -260 Hz.59 Ab initio HF and SOS-DFPT calculations of the selenium 

magnetic shielding tensor provide the orientation of the selenium chemical shift tensor 

for (lBuPSe2)2, where 8n lies within the P2Se2 ring plane, bisecting the P-Se-P angle, and 

that this plane bisects the 822-Se-833 angle.59 A similar system, 3,5-dimethyl-l,2,4-

triselena-3,5-diphospholane-3,5-diselone possessing only a single P-Se-P unit, Figure 

2.If, yields 8iso(Se) = 632 ppm and lJ(77Se,3l?)iso ~ -420 Hz.59 

Inorganic polyselenides, Se-Se-Se, found in late transition metal complexes have 

been investigated by solid-state 77Se NMR. There appears to be a significant difference 

in the entire selenium chemical shift tensor depending on whether the Se-Se-Se moiety is 

found within a heterocyclic ring or as a chain between inorganic centers. The group 12 

complexes [NMe4]2[M(Se4)2] (M = Zn, Cd, Hg) form five-membered MSe4 rings and the 

77Se peaks arising from Se-Se-Se linkages were differentiated from the M-Se-Se 

selenium environments due to the magnitudes of the one- and two-bond mercury-

selenium couplings in [NMe4]2[Hg(Se4)2], Table 2.9.159 The Se-Se-Se Siso's range from 

30 ppm to 142 ppm with an average span, £2, of 1139 ppm, Table 2.10.159 The layered 

polyselenide, Rb2[Pd(Se4)2]-Seg, possesses Se4 chains that link two Pd centers together, 

and the 77Se peak from the Se-Se-Se selenium is significantly more deshielded at 648 

ppm and in a more symmetric environment, Cl = 388 ppm, than found in the MSe4 rings 
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lie 
Table 2.10 Solid-state Se chemical shifts and chemical shift tensors for inorganic 
X-Se-X bridging moieties.a) 

Compound 

N'Pr2 

Fe Se 

N'Pr2 

Se[N(SiMe3)2]2 

l,5-Se2S2N4 

R = Me 
<?o , S e 

% p / ^ ^ R R = Et 

^ P V \ e R = 'Bu 
R = 4-Me2NC6H4 

Se Se 

H3C- ' Vs^Se 

Se 3 i CH3 

[NMe4]2[Zn(Se4)2] 

Rb2[Pd(Se4)2]-Se8 

[NMe4]2[Cd(Se4)2] 

[NMe4]2[Hg(Se4)2] 

(Me2SnSe)3 

Oiso 

41 

1113 

1455 

1409 

835 

678 

621 

890 

632 

142 

137 

122 

71 

648 

128 

92 

71 

63 

101 

90 

48 

30 

-288 

-374 

-266 

-352 

5u 

593 

773 

657 

600 

826 

827 

759 

794 

739 

591 

612 

581 

552 

-267 

-300 

522 

184 

16 

135 

93 

680 

57 

37 

-11 

-60 

111 

77 

76 

82 

-288 

-361 

533 

-350 

-379 

-428 

-480 

438 

-501 

-519 

-571 

-490 

-398 

-419 

-514 

-543 

-309 

-460 

Reference 

163 

164 

165 

59 

59 

59 

59 

59 

159 

51 

159 

159 

161 

160 

a) Experimental temperature either room temperature or was not specified. 

of [NMe4]2[M(Se4)2] (M = Zn, Cd, Hg). 51 
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Dimethyl tin selenide, (Me2SnSe)3, has a six-membered inorganic ring structure 

of alternating tin and selenium atoms. The crystal structure indicates that two of the three 

77 

Sn-Se-Sn components are equivalent, which the solid-state Se NMR spectrum of 

(Me2SnSe)3 supports in displaying only two isotropic peaks with a 2:1 intensity 

ratio.160'161 One-bond indirect spin-spin coupling constants, 1J(119Sn,77Se)iSO, are found to 

range in magnitude from 1133 to 1264 Hz. 'l By combining the results of solid-state 

77Se and 119Sn NMR; Gay, Jones and Sharma were able to assign the selenium chemical 

shift tensors to specific crystallographic sites, and the values of 1J(119Sn,77Se)iSO to 
specific tin-selenium pairs 161 

2.2.3.3.2 Non-Symmetric X-Se-Y Linkages 

The P-Se-Se-P linkage is one of the more common inorganic bridging moieties. 

A number of investigations on a series of bis(organothiaphosphoryl) diselenides have 

been summarized.18 Potrzebowski and coworkers have noted ' 2 a linear correlation 

between the span of the selenium chemical shift tensors and the Se-Se bond distance in 

these diselenides.62"65 In another phosphorus diselenide, the two P-Se-Se selenium 

environments in 3,5-dimethyl-l,2,4-triselena-3,5-diphospholane-3,5-diselone, Figure 

7 7 SQ 

2.If, possess deshielded isotropic Se shifts, 636 and 649 ppm, compared to the 

bis(organothiaphosphoryl) diselenides, 274 - 457 ppm, Table 2.11. The one-bond 

phosphorus-selenium coupling constants are similar, where -355 to -532 Hz couplings are 

obtained for the bis(organothiaphosphoryl) diselenides,62"65 and the values of 

1J(77Se,31P)iso, -340 and -350 Hz, are found in 3,5-dimethyl-l,2,4-triselena-3,5-

diphospholane-3,5-diselone,5 see Table 2.5. 
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Table 2.11 Solid-state Se chemical shifts and chemical shift tensors for inorganic 
X-Se-Y bridging moieties.a) 

Compound 

[CBu)(Ph)P(S)Se]2 

[('PrO)2P(S)Se]2 

[(Me3CCH20)2P(S)Se]2 

Q J . 
H , C — A ~ ~ ~ ^ / S e 4 -C6H6 solvate 

H,C 2 

Se Se 

-/Ne^N 
Se o e CH3 

[NMe4]2[Zn(Se4)2] 

Rb2[Pd(Se4)2]-Se8 

[NMe4]2[Cd(Se4)2] 

[NMe4]2[Hg(Se4)2] 

Oiso 

457 

288 

276 

274 

421 

377 

400 

348 

649 

636 

670 

657 

637 

595 

551 

662 

642 

611 

600 

693 

634 

619 

527 

5„ 

722 

660 

613 

602 

746 

694 

688 

622 

1068 

1044 

1048 

1046 

765 

1052 

1063 

973 

952 

1246 

1086 

1089 

1050 

622 

544 

350 

394 

410 

422 

444 

340 

412 

914 

899 

809 

704 

596 

922 

856 

874 

799 

849 

828 

740 

666 

833 

106 

-160 

-178 

-189 

92 

-22 

173 

16 

29 

27 

55 

36 

291 

13 

6 

-14 

49 

-15 

-12 

29 

-135 

Reference 

62 

63 

64 

65 

65 

59 

159 

51 

159 

159 

Experimental temperature either room temperature or was not specified. 

The M-Se-Se linkages in the late transition metal polyselenide complexes appear 

significantly more similar than the Se-Se-Se moieties within the same complexes. The 

isotropic 77Se chemical shifts of the M-Se-Se selenium in Rb2[Pd(Se4)2]-Se8, 551 ppm,51 

is within the range of 8iso's found for [NMe4]2[M(Se4)2] (M = Zn, Cd, Hg), 527 - 670 

1 ^ Q 1 1 1 "X 1 1 

ppm. The approximate order of magnitude difference between J( Cd, Se)iSOand 
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1 i QQ nn 

V(^Hg,''Se) i so in the polyselenide complexes are consistent with trends found for Group 

14 couplings.166'172 

2.2.4 Inorganic Systems 

2.2.4.1 Selenium Oxides 

Solid-state 77Se NMR investigations of the oxides of selenium have, not 

surprisingly, focused on the two most commonly observed; selenites, Se032", and 

selenates, SeC>4 ". The selenium chemical shift tensor for a single crystal of selenous acid 

was the earliest solid-state 77Se NMR investigation of a selenium oxide system and is 

given in Table2.12.1,J Since then, various mixed alkali hydrogen selenite systems have 

been investigated. Potassium hydrogen selenite and RbHSeC>3 are isomorphous systems 

whose structures contain centrosymmetric (HSeCV^ dimers. Selenium-77 NMR studies 

of single crystals of MHSeC>3 (M = K, Rb) found that the single HSeCV selenium 

environment had a significantly different asymmetry parameter, r|a, than that found in 

H2SeC>3.174 The structures of the MH3(Se03)2 salts are not as symmetric as the MHSeCb 

systems and solid-state 77Se NMR investigations have identified two signals 

corresponding to HSeCV and H2Se03 environments within the crystal structure. 7 " 

While a large difference in n0 was only found between the HSeCV and F^SeC^ selenium 

chemical shift tensors for M = NH4, it was noted that the shielding anisotropy, Ao, was 

smaller for the biselenite than in the selenous acid site for all MH3(Se03)2 (M = NH4, K, 

1 "7/1 11£\ Tl 

Cs). " Solid-state Se NMR has also monitored the paraelectric-antiferroelectric 

transition in CsH3(Se03)2 as evidenced by the doubling of the unit cell resulting in two 
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Table 2.12 Solid-state Se chemical shifts and chemical shift tensors for selenium 
oxides. 

Compound 

H2Se03 

KHSe03 

RbHSe03 

NH4H3(Se03)2 

KH3(Se03)2 

CsH3(Se03)2 

Hydrotalcite-SeO, (0-51%RH) 

(75% RH) 

(84% RH) 

Au2(Se03)2(Se04) 

Au2(Se03)2(Se04) 

Li2Se04 

K2Se04 

(NH2CH2COOH)3H2Se04 

NH4HSe04 

RbHSe04 

T/K 

RT 

RT 

175 

RT 

233 

175 

293 

123 

RT 

RT 

RT 

RT 

RT 

300 

303 

261 

261 

293 

293 

203 

203 

203 

388 

388 

293 

293 

293 

5iso 

1262 

1288 

1294 

1262 

1274 

1293 

1269 

1252 

1262 

1274 

1272 

1268 

1243 

1253 

1245 

1256 

1276 

1279 

1276 

1279 

1276 

1370 

1046 

1024 

62 

1018 

1017 

1016 

1007 

1009 

1006 

1005 

1006 

1015 

1013 

1016 

1015 

1014 

5n 

1451 

1477 

1416 

1416 

1384 

1412 

1472 

1370 

1416 

1384 

1410 

1352 

1431 

1508 

1408 

1372 

1306 

1288 

1306 

1288 

1306 

1568 

1227 

80 

1055 

1053 

1052 

1144 

1226 

1197 

1223 

1223 

1163 

1232 

1230 

1230 

1227 

522 

1334 

1364 

1383 

1360 

1352 

1376 

1312 

1316 

1360 

1352 

1301 

1323 

1344 

1355 

1308 

1341 

1306 

1288 

1306 

1288 

1306 

1568 

1227 

72 

1014 

1016 

1016 

1009 

948 

951 

952 

952 

1020 

952 

961 

959 

961 

533 

1002 

1017 

1082 

1014 

1082 

1091 

1023 

1069 

1014 

1082 

1106 

1129 

954 

897 

1020 

1055 

1215 

1261 

1215 

1261 

1215 

974 

685 

34 

984 

982 

981 

870 

854 

870 

841 

843 

863 

854 

855 

855 

855 

Reference 

173,174 

54 

174 

174 

174 

174,175 

174 

176 

174,176 

177 

177 

177 

178 

178 

179 

180 

181 

181 

182 

182 

183 

183 
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Table 2.12 Continued. 

Compound 

(NH4)2Se04 

Hydrotaleite-Se04 (0% Rel. Humid.) 

(l l%Rel. Humid.) 

(33% Rel. Humid.) 

(51% Rel. Humid.) 

Hydrotalcite-Se04 (paste) 

Hydrotalcite-Se04 (paste) 

Na12(SeO(i)(Se04)3 

Na12(Se06)(Se04)3 

Li4SeOs 

T / K 

RT 

RT 

RT 

RT 

RT 

233 

371 

Oiso 

1040.2 

1053 

1053 

1053 

1049 

1053 

1050 

1045, 1044 

1033 

667 

876 

5„ 

1075 

1057 

1057 

1057 

1061 

1056 

1046 

§22 

1038 

1057 

1057 

1057 

1061 

1048 

971 

533 

1008 

1051 

1051 

1045 

1038 

1048 

611 

Reference 

54 

177 

177 

177 

177 

177 

177 

184 

184 

179 

HSeCV and two H2Se03 selenium chemical shift tensors, as given in Table 2.12. Hou 

and Kirkpatrick have investigated SeC«32" located within the layers of hydrotalcite-like 

compounds as a function of relative humidity, RH, by solid-state 77Se stationary and 

MAS NMR.177 Their findings show a RH-independent 77Se NMR signal due to interlayer 

located selenite, and a RH-dependent signal that arises at high RH due to Se03 " on the 

1 77 

exterior surfaces of the material. 

Recently, a mixed selenite-selenate gold complex, Au2(Se03)2(Se04) was 

synthesized and characterized by solid-state 77Se NMR.178 The 77Se MAS NMR 

spectrum of Au2(Se03)2(SeC>4) displays two peaks in approximate 2:1 intensity ratio, and 

determination of the two selenium chemical shift tensors indicates that the SeC^ ~ anion is 

a highly distorted tetrahedron.178 

Ammonium hydrogen selenate, NHtHSeC^, has been the most reported on 

selenium oxide system studied by solid-state 77Se NMR, which is primarily due to its 

complex phase behavior.182 Above 98 K the sample is found in a ferroelectric phase, 
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which persists until 250 K where the salt possesses an incommensurate antiferroelectric 

phase. At 262 K, NHjHSeC^ becomes paraelectric until at 417 K a superionic phase 

77 

transition occurs before the sample decomposes at 427 K. Solid-state Se NMR has 

been a useful tool in the investigation of nearly all of these phases and their transitions. 

The first ferroelectric phase transition followed by 77Se NMR was performed on a related 

system triglycine selenate, (NHbCHiCOOH^HiSeO^ about the 295 K transition 

temperature.181 Initial investigations of the selenium chemical shift tensors around the 

ferroelectric phase transitions in MHSe04 (M = NH4,
185'186 Rb183'186) were consistent with 

the known structures and provided evidence that proton ordering of specific hydrogen 

bonds occur at this transition; however, an additional study was required to follow the 

triplication of the unit cell that occurs at low temperatures within the ferroelectric phase, 

which was observed by the triplication in the number of 77Se NMR signals between 213 

K and 248 K.187 Aleksandrova and coworkers studies of the 77Se NMR spectra of 
too i Q A 

NH4HSe04 within the incommensurate region revealed that the phase is metastable. 

Replacement of the hydrogen atoms in NHjHSeC^ with deuterium via D2O exchange 

introduces a metastable structural phase transition within the paraelectric phase. Solid-

state 77Se NMR has revealed that the stable monoclinic structure of NH4HSeC>4 can be 

returned to the metastable orthorhombic ND4DSeC>4 by slow cooling the sample from 
101 1 00 *7*7 

above 329 K. ' An investigation of the Se NMR properties of the high temperature 

phase transition within ammonium and rubidium hydrogen selenate demonstrated the 

ability to characterize the superionic phase transition in these two similar salts. 

Variable temperature 77Se spin-lattice relaxation measurements on CsHSe04 have noted 

an anomaly in the T{1, associated with SeC>4 tetrahedron fluctuations, below the 
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superionic phase transition as well as a discontinuity in the T{1 vs T at the transition 

194 

temperature. 

Ammonium selenate, (NH^SeO^ has been recommended as a convenient setup 

77 1Q^ 

sample for cross polarization solid-state Se NMR. The selenium chemical shift 

tensor for (NH^SeC^ has been determined and is reproduced in Table 2.12.54 A solid-

state 77Se NMR investigation of K.2Se04 provides the tabulated chemical shift tensor for 

the paraelectric phase and evidence for the ferroelectric phase transition; however, the 

study was unable to detect the incommensurate phase transition in this sample. 

Static and MAS 77Se NMR spectra of SeCV" within hydrotalcite-like compounds 

as a function of RH suggest significant changes in hydrogen bonding occur within the 

interlayer Se04
2" between 33% and 51% RH.177 Variable temperature 77Se NMR spectra 

of stationary pastes between 193 K and 371 K indicate increasing motional averaging of 

the selenium chemical shift tensor. 77 

Haas and Jansen have been utilizing solid-state 77Se NMR in the characterization 

of some novel selenium oxide systems. The 77Se MAS NMR spectrum of 

Nai2(Se06)(Se04)3 was able to clearly resolve the three peaks, 1045,1044, and 1033 

ppm, due to the three crystallographically non-equivalent Se042" anions from the single 
77 (\ 1SIA. 

Se resonance at 667 ppm arising from Se06 ". The single selenium chemical shift 

tensor for Li4SeOs, given in Table 2.12, was characterized and is consistent with the 

reported crystal structure. 
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2.2.4.2 Inorganic Mono-, Di-, and Poly-selenides 

2.2.4.2.1 Inorganic Monoselenides 

The earliest inorganic selenide studied by solid-state 77Se NMR spectroscopy was 

the paramagnetic insulator a-MnSe. The investigations were undertaken to probe the 

thermal behavior of the material, which was suggested to undergo transformations from 

a-MnSe's rock salt structure to the zinc blende structure of P-MnSe and/or the wurtzite 

structure of the y-polymorph.196 Variable temperature solid-state 77Se NMR experiments 

between 150 and 300 K were undertaken; however, they were unable to prove or 

disprove the emergence of P- or y-MnSe phases in a-MnSe. Temperature dependent 

NMR frequency shifts, with respect to the Al NMR signal of a saturated solution of 

Al2(SC>4)3, were found with a room temperature value of 8.07%. ' By assuming 

Curie-Weiss behavior, Jones was able to determine the value of the hyperfine coupling 

constant, A = 21.6 MHz, in a-MnSe.197'198 

The class of II-VI semiconductors are one of the best known groups of 

semiconducting materials. Selenium-77 Knight shifts of CdSe, as well as CdSe doped 

with ~ 1020 indium atoms per cubic centimeter of CdSe were initially reported by Setty. 

Solid-state 77Se NMR investigations of the Group 12 metal selenide materials MSe (M = 

Zn, Cd, Hg), along with PbSe, were undertaken in 1978,199 and the results are detailed in 

Table 2.13. Only CdSe possessed an anisotropic chemical shift tensor due to its 

hexagonal structure; whereas, the site symmetry within ZnSe and HgSe (zinc blende 

77 

structures) as well as PbSe (rock salt structure) produced only isotropic Se NMR 

peaks.199 Selenium-77 NMR linewidths have been reported for ZnSe in a multinuclear 

NMR study of zinc chalcogenides.200'201 Moran et al. have investigated ZnSe and CdSe 
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Table 2.13 Solid-state Se chemical shifts and chemical shift tensors for inorganic 
selenium systems. 

Compound 

[NMe4]Se02Cl 

Li7PSe6 

P-Ag7PSe6 

y-Ag7PSe6 

[(C5H5)CrSe]4 

ZnSe 

GaxZn8.xPxSe2-x[B02]i2 
(x = 0,0.5,1) 

[NMe4]2Se5 

[NMe4]2Se6 

As2Se3 

Mor,Ses 

CdSe 

CdSo.4Seo.6 

HgSe 

PbSe 

T / K 

RT 

293 

293 

293 

293 

500 

500 

500 

303 

RT 

RT 

RT 

RT 

8iso 

1371 

-736 

-843 

619 

610 

-817 

-1274 

612 

-818 

-1271 

612 

624 

751 

-882 

-1170 

1079 

1018 

-369 

-824 

389 

366 

564 

566 

864 

463 

662 

890 

210 

309 

327 

3691 

4531 

-490 

-476 

-481 

-112 

-631 

6,i 

1783 

935 

918 

-945 

1033 

-369 

629 

661 

997 

999 

1218 

904 

1190 

3871 

4056 

-475 

-461 

-112 

-631 

822 

1652 

789 

795 

-902 

903 

-369 

629 

661 

882 

884 

920 

654 

917 

3851 

4492 

-475 

-461 

-112 

-631 

5,3 

678 

132 

118 

-604 

318 

-369 

91 

224 

183 

185 

455 

169 

121 

3351 

5044 

-519 

-505 

-112 

-631 

Reference 

54 

202 

203 

60 

61 

203 

204 

199 

205 

206 

206 

48 

207 

199 

208 

208 

199 

199 
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inclusion complexes within sodalite frameworks.205'209 The 77Se MAS NMR signal of 

Zn8Se2(BC>2)i2 is approximately 400 ppm more shielded than bulk ZnSe, and that of 

Cd8Se2(BeSi04)6 ~ 500 ppm more shielded than bulk CdSe.209 The effect of doping GaP 

to produce the mixed ZnSe/GaP semiconductor in GaxZn8-xPxSe2-x[B02]i2 was found to 

have no detectable influence on the 77Se MAS spectrum for values of x - 0, 0.5, l.205 

Molecular clusters of CdSe, between 12-35 A, were readily discerned from bulk CdSe by 

7 7 'JIO 7 7 

their Se NMR spectra. Recently, solid-state Se NMR has again been called upon to 

characterize CdSe nanoparticles. Ratcliffe et al. have observed an increase by nearly an 

order of magnitude in the linewidth in the solid-state 77Se NMR spectra of sulfur doped 

CdSo.4Seo.6 relative to CdSe.208 Strouse and coworkers have utilized solid-state NMR to 

investigate the surface of hexadecylamine-capped 2 nm CdSe nanocrystals by taking 

advantage of 1H-77Se CP MAS.211 Their results were able to identify surface selenium 

environments at edges, vertices and within facets, as well as tetrahedral selenium sites 

one layer below the surface.211 Additionally, 77Se HETCOR measurements indicate that 

the selenium sites are in close proximity with the methylene groups from hexydecylamine 
911 

and not the NH2 indicating that this head group is most likely attached at Cd sites. 

Recently, Babu et al. utilized solid-state 77Se NMR to characterize the interaction 

between selenium and ruthenium in Ru-Se catalysts at Ru:Se concentrations of 3.3:1 and 

2:1.44 A large Knight shift and an apparent Korringa relationship of the spin-lattice 

relaxation rate, indicate that the selenium environment(s) attain metallic character when 

bound to ruthenium.44 

77 

The remaining inorganic monoselenide materials investigated by solid-state Se 

NMR contain/-block elements. Cerium selenide, an antiferromagnet, has been studied as 



a function of temperature above its Neel temperature. The 77Se Knight shift as a function 

of temperature possesses Curie-Weiss behavior and suggests a localized behavior of the 

Ce 4/moments.212 Variable temperature solid-state 77Se NMR investigations were also 

performed on sulfur doped samarium selenide, SmSxSei.x (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5), 

due to similarities in magnetic and electronic properties with EuSe.213 The 77Se NMR 

shift was found to be linear with respect to sulfur concentration at both 77 and 300 K.213 

Europium selenide is ferrimagnetic below 2.8 K, and a number of solid-state 77Se NMR 

investigations have been undertaken on this ferrimagnetic phase. Suzuki and coworkers 

reported the disappearance of the 77Se NMR signal above 2.9 K, at the boundary between 

the ferrimagnetic and antiferromagnetic phases.214 Budnick et al. have investigated the 

effect of 1 % and 10 % doping of gadolinium into the rock salt structure of EuSe at 1.3 K, 

noting a significant 77Se NMR shift to higher frequencies in Euo.99Gdo.01Se and 

Euo.90Gdo.10Se.215 Kawakami noted the onset of ferromagnetic phases within EuSe at 1.3 

K with magnetic fields in excess of 1 T. Small changes in the composition of UAsSe 

have been observed within solid-state Se NMR spectra. As the arsenic:selenium ratio is 

decreased from UAsi.oSe towards UAso.gSe, the 77Se NMR linewidths are found to 

increase indicating increasing disorder within this metallic system 217 

2.2.4.2.2 Inorganic Diselenides 

The structures of the early transition metal diselenides possess numerous 

electronic properties of interest that are dominated by the two dimensional geometry of 

these layered systems. For example, the Group 5 diselenides are found as metals (VSe2), 

semiconductors (TaSe2), and superconductors (NbSe2).42 The varying polytypes within 
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these layered structures are labeled according to the type of coordination found for the 

transition metal. Octahedral coordination is designated by 1T; whereas, trigonal 

prismatic coordinated transition metal systems of different stacking structures are 

indicated by the symbols 2H, 3R, and 4H.42 Selenium-77 Knight shifts of the layered 

Group 4, 5 and 6 diselenides were presented by Silbernagel and Gamble.42 Their results 

show a general decrease in the 77Se Knight shift with increasing period for all compounds 

of the same polytype within a given group, and similarities in the Knight shifts of the IT 

structures of Group 4 and 5 transition metal diselenides of the same row (i.e., TiSe2 and 

VSe2, HfSe2 and TaSe2).
42 

Variable temperature solid-state 77Se NMR studies on ir-TiSe2 have shown a 

large change in the Knight shift at the second-order structural transition temperature, 202 

K. 18 The majority of solid-state 77Se NMR investigations have primarily focused on the 

Group 5 diselenides. Vanadium diselenide, 1T-VSQ2, possesses a structural phase 

77 

transition accompanied by charge density waves (CDWs) at 110 K, and "Se NMR has 

shown both a local maximum in the Knight shift/ ' as well as an increase in linewidth 

with decreasing temperature below this transition temperature. Like 1 T'-VSe2, 

2//-NbSe2 has a structural phase transition accompanied by CDWs that can be detected 

by 77Se NMR line broadening below the transition temperature; however, the transition 
770 771 

occurs at a temperature of 31 K. ' Unlike 1 r-VSe2, 2//-NbSe2 becomes 

superconducting below 7 K, and evidence for this transition from 77Se NMR comes from 

a sharp decrease in the Knight shift and an exponential increase in T\ as T decreases 

below Tc = 7 K.222 The 2H polytype of tantalum diselenide is an ordinary metal above 

122 K; however, 2//-TaSe2 undergoes transitions to an incommensurate CDW state 
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below 120 K, and to a commensurate CDW state below 90 K. An initial solid-state 77Se 

NMR investigation was unsuccessful in observing any anomalies in the Knight shift or 

linewidth in the temperature range 20 K < T < 300 K.223 Subsequent 77Se NMR studies 

have observed significant changes in linewidth, lineshape, and number of resonances 

091 00/1 OOA 

occurring at or around the two CDW transitions. ' " Suits, Couturie and Slichter 
i-ji-j 00^ 99£ 

have also shown that their Se NMR results ' in the incommensurate CDW state are 

consistent with McMillans description of discommensurations (separate commensurate 
997 99R 

regions within the structure that produce an incommensurate material on average). ' 

Intercalation of lithium within the layered structures of the early transition metal 

diselenides produces little or no noticeable structural modifications to the host material. 

Silbernagel has shown that solid-state 77Se NMR parameters are sensitive to intercalation 
99Q 77 

in Lii ooMSe2 (M = Group 4 and 5 metals). The reported Se Knight shifts for 

intercalated diselenides are significantly more similar than those of the parent 
99Q 

unintercalated materials. Dramatic changes in spin-lattice relaxation rate are also 

found for the Group 4 and 5 diselenides before and after intercalation, which are 
99Q 

interpreted to be consistent with their respective electronic band properties. 

Subsequent solid-state 77Se NMR studies on intercalated diselenides have been reported 

for LixZrSe2, which have potential application in lithium secondary cells. For 

compositions x < 0.40, LixZrSe2 is a semiconductor, and for x > 0.40, the intercalation 

compound becomes metallic. The semiconductor-metal transition has been monitored 

where LixZrSe2 possessing a semiconducting composition show a constant Knight shift; 
9^0 9^ 1 

however, the Knight shift decreases linearly with increasing x above x = 0.40. ' 

Evidence for lithium ordering in semiconducting and metallic LixZrSe2 have also been 59 



observed in solid-state 77Se NMR measurements. Variable temperature 77Se NMR 

spectra as well as spin-spin relaxation rates on semiconducting Lio.29ZrSe2 indicate 

lithium ordering occurs around 205 K;232 whereas, in metallic LixZrSe2 (x = 0.51, 0.70) 

• 939 934 

similar measurements show ordering of lithium ions near 250 K. 

Selenium has been substituted for sulfur in order to study the sulfided cobalt-

molybdenum catalyst, which transforms petroleum phases containing thiols and aromatic 

sulfides into hydrocarbons and H2S, by solid-state 77Se NMR. Molybdenum disulfide is 

known to be the active catalyst; however, the presence of cobalt sulfides can enhance the 

activity by an order of magnitude. Spin-lattice relaxation measurements have indicated 

the presence of two different MoSe2 environments corresponding to selenium at the edges 

of the particles having very different T\s than the other selenium sites, and that the 

relative ratio of these edge Se environments to other Se sites is larger in the CoMoSe2 

silica-supported catalyst than is found in bulk MoSe2. From solid-state Se NMR 

measurements before and after reaction of the catalyst with thiophene, a reduction in 

relative intensity of the edge Se sites was found as sulfur replaces selenium at the edge 

sites.235 This study has shown that the edge environments are the active sites of the 

catalyst, and that inclusion of cobalt increases the number of these edge sites. 

The later transition metal diselenides that have been investigated by solid-state 

77Se NMR spectroscopy, CoSe2 and NiSe2, possess the pyrite structure. The 7Se Knight 

shift for CoSex (1.95 < x < 2.20) as a function of temperature shows a maximum around 
93A 919 

50 K. ' Panissod et al. have interpreted their results as evidence of structural 
' j i z Tin 

instability, ' which is consistent with the extra reflections detected in neutron 

diffraction experiments on CoSe2 at low temperature.23 Nickel diselenide is a 
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paramagnetic metal, which appears to have a similar 77Se hyperfme interaction 

mechanism as CoSe2.239 However, NiS2-xSex possesses electronic properties as a function 

of x. For x < 0.5, NiS2-xSex is a semiconductor, between 0.5 < x < 1.0 the compound is 

an antiferromagnetic metal at low temperatures, and at x > 1.0 NiS2-xSex the magnetic 

ordering is suppressed and the sample remains paramagnetic.240 Antiferromagnetic 

ordering in NiS2-xSex (0.5 < x < 1.0) was first reported by Krill and coworkers,241 and 

recent solid-state 77Se NMR measurements on x = 0.76 and 0.96 compounds have been 

contrasted with x = 1.25 and 2.00 samples.242 Anomalies in the (^iT)"1 vs. T plots for the 

x = 0.76 and 0.96 near their respective Neel temperatures clearly differentiate these 

compounds from x = 1.25, 2.00 paramagnetic metal plots that show little variation down 

to low temperatures.242 

2.2.4.2.3 Inorganic Polyselenides 

The most commonly studied inorganic polyselenides by solid-state 77Se NMR are 

the ferromagnetic chromium selenide spinels, MCr2Se4. A 77 K study of CuCr2Se4 was 

able to extract a 77Se hyperfme field of 7.14 T, and extrapolated a value of 7.30 T at 0 

K. Subsequent investigations have focused on the anisotropic hyperfme interactions in 

MCr2Se4 (M = Cd, Hg). Anti-parallel hyperfme fields were found to increase in 

magnitude for both CdCr2Se4 and HgCr2Se4 spinels at 77 K,244 4.2 K,244"247 and 1.4 K.248 

Small amounts of doping of copper247 or indium246 into Cdi_xMxCr2Se4 (M = Cu, In; x < 

0.07) have shown significant changes in their respective NMR spectra. 

The solid-state 77Se MAS NMR spectrum of crystalline arsenic selenide, As2Se3, 

has been obtained at 15 kHz. Three resonances at 210, 309, and 327 ppm are observed 
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and possess considerably more narrow line widths than the single peak observed at ~380 

ppm in amorphous As2Se3 (vide infra).48 

Nemeth and coworkers have investigated the quasi one-dimensional conductor 

(TaSe4)2I by solid-state 77Se NMR in the temperature region 150 K < T < 320 K. The 

initial results of Knight shifts and spin-lattice relaxation rates were unable to monitor the 

transition into a CDW state at 265 K;249 however, an increase in 77Se NMR linewidth was 

noticed around this transition temperature and an ensuing investigation into this line 

broadening with decreasing temperature below 265 K was found along with a local 

minimum in T{x at the transition temperature.249'250 

Mixed valence cations in M3Se4 systems typically demonstrate a 1:2 ratio of 

M2+:M3+. Bastow has attempted to observe the solid-state 77Se MAS NMR in metallic 

Mo3Se4; however, the sample that contained both Mo3Se4 and MoSe2 by 95Mo NMR 

revealed only a single 77Se peak consistent with MoSe2.251 Unlike Mo3Se4, which is 

expected to give three 77Se NMR peaks from three non-equivalent selenium 

environments, in Sm3Se4 all selenium sites are equivalent despite the 1:2 Sm2+:Sm3+ 

ratio. Takagi and coworkers have found that the 77Se Knight shift in Sni3Se4 lies in 

between those of SmSe (Sm2+) and Sm2Se3 (Sm3+) throughout the temperature range 110 

K < T < 300 K, ' and have shown evidence for the temperature activation of valance 

fluctuation, Sm2+<-^Sm3+, in Sni3Se4 between 140-160 K from spin-spin lattice relaxation 

2^3 254 

measurements. ' 

The binary and pseudo-binary Chevrel phase compounds, Mo6Seg-xQx (Q = Te, I), 

are an interesting class of high field superconductors. The very deshielded selenium 

chemical shift tensors for the axial and peripheral selenium environments found in the 
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binary Mo6Se8 have been characterized and are tabulated in Table 2.13.207 Solid-state 

77 • 

Se NMR investigations of the pseudo-binary Mo6Seg.xTex (0.0 < x < 7.5) have shown 

that selenium is preferentially located at the axial sites before occupying the peripheral 

chalcogen environments in these solid solutions. ' The pseudo-binary Chevrel phase 

compounds, MoeSeg-xIx (0.0 < x < 2.0), have been investigated as a function of 

temperature and found that the occupancy of iodine at either axial or peripheral locations 

appears temperature dependent.257 

2.2.4.3 Vitreous Systems 

The study of chalcogenide glasses has recently been reviewed and highlights 

77 

solid-state Se NMR as a useful probe of the local selenium environment within 

inorganic selenide glasses. ' Binary phosphorus-selenium compositions form glasses 

up to 52 atom % P, and 5.0, 12.5, and 20.0 atom % P systems have been investigated by 

31P-77Se spin echo double resonance (SEDOR) NMR where the results indicate that the 

number of selenium atoms bonded to more than one phosphorus significantly increases 

between 12.5 and 20.0 atom % P.260 Variable temperature 77Se NMR measurements on 

P-Se glasses from 0 to 40 atom % P have been obtained through the glass transition 

temperature, Tg, of these systems and significant narrowing of the 77Se NMR signal is 

found to occur approximately 100 K above xg.
261'262 The use of cross polarization from 

31P to 77Se has been demonstrated in the inorganic glass, [3-P4Se3; however, it has not 

been utilized in establishing P-Se connectivity in subsequent studies of either crystalline 

or amorphous P-Se systems. 
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Table 2.14 Solid-state Se chemical shifts found in vitreous selenium systems. 

Compound 

Se, 40 atom % P 

GexSei.x x = 0.11 

x = 0.14 

x = 0.20 

x = 0.25 

x = 0.29 

x = 0.33 

AsxSe,.x x = 0.10 

x = 0.18 

x = 0.23 

x = 0.40 

TexSe,.x x = 0.10 

x = 0.20 

x = 0.25 

x = 0.33 

x = 0.50 

880 

880 

860 

900 

->iso 

1314 

1105 

863, 435 

865,435 

860,445 

860,445 

820,430 

410 

865,570 

850, 550 

850, 525 

380 

880, 700 

700,510 

700, 500 

690, 500 

710,510 

Reference 

261,262 

45 

45 

45 

45 

45 

45 

48 

48 

48 

48 

40 

40 

40 

40 

40 

Amorphous germanium selenide is of interest for applications in infrared optics. 

Bureau and coworkers have investigated GexSei.x in the range of composition 0.00 < x < 

0.33 (i.e., from vitreous selenium to GeSe2) by solid-state 77Se NMR.39'45 The results, 

reproduced in Table 2.14, suggest the presence of clusters of selenium rings and/or chains 

(Se-Se-Se species) with chemical shifts greater than 820 ppm along with GeSe4 

tetrahedra (Ge-Se-Ge species), 410ppm<8 <445 ppm. ' The number of Se peaks 

are in contrast to the chain-crossing model that consists of homogeneously distributed Ge 

throughout the glasses, which would be expected to lead to a third resonance due to 

Ge-Se-Se species. 

Arsenic selenide glasses, AsxSei.x (0.00 < x < 0.40; i.e., from glassy selenium to 

As2Se3), have been the most studied vitreous system by solid-state 77Se NMR. Bishop 

64 



and Taylor were the first to report the chemical shift difference between glassy Se and 

vitreous As2Se3.47 Unlike the germanium selenide glasses, AsxSei_x shows three distinct 

77 

Se signals at -850 ppm, -550 ppm, and 380 ppm consistent with Se-Se-Se, As-Se-Se, 

and As-Se-As selenium environments, respectively, as predicted by the chain-crossing 

model of evenly distributed AsSe3 pyramids.3 >48'264 The effect of doping amorphous 

As2Se3 (x = 0.40) with Cu, Ag, Tl, I, and Ge have also been investigated by solid-state 

77SeNMR.265 A general increase in chemical shift and linewidth was found when 

increasing Cu content in Cuz(Aso.4oSeo.6o)i-z for z < 0.25.265'266 

Solid-state 77Se NMR studies of vitreous TexSei_x systems in the concentration 

range 0.0 < x < 0.50 (i.e., from vitreous Se to TeSe) are able to discern three chemical 

shift regions about 880 ppm, 710 ppm, and 510 ppm corresponding to Se-Se-Se, 

Te-Se-Se, and Te-Se-Te selenium environments, respectively; however, the results are 

not entirely consistent with the chain-crossing model. 

2.2.5 Miscellaneous Selenium Systems 

2.2.5.1 Miscellaneous Organoselenium Systems 

The 77Se NMR spectrum of a stationary sample of solid [NMe^SeH, which 

possesses SeH" anions at a crystallographic four-fold rotation axis, with and without 

proton decoupling indicate that the HSe" moiety undergoes significant anisotropic 

molecular motions. 

Trisorganoselenonium salts, RsSe+, are commonly isolated in organoselenium 

77 

chemistry, and a number of these species have been characterized by solid-state Se 

NMR. Collins, Ratcliffe and Ripmeester characterized the selenium chemical shift tensor 
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Table 2.15 Solid-state Se chemical shifts and chemical shift tensors for miscellaneous 
organoselenium systems.a) 

Compound 

[NMeJSeH 

Me2Se in HZSM-5 

MeSeH in HZSM-5 

Me3Se+ in HZSM-5 

Me3SeI 

[PhOCSePh2][OTf] 

<^S' 
\ / 

Se* Se* (S03CF3)2 o XX 
[Cu(16Se4)][S03CF3]

b) 

(Hg(CN)2)(16Se4)b) 

10.95-A kaolinite : Me2SeO 

11.26-A kaolinite : Me2SeO 

11.38-A kaolinite : Me2SeO 

Ph 

) 0 

/ \ / P h 

N ^ ( Se 

Ph 

Ph 

0 / \ ^ , P h 

Oiso 

-465 

0 

-130 

245 

256 

468 

810 

768 

112 

159 

127 

202 

758 

785 

788 

454 

451 

8i , 

355.1 

1066 

1005 

622 

216.8 

1066 

1005 

833 

196.4 

300 

292 

Reference 

267 

268 

268 

268 

54 

269 

77 

162 

162 

270 

270 

270 

269 

269 

Experimental temperature either room temperature or was not specified. 
b) See Figure 2.2. 

of trimethylselenonium iodide as part of their investigation of numerous selenium 

containing compounds.54 Diphenyl(phenylethynyl)selenonium triflate, 

66 



[PhC= CSePh2][0Tf], was prepared from the reaction of diphenylselenoxide, Pri2SeO, 

and phenylethynyl trimethylsilane, PhC= CSiMe3, and the value of 8iS0, 468 ppm, is 

consistent with other hypervalent organoselenium compounds found in Table 2.15.269 

Dicationic 1,5-diselenacyclooctane trifluoromethane sulfonate, Figure 2.5a, 

possesses two three-coordinate selenonium environments that, not surprisingly, show 

very similar selenium chemical shift tensor principal components.77 Similarly, the 

selenium coronand complexes with copper and mercury demonstrate three-coordinate 

selenium species with at least a partial positive charge. The Cu(I) ion in 1,5,9,13-

tetraselenacyclohexadecanecopper(I) trifluoromethane sulfonate is pseudo-tetrahedrally 

77 

coordinated to four 16Se4 selenium coronands and gives rise to two broad Se NMR 

peaks at 112 and 159 ppm.162 The mercury dicyanide complex with 16Se4 is similarly 

surrounded by four selenium coronands and yields two selenium chemical shifts at 127 

and 202 ppm.162 The fairly long Hg-Se distances, 3.38 and 3.44 A, are likely part of the 
1 1QQ 7 7 

reason for the relatively small values of J( Hg, Se)jS0,110 and 123 Hz; however, two-
7 77 77 

bond Se-Hg-Se coupling, J( Se, Se)iS0 = 43 Hz, appear to arise between seleniums on 

different coronands that are oriented cis with respect to the approximately linear Hg(CN)2 

molecules. 

Solid-state 77Se NMR has been utilized to follow the reactivity of dimethyl 

selenide within the zeolite catalyst HZSM-5, and was able to provide clear evidence for 

the formation of trimethylselenonium, Me3Se+, and methane selenol within the porous 

system.268 Another study of organoselenium species as inclusion compounds within 

porous frameworks demonstrates the sensitivity of the 77Se chemical shift of 
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a) ns 

Se* Se* (S03CF3)2 

b) 

c) 

d) 
Cp Cp 

Sel Cr 

'Xir-A. 

Cp Se Cr 

Cp 

Figure 2.5 Miscellaneous structures that have been studied by solid-state 
77 

Se NMR: a) 1,5-diselenacyclooctane trifluoromethane sulfonate, b) and 
c) four-coordinate selenuranes, and d) [(Csf^CrSe]^ 

dimethylselenoxide to changes in kaolinite structures with various basal dimensions, see 

Table 2.15 270 

Kataoka and coworkers have prepared two four-coordinate organoselenium 

compounds by reaction of [PhC= CSePh2][OTfJ with ketones of the form 

RiCH2C(0)R.2.269 The isotropic selenium chemical shifts for the compounds, 454 and 

451 ppm for Figures 2.5b and 2.5c, repectively, are not altogether very different from that 

of the reactant [PhC= CSePh2][OTfJ, 468 ppm. 269 
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2.2.5.2 Miscellaneous Inorganic Systems 

The 77Se CP MAS spectrum of the Se02Cl" ion in [NMe4]Se02Cl displays 

variable fine structure within the spinning sideband manifold.54 Non-equivalent 

crystallographic selenium sites and/or residual dipolar coupling from 35/37Cl were 

deduced as the likely sources of this fine structure.54 

The nature of the selenium species in solid Li7PSe6 has been elucidated by 77Se 

NMR. Two peaks, at -736 and -843 ppm, are assigned to distinct Se2" species due to their 

similarity to that of LiiSe, -760 ppm, and a broad spinning sideband manifold between 0 

and 1000 ppm that was uncharacterized was associated to selenophosphate sites.202 

Similarly, Se " and PSe4 " selenium environments were identified in the Se MAS spectra 

of the P- and y-phases of AgyPSee.60'61'203 

The nearly axially symmetric selenium chemical shift tensors of the tridentate 

selenium environments in [CpCrSe]4 are consistent with the proposed structure, where Se 

and Cr form the corners of a distorted cube and each selenium is coordinated to three 

chromium atoms, Figure 2.5d; however, an assignment of the two selenium resonances, 

at 1018 and 1079 ppm to selenium sites within the same [CpCrSe]4 structure or within 

two crystallographically distinct structures, could not be made. 

The study of the tetramethylammonium salts of five- and six-membered 

polyselenide chains by solid-state NMR offers insight into the nature of these isolated 

polyselenide systems. The terminal selenium sites are the most shielded environments 

for both the Se5 ", 366 and 389 ppm, and the Se6 ", 463 ppm, chains. The next 

selenium atoms in the chain possess bridging Se-Se-Se environments and are more 

deshielded than the terminal sites, see Table 2.13.206 The most internal selenium 
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environments in the polyselenide chains possess selenium resonances at 864 ppm (Ses ") 

and 890 ppm (Se6
2"), in the region where elemental selenium is found, see Tables 2.2 and 

2.13.206 

2.3 Summary 

Solid-state 77Se NMR spectroscopy has developed not only as a complementary tool to 

77Se NMR of corresponding solution phases, but as a comparable method to other solid-

state techniques for the characterization of solid selenium containing materials. The 

f\ 7 

range of isotropic selenium chemical shifts in solution, approximately 3300 ppm, ' has 

been expanded at both extremes by solid-state 77Se NMR. At the high frequency end 
907 

MoeSeg gives two very deshielded values of blS0, 3691 and 4531 ppm, replacing the 

previously known limit of 2434 ppm where some selenoaldehydes, molybdenum 

selenides and cationic selenium containing heterocycles are found.6'7 Similarly, the low 

frequency limit was expanded from the isotropic chemical shifts found in selenium 

bridging moieties in some tungsten complexes, 8jso ~ -900 ppm, to the Se " sites in 

Ag7PSe6 that are found as far as 8iso = -1274 ppm.60'203 Together, the isotropic chemical 

shifts for 77Se in solids range over 5800 ppm. 

Knowledge of the indirect spin-spin coupling constants involving 77Se have also 

benefited from solid-state 77Se NMR investigations. The one-bond selenium-phosphorus 

couplings in solid-state 77Se NMR studies, Table 2.5, cover most of the known ranges of 

V(77Se,31P)iSO for phosphine selones, -650 Hz to -1200 Hz, and phosphorus-selenium 

single bonded systems, -200 Hz to -620 Hz.6'7 One- and two-bond selenium-selenium 

couplings, V(77Se,77Se)iS0, found in solid-state 77Se NMR are also consistent with those 
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found in solution phases, ' Similarly consistent values of one-bond coupling constants 

between 77Se and 113Cd, 119Sn, or 199Hg are found between solid-state 77Se NMR spectra, 

Table 2.9, and solution 77Se NMR.6 

From organic systems, compounds and conductors, to inorganic materials, 

complexes and glasses, solid-state 77Se NMR is clearly an important tool in identifying 

and characterizing many areas of selenium chemistry. It would appear that as interest in 

selenium chemistry continues to expand, the utility and applicability of selenium-77 

NMR in general, and in turn solid-state 77Se NMR, will assist in facilitating this rapidly 

developing field. 
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Chapter 3 

Theory and Methods 

3.1 NMR Interactions 

The solid-state NMR Hamiltonian relevant to the systems investigated in this thesis may 

be written as 

# = # z + # o + # D + # , + # Q [3.1] 

where the contributing terms in equation 3.1 describe the Zeeman, nuclear magnetic 

shielding, direct dipolar, indirect spin-spin, and quadrupolar interactions, respectively.1"4 

The Zeeman interaction details the interaction of the nuclear spins with the static 

externally applied magnetic field, Bo, while the remaining terms are one- and two-spin 

internal Hamiltonians that are derived from the explicit nuclear magnetic properties of the 

system. 

In Cartesian form, all of the above NMR spin interactions may be written in the 

following structure 

# A = c I - A - S = c [ / x Iy Iz] 

where the constant c depends on the nature of the interaction and may or may not be 

equal to unity, I is a nuclear spin operator, A is a second-rank interaction tensor, and S is 

a vector that may be a second spin operator or, for example, an applied magnetic field. In 

the following sub-sections each of the above mentioned NMR interactions will be 

discussed in detail. 

AXX 

AyX 
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AXy 

Ayy 
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_s 

[3.2] 
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3.1.1 The Zeeman Interaction 

The fundamental interaction giving rise to nuclear magnetic resonance is the 

Zeeman interaction. The corresponding Zeeman Hamiltonian describes the interaction of 

the nuclear spin, I, and an external applied magnetic field, BQ\ 

frz=hI-Z-B0 [3.3] 

where Z represents the magnetogyric ratio of spin I and is equal to -yil, where 1 

corresponds to the unit tensor. The vector (5X, By, Bz) describes the Cartesian 

representation of Bo; however, one is typically only concerned with the largest 

component of the Bo vector. When this magnetic field is chosen to be along the 

z-direction the resultant Zeeman Hamiltonian becomes 

K=-YihIzBz [3.4] 

where the z-component of the BQ field is commonly referred to as BQ. Under the 

application of such a magnetic field, for a spin-V^ nucleus, equation 3.4 yields two 

possible states with different energies: 

Ez,mi=-rMjB0 [3.5] 

It is possible to induce transitions between these spin states via the application of 

electromagnetic radiation of the appropriate frequency. The energy difference between 

the states, in frequency units, is given by the Larmor equation: 

2n 

where UL is referred to as the Larmor frequency. 
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3.1.2 The Nuclear Magnetic Shielding Interaction 

One of the primary sources of chemical information arising from nuclear 

magnetic resonance stems from the nuclear magnetic shielding interaction. The external 

applied magnetic field induces currents in the electrons surrounding the nuclei that result 

in induced magnetic fields, which are proportional to Bo, at the nuclei themselves. The 

corresponding Hamiltonian may be represented by 

^ta=hylI-o-B0 [3.7] 

where yi, I, and Bo are the magnetogyric ratio of nucleus I, its nuclear spin operator, and 

the external applied magnetic field, as mentioned previously. The nuclear magnetic 

shielding tensor, a, can be described by a second-rank tensor defined by: 

CT = 

xx xy 

y* yy 

zx zy 

°x 
[3.8] 

In general, any second-rank tensor can be separated into symmetric and antisymmetric 

components, of which those of the nuclear magnetic shielding tensor are: 

1 T 1 

asym = - ( a + c r T ) = -
2V ' 2 

2<r„ 

°"j* + axy 

(Tzx + axz 

°xy + °yx 

2ayy 

Ozy + CTyz 

°xz + °zx 

Gyz + (?zy 

2<?zz 

[3.9] 

a 
antisym _ _ / " t y _ ( j T A = _ 

2 2 

0 

a -<r 
yx xy 

a —a 
zx xz 

°xy-ayz 

0 

a —a 
zy yz 

CT -a 
xz zx 

a -a 
yz zy 

0 

[3.10] 

where CTT is the transpose of a.5 In the zeroth order approximation, the line shapes in the 

NMR spectra of solids do not depend on G
mtlsym^ and the antisymmetric components are 
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not considered further. ' Hereafter, the nuclear magnetic shielding tensor refers 

explicitly to the symmetric component of the nuclear magnetic shielding tensor. In the 

principal axis system, PAS, of asymthe nuclear magnetic shielding tensor attains a 

diagonal tensor with all off-diagonal components equal to zero. 

CT
sym=-

2cr 

CTzx + CTxz 

°xy + Gyx 

la-
yy 

azy+°yz 

°xz + °zx 

a +<7 
yz zy 
2tT„ 

transform 

PAS 

°"n 
0 

0 

0 

^ 2 2 

0 

0 

0 

er, 
[3.11] 

The diagonal 'principal' components, designated an, 022, and 033, are ordered by 

convention such that an < 022 < 033. The isotropic average of the nuclear magnetic 

shielding tensor is given by 

^So = \M°) = \Tr(a *») = t7"+CT
3

22+<T33 [3.12] 

where O[S0 is the nuclear magnetic shielding constant and describes the shielding 

experienced by a nucleus in an isotropic medium, such as the rapid tumbling experienced 

in solution. If the charge distribution about the nucleus is spherically symmetric, the 

induced field at the nucleus, 5ind, opposes the applied magnetic field, such that 

B =-a B [3.131 
nind U iso " O L J 

which implies that the local magnetic field experienced by the nucleus is described by: 

Considering the nuclear magnetic shielding tensor, a, the resonance frequency given in 

equation 3.6 may be modified to include the nuclear magnetic shielding interaction: 

v{0,(f) = vL [1 - (crn sin2 6>cos2 ̂  + cr22 sin2 0sin2 (j) + <73i cos2 0)\ [3-15] 

92 



where the angles 9 and <j> define the orientation dependence of the PAS of G with respect 

to Bo, Figure 3.1. Equation 3.15 emphasizes that nuclear magnetic shielding is an 

orientation-dependent property such that the shielding of a nucleus in a molecule depends 

on the relative orientation of that molecule with respect to the external applied magnetic 

field. 

Figure 3.1 Diagram illustrating the orientation of the external applied 
magnetic field, as defined by the polar angles 9 and </>, with respect to the 
nuclear magnetic shielding tensor. 

Nuclear magnetic shielding is directly related to the experimentally observable 

property, the chemical shift. The chemical shift, 8, is related to magnetic shielding by 

s = a^-a [3.16] 
l - o - ref 

93 



where aref is the shielding of a chosen reference compound. Given that aref is on the 

order of hundreds of parts per million; i.e., 10"4, the denominator of equation 3.16 is often 

approximated by unity such that the chemical shift is nearly equivalent to the difference 

in nuclear magnetic shielding between the chosen reference compound and that of the 

chemical species of interest. 

Experimentally, one measures the change in frequency of the compound with 

respect to the resonance frequency of the chosen reference: 

£ = ^ V x l { ) 6 [ 3 1 7 ] 

Vref 

The principal components of the chemical shift tensor correspond directly to those of the 

nuclear magnetic shielding tensor; i.e., 5n corresponds to an , 822 with aji, and 833 to 

„ 7 
<*33-

3.1.3 The Direct Dipolar Interaction 

The direct dipolar coupling experienced between two nuclei is analogous to the 

classical interaction between two magnetic dipoles. ' The direct dipolar Hamiltonian 

may be written as 

# D = / i I - D - S t3-18] 

where I and S are the nuclear spin operators corresponding to the two nuclei involved, 

and D is the symmetric and traceless direct dipolar coupling tensor. In its PAS with the 

internuclear vector, ris, along the z-direction, D is diagonal: 
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D = R DD 

1 0 0 

0 1 0 

0 0 - 2 

[3.19] 

The direct dipolar coupling constant, RDD, is given by 

RDD = 
^ o Y f t A 

An \^n )\z.n j In 
7,7 s 

is 

[3.20] 

where uo is the permeability of a vacuum, yi and ys are the magnetogyric ratios of the 

coupled spins, /and S, and <r\s > is the motionally-averaged cube of the distance between 

the coupled nuclei. Measurements of the direct dipolar coupling constant can be used to 

infer internuclear distances in rigid systems; however, motional averaging results in a 

reduction in i?DD and a corresponding apparent increase in ris.9 

3.1.4 The Indirect Nuclear Spin-Spin Interaction 

An additional form of coupling between nuclear spins arises from the electron-

mediated interaction between two nuclear magnetic moments.8 The indirect spin-spin 

coupling interaction may be represented by the Hamiltonian 

[3.21] 

where J is the indirect spin-spin coupling tensor.''^ Similar to the nuclear magnetic 

shielding tensor, in general, J contains up to nine independent elements. However, one is 

typically only concerned with the symmetric portion that, in its PAS, takes the form: 

Xj=hl-J-S 

1,3 

J, 

J = 

0 

J. 22 

0 

0 [3.22] 
0 0 / 33 
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The isotropic average of the indirect spin-spin coupling tensor is given by 

J ; s o = I r K j ) = ^±^i±^i [3-23] 

where JjS0 is the indirect spin-spin coupling constant and describes the coupling 

experienced in an isotropic medium. Unlike the direct dipolar interaction the trace of J is 

not zero, and J\so is manifested in both solution and solid-state NMR spectra.8 The J 

tensor may be defined by its principal components, which are ordered such that IJ33 - JiS0| 

> |Jii - Jjsol > IJ22 - Jisol, or by the derived quantities; JjS0 given in equation 3.23 above, 

the anisotropy, AJ, 

AJ = J33-
Jn+J72 [3-24] 

and the asymmetry, m = (J22 - Jn)l(J-& - Ao)-

Contributions to the NMR line shape from AJ share an identical orientation 

dependence with the direct dipolar coupling tensor.8 Experimentally, one is unable to 

separate the two and i?DD and AJmust be considered together as an effective direct 

dipolar coupling constant, Rejf, 

Reff ~ RDD 3 

AJ [3.25] 

where i?DD is given in equation 3.20. 
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3.1.5 The Quadrupolar Interaction 

Nuclei with spin I> V2 possess a nuclear quadrupole moment, Q, as a result of a 

non-spherical nuclear charge distribution. Nuclear electric quadrupolar interactions are 

important when considering NMR with these quadrupolar nuclei, as well as for spin-Vi 

nuclei that are spin-spin coupled to quadrupolar nuclei. The nuclear quadrupole moment 

interacts with the electric field gradient, EFG, at the nucleus.10'11 The Hamiltonian 

describing this interaction may be given by 

ti0= ^ I V I r3 261 
Q 6/(27-1) ^-Zti 

where V describes the EFG tensor, which is symmetric and traceless. In its PAS, the 

EFG tensor may be characterized by two parameters consisting of the largest principal 

component eq^ =VTL = d V/dz , where V is the electric potential, and the asymmetry 

parameter T|Q = (Vxx - Fyy)/FzZ. The product of the nuclear quadrupole moment and the 

largest principal component of the EFG tensor is known as the nuclear quadrupolar 

coupling constant, CQ, 

r - e Q*" [3.27] 
Q _ h 

where CQ is expressed in frequency units. 

Should the Zeeman interaction not greatly exceed that of the quadrupolar 

interaction, the energy levels of the quadrupolar nucleus will be quantized by both the 

applied magnetic field as well as the EFG.12"14 Under such circumstances, dipolar 
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coupling between the quadrupolar nucleus and a spin-14 nucleus may be manifested in 

NMR spectra, even those from experiments designed to remove direct dipolar couplings 

such as magic angle spinning (vide infra). 

3.2 Experimental Techniques in Solid-State NMR 

As mentioned in Chapter 1, NMR of solids is complicated with respect to solution phases 

by anisotropic contributions to the familiar chemical shift and indirect spin-spin coupling, 

by additional interactions such as direct dipolar and quadrupolar coupling that are also 

anisotropic, and commonly by slower nuclear magnetic relaxation rates. These qualities 

are predominantly the result of highly restricted motion in solids, which allows for much 

of the information contained in the second-rank interaction tensors to be extracted by the 

experimentalist. However, in many cases the anisotropic interactions can often produce 

broad and sometimes featureless line shapes in the corresponding NMR spectrum. 

Solid-state NMR spectroscopists often seek 'solution-like' spectra of their solid 

samples, while leaving as much of the orientation-dependent tensorial information 

available as possible. Theoretical and practical considerations in performing routine 

solid-state NMR spectroscopy are well reported, of which only a select few are given 

here.215"17 The combination of magic angle spinning, high-power heteronuclear 

decoupling, and cross polarization,18 used predominantly throughout the experiments 

documented in this thesis, is one of the more common approaches utilized in attaining 

solid-state NMR spectra of dilute or rare spin-1^ nuclei. 
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3.2.1 Magic Angle Spinning 

In many of the NMR Hamiltonians described previously, a common angular 

dependency of the form 

(3cos 2#-l) [3.28] 

is encountered when the interaction is expanded and expressed in polar coordinates. For 

example, in the direct dipolar Hamiltonian the angle 6 defines the angle between the 

internuclear vector, ris, and the external applied magnetic field, Bo- For the time average 

of equation 3.28 for a sample spinning mechanically about an axis of arbitrary orientation 

with respect to Bo, it may be shown16 that 

(3cos 2 ^- l} = | (3cos 2 y5- l ) (3cos 2 ^- l} [3.29] 

where /? corresponds to the arbitrary angle between Bo and the axis of sample rotation, 

and x describes the angle between riS and the sample rotor axis, Figure 3.2. While the 

angles 9 and % are outside the realm of control for the experimentalist, /? can be set to any 

desirable orientation. When /? is set to 54.74°; i.e., the root of (3cos /?- 1), the time 

average of equation 3.28 becomes equal to zero. At this 'magic' angle, average isotropic 

values will be obtained for the various anisotropic interaction(s) of interest; i.e., direct 

dipolar coupling, anisotropic magnetic shielding, first-order quadrupolar coupling. 

Singular, narrow line shapes can be achieved by this so-called magic angle 

spinning, MAS, only when the rate of sample rotation is significantly greater than the 

magnitude of the interaction being averaged. Should the rotor spinning frequency, i)rot, 
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rotor 

Figure 3.2 Relative angles describing the orientation of the external 
applied magnetic field, B$, internuclear vector, ri$, and the sample rotation, 
rotor, axes. 

be of comparable, or smaller, magnitude than the breadth of the anisotropic interaction 

then the MAS NMR spectrum will exhibit a series of spinning sidebands flanking either 

side of the isotropic peak(s), Figure 3.3. These spinning sidebands, collectively referred 

to as the spinning sideband manifold, are located at integer multiples of the spinning 

frequency away from their respective isotropic peak. For manifolds resultant from 

anisotropic magnetic shielding, the positions and relative intensities of the spinning 

sidebands may be analyzed to yield the principal components of the chemical shift 

tensor. ' For this reason, slow spinning MAS NMR experiments are often employed to 

extract information about the anisotropic magnetic shielding interaction, yet remove 

anisotropies smaller than nrot in magnitude. 
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77c Figure 3.3 The effect of MAS at urot = 3.0 kHz on the ' 'Se NMR 
spectrum of (NH^SeC^. Spinning sidebands are denoted with asterisks. 

3.2.2 High-Power Heteronuclear Decoupling 

High-power decoupling in solid-state NMR primarily refers to the suppression of 

large direct dipolar interactions between abundant nuclei, such as H or F, and dilute 

nuclei, such as 13C or 77Se.21 These heteronuclear direct dipolar couplings are typically 

too large to be suppressed by MAS alone. Decoupling has the additional effect of 

removing indirect spin-spin coupling interactions between the abundant and dilute nuclei. 

For the experiments presented in this thesis the abundant spins being decoupled are 

always protons. Proton decoupling is accomplished via the application of an rf field, at 

or near the !H Larmor frequency, during the acquisition of the dilute spin free induction 

decay, FID. 

In comparison to solution NMR spectroscopy, decoupling of the abundant spins in 

solids requires much more power. Decoupling fields involving protons are on the order 

of 60-100 kHz, which correspond to power outputs in the range of hundreds of watts. 
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The efficiency of the decoupling achieved depends largely on the magnitude of the 

decoupling field with respect to the heteronuclear direct dipolar interaction, and this 

efficiency is typically measured in the widths of the NMR peaks in the spectrum of the 

dilute nucleus. Traditional decoupling in the solid state is attained via continuous wave, 

CW, decoupling; however more advanced decoupling procedures are an active area of 

research. One such decoupling sequence, which has become a benchmark approach, 

involves a series of rf pulses of alternating phase. This so-called two-pulse phase-

modulated, TPPM,21 decoupling has the effect as if one were using a higher CW 

decoupling field.15 

3.2.3 Cross Polarization 

Cross polarization, CP, is an NMR technique where spin polarization of abundant 

spin nuclei is transferred to dilute spins in cases where the abundant and dilute spins are 

direct dipolar coupled. The first of two benefits for utilizing CP results in a signal 

enhancement by a maximum factor of yabund/ydiiute, where the magnitude of the enhanced 

signal is dependent on the nature of the direct dipolar interaction. In principle, lH CP to 

77Se can result in a signal intensity gain of 

ylH/y„Se =5.17 [3.30] 
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However, significant enhancements are rarely encountered for selenium in practice. 

The second, and for the purposes of this thesis more important, benefit is the recycle 

delays for a CP experiment are determined by the T\ of the abundant spin rather than the 

dilute spin. As the T\ values of dilute spin-Vi nuclei are typically much larger than those 

of protons, this reduction in relaxation time allows for an increase in the signal-to-noise 



ratio when using the CP experiment for a dilute spin nucleus for a given period of 

experiment time. 

!H 

77Se 

(*/2)x 

Spin 
Locking 

Decoupling Relaxation 
Delay 

Acquisition 
Relaxation 

Delay 
J L y ^ y ^ | ^ j ^ ^ 

Figure 3.4 Typical cross polarization pulse sequence. 

• 1 77 • 

The general form of the CP pulse sequence is depicted for HCPto Sem Figure 

3.4. In the rotating frame, the (n/2)x pulse tips the *H magnetization along the 

y-direction, along which it is subsequently held or spin locked. While the H 

magnetization is spin locked another rf pulse is applied on the 77Se channel for a period 

known as the contact time, which is typically on the order of milliseconds. In the most 

common form of CP, called Hartmann-Hahn CP, the lH and 77Se rf fields are matched to 

where their frequencies in the rotating frame are equivalent, such that 
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which is known as the Hartmann-Hahn condition.23 It is during the contact time where 

spin polarization is transferred from the protons to the selenium nuclei. 

Under MAS conditions where homo- and hetero-nuclear dipolar couplings are on 

the order of the rotor spinning frequency, the Hartmann-Hahn match condition attains a 

spinning speed dependence. A simple but effective remedy involves a minor 

modification of the mixing pulse shown in Figure 3.4. Instead of a flat, constant B\ field 

on the 77Se channel, an rf field following a linear amplitude ramp in intensity is 

employed. This ramped-amplitude cross polarization, RACP, provides a broad range of 

Hartmann-Hahn match conditions eliminating the need to re-optimize rf field strengths 

when changing spinning frequencies. 

3.3 Quantum Chemical Calculation of NMR Parameters 

The quantum chemical calculations performed on systems investigated in this thesis were 

computed on isolated molecules or molecular ions with rigid structures. As a result, 

when compared to experimental NMR results from solid materials the computations must 

be considered in the context of their neglect of molecular vibrations and effects resultant 

from crystal packing forces. 

The theory of nuclear magnetic shielding and indirect spin-spin coupling was 

initially advanced by Ramsey. 5' While computational programs do not utilize these 

formalisms in the quantum chemical computation of the respective NMR parameters, 

often the results are reported in a form consistent with the original theory. For nuclear 

104 



magnetic shielding, Ramsey decomposed the total shielding into diamagnetic and 

paramagnetic components 

<j = cTd+ap [3-32] 

where the diamagnetic term depends only on the ground electronic state of the molecule, 

and CTP contains a summation over excited electronic states.25 The utility of the magnetic 

shielding tensor is rooted in this connection with the electronic structure of the molecule 

of interest. Thus insight into local electronic structure about nuclei is possible via the 

measurement of chemical shift tensors.27 

Indirect spin-spin coupling in a qualitative fashion involves the polarization of the 

electronic network by one nucleus that is subsequently transferred to a second nucleus. 

Three mechanisms by which the polarization can be transferred constitute Ramsey's 

original non-relativistic theory.26 First, the spin-dipolar mechanism describes how one 

nuclear magnetic moment can induce electron spin polarization via a dipolar interaction 

with the electron spins. Second, the spin-orbit mechanism arises from electronic currents 

induced by the magnetic field produced by one nuclear magnetic dipole, which then 

influences the second nucleus. Finally, the Fermi-contact mechanism details the 

interaction between the nuclear magnetic moment and the electrons that have a finite 

probability of being located at the nucleus. 

3.3.1 Density Functional Theory 

Density functional theory, DFT, provides a favorable balance between accuracy 

and computational effort. Due to the size and nature of the systems investigated in this 

thesis, DFT has been utilized as the theoretical foundation for the computation of the 



sought after NMR parameters. The Amsterdam Density Functional, ADF, program 

package was employed for all of the DFT calculations performed as it offers access to 

relativistic corrections via the zeroth order regular approximation, which will be 

discussed in the following section. As a detailed description of the theory and 

implementation of DFT is beyond the scope of this thesis, the purpose of this section is to 

identify the concepts necessary to understand and evaluate DFT calculations of NMR 

parameters. 

The fundamental tenet of DFT stems from the derivation of the total energy of a 

molecular system as a functional of the electron density, p(r), 

E = E\p{r)\ [3-33] 

where p(r) is constructed, within Kohn-Sham DFT, from a set of molecular orbitals, %, 

p(r)=t\%M2 t3-34^ 

and the total energy may be written as 

E[p(r)] = T + Vn+Ve+Exc [3.35] 

where T is the kinetic energy as derived from the Kohn-Sham orbitals, V„ and Ve are the 

classical electron-nuclear and electron-electron Coulomb energies, respectively, and Exc 

is referred to as the exchange-correlation functional. As the first three terms of E[p(r)] in 

equation 3.35 can be defined explicitly, Exc is the only functional that need be developed. 

As implied by its name, the exchange-correlation functional contains the exchange and 

correlation energies; however, Exc also serves as a depository for terms not accounted for 

in the kinetic and Couloumb energy terms. The specific functionals employed in the 
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calculations performed in the subsequent chapters use both the local density as well as the 

local gradient of the density in their definitions. 

As mentioned earlier, modern computational programs do not calculate nuclear 

magnetic shielding and indirect spin-spin coupling according to the equations derived by 

Ramsey. ' The components of the nuclear magnetic shielding tensor may be 

equivalently arrived at by taking the second derivative of the energy with respect to the 

magnetic moment of the nucleus, \x, and the external applied magnetic field, BQ:30'32 

_|~ d2E 

One of the original problems concerning the computation of the nuclear magnetic 

shielding, and other properties arising from the effect of Bo, was that the results depended 

on the origin of the vector potential of the external applied magnetic field. As a 

molecular property, the nuclear magnetic shielding must be independent of the 

calculation origin; however, an obviously impractical solution to this so-called gauge 

origin problem is the use of a complete basis set. The gauge origin problem is addressed 

in ADF with the use of gauge including atomic orbitals, GIAOs, which defines the vector 

potential with local gauge origins at the center of each orbital. 3'34 The use of GIAOs has 

the additional benefit of a more rapid basis set convergence. 

While calculations of indirect spin-spin coupling have not been performed on the 

specific systems investigated, primarily a result of the considerable computational effort 

required, the method by which J is computed is included here for completeness. Indirect 

i,j = x,y,z [3.36] 
/; «„ = 
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spin-spin coupling is calculated in a similar manner by taking the second derivative of the 

energy with respect to the nuclear magnetic moments of the coupled nuclei 

* * = 
d2E 

tyijtysj 
hj —x,y,z r^ 27~i 

where K is the reduced indirect spin-spin coupling tensor, with units of T2 J"1, and is 

related to J by: 

J i , s = r / r s - r ^ K i > s [3.38] 
4TT 

Thus, K is independent of the magnitudes of the nuclear magnetic moments and is 

particularly useful when comparing indirect spin-spin couplings between different spin 

pairs. 

3.3.2 The Zeroth Order Regular Approximation 

From the liquid standard state of mercury to the color of gold, relativistic effects 

i f 

are well known contributors to the properties of heavy elements. Relativistic effects are 

manifested in the calculation of NMR parameters via the mass-velocity and Darwin 

terms, together referred to as scalar relativistic effects, as well as by the effects of spin-

orbit coupling. Scalar relativistic effects typically increase the calculated nuclear 

magnetic shielding, relative to a non-relativistic computation, via the diamagnetic 

contribution as a result of the contraction of the inner shells. However, since the 

contraction of core orbitals is essentially identical for every nucleus, regardless of the 
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chemical environment, this effect cancels in the calculation of relative chemical shifts, 

see equation 3.16.36 Thus, scalar relativistic effects primarily impact calculated chemical 

shifts through stabilization and/or destabilization of the energy levels of the valence 

occupied and virtual orbitals, resulting in potentially significant paramagnetic 

contributions. Spin-orbit relativistic effects produce additional core and valence 

contributions to the calculated nuclear magnetic shielding. The former of which is also 

typically negated when determining relative chemical shifts. The spin-orbit induced spin 

polarization in both cases influences nuclear magnetic shieldings through a Fermi-contact 

mechanism.36 

Theoretical treatment of relativistic effects is generally approached via the four 

component Dirac Hamiltonian. However, while not inherently more complex than non-

relativistic computations, fully relativistic calculations require a more complicated 

mathematics as well as additional basis functions.37 In addition, the size of the secular 

equation arising from a four component Hamiltonian results in fully relativistic 

computations that are prohibitively time consuming for any but the smallest of systems. 

A common approach in simplifying the Dirac equation involves transforming the Dirac 

Hamiltonian into a two component form utilizing 2><2 Pauli spin-matrices. After such a 

transformation, the Dirac equation may be written in terms of the upper two and lower 

two components referred to as the large and small components, respectively. The large 

and small components are not independent of each other, that is one may be written in 

terms of the other. In this way, the original four component Hamiltonian may be written 

in a two component form and approximate solutions of the Dirac equation may then be 

sought. When the relationship between the large and small components is expanded to 
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zeroth order in (E-V)/2mec , where me is the electron mass and c is the speed of light, one 

arrives at the well known Pauli Hamiltonian. However, an expansion of this form is not 

valid for particles in a Coulomb potential as the expansion parameter is not small near the 

nucleus.37 

Expansion in powers of E/(2meC2 - V) instead results in an operator that is, unlike 

the Pauli Hamiltonian, regular everywhere and bounded from below such that variational 

computations are stable.37 To zeroth order the most important relativistic effects, 

including an accurate description of spin-orbit coupling, are already present. This so-

called zeroth order regular approximation, ZORA, produces eigenvalues and densities 

that are accurate approximations to those of full four component Dirac calculations. 

Additionally, as a two component theory, the ZORA Hamiltonian can utilize smaller 

basis sets, thus reducing the computational effort required to achieve relativistic 

corrections to calculated molecular properties such as nuclear magnetic shielding and 

indirect spin-spin coupling. 
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Chapter 4 

A Combined Experimental and Quantum Chemistry Study of Selenium 

Chemical Shift Tensors* 

4.1 Introduction 

Selenium is playing an increasingly important role in chemistry, particularly in materials 

chemistry. For example, selenium has been utilized in the structure of various 

nanoparticles, nanowires, and nanotubules.1"4 Applications have also been reported 

where selenium is incorporated within the channels of porous materials.5"10 Interest in 

selenium chemistry has not seen such growth since it was recognized that selenium is an 

essential nutrient in mammalian systems. The discovery that the TGA codon directs the 

incorporation of selenium has ultimately led to the acceptance of selenocysteine as the 

21st amino acid.12'13 

Nuclear magnetic resonance (NMR) has been utilized to investigate a limited 

number of selenium-containing nano-composites;14"17 however, fewer studies have 

focused on the selenium nucleus itself.16'17 Selenium-77 NMR is an ideal technique for 

77 

investigating selenium-containing materials as the Se chemical shift ranges over 3000 

ppm18'19 and is extremely sensitive to changes in molecular structure. Clearly, it is 
77 

desirable to have a sound understanding of the structural features that influence Se 

NMR parameters. 

Theoretical calculation of NMR parameters, particularly for selenium where 
1 1 ^ 

empirical interpretations are more difficult than those extracted from H or C NMR 

* A version of this chapter has been published: B.A. Demko, K. Eichele, and R.E. Wasylishen, Journal of 
Physical Chemistry A, 2006,110, 13537-13550. 
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spectra, has become increasingly useful for spectroscopists. Selenium-77 NMR studies 

of isotropic liquids, specifically isotropic chemical shifts and indirect spin-spin coupling 

constants, is a well developed area of research.18'19'21"24 The comparison of calculated 

isotropic chemical shifts with experimental values has recently been criticized as a poor 

method for determining the accuracy of a given quantum chemical approach given that 

the fundamental parameter, the magnetic shielding interaction, is characterized by a 

second-rank tensor containing nine components in general versus the single value 
9S 

obtained from NMR studies of isotropic solutions. Solid-state NMR, which can yield 

the symmetric part of the chemical shift tensor, is potentially more informative than its 
9fi 97 77 

solution counterpart; ' however, the literature and scope of solid-state Se NMR 

investigations has been relatively limited.18'19 Magnetic resonance experiments on 

heavier nuclei are known to present challenges both experimentally and theoretically,28 

and the question of whether or not relativistic effects are important for the calculation of 
77 98 41 

Se NMR parameters remains a topic of some debate. 

The aim of the present investigation is to probe a wide variety of selenium-

containing solid compounds, covering the known isotropic chemical shift range of 

selenium, using solid-state NMR spectroscopy and computational chemistry. 
77 

Specifically, we have used solid-state Se NMR spectroscopy to provide the principal 

components of the chemical shift tensor for a number of organic, organophosphorus, and 

inorganic selenium compounds. Due to the inherent ability and success of density 

functional theory (DFT) in addressing electron correlation, which allows the investigation 

of larger systems and/or those containing heavy atoms, DFT was employed to calculate 

the corresponding selenium magnetic shielding tensors. The DFT calculations were 
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performed at varying levels of inclusion of both scalar and spin-orbit relativistic effects 

via the zeroth order regular approximation (ZORA) formalism.42"45 The calculated 

magnetic shielding tensors when transformed into chemical shift tensors and compared 

with the experimental values allow insight into the level of relativistic theory required to 

accurately describe the observed magnetic shielding. 

4.2 Background Theory 

The magnetic shielding experienced by a nucleus in a molecule generally depends on the 

orientation of that molecule with respect to the external magnetic field, Bo. This results 

from induced magnetic fields about the nucleus due to the circulation of electrons, which 

slightly alters the NMR resonance condition. To completely describe this shielding, a 

second-rank tensor, containing up to nine unique components may be required. In the 

magnetic shielding tensor's principal axis system (PAS), the symmetric part of the tensor 

is diagonal, and only three orthogonal components (an < 022 < 033), and three Euler 

angles (a, p\ y), which relate the orientation of the PAS to the molecular frame, are 

required to properly describe the interaction tensor. The span of the shielding tensor is 

defined as Q. = 033 - on, and represents the maximum orientation dependence of the 

shielding experienced by the nucleus in a given molecule. The isotropic shielding, GiS0, is 

one-third the trace of the shielding tensor; O{S0 = (on + 022 + c*33)/3. The NMR spectrum 

of a powdered sample containing an 'isolated spin' yields the principal components of the 

chemical shift tensor, whose values are related to the magnetic shielding tensor by: 

Msample) = ^^ref)-a ^sample) [ 4 ^ 
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where aiso{ref) is the isotropic shielding of a standard reference and 5n > 822 > 833. Solid-

state NMR can also provide the Euler angles; however, single crystals of sufficient size 

and quality are usually required for their determination,46"50 and as a consequence Euler 

angles are less commonly reported than the principal components which are readily 

obtained from powdered samples. 

The non-relativistic theory of nuclear magnetic shielding was developed by 

Ramsey,51'52 and is recognized as among the most influential papers in 20th century 

quantum chemistry. The significance of relativistic effects in the calculation of nuclear 

magnetic shieldings for heavy nuclei has attracted great interest since its initial 

description,54"57 and a few representative references of its discussion are given here.5 " 

Specifically for the organophosphine selenides, due to the presence of P (100% 

natural abundance), it is prudent to discuss the theory of spin-spin coupling. The concept 

of direct dipolar and indirect spin-spin coupling is well covered in the literature. " The 

direct dipolar, D, tensor is of second-rank and is traceless, while the indirect spin-spin, J, 

tensor is a general 2nd-rank tensor with a non-zero trace. The average of the principal 

components of J (Jn, J22, J33) provides the isotropic indirect spin-spin coupling constant, 

JlS0. For directly bonded selenium-77 and phosphorus-31 spin pairs, J(77Se,31P) values 

are known to be negative.65'70 The anisotropy of the J-tensor is defined as AJ= J33 - (Jn 

+ J22)/2, and is inherently linked with the direct dipolar coupling constant, Rot>; RUD and 

AJ can not be separated and an effective direct dipolar coupling constant, Ref, is obtained 

experimentally: 

Reff=RDD-AJ/3 [4.2] 
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and 

RDD = 

(•• V h V ^ M o 
KAn j \2n j 

YJZS 

r3 [4.3] 

where fio is the permeability of a vacuum, yi and ys are the magnetogyric ratios of the 

coupled spins, /and S, and <ris3> is the motionally-averaged cube of the distance between 

the coupled nuclei. When the value of Re/f can be determined from an experimental 

spectrum, AJcan be estimated from equation 4.2 provided ris is known (equation 4.3). 

Previously, we have shown that the dipolar-splitting-ratio method can provide 

information on the orientation of the internuclear dipolar vector with respect to the 

chemical shift tensor principal components in powder samples containing an isolated 

spin-pair.71 

4.3 Experimental 

Representations of compounds 1-16 investigated in this study are given in Figure 4.1. 

The following samples were acquired from commercial sources and used without further 

purification: iV,./v-dimethylselenourea (1) and diphenylselenium dichloride (3) from 

Strem; iV-methylbenzothiazole-2-selone (2), tetramethyltetraselenafulvalene (5) and 

diphenyl diselenide (6) from Aldrich; seleno-DL-methionine (4) from Sigma; ammonium 

selenate (14) and ammonium selenotungstate (15) from Alfa. The organophosphine 

selenides (7 - 13) were prepared from the appropriate phosphine and KSeCN, according 

to the procedure outlined in the literature. 
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Figure 4.1 Compounds 1-16, investigated in this study. 
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Selenium-77 NMR spectra were recorded at 38.154 and 76.277 MHz on Bruker 

MSL-200 and AMX-400 NMR spectrometers (B0 = 4.7 and 9.4 T), respectively. The 

samples were packed into 7 mm o.d. zirconium oxide rotors, and spun at magic angle 

spinning (MAS) frequencies (vrot) between 1.5 and 6.2 kHz. Standard cross polarization 

(CP), or ramped-amplitude CP (RACP), and high-power *H decoupling were employed 

in acquiring all NMR spectra, except for cases where CP was so inefficient that improved 

results were obtained after a single pulse with !H decoupling and long recycle delays. 

Selenium chemical shifts were referenced to a neat liquid of dimethyl selenide (Me2Se) at 

23 °C by setting the isotropic NMR peak of solid (NH4)2Se04 to +1040.2 ppm.73'74 

Isotropic chemical shifts were identified by varying the spinning frequency. The 

principal components of the chemical shift tensors, 8\\, were determined via the method of 

Herzfeld and Berger75 except those for (NH^SeC^, which were determined from the 

discontinuities in the spectrum of a stationary sample, and all spectra were simulated 

using the determined values with the program WSOLIDS,Dinorderto assess the quality 

of the parameters obtained. This procedure results in errors of ±0.2 ppm in the isotropic 

chemical shifts, and errors in the principal components on the order of 1-3% of the span 

of the respective chemical shift tensor. 

Quantum chemistry calculations of magnetic shielding tensors were carried out 

using the NMR module77"79 of the Amsterdam Density Functional (ADF) program 

package.80"84 The Vosko-Wilk-Nusair85 local density approximation with the Becke88-

Perdew8686"88 generalized gradient approximation were used for the exchange-correlation 

functional. Non-relativistic (NR), scalar relativistic (SR) and scalar with spin-orbit 

relativistic (SO) calculations were performed in order to gauge the importance of 
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relativistic effects for the calculation of NMR parameters involving selenium. The 

relativistic corrections carried out are based on the implementation of the ZORA 

formalism.42"45 Triple-^ doubly polarized, TZ2P, Slater-type ZORA basis sets were used 

for all atoms except for hydrogen, which received double-^ quality, DZ, basis functions. 

The calculations were performed on a Linux-based cluster with either dual AMD MP 

1800+ Athlon processor nodes or two AMD XP 1800+ Athlon processors operating in 

parallel. 

The crystal structures for compounds 1 to 16 have previously been determined by 

X-ray diffraction (XRD).89"104 The atomic coordinates for compound 12 could not be 

generated from the report in the literature,100 and were determined from a non-relativistic 

geometry optimization using ADF basis sets of similar quality to those used in the 

magnetic shielding tensor calculations. All DFT calculations were carried out on isolated 

molecules using the non-hydrogen atomic coordinates, determined from the crystal 

structures where possible. For the ionic compounds 14 and 15, NH4+ cations within 5.0 

A of the central atom in the anionic tetrahedron, Se042" or \VSe42", were included in the 

calculations. Hydrogen atoms were placed at idealized positions (rcn = 1.09 A (alkyl) or 

1.08 A (aryl), rNH = 1.02 A). Herein, we use the labels 'a', 'b ' , etc. to designate the 

difference between multiple sites, and a calculated value was assigned to the site that 

minimized the difference between the calculated and experimental values. The molecules 

were translated so that the selenium atoms were located at the origin in order to minimize 

a gauge variance for the calculation of the off-diagonal components of the magnetic 

shielding tensors within ADF 2004.01 and earlier versions.*80 Since the calculations 

were performed on isolated molecules, intermolecular interactions were not included. 

* This issue has recently been rectified in ADF 2005.01. 
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Solvent effects are known to affect the chemical shift for selenium compounds,18'22'105'106 

99 107 

and have been observed to vary by up to 50 ppm in organoselenium species. ' 

Changes of phase are also known to influence selenium magnetic shielding tensors; for 
77 

example, OiS0( Se) for F^Se decreases by 126.6 ± 0.5 ppm when gaseous hydrogen 

selenide (5 atm) undergoes liquefaction, and decreases further by 11.4 ± 0.2 ppm when 

liquid F^Se freezes. These potential effects must be considered when comparing 

calculated values to experimental solution and solid-state parameters. 

The chemical shift tensors were determined from the calculated magnetic 

shielding tensors and the value of ^(MeiSe) , calculated at the same level of theory, 

according to equation 4.1. Due to the lack of an experimentally determined structure, the 

geometry of MeiSe was optimized, and converged with a staggered-staggered orientation 
9St ^0 ^9 

of the molecule consistent with previous investigations. ' " The calculated NR, SR, 

and SO values used for the isotropic shielding of dimethyl selenide were 1627.8, 1580.0, 

and 1745.2 ppm, respectively. These values are in agreement with those previously 

reported by other authors.28'30-33'35'38'41'109"112 

4.4 Results and Discussion 

4.4.1 Comparison of Observed and Calculated Selenium Chemical Shift Tensors 

Experimental and computational results in this investigation are summarized in 

Tables 4.1 - 4.3. The successes of the DFT computations in reproducing the 

experimental results obtained are illustrated in Figures 4.2 - 4.4. The linear regression 

parameters; slope and intercept, along with the mean absolute deviation for the plots in 

Figures 4.2 - 4.4 have been tabulated in Appendix A. A plot of calculated versus 



0 1000 2000 3000 

Figure 4.2 Experimental vs. calculated isotropic chemical shifts, 8iS0, for 
the selenium-containing compounds investigated, 1-16; the solid diagonal 
line indicates perfect agreement between calculated and experimental 
results. 

experimental isotropic chemical shifts for all of the compounds investigated is given in 

Figure 4.2. All theoretical methods employed perform very well in reproducing 8jS0 as 

evidenced by the small deviation of the individual points from the solid line that 

represents perfect agreement between experiment and theory. The agreement was 

expected as numerous approaches have been successful in reproducing isotropic selenium 

chemical shifts.25 '28 '30"33 '35 '37"41 '110 The largest discrepancy observed appears for the 

values of 8jS0(NR) calculated for two of the isotropic chemical shifts for ammonium 

selenotungstate, 15a and 15b. 
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Plots of theoretical versus experimental values for the individual principal 

components, 8u, of the selenium chemical shift tensors investigated are given in Figure 

4.3. From Figure 4.3a, it is clear that the calculated values for 811 reproduce the trend 

observed in the values of 8n(Expt). The deviations of the individual points from the 

idealized line of perfect agreement are noticeably larger in magnitude than those found 

for the comparison of isotropic values. The plot emphasizes that the majority of the 

calculations tend to underestimate the magnitude of the shielding for this component, 

which leads to an overestimation of the value of 8n(Calc.) with respect to the 

corresponding experimental value; however, the inclusion of relativistic effects lead to 

better results in general. 

Figure 4.3b displays a plot of calculated versus experimental values of 822. The 

trend observed in all of the experimentally determined intermediate principal components 

is well reproduced by 822(Calc). Unlike the 811 component, there exists more balance in 

the instances of over- and underestimation of the calculated shielding in 822 throughout 

the chemical shift tensors investigated, and relativistic effects do not appear to improve 

the agreement with experiment. The differences in magnitude between the individual 

points and the line of perfect agreement are generally larger than those observed for 

8iS0(Calc.) in Figure 4.2. 

When the experimental and calculated values of 833 are plotted against each other 

(Figure 4.3c) there are a couple points worth noting. First, the largest single deviation of 

any 8ij(Calc.) from its corresponding experimental value is observed in the calculation of 

833 for one of the three sites of (NFL^WSe^ 15a. The values of 833(NR) for each of the 
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Figure 4.3 Experimental vs. calculated values for (a) Sn, (b) 822, and (c) 
833 for the selenium-containing compounds investigated, 1-15; the solid 
diagonal line indicates perfect agreement between calculated and 
experimental results. 



three crystallographically non-equivalent selenium environments of ammonium 

selenotungstate, 15, display substantially large deviations from their corresponding 

experimentally determined principal component. Secondly, aside from the 533(Calc.) 

values for (NH4)2WSe4 and a few other exceptions, the majority of the 833 components 

are calculated to be more shielded, resulting in smaller values of 833, than is found 

experimentally. 

Magnifying the accuracy of the calculations for the most and least shielded 

principal components, the experimentally determined spans of all of the compounds 

investigated are compared with their theoretical counterparts in Figure 4.4. For the most 

part, the spans are overestimated except for the non-relativistic calculation of the three 

chemical shift tensors of (NFL^WSe^ This observation was expected given the 

generally observed overestimation of 8n and underestimation of 833 by the calculations 

(Figure 4.3). On the other hand, these errors cancel each other in their combined effect 

on Siso, leading to apparent agreement between theoretical and calculated values (Figure 

4.2). 

The results presented, and illustrated in Figures 4.2 to 4.4, indicate that the overall 

agreement between all of the DFT calculations and experiment is good, given the fact 

that the computations are performed on isolated molecules and that the experiments are 

performed on solid materials. In the following subsections we shall focus, highlighting 

the exceptions to the general trends observed for the calculations, on the three classes of 

compounds investigated: 1) organoselenium compounds 1 - 6, 2) organophosphine 

selenides 7 -13, and 3) inorganic selenium compounds 14 -16. 
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Q (Expt.) / ppm 

Figure 4.4 Experimental vs. calculated spans, Q. = 8n - 833, for the 
selenium-containing compounds investigated, 1-15; the solid diagonal line 
indicates perfect agreement between calculated and experimental results. 

4.4.2 Organoselenium Compounds 

The range of molecular environments that selenium can be found in for 

organoselenium compounds is vast. The diversity of selenium environments in the 

representative compounds investigated provides a good test of the theoretical methods 

employed. 

1. Af,iV-dimethylselenourea is a relatively simple seleno-carbonyl, or selone, compound 

for solid-state NMR investigation. The experimental and simulated spectra for 1 are 

given in Figure 4.5. The experimental spectrum was simulated using the parameters from 

a Herzfeld-Berger analysis and are given in Table 4.1. The chemical shift 
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Figure 4.5 Simulated and experimental CP M A S 77Se N M R spectra of 
7V,7V-dimethylselenourea (1), acquired at 9.4 T, after 48 transients, 
spinning at 4.0 kHz, with 50 Hz of line broadening, a contact time of 10.0 
ms, and a 30 s pulse delay. The isotropic peak is labeled with an asterisk 
(*). Inset is a schematic of compound 1 showing the orientation of the 
selenium chemical shift tensor calculated at the scalar with spin-orbit 
relativistic level of theory. 



Table 4.1 Experimental and Theoretical Chemical Shift Tensors3' for Organoselenium 
Compounds. 

1 

2a 

2b 

3 

4 

5a 

5b 

6a 

6b 

Expt.b) 

c) 

NR 
SR 
SO 

Expt.b) 

NR 
SR 
SO 

Expt.b) 

NR 
SR 

so 
Expt.b) 

<f) 

NR 
SR 
SO 

Expt.b) 

e) 

NR 
SR 
SO 

Expt.b) 

f> 

NR 
SR 
SO 

Expt.b) 

0 
NR 
SR 
SO 

Expt.b) 

8) 

NR 
SR 
SO 

Expt.b) 

g) 

NR 
SR 
SO 

Siso 

211 
147 
384 
392 
383 

368 
357 
438 
455 
449 

396 
392 
496 
508 
501 

584 
574.9 
588 
605 
640 

109 
112 
26 
23 
21 

657 
657.5 
621 
639 
653 

669 
669.7 
636 
655 
668 

350 
350 
333 
385 
352 

425 
425 
449 
507 
474 

8i, 

527 

787 
808 
715 

786 
767 
1022 
1040 
997 

817 
785 
1128 
1131 
1102 

635 

773 
773 
791 

361 
369 
312 
325 
287 

973 
969.5 
934 
934 
1009 

980 
981.7 
956 
956 
1038 

524 
537 
742 
803 
661 

586 
565 
916 
994 
701 

§22 

279 

407 
425 
442 

368 
377 
594 
602 
576 

435 
430 
645 
668 
655 

635 

654 
675 
723 

192 
202 
221 
224 
176 

811 
817.5 
898 
916 
864 

835 
829.7 
909 
928 
867 

516 
510 
308 
345 
412 

505 
527 
385 
444 
505 

533 

-173 

-42 
-56 
-7 

-50 
-72 
-301 
-278 
-225 

-64 
-42 

-285 
-274 
-253 

475 

338 
368 
405 

-226 
-236 
-454 
-480 
-399 

187 
185.5 
32 
66 
86 

193 
197.7 
42 
80 
99 

11 
2 

-50 
8 

-16 

183 
183 
46 
83 
215 

n 

700 

829 
864 
722 

836 
839 
1323 
1318 
1222 

881 
827 
1413 
1405 
1355 

160 

435 
405 
386 

587 
605 
766 
805 
686 

786 
784 
902 
868 
923 

787 
784 
914 
876 
939 

513 
535 
792 
795 
677 
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tensor for selenium in this compound has not previously been reported; however, some 

solution 77Se NMR has been performed.113 The isotropic chemical shift for the solid, 211 

ppm, is somewhat deshielded relative to the solution value of 147 ppm,113 both of which 

are common values for seleno-carbonyls possessing nitrogen substituents. The difference 

between the two shifts is not surprising given the effect of intermolecular interactions. 

The calculated isotropic selenium chemical shifts for 1 using the NR, SR, and SO 

methods are in reasonable agreement with each other (Table 4.1); however all three 

methods overestimate the experimental value of 211 ppm. Unlike the majority of the 

compounds investigated herein, the value of 833(Calc.) is not underestimated by the 

calculations, but is one of the few that slightly overestimates this component. The span 

of the chemical shift tensor is overestimated at both the non-relativistic and scalar 

relativistic levels of theory; however, the spin-orbit relativistic calculation accurately 

reproduces the experimental value of Q. Thus, the value of 833(Calc.) does not balance 

the corresponding overestimated value of 8n(Calc.) to obtain a calculated isotropic 

chemical shift that is in good agreement with the experimental value of 1, as with the 

majority of the compounds investigated. 

The orientations of the principal components calculated at all levels of theory are 

consistent in determining that the direction of greatest shielding, 833, lies approximately 

along the C-Se vector, the intermediate principal component, 822, is directed nearly 

perpendicular to the N-C-Se plane, and 811 orthogonal to the others, is slightly removed 

from coinciding with the N-C-Se plane (inset Figure 4.5). For comparison purposes, the 

orientation of the 170 chemical shift tensor in urea has 811 within the N-C-O plane, 

perpendicular to the C-0 vector which is similar to the selenium homologue; however it 
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is the 822, and not the 833 component that is oriented parallel to the chalcogen-carbon 

vector in urea. The difference between the two orientations is likely a result of a larger 

paramagnetic (deshielding) effect in the N-C-Se plane of 1 than in the N-C-0 plane of 

urea. This results in a larger principal component directed perpendicular to the respective 

plane than parallel to the carbon-chalcogen vector in the selenium species. 

2. iV-methylbenzothiazole-2-selone is a nearly planar molecule containing an aromatic 

ring with a seleno-carbonyl functional group (see Figure 4.1). This appears to be the first 

77 77 

reported Se NMR investigation of this compound. The SeNMR spectrum of 2, 
77 

Figure 4.6, acquired with MAS clearly shows four isotropic peaks, and four unique Se 

chemical shift tensors are recorded for the as-received sample in Table 4.1. The crystal 

structure for ./V-methylbenzothiazole-2-selone suggests only two non-equivalent selenium 

atoms are present in the unit cell.90 The XRD identification was performed on only one 

of the two crystalline forms from a methylene chloride recrystallization of the sample, 

stating that the other form was not suitable for X-ray investigation.90 The isotropic 

chemical shifts for all four of the tensors for this sample are very similar, and in 

agreement with related compounds containing the C=Se moiety in which the carbon is 
18 77 

bonded to one or more nitrogen atoms. A study of Se T\ relaxation mechanisms of 

several selones in solution indicated chemical shift anisotropics on the order of 3000-
117 

6000 ppm, which appear overestimated given the data for 1 and 2. However, the same 

study reported a chemical shift anisotropy of 400 ppm for 6, which is in line with our 

findings (vide infra). 
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Figure 4.6 RACP MAS 77SeNMR spectrum and the simulated spectrum 
of JV-methylbenzothiazole-2-selone (2). Experimental parameters: 9.4 T, 
1868 scans, 5.2 kHz MAS, with line broadening of 50 Hz applied, a 10.0 
ms contact time, and a 20 s recycle delay. The isotropic peaks are labeled 
with an asterisk (*). Inset is a schematic of compound 2 showing the 
orientation of the selenium chemical shift tensor calculated at the scalar 
with spin-orbit relativistic level of theory. 
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There are a pair of chemical shift tensors, however, that might be distinguishable 

from the other via calculation of their respective magnetic shielding tensors, and these 

pairs have been identified as 2a and 2b corresponding to the tensors with the two smallest 

and two largest isotropic chemical shifts, respectively. Each of the two selenium 

magnetic shielding tensors calculated from the crystal structure of 2 are compared with 

the pair of experimental selenium chemical shift tensors that they correspond most 

closely with. While this assignment is arbitrary it is noted that for all calculations the site 

with the smaller isotropic 77Se chemical shift also has a smaller span, and the larger 

8iS0(Calc.) was found from the trace of a tensor with a broader extent of shielding. The 

attributes of these calculated chemical shift tensors are mimicked in the distinctions 

between the pairs of experimental tensors labeled 2a and 2b. The differences between 

the calculated isotropic values of sites 2a and 2b at all levels of theory are similar to 

those between the pairs of experimental tensors. The general trends observed for the 

majority of the calculations in Figures 4.2 - 4.4 hold for both calculated chemical shift 

tensors in 2. Identical orientations for the calculated shielding tensors are obtained, 

regardless of the level of theory employed. The direction of 8n lies nearly coincident 

with the C-Se vector, and 833 is perpendicular to the molecular plane, as illustrated inset 

77 

within Figure 4.6. The orientations for 2 are different from both the orientations for Se 

in land for "O in urea; however the calculated Se chemical shift tensors for 2 are 
17 118 

oriented nearly identically to the O chemical shift tensor determined for benzamide. 

The similarities and differences between the orientations of 170 and 77Se chemical shift 

tensors in ketones and selones suggests that the shielding interaction in seleno-carbonyl 
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compounds is at least as complicated as their oxygen counterparts, and is very sensitive 

to the environment of this functional group. 

3. Diphenylselenium dichloride provides a four-coordinate environment around the 

selenium in which the molecule adopts a seesaw configuration with a Cl-Se-Cl angle of 

approximately 180(5)°.91 The calculated and experimental isotropic 77Se NMR spectra 

for 3 are given in Figure 4.7. The selenium nucleus experiences residual dipolar 

coupling " from the quadrupolar chlorine nuclei ( CI), with a residual dipolar 

coupling constant of 41 Hz at 9.4 T. Based on the 35C1NQR frequency of 23.076 MHz 

provided by an NQR study for 3,128'129 and the Se-Cl distance of 2.30 A,91 a residual 

dipolar coupling constant of 65 Hz was anticipated. An indirect spin-spin coupling 

constant, 'j(77Se,35Cl)iSO, of 110 Hz is observed, and appears to be the first reported 

coupling between selenium and chlorine. Indirect spin-spin coupling has previously been 

reported between tellurium-125 and chlorine-35 in Me3TeCl-H20,13° in which the 125Te is 

coupled to two CI nuclei similar to the environment observed in 3. Scaling of 

^(^Te^Ctyso by 47t2/hyTeYci to yield the reduced coupling constant, ^(T^Cl) , 283 x 

1019 T2 J"1 indicates that the corresponding value of 487 x 1019 T2 J"1 for ^(ScCl) in 3 is 

of an appropriate magnitude. The principal components, da (Table 4.1), determined in 

the simulation indicate an axially symmetric chemical shift tensor. There are however, 

no symmetry reasons for the chemical shift tensor to attain this axial symmetry. It is 

known that methods for obtaining the principal components of the chemical shift tensor 

from spectra of MAS samples have the greatest difficulty with axially or near axially 

symmetric species.131 The isotropic chemical shift, 8jS0 = 584 ppm, agrees well with the 

value for 3 in a chloroform solution, 8iS0 = 575 ppm.114 
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Figure 4.7 Selenium-77 RACP MAS NMR center band (spinning 
sidebands summed in) spectrum of compound 3: Pb^SeCk (9.4 T, 972 
scans, vrot = 4.0 kHz, 50 Hz line broadening, 10.0 ms contact time, 60 s 
pulse delay), and its simulation. Inset is a schematic of compound 3 
showing the orientation of the selenium chemical shift tensor calculated at 
the scalar with spin-orbit relativistic level of theory. 
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All of the calculated principal components of the Se chemical shift tensor, given 

in Table 4.1, fail to reproduce the observed axial symmetry and the small span for 

Ph2SeCl2 experimentally. The orientations determined from each of the calculations were 

in agreement with each other. The direction of 811 is predicted to bisect the Qpso-Se-C'jpso 

angle, i.e., corresponds to the direction of the formal Tone pair'. The intermediate 

principal component, 822, is parallel to the approximately linear Cl-Se-Cl vector, and 833 

perpendicular to the other two components lies in the Cipso-Se-C'ipSO plane (inset Figure 

4.7). 

4. Seleno-DL-methionine is a seleno-amino acid where the sulfur in methionine has been 

replaced with selenium (Figure 4.1). A solid-state 77Se NMR investigation of this 

compound has been reported by Potrzebowski et al.,1 5 and our parameters agree very 

well with those obtained in their investigation (Table 4.1). For selenium in a similar 

dialkyl environment, a selenium coronand, Batchelor et al. reported isotropic chemical 

shifts from 173 to 737 ppm for the four crystallographically non-equivalent selenium 

atoms, with spans ranging from less than 370 to 771 ppm. 

The NR, SR, and SO calculations of the chemical shift tensor principal 

components for seleno-DL-methionine are in very good agreement with the experimental 

results (Table 4.1). Deviating from the general trend observed for the calculations in 

Figure 4.3a, the shielding along the 811 direction is in reasonable agreement with the 

experimental value, if not slightly overestimated. The magnetic shielding tensor's 

calculated orientation, by all methods, is such that 811 lies approximately along the 

Se-Qerminai bond axis, 822 is directed perpendicular to the CT-Se-Cterminai plane, and the 

smallest principal component of the chemical shift tensor, 833, is nearly parallel to the 

136 



bond axis between the y-carbon and selenium. Potrzebowski et al. did not perform any 

theoretical calculation of the selenium chemical shift tensor in 4;115 however, the 

orientation that they assumed is in accord with those determined by our DFT calculations. 

5. Similar to the sulfur analogues,133 tetraselenafulvalenes are precursors for conducting 

and superconducting materials. The crystal structure of 5 contains an inversion center 

within the molecule such that only two of the selenium atoms within the molecule are 

expected to give rise to unique chemical shift tensors. The values for the two sets of 

principal components observed are in very good agreement with a previous solid-state 

77Se NMR investigation of this compound by Collins et al. (Table 4.1).73 The chemical 

shift tensors are nearly identical indicating that the electronic environments of the 

magnetically non-equivalent selenium atoms are very similar. Comparable isotropic 

chemical shifts, 408-624 ppm, and spans, 554-687 ppm, have been reported for a series of 

1,3-selenazoles which possess selenium in a similar environment to the 

tetraselenafulvalenes.134 

All theoretical methods perform equally well in reproducing the experimentally 

determined principal components for 5a and 5b (Table 4.1). The calculated orientations 

of the chemical shift tensors are predicted to be the same for both 5a and 5b, and are 

consistent across all of the methods employed. The direction of 8n is predicted to bisect 

the C-Se-C angle, 822 is oriented perpendicular to the molecular plane, and 833 is 

calculated to be within the skeletal molecular plane, directed close to the Se-C vector of 

the Se-C-Se component of the molecule. 

6. Diselenides, the selenium equivalent of organic peroxides, are an intriguing functional 

I O C 1 T Q 

group as they possess glutathione peroxidase-like activity. " The Bloch decay 
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spectrum (not shown) indicates two selenium environments with distinct chemical shift 

tensors. The number of sites and their parameters agree well with a previous solid-state 

77Se CP MAS investigation of compound 6,111 specifically in the large difference in the 

most shielded component, 833, of the two tensors 6a and 6b (Table 4.1). 

The spin-orbit calculation produces a more accurate value of the span for 6b due 

to an increased accuracy in the values for both 811 and 833. The more accurate values of 

8ji(Calc.) from the SO calculation indicates a contribution from spin-orbit coupling, likely 

in part from the presence of the directly bonded selenium. The calculated orientations for 

the two selenium shielding tensors in diphenyl diselenide are nearly identical. The 

direction of greatest shielding, 833, most closely approaches a parallel direction to the 

Se-Se bond vector, 822 bisects the Se-Se-QpS0 angle, and the largest principal component 

of the chemical shift tensor, 8n, is oriented perpendicular to the Se-Se-Cipso plane. 

Theoretical studies111 have indicated that the differences in the chemical shift anisotropy 

mainly result from a P-effect of the torsional angle for the phenyl group at the next 

selenium, not the directly bonded selenium. 

The chemical shift tensors investigated for compounds 1 - 6 are shown to 

represent the chemical diversity of these organoselenium species, and are calculated 

similarly with and without the consideration of relativistic effects. 

4.4.3 Organophosphine Selenides 

The organophosphine selenides, R^PSe, provide an opportunity to investigate a 

number of peripheral modifications to one specific functional group. 
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Table 4.2 Experimental and Theoretical Chemical Shift Tensorsa) for Tris-
Organophosphine Selenides. 
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7. The selenium chemical shift tensor principal components of MesPSe, from Herzfeld-

Berger analysis of the MAS spectrum (not shown), and indirect spin-spin coupling 

parameters, JiS0 and AJ, are in good agreement with those of an investigation by 

Grossmann et al. on 70% 77Se enriched 7 (see Table 4.2).27 There exists a single 

selenium environment that is coupled to the phosphorus with an indirect spin-spin 

1 77 ^1 

coupling constant, J ( Se, P)iS0, of -656 Hz, and a direct dipolar coupling constant of 

990 Hz (calculated from rPSe =2.111 A95), which results in a value of 700 Hz for AJ 

(equation 4.2). 

The crystal structure for 7 does not possess a C3 symmetry axis along the P-Se 

bond,95 and thus three distinct principal components are calculated consistent with the 

non-axially symmetric chemical shift tensor observed experimentally. The calculated 

chemical shift tensors at the NR, SR, and SO levels of theory are compared in Table 4.2 

with the experimental values obtained herein, and by Grossmann et al.27 for solid 

MesPSe. The deviation in the calculations of the individual principal components 

manifests itself in larger spans. All of the calculations produce similarly oriented tensors, 

predicting that 833 lies approximately along the P-Se vector. This is in agreement with 

the simulation of the 77Se NMR spectrum of a stationary sample (not shown) and based 
97 

on a dipolar-splitting-ratio method investigation of this compound. 

8. Figure 4.8 shows the calculated and experimental spectra for tris-(tert-butyl)phosphine 

selenide (lBu3PSe) under MAS and stationary conditions. The MAS spectrum yields the 

components of the selenium chemical shift tensor, as well as the isotropic spin-spin 

coupling constant, J ( Se, P)jso, -693 Hz. The principal components of the chemical 

shift tensor given in Table 4.2 are the first to be reported for compound 8. The solid-state 
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Figure 4.8 (a) CP MAS 77Se NMR spectrum, and its simulation, of 
'BusPSe (8) at 9.4 T, after 88 scans, 1.5 kHz MAS, 30 Hz of line 
broadening, a contact time of 4.0 ms, and a recycle delay of 4 s. The 
./-coupled isotropic peaks are labeled with asterisks (*). (b) Experimental 
and simulated CP 77Se NMR spectra of stationary 8. Experimental 
conditions: 9.4 T, 6116 transients, 200 Hz line broadening, a 4.0 ms 
contact time, and a 10 s pulse delay. Inset is a Newman projection along 
the P-Se bond of compound 8 showing the orientation of the selenium 
chemical shift tensor calculated at the scalar with spin-orbit relativistic 
level of theory. 
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values of 5lS0 and J ( Se, P)iS0 agree well with the values from P and Se solution 

NMR. 4 The spectrum of a stationary sample, together with the information from the 

MAS spectrum, yields the effective dipolar coupling constant, Rejf, 660 Hz. The dipolar 

coupling constant, i?DD, is calculated to be 960 Hz (rpse = 2.133 A9 ) requiring a AJof 

900 Hz (equation 4.2). 

The 8;i values from the ZORA DFT calculations for lBu3PSe do not reproduce the 

experimental values or their orientations, which is not surprising considering the 

extremely small span observed, Q(Expt), 33 ppm. From the dipolar-splitting-ratio 

analysis of the spectrum of a stationary sample (Figure 4.8b) and the known molecular 

environment, the unique component of shielding, 5n, should lie along the direction of the 

P-Se bond. The NR and SR calculations incorrectly predict that 833 is closest to the P-Se 

vector, and the SO calculation determines that all of the principal components are 

approximately equidistant from the internuclear vector (inset Figure 4.8). 

9. The calculated and experimental spectra of MAS samples for tri-cyclohexylphosphine 

selenide (Cyc3PSe) are given in Figure 4.9. Due to the length of time required to obtain 

the MAS spectrum, the corresponding spectrum of a stationary sample for 9 was not 

acquired. The principal components of the chemical shift tensor are given in Table 4.2, 

and the isotropic chemical shift agrees well with the solution value previously 

reported.141 A value of-682 Hz for 1J(77Se,31P),S0 was obtained, which compares very 

well with the values from a solution and solid-state P NMR investigation. 

The majority of the generally observed trends for the calculations are upheld in 

the calculation of the chemical shift tensor for 9. A specific exception occurs for 
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Figure 4.9 Selenium-77 RACP MAS NMR and calculated spectra for 
Cyc3PSe (9). Experimental conditions: 9.4 T, 4912 scans, spinning at 4.0 
kHz, 300 Hz of line broadening, a 1.0 ms contact time, and a 20 s recycle 
delay. The J-coupled isotropic peaks are labeled with asterisks (*). Inset 
is a schematic of compound 9 showing the orientation of the selenium 
chemical shift tensor calculated at the scalar with spin-orbit relativistic 
level of theory. 
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5u(Calc.) where the shielding is overestimated compared to the experimentally 

determined value. Despite this, the larger than experimentally observed values of 

Q(Calc) are a result of the small calculated values of 833. All calculations predict that the 

833 component is closest to the P-Se vector, as shown inset in Figure 4.9. 

10. There are two non-equivalent Pt^PSe molecules in the unit cell.98 The chemical shift 

tensors have been labeled in the same manner as in a previous investigation of 10 by 

Grossmann et al.,27 and our values obtained at natural abundance agree well with those 

77 

from their investigation on 70% Se enriched 10. The isotropic spin-spin coupling 

constants, -733 and -736 Hz for 10a and 10b, are also in agreement with values reported 

earlier. 

The calculations for the two non-equivalent selenium environments, 10a and 10b, 

given in Table 4.2 show slight variation between the computational methods employed, 

and adhere to the general trends shown in Figures 4.2 - 4.4. The calculated orientations 

for the chemical shift tensors for the selenium atoms in 10a and 10b are unique to the 

organophosphine selenides investigated in that it is 822 that lies approximately along the 

P-Se direction, and this is consistent with the orientation from a dipolar-splitting-ratio 
77 97 

method investigation of 70% enriched PI13P Se. The orientation shows some parallels 

with the 170 chemical shift tensors in the monoclinic and orthorhombic forms of Ph3PO, 

where both crystallographic forms have 811 oriented along the P-0 vector. With 811 

along the P-O direction in Ph3PO it was inferred from the value of the shielding that the 

bonding environment is more appropriately represented by Ph3P
+-0" according to 

Ramsey's theory of nuclear magnetic shielding.51'52 In both chemical shift tensors for 10, 

822 lies along the P-Se vector, and indicates that a similarly small deshielding occurs 
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along this direction consistent with a polarized, Ph3P+-Se", description of the phosphorus-

selenium bond. 

11. The spectrum of an MAS sample for 5-phenyldibenzophosphine 5-selenide, and its 

best-fit simulation are given in Figure 4.10. While similar in skeletal structure and 

number of molecules in the asymmetric unit to 10,11 possesses a dibenzophosphole 

moiety (inset of Figure 4.10). A spectrum of a stationary sample could not be obtained in 

a reasonable amount of time to afford sufficient analysis. The isotropic chemical shifts, 

-316 and -403 ppm, and indirect spin-spin coupling constants, -733 and -768 Hz, for 11a 

and l i b respectively, are in reasonable agreement with the corresponding motionally 

averaged values found in a CDCI3 solution, as well as the J( Se, P)iS0 values from a 

solid-state phosphorus-31 NMR investigation.145 

The values of 8jj(Calc.) for 11a and l i b are compared with the experimentally 

determined values in Table 4.2. The relatively accurate values of Q(Calc) by all 

methods results from the lack of overestimation for the values of 8n(Calc.) as generally 

observed for the chemical shift tensors calculated in this investigation. The orientations 

calculated for compound 11 are the only ones investigated in this study that display 

significant differences between the two selenium environments a and b. All DFT 

calculations indicate that the selenium chemical shift tensor for 11a is oriented such that 

811 is perpendicular to the Se-P vector, and that this vector bisects the 822-86-833 angle. 

While similar to that determined for 11a, 822 for l i b is perpendicular to the Se-P bond, 

and it is the 8n-Se-833 angle that is bisected by the bond vector. As for 11a the calculated 

orientations for l i b are consistent regardless of the level of theory employed. 

145 



11a 

^u^JUUuJ 

l i b 

Calc. 

/ y | W ^ 
•100 -200 -300 -400 -500 -600 -700 

S(77Se) / ppm 

Figure 4.10 5-phenyldibenzophosphine 5-selenide (11) simulated and 
experimental RACP MAS 77Se spectra obtained at 9.4 T, 2906 scans, 4.2 
kHz MAS, line broadened to 80 Hz, a 15.0 ms contact time, and a pulse 
delay of 60 s. The ./-coupled isotropic peaks are labeled with asterisks (*). 
Inset are schematics of compounds 11a and l ib showing the orientation 
of the selenium chemical shift tensors calculated at the scalar with spin-
orbit relativistic level of theory. 
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12. The calculated and experimental spectra for tri-para-tolylphosphine selenide (p-

To^PSe) under MAS conditions are given in Figure 4.11. A spectrum of a stationary 

sample was not recorded. The experimental values of 5iS0, -242 ppm, and V(77Se,31P)iso, -

77 

732 Hz, compare well with the corresponding solution Se NMR values previously 

reported.143 The principal components of the chemical shift tensor for 12 are reported in 

Table 4.2. 

The calculated chemical shift tensor for selenium in/?-Tol3PSe was obtained with 

the NR, SR, and SO calculations. The value of 8jS0(Expt.) is well reproduced, and the 

individual principal components achieve slightly poorer agreement by all methods, as 

expected. Each of the calculations arrive at similarly oriented selenium chemical shift 

tensors. The Se-P vector is directed perpendicular to 8n, and bisects the 822-86-833 angle 

(inset Figure 4.11). Despite structure similarities with 10, the orientation of the chemical 

shift tensor PAS for 12 is different; however, orientations can differ when relatively small 

spans are encountered. 

13. The experimental and simulated spectra for tris-2,4,6-trimethoxyphenylphosphine 

selenide (TTMPSe) are given in Figure 4.12. A spectrum for stationary 13 was not 

acquired. The principal components of the chemical shift tensor of 13 are given in Table 

4.2. The span of the tensor is the largest observed of the organophosphine selenides 

investigated. The isotropic chemical shift, -30 ppm, and indirect spin-spin coupling 
77 

constant, -735 Hz, are in excellent agreement with previously reported solution Se 

NMR values.143 
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Figure 4.11 CP MAS 77Se NMR spectrum and the calculated spectrum 
for /?-Tol3PSe (12). Experimental parameters: 9.4 T, 642 transients, 1.5 
kHz MAS, 30 Hz line broadening, a contact time of 15.0 ms, and a 30 s 
recycle delay. The J-coupled isotropic peaks are labeled with asterisks 
(*). Inset is a schematic of compound 12 showing the orientation of the 
selenium chemical shift tensor calculated at the scalar with spin-orbit 
relativistic level of theory. 
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400 300 200 100 0 -100 -200 -300 

8(77Se)/ppm 

77c Figure 4.12 Experimental Se CP MAS NMR and calculated spectra for 
TTMPSe (13) at 9.4 T. Experimental parameters: 15212 scans, spinning 
at 2.4 kHz, 100 Hz of line broadening, a 10.0 ms contact time, and a 4 s 
pulse delay. The /-coupled isotropic peaks are labeled with asterisks (*). 
Inset is a schematic of compound 13 showing the orientation of the 
selenium chemical shift tensor calculated at the scalar with spin-orbit 
relativistic level of theory. 
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It is apparent from Table 4.2 that the NR and SR calculations have the greatest 

difficulty in reproducing the experimental value of 833. However, the SO calculation 

accurately reproduces the experimental value of 833, and subsequently reproduces the 

entire chemical shift tensor for selenium to a greater extent in 13. This improvement in 

calculating the entire chemical shift tensor is reflected in a more accurate value of 

Q(Calc) with respect to Q(Expt.) (Table 4.2); however, the origin of the spin-orbit 

coupling effect for 13 is unclear in relation to the apparent lack of such a contribution for 

compounds 7 - 12. All levels of theory predict that 833 lies closest to the P-Se bond, as 

depicted inset in Figure 4.12. 

Upon review of compounds 7 - 13, it is apparent that even minor peripheral 

modifications to the phosphine selenide functional group can produce differences in the 

magnitude and orientation of the principal components of the selenium chemical shift 

tensor. All of the selenium chemical shift tensor principal components for the 

organophosphine selenides investigated show relatively small deshieldings along the 

direction of the P-Se bond indicating that the bonding environment is most appropriately 

described by a polarized, R3P+-Se", representation. In general the computations perform 

well regardless of the level of inclusion of relativistic effects. 

4.4.4 Inorganic Selenium Compounds 

While selenium will likely find itself in as many, if not more, different inorganic 

molecular environments as found in organoselenium compounds, the most likely to occur 

include selenium in a highly coordinated environment, selenium as a terminal moiety and 

selenium as a bridging nucleus between inorganic nuclei. Thus, we investigated 
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Table 4.3 Experimental and Theoretical Chemical Shift Tensors3^ for Inorganic Selenium 
Compounds. 

14 

15a 

15b 

15c 

16 

Expt.b) 

c) 

NR 
SR 
SO 

Expt.b) 

NR 
SR 
SO 

Expt.b) 

NR 
SR 

so 
Expt.b) 

NR 
SR 

so 
Expt.d) 

NR 
SR 
SO 

"ISO 

1040.2 
1040.2 
941 
952 
981 

1338 
1742 
1430 
1367 

1256 
1525 
1254 
1188 

1155 
1449 
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1139 

2572.3 
2789 
2828 
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8„ 

1076 
1074.8 
973 
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1815 
2306 
2092 
2030 

1842 
2049 
1882 
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1591 
2016 
1866 
1793 

4273 
4331 
4254 

§22 

1038 
1037.8 
959 
973 
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1787 
1567 
1488 
1468 

1561 
1533 
1423 
1410 

1584 
1177 
1107 
1114 

3951 
4045 
4204 

833 

1008 
1008.0 
891 
899 
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412 
1353 
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602 

364 
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456 
347 

291 
1153 
638 
509 

142 
108 
-8 

a 

68 
66.8 
82 
86 
87 

1403 
953 
1382 
1428 

1478 
1057 
1426 
1461 

1300 
863 
1228 
1284 

4131 
4223 
4262 

a) Chemical shifts in ppm with respect to external Me2Se. 
b) This Work. 
c) Ref.73 

d) R e f _ 146 

compounds 14 - 1 6 as representative examples. 

14. Selenate anions are common oxidation products in selenium chemistry. Figure 4.13 

shows the 77Se NMR spectrum of stationary (NH^SeO^ along with its simulation. The 

principal components of the chemical shift tensor are compared with the earlier values of 

Collins et al.73 in Table 4.3. The agreement is excellent for all components noting that, as 

ammonium selenate was employed as the secondary reference its isotropic shift was set 

to that reported previously, perfect agreement in 8iS0 is obviously achieved.73 

The agreement between the calculated and experimental chemical shift tensors 

results in well reproduced values of 8iS0 and £1 (Table 4.3). The orientations calculated by 
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igure 4.13 CP static 77Se NMR and calculated spectra for (NH4)2Se04 

(14) acquired at 9.4 T, requiring 188 transients, 100 Hz of line broadening, 
a contact time of 10.0 ms, and a recycle delay of 4 s. Inset is a schematic 
of compound 14 showing the orientation of the selenium chemical shift 
tensor calculated at the scalar with spin-orbit relativistic level of theory. 



all of the theoretical methods employed agree in their determination, and that 833 is 

parallel with a Se-0 vector, as shown inset within Figure 4.13. 

15. Selenotungstates have recently been utilized as selenium transfer agents in the 

preparation of organic diselenides.147 The calculated and experimental spectra for 

(NH4)2WSe4 are given in Figure 4.14. The tungsten sits on a mirror plane that contains 

two of the selenium atoms. This yields three distinct chemical shift tensors for the four 

selenium atoms, whose principal components are given in Table 4.3, where 15a 

corresponds to the two crystallographically equivalent selenium atoms. All of the 

chemical shift tensors for the selenium nuclei of (NH4)2WSe4 have very large spans, and 

15b has the largest experimental span observed for all of the compounds investigated in 

this study. 

A number of distinctions occur for compound 15 from the general observations in 

the calculations of the chemical shift tensors for the majority of the compounds 

investigated herein. While the 8n(Calc.) values from all three methods for 15a, and 15c 

overestimate the corresponding experimental values, the calculations do not 

underestimate 833. The non-relativistic calculations for all three chemical shift tensors for 

15 significantly overestimate the value of 833 (Table 4.3). Both relativistic calculations 

come much closer to reproducing 833(Expt), and as a consequence of this achieve more 

accurate values of the span than the NR calculations (Table 4.3 and Figure 4.4). Thus a 

significant difference between the computation methods employed on the compounds 

investigated in this study occurs between the non-relativistic and the two relativistic 

calculations for all of the chemical shift tensors for 15. All levels of theory indicate that 

153 



2000 1500 1000 500 
8(77Se)/ppm 

Figure 14. Experimental 77Se CP MAS and simulated spectra for 
(NH4)2WSe4 (15). Experimental conditions at 9.4 T: 1868 scans, vrot = 5.0 
kHz, line broadened to 200 Hz, a contact time of 15.0 ms, and a 16 s pulse 
delay. Isotropic peaks are labeled with asterisks (*). Inset is a schematic 
of compound 15 showing the orientation of the selenium chemical shift 
tensor calculated at the scalar with spin-orbit relativistic level of theory. 
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the orientation of the chemical shift tensors for 15a, 15b, and 15c are such that the 

direction of 833 is directed along the Se-W vector (inset Figure 4.14). 

16. The molecular environment within [CpCr(CO)2]2Se possesses a bridging selenium 

between the two chromium centers. Such an environment, similar to the organic dialkyl 

selenides, can be found commonly in inorganic selenium compounds. Unfortunately, we 

were unable to characterize the selenium chemical shift tensor of this compound 

experimentally. Given the accuracy and predictive capability of the DFT calculations in 

the previous compounds investigated, the magnetic shielding tensor was calculated. The 

crystal structure of this compound has previously been reported, and indicates the 

presence of a single selenium atom in the asymmetric unit.104 Thus only one magnetic 

shielding tensor was calculated, and the isotropic shift of the corresponding chemical 

shift tensor could then be compared with a solution value determined by Dean and 

coworkers (see Table 4.3).146 The calculated values of 8n and 822 are approximately of 

the same magnitude, and are extremely deshielded with respect to the reference. The 

833(Calc.) direction is significantly more shielded than the previous two principal 

components. The large difference between 811 and 833 yields a tensor with the largest 

value of Q, calculated in this study. The large span may be the cause of the difficulty in 

observing the chemical shift tensor experimentally. Due to the lack of experimental 

values of 8ii, the only point of comparison available is with the solution value of 8jso. The 

large deshielded isotropic resonance observed experimentally is adequately reproduced 

considering the potential of solvent effects and solid to solution shifts that may affect the 

bridging selenium in this compound. The calculated orientation of the chemical shift 

tensors are in agreement, regardless of the method employed, and 833 is parallel with the 
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approximately linear Cr-Se-Cr vector. The plane normal to this vector containing the 

selenium is composed by the two extremely deshielded components, 5n and 822. 

4.5 Summary 

Selenium chemical shift tensors for a wide variety of compounds were investigated 

representing the entire known isotropic chemical shift range of selenium. ZORA DFT 

calculations complement the experimental work and suggest that the orientation of the 

selenium chemical shift tensor is not only sensitive to what is directly bonded to the 

selenium atom, but also to the next nearest neighbors and beyond. The calculations were 

carried out with varying degrees of relativistic corrections applied in an effort to assess 

the importance of relativistic effects. Isotropic chemical shifts were found to be 

calculated approximately equally well by all methods. Generally, the values of 833 were 

underestimated by the calculations, and coupled with the overestimations for 8n(Calc); 

overestimated calculated spans often resulted. The large underestimation of Q(NR) for 

(NH4)2WSe4 is unique out of all of the spans obtained. This results from the failure of the 

NR calculation to reproduce 833(Expt), noting that the direction of this principal 

component is predicted by the calculations to coincide with the direction of the Se-W 

bond. Tungsten is the heaviest element (Z = 74) in all of the compounds investigated, 

and it is not surprising that relativistic calculations are required to properly describe the 

magnetic shielding interaction for selenium in ammonium selenotungstate. Considering 

all of the selenium chemical shift tensors investigated in this study the scalar with spin-

orbit relativistic calculations generally performed better, if only slightly, than the non-

relativistic and scalar relativistic calculations. The size of a given selenium containing 

156 



system will determine whether or not the additional computational time required for the 

relativistic calculations are feasible. Should the selenium atom find itself bonded to a 

heavier element, such as tungsten, the need for the inclusion of relativistic effects 

becomes warranted. 
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Chapter 5 

Probing Solid Iminobis(dialkylphosphine chalcogenide) Systems with 

Multinuclear Magnetic Resonance 

5.1 Introduction 

The coordination of monoanionic bidentate ligands toward metal and non-metal centers 

continues to provide a vast area of research interest. Acetylacetonate {acac) and its 

P-diketonate derivatives represent the ideological figurehead of monoanionic bidentate 

coordination chemistry.1 Recently, P-diketonate precursors have been utilized in the 

fabrication of metal oxide thin films,2 and other chemical vapor deposition applications.3 

Interest in related metal chalcogenide materials has spurred the investigation of 

monoanionic bidentate ligands possessing the corresponding elements of Group 16. 

Some sulfur- and selenium-containing ligands such as dialkyldichalcogenophosphates, 

dialkyldichalcogenophosphinates, and dialkyldichalcogenocarbamates have appeared in 

the literature;4"6 however, their small 'bites', chalcogen-chalcogen interatomic distances, 

form complexes primarily in an anisobidentate fashion.7 The iminobis(dialkylphosphine 

chalcogenide) compounds, the so-called non-carbon (main group) analogues of 

acetylacetone, offer the opportunity to vary the donor chalcogen atom and variation of the 

alkyl group is more easily accessible than for the organic analogues. The fine-tuning 

available for specific metal complexation permits comparisons between the bonding in 

organic and inorganic analogues, knowledge widely sought throughout chemistry.9 

While not isoelectronic, acac and dichalcogenoimidodiphosphinate systems are closely 

related, Scheme 5.1. An early example of the Group 10 complexes of [N(Ph2PSe)2]~ 

167 



contained heterocyclic MSe2?2N rings that were puckered,10 unlike those of 

• 1 1 1 9 

acetylacetonate which contain planar six-membered rings. ' The difference reflects the 

dichalcogenoimidodiphosphinate ligands ability to form delocalized systems without 

requiring planar rings due to the presence of low lying d orbitals.10'13'14 Binding 

geometries of these ligands are known to depend on the choice of chalcogen, alkyl group, 

and metal,13'15"22 allowing the formation of chelate rings and often resulting in 

symmetrical coordination patterns through the donor chalcogen atoms.8'23 

R »«£> P ^ ^ ^ ^J* ^"'« R 
' N >-r H 3 C ^ ^ C H 3 R N R 

Scheme 5.1 Similarities between the structures of acetylacetone, left, and 
the iminobis(dialkylphosphine chalcogenide), right, systems. 

Dichalcogenoimidodiphosphinate anions are versatile ligands with a strong 

tendency to form inorganic chelate rings, and numerous reviews of their complexes exist 

in the literature.15'24"26 In addition to applications as single-source precursors for solid-

state metal chalcogenide materials,4"'3'2 "40 these bidentate ligands have found uses in the 

search for stereochemically active lone pairs,10'19"21'41"52 in catalysis,53"55 and in metal 

extraction processes,15'49'56"63 as lanthanide shift reagents,49'64"68 luminescent materials,69 

70 79 

and as enzyme mimetics. 

Despite the considerable interest in the properties and chemistry of the complexes 

of dichalcogenoimidodiphosphinate ligands, relatively little is known about the neutral 
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iminobis(dialkylphosphine chalcogenide), HN(R.2PE)2.73 Characterization of these 

systems has predominantly been performed by X-ray crystallography, 10'43'44'74"79often 

supported by infrared,44'80"83 Raman,82'83 and/or solution NMR spectroscopy.10'43'44'80'84 

Solid-state NMR, being potentially more informative than solution NMR spectroscopy, 

would appear to be an appropriate technique for characterizing the HN(R2PE)2 ligands. 

Herein we present a solid-state P and Se NMR investigation of the HN(R2PE)2 (E = 

O, S, Se; R = Ph, *Pr) systems representing the first solid-state NMR investigation of the 

iminobis(dialkylphosphine chalcogenides). 

5.2 Experimental 

5.2.1 Sample Preparation 

The phenyl and isopropyl derivatives of bis(dialkylphosphino)amine, HN(R2P)2 

were prepared via the condensation reaction between hexamethyldisilazane, HN(SiMe3)2 

(Aldrich), and the appropriate chlorodialkylphosphine, R2PCI (Aldrich).81'85 Briefly, 

R2PCI in toluene is added drop wise to a hot toluene solution of HN(SiMe3)2 and is 

maintained above 80 °C for at least two hours in order to remove the 

chlorotrimethylsilane byproduct by distillation. Oxidation to the corresponding 

iminobis(dialkylphosphine chalcogenide) was achieved from the subsequent reaction 

with hydrogen peroxide (Sigma-Aldrich) in an ice bath,81'86 or via reflux with elemental 

01 1 A ' j o t 

sulfur (Fisher), or elemental selenium (Aldrich), ' see Scheme 5.2. Literature X-ray 

crystal structures have been determined for all of the investigated iminobis-

(dialkylphosphine chalcogenide) systems, HN(R2PE)2 (E = O; R = Ph76 and jPr44, E = S; 

R = Ph76"78and 'Pr43, E = Se; R = Ph10 and jPr44). A common difference between the R = 



Ph and R = 'Pr structures of the HN(R2PE)2 systems is that while the EPNPE backbones 

in iminobis(diphenylphosphine chalcogenide) species are oriented anti, the HN('Pr2PE)2 

(E = O, S, Se) molecules all possess gauche conformations, see Figure 5.1. 

HN(SiMeA+2R2PCl A
 >HN(R2P')2

 H 2 ° 2 >HN(R,PO), 
-Me,SiCl ice bath 

A E = S,Se 

HN(R2PE)2 (E = S,Se) 

Scheme 5.2 Iminobis(dialkylphosphine chalcogenide) preparation. 

anti gauche 

Figure 5.1 Common conformations encountered in iminobis(dialkyl-
phosphine chalcogenide), HN(RiPE)2 (E = O, S, Se), systems. 
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5.2.2 NMR Experiments 

Solid-state NMR investigations of powdered samples of HN(R2PE)2]2 (E = 0, S, 

Se; R = Ph, 'Pr) were obtained on 4.7 T, 7.0 T and 11.7 T NMR spectrometers. The 

samples were packed in 4 mm (7.0 T and 11.7 T) and 7.5 mm (4.7 T) o.d. zirconium 

oxide rotors and were placed within probes suitable for magic angle spinning, MAS, 

NMR experiments. A ramped amplitude cross polarization, RACP, pulse sequence was 

used to acquire all spectra.87 Proton decoupling fields of approximately 60 kHz were 

o n o i 

achieved via two-pulse phase-modulation, TPPM. The P NMR spectra were 

referenced with respect to 85% H3PO4 (aq) by setting the isotropic P NMR peak of 

solid (NH4)H2P04 to 0.81 ppm.89 Selenium-77 NMR spectra were referenced to Me2Se 

(/) by setting the isotropic peak of solid ammonium selenate, (NH^SeC^, to 1040.2 

ppm.89'90 

Solid-state 31P NMR experiments were performed at Larmor frequencies of 81.0, 

121.6 and 202.5 MHz, and at spinning frequencies ranging from 3.0 to 7.2 kHz. A total 

of between 64 and 128 scans were acquired per spectrum. Contact times between 1.5 and 

6.5 ms, and pulse delays between 600 and 840 s for HN(Pli2PE)2 systems and between 7 

and 18 s for HN^P^PE^ were employed. 

Solid-state 77Se NMR measurements were performed at Larmor frequencies of 

38.2, 57.3 and 95.4 MHz, and at spinning frequencies ranging from 2.0 to 14.0 kHz. A 

total of between 384 and 16384 scans were acquired per spectrum. Contact times 

between 6.5 and 10.0 ms, and pulse delays between 600 and 840 s for HN(Ph2PE)2 

species and between 5 and 14 s for HN('Pr2PE)2 were employed. 



The principal components of the respective phosphorus and selenium chemical 

shift tensors, 8n > 822 > 833, were determined from the experimental spectra via the 

procedure of Herzfeld and Berger.91'92 All experimental solid-state NMR spectra were 

simulated using the determined values with the program WSOLIDS93 to assess the 

quality of the obtained parameters. This procedure results in errors of ±0.2 ppm in the 

isotropic chemical shift, 8;so = (l/3)(8n + 822 + 833), and errors in the principal 

components about 1 -3% of the span, Q. = 811 - 833, of the respective chemical shift 

tensor. Another useful quantity for describing the appearance of chemical shift powder 

patterns is the skew, K - 3(822 - SiS0)/£2, where axial symmetry is described by K = +1 or -

l.94 

5.2.3 DFT Computations 

Theoretical calculations of NMR parameters were performed on isolated 

molecules generated from the reported crystal structures. Magnetic shielding tensors, o, 

were calculated using the NMR module95"97 of the Amsterdam Density Functional, ADF, 

program package.98"102 The Vosko-Wilk-Nusair103 local density approximation with the 

Becke88-Perdew861 " generalized gradient approximation were used for the 

exchange-correlation functional. Scalar relativistic corrections were carried out based on 

the implementation of the zeroth order regular approximation, ZORA, formalism. 

Triple-C doubly polarized, TZ2P, Slater-type ZORA basis sets were used for all atoms 

except for hydrogen, where double-^ quality, DZ, basis functions were utilized. The 

corresponding phosphorus and selenium chemical shift tensors were calculated from the 

magnetic shielding tensors using the relationship: 



Su(sample) = °^ef)-o ^sample) [ f U ] 

where aK0{rej) is the isotropic shielding of a standard reference. The absolute shielding 

scale for 31P has been determined, and the value of cFiso(85% Yi^VOA^q)) has been 

established to be 328.35 ppm.111 We have previously investigated the selenium chemical 

shift tensors in a wide range of selenium containing compounds, and we have 

subsequently used the value of 1580 ppm determined therein for the reference shielding 

of a neat liquid of dimethyl selenide at 23 °C. 

5.3 Results & Discussion 

All of the literature structures for the iminobis(dialkylphosphine chalcogenide) species 

investigated possess a single HN(R.2PE)2 molecule in the asymmetric unit. There exists 

no symmetry elements within the molecule providing chemical equivalence between the 

two phosphorus (or two selenium) atoms, thus, two distinct phosphorus (or selenium) 

chemical shift tensors are expected in the experimental NMR spectra. The phosphorus 

chemical shift tensors for the iminobis(dialkylphosphine chalcogenide) systems are 

presented first, followed by the results of a solid-state 77Se NMR study on HN(R2PSe)2 

(R = Ph, 'Pr). As the syntheses of the phenyl-derivatized species were reported prior to 

the isopropyl variants, the results for HN(Pli2PE)2 will precede those for HN('Pr2PE)2. 

The extracted NMR parameters are discussed in terms of the known molecular structures, 

highlighting the impact in the choice of alkyl group and/or chalcogen where applicable. 

DFT computations of the phosphorus and selenium nuclear magnetic shielding tensors 



provide the orientations of the corresponding chemical shift tensors, while the calculated 

principal components, 8;i, of the respective 31P and 77Se chemical shift tensors are 

tabulated in Appendix B. 

5.3.1 Solid-State 31PNMR 

The 31P NMR parameters for all of the HN(R2PE)2 (E = O, S, Se; R = Ph, jPr) 

samples investigated are given in Table 5.1. Experimental solid-state 31P NMR spectra 

for HN(R2PO)2, HN(R2PS)2, and HN(R2PSe)2 are given in Figures 5.2, 5.3, and 5.4, 

respectively. Theoretical calculations of the phosphorus chemical shift tensors are 

presented in Table Bl. 

5.3.1.1 HN(R2PO)2 (R = Ph, lPr) 

Contrary to initial formulations,74'75 prior to the solution of its X-ray structure, 

HN(Ph2PO)2 does not possess an acidic N-H proton. Rather, it is more accurately 

depicted as the imidodiphosphinic acid tautomer, Ph2P(OH)NP(0)Ph2. As a result, 

Ph2P(OH)NP(0)Ph2 has a considerably different structure than the other 

iminobis(dialkylphosphine chalcogenide) systems investigated. Similar to the 

HN(Ph2PE)2 (E = S, Se) molecules that possess a solid state structure in which the 

EPNPE backbone adopts an anti conformation, Ph2P(OH)NP(0)Ph2 is trans with an 

O-P-P-O 'torsion' angle of 180°.76 However, unique to the Ph2P(OH)NP(0)Ph2 system 

is a linear P-N-P angle of 180°.76 The solid-state 31P NMR spectrum is given, along with 

its simulation, in Figure 5.2a. The two phosphorus chemical shift tensors extracted, 
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Table 5.1 Solid-state 31P NMR parameters for HN(R2PE)2 (E = 0, S, Se; R - Ph, 'Pr). 

E 

O 

s 

Se 

R 

Ph 

'Pr 

Ph 

jPr 

Ph 

'Pr 

Ojso 

ppm 

8.2 
28.4 

52.5 
57.7 

54.7 
57.1 

89.1 
90.6 

48.9 
52.4 

88.8 
91.1 

Sn 
ppm 

79.6 
109.5 

101.8 
112.7 

155.7 
164.0 

155.0 
163.0 

149.5 
160.4 

152.0 
160.4 

822 

ppm 

13.3 
38.6 

101.8 
89.2 

77.5 
92.7 

121.7 
118.5 

62.5 
79.9 

113.7 
110.3 

833 

ppm 

-68.2 
-62.8 

-46.0 
-28.8 

-69.2 
-85.5 

-9.4 
-9.7 

-65.2 
-83.1 

0.7 
2.6 

Q 

ppm 

147.8 
172.3 

147.8 
141.5 

224.9 
249.5 

164.4 
172.7 

214.7 
243.5 

151.3 
157.8 

K 

0.10 
0.18 

1.00 
0.67 

0.30 
0.43 

0.60 
0.48 

0.19 
0.34 

0.49 
0.36 

V(Se,P)lso
a 

Hz 

-720 
-740 

-740 
-735 

a For directly bonded selenium-77 and phosphorus-31 spin pairs, signs of 1J(77Se,31P)iso are known to be 
negative for numerous analogous systems.113114 

Table 5.1, possess isotropic chemical shifts and spans that differ by more than 20 ppm, 

despite the two tensors possessing similarly small positive skews. 

Theoretical phosphorus chemical shift tensors from the DFT computations, Appendix B, 

produce comparable values of 5iS0, 8;;, Q., and K with the experimentally determined 

parameters; however, they do not calculate an equally large difference between the two 

respective isotropic chemical shifts. Additionally, the computations indicate that the 

phosphorus bearing the hydroxyl group is more shielded than the P=0 phosphorus in 

Ph2P(OH)NP(0)Pli2. The calculated orientations of the two phosphorus chemical shift 

tensors are also different. The computed P-OH phosphorus chemical shift tensor orients 

Sn perpendicular to the local O-P-N plane, and 833 approximately parallel to the P-N 

vector with 822 within the O-P-N plane and perpendicular to P-N. The calculated P=0 

phosphorus chemical tensor places 811 perpendicular to the local O-P-N plane, while in 

contrast 833 is oriented nearly parallel to the P-O vector with 822 within the O-P-N plane 
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Figure 5.2 (a) RACP MAS 31P NMR spectrum (lower trace) for 
Pri2P(OH)NP(0)Pri2 and its simulation (upper trace). Experimental 
conditions: 11.7 T, 64 scans, MAS at 3.0 kHz, 10 Hz of line broadening, a 
3.0 ms contact time, and a 900 s recycle delay, (b) RACP MAS 31P NMR 
spectrum (lower trace) for HN('Pr2PO)2 and its simulation (upper trace). 
Experimental conditions: 11.7 T, 128 scans, MAS at 3.0 kHz, 10 Hz of 
line broadening, a 3.0 ms contact time, and a 18 s recycle delay. The 
isotropic peaks are marked with an asterisk (*). 



and perpendicular to P-0. Both orientations differ significantly from those calculated for 

the monoclinic and orthorhombic forms of PI13PC), where both polymorphs orient 811 

along the P-0 vector.115 

One of the largest differences between iminobis(diisopropylphosphine oxide) and 

Ph2P(OH)NP(0)Ph2 is that HN('Pr2PO)2 possesses an acidic N-H proton leading to a 

P-N-P angle of 130°.44 The gauche conformation of iminobis(diisopropylphosphine 

oxide), reflected in a 52° O-P—P-0 'torsion' angle, yields a chain-like arrangement of 

HN('Pr2PO)2 units in its solid state structure.44 The X-ray structure of HN('Pr2PO)2 

displays some disorder in that one methyl carbon on one isopropyl group possesses two 

50% occupancy sites.44 There exists three discernable signals in the 31P MAS spectrum 

of HN('Pr2PO)2 given in Figure 5.2b; however, as one of the three signals is significantly 

less intense than the other two it is considered to be a minor impurity in the sample rather 

than resulting from disorder in the structure. The two isotropic phosphorus chemical 

shifts, Table 5.1, are in good agreement with the P NMR value from a chloroform 

solution of HN('Pr2PO)2, 55.5 ppm.44 The phosphorus chemical shift tensors are 

deshielded with respect to those of Ph2P(OH)NP(0)Pli2, as well as possess slightly 

smaller spans and larger positive skews. The steric or electronic source of this difference 

will be discussed later. One phosphorus environment indicates an axially symmetric 

chemical shift tensor, despite there being no symmetry reasons for attaining this axial 

symmetry. Methods for obtaining accurate principal components of the chemical shift 

tensor from spectra of MAS samples are known to have the greatest difficulty with 

axially or near axially symmetric species. 
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Calculated phosphorus chemical shift tensors were obtained for both of the 50% 

occupancy structures,44 labeled 'a' and 'b ' in Appendix B. Both phosphorus chemical 

shift tensors computed for each of the two structures achieve reasonable agreement with 

the experimental values. The values of 8jj(Calc) are very similar for structures 'a' and 

'b', suggesting that the presence of disorder in the methyl group does not significantly 

affect the phosphorus shielding in HN^P^PO^. This is consistent with the solid-state 31P 

NMR spectrum, Figure 5.2b, where no discernable difference in the line widths or line 

shapes of the two phosphorus environments was detected. In contrast to the calculated 

orientations of the phosphorus chemical shift tensors in Ph2P(OH)NP(0)Pli2, all four 

tensors for HNCP^PO^ are oriented similarly. The computations place 833 

approximately along the O-P vector, and 822 perpendicular to the local O-P-N plane, with 

8n perpendicular to O-P within the O-P-N plane. 

5.3.1.2 HN(R2PS)2 (R = Ph, lPr) 

The anti conformation of HN(Ph2PS)2, with a S-P—P-S 'torsion' angle of 156° is 

similar to that of Ph2P(OH)NP(0)Pli2, while the nonlinear P-N-P angle 133° is consistent 

with a PNP backbone that possesses a protonated nitrogen. " The solid state structure 

consists of two HN(Pli2PS)2 molecules hydrogen bonded to form dimer pairs.76"78 The 

31P NMR parameters from the RACP MAS spectrum for HN(Ph2PS)2, Figure 5.3a, are 

given in Table 5.1. The isotropic chemical shifts are in good agreement with the solution 

31P NMR values of 55.1 ppm in THF,80 and 58.2 ppm in CDCI3.84 The phosphorus 

chemical shift tensors for HN(Pli2PS)2 are more deshielded, possess larger spans and 

slightly more positive values of K than those for Ph2P(OH)NP(0)Pli2. 



a) b) 

Al wsmm k J w uuuuuu 

uu 
200 100 0 

I J uuu u UL 
•100 200 

r31 
8CP)/ppm 

100 
/31 

0 -100 
SCTVppm 

31 Figure 5.3 (a) RACP MAS J1P NMR spectrum (lower trace) for 
HN(Pli2PS)2 and its simulation (upper trace). Experimental conditions: 
11.7 T, 64 scans, MAS at 3.0 kHz, 10 Hz of line broadening, a 3.0 ms 
contact time, and a 900 s recycle delay, (b) RACP MAS 31P NMR 
spectrum (lower trace) for HN('Pr2PS)2 and its simulation (upper trace). 
Experimental conditions: 11.7 T, 128 scans, MAS at 3.0 kHz, 5 Hz of line 
broadening, a 3.0 ms contact time, and a 9 s recycle delay. The isotropic 
peaks are marked with an asterisk (*). 



The DFT computations were performed on a dimer of HN(Pri2PS)2 units. The 

calculated principal components of the respective phosphorus chemical shift tensors 

slightly overestimate the corresponding experimental values. The orientations of the two 

calculated phosphorus chemical shift tensors are nearly identical and most closely 

resemble those calculated for Ph2P(OH)NP(0)Pli2, with 833 approximately parallel to the 

P-S vector, 811 perpendicular to the local S-P-N plane, and 822 nearly within the S-P-N 

plane perpendicular to P-S. 

Similar to that of HN(1Pr2PO)2, the structure of HN(iPr2PS)2 contains a 132° 

P-N-P angle; however, the S-P—P-S 'torsion' angle is slightly larger at 79° and the X-ray 

structure reports no evidence of disorder.43 The solid-state 31P NMR spectrum of 

HN('Pr2PS)2 is given Figure 5.3b. The isotropic chemical shifts for the two phosphorus 

environments are in good agreement with the value of 91.2 ppm reported for HNCP^PS^ 

in CDCI3.43 Similar to the phosphorus chemical shift tensors of HN(Ph2PS)2 and 

Ph2P(OH)NP(0)Ph2, the two chemical shift tensors for HN('Pr2PS)2 are more deshielded 

and possess larger spans than those for HNCP^PO^. Solution 31P NMR for the mixed 

chalcogen system 1Pr2P(0)NHP(S)1Pr2 displays a comparable difference in the values of 

8iso(31P), 54.8 and 90.9 ppm.44 Additionally, as with the E = O compounds, the 

phosphorus sites in HN(1Pr2PS)2 are more deshielded and have larger positive skews than 

the phenyl derivative. 

Calculated phosphorus chemical shift tensors for HN('Pr2PS)2 are given in 

Appendix B. The computed values of 8iS0, 8;;, Q, and K are in reasonable agreement with 

the experimentally obtained parameters. Similar to the calculated orientation of the 

tensors in HN^P^PO^, the two phosphorus chemical shift tensors for HN^P^PS^ are 
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approximately identical and place 833 nearly parallel to the E-P vector; however, the 

directions of 8n and 822 are essentially reversed in HNOP^PS^ with respect to 

HN('Pr2PO)2 with 811 perpendicular to the local S-P-N plane and 822 within the S-P-N 

plane perpendicular to S-P. 

5.3.1.3 HN(R2PSe)2 (R = Ph, lPr) 

Isomorphous with HN(Pli2PS)2, the dimer structure of HN(Ph2PSe)2 possesses an 

anti conformation with a Se-P—P-Se 'torsion' angle of 154° and a P-N-P angle of 132°.10 

The phosphorus chemical shift parameters, along with an estimation of the one-bond 

1 77 "W 

selenium-phosphorus indirect spin-spin coupling constant, J( Se, P)jS0, from the MAS 

P NMR spectrum, Figure 5.4a, are reported in Table 5.1. The values of 8jS0( P) and 
1 77 ^ 1 "̂  1 

J{ Se, P)iS0 are in good agreement with those from PNMRof methylene chloride and 

chloroform solutions of HN(Ph2PSe)2, 53.0 ppm and (-)793 Hz,10 and 53.2 ppm,84 

respectively. The principal components of the phosphorus chemical shift tensors are very 

similar to those found for HN(Pli2PS)2, see Table 5.1, suggesting that the impact of 

exchanging oxygen for sulfur in HN(PIi2PE)2 is larger than exchanging sulfur for 

selenium. 

The phosphorus chemical shift tensors were calculated for a dimer of 

HN(Pli2PSe)2 molecules.10 The calculations overestimate the values of 8jso and Q 

indicating that scalar relativistic effects may not be sufficient to accurately describe the 

shielding environment for HN(Pli2PSe)2 and that spin-orbit relativistic effects may be 

important. Similar to those of HN(Pli2PS)2, the calculated orientations of the phosphorus 

chemical shift tensors in HN(Pli2PSe)2 place 8n perpendicular to the local Se-P-N plane, 
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Figure 5.4 (a) RACP MAS 31P NMR spectrum (lower trace) for 
HN(Ph2PSe)2 and its simulation (upper trace). Experimental conditions: 
11.7 T, 64 scans, MAS at 3.0 kHz, 10 Hz of line broadening, a 3.0 ms 
contact time, and a 900 s recycle delay, (b) RACP MAS 31P NMR 
spectrum (lower trace) for HNCP^PSe^ and its simulation (upper trace). 
Experimental conditions: 11.7 T, 128 scans, MAS at 3.0 kHz, 10 Hz of 
line broadening, a 3.0 ms contact time, and a 18 s recycle delay. The 
isotropic peaks are marked with an asterisk (*). 
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833 approximately along the P-Se vector, and 822 within the Se-P-N plane perpendicular to 

P-Se. 

The structure of HN('Pr2PSe)2 more closely resembles that of FTNCP^PS^ with an 

80° Se-P—P-Se 'torsion' angle, and a P-N-P angle of 1310.44 However, similar with the 

structure of HNCP^PO^, the selenium analogue was refined where the location of one 

methyl carbon on one isopropyl group contained two 50% occupancy locations.44 The 

isotropic chemical shifts and 1J(77Se,31P)iSO values extracted, Table 5.1, from the 

simulation of the solid-state 31P NMR spectrum of HN('Pr2PSe)2, Figure 5.4b, are in good 

agreement with those from a chloroform solution P NMR study, 89.5 ppm and (-)757 

Hz.44 Similar to the solid-state 31P NMR spectrum of HN(iPr2PO)2, Figure 5.2b, no 

evidence for the disorder in the methyl group was detected in the corresponding spectrum 

for iminobis(diisopropylphosphine selenide). As with the phosphorus chemical shift 

tensors of HN(Pli2PE)2 (E = S, Se), the two tensors for FTN^P^PSe^ are comparable to 

those found for FTN^P^PS^, see Table 5.1. The isotropic phosphorus chemical shifts of 

the mixed chalcogen compound 1Pr2P(S)NHP(Se)'Pr2, from a chloroform solution 31P 

NMR study, are also very similar at 89.2 and 92.1 ppm.44 

Phosphorus chemical shift tensors were calculated for both of the 50% occupancy 

structures,44 labeled 'a' and 'b ' in Appendix B. The scalar relativistic calculated 

phosphorus chemical shift tensors for FINCP^PSe^, as with those for FTN(Ph2PSe)2, 

overestimate the experimental values. Analogous to those for FINOP^PO^, the 

calculated phosphorus chemical shift tensors for FTN('Pr2PSe)2 structures 'a' and 'b' are 

nearly identical and suggest that evidence for the disorder is unlikely to come from the 

solid-state 31P NMR spectrum. As with the calculated orientations of the phosphorus 
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chemical shift tensors in HN('Pr2PO)2, all four tensors for iminobis(diisopropylphosphine 

selenide) are identical; however, they are all oriented similarly to those of HN('Pr2PS)2: 

Nearly along the P-Se vector is 833, with 5n perpendicular to the local Se-P-N plane, and 

822 within the Se-P-N plane perpendicular to P-Se. 

5.3.2 Solid-State 77SeNMR 

The solid-state 77Se NMR spectrum for HN(Ph2PSe)2 is given in Figure 5.5a, and 

the 77Se NMR parameters extracted from its simulation are reported in Table 5.2. The 

values of J( Se, P);so are in agreement with those from solution P NMR and with 

our solid-state P NMR values, Table 5.1 above. Similar to the large difference in 

isotropic phosphorus chemical shifts observed for Ph2P(OH)NP(0)Pli2, there is a 

significant difference between the two values of 8jS0(Se) in HN(Pli2PSe)2. The spans of 

the selenium chemical shift tensors are both larger than any of the phosphorus chemical 

shift tensors obtained, which is consistent with the less symmetric environment of 

selenium in the iminobis(dialkylphosphine chalcogenide) systems and the larger chemical 

1 1 7 1 1 Si 

shift range of selenium with respect to that of phosphorus. ' 

The dimer structure of HN(Pli2PSe)2 was used to calculate the selenium chemical 

shift tensors. The computed principal components are in good agreement with the 

experimental values, particularly in the difference in shielding between the two chemical 

shift tensors. The calculations indicate that the selenium that participates in hydrogen 

bonding between the two HN(Pli2PSe)2 molecules is less shielded than the selenium that 

is not involved in hydrogen bonding. The calculated orientations of the two selenium 

chemical shift tensors are also different. For the selenium involved in hydrogen bonding 
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Figure 5.5 (a) RACP MAS 77Se NMR spectrum (lower trace) for 
HN(Ph2PSe)2 and its simulation (upper trace). Experimental conditions: 
11.7 T, 384 scans, MAS at 3.0 kHz, 50 Hz of line broadening, a 10.0 ms 
contact time, and a 840 s recycle delay, (b) RACP MAS 77Se NMR 
spectrum (lower trace) for HNCP^PSe^ and its simulation (upper trace). 
Experimental conditions: 11.7 T, 5288 scans, MAS at 6.0 kHz, 50 Hz of 
line broadening, a 6.5 ms contact time, and a 14 s recycle delay. The 
isotropic peaks are marked with an asterisk (*). 
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Table 5.2 Solid-state 77Se NMR parameters for HN(R2PSe)2 (R = Ph, jPr). 

R 

Ph 

jPr 

8is„ 
ppm 

-184 
-101 

-355 
-322 

8n 
ppm 

-41 
79 

-135 
-179 

822 

ppm 

-219 
-146 

-419 
-352 

833 

ppm 

-291 
-236 

-511 
-435 

a 
ppm 

250 
317 

376 
256 

K 

-0.42 
-0.43 

-0.51 
-0.36 

V(Se,P)iso
a 

Hz 

-800 
-740 

-760 
-720 

a For directly bonded selenium-77 and phosphorus-31 spin pairs, signs of 1J(77Se,31P)iso are known to be 
negative for numerous analogous systems.113114 

between the dimers, 833 is nearly parallel to the Se-P vector, 811 perpendicular to the local 

Se-P-N plane, and 822 within the Se-P-N plane perpendicular to Se-P. The selenium that 

is not involved in hydrogen bonding possesses a chemical shift tensor that orients 822 

approximately along Se-P, with 811 perpendicular to the local Se-P-N plane and 833 within 

the Se-P-N plane perpendicular to Se-P. 

The 77Se NMR parameters from the solid-state 77Se NMR spectrum for 

HN('Pr2PSe)2, Figure 5.5b, are given in Table 5.2. The two 1/(77Se,31P)iSO couplings are 

in good agreement with the reported values from solution44 and solid-state (above) 31P 

NMR. Unlike those for HN(Pli2PSe)2, the two isotropic selenium chemical shifts for 

iminobis(diisopropylphosphine selenide) are more shielded and significantly closer 

together. Additionally, in contrast to the solid-state 31P NMR spectra for HNOP^PE^ (E 

= O, Se), the solid-state 77Se NMR spectrum for HN('Pr2PSe)2 appears to be sensitive to 

the disorder of the methyl group in the structure.44 Figure 5.6 displays the isotropic 

region of the solid-state 77Se NMR spectra for FIN(R2PSe)2 (R = Ph, 'Pr), where one of 

the two /-coupled isotropic peaks for HN^Pr^PSe^ is visibly broader than the others. 

The two calculated selenium chemical shift tensors for each of the two 50% 

occupancy structures also suggest that the impact of the disorder of the methyl group 

should be more pronounced in the solid-state Se NMR spectrum; however, the 
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Figure 5.6 Isotropic region of the Se NMR spectrum for (a) 
HN(Ph2PSe)2 and (b) HN('Pr2PSe)2 (lower traces) and their simulations 
(upper traces). 

calculations indicate that both selenium environments should be influenced by the 

disorder. Additionally, the calculations predict that the selenium environment that is 

furthest from the methyl group should be affected more than the proximal selenium. The 

calculated orientations of the selenium chemical shift tensors are identical for structures 

187 



'a' and 'b' , yet distinct. The chemical shift tensor for the selenium distal to the methyl 

disorder is oriented such that 833 is nearly along the Se-P vector, 8n is perpendicular to 

the local Se-P-N plane, while 822 lies within the Se-P-N plane perpendicular to Se-P. The 

selenium nearest the methyl disorder possesses a calculated chemical shift tensor that also 

places 8n approximately perpendicular to the local Se-P-N plane; however, the P-Se 

vector nearly bisects the 822-86-833 angle within the Se-P-N plane. 

5.3.3 The Effect of the E-P-P-E 'Torsion' Angle 

From Table 5.1 it is clear that the phosphorus environments in the HN(Pli2PE)2 (E 

= O, S, Se) systems, which all possess anti E-P-P-E 'torsion' angles, are all more 

shielded than their HN(1Pr2PE)2 counterparts that have gauche 'torsion' angles. 

Conversely, in Table 5.2, the selenium chemical shifts of HN(Pli2PSe)2 are both less 

shielded than those of HN^P^PSe^. The consistent differences observed in the isotropic 

chemical shifts between the phenyl and isopropyl variants of HN(R2PE)2 (E = O, S, Se) 

are likely to arise from a combination of the electronic effects of the chosen alkyl group 

and the common steric differences between the structures. To probe the nature of these 

differences, nuclear magnetic shielding calculations were performed on a truncated 

system, HN(Me2PSe)2. The HN(Me2PSe)2 structure was achieved by replacing the 

isopropyl groups of one of the two 50% occupancy structures of HN^P^PSe^ with 

methyl groups. Figure 5.7 displays the effect of rotation about the E-P—P-E 'torsion' 

angle from an eclipsed orientation, 0°, to a trans conformation, 180°, in 15° increments. 

For both the computed phosphorus and selenium chemical shifts, the calculations predict 

the opposite effect to what was observed experimentally; that is, the anti structures of 
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Figure 5.7 Effect of rotation about the E-P-P-E 'torsion' angle for 
HN(Me2PSe)2 on (a) 5is0(

31P) and (b) 5iso(
77Se). 

HN(Me2PSe)2 possess less shielded phosphorus and more shielded selenium 

environments than any of the gauche structures. The outcome of these calculations 



suggest that the electronic effect of the chosen alkyl group dominates the impact of the 

E-P—P-E 'torsion' angle, which is supported by the solution 31P NMR reported for the 

mixed alkyl system Ph2P(S)NHP(S)1Pr2.119 The isotropic phosphorus chemical shifts of 

Ph2P(S)NHP(S)'Pr2, 100.0 and 51.5 ppm, display an even larger separation than those 

found between the phenyl and isopropyl compounds studied herein, HN(R2PE)2 (E = O, 

S, Se), Table 5.1. Rotation of the S-P-P-S angle in solution may effectively average the 

conformational impact on the phosphorus chemical shift present in the solid state. Thus, 

the electronic effect on the shielding of the alkyl group is not opposed to the same extent 

by the conformation of the EPNPE backbone and the isotropic phosphorus chemical 

shifts are found to be further apart. 

5.4 Summary 

The iminobis(dialkylphosphine chalcogenide) systems, HN(R2PE)2 (E = O, S, Se; R = 

i ^1 77 

Ph, Pr), have been investigated by solid-state P and Se NMR spectroscopy and DFT 

computational chemistry. The phosphorus chemical shift tensors of the HN(Pti2PE)2 (E = 

O, S, Se) systems all possessed more shielded environments, larger spans and smaller 

skews than the corresponding HN('Pr2PE)2 systems. Aside from Ph2P(OH)NP(0)Ph2, the 

calculated orientations of the two phosphorus chemical shift tensors in each HN(R2PE)2 

system are essentially identical. The experimental and theoretical selenium chemical 

shift tensors in HN(Ph2PSe)2 were found to be sensitive to the presence of hydrogen 

bonding in its solid state dimer structure, while those of HN('Pr2PSe)2 were susceptible to 

the disorder found in its structure. The impact of the conformation of the EPNPE 

backbone via the E-P—P-E 'torsion' angle was studied by DFT nuclear magnetic 
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shielding calculations on a truncated system, HN(Me2PSe)2. The steric impact of the 

Se-P—P-Se angle on the computed phosphorus and selenium isotropic chemical shifts 

was found to have the opposite effect to what was observed experimentally, indicating 

that the choice of phenyl or isopropyl group is more important than the conformational 

contributions to the phosphorus and selenium shielding in these systems. 
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Chapter 6 

A Solid-State NMR Investigation of Single-Source Precursors for Group 

12 Metal Selenides; M[N(iPr2PSe)2]2 (M = Zn, Cd, Hg)f 

6.1 Introduction 

Integrated applications of thin semiconducting films include light-emitting diodes,1 and 

electrochromic display devices, as well as use in infrared detectors. ' Nanoparticles of 

semiconductor materials, or quantum dots, have applications ranging from single-electron 

transistors5 to biomarkers,6 due to a highly tuneable band gap. Crystals and thin films of 

metal chalcogenide materials have been utilized in variable energy radiation detectors, 

light emitting devices and optoelectronics,7 as well as within solar selective coatings and 

s i n • 

photoelectrochemical devices. " The class of II-VI semiconductors is of current interest 

as one of the best known groups of semiconducting materials. 

Conventional methods of preparing Group II metal chalcogenide materials 

involve hazardous organometallic compounds and highly toxic chalcogen sources 

reacting in the vapor phase or within a solution.11"16 The nature of the reactants has led to 

considerable interest in identifying molecular single-source precursors for these solid-

state materials.16"21 Successful single-source precursors require a low degree of 

association and sufficient volatility for low-pressure deposition or solution thermolysis 

techniques, and depend in large part on the nature and purity of the precursors used.22 

Examples of such precursors for II-VI materials include metal(II) complexes of 

chalcogenolates [EX]", where E = O, S, Se or Te and X = alkyl14'23"29 or silyl,30'31 

* A version of this chapter has been published: B.A. Demko and R.E. Wasylishen, Dalton Transactions, 
2008,481-490. 
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dichalcogenophosphinates [E2PR2]", ' and dichalcogenocarbamates [E2CNR2]". 

Recently dichalcogenoimidodiphosphinato complexes, Mn+[N(R2PE)2]n, have been 

utilized as single-source precursors for chemical vapor deposition16'19'20'22'44"51 and 

quantum dot applications. ' ' Dichalcogenoimidodiphosphinates overcome the often 

encountered involatility of metal organochalcogenolates,18 are more thermally stable than 

the bulkier silylchalcogenolate ligands with cleaner thermolysis products and produce 

fewer degradation reactions of the ligand. ' ' Additionally, diselenocarbamates are 

prepared using noxious carbon diselenide,20 whereas diselenoimidodiphosphinates are 

obtained from facile oxidation of the corresponding bis(dialkylphosphine)amine with 

elemental selenium. 

The chemistry involving dichalcogenoimidodiphosphinato complexes has been 

well reviewed.53"5 In addition to applications as single-source precursors for solid-state 

materials, these bidentate ligands have found uses in the search for stereochemically 

active lone pairs,57"72 in catalysis,73'74 and in metal extraction processes,56'69'75"82 as 

lanthanide shift reagents, ' " luminescent materials, and as enzyme mimetics. 

Often identified as main group inorganic analogues of acetylacetonate (acac), transition 

metal complexes of [N(R2PE)2]~ possess improved thermal and chemical stability over 

(3-diketonates, which are susceptible to oxidation, polymerization and hydration, and 

generally makes acac complexes involatile.22'45'46'92"95 The volatility of 

dichalcogenoimidodiphosphinato complexes can be manipulated by the functional choice 

of alkyl group.22 Although considerably more attention has been given to the phenyl 

functionalized ligand in the literature, complexes of the isopropyl variant have shown an 

increase in volatility.22'54'62'96 Careful tuning of the ligand in the choice of alkyl group 



has afforded high quality CdSe quantum dots, prepared in a solvothermal reaction from 

the single-source precursor Cd[N('Pr2PSe)2]2-52 The quantum dots obtained are highly 

monodispersed with diameters, and subsequently luminescent properties, that depend 

upon growth time.52 

Characterization of dichalcogenoimidodiphosphinato complexes has to date been 

performed primarily by X-ray crystallography, as well as infrared and solution NMR 

spectroscopy.22'45'46'48'59'62-64'67'71'94'97405 Diselenoimidodiphosphinate ligands possess 

numerous favorable NMR spin-Vi nuclei, specifically *H (99.99% N.A., S = 100 MHz), 

13C (1.07% N.A., S = 25.145 MHz), 31P (100% N.A., S = 40.481 MHz), and 77Se (7.63% 

N.A., H = 19.071 MHz), however characterization has typically been limited to *H and 

P solution NMR. Solid-state NMR, being potentially more informative than solution 

NMR spectroscopy, would appear to be an appropriate technique for characterizing the 

detailed molecular environment of dichalcogenoimidodiphosphinate ligands and their 

complexes; however, there have been no reports of such investigations in the literature to 

our knowledge. The presented study of solid-state 31P, 77Se, 113Cd, and 199Hg NMR on 

the single-source precursors; M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg), represents the first 

solid-state NMR investigation of dichalcogenoimidodiphosphinato complexes. 

6.2 Experimental 

6.2.1 Sample Preparation 

Iminobis(diisopropylphosphine selenide), HN('Pr2PSe)2, was prepared according 

to the two-step, condensation followed by oxidation, procedure outlined in Scheme 

5.2.106 The off-white powders of the zinc, cadmium and mercury complexes were 



obtained by slow addition of the corresponding metal(II) chloride (Sigma- Aldrich) into a 

basic methanol solution of the tetraisopropyldiselenoimidodiphosphinate, [N('Pr2PSe)2]\ 

as shown in Scheme 6.1. The single-source precursors were recrystallized by slow 

diffusion of methanol into chloroform solutions of the complexes. The crystal structures 

AQ t fi/y ryy 

of the zinc, cadmium, and mercury complexes have been previously determined by 

X-ray crystallography. All structures possess triclinic unit cells and indicate a single 

M[N('Pr2PSe)2]2 molecule in the asymmetric unit. 

2HN(;Pr2PSe)2 +MC12 NaOMe/MeOH M^c ?r2PSe)2]2 

RT 

Scheme 6.1 Metal(II) tetraisopropyldiselenoimidodiphosphinate, 
M[N(1Pr2PSe)2]2 preparation. 

6.2.2 NMR Experiments 

Solid-state NMR investigations of powdered samples of M[N('Pr2PSe)2]2 (M = 

Zn, Cd, Hg) were obtained on 4.7 T, 7.0 T, and 11.7 T NMR spectrometers. The samples 

were packed in 4 mm (7.0 and 11.7 T) and 5 mm (4.7 T) o.d. zirconium oxide rotors and 

were placed within probes suitable for magic angle spinning, MAS, NMR experiments. 

A variable amplitude cross polarization, VACP, pulse sequence was used for all nuclei 

investigated on all spectrometers. Proton decoupling fields of approximately 60 kHz 

were achieved via two-pulse phase-modulation, TPPM. All P NMR spectra were 

referenced with respect to 85% H3PO4 (aq) by setting the P NMR peak of solid 

(NH4)H2P04 to 0.81 ppm.108 Similarly, 77Se NMR spectra were referenced to Me2Se (I) 



by setting the isotropic peak of solid ammonium selenate to 1040.2 ppm. ' 

Cadmium-113 NMR spectra were referenced with respect to a 0.1 M solution of 

Cd(C104)2 in water by setting the solid-state 113Cd NMR peak of Cd(N03)2-4H20 to 

-100.0 ppm.108'110 Solid-state 199Hg NMR spectra were referenced to dimethyl mercury 

by setting the 199Hg NMR peak of solid (NEt4)Na[Hg(CN)4] to -434 ppm.111 

Solid-state 31P NMR experiments were performed at frequencies of 81.0,121.6 

and 202.5 MHz at spinning frequencies ranging from 1.0 to 2.2 kHz. A total of between 

64 and 512 scans were acquired per spectrum. Contact times between 2.0 and 4.5 ms, 

and pulse delays between 10 and 15 s were employed. 

Solid-state 77Se NMR measurements were performed at frequencies of 38.2, 57.3 

and 95.4 MHz at spinning frequencies ranging from 2.4 to 15.0 kHz. A total of between 

2952 and 23608 scans were acquired per spectrum. Contact times between 9.0 and 10.0 

ms, and pulse delays between 10 and 15 s were employed. 

Solid-state 113CdNMR experiments on Cd[N(iPr2PSe)2]2 were performed at 

frequencies of 44.4, 66.6 and 111.0 MHz at spinning frequencies ranging from 0.7 to 10.0 

kHz. A total of between 128 and 6080 scans were acquired per spectrum. Contact times 

between 9.0 and 11.5 ms, and pulse delays between 7 and 12 s were employed. 

Cadmium-113 NMR spectra were also acquired for stationary samples of 

Cd[N('Pr2PSe)2]2 , where a total of between 20000 and 23400 scans were acquired. 

Solid-state 199Hg NMR experiments on Hg[N('Pr2PSe)2]2 were performed at 

frequencies of 35.8, 53.8 and 89.5 MHz at spinning speeds ranging from 2.7 to 10.0 kHz. 

A total of between 8256 and 65808 scans were acquired per spectrum. Contact times 

between 10.0 and 11.5 ms, and pulse delays between 7 and 10 s were employed. 



The principal components of the respective phosphorus, selenium, and mercury 

chemical shift tensors, 5n > 822 > 833, were determined via the method of Herzfeld and 

Berger.112 The cadmium chemical shift tensor principal components for CdfNC'P^PSe^h 

were identified directly from the discontinuities of the solid-state ll3Cd NMR spectra of a 

stationary sample. All experimental (observed) solid-state NMR spectra were simulated 

using the determined values with the program WSOLIDS11Jto assess the quality of the 

obtained parameters. This procedure results in errors of ±0.2 ppm in the isotropic 

chemical shift, 8iS0 = (l/3)(8n + 822 + 833), and errors in the principal components about 

1-3% of the span, Q = 8n - 833, of the respective chemical shift tensor. 

6.2.3 DFT Computations 

Theoretical calculation of NMR parameters, particularly for heavier nuclei where 

empirical interpretations are more difficult than those extracted from !H or 13C NMR 

spectra, has become increasingly useful for spectroscopists. 14 Magnetic shielding 

tensors, a, were calculated using the NMR module115"117 of the Amsterdam Density 

1 1 it 17"? • 1 O'X 

Functional (ADF) program package. " The Vosko-Wilk-Nusair local density 

approximation with the Becke88-Perdew86 " generalized gradient approximation 

were used for the exchange-correlation functional. Scalar relativistic corrections were 

carried out based on the implementation of the zeroth order regular approximation, 

ZORA, formalism.127"130 Triple-C doubly polarized, TZ2P, Slater-type ZORA basis sets 

were used for all atoms except for hydrogen, where double-^ quality, DZ, basis functions 

were utilized. The calculations were performed on a Linux-based cluster with two AMD 

XP 1800+ Athlon processors operating in parallel. The corresponding phosphorus and 



selenium chemical shift tensors were calculated from the magnetic shielding tensors 

using the relationship: 

Su(sample) = (r-{ref)-(7uisample) [6.1] 

where (TiS0(ref) is the isotropic shielding of a standard reference. The absolute shielding 

scale for 31P has been determined, and the value of criSO(85% F^PO^)) has been 

1 "2 1 

established to be 328.35 ppm. We have previously investigated the selenium chemical 

shift tensors in a wide range of selenium containing compounds, and we have 

subsequently used the value of 1580 ppm determined therein for the reference shielding 

of a neat liquid of dimethyl selenide at 23 °C. As a consistent standard for o\so{rej) has 

yet to be established for cadmium and mercury, the values have been reported as 

magnetic shielding where an < G22 < °33- Tables of traceless theoretical chemical shift 

tensors, along with the calculated phosphorus and selenium chemical shift and cadmium 

and mercury magnetic shielding tensors, are provided in Appendix C. 

6.3 Results & Discussion 

The single-source precursors investigated, M[N(1Pr2PSe)2]2 (M = Zn, Cd, Hg), as 

determined by X-ray crystallography are isostructural, and a representation of the 

complexes is given in Figure 6.1. The structure at the metal center is best described as an 

approximate MSe4 tetrahedral core. The six-membered MSe2P2N heterocycle rings 

possess a pseudo-boat conformation. The single diselenoimidodiphosphinato complex in 

the asymmetric unit does not possess any symmetry elements that would provide 
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Figure 6.1 Representation of the solid-state structure of M[N(1Pr2PSe)2]2 
4Si f\0 "yy 

(M = Zn, Cd, Hg ). Hydrogen atoms have been removed for clarity. 

chemical equivalence between any of the atoms within the molecule. ' ' Thus, unique 

environments for each of the four phosphorus and four selenium atoms present in each 

complex are expected. 

6.3.1 Solid-State 31P NMR 

Herzfeld-Berger analyses of each of the spinning sideband manifolds in the P spectra 

were performed for the zinc, cadmium and mercury diselenoimidodiphosphinato 

complexes, and a simulation of the entire 31P NMR spectrum of Hg[N('Pr2PSe)2]2 at 11.7 

T is given in Figure 6.2. This procedure yields the principal components of the 

phosphorus chemical shift tensors as well as an estimate of the indirect spin-spin 

coupling constant, 1J(77Se,31P);s0, from the satellite peaks visible within the 31P NMR 



120 100 80 60 40 20 0 -20 

5( 3 1 P)/ppm 

Figure 6.2 VACP MAS 31P NMR spectrum of Hg[N(iPr2PSe)2]2 (lower 
trace) and its simulation (upper trace). Experimental conditions: 11.7 T, 
512 scans, MAS at 1.9 kHz, 5 Hz of line broadening, a 2.0 ms contact 
time, and a 10 s recycle delay. 

spectrum. The solid-state 31P NMR parameters for M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg) 

are given in Table 6.1. The isotropic chemical shifts and 1J(77Se,31P)iS0 agree well with 

chloroform solution 31P NMR values of 59.80 ppm and (-)539 Hz,62 56.60 ppm and 

(-)563 Hz,62 and 56.80 ppm and (-)518 Hz22 for the zinc, cadmium and mercury 
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Table 6.1 Solid-state 31P NMR parameters for M[N('Pr2PSe)2]2 (M - Zn, Cd, Hg). 

Mu 

Zn 

Cd 

Hg 

8iso 

ppm 

59.3 
58.8 
57.0 
56.3 

56.9 
56.2 
54.9 
53.9 

55.4 
54.6 
53.2 
52.4 

8„ 
ppm 

79.6 
79.2 
81.0 
78.4 

77.2 
77.0 
77.1 
75.8 

76.6 
75.8 
76.7 
75.0 

822 

PPm 

65.0 
65.4 
62.7 
62.2 

61.3 
60.9 
58.8 
58.9 

59.5 
58.7 
56.5 
57.3 

833 

ppm 

33.4 
31.8 
27.3 
28.4 

32.2 
30.8 
28.7 
27.0 

30.2 
29.3 
26.3 
24.8 

VCSe^PV 
Hz 

-530 
-530 
-530 
-530 

-520 
-520 
-520 
-520 

-525 
-540 
-540 
-525 

a For directly bonded selenium-77 and phosphorus-31 spin pairs, signs of 1J(77Se,31P)iso are known to be 
negative for numerous analogous systems.133'134 

complexes respectively. The average of the four experimental and calculated values of 

8iS0 for the single-source precursors investigated shows a small yet consistent decrease as 

one progresses from the Zn to the Cd to the Hg complex. The decreasing trend is 

mimicked in each of the phosphorus chemical shift principal components, 8ji, indicating 

that the local environment of the phosphorus atoms becomes, on average, more shielded 

as one changes to a heavier Group 12 central metal. Increased phosphorus shielding by 

greater than 20 ppm has been linked to stronger metal-selenium bonding in Group 13 

0 1 

diselenoimidodiphosphinato complexes. The average spans of the phosphorus chemical 

shift tensors, Qavg
 = 48.3 ppm, are considerably smaller, indicating a more symmetric 

shielding environment, than those found in tris-organophosphine selenides, whose Qavg = 

124 ppm. The magnetic shielding calculations provide the orientation of the 

phosphorus shielding tensors, which are unavailable from solid-state NMR investigations 

of powdered samples. Given the small spans, and similarity of the principal components 

of the 31P chemical shift tensors observed experimentally for the M[N(1Pr2PSe)2]2 (M = 



Zn, Cd, Hg) complexes, it is not surprising that the tensors have similar calculated 

orientations for all four phosphorus environments in each of the three complexes. The 

direction of least shielding, on, is oriented perpendicular to the local Se-P-N plane, while 

the direction of greatest shielding, 0-33, lies approximately parallel to the phosphorus-

nitrogen bond axis. The direction of intermediate shielding, orthogonal to the two other 

principal components, nearly bisects the Se-P-N angle. 

The isotropic region of the solid-state P NMR spectra along with their 

simulations at 4.7 T, 7.0 T and 11.7 T is given in Figure 6.3. While the four unique 

phosphorus environments are readily discernable in the isotropic region of the spectra at 

11.7 T, the spectra at the lower magnetic fields are considerably less well resolved. The 

lineshapes observed at 4.7 T and 7.0 T result from the adjacent 14N (1=1, N.A. = 99.6%), 

which has previously been shown to influence solid-state P NMR spectra of mono- and 

cyclotri-phosphazenes. " As a quadrupolar nucleus, the energy levels of nitrogen-14 

are quantized by both the applied magnetic field as well as the electric field gradient, 

EFG, at the 14N nucleus.139"141 As a result, MAS cannot completely average the dipolar 

interaction between 14N and 31P and "residual dipolar coupling" effects between the two 

nuclei are manifested in the solid-state 31P NMR spectra. This broadening effect is 

inversely proportional to the Larmor frequency of the quadrupolar nucleus, UL, N = 

YN5O/2TC,
 139~141 and thus produces a smaller effect at higher applied magnetic fields. 

Analyses of the 31P NMR spectra can yield values of the effective dipolar coupling 

constant, Re/f, and the isotropic one-bond indirect spin-spin coupling constant, 

1J(31P,14N)iSO, as well as parameters describing the EFG at the nitrogen nucleus. The 

direct dipolar coupling constant, i?DD, is related to Rejr by 



Zn Cd Hg 

11.7T 

7.0 T 

64 6 56 52 

8(31P)/ppm 

60 56 52 

5(31P)/ppm 

31T 

60 56 52 48 

5(31P) / ppm 

Figure 6.3 Experimental (lower trace) isotropic P NMR regions, with 
spinning sidebands added to the isotropic region, and simulated (upper 
trace) for MpSf(iPr2PSe)2]2 (M = Zn, Cd, Hg) at 4.7 T, 7.0 T, and 11.7 T. 
Experimental conditions: 64-512 scans, 5 Hz of line broadening, a 2.0 -
4.5 ms contact time, and a 10 - 15 s recycle delay. 
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Reff=RDD-AJ/3 [6.2] 

where AJ= J33 - (J\\ + J2i)l1 is the anisotropy of the phosphorus-nitrogen /tensor, and 

RDD 

0 < c v * / ' 
\^J \2nj 

YPY. __N 

\\PNI J 

[6.3] 

where no is the permeability of a vacuum, yp and YN are the magnetogyric ratios of 31P 

and N, and <̂ PN > is the motionally-averaged cube of the distance between phosphorus 

and nitrogen. The contributions from AJare expected to be negligible given the small 

magnitude for J( P, N)iS0 determined for iminobis(diphenylphosphine selenide), 

HN(Ph2PSe)2,
142 and as a result Re/f= RDD can be estimated directly from the phosphorus-

nitrogen nuclear separation in the X-ray crystal structures. It is not feasible to assign a 

specific i?DD, i.e., a specific phosphorus-nitrogen distance, to a specific 31P NMR 

resonance, so an average rPN was calculated from the four P-N distances within each 

complex. The resulting average 7?DD was used in the simulations of all four sites in the 

1 1 

P NMR spectra. The quadrupolar parameters required to describe the solid-state NMR 

spectrum of a spin-1/^ nucleus spin-spin coupled to a quadrupolar nucleus are the 

quadrupolar coupling constant, CQ = eQVzzJh, where e is the elementary charge, Q is the 

nuclear quadrupole moment, and Fzz is the largest component of the EFG tensor at the 

nucleus. Also required are the Euler angles, a and 3, which describe the orientation of 

the dipolar vector, TPN, within the principal axis system of the EFG tensor at the 

quadrupolar nucleus. The values of the angles a and (3 were initially obtained from DFT 

calculations of the nitrogen EFG tensors, and were subsequently optimized in the 
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simulations. For reasons analogous to those given above for J?DD, the simulations of all 

four phosphorus lineshapes were simulated using a single value of V(31P,14N)iS0, CQ, a, 

and (3. The effect of using single average values of the residual dipolar coupling 

parameters does not appear to significantly influence the simulations for the 31P NMR 

spectra of the Zn, Cd, and Hg complexes given in Figure 6.3, where accurate lineshapes 

are achieved at all three applied magnetic fields employed. For Zn[N('Pr2PSe)2]2, ^DD = 

880(50) Hz from the average TPN distance of 1.588(30) A,48 and the azimuthal and polar 

angles were 90(3)° and 27(3)° respectively. The value of CQ was 3.05(20) MHz, and the 

indirect spin-spin coupling constant, J( P, N)jS0, was 15(5) Hz. The parameters 

pertaining to residual dipolar coupling used in the simulations of the 31P NMR spectra of 

Cd[N(iPr2PSe)2]2 were i?DD = 880(50) Hz, rPN = 1.587(30) A,62 a = 90(3)°, p = 26(4)°, CQ 

= 3.00(20) MHz, V(31P 14N)iso = 15(5) Hz. For Hg[N(iPr2PSe)2]2, RDD = 880(50) Hz, rPN 

= 1.586(30) A,22 a = 90(3)°, P = 26(4)°, CQ = 3.00(20) MHz, V(31P 14N)iso = 15(4) Hz 

were used. The EFG tensors at 14N in the three complexes are oriented similarly, such 

that the largest component lies within the P-N-P plane perpendicular to the P-N-P 

bisector, the intermediate component is parallel to the direction of the formal electron 

'lone pair', and the smallest EFG component is perpendicular to the P-N-P plane. The 

magnitude of the quadrupolar coupling constants are all consistent with those found in 

other phosphorus-nitrogen systems where values of CQ are not expected to exceed 4.0 

MHz.136 The values for U31P.14N)iso observed here are of similar magnitude, and in 

comparison with the corresponding 1J(31P,15N)jSO in HN(Ph2PSe)2
142 confirm that the 

contributions of AJare likely to be negligible in comparison to those of i?DD-



6.3.2 Solid-State 77Se NMR 

The entire spinning sideband manifolds for the solid-state 77Se NMR spectra for 

the single-source precursors investigated at 7.0 T are given in Figure 6.4a. The solid-

state NMR parameters are detailed in Table 6.2. Solution-state 77Se NMR has not 

previously been reported for the M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg) complexes. The 

77 

values of 8iS0( Se) encountered vary by 66 ppm which are very similar given that the 

selenium chemical shift range exceeds 3000 ppm.143'144 The apparent trend observed for 

the isotropic P chemical shifts and chemical shift principal components, where the 

shielding increases as the complexing metal went from zinc to cadmium to mercury, is 

not reproduced in the corresponding 77Se NMR values. The average of the isotropic 77Se 

chemical shifts decreases as one moves from the zinc to the cadmium complex; however, 

Hg[N(1Pr2PSe)2]2 possesses the least shielded selenium environments of the three 

complexes investigated. Theoretical calculations of the selenium chemical shift tensors 

reproduce the experimental values well, and agree with the experimentally observed 

order of average selenium magnetic shielding, i.e., OiSO,avg(77Se; M = Cd) > aiSO;aVg(77Se; M 

= Zn) > aiS0,avg(77Se; M = Hg), see Appendix C. The spans of the selenium chemical shift 

tensors investigated, unlike those for the 31P chemical shift tensors, are all larger than 

those found in tris-organophosphine selenides,132145 indicating that the presence of the 

metal is influencing the shielding environment of the selenium nuclei. Calculated 

orientations of selenium magnetic shielding tensors for tris-organophosphine selenide 
1 T'") 

compounds, RsPSe, were found to vary with the choice of R group. The selenium 

magnetic shielding tensors for all four of the selenium environments for each of the zinc, 

cadmium and mercury complexes investigated as determined by DFT calculations, 
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Figure 6.4 (a) VACP MAS 77Se NMR spectra for M[N('Pr2PSe)2]2 (M = 
77 

Zn, Cd, Hg). (b) Expansion of the isotropic region of the SeNMR 
spectra (lower trace), with spinning sidebands added to the isotropic 
region, and the corresponding simulations (upper trace). Experimental 
conditions: 7.0 T, 6764 - 22064 scans, spinning at 4.0 kHz, 10 Hz of line 
broadening, a 9.0 - 10.0 ms contact time, and a 10 - 15 s recycle delay. 
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Table 6.2 Solid-state 77Se NMR parameters for M[N(iPr2PSe)2]2 (M = Zn, Cd, Hg). 

Mn 

Zn 

Cd 

Hg 

Siso 

ppm 

-242 
-248 
-252 
-255 

-272 
-275 
-282 
-282 

-216 
-221 
-224 
-229 

8„ 
ppm 

178 
172 
151 
184 

166 
161 
162 
162 

189 
186 
180 
197 

§22 

ppm 

-416 
-399 
-407 
-414 

-386 
-373 
-383 
-383 

-338 
-339 
-345 
-359 

833 

ppm 

-489 
-516 
-499 
-534 

-596 
-613 
-626 
-626 

-499 
-511 
-508 
-524 

' . / ( "Se^PV 
Hz 

-544 
-540 
-516 
-521 

-522 
-537 
-518 
-518 

-550 
-550 
-512 
-526 

'./(M,77Se)iso
b-c 

Hz 

±135 
±135 
±120 
±120 

-900 
-880 
-860 
-850 

a For directly bonded selenium-77 and phosphorus-31 spin pairs, signs of 1J(77Se,31P)iso are known to be 
negative for numerous analogous systems.133134 

b Signs of 1J(199Hg,77Se)iso are reported as negative based on double resonance experiments performed on 
Hg(SePBu3)X2 (X = CI, Br, I, SCN) complexes.146 

c Couplings to m C d and 113Cd could not be resolved from each other. 

possess similar orientations, suggesting that the variation of the central metal does not 

significantly impact the orientation of the selenium magnetic shielding tensor. The 

directions of least and greatest shielding, o"n and 033, were found to orient nearly parallel 

with the metal-selenium and selenium-phosphorus bond axes, respectively. Orthogonal 

to the other principal components, the direction of intermediate shielding, a22, was 

oriented perpendicular to the local M-Se-P plane. 

Experimental spectra of the isotropic region at 7.0 T, with spinning sideband 

addition, from the corresponding 77Se NMR spectra are given in Figure 6.4b, along with 

their simulations. The isotropic region for Zn[N('Pr2PSe)2]2 exhibits seven peaks in an 

approximate 1:1:2:1:1:1:1 fashion. This intensity profile is consistent with the expected 

four selenium environments from the crystal structure, each of which experiences indirect 

spin-spin coupling from the adjacent 31P (N.A. 100%). Zinc-67 is the only NMR-active 

nuclide of zinc, and because of its quadrupolar nature, 1= 5/2, low 4.10% natural 
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abundance, and small frequency ratio, S = 6.257 MHz, it is expected that the influence of 

en 

Zn on the selenium-77 NMR spectra would be negligible. Exploiting the magnetic field 

dependence of the chemical shift and the field independence of the indirect spin-spin 

coupling interactions permits the simulation of the 77Se NMR spectrum in Figure 6.4b, 

along with the simulations of the 77Se NMR spectra at 4.7 T and 11.7 T (not shown), to 
1 77 ^1 

extract the values of 8iS0, 5;;, and J( Se, P)iS0 given in Table 6.2. The values of 

1J(77Se,31P)iSO are in good agreement with the magnitude of (-)539 Hz from the 31PNMR 

spectrum of a chloroform solution of Zn[N('Pr2PSe)2]2,62 and those from the above solid-

state 31P NMR investigation, Table 6.1. 

The isotropic region for Cd[N('Pr2PSe)2]2 shows considerably more fine structure 

at the base of the more intense peaks whose intensity profile at 7.0 T displays a 

1:1:1:2:1:2 pattern, Figure 6.4b. The 77Se NMR spectra for Cd[N(iPr2PSe)2]2 were 

simulated at all three magnetic fields employed with only three unique selenium 

environments, in a 1:1:2 intensity ratio, despite the absence of any symmetry elements 

relating any two selenium atoms in the crystal structure.62 While the four calculated 

selenium chemical shift tensors for Cd[N('Pr2PSe)2]2 are very similar, no two are 

identical, as expected. The fine structure in the spectrum is a result of indirect spin-spin 

coupling from n i Cd (/= V2, 12.80 % N.A., S = 21.215 MHz) and 113Cd (/= V2, 12.22 % 

N.A., S = 21.193 MHz). The values of 1J(111/113Cd,77Se)iso are of a similar order of 

magnitude to those found in (NMe4MCd(Se4)2] by solid-state 77Se NMR,147 and to those 
77 1 1 ^ 148 

in cadmium(II) phenylselenolate complexes by solution Se and Cd NMR. The 

1J(77Se, 3IP)iS0 values agree well with those from the satellites in the solution, 

1J(77Se,31P)iso = (-)563 Hz,62 and solid-state 31PNMR data given in Table 6.1. 



The isotropic region in the 77Se NMR spectrum for Hg[N('Pr2PSe)2]2 appears 

similar to the isotropic region in the corresponding zinc complex with the addition of 

satellite peaks resulting from 1J(199Hg,77Se)iSO due to the presence of 199Hg (I = Y2, 16.87 

% N.A., H = 17.911 MHz), Figure 6.4b. Mercury possesses a second NMR-active 

isotope 201Hg (7= 3/2, 13.18 % N.A., H = 6.612 MHz); however, similar to 67Zn, its 

quadrupolar nature, natural abundance and frequency ratio produce a negligible 

detectable impact on the 77Se NMR spectra. The values of 1J(77Se,31P) iso given in Table 

6.2 are in good agreement with the magnitude of (-)518 Hz from the solution 31P NMR 

99 _ i i QQ nn 

spectrum, and the solid-state values, Table 6.1. The large values of J( Hg, Se)jso 

agree well with the 199Hg NMR value of (-)855 Hz from a chloroform solution of 
i 99 

Hg[NCPr2PSe)2]2,zz and are of a similar order of magnitude to those found in 

HgX2(Bu3PSe)2 (X - CI, Br, I, SCN) by solution 77Se and 199Hg NMR,146 and in 

(NMe4)2[Hg(Se4)2] by solid-state 77Se NMR.147 

The internuclear phosphorus-selenium distances for the zinc, cadmium and 

mercury complexes range from 2.177-2.183 A,48 2.168-2.188 A,62 and 2.180-2.191 A22 

respectively. Not surprisingly, all of the M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg) complexes 
1 77 "31 ^ 1 77 

have similar values of J( Se, P)jS0 from solid-state P and Se NMR spectroscopy, 

see Tables 6.1 and 6.2. These 1J(77Se,31P)iSO values are all considerably smaller in 

magnitude than the corresponding solution value of (-)757 Hz in the 'free' HN^P^PSe^ 
f\1 1 "7*7 "i\ 

ligand. The decrease in the magnitude of J( Se, P)jS0 values upon complexation has 

been observed upon coordination of R3PSe with Cd(II),149 or HgX2 (X = CI, Br, I),150 and 

it has been suggested to result from a lowering of the P-Se bond order upon complexation 

as the P-Se distance increases from 2.092 and 2.103 A found for the solid-state structure 

218 



of HN('Pr2PSe)2.
62 The complexing strength of [N('Pr2PSe)2]" has been shown in its 

ability to displace coordinated triphenylphosphine,151 and a reduction in the magnitude of 

the phosphorus-selenium coupling constant from the 'free' ligand indicates metal-

01 

selenium bonding. 

The ranges of internuclear metal-selenium distances for the cadmium and mercury 

complexes are very similar, 2.622-2.636 A and 2.625-2.636 A respectively. Scaling of 

^ ( ^ C d ^ S e ) ^ = 120-135 Hz and lJ(mRg,77Se)is0 = 850-900 Hz by 47i2/hyCd/HgYse yields 

the respective reduced coupling constants I^(Cd,Se)iS0 = 234-263 x 1019 T2 J"1 and 

1X(Hg,Se)iso = 2038-2158 x 1019 T2 J"1 allowing for direct comparison. The approximate 

order of magnitude difference between cadmium and mercury in the values of 1J(M,Se)iS0 

is upheld when considering the corresponding 1A"(M,Se)iS0. An increase in the magnitude 

of the reduced coupling constant as one moves down a group in the periodic table is a 

well known trend for various Group 14 couplings, " and appears to hold for the 

Group 12 metal coupling with selenium in the complexes investigated. 

6.3.3 Solid-State 113CdNMR 

The solid-state u3CdNMR spectrum of a stationary sample of CdfNCP^PSe^h at 

11.7 T is given in Figure 6.5 along with its simulation. The low natural abundance of 

selenium-77 (7.63 %) prevents any significant impact of J( Cd, Se)iS0 on the 

simulation of the acquired spectrum, and the value of J( Cd, P)jS0 = 30.8 Hz from a 

solution 31P NMR spectrum is too small to observe in any of the solid-state 113Cd 

measurements at the applied magnetic fields used. The principal components of the 

single cadmium chemical shift tensor are given in Table 6.3. The nearly axial symmetric 
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Figure 6.5 VACP 113CdNMR spectrum of stationary CdfN(iPr2PSe)2]2 
(lower trace) and its simulation (upper trace). Experimental conditions: 
11.7 T, 20000 scans, 100 Hz of line broadening, an 11.5 ms contact time, 
and a 12 s recycle delay. 

113Cd chemical shift tensor, Figure 6.5, arises due to the approximate 54 symmetry axis 

present at the metal center. The presence of an improper 4-fold rotation axis about the 

metal center was initially found in the X-ray crystal structure determination of 

ZnrNCPraPS)!]!,61 which was ultimately revisited48 and refined to be isostructural with 



Table 6.3 Solid-state 113Cd and 199Hg NMR parameters for M[N(iPr2PSe)2]2 (M = Cd, 
Hg). 

M" 

Cd 

Hg 

8iso 

ppm 

629 

-826 

8n 
ppm 

683 

-530 

522 

ppm 

663 

-600 

833 

ppm 

540 

-1348 

2J(M,31P)iso
a 

Hz 

-80 

'•/(NC'SeV 
Hz 

-870 

Signs of 1J(199Hg,77Se)iso and 2J(199Hg,31P)iso are reported as negative based on double resonance 
resonance experiments performed on Hg(SePBu3)X2 (X = CI, Br, I, SCN) complexes 146 

the M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg) complexes. Near axial symmetry was also found 

in the calculated magnetic shielding tensor for the cadmium complex. While there are no 

solution-state 113Cd NMR values for Cd[N('Pr2PSe)2]2 for comparison, the isotropic 113Cd 

chemical shift is reasonable given those found for cadmium(II) phenylselenolate 

complexes from a solution 113Cd NMR study.148 

6.3.4 Solid-State 199HgNMR 

The solid-state 199Hg NMR spectrum of Hg[N('Pr2PSe)2]2 at 7.0 T is given in 

Figure 6.6a, and the isotropic region with spinning sideband addition is shown in Figure 

6.6b. The solid-state parameters extracted from this as well as the spectra at 4.7 T and 

11.7 T (not shown) are given in Table 6.3. Similar to the solid-state ' 13Cd NMR 

spectrum of Cd[NCPr2PSe)2]2 in Figure 6.5, the solid-state 199Hg NMR spectrum of the 

mercury analogue in Figure 6.6a displays a nearly axially symmetric chemical shift 

tensor arising from an approximate S4 axis about the mercury center. Near axial 

symmetry has been observed for 199Hg chemical shift tensors in mercury(II) complexes 

with monoanionic bidentate carboxylate ligands,159'160 and in the calculated magnetic 

shielding tensor for Hg[N(lPr2PSe)2]2 given in Appendix C. The isotropic 199Hg chemical 
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Figure 6.6 (a) VACP MAS 199Hg NMR spectrum of Hg[N(iPr2PSe)2]2 

(lower trace) and its simulation (upper trace), (b) Expansion of the 
isotropic region of the I99Hg NMR spectrum (lower trace), with spinning 
sideband addition, and the simulation (upper trace). Experimental 
conditions: 7.0 T, 22896 scans, spinning at 3.0 kHz, 20 Hz of line 
broadening, a 11.5 ms contact time, and a 10 s recycle delay. 

100 99 

shift, -826 ppm, agrees well with the solution lwHg NMR value of-859 ppm. The 
9 100 ^ 1 

simulation of the isotropic peak, Figure 6.6b, requires the presence of four J( Hg, P)jso 

9 100 "31 

to properly describe the observed lineshape. The average value of V(1^Hg,J1P) iS0, -80 

Hz, correctly produces the approximate 1:4:6:4:1 splitting pattern, and agrees with the 

value of (-)127 Hz as determined by solution 199Hg NMR,22 and is of a similar magnitude 

to two-bond mercury-phosphorus coupling constants found in HgX2(Bu3PSe)2 (X = CI, 
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Br, I, SCN).146'161 The single V(iyyHg,/7Se)iso value used to simulate the iyyHg NMR 

spectrum at all applied magnetic fields employed agrees well with the value from the 

199Hg NMR value reported for a chloroform solution of HgfNOP^PSe^k, 

1J(199Hg,77Se)iSO = (-)855 Hz,22 as well as with the values determined from the solid-state 

77Se NMR investigation given from this study in Table 6.2. The one-bond indirect 

mercury-selenium isotropic coupling constant, Table 6.3, is also consistent with those 

found in mercury(II) halide complexes of tributylphosphine selenide from solution 77Se 

and 199Hg NMR,146 and in (NMe4)2[Hg(Se4)2] by solid-state 77Se NMR.147 

6.4 Summary 

The single-source precursors, MfN^P^PSe^k (M = Zn, Cd, Hg), for solid-state metal 

selenide materials were investigated by solid-state 31P, 77Se, u3Cd, and 199Hg NMR. 

Magnetic shielding calculations support many of the experimentally observed trends and 

values, specifically in the calculated orientations of the 14N EFG tensors, and magnetic 

shielding tensors. The slight increase in shielding for the phosphorus nuclei observed as 

one moves down the Group 12 period, is not nearly as significant as was observed in 

dialkyl Group 13 complexes, R'2M[N(R2PSe)2] (M = Al, Ga).81 The approximately equal 

values for 1J(77Se,31P)iSO in all three complexes investigated suggest that the metal-

selenium bond order is similar in all M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg) complexes. 

Residual dipolar coupling between 31P and 14N was found to significantly influence the 

solid-state 31P NMR spectra at 4.7 T and 7.0 T. Analysis of the phosphorus-31 NMR 

spectra at all three applied magnetic fields yielded additional information about the local 

environments of the phosphorus and nitrogen nuclei within the single-source precursors. 



Aside from the principal components of the respective chemical shift tensors, nearly 

T 1 

identical parameters were used to simulate the solid-state P NMR spectra at 4.7 T, 7.0 T 

and 11.7 T for all three complexes investigated, indicating that the local environments for 

phosphorus and nitrogen are very similar regardless of whether [NOP^PSe^]" is 

coordinated to zinc, cadmium or mercury. While four distinct P environments are 

observed for Cd[N('Pr2PSe)2]2 as expected, only three selenium environments were found 
77 • 

in the solid-state Se NMR spectra. The occurrence of two selenium environments 
77 

possessing identical isotropic Se chemical shifts within the cadmium complex is 
77 • 

fortuitous. Solid-state Se NMR, in general, provides more accurate values of indirect 

spin-spin coupling constants, primarily due to the larger natural abundances of P, 

111/113Cd, and 199Hg with respect to 77Se. The solid-state 113Cd and 199Hg NMR spectra 

yield information on the type of environment provided by two diselenoimido-

diphosphinato ligands oriented in a spirobicyclic fashion around the central metal. The 

solid-state I13Cd NMR spectra give a chemical shift tensor spanning less than 150 ppm, 

with little detectable evidence for cadmium-selenium one-bond or cadmium-phosphorus 

two-bond indirect spin-spin coupling; whereas, the 199Hg chemical shift tensor spans over 

800 ppm, and displays evidence of both ^ " H g ^ S e ) ^ and 2J(199Hg,31P)iso. The 

asymmetric nature of the II3Cd and 19 Hg chemical shift tensors clearly show sensitivity 

to the distortions from tetrahedral symmetry about the MSe4 core. 
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Chapter 7 

Comparing Main Group and Transition Metal Square-Planar 

Complexes of the Diselenoimidodiphosphinate Anion: A Solid-State 

NMR Investigation of M[N(iPr2PSe)2]2 (M = Se, Te; Pd, Pt)f 

7.1 Introduction 

The diselenoimidodiphosphinate anion, [N(R2PSe)2]" (R — alkyl), a bidentate ligand often 

referred to as the inorganic analogue of acetylacetonate, has been utilized in the 

preparation of homoleptic square-planar complexes of both main-group1"5 and transition 

metal6"8 centers. Dichalcogenoimidodiphosphinato complexes, Mn+[N(R2PE)2]n (E = O, 

S, Se, Te), are known to exhibit various binding geometries about the metal center that 

depend on the choice of chalcogen, organic group, and complexing metal. " The 

flexibility of the dichalcogenoimidodiphosphinate system has been called one of its 

greatest advantages, permitting the EPNPE skeleton to adjust to various coordination 

geometries desired by the central metal, ' along with the large chalcogen-chalcogen 

'bite', which aids in forming regular coordination spheres with large central atoms.15 

These bidentate ligands have found applications as single-source precursors for solid-

state metal chalcogenide materials,16"34 in the search for stereochemically active lone 

pairs,2'3'6'8'11'35"46 in catalysis,47"49 and in metal extraction processes,13'4 '50"57 as lanthanide 

shift reagents,43'58"62 luminescent materials,63 and as enzyme mimetics.64"66 

* A version of this chapter has been accepted for publication: B.A. Demko and R.E. Wasylishen, Inorganic 
Chemistry, 2008, 47, 2786-2797. 



Considerable interest persists for square-planar complexes, yet appropriate 

comparisons between main-group and transition metal centers are difficult as few 

analogous systems exist. The homoleptic Group 10 and 16 tetraisopropyldiselenoimido-

diphosphinato complexes, MfN^P^PSe^k (M = Pd, Pt and Se, Te, respectively), offer a 

rare opportunity to probe the differences between main-group and traditional transition 

metal square-planar systems. Solid-state NMR is aptly suited for investigating the 

detailed molecular environments of the diselenoimidodiphosphinato complexes. In the 

present study, a combined density functional theory, DFT, and experimental solid-state 

31P, 77Se, 125Te, and 195PtNMR investigation of the square-planar M[N(iPr2PSe)2]2 (M = 

Pd, Pt; Se, Te) complexes is reported. 

7.2 Experimental 

7.2.1 Sample Preparation 

Iminobis(diisopropylphosphine selenide), HN('Pr2PSe)2, was prepared according 

to the two-step, condensation followed by oxidation, procedure outlined in Scheme 5.2. 

The transition metal complexes were obtained by slow addition of the corresponding 

dichloro(l,5-cyclooctadiene)metal(II) (Aldrich) into a basic methanol solution of 

tetraisopropyldiselenoimidodiphosphinate, [NCP^PSe^]", as described by Scheme 6.1.8 

The main-group complexes were prepared in a similar fashion from [NCP^PSe^]" with 

Se[S2P(0'Pr)2]2 and Te(thiourea)4Cl2-2H20, respectively according to literature 

procedures.3'4 Crystal structures have previously been determined for the square-planar 

complexes, M[N(1Pr2PSe)2]2 (M = Pt,8 Se,3 Te4), and a representation of their structures is 

given in Figure 7.1. All structures indicate a single M[N('Pr2PSe)2]2 molecule in the 
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a) 

Figure 7.1 Representation of the solid-state structures of M[N(R.2PSe)2]2 
(R = ^r, Ph) (a) M = Se, Te; (b) M = Pd, Pt. 

asymmetric unit; however, the main-group centered structures (Figure 7.1a) crystallize 

within the P2i/c space group while the transition metal structure (Figure 7.1b) crystallizes 

in the C2/c space group. 
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7.2.2 NMR Experiments 

Solution 77Se and 195Pt NMR spectra for a CDC13 solution of Pt[N(iPr2PSe)2]2 

were acquired, at 76.3 MHz and 85.6 MHz respectively, on a 9.4 T spectrometer in order 

to deduce the magnitudes of the platinum-selenium and platinum-phosphorus indirect 

spin-spin coupling constants. 

Solid-state NMR investigations of powdered samples of M[N('Pr2PSe)2]2 (M = 

Pd, Pt; Se, Te) were obtained on 4.7 T, 7.0 T and 11.7 T NMR spectrometers. The 

samples were packed in 4 mm (7.0 T and 11.7 T) and 7.5 mm (4.7 T) o.d. zirconium 

oxide rotors and were placed within probes suitable for magic angle spinning, MAS, 

NMR experiments. A variable amplitude cross polarization, VACP, pulse sequence was 

used to acquire all spectra.6 Proton decoupling fields of approximately 60 kHz were 

achieved via two-pulse phase-modulation, TPPM.69 The 31P NMR spectra were 

referenced with respect to 85% H3PO4 (aq) by setting the isotropic P NMR peak of 

solid (NH4)H2P04 to 0.81 ppm.70 Similarly, 77Se NMR spectra were referenced to Me2Se 

(/) by setting the isotropic peak of solid ammonium selenate to 1040.2 ppm.70'71 

Tellurium-125 NMR spectra were referenced with respect to a dimethyl telluride by 

setting the high frequency solid-state Te NMR peak of telluric acid to 692.2 ppm. ' 

Solid-state 195Pt NMR spectra were referenced to potassium hexachloroplatinate by 

setting the 195Pt NMR peak of solid K2Pt(OH)6 to 3476 ppm.70'73 

Solid-state 31P NMR experiments were performed at Larmor frequencies of 81.0, 

121.6 and 202.5 MHz, and at spinning frequencies ranging from 1.50 to 5.00 kHz. A 

total of between 32 and 512 scans were acquired per spectrum. Contact times between 

1.5 and 6.5 ms, and pulse delays between 5 and 20 s were employed. 



Solid-state Se NMR measurements were performed at Larmor frequencies of 

38.2, 57.3 and 95.4 MHz, and at spinning frequencies ranging from 2.35 to 12.00 kHz. A 

total of between 880 and 31808 scans were acquired per spectrum. Contact times 

between 7.0 and 10.0 ms, and pulse delays between 5 and l i s were employed. 

Solid-state 125Te NMR experiments on Te[N('Pr2PSe)2]2 were performed at 

Larmor frequencies of 63.2 and 94.8 MHz, and at spinning frequencies ranging from 5.00 

to 12.00 kHz. A total of between 25616 and 41520 scans were acquired per spectrum. 

Contact times between 8.0 and 11.0 ms, and pulse delays between 8 and 20 s were 

employed. 

Solid-state 195Pt NMR experiments on PtpSfCPiiPSe^h were performed at 42.8 

MHz at spinning speeds ranging from 6.00 to 6.75 kHz. A total of between 19904 and 

84656 scans were acquired per spectrum. Contact times and pulse delays of 11.0 ms and 

9 s were employed, respectively. 

The principal components of the respective phosphorus, selenium, tellurium and 

platinum chemical shift tensors, 8n > 822 > 833, were determined from the experimental 

spectra via the procedure of Herzfeld and Berger.74'75 All experimental solid-state NMR 

spectra were simulated using the determined values with the program WSOLIDS to 

assess the quality of the obtained parameters. This procedure results in errors of ±0.2 

ppm in the isotropic chemical shift, 8iS0 = (l/3)(8n + 822 + 833), and errors in the principal 

components about 1-3% of the span, Q = 8n - 833, of the respective chemical shift tensor. 

Another useful quantity for describing the appearance of chemical shift tensors is the 

skew, K = 3(822 - 8iso)/£l77 
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7.2.3 DFT Computations 

Theoretical calculation of NMR parameters, particularly for heavier nuclei where 

interpretations are more difficult than those extracted from 13C NMR spectra, has become 

increasingly useful for spectroscopists.78 Magnetic shielding tensors, o, were calculated 

using the EPR79 and NMR80"82 modules of the Amsterdam Density Functional (ADF) 

go on oo 

program package, " and are tabulated in Appendix D. The Vosko-Wilk-Nusair local 

density approximation with the Becke88-Perdew8689"91 generalized gradient 

approximation were used for the exchange-correlation functional. ADF numerical 

integration parameters were increased from the default, 4.0, setting accint = 5.0 and 

accsph = 6.0 to better describe the core regions of the molecular orbitals. Scalar as well 

as scalar with spin-orbit relativistic corrections were carried out based on the 

implementation of the zeroth order regular approximation, ZORA, formalism.92"95 

Triple-^ doubly polarized, TZ2P, Slater-type ZORA basis sets were used for all atoms 

except for hydrogen, where double-^ quality, DZ, basis functions were utilized. While 

the X-ray structures of the M[N('Pr2PSe)2]2 (M = Se, Te, Pt) complexes were used 

directly, optimized structures of PdpS^'P^PSe^k as well as the chemical shift reference 

compounds were obtained using non-relativistic ADF basis sets of comparable quality to 

those used in the magnetic shielding tensor calculations. Relativistic geometry 

optimizations were not performed due to a noted energy-potential mismatch in the ZORA 

approach.87 The optimized structure of Pd[N('Pr2PSe)2]2 converged at a complex very 

similar to the platinum analogue (Figure 7.1b), an expected result given that the 

palladium and platinum complexes of the phenyl-derivatized ligand, M[N(PhaPSe)2]2 (M 



= Pd, Pt), are known to be isostructural. '7 The corresponding calculated chemical shift 

tensors were calculated from the magnetic shielding tensors using the relationship: 

Stt {sample) = °^ef ) - * ^sample) [ ? > 1 ] 

where amo(ref) is the isotropic shielding of a standard reference. The absolute shielding 

scale for 31P has been determined, and the value of <7jSO(85% HaPO^)) is 328.35 ppm.96 

Magnetic shielding calculations on optimized structures of the selenium, tellurium, and 

platinum reference compounds, dimethyl selenide, dimethyl telluride, and the 

hexachloroplatinate anion, respectively, have been performed; however, as solvent and 

vibrational effects have been omitted the calculations serve only as a qualitative 

understanding of the chemical shift tensors obtained. We have previously investigated 

the selenium chemical shift tensors in a wide range of compounds, and found the absolute 

isotropic magnetic shielding constant for a neat liquid of dimethyl selenide at 23 °C to be 

1580 ppm for calculations with scalar relativistic corrections (hereafter denoted SR) 

included, and 1745 ppm for calculations including scalar with spin-orbit relativistic 

corrections (hereafter SO).97 Using a similar method a^ref) = 2352 ppm (SR) and 3060 

ppm (SO) were calculated for the absolute Te shielding from a non-relativistically 

optimized structure of Me2Te, in good agreement with an earlier study of calculated Te 

chemical shifts. The absolute Pt shieldings, aK0(ref), were calculated on an optimized 

structure of [PtCl6]
2\ yielding values of-3471 ppm (SR) and -338 ppm (SO). 
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7.3 Results & Discussion 

The square-planar complexes investigated, M[N('Pr2PSe)2]2 (M = Pd, Pt; Se, Te) as 

determined by computational chemistry or X-ray crystallography, display distinct 

structures depending on the central atom. The selenium and tellurium square-planar 

complexes are isostructural possessing a step-like structure with approximate 90° angles 

between the SePNPSe planes and the MSe4 plane; whereas in the palladium and platinum 

complexes, the SePNPSe planes are considerably closer to coplanar with the MSe4 plane 

(Figure 7.1). The MSeiPiN heterocycles for the Pd(II) and Pt(II) complexes possess a 

pseudo-boat conformation; however, the six-membered rings of the Se(II) and Te(II) 

complexes have a distorted-chair conformation. Symmetry elements within each 

presented square-planar complex impose magnetic equivalence on two pairs of 

phosphorus and selenium environments, and as a result only two unique phosphorus and 

selenium sites are expected in the corresponding solid-state NMR spectra. The results of 

the solid-state 31P NMR investigation of the M[N(iPr2PSe)2]2 (M = Pd, Pt; Se, Te) 

complexes will be presented first, followed by the results of the solid-state 77Se NMR 

spectra from the diselenoimidodiphosphinato selenium environments of the square-planar 

T7 1 OS 1QS 

complexes. Finally the parameters from the solid-state Se, Te, and Pt NMR 

investigation for the central atom will be discussed. In each case, the results for the 

traditional transition metal square-planar complexes will be presented first, followed by 

those for the main-group square-planar complexes highlighting any observed differences. 



7.3.1 Solid-State j lP NMR 

The solid-state 31P NMR spectra for M[N(iPr2PSe)2]2 (M = Pd, Pt) are given in 

Figure 7.2 along with their simulations. In each of these samples there exists a small 

impurity evident in the solid-state 31P NMR spectra. The presence of these impurities did 

not hamper the spectral analysis, and no impurities were detected in the subsequent 77Se 

and 195Pt NMR investigations (vide infra), and thus no effort was made to remove the 

impurity within the sample. The phosphorus chemical shift tensor parameters are 

summarized in Table 7.1, along with estimations for the one-bond indirect selenium-

phosphorus coupling constant, 1J(77Se,31P)iSO, from the observed satellite peaks in the 31P 

NMR spectrum. The isotropic chemical shifts and 1J(77Se,31P)iSO values agree well with 

those measured for chloroform solutions; 55.9 ppm and (-)590 Hz for the palladium 

complex, and 50.1 ppm and (-)536 Hz for the platinum complex.8 Increasingly shielded 

phosphorus environments as the complexing metal becomes heavier has previously been 

reported for the tetraisopropyldiselenoimidodiphosphinato Group 12 complexes, 

M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg).99 The spans of the phosphorus chemical shift tensors 

(< 70 ppm) are small, indicating a more symmetric electronic environment than those 

found in tris-organophosphine selenides, whose average Q is 124 ppm.100 The DFT 

calculations are insufficiently accurate for definitive assignments of 31P resonances to 

specific phosphorus sites within the respective crystal structures. The SR DFT 

calculations overestimate the isotropic 31P chemical shifts as well as the principal 

components, 8u; however, calculated phosphorus chemical shift tensors that include the 

SO term achieve much better agreement with the experimental values, Table 7.1. Given 

the similarity of the principal components of the 31P chemical shift tensors observed 
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Figure 7.2 (a) VACP MAS 31P NMR spectrum (lower trace) for 
Pd[N(iPr2PSe)2]2 and its simulation (upper trace), (b) VACP MAS 31P 
NMR spectrum (lower trace) for Pt[N('Pr2PSe)2]2 and its simulation (upper 
trace). Experimental conditions: 11.7 T, 128 scans, MAS at 3.8 kHz, 5 
Hz of line broadening, a 3.0 ms contact time, and a 9 s recycle delay. The 
isotropic peaks are marked with an asterisk (*), while those of impurities 
are marked with arrows (1). 



Table 7.1 Experimental and theoretical solid-state 31P NMR parameters for 
M[N(iPr2PSe)2]2 (M = Pd, Pt; Se, Te). 

M" 

Pd 
Expt" 

SR 

SO 

Pt 
Exptb 

SR 

SO 

Se 
Expt0 

SR 

SO 

Te 
Expt0 

SR 

SO 

§iso 

ppm 

52.1 
63.3 

107.2 
119.2 
67.4 
84.3 

45.6 
57.0 
95.3 

112.1 
51.1 
73.4 

52.8 
55.7 

115.0 
118.6 
56.0 
58.4 

50.1 
52.0 
89.8 
91.3 
53.8 
55.2 

8n 
ppm 

78.4 
92.5 

150.6 
185.7 
90.0 

125.9 

78.4 
86.0 

140.1 
178.1 
80.6 

109.0 

82.3 
84.1 

162.1 
159.1 
89.2 
88.3 

77.7 
80.2 

127.0 
134.4 
79.4 
85.9 

822 

ppm 

58.8 
64.3 

111.2 
101.2 
82.5 
76.8 

49.5 
60.2 
94.8 
82.0 
59.4 
73.9 

63.7 
59.2 

111.7 
120.1 
63.3 
62.9 

61.0 
57.0 
89.1 
89.4 
60.5 
64.5 

833 

ppm 

19.3 
33.0 
59.7 
70.8 
29.8 
50.1 

8.9 
24.6 
51.0 
76.1 
13.2 
37.3 

12.3 
23.6 
71.2 
76.6 
15.6 
23.8 

11.5 
18.9 
56.4 
50.2 
21.4 
15.0 

a 
ppm 

59.1 
59.5 
90.9 

114.9 
60.2 
75.8 

69.5 
61.4 
89.1 

102.0 
67.4 
71.7 

70.0 
60.5 
90.8 
82.4 
73.6 
64.4 

66.2 
61.3 
70.6 
84.2 
58.0 
70.9 

'J(77Se,31P)iso
a 

Hz 

-520 
-520 

-480 
-480 

-520 
-540 

-500 
-530 

a For directly bonded selenium-77 and phosphorus-31 spin pairs, signs of 1J(77Se,31P)iS0 are known to be 
negative for numerous analogous systems.101'102 Estimated errors of V(77Se,31P)iso are ±10-20 Hz. 
b Estimated errors in 5i; are ± 1.2 ppm. 
c Estimated errors in fy, are ±0.8 ppm. 

experimentally for the palladium and platinum complexes, it is not surprising that the 

tensors have similar calculated orientations for all of the phosphorus environments. The 

direction of 8n is oriented perpendicular to the local Se-P-N plane, while 833 lies 

approximately parallel to the phosphorus-nitrogen bond axis. The intermediate principal 

component, 822, nearly bisects the Se-P-N angle. Similar orientations have been 

calculated for the phosphorus chemical shift tensors in M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg) 

complexes." 
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The corresponding 31P VACP MAS spectra for the M[N(iPr2PSe)2]2 (M = Se, Te) 

complexes are given in Figure 7.3. The isotropic chemical shifts and IJ(77Se,31P)iSO values 

are in agreement with the chloroform solution 31P NMR values of 69.9 ppm and (-)526 

Hz,3 and 58.7 ppm and (-)528 Hz4 for the selenium and tellurium complexes, 

respectively. Similar values of 8iS0(
31P) and Q(31P) to those found in the Pd(II) and Pt(II) 

complexes are obtained, as well as a slight increase in phosphorus shieldings in the 

tellurium relative to the selenium complex. The SR calculated phosphorus chemical shift 

tensors are also overestimated for the Se(II) and Te(II) complexes; whereas, the SO 

calculations again achieve improved agreement with experimental values. The 

orientations found at both the SR and SO levels are nearly identical to those described for 

the Pd(II) and Pt(II) complexes. 

The principal difference observed between the transition metal and main-group 

O 1 

square-planar complexes is apparent in the P NMR spectra at lower applied magnetic 

fields. Figure 7.4 displays the isotropic 31P regions for the four complexes at 4.7 T, 7.0 T 

and 11.7 T. While the two unique phosphorus environments are readily discernable for 

all four complexes in the isotropic region of the spectra at 11.7 T, the spectra for the 

selenium and tellurium complexes at the lower magnetic fields show significant fine 

structure as well as line broadening. The lineshapes observed at 4.7 T and 7.0 T result 

from the adjacent 14N (1=1, N.A. = 99.6%), which has previously been shown to 

influence solid-state 31P NMR spectra of M[N(iPr2PSe)2]2 (M = Zn, Cd, Hg) complexes." 

The energy levels of nitrogen-14 are quantized by both the applied magnetic field as well 

as the electric field gradient, EFG, at the 14N nucleus.103"105 As a result, MAS can not 

completely average the dipolar interaction between N and lP and 
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Figure 7.3 (a) VACP MAS 31P NMR spectrum (lower trace) for 
Se[N(iPr2PSe)2]2 and its simulation (upper trace), (b) VACP MAS j lP 
NMR spectrum (lower trace) for Te[N('Pr2PSe)2]2 and its simulation 
(upper trace). Experimental conditions: 11.7 T, 128 scans, MAS at 1.5 
kHz, 5 Hz of line broadening, a 3.0 ms contact time, and a 9 s recycle 
delay. The isotropic peaks are marked with an asterisk (*). 
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Figure 7.4 Experimental (lower trace) isotropic 31P NMR regions, with 
spinning sidebands added to the isotropic region, and simulated (upper 
trace) for M[N(iPr2PSe)2]2 (M = Pd, Pt; Se, Te) at 4.7 T, 7.0 T, and 11.7 T. 
The isotropic peaks of the impurities are marked with arrows (J,). 

"residual dipolar coupling" effects between the two nuclei are manifested in solid-state 

31P NMR spectra. This broadening effect is inversely proportional to the Larmor 
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frequency of the quadrupolar nucleus, \)L,N = YN#O/2TI,
 103"105 and thus produces a smaller 

effect at higher applied magnetic fields. 

Analyses of these P NMR spectra can yield values of the effective dipolar 

coupling constant, Re/f, and the isotropic indirect spin-spin coupling constant, 

J( P, N)iS0, as well as parameters describing the EFG at the nitrogen nucleus. The 

direct dipolar coupling constant, i?DD, is related to Reffhy 

Reff=RDD-AJ/3 [7.2] 

where AJ= J33 - (Jn + J22)/2 is the anisotropy of the phosphorus-nitrogen J tensor, and 

RDD = 
n 11 / P r N 

\2n j \ \rPN 1 , 

[7.3] 

1 1 

where jj-o is the permeability of a vacuum, yp and YN are the magnetogyric ratios of P 

and 14N, and <rPN
3> is the motionally-averaged cube of the distance between phosphorus 

and nitrogen. 6 1 7 The contributions from AJare expected to be negligible given the 

small magnitude for 1J(31P,15N)iSO determined for iminobis(diphenylphosphine selenide), 

HN(Ph2PSe)2,
108 and similarly small values of 1J(31P,14N)iso found previously for the 

Group 12 complexes of [N(rPr2PSe)2]".99 As a result Reffcm be estimated directly from 

the phosphorus-nitrogen nuclear separation determined by X-ray diffraction. It is not 

possible to assign a specific RDD, i.e., a specific phosphorus-nitrogen distance, to a 

specific 31P NMR resonance, so an average TPN was calculated from the two P-N 

distances within each complex. The resulting average RDD was used in the simulations 



-5 1 

for both sites in the P NMR spectra. The quadrupolar parameters required to describe 

the solid-state NMR spectrum of a spin-/4 nucleus spin-spin coupled to a quadrupolar 

nucleus include the quadrupolar coupling constant, CQ = eQVzzlh, where e is the 

elementary charge, Q is the nuclear quadrupole moment, and V22. is the largest 

component of the EFG tensor at the nucleus. Also required are the Euler angles, a and P, 

which describe the orientation of the dipolar vector, TPN, within the principal axis system 

of the EFG tensor at the quadrupolar nucleus. Preliminary values of CQ, as well as the 

angles a and p used herein were obtained from DFT calculations of the nitrogen EFG 

tensors. For reasons analogous to those given above for R^D, the simulations of both 

phosphorus lineshapes in each spectrum were obtained using a single value of 

1J(31P,14N)jS0, CQ, a, and p. The effect of using single average values of the residual 

dipolar coupling parameters does not appear to significantly impair the quality of the 

simulations for the 31P NMR spectra of the Se(II) and Te(II) complexes given in Figure 

7.4, where accurate lineshapes are achieved at all three applied magnetic fields employed. 

For Se[N(iPr2PSe)2]2, ROD = 890(50) Hz from the average rPN distance of 

1.583(30) A,3 and the azimuthal and polar angles were 90(3)° and 18(5)° respectively. 

The value of CQ was 2.50(20) MHz, and the indirect spin-spin coupling constant, 

1J(31P,14N)iSO, was 15(4) Hz. The parameters pertaining to residual dipolar coupling used 

in the simulations of the 31P NMR spectra of Te[N(iPr2PSe)2]2 were RDD = 890(50) Hz, 

rPN = 1.583(30) A,4 a = 90(3)°, P = 16(5)°, CQ = 2.55(20) MHz, V(31P 14N)iso = 16(5) Hz. 

These residual dipolar coupling parameters are consistent with those found in other 

diselenoimidodiphosphinato complexes," and the magnitude of the quadrupolar coupling 

constants are reasonable in comparison with other phosphorus-nitrogen systems where 
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values of CQ are not expected to exceed 4.0 MHz.109 The EFG tensors at 14N in the 

selenium and tellurium complexes are oriented similarly, such that the largest component, 

Fzz, lies within the P-N-P plane perpendicular to the P-N-P bisector, the intermediate 

component is parallel to the direction of the formal electron 'lone pair' on the nitrogen, 

and the smallest EFG component is perpendicular to the P-N-P plane. In contrast the 

calculated 14N EFG tensors for the palladium and platinum complexes, despite possessing 

similar calculated quadrupolar coupling constants to those in the Se(II) and Te(II) 

complexes, are oriented such that it is the largest component that is perpendicular to the 

P-N-P plane, and the smallest EFG component within the P-N-P plane perpendicular to 

the P-N-P bisector. Such a tensor results in values of 25° for a, and 90° for (3, which 

would not produce discernable fine structure in the P MAS lineshapes due to residual 

dipolar coupling from nitrogen even at low magnetic field strengths. 

7.3.2 Solid-State 77Se NMR Results of the Diselenoimidodiphosphinato Selenium 

Environments 

77 

The entire spinning-sideband manifolds for the solid-state Se NMR spectra for 

the transition metal square-planar complexes investigated at 7.0 T are given in Figure 7.5. 

The solid-state NMR parameters from simulations of the spectra for the 

diselenoimidodiphosphinato selenium environments are detailed in Table 7.2. 

Differences in the relative intensities of the respective ./-coupled spectra were insufficient 

for the extraction of meaningful values of the selenium-phosphorus coupling parameters, 

Reffand AJ. The 77Se NMR parameters for the palladium and platinum complexes are 

very similar with isotropic chemical shifts that are all within 20 ppm, indicating very 
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77r Figure 7.5 (a) VACP MAS "Se NMR spectra for Pd[N(Tr2PSe)2]2. 
Experimental conditions: 7.0 T, 30128 scans, spinning at 3.5 kHz, 20 Hz 
of line broadening, a 9.0 ms contact time, and an 8 s recycle delay, (b) 
VACP MAS 77Se NMR spectra for Pt[NCPr2PSe)2]2. Experimental 
conditions: 7.0 T, 15560 scans, spinning at 7.0 kHz, 20 Hz of line 
broadening, a 10.0 ms contact time, and a 5 s recycle delay. Simulated 
spectra are shown in the upper traces. The isotropic peaks are marked 
with an asterisk (*). 
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Table 7.2 Experimental and theoretical solid-state 77Se NMR parameters for the anion of 
M[N(iPr2PSe)2]2 (M =Pd, Pt; Se, Te). 

Mn 

Pd 
Exptb 

SR 

SO 

Pt 
Exptb 

SR 

SO 

Se 
Expf 

SR 

SO 

Te 
Expf 

SR 

SO 

Siso 

ppm 

-133 
-150 
55 
47 
48 
30 

-132 
-152 
-28 
-24 
-42 
-49 

120 
32 
178 
111 
120 
58 

-11 
-105 
-17 
-78 
-18 
-81 

6n 
ppm 

228 
195 
447 
399 
422 
356 

209 
170 
335 
320 
283 
263 

383 
333 
558 
563 
500 
488 

162 
163 
174 
232 
207 
232 

622 

ppm 

-92 
-194 
113 
-22 
142 
-23 

-102 
-152 
41 
-52 
28 
-72 

108 
14 
188 
132 
82 
34 

24 
-152 
23 
-97 
-5 

-123 

833 
ppm 

-536 
-450 
-395 
-236 
-421 
-244 

-502 
-475 
-459 
-342 
-436 
-337 

-131 
-250 
-211 
-363 
-223 
-347 

-219 
-327 
-248 
-368 
-255 
-353 

a 
ppm 

764 
645 
842 
635 
843 
600 

711 
645 
794 
662 
719 
600 

514 
583 
769 
926 
723 
835 

381 
490 
422 
600 
461 
586 

V(77Se,31PV 

Hz 

-560 
-485 

-510 
-450 

-520 
-535 

-520 
-540 

'./(M/'SeU 

Hz 

±405 
±435 

±1120 
±1270 

a For directly bonded selenium-77 and phosphorus-31 spin pairs, signs of 1J(77Se,31P)iso are known to be 
negative for numerous analogous systems.101'102 Estimated errors of ^/("Se,31?)^ are ±5-10 Hz. 
b Estimated errors in 5H are ± 14 ppm. 
c Estimated errors in 8ii are ± 8 ppm. 

comparable selenium environments considering that the selenium chemical shift range 

exceeds 3000 ppm.110'111 The solid-state 77Se NMR spectra of the Group 12 complexes, 

M[N('Pr2PSe)2] (M = Zn, Cd, Hg), also shows little variation in the selenium chemical 

shift parameters between the selenium sites present in those complexes." Theoretical 

calculations of the selenium chemical shift tensors reproduce the experimental values 

1 77 ^1 

well (Table 7.2). The indirect selenium-phosphorus coupling, J{ Se, P)iS0, values of 

-485 and -560 Hz for PdfN^Pr^PSe^k agree well with the single value from solution 31P 
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NMR, (-)590 Hz,8 and the values determined from the 31P solid-state NMR spectra (Table 

7.1). Similarly for the Pt(II) complex, the ljC7Se,n?)iso values of-450 and -510 Hz are 

q i 

in agreement with the solid-state P NMR value above, and the magnitude from a 

chloroform solution 31P NMR spectrum of Pt[N(iPr2PSe)2]2, (-)536 Hz.8 There was no 

evidence of 1J(195Pt,77Se)iso in the solid-state 77Se NMR spectrum of Pt[N('Pr2PSe)2]2. 

This prompted us to investigate the complex via solution 77Se NMR yielding an isotropic 

chemical shift of-137 ppm consistent with the solid-state values in Table 7.2, and a 

1J(195Pt,77Se)jSO value of 90 Hz, which is well within the linewidths in the corresponding 
77 

solid-state Se NMR spectrum. Calculated orientations of selenium magnetic shielding 

tensors for tris-organophosphine selenide compounds, R3PSe, were found to be sensitive 
07 

to the nature of the R group. However, the selenium magnetic shielding tensors for the 

transition metal complexes, as determined by the DFT calculations, possess similar 

orientations with the directions of 8n and 833, oriented nearly parallel with the metal-

selenium and selenium-phosphorus bond axes, respectively. The intermediate 

component, 822, is oriented perpendicular to the local M-Se-P plane. 

The solid-state 77Se NMR spectrum for the ligands of the Se[NCPr2PSe)2]2 

complex overlaps with the spectrum for the central selenium atom, see Figure 7.6. The 
77 

experimentally observed solid-state Se NMR spectrum (Figure 7.6a) agrees well with 

the simulation of all selenium environments (Figure 7.6b), which is comprised of the 

simulations for the ligand (Figure 7.6c) and that of the central selenium atom (Figure 

7.6d). The solid-state 77Se NMR spectrum for Te[N(iPr2PSe)2]2 at 7.0 T along with its 

simulation is given in Figures 7.6e and 7.6f, respectively. The experimental solid-state 

77Se NMR parameters for the ligand for both of the main-group square-planar complexes 
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77c Figure 7.6 (a) Experimental VACP MAS Se NMR spectrum for 
Se[N(iPr2PSe)2]2. Experimental conditions: 7.0 T, 31808 scans, 5 Hz of 
line broadening, a 9.0 ms contact time, and a 5 s recycle delay, (b) Total 
simulation of all selenium environments for Se[N('Pr2PSe)2]2. (c) 
Simulation of the 77Se M A S spectrum for the anion of Se[N(1Pr2PSe)2]2-
(d) Simulation of the 77Se MAS spectrum for the central selenium in 
Se[N(iPr2PSe)2]2. (e) VACP MAS 77Se NMR spectrum for 
Te[N(iPr2PSe)2]2. Experimental conditions: 7.0 T, 10896 scans, 10 Hz of 
line broadening, an 11.0 ms contact time, and an 8 s recycle delay, (f) 
Simulation of the 77Se MAS spectrum for Te[N('Pr2PSe)2]2- The isotropic 
peaks are marked with an asterisk (*). 
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are well reproduced by the DFT calculations, Table 7.2. The significant difference 

between the values of 8jS0(Se) for the two selenium sites within the Se(II) and Te(II) 

complexes, along with the consistent reproduction of this difference by the DFT 

computations, permits the assignment of these resonances to specific selenium 

environments within the M[N('Pr2PSe)2]2 structures. For both main-group complexes, 

the site with the larger isotropic chemical shift corresponds to the selenium site within the 

crystal structure with smaller M-Se and Se-P distances, as well as smaller M-Se-P angle; 

whereas, the site with the smaller value of 8iS0(Se) corresponded to the selenium site with 

larger M-Se and Se-P distances, and larger M-Se-P angle. The 1J(77Se,31P)iSO values of 

-520 and -535 Hz for Se[N0PnPSe)2]2 a 8 r e e w e l 1 w i t h t h e solution 31P NMR magnitude 

of (-)526 Hz,3 and the solid-state 31P NMR value given in Table 7.1. Additionally, the 

indirect spin-spin couplings between the central selenium and the selenium nuclei from 

the ligands, 1J(77Se,77Se)iso = ±405 and ±435 Hz, from the -7.63% relative intensity 

satellite peaks, are in good agreement with the magnitude of 391 Hz for selenium-

selenium one-bond coupling in Se[Se2CN('Bu)2]2, U which was previously recognized as 

the largest known value of 1J(77Se,77Se)iso.
110 The 1J(77Se,31P)iso values for the tellurium 

complex, -520 and -540 Hz, are in agreement with our solid-state P NMR value above 

and the coupling observed from a chloroform solution, (-)528 Hz.4 The magnitudes of 

1 19S 77 

J( Te, Se)iS0, 1120 and 1270 Hz, appear to be the largest tellurium-selenium couplings 

reported, over 500 Hz larger than those found in polychalcogenides. " Scaling of 

these 1J(125Te,77Se)iso and the values of 1J(77Se,77Se)iso for the Se(II) complex by 

47i /hYMYse yields the reduced coupling constants ^(M,Se)jS0, which allows for direct 

comparison. The values of ^(Se.Se)™, 918 x 1019 T2 J"1 and 986 x 1019 T2 J"1, are of a 



similar order of magnitude yet smaller than the corresponding £(Te,Se)jS0, 1529 x 10 

T2 J"1 and 1734 x 1019 T2 J"1, found for Te[N(iPr2PSe)2]2. Increasing magnitudes of lKlS0 

as one moves down a group in the periodic table is a well known trend for various Group 

1 1 (\ 1 99 

14 couplings, " and has also been observed in the coupling of the Group 12 metal 

centers, cadmium and mercury, with selenium in diselenoimidodiphosphinato 

complexes." 

There are a number of notable differences between the solid-state 77Se NMR 

parameters for the diselenoimidodiphosphinato selenium environments in the transition 

metal square-planar complexes and those for the main-group complexes. The first 

observed difference involves the isotropic region of the 77Se NMR spectra. It is readily 

apparent from Figure 7.7 that the isotropic shifts within the 77Se NMR spectra of the 

Pd(II) (Figure 7.7a) and Pt(II) (Figure 7.7b) complexes are considerably closer together 

than those for the Se(II) (Figure 7.7c) and Te(II) (Figure 7.7d) complexes. While the 

selenium isotropic shifts of the transition metal complexes are approximately 20 ppm 

apart, the 77Se resonances for the main group square-planar complexes are nearly 90 ppm 

separated from each other. Additionally, the selenium chemical shifts for the transition 

metal complexes do not vary much when the complexing metal is changed from 

palladium to platinum, A8iS0 < 2 ppm; however, the isotropic 77Se NMR peaks for the 

[N(rPr2PSe)2]" selenium environments are separated by more than 130 ppm, depending on 

whether the central atom is selenium or tellurium (Table 7.2). Secondly, the spans of the 

selenium chemical shift tensors of the diselenoimidodiphosphinato selenium 

environments in the selenium and tellurium complexes are on the order of 200 ppm 

smaller than those for the transition metal complexes; however, all spans of the selenium 



-80 -120 -160 

8(77Se)/ppm 

-80 

-200 

•120 •160 -200 
/77 

c) 

*&t*%J*y*vi,**Vfm K>'<%*<» 

-»fl*^ 

f*" V****' 

140 100 60 

5(77Se)/ppm 

20 

mi*A$mv*0v***i*0i***mm * A JUL. 
0 

8( / /Se)/ppm 

-40 
^77 

-80 •120 

S ( / / S e ) / p p m 

77r Figure 7.7 Expansion of the isotropic regions of the Se NMR spectra at 
7.0 T (lower trace) and the corresponding simulations (upper traces) for 
the diselenoimidodiphosphinate anion of the square-planar complexes 
M[N(iPr2PSe)2]2, M = (a) Pd, (b) Pt, (c) Se, (d) Te. 

258 



chemical shift tensors investigated are still larger than those typically found in tris-

organophosphine selenides.97'123 Finally, the calculated orientation of the [N('Pr2PSe)]" 

selenium chemical shift tensors depend on whether the complexing center is palladium 

and platinum or selenium and tellurium. For the main-group square planar complexes, 

833 is oriented nearly parallel to the metal-selenium bond axis, 811 is approximately 

aligned with the selenium-phosphorus bond axis, with 822 perpendicular to the local 

M-Se-P plane. These are distinctly different from the orientation of the selenium 

chemical shift tensors in the palladium and platinum complexes where 811 was calculated 

parallel to the metal-selenium axis and 833 parallel to the selenium-phosphorus axis. The 

difference in the magnitude of the spans and orientations of the selenium chemical shift 

tensors may be a result of the difference between the selenium environment being within 

a MSe2PiN heterocyclic ring with a distorted-chair conformation, M = Se or Te, rather 

than a pseudo-boat conformation as seen above with the palladium and platinum 

complexes as well as previously observed for the tetraisopropyldiselenoimido-

diphosphinato Group 12 complexes, M[N('Pr2PSe)2]2 (M = Zn, Cd, Hg), which also 

possess similarly oriented selenium chemical shift tensors and spans greater than 650 

ppm within their pseudo-boat heterocyclic ring structures." 

7.3.3 Solid-State NMR of the Central Atom of M[N(iPr2PSe)2]2 (M = 195Pt; 77Se, 125Te) 

The results of the solid-state 77Se, 125Te, and 195Pt NMR investigation on the 

spin-1/2 nuclei of the central atoms in the MfNCP^PSe^k (M = Pt; Se, Te) complexes are 

given in Table 7.3. Palladium-105 is a low-y quadrupolar nucleus, S = 5/2, with a large 

quadrupolar moment, Q = 66.0 fm2,124 making it impractical to study at the moderate 



Table 7.3 Experimental and theoretical solid-state NMR parameters for M[N('Pr2PSe)2]2 
(M = 105Pd, 1<f5Pt; 77Se, 125Te). 

Mn 

Pda 

SR 
SO 

Pt 
Exptb 

SR 
SO 

Se 
Expf 
SR 
SO 

Te 
Exptd 

SR 
SO 

8iso 

ppm 

0 
0 

-4580 
-6017 
-6347 

367 
296 
373 

645 
295 
508 

5„ 
ppm 

1801 
1866 

-2412 
-4651 
-4648 

457 
523 
446 

1330 
817 
963 

822 

ppm 

-796 
-818 

-5623 
-6611 
-7076 

389 
245 
399 

1073 
99 
741 

633 

ppm 

-1005 
-1049 

-5706 
-6790 
-7319 

255 
119 
275 

-468 
-30 
-179 

n 
ppm 

2806 
2915 

3294 
2146 
2671 

202 
404 
171 

1798 
848 
1142 

K 

-0.87 
-0.86 

-0.95 
-0.83 
-0.82 

0.32 
-0.37 
0.45 

0.71 
-0.68 
0.59 

'./(M^Se)^ 

Hz 

±424 

±1200 

a Pd-105 chemical shift tensors are given as a traceless representation. 
b Estimated errors in 8J; are ± 80 ppm. 
c Estimated errors in 5^ are ± 5 ppm. 
d Estimated errors in Sy are ± 40 ppm. 

magnetic fields employed; however, DFT computations of the Pd chemical shift tensor 

were performed and are included in Table 7.3. The solid-state 195Pt NMR spectrum of 

Pt[N('Pr2PSe)2]2 at 4.7 T is given in Figure 7.8 along with its simulation. The isotropic 

195Pt chemical shift, -4580 ppm, agrees well with the solution 195Pt NMR value, -4308 

ppm, as well as that for the phenyl-derivated complex, Pt[N(Ph2PSe)2]2, -4240 ppm.6'7 

The broad spectrum spanning over 3000 ppm affords rather low resolution, and provides 

no evidence for splittings due to platinum-selenium coupling; however, the solution-state 

195Pt N M R spectrum displays a 1J(1 9 5Pt,7 7Se) i s o of 92 Hz consistent with the solution-state 

77Se NMR value, as well as a 2J(195Pt,31P)iso value of 94 Hz. Despite being of a similar 

order of magnitude with other platinum-selenium couplings,110 the small value of 

1J(195Pt,77Se)iSO was unexpected given the large 1J(125Te,77Se)iSO couplings observed herein 

260 



-2000 -3000 -4000 -5000 -6000 

5(195Pt) / ppm 

Figure 7.8 VACP MAS i yTtNMR spectrum of PtfN(1PriPSe)2]2 (lower 
trace) and its simulation (upper trace). Experimental conditions: 4.7 T, 
84656 scans, spinning at 6.75 kHz, 200 Hz of line broadening, a 10.0 ms 
contact time, and a 9 s recycle delay. The isotropic peak is marked with 
an asterisk (*). 
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for Te[N(iPr2PSe)2]2, ±1120 and ±1270 Hz, as well as the 1J(199Hg,77Se)iso values found 

for Hg[N(iPr2PSe)2]2 ranging from -850 to -900 Hz." 

The principal components of the palladium and platinum chemical shift tensors 

indicate nearly axially symmetric environments about the central transition metal centers 

in M[N('Pr2PSe)2]2, M = Pd, Pt, consistent with experimental 195Pt chemical shift tensors 

determined for other square-planar platinum complexes.125"128 Orbital interpretations of 

paramagnetic shielding contributions have been successful in understanding the physical 

origin of the observed chemical shift tensors for numerous molecular systems. ' 

Gilbert and Ziegler have utilized qualitative molecular orbital theory along with ZORA 

DFT calculations to describe the 195Pt shielding environments for several square-planar 

platinum complexes.131 Their results show that platinum chemical shift tensors with 

negative skews (i.e., 822 ~ 833) arise from large deshielding paramagnetic contributions 

perpendicular to the square plane resulting from the magnetic-dipole allowed mixing of 

1 1 1 

dXy —* dx
2. y

2; occupied —> virtual orbital mixing, Zl and Z2 in Figure 7.9. The SR and 

SO calculated platinum chemical shift tensors for Pt[N('Pr2PSe)2]2 are in fair agreement 

with experiment given that the Pt chemical shift range covers 13000 ppm. The 

discrepancy between the calculations suggests that scalar ZORA relativistic corrections 

are not completely able to detail the local platinum environment. The inclusion of spin-

orbit relativistic corrections yield better agreement, indicating that these effects are 

important for describing the local environment of this heavy transition metal. The 

calculations do however perform well in describing the shape and size of the platinum 

chemical shift tensor, as shown in the comparable values of the skew and magnitudes of 

the span, see Table 7.3. The calculated orientation of the platinum chemical shift tensor 
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Figure 7.9 Molecular orbital diagram for an idealized PtnL4 anion 
adapted from ref [131]. X and Y magnetic-dipole allowed mixing lead to 
paramagnetic contributions within the square plane; whereas, Z mixing 
lead to deshielding contributions perpendicular to the molecular plane. 

also correctly predicts a nearly axially symmetric tensor, suggesting that directions of 833 

and 822 are coincident within the PtSe4 plane, and that 811 is oriented perpendicular to the 

square plane. 
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The solid-state 77Se NMR spectrum for Se[NCPr2PSe)2]2
 a t 7-° T i s shown in 

Figure 7.6. The simulation of the central selenium site (Figure 7.6d) shows a selenium 

chemical shift tensor that possesses a considerably smaller span than the ligand selenium 

environments, Figure 7.6c and Tables 7.2 and 7.3. The isotropic 77Se chemical shift, 367 

ppm, is consistent with those found in other selenium(II) centers,112'133 and the observed 

1J(77Se,77Se)iso, ±424 Hz, from the 4 x 7.63% = 30.52 % relative intensity satellite peaks, 

is in good agreement with the indirect one-bond selenium-selenium coupling constants 

found from the diselenoimidodiphosphinato selenium environments within the same 

spectrum given in Table 7.2. The small span, positive skew, and non axially symmetric 

Se chemical shift tensor are in stark contrast to the corresponding platinum chemical 

shift tensor for PtfNX'P^PSe^, with its large span, near axial symmetry and negative K. 

The difference between the skews of the respective central selenium and platinum 

chemical shift tensors can also be understood via qualitative molecular orbital theory. 

Figure 7.10 displays the dominant magnetic-dipole allowed mixing of orbitals, obtained 

using the EPR module from the DFT computations, for describing the shielding for the 

central atom within the main-group square-planar complexes investigated. Deshielding 

paramagnetic contributions arise within the molecular square plane due to pz —* pXJ 

mixing (X1,Y1 and X2,Y2 in Figure 7.10); whereas, the majority of the deshielding 

perpendicular to the plane results from the/>x,y(occupied) —• /?y,x(virtual) mixing (Zl in 

Figure 7.10). Since the paramagnetic contributions from the XI,Yl and X2,Y2 mixing 

are larger than those from Zl, the principal components approximately within the SeSe4 

plane are more deshielded than the component perpendicular to the plane and a chemical 

shift tensor with a positive skew is found. The scalar relativistic calculated selenium 



X1.Y1 

X2,Y2 

Z1 

LUMOs 

M px,py - L a * 

HOMOs 

M Pz - L 7T* 

M pz - L 7i 

M px,p - L a 

Figure 7.10 Molecular orbital diagram for an idealized M L4 (M = Se, 
Te) anion. X and Y magnetic-dipole allowed mixing lead to paramagnetic 
contributions within the square plane; whereas, Z mixing lead to 
deshielding contributions perpendicular to the molecular plane. 

chemical shift tensor has difficulty reproducing all of the experimental values, predicting 

a 77Se chemical shift tensor with a skew of the opposite sign; however, the SO calculation 

achieves improved agreement in 8iS0, 5;;, Q and arrives at a positive K indicating that spin-

orbit relativistic corrections are necessary in providing an accurate description of the 
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shielding environment for the central selenium in Se[N(1Pr2PSe)2]2 (Table 7.3). The 

orientation of the selenium chemical shift tensor calculated at the SR level is clearly 

incorrect given that the calculated skew is of opposite sign to that determined 

experimentally. The SO DFT calculation orients the 77Se chemical shift tensor with the 

intermediate component almost in the SeSe4 plane, while the square plane nearly bisects 

the 8n-Se-833 angle. The origin of the change in K arises primarily from a large spin-orbit 

shielding perpendicular to the SeSe4 plane that results in the principal component 

perpendicular to this plane changing from the least shielded component, Sn in the scalar 

calculation, to a more shielded 833 component in the SO calculation. 

The solid-state 125Te NMR spectrum of Te[N(iPr2PSe)2]2 at 4.7 T is given in 

Figure 7.11 along with its simulation. Similar to the Se chemical shift tensor of the 

selenium(II) complex, the tellurium chemical shift tensor has a positive skew; however, it 

possesses a considerably larger span and is closer to being axially symmetric than was 

found for the Se(II) center. The isotropic Te chemical shift, 645 ppm, is similar to the 

value of 797 ppm found from a solution 125Te NMR study of C4H8TeI[N(Ph2PSe)2],42 

considering the tellurium chemical shift range exceeds 7000 ppm.1 4 The value of 

1J(125Te,77Se)iSO, ±1200 Hz, agrees well with the indirect one-bond tellurium-selenium 

coupling constants from the solid-state 77Se NMR results above, Table 7.2. Analogous to 

the molecular orbital theory description of the shielding explaining the positive skew for 

the selenium chemical shift tensor in Se[N('Pr2PSe)2]2, Figure 7.10 illustrates the 

dominant magnetic-dipole allowed mixing of orbitals involved in determining the 

tellurium chemical shift tensor. Similar to the calculations for the Se(II) complex, the 

calculated tellurium chemical shift tensor at the SR level of theory achieves poor 
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Figure 7.11 VACP MAS 125Te NMR spectrum of Te[N(iPr2PSe)2]2 

(lower trace) and its simulation (upper trace). Experimental conditions: 
4.7 T, 25616 scans, spinning at 6.0 kHz, 100 Hz of line broadening, a 8.0 
ms contact time, and a 20 s recycle delay. The isotropic peak is marked 
with an asterisk (*). 

agreement with the values of 5H, and a negative skew, while the SO calculation provides 

closer agreement to the experimental Te chemical shift tensor and a positive skew. 
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The SO calculation orients the Te chemical shift tensor such that 833 lies nearly 

perpendicular to the TeSe4 plane, with 822 within and 811 slightly out of the square plane 

itself. The change in K is, again, due primarily to a large spin-orbit shielding 

perpendicular to the TeSe4 plane that essentially makes 8n(SR), 833 in the SO calculation. 

This shielding is, not surprisingly, larger than that found for the central selenium in the 

Se[N('Pr2PSe)2]2, which results in a tellurium chemical shift tensor with a larger positive 

skew, see Table 7.3. 

7.4 Summary 

Solid-state 31P, 77Se, 125Te, and 195PtNMR spectroscopy was found to be a powerful 

comparative technique for the investigation of square-planar complexes of Group 10 

(Pd11, Ptn) and 16 (Se11, Te11) centers coordinated with the tetraisopropyldiselenoimido-

diphosphinate anion, [NCP^PSe^]". Density functional theory calculations support many 

of the experimentally observed trends and values in the chemical shift tensors, as well as 

provide orientations for the 4N EFG tensors. Residual dipolar coupling effects between 

phosphorus and nitrogen were manifested in the P MAS spectra for the selenium and 

tellurium complexes, but not for the palladium and platinum complexes. Very different 

orientations for the N EFG tensors between the transition metal and main-group square-

planar complexes account for the differences observed in solid-state P NMR spectra at 

4.7 T and 7.0 T. Differences between the Group 10 and 16 complexes were also found in 

the 77Se MAS spectra of the diselenoimidodiphosphinato selenium environments, where 

considerably more variation is observed in the isotropic selenium chemical shifts of the 

Se(II) and Te(II) complexes than is found for those of Pd(II) and Pt(II). Additionally, 
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characteristic spans and orientations for the selenium chemical shift tensors were found to 

differentiate diselenoimidodiphosphinato selenium environments within pseudo-boat 

versus distorted-chair MSe2P2N heterocycles. The solid-state 77Se, 125Te, and 195Pt NMR 

spectra for the central atom of the square-planar complexes investigated were found to 

have chemical shift tensors with positive skew values for the main-group square-planar 

complexes, and a negative K in the platinum complex. The different skews of the 

chemical shift tensors for the central atoms were rationalized with qualitative molecular 

orbital theory. 
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Chapter 8 

Conclusions and Outlook 

8.1 Conclusions 

The research presented within this thesis was undertaken in order to improve the 

77 

knowledge and understanding of Se NMR parameters, predominantly the nuclear 

magnetic shielding and indirect spin-spin coupling interactions. The significant results 

and advances put forth in the preceding chapters are summarized below, highlighting 

three fundamental areas of impact. First, the additions to the known experimental solid-
77 

state Se NMR parameters obtained within Chapters 4 through 7 are discussed in terms 

of their contribution to the reported literature (Chapter 2). Second, insights into the 

theoretical calculation of NMR parameters involving selenium, particularly nuclear 

magnetic shielding, are reviewed from all of the experimental chapters. Finally, revisited 

is the chemical information extracted from the molecular systems focused upon; imino-

bis(dialkylphosphine selenide), HN(R2PSe)2, in Chapter 5, and the tetraalkyldiseleno-

imidodiphosphinato complexes, M[N('Pr2PSe)2]2, from Chapters 6 and 7. 

While the body of this thesis details the most significant research performed, 

particularly in regards to 77Se NMR interaction tensors, there are a number of additional 

areas where contributions were made and research experience was gained during the 

course of my graduate program. The specific projects undertaken include additional ab 

initio computations of selenium chemical shift tensors, synthetic pursuits of substituted 

diphenyl diselenides, a solid-state NMR study of triphenyl-Group 14 chlorides, PI13XCI 

(X = C, Si, Sn, Pb), and hyperpolarized 129Xe NMR of xenon within the porous 



framework of AIPO4-I8. The role of the research I performed and the results yielded 

from the investigations are summarized in Appendix E. 

8.1.1 Experimental Solid-State 77Se NMR Parameters 

The solid-state 77Se NMR investigations described in Chapter 4 covered a vast 

variety of selenium chemical environments. While some of the selenium-containing 

species had previously been investigated by solid-state NMR, the majority of the 77Se 

NMR parameters for the compounds studied were characterized for the first time. Two 

new organoselenium compounds were reported; iV-methylbenzothiazole-2-selone and 

diphenylselenium dichloride. The X-ray crystal structure investigation of 

7V-methylbenzothiazole-2-selone was only able to characterize one of two crystalline 

forms,1 indicating two molecular species in the asymmetric unit; whereas, the solid-state 

77Se NMR investigation was capable of characterizing four selenium chemical shift 

tensors from a bulk sample of VV-methylbenzothiazole-2-selone. The selenium chemical 

shift tensors were more deshielded than other seleno-carbonyl systems that have been 

investigated by solid-state 77Se NMR (Chapter 2), yet possess isotropic selenium 

chemical shifts that are consistent with similar C=Se environments where the carbon is 

bonded to one or more nitrogen atoms. ' That all four selenium chemical shift tensors 

are similar indicates comparable chemical environments and that the observed differences 

are likely a result of minor conformational differences and crystal packing forces. 

Diphenylselenium dichloride was investigated as a four coordinate organoselenium 

compound. The axially symmetric selenium chemical shift tensor may be evidence for 

significant motion of the phenyl ligands about the Cl-Se-Cl axis, as there are no 



symmetry reasons from the crystal structure of Pri2SeCl2 for the attained axial symmetry. 

Motion could also be contributing to the relatively small span for the selenium chemical 

shift tensor, 160 ppm. Residual dipolar coupling from the quadrupolar 35/37Q nuclei 

permitted the extraction of the coupling parameters, Re//and 1J(77Se,35Cl)iSO from the 
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simulation of the solid-state Se NMR spectrum, Figure 4.7. The magnitude of 

^Se^COiso , 110 Hz, was the first reported coupling constant between selenium and 

chlorine in either solution2'3 or solid-state 77Se NMR, see Table 2.5. 

The organophosphine selenides studied in Chapter 4 add significantly to the 

known solid-state 77Se NMR literature of phosphine selone systems in general. Five 

novel organophosphine selenides were investigated along with two that had previously 

been studied using 70% enriched selenium-77. The selenium chemical shift tensors and 

indirect one-bond selenium-phosphorus coupling constants, 1J(77Se,31P)iS0, for tris-(tert-

butyl)phosphine selenide, tri-cyclohexylphosphine selenide, 5-phenyldibenzophosphine 

selenide, tri-para-tolylphosphine selenide, and tris-2,4,6-trimethoxyphenylphosphine 

selenide expanded the range of isotropic selenium chemical shifts from solid-state NMR 

for all phosphine selones to -437 ppm from (C6Hn)3PSe at the most shielded extreme, 

and to -30 ppm from [C6H2(OMe)3]3PSe as the most deshielded organophosphine 

selenide selenium environment. Similarly, the value of-768 Hz for one of the two 

1J(77Se,31P)iSO for 5-phenyldibenzophosphine selenide is the largest coupling in magnitude 

observed for organophosphine selenides from solid-state Se NMR. 

The solid-state 77Se NMR investigation of ammonium selenotungstate yielded 

three inorganic selenium chemical shift tensors. The isotropic selenium chemical shifts 

were all relatively deshielded selenium environments, and the nearly axially symmetric 



selenium chemical shift tensors were consistent with the terminal selenium moieties in 

(NH4)2WSe4. In addition, the largest spans of any experimental selenium chemical shift 

tensor determined in this thesis were found for the three ammonium selenotungstate 

selenium sites. 

The iminobis(dialkylphosphine selenide) systems, HN(R.2PSe)2 (R = Ph, 'Pr), 

studied by solid-state 77Se NMR in Chapter 5 display similar selenium chemical shift 

tensors and indirect one-bond selenium-phosphorus coupling constants, 1J(77Se,31P)iSO, to 

those of the phosphine selones reported in Chapters 2 and 4. Despite comparable values 

of 1/(77Se,31P)iso, the selenium chemical shift tensors of HN(iPr2PSe)2 were found to be 

more shielded and possess larger spans than the corresponding iminobis(diphenyl-

phosphine selenide). 

The tetraisopropyldiselenoimidodiphosphinato complexes, M[N(1Pr2PSe)2]2 (M = 

Zn, Se, Pd, Cd, Te, Pt, Hg) contain a novel environment for selenium that had not 

previously been investigated by solid-state 77Se NMR spectroscopy. All of the 

complexes studied in Chapters 6 and 7 contain M-Se-P moieties and, aside from 

Se[N('Pr2PSe)2]2, possess non-symmetric inorganic X-Se-Y linkages where neither X nor 

Y are another selenium atom. Previously, the only non-symmetric inorganic X-Se-Y 
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systems that had been investigated by solid-state Se NMR were phosphorus diselenides, 

P-Se-Se, and metal polyselenides, M-Se-Se. The selenium chemical shift tensor for the 

central selenium in Se[N('Pr2PSe)2]2, despite possessing a square-planar SeSe4 

environment, has a smaller span than the bridging Se-Se-P sites. All of the indirect one-

bond selenium-phosphorus coupling constants, 1J(77Se,31P)iSO, for the tetraisopropyl-

diselenoimidodiphosphinato complexes are smaller in magnitude than those for 



HN('Pr2PSe)2, but consistent with numerous other [N(R2PSe)2]~ systems. The magnitudes 

of 1J(111/113Cd,77Se)iso and ' / ( ' " H g ^ S e ) ^ from Cd[N(iPr2PSe)2]2 and Hgpsr(iPr2PSe)2]2, 

respectively, are within the known ranges of one-bond cadmium- and mercury-selenium 

couplings; however, the indirect one-bond selenium-selenium and tellurium-selenium 

coupling constants, 1J(77Se,77Se)is0 and ljC25Te,71Se)iso, for Se[N(iPr2PSe)2]2 and 

Te[N('Pr2PSe)2]2, respectively, were found to have the largest magnitudes of any such 

couplings from solution or solid-state NMR. 

8.1.2 Theoretical Insight into 77Se Nuclear Magnetic Shielding 

The calculations of nuclear magnetic shielding tensors in the experimental 

chapters of this thesis have sought to provide one or more of three potential contributions. 

All computations yield the orientation of the nuclear magnetic shielding tensor with 

respect to the molecular frame, while some calculations are able to discern the difference 

between the nuclear magnetic shielding of one selenium site with respect to another 

within the solid state structure used for the computation. Still some other calculated 

nuclear magnetic shielding tensors, when converted to chemical shift tensors and 

compared to experimentally determined values, are able to highlight the importance of 

relativistic effects in the accurate reproduction of the corresponding experimental 

selenium chemical shift tensors. 

The calculated selenium chemical shift tensors for the organoselenium 

compounds studied in Chapter 4 highlighted that different orientations are possible for 

seleno-carbonyls as demonstrated with JV,JV-dimethylselenourea and 7V-mefhylbenzo-

thiazole-2-selone. The chemical shift tensor orientations of the bridging selenium 
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environments in seleno-DL-methionine and tetramethyltetraselenafulvalene showed 

similarities in that 822 was always predicted to be perpendicular to the C-Se-C plane. The 

calculated orientations of the selenium chemical shift tensors for the organophosphine 

selenides investigated showed that nearly any orientation with respect to the P=Se vector 

is possible for these terminal selenium moieties. Additionally, the small deshieldings 

noted along the direction of the P-Se bond suggest that the bonding environment most 

closely resembles a polarized, R.3P+-Se", form. The selenium chemical shift tensors for 

the selenate and selenotungstate anions were similarly oriented in that 833 was calculated 

to be parallel with the O-Se vector of (NFL^SeC^, and with the Se-W vector of 

(NH4)2WSe4. The calculated orientations of the selenium chemical shift tensors of the 

iminobis(dialkylphosphine selenide) systems and tetraisopropyldiselenoimido-

diphosphinato complexes studied in Chapters 5 through 7 were useful in comparing and 

contrasting the computed orientations with the known structures of the chemical systems 

investigated. These observations will be discussed in more detail in the following 

section. 

77 

Differentiation between selenium environments in a solid-state Se NMR 

spectrum based upon the calculation of the corresponding selenium chemical shift tensors 

is typically only reliable if the isotropic selenium chemical shifts of the sites being 

distinguished differ by more than 50 ppm for both the experimental and theoretical 

selenium chemical shift tensors. For the two selenium chemical shift tensors of imino-

bis(diphenylphosphine selenide), the calculations were able to discern that the selenium 

involved in hydrogen bonding between the dimer pair of HN(Pli2PSe)2 molecules is more 

deshielded than the selenium environment that is oriented anti with respect to the 
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hydrogen bonding selenium. Similarly, the diselenoimidodiphosphinate selenium 

environments of MfNOPriPSe^]! (M = Se, Te) were differentiated based upon their 

experimental and computed chemical shift tensors. In both complexes, the more 

deshielded selenium environment corresponded to the selenium with the smaller M-Se 

and Se-P distances as well as smaller M-Se-P angle, while the more shielded selenium 

site belonged to the selenium with larger M-Se and Se-P distances and larger M-Se-P 

angle. 

The inclusion of relativistic effects in the calculation of selenium nuclear 

magnetic shieldings was investigated primarily in Chapter 4. The general conclusions 

found therein suggested that isotropic selenium chemical shifts as well as the orientations 

of the selenium chemical shift tensors were calculated generally equally well with and 

without applied relativistic corrections. When the selenium site being computed was 

located near a heavy atom, such as tungsten in (NEL^WSe^ the use of relativistic 

calculations was found to be necessary for the reproduction of the experimental selenium 

chemical shift tensor(s). Evaluation of the computed principal components of the 

respective chemical shift tensors indicated that, in comparison with experimentally 

determined values, scalar with spin-orbit relativistic calculations generally achieved the 

best results. Spin-orbit relativistic corrections were found to be very important in the 

accurate calculated selenium chemical shift tensor for the central selenium in 

Se[N(1Pr2PSe)2]2 (Chapter 7), where non-relativistic and scalar relativistic computations 

arrive at tensors with the wrong skew. 
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8.1.3 Specific Chemical Information 

Relationships between solid-state NMR parameters and the local chemical 

structure of the nucleus under investigation are widely sought. In the process of 

investigating the iminobis(dialkylphosphine selenide) systems, HN(R2PSe)2 (R = Ph, 'Pr), 

and numerous metal(II) complexes of the tetraisopropyldiselenoimidodiphosphinate 

anion, M[N('Pr2PSe)2]2, certain insights into the dependence of the solid-state 77Se NMR 

parameters and the chemical environment of the selenium nucleus have been obtained. 

Unlike the corresponding phosphorus chemical shift tensors, the selenium 

chemical shift tensors of the HN(R2PSe)2 molecules were found to be sensitive to subtle 

differences in their local structures. This is likely due to a combination of the larger 

selenium chemical shift range and the fact that the selenium atoms lie on the periphery of 

the molecule while the phosphorus does not. The experimental and theoretical selenium 

chemical shift tensors, along with their calculated orientations, of iminobis(diphenyl-

phosphine selenide) were found to be diagnostic with respect to whether or not the 

selenium atom was a participant in the hydrogen bonding between the dimer pairs of 

HN(Pli2PSe)2 units. Similarly, the selenium chemical shift tensors, and their orientations, 

for HN('Pr2PSe)2 were susceptible to the presence of methyl disorder in one of the 

isopropyl groups noting a significant difference in 77Se NMR line widths of the two 

selenium environments. 

The indirect one-bond selenium-phosphorus coupling constants, V(77Se, P)iSO, for 

the HN(R2PSe)2 (R = Ph, 'Pr) and M[N0Pr2PSe)2]2 systems were found to be sensitive to 

the presence of the acidic N-H proton. The values of 1J(77Se,31P)is0 for HN(R2PSe)2 (R = 
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Ph, 'Pr) are all less than -700 Hz, while those for the MfN^P^PSe^h complexes are all 

greater than -600 Hz. 

The local structures of the selenium environments in the tetraisopropyldiseleno-

77 

imidodiphosphinato complexes were able to be differentiated by their solid-state Se 

NMR parameters. Due to the flexibility of the SePNPSe backbone the six-membered 

MSe2P2N rings generally attain one of two conformations, pseudo-boat or distorted chair. 

The spans of the selenium chemical shift tensors for M[N('Pr2PSe)2]2 (M = Zn, Pd, Cd, 

Pt, Hg), which possess pseudo-boat heterocyclic rings are on the order of 100-200 ppm 

larger than complexes with distorted chair MSe2P2N rings, such as for Se[N('Pr2PSe)2]2 

and Te[N('Pr2PSe)2]2- The calculated orientations for the selenium chemical shift tensors 

also depend on whether pseudo-boat or distorted chair six-membered rings are found in 

the structures of the metal(II) tetraisopropylimidodiphosphinate complexes. The pseudo-

boat heterocyclic rings found in M[N('Pr2PSe)2]2 (M = Zn, Pd, Cd, Pt, Hg) all possess 

calculated selenium chemical shift tensors where 8n is oriented nearly parallel to the 

M-Se vector, and 833 approximately aligned with Se-P, with 822 perpendicular to the local 

M-Se-P plane. The orientations of the distorted chair selenium chemical shift tensors of 

the diselenoimidodiphosphinate sites within MfNOP^PSe^k (M = Se, Te), in contrast, 

place 833 near parallel to M-Se and 811 approximately along Se-P. 

8.2 Outlook 

Besides other interesting Mn+[N(Pv2PSe)2]n complexes, such as those involving lanthanide 

or actinide centers,5"8 there are a number of straightforward extensions of the work 
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presented in this thesis available for research pursuits. Summarized below are the aims, 

concerns and interests of three such projects. 

8.2.1 Lone Electron Pair Stereochemical Activity 

The stereochemistry observed in ALeX systems when L is a hard donor such as 

fluorine or oxygen produce complexes where the lone electron pair, X, appears 

stereoactive; however, when L is a soft donor such as sulfur or selenium the 

stereochemical activity of the lone pair is not expressed.9'10 The Bi[N(R_2PE)2]3 (E = O, 

S, Se) complexes have shown to be a good system to study the stereochemical impact of 

11 17 

the lone electron pair on the bismuth as a function of the binding chalcogen atom. 
o i -in 

As demonstrated in Chapters 5 through 7, the solid-state P and Se NMR parameters 

for these complexes should be sensitive to the local phosphorus and selenium 

environments, respectively. The phosphorus and selenium chemical shift tensors, as well 

as their calculated orientations, are likely to be susceptible to the distortions of the six-

membered B1E2P2N rings caused by stereochemistry imposed by the activity of the lone 

electron pair on the BiE6 pseudo-octahedron. 

8.2.2 Paramagnetic Systems 

Another extension to the work presented in this thesis would be to add an 

additional interaction to the 77Se NMR Hamiltonian. One such interaction would involve 

the influence of unpaired electrons on the NMR spectra. Paramagnetic compounds have 

the benefit of rapid nuclear relaxation such that the delay between FID transient 

1 S 

acquisition is significantly reduced; however, there are also a number of disadvantages. 
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One such challenge in acquiring NMR spectra of paramagnetic systems involves 

considerable line broadening of the NMR signals in the vicinity of the paramagnetic 

center, while another impact of the presence of an unpaired electron involves the 

hyperfine shift to the nuclear magnetic shielding.18 The contribution of the hyperfine 

shift towards the chemical shift of heavier nuclear, such as selenium, can be on the order 

of thousands of parts per million. The influence of an unpaired electron on similar 

systems to those investigated in Chapters 6 and 7 may be sought from the 

diselenoimidodiphosphinato complexes of nickel(II), Ni[N(R2PSe)2]2-20 The square-

planar nickel(II) complexes, like those of the Pd(II) and Pt(II) studied in Chapter 7, are 

diamagnetic; however, there exists a tetrahedral form of Ni[N(R2PSe)2]2 that is 

paramagnetic. The comparison of the P and Se solid-state NMR parameters, 

particularly the NMR line widths and chemical shift tensors, between the diamagnetic 

and paramagnetic forms of Ni[N(R2PSe)2]2 would provide insight into the impact of 

unpaired electrons on the NMR spectra of nuclei that are one and two bonds away from a 

paramagnetic center. 

8.2.3 Tellurium Analogues 

Due to the presence of 123Te (7= lA, 0.89% N.A.) and 125Te (/ = lA, 1.01% N.A.), 

tellurium analogues of the dichalcogenoimidodiphosphinate anions are of interest for 

solid-state NMR investigations as, similar to the [N(R2PSe)2]~ systems, spectra for the 

chalcogen are readily obtained. However, [N(R2PTe)2]" systems have only recently been 

prepared as their synthesis is not as straightforward as the corresponding oxygen, sulfur 

and selenium derivatives. While HN(R2PE)2 (E = O, S, Se) may be obtained by facile 



oxidation of HN(R.2P)2 with hydrogen peroxide, elemental sulfur or elemental selenium, 

respectively, reaction of elemental tellurium with HN(R2P)2 produces only the 

91 

monotelluride, R.2P(Te)NHPR.2, in low yields. Recently, the ditelluride has been 

prepared by the reaction of Te with Na[N(R2P)2] in the presence of tetramethylethylene-
99 • 

diamine. As a result, metal complexes of the ditelluroimidodiphosphinate anion, 

[N(R2PTe)2]", have appeared in the literature. Solid-state 31P and 125Te NMR 

investigations of analogous complexes to those studied in Chapter 6, M[N('Pr2PTe)2]2 (M 

= Zn, Cd, Hg),23 which have been utilized as single source precursors for metal telluride 

materials,24'25 are now possible. Additionally, the investigation of lanthanide- and 

actinide-tellurium bonding by solid-state 125Te NMR is also available for a number of 

reported structures.8'26 
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Appendix A 

Table Al Linear Fit Parameters for Experimental vs. Calculated Selenium Chemical 
Shift Tensors. 

Oiso 

slope 
intercept 

mean absolute deviation3' 

8,1 
slope 

intercept 
mean absolute deviation3' 

822 

slope 
intercept 

mean absolute deviation"' 

833 
slope 

intercept 
mean absolute deviation"' 

il 
slope 

intercept 
mean absolute deviation"' 

NR 

1.12 
-20 
91 

1.15 
52 

171 

0.96 
-4 

126 

1.37 
-15 
247 

0.69 
350 
276 

SR 

1.08 
-7 
71 

1.07 
98 

164 

0.92 
14 

133 

1.18 
-85 
165 

0.91 
283 
240 

SO 

1.07 
-15 
66 

1.07 
50 

120 

0.93 
2 

132 

1.13 
-67 
124 

0.99 
164 
164 

„ \(xf"" -xfalc)\ 
mean absolute deviation via V-— ' 



Appendix B 

Table Bl Theoretical phosphorus chemical shift tensors for HN(R2PE)2 (E = O, S, Se; R 
= Ph, 'Pr). 

E 

O 

s 

Se 

R 

Ph 

'Pra 

'Prb 

Ph 

'Pr 

Ph 

'Pra 

jPrb 

Ojso 

ppm 

19.0 
24.4 

62.2 
68.9 
59.1 
69.1 

75.4 
76.5 

102.2 
108.2 

98.6 
101.8 

129.8 
130.3 
129.9 
130.5 

5n 
ppm 

85.7 
127.4 

137.9 
144.3 
131.1 
144.7 

203.9 
195.3 

206.1 
190.3 

235.0 
249.3 

245.8 
215.2 
243.4 
225.2 

822 

ppm 

35.8 
51.6 

124.0 
123.9 
122.3 
124.0 

129.2 
118.0 

142.6 
164.3 

139.3 
153.9 

170.2 
192.8 
170.9 
184.4 

833 

ppm 

-64.6 
-105.9 

-75.2 
-61.4 
-76.2 
-61.4 

-106.9 
-83.8 

-41.9 
-29.9 

-78.6 
-97.8 

-26.5 
-17.1 
-24.6 
-18.3 

a 
ppm 

150.3 
233.3 

213.1 
205.7 
207.3 
206.1 

310.8 
279.1 

248.0 
220.2 

313.6 
347.1 

272.3 
232.3 
268.0 
243.5 

K 

0.34 
0.35 

0.87 
0.80 
0.92 
0.80 

0.52 
0.45 

0.49 
0.76 

0.39 
0.45 

0.44 
0.81 
0.46 
0.66 



Table B2 Theoretical selenium chemical shift tensors for HN(R2PSe)2 (R = Ph, 'Pr). 

R 

Ph 

jPra 

'Prb 

PPm 

-201 
-115 

-495 
-436 
-518 
-465 

Sn 
PPm 

-30 
97 

-140 
-222 
-307 
-265 

822 

PPm 

-248 
-133 

-609 
-512 
-608 
-528 

833 
.EPjm. 

-325 
-331 

-735 
-575 
-638 
-603 

a. 
PPm 

295 
408 

595 
353 
331 
337 

K 

-0.48 
-0.13 

-0.58 
-0.64 
-0.82 
-0.55 

294 



Appendix C 

Table CI Theoretical phosphorus chemical shift tensors for M[N('Pr2PSe)2]2 (M = Zn, 
Cd, Hg). 

Mn 

Zn 

Cd 

Hg 

8,s„ 
ppm 

98.7 
97.3 
95.3 
95.2 

100.5 
96.8 
93.2 
88.6 

96.5 
93.0 
92.4 
91.8 

5u 
ppm 

137.8 
136.3 
132.6 
131.5 

140.2 
137.7 
135.4 
128.3 

138.3 
132.2 
131.0 
131.1 

822 

ppm 

103.1 
99.2 
97.3 
98.1 

100.1 
94.3 
86.0 
89.0 

90.9 
94.2 
91.0 
88.6 

833 

ppm 

55.3 
56.3 
56.0 
55.9 

61.4 
58.6 
58.2 
48.4 

60.2 
52.4 
55.1 
55.7 

295 



Table C2 Theoretical selenium chemical shift tensors for M[N(1Pr2PSe)2]2 (M = Zn, Cd, 
Hg). 

Mn 

Zn 

Cd 

Hg 

Oj s o 

ppm 

-291 
-292 
-292 
-293 

-320 
-337 
-341 
-348 

-235 
-243 
-246 
-249 

8,i 
ppm 

138 
136 
153 
135 

161 
153 
133 
117 

183 
183 
188 
175 

822 
ppm 

-444 
-434 
-445 
-443 

-424 
-452 
-455 
-460 

-375 
-372 
-393 
-393 

833 
ppm 

-566 
-578 
-584 
-572 

-696 
-712 
-702 
-703 

-515 
-540 
-535 
-530 

296 



Table C3 Theoretical cadmium and mercury magnetic shielding tensors for 
M[N(iPr2PSe)2]2 (M = Cd, Hg). 

Mn 

Cd 

Hg 

<7iso 

ppm 

2809 

5463 

CTn 
ppm 

2798 

5417 

<T22 

ppm 

2801 

5438 

< j 3 3 

ppm 

2828 

5534 

297 
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Table C6 Traceless cadmium and mercury chemical shift tensors for M[N('Pr2PSe)2]2 (M 
= Cd,Hg). 

M11 

Cd 

Hg 

Expt 
Calc 

Expt 
Calc 

Siso 

ppm 

0 
0 

0 
0 

5n 
ppm 

54 
11 

296 
46 

822 

ppm 

34 
8 

226 
25 

833 

ppm 

-89 
-19 

-522 
-71 

300 



Appendix D 

Table Dl Theoretical phosphorus shielding tensors for M[N('Pr2PSe)2]2 (M = Pd, Pt; Se, 
Te). 

M" 

Pd 

Pt 

Se 

Te 

SR 

so 

SR 

SO 

SR 

SO 

SR 

so 

Ciso 

ppm 

222 
210 
261 
244 

233 
217 
277 
255 

214 
210 
273 
270 

239 
237 
275 
273 

On 

ppm 

178 
143 
239 
203 

189 
151 
248 
220 

167 
170 
239 
240 

202 
194 
249 
243 

022 

ppm 

218 
228 
246 
252 

234 
247 
269 
255 

217 
209 
265 
266 

240 
239 
268 
264 

o33 
ppm 

269 
258 
299 
278 

278 
253 
315 
291 

257 
252 
313 
305 

275 
278 
307 
313 

n 
ppm 

91 
115 
60 
75 

89 
102 
67 
71 

90 
82 
74 
65 

73 
84 
58 
70 

301 



Table D2 Theoretical selenium shielding tensors for the anion of M[N( Pr2PSe)2]2 (M -
Pd, Pt; Se, Te). 

Mn 

Pd 

Pt 

Se 

Te 

SR 

SO 

SR 

SO 

SR 

so 

SR 

SO 

O i s o 

ppm 

1526 
1534 
1698 
1716 

1607 
1604 
1986 
1793 

1404 
1471 
1628 
1688 

1597 
1657 
1763 
1825 

CTll 

ppm 

1140 
1187 
1331 
1395 

1250 
1265 
1467 
1487 

1031 
1026 
1254 
1265 

1409 
1352 
1542 
1517 

^22 

ppm 

1468 
1602 
1606 
1767 

1540 
1631 
1717 
1815 

1395 
1450 
1665 
1712 

1557 
1676 
1751 
1866 

033 

ppm 

1968 
1812 
2159 
1985 

2032 
1916 
2174 
2077 

1788 
1937 
1965 
2086 

1824 
1942 
1996 
2092 

n 
ppm 

828 
625 
828 
590 

782 
651 
707 
590 

757 
911 
711 
821 

415 
590 
454 
575 



Table D3 Theoretical shielding tensors for nucleus M of M[N(1Pr2PSe)2]2 (M = wy?d 
195Pt; 77Se, 125Te). 

Mn 

Pd 

Pt 

Se 

Te 

SR 
SO 

SR 
SO 

SR 
SO 

SR 
SO 

Ciso 

ppm 

498 
1004 

3097 
5700 

1289 
1378 

2063 
2567 

On 

ppm 

-1336 
-909 

1726 
3941 

1065 
1307 

1554 
2127 

CT22 

ppm 

1309 
1842 

3692 
6453 

1338 
1353 

2255 
2342 

033 

ppm 

1521 
2079 

3872 
6705 

1463 
1475 

2382 
3234 

D. 
ppm 

2837 
2988 

2146 
2764 

398 
168 

828 
1107 

K 

-0.86 
-0.84 

-0.83 
-0.82 

-0.37 
0.45 

-0.69 
0.61 

303 



Appendix E 

Prior to the use of ADF for the computation of the selenium chemical shift tensors 

investigated in this thesis, Gaussian98 was employed in calculating the corresponding 

nuclear magnetic shielding tensors for many of the compounds studied in Chapter 4. 

Restricted Hartree-Fock, hybrid DFT utilizing the B3LYP exchange-correlation 

functional, and Nfoller-Plesset second order perturbation theory calculations were 

performed in order to assess the importance of electron correlation to the computations. 

Basis sets ranging from 6-31G to 6-311++G(3df, 2pd) were employed to provide an 

estimate on the minimum number of basis functions required to eliminate the effects of 

an incomplete basis set. The results of the above calculations were consistent with 

previous studies in their ability to reproduce isotropic selenium chemical shifts, " and 

led to the pursuit of accurate reproduction of the principal components, 8H, of the 

selenium chemical shift tensors in general, and the importance of relativistic effects on 

the computations carried out using ZORA DFT in Chapter 4. 

While the theoretical basis for many of the calculations subsequently performed 

was being identified, synthetic approaches to the production of substituted diphenyl 

diselenides, Ar2Se2, were being pursued. Initial attempts proceeded through an aryl 

selenocyanate, ArSeCN, intermediate that was subsequently oxidized to the Ar2Se2. The 

ArSeCN species were arrived at via the diazotization reaction between KSeCN and the 

substituted aniline, ArNt^,14 and subsequent oxidation was achieved via literature 

procedures.15 However, efforts at obtaining pure ortho-, meta-, and j>ara-substituted 

XPli2Se2 (X = F, CI, Br, NO2) were unsuccessful. An alternate approach to Ar2Se2 
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species via the aryl selenol, ArSeH, was then attempted. The aryl selenols were 

synthesized via a modified Grignard reaction involving aryl bromides, magnesium 

turnings, and elemental selenium. While some halo-substituted diphenyl diselenides 

were prepared in this manner, the vast majority remained as liquids or oils thwarting the 

goal of characterizing the orientation dependent NMR interaction tensors via solid-state 

77SeNMR. 

The pursuit of the NMR interaction tensors involving selenium was the focus of 

my graduate research; however, there were a couple of additional projects that I was 

involved with that did not involve selenium. Mathew Willans and I collaborated on an 

introductory project involving the study of triphenyl-Group 14 chlorides, PI13XCI (X - C, 

Si, Sn, Pb), via solid-state 13C, 29Si, 117/119Sn, and 207Pb NMR spectroscopy and ZORA 

DFT computations. This project introduced me to the concept of residual dipolar 

coupling between quadrupolar and spin-VS nuclei. A manuscript on this research entitled 

An NMR and Relativistic DFT Study of Spin-Spin Coupling in Solid Triphenyl Group-14 

Chlorides was published in Physical Chemistry Chemical Physics.16 The role I provided 

in this project involved performing some of the solid-state 13C, 29Si, 117/119Sn, and 207Pb 

NMR spectroscopy, simulation of a number of the experimental spectra, calculation of 

the corresponding nuclear magnetic shielding and indirect spin-spin coupling tensors, and 

assistance with the preparation of the manuscript. 

When I came to the University of Alberta, I brought samples of the intermediate 

formation of the molecular sieve AIPO4-I8 from my honours research project with me 

from Dr. Huang's lab at the University of Western Ontario. The purpose was to calcine 

the samples I had prepared, and flow hyperpolarized xenon through the microporous 
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material from which their porous nature could be investigated by Xe NMR. The 

project gave me experience in the operation of a hyperpolarizer and the manipulation of 

gases in the preparation of sealed samples. The article, Formation of Porous 

Aluminophosphate Frameworks Monitored by Hyperpolarized 129Xe NMR Spectroscopy 

was published in Chemistry of Materials.17 The research role I provided in this project 

involved preparation and calcination of the samples, preparation of sealed xenon samples, 

acquisition of hyperpolarized and thermally polarized 129Xe NMR spectra, and assistance 

with the preparation of the published article. 
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