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ABSTRACT 

The chemical shielding tensors of the ' 19sn, "set and 
* 

1 2 5 ~ e  nuclei i ~ n  single crystals of [ tBu2SnSIZ, [tBu2SnSe12, and' 

[tBu2SnTeI2 were determined by employing high-resolution solid 

state NMR techniques. From our NMR data, the orientations of 

the two-fold screw rotational axis of these compounds in the 

holder axis system are determined. A two-circle optical 

goniometer was also used to perform crystallographic 

investigation f these single cPystals which gave us the P 
orientations of these single crystals in the holder system. 

The results from these two sources are compared and f ~ ~ q n d  in. 

good agreement. A mathematical method employing syrcmet ry . 
i 

arguments has been developed to assign the cor'responding 

principal axes to the crystal frame.  his mathematical method 

can be used to find the three Eulerian angles an the 

transformation of the holder system to the crystallographic 

axis system, i f  the crystal we investigate has enough non- 

redundant symmetry elements. Some speculations have been made 

about the orientations and the principal values of the chemical 

shielding tensors in relation to the molecular structures of 

the compounds. J-coupling tensors ( JSn-Se and J ~ n - ~ e  ) for 

these compounds are also investigated. 

i i i  



The results of our coupling tensor indicate that the 

Fermi contad terms in ' '~n, 7 7 ~ e ,  and ' 2 5 ~ e  are not the 
dominant contribution in the J-couplin tensor. The isotropic 7 
values of chemical shift tensor and J-coupling tensor from our 

experiment are nearly the same as thosy'from solution NMR, sa 

the-crystal packing effects in these compounds are small (-10 
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I NTRODUCT I ON. 

The chemical shift arises from the electronic screening 

of the nucleus by the surrounding electrons. Since this 

screening is a three-dimensional qyantity, the chemioal shift 

will be anisotropic. As the anisotropy in shifts results from 

the distribution'of electrons surrounding the nucleus, chemical 

P i 

shift tensors gi new info mation about electronic structure Y 
a n d ~ r e s e n t  a detailed three-dimensional view of important 

features of chemical bonding. 

'The complete chemical shielding interaction is given by a 

tensor which depends upon the electronic structure of the 

molecule and can be used to describe how the NMR resonance 

frequency changes with the molecular orientation in the 
9 

external magnetic f ield. In nonviscous liquids, however, only 

the average of the principal values of the tensors, i.e. the 

isotropic liquid shift, is observed due to the averaging from 

the rapid rotational motion, and empirical chemical 

shiftjstructure relationships have made solution NMR the most 

widely used technique for the.,elucidation of unknown 

structur@Y. 



The determination of these tensors is important for 

several reasons: firstly, these tensorial shifts with three 

principal values have the potential to reveal up to 3 times the 
1 

information of isotropic shifts available from conventional 

liquid experiments. Therefore the comparison with theoretical 

caculations is much more sensitive and meaningful. Secondly, 

these tensors reflect the local structure and symmetry around 

the nucleus. The orientation of the principal axes of the v 

shielding tensors follows the local symmetry and therefore can 

be used as a probe,to obtain'a "three-dimensional" view of 

important features of chemical bonding. Finally, the 

orientations of the principal axes of the chemical shielding 

tensors and their magnitudes are also sensitive to the 

molecular cornformation, molecular motion and the strength of 

any intermolecular hydrogen bonding involved. 

Studies of electron-coupled spin-spin interactions which 

are observed in nuclear magnetic resonance spectra of liquids 

are of considerable interest because of the strong dependence 

of these interactions on the electronic environments of the 

coupled nuclei. In attempting to correlate this wealth of 

information with other physical properties of molecules, many 

theor tical studies have been made. In spite of the 
%F 

theoretical and computational difficulties of such 

calculations, a surprising degree of success has been achieved 



in the correlation of measured spin-spin coupling constants 

' with molecular orientation, substituent effects, and other 

* properties. [ I ]  

The indirect electron-coupled spin-spin interaction 

between two nuclei (J coupling) is also anisotropic,[2] 

described by a second rank tensor J: 

This coupling is usually observed as its isotropic average J 

observed in liquids. 

Why one should wish to study the anisotropy of J 

coupling? The reason is that the J coupling is a probe of 

molecular electronic structure. The eigenvalues and 

eigenvectors of the coupling tensor potentially provide much 

~~~ , .,- more stringent tests than the angular average coupl'ing J of 

molecular wave functions. On a more empirical level, 

experimental knowledge of J-coupling tensors may lead to better 

correlations between NMR and structure than J itself has done. 



PREVIOUS MEASUREMENTS 

So far, most of shielding tensor works have studied 'H, 

and 13c. Some dealt with "F; 3 1 ~ ,  and *'~i. Papers on the 

heavy metal elements are very few and mainly on simple 

inorganic solids[3,4]. 

Proton shielding tensors In this most difficult domain of 

high resolution NMR in solids, a.breakthrough has been brought 

about by the multiple-pulse methods. Haeberlen and co-workers 
B 

[5-71 have pushed this field and determined a large number of 

shielding tensors from powder and single crystal samples. They 

investigated the prototype compounds containing 'typical' O 

aliphatic-, aromatic-, olefinic-, and carboxylic- bonding 

situations to  loo^ for a relation between bonds and the tensor 
1 

properties of shifts.[5] 

Carbon-1 3 -- shiel'ig tensors The biggest supply of ' 3~ 
shielding tensors hss been furnished by Pines, Waugh and co- 

workers[8,9] applying cross-polarization techniques. Shielding 

tensors of 13c in various kind of functional groups can be 

found in ref.[lO]. A detailed discussion of 13c shielding 

tensors may be found in the reviews of Spiess [ 1 1 ]  and Veeman 

b 2 1 .  



Recently, the papers on the chemical shieldinSg tehsor are 

mainly in the following aspects. 

1 .  Determination. of the chemical shielding tensor of a 

specific compound. 

Looser and Brinkmann investigated '''Ag chemical shift in 

W 0 and Ag3BrS. [ 13-1 RbAg41 KAg415' Ag261 16 4 16 
.- 

Brownlee and co-worker~ inveitigated 9 5 ~ o  in 

[ M O ( C ~ ) ~ - ,  (pyridine), I complexes. [ 14 I 

Van Calstern and co-workers determined 3 1 ~  chemical 

shielding tensor in 2-aminothylphosphonic acid. [ 1 5 ]  

2. Use chemical shielding tensor as a probe to investigate 

molecular structures, intermolecular or intramolecular 

interactions, and molecular motions. 

Haeberlen and co-workers investigated and determined 

principal components and direction cosines of the proton 

shielding tensors of waters of hydration in single crystals 

of N a 2 F e ( C ~ ) 5 ~ O * 2 ~ 2 0  [16,171 and K2(C204).~20 [ 1 8 1 .  

Variable temperature studies of these crystals revealed 

motions of the H23 molecules in addition to the 

well-established flips. The temperature dependence of the 

rate constant of the flip motions corresponds to an 

activation energy of 64.4 kJ/mol in the oxalate 



b 9 

monohydrate. 

I 3 c  shielding tensors in single crystals of dimedone 

(5,5-dimethyl-1,3-cyclohexanedione) [ 1 9 ]  and 

tetraacetylethane[201 are determined in a study of the 

effects of the intermolecular hydrogen bonding on the 

carbon31 carbon in dimedone and the effects of 

. @ 
intramolecular hydrogen bonding on the carbonyl and 

adjacent carbons in the acetylacetonate residues in the 

second compound. The two important effects are that ( ? )  

the shielding.tensor component along the CEO bond 

direction shows a strong deshielding (-50 ppm) and (b) 

this becomes the least shielded component so the shielding 

tensor ellipsoid has a different long axis compared to 

acetophenone, for example. 

The chemical shielding tensors of the 13c nuclei in 

Meldrum's acid (2,2-dimethyl-1,3-dioxane-4,6-dione) were 

also determined.[2i j The tensors of two ester carbon 

nuclei in M e l d r ~ m ' s  acid were compared with each other and 

alsg with t h ~ s n  of the carboxyl carbon nuclei in Malonic 

acid. Takegosh; and McDowell assumed that differences in 

the tensors of the two ester carbon nuclei are attributed 

co the different intermolecular C=O---H-C interactions 

reported in a?, X-ray crystallographic study.[22] They 

6 



applied a one-dimensional exchange NMR technique[23] at 

various temperatures to determine the rate of the 

interchange of the location of the two ester carbon nuclei 

in the crystal lattice. The dynamic process is postulated 

to be ring inversion plus a rotation of the molecule b y  

1809, and the associated activation energy was determined 

to be 91.4 k~/mol. 

Floch and Pannetier used 'H NMR to investigate the defect 

pyrochlores H2Ta206, HTaW06 and their hydrates.[24] 

Hinton and Metz showed 2 0 5 ~ l t  NMR spectroscopy is a good 

technique for studying the interaction between antibiotic 

ionophores and metal cations.[25] 

3. Combination with theoretical calculations. 

Facelli and co-workers showed that the combination of low-. 

temperature ' ' c  NMR with quantum mechanical calculation of 

the chemical shielding tensors is very valuable to validate 

the ab initio wave functions which provide information on 

the electronic structure of small organic molecules.[26] 

Studies on carbon atoms in a wide range of) bonding 

situations have been completed, including methyl groups 

[27], methine carbons[28], methylene carbonsl291 and 

olefinic carbons [30]. Other studie9 have looked at 



carbons in linear molecules [31] and in the series 

cyclopropane, bicyclo [1.1.0) butane, and [ 1 . 1 . 1 ]  

propellane [32]. In their recent work, Facelli and co- 

workers reexamined the relationship of 13c shielding 
. i  

tensors with an anisotropic T-electron charge distribution 

on aromatic compounds by using available 13c tensorial 
+ - 

information [33] on C7H7 , C6H6, and C5H5 . They 

also found that the experimental ''c shielding tensors also 

can be used as a powerful tool in the analysis of the 

degree of delocalization of T-electrons in aromatic 

compounds.[26] 

Amm and Hunter have made an investigation on 'H NMR line 

shape of the anhydrous alkali metal hydroxides. They 

S discussed a planar zigzig array of four-spins. Second 

moment calculations show that the observed line shapes 

are consistent with known crystal structure.[34] 

Wasylishen and co-workers determined isotope shift and 

spin-spin coupling constants in the 13c and "0 NMR 
- 

spectra of carbon monoxide and carbbn--dioxide and compared 

experimental results with theoretical calcuiation.[35] 



The pioneering work on J-coupling anisotropy was done by 

Tutunj ian and Waugh. [ 361 They determined the 31 P - ~ ' P  spin-spin 

couplitig tensor from a single crystal NMR study of 

tetraethyldiphosphine disulfide. Jokisaari e t  al. determined 

anisotropy of the indirect "C-'~F spin-spin coupling of methyl 

fluoride-13c in nematic liquid crysta1.[37] The topic of J 

coupling anisotropy from NMR spectroscopy"'of molecules oriented 

by liquid crystal solvents has also been reviewed by these 

workers [38]. Emsley e t  a l .  reviewed the coupling constants in 

fluorine compounds [39] and Hansen extensively reviewed the 

carbon-hydrogen spin-spin coupling constants [40]. Kowalewski 

has a good review of theoretical caculation of J coupling [41]. 



THE OBJECTIVE OF THIS RESEARCH WORK 

Mutiple pulse NMR and Cross-polarization of dilute spins 

are the most prominent techniques for evaluating the chemical 

shielding tensor o of nuclei in solids. Othe? methods for 

partial determination of the chemical shielding tensor, like 

the "second moment" analysis, the NMR of partially oriented 

molecules dissolved in clathrates or liquid crystals are mostly 

unreliable. Reviews of these methods have been given by 

~astiaan e t  al. [42], Emsley and   id on [43], and Appleman and 

Dailey [44]. 

The measurement of chemical shielding tensors involves 

the analysis of single-crystal rotation data or line shape 

analysis of powder samples where small crystallites orient in 

all possible directions. The cross-polarization method is used 

to enhance the sensitivity with high-power 'H decoupling to 

eliminate the 'H-metal dipolar interactions. [ 45,461 a 

The principal tensorial shielding values can be obtained 

from spectral patterns obtained on .powdered solids. However, 

no information is obtained about the orientation of the 

principal axes of the tensor. 



When the molecule contains several chemically different 

atoms, the powder spectrum is a superposition of powder line . 

shapes of the individual atoms. Usually this makes it very 

difficult to determine the principal elements of the shift 

tensor for each chemically distinct atom, and in these cases 

magic angle spinning (MAS)  can be very helpful. In an MAS 

experiment, the powder pattern breaks up into a relatively 

narrow line at the isotropic chemical shift (the centerband) 

and sidebands at distances nwR (n = 1,2,...; wR is the spinning 

frequency) from the centerband. The intensities of the 

sidebands a r e ~ e l a t e d  in a complicated way to,the spinning 

frequency wR and the chemical shift tenscr parameters [ 4 7 ] .  

Therefore, the principal values of the shift tensor can be 

determined from the sideband intensities.[48] 

Use of single-crystal spectroscopic techniques provides a 

superior method for obtaining both principal tensorial values 

as re11 as the orientation of the corresponding principal axes, 

but unfortunately, single-crystal methods suffer from the 

difficulties associatied with growing crystals, which must be 

larger than those typically used for X-ray structural analysis, 

and from the need for extensive methods of data reduction. 



In the present research, the single-crystal method is 

used to measure the chemical shielding tensor of 

[ (t-~u), 1 1 g ~ n ~ ~ 2 ,  [ ( t - ~ u ) ~  ' 'sn7'se I 2 ,  and 

The reason we choose these compounds is two-fold. (1).  

These compounds can be easily grown as big crystals. (2). The 

proton relaxation time of these compounds is relatively short 

due to the motion of the methyl group in these compounds. 

The crystal structures of these three compounds are not 

completely known,(there are only partial data available) [ 5 0 ] .  

A mathematical method employing symmetry arguments has been 

developed to assign the corresponding principal axes to the 

crystal frame. 

J-coupling ( JSn-Se and J ~ n - ~ e  tensors for these 

compounds are also investigated." The three principal values in 

the crystal frame have been obtained. 



EXPERIMENTAL SECTION 

We have synthesized di-tert-butyltin chalcogenides 

(a), X=S 

( b ) ,  X=Se 

( c ) ,  X=Te 

by the fol1owin.g routes according to references [ 4 9 , 5 0 ] .  

X = Se, Te 

and 



Single crystals of [tBu2SnXI2 were grown .by slow 

evaporation from a saturated hexane solution at ambient 

temperature. 

The crystals are monoclinic having two molecules in the 

unit-cell [SO]. The crystal data from reference [ 5 0 ]  have 

listed in Table 1 and Table 2. 

Table. 1 .  ~ a t tice Constants 

!i P 
I [ I  I r O 1  

cell vol. space 
it3] group 

- - - - 

Errors in the e values are not available. i 
Table. 2. Bond Lengths [I] and Angles [ O ]  

I Sn-X Sn-C XSnX SnXSn CSnC 

Errors in these values are not available. 



NMR spectra were obtained at ambient temperature by 
\ 

proton-enhanced nuclear induction spectroscopy using a FT 

spectrometer constructed in this laboratory.  he ciystal was 

attached to a single-circle goniometer. The goniometer could 

be read with an accuracy of +2". 

Spectra were recorded at 22.38MHz, 11.4405MHz and 

18.914MHzf respectively, for ~ n ~ ' ~ ,  se7' and Te 125. The cross- 

polarization twhnique was used, and 5000 to 20000 transients 
$ 

were colected with use of a contact time of 1 to 2 ms and 

recycle times of 0.5 sec. Experimental shieldings were 

referenced to external samples of Me4Sn, H2Se03 and ph2Te2 for 

~ e ' ~  and 7'e1 25, respectively. Calculations were Sn , 

performed to change references from H2Se03 and ph2Te2 to MeZSe 

and Me2Te, respectively, in the case of ~e~~ and Te 125 spectra, 

using data from ref. [54] 

Spectra were collected at 10•‹ intervals in the range of 

0'-180" without interruption. The experimental data were 

analyzed by using the MINUIT fitting program[75,76]. 



THEORY 

1 .  Chemical Shielding Ten'sor 

\ In a nuclear magnetic resonance e eriment, the resonance 

frequency of a nuclear spin I is determine*by the 

7 gyromagnetic ratio but also by the interaction of the nucJear 

spin with the surrounding electrons. When a magnetic field is 
5 - u 

-2 P 
applied to a sample, a precession is superimposed on the motion w&+ 

sy 

of all elect'rons in the sample. This ro ation of the electron 2 
cloud will give rise to a secondary magnetic field at the 

nuclei which for spherically symmetric molecules, opposes the 

external magnetic field, and this causes a shielding of the 

nuclear spins from the external magnetic field. 

C In molecules where the electron distribution is not at 

least tetrahedrally symmetric, the electron cloud in general is 

not free to precess around the direction of the external 

magnetic field. Then the induced local field at a certain 

nuclear spin in general is not parallel to the applied field 



The quantum mechanical expressions for shielding can be , 

derived from second-order perturbation theory. The classical 

energypf interaction between a magnetic moment e ,  and a 

magnetic field B p  is given by 

I t  can be shown that the shielding tensor can be expressed in 

the 'following dif ferintial forms: 

I t  is clea'r that these two expressions are not 

necessarily equivalent - an asymmetry may exist. So o must 

be represented by a 3x3 matrix . In a coordinate system x,y,z 

tied to tile frame of the molecule under consideration, the 

chemical shift tensor is represented by nine components: 



~t is convenient to express the shift tensor as_ sum .of a 

"diamagnetic part" ud and a "paramagnetic part" up. [55,56] 

The diamagnetic part od of the chemical shift has the 

following explicit form:[57] 

where po is the permeability of free space and ria is the 

position vector of the ith electron relative to some origin 

( usually chosen at the nucleus of interest ) ;  6ap is the 

Kronecker delta and < > implies an average over the appropriate 

stationary state ( normally the ground state ) .  I t  is obvious 

from inspection that the diamagnetic term can be represented by 

a symmetric second rank tensor with maximum of six components. 

However, the paramagnetic part u p  is nbt necessarily symmetric. 



where Lai is the a component of the angular momentum operator 

of electron i about the nucleus under consideration. Ek is the 

energy of the state I k>. 

The "diamagnetic" term od contains only matrix elements P 
involving the ground state wavefunctions, whereas, the 

"paramagnetic" term, resulting froy second order perturbation 

theory displays the "mixing in" of excited states into the 

ground state due to the vector potential of the magnetic fiela. 

Although this term is of second order, it is by no means small 

compared with the diamagnetic term. 

Any second rank tensor can be written as the sum of an 

isotropic part, a traceless symmetric part and an antisymmetric 

part, 

Where 



The physical property described by this tensor is 

observed through the energy E in equation ( 3 ) .  However, only 

the symmetric parts of u occur to the first order in the 

energy; for the anti-symmetric parts o a it has been shown 
aP ' 

[ 5 8 - 6 0 1  that it affects the NMR line positions only in the 

second order and therefore we shall neglect 'it. A discussion 

of the antisymmetric chemical shift and how its effect might be 

observed has been presented by Haeberlen [ 3 ] .  When only the 

symmetric part of a is considered, six unknowns have to be- 

determined before the complete tensor is known. 

By a ;suitable choice of coordinate system, the principal 
<A* 

axis system7x1,y1,z', u may be converted to a diagonal form 

with three principal elements u x l x I  , o y l y 1  , uzlz1. These serve 

to characterize the three-dimensional nature of the shielding. 

The principal axis systems, one for each nuclear spin, are 



fixed to the molecular or crystal frame, at least as long as 

the molecule is rigid. The chemical shift tensor is completely 
-P- 

characterized when the three principal elements and the 

directions of the three principal axes are known. When the 

atom observed in the solid lies on a symmetry plane or axis, 

the directions of these principal axes are , at least partly, 

determined by these symmetry elements of tee point group. 

When anisotropic interactions are present, the position 

of a spin resonance line depends on the orientation of the 

external magnetic field Bo relative to the molecular or crystal 

axes. We can derive an equation for the resonance frequency of 

a certain spin as dffunctioh of the angles the external field 

B, makes with the axes of some coordinate system. 

The shift of the eigenstate Im> of the Zeeman ~amiltonian 

in the presence of chemical shielding is: 
, 

The chemical shift tensor a is defined in some axis system 

X,Y,Z , according to 1 6 ) .   he field Bo 'in this system is 
defined by polar angles 9 and 9 (Fig.1) 



Fig. 1 Bo in (x,y,z) system 

The matrix element in ( 1 4 )  can be easily evaluated when 

the shift tensor is transformed to an axis system where the z -  

axis is along Bo. In this coordinate system only the I, 

operator gives a contribution to the matrix element. The 

transformation of the shift tensor is performed by two 

consecutive rotations. First around the z-axis of Fig.1 over 

an angle @ and then around the y-axis over the angle 8 .  The 
a 

transformed shift tensor oL is obtained by: 



Where R (8) and R,($) are the rotation matrices and oL is the 
Y 

chemical shift tensor in the axis sy m where B, is along the 

z-axis. 

The matrix element ( 1 4 )  then becomes: 

<m 1 y~~.o' .I 1 m> = myBooL 

Where 

2 2 - 2 2 2 
OL - Oxx sin Bcos $ + o sin Bsin 4 + o cos 8 

YY zz 
2 

+ o sin Bsin2$ + ozxsin2Bcos$ + o sin28sin$ 
YX ZY 

(1.8) 

For spin I=1/2 the shift in resonance is given by yB o and 
Of=- 

eq(18) expresses the orientation dependence of the frequency 

shift. A common procedure consists of the following steps: 



1 .  Mount2he crystal in a reorientable holder with assigned 

axes (x,y,z). 

2. Orient the cryst,al employing X-ray techniques or symmetry 

arguments.  his gives the crystallographic axes (a,b,c) 

relative to the holder axes (x,y,z). 

3. Obtain NMR spectra for rotations of the crystal about 

(x,y,z) perpendicular to Bo. 

4. Analyze the rotation plots to obtain the shielding tensors 

o in the holder axes. 

5. Transform o from holder axis system to crystallographic 

axis system, and diagonalize it. This gives the 

eigenvalues oii and the orientation of the principal axis 

system (1$2,3) relative to (a, b,c). 
xb 



2. ,?-Coupling tensor 

The interaction of nuclear spins is important in high 

resolution nuclear magnetic resonance spect,roscopy; it is 

composed of a direct dipolar coupling T an3 an indirect 

interaction via electrons, J. Our NMR spectroscopic experiment 

by'itself provides the sum of direct dipolar interaction and 

spin-spin interactions 

The appropriate Hamiltonian for the interaction of nuclei 

A and B is:[61] 

where R I A  and FIB are the angular momenta of the two nuclei. 

I • ’  R is the vector joining them 

where yN is the gyromagnetic ratio of nucleus N. T is 

symmetric and traceless, i.e., T a J  = T p a  and ZT,, = 0. The 



components of T vary as R ' ~  and may have magnitudes of the 

order of lo4 or lo5 Hz. The components of J normally have 

3 magnitudes under 10 Hz ( rarely over 50 Hz for nuclei which 

are not directly bonded ) ,  and may be of either sign [61]. 

The discovery of J-coupling splittings in the NMR lines 

of liquids, made independently by Gutowsky e t  a1 [62,63] and 

Hahn and Maxwell [64,65] dates back to the initial days of 

nuclear magnetic resonance. The interaction energy could be 

expressed by: 

where h is Planck's constant and JNNl is a coupling constant 

b,etween nuclei N and N', having nuclear spin IN and I,,ql, 

respectively. The interaction between nuclear moments given in 

Eq.(22) is independent of the applied field and, in contrast to 

the direct dipolar interaction between nuclear spins, it is 

independent of the orientation of the coupled spins, and will , 

not vanish when averaged over all orientations by the rapid 

tmbling mot ions common in liquids? 

I t  was originally suggested by Hahn and Maxwell [64,65] 

that the anisotropy of this interaction might give rise to the 

~ b s e r - ~ e d  couplings. zuantitative estimates were, however, at 

2 6 



least an order of hagnitude smaller than the observed effect. 

The mechanism for coupling proposed by Ramsey and 

Purcell [ 6 6 ]  assumes that nuclear spins interact through 

magnetic polarization by the spin of nearby molecular 

electro.ns, and theoretical estimates bf this interaction are 

sufficiently large to account for the observed spectral 

features. The theoretical developments of Ramsey and Purcell 

[ 2 , 6 6 ]  form the basis of almost all subsequent work. Ramsey 

suggested three mechanisms by which the nuclear coupling could 

be transmitted, and the contribution of each mechanism to the 

hamiltonian was stated. Thus the total hamiltonian H is 

- , written as: 
--. ; 

t 
.& - .  

The first part is 

where m is the electron msss, rkN is rk-rNl and rk is the 

coordinate of the k'th electron. The first term in the 

parentheses allows for the kinetic energy of the electrans and 



their interaction as moving charged particles in the magnetic 

field of the nuclei. The remaining terms, V, HLL, HLSI HSS, are 

respectively the electrostatic potential energy and the 

electron orbital-orbital, spin-orbital, and spin-spin 

interactions, none of which involve the nuclear spin IN. 

The second term is 

and represents the.dipole-dipole interactions between the 

nuclear magnetic moments and the electronic magnetic moments. 

sk is the electron spin vector and fl is the Bohr magneton 

The third part 

is less easy to interpret in classical terms. 6(rkN) is a 

Dirac 6 function which picks up the value at rkN'O in any 

intergration over the coordinates of electron k. A term of 

this sort was introduced by Fer.mi[67] to explain hyperfine 



structure in atomic spectra. Since the 6 function depends on 

the properties of electrons at the nucleus, it is sometimes 

referred to as the cont ct term. 1 
d 

To find the nucleak-coupling energies by interaction via 

Qthe electronic system, it is necessary to treat those parts of 

the hamiltonian which depknd on IN as a perturbation on the 

remainder and carry the perturbation calculation to second 

order. The perturbation hamiltonian can be divided into the 

part involving the.interaction of the electron orbital motion 

with the nuclear magnetic moments (appropriate terms in H I )  and 

the part involving the corresponding interaction of the 
yn 

eleccron spins (H2 and H3). Therefore, the total spin coupling 

constant JNNl in Eq.(22) is,in general given by: 

Expressions for calculating these terms have bekn given 

b;y Buckingham e t  a l .  for the SOS (sum over states) method,[68] 

and the LCAO (linear combination -bf atomicr'orbitals) 

method,[61] and by Ditchfield and Ellis for the FP (finite 
-. 

perturbation) method.[69] 

.b- 
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Jj., the Fermi-contact term, arises from H 3 . \  In contrast - 
with the other contributions to coupling, the t e n s o r b  is 

symmetric and isotropic. The magnitude of J3aa arePh that 
they are ofiten the dominant contribution to the magAitude of 

total coupling tensor[61,77-781. 

J4, the spin-dipolar, Fermi-contact cross term, is 

symmetric and has zero sum for the diagonal elements. 

~amsey[2] showed that it would average to zero under the 

condition of frequent collisions. 

The coupling tensor J is therefore not necessarily 

symmetric and in general has nine components. However, 

symmetry may reduce this number. The isotropic part of J does 
-? 

not vanish. 

In the principal axis system which is defined by z-axis 

along the internuclear vector, the dipolar interactions are 

directly related to internuclear vectors. 



where r  i s  t h e  d i s t a n c e  between two s f i n s  1 and 2 .  I f  we know 

r  from t h e  c r y s t a l  s t r u c t u r e  we can c a l c u l a t q  T ,  then  us ing  

equa t ion  ( 1 9 )  we can e v a l u a t e  J .  



METHOD 

The cr,ystal to be investigated is-mounted in a nylon 

right angle, all sides of which are of equal length. The 

holder can be connected to a simple goniometer in three 

orthogonal ways. The rotation axis of the goniometer is 

perpendicular.to the external magnetic field Bo. We define an 

axis system x,y,z fixed to the holder - the holder system, 

where x,y,z are perpendicular to three faces of the holder. 

~ i g . 2  (x,y,z) fixed to the holder ' 



9, in this system can be determined by polar angle 9 and 

9 .  (see fig.1) The general equation of chemical shielding 

tensor a in this cube system can be expressed by equation ( 1 8 ) .  

In our NMR instrunent, we can define another axis system P,Bo 

and R fixed to the instrument - instrument system, where P is 

the pointer of the gonimeter; 30 is the external magnetic field 

and R is the rotational axis. 



To determine chemical shielding tensor a in the holder 

system (x,y,z), we will mount holder to the instrument in the 

following way: 

For the first rotational plot ( O l ) ,  z is parallel to the 

rotational axis 3. The magoetic field Bol is rotated in the xy 

plane. The starting position of So is parallel to y, so P i 5  

parallel to x automatically. 

- r - g .  : 4 Grientation 1 (01)  



In this case, the polar angle 8=9O0. $=90•‹+6; b is the reading 

on the gonimeter, i.e. in 01 6 is the angle between x and P. 

The observed chemical sh.ielding will be 

For the second rotational plot (02), y is the rotational axis 

and Bo is rotated in the xz plane. The starting position is 

that 5, is parallel to x and P is parallel to z ;  then the polar 

angle 8'= 90•‹+6, 4 = 0"; the chemical shielding is 

Pig. 5 Orientation 2 (02) 



For the third rotational plot ( 0 3 ) ,  x is the rotational axis 
*a 

and Bo is rotated in the y z  plane. The starting position is 

that Bo is parallel to z and P is parallel to y. 

Fig. 6 Orientation 3 ( 0 3 )  

- 



The polar angle 8 = -6, $J = 90 " ;  the chemical shielding 

tensor o is 

2 2 o = o sin 6 + o,,cos 6 - o sin26 
YY YZ 

Thus from each rotational plot, three components can be 

determined by measuring the experimental shift as a function of 

6 and using the MINUIT fitting program. After measuring and 

fitting the three rotati,onal plots, we can determine the 

chemical shielding tensor-o in the cube system i . e .  the holder 

system (x,y,z). 

We are interested in the orientation of the chemical 

shift principal axes relative to the molecular axes and 

therefore have to know the tensor components in the molecular 

system.. I t  is, however, convenient to transform first from the 

holder axis system (x,y,z) to the crystal axis system. In the 

crystal axis system the relation between tensors belonging to 

symmetry related molecules takes a partic~~arly simple form. 

Two tensors belonging to chemically equivalent functional 

groups in two molecules related by certain symmetry operation, 

should be transformable into each other by applying that 

symmetry operation. I f  not, the difference gives an indication 

of the accuracy of the measured tensor elements. 



An orthogonal crystal axis system a,b,c is defined. For 

an orthorhombic crystal, for instance, the choice of the axes 

is evident. For mclnoclinic crystal, i f  we assign. the b-axis as 

the unique axis, the c-axis of the above defined axis system 
* 

corresponds to the monoclinic c -axis. 

The transformation from the .holder axis system (x,y,z) to 
* 

the crystal axis system (a,b,c ) is performed in two steps. 

For the first step, use has to be made of one symmetry element 

of the crystal under study. For instance, in the monoclinic 
* 

system, the ac -plane is a plane of reflection, i.e. when Bo 

* 
lies in the ac -plane, all symmetry-related molecules in the ,. 

unit cell become magnetically equivalent. Each rotational plot 
* 

contains such an angle (since all planes cross the ac -plane 
0 

unless a rotation axis is fortuitously along the b-axis.) and - 

this, In principle, can be used to find the orientation of the 
* 

ac -plane relative to the holder axes [70]. Figure 7 shows the 

orietation of the holder axis system (x,y,z) in the crystal 
* 

axis system (a,b,c ) .  

1 
Step 1 :  with a rotation around the z-axis we transform to 

the primed sample axis system (x','y',z') for> which z'=z and the 
* 

y'-axis is parallel to the line of intersection between the'xy- 
* 

plane and ac -plane. Then, automatically, the x'-axis is 

located in the plane formed by the z'-axis and the 



crystallographic b-axis.  his transformation is described by 

the rotation matrix R , :  

where a is the angle between x and xl;,cr can be determined from 
* 

the first orientation plot, using the fact that the ac -plane 

is a plane of ref,lectilon in the monoclinic system. 

, - ..& Step 2: the primed sample axis system (x',y1,z') is 
* 

rotated to the crystal axis system (a,b,c by first a rotation 

over 8 around the y'-axis and then a rotation over - 4  around 

the b-axis. Th,e transformation matrices are R 2  and R 3 .  A 

posiiive rotation is define'd here as one that advances a right- 
\ 

hand screw along the axis of rotation. 



Fig. 7 Orientation o f  the Cube AX& with 

Respect to the Crystallographic Axes 
e 



The total rotation operator is now a product of three 

operators: 

Equation (36) expresses the fact that the rotation RT is 

carried out by the three successive Euler rotations. The axes 
2 

of rotations are coordinate axes of different coor-dinate 

systems. Namely, the coordinate system obtained by the 

previous rotation. We know that [71,721 a linear homogeneous 

transformation which preserves lengths and angles (unitary 

transformation V )  transforms an operator o into V U V - ' .  Thus 

the expressions of the transform matrices can be derived 

according to fig.7. 

Where 8 and 4 are the polar angles of the holder axis z in the 
* 

crystal axis system (a,b,c ).(see fig.7) 



In principle the orientation of this holder axis z (the 

first rotation axis) with respect to the crystal axis system 

can be determined by X-ray diffraction. In that case, the 
? 

problem is solved. -:sing the transformation matrices ( 3 5 )  and 

( 3 7 )  we obtain the chemical shift tensor oik) for peak k in the 

crystal axis system: 

e 

oc(k) is the chemical shift tensor for peak k in the cube 

system. I f  the crystal structure is known, the tensors o(k) can 

then be transformed to the molecular axes. Diagonalization in 
%. 

the molecular axis system, finally, yields the principal 

elements and the orientation of the principal axes relative to 

the molecular axes. 

I f  the orientation of the first rotation axis can't be P 
determined by X-ray techniques, then in many cases ?kmmetry 

arguments can be used to determine 8 and 4 .  We know that any C 
physical property of a crystal must be invariant under the 

symmetry operations of the point group of the crystal. 

Otherwise, observation of the property could distinguish among 

what are supposed to be indistinguishable directions..  his is 

known as Neumann's principle. For example, suppose that in the 

crystal two molecules 1 and 2 are related by a symmetry 



operation S, the molecules are chemically equivalent but 

magnetically inequivalent. The two chemical shift tensors in 

the crystal axis system, o(l) and ~ ( 2 1 ,  are related according 

+ to the transformation: 

From the relations 

where oc(i) is the chemical shielding tensor in the holder 

system, expressions can be found for 8 and 4 .  Once 8 and 4 are 

known, we can prdceed by transforming to the crystal axis 

system and by using crystal structure data, to the molecular 

axis system. 



Results and Discussion 

1 .  ~etermination of the chemical shielding tensors 

X 

The NMR spectra for single crystals of.compounds a, b, 

and c were obtained as a function of the angle of rotation 

about the three orthogona1,axes x, y, and z .  Representative 
t' 

I 

single crystal NMR spectra of compounds a, b,-and c are 

presented in Figures 8-10, and Figures 11-18 show the 

orientation dependence of of the 1 1 9 ~ n ,  7 7 ~ e ,  and * 5 ~ e  NMR 

li~ne positions when the static magnetic field is in the xy, xz, 

and yz planes respectively. The experimental values of the 

orientational dependence of chemical shift, 0 ( 6 ) ,  were MINUIT 

fitted to the equations 33-35, according to the orientation. 

The detailed results are collected in ~ppendix I. 

The di-tert-butyltin chalcogenides have two molecules in 

the unit cell and hence four Sn or chalcogen atoms in the unit 

cell, the space group of these compounds is pZ1/c [ 5 0 ] .  Since 

atoms related by a centre of inversion always have the same 

resonance frequency, this means that there is only one line 
* 

when the static magnetic field is in the crystallographic ac 

plane, and in any other situation, there should be two lines. 



One thing we should mention at this point, in the reference 50, 

H. Puff e t  a / .  determined the space group of compound a as P2,. 

I f  this is correct, there will be no center of symmetry, 

therefore, we should see four lines instead of two lines,when 
* 

the static magnetic field is not in ac -plane, and two lines 
* 

instead of one line when the static magnetic field is in ac - 

plane. From Figure 8., we can see that this is definitely not 

our case, so we believe that there is a center symme'ry in 

compound a .  The alternative would be space group P2, with only 

one molecule in the unit cell, but from Table 2 we can see that 

cell volumes of these three compounds are almost the same, so 

we can eliminate this possibility. 

2. Determination of the Eulerian Angles 

The orientation of a crystal' in space may be specified in 

terms of three Eulerian angles a ,  8, and 4 ,  which show the 

relationships between a set of cartesian axes ei that are fixed 

in space and another set of cartesian axes eli that are 

attached to the crystal. I n  our case, ei is the holder axis 
* 

system (x,y,z) and eli is the crystal axis system (a,b,c ) ,  the 

relationship between these two axis systems is shown in Fig.7. 



( 1 )  Determination of Angles a and I9 

The angle a in R, is the angle between x and x'. From 0, 

we can see that after R,, Bo will be along the y'-axis (the 
" 2  * - 

intersection of the ac plane and the xy plane), that means at . 
the angle a only one line appears in the Nm spectrum. Thus a 

can be read from O 1 .  This analysis produced two re'sults of the 

angle a for each determination. 
L1J 

The angle I9 can be determined by using the relationship 

bytween a plane in space and a line in space. 'From O2 and 0 3 ,  

* 
we know intersections of the ac plane with the xz plane and 

* 
the ac plane with the y z  plane (see 'Fig.5 and Fig.6), from 

these two lines and a point (0,0,0), we know the expression of 
* 

the ac plane, say it is, 

* 
the b-axis is perpendicular to the ac plane. Suppose i t  has . 

the expression 



- 

then pl,ql,rl and' A,B,C have the relation 

Angle 0 is the angle between the b-axis and the z-axis, the 

expression for z-axis is: 

so we have:. 

This method produced two results of the angle 8.fgr each 

angle a. The results are collected in Table 3. s I i  

- 
Now let us consider the equation 39, after we applied the 

, symmerry consideraticr. Gn them, the two symmetry-related 

censDrs a and o ' : ,  are re2ated by a two-fold rotational axis, i j  A 



hence w i l l  have t h e  fo l lowing  e q u a t i o n s  

From t h e s e  e q ~ a t i o n s ,  we w i l l  have a n o t h e r  s e t  of 8 f o r  

each a .  Comparing t h e ' r e s u l t s  from t h e s e  two methods we w i l l  

chcose  t h e  comncn ,sne a s  t h e  f i n a l  r e s u l t s  of a and 8.   able 4 

c o l l e c t s  t h e s e  f i n a l  r e s ' u l t s .  



Table 3. The results of angle B [ 1 
r 

a 8 ' o 2  AVE . 'n- 1 

o is the angle in R ,  (Eq.36). 8 '  is from the mathematical 

4-J 
method (Eq.52). e 2  is from the symmetry conditlons'(~~.53). 

2 
E n -  1 is standard deviation of 8' and 8 . 



Table. 4 The ~,inal Results of Angle (a,8) [ ' I  

As we can see from Table 4, the same compound will have 

the same values of angle a and 8 .  These values are independent 

of the nuclei we detect. The,angle 4 can not be determined by 

this method, due to the shortage of symmetry elements in these 
8 

compounds. 

( 2 )  Determination of Angle 4 

With the help of a two circle goniometer, we carried out 

goniometric examination of the crystal, which enables the 

angles which the various crystal faces make with each other to 

be determined [ 7 3 - 7 4 1 .  The details of the measurement are 

presented in Appendix 1 1 .  



The single crystal of compound b is platelike, the most 
x 
J 

developed face is ( 0 1 i )  illustrated in Fig. 19 

Fig. 1 9  Miller indices and morphology of 

a single crystal o f  [ t ~ u ~ S n ~ e ] ~  

The relationship between the crystal coordinate system 
* 

( a , b , c  ) and the holder system ( x , y , z )  is illustrated in 

Fig.20, using the crystallographic data o f  reference [ 5 0 ] .  



* 
F i g .  2 0  R e l a t i o n s h i p  b e t w e e n  r a , b , c  ) a n d  

( x , y , z )  o f s i n g l e  c r y s t a l  [ t B u 2 S n S e 1 2  

S i n c e  we a t t a c h e d  t h e  c r y s t a l  t o  h o l d e r  C;? s u c h  a  way 
-t 

t h a t  t h e  n o r m a l  of  t h e  f a c e  ( o I T )  i s  t h e  - x - a x i s ,  a n d  t h e  

n o r m a l  o f  t h e  f a c e  ( 0 1 1 )  h a s  a n  a n g l e  6"  w i t h  t h e  - y - a x i s ,  t h e n  

t h e  b - a x i s  s h o u l d  b e  i n  t h e  xy p l a n e  a n d  h a v e  a n  a n g l e  of  1 3 3 "  

w i t h  t h e  y - a x i s .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h a t  w e  g e t  f rom NMR 

by u s i n g  symmetry  a r g u m e n t .  I n  F i 3 . 1 5 ,  a f t e r  a  r o t a t i o n  a b o u t  

t h e  z - a x i s  by 133 ' ,  t h e  y - a x i s  w i l l  be  a l o n g  t h e  , c - a x i s  t h e n  a 

r o t a t i o n  a b o u t  t h e  c - a x i s  by 92', t h e  z - a x i s  w i l l  b e  a l o n g  t h e  

5 3  



b-axis and the x-axis will be automatically brought into the 

ac(y)-plane. The angle between the a-axis and the c-axis is 

115",[50] therefore the angle between the a-axis and the y-axis 

is also 115". A rotation about the b-axis by 115" will bring 

the y-axis along the a-axis and automatically the x-axis will - 

' be along the .c*-axis,-- the angle $ is determined to be 115". 

The single crystal - of compound c is also platelike, but 
L 

the most developed face is (T20) rather than (017). The 

relationship between (a,b,c) and (x,y,z),'is illustrated in 

Fig.21. 

Fig. 2 1 Miller indices and morphology of 

a single crystal of [ t ~ u ~ S n ~ e ] ~  



Using a digital service height gauge and a digital- t % 

& <  & - -  
&E ur 

caliper, we measured that the angle between the norma 

face (007) and the -y-axis is 6" f 2" and the angle b 

normal (720) and the -x-axis is 8" + 2". From the interplanar 

angle calculation we know that the angle between face (720) and 

face (010) is 33", so the angle between face (010) and the -x- 

axis is approximately 41". From NMR, we find the angle between 

the -x-axis and the face (010) is 42",>they are in good 

agreement. After the first two transformations, the z-axis 

will be brought 'along the b-axis, and the xy-plane and the ac- 

plane will be the same plane. The angles between the  a axis 
2% 
/" and the -c-axis and the a-axis and -the -c-axis are 6" and 6 6 " ,  

respectively. A rotation around the b-axis by an angle of 72" 

i" will bring the y-axis to the a-axis and automatically the x- 
* 

axis to the c -axis. So the 4 angle of compounds c is 72". 

3. Determination of Principal Values of Chemical Shielding in 

Crystallographic Axes 

Knowing the Eulerian angle (a,B,$), we can transform 

chemical shielding tensors in the holder system (x,y,z) to the 
* 

crystallographic system (a,b,c ) by using 'equations 36, 41, and 

44. The result is presented in Table 5. Table 6. collects the 



principal values and direction consines of D tensors in 

' crystallographic axis system. 

Table. 5 Principal Values and Direction Cosines of 

the Chemical Shift Tensors Relative to 

the Crystallographic Axes (ppm) 

principal 
values 

b ( S n 1 )  a l l  - 3 1 4  

022  204  

a 3 3  244  

b ( S n 2 )  a1 1 - 3 1 4  

a 2 2  204  

a 3 3  2 4 6  

b ( S e l )  a l l  - 7 4 5  

a 2 2  - 5 9 5  

a 3 3  - 1 7 6  

b ( S e 2 )  a l l  - 727  

0 2 2  -601 - 

0 3 3  - 1 7 6  

c ( S n l )  a l l  - 767  

022  134 

a 3 3  206  

direc&ion cosines with respect to 
c a b 



-. 
Table. 5 Continued ) 

-< 
1' 

(Sn2) all -127 

022 242 

a33 245 

I 
The standard deviation from the MINUIT are as follow: c3, ppm 
for a(Sn), k4 ppm for b(Sn), +9.ppm for c(Sn), 50.2 pprn for ; 
.b(Se), and 24 ppm for c(Te). 

, 

:?hiits we measured from Me4Snr Me2Se, and Me Te for Z 19sn, 
Se, and f5,5Te, respectively, with positi,ve va ues for high 

freque;cy shift. b 



... Table. 6 Principal Values and Direction Cosines 

of the D Tensors Relative to the 

Crystallographic Axes (Hz) 

principal direciion cosines with respect to 
values c a b 

The standard deviation from the MINUIT is + 5  Hz. 



Table 7. The Isotropic Values of the Chemical Shift 
and J-coupling 

compound SC MAS 

a (Sn*) + I  18 +I20 

SolutBn NMR 

SC: single crystal method. MAS: magic angle spinning method. 
The value of chemical shift is in ppm. 
Values in pare-nthese are J-coupling values in Hz. 

The error in these results is mainly from the error in 

angle measurements. As we see from Eq. 33-35, the error in 
P' 

:i 
chemlcal shielding and the D tensor is dependent of the 

rotation angle and the parameters of chemical shielding and D- 

coupling in the holder system. For an error of 2 2" in angle 

measurements, it may introduce an error having magnitude of the 

order of lo2 pprn (for chemical shieldings) and 3 x 1 0 ~  Hz (for D- 

coupling). 

The principal values of the tensor for the three 

compounds, presented in Table 5 show that the anisotropy, 

defined as u = 033 - li2 ( a1 1 + 022 1 ,  is quite large and 
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increased from Sn tensors to Te tensors, and from compound a to 

compound c in the case of Sn tensors. [ 197 ppm for Sn in 

compound a, 300 ppm for Sn in compound b, 508 ppm for Sn in 

compound c ,  491 ppm for Se in compound b, and 2090 ppm for Te 

in compound c 1 .  The shielding tensor of Sn in compound a is 

almost axially symmetric ! 022 033  ) .  The Sn and Se in 

compound b also display approximatelly axially symmetric 

shielding tensors. The Sn and Te in compound c are completely 

non-axially symmetric with the largest anisotropy. 

We are not able to find the di-2ction cosines of the 

principal values in compound a. The reason for this is that 
) 

the crystal faces of the single crystal are not ideal for the 

two-circle goniometer investigation, so we cannot find the c 

orientation of the single crystal in the holder system by thi's 

means. On the other hand, the crytal itself has not enough 

non-redundant symmetry elements to enable us to find the , 

direction cosines by the mathematical method we developed. 

As shown in Tab1,e 5, the principal value of the same 

nuclei in the same compound is the same, only direction cosines 

are different. This means that these two nuclei are only 

different in the orientation. Comparing the Sn chemical 

shielding in compocnd b and c ,  we found a big difference in 

0 1  1 , for the other 7 x 3  tensor elements, only small differences 



t existed. This means that oll is more sensitive to the 

substitution of X than 022 and 033. So oll is probably.the in- 

plane component close to the Sn-X bond direction or the 

bisection of the X-Sn-X angle. F om Table 7, we can see that /Y 
the isotropic values of chemical shift and J-coupling are . 

almostythe Same as those from solution NMR. This means that 

the crystal packing effects are small, so the orientations of 

the chemical shift tensors are mainly determined by molecular 

f 
symmetry. Therefore, the oll should be near the bisection of 

the X-Sn-X angle. For compound b, the 0 1 1  of Sn and the 033 of 

SF have the same orientation in the crystallographic axis 
* 

system and they are all approximatelly perpendicular to c . So 

the direction of the unique axis of compound b is the same as 

the 0 1 1  of Sn or the 033.,of Se. It is quite likely that the 
* 

c -axis is perpendicular to :the ring and the unique axis is 

parallel to the ring. 

The D tensor elements should be the same no matter what 

spectrum (Sn or Tef we measured. But from Table 6, we can see 

that tne isotropic values of.9-tensors for Sn and Te hawe a 

small difference. The 3-tensor Sn is a little bigger than 

t L - 7 1 9 of :e. This is d:e zo the insolved doublet ~n--~''~n) 

in Te spectrum, we shojld zuitipiy by 1.023 to :he isotropic 

valzes in Te spectrLT : c  Sez :he isorropic values in Sn 



The d i p ~ l a r ~ i n t e r a c t i o n  T can be e v a l u a t e d  by u s i n g  

Eq.32, and t h e  g iven  Se-Sn afid Te-Sn bond d i s t a n c e s .  The 

d i s t a n c e s  f o r  t h e s e  t ~ o  bonds a r e  2.55 1 and 2.75 1, 

I f  we know t h e  s t r u c t u r e  of t h e  c r y s t a l ,  w e  can g e t  t h e  

3 -ccxp l ing  t e n s o r  by us ing  E q .  1 9  and E q .  48-49. 

A s  shown i'n Table  6 ,  t h e  D t e n s o r ,  .unde-r t h e  

c o p s i d e r a t i o n  of t h e  e r r o r  in  measurements,  i s  n e a r l y  

i s o t r o p i c .  We can a l s o  s e e  from E q .  48-49 t h a t  T i s  not 

i s o t r o p i c ,  t h e r e f o r e ,  not  i s o t r o p i c  and t h e  degree  of 

a n i s o t r o p y  of J m u s t  be ccmparabie wi th  t h a t  of T t o  y i e l d  t h e  

i s o t r o p i c  t e n s s r .  T h i s  means t h a t  t h e  i s o t r o p i c  

Fer-l  z 9 ~ t 3 c t  term i s  ~ 3 t  t h e  3crninant c o n t r i b u t i o n  i n  t h e  J 

A s  -+ie d o ? ' =  ens* c r y s t a i  s t r u c t u r e s ,  we cannot  t r ans fo rm 

r k e  d a t a  t o  :he ~ ~ ; e c , l a r  s y s t e ~ ,  s o  we were not  a b l e  t o  r e l a t e  

. . 
n ,d- , y  5 3 t 3  i;:rr x ~ l e z 2 1 3 r  s t r ~ c t ~ r e s .  ' Although we a r e  not  a b l e  
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to get the J-coupling tensor, we still can get the isotropic 

value of J-coupling because the trace of the dipolar 

interaction T vanishes. 

-, 

4. Conclusion 

There is always a problem when using the single crystal 

method to determine the chemical shielding tensor in the 

crystallographic axis system, that is, when measuring the NMR 

spectrum, we need a big crystal to get a good siganal to noise 

ratio in a relatively short time, but this will make us unable 

to figure out the crystal orientatio'n because we cannot easily 

use X-ray diffraction. Although the Laue back reflection 

method and the two circle goniometer method in principle can 

solve this problem, they require a more strict requirement on 

crystal than NMR, and also those methods need experience. 

We developed a mathmetical mathod which enables us to 

solve this problem by using the NMR data and some lattice data 

of the crystal. This mathematical method is limited by the 

symmetry element in the crystal. When the symmetry operation 

applied to the holder axis z does not change one of the angles 

'6 or 9 ,  then this particular angle cannot be determined. 



Therefore an additional symmetry element has to be-used. I f  we 

cannot find this additional symmetry element then we are not 

able to get all these three Eulerian angles. 

The results of our coup1 ing tensor indicate that the 

Ferrni contact terms in 1 1 9 ~ n ,  7 7 ~ e ,  and l Z 5 ~ e  are not the 

dominant contribution in the J-coupling tensor contrary to 

previous result's[61,77-781. The isotropic values of chemical 

shift tensor and J-coupling tensor from our experiment are 

nearly the same as those from solution NMR, so the crystal 

packing effects in-these compounds are small. 

5. Future work 

The purpose of our work is to relate the chemical shift 

tensor and the J-coupling tensor to the molecular structure, 

which will enable us to relate these tensors with the 

electronic environment of the nuclei in the molecule. So the 

next thing to do is to determine the structures of these 

compounds. On the other hand, it is valuable to determine 

these tensors in a series compounds with different structures. 

This will give us important information on the shift 

tensor/structure relationships. For this investigation, the 

six-ring compounds (Me2SnX)3 or the non-ring compounds 

R3Sn-X-SnR3 are a good choice. 



; he ore tical caculation is another worthy work. From 

these caculations, we can haveea further insight of the nature 

of chemical bonding and its relationship with molecular 

symmetry. 



Figures 8 t o  18 

Fig 8. '19sn NMR spectrum of a [tEIu2snsl2 single crystal 

when Bo is in xz-plane 

Fig 9a. '19sn NMR spectrum of a [tBu2SnSe12 single 

when Bo is in xz-plane 

/--" 

Fig 9b .  " ~ e  NMR spectrum of a [tBu2SnSe12 single crystal 

when BO is in yz-plane 
\ 

Fig 1Oa. '19sn NMR spectrum of a [ t ~ u ~ S n T e ] ~  single crystal 

when Bo is in xy-plane 

Fig l o b .  1 2 5 ~ e  NMR spectrum of a [tBu2Sn~elZ single crystal 

when BOis in xz-plane 

Fig ll(a-c). Angular dependence of '19sn NMR lines in ( 01-03 ) 

for a single crystal qf [tBu2SnSI2 

Fig 12(a-c). Angular dependence of '19sn NMR lines in ( 01-03 ) 

for a single crystal oi [tBu2SnSeI2 



Fig  1 3 ( a - c ) .  Angular dependence of ll'sn NMR l i n e s  i n  ( 01-03 ) 

f o r  a  s i n g l e  c r y s t a l  of [tBu2SnTe12 

C 
Fig  1 4 ( a - c ) .  Angular dependence of " ~ e  NMR l i n e s  i n  ( 01-03 ) 

f o r  a  s i n g l e  c r y s t a l  of [ tBu2SnSeI2 

Fig  1 5 ( a - c ) .  Angular dependence of 1 2 5 ~ e  NMR l i n e s  i n  ( ' 0 1 - 0 3  ) 

f o r  a  s i n g l e  c r y s t a l  of [ tBu2SnTeI2 

Fig. 1 6 ( a - c ) .  Angular dependence of D(Sn-Se) c o u p l i n g  i n  (01-03)  

1 9 s n )  f o r  compound b ( d e t e c t  

F ig  1 7 ( a - c ) .  Angular dependence of D(Sn-Te) c o u p l i n g  i n  (01-03)  q 

f o r  compound c ( d e t e c t  1 9 s n )  

F ig  1 8 ( a - c ) .  Angular dependence of D(Sn-Te) coup l ing  i n  (01-03)  

f o r  compound c ( d e t e c t  2 5 ~ e )  





























































A P P E N D I X  I 

In this appendix we collected all the data from NMR . I 

measurements of single crystals of di-tert-butyltin 
/ 

chalcogenides compounds, and data after MINUIT fitting. The 
?h 

tensor elements of each nuclei are also collected. PI  and P2 
- - 

in Table 1 to Table 8 of this ~ p ~ e n d i x  stand for peak 1 

position and peak 2 position in NMR spectrum, respectively. 



T a b l e  1 .  Sn Chemical Shift in Compound a (ppm) 



T a b l e  1 .  Con  t i n u e d  



Table 2. S n  Chemical Shift i n  Compound b (ppm) ' 

0 1 Angle 
0.00 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
TO. 00 
80.00 
90.00 
100.00 
110.00 
120.00 
130.00 
140.00 
1 5.0 . 00 
160.00 
1,70 .OG 
180.00 

02Angle 
0.00 
10.00 
20.00 
30.00 
40.00 
50.00 

PI (EXP) 
225.09 
202.34 
'170.69 
133.77 
90.89 
59.88 
32.19- 
13.47 
9.26 
17.44 
38.14 
68.93 
105.09 
145.91 
182.56 
209.05 
227.50 
233.48 
225.97 

P,1 ( EXP ) 
-157.53 
-54.27 
36.1 1 
120.74 
178.97 
214.13 



T a b l e  2. Continued 



Table 3. Sn Chemical Shift in Compound c (ppm) 

01 Angle 
0.00 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 
100.. 00 
110.00 
120.00 
130.00 
140.00 
150.00 
160.00 
170.00 
180.00 



T a b l e  3 .  

.. 
~ o n t  inued 



Table 4. Se Chemical Shift in Compound b (ppm) 

01 Angle 
0 . 0 0  

1 0 . 0 0  
2 0 . 0 0  
3 0 . 0 0  
4 0 . 0 0  
5 0 . 0 0  
6 0 . 0 0  
7 0 . 0 0  
8 0 . 0 0  
9 0 . 0 0  

1 0 0 . 0 0  
1 1 0 . 0 0  
1 2 0 . 0 0  
1 3 0 . 0 0  
1 4 0 . 0 0  
1 5 0 . 0 0  
1 6 0 . 0 0  
1 7 0 . 0 0  
1 8 0 . 0 0  

0 1 Angle 
0 . 0 0  

i o . 0 0  
2 0 . 0 0  - 

3 0 . 0 0  
4 0 . 0 0  
5 0 . 0 0  
6 0 . 0 0  
7 0 . 0 0  
8 0 . 0 0  
9C. 00  

1 0 0 . 0 0  
110.OQ 
1 2 0 . 0 0  
1 3 0 . 0 0  
1 4 0 . 0 0  
1 5 0 . 0 0  
1 6 0 . 0 0  
1 7 0 . 0 0  
1 8 0 . 0 0  



Table 4 .  Continued 



Table 5. Te Chemical Shift i n  Compound c (ppm) 



Table 5 .  Continued 

P2 ( THEOR ) 

- 1218 .74  
-1220 .81  
- 1  197 .88  
- 1  152 .73  
- 1 0 9 0 . 7 9  
-1019 .55  

-947 .58  
-883 .58  
-835 .27  
- 8 0 8 . 4 6  
-806 .39  
- 8 2 9 . 3 2  
-874 .47  
-936 .41  

- 1007 .65  
-1079 .62  
- 1  143.61 
- 1  191 .93  
-1218 .74  



Table 6. Sn D-Coupling in Compound b (Hz) 



'Table 6 .  Continued 



Table 7. Sn D-Coupling in Compound c (HZ) 

0 1 Angle 
.o. 00 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 
100.00 
110.00 
120.00 
130.00 
140.00 
150.00 
160.00 
170.00 
180.00 

02Angle 
0.00 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 
100.00 
110.00 
120.00 
130.00 
140.00 
150.00 
160.00 
170.00 
180.00 



Tab le  7 .  Cont i n u e d  =-.. . C  



Table 8. Te ' D - C O U ~ ~ ~ ~ ~  in Compound c (HZ) 

0 1 Angle 
0.60 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
8g .oo 
90.00 
100.00 
1 10.00 
120.00 
130.00 
140.00 
150.00 
160.00 
170.00 
180.00 

02Angle 
0.00 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 
100.00 
110.00 
120.00 
130.00 
140.00 
150.00 
160.00 
170.00 
180.00 



Tab le  8 .  Continued 

THEOR 

54 .50  
6 2 . 6 8  
5 6 . 0 0  
3 5 . 2 8  



T a b l e  9: Sn C h e m i c a l  S h i f t  T e n s o r  of Compounds a I 
i n  Cube S y s t e m  ( x , y , z )  ( P P ~ )  

T a b l e  1 0 .  Sn C h e m i c a l  S h i f t  T e n s o r  of  Compound b 

i n  Cube S y s t e m  (x,y,z) ( P P ~ )  



Table 1 1 .  Se Chemical Shift Tensor of Compound b 

i.n Cube System (x,y,z) ( P P ~  ) 

Table 12. Sn Chemical Shift Tensor of Compound c 

in Cube System (x,y,z) ( P P ~) 



 able 13. Te Chemical Shift Tensor of Compound c - 
in Cube System (x,y,z) (PP~) 

Table 14. Sn D-Coupling Tenscr a f  Compound b 

in Cube System (x,y,z) (HZ) 



Table 15. Sn D-Coupling Tensor of Compound c 

in Cube System (x,y,z) ' (Hz) 

Table 16. Te D-Coupling Tensor of Compound c 

in Cube System (x,y,z) (Hz) 



APPENDIX I I 

The Goniometer Measurement of Single Crystals 

of [ t - ~ u ~ S n S e ] ~  and [ t - ~ u ~ ~ n ~ e ] ~  

A 

The arrangement sketched in Fig.1 will se-rve to 

illustrate the principle of two circle goniometer. 

.& . 

. L ., Fig. 1 The ~rinc'i~le of Two, Circle'Goniometer 



The disc C ,  which can be rotated about the fixed vertical " 

axis A ,  carries a second disc C 2  par llel to the axis of A l .  2 
The rotational axis A 2  which/ perpendicular to the disc C 2  

carries the crystal. By turning the crystal through the 

required angles about the two axes, each of the crystal faces 

could be brought in turn into the reflecting position. The 

pole of a face will be determined relatively to the system by 

the co-ordinates 9 and 8 .  The numerical valuesof these two 

angles are.equal to the readings of the circls C 2  and C 1  

respectively at the moment which the face is correctly 'set'. 

With the help of values q and P determined in this way, a 

stereogram can be constructed. Transferring data from the 

goniometer to the projection is direct and simple, for readings 

on the horizonal circle, i e  C , ,  of the goniometer correspond 

to radial distances from the center of the projection and 

readings on the vertical circle, i . e  C 2 ,  correspond to - 
azimuthal positions around the center. Using the crystal data 

published in reference [50], we can construct the interplanar 

angle table. With the aid of the table of interplanar angles, 

one can find the orientation of the crystal, by determining 

xhich calculated interplanar angles match the experimental 

ones. The detailed theories of the goniometer and stereogram 

caz be found in references [ 7 3 . 7 4 ]  



*, 

The results are listed in the following tables. 

Table 1 .  Data from Goniometer Measurement 

Compound b Compound 

Face 

A 

B 

C 

D 

Face 



Table  2 .  The I n t e r p l a n a r  Angles [."I 

I .  Compound b 

Face A B C D 

A 72 2  1 0 5  

B 71 9 6  

C 107  

D i s  ( 0 1 T ) .  A and C a r e  

2 .  Compound c 

Face A B C D  

- -- -- 

Face 1 0 0  01 1 0 l T  

100  7 3 7 2 

01 1 9 6  

0 1 0  9 0  4 3 4 3 

t h e  same p lane  ( l o o ) ,  B i s  ( 0 1 1 )  

- 
F a'c e  1 1 0  0 0 7  1 2 0  

' 110  1 0 9  8 5 

D i s e ( 7 2 3 ) .  A a r 3  C a r e  t h e  same p lane  ( 1 1 0 ) .  B i s  ( 0 0 7 ) .  
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