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ABSTRACT

119 77

The chemical shielding tensors ofuthe Sn, Se, and
1257 nucleiyin single crystals of [tBu2SnS]2, [tBuzénSe]z, and
[tBuZSnTe]2 were determined by employing high=resolution solid
state NMR techniques. From our NMR data, the orientations of
the two-fold screw rotational axis of thése compounds in the
holder axis system are determined. A two-circle optical
goniometer was also used to perform crystallographic
investigatioijgf these single ctystals which gave us the
orientations of these single crystals in the holder system.

The results from these two sou;ces are compared and found inm
good agreement. A mathematical method employing symmétry
arguments has been developed to assign the corfespgnding
principal axes to the crystal frame. This mathematical method
can be used to find the three Eulerian angles gn the
transformation of the holder system to the crystallographic
axis system, if the crystal we investigate has endugh non-
redundant symmetry elements. Some speculations have been made
about the orientations and the principal values of thé chemical
shielding ﬁensors in Telatiop to the molecular structures of

the compounds. J-coupling tensors ( JSn—Se and JSn—Te ) for

these compounds are also investigated.

111



The results of our coupling tensor indicate that the

1}9 77 '257e are not the

Fermi contacf terms in Sn, Se, and
dominant contribution in the J-couplin§~tensor. Tﬁe isotropic
values of chemical shift tensor and J—cbupling tensor from our
experiment are nearly the same as th059/fr?m solution NMR, so

the crystal packing effects in these compounds are small (710

ppm) .
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INTRODUCTION

The chemical shift arises from the electronic screening
of the nucleus by the surrounding electrons. Since this
screening is a three—dimensional quantity, the chemical shift
will be anisotropic. As the anisotropy in shifts results from
the distributioﬁ‘of electrons surrounding the nucleus, chemical
shift tensors giﬁe‘new info?%ltion about electronic strucgure
and/pgesent 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
external magnetic field. (In nonviscous liquigs, however, only
the average of the principal values of the tensors, 1i.e. fhe
1sotropic liquid shift, 1s observed due to the averaging from
the rapid rotational motion, and empirical chemical
shift/structure relationships have made soiution NMR the most

widely used technique for the-.elucidation of unknown

structur s



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
information of i1sotropic shifts available from conventional ‘
liguid experiments. Therefore the comparison with theoretical
caculations 1s 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
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
orlentations of the principal‘aXes of the chemical shielding
tensors and their magnitudes are also sensitive to the

molecular comformation, molecular motion and the strength of

any intermolecular hydrogen bonding involved.

Studies of electron—éoupied spin-spin 1nteractions which
are observed 1n nuclear magnetic resonance spectra of liguids
are of considerable interest because of the Stfong dependence
of these 1nteractions on the electronic environments of the
coupled nuclei. 1In attempting to correlate this wealth of
information with other physical properties of molecules, many
theoqiijcal studies have been made. In spite of the
theoretical and computational difficulties of such
calculations, a surprising degree of success has been achieved

2



in the correlation of measured spin-spin coupling constants

"with molecular orientation, substituent effects, and other

properties. [1]

The 1ndirect electron-coupled spin-spin 1nteraction
between two nuclei (J coupling) is also anisotropic,[2]

described by a second rank tensor J:
H, =1 e J o 12 (1)

This coupling 1s usually observed as its 1sotropic average J

observed 1in liquids.

J: = 1/3 & Tr J (2)

150
S
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 eilgenvalues and
eigenvectors of the coupling tensor potentially provide much
.- more stringent tests than the angular average coupling 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 1tself has done.



PREVIOUS MEASUREMENTS

So far, most of shielding tensor works have studied 1H,

and '3c. Some dealt with 1gF,‘ 31?, and 29si. 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
[5-7] 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’
aliphatic-, aromatic-, olefinic-, and carboxylic- bonding
situations to look for a relation between bonds and the tensor

?

properties of shifts.[5]

13

Carbon-13 shielcirg tensors The biggest supply of C

shielding tensors has been furnished by Pines, Waugh and co-
workers[8,9] applying cross-polarization technigues. Shielding
tensors of '3C in various kind of functional groups can be

found in ref.[10]. A detailed discussion of 13

C shielding
tensors may be found in the reviews of Spiess [11] and Veeman

[12].



Recently, the papers on the chemical shielding tensor are

mainly in the following aspects.

1. Determination. of the chemical shielding tensor of a
specific compound.

109

Looser and Brinkmann investigated Ag chemical shift in

RbAg,ls, KAg,Ig, Ag I, W0, and Ag3Brs.[13]
Brownlee and co-workers in&eégigated 9SMo in
[Mo(CO)¢_, (pyridine) ] complexes.[14]

31P chemical

Van Calstern and co-workers determined
shielding tensor in 2-aminothylphosphonic acid. [15]
2. Use chemical shielding tensor as a probe to investigate

molecular structures, intermolecular or intramolecular

interactions, and molecular motions.

Haeberlen and co-workers investlgated and determined
principal components and direction cosines of the proton
shielding tensors of waters of hydration in single crystals
of Na,Fe(CN) NO®2H,0O [16,17] and K,(C,0,)®H,0 [18].

Variable temperature studies of these crystals revealed

AP

motions of the H, 0 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

5



~ ~
monohydrate. T
13C‘shielding tensors in single crystals of dimedone
(5,5-dimethyl-1,3-cyclohexanedione) [19] and
tetraacetylethanel[20] are determined in a study of the
effects of the intermolecular hydrogen bonding on the
carbonyl carbon in dimedone and the effects of
intramolecular hydrogen bonding on the cafbgnyl and
aajacent carbons in the acetylacetonate residues in the
second compound., The two important effects are that (a)
the shielding .tensor component along the C¥=O bond
direction shows a strong deshielding (750 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 3¢ nuclei in
Meldrum's acid (2,2-dimethyl-1,3-dioxane-4,6-dione) were
also determined.[21] The tensors of two ester carbon
nuclel in Meldrum's acid were compared with each éther and
also with theose of the carboxyl carbon nucle1i in Malonic
acid. Takegoshi and McDowell assumed that differences 1in
the tensors of the two ester carbon nuclel are attributed
to the different intermolecular C=0---H—C 1nteractions
reported in an 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 by
180°, and the associated activation energy was determined:

to be 91.4 kJ/mol.

Floch and Pannetier used 'H NMR to investigate the defect
pyrochlores H,Ta,0,, HTaWO, and their hydrates.[24]

20571 NMR spectroscopy is a good

Hinton and Metz showed
technigue for studying the interaction between antibiotic

ionophores and metal cations.[25]
Combination with theoretical calculations.

Facelli and co-workers showed that the combination of low-—
temperature '3C NMR with guantum mechanical calculation of
the chemic¢al shielding tensors is very valuable to validate
the ab initio wave functions which provide information on
the electronic structure of small organic molecules.[26]
Studlies on carbon atoms in a wide range Q%abonding
situations have been completed, includiné methyl groups
[27], methine carbons([28), methylene carboﬁs[29j and
olefinic carbons [30]. Other studie& have looked at

7



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-

3¢ shielding

workers reexamined the relationship of
tensors with an anisotropic wn-electron charge distribution
on aromatic compounds by using available 3¢ tensorial
information [33] on C7H7+, CeHg and C5H5~. They

also found that the experimental 13C shielding tensors also
can be used as a powerful tool in the analysis of the |

degree of delocalization of wm-electrons in aromatic

compounds.[26]

"H NMR line

amm and Hunter have made an investigation on
shape of the anhydrous alkali metal hydroxides. They
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

13 17

spin-spin coupling constants 1in the C and O NMR

spectra of carbon monoxide and carpéhidioxide and compared

experimental results with theoretical calculation.[35]



The pioneering work on J-coupling aﬁisotropy was done by
Tutunjian and Waugh.[36] They determined the 31p_3
coupling tensor from a single crystal NMR study of
tetraethyldiphosphine disulfide. Jokisaari et a/. determined
anisotropy of the indirect '3c-'9F spin-spin coupling of methyl

3¢ in nematic liquid crystal.[37] The topic of J

fluoride-
coupling anisotropy from NMR spectroscopy of molecules oriented
by ligquid crystal solvents has also been reviewed by these
workersr[38]. Emsley et al.'reviewed the coupling éonstants 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].

[ )

p spin-spin



THE OBJECTIVE OF THIS RESEARCH WORK

Mutiple pulse NMR and Cross-polarization oﬁidilute spins
are the most prominent techniques for evaluating the chemical
shielding tensor o of nuclei in solids. Othet methods for
partial determination of the chemical shielding tensor, like
the "second moment" ahalysis; the NMR of partially oriented
molecules dissolved in clathrates or liquid crystals are mostly
unreliable. Reviews of these methods have been given by
«Bastiaan et a/. [42], Emsley and Lidon [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.[45,46]

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 vefy
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. 1In an MAS
experiment, the powder pattern breaks up into a relatively
narrow line at the isotropic chemical shift (the centerband)
and sidebanas at distances nwp (n = 1,2,000; wp 1s the spinning
frequency) from the centerband. The intensities of the
sidebands are‘¥eléted in a complicated way to.the spinning
frequency wR‘and the chemical shift tenscr parameters [(47].

Therefore, the principal values of the shift tensor can be

determined from the sideband intensities.[48]

Use of single-crystal spectroscopic techniques provides a
-fédperior method for obtaining both principal tensorial values
as well as the orientation of the corresponding principai 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 presenﬁ research, the single~crystal method is
used to measure the chemical shielding tensor of

119 19Sn77

snsl,, [(t~Bu)21

[(t-Bu)2 Se]2, and

[(t-Bu)21195n125Te]2;

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 onl? partiél data available) [50].
A mathematical method empioying symmetry arguments has been
developed to assign the corresponding principal axes to the

crystal frame.

J-coupling ( Jen-se and Jgn-Te ) 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
tBU\\S - X \S _tBU (b), X=Se
tBu— n\ X n\fBu : (c), X=Te

by the following routes according to references [49,50].

4NaBH, + 2X + 7TH,O0 —— > 2NaHX + Na2B 0o, + 14H2

4 2 4-7

2NaHX + 2tBu25nC12 — % 2NaCl + [tBuzsnX]2 + 2HC1
X = Se, Te

and

2tBu25nC12 + 2Na25 ———» 4NaCl + [tBu25n5]2

N



Single crystals of [tBuZSnx]2 were grown by slow
evaporation from a saturated hexane solution at ambient

- temperature.
The crystals are monoclinic having two molecules in the
unit cell [50]. The crystal data from reference [50] have beem

listed in Table 1 and Table 2. <

Table. 1. Lattice Constants

g cell_vol. space
(&) [51 (%] [°] (R3] group

af51] 11.05 16.50 6.31 96.2 1144.7 P2,-C,
b(52] 8.77 12.25 12.01 114.8 1172.5 P2,/c=Cyy
c[53] 8.74 12.50 12.14 114.0 12131 Pz]/c—c2h

. 7 .
Errors 1in theﬁi\values are not available.

Table. 2. Bond Lengths [&] and Angles [°]
Sn-X Sn-C XSnX SnXSn CSncC
a 2.49 2.38 2.21 2.17 94.3 84.0 114.4
2.47 2.42 2.23 2.26 94.0 - 87.6 117.3
b 2.55 2.16 2.20 97.5 82.5 115.1

"Errors in these values are not available.



NMR spectra were obtained at ambient temperature by
1
proton-enhanced nuclear induction spectroscopy using a FT
spectrometer constructed in this laboratory. The cfystal was

attached to a single-circle goniometer. The goniometer could

be read with an accuracy of $2°.

Spectfa were recorded at 22.38MHz, 11.4405MHz and

19 e77 125.

18.914MHz, respectively, for sn' , S The cross-

and Te
polarization thhngque 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 Me,Sn, H,5e0; and ph,Te, for

Sn119, Se77 and Te125, respectively} Calculations were
performed to change references from H,SeO4 and phzTe2 to Me,Se
77 and Te125 spectra,

and Me,Te, respectively, in the case of Se

-

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].



spin with the surrounding electrons. When a magnetic field is

THEORY

1. Chemical Shielding Tensor

In a nuclear magnetic resonance experiment, the resonance
frequency of a nuclear spin I is determined& not by the

gyromagnetic ratio but also by the interaction of the nuclear

applied to a sample, a precession 1s superimposed on the motion e
-

of all electrons in the sampie. This :3;ation of the electron #

cloud will give rise to a secondary magnetic field at the

nuclei which for sphérically symmetric molecules, opposes the

external magnetic field, and this causes a shielding of the

nuclear spins from the external magnetic field.

In molecules where the electron distfibution 1s 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 1s not parallél to the applied field

BO.

16



The quantum mechanical expressions for shielding can be
derived from second-order perturbation theory. The classical
energy/of interaction between a magnetic moment Mo and a

magnetic field BB is given by
E = Zua(I-oaﬁ)Bﬁ ( a,B = x,y,2) , (3)

It can be shown that the shielding tensor can be expressed in

the ‘following differential forms:

5%E 52E
0uB = = , (4)
6Bﬁ6ua 6“a6BB
5°E 5°E
o = = (5)
Sa
6Ba6uﬁ 6uB6Ba

It is clear that these two expressions are not

an asymmetry may exlst. So o must

necessarily equivalent
be represented by a 3x3 matrix . In a coordinate system X,y,z
ried to the frame of the molecule under consideration, the

chemical shift tensor is represented by nine components:

Ixx Ixy Ixz 1
g = g g a. . : (6)
[ Tyx Oyy Oyz } .

zZx “zy "2z



It is convenient to express the shift tensor as sum of a

d

"diamagnetic part" ¢ and a "paramagnetic part" oP.[55,56]

o = od + op< (7)

The diamagnetic part od of the chemical shift has the

following explicit form:[57]

X 2
: u e r.<é - r. r.
0;% N Tt op .;a LN oéi (8)

3
4 7 2me i ry

where Ho is the permeability of free space and sy is the
position vector of the ith electron relative to some origin

( usually chosen at the nucleus of interest ); Saﬁ is the
Kronecker delta and < > implies an average over the appropriate
stationary state ( normally the ground state ). It is obvious
from inspection that the diamagnétic term can be represented by
a symmetric second rank tensor with maximum of six components.

However, the paramagnetic part oP is nét necessarily symmetric.

P Ho e’ - 3
Opg = ~ Z {(Eg-Ey) <O|;Lai|k><k|;Lﬁi/ri | 0>
dn 2mg 1 1 1
+ <0|;L5i/ri3|k><k|Lﬁi|0>} (9)
i



where L ; is the a component of the angular momentum operator
of electron i about the nucleus under consideration. E, is the

energy of the state |k>.

The "diamagnetic" term U:B contains only matrix elements

involving the ground state wavefunctions, whereas, the
"paramagnetic" term, resulting from second order perturbafion
theory displays the "mixing in" of excited states into the
ground state dﬁéAto'the vector potential of the magngtic field.
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,

= Uéaﬁ + oaﬁs + UaBa (10)

OB

Where

o = 1/3 2077 (11)



= 1/2 (Oaﬁ + o ) - o6a5 : (12)

Oaﬁa 1/2“( g, - o ) = - oﬁaa (13)

~" The physical property described by this tensor is
observed through the energy E in equation (3). However, only
the symmetric parts of o occur to the first order in the
energy; for the anti-symmetric parts Oaﬁa' it has been shown
(58-60] that it affects the NMR line positions only in éhe
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]. Whén only the

symmetric part of o is considered, six unknowns have to bé~

determined before the complete tensor is known.

By a suitable choice of coordinate system, the principal
axis system x',y',z', o may be converted to a diagonal form

x'x ' Uy'y" O 11 These serve

with three principal elements o
to characterize the three-dimensional nature of the shielding.
The principal axis systems, one for each nuclear spin, are
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‘fixed to the molecular or crystal frame, at least as long as
the molecule is rigid. The chemical shift tensor is completely
characterized when the three principal elements a:é the
directions of the threeAprincipal 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 the point group.

When anisotropic interactions are present, the position
of a spin resonance line depends on the orientation of the
external magnetic field B, relative to the molecular or crystal
axes. We can derive an equation for the resonance frequency of

. . Vs .- :
a certain spin as a“function of the angles the external field

B, makes with the axes of some coordinate‘system.

The shift of the eigenstate |m> of the Zeeman Hamiltonian

in the presence of chemical shielding is:
<m|yB ®oel|m> (14)

The chemical shift tensor ¢ is defined in some axis system
x,y,2, according to (6). The field B, 'in this system is

defined by polar angles % and ¢ (Fig.1)



Z
A
o
|
!
!
6 n
|
!
i
' JE
. >
, Y
X
Fig. ' B_ in (x,y,z) system

O

The matrix element in (14) can be easily evaluated when
the shift tensor is transformed to an axis system where the z-
axis 1s along B,. 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 6f Fig.! over
an angle ¢ and then around the y-axis over the angle 6. The

e _ . .
transformed shift tensor op 1s obtained by:
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Where R_(6) and RZ(¢) are the rotation matrices and or, is the
chemical shift tensor in the axis sygé;m where B is along the

Z-axis.

cos¢ sing 0
Rz(¢) = [ -sing cos¢ 0 ]
L 0 0 1
(16)
cosé 0 -siné@
R, (6) = [ 0 ] 0 ]
siné 0 cosé

The matrix element (14) then becomes:

<m|yB_ ®o'eI|m> = myB oy, | (17)

*

Where

29cosz¢ + oyysinzesin2¢ + ozzc0529

LD ) . .
«Sin©6sin2¢ + GZX51n29cos¢ + 02Y51n2951n¢ (18)

OL = OXXSIH

+

Ty

For spin I1=1/2 the shift in resonance is given by 7Bogk_an&
eq(18) expresses the orientation dependence of the frequency

shift. A common procedure consists of the following steps:
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Mount®the crystal 1n a reorientable holder with assigned

axes (x,y,z).

Orient the crystal employing X-ray techniques or symmetry
arguments, This gives the crystallographic axes (a,b,c)

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

Obtain NMR spectra for rotations of the crystal about

(x,y,z) perpendicular to B.

Analyze the rotation plots to obtain the shielding tensors

o0 1n the holder axes.

Transform o from holder axis system to crystallographic
axis system, and diagonalize it. This gives the
eigenvalues o:: and the orientation of the principal axis

11

system (1%@,3) relative to (a,b,c).

ES
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2. J-Coupling tensor

The interaction of nucledr spins is important in high
resol&tion nuclear'magnetic resonance spectroscopy; it is
composed of ‘a direct dipolar coupling T and an indirect
interaction via electrons, J. Our NMR spectroscopic experiment
by itself provides the sum of direct dipolar interaétion and

spin-spin interactions

DEXP = 7 + g ' (19)

The appropriate Hamiltonian for the interaction of nuclei

A and B is:[61]

_ _ A B
Hyp = Rl ®(T+J)elp = ZRI “e(T 5 + JaB)OIﬁ (20)

where NI, and hlg are the angular momenta of the two nuclei.

If R is the vector joining them

R
o 2 _ -5 :
1a¥g( R 6a5 3RaR5 )R (21)

T . =
od 27

where v, 1s the gyromagnetic ratio of nucleus N. T 1is

symmetric and traceless, 1l.e., Taﬁ = TBa and ZT,, = 0. The
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components of T vary as R and may have magnitudes of the

order of 10% or 10° 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 et a/ [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:
ENN‘ = ZhJNNV.IN.INV (22)

where h 1s Planck's constant and Jyn' 1s a coupling constant
between nuclei N and N', having nuclear spin Iy and Iygr,
respectively. The interaction between nuclear moments given in
Eq.(é2) 1s independent of the applied field and, in contrast to
the direct dipolar interaction‘between nuclear spins, it is
indepehdent of the orientation of the coupled spins, and will |
not vaﬁish when averaged over all orientations by the rapid

tumbling motions common in ligquids?,

It was originally suggested by Hahn and Maxwell [64,65]
that the anisotropy of this interaction might give .rise to the
observed couplings. Quantitative estimates were, however, at
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least an order of magnitude smaller than the observed effect.

The mechanism for coupling proposed by Ramsey and
Purcell [66] assumes that nuclear spins interact through
magnetic polafization by the spin of nearby molecular
electrons, and tﬁeoretical estimates of this interaction are
sufficiently large to account for the observed spectral
features. The theoretical developments of Ramsey and Purcell
[2,66] 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:

The first part is

Hy = E(1/2m)[(ﬁ/i)vk + (e/C)§57NIN B 0/t )12

*+ V4 Hyp + Hpg + Hge (24)

where m 1s the electron mtss, ryNy 1S rpry, and r, is the
coordinate of the k'th electron. The first term in the
parentheses allows for the kinetic energy of the electrans and
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their_interactioh as moving charged particles in the magnetic .
field of the nuclei. The rema;nlng terms, V, HLL’ HLS' 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 Iy.

The second term is

H2 = 2[3Hi: §7N{3.(IN.rNk)(Sk.rkN)rkN—S

-3

(IN.Sk)rkN }

and represents the-dipole-dipole interactions between the
nuclear magnetic moments and the electronic magnetic moments.

Sk is the electron spin vector and 8 is the Bohr magneton

eh/2mc.

The third part

lorn
Hy = — BRE Z yy6(r, y)s, oI (26)
37 AN Rk Sk I |
is less easy to interpret in classical terms. S(rpy) is a

Dirac & function which picks up the value at ryy=0 in any
intergration over the coordinates of electron k. A term of

this sort was introduced by Fermi[67] to explain hyperfine
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™~

structure in atomic spectra. Since the § function .depends on
the properties of electrons at the nucleus, it is sometimes

referred to as the cont%ct term.

To find the nuclea —coupling energies by interaction via
¢the electronic system, it is necessary to treat those parts of
the hamiltonian which depénd on I, as a perturbation on the
remainder and carry the perturbation calculation to second
order. The perturbation ha%iltonian can be divided into the
part involving the.iéteraction of the electron orbital motion
with the nuclear magnetic moments (appropriate terms in H,) and
the part involving the corresponding interaction of the

3

electron spins (H, and Hy). Therefore, the total spin coupling

~constant Jyyr in EQ.(22) is, in general given by:

Jy *dy +Jg * J, S 20

Expressions for calculating these terms have been given
by Buckingham et al/. for the SOS (sum over states)tmethod,[68]
and the LCAO (linear combination -6f atomiciorbitals)

method,{61] and by Ditchfield and Ellis for the FP (finite

perturbation) method.[69]
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J, is the spin-orbital term. It arises from the
interaction of the orbital electronic currents with the nuclear
magnetic moments. The caculation of J, which arises from H,
depends only on a knowledge of the unperturbed wavefuction. It

is in general nonsymmetric, the magnitude of this term is

always small [39]

ezﬁ _3 _3
J«l = —__2— 7N7N.(OtzrkN0rkerkN rkN. |0)
3mmc k
4 -1
X (28)

- BzﬁvaN. (B, - E.)
3m

-3 -3
LOIZZryy “ryye Tlrgy 2 V) e(rggxvy]0]
k3 _

Y the spin-dipolar term, arising from the direct
magnetic dipole interaction betweem electronic and nuclear
spins (hamiltonian H2), 1s a second-order term, nonsymmetric
and has non-zero diagonal and off-diagonal terms.

R

J, = —(28
2
37

)2
"3 (29)

. -5 )
{Ol[3(5k.rkN)rkNrkN - SkrkN

-5 -3
4?_ [B(Sj.er')er'er' - Sjerv ]lO}
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J3j the Fermi-contact term, arises from H3. Iﬁ contrast
with the other contributions to coupling, the tensor 3 is
symmetric and isotropic. The magnitude of J34q @F€ sych that
they are often the dominant contribution to the maghitude of
total coupling tensor(61,77-78].

5 167nf8

- - 2 _ -1
Jg = ( ) YNy LLZ (E Eo) X
3n 3 nk)

[Olé(rkN)Sk'n].[nlé(er')SjIO]

Jyr

symmetric and has zero sum for the diagonal elements.

the spin-dipolar, Fermi-contact cross term, 1is

Ramsey([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 1sotropic part of J does

-ﬁ
not wvanlish.

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

along the internuclear vector, the dipolar interactions are

directly related to internuclear vectors.

31
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T. "o ( )h ]
= Y17
4nr3 12 L

oo —
o -0
NO O

] (31) -

where r is the distance between two spins 1 and 2. If we know
r from the crystal structure we can calculate T, then using

equation (19) we can evaluate J.



METHOD

The cnyétal to be investigated is-mounted in a n&lon
right anéle, all sides of which are of equal length. The
holder can be connected to a simple goniometer 1in three
orthogonal ways. The rotation axis of the goniometer 1is
perpendicular.to tﬂe external magnetic field B,. 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.

yA

A

¥
~X

Fig.2 (x,y,z) fixed to the holder



B, in this system can be determined by polar angle 6 ard
¢. (see fig.1) The general equation of chemical shielding
tensor o in this cube system can Ee expressed by equation (18).
In our NMR instrument, we can define another axis system P,B,
and R fixed to the insfrpment — 1lnstrument system, where P 1is
the pointer of the gonimeter; 3, 1s the external magnetic field

and R 1s the rotational axis.

1y
-

WQ
(V8]

Instrument system



To determine chemical shielding tensor ¢ in the holder

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

following way:

rotational plot (01), 2z is parallel to the

rotational axis R. The magnetic field B,, is rotated in the xy

plane. The starting position of B, is parallel to y, so P_is

parallel to x automatically.

1;Z( )

S / ;)’(B,)

X(P)

t1}

ig. 4 OCrientation 1 (0O1)



In this case, the polar angle 6=390°. ¢=90°+8; & is the reading
on the gonimeter, i.e. in O! § is the angle between x and P.
The observed chemical shielding will be

o = oxxsinzé + o cosls - 5in2s (32)

g
YY Xy
For the second rotational plot (02), y is the rotational axis
and B is rotated in the xz plane. The starting position is

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

angle 6 '= 90°+§, ¢ = 07; the chemical shielding is
) 2 L 2. .
0 = 0,,08°6 + 0,,5in"$ 0,,51n28 (33)
+ Y (R)

}(B/

"Z (P)

Fig. 5 Orientation 2 (02)



For the third rotational plot (03), x is the rotational axis
aty
and B 1s rotated in the yz plane. The starting position is

that B 1s parallel to z and P is parallel to y.

nx (R)

Y (P)

Fig. 6 Orientation 3 (03)
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The polar angle 6 = -§, ¢ = 90°; the chemical shielding
tensor ¢ is
2 26

= 1 +
g ayy51n ) 0,,COS

- ay251n26 ' (34)
Thus from each rotational plot, 'three éomponents can be
determined by measuring thevexperimental shift as a function of
6 and using the MINUIT fitting program. After measuring and
fitting the three rotational 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 axe; relative to the molecular axes and
therefore have to know the tensor components in the molecular
system.- It 1is, 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 Eakes a particularly 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. If not, the difference gives an indication

of the accuracy of the measured tensor elements.
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An orthogonal crystal axis system a,b,c is defined. For
an orthorhombic crystal, for instance, the choice of the axes
1s evident. For monoclinic.crystél, 1f we assign the b-axis as
the unique axis, the c-axis of the above defined axis system

. 3 * .
corresponds to the monoclinic ¢ -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 B,
lies in the ac*—piane, all symmetry-related molecules in the
unit cell become magneticall§ equivalent. Each rotatiohél\plof

e

contains such an angle (since all planes cross the ac*'plane*\
unless a rotation axis is fortuitously along the b—ajis.) and
this, 1n 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 ).

Step 1: with a rotatién 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
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crystallographic b-axis. This transformation is described by

the rotation matrix R,:

COSa Eina 0
R, = [ ~-sinea cosa 0 } (35)
0 0 1

where a« 1s the angle between x and x';.a can be determined from
: . . . *
the first orientation plot, using the fact that the ac -plane

is a plane of reflection in the monoclinic system.

- Step 2: the primed samplé axis system (x',y',z') is
rotateg to the cryétal axls system (a,b,c*) by first a rotation
oVe; 8 ar&Und the y'—axis and then a rotation over -¢ around
the b-axis. The transformation matrices are R, and Ry. A
positive rétation is defined here as one that advances a right-

~

hand screw along the axis of rotation.

40



Fig. 7 Orientation of the Cube Axés with

Respect to the Crystallographic Axes

-
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The total rotation operator is now a product of three

operators:
Rp = R3R,R, (36)

Equation (36) expresses the fact that the rotation Ry is
carried out by the three successive Euler rotations. The axes
of rotations are coordinate ;xes of difﬁerent coordinate
systems. Namely, the coordipate syséem~obtained by the
previous rotation. We know that [71,72] a linear homogeneous
transformation which preserves lengths and angles (unitary
transformation V) transforms an operator o into VoV_1. Thus

the expressions of the transform matrices can be derived

according to fig.7.

cosf 0 sing
-51n@ 0 cosé
(37)
COS¢ -sing 0
Ry = [ sing cos¢ 0 ]
L 0 0 14

Where 6 and ¢ are the polar angles of the holder axis z in the

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

(237) we obtain the chemical shift tensor o(k) for peak k in the

crystal axis system:
_1 7 -
o(k) = Ry 0.(k) Rg Y o (38)

oc(k) is the chemical shift tensor for peak k in the cube
system, If'the crystal structure is known, the tensors o(k) can
thehabe transformed to the molecuiar axes. Diagonalization in
the molecular axis system, finally, y%elds(the p:Tncipal
elements and the orientation of the principal axes relative to

the molecular axes.

If the brientation of the first rotation axis‘F can't be
determined by X-ray teéhniques; then in many cases égmmetry
arguments can be used to determine 6 and ¢. We knothhat any
physical property of a crystal must be invariant under the
syhmetry opérations of the point group of the crystal.
Otherwise, observation of the property could distinguish among
what are supposed to be indistinguishable directions. This is
known as Neumann's principle. For example, suppose that in the
crystal two molecules 1 and 2 are related by a symmetry

43 /
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operation S, the molecules are chemically equivalent but
magnetically inequivalent. The two chemical shift tensors in
the crystal axis system, o(1) and 0(2), are related according

to the transformation:
0(2) = So(1)s™! (39)

From the relations

where o_ (1) is the chemical shielding tensor in the holder
system, expressions can be found for 6 and ¢. Once 8 and ¢ are
known, we can proceed by transforming to the crystal axis
system and by using crystal structure data, to the molecular‘

axls system,

~
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Results and Discussion

1. Determination of the chemical shielding tensors

2

The NMR spectra for single crystals of-compounds a, b,
and ¢ were obtained as a function of ﬁhe angle of rotation
about the three orthogonal axes x, y, and z. Representftive
single crystal NMR spectra of compounds a, b, and c are
presented in Figures 8-10, and Figures 11-18 show the

119 77 125

orientation dependence of of the Sn, Se, and

Te NMR
line positions when the static magnetic field is 1in the xy, Xz,
and yz planes respectively. The experimental values of the
orientational dependence of chemical shift, g(8), were MINUIT

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

The detailed results are collected in Appendix I.

The di-tert-butyltin chalcogenides have two molecules 1in
the unit cell and hence four Sn or chalcogen atoms in the unit
cell, the space group of these compounds is P2,/c [50]. 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 1s in the crystallogréphic ac*

plane, and in any other situation, there should be two lines.
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One thing we should mention at thig point, in the reference 50,
H. Puff er al. determined the space group of compound a as P2,.
If 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 1in ac*-plane, and two lines
instead of one line when the static magnetic field is in ac*-'
plane. From Figure 8, we can seé that this is definitely not
our case, SO we believe that there 1s 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, Sso

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 Eulerién angles «, 6, and ¢, which show the
relationships between a set of cartesian axes e, that are fixed
in space and another set of cartesian axes e'; that are

attached to the crystal. In our case, e, is the holder axis

. . *
system (x,y,z) and e'. 1s the crystal axis system (a,b,c ), the
y X,y ; y

relationship between these two axis systems is shown in Fig.7.
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(1) Determination of Anglés « and 6

The angle a« in R, is the angle between x and x'. From 017

we can see that after R,, B, will be along the y'-axis (the

o~

. . * :
intersection of the ac plane and the xy plane), that means at
the angle « only one line appears in the NMR spectrum. Thus «a
can be read from O,. This analysis produced two results of the

angle « for each determination.

The angle 6 can be determined by using the relationship
b%tween a plane in space and a line in space. From O, and O,
we know intersections of the ac’ plane with the xz plane and
the ac’ plane with the yz 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 1is,
Ax +By +.€z + D = 0 (47)

*
the b-axis 1s perpendicular to the ac plane. Suppose 1t has

the expression
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then p1,ql,rt and A,B,C have the relation

pl/A = g1/B = r1/C | (43)

~
\

Angie 6 is the angle between the b-axis and the z-axis, the

expression for z-axis 1is:

so we have:
p2 =0, g2=0 , r2=1. (45)

pl p2 + qi qé + r1 r2

cosf = i

[ (p12+q12+r12) (p22+q22+r22) 1% ST

(46)

A

C ' o

(a2 + 82 + )k

This method produced two results of the angle 6 .for each

1)

angle a. The results are collected in Table 3.

Now let us consider the equation 39} after we applied the
symmetry consideraticn con them, the two symmetry-related

tensors 03 and ¢'.. are reiated by a two-fold rotational axis,

-
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hence will have the following equations

' (47)

From these eguations, we will have another set of 6 for
each a. Comparing ﬁhe‘results from these two methods we will
choose the common one as the final results of « and 6. Table 4

collects these final results,



Table 3. The results of angle 6 [°]
T 2

o 8 8 AVE €1
a(sn) 25.6 124.08 123.16 123.6 0.6
55.92 - z :
76.8 47.77 48.62 48.2 0.6

132.23 - - -

b(Sn) 37.62 28.50 - - -
151.50 - - -
132.85  91.35 92.27 91.81 0.6

88.65 - - -

b(Se) 32.94 12.75 - - -
167.25 - - -

123.60 87.09 - —= -
92.91 93.96 93,44 0.7

c(Sn) 1.22.57 56.65 - - -
- 123,35 - - -

175.84  46.49 - - -

133,51 132.09 132.8 1

c(Te) 120.62 123.19 - - -
56.81 - - -

174.05  48.88 - - -
s 131.12 131.59 131.36 0.3

a« is the angle in R, (Eg.36). 6

method (Eg.52). #6

“n-1

2

is from the symmetry conditions (Eg.53).

50

1

is standard deviation of 9] and 92.

is from the mathematical

\‘;




Table. 4 The Final Results of Angle (a,8) [°]

a )
a(sn) 26 124
77 . 48
b(Sn) 133 92
b(Se) 133 93
~c(sn) 176 133
c(Te) 174 131

As we can see from Table 4, the same compound will have
the same values of angle « and 6. These values are independent
of the nuclei we detect. The-angle ¢ can not be determined by

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

compounds.

(2) Determination of Angle ¢

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 [73-74]. The details of the measurement are

presented in Appendix II.
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The single crystal of compound b is platelike, the most

developed face is (017) illustrated in Fig. 19

\'4

Fig. 19 Miller indices and morphology of

a single crystal of [tBu,SnSel,
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 of reference [50].
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Fig. 20 Relationship between (a,b,c*) and

4

X

(x,y,2) of single crystél [tBu,SnSe],

Since we attached the crystal to holder g; such a way
that the normal of the face (0171) is tggﬂ-x-axis, and the
normal of the face (011) has an angle 6° with the -y-axis, then
the b-axis should be in the xy plane and have an angle of 133°
with the y-axis. This is in agreement with that we get from NMR
by using symmetry argument. In Fig.15, after a rotation about
the z-axis by 133°, the y-axis will be along the c-axis then a

rotation about the c-axis by 92°, the z-axis will be along the
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1

b-axis aéd the x-axis will be automatically brought into thé
ac(y)—plahe. The angle between the a-axis and the c-axis is
{15°,{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 aufomatically the x-axlis will

.ok . . ' .
be along the'c_-aﬁls;\sg the angle ¢ is determined to be 115°,

The single crystal of compound ¢ is also platelike, but

3

‘the most developed face is (720) rather than (017). The

1relationship between (a,b;c) and (x;y,z)fis~illustrated in

Fig.21.

Fig.21 Miller indices and morphology of

a single crystal of [tBu,SnTel,
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Using a digital service height gauge and a digita%? *
. B2 0N

~ e

. ¢
caliper, we measured that the angle between the normalydfthe
_ &‘-}L%g ) £

face (001) and the -y-axis is 6° + 2° and the angle betweeﬁ'the

‘normal (720) and the -x-axis is 8° * 2°. From the interplanar
vangle 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. Aftér 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 y-axis
and the -c—axigﬁgnd the é—axis and -the -c-axis are 6° and 66°;
respectively. A rotatiog around the b—axis‘by an angle of 72°

will bring the y-axis to the a-axis and automatically the gt

3 * . L3
axls to the c -axis. So the ¢ angle of compounds c is 72°,.

3. Determination of Principal Values of Chemical Shielding in

Crystallographic Axes

Knowing the Eulerian angle (a,6,¢), 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
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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)

b (Sn1)

b (Sn2)

b (Se1)

b (Se2)

c (Sn1)

principal
values

oll =314
022 204
033 244
o1l =314
022 204
033 246
ol1l =745
022 =595
033 -176
oll =727
022 -601
033 =176
oll =767
022 134
033 206

direcfion cosines with respect to

C
.02033
.137‘1
.9904

.02468

-, 2026

.9790
.2038
.9777
05020
.2253
.9724
.06126
.4017
.5765

L7115

a

.8976
.4388
.04231
.8976
.4355
.06750
.4589
.05013
.8871
.4435
.04638
.8951
.8002
.1569

.5789

b

.4404

.8881
.1320
.4400
-.8771
-.1926
-.8648
-.2038
.4589
-.8675
.2288
-.4417
.4454 -
-.8019

-.3983
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Table. 5 Céntinued)
L
c (Sn2) o011 ~-746 L4152 -.7949 .4425
022 150 -.5363 -.1791 .8248
033 195 -.7349 -.5797 .3520
c (Tetl) o011 =3150 -.8553 -.5181 01155
022 -251 .2443‘ -.3835 .8906
033 380 L4570 -.7646 .4546
c (Te2) o1l -3164 -.8553 -.5180 .01068
022 -255 -.2418 .3808 .8925
033 391 - .4582 -.7659 L4510
a (sn1) @11 -130 (sn2) o1l ~-127
022 227 022 242
033 255 033 245

"The standard deviation from the MINUIT are as follow; #3 ppm
for a(Sn), +4 ppm for b(Sn), +9 ppm for c(Sn), *0.2 ppm for

b(Se), and #4 ppm for c(Te).

2.
hifts we meas

7§Se and §§5Te,

frequency shift.

ured from Me4Sn, Mezse, and\Me Te for ]]9Sn,
respectively, with positive values for high

57
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- Table. 6 Principal Values and Direction Cosines
of the D Tensors Relative to the

Crystallographic Axes (Hz)

principal direcfion cosines with respect to
values c a b

b (Sn1) . D11 594 . 7690 -.9006 - 427%
D22 909 -.8091 -.3072 .5010
D33 1060 -.5826 .3077 -.7522

b (Sn2) D11 686 .06347 .7705 -.6342

: D22 872 -.9751 -.08747 -.2038

D33 1025 -.2126 .6314 .7458

c (Sn1) D11 1808 -.5866 .7267 -.3574
D22 2071 -.7961 -.4363 .4194

D33 2263 . 1489 .5306 .8345

c (Sn2) DIl 1648 4609  -.7685 -.4438
D22 2197 -.8311 -.5492 .08791
D33 2354 -.3113 .3283 -.8918

c (Tel) D11 . 1825 .8965" .3337 .2916
D22 1952 -.4180 .8551 .3066
D33 2204 -.1470 -.3968 .9061

c (Te2) D11 1681 -~.5378 .7050 -.4624
D22 2088 -.7697 ~.6343 -.07196
D33 2301 . -.3440 3172 .8838

The standard deviation from the MINUIT is +5 Hz.
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Table 7. The Isotropic Values of the Chemical Shift
and J-coupling

-

compound SC MAS Solut ¥n NMR
a(sne . +118 +120 +126
b(sn) +45 +47.7 +54.,6

(858 ) - ( 913 ) ( 915 )
b(Se) v -503 -509 -494

( 900 ) ( 922 )

c(sn) ~138 -130 121

( 2057 ) ( 2122 ) ( 2117 )
c(Te) -1008 -1020 -1099

(2008 ) ( 2122 ) ( 2117 )

SC: single crystal method. MAS: magic angle spinning method.
The value of chemical shift is in ppm.
Values in parenthese are J-coupling values 1n Hz.

The error in these results i1s mainly from the error in
angls measurements. As we see from Eg. 33-35, the error in
chem{cal shielding and the D tensor is dependent of the
rotation angle and the parameters of chemical shielding and D-
coupling in the holaer system. For an error of + 2° in angle
measurements, it may introduce an error having magnitude of the
order of 102 ppm (for chemical shieldings) and 3x10% Hz (for D-

coupling).

The principal values of the tensor for the three
compounds, presented in Table 5 show that the anisotropy,
defined as o = ¢33 - 1/2 ( ¢g11 + ¢22 ), 1s qulite large and
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increased from Sn tensors to Te tehsors, and from compound a to
compound ¢ in the case of Sn tensors. [ 197 ppm for Sn in
compound a, 300 ppm for Sn 1in compound»b, 508 ppm for Sn in
compound ¢, 491 ppm for Se 1n compouhd b, and 2090 ppm for Te
in compound ¢ ]. 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 ¢ are completely

non-axially symmetric with the largest anisotropy.

We are not able to find the di-=ction cosines of the
principal values in compound a. The reason for this 1s that
the crystal faces of the single crygtal are not 1deal for the
two-clircle goniometer investigation, so we cannot find the -
orientation of the single crystal;in the holder system by thi's
means.u On the other hand, the crytal 1tself has not enough

non-redundant symmetry elements to enable us to find the

direction cosines by the mathematical method we developed.

As shown 1n Table 5, the principal value of the same
nuclel in the same compound is the same, only direction cosines
are different. This means that these two nuclel are only
different in the orientation. Comparing the Sn chemical
shielding in compound b and ¢, we found a big difference 1in
o111, for the other -wo tensor elements, only small differences
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existed. Thié means that oll is ﬁére sensitive to the
substitution of X than 022 ana 033. So o011 is prOb;bly-the in-
plane component closé to the Sn—X bond diréction\br«the
bisection of‘thé X—Sn—X angle. ’B}om Table 7, we cén see that:
the isotropic valges,of chémical shift and J-coupling are
almost’ the séme as those from solution NMR. Thisrmeans that
the crystal packing effects are small,.so the orientations of
thé chemical shift tensors are mainly determined by molecular
symmétry. Therefore, the 011 should be near the biéection of
the X-Sn-X angle. For compound b, thé ol1 of Sn and the 033 of
Se have the same orientation in the crystalloéraphic axis
system and they are all approximatglly perpendicular to c*. So
the direction of the unigue axis of compound b is the same as
the o011 of Sn or the ¢33 of Se. It is quite likely thét 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 Te) we measured. But from Table 6, we can see
that the isotropic values of D-tensors for Sn and Te have a

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

(119,117

Te, This is due to the unsolved doublet Sn Sn)

thaz of
in Te spectrum, we should multiply by 1.023 to the isotropic
values in Te spectrum tc get the Isotropic values in Sn

spectrum,
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The dipolar . interaction T can be evaluated by using
Eg.32, and the given Se—Sn and Te—Sn bond distances. The
distances for these two bonds are 2.55 & and 2.75 R,

/respectively.

“515 0 0
T - [ 0 -5i15 0 ] (48)
Se-sn 0 0 1029
[ 680 0 0 ]
Tre-sn ° |0 680 0 , (49)

0 0 -1360 4

If we know the structure of the crystal, we can get the
J-coupling tensor by using Eg. 19 and Eg. 48-49.

As shown in Table 6, the D tensor, .under the
consideration of the error in measurements, is nearly

tropic. We can also see from Eg. 48-49 that T is not

[
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ropic, therefore, J must not be isotropic and the degree of
anisotropy of J must be comparable with that of T to yield the

nearly isetropic D tensor. This means that the isotropic

l’]]

ermi contact term is nct the dominant contribution in the J

cougling tensor.

~As we don't kKnow crystal structures, we cannot transform

c..ar system, SO we were not able to relate
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structures. Although we are not able
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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 1s 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 orientation becauée we cannot easily
use X-ray diffraction.' Although the Laue back reflectiop
method and the two circle goniometer method in principle can
solve thié 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
"4 or ¢, then this particular angle cannot be determined. |
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Therefore an additional symmetry elemeht has to'be‘used. If we
cannot find this additional symmetry element then we are not

able to get all these three Eulerian angles.

The results of our coupling tensor indicate that the

Fermi contact terms 1in H9Sn, 77Se, and 125

Te are not the
dominant contribution in the J-coupling tensor contrary to
previous results[61,77-78]. The isotropic valuesﬁdf chemical
shift tensor and J—couplingntensor frdm 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,v
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 (Mezsnx)3 or the non-ring compounds
R3Sn—X-SnR3v are a good choice.
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Theoretical caculation is another worthy work. From
these caculations, we can have-a further insight of the nature
of chemical bonding and its relationship with meclecular

symmetry.
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Figures 8 to 18

Fig 8. 119 NMR spectrum of a [tBu2SnS]2vsiﬁgle crystal
when Bj 1s 1n xz—piane N
\
Fig 9a. 119 NMﬁ spectrum of a [tBuzsnSe]2 single crygtal
when Bj is 1in xz-pl;ne . //
P
77

Fig 9b. “Se NMR spectrum of a [tBu,SnSe], single crystal

when B 1s 1n yz-plane

Fig 10a. "19gn NMR spectrum of a [tBuzsnTe]2 single crystal

when By 1s in xy-plane

125

_ Fig 10b. Te NMR spectrum of a [tBuzsnTe]2 single crystal

when Bois in xz—plane

Fig 11(a-c). Angular dependence of "9 NMR lines in ( 01-03 )

for a single crystal qf [tBu,SnS],

Fig 12(a-c). Angular depenaence of '"9sn NMR lines in ( 01-03 )

for a single crystal of [tBuzsnSe]2
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Fig

Fig

Fig

Fig.

Fig

Fig

13(a=c).

14(a-c).

15(a-c).

16(a-c).

17(a-c).

18(a-c).

#‘119

Angular dependence o Sn NMR lines in ( 01-03 )
for a single crystal of [tBu,SnTel, .
77

& . .
aAngular dependence of Se NMR lines in ( 01-03 )

for a single crystal of [tBuéSnSe]z

Angular dependence of '257¢ NMR lines in (.01-03 )

for a single crystal of [tBu,SnTel,

Angulaf dependence of D(Sn-Se) coupling in (01-03)

for compound b (detect 11_9$n)

Angular dependence of D(Sn-Te) coupling in (01-03)

for compound c (detect ''%sn)

)

Angular dependence of D(Sn-Te) coupling in (01-03)

for compound c (detect 257
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APPENDIX I

IQ this appendix we collected all the data from NMR
measurements of single crystals of di-tert-butyltin
chalcogeﬂ&des compounds, and data after MINUIT‘fiQting. The =
tensor elements of each nuclel are also coliected. P1 and P2

in Table 1 to Table 8 of this Abpendix stand for peak !

position and peak 2 position in NMR spectrum, respectively.
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Table

1.

Sn Chemical Shift in Compound a (ppm)

otangle P1(EXP)

0.
10.
20..
30.
40.
50.
60
70.
80.
90.

100.
110,
120,
130.
140,
150.
160.
170.
180.

0O2Angle

0.
10.
20.
30.
40.
50.
60.
70.
80.
90.

100.
110,
120.
130.
140.
150.
160.
170,
180.

00
00
00

00
o
0§

.00

00
00
00
00
00
00
00
00
00
00
00
00

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

235,
223.
206.
189,
173,
159,
.49

151

145.
147.
154,
166.
183.2
.60

199

215,
231.
240.
244.
244,
237.

60
52
10
79
159
30

96
40
94
78
24

81
13
21
63
29
70

P1(EXP)

152

193,
222,
.53

231

220.
190.
139.
84.
28.
-30.
-74.
-100.
-110.
-98.
-66.
-20.
33.
97.
146.

.64

00
62

40
67
58
13
35
42
12
47
99
28
59
55
57
01
16

=101

P1 (THEOR)
235.80
223.47
207.74
190.50
173.85
159,78
149,99
145.67
147,33
154,77
167.11
182.84
200.07
216.73
230.80
240.58
244,91
243.24
235.80

P1 (THEOR)

149.95
194.36
222.61
231,31
219,40
188.32
141,82
85.51
26.17
-29,03
-73.44
.69
-110.39
~98.48
-67.40
-20.90
35.41
94.75
149,95

P2 (EXP)
47.02
109.26
167.83
207.03
230.22
232.31
214.97
175.45
123.75
64.44
3.16
-57.53
81.74
-117.53
~120.17
-102.38
-65.51
-11.98
46.76

pz(a%p)
66.47
72.92
84.96
103.87
133.02
161,57
194,01
220.15
234.71
243,54
240.86
228.95
207.35
A78.85
147.02
116.89
91.90
72.13
64.57

P2 (THEOR)

48.30 .
109.87
164.91
206.79
230.46
233.06
214,28
176.37
123.93
- 63.26
1.69
-53.35
-95.,23
-118.90
-121.50
-102.72
-64.82
-12.37
48.30

P2 (THEOP)
66.61
69.47
82.70
104.69"°
132.80
163.64
193.48

218.72
236.33
244.18
241.32
228.09
206.10
177.99
147.15
117.31

92.07

74.46

66.61
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Table 1. Continued

03Angle Pi1(EXP) P1(THEOR) P2(EXP)- P2(THEOR)

0.00 245.54 244.42 -31.67 -32.70
10.00 237.66 235.46 -49,11 -50.16
20.00 215,14 216.16 -49,12 -49,85
30.00 185.62 188.82 -29.51 -31.80
40.00 157.14 156.76 1.97 1.8
50.00 123.24 123.83 46.81 46.93
60.00 95.12 94,02 95.12 98.11
70.00  72.15 70,91 146.47 149,19
80.00 56.92 57.29 195.25 193,99
90.00 54.69 54.81 229.01 227.12

100.00 63.33 - 63.77 245,29 244.59.
110,00  '83.02 83.07 ~ 245.43 244,28
120,00 110. 36 110.41 226.88 226.23
130.00 144,06 142,47 189.81 192.61
140.00 174.73 175.40 147 .38 147 .50
150.00 203.04 205.21 99.19 96.31
160,00 228,17 228.32 42.60 45,24
170.00 242.05 241,94 -1.10 0.43
180.00 245.50 244.42 -33.54 -32.70

99




Table 2. Sn Chemical Shift in Compound b (ppm) °

OlAngle  P1(EXP) PI1(THEOR) P2(EXP) P2(THEOR)

0.00 225,08 223,89 53.36 50.08
10.00  202.34 202.60 51.62 49.31
20.00 *170.69 171,40 61,25 59.40
30.00 133,77 134,05 78.66 79.13
40.00 S0.89 95.06, 110,09 106,13
50,00 59.88 58.13 135,38 137,13
60.00 32.19 30.59 166,21 168,39
“70.00 13.47 12.89 195,66 196.16
80,00 9.26 8.16 216,12 217.07
90.00 17.44 16.97 228.089 228.61
100.00 38.14 38.26 229.74 229.38
110.00 68.93 69.46 220,30 219,29
120.00 105.09 106,81 201,27 199,56
130.00 145,91 145,80 173.63 172.56
140,00 182.56 181,73 140.71 141.56 .
150,00 209.05 210.27 110.77 110,30
160,00 227.50 227.97 81.69 82.53
170.00 233.48 232.70 58.35 61.62
180.00 225.97 223.89 45,38 50.08

02Angle P1(EXP) PI1(THEOR) P2(EXP) %%(?ﬁEOR)

0.00 ~-157.53 -145,21 -119.25 116.94
10,00 -54.,27 -56.02 -111.19 ~114.,14
20.00 36,11 34.60 -90.38 -91,11
30.00 120.74 115,72 -49.15 -50.61
40.00 178.97 . 177.57 1.29 2.45
50.00 214,13 212.67 64.42 61.69
60.00 ~ 214.48 216.80 121,65 119,86
70,00 195,40 189,46 164,16 170,22
80.00 126.23 133,95 207.54 206.43
90,00 69.53 56.95 222.89 224,20
100,00 -41.,23 -32.23 221.68 221,40
110.00 -130.47 -122.85 198.24 198.36
120.00 -204 .84 -203.98 159,39 157,87
130.00 -264.21 -265.82 107.30 104.80
140,00 -297.91 -300.93 46.29 45.56
150.00 -299.¢7 -305.06 -13.84 -12.70 -
160.00 -271.0% -277.72 -63.40 -62.97
170.00 -213.06 -222.20 -102.15 -99.,17
180,00 -160.85 -145.21 -117.13 -116.94




Table 2. Continued

03Angle  P1(EXP) ~ P1(THEOR) P2(EXP) P2(THEOR)

-0.00 228.11 228.80 2.72 7.13

10.00 220.78 221.83 92.64 91.49
20.00 1893.57 192.96 157.21 160.01
30.00 142,33 145,68 205.55 204,43
40.00 83.47 85.70 219.15 219,40
50.00 25.07 20.24 205.13 203.10
60.00 -38.76 -42.80 161,51 157.51
70.00 -96.52 ~95.81 87.32 88.12
80.00 -134.29 -132.40 -2.12 3.31
30.00 -148.86 -148.16 -88.22 -86.71
100.00 -141.85 -141.19 -170.13 -171.06
110.00 -114.63 -112.32 -236.58 -239.58
120.00 -65.54 -65.04 -284.11 -284.01
130.00 -3.30 -5.06 -299.38 -298.97
140.00 63.16 60.40 -281.94  -282.68
150.00 122.62 123.44 -238.45 -237.09
160.00 177.33 176.45 -166.28 -167.70
170,00 212.87 213.04 -82.30 -82.88
180.00 228.98 228.80 9.21 7.13
»
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Table 3. Sn Chemical Shift in Compound ¢ (ppm)

O1Angle P1(EXP) P1(THEOR) P2(EXP) P2(THEOR)

0.00 -260.50 -226.81 -229.33  -243.17
10.00 -244.19  -236.68 -399.52  -=397.74
20.00 -221.43  -220.45 -543.63 -§36.55
30.00 -169.47 -180.09 -648.99 -642.85
40.00 -112.10 -120.46 -697.69 -703.82
50.00 -44.29 -48.75 -699.38 -712.12
60.00 33.68 26.38 -675.50 -666.72
70.00 98.23 95.88  -579.36 _ -573.12
80.00 150,48 151.35  -442.96 / -442.60
90.00 180.64 186.12  -287.20 , -290.91

100..00 187.54 195.99  -133.07/ -136.34
110.00 171.48 179.76 1,31 2.47
120.00 135.33 139.40 108.21__ 108.78
130.00 79.55 79.77 170.42 - 169.75
140,00 L 14.88 8.06 177.32 178.04
150.00 -53.85 -67.07 129.96 132.65
160.00 -116.70  -136.57 40.70 39.05
170.00 -171.06 ~-192.04 -97.89 -91.47
180.00 -251.23  -226.81  -243.23  -243.17
O2angle  P1(EXP) P1(THEOR) P2(EXP) P2(THEOR)

0.00 165.47 163.02 -364.13 -372.63
10.00 106.98 107.49  -522.23  -523.01
20.00 . 35.05 30.95 -639.12  -645,18
30.00 -56.39 -57.38  -722.32  -724.41
40.00 -155.04 -146.83 ~-750.57  -751.12
50.00 -224.68  -226.62 -721.82  -722.11
60.00 -284.68 -287.13  -640.51 -640.87
70.00 -319.33 -321.06 -518.24 -517.19
80.00 -322.86  -324.31 -370.76  -366.01
90.00 -294.67 -296.49 -208.02 -205.55

100.00 -249.48  -240.97 -50.32 -55.16
110.00 -164.72 -164.42 65.30 67.01
120.00 -74.21 -76.10 147.55 146.23
130.00 16.40 - 13.36 174.66 172.94
140.00 93.95 93.15 146.24 143.93
150.00 155.01 153.66 62.46 62.69
160.00 184.60 187.59 -59.96 -60.98
170.00 188.83 190.84 -216.02  =212.17
180.00 161.52 163.02 -388.39 -372.63
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Table 3. Continued

03Angle P1(EXP) P1(THEOR) P2(EXP) P2(THEOR)

0.00 186.49 178.63 -289.82 -285.24
10.00 171.76 167.37 -233.41 -243.08
20.00 118.89 121.60 -168.66 -179.76.
30.00 41.48 46.86 -95.39 -102.93
40.00 -51.28 -47.85 -20.37 -21.85
50.00 -153.39 -151.11 - 51,31 53.70
60.00 -247.07 -250.45 107.57 114.61
70.00 -335.04 -333.90 149.15 153.53
80.00 -389.97 -391.40 162.17 165.77
90.00 -412.18 -416.00 147,98 149.85

100.00 -402.40 -404.73 111.26 107.69
110.00 -357.61 -358.97 46.92 44,37
120.00 -288.29 -284.22 -26.12 -32.46
130.00 ~194.44 -189.51 -108.52 -113.54
140.00 -85.03 -86.26 -190.25 -189.10
150.00 12,02 13.09 -252.05 -250.01
160.00 94.98 96.54 -292.49 -288.93
170.00 152.80 154.03 -307.54 -301.16
180.00 180.61 178.63 -295.53 -285.24
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Table 4. Se Chemical Shift in Compound b (ppm)

O1Angle P1(EXP) P2(EXP) P!(THEOR) P2(THEOR)

0.00 -530.56 -643.78  -527.23 -642.72
10.00 -558.01 -647.10  -554.24 -646.06
20.00 -585.52 -637.21  -585,29 ~638.79
30.00 -619.40 -619.40 -616.63 -621.79
40.00 -643.81 -596.23  -644.50 -597.10
50.00 -664.33 -568.42 -665.52 -567.71
60.00 -674.95 -538.27 -677.16 -537.16
70.00 -677.52 =-510.49 -678.02 -509.13
80.00 -667.48 =-487.08  -668.00 -487.00
90.00 -647.60 -473.30  -648.29 -473.45

100.00 -623.26 -469.61  -621.29 -470.11
110.00 -592.40 -476.70  -590.24 -477.38
120.00 -558.64 -493.48 -558.89 -494,38
130.00 -531.34 -520.46  -531.03 -519.06
140.00 -510.61 -547.91  -510.01 -548.46
150.00 -496.77 -578.95 -498, 36 -579.01
160.00 ~496.51 -606.11  =497.50 -607.04
170.00 -504.17 -629.65 -507.53 -629.16
180.00 -524.09 -644.07  -527.23 -642.72
O1angle P1(EXP) P2(EXP) P1(THEOR) P2(THEOR)"

0.00 -650.83 -459.67 -651.04 -454.99
10.00 -630.21 -544.55 -631.94 -538.52
20.00 _ -609.57 -599.33 -596.75 -609.09
30.00 -545.08 -663.44  -549.,71 -659.19
40.00 ~496.26 -681.89  -496.50 -679.89
50.00 -445,11 -674.54  -443.53 -671.58
60.00 -394.80 -632.83 -397.20 -634.26
70.00 -359.98 -565.65 -363.09 -572.43
80.00 -343.56 ~-490.72  -345.31 -493.55
96.00 ~346.19 -412.29  -346.02 -407.13

100.00 -366.82 -325.49  -365.12 -323.60
110.00 -404.52 -250.93  -400.31 -253.02
120.00 -445.80 -206.68  -447.34 -203.93
130.00 -504.06 -183.01 -500.56 -182.22
140.00 -552.15 -190.37 -553.52 -190.53
150.00 -598.68 -227.04 -599.86 -227.85
160.00 -630.45 -285.44  -633.97 -289.68
170.00 -650.29 -367.95 -651.75 -368.57
180.00 -650.20 -452.20 -651.04 -454.98
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Py ¢

Table 4. Continued
O1Angle P1(EXP) P2 (EXP) P1(THEOR) P2 (THEOR)
0.00 -356.56 -384.55 -358.09 -381.56
10.00 -445.53 -371.14 -445.72 -367.50
20.00 -530.91 -370.54 -531.50 -371.24
30.00 -609.97 -391.,32 -605.08 -392.32
40.00 -660.24 -429.44 -657.61 -428.20
50.00 -680.98 -473.08 ~-682.72 -474.54
60.00 -675,11 -524,21 -677.40 -525.77
70,00 -643.88 -572.45 -642.29 -575.70
80.00 -578.90 -619.92 -581.62 -618.31
50.00 -506.95 -649.98  -502.71 -648.46
100.00 -411,43 -663.46 -415,08 -662.51
110.00 -327.07 -661,14 -329.30 -658.77
120.00 -257.97 -639.83 -255.71 -637.,70
130.00 -203.28 -589.54 -203.18 -601.82°
140,00 -179.52 -551.50 -178.08 -555.47
150.00 -186.65 -503.50 -183.40 -504.24
160.00 -217.58 -455,.889 -218.51 -454.32
170.00 -278.50 -408.52 -279.18 -411.71
180.00 -354.30C -381.70 -358.09 -381.56
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Table 5. Te Chemical Shift in Compound c (ppm)

OlAngle P! (EXP) p1(THE0§§ P2(EXP) P2(THEOR)
0.00 -944.74 -946.35 ~-1006.52 -1010.73
10.00 -841.24  -847.21 -1022.69 -1018.25
20.00 -758.52 -756.15 -1040.01 =-1037.70
30.00 -681.96 -684.14 -1069.01 -1066.75
40.00 -641.55 -639.86 =-1102.36 -1101.90
50.00 -630.15  -628.66 -1138.96 -1138.90
60.00 -654.61 - -651.89 -1174.34 -1173.29
. 70.00 -709.84 -706.75 .-1200.46 -1200.92
©80.00 -783.82 -786.62 -1216.41 -1218.46
90.00 = -875.72 -881.86 ~-1221.82 =-1223.79
100.00 -98%.09 - -980.99 -1215.93 -1216.28
110.00 -1074.09 -1072.06 -1196.56 -1196.82
120.00 -1143.89 =-1144.07 -1169.07 =1167.77
130.00 -1189.84 -1188.35 ~-1133.12 ~-1132.63
140.00 -1200.35 -1199.54 -1099.67 -1095.63
150.00 -1174.45 -1176.31 -1060.80 -1061.24
160.00 -1125.57 -1121,46 -1035.10 -1033.61
170.00 -1040.50 -1041.59 =-1014.69 =-1016.07
180.00 -948.25 -946.35 -1003.95 =-1010.73
0O2Angle  P1(EXP) P1(THEOR) P2(EXP) P2(THEOR)
0.00 -823.67 -821.63 -1197.98 -1197.25
10.00 -723.45 -723.79 -1166.49 -1165.62
20.00 -645.76 -646.81 =-1120.47 ~-1121.,10
30.00 -601.79 -599.98 ~-1071.13° -1069.04
40.00 -588.78 -588.95 ~-1017.25 ~-1015.74
50.00 -614.13 -615.04 -968.24 -967.61

' 60.00 -673.79 -675.12 -929.58 -930.47
. 70.00 -761.46 -761.94 -907.67 -908.80

80,00 -862.06 -865,01 -903.55 ~905.20
90.00 -980.03 -971.92 -919.,56 -920.11
100.00 -1068.43 -1069.77 -952., 11 -951.74
110.00 -1145.,94 -1146.75 -996.,48 -996.,27
120,00 -1192.84 -1193.58 -1050.47 -1048.32

& 30.00 -1203.27 -1204.61 -1102.19 -1101.63
&3 40,00 -1177.,55 -1178.51 -1149,63 -1149,75
» 150,00 -1117.97 -1118.43 -1187.11 -1186.89

160.00 -1034.%4 -1031.62 -1207.85 -1208.57
170.00 -926.75 -928.54 -1210.57 -1212.16
180.00 -821.01 -821.63 -1195,21 -1197.25
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Table 5. Continued

O3angle ' P1(EXP) PI1(THEOR) P2(EXP) P2(THEOR)

0.00 -897.36 -900.32 -1218.63 -1218.74
10.00 -947.47 -948.55 -1221,00 -1220.81 -
20.00 -1004.57 -1008.80 -1199,02 -1197.88
30.00 -1071.30 -1073.80 =-1153.66 -1152.73
40,00 -1138.45 -1135.72 -1088.94 -1090.79
50.00 -1187.44 -1187.09 -1019.96 -1019.5%5
60.00 -~ -1221.38 =-1221.71 -950. 11 ~947.58
70,00 -1236.68 -1235.40 -885.45 ~-883.58
80.00 -1228.74 -1226.51 -834.,14 ~835.27
90.00 -1195.24 -1196.12 -802.89 ~808.46

100.00 -1151.13 -1147.89 -805.33 -806.39
110,00 -1084.34 -1087.64 ~830.91 ~829.32
120.00 -1017.78 -1022.63 -877.88 ~-874.,47
130.00 -960.51 -960.71 -937.18 ~936.41
140.00 -910.93 -909.35 -1007.33 -1007.65
150.00 -875.65 -874.73 -1081.27 -1079.62
160.00 -862.88 -861.04 -1140.68 -1143,61
170.00 -872.72 -869.93 -1190.77 -1191.93
180.00 -903.66 -900.32 -1218.40 -1218.74
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Table 6. Sn D-Coupling in Compound b (Hz)

OtAngle DI1(EXP) DI1(THEOR) D2(EXP) D2(THEOR)
0.00 926.97 939.67 915.73  909.03
10.00 1053.66 939.43 905.62 919.42
20,00 968.21 934.70 923.32 929.67
30.00 865 38 926.04 905.49 938.54
40.00 915.82 914.50 930.36 944,96
50.00° 999.54 901.46 1058.37 948.15
60.00 969.80 888.51 1016.92 947.73
70.00 811.84 877.20 1038.00 943.76
80.00 820.38 868.89 919.88 936.71
90.00 909.17 864.60 704.24 927.41
100.00 824.84 864.83 806.39 917.02
110.00 796.72 869.56 933.49 906.78
120.00 744.07 878.22 876.05 897.90
130.00 1048.93 86§9.76 1175.60 891.48
140,00 1022.12 902.80 1964.42 888.29
150.00 929,44 915,75 726.57 888.70
4160.00  998.50  927.06  857.96  892.68
170.00 825,22 935.37 955.50 899.74
180.00 746.83 939.66 823.65 909.03

O2Angle DI1(EXP) DI1(THEOR) D2(EXP) D2(THEOR)
0.00 889.17 745.84 738.92 819.14
10.00 808.81 732.19 378..15 864.12
20.00 886.53 728.64 779.21 898.66
30.00 986.48 735.59 804.14 918.61
40.00 1019.02 752,22 794.73 921.55
50.00 928.29 776.53 796.53 907.15
60.00 1014.20 805.59 . 806.49 877.12
70.00 842.90 835.88 845.42 835.10.
80.00 818.20 863.75 750.30 786.15
90.00 957.78 885.84 955.80 736.17
100.00 . 655.46 899.49 816,38 691.21
110.00 774.99 903.05"° 977.70 656.66
120.00 633.71 896.09 975.72 636.71
130.00 649.81 879.45 855.47 633.76
140.00 634.23 855.15 697.00 648 .17
150.00 628.28 826.09 908.66 678.20

160.00 640.46 795.81 842.66 720,22
170.00 675.76 767.93 747.48 769.17
180.00 913.6! 745.84 963.37 819.15




Table 6. Continued

O3Angle  P1(EXP) P1(THEOR) P2(EXP) P2(THEOR)

0.00 . 737.86 944.67 772.81 920.489
10.00 924.36 1011,38 901.59 892.56
20.00 1220.67 1058.15 1429.,29 863.84
30.00 792,44 1079.36 1002.66 837.79
40.00 800.95 1072.43 1000.08 817.56
50.00 857.55 1038.20 911.29 805.60
60.00 760.13 980.82 994.15 803.34

70.00 737.91 907.18 966.39 811.05
80.00 1208.33 826.18 844,98 827.79
90.00 . 498.91 747.59 793.97 851,57
100.00 804.07 680.88 596.24 879.50
110.00 843.03 634.10 673.91 908.22
120.00 894.40 612.90 657.78 934.26
130.00 1082.42 619.82 643.81 954.49
140.00 1131.01 654.05 499.18 966.45

150,00 1210.,70 711,44 779.96 968.72
160.00 871.19 " 785.07 817.42 961.01
170.00 779.83 866,08 890.22 944,26
180.00 716.54 944,68 1001.57 920.49




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

O1lAngle D1(EXP) DI1(THEOR) D2(EXP) D2(THEOR)
.0.00 2242.35 882,22 \ 2398.77 1923.03
10.00 1942.98 1899.63 1904.97 1823.63
20.00 2021.58 1941.64- 1793.70 1742.19
30.00 2042.05 2003.18 1780.93 1688.51
40.00 2111.98 2076.85 1681.55 1669.07
50.00 2121.42  2153,73 1251.52 1686.23
60.00 2215.22  2224.57 1902.56 1737.92
70.00 2256.99  2280.81 1876.95 1817.89
80.00 2303.56  2315.69 1962.54 1916.50
90.00 2301.56  2324.98 2091.66  2021.86

100.00 2307.03 2307.57 2162.90 2121.26

110.00 2270.88  2265.56  2196.49  2202.71

120.00 2253.43 2204.02 2075.97 2256.39

130.00 2042.08 2130.35 2234.56  2275.81

140.00 2100.53 2053.47 - 2346.19  2258.65

150.00 2117.25 1982.63 2267.81 2206.97
160.00 2068.27 1926.39 2232.65 2126.99
170.00 1489.39 1891.51 1742,01 2028.38
180.00 1540.45 1882.22 1527.58 1923.02

O2Angle D1 (EXP) . D1(THEOR) D2(EXP) D2(THEOR)
0.00 2123.01 2076.15  2045.02 2323.21
10.00 2265.79  2027.20 1923.60 2308.43
20.00 2222.62 1975.78 1833.50 2271.85
30.00 2211.81 1928.11 2928.30 2217.90
40.00 2142.63 1889.92 ° 1225.00 2153.07
50.00 2140.79 1865.82 1781.90 2085.19
60.00 2072.39 1858.73 1844.40 2022.45
70.00 2020.50 1869.48 1906.80 1972.41

80.00 2070.76 1896.80 1929.71 1941.10
90.00 1783.87 1937.39 2073.54 11932, 31
100.00 1882.43 1986.34 2217.16 1947 .11
110.00 1984.82 2037.76 1613,90 1983.68

120.00 2121.10. 2085.43 1802.60 2037.64
130.00 2124.99 2123.63 2438.55 2102.46
140.00 1347.14 2147.72 2410.92 2170.35
150.00 3262.66 2154.81 2024.39 2233.08
160.00 - 2204.38 . 2144.05 2194.70 2283.13
170.00 2338.42 2116.74 2043.58 2314.43
180.00 2302.87 2076.15 1958.86 2323.22
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Table 7.

Continued ., . *
O3Angle D1 (EXP) DI(THEOR) D2(EXP) D2(THEOR)
0.00 2267.61 2187.47 2078.35 1962.02
10.00 2227.94  2190.10 1929.19  2008.88
20.00 2109,35 2173.64 - 1597.00 2066.60
30.00 2144,35 2140.05 2171.82  2128.25
40.00 1957.60  2093.39  2318.32 2186.38
50.00 2164.94 2039.29  2315.66  2233.77
60.00 2114.33 1984.28  2324.09  2265.28
70.00 1559.19 1934.97 2270.56  2276.55
80.00 2008.99 1897.36  22%81.23  2266.41
90.00 1931.78 1875.93  2168.34  2236.08
100.00 1964.07 1873.29  2151,25 2189.23
110.00 1948.68 1889.76  2153.93 2131.50
120.00 2029.00 1923.35 2146.00 2069.85
130.00 1741.68 1970.00 1871.62 2011.74
140.00 1944.56  2024.10 1910.20 1964.14
150.00 2113.10 2079.12 1940.80 1932.82
160.00 2092.56  2128.40  2003.92 1921.55
170.00 2195.12  2166.04  2039.13 1931.70
180.00 2243.58 2065.70 1962.03"
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Table 8. Te D-Coupling in Compouna c (Hz)

OlAngle DI(EXP) DI1(THEOR) D2(EXP) D2(THEOR)
0.CO 2003.23 1834.15 1918.68 1912.78

10.00 1890.89 1857.27 2091.26 1959,38
20.00 1876.45 1878.91 2005.70 2020.59
30.00 1784.57  1896.44 2113,22 2089.04
40.00 1793.35 1907.77 2230.11 2156.49
50.00 1853.80 1911.51 2210.84 2214.78
60.00 1960.87 1907.23 2188, 11 2256.89
70.00 2069.40 1895.43 2237.89 2277.73
89.00 1923.47 1877.54 2197.15 2274.81
90.00C 1957.45 1855.73 2208.79 2248.47
100.00 1918.04 1832.60 2212.14 2201.88
110.00 2163.35 1810.97 2281.37  2140.65
120.00 834.26 1793.43 . 2393.67 2072.20
130.00 1606.68 . 1782.11 1646.34 2004.76
140.00 1951.42 1778.36 1917.67 1946.47
150.00 2266.51 1782.64 2059.75 1904.37
160.00 1769.25 1794.,44 1603.50 1883.52
170.00 2080.21 1812,33 2078. 21 1886.44
180.00 1244.98 1834.15 1769.58 1912.,78
O2Angle D1(EXP) DI1(THEOR) D2(EXP) D2(THEOR)
0.00 1963.38 2139.51 2200.72° 1952.42
10.00 1833.55  2136.76 1727.25 1867, 11
20.00 1911.77 2123.21  2240.41 1791.70
30.00 1693.70 2100.50 2100.92 1735.30
40.00 1752.92 2071.37 2183.63 1704.72
50.00 1598.57 2039.33 2071.,44 1703.65
60.00 1830.19 2008.25 2044.42 1732.19
70.00 1744 .44 1981.86 1986.28 1786.93
80.00 1760.33 1963.36 1802.23 1861.26
90.00 1889.45 1954.99 1949, 37 1946.20

100.00 2250.88 1957.74 2002.28 2031.52
110.00 2177.77 1971.28 2015.99 2106.92
120,00 2153.84 1993.99 2043.80 2163.31

130.00 1924.27 2023.13 1857.04 2193.89
140,00 2229.18 2055.17 2106. 41 2194.98
150.00 2326.74 2086.26 2133.91 2166.42 -

160.00 2052.46 2112,63 2191,27 2111.69
170.00 12085.85 2131,13 2104.43 2037.37
180.00 1863.76 2139.51 2230.54 ~ 1952.43
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Table 8. Continued
O3Angle D1 (EXP) D1 (THEOR) D2 (EXP D2 (THEOR
0.00 1914,17 2006,
10,00 1862.61 - 2049
20.00 2614.89 2098,
30.00 2027.76 2145,
40.00 ° 2230.18 2186.
50.00 2055.50 2215,
60.00 2291.42 2228.
70.00 2228.21 2225.
80.00 2151.83 2206.
90.00 2191.,65 2172,
100.00 2154 .44 2128.
110.00 - 2076.65 2080.
120.00 2053.,12 2032,
v130.,00 2009.87 1992,
140.00 1990.48 1963.
150.00 2039.05 1949,
160.00 1903.80 1952,
170.00 . 1991.97 1972.
180.00 1870.78 2006.
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Table‘9; Sn Chemical Shift Tensor of Compounds a

in Cube System (x,y,z) (ppm)
A
XX 1 152 + 3 XX 2 f/65.t 2
YY1 231 + 6 YY2 52 + 5
271 -31 3 222 244 + 1
XY 22 + 1 Xv2  -185 + 3
? XZ1 ~152 + 3 XZ2  0.76 + 3
¥Z1 . 67 # 3 ¥z2 3+ 2

Table 10. Sn Chemical Shift Tensor of Compound b

in Cube System‘(x,y,z) (ppm)
XX1 12 + 7 XX?2 229 * 1
YY1 224 + 1 YyY2 54 + 5
ZZ1 -102 + 6 "7222 ~147 + 2
XY1 39 + 2 XY?2 13 + 4
XZ1 -260 * 4 X712 —1871 4
YZ1 17 £ 4 YZ2 -248 *+ 9




Table 11. Se Chemical Shift Tensor of Compound b

iniCube System (x,y,z) - (ppm)
XX1 -650 + 2 XX2 ~464 + 13
YY1l -515 + 17 YY2 - —646 * 4
271 -352 + 8 222 -394 + 18
XY1 68 + 1 XY?2 25 + 3
XZ1 -29 + 2 X722 248 + 3
YZ1 243 + 1 YZ2 -65 * 1

Table 12. Sn Chemical Shift Tensor of Compound c

in Cube System (x,y,z) (ppm)
XX 182 £ 5 XX2 -288 + 4
YY1 -216 = 15 YY2 -270 + 38
221 -394 + 31 222 156 + 9
XY1 61 + 9 XY2 443 £ 12
XzZ1  -24 7 Xz2 89 + 12
YZ! 450 + 10 YZ2 118 + 7
115



Table 13. Te Chemical Shift Tensor of Compound ¢
in Cube System (x,y,z) (ppm)
XX -891 £ 13 XX?2 -1221 = 3
YY1 -933 + 18 YY2 -991 + 27
ZZ1 1197 + 1’ 222 -815 + 9
XY1 -1276 + 5 XY2 -988 + 5
XZ1 -876 + 5 XZ2 -949 + 4
YZ1 -1059 £ 2 Y22 -1291 % 4
Table 14. Sn D-Coupling Tenscr of Compound b
in Cube System (x,y,z) (Hz)
XX1 905 + 56 XX?2 924 £+ 5
YY1 913 + 38 YY2 823 + 122
271 747 £ 1 272 835 + 23
XY1 -6 XY?2 -29
XZ1 -212 X722 75
YZ1 52 Yz2 -139
=




Table 15. Sn D-Coupling Tensor of Compound c
in Cube System (x,y,z) (Hz)
XX1 2256 £ 97 XX2 1992 + 42
YY1 1910 + 39 YY2 1928 + 6
Z71 1976 + 142 222 2279 *+ 62
XY 1 -12 XY?2 299
XZ1 -35 XZ2 -112
YZ1 131 YZ2 9
Table 16. Te D-Coupling Tensor of Compound ¢
in Cube System (x,y,z) (Hz)
XX1 1931 + 106 XX2 2201 £ 67
YY1 1894 + 85 YY?2 1930 + 24
221 2156 + 23 222 1938 + 20
XY -66 ‘ XY2 -107
XZ1 -113 X7 -44
YZ -8 YZ2 -249




APPENDIX II

The Goniometer Measurement of Single Crystals

of [t—BuzsnSe]2 and [t—BuZSnTe]2

«

The arrangement sketched in Fig.t! will serve to

illustrate the principle of two circle goniometer.

C»

:§ Fig.! The Principle of Two Circle’Goniometer



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

axis A, carries a second disc C, parallel to the axis of Ay

The rotational axis Asy which/yé/;;;;anicular to the disc C,
ca;ries 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 ¢ and 3. The numerical values of these two

angles are -equal to the readings of the circls C, and C,

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

With the help of vaiues ¢ and § 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 corr?spond
to radial distances from the center of the projection and
readings on the vertical circle, /.e Co, 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
which calculated interplanar angles match the experimental

ones. The detailled theories of the goniometer and stereogram

carn pbe found in references [73.74]

A



*.

The results are listed in the followihg tables.

Table 1. Data from Goniometer Measurement
Compound b 3 Compound ¢
D | ‘ D
‘ S ~C
A<—r —C
A" |
B ' , B
Face Bl°] ol 7] Face gl°] o °]
A 284.7 25.5 | A 268. 4 347.
B 194.9 © 137.2 B 289.9 281.
C 256.8 204.8 C 273.8 169,
D 278.5 133.7 D 192.5 277.
/’\




Table 2. The Interplanar Angles [°]

1. Compound b
Face A B C D Face 100 011 017
A 72 2 105 100 73 72
B 71 86 011 96
C 107 010 90 43 43

D is (0171), A and C are the same plane (100), B is (011)

»

2. Compound c

Face A B C D Face 110 007 720
A 110 3 82 110 109 85
B 109 79 007 77
C 83 010 52 90 33

D is (120), A and C are the same plane (110), B is (007).

\
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