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Abstract: An approximate nuclear magnetic shielding scale for tin has been obtained from 119Sn spin-rotation constants,
Ces(*°Sn), in a series of spherical top molecules (SnXy, X = H, D, CHj, and Cl). The paramagnetic shielding at
a nucleus induced by circulating charge is known to be intimately related to the nuclear spin-rotation constant.
Tin-119 spin-rotation constants in stannane, SnHa, have been determined by two independent techniques. In the
first, Ce«('1°Sn) has been obtained from the experimentally determined ratio of the 'H and 119Sn spin-lattice relaxation
times of gaseous stannane, T1(H)/T1(11%Sn) = 6570 =+ 600, and the known effective 'H spin-rotation constant for
methane. The second technique involved combining experimental 73(1°Sn) data for liquid SnHs, SnDy4, Sn(CH3)s,
and SnClL with angular momentum correlation times, 7;’s, calculated from molecular dynamics (MD) simulations.
Since the spin-rotation relaxation mechanism is the only important mechanism for 11°Sn T} relaxation in these
compounds, values of Ces(*1°Sn) were readily determined from the experimental liquid-phase T1(11°Sn) data and the
MD simulations. The tin relaxation data for liquid tetramethyltin and tin tetrachloride were taken from the literature,
while T} data for SnH4 and SnD4 were obtained in the present study. Consideration of all the spin-rotation constant
data obtained in this study indicates that the tin shielding constant, o(Sn), in liquid tetramethyltin is 2180 + 200
ppm with respect to the bare nucleus. The absolute nuclear shielding values obtained for tin in this study are compared
to values recently obtained from quantum mechanical calculations. On the basis of the results of the present study,
the 11°Sn magnetogyric ratio, Ysn.119, is —9.997 559(8) x 107 rad s™! T~!, approximately 3% less than the accepted

value.

Introduction

NMR is a powerful method for studying molecular motion
in liquids and solutions.!= The motion of molecules creates
fluctuating magnetic fields which are responsible for nuclear
relaxation. The importance of a specific relaxation mechanism
is governed by the product of a motional time constant,
correlation time, and the square of the appropriate interaction
constant. If the strength of the interaction constant which
couples the nuclear spins to the surroundings is known, then
one can obtain important dynamical information through careful
nuclear relaxation studies. Alternatively, if the dynamical
properties of a molecule can be characterized independently,
information concerning the interaction constants is available
from relaxation data.

For molecules containing two or more proximate spin 1/,
nuclei, the dipole—dipole (DD) mechanism generally provides
the most efficient mechanism for spin-lattice relaxation in the
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liquid phase. However, in the case of relatively small molecules,
the spin-rotation (SR) mechanism may be important, particularly
if the spin Y/, nuclei are somewhat isolated and hence not
strongly dipolar coupled to neighboring spins. Experimentally,
the importance of the SR mechanism can be recognized by its
unique temperature dependence; T; decreases with increasing
temperature. In contrast, 7} increases with temperature when
either the DD or chemical shielding anisotropy (CSA) mecha-
nism dominates. The unique temperature dependence of the
SR mechanism arises from its dependence on the angular
momentum correlation time, 7j, while the importance of the
other common relaxation mechanisms is governed by the
rotational correlation time, 7;.

Molecular dynamics (MD) computer simulations are a
powerful method for studying structural and dynamic properties
of molecular systems in condensed phases.!® There are many
advantages in using MD simulations in combination with NMR
relaxation studies.!1~16 First, the MD treatment can be based
on an ensemble of molecules leading to a proper statistically
averaged approach to calculate correlation times. MD simula-
tions give not only the correlation times but the complete time
correlation functions on the time scale of microscopic motion
of molecules. Most importantly, no assumptions concerning
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the motional regime have to be made. Results from MD
simulations are exact within the molecular model used. Of
course, the results from molecular computer simulations depend
on the given molecular model and the interaction potentials. In
general, the empirical interaction potentials used in the computer
simulations are parameterized to reproduce experimentally
available macroscopic properties, such as density, pressure, or
internal energy. Sometimes additional adjustments are made
to the parameters to better reproduce other key physical
properties, such as dielectric constants or diffusion coefficients.
Similarly, by slightly modifying the potential parameters, the
rate of molecular reorientation can be adjusted to match those
obtained from NMR relaxation studies.

In the present investigation, NMR relaxation measurements
and MD simulations have been combined to study the rotational
dynamics in a series of tetrahedral tin compounds. Specifically,
we have measured NMR relaxation rates for 119Sn (I = 1/;) in
liquid SnHy4 and for 2H (I = 1) and %°Sn in liquid SnDj, as a
function of temperature. MD simulations have been carried out
for liquid SnH4 and SnDj, and for two other tin compounds:
tetramethyltin, the standard chemical shift reference in tin NMR
studies,!” and tin tetrachloride. For both Sn(CH3)4 and SnCly,
there are experimental relaxation data available in the liter-
ature.!8=20 For each of these liquids, the spin-rotation mecha-
nism is the only important mechanism for spin-lattice relaxation
of 1”Sn. Combining the NMR relaxation data and the MD
simulations, 1°Sn spin-rotation coupling constants are obtained.
Since the nuclear spin-rotation constant is intimately related to
the paramagnetic shielding that a given nucleus experiences,
knowledge of Ce allows one to calculate the absolute magnetic
shielding constant for the nucleus (vide infra). It is in this way
that we establish an absolute shielding scale for tin. Previously,
absolute shielding scales have been established for most of the
first and second row elements.?l Here we present references
for the first two elements of group 14, carbon?>?* and silicon.?*

In addition to 77 measurements on liquid stannane and
stannane-ds, we have measured the 19Sn and 'H Ty’s of a
gaseous sample of SnHy. As well, the 'H chemical shift of
SnH4(g) relative to CH4(g) has been determined by examining
a mixture of the two gases. As described later, these experi-
ments permitted an independent determination of Co(!°Sn) for
stannane.

The present study was initiated for the following reasons.
First, to the best of our knowledge, no other 11°Sn NMR
relaxation studies have been reported for stannane. Second, in
the past 15 years there have been no sincere attempts to establish
an absolute shielding scale for tin based on experimental
results.?> Third, theoretical ab initio molecular orbital calcula-
tions of tin chemical shielding in several compounds, including
the ones examined here, have been reported recently.2627 It is
important to have a reliable chemical shielding scale for tin in
order to assess the quality of such calculations. Finally, it was
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of interest to investigate the potential of MD simulations as a
source of the dynamical information required to calculate NMR
relaxation rates.

It should be stressed that two different and independent
methods have been used in constructing the chemical shielding
scale for tin. In neither of the methods used was it necessary
to make any assumptions about the nature of the rotational
motion of the molecules. The first method is purely experi-
mental, based on gas-phase relaxation data of SnHy and the
previously reported effective !H spin-rotation constant for
methane obtained from molecular-beam measurements.2® The
second method uses liquid-state T; relaxation results combined
with MD simulations. MD simulations have been performed
to provide information about the angular motion of the
molecules, which gives rise to the spin-rotation relaxation
mechanism. Our confidence in the latter method has been
increased by studying several relatively simple tin compounds
as a function of temperature.

For details concerning °Sn NMR and tin chemistry in
general, the reader is referred to reviews by Wrackmeyer!” and
Harrison,?® respectively. The mechanism of 1°Sn NMR
relaxation and the information available from such studies has
been discussed in the literature 3033

Theoretical Background

Spin-Rotation Relaxation. Spin-rotation relaxation involves
the interaction of the nuclear magnetic moment with the
magnetic field at the nucleus caused by the electron currents in
a rotating molecule.?»35 Early theoretical treatments of spin-
rotation relaxation were given by Hubbard,? Blicharski,” and
Bloom et al.*® For spherical top molecules, where the relaxing
nucleus is at the center of spherical symmetry, the spin-rotation
tensor may be represented by a scalar, and the expression for
the rate of SR relaxation is given as:3

1 _ 87°IkT ., »
T_lsi = Tceff T (D

where [ is the moment of inertia, Ceg is the spin-rotation constant
in Hz, and 7y is the angular momentum correlation time. For a
general tetrahedral molecule, MXy, I = (8/3)m(X)r2, where m(X)
is the mass of the nucleus X, and r is the M—X bond length. In
this study we use eq 1 to determine values of C.(11°Sn) from
experimental 11°Sn NMR T;5R values and 7; values calculated
from molecular dynamics simulations.

For nuclei in a spherical top molecule which are not at the
center of symmetry, the spin-rotation tensor no longer reduces
to a scalar, and two components are required to characterize
this tensor, C| and Cj;. For such nuclei, it is convenient to define
the effective spin-rotation constant, Cegs:*°
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1 2 4
Ceff2 = [E(Cu + 2CJ.)] + E(Cn - CJ.)2 2
or
Ci=C 2+i(AC)2 3
eff av 45

where C| and C are the perpendicular and parallel components,
respectively, of the spin-rotation coupling tensor. For nuclei
at the center of spherical tops, Cet = Cay since C;, = C;.

Relationship between Spin-Rotation Constants and Chemi-
cal Shielding Constants. The formal theory of nuclear
magnetic shielding in molecules was first presented by Ram-
sey.® Ramsey considered the average absolute chemical
shielding constant of a nucleus, g, to be a sum of a diamagnetic
contribution and a paramagnetic contribution:

o=o'd+o'p @)

where 04 depends only on the electron distribution in the
electronic ground state, while the paramagnetic contribution,
Op, depends also on the excited states. The first term is relatively
straightforward to calculate, while the second term remains a
challenge. However, Ramsey*° and later Flygare*!*> showed
that the second-order paramagnetic term is intimately related
to the nuclear spin-rotation tensor. Flygare and Goodisman*?
presented a simple approach for calculating & if a reliable spin-
rotation tensor is available from experiment. They showed that
the absolute average chemical shielding of a nucleus is given
by

0=0 +1MCeffl
FA"2m B g

&)

where Oga is the shielding constant of the nucleus in the isolated
free atom, M is the proton mass, m is the electron mass, B is
the so-called spectroscopic rotational constant, A/4:z], and g is
the nuclear g-factor. The second term of eq 5 is often denoted
0p’. A similar formulation was also given by Deverell.

For small molecules in the gas phase, nuclear spin-rotation
constants can be obtained quite accurately from molecular-beam
measurements.?®»3445 NMR data may also be used to obtain
information about spin-rotation constants, but it is at best an
indirect method of measuring spin-rotation constants. The NMR
method generally involves using spin-rotation relaxation data
and eq 1 to deduce values of C.4. The problem, of course, is
that in order to use eq 1 to calculate C.g, one must know 7. In
practice, experimentalists often obtain 73 NMR data for some
other nucleus in the same molecule that relaxes by the
quadrupolar mechanism or dipole—dipole mechanism. These
data are used to determine 72, and finally a motional model is
used to estimate t; (vide infra).

Quadrupolar Relaxation and Molecular Rotations. For
a quadrupolar nucleus with / = 1 at a site of axial symmetry,
the spin-lattice relaxation time, T}, is related to the rotational
correlation time, 7,:
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# = %nz(equ/h)ztz ©)
1

where e2qQ/h is the nuclear quadrupolar coupling constant in
Hz. Here it is assumed that the rotational correlation time, 7,
is short relative to the Larmor frequency (i.e., (wgT2)? < 1).
For 2H nuclei, particularly relevant to the present study, the
quadrupolar mechanism is generally several orders of magnitude
larger than other mechanisms.

Motional Models. Several motional models have been
developed to describe the rotational motion of small rigid
molecules. Theoretically, spherical or linear molecules are the
easiest to treat. The rotational motion of effectively spherical
molecules is in general assumed to be diffusional in small steps
and can be described with models given by Hubbard® and
Steele® based on Brownian motion. Such motion can be
described in terms of two correlation times,?® 7; and 7; for the
reorientational motion and the angular motion, respectively:

1
= 7
I+ DT, ™
where I is the moment of inertia and / is the order of the
spherical harmonics. In NMR relaxation, = 2 for the
reorientation of a specified molecular direction, thus according
to the so-called Hubbard relationship:

==L
2 6kTT,

®

This relationship is often used to estimate 7y when ; is known;
however, its validity is clearly limited since eqs 7 and 8 are
strictly applicable only when 7y << 7;. There are some simple
tests to determine whether or not it is reasonable to describe
molecular rotations as diffusive.*’ For example, within the
small-step diffusion model, it is clear from eqs 7 and 8 that
77T = constant; thus, within the Hubbard model, the two time
constants are strictly related to each other. Another criterion
which can be used is to determine the ratio 7,/72, which should
approach 3.0 if the rotational motion proceeds through small-
step diffusion. In MD simulations this test can be done easily
since these two correlation times are routinely calculated.

Several models have been developed to deal with molecular
rotations that do not proceed through small-step diffusion.
Particularly significant are the so-called extended diffusion
models developed by Gordon®® and McClung.*® According to
these models, inertial angular jumps are stopped after certain
small time intervals because of collisions. These collision times
are taken from a Poisson distribution averaged around 7;. In
the so-called J-diffusion model both the magnitude and the
orientation of the angular momentum are randomized after each
collision, while in the M-diffusion model the magnitude of the
angular momentum is constant. The impact of the collisions is
characterized in a qualitative way by J-diffusion mimicking
strong collisions and M-diffusion weak collisions.

One aspect of diffusive models is that, while they assume
that the duration of the molecular collisions is short compared
to 7j, this is not the case if 7; itself is extremely short. Under
such conditions the motion is hardly diffusive because the time
correlation function contains mainly the Gaussian part of the
decay (the inertial region) where the molecule is assumed to
rotate freely. The true diffusive behavior gives an exponential
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decay for the correlation function due to a long sequence of
molecular collisions.

From the above discussion it should be clear that it is highly
desirable to have a reliable method of determining 7; without
assuming a particular motional model. Herein lies the advantage
of the MD simulations.

Experimental Section

Stannane and stannane-d; were prepared by reducing anhydrous tin
tetrachloride with either LiAlH4 or LiAlD; as previously described.*

NMR Measurements. Variable temperature 2H and !'°Sn NMR
spectra were obtained on a Nicolet 360 NB spectrometer (By = 8.48
T) corresponding to 2H and !19Sn Larmor frequencies of 55.4 MHz
and 134.6 MHz, respectively. Spin-lattice relaxation times were
measured by the standard inversion recovery method.>*® The transmitter
frequency was adjusted “on-resonance”. Typical 7/2 pulse widths for
2H and 1°Sn were 50 us and 40 us, respectively. The T values were
obtained from a three parameter fit of the data, using 10 or more variable
delays. Some 'H and !"°Sn NMR measurements were also carried out
using a Bruker AMX-400 spectrometer.

Computational Details. All the MD simulations in this study were
carried out using the canonical NVT ensemble. Physical states
corresponding to some of the experimental conditions were chosen.
Experimental densities at normal pressure for the three liquids were
used. The liquid densities for SnHa, Sn(CHs)s, and SnCls were taken
from the literature.5!-53

The simulation software is a modified version of McMoldyn.** In
all the simulations, 256 molecules were placed in a cubic cell. Periodic
boundary conditions were used together with the minimum image
convention. The electrostatic interactions were treated using Ewald
summation techniques. An equilibration of 50 ps was carried out
followed by a 100 ps production run. The equations of motion were
integrated after each 2.5 fs for SnCly and Sn(CHs)s and 1.25 fs for
SnH..

The tin compounds in this study are rigid and rather heavy and
therefore especially suited for classical MD simulations. Also, since
the molecular systems are isotropic one-component liquids where the
shape of the molecules is effectively spherical, the intermolecular
interactions are well-described by potentials of the Lennard-Jones type.
In fact, the rotational motion was also well described with standard
Lennard-Jones parameters without any further adjustments. For tin in
tetramethyltin and tin tetrachloride, xenon values were used for € and
o. For stannane a slightly higher € value has been used.’> The methyl
groups in tetramethyltin were treated using the united atom model by
merging all four atoms to a single interaction point at the center of
mass of the CHj group and by using the effective parameters of a methyl
group. This is a standard technique in simulations when small spherical
and more or less inert molecular entities are grouped together, such as
methyl groups when the internal rotation is not of interest. It is done
in general to freeze the fast motions of the hydrogens but also in order
to save computing time.l® The charges are estimated from the
electronegativity of tin. Because of the high symmetry of the tetrahedral
molecules, the charge—charge interactions cancel out rather effectively
and could, in principle, have been omitted. However, at close distances,
the neighboring molecules see fractions of molecules and the electro-
static interactions contribute to the close-range interactions. Table 1
contains the potential parameters employed in the simulations together
with some essential information about the molecular geometries.

For liquid Sn(CH3); and SnCl, three complete simulations were
carried out, while for SnH, and SnD., two simulations were performed.
The temperatures investigated are evenly distributed over the liquid
phase and were chosen to correspond to temperatures at which the NMR
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Table 1. Some Selected Data Used to Construct the Molecular
and Potential Models for the SnX4 Molecules. Melting and Boiling
Points Are Also Listed

H(D) CH, Cl
&(Sn)/k (K) 260 230 230
o(Sn) (A) 4.0 4.0 4.0
q(Sn) (le) 0.8 0.8 0.8
Xk (K) 25 150 120
aX) (A) 22 37 34
q(X) (leD) -0.2 -02 -0.2
R(Sn—X) (A) 1.7 2.18 2.28
Z(X—Sn—X) (deg) 109.5 109.5 109.5
Tn (K 127 218 240
Ty (K) 221 351 388

Table 2. 1!°Sn and ?H Spin-Lattice Relaxation Times for Liquid
Stannane and Stannane-d4*

SnHa SnDy SnD,

T(K) Ti(*®Sn)(ms) T(K) Ti(*¥Sn)(ms) T(K) TiCH)(s)
212 70.9 210 105 209 26.2
190 101.5 187 148 186 19.8
171 134.6 168 207 168 16.4
159 190.8 153 275 153 144
143 249.4 142 366 139.5 10.3

132 460 133 9.0
130 8.3

2 The errors in the T values are estimated to be less than 5%.

experiments were also carried out. The errors in the calculated
correlation times, in the form of standard deviations, are estimated to
be less than 6%. All the simulations were performed on an IBM RISC
6000/580 work station at the Dalhousie Chemistry Department.

Results and Discussion

Spin-Lattice Relaxation in Liquid Stannane. At atmo-
spheric pressure, stannane exists as a liquid between 127 K and
221 K. Experimental NMR relaxation results for liquid stannane
and stannane-d; as a function of temperature are given in Table
2. Over the temperature range investigated, ~130—215 K, the
1158n spin-lattice relaxation is very efficient, 0.05s < T} < 0.5
s. The relaxation times decrease with increasing temperature,
providing a strong indication that SR is the predominant T
relaxation mechanism for 1Sn. At any given temperature, the
1198n Ty value for liquid SnHy is about 30% shorter than the
corresponding value for SnDy; this observation is also consistent
with the complete dominance of the SR mechanism (vide infra).
Of the other possible mechanisms, CSA can be ruled out because
the relaxing nucleus is at the center of a tetrahedral environment.
Also, scalar coupling does not contribute to 7; relaxation in
stannane since very well resolved multiplets due to J-coupling
are observed in the 11%Sn NMR spectra of SnHy, 17(11°Sn,!H)
= —1933 Hz, and SnDs, 1J(198n,2H) = —295.2 Hz.¥ It is
straightforward to show that the 'H—11Sn dipole—dipole
relaxation mechanism makes a negligible contribution to the
rate of 119Sn T relaxation. For example, using a Sn—H bond
length of 1.70 A36 and a reorientational correlation time of 1.0
ps, the rate of 11°Sn DD relaxation is estimated to be about
0.0066 s~1; that is, TP ~ 150 s. Also, the similar 7 values
observed for stannane and stannane-d; at any given temperature
provide further evidence that the 'H—!1°Sn dipole—dipole
mechanism is negligible. Thus the only relaxation mechanism
of importance for 11Sn T relaxation in liquid stannane and
stannane-d; is the spin-rotation mechanism. The consistently
longer T values observed for SnDjy relative to SnH, result from
the fact that, at any given temperature, 7, is longer for the

(56) Ohno, K.; Matsuura, H.; Endo, Y.; Hirota, E. J. Mol. Spectrosc.
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SnH,(gas)

SnH,(liq.)

10 5 0 -5
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Figure 1. 11°Sn NMR spectrum of a SnHa(g)/SnH.(l) mixture at 248
K.

heavier isotopomer (i.e, 7y is shorter for SnD; hence T;R is
longer for SnD,).

Over the temperature range ~130 — 210 K, the 2H T} values
of stannane-ds increase with increasing temperature from
approximately 8 s to 26 s, consistent with the complete
dominance of the quadrupolar mechanism. Using data to be
provided in a later section, it is straightforward to show that
the spin-rotation mechanism makes a negligible contribution
to the rate of deuterium spin-lattice relaxation; only the
quadrupolar mechanism is important for 2H.

The 119Sn T} values for both liquid stannane and stannane-dy
(Table 2) were plotted on a logarithmic scale versus the inverse
temperature. A linear dependence was apparent, and, after
fitting the data points using a regression analysis, the observed
slopes yield activation energies of 4.4 + 0.3 kJ/mol for both
stannane and stannane-ds. Arrhenius behavior is also found
from the °H NMR relaxation data given in Table 2. In this
case the activation energy for the reorientational motion of SnDy4
is 3.1 £ 0.2 kJ/mol. If the Hubbard relationship were valid for
liquid stannane-ds, the product T19(*H)T;3*(11°Sn) should be
independent of temperature; however from the data in Table 2,
this is clearly not the case.

1196n 7 Relaxation in Gaseous SnHy. The 119Sn NMR
spectrum of a gaseous sample of stannane containing a small
amount of liquid at 248 K is shown in Figure 1. The 1Sn
gas-to-liquid shift for stannane is 73.9 + 2 ppm at 248 K. In
general, for any given gas, NMR peaks arising from the liquid
are always at a higher frequency relative to those corresponding
to the gas since the stronger intermolecular interactions in the
liquid phase result in deshielding.’’ In this sense, stannane is
no exception.

Measurements of the 1°Sn T of stannane in the gas phase
are difficult because the 119Sn NMR peak is broad and the T} is
very short (vide infra). The relaxation measurements were
carried out at 248 K on the same sample that was used to obtain
the spectrum shown in Figure 1. Using the inversion—recovery
pulse sequence, the 1°Sn T value for stannane in the gas phase
was measured to be 117 £ 20 us. Also, the 119Sn NMR line
width at half-height, Av1,2(11°Sn), was 2900 =+ 300 Hz, giving
an approximate T, (neglecting other factors affecting the line
width) of 110 % 12 us, close to the T; value measured directly.

(57) Jameson, C. J. Bull. Magn. Reson. 1980, 3, 3.
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Similarly, under identical conditions the TH T; of gaseous
stannane was 0.769 + 0.040 s.

Ce(119Sn) for SnH,; Determined from Gas-Phase NMR
Measurements. The 19Sn spin-rotation constant for stannane
can be calculated from the experimental gas-phase NMR
relaxation results. The method used here has been previously
described by Jameson.?22458 Since both 'H and 1Sn nuclei
in gaseous stannane relax via the spin-rotation mechanism, it
is straightforward to show that:

T,CH) _ C.2(*°Sn)
T,"Sn)  C*CH)

€)

The ratio on the left-hand side of eq 9 can be readily calculated
using the gas-phase values of T1(11°Sn) and 71('H) given in the
previous section: T1(*HY/T1(*¥Sn) = 6570 + 600. To proceed
further it is necessary to determine Ce(!H) for stannane. The
following approach was used. A sample containing a mixture
of CH; and SnH, gases was prepared and the 'H NMR
frequencies for methane and stannane were measured. The 'H
chemical shift difference was found to be 3.303 £ 0.005 ppm
with the protons of methane being more shielded. Using eq 5,
it is straightforward to show that the average 'H shielding
difference is given by:

M [CCHy)  Ce(SnHy)
2mgy| B(CH)  B(SnH,)

o(CH,) — o(SnH,) = (10)

Spin-rotation constants for 'H and !3C in methane in its ground
vibrational state are accurately known from molecular beam
experiments.”® For the protons of methane, Coy = 104 £ 0.1
kHz and C; — C. = 18.5 + 0.5 kHz; thus Ceef = 11.8 £ 0.2
kHz. Using eq 10, the proton spin-rotation constant for stannane
is 4.65 + 0.05 kHz. Substituting this value in eq 9 gives the
1158n spin-rotation constant for stannane, Cegs = 377 + 35 kHz.

It should be noted that in previous 'H, 13C, and #Si NMR
studies of gaseous methane® and gaseous silane,?* the Jamesons
found these nuclei to relax via the spin-rotation mechanism.
One might anticipate that the dipolar mechanism would be
important, particularly in the case of methane since both the
I3C and 1H nuclei have relatively large magnetogyric ratios and
the 13C—!H and 'H—H separations are relatively small;
however, this is not the case.

Ce(11°Sn) from Liquid-Phase 1%Sn NMR Relaxation Data
and MD Simulations. The method used here is based on the
fact that eq 1 can be rewritten as:

2 p=J@OJO)

1 _ 87IT
ff Jo (J(0)J(0))

Tl SR h2

dt (11)

where J(¢) is the time-dependent molecular angular momentum
vector, a classical analogue to the rotational angular momentum
in the spin-rotation Hamiltonian. The MD simulations were
used to generate trajectories for the angular momentum vectors
and time correlation functions were calculated. The experi-
mental 119Sn T values were combined with the corresponding
MD simulated angular momentum correlation times, and eq 11
was used to calculate 11°Sn spin-rotation constants.

As already mentioned, the 1°Sn spin-lattice relaxation times
for liquid Sn(CH3)4 and liquid SnCl, as a function of temperature
were previously reported by Lassigne and Wells!® and by

(58) Jameson, C. J.; Jameson, A. K. Chem. Phys. Lett. 1987, 135, 254.

(59) Yi, P. N.; Ozier, L; Ramsey, N. F. J. Chem. Phys. 1971, 55, 5215.

(60) Jameson, C. J.; Jameson, A. K.; Smith, N. C.; Hwang, J. K; Zia,
T. J. Phys. Chem. 1991, 95, 1092.
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Table 3. Simulated Correlation Times and Other Data for Stannane-d,, Stannane, Tetramethyltin, and Tin Tetrachloride, (Experimental Values

in Parentheses)

molecule temp (K) D, (107° m?/s) 7y (fs) 71 (ps) 72 (ps) T, (s)
SnD, 133 305+02 20.1 £ 1.2 40+£04 1.5£0.1 9.9 + 0.5%
(9.0 £0.5)
168 430+ 0.3 328+20 28+£02 1.1£0.1 145+ 1.7%
(16.4 % 0.8)
SnH4 143 3.98+0.2 173+ 1.0 38+03 14 +0.10
171 5.10+£0.3 252+£1.5 21402 0.8 £ 0.05
Sn(CH3)4 252 0.88 £ 0.05 33.0+20 147+ 1.1 51+£04
276 1.38 £0.08 40024 11.6 £09 42103
300 202+£0.12 50.0 £ 3.0 8.6 0.6 3.0£02
SnCl4 298 1.70 £ 0.1 770+ 4.6 139+ 1.2 5004 219 £ 3.6°
(220 £ 1.7)
328 294 £0.2 87.0+5.2 109+1.1 39£03 28.2 + 4.3
358 433+£03 1157 7.8+09 28+02 38.7 £5.2¢

4 Translational diffusion coefficients are calculated from D, = kgT/Mt,, where kg is the Boltzmann constant, M is the molecular mass, and 7, is
the linear velocity correlation time. # 2H relaxation time (for details, see the text). ¢ 35Cl relaxation time (for details, see the text).

Table 4. Simulated '°Sn Spin-Rotation Constants (Using Eq 1) and Paramagnetic Terms (Using Eq 5) for the Magnetic Shielding of Tin in

Stannane-ds, Stannane, Tetramethyltin, and Tin Tetrachloride®

molecule TK) R (s7hH T1 (ms) Cesr, (kHz) oy’ (ppm) o (ppm)
SnD, 133 2.17 +£0.10 460 + 24 179.3 £ 10.0 —2425 + 126 2664 + 126
168 485+0.24 206 + 10 186.7 £ 9.7 —2524 £ 131 2562 £+ 131
SnH, 143 4.05+020 249 £ 12 358.4 £ 18.1 —2422 4+ 122 2663 + 122
171 7.41 £0.37 135+ 7 368.8 + 18.6 —2493 £+ 132 2593 £ 132
Sn(CH3)4 252 0.740 £ 0.09 1351 £ 16 169+13 —2809 £ 230 2277 £ 230
276 1.029 +£0.12 972 + 12 173+ 14 —2874 £ 240 2211 £ 240
300 1.324 £ 0.16 755+ 9 172+ 1.7 —2855 £ 286 2230 + 286
SnCly 298 0.625 £ 0.04 1600 £ 110 5.83 £0.35 —2497 £ 151 2588 £ 151
328 0.830 £ 0.06 1200 + 80 6.04 £ 0.36 —2585 £ 153 2500 £ 153
358 1.25 £ 0.09 800 + 60 6.16 £ 0.39 —2636 £ 167 2450 £ 167
¢ For details, see the text.
Sharp,1%20 respectively. In each case the spin-rotation mecha- — 133K
nism was found to be the only important mechanism for ek
longitudinal relaxation of 1°Sn.
Stannane and Stannane-d;. Table 3 contains some simula-
tion data for various correlation times at two different tempera-
tures for both stannane and stannane-ds as neat liquids. The =
reorientational correlation times 7; and 7; were obtained as ©
integrals over the time correlation functions for the first and
the second order Legendre polynomials, / = 1 and 2, respec-
tively:
U= fo (py(ae(tyu(0)) dr (12) 0.4 06 s 10
Time (ps)

where u is the time-dependent unit vector attached to the
molecule along one of the Sn—H (or Sn—D) bonds. The
tumbling motion of the vector as a function of time was averaged
over all the molecules.

The angular momentum correlation times, 7j, are generally
very short; all are found to be less than 0.1 ps. The reorien-
tational correlation times, 77, are about two orders of magnitude
larger. Based on the simulation results, rotations of stannane
would not strictly be considered diffusional since the 77 < 1,
requirement has not been met. This is particularly evident from
the ratio, 7;/72, which is between 2.5 and 2.7. Applying the
Hubbard relationship (eq 8), gives 7; values approximately a
factor of 2 smaller than the simulated ones.

The quadrupolar relaxation time can be calculated using the
simulated 7, values and eq 8. These are quoted in Table 3
together with the experimental values. The 2H quadrupolar
coupling constant used for SnDs was 66 + 5 kHz; this value
was determined from the T3(*H) minimum measured on a solid
sample.5! On the basis of our experience, this value probably

(61) Niemela, L.; Mikeld, J. Phys. Lett. 1973, 434, 343,

Figure 2, Angular momentum autocorrelation functions for SnD4(1)
at 133 and 186 K.

represents a lower limit for the value of the deuterium
quadrupolar coupling constant.®%63

The simulated 7; values from Table 3 and the SR relaxation
times from Table 2 can be used to calculate the effective spin-
rotation constant according to eq 1. Results from the calcula-
tions are given in Table 4. For stannane-ds, the value of Cesr
determined at 133 K and at 168 K is the same within
experimental error; the average is 183 kHz. Similarly, the value
for stannane is 364 kHz, in excellent agreement with the value
deduced from the gas-phase relaxation data in the previous
section.

Figure 2 displays the simulated angular momentum autocor-
relation functions for SnD4 at 133 K and 186 K. One

(62) Maclntosh, M. R.; Fraser, B.; Gruwel, M. L. H.; Wasylishen, R.
E.; Cameron, T. S. J. Phys. Chem. 1992, 96, 8572.

(63) Gruwel, M. L. H.; Wasylishen, R. E. Z. Naturforsch. 1990, 45a,
55.
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Figure 3. Reorientational autocorrelation functions for SnDa(1) at 133
and 186 K.
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Figure 4. Tin chemical shift and absolute chemical shielding for
molecules treated in this study: top, tin chemical shift scale; bottom,
absolute shielding scale for tin.

characteristic feature of these curves is the reversal of the angular
momentum, which is apparent as a rather deep negative well in
both time correlation functions, deeper at the lower temperature.
This behavior is common for molecules with anisotropic
potentials but appears also for more spherical molecules when
the temperature is lowered and the density increased, as
discussed by Lynden-Bell and McDonald in their simulation
study of tetrahedral model molecules.%* This behavior, also
known as the cage effect, is due to librational motion of
molecules in their first solvent cage. It should be mentioned
that neither Langevin models nor the J-diffusion model give
negative time correlation functions, since both models predict
exponential decays for angular momentum correlation functions.

Figure 3 shows the reorientational autocorrelation functions
for stannane-d4 at 133 K and 186 K. These curves have a clear
exponential decay. At the higher temperature, the curve
approaches 0 at 5 ps, and at the lower temperature the curve
has decayed to O close to 10 ps. The curves for SnH4 (not
shown) were qualitatively the same.

Tetramethyltin. At atmospheric pressure, tetramethyltin is
a liquid between 218 K and 351 K. In this study, we used the
experimental 11°Sn T data of Lassigne and Wells!® and angular
momentum correlation times from the MD simulations to deduce
Ces(119Sn) (see Tables 3 and 4). Lassigne and Wells also used
their experimental NMR data to estimate a !1Sn spin-rotational
constant for Sn(CH3)4; however, they used motional models to
calculate angular momentum correlation times. Thus, assuming
that the J-diffusion model is applicable for liquid Sn(CH3), at
300 K, they calculated C.¢s = 17.7 kHz, while for M-diffusion
Cert = 10.4 kHz. Also, the molecular geometry used here for

(64) Lynden-Bell, R. M.; McDonald, I. R. Mol. Phys. 1981, 43, 1429.
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tetramethyltin differs slightly from that used in ref 18. In this
study we use the results of a recent crystallographic study of
Sn(CH3)4 by Krebs et al.%5 They found that three of the four
Sn—C bond lengths are equivalent, rsac = 2.138(6) A, and the
other is slightly shorter, 2.102(8) A. The angle between the
equivalent bonds was 109.6° while the remaining angles were
109.3°. Lassigne and Wells!8 used rg;c = 2.18 A and used the
regular tetrahedral angle, 109.47°, for the C—Sn—C bond angles.

For the MD simulations the methyl group was represented
by a single mass point (see Computational Details). The
distance from the tin atom to the center-of-mass of the methyl
group, used in the MD simulation, is 2.18 A. It gives effectively
a slightly shorter Sn—C distance compared to the all atom
model. Consequently, it gives a somewhat smaller moment of
inertia (316.4 x 107%7 kg m?) compared to the value reported
by Lassigne and Wells (344.0 x 10~% kg m?).18

Three temperatures from the measurements of Lassigne and
Wells'® were chosen to carry out the MD simulations, namely,
252 K, 276 K, and 300 K. While the calculated angular
correlation times (see Table 3) are about the same order of
magnitude as in the case of stannane, the reorientational
correlation times are considerably longer than for stannane,
making the Hubbard relationship more applicable for Sn(CHz),.
The ratio 7y/7; gives values close to 3, indicating that the small-
step diffusion model is a reasonably good assumption. At 252
K, 276 K, and 300 K, the Hubbard relationship gives z; values
of 29, 33, and 42 fs, respectively, compared to 33, 40, and 50
fs, respectively, obtained from the MD simulations.

From !H and 13C NMR relaxation measurements at 300 K,
Lassigne and Wells determined 7, = 2.82 ps for the overall
rotations of Sn(CHj3)4.18 Although it is necessary to make a
number of assumptions in obtaining this value, it agrees well
with the value from the MD simulations, 3.0 ps at the same
temperature. Using 7, = 2.82 ps and the J-diffusion model,
Lassigne and Wells'® found 7; = 49 fs, while a value of 50 fs
was obtained from the present MD simulations. Note that in
the limit of small-step diffusion, the J-diffusion model and the
Hubbard relationship yield the same values of ;. On the other
hand, the M-diffusion model gives angular momentum correla-
tion times three times longer, i.e., 7y = 147 fs in the case of
Sn(CHaj)4(1) at 300 K. Clearly, the results of the M-diffusion
model are inconsistent with the MD simulations.

Lassigne and Wells!8 calculated 11°Sn spin-rotation constants
for tetramethyltin using both values of 7;. Using 7; = 49 fs
(J-diffusion), Cees = 17.7 kHz; with 7; = 147 fs (M-diffusion),
Cest = 10.4 kHz. These values are based on the 1/T;SR value
of 1.5 s7! for 11%8n in a neat liquid sample at 300 K. Using
this 77 value and the MD simulated angular momentum
correlation time, a value of 17.2 kHz is obtained for Cesr. The
difference between the value obtained in this study and the
J-diffusional value obtained by Lassigne and Wells!® arises
mainly from small differences in the moment of inertia.

The values of Ceg(11°Sn) calculated using the combined NMR
and MD data at 252 K, 276 K, and 300 K are in excellent
agreement. The average value is 17.1 kHz.

Tin Tetrachloride. At atmospheric pressure, tin tetrachloride
exists as a liquid between 240 K and 388 K. Both 1%Sn NMR
and ¥*Cl NMR relaxation data are available for liquid SnCl,. 192066
On the basis of an extensive !°Sn NMR study, Sharp has
determined Ceg('°Sn) = 6.1 kHz.19-%0

The MD simulation results for liquid SnCl, are given in Table
3. The angular momentum and reorientational correlation times

(65) Krebs, B.; Henkel, G.; Dartmann, M. Acta Cryst. 1989, C45, 1010.
(66) Johnson, K. J.; Hunt, J. P.; Dodgen, H. W. J. Chem. Phys. 1969,
51, 4493,
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Table 5. Tin Chemical Shifts and Absolute Shielding Constants
(ppm)

chemical
shielding difference?
molecule  o(Sn(CH3)s) — o(SnXs)  o(SnXs)®  o(Sn(CHs)g)¢

SnHa(g) —541.5 2537 + 284 1996
SnD4(1) —469.2 2613 £ 131 2144
SnH(1) —467.6 2628 + 132 2160
SnCL(1) —147.8 2512 £ 167 2364
Sn(CHj;)4(1) 0.0 2240 + 286 2240

av 2181

2The three stannane samples were at 248 K while SnCly and
Sn(CH;)s were at 300 K. ¢ Values for liquid samples from !1Sn NMR
T data and MD simulations; see Table 4 for details. Values for SnHi(g)
from gas-phase relaxation data; see text. © Absolute shielding constant
for tin in Sn(CH3)4(1) calculated from the previous two columns, average
value 2181 ppm.

are of comparable magnitude to those obtained for tetrameth-
yltin. However, by comparing the simulated 7; and 77 values,
it is evident that the simulated reorientational motion of SnCly
is not as clearly diffusive as it was for Sn(CHz)s. Using eq 8
and the simulated 7; values at 298 K, 328 K, and 358 K yields
7; values of 66, 77, and 98 fs, respectively, while the cor-
responding simulated values are 77, 87, and 115 fs, respectively.

The MD simulation results for SnCly are in surprisingly good
agreement with the experimental results of Sharp.1®2 The
reorientational correlation time 7; = 5.0 ps at 298 K from the
MD simulation is the same as that reported by Sharp. Conse-
quently, the calculated 119Sn spin-rotation constant from simula-
tion should be close to the value obtained by Sharp. This is
the case, but only when the chlorine mass as given for the natural
abundant mixture of chlorine isotopes is used. It may be noted
that if the chlorine mass is calculated from the moment of inertia
found in Table 1 of ref 19 and using the Sn—Cl distance of
2.28 A quoted in the text, it turns out to be for chlorine-37.
The mass 35.453 is used in the present work for the chlorine
atoms throughout the simulations for SnCl,.

Absolute Scale for Tin Chemical Shielding. Using the
1198n spin-rotation constants obtained in the previous section,
we have used eq 5 to calculate values of the paramagnetic term,
0y (Sn), and the total absolute shielding constant, o(Sn), relative
to the bare nucleus. Values for stannane, tetramethyltin, and
tin tetrachloride are given in Table 4. The free atom shielding
constant for tin, opa = 5085.6 ppm, was taken from ref 67.
Experimental tin chemical shifts and the absolute shielding
constants are summarized in Table 5. Using the experimental
1198n chemical shifts measured directly from frequency differ-
ences and the absolute tin shielding constants obtained from
the spin-rotation constants, it is straightforward to calculate an
absolute tin shielding constant for Sn(CH3)4(1) (see last column
of Table 5). Using these data, a “best’”” semiexperimental value,
the average, can be calculated. The value obtained is 2181 ppm.
In the discussion that follows we will take o(Sn(CH3)4) = 2180
+ 200 ppm. This scale could be perhaps characterized as a
“semiexperimental” absolute chemical shielding scale for tin.
The error quoted here is expected to be an upper limit.

In spite of the good agreement between the calculated 11°Sn
spin-rotation constants obtained in this study and the results
reported by Lassigne and Wells!® for tetramethyltin and by
Sharp! for tin tetrachloride, the absolute shielding values are
found to be somewhat different. First, the value of the
paramagnetic shielding, o,’(Sn), for Sn(CHs)s is reported as
—3200 ppm at 300 K by Lassigne and Wells,!® while our value
is —2855 + 286 ppm at the same temperature. The difference

(67) Malli, G.; Froese, C. Int. J. Quantum. Chem. Symp. 1967, 1, 95.
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corresponds roughly to the difference in moment of inertia
between the molecular models used in this work and the one
used by Lassigne and Wells,18

In the case of tin tetrachloride, Sharp reports —2760 ppm as
the paramagnetic contribution, o', at 298 K.1° The correspond-
ing value from our calculations is —2497 + 151 ppm, given in
Table 4. This disagreement is somewhat puzzling, since there
is such good agreement between the 11°Sn spin-rotation constants
calculated in both studies. One possible explanation could be
that, although the same geometry was used in both studies,
different chlorine masses may have been used in the calculation
of Cer(1'Sn) and &,’. Another possible source contributing to
the discrepancy could be that different nuclear constants may
have been used. The nuclear g-factor of —2.0828 which is based
on the magnetogyric ratio of —9.9756 x 107 rad T! s7! is
used here; however, a more precise value is available from the
present study (vide infra). Concerning the magnetogyric ratios
for 1198n, the literature seems to be slightly confusing. For
example, the values —9.9756 x 107 and —10.021 x 107 rad
T~ 57! are quoted in ref 68. Other examples of different
magnetogyric ratios are easy to find.5%7

If tetramethyltin is used as a reference, as is normally done
in tin NMR experiments, we obtain a calculated chemical shift
of —272 ppm for SnCl. This can be compared with the
experimental value, —147.8 ppm, reported by Lassigne and
Wells.!® Under the circumstances this is surprisingly good
agreement. It is obtained as a difference between two large
quantities, after several steps of calculations with uncertainties
and approximations in the geometric and potential models for
two different molecules.

For stannane, the calculated shift from Sn(CHj)s is —388
ppm, while the experimental value is —467.6 ppm at 248 K.
Based on the observed temperature variation, the 11°Sn chemical
shift at room temperature can be extrapolated to —480 ppm for
neat stannane. The calculated shift between SnHy and SnDy is
much too small and uncertain to be significant. The measured
shift difference is only —1.603 ppm.

We would like to mention that calculated values of g are
quite sensitive to the molecular geometry used. For example,
in the case of SnCly, an increase in rgp.cp of 0.01 A will decrease
the calculated tin shielding by approximately 10 ppm. Knowing
that molecular properties and average geometries in liquids are
affected by intermolecular interactions, the use of gas-phase or
solid-state determined bond lengths and angles in studies of
liquids should be questioned. Unfortunately, these geometries
are often the only ones available.

The absolute chemical shielding value for tin in the gaseous
SnHy is calculated to be 2537 + 234 ppm using the spin-rotation
constant, Ces(11°Sn) = 377 £ 35 kHz, obtained from the gas-
phase results.

Finally, we comment on the temperature dependence observed
in the measured chemical shifts. For the 11°Sn chemical shift
in SnD4 we observed a linear decrease of 0.26 £+ 0.2 ppm/K
when the temperature was increased. This is based on four
measurements at 132, 142, 153, and 212 K, respectively. The
following resonance frequency shifts for 11°Sn from the 212 K
value were observed: 2039 Hz (153 K), 2507 Hz (142 K), and
2869 Hz (132 K).

(68) The Multinuclear Approach to NMR Spectroscopy; Laszlo, P., Ed,;
Academic Press: New York, 1985 (p xiv; y(119Sn) = —9.9756 x 107 rad
T-1 571y (p 345; ¥(11%8n) = —10.021 x 107 rad T~! s71).

(69) Brevard, C.; Granger, P. Handbook of High Resolution Multinuclear
NMR; John Wiley: New York, 1981 (p 168: y(11%Sn) = —9.9756 x 107
rad T™1 571y,

(70) Harris, R. K. Nuclear Magnetic Resonance; Longman: New York,
1986 (p 236: y(11°Sn) = —10.021 x 107 rad T~! s71).
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Table 6. Comparison of Calculated and Experimental Tin
Shielding Constants (ppm)

ab initio.

MO calculations exptl value
molecule ref 26 ref 27 (this study)®
SnH,4 3683 3403 2722
SnCl, 3410 2904 2328
Sn(CHs)4 3208 3006 2180

@ Obtained from the experimental tin chemical shifts in Table 5 and
by assuming o(Sn(CHs)s) (1)) = 2180 ppm. Note that the values for
Sn(CHj),4 and SnCly are liquid-phase values, while for SnH, the gas-
phase value is used. For SnH, the gas to liquid chemical shift is 73.9
+ 2 ppm.

Comparison of o(Sn) Obtained by Quantum Mechanical
Calculations and Experiment. Quantum mechanical calcula-
tions of the tin chemical shielding in stannane and several other
tin(TV) compounds have been recently reported by Nakatsuji
et al. 26?7 These authors have used the finite perturbation (FPT)
method with a common gauge origin at the tin nucleus.
Experimental and theoretical results for stannane, tin tetrachlo-
ride, and tetramethyltin are summarized in Table 6. Using rather
small basis sets, Nakatsuji et al.° report ¢ = 3683 ppm for
SnHy, 0 = 3410 ppm for SnCL, and o = 3208 ppm for Sn-
(CH3)4. In general, the calculations successfully describe the
relative 11°Sn chemical shifts in the series of tin compounds
investigated. Indeed, the observed U-shape in the Sn(CH3)4-.Cl;
series as well as the linear change in the Sn(CHs)4—,H; series
were reproduced by the calculations. However, both the method
used by Nakatsuji er al. concerning the gauge-origin and also
the use of modest basis sets have received criticism in the
literature,”1

In a subsequent paper Nakatsuji ef al.?’ used slightly larger
basis sets to recalculate 119Sn ¢ values for the same set of tin
compounds. The relative chemical shifts obtained using the
larger basis set were, in fact, in worse agreement with experi-
ment. For example, the calculated tin chemical shift of SnCly
relative to Sn(CH3)4 is +102 ppm, while the experimental value
is —147.8 ppm. However, note that the calculated absolute
shielding constants agree better with experiment in the more
recent calculations! According to Jameson,” when small basis
sets are used the paramagnetic term is underestimated in the
calculations. This statement is supported by the results pre-
sented here.

Magnetogyric Ratio for 119Sn. It is of interest to look at
the magnetogyric ratio for 11°Sn somewhat more closely. Most
NMR text books give y(11°Sn) = —9.9756 x 107 rad T~! 57,
which is based on the work by Proctor from 1950.72 Proctor
used #(**Na) = 2.2166 + 0.0004 uy as a reference, and using
a 18.9 MHz spectrometer (*H frequency) and solutions of 5.3
M SnCl, with 1.0 M MnCl, and of 0.69 M NaCl with 1.0 M

(71) Jameson, C. J. A Specialist Periodical Report on NMR, 1994, 23,

47.
(72) Proctor, W. G. Phys. Rev. 1950, 79, 35.
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MnCl; he obtained #(119Sn) = 1.0411 £ 0.0002 un. This value
is without chemical shielding corrections. Here uy is the nuclear
magneton, 5.050 786 6 x 10727 J T-1.73 Some other NMR text
books quote y(11%Sn) = —10.021 x 107 rad T~! s~1, which
seems to contain a correction based on the free atom diamagnetic
shift 5085.6 ppm for tin,%’ thus assuming the paramagnetic
contribution to chemical shielding is 0.

We are in a position to calculate a more accurate value for
y(11%8n). Using proton data as reference, we can calculate
y(1198n) from:

119 1
19g 1y = 1H\1’( Sn) (1 —o(H))
y("Sn) = y(H) JOH) (1 — G(HQSn))

Here y(H) = 26.752 212 8(81) x 107 rad T~! s~! can be found
in the latest edition of fundamental constants.”* Measurement
on tetramethyltin gave v(*H) = 400.136 148(5) MHz and
v(1198n) = 149.213 227(2) MHz. The ratio of v(11°Sn)/v(*H)
is 0.372906 33 after subtracting 0.52 ppm, which is the
difference between proton shifts of Sn(CHj)4 and Si(CHj3)4.”
Using the value of g(Sn) = 2180 ppm obtained in this study, a
value of 30 ppm for o(H) in Sn(CH3), we obtain y(11°Sn) =
—9.997 559(8) x 107 rad T-1s~!. Of course, one can calculate
an accurate value for y(117Sn), since v(11°Sn)/v(1VSn) =
1.046 541, thus y(117Sn) = —9.552 955(8) x 107 rad T~1s71,

Conclusions

A combination of NMR relaxation data and MD simulations
have made it possible to determine 1°Sn spin-rotation constants
for stannane, tetramethyltin, and tin tetrachloride. Also, gas-
phase NMR relaxation data have been used to provide an
independent experimental 11°Sn spin-rotation constant for stan-
nane. The derived 119Sn spin-rotation constant have led to a
set of internally consistent values for the absolute tin shielding
constant in tetramethyltin: ¢ = 2180 + 200 ppm. This value
will provide a benchmark for future quantum mechanical
calculations of tin shielding tensors.

In summary, the results obtained here are clearly encouraging
for the continued use of MD simulations in close combination
with NMR relaxation measurements to study molecular motions
and interactions in liquids and solutions.

(13)

Acknowledgments. This work was supported by grants from
the Swedish Natural Science Foundation NFR (A.L.) and from
NSERC of Canada. We are grateful to Professor Neil Burford
for preparing samples of stannane and stannane-ds and Gang
Wu for providing accurate 'H and °Sn NMR frequencies for
tetramethyltin. The authors thank Dr. Klaus Eichele, Michael
Lumsden, and Gang Wu for many helpful comments. All NMR
spectra were recorded at the Atlantic Region Magnetic Reso-
nance Centre.

(73) Cohen, E. R.; Taylor, B. N. J. Res. Natl. Bur. Stand. 1987, 92, 85.

(74) Cohen, E. R.; Taylor, B. N. Rev. Mod. Phys. 1987, 59, 1121.

(75) Chehayber, J. M.; Drake, J. E. Inorg. Chim. Acta 1986, 111, 51.

(76) McFarlane, H. C. E.; McFarlane, W.; Tumner, C. J. Mol. Phys. 1979,
37, 1639.




