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THE INTERPRETATION OF ATOMIC DISPLACEMENT PARAMETERS. 

JACK. D. DUNITZ 
Organic Chemistry Laboratory, Swiss Federal Institute 
of Technology, ETH-Zentrum, CH-8092 Zurich, 
Switzerland. 

astract Modern crystal structure determination prov- 
ides not only the atomic arrangement but also a set of 
quantities known as Gaussian displacement parameters 
(ADP‘s) , which contain information about averaged dis- 
placements of atoms from their mean positions. These 
quantities can be analysed in terms of simple models to 
yield conclusions about the rigid-body motion of 
molecules, about large-amplitude internal motions, and 
about the nature of any disorder that may be present in 
the crystals. Rotation barrier heights derived from 
such analyses are in good agreement with values 
obtained by other physical methods. 

ON IN CRYSTALS 

Contrary to opinions overheard at this Conference, the atoms 

in a crystal are not stationary; in fact, they move appre- 

ciably about their mean positions. From diffraction studies, 

one can obtain information not only about the mean atomic 

positions but a l s o  about the probability density functions 

(pdf ‘ s )  of the atoms resulting from their time-averaged 

motion, averaged again over all unit cells in the crystal. 

In small-molecule crystallography, the atomic pdf’s are 

usually taken as trivariate Gaussian probability functions: 

D(X) = (2K) -3’2 (detU-’) 

is a vector and U-’ 

exp(-XTU-’X/2) 

where X is the inverse of the second- 

moment matrix U. The equi-probability surfaces of this pdf 

11 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
01

 1
9 

Fe
br

ua
ry

 2
01

3 



12 J. D. DUNITZ 

a r e  e l l i p s o i d s ,  a n d  i t s  s e c o n d  moment i n  a n  a r b i t r a r y  

d i r e c t i o n  d e f i n e d  by a u n i t  v e c t o r  n i s  nTUn, c o r r e s p o n d i n g  

t o  t h e  mean-square  d i s p l a c e m e n t  a m p l i t u d e  (MSDA) i n  t h a t  

d i r e c t i o n .  F o r  o r g a n i c  c r y s t a l s  a t  room t e m p e r a t u r e ,  t y p i c a l  

MSDA's a re  a r o u n d  0 . 0 5  t o  0 . 1  A2, c o r r e s p o n d i n g  t o  r o o t -  

mean-square ( r m s )  d i s p l a c e m e n t s  i n  t h e  r a n g e  0 . 2 5  t o  0 . 3  h .  
A t  1 0 0  K ,  t h e  MSDA's would be r e d u c e d  t o  a b o u t  a t h i r d  o f  

t h e i r  room-temperature  v a l u e s .  

Because  t h e  weak s c a t t e r i n g  power o f  h y d r o g e n  a t o m s  

p r e c l u d e s  t h e  u s e  o f  t o o  many p a r a m e t e r s  i n  t h e  d e s c r i p t i o n  

of t h e i r  m o t i o n ,  hydrogen p d f ' s  a r e  g e n e r a l l y  t a k e n  a s  i s o -  

t r o p i c .  The s i x  components  o f  U may be termed a n i s o t r o p i c  

G a u s s i a n  d i s p l a c e m e n t  p a r a m e t e r s  (ADP's), a n d  t h e y  a r e  rou-  

t i n e l y  o b t a i n e d ,  t o g e t h e r  w i t h  t h e  mean a t o m i c  p o s i t i o n s ,  

f o r  t h o u s a n d s  of c r y s t a l  s t r u c t u r e  a n a l y s e s  e v e r y  y e a r .  I n  

f a c t ,  c r y s t a l l o g r a p h e r s  u s e  a c o n s i d e r a b l e  p a r t  o f  t h e i r  

c o m p u t i n g  r e s o u r c e s  i n  c a l c u l a t i n g  t h e s e  q u a n t i t i e s .  The 

main outcome, it would s e e m ,  c o n s i s t s  o f  t h e  f a m i l i a r  ORTEP 

d i a g r a m s '  o f  c r y s t a l  s t r u c t u r e s ,  where  t h e  a t o m s  a r e  re- 

p r e s e n t e d  by " v i b r a t i o n  e l l i p s o i d s " .  A p a r t  f r o m  t h i s ,  ADP ' s  

a r e  n o t ,  a p p a r e n t l y ,  r e g a r d e d  a s  b e i n g  o f  a n y  p a r t i c u l a r  

i n t e r e s t .  A t  a n y  ra te ,  t h e y  h a v e  more or less d i s a p p e a r e d  

from t h e  p u b l i s h e d  l i t e r a t u r e ,  most j o u r n a l s  h a v i n g  decreed 

t h a t  ADP's b e  r e l e g a t e d  t o  " s u p p l e m e n t a r y  m a t e r i a l " ,  a 

h i g h l y  u n c e r t a i n  f a t e .  S o m e t i m e s  t h e  i n f o r m a t i o n  c a n  b e  

r e c o v e r e d  w i t h  l i t t l e  i n c o n v e n i e n c e ,  e x p e n s e ,  a n d  d e l a y ,  b u t  

sometimes it i s  p r a c t i c a l l y  i r r e t r i e v a b l e .  I n  most p u b l i s h e d  

a c c o u n t s  o f  c r y s t a l  s t r u c t u r e  a n a l y s e s ,  t h e  U m a t r i c e s  a r e  

c o n t r a c t e d  i n t o  s c a l a r s ,  v a r i o u s l y  described a s  i s o t r o p i c  o r  

e q u i v a l e n t  U ' s . T h i s  i n d i s c r i m i n a t e  d e g r a d a t i o n  o f  t h e  

i n f o r m a t i o n  c o n t a i n e d  i n  t he  U's is  a g r e a t  p i t y .  Hard-won 
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ATOMIC DISPLACEMENT PARAMETERS 13 

knowledge about atomic motion in crystals is simply being 

thrown away. 

The atomic "temperature factor" is the Fourier 

transform of the pdf, and for the above Gaussian D(X) it 

be comes 

T(h) = exp(-2n2hTUh) 

where h is the reciprocal lattice vector (of length 

2sine/h) . In principle, additional terms (higher cumulants) 
required for the description of non-Gaussian pdf's can also 

be determined by including suitable parameters in the 

least-squares refinement. However, these higher terms are 

likely to be important only when the second moments are 

large, and hence when the scattering from the atom in 

question falls off rapidly with scattering angle. Thus, it 

is just when the higher terms are important that they become 

almost impossible to measure. 

PROBLEMS IN INTERPRETING ADP'S 

The ADP's associated with a given atomic centre refer to the 

motion of an a v e r a d  atom and not to the motion of any 

individual one. The motions of the individual atoms are 

highly correlated, and the ADP's provide no information 

whatsoever about the nature of these correlations. An 

important part of the information necessary to describe the 

atomic motions is therefore not available directly. 

In the mean-field model, we assume that the motion of 

the averaged atom is governed by an effective potential 

imposed by its averaged environment. Given a suitable 

force-field, this potential can be calculated by summing all 

relevant interatomic interactions when one atom (or 
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14 J .  D. DUNITZ 

molecule)  i s  d i s p l a c e d ,  a l l  o t h e r  atoms ( o r  molecu le s )  be ing  

h e l d  a t  t h e i r  mean p o s i t i o n s .  

A l though  r i g o r o u s  c o n c l u s i o n s  a b o u t  c r y s t a l  o r  

molecular  v i b r a t i o n s  cannot  be d e r i v e d  from t h e  ADP's a lone ,  

it i s  o f t e n  p o s s i b l e  t o  r ep roduce  t h e  obse rved  ADP's wi th  

t h e  h e l p  of s imple  models i n v o l v i n g  c o r r e l a t e d  mot ions  of 

g roups  of atoms. The assumpt ion  t h a t  a g i v e n  molecu le  o r  

a tomic  g roup ing  behaves a s  a r i g i d  body i n  t h e  c r y s t a l  i s  

perhaps  t h e  s i m p l e s t  way of i n t r o d u c i n g  such  c o r r e l a t i o n s .  

Indeed, ADP's have been used  f o r  many y e a r s  i n  t h i s  way t o  

e s t i m a t e  r ig id-body t r a n s l a t i o n a l  and l i b r a t i o n a l  motion of 

molecules  i n  c r y s t a l s  a s  w e l l  a s  t o r s i o n a l  ampl i tudes  f o r  

i n t e r n a l  molecular  motions - 4 1  5 

2,3 

THE RIGID-BODY MODEL 

To d e s c r i b e  t h e  t r a n s l a t i o n  mot ion  of  a . r i g i d  body w e  

r e q u i r e  s i x  numbers, t h e  components <tit]> of a symmetric 

m a t r i x  TI analogous  t o  U f o r  t h e  motion of a s i n g l e  atom. 

S i m i l a r l y ,  t h e  l i b r a t i o n a l  mot ion  c a n  be described by  a 

symmetric m a t r i x  L with  components <hihj>.  I f  t h e  l i b r a t i o n  

a x e s  a r e  r e q u i r e d  t o  i n t e r s e c t  a t  a p o i n t ,  t h e  r ig id -body  

mot ion  i s  c o m p l e t e l y  d e s c r i b e d  by  T and L, b u t  i n  t h e  

g e n e r a l  c a s e  a d d i t i o n a l  pa rame te r s  a r e  needed t o  a l l o w  f o r  

t h e  q u a d r a t i c  c o r r e l a t i o n  between t h e  p u r e  t r a n s l a t i o n a l  and 

p u r e  l i b r a t i o n a l  mot ions .  The a d d i t i o n a l  pa rame te r s ,  n i n e  

i n  number, a r e  of t h e  form <h i t j>  and form t h e  e l emen t s  of a 

new m a t r i x  S, which i s  u n s y m e t r i c .  The e lemen t s  of T and L 

( and  of S, where n e c e s s a r y )  a r e  found by  a l i n e a r  l e a s t -  

squa res  f i t  t o  t h e  observed  ADP's, excep t  t h a t  t h e  d i a g o n a l  
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ATOMIC DISPLACEMENT PARAMETERS 15 

elements  of S cannot be o b t a i n e d  completely i n  t h i s  way: 

on ly  t h e i r  d i f f e r e n c e s .  Where t h e  assumption of r easonab le  

molecu la r  r i g i d i t y  seems j u s t i f i e d ,  t h e  model u s u a l l y  

r ep roduces  t h e  obse rved  U ' s  w i t h i n  t h e i r  e x p e r i m e n t a l  

p r e c i s i o n .  

INTERNAL MOLECULAR MOTION 

For eve ry  p a i r  of atoms A I B  i n  a p e r f e c t l y  r i g i d  grouping, 

t h e  M S D A ' s  of both atoms must be e x a c t l y  e q u a l  a long  t h e  

in t e ra tomic  vec to r :  
A (A,B)  = n T uAn - nTUBn = o 

where n i s  t h e  u n i t  vec to r  a long A I B .  Note t h a t  t h e  converse 

does no t  hold;  A w i l l  be zero ( i n  f i r s t  approximation)  i f  

t h e  r e l a t i v e  motion of t h e  atoms i s  pe rpend icu la r  t o  t h e  A,B 

d i r e c t i o n .  T h i s  c o n d i t i o n  p r o v i d e s  a s i m p l e  method of 

t e s t i n g  whether t h e  ADP's obtained f o r  a p a r t i c u l a r  grouping 

a r e  c o m p a t i b l e  w i t h  r i g i d - b o d y  mot ion .  S i n c e  bond- 

s t r e t c h i n g  v i b r a t i o n s  t y p i c a l l y  have n e g l i g i b l e  ampli tudes 

compared with o t h e r  i n t e r n a l  motions, t h i s  c o n d i t i o n  should 

a l s o  be v a l i d  f o r  bonded p a i r s  of atoms even i n  non-r igid 

molecules.  Thus, eva lua t ion  of A (A ,B)  over  a l l  bonded p a i r s  

of atoms can g i v e  a u s e f u l  e s t i m a t e  of t h e  o v e r a l l  q u a l i t y  

of t h e  ADP's.~ 

I n s p e c t i o n  of t h e  m a t r i x  of  A v a l u e s  c a n  r e v e a l  

r e l a t i v e  motion of r i g i d  subgroups: w i th in  t h e  subgroups t h e  

A va lues  should no t  d i f f e r  s i g n i f i c a n t l y  from zero,  while  

r e l a t i v e  motion of t h e  subgroups w i l l  b e  manifested by much 

l a r g e r  values  of some of t h e  inter-group A ' s .  An example i s  

g i v e n  i n  Table  1, whereA va lues  f o r  t r i pheny lphosph ine  
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16 J .  D .  DUNITZ 

Cl 48 211 -2 - 1 1  -5 -9 

C2 IS 5 -23 -44 -46 -34 

8 
ox ide  i n  i t s  orthorhombic c r y s t a l  m o d i f i c a t i o n  a t  1 0 0  K a r e  

shown. The t r i a n g l e s  l a b e l l e d  A,B,C c o n t a i n A  v a l u e s  f o r  t h e  

t h r e e  phenyl  g roups  ( F i g u r e  1) ;  t h e  t h r e e  b l o c k s  AB,AC,BC 

c o n t a i n  A v a l u e s  f o r  p a i r s  of atoms be long ing  t o  d i f f e r e n t  

r i n g s .  The e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  o f  t h e  A ' s  a r e  

about I u n i t s .  Thus, t h e  r i n g s  themselves  can  be rega rded  a s  

b e i n g  e s s e n t i a l l y  r igid.  On t h e  o t h e r  hand, t h e r e  i s  c l e a r  

ev idence  of s i g n i f i c a n t  motion of t h e  r i n g s  r e l a t i v e  t o  one 

ano the r ,  e s p e c i a l l y  of r i n g  A r e l a t i v e  t o  r i n g s  B and C .  

40 44 1 1  -5  -3 0 1 1  5 5 10 2 1  

-73 -89-100 -77 -57 -81 -2 -7 5 -6 

TABLE I M a t r i x  of A v a l u e s  ( i n  u n i t s  o f  A 2 )  f o r  
t r i p h e n y l p h o s p h i n e  o x i d e  a t  1 0 0  K .  Each A i s  
t h e  mean-square d isp lacement  ampl i tude  (MSDA) of 
t h e  atom a t  t h e  head  of t h e  column minus t h e  
MSDA f o r  t h e  atom a t  t h e  l e f t  of t h e  row, b o t h  
MSDA's  be ing  t aken  a long  t h e  i n t e r a t o m i c  v e c t o r .  
Atoms C1-C6  compr i se  r i n g  A, C7-Cl2 r i n g  B, 
C13-Cl8 r i n g  C .  

C3 49 26 -22 - I S  -38 -20 -21 -31 -74 -78 -51 -42 

C4 56 12 -I3 -10 -34 -25 36 67 12 -31 -29 -IS I 
cs 
C8 

c7 

C6 

c9 

c10 

Cll 

c12 

C13 

C14 

CIS 

C16 
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ATOMIC DISPLACEMENT PARAMETERS 17 

FIGURE 1.Stereoview of triphenylphosphine oxide 
(orthorhombic modification) at 100 K showing 
ring labels and atoms numbered 1,7 and 13. 

For flexible molecules like triphenylphosphine oxide 

with reasonably large torsional motions of more or less 

rigid groups, the magnitudes of such motions can be 

estimated by a slight modification of the T , L , S  analysis. 

An additional parameter <($2>1 a mean-square torsional 

amplitude, is added for each group suspected of undergoing 

appreciable torsional motion. The torsional axis needs to be 

specified in advance, and, in the simplest version, all 

correlations between the internal motion and the overall 

motion are neglected. 

For the triphenylphosphine oxide molecule mentioned 

above, the <02> values for the three rings are 42 deg2 (A), 

5 deg2 (B), and 7 deg2 (C) at 100 K; the eigenvalues of the 

L matrix are between 3.2 and 4.8 deg2. Thus, there is no 
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18 J .  D. DUNITZ 

doubt  t h a t  r i n g  A has  a much l a r g e r  t o r s i o n a l  motion t h a n  

t h e  o t h e r  two r i n g s .  F o r  l a r g e  a m p l i t u d e  m o t i o n s ,  t h e  

approach  described h e r e  y i e l d s  r e s u l t s  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  from t h o s e  o b t a i n e d  by  more e l a b o r a t e  methods.  

However, when t h e  t o r s i o n a l  motion is n o t  much l a r g e r  t h a n  

t h e  o v e r a l l  l i b r a t i o n ,  n e g l e c t  of t h e  c o r r e l a t i o n s  can l e a d  

t o  mis l ead ing  r e s u l t s .  

MEAN-SQUARE AMPLITUDES AND POTENTIAL ENERGY 

For a p a r t i c l e  i n  a one-dimensional harmonic p o t e n t i a l ,  t h e  

c l a s s i c a l  Boltzmann d i s t r i b u t i o n  of d i sp l acemen t s  i s  

p ( x )  = (2xkT/f) exp (-fx2/2RT) 

a Gaussian wi th  second moment <x2> = RT/f. For  many c r y s t a l s  

t h e  s e c o n d  moments o f  t h e  a t o m i c  p d f ' s  a r e  i n d e e d  

a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  T o v e r  a wide r a n g e .  A t  

s u f f i c i e n t l y  l o w  and h i g h  T, however, d e v i a t i o n s  from t h e  

l i n e a r  dependence  a r e  t o  be e x p e c t e d .  At low T ,  t h e  

Boltzmann ave rag ing  must be made ove r  t h e  energy  l e v e l s  of a 

q u a n t i z e d  harmonic o s c i l l a t o r ,  l e a d i n g  t o  

<x2> = (h/8n2pJ) c o t h  (hV/ZRT) 

where V i s  t h e  f requency  and t h e  reduced  mass ( o r ,  f o r  a 

r o t a t i o n a l  o s c i l l a t i o n ,  t h e  moment of i n e r t i a ,  I ) .  F o r  

hV>>2RT, t h i s  reduces  t o  

<x2> = h/8x2 pV 

t h e  zero-poin t  motion, and  f o r  hV<<ZRT w e  o b t a i n  t h e  l i n e a r  

dependence d e r i v e d  above f o r  t h e  c l a s s i c a l  o s c i l l a t o r .  The 

t e m p e r a t u r e  dependence o f  <x2> f o r  c l a s s i c a l  and  quantum 

a v e r a g i n g  i s  shown i n  F i g u r e  2 .  I f  <x2> r ema ins  n e a r l y  

c o n s t a n t  o v e r  an  a p p r e c i a b l e  r ange  of T ,  t h i s  is a good 
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ATOMIC DISPLACEMENT PARAMETERS 19 

indication that it arises mainly from static disorder among 

two or more sites and not from genuine vibration. From 

measurements at a single temperature, it is often hard to 

decide between these possibilities. 

h 

N c: 

0 I 2 3 4 5 6 
T 

FIGURE 2 .Mean-square vibration amplitude <x2> (units of 
h/8x2pv) versus temperature (units of hV/2R) for 
a one-dimensional harmonic oscillator. The lin- 
ear dependence shown by the full line is based 
on the assumption of a classical Boltzmann 
distribution: the dashed curve corresponds to a 
quantized distribution. 

At sufficiently high temperature, deviations from 

linear c-pendence are expected because of the general 

softening of the potential as the crystal expands. Such 

deviations have been observed in a temperature-dependence 

study of naphthalene. lo 

For a sinusoidal potential, classical Boltzmann 
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20 J .  D. DUNITZ 

averaging leads to a distribution of angular displacements 

given by 

p($) = N exp{-B(1 - cos n4)/2RT} 
where B is the barrier height and N is a normalization 

factor. Figure 3 shows <$2> for this distribution for n = 5 

as a function of R T I B ,  as obtained by numerical 

integration. '1 

0 .2 . 4  . 6  . a  1 . 0  

RT/B 

FIGURE 3 .Full curve: Mean-square libration amplitude <+2> 
versus temperature for a fivefold periodic sin- 
usoidal potential with barrier height B. Dashed 

curve:<$*> for harmonic oscillator potential 
with the same quadratic force constant. At very 
low temperature, both curves should be raised 
slightly to allow for the zero-point motion, as 
indicated in Figure 2. 

From an observed value of <$2> fo r  a given librating group 

in a crystal and a knowledge of the temperature at which the 

measurements were made, we can thus obtain the rotation 

barrier B .  This has been done for a series of 
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ATOMIC DISPLACEMENT PARAMETERS 21 

metallocenes”, for which extensive diffraction data are 

available over a wide temperature range, and for which 

barriers to rotation of the cyclopentadienyl rings have also 

been estimated by nuclear magnetic resonance (mainly from 1H 

spin-lattice relaxation times), by incoherent quasi-elastic 

neutron scattering (IQENS), and by Raman and infrared 

spectroscopy. The best diffraction data are for triclinic 

f errocene12 , where there are four symmetry-independent 
cyclopentadienyl rings. Table 2 shows that the derived 

barriers decrease slightly with temperature and also vary 

somewhat from ring to ring. The first trend can be explained 

by the thermal expansion of the crystal, which leads to an 

increase in intermolecular distances; the variation from 

ring to ring is also probably genuine, arising from 

differences in the packing of the individual rings. The 

barrier heights agree astonishingly well with those derived 

from NMR and IQENS, considering that the latter values refer 

to averages over a considerable temperature range and that 

differences among the individual rings are not resolved by 

the spectroscopic methods. 

MEAN-SQUARE DISPLACEMENTS AND PHASE TRANSFORMATIONS 

Another area where a knowledge of atomic ADP’s and their 

temperature dependence might be of interest is that of phase 

transformations, particularly those involving conformational 

isomerizations. Preliminary data are available for the three 

known crystal modifications of dimethyl-3,6-dichloro-2,5- 

dihydroxyterephthalate, 
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22 J. D. DUNITZ 

TABLE I1 B a r r i e r s  t o  r i n g  r o t a t i o n  ( i n  kJ mol-l, esd's i n  
pa ren theses )  i n  t r i c l i n i c  f e r r o c e n e .  

X - r a y  

l O l K  123K 148K 

O t h e r  

NMR 7 . 5 ( 8 I a  l 0 . 3 ( 5 I b  8.3' 
1 1  ( 2 )  

I Q E N S  gd 

a )  C . H .  H o l m  and  J.A. I b e r s ,  J.Chem.Phys., 30, - 
885 ( 1 9 5 9 ) .  

b )  A .  Kubo, R .  I k e d a  and  D. Nakamura ,  Chem. L e t t .  

c )  A.J .  C a m p b e l l ,  C . A .  F v f e ,  0 .  H a r o l d - S m i t h  and  K . R .  
Japan  1981 ,  1497 .  -- 

- .  

J e f f r e y ,  M o l .  C r y s t .  L i q .  C r y s t .  36,  1 ( 1 9 7 6 ) .  
d )  A .B .  G a r d n e r ,  3 .  Howard ,  T . C .  W a d d i n g t o n ,  R . M .  

R i c h a r d s o n  and  J .  T o m k i n s o n ,  Chem. P h y s .  57, 453  
( 1981  1 .  - 

which d i f f e r  i n  t h e  o r i e n t a t i o n  of t h e  carbomethoxy group.  

The tempera ture-dependence  of < Q 2 >  f o r  t h i s  g r o u p  was 

m e a s u r e d  f o r  a l l  t h r e e  p o l y m o r p h s . 1 3  The one  t h a t  

t r ans fo rmed  i n t o  t h e  o t h e r s  a t  h igh  t e m p e r a t u r e  showed t h e  

l a r g e s t  i n c r e a s e  i n  <Q2>; t h e  r e s u l t s  c o u l d  be i n t e r p r e t e d  

t o  y i e l d  a p l o t  of a one-dimensional r e a c t i o n  c o o r d i n a t e ,  

p o r t r a y i n g  " i n  an approximate way t h e  energy  dependence on @ 
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ATOMIC DISPLACEMENT PARAMETERS 23 

at a defect in the crystal and in a still more approximate 

way the energy profiles for the phase transformation". 

CONCLUSIONS 

In this article I have attempted to show that analysis of 

ADP's from diffraction studies can yield quantitative 

information about the rigidity of molecules and molecular 

fragments in crystals, about the nature and degree of 

rigid-body molecular motions, and even about internal 

motions of supposedly rigid fragments in non-rigid 

molecules. With the aid of a few rather simple additional 

assumptions, it is then in principle possible to derive 

quantities such as force constants or rotation barriers that 

are normally associated with the realm of spectroscopic 

methods. A more detailed discussion of many of these points 

has been given elsewhere14. 

This work has been supported over the years by the 

Swiss National Science Foundation. 
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