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Abstract - Gas-phase electron d i f f rac t ion  is one of t h e  principal 
too ls  f o r  t h e  determination of accurate molecular geometry. Re- 
cently, research e f fo r t s  have focused on t h e  determination of 
s t ruc tu ra l  changes i n  ser ies  of compounds o r  even during some 
chemical happenings r a t h e r  t han  on t h e  s tudy of individual s t ruc-  
tu res .  Internal  rotat ion,  subst i tuent  effects, t h e  t rans i t ion  
f r o m  vapor t o  crystal  phase, and t h e  formation of new bonds a r e  
among t h e  chemical changes whose s t ruc tu ra l  consequences a r e  
being examined. The s tudy of unstable molecules and reaction 
products is  faci l i ta ted by combined electron diffraction/quadrupole 
mass spectrometric experiments. 

INTRODUCTION: MOLECULAR GEOMETRY AND CHEMICAL CHANGES 

Molecular geometry 

Molecular geometry means t h e  relat ive POSltlonS of t h e  atomic nuclei i n  t h e  molecule 
(see, eg, re f .  1). The most  Convenient character izat ion of t h e  molecular geometry 
f o r  a chemist is by bond lengths, bond angles, and torsional angles. These a r e  t h e  
so-called in te rna l  coordinates and they a r e  especially convenient t o  use when 
changes of Physical and chemical properties a r e  to  be correlated w i t h  s t ruc tu ra l  
var ia t ions i n  diverse ser ies  of compounds. A statement is  a t t r ibu ted  to  Linus 
Pauling according t o  which t h e  most important property of a chemical bond is  its 
length, ie, t h e  distance between t h e  t w o  nuclei of  its consti tuting atoms. Obvi- 
ously, this statement does not merely r e f e r  to  bonQ length only, bu t  to  molecular 
geometry i n  general. In this connection, Roald Hoffman s ta ted  t h e  following 
(ref .  21, "There is  no more basic enterpr ise  i n  chemistry t h a n  t h e  determination of 
t h e  geometrical s t r u c t u r e  of a molecule. Such a determination, when it is well 
done, ends all  speculation as t o  t h e  s t ruc tu re  and provides us  w i t h  t h e  s t a r t i ng  
property of t h e  molecule." 

Molecular geometry is  Only p a r t  of our  modern def ini t ion of molecular s t ruc ture .  
The o the r  p a r t  is  t h e  electron density dis t r ibut ion.  Chemical changes a r e  strongly 
correlated w i t h  changes i n  t h e  electron density d is t r ibu t ion  Which, i n  t u r n ,  accom- 
pany changes i n  t h e  nuclear configuration. 

The so-called equilibrium geometry characterizes t h e  molecule i n  t h e  minimum posi- 
t ion of its minimum i n  t h e  Potential energy function. Thus t h e  equilibrium molec- 
u l a r  geometry r e fe r s  t o  a hypothetical  motionless molecule which does not even 
exist  i n  real i ty .  On t h e  o ther  hand, it is an  extremely important model correspond- 
ing t o  t h e  mos t  stable s t ruc tu re  a t  t h e  energy minimurn, and t h u s  has unambiguous 
physical meaning. The more r i g i d  a molecule, t h e  closer this model approximates 
i ts  real  s t ruc ture .  
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The val idi ty  and even usefulness of t h e  r i g i d  geometry model has been questioned 
during t h e  Past decade following Studies of large amplitude motions and especially 
fluxional behavior of some systems. 
model diminishes w i t h  increasing relat ive nuclear displacements i n  a molecule. A 
similar Problem ar i ses  When s t ruc tu ra l  information f r o m  d i f f e ren t  physical (and 
computational) techniques a r e  to  be compared ( re f .  3). Quantum chemical calcula- 
t ions provide t h e  equilibrium geometry whereas t h e  var ious experimental physical 
methods yield geometries averaged over motion. There may be d i f f e ren t  kinds of 
average s t r u c t u r e  depending on t h e  na tu re  of interact ion uti l ized i n  t h e  physical 
technique and on t h e  time period of this interact ion.  The outcome of this aver- 
aging, however, depends not only on t h e  time scale of interact ion employed i n  a 
physical technique bu t  also on t h e  l i f e  time of t h e  s t r u c t u r e  under investigation, 
and t h e  f ina l  resu l t  is determined by t h e  relat ionship of these two. 

Indeed, t h e  applicabili ty of t h e  r i g i d  geometry 

The possible differences t h u s  a r i s ing  a r e  often called operational effects. They 
a r e  taken much more seriously today t h a n  they  were a decade o r  t w o  ago. The f ac t  
of t h e  matter is that such Operational effects  may be considerably grea te r  t h a n  
t h e  "experimental e r ro r "  of a modern s t r u c t u r e  determination. The expression "ex- 
perimental e r ro r "  he re  implies not only t h e  experimental e r r o r  of t h e  mesurements 
bu t  also uncertaint ies  i n  theory and analysis. 

T h i s  ra ises  t h e  question of t h e  accuracy l i m i t s  i n  s t r u c t u r e  determination t h a t  re -  
main meaningful i n  following changes i n  chemical behavior. No  single length o r  an- 
gle value could const i tute  a comprehensive answer t o  this question, bu t  it is safe  
to  say that  today's best a t ta inable  accuracies, amounting to  a few thousandths  of 
an  angstrom and a few t en ths  of a degree, may well c a r r y  chemical meaning. 

Structure and chemical change 

Knowledge of molecular geometry has always been considered important i n  chemistry, 
pr imari ly  f o r  understanding t h e  na tu re  of t h e  Chemical bond and generally of t h e  
forces keeping a molecule, an  ion, a crystal ,  o r  any chemical System together.  A s  
f o r  its practical  importance, opinions have var ied including extreme ones ascribing 
t h e  elucidation of molecular geometry t o  satlsf Ylng aesthet ic  cur iosi ty  r a t h e r  t h a n  
to  hard-core chemical research. 

I t  was recognized ear ly  that  molecular size plays a decisive role i n  molecular in -  
teract ions and increasing a t ten t ion  has been paid t o  molecular geometry i n  t h e  in-  
vestigation of t h e  mechanism of chemical reactions. However, it has always been a 
limiting fac tor  that  mos t  information on molecular geometry is available f o r  stable 
and nonreacting molecules, le,  molecules t o  which nothlng is happening. 

Much recent research is, however, being directed to  t h e  s t r u c t u r e  of molecules un- 
dergoing changes. Incicientaliy, t h e  modern in te rpre ta t ion  of chemical change is 
broader t h a n  it used t o  be, and includes events such as t h e  torsion of one stable 
conformer in to  another ,  t h e  joining of a gaseous molecule in to  a crystal  o r  t h e  
reverse, dlmerization o r  t h e  dissociation of a dimer in to  monomers, and t h e  forma- 
t ion of a coordination linkage between a donor and an  acceptor. one of t h e  most  
in t r igu ing  problems is t h e  determination of s t ruc tu ra l  changes i n  molecules a t  
t h e  ear ly  stages of chemical reaction. 

Considering t h e  broadening of what we include in to  t h e  domain of chemical changes, 
t h e  dis t inct ion between what is assigned to  physical and chemical changes is be- 
coming blurred. An example w i l l  i l l u s t r a t e  t h e  matter. 

Structural differences in torsional isomers 

I t  is generally accepted that  t h e r e  a r e  differences i n  both t h e  physical and 
chemical propert ies  of cis-dichloroethene and trans-dichloroethene (Fig. 1). The 
geometrical isomers of 1,2-dichloroethene a r e  two diff  e r en t  chemical substances 
and they can be separated on t h e  basis of t h e i r  physical properties.  
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Consider now 1,2-dichloroethane and i ts  two torsional isomers, ie,  t h e  gauche and 
a n t i  conformers (Fig. 2). They cannot be separated on t h e  basis of t h e i r  Physical 
properties,  and a r e  generally not considered t o  be t w o  d i f f e ren t  chemical substances. 
Yet t h e i r  molecular geometry as well as t h e i r  reac t iv i ty  a r e  d i f fe ren t .  Incidental- 
ly, what is said about t h e i r  identical  physical propert ies  is valid f o r  some proper- 
t i e s  only. Thus, eg, t h e  t w o  torsional isomers greatly d i f f e r  i n  t h e i r  permanent 
electric dipole moment which i s  also a physical Property.  

c is  trans 
Fig. 1. Model of cis- and trans- 

dichloroethene 

anti gauche 
Fig.  2. Model of anti- and gauche-  

dichloroethane 

The bond configurations of t h e  gauche and a n t i  conformers of i,2-dlchloroethane 
used t o  be considered t h e  same. The general assumption was that  t h e i r  geometries 
d i f f e r  i n  t h e  torsional angles only. I t  is now known (ref .  4(a) and (13))’ however, 
that  t h e r e  a r e  o the r  differences,  including a 30 difference i n  t h e  bond angle 
C-C-C1 which exceeds experimental e r r o r  by a whole order  of magnitude. There is a 
relaxation of t h e  bond configurations dur ing  in te rna l  rotat ion and t h e  emerging 
molecular geometry is t h e  resu l t  of a compromise. 

There a r e  few physical methods f o r  t h e  elucidation of molecular geometry t h a t  
sat isf  y t h e  accuracy requirements allowing t h e  discussion of s t r u c t u r a l  changes 
accompanying Chemical changes of t h e  s o r t  mentioned above. One of them is gas- 
phase electron d i f f rac t ion .  

MODERN GAS-PHASE ELECTRON DIFFRACTION 

This technique of molecular s t r u c t u r e  determination is based on t h e  Phenomenon 
that  a beam of fast electrons is scat tered by t h e  potential  f r o m  t h e  charge 
d is t r ibu t ion  of t h e  molecule, The resul t ing interference pa t t e rn  depends on t h e  
molecular geometry and many o ther  properties.  

Unique and precise experimental apparatuses,  modern computational methods, under- 
standing of t h e  physical meaning of t h e  determined parameters, and t h e  combined 
application of this technique w i t h  o the r  techniques all contr ibuted t o  t h e  recent 
developments i n  modern gas-phase electron dif f rac t ion  (ref .  5). Its capabili t ies 
and t h e  broadened a rea  of its applications a r e  character ized i n  t h e  words  of 
Jerome Karle ( ref .  6): 

“...AS a resu l t  of t h e  dedicated e f fo r t s  i n  a relatively small number of laborato- 
r ies ,  gas electron d i f f rac t ion  has served as a valuable tool  i n  t h e  investigation of 
molecular s t ruc ture .  Much information has been obtained concerning molecular con- 
f igurat ion,  bond distances and angles, in te rna l  motion including hindered ro ta t ion  
and b a r r i e r  heights,  p refer red  Orientation i n  conformers and con jugatlon and aro- 
maticity. Investigations have also concerned mixtures i n  equilibrium, including 
evaluation of thermodynamic quant i t ies ,  f r e e  radicals,  a wealth of high-temperature 
studies,  clusters,  isotope effects,  and t h e  joint  use of o the r  techniques such as 
laser excitation, microwave and mass spectrometry. We t h u s  have t h e  view of gas 
electron d i f f rac t ion  as a technique of wide application t o  many aspects of molecular 
s t r u c t u r e  and when it is combined w i t h  var ious spectroscopic tecnn tques t h e  value 
of both may be considerably enhanced. ,,,v’ 
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Substituent effects 

Determination of t h e  geometrical consequences of subst i tut ion i n  a series of com- 
pounds may contr ibute  to  t h e  understanding of intramolecular interactions and may 
make Possible t h e  prediction of s t ruc tu ra l  changes i n  compounds, not yet studied. 
Substitution may take place a t  t h e  central atom or a t  t h e  ligands i n  t h e  series. 

Thus, for  example, t h e  geometrical changes a r e  of  in te res t  i n  ser ies  of su l fur  de- 
r ivat ives  i n  which t h e  m a n d s  of su l fur  a r e  Changed, or i n  which t h e  same ligands 
appear i n  analogous sulfides, sulfoxides and sulfones (ref. 7). Figures 3 and 4 
show t h e  var ia t ions i n  sulfur-carbon bond lengths (ref. 81, a s  well a s  similar 
var ia t ions i n  selenium-carbon bond lengths (ref. 9) f o r  sulfides and selenides, res- 
pectively. Depending on t h e  valence s t a t e  of carbon, t h e  changes i n  thf S-C bond 
lengths may exceed 0.1 A, going from an S-C: bonding s i tuat ion to  an S-7- bonding 
s i tuat ion.  The t w o  respective bond lengths a r e  1.671f0.002 and 1.806!0.002 A i n  
bls(methYlthlo)ethene, HJC-S-C=C-S-CH~ (ref I 10). Note here  that t h e  two bond lengths 
were determined i n  t h e  same experiment and i n  t h e  same molecule and, accordingly, 
t h e  bond length difference is  known very accurately. Figure 3 also indicates some 
spread of t he  bond lengths i n  t h e  vertical direction f o r  a given carbon valence 
s t a t e  amounting to  around a hundredth of an  angstrom. In t h e  presence of more 
electronegative ligands on carbon t h e  S-c bond lengthens compared t o  an  analogous 
bonding environment i n  which these ligands a r e  replaced by less electronegative 
ones. 
(ref. ll), bu t  is  1.814f0.005 A i n  methyl mercaptan, CHJSH, ( re f ,  12). The difference, 
however, only s l igh t ly  exceeds t h e  combined e r r o r  and t h e  physical meaning of t h e  
t w o  distance parameters is not t h e  same. 

The S-C bond length i n  trifluoromethyl mercaptan, CFQSH, i s  1.800f0.005 A 

Iczc I 1 

2 .oo 

1.90 

Fig. 3. S-C bond lengths i n  Sulfides Fig. 4. Se-C bond lengths i n  selenides 
a t  various carbon bonding Situations a t  various carbon bonding s i tuat ions 

Sulfones show much greater  var ia t ion of t h e  S-C bond length w i t h  change of t h e  
carbon ligands t h a n  do Sulfides (ref. 13). The Changes amount to  almost a t en th  of 
an angstrom, as shown f o r  two  pa i r s  of compounds below, using electron diffract ion 
data: 

CH3SO2Cl s-c 1.763f0.005 A (ref. 14) 
CF3S02Cl s-c 1.865i0.006 A (ref. 15) 

(CH3)2S02 s-c 1.771f0.004 A (ref. 16) 
(CF&,S02 s-c 1.858f0.005 A (ref. 17) 

and 

T h i s  bond lengthening upon CH3/CF3 subst i tut ion is due to  t h e  electron withdrawing 
abi l i ty  of the CF3 group versus t h e  electron releasing ab i l i ty  of t h e  methyl group. 
In spi te  of t h e  intermediate na tu re  of t h e  CCl3 group, t h e  S-C bond of  (CC13)2S02 
is t h e  longest of all, viz. 1.894i0.005 A (ref. 18). However, t h e  space requirement 
of t h e  bulky trichloromethyl groups apparently masks t h e  electronic effects. 
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The shortest  Cl,.,Cl nonbonded distance involvins d i f fe ren t  CCl3  groups is  much 
smaller t han  twice the  chlorine van der  Waals rad ius  (3.31 A vs 3.60 A). T h i s  is  
also i n  spi te  of t h e  large CSC bond angle of 1 0 9 . 8 t O 4 O  i n  (CC13)2S02 as compared 
W i t h  t h e  CSC bond angles i n  (CH3)2S02, 10201 and (CF3)2S02, 103O.  

The strong sensi t ivi ty  of S-C bond length i n  sulfones to  t h e  carbon ligands is ac- 
companied by t h e i r  conspicuous insensi t ivi ty  to  changes i n  t h e  carbon valence state. 
T h i s  contrasts what was noted above f o r  sulfides. Thus, eg, t h e  S-C bonds have t h e  
same length i n  (CH3)2S02, viz. 1.771i0.004 A (ref. 16) and i n  (CgH5)2S02, viz. 
1.772t0.005 A (ref. 19). These two bond lengths have even been determined within 
t h e  same molecule, viz. C6H5S02CHp 
appeared to  be somewhat longer than  t h e  sulfur-carbon(pheny1) bond, bu t  uncertain- 
t i es  were t o o  large t o  reliably establish t h e  difference (ref. 20). 

Here however, t h e  S U l f  ur-carbon(methy1) bond 

Analogous sulfoxides have been investigated and t h e  general observation is t h a t  t h e  
bonds i n  sulfoxldes a r e  always somewhat longer than  t h e  bonds of t h e  corresponding 
sulfones (ref. 13). 

L x-s-x ("I 

I 1 

s02x2 S O X 2  sx 2 

Fig. 5. Bond angles a t  su l fur  i n  
analogous sulfones, sulfoxides, and 
sulfides 

CEN 
H0 0 

1.40 1 :H3 

1.39 

116 118 120 122 124 a: 

Fig. 6. The ips0 angle and t h e  mean 
bond length of t h e  r ing  i n  Para- 
disubst i tuted benzene derivatives 

The bond angle var ia t ions (Fig. 5) i n  analogous ser ies  of sulfones/sulf oxides/sul- 
f ldes  have also a t t rac ted  interest .  Fo r  some time t h e  observations seemed to  be a t  
variance w i t h  Predictions (ref. 21) based on Popular models, such as t h e  valence 
shell electron pa i r  repulsion (VSEPR) theory (ref. 22). The angular decrease i n  
sulfoxides compared t o  sulfones was Predicted t o  continue i n  t h e  analogous sulfides. 
T h i s  was, however, not t h e  case, except f o r  t h e  hydrides. 

According t o  t h e  VSEPR theory, t h e  molecular shape is  determined by all electron 
pairs i n  t h e  valence shell of the central atom, The shape w i l l  correspond to  t h e  
maximum distances among all electron pairs. Important limiting conditions augment 
this basic postulate. The valence shell is assumed t o  have spherical symmetry, and 
ligand sizes should be small re la t ive t o  t h e  size of t h e  central atom. The first 
limiting condition excludes many s t ruc tures  w i t h  t rans i t ion  metal as central a t o m  
while t h e  second excludes many s t ruc tures  w i t h  second period elements ( ~ i  to F) a s  
central atom f r o m  t h e  applicability of this theory. The theory should apply well 
t o  the s t ruc tu ra l  chemistry o f  third and Subsequent period main group elements, 

Disagreements between observed angular var ia t ions and VSEPR predictions have been 
shown t o  be apparent and originate f r o m  improper application of t h e  model r a t h e r  
t han  f r o m  its fai lure .  The basic postulate considers both bonding pa i rs  and lone 
pa i r s  of electrons fo r  predicting molecular shape, bu t  usually only Bond angle 
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Variations a r e  considered i n  Judging t h e  val idi ty  of these predictions (ref .  23). 
Consider, eg, a valence shell w i t h  t w o  bonds and t w o  lone pairs.  There w i l l  be 
altogether six electron palr/electron p a i r  interact ions comprised of one bond/bond, 
one lone pair/lone pa i r ,  and fou r  bona/lone p a i r  interactions.  The electron pa i r  
configuration, including t h e  bond angle, w i l l  be least  influenced by t h e  single and 
weakest bond/bond interact ion i n  such a valence shell. Accordingly, t h e  angles made 
by t h e  lone pa i r s  w i l l  be important t o  consider f o r  testing VSEPR predictions i n  
such a s t ruc ture .  A b  i n i t i o  quantum chemical calculations f o r  te t rahedra l  systems 
were i n  perfect agreement w i t h  such a generalized applicabili ty tes t  ( ref .  24). A 
Similar approach f o r  testing t h e  VSEPR model has  been introduced f o r  tr igonal 
bipyramidal configurations (ref.  25). 

Investigation of t h e  geometrical consequences of subst i tut ion i n  a ser ies  of com- 
pounds may be useful i n  working out various empirical relationships between s t ruc-  
t u r a l  parameters and o ther  physical and chemical character is t ics .  For example, t h e  
large amount of experimental geometrical da ta  on sulfones has  been uti l ized f o r  
Predicting group electronegativities and vibrat ional  f requencles (ref.  26). 

O f  t h e  many available examples of subst i tuent  effects on molecular geometry we 
mention here  bu t  one: t h e  investigation of r ing  deformation i n  subst i tuted benzene 
derivatives.  
Keldel and Bauer ( ref .  27) has  already raised this question. Subsequent observa- 
t ions of r ing  deformations were based mostly on X-ray crystallographic da ta  leading 
to  valuable addi t iv i ty  relationships (refs. 28, 29). The application of electron 
&iff  ractlon has  proved t o  be especially successful f o r  para-dlsubstl tuted deriva- 
tives. The emerging Pa t te rn  is i l lus t ra ted  i n  Fig. 6 (ref.  30) according t o  which 
electronegatlve subst i tuents  somewhat compress t h e  r ing  along t h e  molecular axis, 
while electropositive Substi tuents somewhat elongate it (ref.  31). The most sensl- 
t lve  parameter to  t h e  Substi tution is t h e  ips0 angle, ie, t h e  r ing  angle adjacent t o  
t h e  subst i tuent .  W i t h  accumulating da ta  on t h e  s t ruc tu re  of subst i tuted benzene 
derivatives,  t h e  intr iguing question whether these molecules undergo any appre- 
ciable change when entering a crystal  s t ruc tu re  can also be investigated. 

An early electron d i f f rac t ion  s tudy of phenylsilane, C6H5SlH3, by 

IMPACT OF CRYSTAL ENVIRONMENT 

Although it has  long been recognized t h a t  intermolecular interact ions may influence 
molecular geometry i n  t h e  crystal  a s  compared t o  t h e  f r ee  molecule, it is only re- 
cently that crystallographers have attempted t o  determine such diff  erences. The 
importance of knowledge of t h e  impact of t h e  crystal  environment on molecular 
s t ruc tu re  is f a r  f r o m  purely academic. The s t r u c t u r e  of biologically active mole- 
cules is known from X-ray crystallographic s tudies  bu t  t h e i r  ac t iv i ty  is exercised 
not i n  crystal  b u t  i n  solution where t h e  intermolecular interact ions present i n  t h e  
crystal  diminish o r  a t  least  change. 

That t h e  Possible gas/crystal molecular s t r u c t u r e  differences have previously been 
generally ignored, originated f r o m  necessity. The da ta  available f o r  comparison 
were Seldom accurate enough t o  render  such cOmPariSOnS t ru ly  meaningful, Demand- 
ing CrYStallograPhiC research, however, i n  cooperation w i t h  gas-phase s t ruc tu re  
s tudies  and quantum chemical calculations, i s  aiming beyond t h e  determination of 
crystal  molecular s t r u c t u r e  a t  uncovering t h e  impact o f '  crystal  environment upon 
molecular s t ruc ture .  

For t h e  purpose of a meaningful comparison t h e  resul ts  from all sources must be 
f r ee  from t h e  operational effects mentioned i n  t h e  Introduction. If t h e  geometries 
determined i n  t h e  g a s  and i n  t h e  crystal  still d i f f e r ,  a f t e r  eliminating ail opera- 
t ional effects, then  these differences can be ascribed t o  consequences of intermo- 
lecular interactions.  The observation of such differences Provides t h e  best means 
t o  investigate t h e  impact of crystal  environment on molecular geometry (ref.  32). 
We w i l l  i l lus t ra te  this w i t h  an example. 
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Table 1 Presents  t h e  ips0 angles i n  f o u r  Para-d isubs t i tu ted  benzene der iva t ives  i n  
t h e  gas and i n  t h e  crystal .  The gas/crystal  differences range from half a degree 
t o  almost two degrees. In one case t h e  ips0 angle is  l a rger  i n  t h e  c rys ta l  t h a n  i n  
t h e  gas, i n  t h e  o t h e r  t h r e e  cases it is  l a rger  i n  t h e  gas t h a n  i n  t h e  crystal .  Upon 
examining molecular Packing i n  t h e  Crystals, it is  Possible t o  group t h e  f o u r  cases 
i n t o  t h r e e  k inds  of in te rac t ion  leading t o  gas/crystal  differences.  I t  must be 
s t ressed that t h e r e  is no way t o  Predict  such  differences unless t h e  molecular 
packing i n  t h e  c rys ta l  is  known. 

TABLE 1. The ips0 angle i n  Para-disubst l tuted benzene der iva t ives  
i n  t h e  gas phase and i n  c rys ta l  

~ ~~ 

Compound Ref I Free molecule Crystal  molecule 

P - C 6 H 4 ( C N 2 33 122.1f0.2 121.6fO.l 
P-C6H4(NC)2 34 121.7f0.2 122.2t0.3 

P-C6Hq(OH)2 36 120.7f0.2 119.7fO.l 
P-C6H4(NH2)2 35 119.8f0.2 117.9fO.l 

I t  appears  that  t h e  r i n g  deformation decreases i n  t h e  c rys ta l  of paraciicyano Ben- 
zene versus  t h e  f r e e  molecule because in te rac t ions  between an t ipara l le l  cyano groups 
a t t e n u a t e  t h e  deforming influence of t h e  cyano groups i n  t h e  layered c rys ta l  s t r u c -  
t u r e .  The intermolecular dis tance between t h e  cyano groups may be as s h o r t  as 3.56 
A. On t h e  o t h e r  hand,  f o r  Para-dlls0cYan0benzene, in te rac t ions  may occur between 
t h e  isocyano group of one molecule and t h e  benzene r i n g  of another  molecule i n  t h e  
crystal :  t h e  corresponding intermolecular dis tance is  3.45 A. T h i s  in te rac t ion  
enhances t h e  deforming influence of t h e  isocyano groups i n  t h e  crystal .  

The ips0 angle decreases Considerably f o r  para-diaminobenzene i n  going from t h e  
f r e e  molecule t o  t h e  crystal .  The change was a t t r i b u t e d  t o  t h e  formation of N-H...N 
hydrogen bonds, making t h e  amino group a b e t t e r  8-donor i n  t h e  c rys ta l  t h a n  i n  
t h e  gaseous phase. A S i m i l a r  i n t e r p r e t a t i o n ,  implying t h e  influence of 0-H...O 
hydrogen bonds i n  t h e  crystal ,  has been Suggested f o r  t h e  difference observed f o r  
para-dihydroxybenzene. 

The relat ively s t rong  l n t r a r i n g  in te rac t ions  i n  t h e  benzene r i n g  make it r a t h e r  i n -  
sensi t ive t o  t h e  influence of intermolecular interact ions.  I t  is  only t h e  capabil- 
i t i e s  of s ta te-of- the-ar t  s t r u c t u r e  analysis  coupled w i t h  ca refu l  elimination of 
operat ional  e f fec ts  that  allow t h e  detection of these small differences i n  r i n g  
deformation. 

Weaker lntramolecular in te rac t ions  a r e  more SUSCeptible t o  t h e  influence of c rys ta l  
environment t h a n  s t ronger  lntramolecular interact ions.  Coordination molecules ( re f ,  
37) may t h u s  be good t a r g e t s  f o r  gas/crystal  s t r u c t u r e  comparison. Coordination 
linkages, such  as N-B, N - S i ,  and Zn-N have been observed t o  s h o r t e n  considerably i n  
c rys ta l  environment Compared to  t h e  corresponding f r e e  molecules (Table 2). 

TABLE 2. The length of coordination l inkage i n  t h e  gas phase and i n  t h e  
c rys ta l  

Coordination bond length (A) Compound Bond 

G a s  from Crystal  from 
electron diffr .  Ref. x-ray diffr .  Ref. 

(CH3)3NSBC13 N-B 1.659t0.006 38 1.609f0.006 39 
N ( C H ~ C H ~ O ) J S ~ C H ~  N - S i  2.45f0.05 40 2.175f0.004 41 
“CH3)2N(CH2)312Zn N-Zn 2.392!0.015 42 2.307f0.004 42 
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COMBINED EXPERIMENT AND UNSTABLE SPECIES 

The investigation of s t ruc tu ra l  changes accompanying chemical changes necessitates 
careful control of t h e  vapor composition i n  t h e  electron diffract ion experiment. 
T h i s  has been accomplished i n  a combined electron d i f f  raction/quadrupole mass 
spectrometric experiment (ref. 43) outlined i n  Fig. 7. 

electron beam - 
analyzer 

OD F - L E - ,  

diffraction chamber 

photo-plate 

to high vacuum 
diffusion pump 

to fore-pump 

Fig. 7. Combined electron dlffraction/quadrupole mass spectrometric 
experiment 

Halogenated carbene analogs a r e  important because of t h e i r  react ivi ty ,  bu t  this 
property has  hindered t h e i r  s t ruc tu re  determination. Such unstable species, how- 
ever, can be produced directly i n  t h e  diffract ion apparatus  during t h e  electron 
dif f ract ion experiment. Solid/gas reactions have been utillzed fo r  this purpose 
under mass Spectrometric control i n  t h e  studies of GeC12 (ref. 441, GeBr2 (ref. 
45), Sic12 and S i B r 2  (ref. 46). 
system (ref. 47) of t h e  electron diffract ion experiment were t h e  following: 

Typical reactions carr ied out  i n  a reactor  nozzle 

Table 3 presents t h e  geometrical parameters obtained. The s t ruc tures  a r e  h i g h l y  
bent. The var ia t ions among halogenated carbene analogs can well be interpreted by 
electron pa i r  repulsions and nonbonded interact ions (ref. 32). Indication of t h e  
presence of dimers and/or excited s ta tes  i n  some of these experiments has  prompted 
theoretical studies which also Provided calculated geometries f o r  t h e  ground s t a t e  
monomers i n  good agreement w i t h  t h e  experiment (ref. 48). 

TABLE 3. Bond lengths and angles of some halogenated 
carbene analogs 
sic12 

2.089f0.004 A 
i03.1f0.6° 
ref .  46 

GeC12 
2.186f0.004 A 

100.4f0.4° 
ref .  44 

S1Br2 
2.249f0.005 A 

102.9f0.3° 
re f .  46 

S i B r 2  
2.337f0.013 A 

101.4t0.9° 
ref .  45 
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Another recent s tudy was aimed a t  elucidating t h e  geometry of t h e  allyl radical 
which w a s  Produced l n  a reactor  nozzle during the d i f f rac t ion  experiment by 
pyrolysis of 1,5-hexadlene (ref ,  49). 

960 OC 

C6H10 - 2 C3H5 

Knowledge of the allyl radical geometry may contribute t o  the understanding of the 
mechanlsm of propylene t ransf  ormation through hydrogen migra t ion  (ref. 50). Ac- 
cording t o  one of t h e  supposed mechanisms, the ally1 radical ltself 1s the transl- 
t lon  s ta te  i n  this transformation. 

* Y *  

TAe above examples i l lustrate some of the  Potentials of modern gas-Phase electron 
diffract ion and the enhancement of Its capabilities when applled w i t h  o ther  tech- 
niques i n  a concerted way. 
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