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INTRODUCTION

This  paper  summar izes cer ta in  mechanj -s t ic  techniques used in
inorganic  chemist ry  to  s tudy processes occurr ing a t  meta l  centers ,
and  sugges ts  app l i ca t i ons  o f  t hese  t echn iques  t o  t he  s tudy  o f  t he
a tom is t i c  mechan i sm(s )  o f  f r ac tu re  o f  me ta l s .  Coo rd ina t i on  chemis t r y ,
organometa l l ic  chemist ry ,  and cata lys is  a lso o f fer  a  number  o f  k inds
of  s t ructura l  and mechanis t j -c  in format ion per t inent  to  the s tudy of
f r a c t u r e .

I n  cons ide r i ng  t he  p rocess  o f  f r ac tu re  o f  ma te r i _a l s ,  as  i n
cons ide r i ng  o the r  p rocesses ,  t he  ques t i ons  o f  i n te res t  a re  ques t i ons
o f  r a tes :  Unde r  a  g i ven  se t  o f  cond i t i ons ,  how  rap id l y  w i l l  a
ma te r i a l  f r ac tu re?  Unde r  wha t  cond i t i ons  w i l l  t h i s  ma te r i a l  f r ac tu re
rap id ly? To begin  to  answer  these quest ions in  a tomic  or  molecu lar
t e rms ,  i t  i s  necessa ry  t o  be  ab le  t o  i den t i f y  t he  s l owes t  s tep  i n  t he
f racture process :  that  is ,  the e lementary  s tep whose ra te  determi-nes
the overa l l  ra te  o f  f rac ture.  Th is  e lementary  s tep might  be any of  a
large number  o f  poss ib i l i t ies :  break ing ind iv idua l  meta l -meta l  bonds
as the f racture advances;  rear ranging bonds wi th in  the bu lk  meta l  c lose
to  t he  f r ac tu re  zone  as  pa r t  o f  p l as t i c  de fo rma t i on  o f  t he  me ta l ;
break ing meta l -oxygen or  meta l -su l fur  bonds in  a  pass ivat ing sur face
layer ;  removal  o f  products  f rom the cathodic  or  anodic  reg ions of  a
loca l  e lec t rochemica l  ce l1 ;  rear rangement  o f  groups of  bonds (s l ip -
p i ng ) ,  e i t he r  i nd i v i dua l l y  o r  i n  a  conce r ted  manne r ;  f o rma t i on  o r
m ig ra t i on  o f  su r f ace  me ta l  hyd r i des ;  many  o the rs .  When  the  s l ow  s tep
has  been  i den t i f i ed ,  one  can  p ro f i t ab l y  cons ide r  i n  de ta i l  t he  i n te r -
act ions o f  the par t ic ipat ing a toms in  the s tep,  and perhaps develop
ra t j - ona l  s t r a teg ies  f o r  s l ow ing  (o r  acce le ra t i ng )  i t .
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In  many (perhaps at  present  most )  cases i t  is  d i f f icu l t  or

imposs ib l e  t o  r i go rous l y  i den t i f y  t he  s l ow  s tep  i n  a  f r ac tu re  p rocess .

I n  t he  absence  o f  f i rm  i n fo rma t i on ,  one  i s  r es t r i c t ed  t o  d i scuss ion
o f  p robab le ,  p l aus ib l e ,  o r  poss ib l e  cases ,  and  o f  phenomena  wh i ch

seem genera l ly  l ike ly  to  be impor tant  or  re levant  to  f rac ture

a pr ior i .  Here we cons ider  one such genera l  top ic  which is  re levant

t o  f r ac tu re :  v i z . ,  t he  qua l i t a t i ve  coo rd ina t i on  chemis t r y  o f  t he
f racture sur face,  and methods for  exp lor ing th is  type of  coord inat ion
chemi-s t ry .  Th is  top ic  i .s  a  very  broad one,  and th is  manuscr ip t  con-

cent ra tes on approaches drawn f rom organometa l l ic ,  mechanis t ic ,  and

cata ly t ic  chemist ry .  Other  approaches based on sur face phys ics  are

no t  d i scussed .  l -  3

Fracture o f  a  meta l  c reates new sur faee.  The f ree-energy

change accompanying th is  process has cont r ibut ions f rom many sources,
of  which severa l  are  the s t ructure and composi t ion o f  the bu lk
mater ia l  which is  c leaved,  the energy o f  break ing meta l -meta l  (or

meta l -hydrogen or  meta l -oxygen)  bonds,  the energy o f  forming bonds
between the new sur face atoms and any adsorbed spec ies,  and the
energy of  reconst ruct ing the sur face ( that  is ,  the energy o f  modi -
fy ing the bonding of  the newly- formed sur face atoms wi th  the i r
imrnedia te  ne ighbors  and of  these inmredia te  ne ighbors  wi th  more
d i s tan t  cen te rs .  Cons ide ra t i on  o f  f ac to r s  i n f l uenc ing  t he  ra te  o f
format ion of  new sur face is  c lear ly  re levant  to  the f racture process,

but  format ion of  new sur face is  not  necessar i ly  the s low s tep in
f r ac tu re .  None the less ,  t he  f o rma t i on  o f  new  su r face ,  and  i t s  con -
cu r ren t  o r  subsequen t  mod i f i ca t i on  by  adso rp t i on  o f  spec ies  t he
env i ronment  is  undoubted ly  an impor tant  process in  many f ractures.

Adso rp t i on  on  a  me ta l  su r f ace  i s ,  o f  cou rse ,  a l so  c r i t i ca l  t o
o the r  a reas  o f  sc i ence  - -  he te rogeneous  ca ta l ys i s ,  co r ros ion ,
adhes ion,  f r i -c t ion,  wear  - -  and one might  hope to  f ind usefu l  par -

a l l e l s  be tween  these  a reas .  I n  ca ta l ys i s ,  i n  pa r t i cu la r ,  r eac tan t s
adso rb  on  t he  su r face  o f  a  me ta l  o r  me ta l  sa1 t .  A f t e r  adso rp t i on
they undergo combinat ions o f  migrat ions,  react ions wi th  the sur face,
and react ions wi th  one another  which lead u l t imate ly  to  products .

The products  must  then desorb to  create room on the sur face for  f resh

reac tan t s .  Aga in ,  t he  adso rp t i on  p rocesses  a re  o f t en  no t  ove ra l l
ra te  l imi t ing,  but  they are impor tant  in  determin ing the energet ics
o f  t he  ove ra l l  t r ans fo rma t i on  o f  r eac tan t s  t o  p roduc t s .

I t  i s ,  o f  cou rse ,  d i f f i cu l t  t o  answer  ques t i ons  o f  de ta i l ed
mechanism concern ing any sur face react ion,  in  par t  because i t  is  so
d i f f icu l t  to  obta in  deta i led in format ion concern ing the s t ructure
of  sur faces.  For tunate ly ,  many of  the same quest ions concern ing
adsorpt ion a t  meta l  centers ,  and about  the making and break ing of

bonds among meta ls  and between meta ls  and adsorbates ar ises in
ano the r ,  r e l a ted  f i e l d :  homogeneous  ca ta l ys i s . *  He re  t he  me ta l l i c
spec ies which are invo lved are (a t  least  in i t ia l ly )  in  s t ructura l ly
well-defined environments (howbeit in environments in which the
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nearest -ne ighbor  groups are usual ly  organic  phosphines,  carbon
monox ides ,  and  o le f i ns  i ns tead  o f  o the r  me ta l  a toms) .  The  s t ruc tu res
of  these cata ly t ic  groups prov ide models  for  sur face spec ies which
are a t  least  s t imulat ing and provocat ive (and which may even be
re levant  to  f rac ture) ,  and i t  is  o f ten poss ib le  to  fo l low the course
of  cata ly t ic  react ions in  very  great  deta i l  a t  the molecu lar  leve l .

MTES OF REACTIONS: TRANSITION STATE THEORY

To prov ide some background for  d iscuss ion of  these so lub le
organometa l l ic  ana logs of  sur face s t ructures and sur face processes,
i t  is  usefu l  to  ment ion severa l  deta i ls  o f  the formal ism which is
a lmost  un iversa l ly  used in  chemist ry  in  d iscuss ing ra tes.  Th is  theory
i s  t he  so -ca l l ed  " t r ans i t i on  s ta te  t heo ry " .  Th i s  t heo ry  i s ,  o f
course,  wel l -knor^ in  in  mater ia ls  sc ience,  but  the aspects  o f  the
theory whi-ch are emphasized in materials sci-ence and chemistry are
surpr is ing ly  d i f ferent .  The ut i l i ty  o f  t rans i . t ion s ta te  theory  in
chemist ry  is  that  i t  l imi ts  prob lems in  ra tes to  the cons iderat ion
o f  on l y  two  s t ruc tu res :  t ha t  o f  t he  s ta r t i ng  ma te r i a l ( s )  i n  t he i r
ground s ta te ,  and that  o f  the spec ies hav lng the h ighest  f ree energy
between s tar t ing mater ia l  and product .  The ra te  o f  the process is
then g iven by an equat ion o f  the fami l ia r  form 1 which re la tes th is
ra te  to  the d i f ferences in  energy,  AC{ ' ,  between these two s ta tes
( f i gu re  1 ) .  The  ve r t i ca l  ax i s  i n  t h i s  f i gu re  i s  t he  G ibbs  f r ee

a--  
i rons i t ion s iofe
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/

reoc lon ls

F i g . 1 .  S c h e m a t i c
through a
p r o d u c t s .

Producrs-,/

react ion coord inate ( lowest -energy sect ion
potent ia l  sur face)  conneet ing reactants  and
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inc ludes  cont r ibu t ions  f rom ent ropy :  equat ion  1) .

AG* = AH*- r1s+

The hori zonta! axis is a not-very-we11-def ined quanti ty lshich

rep resen ts  p rog ress  a long  t he  po ten t i a l  su r f ace  connec t i ng  reac tan t s

and products .  The ra te  o f  the process be ing cons idered is  g iven by

the fami l ia r  equat ion 2

( 1 )

( 2 )

-J-

kr 
-AcTnr

rate = 
"  

-6-"

( I n  equa t i on  2 ,  t he  cons tan t s  k  (Bo l t zman) ,  h  (P lanck )  and  R  (Gas )

have the i r  usual  meaning,  and K = 0 .5  is  an ad justment  fac tor

inc luded for  not  very  sat is fy ing reasons and of ten ignored.  )  The

genera l  form of  th is  t reatment  is  fami l ia r  to  a lmost  everyone wi th

technica l  in terests ,  but  two of  i ts  impl icat ions deserve emphasis

in  the par t icu lar  context  o f  f rac ture.

o  0n1y two s t ructures are o f  in terest  i -n  cons ider ing the ra te  o f

"  
p ro "e " " :  t he  g round  s ta te  and  t he  t r ans i t i on  s ta te .  O the r

in termediate  s ta tes which may seem sc ient i f ica l ly  in terest ing or

which may appear to be high energy are of no importance to calcu-

l a t i on  o f  r a tes ,  i f  t he i r  ene rgy  (G)  i s  no t  t he  1n  f ac t  h i ghes t

a long the react ion coord inate.

The  g rea t  v i r t ue  o f  t r ans i t i on  s ta te  t heo ry  i s  j us t  i t s

s impl ic i ty :  one need on ly  know AG* to  ca lcu la te  an approx imate

rate .  I f  one knows the e lementa l  composi t ion and s t ructure o f  the

t rans i t i on  s ta te ,  one  may  be  ab le  t o  ca l cu la te  i t s  ene rgy  and  es t ima te

the ra te  o f  the process.  t f  one does not  know what  the t rans i t ion

s ta te  i s ,  d i scuss lon  o f  r a tes  i n  a tom ic  and  mo lecu la r  de ta i l  i s

meaning less.

o  The Gibbs f ree energy,  AC= AH+-  TAS|  inc ludes cont r ibut i -ons

f rom both entha lpy and ent ropy.  Th is  s imple fac t  is  w ide ly  ignored

by theoret ic ians in terested in  est imat ing ra tes.  Such ind iv idua ls

ca lcu la te  energy ( that  is ,  a  quant i ty  which can be roughly  equated

w i th  en tha lpy ) ;  t hey  a lmos t  neve r  cons ide r  en t rop ies .  The re  i s ,  as

a resu lL ,  a  cr i t ica l  weakness in  the i r  methods and conc lus ions.

Unt i l  i t  can be demonst ra ted that  ent ropy terms are not  impor tant  '

o r  unt i l  some method is  ava i lab le  for  ca lcu la t ing them, ca lcu la t ions

of  AH* should  be cons idered at  best  a  poor  approx imat ion to  AG- '

Th is  caut ion ho lds par t icu lar ly  t rue for  any process invo lv ing water

or  o ther  so lvents  ( for  example water  so lvat ing a  newly  created

f racture sur face) ,  adsorpt ion o f  components  on the nevr  sur face,  or

re l ease  o f  a toms  f r om the  su r face . i n to  so lu t i on :  i n  a l l  o f  t hese

cases ent ropy terms may be large. '
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Cons ide r  t he  app l i ca t i on  o f  t r ans i t i on  s ta te  t heo ry  t o  cons ide r -
a t i on  o f  t he  ra te  o f  p ropaga t i on  o f  a  f r ac tu re  a long  a  c r ys ta l  p l ane ,
wi th  the f racture t ip  in  contact  w i th  a  medium whieh conta ins a
spec ies  L  wh i ch  adso rbs  on  t he  me ta l  su r f ace  (F igu re  2 ) .  To  repea t
a  po in t  f o r  emphas i s :  t he  u t i l i t y  o f  t he  t r ans i t i on  s ta te  t heo ry
i s  i n  f ocus ing  a t t en t i on  on  t he  h ighes t  ene rgy  s ta te  ( i . e .  t he  t r ans -
i t i on  s ta te ) .  Wha t  i s  t he  e lemen ta l  compos i t i on  o f  t h i s  s ta te?  Wha t
is  the character  o f  the bonds connect ing the atoms in  the t rans i t ion
sta te? In lhat  is  i ts  energy,  re la t ive to  reactants? In  the case at
hand,  one can imagine two l imi t ing cases.  In  one case,  the meta l -
meta l  bonds break complete ly  before the spec ies L  adsorbs a t  the
resu l t ing,  newly  formed sur face meta l  a toms (F igure 2A) ;  in  the
second,  L  adsorbs as the meta l -meta l  bonds are break ing,  and lowers

( B )

FLg .2 .  Schema t i c  r ep resen ta t i on  o f  a  f r ac tu re  t i p  p ropaga t i ng
by a process in which a component L from the medium
does  no t  (A )  and  does  (B )  pa r t i c i pa te  ac t i ve l y  i n
break ing meta l -meta l  bonds.
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F ig .3 .  S imp l i f i ed  reac t i on  coo rd ina tes  f o r  t he

c leavage of  meta l -meta l  s ing le  bonds in

the  f r ac tu re  p rocesses  i nd i ca ted  i n

F igu re  2 .

the energy o f  th is  bond break ing process (F igure 28) .  These two

al ternat iveswould be represented in  f ree energy d iagrams as shown

in F igure 3 .  In  th is  f igure we cons ider  on ly  one pa i r  o f  meta l

a toms  fo r  s imp l i c i t y .  I n  t he  f i r s t  p rocess ,  a  f u l l  me ta l -me ta1  bond

is  broken wi thout  any compensat ion o ther  than that  re f lec t ing some

smal l  s t ructura l  reorganizat ion o f  the sur rounding rneta l  a toms.  In

the second,  as the meta l -meta l  bonds breaks,  meta l -L  bonds form.

The sequence of events in path B seems preferabl-e from the vantage

of  the energet ics  o f  the four -center  MrL? system,  but  is  probably

emtrop ica l ly  less favorab le  than path 
-A;  

and may a lso have a

s ign i f icant ly  unfavorab le  energet ic  cont r ibut ion due to  non-bonding

in teract ions between the L group.  One does not  know at  present  which

is  actua l ly  impor tant  in  a  rea l  ins tance of  f rac ture,  but  the in fer -

ence that  sur face-act ive spec ies ( in  th is  context ,  hydrogen,  l iqu id

meta ls ,  perhaps spec ies such as ch lor ide ion)  acce l -erate  some
fracture processes suggests  that  path B may be impor tant  in  a t

least  some instances.

[ +  
: ] .

] -

h-
Li-
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The type of  ana ly t ica l  exerc ise represented by th is  example is
not  id le :  i t  ind j .cates the min i -mum in format ion requl red to  ra t ion-
a l - j ,ze the ra te  o f  a  process.  One must  know the e lementary  composi . t ion
of  the t rans i t ion s ta te ,  and some e lements  o f  the s t ructure o f  th is
s ta te .  W i thou t  t h i s  i n fo rma t i on ,  t heo re t i ca l  ca l cu la t i ons  o f
energet ics  are argueably  i r re levant .  The burden of  tak ing the f i rs t
s teps in  unders tanding the mechanism of  f rac ture thus present ly  rest
wi th  the exper imenta l i -s t ,  s ince,  a t  present ,  on ly  exper imenta l  work
can prov ide re l iab le  in format i .on on composi t ion and s t ructure.

I t  is  easy to  emphasize the impor tance of  th is  type of  deta i led
in format ion in  ra t iona l iz ing ra tes,  but  much more d i f f icu l t  to  obta in
i t  in  pract ice.  In  no ins tance invo lv ing f racture is  the in format ion
avai lab l -e .  In  a  few cases in  heterogeneous cata lys is  i t  is  now being
developed,  and a s ign i f icant  body of  in format ion is  ava i lab le  for
homogeneous react ions invo lv ing meta ls .  In  the fo l lowing sect ions,
I  touch on examples o f  homogeneous and heterogeneous react ions
invo lv ing meta ls ,  and sketch some of  the chemica l  concepts  and
techni -ques which have proved usefu l  in  s tudy ing these react ions.
The major  focus of  th is  d iscuss ion wi l l  be that  o f  coord inat ion o f
l igands to  meta ls .  Th is  sub ject  is  re levant  to  the in f luence of
spec ies coord inat ing to  a  newly  created f racture sur face on the
energy of  the s teps creat ing that  sur face.

MECHANISMS OF METAL-CATALYZED REACTIONS: THE IMPORTANCE OF VACANT
COORDINATION SITES

Consider ,  by  way of  background,  two impor tant  meta l -cata lyzed
react ions:  hydrogenat ion o f  e thy lene us ing p la t inum meta l  as  cata lys t
(F igure 4) ,  and hydrogenat ion o f  e thy lene us ing a so lub le  rhodium(I )
complex as cata lys t  (F igure 5) .  Very  l i t t le  is  known wi th  great
cer ta in ty  concern ing the heterogeneous cata ly t ic  react ion.  The
current  in terpreta t ion o f  the ava i lab le  exper imenta l  data  is  that
the cata lys t  adsorbs e thy lene s t rongly  a t  vacant  coord inat ion s i tes
( t o  y i e l d  one  o r  seve ra l  su r f ace  conp lex (es )  whose  s t ruc tu re (s ) ,
espec ia l ly  under  the condi t ions encountered dur ing cata lys is ,  is  (are)

not well  known).6 Dihydrogen subsequently adsorbs on remaining vacant
coo rd ina t i on  s i t es  w i t h  d i ssoc ia t i on  i n to  su r face  me ta l  hyd r i des .
The adsorbed ethy lene and th is  sur face hydr ide react  and form sur face
ethy l  groups,  These sur face ethy ls  react  subsequent ly  wi th  more
sur face hydr ide and generate  e thane.  When the ethane desorbs f rom
the sur face,  vacant  coord inat ion s i tes  are regenerated which reenter
t he  ca ta l y t i c  cyc le .

The mechanism for  hydrogenat i -on of  e thy lene by the so lub le
rhodium complex is  conceptua l ly  s imi lar . '  E thy lene coord inates
at  a  vacant  coord inat ion s i te  on the meta l ,  d ihydrogen adsorbs
d issoc i -a t ive ly ,  the coord inated ethy lene and a meta l  hydr ide react
and form an in termediate  e thy l rhodium in termediate ,  and ethane is
produced by react ion o f  th is  spec ies wi th  a  second equiva lent  o f
meta l  hydr ide.
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F ig .4 .  Schema t i c  mechan i sms  fo r  hyd rogena t i on  o f  e thy lene

ove r  p l a t i num.

In  both o f  these mechanisms there remai .n  substant ia l  ambigu i t ies :

Does d ihydrogen or  e thy lene adsorb f i rs t?  I , r lh ich adsorbs more

s t rong l y?  Wha t  a re  t he  de ta i l ed  s t ruc tu res  o f  t he  reacL ion  i n te r -

med ia tes?  Wha t  i s  t he  ove ra l l  r a te - l im i t i ng  s tep?  Some o f  t hese

quest ions can be answered tentat ive ly  ( for  example,  format ion of

e thane by react ion o f  e thy lmeta l  and meta l  hydr ide is  probably  ra te-

l im i t i ng  i n  bo th  reac t i ons  unde r  a t  l eas t  some  c i r cums tances ) ;  o the rs

canno t .  None the less ,  f r om the  van tage  o f  a  d i scuss lon  o f  f r ac tu re ,

t hese  de ta i l s  a re  i r r e l evan t .  The  impo r tan t  aspec t s  o f  t hese

react ions i -s  the i r  dependence on the ava i lab i l i ty  o f  a  vacant

coo rd ina t i on  s i t e  on  t he  me ta l :  i f  no  vacan t  coo rd ina t i on  s i t e  i s

ava i l ab le ,  no  reac t i on  occu rs .  Thus ,  adso rp t i on  o f  t he  reac tan t s  a t

vacant  meta l  coord inat ion s i tes  is  a  cr i t ica l  e lement  o f  coord inat ion

cata lys ts ,  and an unders tanding of  the fac tors  in f luenc ing th is
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F ig .5 .  schema t i c  mechan i sm fo r  hyd rogena t i on  o f  e thy lene  by
d ihyd rogen  ca ta l yzed  by  a  so lub le  rhod ium( I )  comp lex :
L  -  (C6H5)3P,  S = so lvenr  ryp ica l ly  CH2CL2 or  CH3COCH3.

adso rp t i on  i s  essen t i a l  t o  unde rs tand ing  ca ta l ys i s .  s im i l a r
adsorpt ion phenomina are cer ta in ly  invo lved ln  adhes i -on,  lubr icat ion,
and  co r ros ion ,  and  i n  adso rp t i on  a t  f r esh l y  c rea ted  f r ac tu re  su r faces .

COORDINATION TO METALS: USEFUL QUALITATIVE CONCEPTS

Coord ina t i - on  chemis t r y  i s  an  a rea  o f  g rea t  soph i s t i ca t i on ,  bu t
much of  the in format ion in  i t  which is  immediate ly  usefu l  to  cons ider-
a t i ons  o f  t he  (a tom is t i ca l l y )  l ess  soph i s t i ca ted  a rea  o f  f r ac tu re  can
be summar i -zed in  a  l imi ted number  o f  s imple empi - r ica l  models  for  the
j -n teract i .on o f  meta ls  and meta l  ions wi th  l igands,  and for  the in ter -
ac t i on  o f  l i gands  w i t h  one  ano the r .  I  ou t l i ne  two  o f  t hese  he re :
t he  t heo ry  o f  t t so f t  and  Ha rd  Ac ids  and  Bases t r ,  deve loped  by  pea rson
(and re la ted to  an ear l i -er  c lass i f ica t ion by Chat t  and Ahr land)  and
To lman ts  c l ass i f i ca t i on  o f  t he  s i zes  o f  l i gands  by  t t cone  ang les " .
rn  addi t ion,  r  ment ion the Hammet  equat ion as an example o f  a
L inear  Free Energy Relat ion (LFER) r  3r r  in te l lec tua l  const ruct  which
has proved inva luable  in  mechanis t ic  chemist ry .  F ina l ly ,  r  touch
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b r i e f l y  on  t he  sub j  ec t  o f  en t rop ies .  O the r  use fu l  mode l s  used  t o

rat iona l ize the react iv i t ies  o f  meta l  ions in  so lu t ion - -  espec ia l ly

c lass ica l  l igand f ie ld  theory  and i ts  mathemat ica l  deve lopments  - -

are not  d iscussed,  s ince these have not  proved par t icu lar ly  usefu l

in  d iscuss ing organometa l l ic  chemist ry  or  cata lys is ,  and do seem

l ike ly  to  be usefu l  in  f rac ture a t  th is  s tage in  i ts  development .

Hard and Sof t  Ac ids and Bases (HSAB).8  The most  commonly  used

model  used in  cGEsi fy ing the re la t ive s t rengths o f  coord inat ion o f

meta l  ions and l igands is  based on the idea that  there are two major

t ypes ,o f  bond ing :  i on i c  and  cova len t .  I on i c  bond ing  ( f o r  examp le ,

in  Na-F-)  is  fami l ia r .  Covalent  bonding is  most  commonly  d iscussed

us ing a model  developed by Dewar  and Chat t  ( i l lus t ra ted for  a  complex

of  s i lver ( I l )  and ethy lene in  F igure 6)  .  e  In  th is  model  the cova lent

bond between s i -1ver  and ethy lene is  cons idered to  be composed of  two

components :  one component  ( the o 'bond component)  re f lec t ing over lap

between the f i1 led n  orb i ta l  o f  e thy lene and a vacant  s  orb i ta l  on

s i lver ,  and another  component  ( the n-bond component)  rEf lec t ing

over lap between a f i l led s i lver  d  orb i ta l  and the vacant  n*  orb i ta l

on ethy lene.  The O-component  is  be l ieved to  be the more impor tant  in

determin ing the energy o f  most  meta l - l igand bonds,  and the n-component

serves the pr imary funct ion o f  prevent ing a  large separat ion o f

charge by t ransfer  f rom o le f in  to  meta l  by  a l lowing back-donat ion o f

charge f rom meta l  to  o le f in .

The SHAB c lass i f ica t ion is  based on the idea that  ions which

are sma11,  h igh ly  charged,  and non-po la t izab le  ( "hardt t  ions)  can

in teract  w i - th  one another  s t rongly  ion ica l ly ,  but  w i l l  not  in teract

s t rongly  wi th  large,  po lar izab le  spec ies wi th  low charges ( t 'so f t "

j -ons or  molecu les) .  The la t ter ,  in  turn  can in teract  w i th  one

d bond If  bond

LUMOAg + HOMOE HoMOAg + LUMOE

Fig.6.  Dewar-Chat t  model  for  the bonding of  s i lver

ion to ethylene. LIIMO = lowest unoccupied

molecu lar  orb i ta l ;  HOMO = h ighest  occupied

mo lecu la r  o rb i t a l .

w*,bq.'p
e\
M

HH/ -
amca
I  Agw^ t%
\ vl/tl Y//4

- : - \
H H
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Table I .  Examples o f  Hard and Sof t  Spec ies

Hard S o f t

3 4 7

Hzo

H ^ N

Li*, N"*, K+
trg*2, c^*2
A1+3

cu*2

F ,

s n- ; 4

H '

OH
2-

,

H 2 S ,  H r S e

u3t, HrAs

Mo,  bu l k  me ta l s

l4oL

c,r*1

c0, cH3N=c

Ctlr=CH,

HC=CH

Br r r

cH3cs2 ' cN

H

c10 ,
+

another  cova lent ly .  Table  I  g ives examples o f
as  t t ha rd t t  and  t t so f t t t .  Emp i r i ca l l y ,  ha rd  i ons
more  s t rong l y  t han  so f t  i ons ,  and  v i ce  ve rsa :

spec ies  c l ass i f i ed
coord inate one another
l i ke  p re fe r s  1 i ke .

The  use fu lness  o f  t h i s  c l ass i f i ca t i on  f o r  d i scuss ions  o f
f r ac tu re ,  f r esh l y  c rea ted  f r ac tu re  su r faces  o f  me ta l s )  a re  t ' so f t " ,

zero-va lent  meta ls  ( that  is ,  in  the context  o f  a  d iscuss ion of
f r ac tu re  f r esh l y  c rea ted  f r ac tu re  su r faces  o f  me ta l s )  a re  t t so f t " ,

and would thus be expected to  coord inate espec ia l ly  s t rongly  wi th
so f t  spec ies  ( l i qu id  sod ium and  mercu ry  me ta l s ,  su l f u r -  and
phospho rous -con ta in i ng  spec i -es ,  hyd rogen ,  o l e f i ns ,  ca rbon  monox ide ) .
A f t e r  t hese  me ta l  su r f aces  have  reac ted  ox ida t i ve l y  (w i t h  On  o r  Hn0 ) ,
they are usual ly  covered wi th  I thardt '  spec ies (h igh-va lent  i5ns ,  

-

meta l  ox ides and hydrox ides) ,  and would be expected to  coord i -nate
more s t rongly  wi th  hard l igands.

I t  is  d i f f icu l t  to  argue the empi r i -ca l  usefu lness of  the SHAB
c lass i f i ca t i on ,  and  i t  i n  no  way  de t rac t s  f r om i t s  use fu lness  t o
poin t  out  that  th is  c lass i f ica t ion may be incorrect  in  i ts  funda-
menta l  assumpt ions.  r t  is  a  theory  which ent i re ly  i -gnores the
in teract ion o f  the coord inat ing spec ies wi th  so lvent ,  and there is
a growing suspicion that solvation may play a dominant role in
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determin i -ng the s t rengths these bonding in terat ions.  In  any event t

in  cer ta in  react ions car r ied out  in  para l1e1 in  po lar  so lu t ion and

in  the vapor  phase,  susp ic ious charges in  se lect iv i ty  are observed.

Equat ion 3  g ives an example drawn f rom organic  chemist ry ;1u

NHz + CH3OP(OC.H3)2

R
H2NP(OCH3)2

-o8tocr,.l,
I 

CH.O- +

( 3 )
HTNCH. +

The upper  react ion is  cons idered to  be typ ica l  o f  a  t thardt t  in ter -

act ion between the charged nuc leophi . le  (NH" )  and phosphorous;  the

bo t t om i s  a  t t so f t t t  i n t e rac t i on .  The  f ac t  
' t ha t  

t he  cha rac te r i s t i c

react iv i ty  changes wi th  the character  o f  the medium suggests  an

impor tant  ro le  for  the medium in  determin ing the in teract ion type.

The re levance of  concerns about  the or ig in  o f  the SHAB c lass i -

f i ca t i on  t o  cons ide ra t i ons  o f  f r ac tu re  i s  two fo ld :  F i r s t ,  s i nce  t he

process of  f rac ture may not  expose the new meta l  sur face to  a

po la r  so l ven t ,  c l ass i f i ca t i on  o f  l i gand -b ind ing  a f f i n i t i es  t aken

f rom polar  so lvents  should  be used wi th  some caut ion.  Second,  the

sugges t i on  t ha t  a  ma jo r  con t r i bu t i on  t o  t hese  b ind ing  a f f i n i t i es

may come from interaction of the component with solvent rather than

wi th  one another  prov ides another  genera l  caut ion concern ing the

ind iscr iminate use of  the products  o f  cur rent  e f for ts  in  theory t

s ince these are based ent i re ly  on ca lcu la t ions which ignore medium

e f f e c t s

Hammet t  Equat ion:  L igear  Fr .ee Energy Relat ions.  The s tudy of

"so-  e la t ions (LFER) has proved one of

t he  mos t  use fu l  and  p roduc t i ve  a reas  o f  mode rn  mechan i s t i c  chem is t r y . l l

A  LFER postu la tes a  re la t ion between changes in  f ree energ ies

(e i t he r  AGo  va lues ,  f o r  equ i l i b r l a ,  o r  AG va lues ,  f o r  r a tes  f o r

two react ions one a s impler  react ion cons idered to  be wel l -

unders tood ( typ ica l ly  the ion izat ion o f  a  proton ac id)  and the

second a more complex react ion o f  in terest .  Cons ider  the two

react ions shown in  equat ions 4 and 5.  One can eas i ly  measure the

i -n f luence of  subst i tuents  X on the ease of  ion izat ion o f  benzoic

ac ids  ( t ha t  i s ,  on  t he  ac id i t i es  o f  t hese  ac ids )  .  Th i s  t ype  o f

react ion is  as s imple as one is  l ike ly  to  f ind,  and s tudy of  the

response of  the ac id i ty  o f  the ac ids to  the s t ructure o f  X prov ides

a way of  s tudy ing and def in ing the mechanisms of  in teract ion o f  these

subst i tuents  wi th  the -CO'H and -C0"  groups.  The in format ion

obta ined f rom th is  s tudy 6an be use6 to  character ize o ther  react ions

( fo r  examp le ,  che la t i on  o f  coppe r ( t t )  by  t he  subs t i t u ted
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K o ( 4 )

( 5 )

reoc f  i on  2
A(AGO) , ( 6 )

( K r ) ,
l o o  =-  

1 K , ) *  =  s
,  

( K o ) x

( ,os (rGL=,..

<4

( 7 )

( 8 )

sa l i sa ldehydes ;  equa t i on  5 ) .  one  pos tu la tes  a  LFER (equa t i on  6 ) :
the change in  the f ree energy o f  th is  react ion which accompanies a
par t icu lar  change in  subst i tuent  in  one react ion is  assumed to  be
l inear ly  propor t iona l  to  that  accompanying the same change in  a
second  reac t i on .  Equa t i on  7 ,  wh i ch  re l a tes  t he  obse rved  equ i l i b r i um
cons tan t s  f o r  t he  two  t ypes  o f  r eac t i on  t o  one  ano the r ,  f o l l ows
f rom th i s  assump t i on .  r n  equa t i on  7 ,  o r  i t s  a l t e rna t i . ve  f o rm
equa t i on  8 ,  t he re  a re  two  t ypes  o f  pa rame te rs .  The  so -ca11ed  o
parameters  character j -ze the subst i tuents  X;  the p  parameters  are
cha rac te r i s t i c  o f  t he  reac t i ons .  Tab le  2  g i ves  a  sho r t  l i s t  o f  o
cons tan t s ;  much  more  comp le te  l i s t s  can  be  f ound  e l sewhere ,
t o g e t h e r  w i t h  l i s t s  o f  p  v a l u e s .

The  use fu lness  o f  LFERTs  i s  i n  t he  s tudy  o f  comp lex  reac t i ons
and  p rocesses :  i t  p rov ides  a  way  o f  es tab l i sh ing  emp i r i ca l  ana logues
be tween  reac t i ons .  Fo r  examp le ,  F igu re  7  g i ves  a  p l o t  o f  va lues  o f
1og k  for  the coord inat ion react ion shown in  equat ion 5  versus
va lues  o f  t he  i on i za t i on  cons tan t s  o f  t he  co r respond lng  sa l i c y -
a l d e h y d e s  ( e q u a t i o n  g ) r '

'Qon

^Fo

u /

nFo

H + (e)
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T a b l e  2 . Subs t i t uen t  Cons tan t s  o .a

oX

tH3

cH2cH3

c6H5

CHO

co 2cH2cH3
CN

ct3

NHz 
,

tt (cHr) 
r-

*r-
*02

- 0 .  1 7

- 0 .  1 5

- 0 . 0 1

0 . 4 4

0 . 4 5

0 . 6 6

0  . 5 4

- 0 . 6 6

0 .  8 2

1 . 9 1

0 . 7 8

OH

OcH3

F

c1

B r

I

SH

s02NH2

so^
J

PO3H

si  (cH3)  
3

- 0 .  3 7

- 0 . 2 7

0 . 0 6

0 . 2 3

0 . 2 3

0  . 2 8

0  . 1 5

0 . 5 7

0 . 0 9

0 . 2 6

- 0 . 0 7

"F .o rn  re f  .  11 ,  p  66 .

The  fac t  t ha t  t h i s  p l o t  i s  ( r ough l y )  a  s t r a i gh t  l i ne  t ha t  i s ,
that  a  LFER re la tes the two react ions - -  makes i t  poss ib le  to
est imate the deta i ls  o f  bonding in  the copper  che la te  wi th  some
prec i -s ion.  A l though th is  approach has not  been appl ied to  the
study of  mechanisms in  f rac ture,  i t  ho lds great  promise.  For
example,  i f  one were to  s tudy the ra te  o f  f rac ture o f  copper  meta l
i n  con tac t  w i t h  an  aqueous  so lu t i on  o f  t he  subs t i t u ted  sa l i c y -
a ldehydes used in  F igure 7 ,  and were to  f ind that  the ra te  o f
f r ae tu re  co r re l a ted  w i t h  assoc ia t i on  cons tan t s  w i t h  coppe r ( I I I )
( equa t i on  5 ) ,  one  wou ld  i r nmed ia te l y  be  i n  a  pos i t i on  t o  pos tu la te
that  the sa l icy la ldehyde molecu les were invo lved in  the ra te-
l im i t i ng  s tep  f o r  f r ac tu re .  I f  t he  p  va lues  f o r  t he  f r ac tu re  and
fo r  assoc ia t i on  w i t h  coppe r ( r r )  we re  s im i l a r ,  one  m lgh t  a l so  be
ab le  t o  pos tu la te  t ha t  coppe r ( r r )  was  i nvo l ved  i n  t he  f r ac tu re
p r o c e s s .

rn  br ie f ,  LFER re la t ions have proved to  be an inva luable
technique in  very  complex prob lems in  mechanis t ic  chemist ry ,  and
should  a lso be appl icab le  to  prob lems in  f rac ture.  They prov ide
a h igh ly-developed method for  estab l ish ing analog ies between
reac t i ons  and /  o t  p rocesses .
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l o g  K ,

p K o

F ig .7 .  P lo t  o f  t he  l oga r i t hms  o f  t he  equ i l i b r i um cons tan t s
for  coord inat ion o f  subst i tu ted sa l icy la ldehyde an ion
w i th  coppe r ( t t )  v? f , sus  t hose  f o r  i on i za t i on  o f  t hese
sa l i cy l a l dehydes .  r z

Cone Angles.  The HSAB c lass i f ica t ion and LFER are usefu l
pr imar i ly  for  exp lor ing e lect ron ic  e f fec ts  on bonding.  For  many
reac t i ons  o f  me ta l s  w i t h  l i gands ,  pu re l y  s te r i c  e f f ec t s  ( t ha t  i s ,
e f fec ts  due to  s ize and non-bonded in teract ions)  dominate.  A
s i -mple approach which has proved very  usefu l  is  that  o f  To lmarr . l3
rn  t h i s  app roach ,  t he  t ' s i ze t t  o f  l i gands  i s  es t ima ted  us ing
molecu lar  models ,  by  measur ing the angle  subtended by the groups
a t t ached  to  t he  coo rd ina t i ng  a tom (F igu re  8 ) .  Th i s  f i gu re  a l so
g ives data for  a  typ ica l  coord inat ion react ion:  compet i t ion among
d i f f e ren t  phosph ines  and  phosph ines  (L ,L t )  f o r  a  coo rd ina t i on  s i t e
a t  n i c k e l ( 0 )  ( e q u a r i o n  1 0 ) .

L  +  LN i (o ) (co )3  -  J+  LN i (o ) (co )3

6

5

ro986

(  1 0 )

This  approach shares wi th  many other  techniques in  mechanis t ic
cheu r i s t r y  t he  f ac t  t ha t  i t  i s  ve ry  emp i r i ca l .  I t  i s ,  none the less ,
a  usefu l  way of  th ink ing about  the coord inat ion o f  l igands at
me ta l s  i n  so lu t i on ,  and  p robab l y  a l so  on  me ta l  su r f aces .

4 - M e O

4 - C

/
,/

Br ./o
/  ts-c t

o
5-lt/

,rz
i\

5 - M t
5-

4-NOz

5-  NO2
o
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r 4 o o  l g o o

e
a f f i n i t i e s  f o r  N i ( C 0 ) 3F i g . 8 .

En t rop ies .  A11  o f  t hese
ene rg i -es .  I t  i s  essen t i a l  t o
magni tudes of  ent rop ic  terms.
o f  o n e  p a r t i c l e  i n t o , F w o ,  t h e
la rge  (equa t i on  I  1 )  .  14

I

I
E

tt
c
o

o

o
c
!
c
o
ao

I

approaches to  bonding concent ra te  on

keep in  mind the very  large potent ia l

Fo r  examp le ,  f o r  a  s imp le  d i ssoc ia t i on

change j -n  t rans la t iona l  ent ropy can be

A_B _-_+ + -TAS  n ,8  -  12  kca l /mo le  ( f f )

S ince  t h i s  con t r i bu t i on  t o  AGo  o r  AG*  f o r  a  reac t i - on  may  be  comparab le

to  o r  l a rge r  t han  con t r i bu t i ons  f r om en tha lpy ,  i t  mus t  be  es t ima ted

in  any  se r i ous  quan t i t a t i ve  cons ide ra t i on  o f  r a tes  o r  equ i l i b r i a .

THE COORDINATION OF FMCTURE SURFACES

A number  o f  d is t inc t  types of  chemist ry  are re levant  to

p rob lems  i n  f r ac tu re  (Tab le  3 ) .  The  chemis t r y  o f  f r ac tu re  and

corros ion is  more complex and more d i f f icu l t  to  unders tand than the

t ypes  o f  chem is t r y  wh i ch  have  been  s tud ied  w i t h  g rea les t  success  i n

mechan i s t i c  chem is t r y .  Chemis t r y  canno t  o f f e r  easy  so lu t i ons  t o  t he

comp lex  p rob lems  o f  f r ac tu re ,  bu t  i t  can  o f f e r  de ta i l ed  i n fo rma t i on

on s impler  systems which seem cer ta in  to  be re levant  to  cer ta in

e lementary  processes in  f rac ture.  In  what  fo l lows I  s imply  touch

on severa l  areas which i l lus t ra te  representat ive areas in  which

inorganic  chemist ry  might  be ab le  to  cont r ibute  to  f rac ture.  Much

o f  t he  d i scuss ion  i n  t h i s  sec t i on  w i l l  be  specu la t i on .

Corrosion Inhibit ion bJ__Adsorpt: ion. A number of types of

s,rper monoxide, PhosPhonium
sa l t s ,  su l f i des ,  ace t y l enes ,  l ong -cha in  am ines )  i nh ib i t  co r ros ion

and in f luence the ra te  o f  c rack format ion and f racture in i t ia t ion.

Can one draw in ferences about  the probable  modes of  ac t ion o f  these

mater ia ls  f rom inorganic  chemist ry? We cons ider  these in  severa l

g roups .
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Problems in  Fracture,  and Related Areas of  Inorganic
Chemist ry .

3 5 3

Tab le  3 .

Problem
Area of

Inorganic  Chemist ry

Chern is t ry  o f  Pass ivat ing F ihLs:

Meta l  ox ides and ha l ides;

format ion constants  and

so lub i l  i t  i es

Cor ros ion  I nh ib i t i on :

Sur f  ace ox j -de f  i lms;  chemist ry

o f  m e t a l  p h o s p h a t e s ,  b o r a t e s ,

and chromi.um oxides

m
P h ^ P  P h .

J

+ B r

Coord inat ion

Chemist ry

Organometa l l ic

Chemist ry

E lec t ron

T rans fe r

Chemist ry

Meta l  Hydr ide

Chernistry

Meta l  Sur face Chemist r lz

Corros i -on inh ib i t ion by

adso rp t i on ;  i n te rac t i on  o f

m e t a l s  w i t h  R r S ,  R r P * ,  C O ,
L 4

HC=CC (CH. )  ̂ OH
J Z

Sur f  ace  E lec t rochemis t r y  :

l
M + H ^ O + H ^ + M O

' + z n
M + P h , P ' + M O  +

4  . n  m
M * R B r * M n + * R .

Hydrogen Embrit t lement

Meta l  hydr ide and

dihydrogen formation

Hydrogen migrat ion

(su r face ,  bu l k )
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Bu lk  me ta l s  ( i . e .  f r esh l y - f o rmed  me ta l  su r f aces )  a re  t t so f t t t

us ing the SHAB c lass i f ica t ion,  and are expected and observedl  
5  

to

coord inate C0,  phosphines,  su l f ides,  and acety lenes s t rongly ,  but

not  phosphnium sa1ts ,  su l fon ium sa1ts ,  or  amines or  ammonium sa l ts .

Equations L2-L5 show relevant examples of stable complexes formed

by in teract ion o f  meta ls  or  meta l  complexes wi th  sof t  l igands.
Sof t  l igands might  thus be expected to  form sur face

organometa l l ic  compounds by adsorpt ion.  I f  these compounds are
stab le ,  they might  prov ide barr ier  f i1ms,  a l though the chemist ry  o f

these barr ier  f l lms might  be much more complex than suggested by the
re la t ive ly  s lmple s t ructures shown in  these equat ions.  In  par t icu lar ,
acety lenes may po lymer ize over  c lean meta l  sur faces,  and phosphines

and (b i )su l f ides are reduced to  meta l  phosphines and meta l -
su l f i des .

What is the mechanism of act i-on of phosphonium salts and high
molecu lar  weight  a lky1 amines? These mater ia ls  are not  ab le  to
coord inate to  low-va lent  meta ls .  There seem severa l  poss ib i l i t ies :
Meta ls  readi ly  reduce phosphonium sa l ts  to  phosphines under  some
condi t ions r  so phosphonium sa l ts  may s imply  be precursors  for
phosphines (equat ions 16) .  A l ternat ive ly ,  the phosphos ium sa1ts ,

Ni + CO +F Ni(cOL
(r2)

( 1 3 )Ph3P + Fe(Co)u --> PhuPFe(CO)o

Fe.(CO), + cH3sscH3+ (co).F:*e(co)3 (14)
S
I

cHo

Feu(!o),.

cH3c=ccH3

g ̂ ,,
oc_J.\rcH.

------+- 
oc/' 1"-;frlcnt

lu/ cH'

4t'o

(  1s )
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Ph4P+ + M(O) +F Ph3P + Ph.  +  Mn* (16)

Fe(co)u r RNH2 
[retruHrnt ]t- [r.tcolo]t- (17)

or  t ransformat i -on products  o f  the ammonium sa l ts  (o f  the type
i l lus t ra ted by equat ion L7)  may adsorb or  pree ip i ta te  on an
ox id ized meta l  sur face and modi fy  i ts  proper t ies  in  a  way that
rende r  i t  r es i s tan t  t o  co r ros ion .

In  any event ,  the in i t ia l  s teps in  react ions o f  sof t  l igands
wi th  meta l  sur faces probably  invo lve reduced meta ls ,  whi le  those of
hard l igands probably  invo lve ox id ized meta ls .

Corros ion By Organic  Solvents .  A par t icu lar  buL impor tant  type
of  cor ros ion is  that  o f  e lec t ropos i t ive  meta ls  (magnesium,
a luminum) in  contact  w i th  ha logenated organic  so lvents .  The
probable  mechanism for  th is  type of  cor ros ion is  now wel l
es tab l i shed  f r om s tud ies  o f  a  c l ose l y  re l a ted  sys tem impo r tan t  i n
organic  synthes is :  that  j -s  the format ion of  organomagnesium
spec ies  (F igu re  9 ) . 16  The  ove ra l l  r a te - l im i t i ng  s tep  j - s  o f t en
break ing an ox ide f i lm on t t teGiEa" . .  Af ter  th is  f i lm is  broken,
the ra te  o f  react ion is  l imi ted by the ra te  o f  mass t ranspor t  o f
RBr  to  the magnesium sur face.  The f i rs t  s tep is  a  s ing le-e lect ron
t ransfer  f rom magnesium meta l  to  a1ky1 ha l ide.  Th is  s tep generates

M9.  +  RBr

Fig.9 .  Mechanism of  React ion o f  Magnesium wi th
an A1kyl Bromide (RBr) in Dierhyl Erher
Solu t ion.  Mgs is  a  magnesium sur face
A tom.

I
*

M g l *  f t r +  B r -

I
I
I

RMgBr
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oc-
oc/

HCrr(CO),o-

HMn(CO) ,

H.Rer(PEtzPhL HCo.(CO),u-

F ig .10 .  Examp les  o f  o rganometa l l i c  hyd r i des .  The  pos i t i ons

o f  mos t  o f  t he  ca rbon  monox ide  l i gands  o f  HCO6(CO; t t -

are omi t ted to  show the hydrogen and the d i rect ly -

bonded  coba l t  a toms .

an  a l ky l  r ad i ca l  (R . )  as  an  i n te rmed ia te .  A  subsequen t  s tep

reduces  t h i s  spec ies  t o  an  a l ky lmagnes ium spec ies ,  and  abs t rac t s

a  magnes ium a tom f rom the  su r face  o f  t he  me ta l .

Hydrogen Embr i t t lement .  Hydrogen is  un ique as a  l igand in

organometa l l ic  chemist ry .  I t  is  s -mal l  ( i t  has probably  the

sma l l es t  s te r i c  cons t ra i n t s  o f  any  l i gand ) ;  i t  i s  mob i l e ;  i t  f o rms

s tong  bonds  t o  me ta l s ;  i t  f o rms  many  d i f f e ren t  t ypes  o f  bonds .

F igu re  10  i l l u s t ra tes  some  o f  t he  bond ing -a r rangemen ts  obse rved

fo i  nyarogen in  organometa l l ic  complexe" .  
1  7

One in terest ing specula t ion concern ing the mechanism of

hydrogen embr i t t lement  o f  meta ls  is  that  d ihydrogen may c leave

meta l -meta1 bonds dur ing f racture.  A schemat ic  mechanism would

be that  shown in  equat ion 18.  The bond energ ies necessary  to

est imate the thermodynamics o f  th is  process are not  known,  but  the

approx imate va lues g i -ven in  equat ion 18 suggest  that  i t  i s  not

imposs ib le .  Moreover ,  a  number  o f  good organometa l l ic  ana logs

)t.T .-"

5f+;-L z l  \ /
H H

tro. rr../,T)c. tco)s]
C n A
| (-v

M n -  H
I
a
o

o
I

Co '
\ '
I- \ -

- t \
- c

c_c/
\!.
/

i1i
Yl
/

,A/" \ ;

\il
 

-co
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(*

+ H +

'l\
1

kcot/note 
f

I  lO kcol/mole

357

M
l - +

M-H
I
H

) -
\ H

M - H

-20

t r t
I

/
-60 kcol/mole

exis t  for  c leavage of  meta l -meta l  bonds by d ihydrogen (F igure 11)  .  i  I

In  no case is  the mechanism of  one of  these react ions known,  but  a
study of  the reverse react ion ( format ion of  an osmium-osmium bond
wi th  expuls ion of  d ihydrogen)  suggests  that  an 0s-H-Os group may
b e  a n  i n t e r m e d i a t e . ' o

+ H a  +

oc
I

33>lo-'
c
o

o.> 69 no

[,iElf;.
8b

0
ocq ?tf':=i'<i.'fl*'+ 3Hz ->
I i-N-co
b d 8Ruo

o
c

a oc-J. -x- 
oc-z' ;---Pc

o

o
c

_ l
n/ \  |  z l . l
v L r \ .  ^  -  a r

^ - z  9 S - . .
ou | 

-Fl

c
o

o
c

-CO OC-- l  - -H+ 
oc-os- 'g

H
-  l - Hoc_ cisl
nc/ | 

--co
v c o

Hzo{co)z + co

* H z

oo
a n
i,col ,co

0C-Oi-OsaCO
n/  la / l
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oo

I ros,r
F i g . 1 1 .  C l e a v a g e  o f  M e t a l - M e t a l Bonds by Dihydrogen.
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CONCLUSIONS

G .  M .  W H I T E S I D E S

Fracture is  a  complex and d i f f icu l t - to-s tudy ser ies  o f

processes.  Chemist ry  may have procedures and in format ion to  o f fer

which wi l l  he lp  in  unders tanding these processes.  The techniques

developed for  s tudy ing ra tes in  chemist ry  are based on t rans i t ion

sta te  theory .  The emphasis  on the concept  o f  the t rans i t ion

s ta te  - -  t ha t  i s ,  t he  h ighes t  ene rgy  spec ies  o r  con f i gu ra t i on  o f

a toms a long the react ion coord inate - -  may have appl icat ion in

analys is  o f  f rac ture mechanisms.  A ser ies  o f  qua l i ta t ive or  semi-

qual i ta t ive techniques and c lass i f ica t ions (SHAB theory ,  l inear

f ree energy re la t ions)  have proved usefu l  in  chemist ry  for  s tudy ing

complex processes.  In  addi t ion,  organometa l l ic  chemist ry  and

cata lys is  o f fer  a  weal th  o f  s t ructura l  and mechanis t ic  in format ion

concern ing bonding of  non-meta l  spec ies to  meta ls .  Th is  in format ion

shou ld  be  use fu l  i n  cons ide r i ng  i n  a tom ic  de ta i l  t he  p rocesses  wh i ch

occu r  i n  c rea t i on  o f  f r esh  f r ac tu re  su r faces .
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D ISCUSSION

Comment  by  J .OrM.  Bockr is :

r  share Professor whi tesidest opinion that an approach to
cracking most l ikely to y ie ld f ru i t  is  in terms of  chemical  mechani-sm
determinat ion.  The key process in th is approach is the determinat ion
o f  t h e  r a t e - d e t e r m i n i n g  s t e p .  T h u s ,  i n  g e n e r a l ,  A * B - + c  +  R . D . s .
= - -  

*  E  f o r  t h e  p r o c e s s  A + E .  r f  t h e  R . D . s .  i s  k n o w n ,  t t E - r a t e  o f
A+E is immediately calculable by standard formal ism.

Many persons unfami l iar  wi th the ubiquj- tous approach of  the
theory of  absolute react ion rates may think that  the ident i f icat ion
of the nature of  the act ivated complex may be a di f f icul t  matter,
part icular ly for  a complex proeess involv ing many part ia l  steps,
some of which may be para1le1 and simultaneous. l{hilst I do not wish
to project  the image of  a utopian pathway to c lar i tyr  my exper ience
of  the  method (app l ied  to  reac t ions  in  l iqu ids)  suggests  tha t  fa i r l y
complex processes have sometimes qui te s imple rate-determining steps.
I f  the s i tuat ion were that one had to compute the step without the
aid of  exper iment,  r  th ink we should be no better of f  than the'physic ists.  However,  a caut ious and wel l  thought out campaign of
exper iments  o f ten  g ives  a  s t rong ind ica t ion  o f  what  the  r .d .s .  may
be.  (A t  the  worsr ,  i t  g rea t ly  reduces  the  poss ib i l i t i es . )

It so happens that I can give a strikingly relevant example.
My co-worker,  P.K. subramaniam, determined the rate of  hydrogln
permeation through a series of Fe-Ni alloys. He found a pH- compo-
si t ion relat ion in which the values var ied by some 5 orders of
magnitude. There was much structure (following phase changes in the
al loy).  By happenstancer w€ came across the work of  K.  Nobe, who
had determined the corrosion rate under stress of  a s imi- lar  a11oy



3 6 0 G .  M .  W H I T E S I D E S

series.  The corrosion rate and permeat ion (rate) had ident ical
structure and degree of  var iat ion.  I  can surely conclude that the
r .d .s .  in  the  cor ros ion  and permeat ion  are  ident ica l .  Bu t  now I
face a total ly di f ferent and much easier problem: i t  is  l ikely that
t h e  r . d . s .  i n  t h i s  c a s e  i s  H 3 0  +  e ( m )  + M H ,  p r o t o n  d i s c h a r g e  f r o m
solut ion across the double layer to the metal  surface.

Two minor points:

1. The distinction between H"6" * Hads -> HZ and tt+ * Hads + e-)H2
in removal processes for H on a metal- is most important when
i t  comes to cracking. Thus, for  the f i rst ,  the coverage is
low and for the second, high. Other matters being equal ,  the
lat ter  is  more l ikely to const i tute a danger--promote crack-
ing--than the former.

2.  In respect to the ef fect  of  solut ion-bourne inhibi tors and
promoters of  permeat ion,  one mechanism for promot ion is
simply bond weakening by means of  lateral  e lectrostat ic
interact ion between M-H bonds and the organic adsorbate.

Comurent by R. Bullough:

You began your talk by drawing an analogy between fracture and
polyurerization. I presume this analogy only applies to the thermally
act ivated propagat ion of  an ideal ly br i t t le crack in a crystal l ine
la t t i ce .  In  any  rea l  f rac tu re  p rocess  there  is  some p las t ic  de for -
mat ion  w i th  the  emiss ion  o f  d is loca t ions  or  the  s t imu la t ion  o f  d is -
locat ion sources at  the crack t ip.  In the work of  f racture th is
plast ic work usual ly dominates the energet ics of  the crack propagat ion
and def ines the rate of  crack propagat ion.  Can the chemical  rate
theory approach with molecular analogs give any insight into such
dis locat ion dominated processes?

Rep ly :

Yes, in the sense that one can construct an analogy to the
formalism in which only chemically activated reactions are employed
in which act ivat ion energies contain a s igni f icant contr ibut ion f rom
potent ia l  energy terms or ig inat ing in strain.  The essent ia l  ideas
remain the same. There are also useful-  procedures analogous to
t , ransi t j -on state theory which are used to analyze photochemical
react ions and others in which the t ransi t ion state energy is at ta ined
by some process other than thermaL fluctuation. In any event, the
value of  the t ransj- t ion state theory in f racture is less for  i ts
part icular ut i l i ty  in quant i tat ive analysis of  rates and more for
its qualitative emphasis on the elemental composition and structure
o f  the  t rans i t ion  s ta te .
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Comment  by  A.R.C.  Westwood:

3 6 1

You have noted that certain organic reactions requi-re (or involve)
a reor ientat ion of  the l igands of  one or other of  the part ic ipat ing
species.  Is i t  1 ike1y that an equivalent funct ion is played by
l a t t i c e  s t r a i n  a t  t h e  t i p  o f  a  c r a c k ,  i . e . ,  i s  s t r a i n - a s s i s t e d
(dependent)  chemisorpt ion of  an act ive species at  a crack t ip a l ikely
si tuat ion in embri t t lement.  As an example,  note that  in order to
const i tute a l iquid metal  embri t t lement "couple" the part ic ipat ing
metals usual ly exhibi t  low mutual  solubi l i ty ,  and 1i t t1e tendency to
form intermetal l ic  compounds. In other words,  in equi l ibr ium
cond i t ions ,  they  tend no t  to  assoc ia te .  Hence the  surmise  tha t ,
perhaps ,  non-equ i l ib r ium conf igura t ions  may be  invo lvedr  € .8 . ,  a
straj-ned crack t ip.

Reply:

A very  s j -mi lar  idea has been used to  ra t iona l ize ra tes observed
in  enzymat ic  cata lys is .  I t  is  cer ta in ly  poss ib le  that  s t ra in  may
ass is t  cer ta in  react ions,  but  no exact  model  is  knovrn.

Cornment  by D.J .  Duquet te :

I would l ike to support the speaker in emphasLzing the importance
of rate determining steps in the f racture problem. I t  is  a factor
of ten ignored by structural  scient ists who study beginning and end
s ta tes  and ignore  t rans i t iona l  s ta tes  wh ich  m&y,  in  fac t ,  con t ro l  the
process  o f  in te res t .  A  minor  po in t  o f  con ten t ion ,  however ,  re la ted
to the role of  chromate on corrosion resistance. Whi le the model
suggested by the speaker,  involv ing t ransi t ional  states of  Cr,  may
have relevance to Cr containing al loys where anodic dissolut ion is
st i l l  not  thoroughly understood, passiv i ty of  Fe by chromate is
general ly considered to be a s imple process involv ing a compound with
a noble redox potent ia l  and l -ow act ivat ion energy for reduct ion which
accordingly st imulates anodic dissolut ion of  the metal  thus forming
a protect ive f i lm. Ident ical  resul ts can be obtained for i ron using
molybdates,  tungstates,  and other heavy metal  oxide complexes as wel l
as wi th ni t r ic  acid and, in some cases, s imply dissolved oxygen.

Rep ly :

I  s tand cor rec ted .

Conunent by R.M. Latanis ion:

Almost wi thout except ion,  as far  as I  am aware, catalysts are
used in an essent ia l ly  unstressed (mechanical)  condi t ion.  0n the
other hand, i f  the react iv i ty of  a metal  catalyst  is  re lated to the
presence of  exposed metal  atoms, I  would expect that  the act ion of  a
catalyst  might be changed signi f icant ly i f  i t  were strained plas-
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tical ly ( i .e. ,  dynamical ly strained rather than prestrained or

stat ical ly stressed) whi le performing as a catalyst .  Plast ic

deformat ion generates surface steps by v i r tue of  the egress of

dislocations. Are you aware of any attempt to examine the reactivity

of  dynamical ly deforming catalysts?

Rep ly :

No, I  am not aware of  any such ef for t .  A pract ical  problem with

an at tempt to carry out th is sort  of  exper iment l ies in report ing

i t :  Catalyt ic rate constants are usual ly reported as turnover

numbers (*btes product/moIe of  catalyst  surface atoms/t ime).  I t  is

not c lear how one would measure surface areas under dynamic condi t ions'
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