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Abs t rac t :  Or ien ted  mono layc rs  o f  an  co -unsa tu ra ted  fa t t y  ac id  (17 -oc tadcccno ic  ac id ,  C l t t . l l i )  havc  bcen  p rcpared  a t  the

a i r -wa te r  i n te  r face  and  t rans fe r red  to  the  su r face  o f  c lean  p la t rnum fo i l s .  Whcn  the  p la t i num-suppor ted  mono layc r  i s  exposed

to  d ihyd rogcn ,  the  o le f i n i c  g roup  o f  thc  ac id  i s  hyd rogena ted .  Thc  ra te  o f  th i s  r cduc t ion  can  bc  va r ied  ove r  a  range  o f  l 0a  by

changing the pH and metal  ion concentrat ion of  thc aqueous subphase on which the monolayer is  prcpared and the t ransfer

pr . t rur . .  The major  inf luence on the rate is  thc metal  ion incorporated into the monolayer:  cadmium, an ion considered a cata-

i ys t  po ison ,  l eads  to  s low ly  r cduced  mono laye rs ;  magnes ium-  and  ca lc ium-con ta in ing  mono lave rs  hyd rogcna te  morc  rap id l y :

metal  ion f ree monolayers reduce most rapid ly.  A secondary inf lucnce appears to bc the r ig id i ty  of  the f i lm (as est imated by

the  compress ib i l i t y  o f  t he  o r ig ina l  mono laye r  a t  t he  a i r -wa te r  i n t c r face  ) .  The  ra tcs  o f  reduc t ion  o f  thc  suppor ted  unsa tu ra ted

fat ty acid monolayers paral le l  the rates of  reduct ion of  l -pentene vapor on s imi lar  monolzr .v.er-covered fo i ls .  Thcse obscrvat ions

col lect ively suggest  a qual i tat ive picturc for  fat ty acid monolaycrs supportcd on plat inum as th in,  v iscous,  l iquid or  l iquid-crys-

ta l l ine f i lms.  The study of  thc hydrogenat ion of  supported,  unsaturated monolavers provrdcs an unexplored method for  thc ex-

aminat ion of  the microscopic structure of  these f i lms,  and suggests ncw approachcs to thc study of  mechanisnls of  hcterogcne-

ous hydrogenat ion.

Introduction

The research descr ibed in th is paper has examined the hy-
drogenation of unsaturated fatty' acids prcsent as componcnts
of or iented monolayer f i lms supported on plat inunr.  This re-
search has two related objectives: ( I ) lo clari lv the .rtructure
of oriented fatty acid monolaver.E on solid supports: {2) to
explore the usefulness of these monolayers as probes v'ith
which to inuestigate mechanisms of heterogeneous hydroge-
nation. Oriented fi lms of fatty acids and derivatives supported
on solid substrates have been used previously in studies re-
quir ing th in organic f i lms of  known thickness or f i lm compo-
nent geometry; examples include geometrically defined systems
for the study of energy transfer2 a and photochemical reac-
tions,-s catalysts for the heterogeneous photochemical cleavage
of water,6 models for  b io logical  l ip id membrane organiza-
tion,7'8 and materials for X-ray diffraction gratings.q Although
the structures of  or iented fat ty acid monolayers at  the air-
water interface are reasonably well defined,l0 l2 less is known
about the structures of monolayers on solid supports. The
physical  character ist ics which provide the basis for  studies of
monolayers at air-water interfaces-especially surface prcs-
sure-area isotherms and surface potent ia ls-cannot be mea-
sured or are poorly defined for thin fi lms supported on solids.
Electron microscopy,T infrared at tenuated total  internal  re-
f lectance spectroscopy, l r  e l l ipsometry, la and opt ical  spec-
troscopy2-a suggest that multi layer fi lms are highly ordered,
with the hydrocarbon chains in the all trans-zigz.ag confor-
mation expected by analogy with the structures of crystall ine
fat ty acids. l r  The inferences drawn from these studies are
convincing, but they are derived from observation of sample
volumes containing mult ip le layers and large numbers of

molecules,  and are per t inent  on ly  to  the average s t ructure o f

the ntult i laycr assembly. Detai led information concerning the

structure of support ed monolayers is more dif f icult  to obtain

than that of mult i layers for thrce rcasons: f i rst.  the sensit ivi ty

of  many of  the spect roscopic  tcchniqucs uscd wi th  mul t i laycrs

is  too low to  be used wi th  a  s ing lc  n lonolayer :  second,  mono-

lay 'c rs  (and a lso the f i rs t  layer  o l 'n ru l t i layer  assembl ies)  seem

to be in t r ins ica l l l  n torc  heterogeneous than the outer  layers

of  mul t i laycrs :  th i rd .  thc  s t ructure o f  a  suppor ted monolayer

undoubted ly  depends on the composi t ion and morphology of

the support surface. Even on smooth, uniform, glass supports,

f i lm ba lance s tud ies, l5  isotop ic  labe l ing, l6  un6 e lect ron mi-

croscopylT suggest structural heterogeneity; on other supports

(plat inum,ls si lver, le micatl '2t l)  the structure of supported f i lms

is  not  wel l  unders tood.
Despi te  present  uncer ta in ty  concern ing the s t ructure o f

oriented, supported organic monolaycrs, thcse f i lms appear to

have great  potent ia l  as  mechanis t ic  and s t ructura l  too ls  wi th

which to  s tudy many areas of  sur face chemist ry .  Organic

monolayer  f i lms arc  mater ia ls  in  which both the molecu lar

composit ion of the surface and the organization of the groups

compr is ing the sur face can,  in  pr inc ip le ,  bc  cont ro l led.  Thc

effect ive use of oriented monolaycrs as probes to study the

mcchanisms of  hc terogeneous cata lys is  or  ce l lu lar  adhcs ion

rcquires that the information extracted about thc structure and

behavior of the monolayer components be suff iciently detai lcd

at  the molecu lar  leve l  to  draw mechanis t ic  conc lus ions.  I t  is

not  ev ident  that  the phys ica l  and spect roscopic  measuremcnts

t rad i t iona l ly  appl ied in  s tud ies o f  or iented monolayers  are

capable of providing information of the type required for thesc

potent ia l  new appl icat ions.  Th is  paper  descr ibes thc in i t ia l

stages of our effort to use the chemical reactions of monolayer
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Figure l .  Cycl ic  vol tammograms (room tcmperaturc.  I  M aqueous HCIO+.
200  mV s - r ) :  A ,  the  f i r s t  scan  ob ra ined  fo l l ow ing  imnre rs ion  o i  l o i l
c l candcd  a t  h igh  rempcra ru re  in  thc  e lec t ro l y ' t e :  B .  p la t i num fo i l  a f t c r
h igh - t cmpcra tu re  t rea tmen t  l i r l l owcd  by  ten  c lec t rochemica l  cyc l cs  be -
tween 1.3 and -0.2 V.  This t rcatment was suf f ic ient  that  subsequcnt scans
wcre super imposcd;  C,  rcfercnce scans of  p lat inum as a funct ion ol  thc
l i n r i t i ng  anod ic  vo l rage .  The  vo l tammogram labc rcd  "mono layc r "  i n  c '
is  be l icvcd to corrcspond to thc de posi t ion and discharge of  approximatelr
onc nronolayer of  surface oxidcs.

f i l m  c o m p o n e n t s  t o  c x p l o r c  s i m u l t a n e o u s l l  q u c s t i o n s  c o n -
c e r n i n g  f i l n t  s t r u c t u r c  a n d  s u r f a c e  r e a c t i o n  m c c h a n i s n t s .

Thc  s .u -s tcn t  wc  havc  examined  i s  the  hyd rogcn i t t i on  o f  o r i -
entcd.  monolayer f i ln ts of  co-unsaturated fat ty acids and fat ty
ac id  sa l t s  on  smoo th  p la t i num fo i l s  (eq  la  and  lb ) .  Th roughou t
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this paper we wi l l  use the convent ion in the lower equat ion to
represent the transformation expressed in greater detail in the
upper:  a vert ical  l ine wi l l  represent the plat inum surface: a
horizontal l ine wil l represent the carbon backbone of thc fatty
acid;  a c i rc le wi l l  indicate the polar carboxyl ic acid or car-
boxylate sal t  head group. When necessary,  the total  carbon
number of  the acid wi l l  be indicated by a number in the c i rc le
rcpresent ing the carboxyl  group. In the text  and tables,  I  7-
octadecenoic acid, a Crr acid containing one double bond, wil l
be abbreviated as Crtr : l  t7,  t rans-9-hexadecenoic acid,  an in-
ternally unsaturated Cro acid, by Cl6:let, and eicosanoic acid,
a saturated C20 acid, as C20:0. Other acids will be named using
analogous nomenclature.  We have examined the rate of  hy-
drogenation of the double bond on following exposure of mo-
nolayer assembl ies of  the type shown in eq I  to dihydrogen as
a funct ion of  several  of  the parameters-f i lm pressure,  sub-
phase pH, and subphase metal  ion concentrat ion-which in-
fluence the structure of the monolayer. These experiments were
intended to answer two speci f ic  quest ions.

( I ) 1.r the rate o.f monola),er h),drogenatiotl determined ht,
the .s t ructure oJ '  the J ' i lm? Rig id .  near ly  incomprcss ib lc ,
s t ructured f i lms at  the a i r  water  in ter face are assoc ia ted wi th
h igh  i i lm  p rcssu res .  h i gh  va lues  o f  subphase  pF { .  po l yva len t
cut ions in  thc  subphase.  and long fa t tv  ac id  cha ins.  I f  the ra te
o i  hydrogenat ion is  in f lucnced b-v-  the casc wi th  which the
doub le  bond  o f  t he  f a t t , v  ac id  can  r cach  t hc  p la t i nun r  su r face .
and  i f  t he  s t ruc tu r c  o l ' a  f i lm  suppo r r . cc i  on  p la t i nu rn  i s  de te r -
m i n c d  b y ' t h a t  o f  t h c  f  i l m  a t  t h c  a i r  v v u r c r  ( A / W )  i n t e r f a c c
f rom which i t  was preparcd.  i t  might  be poss ib le  to  cor reratc
the ra tes o f  hvdrogenat ion o f  the suppor tcd f i ln rs  on p la t inurn
w i th  t he  s t ruc tu res  o f  t he  f i lms  a t  t hc  A / \ l '  i n t e r i acc .  I f  t he
st ructure o f  the suppor ted i i lm is  suf f  ic icnt ly  d isordcrcc l  that
i ts  hydrocarbon por t ions resemblc  a  l iqu id .  independcnt  o f  thc
s t ruc tu re  o f  t he  f i lm  a t  t he  A /W in te r f ace ,  t hen  o the r  pa -
rame te rs  (espec ia l l y  ca ta l vs t  po i sons )  m igh t  have  a  g reu te r
i n f l ucncc  on  hvd rogcn l t i on  ra te \ .

(2) What can be inferred about the met.hani.strr ol ht, tero-
geneous hydrogenat ion f 'n tm the reat , t i t  i t r  t t l  I  h t , t t ,  l i ln r .s?
Hvd rogena t i on  o f  n rono laye r  o l e f i n  f i lms  m igh r  g i r c  i n t i r r -
ma t i on  abou t  t he  r cac t i v i t v  o f  an  i n i t i a l l y  c l can .  c l t r b ( )naccous
ovcr larvcr - f ree p la t inunr  sur facc. l  l . : l  ln  thesc asscnrb lcs  i . rcccss
o l  thc  o le f in ic  un i ts  to  the sur facc and la tera l  d i l ' l .us ion o l ' rhcsc
uni ts  across thc sur f 'ace are h indercd.  and th is  h indrr rncc rn ight
be  re f l ec ted  i n  r cac t i v i t v .  S ince  t he  cond i t i ons  o f ' usscn rb l i  o f '
thc supported monolayers can be control led to introduce nr. ' tul
ions onto the p la t inum sur face.  ra tes o f  hvdrogcnl r t ion t i l '
suppor ted monolayers  might  be usefu l  in  s tudy ' ing p( ) i : i ( )nur !
by  me ta l l i c  ca t i ons .

Results

Preparation and ('haracterization of Platinum Foil Supp.rts.
Thc  suppo r t s  l i r r  t he  n rono la , " - c r  f i lms  we re  0 .05  r -  o r  0 . I 0 - r r i n i
t h i ck .  sh iny  p lu t rnu rn  f o r l s .  cu t  i n to  r cc tang les  o f  ca .  l 0  cn r l
su r l - acc  u rca .  

.T ' hesc  
d in r cns ions  d i c ta t cd  t he  use  o t .  no l \  c r \  \ -

t a l l i n c  p l u t i n u r r r .  b u t  u  c r c  n c c c s s i t r r t c d  b y  t h c  r c q u i r . , , , . , , r ' , , r
a  su r facc  su f f  i c i cn t l l  l a rgc  t o  suppo r t  an  eas i l v  an r r l r  z cd
quant i t l '  o f  fa t t ; -  ac id .  A c losc-p i rcked monolayer  o l  or icnrc t i
l a t t v  ac id  con ta ins  ca .  5  X  l 0 l a  mo l ccu les / cm2 . l  I  Thus .  a  s i ne l c
io i l  hav ing a sur l 'acc area of  20 cnr r  w i l l  suppor t  ca.  l0 l6  nr i r l -
ecu les ry  l6  nmol  o l ' la t tv  ac id .  The k inet ics  that  form the bas is
fo r  t h i s  wo rk  requ i re  t he  ab i l i t y  t o  ana l vze  reac t i ons  i n  wh i ch
( -5o le  :  0 .8  nmol  o f  the s tar t ing la t ty  ac id  has been t rans-
formed. l-osses in manipulat ing the sample during reaction and
workup typ ica l ly  amount  to  ca.  30o/o o f  the sample.  Thus,  a
representat ive analvs is  might  requi re  detect ion o f  0 .6  nmol  o f
f ' a t t y '  ac i d .  Th i s  quan r i r v  i s  w i t h i n  t he  capab i l i t y  o i  s randa rd
( ;  LC  t cchn ique  s .

The sur t 'ace o l ' thcsc l i r r ls  was c leancd by one of  two proce-
du res :  t r ea tmen t  w i t h  d i ox lgen  a t  900 'C  f o l l owed  by  reduc -
t ion wi th  d ihydrogcn at  th is  temperature.2- r  or  e lect rochemica l
cyc l i ng  be tween  1 .3  and  -0 .2V  ( vs .  SCE) .2a  The  h igh - tem-
perature procedure was used rout ine ly .  the e lect rochemica l
rout inc  was uscd on ly  to  prov idc an occas ional  check that  the
sur face c lcan ing procedurc  used had no s ign i f icant  in f lucnce
on thc monolayer  hydrogenat ion k inet ics .  Fo l lowing h igh-
temperature reduct ion,  the fo i ls  were coo led and u l t imate ly
transferred to the dipping trough used to prcpare the oriented
monolayer f i lms. This transfcr necessari ly exposed the foirs to
the laboratory  a tmosphere.  Dur ing th is  exposure the c lean
plat inum surface adsorbed oxygen atoms. These oxides were
readi ly  apparent  in  a  cathodic  scan by vo l tammetry  (see
below) .  The fo i l  sur faces were hydrophi l ic ;  a l though we have
not  exp l ic i t ly  measured contact  ang les for  water  on them.
qual i ta t ive v isua l  cs t imates suggest  a  va lue less than 20"  .2s
Perhaps surpr is ing ly ,  the fo i ls  showed no s ign i f icant  change
in  hydrophi l ic i ty  and no ev idence by cyc l ic  vo l tammetry  o f
sur face contaminat ion f rom ox id iza-b le  or  reduc ib le  orsanic
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e lcc t rochemica l  ce l l  has cons iderab ly  lcss than ha l f  a  mono-
la i 'c r  o f '  sur face ox ides.

I n t e g r a t i o n  o f  t h e  c u r r e n t  b e t w e e n  0 . 1 0  a n d  - 0 . 1 7  V  i n  a
ca thod i c  scan  ( t he  shaded  r cg ion  i n  F igu re  lB )  a l l ows  t he
sur facc area of  thc  lo i l  to  bc cs t imatcd.  Assuming that  one
h1 'drogcn atonr  is  adsorbed I 'o r  each p la t inum sur face ato tn ,
2 l0 rrC cm-'r corrcsponds to formation of m<lnolayer coverage
of adsorbed hydrogen.rr Overlap between peaks corrcsponding
to hydrogcn adsorpt ion and d ihydrogen d ischarge was cor-
rcc ted by d iv id ing the in tegrated current  shown in  F igure lB
by the empir ical factor of 0.80 recommended by Woods.rr The
sur face roughness of  the p la t inum fo i ls  der ived us ing these
data that  is .  the ra t io  o f  the sur face area est imated f rom
hydrogen adsorpt ion to  the gcometr ica l  sur facc arca is  1 .3
+ 0.2 .  Th is  va lue is  in  good agrecmcnt  wi th  prcv ious est imates
for  smooth p la t inum e lcc t rodes. r - l ' r4  and is  compat ib le  wi th
cs t ima tcs  f o r  o thc r  ma te r i a l s . l 5

Elcc t ron microscopy prov ides in format ion conccrn ing the
surface morphology of the plat inum f oi ls. Figure 2 reproduces
scanning e lect ron micrographs of  four  p la t inum lo i ls :  each is
shown at  thrcc  magni f icat ions.  The s tar t ing mater ia l  was fo i l
that  had bcen t reated wi th  d ioxygen at  900 oC for  )24 h.  Thc
g rn in  s t ruc tu re  o f  t he  po l yc r ys ta l l r ne  p la t i num i s  r cad i l v  cv i -
dent .16 Therc  arc  A smal l  number  o f  ho les and crackS.  cor -
cent ra ted a long gra in  boundar ies.  Removal  o f  the or idc  l - i ln r
by e lect rochemica l  reduct ion a t  25 "C.  fo l lo rvcd by scvcnr l
cyc l cs  o f  e l ec t rochemica l  ox ida t i on  (a t  1 .3  V )  and  r cduc t i on
(a t  - 0 .2  V ) .  p roduces  no  s i gn i f i can t  changc  i n  t hc  su r l ' ucc
rnorphology.  The sur face toughness of  thc  rcsu l t ing or id izcr l
f i lm measured e lect rochemica l lv  bv gcncrat ion t l l '  u t lsorbct l
hyd rogen  i s  - l  . 6 .

;  

E.U'ZC-l

a 
EC,zs"-J

oz,9oo" 0. ,90o" ,  Ec H.,  goo" H. ,9OO" ,EC

Fig re 2. ScanninB elcctron microgfaphs of plat inum foi ls subjected to init idloxidation ut high tcmpcrature (()2.900 "C. >24 h). lbl lowed by the furthcr
trertment indicated: IHr, 900 oC] = rcduction with dihydrogcn at 900 oC lbr >24 hi IEC, 25 'Cl = l ivc clcctrochemical cyclcs at 200 mV s-r bctwccn
l. l  and -0.2 V (vs. SCE. I M nqueous l lclo!.  25 'C).

compounds on exposure to  the laboratorv  a tmosphere for  pc-
r iods o f  severa l  hours . l ' l ' l ( '

Two instrumental techniques havc becn uscd to charactc-r izc
the fo i l  sur faces:  e lect rochemist rv  prov ided in format ion con-
cern ing the presence or  absence of  adsorbcd c lect roact lve
species on the foi l  surface. i ind an estimatc of i ts surt 'acc area:
e lect ron microscopy gave an ind icat ion o f  the sur face mor-
phology.  A typ ica l  cyc l ic  vo l tammetr ic  scan of  a  fo i l ,  c lcaned
by h igh- temperature ox idat ion and reduct ion fo l lowed by
cool ing,  t ransfer  in to  an e lect rochemica l  ce l l ,  and e lect ro-
chemical cycl ing (ten t imes) betwcen 1.3 and -0.2 V. is shown
in F igure lB.  An ind is t ingu ishablc  cyc l ic  vo l tammogram was
obtained from foi ls that had been subjccted only to electro-
chemical cycl ing without the high-temperature treatment. This
vo l tammogram has the e lect rochemica l  fcatures repor ted to
be characterist ic of a clean plat inum electrodc.rT In part icular.
i t  shows no fcature suggest ing the occurrence of  e lect ro-
chemical processes other than thc formation and discharge of
sur face ox ides lT 2e and hydr ides. r7 ' le  The vo l tammogram
rcproduced in  F igure lA was obta ined f rom a fo i l  c leaned at
h igh temperature wi thout  in termediarv  c lec t rochemica l  ma-
n ipu la t ion:  th is  vo l tammogram was thc l i rs t  obta ined af ter
immers ing the fo i l  in  the e lect ro ly te .  For  re ference,  F igure lC
shows the development  o f  sur face ox ides on a p la t inum fo i l
(  me asurcd by the magni tudc of  the cathodic  cur rcnt  bctween
0. l l  and 0.6  V consumcd in  the i r  reduct ion)  as a  funct ion o f  the
l imi t ing anodic  vo l tage used. r0  A monolaycr  o f  sur face ox ides
is bel ievcd to correspond roughly to the indicated scan of Figure
I  C . r l  Compar i son  o i  t h i s  cu rve  w i t h  F igu re  I  A  sugges ts  t ha t
the p la t inum sur face obta ined af ter  t ransfer  o f  a  io i l  c leaned
at high temperature through tho laboratory atmosphere to the
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Figure J.  Transmission elcctron photomicrograph of  a Par lodion re p l ica
o l - thc  reg ion  o f  i n te rsec t ion  o f  th ree  g ra ins  o f  a  p la t i nun t  fo i l  c l cancd  b l
o r ida t ion  and  reduc t ion  a t  h igh  tempera tu re .

Treatment of  the oxidized f i lm with dihydrogen at  900 oC

f or )24 h resul ts in a marked smoothing of  the surface. Elec-
trochemical  cycl ing aL 25 oC resul ts in no further change in
the surface morphology. The only features visible at the highest
magnif icat ion used are the grain boundar ies.rT Intragrain
features having dimensions )40 nm would have been vis ib le
at th is resolut ion.  (The apparent f in i te width of  the grain
boundar ies provides a pract ical  measure of  the instrumental
resolution: in reality these boundaries are much narrower.) The
surface of  a io i l  rcduccd at  h igh temperature was rcpl icated
and examined a t  h igher  reso lu t ion  by  t ransmiss ion  c lcc t ron
microscopy (  Figurc 3).  This f igurc shorvs thc intcrscct ion ol '
three grains.  The broad dark and l ight  str iat ions i r rc probablr
art i facts of  unevcn shadowing. A large numbcr of  smal l  fca-
tures having a dimension of  ca.  5 nm are,  however.  c lear l l '
cv ident.  and the narrow grain boundary again provides a
pract ical  measure ol  the instrumental  rcsolut ion (ca.  5 nm).

The combined electron microscopic and electrochemical
data permit  a number of  conclusions concerning the surface
of the foils used as supports for the monolayer fi lms:

(  l )  The surfaces generated by the in i t ia l ,  h igh-temperature
oxidat ion (used to remove oxidizable impuri t ies) are macro-
scopical ly rough. This surface anneals on exposure to dihy-
drogen at high temperature, and becomes smooth on a mac-
roscopic (> l0 nm) scale:  steps, k inks,  voids,  project ions.  and
other surface features have dimensions (  l0 nm. wi th the ex-
cept ion of  scattered, isolated i r regular i t ies and grain
boundar ies.  We have no informat ion on the predominant
crystal l i te or ientat ion at  the surface af ter  h igh-temperature
anneal ing,  or  about the relat ive densi t ies of  ledges, k inks.  and
othcr surface features.  Surface reconstruct ion of  p lat inum at
high temperatures is bel ieved to expose predominant ly the
(100) face. l lJ '3e The presence of  peaks in the cycl ic vol tam-
mograms at  0.02 and 0.12 V has, however,  been suggested to
be character ist ic of  exposed (100) and ( l l  l )  faces, respec-
tively.2e Since these surfaces are used for catalytic hydroge-
nation-a reaction which is markedly insensitive to the surface
structure4o this uncertainty concerning the orientation of the
exposed crystal l ine faces does not l imi t  our interpretat ion of
the kinetic data described below.

(2) The macroscopic morphology of the surface is not
changed by l imi ted electrochemical  cycl ing.  Surface areas
estimated by electrochemical generation of adsorbed dihy-
drogen are thus probably not significantly influenced by thc
cyclic voltammetry used for their measurement. The observed
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Figure 4. Schcmatic representation ol a section of plat inurn surfacc
compatible with surf 'acc roughness and elcctron microscttpic drttr t .  For
reference. sizes ol several specics used in this work arc indicated.

roughness  f ac to r  o f  1 .3  seems  qua l i t a t i v c l r  compa t i b l c  w i t h
the sur face morphology v isua l izcd b1 e lcc t ron microscopy.

(3 )  The  su r face  i s  " c l ean " .  i n  t hc  scn \ c  t h ; . r t  i t  has  no  mac -
roscopica l ly  observable  det r i tus .  i t  shou 's  no c lcc t roact ivc  ad-
sorbed spec ies o ther  than oxygen and hrdrogcn by cyc l ic  vo l -
t ammet r y ,  and  i t  i s  un i f o rm lv  h i ' d roph i l i c .  l t  i s  cc r t a i n l y  no t
c lean in  any sense recognized bv sur l 'ucc h igh-vacuum phys i -
c is ts :  i t  i s ,  in  fac t .  a lmost  cer ta in lv  conrp le  te l r  covercd by ad-
so rbed  oxygen .  wa tc r ,  and  (poss ib l y )  * ' a t c r - so lub l c ,  vo la t i l e
impu r i t i c s  f r om the  l abo ru to rv  u tn i osphc rc .  S incc  t hc  i o i l  i s
immersed in  thc  aqucous subphasc pr ior  to  rnonolarcr  tnrnsf  c r ,
howeve r ,  a tom ic  c l eanncss  i s  nc i t hc r  r cqu i r cd  no r  use fu l .

A s  a n  a i d  i n  v i s u a l i z i n c  t h c  ( ) r s e n i z u t i o n  ( ) l ' \ u p p o r t e d  m o -
no laye r  f i lms  on  p la t i nun r .  [ ' i su r c  -1  \ usscs t \  a  schema t i c
s t ruc tu re  f o r  a  sma l l  r cg ion  o l . r r  p l u t i nun r  r u r l ' acc  l vh i ch  i s
compa t i b l e  w i t h  t hc  i n l i r r n ra t i on  uvu i l r r b l c  ubou t  t hc  f o i l s  used
in  these cxper iments ;  ty 'p ica l  s t ructur l l  fc l r turc \  r r rc  rcprcsented
rupprox imate ly ' to  sca le .  The area occupicd br  r r  ' ing lc  t ' r i t t r  ac id
r r io lccu lc  in  a  conrpressed monol i iyer  a t  thc  u i r  r ru tcr  in tcr f lce
i s  a p p r o x i r n u t c l r  0 . 1 9  0 . 2 0  n m :  m o l e c u l e - i .  T h c  c r o s s  s c c -
t i ona l  a r ca  o t ' a  p l u t i num(0 )  su r face  a tomar  i s  0 .0770  nn r l .  and
tha t  o l ' a  p l a t rnun r (  l l )  i on  i s  0 .0256  nm2 .42  The  ca rbo r r  I  head
g roup  o l ' a  l ' a t t \  uc rd  t hus  cove  r s  a  m in imum o f  t h r cc  p l i r t n run l
a toms .  Man l  sn ru l l  f ea tu res  on  t he  p la t i num su r facc  ' i ng i c
atom vacanc ies.  s tcps or  k inks one or  two atoms in  s izc .  s ing lc
adatoms w' i l l  p robably  per turb the organizat ion o f ' the I 'a t t r
ac ids to  on ly  a  smal l  ex tent ,  re la t ive to  that  o f  a  per fect  c rvs ta l
face of  the samc area.  Sur facc s t ructurcs o f  the s ize o l ' thc
smal les t  features v is ib lc  in  the t ransmiss ion micrograph ( - ,5
nm) cer ta in ly '  w i l l  in f lucnce the organizat ion o f  the fa t ty  ac id
i i lm .  We  do  no t  know  thc  d i s t r i bu t i on  o f  i r r egu la r i t i es  on  t he
pla t inum sur facc,  but  i t  scems probable  that  many of  them are
smal l  and that  a  large por t ion o f  the sur face accord ing ly  ap-
pears to be almost as smooth to a fatty acid monolayer as would
an extended ter race.

Efforts to visual ize the fatty acid monolayers supported on
plat inum foi ls direct ly by scanning electron microscopy (SEM)
were unsucccssful.  Previous successful efforts to visual ize
mono-  and mul t i layer  s t ructures have used t ransmiss ion
elect ron microscopy (TEM).7.1 ' r  TEM techniques are not  ap-
p l icab le  to  our  fo i ls .

Assembly, Hydrogenation, Removal, and Chemical Analysis
of Oriented Monolayer Fi lms. Oriented f i lms were prepared
us ing procedures or ig ina l ly  developed by B lodget t .2 ' r ' r  r '11 The
sur face of  the aqueous subphase in  a  c i rcu lar  d ipp ing t rough
of the type developed by Fromherza5 and Kuhn2'- l  was cleaned
by sweeping with the movable arms. and a clean plat inum f loi l
was immerscd in  the subphase.  A mix turc  o f  the unsaturated
fatty acid and a noninterfering saturated iatty acid (an internal
GLC standard)  was spread f rom a ch loroform so lu t ion and
compressed to  the requi red sur face pressure (usual ly  20 dyn
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Tab le  I .  Con t ro l  Exper imcn ts  to  Tcs t  the  Rc l i ab i l i t - v  o f  t he  Procedurcs  fo r  Ana ly ' s i s  o f  I : a t t1 '  Ac id Mono lavc rs  on  P la t i nu r l

6611

C20:0 C  l 8 : l C20 :0
I  l : .

m r n "
ac ids  on  I ' o i l .  nmo l " o thc r

cond i t  i ons
ac ids  dc tcc ted .  ' r , , (C  I  l l /C20) i i n , , r ' 1

C20 :0 ( ' l l { : l
- - -  

c  lso ( c  l t J /C20 ) . , , ,

3 .49
|  - A
t .  t +

2 . 9 2
3.06
3 . 3 9
-r.46
5.66
8 . 1 7
3 . 1 4

0
6 .84
2 . 1 2

I  l . t {
I  -J .  t )

r 3 . 9
2 l . t t
1 . 6 2

1 3 . 7

t  - ) . 1

I . 0 7
r 2 . 0
2 .8  3
0
0
5 . 2 3

3  3 . 6
0

0
0
0
0
1 . 0
0

-0.0 r

0.94
0 .97
0. t i I
0 . 6 1
0 .98
0. rJ9
t . 0
0 .98
0 .79

.l
J
I
I
o

h
i
i

i

8 5
66
ti9
4lJ
6 l
6 l
96
9 5
n l

c E 0
56  6e
13 9.1
ll{ 11
60 1
5,1 0 .3
9ti  96
93  96
5t {  6 .4

, The quanti t ies of acids prcscnl on thc sl irr t ing foi l  wcre estimated b) m(rlrsuring thc i l rca of nronolaycr transfcrrcd to the foi l  and thc f i ln]
prcssurc (and hencc surfacc concentral ion ol fatty acids (nmol/cml);and by assuming thrt thc composil ions ofthc f i lnls wcrc thc samc as
thos€ of the fal1y acid mixturcs from which thcv wcre prcpared. ,  Timc of exposure of thc asscrnbl]_ to dihydrogen, I  atm pressurc. 25 oC.
, Yields are based on the quanti t ics ol acids prescnt on the start ing foi ls. and arc estimatcd usinS inlcrndl (;LC standards addcdjust before
Gl-C analysis. /  This quanti ty is the rat io of total C I l {  spccics 1() C20 internal G LC standard o. iginnl lv appl ied to the foi l .  divided into thc
same rat io detccted by C [.C analysis after workup. " Nonc dctcctcd. /  Monolaycr transferrcd to frhl inum at ]0 dyn cnr-1. subphasc pH 5.6.
1.5 mM CdCl2. s Monolay€r transfcrred toa clean glass microscope sl idc a1 20 dyn cm r:subph.rsc pH 5.6. 1.5 nrM MgCll.  '  Monolaycr
transferred to platinum at 20 dyn cm-l: subphase pH L8. L5 mM CdClr. , Anal-vsis of a solution of fatty {cids (CHCh). j Monolaycr transfcrrcd
1o plat inum at 20 dyn cm-r, subphase pH 5.6. and cxposed very bricf ly to dihydrogen.

cm- l ) .  The or iented f i lm t ransfer red to  the p la t inum fo i l  as
i t  was  pu l l ed  a t  I  cm  m in - r  t h rough  thc  A /W in te r f acc .  Thc
f i lm pressure was mainta ined at  a  constant  va lue (  +0.1 0  dyn
cm- l )  dur ing the t ransfer ,  and the area of  thc  f i lm t ransfer red
was moni tored;  as expected,  th is  area was cqual  (+ l  2o/o)  to
the  geome t r i ca l  a rea  o f  t he  l o i l . l s ' l e  The  r ssu l t i ng  assemb ly
emerged dry  f rom the d ipp ing t rough;  i ts  sur face was hydro-
phobic .  The asscmbly  was suspended in  a  F ischer-Por ter  hy-
drogenation bott le, exposed to dihydrogen ( I  atm, room tem-
perature) for a chosen interval,  removed, and worked up.

The workup and analys is  used were,  in  pr inc ip le ,  s t ra ight -
forward (eq 2). The monolayer was removed from the foi l  by

l )  H C I  ( v o p o r ,  5  m i n )

2 )  C H C I 3  w o s h  ( O . 5  m l )

3 )  C o n c e n t r o t e

4 ' t  CHZN?/Er2O (O.5 ml ,  lO min)

l L  I
5 O m  p r e

Thc control experiments summarized in Table I lead to twtt
summary conclusions concerning thc rcmoval  and analysis of
fat ty acids f rom the plat inum foi ls.  First .  analyses of  the ab-
solute yields of fatty acids are not sufficiently accurate to form
thc basis for kinetics, but analyses of the relatiue yields ol fatty
acids incorporated into a s ingle supported monolayer are
reasonably' accurate. Second. analyses of the relative yields ol
unsaturatcd and saturatcd fatty acids wcre less accurate than
analyses o1'  re lat ive y ie lds of  d i f ferent saturated acids,  pre-
sumably because of  strong adsorpt ion of  the olef in to the sur-
face. Studies of  the k inet ics of  hydrogenat ion of  unsaturated
monolayer components were thus based on following the ap-
pearance of the corresponding saturated acid, relative to a
saturated GLC standard included in the monolayer. Absolute
yields of the monolayer components were also obtained rou-
t inely (using a separate GLC standard added just  before in-
ject ion onto the GLC),  but were used only to monitor the re-
covery of acids. Representative experiments accounted for
40 70u/"  of  the fat ty acids or ig inal ly present on the plat inum
foi ls.  wi th a typical  value being 60o/o.

Rates of Hvdrogenation of Unsaturated Fatty Acids in
Monolayers on Platinum. The immediate objective of these
kinet ics studies was to examine the inf luence of  the structural
order of  a monolayer supported on plat inum on the rate of
hydrogenation of its constituent unsaturated fatty acids. There
is no establ ished method of  measur ing the order wi th in a
supported monolayer:  instead. in the preparat ion of  the mo-
nolayers,  we var ied parameters (subphase pH, metal  ion con-
centration. and surfacc pressure) known to influence the order
(compressibi l i ty ,  phase) of  the monolayers at  the A/W inter-
face. and assumed that condi t ions which generated r ig id,
highly ordered f i lms on water would lead, af ter  t ranfer to
plat inum, to supported f i lms which were also relat ively r ig id,
The correctness of  th is assumption is discussed below. Each
po in t  in  a  k ine t ics  run  represents  a  scpara tc  cxpcr imcnt .  in -
cluding all the steps from preparation of the platinum ioil and
transfcr of the monolayer to GLC analysis of the hydrogenated
fatty acid. As a consequence, these kinetics are sufficiently t ime
consuming to discourage the test ing of  large numbers of  pos-
siblc combinat ions of  parameters which might in l luence sup-
ported f i lm structure.

Figure 5 summarizes the kinetics of hydrogenation of mo-
nolayers composed of  a 4: l  mixture of  C I  8: l  r7 (  I  7-octadece-
noic acid) and C20:0 (eicosanoic acid,  GLC standard) as a
funct ion of  the condi t ions at  which the monolayer was trans-
ferrcd from water to platinum; each of these sets of experi-

'------/ 
5)

6 )

7 )

C o n c e n t r o t e

A d d  o d d i l i o n o l  G L C  s t o n d o r d s

A d  j u s t  v o l u m e  t o  2 5 2 1  w i t h  C S z

t reat ing the assembly wi th HCI vapor and washing i t  wi th
chloroform, the fatty acids were converted to methyl esters with
diazomethane, addi t ional  GLC standards were added to fa-
cil i tate determination of absolute yields, and the mixture was
subjected to GLC analysis.  A detai led descr ipt ion is given in
the Experimental Section. Since, in practicc, the quantit ies of
materials involved were small, and since the cumulative error
in the analysis was signi f icant (* l0o/o),  several  detai ls con-
cerning the procedure deserve expl ic i t  ment ion.  First ,  i f  the
procedure was carried through with a blank (i.c., if a saturated
fatty acid was substituted for the unsaturated acid during the
assembly of  the monolayer) ,  the relat ive quant i t ies detected
of th is acid and the acid included in the monolayer as an in-
ternal GLC standard were reproducible to *.60/o (Tablc l). The
total recovery of these acids (measured relative to the second
set of GLC standards added just before GLC analysis) was not
reproducible: a reprcsentative recovery was 600lo, but values
ranged betwcen l0 and 90olo.  Second, blank exper iments car-
r ied through with known quant i t ies of  saturated and unsatu-
rated fatty acids indicated that some fraction ( l0-30o/.) of the
unsaturated acid was not removed in th is workup procedure,
perhaps because it adsorbed strongly on the platinum foi1.46.47
E,xper iments in which known quant i t ies of  acids in solut ion
were carried through the analysis scheme gave good yields and
high accuracy.
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Figure 5.  Kinet ics of  reduct ion by dihvdrogen of  C I  8: l  l7  (  I  7- txtadeccnorc
ac id ) ,  suppor ted  as  a  m i red  mono lave r  w i th  C20 :0  (e i cosano ic  ac id )  on
p la t i num.  The  numbers  abovc  each  p lo t  re fe r  to  thc  cond i t i ons  a t  wh ich
the monolayer was t ransferred f rom water to p lat inum: subphase pH,
su r f ' ace  p ressure .  I I  (dyn  cm- ' ) ,  and  subphase  meta l  i on  (1 .5  mM.  as
Mt l c l : ) .  The  I i nc  i n  cach  k ine t i c  p lo t  was  used  to  appro r ima tc  the  in i t i a l
ra te  o f  mon t l l aye r  hyd rogena t ion  in  es t ima t ing  tu rnover  numbcrs ,
,v( M r_).

ments is described in greater detail below. Rate data in Figure
5 are arbi t rar i ly  d isplayed as plots of  log (Cr/Ci l  vs.  t ime,
where  C6 is  the  in i t ia l  concent ra t ion  o f  C l8 : l l7  and C i7  the
concentration at t ime f. These plots indicate that the reactions
are not f i rst  order in olef in,  even al lowing for the s igni f icant
exper imental  error in the measurements.  The assumption of
z,ero- or second-order kinetics gives no cleaner kinetics
plots.

Figure 6 shows pressure-area isotherms for the mi.xture of
C l8:  l  r7 and C20:0 on each of  the subphases used in prepar ing
the supported monolayers for hydrogenations. For calibration,
this figure also gives the pressure-area isotherms for pure
C l8:0 and C I  8: l  r7 spread on an acidic subphase (pH I  .8) .  We
have no t  p roved tha t  C l8 . l r7  and C20:0  fo rm idea l  two-d i -
mensional  mixtures.  The pressure-area isotherm of pure
C l8: l  r7 is almost ident ical  wi th that  of  C l8:0,  and C I  8:0 and
C20:0 form ideal mixtures.as Mixed monolayers of saturated
and internally unsaturated fatty acids are, however, non-
idea l . r0 ,48

A. pH 5.6,  20 dyn cm-r,  1.5 mM CdCl2.  This f i lm was the
most rigid one we examined. For molecular areas greater than
0.2 nm2, the pressure-area isotherm at the A/W interface was
characteristic of a gaseous monolayer. For molecular areas less
than 0.2 nm2, the monolayer showed the low compressibi l i ty
lC = -  A- |  (dAldI I  )  r ]08 and steep increase in surface pres-
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F igure 6 .  Sur f 'uce prc \surc  (  I I  )  area isotherms for  4 :  l  mi r ture  s  o f 'C l  8 :
l l7 ) : (C20:0)  on thc rndrcatcd aqucous subphases and lor  purc  C l lJ : l l7  and
(-  l t i :0  on ac id ic  subphases (p t |  1 .8) .  The sur face prcssures used dur ing
the transfcrs to plat inum arc indicated b.v- thc i trrow on cach curve . Thc
lc t tc r  labe ls  re fcr  to  thc  k inc t ics  curves in  F isure 5 .

sure wi th  decreas ing molecu lar  area character is t ic  o f  a  so l id
l i lm.  Above 25 dyn cm-r  the monolayer  co l lapsed s lowly :  the
rate  o f  co l lapse increased as the sur face pressure increased.
Monolayers  were t ransfer red at  20 dyn cm- l  (0 . l t l8  nmr/
molecu le) ,  wel l  be low the sur face pressure a t  which rap id
co l lapse occurs .  Prcv ious s tud iesae, -s0 have ind icated that
condensed monolayer  phases are indeed metastab le  and i t  is
l ikely that the monolayer col lapses at 20 dyn cm-1. In practice,
however .  co l lapse occurred at  a  negl ig ib le  ra te  re la t ive to  the
t ime of  the t rans l 'e r  process (approx imate ly  5  min) .  The ma-
jori ty of the latty acid present in the f i lm was probably present
as  a  Cd ( l l )  soap ,  by  ana logy  w i t h  o the r  sys tems  con ta in i ng
diva lent  ions.e '17. -s0 '51 Increas ing the subphase pH may lead
to contraction of the monolayer in the presence of metal ions;sl
the low average molecu lar  area (0 .188 nm2/molecu le)  ob-
served at20 dyn cm- l  is ,  therefore,  expccted.

Hydrogenat ion o f  the monolayer  suppor ted on p la t inum
conver ted 360/o o f  the C I  8 : l  l7  to  C l8 :0  in  ca.  2  h :  no fur ther
hydrogenat ion occurred af ter  th is  t ime.  Cadmium is  an ef -
fec t ive po ison for  cata ly t ic  hydrogenat ion on p la t inum and
other metal surfaces.5r '5a The cessation of hydrogenation might
have re f lec ted a re la t ive ly  s low sur facc po ison ing react ion,  or
i t  might  have ind icated a s t ructura l  heterogenei ty  in  the sup-

i  t .8, 20, cd

I ''J[-_=l
I o'u-l , I

-L  o l i  ,  , ' i
C  I B : O

\
I
l

\t-_

PH.fl, M
5.6,  8 '  Cd

5.6,20,Co
f---__---l

t l
. l l

l / . 1
l . l
|  

"  
c l

#
o

4.3,2Q Cd

5.6,  Cd

I  , .u , .o-"[ 
,

t\
zol- \5'
i \
i 

'\-
o tr-rr-rl-r

|  , ,  I
I  C  l 8 : 1 "  I

4OF F

t\t
i \  I'"1- \ ir - \ r

^ i  \_ lw-T-r-r-r--r--t *

f ' .o (nr '



Richard, Deutch, Whitesides / Hydrogenation of u-L.lnsaturated Fattv Acid.r 6 6 1  9

por ted monolayer  f i lm due to  format ion of  cadmium soap
complexes5's or surface micel les.s0.57 F-vidence described below
ind icates that  the io i l  i s  s t i l l  ac t ive as a  cata lys t  for  the hy-
drogenat ion o{ '  l -pcntcne prescnt  in  the vapor  phase af ter  hy-
drogenat ion o f  the monolayer  has s topped.  Thus,  thc  l in r i ted
extent of hydrogenation obscrved for this monolayer probably'
re  f lec ts  s t ructura l  characte  r is t ics  o f  thc  f i lm.  ra ther  than a
i i lm - i ndependen t  l oss  o l '  ca ta l y t i c  ac t  i v i t y .

A ' .  pH 5.6 ,8  dyn cm-1,  1 .5  mM CdCl2.  Th is  monolayer  was
t ransfer red f rom the same aqueous subphase as that  l 'o r  A
(above) ,  but  the t rans l 'c r  prcssurc  rvas reduccd to  invest igatc
the  i n f l uence  o l '  an  i nc r casc  i n  n r t t no la \  c r  c ( )n tp ress ib i l i t y  on
the  hyd rogena t i on  ra t c .  Thc  gcncn l l  cou rse  o l ' t he  hvd roge -
na t i on  was  s im i l u r  t o  t ha t  l i t r  A .  bu t  t hc  i n i t i a l  r a t c  o1 'h_vd ro -
gcna t i on  was  app rox in ta te  l 1  tw i cc  t l r a t  f t l r  r \ .

A " .pH  5 .6 ,4  dvn  cm-1 ,  1 .5  mN l  ( ' d ( ' 12 . ' T ' h i s  n rono laye r  was
t ransfer red f ront  thc  sante z lqueous subphasc as A und A ' ,  but
the t ransfcr  pressure was fur the r  rcduccd.  Th is  hvdrogcnut ion
i s  app rcc iab l y  more  rap id  t han  t ha t  o f  A  o r  A 'and  p rocceds
to  comp lc t i on  i n  ca .  30  m in .

B.  pH 5.6 ,  20 dyn cm-r ,  1 .5  mM MgCl2.  The subst i tu t ion
o f  magnes ium( l l )  f o r  cadm ium( l l )  i n  t he  aqueous  subphase
had two impor tant  e f fec ts  on the hydrogenat ion o f  the mono-
layer  a f ter  t ransfer  to  p la t inum:  the ra te  o f  hydrogenat ion
inc reased  by  app rox ima tc l y  a  f ac to r  o l ' 10 land  t he  f i na l  con -
ve rs ion o i  C I  8 :  I  r7  to  C I  t i :0  incrcascd to  approx imate ly  1009t .
The  ave rage  mo lecu la r  a rea  (0 .197  nn r r /mo l ccu le )  i s  on l y
s l i gh t l y  l a rge r  t han  i n  A '  ( 0 .195  nn r r /mo lecu le ) .  t hus ,  i t  i s
l ike ly  that  th is  parameter  was not .  by  i tse l f .  respons ib lc  for  thc
l a rge  d i i f e r cnce  i n  t he  bchav io r  o f  t hc  cadmium( l l ) -  and
magnesium( I  I  ) -conta in ing monolayers .

B ' .  pH 5.6 ,  30 dyn cm-r ,  1 .5  mN{ MgCl2.  The ra te  o f  hy-
drogenat ion o f  th is  monolayer  is  exper imenta l ly  ind is t in-
gu ishable  f rom that  o f  B,  a l though the t ransfer  pressure cor -
responded to  the so l id  reg ion of  the pressure area isotherm.

C.pH 5.6,  20 dyn cm-r ,  1 .5  mM CaCl2.  The pressure-area
isotherm for  th is  monolayer  is  s imi lar  to  that  for  A,  and the
compress ib i l i ty  o f  the f i lm at  the A/W in ter iace is  ind is t in-
gu ishable  f rom that  o f  A a t  the t ransfer  pressure.  The in i t ia l
ra te  o f  hydrogenat ion is .  however ,  ias t .  The compress ib i l i ty
o f  thc  f i lm cannot ,  therc fore,  bc  the so le  determinant  o i  hv-
drogenat ion ra tcs .

D. pH 5.6, 20 dyn cm-r, No Added Metal lons. The pres-
sure-area isotherm for this monolayer is sint i lar to that for B.
except that i t  has a sl ightly lower compressibi l i ty and a sl ightly
l a rge r  mo lecu la r  a rea  (0 .205  nm2 /mo lecu le  vs .  0 .192  nmz l
molecu le)  a t  the t ransfer  pressure.  The in i t ia l  ra te  o f  hydro-
genat ion o f  the Cl8 : l  r7  is  approx imate ly  a  fac tor  o f  1 .5  fas ter
than that  for  B;  the extent  o f  convers ion is  again  esscnt ia l ly
quant i ta t ive.

E .pH  4 .3 ,20  dyn  cm-1 ,  1 .5  mM CdC l2 .  A t  t h i s  pH ,  rhe  ex -
tent  o f  incorporat ion o f  cadmium in to  the monolayer  should
be smal l .7 .50 The pressurc  area isotherm suggests  a  f lu id ,
compress ib le  monolayer ;  the average molecu lar  area (0 .196
nm2/molecu le  )  is  s ign i f icant ly  larger  t .hat  that  observed for
the same cadmium ch lor ide concent ra t ion and t ransfer  pres-
sure a t  pH 5.6  (A)  .  The ra te  and extent  o l  hydrogenat ion are
aga in  h i gh .

F. pH 1.8, 20 dyn cm-r, 1.5 mM CdCl2. At this pH, the iatty
ac id  should  be present  a lmost  ent i re ly  in  i ts  protonated form,
and very  l i t t le  or  no cadmium should  be incorporated.T.50 The
rate  o f  hydrogenat ion o f  C l8 : l  r7  in  th is  f lu id  monolayer  is  the
h ighest  o f  the monolayers  examined.

To test  the sens i t iv i ty  o f  these hydrogenat ion k inet ics  to
changes in  exper imenta l  condi t ions,  a  number  o f  fur ther  con-
trol cxperiments were carr ied out. Hydrogenation of the usual
mix ture o f  C I  8 : l  r7  and C20:0 (pH 5.6 ,  I  .5  mM MgCl2,  20 dyn
cm-r)  on p la t inum fo i ls  that  had been c leaned by h igh- tem-
perature ox idat ion and reduct ion or  by e lect rochemica l

Tab le  I I .  Tu rnove  r  Nunrbers "  fo r  Hydrogena t ion  o f  C  l i J : l  r7  on
P I a t i n u m ,  A ( M I - ) ,  a n d  f o r  l - P c n t c n e  o n  P l a t i n u n r  M o n o l a y e r
A s s c n r b l i e s .  t ( P )

C ' l u : l I 7 I  -Pcn tcnc

Sanrp lc , \ ( M l  ) S a m p l c N ( P )

it

a

zl"

b
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d

I'
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230

I 000
l , l (x )
r  500
900

4000
3000
4000

I 0 000b

"  J-urnovcr  nurnbcrs  h l rvc  d imcns ions (molecu les o f  o lc l in  rc-
duced  ) (p l a t i num su r l ' ucc  i r t o r r r  ) ' -  I  m in -  I . , \ ' (  M  I - )  was  dc t c rm ined
a t  p ( l l : )  =  7 6 0 - f o r r :  \  ( P )  u l s  t l c t c r n t i n c d  a t  p ( l l : )  =  1 3 0 0  T o r r .
Con t ro l  expc r i n r cn t s  f b r  san tp l c  A  i nd i ca t cd  t ha t  A (M l - )  was  i ndc -
pendcnt ol ' l rr :  l ' rorn 100 to l-10() Torr. ( ' t tntparablc turnovcr numbcrs
lor  hydrogcnat ions on supp() r tcd p lu t inLrnr  r l re  not  uva i lab lc .  but
reprcscntat ivc  data are l rs tcd in  rc f  6 l  and 64.  b  l 'u rn t lver  numbcr  f  or
I -pcntcne on c lcan p la t inunt  wi th  no sur facc monolaycr  o l  fa t ty ,
ac id .

c lean ing betwccn l . -1  and -0 .2  V gave [30 and]2o/"  reduct ion
af ter  exposure to  d ihydrogen f 'o r  1 .7  min.  rcspect ivc ly .  Thc
k inct ics  thus do not  seem to  depend on the spcc i f ic  dc ta i ls  o f
t hc  me thod  used  t o  c l ean  t hc  p la t i num io i l s .  Va r i a t i on  i n  t he
pressure o f  d ihvdrogen bctween 25 i ind 1300 Torr  gave no
s ign i f icant  var ia t ion in  v ic ld  (hydrogcnat ion o f  the analogous
fattv esters in eth,v-l  acetatc solut ion over reduced plat inum also
secmcd to  be independent  o f  d ihydrogen pressure a t  va lues
be tween  750  and  1500  To r r ) .  A  f o i l t r ea ted  w i t h  e thy lene  (57
Torr) and dihydrogen ( I  300 Torr) for l0 min beJ-ore the mo-
no laye r  con t . a i n i ng  C l8 : l r 7  and  C20 :0  was  t r ans fe r red  t o  i t
( pH  5 .6 ,  20  dyn  cm- r )  showed  the  same  ex ten t  o f  hyd roge -
nat ion a f ter  0 . -5  min as one that  had not  rcce ived the pre-
t reatment :  format ion of  a  carbonaceous layer  on the fo i l  i s
apparent ly  not  a  prerequis i te  to  hydrogenat ion. -57 Transfer  o f
a  mono laye  r  (  I  8 :  I  r 7  and  20 :0 .  4 : l  :  pH  5 .6 ,  |  . 5  mM MgC12 ,20
d; -n  cm-r )  to  a  c lean g lass s l idc  fo l lowed by exposure to
d ihydrogen resu l ted in  no s ign i f icant  hydrogenat ion (Table
|  ; .  s x

To fac i l i ta te  compar isons among these hydrogenat ions and
compar isons wi th  o ther  tvpcs o f  cata ly t ic  hydrogenat ions,  we
have est imated thc equiva lent  o f  a  cata ly t ic  turnover  number
/V (ML)  f o r  cach  o f  t hese  mono laye rs  (Tab le  I I ) .  The  mono -
l aye r  su r face  dens i t y  f o r  a l l  o f  t he  f i lms  i s  ca .  5  X  l 0 ra  mo le -
cu les cm-2:  the cor responding sur face dens i ty  o f  p la t inum
a toms  i s  l . l - 1 .3  X  1g l - s . r n -2 . ' 11 ' 5e '60 .61  Fo r  F .  t he  mono laye r
is  more than ha l f  reduced in  the shor test  in terva l  in  which we
can exposc the io i l  to  hydrogen (ca.  l  s ) .  Thus,  the min imum
"turnover  number"  for  th is  system is  1V(ML)r  =2 molecu les
m in - r  ( p l a t i num a tom) - r .  The  ac tua l  number  may  be  h ighe r .
s ince ne i ther  the t ime requi red for  d ihydrogen to  reach the
pla t inum sur face nor  thc  ra te  o f  reduct ion o f  p la t inum sur face
ox ides to  p la t inum is  known.62 Corresponding numbers for  the
other  f i lms are l is ted in  Table  I I .  Each of  these numbers is
based on est imates o f  in i t ia l  ra tes f rom the data o f  F igure 5 ;
these est imates are ind icated on the p lo ts  o f  th is  f igure by
st ra ight  l ines.  S ince the scat ter  in  the data is  large,  and s ince
the k inet ics  fo l low no s imple ra te  law,  the turnover  numbers
prov ide on ly  qual i ta t ive est imates o f  re la t ive ra tes.  I t  may be
a misnomer to  ca l l  these est imates " turnover  numbers" ,  s ince
there are morc p la t inum centers  than subst ra te  o le f ins ,  and i t
is  not  ev ident  that  any p la t inum atom acts  cata ly t ica l ly .
Nonethe less.  these numbers can be comparcd wi th  turnovcr
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Figure 7.  Reprcscntat ivc k inet ics p lots lor  hydrogenat ion of  l -pentene on
p la t i num fo i l s  covc red  w i th  o r ien ted  mono laye rs  o f  a  4 : l  m ix tu rc  o f
C l8 : l l 7  and  C20 :0  ( the  subphasc  compos i t i t t n  and  t rans le r  p rcssu re  uscd
in  p repar ing  the  lo i l s  i s  the  same as  tha t  used  in  co r respond ing  s tud ies  o f
mono laye r  hvd rogena t ion  ) .

numbers  fo r  conven t iona l  ca ta l y t i c  hyd rogena t ions ,  wh ich

r ange  f r om I  t o  >1000  mo lecu les  m in - r  ( p l a t i num a tom) - r
for  mono-  and d isubst i tu tcd o le f ins  on p la t inum at  cor rc-
sponding temperatures and d ihydrogen pressures.6 l .6 '1

At the simplest level of discussion, these kinetics experiments
estab l ish that  i t  i s  poss ib le  to  determine the ra te  o f  hydroge-
nat ion o f  an o le f in ic  fa t ty  ac id  component  in  a  suppor ted mo-
nolayer  f i lm on p la t inum,  and suggest  that  the magni tude of
this rate is inf luenced by catalyst poisons incorporated into the
monolayer .  Severa l  o ther ,  more qual i ta t ive,  exper iments  a lso
cont r ibute  to  an unders tanding of  monolayer  s t ructure and i ts
in f luence on the react iv i ty  o f  i ts  components .

Catalyt ic Hydrogenation of Olef ins Present in the Vapor
Phase Using a Platinum Foil-Fatty Acid Monolayer Assembl"v-.
The ra te  o f  reduct ion o f  the o lc f in ic  components  o f  thc  sup-
por ted monolayers  is  lower  than the ra te  o f  reduct ion o f 'smal l ,
unconst ra ined o le f ins  on p la t inum.  Th is  d i f ference might
or ig inate in  the in f luence o[  the carboxy l ic  ac id  head groups
and assoc ia ted meta l  ions in  modi fy ing the act iv i ty  o f  the
p la t inum sur face (acetate  ion is  a  moderate ly  act ive cata lys t
po ison on p la t inumh)) ,  or  i t  might  re f lec t  a  const ra in t  imposed
on the o le f in ic  groups by the s t ructure o l  the or iented mono-
layer  which would h inder  the i r  approach to  the cata lys t  sur -
face. In an effort to suggest which of these hypotheses was thc
more p laus ib le  ,  we exermined the reduct ion o f  an o le  f in .  or  a
mix ture o f  two o le f ins .  or ig ina l ly  present  in  the vapor  phase.
us ing as cata lys ts  p la t inum fo i ls  bear ing monolayers .

Representat ive p lo ts  o [  the in i t ia l  ra te  o f  convers ion of  l -
pcntcne to  n-pentane (p(  H: )  =  I  300 Torr ,  p(  l -pentene)  =  3g
Torr) at plat inum foi l  surfaces are shown in Figure 7. Turnover
numbers were est imated f rom these in i t ia l  ra te  p lo ts ,  and are
summar ized in  Tablc  I  l .  The most  act ive cata lys t  was a c lean
pla t inum fo i l :  the turnover  number  for  hydrogenat ion o f ,  l -
pcn tene  i s  N (  P )  -  l 0  000  mo lecu les  m in - r  ( p l a t i num a tom ) - r .
The least  act ive ( lV(P)co -  170)  was a fo i l  that  had been
dipped in to  1 .5  mM CdCl2 so lu t ion (pH 5.6) ,  w i thdrawn,  and
dr ied.  P la t inum fo i ls  modi i ied by or iented monolayers  o f  the
4: l  mix ture o f  C I  8 : l  r7  and C20:0 prcpared under  condi t ions
analogous to those used previously in the study of monolayer
hydrogenat ion have in termediate  act iv i ty .  We denote mono-
layers prepared using the same aqueous subphase and transfer
pressure as was used previously for a monolayer of C I 8: I  l7 by
the corresponding lower-case letter. The reactions are init ial ly
zero order in olef in.

Two features of these data are pert inent to the origin of the
differences in rates of hydrogenation of the unsaturated
components of the various monolayer f i lms. First,  the foi l
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F i g u r e  8 .  C o r r e l a t i o n  b e t ' , v e e n , \ ' ( M l . )  ( t h c  t u r n o v c r  n u n r b e r  f ' o r  h y d r o -
g e n a t i o n  o f  n r o n o l a l e r  c o n r p ( ) n c n t s )  a n d  . \  ( P )  ( t h c  t u r n o ' , c r  n u m b e r  l o r
h , " - d r o g c n a t i o n  o l -  l - p c n t c n c  o n  n t o n ( ) l i r \ c r - c o v e  r c d  t i l i l s ) .  T h c  r a t e s  o f '
h y d r o g e n a t i o n  t l i  l - p c n t c n e  o n  c l c l t n  p l r r t i n r r r t r  ( P t )  a n d  o n  p l l t t i n u n t  t h a t
h a d  b c e n  d i p p e d  i n  a q u e o u s  1 . 5  n r M  ( ' d ( ' l r  s o l u t j o n  1 P t , t ( - d ) .  u , i t h d r a w n ,

a n d  d r i e d  a r e  i n d i c a t e d  b v  a r r o r v s  l r l o n s  t h c  . \  ( P )  r t r i s .

cove red  w i t h  mono laye r  c  i s  s t i l l  ca ta l v t i ca l l y  ac t i ve  i n  t he
hyd rogena t i on  o f  l - pen tcnc  a f ' t e r  t hc  C  I  f l : l  l 7  p resen t  i n  mo-
nolayer A has ceased to hldrogcnatc. Thc interpretat ion of the
k inet ics  o f  hydrogenat ion o f  l -pentene on the monolayer-
covered foi l  is complicated b_v" incomplete understanding of the
uni formi ty  wi th  which the f i lm is  d is t r ibuted over  the fo i l .  I f
there are ho les in  the monolayer .  some f ract ion o f  the hydro-
genat ion o f  l -pentene may be occurr ing on bare p la t inum
meta l .  Nonethe less.  the observat ion that  a  fo i l  covered wi th
monolayer  a  is  cata ly t ica l ly  act ive in  hydrogenat ion o f  l -
pentene after i t  has become inactive in hydrogenation of the
monolayer establ ishes that at leirst some of the surface has not
been po isoned by cadmium. and ind icates that  the la tera l
d i f i us i on  o f  t he  unsa tu ra ted  ac ids  o f  mono laye r  A  i s  t oo  s l ow
to pe rnr i t  thc i r  r rcccss to  cata lv t ica l ly  act ive rcg ions.  Second,
thc turnovcr  nunrbcrs  for  hydrogenat ion o f  nronolayer  com-
poncn ts .  \ ' (  \ 11 .  ) .  co r r c l a te  w i t h  t hose  i o r  hyd rogena t i on  o f
l -pcntcnc on f 'o i ls  covcred wi th  thc  nronolayer ,  /V(P)  (  F igure
8 ) .  t he  va lues  o f  ,V1P)  a r c .  howevc r ,  i a rge r  t han  t hose  f o r
rV (  M  L )  by  10 r  l 0 : .  r r nd  a re  l css  sens i t i v c  (by  app rox ima te l y
a factor of l0r) to changes in the composit ion of the monolayer.
Thus.  hydrogenat ion o f  o lc f ins  in  the monolayer  and in  the
vapor  are s imi lar  react ions.  and the i r  ra tcs  ure in f luenced in
pa ra l l e l  by  changes  i n  mono laye r  compos i t i on .

These experiments indicate that the prescncc of a monolayer
on a p la t inum sur face in f luences thc ra te  o f  hydrogenat ion o f
an externa l  o le f in .  Wc br ic f ly  exp lored the poss ib i l i ty  that  i t
might be possiblc to modify Ihe selectiuitv '  of plat inum toward
ole f ins  us ing monolaycr  f i lms.  Compct i t ive  hydrogenat ion o f
mix tures o f  two o le f ins  in  the vapor  phase us ing as cata lys t
e i ther  a  c lean p la t inum fo i l  or  a  fo i l  bear ing a monolayer
s im i l a r  t o  b  (C  l f t : 0 .  subphase  pH  ,5 .6 ,  1 .5  mM MgC l r .  f l  =  20
dyn cm-r )  showed no d i f ferencc in  sc lect iv i ty  (cq 3 ,  Table
I I I ) .
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Table I I I .  Compet i t ive Hydrogenat ions of  Pairs of  Olef ins on
Clean and Monolayer-Covered Plat inum Foi ls

olef in k ^ l k B
c lean monolayer

Fatty Acid,s 6 6 2 1

O = N o i o n s

Q  =  C o l c i u m

[  =  M o g n e s i u m

O  =  c o d m i u m

O.4  O.8  1 .2

C  x  I O O
Figure 9.  Turnover numbcr,  , 'V(Mt-) .  vs.  compressib i l i ty ' .  ( . .  Comprcss-
ib i l i t y  re fe rs  to  n rono lave rs  a t  the  a i r  wa tc r  i n t c r facc .

of  the  C l8 : l  I7  to  C I  t J :O.  and 23o/o  o f  the  C22: l2 r  to  C22:0 .
These experiments suggest that exchange of fatty acids be-
tween the layers of  these supported mult i layer f i lms on plat i -
num is a facile process.
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Hydrogenation of Mixtures of l7-Octadecenoic Acid and

trans-9-Hexadecenoic Acid. A mixture of these two acids
( C l 8 : l r 7  a n d  C l 6 : l o t l  a n d  C 2 0 : 0  a s  a  G L C  s t a n d a r d  ( 7 ' , 7 : 4
mole f ract ion) was spread from chloroform on an aqueous
subphase (pH 5 .6 .  1 .5  mM MgCl2) ,  t rans fer red  to  p la t inum
at a surface pressure of  20 dyn cm-1, and hvdrogenated (eq
4).  This mixture of  fat ty acids did not form a stable monolaver

H
â_---_-------->

at  the a i r  water  in ter face.  Col lapse occurr red at  a  s ign i f icant
ra te  a t  any pressure abovc the cqui l ib r ium sprcading pressurc
( - l - 2  dyn  cm- l ) , 66  i i nd  a t  20  d , vn  cm-1 .  t he  su r fuce  u rca  o f
the compressed f i lm decreased approximatcly'  -5<ru6 ntin-1. The
t ransfer red f i lm,  in  th is  ins tance.  probably  cons is ted of  mix-
tures o f  mono-  and mul t i layer  reg ions.  In terpreta t ion o f  the
cxper iment  is  fur ther  compl icated by the fact  that  the two
unsaturated ac ids form a nonideal  mix ture.a8 Nonethe less.
several observations concerning this system are relevant. First,
the i i lm was qual i ta t ive ly  very  f lu id  a t  the a i r -water  in ter face,
and the rate of hydrogenation of i ts olef inic components after
t ransfer  to  p la t inum seemed qual i ta t ive ly  to  be h igh.  Second,
i f  the hydrogenat ion was in te  r rupted (20 s  a f ter  admiss ion of
d ihydrogen to  the h1 ' 'd rogenat ion apparatus) ,  the y ie lds o f
C l8 :0  and  C l6 :0  we re  -53  and  75o lo .  Thus .  t he  i n te rna l  o l e f i n
hyd rogena ted  s l i gh t l y  more  rap id l y  t han  t he  t e rm ina l  o l e f i n .
In  homogeneous so lu t ion in  c thy l  acetatc ,  thc  tern i ina l  o lc f in
hyd rogena ted  ca .  t en  t imes  more  rap id l y  t han  t hc  i n te rna l
o le f in ,  in  agreement  wi th  resu l ts  f rom s i rnp ler  s \s tc i ls . ( "
Several possible interpretat ions are possible for these results.
For  example,  the double  bond of  C l6 :  lq t  is  c loser  to  the p la t -
inum sur face than that  o f  C I  8 : l  17,  and may thus react  more
rap id ly  a t  the sur face.  A l ternat ive ly ,  phase separat ion may
have occurred in this two-olef in system, and the r igidity of the
i i lm may vary  f rom one phase to  the o ther .  S ince monolayers
of  in terna l ly  unsaturated o le f ins  are usual ly  more expanded
than the i r  saturated analogues (and,  by analogy,  than l7-
octadecenoic acid), the more condensed (and more slowly
hydrogenated) phase would be expected to be enriched in the
termina l ly  unsaturated o le f in ,  and the less condensed (and
more rapidly hydrogenated) phase would be enriched in the
in terna l ly  unsaturated o le f in .

Hydrogenation of Components of Multilayer Films. Two
tri layers containing unsaturated components were assembled.
The f irst ( transferred from an aqueous subphase, pH 5.6, 20
dyn cm-r ,  I  .5  mM CdCl2)  had an inner  monolayer  o f  hexa-
decanoic  ac id  (C l6 :0)  wi th  two fur ther  layers  o f  the 4 : l  mix-
ture o f  C l8 : l  r7  and C20:0 (A) .  The second ( t ransfer red f rom
an aqueous subphase,  pH 4.3 ,  20 dyn cm-r ,  I  .5  mM CdCl2)
had an inner  layer  o f  nonadecanoic  ac id  (Cl9 :0) ,  a  midd le
l aye r  o f  4 : l  C l8 : l l 7  and  C20 :0 ,  and  an  ou te r  l aye r  o f  4 : l
2  I  -docosenoic  ac id  (C22: l  2r  )  and C20:0 (  B) .  Hydrogenat ion
o f  t r i l aye r  A  f o r  173  m in  conve r ted  23o /oo f  t he  t o ta l  C l8 : l r 7
to C l8:0. Hydrogenation of trilayer B for 5 min converted 49o/o
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Discussion

Suppo r ted  mono laye rs  o f  l 7 -oc tadeceno i c  ac id  (C  l 8 : l  l 7 ) ,

preparcd by t ransfer  o f  the or iented monolayer  f rom an a i r -
watcr  in ter face to  p la t inum,  are reduced on exposure to
d ihvdrogen.  The ra te  o f  rcduct ion dcpcnds on parzrmeters
which in f luence the s t ructure o f  thc  monolayer ,  espec ia l ly  the
pH and meta l  ion concent ra t ion o f  the aqueous subphase,  and
the surface pressure at which the f i lm is transferred. The detai ls
of  th is  dependence are rc levant  to  examinat ions both o f  the
structure of supported monolayer f i lms and of the mechanisms
of  hetcrogeneous hydrogenat ion.

Structure of Monolayers Supported on Platinum. Two major
factors  scem to  in f luence the ra te  o f  hydrogenat ion o f  thc
te rm ina l  doub l c  bond  o f  C l8 : l  l 7 :  t he  more  impo r tan t  i s  t hc
presence of  cata lys t  po isons in  the monolayer  (espec ia l ly
cadmium ions and,  perhaps,  carboxy la te  groups) ;  the less
impor tant  is  the r ig id i ty  o f  the f i lm,  as in fer red f rom i ts  com-
press ib i l i ty  a t  the A/W in ter face.  F igure 9  p lo ts  the turnover
numbers, N(Ml-),  for hydrogenation of supported monolayers
A-F (Table  l l )  aga inst  the comprcss ib i l i ty  o f  the cor re-
sponding monolayers  a t  the A/W in ter face ( f rom Figure 6) .
The rate of hydrogenation of cadmium-containing monolayers
is  approx imate ly  102 s lower  than that  o f  ca lc ium- or  magne-
s ium-conta in ing monolayers  o f  the same compress ib i l i ty .  Th is
dif ference provides a measurc of the poisoning effect of cad-
mium ion.  Decrcas ing the compress ib i l i ty  w i th in  a  ser ies  o f
related monolayers (A, A',  and A"; D, E, and F) also decreases
the ratc. This observation suggests that hydrogenation proceeds
more slowly in supported f i lms derived from rigid monolayers
at  the A/W in ter face.
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Tuo other  observat ions suggest  that  the s t ructure o f  the
monolayers  in f luences the ra tes o f  the i r  reduct ion.  F i rs t ,  thc
se lect iv i ty  for  in terna l  and termina l  double  bonds is  d i f ferent
for lirtty acids incorporated into monolayers and for fatty esters
in solut ion. Second, the rate of hydrogenation of fatty acids in
rnonolayers  is  much s lower  than for  l -pentene over  the same
monolayer  assembl ies .  Deta i led in terpreta t ion o f  these ob-
scrvations is clouded by ambiguit ies: thc phase homogeneity
of the mixed f i lms of internal and terminal fatty acids has not
been estab l ished,  and the un i formi ty  o f  coverage of  the p la t i -
num by the monolayers  is  not  known.  Nonethe less.  both are
compat ib le  wi th  the hypothes is  that  approach of  the o lc f in ic
groups of a monolayer of unsaturated fatty acid to the plat inum
surface is hindered to a signif icant extent by i ts incorporation
in to  the n tonolayer .  A l though the s t ructure o f  the monolayer
thus appears  to  exer t  a  detectab lc  in f luence on the react iv i ty
of  i ts  component  fa t ty  ac ids,  three observat ions suggest  that
the hydrocarbon port ions of the monolayers considered in this
work should be considered to have propert ies closer to viscous
hydrocarbon l iqu ids than to  ordered,  r ig id  crys ta ls .  F i rs t ,  thc
monolayer components do in fact experience suff icient mo-
t iona l  f reedom for  the o le f in ic  groups to  reach the p la t inunr
sur face and react .  Second,  fa t ty  ac ids in  the outer  layers  o l '
cer ta in  t r i layers  a lso react .  Th i rd ,  ex terna l  o le f ins  d i f fusc
through the monolayer  to  the p la t inum sur face and hrdro-
genate wi th  re la t ive ly  l i t t le  h indrance.

Two factors  probably  cont r ibute  to  the f lu id i ty , 'o f  thcsc or -
ganic  f i lms.  F i rs t ,  the t ransfer  pressures used in  the i r  prcpa-
ration correspond, with the exception of monolayers A, A', and
B', to liquid-condensed regions of the pressure-area isotherms.
Second, the small  but f ini te surface roughness of the plat inum
supports is such that accommodation of the f i lm to the surface
should  resu l t  in  a  s ign i f icant  loss in  s t ructure.  l f  we assume,
for  any of  the pressure-area isotherms in  F igure 6 ,  that  the
monolayer is al lowed to expand i ts area by 20_30oto over that
defined at the transfer pressure, the phase of the expanded
monolayer  would  be gaseous.  S ince the sur face area of  the
plat inum foi ls is 20-300/" greater than the area of the trans-
fuIlgd monolayer, the real extent of expansion of the monolayer
wil l  be determined by i ts abi l i ty to cover the plat inum surf ice
uniformly. For the f luid monolayers assembled at low pH, this
type of expansion seems plausible; for monolayers consist ing
of soap complexes or micel les, this expansion is more prob--
lemat ic .

The mechanism by which the double  bond of  the C I  8 : l  r7
reaches the plat inum surface prior to reduction is not estab-
lished by the available evidence. The olefinic group may simply
dif fuse to the surface; alternatively, a more complex cooper-
a t ive f l ipp ing of  fa t ty  ac ids may be invo lved (eq 5) .8  In  e i iher

case, whatever restrictions imposed on the motion of the fatty
acid chains by the order of the monolayer are not sufficient to
prevent rapid contact of the terminal double bond with the
surface.6e
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The conclusions drawn from this work concerning the order
and f lu id i ty  o f  suppor ted monolayers  seem to  be in  genera l
agreement  wi th  those for  l ip id  b i layers ,  for  which sur face
pressures rangc f rom l0  to  35 dyn c6-1.70

Heterogeneous Hydrogenation. Hydrogenation of unsatu-
ra ted monolayers  on p la t inum c lar i f ies  the nature o f  the l i rs t
cyc les o f  hetcrogeneous cata ly t ic  hydrogenat ion.  The obser-
va t i ons  t ha t  hyd rogena t i on  o l  C l8 : l l 7  p roceeds  w i t h  no  i n -
duct ion per iod and that  condi t ion ing of  the p la t inum fo i l  w i th
eth l ' lene and d ihydrogcn before t ransfer  o f  the monolayer  has
no in f luence on the hydrogenat ion k inet ics  bear  on two prob-
lems.  F i rs t ,  i t  has been suggcsted that  cata ly t ic  hydrogenat ion
takes p lace ent i re ly  on a carbonaceous over layer . l l  A l though
the impor tancc of  over layers  is  documented in  cer ta in  in-
s tances,2 l .5 t  i t  seents  un l ike ly  to  be impor tant  in  thc  systent
s tud ied here:  convcrs ion of  a  s ign i l icant  f rac t ion o f  the fa t t l '
acid monolayer to carbon would both reduce the yield of C I 8:0
and presumabl .v  obv ia te  rhc rcqu i rement  for  added hydrogen.
Fu r thc r .  an  i nc i uc t i on  pc r i od  m igh t  have  becn  expe i t ed - i f  a
carbon lavcr  ucrc  rcqu i rcd.  Sccond.  thc  observat ion o f  a  rap id
rcact ion suppor ts  thc  c l r rss i I ' i ca t ion o f  h1, 'drogenat ion o is imple
o l c l ' i n s  r r s  a  su r t ' l l e c  \ t r ue lu r c - i nscns i t i v c  reac t i on .a0  I f  on l y  a
srne l l  nunrbcr  o l ' rs t l lu tcd \ i tc \  on thc  sur face were cata ly t ica l ly ,
l r c t i v c .  l nd  i t '  c t t n tp l c t c  h rd rogcnu t i on  requ i red  app rec iab le
l a t c ra l  d i f l ' u s i on .  t hc  h l d rogcna t i on  o f  t he  mono laye r  com-
poncnts  might  be expected to  be s low or  incomplete .  P lo ts
A" F of Figure 5 suggest that surface di i fusion, i f  any, is faster
than reduct ion:  the data o f  p lo ts  A and A '  have been ra t ion-
al ized on the basis of slow exchange of olef ins incorporated into
s lowly  hydrogenated sur face mice l les  wi th  more rap id ly  re-
duced,  nonmice l lar .  reg ions of  the monolayer .

Experimental Section

General.  NMR spectra wcrc recorded on a Varian T-60 spec-
trometer using tetramcthylsi lane as a reference. Infrared spectra were
recorded on a Perkin-Elmer Model 567 grating infrared spectrometer.
Chemicals were obtained from the fol lowing sources and used as rc-
ce ived:  cadmium( l l )  ch lor idc .  carbon d isu l f ide,  cyc lohexane,  e thy l
acetatc ,  and magnesium( l l )  ch lor ide f rom Mal l inckrodt ;  hexadeca-
noic acid (C I 6:0). t ran.s -9-hexadecenoic acid (C l 6: I et), octadecanoic
ac id  (C l8 :0) ,  and e icosanoic  ac id  (C20:0)  f rom Analabs or  p-L B io-
chemica ls  lnc . ;  2 l -docosenoic  ac id  (C22.121;  was prcpared by Dr .  D.
Bergbre i ter ;72 l -pcntene,  l -hexcne,  3 ,3-d imcthy l -2-butcne,  cyc lo-
hexene, and cyclopentene from Aldrich: and dihydrogen and dioxygen
f rom Midd lesex Weld ing Supply  Co. ,  Cambr idgc.  Mass.  p la t inum
sheet  (2  X 5 X 0.0002 or  0 .004 in . )  was purchascd f rom Engelhard.
Dis t i l led water  was pur i f ied by d is t i l la r ion f rom bas ic  potass ium
pernranganate so lu t ion through a l -n t  vacuum- jacketed Widmer
co lumn.  The pH o l ' the water  rvas ad justcd wi th  concent ra ted HCl ,
when required. The subphasc pH was mcasured (+0.2) using narrow
range pH s t r ips  (EM [ -aborator ics .  [ : ln ts l i r rd .  N.Y. ) .  Chloroform
(Mal l inckrodt ) ,  used as a  spreading so l renr .  was d is t i l led under  n i -
t rogen through a l - rn  vacuum- jacketed co lurnn packcd wi th  g tass
hel iccs,  and was used immcdiatc ly ' .  Trp ica l  conccnt ra t ions used in
s p r e a d i n g  s o l u t i o n s  w e r e  [ C l t t : l l 7 l  =  4  m M .  I C 2 0 : 0 ]  =  I  m M .

Ethyl7-Hydroxyheptanoate. Cvcloheptanone (45 g, 0.40 mol) was
treated with an excess of tr i f luoroperacetic acid according to the
procedure of Smissman et al. ,7l to yield 38 g (0.27 mol, ,5_5o./o) of ethyl
7 -hyd roxyhep tanoa te :bp  l l 0 'C  ( l l  mm) ;  lR  (nea t )  3400  (OH)  and
l 7 3 0 c m - r  ( c : o ) ;  N M R  ( C D C l r )  6 a . l  ( q ,  2 , J  =  1  H z ) , 3 . 5  ( r .  2 ,
J  =  6  Hz ,  CH20 t l ) .  2 .3  ( t ,  2 ,  J  =  6  Hz ,  OC(O)CHz) ,  2 .0  1 .0  (m ,  8 .
CH2CH2CH2),  and 1.2  ( t ,  -1 ,  . /  =  7  Hz) .

Ethyl 7-lodoheptanoate. Ethyl 7-hydroxyhepranoare (30 g, 0.17
mol) was convcrted to thc corresponding tosylate.Ta The unpurif ied
tosylate was dissolvcd in -500 m[_ of acetone and 5 I .6 g of sodium io-
dide (0.35 mol) was addcd according to thc procedure of Tipson et al.7s
and st irred for 24 h to yicld 29 g oi ethyl 7-iodoheptanoate (0. l0 mol,
60" /o  based on s tar t ing a lcohol ) :  bp 80.C (0 .12 mm);  IR (neat )  1730
c m - r  ( c : o ) ;  N M R  ( c D C l t l 6  4 . 2  ( q , 2 . J  =  8  H z ) , 3 . 2  ( r ,  2 . J  =  6
Hz ,  CH l l ) ,  2 .4  { t .  2 ,  . t  =  6  Hz .  OC(O)C I {2 ) .  2 .0  1 .0  (m ,  8 ,
C H 2 C F I 2 C H 2 ) .  a n d  1 . 3  ( t .  3 ,  J  =  8  H z ) .

l7-Octadecenoic Acid. The methylcuprate of I  l -chloroundecene
(preparcd frorn I l-hydroxyundcccne according to the method of Hooz-
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and  G i lan iT6 )  was  genera ted  v ia  i t s  Gr ignard  reagen t  : rnd  a l l owed  to
reac t  w i th  e thy l  7 - iodohep tanoare .72 ,77  Copper ( l )  i od ide  (g .4  g ,  44
mmol )  was  suspended  in  80  mL o f  anhydrous  THF in  a  500-mL
round-bo t tomed  f l ask  and  coo led  to  -78  oc .  Me thy l l i t h ium (21  mL
of 2.07 M solut ion in ether,  44 mmol)  was added; th.  rurp"nr ion was
st i r red for  I  h,  s lowly warmed 1o 0 oC, and cooled again to -7g oC.
An  e the r  so lu t i on  o f  l 0 -undeceny l -  l -magnes ium ch lo r ide  (44  mmol ,
49  mL o f  0 .90  M so lu t i on  in  THF)  was  added .  The  reac t ion  m ix ru re
was  s t i r red  fo r  I  h  a t  -78  oc ,  warmed  to  -10  oC,  and  coo led  aga in
t o  - 7 8 ' C .  E t h y l  7 - i o d o h e p t a n o a r e  ( 1 5  g , 5 3  m m o l )  a n d  t H n  1 Z O
mL)  were  added ,  the  reac t ion  m ix tu rc  was  a l l owed  to  s t i r  a t  -7g  oc
for  I  h and at  room temperature for  2 h,  and the react ion was ended
by adding 50 mt-  of  saturated aqueous N H4cl  solut ion.  The organic
phase was separated and the aqueous phase extracted three times with
an equal  volume of  ether.  The organic phases were combined. washed
with sodium chloride, dried over magnesium sulfate, and conccntrated.
Thc resulting oil was recrystall ized from absolute ethanol. The nroduct
cs te r ,  e thy l  l 7 -oc tadecenoa te ,  was  pu r i f i ed  on  a  s i l i ca  gc l co lumn by
clut ing wi th -5oln ethyl  acetate in cyclohexane. The y ie ld o icrude cstei
was 7.4 g (24 mmol ,  54oh):  bp 125-t  29 "C (0.02 Torr) ;  mrr  2,5 2 l  "C:
I R  ( C C l 4 )  1 7 3 2  ( C : O ) ,  1 6 3 8  . 6 - t  ( e : C ) ;  X M R  ( C D C l . r )  6
6 . 2  4 . 8  ( m ,  3 ,  C H 2 C H : C H ) , 4 . 2  ( q , 2 , J  =  8  H z ,  C H r C H : O ) ,  a n d
1 . 2 - 2 . 6  ( m ,  3 3 ,  C H 2 C H 2 C H 2 ,  C H 3 C H 2 O .  a n d  O C ( O ) C H 2 ) .  T h e
es te r  (2  g ,6 .5  mmol )  was  hyd ro l yzed  by  re f l ux ing  in  g  mL  o f  0 .3  N
sodium hydroxide for 24 h. The flask was cooled toroom temDerature
and the resul t ing whi te sol id separated by f i l t rat ion and wasired wi th
d is t i l l ed  wa te r .  The  so l i d  was  shaken  w i th  e the r  and  wa te r  (oH 2 .0 )
un t i l  t he  so l i d  d i sso lved  in  the  o rgan ic  phase .  The  e the r  phase  *as
separated and dried over magnesium sulfate. Thc ether was cvaporated
and  the  resu l t i ng  so l i d  rec rys ta l l i zed  f rom we t  mc thano l  to  v ie ld  1 .6
g  o f  l 7 - o c t a d e c e n o i c  a c i d  ( - 5 . 7  m m o l . 8 8 q o ) :  m p  5 - s  - \ _ i . - \  o a : N M R
( C D C I 3 )  6  I 1 . 7  ( s ,  t ,  C O O H ) , 6 . 2  4 . 8  ( m .  3 .  C f i : C H , l .  a n d  2 . _ t _  l  2
( m ,  3 0 ,  C H 2 C H 2 C H 2 ,  C H 2 C H : C H z ,  a n d  O C ( O ) C H 2 C H 2 ) .

A n a l .  C a l c d  f o r  C 1 s H 3 a O 2 :  C ,  7 6 . 5 4 ; H , 1 2 . 1 3 .  F o u n d :  C .  7 6 .  j 9 :
H ,  1 2 . 2 t .

Plat inum Foi ls .  The plat inum foi l  monolayer supports (2 X 5 X
0.004 in.  or  0.01 cm) were t reated for  2 min wi th aqua regia at  50 "c
and r insed wi th large quant i t ies of  d ist i i led water.  They were placed
in a Vycor tube in a tube furnace and heated at  900 oc in a s low
stream of  d ioxygen for  at  least  24h.Thedioxygen was f lushed f rom
thc tube wi th d in i t rogen, and the fo i ls  were t reated at  900 "C wi th
dihydrogen (unt i l  use,  but  at  leasr24 h) .  They were al lowed to cool .
and immediately t ransferred to the dipping t rough. They were ma-
nipulated only wi th c lean forceps,  and exposure to the laboratory at-
mosphere before immersion in the dipping trough averaged 2 min. The
foi ls  could be reused af ter  hydrogenat ion ca.  l5 t imei  by repearrng
the c leaning procedure.  Eventual ly ,  the prat inum developed v is ib le
c rys ta l l i t es  and  was  deemed no t  su i l ab le  fo r  fu r the r  hvd rosenu t r t l n
exper imen ts .

Monolayer and rransfer  Apparatus.  A round ref lon t roueh wi th
two motor-dr iven Tef lon barr iers was buir t  based on the design oi
Fromherz.as Surface pressure was measured by the wilhelmy method
using a roughened mica plate at tached to the barance arm of  a cahn
rat io e lectrobalance,  Model  G. The electrobarance/wi lhelmy plate
was zeroed and calibrated prior to nionolayer formation with the ptate
suspended through the c lean ai r  water  inter face.  Room temperature
pressure-area isotherms were measured point  by point  as the mono-
layers were compressed from the gaseous state at 0.b I nm2 molecule-l
min-1.  The ferr i te probe of  a d i rect  current  d ispracement t ransducer
(DCDT)  (no .  SS-101 ,  G .  L .  Co l l i ns  Corp . ,  I _ong  Beach ,  Ca l i f . )  was
also at tached to the balance arm. The t ransducer and Drobe were
al igned by at taching the t ransducer to an X y t ranslat ion srage
connected to the base of  the balance enclosure.  The output  of  the
DCDT is dependent on the posi t ion of  the ferr i te probe wi th in the
transducer,  a l lowing for  the moni tor ing of  smai l  movements of  the
balance arm. The DCDT output  was coupled to the motor which
moved the barr iers and changed the surfac,-  area to compensate for
any change in surface pressure.  This system was sensi t ive to a sur-
face-pressure variation of 0. I 0 dyn cm- L. Monolayers were, therefore,
t ransferred at  constant  surface pressure (+0.r0 dyn cm-r)  by l i f t ing
the plat inum foi l  through the ai r -water inter face v ia a motoi-dr ivcn
pu l ley  a t  I  cm/min .  A  t yp i ca l  t rans fe r  cu rve  i s  shown in  F i su re  10 .
The apparatus was enclosed in a laminar a i r - f low hood which kept
part iculate matter  f rom accumulat ing.  Dur ing an exper iment.  the ai r
f low was discont inued to e l iminate v ibrat ion and the ef fects of  rapid
air  movement.  The apparatus was placed on a tablc designed to
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Figure 10.  Plot  o[ the area of  an or icnted monolayer f i lm at  the A/W in-
te r facc  as  a  func t ion  o f  t imc  du r ing  t rans fc r  to  a  p la t i num fo i l  hav ing  a
gcometr ical  sur l 'acc arca of  2J cm2. The di f fcrcncc between the two pla-
tcaus (23 cnr2) rcprcscnts the arca ol  f i l rn t r i rnsferred to the lo i l .  The s lope
o f  the  p la teaus  ind ica tes  thc  ra te  o f  co l l apse  o r  so lu t i on  o f ' t he  mono laye r
(  i n  th i s  i ns tance  neg l i g ib l c ) .

minimize the ef fccts of  bui ld ing v ibrat ions.
Monolayer Preparation, Hydrogenation, and Analysis. The surface

of the aqueous subphase was swept several times with the barrier arms
to remove surface act ive impur i t ies.  A plat inum foi l  was at tached to
a pul ley and lowered beneath the surface of  the subphase. The
sprcad ing  so lu t i on  con ta in ing  fa t t y  ac ids  (50  pL .  ca .5  mM)  was
placed on thc surface.  and the chloroform al lowed to evaporate (5
min). The nronola;-er was compressed to the required surface pressure.
The  fo i l  was  w i thd rawn th rough  the  a i r  wa te r  i n te r face  (4  cmz
min - l ) .  Dur ing  w i thd rawa l ,  t he  men iscus  was  inspec ted  c lose ly  v i -
sually; foils in which the meniscus moved down the plate inconsistently
were considered to be di r ty ,  and discarded. The monolayer covered
foils appeared to be dry when they emerged from the subphase. They
were immediately suspended in a 500-mL Fischer-porter  hydroge-
nat ion bot t le f i t ted wi th a pressure gauge, vent ,  and hydrogen in let .
Hydrogen was continuously passed through the reaction vessel for the
des i red  reac t ion  t ime  a t  ca .  50  mL m in -1 .  A l l  hyd rogena t ions  were
carried out at atmospheric pressure and room temperature. At the end
of the al loted rcact ion t ime the fo i l  was removed and suspended over
concentrated HCI for  5 min.  The fo i lwas r insed wi th 0.5 ml_ of  CHCI:
into a funnel fitted with a drain and stopcock. The chloroform solution
was t ransferred to a l -mL round-bot tomed f lask and the solvent  re-
moved by disti l lation. The flask was cooled to room temperature and
0 .5  mL o f  f resh ly  d i s t i l l ed  d iazomethanc  e the r  was  added .78

The  excess  d iazomethane-e the r  was  removed  by  d i s t i l l a t i on  a f te r
i r  l 0 - rn in  reac t ion  t ime .  To  the  res idue  was  added  l0  pL  o f  CS2  so lu -
l i on  con ta in ing  0 .64  mM methy l  pa lm i ta te  and  l5  pL  o f  cS2  so ru t ion
con ta in ing  0 .75  mM methy l  behenare :  the  f i na l  vo lume was  25  pL .
Analyses were pcrformed by GLC at 190 'c on a 6 ft x l/s in. stainress
steel  column (Appl ied Science) packed wi th l0o/o Apolar  l0-C on
100/ l  20 Gas chrom Q. Peak areas were measured electronicai ly  on
a Spcctra-  Physics Minigrater .

Hydrogenation of olefins Present in the Vapor phase. The foirs used
in thcse exper iments undcrwent the same cleaning procedure as those
used for  monolayer hydrogenat ions.  The monolayers t ransferred to
these fo i ls  werc ident ical  wi th those used to determine the k inet ics of
monolaycr hydrogenat ion.  The fo i l  was placed in a 500-mL Fischer-
Porter hydrogenation bottle. The system was charged with dihydrogen
(1300  Tor r )  and  a .  m ix tu re  o f  l -pen tene  and  cyc lohexane  (4 :1 ,0 .20
mL).  The hydrocarbons vapor ized completely wi th in 20 s to g ive a
prcssure r ise of  100 Torr .  The vapor was mechanical ly  agi tated
throughout the course of the hydrogenation. The reaction was followed
by per iodical ly  wi thdrawing 2 mL of  the vapor in a gas-t ight  syr inge.
The extcnt  of  hydrogenat ion was determined by GLC (6 f t  X l /e in.
a luminum co lumn,  packed  w i th  l 5o lo  t r i s (cyanoe thoxy )p ropane  on
80 /90  F - l  a lumina ;  5 l  oC)  us ing  the  cyc lohexane  as  in te rna l  s tan -
da rd .

compet i t ive hydrogenat ions were carr ied out  in analogous fashion
us ing  m ix tu res  o f  two  o le f i ns  and  an  in te rna l  s tandard .

Mul t i layer Hydrogenat ion.  Mul t i layers were prepared by reper i -
t i ve l y  d ipp ing  and  w i thd raw ing  a  c lean  p la t i num io i r  t h roug t r  t he
monolayer covered inter face.  The in i t ia l  monolayer (C l6:0,  pH -5.6,



6624

1 . 5  m M  C d C l r . 2 0  d v n  c n r - r ,  A ,  a n d  C l 9 : 0 .  p H  4 . 3 .  l . - 5  m M  C d C l r ,
20  dyn  cm- r .  B )  t rans f ' c r red  to  thc  i o i l  upon  ra i s ing  i t  t h rough  thc
A /S i  i n t c r facc .  The  fb i l s  were  hyd rophob ic  i nd i ca t ing  tha t  thc  fa t t l '
ac id  was  o r ien ted  w i th  thc  ca rboxy l  g roup  a t  the  p la t i nu rn  su r face .
This nronolayer was then removed from the aqucous surf-acc. Thc fatty
ac ids  uscd  fo r  the  sccond  layc r  (4 : l  m ix tu rc  o f  C l8 : l l 7  and  C20 :0 ,  A
and  B)  were  sp read  and  compressed  to  20dyn  cm-1 .  Th is  mono lavc r
was  t rans fe r red  upon  lower ing  the  io i l s  th rough  the  A /W in te r lacc .
The  fo i l s  were  now hydroph i l i c  i nd i ca t ing  tha t  the  ca rbo ry ' l  g roups
were or iented away f rom thc plat inum surface.  The th i rd lavcr  o l ' thc
f i r s t  t r i l ayc r  (4 : l  m ix tu re  o f  C  l  [ i : l  l 7  and  C20 :0 .  A )  was  t rans l ' e  r r cd
b ; -  aga in  ra i s ing  thc  fo i l  t h rough  thc  A /W in te r f ' ace .  Fo r  thc  sccond
t r i l a l ' c r  (B ) ,  t he  aqucous  su r face  w : rs  c leaned  a l ' t e r  t rans f ' e r r i ng  thc
sccond  layc r .  The  fa t t y  ac ids  used  fo r  the  th i rd  l ayc r  ( ,1 .  I  rn i x tu rc  o l '
C22 : l r r  and  C20 :0 .  p t {  , s .6 ,  l . -5  mM CdCl2 ,  20  dyn  cm- r )  u ' c rc  sp rcac !
and  comprcssed .  Th is  wus  t rans fe r rcd  upon  ra i s ing  thc  i o i l  t h rough
thc  A /W in tc r facc .  The  f i r s t  t r i l aye r  was  exposcd  to  d ihyd rogcn  ( l

at rn)  for  I  73 min and the second for  5 min.  Analyses were pcr lbrnrcd
as  fo r  the  o the r  mono laye r  cxper imen ts .

l\lonolayer Hydrogenation on Ethylene-Pretreated Platinum. ('lcan

p la t i num fo i l s  were  t r ca tcd  w i th  : r  m ix tu re  o f  e thy lenc  ( -57  Tor r  )  r rnc l
d ihyd rogen  (  I  300  Tor r )  f o r  10  m in .  The  fo i l s  were  hyd roph i l i c  e i r c r
th i s  t rea tmen t  and  subsequen t  cxposurc  to  a i r .  Mono lu \c rs  c r l ' l r  J : l
m i x t u r c o f  C l 8 : l l 7  a n d  C 2 0 : 0  w e r e  t r a n s f e r r e d  ( p H  - 5 . 6 .  n o  i o n s l u n d
exposed to d ihydrogen in the usual  manner.

Pressure Dependence of  Monolayer Hydrogenat ion.  \ {onolar  cr .
o f  a 4 : l  m i x t u r e o f  C l 8 : l l 7 a n d C 2 0 : 0 w e r e s p r c a d ( p t t  5  6 .  l . 5 n r \ 1
MgCI2 ,  20  dyn  cm- r )  and  t rans fe r red  to  c l can  p la t i nun r  f ' o i l s  Thc
hydrogena t ions  were  ca r r i ed  ou t  under  a  to ta l  \ l  p lus  l - | 1  p rcssu rc

o i  1300  Tor r .  The  pa r t i a l  p ressu re  o f  hyd rogcn  was  va r i cd  l ron r  100

to  1300  Tor r .  The  reac t ion  t ime  was  he ld  cons tan t .  Ana lys i s  o f  t hc

extent  of  hydrogenat ion was performed in the usual  manncr.  Thc

convers ion  o f  C  I  8 : l  l 7  to  C  I  8 :0  d id  no t  va ry  w i th in  thc  exper imen ta l

error  (  *  I  0olo)  over th is d ihydrogen pressure range.

Hydrogenation of the Methyl Esters of Cl8:l 17 and Cll6:let in Ethyl

Acetate.  One mi l l igram of  PtO (engelhard Industr ies)  was added to

2 mL of ethyl acetate. The stirred suspension was deoxygenated with

argon. The PtO was reduced by exposure to d ihydrogen for  l5 min.

A n  e t h y l  a c e t a t e  s o l u t i o n  ( 2  m L )  o f  m e t h y l C l 8 : l  r 7  ( 1 4 . 8  m M )  a n d

m e t h y l  C l 6 : l e t  ( 1 5 . 5  m M )  w a s  a d d e d  t o  t h e  P t ( 0 )  s u s p e n s i o n .  T h e

hydrogenat ion was carr ied out  under d ihydrogen at  I  atm. Al iquots
(0.1 mL) were removed and added to 0.05 mL of carbon disulfide. The

carbon disul f ide poisons the catalyst  and quenches the hydrogenat ion

reac t ion .  The  ra tes  o f  convers ion  o f  me thy l  C l8 : l l 7  and  methy l

C  l 6 : l e t  t o  C  l 8 : 0  a n d  C  l 6 : 0  w e r e  d e t e r m i n e d  b y  G L C  a t  1 9 0  o C  o n

a 6 f t  x  l /s  in.  s ta in less steel  column (Appl ied Science Laborator ies)
packed wi th l0o/o Apolar  l0-C on 100/  I  20 Gas Chrom Q. Doubl ing

the dihydrogen pressure had no ef fect  on the rate of  hydrogena-

t i on .
Electrochemistry. The cyclic voltammogram for a platinum foil

electrode was measured on a Princeton Applied Research Model l74A
polarographic analyzer and recorded on an Omnigraphic 2000 X-Y

recorder. The polarographic analyzcr was capable of only single sweep
vol tammetry,  but  by manual ly  revers ing the sweep dircct ion i t  was

possib le to generate cycl ic  vol tammograms. The electro lyte (  I  M

HCIO4) was dcoxygenated wi th N2 through a gas dispersion f r i t  for

a minimum of  30 min pr ior  to use and measuremcnts were carr ied out
under N2. The cel l  consisted of  three corrrpartments contain ing.  re-
spect ively,  a saturated calomel reference electrode (SCE),  p lat inunr
fo i l  working electrode,  and plat inum wire counter e lectrodc.Te E, lec-
t rochemical ly  act ive spccies present in the cel l  which could have in-
ter fered wi th subsequent exper iments were removed by al ternate
potentiostatic oxidation and reduction at 1.5 and -0.3 V, respectively' '.
us ing a Pr inceton Appl ied Research Model  37l  potent iostat-g i t lv : r -

nostat .
A  d i s t i nc t i on  shou ld  be  made  be tween  exper imen ts  i nvo lv ing

clcctrochemical ly  c leaned and repet i t ively c lectrochemical ly  cyclcd
plat inum szrmples.  The hydrogcnat ion of  monolayers on an electro-
chemical ly  c leaned lo i l  necessi tated the use of  large fo i ls  (2 X 5 X
0.004 in) .  The use of  these fo i ls  as the working c lcctrodc leads to
cu r ren ts  above  50  mA a t  ox id i z ing  po ten t ia l s  and  bc low -50  mA a t
reduc ing  po ten t ia l s .  The  PAR Modc l  l 74A  po la rag raph ic  ana lyze r
was  on ly  capab le  o f  opera t ing  a t  cu r ren ts  above  -  10  mA and  be low
l0 mA. I t  was,  therefore,  necessary to cut  smal l  samples (ca.  I  cm2)
from the larger p lat inum foi ls  in order to generate correspondingly
smal lcr  curronts.  The plat inum foi l  working electrodes used to gen-
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era te  the  cyc l i c  vo l tammograms in  F igu res  I  B  and  lC  were  c leaned

by repet i t ive electrochcmical  cycl ing (at  least  ten cyclcs)  bctween l .J

a n d  - 0 . 1  V  a t  2 0 0  n t V  s - 1 .
Electron Microscopv.  Plat inum foi lsamples (5 X 5 X 0.0-5 mm) ior

electron microscopy underwent thc samc trcatment as those uscd as

mono laye r  suppor ts .  Thc  ox id i zed  su r faces  (F igu rc  3 )  were  removcd

from the heat  t rcntment chamber pr ior  to the introduct ion of  n i t rogen.

Al l  e lectrochcmical ly  t reated samples wcre cycled f ive t imcs i rom l . l

t o  - 0 . 1  V  ( v s .  S C t r . 2 0 0  m v  s - r .  I  M  H C l O l , 2 5  " ( ' ) .  r i n s c d  u i t i r

d i s t i l l cd  wa tc r .  and  a l l owed  to  d ry  i n  a i r .  Thc  samp lcs  wcre  a t tachcd
to thc sample holdcr  wi th doublc- faccd electr ical ly  conduct ing coppcr

tape .  The  scann ing  c lec t ron  m ic roscopy  was  done  on  a  Cambr idgc
Stc roscan  Mark  2A  (Cambr idge ,  Eng land) .  

' f he  
X - ray  en t i ss ion

spectr i r  ior  SEM samples could be rout inely measured (Kevex-Ra1.

Bur l ingame, Cal i l - ) .  The only heavy elcment detected for  the oxid ized.
reduced, and monolayer coated fo i ls  was plat inum. X-ray emissions

i r r c  no t  dc tcc tab le  fo r  thc  l i gh te r  e lemen ts  (C ,  O) .The  su r face  con-

ccn t ra t i on  o f  Mg  and  Cd  on  fo i l s  coa ted  w i th  mono laye rs  con ta in ing

thcse  c lemen ts  was  too  low  to  be  de tec ted  by  X- ray  emiss ion .  ESCA

analysis (Hewlet t -Packard ESCA Spectrometer System -59.50A. Palo
, \ l t o .  Ca l i f . )  o f  c lean  p la t i num fo i l s  i nd i ca ted  the  p rescncc  o f  P t ,  C .

and O. Magnesium and cadmium were detectablc on fo i ls  coatcd wi th

n r r l n t l l uve rs  con t l t i n i  ng  these  e lemcn ts .
\  t ' u l l r  t r c r r te t i  p la l rnu rn  i i r i l  su r lacc  was  rep l r ca ted  by  app ly ing  3

d rop r  o1 '  1 " , ,  P r r r l od ion  in  l r r l r  I  ace  tu tc  (Tous im is  Research  Corp . .
Rock r  r l l c .  \ l d .  )  t o  thc  :u r1 ' r cc  . \  coppe  r  g r id  (2 .3  mm d iametc r ,  300

r l r c \h .  P ( ) l i r ron  lns l . .  l nc . .  \ \  a r r i ng ton .  Pa . )  was  sandw iched  be tween

thc  rcp l i c l  and  thc  adhcs ivc  tapc  and  the  rep l i ca  was  removed  f ro rn
thc  t i r i l  su r lacc  by  l i f t i ng  the  adhes ivc  tape .  The  g r id .  wh ich  was

covcred wi th the repl ica,  was removed f rom the adhesivc tapc and
p laced  in  the  vacuum chamber  o f  a  CVC evapora to r  ( ( ' onso l i da tcd

Vacuum Corp. ,  Rcrchester .  N.Y.) .  A layer of  chront iunr ( - l (X) A1 was

dcposi ted al  a 32" inc idcncc anglc f rom a resist ivc l r  hcrr tcd chromrum
w i r e .  T h e  r e p l i c a  w a s  e r a m i n c d  ( F i g u r c . l ) u n d c r  a  . l l : \ { - 7  e l e c t r o n
microscope (Japan Electron l -ab ( 'o.  )  [ : l ' f i r r ts  to rgnl l . ' , , "  t t tonolayer
coa ted  p la t i num su r faces  in  u  s in r i l a r  n r l rnnc r  \ \ c rc  un \ucccss fu l  s ince

the  d r ied  Par lod ion  f i lm  cou ld  no t  be  l i t - t cd  l ' r on r  thc  su r facc .
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