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Transmiss ion e lect ron microscopy and d i f f rac t ion have been used to  s tudy the pack ing ar ranqemencs
of docosyi mercaptan (CH3(CHl)rtSH,RSH), didocosyl sulf ide (RSR), and didocosyi disulf ide (RSSR) on
gold single,cr]€tal foils. The specimens include gold t-rlms in (100) and (11f ) orientatiors. Docosyl mercaptax
and didocosyl disulf ide adsorbed on (111) faces assemble in coincidence latt ice s[ructures rneidine hexaqonai
over layers  c i ;x ; )  in  rvh ich the shor t  in terchain  d is tance ( - t .9? A)  ind icates f ree ly  ro tar ing merhy iene ch la ins.
On a (100)  sur face boch a lky l  groups exh ib i t  an in-p lane s t ructure cons isc ing of  a  base-centered square
array in  which the in terchain  d is tance (4 .54 A)  impi ies  a  h indered chain  movemenr .  The spac ing here
is a rarional muitiple (10/9) of the sublartice spacing, suggesting that the overlayer is ref,eared in the cencered
Iatt ice c(10x10), Although docosyl mercaptan and didocosyl disulf ide presenc the same in-plane structures
on a (111) surface, on a ( i00) surface the dia-l l iy ' l  disuif ide eshibits addit iona-l phases as well .  These phases
are incommensurat€ wirh the predominant subsurface (100) lattice; however. the inrerchain spacings indicate
that  they are repeated in  the base-centered square over layers  c(7  l2)v '2x1 l2)w'2)  and c(5x5) .  Thei r
translat ional correiat ion iengths are greater than rhe correiat ion iengths of the hexagona-l overiayer and
the c(10x10) square overlayer, but the orientational correiations are similar and are iong-range in all phases.
Measurements of the diffraction intensitv and spoc displacement with sample tilting indicate that mercapcan
and disul, f ide chain incl inacion has a probabil i ty distr ibution that is axial ly symmecric abour the vector
normal to either substrate. The measurement of the average chain inciination from the falloff of diffracted
bea- intensity with beam tiit is complicated by anomalous attenuation associated with dynamical scattering
from lhe substrare. Estimates of tilt angle indicare thac the hcp phase has the greatest average tiit (25-35");
this is fol lowed by the c(10x10) square overlayer (6-12') ard f inai ly by the c((712)^/2x(712)v'D anci c(5x5)
square overlayers (<6"). The phases of didocosyl sulf ide (RSR) on gold are a"nbiguous. Al l  di f fract ion
data indicate structures that a-re isomorphous with didocosyi disulf ide (RSSR). The weaker binding of
the sulf ide compared to the disu.Lf ide, however, suggests the possibi l i iy that adsorbed disuif ide impurit ies
may mask the true suif ide phase.

Introduct ion

High-resolution electron microscopy and electron dif-
fraction techniques have been trsed to study the moiecular
packing of monolayer and muiti layer organic fi lms, par-
ticuJarly long alkyl chains of various t€rminai functionality.
Monoiayer fiIms have been studied as adsorbates on
meta-ll ic,1 semimetall ic,2 and oxide surfaces3 and as
Langmuir-Blodgett f i lms deposited on amorphous sub-
strates.{'5 The structure of long paraffin chains in mon-
olamsllar and mr:it i lrmellar assemblies has received con-
siderable arlention because of their imporfance as models
of biological membrane systems, tunneling barriers for
electron and ion tralsport, and agents for enhancing the

( l )  Machieson, R.  T.  Nature (London\ 1960. 186,  30f-302.
(2)  Hagihara,  H. ;  Uchikoshi ,  H.  Nature (Londonl  1951, /7{ ,  8G-81.
(3)  ̂ { l - lara.  D.  L. :  Nuzzo,  R.  G. Langmuir  1985, 1,  i5.
(4 )  Pere rson ,  i .  R . ;  Russe l i ,  G .  J -  Ph i . i os .  ) , [ ag . , tPc r t ] . {  1984 .  ;9 .

163-4?3.
(5)  Da-"" ,  D. ;  Lando, J.  B- I lacromoiecules i980,  1.3,  l+83.

wettabi l i ty, adhesion, lubrication, wear, and passivation
of surfaces.

Kitaigorodski is and Segermani have describeci hyciro-
carbon chain-packing arrangements from single crystai
X-ray structure dererminations of muitilameilar paraffin
crystais and have compared them with theorecical modeis
based upon van der Waals interaction volumes. The larter
fa-il into three dirferent categories (and four differenc space
groups) depending on whether the hydrocarbon chain axes
are all parallei, whether alternate chain iayers are crossed,
or whether the aikyl chains have rotat ional s.v-mmetr)-.
Examining dl possibie syu.metry relat ions of a saturared
hydrocarbon chain in ertended trans configuracion and
arbitrary length, Segerman found that 10 possible subceils
are obtained when ail chain axes are parallel anci 31 when

they a-re not. Of these, 6 different subcells have so far been

(6)  Ki ta igorodski i .  l -  In Organic Chemical  Crystal loqrcrn;" :  Con-
sui tarrs Bureau: \ew York.  1961; Chapcer ' { ,  Secr ions i -11-

(7)  Segerman. E.  . {cta Cryscal lo l r .  1965, /9,  ;39-;96.
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Monolayer Films of Organosuliur Compouncis

observed' in tbe first category 'nd' 2 in the second' The

detaile d rr.,-,.t*.i'i 
-ti 

th; n *tt4^t d he xagon aI ( rotaror )

phase is not *e"ii-*o*", but it is thought to involve

ir""i'.i"rio;;i; ;u ; ri_it disorder. conversion from an

orthorhombic unii teti to a hexagonal one has been dem-

onstrated for undecanoic acid by raising the temperature

io .uuurut d'egrees below melting'E

The stra..gv Lautig"g the packing anaiyses was to

isrr;;; dt +;i;". 
trt^i titttir close to thechain ends where

shear may be *r,od"ttd because end' groups do not permit

the convex pai;;;;* 
"lt 

chain to rit Lsactlv into the

concave parts along an adjacent chain' The analyses do

not address the;;t ibit i ' i t t of kink formation in cases

where end' group?unctionaiity may pjn che chit"l *::j:

to n*ud polit io.,. on a substrate surface' thereby rarslng

the energy of a i i l  l '^"t conformation to favor the in-

troduction of a chain point defect or a kink block's Phase

transition. 
"r 

a-i.vj .rrll". invoiving the 
^substituuon 

of an

all-trans co.,iot*ation by gauche" conforma'l?T ac the

chain end' a-nd gauchrtrlns-?uche conformacions in rhe

ffi; or l i t. chlin have been induced by eievatrng tem-

perature,lt Uy 
"it:l;; 

tit;;;"lyte concentrarions'il anc by

causing termrnal grouis to inleraci tttl macrol3lecules'12

In acidit io.t, . i t l i-t 
-t i l i '- 

ptodYiud by the. com petirion be-

tween the spacii;t;;t igtted bv the various head groups

and their nonpoii 'littli U"tomes increasingly signiircant

* ttvJ.o.arbon chain lengths decrease'

Recentiy, it"ttt '  i t^t i i t"ua toward aikyl chains with

,p;;;;;93a st*n i"*ti"""l i tv that permits adsorption

onto spectt. ."i#utt ' i tt= from a soiution phase and the

spontane"". ;;;;;t j ; ;f .such 
adsorbates into close-

;: *; *:" nt l,"r*r :**;i'; :.li'T:iiiill? ) * j
iltJ;H:ffi li o" s-y*srems tr'^i..ti-^..u*ble inro close-

packed' ailyl *o'loi"vurs from 'olttiio" on goid'surfaces'ra

ffi; i lu tu." ,r.ud to promore adhesion between a

cond.ucting ,utiu* 
-a"d 

potyethylene":',:1 exhibit es-

' traord.in*y .;;;;ce to Lltttto" tunneiing in the elec-

trochemicd ';;; i"" 
"t 

ferricyanid'e.at a coated gold

electrod.e,tu to l it. '  ihu g'ui" morpholo.gy of thermally

deposited goralnJ ti i tt i  f i lm on aiuminum and silver

oxid.e =.tbrtr"i;it ""; 
to ull?t^gramaticaily the wetiing

pt"p"t t i .s  of  evaporaced goid f i lms'"

The bondii of ^ t"rna" head g:otl, '"^1:::ttrate rs

expected'  to impart  strong,oond-oi iented order ing in the

plane of the fi lm. A modei it p;;;;; b-v Ou{ar tt 
"1"'n

;'*.#.J iit- trtlmtotption of hvdrogen sul'rde gas on

(8) Dorser, D. L., ]1o::' P:.lv'' 
wittmara'

.r.)7. s.i.-u.s.-r' tgsr, s lr. le13'ad' sct' u')"{ ' "". ' i tn\ ' i l ' '  nt ' u' Ensl' rer6' l5' 5;3{66'
( 9 )  L e g a l y ,  G .  A n g e w  , r .  r , .  c * _ . . - -  

t ; ' i  . ' ; i t ; r . . t . :  C a m(9)  Lega ly ,  G-  A lCe-y '  v tLe t I ' ' '  r I ' r '  ev '  -  
h .  U ;  E l l iger , . { . :  Cemeron.
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(100), (l1l), a'd' (110) f199t of gold singie crystals under

ultra-high-vacuum condiiions using LP and Auger

spectroscopies. ffttt tJ:-"tinta four lnnD patterns for
"t""r?-o-aiil.".i""J sulfur layer 6n {u(100)' Each ex-

hibited similar tq"*t mesh diagrams but different coor-

dination ,v**.i,itt, Jt'o'pci* tutopuratules' and in-

tui..rmd. d.i.t o.... The mosf, stable structure appears

at, abour half-saturation coverage and' conforms-to the

overiayer ptzxzii["-tt 'ftu minlmum sulfur-ulfur diq-

tance is 5.76 A-twice the separation between Au atoms

;;; t i irof d'irection' At higher saturation coverage'

rotation ^rra .o.,'iaction of the surface mesh gave LEED

evid.ence of *i.roJomains having the following overiayer

structures and.;; i;; cizx2)'"d* : 4'9? l; p(6x6)' d*

= 3.80 A; and c(4x4) ,  du = 3 '64 A; In the most densely

packed. structure, the sti ifur.atoms are believed to coor-

dinate with a 
""i^Uf" 

number of gold atoms and with

;;"d";;g sux* atoms' On the (111) Au face' exposures

;;il1"d; t;;; hvd'og.u" 1$fide 
give onlv half-satura-

tion coverugu uJ'i"'ttr"*"i""a by quantitation 'T"dt: :1"'
sui fur  Auger peak Dif f ract ion shorvs a p( lXl)  array ot

spors, .o.r..pot'[ing-t;l[t ad'sorption of less than ha]f a

monoiaver of sulfidJ' Grearer coverag-e c-9uld be achieved

only by exposure to both F{2 and H'S' Indistinct structtues

that were init iajl i  rot*ta-o*l"g ig the high suifide rno-

bility on this fu.. '-ttti-ateiy try=olli"td into a complicaced

saturation structure'
we underrool-* ,.r ies of electron dii iraction studies oi

d.ocos;-i , ' ' ' .r."pll rcnrttt ')"SH' RSH)' didocosvl sul-

f ide (RSRI, unil ia"-t*vi aisuinae (RSSR) adsorbed on

crysrall ine gold surfaces to examine the effecr of substi-

tuting different head groups as weil as rhe roie of substrace

symmerry in deti- ' ining the modes tt t l i ] l :acking'

Boch trallsmrssion and surtace reflection erperlments were

performea i., "rr*'.Tr*i lo 
.u"niate in-plane anci plane-

parallei structures' The lattet .h."t not ye[ reveaied any'

weil-d.efin.o ..n..iions aftributable to the organic suifides-

Exper imental  Sect ion

Materials. Didocosyi disulfide- (mp ?6-78 "? y3s svnthesized

in rhese laborarc^r*JLv i*"rt..rro"r. and Yu-Ta-i Tao; ciiciocosl'l

sulfide (mp i?.glig.o;Cl and docosyl mercaptan-({rp-a6-a8 
'C)

were sy'nthesized lv'E**t B' Trouehton'18 tH NNIR spectra

of each compound iho*ed no euidenie of any impurity. cyclo-

heryi *.r.tot'rr;;;;*thased from Aldrich (nominal purttv

99.9 % ) a-nd *'^t us"[ JiiUout furrher p uriiicalion' Hexadecane

iffi;;h crr:-i.Jl".), *i,i"it had a nominai puritv oi 99% ' 'vas

f*rrher O*uruo-fr i[#.f"ri"n rhrough a co.::nn of a]umina anci

storedu-nderruf,rogen'Allorganosttlf'titomooundsweredissolve<i
;;;,h.;;="dtciaoe or absolute ethanol'

Thego ldwr reused ' i o r vacuumevapo ra t i ons (99 .99%pur i t v )
was obu.in.d F.;; Alpha Ventron.and Engelhardr Single-'cr-vsmi

sodium.frforia"lN"'Ci l  *d Barium f lu' ]r ide were supplied by

optovac, rt . ' ,  *[  J;; ; ;a inco sl ices approximacelv I  cm] x 2

mm thick dong;" Jo*irl"rrt cleavage olanL."n$ a razor biacie'

\lica sheer. *url'l"p-"t^red by forcing distilled Ea.er betw'een

leaves ',vith a hypodermic syrmge' Sili"con waiers rvere oblaineci

i" i tool urra t i i l l  or ientat ions trom Monsanto' :-1
Sample Pt";; ; i"" ""a, 

Treatment'  A variacion of ihe

meshod or e".-itiuy-; *a' uttd'-to oltaitt orienreci single-cryscai

ij1 ';L ̂ "lHr ;.rui:':i $:fr l"ffiillilr,"* xru:
F:lt:t:""':t.T:'ion held 

"' "'"-p-"';;; 
of 309'c rhe cie-

positron *.t ;;;d out at rO-i-rO+ Torr in an oii difiusion

oumoed .u.. .#.Ou];;  Irh 
a l iquid nitrogen trap assembil"

.t#..iile.' A;i;"ii had been deposited, the temperalure 'o'as

s lowly  ra isec i  ;  - i1o""C '*J .u i r r .quent ly  lowered to  e" 'b ienc

lemperatur" u'-^- '" te of about 100 'C h-t '  Iniciai ly '  a pree! 'a-

t'?rilt3;?'.;,T];., 
Nicorson. G. r. s c i e n c e (w as h i ryt o n' D'c ) rs' 2' 1 7 5'

?20. Papahuajopourot,'i;:ii9;Jo'-M't Euttt' E' H'; Isac' T' Btoci"tim'

'rl!;iij.'J, ltl i[t;3li t'' Robbins' !t' o' Phvs' Reu' A' Racici

coii"" ' 1e86' 33' t itf i3l?ii ' : 
' \ l lara' D'L' J' Am' chem' soc' leET'

(14) Nuzzo'  R'  G' :
t'ii3itatt"?S, 

K. R.: whitesicies'.9::\{'' Godfried' H' P'; Silvera' I' F'

nr,). S.L-i"uru^- 1986, 57' l-38-1-tr,93

;'!Tr ffr,'# i{*fit,'? ff.l i;ll:: I I l;l.l-
" 
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porated layer of si lver was used to try to reduce the deposited

ifri"t"... of gold. necessary to produce a continuous crystalline

foil. Our hopl was subseqlenciy to dissolve this preevaporated

i"V.t it 0.1 N nihric acid. Auger analysis of the acid-treated foils

sho*ed, however, that the si lver could never be completely re-

moved from either surface of the foil, and we conciuded that trace

nmounts of silver had alloyed with the gold. This sulface con-

tami.ration precluded the use of silver for minimizing foii

thicboess. Oriented crystal.line foils to be used in TE|VI studies

e/ere removed from their substrates by dissolving the substrates

in distiiled, deionized water.
To avoid possible interference by absorption of surface con-

taminants, the single-crystal foils were electrochemically cleaned

by cycling through potentials between +1'87 (NIIE) and +0'17

V tNHgt *he.e goid dissolurion is essentially avoided.:1 The

apparatus co accompiish this cyclng consisted 9f "t 
electro-

che*ical cell containing 0.1 N HCIO{ as electrollte and gold

working and control eleitrodes. The reference electrode was a

double]unction Na2SOr/Ag-AgCl electrode, selected io reduce

chloride ion cont^-inai ion. The single-crystal gold foi ls were

floated onto 3-mm polycrysralline gold mesh electron microscope

;t4..  A grid conraining the sa-ple substrate was sandwiched

6"t*"u., 6iro gold foil covlrs, each cover having a 2'mm perloration

to permit,  conract of electrolyte with thg 5nmple. The foi i  con-

taining the crysra-l l ine snmPle was connected as che working

"iectrie 
in a clclic voltammetry conirg*ration. The vo-itammerry

..f i  *"" perfused. with argon. After 10-15 min of potentia-i

cycling-an interval sutficient ro produce a clean surface volt-

" 
-Jgtu- of polycrysral l ine gold??-rhe sample rvas removed

fio- t" iru cei l  and . i" . .a twiceln dist i l led, deionized water and

f-rna-ily in ethanol. The sample was immersed in a solution con-

t^";g the desired adsorbar,e and lert for at least 2 h; presr-rmabiy

bosh f 'aces of the foi l  rvere covered rvith the acisorbate. Ethanol

was found to be che beCter soivent for rhe adsorpcion because i t

did nor cause curling of rhe se,mple foii. Adsorption was carried

our at 25 'C from solut ions that had been made si ightly super-

sa[urarcd by warming to abouc 35-10 oc. Fina] rinsing was done

in absoluce ethanol Jr i t t  h.*^ciecane fol lowed by reagent grade

hexane.
The eifect iveness of this procedure in producing close-packed

organic monoia;-er t-rlms was judged by pardlei voltametric and

.iilp.o-"rric measurements using either vacuum-deposited gold

f-rLin on silicon, polycrystalline foil, or the (111) faces of buil< goid
' '  

ciysrals. Under potentiodynamic condit ions, the cathodic po-

tencial vs currenI dispiay of a gold electrode shows no hydrogen

adsorption from which the reJ surface area can be determined.

Howerrer, the real surface area can be estimated from the inte-

grated currenc conrained within the- oxygen adsorption region

during the anodic potenUial sweep or from the or.vgen desolotton

region on sweep reversal.z \Vhen compared to the-geometric area

oith" sa.r,plei, the measured surface zlrea:l indicate a surface

roughness from 1.3 for evaporalsd films and2.+ for polished crysi:]

.*i^.".. The anodic oridation of surface disulfide species gives

" 
p""t potential that increases positively (for a h-sed sweep rate)

a-ethe chain length increases- Ditl.,'1ftd"t are presumed to adsorb

[i*rrity as thi]olate on gold (111) faces.38 If one assumes that

iiao.o.Vi disulfide adsords as thioiate and converts to a terminal

sulfonic acid by a five-electron oxidation, it is possible to calculate

the originai surface coverage from the integrared charge under

the oridacion peak and the measured surface area obtained from

the total charge concained u-nder rhe oxygen desorpcion peak

exhibied by the clean gold surface-. Such measurements tlpically

;;F;.;;rage betwein 8 x 10-'0 and 10 x 10-'0 Tol/cm:' The

theoretical coverage of a hcp monoiayer having 5-A chain sepa-

rat ion is ?.?6 x 10-to moi/cm2.
Film thicknesses were obtained from ellipsomerry dat€' ot

did.ocosyl disulfide, aLed d.ocosyi mercapcan, and docosyl sulfide

ad.sorbed onto freshly evaporated goid foi l  on pol ished si i icon

substrares. These *.i. .o-pared with values obtained from the

(21) Schuitze, J. lV.; Vecter, K. J' Ber' Buruen'Ges' Phys' Chem' L97L'
, r =  1 a n

(22) Dickertrqarn, D.; Schuitze, ,1, W'; Vetter' { ' ; '  -ft.elrroana['
Chei ' . Int" r ior .  t t r i t i r i r "^ .  1971, 55,  {29.  Rand, D'  A '  J ' :  Woods'  R'

J . - i t r r t ro " ia l .  Chem. l971 '  3 f  ,  29 ;  1973 ,  14 .83 '  ! { i ch r i '  A '  ' { ' :  Pshem-

i" t* i tou,  A.  B. ;  Burshsrein,  R- L.  Etehrroizhin iya 1972'  8 '  36 ' { '

Strong and Whi tes ides

srme compounds adsorbed on eiectrochemicai ly cleaned poiy'

crystalline and singie-'cryst€l foils. There is a difhculty in obtaining

,-,oifortn dielectric conslants over the entire surface area of the

eledlochemicaliy cleaned foils (owing to local variations in surface

roughness). It is, however, possible to obtain meaningfui thickness

measuremene provided one coUects the ellipsometry data from

the same surface area both before and after adsorption. For

didocosyl disulfide the thicknesses so determined were indistin-

guishabie whether the data were obtained from electrochemically

Ile"oed substrates or from the freshly-evaporated gold foils.

Nlonoiayer thicknesses were crithin 2-5 A of the value expected

for a tuliy ercended 2l-carbon chain (30 A). Similar results were

obmined for docosYl mercaPtan.
Electron d.iffraction experiments were carried out at 100 and

120 kv on a Phil ips EM 420 transmission electron microscope

equipped rvith a Ob-deg eucentric single a-ris tilting tqg^"' L:::

bu"-^..rt tent densit ies at the sampie of the order of 2 X 10-"

A/cm1 were achieved by insert ing a 30-pm condenser-aperature

urra UV red.ucing the normal operating fiiament and emission

currenrs. The area of sample illuminated by the bearns was usually

iOOu-r. We did not deciease this area to belorv 90 pm2 because

of acceleraggd 5ample damage- High-speed X-ray f i im (Kodak

lndusrrex d{-5) was used, al.lowing a fivefold increase in sensitiviry

over convencional imaging plates to give satisfactory eiectron

diffract ion incensicies t i i t f i  ^ beam doie berween 2 X 10-5 and - l

" 
if" Ci*r2. Erposures longer than &-i0 s at this dosage resu-lted

in the irreversibiL conversion oi discrete dif fract ion spots from

the monolayers into concinuor-rs amorphous rings' A lorv-dose unic

was empioyed to prevent radiat ion damage lo areas of rhe

.p..i-.n ,ut... difiraction informarion rvould be obtained. This

unic translated the ber- to an unerposed area of the specimen

after the camera shutter openeci and rerurned to a presel focusing
josirion arter the shutter ciosed. Th6 transiarion usualy producxi

a srreak on rhe esposed f i lm rvhose iength depended on beam

displacement: the origin of chis streak is, however, unambtguous'

Because of the progr-ssive degraciacion of the samples on inter-

mirtenr exposure. it was not possible to obca-in a tilt series within

the same sample area; the iranslat ion controls were removed

slightly before each exposure to produce diffracrion from an area
.. prJ*.iot siy unexposed to the elecrron beam. .A.fter diffraction data

io-eru obt"ineci from any given area of the sample, this same area

was usually imaged to tu =ut. i t  was representative.and did not

conrain alry mutiitayer precipiutes. \'luitilayer precipitates were

.."n *.*ionally for th; dialkylsulfide and the dia-tkyl disulfrrde'

The thiclcness of the gold foil could be deduced from subsidiary

maxima of extinction contours a1d was found to range from 400

l. g0O f. The beam oriencai ion rvith respect to the-substrate

normal was d.e[ermined from the underlying identifiabie Au re-

ciprocal lartice zones. The precise orientation varied from poinc

to point in the specimen because of the buckiing of the gold foiis.

The radii of cu-nrature of the rumples in the evaporared foils rvere

*"**ud by assigning extinct ion contours with the goniometer

,,"g" uft r*i. 
"odr*elping 

them across a known distance in the

i* ig" f  y small  t i l ts determined from the gauge of the samoie

hold'er. The range of the curvalure radius was thus found to be

1[J-1g; 1. Thi i  elast ic rumpiing could produce a ma-rimum

effective t i l t  between 0.01 and 0.1 rad (dia-.ter of selected area

over the radius of curvature of the bend) or less than 6o of t i l t '

o. ierrr"t ion of the sublatt ice could be determined by applying

tir" *"t|od of Otte, Dash, and Schaack-J for large camera lengths

and rhat of Laird, Eichen, and Bit ler:{ for crmera iengths less

than 950 mm.
Elecf,ron diffraction from singie-crystal gold foils in (100) and

(111) orienrarions show, in addit ion to rhe dif fract ion spots cc'

i".iai"g wirh inrersections of the refleccion sphere anci the re-

; i ; ; ;d latt ice for these orientacions' erlra spocs due co the

pi.r"r.. of microcwins and the double diffraction from rhese

structures. A face-centered cubic crystat in (100)-orienration is

susceptible to twinning on al l  four, (111) pian9l '  This.twinning

;;;" rise fo 
"aaitiooi 

points h ,l: reciprocal lactice thar either

co inc id 'ewi thmatr ixpo in tsorared isp iacedf rommatr i rpo in ts
;; ; ; ; ; ; . .  i t l l r<rtt) .?'  A seiection rule determines whether

H. F.  Ph;-s.  - { farus Sol iar  196{.

5,  527 .' '  
f  i l i  Laird. C.; Eichen, E.: Bit ier '  W' R' ' / '  '7ppl '  Phvs' 1966' 37' 2225'
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Figure l .  (a) Typical di i fract ion from docosr-l  mercaDtan on
Au"(rr1) with B : i1111., X = 0.0335 A, camera iengrh t i?2 mm.
(b) Indexing of diffraction spots.

a twinning plane will produce arr allowed twin spot. Conditions
for production of these extra spots have been eiaborated by
Pashley and Slowell . :6 For che case of a beam directed aiong
(100), the diffraction will conts-in the normal fcc retlections, each
at the center of a square array of equidistalt sateilites displaced
f rom the mabr ix  po in t  by  t / r ( t t t ) .

Normally, (111) films prepared by evaporation onto an epita''rial
substrate contain some microtwins. They aiso concain a high
density of disiocations that pass through the film, giving rise to
double-positioning boundaries commonly found parallei to (211)
planes. These disiocations can produce extra poincs belonging
to the (111) reciprocal latt ice section, but visua.l izat ion of these
requires double-dif fract ion condit ions to be satisf ied.r

Stacking fauits along (111) planes are commonly founci in fcc
evaporates. The kinematical theory of diffraction from a random
distribution of stacking faults in close-packed lattices has been
considered by Paterson,:8 who showed that certain low-angie
reflections-particularly {1111 and {0201-are broadened and
dispiaced along the direct ions of the stacking faults [111].

Ln the foilowing, we will need lo distinguish becween reciprocal
lartice veslors of the subsaate and of ttre organic hi:n- For ciarir-v,
those vectors pertaining to the substrate will have the desigrration

(25) Hirsch, P.; Howie, A.; Nicholson, R'. B.; Pashley, D' W'; Wheian,
M. J. Electron Microscopy of Thin Crystab', Robert E. Kreiger: Malabor.
FL,  1977; Chapter 6,  p 129.

(26) Pasir ley,  D.  iV. ;  Stowel l ,  )1.  J.  Phi los.Mag. 1963,.9,  1605.
(2?) Dickson. E.  W.;  Pashley,  D.  W. Phl los.  JIaq.  1962, i ,  1315.
(23) Pacerson.  !1.  S.  J.  Appl .  Phvs.  1952. 13.  805.
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Figure 2. Possible representation of the c(1x?) overiayer in which
mercaptan or thioiace groups coordinate with a variabie nu-mber
of gold atoms.

lhkl l"  and those perraining to the piane of the monolayer [uu]..

Resul ts

Docosy l  l l e r cap tan  on  Au (111 ) .  W i th  t he  e iec t ron

ber- parallel to the [i11]. zone a-xis of goid, the diffraction

o f  docosy l  me rcap tan  adso rbed  on  t he  Au (111 ) ,  f ace

presents a hexagonally syrnmetric array of spols wirh the

principal reciprocal latt ice vectors coinciding with the
(110).,  (101).,  and (011). direct ions in the substrarc (Figure

1) .  fhe observed spac ing of  a*  =  0 .2326 A- i  impl ies  an

interchain spacing of o = (o* sin ^/*)-L = 4'9? A (7* = 1209-),
which is consistent with the model of a freely rofating aIq''l

cha in  occupy ing an area of  21. {  A2/chain .  Th is  spac ing

is  the same found for  s tear ic  ac id  adsorbed on the (111) ,

tace of siiverr and is equivalent to the spacing between the

next  nearest  go ld .  a toms on the (111) ,  sur face (4 .99 A) .

Although the chain spacings are equal to the second

nearest neighbor goid spacrngs (v13), the monoiayer lautice

vectors lie in the same direction as the principal gold iattice

directions {1101,. Thus the monolayer lattice is not stricti-v*

epimxial to that of the gold lattice. The ciiffraction data

aie ,consistent with the coincidence iatt ice structure2s

represent€d by the cenrcred laf,Lice c(7x7) shown in Figure

2. The error of measurement of interchain spacings (*0.05

A) redounds to an uncertainty of *0.35 A in the size of this

coincidence unit cel l .
Dif fract ion from a similarly adsorbed cyclohexyl mer-

captar showed only the expected amorphous scattering,

thus demonstrat ing the dependence of the resuit ing pac-

tern upon the specif ic structure of the adsorbate.
Identi f icacion of the substrate ref lect ions in Figure 1b

reveals weaker {1l l f .- type spots not normally seen in a

[111]  sect ion.  They are v is ib le  in  th is  go ld  or ienta t ion

because of the superposit ion of the f irst-order Laue zone

refiect ions aiong with zero-order Laue zone ref lect ions

along the [i11] zone. The width of the Laue zones depends

upon the ertension of the reciprocal lattice aiong the benrn

direction. For relatively thick crysta-ls, it is quite common

for the wiciths of the zones to overiap.3o

The llll. reflections and multipie order f 10f. reflegtions

from the monolayer are not easiiy differentiated from su-

perlactice spots because they overlap with th.em. -In hex-

agonally symmetric packing, the primary [11f. reflections

normalty exhibit less than I0% of the intensity of primary

110f" ret lect ions.3l In order to provide intensiry data

suirable for structure factor alalysis by Fourier methods,

a

b

(29) Tucker,  C.  W.,  Jr .  Sur i .  Sci .  1972, 31,  L i2- i19 '
(3o) Hircch P.: Howie, A.: Nicholson. R B'; Pashiev, D' lV'; \Vhelan'
\ u v l  r ^ . . r ! . . r

\1. J. Electron il[tcroscooy oi Thin crystats; Roben E. Kriegen ]fnlnbor.

i i, fSfZ; Chapter 5, p 108- Jackson, .{- G' '/ '  Elecrron Mi*oscopy

Technioue 1987, 5,  3?3-377.
( ,3 i )  borset .  D.  L.  Biochim. Bioohvs.  . {cra 1975. 380.25i '
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Figure 3. (a),Definit ion of radial (q,r) and romrional (X) scans
through a hexagonal reciprocal lactice. (b) Radial phocomerric
scan across a represencarive 1101" Bragg spot. Intensity units are
arbirrarilv based on ar optical derair,."* scale. Solid circies reDresent
best-fit,Garrqsian line shape of half-width 0.0167 A-t. (c) Rotariona.l
photometric scan across a representacive 1101" Bragg spot.

one could attempt to correct the observed intensiti.es to
accounL for secondary scattering.32 Our present interest
required only that we approximate the contribution of the
superiattice intensities to overlapping zero-order !101o in-
tensities. We make this correction by simple subtraction
of an adjacent secondary reflection from the primary spot
of incerest. A radial photometric scan across any of the
(10)" reflecrions (Figure 3a,b) reveals a Gaussian intensiry
distribution with half-width at half-maximum of 0.0167
A-i. This shape suggests a domain size of 60 A, abour 3
times the dimension of the coincidence u-nit ceil but sig-
nific^ntly smaller than the separation between incoherent
twin boundaries in the substrate (-500 Al. e rohtional
scan through the (10)" rei-iections (Figure 3c) shows that
the chain packing preserves bond order to wirhin 6-7o of
arc. It is remarkable that there is no evidence of misre-
gistration of the monolayer on opposite sides of the sub-
strate as wou-ld occur in the presence ef stsgking fauits.

Spikes in the reciprocal lattice arising from the form
factor for the unit cell allow the same hexagonal {10f" re-
flections to appear over a broad range of orientacions of
the beam. With che benm or ienred along che [111].  zone
pris, the alkyl reflecuions have sixfold rotational symmerry
and uniform spot intensity. Since the incensity distribu-
tion is determined by the spatially averaged orientations
over two 5emple surfaces, arrd since this achieves a mpx-
imum along the [111]. zone axi5, ths average chain orien-
tation lxust be along the Ii11]. direction. (We note that
since the two substraLe surfaces are antiparallei, there may
be some tendenry to sy:rmetrize rhe azimuthal distribution

Strong and Whitesides

if the chains themselves are approximately para-ilei (see
below, Figure la).)

The organic lautice spacing and interplanar algles cor-
responding to 110f. reflections appear to change with ori-
entation depending upon where tJ.le reciprocal latbice spikes
intercept the reflection sphere.s When the elechon bea-
is ti i ted off the [111]. zone axis, the sixfold symmetric
Bragg reflections seen in orthogonal projections distorc to
lower symmelry (Figure 4a-c). The distortion increases
with the magnitude of the tilt angle and is maximai along
directions perpendicular to the beem ti lt a-xis- The di-
rection of displacement of rei-lections of a cubic crystal has
been calculated for the general case where the eiectron
ber- and the reciprocal lartice spikes pass along different
arbirrary directions of the reciprocai lattice.2s The di-
rections of displacement have been calculated for each of
the beem orientations shown in Figure .1, assuming that
the Bragg rods are on average parallel to rhe [111]. zone
axis, i.e., they have no preferred azimutha-l direction. The
calculated splitt ing directions are in agreement with rhe
dai"a, thus reinforcing the conclusion drawn from the
uniform and symmetric spot patterns.

Garoff et al.r3 have shown that it is possible to evaiuate
the spatia-l average inclinarion of paraffin chains from
measurement of the intensity falloff of the ll0fo retlecrions
wich increasing beam ti lt. In the kinematic i imit, scans
of the diffracted intensity along the Bragg rods normal to
the substrate have roughly a widrh inversely proporrional
to the thichress of the monolayer. The thickness decreases
for increasing angle of chain ti i t. In the present syample,
however, several complications arise. A compiete tilt series
from one area of rhe specimen cannot be obtained owing
se 5ampie labi l i ty  in the beam. Further,  the r i i t  angle
changes from place to place on the sempie orving ro
buckiing, of the gold foii. The simultaneous diffraction
from the substrate as well as from rhe organic fiim, horv-
ov€r, ell6sis determination of the beam orientation for an_u-
given exposure. The idenrif ication of the zone axis from
an observed combination of Bragg reflections of the sub-
strate orients the beam with respect to the substrate- A
factor iess readily overcome in measuring failoff in inten-
sicy with bea- ti l t is the variable substrate attenuation
resulting from the dynnmical scattering from the gold
substrate. Extinction distances for all iow-order gold re-
flections are below 300 A$'et-substantiajly less than the
substate thickness. Therefore, transmif,fed and diffracted
ber- intensities from the organic fr]m wiil be reduced by
systematic multiple reflections from gold. The magaitude
of this reduction depends in a compiicated way upon the
particular reciprocal iattice points intercepted, their ex-
tinction distances, the deviation parameter, and the
specimen rhickness.

Diffraction data were obtained from discrete beam
orientations, including the foilowing sets of zone axes:
I t1t ] . ,  [211]. ,  [231]. ,  12211.,  and [233], .  This ser ies con-
stitutes up to 23" of t i l t wiih respecr to [111].. Parts a-c
of Figure 4 show the general intensity of the (10)" reflec-
tions with increasing tilt angle. To circumvent the probiem
of anomalous absorption producing false monolayer spoc
intensities, the sample was rotated around a common ro-
tacion a-xis ( [011].  for  (111)Au, see Figure 4a,b) and the
intensities for all f irsr-order monolayer reflections were
measured. The reflections para-llel to the romtion axis fuavs

(33) Garotf,
Bloch,  J.  M. . /

(3 i )  F i i rsch,
)1.  J.  Eleccron
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S.: Deckmarr, H. lV.; Dulsmuir. J. H.: .{.lvarez, -\{. S.;
.  Ph-vs.  ( les L ' l is ,  Fr . )  1986, . i7.  ;01-;09.
P. ;  F{owie,  A. ;  Nichoison,  R.  B. ;  Pashlev,  D.  W.:  \ " 'heian.

.Vi.croscooy oi Thin Cq.srols: Roben E. Krieser: \laiabor.
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Figure l. Typical representation of the changes in the dercaptan diffractiod intensity and s''rIlIoetiy wirh bealn rilting. The angles
between the [111], and beam directions are given as rotetion at,rgles. The directions of the dispiacements oi rhe o.ganic retlec!ions
are given bythe anows (\ = 0.0335.1,):  (a)8 = [233]", roia. ion 10o, cadera lengxh t:01 rrrm; (b) B= [!11].,  ro.arion 19.5o, camera
Iengrh 1396 mra: (c) 8 ="[231j,,  rotal ion 22.2o , caaera leng:rh 1189 mm. Displacemen! is along It9+],.

; , . .

am effectivE e, = 0 component, whiie those off axis have
the g" component given by the deviation paremeter q; =
qlo t* 0, where. d is the rotation angie. The intensities
of these off-axis reflections w'ere divided by the intensities
of the on-axis reflections after subtracting the contribu-
tions of overlapping superlattice monolayer reflections. We
plotted the peak intensities so obtained versus the corre-
sponding gz vaiue for the [233], and [211]. ben- orienta-
tions (Figure 5). Although there is measured noise in the
resulting normalized intensity data, it is clear thas the
snrnpie exhibits Bragg spikes out beyond Q" = 0.5 A-1
correspondrng to 0 : 20". At half-intensiiy, q, is estimated
to be between 0.6 and 1.0 A-t, corresponding to 0 = 25-35o.

Docosyl Mercaptan on Au(100). Docosyi mercaptan
adsorbed on the (100) face of goid exhibits diffraction spots
on a square array oriented along the gold lattice vectors
[100]. axd [010]. (Figure 6a). The spacing along these
direcrions is equivaient to 0.2203 A-1 a-nd corresponds to
an interchain spacing of 4.il A The square array is simiiar'
to that seen in a (001) section of the reciprocal lattice for
a base-centered square iattice. The four observed reflec-
tions would lie a-long the [11]. and [11]" directions, rotat€d
by 45o with respect to the substrat€ [110]. a:ed [110]. di-
rections (Figure 6b). Apparently, the expected {20fo re-
flections, if present, are too weak to be detected or are
complet€iy suppressed by disorder in the organic lattice.
The 110f" reflections are forbidden by the structure factor
for a base-centered ceil. The absence of {20f. and high-
angie retlections make this identif ication subject to the
theoretical evaluation of the structure factor under con-
ditions of imperfect translariona.l order. lVe have not yet
undertal<en this calcuiation io see what kincis of disorder
c roduce the  measured in rens i t ies .  The mosr  l i ke iv  as-

Figure 5. Variat ion of photometric intensity of monolayer re.
fleccions *ith g, at X = 0 and constant q,, tbr.{u(11i) and Au(fCO).
Q,o = 2r/ length of hydrocarbon chain (1.04 A + 1.8 A + 2Ll2 x
2.54 A) = 0.213 A-1. Solid circles: l10fo rerleccions from didocosyl
disulfide on (111),, ?ro = 1..{615 A-i. Open circles: f l0lo retlecuons
from dodosyi mercaptan on (111),,  gio = 1.{615 A-i.  Checkeci
circles: {11fo rerlect ions trom didocosyl disuif ide on (100).,  g.,o
= 1.3840 A--t.

sumption is that t i i t  variat ions or screw displacemencs
along the chain axis suppress the high-order ref lect ions.

The two-dimensional unir ceii for such a base-centered
structure is a square 6.42 A on a side with corner and
base.centered paratfin chains. The packing densiqv is 20.6
A2/chain. The chains have a spacing that does not con-
form to  the f ree ro ta tor  modei ;  presumabiy  ne ighbor ing
chains are locked into stat ionarlv posit ions determined by'
the over iapp ing van der  Waals  iobes of  the meth-v- iene

s rouos  ( see  F i su re  7 ) .
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Figure 6. ,1, t*,." diffraction from docosyl mercapt€-n on

t '-r jtoo), cameraidngth 146? mm, x = 0.0335 A, B = [0o11.- (b)
Indexing of observed ret-lections.

No other primary monolayer rerlections are visibie.

Separate superlattice satellites are seen around each gold

[Ujf l, zone ieflection. Like the case of adsorption on the

iifr l, face, the monoiayer spacing seems to be incom-

mensurate with the gold spacings. Since the spacing is 1
rational muitipie (10/9) oi the (100) lattice spacing and

the ret^l.ections are pa-rallel to the gold laCtice edge vectors,
we identify the overiayer as deriving from the coincidence
overlayer: c(10x10) (Figure 7)' The absence of a]l re-

flecriorn for a base.centered square iafcice other than those
for which (h,k), - (t l,+1) may mean that for translation
to coresponding points from one chain to the ne:t across
the subsrrate the displacements become more variable the

longer the surfacs ;lansiations. This would have the effecr

of iandomizing the phase relationships for equivalent
points on neigltboring chains. If the structure were under

lhe controi of multiple coordinacion sites, small t i l t or
transiational displacements of chains would be likely and
woul,d have the same effect.

Translarionai order is appraised by obtaining a radial
photometric scan of rhe inrensitv through the 1111" dif-

!: ::::: : -o . *': Jl : j3'I : p'":i J "" : l- i, ! T : : T. 1': :
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tensiry (hwhm) of 0.00?5-0.005 A-t (Figure 8a,b) corre-

.po.rds to a correlation leng,rh of 130-200 A- This iength

is somewhat shorter than the spatial frequency of mi-

crotwins in the gold foii; it approximates, however, the

distance spanned by three to four coincidence lattices

piaced side by side. The angglar distribution of intensities

a-long the X direction in Figure 8c has an hwhm of 5-6",

indicating strong (head g-roup) bond-directed order con-

forming to the orientation of the substrace.

Didocosyl Disulfide on Au(111). The diffraction from

didocosyl disuif ide (RSSR) on Au(111) presents no out-

standing differences from docosyl mercaptan on Au(111)-

In terchain  spac ings (a .9? A) ,  domain s ize (60 A) ,  and

bond-directed ordering (hexagonal array wiih an angular

spread of  6"  (hwhm) centered about  the go ld  hexagonai

lattice) are indistinguishable from those of the melcapran.

Nleasuremenrs of rhe disulf ide spacings also shorv hexag-

onal sy'romerry for the case of zero beam tilt (beam parallel

to  I f  111. ) .  Th is  symmetry ,  together  w ' i th  the un i form

intens i ty  o f  these spots ,  ind icares that  the z igzag chains

have no preferred azimurha-l direct ion. At the same cime,

rhe inrens i ry  o f  rhe {101"  re i - lecr ions a lso appears  to  fa l l

sl ighrl ;v less rapidly with increasing o, rha,n the fal loff  for

rhe corresponding mercaptsn (see F igure 5) '  a- l though the

error  o f  measuremenl  does not  enable  accurate  quant i f i -

cat ion of these dif ferences. Parts a-c of Figure 9 shorv a

series of dif fract ion photographs in rvhich the beam ti i ts

f rom the I f  1 l ] .  to  the [ !31] .  zone a- \es.  The average chain

t i l t  appears  to  be ac leasc as greac as lhat  o f  the cor re-

sponding mercap[an. Like the mercaptan, the syrnmerr-v"

and uniform incensiry of the l11lo retlecrions for zero beam

ti i t  suggest that the paralf in chains have a t i i t  direct ion

that is iyrcometrized abouc the substrate normal '

Tn nrenar ins  d idocosv i  d isu l f ide monolayers ,  we d is-
r ^ ^  l J ^

.orr...d ifr"t i i  we allowed excessively long intervals oi

adsorption (a period exceeding 24 h), multi lamellar cl,vs-

tall ine structures formed. These have the appearance of

quasi-regular patterns of ciosely spaced spots (speckling)

tiat appear to be centered about a heavier primary spot
(Figure-10). This effect has been observed in -a paitern

froil polycrystalline diaceryl by Cowiey et ai'3? and has

been 
"ttt ib,rt.d 

to secondary diffraction from layers of

crystal varyrng by a few degrees in orientation. It is an

ex'ample of t|. rotational slip between crystalline layers

leading to poiycrystalline domains. In this case long ad-

sorptiJn plt iods-occasioned the formation of multipie

iayers with no registry between layers'

D idocosy l  D isu l f ide  on  Au(100) '  L ike  the  cor re -

spond.ing mercaptan, didocosyl disuifide on Au(100)

p.u."oddiffracrion spots in a square a-rra)- of uniformly

ill**u spors directiy aiong^ the [100]. anci [010]. axes. The

spacing is 0.2203 1-t ia.a-t A) ipigure 11a,b). As previousiy

.*pl^iiud, these spots were artri6uted to the (11)" and (11)"

reflections of a base-centereci square lattice- Higher order

{hn}o reflections were not observed. A translationa-l cor-

.. lrt lor, lengh of - 130-200 A was measured. Measure-

menr of the decrease of intensiry of the 111f" reflections

as thebet .n is ro ta tedabour the(100) ,e 'v iq ind ica tes thac
total extinction occu6 for a rotaCion of iess than 18o (see

Flgule ;). This was determin..d by ti l t ing the beem to

coLcide s/-ith rhe [013], zone a-'ris. A,' accurate measure-

ment of the 
"uur"ju 

chain tilt is not yet possible owing to

the l imiced. ,-ouir of data coLlected, yec it- is clear that

i i- i. . ig"if icantly less than the ti i t erhibited on (111)Au'

We esiimate lhe average ti i t angle to be between 6" and

L 2 " .
Unlike the case of docosyi mercapcan' horvever,' e^xcep-
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Figure 8. (a) Deirnition of a radiai (q') and rotational (X) scan
through the reciprocal lattice of a base-cencered rhombohedron
reciprocal latt ice. (b) Radiai photomecric scan through a {111.
Bragg spot. Inuensity units are arbitrarily based on arr opticai
densiry sc:le. Solid circles represent best-frt Lorentzian line shape
of half-width 0.00466 A-r. (c) Rotationa-i ohotomef,ric scan across
a representative {111o Bragg spor.

aJong the [110]. and [110]. direct ions (Figure 11a,b) and,
less commo.rly, aiong [10O], and [010], (Figrue 11c). These
reflections have a spacing of 0.196-0.198 A-t (5.1G-5.05 A).
Up to 3 orders of ref iect ions are observed. The absence
of a compiete array of {10f" ref lect ions again suggests a
base-centered square iatt ice. Here, the dimensions are
^ l - . a , , -  - r r  
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Figtte 7. Possible represenlation of the coincidence c(10x10) overlayer on the Au( 100) face. Oniy ha-lf of the centered lattice is drawn.
Planes ot ' the zigzag chains are not to be int 'erred from this i l luslrat ion.
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structure with a density of about 25.5 L2lchain. The chain
spacings suggest f reedom of methlr lene group ro[at ion.
lVhen the edges of  the uni t  cei l  are or iented along I i001,
and [010].  ( i .e. ,  [10]"  is  paral le l  to [1001. and [01]"  parai le i
c o  [ 0 1 0 ] . ,  F i g u r e  l 2 a ) ,  r h e  s p a c i n g  i n  t h e  [ 1 1 ] "  a n d  I i 1 1 "
direct ions is incommensurate rv ich the gold spacings (ac-
tuaily (7 lSJv'2a), and the overlayer corresponds (Figure
12a) to a coincidence laf t ice of  the type c(( i  l2) \ /2x(7 I
2)J2). lVhen the edges of rhe unic celi are oriented along
[110] ,  and [110] ,  ( i .e . ,  [10 ] "  i s  para l ie l  to  [110] . ,  [01 ] "  i s
parallel to [110]., and the monolayer unir cell is rotated
45o with respect to the gold subiattice), then the spacing
in the [11]"  and [11]o direct ions is also incommensurate
with the gold spacings (actuaiJy (514)a), and the overiayer
corresponds (Figure l2b) to a centered lattice of the tlpe
c(5x5). Neither [20[o nor any higher angie reflections are
detected.

Photometric scans in the rotation direction (X) show an
equivalent magnitude of bond disorder for all monolayer
phases. The arrgular spread of (11)" and (11)o reflections
is 14o (ful q/idth at half-maximum). Of the lowest density
phases, radial scans indicate a translational order better
tharr 0.002-0.003 A-r, which is 2 times sharper tharr that
seen for the c(10x10) square overiayer reflections. Re-
flections from the c((712)^/2x(7 l2)J2) overlayer were
used to estimate the outside l imits of instrumentai
broadening to all measured line widths. Line widths of
these reflections corresponded, roughly, to the spa[ial
frequency of substrate imperfections ((111) microtwins on
a (100) surface have an average separation of 40f500 A).

Beem-tilting measurements indicate that while both rhe
high-densify and low-density square overlayers have con-
formations in which the average chain tilt exhibits rota-
tiona-i syrnmerry with respect to the substrate normai the
low-density square reflections quench much more rapidly
with variation of q" than do the high-density refleccions.
Their intensity falls below visibil i ty for Q, = 0.1 A-r, in-
dicating that on average the paraffin chains in the low-
densily square phase are tilted very siightly, if at a-li (<6").

Didocosyl S ulfide. Multilayer precipitaces of diciocosyi
sulfide grown overnight from ethanoi on Au(100) presenc
an orthorhombic crystalline lactice (Figlue 13a,b) wirh cell

?
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Figure 10. Example of multiple diffraction through a multipie
layir of didocosyl disuifide in which a stacking disorder leads to
the observed speckling pattern. Ct-era length 1348 mm, \ =
0.0335 A.

however, assembled in appreciably shorter t imes (1-2 h)
and thoroughly rinsed with solvent exhibit the snme basic
features as monolayer filES of didocosyl disulfide (Figure

i1). Monolayer fi lms of didocosyl sulfide assembied on
Au(111) also present indistinguishable diffraction results
as didocosyl disuifide on Au(111) (Figure g). In consid-
eration of the larger difference in binding arfinitv of sulfide
and disulfide for gold,35 lve suspect that frace disulficie

impurities might be responsible for the observed diffraction
results. More work is needed in quantifying the emount

of sulfide bound before we can safely conclude that it has
a-packing isomorphous w-ith thac of the disulfide-

Discussion and S urnrnary

TEM data of self-adsorbed docosyl mercaptan and di-

docosyl disulfide on crystaliine Au surfaces show these

alkanes to be packed in disordered crystaliine (or para-

crystalline) arrays, wjth long-range bond oriente'tional
coireiations and varying translational correlations (see

Table D. Substrate stom symmetry and spacings play an
imporrant role in 6tablishing the detaiis of their molecular
pa;king. An hexagonal close'packed (hcp) distribution of

iurfacJ goid atoms (i.e., a (111) face) gave in-plene dif-

fraction data erhibiting two-dimensional hexagonal space
groups wiih spacings and orientations conformiag to rhe

Ioi.r.ide.rce overlayer c(7x7) for all tiree head groups. The

interchain spacings @.97 A) are sufficiently iong that the

intermolecular contacts shouid permit CH2 group rotation.

spacings bebween alkyl chsins wer€ siightly larger than the

,p".i"fr fotrnd for hcp LB fihrs of cadmitrm stearates and

lipid.35:and fatby acid monolayers..fl- Head group bonding

is presumed to impart some drllerences compared. to

,t"u.U*.. in which the end groups are uncorEtrains(L Th.

d.ensity of the unit ceit is stightly smellsl in disuifide and

merca;Bn Eonolayer. t-!ro in other alkane microcrystals
(area ier chain is 2L.4 A2 for didocosyl disulfide a-nd do-

cosyi mercaptan and 21A2 for cad:r-ium Stearaie, compareci

,i iO A: fo; anhydrous phospholipids and lecithin3l).

(ge ) Do...r, D. L.; Hui, S. 1V.; Strozenski, C' l{ ' J' SupramoL Strucr'

l Y r b ,  J ,  r .' - i3 ; )  
Burnere t .  A . ;  Cho l le t '  P" \ ' :  Fe t te rson '  J '  B ' :  ' \b rah ' . " '  t s '  t s '
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'(b) 
Traniition from monoiayer to multiiayer

in which the fourfold sy-nmetric c(10x10) overlayer is presenr along with the oithoihoabic multilayer.
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Tab le  I .  Summary  o f  the  S t ruc tu ra l  Phases  fo r  Organosu l fu r  Compounds  on  Go ld

goid
face overiayer type repest ing uni t

two-ciimensional
uni t  cel i

incercha.in
dista:rce, packing

A densicy,
(+0.05 A) A:Tchain

transiational
correlation
distance, A

unic cell
l p n c r h  I

poiar
angie of

chain ti it
(d) ,  deg

(111) incommensurare c(7x?)
( 100) incommensurace c( 10x 10)

hcp
Docosyl Nlercapcan

b = 1-9i 1.9i 2L.1

9 < O

O U

130-200
25-35

20.6

t 1  | 60 25-35
20.6 130-200 6-12

base-cenLered  square  a  =  b  =  6 .42  1 .54

Didocosyl Disulfide
(111) incommensurace c(?x7) hcp 6 = - f .9? t .g1
(100) incommensurate c(10x10) base-cenrered square a = b = 6.12 4.J4
(100) incommensurace c((7 lD' /2x(712)\ /D base-cenrered square a = b = i .L4 5.05
(100) incomrnensurate c(5x5) base-cenrered square a = b = 7.2 5.10

quartitat€ the degree of crystalline order. The correlation
iengths for disulfide and mercaptar are similar,60 A based
upon {10f. retlections, and the i ine shapes appear to fit a
Gaussian fr.rncrion. This is slightly grearer rhan the domain
size that Garoff et a-1.33 found for the Langmuir-Blodgert
monoiayer of cadmium srearate, a_lthough the l ine shape
in the stearace monolayer fitted a Lorentzian better chan
a Gaussian function.

The mismatch betrveen the head group separarion and
prelerred taii group sepa.rarion in simiiar consrraineci aikvl
systems suggests ihe possibi i i ty  of  accommociar ion in
sui f ide alkyls b1'chain r i l t ing. i3 in cadmium stearare.  rhe

spot intensity changed q/. i th sample orientat ion in a wa-v*
that suggested that the long axes of the st€arate moiecules
were t i i ted, on average, some 8o away from the surface
normal. The tiit direction, however, is disordered- Nuzzo,
Fusco.  and Al lara t {  and Por ter  e t  a l . r6  have obta ined rhe
infrared ref lect ion absorption specfra of various chain
length disulfides ald mercaptans adsorbed on evaoorared
goid  fo i l  hav ing predominate iy  ( l1 l )  rex ture.  They in-
terprered the re lac ive sr rengThs of  c l I  screcch ing mocies
as resulting trom f'ully exrcncied alhvl chains rilred L.rrou..,
20o anc i  i i0 'o f f  the subscrare normal .  Our  beam-r i l r ing
exDer imen ts  a l so  i nc i i ca re  a  subs tan r i a i  amoun t  o f  cha in

>300 <6
>300 <6
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Figure 14. Representation of ttre way in which the double.sided
se-oie might falsely symmetrize ttre tilt direction of alkyl chains.

tilt in didocosyl disulfide and docosyl mercaptan. For
saamplo, the intensity of the {101" Bragg spors does not
diminish to below half-maximum trntil the sample is tilted
at least 25" from the q, = 0 plane. The pattern of spot
dispiacement with various arnounts of semple tilting and
the symmetric distribution of spot intensity when the beam
is paral.lel to the substrate normal demonstrate that the
direction of tilt is averaged over the azimuthal plane in
such a way as to produce effective Bragg spikes in the
direction of the substrace normal. If there were only a few
directions of t i l t along discrete goid surface vecrors thar
could sat isfy these condi t ions,  i t  is  conceivable that  the
effect of havine a double-sided sample would be to produce
a fa.lse averaging of the azimurh (see Figrue 14). It is more
likely, horvever, that the ti i t direction is uniformly disor-
dered on this surface.

Nuzzo et  a-1.38 compared X-ray photoemission and
electron energ-y ioss data on vapor-adsorbed dimethyl
Cisulfide with thar of the corresponding mercaptan and
concluded thar on the [111]" face of gold singie crystal the
chemisorpt ion occurs predominately dissociat ively as

"thiolate (RS), although a smaller componenr is believed
to adsorb molecularly. This may explain rhe lack of any
discernable difference in the diffraction on Au(111) from
didocosyl disuifide and docosyl mercapran. The absence
'of, any furrher :distingrr-ishing characterisrics in diffracrion
from didocosyl sulfide is interpreted as originaring from
eiiher simiiar chain packing, despite the single bridging
sulfur, or to the presence of impurity disuHides, whose
binding affinity to the gold surface is orders of magnitude
greater than the sulfide. Beam-ti lt ing experiments are
presently too incomplete to differentiate the effects of head
group substitution on the canting of the moiecular a-xis in
these cases.

On the (100) face, a square array of substrate atoms
produces two-dimensional square alkane lattices- Three
different disordered crystalline phases are observed for the
didocosyi disulfrde G.SSR); only a single phase is obsened
for docosyl mercaptan (RSH; see Table I). In all phases,
the systemaric absence of reflections, other than those
satisfying the condition h * k = 2n (n = 0, 1, 2, erc.),
indicate base-centering of the two-dimensional square
lattices. The phase common to all head groups exhibirs
an interchain spacing of 4.54 A, which is short enough thar
intermolecular contacts wiii determine the azimuthal
orientation of each chain (see Figure Z). The spacing is
a rational muitipie (10/9) of the goid lattice spacing. The
overlayer is therefore presumed to be the coincidence-
centered lattice c(10x10). Eirher variabie substrate co-
ordination symmefry (tluee to fotu coordinating Au atoms)
or point defects in the chain (trans-gauche replacement)
is expected to produce this packing.

in this phase, only the four reflections (h,k) = (-L1,+l)
are observed. The missing (2n,0) and higher harmonic
(h,k) refTections are presumed to be smeared out either by
small latt ice deformations or Debve-Waller f iuctuations.

(38) Nuzzo, R. G.; Zegarski, B. R.; Dubois, L. H. -{. J. Am. Chem. Soc.
t987.  109.  ?33-740.
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In both cases, the reflectiorx rvould become more and more
diffuse in all directions w-ith increasing distance from the
central reflection. Packing couid be more variable for this
phase because azimuthal aiignment of adjacent chains
wou-ld be coupied both to substrate roughness and to chain
til r.

Despite the absence of a simple, common lattice match
with golci, the c(10x10) square phase shorvs crystall ine
order over i30-200 A in the direction parailel the near-
est-neighbor vectors. Evidently, ordering in the {111. di-
rections is benefitted by n."ru.l-oeighboi contacts. Pos-
it ional correlation in the [10f" directions (direction of the
gold face diagonals) could be considerabiy less. The sta-
tistics describing the fluctuations of the unit-ceil edge need
not be the same as those describing fluctuations of the
shortest intermolecular vector. Despite this evidence of
poor translationaL ordering in one direction, the aikyl
chains retain Au-S subsrrate bond-directed order to within
*6o over the ent i re area intercepted by the probe (400
trm2). Given the possible variabii ity of Au-S coordination
for this phase, such bond-directed ordering is remarkable.
I t  is  probabl- t"  re inforced by strongly directed inrerchain
contacrs (see Figure 7).

Didocosyl disulfide forms severai different incommen-
surate phases on Au(100),  rvhereas docosyl  mercaptan
appears to form oniy one. One possibie expianat ion of
these differences derives from the observation bv Nuzzo.
Zegarski, and DuboisH thar, although rhe dominant, srable
chern isorbed s tace  o f  d imethy l  d isu l f ide  on  Au(111)  i s  as
a thiolate, some strongiy chemisorbed ciisulfide is retained,
and there mr-y be an equilibrium betrveen the disulfrrde and
the thiolaie on r .he surface. There is the possibi l i t -v* thar
both disul f ide and thiolare phases exist  on an Au(100)
surface. We expect rhe disul f ide chains rv i l l  pack less
densely than the corresponding thiolare chains,  because
the presence of the.disulfide bond iimix the contbrmarions
avarlable for intramoiecular chain packing and may pre-
ciude the incerchain registration thac allows shorr inrer-
molecuiar contacts (4.54 A). We suspecr that the phases
observed to have long spacings (5.1 A) may be attributable
to suface disulfides and the phase observed to have short
spacings (4.54 A) may be attributable to surface thiolates.
Thiolates may be able to exist  in ei ther phase, but ster ic
requirements may iimit disulfides to the phase wirh the
longer chain spacings. The singie phase observed on Au-
(111) for didocosyi disuifide may actua-lly be trvo phases,
thioiate and disulfide, but the disulfide phase may be
masked by its abiiity to pack into hcp laftices having longer
chain spacings (5.0 A).

The question whether the disorder in these monolayer
systems is l iquidlike or microcrystall ine revolves around
whether rranslatio nal co rre lations decay expo nentially wirh
distance or are truncated by a series of defects that pre-
serve bond order. Liquidlike phases could resemble the
hexatic (for hexagonal lattices) or tetratic (for square
lattices) states of i iquid crystais.3s Unfortunareiy, the
present data do not yieid sufficiently accurate statisrics
on the ti i t and positional disorder in these sysrems to
provide unequivoca-l a.'swers.

The nearest-neighbor spacings of  the c(10x10) phase
(4.54 A) are similar to those found in paraffin cryrstals wirh
orrhorhombic unit cells harring rectangular sublayers (4.5
A), i.e., those in which the chain a-xes are orthogonal to the
piane of  the end groups (designated R[0,0]  in Ki t iago-
rodskii 's notationo). In these bulk paraffin cr1'stais, the
CI{" groups in adjacent cha-ins are copianar. and the chains

(39 )  Ne ison ,  P .  R . ;  Ha loe r in .  B .  L  Fhvs .  Reu .  B :  Conc iens . .Va i te r
1 9 6 0 .  J I . 5 3 1 2 .
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themselves are untilted. The two-dimensionai monolay'ers
have a un i t  square ce i l  6 .42 A on a s ide (sur face area per
chain of 20.6 A2) compared to the bulk paraff in ortho-
rhombic R[0,0] structure with a rectangular two-dimen-
s ionaL ce i l  (5 .0  x  7 .42 A2;  18.6 A2Tchain) .  The reduced
packing densiry of the disulfide and mercaptan monoiayers
compared to that in the terminai ly unconstrained case
again leads one to suspect that there may be subsiancial
cz.nting of the molecuiar a*res in the direction of masimum
monolayer  vo id  vo iume,  i .e . ,  in  the d i rect ion o f  the go ld
unit-ce[ suCace diagonal vectors {1101.. One may speculate
that i t  is a variat ion in the angie of t i l t  along these di-
rect ions that is in part responsibie for the absence of the

120|" and high-order ref lect ions in this s,"-stem.
Some evidence exists to indicate that chain t i l t  of the

square laf,bice may be less than that encountered in the hcp
iart ice. One raeasurement of a l l1lo ref lect ion trom docosyl
Cisulfide at a q- = 0.-163 (beam orientation 18.5" a!va\/ from
the subst ta te  norma, l )  shorvec i  no res idual  in tens i ry  re-
main ing,  whi le  the in tens i ty '  o f  a  spot  f rom rhe hcp ohase
at a roughil , '  equa-l o, vaLue measured abour 0.6-f. ;  t inres
the ma-x i i : rum va iue obta ined a l  o ,  =  0 .  Thus,  the po lar
* , ' l r  ̂ f  ' l - ; -  - ^ , , ^ -o  , ) t , e r l . l \ . p r  me t ' be  COnS ide fab i v  i eSS  thanL I IL  U l  L l l r J  J \ - /  Ua l * l  g  \ J  \  c I  l d .  v  ( i I  r l - / . d . - !  L  ,

thar in the hcp phase. The direct ion of the spor distention
on  beam r i l t i ng  i s  cons i s renc  r v i r h  an  ave rage  o r i en ia t i on
of reciproca-l latt ice spikes Cong rhe surface normal. This
structural hy'pothesis is also consistent with the interpre-
ration thac tire azimuth of the iilt angie is sy.rnmetrical (but

not  necessar i ly  un i formly '  d is t r ibuted)  on the p lanar  sur -
face. For example, this sa-:ne condition could result if there
were equal probabil i t-v of f inding the molecuiar t i i t  a-xis
in  the d i rect ion o f  e i ther  o f  the t rvo sur face d iagonals  o f
the go ld  square ia t t ice  and a very  smal l  probabi i icy  o f
f ind ing the t i i t  az imuth a long any of  the edge d i rect ions
/ c p o  F  i c r r r r a  

' l  
4 )

\ ! v v  
^

StiII other disulfide phases on a gold (100), surface show
the greatesr spatial coherence of any phase we have found
(on the order of  the.separat ions between microtrv ins of
goid,400-500 A). tne spacings are incommensurate wrth
the substrate lattice, conforming to the overiayers c(5x5)
and c((7/2)v2x(7 l2) \ / '2) .  The uni t  cei ls rvouid di f fer
s l igh t iy  in  s ize  (7 .2  x  i .2  12  and ? .13  x  ? .13  A2,  respec-
tiveiy), but these differences are not resolvable by the
accllracy of our measurements (=0.05 A). These are ihe
lowest densiry phases we have found (chain arca 2*-26 A1,
and similar lattice dimensions and packing densities have
not been described for the bulk paraffin case. Some cal-
culationss suggest that gauche configurations may replace
trans when the area per head group is greater rhan 25 42.
There is no evidence of much chain tilting in either of these
structures. Beam-ti it ing experiments indicate that the
sharp Bragg peaks are completely quenched for iess than

(40) Bothorel ,  D. ;  Bel le,  J . ;  L:" ' i re,  B.Chem. Phys.  L ip ids 197J,  i2 '
96.  Meiy,  B. ;  Charvol in,  J . ;  Kei ler ,  P.  Chem. Phys.  L ip ids 1975, /5,  161.

Sfrong and Whi tes iCes

6" of t i i t  away from the substrate normal. The relarivel-"-
iow sur tace d.ens i t ies  o f  these phases,  combined wich er ' -
idence of  var iab le  subst ra te  coord inat ion and l i t t le  or  no
t i l t  o f  the molecu iar  ax is ,  pose 

.quest ions 
about  the

mechanism(s)  by which bond order  is  preserved in  these
st ructures.

Clearly much work renoains to elucidate the structures
of alk-vl sulf ide monolayers on gold. The measurements
of chain t i i t  would benef-rt  from thinning the substrate
f i lms (perhaps by electrochemical means) to thicknesses
less than the exrinct ion distances for gold pianes. In so
doing,  the super la t t ice  re f , iec t ions rvou ld  d imin ish,  anc i
monolayer  spot  in tens i r ies  cou ld  rhen be compared wi rh
struciure factor ca-lculat ions.

The susceptibi l i ty of these organic monolayer surfaces
to e lect ron beam damage great ly  cornp l icares the data
col lect ion proceciures ald severely l imits the spatia-i  ieso-
lution one can aLfain. f'he statistics required to comoletell'
c iescribe posit ional and t i l r  disorder are a-lso Limited b1'the
available spariai resolut ion. The ' , ' isudization of fr- igh-order
re i l ec t i ons  i n  t he  c (10x10 )  s t r uc tu re  m iqh t  be  poss ib i e  i f
one could  co l lapse the e lect ron probe d iarneter  ' * ' i rhor - r r

acce l . : ra t ing rad io i l ' s is  o f  the sarnp le .  A lorv- temDerature
^ . . *  _ ' ^ : r : * . .  . . . ; - L  - a rnn ie  cno l i r r . '  t o  be lo i v  7  K  she ru id  pe rn i iL d l J ( l U l l l L - !  \ V l L l l : d - r I L u l c  L t - / u r l l r 5 .  L \ - ,  U U I U \ v  I  l \  J l I l J \ l l L a  ^

mrrch  h ighe r  r eso lu t i on .  I t  i vou ld  a l so  pe rm i t  one  t o
per form mul t ip le  i r rad ia i ion o f  the same sampie area ior
beam t i l t ing anal ; *ses and corre la t iona l  s ta t is t ics  on d is-
order .  A temperature s tud l ' ,  in  i tse l f ,  w 'ou ld  be va iua l . - ie

to  he ip  sor t  out  the e f fec ts  o f  la t t ice  d is tor t ions i rorn
Debye-Wal ler  f luc tuat ions in  cont ro l l ing the observed
nack in  o  AT ransemenLs .
l J q v r \ ^ ^ 1 5

We have presented ev idence thar  subst ra te  crys ta l . log-
raohy' does control the packing ot monolayer aikyl sul. f ides
adso rbed  f r om the  so lu t i on  phase .  The  impac t  t ha t  un -
deriy' ing substrace crystal lography and roughness have on
monolayer  sur face proper l ies  l ike  wet t ing has yet  to  be
determined in  a  quant i ta t ive rvay.  I r  is  l i ke ly  that  o ther
crystallographic pianes and tail group funcrionalities will
provide an even grearer weaith of possibie monola-t-er
structures and surface propert ies. lVe are tempted to

suggest that these structures, juxtaposed in equal planes

or added as multilnmellar aggregates. may produce the nerv

architectures for novel surface applications.
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