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A bstract

FTIR Study of S tructure an d  P roperties  of 

A dsorbed  M onolayers of S u rfactan ts a t th e  Air/W ater Interface

by

Tao G ao

Adviser: P ro fesso r Milton J . R osen

A new  tech n iq u e  -- External Reflection-Absorption (RA) FTIR sp ec tro sco p y  - 

-h a s  b e en  app lied  to  investigate  the  struc tu re  an d  properties of ad so rb ed  

m ono layers  of individual su rfac tan ts : sodium  d o d e ca n e su lfo n a te  ( C ^ S N a ) ,  

sodium  dodecy lsu lfa te  ( C ^ H S ) ,  d e u te ra te d  sodium  dodecylsu lfa te  ( C i2 DS), 

dodecyltrim ethylam m onium  brom ide (C -^N ), a n d  their m ixtures: C i 2 HS - 

C-j 2 N a n d  C-j 2 DS - C-| 2 N a t th e  a q u e o u s  solution/air in terface. A new  m ethod  

h a s  b e e n  d ev e lo p ed  for th e  s im u ltaneous determ ination  of m ethy lene  chain

orientation (x) an d  su rface  concen tra tion  p a ra m e te r (km ax) in a d so rb ed  

m onolayers. T he a v e ra g e  chain  orientation ang le , %, an d  th e  su rface  

co ncen tra tion  p a ram eter, km ax , of a d so rb ed  m onolayers of C-| 2 S N a a t the  

air/w ater in terface a re  found to  be: % = 38 .4  ±  3.3° (from th e  norm al to  the

interface) a n d  km ax = 0 .53  + 0 .04  a t sa tu ra te d  adsorp tion  from pure w a ter 

solution. It is found th a t th e  chain  orientation an g le  (38.4 ±  3.3°) a t th e  in terface 

is very c lo se  to  th e  chain  tilt ang le  (41°) in crystalline solid. This ind ica tes  tha t 

th e  ad so rb ed  m onolayer of C-| 2 S N a a t th e  air/w ater in terface h a s  a  m olecular



s tru c tu re  sim ilar to  th a t in th e  crystalline solid.

T h e  p h a se  transition  (from LE to  G) co n cen tra tio n s  d e te rm in ed  from RA 

s p e c tra  a re  in g o o d  a g re e m e n t with th o se  ca lcu la ted  from su rfa ce  ten sio n  

m e a su re m e n ts  for su rfa c tan ts  C i 2 S N a, C ^ H S ,  a n d  C-j 2 D S in p u re  w a te r a n d  

in sa lt solution. It is o b se rv ed  th a t s a tu ra te d  a d so rb e d  m ono layers  of individual 

su rfa c tan ts  o r  equ im olar cationic-anionic  su rfac tan t m ixtures a t  th e  a ir/w ater 

in te rface  h av e  h igh -o rdered  all- trans conform ation of m ethy lene  c h a in s  only in 

p u re  w a te r  solution. A d so rb ed  m ono layers  below  satu ra tio n  c o v e ra g e  in p u re  

w a te r o r  in sa lt solution a n d  s a tu ra te d  a d so rb e d  m onolayers  in sa lt solution 

h av e  partial gauche  co n fo rm ers  in the ir m ethy lene  chains.

T h e  experim en tal d a ta  show  th a t C 1 2 D S h a s  th e  s a m e  su rface  p ro p ertie s  

a s  C-j 2 H S. This h a s  provided  a  g o o d  b a s is  by using C-| 2 D S in s tead  of C-| 2 H S 

in su rfac tan t m ixtures contain ing  C 1 2 HS for sp ec tro sco p ic  s tu d ie s  (FTIR, NMR).

T h e  com position  of a d so rb e d  m ixed m onolayers  of C -^ H S - C - ^ N  an d  

C 1 2 D S -C 1 2 N a t th e  a ir/w ater in terface with different bulk com p o sitio n s  a re  

d e te rm in ed  from  RA In tensities, an d  a re  in good  a g re em e n t with th o se  

ca lcu la ted  by u s e  of th e  non-ideal mixing m odel. T he FTIR s tudy  h a s  provided  

new  ev id en ce  th a t th e  su rfa ce  com position  in th e s e  m ixed m o n o lay ers  rem ain s  

a t  a  c o n s ta n t m olar ratio of 1 :1 a t  th e  in terface o v e r a  large ran g e  of m olar ratio 

in th e  solution p h a se .
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CHAPTER 1 

INTRODUCTION

1

1.1 Surface Monolayers

The characteristic  properties of su rfactan ts in solution which render their 

practical applications such  a s  w ashing, cleaning, wetting, emulsifying, 

d ispersing , and  foaming d ep en d  in all c a s e s  on the  ten d en cy  of th e se  

com pounds to accum ulate  at interfaces betw een the solution and  the  ad jacen t 

g a s , liquid, or solid p h ase s . It can  easily be dem onstra ted  that su rfactan ts a re  

ad so rb ed  a t all ty pes of in terfaces. The classical work of Langmuir (1) show ed 

th a t a  m ore o r less oriented m onolayer of surfactant m olecules w as ad so rb ed  

a t the  air/w ater interface. Later contributions have proved tha t sam e  to hold for 

th e  hydrocarbon/w ater, oil/water a s  well a s  the  solid/w ater in terfaces (under 

certain  conditions, th e  surface film may be multilayers).

The principal pa ram ete rs  which characterize  the s ta te  of a  m onolayer of a  

specific com pound on aq u eo u s  su b stra te  a re  the  tem peratu re  (T), the  surface

p ressu re  (71), and  the  a re a  per surfactant m olecule (A). 71 is re la ted  to y and  A 

to r  a s  follows:

tc = y0 - y  (1.1)

A = 1 0 16/TN (1.2)

w here y0 is the  surface tension of pure w ater or solvent, in mN/m, y is the



su rface  tension  of the  surfactan t solution investigated , in mN/m, N is 

A vogadro 's num ber, an d  r  is the  ad so rb ed  su rface  concentration  in m ol/cm 2 , A

is the area per molecule, in A2 .

Henri D evaux (2), shortly after 1900, pointed out th a t m olecules in 

m onolayers could exist in different s ta te s , m ore o r le ss  analog a s  to  th ree- 

d im ensional liquids, solids, o r g a se s . It is very c lea r th a t various m onolayer 

s ta te s  rep resen t different d iag ram s of m olecular freedom  or order, resulting 

from th e  interm olecular fo rces in th e  film an d  betw een  the  film and  th e  

su b p h ase . It is of g rea t in terest to  gain information abou t the  interaction

betw een  m olecules in th e  m onolayer from the  su rface  p re ssu re  - a re a  (7c, A)

diagram s.

T here  a re  two different, but related , ty pes of m onolayers a t the  air/w ater 

interface: the  sp re ad  m onolayer for w ater-insoluble su rfac tan ts  an d  the  

a d so rb ed  m onolayer for w ater-soluble su rfactan ts. In order to study sp read  

m onolayers of w ater-soluble su rfactan ts, M eader and  Criddle (3) u se d  a  

co n cen tra ted  inorganic salt solution, such  a s  5M NaCI (92%  satu ra ted ) 

solution or 95%  sa tu ra ted  NaNOg solution, a s  th e  su b p h a se  instead  of pure  

w ater to investigate properties of polyoxyethylene alkylphenol m onolayers. It 

is difficult to give a  g enera l a n sw er to the  question  of w hether sp read  and  

a d so rb ed  m onolayers of a  specific su b s ta n c e  a re  com parab le  and  ren d er

identical tc (surface p ressu re ), A (a rea  p e r m olecule) d iagram s. Ter M inassian-

S a ra g a  (4-6) concluded  tha t th e  n, A d iag ram s of sp read  an d  ad so rb ed

m onolayers of lauric acid  are  identical. But with re sp ec t to th e  effect of 

d isso lved  electro lytes in the  su b p h a se , no ag reem en t can  be  observed



3

b e tw een  sp re a d  an d  ad so rb ed  m onolayers of polyoxyethylene n -d odecano ls  . 

For d ioxyethylene (or hexaoxyethylene) n -dodecanol sp re ad  m onolayers, the

expansion  is in c reased  by addition of electrolytes (at th e  sa m e  n, th e  a re a  per

m olecule in 5M NaCI is larger th an  in H2 O), w here a s  with th e  ad so rb ed  

m onolayer, th e  rev erse  trend  h a s  b een  reported  (7, 8 ). To explain th is 

d isc repancy , one  thing should  b e  kept in mind th a t sp read  m onolayers, in 

co n tra s t to ad so rb ed  m onolayer, a re  not in equilibrium with th e  su b p h ase . 

K retzchm ar an d  Vollhardt (9) pointed out th a t equilibrium an d  non-equilibrium  

m onolayers b eh av e  differently, an d  consequently , th e re  is no equivalency 

b e tw een  sp re a d  an d  a d so rb ed  m onolayers.

1.2 States of Monolayers at The Air/Water Interface

1.2.1. Gaseous Monolayers (G)

The m onolayer o b ey s  the  equation  of s ta te  of a  m ore o r le ss  perfect two- 

d im ensional g a s , th e  a re a  p e r m olecule is large co m p ared  to actual m olecular 

a re a s , an d  th e  m onolayer m ay b e  ex p an d ed  indefinitely without p h a se  

ch an g e . Interactions betw een  th e  m olecules in a  g a se o u s  m onolayer a re  so  

w eak  th a t th e se  interactions don 't p revent free mobility of th e  m olecules along

th e  surface. T h e se  rc, A d iagram s a re  mainly charac te rized  by th e  su rface

p re ssu re  approach ing  zero  asym ptotically a s  a re a  in c reased  (Fig.1.1). T he 

.id ea l tw o-dim ensional g a s  equation  is :

7c NA = kT (1.3)

w here  tc is th e  su rface  p re ssu re  in 10"3 N/m, A is the  a re a  p e r m olecule, in m2 ,



N is A v o g ad ro 's  num ber, a n d  k is th e  B oltzm an co n stan t, 1 .38X 10‘23J/K ° mol. 

S p re a d  m o n o lay ers  of w ater-so lub le  non-ionic su rfac tan ts  in m ost c a s e s  a re  of 

g a s e o u s  type.

1 .2 .2 . L iq u id  E x p a n d e d  M o n o la y e rs  (LE)

L angm uir (10) p ro p o sed  th e  following eq u a tio n  of s ta te  for e x p a n d e d  

m o n o lay e rs :

(it - 7C0) (A - A0) = kT (1.4)

w h e re  tc0 c o rre sp o n d s  to  th e  sp read in g  coefficient for th e  hydrocarbon  p art of 

th e  m o n o layer m o lecu les on w a te r , i.e.

* 0  =  Y w ater" Yoil" ^(water - oil) 0  -5)

A0 is th e  limiting vaiue  of A a t ze ro  su rface  p re s su re . T h e s e  liquid e x p an d e d

m o n o lay ers  te n d  to  ex trap o la ted  to  a  limiting o r zero  % a r e a  of a b o u t 50A2 .

C harac te ris tica lly , LE m onolayers  m ay show  a  first-order transition  to  g a s e o u s  

m o n o layers  a t low p re s su re s . On co m p ress io n , a  point of fairly sh a rp  bu t not 

ab ru p t c h a n g e  to  a  m ono layer of m uch h igher com pressibility  o ccu rs . T his 

h igh-com pressib ility  region, ca lled  "transition" (Adam ), is show n in Fig. 1.1 

region II.

1 .2 .3 .L iq u id  C o n d e n s e d  M o n o la y e r s  (L C )
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M onolayers in th is region a re  a lm ost c lo se-packed . T hey  have  

considerab ly  low er com pressibility  than  LE m onolayers, an d  th e ir n - A curve 

u n d e rg o e s  a  g rad u a l transition to linearity, rem iniscent films. W hile LC 

m onolayers  ultim ately ex trapo late  to so m e  limiting a re a  (22A2) a t zero  su rface  

p re s su re s , th a t a re a  is usually  found to be  so m e 2 0 %  larger th an  th e  c ro ss- 

sec tional a re a  of a  hydrocarbon chain  taken  from X-ray d a ta  (20A2 ).

1.2.4. Solid Films (S).

T he g en e ra l a p p e a ra n c e  of solid films is tha t of high density  a n d  rigid o r 

plastic  p h a se . This type of films, for exam ple, th o se  of fatty a c id s  an d  alcohols 

a t low tem p e ra tu re  or with sufficiently long chain lengths on w ater, m ay show

quite linear tc-A plots. It extrapolates to an area at zero pressure of 20.A2 . This

a re a  is probably  th a t of c lo se -p ack ed  hydrocarbon ch a in s , a n d  is g re a te r  th an

the value of 18.A2 obtained from the structure of the three-dimensional

crysta ls , but c an  be acco u n ted  for a s  the  preferred  su rface  packing (11). A 

solid film a p p e a rs  to be  quite  rigid, but a t lower p re ssu re  th e re  m ay be  a  b reak  

to  an  LC type  of film.(Fig. 1 .1).

1.2.5 Transitions Between Monolayer States

T h e  transition  from a  g a se o u s  m onolayer to  all m ore co h e ren t m onolayers 

(LE or LC), ind icated  by region I in Figure 1.1, is quite genera lly  p re sen t w hen 

su rface  p re s su re  is getting higher an d  higher. This is in g e n e ra l a  first-order 

transition. As a  m onolayer is co m p ressed , th e re  is a  point a t which
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interm olecular attractive forces becom e large enough to pull th e  film-forming 

m olecules to g e th e r into a  co h eren t m onolayer. M otom ura and  co-w orkers (12, 

13) studied  p h a se  transitions in ad so rb ed  m onolayers a t th e  air/w ater 

interface. They co ncluded  tha t th e  p h a se  transition be tw een  th e  g a se o u s  and  

th e  ex p an d ed  films ta k e s  p lace a t the  b reak  point on th e  y v s . m (molality of

su rfactan t solution) cu rv es  for sodium  dodecylsulfate, 

dodecyltrim ethylam m onium  chloride, an d  o th er su rfactan t solutions.

A second-w ell-defined  transition region is tha t be tw een  the  ex p an d ed  (LE) 

an d  the  c o n d en se d  (LC) s ta te , indicated by the  line II in Figure 1.1. A s an  

ex p an d ed  m onolayer is co m p ressed , th e  transition beg ins quite sharply  with a

su d d en  in c rease  in com pressibility. This occurs a t an  a re a  of abou t 30 - 40 A2

p e r m olecule for m ost straight chain fatty com pounds (14). At th a t point, th e  n-

A curve m ay b ecom e nearly parallel to the  a re a  axis, a s  though th e  a re a s  w ere 

changing  a t nearly co n stan t su rface  p re ssu re  (general speak ing , th e re  is a  

slight upw ard slope). A s the  a re a  appropria te  to the  co n d en se d  m onolayer is 

ap p ro ach ed , th e  curve tu rn s  upw ard m ore steeply, and  th e  fully c o n d en se d  

region is reached . In c o n d en sed  m onolayers, the  m olecu les have an  alm ost 

c lo se  packed , w ell-aligned configuration alm ost perpend icu lar to  the  in terface, 

while in g a se o u s  m onolayers at th e  liquid/air interface they  probably lie nearly 

flat and  a re  widely sep a ra te d . Apparently, in exp an d ed  m onolayers, the  

configuration is in so m e  w ay in term ediate be tw een  th e se  ex trem es. Langm uir 

(10 ) introduced th e  co n cep t tha t an  ex p an d ed  film could be  thought of a s  a  

very thin liquid p h ase . T h e  hydrophobic portions of th e  m olecu les in an  

ex p an d ed  film a re  in random , ra ther than  regular, orientation, only the  polar
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functional g ro u p s  being  co n stra in ed  to  b e  in co n tac t with th e  su b p h a se . 

T h e re fo re , th e  transition  b e tw een  th e  c o n d e n s e d  liquid a n d  ex p an d e d  s ta te  

sh o u ld  b e  acco m p an ied  with c h a n g e s  in o rien tation , conform ation , an d  

pack ing  d e n s itie s  of polym ethylene c h a in s  of su rfac tan ts . T h e s e  provide g o o d  

b a s e s  for m onitoring th e  p h a se  transition by using  sp ec tro sco p ic  m ethods.

1.3. General Properties of Adsorbed Monolayers at The 

Air/Water Interface

1.3.1. The Gibbs Adsorption Equation and The Area Per 

Surfactant Molecule at The Air/Water Interface

Following G ibbs (15) , th e  adsorp tion  of dilute (i.e., <10"^M ) so lu tions of a

nonionic su rfac tan t, o r a  1 :1 ionic su rfac tan t in th e  p re s e n c e  of a  sw am ping  

am o u n t of electro ly te contain ing a  com m on non-su rfac tan t co u n te r  ion, a t a  

liqu id /gas (or liquid/liquid) in terface  is d e sc rib e d  by :

T-j = - (1/2.303RT) (dy-|/dlogC-j)T  (1.6)

w h e re  r-j is th e  su rface  e x c e s s  co ncen tra tion  in m ol./cm ^, R = 8 .3 1 4  J/mol.K°, 

a n d  (d y - j/d lo g C iJ f is  th e  s lope  of the  su rface  ten sio n  - log of su rfac tan t solution

m olar concen tra tion  plot a t c o n s ta n t tem p e ra tu re , T. For a  1 :1 ionic su rfac tan t 

in th e  a b s e n c e  of an y  a d d e d  electrolyte, (1 .6 ) b e co m e s :

r-| = - (1/4.606RT) (dY i/dlogC -|)T (1.7)



T h e  s lo p e  of a  typical y-j - logC-j plot is essen tia lly  c o n s ta n t below, bu t n e a r  th e  

critical m icelle concen tra tion  (cm c). In th is region, th e  su rface  e x c e s s  

co n cen tra tio n  h a s  re a c h e d  a  m axim um  value  (sa tu ra ted  ad so rp tio n ) a n d  T-j

ca lcu la ted  from (1.6) o r (1.7) is labeled  r max. A s im u la ted  rela tionsh ip

b e tw een  th e  su rfa ce  e x c e s s  concen tra tion  a n d  th e  bulk co n cen tra tio n  of an  

ionic su rfac tan t solution in pu re  w a te r is show n in F igure 1.2.

From  th e  m axim um  su rface  e x c e s s  concen tra tion , th e  minim um  a re a  p e r

surfactant molecule at the aqueous solution/air interface in A2 can be

ca lcu la ted  from  th e  relationship:

Amin = 1016/Nrmax (1.8)

w h ere  N = A v ag ad ro 's  n u m b er a n d  r max is in m ol/cm 2 .

1.3.2. The Experimental Evidence for Proving the Gibbs Equation

A lthough G ibbs pub lished  his m onum enta l tre a tis e  on  h e te ro g e n e o u s  

equilibrium  in 1875, his w ork w a s  not generally  ap p re c ia te d  until th e  turn  of th e  

century . It w a s  not until m any y e a rs  la ter that th e  field of su rface  chem istry  

d e v e lo p e d  to  th e  point th a t experim ental app lications of th e  G ibbs equation  

b e c a m e  im portant. P robably  th e  first su ccess fu l experim en tal verification of th e  

G ibbs eq u atio n  is d u e  to  McBain an d  his co-w orkers (1 6 ) . T hey  a d o p te d  th e  

very  d irect ap p ro ach  of actually  skim m ing off a  thin layer of th e  su rface  of a  

solution, using  a  dev ice  ca lled  a  m icrotom e. A slice ab o u t 0.1 mm thick could



b e  ta k en  from abou t 1 m2  of su rface , so  th a t a  few  g ram s of solution w ere

co llected , allowing su rface  e x c e s s  de term ination  for a q u e o u s  solution of p-

toluidine, pheno l, an d  n -hexanoic  acid. Tajim a e t al..(17) u s e d  3 H labeling to

obtain  th e  adsorp tion  of sodium  dodecylsu lfa te , 2 H2 5 SC>4 N a (C i 2 HS), a t 

th e  a q u e o u s  solution/air interface. The resu lts  a g re e d  very  well with th e  G ibbs 

equation  in th e  form of equation  (1.7), but including activity coefficient 

co rrec tions.

1.3.3. Mixed Surfactant Monolayers

Mixed su rfac tan t sy s te m s  a re  of scientific and  technological in terest; in 

industrial app lications, su rfac tan ts  a re  a lm ost alw ays u sed  a s  m ixtures. O ften, 

m ixtures of su rfac tan ts  exhibit fundam ental an d  applied  p roperties  su p erio r to 

th o s e  of th e  pure  individual su rfactan t co m ponen ts. T he m odel p ro p o sed  by 

R ubingh (18) for non-ideal mixed micellar su rfac tan t sy s te m s  h a s  had  th e  m ost 

u se . R o sen  an d  cow orkers have  ex ten d ed  R ubingh’s  m odel to adsorp tion  of 

binary m ixed su rfac tan ts  a t th e  a q u e o u s  solution/air (19), liquid/liquid (2 0 ), 

a n d  liquid/hydrophobic solid in terfaces (21). T he  b a sic  eq u a tio n s  for 

describ ing  adsorp tion  in m ixtures of two su rfac tan ts  a t the  a q u e o u s  solution/air 

in terface (2 2 ) a re  :

(X1 )2 ln (a C 1 2 /C 1°X 1)

___________________________________ = 1  (1.9)

(1-X1 )2 |n [(1 -a )C 12 /C 2 0 (1-X1)]



ln(ocC12/X1C 1°)

P °  = ______________________

(1-X1)2

(1 .10)

w h e re  a  is th e  m ole fraction of su rfac tan t 1 in th e  to tal su rfac tan t in th e  solution

p h a se , i.e. th e  m ole fraction of su rfac tan t 2 e q u a ls  1 -a ; X-| is th e  m ole fraction

of su rfac tan t 1 in total su rfac tan t in the  m ixed m onolayer; C-\ °, C 2 0 , C-j 2  a re  th e  

m olar concen tra tion  of su rfac tan t 1 , 2 , a n d  th e ir m ixture in th e  solution p h a se ,

respective ly , requ ired  to  p roduce  a  g iven su rface  ten sio n  value; p a is the

m olecu lar in teraction p a ra m e te r  for m ixed m onolayer form ations a t th e  

a q u e o u s  so lu tion/air in terface.

E quation  (1.9) c an  be  so lved  num erically from experim en tal d a ta  ( a ,C - j0 ,

C 2 0, an d  C-| 2 ) for X-j, a n d  substitu tion  of th is in eq uation  (1.10) y ie lds th e  

v a lu e  of p ° .

1.3.4. Interactions in Mixed Monolayers

T h e  m olecu lar in teraction  param ete r, p ° ,  to g e th e r with th e  p ro p e rtie s  of

th e  individual su rfac tan ts  a re  u se d  to  predict w h e th e r synerg ism  of a  particu lar 

ty p e  will o ccu r w hen th e  two su rfac tan ts  a re  m ixed an d , if so , th e  m olar ratio of 

th e  tw o su rfac tan ts  a t which m axim um  synerg ism  will ex ists  an d  th e  re leven t
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property of th e  mixture a t tha t point. T he interaction p a ram ete r p CT d e p e n d s

upon th e  nature  of th e  two su rfactan ts and  th e  interface. S ince th e  value of p °

a p p e a rs  to b e  related  to  the  free energy  of mixing of th e  two su rfactan ts, a  

negative value  indicates an  attractive interaction betw een  th e  two su rfac tan ts ;a

positive value indicates a  repulsive interaction. T he larger the  value of pa , the

stro n g er th e  interaction, either attractive or repulsive, be tw een  th e  two 

su rfactan ts. A value c lose  to zero  indicates little or no interaction, i.e., ideal

mixing. V alues of Pa , obtained by various investigations, currently range from

+2, a  w eakly repulsive interaction, to over -30, a  very strong attractive force 

be tw een  an  anionic surfactant, such  a s  C i 2 H2 5 S 0 4 Na, an d  a  cationic 

surfactant, e .g .,

1.4. Orientation of Surfactant Molecules at the Aqueous 

Solution/Air Interface

T he idea  tha t unsym m etrical m olecules will be  o rien ted  a t an  in terface 

now is well accep ted , b e c a u se  su rfactan t m olecules should  be orien ted  so  that 

their m utual interaction energy  will have  a  m axim um , an d  th e  su rface  energy 

will d e c re a se  to a  minimum. As w e know, su rfac tan ts  have a  characteristic  

m olecular structure  consisting of a  structural group  which h a s  very little 

attraction for the  solvent (lyophobic group), to g e th e r with a  group which h a s  

strong attraction for the  solvent (lyophilic group). This is known a s  an 

am phipathic structure. In an aq u eo u s  solution of a  surfactan t, th e  hydrophobic



group  of th e  su rfac tan t will b reak  down th e  structu re  of w a te r (such  a s  H -bonds 

b e tw een  w ater m olecules), and  in c rease  th e  free  energy  of th e  sy stem . This 

m e a n s  th a t le ss  w ork is n e e d e d  to  bring a  su rfactan t m olecule to  th e  su rface  

th an  th a t for a  w a te r m olecule. T he su rfactan t m olecule therefo re  c o n ce n tra te s  

a t th e  su rface . O n th e  o ther hand, th e  p re se n c e  of th e  hydrophilic group 

p rev en ts  th e  su rfac tan t from being expelled  com pletely from the  so lven t a s  a  

s e p a ra te  p h a se . T h e  am phipath ic  structu re  of su rfac tan ts  eventually  c a u s e s  

not only adsorp tion  of th e  su rfactan t a t th e  in terface and  reduction of the  

su rface  ten sio n  of th e  w ater, but a lso  orientation of th e  m olecu les a t th e  

in terface with its hydrophilic group in th e  a q u e o u s  p h a se  a n d  its hydrophobic 

g roup  o rien ted  aw ay from it.

From  m olecular m odels, the  c ro ss-sec tio n a l a re a  of a  polym ethylene

ch ain  o rien ted  p e rp en d icu la r to  th e  in terface is ab o u t 20A2 (23). T h e  a re a  per

m olecule of C-j 2 ^ 5 8 0 3 ^  (sodium  d o d e c a n e  su lfonate , C -^ S N a ) a t th e  

a q u e o u s  solution/air in terface, calcu la ted  from su rface  ten sio n  m e asu re m e n ts

a n d  equ . (1.8 ), is ab o u t 57A2  in a b se n c e  of NaCI (24). It is ap p a ren t tha t th e

hydrophobic ch a in s  of su rfac tan ts  ad so rb ed  a t the  a q u e o u s  solution/air 

in terface a re  generally  not in c lo se  - p ack ed  a rran g em en t a t satu ration  

adsorp tion  b e c a u se  of th e  repulsion fo rces be tw een  th e  c h a rg ed  h e ad  groups. 

O n th e  o th e r hand , s in ce  th e  c ro ss-sec tional a re a  of a  m ethy lene chain  of

C -^ S N a  m olecule lying flat in the  interface is abou t 85  A2 (23), it is c lea r tha t

th e  m ethy lene  ch a in s  of C-| 2 S N a m olecules a re  not lying flat in th e  in terface, 

but with so m e  tilt ang le  from the  norm al of the  interface.
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1.5. Determination of Structures and Orientations of

Surfactant Monolayers at The Air/Water Interface

Recently, m any s tu d ie s  h ave  b e e n  co n d u c ted  on th e  s tru c tu re s  an d  

p ro p e rtie s  of w ater-inso lub le  m ono layers  (sp read  m ono layers) a t th e  a ir/w ater 

in terface. V arious optical m e th o d s h av e  b e e n  u se d  to investigate  m o n o lay ers  

in conjunction  with su rface  ten sio n  m e asu re m e n ts . K jaer a n d  co -w orkers  (25, 

26) s tu d ie d  m o n o lay ers  of phospholip ids a n d  a rach id ic  acid  

[CH3 (CH 2 )i sC O O H ] on th e  su rface  of pure  w a ter an d  of sa lt so lu tions by 

synchro tron  X-ray diffraction a n d  reflection m ethod. T hey  sh o w ed  th a t th e re  

ex is ts  a n  in te rm ed ia te  p h a se  which is ch a rac te rized  by a  long-range 

orien ta tional o rd e r a n d  a  sh o rt-ran g e  positional o rd e r for phospholip id  

m ono layers  a t th e  a ir/w ater in terface. T hey  o b se rv ed  th a t th e re  is a n  o rd e red  

p h a s e  existing a t p re s su re  of b e tw een  ca . 1 a n d  25 .6  mN/m. In th is  p h a se  th e  

m ethy lene  c h a in s  a re  uniformly tilted, th e  tilt an g le  from th e  norm al d e c re a s in g  

continuously  from  33° to  0° with lateral p re ssu re .

R asing  a n d  co -w orkers  (27) h av e  u sed  an  optical seco n d -h a rm o n ic  

g en era tio n  (O SH G ) m ethod  to  m e asu re  th e  m olecular orientation of a  

m ono layer of p e n ta d e c a n o ic  acid  [CH3 (CH 2 )t 3 COOH] n e a r  its LE-LC 

transition  a t th e  a ir/w ater interface. T he  resu lts  show  th a t th e  transition  is 

acco m p an ied  by a  reorien tation  of th e  m o lecu les an d  th a t th e  two p h a s e s  a re  

s e p a ra te d  by a n  in h o m o g en eo u s  c o ex is ten ce  region on th e  iso therm s. R asing  

e t  al. (28) h av e  a lso  s tu d ied  sodium  d o d ecy ln ap h th a len e  su lfona te  m ono layer 

a t th e  a ir/w ater in terface. T hey sh o w ed  th a t th e  orientation of th e  n a p h th a len e  

g ro u p s  v a rie s  sm ooth ly  from ab o u t 43° from th e  norm al a t low su rface  p re s su re  

to  30° a t h igher p re s su re . T he sm ooth  variation in ang le  w a s  in te rp re ted  a s  th e



14

a b s e n c e  of a  p h a se  transition , in a g re em e n t with su rface  p re s su re  iso therm s.

T h o m as  a n d  co -w orkers (29) h av e  u se d  a  neu tron  sp e c u la r  reflection 

(N SR ) m ethod  in conjunction with m e a su re m e n ts  of su rface  ten sio n  to  s tudy  

s tru c tu re s  of decyltrim ethylam m onium  brom ide (DTMA) m ono layer a t th e  

a ir/w ater in terface. T h e  resu lts  sh o w  th a t the  s tru c tu re  of th e  layer c o n s is ts  of 

th re e  reg ions: th e  first, hydrocarbon  tail chain  region, th e  s e c o n d  contain ing  a  

sm all fraction of c h a in s , th e  third contain ing  w a te r a n d  a  d iffuse a tm o sp h e re  of 

co u n terio n s. But no orientation inform ation w a s  g iven . S im ister et.al. (30, 31) 

h av e  investiga ted  th e  s tru c tu re  of tetradecy ltrim ethy lam m onium  brom ide 

(TTMA) m onolayer a t  th e  a ir/w ater interface. They sh o w ed  th a t for the  

s a tu ra te d  m onolayer, th e  m ean  c e n te r-c e n te r  distribution of c h a in s  a n d  h e a d s  

w a s  ab o u t 7  ±  0.5A, a s  th e  s a m e  a s  th a t b e tw een  c h a in s  a n d  water. T hey  a lso  

rep o rted  th a t th e  m ean  th ick n ess  of th e  chain  region is a b o u t 17.5  ±  1A for a  

uniform layer m odel w hich is le ss  th an  th e  fu ll-ex tended  ch ain  length.

A particu lar a d v a n ta g e  of th e  u s e  of vibrational sp ec tro sc o p ic  m e th o d s  to  

s tudy  am phiphilic m o n o lay ers  is th e  possibility of obtain ing both 

confo rm ational a n d  o rien ta tional inform ation sim ultaneously . T ak en ak a  a n d  

co-w orkers (32) h av e  u s e d  R am an  sp ec tro sco p y  to  s tudy  s tru c tu re s  an d  

orien tation  of 4 '- d ice ty lam in o -azo b en zen e-4 -su lfo n ic  acid  sod ium  (cetyl 

o ran g e ) m ono layer a t  th e  a ir/w ater in terface. It is show n th a t th e  m o lecu les  in 

th e  insoluble m o n o lay ers  show  a  h igher orien tation  with re sp e c t to  th e  vertical 

ax is  a s  co m p ared  with th e s e  in so lub le  m ono layers  a d so rb e d  a t the  

w a ter/ca rb o n  te trach lo ride  in terface, an d  th e  o rien tation  an g le  (be tw een  th e  

ch ro m o p h o res  an d  th e  norm al of th e  in terface) d e c r e a s e s  from  45° to 32° with

a  d e c re a s e  in su rface  a r e a  from 5 6 A2 to 29A2
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Dluhy an d  co-w orkers (33-35) a re  th e  first group w ho have  u se d  FTIR 

reflection-absorption  sp ec tro sco p y  to investigate  s tru c tu re s  an d  p ro perties  of 

w ater-inso luble  m ono layers  a t th e  air/w ater interface. T hey h av e  d esc rib ed  th e  

op tics of th e  reflection-absorption p ro c e ss  in isotropic p h a se  m ono layers, an d  

su b seq u en tly  u s e d  th e  frequency  shift a s  th e  indication of th e  conform ational 

a n d  p h a s e  p ro perties  of polym ethylene ch a in s  in biological m onolayers.

Recently, F ina a n d  T ung (36) h ave  d ev elo p ed  an  optical m odel to  

d e sc rib e  th e  reflection-absorption p roperties from an  an iso trop ic  m ono layer a t 

th e  air/w ater in terface. They have  e s tab lish ed  th e  re la tionsh ips b e tw een  the  

a v e ra g e  orien tation  ang le , th e  an iso tropic optical c o n s ta n ts , an d  th e  ang le  of 

incident light. In th is th e s is  I am  going to u se  th is optical m odel, th e  re la ted  

theory, a n d  FTIR reflection-absorption sp ec tro sco p y  in conjunction with su rface  

ten sio n  m e a su re m e n ts  to investigate  the  m olecular s tru c tu res , po lym ethylene 

chain  o rien tations, chain  conform ations, an d  su rface  co n cen tra tio n s  of 

a d so rb e d  m onolayers  of w ater-so lub le  su rfac tan ts  (including so m e  su rfac tan t 

m ixtures) a t th e  a q u e o u s  solution/air interface in th e  p re se n c e  a n d  a b s e n c e  of 

electro ly te in th e  w a ter su b p h a se . T he com parison  of all inform ation o b ta ined  

from both su rface  tension  an d  FTIR sp ec tro sco p y  m e asu re m e n ts  for ionic an d  

nonionic su rfac tan ts  (including su rfac tan t m ixtures) allow s for a  co m p reh en s iv e  

u n d ers tan d in g  of m olecular structural a sp e c ts  of su rfac tan ts  a t th e  a q u e o u s  

so lu tion/air in terface a n d  new  insights into th e  therm odynam ic  in teraction 

p a ra m e te r  in b icom ponent m ixtures.

1.6. The Critical Micelle Concentration (cmc)

After th e  m axim um  su rface  concentration  (rmax) is re ach ed , th e  m onom er
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concen tra tion  in th e  bulk p h a se s  in c re a se s  with the  addition of m ore su rfac tan t 

to  a  point w here  e ither any  additional m onom ers a d d e d  a g g re g a te  into c lu ste rs  

called  m icelles [the concen tra tion  of m onom ers a t th e  point of ag g regation  

form ation is called  th e  critical micelle concen tra tion  (cmc)], o r a n  insolubility 

limit is re a ch e d  (if T<T|<,T|< = Krafft point, th e  tem p era tu re  a t which th e  solubility 

of a n  ionic su rfac tan t b e co m e s  equal to  the  cm c). W hen m icelles form in water, 

th e  hydrophobic tail of th e  su rfactan t is in th e  interior of th e  m icelle a n d  the  

hydrophilic h e a d  is on th e  exterior.

A s in adsorp tion , th e  reaso n  for micellization is th e  am phipath ic  struc tu re  

of th e  su rfac tan t m olecule a n d  the  m ain driving force, in a q u e o u s  solution, is 

an  in c rease  in th e  en tropy of the  system  upon re lease  of the  w a ter m olecu les 

from th e  hydrophobic tails of the  su rfactan t m olecu les w hen th e  tails c lu ste r 

to g e th e r in th e  interior of th e  micelle. Israelachivili e t al. (37) h av e  in troduced 

a  theo ry  of se lf-assem bly  of su rfactan t m olecu les which pred ic ts micelle type, 

size , an d  s h a p e , for a  given surfactan t, and  explains th e  effects of salt, 

tem p e ra tu re , an d  solubilized m aterials on micellization. M any physical 

m ethods for th e  detec tion  of cm cs  in a q u e o u s  solution exist, s in ce  m any 

physical p ro perties  ch an g e  abruptly a t th is point. Am ong th e  physical 

p roperties  th a t h av e  b een  u sed  a re : su rface  tension , interfacial ten sio n , 

osm otic  p re s su re , light scattering , refractive index, an d  electrical co n d u c tan ce  

(for ionic su rfac tan ts  only). T he cm c is tak en  a s  th e  b reak  point in th e  property - 

concen tra tion  (of surfactan t) curve.
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CHAPTER 2

THEORETICAL BACKGROUND AND OPTICAL MODEL

2.1. Theoretical Background

T h e  c la ss ica l e lec tro m ag n e tic  theory  u se d  in th e  form ulation of th e  

b o undary  v a lu e  problem  for a  planar, optically iso tropic m ultilayered sy s te m  

h a s  b e en  fully d ev e lo p ed  (38 - 43). T he eq u a tio n s  th a t d e sc rib e  th e  

in teraction  of p lan e-po larized  radiation with an  N -p h ase  sy s te m  of parallel, 

optically iso trop ic  layers  c an  b e  derived  from M axwell’s  e q u a tio n s  by taking 

into acco u n t th e  continuity req u irem en ts  of th e  e lec tric  a n d  m ag n etic  field 

v ec to rs . S h o p p e r  (44) h a s  p ro p o sed  a  theo re tica l m odel a n d  th e  re la tionship  

b e tw een  th e  re flec tan ce  an d  th e  an iso trop ic  s tru c tu re  for an  an iso trop ic  

m ono layer film. F igure 2.1 is a  b a sic  physical descrip tion  of th e  an iso trop ic  

th re e -la y e red  sam p le  a s  an  optical m odel. T h e  p a ra m e te rs  of th e  m odel a re  

de fin ed  a s  following: (a). T h e  ax is sy stem  d efin es  z  direction a s  th e  norm al to  

th e  p lan e  of th e  w ater/a ir in terface, x a n d  y in th e  p lane , a n d  th e  y co o rd in a te  

is p e rp en d icu la r to  th e  p lane  of incidence. T herefo re , radiation with 

p e rp e n d icu la r  po larization  (s-polarization) h a s  only a  v ec to r co m p o n en t of 

e lectrical field in y direction, while parallel polarization (p-polarization) h a s  

both x a n d  z  co m p o n en ts , (b). T he optical p ro perties  of th e  an iso trop ic  

m ono layer a re  c h a rac te riz ed  by th e  com plex  refractive ind ices:

rix = n x -ikx <2 -1)

fiy = ny -iky (2 .2)



nz  = nz  -ikz
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(2.3)

w here  nx , ny, a n d  nz  a re  th e  x, y, an d  z  c o m p o n en ts  of th e  real refractive index 

(fi), respectively , a n d  kx , ky, an d  kz  a re  th e  x, y, a n d  z  co m p o n en ts  of th e  

abso rp tion  coefficient (£), respectively, (c). T h e  am bien t a tm o sp h e re  an d  th e  

liquid su b s tra te  a re  a s s u m e d  to b e  isotropic: n-| = 1 .0 , k-j =  0 .0 ,

n2  = n2  -ik2  (2.4)

Also defined  a re  th e  an g le  of inc idence  (0-j), th e  m onolayer th ick n ess  (d), p-

polarized  (Ep) an d  s- po larized  radiation (Es). T he  p h a se  c o n s ta n ts  a re  

written in te rm s of th e  an iso trop ic  c o n s ta n ts  a s :

a s 2  - bs 2  = nx2 - kx2 - n-j 2 s in 2 0-j (2.5)

as bg = nx kx (2-6)

a p 2 - bp® = (ny2  - ky2) A - 2 rty kyB (2.7)

2 a p bp = 2 riy kyA + (ny2  - ky2) B (2.8)

w here

A = 1 - n-|2 s in 2 0 i (nz 2 - kz 2 )/(nz 2  + kz 2 )2 (2.9)



a n d

B = 2 n-j 2 s in 2 0 -| nz  kz/(nz 2  + kz 2 )2
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(2.10)

C alculation of the  F resnel reflection coefficients for an  oriented m onolayer 

on an  absorb ing  isotropic su b stra te  can  be  perform ed from the  p h a se  

co n stan ts  a s :

r1s  = (n 1c o s e 1 " a s  + ibs)/(n i c o s 9 i + a s  - ibs) (2 -11)

r1 p = [Oy2 c o s 0 -| - ^  (ap - ibp )]/[ny2 c o s 0 1 + ^  (ap  - ibp )] (2 .12 )

r2 s  = (a s  ‘ ibs  '^ 2 C0 S®2 )^a s " ibs  +H2 COS0 2 ) (2.13)

r2 p = ["2  (ap - ibp) - ny2 c o s0 2 ]/ [n2 (ap - ibp ) + ny2 c o s0 2 ] (2.14)

T he  reflected am plitudes a re  then  found from th e  relationship:

r = {r-j + r2 exp[-2i(a-ib)Ti]}/{1 + r-j r2 exp[-2i(a-ib)n]} (2.15)

w here ti = 2n(ti/X), with d = lcos% (m onolayer th ickness), I = a\\-transch ain  

length, % = ang le  betw een  the  chain ax is an d  the  su rface  norm al, and  X =

w avelength. The appropria te  subscrip ts  can  be inserted  into equation  (2.15) 

to determ ine rp and  rs . Finally, th e  reflected in tensities a re  found from:
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R = (r) (r*) (2.16)

w h e re  r* is th e  co n ju g a te  com plex  of r. T he reflection-absorption  (RA) from  an  

an iso trop ic  m ono layer c a n  b e  ca lcu la ted  from RA = -log (R/Ro). w h ere  R is th e  

re flec tan ce  from  th e  th re e -p h a se  sy stem , an d  Rg is th e  re flec tan ce  from a  pu re  

w a te r  (or sa lt solution) su rface . R gs  an d  R gp a re  found from:

with Xj = fijcos0j.

2.2. Modeling of Molecular Chain Anisotropy

Figure 2 .2  sh o w s th e  ax is  u se d  in th is  optical m odeling sy stem . It 

c o n ta in s  a  rep re sen ta tiv e  m olecu lar chain , a n g le s  th a t define  th e  ch a in  in ax is

sy stem  (a , p, 8 , %), a rep resen ta tiv e  dipole m om en t of th e  chain  (M), a n d  an  

an g le  b e tw een  th e  chain  ax is  a n d  th e  dipole m om ent (O). In th e  c a s e  of 

uniaxial sym m etry  ab o u t th e  Z axis, th e  an g le  a  a n d  p a re  eq u a l a n d  a  c a n  be 

ca lcu la ted  from %, th e  chain  orientation ang le , by:

rgs = (X1 - X2V(X1 + x2> (2.17)

r0 p  = (fi2 2 x 1 '  fi1 2 x2 )7 (fi2 2 x 1 + fi1 2 x2 ) (2.18)

a  = c o s  "1 (co s  7 t/4 c o s (tc /2  - %)) (2.19)

Both th e  real (n) an d  im aginary (k) p a rts  of th e  refractive index can  b e  defined
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in the laboratory fram e of reference. The real part in n trea ted  a s  an  axially 

sym m etric ellipsoid with its principal ax es  coincident with the  laboratory fram e. 

T he relationship betw een  the  anisotropy in n and  the  chain orientation is:

nx = ny = nm axc o s2 <x + nmmc o s 2 (7t/2-cx) (2.20)

nz = nm axc o s2 % + nminc o s 2 (7t/2-x) (2.21)

w here n m a x  and n m j n  a re  the  refractive index com ponen ts parallel and  

perpendicular to the  axis and  nXy Z a re  the  com ponents along the  principal 

a x e s  of the  ellipsoid. In o rder to find the com ponents of the refractive index, a  

know ledge of n m a x  and  n m j n  is required. This treatm ent d o es  not consider 

the  effect of the  orientation distribution function on the  refractive index 

com ponents. However, the  effect on the problem  considered  here is minor, 

particularly in the  c a se  of a  small anisotropy in the  refractive index for a  

system  of perfectly aligned chains.

The principal a x e s  com ponen ts of the absorption coefficient (k) for the 

oriented m onolayer, kXy z  can  be related to the  laboratory fram e, the  chain 

orientation angle, the  dipole m om ent angle, and  the orientation distribution 

function with the  following equations modified from th e  original (45):

kx = ky = km ax{[P2 <cosx>si n2 0>]/2 + [1 - P2 <cosx>]/3} (2.22)
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kz  = km ax{ P 2 <cos%>cos20  + [1 - P2< cos%>]/3} (2.23)

T he ang le  % an d  0 > a re  defined in Figure 2.2. P2 <cos%> is the  sec o n d  m om ent 

of th e  orientation distribution function an d  is equal to (3<cos2x>  - 1)/2. km ax

is th e  absorp tion  coefficient for a  collection of com pletely aligned  ch a in s  and  

is th e  p a ram ete r th a t is proportional to the  m olecular concentration  of the  

m onolayer.

T h ree  a ssu m p tio n s  a re  m ade abou t th e  m onolayer chain  orientation:

a . An uniaxial orientation about th e  axis th a t is norm al to th e  air/w ater 

interface, an d  no preferred orientation abou t the  chain  axis. Polym ethylene 

chains m ay rotate freely about th e  vertical ax is (the su rface  normal).

b. All polym ethylene chains have an  a\\-trans p lanar z igzag  conform ation.

c. An orientation ang le  distribution function ch arac te rized  by a  de lta  function, 

all chains a re  located a t the  sa m e  ang le  from the  su rface  normal.

A com bination of the  various p a ram ete rs  d iscu ssed , i.e., th e  chain 

orientation d e p en d e n c e  of th e  refractive index (eqns. 2 .2 0  and  2 .2 1 ), the  

principal ax is com ponen ts  of the  absorp tion  coefficient with orientation (eqns. 

2 .22 an d  2.23) an d  eq n s. (2.5) - (2.18) perm it quantitative calculations of the  

polarized reflection-absorption intensities (RAp an d  RAs).

2.3. Modeling Results

A typical exam ple of s- an d  p- polarized intensities v e rsu s  chain

orientation ang le  (%) is show n in Figure 2.3. The calcu lations a re  perform ed 

using th e  following p a ram ete rs  tha t a re  the  sam e  a s  in the  experim ents



p re sen te d  later. T h e se  a re : 1). an  incident light ang le  of 30° for both s- a n d  p- 

polarized light (angle be tw een  th e  light propagation direction an d  th e  su rface  

normal direction), 2 ) a  su b stra te  consisting of pure w a ter with optical co n stan ts

n = 1 .415 an d  k = 0 .0163 a t 2920cm "1 (47), 3) a  dipole m om ent d irected

perpendicu lar to  th e  chain  ax is (<!>= 90°) with no preferred  orientation around

th e  chain , 4) a  uniaxially sym m etric distribution of chain ax es , 5) a  km ax v a lue 

of 0.30 w here  km ax = 3kisotropjc, and  6 ) a  m onolayer th ickness th a t d e p e n d s  

on the  chain  orientation. For an  all-franspo lym ethy lene chain of a  sodium  

d o d ecan esu lfo n a te  m olecule (C -^S N a), the  m onolayer th ickness of 17.8 A is

ob ta ined  by using th e  s tan d a rd  bond lengths an d  bond an g les  a t % = 0°. The 

an g le -d ep en d en t m onolayer th ickness (d) is de term ined  by d = 17.8X10 '8 cm

cosx- This a s s u m e s  th a t a  ch an g e  in th ickness is d u e  to orientation ra ther 

conform ation. From Figure 2.3, som e fea tu res a re  show n for th is type  of 

experim ent: 1 ) th e  intensities a re  negative throughout the  % range , 2 ) the  p-

polarized RA intensity (RAp) is alw ays larger than  s- polarized RA (RAs), 3) 

both RAs an d  RAp d e c re a se  a s  th e  chain ax es  lie down tow ard to  th e  p lane of 

th e  interface (with in c rease  in % ang le).

T he  RA in tensities show n in Figure 2.3 a lso  d ep en d  on km ax which is 

re la ted  to  th e  su rface  concentration of the  su rfactan t in the  m onolayer. For 

w ater-so luble  su rfac tan t solutions, m onolayers a re  form ed a t th e  w ater/air 

in terface by adsorp tion  of surfactan t m olecules from th e  bulk solution to th e  

in terface, an d  the  su rface  e x c e ss  concentration can  be  calcu lated  from th e  

G ibbs adsorp tion  equation  (1 .6 ). Apparently, the  chain orientation is affected
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by th e  su rface  e x c e s s  concentration of the  surfactan t m olecules. T hus, w e  a re  

ab le  to ch an g e  the  su rface  e x c e ss  concentration by ch an g e  of th e  surfactan t 

solution concentra tion  to  investigate the  chain orientation in th e  monolayer. 

Both variab les, su rface  concentration  and  chain orientation ang le  of surfactan t 

m olecu les in the  m onolayer, need  to be determ ined  from RA intensities in 

o rd e r to  find e ither o n e  individually.

2.4. Method for Simultaneous Extraction of Variables

In o rd e r to  determ ine both su rface  concentration and  orientation 

sim ultaneously , two experim ental RA intensities a re  required for a  calculation 

p rocedure. RAs an d  RAp from th e  sam e  infrared p eak  an d  sam p le  m onolayer 

a re  the  obvious cho ices b e ca u se  th e se  intensities a re  derived  from th e  sa m e  

km ax  anc* chain  orientation. The problem can  be solved in a  variety of w ays.

A nonlinear le a s t-sq u a re s  refinem ent procedure can  be  u se d  to minimize th e

difference betw een  calcu la ted  and  observed  in tensities w hen km ax an d  x  a re

varied. However, alternative m ethods have b een  u sed  b a se d  on their

simplicity. T he m ethods u se  the  relationship betw een  km ax , x  an d  th e  p- an d

s- polarized RA intensities show n in Figure 2 .4 an d  2.5, respectively. The 

cu rves w ere  calcu la ted  using the  sa m e  p a ram ete r va lues a s  th o se  u sed  to 

calcu late  Figure 2.3. At any  given value of x. an approxim ately linear

relationship ex ists  be tw een  km ax and  the  RA intensities for both polarizations. 

From th e  linearity, the  experim ental intensities a re  u sed  to calcu la te  s - a n d  p-

km ax v a lu es  a t al1 a ng les x- The true value of % is ob tained  by minimizing th e  

d ifference betw een  s- an d  p- km ax (Akm ax). This a lso  lead s  to a
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determ ination  of km ax, the  su rface  concen tra tion -rela ted  variable. T he  m odel 

intensity  d a ta  show n in Figure 2 .3  a re  u sed  to  te s t  th e  p ro cedu re  with km ax = 

0 .30  for all %. In tensities calcu la ted  a t x  = 0, 20, 40, 60, an d  80° w ere  u s e d  a s

th e  input experim en tal in tensities in refinem ent p ro cedure  a n d  Akm ax  v e rsu s

X cu rv es  g e n e ra te d . T he resu lts  a re  show n in Figure 2.6. In e ac h  c a s e , th e

co rrec t orientation an g le  % an d  km ax (=0.30) v a lu es  a re  obtained .

An exam ination  of the  ratio of polarized in tensities (RAp/RAs) is instructive 

in th a t no calcu la tions a re  n e c e s sa ry  an d  qualitative in terp re ta tions ab o u t th e  

chain  orientation a re  directly available. Figure 2 .7  sh o w s plots of th e  ratio 

(RAp/RAs) v e rsu s  c  for severa l km ax v a lues varying from 0 .13  (top) to  0 .50  

(bottom ). T he plot clearly  sh o w s th e  influence of c h a n g e s  in su rface  

co ncen tra tion  (Km ax) an d  chain  orientation (%) on RAp/RAs. The ratio is

particularly insensitive to orientation with re sp ec t to  a  fixed km ax value  in th e  

0 - 20° an g u lar range  an d  sensitive  in the range of 40 - 80°,due  to th e  co sin e- 

sq u a re d  d e p e n d e n c e  of intensity on orientation. T he figure c an  b e  u se d  

qualitatively in th e  following w ay: A ssum e a  d e c re a se  in RAp/RAs is o b se rv ed  

experim entally  a s  a  resu lt of a  d e c re a se  in th e  bulk su rfac tan t concen tra tion . 

T he  su rface  concen tra tion  in th e  m onolayer, an d  therefo re  km ax , will e ither 

rem ain c o n s ta n t (surface  concen tration  in sa tu ra te d  adso rp tion  range) o r 

d e c re a s e  (su rface  concen tra tion  is unsa tu ra ted ) in th e  m onolayer a s  a  result 

of th e  ab o v e  p ro cess . According to  Figure 2.7, a  d e c re a se  in RAp/RAs 

coup led  with a  c o n s ta n t o r d ec rea sin g  km ax ind ica tes th a t th e  orientation 

an g le  x  in c re a se s .

An im provem ent in the  sensitivity of the  calcu lations in th e  0 - 20° ran g e  of
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X c a n  b e  im plem ented  by using th e  intensity ratios RAp2/RAs or RAp3/RAs 

ra th e r th an  RAp/RAs. In F igure 2.8 , one  of th e  cu rves from Figure 2 .7  

(RAp/RAs) with a  km ax value of 0 .30  is plotted (top), a lso  show n a re  RAp2/RAs

an d  RAp3 /RA s. T he in tensities of the  latter two h ave  b e en  norm alized to be 

co incident with th e  RAp/RAs curve a t x  = 0°. T he in c reased  sensitivity of th e  

h igher o rd e r intensity ratios in a  x  prediction is c lea r  from th e  m agnitude of the  

ratio c h an g e  an d  s u g g e s ts  th a t th e  sim u ltaneous determ ination  of km ax an d  x  

will benefit from an  in c rease  of num ber of i in RAp'/RAs. A new  calculation

p ro ced u re  w as d es ig n ed  an d  is a s  follows: Using experim entally  de term in ed  

RAs an d  RAp v a lu es  an d  F igures 2 .4  an d  2.5, s- and  p- km ax v a lu es  a re

ca lcu la ted  a s  well a s  th e  a v e rag e  km ax a t every  %. At e ac h  av e rag e  km ax (x),

RAs, RAp, and  RAp/RAs a re  calcu lated . T he ca lcu la ted  ratios a re  co m p ared

with th e  experim ental ratios an d  th e  difference m inim ized to  find %. An

ex am ple  of the  resu lts of th is p ro ced u re  is show n in Figure 2 .9  w here  th e

calcu la tions a re  b a se d  on  input v a lu es  of x  = 20° an d  km ax = 0.30. O ne of the

cu rv es  from Figure 2 .6  is dup lica ted  in Figure 2 .9 . All four m ethods correctly

predict th e  x  an d  km ax v a lu es  u se d  a s  input. However, th e  differential

sensitivity in th e  solution for th e  h igher v a lues of i in RAp'/RAs is m uch h igher 

th an  o thers . B ased  on th is  an d  o th e r m odeling calcu lations, th e  rem ainder of 

th e  w ork p re sen te d  in th is th e s is  u s e s  PAp3/R A s for th e  s im ultaneous 

determ ination  of km ax a n d  %.
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M e a s u re m e n t o n  v a n d  kmQ3t P re d ic t io n
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Assumed GalfiLl.lat9d-Val.Vig9,
V alues +1 % ch an g e  in Rp -1 %  ch an g e  in Rp

kmax x(°) x(°) P'kmax s'kmax %(°) P'kmax s~kmax

0.2 80 79 0.190 0.190 81 0 .212 0.212

0.3 70 69 0.288 0.288 71 0.313 0.314

0.4 60 59 0.387 0.387 61 0.415 0.415

0.5 50 49 0.488 0.486 51 0.514 0.516

0 .6 40 38 0.575 0.574 41 0.612 0.614

0.7 30 28 0.681 0.678 32 0.723 0.725

0 .8 20 17 0.780 0.777 22 0.814 0.819

0.9 10 3 0.884 0.879 14 0.919 0.924

1.0 0 0 1.010 1.000 9 1.016 1.021
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Table 2.4 2 Results of Error in Experimental .Intensity 

Measurement on v  and kmax Prediction

A ssu m e d  C alcu la ted  V alues

V a lu es  +5%  ch an g e  in Rp -5%  ch an g e  in Rp

kmax x(°) X<°) P'kmax s'kmax x(°) P~kmax s'kmax

0 .2 80 76 0.167 0.167 86 0.352 0.355

0.3 70 66 0.248 0.248 76 0.406 0.407

0.4 60 54 0.329 0 .328 66 0 .505 0 .507

0.5 50 43 0.418 0.414 56 0.598 0 .598

0 .6 40 31 0.507 0.500 47 0.708 0.718

0 .7 30 18 0.608 0.597 38 0.800 0 .818

0 .8 2 0 0 0.739 0.718 30 0.897 0.920

0.9 10 0 0.914 0.877 24 0.997 1.024

1.0 0 0 1.049 1.000 21 1.092 1.123
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T h e  effect of e rro rs  in m e asu re m e n t of RA intensity  on th e  ca lcu la tio n s  of

km ax anc* X *s  show n in T ab les  2 .4 .1 . a n d  2 .4 .2 . Errors in in tensity

m e a su re m e n ts  o ccu r frequently  d u e  to  b ase lin e  variations. T he  ca lcu la tions

in Table 2 .4 .1 .a n d  2 .4 .2  a re  b a se d  on th e  a s s u m e d  v a lu es  of km ax a n d  %

given in th e  first tw o colum ns. T he  RA in tensities a re  de term in ed  from th em

an d  th en  %, s-, a n d  p -km ax a re  ca lcu la ted  with th e  ind icated  levels of e rro r

im posed  on RAp while RAs is held co n stan t. G enerally  sp eak in g , th e

pred ic ted  v a lu es  of % a re  m ore a c c u ra te  with large % a n d  th e  acc u ra cy  of th e

p red ic ted  km ax v a lu e s  d o e s  not c h a n g e  a s  th e  a s su m e d  value  of km ax 

c h a n g e s .

2.5. Simulation of Reflection - Absorption Spectra

T he freq u en cy  ( o r w avenum ber) of infrared absorp tion  of th e  m ethy lene  

stre tch ing  vibrations h a s  often b e e n  u se d  a s  an  indication of conform ational 

co n ten t in chain  m o lecu les  (47-49). A q u estion  th a t a r is e s  in th e  u s e  of th e  

reflection-absorp tion  tech n iq u e  is: do  th e  optics of th e  experim en t resu lt in any  

p e a k  shifts o r  b an d  d istortions relative to  s ta n d a rd  tran sm issio n  sp ec tro sc o p y ?  

In th e  p a s t, sp e c u la r  reflection te ch n iq u es  h ave  b een  show n to p ro d u ce  a s

m uch a s  a  15 cm ' 1 shift in carbonyl stre tch ing  p e a k  of poly(m ethyl

m ethacry late) a s  co m p ared  to  th e  tran sm issio n  m ode (50). In o rd e r to  

ex am ine  for th e  p re s e n c e  of b an d  distortion o r frequency  sh ifts a s s o c ia te d  

with th e  reflection - absorp tion  experim en t, s im u la ted  sp e c tra  a re  ca lcu la ted  

from th e  optical c o n s ta n ts  of sodium  d o d ecan esu lfo n a te . T he optical 

c o n s ta n ts  a re  found from th e  solid su rfac tan t d isp e rse d  in a  KBr m atrix by
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using a  com bination of a  Kram es-Kronig transform  an d  spectral m odeling with 

F resnel coefficients. Polarized reflection-absorption sp ec tra  of an  isotropic 

m onolayer su rrounded  by air on o n e  side  an d  w ater on th e  o th er side  a re  

calcu lated  for a  th ickness of 10.5A. The results a re  show n in Figure 2 .10  and  

com pared  with th e  experim ental transm ission  spectrum . The p eak  positions 

derived from the  sp ec tra  (by 3-point quadra tic  interpolation of resolution =

2cm "1 d a ta  files) a re  show n in Table 2.5.1. The av erag e  m agnitude of all

shifts is +0.28cm "1 an d  the maximum shift is +0.7cm -1 . No shifting results

from using different polarizations. Figure 2 .10 indicates tha t band  distortions 

a s  a  result of the  experim ental optics a re  negligible.
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Table 2.5.1 Peak Position Comparison of Tfranslmisslon with 

Simulated Reflectlon-Absorptlon Spectra

T ran sim iss io n  S im ulated  RA A ssignm en t

(in KBr), (cm -1 ) RAp (c m '1) RAs (c m '1)

2957.4  2958.1 2958.1 CH3  asym m etric  (va )

2919.5  2919.9 2920.0 CH2  asym m etric  (va )

2872.1 2872.0 2872.0 CH3  sym m etric  (vs )

2850.1 2850.7  2850.7 CH2 sym m etric  (vs )
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3.1. Materials

S odium  d o d e c a n e su lfo n a te  (C-| 2 H2 s S 0 3 Na) a n d  lauryl sod ium  su lfa te  

(C i 2 H2 5 S 0 4 Na) both  of >99%  purity w ere  p u rc h a se d  from R e se a rc h  P lus 

Inc., B ayonne, NJ.

D odecyltrim ethylam m onium  brom ide (C-| 2 H2 5 N C 3 HgBr), > 99%  purity 

w a s  p u rc h a se d  from S igm a C hem ical C om pany, St. Louis, MO.

D odecy l-d 2 5  sodium  su lfa te  (C-| 2 D2 5 ®®4 Na), 98%  d e u te ra te d  w as 

p u rc h a se d  from C am bridge  Iso tope L abora to ries  , W oburn, MA.

S odium  chloride, lithium chloride, an d  sod ium  brom ide for in creasing  th e  

to ta l ionic s tren g th  of su rfac tan t so lu tions a re  analy tical g ra d e  re a g e n ts  (J.T. 

B aker C hem ical C o., Philisberg , NJ). E ach  sa lt w a s  b ak ed  in a  porcelain  

c a s s e ro le  for sev e ra l h ou rs  a t red  h e a t to  rem o v e  tra c e s  of o rgan ic  

c o m p o u n d s  w hich m ay affect th e  su rface  p ro p e rtie s  of th e  s tu d ied  su rfac tan ts .

T h e  w a te r u s e d  for p reparation  of su rfac tan t so lu tions is first de io n ized  

a n d  th en  distilled tw ice, th e  last tim e from alkaline  p e rm a n g a n a te  solution 

th rough  a  3-ft-high V igreaux colum n with a  q u a rtz  c o n d e n s e r  a n d  receiver

(specific  conductivity  1.1X 10"6 m ho cm -1 a t 25.0°C ).

3.2 Surface Tension Measurements

All su rface  tension  m e asu re m e n ts  w ere  m a d e  by th e  W ilhelm y vertical 

p la te  te ch n iq u e , using  a  sa n d -b ia se d  platinum  p la te  of c a . 5-cm  perim eter. 

In strum en ts  w ere  ca lib ra ted  ag a in s t q u a rtz -c o n d e n se d  w a te r  e a c h  d ay  th a t
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m easu rem en ts  w ere  m ade. T he plate w as su sp e n d e d  from a  dial-type 

torsion b a lan ce  cap ab le  of being read  to  0 .2  mg (ca. 0 .04  mN/m). All solution 

to be  te s te d  w ere im m ersed in a  co n stan t tem p era tu re  bath  a t th e  desired  

tem p era tu re  (25 .00± 0 .02°C ), an d  a g ed  for at le a s t 30 m inutes before  

m easu rem en ts  w ere  m ade. S e t of m easu rem en ts  w ere tak en  a t 20-m inutes 

in tervals until no significant ch an g e  occurred.

Before being u sed  for su rface  tension  m easu rem en ts , a q u e o u s  so lutions 

of anionic su rfac tan ts  (sulfonates and  sulfates) w ere  further purified by 

p a s s a g e  four tim es through minicolum ns of octadecy lsilan ized  silica gel (52) 

to rem ove any  tra c e s  of im purities m ore surface  active than  the  p aren t 

com pound. T he concentration of anionic su rfactan t in the  effluent from th e se  

co lum ns w a s  determ ined  by tw o-phase  titration with H yam ine 1622 (53, 54).

3.3. Dynamic Surface Tension Measurements

T he m axim um  bubble p re ssu re  m ethod w as u sed  to m easu re  the  

dynam ic su rface  tension  of surfactan t solutions (55). T he m axim um  bubble 

p re ssu re  ap p a ra tu s  co n sis ts  of a  gas-feed ing  system  an d  a  bubble p re ssu re  

an d  frequency  m easuring  system . T he g a s  u sed  to p roduce bubb les is N£. 

T he p re s su re  variation in the  capillary during bubble form ation is m onitored 

by a  p re ssu re  transducer. The output from the  p re ssu re  tra n sd u ce r is fed into 

an  IBM personal com puter with a  “N otebook” softw are. Both th e  bubble 

frequency  an d  the  maximum bubble p ressu re  a re  m easu red . Pure  w ater (se e  

ch ap te r 3.1) w as u sed  a s  the  s tan d a rd  su b s tan ce  to obtain th e  calibration 

factor (voltage to su rface  tension). The calibration is ch eck ed  each  d ay  . The 

relative e rro r in th e  reproducibility of th e  dynam ic su rface  ten sio n  v a lues of 

th e  su rfactan t solutions is about 1%.
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3.4. Monolayer Preparation

A Teflon trough w as im m ersed in a  mixture of HNO3  and  H2 S O 4  (1 :10 

ratio) for abou t 30 m inutes for cleaning. The Teflon trough w as rinsed in tap  

water, then  quartz-condensed  water. The clean Teflon trough w as filled with

12.5 ml of a  surfactant solution studied  a t the  am bient tem peratu re  (25 ±  1 °C), 

an d  an ad so rb ed  m onolayer of the  surfactant allowed to form at the  air/w ater 

interface. A time of 30 m inutes of equilibrium w as allowed for su rfactan t 

m olecules to diffuse to the  interface before the m easurem ent w as carried  out.

3.5. Spectroscopy

Single external reflection-absorption FTIR sp ec tra  of surfactant 

m onolayers a t the aq u eo u s  solution/air interface w ere obtained with a  Digilab 

FTS-60A FTIR spectrom eter coupled with a  m onolayer/grazing ang le  

accesso ry  (S p ecac  19653). The experim ental optical a rrangem ent for 

observing the  reflection-absorption sp ec tra  of an adso rbed  m onolayer a t the  

air/w ater interface is show n in Figure 3.1. The incoming radiation w as 

polarized (p- or s- polarization) with a  Au wire grid polarizer (Perkin-Elmer, 

Norwalk, CT). The angle of incidence IR beam  is 30° from the su rface  normal. 

Figure 3 .2 and  Figure 3.3 show  som e spec tra  of the  sam e  C 1 2S N a  

m onolayer a t different incident angle (6 ). It is apparen t th a t increase  in the

incident angle results in an  in c rease  in the intensity of signal and  a s  well a s  

noise. In order to ge t both strong intensity and  good signal-noise ratio 

sim ultaneously , 30° incident angle is se lec ted  for both p- and  s- polarizations 

in all experim ents. All the  sp ec tra  a re  collected by coadding 4096 s c a n s  a t 8

cm ’ 1 resolution with a  narrow -band liquid N2 cooled HgCdTe (MCT) detector.



O n e level of zerofilling yields a  d a ta  increm ent of 4  cm -1 . Final reflection-

abso rp tio n  sp e c tra  a re  g e n e ra te d  by dividing a  po larized  single  b eam  

re flec tance  sp ec tru m  of th e  su rfac tan t m onolayer by a  s a m e  po larized  single 

b eam  re flec tan ce  sp ec tru m  of q u a rtz -c o n d en sed  w a te r (or co rre sp o n d in g  sa lt 

solution w ithout su rfactan t) a n d  taking th e  negative logarithm . All sp e c tra  a re  

tran sfe rred  to  a  VAX C lu ste r for sp ec tra l m anipulation a n d  p ro cess in g . T he  

co m p u te r p ro g ram s “PLT” a n d  "PLOTTER” written by Dr. F ina (D epartm en t of 

M aterials a n d  E ngineering , R u tg e rs  University) a n d  s ta n d a rd  Digilab softw are 

availab le  on th e  FTS-60A  c o m p u te r w ere  u se d  to  obtain b an d  freq u e n c ie s  

a n d  sp ec tra l plots.

3.6. Baseline Determination

T h e  prim ary so u rc e  of in accu rac ies  in the  determ ination  of experim en tal 

in tensities is b ase lin e  fluctuations. In the  reflection-absorption  experim en t, 

b ase lin e  fluctuations a re  m inim ized by using exactly  th e  s a m e  optical pa th  for 

th e  sam p le  an d  th e  re fe re n ce  (background). T he height a n d  th e  cu rv a tu re  of 

th e  su rfa ce  of the  su rfac tan t solution (or th e  pure w ater) c an  dram atically  

affect th e  optical path . F igure 3 .4  sh ow s the  c h a n g e s  in height of th e

C ^ S N a  (C = 4.0X1 O’3  M) solution an d  pure  w a te r in th e  Teflon tro u g h  during

th e  ex perim en t tim e a t room  te m p e ra tu re  of 25 + 1°C an d  relative hum idity of 

60% , d u e  to  ev apo ra tion  of w ater. It is o b serv ed  th a t both su rfac tan t a n d  

w a te r solution h ave  th e  s a m e  w a te r  evaporation  ra te , a n d  th e  d e c r e a s e  in th e  

height of solution is directly proportional to  th e  experim en tal tim e (ab o u t 0 .5  

mm p e r  hour). An ex am p le  of th e  effect of c h a n g e s  in height on th e  reflection- 

absorp tion  sp e c tra  is show n in F igure 3.5. The sp e c tra  a re  p ro d u ced  using
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th e  negative  log(l2 /l-|) w here  l-j is a  sing le  b e am  re flec tan ce  sp ec tru m  of p u re  

w a te r a t tim e t g ,  an d  I2  is a  sing le  b e am  reflec tance  sp ec tru m  of th e  s a m e  

w a te r a t tim e t (t = 1 , 2 , 3 , 4 ,  5 hours, respectively). In th is  c a s e , th e  c h a n g e  in 

th e  heigh t of w a te r su rface  with th e  tim e interval t- tg  is d u e  to  w a ter

evaporation . T he bottom  sp ec tru m  with t - tg  = 5 h o u rs  h a s  ARA = 0 .006  in

m ethy lene  s tre tch ing  region. C onsidering  th e  fact th a t 0 .006  is in th e  s a m e  

in tensity  ran g e  a s  typical experim en tal RA in tensities, a  p ro ced u re  sh o u ld  b e  

d e s ig n e d  to  m inim ize th is  effect. S ingle beam  sam p le  sp e c tra  a re  ra tioed  

with all re fe ren ce  (background) sp ec tra . T he “co rrec t” ratio is visually

de term in ed  by th e  elim ination of b ase lin e  cu rva tu re  in th e  30 5 0 -2 8 0 0  cm ' 1

region. Figure 3 .6  sh o w s a  rep resen ta tiv e  RA sp ec tru m  of 2 S N a

m ono layer (C = 4.0X1 O' 3  M, in p u re  H2 O, s-po larized  ), th e  sp ec tru m  h a s  a

very g o o d  signal-no ise  ratio a n d  a  sm oo th  b a se lin e  in th e  C-H s tre tch ing  

reg ion .

3.7. Experimental Reproducibility and Errors

Figure 3.7 . sh o w s th e  reproducibility of T he  RA sp e c tra  of th e  a d so rb e d  

m o no layers  of C -^ S N a  a t th e  a q u e o u s  solution/air in terface in p u re  w a te r 

solution. T he  s p e c tra  a re  tak en  for four su rfac tan t solution sa m p le s  with th e

s a m e  bulk concen tra tion , C  = 4 .00X 10 '3 M, an d  at different tim e. All th e  IR

p a ra m e te rs  a re  kept co n stan t. It is o b se rv ed  th a t all four s p e c tra  h av e  a  g o o d  

reproducibility in both th e  p eak  in tensity  an d  th e  frequency  in th e  C-H 

stre tch ing  region of m ethy lene  g ro u p s. T he d a ta  on p e ak  in tensities  (heights) 

a n d  freq u en c ie s  in th is  region a re  listed in Table 3 .7 .1 . It is found th a t the
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Table 3.7.1.

Experimental Reproducibility and Error In RA Intensity and

Frequency Measurements

sample. va (£ ± D vs <e=ii)

n u m b e r H(mm) RA-| (X1 O'3) W n-|(cm '1) H(mm) RA2 (X 10 '3) W n2 (cm "1)

1 56.0 4.10 2917.1 40.0 2.93 2848.8

2 54.0 3.96 2917.4 38.0 2.79 2849.1

3 53.0 3.89 2917.5 38.0 2.79 2849.0

4 53.0 3.89 2917.2 38.5 2.82 2849.2

RA-j = (3.96 ±  0 .1 0)X1 O'3 ; RA2  = (2 -83  ±  0.07)X1 O' 3  

Wn-j = 29 1 7 .3  ±  0 .2 c m '1 ; W n2  = 2849.0  ±  0 .2 cm ' 1
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intensity m easu rem en t h a s  a  relative percen t error of 2.5% , an d  th e  frequency

m easu rem en t only abou t 0 .02%  (+0.2 c m '1). It is c lear th a t the  accuracy  of

m easuring  p e ak  freq u en cies  is m uch g re a te r  than  th a t of m easuring  RA 

intensity, th u s  the  sm all ch an g e  in p eak  frequencies is m ore significant than  

m uch larger ch an g e  in RA intensity.

o
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4.1. Anionic Surfactant - Sodium Dodecanesulfonate 

(C ! 2H25® 0 3 Na)

4.1.1. Static (Equilibrium) Surface Tension Measurements

Plots of the  surface tension, y, of aqu eo u s solutions of C - ^ ^ s S C ^ N a

( C ^ S N a )  vs. log of their solution concentration, in mol/dm3 , in pure H2 O,

0.1 M NaCI, 0.5M NaCI, and 0.1 M LiCI solutions a t 25.00 ± 0 .0 2 °C  a re  shown 

in Figure 4.1.1. From this Figure, the  surface p ressu re , jt, in mN/m, the a re a

p e r m olecule (A), in A3 , the  surface  ex cess  concentration at the  interface, r, in

m ol/cm ^, w ere calcu lated  using equations (1.1), (1.2), (1 .6 ), and (1.7). The

d a ta  of k , y, and  A a t various bulk surfactant concentrations in pure H2 O, 0.1 M

NaCI, 0.5M NaCI, and  0.1 M LiCI solutions a re  listed in Table 4 .1 .1 ., 4 .1.2.,

4.1.3., and  4.1.4., respectively. Figure 4.1.2. is a  diagram  of surface p ressu re  

vs. a re a  p e r m olecule for C 1 2 SN a in pure H2 0 , 0.1 M NaCI, 0.5M NaCI, and  

0.1 M LiC.I solutions. Com paring th e se  curves with Figure 1.1., w e m ay 

conclude tha t the  s ta te s  of all the adsorbed  m onolayers of C-| 2 S N a at the 

aq u eo u s  solution/air in terface with various total ionic s treng ths a t the  

sa tu ra ted  adsorption can  be classified a s  liquid expanded  m onolayers (LE). 

From Figure 4.1.2, it is a lso  observed  that there  exists a  p h a se  transition point 

(C{) for e ach  of the  adso rbed  m onolayers of C-j 2 S N a in a q u eo u s  solutions 

betw een  th e  LE an d  g a se o u s  (G) s ta tes , w hen the  a re a  p er m olecule abruptly
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Table 4.1.1

P.9ta Qn_Yt_a,_gafl.A_lg.r-£i 2H2 5 ^ 3 ^

In Pure H gO  Solution (25.0°C1

C (M ) logC Y (mN/m) % (mN/m) A (A 2)

2 .69X 10 -2 -1.57 39.0 33.0 *

2.34X1 O' 2 -1.63 39.0 33.0 ★

1.17X1 O' 2 -1.93 40.0 32.0 56.7

5 .8 9 X 1 0 -3 -2.23 47.8 24.2 56.7

3 .7 1 X 1 0 '3 -2.43 54.0 18.0 56.7

3 .16X 10-3 -2.50 55.8 16.2 64.0

2 .4 0 X 1 0 -3 -2.62 59.2 12 .8 72.8

1 .74X 10 ' 3 -2.76 62.4 9.6 88.0

1 .17X 10-3 -2.93 65.7 6.3 122.0

6.31X 1 O' 4 -3.20 68.4 3.6 182.0

* ab o v e  th e  cm c.
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Table 4.1.2

Data on v. n. and  A for C-j 2 H2 5 S-Q3 M

in 0.1 M NaCI S o lu tion  (25.0°C1

C (M) logC Y (mN/m) 7c (mN/m) A (A2 )

2.95X1 O' 3 -2.53 35.8 36.5

2.40X 10 -3 -2.62 35.8 36.5 ★

1.32X 10"3 -2.88 41.4 30.9 44.0

7.94X1 O' 4 -3.10 45.8 26.5 44.0

5.25X1 O' 4 -3.28 50.3 22.0 44.0

3.71X1 O' 4 -3.43 53.3 19.0 49.0

2 .63X 10 ‘4 -3.58 56.3 16.0 52.6

1.07X1 O' 4 -3.97 62.4 9.9 64.9

7.58X1 O' 5 -3.28 64.7 7.6 71.2

* ab o v e  th e  cm c.
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Table 4 .1 .3

Data on v. k . and A for C  ̂2H2 5 £ f i 3 N s

in Q.5M NaCI Solution (25i?0C)

C (M) logC Y (mN/m) 7c (mN/m) A (A2 )

3.98X 10-4 -3.40 38.0 35.0 41.5

2.63X1 O' 4 -3.58 42.2 30.8 41.5

1 .35X 10 "4 -3.87 49.2 23.8 41.5

8.91X1 O' 5 -4.05 52.8 20.2 42.9

6.31X1 O' 5 -4.20 56.3 16.7 46.9

4.26X1 O’5 -4.37 59.1 13.9 52.3

2.69X1 O’5 -4.57 62.8 10.2 60.3

1.78X1 O' 5 -4.75 65.3 7.7 70.7
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Table 4 .1 .4

Data on v. n. and A for C-| 2H2 5 & fi3 N s

in 0.1 N LICI S olu tion  (25.0°C)

C (M) logC Y (mN/m) 7u (mN/m) A (A2 )

3.55X 10“3 -2.45 37.2 35.1 46.8

3.00X 10-3 -2.52 37.2 35.1 46.8

1.48X1 O' 3 -2.82 42.4 29.9 46.8

1.12X1 O’3 -2.95 44.9 27.4 46.8

5.60X1 O’4 -3.25 51.0 21.3 47.4

2.80X 10-4 -3.55 57.0 15.3 50.7

1.40X1 O’4 -3.85 62.3 10.0 54.6



c h a n g e s  from Amjn to a  higher value. It is interesting to note th a t th e  p h a se  

transition points for all of th e  four different solutions a re  at a  su rface  p ressu re , 

k, of abou t 20mN/m. In fact, values of Ct of all of the four su rfactan t solutions

a re  very c lo se  to their C 2 0 . R osen  (22) h a s  indicated that w hen the  su rface  

(or interfacial) tension  h a s  b een  red u ced  by 20mN/m, the  su rface  

concentra tion  is 84-99.9%  sa tu ra ted , an d  PC2 0  is a  m easu re  of the  s tan d ard  

free  energy  of adsorption. Thus, th e  bulk concentration  of su rfactan t required 

to  d e p re s s  th e  su rface  (or interfacial) tension  of the  solvent by 2 0 mN/m,C2 o. 

is not only a  good m easu re  of the  efficiency of adsorption of th e  surfactan t, but 

a lso  an  indication of p h a se  transition betw een  LE and  G p h a s e s  of a d so rb ed  

m onolayers a t the  aq u eo u s  solution/air interface.

The d a ta  of cm c, r max, Amjn, an d  Ct for C-| 2 S N a in pure H2 O, 0.1 M

NaCI, 0.5M NaCI, and  0.1 M LiCI a re  listed in Table 4 .1 .5 . T h e se  d a ta  a re  

con sis ten t with th o se  reported  by D ahanayake (24) an d  R osen  (22). It is s e e n  

th a t the  su rface  e x c e s s  concentration  in c rease s  with in c rease  in the  total ionic 

streng th  of su rfactan t solutions, an d  the  a re a  p e r m olecule on the  ab so rb ed  

m onolayer a t th e  a q u e o u s  solution/air in terface consequen tly  d e c re a se s .

This resu lts in increasing adsorption a t the  interface b e c a u se  of th e  d e c re a se  

in repulsion force betw een  th e  o rien ted  ch arg ed  h ead  groups a t the  interface. 

It is notew orthy that the  value of Tm ax for C-) 2S N a in 0.1 M NaCI solution is

larger th an  th a t in 0.1 M LiCI, even  though Li h as  a  sm aller atom ic rad ius than  

Na. It m e an s  that C-j 2S N a solution h a s  s tro n g er adsorp tion  a t th e  a q u eo u s  

solution/air interface in 0.1 M NaCI solution than  in 0.1 M LiCI. This 

p h en o m en a  m ay be explained by the  difference betw een  th e  hydrated  ion
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Table 4.1.5

Surface Properties of C-| 2I±2 sS 03Na Solutions (25.0°C)

medium cm c ^cm c r m ax Amin c t*

(M) (mN/m) (X1010 mol./cm2 ) (A2) (M)

pure H2 O 1.25X1 O' 2 32.5 2.95 56.5 3.0X1 O' 3

0.1 M NaCI 2.50X10-3 36.0 3.85 44.0 3.7X10-4

0.5M NaCI >37.0 3.85 41.5 9.0X1 O' 5

0.1 M LiCI 2.69X1 O' 3 35.1 3.55 46.8 4.0X10-4

a pure H2 O 1.24X1 O’2 33.0 2.93 56.7 -

a 0.1M NaCI 2.47X10-3 36.4 3.76 44.2 -

a 0.5M NaCI
* *

>37.0 3.85 41.5 -

* Ct = p h a se  transition concentration.

** solubility too low to determ ine cm c.

a . d a ta  from reference  (24)
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radii of N a+ and  Li+ in aq u eo u s  solution. B ecause  N a+ h as  a  sm aller charge

density in aq u eo u s  solution, an d  consequently  a  sm aller hydrated ion radius

than  Li+ , N a+ is m ore tightly bounded  with surfactant anion (C -^S "), and

therefore, C-j 2 S N a m olecules a p p ea r to be  m ore effectively ad so rb ed  at the  

interface than  C -^SL i. Table 4.1.5 also  show s that C -^ S N a  solution in 0.1 M 

LiCI h as  a  larger cm c than  in 0.1 M NaCI du e  to the  sam e  reason.

4.1.2. Dynamic Surface Tension and Kinetic Adsorption

Figure 4 .1 .3  is a  plot of dynam ic surface tension  (maximum bubble 

p ressu re  m ethod) vs. log of the surface  ag e  (bubble lifetime). The d a ta  are  

listed in Table 4 .1 .6 . The static su rface tension (Wilhelmy method) of

1.2X 10‘^M C -^ S N a  aq u eo u s  solution a t different m easurem ent tim es w as

also  m easured . The d a ta  are listed in Table 4.1.7, and the  plot of surface 

tension vs. m easurem ent time is show n in Figure 4.1.4.

The generally  accep ted  physical model of adsorption kinetics a t the  

aq u eo u s solution/air interface consists  of a  tw o-step p rocess. The first s tep  is 

the  diffusion of surfactant m olecules in the bulk p h a se  up to the su b p h ase  

close  to the  interface. It is cau sed  by the concentration gradient p roduced by 

the  adsorption of surfactant m olecules at the  very beginning of the  p rocess. 

The su b p h ase  is not fixed; it is defined a s  the  p lace from w here m olecules 

can  be ad so rb ed  without further transport. The seco n d  s tep  can be described  

a s  the  transfer s tep  of m olecules from the soluted to the adsorbed  s ta te  and 

vice versa. Both s tep s  p roceed  sim ultaneously. D epending on the  ra tes  of 

the  p ro c e sse s  the adsorption is diffusion-controlled if the  first s tep  is m uch
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Table 4.1.6

Dynamic Surface Tension Data o fC-| 2H 2  5^ 3 N fl-S g lu lW

tim e dvnam ic surface

0.05 sec. 56.3

0.10  sec. 54.6

0.18 sec. 54.0

0.24 sec. 53.5

0.30 sec. 53.3

0.50 sec. 52.9

1.00 sec. 52.5

2.60 sec. 52.4

3.30 sec. 52.2

6.00  sec. 51.8

10.0  sec. 51.4

21.4 sec. 51.0

50.0 sec. 50.3
** 

1.0  hr 40.5

* m axim um  bubble p re ssu re  m ethod, a t 25.0°C, C = 5.0X10'^M .

** S tatic  su rface  tension  (Wilhelmy m ethod)
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Table 4.1.7

Data on Surface Tensions o fC1 2i±2 sS-QgNg Solution*

tim e su rface  tension  fmN/m)

5 min. 42.6

20  min. 40.5

35 min. 39.8

50 min. 39.5

65 min. 39.1

80 min. 39.1

100  min. 39.1

*Wilhelmy m ethod, a t 25.0°C, and  c  = 1.2X10‘2 M in pure  water.
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slow er than  the  seco n d  one and  kinetically-controlled in the  opposite  c a se . If 

th e  ra tes  of both s te p s  a re  of the  sam e  order, we sp eak  about a  mixed 

diffusion-kinetic-controlled adsorption p rocess.

W ard and  Tordai (56) p resen ted  a  physical model of such  a  p ro cess , 

b a se d  on the  first an d  seco n d  diffusion laws. They derived the  following 

equation  for th e  p ro cess:

w h e re T  = surface concentration at the  interface, in mol./cm2 ;

D = diffusion coefficient of surfactant molecule, in cm 2 /s; 

t = tim e, in seco n d s.

C q = surfactan t bulk concentration, in mol./cm3 . 

x = variable.

H ansen  (57) h a s  d iscu ssed  the theory of diffusion-controlled adsorption. 

T he general solution, which includes adsorption and  desorp tion , h a s  two 

limiting c a s e s  which can  be  com pared  to experim ent corresponding  to  the 

initial (short time) adsorption and  the final (long time) adsorption for sy stem s 

obeying the  Langmuir isotherm . For the short tim e approxim ation,

r  = 2 (D/n)1/2 [C0 11/2 - J*C(0, t-x) d(x1/2)] (4.1)

(Y0-Y)/C0 = 2RT(D/n)1/2 t1/2 ; (4.2)

for the  long tim e approxim ation,



rVeq. = r 2 RT/[C0 (nDt)^2j
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(4.3)

w h ere  y@q = equilibrium static  su rface  tension  of the

su rfac tan t solution investigated , in 10"5  N/cm;

70 = su rface  tension  of the  solvent, in 10'® N/cm;

Y= dynam ic su rface  tension  of the  su rfactan t solution 

investigated , in 10"5 N/cm;

R = g a s  co nstan t, eq u al to 831 N.cm/K°mol;

T = ab so lu te  tem p era tu re , in K°.

U sing th e s e  eq u a tio n s  and  experim ental d a ta , w e can  ca lcu la te  th e  ap p a ren t 

diffusion coefficient, D. C om paring th e  ca lcu la ted  D value with the

re a so n a b le  v a lue  (~1 O'® c m ^ / s ) ,  w e a re  ab le  to de term ine  w h e th er or not the  

adso rp tion  is diffusion-controlled.

T he ca lcu la ted  short tim e approxim ation D value for th e  C -^ S N a  solution

is ab o u t 1.7X lO '^ c m ^ /s .  This value is m uch sm aller than  th e  regular

diffusion value. T herefore , th e  adsorp tion  of C -^ S N a  in pure  H2 O solution 

m ay not b e  com pletely  diffusion-controlled.

Figure 4 .1 .4  show s tha t it ta k e s  abou t 1 hr. to reach  th e  equilibrium

su rface  tension  value for a  1.2X10 '^M  C-| 2 S N a a q u e o u s  solution. Figure

4 .1 .5  is a  plot of reflection-absorption intensity of th e  ad so rb ed  m onolayer of 

C -^ S N a  a t th e  a q u e o u s  solution/air in terface from various bulk 

co n cen tra tio n s  vs. th e  m easuring  tim e. G enera l speak ing , it a lso  ta k e s  abou t
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30  m inutes to reach  a  co n stan t RA intensity for all of th e  C-j 2 S N a solutions. 

F igure 4.1 .6  an d  7 a re  plots of p eak  frequency  shifts from the  equilibrium 

frequency  vs. the  equilibrium tim e in th e  asym m etric C-H stretching band

(2920cm -1) an d  the  sym m etric stretching band  (2850cm -1), respectively.

Within experim ental error, 30 m inutes of equilibrium tim e is an accep tab le  

period for reaching  equilibrium for the  ad so rb ed  m onolayers of C^ 2 S N a a t 

th e  w ater/air interface.

4.1.3. Orientation of C-j 2 §Na Molecules at the Aqueous 

Solution/Air Interface in Pure H2 O Solution

Figure 4 .1 .8  is a  d iagram  of a  tilted C-| 2 S N a m olecule at th e  air/w ater

interface. This diagram  explains vibration directions of th e  sym m etric (vs ) and  

asym m etric  (va ) C-H stretching m odes in m ethylene g ro u p s (-CH2 -) and  S-O  

stretch ing  m o d es in sulfonate group (-SO 3 -) relative to the  chain axis . It is 

noteworthy th a t both vs  and  va  of m ethylene g roups a re  perpendicu lar to  th e

chain  axis an d  orthogonal to each  other.

F igures 4 .1 .9(a) and  (b) a re  p- and  s-po larized  reflection-absorption 

sp ec tra  of C-j 2 S N a in pure H2 O in the  C-H stretching b a n d s  a t various bulk 

concen tra tions. S pec tra  a re  plotted a s  a  function of d ecreasin g  surfactan t 

solution concentration from bottom to top. T he m easu red  peak  intensities 

from IR sp ec tra  a re  listed in Table 4 .1 .8 . The RA intensity vs. log of the  bulk 

concentration is show n in Figure 4.1.10. From Table 4 .1 .8  an d  Figure 4 .1 .10., 

it is s e e n  tha t both intensities of the  sym m etric an d  asym m etric b an d s  rem ain 

co n stan t to a  good  approxim ation a s  th e  bulk concentration  is above the
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p h a s e  transition  point. T he p h a se  transition  co n cen tra tio n  d e te rm in ed  from 

FTIR sp e c tra  is in th e  range  of 2.86X 10"3 M. It is in a  g o o d  a g re e m e n t with th e

v a lu e  of 3 .0X 10 '3 M from th e  su rface  ten sio n  m e a su re m e n ts  (Table 4 .1 .5).

T he  a v e ra g e  chain  orientation a n g le s  p red ic ted  from th e  po larized

in tensities  using th e  h igher freq u en cy  asym m etric  stre tch ing  p e a k  (2920cm '1 )

for different bulk concen tra tion  of C-j 2 S N a  a q u e o u s  so lu tions a re  a lso  listed 

in Table 4 .1 .8 . At th e  sa tu ra te d  ad so rp tion , th e  a v e ra g e  o rien tation  an g le  of 

m ethy lene  c h a in s  of C-( gS N a a t th e  a q u e o u s  solution/air in te rface  is 3 8 .4  + 

3 .3°, a n d  th e  absorp tion  coefficient of th e  m onolayer, km ax  = 0 .5 2 8  + 0 .035 .

Table 4 .1 .9  lists d a ta  of orientation a n g le s  of m ethy lene  c h a in s  of so m e  

sim ilar co m p o u n d s  (including C -^ S N a )  at different in terface o r in the  

crystalline solid. It is in teresting  to  find th a t th e  chain  tilt an g le  (41.3°) of 

C - ^ S N a  m o lecu les d e te rm in ed  by X-ray crystallography  (58) in triclinic 

c ry s ta ls  is a lm o st th e  s a m e  a s  th e  orientation an g le  (38.4  + 3.3°) a t the  

a ir/w ater in terface. This resu lt m ay indicate th a t th e  s tru c tu re  of a  s a tu ra te d  

a d so rb e d  m onolayer of C-| 2 S N a (with c lo se  packing) a t  th e  a q u e o u s  

so lu tion/air in terface is very sim ilar to th a t found in so lids of 2 S N a  

c rystallized  from its su p e rsa tu ra te d  a q u e o u s  solution.

A nother im portant observation  is th e  c h a n g e  in p e a k  freq u e n c ie s  of the  

C-H stre tch ing  b a n d s  with bulk concen tra tion . T he freq u en cy  a n d  width of the  

C H 2  s tre tch ing  b a n d s  a re  sensitive  to th e  gauche/trans co n fo rm er ratio a n d  

h e n ce , th e  a v e ra g e  am ount of d iso rd er in th e  m ethy lene  ch a in s . T he  

in c re a se  in w av en u m b er is partly d u e  to  th e  in c re a se  in gauche co n fo rm ers  

(59), a n d  partly d u e  to th e  d e c re a s e  in th e  density  o r packing  s ta te  of th e



53

Table 4.1.8.

Properties of Adsorbed Monolayers of C | 2 H2 5 S (^ N a  

at The Aqueous Solutlon/Air Interface In H2 Q

QX1Q3 (M) RApXIQ3 B A s m 3 RApZRAS A(A2 )

10.0 6.45 4.05 1.61 40 57

8.76 6.40 4.00 1.60 41 57

5.60 6.50 4.00 1.65 30 57

4.48 6.30 4.00 1.58 41 57

3.58 6.30 3.95 1.59 42 57

2.86 3.53 2.30 1.56 48 65*

1.87 2.67 2.00 1.34 - 96

1.00 2.00 1.60 1.25 - 127

£ *a(C-H) *s(C-H) Ya(S-O) Ys(S-O)

(X103 M) (cm '1) (cm"1) (cm-1 ) (cm '1)

10.0 2917.2 2849.0 1167.2 1037.6

8.76 2917.3 2848.9 1167.0 1037.6

5.60 2917.2 2848.8 1167.2 1037.5

4.48 2917.3 2849.0 1166.8 1037.6

3.58 2917.3 2849.1 1167.0 1037.4

2.86 2920.0 2851.0 1166.6 1036.8*

1.87 2921.0 2852.0 1164.8 1036.3

* p h a se  transition  concen tra tion  region
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T able 4 .1 .9

Data on Orientation Angles of Polvmethvlene Chains

s u b s t a n c e s u r f a c e X(°) m e th o d re f .

CH 3 (CH2 )15 SH gold 40 IR (reflectance) 1

C l 2 H 2 5 S 0 3 Na crystals 37 X-ray diffraction 2

C i 2 H25®®3^® ( triclinic crystals) 41 X-ray diffraction 3

a C i 2 ^ 2 5 ‘^ 1 0 ^ 6 ^ O 3 Na wat©r 43 OSHG* 4

C i 2 ^ 2 5 ® 0 3 Na w ater 38.4 ± 3 .3 ° RA (FTIR)** 5

a. sodium  1-dodecy lnaphthalene-4-su lfonate.

*OSHG = optical seco n d  harm onic generation .

** RA = reflection-absorption spectroscopy.

References:

1. Nuzzo, R.G., J. Am. Chem. SocL 1 1 2 . 558(1990).

2. Saito, E. et. a l . , Colloid Interface Sci.,2., 771(1972).

3. Lingafelter, E.C. et. a l . , Acta Cryst., 2 , 257(1950).

4. Rasing, T. et. a l . , Phys. Rev.. A 31 . 537(1985).

5. Tung, Y.S., G ao, T. Fina, L.J., and  R osen, M .J ., Appl. Spectros., accep ted  for 

publication.



m ethylene chain (60). C han g e  in frequencies of th e se  b an d s have been  

u sed  to characterize  the  p ro cess  of micellization a s  a  function of 

concentration  of a lk an o a tes  (61), the  coagel to micelle transition (critical 

micellization tem peratu re) (62, 63), and  th e  p ressu re-induced  micelle to 

coagel transitions of su rfactan ts (64) and  phospholipids (65). The d a ta  on 

frequencies of CH2  stretching b an d s  in ad so rb ed  m onolayers of C-j 2 SN a at 

th e  air/w ater interface with various bulk concen trations are  listed in Table 

4.1.8. At th e  saturation adsorption, the  bulk concentration is above the  p h ase  

transition point, both frequencies of the  asym m etric and  sym m etric stretching

C-H b an d s  rem ain a t co n stan t values (2917.2cm "1 an d  2 8 4 8 .9 cm '1). T hese

va lu es  a re  lower than  the  corresponding values determ ined  from

transm ission  spec tra  of C 12SN a in a  KBr pellet (2919 .5cm '1 and  2850.1

c m '1). O ne possible reason  for the  higher va lues in the  KBr pellet of

C -^ S N a  is th e  ch an g e  in the  conform ation of m ethylene chains c a u se d  by 

th e  mixing and  grinding p ro cess  with KBr powder.

The low frequencies of the CH2 stretching ban d s in sa tu ra ted  ad so rb ed  

m onolayers a t the  aq u eo u s  solution/air interface indicate th a t the m ethylene 

ch a in s  of C-j 2 SN a m olecules at the  air/w ater interface a re  very o rdered  with 

a\\-trans conform ation. This implies tha t all carbon  atom s of the  chain are 

cop lanar. T he all-trans s ta te  is conducive to the  c lo sest packing of an 

a ssem bly  of chains due to strong interactions betw een m ethylene ch a in s  in 

the  m onolayer a t the interface. The peak  frequencies of the  C-H stretching 

b an d s  in c rease  with d e c re a se  in bulk concentration w hen the  bulk 

concentration is below the  p h ase  transition point. In this c a se , the  d is tance
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betw een  m ethylene chains of C-j 2 SN a m olecules in th e  m onolayer is not 

c lose  enough  (a rea  p e r m olecule increases) to keep  m ethylene ch a in s  very 

o rdered , an d  m ore and  more gauche conform ers are form ed. Theoretically, a  

bond can  rotate from a  trans angle to one of two gauche an g les  with an  

energy absorption of about 0.5 kcal/mol (6 6 ). After trans-gauche rotation, the  

carbon a to m s of a  m ethylene chain a re  no longer coplanar, the  chain is “bent" 

an d  tak es  up a  larger m onolayer a rea .

In c h ap te r 2.4, w e have already d iscu ssed  the  m ethod for sim ultaneous 

extraction of the  orientation angle (%) and absorption coefficient (km ax) which 

is related to the  surface concentration. The satu rated  surface e x c e ss  

concentration  (rmax) of C ^ S N a  m onolayer in pure w ater is determ ined  from

the  plot of su rface tension vs.log C (Fig. 4.1.1.) a s  2.93X10‘ 10  mol./cm2

(Table 4.1.5). This value can  be com pared  with the  surface  concentration 

calcu lated  from reflection-absorption data. The conversion of km ax to surface 

concentration is done  in the  following way: A reference point (one-point 

standard ization  m ethod) is n eeded  w here both values of bulk km ax a n d  

concentration of C-| 2 SN a are  known. Solid C-| 2 SN a d isp ersed  in a  KBr 

matrix is u sed  for this purpose. T he kmax value of the asym m etric m ethylene

stretching band  (2919 .5 c m '1 )is found by first determ ining kjS0 tr0 pjc  using a

Kramers-Kronig transform  and second , kmax = 3kjS0. An av erag e  of th ree 

independen t trials using finely ground pow der yields kjso  = 0.234, and  

therefore, km ax = 0.702 for C-j 2 SN a crystal. The bulk concentration of solid 

C ^ S N a  is calcu lated  from its m olecular weight (272.4 g/mol) and  the  density. 

The density  of C j 2 SN a is m easured  by a  flotation m ethod using m ixtures of
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1 ,4-dioxane an d  carbon  tetrachloride. The density of C-j 2 S N a is m easu red  

a s  1.21g/cm 3 , an d  the  bulk concentration of solid C-| 2 S N a is then  calcu la ted

a s  4 .44.X 10"3  mol./cm3 . The ratio of the  km ax v a lues of th e  ad so rb ed

m onolayer an d  the  solid crystals of C-j 2 SN a is 0 .528/0 .702 = 0.752. S ince 

th e  km ax ratio is directly proportional to the  concentration ratio, using the  one  

point standard iza tion  m ethod, th e  three-dim ensional concen tra tion  of the

m onolayer is C g = 4 .44X 1 0 '3 mol/cm 3  X 0.752 = 3.34  X10"3  m ol/cm 3 . In 

o rder to  com pare  th is value with the  surface  concentration (Tm ax) ob ta ined

from su rface  tension  d a ta  (rmax = 2.93X 10"10 m ol/cm 2 ), a  conversion from

th e  th ree-d im ensional concentration , C g, to the  tw o-dim ensional 

concen tra tion  (surface concentration), C s , should be d o n e  in th e  following 

way:

C s  = C g  (3.34X1 O' 3  m ol/cm 3 ) X d (thickness of the  m onolayer, in cm ), w here 

d = IX c o s  %, I = 17.8X10 '8cm (m olecular length of C-j 2 SN a, calcu la ted  from 

th e  s tan d a rd  bond lengths and  bond angles), and  %, chain  orientation ang le, 

is 38.4°. Therefore, d = 13.9X10‘8cm, and  C s  = 3.34X 10 '3 m ol/cm 3 X 

13.9X 10 ‘8cm  = 4.66X1 O' 10  mol/cm2 . The surface concentra tion , C s  = 

4.66X 10 "10  m ol/cm 2 , predicted  by this m ethod is reasonab ly  c lo se  to the

r max, 2.93X1 O' 13  m ol/cm 2 , calcu lated  from the  su rface  tension  d a ta , having

th e  sa m e  order of m agnitude. But, the form er one  is 1.59 tim es larger than  

th e  latter.
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An obv ious so u rc e  of e rro r in the  conversion  of km ax v a lue  to  su rface  

con cen tra tio n  is th e  u se  of km ax  value from C-| 2 S N a  in KBr. A co n sid e rab le  

am o u n t of grinding an d  mixing is requ ired  to obtain  abso rp tion  in d e p en d e n t 

of particle  s iz e  a n d  mixing tim e. This p ro c e ss  undoubted ly  d e s tro y s  the  

crystal s tru c tu re  of C-| 2 S N a  an d  in troduces a  fraction of g a u c h e  co n fo rm ers  

into m ethy lene  ch a in s . E vidence for th e  p re se n c e  of gauche  conform ation  in 

th e  KBr m atrix is s e e n  from c h a n g e s  in freq u en c ies  of m ethy lene  stre tch ing  

b a n d s . A s co m p ared  with th e  a d so rb e d  s a tu ra te d  m onolayer, th e  asym m etric

C-H stre tch ing  frequency  of 2 S N a in KBr is shifted  2.1 cm""' h igher, a n d  the

sym m etric  stre tch ing  one , 1.1 cm ' 1 higher. The introduction of gauche

con fo rm ers  in th e  C-j 2 S N a in KBr re d u c es  th e  km ax of th e  m ethy lene  

stre tch ing  p e a k s  from th e  all-trans km ax . This effect a t leas t partly 

c o m p e n s a te s  for th e  h igher su rface  concen tra tion  p red ic ted  from th e  infrared 

d a ta .

A no ther po tential so u rce  of e rro r in th e  determ ination  of orien tation  a n d  

con cen tra tio n  is th e  assu m p tio n  tha t th e  m ono layer th ick n ess  v a rie s  only a s  

th e  co sx . A lthough th is assu m p tio n  s e e m s  rea so n a b le , th e re  is no direct

ev id en ce  to p rove it. T he  effect on th e  problem  will, of co u rse , d e p e n d  on the  

ac tu a l n a tu re  of th e  th ick n ess  c h an g e . Penfold  and  his co-w orkers (67) h ave  

s tu d ied  th e  s tru c tu re  of a q u e o u s  te tram ethy lam m onium  d o d ecy lsu lp h a te  

(TMDS) so lu tions a t th e  a ir/w ater in terface using sp e c u la r  reflection of 

neu tro n s . T hey  reported  a  s tag g e re d  struc tu re  of th e  a d so rb ed  m onolayer, 

th e  fraction of m ethy lene  ch a in s  included in th e  h e a d  g roup  region at 

com pletion of th e  m onolayer is 0 .15  which c o rre sp o n d s  to ab o u t 2  of 11 CH 2
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units. B e c a u se  of th e  structure similarity of TM DS a n d  C-| 2 S N a, th e  

a d so rb e d  m onolayer of C i 2 S N a at th e  air/w ater in terface m ay a lso  have  th e  

sim ilar s ta g g e re d  structu re , an d  th is will c a u s e  a  big c h a n g e s  in th e  th ick n ess  

of th e  m ono layer a n d  a s  well a s  in absorp tion  coefficient of th e  m onolayer.

Thirdly, th e  distribution function of chain  orientation a n g le s  m ay not b e  a  

m athem atica l d e lta  function a s  a ssu m e d  in th e  calcu lations. Model 

calcu la tions using  orientation distribution functions o th e r th an  a  d e lta  function 

indicate th a t th e  derived  chain  orientation and  km ax v a lu es  a re  only w eakly 

influenced by in c re a se s  in the  half-width of th e  distribution function.

T he  last possib le  so u rce  of error in the  determ ination  of su rface  

co n cen tra tio n s  is th e  quantitative m ethod of on e  point s tandard iza tion . B eer’s  

law is su ccessfu l in describ ing th e  absorp tion  of dilute solutions. At high 

co n cen tra tio n s  (usually > 0.01 M), the  av e rag e  d is tan ce  be tw een  th e  sp e c ie s  

resp o n sib le  for absorp tion  is dim inished to the  point w here  e a c h  affects th e  

c h a rg e  distribution of its neighbors. This interaction, in turn c an  a lte r their 

ability to  a b so rb  a  given w avelength  of radiation. B ec a u se  th e  ex ten t of th is 

interaction d e p e n d s  upon concentra tion , th e  o ccu rren ce  of th is p h en o m en o n  

c a u s e s  deviation from th e  linear relationship be tw een  a b so rb en cy  a n d  

concen tra tion . Using a  multi-point calibration m ethod  (calibration curve) is 

m uch b e tte r for th e  p u rpose  of quantitative analysis.

4.1.4. Adsorbed Monolayers of C-j 2 ^Na at The Air/water 

Interface in 0.1 M and 0.5M NaCI Solutions

B ec a u se  of the  limitation of the  solubility of C i 2 S N a in NaCI solution (the 

com m on ion effect), th e  bulk concen tra tions of su rfactan t s tud ied  in NaCI 

so lu tions a re  m uch lower th an  th o se  in pure w a ter solution. T he sp e c tra  of
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ad so rb ed  m onolayers of C-j 2 SN a at the  aq u eo u s  solution/air interface in 

0.1 M NaCI solutions a re  shown in Figure 4.1.11. C h an g es  in RA intensities in 

the  C-H stretching region of the  polym ethylene chains with c h an g e s  in 

surfactan t bulk concentrations in 0.1 M NaCI solution a re  show n in Figure 

4.1.12. The d a ta  of RA intensities of C-j 2 SN a m onolayers a t the  in terface in 

both th e  sym m etric and  asym m etric C-H stretching regions in 0.1 M NaCI 

a q u eo u s  solutions are  listed in Table 4.1.10. The sam e  tren d  of th e  ch an g e  in 

RA intensity with bulk concentration in 0.1 M NaCI a s  in pure w ater is 

observed . At saturation adsorption (above the  p h ase  transition point), the  RA

intensity rem ains basically constan t (3.2X1 O'3 ), and after th e  p h a se  transition

point, th e  RA intensity d e c re a se s  with d e c re a se  in bulk concentration. T he 

p h a se  transition concentration found from the  surface tension  m easu rem en ts

is abou t 3.7X 10 '4 M (Table 4.1.2.), in good ag reem en t with that, 4.0X10 '4 M

(Table 4.1 .10.), determ ined from the  change in RA intensities. Figures 

4 .1 .13(a) and  (b) a re  plots of RA sp ec tra  of the  adso rbed  m onolayers of 

C-j 2 S N a a t the  aq u eo u s  solution/air interface in 0.5M NaCI solution. Figure 

4.1.14. is a  plot of the  RA intensity versus log of bulk concentration. D ata of 

RA intensities in the  C-H stretching region of m ethylene g roups in 0.5M NaCI 

solution a re  listed in Table 4.1.11. The change  in RA intensity with bulk 

concentration  for C-j 2SN a m onolayers in 0.5M NaCI solution h a s  a  slightly 

different pattern: The RA intensities of both the  sym m etric and  asym m etric 

stretching m odes d e c re a se  continuously with d e c re a se  in bulk concentration. 

This m ay be attributed to the continued ch an g e  in polym ethylene chain 

conform ation in the  m onolayer with d e c rea se  in bulk concentration. W e will 

d iscu ss  th is later. The p h ase  transition concentration range found from the
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T able 4 .1 .1 0 .

Properties of Adsorbed Monolayers of C-| 2 H 2  5 s  OgNa 

at The Aqueous Solution/Air Interface In 0.1 M NaCI

c m 4 (M) -RAOXIQ3 RASX1Q3 RAp/RAs x(°)a A(A2 )

10.0 3.20 2.00 1.60 41 44

8 .00 3.10 1.93 1.60 45 44

6 .00 3.10 1.95 1.59 45 44

4 .0 0 2.30 1.47 1.56 50 49*

2 .00 1.33 1.00 1.33 - 57

1.00 1.00 0.80 1.25 - 4  67

Q ^a(C-H) ys (C-H) ya(S-O) *s (S -0 )

(X 104 M) (cm-1) (cnrH) (cm-1 ) (cm -1)

10.0 2920.5 2851.0 1169.5 1039.5

8.00 2920.6 2851.1 1169.2 1039.3

6.00 2921.0 2851.4 1169.4 1039.3

4.00 2923.9 2854.0 1169.2 -

2.00 2924.6 2855.0 - -

1.00 2925.5 2856.2 - -

* phase transition concentration region

a. s e e  page 64 for the explanation
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T able 4 .1 .1 1 .

Properties of Adsorbed Monolayers of Cn 2 i± 2  sSjOsNsl. 

at The Aqueous Solutlon/AIr Interface in 0.5M NaCI

c x i o 4 nw -BApXlfl3 RAsX.1 Q.3 RAp/RAs %(°)a A(A2)

2.63 2.00 1.44 1.39 53 42

1.77 1.87 1.38 1.36 55 42

1.29 1.76 1.33 1.32 57 42

0.63 1.34 1.04 1.29 - AT

0.45 1.26 1.00 1.26 - 52

£ Ya(C-H) Ys (C-H) Va(S-O) Ys(S-O)

(X104M) (c m '1) (cm-1 ) (cm"1) (c m '1)

2.63 2920.2 2850.2 1173.6 1043.0

1.77 2920.3 2851.0 1172.7 1043.0

1.29 2920.8 2851.3 1173.0 -

0.63 2921.0 2851.8 - -

0.45 2920.5 2851.5 - -

* phase transition concentration region

a. se e  page 64 for the explanation
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c h a n g e  in RA intensity (relatively large d e c re a se )  is be tw een  1.29X1 O' 4  a n d

6 .3X 10"5 M. It is in good  ag reem en t with 8.91 X10"5 M determ ined  from th e

su rface  tension  m e asu re m e n ts  (Table 4.1.3)

T he d a ta  on p eak  freq u en c ies  in th e  C-H stretching region of 

polym ethylene ch a in s  in 0.5M  NaCI solution a re  a lso  listed in Table 4 .1.11. It 

is o b se rv ed  th a t p e ak  freq u en c ies  of both the  C-H sym m etric a n d  asym m etric  

stre tch ing  b an d s  of C -^ S N a  m onolayers a t th e  in terface in 0.5M  NaCI 

so lu tions continuously in c re a se  with d e c re a se  in bulk concen tra tion . T he 

co n tin u o u s c h an g e  in conform ation of m ethy lene ch a in s  (m ore a n d  m ore 

gaucheconform ers a re  form ed) resu lts in con tinuous d ec rea s in g  in RA 

intensity  (C hap ter 4.1.5.will give a  de ta iled  explanation).

T he  frequency  (2920.5cm "1) of th e  asym m etric  C-H stretch ing  b an d  and

th e  frequency  (2851.0cm -1 ) of th e  sym m etric m ode of m ethylene g ro u p s of

C-j 2 S N a  in the  m onolayer a t th e  in terface in 0.1 M NaCI solution a re  m uch

higher th an  the  co rrespond ing  o n e s  (2917.3cm "1 an d  2848 .8cm "1 ,

respectively) in pure w a ter solution a t saturation  adsorp tion , an d  so  a re  th o se  

freq u en c ies  in 0.5M  NaCI solution. This ind ica tes th a t at sa tu ra ted  

adsorp tion , a  fraction of gauche  conform ers is p re sen t in th e  m ethy lene 

ch a in s  of C-( 2 S N a in a d so rb ed  m onolayers at th e  a q u e o u s  solution/air 

in terface in salt solutions co m p ared  with the  a ll-fransconform ation  of 

m ethy lene  ch a in s  in pure w a ter solution.

A verage  chain  orientation a n g le s  ca lcu la ted  from th e  p rev ious optical 

m odel a n d  assu m p tio n s  for a d so rb ed  m onolayers of C -^ S N a  a t th e  a q u e o u s  

solution/air interface in 0.1 M NaCI and  in 0.5M NaCI a re  listed in Tables
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4 .1 .10 . a n d  4.1.11, respectively. O n e  thing shou ld  be  m en tioned  h e re  is th a t 

all th e  ca lcu la ted  chain  orien tation  a n g le s  a re  b a se d  on th re e  p rev ious 

im portan t a ssu m p tio n s  (C h ap te r 2 .2), a n d  o n e  of th e s e  a ssu m p tio n  is: all- 

transconform ation  of m ethy lene  c h a in s  in a d so rb e d  m onolayers. 

U nfortunately, th is a ssu m p tio n  is not valid in th e s e  c a s e s  (C-| £ S N a  in sa lt 

so lu tions). Actually, b e c a u s e  a  relative large am oun t of gauche  co n fo rm ers  

a re  involved in th e  s tru c tu re s  of m ethy lene  ch a in s  in th e  m o n o lay ers  a t th e  

in terface in sa lt so lu tions, m ethy lene  ch a in s  of su rfac tan t a re  p re s e n t a t a  

random  m anner, an d  th e  chain  orientation an g le  h a s  no real m ean in g  in 

th e s e  c a s e s .

4.1.5. The Effect of Salt Concentration on Structures of 

Monolayers of C-j 2 $Na at The Air/Water Interface.

A s m en tioned  ab o v e  in C h ap te r 4 .1 .1 ., addition of electrolyte (NaCI) to 

C -^ S N a  solution d e c r e a s e s  th e  repulsion force  b e tw een  the  c h a rg e d  h e ad  

g ro u p s , by co m p ress in g  th e  electrical doub le  layers a t th e  a q u e o u s  

so lu tion/air in te rface, a n d  co n seq u en tly  in c re a se  adso rp tion  a t th e  in terface. 

This p ro c e ss  sho u ld  resu lt in an  in c rease  in RA intensity a n d  d e c r e a s e  in 

a v e ra g e  ch ain  o rien tation  an g les .

F igures 4 .1 .15  sh o w s th e  d ifferences in RA sp e c tra  of th e  a d so rb e d

m ono layers  of 6 .24X 10 '^M  C'-j 2 S N a a t th e  in terface in pu re  w a te r  a n d  in

0.05M  NaCI a q u e o u s  solution with s-polarization. F igure 4 .1 .16 . sh o w s th e

d ifferences in RA s p e c tra  of m ono layers  of 1.1X10"^M  C -^ S N a  in 0.1 M an d

in 0.5M  NaCI a q u e o u s  so lu tions with s-polarization. From  th e s e  F igures, it is 

ap p a ren t th a t a t th e  s a m e  bulk concen tra tion , th e  RA intensity in c re a s e s  with
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an  increase  in the total ionic strength of surfactant solution, and  the  p eak  

frequencies of the sym m etric and  asym m etric C-H stretching ban d s of 

m ethylene groups d e c re a se  with an  increase  in the  total ionic strength  of 

solutions. The RAp intensity of the asym m etric C-H stretching m ode of the

ad so rb ed  m onolayer of 1 .0X 10'3 M C -^ S N a  in 0.1 M NaCI aq u eo u s  solution 

a t the saturation adsorption is 3.2X10 ‘3 (Table 4.1.10.), w here a s  the  RAp

intensity in pure w ater is only 2.0X1 O' 3  (Table 4 .1 .8 .) at unsatu rated

adsorption. The addition of 0.1 M of NaCI to the surfactant solution also  

d e c re a se s  the  frequency of asym m etric C-H stretching m ode in the

m onolayer a t the  air/w ater interface from 2922.5cm '^ to  2920 .5cm"^. This

m eans tha t polym ethylene chains of C -^ S N a  in the ad so rb ed  m onolayer at 

the  interface in 0.1 M NaCI solution are  m ore ordered  than  that in pure w ater 

solution with the  sam e  bulk concentration (less gauche conform ers are  

involved in m ethylene chains in 0.1 M NaCI solution).

Figure 4.1 .17 show s the  ch an g e  in m ethylene chain conform ation with 

bulk concentration in pure w ater and  0.1 M NaCI solutions. It is ob serv ed  that 

at the  sam e  bulk concentration, the  frequencies of both the sym m etric and  

asym m etric C-H stretching m odes d e c re a se s  with increase  in the total ionic 

strength of surfactant solution.

From surface tension m easu rem en ts  (Table 4.1.5.), it is known that the 

surface e x c e ss  concentration of C-| 2 SN a at the aq u eo u s  solution /air 

interface in 0.1 M and  0.5M NaCI solutions are much higher than  tha t in pure 

w ater solution a t saturation adsorption. W hen w e com pare the RA intensity 

d a ta  in Table 4 .1 .8  (pure w ater solution) with th o se  in Tables 4 .1 .10 and



4.1.11 (in sa lt so lu tions), a  q u estion  a rise s : why a re  th e  RA in tensities of 

C - ^ S N a  m o no layers  in sa lt so lu tions a lw ays sm alle r th an  th a t in p u re  w a te r 

solution a t sa tu ra tio n  ad so rp tio n ? . From  th e  p rev ious optical m odel (36), it is 

e s ta b lish e d  th a t th e  RA intensity  of a d so rb e d  m ono layers  a t  th e  in terface  

d e p e n d s  on th e  th ick n ess  of th e  m ono layer (a s  a  function of th e  chain  

o rien tation  an g le  %) a n d  th e  absorp tion  coefficient (km ax ) of th e  m onolayer,

w hich is re la ted  to th e  su rface  co ncen tra tion  a s  well a s  conform ation  of 

m eth y len e  c h a in s  in th e  m onolayer. In a ll-fransconform ation , th e  th ic k n e ss  of 

th e  m ono layer c an  be  ca lcu la ted  from th e  form ula: d=lcos%, b e c a u s e  I, th e

length of an  e x ten d e d  m olecule, is fixed, a n d  th e  km ax  is proportional to th e  

su rface  concen tra tion  (packing density). W hen a  fraction of gauche 

con fo rm ers is in troduced  into th e  s tru c tu re  of m ethy lene  c h a in s  in the  

m ono layer, th e  situation  b e c o m e s  relatively com plicated . Firstly, the  

th ic k n e ss  of th e  m ono layer is re la ted  to both chain  orien tation  an g le  an d  

ch ain  conform ation. Introduction of gauche co n fo rm ers  into the  

po lym ethy lene  c h a in s  p ro d u ces  “b en t” an d  n o n -co p lan ar s tru c tu re s  into th e  

m ethy lene  ch a in s , a n d  co n seq u en tly  d e c r e a s e s  th e  leng ths of m olecule 

ch a in s  a n d  th e  th ic k n e ss  of th e  m ono layer a t th e  in terface. Secondly, 

gauche  conform ation  h a s  ev en  m ore significant e ffec ts  on th e  absorp tion  

coefficient of th e  m onolayer. M antsch a n d  his cow orkers (63) h av e  s tud ied  

th e  te m p e ra tu re -d e p e n d e n c e  of th e  m ethy lene  chain  m o d e s  of sod ium  

hex ad ecy l su lfa te  (SH S) a n d  sodium  dodecy l su lfa te  (SD S). W hen  th e  

te m p e ra tu re  a r is e s  from 38°C  to 43°C , th e  p e a k  freq u en cy  of th e  sym m etric

C-H stre tch ing  m ode of 0.2M  of S H S  solution in c re a s e s  from  2850 .5 cm "1 to
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2 8 5 1 .5cm "1. T he p eak  height of the  asym m etric m ode d e c re a s e s  drastically

from 55.5m m  in 38°C  to 33.5m m  in 43°C. T he intensity is d e c re a se d  about 

40% . This ind icates tha t conform ationally d iso rdered  m ethylene ch a in s  with 

a  high con ten t of gauche conform ers (such a s  found in liquid hydrocarbons) 

have  m uch sm aller absorption co effic ien t, km ax , than  that with all-trans 

conform ationally o rd ered  m ethylene chains.

In conclusion , b e c a u se  gauche conform ers a re  p re sen t in the  s truc tu res  

of m ethylene ch a in s  in the  ad so rb ed  m onolayer a t th e  a q u e o u s  solution/air 

interface in sa lt solutions, the  absorption coefficient a s  well a s  the  th ickness of 

th e  m onolayers a re  d e c re a se d  considerably. Therefore, the  RA intensity of 

th e  ad so rb ed  m onolayer at the  interface is d e c re a se d . In fact, th e  calcu lated  

va lu es  of av erag e  km ax of the  m onolayers in pure water, 0.1M, an d  0.5M 

NaCI so lutions a re  0 .528 ±  0.04, 0 .353 ±  0.05, an d  0 .323  ±  0 .0 2 , respectively. 

This is con sis ten t with our prediction.

Table 4 .1 .12  sum m arizes the d a ta  on peak  freq u en c ies  of the  C-H 

stretching b an d s  of m ethylene groups in the  crystalline s ta te , an d  in the  

ad so rb ed  m onolayers in pure water, 0.1M, and  0.5M NaCI a q u e o u s  solutions. 

In C h ap te r 4 .1 .4 ., it w as noted tha t the  frequencies  of both th e  sym m etric and  

asym m etric  C-H stretching b an d s of polym ethylene chains of C-| 2 S N a  

m onolayers in 0.1 M NaCI (or 0.5M NaCI) at sa tu ra ted  adsorp tion  a re  higher 

th an  th e  corresponding  o n es  in pure w ater solution, indicating th a t the  

s tru c tu res  of a d so rb ed  m onolayers in salt so lutions a re  different from th a t in 

pure  w a ter solution.. Increasing the  total ionic s treng th  of su rfactan t solutions 

(with th e  sam e  bulk concentrations) d e c re a se s  th e  p eak  frequencies of C-H 

stretching bands. This is due  to increasing the  su rface  concentration  an d
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d ecreasin g  fraction of gauche conform ers in the  structure of m ethylene 

ch a in s  in a d so rb ed  m onolayers a t the  interface. But from our observation , it 

s e e m s  th a t th e  effects of addition of electrolyte to dilute su rfactan t solution in 

pure w a ter (up to 0.5M  NaCI) are  not strong enough to ch an g e  thoroughly the  

s tructu re  of m ethylene chains in the  ad so rb ed  m onolayers at th e  interface 

from partially d iso rdered  gauche conform ation to highly o rd ered  a\\-trans 

conform ation. Figure 4 .1 .18. d iag ram s su g g es ted  struc tu res of th e  ad so rb ed  

m onolayers of C-| 2 S N a a t the  a q u eo u s  solution/air interface with various bulk 

concen tra tions in pure w ater and  in salt solution. It show s tha t even  though 

high su rface  concen tra tions of surfactan t at the air/w ater interface a re  

reach ed  in sa lt so lutions, the  polym ethylene chains at the  interface still have 

plenty of d iso rdered  gauche conform ers.

4.1.6. RA Spectra of Adsorbed C^2 SNa Monolayers at The 

Air/Water Interface in the S-0 Stretching Region

Figures 4 .1 .19. and  4.1.20. a re  the  RA sp ec tra  of a d so rb ed  m onolayers of 

C -^ S N a  in th e  S-O  stretching region in pure water, an d  in 0.1 M NaCI solution, 

respectively. F requencies of the sym m etric and  asym m etric  S -0  b an d s  in pure 

w ater, 0.1 M, an d  0.5M NaCI solutions a re  listed in Table 4 .1 .8 ., 4 .1 .10 ., and

4.1.11, respectively. Table 4.1 .12. also  sum m arizes the  d a ta  on freq uencies  of 

the  S - 0  stretching b an d s  in ad so rb ed  m onolayers at saturation  adsorp tion  in 

pure w ater, 0.1 M, an d  0.5M NaCI solutions.

From th e se  T ables an d  F igures, it is observed  th a t p e ak  freq u en cies  of both 

the  sym m etric and  asym m etric  S - 0  stretching b an d s in a d so rb ed  m onolayers at 

the  air/w ater in terface basically rem ain constan t a t satu ration  adsorp tion  in pure 

w ater an d  sa lt solutions. The RA intensity in the  S - 0  stretching region looks like
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Table 4.1.12

Eeak Frequency for the C-H and S-0 Stretching Bands of 

C.1 2*12 5 S-Q3  Na in Cry stalling. gmLAtiagEbfiri.. 
Monolayers at the Water/Air Interface

Structural Stretching Crystalline M onolayers (cm '1)

group mode KBr(cm'1) [H2 0  0.1 M NaCI 0.5M NaCI]

-c h 2- va 2919.5 2917.3 2920.5 2920.2

vs 2850.1 2848.8 2851.0 2850.2

-S O 3 - va 1174.0 1167.2 1169.5 1173.0

Vc 1045.0 1037.5 1039.5 1043.0
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show ing th e  s a m e  tre n d s  a s  in th e  C-H stretch ing  region (b e c a u se  of the  

difficulty to  obtain  a  co rrec t b a s e  line, w e didn’t m e a su re  th e  p e a k  in tensity  in 

th e  S -O  region). But th e  c h a n g e  in p e a k  freq u en c ies  of th e  S - 0  stretching 

b a n d s  with bulk concen tra tion  is in th e  opposite  direction co m p ared  with th e  C- 

H stre tch ing  region. Both freq u en c ies  of th e  sym m etric  a n d  asym m etric  S - 0  

stre tch ing  b a n d s  d e c re a s e  with d e c re a s e  in bulk con cen tra tio n  w hen  th e  bulk 

co n cen tra tio n  is below  th e  transition  point. M antsch et.al. (63) have  indicated  

th a t both th e  freq u en c ies  an d  b an d  s h a p e s  in th e  region of S -O  m o d es  differ 

co n sid e rab ly  am ong  th e  individual alkali hexadecy l su lfa te s , a n d  th e  b ehav io r 

is d e te rm in ed  to  a  large ex ten t by th e  different e lec tro sta tic  in teraction an d  

coun terion  binding in th e s e  solid su rfac tan ts . T he g re a te r  th e  interaction 

b e tw ee n  th e  negatively  c h a rg ed  h e a d  g roups, th e  h igher th e  p e a k  frequency. 

W hen  th e  bulk concen tra tion  is below  th e  p h a se  transition  point, th e  su rface  

co n cen tra tio n  a t th e  in terface d e c r e a s e s  with d e c re a s e  in bulk concen tra tion . 

T herefo re , th e  repulsive force b e tw een  th e  c h a rg ed  h e a d  g ro u p s  a t th e  

in te rface  d e c r e a s e s  with d e c re a s e  in bulk concen tra tio n , an d  consequen tly , the  

p e a k  freq u en c ies  of th e  S - 0  stre tch ing  m o d es d e c re a se . In fact, both the  

sym m etric  a n d  asym m etric  S - 0  stre tch ing  b an d s  h av e  th e  h ig h est freq u en c ies

(1174 a n d  1045cm "^) (6 8 ) in crystalline solids.

From Table 4 .1 .12 , it is a lso  o b se rv ed  th a t both p e a k  freq u en c ies  of th e  

sym m etric  a n d  asym m etric  S -O  stre tch ing  m o d es in c re a se  with an  in c re a se  in 

th e  to tal ionic s treng th  of su rfac tan t solution. As m en tioned  before , th e  addition 

of e lectro ly te  to  ionic su rfac tan t solution d e c re a s e s  th e  repulsion  force b e tw een  

th e  c h a rg e d  h e ad  g roups in th e  a d so rb e d  m onolayer, th e reb y  bringing m ore

c o u n te rio n s  (N a+) in c lo se  con tac t with th e  h e ad  g ro u p s  a t  th e  in terface. For
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ex am p le , th e  D ebye length, which is proportional to th e  diffuse layer th ick n ess , 

d e c r e a s e s  from 30A in the  a b se n c e  of electro ly te to ab o u t 10A in 0 .1M NaCI 

(22). S in ce  th e  transition  m om ent v ecto r for th e  sym m etric  m ode  poin ts norm al 

to  th e  in terface (Fig. 4 .1 .8 ) to w ard s  th e  diffuse doub le  layer, th e  in c re a se  in 

freq u en cy  is c o n sis te n t with an  in c re a se  in counterion  in teraction (69, 70).

T h e  c h a n g e  in th e  asym m etric  m ode, w hich a re  e x p ec te d  to  b e  very 

sensitive  to  su rfac tan t - su rfac tan t in teractions, is c a u s e d  by th e  crow ding of th e  

su lfo n a te  h e a d  g roups. T he  in c re a se d  crow ding of th e  su lfona te  h e a d  g ro u p s  

p ro d u c e s  a  local site  sym m etry  lowering which le a d s  to  in c re a se d  splitting of 

th e  asym m etric  m o d es, i. e. a  m ore solid -like c h a ra c te r  of th e  sp ec tra . A s th e  

result, th e  frequency  of the  asym m etric  m o d es  a lso  in c re a se s  with in c re a se  in 

su rfa ce  concen tra tion . T h e se  resu lts  a re  c o n sis ten t with th o se  repo rted  by 

W ee rs  a n d  S ch eu in g  (71) for C-j2 HS m icelles.

4.2. Cationic Surfactant - D o d e c y l Trimethylammonium Bromide,

C i2 H 2 5 N+( CH3 )3 Br“ ( c 1 2n )

4.2.1. Surface Properties from Surface Tension Measurements

D ata  on y, n, T, a n d  A of C-) 2 N in pure  w a te r an d  in 0.1 M N aB r solution a t

va rio u s  bulk co n cen tra tio n s  a re  listed in Table 4 .2 .1 . a n d  4 .2 .2 ., respectively.

Table 4.2.3. su m m arizes  d a ta  on cm c, 7tcm c> r max, a n d  Amjn of C -|2 N in pure

w ater, 0.1 M, 0.5M , an d  1 .0M N aBr so lu tions. F igure 4 .2 .1 . sh o w s plots of 

su rfa ce  ten sio n  v e rsu s  log of bulk concen tra tion  of C-j 2 N in p u re  w a te r  an d  

0.1 M N aBr solutions. Figure 4.2.2. is p lots of su rface  p re s su re  vs. a r e a  p e r  

m olecu le  of C ^ N  in pure  w a ter an d  0.1 M NaBr so lu tions. T h e se  d a ta  a re  

co n sis te n t with th o se  reported  by T an ak a  (72) a n d  R o sen  (22).
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Table 4.2.1

Data on v. rc. r. and A of C -| 2H 2  5 ^  ^ 3 1 3 5 1  

ln_Pure_HoO Solution (25.0°C1

c logC Y 7U r A

(X103 M) (mN/m) (mN/m) (X1010 m ol/cm 2) (A2)

20 .0 -1.70 38.0 34.0 -

14.0 -1.85 39.4 32.6 3.22 51.6

10.0 -2.00 44.4 27.6 3.05 54.5

7.00 -2.15 49.1 22.9 2.73 60.7

5.00 -2.30 53.8 18.2 2.44 68.0

2.50 -2.60 61.0 11.0 1.84 90.2

1.75 -2.75 63.7 8.3 1.54 108

* above the cmc.
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Table 4.2.2 

D?ta_Qn .v,-rc,J.iJ>art^j?t-Qi 2^-25N(CH3)3Br 

in 0.1 M NaBr Solution (25.0°C^

c logC Y TZ r A

(X103 M) (mN/m) (mN/m) (X1010 mol/cm2) (A2)

10.0 -2.00 36.0 36.3 - -

4.00 -2.40 37.6 34.7 3.51 47.3

3.16 -2.50 38.4 33.9 3.42 48.5

2 .00 -2.70 43.0 29.3 3.29 50.5

1.00 -3.00 48.6 23.7 3.02 55.0

0.56 -3.25 52.8 19.5 2.74 60.5

* above the cmc.
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Table 4.2.3

Surface Properties of C-t 2H 2  5 NIC-M3 3-3 Br__S_Q.[utip  rts (25.0°C)

S u b p h a s e cm c ^ cm c r m ax Amin

(X103 M) (mN/m) (X1010 m ol./cm 2 ) (A2)

pure  H2 O 16.0 33.6 3.19 52.0

0.1 M NaBr 4.25 36.5 3.45 48.0

0.5M NaBr 1.50 39.0 4.00 41.5

1.0M NaBr 1.00 40.0 4.05 41.0

a p u re  H2 O 15.5 34.0 3.22 51.6

a 0.1M NaBr 4.22 36.3 3.51 47.3

a 0.5M NaBr 1.45 38.7 4.04 41.1

a 1.0M NaBr 0.91 40.4 4.05 41.0

a . d a ta  from reference  (72)
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From  th e s e  d a ta  a n d  F igures it is o b se rv ed  th a t a d so rb e d  m o n o lay ers  of 

C-J2 N a t th e  a q u e o u s  so lu tion/air in terface have  so m e  p ro p e rtie s  in com m on 

with m o n o layers  of 2 SN a: th e  s ta te  of th e  ad so rb ed  m o n o lay ers  a t s a tu ra te d  

ad so rp tio n  m ay  b e  c lassified  a s  liquid ex p an d e d  m o no layers  (LE), a n d  th e  

addition of electro ly te  (NaBr) d e c re a s e s  th e  cm c of th e  solution, in c re a s e s  th e  

su rfa ce  p re s su re  a n d  ad so rp tion , a n d  consequen tly , d e c r e a s e s  th e  a r e a  p e r  

m olecule a t th e  in terface. But C-| 2 N solu tions h av e  a  slightly d ifferent su rface  

property: th e  cu rve  of su rface  ten sio n  vs. log of bulk concen tra tion  d o e s  not 

h ave  a  c le a r  linear region. It im plies th a t w hen th e  bulk co n cen tra tio n  is below  

th e  cm c, th e  adso rp tion  a t the  in terface continuously  in c re a se s  with in c re a se  in

bulk con cen tra tio n  up  to th e  cm c, the  s lope  of th e  y-logC curve  d e c r e a s e s

sm oothly  with d e c re a s e  in bulk concen tra tion , an d  th e refo re , no sh a rp  p h a s e  

transition  point w as  found.

4.2.2. Surface Properties of C-j 2 N Monolayers at The 

Aqueous Solution/Air Interface from RA Spectra

Figure 4 .2 .3 . is a  rep resen ta tiv e  spec trum  of th e  a d so rb e d  m ono layer of 

C-j 2 N a t th e  a q u e o u s  solution/air in terface in pure  w a ter solution. C om paring  

th is  sp ec tru m  with Figure 3.6, it is clearly s e e n  th a t th e  sp ec tru m  of the  

a d so rb e d  C 1 2 N m o n o layer h a s  relatively s tro n g e r absorp tion  in th e  C-H 

stre tch ing  region of m ethyl g roups, b e c a u s e  th e re  a re  four m ethyl g ro u p s  in a  

C 1 2 N m olecu le , w h e re a s  a  C -^ S N a  m olecule only h a s  o n e  term inal m ethyl 

group . T he  IR b an d  a ss ig n m e n ts  in th e  C-H stre tch ing  region for th e  m ethy lene  

c h a in s  a n d  m ethyl g ro u p s  a re  listed a s  follows:



76

w a v e n u m b e r (c m '1) a ss ig n m e n t

2957 va , CH3

2920 va , CH 2

2902 v, CH 3 (?)

2877 vs , CH3

2850 Vg, CH2

2820 v, N-CH3

T h e  p eak  n e a r  2 9 0 2 c m '1 a p p e a rs  in co m p o u n d s containing tertiary  carbon

ato m s co n n ec ted  to  3 CH3 g roups, su ch  a s  2 ,2 ,4-trim ethylpentane, o r N a to m s 

co n n ec ted  to  m ethyl g roups, like 2,2-dim ethyl ethylam ine (73). F igures 4 .2 .4 . 

an d  4 .2 .5 . show  plots of RA sp ec tra  of the  ad so rb ed  m onolayers of C-j 2 N with 

various bulk co n cen tra tio n s  in pure w ater solution. D ata  on RA in tensities, p e ak  

freq u en c ies  (wn) of th e  sym m etric an d  asym m etric  C-H stretch ing  b a n d s  of 

m ethylene g ro u p s  a s  a  function of the  concentration  of C -|2 N a re  listed in T ab le

4.2.4.

From Figure 4 .2 .5 . and  Table 4 .2 .4 . it is o b se rv ed  th a t w hen th e  bulk 

concen tration  is below  the  cm c, the  RA intensity continuously d e c re a s e s  with 

d e c re a se  in bulk concentra tion . T he su rfactan t solution concen tra tion  of

2 .0X 10"^M is ab o v e  th e  cm c (1.5X10'^M ), an d  this solution h a s  a  h igher RA

intensity th an  o th e r solutions. P e a k  freq uencies of th e  C-H stretching m o d es  of 

m ethy lene  ch a in s  basically  in c rease  with d e c re a se  in bulk concen tration . 

Szulzew sky a n d  his cow orkers (74) have stud ied  the  crystal s tru c tu re  of
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C -j2 n  using x-ray crystallography. They h ave  found tha t th e  m ethy lene  ch a in s  

in C -^ N  cry sta ls  a re  statistically d iso rdered , an d  slightly sc rew ed  around  their

chain axes; the area  per molecule is 18.7A2 , and the tilt angle of the chain axis

with th e  (100) p lane  is 67°.

B ursh an d  his cow orkers (75) h ave  s tud ied  th e  relations b e tw een  th e  

s truc tu re  in crystalline s ta te  an d  properties of bilayers a n d  m ono layers  on th e  

b a s is  of sy stem a tic  structure  investigations. They have  found th a t th e re  ex ist 

so m e  an a lo g ies  of th e  behav io r of th e  th ree-d im ensional c ry sta ls  of long chain  

co m p o u n d s  an d  their tw o-dim ensional m ono- o r b ilayers b e c a u s e  of 

co m p arab le  in term olecular in teractions within the  layer p lan es , and  crystal 

s truc tu re  de term ina tions m ay be u se d  to  e lucidate  the  m olecu lar s truc tu re  and  

th e  principles of m olecular a rran g em en t of th e  m onolayer.

S im ister e t al.. (30) have studied  th e  struc tu re  of th e  a d so rb ed  m onolayer of 

tetradecyltrim ethylam m onium  brom ide (C-| 4 N) a t th e  air/w ater in terface by a  

neu tron  reflection m ethod. Lee an d  his cow orkers (76) have  reported  

s ta g g e re d  s tru c tu res  of ad so rb ed  m onolayers of tetradecyltrim ethylam m onium  

brom ide (C-| 4 N) an d  decyltrim ethylam m onium  brom ide (C-| qN) a t th e  a ir/w ater 

interface. T hey have  reported  th a t in o rder to fit a  sa tu ra ted  m ono layer m odel, 

th e  th ick n ess  of th e  chain  region is 17.5 ±  1A for C-| 4 N, which is le ss  than  th e  

fully e x ten d ed  chain  length, and  th e  th ickness of th e  h ead  region 7 ±  3A. W hen 

th e  bulk concen tra tion  is above  th e  cm c, the  su rfac tan t (C-| 4 N) is m ore closely 

p ack ed  a t th e  in terface an d  th e  th ick n ess  of the  head-g roup  distribution 

in c re a se s  to  12  ±  3A. They attributed this p h en o m en a  to  a  “roughen ing” of the  

h e a d  group part of th e  layer (s tag g ered  m onolayers). T he similarity of th e  

m olecu lar s tru c tu res  of C-| 2 N and  C-| 4 N (or C-| qN) m ak es  it not unrealistic to
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T able 4 .2 .4

Properties of Adsorbed Monolayers ofC-t 2J±2 5 N(CH3)3Br 
at The Aqueous Solution /Air Interface

Q. subphase A

(X103 M) RAS(X103 ) W n(cm ‘ 1) RAS(X 103 ) W n (cm '1) (A2)

20 .0 h 2 o 1.20 2921.0 0.85 2851.6 -

14.0 h 2 o 1.12 2921.4 0.82 2851.5 51.6

10.0 h 2 o 1.04 2921.5 0.77 2851.4 54.5

7.00 h 2 o 0.97 2922.8 0.62 2852.0 60.7

5.00 h 2 o 0.85 2922.7 0.55 2852.0 68.0

2.50 h 2 o 0.80 2923.7 0.40 2854.0 90.2

1.75 h 2 o 0.72 2923.6 0.40 2855.0 108

10.0 0.1 M NaBr 1.24 2923.7 0.80 2853.6 -

4.00 0.1 M NaBr 1.18 2924.6 0.80 2854.7 47.3

2 .0 0 0.1 M NaBr 0.80 2924.7 0.56 2854.8 50.5

1.00 0.1 M NaBr 0.70 2924.8 0.46 2855.2 55.0
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ex p ec t th a t th e  s ta g g e re d  structure  of a d so rb ed  m onolayers a lso  o ccu rs  in 

C-j 2 N solutions. F igure 4 .2 .10 . is a  d iagram  to  explain th e  struc tu re  an d  

distribution of w a te r an d  C-j 2 N m olecules a t th e  a q u e o u s  solution/air in terface. 

W hen th e  bulk su rfactan t concen tra tion  is relatively low, th e  ad so rb ed  

m ono layer is u n sa tu ra ted , th e  d is ta n ce s  b e tw een  m ethy lene ch a in s  and  

b e tw een  h e a d  g ro u p s within the  m onolayer a re  relatively large, an d  the  

m onolayer is uniform. W hen th e  bulk concen tration  is getting h igher a n d  h igher 

(c lose  to  o r ab o v e  th e  cm c), th e  a d so rb ed  m onolayers in pure  w a ter solution 

have  m ore a n d  m ore s tag g e re d  stru c tu res  (the th ick n ess  of th e  head -g ro u p  

distribution a lso  in c reases).

C on tinuous c h a n g e s  in RA intensity an d  p e ak  freq u en c ies  of RA sp e c tra  

with d e c re a s e  in bulk concen tration  m ay be  c a u s e d  by th is type of s ta g g e re d  

s truc tu re  of th e  m onolayer. If the  ad so rb ed  m onolayer h a s  a  s tag g e re d  

s truc tu re , th e  su rface  concen tration  (chain packing density) a t th e  in terface  will 

continuously  in c rease  with in c rease  in bulk concen tra tion  up to  th e  cm c, an d  so  

d o e s  th e  h e a d  g roup  distribution region. T herefore  th e  in teractions be tw een  

m ethy lene  c h a in s  a n d  be tw een  m ethylene chain  an d  a d jacen t h e ad  g ro u p s  in 

the  m ono layer a lso  in c rease  with the  in c rease  in bulk concen tra tion . S ince  RA 

intensity in c re a se s  with increasing  su rface  concen tra tion  a n d  th e  p e ak  

frequency  in th e  C-H stretch ing  b an d s  d e c re a s e s  with increasing  interaction 

b e tw een  m ethy lene  ch a in s  (Van D er W aals  force) in th e  m onolayer a t th e  

in terface, th en  RA intensity should  in c rease  continuously  with increasing  bulk 

concen tra tion , an d  th e  p e ak  frequency  should  d e c re a se  continuously  with 

increasing  bulk concen tra tion .

B ec a u se  th e re  a re  no abrup t turning points in th e  plots of RA intensity, p e a k  

freq u en cies , an d  su rface  tension  v e rsu s  log of bulk co n cen tra tio n s , it a p p e a rs
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th a t th e  transition  b e tw een  LE an d  G p h a s e s  is sm ooth ; no sh a rp  transition 

point w a s  found.

T he  low est frequency  (2851 .6cm "1) of th e  sym m etric  C-H stre tch ing  band

in a d so rb e d  m onolayer of C-| 2 N at th e  in terface is c lo se  to  th a t (2851 .0 c m '1) 

rep o rted  for C-(gN in th e  co ag e l p h a se  by S cheu ing  a n d  W ee rs  (77). But 

f req u e n c ies  of both th e  sym m etric  (2 8 5 1 .6 c m '1) an d  th e  asym m etric

(2 9 2 1 .0 c m '1) C-H stre tch ing  b a n d s  of m ethy lene  g ro u p s  in s a tu ra te d  C-j 2 N 

m o n o lay ers  (bulk concen tra tion  ju s t below  its cm c) a re  m uch h igher th an  th e  

c o rre sp o n d in g  o n e s  (2 8 4 8 .8 c m '1 an d  2 9 1 7 .3 c m '1 , respectively) in C ^ S N a  

m ono layers. O n e  possib le  rea so n  for th is is th e  d ifference in their h e a d  g roup  

stru c tu res. A C-| 2 S N a m olecule h a s  a  negatively  c h a rg ed , -S O 3 ' ,  h e a d  group,

w h e re a s  C 1 2 N h a s  a  positively ch a rg ed , -N+ (CH3 )3 , h e a d  group. T hey  have

totally different inductive effec ts  on the ir m ethy lene  ch a in s . T he  ab so lu te  

freq u en cy  of th e  C-H stre tch ing  b a n d s  of m ethy lene  ch a in s  a re  affected  by th e  

ty p e s  of h e a d  g ro u p s  on th e  m ethy lene  g ro u p s, d u e  to th ro u g h -b an d  inductive 

effec ts  (78). Secondly , the  frequency  d ifference be tw een  C-| 2 N an d  C-j 2 S N a  

m o n o layers  m ay b e  partially a ttributed  to th e  d iso rd e red  a n d  sc rew ed  c h a in s  of 

C 1 2 N in th e  a d so rb e d  m onolayer, which a re  found in th e  crystalline s ta te  (75).

4.2.3. RA Spectra of Adsorbed Monolayers of C-| at the 

Interface in 0.1 M NaBr Solution

F igures 4 .2 .6 .(a) an d  (b) a re  p lots of RA sp e c tra  of th e  ad so rb ed
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m onolayers of C-| 2 N a t the  aq u eo u s  solution/air interface in 0.1 M NaBr solution 

with various bulk concen tra tions a t p - a n d  s -p o la riz a tio n , respectively. D ata on 

RA intensities an d  p eak  frequencies of the  C-H stretching b an d s of m ethylene 

g roups a re  listed in Table 4.2.4.

It is o b serv ed  that w hen the  bulk concentration  (I.OXIO'^M) is above  its

cm c (4.22X 10"3 M), the  ad so rb ed  m onolayer at th e  interface h as  a  larger RA

intensity an d  lower peak  frequencies  than  o thers; w hen th e  bulk concen tra tions 

below  th e  cm c, RA intensity d e c re a se s  with d e c re a se  in bulk concentration and 

p eak  frequencies remain alm ost constan t. It is a lso  observed  tha t p eak  

frequencies  of both sym m etric and  asym m etric  C-H stretching b an d s  of 

m ethylene chains of C 1 2 N m onolayers at the  interface in salt solutions are

higher th an  th e  corresponding  frequencies (2 8 5 2 .5 cm '1 an d  2 9 2 1 .4 c m '1) in

pure w a ter solution w hether the  bulk concentration  is above, c lose , o r below  its 

cmc.

Figure 4 .2 .7  show s the  effects of salt on the  RA sp ec tra  of C-j 2 N 

m onolayers a t the  interface. Figure 4 .2 .8  an d  4 .2 .9  a re  plots of RA intensity and  

p eak  frequency shift (com pared with the  frequency  value a t the  sa tu ra ted  

adsorp tion , th e  bulk concentration just below  the  cmc) in th e  C-H stretching 

region of m ethylene g roups v e rsu s  log of bulk concentration  in pure w ater and  

in 0.1 M NaBr solution, respectively.

It can  be se e n  that RA intensity and  p eak  frequency (both the  sym m etric 

a n d  asym m etric  C-H stretching m odes) increase.w ith  in c rease  in th e  total ionic 

strength  of surfactan t solutions at the  sam e  bulk concentration. At sa tu ra ted  

adsorp tion  (the bulk concentration just below  th e  cm c), the  RA intensities of the



asym m etric  and  sym m etric C-H stretching b a n d s  in ad so rb ed  C-| 2 N m onolayer 

a re  1.18X10"3 an d  8.0X1 O'4 , respectively, in 0.1 M NaBr. T he corresponding

in tensities a re  1.12x1 O' 3  and  8.2X1 O' 4  in pure  water. Within th e  experim ental

error, T h ese  intensities a re  essentially  the  sam e . From Table 4 .2 .3 . w e know 

tha t the  su rface  concentration  ratio is 1.09 a t the  sa tu ra ted  adsorption. T he 

intensity ratio is le ss  than  the  su rface  concentration  ratio. From the  previous 

optical m odel (36) it is e stab lished  tha t the  RA intensity d e p e n d s  on the  chain 

packing density  in the  ad so rb ed  m onolayer (surface concentration), the  

av erag e  chain orientation angle (the th ickness of the  m onolayer),and  

conform ation of m ethylene chains in th e  m onolayer. B ecau se  of a  g rea t ch an g e  

in conform ation of polym ethylene chains from pure w ater to salt so lutions (peak

frequency from 2 9 2 1 .4 c m '1 and  2 8 5 1 .5 c m '1 to 2 9 2 4 .6 cm '1 a n d  2 8 5 4 .7 c m '1 ,

respectively), th e re  a re  m ore g a u c h e  conform ers form ed in s truc tu res of 

m ethylene chains in salt solutions, and  the  absorption coefficient (km ax) 

b ecam e  m uch smaller. As a  result, the  intensity ratio is sm aller than  the  surface 

concentra tion  ratio.

Why a re  m ethylene chains in m onolayers with the  su b p h a se  of salt solution 

m ore d iso rdered  th an  tha t with th e  su b p h ase  of pure w ater?  So  far w e have  not 

yet found a  satisfactory  interpretation. This m ay be c a u se d  by th e  “roughening” 

structu res of the  ad so rb ed  m onolayers of C-j 2 N at the  interface. The high 

frequencies of th e  C-H stretching b an d s of m ethylene g roups in sa lt so lutions 

indicate th a t this type of s tag g e red  structure co n sis ts  of a  g rea t am ount of 

gauche conform ers.
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4.3. Sodium Dodecylsulfate, C^2H25S 0 4 Na (C 1 2HS)> and 

Deuterated Sodium Dodecylsulfate, C-|2D2 5S 0 4 Na 

(C 12d s ) Monolayers

4.3.1. Surface Properties from Surface Tension Measurements

Since p eak  frequencies of the  sym m etric and  asym m etric  C-D b an d s  of 

d eu te ra ted  polym ethylene ch a in s  a re  com pletely different from the  

corresponding  o n e s  of the  C-H bands, it is conven ien t to distinguish m ethylene 

ch a in s  from d e u te ra te d  polym ethylene chains in su rfactan t m ixtures containing 

th e  sa m e  m ethylene chains a s  C-| 2 HS to  investigate s tru c tu res  and  

com positions of mixed m onolayers at the  aq u eo u s  solution/air interface. It is 

therefo re  im portant to determ ine w hether the  surface  properties of the  two 

isotopic co m p o u n d s C-j 2 HS and C-) 2 DS) are the  sam e.

D ata on y, k, r ,  and  A of C-j 2 HS in pure w ater an d  in 0.1 M NaBr solutions 

with various bulk concen tra tions a re  listed in Table 4.3.1. an d  4.3.2., 

respectively. D ata on y, k, r, and A of C-| 2 DS in pure w ater solution with

different bulk concentra tions a re  listed in Table 4.3.3. P lots of su rface  tension  

v e rsu s  log of bulk concentration of C - | 2 H S  and  C - j  2 DS in pure w a ter solutions

a re  show n in Figure 4.3.1. Plots of surface p re ssu re  (7t) vs. a re a  per m olecule

( A )  of C - j  2 H S and  C - j  2 DS in pure w ater an d  0 . 1  M NaBr solutions a re  show n in

Figure 4 . 3 . 2 .  Table 4 . 3 . 4 .  lists surface properties (cmc, 7r c m c , r max, an d  A m j n )

of C - j  2 HS in pure w a ter and  0 . 1  M  NaBr solution, and  C - j  2 DS in w ater solution. 

O ur experim ental d a ta  on su rface  properties of C^ 2 HS in pure  H2 0  a re  

co n sis ten t with th o se  reported  by D ahanayake (24). From th e se  d a ta  and  

Figures, it is s e e n  tha t C - j  2 HS an d  C - j  2 DS have the  sa m e  maxim um  su rface
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Table 4.3.1 

Data on y. n. r. and A of C-| 2 bL2  5 ? ^ 4  N a 

in Pure Ho O Solution (25.0°C1

c logC Y it r A

(X103 M) (mN/m) (mN/m) (X1010 mol/cm2) (A2)

10.0 -2.00 39.5 32.5 -
jk

7.00 -2.15 41.0 31.0 3.13 53.0

5.00 -2.30 46.4 25.6 3.13 53.0

3.50 -2.45 52.0 20.0 2.86 58.0

2.50 -2.60 57.0 15.0 2.48 67.0

1.75 -2.75 63.7 8.3 2.09 79.5

* abo v e  th e  cm c.
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T able 4.3.2

Data on v. rc, r . and A of C-f 21±2

in 0.1 M NaBr SQlVtipn.(2.5ifl.!C)

c logC y it r A

(X104 M) (mN/m) (mN/m) (X1010 mol/cm2) (A2)

15.8 -2.80 33.6 38.7 -

10.0 -3.00 37.2 35.1 4.15 40.0

5.00 -3.30 44.3 28.0 4.15 40.0

2.50 -3.60 51.2 21.1 3.70 44.9

1.58 -3.80 55.8 16.5 3.37 49.3

0.89 -4.05 59.6 12.7 2.96 56.0

* above th e  cm c.
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T able 4 .3 .3

Pgta on y. rc. r, snti A of Ci 2P2 5S Q^Na

In JEtflg.. H2 Q $ ,9 lMtlpn_(£5.Q0Q)

C logC y

(X 103 M) (mN/m)

10.0 -2 .00 39.0

7.00 -2.15 40.0

3.50 -2.45 50.8

2 .0 0 -2.70 58.4

1.00 -3.00 64.0

n r  A

(mN/m) (X1 0 10 m ol/cm 2) (A3 )

33.0

32.0 3 .13  53.0

21.2 3 .13  53.0

13.6 2 .07  80.0

8.0  1.38 120

* ab o v e  th e  cm c.
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T a b le  4 .3 .4

S u r f a c e  P ro p e r t ie s  o f  C j 2H-2 5 $  C>4 N a _(C i 2I± £ )  

a n d  C-| 2 P 2  5S 0 1 N a (C 1 2 p S > S 0.l»tl9.n s  (25.0°C)

Surfactant cmc ^cm c r m ax ^min

(X103 M) (mN/m) (X1010 mol./cm2 ) (A2)

c 12 h s 8.00 32.0 3.10 53.5

(in H2 0 )

C-j 2 d s 7.59 33.0 3.13 53.0

(in H2 0 )

c 12 h s 1.40 38.7 4.15 40.0

(in 0.1 M NaBr))

a C 12HS 

(in H2 0 )

7.94 32.5 3.16 52.5

a. d a ta  from reference (24)
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concen tra tion  ( r m ax)and the  sam e  a re a  p e r m olecule (A) a t the  sa tu ra ted  

adsorp tion  a t the  a q u eo u s  solution/air interface, and  their cm c and  7ccm c v a lu e s

a re  very c lo se  to each  other. Therefore It is concluded th a t within experim ental 

error, C ^ D S  h as  the  sa m e  su rface  properties a s  C 1 2 HS, an d  consequently , 

rep lacem en t of C-j 2 HS by C-| 2 DS in m ixtures with a  cationic surfactan t (such 

a s  C-j 2 N) will not have significant effect on th e  su rface  properties of th e  mixed 

m onolayer a t the  air/solution interface.

4.3.2. RA Spectra of Adsorbed Monolayers of C1 2HS at The 

Aqueous Solution/Air Interface in Pure Water Solution

The C-H stretching region of polvmethvlene chain

RA sp ec tra  of the ad so rb ed  m onolayers of C-j 2 HS at the  a q u eo u s  

solution/air interface in the  C-H stretching region of m ethylene g ro u p s in w ater 

solution with various bulk concen tra tions a re  show n in Figure 4 .3 .3(a). D ata  on 

RA intensities and  p eak  frequencies in this region are  listed in Table 4.3.5.

P lots of RA intensity an d  p eak  frequency shift v e rsu s  log of bulk concentration 

a re  show n in Figure 4.3.5. and  4 .3.6., respectively. It is observed  tha t th e  

ad so rb ed  m onolayers of C-| 2 HS at the  interface have the  similar tren d s  a s  the  

m onolayers of C -^ S N a : the intensity and  p eak  frequency rem ain basically 

co n stan t a t sa tu ra ted  adsorption; after the  p h a se  transition point, the  intensity 

d e c re a s e s  an d  p eak  frequency in c rease s  with d e c re a se  in bulk concentration.

T he p h a se  transition point, 3.50X 10'^M , determ ined  from su rface  tension

m e asu rem en ts  (Table 4.3.1.) is the  sam e  a s  the  o n e  calcu lated  from th e  abrupt 

ch an g e  in RA intensity (Table 4.3.5.).

It is a lso  found tha t w hen the  bulk concentration continuously in c re a se s
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Table 4.3.5

Properties of Adsorbed Monolavers o fC -j 2H-25S Q4 Na  

at The Aqueous Solution /Air Interface in Pure HgO 

(The C-H Stretching Region)

Q. * a * s A

(X103 M) RAS(X103 ) Wn(cm"1) RAS(X103 ) W n(cm '1 ) (A2)

10.0 1.73 2920.8 1.27 2850.5

7.00 1.70 2921.1 1.22 2850.8 53.0

5.00 1.60 2921.4 1.10 2851.0 53.0

3.50 1.60 2922.0 1.10 2851.1 58.0

2.50 1.57 2922.4 1.02 2851.1 67.0

1.75 1.47 2922.4 1.00 2851.0 79.5

* p h a se  transition  concen tra tion  region.
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from below to  above its cm c, the  RA intensity also  in c rease s  slightly, an d  p eak  

frequencies of C-H stretching b an d s  of m ethylene groups d e c re a se . This

m ean s  tha t w hen the  bulk concentration is above its cm c, 7.94X 10‘^M, the

m ethylene chains in the  adso rb ed  m onolayers a t the  interface a re  m ore closely 

packed  an d  m ore o rdered  than  th a t in solutions w hose bulk concen tra tions are 

below the  cm c.

Sundell and  his cow orkers (79) have studied  the  crystal structure of 

C ^ H S  using X-ray crystallography. They have reported tha t C -^ H S  crystals  

have a  monoclinic structure, with full ex tended  hydrocarbon chains, chain tilt

ang le  of 79° to the  layer plane, and  the av erag e  a re a  per m olecule is 20.9A^.

They have also  found th a t the sulfate groups of ad jacen t m olecules are  

alternately  d isp laced  (perpendicular to the  layer plane) by about 2 A  in o rder to 

have  favorable electrostatic  interactions. This slightly s tag g ered  structure in 

crystals a lso  possibly occurs in m onolayers (as m entioned before for C - j  2 N  

m onolayers), and  c a u se  the continuous ch an g e  in R A  intensity with in c rease  in 

bulk concentration up to the  cmc.

It is interesting to note that C-| 2 SN a and  C-| 2 HS m olecules have th e  sam e  

m ethylene chains and  similarly charged  h ead  groups, but the  RA intensity an d  

p eak  frequencies of their ad so rb ed  m onolayers at the  aq u eo u s  solution/air 

interface a re  different. This difference is probably due  to the  different structure

of their h ead  groups. A C-| 2SN a m olecule h a s  a  - S 0 3" head  group, an d  a  C-S

bond linkage betw een its m ethylene chain and  head  group, while C-| 2 HS h a s  a

-S 0 4 - and  C -0  bond linkage. It is well-known that oxygen atom  is m ore

electronegative than  sulfur (electronegativity of O is 3.5, and  2.5 for S), the  C -0
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bond  is m ore  p o la r th a n  C -S , a n d  th e re fo re , -S O 4 '  h e a d  g ro u p  h a s  a  s tro n g e r

inductive effect on its m eth y len e  chain  in C ^ H S  m o lecu le s  th a n  -S O 3 " in

C-| 2 S N a. From  th is point of view, It is e x p ec te d  th a t th e  freq u e n c ie s  of th e  

sy m m etric  a n d  th e  asy m m etric  C-H stre tch ing  m o d e s  of m eth y len e  c h a in s  of 

C 1 2 H S in m o n o lay e rs  sh o u ld  b e  slightly h igher th a n  th o s e  of C ^ S N a  a t 

s a tu ra te d  ad so rp tio n . E xperim enta l d a ta  h av e  p ro v ed  th is a rg u m en t: 2921.1

a n d  2 8 5 0 .8 c m '1 for C ^ H S  m o n o layer a n d  29 1 7 .3  a n d  2 8 4 8 .8  cm "1 for

C-j 2 S N a. T h e  d ifference  in s tru c tu re s  of th e ir h e a d  g ro u p s  a lso  p ro d u c e s  a  big 

c h a n g e  in ab so rp tio n  coeffic ien ts (km ax ) of the ir a d so rb e d  m o no layers. T he  RA 

in tensity  of th e  asy m m etric  C-H stre tch ing  b an d  (with s-po larization ) in th e

s a tu ra te d  a d so rb e d  m o n o layer of C -^ S N a  a t th e  in te rface  is a b o u t 4.0X1 O '3 ,

w hile th e  co rre sp o n d in g  RA intensity  of C ^ H S  is only 1.7X1 O '3 , le s s  th a n  half

th a t of C-j 2 S N a. From  su rface  ten sio n  m e a su re m e n ts  , it is o b se rv e d  th a t th e  

a d so rb e d  m o n o lay e rs  of C^ 2 S N a  a n d  C-j 2 ^ S  h av e  a lm o st th e  s a m e  m axim um

su rfa ce  co n cen tra tio n  (2 .93  a n d  3 .13  X1 O' 1 0  m ol/cm 2 , for C - ^ S N a  a n d

C-j 2 H S, respective ly ) a t th e  in te rface  in pu re  w a te r so lu tions. From  th e  

s tru c tu re  sim ilarity b e tw ee n  th e  crystalline s ta te  a n d  th e  a d so rb e d  m onolayer, it 

is e x p e c te d  th a t th e  chain  orientation of C-j 2 H S in th e  m o n o lay er a t th e  

in te rface  is not fa r from th e  chain  tilt an g le , 11°, in c ry s ta ls  (81). T h u s  th e  big 

d e c r e a s e  in RA in tensity  in C-j 2 H S m o n o lay e rs  is a ttrib u ted  to  th e  d e c r e a s e  in 

th e  ab so rp tio n  coefficient (km ax ) of th e  m onolayer.

the S-O stretching region of head group
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F igure 4 .3 .3 (b). sh o w s  p lo ts of RA sp e c tra  of a d so rb e d  m o n o lay e rs  of 

C 1 2 H S a t th e  in te rface  in th e  S -O  stre tch ing  region in p u re  w a te r  so lu tion . T h e

b ro ad  p e a k  n e a r  1 2 0 3 c m '1 is a s s ig n e d  to  th e  asy m m etric  S -O  stre tch in g  ban d ,

a n d  th e  sm all p e a k  n e a r  1 0 6 0 c m '1 th e  sym m etric  ban d . M an tsch  e t al.. (63)

h a v e  rep o rted  1270  a n d  1207  cm -1 a s  th e  a sy m m etric  S -O  stre tch in g  b an d  a n d

1 0 7 0 c m '1 a s  th e  sym m etric  m ode  for sodium  hex ad ecy l su lfa te  m icelle a t th e

te m p e ra tu re  below  th e  CM T (Critical M icellization T em p era tu re , 43°C ).

B e c a u se  th e  b a n d s  h a p s  an d  th e  s ig n a l/n o ise  ratio of both  sy m m etric  a n d  

a sy m m etric  S -O  s tre tch ing  b a n d s  a re  not good  e n o u g h  to d e te rm in e  th e  p e a k  

fre q u e n c ie s , inform ation a b o u t th e  freq u en cy  c h a n g e  is not availab le .

4.3.3. RA Spectra of Adsorbed Monolayers of C-| 2 °S  at The 

Aqueous Solution/Air Interface.

the C-D stretching region of polvmethvlene chain

Figure 4 .3 .4 (a) sh o w s plots of RA s p e c tra  of a d so rb e d  m o n o lay e rs  of 

C 1 2 D S in th e  C-D stre tch in g  region a t th e  a q u e o u s  so lu tion /a ir in te rface  in pure  

w a te r  so lu tion  with various bulk co n cen tra tio n s . T h e  p e a k s  n e a r  2 1 9 5  a n d  

2091 cm-1 a re  a s s ig n e d  to  th e  asy m m etric  a n d  sym m etric  C-D stre tch in g  b a n d s  

of d e u te ra te d  m eth y len e  g ro u p s , respectively . D ata  on RA in ten sitie s  a n d  p e ak  

f re q u e n c ie s  a re  listed  in Table 4 .3 .6 . C h a n g e s  in RA in tensity  a n d  p e a k  

freq u en cy  in th e  C-D stre tch ing  region with bulk co n cen tra tio n  a re  p lo tted  in 

F igure  4 .3 .7 . a n d  4 .3 .8 , respectively .

T h e  s a m e  tre n d s  of c h a n g e s  in RA in tensity  a n d  p e a k  freq u en cy  a re  found 

in th e  C-D  stre tch in g  region of C-| 2 D S m o n o lay ers  a s  in th e  C-H stre tch in g
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Table 4.3.6

Properties of Adsorbed Monolayers of C-| 2 P-2 5$ Q4Afl­

at The Aqueous Solution/Air Interface in Pure HgO

£ s.ubpliase. ^a A

(X103 M) RAS(X104 ) W n(cm '1) RAS(X 104 ) W n(cm ‘ 1) (A2)

10.0 h 2 o 8.80 2194.8 6 .00 2091.0 -

7.00 h 2 o 8.80 2195.2 6.00 2091.0 53

3.50 h 2 o 8.80 2195.2 5.70 2091.1
*

53

2 .00 h 2 o 6.70 2196.2 4.30 2094.3 80

1.00 h 2 o 4.50 2199.0 2.90 2095.2 120

* p h ase  transition  concen tra tion  region



region of C-| 2 H S m onolayers: a t sa tu ra te d  adsorp tion  both intensity a n d  the  

p e a k  frequency  rem ain co n stan t, a fte r the  p h a se  transition point th e  intensity 

d e c r e a s e s  an d  the  p eak  frequency  in c re a se s  with d ecrea sin g  bulk

concentra tion . The p h a se  transition point (from LE to  G), 3.50X 10"3 M,

determ in ed  from th e  su rface  ten sio n  m e asu rem en ts  (Table 4 .3 .3 .) is eq u al to 

th e  o n e  found from IR sp ec tra  (Table 4.3.7.). It is ob serv ed  tha t RA intensities

(s-polarization, 8 .80X 10‘4 a n d  6 ..00X 10"4 ) of the  C-D stretching b a n d s  of 

s a tu ra te d  C 1 2 DS m onolayers a re  m uch lower than  th o se  (1.70X1 O' 3  a n d

1.30X1 O'3 ) of th e  co rrespond ing  C-H b an d s  of sa tu ra ted  C-j 2 HS m onolayers.

This is due  to th e  g rea t d ifference in atom ic m a ss  betw een  D and  H atom s. T he 

sm aller RA intensity ind ica tes tha t th e  absorp tion  coefficient (km ax) of th e  C-D 

stre tch ing  vibration is m uch sm aller th an  th a t of th e  correspond ing  C-H m odes.

the S-O stretching region of head group

Figure 4.3.4(b) is RA sp ec tra  of a d so rb ed  m onolayers of C -^D S in  th e  S -O  

stre tch ing  region a t th e  in terface in pure  w a ter solution. T he p eak s  n e a r 1205

a n d  1 0 3 2 c m '1 a re  a ss ig n e d  a s  th e  asym m etric  an d  th e  sym m etric S-O

stre tch ing  band  of -S O 4 " group, respectively. The intensity and  p eak

freq u en cies  in th is region qualitatively have th e  sa m e  changing  tre n d s  a s  th a t in 

t h e C ^ H S  m onolayers.

4.4. Mixed Monolayers of C-| 2N and C-| 2HS (or C1 2 DS) at The 

Aqueous Solution/Air Interface.



95

4.4.1. Surface Properties from Surface Tension 

Measurements

D ata on y, it, r ,  and  A of equim olar mixtures C-j 2 H S -C 1 2 N, C-j 2 D S -C 1 2 N

in pure water, and  C-j 2 D S -C 1 2 N in 0.1 M NaBr a re  listed in Table 4.4.1., 4.4.2.,

an d  4.4.3., respectively. The determ ined values of cm c, 7tcm c , r m ax , and  Am jn

from surface tension  m easu rem en ts  for th e se  system s a re  listed in Table 4.4.4. 

O ur experim ental d a ta  on mixture C-| 2 HS-C-j 2 N in pure w ater a re  consisten t 

with th o se  reported by L ucassen-R eynders (80).

Plots of the  surface tension  vs. log of the  bulk concentration for C-| 2 H S,

C-j 2 DS, C-j 2 N, and  their equim olar mixtures (C-j 2 HS-C-J 2 N and C-j 2 D S- 

C 1 2 N) in pure w ater a re  shown in Figure 4.4.1 (a). Plots of the surface  tension 

vs. log of the  bulk concentration for C-j 2 DS, C-j 2 N, and  their equim olar mixture 

(C-j 2 DS-C-J 2 N) in 0.1 M NaBr a re  shown in Figure 4.4.1 (b). Plots of the  surface 

p re ssu re  vs. the  a re a  p e r m olecule for th e se  mixed sy stem s are  show n in 

Figure 4.4.2. It is observed  that all of th e se  mixed m onolayers a t saturation 

adsorption a t the interface are LE type m onolayers, and  th e re  exists a  p h ase  

transition point betw een the  LE and  G p h ase  for each  of th e se  ad so rb ed  mixed 

m onolayers. Figures 4.4.1 (a) and  (b) also  show  strong interactions betw een 

th e se  anionic and  cationic surfactan ts at the  interface a s  well a s  in formation of 

micelles. Synergism  in both su rface  tension  reduction efficiency and  surface 

tension  reduction effectiveness is observed . Gu and R osen  (81) have 

investigated interactions in cationic-anionic mixed m onolayers a t various 

in terfaces. Using the  equations derived by them , which include a  correction for 

c h an g e s  in a re a  p er surfactant m olecule at the  interface resulting from 

interm olecular interaction in the  mixed m onolayer, we have calculated  the
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T able 4.4.1

Data on  v. %. r .  an d  A fo r E quim olar 2 H.2 5 S_Q-4 N .a-

Q .1 2 ^ -2 5 N (C H 3 )3 Br Mixed S o lu tio n  in P u re  H2 0 i25,Qg_C_i

c a logC Y 7C r A

(X105 M) (mN/m) (mN/m) (X1010 m ol/cm 2) (A2)

5.00 -4.30 29.0 43.0 - jk

4.00 -4.40 32.0 40.0 2.89 57.5

2.00 -4.70 42.3 29.7 2.89 57.5

1.00 -5.00 51.6 21.4 2.61 63.6

0.50 -5.30 60.5 11.5 2.29 72.5

0.25 -5.60 67.0 5.0 1.98 84.0

* a b o v e  th e  cm c.

a. th e  bulk concen tra tion  of e ither su rfac tan t com ponent.
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T a b le  4 .4 .2

Data on v. rc. r. and A for Equimolar C■) 2 D2  5 S N 9 - 

C.1  2^-2  5 N(CH3)3Br Mixed Solution in Pure H2Q (25.0°C )

c a logC Y K r A

(X105 M) (mN/m) (mN/m) (X 1 0 10 m ol/cm 2) (A2)

5.00 -4.30 29.6 42.4 -

4.00 -4.40 32.5 39.5 2.73 60.8

2.00 -4.70 45.0 27.0 2.73 60.8

1.00 -5.00 52.0 20.0 2.50 66.5

0.50 -5.30 58.5 13.5 2.08 80.0

* ab o v e  th e  cm c.

a. the bulk concentration of either surfactant component.
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Table 4.4.3

Data on v. tc. r . and A for Equimolar C-j 2B-2 sS J^ M S -

£ .1  2!± 2  5 NLCH3 I3 B1  Mixed So lu tion s in 0.1M NaBr (25JECi

c a logC y 7C r A

(X105 M) (mN/m) (mN/m) (X1010 mol/cm2) (A2)

5.00 -4.30 27.3 45.0 -
_★

2.50 -4.60 29.4 42.9 2.81 59.0

1.75 -4.75 34.2 38.1 2.81 59.0

1.25 -4.90 38.8 33.5 2.81 59.0

0.875 -5.05 43.8 28.5 2.73 60.8

0.625 -5.20 48.5 23.8 2.55 65.0

0.44 -5.35 53.0 19.3 2.41 69.0

0.31 -5.50 57.0 15.3 2.25 73.6

* above the cmc.

a. the bulk concentration of either surfactant component.



Table 4.4.4

Surface Properties of Equimolar C-| 2 HS-C1 2 N and 

£ . 1  2p s - c 1 2n Solutions in Pure_H2Q (25JQ°CA

Mixture cm ca ^ cm c r m ax Amin

(X105 M) (mN/m) (X1010 m ol./cm 2 ) (A2 )

C f 2HS-C-) 2 N 4.10 43.0 2.89 57.5

(in H2 0)

C-j gDS-C-j 2 N 4.05 42.4 2.73 60.8

(in H2 O)

C-j gDS-C-j 2 N 2.95 45.0 2.81 59.0

(in 0.1 M NaBr)

Mixture Pa pm X is

C ig H S -C !g N -32.8 -29.0 0.51 0.51

(in H2 0)

C-j gDS-C-j gN -32.6 -28.6 0.51 0.51

(in HgO)

C-j gDS-C-j gN -16.8 -15.7 0.55 0.53

(in 0.1 M NaBr)

a. bulk concentration of either surfactant component.
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interaction p a ram ete rs  p °  (in form ation of mixed m onolayers), p m (in form ation

of m ixed m icelles), X-j (the m olar fraction of com ponen t 1 in th e  mixed

m onolayer), an d  X-|m (the m olar fraction of co m p o n en t 1 in th e  mixed micelle).

T h e  d a ta  a re  a lso  listed in Table 4 .4 .4 . T h e se  d a ta  a re  in good a g re em e n ts  with 

th o se  reported  by R osen  (22). Figure 4 .4 .1(a) a lso  sh ow s that th e  mixed 

m onolayer of C ^ D S - C ^ N  basically  h a s  the  sa m e  su rface  properties a s  th e  

m ixed m onolayer of C-| 2 H S -C 1 2 N at the  in terface in pure water. This h a s  

provided good  b asis  by using C-| 2 DS in stead  of C-j 2 HS in su rfactan t m ixtures 

contain ing th e  sa m e  polym ethylene ch a in s  a s  C-j 2 HS for sp ec tro sco p ic  s tu d ie s  

(FTIR, NMR). From Table 4 .4 .4 ., it is a lso  found th a t the  salt concen tration  h a s  

no significant effect on th e  p roperties of the  mixed m onolayer of C-j 2 DS-C-j 2 N, 

b e c a u s e  the  com plex com pound  C-j 2 D S -C 1 2 N h as  su rface  properties sim ilar 

to th a t of a  non-ionic surfactan t. On the  o ther hand, the  interaction betw een  th e

anionic su rfactan t an d  the  cationic surfactan t, a s  m e asu re d  by th e  v a lu es  of p °

an d  p m , is reduced  in the  p re se n c e  of ad d ed  electrolyte, b e c a u se  of

co m p ressio n  of th e  electrical doub le  layer surrounding the ir respec tive  h ead  

g ro u p s.

4.4.2. RA Spectra of Mixed Monolayers of Equimolar mixtures 

Cf 2 HS-C 1 2 n and C-j 2 DS-C1 2 N at the Aqueous 

Solution/Air Interface.

Plots of RA sp ec tra  in the  C-H stretching region of the  ad so rb ed  mixed 

m onolayers of C-j 2 HS-C-12N at th e  interface in pure  w ater are  show n in F igure



4.4 .3 . The p e a k  in tensities an d  freq uencies of th e  sym m etric  an d  asym m etric  

C-H stretching b a n d s  a re  listed in Table 4.4.5. T he  plots of RA intensity an d  

p e a k  frequency  shift vs. log of the  bulk concen tra tion  a re  show n in Figure 4 .4 .4 . 

a n d  4 .4 .5 ., respectively. It is ob serv ed  th a t w hen th e  bulk concen tra tion  is 

below  th e  cm c, th e  p e a k  in tensities of both the  sym m etric  an d  asym m etric  C-H 

stre tch ing  b a n d s  d e c re a s e  continuously  with d e c re a s e  in bulk concen tra tion , 

a n d  p e a k  freq u en c ies  in c re a se  continuously with d e c re a s e  in bulk 

concentra tion . Figure 4 .4 .3 . a lso  show s the  sa m e  tren d s  for the  c h an g e  in

frequency  of th e  asym m etric  stretching C-H band  (n ea r 2960cm - ^) of m ethyl

g roups. As w e have d iscu ssed  in C h ap te r 4 .2  a n d  4 .3 , both ad so rb ed  

m onolayers of C ^ N  an d  C -^ H S  a t sa tu ra ted  adsorp tion  a t th e  in terface  a re  

m ore o r le ss  s tag g e re d . It is re a so n ab le  to  ex p ec t th a t their ad so rb ed  mixed 

m ono layers (C-j 2 H S -C 1 2 N) a t th e  interface m ay a lso  have th e  sim ilar 

s tag g e re d  struc tu re . T herefore , this s tag g e re d  struc tu re  g e n e ra te s  the  

con tinuous c h a n g e s  in both  p eak  intensity an d  frequency  in m ixed m onolayers 

a t th e  interface.

F igures 4 .4 .6(a), (b), and  (c) a re  plots of RA sp ec tra  of ad so rb ed  mixed 

m onolayers of C-| 2 D S -C 1 2 N at the  a q u e o u s  solution/air in terface in th e  C-H, in 

th e  C-D, an d  in th e  S-O  stretch ing  reg ions, respectively, with various bulk 

co n cen tra tio n s  (equim olar mixture) in pure water. T he d a ta  on RA intensities 

an d  p eak  freq u en c ies  of th e  sym m etric a n d  th e  asym m etric  C-H, C-D a n d  S -O  

stretch ing  b a n d s  a re  listed in Table 4 .4 .6 ., 4 .4 .7 ., respectively. F igures 4.4.8. 

an d  4 .4.9. show  RA intensity an d  p e ak  frequency  shift in th e  C-H a n d  C-D 

stretch ing  reg ions a s  a  function of log of the  bulk concen tra tion , respectively. It 

is o b se rv ed  th a t th e  c h a n g e s  in RA intensity an d  p e ak  frequency  in the  C-H an d
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Table 4.4.5

Properties of Adsorbed Mixed Monolayers of Equimolar

£.1 2& 2 sS O4 Na -C-i 2H.2 5NC.Qij3l3B.Lat.The Aqueous 
Solution /Air Interface in Pure HgO

£ a * a A

(X105 M) RAS(X103 ) W n(cm '1) RAS(X103 ) W n (cm '1) (A2)

5.00 2.10 2920.2 1.20 2850.7 -

4.00 2.30 2920.1 1.36 2850.4 57.5

2.00 2.10 2920.6 1.20 2850.9 57.5

1.00 1.90 2921.3 1.10 2851.3 63.6

0.50 1.70 2921.5 0.90 2851.6 72.5

0.25 1.25 2922.9 0.64 2852.1 84.0

a. th e  bulk concen tra tion  of e ither su rfactan t com ponent.
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C-D stretching regions for mixed m onolayer of C-| 2 D S -C 1 2 N at th e  interface 

have  th e  sa m e  tren d s a s  th o se  in the  C-H stretching region for th e  mixed 

m onolayer of C-j 2 H S -C 1 2 N. It implies tha t the  ad so rb ed  mixed m onolayers of 

C-] 2 DS-C-) 2 N at th e  in terface m ay a lso  have th e  s tag g e red  structu res.

B ecau se  of th e  continuous ch an g e  in RA intensity, th e  p h a se  transition point 

from th e  RA sp ec tra  w as not determ ined.

4.4.3. Calculation of Surface Composition at The Air/Water 

Interface from RA Spectra of Mixed Monolayers

In C h ap te rs  4 .2 .and  4.3. w e have already m easu red  th e  RA intensities of 

th e  ad so rb ed  m onolayers of the  individual su rfac tan ts , C ^ N ,  C ^ H S ,  an d  

C ^ D S  (Tables 4.2.5, 4.3.5) at saturation  adsorption a t the  interface. W e have 

a lso  de term ined  the  maximum su rface  concentration ( r m ax) a t the  in terface for 

th e  individual su rfactan ts  of C ^ N ,  C ^ H S ,  and  C ^ D S  (in Tables 4.2.3. and

4.3.4.). Table 4.4.4. lists r m ax d a ta  for the  mixed m onolayers of C-j 2 HS-C-j 2 N

an d  C-j 2 DS-C-) 2 N in pure water. Tables 4.4.5., 4 .4.6., and 4.4.7. list RA 

intensities of th e  mixed m onolayers of C-j 2 H S -C 1 2 N and  C-j 2 D S -C 1 2 N in the 

C-H, an d  C-D stretching regions. Now using th e se  d a ta , w e a re  ab le  to 

calcu late  the  com position in the  mixed m onolayer at th e  interface.

From the  previous optical m odel (36), it is known th a t th e  RA intensity of the 

a d so rb ed  m onolayers a t the  interface d e p e n d s  on the  th ickness of the  

m onolayer, th e  surface concentration, an d  the  chain orientation of su rfactan t 

m olecules in th e  m onolayer. A ssum ing tha t the  chain orientations and  

conform ation of each  com ponent in the  mixed m onolayer a re  the  sa m e  a s  th o se  

in their individual ad so rb ed  m onolayers (It a lso  m ean s  that th e  th ickness of the
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Table 4.4.6

Properties of Adsorbed Mixed Monolayers of Equimolar

£.1 2D-25SOlNa -Cl 2^-25NlgJj3)3Br.. 9t -ThS.. AflMfiflUS 
Solution /Air Interface InPure  H2Q (the C-H Stretching Bands)

£ a Ya(C-H) vs (C-H) A

(X 105 M) RAS(X 103 W n (cm '1) RAS(X103 ) W n(cm"1) (A2 )

5.00 1.20 2918.4 0.90 2848.6 -

4.00 1.10 2919.1 0.82 2849.1 60.8

2.00 1.06 2920.4 0.74 2850.8 60.8

1.00 1.00 2921.5 0.56 2851.6 66.5

0.50 0.90 2922.6 0.50 2853.0 80.0

0.25 0.72 2923.4 0.40 2853.3 95.0

a . th e  bulk concen tra tion  of e ith e r su rfac tan t com ponent.
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Table 4.4.7

Properties of Adsorbed Mixed Monolayers of Eauimolar

£ . 1 2—2 5 S .O 4 N f l - s .C 1  2&2 5 N .(jg .H 3 l 3 B r  a L .T h e - A q u e .Q tig  

Solution /Air Interface (the C-D and S-O Stretching Bands)

Q. ya(C-D) *s(C-D) va (S '0 ) vs (S -0 )

(X105 M) RAS(X104 ) W n(cm '1) RAS(X104 ) W n(cm '1) (cm-1 ) (c m '1)

5.00 8.00 2191.6 5.60 2087.0 1216.9 1040.7

4.00 8.00 2191.6 5.30 2087.5 1216.6 1040.3

2.00 6.40 2194.0 5.00 2088.6 1215.9 1037.2

1.00 5.60 2196.9 4.50 2090.0 1215.0 1037.2

0.50 5.00 2197.5 4.00 2090.7 1215.2 1037.3
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mixed m onolayer is equal to th o se  of individual m onolayers), th e n  th e  RA 

intensity of th e  mixed m onolayer only d e p en d s  on th e  com position (surface 

concen tra tion) of e ach  com ponen t in the  monolayer, an d  it can  be  calcu la ted  by 

using th e  RA intensity an d  the  su rface  concentration of individual su rfac tan ts  in 

th e  following w ays:

i292C>(c 12h s ) ‘ r m ax(c 12H S ' c 1 2 N) ' X1 

l2 9 2 o (c 1 2 H S ‘c 1 2 N) = -----------------------------------------------------------------------

rmax(Cl 2h^)

i2 9 2 0 (c 1 2 n ) ' r m ax(c 1 2 H S _ c1 2 N) ' (1_xl )

+ _________________________________________________________ (4.6)

r max(^1 2n)

w here <2920(^12 N)> ,2 9 2 0 (C 1 2 H S)- an d  ,2 9 2 o (<̂ 1 2 H S ' c 1 2 N) a re t lie RA 

in tensities of th e  asym m etric  C-H stretching b an d s of m ethylene g ro u p s in 

ad so rb ed  m onolayers of C-| 2 N, C-| 2 HS, and  their mixed m onolayer of 

C 1 2 H S -C 1 2 N, respectively, in pure water. X-( is the  m olar fraction of the  

com ponen t 1 (C-| 2 HS) in th e  mixed m onolayer a t the  interface.

Table 4 .4 .8 . lists experim ental d a ta  on RA intensities and  r m ax for the

individual an d  mixed m onolayers. Solving the  equation  (4.6), w e have

X-| = 0.45. This value, 0 .45, predicted from IR sp ec tra  is in good  ag reem en t with

X °= 0 .51 , calcu la ted  from a  non-ideal mixing solution m odel (Table 4.4.4.).
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B ecau se  th e  RA intensities in the C-H stretching region in the  

C-j 2 DS-C-J 2 N mixed m onolayers at the  in terface is only contributed by the  

m ethylene ch a in s  of th e  C-j 2 N com ponent, and  the  RA intensities in C-D 

stretching region by th e  d eu te ra ted  m ethylene chains of C-j 2 DS, th e  difference 

be tw een  th e  RA intensities of mixed C-j 2 HS-C-J2 N and  

C 1 2 D S -C 1 2 N in th e  C-H stretching region a re  contributed only by th e  C 1 2 H S  

com ponen ts. Com paring th is value with the  RA intensity an d  r max for the

individual C ^ H S  m onolayer, w e can  also  calcu late  th e  su rface  concentration  

of the  C-j 2 HS com ponen t in the mixed m onolayer at th e  interface in the  

following way:

l2 9 2 0 (c 1 2 H S  ) = ,2 9 2 0 (c 1 2 H S ' C 12N) '  !2 9 2 0 (c 12D S ' C 1 2 N)

= 2.40X 10‘3 - 1.10X10“3 = 1.30X1 O'3

!2 9 2 o (c 1 2 H S  ) ' r m ax(c 12H S )

X1 = __________________________________ !_____  (4.7)

i2 9 2 0 (c 12h s ) ' r m ax(c 1 2 H S ' c 1 2 N)

= 1.30X 10‘3  ■ 3 .16X 10“1 ° /1 .70X1 O'3 • 5.54X1 O '10 = 0 .44

w here  * 2 9 2 0 ^ 1 2 ^  3 *) 's  the  intensity of the  asym m etric C-H stretching band  in 

the  mixed m onolayer of C^ 2 H S -C 1 2 N- This value is a lso  in good  ag reem en t

with XCT. T h e se  good  ag reem en ts  betw een X-j an d  Xa  v a lues may indicate that



108

Table 4.4.8

Data on Maximum Surface Concentratlpn (rmax)-3nti 

Peak Intensity for Adsorbed Monolayers

M onolayer r m ax

'2920 *2850 *2195 ’2091

(X10‘'1®mol/cm2 ) (X10-3 ) (X10‘3) (X10‘4 ) (X10’4)

c 1 2 n 3.22 1.12 0.82 - -

c 1 2 h s 3.16 1.70 1.22 - -

C -j 2 d s 3.12 - - 8.80 6.00

*c 1 2 h s -c 1 2 n 5.54 2.40 1.36 - -

*C-| 2 d s -c 1 2 n 5.46 1.10 0.82 8.00 5.30

* equim olar solution.
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th e  p rev ious a ssu m p tio n s  (the o rien ta tions an d  conform ation  of su rfac tan t 

m o lecu les  in th e  individual a d so rb e d  m o n o layers  a re  th e  s a m e  a s  in th e ir 

m ixed m onolayers) a re  basically  correct.

4.4.4. Peak Frequencies of Mixed Monolayers of Cf 2 HS_ C 1 2 N and 

C -j2 D S -C -j2 N a* The Aqueous Solution/Air Interface

D ata  on p e a k  freq u en c ies  in th e  C -H , C-D , a n d  S -O  s tre tch ing  reg io n s  of 

m ethy lene, d e u te ra te d  m ethylene, m ethyl, an d  su lfa te  g ro u p s  for th e  individual 

su rfac tan t m o n o lay ers  of C-j 2 N, C - ^ H S , C-| 2 D S a n d  th e ir m ixed m o n o lay e rs  of 

C-j 2 H S- C-j 2 N a n d  C-| 2 D S- C-j 2 N a re  listed in Table 4 .4 .9 . W hen th e  to tal

su rfac tan t co n cen tra tio n  ( C y =  1.2X10"4 M) of th e  m ixed equ im olar su rfac tan t

C-j 2 D S-C -j 2 N solution is h igher th an  th e  cm c  (8 .10X 10 '5 M), so m e  fine

crystalline so lid s  w ere  form ed a t th e  a ir/w ater in terface a s  well a s  in th e  m ixed 

solution. T h e se  fine so lids a re  eye-v isib le, an d  a lso  d e te c ta b le  by th e  d e c re a s e  

in th e  tran sm ittan ce  of visible light c o m p ared  with th e  tra n sp a re n t m ixed 

su rfac tan t solution. F igures 4 .4 .7 .(a), (b), an d  (c) a re  RA sp e c tra  of the  

C 1 2 DS- C -j2N crystalline particles a t th e  a q u e o u s  so lu tion/air in terface in th e  

C -H , in th e  C -D , an d  in the  S -O  stre tch ing  reg ions, respectively. It is s e e n  tha t 

th e  fine crystalline  partic les form ed from th e  equ im olar m ixture C-j 2 D S -C 1 2 N at 

th e  in te rface  g e n e ra te  RA sp e c tra  with a  very good  signal-no ise  ratio a n d  strong 

abso rp tio n  in all th re e  reg ions. T h e se  unnorm al high in tensities of th e  RA 

s p e c tra  in all th re e  reg ions indicate th e  p re s e n c e  of m ultilayers o r solid  partic les 

a t  th e  in terface. D ata  on th e se  p e ak  freq u en c ies  a re  listed in th e  bottom  line of 

Table 4 .4 .9 . for com parison .

C-H and C-D stretching regions of polymethylene chains



1 1 0

Table 4.4.9 

Peak Frequencies in Adsorbed Monolayers

system £±L(CH2) GJ2(CD2) SzQ  (S 0 4) C=H (CH3:

*a * s * a va va

(cm-1) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1 )

C12N 2921.4 2851.5 - - - 2957.8

C12HS 2921.1 2850.8 - - 1204.5 2957.4

C-|2 DS - 2195.2 2091.0 1205.7 -

aC12HS 

-C12N 2920.1 2850.4 . . 1215.0 2956.0

aC-| 2DS 

-C12N 2919.1 2849.1 2191.8 2087.5 1216.6 2955.8

aC12DS 

-Ci 2N* 2918.0 2848.0 2191.1 2086.5 1217.4 2954.3

* T he crystalline solid a t th e  interface, 

a. equim olar solution.
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It is found that the  frequencies in the C-H and  C-D stretching regions of 

m ethylene and  deu terated  m ethylene chains of the  crystalline precipitates at 

th e  interface have the  lowest v a lues am ong all of the  individual and  mixed 

m onolayers. This indicates that the  polym ethylene and  d eu tera ted  m ethylene 

ch a in s  in this equim olar mixture (crystalline solids) a re  very high-ordered, all- 

trans conform ational. It is also  noted that the  frequencies of the  C-H and  C-D 

stretching bands in the mixed m onolayer a t the  interface a t saturation 

adsorption a re  always lower than  the  corresponding o n e s  in their individual 

surfactan t m onolayers. Even though the  polym ethylene and  deu terated  

m ethylene chains in the  mixed m onolayer conformationally a re  the  sam e  (all- 

trans) a s  in their individual ad so rb ed  m onolayers at sa tu ra ted  adsorption, the  

m ethylene chains are  m ore closely packed  (the a re a  p er m etnylene chain is 

sm aller). The lower peak  frequencies in the  C-H stretching region are  probably 

c a u se d  by the  strong interactions betw een the  m ethylene chains in the  mixed 

m onolayer.

Scheuing and W eers (82) have studied the  mixed m icelles of 

dodecyltrim ethylam m onium  chloride (DTAC) and C-| 2 HS by FTIR. They have 

reported th a t the  frequencies of the  sym m etric and  asym m etric C-H stretching 

b an d s of polym ethylene chains in a  precipitate form ed from the  equim olar

mixture of DTAC and C-| 2 HS are  2851.0 an d  2919.4cm "1, respectively. T hese

frequencies a re  close to ours in C ^ H S - C ^ N  mixed m onolayers (2850.4 and

2920.1 cm -1), but higher than  the  corresponding o n es  in the  C-| 2 D S -C 1 2 N

crystalline solids (2848.0 and  2 9 1 8 .0 cm '1). This frequency difference may be 

c a u se d  by different p ro c e sses  of formation of precipitates, or different structu res



112

b e tw ee n  C-| 2 DS-C-J 2 N a n d  C-| 2 HS-DTAC. T he  fo rm er is slowly form ed from 

th e  a d so rb e d  m onolayer a t th e  in terface an d  h a s  both  m ethy lene  an d  

d e u te ra te d  m ethy lene  c h a in s  , while th e  latter is form ed from th e  m ixed m icelles 

in solution a n d  h a s  only m ethy lene  ch a in s . It is e x p ec te d  th a t th e  fo rm er h a s  

m ore  o rd e red  m ethy lene  chain  s tru c tu re s .

It is o b se rv e d  th a t th e  p e a k  freq u en c ies  in th e  C-H s tre tch ing  region for o u r 

a d so rb e d  m ono layers  a re  m uch low er th an  th o se  rep o rted  for th e  p u re  an d  

m ixed m icelles of C 1 2 HS (82) T h e se  relative low freq u en c ie s  ind ica te  th a t th e  

m ethy lene  c h a in s  in the  a d so rb e d  m ono layers  a t th e  in terface is m ore  o rd e red  

(le ss  gauche  conform ers) than  th o se  in th e  pure  o r m ixed m icelles in su rfac tan t 

so lu tions. W e e re s  an d  S ch eu ing  (71) h av e  a lso  rep o rted  th a t acco m m o d atin g  

th e  g re a te r  ag g reg a tio n  n u m b ers  from sp h erica l m icelle to no n -sp h erica l 

m icelles (like rod-like an d  lam ellar) th e  m ethy lene  c h a in s  of th e  su rfac tan t m ust 

a d o p t a  slightly h igher ordering, i.e., a  low er gauche/transcon fo rm er ratio. 

G enera lly  sp eak in g , m olecu lar ordering in c re a se s  in th e  following order: 

m o n o m ers  (in solution) < spherica l m icelles < rod-like m icelles < lam ellar 

m icelles < liquid crysta ls  < a d so rb e d  m ono layer < solid c rysta ls .

S-O stretching region

S ch eu in g  a n d  W eers  (82) have  rep o rted  a  b ro ad  doub le t a sy m m etric  S - 0

stre tch in g  b an d  n e a r  1214cm "1 an d  a  single  sym m etric  S - 0  s tre tch in g  b an d

n e a r  1060cm "1 for th e  p u re  S D S  (C 1 2 HS) a n d  its n o n -eq u im o la r m ixed (with

DTAC) m icelles of C-12HS-DTAC. It is in teresting  to  co m p are  th e  RA sp e c tra  in 

th e  S - 0  stre tch ing  reg ions of th e  individual su rfac tan t m o n o layers  of 2 H S 

[Fig. 4.3.3(b)], C-| 2 DS [Fig. 4.3.4(b)], an d  the  mixed m onolayer of C-| 2 D S -C 1 2 N
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[Fig. 4.4.4.(b)], an d  a lso  to com pare  ours with th o se  reported  by o th er 

investigators. T he RA sp ec tra  of the  ad so rb ed  m onolayers of C-j 2 H S are  

slightly different from th o se  reported for the  pure C-j 2 HS micelle (82). S p ec tra  

of th e  C-j 2 HS m onolayer have a  strong broad  asym m etric  S - 0  stre tch ing  band

n e a r  1205cm -1 with a  very small high frequency (1260cm -1 ) sh o u ld er a n d  a

w eak  sym m etric S - 0  stretching band  a t 1060cm -1 . The d ifferences in band

sh a p e s  an d  freq u en c ies  in this region betw een  sp ec tra  of th e  a d so rb ed  C-| 2 HS 

m onolayer a t the  in terface an d  the  m icelles in surfactan t solutions can  be 

attributed to th e  different m olecular structure and  arrangem ent. T h e  form er 

(m onolayers) h ave  a  relatively high o rdered  conform ation (basically, a\\-trans 

conform ation), while th e  latter (micelles) have a  m ore d iso rdered  conform ation 

(0 .77 6oub\e-gauche an d  0 .68  kink s ta te s  p e r m olecule of C-| 2 HS) (83)

C olthup et.al.. (73) have reported  two strong b an d s  around  1270 and

1207cm -1 for th e  asym m etric  S -0  stretching m odes an d  one  strong band  a t 

1170cm -1 for the  sym m etric m ode for solid C -^ H S . The c h a n g e s  in th e  band

s h a p e  an d  frequency in the  asym m etric  S - 0  stretching m ode for different 

C-i2 HS sam p le  s ta te s  and  structu res m ay be  sum m arized  a s  follows:

two strong doublet p eak s  (1207 and  1270cm -1), for crystal solids; o n e  strong 

broad  p e a k  n e a r  1205cm -1 with a  small h igher frequency shoulder, for 

a d so rb ed  m onolayers; b road  doublet, with m ajor p eak  n ea r 1214cm -1 , an d  a

large h igher frequency  shoulder, for pure or mixed micelles.

The RA sp ec tra  of th e  ad so rb ed  m onolayers of C-| 2 DS are  slightly different 

from that of C-| 2 HS m onolayers in the  sym m etric S - 0  stretching band . The
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form er (C-j 2 DS) h a s  th e  p e a k  n e a r  10 4 0 c m '1 , an d  th e  latter n e a r 10 6 0 c m '1.

T he d ifference in th is p e ak  frequency  can  be attributed to th e  different s tru c tu res  

in th e  ch a in s  (m ethylene an d  d e u te ra te d  m ethylene) a tta ch ed  to th e  s a m e  h ead  

g roups. In th e  asym m etric  S - 0  stretching regions, both C-j 2 HS a n d  C-j 2 D S  

m onolayers h av e  sim ilar band  s h a p e s  an d  p e a k  frequencies . This ind ica tes  

th a t relative to  th e  sym m etric  S - 0  band, the  asym m etric  S - 0  stretch ing  b an d  is 

le ss  sensitive  to  th e  structu re  of th e  a ttach ed  chains.

T he RA sp ec tra  of th e  mixed m onolayer of 2 D S -C 1 2 N a t th e  in terface

have a  strong asym m etric  S-0  stretching band  n ear 1 2 1 4 c m '1 with a  sm all 

h igher frequency  sh o u ld er (n ea r 1 2 5 0 c m '1) an d  a  relatively w eak  sym m etric 

b an d  a ro u n d  1 0 4 0 c m '1. T he in c rease  in the  low frequency  co m p o n en t of th e  

asym m etric  S - 0  stre tch ing  m ode from 1 2 0 5 c m '1 in th e  individual m ono layer of

C ^ D S  to  1214cm "1 in th e  mixed C ^ D S - C ^ N  m onolayer is probably  c a u s e d

by th e  e lec tro sta tic  in teractions of the  C-| 2 DS an d  C-| 2 N h ead  g ro u p s  a t th e  

in terface. T h e se  in teractions c a u s e  a  shifting an d  a  splitting of th e  asym m etric  

S - 0  stre tch ing  m o d es, d u e  to a  "local site” sym m etric lowering of th e  

asym m etric  m o d es (82). From Table 4 .4 .9 . it is s e e n  th a t the  asym m etric  S - 0  

stre tch ing  b an d  in th e  crystalline solids form ed a t th e  in terface h a s  the  h ighest 

frequency  d u e  to  th e  strong interaction betw een  the  h ead  g ro u p s  a n d  highly 

o rd ered  struc tu re  in th is equ im olar anionic-cationic mixture. 

asymmetric C-H stretching band of methyl groups

T he h e ad  group,-N +(C H 3 )3 , of the  C-| 2 N m olecule co n ta in s  th re e  m ethyl

groups. In th e  m ixed m onolayer of C-| 2HS-C12N or C-j 2DS-C12N, th is h e a d
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g roup  u n d e rg o es  a  large ch an g e  in its e lec tro sta tic  environm ent. T h ese  

c h a n g e s  should  result in altering the  b an d  s h a p e s  a n d  freq u en c ies  in th e

deform ing m o d es of th e  m ethyl group in the  -N+(CH 3)3  h e ad  group  of th e

C-| 2 N. S cheu ing  an d  W eers  (82) have  reported  th e s e  c h a n g e s  in mixed 

m icelles of C ^ H S -D T A C  with different micelle com positions. Unfortunately, the

RA sp e c tra  in th is region (1300-1500cm ‘ 1) could not be  reso lved  d u e  to  th e

very strong  absorp tion  of w ater vapor a t the  a q u e o u s  solution/air interface.

4.4.5. The Effects of The Bulk Surfactant Composition on Surface 

Properties of Mixed Monolayers of 2 DS_C1 2 N at The 

Aqueous Solution/Air Interface

surface tension measurements

W e h ave  m e asu re d  the  su rface  ten s io n s  of mixed 2 D S -C 1 2 N a q u e o u s  

so lu tions with various com positions (a= 0 .1 , 0.2, 0.4, 0.5, 0.6, 0.8, an d  0.9). T he

plots of su rface  tension  vs. log of the  total bulk concen tra tion  with different a  

v a lu es  a re  show n in Figure 4 .4 .10 . T he  de term ined  v a lu es  of cm c, Amjn, r max 

with different a  v a lu es  a re  listed in Table 4 .4 .10 . U sing eq u a tio n s  including the  

correction of c h a n g e s  in a re a  per su rfac tan t m olecule (81), w e h av e  ca lcu la ted

th e  in teraction p a ram e te rs , p ° , (3m an d  th e  m ole fractions an d  X-|m . D ata

a re  listed in Table 4 .4 .10 .

It is o b se rv ed  th a t th e  a re a  p e r polym ethylene chain  at th e  in terface slightly 

d e c re a s e s  with in c rease  in a ,  an d  re a c h e s  a  minimum value a t a  = 0.5
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(equ im olar m ixture), th en  in c re a se s  with in c rease  in a .  This m e a n s  th a t th e

com position  in bulk su rfac tan t solution h a s  a  sm all effect on  th e  packing density  

in th e  m ono layer a t th e  in te rface  In th e  non-equ im olar cation ic-an ion ic  

su rfac tan t solution, th e  com plex  com pound  C ^ D S -C -]  2 N a t th e  in te rface  is 

electrically  neu tra l, but a fter in teractions be tw een  cation ic  a n d  anionic  

su rfac tan t m o lecu les, e ith e r th e  cationic or th e  anionic su rfac tan t m o lecu les a re  

in e x c e s s  in bulk solution. B e c a u se  of th e  concen tra tion  g rad ien t b e tw een  th e  

bulk solution an d  th e  in terface, th e se  e x c e s s  cationic (or anionic) su rfac tan t 

m o lecu les  still h av e  a  c h a n c e  (although very small) to  diffuse to th e  interface. 

T herefo re , it is e x p ec te d  th a t a  sm all am ount of individual cation ic  (or anionic) 

su rfac tan t m o lecu les  a re  p re se n t in th e  m onolayer a t th e  in te rface  (in kinetic 

equilibrium ). As a  result, th e s e  positively (or negatively) c h a rg e d  m o lecu les  

sh o u ld  slightly e x p an d  th e  m ono layer (b e c a u se  of th e  repulsion  b e tw een  th e  

c h a rg e d  h e a d  g ro u p s), a n d  co n seq u en tly  in c rease  th e  a re  p e r po lym ethylene 

chain  a t th e  in terface. W hen  a  is getting  further an d  further from 0 .5 , th e

co n cen tra tio n  g rad ien t is la rger an d  larger, an d  th e  c h a n c e  for th e  individual 

su rfac tan t m o lecu les to a d so rb  at the  m onolayer b e co m e s  g re a te r  an d  g rea ter. 

A s a  resu lt, th e  a re a  p e r m ethy lene  chain  at th e  in terface is getting  b igger an d  

b igger.

From Table 4 .4 .10 . it is s e e n  th a t th e  calcu lated  in teraction p a ra m e te rs  pa

a n d  p m a re  very  c lo se  to e a c h  o th e r for different a  va lu es . This in d ica tes  th a t in 

a  w ide ran g e  of bulk com positions (a  = 0.1 - 0.9), the  in teractions b e tw een  the

cation ic  an d  an ion ic  su rfac tan ts  in th e  a d so rb e d  m ixed m o n o lay ers  a s  well a s  

in m ixed m icelles basically  rem ain at th e  sa m e  levels. It is a lso  found th a t the
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Table 4.4.10.

Effects of a on interaction Parameters of Bm. Mole_

Elfl.Ptiaa^Qt_Xg.ancLXm^Am ,n. r max- and cmc in Mixed 

_£l 2 p S -C i 2 n Solutions

& v <* 
* 1 jim

#
* 1

0.1 -32.1 0.48 -27.8 0.47 0.46

0.2 -31.6 0.49 -26.9 0.48 0.55

0.4 -31.0 0.50 -27.9 0.50 0.54

0.5 -32.6 0.51 -28.6 0.51 0.52

0.6 -30.5 0.52 -27.0 0.52 0.54

0.8 -32.5 0.53 -29.0 0.53 0.52

0.9 -33.0 0.54 -29.2 0.55 0.52

SL Amin Cmax pmc

(A2/p e r c h a n ) (X 10 '10m ole/cm 2 ) (X10‘ 5 M)

0.1 34.0 4.93 10.0
0.2 33.0 5.08 9.50
0.4 31.6 5.30 8.58
0.5 30.7 5.46 8.10
0.6 31.9 5.25 8.45
0.8 32.8 5.11 9.12
0.9 33.8 4.96 9.56

X-| *- th e  cac lu la ted  m ole fraction of com ponen t C-| 2 DS in th e  m ixed m onolayer a t the 

in terface from RA sp ec tra



m ole fractions of com ponen t C-j 2 DS in both the  mixed m onolayer (X-|CT) an d  in 

th e  mixed micelle (X-jm ) continuously, and  very slowly in c rease  with in c rease  in 

a  , but both v a lu es  of X-|a  an d  X-jm a re  very c lo se  to  0.5. This show s th a t for

th e  m ixed cationic-anionic su rfactan t system , in a  wide range (a  = 0.1-0.9), the

com position in the  bulk solution h a s  no significant effect on the  com positions in 

th e  mixed m onolayer a t the  interface a s  well a s  in the  mixed micelle in solution. 

R osen  h a s  indicated that at th e  point of maximum synergism , the  mole

fraction, a*, of surfactan t 1 in the  total surfactan t u sed  in the  solution p h a se  is

equal to  the value of X*, the  mole fraction of surfactan t 1 in th e  total su rfactan t in 

th e  m ixed m onolayer a t the  interface, and  can  be  calcu la ted  by th e  expression :

ln(C-|0 /C 2 0 ) + p a

X* = a* = ________________________________ (4.8)

2 (3 °

w here  C-|®, C 2 0 , and  (3° are  defined in equations (1.9) and  (1.10). B ecau se  of

th e  strong interaction betw een  the  cationic and  anionic su rfactan ts, the  |3a  

value, -32, is m uch larger than  ln(C -|°/C 2 °), -0.64. Then X* = a* =0.51 and
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equim olar am o u n ts  give m axim um  synergism , irrespective of th e  (C -j°/C 2 °) 

ratio.

From Table 4 .4 .10 ., it is observed  that th e  the  cm c v a lues continuously 

d e c re a s e  with in c rease  in a ,  and  reach a  minimum value a t a  = 0.5, th en

in c rease  with in c rease  in a .  In an  equim olar mixture, th e  com plex com pound,

C-j 2 DS-C-J 2 N, h a s  th e  maxim um  concentration in the  solution. This com plex 

with two long hydrocarbon chains is th e  m ost surface  active an d  h a s  th e  th e  

low est cm c value com pared  to th e  individual ionic su rfac tan ts  in the  mixed 

su rfactan t solutions. W hen a  is getting further and  further from 0.5, th e  bulk 

su rfac tan t so lu tions contain  m ore and more individual ionic su rfactan t 

co m ponen t (e ither cationic o r anionic, depending  on a  is le ss  or m ore than  0.5), 

an d  th e  cm c v a lu es  of th e  mixed surfactant solutions b eco m e larger an d  larger. 

RA spectra of mixed monolayers of Cf 2 DS-C1 ̂ /V with various a  values

F igures 4 .4 .11 .(a) an d  (b) a re  plots of RA sp ec tra  of th e  mixed m onolayers 

of C-j 2 DS-C-J 2 N a t the  sa m e  total bulk concentration (8.0X10"®M) with different 

a  va lu es  in th e  C-H an d  in the  C-D stretching regions, respectively. T he d a ta  on

the  p eak  intensities an d  frequencies in the  C-H and  in th e  C-D stretching 

reg ions a re  listed in T ables 4.4.11. and 4.4.12., respectively. Plots of RA 

intensity an d  th e  frequency shift in the C-H an d  C-D stretching reg ions vs. a

v a lues a re  show n in Figure 4 .4 .12. and  in Figure 4 .4 .13 ., respectively.

It is found th a t th e  RA intensities in both the  C-H an d  C-D stretching regions 

basically rem ain co nstan t, and  th e  bulk com positions (a  va lues) have no
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significant effects on the  RA intensities of the  mixed m onolayers a t th e  interface.

The RA intensity of th e  mixed m onolayer of C-| 2 D S -C 1 2 N in th e  C-H 

stretching region is contributed only by the  com ponent C 1 2 N, and  the  RA 

intensity in the  C-D stretching region only by C-j 2 DS. Using all the  

assum ptions in C hap ter 4.4.3., we a re  able to u se  the  RA intensities of the 

asym m etric C-D stretching ban d s (higher intensity) of the  mixed m onolayer to 

calcu late  the  com position in the  mixed m onolayers in the  following way:

*2195 (C i 2 d s _c 1 2 n ) ' r max (C12DS)

X1* (C 12D S ) = __________________________________________  (4.9)

!2 1 95  (C 1 2 d s ) ■ r m ax(c 1 2 DS_C12N)

w here X-j* is the  mole fraction of C-| 2 DS in the  mixed m onolayer a t the  

interface. The calcu lated  X-j * values for different a  values a re  listed in T able

4.4.10. Com paring va lues of X^* with X-|a , determ ined from surface  tension

m easu rem en ts, we have found good ag reem en ts  betw een th e se  values, a n d  all

the  values are  c lo se  to 0.5. This h as  provided new evidence that th e  a  value

h a s  no significant effect on the surface  com position in the  mixed m onolayer at

the  interface, and  in a  relative large range (a  = 0.1-0.9), the  cationic an d  anionic

surfactan ts at the  interface remain a t alm ost constan t 1:1 ratio.

From Tables 4.4.11. and  4.4.12. it is interesting to note tha t even  th e  RA 

intensities in both C-H an d  C-D stretching regions keep  alm ost co n stan t at the
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T able 4.4.11

The Effects of a  on Properties of Adsorbed M ixed

Monolayers of C-| gDS-C-| 2N at The Aqueous Solution /Air

Interface In Pure HgO

(C T = 8.0X10" 5 M. the C-H Stretching Region)

a  *a(C-H) ^S(C-H)

RAS(X103 ) W n(cm '1) RAS(X104 ) W n(cm '1)

0.00 1.12 2921.4 8.20 2851.5

0.10 1.10 2923.0 7.80 2851.5

0.20 1.08 2923.0 7.00 2851.2

0.40 1.20 2922.6 6.80 2850.8

0.50 1.20 2919.1 8.20 2849.1

0.60 1.10 2920.0 6.80 2849.5

0.80 1.08 2920.7 7.20 2849.9

0.90 1.06 2921.3 6.80 2850.2

* a  = the  m ole fraction of C-j 2 D 2 5 S 0 4 N a  in the  mixture of C-j 2 D 2 5 S 0 4 Na - 

C i 2 H2 5 N(CH 3 )3 Br in pu re  H2 O.
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Table 4.4.12 

The Effects of a  on Properties of Adsorbed Mixed 

Monolayers of C-j oPS-C-j 2 ^. at The Aqueous Solution /Air

Interface in Pure H2 Q_

( CT = 8.0X10" 5 M. the C-P Stretching Region)

£L *a(C-D) ys(C-D)

RAS(X104 ) Wn(cm"1) RAS(X104 ) W n(cm"1)

0.10 6.40 2197.3 4.80 2095.0

0.20 7.90 2197.2 5.10 2094.6

0.40 8.00 2196.0 4.80 2093.5

0.50 8.10 2191.8 5.30 2087.5

0.60 8.00 2194.4 5.10 2090.7

0.80 8.10 2196.7 5.00 2092.7

0.90 8.10 2197.0 5.10 2093.1

1.00 8.80 2195.2 6.00 2091.0

* a  = the  m ole fraction of C-| 2 D2 s S 0 4 Na in the  mixture of C i 2 D2 s S 0 4 N a - 

C i 2 H2 5 N(CH3 )3 B rin  pure H2 O.
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sam e  total bulk concentration in different a  values, but the  p eak  frequencies in 

th e se  regions have relatively large ch an g es . T he peak  frequencies in both C-H 

and  C-D stretching regions d e c re a se  with a  values, and  reach  minimum values

at a= 0 .5 , then  in c rease  with increase  in a. This trend is th e  sam e  a s  that

o bserved  for th e  a re a  p e r m ethylene chain a t the  interface. Scheuing and 

W eers (82) have reported  the  sam e  trends for the  mixed C-j 2 DS-DTAC 

micelles: the  frequencies for both bands (C-H and  C-D) show  a  d e c re a se  a s  the  

mixed micelle com position b eco m es equimolar. They have attributed this 

increase  to the c h an g e s  in the  absolu te frequencies of C-H and C-D b an d s due 

to the  electrostatic effects in the  non-equim olar mixed micelles. C om paring the 

d a ta  in Tables 4.4.11. 4.4.12. with those  in Table 4.4.9., we have found that both 

the  sym m etric and  asym m etric C-D stretching band frequencies in m ost of the  

non-equim olar mixed m onolayers (except a = 0 .6 ) are actually higher than  th o se

(2195.2 and  2091 .Ocm"^) in the  ad so rb ed  m onolayer of pure C ^ D S  solution,

and  the asym m etric C-H stretching band frequencies in the  mixed m onolayers

of the C ^ N -r ic h  mixed solutions a re  higher than  that (2921.4cm '^) in the

sa tu ra ted  ad so rb ed  m onolayer of individual C-j 2 N solution. This increase  in 

frequency m ay be related to several factors. The first one is the packing density 

of the  m ethylene chains at the interface. As d iscu ssed  in C hap ter 4 .4 .5 ., w hen

a  value is getting far from 0.5, the  a re a  per polym ethylene chain a t the  interface

in c reases  , and  the  interactions betw een m ethylene chains a t the  interface 

d e c rea se . This results in increasing frequencies for both the  C-H an d  C-D 

stretching bands. The seco n d  factor may be the  extent to which the  total
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su rfac tan t co n cen tra tio n  in m ixed so lu tions d e v ia te s  from  its cm c. A s m en tioned  

befo re , th e  cm c  of m ixed su rfac tan t so lu tions h a s  a  m inim um  v a lue  a t  a  = 0 .5 ,

a n d  in c re a s e s  with in c re a se  in th e  ex ten t a t w hich th e  a  v a lue  d e v ia te s  from

0 .5 . At th e  s a m e  to ta l su rfac tan t concen tra tio n , C-p=8.0X10“^M, w hich is be low

th e  m inim um  cm c  v a lu e , w hen  a  is getting  fu rther a n d  fu rther from  0 .5 , th e  C y is

le ss  a n d  le ss  th an  its cm c, s in ce  the  cm c  is in c reasin g  w hen  a  d e v ia te s  m ore

a n d  m ore  from  0.5. A s w e d is c u s s e d  in C h a p te r  4 .4 .4 ., th e  p e a k  freq u e n c ie s  in 

both  C-H a n d  C-D stre tch in g  reg ions con tinuously  in c re a se  with d e c r e a s e  in 

bulk co n cen tra tio n  d u e  to  th e  p o ssib le  s ta g g e re d  s tru c tu re s  of th e  m ixed 

C-j 2 DS-C-J £N m o n o lay e rs  a t th e  in terface. T h e re fo re , w hen  th e  C y  is ge tting  

le s s  a n d  le ss  th an  its cm c, th e  p e a k  freq u e n c ie s  in th e s e  two reg io n s  a re  h igher 

a n d  higher. T h e  third fac to r m ay be  th e  different en v iro n m en ts  su rro u n d in g  th e  

h e a d  g ro u p s  a t th e  in te rface. A s th e  com position  of th e  m ixed su rfac tan t 

so lu tio n s  is c h a n g e d  from C-j 2 N-rich to  C-j 2 D S-rich, th e  in te rac tio n s  b e tw ee n  

h e a d  g ro u p s  a t  th e  in te rface  a re  a lso  c h a n g e d , a n d  th e s e  c h a n g e s  m ay  affect 

th e  ab so lu te  fre q u e n c ie s  of th e  C-H a n d  C-D stre tch ing  b a n d s  so m ew h a t.
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Fig. 1.1. S urface  p re ssu re  - a re a  p e r  m olecule (tc-A) d iag ram s of different ty p es

of m onolayers. Schem atic; not in sca le .

Fig. 1 .2. S im ulated  relationship betw een  the  su rface  e x c e s s  concen tra tion  and  

the  bulk concentration  for a  m onolayer ab so rb ed  a t th e  air/w ater 

interface.

Fig. 2 .1 . Optical m odel of an an iso tropic  m onolayer on an  isotropic liquid 

su b stra te .

Fig. 2.2. Laboratory axis system  with a  rep resen ta tive  chain (long arrow), a  

rep resen ta tive  dipole m om ent (M), and  th e  definition of an g les .

Fig. 2.3. C alcu lated  value of th e  reflection-absorption intensity vs. chain  

orientation ang le  for s- an d  p-polarized incident light a t co n stan t 

su rface  concentration .

Fig. 2 .4  .R elationship  be tw een  reflection-absorption intensity an d  km a x at 

different chain  orientation a n g les  (30°, p-pol.).

Fig. 2 .5  .R elationship  be tw een  reflection-absorption intensity an d  km a x at 

different chain  orientation an g les  (30°, s-pol.).

Fig. 2.6. R esu lts  of refinem ent p rocedure which minimize Akm a x to calcu la te  the 

chain orientation ang le  % an d  km ax.

Fig. 2.7. Polarized reflection-adsorption intensity ratios (RAp/RAs) vs. chain  

orientation an g le  at various v a lues of km ax .

Fig. 2.8. RAp'/RAs ratios vs. chain  orientation ang le  a t different i v a lu es , km ax 

is co n stan t (0.30).
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Fig. 2 .9 . D eterm ination  of orientation an g le  using vario u s  m e th o d s of 

m inim ization.

Fig. 2 .10 . C om parison  of an  experim en tal tran sm iss io n  sp ec tru m  with sim u la ted  

reflection-absorp tion  sp e c tra  for th e  a d so rb e d  m ono layer of 

C f 2 H2 5 S 0 3 N a (Cf 2 S) a t  th e  a ir/w ater in terface.

Fig. 3 .1 . S ch em atic  d iag ram  of th e  optical a rra n g em en t u se d  for obtain ing RA 

s p e c tra  of a d so rb e d  m ono layers  a t th e  a ir/w a ter in terface.

Fig. 3 .2 . R eflection-absorption  sp e c tra  (p-polarization) of a d so rb e d  C-| 2 S

m o n o lay ers  a t th e  a ir/w ater in terface with different a n g le s  of incident 

light, but th e  s a m e  bulk concen tra tion .

Fig. 3 .3 . R eflec tion-absorption  sp e c tra  of a d so rb e d  C-| 2 S N a  m o n o lay e rs  a t  th e  

a ir/w ater in te rface  with different po larizations an d  a n g le s  of incident 

light, a t  th e  s a m e  bulk concen tra tion .

Fig. 3 .4 . T he height of th e  solution vs. th e  experim en tal period tim e.

Fig. 3 .5 . R atios of a  single  b e am  s-po larized  re flec tance  sp ec tru m  of a  w a te r 

su rface  a g a in s t th e  s a m e , but a t different height of th e  w a te r  su rface  - 

logfRt/Rg). H eight of th e  w a ter su rface  c h a n g e s  with th e  tim e of 

ev apo ra tion  (t).

Fig. 3 .6 . A re p re sen ta tiv e  reflection-absorption  sp ec tru m  of th e  a d so rb e d  C-| 2 S 

m ono layer a t  th e  a ir/w ater in terface, a t 30° incident an g le  a n d

s-polarization; su rfac tan t concen tra tion , C = 4 .80X 10"3 M.

Fig. 3 .7 . Reproducibility of RA s p e c tra  of a d so rb e d  C-| 2 S N a  m o n o lay ers  a t th e  

a ir/w ater in te rface  (C = 4 .0X 10 '3 M, s-po lariza tion )
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Fig. 4 .1 .1 . S urface tension  vs. log of th e  m olar concentra tion  of C - j  2S O 0 N a in 

a q u e o u s  so lu tions of H2 O, 0.1 M NaCI, 0.5M NaCI, an d  0.1 M LiCI at 

25.0°C .

Fig. 4 .1 .2 . S urface  p re ssu re  vs. a re a  p e r m olecule (A) of C-j 2 SC>3 Na in

a q u e o u s  so lu tions of F^O, 0.1 M NaCI, 0.5M NaCI, an d  0.1 M LiCI at 

25.0°C .

Fig. 4 .1 .3 . Dynam ic su rface  tension  vs. log of the  su rface  a g e  tim e of 5.0X 10"3 M

C 1 2 S O 0 N a in pure  H2 O at 25.0°C  (m axim um  bubble p re ssu re  

m ethod).

Fig. 4 .1 .4 . S u rface  tension  vs. m easuring  tim e for 1.2X10"2 M C^ 2 S O g N a in

pure H2 O at 25.0°C  (Wilhelmy m ethod).

Fig. 4 . 1 . 5 .  R A  intensity vs. m easuring tim e of C - j 2 S 0 3 N a  m onolayers a t the  

air/w ater interface from different bulk concen tra tions.

Fig. 4 .1 .6 . P eak  frequency shift of the  asym m etric C-H stre tch ing  vibration vs.

m easuring  tim e of C -|2 S 0 3 N a m onolayers a t th e  a ir/w ater interface 

with different bulk concen tra tions.

Fig. 4 .1 .7 . P eak  frequency shift of th e  sym m etric C-H stretching vibration vs.

m easuring  tim e of C -|2 S 0 3 Na m onolayers a t th e  a ir/w ater interface 

from different bulk concentrations.

Fig. 4 . 1 . 8 .  A  diagram  of a  C - j  2 S 0 3 N a  m olecule a t the  air/w ater in terface.

Fig. 4 .1 .9 . RA sp ec tra  of ad so rb ed  m onolayers of C-)2 S 0 3 N a a t th e  a q u eo u s  

solution/air in terface in pure w a ter at 30° incidence angle.

Fig. 4 .1 .10. C h an g es  in RA of ad so rb ed  m onolayers of C - j  2 S 0 3 N a a t the

air/w ater interface with different bulk concen tra tions in pure w ater
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Fig. 4.1.11. RA sp ec tra  of adso rbed  m onolayers of C-j 2 S O 0 Na at th e  aq u eo u s  

solution/air interface in 0.1 M NaCI at 30° incidence angle.

Fig. 4 .1.12. C h an g e s  in RA intensity of the  ad so rb ed  m onolayers of C-̂  2 S O gN a 

at the  air/w ater interface with different bulk concen trations in 0.1 M 

NaCI solution.

Fig. 4.1 .13. Reflection-absorption sp ec tra  of th e  adso rbed  m onolayers of

C i 2 SC>3 Na a t the  aq u eo u s  solution/air interface in 0.5M  NaCI at 

30° incidence angle.

Fig. 4.1.14. C h an g es  in RA intensity of the adso rb ed  m onolayers of C^ 2 S O 0 Na 

at the  air/w ater interface with different concentrations in 0 .5  M NaCI.

Fig. 4.1 .15. Effects of NaCI concentration on RA of ad so rb ed  m onolayers of 

C i 2 SC>3 N a a t  the  air/w ater interface .

Fig. 4 .1.16. Effects of NaCI concentration on RA of the  adso rbed  m onolayers of 

C i 2 SC>3 Na at the  air/w ater interface a t s-polarization

Fig. 4 .1.17. Frequency  shifts of the  C-H stretching bands vs. log of bulk 

concentration in pure w ater and  0.1 M NaCI solutions.

Fig. 4 .1 .18 . A diagram  explanation of C-j 2 S O 0 Na m onolayer structu res a t the 

air/w ater interface.

Fig. 4 .1.19. RA sp ec tra  of adso rbed  m onolayers of C-| 2 S 0 3 N a a t th e  aq u eo u s  

solution/air interface in pure w ater a t 30° incidence ang le  an d  

s-polarization in the  S -0  stretching region.

Fig. 4 .1.20. RA sp ec tra  of adso rb ed  m onolayers of C-| 2 S 0 3 N a at th e  aq u eo u s  

solution/air interface in 0.1 M NaCI a t 30° incidence ang le  an d  

s-polarization in the  S - 0  stretching region.
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Fig. 4 .2 .1 . S u rface  ten sio n  vs. log of th e  concen tra tion  of C i 2 N (C H 3 )3 Br 

(C-12N) in pure  H2 O a n d  0.1 M N aBr solution a t 25 .0°C .

Fig. 4 .2 .2 . S u rface  p re s su re  vs. a re a  p e r  m olecule (A) of C-j 2 N in p u re  H2 O an d  

0.1 M N aBr solution a t 25 .0°C .

Fig. 4.2.3. A rep resen ta tiv e  RA sp ec tru m  of th e  a d so rb e d  m ono layer of C-j 2 N

(C = 1 .4 X 1 0 '2 M) a t th e  a q u e o u s  so lu tion/air in terface in p u re  H2 O at

30° inc idence  an g le  a n d  s-po larization .

Fig. 4 .2 .4 . RA s p e c tra  of th e  a d so rb e d  m onolayers  of C-j 2 N a t th e  a ir/w ater 

in terface  in pure  H2 O a t 30° incidence an g le  a n d  s-po larization

Fig. 4 .2 .5 . RA s p e c tra  of th e  a d so rb e d  m ono layers  of C-j 2 N a t th e  a ir/w ater 

in terface  in pure  H2 O a t 30° inc idence  an g le  a n d  s-po larization

Fig. 4 .2 .6 . RA sp e c tra  of th e  a d so rb e d  m ono layers  of C-| 2 N a t th e  a ir/w ater 

in terface  in 0.1 M N aB r a t 30° inc idence  an g le  a n d  s-p o lariza tion .

Fig. 4 .2 .7 . E ffects of N aBr concen tra tion  on RAs of C-j 2 N m o n o layers  a t th e  

a ir/w ater in terface  a t 30° inc idence  an g le  a n d  s-polarization

Fig. 4 .2 .8 . C h a n g e s  in RA in tensity  of th e  a d so rb e d  m o n o lay ers  of C-j 2 N a t the  

a ir/w ater in terface with different su rfac tan t bulk co n cen tra tio n s  in 

pure  H2 O  a n d  0.1 M N aB r so lu tions (in th e  C-H stre tch ing  region).

Fig. 4 .2 .9 . C h a n g e s  in p e a k  freq u en cy  of th e  a d so rb e d  m o n o lay ers  of C-j 2 N at 

the  a ir/w ater in terface with different su rfac tan t co n cen tra tio n s  in pure  

w a te r a n d  0.1 M N aBr so lu tions (in th e  C-H stre tch ing  region).

Fig. 4 .2 .10 . S tructu re  a n d  distribution of w a te r a n d  C ^ N  m olecu les  in the  

a d so rb e d  m onolayers  a t th e  a ir/w ater in terface.

Fig. 4.3.1 . S u rface  ten sio n  vs. log of th e  concen tra tion  of C-j 2 ^ 5 8 0 4 ^

(C 1 2 HS) a n d  C -|2 D2 5 S 0 4 N a ( C ^ D S )  in p u re  H2 O  a n d  0.1 M N aBr 

solution a t 25 .0°C .
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Fig. 4 .3 .2 . S u rface  p re s su re  vs. a r e a  p e r  m olecule (A) of C-j 2 H S a n d  C-j 2 DS in 

p u re  H2 O  a n d  0.1 M N aBr solution a t 25.0°C .

Fig. 4.3.3. RA sp e c tra  of th e  a d so rb e d  m onolayers of C-j 2 HS a t  th e  a ir/w ater 

in terface in pure  H2 O at 30° inc idence  an g le  a n d  s-po larization  (the 

C-H a n d  S-O s tre tch ing  region)

Fig. 4 .3 .4 . RA s p e c tra  of th e  a d so rb e d  m onolayers of C^ 2 ° S  a t  th e  a ir/w ater 

in terface in pure  H2 O at 30° incidence an g le  a n d  s-po larization  (the 

C-D a n d  S -O  stre tch ing  region)

Fig. 4 .3 .5 . C h a n g e s  in RA intensity  of th e  a d so rb e d  m o n o lay ers  of C-j 2 H S a t th e  

a ir/w ater in te rface  with different bulk co n ce n tra tio n s  in p u re  H2 O (in 

th e  C-H stre tch ing  region).

Fig. 4 .3 .6 . C h a n g e s  in p e a k  freq u en cy  of th e  a d so rb e d  m o n o lay e rs  of C-j 2 HS a t 

th e  a ir/w a ter in terface with various bulk co n ce n tra tio n s  in p u re  w a te r 

(the C-H stre tch ing  region).

Fig. 4 .3 .7 . C h a n g e s  in RA intensity  of th e  a d so rb ed  m o n o lay ers  of C-j 2 D S a t th e  

a ir/w ater in te rface  with different bulk co n ce n tra tio n s  in p u re  H2 O  (the 

C-D stre tch ing  region).

Fig. 4 .3 .8 . C h a n g e s  in p e a k  frequency  of th e  a d so rb e d  m o n o lay e rs  of C-j 2 D S a t 

th e  a ir/w ater in terface  with various bulk c o n ce n tra tio n s  in pu re  w a te r 

(the C-D  stre tch in g  region).

Fig. 4.4.1 (a). S u rface  ten sio n  vs. log of th e  co ncen tra tion  of C-j 2 H S, C-j 2 N,
' j'

C ^ D S ,  a n d  eq u im olar m ixtures C ^ H S - C ^ N  a n d  

C-j 2 DS-C-J 2 N, in w a te r so lu tions a t 25.0°C.

Fig. 4.4.1 (b). S u rface  ten sio n  vs. log of th e  co n cen tra tio n  of C-j 2 N, C-j 2 DS, an d  

eq u im olar m ixture C-j 2 DS-C j 2 N in 0.1 M N aB r a t 25.0°C.
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Fig. 4 .4 .2 . S u rface  p re s su re  vs. a re a  p e r  m olecule (A) of equ im o lar

C-| 2 H S-C -12N a n d  C-| 2 D S -C 1 2 N m ixtures in w a te r  a n d  in 0.1 M NaBr 

solution a t 25.0°C .

Fig. 4 .4 .3 . RA s p e c tra  of th e  a d so rb e d  m ixed m o no layers  of eq u im olar m ixture 

C -^ H S -C -i 2 N a t th e  a q u e o u s  so lu tion/air in terface  in p u re  H2 O a t  

30° in c id en ce  a n g le  a n d  s-polarization  (the  C-H stre tch in g  reg ion)

Fig. 4 .4 .4 . C h a n g e s  in RA intensity  of a d so rb e d  m ixed m o n o lay ers  of eq u im o lar 

m ixture C-| 2 HS-C-J 2 N a t th e  a ir/w ater in terface  with different 

su rfac tan t bulk co n cen tra tio n s  in p u re  H2 O  (the C-H stre tch ing  

reg ion).

Fig. 4 .4 .5 . C h a n g e s  in p e a k  freq u en cy  of th e  C-H stre tch ing  m o d e s  in th e

a d so rb e d  m ixed m onolayers  of eq u im olar m ixture C-| 2 H S-C -12N at 

th e  a q u e o u s  so lu tion /a ir in terface with va rio u s  bulk c o n ce n tra tio n s  in 

p u re  w ater.

Fig. 4 .4 .6 . RA s p e c tra  of th e  a d so rb e d  m ixed m ono layers  of eq u im o la r m ixture 

C-j 2 D S-C -12N a t th e  a q u e o u s  so lu tion/air in terface  in p u re  H2 O  at 

30° in c id en ce  a n g le  a n d  s-polarization  (the  C-H, C-D, a n d  S -O  

stre tch ing  b a n d s)

Fig. 4 .4 .7 . RA sp ec tru m  of th e  floating partic les (p recip ita tes) of equ im olar

m ixture C-| 2 D S -C 1 2 N (bulk co n cen tra tio n , C = 6 .0X 10"5 M) at th e

a q u e o u s  so lu tion /air in te rface  in pure  H2 O  a t 30° in c id en ce  a n g le  

a n d  s-po larization  (the  C-H, C-D, a n d  S - 0  stre tch ing  b an d s).

Fig. 4 .4 .8 . C h a n g e s  in RA in tensity  of th e  a d so rb e d  m ixed m o n o lay ers  of 

eq u im o la r m ixture C-| 2 D S -C 1 2 N a t th e  a ir/w ater in te rface  with 

different su rfac tan t bulk co n cen tra tio n s  in pure  H2 O  so lu tions (in th e  

C-H a n d  C-D stre tch ing  regions).
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Fig. 4 .4 .9 . C h an g e s  in p e ak  frequency  of th e  a d so rb ed  m ixed m onolayers of 

equ im olar m ixture C-j 2 D S -C 1 2 N a t the  a ir/w ater in terface with 

different su rfac tan t bulk co n cen tra tio n s  in p u re  H2 O solution (in th e  

C-H a n d  C-D stre tch ing  regions).

Fig. 4 .4 .10. S urface  tension  vs. log of th e  total bulk concen tra tion  of mixed

Ci 2 DS-C-J 2 N in w a ter solution from different a  v a lu es  a t 25.0°C. 

Fig. 4.4 .11. RA sp e c tra  of th e  ad so rb ed  m ixed m onolayers of C-j 2 DS-C 1 2 N

( C j =  8.0X 10 '5 M) a t the  a q u e o u s  solution/air in terface in pure H2 O

at 30° incidence ang le  a n d  s-polarization with va rio u s  a  v a lu es  (in 

th e  C-H a n d  C-D stretch ing  region).

Fig. 4 .4 .12 . C h an g e s  in RA intensity of a d so rb ed  m ixed m onolayers  of mixture 

C-| 2 0 8 - ^  2 n  a t th e  a ir/w ater in terface with different a  v a lu es  in

pu re  H2 O  solution (in the  C-H an d  C-D stre tch ing  regions).

Fig. 4 .4 .13 . C h a n g e s  in p e a k  freq u en cies  of th e  C-H a n d  C-D stre tch ing  m o d es 

in the  a d so rb e d  m ixed m onolayers of m ixture C ^ D S - C ^ N  at the

air/w ater in terface with different a  v a lu es  in pure  H2 O  solution
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Fig. 1.1. Surface pressure - area per molecule (tu-A) diagrams of 
different types of monolayers. Schematic; not in scale.
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Fig. 1.2. Simulated relationship between the surface excess 
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at the air/water interface.
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Fig. 2.1. Optical model of an anisotropic monolayer on an isotropic 
liquid substrate.
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Fig. 2.2. Laboratory axis system with a representative chain (long 
arrow), a representative dipole moment (M), and the definition of 
angles.
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Fig. 2.3. Calculated value of the reflection-absorption intensity vs. 
chain orientation angle for s- (the top line) and p-polarized (the 
bottom one) incident light at constant surface concentration.
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Fig. 2.6. Results of refinement procedure which minimize Akmax to 

calculate the chain orientation angle % and kmax.
From left to right: % = 0°, 20°, 40°, 60°, and 80°, respectively.
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Fig. 2.7. Polarized reflection-adsorption intensity ratios (RAp/RAs) 
vs. chain orientation angle at various values of kmax. From top to
bottom : kmax = 0.13, 0.15, 0.20, 0.35, 0.30, 0.35, 0.40, 0.45, and
0.50, respectively.
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1 4 3

0 .10

t/>
c0>
c

0 .0 5 -

\ \

20.010.0 30.0 40.0

Chain Orientation Angle x (degrees)

Fig. 2.9. Determination of orientation angle using various methods 
of minimization. From top to bottom:
A(RAp3/RAs), A(RAp2/RAs), A(RAp/RAs), respectively.
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Fig. 2.10. Comparison of an experimental transmission spectrum 
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Fig. 4.2.10. Structure and distribution of water and C-j 2 N molecules

in adsorbed monolayers at the air/water interface*.
(A). A uniform layer at dilute surface concentration.
(B). A staggered layer at concentrated surface concentration.
* reference (29)
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Fig. 4.3.3 (b). RA spectra of the adsorbed monolayers of C12HS
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surfactant concentration loaC
1 .75X 10"3  M -2.75
2.50X10-3 M -2.60
3.50X 10-3 M -2.45
5.00X10 "3  M -2.30
7 .00X 10"3  M -2.15
1.00X10“2  M -2 .0 0
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Fig. 4.3.4 (a). RA spectra of the adsorbed monolayers of C -^D S
at the air/water interface in pure H20  at 30° incidence angle and
s-polarization (the C-D stretching region)
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Fig. 4.3.4 (b). RA spectra of the adsorbed monolayers of C12DS 
at the air/water interface in pure H2 0  at 30° incidence angle and 
s-poiarization (the S-0 stretching region)
From top to bottom:

surfactant concentration loac

2.00X 10"3 M -2.70
4.00X1 O’3 M -2.40
8.00X1 O’3 M -2.10
1.00X10-2 M -2.00



1 94

1.80e-3

□ va (C-H) 
A vs (C-H)

1.60e-3 -

Si 1.40e-3 -

1.20e-3 -

1.00e-3
- 2.8 2.6 -2 .4 - 2.2 - 2 . 0 1 .8

logC

Fig. 4.3.5. Changes in RA intensity of the adsorbed monolayers 
of C-|2 HS at the air/water interface with different bulk
c o n c e n t r a t io n s  in p u re  H2 0  (in th e  C-H s t r e tc h in g  reg ion).



1 95

I
E
o

CO

>»oc
o
3
CT
0)

4

va (C-H)
3

vs (C-H)

2

1

0

1
- 2. 8 - 2 . 6 -2 .4 1 . 8- 2.2 - 2.0

logC

Fig. 4.3.6. Changes in peak frequency of the adsorbed 
monolayers of C ^ H S  at the air/water interface with various bulk
c o n c e n t r a t io n s  in p u re  w a te r  (the  C-H s t re tc h in g  reg ion).



196

9.00e-4

8.00e-4 -

7.00e-4 -
>%

c  6.00e-4 -

5.00e-4 -

4.00e-4 -
□ va (C-D)

2.00e-4
-3 .0  -2 .8  -2 .6  -2 .4  -2 .2 2.0 1 . 8

logC

Fig. 4.3.7. Changes in RA intensity of the adsorbed monolayers 
of C-^DS at the air/water interface with different bulk
c o n c e n tra t io n s  in pure  H2 0  (the C-D s tre tc h in g  region).



fr
eq

ue
nc

y 
sh

if
t 

(c
m

-1
)

197

5

va (C-D)
4

vs (C-D)

3

2

1

0
2.8 -2 .6  -2 .4  -2 .23 .0 2 . 0  - 1 . 8

logC

Fig. 4.3.8. Changes in peak frequency of the adsorbed 
monolayers of C-^DS at the air/water interface with various bulk
concentrations in pure water (the C-D stretching region).



1 98

75

65 -
E
z
E

(0
c
<D

<D
O
(0

3
(0

55 -

45 -

35 -

25
- 6

□  +  

□

+ C12N
□ C12HS
A C12DS

□
A

X
o □

A

g + 
□

X
A

g

g

A
X

as
x  C12HS-C12N 

* C12DS-C12N

i
-3

logC

Fig. 4.4.1(a). Surface tension vs. log of the concentration of 
C f 2 HS’ c 12N’ c 1 2 DS’ and equimolar mixtures C12H S -C 1 2 N and 
C-j 2 0 S -C -]2 N, in water solution at 25.0°C.



1 99

C12N. 0.1 M NaBr
i

C12DS. 0.1 M NaBr
65 ~

E

g 55 -

co
<h

•i

c
© 45 -

w 35 -
+  +

C12D-C12N. 0.1 M NaBr

- 6. 0 -4 .05 .0 3 .0 2.0

logC

Fig. 4.4.1(b). Surface tension vs. log of the concentration of C12N, 
C 1 2 DS, and equimolar mixture C -^ D S -C -^ N  in 0.1M NaBr at 
25.0°C .



200

ou -

-
+ + C12DS-C12N, 0.1 N NaBr

40 - A
+  □ □ C12DS-C12N, H20

E* A C12HS-C12H, H20
z A fD
E 30 -

v
o A
3(0

-

(0<Dim,Q. 20 - A

© , □O(0M—
A +

3w 10 - A □

0 -

A

25 30 35  40  45

A
Fig. 4.4.2. Surface pressure vs. area per molecule (A) of equimolar 
mixtures C-)2HS~C 12N and C1 2 DS-C -|2N in water and in 0.1M
NaBr solution at 25.0°C.



201

-2Q.

o
X

eo
a

1  - 60 . - '  
COIc
o
o
CD

a)
cc

-100
•3 3000 2 9 0 03 1 0 0 2000 2 7 0 0

wavenumbers(cm’ 1)

Fig. 4.4.3. RA spectra of the adsorbed mixed monolayers of 
equimolar mixture C i2 HS~C-|2N at the aqueous solution/air
interface in pure H20  at 30° incidence angle and
s-polarization (the C-H stretching region)
From top to bottom:

surfactant concentration looC
2.50X1 O'6 M -5.60
5.00X 10‘6 M -5.30
1.00X 10-5 M -5.00
2 .00X 10-5 M -4.70
4 .00X 10‘5 M -4.40
5.00X1 O'5 M -4.30



2 0 2

0 .0 0 3

□ va (C-H)

+ vs (C-H)

0.002 “

4^
'35
c
Q)*4
c•I

<
oc

0.001 -

0 . 0 0 0

6 5 4

lo g C

Fig. 4.4.4. Changes in RA intensity of the adsorbed mixed 
monolayers of equimolar mixture C -^H S -C -^N  at the air/water
interface with different bulk concentrations in pure H2 O (the C-H
stretching region).



2 0 3

3

□ va (C-H)

+ vs (C-H)2

1

0

1
56 4

E
o

OT 1 "

Sh 
O
c  
a>
3
c r  
a>

lo g C

Fig. 4.4.5. Changes in peak frequency of the C-H stretching modes 
in the adsorbed mixed monolayers of equimolar mixture C12HS-
C 1 2 N at the aqueous solution/air interface with various bulk
concentrations in water.



20 4

30 .0

o
X

10.0c
o
a
oW-Qca■e
o

0 . 0 0 -

oo
- 10 . -a>

GC

- 2 0 .
29003000 2800 2 7 0 03 1 0 0

w avenum bers(cm ’ 1)

Fig. 4.4.6(a). RA spectra of the adsorbed mixed monolayers of 
equimolar mixture C12DS-C12 N at the aqueous solution/air
interface in pure H20  at 30° incidence angle and s-polarization
(the C-H stretching bands)
From top to bottom:

surfactant concentration loaC
2.50X10-® M -5.60
5 .00X 10-6 M -5.30
1.00X10"5 M -5.00
2.00X1 O’5 M -4.70
4 .0 0X 10“5 M -4.40
5.00X1 O'5 M -4.30



2 0 5

15.0

o
X

o
a.
0coSI
cn1
c
o

7 c _c*  u

O<u
0)
cr

20.
2 1 5 02200 2100 2 0 5 02 2 5 0 2000

w avenum bers(cm ' 1)

Fig. 4.4.6(b). RA spectra of the adsorbed mixed monolayers of 
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interface in pure H20  at 30° incidence angle and s-polarization
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