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Light scattering rneasurements have been carr ied out gn
aqueouq solut ions of dirnethyloleylamine oxide in water, 10-*
or 10 - N HCl, in the absencq or presence of NaCl to dif ferent
concentrat ions up to 5 x 10- 'M. Large rodl ike micel les are
formed in al l  solut ions

In the presence of  NaCl less than 10-r  M, 11ght scatter-
ing is subject to strong external interference, giving anoma-
lous angular dependence. Separation of the external effect
from the internal interference yields radial distr ibution
function of mice11es, showing that rodl ike nicel les exist in
solut ion nonrandomly or in clustering states.

In the presence of more concentrated NaCl, angular de-
pendence of l ight scattering is normal, indicating no external
interference, and shows formation of large, f lexible rodl ike
micel les.  The electrostat ic ef fect  of  protonat ion in 10-J N
HC1 is not necessar i ly  manifest ,  as the micel le s ize is com-
pared with that in r^7ater. With incSeasing NaCl concentrat ion,
Larq,er micel les are formed. In 10- 'N HCl in the presence of
10 - M NaCl, the rnicel le formed has molecular weight of lB
rni l l ion, and radius of gyration of 2,100 A.

It is concluded that hydration of annine oxide prevents
a rodl ike micel le from further associat ing together, but the
addit ion of NaCl dehydrates the amine oxide and increases the
micel le size. Dehydration of amj_ne oxide also induces hydro-
gen bonding between amine oxide and N-hydroxyammonium ion in
a micel le.

INTRODUCTION

Dirnethyloleylarni-ne oxide, CH"(CHr). 'CH=CH(CHr)oN(CH")rO, is highly
soluble in r4rater and aqueous salt-solf i t ions, in 6pite of f ts having a
long hydrocarbon chain and a nonionic head grolpo we may expect from the
micel le size observed for lower alkyl homologs'" that i t  can form large
rodl ike micel les above the 1o!s cr i t ical  micef le concentrat iorr . ' 'o

Amine oxide j-s a weak base, and i t  can be protonated at low pH to
form N-hydroxyarmnonium ion:
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R-N(CH3)2orr+ Z R-N(CH3)20 + H+

Dimethyloleylamine oxide has a pK value of  3.7 to 4.3 in the micel lar
form, depending on the NaCl concentrat ion.  Accordingly,  i t  forms non-
ionic micel les in r^rater or at  a lkal ine pI I ;  whi le i t .  forms cat ionic
micel les in aqueous I IC1 solut ions at  pH lower than 2.  At  intermediate
pH, i t  is  present as the cat ionic-nonionic micel les.

In th is work rre present our resul ts of  l lght  scatter ing meagurements
on-qqueous solut ion of  d imethyloleylamine oxide in water and.10-* N or
10- 'N HCl,  in the absence or presence of  NaCl up to 5 x 10-z M, In 10-r
n HCl dimethyloleylamine oxide is hal f -protonated, thus forming a mi-ce1le
consi-st ing of  an equal  composi t ion of  amine oxide molecules and N-hy-
droxyammonium ions. At lower pH our l ight  scatter ing ce1ls oould not be
used because of  ther low stabi l i ty  of  their  bot tom corners agaist  acids
where some adhesive mater ia l  was Dresenr.

Since we have encountered compl icated si tuat ions concerning angular
dependence of  l ight  scatter ing,  we f i rst  g ive a br ief  account of  l ight
scatter i -ng behavior of  the di lute micel lar  solut ions.  I t  wi l l  make the
interpretat j -on of  our resul ts more comprehensible.  Then we wi l l  der ive
the micel le s ize and shape as wel l  as the intermicel lar  interact ion,  I t
can be sho\rn that  large rodl ike micel les are formed and thir  s ize and
mutual  interact ion are strongly dependent on the hydrat ion state of  the
amine oxide group.

LIGHT SCATTERING IN DILUTE SOLUTIONS
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where M, is the weight-average molecular weight of  mice1les,  and P(0) and
S(0) ar6 the part ic le scatter ing factor and the structure factor,  respec-
t ively,  which represent the ef fects of  internal  and external  interfer-
ence, respect ively.  The opt ical  constant is expressed by

2Nt . \ ,  1 L
K = 2 t t '  no" (dd/dc)6^, .^/  *o I -  (2)

A J 
^.where N^ is Avogadrots number,  r i  is  the refract ive index of  the solut ion

for the^1ight of  wavelength,  t r ,  and C^ and C^ are the molar concentra-
t ions of  HC1 and NaCl.  The subscr ipt^or supBrscr ipt ,  -o,  refers to the
solut ion of  the cr i t ical  micel le c incentrat ion,  c^.  The cr i t ical  micel le
concentrat ion is very 1ow for d{mpthyloleylamine"oxide and dodecyldime-
thyl-N-hydroxyammonium chlor ide .  - '  -

(1)

(3)

The part ic le scatter ing factor,  P(0),  is  g iven by

sin pr.  .
- .r-j

t t f

al

wher i .  and j  stand for t rnro scatter ing points by distance r_.  apart  wi th in
a micel le,  and pr is the magnitude of  wave vector of  scatte*dd l ight :

, ,  tu , . .
u = (4n r io/ I )  s in (0/2)

The summation extends over al l  pairs of scattering points within a
mice11e.

P(O)= I I
i j

(4)
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The structure factor,  S(0),  is  g iven by
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where r is the distance betvreen centers of gravity of two mice11es, and
g(r) is the radial distr ibution function of mice11es.

Light scattering results are general ly expressed in the form of
reciprocal envelope, in order to represent angular and concent6ation de-
pendences, so that K(c -  c^) / (n -  R ")  is  p lot ted against  s in ' (0/2) + a
(c -  c^) ,  where a is an ar6i t rary constant for  adjustment of  the envelope
shape.- This is because the reciprocal part lcle scattering factor can al-
ways be related to the radius of  gyrat ion,  R^,  of  the solute part ic le
through

(5)

(6)

because the reciprocal  structure factor at
increment of reduced intensity ax zero

form of vir ial  expansion, which can be cast

)  (7)

i f  c -  c is smal1.  where B is the second vir ia l  coeff ic ient .
o-

Equat ion (3) indicates t !?t  p- l (O) -L1cr€ases with increasing p or Q,
and equation (5) shows that S 

t(0)decreases 
with increasing 0 or p and

depends on the micelle concentratlon, c - c . fhen there are two lfunit-
ing cases of angular dependence of the recif frocal envelope at a given
concentrat ion, as shown in Figure 1.

(a) I f  the external  interference is weak and S(e) = S(0),  then K(c -  c^)
/  (Rn -  Ro") increases at  h lgher angles.  This behavior has been obY
serVed f6r di lute mi-cel lar solut ions of most surfactants, both sphe-
rical and rodl ike.

(b) I f  the j .nternal interference is weak as compared with the external
interference, or i f  only the external interference is strong, that
is,  i f  P(e) = 1,  then'K(.  -  c^) / (Ro -  Roo) decreases ar higher
angles,  dependent on the micel le c6ncentrat ion,  c -  co.

Usua11y, instead of the case (b), the two effects of interference
are combined, the Zirnm plot should appear as given in Figure 2, depend-
ing on rnrhether the external interference is comparable with or much
stronger than the internal interference.

RODLIKE MICELLES AT HIGIIER IONIC STRENGTHS

Since the (rodl ike) micel les of dimethyloleylamine oxide are large
and cornparable wj.th the wavelength of light, internal interference al-
ways occurs. The micel le molecular weight ranges frorn 1 mil l ion to 18
mi1l ion,  as wi l l  be seen below.

In the presence of NaCl more than 1O-3 M, the l ight scattering be-
havior is normal, and the reciprocal envelope r ises with increasing scat-
tering angle. Figure 3 shows the Zirnm plot of l ight scattering from the
micel lar solut ions in the presence of 0.05 M NaCl with dif ferent HCl con-
centrat ions. The plot . increases l inearly at 1ow angles, when the miceLle
concentrat ion is 1ow, but i t  increases convex upward at high angles,

445



(o) (Dl

Figure 1. Angulal dependence_gf reciprocal envelope of l ight scattering.
(a) P- ' (O),  (b)  s--(0).
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Figure 3.  Zimm plots of  l ight  scatter lng f rom the micel lar  solut ions of

dirnethyloleylarnine oxide in the presence of  0.05 M NaC1.

The curves from lef ,q to r ight  correspond to the micel le concef l -

cfat tons,  c-co(10-" g cm-") :  (a)  0.05 M N4C1; 0.008, 0.018,

0.047, o.o6:,  ( t .092,0.121 ,  0.163. (b)-10- '  N HC1 + 0.05 M Na-
C]_;0.026, 0.053, 0.098, 0.129. (c)  10 "  N HCl + 0.05 M NaCl;
0.015, 0.027, 0.038.

1.0
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) .05 M Nacl  .
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- ;0.008,0.018,
{  HC1 + 0.05 M Na-
I t+0.05MNaCl;

when the micel le concentrat ion is high. This behavior is interpreted as
subject to fee internal interference alone, so that the case (a) above
holds t rue.--

Equat ion (1),  together wi th equat ions (6) and (7),  indicates that
the extrapolat ion of the Zinm plot to zero angle gives the reciprocal of
apparent micel l-e molecular weight at a given micel le concentrat ion, and
that i ts ini t ial  slope yields the radius of gyration of micel1e. The
extrapolat ion gives the Debye p1ot, as shown in Figure 4 (a), and the
radius of gyration is also given as a function of micel le concentrat ion
in Figure 4 (b).

c. (N)

o0

a lo-q

o lo-l

Cs 0,05 n

Figure 4

0.15

the radius of  gyrat ion of

Tigure 4 shows that both the apparent molecular weight and radius of
gyration of micel les lncrease with incSeasingamicel le concentrat ion and
reach constant values above 0.10 x 10 - g cm -. This suggests that the
second vir ial  coeff icient, B, of the solut ion is sma1l and negligible,
and that the apparent micel le molecular weight is approl imately equal to
the weight-average molecular weight of micel les. In 10 - N HCl these
micel le parameters did not attain constant values before phase separation
into two liquid phases occurred at high micelle concenttations.

Table I l ists the constant values of molecular weight and radius of
gyrat ion of  mice11es, together wi th the aggregat ion number,  m = M-/311.6.
These values can be assigned to the large rodl ike rr icel les formed*above
the cri t ical rnicel le concentrat ion. I t  was not necessari ly possible to
obtain the corresponding values at the cri t ical mice1lp. concentrat ion by
extrapolat ion.  Table I  a lso includes the values of  (dn/dc).  , .  and c^.

"A'"S

Figure 4 then shows that small spherical micelles are formed at the
cri t ical micel le concentrat ion and, \ ,r i th increasing micel le concentra-
t ion, large rodl ike micel les are also formed. Thus a concentrat ion-de-
pendent equi l ibr iurn would exist bet\nteen spherical and rodl ike micel1es,
and i t  shj-f ts from the side of spherical rnlcel le to that of rodl ike
micel le at higher micel le concentrat ioo".16

1.0

11. "  0.5
. . .1,
=l o

_ 100

c-c" (10-?gcm-r)

Debye plots of l ight scattering and
rodl ike micel les in 0.05 M NaC1.

U
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Simi lar  angular and concentrat ion dependences of  l ight  scatter ing
were observed for the rnicel lar  solut ions in the presence of  0.01 M NaCl
with di f ferent HCI concentrat ions,  and the micel le molecular weight and
radius of  gyrat ion were der ived from them.

Table I .  Micel lar  Propert ies of  Dimethyloleylamine Oxide in
0.05 M NaCl
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MICELLAR SOLUTIONS AT LOWER IONIC STRENGTHS

In the absence of  NaCl or i ts presence at  a low concentrat ion,  the
si tuat ion of  l ight  scatter ing is more compl icated, and the reciprocal  en*
velope var ies wi th the scatter ing angle di f ferent ly,  depending on the
micel le concentrat ion as wel l  as on the HCl concentrat i -on.

Figure 5 shows Zimm plots of  l ight  scaEter ing f rom the micel1a1, ,*
solut ions in the,absence of  NaCl wi th di f ferent HCl concentrat ions.*" t"
In water and lO-a N HCl,  the plots decrease with increasigg scatter ing
angle,  when the micel le concentrat ion is high; but in 10- '  N HCl the plot
increases and leve1s of f  or  passes a maxlmurn with increasing ang1e, i f
the micel le concentrat ion is 1ow.

This behavior can al l  be adequately interpreted by assuming the
strong ef fect  of  external  interference, such as i l lustrated in Figure 2.
Thus we have to dist inguish the ef fect  of  external  interference from the
effect  of  internal  interference, in order. ,5o"f ler ive the micel le para-
meters and the intermicel lar  interact ion.-"-"

In 10 -  N HCl the angular dependence of  l ight  scatter ing appears not
to be very anomalous but to fo l lor ,a the nornal  behavior resul t ing f rom the
internal  interference a1one. Nevertheless,  i ts  concentrat ion dependence
i .s very large, as can be seen from the wide range of  obser ' .zed valaes t i f

reciprocal  envelope. This behavior can also be explained by assuming
that the ef fect  of  external  interference is so strong that one-contact
approximat ion does not hold wel1.  Thus we have to rely on equat ion (1),

instead of  (7) ,  for  the analysis of  the Zimrn plots.

In order to separate the structure factor f rom the part ic le scatter-
ing factor,  we have to postulate values of  molecular weight and radius
of gyrat ion of  micel le in equat ion (1).  Then the value of  P(0) can be
calculated by means of  equat ion (6) f rom the value of  R.,  and from the
assumed values of  M_-,  together wi th the calculated P(0)"value, the value
of S(0) can be der iVed by means of  equat ion (1) f rorn the observed value
of R^ -  R^" at  a given micel le concentrat ion.  c -  c .

UUO

r* ^^-  L^ ^L^"r l  that  the structure factor,  S(0),  must sat isfy the. . ' :  '19
con( l l - taon

l''-
I  ts(e) -  r l

JO

the Fourier
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Figure 5.  Zimm plots of  l ight  scatter ing f rom th9 micel lar  qolut ions of
dimethyloleylamine oxide in water, 1O-* N and I0- '  N HCI with-
out added NaCl. The curves from top tg botEoq correspond to
the nj-ce1le concentrat j -ons,  t -c^(10 -  g cm ") :  (a)  nnO; 0.107,
0.072,_.r0.042, o.oos. (b) t0- '  N Hcr;  0.103, 0.o77, 0.644, o.016,
(c)  10'N HCI;  0.L32,0.106, 0.072,0.038.
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2 'r---::------ -

M
w

(B)
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-  r r  u2 du = -

From the Fourier transform of equation (5), we have

g(r)=1+
sin pr )_ 1l_ u- du

ur

M
w f-,, <u,

Uo
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Thus we have to examine whether the derived values of S(0) for assum-
ed values of M and R. satisfy equation (8) or not. I f  they do noc, we
have to revisewthe seE of values for M and R^ and to repeat the above
procedure. w G

can, f ind reasonable values of M and R^ for rnicel lar
10-+ N and 10-J N Hcl ,  as givenwin Tabte rr .  corres-

for the micel les in \4rater are plotted in Figure 6.

under the requirement

e(r)  = o (10 )

In this r.ray \.re
solut ions i ,n water,
ponding data of  S(0)

Then we can derive the radial distr i-bution function of rodl ike
micel les in solut ion by means of  equat ion (9).  Figure 7 i l lustrates some
of them. Each of them has a smal1 hump around 1,400 - 1,650 A. This
.means that the mean potential act ing on a rodl ike micel le has a minimum
there. Since the mean potential is given by
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Table II .  Micel lar Parameters of Dirnethyloleylamine Oxide in
the Absence of NaCl.
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mlne Oxide in u(r)  = -  kT 1n g(r) (11)

the hump at r  corresponds to the minirnum of the potent ia l  wel1,  where

k is Boi tzm.rrHt" .o.r" lant  and T is the temperature.  The values-gf  u(r-)

is -  0.01 kT at  1,400 A in water and -  0.06 kT at  1,650 A in 10 'N HCI ' .

MOLECULAR WEIGHT OF MICELLES AND THEIR MUTUAL INTEMCTION

Table I I I  summarj ,zes values of  the molecular weight,  aggregat ion

nurnber,  radius of  gyrat ion of  rodl ike mice11es, together wi th values of

the minimum of mean potent ia l  of  the intermicel lar  interact ion.  I t  a lso

includes the values of  the second vir ia l  coeff ic ient ,  e i ther der ived from

the Debye plot  or  f rom the structure factor at  zero scatter ing ang1e.

The former is a direct  method usual ly made, and the lat ter  has to rely on

equat ion (7).

From Table I I I  i t  can be seen that the micel les are al l  rodl ike at

the f in i te micel le concentrat ions.  The micel le rnolecular weight in-

creases moderately wi th increasing NaCl concentrat ion,  owing to the sal t -

ing-out ef fect  in water?and 10 N HC1, aird;  to the ef fect  of  e lectro-

stat ic shielding in 10 '  N HC1.

I t  is  c lear that  the s ize- l imi t ing factor of  the rodl ike rnicel les j -s

hydrat ion of  amine oxide group, and, possibly,  a lso of  N-hydroxyammonium
groupt^as wel l  as the exchangeabi l i ty  of  const iuent molecules or ions in

thein.^"  Ihe sal t ing-out ef fect  of  NaCl is to reduce the hydrat ion thaL

acts as the intermicel lar  repuls ion.

_/, .  
-^-J --  - -^-In 10 N and 10 "  N HC1, the protonat ion of  amine oxide group does

occur{ to form N-hydroxyammonium group, as is manifest  in the pI1 Li t ra-

t ion."  The protonat j -on of  micel les could reduce the micel le s ize owing to

the electrostat ic repuls i .on,  but the coexistei lce of  both amine oxide and

N-hydroxyammonium also has some effect  of  increasing the micel le s ize due

to the intramicel lar  hydrogen bonding.

-?
In 10 "  N HCl the ef fect  of  hydrogen bonding between amine oxide

molecules and N-hydroxyammonium ions in a micel le is strong, especial ly

in the presence of  NaCl,  because an equal  number of  moles of  the two

species is present and is most favorable for  the hydrogen bonding. The

effect  of  added NaCl on micel le growth is appreciable.  I t  cannot be at-

t r ibuted to the electrostat ic shielding alone but must be caused by the
sal t ing-out ef fect .  The dehydrat ion of  amine oxide and N-hydroxyammonium
promotes their  hydrogen bonding within a mice11e, thus stabi l iz ing large

rnicel les.  In the presence of  0.01 M NaCl th is ef fect  is  qui te large.
Further addi t ion of  NaCl forms too large micel les which.cannot be staQ1q.,

in solut ion but induce separat ion of  solut ion into two l iquid phases.-" '

The molecular weight of  micel les would not exceed 20 mi l l ion in solut ion.

The two l iquld phases are both isotropic,  so that  rodl ike micel les are

semif lexible.

The second vir ia l  coeff ic ient  of  micel lar  solut ion stands for the
intermicel lar  repuls ion, and i ts decrease with an increase in NaCl con-

centrat ion must be at t r ibuted mainly to the dehydrat i -on of  amine oxide
group, and, probably,  a lso of  N-hydroxyammonium group.

Thus the intermicel lar  interact ion potent ia l  in aqueous solut ions of

dimethyloleylamine oxide in the absence and presence of  HC1 and NaCl at

1ow concentrat ions ar ises mainly f rom the repuls ive hydrat ion and the van

der Waals at t ract ion of  semif lexible rodl ike micel les.  The radial  d is-

t r ibucion funct ion of  micel les represents nonrandom arrangements of
micel les c luster ing at  the potent ia l  minima.

R.

(A)

250

390

440

/  . . /  /

0 ,008
0 ,020
0 ,0q2
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H2o

1lar solut ions of
lant concentrat ions

c (-o

0. t07

0,101

4 ,132

0, l l l
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Table II I .  Molecular Weight, Aggregation Number, Radius of
Gyration of Rodlike Micel1es, and Depth of Thelr
Mean Potentlal in Solut ion and Second Vir ial
Coeff ic ient  of  Micel lar  Solut ion.

( ro6y 0.89
2,900

(A) 250
) ^ -0.01 kr

f ro- ' )  o.s2

0 .83
2,700

390
- 0.04 kr

1 .05

0 .98
3,400

440
* 0.06 kr

0.72
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Dimethyloleylanine oxide forms large rodlike micelles in aqueous
solut ions, and their molecular wei-ght and nqtual interaction are strongly
inf luenced by the addit ion of I lC1 up to 10 - N and also by the addit ion
of_{aCl up to 0.05 M. In water nonionic micel les are present,  whi le in
10 - N HC1 half*protonated mj-ce1l-es are formed.

In the presence of NaCl less than 0.01 M or in i ts absence, the
mj.cel le has molecular weight of I  to 2 mi1l lon, and these micel les in-
teract strongly and are arranged nonrandomly, thus exhibit ing strong ex-
ternal interference in l ight scattering.

In the presence of NaCl at 0.01 M and 0.05 M NaCl, the micel le rnole-

452



r,  Radius of
epth of Their
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-?10"

tu 0.5

tu5
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0.72
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0 .40
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: l1es in aqueous
cact ion are strongly
;o by the addi t ion
present,  whi le in

:s absence, the
rese micel les in-
r ib i - t ing strong ex-

- ,  the micel le mole-

cular weight exceeds 5 mi11ion. Nevertheless, the intermicel lar interac-
t ion j-s general ly weak, so that internal interferencg appears strongly
in l ight  scatter ing.  By the addi t ion of  NaCl ro 10- 'N HC1, the rnicel le
becomes so large that f inal ly the solut i-on separates into two l iquid
phases.

The observed behavior of large rodl ike micel les may be explained by
the formation of j .ntramicel lar hydrogen bonding between amine oxide and
N-hydroxyammonium and the dehydration of the head. groupl3 by the salting-
out ef f  ect of NaC.l .
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