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ABSTRACT KEYWORDS
Dielectric relaxation studies of aqueous sodium dodecyl sulphate with Didectric relaxation
formamide and acetamide, have been carried out for different concentra- spectroscopy:
tionsat 303k. Dielectric Relaxation Spectroscopy (DRS) isaversatiletool to Timedomain reflectometry;
monitor the dynamic process of micellar systems. Thetimedomain dielectric Surfactants;
datawere obtained in the reflection mode in the frequency range of 10MHz DS,

to 20GHz using a HP54750A sampling oscilloscope and HP54754A TDR
plug-in-module. Thesamplewasheld at 303k inaSMA cell with an effective
pinlength of 1.35mm. We have determined the relaxation time (t) using the
Cole-Cole method. The relative viscosity n of the micellar solutions was
also determined. Wefind that n increaseswith increasing concentrations of
SDS and there is a non-linear increase in n _beyond 80mM SDS. The ob-
served relaxation time is explained by considering the superposition of two
relaxation times. One is due to the rotation of the hydrated water molecule
around the micelleions and the other due to the hydrated water squeezed in
the hydrophobic interior of the micelle. Our results are explained on this
basis. The results on adding amides are similar to that of adding alcohols
but theinteraction of the amineswith the head group of the micelleisnot as
effective as hydroxy group of alcohols.
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1.INTRODUCTION sphericd shdlsof vesiclesare highly non-polar capable

of accommodating other non-polar molecul es™* 14,

The permanent interest in sodium akyl sulphates
resultsfromthe r wideranging potentia of scientificand
technologica applicationg,

Surface-active mol ecul es self-assemble or form
micdlesor vesclesindilutesolutionsso asto minimize
the contact between their hydrophobic tailsand water
molecule. Asaresult, theinterior of micellesand the

However themiceleformation inan agqueous sol u-
tionisknownto be affected by organic additives. Re-
cently increasing attention isbeing devoted to the study
of theincorporation or solubilization of neutral molecules
into micellein agueous solution. Someof themost stud-
ied solubilizatesarea cohol s, because of theimportant
rolethey haveinthe preparation of microemulsions.
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Many studies reported about various aspects of
solubilization, for examplethe capacity of micelesfor
solubilization of different additives, thedifferent equi-
librium of an additive between themicdlesand solvert,
thedistribution of an additivebetweenthemicdles, the
specificity of solubilization of additivesinmicelles, the
|ocation of an additivein themicelles, the thermody-
namicsof solubilization, and the dynamicsand mecha
nismof solubilization.

MatsAlmgren et a.[*>?2 studied the effect of or-
ganic polar solventson themicelleformation of SDSin
water us ng fluorescence quenching method. Studiesof
theeffect of non-dectrolytesadditionsonionicmicelle
formation were mostly on the effect of alcohol. There
areal so reports of the organic molecules used as co-
solventg?4,

Thedidectric relaxation studies of surfactants+
additivesmicdlar solutionsarerareand aremostly con-
fined to microemulsions. For example, the structura
characteristics of systemscontaining sodium stearate,
with varying amounts of water in the presence of n-
pentanol, n-hexanol and n-heptanol wereinvestigated
by Bansdl et d.[®. Theresultswereinterpretedinterms
of ionization of the carbonyl group and the concomitant
formation of thee ectrical doublelayer.

Sjoblom and Gestblom™?® studied the dielectric
spectrabetween 50MHz and 11GHz inthe system so-
dium octanoate-decanol water. Severa dielectricdis-
persion regionswere observed and theresultsaredis-
cussed inrelation to model s consisting of rather well
defined aggregates. Most of the dielectric studies of
micellar solutionswererestricted to afrequency range
upto10MHz only.

Timedomaindid ectricrel axation gpectroscopy can
monitor relaxation in theregion of t=15-25pswhich
are attributed to water moleculeswithinthemicelles
andthevicinity of thehydrophobictall of surfactantions
Hencethe application of did ectric timedomain spec-
troscopic method to complex equilibriaof additives +
micellar aqueous systemswould offer agreat deal of
ingghtinto ‘bound water’ dispersion phenomenon.

Thepresent study investigatestherelaxation time
of Organic polar solutes such as acetamide and
formamide on micellar solutions of anionic sodium
dodecyl sulphate. SDSoffersapreferentia solvation
of the hydroxy group by the counterions.

2.MATERIALSAND METHODS

The surfactants SDSisthe product of BDH 99%
pureandisused ‘as such’ without further purification.
The co-solvents acetamide and formamide were puri-
fied using stlandard procedures. All solutionswerepre-
paredindoubly distilled conductivity water of specific
conductance 1-2 uscm™ at 303K.

Thedidectric measurementsweremadeusing Time
Domain Reflectometry inthefrequency rangeof 10MHz
to 20 GHz using HP54750A sampling oscilloscopeand
HP54754A TDR plug-in-module. A fast rising step
voltage pulse of 200mv with 39pstimeisgenerated by
atunne diodeand propagated through acoaxial cable
system. The sample was placed at the end of the co-
axid lineinastandard Military Application (SMA) co-
axia cdl of 3.5mm outer diameter and 1.35mm effec-
tivepinlength. All measurementswere made under open
load conditions.

The sampling oscilloscope monitored the change
inthe pul se shape after detecting reflection from the
sampleplacedinthecell. A timewindow of Snswas
used. Thereflection pulsewith Rx(t) and without sample
R,(t) weredigitized in 1024 pointsand transferred to
computer through GPIB. A water circul ated thermostat
bath was used to maintain constant temperaturewithin
+1°C. The samplecell is surrounded by aheat-insu-
lated container inwhich thewater fromthebathiscir-
culated.

TheFourier trandformfor { R () - R (1)} and{R (1)
+R (1)} namely p(w) and g(w) respectively was ob-
tained. Spectra p* () over the frequency range of
10MHzto 20GHz are obtained as,

c/jod

p(w)q(w)

where ‘@’ is the angular frequency, ‘c’ is the velocity of light
and ‘d’ is the effective pin length. The complex permittivity
spectrae* (o) were obtained from reflection coefficient p* (o)
by applying bilinear calibration method?. The experimental
values ¢* are fitted with Debye equation with ¢ and t as
fitting parameters. A non- linear least square fit method was
used?®, The g is taken as an adjustable parameter but &* is
not sensitive to small changes in g in the similar class of
liquid systems.

p* (@)=
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3. RESULTSAND DISCUSSION

The complex dielectric permittivitiesof different
(2.0mM to 100mM) solutions of SDSin the presence
of various additiveswererecorded at room tempera-
ture. ¢’ and " were obtained on resol ving the spectra.
Thevduesof density, staticdieectricconstant and rla-
tiveviscogity of theSDSsolutionisgivenin TABLE 1.

Thedeterminedrd axationtime(r) iscdculaed from
Debyemethod. Itisthe overdl rel axation timecons &t-
ing of different overlap relaxation. Theca culated val-
uesof the t/mr, thevolumefraction of thehydrated mi-
celles, themolar volume of thehydrated micellesand
theactivation energiesfor thedie ectricand viscousre-
lationsaregivenin TABLE 2.

= Fyl] Peper

In the present study all the organic additivesare
aprotic polar molecules. It isgenerally conceived that
the polar substances dissolvewith the polar groupsat
thehydrocarbon/water interface of themicelle surface
and thereby promote the formation of micellar growth.
Theadditiveschoseninthe present investigation do not
disturb thedielectric properties of water except for a
dight decreasein static permittivity. Our studiesshow
that for anionic surfactant solutionsincreaseinthe con-
centration of theadditives systematically decreasethe
overdl rlaxationtime.

Therdativeviscosity increaseswiththeincreasein
molefraction of the additives, i.e., themobility of the
micelle decreases. We have cal cul ated themol ar vol -
ume of the hydrated micellesusing the Guveli equa-

TABLE 1: Density, static dielectric constant, relativeviscosity datafor SDSmicellar solutions

i L i B L
0.05 2 9943 7714 1001 1409 005 2 9982 77.26 1002 14.02
4 9961 7802 1.002 15.36 4 10025 7832 1004 1514

6 9987  79.36 1.003 16.48 6 10106 79.45 1008 16.32

10 999.6 8058 1.004 18.03 10 10132 80.62 1018 17.86

30 10002 8241 101 19.78 30 10152 8253 1068 18.84

50 10082 8331 1026 20.32 50 10174 8344 1092 19.99

80 10143  87.43 1043 23.02 80 10192 8751 1108 22.84

100 10169 8814 1.083 24.16 100 10222 8826 113  23.86

0.10 2 9967 7689 1001 1358  0.10 2 9986 7692 1.002 1352
4 998.3 776 1001 14.81 4 10025 7769 1003 14.64

6 9985 7831 1.004 15.04 6 10124 784 1008 1501

10 100.3  79.82 1009 17.29 10 10139 79.91 1018 172

30 10083 81.89 1016 19.48 30 10158 8192 1.068 19.32

50 10102 8333 1029 1981 50 10175 8345 1092 19.71

80 10151  87.41 1056 2171 80 10201 8751 1107 21.64

100  1017.8 8812 1.074 22.22 100 10236 8823 1132 22.03

0.15 2 9973 7651 1002 1341 0.5 2 999.2 7654 1001 1321
4 999.2  76.68 1.004 1459 4 10025 7671 1002 14.04

6 10024 7679 1004 14.62 6 10128 7683 1.007 14.39

10 10036 7848 1009 16.74 10 10145 7852 1018 1671

30 1009.2  80.13 1.013 1846 30 10162 80.16 1.067 1821

50 10111 8129 1021 1852 50 10184 8131 1.071 1833

80 10163 8406 1058 20.73 80 10212 8411 1106 2042

100 10182 8452 1008 216 100 10234 8461 1131 21.49

0.20 2 9982 7581 1002 1269  0.20 2 999.7 7586 1001 1252
4 999.8 7587 1003 14.02 4 10032 7591 1002 13.86

6 10029 7646 1007 14.24 6 10134 765 1006 14.11

10 10041  77.83 1018 15.86 10 10156 77.86 1017 1572

30 1009.8  79.63 1027 17.73 30 1017.2 7967 1.067 1751

50 10123  80.72 1048 17.92 50 10195 80.78 1.091 17.63

80 10173  82.85 1067 19.21 80 10222 8291 1106 18.94

100 10188 8332 1.078 20.29 100 10246 8341 1132 20.03
e, P pterioly Science
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N, =1+25¢,, +14.192

where ¢, isthe volume fraction of the hydrated micelles. The
molar volume of the hydrated micelle (Vm) is¢/CM where CM
isthe concentration of the hydrated micelles, CM=C___-C

total —CMC"

Thevolume of the hydrated micelleisV =Vnm/N, where N re-
fers to Avogadro number.

3.1. Micdlar SDS solutions

Inthe caseof SDS solutions, therangeof our study
is2mM to 100mM. Generaly solubilizationisknown
to occur at different sitesinthemicelles. (i) at thewa-
ter-micelle surface (ii) between the hydrophilic head
groups(iii) inthepalasidelayer of themicelle, i.e., be-
tween the hydrophilic groups and thefirst few carbon
atoms of the hydrophobic group and (iv) intheinner
hydrophobic core of the micelles. We analysed our di-
electric dataon the basis of theinteractions of these
additiveswith the surfactant in aqueous solutions.

According to Cole®, if asolution behavesasa
singlerelaxation system, €' of thecomplex dielectric
constant and &”, theimaginary part must belinked by
thefollowing relationship.
g'=—tme"+¢,

Henceaplot of ¢’ Vswe” must beastraight line.
We havefound that no such straight lineisobtained for
any concentration of SDS and hence obviously more
than onerel axation mechanism operate. Itisacommon
knowledgethat amide + water system showsadielec-
tric dispersion which can be explained by atwo state
modd at least inwater rich concentrations. Therelax-
ation time can befitted with two relaxation timesthat
correspond to two types of water in solution (i) the
bulk water and (i) the hydration water. The exchange
between thesetwo typesistherate processthat deter-
minestherelaxation timeof water + a cohol mixtureg®Y,
But it hasbeen found that both therel axation timesin-
creasewithincreas ng amide concentrationsin thewa:
ter richregion.

Inour Sudiesof acetamide+ water + SDS, wefound
thet increaseof acetami de concentration decressestheav-
erage relaxation time, which impliesthat thetwo state
model s cannot be extended to agqueous SDS solutionin
the presence of acetamide Thereisadear interferenceof
acetamidemoleculesonthemicellesof SDS. Thebulk
solutiondid ectriccongtant decresseswithincreeseof aceta

Woateriolsy Science  mmm——

mide concentration asisexpected in abinary n- aceta
mide+water system, but therd axation mechanismseems
to bedifferent. For agueous SDS, Buchner et d .2 have
identified four relaxation times. One of them at 120ps
(~2GHz) isattributed to thed ow weter hydrating themi-
celles. Thehydrationof SDSmicdlesisclassfied as ‘hy-
drophilic’ since the water hydrates the O-SO —, groupsof
SDSionthrough hydrogen bondingandthehydration shell
extendsbeyondmicdlevolume

This strong hydration getsinterfered by the pres-
ence of amides. The acetamidemolecul es cannot go
into theinterior of the micdlesinterferingwith the hy-
drophobicinteractionsof themicelle, but certainly de-
creases theion-ion interactions of the head groups.
Hencethedynamic equilibrium of thehydrated water is
disturbed. Theoveral rel axation time consequently gets
decreased. Theshift of thispeak isdistinctly visibleat
higher concentration of SDSit around 3GHz.

1 1 1

Tobs T T2
wheret, and t, arethat of therotation of the hydration
water around themicelleionsand t, isthat of hydrated
water squeezed in the hydrophobic interior of themi-
celle. The other relaxations of 0.5ns and 5ns do not
contributeat thisregion.

What istherole of other organic additivesonthe
agueous SDSmicellar solutions? In case of addition of
amine, thevariationsof molar conductivity of SDSso-
lutions showed that the CM C of SDSissystematicaly
lowered on addition of aniling®¥. It was suggested that
the addition of amine perturbstheinterface of surfac-
tant micellesby intercalation of theacetamideinto the
head groupregion. Thisbehaviour of acetamideisamilar
to normal alcoholg%4. Perhapsitisnot aseffectiveas
primary alcohals.

Theaddition of aminesdoes not yield any percep-
tible change in the relaxation time. It appears, the
changesin t noticed can, at best, be attributed to the
changesinthedid ectric medium dueto thedissolution
of these organic additivesand their effect onthemi-
cdlesseemstobeminimdl.

We have drawn ¢" /¢’ Vs frequency curvefor all
systemsinvestigated (Figur es 1-4) highlightsthere-
gion 2GHz to 8GHz. Thisregionischaracterized by
two distinct peaks one around 4.5GHz and another
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TABLE 2: Fractional volume, volume of the hydr ated micelles, activation ener giesfor diglectric and viscousflow for SDS

micellar solutionsat 303 K

Acet Conc /q, Viml) AF, AF
M/I mM ps ¢ w10 KJ/m KJ/m
0.05 2 14.08 0.002 - 11.31 15.33
4 15.33 0.004 - 11.52 15.82
6 16.43 0.005 - 11.71 15.96
10 1796 0.006 0.13 1192 16.31
30 1958 0.017 0.08 1216 16.87
50 1981 0.028 0.06 1223 16.99
80 2207 0041 002 1254 171
100 2231 0052 0.02 1267 17.32
0.10 2 13.57 0.003 - 1121 1531
4 1479 0.005 - 11.43 1581
6 14.98 0.006 - 11.47 15.92
10 17.13 0.008 0.12 1182 15.29
30 19.17 0.018 0.06 1212 16.86
50 1925 0.029 0.04 1216 16.98
80 2056 0.043 0.03 1241 17.08
100 2069 0.055 0.02 1245 1731
0.15 2 13.38 0.004 - 11.18 15.31
4 1453 0.006 - 11.39 15.77
6 1456 0.007 - 1141 16.01
10 1659 0.009 011 1174 16.76
30 1822 0.021 004 1199 16.97
50 1813 0.032 0.03 1201 17.02
80 1959 0.046 002 1228 17.21
100 19.67 0.059 0.02 1238 17.29
0.20 2 12.66 0.004 - 11.04 1531
4 13.97 0.007 - 11.29 15.74
6 14.14 0.008 - 11.33 15.99
10 1557 0.012 0.1 1161 16.71
30 1726 0.023 0.05 11.89 16.89
50 17.09 0.034 003 11.92 16.98
80 1801 0.048 003 1209 17.13
100 1882 0.061 0.02 1223 17.21
For Conc 1w, Vi(ml) AF. AF,
M/ mM ps % 0% KIm KIm
0.05 2 13.99 0.002 - 1141 1542
4 15.07 0.004 - 1161 15.88
6 16.19 0.005 - 11.76 15.99
10 1754 0.007 036 12.02 16.38
30 1764 0.027 015 1215 16.97
50 1831 0.036 014 1231 17.06
80 2061 0.043 009 1264 17.14
100 2111 0053 0.07 1275 1734
0.10 2 13.49 0.003 - 11.32 1541
4 1459 0.005 - 11.52 15.82
6 14.89 0.007 - 11.58 15.97
10 16.89 0.009 061 1193 16.31
30 18.08 0.028 0.2 1221 16.92
50 18.04 0.039 014 1226 17.02

Countinue right column

For Conc 1, Vi(ml) AF, AF,
M/ mM ps % 0% Kym KIm
80 1954 0045 0.09 1251 17.11
100 19.46 0.056 0.09 1255 17.31

0.15 2 13.19 0.004 - 11.26 1537
4 14.01 0.006 - 1141 1578
6 14.28 0.008 - 1148 1591

10 1641 0.011 058 1185 16.25
30 1706 0031 02 1207 16.84
50 1711 0.042 014 12.09 16.89
80 1846 0.047 0.09 1235 17.11
100 19.01 0.059 0.09 1249 17.29

0.20 2 1251 0.005 - 1112 1538
4 13.83 0.008 - 11.38 15.78
6 14.02 0.009 - 1143 1592

10 1545 0013 06 1171 16.28
30 1641 0034 02 1197 16.87
50 1615 0.046 014 1199 16.99
80 1712 0049 0.09 1217 1711
100 1769 0.062 008 1231 1731

around 6.2GHz (t~35psand t~28ps). The SDS con-
centration dependence of therelaxation amplitudesin
thisregionissmooth and increaseswithincreasing con-
centration of SDS, showing that therearemore hydra-
tion water around SDSmicelles. Above CMCthein-
creaseisproportiona to the concentration of themi-
cdlei.e, (C,oCMC). Thereaxationamplitudea 35ps
ismuch smaller than of 28ps. Theincreaseinamplitude
with concentration at 28psisasolarger compared to
that of 35ps. The CM Cislowered in the presence of
these additives, and thelowering dependson the solu-
bilization of different additivesin theagueoussolution.
Hencebe ow CM C therelaxationtimesincreasesrather
dowly with concentration of SDS.

Thechangesintheviscosity of thesolution aredi-
rectly related to the hydrodynamic volume of themi-
celleandtheir rigidity against rotationd andtrandationd
motion. Theratio t/n arehencerelated tothemicellar
radius.

In SDS solution, wefound that therelaxation time
1 isdecreased by the addition of these polar molecules.
Thecalculated valuesof n and tareshownin TABLE
2. A plot between concentration against t/n, isshown
infigures(5-8). Itisalmost constant at all concentra-
tion of SDS. Thisindicatesthat thekinetic equilibrium
isnot disturbed at higher concentrations.
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Acetamide(0.10m/I)+SDS+W ater
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25
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x/ X
. 15 -
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0 ‘ ‘ ‘ ‘ |
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25 4 Formamide+SDS+W ater
20
_15 4
(=
B —e—0.05m/I
10 1 —o—0.10m/l
—a— 0.15m/I
5 —&— 0.20m/|
0 ; ; ; ; ‘

0 20 40 60 80 100
SDS Concentration

Plot between t/m, Vsfrequency for formamide + SDS+
water

On the other hand the volume fraction of the hy-
drated micelle decreasesrapidly with theincreasing
concentration of SDSaswell asthat of the additives.
i.e., thehydrodynamic volume of themicelledecreases
with increase of concentration. The hydrated water is
sgueezed out from theinterior withincreasing SDS con-
centration. Itisfoundthat the hydrated volumeincreases
intheorder of acetamide<formamide. Itisknown that
the hydration extend beyond the Grosseradiusin SDS,
but the number of hydrated water molecul es are not
proportionally increased with theincreasein concen-
tration.

Themolar activation of freeenergy for viscousflow
AFn isgreater than AFr, thefree energy of activation
of dielectricrelaxation. Theprocessof viscousflow in-
volvesgreater interference by neighbouring molecules
than doesdielectric relaxation, asthelater takes place
by rotation only, whereastheviscousflow involvesbath

Watarioly Science  mmm—
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therotationa and trandationa formsof motion. How-
ever itisfound that AF>0.5 AFn, which suggeststhat
thereisaninhibition of rotationa motion asoandthis
increaseswith theincreasein additive concentration.

4. CONCLUSION

Didlectric dispersion of aqueous solutions of bio-
logical materidsiswell studied. Inmicdlar solutions,
the polydispersive character makesthe permittivity Vs
frequency curve more complex. Thewater of hydra-
tion (i.e.,) bound water in theimmediate environment
of the surfactant micelleisknownto producein 5-dis-
persion. The strong forces between the bound water
anditspolar neighboursmakethere axationtimelonger
than that of free water. The outer core of themicelle
‘the stern layer’ consists of the hydrated head groups
and the bound counterionsoutsidethislayer istheun-
bound counterions. Thedelicate balance betweenthese
layersisdisturbed by organic additiveslikea cohals,
which not only influence the micellization through a
modification of thewater structure but also incorporate
itintothemicelles. The studies of the effect of other
polar moleculesascosolventsarerare. Our studiesin-
dicatethe presence of atleast twolargedispersionsin
theregion 2GHz to 10GHz. Thisdispersioniscaused
by therel axation of thewater moleculesintheimmedi-
ateenvironment of themiceleand that of the hydrated
water around the counterions. Using Debyemodel we
have determined theaveragerel axation timeof themi-
cdlar solutioninthisregion, whichreflectstheaverage
dynamicsof bound water molecules. The significant
changesinthevauesof &"/¢’ with changesinthe con-
centrations of the surfactantswere noticed.
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