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Investigation on the Interaction between Sodium Dodecyl Sulfate and Polyethylene
Glycol by Electron Spin Resonance, Ultraviolet Spectrum, and Viscosity

Ming Cao and Mingtan Hai*
School of Material Science and Engineering, University of Science and Technology Beijing, Beijing 100083, PR China

The hydrophobically modified nitroxide radical molecule 2,4-dinitrophenylhydrazone of 2,2,6,6-tetramethyl-4-
piperidind-1-oxyl (DNPHTEMPO) was synthesized and used as electron spin resonance (ESR) and a UV probe
to investigate the interaction between sodium dodecyl sulfate (SDS) and poly(ethylene glycol) (PEG). The ESR
results showed that the headgroups of SDS adsorbed on PEG were more tightly packed than those of the unperturbed
micelles and a more compact structure was formed at the binding site of the pelgioelle aggregate due to

a strong decrease of the viscosity at the miegtlelymer interface. The nitroxide group of DNPHTEMPO consisted

of ~55 % water and~45 % hydrocarbon. The two breakpoints of the SBFEG system critical aggregation
concentration (cac) and polymer saturation point (PSP) were obtained from the maximum absorptioh.pands

at room temperature and the viscosity measurement at different temperatures. The average location of
2,4-dinitrophenylhydrazone in the micelle consisted of an environment containing approximately 90 % water and
10 % hydrocarbon. Theg/C,, (viscosity/PEG concentration) decreased with the increase of PEG concentration
and temperature and exhibited a polyelectrolyte character. The electroviscosity effect increased with increasing
SDS concentration. The PEG concentration had little effect on the cac of thetSPESG system.

Introduction of 2,2,6,6-tetramethyl-4-piperidind-1-oxyl (DNPHTEMPO)

. . . and used it as a spin probe.
The interaction between polymers and surfactant in aqueous . . . . -
solutions has become a very interesting topic for widespread An increase n thze viscosity of many nonionic pqumers, such
applications as well as theoretical studies and has been2S .po.lyacrylamldé, has been.reported by the addition of S.DS'
investigated for several decades and extensively documénted.ThIS Increase has_ been attributed to s_urfactant adsorption on
Surfactants may bind cooperatively to nonionic water-soluble the polymer chaln_ and to conformat_lonal changes of the
polymers to form micelle-polymer complexe3;* and these mgqromo!ecular coil r.educled by electric charge. Moreover, a
interactions are largely confined to anionic surfactants. Goddard minimum |n.reduced wscosﬁx of the polymer hfas been observed
gave an excellent review of the interaction between nonionic during the first steps of addition of surfactant in some polymer

polymers and charged surfactants. Among the exloerimen,[a“syrfact_ant syster%?._This minim_um_, obseryedjust before reduced
methods used for the investigation of polymsurfactant viscosity starts to increase with increasing surfactant concentra-

complex formation, viscosity measurements and fluorescencegon’ h‘?s beer|1 attlr ibuted to thehshnr;]k;]n% of Lheb_p(_)lymer .Co'l
probing are the most popul&rs Although various techniques ue to intramolecular attraction through hydrophobic interactions

have been used to probe the nature of interaction betweenWith the hydrophobic tails of the surfactant molecules adsorbed
on the polymer chain.

surfactant and polymér,1° the structure and morphology of
the polymer-surfactant complexes as well as the nature of the ~ The UV spectrum is based on the use of a chromophore as
interaction involved in the complex have not been well the probe, which provides information about the environment
established yet. The electron spin resonance (ESR) techniquedf the surfactant and polymeprobe interface and gives the
has been applied for investigating the interaction between absorption band position. Viscometry is based on the behavior
polymer and surfactant in recent years. ESR has been used t®f & polymer in the presence of a surfactant on the properties
investigate the microenvironment of nitroxide spin probes in Of the micelle-water interface and the UV spectrum on the
micelles by measuring the nitrogen coupling constant and ESR Property of the micellewater interface in the presence of a
spectra line widths. The coupling constant is affected by the Polymer. These two methods are complementary for the
local polarity of the nitroxide. A more polar environment gives  investigation of polymersurfactant interaction.

larger values of coupling constant because of greater electron In our present study, we reported the use of 2,4-dinitrophe-
density in nitrogen. The line widths are controlled by rotation nylhydrazone of 2,2,6,6-tetramethyl-4-piperidind-1-oxyl (DN-
of the spin probes, which in turn is affected by microviscosity PHTEMPO) as the ESR and UV chromophore probe in aqueous
at the local environment in the micelles. Witte et'atonfirmed solutions of SDS and SD$ 0.1 % mass fraction PEG aqueous
that the use of a sufficiently hydrophobic spin probe is a solution. The maximum absorption banitha of the UV
prerequisite for the usefulness of the ESR method, and it canabsorption band can give information concerning the environ-
enhance partition coefficients between the micelles and aqueousmnent of the 2,4-dinitrophenylhydrazone group. In other words,
medium, so we synthesized a sufficiently hydrophobic molecule the Amax is @ parameter for the dynamic behavior of the probe

2,4-dintrophenylhydrazone at the micelle binding sites. At the same time, the viscosity of
the above-studied aqueous solutions at different temperatures
* Corresponding author. E-mail: mingtanhai@mater.ustb.edu.cn was measured. The structure and morphology of the surfactant
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Figure 1. UV maximum absorption banghax of SDS aqueous solutions m, /mmol kg

at room temperature. ; . .
P Figure 2. UV maximum absorption bangtmax of SDS + 0.1 % mass

fraction PEG aqueous solutions at room temperature.

polymer system was studied. The thermodynamic property and

interaction strength between surfactant and polymer was dis-Table 1. UV Maximum Absorption Band (Amax) for Aqueous

cussed.

Solutions of Sodium Dodecy! Sulfate (SDS} Probe

(DNPHTEMPO) and SDS + 0.1 % Mass Fraction Polyethylene

Glycol (PEG) + DNPHTEMPO at Room Temperature

Experimental Section

. SDS+ probe SDSt+ 0.1 % mass fractiod- probe
Sodium dodecyl sulfate (BRL, 99.5 % SDS) was used as
received. Both polymer poly(ethylene glycol) (PEG) and 2,2,6,6- Msos Amax Msps Amax
tetramethyl-4-piperidine-1-oxyl (OTEMPO) were purchased _mmokkg™ nm mmotkg nm
from Aldrich and used without further purification. The average 0.0 370.6 0.0 369.5
molecular weight of PEG is 100 000. The probe DNPHTEMPO 3.0 3704 2.0 368.2
was synthesized by the Rozantzev and Neiman method from 6.0 370.2 35 367.7
2,4-dinitrophenylhydrazine and OTEMP®AII solutions were ;'g ggg'g 2'8 gg;'g
prepared by weight in twice-distilled water. The concentration 8.0. 367.6 4.1 364.1
of DNPHTEMPO was kept at 5.2 107% mol-kg—. The probe 85 363.8 45 365.6
concentration was small enough to be considered as a negligible 90 366.9 4.9 366.7
! . 10.1 367.5 6.3 366.6
perturbation to the studied system. 141 367.0 87 366.8
The ESR spectra have been recorded at room temperature 292 366.2 115 365.2
on a Brucker ESP 300E spectrometer operating at X-band with 25.2 366.5 16.2 365.0
100 kHz magnetic field modulationtal K and 3.19 mw 29.9 366.4 17.6 363.6
microwave power to avoid power saturation. All spectra gg"ll ggg'i i;'g ggjg
experiments were run using a quartz capillary tube with a ' ' 185 365.2
diameter of 1.5 mm. The average relative uncertainty for the 20.5 365.4
rotational correlation time was abotitl %. 24.1 365.6
The UV spectra were measured by a TU-1221 spectrometer gg-j ggg'g
at room temperature. The wavelength can be measured up to 403 365.0
0.01 nm. The wavelength uncertainty was withi0.2 % of 495 364.5

the full scale range, and the repeatability of the measured ot the SDS concentration at the beginning because of the

viscosity was above 99.8 %. _ interaction between the chromophore of the probe and SDS,
The viscosity of the surfactanpolymer aqueous solutions 304 3 minimum value ofmay at Msps = 8.5 mmotkg~! was
was measured by an Ostwald viscometer at 298.15 K, 308.15qpserved, which corresponded to the critical micelle concentra-

K, and 318.15 K. We used 0.01 mbi* and 0.1 molL.™*NaCl o (cmc) of the surfactant SDS. For SDS 0.1 % mass
solutions to calibrate the viscometer. The viscosity uncertainty fraction PEG aqueous solutions, when the concentration of SDS
was within+0.5 % pf thg full scale range, and the repeatability \yas below the cac of the surfactant, a blue shift.gfy also
of the measured viscosity was above 99.5 %. took place with the increase of SDS concentration due to the
interaction between the chromophore of the probe and the-SDS
PEG complex, and a minimum value &fax at msps = 4.1

The position of the probe DNPHTEMPO was determined by mmolkg~ was observed, which corresponded to the cac, where
the measurement of the electronic spectra of the probe in eachthe micelles bound to the PEG chain began to form in solution.
aqueous solution (SDS and SBSPEG). The probe has several A red shift of Amaxtook place when the SDS concentration was
absorption bands from the UV to the visible region. The band higher than the PSP, where the polymer chains were saturated
at Amax = 343 nm inn-dodecane is mainly solvent sensitive. by SDS micelles and the free micelles began to form in solution,
Table 1 and Figures 1 and 2 show the variatiom.gfx as a because the number of free micelles in solution increased with
function of SDS concentration in aqueous solutions of SDS and surfactant concentration. The minimum valuedgx at msps
SDS+ 0.1 % mass fraction PEG at room temperature. For the = 17.6 mmoikg~! corresponded to the PSP in the SB®.1
SDS system, a blue shift dfnax took place with the increase % mass fraction PEG aqueous solutions. The values of cac and

Results and Discussion
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Table 2. UV Maximum Absorption Band (Amax) for Water +

DNPHTEMPO Solution and n-Dodecane+ DNPHTEMPO Solution o [
at Room Temperature 22 |
band position a0 f
solvent nm Le
water 225 3705 Wil i
n-dodecane 227 343 409 % 14 L
£ I
Table 3. Viscosity/PEG Concentration §/Cp) for SDS + PEG = b2 i
Solutions in different SDS concentrations fromT = 298.15 K to (_5" 1.0 F
18.15 K E
318.15 £ st
Msps Cp n/Cp 06 k
mmolmgt gkg™?t mPas 0 |
298.15K 308.15K 318.15K 0.2 [
0.0 0.05 1.874 1.511 1.245 : n : | .
0.0 0.1 0.997 0.799 0.657 e AR ol A
0.0 0.3 0.411 0.323 0.261 C, /gkg’
0.0 0.5 0.285 0.227 0.182 P
4.0 0.05 1.869 1.510 1.254 Figure 3. 5/Cp of PEG + SDS aqueous solutions at 298 K containing
4.0 0.1 0.988 0.789 0.657 msps M, 0;®, 4.0; 4, 8.0; v, 16.0; ¢, 20.0;+, 40.0 mmoitkg™™.
4.0 0.3 0.416 0.327 0.264
4.0 0.5 0.288 0.226 0.182 20
8.0 0.05 2.068 1.667 1.352 -
8.0 0.1 1.102 0.923 0.725 L5 -
8.0 0.3 0.434 0.349 0.283 B
8.0 0.5 0.298 0.235 0.188 a5
16.0 0.05 2.146 1.734 1.437 14 b
16.0 0.1 1.266 1.003 0.812 i il b
16.0 0.3 0.549 0.442 0.355 % ik
16.0 0.5 0.3451 0.277 0.225 e:l_ L
20.0 0.05 2.190 1.756 1.446 = l0F
20.0 0.1 1.276 1.102 0.819 :‘ﬁ.
20.0 0.3 0.612 0.490 0.387 O o0&
20.0 0.5 0.379 0.303 0.246 E«- 06 il
40.0 0.05 2.296 1.842 1.516 il B
40.0 0.1 1.352 1.174 0.876 04 L
40.0 0.3 0.815 0.632 0.499 £
40.0 0.5 0.469 0.376 0.305 02
0.0 0.6

PSP of aqueous solutions of SDS and SB.1 % mass 4
fraction PEG solutions were obtained from the UV spectrum G /gkg

shown in Figures 1 and 2 and agreed well with those obtained Figure 4. 5/Cp of PEG + SDS agueous solutions at 308 K containing
from the viscosity measurement. If the band positions in msps W, 0;®, 4.0; 4, 8.0;v, 16.0; 4, 20.0;+, 40.0 mmotkg™.
n-dodecane and water (Table!?)are taken as values for
hydrocarbon and aqueous environments, then the UV results
indicated that the average location of 2,4-dinitrophenylhydrazone
in the micelle consisted of an environment containing ap-
proximately 90 % water and 10 % hydrocarbon, respectively.

The viscosity of aqueous solutions of SDS, SB9.05 %
mass fraction PEG, SD$ 0.1 % mass fraction PEG, SDS
0.3 % mass fraction PEG, and SBS0.5 % mass fraction PEG
were measured at 298.15 K, 308.15 K, and 318.15 K.The values
of n/Cp (viscosity/polymer concentration) vs polymer PEG
concentration in different SDS concentrations at different
temperatures were listed in Table 3 and shown in Figutes. 3
The #/Cp value decreased sharply with the increasing PEO
concentration at all studied temperatures. The viscosity de- 0.0 R
creased with increasing temperature. At a certain temperature, 00 01 02 03 04 05 O
the viscosity was first decreased and then increased, showing o g°kg'1
the minimum values which corresponded to the cmc of SDS or L
the cac of the SDS+ PEG solutions. The polymemicelle Figure 5. 5/Cp PEG+ SDS aqueous solutions at 318 K containingss
aggregate formed a more compact structure at the binding site® % ® 4.0: 4, 8.0;v, 16.0;4, 20.0;+, 40.0 mmotkg™™.
yielding a decrease in the viscosity. The values of cmc and cac  Unpaired electrons are not inherently present in the surfac-
of the studied solutions at 298.15 K were listed in Table 4. The tant-polymer systems, so a spin probe DNPHTEMPO must
n/Cp value increased with increasing SDS concentration, which be introduced to enable ESR studies. A spin probe was found
means the adsorption of SDS on PEG molecule chains and leadso be located near the surface of the micelle. This molecule
to the increase of fluid resistance of the solutions, so the should provide a convenient probe for the surfactant of the
electroviscosity effect was increased. micelle, because of its polar nature and nitrobenzene molecules

(M/Cp)/mPa -s
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Figure 6. Hyperfine coupling constary of SDS+ DNHPTEMPO and Figure 7. Rotational correlation timec of SDS+ DNPHTEMPO aqueous
SDS + 1 % mass fraction PEG- DNHPTEMPO aqueous solutions at  solutions at room temperature.
room temperaturel, SDS;®, SDS+ 0.1 % mass fraction PEG.

Table 4. Values of cac (mmokg~1), PSP (mmotkg™?), and Free i .
Energy Per Mole Surfactant (AGps’/kJ-mol~1) for Different SDS +

PEG Solutions at 298.15 K 40 - .

CAC PSP AGps - N

solvent mmolkg™! mmolkgt kJmol?t 30 F
SDS 8.5 (CMC) = | Y,
SDS+ 0.1 % mass fraction PEG 4.0 17.5 -3.5 B
SDS+ 0.3 % mass fraction PEG 4.5 22.6 -2.9 == a kb /
SDS+ 0.5 % mass fraction PEG 4.6 28.5 —-2.8 A Py
adsorb at the surface of the micelle. The spin probe used in 10 -j'(j
this study is 2,4-dinitrophenylhydrazone of 2,2,6,6-tetramethyl- V TJ
4-piperidind-1-oxyl (DNPHTEMPO). By analysis of ESR - . . . . .
spectra, the rotational correlation times) and nitrogen hyper- 0 10 20 30 40 20

fine coupling constantAy) can be obtained.

Figure 6 showed the hyperfine coupling constagtas a
function of the surfactant SDS concentration in aqueous Figure 8. Rotational correlation timec of SDS+ 0.1 % mass fraction
solutions of SDS and SDS 0.1 % mass fraction PEG, PEG+ DNPHTEMPO aqueous solutions at room temperature.
respectively. A more polar environment produced large values ) .
of Ay due to greater electron density at nitrogen. Below the WhereWo represents the peak-to-peak line width of the ESR
cmc and cac of SDS, théy values of DNPHTEMPO were all ~ Mid-field line (in gauss) anti, h-1, andh.; are the peak-to-
16.16 G and were essentially invariant with and without peak heights of the mid-, low-, and high-field lines, r_espectlvely.
polymer, which means that the micropolarities of the probe The constant 6.6« 107'? has been calculated for tt-butyl
microenvironments did not change in this concentration range. Nitroxide (DTBN);* but to a good approximation, it can be used
Above the cmc or cac, the values @fy decreased with for other nIITOXIde radycals as well. . .
increasing SDS concentration. Obviously, for all the studied ~ The rotational motion is usually described by rotational
systemsAy values are lower for the spin probes in the micelle correction time, which may be regarded as the time needed for
and polymermicelle aggregate than in bulk water, which a.molecule to r_otate_ for an angle afand can be .correlat(_ad
reflected the reducing micropolarity at the binding sites of the With the microviscosity of the probe by the following relation
probes in the micelle and the polymeanicelle aggregate. The 5
spin probes were found to be located near the surface of the o = dna’l3KT 2
micelle. If theAy values inn-dodecane and water are taken as
values for hydrocarbon and aqueous environment, then ESRWhere a is the hydrodynamic radius of the probg,is the
coupling constants suggested that the environment of theviscosity, andk and T represent the Boltzmann constant and
nitroxide group was consisted of55 % water ancd~45 % the temperature, respectively.
hydrocarbon according to the calculation method of ref 12. The  Figures 7 and 8 showed the variation of rotational correlation
nitroxide group is oriented toward the center of the micelle, time (zc) (as a function of the SDS concentration in agqueous
probably positioned at about the-8 carbon, penetrating a small ~ solutions of SDS and SDS- 0.1 % mass fraction PEG,

-1
m,, . /ol kg

distance into the hydrocarbon core of the micelle. respectively. In each system, there was a pronounced decrease
The effective rotational correction times can be calculated in 7c at the onset of the micelle or aggregate formation, which
from the following equatiotf 16 corresponded to the cmc or cac value of SDS solution and SDS

+ PEG solution, respectively.
In the absence of PEG, the value of DNPHTEMPO in

_ —10 172 12
7c = 6.6 x 10 Wl(hy/h )™ + (ho/h,) 2 @ aqueous solutions of SDS increased first, then decreased, and
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further increased, the second starting point (8.45 mrikgol) This quantity is a convenient measure of the interaction

of increase of ¢, which corresponded to the CMC of SDS. The strength between the surfactant and the polymer. The values of

increase ofc was indicative of the slower molecular tumbling cmc and cac were obtained by UV spectrum and viscosity in

of the probes in the micelle than in water. On the other hand, SDS, SDS+ 0.1 % mass fraction PEG, SD§ 0.3 % mass

in aqueous solutions of SD$ 0.1 % mass fraction PEG, the fraction PEG, and SDS- 0.5 % mass fraction PEG solutions

7c values start to increase, respectively, above 4.5 nkgol, at room temperature, and the calculate@ps values according

which was smaller than the cmc value of SDS and correspondsto eq 5 were listed in Table 4. The cmc value was obtained by

to the cac values of SDS in the presence of PEG. The cmc andthe UV spectrum, and the viscosity agreed well with that

cac values were in agreement with our viscosity measurement.obtained by ESR and vapor pressure and surface tension in refs
In the absence of PEG, for the SDS concentration below the 18 and 19. We can see that PEG concentration had little effect

cmc, therc showed no significant variation. It increased slowly, on the cac of SDSPEG solution, so it has little effect on the

and the ESR probe experienced low rotational friction just like interaction strength of the SD$ PEG system.

in water. When the SDS concentration reached the cmadhe

value began to increase dramatically, which was attributed to Conclusion

t2h5e2motioo{nil [?SEL‘C“O” Olf th?j%rob;e_within the micelle. A(\)t;;;out The interaction between SDS and PEG has been obtained by
- Mmotky -, thezc value did not INcrease anymore. S investigating the morphology and property sensed by the

reported that the spin probe DNPHTEMPO solubilized in the g iciently hydrophobic molecule as a function of surfactant
m'ce".es was located at the mlceHwater mterfacg. The concentration by ESR, UV spectrum, and viscosity measure-
hitroxide group of DNPHTEMPO was In contact with water ment. The main results can be summarized as follows: (1) the
and f_ormed a strong hydrogen bond with water. The hydro- microviscosity at the micelle surface increased in the same order
phoblc cycle was oriented toyva(d the hydrocarbpn core O.f the of t¢, which was produced by the gradual neutralization of the
micelle. Therefore, thec order indicated that the microviscosity micelle interface. (2) The micropolarity decreased with increas-

at the micelle-water interface increased in the same order. The ing SDS concentration. (3) The headgroup of SDS adsorbed
results confirmed that t_he Increase in th_e viscosity was producedon PEG is more tightly packed than those unperturbed micelles,
byltht?] gradual neutrlfalltlgatlonfcg[t)rlse m|c;e!lg sug%cg. below th which suggested that the microviscosity of the aggregate

n the agueous solutions o contaning » Delow the polymer interface was smaller than that of the unperturbed
cac of SDSyc values showed no obvious difference with that micelles. (4) The nitroxide group of DNPHTEMPO consisted
in the absence of PEG. This indicated that PEG interacted with ¢ __c5 o4 \water and~45 % hydrocarbon. (5) The average
S[l)S mggcémers veryt v(\j/eakI);hbeIg\I/Ethhehcgc. Ag)ove thf €ac ocation of 2,4-dinitrophenylhydrazone in the micelle consisted
value, .aggregated on the chain 2aegan 10 ¢ an environment containing approximately 90 % water and
increase r_apldly. Then, with the Increase ofSDS_conce_ntranon,lo % hydrocarbon. (6) The electroviscosity increased with
a marked INCrease wg was found, which was r eadily a'ttnbuted increasing SDS concentration. (7) The PEG concentration had
to the motional restriction of the probe within the micelle. At little effect on the SDSPEG interaction strength
about 17.9 mmekg™?, the value did not increase anymore, '
which corresponded to the polymer saturation point (PSP), [ jterature Cited
where the regular free micelles started to form. Teealue in _ .
the PEG-SDS solution was greater than those in the unper- () S&?ﬁiﬁ?bE'cD.sré”s'Q-teéa(fég"ésaf’JnSg[fa%agngts with Polymers and
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