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Abstract: The structure and state of water in the reversed micellar system, sodium diisooctyl sulfosuccinate/ H20/heptane was 
investigated by both 1H and 23Na NMR spectroscopy. The 1H NMR spectrum of H2O exhibits a downfield chemical shift 
with increasing water content of the system, gradually approaching that of ordinary water. This suggests a minimal amount 
of hydrogen bonding present in the micellar water phase at low water content. With increasing water content of this system, 
both the spin-lattice relaxation rates (1/Ti) and spin-spin relaxation rates (1/T2) of 1H of water decrease significantly up to 
1 % H2O, and then decrease much slower with further addition of water. A simple calculation of the rotational correlation time 
rc from T\ demonstrates that the water molecules are highly immobilized in small water pools due to strong ion-dipole interac
tion with counter ions. On completion of the solvation shell of the counter ion (i.e., 1% H2O or H 20/Na+ =; 6), the rigidity of 
the micellar core is greatly reduced. 23Na NMR measurements show an analogous decrease in the 1/T2 with increasing H2O 
content. In the largest water pool, viz. 6% H2O, it is estimated that an upper limit of 28% of the Na+ is dissociated from the sul
fosuccinate head group. The electronic absorption spectrum of iodide ion in the above systems is quite different from that in 
bulk water. The intensity of the spectrum increases with increasing water content. These data are also interpreted in terms of 
a decreased rigidity and increased hydrogen bonding of the micellar water pool with increasing water content. 

I. Introduction 

The investigation of reversed micellar systems has received 
considerable attention over the past few years.1 4 Reversed 
micelles are present in solutions of various amphiphiles in 
nonpolar organic solvents. Some reversed micelles can solu-
bilize relatively large amounts of water in the micelle center. 
This provides a unique opportunity to study different aggre
gations of water molecules and the interaction of molecules 
with the surrounding macromolecules. These systems are 
thought to resemble pockets of water in bioaggregates (bio-
membranes, mitochondria,5 etc.). 

Earlier studies6 have investigated the effects of the water 
phase in reversed micelles of sodium diisooctyl sulfosuccinate 
(AOT)/H 2 0/heptane on fluorescent properties of the envi
ronmentally sensitive probe, 1,8-anilinonaphthalenesulfon-
ate (ANS). The nature of water bubbles in reversed micelles 
was found to be quite different from that of ordinary bulk 
water. Such differences have also been recently detected by 
calorimetric measurements of reversed micelle systems of 
AOT.7 Reactions were also studied by pulse radiolysis and laser 
photolysis. The water phase was found to dramatically catalyze 
or inhibit reactions depending on the accessibility of both 
reactants in the presence of the micelle. 

Since these systems show several unique features, it is of 
interest to investigate the state and nature of water in reversed 
micelles in more detail. 1H NMR spectroscopy was used since 
the chemical shift and relaxation mechanisms of proton nuclei 
are very sensitive to their surrounding environment. 23Na 
NMR spectroscopy was also used to investigate the relaxation 
mechanism of the counter ions, Na+ , which are in contact with 
the center aqueous core and the micellar surface. Information 
on the specific interaction between the counter ion and the 
solubilized water molecules as well as counter ion binding to 
the micellar surface are also obtained. The UV absorption 
spectrum of iodide ion, which is sensitive to the solution sphere, 
is also investigated in several sizes of water pools in reversed 
micelles. The data reflect the nature of the water pools in the 
reversed micelles. 

II. Experimental Section 

Sodium diisooctyl sulfosuccinate was obtained from American 
Cyanamid Co. The material was purified as previously described.6 

High resolution 1H and 23Na NMR spectra and T\ measurements 
were carried out with a Varian XL-100-15 NMR spectrometer 
equipped with Nicolet TT-1OO Fourier transform accessories. The ' H 

and 23Na spectra were recorded using CTDI6 and CyH16 as solvents, 
respectively. The instrument was operated at a frequency of 100.1 and 
26.65 MHz for 1H and 23Na, respectively, and the spectrometer was 
field locked on the solvent deuterium resonance for 1H spectra and 
was unlocked for 23Na spectra. Calibration of' H chemical shift was 
achieved by using 1% Me4Si in CDCI3 as an external standard. The 
1H and 23Na NMR spectra were obtained in the Fourier transform 
(FT) mode using pulsed methods. The pulse widths used were 20 and 
80 ^s for 'H and 23Na NMR spectra, respectively. 

For the ' H NMR 7"i (spin-lattice relaxation time) measurements, 
the inversion recovery method involving a 180°, T, 90° sequence was 
used.8 The 90° pulse width had a 22-MS duration. Ten scans were ac
cumulated before Fourier transformation. Higher numbers of scans 
were used on low water content samples in order to achieve a better 
signal to noise ratio. 

III. Results and Discussion 

AOT molecules in a 3% AOT solution in heptane or dode-
cane are completely associated into uniformly sized micellar 
assemblies, each containing 23 AOT molecules. The structure 
of such an aggregate is slightly asymmetric and may be rep
resented by a rounded cylinder with a rod length of 33.4 A and 
a cylindrical diameter of 23.9 A. The degree of asymmetry is 
greatly reduced in the presence of water where a spherical pool 
forms in the micellar center. The aqueous core is surrounded 
by a layer of AOT molecules resulting in the configuration of 
Figure 1. The total micellar radius R is composed of the length 
of an AOT molecule (11 A) and the radius of the water pool 
which can be calculated from r (A) = 26.65v/g, where v and 
g are the volume and weight percentage of water and AOT, 
respectively. The validity of the above equation has been ver
ified by ultracentrifugal and light scattering measurements.9 

Table I lists R values and micellar compositions for relevant 
AOT solutions used in the present experiments. 

The Structure and State of H2O in Reversed Micelles. 1H 
NMR Studies. The 1H N M R spectrum of 3% AOT/0.8% 
H 2 0/C7Di 6 is shown in Figure 2. The spectrum consists of six 
resonance peaks attributed to CHi (5 104), CH 2 (5 1.45), 
CW2COO (5 2.02), SO3CH (5 4.18), COOCW2 (5 3.30), and 
H2O [5 4.35), where the chemical shift is reported with respect 
to 1% Me4Si in CDCI3. Additional water to this system does 
not significantly affect the chemical shifts of any of the protons 
except H2O. The chemical shifts of the water protons vs. water 
content are shown in Table II. At low water content, the water 
proton resonance is upfield compared to that for normal bulk 
water. Further addition of water to the system causes a 
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Figure 1. Schematic illustration of an AOT inverted micelle with an 
aqueous core. 

Table I. Micellar Composition'3 and Dimensions for AOT 
Solutions Employed in the Experiments* 

% (v/v) of H2O 

1 0.5 0.2 

NH 2 O/N A OT 
Nhbo/micelle 

49.3 16.4 8.2 
552 570 20 465 2558 

84 35.4 23.2 

1.64 4. 
319 21 

17.1 13.4 

" AOT content: 3% (w/v). * These dimensions are based on data 
presented in ref 9. 

downfield shift of the water peak which approaches that of 
normal water. Formation of hydrogen bonds usually results 
in a downfield proton shift8 (i.e., to larger values). Hence, these 
NMR results suggest a minimal amount of hydrogen bonding 
present in the micellar water phase. At low water content 
(< 1 %), all of the water molecules are expected to participate 
in the solvation shell of the counter N a + ion or to interact with 
the polar head group. Similar results have also been observed 
in the case of very strong electrolyte solutions.10 Upon complete 
solvation of the counter ions, additional water is available for 
hydrogen bonding, resulting in a downfield shift at higher 
water content. Even in the largest water pools, only one peak 
is observed for the water protons, resulting in a weight-average 
resonance detected in the absorption spectrum. The lifetime 
of the water in both sites is therefore shorter than 10 - 4 s. ' ' 

To further elucidate the role of water in these micellar ag
gregates, the relaxation rates of water molecules were mea
sured at various water content. The longitudinal nuclear re
laxation rate yields information concerning the motion of the 
molecules in the solution.10 A change in molecular motion can 
reflect a change in the structure of the medium,'2 and/or the 
interactions between the molecules observed and the sur
rounding environment. The spin-lattice (T]) or the longitu
dinal relaxation time and the spin-spin (T2) or the transverse 

Figure 2. 1H NMR spectrum of 3% AOT/0.8% H 2 0/C 7 D, 6 solutions. 

relaxation time of' H of the solubiiized water in various sizes 
of water pools are shown in Table III. Increasing the water 
content in the micellar aggregates increases both T\ and Ti 
relaxation times. The relaxation times are related to molecular 
motion by the correlation time rc, which serves as a measure 
of the average time that two nuclei remain in a given relative 
orientation. The correlation time depends on the viscosity of 
the medium and on the size and shape of the molecules in
volved. For a system of two equal spins (/1 = I2 = / ) , where the 
spins are proton nuclei, the dipole-dipole relaxation mechanism 
is usually dominant. The intramolecular contribution to re
laxation of nucleus I is caused by dissipation of the nuclear spin 
energy to rotational motion and is given by13 

U/T'Ointra 
= Iy4H2I(I+ 1) 

5rb 

(i + CO2Tr 
• + • 

4rc 

+ 4C02TC 

(l/^2)intra ~ 
J4H2I(I + 

5r6 

X^3r c + + 
4rc 

1 + LO2Tc2 1 + 

(D 

(2) 

The rotational correlation time TC for a water molecule in 
the water pools can be calculated by substituting the experi
mental T] value, the gyromagnetic ratio, 7, and the intramo
lecular proton-proton distance r into eq 1. The value co is the 
nuclear precession frequency. The correlation times for water 
proton interactions as a function of water content are shown 
in Figure 3. The change in the rotational correlation time is 
most significant in a region where the water content of the 
micelle is relatively small and approaches a plateau at larger 
radii of the water pools. A break occurs at about 1% FhO 
where the water molecule per sodium ion ratio exceeds 6. Since 
sodium ion is known to be a water structure forming ion in 
aqueous solution, the strong ion-dipole interaction will reduce 
the mobility of water molecules adjacent to the ion and increase 
the relaxation rates of the 1H in water. 10^14At low water con
tent in reversed micelles, the stronger ion-dipole interaction 
energies compared to dipole-dipole interactions between the 
water molecules will cause water molecules to participate in 
the solvation of the counter sodium ions. Water molecules not 

Table II. 1H Chemical Shift of Solubiiized Water in the 3% AOT/H20/Heptane Solutions 

.H2O 0.2 
4.14 

0.5 
4.25 

0.8 
4.35 

1 
4.51 

1.35 
4.52 

2 
4.65 

3.35 
4.81 

3.85 
4.87 

6 
4.89 
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Table III. Comparison of 'H (1 / T\) and (1 / T2) Relaxation Rates with the Theoretical Values Assuming only a Dipole-Dipole Relaxation 
Mechanism for the Solubilized H2O Protons in the Reversed Micelles AOT/H20/Heptane 

1 H2O (v/v) U/rOobsd (i /7".)obsd-(i /r ,)0 U/T^obsd (i/7"2)obsd-( i /r2)o (1 / Scaled 

0.2 
0.5 
0.8 
1 
1.35 
2.0 
3.35 
3.85 
6 

2.5 
5.5 
4.4 
2.2 
1.45 
0.9 
0.7 
0.65 
0.62 

12.1 
5.1 
4.0 
1.8 
1.06 
0.51 
0.31 
0.26 
0.23 

69.08 
24.49 
16.33 
15.70 
12.56 
12.56 
8.48 
6.83 
7.22 

68.53 
23.94 
15.78 
15.15 
12.01 
12.01 
7.93 
6.67 
4.47 

12.1 
5.1 
4.0 
1.8 
1.06 
0.51 
0.31 
0.26 
0.23 

2.0 -

Table IV. 1H Spin-Lattice Relaxation Times in 3% AOT/H20/ 
Heptane Solutions 

N3. -O-Cv 
O l 2 3 4 5 6 

H2O % (v /v) 

Figure 3. The effect of water content on the rotational correlation times 
TC in 3% AOT/H2O/C7D16 reversed micelles. 

participating in hydration will still undergo binding via ion-
dipole forces or via hydrogen bonds to sulfonate or carboxylate 
groups present in the cavity. The mobility of water molecules 
engaged in these binding sites is greatly reduced so the corre
lation time of the ' H nuclei of these water molecules is much 
higher than that of bulk water. Introducing additional water 
to the system gradually leads to a saturated solvation shell with 
a concomitant reduction in correlation time. At low water 
content (i.e., 0.2%) the correlation time for water protons is 
only a factor of 5 shorter than the rotational time of the overall 
micelle (r r ^ 1 X 1O-9 s) estimated using the Stokes equation. 
Hence, at low water content the motion is predominantly in
fluenced by the overall tumbling of the micelle complex. Above 
1% H2O, additional water is free and TC approaches a value 
measured for bulk water (3 X 10" 1 2s) .1 5 Similar conclusions 
have been made regarding water in cells and in protein solu
tions,15 namely that a small fraction of water is firmly bound 
to macromolecules and exhibits extremely short relaxation 
times (long rotational correlation time). This bound water 
exchanges rapidly with the bulk water and dominates the ob
served relaxation processes. 

The rotational correlation time TC obtained from T\ can be 
substituted into eq 2 to calculate the spin-spin relaxation time 
T2. Table III shows the calculated and experimental values of 
1/T2 in water pools of different sizes. The differences between 
calculated and experimental values are smaller in larger water 
pools. The validity of eq 2 in calculating Tj depends on the 

% H2O 

0.5 
0.8 
1.0 
1.35 
2.0 
3.35 
3.85 
6.0 

H2O 

5.5 
4.4 
2.2 
1.45 
0.9 
0.7 
0.65 
0.62 

SO3CW 

7.0 
8.4 
7.3 
7.3 
5.5 
5.7 
5.5 
3.7 

1/7-,,S-' 

COOCZZ2 

10.2 
11.3 
10.6 
10.5 
7.0 
6.1 
4.8 
4.5 

CH2 

3.5 
3.5 
3.4 
3.0 
3.0 
2.45 
2.4 
3.91 

CH3 

1.90 
1.70 
1.75 
1.65 
1.60 
1.85 
1.75 
1.75 

condition that intramolecular dipole-dipole relaxation domi
nates the spin-spin relaxation. Hence, the deviation of the 
experimental T2 value from that predicted from eq 2 indicates 
that other relaxation mechanisms which cause a fluctuating 
magnetic field about the perturbed 1H nucleus also contribute 
to the spin-spin relaxation process. The most probable 
mechanism is relaxation via anisotropic electronic shielding, 
as the magnetic field experienced by a nucleus depends on its 
electronic shielding (chemical shifts). An anisotropy in the 
shielding causes the nuclei to experience a changing magnetic 
field as the molecule tumbles in solution.13 In the case of small 
micelles, where the hydration shell about the sodium ion is 
incomplete, the shielding is not equal in all directions about 
the water proton nuclei. This leads to an additional relaxation 
mechanism in addition to dipole-dipole relaxation. Further
more, the rapid spin exchange between various environments 
causes an additional contribution to the transverse relaxation 
rate. The theoretical approach to this problem has been carried 
out by Gutowsky,16 McConnell,17 and Swift.18 Finally, the 
experimental T2 value is evaluated from the width of the line 
at half maximum intensity. Inhomogeneity in the magnetic 
field also causes additional line broadening, resulting in an 
increase in the apparent relaxation rate. 

The spin-lattice relaxation rates (1/T1) of the proton nuclei 
of the AOT molecules in the reversed micelles are shown in 
Table IV. Increasing the water content in the miceliar aggre
gates affects only the relaxation rates of those protons adjacent 
to the polar head groups, while those of the terminal methyl 
and methylene groups remain unchanged. Since the water 
molecules are only in contact with the polar head groups, 
further addition of water to the system increases the fluidity 
in the center aqueous pool and the interface region. Therefore, 
the relaxation rates of the protons of water and of the protons 
adjacent to the polar head groups decrease. The addition of 
water to the phosphatidyl choline reversed micelles in either 
diethyl ether,19 benzene,20 or carbon tetrachloride21 is also 
found to increase the molecular motion of the lipid-water in
terface. The activity of enzymes bound to the lecithin reversed 
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20 

Figure 4. The 23Na NMR spectra of 3% AOT/H20/C7H,6 solutions. 

micelles depends dramatically on the nature of the lipid-water 
interface.22'23 

The Effect of Water on the 23Na NMR Spectrum. Since the 
state and nature of water in reversed micelles are affected 
significantly by the counter ion, direct studies of the counter 
ion, Na+, were studied in reversed micelles. Considerable in
terest24-26 has focused on the application of nuclear magnetic 
quadrupole relaxation processes to investigate events occurring 
at the amphiphile-water interface in these micelles. The 23Na 
NMR spectrum of the reversed micelle formed by AOT/ 
K^O/heptane is shown in Figure 4. A single broad absorption 
peak is observed in these experiments, and the resonance line 
width decreases dramatically as the water content of the system 
increases. Figure 5 shows the dependence of the line width on 
the water content in reversed micelles. Since the nuclear 
magnetic relaxation is the result of time-dependent interactions 
between the nucleus and its surroundings, the rate of relaxation 
depends on the strength of interaction as well as on the rate of 
molecular motion. In the case of nuclei possessing electric 
quadrupole moments, the interaction between the electric 
quadrupole moment and the electric field gradients at the 
nuclei usually dominates the relaxation mechanism. Under 
conditions of extreme narrowing, the relaxation rates may be 
written27 

1/r, = 1/T2 = 3A0 (e
2qQ/h)H2I + 3)//2(2/ - l)rc (3) 

Here, / is the spin quantum number which is \ for 23Na, eq 
is the largest component of the electric field gradient tensor 
being modulated by the molecular motion, eQ is the electric 
quadrupole moment, and rc is the correlation time charac
terizing the rate of change of the field gradients. In normal 
micelles in aqueous solutions, it has been found that the rota-

O l 2 3 4 5 6 

H2O % ( v / v ) 

Figure 5. The effect of water on the line width of 23Na NMR absorption 
lines. 

tional, vibrational, and translational motions of water mole
cules in the immediate neighborhood of the counter ions affect 
the fluctuating field gradients and dominate the relaxation14-28 

of the counter ion. In the case of reversed micelles under cur
rent study, the marked dependence of the 23Na NMR line 
width on the initial water content may occur first from the 
immobilization of the water molecules around the sodium ion 
by participating in the hydration shell, a point which has been 
described previously in the 1H NMR data. Secondly, before 
completion of the solvation shell, electric field gradients arise 
from the asymmetrical charge and dipole distribution around 
the sodium nuclei due to the distorted hydration sphere. Fi
nally, successive binding of water molecules to the Na+ ion 
associated at the head group weakens or interrupts the ion-ion 
coupling within the complex. 

On completion of the hydration shell around the counter ion, 
the 23Na line width still continues to decrease slowly with in
creasing amounts of water. At higher water content, a greater 
percentage of sodium ions could be present as free hydrated 
ions and exchange rapidly with the bound sodium ion (hy
drated ion associates). The relaxation is dominated by the latter 
class of ions. The line width in the largest water pool is still ten 
times broader than those in saturated NaCl aqueous solutions, 
which indicates that the mobility of the hydrated sodium ions 
in water pools with radius 73 A is still greatly reduced. A 
similar dependence of the line width on the water content is also 
found in reversed micelles formed by sodium caprylate/cap-
rylic acid/H20.26 

In the previous discussion, the exchange rate of the sodium 
between the bound and the free sites is assumed to be rapid and 
therefore does not contribute to the relaxation mechanism. 
Hertz29 has suggested that the exchange process may be dis
tinguished by the temperature dependence of the line width. 
In the case of rapid exchange, the line width should decrease 
with increasing temperature, since the correlation time will 
decrease. On the other hand, for slow exchange, the line width 
would increase with increasing temperature, since the rate of 
chemical exchange increases. The dependence of 23Na line 
width on temperature at several sizes of water pools in the re
versed micelles is shown in Figure 6. Increasing the tempera
ture decreases the resonance line width, and is consistent with 
the assumption of fast exchange of 23Na in these solutions. 

From the Arrhenius plots in Figure 6, a constant apparent 
activation energy is calculated. Table V gives the activation 
energy for the 23Na relaxation processes in reversed micelles 
of several sizes. Since the interaction process involved here is 
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3.1 3.2 3.3 3.4 3.5 3.6 3,7 
l / T x IO3 (K'1) 

Figure 6. The Arrhenius plot of 23Na NMR line width vs. \jT in the 
AOT/H20/C7HI6 solutions. 

Table V. The Apparent Activation Energy for 23Na Relaxation 
Process 

%H 2 0 
E, kcal/mol 

0.8 
6.85 6.44 

2 
5.42 

more complicated than in simple aqueous solution, it can only 
be concluded that the high activation energies indicate a strong 
interaction of N a + with the ligands in its environment.26 

Higher activation energies in the smaller size micelles indicate 
strong binding of the sodium ions, which agrees with the in
terpretation of the line width data. The activation energies in 
the large micelles are again higher than those of bulk water (2.5 
kcal/mol). 

In conclusion, 1H and 23Na N M R relaxation studies indi
cate that the water in the first hydration shell is highly im
mobilized due to strong ion-dipole interaction between the 
counter ion and the water. The rigidity is greatly reduced in 
both the lipid-water interface and the center water pool when 
more water is included into the system. However, mobility in 
the largest water pool is still slower than in bulk water. 

The Extent of Association of 2 3Na+ Ion to the Micellar 
Surface. Since sodium ions exist both in the free and bound 
state in reversed micelles, it is important to determine the 
relative distribution of both states, i.e., the extent of association 
of N a + to the micellar surface. NMR spectroscopy has been 
applied successfully to the study of the degree of counter ion 
binding in the conventional normal micelles; however, dif
ficulties arise when the similar technique was carried out in 
reversed micellar systems.30,31 

In this work, the degree of association of the counter ions 
to the micellar surface is estimated by taking advantage of the 
difference in relaxation rates of the sodium ions in the two 
states. Since the exchange between the two sites of sodium ions 
is a fast process as indicated from the temperature studies, and 
if we assume only two sites of the sodium ions, the observed line 
width of 23Na is then given by23 

"1/2 = ^Vb + ^Vf (4) 

where Pt> and Pf are the mole fractions for the sodium ion in 
the bound and free states, respectively, and v\, and Vf are the 
line widths of the sodium ion in the corresponding states. If we 
assume that the ratio v\,j Vf in the reversed micelles is not sig-

50 

40 

30 

j? 20 

IO -

0.40 0.41 0.42 0.43 

2 D + 3 / 5 D 

Figure 7. The effect of polarization on 23Na NMR line width in 0.067 M 
NaCl/H20/dioxane solutions. 

nificantly different from that in the normal micelles, a rea
sonable assumption in the case of the largest water pools, then 
a ratio of approximately 3.1 is obtained from Lindman's work23 

in sodium octyl sulfate and sodium octanoate micelles. The 
environment of the unbound, hydrated sodium ions in the water 
pools may significantly differ from that of the ordinary bulk 
water. The characteristic fluorescent properties of ANS which 
have been investigated earlier measure the dielectric constant 
of the water molecules in the largest water pool in the reversed 
micelles to be 77.9 on Kosower's polarity scale Z (D ~ 17.5). 
From relaxation studies of electrolytes in nonaqueous solution, 
a close connection between the quadrupole coupling 1/1/2/1? and 
the polarization produced by the surrounding solvent related 
to solvent's dielectric constant (2D + 3)/5Z) is found.32'33 This 
is true provided the quadrupole coupling at the nuclei still arises 
from ion-solvent interactions instead of ion pair interactions. 
A plot of 1/1/2/1? vs. (2D + 3)/5D for 0.067 m naCl or NaBr 
(the concentration ofNa + in the largest water pool) in H2O/ 
dioxane mixture is shown in Figure 7. If we interpolate the 
dielectric constants of the largest water pool into Figure 7 using 
the microviscosity data obtained from fluorescence depolar
ization, then the line width of the free hydrated sodium in the 
water pools is 44 Hz. The line width of the bound sodium ion 
is then equal to 3.1 X 44 or 136 Hz. The degree of binding of 
the counter ions to the micellar surface in the largest water pool 
could be thus calculated from eq 4, and is found to be 72%. 

The extent of dissociation of counter ions from the micellar 
surface calculated in the largest water pool is not significantly 
different from that of normal micelles. However, since some 
approximation is involved in the calculation, this should be 
regarded as an approximation. Furthermore, since the di
electric constant in the water pool is not as large as that in the 
normal bulk water, the ratio of vb/vf may actually be smaller, 
in the case of reversed micelles, since the solvation energy of 
the sodium ion would be smaller in the water pool. Thus, 72% 
of ions binding to the micellar surface could only be a lower 
limit. 

The Absorption Spectra of I - in the Aqueous Core of Re
versed Micelles. The UV absorption spectra of 5 X 10~4 M I -

(bulk concentration) in the reversed micelles AOT/H2O/ 
heptane was investigated. The absorption maximum and ex
tinction coefficient in micelles of varying size are shown in 
Table VI. Although the extinction coefficient increases 
strongly with increasing water content, it is still about 100 
times smaller in the largest water pool (6% H2O) than it is in 
pure water. On the other hand, the concentration of water in 
the micelles only has a small effect on the absorption energy. 
The absorption spectra of I - in all reversed micelles show a red 
shift compared to that in pure water. Franck and Platzman34'35 

first proposed that the UV absorption spectrum of iodide ions 
involves the formation of spherically symmetric excited states 
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Table VI. The Spectral Shift and Extinction Coefficient of 5 X 1O-4 M I - in the Reversed Micelles and Water 

%H20 0.55 0.8 1 1.5 2 3 4 6 100 
\mas, nm 236.6 236.8 237.0 237.4 237.7 237.8 238.0 238.0 226.0 
t, M-1Cm-1 7.4 14.9 19.9 35.2 48.4 79.5 105.2 160.8 12 700 

centered on the parent atom. These excited states subsequently 
dissociate into iodine atoms and electrons which are then sol-
vated by the surrounding solvent according to 

Ax 
*aq ^ *aq 1aq ' caq 

Stein and Treinin36-38 later modified the model of Franck 
and Platzman with the concept of an electron in a box with 
various radii, a concept first developed by Smith and Sy-
mons,39'41 to successfully interpret features of the spectro
scopic data such as the absorption maxima, the effect of tem
perature, solvent, and added solutes. According to their theory, 
a major portion of the effect of added solutes is due to the in
fluence of the solute on the structure of the water solvent, thus 
the solvation environment of the iodide ion is modified, causing 
a spectroscopic change. The spectral red shift of the iodide ion 
in the reversed AOT micelles may then occur because of the 
large number of water molecules associated with the counter 
ions or head groups. The hydrogen-oxygen interaction bonding 
is decreased and the number of available unbound polar hy
drogens increases. Hence a larger proton cavity is formed 
around the iodide ion and the resulting spectra are slightly 
shifted to the red. A similar effect has been observed38 in 
aqueous iodide solutions due to the presence of the counter 
cations. The very low spectral transition probability of the io
dide ion in reversed micelles could be best explained by the 
availability of the water molecules to solvate the ground state 
as well as the excited state of the iodide ion. Lack of water 
molecules about the iodide ion distorts the wave function of the 
ground and excited states so that the transition becomes highly 
improbable at low water content. Addition of water to the 
system increases the polarity of the water pools, so that the 
transition probability is higher at larger water content. A 
similar conclusion regarding the nature of water in reversed 
micelles formed by phosphatidyl choline in diethyl ether is also 
attained by Wells19 on probing the interior water pool by 
C0CI2. Water when first added to reversed micelles tends to 
be present as a tightly bound water shell around the polar head 
group. Few water molecules are available to solvate CoCl2, and 
therefore a tetrahedral blue complex of Co2+ is formed which 
absorbs strongly at 650 nm. Upon completion of the first hy
dration shell of the micelle, water molecules start to complex 
with Co2+, forming a pink octahedral complex CoCl2-6H20, 
with a concomitant decrease in the molar absorbancy in the 
red. 

IV. Conclusion 

Spectroscopic studies of the water phase in reversed micelles 
demonstrate that the water aggregate in these systems is rad
ically different from that of bulk water. 1H NMR studies 
measuring chemical shifts of reversed micellar systems indicate 
environmental changes only in H2O and 1H head group of 
amphiphile. The effect of increasing H2O content in the mi-
cellar interior on 1H nuclear longitudinal and transverse re
laxation rates demonstrates that the nature of H2O is highly 
immobilized and mobility increases with increasing water 
content. From our measured values, Trotatjon decreases from 
2 X 1O-10 s to approximately 3.9 X 1O-12 s, a value obtained 
for bulk water. The value for TTOX dramatically increases as the 
H2O to Na+ ratio increases up to a value of approximately 6 
(the hydration number of Na+) after which Trot asymptotically 
approaches the value for bulk H2O. 

From the deviation of the 1/T2 results from a simple di-
pole-dipole relaxation mechanism, a substantial contribution 
of an anisotropic electronic shielding of the H2O is indicat
ed. 

From 23Na relaxation measurements, an analogous decrease 
in the 1 / T2 is observed with increasing H2O content. This data 
is consistent with a rapid change in solvent mobility upon 
saturation of the hydration sphere of the Na+ ion. 

Measurement of the I - electronic absorption spectrum in
dicates that a minimal hydrogen-bonded aqueous matrix is 
present at low water content (less than 6H20/Na+) and upon 
increasing the H 20/Na+ ratio the I - spectrum appears to be 
more like that of an aqueous I - spectrum. This data is con
sistent with the chemical shifts of 1H of H2O in this system, 
which move downfield upon increasing water content, con
sistent with a greater amount of hydrogen bonding found in 
the aqueous matrix. 

Spectroscopic studies indicate that the properties of bulk 
water do not appear in reversed micelle systems until the 
H 20/Na+ ratio in the micellar core exceeds 6. 
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The surface composition and structure of solid organic 
polymers influence many of their properties and uses. Wet
ting,2 weathering,3 permeation,4 adhesion,5,6 friction,6 elec
trostatic charging,7 and dye adsorption5 are examples of pro
cesses important in engineering applications of polymers whose 
characteristics are determined, in part, by surface constitution. 
Surface functionality influences biocompatibility,8 especially 
thromboresistance9 and cellular attachment.10 Solid-phase 
organic synthesis requires high-yield reactions to introduce and 
modify polymer functionality, and methods to control the in
teractions between pendant functional sites." 

Polymeric materials having particular surface properties 
are presently developed empirically. It is difficult to construct 
and test hypotheses relating the molecular structure of a 
polymer surface to its macroscopic surface properties because 
it has not been possible to obtain polymers with surfaces having 
well-defined functionality. The purpose of the work described 
in this and the accompanying paper12 is the development of 
techniques for generating, modifying, and characterizing 
functionality at the surface of low-density polyethylene 
film. 

The problems encountered in manipulating surface func
tionality on organic polymers differ in three respects from those 
familiar in organic solution chemistry. First, to be useful, re
actions employed to create or modify groups at a surface must 
proceed in high yields, because it is impossible to separate and 
purify the products of these reactions. Second, characterization 
of surface functionality is difficult, both because the absolute 
number of surface groups is low and because the bulk polymer 
must be distinguished from the surface. Third, the three-
dimensional spatial distribution of functional groups in the 
surface region—a problem having no counterpart in solution 
chemistry—is an important consideration in surface chemistry. 
In fact, the definition of the word "surface" for an organic 
polymer is not straightforward. In this paper, we use the words 
"surface" and "interface" interchangeably, and define both 
operationally in terms of a particular type of experiment which 
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forms the basis for many of the reactions used: consider a hy
drophobic organic polymer (polyethylene) in contact with a 
polar, nonswelling solvent (water). We define the "surface" 
of the polymer to be that part which is accessible to reagents 
that are soluble in water, but insoluble in polyethylene. This 
definition of a polymer surface has shortcomings: it is not ap
plicable to a polymer which is swelled by the solution. It is 
ambiguous if thermal motion of the polymer chains at the 
surface transports functional groups from the bulk to the 
surface and vice versa with a rate comparable to a process used 
to test for interaction between a surface functional group and 
a reagent present in solution. Many water-soluble reagents 
have low but finite solubility in hydrocarbons, and presumably 
in polyethylene, and it is difficult to establish that a reagent 
is completely insoluble in the polymer. Nonetheless, this def
inition suggests experimental approaches to the generation and 
modification of surface functionality. It also emphasizes the 
importance of the f^ree-dimensional distribution of functional 
groups at the polymer-solvent interface. In principle, func
tional groups at a well-defined polymer surface might be re
stricted to a coherent monolayer (Figure IA); alternatively, 
at a poorly defined surface, the functional groups might be 
distributed between the polymer-water interface, the bulk 
polymer, and (by tethering polymer chains) the solvent (Figure 
1 B). Although these two distributions might not behave dif
ferently in many practical applications, the simpler, more or
dered one is preferable in studies designed to test the influence 
of molecular surface structure on macroscopic properties. 

We have chosen to investigate the surface chemistry of 
polyethylene rather than some other polymer for several rea
sons. It is readily available, inexpensive, and relatively well-
characterized.1315 It is sufficiently strong mechanically that 
it can be handled without special precautions, but it is at the 
same time conveniently flexible. Polyethylene has few func
tional groups other than carbon-carbon and carbon-hydrogen 
single bonds, and its chemistry would be expected to resemble 
the extensively studied solution chemistry of hydrocarbons. 
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Abstract: Initial oxidation of low-density polyethylene film with concentrated chromic acid solution at temperatures between 
25 and 75 0C, followed by further oxidation with 70% aqueous nitric acid at 50 0C, generates a surface containing a relatively 
small number of different types of functional groups. The identities and relative numbers of these functional groups have been 
established using ATR IR spectroscopy and chemical derivatization. The surface functionality consists primarily of carbonyl 
derivatives, with approximately 60% of these present as carboxylic acid groups and 40% as ketones or aldehydes. Alcohols do 
not seem to be present. The absolute number of carboxylic acid groups generated at the surface was assayed using two indepen
dent fluorimetric techniques to be approximately 2 X 1015/cm2 of geometrical film area: since the surface is rough, the actual 
surface density of carboxyl groups is lower than this number. Several procedures have been developed which use these carbox
ylic acid groups as the basis for further chemical modification of the polymer surface. 
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