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SANS from Tetradecyipyridinium Bromide Based Microemuisions 
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Small-angle neutron scattering is used to investigate tetradecylpyridinium bromide/pentanol/ heptane/ heavy water microemulsions 
in the water-in-oil (W/O) microemulsion phase diagram region. The heavy water content is increased while the other components 
(surfactant, cosurfactant, hydrocarbon) are kept constant. With use of a simple model assuming spherical micelles interacting 
with a hard-sphere potential (Percus-Yevick model), aggregate sizes and packing fractions have been extracted and found 
to agree with values determined from the mixing conditions. These experiments clearly show the transition from the single-particle 
(heavy water + Stern layer droplet) scattering regime at low water concentration to the mixed single/interdroplet scattering 
regime when the intermicellar distance becomes comparable to the size of the micelles. 

Introduction 
Since their inception in 1943 by Hoar and Schulman,l mi- 

croemulsions have been the subject of a considerable number of 
investigations. The term microemulsion is generally used to refer 
to thermodynamically stable, optically transparent mixtures of 
water, hydrocarbon, surfactant, and sometimes cosurfactant that 
form spontaneously upon mixing. Recent review articles24 exist 
in  the literature. 

Small-angle neutron scattering (SANS) is a useful diagnostic 
technique to investigate the morphology of microemulsion systems. 
A computerized literature search of the Chemical Abstracts 
Service data base using "neutronn and "micelle" as keywords has 
retrieved over 100 publications since 1975. Only a few recent 
reviews are referenced Deuteration of one of the com- 
ponents (either the hydrocarbon in normal micelles or the water 
in inverted micelles) enhances the contrast offered to neutrons 
and therefore the sensitivity in extracting average droplet sizes 
and  interaction^.^^*-'^ The contrast can also be adjusted through 
deuterated/protonated component mixtures to specified levels so 
as to observe, for example, the micellar shell (the Stern layer) 
region. Specific deuteration of the heads or the tails of the 
surfactant molecules has also been applied1] to obtain the density 
distribution of these deuterated portions within the micellar system. 
SANS spectra from partially deuterated micellar systems show 
either a decreasing dependence on the scattering vector Q for low 
droplet concentrations or a. broadly peaked behavior when in- 
terdroplet contributions are large. Micellar droplets are usually 
modeled" by spherical or ellipsoidal shapes while interdroplet 
interactions have been described6 by using typical models such 
as the mean spherical approximation or its special case (in the 
zero charge limit), the Percus-Yevick model. The SANS tech- 
nique can give information pertaining to polydispersity only in- 
directly. One can incorporate polydispersity into a particular 
model, as per Sheu and Chen,'* and extract some secondary 
information. In the present work, we have used a simplified model 
(hard spheres) and given no assumptions or treatment concerning 
effects such as polydispersity or Coulombic interactions. 

Studies of phase equilibria by Venablelj have shown that 
systems using tetradecylpyridinium bromide (TPB) as surfactant 
and alcohols as cosurfactant are more effective at solubilizing water 
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TABLE I: Sample Mixing Conditions 
sample TPB, heptane, pentanol, D20, H20, 

ID wt  % wt % wt % wt % wt % 
T P B  1 
TPB2 
TPB3 
TPB4 
TPB5 
TPB6 
TPB7 
TPB8 

12.8 69.4 
12.8 69.8 
11.9 64.8 
12.0 65.3 
11.0 59.8 
11.2 61.0 
9.3 55.2 

10.4 56.6 

12.3 5 .5  0.0 
12.3 0.0 5.0 
11.4 11.8 0.0 
11.5 0.0 11.2 
10.5 18.6 0.0 
10.7 0.0 17.1 
9.7 24.9 0.0 

10.0 0.0 23.0 

than the analogous systems employing sodium dodecyl sulfate 
(SDS) as surfactant. Pyridinium salts were also shown to have 
a higher water-solubilizing capacity than the corresponding tri- 
methyl salts, perhaps due to the greater solubility of aromatics 
in  water. Similar resultsI4 were obtained for SDS with medi- 
um-chain-length amines as cosurfactant; the increased solubility 
is presumably due to the ability of the cosurfactant to shield the 
head-group charge repulsion of the surfactant.15 The resulting 
enhancement of the W/O microemulsion solubility area (denoted 
L,) at high oil content with TPB as surfactant provides the op- 
portunity to probe for structural transitions over a relatively large 
area of the phase diagram. The aim of the present study is to 
gain information pertaining to the surfactant assemblies through 
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Figure 1. Location of the four samples used in the SANS experiments on the phase diagram of this microemulsion system. 

direct measurement in a chemical system for which boundaries 
of the L2 and middle phases have already been established. 

Experiments 
Tetradecylpyridinium bromide (TPB) is a cationic surfactant 

that forms microemulsions only in the presence of a cosurfactant 
(usually a medium-chain-length alcohol). The pseudoternary 
phase diagramI3J6 for the TPB-85% heptane/ 15% pentanol-water 
system was generated via the observation of clear to turbid ti- 
trametric end points. Nonbirefringent to birefringent transitions 
were used to delineate the demixing line in the proximity of the 
lamellar liquid crystal (LLC) region. The resulting pseudoternary 
phase diagram is shown in Figure 1 along with its depiction as 
a plane in a tetrahedral quaternary phase diagram. The region 
denoted LLC refers to an undelineated region containing sin- 
gle-phase LLCs and two-phase compositions containing LLCs. 

TPB was synthesized12 by refluxing 30 mol % excess freshly 
distilled pyridine with tetradecyl bromide in methanol solution. 
The methanol was partially distilled away, and diethyl ether was 
added until precipitation of the surfactant was initiated. Pre- 
cipitation was completed in an ice bath. The product was filtered 
cold and recrystallized six times by dissolving in a minimal amount 
of methanol and adding ether as described above. Water was 
doubly distilled from an acidic permanganate solution in an 
all-glass system. The heptane and pentanol were purchased (and 
used as received) from the Fischer Scientific Co. Deuterium oxide 
(99.8 atom O/o D) was purchased (and used as received) from the 
Aldrich Chemical Co. 

A set of four samples containing TPB as surfactant, pentanol 
as cosurfactant, heptane, and heavy water in the relative con- 
centrations reported in Table I (TPBI, 3, 5 ,  7) were prepared. 
Another set of four "blank" samples (TPB2,4,6,  8) containing 
nondeuterated water were prepared by using the same mole 
fractions of all components. The locations of the samples are 
shown on the phase diagram in Figure 1. Each sample in these 
two sets was prepared by first weighing dry surfactant into a 
screw-cap culture tube. A solution of 85% heptane and 15% 
pentanol was then added dropwise in an amount necessary to 
obtain the desired starting point for titration. These solutions were 
titrated with heavy water (or normal water for blank samples) 
and vigorously stirred on a vortex mixer until the desired water 
content on the water dilution line (see Figure 1) was reached. 
Water weight fractions ranged from 5.0% to 23.0%, hence covering 
the realm of closed structures and omitting regions of premicellar 
aggregates".'* and bicontinuous  structure^^^^^^ as suggested by 

(16) Lindemuth, P. M.; Duke, J. R.; Blum, F. D.; Venable, R. L. J. Colloid 

( 17) Sjoblom, E.; Friberg, S. E. J. Colloid Interface Sei. 1978, 67, 16. 
Interface Sei. 1990, 135, 539. 

PGSE-NMR measurements reported elsewhere.16 After prepa- 
ration, samples were subsequently transferred to 2-mm-path-length 
cylindrical quartz cells specifically designed for SANS mea- 
surements. The cells were sealed with tight-fitting Teflon stoppers. 

SANS data were taken at the University of Missouri Research 
Reactor Facility with the usual instrument configuration:21 
matched sample-to-detector distances of 450 cm, a wavelength 
of 4.75 A (yielding a scattering wavenumber in the range of 0.008 
A-' < Q < 0.09 A-1), and source and sample apertures of 2 and 
1 cm, respectively. Seven-hour runs were taken from the TPB 
samples and from an empty quartz cell to correct for background 
scattering. Two of these samples (TPB7, 8) were also measured 
in 1-mm-thick cells to check the amount of multiple scattering. 
No apparent difference between the two thicknesses was observed. 

Treatment of the SANS Data 
Since the nondeuterated samples did not show a coherent (Q- 

dependent) signal, the following sample blank and background 
corrections have been performed to extract the coherent part 
(I,h(Q)) of the scattered intensity from the partially deuterated 
samples: 

i i  

Icoh(Q) = [IId/h(Q)/Td/h) - I q c 1  - (C/C)[Vh(Q)/ThI - 1 q c 1  
w tot 

(1) 
where Id/h,  Ih, and Iqc are measured intensities from the partially 
deuterated and nondeuterated samples and from the empty quartz 
cell, while the Ts are the corresponding sample transmissions. 
The scaling factor ( ~ ~ / ~ f o , )  is the ratio of the incoherent ma- 
croscopic cross sections for the water fraction and for the whole 
(nondeuterated) sample. These ratios are calculated to be 4.176, 
10.896, 13.6%, and 18.5% for the four samples (TPB2, 4, 6, 8). 
The data files resulting from blank/background correction were 
denoted TPB12, 34, 56, 78. 

Intradroplet/Interdroplet Structure Factors 

centration is in general given by the expression 
The scattered intensity for a droplet system of arbitrary con- 
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TABLE 11: Moieties and Scattering Lengths 
est scattering 

moiety mol wt vol, nm3 length, cm 
CH2 14.0 0.0262 -0.0834 
CH3 15.0 0.0517 -0.4567 
pyridinium head group 79.0 0.0364 2.394 
Br- 79.9 0.0517 0.679 
H 2 0  18.0 0.0299 -0.168 
D2O 20.0 0.0301 1.916 
C5H,10H 88.15 0.1798 -0.5847 
C7H16 100.2 0.2434 -1.332 

0.01 0.02 0.03 0.04 0.05 0.08 0.07 0.08 0.09 

Q (A-’ 1 
Figure 2. SANS spectra from TPB/pentanol/heptane/heavy water 
microemulsions for various relative concentrations. Intensities are plotted 
on an arbitrary logarithmic scale. 

where angular correlations (important only in the liquid-crystalline 
phase) are present. This formula uses an interdroplet pair cor- 
relation function gcm(R) and two intradroplet structure factors: 

Here N ,  n, and V are the total number of droplets, number of 
particles per droplet (heavy water + head groups in the Stern 
layer), and the total sample volume, while p,(Q) is the fluctuating 
density associated with droplet a. Note that the machine constant 
containing aperture and flux consideration has been omitted so 
that relative intensities are being considered. The last ensemble 
average (- .)cond is a configuration average over two droplets (here 
referred to as 1 and 2) separated by an interdistance (center-to- 
center) R I 2 .  In the general case, this conditional average depends 
on R l z .  In the special case where orientational correlations are 
not important (such as in the isotropic phase being investigated 
here), the integral term can be split as a product of interdroplet 
and intradroplet contributions giving a simpler (more common) 
form: 

in terms of the single droplet structure factor P(Q)  and the in- 
terdroplet (here referred to as c-of-m) structure factor Scm(Q).  
h,(Q) is the total correlation function, which is expressed in terms 
of the direct correlation function C,(Q) by the Ornstein-Zernicke 
form: 

Since there is PGSE-NMR evidenceI6 that our samples are 
characterized by spherical droplets, this last formalism (eqs 4) 
was used to analyze SANS data. 

P(Q)  was modeled by the usual structure factor for a sphere 
of radius R, [3j , (QR)/QRI2,  wherej,(QR) is the spherical Bessel 
function of first order, while Ccm(Q) is borrowed from the Per- 
cus-Yevick model with hard-sphere potential. Such an approach 
has the advantage of making use of compact analytical forms for 
fitting the data with two floating parameters (sphere radius R 
and packing fraction 1). This treatment is a special case of the 
mean sphere approximation model,’ which uses two more pa- 
rameters (interaction strength and range) besides R and 7. 

Results and Discussion 
As Figure 2 shows, the SANS spectrum for the lowest water 

content shows a slowly decreasing variation while the others are 
characterized by a broad peak. The decreasing dependence of 

TABLE 111: Volume Fractions Estimated from Mixing Conditions 
(Table I )  and Moieties (Table 11) 

micellar core + Stern laver 
deuterated micellar 50% pentanol 100% pentanol 

samoles core in  Stern laver in Stern laver 
TPBl 0.040 0.068 0.084 
TPB3 0.084 0.1 11  0.126 
TBP5 0.135 0.161 0.174 
TBP7 0.185 0.208 0.221 

7 MICELLAR CORE 

I 4  STERNL LAYER 

M10 PENTANOL 

TPB 

0 B i  

R A D I A L  DISTANCE 

Figure 3. Scattering length densities in the micellar core, the Stern layer, 
and the outside hydrocarbon continuum. 

intensity on the scattering vector Q for TPB12 is indicative of 
scattering from single particles, while the broadly peaked behavior 
of the ensuing samples is evidence of interference scattering when 
interparticle distances become comparable to particle sizes. The 
magnitude of the interparticle interactions can be seen to increase 
with increasing water concentration. 

Estimates of the partial volumes of head groups, counterions, 
water molecules, and hydrocarbon subunits have been performed 
(Table 11) to obtain estimated scattering volumes (Table 111) based 
upon the mixing conditions of the samples. The average volumes 
for CH2 and CH3 were determined from the densities of pentane, 
hexane, heptane, and octane with relative standard deviations of 
2.76% and 11.38’76, respectively. Venable and Nauman22 have 
determined via light-scattering and surface tension measurements 
that the trimethylammonium and pyridinium head groups occupy 
about the same area. The volume of the trimethylammonium head 
group was calculated from the literature23 value of the cetyltri- 
methylammonium monomer volume, and the assumption was 
made that the volumes of the two head groups are approximately 
the same. 

(22) Venable, R. L.; Nauman, R. V. J .  Phys. Chem. 1964, 68, 3498. 
(23) Farinato, R. S.; Rowell, R. L. Solution Chemistry of Surfactants; 
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Figure 4. Result of the nonlinear least-squares fi t  (eq 4) for sample 
TPB34. f ( Q )  and S,,(Q) are also plotted. 

TABLE IV: Results of the Least-Sauares Fit to Eq 4 
av vol droplet 

sample intercept radius R,O A fraction 7 radius r, A 
TBPl2 59 18  0.00 
TPB34 1029 33 0.1 1 16 
TPB56 5494 46 0.16 25 
TPB78 16528 60 0.18 34 

'The average radius R extracted from the Percus-Yevick fit repre- 
sents an average intermicellar (center-to-center) distance. 

The micellar model depicted in Figure 3 was used in conjunction 
with the estimated volumes to calculate scattering volumes (Table 
111) and scattering length densities. Moreover, we have assumed 
in the model that 77% of the bromide counterions are bound to 

the Stern layer a t  a given time (with the other 23% distributed 
throughout the micellar core)24 and that all the surfactant is 
located at  the interface with a 5 0 / 5 0  partitioning of the alcohol 
between the interface and the continuous phase. Assuming 50% 
of the alcohol at the interface in the low water case gives a volume 
fraction of 6.8%, while assuming 100% of the alcohol residing a t  
the interface would give a volume fraction of 8.4%, a difference 
of less than 2% (see Table 111). 

Calculations of the scattering length densities show (see Figure 
3) that the main inhomogeneity visible to neutrons corresponds 
to the micellar core (heavy water with a fraction of the bromide 
counterions) along with the Stern layer (pyridinium head groups, 
a fraction of the pentanol head groups, and the remaining fraction 
of the bromide counterions) with a high coherent scattering cross 
section in a continuum of low scattering cross section (heptane, 
TPB tails, and pentanol tails and the remaining pentanol fraction 
dissolved in the oil phase). 

Results of the fits of the corrected data (TPB12, 34, 56,  78) 
to eq 4 are included in Table IV. Figure 4 shows an example 
of such a fit for run TBP34 along with the single-particle P ( Q )  
and interparticle S,,(Q) structure factors. Comparisons of the 
measured volume fractions given in Table IV with the estimated 
values given in Table 111 show that the spherical micelles as- 
sumption is realistic and intermicellar interactions are fairly well 
screened (hard-sphere interactions). 
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Negative Ion Formation from N,O Clusters by Impact of Highly Excited Rydberg 
Krypton Atoms and Electrons 
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Neutral clusters of nitrous oxide, (N,O),, formed in a supersonic nozzle expansion were ionized by impact of high-Rydberg 
krypton atoms, Kr**,  and slow electrons having kinetic energies of 1-10 eV. Negative cluster ions, (N20),,0- ( n  1 3) and 
(N20),,- ( n  1 5 ) ,  were produced by Kr** impact, while (N20),0-  (n 1 0) and trace amounts of (N,O),NO- ( n  L 0) and 
(N,O),,- ( n  1 1 )  were observed by electron impact. The intensity ratio, (N20);/(N20),,0-, produced by Kr** impact was 
2 orders of magnitude larger than that by electron impact. These observations are interpreted as follows: The (N,O),O- 
ions observed in both cases are produced via the N20-(2Zt)(N20),l resonance state, where the N20-(2X+) unit is solvated 
by the rest of the molecules. In the Kr** impact ionization, several N 2 0  molecules are evaporated after dissociation of 
N20-(2~+)(N20),-l into (N20)m10- + N2. Formation of (N20); by Kr** impact proceeds via the N20-(211)(N20),I 
resonance state followed by substantial evaporation of N20.  In contrast, intracluster ion-molecule reactions in (N20),IO- 
originating from N20-(2Z+)(N20),-I give rise to (N,O),,NO- and (N20); observed by EI. 

Introduction eV above the neutral N 2 0 .  Schulzl has shown by using trapped 
It  is well-known that a nitrous oxide molecule, ~ ~ 0 ,  captures 

an electron and dissociates into N~ and 0- (dissociative electron 
attachment).l-4 The dissociation limit is located at only -0.2 
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electron spectroscopy that the dissociative attachment proceeds 
via the resonance state having symmetry which is located at  
2.23 eV above the vacuum level. Later, Chantry, and Bardsleyj 
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