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lustration of such molecular organizations is presented in 
Figure 1. Similar structures can be produced, alternatively, 
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systems and also would lead to a better understanding of 
complex processes exhibited by these systems such as poly
morphisms (thermotropic and lyotropic) and micellar catal
ysis of organic reactions. 

The present investigation is directed toward an analysis 
of the electrolyte-induced sphere-rod transitions in surfac
tant solutions. Typical systems where these type of transi
tions occur are summarized in Table I together with litera
ture data on the micellar shape and aggregation numbers. 
Of these dodecylammonium chloride/sodium chloride [ab
breviated hereafter as DAC/NaCl] was selected as a suit
able model system for detailed study. Several techniques 
were employed to monitor changes in the dynamic and stat
ic properties of the micellar assemblies, associated with the 
transition. 

In the first part of the paper 1H and 13C N M R results 
are presented to characterize the sphere-rod transition. 
While a line-shape analysis of the proton and carbon-13 
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Abstract: The electrolyte-induced phase transition from spherical to rod-shaped aggregates in aqueous micellar solutions of 
dodecylammonium chloride (DAC) has been studied by means of proton and 13C NMR and photochemical techniques. The 
shape of the proton NMR spectrum is changed drastically upon the addition of the electrolyte (broadening of the resonance 
lines and a drop in the intensity of the lines). The relative efficiencies of various anions in inducing the transition were found 
to follow the lyotropic series Cl - < Br - = NO3 - < CIO4"". The relaxation times or T\ values for different protons of the 
DAC molecule are not as greatly affected by the structural changes. The 13C spectrum does not change significantly. T1 

values for backbone carbons (C2 to C9) are reduced, that of the a carbon is increased, and those of Cio to C12 remain unaf
fected upon the formation of rod-shaped aggregate. The dynamics of pyrene monomer and excimer fluorescence in the two 
structural forms was investigated by 347.1 nm ruby laser photolysis. The pyrene excimer yield depends both on the distribu
tion of pyrene among the micelles and their rate of diffusion. In rod-shaped aggregates the diffusion occurs along the longitu
dinal axis of the rod with a rate which is about 2.5 times smaller than in a spherical micelle. The permeability of the spheri
cal and rod-shaped micelles with respect to various species was studied by a kinetic analysis of the quenching of pyrene mo
nomer fluorescence. Differences in the quenching efficiencies observed for ionic quenchers reflect a decreased surface charge 
in the rod-like structures. Quenching experiments with Br - counterions yield an effective half-lifetime for the radial diffu
sion of the probe from the center to the periphery of the rods. Finally fluorescence depolarization studies using 2-methylan-
thracene and l-anilino-8-naphthalenesulfonate as probes are reported. The former indicates a considerable increase in micro-
viscosity of the micellar interior upon the formation of rods while the latter reveals no significant changes in the micellar sur
face region. 
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Table I. Literature Data on the Aggregation of Micelles in the Presence of Electrolytes 

Surfactant" and its 
concn (M) 

DAC Kcmc) 
DAC (0.1) 
DAC (0.1) 
DAC (0.1) 
DAC (0.1) 
DAC (0.1) 
DTAC (<cmc) 
DTAC (0.1) 
DTAC (0.1) 
TTAC Kcmc) 
TTAC (0.1) 
TTAC (0.1) 
CTAB (<cmc) 
CTAB (0.1) 
CTAB (0.1) 
CTAB (0.1) 
CPC (<cmc) 
CPC (0.1) 
CPC (0.1) 
Hyamine 1622 « c m c ) 
Hyamine (<cmc) (0.1) 
Hyamine (<cmc) (0.1) 
Hyamine (<cmc) (0.1) 

Electrolyte and 
its concn (M) 

NaCl (0.1) 
NaCl (0.2) 
NaCl (0.25) 
NaCl (0.3) 

NaCl (0.1) 

NaCl (0.1) 

NaBr (0.178) 
NaBr (0.233) 

NaCl (0.3) 

NaCl (0.11) 
NaCl (0.30) 

Micellar 
shape 

Spherical 
Rod shaped 
Rod shaped 
Rod shaped 
Rod shaped 

Spherical 
1 

Spherical 
1 

Spherical 
Rod shaped 
Rod shaped 

Spherical 
Spherical 

Spherical 
Rod shaped 
Rod shaped 

Micellar 
mol wt (Mmw) 

222 
17,800 
85,500 

655,000 
1,125,000 
1,800,000 

264 
9,900 

16,800 
292 

10,100 
25,500 

365 
29,000 

795,000 
1,860,000 

338 
27,200 
46,000 

466 
6.25 X 103 

1.23 X 105 

7.25 X 105 

Aggr No. 

1 
82 

- 4 0 0 
s 3000 
s 5 000 
s7500 

1 
- 3 5 
- 6 5 

30 
- 8 0 

1 
- 8 0 

^2000 
M500 

1 
- 8 0 

-135 
1 

14 
250 

1550 

Temp, 
0C 

35 
35 
35 
35 
35 
35 
23 
23 
23 
23 
23 
23 

31 
31 
31 
30 
30 
30 
30 

Ref 

8a 
8a 
8a 
8a 
8a 
8a 
8a 
8a 
8a 
8a 
8a 
8a 
8e 
8e 
8e 
8e 
8g 
Sg 
8g 
8c 
8c 
8c 
8c 

a DAC = dodecylamine hydrochloride, DTAC = dodecyltrimethylamine hydrochloride, TTAC = tetradecyltrimethylammonium chloride, 
HDTAB = hexadecyltrimethylammonium bromide, CTAB = cetyltrimethylammonium bromide, CPC = cetylpyridinum chloride, hyamine 
1622 = diisobutylphenoxyethoxyethyldimethylbenzylammonium chloride. 

4 
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Figure 1. Different structural forms assumed by surfactant molecules 
in aqueous solutions. 

spec t rum reveals gross features of the process, a more de
tailed picture on the motil i ty changes of the hydrocarbon 
tails of the surfactant molecules is obtained through sp in-
latt ice relaxation t ime (T\) measurements . Subsequent ly, a 
compara t ive study of the dynamic properties of spherical 
and rod-shaped micelles, through the use of fluorescent 
probes such as pyrene and 2-methylanthracene , is present
ed. The yields of pyrene monomer and excimer fluorescence 
coupled with a kinetic analysis of the f luorescence-t ime 
curves give information on the lateral diffusion of pyrene 
within the rod. Fur the rmore , the dynamics of pyrene fluo
rescence quenching elucidates the permeabil i ty of the mi
celle or r od -wa te r interface with respect to various nonionic 
and ionic quenchers . Finally, evidence for a substant ial in
crease in viscosity of the interior of micellar aggregates 
upon formation of rods, derived from fluorescence depolar
ization studies, is presented. 

Experimental Section 

Apparatus and Methods. High resolution 1H, 13C N M R spectra 
and Ti measurements were carried out with a Varian XL-100 
NMR spectrometer equipped with Nicolet TT-100 fourier trans
form accessories. All spectra were recorded in D2O as solvent and 
at ambient probe temperature (=^35°). The samples were equili
brated in the probe for at least 10 min before each run. For cali
bration work, a 3% solution of TMS in CDCl3 was used. The in

strument operates at a frequency of 100.1 MHz for 1H and at 25.2 
MHz for 13C and was locked onto the deuterium in the solvent. 

The proton and proton-decoupled 13C spectra were obtained on 
a fourier transform (FT) mode using pulsed rf power. The pulse-
width had a duration of 30 and 20 Msec for 13C and 1H measure
ments, respectively, and a time interval of 2 sec was used between 
two subsequent pulses to allow for recovery to equilibrium. An 
identical number of scans (8192) were accumulated to compare 
the line widths and intensities for various added electrolyte concen
trations. The inversion recovery method of Freeman and Hill9 in
volving a (-jr-f-ir/2) sequence (where t is the delay) was used to 
measure the T\ values and the TT/2 pulse had a duration of 52 and 
22 Msec for 13C and 1H, respectively. The program samples 8192 
data points on each FID (for a sweep width of 1000 Hz for proton 
and 2500 Hz for carbon-13) and typically 50 (for 1H) and 1024 
(for 13C) scans were accumulated before fourier transformation. 
Higher numbers of scans were used on increasing the concentra
tion of NaCl in order to achieve a better S/N ratio. All 13C Ti 
values were measured with proton-decoupled natural abundance 
13C PRFT spectra. 

Laser photolysis studies were carried out with a KORAD fre
quency-doubled Q-switched ruby laser. The 347.1 nm laser pulse 
had a width of 15 nsec with an energy output of ~200 mJ. Tran
sient absorption and fluorescence were detected by means of fast 
kinetic spectroscopy, a detailed description of which has been given 
elsewhere.10 

Steady state fluorescence and fluorescence depolarization studies 
were made on an Aminco-Bowman spectrophotofluorimeter. Suit
able cutoff filters were placed on the excitation and emission chan
nels to minimize the scattered light. Polacoat 105 polarizers with a 
spectral range of 200 to 800 nm were used to measure the degree 
of polarization. The experimental details for measuring the degree 
of polarization and the necessary equations which give microvis-
cosity from the measured degree of polarization have also been de
scribed earlier.60 The concentrations of solubilized probes were 
measured from their absorption spectra recorded on a Cary 14 
spectrophotometer. 

Materials. DAC (Eastman) sample was recrystallized several 
times from alcohol-ether mixtures. All the electrolytes [NaCl, 
NaBr, NaI, TlNO3 , CuCl2, NaClO4] were of A.R. grade and were 
used as supplied. 

Pyrene (Kodak) was passed through silica gel in cyclohexane so
lution and then recovered. 

D2O (Merck & Co., 99.9%) was used as supplied. Laboratory 
distilled water was redistilled from KMnO4 . 
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Figure 2. Effect of added NaCl on the 1H NMR spectrum of micellar 
DAC (0.1 M) solutions in D2O. 

NMR Studies on DAC-NaCl Sphere-Rod Transition 

(1) Proton NMR Studies of DAC-NaCl Solutions. The 
electrolyte-induced phase transition of spherical DAC mi
celles into rod-like structures has been investigated earlier 
by means of light scattering and viscosity measurements.83 

While these techniques reveal changes in the shape and 
aggregation number of the micellar assemblies as a whole 
no detailed information can be derived regarding any possi
ble changes in the dynamic properties of the hydrocarbon 
chains of the surfactant molecules which may occur during 
the phase transition. Nuclear magnetic resonance studies 
provide a very effective method for the investigation of the 
micellar solutions. Changes in the line width and spin-lat
tice relaxation times give information concerning the rela
tive mobility of the particular grouping within the two dif
ferent phases. 

Figure 2 shows 1H NMR spectra of 0.1 M DAC solu
tions in the absence and in the presence of increasing 
amounts of electrolyte, NaCl. The proton spectrum of DAC 
consists of five peaks: the H-OD resonance (at 5 4.95), the 
N H 3 + triplet (centered 8 3.37), a strong CH 2 resonance (at 
<5 1.65) with the a-CH 2 appearing as a shoulder on the low 
field side of the peak, and a CH3 triplet (centered at 5 
1.22). A striking feature of this figure is the pronounced in
fluence of the electrolyte on the NHa + and CH 2 resonances. 
The presence of NaCl causes an increase in the line width 
accompanied by a significant drop in peak intensities. The 
effect on line width is particularly pronounced above 
[NaCl] > 0.1 M. At [NaCl] > 0.35 M, the line broadening 
and the decreased intensity lead to complete disappearance 
of the absorption lines. Similar behavior was observed in 
DAC solutions for the addition of NaBr, NaC104, or 
N a N 0 3 . The effectiveness of the electrolyte anion in induc
ing changes in the appearance of the spectrum was found to 
increase in the order 

Cl" < NO3
- = Br" < ClO4" (1) 

Replacement of the protons of the quaternary ammonium 
head group (NH3+) by CH3 groups does prevent the elec
trolyte effect. This is clearly shown in the 1H spectrum for 
dodecyltrimethylammonium chloride (DTAC) which is not 
influenced by the presence of the salt. 

In order to elucidate the factors controlling the observed 
spectral changes, spin-lattice relaxation times (7"i) were 
determined for the various types of protons and the results 
are summarized in Table II. It is noted that the T\ value for 
the terminal methyl group decreases upon the formation of 
rods. This indicates longer correlation times (T) for the mo-

Table H. Proton T1 Values (sec) for Different Types of Protons 
in DAC Micellar Solutions in D2O 

Solution 

DAC 0.1 M 
DAC 0.1 M + 

NaCl 0.1 M 
DAC 0.1 M + 

NaCl 0.2 M 

- C H 2 -

0.470 
0.480 

0.475 

- C H 3 -

0.87 
0.67 

0.545 

- N H / 

0.65 
0.51 

0.52 

tion which controls the relaxation process. It may seem sur
prising that the T\ values for the methylene protons do not 
change significantly during the phase transition, while the 
line widths of peak undergo considerable broadening. How
ever, this can be rationalized in terms of differences be
tween the transverse and longitudinal relaxation times. 
Slower motion of the chains, e.g., segmental motions or 
rotations of the rods as a whole, are expected to decrease Ti 
while T\ may remain unaffected. As the line width is given 
by Ti, expressed by Ai/1/2 ^ (l/nTi), then the line width 
increases during the phase transition despite the fact that 
Ti remains unchanged. An alternative reason for the in
crease in line width can be sought in dipolar broadening. 
This phenomenon is caused by either slow isotropic motion 
or anisotropic motions which occur partially at a "slower 
rate". 

Thus, significant changes occurring in the ' N M R spectra 
during the phase transition from spherical to rod-shaped 
micelles may be utilized to monitor the change. However, 
the information from proton T\ values in these phase 
changes is not as significant. The line shape is a useful pa
rameter to assess changes in the degree of association in
duced by the added electrolyte." The relative efficiency of 
the added electrolyte in producing the phase transition may 
be interpreted in terms of the degree of hydrophobicity of 
the ions. Anions such as B r - and CIO.4- have a stronger hy
drophobic character than C l - and hence display a greater 
affinity for adsorption in the Stern layer of cationic mi-
celles.6c,g'h The binding of counterions neutralizes the sur
face charge promoting further aggregation. The strong in
teraction of the hydrophobic ions with the micellar surface 
is then responsible for the greater effectiveness of these ions 
in producing the sphere-rod phase transition. 

Quite recently counterion binding to micelles has been 
studied in detail by calorimetric and potentiometric meth
ods.6' The affinity of different ions for micellar surfaces is 
related to their position in the lyotropic series (Hoffmeister 
series). 

The absence of line broadening in solutions of micellar 
DTAC emphasizes the role of the nature of the ionic head 
group in structural changes in solutions of cationic surfac
tants. DTAC molecules differ from DAC in that the pro
tons of the ammonium groups are replaced by methyl 
groups. The presence of the methyl groups in the micellar 
surface layer apparently prevents the electrolyte-induced 
aggregation to larger micelles. 

It should be emphasized that the 1H CH 2 signal is an av
erage comprised of contributions from 11 different methy
lene groups of the hydrocarbon chain. With 13C N M R it is 
possible to detect the motions of the individual carbons 
forming the backbone of the surfactant molecule. As the 
chemical shifts for 13C span a wider range (=*200 ppm), 
spin diffusion in natural abundance does not occur, so that 
the interpretation of T\ measurements is simplified. 

(2) 13C NMR Investigations. The proton-decoupled 13C 
NMR spectra of DAC (0.2 M) in spherical and rod-shaped 
micelles are presented in Figure 3. The spectrum consists of 
9 resolved lines. The assignments for the lines are also given 
in the figure. In contrast to the proton spectrum the 13C 
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Table III. 13C Spin-Lattice Relaxation Times for DAC Micellar Solutions in D2O 

Solution 

0.2 DAC 
0.2 DAC + 

0.2 NaCl 

C12 

2.23 
2.20 

C11 

0.96 
1.12 

C10 

0.82 
0.65 

C9 

0.53 
0.33 

T1, sec 

C8 

0.41 

C7 

0.47 

C6.3 

0.485 
0.38 

C2 

0.46 
0.46 

C1 

0.37 
0.45 

12 Il IO 9 S 7 6-3 Z 

C H 3 - C H 2 - C H 2 - C H 2 - C H 2 - C H 2 - ( C H 2 I - C H 2 - C H 2 - N H 3 C I " 

^^w/ 

^ w > , l f * ^ i " ™ , , , , ^ 

3 - 6 

2 9 
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Figure 3. 13C NMR spectrum of 0.2 M DAC solutions in D2O in the 
absence (bottom) and in the presence (top) of 0.2 M NaCl. 

spectrum retains the salient features of the spectrum in 
spherical aggregates, on addition of 0.2 M NaCl. There is a 
broadening of the base underneath the peaks, while the 
peak widths are affected differently by the electrolyte. For 
example, addition of NaCl narrows the Ci peak while the 
other Cn peaks are unchanged or broadened. In Table III 
spin-lattice relaxation times (T\) for the various resolved 
resonances are presented both in the absence and in the 
presence of 0.2 M NaCl. For a given shape of micelle, the 
T\ values for individual carbon sites decrease with decreas
ing distance from the polar head group. The T\ values for 
carbons 10 to 3 are smaller in the rod-shaped assemblies 
than in spherical aggregates, the T\ values for C12 and C n 
remaining unaffected. 

In large and intermediate sized molecules the 13C spin-
lattice relaxation times12 are dominated by 1 3C-1H dipolar 
interactions. For the simple case of a monoprotonated car
bon the T\ is related directly to the correlation time for the 
rotational reorientation of the pertinent C-H vector. Multi-
ple-protonated carbons forming a long-chain molecule are 
subject to several internal rotational degrees of freedom in 
addition to the overall rotation of the molecule as a whole. 
In such cases an effective correlation time (reff) is measured 
which is related to T\ by 

— = Nn2yc
2rH

2rCK (2) 

where N is the number of directly attached protons, 7 H and 
7 c are the gyromagnetic ratios of H and 13C, respectively, 
h is Planck's constant, /"CH is the carbon-hydrogen bond 
length, and reff is the effective correlation time. 

If the overall reorientation of the micellized surfactant 
molecule is slow compared to the internal modes, then it is 
reasonable to assume that reff is determined predominantly 
by the rotational mobility of individual protonated carbons. 
Thus T\ values and their variations provide information 
about the relative mobility of a hydrocarbon chain in a 
given environment. In solutions of micellized DAC an 
increase in T\ values is observed on moving from the polar 
head group toward the terminal CH3, indicating a motional 
gradient along the chain with the CH3 group being in a 
more fluid-like environment. This behavior parallels the 
earlier observations made in micellar solutions.13 It should 
be noted, however, that the T\ values for carbons 10 and 
above are considerably higher than those for the rest of the 
chain. Apparently, the most significant variation in micro-
viscosity occurs in a narrow region of the micellar core. Ad
dition of electrolyte causes two marked changes in the T\ 
values: while the T\ values for the backbone carbons de
crease, the T\ for a carbons increase. The first effect can be 
understood in terms of an increased rigidity of the environ
ment of the hydrocarbon core, arising from a partial or
dering of the hydrocarbon chains in the rod-like struc
ture.1311 Smaller T\ values have also been observed for rod-
shaped CTAB as compared with spherical A'-octyltrimeth-
ylammonium bromide micelles. In order to explain the sec
ond phenomenon it is necessary to consider the effect of 
electrolyte on the structure of the micelle-water interface. 
It has been shown previously that the electrolytes may pert
urb the water structure surrounding the head groups and 
the adjacent methylene groups.13b A destruction of the 
water structure by the electrolyte ions present in the Stern 
layer of the rod-shaped aggregates may lead to greater free
dom of motion for the a-CH2 group. 

It is still necessary to explain why the line widths of the 
carbon resonances do not show the dramatic increase upon 
the addition of electrolyte as is observed in the 1H spectra. 
The T\ values for the protons and carbons are comparable 
and cannot account for this effect. However, the T2 for pro
tons is expected to be shorter than for carbons, due to more 
efficient transverse relaxation resulting from the coupling 
of like spins ( 1 H - 1 H ) comparable to that of unlike spins. 
( 1 3 C - 1 H ) . Another14 contribution to the shorter T2 for 
protons could arise from intermolecular long-range dipolar 
interactions which are caused by slower motions of the sur
factant molecules in the rods. The gyromagnetic ratio for 
1H is higher than for 13C, and hence, 1H is more suscepti
ble to dipolar broadening. 

Features of Pyrene Fluorescence in DAC Micellar Solutions 

(1) Monomer and Excimer Fluorescence of Pyrene. The 
relatively long lifetime of the pyrene excited singlet state 
and its strong affinity for hydrophobic regions has prompt
ed its use as a fluorescent probe for the hydrophobic regions 
of micelles and other biological macromolecules.15 Another 
feature of this probe is the formation of excimers16 which 
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Figure 4. Fluorescence spectra of pyrene solubilized in 0.1 M DAC so
lutions, Xexit 360 nm: (•••) [pyrene] = 1O-2 M; (—) [pyrene] = 1O-3 

M, [NaCl] = 0.2 M\ ( ) [pyrene] = 3 X 10"3 M, [NaCl] = 0.2 M; 
(---) [pyrene] = 3 X 10"3M. 

have a characteristic emission, red-shifted and easily sepa
rated from the monomer fluorescence. 

P* — - P (3) 

P* + p =,=- p2* (4) 

P2* —* 2P (5) 
V 

As the excimer formation of eq 4 occurs at a diffusion-
controlled rate17 the yield of excimer emission is sometimes 
correlated with the diffusion coefficient for pyrene within 
the investigated microenvironment.18 The following section 
of data is concerned with a comparison of pyrene monomer 
and excimer fluorescence yields in spherical and rod-shaped 
DAC micelles. The results are supplemented by a kinetic 
analysis through the application of nanosecond laser photol
ysis. It will be shown presently that, in multiphase systems, 
the measurements of the pyrene monomer and excimer 
yields alone may not provide conclusive information about 
the diffusion rate of pyrene. 

Figure 4 shows fluorescence spectra for pyrene dissolved 
in spherical and rod-shaped micelles. All four curves have 
the characteristic features of the pyrene fluorescence with 
the structured monomer emission peak in the 400-nm re
gion and the broad structureless band of the excimer with a 
maximum around 480 nm. The ratio of the emission intensi
ties at 480 and 400 nm, which is proportional to the excimer 
yield, is dependent on both pyrene concentration and the 
size of the micellar aggregate. In 1O-3 M pyrene solution 
this ratio increases upon the addition of NaCl indicating a 
higher yield of pyrene excimers in rods. However, at 3 X 
10 - 3 M, the electrolyte produces the reverse effect. Appar
ently at this probe concentration the excimer yield is higher 
in the spheres than in the rods. In order to interpret these 
data it is necessary to investigate the time dependency of 
monomer and excimer emission and to consider the distri
bution of pyrene in the micellar solutions. Oscilloscope trac
es showing the formation and decay of the pyrene monomer 
and excimer fluorescence in micellar DAC solutions are 
presented in Figure 5. 

In spherical aggregates, the monomer fluorescence decay 
exhibits one smooth kinetic form up to a pyrene concentra
tion of 10~4 M, and the fluorescence lifetime (rf) is 358 
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Figure 5. Decay of pyrene fluorescence (ordinate, relative fluorescence 
intensity) in spherical and rod-shaped micelles-. A, [pyrene] = 1O-4 M, 
X 400 nm; B, [pyrene] = 10"4 M, [NaCl] = 0.2 N, X 400 nm; C, [py
rene] = 10"3 M, X 400 nm; D, [pyrene] = 10"3 M, [NaCl] = 0.2 N, X 
400 nm; E, [pyrene] = 5 X lO"4 M, X 480 nm; F, [pyrene] = 5 X 10"4 

M, [NaCl] = 0.2 JV, X 480 nm. 

11.0 -

) l I I I 1 I I 1 1 — 

O 0.08 0.16 0.24 032 
[ Time x 10s ] 

Figure 6. A semilogarithmic plot of intensity vs. time for the fluores
cence decay curves shown in Figure 5. The form of plots (from the top) 
refer to the decay curves A, B, C, and D of Figure 5 respectively. 

nsec. At higher pyrene concentrations the fluorescence 
curves consist of two parts: an initial steep decay followed 
by a slow component with a decay rate similar to that ob
served in dilute pyrene solutions. This behavior is more 
clearly demonstrated in Figure 6 which is a semilog plot of 
the monomer decay curves. The fraction of rapidly disap
pearing pyrene excited singlets (F) can be evaluated by ex
trapolating the two linear parts of a decay curve such as B 
back to the ordinate axis. From the intercepts a and b one 
obtains F via 

F = I - e""1 (6) 

The parameter F increases with increasing pyrene concen
tration. The rapid portion of the monomer decay is due to 
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P/M , rod shaped micelles 
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I 1 1 1 
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[ Pyrene ] , M x IO3 

Figure 7. Distribution curves for pyrene in spherical and rod-shaped 
micellar solution, ordinate M,/M (fraction of micelles occupied with i 
probe molecules): (—) i = 1, (—-) i > 1, ( ) / > 1. The average 
number of probes per micelle P/M was calculated from the concentra
tion of micelles [M] and pyrene [P]. [M] = [(DAC) - (CMC)/«] 
where n, aggregation number, = 3000 for rods and 82 for spheres. 

excimer formation in micelles containing more than one py
rene molecule. This is amplified by the behavior of the ex
cimer fluorescence, which is also shown in Figure 5. The 
growth of the excimer matches the initial fast monomer 
decay. A maximum is reached after =*65 nsec. The subse
quent decay, with Tf = 70 nsec, is typical of pyrene excimers 
in nonpolar environment. The specific rate for the excimer 
formation may be defined as 

V = (Ur1 - 1/T£O) (7) 

where Tf and Tf0 are the lifetimes for the steep part of the 
monomer fluorescence decay and that in very dilute pyrene 
solutions, respectively. It was noted that ke does not in
crease linearly with pyrene concentrations as would be ex
pected if simple pseudo-first-order kinetics governed the ex
cimer formation. For example, at [pyrene] = 10~3 M the 
slope of the steep linear part of the curve in Figure 5 gives 
ke' = 1.1 X 107 sec - 1 , while ke' = 1.4 X 107 sec"1 at [py
rene] = 3 X 1O - 3M. 

In rod-shaped aggregates (0.1 M DAC, 0.2 M NaCl) 
the monomer fluorescence decay, at low pyrene concentra
tion, is indistinguishable from that observed in spheres (Fig
ure 5). A striking difference is noticeable, however, in solu
tions of pyrene > 1 0 - 4 M, where the decay is homogeneous 
and obeys first-order kinetics. At [pyrene] = 10~3 M the 
fluorescence decays more slowly than the initial fast part in 
solutions of spherical aggregates, but more rapidly than in 
dilute pyrene solutions. This indicates that the rate of ex
cimer formation is decreased on forming rod structures 
from spherical micelles. The oscilloscope traces obtained at 
X 480 nm confirm this statement. The excimer growth is 
slower and reaches a broad maximum after ^ 8 0 - 1 0 0 nsec. 
The subsequent decay is also slower as compared to that ob
served in spherical aggregates. This is consistent with the 
kinetic scheme outlines in eq 3 to 5, as a decrease in the ke 

value tends to broaden the excimer fluorescence curve. In 
rod-shaped aggregates the ke' value increases linearly with 
pyrene concentration (Figure 7). Using the bulk pyrene 
concentration and the slope of the line, a /ce(rods) = 4.2 X 
109 M~l sec - 1 is obtained. The pyrene concentration in the 
rods is about 30 times higher than the total bulk concentra
tion, as the hydrocarbon phase in a 0.1 M DAC solution is 
only 3% of the total volume. Taking this into consideration 
a ke = 1.3 X 108 M~x sec - 1 is calculated. 

It may be concluded that the yield of excimers formed in 

2 3 
[ Pyrene ] , M x IO3 

Figure 8. Effect of pyrene concentration on the specific rate of excimer 
formation in rod-shaped micelles. 

the two kinds of aggregates is determined by the rate of dif
fusion of pyrene molecules and the distribution of the probe 
among the micelles. If the surfactant is associated in rela
tively small spherical aggregates the degree of dispersity of 
the hydrocarbon microphase is high. Hence only a fraction 
of the micelles have more than one pyrene incorporated in 
them. This fraction alone will contribute to the excimer 
yield since the intermicellar exchange of pyrene is slow with 
respect to the excited state lifetime. Assuming a statistical 
distribution of the probes it is possible to derive values for 
the occupancy of spherical DAC micelles. These data are 
presented in Figure 8. These curves allow a prediction of 
the fraction of monomers decaying via excimer formation. 
For example, at 10 - 3 M pyrene, where the average concen
tration of pyrene per micelle is 1, 50% of the micelles are 
occupied. Half of these have two or more pyrene incorpo
rated. Hence one expects that 50% (F = 0.5) of the fluores
cence should decay rapidly via excimer formation as indeed 
is observed. Similar agreement with experimental parame
ter F was also found at other pyrene concentrations. These 
data vindicate the hypothesis that a statistical process con
trols the distribution of the probe in the micelles. In rod-
shaped aggregates the average number of pyrene molecules 
per micelle is dramatically increased (Figure 8 second ab
scissa). At [pyrene] S; 1O-4 M, almost all the rods will ac
commodate more than one probe. Hence here the statistical 
feature is much less important when considering excimer 
yields than in spherical aggregates. The controlling factor 
in the formation of excimers is via diffusion of the excited 
probe along the longitudinal axis, to a point where it even
tually encounters another solubilized pyrene. The probabili
ty of encounter increases linearly with pyrene concentration 
and this explains the observed linear relation between ke' 
and [pyrene], From the rate constant kt = 1.2 X 108 A/ - 1 

sec - 1 it is possible to derive that the rate of approach of the 
pyrene molecules within the rods is about a factor of 60 
slower than in a normal hydrocarbon (ke = 7.0 X IO9 M~] 

sec - 1 ) . 1 0 In spherically shaped micelles the diffusion is con
siderably faster than in the rods indicating that the sphere-
rod transition is associated with an increase in microviscos-
ity of the micellar interior. The slower rate of formation of 
excimer in these systems compared to simple liquid hydro
carbons reflects on the rate of lateral diffusion of pyrene 
and pyrene excited singlet states in the aggregates. Fluores
cence polarization measurements give a measure of the ro
tational diffusion of the probe in aggregates. This effect will 
be dealt with further in connection with fluorescence depo
larization measurements. 

From Figure 4 it is possible to rationalize the two effects 
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of the electrolyte on the excimer yield at the two pyrene 
concentrations. In solutions with 1O-3 M pyrene in spheri
cal micelles the statistical effect plays a crucial role in the 
excimer formation process. Even though the rate of ap
proach of two pyrene molecules in the rods is slower than in 
the spheres, a stronger excimer emission is found in the lat
ter case. However, at 3 X 1O -3 M pyrene the diffusion pro
cess predominates and leads to the inverse effect. It is be
lieved that the above analysis may have significant bearing 
on the interpretation of similar experiments in more com
plex systems such as phospholipid dispersions, proteins, and 
biomembranes. In these systems the size and dispersity of 
the hydrophobic cavities (the site of optical probes such as 
pyrene) may control the distribution of the probe and hence 
complicate a simple interpretation of the fluorescence 
yields. 

(2) Quenching of Pyrene Monomer Fluorescence. One 
point of particular interest in the properties of lipid-water 
interface is the permeability of the interface to different 
types of additives. Previous studies6d have established a cor
relation between the rate of fluorescence quenching of the 
solubilized probe and the ease of access of a quencher 
(which may mainly dissolve in the aqueous phase) to the 
solubilization site. This can be made use of to test the per
meability changes during the sphere-rod transitions in 
DAC solutions. Such experiments are preferably performed 
at low pyrene concentrations [(pyrene) < 1O-4 M] in order 
to avoid excimer formation. Under these conditions, the 
quenching efficiency is given by 

k = k0 + fejQ] (8) 

where k = the observed rate constant, ^o = the rate con
stant of the fluorescence decay in the absence of quencher, 
fcq = the quenching efficiency, and [Q] = the concentration 
of the quencher. 

Table IV summarizes the data obtained from laser pho
tolysis studies of pyrene monomer fluorescence in the pres
ence of various ionic and nonionic quenchers. For cations 
such as Tl+ and Cu 2 + the rate constants obtained for the 
micellar solutions are markedly lower than the quenching 
efficiency in methanol; thallous ion shows a relatively high
er efficiency than Cu2 + . The kq values for both ions in
crease when rod-shaped aggregates are present. The reverse 
effect is shown by the iodide ions. The quenching rate con
stant for spherical micelles in even greater than in homoge
neous solution and decreases on forming rod-like structures. 
Finally the quenching reaction of oxygen is slightly faster in 
rods than in spherical micelles but considerably slower than 
in methanol. 

In principle the ease of entry of a quencher from an aque
ous environment into a micelle can be influenced by four 
factors: the charge of the interface, the charge of the ion, 
the separation of the head groups, and the microviscosity of 
the micellar interior. The present data exemplify this con
cept. Clearly, in the case of a cationic quencher the electro
static repulsion at the micellar surface prevents its approach 
to pyrene in the micelle and hence reduces the probability 
of quenching. This effect is less pronounced in rod-shaped 
micelles as the surface potential decreases upon the addition 
of the electrolyte. Copper ions being doubly charged are 
subject to stronger repulsion forces which explains the ob
served differences in the kq values. Similarly, the attraction 
of the I - toward the charged interface leads to an enhanced 
quenching efficiency in the spherical micelles compared to 
that in methanol or in rods. At first sight it is surprising 
that oxygen can penetrate the rods more readily than the 
spherical micelles, as the micellar head groups are expected 
to be more closely packed in the large aggregate.19 Presum-

Table IV. Summary of Pyrene Fluorescence Quenching Efficiency 
in Solutions of Spherical and Rod-Shaped DAC Micelles 

Quencher 

Tl+ 

Cu2+ 

1° 
O2 

£q(sphere), 
Af-1 sec -1 

3.1 X 107 

< 1 0 « J V ~ ' sec"' 
6 X 109 

3.5 X 109 

fcq(rod), 
Af"1 sec"' 

3 X 108 

4.6 X 107 

2.5 X 109 

4.3 X 10' 

^CH3OH: 
M ' sec ' 

5 X 109 

2 X 10'° 
3 X 109 

2 X 10'° 

ably, the added NaCl in the former solution disrupts the 
water structure around the head groups in the interface 
which could offset this effect. 

A special situation arises if the quencher is an ion such as 
B r - which specifically binds to the surface of a micelle. 
This case has been dealt with previously in the interpreta
tion of pyrene fluorescence data in CTAB micellar solu
tions.60 A similar consideration applies for the solutions of 
DAC containing pyrene as a fluorescent probe and an ex
cess of B r - electrolyte. Equation 8 no longer describes the 
quenching kinetics since the decay of pyrene monomer flu-
roescence is controlled by the fraction of micellar surface 
covered with B r - ions and the rate of diffusion of pyrene 
excited state toward micelle-water interface. In solutions 
containing 0.2 M NaBr, 0.05 M DAC, and 1O-5 M pyrene 
the fluorescence lifetime (rf) is 200 nsec. Increasing the 
[Br -] to 0.3 M reduces Tf to 180 nsec. It was pointed out in 
the NMR section that NaBr induces a phase transition and 
that rod-shaped aggregates of DAC prevail at [NaBr] > 
0.1 M. The above data may then be interpreted in terms of 
radial diffusion of pyrene from the center to the surface of 
the rods. The quenching efficiency of NaBr can be ex
pressed as 

feq = 1 / T - 1 / T 0 (9) 

where TQ is the lifetime of pyrene in rod-shaped micelles 
with C l - counterions. The data give ka = 2.17 X 106 sec - 1 

at 0.2 M NaBr and kq = 2.72 X 106 sec - 1 as 0.3 M NaBr. 
At 0.3 M NaBr most of the surface is expected to be occu
pied with Br - ions. Hence, the latter kq value is determined 
predominantly by the diffusion of pyrene to the surface. 
Hence, the diffusion of pyrene excited state from the interi
or to the surface of the rod has a ?i/2 ^ 254 nsec. This 
value is considerably higher than t\/2 — 90 nsec found for 
the diffusion in spherical CTAB micelles60 indicating great
er obstruction for the radial diffusion in the larger aggre
gates. 

(3) Fluorescence Depolarization Studies in DAC/NaCI 
Micellar Solutions. A direct and convenient method to ob
serve restrictions on molecular motions is through the study 
of depolarization of fluorescence. In solutions of fluorescent 
molecules the degree of polarization of the emitted light 
measured at right angles on the incident polarized light 
beam is given by the Perrin equation20 

(M)/GH)--£ "" 
where P = the degree of polarization in the given solution, 
Po = the degree of polarization measured in an extremely 
viscous solvent, k = the Boltzmann constant, r = the aver
age lifetime of the probe molecule in the excited state, 77 = 
the viscosity, T = the temperature in 0K, and Vo = the ef
fective volume. Thus the parameter P is related to the vis
cosity in the immediate environment of the probe. Measure
ments of the degree of polarization were carried out with 
solutions labeled with 2-methylanthracene (MA) or 1-ani-
lino-8-naphthalenesulfonate (ANS), used as fluorescent 
probes in 0.1 M DAC solutions in the presence of various 
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Figure 9. Effect of NaCl electrolyte on the degree of polarization of 2-
methylanthracene (4 X 10~6 M) and l-anilino-8-naphthalenesulfonate 
(2 X 10"6 M) in 0.1 M DAC solution. 

concentrations of electrolyte. Figure 9 shows changes in the 
parameter P occurring during the electrolyte-induced phase 
transition. 

A significant increase of P, measured at 40°, is observed 
for 2-methylanthracene when the micellar organization 
changes from a sphere to a rod-like structure. It may safely 
be assumed that the fluorescence lifetime of the probe does 
not differ significantly in the two forms of the aggregates. 
Hence, it may be concluded that the formation of larger ag
gregates is accompanied by a marked increase in the micro-
viscosity. This indicates a smaller mobility and therefore a 
tighter packing of the surfactant chain molecules. This in
ference of tighter packing in the rod-shaped micelle is in 
agreement with the NMR measurements which were dis
cussed above. Such restrictions in the micelles may origi
nate from the fact that the surfactant head groups are more 
closely spaced in the rods than in the spherical micelles. 

In contrast to the results obtained with 2-methylanthra
cene the use of ANS does not reveal significant changes in 
the degree of polarization during the phase transition, Fig
ure 9. This behavior can be rationalized in terms of differ
ent solubilization sites for the two probes. Whereas 2-meth
ylanthracene residues in the hydrophobic interior of the mi-
cellar aggregates, the ANS is expected to be located at the 
micelle-water interface. The negative sulfonate of the 
ANS, similar to pyrenesulfonic acid or arylsulfonates21 in 
general, is associated preferably with the cationic head 
group of the micellar surfactant molecules. 

Conclusions 
NMR and photochemical studies may be employed to 

probe in detail the physical properties of various forms of 
aggregates present in solutions of amphiphilic molecules. 
Significant alterations occurring during transitions among 
the different structural organizations can be detected. 
NMR line shape and relaxation measurements performed 
with aqueous DAC solutions reveal changes in the segmen
tal mobility of different regions of the hydrocarbon chains 
upon the electrolyte-induced transition of spherical micelles 
into rod-like structures. The slower segmental motions oc
curring in the latter are associated with an increase in the 

microviscosity of hydrocarbon interior. The differences in 
the architecture of these micellar assemblies lead to unique 
photochemical consequences. For example, the yield of ex-
cimers of photoactive probes and their rate of formation are 
greatly affected by the size of the aggregates. The investi
gated systems are suitable models for more complex forms 
of bioaggregates. The present studies clearly demonstrate 
the scope and limitations of the techniques which are fre
quently employed in these situations. 
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