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the pair of bands which appear at higher frequencies (approxi-
mately 2106 and 2047 cm™) are presumed to be from the same
dicarbonyl species observed in Figure 1. Thus, two different
dicarbonyl species are observed at the same time.

It is possible, although not certain at this point, that the ap-
pearance and growth of the lower frequency dicarbonyl bands (in
Figure 2) with exposure to the 3.3% CO/He mixture is a reduction
effect accompanied by a breakup of the rhodium ensemble as
proposed by Van't Bilk and co-workers.!!¢

The possibility of a Mo(CO), species leading to the observation
of the higher frequency pair of infrared bands was dismissed after
examination of the infrared spectra (not shown) of a 4% Mo/SiO,
catalyst subjected to treatment B. No bands were observed in
the infrared region corresponding to CO adsorbates on molyb-
denum. This is in good agreement with the literature!”!® which
suggests only very weak adsorption of CQO in a linear form on Mo
sites.

Miessner et al.!? have recently observed a rhodium dicarbonyl
species appearing at 2118 and 2053 cm™ in the infrared spectrum
of a calcined dealuminated zeolite Y catalyst containing 1% Rh.
It is interesting to note that upon reduction with H, and treatment
with CO the calcined zeolite catalyst exhibits both a high-fre-
quency pair of rhodium dicarbonyl bands (at 2118 and 2053 cm™)
and a lower frequency pair appearing at 2093 and 2036 cm™. The
appearance of the lower frequency bands upon reduction of the
zeolite catalyst is not inconsistent with the events occurring in
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Koningsberger, D. C.; Prins, R. J. Phys. Chem. 1983, 87, 2264.
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(17) Howe, R. F.; Kemball, C. J. Chem. Soc., Faraday Trans. 1 1974, 70,
1153.
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Figure 2 in which the Rh—Mo/SiO, catalyst was exposed to a 3.3%
CO/He reducing environment resulting in the simultaneous ap-
pearance of both rhodium dicarbonyl species. Miessner et al. have
assigned their high-frequency pair of infrared bands to a Rh*
dicarbonyl! species located inside the zeolite cages while they have
assigned the low-frequency pair of bands to a Rh* dicarbonyl
species located outside the zeolite cages.

The ease with which the pair of higher frequency dicarbonyl
bands disappear in Figure 2d (except for the small peak at 2105
cm™) upon exposure to H, (at 423 K) suggests that the type of
rhodium site may differ for the two dicarbonyl species observed.
The fact that the bands associated with the new high-frequency
species appear at frequencies higher than those usually reported
for silica-supported rhodium and the fact that they disappear
readily upon exposure to H, suggests that the new species is
associated with a different, more oxidized rhodium state than the
traditional dicarbonyl species which is associated with Rh*.6 The
infrared data also suggest that it is the addition of molybdenum
that facilitates the oxidation of rhodium and leads to this new
rhodium dicarbony! species upon treatment with NO-CO mix-
tures.

Conclusions

The results presented in this paper lead to the following im-
portant conclusions:

(1) The addition of molybdenum to silica-supported rhodium
catalysts followed by the treatments described previously leads
to the formation of a pair of new higher frequency dicarbonyl
bands that can be distinguished from the dicarbonyl bands usually
seen on Rh/SiO, catalysts.

(2) The higher frequency dicarbonyl bands suggest that the
addition of molybdenum results in a more oxidized form of rho-
dium and may lead to a different type of active Rh site.

Registry No. Rh, 7440-16-6; Mo, 7439-98-7; NO, 10102-43-9; CO,
630-08-0.
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The spectral and acid-base properties of 1-hexadecyl-4-[(oxocyclohexadienylidene)ethylidene]-1,4-dihydropyridine (HOED),
1-hexadecyl-5-hydroxyquinoline (H5HQ), and 1-hexadecyl-6-hydroxyquinoline (H6HQ) have been investigated to ascertain
their suitability as probes of both the mean interfacial solvent properties and the electrostatic surface potential of self-assembled
surfactant aggregates in aqueous solution. The results obtained indicate that the solvatochromic visible absorption band
of the conjugate base form of HOED, HSHQ, and H6HQ can be utilized to obtain a reasonable estimate of the mean interfacial
solvent properties of self-assembled surfactant aggregates. The factors that are primarily responsible for the apparent pK,
values of HOED, HSHQ, and H6HQ in most types of self-assembled surfactant aggregates have been ascertained. It is
concluded that the acid—base properties of HOED, HSHQ, and H6HQ can be utilized to obtain a quantitative measure of
the electrostatic surface potential of self-assembled surfactant aggregates in aqueous solution.

Introduction

It has long been recognized! that the magnitude of the apparent
pK,, pK,*™, of a prototropic moiety residing at or close to a
charged interface depends on the electrostatic potential of the
charged interface. Indeed??

v

Kobsd= KO__________
PRa PR~ 3 303RT

1)

(1) Hartley, G. S.; Roe, J. W. Trans. Faraday Soc. 1940, 36, 101.
(2) Mukerjee, P.; Banerjee, K. J. Phys. Chem. 1964, 68, 3567.

where pK,” is the intrinsic interfacial pK,, of the prototropic moiety,
¥ is the mean field potential at the average site of residence for

(3) Tokiwa, F. Adv. Colloid Interface Sci. 1972, 3, 389.

(4) Yalkowsky, S. H.; Zografi, G. J. Colloid Interface Sci. 1970, 34, 525,

(5) Fromherz, P.; Masters, B. Biochim. Biophys. Acta 1974, 356, 270.

(6) Bakker, E. P.; Arents, J. C.; Hoebe, J. P. M.; Terada, H. Biochim.
Biophys. Acta 1975, 387, 491.

(7) Funasaki, N. J. Colloid Interface Sci. 1977, 60, 54.

(8) Fernandez, M. S.; Fromherz, P. J. Phys. Chem. 1977, 81, 1755,

(9) Vaz, W. L. C.; Nicksch, A.; Jahnig, F. Eur. J. Biochem. 1978, 83, 299.

(10) Mashimo, T.; Ueda, I.; Shieh, D. D.; Kamaya, H.; Eyring, H. Proc.
Natl. Acad. Sci. US.A. 1979, 76, 5114.

0022-3654/88/2092-2604801.50/0 © 1988 American Chemical Society



Solvatochromic Indicators in Surfactant Aggregates

- c—@ o zH - c@o*
7 = 7
NQE H33C16—N/(\:>-E fal

H33li Ny
c=<:>=o
Hy3Crg NDCC

CH
N

|

%Haa C16H33 , Cwe“aa
KIU m @

ety Ces3

Figure 1. Acid-base equilibria of (a) HOED,.(b) HSHQ, and (c)
H6HQ.

prototropic moiety, F is the Faraday constant, R is the universal
gas constant, and T is the absolute temperature. It is clear from
eq 1 that acid-base indicators have the capacity to probe the mean
electrostatic surface potential, ¥,, at charged interfaces. Before
an acid-base indicator can serve as a probe of ¥, however, (1)
its prototropic moiety must reside, on average, in the plane of the
interfacial charge, and (2) there must be a way of ascertaining
the nonelectrostatic component (i.e., the pK,° contribution) to its
pK,®™ values. The evaluation of the pK,° component to the pK,°®¢
value of an indicator located in an interface with a fixed surface
charge density, as is the case for most charged micelles and
vesicles, is not a straightforward assignment.?318.19.24

Recently!® we developed a procedure that utilizes the solva-
tochromism of the conjugate base form of 2,6-diphenyl-4-
(2,4,6-triphenyl-1-pyridinio)phenoxide (i.e., E3(30)) to obtain the
pK,? component to the pK,°™ values of interfacially located E(30)
molecules. Moreover, we established!® that (1) the solvatochromic
visible absorption band of the conjugate base form of the E1(30)
molecule can be used to provide a good estimate of the mean
interfacial solvent properties of cationic micelles, and (2) the
apparent acid—base behavior of the E1(30) molecule can be utilized
to obtain a quantitative measure of the electrostatic surface po-
tential of a cationic micelle. We found, that there were problems
and uncertainties associated with the use of the E-(30) molecule
in aqueous solutions of other types of charged self-assembled
surfactant aggregates. Ideally one would like to have a solvato-
chromic acid—base indicator that can be used to reliably probe
the interfacial properties of all self-assembled surfactant aggre-
gates.

In the present paper we report the results of an investigation
of the spectral and acid-base properties of 1-hexadecyl-4-[(oxo-
cyclohexadienylidene)ethylidene]-1,4-dihydropyridine (HOED),
1-hexadecyl-5-hydroxyquinoline (H5HQ), and 1-hexadecyl-6-
hydroxyquinoline (H6HQ) in a number of different aqueous
self-assembled surfactant solutions. The long hydrocarbon chain
substituents of HOED, HSHQ, and H6HQ ensure that they are
incorporated in the self-assembled phase. The surface-active
nature of each aromatic moiety ensures that the average site of
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residence for the solvatochromic chromophores is the interfacial
microenvironment of the self-assembled surfactant aggregates.?
The structures and acid—base equilibria of HOED, HSHQ, and
H6HQ are shown in Figure 1.

The primary objective of the present investigation was to as-
certain whether or not these three solvatochromic acid—base in-
dicators can be employed as probes of both the mean interfacial
solvent properties and the electrostatic surface potential of self-
assembled surfactant aggregates.

Several previous studies have utilized the solvatochromic be-
havior of the conjugate base form of HOED, a homologue of
HOED, or a closely related analogue of HOED to probe the
solvent properties of the lipid/water interfacial microenvironment
of self-assembled surfactant aggregates.??® The acid-base
behavior of this type of solvatochromic indicator in aqueous
self-assembled surfactant solution has not hitherto been examined.
This is the first report on the spectral and acid—-base properties
of HSHQ and H6HQ in aqueous self-assembled surfactant so-
lutions.

Interfacial Acid—Base Equilibria

When pH titrations are performed with acid-base indicators
that have their prototropic moieties located within the interfacial
microenvironment of self-assembled surfactant aggregates, it is
the proton activity in the bulk aqueous phase and the concen-
trations of the conjugate acid and conjugate base forms of the
indicators in the self-assembled phase that are monitored. Con-
sequently, there is a distinct difference between the “two-phase”
apparent pK, values determined in these types of experiments and
the “single-phase” pK, values determined in either pure water or
organic solvent/water mixtures. Nevertheless, providing the in-
trinsic interfacial acid—base equilibria are unperturbed by any
specific solute—solvent interactions or “salt-effects” and the mean
solvent properties of the interfacial microenvironments can be
mimicked by organic solvent/water mixtures, there is a connection
between the apparent pK, values of indicators residing in self-
assembled surfactant aggregates and the pK, values of the in-
dicators in organic solvent/water mixtures.?

The apparent “two-phase” acid-base equilibrium of an indicator
that has its prototropic moiety located within the interfacial
microenvironment of a self-assembled surfactant aggregate can
be represented as

HIN/ = H,* + IN/! )

where HIN? is the conjugate acid form of the indicator with a
charge of z, H* is the proton, and IN*! is the conjugate base form
of the indicator with a charge of z — 1. The subscripts i and w
in equilibrium 2 denote the interfacial phase and the bulk aqueous
phase, respectively. The “two-phase” thermodynamic acid-base
equilibrium constant for equilibrium 2 is defined by

i
amwN

pK,® = -log g+ (3)

AHIN
where ap, g, and a+¥ are the activities of the various species
in the phases. pK,® differs from the experimentally determined
apparent pK,, which has the form

K5 = —log ]y 4)
P&, g [HIN,] H*
where the square brackets denote concentrations. Hence
i
pK, ¢ = pK,s + log Ri (5)
YHIN'
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where ! and vy N are the activity coefficients of the conjugate
base and conjugate acid forms of the indicator referred to the
interfacial phase at infinite dilution.

The “two-phase” thermodynamic acid—base equilibrium con-
stant, pK.5, and the standard Gibb’s free energy of the “two-phase”
reaction, AG®, are related and with AG® expressed in terms of
the standard chemical potentials for species involved in the
equilibrium:?

—u oi)__fll’__
HIN 2.303RT

pK,® = ‘ (6)

l <]
———— OV 4 .©
2.303RT(F‘H MIN

where the mean field potential term is set equal to zero when an

uncharged interface is considered. In addition, it is convenient

to define

L Fr 1
2.303RT  2.303RT

(¥ + N = pain®)
M

Also note that the pK,° component of eq 1 and pK,' are related
and

pK,' = pK,*

. N
PK,0 = pK,i + log —— (8)

YHIN'

The acid—base equilibrium for an indicator in an organic sol-
vent/water mixture (m) can be represented as

HIN,* = H,* + IN (9)

The single-phase thermodynamic acid-base equilibrium constant
for this reaction is defined by

m
aiN

pK," = —log ——ay." =
AHIN

1

z—m—ﬁ(um“‘ + uw®™ = g™ (10)

If one assumes that (1) there are no specific solute—solvent
interactions that interfere with the interfacial acid—base equilib-
rium and (2) the solvent properties of an interfacial microenvi-
ronment can be approximated by an organic solvent/water mixture
with equivalent solvent properties, then for the particular equiv-
alent organic solvent/water mixture
1

N = Han® = et - pgne" (11)

and pK,' and pX,™ differ solely by the work required to transfer
the proton from the bulk aqueous phase to the interfacial mi-
croenvironment, i.e.

PK. = pK," - (o™= =) (12)

1
2.303RT
The change of free energy for the transfer process

H*(std state, w) — H*(std state, m) (13)

is related to the medium effect on the proton, ,yy+, where

wYur = Yu"/ vu” (14)
by the formula®
we®™ = upe®¥ = 2.303RT log nyy- (s)
and as a result
pK,' = pK,™ - log vy (16)

Experimental Section

Solvatochromic Indicators. The hexadecyl homologues of the
solvatochromic acid—base indicators were synthesized by 1.C.1.
Australia Operations Pty. Ltd., while the propyl homologues were

(30) Bates, R. G. Determination of pH: Theory and Practice, 2nd ed.;
Wiley: New York, 1973; p 213.

Drummond et al.

synthesized in-house. Analytical grade reagents were used in all
the syntheses. The following procedures were employed in the
syntheses.

I-Hexadecyl-1-[(oxocyclohexadienylidene)ethylidenel- 1 4-
dihydropyridine (HOED) and 1-Propyl-4-[(oxocyclo-
hexadienylidene)ethylidene)-1,4-dihydropyridine (POED).*"?!
The appropriate alkyl iodide, either hexadecyl iodide or propyl
iodide (20 mmol), and 4-methylpyridine were refluxed in dry
toluene (10 mL) for 5 h. The solution was cooled to room tem-
perature, and the white precipitate filtered off, washed with
toluene, and dried. The white solid, 1-alkyl-4-methylpyridinium
iodide (18 mmol), was dissolved in warm ethanol (20 mL) and
piperidine (2.4 mL). A solution of 4-hydroxybenzaldehyde (18
mmol) in ethanol (10 mL) was added, and the mixture refluxed
for 3 h. The reaction mixture was cooled, and the orange-red
precipitate collected and washed with cold ethanol. This pre-
cipitate was suspended in a KOH solution (2 g, in 100 mL of
water) and heated at 50-60 °C for 30 min. The red suspension
was cooled, and the product filtered off and recrystallized from
ethanol to give dark red-purple crystals. Based on 4-methyl-
pyridine, the yield of HOED was 32% and that of POED was 51%.
NMR, UV-vis, and IR spectra confirmed that the expected
products were obtained.

Anhydro Salts of 1-Hexadecyl-5-hydroxyquinoline (HSHQ),
1-Propyl-5-hydroxyquinoline (P5HQ), 1-Hexadecyl-6-hydroxy-
quinoline (H6HQ), and 1-Propyl-6-hydroxyquinoline (P6HQ).*2%
The 5- (or 6-) hydroxyquinoline (13 mmol) and the appropriate
alkyl iodide (28 mmol) were heated in dry toluene (5 mL) at
100120 °C for 12~15 h with constant stirring. After the heating
was stopped, diethyl ether was added very slowly and cautiously
to the rapidly stirred viscous reaction mixture. The addition of
excess ether caused the precipitation of the colored quinolinium
iodide salt (orange for 5-hydroxy, gray for 6-hydroxy). The cooled
solution was filtered off, and the crude salt washed with ether and
recrystallized twice from ethanol-ether to give the pure quinol-
inium iodide salt. This salt was placed in an aqueous H,CO;
solution (27.6 g in 100 mL of water), and the anhydro salt ex-
tracted into dichloromethane. The anhydro salt was isolated from
the dichloromethane extracts by precipitation (red for S-hydroxy,
orange for 6-hydroxy). The NMR and UV-vis spectra were
consistent with those expected.

Preliminary experiments with the 1-propyl derivatives in 1,4~
dioxane/water mixtures indicated that there was no difference
between the spectral and acid—base properties of a pyridinium/
quinolinium iodide salt and those of the related anhydro salt. The
POED, P5HQ, and P6HQ results reported in the present work
were obtained with the pyridinium/quinolinium iodide salts.

Surfactants. The nonionic surfactants n-dodecyloctaoxyethylene
glycol monoether (C,,Eg) and n-dodecyl 8-pD-maltoside (DM) were
obtained from Nikko Chemical Co. and Calbiochem, respectively.
Hexadecyltrimethylammonium chloride (CTAC), hexadecyltri-
methylammonium bromide (CTAB), dodecyltrimethylammonium
chloride (DTAC), dodecyltrimethylammonium bromide (DTAB),
and dodecy! benzenesulfonate (DBS) were purchased from Tokyo
Kasei Kogyo Co. Sodium dodecyl sulfate (SDS) and dihexadecyl
phosphate (DHP) were supplied by Sigma Chemical Co. Oleic
acid was obtained from BDH Chemicals Pty. Ltd. Dr. J. Brady
and Professor D. F. Evans of the University of Minnesota kindly
donated didodecyldimethylammonium bromide (DDDAB) and
dihexadecyldimethylammonium bromide (DHDAB). 1-a-Di-
myristoylphosphatidylcholine (DMPC) and L-a-dipalmitoyl-
phosphatidylcholine (DPPC) were puriss grade from Fluka AG
Buchs. The solid cationic and anionic surfactants were recrys-
tallized prior to use. The rest of the surfactants were used as
received.

Solvents and Inorganic Reagents. Millipore filtered water
(conductivity <1 X 1078 Q! cm™ and air/water surface tension

(31) Minch, M. J,; Sadiq Shah, S. J. Chem. Educ. 1977, 54, 709.

(32) Saxena, J. P.; Stafford, W. H.; Stafford, W. L. J. Chem. Soc. 1959,
1579,

(33) Prince, A. K. Arch. Biochem. Biophys. 1966, 113, 195.
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Figure 2. UV-vis absorption spectrum of 2.5 X 10~° mol dm™ HOED
in a 10 mmol dm™ C,,Ej; solution as a function of bulk aqueous pH: (A)
11.98; (B) 10.15; (C) 9.91; (D) 9.71; (E) 9.49; (F) 9.26; (G) 9.02; (H)
8.72; (I) 6.01.
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Figure 3. UV-vis absorption spectrum of 5.1 X 1075 mol dm~* HSHQ
in 2 10 mmol dm™ C,E;4 solution as a function of bulk aqueous pH: (A)
10.17; (B) 6.70; (C) 6.35; (D) 6.19: (E) 5.87; (F) 5.68; (G) 5.45; (H)
5.05; (1) 2.84.
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Figure 4. UV-vis absorption spectrum of 5.2 X 107> mol dm™ H6HQ
in a 10 mmol dm C,,E, solution as a function of bulk aqueous pH: (A)
10.60; (B) 8.29; (C) 7.97; (D) 7.77; (E) 7.56; (F) 7.43; (G) 7.29; (H)
7.16; (1) 6.88; (J) 2.97.

= 72.0 mN m™! at 25 °C) was employed to prepare the aqueous

solutions. The 1,4-dioxane was UV spectroscopic grade from

Fluka and was dried immediately before use by passing it through
an aluminum oxide column (active neutral Brockmann grade 1,
BDH). The inorganic reagents NaBr and NaCl were purum grade
from Fluka and were used as received.

Methods. The experiments were performed at 25 °C. The
UV-visible absorption spectra were obtained on a Varian Cary
Model 210 spectrophotometer. The reference cell contained a
solution, minus the solvatochromic indicator, equivalent to the
one in the sample cell.

Unilamellar vesicle dispersions of DHP, DDDAB, DHDAB,
DMPC, and DPPC were prepared by following the methods
outlined in ref 19,

The acid-base equilibrium of each of the solvatochromic in-
dicators examined in the present investigation is analogous to the
acid-base equilibrium of the E+(30) molecule. Hence the same
type of procedure was employed to obtain the pK, values of the
solvatochromic indicators from their spectra as a function of pH.!3
Representative examples of the change in the UV-visible ab-
sorption spectrum of HOED, H5SHQ, and H6HQ as a function
of pH are shown in Figures 2—4.

The experimental setup for the pH titrations was identical with
the one described in ref 18. The method of Van Uitert and Haas®*

(34) Van Uitert, L. G.; Haas, C. G. J. Am. Chem. Soc. 19583, 75, 541.
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Figure 5. A, for the solvatochromic absorption band of POED (0),
PSHQ (@), and P6HQ (@) as a function of the dielectric constant of
1,4-dioxane/water mixtures.
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Figure 6. ApK,™ (O) and ApK,' (®) values for POED as a function of
the dielectric constant of 1,4-dioxane/water mixtures (pK,* = 8.50 =

0.01).
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Figure 7. ApK,™ (O) and ApK,' (®) values for PSHQ as a function of
the dielectric constant of 1,4-dioxane/water mixtures (pK,* = 6.06 =
0.05).

was used to obtain the proton activity from the pH meter reading
in 1,4-dioxane/water mixtures. Our use of this method will be
described in more detail in a future publication.?*

In general, extreme care was taken to ensure that the pX, values
referred to media in which the intrinsic ionic strength had not been
significantly altered. The pK,°*¢ values of HOED in anionic
self-assembled surfactant solutions were an unavoidable exception.
The reasons for this are discussed later.

Results

In order to characterize what effect varying the properties of
the solvating medium has on the spectral and acid—base properties
of HOED, H5HQ, and H6HQ), we ascertained the properties of
their water-soluble propyl homologues in 1,4-dioxane/water
mixtures. The positions of the solvatochromic long-wavelength
absorption band maximum of the conjugate base form of POED,
PSHQ, and P6HQ in pure water and in various 1,4-dioxane/water
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Figure 8. ApK,™ (O) and ApK,' (@) values for P6HQ as a function of
the dielectric constant of 1,4-dioxane/water mixtures (pK,* = 7.08 %
0.08).

TABLE I: Comparison between the A,,, and pK, Values Found for
POED, PSHQ, and P6HQ in Pure Water and Literature Values for
Their Methyl Homologues (Denoted MOED, MSHQ, and M6HQ) in
Pure Water

indicator Amaxs NM pK.* ref
POED 444 8.50 £ 0.01 this work
MOED 442 8.57 £ 0.05 36
MOED 442 8.54 37
MOED 443 8.37 38
PSHQ 460 6.06 £ 0.05 this work
M5HQ 460 6.1-6.2 33
MS5SHQ 462 6.12 £ 0.04 39, 40
P6HQ 408 7.08 £ 0.08 this work
M6HQ 408 7.1-7.2 33
M6HQ 408 7.15 £ 0.03 39, 40

mixtures are shown in Figure 5. Figures 68 display the ApX,™
(i.e., pK,™ - pK,*) and ApK,! (i.e., pK,' - pK,*) values of POED,
PSHQ, and P6HQ, respectively, in a number of 1,4-dioxane/water
mixtures. Data were obtained in 1,4-dioxane/water mixtures with
from O to 80 wt % 1,4-dioxane. In Figures 5-8 there is an interval
of 10 wt % between each data point. The dielectric constants of
the 1,4-dioxane/water mixtures were acquired from the work of
Critchfield et al.

Equation 16 was used to obtain the reference pK,' values from
the pK,™ values. The medium effect on the proton, ., yy+, can only
be estimated by making nonthermodynamic assumptions. In the
present study the procedure of Fernandez and Fromherz® has been
followed, and it has been assumed that for a particular 1,4-di-
oxane/water mixture the log ,yy+ values can be approximated
by the log v, value for HCl in the same mixture. The method
employed to obtain the log .y, values for HCl in the 1,4-diox-
ane/water mixtures has been detailed elsewhere.!®

The Ay, and pK, values found for POED, PSHQ, and P6HQ
in pure water can be compared with literature values for their
methyl homologues.3**-40  This is done in Table I. It is clear
from Table I that the values determined in the present study are
in good accord with previously obtained results.

Tables II-1V contain the A, and pK,*®? values found for
HOED, HSHQ, and H6HQ, respectively, in the self-assembled
surfactant solutions investigated. As well, these tables contain
e and pK,! values. The e values were determined by comparing
the A, values of the solvatochromic indicators in the self-as-
sembled surfactant solutions with the relevant plot in Figure 5.
These e values were then employed to obtain the pK,} values from
the appropriate plot of pK,' as a function of solvent dielectric
constant (Figures 6-8).

In some preliminary pH titrations with HOED in aqueous
micellar C,,Eg, CTAB, and SDS solutions and POED in pure

(35) Critchfield, F. W.; Gibson, J. A.; Hall, J. L. J. Am. Chem. Soc. 1953,
75,1991.

(36) Kuder, J. E.; Wychick, D. Chem. Phys. Lett. 1974, 24, 69,

(37) Steiner, U.; Abdel-Kader, M. H.; Fischer, P.; Kramer, H. E. A. J.
Am. Chem. Soc. 1978, 100, 3190.

(38) Davidson, S. J.; Jencks, W. P. J. Am. Chem. Soc. 1969, 91, 225.

(39) Mason, S. F. J. Chem. Soc. 1957, 5010.

(40) Mason, S. F. J. Chem. Soc. 1958, 674.

Drummond et al.

TABLE II: Ay, €1 PK,|, and pK,®* Values Obtained with HOED
in the Aqueous Self-Assembled Surfactant Solutions

conen,
surfactant mmol dm™ A, nm ey Pk, pK, o4

CyaEs 10 494 29 961 9.13 % 0.03
DM 10 490 32 954 8.68x0.03
CTAC 50 493 29 961 7.52 £0.04
CTAB 50 493 29 961 774 £0.04
DTAC 50 485 36 944 773 +£0.05
DTAC/4M NaCl 50 486 35 946 9.04 £ 0.04
DTAB 50 488 34 949 786 0.06
DTAB/4M NaBr 50 482 39 938 940 £ 0.03
SDs¢ 50 476 46 9.22 11.00 % 0.04
DBS# 50 478 44 9.26 10.61 £ 0.03
oleate’ 50 478 44 926 11.35+0.03
DDDAB 2.5 480 41 933 691 £0.04
DHDAB 2.5 480 41 933 645x0.12
DHP“ 2.5 470 51 9.10 11.82 x0.20
DMPC 2.5 479 43 9.28 10.68 £0.14
DPPC 2.5 478 44 926 1038 +£0.20

YJonic strength of solution high (see text).

TABLE HI: Ay €esrs PK,,! and pK,%* Values Obtained with HSHQ
in the Aqueous Self-Assembled Surfactant Solutions

concn,

surfactant mmol dm™>  Ap,. nm e Pk, pK,o
C,,Eq 10 490 26 6.11 590 £ 0.05
DM 10 486 33 6.14 556 £0.03
CTAC 50 488 30 6.13  4.20 £ 0.03
CTAB 50 486 33 6.14 443 +0.01
DTAC 50 486 33 6.14 4.67 £0.01
DTAC/4M NaCl 50 490 26 6.11 6.04 £0.02
DTAB 50 486 33 6.14 4.76 £0.03
DTAB/4M NaBr 50 487 31 6.14 645004
SDS 50 478 46 6.12 8.62 £ 0.04
DBS 50 476 49 6.11 8.21 £0.02
DDDAB 2.5 482 40 6.14 341 £0.19
DHDAB 2.5 487 31 6.14 331 £0.17
DHP* 2.5 475 51 6.10 10.17 £0.22

DMPC? 2.5 486 33 614 6804

DPPC? 25 482 40 6.14 68+05

4 Unspecified ionic strength (see text). ®See text.

TABLE IV: )\, € PK,, and pK,**® Values Obtained with H6HQ
in the Aqueous Self-Assembled Surfactant Solutions

conen,

surfactant mmol dm™ Mg MM e PK; pK,°>¢
C,,E; 10 431 29 741 744+011
DM 10 426 40 7.32 7.04 £ 0.06
CTAC 50 435 22 747  6.10 £0.03
CTAB 50 435 22 747 6.32£0.02
DTAC 50 432 27 743 636 £ 0.01
DTAC/4M NaCl 50 432 27 7.43 797 £0.04
DTAB 50 430 31 740 6.56 £0.05
DTAB/4 M NaBr 50 427 38 7.34 8.25x0.05
SDS 50 420 53 724 9.84£0.08
DBS 50 419 S5 7.21  9.38 £0.05
DDDAB 2.5 423 47 726 545x0.10
DHDAB 2.5 425 43 7.30 494 £0.09
DHP* 2.5 418 58 7.20 10.86 £ 0.16

DMPC? 2.5 430 31 740 8604

DPPC? 2.5 426 42 7.30 88 0.3

?Unspecified ionic strength (see text). ®See text.

water it was found that the spectra as a function of pH were
ill-defined. Moreover the spectra did not exhibit distinct isosbestic
points. Similar behavior has been reported for MOED in pure
water by Steiner et al.’’ These researchers attributed this type
of phenomenon to the fact that only the trans isomer of the
conjugate base form is photochemically stable, while for the
conjugate acid form both the cis and trans isomers, which have
different molar extinction coefficients, are photochemically stable
and exist in equilibrium. In the present study it was found that
the problems associated with the cis/trans isomerization process



Solvatochromic Indicators in Surfactant Aggregates

could be avoided if the pH of the solution was initially adjusted
so that there was a 100% population of the trans isomer of the
conjugate base form, and pH titrations were performed by com-
mencing at this high pH and progressing to lower pH values. The
spectra of HOED and POED obtained in this manner as a function
of pH were consistently reproducible and possessed sharp isosbestic
points. From this finding it can be inferred that the duration of
the above pH titration procedure was such that the cis isomer of
the conjugate acid form had insufficient time to build up to
problem amounts. All the pK, values for HOED and POED
reported in this work were determined from pH titrations per-
formed in the manner just described. A consequence of this
procedure, however, was that the anionic self-assembled surfactant
solutions had a high intrinsic ionic strength (Table II).

The apparent pK, of a phosphate head group in a 50% ionized
DHP vesicle is ca. 6.4  Consequently, DHP vesicles act as buffers.
In the solutions containing DHP vesicles it was necessary to add
the requisite quantity of NaOH to completely ionize all the
phosphate head groups before the pH titrations with the solva-
tochromic indicators could commence. Unfortunately, this resulted
in the DHP solutions having an unspecified and not very repro-
ducible ionic strength. This was also the case for the aqueous
self-assembled DHP solutions employed in earlier works,!®!?

Each addition of a small aliquot of HCI or NaOH to the
vesicular DMPC and DPPC solutions caused the background
absorbance of the solutions to increase slightly. This may have
been due to either surfactant precipitation or alkali/acid-induced
growth of the vesicles. Because HOED has a large extinction
coefficient, this occurrence had a negligible effect on both the
nature and the analysis of the HOED spectra as a function of pH
in these solutions. However, the smaller extinction coefficients
of HSHQ and H6HQ meant that the spectra of both HSHQ and
H6HQ as a function of pH in DMPC and DPPC solutions were
devoid of a sharp isosbestic point. Moreover only rough estimates
of the pK,°™ values of these indicators in DMPC and DPPC
solutions could be obtained (Tables III and IV).

Characterizing the mean interfacial solvent properties in terms
of an effective dielectric constant is not meant to imply that the
electronic transition energy, Er, of the conjugate base form of a
solvatochromic indicator is affected only by the polarity of the
solvating media. It is recognized that the E1 value will reflect
contributions from the polarity, polarizability, and hydrogen-bond
donor properties of the interfacial microenvironments. The e
parameter is utilized because it is expedient to describe the mean
interfacial solvent properties in terms of a macroscopic solvent
property of a reference solvent series.

Discussion

Solvatochromism. The solvatochromism of the conjugate base
form of the methyl homologue of HOED, i.e., MOED, and closely
related analogues of MOED has been extensively studied.*>* The
following is the most widely accepted rationalization of the dra-
matic solvatochromism of MOED. The electronic transition from
the ground to the excited state (x — 7*) involves intramolecular
charge transfer, i.e., upon excitation electron density migrates from
the negative pole of MOED to the positive pole. As a result of
this electron redistribution the excited state is much less dipolar
than the ground state. Moreover, there is a solvent-associated
variation in the relative contributions of the two extreme resonance
forms to the resonance hybrid structure of the electronic ground

(41) Tricot, Y.-M.; Furlong, D. N,; Sasse, W. H. F.; Daivis, P.; Snook, 1;
Van Megen, W. J. Colloid Interface Sci. 1984, 97, 380.

(42) Brooker, L. G. S.; Keyes, G. H.; Heseltine, D. W. J. Am. Chem. Soc.
1951, 73, 5350.

(43) Brooker, L. G. S,; Craig, A. C.; Heseltine, D. W.; Jenkins, P. W,;
Lincoln, L. L. J. Am. Chem. Soc. 1965, 87, 2443,

(44) Benson, H. G.; Murrell, J. N. J. Chem. Soc., Faraday Trans. 21972,
68, 137.

(45) Gibson, H. W.; Bailey, F. C. Tetrahedron 1974, 30, 2043.

(46) Gibson, H. W_; Bailey, F. C. Can. J. Chem. 1975, 53, 2162.

(47) Wahnert, Von M.; Dahne, S. J. Prakt. Chem. 1976, 318, 321.

(48) Botrel, A.; Le Beuze, A.; Jacques, P.; Strub, H. J. Chem. Soc.,
Faraday Trans. 2 1984, 80, 1235.
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Figure 9. Electronic transition energy, Et, of the solvatochromic ab-
sorption band of POED (Q), PSHQ (@), and P6HQ (@) versus the
electronic transition energy of the solvatochromic absorption band of the
E1(30) molecule in 1,4-dioxane/water mixtures.

state of MOED (cf. Figure 1). A decrease in the polarity of the
solvating medium therefore shifts the balance of the ground-state
resonance hybrid structure in the direction of the nonpolar qui-
nonoid resonance form, and since the structure of the excited state
resembles the nonpolar quinonoid resonance form, there is a
decrease in the energy difference between the ground and excited
states.

To date the solvatochromism of the conjugate base form of the
1-alkylhydroxyquinolines has not been thoroughly examined.
Thus, to clearly ascertain the nature of the solvatochromic behavior
of the conjugate base form of the 1-alkylhydroxyquinolines, the
spectral properties of POED, PSHQ, and P6HQ in 1,4-dioxane/
water mixtures have been compared with those of the E7(30)
molecule. The E1(30) results given in ref 18 have been used for
this comparison.

Figure 9 demonstrates that for 1,4-dioxane/water mixtures there
is a linear relationship between the electronic transition energy,
E, of the solvatochromic absorption band of POED, PSHQ, and
P6HQ and the electronic transition energy of the solvatochromic
absorption band of the E7(30) molecule. The relationships are
expressed in eq 17-19. The correlation coefficient, », for each

E-(POED) = 0.609(E1(30)) + 25.9  r =0.997 (17)
E-(PSHQ) = 0.359(E{(30)) + 39.6  r=0.997 (18)
E-(P6HQ) = 0.396(E7(30)) + 452 r = 0997 (19)

relationship is also given. The excellent linear correlations de-
scribed by eq 17-19 indicate that the solute—solvent interaction
for POED, P5SHQ, and P6HQ in 1,4-dioxane/water mixtures must
be closely related to that for the E1(30) molecule in 1,4-diox-
ane/water mixtures,*>#4550  Fyrthermore, from the excellent
linear correlations and positive gradients of eq 18 and 19 it can
be inferred that (1) the conjugate base forms of both PSHQ and
P6HQ undergo a decrease in dipole moment upon excitation, (2)
in a manner analogous to MOED the balance of the resonance
hybrid structure of the ground state of the conjugate base form
of PSHQ is shifted toward that of the nonpolar resonance form
(see Figure 1) as the polarity of the solvating medium is decreased,
and (3) the ground state of the conjugate base form of P6HQ
becomes less dipolar, i.e., the charge is delocalized, as the polarity
of the solvating medium is decreased.

Figure 10 shows that, in contrast to the findings in 1,4-diox-
ane/water mixtures, there is a relatively poor correlation between
E1(30) and E7 of HOED, HSHQ, and H6HQ in many of the
self-assembled surfactant solutions investigated. Two factors may
be responsible for this relatively poor correlation. Within the
interfacial microenvironment of the self-assembled aggregates the
chromophores of the solvatochromic indicators may either ex-
perience unique solute—solvent interactions or have different av-
erage sites of residence (cf. ref 18).

(49) Reichardt, C. Angew. Chem., Int. Ed. Engl. 1979, 18, 98.
(50) Reichardt, C. Solvent Effects in Organic Chemistry; Verlag Chemie:
New York, 1979.
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Figure 10. Electronic transition energy, Er, of the solvatochromic ab-
sorption band of HOED (0), HSHQ (@), and H6HQ (@) versus the
electronic transition energy of the solvatochromic absorption band of the
E1(30) molecule in the self-assembled surfactant solutions: (A) C),Eg;
(B) DM; (C) CTAC; (D) CTAB; (E) DTAC; (F) DTAC/4 M NaCl;
(G) DTAB; (H) DTAB/4 M NaBr; (I) SDS; (J) DBS; (K) oleate; (L)
DHP; (M) DMPC; (N) DPPC. The dashed lines indicate the relation-
ships between the Ey of the n-propyl homologues and E(30) in 1,4-di-
oxane/water mixtures.

Davidson and Jencks*® have shown that the conjugate base form
of MOED exhibits spectral changes in concentrated aqueous
electrolyte solutions that are consistent with the formation of a
1:1 complex between MOED and a component of the electrolyte.
With the information at hand, Davidson and Jencks were unable
to decide whether the cations complexed with the negative pole
or the anions complexed with the positive pole of MOED. It was
evident, however, that the complexed form of MOED had spectral
properties different from the uncomplexed form. In particular,
the electronic transition energies of the two forms were not the
same in aqueous solution. Our own evidence (vide infra) suggests
that an ion pair is formed between the positive nitrogen moiety
of MOED and an anion. The acid-base behavior of HOED,
H5HQ, and H6HQ in cationic micelles are consistent with the
occurrence of this type of ion pair formation (vide infra). Con-
sidering the findings with MOED in concentrated aqueous elec-
trolyte solutions, it is most likely that ion pair formation affects
the electronic transition energy of HOED, H5HQ, and H6HQ
in some of the self-assembled surfactant aggregates. Thus, the
formation of ion pairs between the positive nitrogen moieties of
HOED, H5HQ, and H6HQ and anionic species within the in-
terfacial microenvironments is believed to be at least partially
responsible for the relatively poor correlation between E+(30) and
E (Figure 10). These anionic species may in principle be either
the surfactant head groups or the counterions depending on the
kind of self-assembled surfactant. So far, however, there is only
evidence for the counterions of aggregates complexing with the
positive nitrogen atoms of the solvatochromic indicators (vide
infra). It should also be mentioned that the low effective interfacial
dielectric constant and high effective concentration of counterions
and surfactant head groups within the interfacial microenviron-
ment combine to ensure that ion pair formation is much more
energetically favorable within the interfacial phases of the self-
assembled aggregates than it is in aqueous solution.

The plots displayed in Figure 10 are somewhat deceptive and
may leave one with the impression that solvatochromic indicators
cannot be employed to obtain estimates of the mean solvent
properties of interfacial microenvironments. In this context, it
is enlightening to compare the various e,y estimates for the in-
terfacial microenvironments of the self-assembled surfactant
aggregates. To facilitate the comparison, the e estimates, based
on 1,4-dioxane/water mixtures as the reference media, have been
collated in Table V. From Table V it is clear that each solva-
tochromic acid-base indicator “reports” a fairly similar interfacial
¢ for a particular self-assembled surfactant aggregate. Moreover,
where comparisons can be made, the e estimates are also in

Drummond et al.

TABLE V: ¢, Estimates Based on 1,4-Dioxane/Water Mixtures as
the Reference Solvent Series, for the Interfacial Region of Select
Self-Assembled Surfactant Aggregates As Deduced from the Visible
Absorption Spectra of the Solvatochromic Acid-Base Indicators

€eff

surfactant Er(30) HOED HSHQ H6HQ

C,,Es 29 29 26 29
DM 41 32 33 40
CTAC 34 29 30 22
CTAB 33 29 33 22
DTAC 39 36 33 27
DTAC/4M NaCl 31 35 26 27
DTAB 36 34 33 31
DTAB/4M NaBr 29 39 31 38
SDS 56 46 46 53
DBS 58 44 49 55
oleate 49 44

DDDAB 41 40 47
DHDAB 41 31 43
DHP 51 51 51 58
DMPC 27 43 33 31
DPPC 43 44 40 42

accord with those deduced from the solvatochromic visible ab-
sorption spectra of nitroxides®! and fluorescence emission spectra
of a p-(N,N-dialkylamino)benzylidenemalononitrile 5253
Therefore, it is inferred that any unique solute—solvent interaction,
€.g., ion pair formation, experienced by a solvatochromic indicator
residing within the interfacial microenvironment of a self-assem-
bled surfactant aggregate does not markedly affect its ability to
“report” the mean interfacial solvent properties.

Interestingly, we found the A, values of the conjugate base
forms of POED, PSHQ, and P6HQ in aqueous 4 M NaCl solution
to be blue shifted by 6, 3, and 3 nm, respectively, from their A,
values in pure water. Therefore the low interfacial . values for
the self-assembled surfactant aggregates cannot be ascribed to
a “Hasted-type” ion induced dielectric saturation effect.’*

It should also be pointed out that there are several indications
that the E1(30) molecule provides the most accurate estimate of
the interfacial e, of a particular cationic micelle. For example,
the E(30) interfacial e estimates for a series of DTAB/NaBr
and DTAC/NaCl micelles correlate with the surface area per
surfactant head group.?! As well, there is very good agreement
between a cationic micellar ¥, value determined with E4(30) and
that determined with 4-heptadecyl-7-hydroxycoumarin by utilizing
the E(30) ey estimate.’® The E(30) molecule probably provides
the best interfacial e estimates for cationic micelles because its
very large solvatochromic response swamps the effect that ion pair
formation, if present (vide infra), has on the electronic transition
energy.

Acid-Base Equilibria. Nonionic Micellar Solutions. Table
VI shows that the pK,° value of HGHQ in micellar C,,E; solution
is in excellent agreement with the pX,' value, while the pK,° value
of HSHQ in micellar C,,E;g solution is in reasonable accord with
the pK,' value. However, there is a blatant disparity between the
pK,? value of HOED in micellar C,,E; and the pK,! value. This
disparity indicates that HOED must experience some form of
specific solute-solvent interaction in the interfacial microenvi-
ronment of C;,E; micelles. Why HOED is the only solvatochromic
indicator to be markedly affected by this type of interaction is
not known. Table VI also indicates that there is a clear disparity
between the pK,” and pK,' values of HOED, HSHQ, and H6HQ
in micellar DM solution.

It is also noteworthy that for the E1(30) molecule the pK,%
is 8.63 £ 0.03, the pK,°*™ in micellar DM solution is 8.46 % 0.04,
and the pK,°™? in micellar octyl 8-p-glucoside {OG) solution is
8.49 =+ 0.06, whereas the pK,' value determined for the DM and

(51) Ramachandran, C.; Pyter, R. A.; Mukerjee, P. J. Phys. Chem. 1982,
86, 3198.

(52) Law, K. Y. Photochem. Photobiol, 1981, 33, 799.

(53) Lukac, S. J. Am: Chem. Soc. 1984, 106, 4386.

(54) Pottel, R, Water A Comprehensive Treatise; Franks, F., Ed.; Plenum:
New York, 1973; Vol. 3, Chapter 8.



Solvatochromic Indicators in Surfactant Aggregates

The Journal of Physical Chemistry, Vol. 92, No. 9, 1988 2611

TABLE VI Comparison of pK,' and pK,? Values for HOED, HSHQ, and H6HQ in the Aqueous Nonionic and Cationic Micellar Solutions

HOED H5HQ H6HQ

surfactant W, mV pK,i pk.° ApkK,© Pk, pk,° ApK,© Pk, PK,° Apk©
C1:Es 0 9.61 9.13 2048 611 590 2021 741 744 +003
DM 0 9.54 8.68 -0.86 6.14 5.56 -0.58 7.32 7.04 -0.28
CTAC +158 9.61 10.19 +0.58 6.13 6.87 +0.74 7.47 8.77 +1.30
CTAB +141 9.61 10.12 +0.51 6.14 6.81 +0.67 7.47 8.70 +1.23
DTAC +129 9.44 9.91 +0.47 6.14 6.85 +0.71 7.43 8.54 +1.11
DTAC/4M NaCl +47 9.46 9.83 +0.37 6.11 6.83 +0.72 7.43 8.76 +1.33
DTAB +118 9.49 9.85 +0.36 6.14 6.75 +0.61 7.40 8.55 +1.15
DTAB/4M NaBr +18 9.38 9.70 +0.32 6.14 6.75 +0.61 7.34 8.55 +1.21

OG solutions is 9.55.5° Furthermore the visible absorption
spectrum of the E1(30) molecule as a function of the bulk aqueous
pH in micellar DM and OG solutions is unlike that seen in 1,4-
dioxane/water mixtures and other types of self-assembled sur-
factant solutions. To be precise, it possesses an isosbestic point
at 400 nm (cf. Figures 1 and 2 in ref 18). Thus “aberrant”
acid-base behavior in micellar alkyl saccharide solutions appears
to be common to the phenol betaine class of compounds. A
number of explanations for the difference between the pK,° and
pK,! values of E(30), HOED, H5HQ, and H6HQ in aqueous
micellar DM solution can be considered.

Hydrogen bonding between the oxygen atom of the conjugate
base form of an indicator and a hydroxyl group of the disaccharide
head group would stabilize the conjugate base form and thus could
account for the pK,® values. However, it is expected that this type
of hydrogen bonding would also stabilize the dipolar nature of
the electronic ground state of the conjugate base form of a sol-
vatochromic indicator.#*%6 On the basis that the electronic excited
state of an indicator residing within the interfacial microenvi-
ronment of DM micelles remains much less dipolar than the
electronic ground state, as is the case in protic homogeneous
solvents and organic solvent/water mixtures, the Ay, values, (or
more precisely the electronic transition energies) for the indicators
in the aqueous micellar DM solutions argue against the existence
of an extremely dipolar ground state. Hence, although the pK.°
values can be rationalized by invoking hydrogen bond formation,
the spectral properties of the indicators do not appear to support
this hypothesis.

The concordancy of the interfacial e, estimate deduced from
the acid—base behavior of methyl orange, neutral red, bromocresol
green, and bromothymol blue in micellar OG solution? suggests
that explanations that invoke either the presence of a positive
micellar dipole potential or an anomalous proton activity within
the interfacial microenvironment of the alkyl saccharide micelles
are inappropriate.

It is known that the acid-base properties of the solvatochromic

indicators are influenced by the positive charge on the nitrogen

atoms (vide infra). An enhancement of this charge effect as a
result of specific solute—solvent interaction within the interfacial
microenvironment of the DM micelles can be ruled out however,
because it is inconsistent with the spectral properties of the
conjugate base forms of the indicators (vide supra).

At this stage, we are unable to rationalize unambiguously the
acid-base behavior of E1(30), HOED, HSHQ, and H6HQ in
aqueous micellar alky! saccharide solutions.

Cationic Self-Assembled Surfactant Solutions. For the E1(30)
molecule in cationic micellar solution it has been demonstrated
that the pX,° value is equivalent to the calculated pK,' value.!®
However, for HOED, H5HQ, and H6HQ in cationic micellar
solution the pK,° value, determined from eq 1 employing the
known ¥, values'® and the pK,°®d values, and the pK,! value are
not equivalent. The pK,° and pK,! values are compared in Table
VL

The pK,° and pK,' values would have been equivalent if all of
the following conditions had been met:'® (1) the prototropic moiety
of the solvatochromic indicator resides, on average, in the plane
of the charged surfactant head groups of the micelles; (2) the

(55) Drummond, C. J., unpublished results.
(56) Figueras, J. J. Am. Chem. Soc. 1971, 93, 3255.

TABLE VII: ¥4(1) and ¥,(2) Values Determined from the
Acid-Base Behavior of HSHQ and H6HQ in Micellar SDS and DBS
Solutions®

¥o(1), mV ¥o(2), mV
surfactant HS5HQ H6HQ H5HQ? H6HQ"
SDS -148 £ 2 -154%5 -107£2 -70%£5
DBS -124 £ 1 -128 £ 3 831 43+ 3

“See the text for the definition of ¥y(1) and ¥o(2). ®pK,° = 6.81.
°pK,° = 8.65.

position of the solvatochromic absorption band maximum of the
indicator in micellar solution reflects the e of the interfacial
microenvironment; (3) the effect of the mean interfacial solvent
properties on the acid—base equilibrium of an indicator is mimicked
by a 1,4-dioxane/water mixture that has a dielectric constant
equivalent to the interfacial e value; (4) the principal factors
responsible for the difference between the pK,* and pK,°™ values
of an indicator are the micellar surface potential and the low e
of the interfacial region, i.e., the intrinsic interfacial acid-base
equilibrium is not influenced by either specific solute-solvent
interactions or interfacial “salt-effects”. It is obvious from the
results of Table VI that one or more of these conditions are not
met when HOED, HSHQ, and H6HQ are in cationic micellar
solution.5

On the basis of the findings of a great deal of other
work3!181923.24 we considered it highly unlikely that conditions 1-3
were not satisfied. As alluded to earlier, the formation of an ion
pair between the positive nitrogen atom of a solvatochromic in-
dicator and a halide ion is believed to be responsible for the
disparity between the pK,° and pK,! values.

A charged group affects the pK, of a neighboring acid—base
group in the molecule. The magnitude of this effect may be
formalized in the equation®"~°

Z,e?
" 2.303DdkT

where pK," is the intrinsic pK, of the acid-base group, Z, is the
charge (partial or otherwise) of the neighboring group, D is the
effective dielectric constant separating the charged group and the
acid-base group, 4 is the distance between the two groups, e is
the electronic charge, and k is the Boltzmann constant.

The assumption that within the interfacial microenvironment
of the cationic micelles HOED, HSHQ, and H6HQ are ion paired
with a halide ion that causes the charge on their nitrogen atom
to be electrically neutralized leads to

pK, = pK," (20)

. Z.e?
PR = PR~ S 03DakT 1)
PK.° = pK," (22)
, Z.e?
ApKao‘ = TO?ﬁD_dk_T (23)

Hence the difference in the ApK,% value for HOED, H5HQ, and
H6HQ in a particular cationic micellar solution (Table VI) can

(57) Edsall, J. T.; Wymann, J. Biophysical Chemistry; Academic: New
York, 1958; Vol. 1, Chapter 8.

(58) Yalkowsky, S. H.; Zografi, G. J. Pharm. Sci. 1970, 59, 798.

(59) Mehler, E. L.; Eichele, G. Biochemistry 1984, 23, 3887.
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TABLE VIIE: ¥(1) and ¥(2) Values Determined from the Acid-Base Behavior of HOED, HSHQ, and H6HQ in Vesicular DMPC and DPPC

Solutions®
¥(1), mV ¥(2), mV
phosphatidylcholine HOED HS5HQ H6HQ HOED? HSHQ* H6HQ?
DMPC —-83+8 -39 £ 24 =71 + 24 -44 + 8 +1 + 24 +3 £ 24
DPPC -66 + 12 -39 £ 30 ~89 £ 18 =27 % 12 +1 x 30 +9 % 18

4See the text for the definition of ¥(1) and ¥(2). *pK,® = 9.93. ‘pK,® = 6.81. 9pK,? = 8.65.

be rationalized in terms of the different distances between the
charged nitrogen atom and the prototropic hydroxy group in each
indicator and also the magnitude of Z,, i.e., the partial positive
charge on the nitrogen atom in the absence of ion pair formation,
for each indicator.

In the E1(30) molecule the distance between the positive py-
ridinium nitrogen atom and the prototropic hydroxy group is
considerably less than the distance between the same groups in
HOED. Why then is the acid-base behavior of an E;(30)
molecule that is located within the interfacial microenvironment
of a cationic micelle seemingly unaffected by complexation with
a halide ion?'® There are two possible explanations. Either the
E+(30) molecules does not form an ion pair with a halide ion, or
in the E1(30) molecule the positive charge is sufficiently delo-
calized over the pyridinium ring and screened by the phenyl
groups*€° so that complexation of the pyridinium nitrogen with
a halide ion has a negligible effect on the acid—base properties
of an interfacially located E1(30) molecule. We consider the latter
explanation to be the more reasonable one.

The E1(30) molecule cannot be used to determine the surface
potential of DDDAB and DHDAB vesicles.!* HOED, H5HQ,
and H6HQ can, however, be utilized to obtain a ¥, estimate for
these vesicles in aqueous solution. It is reasonable to expect the
average pK,° value of the solvatochromic indicator in the alkyl-
trimethylammonium halide micelles (Table VI) to be a good
approximation for the pK,® value in DDDAB and DHDAB
vesicles. Substituting this average pK, value and the pK,*™ value
of the indicator (Tables II-IV) into eq 1 yields ¥, values of 190
% 13 and 211 £ 11 mV for the DDDAB and DHDAB vesicles,
respectively, in aqueous solution without added electrolyte. The
acid-base behavior of 4-heptadecyl-7-hydroxycoumarin in vesicular
DDDAB solution also yields a ¥, value of 190 mV when an
interfacial . of 41 is taken into account.'

The DDDAB and DHDAB vesicles are of a size where the
planar solution to the Poisson-Boltzmann equation can be em-
ployed to approximate the relationship between the surface charge
density, a4, and Wy

i e‘I’O
oo = —(8nyeepk T)'/? sinh ——

2kT (24)

where ng is the number density of ions in the bulk solution, € is
the dielectric constant of the bulk solution, ¢, is the permittivity
of a vacuum, and the other parameters are defined as before.
Substituting the average value of ¥, and the CVC5!62 into eq 24
gives a o of 0.030 and 0.012 C m™2 for DDDAB and DHDAB
vesicles, respectively. This oy value of 0.021 + 0.009 C m™
quantitatively agrees with the o, value obtained by fitting the
results of direct double-layer force measurements between two
DHDAB bilayers to the DLVO theory.®* Hence, our results are
angntirely independent confirmation of the results of Pashley et
al.

(60) Reichardt, C.; Harbusch, E.; Muller, R. Advances in Solution
Chemistry; Bertini, ., Lunazzi, L., Dei, A., Eds.; Plenum: New York, 1981;
p 275.

(61) The critical vesicle concentration, CVC, for DDDAB was taken as
1.6 X 10™* mol dm™ (B. W. Ninham, private communication). The CVC for
DHDAB was taken as 1.1 X 10~ mol dm™, This CVC was interpolated from
the CVC for DDDAB and DODAB (ref 62) by assuming a linear relationship
between log CVC and the number of carbon atoms in the surfactant tail.

(62) Kumano, A; Kajiyama, T.; Takayanagi, M.; Kunitaki, T.; Okahata,
Y. Ber Bunsen-Ges. Phys. Chem. 1984, 88, 1216.

(63) Pashley, R. M.; McGuiggan, P. M.; Ninham, B. W.; Brady, J.; Evans,
D. F. J. Phys. Chem. 1986, 90, 1637.

Anionic Self-Assembled Surfactant Solutions. To ascertain
whether or not the pK,° value is equivalent to the pK,' value in
anionic self-assembled surfactant solutions, we used two methods
to obtain a ¥, value for the anionic surfactant aggregates. In
the first method ¥(1) values were calculated by assuming that
the pK,” value was equal to the pK,i value. In the second method
W((2) values were calculated by assuming that the pK,° value was
equal to the average pK,° value found in cationic micellar solution.
The ¥(1) and ¥(2) values determined with HSHQ and HEHQ
in micellar SDS and DBS solutions are contained in Table VII.
The HOED results were not examined in this manner because
of the high ionic strength of the anionic self-assembled surfactant
solutions (vide supra). As well, the HSHQ and H6HQ results
in DHP solution were not analyzed because of the unspecified ionic
strength of the DHP solutions (vide supra).

The concordancy of the HSHQ and H6HQ ¥ (1) values for
both the SDS and the DBS micelles suggests that the pK,° value
is equivalent to the pK,' value in these systems. Evidently the
anionic sulfate and sulfonate head groups do not form intimate
ion pairs with the positive nitrogen atoms of these solvatochromic
indicators.

Phosphatidylcholine Vesicular Solutions. It hds been estab-
lished elsewhere'®!? that the acid—base behavior of an indicator
residing within the interfacial microenvironment of a zwitterionic
phosphatidylcholine vesicle is not influenced by the net surface
charge (i.e., zero). Instead it is influenced by the local electrostatic
potential, ¥, at the average site of residence of the indicator’s
prototropic group in the interfacial region. As shown in Table
V, the E1(30) molecule, HOED, H5SHQ, and H6HQ all report
a similar interfacial e for the DMPC and DPPC vesicles. This
suggests that the different solvatochromic chromophores have a
similar average site of residence within the interfacial microen-
vironment of the DMPC and DPPC vesicles and should therefore
“sense” a similar ¥ value. The E1(30) molecule “senses” a ¥ value
of ~36 mV in both DMPC and DPPC vesicles.'®

The ¥(1) and ¥(2) values determined with HOED, H5HQ,
and H6HQ in vesicular DMPC and DPPC solutions are given
in Table VIII. The ¥(1) and ¥(2) values were determined by
methods analogous to those employed to gain the ¥4(1) and ¥4(2)
values for the anionic micellar solutions. It is clear from the results
in Table VIII that the ¥(1) values agree best with the ¥ value
“sensed” by the E(30) molecule. This suggests that the pK,°
values of HOED, H5HQ, and H6HQ in vesicular DMPC and
DPPC solutions without extraneous electrolyte are equivalent to
the pK,' values. Furthermore, it indicates that the anionic
phosphate moiety of the zwitterionic phosphatidyicholine head
group does not form an intimate ion pair with the positive nitrogen
atom of HOED, H5HQ, or H6HQ.

Conclusions

In the present investigation it has been established that (1) the
solvatochromism of the conjugate base forms of HOED, HSHQ,
and H6HQ can be utilized to obtain a reasonable estimate of the
mean interfacial solvent properties of self-assembled surfactant
aggregates, (2) the acid—base behavior of HOED, HSHQ, and
H6HQ in cationic micellar solutions is consistent with the for-
mation of an intimate ion pair between the positive nitrogen atom
of the indicator and a halide ion, (3) the intrinsic acid-base
behavior of HSHQ and H6HQ in micellar SDS and DBS solutions
is not markedly affected by any specific solute-solvent interaction
or interfacial “salt effects”, and (4) the acid—base behavior of
HOED, H5HQ, and H6HQ in vesicular DMPC and DPPC so-
lutions with no extraneous electrolyte is not markedly affected
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by any specific solute—solvent interaction.

It is conciuded that HOED, HSHQ, and H6HQ can be em-
ployed as probes of the electrostatic surface potential of self-as-
sembled surfactant aggregates. However, for each particular
system being investigated it is essential to determine whether or
not the indicator is complexed with an anion. This determination
is necessary in order to ensure that the correct pK,° value is used.
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Photolonization of N,N,N’,N’-Tetramethylbenzidine in Anionic~Cationic Mixed Micelles
of Sodium Dodecyl Sulfate-Dodecyltrimethylammonium Chloride: Electron Spin
Resonance and Electron Spin Echo Modulation Studies

Elisabeth Rivara-Minten, Piero Baglioni,’ and Larry Kevan*
Department of Chemistry, University of Houston, Houston, Texas 77004 (Received: November 12, 1987)

Electron spin echo modulation (ESEM) and electron spin resonance (ESR) spectra of the photogenerated N,N,N’,N"
tetramethylbenzidine cation radical (TMB®) in frozen mixed micelles of dodecyltrimethylammonium chioride (DTAC) and
sodium dodecyl sulfate (SDS) have been studied as a function of the mixed micelle composition. ESEM effects due to TMB*
interactions with deuterium in D,O show a decrease of the TMB*-water interaction that depends on the SDS-DTAC mixed
micelle composition and reaches a minimum for the equimolar mixed micelle. The efficiency of charge separation upon
photoionization of TMB to produce TMB* measured by ESR correlates with the degree of water penetration into the micelle.
ESEM effects due to interaction of x-doxylstearic acid nitroxide probes with deuterium in D,O show that the decrease of
water penetration is due to higher surface packing due to electrostatic attraction among the polar headgroups of the two

surfactants.

Introduction

The influence of organized media such as micelles and vesicles
on photoinduced charge separation is well documented.! The
photoionization of a solute like NV,N,N’,N-tetramethylbenzidine
(TMB) in micellar solution can be controlled by changing the
chemical properties of the host assembly. It has been demonstrated
that the photoionization efficiency is affected by micellar charge,
micellar size, counterion variation, and added cosurfactants.2
In frozen solutions the photoionization in positively charged
micelles (dodecyltrimethylammonium chloride, DTAC) has been
found to be about twice as efficient as in negatively charged
micelles (sodium dodecyl sulfate, SDS). Electron spin echo
modulation (ESEM) results have also shown that the photoion-
ization yield correlates, in frozen micellar solution, with the degree
of water penetration into the micellar surface® and with the degree
of water organization at the micellar surface.5’

In a recent study Bernas et al.® showed that at room temperature
the water—-TMB* interaction amplitude, which is an essential
factor governing the decay rate, is not an independent parameter
but is correlated with the effective micellar charge.

In the present work we study the variation of the photoionization
yield of TMB by varying, in a controlled way, the charge density
of a mixed micelle that is generated by changing the surfactant
mixing ratio of an anionic (SDS) and a cationic (DTAC) sur-
factant. In this way the net surface charge of the resulting mixed
micelle decreases until neutralization for 1:1 mole ratio. The
results obtained for frozen micellar solutions show how the degree
of water interaction of the photoproduced cation and how the
degree of water organization of the micellar interface affect the
photoionization yield.

Experimental Section

SDS and DTAC were purchased from Eastman Kodak, TMB
was obtained from Aldrich, 1-butanol (HPLC grade) and NaCl

*Current address: Department of Chemistry, University of Florence,
Florence, Italy.

0022-3654/88/2092-2613%01.50/0

were obtained from Fisher, and x-doxylstearic acid spin probes
(x-DSA), were obtained from Molecular Probes, Inc. All these
products were used as received.

A stock solution of TMB was prepared in chloroform. Stock
solutions of 0.1 M surfactant were prepared in triply distilled and

. deoxygenated water and in deuteriated water (Aldrich). The

surfactant solution was added to a film of TMB generated by
evaporating the chloroform. The film was solubilized by sonicating
for 30 min and by stirring the solution for 3 h at 50 °C in a
nitrogen atmosphere.

The concentrations of the solutions were 0.1 M SDS, 0.1 M
DTAC, and 1 X 10* M TMB. The samples were prepared by
mixing these solutions according to the different mole fractions
of surfactant studied.

Stock solutions of x-DSA probes were prepared in chloroform.
Films of the spin probes generated by evaporating the chloroform
were dissolved in the surfactant solution in a nitrogen atmosphere,

The samples having a mole fraction from 0.3 to 0.6, in which
a phase separation occurs at room temperature, were heated for
several hours at about 50 °C to obtain a homogeneous micellar
solution. The other solutions were mixed for several hours at room
temperature. All the samples were sealed in 2-mm i.d. X 3-mm
o.d. Suprasil quartz tubes and frozen rapidly in liquid nitrogen.

Photoirradiation of the TMB was carried out at 77 K for 6
minutes with a 150-W xenon lamp (Cermax) filtered with 10 cm

(1) Turro, N. J,; Cox, G. S.; Paczkowski, M. A. Top. Curr. Chem. 1985,
129, 57-97.

(2) Narayana, P. A; Li, A. S.; Kevan, L. J. Am. Chem. Soc. 1982, 104,
6502.

(3) Arce, R.; Kevan, L. J, Chem. Soc., Faraday Trans. 1 1985, 81, 1025,

1669.

(4) Szajdzinska-Pietek, E.; Maldonado, R,; Kevan, L.; Jones, R. R. M. J.
Am. Chem. Soc. 1984, 106, 4675.

(5) Malonado, R.; Kevan, L.; Szajdzinska-Pietek, E.; Jones, R. R. M. J.
Chem. Phys. 1984, 81, 3958,

(6) Baglioni, P.; Kevan, L. J. Phys. Chem. 1987, 91, 2106.
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