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ABSTRACT

The micellar aggregation behavior and micropolarity characteristics of a series of N,N'-bisalkyl-
N,N’-bis[(3-p-aldonylamido)propyljethylenediamines referred to as gemini bis(C,X) surfactants
(where C, = n-butyl, n-octyl, n-decyl and n-dodecyl; X=gluconyl and lactobionyl, denoted as GA and
LA, respectively) has been investigated by steady-state fluorescence, SSF (by emission spectra of pyrene)
and time-resolved fluorescence quenching, TRFQ (using pyrene as the fluorescence probe and cetylpyri-
dinium ion as the fluorescence quencher). Remarkably low magnitude cmc values were found for the
studied aldonamide-type gemini surfactants, in a range from 4.5 x 106 M (bis(C;2GA)) to 2.3 x 1073 M
(bis(C4LA)). The variation of cmc for bis(C,LA) (n=4, 8, 10 and 12) follows a linear semi-logarithmic pat-
tern. The obtained I /I5 ¢ > cmc ratios from 1.41 to 1.5 indicate a considerable high polarity sensed by pyrene
in micelles of bis(C,X), dependent upon both the kind of aldonyl entity, and the length of hydrophobic tail.
According to TRFQ, all studied systems display micellar growth (demonstrated by values of an average
aggregation number of surfactant chains per micelle) with increasing surfactant concentration typically
from 100 up to 1000 times more than the cmc. The aggregation numbers, Nygg (Ni,i1) and the “polydis-
persity index”, o/N,, (less than ~0.3), show that micelles of bis(C,LA)’s of up to ca. 500cmyc, are nearly
spherical and almost monodisperse. Their spheroidal micelle growth and enhanced micellar polydisper-
sity is observed as the surfactant concentration increases. Such a behavior was found to be strictly related

to geometric aspects of a given surfactant dimeric structure.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rearrangement through self-aggregation of saccharide-derived
surfactants - in which bioinspired structural motifs are embed-
ded in their molecular structure — has been a hot topic during
the past decade because these surfactants can be utilized to fab-
ricate various solubilizing media and new forms of cosmetics,
synthetic templates and drug delivery systems as well as nanos-
tructured functional materials and membrane builders [1-3]. The
incorporation of carbohydrate-based species into the polar building
blocks of amphiphilic molecules leads to the creation of new inter-
esting physico-chemical and biological functionality [3-7]. Such
structures can generate a broad spectrum of aggregate morpholo-
gies resembling biological systems, e.g., micelles, vesicles, bilayers,
sponge phases, lyotropic mesophases or fibers and gels [3,8,9].
Among a variety of sugar-based surfactant architectures [1,2], gem-
ini or dimeric derivatives, consisting of two hydrophobic chains
and two carbohydrate-based polar headgroups linked by a rigid or
flexible spacer, seem to be the most interesting in view of their tun-
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able molecular geometry and aggregate morphology, reinforced by
many hydroxyl groups that readily enter into hydrogen bonding
[6-13]. These structures reveal mostly temperature independent
and significantly improved surface properties (markedly low sur-
face tension and cmc values), reduced environmental impact, a
broad spectrum of aggregates upon hydration [14,15] and usual
progression of lyotropic phases in the concentrated regime [6].
Furthermore, some of their representatives display quite dramatic
myelins (worm-like channels) [6,15]. Amine-type gemini surfac-
tants reveal an extraordinary pH-induced vesicle-to-cylindrical or
wormlike micelle transition [14].

Continuing our work on designing and characterizing new
surface active saccharide derived systems and the characteristic
features embedded in their structure [7,11,16-18] we present here
the fundamental description of an aggregation behavior of N,N'-
bisalkyl-N,N'-bis[(3-p-aldonylamido)propyl]ethylenediamines
with varying both the hydrophobic tail, and the aldonamide type
(structures and abbreviations are placed in Chart 1).

The main purpose of the present study was to elaborate the char-
acteristics of micelles formed by bis(C,X)’s, whose X=GA and LA
(mainly cmc and microenvironment polarity) and the aggregation
behavior of studied dimeric compounds in dilute and concentrated
aqueous surfactant solutions (i.e., up to their solubility limit), by
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Chart 1. N,N -bisalkyl-N,N -bis[3-D-aldonylamidopropyl]ethylenediamines
bis(C,X) where X=GA or LA.

means of emission fluorescence spectra and time-resolved fluores-
cence quenching method; as the latter has been recognized as one
of the most convenient tools for the estimation of micelle aggre-
gation numbers [19-27]. This contribution extends our previous
studies on synthesis, surface activity and environmental impact of
the mentioned aldonamides [10,11,25] by investigations of their
concentration-induced micellar growth, mainly driven by the sur-
factant geometric size and the hydrophobic interactions. Points
imparting the additional attraction and novelty to the objects are
the effect of changes in molecular structure and in the environ-
ment at the interface around the gemini (dimeric) polyol-type
compounds on their self-aggregation behavior.

2. Experimental
2.1. Materials

All aldonamide-type gemini surfactants studied, bis(C,X) (n=8,
10, 12; X=LA and GA), were synthesized according to the syn-
thetic methodologies described in our previous papers [10,11]. All
reagents and solvents were the highest grade available commer-
cially, dried, or freshly distilled as required. Pyrene was purchased
from Molecular Probes, Inc. (Eubene, OR 97402) and cetylpyri-
dinium chloride from Aldrich Chemical Co. (Milwaukee, WI). Water
used for all experiments was doubly distilled and purified by means
of a Millipore (Bedford, MA) Milli-Q purification system.

2.2. Methods

The values of cmc's related to presently synthesized N,N'-
bisbutyl-N,N’-bis[(3-p-aldonylamido)propyl]ethylenediamine
(bis(C4LA)) and N,N’'-bisdecyl-N,N’'-bis[(3-D-aldonylamido)propyl]
ethylenediamine (bis(CqoLA)) were measured by means of a Kriiss
K12 automatic tensiometer (Hamburg, Germany) with a du Nuoy
Pt-Ir-ring as in the case of other bis(C;X)'s [11] and found to be
2.0 x 103 M and 4.4 x 10> M, respectively.

Fluorescence measurements were recorded on an IBH 5000U
spectrometer, used as a single-photon sensitive spectrofluorime-
ter. The steady-state fluorescence spectra were recorded by means
of an additional Model 5000U-06 steady-state accessory with a
xenon lamp, operated at an excitation wavelength of 335nm.
Time-resolved fluorescence quenching data were collected with
the time-correlated single-photon counting technique on the IBH
5000U spectrometer using a hydrogen filled lamp as the excitation
source. Sample preparation and fluorescence decay recording were
as described in detail by others [21,23,26]. Pyrene was excited at
335nm and its emission recorded at 381 nm. Measurements were
carried out in a thermostated 1cm3 cuvette holder at 25+ 0.1°C.

The critical micelle concentration (cmc) values of the investigated
surfactants were determined from the measurements of the pyrene
polarity index, I1/I3, i.e., the intensities ratio of the first and third
vibronic peaks in the fluorescence emission spectra of pyrene
[27,28]. All cmc values were estimated from the plots of I1/I3 ratio
vs. surfactant concentration. Additionally, the value of I;/I3 at a
concentration well above the cmc provided information on the
micropolarity sensed by pyrene in its micellar microenvironment
[27,29,30].

The time-resolved fluorescence decay measurements were
performed using pyrene as the fluorescence probe (P) and cetylpyri-
dinium ion as the fluorescence quencher (Q). In all experiments
the probe concentration, [P], was kept at low level, such that
[P]/[MI] <0.05, where MI denotes micelles concentration in M. The
molar concentration ratio [Q]/[MI] was adjusted as to be close to
1. The surfactant concentration was selected in such a way as
to receive the most accurate results, i.e., for bis(C;X) (n=8, 12;
X =LA and GA) having extremely low cmc’s the measurements were
performed in the range of 100-1000cmc. The decay curves were
recorded in the absence and in the presence of quencher. Since
the molecules of the probe and quencher remain in a micelle for a
time long compared to the probe fluorescence lifetime, the decon-
volution of fluorescence decay curves was possible. Quantitative
analyses of fluorescence decay curves have been performed by
means of the IBH Micellar Quenching Model (Fit 11 module in the
IBH Das 6 Analysis packet) in one step by fitting the Infelta-Tachiya
equation [31,32].

3. Results and discussion

3.1. Micelle formation and microenvironment characteristics at
diluted surfactant concentration: steady-state fluorescence (SSF)

In the case of N,N'-bisalkyl-N,N -bis[(3-p-aldonylamido)propyl]
ethylenediamines, bis(C;X) (n=8, 12; X=LA and GA), we have
observed on the basis of surface tension measurements [11] that the
decisive driving force for micelle formation are hydrophobic inter-
actions between C,’s and dominating hydrogen bond interactions
between aldonamide-type headgroups. Further details related to
the structural organization of gemini bis(C,X)'s aggregates have
been elaborated here by means of the SSF technique using the mea-
sured values of the fluorescence probe properties in such organized
systems. In order to acquire more complex characteristics of micelle
formation and microenvironment polarity of bis(C,X), additional
analogs, i.e., n-hexyl and n-decyl derivatives, have been included.
Pyrene was used as the probe because its intensities of the first (I;)
and the third (I3) vibronic peaks are highly sensitive to the polar
nature of the surrounding medium [27,29-31].

Both the determination of values of critical micelle concentra-
tion, and the microenvironment polarity estimation were carried
out by means of SSF. The fluorescence spectra of pyrene, in aqueous
solution of bis(C,X), were recorded at different surfactant con-
centrations. As surfactant concentration increases the fluorescence
intensity increases, and the structure of spectrum changes (see
Fig. 1). The ratio I/I5 of the intensities of the bands that appear at
372nm (I;) and 390 nm (I3) were measured. Fig. 2 presents vari-
ations of the studied surfactants concentration vs. the observed
I1 /I3 ratios in the fluorescence emission spectra of pyrene. The plots
show a clear break that defines the cmc, whose values for bis(Cp X)'s
are listed in Table 1. The cmc’s obtained by surface tension measure-
ments (values in parentheses) are also included for comparison,
indicating the reliability of the SSF approach. As it can be noticed,
the bis(C,X)’s can form micelles at an exceptionally low concentra-
tion (for comparison see data for single-head single-tail surfactants
presented in Table 1), ranging from 4.5 x 10~ M (bis(C;,GA)) to
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Fig. 1. Fluorescence spectra of pyren (5 x 10~7 M) in aqueous solution of bis(CgLA).

2.3 x 1073 M (bis(C4LA)). The variation of cmc for bis(C,LA) (n=4,
8,10 and 12) follows a linear semi-logarithmic pattern (regression
coefficient is ca. 0.998). Such a phenomenon is similar to one previ-
ously observed in the case of surface tension measurements also for
other gemini sugar surfactants [14,15], and many various series of
ionic dimeric surfactants [29] having a hydrophobic tail not exceed-
ing Cq¢ as well as single-head single-tail polyoxyethylene [33] and
saccharide-derived surfactants [18].

The polarity of the micellar interior was expressed as the local
polarity of the solubilized site of pyrene. It has been suggested
[29] that the first few methylene groups in the hydrocarbon tail
lying near to the polar headgroup may be in contact with water.
Thus, water molecules may somehow penetrate into the hydropho-
bic core of micelles. The estimated I /I3~ ¢mc ratios from the SSF
measurements for bis(C;X)’s ranging from 1.41 to 1.50 (placed in
Table 1; for comparison: water I;/I3 =1.87, dioxane I; /[3=1.5, 1,2-
propandiol I /I3 =1.45, methanol I;/I3=1.35, ethanol I;/I3=1.18,
n-pentanol I; /I3 =1.02, n-hexane I;/I3=0.58 [34]) indicate a con-
siderably high polarity sensed by pyrene in the studied systems.
It means that the probe is solubilized in the palisade layer of the
micelle as previously been achieved by other workers [21,35]. Fur-
thermore, it can be noticed that the nature of X has strong influence
on the polarity of the pyrene micellar binding sites. It has to be
emphasized here that the obtained values of I; /I3 ¢~ ¢m¢ are compa-
rable to those of cationicammonium dimerics [29] but considerably
higher than that in the case of gemini 1,2-bis(N-hexaethyleneglycol
dodecylamide) [30] or single-head single head glucopyranoside-
type surfactant [31]. Additionally, from the I1 /I3 ¢ . ¢mc values there
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Fig. 2. Variation of pyrene polarity ratio I /I with the surfactant concentration for
(a) bis(C,LA) where n=4, 8, 10 and 12 and (b) bis(C,GA) where n=8 and 12.

were estimated values of the apparent dielectric constant (D) of the
medium (i.e., the pyrene environment inside the micelle) [27,32]
(the applied relation of I1/I3¢~ ¢mc Vs. D is given in the footnote
of Table 1 along with the apparent values of D). Both magni-
tudes, i.e., I1/I3 > ¢mc and D, indicate that forming of more water
imbued structure occurs in the aqueous micelles of bis(CpX)'s
whose aldonylamido-type headgroups are appreciably hydrated
due to the presence of numerous hydroxyl groups. Our recent con-
tribution [11] has shown that bis(C;X) (n=8, 12; X=LA, GA) form
small, spherical aggregates just upon micellization as evident from
steady-state fluorescence quenching (SSFQ).

Critical micelle concentration, cmc, pyrene polarity index, I;/Is and apparent dielectric constant of the medium, D for the N,N'-bisalkyl-N,N -bis[(3-D-
aldonylamido)propyl]ethylene diamines (bis(C,X) where n=4, 8, 10, 12; X=GA and LA) obtained by steady-state fluorescence® method at 25°C.

Surfactant (abbreviation) cmc [mol x dm—3] (I /13)e > eme App.DP
bis(C4LA) 23x10°3 (2.0 x 10-3) 1.50 395
bis(CgLA) 1.5 x 10-4 (1.3 x 10-4)¢ 1.46 36.3
bis(C1oLA) 47 x 105 (4.4 x 10-5)¢ 145 355
bis(Cy,LA) 9.7 x 10-6 (8.9 x 10-6)¢ 1.43 339
bis(CsGA) 72x10°5 (6.7 x 10-5)d 1.43 339
bis(C1,GA) 45x 1075 (3.8 x 10-6)d 1.41 323

N-decyl-N-methylgluconamide
N-dodecyl-N-methylgluconamide
N-decyl-N-methyllactobionamide
N-dodecyl-N-methyllactobionamide

(129 x 10-3)e
—(1.46 x 10-4)e
—(2.31x1073)°
—(2.49 x 10-4)¢

2 SSF: probe = pyrene; Aexc =335nm; Aem,1 =372 0mM; Aemz =381 nm.
Calculated [31] from the relation: (I1/I5)c = cme = 1.00461 +0.01253D.
Determined from surface tension measurements in the present work.

b
C

d Determined from surface tension in [11].
¢ Determined from surface tension in [18].
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Fig. 3. Fluorescence decay curves for bis(CgLA): (a) c=50cmc ([Q]; =1.50 x 1074,
[Q2=7.50 x 10~4), (b) c¢=350cmc ([Q]; =6.00 x 10~4, [Q]>=3.00 x 10-3) and (c)
¢=1000cmc ([Q]; =7.00 x 104, [Q], =2.80 x 10-3).

3.2. Micellar growth at concentrated surfactant solution:
time-resolved fluorescence quenching (TRFQ)

The TRFQ technique measures the time-resolved fluorescence
intensity of a probe solubilized in micellar aggregates in absence
and presence of a quencher [22-24,36,37]. Fluorescence quench-
ing in micelles has been observed to be a first-order kinetic process
[22,36]. Under the conditions that probes and quenchers do not
migrate between micelles within the lifetime frame of the excited
probe and assuming a Poissonian distribution of the quencher
among the micelles, the Infelta-Tachiya equation [38,39] for the
fluorescence intensity F(t) vs. time (t) has the following form:

F(t) = F(0)exp {—T—to + (n) {exp (—th) - 1}} 1)

where (n) = [Q]/[MI] (where [MI]=c — cmc) is the average number
of quenchers per micelle, F(0) is the fluorescence intensity at time
zero, and kq is the intramicellar quenching rate constant, 7y is the
probe fluorescence lifetime, determined in a separate experiment
in the absence of the quencher.

Typical families of decay curves are displayed in Fig. 3. All F(t)
functions have the same slope after the quencher-induced fast
decay which indicates that the distributions of probe and quencher
among micelles can be considered as frozen on the fluorescence
time scale (about 1 ws). The values of fluorescence lifetime 7o were
successfully determined (see Table 2).

Each decay curve for different sets of experimental parame-
ters (i.e. type of surfactant, its concentration in aqueous solution,
quencher concentration) was analyzed separately to yield the fit-
ting kg parameter whose values for the studied systems are placed
in Table 2. As can be seen, the values of the intramolecular quench-
ing rate constant (kq) for all bis(C;X)’s decrease with increasing
surfactant concentration and the length of hydrophobic chain. On
both the theoretical [22,36,40], and experimental basis [21,26,35]
a reduction of this parameter has generally been attributed to an
increasing size of the examined micelles.

For gemini structure of surfactants [27] in which a given spacer
links two surfactant monomers, the average aggregation number
of quenchers per micelle, (n), is related to the average aggre-
gation number of surfactant chains per micelle, N;, equal to
NR x Nagg (Where Ng =2 as denoting a number of hydrophobic sub-
stituents and Nagg is the average aggregation number for traditional
surfactants). The Ni; magnitude can be thus obtained from the
non-exponential decay parameters by means of the following equa-
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Fig. 4. Variation of the micelle aggregation numbers, Ny, with normalized surfac-
tant concentration, c/cmc, for (a) bis(C,LA) where n=4, 8, 10, 12 and (b) bis(C,GA)
where n=8,12 at 25°C.

(n) (¢ — cmc)
Q]

where c is the total surfactant concentration, cmc is the criti-
cal micelle concentration and [Q] is the bulk molar quencher
concentration. Table 2 lists the values of the average aggre-
gation numbers, i.e., Nagg (Ngj), for the different solutions of
bis(C,X)’s, whose concentrations are far above the cmc. At the
concentration 250 times higher than the cmc Ny,; increases in the
order bis(C4LA)<bis(CgLA)<bis(CgGA)<bis(CigLA)<bis(C12LA)<
bis(C13GA). According to the TRFQ Ny, estimates, the bis(C4LA)
micelles are spherical in shape over the entire range of surfactant
concentrations studied (c/cmc is varied from 50 to 250, i.e., to its
solubility limit). A more noticeable but still modest increase of Ny,
with surfactant concentration is seen for bis(CgLA) and bis(C;gLA)
for which the micelles remain spherical up to ca. 500cmc. This
increase becomes important with bis(Cy3LA) and bis(CgGA) which
both form spherical micelles up to approx. 350cmc, and very
importantly, for bis(C1,GA)-up to ca. 100cmc.

The variations of Ng,j (which is equal to 2Nagg) vs. normal-
ized concentration of bis(C;X), c/cmc (Fig. 4) indicates that the
micelles of bis(C,X) in the aqueous phase are susceptible to an
almost linear growth as the surfactant concentration increases as
treated theoretically by J6dar-Reyes and Leermakers [41]. Further-
more, for most concentrations studied the resulting “quencher
average” aggregation numbers were found to slightly decrease
with the quencher concentration indicating a broadening of the
micellar size distribution. Such a phenomenon has already been
observed in the literature for various ionic or ionic micelles which

Nail = (2)
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Aggregation parameters of N,N’-bisalkyl-N,N’-bis[(3-Dp-aldonylamido)propyl]ethylenediamines (bis(C,X) where n=4, 8, 10, 12; X=GA and LA) obtained by time-resolved

fluorescence quenching? at 25°C.

Surfactant (abbreviation) c/emc 7o [ns] Nuail Nagg ko x 1077 [s71] Niaitkq x 10710 [N, Nuait/Neheoret.”
bis(C4LA) 10 6.36 17.8 8.9 1.81 3.22 0.15 0.8
30 6.48 20.8 104 1.51 3.15 0.15 1.0
50 6.50 22.8 114 1.36 3.19 0.16 11
70 6.39 20.8 12.0 1.33 3.19 0.17 11
100 6.38 26.8 134 1.20 3.21 0.19 1.2
150 6.41 28.2 141 1.15 3.24 0.20 13
250 6.33 31.8 159 1.02 3.24 0.22 1.5
bis(CgLA) 50 3.73 39.0 19.5 0.79 3.11 0.17 0.8
100 3.77 44.3 22.2 0.72 3.18 0.19 0.9
150 3.75 49.6 24.8 0.63 3.14 0.21 1.0
250 3.86 54.2 271 0.59 3.19 0.23 11
350 3.89 60.0 30.0 0.52 3.12 0.35 13
500 3.78 85.4 42.7 0.38 3.28 0.28 1.8
700 3.77 103.8 51.9 0.33 3.38 0.31 2.2
850 3.79 123.2 61.6 0.26 3.27 0.34 2.6
1000 3.72 132.8 66.4 0.27 3.59 0.36 2.8
bis(CyoLA) 100 1.72 56.0 28.0 0.57 3.17 0.18 0.9
150 1.93 60.8 304 0.51 3.13 0.20 0.9
250 1.96 66.6 333 0.47 3.16 0.22 1.0
350 1.76 83.8 419 0.37 3.14 0.25 13
500 1.77 98.1 49.0 0.33 3.25 0.28 15
700 1.80 132.2 66.1 0.25 3.36 0.31 2.1
850 1.69 146.2 731 0.23 3.38 0.34 23
1000 1.73 177.4 88.7 0.18 3.39 0.37 2.8
bis(Cy2LA) 100 0.97 76.8 384 0.42 3.16 0.18 0.9
150 1.03 80.1 40.0 0.39 3.17 0.21 1.0
250 1.05 85.0 42.5 0.38 3.20 0.24 1.0
350 0.98 94.6 473 0.34 3.19 0.28 11
500 0.99 141.8 70.9 0.26 3.75 0.30 1.7
700 0.99 173.6 86.8 0.20 3.50 0.33 2.1
850 0.96 254.8 127.4 0.14 3.57 0.36 3.1
1000 1.01 260.1 130.0 0.13 3.61 0.40 39
bis(CsGA) 100 4.60 54.6 273 0.63 3.46 0.22 1.2
150 4.55 52.3 26.2 0.63 3.31 0.32 11
250 4.76 65.2 32.6 0.52 3.44 0.36 14
350 4.80 943 47.2 0.39 3.65 0.38 2.0
500 461 116.2 58.1 0.31 5.80 0.42 2.5
700 4.59 151.7 75.8 0.23 6.13 0.43 3.2
850 4.63 188.2 94.1 0.19 6.46 0.42 4.0
1000 4.50 202.2 101.1 0.13 6.71 0.42 4.3
bis(C12GA) 100 2.65 86.2 43.1 0.39 3.36 0.17 1.0
150 2.63 102.6 513 0.33 3.34 0.20 1.2
250 2.74 129.8 64.9 0.26 3.34 0.28 1.6
350 2.77 158.0 79.0 0.21 343 0.35 19
500 2.66 173.0 86.5 0.22 6.72 0.39 2.1
700 2.65 301.4 150.7 0.13 7.27 0.41 3.6
850 2.67 370.4 185.2 0.12 8.38 0.42 44
1000 2.60 482.4 241.2 0.09 9.81 0.44 5.8

2 TRFQ: probe = pyrene, quencher = cetylpyridinium bromide, Aexc =335 nm.
b Calculated according to directions given in the literature [43-46].

become more polydisperse as they grow [22,26]. The theory of
a polydispersity-assisted quenching process-originally studied by
Almgren and Lofroth [24] and later extended by Warr and Grieser
[42] to steady-state and time-resolved experiments — concludes
that in the absence of probe and quencher exchanges the measured
average aggregation number referred to as the apparent average
aggregation number, obtained by means of Eq. (2), has been shown
to depend on the ratio |Q | /[MI] in the following way:

o’[Q]

Ntail =Ny — m

3)

where N, is the weight average aggregation number and o2 is the
variance of the micellar weight distribution [42]. The “polydisper-
sity index” /N, can be determined from a plot of N,;; vs. [Q]/[MI]
(see Fig.5)and the numbers thus estimated are also listed in Table 2.
Accordingly, the o/N,, parameter is less than ~0.3 for all aqueous
solutions of bis(C4LA), up to 500cmc for other lactobionyl analogs,
and up to ca. 150cmc for gluconyl ones indicating that these micelles

are nearly spherical [43] and almost monodisperse as in the case of
globular Cq,Eg micelles observed by Warr and Grieser [42]. More
important decreases of N,; upon [Q] - as proved by polydisper-
sity index higher than at least 0.4 - are seen for bis(CgGA) and
bis(C12GA); for the latter under the entire c/cmcrange studied, thus,
indicating micellar polydispersity in these solutions.

Some support for the above drawn conclusions comes also from
the intramicellar rate constant, kg, which is proportional to the
reciprocal of the viscosity, sensed by the probe and the quencher
in their motion in the micelle [35]. Its decrease achieved along
with increasing surfactant concentration for all bis(C,X)’s reflects
a slightly enhanced packing of the studied micelles as their aggre-
gation number increases. For spherical or quasi-spherical micelles,
kq is nearly proportional to Ni,;; [40] and the relevant quantity that
many authors found interesting to be compared are the values of
Nikq. Values of this product may be treated as a size-corrected
measure of the reciprocal of the microviscosity sensed by the probe
and quencher in the diffuse motion which brings them together. For
the studied systems, the estimated Ni,jkq magnitude (also placed
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Fig. 5. Typical relationship of N, vs. [Q]/[MI] for bis(CsGA). The straight lines are
weighted linear least-squares fits.

in Table 2) is being slightly increased (ca. 10%) over the range of
c/cmc concentrations for bis(C;LA)’s micelles. But for the micelle
growth of bis(ChGA)’s the Ny,jkq parameter is increased approxi-
mately twice for n=8 and three times for n=12 under the studied
conditions.

3.3. Geometric aspects of the gemini surfactant structure

The amphiphilic character of saccharide-derived surfactants
is reinforced by many hydroxyl groups that readily enter into
hydrogen bonding. This leads to specific self-association behavior
which is found to be essentially governed by simple intermolecular
and intramolecular geometric packing constraints and tempera-
ture insensitive surface properties [3,7,8,13]. The studied gemini
bis(C,LA)’s and bis(C,GA)’s consist of two hydrophilic head groups,
two hydrophobic chains, and a spacer linked at or near the head
groups [10,11]. The present findings make it possible to conclude
that the unique dimeric structure of the studied bisaldonami-
doamines is responsible for their micellar growth as proved mainly
by the apparent average aggregation numbers increase along
with surfactant concentration over quenching analyses conditions.
According to Israelachvili et al. [43] the values of the surfactant
packing parameter, P, were calculated as the ratio between the
hydrocarbon tail region volume and the product of the hydrocar-
bon chain length and the area per head group at the interface.
The P values estimated for bis(CgLA), bis(Ci3LA), and bis(CgGA),
bis(C12GA) as, 0.33, 0.31 and 0.37, 0.35, respectively, indicate that
the dimeric aldonyl derivatives would rather tend to organize into
quasi-spherical aggregates, and furthermore, at high concentra-
tion regime spherocylindrical micelles would be preferably formed.
Furthermore, the aggregation number Nyeoer Can be expressed
- for the calculation purposes - as the ratio between the micel-
lar core volume and the volume of the hydrocarbon chain, for
which all the needed detailed equations are available from pub-
lished material [44-47]. Some qualitative support for the bis(C,X)’s
aggregation behavior can be acquired also from the values of the
elongation degree of aggregates, denoted as the Ni,jj/Npeoret Tatio
[47] (also included in Table 2) which show that, as the micelles
of bis(CpX)’s grow, the micelle shape progressively changes and
the micelle polydispersity increases. Recalling that N,ji/Niheoret > 1
at the highest concentrations studied, the most probable visual-
ized picture of micelle elongation may be as it is shown in Chart
2 where Ny denotes a spherical micelle of a given bis(C,X), which

1/2 No Ntheor' NO I

N

\\“W@O____Q(L)Qoq 0%/

| iQ
|

75 00 oo™

Chart 2. Visualization of elongated micelles formed by N,N -bisalkyl-N,N'-bis[(3-D-
aldonylamido)propyl]ethylenediamines.

is formed close to the cmc, and Nypeorer 1S the aggregation num-
ber of an elongated micelle respective to c=1000cmc. Assuming,
that the micellar shape is thus spherocylindrical or elongated (i.e.,
a cylinder with two hemispherical caps) with the radius of the
hydrophobic core equal to the fully extended alkyl chains (in A:
Ic =1.265n¢ +1.5) [45], the lengths of those spherocylinders are for
bis(CgLA), bis(CqgLA), bis(C12LA) and bis(CgGA), bis(C1,GA), respec-
tively, 9.2, 10.3, 13.1 and 10.8, 17.9nm which is in accord with
length prediction [47]. The micelle structure is dependent on the
configuration and bulkiness of the linkage between the hydrophilic
and hydrophobic groups. More bulky linkages, such those in (N-
acetyl N-dodecyl)lactosylamine described by Kjellin et al. [26],
promote small spherical micelles, whereas larger oblate ellipsoidal
or spherocylindrical micelles are formed when there is a lower
steric hindrance, as for surfactants examined in present studies; the
more bulky lactobionamide-type surfactants have lower aggrega-
tion numbers than the gluconamide ones.

4. Conclusions

The growth of micelles formed by the N,N’-bisalkyl-N,N'-
bis[(3-Dp-aldonylamido)propyl]ethylenediamines in water at con-
centrated surfactant solutions can be successfully monitored by
TRFQ. The variations of Nz vs. normalized concentration of
bis(C,X), c/cmc can lead one to conclude that all studied gem-
ini structures form at first micelles with aggregation numbers
expected for the spherical objects and then, due to individual
geometrical reasons, reveal a further concentration dependent
growth up to cylindrical micelles. This tendency is more notice-
ably experienced in the gluconamide-type series than in the
lactobionamide-type one. SSF measurements of [1 /I3 ¢ > ¢mc Values,
which are indicative of the polarity of the probe environment, con-
firm a more hydrophilic nature of the aldonylamide-derived system
studied in comparison to the classical one-chained nonionic surfac-
tants. Thus, the hydrophilic region of aggregates formed consists of
the aldonylamide-type entities and extensively entrapped water
molecules.

Acknowledgment

We gratefully acknowledge the financial support of Department
of Chemistry, Wroclaw University of Technology.

References

[1] C.Carnero Ruiz, Sugar-Based Surfactants. Fundamentals and Applications, Tay-
lor & Francis, New York, 2008.

[2] M. Claesson, U.R.M. Kjellin, Sugar surfactants, in: P. Somasundaran, A. Hubbard
(Eds.), Encyclopedia of Surface and Colloid Science, Taylor & Francis, New York,
2006.



210 K.A. Wilk et al. / Journal of Photochemistry and Photobiology A: Chemistry 219 (2011) 204-210

[3] O. Séderman, I. Johansson, Polyhydroxyl-based surfactants and their physici-
chemical properties and applications, Curr. Opin. Colloid Interface Sci. 4 (2000)
391-401.

[4] Y.-Y.Luk, N.L. Abbott, Applications of functional surfactants, Curr. Opin. Colloid
Interface Sci. 7 (2002) 267-275.

[5] K. Holmberg, Natural surfactants, Curr. Opin. Colloid Interface Sci. 6 (2001)
148-159.

[6] H.A. van Doren, E. Smits, ].M. Pestman, ].B.F.N. Engberts, R.M. Kellogg, Meso-
genic sugars. From aldoses to liquid crystals and surfactants, Chem. Soc. Rev.
29 (2000) 183-199.

[7] KA. Wilk, K. Zielifska, A. Hamerska-Dudra, A. Jezierski, Biocompatible
microemulsions of dicephalic aldonamide-type surfactants: formulation,
structure and temperature influence, J. Colloid Interface Sci. 334 (2009) 87-95.

[8] C. Stubenrauch, Sugar surfactants — aggregation, interfacial, and adsorption
phenomena, Curr. Opin. Colloid Interface Sci. 6 (2001) 160-170.

[9] L.A. Estroff, A.D. Hamilton, Water gelation by small organic molecules, Chem.
Rev. 104 (2004) 1201-1218.

[10] K.A. Wilk, L. Syper, B.W. Domagalska, U. Komorek, I. Maliszewska, R. Gancarz,
Aldonamide-type gemini surfactants: synthesis, structural analysis, and bio-
logical properties, J. Surfact. Deterg. 5 (2002) 235-244.

[11] U. Komorek, K.A. Wilk, Surface and micellar properties of new nonionic gemini
aldonamide-type surfactants, J. Colloid Interface Sci. 271 (2004) 206-211.

[12] T. Yoshimura, K. Ishihara, K. Esumi, Sugar-based gemini surfactants with
peptide bonds - synthesis, adsorption, micellization, and biodegradability,
Langmuir 21 (2005) 10409-10415.

[13] K Sakai, S. Umezawa, M. Tamura, Y. Takamatsu, K. Tsuchiya, K. Torigoe, T.
Ohkubo, T. Yoshimura, K. Esumi, H. Sakai, M. Abe, Adsorption and micellization
behavior of novel gluconamide-type gemini surfactants, J. Colloid Interface Sci.
318 (2008) 440-448.

[14] M. Johnsson, A. Wagenaar, M.C.A. Stuart, ].B.F.N. Engberts, Sugar-based gem-
ini surfactants with pH-dependent aggregation behavior: vesicle-to-micelle
transition, critical micelle concentration, and vesicle surface charge reversal,
Langmuir 19 (2003) 4609-4618.

[15] J.M.Pestman, K.R. Terpstra, M.C.A. Stuart, H.A. van Doren, A. Brisson, R.M. Kellog,
J.B.E.N. Engberts, Nonionic bolaamphiphiles and gemini surfactants based on
carbohydrates, Langmuir 13 (1997) 6857-6860.

[16] B. Rézycka-Roszak, P. Misiak, B. Jurczak, K.A. Wilk, Aggregation studies of
n-alkanoyl-N-methyllactitolamine surfactants, J. Phys. Chem. B 112 (2008)
16546-16551.

[17] K. Zielifiska, K.A. Wilk, A. Jezierski, T. Jesionowski, Microstructure and struc-
tural transition in microemulsions stabilized by aldonamide-type surfactants,
J. Colloid Interface Sci. 321 (2008) 408-417.

[18] B. Burczyk, K.A. Wilk, A. Sokotowski, L. Syper, Synthesis and surface proper-
ties of N-alkyl-N-methylgluconamides and N-alkyl-N-methyllactobionamides,
J. Colloid Interface Sci. 240 (2001) 552-558.

[19] S.Manet,Y.Karpichev, D.Bassani, R. Kiagus-Ahmad, R. Oda, Counteranion effect
on micellization of cationic gemini surfactants 14-2-14: Hofmeister and other
counterions, Langmuir 26 (2010) 10645-10656.

[20] P.K.Singh, M. Kumbhakar, R. Ganguly, V.K. Aswal, H. Pal, S. Nath, Time-resolved
fluorescence and small angle neutron scattering study in pluronics-surfactant
supramolecular assemblies, ]. Phys. Chem. B 114 (2010) 3818-3826.

[21] R.G. Alargova, L.I. Kochjashky, M.L. Sierra, R. Zana, Micelle aggregation numbers
of surfactants in aqueous solutions: a comparison between the results from
steady-state and time-resolved fluorescence quenching, Langmuir 14 (1998)
5412-5418.

[22] M.H. Gehlen, F.C. Schryver, Time-resolved fluorescence quenching in micellar
assemblies, Chem. Rev. 93 (1993) 199-221.

[23] M. Almgren, P. Hansson, E. Mukhtar, J. van Stam, Aggregation of alkyltrimethy-
lammonium surfactants in aqueous poly(styrenesulfonate) solutions, Lang-
muir 8 (1992) 2405-2412.

[24] M. Almgren, ].-E. Lofroth, Quenching of pyrene fluorescence by alkyl iodides in
sodium dodecyl sulfate micelles, . Chem. Phys. 86 (1982) 1636-1641.

[25] K.A. Wilk, K. Zielifiska, A. Jezierski, Structural aspects in saccharide-derived
micelles studied by a spin probe technique, Colloid Surf. A 343 (2009) 64-69.

[26] U.R.M. Kjellin, J. Reimer, P. Hansson, An investigation of dynamic surface ten-
sion, critical micelle concentration, and aggregation number of three nonionic
surfactants using NMR, TRFQ and maximum bubble pressure tensiometry, J.
Colloid Interface Sci. 262 (2003) 506-515.

[27] K. Kalyanasundaram, J.K. Thomas, Environmental effects on vibronic band
intensities in pyrene monomer fluorescence and their application in studies
of micellar systems, J. Am. Chem. Soc. 99 (1977) 2039-2044.

[28] Ch. Honda, Y. Katsumata, R. Yasutome, S. Yamazaki, Sh. Ishii, K. Matsuoka,
K. Endo, Temperature dependence of pyrene fluorescence spectra in aque-
ous solutions of C,E,; (C14E7, C16E7, and CyEg) nonionic surfactant micelles,
J. Photochem. Photobiol. A: Chem. 182 (2006) 151-157.

[29] R.Zana, Dimeric and oligomeric surfactants. Behavior at interfaces and in aque-
ous solution: a review, Adv. Colloid Interface Sci. 97 (2002) 205-253.

[30] G.Paddon-Jones, S. Regismond, K. Kwetkat, R. Zana, Micellization of nonionic
surfactant dimers and of the corresponding surfactant monomers in aqueous
solution, J. Colloid Interface Sci. 243 (2001) 496-502.

[31] O. Pastor, E. Junquera, A. Aicart, Hydration and micellization processes of
n-octyl 3-p-glucopyranoside in aqueous solution. A thermodynamic and flu-
orimetric study in the absence and presence of salts, Langmuir 12 (1998)
2950-2957.

[32] K.S. Sharma, C. Rodgers, R.M. Palepu, A.K. Rakshit, Studies of mixed surfactant
solutions of cationic dimeric (gemini) surfactant with nonionic surfactant Ci2Eg
in aqueous medium, J. Colloid Interface Sci. 268 (2003) 482-488.

[33] M. Wolszczak, J. Miller, Characterization of non-ionic surfactant aggregates by
fluorometric techniques, J. Photochem. Photobiol. A: Chem. 147 (2002) 45-54.

[34] D.C. Dong, M.A. Winnik, The Py scale of solvent polariteies. Solvent effects on
the vibronic fine structure of pyrene fluorescence and empirical correlations
with Er and Y values, Photochem. Photobiol. 35 (1982) 17-21.

[35] P.Lianos,].Lang, C. Strazielle, R. Zana, Fluorescence probe study of oil-in-water
microemulsions. 1. Effect of pentanol and dodecane or toluene on some prop-
erties of sodium dodecyl sulfate micelles, J. Phys. Chem. 89 (1982) 1019-1025.

[36] M.Almgren, in: M. Grdtzel, K. Kalyanasundaram (Eds.), Kinetics in Microhetero-
genius Systems, Marcel Dekker, New York, 1991.

[37] F. Cuomo, G. Palazzo, A. Ceglie, F. Lopez, Quenching efficiency of pyrene flu-
orescence by nucleotide monophosphates in cationic micelles, ]J. Photochem.
Photobiol. A: Chem. 202 (2009) 21-27.

[38] P.P. Infelta, M. Grdtzel, ].K. Thomas, Luminescence decay of hydrophobic
molecules solubilized in aqueous micellar systems. Kinetic model, J. Phys.
Chem. 78 (1974) 190-195.

[39] M.Tachiya, Application of a generating function to reaction kinetics in micelles.
Kinetics of quenching of luminescent probes in micelles, Chem. Phys. Lett. 33
(1975) 289-292.

[40] M. Van der Auweraer, F.C. de Schryver, On the intramicellar fluorescence
quenching rate constant in cylindrical micelles, Chem. Phys. 111 (1987)
105-112.

[41] A.B. J6dar-Reyes, F.A.M. Leermakers, Self-consistent field modeling of linear
nonionic micelles, J. Phys. Chem. B 110 (2006) 6300-6311.

[42] G.G. Warr, F.G. Grieser, Determination of micelle size and polydispersity by
fluorescence quenching. Theory and numerical results, . Chem. Soc., Faraday
Trans. 1(82)(1986) 1813-1828.

[43] ]J.N.Israelachvili, D.J. Mitchell, B.W. Ninham, Theory of self-assembly of hydro-
carbon amphiphiles into micelles and bilayers, J. Chem. Soc. Faraday Trans. 2
(72)(1976) 1525-1568.

[44] R. Zana, H. Lévy, D. Papoutsi, G. Beinert, Micellization of two triquaternary
ammonium surfactants in aqueous solution, Langmuir 11 (1995) 3694-3698.

[45] C. Tanford, Micelle shape and size, ]. Phys. Chem. 78 (1972) 3020-3024.

[46] J. van Stam, S. Depaemelaere, F.C. De Schryver, Micellar aggregation numbers
- a fluorescence study, ]J. Chem. Ed. 75 (1998) 93-98.

[47] K. Holmberg, B. Johnson, B. Kronberg, B. Lindman, Surfactants and Polymers in
Aqueous Solution, 2nd ed., John Wiley & Sons Ltd., Chichester, 2003.



	Fluorescence probe studies upon microenvironment characteristics and aggregation properties of gemini sugar surfactants in...
	Introduction
	Experimental
	Materials
	Methods

	Results and discussion
	Micelle formation and microenvironment characteristics at diluted surfactant concentration: steady-state fluorescence (SSF)
	Micellar growth at concentrated surfactant solution: time-resolved fluorescence quenching (TRFQ)
	Geometric aspects of the gemini surfactant structure

	Conclusions
	Acknowledgment
	References


