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Novel Glucose-Derived Gemini Surfactants with a
1,1-Ethylenebisurea Spacer: Preparation,
Thermotropic Behavior, and Biological Properties
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ABSTRACT: In the search for environmentally safe surfac-
tants made from inexpensive and renewable sources, the in-
terest has mainly been focused on new saccharide derivatives.
This report describes the synthesis of newly designed nonionic
gemini compounds comprising two reduced sugar head-
groups, two alkyl tails, and a 1,1"-ethylenebisurea entity as the
spacer linking two amphiphilic glucose-derived moieties. Thus,
the series of N,N"-bis[(3-alkyl-3-deoxy-D-glucitol)ureido]ethyl-
enediamines (bis(C GT), with C = n-C,Hq, n-C,H;5, n-CgH,5,
n-CygH,4, or n-Cy,H,5), were prepared using a convenient pro-
cedure starting from easily accessible reagents such as D-glu-
cose, n-alkylamines, urea, and ethylenediamine. Their struc-
ture and purity were confirmed by means of elemental analysis,
electrospray ionization mass spectrometry, and 'H and "3C nu-
clear magnetic resonance spectroscopy. Additionally, the pre-
sent contribution introduces selected properties of these sur-
factants, including their thermotropic behavior and biological
properties. The presence of two phase transition points, deter-
mined using the differential scanning calorimetry method, in-
dicates liquid-crystalline mesophase formation upon heating.
Furthermore, using the closed-bottle test (OECD Guideline
301D) as well as the biological oxygen demand test for insolu-
ble substances for biodegradability measurements, it has been
concluded that the tested glucose-derived gemini structures
achieve more than 60% biodegradation after 64-75 test days.
All tested surfactants were practically nontoxic to bacteria,
yeast, and molds. Owing to their fitting aggregation ability as
well as their nontoxicity, they constitute an interesting group
of surfactants for various applications.
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Over the past decade, there has been an increasing interest
in the creation of novel amphiphilic materials that possess
structural motifs borrowed from biological systems (carbo-
hydrates, peptides, and nucleic acid polymers). Such repre-
sentatives belong to the “green chemistry” area. The incor-
the
amphiphile structure results in new and interesting physic-

poration of such bio-inspired groupings into
ochemical and biological functionality (1-5). Sugar surfac-
tants are the most prominent of these new groupings be-
cause of both their biocompatibility and the broad
spectrum of their molecular architecture: the hydrophilic
headgroup could consist of innumerable carbohydrate moi-
eties, showing both stronger lipophobicity and stronger hy-
drophilicity as compared with surfactants with oligoethyl-
ene oxide headgroups; and the hydrophobic part could
consist of one, two, or even more chains (e.g., hydrocarbon
chains of fatty acids, long-chain fatty alcohols, and fatty
amines) (5—15). Moreover, they can be synthesized by link-
ing hydrophilic and hydrophobic moieties in different ways,
which would imply, on one hand, varying surfactant stabil-
ity and broadening application areas, and on the other
hand, a strong demand for new preparation methodologies.
Most of the methods described in the literature are exam-
ples of nonselective synthetic approaches (15-17); they
often require special activation procedures (5,18), prior
protections of the sugar substrates (18), or selective cataly-
sis by enzymes (19-21), and, furthermore, result in long
and costly preparation routes. The key step of amphiphilic
carbohydrate syntheses is the covalent coupling of a hy-
drophilic sugar with a lipophilic unit through either an oxy-
gen (ether, ester) (3-5,19-21) or a nitrogen (amine, amide)
(5-15) linkage. These linkages possess various degrees of
ionization or polarizability.

Following the well-known preparation procedures for
“classical” structures of sugar amphiphiles, researchers have
attempted to design more complex molecular architec-
tures, including gemini (or dimeric) ones (18-31). The pre-
sent contribution describes a dimeric environmentally ac-
ceptable structure, recently designed in our laboratory, that
forms highly organized supramolecular aggregates at inter-
faces. According to literature data, short-chain saccharide-
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SCHEME 1. Synthetic route of N,N"-bis[(3-alkyl-3-deoxy-D-glucitol)ureido]ethylenediamines,
bis(C, GT).
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based dimeric surfactants have been obtained by linking
suitable butyl glucopyranosides with various acyl dichlo-
rides. However, such a preparation route demands prior
protection of the carbohydrate hydroxyl groups to avoid ob-
taining a mixture of products (18). In our previous papers
(22,23) we described a new family of bisaldobionamide
gemini compounds, in which the saccharide lactone or acid
residues are linked to the dimeric molecule through the
amide groups. Another class of sugar gemini amphiphiles
has been synthesized from D-glucose without any prior pro-
tection of carbohydrates. In this case, hydrophobic tails
have been incorporated into the bolaform diamines that
bear two terminal reduced sugar moieties, either by reduc-
tive alkylation with aliphatic n-aldehydes (24,25) or by acy-
lation with anhydride (26) or with methyl esters of fatty
acids, the latter being a subject of our patents (27,28). It has
also been reported in the literature that the synthesis of
sugar-based gemini structures can also employ a combina-
tion of enzymatic and chemical methods: partially protected
mono- and disaccharides have been regioselectively acylated
using lipases, and the products have been coupled using
conventional chemistry to obtain sugar dimeric products in
which the hydrocarbon tails are connected with carbohy-
drate entities via the ester bonds (19-21).

The main purpose of this work is to report on a relatively
simple and practical synthesis of new environmentally
friendly gemini surfactants (structure and abbreviations
shown in Scheme 1), as well as to describe their ther-
motropic and ecological characteristics. Thus, N,N"-bis[ (3-
alkyl-3-deoxy-D-glucitol)ureido]ethylenediamines were de-
signed based on easily accessible, inexpensive, and
renewable materials, such as D-glucose and n-alkylamines,
derived from fats and plants. Furthermore, the surfactant
dimeric structure bearing two reduced saccharide head-
groups and two alkyl chains of various lengths, was en-
hanced by incorporation of a spacer in the form of a 1,1-
ethylenebisurea entity, which can promote gel formation in
a variety of solvents by means of a hydrogen-bonding net-
work (29-32). Differential scanning calorimetry (DSC) re-
vealed the thermotropic phase behavior of all of the stud-
ied products. The present contribution also considers how
changes in the molecular structure of the compounds
under study affect their antimicrobial properties and
biodegradability, which are the crucial factors in determin-
ing their influence on the environment.

EXPERIMENTAL PROCEDURES

Materials. All starting materials and solvents were the high-
est grade available commercially, and were dried or freshly
distilled as required. D (+)-Glucose, ethylenediamine, and
n-alkylamines (n-butylamine, n-hexylamine, n-octylamine,
n-decylamine, and n-dodecylamine) were purchased from
Fluka Chemie GmbH (Buchs, Switzerland), and urea and
NaBH, were purchased from Aldrich Chemical Co. (Mil-
waukee, WI). Pyrene was purchased from Molecular Probes,
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Inc. (Eugene, OR). Water used for all experiments was dou-
bly distilled and purified by means of a Millipore (Bedford,
MA) Milli-Q purification system.

Synthests of 3,3’ -dinitro-1, 1’-ethylenebisurea (5). First, start-
ing from urea and ethylenediamine, a known procedure
(33) was applied to obtain 3,3’-dinitro-1,1"-ethylenebisurea
(5) with a 90% yield, m.p. 197-199°C. The elemental analy-
sis calculated for C,;HgN;O; was C, 20.34; H, 3.41; and N,
35.59. The elemental analysis found for the prepared sam-
ples was C, 20.47; H, 3.80; and N, 35.65.

Synthesis of N-alkyl-1-amino-1-deoxy-D-glucitol (4): general proce-
dure. Following the method described by Rico-Lattes and Lattes
(17), a solution of 0.25 mol of D-glucose (1) and 0.25 mol of
the proper n-alkylamine (2) in 500 mL of methanol was stirred
at room temperature for 24 h. The reaction mixture was then
cooled to 0°C, and a small molar excess of NaBH, (10.21 g,
0.27 mol) was added stepwise. The reaction was then main-
tained at room temperature until the hydrogen evolution
ceased. After reduction, concentrated HC] was added drop-
wise to a pH of 2-3; then the product was converted into its hy-
drochloride salt, cooled in a refrigerator, filtered, rinsed with a
small amount of ice water and ice-cold ethanol, and dried in
vacuo over KOH. The dried precipitate was stirred with
methanol and a slight molar excess of sodium methylate for 24
h at room temperature. Then the stirring was continued and
the reaction mixture was heated under reflux to decompose
the hydrochloride salt and liberate the pure product. After
cooling, the white precipitate was isolated, washed with a small
amount of ice water and ice-cold methanol, and dried.

N-Butyl-1-amino-1-deoxy-D-glucitol (4a). The elemental analysis
calculated for C,;HyyNO, was C, 50.62; H, 9.77; and N, 5.90.
The elemental analysis found for the prepared sample was C,
50.56; H, 9.81; and N, 5.93. The structure was verified by 'H
nuclear magnetic resonance (NMR) (CDCl,): 6 = 0.89 (t, 3H,
CHj,, J=6.71 Hz); 8 = 1.32 (m, 2H, CHy;CH,); 6 = 1.41-1.57 (m,
2H, N-CH,CH,CH,); 8 = 3.38-3.44 (m, 2H, N-CH,CH,); 6 =
3.54-3.72 (m, 8H, CH, CH,, sugar); and 8 = 4.18-5.23 (m, 5H,
OH, carbohydrate).

N-Hexyl-1-amino-1-deoxy-D-glucitol (4b). The elemental
analysis calculated for C;,Ho,NO; was G, 54.32; H, 10.25;
and N, 5.28. The elemental analysis found for the prepared
sample was C, 54.25; H, 10.31; and N, 5.21. The structure was
verified by 'H NMR (CDCly): 8 = 0.87 (t, 3H, CHj, J= 6.67
Hz); 8 =1.26 (m, 6H, CHg(CHy)4); 6 = 1.45-1.58 (m, 2H, N-
CH2CH2(CH2)3); § = 3.42-3.54 (m, 2H, N-CH,CH,); 6 =
3.62-3.79 (m, 8H, CH, CH,, sugar); and 6 = 3.98-4.53 (m,
5H, OH, carbohydrate).

N-Octyl-1-amino-1-deoxy-D-glucitol (4c). The elemental
analysis calculated for C;,H3,NO, was C, 57.31; H, 10.65;
and N, 4.78. The elemental analysis found for the prepared
sample was C, 57.24; H, 10.71; and N, 4.71. The structure
was verified by 'H NMR (CDCly): 6 =0.90 (t, 3H, CH,, /=
6.57 Hz); 8 = 1.35 (brs, 10H, CH3(CHy)); 6 = 1.47-1.56 (m,
2H, N-CH,CH, (CH,);); 8 = 3.28-3.46 (m, 2H, N-CH,CH,);
4 =3.52-3.67 (m, 8H, CH, CH,, sugar); and 0 =3.81-5.12
(m, 5H, OH, carbohydrate).
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N-Decyl-1-amino-1-deoxy-D-glucitol (4d). The elemental
analysis calculated for C;;H3.NO, was C, 59.78; H, 10.97;
and N, 4.36. The elemental analysis found for the prepared
sample was C, 59.70; H, 11.06; and N, 4.30. The structure
was verified by 'H NMR (CDCI3): & = 0.80 (t, 3H, CH,, /=
6.42 Hz); 8 = 1.16 (brs, 14H, CH3(CHy),); 6 = 1.41-1.66 (m,
2H, N-CH,CH,(CH,)); 8 = 3.37-3.49 (m, 2H, N-CH,CH,);
4 =3.59-3.70 (m, 8H, CH, CH,, sugar); and 0 =4.09-5.19
(m, 5H, OH, carbohydrate).

N-Dodecyl-1-amino-1-deoxy-D-glucitol (4e). The elemental
analysis calculated for C;gH3qNOy was C, 61.86; H, 11.25;
and N, 4.01. The elemental analysis found for the prepared
sample was C, 61.78; H, 11.30; and N, 3.98. The structure
was verified by 'H NMR (CDCly): 6 =0.89 (t, 3H, CHg, /=
6.65 Hz); 8 = 1.19 (brs, 18H, CH3(CHy)); 6 = 1.42-1.49 (m,
2H, N-H,CHy(CH,),); 8 = 3.27-3.42 (m, 2H, N-CH,CH,); 8
= 3.53-3.72 (m, 8H, CH, CH,, sugar); and 4.10-5.21 (m,
5H, OH, carbohydrate).

Synthestis of N,N’-bis[(3-alkyl-3-deoxy-D-glucitol)ureidoJethyl-
enediamines (6): general procedure. The obtained N-alkyl-1-
amino-1l-deoxy-D-glucitols (0.2 mol) were each dissolved in
a small amount of water and 3,3-dinitro-1,1"-ethyl-
enebisurea (23.61 g, 0.1 mol) was added stepwise. The tem-
perature increased spontaneously, and the reaction mix-
ture was subsequently heated from 60 to 85°C during
approximately 20 min. Intense evolution of N,O was ob-
served. External water cooling was used as needed. After
the given time, the reaction mixture was heated to
90-100°C until the evolution of gas subsided. The obtained
liquid was then heated with 0.2 g of activated charcoal and,
after hotfiltration, the majority of the water was removed.
The residue was mixed with 50 mL of ethanol and it was
heated until completely dissolved. After cooling, white crys-
tals precipitated. The crystals were isolated by filtration,
rinsed with ice water, dried in the open air, and purified by
recrystallization from ethanol. Spectroscopic data are sum-
marized in Table 1.

Analytical methods. Elemental analyses were carried out
using a PerkinElmer (Norwalk, CT) 2400 CHN analyzer. 'H
and '*C NMR spectra were recorded with a Bruker (Karl-
sruhe, Germany) AMX-300 spectrometer. 'H chemical shifts
(determined at 300.13 MHz) and 13G chemical shifts (de-
termined at 75.5 MHz) are given in ppm, and, depending
on the solvent used, are referenced to residual protons of
dimethyl sulfoxide (DMSO)-d; (2.50 ppm) or to '*C DMSO-
dg; signals. Electrospray ionization (ESI) spectra were ob-
tained with a Finnigan (San Jose, CA) TSQ-700 mass spec-
trometer. Surface tensions (mN/m) of 0.1 wt% aqueous
solutions were measured at 25°C with a Kriiss K12e proces-
sor tensiometer equipped with a du Nouy Pt-Ir ring. The re-
sults are shown in Table 1.

Thermotropic phase behavior. DSC was employed to char-
acterize the thermotropic behavior and to define the
phase transition temperatures. The DSC measurements
were performed with a Perkin Elmer Differential Scan-
ning Calorimeter DSC7 calibrated with the melting points
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of high-purity indium (156.60°C) and cyclohexane
(6.54°C). The purge gas was nitrogen at a flow rate of 1
dm?/h. Solid samples (10-12 mg) were introduced into
50-mL aluminum cells and then sealed and heated from 0
to 180°C with scanning rates of 20°C/min. An empty cell
was used as a reference.

Antimicrobial activity. The antimicrobial activity of N,N’-
bis[ (3-alkyl-3-deoxy-D-glucitol) ureido]ethylenediamines was
evaluated by the dilution series method in solid media (34).
Nutrient agar and mycological agar were used for bacteria
and fungi, respectively. A double dilution series of tested sur-
factants was prepared in water, and 0.5 mL of each concen-
tration was added to 9.5 mL of the warm medium to give a
final concentration range from 4 to 512 ug/mL. Then the
media were poured into the sterile Petri dishes, and, after
they solidified, were inoculated with 10 pL of tested cells or
spores. Inocula of the bacteria and yeast were prepared by
growing the microorganisms overnight in the liquid medium
and diluting cultures to approximately 10® cfu (colony form-
ing units) per mL.

All bacterial strains used for determination of antimicro-
bial activity were obtained from the Polish Collection of Mi-
croorganisms (PCM). Three gram-positive bacterial species
(Staphylococcus aureus PCM 1944, Sarcina lutea PCM 1947,
and Bacillus subtilis PCM1949), three gram-negative bacter-
ial species (Escherichia coliPCM 2957, Serratia marcescens PCM
549, and Pseudomonas putida PCM 2124), three yeasts (Sac-
charomyces cerevisiae, Candida albicans, and Rhodotorula gluti-
nis), and three mold strains (Penicillum citrinum, Aspergillus
niger, and Bolrytis cinerea) were used for the test. The incu-
bation was carried out for 48 h at 37°C for gram-positive
bacteria or 72 h at 28°C for the other species. The antimi-
crobial activity of the studied compounds was determined
on the basis of their minimum inhibitory concentrations
(MIC), defined as the lowest concentration of surfactant at
which the microorganisms tested do not show visible
growth.

Biodegradability tests. Biodegradability of the gemini sugar-
derived surfactants studied was examined using the closed-
bottle test according to OECD Test Guideline 301D (35),
the two-phase closed-bottle test (ISO/DIS 10708) known as
the BODIS test (i.e., biological oxygen demand test for in-
soluble substances) (36), conventionally inoculated with
various inoculi, including sewage plant or activated sludge,
and also in the prolonged closed-bottle test (37). The
BODIS test conditions, such as medium and duration, were
identical with those of OECD Test Guideline 301D. In con-
trast to the closed-bottle test in OECD Test Guideline 301D,
however, the flasks were only about two-thirds filled with the
test medium. In this experiment, the test medium, gas
phase, and studied surfactants were continuously mixed by
shaking. Biodegradability was determined by measuring the
biological oxygen demand (BOD), similar to the closed-bot-
tle test in OECD Test Guideline 301D. The value of the BOD
for the test substance was corrected by subtracting the BOD
value of the control without the test substance. All BOD mea-
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surements were made by titration for dissolved oxygen fol-
lowing the azide modification of the Winkler method. Theo-
retical oxygen demand (TOD) was calculated according to
the International Standard ISO 9408 (annex A). Biodegrad-
ability was calculated using the following formula:

biodegradability (%) = BOD/TOD x 100 [1]

RESULTS AND DISCUSSION

The designed N,N"-bis[ (3-alkyl-3-deoxy-D-glucitol) ureido]eth-
ylenediamines (alkyl: n-butyl, n-hexyl, n-octyl, n-decyl, or n-do-
decyl), referred to as bis(C,GT), comprise a promising group
of surfactants. We are continuing to investigate their surface
properties in detail. All bis(C_ GT) dissolve only on heating
and vigorous stirring, which may indicate extensive intra- and
intermolecular hydrogen bonding between the D-glucitol hy-
droxyl groups and the amide groups from the urea-derived
entities. The Krafft points of aqueous solutions of all com-
pounds studied lie below 0°C (see Table 1); in each case no
precipitation of surfactant crystals was observed at the lowest
temperature.

Additionally, this bis(C GT) series showed no cloud
points in their 0.1 wt% aqueous solutions with increasing
temperature, even to the boiling point of the solutions. This
finding is in agreement with the observations reported by
other authors for nonionic surfactants containing a saccha-
ride moiety in their structures (3-5). This is evidence that
phase separation at higher temperatures, which is a com-
mon feature of oxyethylene-based surfactants, does not
occur in these systems. For the n-dodecyl derivative, however,
thickening and gelation phenomena were observed at 85°C.

Synthesis of glucitol-based gemini surfactants. A series of
bis(C, GT) (n=4,6, 8, 10, 12) was synthesized following the
straightforward three-step pathway from readily available
and bio-based reagents (Scheme 1). In many cases, the se-
lection of the starting material can be the most significant
factor in determining the impact of the synthesis on the en-
vironment. Because of this, naturally formed D-glucose was
selected as the starting material. In the first stage of the
preparation procedure, the reductive amination of the car-
bohydrate substrate (1) was carried out with the appropri-
ate n-alkylamine (2). The preferential addition of n-alky-
lamine at C-1 of the carbohydrate molecule in the absence
of steric effects—thereby allowing the synthesis to start from
unprotected sugar—has been known for some time (18).
This is an evident benefit of the applied procedure with re-
spect to the “green chemistry” principles, which assume that
unnecessary derivatization (blocking group, protection/de-
protection) should be avoided whenever possible (38). The
reduction to open-ring sugar form was performed using
sodium borohydride wunder laboratory conditions
(methanol, 0°C, 24 h). To cleave the boron complexes
formed during the reduction, the intermediate products
were acidified with HCI, and N-alkyl-1-amino-deoxy-D-glucitols
(4) were obtained in the forms of their hydrochloride salts.
The yields after both treatment with sodium alkoxide and
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recrystallization ranged from 63 to 78%. However, the use
of H, on the C/Pd catalyst or of Raney nickel as the reduc-
tion agent could make the reaction more efficient and ap-
plicable under industrial conditions. Moreover, the latter
maximizes the incorporation of all materials used in the
process into the final product. In the key coupling step, the
resultant amines were reacted with 3,3’-dinitro-1,1"-ethyl-
enebisurea (water, 60-100°C), and, after a repeated recrys-
tallization from ethanol, gave the final gemini surfactants
in 60-72% yields. Generally, the synthesis was performed at
relatively mild temperature and pressure conditions. The
above method provided surfactants of a high purity, con-
firmed by the applied analytical methods.

Structural characterization. The structures of the obtained
bis(C_ GT) surfactants have been confirmed by elemental
analysis, NMR spetroscopy, and ESI-MS. All of the data are in
good agreement with the proposed structures. The 'H and
13C chemical shifts for the studied surfactants bis(C,GT),
bis(CyGT), bis(CgGT), bis(C,,GT), and bis(C;,GT) are sum-
marized in Table 1.

Proton spectra for all studied compounds show many
overlapping signals due to the presence of nonequivalent
protons attached to carbon atoms as well as to oxygen atoms.
It is, however, easy to distinguish signals related to the termi-
nal CH,, groups (triplet peaks at ~0.79-0.86 ppm), the mid-
chain CH, groups (broad peaks at ~1.19-1.28 ppm), the 3-
CH, groups two carbons removed from the nitrogen atoms
(multiplets in the 1.40-1.57 ppm region), and the o-CH,
groups adjacent to the nitrogen atoms (multiplets in the
3.30-3.49 ppm region). All spectra show distinct peaks due
to the NH linked to CO group (37,38), at 8.02, 8.45, 8.16,
8.25, and 8.41 ppm for structures bis(C GT) (for n=4, 6, 8,
10, and 12, respectively). Signals from the spacer CHQ
groups can also be seen at ~3.06-3.32 ppm. The spectra of
the cyclic sugar portion of bis(C GT) consist of groups of
signals with chemical shifts between 3.38 and 3.77 as well as
between 3.63 and 5.28 ppm. They lie in the sugar region of
the spectrum and correspond to the D-glucitol CH, CH,, and
OH groups, respectively.

For all studied compounds, the B¢ spectra (Table 1)
show the following characteristic signals (39,40): CO car-
bon nuclei (at 173 ppm), CH,OH (at about 63.6 ppm), and
the CH, group linked to CONH (at about 37.5 ppm). For
the cyclic sugar part, an acetal carbon atom signal appears
at around 105 ppm. This remains in agreement with the lit-
erature data related to the acetal grouping (39,40). Finally,
all signals for the aliphatic carbon atoms are found below
35 ppm.

Thermotropic phase behavior. DSC measurements were per-
formed in order to study the thermotropic behavior of the
pure surfactants. The DSC traces prove the enantiotropic lig-
uid-crystalline behavior and thus show both “melting” peaks
and clearing peaks in heating scans (41). In the solid form,
saccharide-derived amphiphiles form a close bimolecular sys-
tem, with the carbohydrate-based hydrophilic groups arranged
head-to-head and with alkyl chains in an interdigitated struc-
ture (26,42). Upon heating, the alkyl chains start to melt,
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whereas the saccharide fragments are still stable due to the ex-
tensive intra- and intermolecular hydrogen bonds between
the D-glucitol hydroxyl groups as well as the amide groups
from the urea-derived entities. At this stage, the compound is
in an intermediate phase (a mesophase) between the liquid
and the crystalline phase (26). The melting behavior is re-
vealed by a transition of the crystalline phase to the liquid-crys-
talline phase by 123.76, 67.74, 84.52, and 68.25°C for the de-
rivatives with hydrophobic chains containing from 6 to 12
carbon atoms, respectively. If heating is continued, the hydro-
gen bonds break down, and an isotropic liquid is formed at
the clearing point. The clearing points lie between 166.95 and
101.48°C for this series of compounds. However, different be-
havior was observed for n-butyl derivative, which underwent
only one phase transition.

The melting points and the accompanying melting en-
thalpies of the bis(C GT) series are shown in Table 2. The
melting point decreases with increasing hydrophobic part
length of the surfactant molecule. Thus, the n-butyl and »-
hexyl derivatives have a relatively high melting point com-
pared to the other members of the bis(C GT) series. The
short side chains may be able to fold along the spacer, thus
allowing a closer packing and, consequently, higher phase
transition temperature. The melting and clearing tempera-
tures as a function of length of the alkyl chains are plotted
in Figure 1. Similar observations have been described in re-
spect to the other carbohydrate-based surfactants compris-
ing a D-glucitol headgroup and two hydrophobic tails;
N-acyl-N-dodecyl-1-amino-1-deoxy-D-glucitols and N-alkyl-
the
mesophase as well (43). Accordingly, the melting points de-

N-tetradecanoyl-1-amino-1-deoxy-D-glucitols show
crease with increasing acyl chain length down to a mini-
mum around n-hexanoyl and n-heptanoyl derivatives, and
for longer chain lengths a gradual increase is observed.

Figure 2 shows a typical example of the bis(CgGT) ther-
motropic behavior. Two peaks (67.74 and 148.96°C) mark a
two-phase transition. At 67.74°C, the crystals transform to
the liquid-crystalline state; after heating beyond the second
peak at 148.96°C, only liquid exists.

Antimicrobial activity. According to the “green chemistry”
philosophy, synthetic methodologies should be based on
substances that possess little or no toxicity to human health
and environment (38). The results of antimicrobial activity
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FIG. 1. Thermotropic transition temperatures for crystal to liquid crys-
tal and for liquid crystal to isotropic liquid for the series of N,N"-bis[(3-
alkyl-3-deoxy-D-glucitol)ureido]ethylenediamines tested.
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temperature) obtained for N,N"-bis[(3-octyl-3-deoxy-D-glucitol)ure-
idoJethylenediamine.

tests of various saccharide-based gemini surfactants are
shown in Table 3. As shown, independent of the chemical
structure, the studied glucitol-based surfactants were com-
pletely inactive toward yeast and molds studied, up to the
concentration of 512 pug/mlL. Also, it was found that these

;::II-VIIEein Values of the Onsets and Peaks of Fusion and the Heats of Fusion for Studied Gemini Surfactants?

Surfactant

studied Peak (°C) Onset (°C) AH (kJ/mol) Peak (°C) Onset (°C) AH (kJ/mol)
bis(C,GT) — — 166.95 160.29 9.440
bis(C,GT) 123.76 114.43 192.124 137.86 155.15 0.553
bis(C4GT) 67.74 57.23 3.816 148.96 132.34 26.823
bis(C,,GT) 84.52 72.31 21.706 103.64 96.10 1.593
bis(C,,GT) 68.25 57.45 46.671 101.48 86.44 10.423

#(Quantities Measured Using Differential Scanning Calorimetry)
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TABLE 3

Minimal Inhibitory Concentrations (MIC)? (ug/mL) and Degradation of N,N’-bis[(3-alkyl-3-deoxy-D-glucitol)ureido]ethylenediamines in
the Closed-Bottle Test 301D and in the Two-Phase Closed-Bottle Test

Microorganism

Biodegradation®

Gram-positive Gram-negative

BOD/TOD (%)

bacterial strains bacterial strains Yeasts Molds after 28 d
Surfactant

S. S. B. E. S. P. S. C. R. P. A. B.  Closed-Bottle BODIS

aureus lutea subtilis coli marcescens putida cerevisiae albicans  glutinis citrinum niger cinerea  Test 301D test

bis(C,GT) >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 55 59
bis(C,GT) >512 >512 >512 >512 >512  >512 >512 >512 >512 >512 >512  >512 53 56
bis(C4GT) 512 >512 >512 >512 >512 >512  >512 >512 >512  >512  >512  >512 52 54
bis(C,,GT) 128 >512 512 >512 >512 >512 >512 >512 >512 >512 >512 >512 51 53
bis(C,,GT) 128 >512 512 >512 >512  >512 >512 >512 >512 >512 >512 >512 48 51
biS(CgGA)b 64 8 512 256 >512 256 >512 — — — >512 — 36.0 —
biS(C1zGA)b 512 32 >512 >512 256 >512 >512 — — — >512 — 42.0 —

“Each MIC value (ng/mL) was defined as the lowest concentration of the tested compounds that completely inhibited bacterial growth.
“BOD, TOD and BODIS denote, respectively biochemical Oxygen Demand, Theoretical Oxygen Demand and Biological Oxygen Demand test for Insol-

uble Substances.
“From Wilk et al. (20).

dimeric representatives were practically inactive toward
gram-negative bacteria, which follows from the data col-
lected in Table 3.

Among the N,N"-bis[ (3-alkyl-3-deoxy-D-glucitol)ureido] eth-
ylenediamines studied, only bis(C;,GT) and bis(C;,GT)
showed negligible inhibitory effect against gram-positive bacte-
ria, S. aureus (MIC = 128 ug/mL). In comparison with other
gemini compounds, such as N,N"-bisalkyl-N,N"-bis[ (3-gluconyl-
amido)propyl]ethylenediamines (referred as bis(C,GA),
where n =8, 12), which showed a broad spectrum of antimi-
crobial activity particularly toward cocci (S. aureus and S. lutea,
as shown in Table 3, (22)), the studied bis(C,T)’s are charac-
terized by particularly low toxicity toward environmental mi-
croorganisms. The improved antimicrobial properties of
bis(C,GT) in comparison with bis(C,GA) come from more
concerted amphipathic architecture of the glucose-urea—de-
rived compounds and increased hydrophilicity of the 1,1"-eth-
ylenebisurea spacer. All bis(C, GT) probably make it impossi-
ble to have deeper surfactant penetration into the cell wall
material, known as peptidoglycan, and furthermore, may pro-
tect cell membranes against destruction.

Biodegradability. New chemical products should be designed
so they do not persist in the environment at the end of their
function, breaking down into innocuous degradation products
(38). The biodegradation susceptibility of surfactants in nat-
ural ecosystems is one of the most important factors determin-
ing current product requirements. In these experiments, the
degradation behavior of the gemini glucose-based surfactants
was investigated by the closed-bottle test (OECD 301D) and by
the two-phase closed-bottle test (ISO/DIS 10708).

The data collected in Table 3 indicate that the studied
gemini derivatives produced comparable results in both tests.
The bis(C,GT) surfactant showed the highest biodegradabil-
ity. It reached 55% degradation on day 28 in the closed-bot-
tle test 301D, and 59% in the BODIS test. The results ob-
tained for other compounds tested (bis(CyGT), bis(CgGT),
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bis(C;(GT), and bis(C;,GT)) demonstrated that their
biodegradability rates are a little slower, and after 28 d degraded
48-53% in the closed-bottle test 301D, and 51-56% in the
BODIS test. Generally, “ready biodegradability” is a legislative
concept applied to compounds reaching 60% biodegradation
within 28 d. All the glucitol-based compounds revealed data
below the pass level of 60%, as can be seen from Table 3. There-
fore, the biodegradation results do not allow classification of
the tested N,N"-bis[ (3-alkyl-3-deoxy-D-glucitol)ureido]ethylene-
diamines as readily biodegradable. However, in the prolonged
closed-bottle test, all surfactants reached more than 60%
biodegradation; they required 64-75 d to degrade to 62—-68%
levels, thus indicating slow but complete mineralization. Addi-
tionally, compounds containing n-butyl, 7n-hexyl, or n-octyl tails
are slightly more extensively degraded than those with n-decyl
or n-dodecyl ones.

The BODIS degradation screening test permits the use of
an inoculum at a concentration of up to 30 mg activated
sludge/L, and therefore is considered less informative for
real surface water conditions compared with the OECD Test
301D, which uses inoculation with <56 mL of sewage treat-
ment plant effluent per liter. It has been suggested that the
BODIS test has an unrealistically high degradation potential.
Thus, the N,N"bis[ (3-alkyl-3-deoxy-D-glucitol)ureido]ethyl-
enediamines were comparatively tested in the two-phase
closed-bottle test at different inoculum concentration levels
(50 mL effluent/L and 5 mL effluent/L). The results ob-
tained after weekly degradation measurement over the 4-wk
test period are shown in the form of the biodegradation pro-
files for bis(C, GT) under the conditions described (Fig. 3).
It was observed that all sugar-based compounds studied were
biodegraded extensively, irrespective of the number of mi-
croorganisms present in the inoculum. Moreover, biodegra-
dation of these surfactants started immediately, without a lag
phase.

According to the biodegradation profiles for bis(C GT),
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FIG. 3. Comparison of the degradation curves of N,N"-bis[(3-alkyl-3-
deoxy-D-glucitol)ureido]ethylenediamines in the two-phase closed-
bottle tests inoculated with 5 and 50 mL effluent/L.

n-butyl derivative was biodegraded the most extensively and
after 28 d reached 58-59%. The degradation of bis(CzGT),
bis (CgGT), bis(C,,GT), and bis(C,,GT) derivatives on day 28
reached 54-56%, 50-54%, 53-55%, and 51-52%, respectively.
There were no significant differences between the intermedi-
ate and final degradation values obtained, or between the final
degradation values obtained in the BODIS test when samples
were inoculated with 5 mL and 50 mL sewage plant effluent/L.
The values were within the expected range of variation for bio-
logical tests with chemical compounds. In all biodegradation
experiments performed in this study, biodegradation of
sodium acetate reached 97-98% within 5 d. Because this com-
pound is known to be readily biodegradable, these results pro-
vide further confirmation that the tests are operating correctly.
Generally, the N,N"bis][ (3-alkyl-3-deoxy-D-glucitol) ureido]eth-
ylenediamines studied have low ecotoxicity and possess the bi-
ological properties needed for environmental acceptance.
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