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ABSTRACT: A new macrocyclic bolaamphiphile with thio-
cytosine fragments in the molecule (B1) has been synthesized
and advanced as perspective platform for the design of soft
supramolecular systems. Strong concentration-dependent
structural behavior is observed in the water-DMF (20% vol)
solution of Bl as revealed by methods of tensiometry, con-
ductometry, dynamic light scattering, and atomic force micro-
scopy. Two breakpoints are observed in the surface tension
isotherms. The first one, around 0.002 M, is identified as a
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critical micelle concentration (cmc), whereas the second critical concentration of 0.01 M is a turning point between the two models
of the association involved. Large aggregates of ca. 200 nm are mostly formed beyond the cmc, whereas small micelle-like aggregates
exist above 0.01 M. The growth of aggregates between these critical points occurs, resulting in a gel-like behavior. An unusual
decrease in the solution pH with concentration takes place, which is assumed to originate from the steric hindrance around the B1
head groups. Because of controllable structural behavior, B1 is assumed to be a candidate for the development of biomimetic catalysts,

nanocontainers, drug and gene carriers, etc.
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B INTRODUCTION

Self-assembling systems play a key role in the development of
advanced technologies in medicine, biology, ecology, cosmetics,
coating, oil industry, etc.' 3 Their current relevance is based on
the capacity of amphiphilic compounds including those of a
cyclophane nature to associate spontaneously and to interact
with various practically important substrates via the “guest-host”
mechanism. The “bottom-up” strategy underlying the supramo-
lecular approach makes it possible to control the properties of the
ensembles formed through the directed variation of the structure
of the amphiphilic building blocks. Therefore, the design of
new amphiphilic compounds is a challenging task. Meanwhile,
researchers are nowadays faced with a number of criteria whereby
amphiphiles are assumed to be biocompatible, ecological, asso-
ciating at low concentrations, stimuli-responsive, and so on. In
accordance with these challenges, several lines of investigation
are now formed, including those concerning gemini and cleava-
ble surfactants, amphiphiles with natural fragments in the molec-
ules, i.e., amino acids, nitrogen bases, steroids, etc.* '° Another
important direction is the design of responsive material. Supra-
molecular systems are formed and function due to non-covalent
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interactions, which allow them to easily rearrange and adjust to
various conditions. Thus, the development of soft materials,
including the temperature, pH or concentration responsive
systems became accessible.'' 7 The present study focuses on
these problems.

The following aspects are assumed to be considered. (i) Syn-
thesis of a new bolaamphiphile with a thiocytosine fragment in the
molecule (B1) (Scheme 1). Our idea is to combine lipid fragments
with nucleotide bases, in particular cytosine and uracil derivatives
in a macrocyclic framework. In our opinion, consolidation of
nucleotide base ability to aromatic 77-stacking interactions, hydro-
phobic effect, van der Waals, and hydrogen bonds'®* 7! on the
one hand and the amphiphilic nature and rigid macrocyclic struc-
ture on the other is a promising approach. Hybrid molecules and
macromolecules combining nucleic acids and lipids have there-
fore attracted significant attention, as for example in the design of
artificial molecular devices, and novel therapeutic strategies.””
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Scheme 1. Chemical Structure of B1
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Amphiphilic nucleoside and nucleotide derivatives are well-
known.** In our group, acyclic and macrocyclic non-glycosidic
amphiphilic uracils were developed and some features of
these compounds were described.”> *° Herein the goal is
the introduction of cytosine derivatives in the macrocyclic
framework, in particular 6-methylthiocytosine (6-methyl-2-
thio-4-aminopyrimidine) fragments linked to each other and
the uracil unit with polymethylene bridges. To the best of our
knowledge, amphiphilic cytosine derivatives have not been
described so far.

(ii) The elucidation of self-organization of B1. Synthesis and
applications of geminis and bolas are the perspective directions of
modern supramolecular chemistry.”*** Bolaamphiphiles or
bolaform surfactants or bolas are molecules that have a hydro-
philic group at both ends of the hydrophobic chain.**~*° Gemini sur-
factants consist of two hydrophobic chains and two hydrophilic
headgroups linked by a spacer that can be both long or short and
flexible or rigid.31738 Because of their structural features, bolas
and geminis demonstrate a marked ability for self-organization at
the interface or in bulk solutions.”*** Spontaneous curvature of
the aggregates formed in aqueous solutions is strongly deter-
mined by the geometry of molecules, the nature of spacer,
hydrophilic-lipophilic balance, etc. Macrocyclic bolas, in parti-
cular pyrimidinophanes, provide an additional possibility for the
design of supramolecular architectures because of the involve-
ment of a wider spectrum of intermolecular bonds, i.e,, stacking
effects, inclusion interactions with the partition of the cavity,
hydrogen bonds, etc. As was previously reported, diverse packing
modes occur in the systems based on cyclophanes, including
pyrimidinophanes.”>** Two models of association are shown to
be involved in these systems.*® They are a closed model, which is
typical for surfactants and results in the formation of small
micelle-like aggregates, and an open model occurring for bio-
relevant amphiphiles including drugs. This results in the forma-
tion of large aggregates exhibiting a layer or a stacklike packing
mode.

(iii) One of the problems of interest for us is the structural
rearrangements of self-assembling systems, including percolation
in reverse microemulsion, a “s4phere-rod” and “isotropic phase-
mesophase” transitions, etc.*"** The design of liquid crystalline
and gel systems is of great importance from the viewpoint of
optic electronics, cosmetics, oil industry, etc. Therefore, this
work focused on the structural behavior of aggregates under the
varied conditions.

B EXPERIMENTAL SECTION

The "H NMR spectra were recorded on Avance IITM-400 spectro-
meter with Me,Si as the internal standard. MALDI-TOF mass spectra
were obtained on a Bruker ULTRAFLEX mass spectrometer in p-ni-
troaniline matrix. Microanalyses of C, H, and N were performed with a
CHN-3 analyser. The melting point was measured on a Boetius hot-
stage apparatus. Thin layer chromatography was performed on Silufol-
254 plates; visualization was carried out with UV light. For column
chromatography, silica gel of 60 mesh from Fluka was used. All solvents
were dried according to standard protocols.

Pyrimidinophane (1). A mixture of disodium salt of N,N'-(hexane-
1,6-diyl)-bis(4-amino-6-methylpyrimidine-2-thione) 2* (4.10 g, 10 mmol)
and 1,3-bis(bromopentyl)-5-n-decyl-6-methyluracil 3** (5.0 g, 10 mmol)
was stirred in DMF (400 mL) at room temperature for 30 h. The solvent
was evaporated in vacuo. The residue was subjected to column chroma-
tography using successive elution with hexane, diethyl ether, and 1:1
ethyl acetate-diethyl ether mixture. From the ethyl acetate-diethyl ether
mixture fractions macrocycle 1 (0.77 g, 10%) was obtained; white crys-
tals; mp 115—117°C. Found: C, 64.27; H, 8.60; N, 14.63; S, 8.29. Calcd
for C4HesNgS,0,: C, 64.19; H, 8.67; N, 14.61; S, 8.36%. OH (400
MHz, CDCl;, [ppm]): 0.88 (t, 3H, CH3, ] = 7.2 Hz), 1.26 (m, 12H,
6CH,), 1.41 (m, 4H, 2CH,), 1.49 (m, 4H, 2CH,), 1.61—1.79 (m, 16H,
8CH,), 2.23, 2.24,2.25 (all s, 3H each, C%,,CHs, 2C°,,,CH;), 241 (t,
2H, C°,,CH,, ] = 6.8 Hz), 3.01—3.09 (m, 4H, 2SCH,), 3.30 (m, 4H,
2NHCH,), 3.83 (m, 2H, N',CH,), 3.94 (m, 2H, N°,,CH,), 5.15 (br. s,
2H, 2NH), 5.81, 5.83 (both s, 1H each, 2C5Py,H). MALDI—TOF mass
spectrum: caled for C4;Hg,NgS,0, [M + H]*: 767.5. Found: 767.8.

Bolaamphiphilic Pyrimidinophane B1. A mixture of pyrimi-
dinophane 1 (0.75 g, 1 mmol) and 4.5 g of methyl p-toluenesulfonate
was stirred for 7 h at 100°C. The mixture was cooled to room tempera-
ture, 100 mL of diethyl ether was added, and the liquid phase was sepa-
rated from the precipitate by decanting. This procedure was repeated
S times, and the oily product was dried under reduced pressure. Found:
C, 60.00; H, 7.52; N, 9.80; S, 11.33. Calcd for C5;HggNgS4O0g: C, 60.07;
H,7.61; N, 9.83; S, 11.26%. OH (400 MHz, CDCl,, [ppm]): 0.88 (t, H,
CH,, ] =6.7),1.26—1.78 (m, 36H, 18CH,), 2.21 (s, 3H, C°,,CH,), 2.30
(br. s, 14H, C°,CH,, 2C,CHj, 2C°,,CH;), 3.13—3.60 (m, 14H,
2SCH,, 2NHCH,, 2N CHj,), 3.78 (m, 2H, N',,CH,), 3.88 (m, 2H,
N*,CH,), 6.73 (br. s, 2H, 2C°,,H), 7.11, 7.68 (both br.s, 4H each,
8Ca.H), 8.94 (br. s, 2H, 2NH). MALDI—TOF mass spectrum: calcd for
CsoH-oNgS;05 [M-OTs], [M-20Ts]t, [M-20Ts-CH;] ", [M-20Ts-
2CH;]": 967.5, 796.5, 781.5, 766.5. Found: 967.7, 796.7, 781.7, 766.7.

Dynamic light scattering (DLS) measurements were performed by
means of the PhotoCor Complex and Malvern Instrument Zetasizer
Nano. The measured autocorrelation functions were analyzed by Malvern
DTS software, the Dynals program and the second-order cumulant ex-
pansion methods. The effective hydrodynamic radius (Ry,) was calculated
according to the Einstein-Stokes relation: Dg = kg T/67t17Ry,, in which Dy is
the diffusion coefficient, kg is the Boltzmann constant, T is the absolute
temperature, and 77 is the viscosity. The diffusion coefficient was measured
at least three times for each sample. The average error in these experi-
ments was approximately 4%. The solutions were filtered with Millipore
filters, to remove dust particles from the scattering volume. The experimental
details are described elsewhere.*® Zeta potential Nano-ZS (MALVERN)
with laser Doppler velocimetry and phase analysis light scattering was used
for zeta potential measurement. The temperature of the scattering cell was
controlled at 25 °C; the data were analyzed with the software supplied for the
instrument. The viscosity was measured by using Vibro Viscosimeter SV-10
(Japan) as a unit of Zetasizer Nano complex.

An atomic force microscope (MultiMode V, USA) was used to in-
vestigate the size and morphology of the particles. The 250—350 kHz
cantilevers (Veeco, USA) with silicone tips were used in all measure-
ments. Tip curvature radius is of 10—13 nm. The microscopic images
were obtained by means of 8279]V scanner with a 256 X 256 resolution.
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Scheme 2. Reagents and Conditions: (i) DMF, rt, 30h;
(ii) CH30Ts, 100°C, 7 h

(CHp)g—
Br(Hzc)s\ 1 ACreB
6
/B\)\ )\ 4 5/ CH,

CHs | ona®

The scanning rate was 1 Hz. The antivibrational system (SG0508) was
used to eliminate external distortions. The aqueous dispersions of
the sample were placed on the mica surface with the roughness no
more than 1—5 nm. The AFM imaging was performed after solvent
evaporation.

Conductivity measurements were performed using an inoLab Cond
Level 1 instrument. Surface tension measurements were performed using
the du Nouy ring detachment method. The experimental details are des-
cribed elsewhere.*® Solution pH were monitored with the help of pH-
meter HI 9025 (“Hanna Instruments”, Germany) using glass membrane
electrode HI 1330.

B RESULTS AND DISCUSSION

Synthesis. Bolaamphiphilic pyrimidinophane B1 has been
synthesized by the reaction of pyrimidinophane 1 with methyl
p-toluenesulfonate (tosylate). The reaction was carried out in the
ester and it was used as a reagent and as a solvent. The unambi-
guous assignment of the structure of amphiphilic macrocyclic bis-
sulfonate B1 with onium centers on N' in the 6-methylthiocy-
tosine fragments is reallzed on the basis of elemental analysis and
NMR spectra, especially "H—">C HMBC and "H—"*N HMBC
correlation experiments in the way as it was described for model
systems.”” The details of this assignment for the macrocycle and the
related compounds will be published elsewhere. The initial macro-
cycle 1 was prepared by the established procedure,*® in particular,
the reaction of disodium salt 2 with dibromide 3 (Scheme 2).

Visual Observations. Pyrimidinophane B1 showed restricted
solubility in water, and therefore the aggregation behavior in the
water-DMF (20% vol) has been studied. A series of samples
are prepared by a stepwise dilution of the initial stock solution of
0.03 M. The concentration-dependent changes visualized in the
course of the procedure are as follows. The transition from trans-
parent solutions at high dilution (<0.0001 M) to opalescent sampl-
es with turbidity occurs within the concentration range limited by
ca.0.003 M, whereupon the solutions become transparent again. At
the concentration of 0.009 M a sharp decrease in the fluidity is

Figure 1. Samples of the water-DMF (20% vol) B1 solutions; left to
right (concentration): 0.0008, 0.00S, 0.009 M.
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Figure 2. Dynamic viscosity versus concentration dependence for the
water-DMF (20% vol) B1 solution; 25 °C.

observed, and the gel-like system is formed upon aging for 24 h
(Figure 1). The singularity of this sample and its tendency toward
the solidification are in line with the viscosity data (Figure 2). All
samples with concentrations exceeding 0.009 M are quite transparent
and fluid, however they manifest reversible gel-like behavior
when the temperature decreases < 20 °C. To elucidate these
transitions, we studied solution behavior of B1 by methods of
tensiometry, potentiometry, conductometry, dynamic light scat-
tering, and atomic force microscopy (AFM).

Extraction of Critical Micelle Concentration (cmc) by
Methods of Tensiometry and Conductometry. These two
methods are routine techniques for the examination of the aggre-
gation in the ionic surfactant based systems, which are urged to
answer questions, (i) if the aggregation does occur; (i) whether
association is cooperative; (iii) if so, what is the cmc value. As can
be seen from Figure 3, a sharp decrease in the surface tension is
observed with the B1 concentration, i.e. the typical surfactant
behavior occurs. The plot exhibits a breakpoint at the concentra-
tion of 0.0017 M.

Jumplike changes in surface tension occurring at this concen-
tration indicate the cooperative character of association and
make it possible to identify it as a cmc value. Meanwhile, unlike

dx.doi.org/10.1021/am101000j |[ACS Appl. Mater. Interfaces 2011, 3, 402-409
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Figure 3. Surface tension isotherm of the water-DMF (20% vol) B1
solution, fresh solution (M), after 3 days (A), after S days (¢); 25 °C.
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Figure 4. Specific conductivity versus concentration dependence for
the water-DMF (20% vol) B1 solution; 25 °C.

typical surfactant solutions, the plateau in the surface tension iso-
therm gives place to raising the y value within the concentration
range between cmc and ca. 0.01 M. The presence of the second
critical point around 0.01 M may reflect structural rearrangement
in the system; however, this assumption requires further con-
firmation with using alternative methods. It is worthy of attention
that no remarkable changes occur in the y vs concentration
dependence in the process of time (Figure 3), which stands for
the reliability of the data.

Figure 4 shows conductometry versus concentration depen-
dence, which demonstrate a breakpoint in the concentration range
close to the tensiometry cmc value. The experimental points above
the cmc are acceptably described by single straight line (coefficient
of correlation R = 0.98) (see Table 1S in the Supporting Informa-
tion), whereas the better linear fitting may be reached, when the
second breakpoint beyond 0.01 M is nominated (the dot lines in
the plot). This case is consistent with the two breakpoints in the

Table 1. Cmc Values, Surface Excess, [',,.,, Surface Area Per
Headgroup, A,;, for B1 Solution and for Reference Com-
pounds: Decylpyridinium Chloride (DPC),* a Gemini
Analogue 10-6-10 (gem 10-6-10), and Amphiphilic
Pyrimidinophane (APM).>*

systems 103 x CMC (M)  10° x Ty (molm™2) Ay, (nm?)
BI1° 1.7 0.71 2.34
DPC’ 60.8 238 0.60
10-6-10% 7.0 0.76 2.20
APM* 1.0 1.45 1.14

“Water-DMF (20% vol). ® Water. ¢ See Figure 2S in the Supporting

id j/\/\/\/\/\

N
e \_\:\_jj_/_/ "

tensiometry dependence. More detailed information on linear
regression parameters are given in Figure 1S and Table 1S (see the
Supporting Information). The validity of the second breakpoint is
supported by the fact that the value of first break point changes
from 0.0051 to 0.0026 M, when second break point is nominated.
The value of 0.0026 M is more consistent with the tensiometry
cmc of 0.0017 M.

The cmc value of B1 extracted from these studies may be com-
pared with that of a conventional single-head surfactant bearing
the same alkyl radical, i.e. decylpyridinium chloride (DPC),* a
gemini analogue 10-6-10 (gem 10-6-10) (see Figure 2S in the
Supporting Information) and amphiphilic pyrimidinophane
(APM) studied in work®® (Table 1). As can be seen, cmc for
B1 is much lower as compared to DPC and even to gem 10-6-10.
This effect cannot be attributed to the fact that mixed water-
DMEF solvent is used in the case of B1, because cmc usually
increases in mixed water-organic media.** >* Cmc’s of B1 and
APM are comparable. Probably these indicate that the associa-
tion model of B1 differs markedly from that of acyclic analogues.
The surface excess I';,,,, and the surface area per molecule, A,,;,,
have been calculated using the Gibbs equation

Information. ¢

1
Toa =~ lim(- ) (1)
2.3nRT dlog C
C — cmc
Amin = 1 x 10" /(NT o) (2)

were R =8.31 Jmol K~ ' (gas constant), 77 is the surface pressure
obtained from the surface tension of solvent minus the surface
tension of the surfactant solution, and T is the absolute tempera-
ture in K, whereas (d7r/dlog C) is obtained from the tangency at
the cmc. Ny is Avogadro's number (6.02 x 10> mol ). The
parameter n represents the number of species at the interface the
concentration of which changes with surfactant concentration.
The constant n takes the value 2 for an ionic surfactant where the
surfactant ion and the counterion are univalent and the value 3 is
taken for the dimeric surfactant made up of a divalent surfactant
ion and two univalent counterions, in the absence of a swamping
electrolyte.

One can find that the surface area per head group (A,,;,) for
B1 is higher than for other single head end even dimeric surfac-
tants summarized in Table 1. This cannot be explained only by
the bulky structure of B1, because macrocycle APM shows a

dx.doi.org/10.1021/am101000j |[ACS Appl. Mater. Interfaces 2011, 3, 402-409
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Figure 5. Effective hydrodynamic diameter versus concentration de-
pendence for the water-DMF (20% vol) B1 solution; 25 °C.

much lower parameter A,;,. It should be assumed that a steric
hindrance occurs around the head groups of B1 originating from
the specific packing mode, which prevents their approach. Addit-
ional shielding may be contributed by a high charge density at
nitrogen resulting from their inaccessibility to counterions.

Examination of the Size of the B1 Aggregates by Methods
of DLS and AFM. Figure S shows DLS data for the B1 solutions
obtained from the cumulant analysis of autocorrelation functions.
As can be seen, an effective hydrodynamic diameter demonstrates a
strong dependence on the B1 concentration. A pronounced maxi-
mum is observed at the concentrations close to 0.009 M, where-
upon a sharp decrease in the size occurs. Size distribution analysis
presented in Figure 6 provides more detailed information on the
aggregation behavior. Large aggregates are formed in the solutions
beyond ca. 0.0009 M, i.e., in close proximity to cmc. At first, mono-
modal distribution is observed with D;, of 200 nm, while further,
there appears the contribution of particles with ca. 800 nm.

An increase in the concentration results in an increase in the
numbers of the dominant aggregates of 200 nm and the preserva-
tion of larger ones. Such behavior proceeds before the concen-
tration of 0.009 M, which corresponds to the maximum in
Figure 5. Further increase in the concentration is followed by a
decrease in the effective diameter (Figure S), which reflects the
appearance of small aggregates with Dj, of 8 nm. The solution
becomes monodisperse at the highest concentration of 0.029 M,
with only small aggregates existing. It should be mentioned that
data in Figure 6 are obtained on the basis of spherical approxima-
tion and results in some simplification of the structural behavior
of the systems. However, this approach makes it possible to
obtain quantitative explanation of the concentration-dependent
changes of properties of the systems.

With the results of the above studies summarized, one can con-
clude that sharp changes in the structure of aggregates are probably
observed within the narrow concentration range of 0.009-0.01 M.
This is supported by the following findings. (i) The second
breakpoint occurs around 0.01 M in the surface tension isotherm
and (less evidently) in the conductivity versus concentration plot.
(i) A maximum in the effective size of aggregates is observed
within this range. (iii) The transition from large aggregates to
small ones occurs. (iv) Gel-like behavior is observed with aging for
the sample with the concentration of 0.009 M. Therefore, the
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Figure 6. Size distribution for the water-DMF (20% vol) B1 solution: 0.88
mM (1), 49 mM (2), 8.8 mM (3), 14.6 mM (4). 29.2 mM (5); 25 °C.

Figure 7. AFM images of the Bl sample dried from its water-DMF
(20% vol) solution: 0.009 M; 25°C.

assumption on two different models of association can be made,
i.e. closed and open models. The former is typical for classical sur-
factants and results in the formation of small micelle-like aggre-
gates, while the latter is characterized by the formation of the
infinite structure (layer or stacks).*® At low concentrations, B1 is
assumed to associate through the open model, while at higher
concentration the closed model is involved.

Unfortunately, we fail to monitor in time the changes in the
size of aggregates by the method of DLS because of the limita-
tions of method, which originate from the low fluidity of samples.
Therefore, an alternative technique is involved, i.e.,, AFM images
are obtained (Figure 7), which reveal the mean particle size of
750 nm. As can be seen, the system is polydisperse, with two main
contributions being observed, ie., ca.700 nm (prevalent) and
ca.250 nm (minor), although very large particles exceeding 1
micrometer are found as well. It can be assumed that an enlarge-
ment of aggregates occurs with aging. This idea is consistent with
the data on zeta potential (Figure 8). The low value of 31 mV is
observed for the samples at low concentrations (for comparison,
the surface potential for CTAB exceeds +100 mV*>">") and
diminishes practically to zero in the concentrated samples. Low §
values and further neutralization of the charge probably favor the
association of particles and the formation of gel-like systems. In
addition, the formation of the hydrogen bond network is rather
expected with the uracil and thiocytosin fragments involved. It
was r%gorted based on IR spectroscopy*>>” and NMR spectro-
scopy data that macrocycles consisting of two thiocytosine and
one uracil moieties with the same structure as pyrimidinophane 1
form intra- and intermolecular hydrogen bonds in chloroform
solutions via NH of thiocytosines as H-donors and C=O of

dx.doi.org/10.1021/am101000j |[ACS Appl. Mater. Interfaces 2011, 3, 402-409
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Figure 9. pH vs. B1 concentration; water-DMF (20% vol); 25 °C.

uracil as H-acceptor. The same H-bonds can occur in solutions of
the pyrimidinophanes with onium fragments in particular bola
B1. It can be assumed that in the nonpolar interior of the Bl
aggregates, the combination of intra- and inter H-bonds depen-
dent on the concentration of the pyrimidinophane is responsible
for the observed effects. The gel formation probably reflects the
instability of large particles, which provokes their further re-
arrangements. It is noteworthy that the charge neutralization is
probably not underlain by the high affinity of aromatic tosylate
anions to the micellar phase, as for typical surfactant systems.
Tosylate anions are reported®*> to exert little effects on the
aggregate size of acyclic and macrocyclic uracilic amphiphiles,
and therefore the idea of viscoelastic behavior is not considered
here. Meanwhile, uracilic amphiphiles with tosylate anions show
quite specific solution behavior as compared to those with bro-
mide counterions. As was earlier reported, an unusual decrease in
solution pH with the concentration occurs.”*

The same unusual results were obtained for the B1 based
system upon monitoring the solution pH (Figure 9). The follow-
ing reasons may be assumed. Charged atoms of head groups are

located in aromatic rings, which in turn are included in a macro-
cycle. This restricts the mobility of head groups and may result in
their unfavorable orientation towards counterions. The competi-
tion between N* and NH atoms for their exposure to the
aqueous phase may increase this effect. As a result, uncompen-
sated charge would appear in the B1 surface layer above the cmc
and provoke a strong polarization up to the ionization of the
water molecules in the solvate shells of head groups. Thus hydro-
xide ions and conjugated hydroxonium ions are generated.
Unlike bulky organic ions, smaller hydroxide ions can bind with
head groups, thereby compensating the charge, while residuary
free protons acidify the system.

B CONCLUSION

The new macrocyclic bolaamphiphile with uracil and thiocy-
tosine fragments has been synthesized. Aggregation of B1 has
been studied by methods of tensiometry, conductometry, dy-
namic light scattering, and atomic force microscopy. Strong
concentration-dependent structural behavior is revealed, which
consists in the following. Monodisperse solution is observed at
low surfactant concentration, with D}, of ca. 200 nm, whereas
much smaller aggregates exist in concentrated systems with the
single contribution of D, = 8 nm. Intermediate concentration
region is characterized by the contributions of both species. This
structural transition is assumed to be underlain by two models of
the association involved. These are open and closed models
resulting in the formation of large “infinite” structures and
small micelle-like aggregates respectively. Two breakpoints are
revealed in the surface tension isotherms. The first one, around
0.002 M, is identified as a critical micelle concentration (cmc),
whereas the second critical concentration of 0.01 M is a turning
point between the two models. The growth of aggregates reaches
a maximum at the concentration of 0.009 M, when the gel-like
behavior appears. An unusual decrease in solution pH occurs
with the concentration, initiated by the steric hindrance around
the B1 head groups.

Because of controllable structural behavior, B1 can be offered
as advanced building block for the design of soft matter, i.e.,
nanocontainer, nanoreactor, drug and gene carriers, etc. Indeed,
because of the presence of onium fragments, uracil, and thiocy-
tosine moieties, Bl can bind with nucleic acid, which charac-
terizes it as a candidate for development of nonviral vectors. This
is our task in immediate future. One of the problem should be
solved in this case is the compactization of DNA, i.e., the forma-
tion of amphiphile-DNA complex of the controllable dimension.
Therefore the tool for control of the size behavior is strongly
desirable in these biotechnologies. Furthermore, significant con-
tribution in practice may be expected from phenomenon of a pH
decrease in the B1 systems. As exemplified in Figure 3S (see the
Supporting Information), such concentration-dependent pH
behavior can be used for desirable regulation of the ratio of the
acid and base forms of ionogenic compounds. This may elucidate
one of mechanisms of high substrate specificity of enzyme cata-
lysis. Therefore, the pH variable nanoreactors based on pyrimi-
dinic surfactants analogous to those proposed in our work™ are
of importance from the viewpoint of development of biomimetic
catalysts showing high substrate specificity towards the substrates
of different hydrophobicity. Pyrimidinic macrocyclic amphi-
philes esépecially B1 are documented to exhibit high antimicrobial
activity.®' ~®® This property together with surface activity and
controllable gel behavior is important for preparation of cos-
metics, antibacterial liniments, etc.
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