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Introduction 

Self-assembly is the basis for many unique living and natural 

processes including protein folding and the formation of cell 

membranes, the process of which is governed by complex 

cooperative inter- and intramolecular forces that include 

hydrophobic effect, hydrogen bonding, electrostatic interactions, 

metal coordination, π-π interactions and van der Waals forces. 

Chirality plays an important role in the complexity of these 

structures and functions from the molecular level as observed 

for the right-handed α-helical structures of proteins or the 

double helical DNA, to supramolecular hierarchical structures. 

Scientists developed wide range of bio-inspired artificial 

helical molecules, oligomers, polymers or helical assemblies 

from small molecules. The aggregation of chiral molecules and 

the hierarchical formation of chiral structures such as twisted or 

helical ribbons constitute an important domain of research for 

which the first report can already be found in 1952.1,2 

Since then, and particularly from the latter half of the 80’, 

the number of the reports on the self-assembled chiral 

structures increased exponentially, including several important 

review articles and books.3–6 Most of these systems were 

designed based on molecules having chiral moieties such as 

peptidic, lipidic, nucleotidic, or sugar based entities7–12 and 

show nanometer-scale helical structures. Interestingly, only 

limited number of studies reported self-assembly of micrometric 

chiral structures from molecules11,13–19 

Previously, we reported the synthesis and 

characterization of the self-assemblies from non-chiral 

monocationic surfactant having two hydrophobic chains of 12 

and 14 carbons ((C12)2
+ and (C14)2

+), complexed with 

guanosine-5’-monophosphate (GMP) and adenosine 5’-

monophosphate (AMP).20–22 With both (C12)2GMP and 

(C14)2AMP monocationic surfactants stoichiometric complexes, 

coexistence of micrometric helices with needle-like structures 

was observed. While the intermolecular interaction between 

chiral anionic nucleotides is crucial for the chirality transfer and 

amplification, too strong interaction may lead to crystallization 

or aggregation without chirality expression. In parallel, our other 

studies of peptide-based amphiphilic molecular assemblies 

which showed clearly the importance of the balance between 

inter- and intra-molecular interaction allowing the expression of 

chirality at mesoscopic level.23 

In the present paper, we investigated the self-assembled 

structures of dicationic gemini surfactant 

CsH2s-α,ω-(Me2N
+CnH2n+1)2 denominated as n-s-n hereafter 

mixed with GMP-Na2, n-s-n X2 + GMP-Na2 where X represents 

counterions of n-s-n. We focused on how various parameters 

affect the interaction between gemini surfactants and mixture of 

the counterions which can be chiral or non-chiral, leading to or 

disrupting the hierarchical chirality expression. Investigated 

physico-chemical parameters include pH, aging time, 

temperature, nature of the competing counterions, GMP/gemini 

ratio and structure of gemini amphiphile backbone. We will 

discuss the hierarchical structure of micrometric helical 

aggregates and propose a mechanism of their formation along 

with the dynamics of ion exchange. 

Materials and Methods 

Guanosine 5’-monophosphate disodium salt was purchased 

from Acros Organics. All other chemicals were purchased from 

Sigma Aldrich and used without further purification. All the 

samples were prepared in ultrapure water (18.2 MΩ cm) from 

Purelab ultra ELGA system. 

Synthesis of gemini bromides 

Bis(quaternary ammonium) surfactants having the structure 

CsH2s-α,ω-(Me2N
+ CnH2n+1Br-)2 referred as n-s-n Br2 (Scheme 1a) 

were synthesized as previously reported.24 Gemini amphiphiles 

with chain lengths of n = 10, 12, 14 and 16 carbons as well as 
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Abstract: The assembling behaviors of non-chiral dicationic 

amphiphilic molecules (gemini) in the presence of the mixture 

of chiral anionic nucleotides and non-chiral anions are 

investigated.  We demonstrate that subtle balance of various 

physico-chemical parameters and the competition between 

chiral and non-chiral anions at the interface of gemini 

assemblies influences the expression of molecular chirality at 

the micrometer scale through the hierarchical molecular 

assembly. 
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spacer of 2, 4 and 6 carbons were synthesized following the 

same synthetic route. 

 

Scheme 1. (a)  Chemical structures of cationic gemini 

amphiphile used in the study and (b) guanosine-5’-

monophosphate disodium salt (GMP-Na2). 

Synthesis of gemini surfactants with the guanosine-5’-

monophosphate (GMP) as counter-anion, n-s-nGMP2 

The acid form of guanosine-5’- monophosphate was obtained 

from the corresponding disodium salt on an ion exchange 

column. 200 mL of 2 M HCl were passed through the cationic 

ion-exchange column filled with 60 g of DOWEX resin. Then the 

acid was washed out from the column with ultra pure MilliQ H2O 

until neutral pH. 250 mg of guanosine-5’- monophosphate 

disodium salt in 5 mL of H2O were passed through the column. 

The solution was collected in a 1 L flask until neutral pH. The 

solution of GMP was concentrated down to ~30 mL and finally 

freeze-dried. Column was recuperated by 50 mL of 2 M NaOH 

and then washed with H2O until neutral pH.  

Gemini amphiphiles with the acetate anion n-s-nAc2 were 

synthesized as previously reported.24  

Gemini amphiphiles with GMP counterion were synthesized by 

slow addition of n-s-nAc2 (methanol solution) to 2.2 eq. of GMP 

(aqueous solution) under stirring. White precipitate of n-s-nGMP2 

was filtered out, washed with acetone and freeze dried from 

aqueous solution. 

Proton NMR spectra were used to check the absence of the 

peak of acetate (6H at 1.90 ppm) and the 2:1 stoichiometry of 

GMP to gemini. 

Typical example of 12-2-12GMP 1H NMR (300 MHz, D2O, 25 °C, 

δ ppm, TMS): 8.08 (s, 2H), 5.91 (d, J = 6.1 Hz, 2H), 4.76 (d, J = 

0.7 Hz, 2H), 4.49 – 4.39 (m, 2H), 4.07 (dd, J = 5.1, 3.3 Hz, 2H), 

3.87 (s, 2H), 3.45 – 3.33 (m, 2H), 3.18 (s, 4H), 1.76 (s, 2H), 1.34 

(s, 4H), 1.25 (s, 14H), 0.88 – 0.77 (m, 2H). 

Sample preparation 

In this paper, we compare the self-assembly of the n-s-nGMP2 

formed in solution (synthesis described in the previous 

paragraph) and the mixture of n-s-nX2 (X being Ac, Br, Cl, I or 

NO3) with GMP-Na2 which allow an equilibrium between the X- 

and the GMP- at the surface of the gemini assembly. For this 

second study, the samples are prepared as described below: 

First, n-s-nX2 was dissolved in water by heating to 70 °C to get a 

20 mM solution. Then 500 μL of this solution were mixed with 

500 μL of a 40 mM Guanosine 5’-monophosphate disodium salt 

aqueous solution (GMP-Na2). White precipitate was formed upon 

components mixing. Next, pH was adjusted to desired value with 

a 1 M acetic acid. Finally, samples were heated at 70 °C for 5 

minutes and stored at 20 °C for aging. To prepare 20 mM 

solution of 12-2-12I2 (Tk = 58°C) it has been dissolved at 100 °C 

in boiling water prior to the mixing with guanosine 

5’-monophosphate disodium salt. 

Synthesis of the silica replica 

For the silica transcription of organic micrometric helices, sodium 

metasilicate aqueous solution was acidified with acetic acid 

down to pH 5.9-6. Acidity was chosen to be identical to that of 

the organic template since its morphology is pH sensitive as we 

will show in the discussion. 100 µL of precursor were added in 

one shot to 100 µL of organic helices without any stirring or 

sonication, and the mixture was stored at 20°C for the silica 

condensation. Na2SiO3/acetic acid ratio = 1:2, Na2SiO3 

concentration of 200 mM and reaction time of 1 hour were found 

to be optimal parameters for the formation of the silica replica. 

After the end of transcription, samples were washed with water 

and HBr (100 mM, 1:1 v/v) was added for the template 

dissolution. Excess of Br- ions favors GMP exchange towards 

the bromide in the surfactant structure. Two water soluble 

compounds are formed: GMP and n-s-nBr2. They can be 

removed then by washing the water. 

NMR 

After one week of aging, samples were centrifuged and the 

precipitates were dissolved in 500 µL of DMSO-d6 in the 

presence of 2 µL of 48 % HBr in standard 5 mm glass NMR tube. 

1H NMR spectra were recorded on Bruker Avance 300 MHz 

NMR spectrometer. The integration of NMR spectra was 

calibrated by the amphiphile part of compound. We used the 

integration of protons H8, H1’ and H4’ (L, K and H on Figure S1 

in SI) of guanosine-5’-monophosphate for the quantification of 

amount of GMP present in the aggregates. 

Optical Microscopy with Differential Interferential Contrast (DIC).  

Samples sealed between slide glass and cover glass were 

observed with a NIKON Eclipse PhysioStation E600FN with 

adequate condensers and prism for DIC observations. 

Electron microscopy 

The organic samples have high enough electron density for the 

visualization in Transmission Electron Microscope (TEM) without 

additional staining. TEM observations were performed using a 

Philips EM 120 electron microscope operating at 120 kV and the 

images were collected by 2k × 2k Gatan ssCCD camera. 

Scanning Electron Microscopy (SEM) observations were 

performed on SEM-FEG JEOL 6700F microscope operating at 5 

kV after AuPd20 metalization.  

Results  

We first investigated the stoichiometric 1:2 complex of 12-2-12 

and GMP, synthesized by ion exchange. When solubilized at 

70°C and cooled down to 20°C, at the early stage, spherical 

structures (~ 1 µm) are observed, which evolve to achiral 

needle-like fibers of around 500 nm to 1 µm width after two days 

which did not evolve afterwards. The TEM images show that 

these micrometric structures are assembled from smaller 

nanometric fibers of around 10-20 nm diameter (Figure S2). We 

then investigated the effect of the presence of other anions, by 

mixing 12-2-12X2 and GMP-Na2. The effect of various 

parameters listed in Table 1 is studied as described in the 

following. 
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Table 1. List of experimental parameters  

Studied 
parameter 

Gemini 
structure 

GMP/gemini 
ratio 

pH T, °C 

pH 12-2-12Br2 2:1 
7.4, 6.4, 
5.9, 4.1 

20 

Temperature 12-2-12Br2 2:1 5.9 
4, 20, 
30 

GMP/gemini 
ratio 

12-2-12Br2 0.4:1 - 4:1 5.9 20 

Counter-ion 
nature 

12-2-12X2 
X = Ac, Br, 
Cl, I, NO3 

0.4:1 - 4:1 5.9 20 

Gemini 
structure 

n-s-nBr2 
n = 10, 12, 
14, 16 
s = 2, 4, 6 

2:1 5.9 20 

GMP-Na2 was added to gemini amphiphile to obtained desired 
GMP/gemini ratio at final gemini concentration of 10 mM. The pH 
is adjusted with 1M acetic acid. Sample is dissolved at 70 °C and 
aged at given temperature T. 
 

Effect of the pH and temperature  

We first investigated the effect of pH on the self-assembly of 12-

2-12Br2 + GMP-Na2 mixture. The protonation of GMP varies at 

pH = 0.7, 2.4, 6.1 and 9.4 (Figure S3). The GMP/12-2-12 ratio 

and the concentration of 12-2-12Br2 was fixed to be 2:1 and 10 

mM, respectively, and the pH was controlled by addition of 1 M 

acetic acid. When no acetic acid is added (pH = 7.4) the 12-2-

12Br2/GMP-Na2 mixture was not completely soluble even at 

70 °C and formed poorly structured precipitates upon cooling 

and did not evolve with time (Figure 1-a). At pH = 6.4, the 

mixture became soluble upon heating to 70°C and formed poorly 

structured precipitates when cooled (Figure 1-b). At pH = 5.9 on 

the other hand, the formation of helical fibers was observed after 

1 hour (Figure 1-c). A further decrease in pH to 4.1 leads to the 

elongation of the helices and their aggregation (Figure 1-d). 

Compared to the protonation of GMP as a function of pH as 

shown in Figure S3, this indicates that helix formation is only 

observed in the range of pH for which GMP is monoanionic.  

 

Figure 1. Optical microscope images of the 12-2-12Br2 + GMP-

Na2 (1:2) mixture at various pH (adjusted by acetic acid) after 24 

hours: (a) pH = 7.4, (b) pH = 6.4, (c) pH = 5.9, (d) pH = 4.1.  

 

To further investigate the effect of temperature on the self-

assembly, the ratio of GMP/gemini was 2:1, the 12-2-12Br2 

concentration was 10 mM and the pH was 5.9. After the 

complete dissolution of the mixture in water by heating to 70 °C, 

the solution was cooled down and aged at 1 °C, 20 °C and 30 °C. 

In the sample aged at 1 °C, the kinetics of the helix formation 

was very slow and only a small number of helical ribbons was 

observed after one week (Figure 2-b). The samples aged both at 

20 °C and at 30 °C exhibit much faster kinetics: helices were 

formed already after 1 hour. While helical structures formed at 

20 °C were well separate (Figure 2-c) and became longer and 

larger in diameter upon aging (Figure 2-d), at 30 °C they tend to 

aggregate (Figure 2-e) and their diameters also increased with 

time (Figure 2-f). Based on these observations, we selected pH 

5.9 and aging temperature 20 °C for further studies. 

 

Figure 2. Optical microscope images of the 12-2-12Br2 + GMP-

Na2 (1:2) mixture (pH = 5.9) aged at various temperatures: (a 

and b) T = 1 °C, (c and d) T = 20 °C, (e and f) T = 30 °C. Aging 

time is (a, c, e) 1 day and (b, d, f) 7 days, respectively.  

The more detailed observation of these helices by TEM 

revealed that they have double helical structures (Figure 3 a) 

formed by two strands of around 500 nm diameter (red and 

yellow arrows) which coexist with smaller 10-20 nm diameter 

filaments (sky blue arrow). The sol-gel silicification of these 

structures allowed to have solid replicas of the morphology. The 

SEM and TEM observations (Figure 3 b, c and e) confirmed the 

morphology of the organic double helix. The Figure 3-d revealed 

the hollow structure of the silica replication, the void interior 

corresponding to the initial organic helix location. 

 

Figure 3. (a) TEM of organic micrometric helices without staining. 

(b-d) SEM and (e) TEM of silica replica keeping the original 

structure in suspension without deformation after drying.  

Composition: 12-2-12Br2 + GMP-Na2 (1:3.2), pH is 5.9, aging 

time is 7 days, surfactant concentration is 10 mM. 

Effect of the co-counterion nature 
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Previously, we have shown that the self-assembly of gemini 

surfactant depends strongly on the nature of counterions.20,21,23 It 

was demonstrated that in the presence of Hofmeister anions 

such as iodide, bromide, nitrate, chloride and acetate,24,27  the 

aggregation properties such as critical micelle concentration 

(CMC), aggregation number, micellization energy and ionization 

degree of gemini amphiphiles are strongly modified, clearly 

following a trend as the free energy of hydration of these anions 

increases in the order I- < NO3
- ~ Br- < Cl-< Acetate.24 We 

therefore evaluated the effect of the nature of the anion X- in 

competition with GMP on the morphology of the aggregates 

obtained from the mixture 12-2-12X2 + GMP-Na2. Here, GMP-

Na2 solutions were added to the solution of 12-2-12X2, so that 

the final concentration of 12-2-12 was always 10 mM. All the 

solutions had pH 5.9 and were aged at 20 °C for 7 days. The 

Figure 4 represents the aggregation morphologies as a function 

of the GMP/gemini ratio in the mixture and the nature of the co-

anion. 

 

 

Figure 4. Effect of the co-anion nature on the morphology of 

self-assembly at various GMP/gemini ratios in the mixture after 7 

days aging. Concentration of 12-2-12 gemini is 10 mM, pH = 5.9, 

aging temperature 20 °C. 

When GMP-Na2 is mixed with 12-2-12 having bromide 

counterion (Br), the formation of micrometric helices was 

observed for the GMP/gemini ratios between 2.0 and 3.2 (Figure 

S4). Above 3.6 ratio, unstructured precipitates were observed 

while bellow 1.6, achiral fibers were observed. Interestingly, 

when 12-2-12 with chloride (Cl) counterions was mixed with 

GMP-Na2, for the GMP/12-2-12Cl2 ratio up to 2.0, the achiral 

fibers were observed (Figure S5-d) and no fibers were observed 

above 3.2. Only at the ratio between 2.4 and 2.8, micrometric 

helices were observed after 6 hours of aging, which grew in the 

number and the length with time (Figure S5-e and f). In the case 

of nitrate, helical structures were formed only at GMP/12-2-

12(NO3)2 ratio of 2.4 (Figure S5-h). On the other hand, helical 

fibers were observed only at much higher ratio for 12-2-12I2, 

GMP/12-2-12I2 > 4.0. Finally, when 12-2-12Ac2 is mixed with 

GMP-Na2, (Figure S6), only spherical aggregates were observed 

at first, which transformed to straight fibers regardless of the 

GMP/12-2-12 ratio. 

Effect of the GMP/gemini ratio 

The strong counterions dependence of self-assemblies obtained 

when 12-2-12X2 is mixed with GMP-Na2 suggests that the 12-2-

12 aggregates are in equilibrium between the ionic species in 

solution. Here, we focused our study on the partition of GMP 

between the solution and the aggregates formed by the mixture 

of 12-2-12Br2 + GMP-Na2. The concentration of 12-2-12Br2 was 

10 mM and the added amounts of GMP-Na2 was varied to obtain 

molecular ratios of GMP to 12-2-12 from 0.4 to 4. We will refer to 

this ratio as “in the mixture”. After one week of sample aging, we 

isolated precipitate by centrifugation (self-assembled structures) 

and analyzed them by proton NMR (see experimental section 

and Figure S4 for more details regarding the evolution of the 

morphology vs the GMP-Na2 to 12-2-12Br2 ratio) in order to 

determine the GMP/gemini ratio in the self-assembled structures, 

i.e. the amount of GMP complexed with the gemini inside the 

aggregates, which is in equilibrium with GMP in solution. We will 

refer to this ratio as in the aggregates.  

The Figure 5-a shows GMP/gemini ratio in the aggregates 

vs GMP/gemini ratio in the mixture. 

 

Figure 5. (a) GMP/gemini ratios in the aggregates as a function 

of corresponding ratios in the starting mixture as determined by 

NMR measurements. The fit in the plot shows the equilibrium 

constant K = 1 which suggests equal affinity of both GMP- and 

Br- towards the gemini. (b-e) DIC optical microscopy images 

corresponding to the conditions indicated by arrows. 

Experimental conditions: amphiphile concentration is 10 mM, pH 

is 5.9, aging temperature is 20 °C, and aging time is 7 days.   

Correlations between GMP/gemini (in the presence of Br- 

counterions) ratios and morphological aspects of self-assembly 

structures are shown on the Figure 5. The sample with the 

GMP/gemini ratio in the mixture of 0.4 remains transparent after 

1 week of aging whereas all other samples precipitate within 

several minutes after cooling to 20 °C. The samples having the 

GMP/gemini ratios in the mixture between 0.8 and 1.6 form 

clusters of small ribbons within 1 hour. These ribbons continue to 

grow to create a network of fibers without apparent chirality, 

achiral fibers, even after 1 week of aging (Figure 5-a and b). 

Only when the GMP/gemini ratio is between 2.0 and 3.2 in the 

mixture (Figure S4) which corresponds to the ratios 1.1 and 1.6 

in the aggregates (Figure 5-c), helices formation was observed. 

Helical structures start to form already after 1 hour of aging and 

within 24 hours, mostly helical structures were observed with a 
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few tens of microns and ~2-5 µm diameter (Figure S4). A further 

increase in GMP/gemini ratio in the mixture (3.6 and 4.0) leads 

to a precipitate formation with no obvious structure (Figure 5-e).  

Effect of surfactant structure 

Finally, we compared the effect of the molecular structures of 

gemini surfactants in the presence of bromide co-counterions. 

Due to their dimeric structure, the length of the hydrophobic tails 

and the length of spacers can be modified independently. In the 

Figure 6, we show the optical microscope images of the self-

assembly structures of gemini bromides with different alkyl chain 

lengths n and spacers s in the presence of GMP-Na2 after one 

week of aging. The chain length was varied from 12 to 16 and 

the spacer length from 2 to 6. The concentration of amphiphile 

was 10 mM, GMP to gemini ratio was 2:1 and pH = 5.9 in all the 

experiments. 

 

Figure 6. DIC optical microscopy: effect of the surfactant 

structure on the morphology of self-assembly for the 

GMP/gemini ratio of 2:1. Aging time is 7 days, pH is 5.9, and 

surfactant concentration is 10 mM. Scale bars are 20 µm. 

Samples marked with the red crosses were either too soluble 

(below critical micellar concentration) or not studied due to their 

extremely high hygroscopy and the resulting difficulties to 

quantitatively investigate the mixture with GMP Na2. 

For the gemini with spacer length of 2 carbons, (n-2-n) and the 

alkyl chain length C = 12 or 14, we observed formation of helical 

structures. When the chain length is further increased to 16 

carbons (16-2-16), only wrinkled sheet-like structures were 

observed. For the spacer length of 4 carbons, clear helices 

formation was observed with the chain length 14 and 16 carbons 

(14-4-14 and 16-4-16) already after one hour which became 

bigger and better defined with time. Increasing the spacer to 6 

carbons leads to even more pronounced helical shape of 

aggregates. The number of helices as well as their length and 

average diameter increase.  

Self-association of the GMP 

The IR spectra of 12-2-12Br2 + GMP-Na2 (1:2 mixture, pH 

5.9, forming helices) and 12-2-12Ac2 + GMP-Na2 (1:2 mixture, 

pH 5.9, forming straight fibers) in D2O (10 mM) as well as the 

GMP-Na2 solution in D2O (10 mM) are presented in the Figure 7 

in the 3050-2750 cm-1 and 1800-1250 cm-1 regions. The 

wavenumbers observed for the asymmetric (aCH2) and 

symmetric (sCH2) stretching vibrations of the CH2 groups of the 

gemini alkyl chains are similar for the two mixtures (i.e. 2926 cm-

1 for the aCH2 mode and 2854 cm-1 for the sCH2 mode). These 

values are also similar to those published for (C12)2GMP or 

(C12)2AMP systems,16 indicating that the alkyl chains of the 

nucleoamphiphiles are in the fluid phase with a high rate of 

gauche conformations. The IR spectrum of the GMP-Na2 

solution in D2O (10 mM) in the 1800-1250 cm-1 spectral range is 

the same as the one published in the literature for unassociated 

GMP in solution.23 The band at 1663 cm-1 is assigned to the 

carbonyl stretching vibration and the bands in the 1600-1520 cm-

1 region can be described as collective in-plane purine ring 

vibrations. The band at 1579 cm-1 comes from the imidazole ring 

and has a strong contribution of the C-N stretching of the 

pyrimidine ring whereas the shoulder at 1566 cm-1 is mainly due 

to the pyrimidine ring with a significant contribution from the C-

NH2 group.24 The IR spectrum of 12-2-12Br2 + GMP-Na2 mixture 

in D2O (10 mM) shows marked modifications from that of the 

unassociated GMP. The carbonyl band shifts to higher 

wavenumbers (ca 1668 cm-1) and the maximum of the band 

profile related to purine ring vibrations changed to 1566 cm-1. 

Such spectral changes have already been observed for self-

association of 5’-GMP in aqueous solution.25 The shift of the 

carbonyl band is even more pronounced (ca 1674 cm-1) for the 

12-2-12Ac2 + GMP-Na2 mixture in D2O (10 mM). Unfortunately, 

the purine ring vibrations cannot be observed on this system due 

to the strong absorption of the asymmetric stretching vibration of 

the carboxylate group (aCOO-), expected at 1563 cm-1.16 

Nevertheless, the shift of the carbonyl group (1674 cm-1 for 12-2-

12Ac2 + GMP-Na2 vs 1668 cm-1 for 12-2-12Br2 + GMP-Na2) 

seems to indicate the higher ordering of guanine residues in the 

supramolecular structure of the 12-2-12Ac2 + GMP-Na2 mixture. 

 

Figure 7. IR spectra of 12-2-12Br2 + GMP-Na2 and 12-2-12Ac2 + 

GMP-Na2 mixtures in D2O (10 mM) as well as the GMP-Na2 

solution in D2O (10 mM) in (a) the 3050-2750 cm-1 and (b) 1800-

1250 cm-1 regions. 

Discussion  

We have shown that the complex gemini/GMP in the presence of 

co-anions can cooperatively express chirality at the micrometric 
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scale under a certain condition requiring a very subtle balance 

between the different physico-chemical parameters. The 

competition of GMP and co-anion X at the interface of gemini 

assemblies is determined by the nature and quantity of co-ions 

as well as the gemini molecular structures, and it is crucial for 

determining the molecular assembly kinetics and morphologies. 

First, it has been observed that the stoichiometric compounds 

12-2-12GMP2 only form needle-like achiral fibers. This result is 

in contrast with our previous reports20,21 which showed that with 

one-head-two-tails monocationic surfactant, 

dialkyldimethylammonium, 1:1 stoichiometric complex with GMP 

or AMP (adenosine monophosphate) showed the formation of 

micrometric helices. With gemini-type dicationic surfactant, only 

in the presence of non-chiral co-anions which have strong 

interaction with ammonium headgroup of gemini such as 

Bromide, the formation of micrometric helices was observed with 

GMP. It is noteworthy that with co-anions with weaker interaction 

such as acetate, no helices were observed. The quantification of 

GMP with respect to gemini and Br- in the chiral nanoaggregates 

by NMR showed that at the equilibrium, GMP/gemini ratio in the 

aggregates is lower than the ratio in the bulk and the helices 

formation was observed when the GMP/gemini ratio is between 

2.0 and 3.2 in the mixture which corresponds to the ratios 1.1 

and 1.6 in the aggregates, respectively. This means that at the 

ratios in the mixture of 2.0, the stoichiometric mixture of 

dicationic 12-2-12 and monoanionic GMP, only 55% of GMP are 

complexed with gemini (1.1/2 as calculated from Figure 5-a) and 

45% of cations from gemini are complexed with bromide anions 

(GMP and Bromide are in competition at the aggregates 

interface). Inversely 45% of GMP and 55% of bromide remain in 

solution.  

The FT-IR spectra of the helix forming 12-2-12Br2 + GMP-

Na2 and the fiber forming 12-2-12Ac2 + GMP-Na2 mixture in D2O 

(10 mM) demonstrated that in both cases, the alkyl chains of the 

nucleoamphiphiles are in the fluid phase with a high rate of 

gauche conformations, similar to the spectra obtained from 

gemini in micellar solution. Meanwhile, the IR bands associated 

to the GMP shows marked modifications from that of the GMP in 

solution. The carbonyl band shifts to higher wavenumbers, 1663 

to 1668 cm-1 (along with the shift in purine ring vibrations to 1566 

cm-1) for Br system and 1663 to 1674 cm-1 for acetate system. 

These results demonstrate the different level of ordering of 

guanine residues at the aggregates interface with a higher level 

of organization of GMP in the supramolecular structure of the 12-

2-12Ac2 + GMP-Na2 mixture than that of the 12-2-12Br2 + GMP-

Na2. This indicates that a certain degree of intermolecular 

interaction between GMP at the aggregates interface is 

necessary for the chirality expression of the assemblies, but too 

strong interactions between the GMPs prohibit it. The fact that 

the micrometric helices are only observed in a given range of 

GMP/Br ratios indicates that it is indeed the competition between 

Br and GMP in interaction with gemini aggregates determines 

the interfacial concentration of GMP, which needs to be high 

enough to induce chirality to the surfactant moieties, but should 

not be too high to give the flexibility to the assemblies (Figure 8).  

 

Figure 8. Schematic presentation of GMP (pink) and Br- (blue 

triangle) interacting at the surface of gemini assemblies. The 

competition between Br and GMP in interaction with gemini 

aggregates determines the interfacial concentration of GMP 

which needs to be in a given range so that micrometric helices 

are observed (b) When it is too low, no induction of chirality to 

the surfactant moieties is observed (a), but should not be too 

high (c) to give the flexibility to the assemblies so that they can 

express mesoscopic chirality. 

It is interesting to compare these results with our previous 

report with gemini surfactants with polyalanine counterions23 for 

which cooperative reinforcement of gemini surfactants and 

polyalanine counterions were observed. Helix formation was 

observed either with strong inter-peptide interaction with weakly 

ordered gemini or weakly interacting peptides with strongly 

ordered gemini. In the present system, gemini remain disordered 

and the interaction between GMP was controlled by the 

proportion of non-chiral counterions to GMP at the interface, the 

presence of the former is crucial for disrupting the too strong 

intermolecular association between GMP prohibiting the helix 

formation. 

The molecular organization and the resulting 

supramolecular structures are not only affected by the proportion 

of GMP and non-chiral counterions. The alkyl chain length as 

well as the spacer length of gemini also affect the helix formation. 

The longer the alkyl chains and the shorter the spacer length, 

the more crystalline the assemblies are as it has been previously 

demonstrated whereas shorter alkyl chain and longer spacer 

tend to increase their solubility (higher cmc).26 For the present 

system, helical assemblies are observed either for long 

hydrocarbon chain with long spacer length, or short hydrocarbon 

chain with short spacer length, which is in good agreement with 

our observation that a subtle balance of hydrophilicity and 

hydrophobicity of the gemini with respect to the counterions are 

crucial for the helix formation.23 

The effect of the nature of co-anions on the helix formation 

is very complex. On the first view, the relative affinity of co-ions 

and GMP with gemini has crucial roles which can be observed 

by the parameters such as the Krafft temperature of 12-2-12X2 

(Figure 4). For example, higher Krafft temperature of 12-2-12I2 

(Tk ≈ 58 °C) with respect to Tk ≈ 48 °C for 12-2-12GMP2 and Tk ≈ 

20 °C for 12-2-12Br2 favors the formation of 12-2-12I2 with 

respect to the formation of 12-2-12GMP2. Therefore, only at high 

GMP concentration, (GMP/gemini ratio of 4.0) the GMP 

interfacial concentration is high enough to allow helices 

formation. However, the affinity of co-ions vs GMP with gemini 

alone does not explain the tendency of helix formation. Whilst 

the boundary from helices to no fibers as a function of GMP/co-

ions ratio is observed following the trend, Chloride < Bromide < 

Iodide, which can be explained by the affinity between co-ions 

and 12-2-12, the tendency for the boundary at lower GMP/co-

ions ratio, from non-chiral fibers to helices does not follow this 
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trend. With bromide as counterion, we obtained the widest range 

of the GMP/gemini ratios at which helices form. With chloride 

having weaker affinity with gemini (Tk ≈ 10 °C) or with iodide 

having stronger affinity, this range is smaller. Also, for Nitrate 

which has similar affinity with gemini as Bromide (similar Tk ≈ 

22 °C) the range of the GMP/gemini ratios for the helices 

formation was very small formed.  

 Indeed, as we have previously shown,24,27 the effect of the 

anionic counterions on the self-assembling properties of 

amphiphilic molecules is determined by the ensemble of 

parameters including the hydration free energy of the co-ions 

and inter-molecular (surfactant-counterion, counterion-

counterion) interaction (electrostatic interaction, hydrogen 

bond). For the work presented in this paper, the expression of 

the supramolecular chirality of gemini-GMP-co-ion systems 

clearly results from the complex balance between interfacial 

concentration of GMP-co-ion and their organization. 

Conclusion 

The self-assemblies of nucleoamphiphiles, dicationic “gemini” 

surfactant /guanosine-5’-monophosphate in the presence of non-

chiral counterions were investigated. Only in a defined range of 

various parameters, the chirality of GMP is expressed at 

mesoscopic level and micrometric double helical structures with 

~500 nm wide ribbons were observed. The subtle equilibrium of 

chiral GMP and achiral anions population at the interface of the 

assemblies with water is crucial for the formation of chiral meso-

structures which was tunable by the protonation state of GMP 

through modification of pH, the proportion of GMP/X at the 

aggregates interface and the nature of the co-ion X. Finally, 

molecular organization/packing can also be controlled by the 

gemini structure by both tuning the alkyl chain length and the 

spacer length. This study clearly demonstrates the complex 

ensemble of the parameters such as the nature of the interface 

and the molecular packing on the formation of hierarchical 

micrometrical chiral assemblies. 
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