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4.1. Introduction 

Research on supramolecular gels based on low molecular weight gelators (LMWG) has 

increased in recent years due to their potential applications
1
 as biomaterials, smart 

materials and electronic devices. These applications in the field of materials are based in 

the fact that these supramolecular gels are responsive to external stimuli, taking into 

account the reversibility of the weak interactions which form the 3D structure of the 

gel.
2
 These interactions are supposed to be weaker and easily reversible in the case of 

gels based on low molecular mass gelators compared to supramolecular polymeric gels. 

The type of response depends on the applied stimulus and can affect the supramolecular 

structure at different hierarchical levels. For instance, by triggering adequate 

modifications, these materials can be cycled between free-flowing liquids and non-

flowing materials. However other modifications can also be promoted, for example, in 

the chemical or physical properties, such as color or conductivity or swelling and 

shrinking by extension or contraction of the network.
3
 

Changes in these supramolecular materials can be triggered by chemical or physical 

stimuli yielding to smart materials. Different supramolecular gels have been reported to 

be chemo-responsive by a host-guest complexation,
4 

a metal-ion interaction
5
 and pH 

changes.
6
 Apart from the response to temperature and mechanical stress, among the 

different physical stimuli, light is attractive because it is a remote stimulus that can 

promote spatially controlled changes. As photoactive gels there are several examples of 

luminescent gels
7
 and phototunable gels, having a structure transformation through a 

photochemical process of a photochromic unit. The photochromic unit can be the 

gelator itself or a co-gelator. The gel response is a consequence of the ability of the 

photochromic unit to alternate between two different chemical forms with light; the two 

forms displaying different absorption spectra. Most often, the mechanisms involved at 

the molecular level are trans-cis isomerization, tautomerization and electrocycling ring 

closures and openings. The photoinduced response in gels can be irreversible or 

reversible.
8
 Azo dye systems are used in supramolecular assemblies to trigger reversible 

environmental changes, due to the reversible trans-cis photochemical isomerization 

experienced by azobenzenes, where the cis isomer can promote a structural change or 

disruption of the structure.
9
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Examples of trans-isomer organogels giving rise to a photo-stationary state of trans-cis 

mixtures which provide a sol state, have been described on aza-crown-appended 

cholesterol derivatives
10

 and recently on hydrazine
11

 and lipid derivatives.
12

 By contrast, 

in organogels derived from bis-ureido-azobenzene derivatives, the trans-cis 

isomerization is blocked in the gel state.
13

 Most reported examples are related to 

organogels, due to the difficulty of incorporating a hydrophobic photoresponsive part in 

water soluble aggregates. However, a few photoresponsive hydrogels based on peptide 

derivatives have also been reported.
14

 Azobenzene chromophores can also be 

incorporated into glyco-amphiphilic structures. Changes under irradiation in their 

structure
15

 or gel-sol transition
16

 have been described for sugar-based azo-gelators.  

Multi-component supramolecular gels
17

 have also been previously studied because the 

mixture of components allows tailoring the properties of the resulting gel. If two 

components, which are themselves gelators, are used, either co-gels or self-sorting gels 

can be formed.
18 

Azo mixtures have been studied by the potential light control of the gel 

structure through azo isomerisation.
19

 As example, the co-assembly of an azobenzene 

derivative with gels having a chiral nanotube structure has been studied, in which 

reversible changes have been regulated by light switching.
20

 Furthermore, mixtures of 

amphiphiles based on sugars have been also described as self-sorting gels.
21

  

On the other hand, as it has been concluded in previous chapters, click chemistry is an 

effective reaction to link a hydrophilic sugar head and a hydrophobic chain in order to 

prepare amphiphilic molecules. The triazole ring gives additional π-π stacking and its 

dipolar moment increases the hydrophilicity of the amphiphile, contributing to the 

formation of hydrogels. Now we are going to introduce in the structure an azobenzene 

group at different positions of the hydrophobic chain, using maltose as sugar polar head, 

in order to obtain photoactive gels, see Fig. 4.1. The liquid crystalline behavior, chiral 

supramolecular structures and light-response capability of these gels have been 

explored. Furthermore, hydrogel formed by a mixture of gelators of similar structure 

have been formed in order to investigate if the chiral arrangement can be modulated by 

light as remote stimulus. 
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Fig. 4.1: Chemical structure of the synthesized azo-glycolipids. 

 

4.2. Results and discussion 

 4.2.1. Synthesis 

As starting materials were used peracetylated maltose, as the sugar block precursor, and 

the azobenzene-containing carboxylic acids shown in Fig. 4.2.  

 

Fig. 4.2: Chemical structure and nomenclature of the azobenzene blocks. 

 

Compounds HOOC-Azo-C16 and HOOC-C5-Azo-C8 were synthesized following 

Scheme 4.1 and Scheme 4.2 respectively. HOOC-C10-Azo-OCH3 was provided by the 

Liquid Crystal and Polymer group at Zaragoza University (Eva Blasco).  
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Scheme 4.1: Synthesis of HOOC-Azo-C16. 

 

 

Scheme 4.2: Synthesis of HOOC-C5-Azo-OC8.  

 

Compounds were prepared by an azo coupling reaction
22

 using sodium phenoxide and 

ethyl p-aminobenzoate for HOOC-Azo-C16, (R)-2-octyloxyaniline (15) for HOOC-C5-

Azo-C8 and p-methoxyaniline for HOOC-C10-Azo-OCH3, respectively. Compound 

(R)-2-octyloxyaniline (16) was prepared from 4-nitrophenol by etherification with (S)-

2-octanol and further reduction of the nitro group. The carboxylic aliphatic chains were 

introduced by a Williamson reaction, followed by the hydrolysis of the ester group to 

yield the aimed acid.  

The glyco azo-amphiphiles were synthesised by click coupling of β-maltosylazide and 

the N-propargylamides derived from the azobenzenes shown in Figure 4.2 using a 

copper(I)-catalysed azide-alkyne [3+2] cycloaddition, see Scheme 4.3.  

The resulting triazole ring connects the maltose polar head with the hydrophobic part. 

The hydrophobic part consists of an azobenzene group and an alkyl chain with the 
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azobenzene at different positions: directly linked to the triazole (Malt-Tz-Azo-C16), in 

the middle of the chain (Malt-Tz-C5-Azo-C8) or at the end of the chain (Malt-Tz-C10-

Azo-OCH3.  

 

Scheme 4.3: Synthesis of Malt-Tz-Azo-C16, Malt-Tz-C5-Azo-C8, and Malt-Tz-C10-

Azo-OCH3. 

 

As was described in Chapter 3, β-maltosylazide 5 was synthesized in a stereoselective 

manner by treating β-maltose octa-acetate with trimethylsilyl azide and tin tetrachloride, 

as a Lewis acid catalyst, employing the general procedure described by Paulsen. To 

introduce the alkyne, the propargylamide derivatives 19, 20 and 21, were synthesized 

using EDC as coupling agent and hydroxybenzotriazole. The click coupling reaction 

azide-alkyne was carried out in DMF using CuBr and N-pentamethyldiethylenetriamine 

(PMDETA) to give the azo-glycosyl products in 80-90% yield. All of the protected 

derivatives were deacetylated at room temperature with MeONa and Amberlyst IR120 

in anhydrous THF to give the final product at a yield of 75-90%. 

Peracetylated compounds and azo-glycoamphiphiles were characterized by 
1
H NMR, 

13
C NMR, IR and mass spectrometry (see experimental section). Peracetylated 

compounds (OAc-Malt-Tz-Azo-C16, OAc-Malt-Tz-C5-Azo-C8 and OAc-Malt-Tz-C10-
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Azo-OCH3) and azo-glycoamphiphilic compounds (Malt-Tz-Azo-C16, Malt-Tz-C5-

Azo-C8, and Malt-Tz-C10-Azo-OCH3) were characterized by additional 2D NMR 

experiments (COSY, TOCSY, NOESY, HSQC and HMBC) to corroborate their 

chemical structure.  

As an example of the characterization studies, Fig. 4.3 shows 
1
H NMR experiments on 

OAc-Malt-Tz-C10-Azo-OCH3 and Malt-Tz-C10-Azo-OCH3, and Fig. 4.4 shows a 2D 

TOCSY experiment on OAc-Malt-Tz-C10-Azo-OCH3 where all the sugar ring protons 

can be assigned.  

 

 

 

a) OAc-Malt-Tz-C10-Azo-OCH3 and Malt-Tz-C10-Azo-OCH3

NH
H1 

H1/H3 
H3 H2H4H2 

H6 b/ CH2-NH

H6a /H6 a H4 H6 b H5/H5 

O-CH2

O-CH3

(CH2)n

CH 
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OC-CH2

CH Ar
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b) 1H NMR OAc-Malt-Tz-C10-Azo-OCH3
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 Fig. 4.3: a) OAc-Malt-Tz-C10-Azo-OCH3 and Malt-Tz-C10-Azo-OCH3 chemical 

structure and nomenclature, b)  
1
H NMR spectrum of OAc-Malt-Tz-C10-Azo-OCH3 

with CDCl3 as solvent at 25ºC, c) 
1
H NMR spectrum of Malt-Tz-C10-Azo-OCH3 with 

DMSO as solvent at 25ºC.  

 

Fig. 4.4: TOCSY experiment of OAc-Malt-Tz-C10-Azo-OCH3 with CDCl3 as solvent 

at 25ºC and 60 ms of mixing time. 
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The exact masses of the azo-glycoamphiphiles were determined by mass spectrometry, 

see Fig. 4.5 for MicroTOF mass spectrometry of Malt-Tz-C10-Azo-OCH3 as an 

example, and the results also confirmed the proposed structures of these materials. 

 

Fig. 4.5: MicroTOF Mass Spectrometry of Malt-Tz-C10-Azo-OCH3. 

 4.2.2. Thermal properties 

The thermal properties of the synthesized azo-glycolipids were studied by 

thermogravimetric analysis (TGA), polarizing optical microscopy (POM) and 

differential scanning calorimetry (DSC).  

In peracetylated precursors, 5% weight losses were observed at temperatures close to 

300ºC. However, thermogravimetric curves for deprotected azo-glycolipids display 5% 

weight losses at temperatures of 170-245ºC (in samples previously dried and 

immediately analyzed). See Table 4.1 and Fig. 4.6. 

Table 4.1: Thermogravimetric analysis of peracetylated precursors and azo-glycolipids.  

 

T5%lost = Temperatures at which 5% of the initial mass is lost. Tonset = Onset of decomposition. Tmax = Temperatures at 

which the maximum rate of weight loss is produced. 

817.3978

818.4011

819.4045

820.4079

2. C 39 H 57 N 6 O 13  ,817.40

0.0

0.5

1.0

1.5

2.0

4x10

Intens.

816 817 818 819 820 821 m/z

839.3798

840.3830

841.3864

842.3898

2. C 39 H 56 N 6 Na O 13  ,839.38

0

1000

2000

3000

Intens.

838 839 840 841 842 843 m/z

Compound T5%lost Tonset Tmax

OAc-Malt-Tz-Azo-C16 315ºC 320ºC 340ºC

OAc-Malt-Tz-C5-Azo-C8 315ºC 320ºC 336ºC

OAc-Malt-Tz-C10-Azo-OCH3 315ºC 320ºC 335ºC

Malt-Tz-Azo-C16 215ºC 240ºC 260ºC

Malt-Tz-C5-Azo-C8 245ºC 273ºC 285ºC

Malt-Tz-C10-Azo-OCH3 170ºC 218ºC 258ºC
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Fig. 4.6: Thermogravimetric curves of OAc-Malt-Tz-C5-Azo-C8 and Malt-Tz-C5-Azo-

C8. 

The peracetylated precursors were studied by polarized optical microscopy and DSC as 

a function of temperature. Mesomorphic behavior was not observed in these 

peracetylated precursors. OAc-Malt-Tz-Azo-C16 and OAc-Malt-Tz-C10-Azo-OCH3, 

melt directly from a crystalline state into an isotropic liquid. OAc-Malt-Tz-C5-Azo-C8 

is  an amorphous solid having a glass transition around 57ºC (DSC), see Fig. 4.7. 

 

Fig. 4.7: DSC curve for the second scan in the solid state of OAc-Malt-Tz-C5-Azo-C8. 

 

Decomposition of azo-glycolipids was observed by optical microscopy at temperatures 

above 170ºC and the sample became brown, most probably due to decomposition of the 

sugar units. In DSC experiments, when the azo-glycolipids were heated up to 200ºC, 

decomposition at around 170-175ºC was observed for Malt-Tz-Azo-C16 and Malt-Tz-

C5-Azo-C8; while for Malt-Tz-C10-Azo-OCH3, the decomposition started at 120ºC as  a 
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decrease of the baseline. As consequence, DSC studies of the azo-glycolipids were 

performed by heating the compounds up to 120ºC (maximum) to prevent the thermal 

decomposition of the samples, see Table 4.2. Under these conditions, the second and 

successive scans were reproducible. Compounds are crystalline except OAc-Malt-Tz-

C5-Azo-C8 that only exhibits a glass transition (in the first heating exhibits an 

endothermic peak at approximately 110ºC, which is not observed in successive scans). 

Table 4.2: Thermal characterization of peracetylated compounds and azo-glycolipid 

compounds. 

 
aDSC thermal cycles were carried out in nitrogen atmosphere (10ºC/min). bThe heating cycles were carried out up to 

200ºC. Data corresponding to the second heating scan. cThe first and second heating cycles were carried out up to 

120ºC. Data corresponding to the second heating scan. dData from polarized light microscopy. Cr = crystal, I = 

isotropic liquid, g = glassy state, Sm = smectic phase. 

 

From the DSC measurements, Malt-Tz-Azo-C16 has a thermal transition at around 

80ºC; however, above this temperature, the sample is highly viscous and difficult to 

study by optical microscopy. Nevertheless, using optical microscopy, the sample 

becomes more fluid at temperatures above approximately 140ºC, and it can be 

characterized as a liquid crystal according to the optical observations. In DSC (sample 

heated up to 200ºC) a peak was not clearly observed in this region although a broad 

transition cannot be ruled out. Malt-Tz-C5-Azo-C8 has a glass transition (no clear 

endothermic or exothermic peaks were observed in the first heating), observed by DSC 

measurement, at around 78º C and also exhibits a birefringent texture corresponding to a 

highly viscous mesophase above this glass transition, see Fig. 4.8. Malt-Tz-C10-Azo-

OCH3 is semicrystalline as obtained. Once heated above 120ºC (endothermic peak at 

Compound Thermal transition (ºC) [ΔH kJ/mol]a

OAc-Malt-Tz-Azo-C16
b Cr 171 [48.3] I

OAc-Malt-Tz-C5-Azo-C8
b g  57  I

OAc-Malt-Tz-C10-Azo-OCH3
b Cr 132 [38.4] I

Malt-Tz-Azo-C16
c Cr  58 [5.2] Cr  79 [3.3] Cr  140d Sm

Malt-Tz-C5-Azo-C8
c g 78 Sm

Malt-Tz-C10-Azo-OCH3
c g 67 Sm+dec
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120ºC) the compound does not crystallize on cooling and exhibits a glass transition (at 

around 70ºC) in the second and subsequent heating scans.  The textures of all 

compounds were similar and difficult to be unambiguously assigned. 

 

 

Fig. 4.8: a) Microphotograph of Malt-Tz-C5-Azo-C8 taken at 130º C at first heating 

cycle, b) DSC curves for the second heating and cooling scan  of Malt-Tz-C5-Azo-C8. 

 

In an effort to identify the mesophase by XRD, several attempts were made to obtain 

oriented fibers of the compounds. A fiber of Malt-Tz-C5-Azo-C8 compound was 

obtained around 160ºC; at lower temperatures any fibre can be drawn. However, 

oriented fibres of Malt-Tz-Azo-C16 and Malt-Tz-C10-Azo-OCH3 could not be obtained. 

X-ray patterns of the Malt-Tz-C5-Azo-C8 fibre were recorded at room temperature for 

15h, see Fig. 4.9. Bragg reflections were found in the low-angle region corresponding to 

the second, third and fourth lamellar orders. The lamellar spacing obtained is close to 

61.6Å which is larger than the length of one molecule (44.1Å according to 

measurements accomplished in Chem3D Pro 12.0 program), but smaller than twice the 

extended molecular length. This result indicates that an interdigitated bilayer is 

probably formed. In the high angle region a diffuse, broad maximum was found.  

a)
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Fig. 4.9: a) X-ray pattern of a fibre ofMalt-Tz-C5-Azo-C8 recorded at RT for 15 h 

(fibre axis indicated in the figure). 

 

 4.2.3. Supramolecular Gels 

 

The solubility and gelation abilities of the azo-glycolipids were examined in different 

solvents by dissolving the compound in the corresponding solvent with a concentration 

in the range of 0.5-5 wt % (the gelator and the solvent were placed in a septum-capped 

test tube). Malt-Tz-Azo-C16 and Malt-Tz-C10-Azo-OCH3 azo-glycoamphiphiles are not 

soluble at room temperature (RT) in any of the selected solvents, except DMSO. 

However, the Malt-Tz-C5-Azo-C8 compound has a different behavior: it is soluble at 

RT in solvents such as chloroform, THF, DMF, DMSO, methanol and the DMSO/water 

mixture. This compound is not soluble in water; however if the aqueous solution is 

heated, the compound is finally solubilized and remains soluble when the aqueous 

solution is cooled down to RT (2.5 wt %). The results for the three compounds in the 

selected solvents are summarized in Table 4.3. If the compound was not soluble at RT, 

the mixtures were first dissolved by heating and then cooling to RT. Under this process 

a solution, a precipitate or a gel was observed depending on the solvent. The formation 

of a gel was registered if the tube was turned upside down and the solution did not flow. 

 

 

Third lamellar order

Second lamellarorder

Forth lamellar order
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Table 4.3: Solubility and gelation properties of the synthesized azo-glycolipids in 

different solvents tested at different concentrations (0.5-5.0 wt %), after heating and 

cooling down to RT.  

 

I=Insoluble, P = Precipitate, S = Solution, NT = Not Tested, G= Gel (minimum gelation concentration). aSoluble by 

previous heating at  2.5 wt % in water.   

Malt-Tz-Azo-C16 compound gelates in water in a minimum gelation concentration of 

5.0 wt % to form a gel in the absence of other organic solvents. This gel is opaque, but 

becomes a little transparent in a DMSO/water mixture, as can be seen in Fig. 4.10.  

 

 

Fig. 4.10: Left: gels of Malt-Tz-Azo-C16 5.0 wt % water and 1.5 wt % DMSO/water 

(1:1 wt). Right: gel of Malt-Tz-C10-Azo-OCH3, 2.0 wt % DMSO/water (1:1 wt). 

 

Solvent Malt-Tz-Azo-C16 Malt-Tz-C5-Azo-C8 Malt-Tz-C10-Azo-OCH3

Toluene I I I

Choroform I S I

THF P S P

Dodecanol I I I

Acetone I I I

DMF P S P

DMSO S S S

Methanol I S I

Water G (5.0 wt %) Sa I

DMSO/Water G (1.5 wt %, 1:1 wt) S G (2.0 wt %, 1:1 wt)

Malt-Tz-Azo-C16

(5.0 wt %) water
Malt-Tz-Azo-C16

(1.5 wt %) 

DMSO/water

Malt-Tz-C10-Azo-OCH3

(2.0 wt %) DMSO/water
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The minimum gelation concentration decreases to 1.5 wt % for the mixture of the two 

solvents (DMSO/water, 1:1 wt). Malt-Tz-C10-Azo-OCH3 also formed a gel in a 

DMSO/water mixture (1:1 wt) at 2.0 wt % as minimum gelation concentration; this gel 

is also opaque.  

These molecules have a highly hydrophobic tail and the presence of an organic co-

solvent such as DMSO, in addition to water, is required for complete solubilisation on 

cooling and subsequent gel formation. In all the cases, the gels are stable at RT and 

thermoreversible. Sol states were reached by heating the septum-capped test tube in a 

block heater, for Malt-Tz-Azo-C16 (5.0 wt % water) at 90ºC, Malt-Tz-Azo-C16 (1.5 wt 

% DMSO/water 1:1 wt) at 85ºC and for Malt-Tz-C10-Azo-OCH3 (2.0 wt % 

DMSO/water 1:1 wt) at 100ºC. However, Malt-Tz-C5-Azo-C8 compound cannot form a 

gel even in mixtures of solvents.  

To corroborate the presence of π-π stacking and H-bonding interactions,
 1

H-NMR 

experiments were performed to study the groups involved in the self-assembly. An 

experiment was carried out starting from a DMSO solution of Malt-Tz-C10-Azo-OCH3 

and subsequent addition of water.  

For example, Fig. 4.11 shows the the 8.50 to 6.90 ppm region of the 
1
H NMR spectra of 

the Malt-Tz-C10-Azo-OCH3 compound (2.9mg) in 0.40mL of DMSO-d6 at RT (and 

successive addition of water) and Fig. 4.12 shows the region from 6.00 to 3.00 ppm. 

The spectra were recorded upon successive additions of 0.04 mL of water to the initial 

DMSO-d6 solution. The signals corresponding to CH or CH2 of the carbohydrate 

remains unchanged (see Fig. 4.12) meanwhile a displacement of the rest of signals was 

observed. Several signals exhibited a shift upon addition of water up to 0.16 mL. Upon 

addition of more water the signals did not exhibit additional shift and the intensity 

decreased. A shielding was found for the H signal of the triazole ring (HTz) = 0.072 

ppm) and for the H signals of the azobenzene aromatic ring (Harom) = 0.036 ppm in 

both signals). These latter protons have a similar shift in DMSO-d6 solution, but become 

unequally shifted as the aggregation takes place, due to parallel displacement of the 

rings minimizing the unfavorable electrostatic effects in the π-π stacked arrangements. 

This supports the contribution of π-π stacking to the aggregation of the amphiphiles 

promoted by water addition.  
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A simultaneous deshielding for the NH signal is detected (HNH) = 0.075 ppm) as 

well as in the OH signals which can be assigned to H-bonding interactions. These facts 

are in accordance with self-assembly upon addition of water that finally led to a swollen 

gel aggregate macroscopically detected in the NMR tube. 

 

 

Fig. 4.11: 8.50 to 6.90 ppm region of the 
1
H NMR spectra in DMSO-d6 upon successive 

addition of water, (a) 2.9 mg of Malt-Tz-C10-Azo-OCH3 in 0.40 mL DMSO-d6, (b) 

addition of 0.04 mL H2O to (a) [1:0.1 DMSO/water], (c) addition of 0.08 mL H2O to (a) 

[1:0.2 DMSO/water], (d) addition of 0.12 mL H2O to (a) [1:0.3 DMSO/water], (e) 

addition of 0.16 mL H2O to (a) [1:0.4 DMSO/water]. 

 

 

NH 
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Figure 4.12: 6.00 to 3.00 ppm region of the
 1

H NMR spectra in DMSO-d6 upon 

successive addition of water. (a) 2.9 mg of Malt-Tz-C10-Azo-OCH3 in 0.40 mL 

DMSO-d6, (b) addition of 0.04 mL H2O to (a) [1:0.1 DMSO/water], (c) addition of 0.08 

mL H2O to (a) [1:0.2 DMSO/water], (d) addition of 0.12 mL H2O to (a) [1:0.3 

DMSO/water], (e) addition of 0.16 mL H2O to (a) [1:0.4 DMSO/water]. 

 

The position of the azobenzene group seems to have an influence of the solubility and 

gel ability. When the azobenzene group is located in the middle (Malt-Tz-C5-Azo-C8), 

the compound is soluble in several organic solvents and surprisingly soluble in water, 

and no gels were obtained in the solvents studied. If it is directly linked to the sugar 

polar head, the compound (Malt-Tz-Azo-C16) gelates in water, but when the 

azobenzene is at the end of the hydrophobic chain (Malt-Tz-C10-Azo-OCH3), the gel 

had to be formed in a mixture of a solubilising solvent, DMSO, and a non-solubilising 

solvent, water.  

Morphological gel characterization. The self-assembled structure of the gels derived 

from Malt-Tz-Azo-C16 and Malt-Tz-C10-Azo-OCH3 were studied by electron 

microscopy (SEM and TEM) on dried gels under vacuum (xerogels). 

a)

b)

c)

d)

e)
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SEM measurements of the xerogels show bundles of fibres which form the 3D network 

responsible for the gel structure, see Fig. 4.13. The fibres of the Malt-Tz-Azo-C16 gel, 

either in water or in a mixture of 1:1 wt DMSO/water, show diameters of around 40-

60nm, see Fig. 4.13.a and b. However, fibres from gels in water seem to be shorter than 

for the mixture of solvents, where they are several µm in length. Moreover, some wider 

fibres of around 100nm in diameter can also be measured in the gel from the mixture of 

solvents. Malt-Tz-C10-Azo-OCH3 xerogel images show fiber with a broad range of 

diameters (some of them are close to 1 µm, fibres of around 80 nm can also be 

observed; however most of the fibers are mainly around 200-250 nm), see Fig. 4.13c.  

Torsion was observed for a single Malt-Tz-C10-Azo-OCH3 ribbon, which is shown in 

Fig. 4.13.d. This torsion could be related to the molecular chirality of the molecules, 

which is traduced into the chiral helicity of the supramolecular arrangement.  

 

Fig. 4.13: a) SEM image of Malt-Tz-Azo-C16 xerogel (5.0 wt % water), b) SEM image 

of Malt-Tz-Azo-C16 xerogel (1.5 wt % DMSO/water 1:1 wt), c) SEM image Malt-Tz-

C10-Azo-OCH3 xerogel (2.0 wt % DMSO/water 1:1 wt), d) SEM image of a single 

twisted ribbon of Malt-Tz-C10-Azo-OCH3 xerogel (2.0 wt % DMSO/water 1:1 wt). 

 

1 µm
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1 µm
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1 µm2 µm
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Fibrillar structures were also observed by TEM, see Fig. 4.14. However, in this 

technique, a dried dilute solution of the gel must be used (0.1 wt % in water or 

DMSO/water) and negative staining with uranyl acetate was done. The observed fibres 

were over 10-20 nm in diameter for the Malt-Tz-Azo-C16 and Malt-Tz-C10-Azo-

OCH3.  

 

Fig. 4.14: a) TEM image of Malt-Tz-Azo-C16 (0.1 wt % water), b) TEM image of 

Malt-Tz-Azo-C16 (0.1 wt % DMSO/water 1:1 wt), c) TEM image of Malt-Tz-C10-Azo-

OCH3 (0.1 wt % DMSO/water 1:1 wt).  

 

 4.2.4 Study and control of the chiral supramolecular arrangement 

 

The presence in the supramolecular gels of photoactive units as the azobenzene moieties 

should allow the control of their nanostructure and subsequently of the gel properties. If 

a chiral organisation is expected in the gel, CD spectroscopy is of great interest to 

characterise the chiral assemblies and potential changes in the organisation. For this 

purpose, UV-vis and CD spectra of the azo-gelators, were registered simultaneously 

both in DMSO solution and in gel state. 

In DMSO solution, 5x10
-5 

M, λmax in the UV absorption spectrum appears at 362 nm for 

all the compounds, Malt-Tz-Azo-C16, Malt-Tz-C5-Azo-C8 and Malt-Tz-C10-Azo-

OCH3, see Fig. 4.15. The solutions were CD silent. These spectroscopic results seem to 

evidence that azobenzene chromophores are mainly isolated in the DMSO solutions, 

with a low aggregation detected. 

100 nm

b)

200 nm 50 nm

c)a)
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Fig. 4.15: Absorption spectra of Malt-Tz-Azo-C16, Malt-Tz-C5-Azo-C8 and Malt-Tz-

C10-Azo-OCH3 in DMSO solution (5x10
-5

 M). 

 

The absorption spectrum of Malt-Tz-C10-Azo-OCH3 gel (2 wt % DMSO/water, 1:1 

wt), see Fig. 4.16, exhibits a λmax at 335 nm, which is blue shifted with respect to the 

λmáx of the free azobenzene units in DMSO solution. That points to the existence of H-

aggregates of azobenzene moieties. Moreover, a negative Cotton effect is detected in the 

CD spectrum corresponding with the absorption band of azobenzene H aggregates. 

Unfortunately, the UV-vis and CD spectra of the Malt-Tz-Azo-C16 gel (1.5 wt % 

DMSO/water, 1:1 wt) could not be performed probably due to the sample crystallization 

in the silica sandwich. 

The presence of azobenzene groups can be used to induce modifications on the 

supramolecular structure of the gel by irradiation with UV light. However, after UV 

irradiation at 365nm for 150 min (see Characterization Techniques 7. Annex for 

experimental conditions), no changes were detected in the UV-vis and CD spectra of 

Malt-Tz-C10-Azo-OCH3 gel (2.0 wt % DMSO/water, 1:1 wt); see Fig. 4.16. The gel is 

stable under these conditions, indicating that trans-cis isomerisation of the azobenzene 

groups does not occur, probably because the dense packing of the azobenzene groups 

prevents the trans-cis isomerization.
23 
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Fig. 4.16: CD spectrum (top) and absorption (bottom) spectra of Malt-Tz-C10-Azo-

OCH3 gel (2.0 wt % DMSO/water (1:1)) without irradiation, solid line, and irradiated at 

365 nm for 150 min, dashed line.   

To obtain hydrogels with a lower ratio of azo-derivatives, multi-component 

supramolecular gels have been formed. With this aim, we prepared mixtures with an 

azo-glycolipid (Malt-Tz-C5-Azo-C8 or Malt-Tz-Azo-C16) and the previously described 

hydrogelator Malt-Tz-C16, having a similar structure but without photochromic units, 

see Fig. 4.17.  

 

Fig. 4.17: Chemical structure of compounds used for preparing Gel I and Gel II. 
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Malt-Tz-C5-Azo-C8 and Malt-Tz-Azo-C16 azo-glycolipids were selected because of 

their solubility or ability to gelify in water. Malt-Tz-C10-Azo-OCH3 was not used 

because it is not soluble in water. In these cases, CD and absorption spectra were 

recorded from 200 to 600 nm to investigate both regions corresponding to triazole and 

azobenzene groups, in contrast to the gels made from DMSO/water mixtures, where 

only the azobenzene group region can be observed.  

Gel I was formed by Malt-Tz-C5-Azo-C8 and Malt-Tz-C16 in a 1:10 molar ratio, at 1wt 

% of Malt-Tz-C16 hydrogelator in water. In mixtures with an increasing amount of 

Malt-Tz-C5-Azo-C8 azo-compound, no gel formation was observed. To compare the 

influence of the azoamphiphile, Gel II was formed by Malt-Tz-Azo-C16 and Malt-Tz-

C16, in the same ratio (1:10 molar ratio), at 1 wt % of the Malt-Tz-C16 hydrogelator in 

water.  

A solution of Malt-Tz-C5-Azo-C8 in water (4.5x10
-5

 M) and having a similar 

absorption to Gel I  exhibits a maximum absorption of the -* band of the azobenzene 

groups at 343 nm; the maximum is blue-shifted with respect to the observed for isolated 

azobenzene. Moreover, a CD signal was observed in this water solution of Malt-Tz-C5-

Azo-C8. These results indicate that azobenzene chromophores are aggregated (H-

aggregation) and this aggregation is the origin of the CD signal, see Fig. 4.18. 
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Fig. 4.18: CD and absorption spectra of a water solution of Malt-Tz-C5-Azo-C8 (4.5x 

10
-5

 M). 

 

The -* band of the azobenzene units in the UV-vis spectra of Gel I (Malt-Tz-C5-

Azo-C8 as photoactive compound) and Gel II (Malt-Tz-Azo-C16 as photoactive 

compound) show a hypsochromic shift in relation to the band of free azobenzene 

chromophores, suggesting a H-aggregation, see Fig. 4.19 (bottom) for Gel I and Fig. 

4.20 (bottom) for Gel II. Both gels show CD signals due to the triazole and azobenzene 

groups; however there are some notable differences; see Fig. 4.19 (top) for Gel I and 

Fig. 4.20 (top) for Gel II. At a shorter wavelength, Gel I exhibits a Cotton effect 

around 240 nm due to the absorption band of the triazole group, which is directly 

bonded to the chiral sugar unit (maltose). At a longer wavelength, a negative Cotton 

effect associated with the * absorption band of the azobenzene moiety is also 

detected. Moreover, the CD spectrum of the fresh Gel II seems to show two positive 

couplets, corresponding to triazole groups (shorter wavelength) and azobenzene units 

(longer wavelength). Surprisingly, after storing Gel II for 6h, the ellipticity values of 
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the negative bands increase and a new CD band is detected at 365nm. A reorganisation 

of the sample probably occurs in the sandwich formed under measurement conditions. 

 

 

Fig. 4.19: CD (top) and absorption (bottom) spectra of fresh Gel I, solid line; irradiated 

for 2 min with UV light at 365 nm; dashed line; after 24h storage in darkness, dotted 

line. 
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Fig. 4.20: (b) CD (top) and absorption (bottom) spectrum of fresh Gel II, solid line; 

after 6 h in the sandwich without irradiation, dotted line, irradiated for 150 min with UV 

light at 365 nm, dashed line. 

 

Both Gel I and Gel II were irradiated with UV light at 365nm (see Characterization 

Techniques 7. Annex for experimental conditions), to evaluate the effect on the 
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of the n* absorption band at 450 nm is detected. The photostationary state is reached 

after irradiation for 2 min. The photoisomerisation reduces the trans-azoisomer 

concentration, thus the negative CD signal related to the azobenzene group disappears, 

while the negative signal corresponding to the triazole only decreases. It can be deduced 

that gel-sol transition does not occur as the signals did not disappear. This was 
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detected and only a colour change from red to yellow was obtained, probably due to 

partial disruption of the azobenzene aggregates, which is in accordance with the 

disappearance of the CD signal corresponding to the chiral supramolecular aggregation 

of azobenzene units. When the sample was kept for 24h in the dark, a total recovery of 

the initial UV-vis and CD spectra was obtained. 

However, after irradiation for 150 min, the Gel II showed no evidence of trans-cis 

isomerisation, but the CD band at around 300-350 nm exhibit a modification (see Fig. 

4.20 dashed line). This fact can be probably due to a photoinduced reorganisation of 

the chiral supramolecular structure, or a simple reorganisation over time involving the 

azobenzene groups. By storing the sample for 24h in the dark, the CD and absorption 

signals were not modified.   

Gel I works as a photoresponsive soft material, meanwhile Gel II has no response to 

light. This fact can be due to the different location of the azobenzene. In case of the 

Malt-Tz-C5-Azo-C8, component of Gel I, the azobenzene unit is in the middle of the 

hydrophobic part and separated from the sugar moiety by means of a methylenic chain, 

which may favour the isomerisation. However, the azo-amphiphile derivative in Gel II 

has the azobenzene unit directly linked to the sugar polar head and triazole units 

involved in the H-bonding and interactions (among others) that support the gel. The 

proximity to this rigid part probably hinders an effective isomerisation  

 

4.3. Summary and conclusions 

 

 Three maltose-based azo-amphiphiles have been synthesized, liquid crystalline 

and gel-forming properties have been determined. Azobenzene chromophore 

was placed at different positions of the hydrophobic chain and a maltose sugar 

head. Chiral supramolecular assemblies have been characterized by NMR, 

electron microscopy and CD. The light-response of azo-amphiphiles in 

supramolecular gels has been studied. Also azo-gels which contained mixtures 

of the azo-amphiphilic compounds and a similar structural hydrogelator have 

been investigated. 
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 Copper(I)-catalysed azide-alkyne [3+2] cycloaddition reaction is useful 

to link hydrophobic, chromophoric blocks and sugar polar heads. 

 The maltose-based azo-amphiphiles give rise to thermotropic smectic 

phases. 

 When the azobenzene group is located in the middle of the hydrophobic 

block (Malt-Tz-C5-Azo-C8), the compound is soluble in several 

solvents, but has not the ability to form gels. 

 When the azobenzene is directly linked to the sugar polar head, the 

compound (Malt-Tz-Azo-C16) is able to form gels in water as well as in 

a mixture of DMSO/water, but when the azobenzene is at the end of the 

hydrophobic chain (Malt-Tz-C10-Azo-OCH3), the gel had to be formed 

in a mixture of DMSO/water. 

 Torsion on the resulting self-assembled fibrillar network was observed 

by electron microscopy and a chiral arrangement was confirmed by CD.  

 No changes under irradiation with UV light were obtained in the 

DMSO/water gels of the pure compounds probably due to the packing 

and ordering of hydrophobic blocks. 

 The 3D network of Malt-Tz-C16 hydrogel was successfully doped with a 

similar structure having a photoresponsive unit (Gel I and Gel II). 

Reversible modifications were detected in CD under irradiation with UV 

light for Gel I. The CD signal related to the azobenzene group 

disappeared when trans-cis isomerization takes place. This indicates that 

some reversible structural modifications have been promoted in the 

chromophoric moieties while the gel structure remained unchanged. A 

macroscopic color change has also been observed on this gel. 

 

 

  



4. SUPRAMOLECULAR GELS DERIVED FROM AZOBENZENE GLYCOAMPHIPHILES 

 

271 

 

4.4. Experimental Section 

 

Synthesis of ethyl 4-hydroxy-4´-(ethyloxycarbonyl)azobenzene (C15H14N2O3) (13): 

Ethyl 4-aminobenzoate (9.26 g) was dissolved in 45 mL of water and cooled in a water-

ice bath. 20 mL of HCl (37%) solution was added dropwise and later a NaNO2 (4.68 g 

in 30 mL of water) solution, also dropwise. 6.30 g of phenol (66.94 mmol) was added 

30 min later, and for 1 hour the mixture was stirred at 5° C. The product precipitated 

upon addition of a concentrated NaHCO3 aqueous solution to achieve pH 7-8. It was 

filtered and washed with water. The product was finally purified by flash 

chromatography with dichloromethane as eluent. A red solid was obtained (6.55 g, 

45%). 

1
H NMR (400 MHz, CDCl3, 25ºC, δ ppm): 1.42 (t, 3H, J=7.2 Hz, CH3-CH2), 4.41 (q, 2 

H, J=7.2 Hz, CH2-CH3), 5.63 (s, 1H, OH), 6.99-6.95 (m, 2H, CHarom), 7.92-7.88 (m, 

4H, CHarom), 8.19-8.16 (m, 2H, CHarom). 

13
C (100 MHz, CDCl3, δ ppm): 14.4 CH3-CH2, 61.5 CH2-O-, 116.1, 122.5, 125.7, 130.7, 

CHar, 131.5, 147.2, 155.4, 159.3, Car, 166.7, CO.  

ESI
+
: 271.1 [M + H]

+
, 293.0 [M

 
+ Na]

+
. 

IR (KBr, cm
-1

): 3397, 1693, 1599, 1592, 1504, 1402, 1280, 1134, 846, 773. 

Synthesis of 4-(hexadecyloxy)-4´-(ethyloxyoxycarbonyl)azobenzene (C31H46N2O3) 

(14):  

5.40 g of compound 13 (20 mmol) was dissolved in acetone (140 mL), under Ar 

atmosphere, KI (0.83 g, 1.85 mmol) and K2CO3 (5.52 g, 40 mmol) was added. The 

mixture was refluxed and the alkyl bromide (7.33 mL, 24 mmol) was added dropwise. 

The mixture was stirred for 24 hours. The reaction was monitored by TLC 

(hexane/ethyl acetate, 7:3). The solvent was partially removed; dichloromethane (300 

mL) was added and the organic solution was washed three times with water and dried 

with anhydrous MgSO4. The product was recrystallized in ethanol yielding an orange 

solid (8.50 g, 85%). 
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1
H NMR (400 MHz, CDCl3, 25ºC, δ ppm): 0.88 (t, 3 H, J=7.2 Hz, CH3-(CH2)15-), 1.50-

1.28 (m, 33 H, CH3-CH2-O-, -(CH2)15-), 1.86-1.79 (m, 2H, O-CH2-CH2-(CH2)15), 4.05 

(t, 2H, J=6.8 Hz, O-CH2-CH2), 4.41 (q, 2H, J= 7.2 Hz, CH3-CH2-O), 7.02-7.00 (m,2H,  

CHarom), 7.95-7.89 (m, 4H, CHarom), 8.18-8.16 (m, 2H, CHarom). 

Synthesis of 4-(hexadecyloxy)-4´-(hydroxycarbonyl)azobenzene HOOC-Azo-C16 

(C29H42N2O3): 

Compound 14 (8.50 g, 17.22 mmol) and KOH (6.97 g, 120.54 mmol) were dissolved in 

ethanol (220 mL) and stirred and heated under reflux for 24 hours. The reaction is 

monitored by TLC with dichloromethane as eluent. 150 mL of water was added. The 

product precipitated upon addition of HCl (37%) in order to reach pH aprox. 2. It was 

filtered and washed with water. It was obtained as an orange powder which was 

recrystallized in acetic acid (7.27g, 90%). 

1
H NMR (400MHz, DMSO-d6, 70ºC, δ ppm): 0.85 (t, 3H, J= 6.8 Hz, –(CH2)12-CH3), 

1.17-1.52 (m, 24H, -(CH2)12-CH3), 1.69-1.80 (m, 2H, –O-CH2-CH2-), 4.10 (t, 2H, J=6,6 

Hz, –O-CH2-CH2-), 7.10-7.14 (m, 2H, Har), 7.86-7.92 (m, 4H, Har), 8.09-8.12 (m, 2H, 

Har). 

13
C NMR (100 MHz, DMSO-d6, 70ºC, δ ppm): 14.2 –(CH2)12-CH3, 22.4, 25.8, 29.0, 

29.0, 29.3, 29.3, 29.3, 31.6 -(CH2)15-, 68.7 –O-CH2, 115.4, 122.5, 125.3, 130.9 CHar, 

132.8, 146.8, 155.2, 162.6, Car, 167.1 COOH. 

ESI: 467.2 [M+H]
+
.  

IR (KBr, cm
-1

): 2953, 2919, 2868, 2850, 1680, 1601, 1582, 1501, 1470, 1418, 1404, 

1303, 1290, 1248, 1143, 1107, 1026, 941, 864, 838, 809, 775, 721, 544. 

Synthesis of 4-((R)- 2-methylheptyloxy) nitrobenzene (C14H21NO3) (15): 

(S)-2-Octanol (6.35 mL, 40 mmol), p-nitrophenol (5.56 g, 40 mmol), and 

diisopropylazodicarboxylate (7.87 mL, 40 mmol) were dissolved in dry THF (34 mL) 

under Ar atmosphere and cooled in a water-ice bath. Then, a solution of 

triphenylphosphine (10.55 g, 40 mmol) in 15 mL of dry THF was added dropwise under 

stirring. The mixture was stirred at room temperature overnight, the precipitate was 

filtered off, and the solution was washed twice with a saturated Na2CO3 solution, twice 

with water, and then with brine. The organic phase was dried, concentrated, and purified 
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by flash chromatography using hexane/ethyl acetate (8:2) as eluent to yield the desired 

compound as viscous yellowish oil (9.05 g, 90%).  

1
H NMR (400 MHz, CDCl3, 25ºC, δ ppm): 0.81 (t, 3H, J= 7.0 Hz, CH3-CH2), 1.26 (d, 

3H, J= 6.1 Hz, CH3-CH-O), 1.55-1.88 (m, 10H, -(CH2)-), 4.35-4.45 (m, 1H, CH-O), 

6.81-6.87 (m, 2H, CHarom), 8.07-8.12 (m, 2H, CHarom).  

Synthesis of 4-((R)- 2-methylheptyloxy) aniline (C14H23NO) (16): 

Compound 15 (5.04 g, 20.1 mmol) was dissolved in ethanol (40 mL) and 1.95 mL 

hydrazine monohydrate (98%) (40.2 mmol) was added dropwise. After heating the 

solution to 40° C, 1 g of activated Raney nickel was added in portions until no further 

reaction was observed. The resulting mixture was filtered from Raney nickel and 

ethanol was removed under reduced pressure. The crude was dissolved in 35 mL of 

diethylether and washed with water, brine and dried over anhydrous MgSO4. The 

solvent was distilled off giving the desired aniline as yellow oil (3.78 g, 85%) which 

was used without further purification.  

IR (Nujol, cm
-1

): 3430, 3352, 3219, 2971, 2918, 2875, 1604, 1509, 1464, 1230. 

Synthesis of 4-hydroxy-4´-((R)-2-methylheptyloxy)azobenzene (C20H26N2O2) (17): 

A 2.5 M NaNO2 solution (9.00 mL, 22.11 mmol) was added dropwise at a temperature 

below 5 °C to a heterogeneous mixture of aniline derivative 16 (4.44 g, 20.1 mmol) in 

11 mL of 5 M HCl. The mixture was held at 5 °C and added carefully to a solution of of 

phenol (1.90 g, 20.1 mmol) in 20.00 mL of 2 M NaOH. The product precipitated upon 

addition of NaCl. It was collected with a Büchner funnel and purified by flash 

chromatography using dichloromethane as an eluent to yield the required product as 

yellow-orange crystalline leaflets (4.92 g, 75%). 

1
H NMR (400 MHz, CDCl3, 25ºC, δ ppm): 0.81 (t, 3H, J=7.0 Hz, CH3-CH2), 1.26 (d, 

3H, J= 6.1 Hz, CH3-CH-O), 1.55-1.88 (m, 10H, -(CH2)-), 4.35-4.45 (m, 1H, CH-O), 

6.81-6.93 (m, 4H, CHarom), 7.72-7.81 (m, 4H, CHarom).  
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Synthesis of 4-[5-(methyloxycarbonyl)pentyloxy]-4´-[-((R)- 2-

methylheptyloxy)azobenzene (C27H38N2O4) (18) : 

A mixture of 18-crown-6 (0.40 g, 1.5 mmol), finely ground K2CO3 (4.60 g, 33.28 

mmol), compound 17 (4.92 g, 14 mmol), and methyl-6-bromohexanoate (4.63 g, 22.2 

mmol) in acetone (100 mL) was stirred vigorously and heated under reflux for 24 h. The 

mixture was filtered and concentrated in vacuum. The crude product was recrystallized 

from methanol, yielding the required compound as an orange solid (5.72 g, 90%). 

1
H NMR (400 MHz, CDCl3, 25ºC, δ ppm): 0.81 (t, 3H, J=7.0 Hz, CH3-CH2), 1.27 (d, 

3H, J= 6.1 Hz, CH3-CH-O), 1.15-1.83 (m, 16H, -(CH2)-), 2.30 (t, 2H, J= 7.6 Hz, CO-

CH2-CH2-), 3.62 (s, 3H, CH3-O), 3.97 (t, 2H, J=6,2 Hz, O-CH2-CH2-), 4.34-4.42 (m, 

1H, CH-O), 6.87-6.95 (m, 4H, CHarom), 7.76-7.83 (m, 4H, CHarom).  

Synthesis of 4-[5-(hydroxycarbonyl)pentyloxy]-4´-[-((R)- 2-

methylheptyloxy)azobenzene HOOC-C5-Azo-C8 (C26H36N2O4): 

Compound 18 (4.87 g, 10.74 mmol) was added to a NaOH solution (55.00 mL, 3 M). 

THF (9.00 mL) was then added until a homogeneous suspension was formed. The 

reaction mixture was stirred at room temperature for 4 days, during which the reaction 

was monitored with TLC. Once complete hydrolysis, the suspension was neutralized 

with a solution of HCl (5 M) at 0 °C, yielding the crude product as an orange solid that 

was filtered off and washed with acetone. The crude product was recrystallized twice 

from ethanol to yield the desired acid (3.075 g, 68%). 

1
H NMR (400MHz, DMSO-d6, 50ºC, δ ppm): 0.85 (t, 3H, J= 6.8 Hz, –(CH2)5-CH3), 

1.26 (d, 3H, J=6.4 Hz, –CH-CH3), 1.20-1.80 (m, 16H, -(CH2)- ), 2.24 (t, 2H, J=7.3 Hz, 

–CH2-COOH), 4.05 (t, 2H, J=6.4 Hz, –O-CH2-CH2-), 4.55 (m, 1H, –O-CH-CH3), 7.07-

7.10 (m, 4H, Har), 7.79-7.82 (m, 4H, Har). 

13
C NMR (100 MHz, DMSO-d6, 50ºC, δ ppm): 13.9 -CH2-CH3, 19.4 CH3-O- 21.9, 24.2, 

24.7, 25.0, 28.3, 28.6, 31.2, 33.5, 35.7, -(CH2)-, CO-CH2-CH2-, 67.7 O-CH2-CH2, 73.4 -

O-CH-CH3, 114.9, 115.7, 124.0, 124.1 CHar x8, 145.8, 146.0, 160.0, 160.8 Car x4,  

174.4 NH-CO-Car.  

ESI: 441.1 [M+H]
+
, 463.1 [M+Na]

+
.  
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IR (KBr, cm
-1

): 2936, 2859, 2868, 1706, 1600, 1578, 1498, 1473, 1464, 1314, 1257, 

1241, 1206, 1146, 1111, 1059, 1042, 1006, 972, 961, 935, 854, 845, 553. 

Synthesis of 4-(methyloxy)-4´-[10-(hydroxycarbonyl)decyloxy]azobenzene HOOC-

C10-Azo-OCH3 (C24H32N2O4): 

This compound was provided by the Liquid Crystal and Polymer group (Eva Blasco), 

University of Zaragoza. 

1
H NMR (400MHz, DMSO-d6, 45ºC, δ ppm): 1.17-1.53 (m, 14H, -(CH2)7-), 1.68-1.77 

(m, 2H, CH2-CH2-O), 2.15 ( t, 2H, J= 7.6 Hz,  –CH2-CO), 3.84 (s, 3H, O-CH3), 4.05 (t, 

2H, J=6.8 Hz, –O-CH2-CH2-),  7.03-7.12 (m, 4H, CHar), 7.76-7.85 (m, 4H, CHar).  

13
C NMR (100 MHz, DMSO-d6, 45ºC, δ ppm): 25.0, 25.9, 29.0, 29.1, 29.2, 29.3 -

(CH2)8-, 34.4 CH2-CH2-CO, 56.0 -O-CH3, 68.5 -O-CH2-CH2-, 115.0, 115.5, 124.5, 

124.5, CHar, 146.7, 146.8, 161.4, 161.9 Car, 174.9 CO-NH.  

ESI: 413.1 [M+H]
+
, 435.1 [M+Na]

+
.  

IR (KBr, cm
-1

): 2936, 2916, 2848, 1709, 16202, 1582, 1497, 1469, 1465, 1317, 1296, 

1278, 1246, 1151, 1107, 1029, 1018, 843, 823, 558. 

For synthesis of hepta-O-acetyl-β-maltosyl azide 5, see experimental section 3.7.  

Synthesis of N-propargyl amide azo-derivatives (19), (20) and (21):  

Azobenzene acids (HOOC-Azo-C16, HOOC-C5-Azo-C8, HOOC-C10-Azo-OCH3) 

(1.05 g, 2.25 mmol) and hydroxybenzotriazole (0.35 g, 2.60 mmol) were dissolved in 20 

mL of anhydrous THF. Propargylamine (0.16 mL, 2.50 mmol) was added. The solution 

was cooled to 0 ºC. A solution of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) (418 mg, 2.18 mmol) in 15 mL of anhydrous THF was added. The 

reaction mixture was stirred for 2 days at room temperature (or at 40ºC in case of 19). 

The reaction was monitored by TLC with hexane/ethyl acetate 7:3 as eluent. The 

mixture was filtered and the solvent was removed under reduced pressure. 250 mL of 

dichoromethane were added and the organic phase was washed three times with 1M 

KHSO4 solution, and three times with 1M NaHCO3 solution. The organic layer was 

dried over anhydrous MgSO4. The solution was filtered and the solvent was removed 

under reduced pressure. The resulting white solid was purified by recrystallization or 
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flash chromatography. A red solid was obtained (yield around 40-70% depending on the 

compound).  

(C34H49N3O2) (19): 

The reaction was heated at 40º. The product was purified by recrystallization with ethyl 

acetate in 40% of yield. 

1
H (300 MHz, CDCl3, 25ºC, δ ppm): 0.91 (t, 3H, J=6.8 Hz, -CH3), 1.17-1.56 (m, 26H, -

CH2-(CH2)13-CH3), 1.76-1.89 (m, 2H, -O-CH2-CH2-), 2.30 (t, 1H, J=2.5 Hz, HC≡C-,)  

4.06 (t, 2H, J=6.8 Hz, –O-CH2-CH2-), 4.30 (m, 2H, HC≡C-CH2-NH), 6.26 (t, 1H, J=5.0 

Hz, CH2-NH-CO), 6.99-7.03 (m, 2H, Har), 7.87-7.97 (m, 6H, Har).  

13
C (75 MHz, CDCl3, 25ºC, δ ppm): 13.9 CH3, 22.6, 25.9, 29.2, 29.3, 29.3, 29.5, 29.5, 

29.6, 29.6, 29.9, 31.9 -(CH2)14-CH3, ≡C-CH2-NH, 68.5 O-CH2-(CH2)14, 71.9 HC≡C-, 

79.37 HC≡C, 114.8, 122.6, 125.1, 127.9 CHar x8, 134.9, 146.9, 154.8, 162.3, Car ,  

166.4 NH-CO-Car. 

ESI: 504.2 [M+H]
+
, 526.1 [M+Na]

+
. 

IR (KBr, cm
-1

): 3279, 3263, 2935, 2917, 2873, 2848, 1639, 1603, 1585, 1545, 1502, 

1495, 1472, 1463, 1317, 1298, 1251, 1152, 1146, 1106, 1025, 858, 841, 823, 719, 680, 

634, 553.  

(C29H39N3O3) (20): 

The reaction was stirred at room temperature. The product was purified by flash 

chromatography with hexane/ethyl acetate 7:3 as eluent in 70% of yield. 

1
H NMR (400MHz, DMSO-d6, 25ºC, δ ppm): 0.90 (t, 3H, J= 6.5 Hz, –(CH2)5-CH3), 

1.35 (d, 3H, J=6.4 Hz, –CH-CH3), 1.24-1.91 (m, 16H, -(CH2)-), 2.21-2.30 (m, 3H, 

HC≡C-, –CH2-CO), 4.00-4.12 (m, 4H, –O-CH2-CH2-, HC≡C-CH2-NH), 4.46 (m, 1H, –

O-CH-CH3), 5.67 (s, 1H, CH2-NH-CO), 6.94-7.04 (m, 4H, Har), 7.85-7.88 (m, 4H, 

Har). 

13
C (100 MHz, DMSO-d6, 25ºC, δ ppm): 14.0 CH2-CH3, 19.7 CH3-O- 22.6, 25.2, 25.5, 

25.7, 28.9, 29.2, 31.7, 36.2, 36.4, -(CH2)-, ≡C-CH2-NH, CO-CH2-CH2-, 67.9 O-CH2-

CH2, 71.6 HC≡C-, 74.2 –O-CH-CH3, 79.3 HC≡C, 114.6, 115.8, 124.2, 124.3 CHar x8, 

146.8, 147.0, 160.3, 161.0 Car,  172.1 NH-CO-Car. 
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ESI: 478.3 [M+H]
+
, 500.2 [M+Na]

+
, 516,2 [M+K]

+
 

IR (KBr, cm
-1

): 3273, 2931, 2853, 1625, 1598, 1577, 1544, 1496, 1464, 1384, 1311, 

1296, 1249, 1145, 1130, 1061, 971, 840, 550. 

(C27H35N3O3) (21): 

The reaction was stirred at room temperature. The product was purified by 

recrystallization with ethyl acetate in 40% of yield. 

1
H (300 MHz, CDCl3, 25ºC, δ ppm): 1.22-1.72 (m, 12H, -(CH2)6-), 1.76-1.89 (m, 2H, -

O-CH2-CH2), 2.20 (t, 2H, J=7.0 Hz, –CH2-CO), 2.24 (t, 1H, J=2.6 Hz, HC≡C-), 3.09 (s, 

3H, -O-CH3), 4.01-4.09 (m, 4H, -O-CH2-CH2-, HC≡C-CH2-NH), 5.57 (s, 1H, CH2-NH-

CO), 6.97-7.05 (m, 4H, Har), 7.84-7.92 (m, 4H, Har). 

13
C (75 MHz, CDCl3, 25ºC, δ ppm): 25.5, 25.9, 29.1, 29.2, 29.2, 29.2, 29.3, 29.3, 29.4 -

(CH2)6-, HC≡C-CH2-NH, 36.4 –CH2-CO, 55.6 -O-CH3, 68.3 -O-CH2-CH2-, 71.5 

HC≡C-, 79.7 HC≡C-, 11.4, 114.6, 124.3, 124.3 CHar, 146.9, 147.1, 161.2, 161.5 Car, 

172.6 NH-CO. 

ESI: 450.3 [M+H]
+
, 472.1 [M+Na]

+
. 

IR (KBr, cm
-1

): 3290, 2935, 2917, 2849, 1643, 1602, 1583, 1546, 1497, 1470, 1463, 

1421, 1318, 1296, 1249, 1152, 1107, 1029, 843, 823, 666, 640, 558. 

Synthesis of acetylated maltose conjugates OAc-Malt-Tz-Azo-C16, OAc-Malt-Tz-

C5-Azo-C8, and OAc-Malt-Tz-C10-Azo-OCH3:  

The appropriate azobenzene derivative (0.83 mmol), peracetylated β-maltosylazide (562 

mg, 0.85 mmol), copper(I) bromide (27.1 mg, 0.19 mol) and N-

pentamethyldiethylenetriamine (PMDETA) (35 µL, 0.17 mmol) were dissolved in 

anhydrous dimethylformamide (6mL) under an argon atmosphere. The mixture was 

stirred at room temperature for 2 days. The reaction was monitored by TLC with 

hexane/ethyl acetate 1:1 as eluent. The catalyst was removed by filtration and the 

solvent was removed under reduced pressure. The reaction was poured into 150 mL of 

water. The aqueous phase was extracted with 3x150 mL of hexane/ethyl acetate 1:1. 

The organic phase was dried with anhydrous MgSO4. The solution was filtered and the 

solvent was removed under reduced pressure. The resulting solid was purified by flash 
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chromatography using initially dichloromethane/ethyl acetate 6:4 and then increasing 

the polarity. A red solid was obtained (82-90%). 

OAc-Malt-Tz-Azo-C16 (C58H80N6O19): 

1
H (400 MHz, CDCl3, 25ºC, δ ppm): 0.87 (t, 3H, J=6.7 Hz, -(CH2)11-CH3), 1.18-1.40 

(m, 22H, -CH2-(CH2)11-CH3), 1.41-1.52 (m, 2H, -CH2-(CH2)11-CH3), 1.78-1.86 (m, 2H, 

–O-CH2-CH2-), 1.85 (s, 3H, CH3-CO-O-C2´),  2.01 (s, 3H), 2.03 (s, 3H), 2.06 (s, 3H), 

2.10 (s, 3H), 2.12 (s, 3H), 2.17 (s, 3H) CH3-CO-O-, 3.97-3.99 (m, 2H, H5´, H5), 4.05- 

4.10 (m, 4H, –O-CH2-CH2, H4´, H6b), 4.23-4.27 (m, 2H, H6a, H6´a), 4.49 (dd, 1H, 

J5´,6´b=1,8 Hz, J6´a,6´b=12.5 Hz, H6´b), 4.69-4.79 (m, 2H, NH-CH2-triazole), 4.88 (dd, 

1H, J1,2= 3.9 Hz, J2,3= 10.5 Hz, H2),  5.07 (dd, 1H, J3,4= 9.8 Hz, J4,5= 9.8 Hz, H4), 5.34 

(dd, 1H, J1´,2´= 9.1 Hz, J2´,3´=9.3 Hz, H2´), 5.37 (dd, 1H, J2,3=10.5 Hz, J3,4= 9.8 Hz, H3), 

5.44 (d, 1H, J1,2=3.9 Hz, H1), 5.46 (dd, 1H, J2´,3´=9.3 Hz, J 3´,4´=9.1 Hz, H3´), 5.87 (d, 

1H, J1´,2´= 9.1 Hz, H1´), 6.91 (t, 1H, J=5.5 Hz, -NH-CO), 6.99-7.01 (m, 2H, Har), 7.81 

(s, 1H, CH-triazole), 7.90-7.93 (m, 6H, Har).  

13
C (100 MHz, CDCl3, 25ºC, δ ppm): 14.1 (CH2)14-CH3, 20.2, 20.6, 20.7, 20.8, 20.8, 

CH3-CO-O- 22.7, 26.0, 29.2, 29.4, 29.5, 29.5, 29.6, 29.7, 30.9, 31.9 -(CH2)14-CH3, 35.4 

triazole-CH2-NH, 61.5 C6, 62.4 C6´,  67.9 C4, 68.4 O-CH2-(CH2)14, 68.8 C5, 69.2 C3, 

70.0 C2, 70.9 C2´, 72.4 C4´, 75.0 C3´, 75.4 C5´, 85.4 C1´, 95.9 C1, 114.8 CHar, 121.2 

CH triazole, 122.6, 125.2, 127.9 CHar, 134.9 Car, 145.1 CHtriazole-Ctriazole-CH2, 

146.8, 154.6, 162.3 Car, 166.8 NH-CO-Car, 169.1 CH3-CO-O-C2´, 169.4 CH3-CO-O-

C4, 169.9, 169.9 CH3-CO-O-C3/C3´, 170.3, 170.5, 170.6 CH3-CO-O-C2/C6/C6´. 

MALDI-TOF (DCTB+NaTFA): 1187,6 [M+Na]
+
.  

IR (KBr, cm
-1

): 3351, 2922, 2851, 1749, 1644, 1604, 1532, 1503, 1470, 1370, 1234, 

1141, 1036, 859. 

OAc-Malt-Tz-C5-Azo-C8 (C55H74N6O20): 

1
H (400 MHz, CDCl3, 25ºC, δ ppm): 0.90 (t, 3H, J=7.0 Hz, -(CH2)5-CH3), 1.27- 1.89 

(m, 16H, -(CH2)- ), 1.35 (d, 3H, J= 6.2 Hz, CH3-CH-O), 1.87 (s, 3H), 2.03 (s, 3H), 2.04 

(s, 3H), 2.05 (s, 3H), 2.08 (s, 3H), 2.13 (s, 3H), 2.15 (s, 3H) CH3-CO-O-, 2.26 (t, 2H, 

J=7,6 Hz, CO-CH2-(CH2)3), 3.96- 4.02 (m, 2H, H5, H5´), 4.04 (t, 2H, J=6.4 Hz, –O-

CH2-CH2), 4.05-4.11 (m, 1H, H6b), 4.15 (dd, 1H, J3´,4´= 8.8 Hz, J4´,5´= 9.8 Hz, H4´), 
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4.25-4.30 (m, 2H, H6a, H6´a), 4.43-4.58 (m, 4H, H6´b, O-CH-CH3-, Ctriazole-CH2-

NH-), 4.90 (dd, 1H, J1,2= 3.9 Hz, J2,3= 10.5 Hz, H2),  5.09 (dd, 1H, J3,4= 9.9 Hz, J4,5= 9.9 

Hz, H4), 5.34 (dd, 1H, J1´,2´= 9.3 Hz, J2´,3´=9.5 Hz, H2´), 5.39 (dd, 1H, J2,3=10.5 Hz, 

J3,4= 9.9 Hz, H3), 5.46 (d, 1H, J1,2=3.9 Hz, H1), 5.47 (dd, 1H, J2´,3´=9.5 Hz, J 3´,4´=8.8 

Hz, H3´), 5.87 (d, 1H, J1´,2´= 9.3 Hz, H1´), 6.11 (t, 1H, J=5.7 Hz, CH2-NH-CO), 6.98-

6.99 (m, 4H, Har), 7.73 (s, 1H, CH-triazole), 7.85-7.80 (m, 4H, Har).  

13
C (100 MHz, CDCl3, 25ºC, δ ppm): 14.1 (CH2)5-CH3, 19.7 CH-CH3, 20.2 CH3-CO-O-

C2´, 20.6, 20.7, 20.8, 20.8, CH3-CO-O- 22.6, 25.2, 25.5, 25.7, 28.9, 29.2, 31.8 -(CH2)-, 

34.9 Ctriazole-CH2-NH, 36.3 –CO-CH2-CH2-, 36.4 CH3-CH-CH2-, 61.4 C6, 62.4 C6´,  

67.9 C4, O-CH2-CH2, 68.8 C5, 69.2 C3, 70.0 C2, 70.9 C2´, 72.4 C4´, 74.2 O-CH-CH3, 

75.1 C3´, 75.4 C5´, 85.3 C1´, 95.9 C1, 114.8, 115.2 CHar, 120.7 CHtriazole, 124.3, 

124.3, CHar, 145.2 CHtriazole-Ctriazole-CH2, 146.8, 147.0, 160.4, 160.9 Car,  169.1 

CH3-CO-O-C2´, 169.4 CH3-CO-O-C4, 169.9, 169.9 CH3-CO-O-C3/C3´, 170.3, 170.5, 

170.6 CH3-CO-O-C2/C6/C6´, 172.8 NH-CO-CH2. 

MALDI-TOF (DCTB+NaTFA): 1161,5 [(M+Na].  

IR (KBr, cm
-1

): 3326, 2935, 2858, 1748, 1599, 1499, 1373, 1234, 1147, 1036, 841. 

OAc-Malt-Tz-C10-Azo-OCH3 (C53H70N6O20): 

1
H (400 MHz, CDCl3, 25ºC, δ ppm): 1.31- 1.72 (m, 14H,–(CH2)7-), 1.77- 1.87 (m, 2H, –

O-CH2-CH2-(CH2)-), 1.87 (s, 3H, CH3-CO-O-C2´), 2.03 (s, 3H), 2.05 (s, 6H), 2.09 (s, 

3H), 2.01 (s, 3H), 2.16 (s, 3H) CH3-CO-O-, 2.20 (t, 2H, J= 7,5 Hz, CO-CH2-CH2-), 3.91 

(s, 3H, -O-CH3), 3.97-4.02 (m, 2H, H5, H5´), 4.05 (t, 2H, J= 6,8 Hz, –O-CH2-CH2), 

4.06-4.12 (m, 1H, H6b), 4.16 (dd, 1H, J3´,4´= 9.1 Hz, J4´,5´= 9.1 Hz, H4´), 4.25-4.30 (m, 

2H, H6a, H6´a), 4.47-4.58 (m, 3H, H6´b, Ctriazole-CH2-NH-), 4.91 (dd, 1H, J1,2= 4.2 

Hz, J2,3= 10.6 Hz, H2), 5.10 (dd, 1H, J3,4= 9.8 Hz, J4,5= 9.8 Hz, H4), 5.34 (dd, 1H, J1´,2´= 

9.1 Hz, J2´,3´= 9.1 Hz, H2´), 5.40 (dd, 1H, J2,3= 9.8 Hz, J3,4=  9.8 Hz, H3), 5.46-5.50 (m, 

2H, H1, H3´), 5.86 (d, 1H, J1´,2´= 9.1Hz, H1´), 6.08 (t, 1H, J= 5.6Hz, CH2-NH-CO), 

6.99-7.03 (m, 4H, Har), 7.72 (s, 1H, CH-triazole), 7.87-7.90 (m, 4H, Har).  

13
C (100 MHz, CDCl3, 25ºC, δ ppm): 20.2 CH3-CO-O-C2´, 20.6, 20.7, 20.8, 20.8, CH3-

CO-O- 25.5, 26.0, 29.2, 29.3, 29.3, 29.3, 29.4, 29.5, -(CH2)-, 34.8 Ctriazole-CH2-NH, 

36.5 –CO-CH2-CH2-, 55.6 –O-CH3, 61.4 C6, 62.4 C6´,  67.9 C4, 68.3 O-CH2-CH2, 68.8 

C5, 69.2 C3, 70.0 C2, 71.0 C2´, 72.4 C4´, 75.1 C3´, 75.4 C5´, 85.3 C1´, 95.9 C1, 114.2, 
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115.6 CHar, 120.8 CHtriazole, 124.3, 124.3 CHar, 145.3 CHtriazole-Ctriazole-CH2, 

146.9, 147.1 Car 161.2 Car-O-CH2, 161.5 Car-O-CH3,  169.1 CH3-CO-O-C2´, 169.4 

CH3-CO-O-C4, 169.9, 169.9 CH3-CO-O-C3/C3´, 170.3, 170.5, 170.6 CH3-CO-O-

C2/C6/C6´, 173.2 NH-CO-CH2.  

MALDI-TOF (DCTB+NaTFA): 1133,5 [M+Na]
+
.  

IR (KBr, cm
-1

): 3360, 2926, 2851, 1748, 1652, 1601, 1582, 1501, 1370, 1238, 1147, 

1038, 840. 

Synthesis of azo-glycosyl conjugates Malt-Tz-Azo-C16, Malt-Tz-C5-Azo-C8 and 

Malt-Tz-C10-Azo-OCH3: 

The peracetylated derivatives OAc-Malt-Tz-Azo-C16, OAc-Malt-Tz-C5-Azo-C8 and 

OAc-Malt-Tz-C10-Azo-OCH3 (0.17 mmol) were dissolved in 7.5 mL of anhydrous 

THF. Sodium methoxide (81.0 mg, 1.50 mmol) was added. The solution was stirred at 

room temperature until the reaction was complete (TLC, dichloromethane/ethyl acetate 

1:1). Amberlyst IR 120 (H
+
 form) was added to exchange sodium ions to reach pH= 6-

7, the resin was filtered off and the solvent was evaporated in vacuo. The resulting solid 

was purified by flash chromatography using initially dichloromethane/methanol 9:1 and 

then increasing the polarity. A red solid was obtained (75-90%).  

Malt-Tz-Azo-C16 (C44H66N6O12): 

1
H (400 MHz, DMSO-d6, 25ºC, δ ppm): 0.85 (t, 3H, J=7.0 Hz, -(CH2)13-CH3), 1.20-1.40 

(m, 26H, -CH2-(CH2)13-CH3), 1.73-1.76 (m, 2H, -CH2-(CH2)13-CH3),  3.04-3.87 (m, 

12H, H2, H3, H4, H5, H6a, H6b, H2´, H3´, H4´, H5´, H6´a, H6´b), 4.09 (t, 2H, J=6.4 

Hz, O-CH2-CH2),  4.56 (d, 2H, J=5.5 Hz, Ctriazole-CH2-NH), 5.04 (d, 1H, J1,2= 3.6 Hz, 

H1),  5.56 (d, 1H, J 1´,2´= 9.2 Hz, H1´), 7.12- 7.15 (m, 2H, Har), 7.68-7.93 (m, 4H, Har), 

8.08-8.09 (m, 2H, Har), 8.18 (s, 1H, CH-triazole), 9.28 (t, 1H, J=5.5 Hz, CH2-NH-CO).  

13
C (100 MHz, DMSO-d6, 25ºC, δ ppm): 14.4 (CH2)14-CH3, 22.5, 25.8, 28.9, 29.2, 29.4, 

29.5, 31.7, -(CH2)14-CH3, 35.4 triazole-CH2-NH, 60.70, 61.3, 70.4, 71.5, 73.1, 73.7, 

74.1, 77.1, 78.6, 79.7 C2, C3, C4, C5, C6, C3´, C4´, C5´, C6´, 68.5 O-CH2-(CH2)14, 

71.5 C2´, 87.7 C1´, 101.7 C1, 115.6 CHar, 122.4 CHtriazole, 125.3, 129.1 CHar, 135.5 

Car, 145.4 CHtriazole-Ctriazole-CH2, 146.5, 153.9, 162.4 Car,  165.4 NH-CO-ar.  

MicrOTOF-Q: [M+Na]
+ 

893.461 calcd.: 893.463. 
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IR (KBr, cm-1): 3320 (wide band), 2918, 2849, 1577, 1418, 1251, 1040, 850. 

Malt-Tz-C5-Azo-C8 (C41H60N6O13): 

1
H (400 MHz, MeOD, 25ºC, δ ppm): 0.92 (t, 3H, J=6.8 Hz, -(CH2)5-CH3), 1.31- 1.88 

(m, 16H, -CH2-), 1.35 (d, 3H, J= 5.8 Hz, CH3-CH-O), 2.29 (t, 2H, J=7.4 Hz, CO-CH2-

(CH2)3-), 3.29- 3.91 (m, 10H, H3, H4, H5, H6a, H6b, H3´, H4´, H5´, H6´a, H6´b), 3.48 

(dd, 1H, J1,2=3.8 Hz, J2,3= 9.7 Hz, H2), 3.95 (dd, 1H, J1´,2´= 9.1 Hz, J2´,3´= 9.1 Hz, H2´), 

4.08 (t, 2H, J= 6.5 Hz, –O-CH2-), 4.47 (s, 2H, Ctriazole-CH2-NH-), 4.51-4.60 (m, 1H, 

O-CH-CH3),  5.24 (d, 1H, J1,2= 3.8 Hz, H1), 5.62 (d, 1H, J1´,2´= 9.1 Hz, H1´), 7.02-7.06 

(m, 4H, Har), 7.83-7.86 (m, 4H, Har), 8.08 (s, 1H, CH-triazole). 

13
C (100 MHz, MeOD, 25ºC, δ ppm): 13.0 CH2-CH3, 18.6 O-CH-CH3, 22.2, 25.1, 25.2, 

25.3, 28.6, 29.0, 29.5, 31.6 -(CH2)-, 34.2 Ctriazole-CH2-NH, 35.4 –CO-CH2-CH2-, 36.2 

CH3-CH-CH2-, 67.8 O-CH2-CH2, 72.2 C2´, 72.8 C2, 60.4, 61.3, 70.1, 73.5, 73.7, 73.8, 

76.8, 78.2, 78.9 C3, C4, C5, C6, C3´, C4´, C5´, C6´-O-CH-CH3, 88.0 C1´, 101.5 C1, 

114.4, 115.4 CH ar, 122.0 CHtriazole, 123.9, 123.9 CHar, 145.0 CHtriazole-Ctriazole-

CH2, 146.6, 146.8, 160.5, 161.3 Car, 174.7 NH-CO-CH2. 

MicrOTOF MS: 845.4309 [M+H]
+
, 867.4118 [M+Na]

+
. Calcd: 845.4218 [M+H]

+
, 

867.4110 [M+Na]
+
.  

IR (KBr, cm
-1

): 3364, 2928, 2857, 1652, 1598, 1498, 1248, 1148, 1039, 840. 

Malt-Tz-C10-Azo-OCH3 (C39H56N6O13): 

1
H (400 MHz, DMSO-d6, 25ºC, δ ppm: 1.27- 1.56 (m, 14H, –(CH2)7)-, 1.71- 1.78 (m, 

2H, –O-CH2-CH2-(CH2)- ), 2.11 (t, 2H, J= 7.4 Hz, CO-CH2-CH2), 3.07- 3.90 (m, 12H, 

H2, H3, H4, H5, H6a, H6b, H2´, H3´, H4´, H5´, H6´a, H6´b), 3.85 (s, 3H, ar-O-CH3), 

4.05 (t, 2H, J= 6.0 Hz, –O-CH2-CH2), 4.30 (d, 2H, J= 3.9 Hz, Ctriazole-CH2-NH-), 

4.54-4.60 (m, 1H, OH), 4.60-4.67 (m, 1H, OH), 4.95-5.02 (m, 2H, OH), 5.07 (d, 1H, J1-

2=2.6 Hz, H1), 5.50-5.51 (m, 1H, OH), 5.58-5.63 (m, 2H, H1´,OH), 5.79-5.80 (m, 1H, 

OH), 7.09-7.13 (m, 4H, Har), 7.82-7.85 (m, 4H, Har), 8.08 (s, 1H, CH-triazole), 8.33 (t, 

1H, J= 5.6 Hz, CH2-NH-CO). 

13
C (100 MHz, DMSO-d6, 25ºC, δ ppm): 25.6, 25.9, 29.1, 29.2, 29.2, 29.3, 29.4, 29.5, -

(CH2)-, 34.5 Ctriazole-CH2-NH, 35.7 –CO-CH2-CH2-, 56.1 –O-CH3, 68.4 O-CH2-CH2, 

60.7, 61.2, 70.3, 72.0, 72.9, 73.7, 74.0, 77.2, 78.4, 79.6 C2, C3, C4, C5, C6, C2´, C3´, 
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C4´, C5´, C6´, 87.6 C1´, 101.4 C1, 115.0, 115.4 CHar, 122.3 CHtriazole, 124.6, 124.6 

CHar, 145.5 CHtriazole-Ctriazole-CH2, 146.5, 146.7 Car, 161.4 Car-O-CH2, 161.9 Car-

O-CH3, 172.6 NH-CO-CH2.  

MicrOTOF MS: 817.3968 [M+H]
+
, 839.3773 [M+Na]

+
. Calcd: 817.3978 [M+H]

+
, 

839.3797 [M+Na]
+
. 

IR (KBr, cm
-1

): 3376 (wide band), 2920, 2850, 1642, 1582, 1602, 1253, 1148, 1025, 

840.   
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5.1. Introduction 

As it has been previously remarked, supramolecular gels are sensitive to external stimuli 

due to the reversibility of the supramolecular interactions that support the gel structure. 

As a consequence, when a photoresponsive group is inserted in the gel structure, the 

supramolecular assembly can be stimulated by light.
1
 Related to the studies described in 

Chapter 4, herein we reported the incorporation of photoresponsive azobenzene units 

in new amphiphilic molecules. In this case, a polar head different from sugars has been 

selected in order to explore its influence on the gelation process and properties of 

derived gels. In particular, we have selected poly(ethylene glycol) (PEG) chains as polar 

heads. This type of hydrophilic units was previously used in our labs to synthesize 

amphiphilic block copolymers having the ability to self-assemble into different 

photoresponsive nano-objects in aqueous solutions.
2
 As hydrophobic part, we have 

selected L-phenylalanine connected to a photoresponsive azobenzene unit having a fatty 

terminal chain. 

On the one hand, PEG is a widely used polymer due to its solubility in water and other 

organic solvents and commercially available in a range of different molecular weights 

and functionalities at one or both endings of the polymeric chain. PEG has been widely 

investigated for applications in Biomedicine or in Nanobiomedicine due to its 

biocompatibility and its ability to prolong the lifetime of biological compounds in the 

body. Pegylation, the covalent attachment of PEG, has been used to modify peptides 

and proteins.
3
 PEG derivatives have also been explored as soft materials as they have 

the ability to form gels,
4
 especially due to the supramolecular interactions formed,

5
 

being either a part of a block copolymer
6
 or a crosslinked system.

7
 Incorporation of 

different molecular weight PEG moieties makes possible the modulation of 

hydrophilic/hydrophobic ratio and therefore the different aggregates formation.      

On the other hand, amino acids, like phenylalanine, are widely used in gelator 

structures, especially to obtain supramolecular hydrogelators,
8
 not only due to their 

potential biocompatibility, as for PEG derivatives, but also by their ability to self-

assembly in structures which can promote fibrillar objects and subsequent 

interpenetrated networks to entrap the solvent and gelate.
9
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In the case of supramolecular gels, a number of interesting polymer-peptide conjugates 

have been prepared based on PEG, which arrange in fibers or tapes comprising by 

peptide cores and PEG shells
10

 and form hydro
11

 and organogels
12

, see Fig. 5.1.  

 

Fig. 5.1: Chemical structure of examples of PEG and amino acid derivatives which 

forms: a) hydrogels
11

 and b) organogels.
12

 

 

Here, we report the synthesis and characterization of different amphiphilic molecules 

consisting of different hydrophilic heads and a hydrophobic part based on Phe-Azo-C18, 

see Fig. 5.2. This molecule derives from the condensation of two parts, L-phenylalanine 

and an azobenzene compound, HOOC-Azo-C18. The structure of these molecules can 

be adequate to promote supramolecular gel formation because they have amide groups 

which can provide H-bonding, phenyl groups which can help the self-assembly via a π-

π arrangement, as well as long hydrophobic chains which can promote van der Waals 

interactions. As hydrophilic part, PEG chains of two different molecular weights were 

used in order to check the importance of hydrophilic/hydrophobic ratio in aggregation 

properties and maltose was also introduced as a disaccharide polar head, in accordance 

to our previous work, in order to compare gelation properties of both hydrophilic 

moieties, see Fig. 5.2. The thermal and gelation properties of these photoresponsive and 

amphiphlic compounds are reported. 

a)

b)
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Fig. 5.2: Chemical structure of the synthesized materials. 

 

5.2. Results and discussion 

 5.2.1. Synthesis 

The synthesis of the amphiphiles was approached according to the synthetic pathway 

described in Scheme 5.1 and Scheme 5.2. The azobenzene carboxylic acid, HOOC-

Azo-C18 was used as starting material. This compound was prepared following a similar 

pathway to that used to synthesize HOOC-Azo-C16, see Chapter 4, Scheme 4.1. The 

azo coupling was made by reaction of sodium phenoxide and ethyl p-aminobenzoate to 

obtain compound 13 (see Scheme 4.1, Chapter 4). The carboxylic aliphatic chain was 

introduced by means of a Williamson reaction and subsequent hydrolysis of 22 gave 

rise to the desired acid compound HOOC-Azo-C18. This acid was used as precursor of 

Phe-Azo-C18 which was obtained by previous activation of HOOC-Azo-C18 with N-

hydroxysuccinimide, (compound 23), and further reaction with L-phenylalanine. This 

reaction was made in a mixture of water/THF to enhance the solubility of both 

compounds. In the last synthetic step, Phe-Azo-C18 was subsequently coupled with 

amine-ended polyethylene glycol to obtain PEGn-Phe-Azo-C18 (n=8 or 16, according 

to commercial data) or with maltose to obtain Malt-Phe-Azo-C18, see Scheme 5.1 and 

Phe-Azo-C18

PEG8-Phe-Azo-C18

PEG16-Phe-Azo-C18

Malt-Phe-Azo-C18

HOOC-Azo-C18
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Scheme 5.2, respectively. PEGn-Phe-Azo-C18 (n=8 or 16) were synthesized using 1-

Ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC), 

hydroxybenzotriazole and THF as solvent. Commercial poly(ethyleneglycol)s having an 

amino terminal group were used for the synthesis of PEG8-Phe-Azo-C18 (monodisperse 

amino-PEG with a MW=383.48) and for PEG16-Phe-Azo-C18 (amino-PEG with a MW 

average of MW=750). 

 

Scheme 5.1: Synthesis of HOOC-Azo-C18, Phe-Azo-C18 and PEGn-Phe-Azo-C18 (n=8 

or 16). Compound 13 was described in Scheme 4.1, Chapter 4. 

 

Malt-Phe-Azo-C18 was synthesized using acetylated maltosylamine (compound 6, see 

Scheme 3.5, Chapter 3) as starting material. Subsequently amide synthesis was made 

with a chloride derivative of Phe-Azo-C18 and maltosylamide in a DMF/THF mixture 

yielding the peracetylated compound OAc-Malt-Phe-Azo-C18. This compound was 

deprotected using MeONa in a mixture of MeOH and THF to obtain the aimed Malt-

Phe-Azo-C18 according to the Zemplen´s conditions described in Chapter 3. 
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Scheme 5.2: Synthesis of Malt-Phe-Azo-C18. 

 

All the compounds were adequately characterized by 
1
H NMR, 

13
C NMR, IR and mass 

spectrometry, see experimental section 5.4.  

MALDI-TOF mass spectrometry experiments of PEG8-Phe-Azo-C18 and PEG16-Phe-

Azo-C18 (see Fig. 5.3) showed that in the case of PEG8-Phe-Azo-C18  the sample is 

monodisperse, whereas in PEG16-Phe-Azo-C18 there is a pattern of peaks separated 

about 44 (-[O-CH2-CH2]-) due to the polydispersity of the starting and commercial 

Methyl-PEG16-amine used in the synthesis of PEG16-Phe-Azo-C18. According to that, 

PEG16-Phe-Azo-C18 has a dispersity of degrees of polymerization of the PEG chain 

ranging from n=13 to n=24. Malt-Phe-Azo-C18 shows a normal isotopic distribution. 
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Fig. 5.3: a) MALDI (DCTB+ NaFTA) of PEG8-Phe-Azo-C18, b) MALDI (DCTB+ 

NaFTA) of PEG16-Phe-Azo-C18, c) MALDI (DIT+ NaFTA) of Malt-Phe-Azo-C18. 

 

1
H NMR spectrum and structural determination of PEG8-Phe-Azo-C18, PEG16-Phe-

Azo-C18, OAc-Malt-Phe-Azo-C18 and Malt-Phe-Azo-C18 are shown in Fig. 5.4. 

PEG8-Phe-Azo-C18 and PEG16-Phe-Azo-C18 spectra corroborate the chemical structure 

of PEG derivatives. OAc-Malt-Phe-Azo-C18 and Malt-Phe-Azo-C18 compounds were 

characterized by additional two-dimensional NMR experiments (COSY, TOCSY, 

NOESY, HSQC and HMBC) as was done in similar glycoamphiphilic compounds in 

previous chapters. A total deprotection of the maltose groups was confirmed by 
1
H 

NMR when spectra of OAc-Malt-Phe-Azo-C18 and Malt-Phe-Azo-C18 are compared, 

see Fig. 5.4. In OAc-Malt-Phe-Azo-C18 compound, a complete assignment of the sugar 

1293.8

n= 14 

1337.8
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1381.9

n= 16 

1425.9

n= 17 

1513.9

n= 19 

1558.0
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1603.0

n= 21

1646.0

n= 22

1690.0

n= 23 1734.0

n= 24

1469.9
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1249.8
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b) MALDI: DCTB+ NaFTA PEG16-Phe-Azo-C18a) MALDI: DCTB+ NaFTA PEG8-Phe-Azo-C18
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protons could be done. As an example, a TOCSY experiment is shown in Fig. 5.5. 

However, the complete assignment of sugar protons was not possible in Malt-Phe-Azo-

C18 where only H1 and H1´ were assigned. 

 

 

 

a) PEG8-Phe-Azo-C18 (CDCl3, RT)

O-CH2- (CH2)n

CHarom

CH2-Carom

(CH2)n-CH3CO-NH-CH

Har-CO-CH2

CO-NH-PEG CH-CH2-Carom

O-CH3

O-CH2-CH2-O, 

O-CH2-CH2-NH

CHarom

b) PEG16-Phe-Azo-C18 (CDCl3 , RT)

O-CH2- (CH2)n

CHarom

CH2-Carom

(CH2)n-CH3

Har-CO-CH2

CO-NH-PEG CH-CH2-Carom

O-CH2-CH2-O, 

O-CH2-CH2-NH

CHarom

CO-NH-CH

O-CH3
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Fig. 5.4: 
1
H NMR of a) PEG8-Phe-Azo-C18, b) PEG16-Phe-Azo-C18, c) OAc-Malt-

Phe-Azo-C18 and d) Malt-Phe-Azo-C18. 

c) OAc-Malt-Phe-Azo-C18 (CDCl3, RT)

CO-CH3
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OH

H1

O-CH2-CHarom

CH-CH2-Carom

/H2/H3/H4/H5/H6a/H6b

H2 /H3 /H4 /H5 /H6a/H6b

NH-CH

(CH2)n-CH3

(CH2)n

NH-C1 

OH, 

x2
OH, 

x2

OH, 

x2

H1 

/CH



5. AMPHIPHILIC MOLECULES BASED ON PEG AND AZOBENZENE 

 

297 

 

 

Fig. 5.5: TOCSY spectrum of OAc-Malt-Phe-Azo-C18 with CDCl3 as solvent at 25ºC 

and 60 ms of mixing time. 

 

 5.2.2. Thermal properties 

The thermal properties of the synthesized amphiphilic azocompounds were studied by 

thermogravimetric analysis (TGA), polarizing optical microscopy provided with a 

thermal stage (POM) and differential scanning calorimetry (DSC). 

Weight losses were observed in thermogravimetry at temperatures ranging from 200 to 

325 ºC as it has been summarized in Table 5.1. Acid compound HOOC-Azo-C18 has 

high stability while introduction of L-phenylalanine makes that the temperature at 

which 5 % of the initial mass is lost decreases from 325ºC to 250ºC (first decomposition 

process of that compound). However, linking a PEG moiety increases the thermal 

stability. Temperatures for 5 % weight loses for PEG8-Phe-Azo-C18 and PEG16-Phe-

Azo-C18 are around 310ºC. In the case of Malt-Phe-Azo-C18 thermal stability is lower 

than the PEG-analogs as it can be expected from the introduction of a sugar polar 

head.
13
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Table 5.1: Thermogravimetric analysis of azocompounds.  

 

T5%lost = Temperatures at wich 5% of the initial mass is lost. Tonset = Onset of thermal decomposition process. Tmax = 

Temperatures at which the maximum rate of weight loss is produced. 

 

Regarding the mesomorphic properties, in the case of HOOC-Azo-C18 mesomorphism 

was observed in accordance with the previously reported data in bibliography.
14

 

Different smectic mesophases were observed. The mesomorphic properties of this 

compound can be related with the tendency of carboxylic acids to dimerize by H-

bonding giving rise to a supramolecular mesogen with a high aspect ratio. However, the 

derivative Phe-Azo-C18 is not mesogenic, as consequence of the phenyl lateral ring that 

decrease this aspect ratio, as well as the lateral amide hydrogen bonding. The final 

amphiphiles PEG8-Azo-Phe-C18 and PEG16-Azo-Phe-C18 and the sugar derivative 

Malt-Phe-Azo-C18 do not present mesogenic behavior.  

The compounds were studied by DSC technique in order to characterize thermal 

transitions. The results of Phe-Azo-C18, PEG8-Azo-Phe-C18, PEG16-Azo-Phe-C18 and 

Malt-Phe-Azo-C18 are gathered in Table 5.2. HOOC-Azo-C18 thermal transitions agree 

with those reported in bibliography.
14

  

 

 

 

 

 

Compound T5%lost Tonset Tmax

HOOC-Azo-C18 325ºC 340ºC 360ºC

Phe-Azo-C18 250ºC 245ºC

370ºC

280ºC

430ºC

PEG8-Phe-Azo-C18 305ºC 325ºC 345ºC

PEG16-Phe-Azo-C18 315ºC 320ºC

380ºC

340ºC

395ºC

Malt-Phe-Azo-C18 220ºC 235ºC 250ºC
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Table 5.2: Thermal transitions of the synthesized amphiphiles determined by DSC 

(10ºC.min
-1

). 

 
a Data corresponding to the second heating and cooling scan. Cr = crystal, I = isotropic phase, Dec=decomposition.  

 

Phe-Azo-C18 melts from crystalline state to isotropic liquid at 153 ºC. The melting 

transition from crystalline to isotropic state of PEG8-Azo-Phe-C18 and PEG16-Azo-

Phe-C18 is detected at temperatures around 110ºC. Different polymorphic transitions are 

observed in these products until melting. In the case of the sugar derivative, Malt-Phe-

Azo-C18, the sample was previously dried and immediately analyzed. When this 

compound was studied by optical microscopy, the sample becomes brown above 

melting transition due to decomposition of the sugar units. On a DSC experiment 

performed until 200ºC, decomposition was detected at around 175ºC as confirmed by a 

decrease of the baseline. A polymorphic transition was detected at 112ºC.  

 5.2.3. Supramolecular Gels 

The solubility and gelation ability of the synthesized compounds were examined in 

different solvents by dissolving 5 mg of compound in about 50-1000 mg of the 

corresponding solvent, i.e. 0.5-10 wt % (the gelator and the solvent were placed in a 

septum-capped test tube). The final results obtained at room temperature (RT) on the 

selected solvents are summarized in Table 5.3. HOOC-Azo-C18 and Malt-Tz-Azo-C18 

were not initially soluble at RT for any of the tested solvents. However, Phe-Azo-C18 

was soluble at RT only in chloroform and PEG derivatives (PEG8-Azo-Phe-C18 and 

PEG16-Azo-Phe-C18) are soluble at RT in different organic solvents, see Table 5.3. In 

particular, PEG16-Azo-Phe-C18 was soluble in most of the used organic solvents. If the 

compound was not soluble at RT, mixtures were first heated and then cooled down to 

RT. A solution, precipitate or a gel was then observed depending on the solvent, see 

Compound Thermal transition (ºC) [ΔH kJ/mol]a

Phe-Azo-C18 Cr 137 [5.6] Cr 153 [28.3] I

PEG8-Phe-Azo-C18 Cr 87 [1.0] Cr 97 [2.7] Cr  116 [32.6] I

PEG16-Phe-Azo-C18 Cr 27[53.4] Cr 84 [4.2] Cr  106 [33.5] I

Malt-Phe-Azo-C18 Cr 112 [22.8] Cr 175 Dec
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Table 5.3. The formation of a gel was confirmed if the tube was turned upside down 

and the solution did not flow. 

Table 5.3. Solubility and gelation properties of synthesized compounds in different 

solvents.  

I = Insoluble, P = Precipitate after solubilization upon heating and cooling down to room temperature, S(heat) = 

Solution after heating and cooling down to room temperature, S = Soluble at room temperature without heating, G = 

Gel (minimum gel concentration).  

All compounds are able to form organogels in different solvents (at different minimum 

concentrations) except PEG16-Phe-Azo-C18. HOOC-Azo-C18 is able to form gels in a 

minimum concentration lower than 10 wt % in DMSO (6 wt %), 1-dodecanol (5 wt %) 

and DMF (2 wt %). Phe-Azo-C18 was able to form gels in DMSO and 1-dodecanol in a 

minimum concentration of 10 wt %. In toluene and in dichloromethane, the minimum 

concentration decreases to 5 wt %.  PEG8-Phe-Azo-C18 forms gels in 1-dodecanol, 

DMSO and methanol at a minimum concentration of 5 wt % and in acetone at 8 wt %. 

Malt-Tz-Azo-C18 form gels in THF in a minimum concentration of 1.3 wt % and the 

lowest concentration was reached in 1-dodecanol at 0.5 wt %. All gels are orange in 

color due to the azobenzene group, as can be seen for the examples selected in Fig. 5.6, 

an opaque gel of Phe-Azo-C18 in dichloromethane at 5 wt % and a transparent gel of 

Malt-Phe-Azo-C18 in THF at 1.3 wt %. 

Solvent HOOC-Azo-C18 Phe-Azo-C18 PEG8-Phe-Azo-C18 PEG16-Phe-Azo-C18 Malt-Phe-Azo-C18

Hexane I I I I I

Toluene P Gel (5 wt %) S S I

Dichloromethane I Gel (5 wt %) S S (heat) I

Chloroform I S S S I

THF P S (heat) S S Gel (1.3 wt %)

1-Dodecanol Gel (5 wt %) Gel (10 wt %) Gel (5 wt %) I Gel (0.5 wt %)

Acetone I P Gel (8 wt %) S I

DMF Gel (2 wt %) S (heat) S S S (heat)

DMSO Gel (6 wt %) Gel (10 wt %) Gel (5 wt %) S P

Methanol I I Gel (5 wt %) S I

Water I I I I I
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Fig 5.6: Gels of the synthesized compounds: a) opaque gel of Phe-Azo-C18 in 

dichloromethane at 5 wt %, b) transparent gel of Malt-Phe-Azo-C18 in THF at 1.3 wt 

%.  

 

The obtained gels are stable at RT and thermoreversible. In contrast to azo-sugar 

derivatives synthesized in Chapter 4, they are not soluble in water or mixtures of 

water-DMSO even on heating. Synthesized azobenzene derivatives are able to gelify in 

1-dodecanol except PEG16-Phe-Azo-C18 which is not soluble. 

Morphological gel characterization. In order to investigate the supramolecular 

organization of the gels derived from the synthesized amphiphiles, xerogels (gels dried 

under vacuum) were first obtained from these compounds and studied under 

microscopic techniques.  

Xerogels of HOOC-Azo-C18, Phe-Azo-C18, PEG8-Phe-Azo-C18 and Malt-Phe-Azo-

C18 were first investigated by SEM in 1-dodecanol at their minimum gel concentration, 

see Fig. 5.7. For HOOC-Azo-C18 sample, non-well defined structures were observed, 

see Fig. 5.7.a. Ribbons, having lengths and widths of around several micrometers are 

detected for PEG8-Phe-Azo-C18, see Fig. 5.7.c. However, for Phe-Azo-C18 and Malt-

Phe-Azo-C18 widths of the ribbons are at the nanometer scale. For Phe-Azo-C18 sample, 

measured ribbons have widths ranging from 50 to 200 nm, see Fig. 5.7.b and for Malt-

Phe-Azo-C18 they have widths ranging from 90 to 160 nm, see Fig. 5.7.d.  

a) b)
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Fig. 5.7: a) SEM image of xerogel obtained from HOOC-Azo-C18 at 5 wt % in 1-

dodecanol, b) SEM image of xerogel obtained from Phe-Azo-C18 at 10 wt % in 1-

dodecanol, c) SEM image of xerogel obtained from PEG8-Phe-Azo-C18 at 5 wt % in 1-

dodecanol, d) SEM image of xerogel obtained from Malt-Phe-Azo-C18 at 0.5 wt % in 

1-dodecanol. 

 

Xerogels of HOOC-Azo-C18, Phe-Azo-C18 and PEG8-Phe-Azo-C18 were also studied 

in DMSO, a solvent in which compounds synthesized give rise to gels, except Malt-

Phe-Azo-C18. Compounds were also measured at their minimum gel concentrations; see 

SEM images in Fig. 5.8. In HOOC-Azo-C18 a “cabbage like” structure
15

 was observed, 

see Fig. 5.8.a, while in the case of the xerogel from 1-dodecanol non-well defined 

structures were formed. For Phe-Azo-C18, in contrast to 1-dodecanol xerogel (both are 

formed at 10 wt %), ribbons with lengths and widths of several micrometers are 

observed, see Fig. 5.8.b. Finally in the case of PEG8-Phe-Azo-C18 measured ribbons 

d)

a) b)

c)

3 µm

100 µm 2 µm

30 µm
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have around 150 – 200 nm of width and they are smaller than the observed in gels from 

1-dodecanol (both are formed at 5 wt %). 

 

 

Fig. 5.8: a) SEM image of xerogel obtained from HOOC-Azo-C18 at 6 wt % in DMSO, 

b) SEM image of xerogel obtained from Phe-Azo-C18 at 10 wt % in DMSO. 

 

Furthermore xerogels of Phe-Azo-C18 were also studied in two additional solvents as 

dichloromethane and toluene. Both gels were formed at the minimum gel concentration 

of 5 wt %, see Fig. 5.9. In this case, no differences in both solvents were found. An 

interpenetrated structure was observed with non regular pores and measured ribbons had 

widths ranging from 100 to 250 nm, similarly to the structures detected in 1-dodecanol. 

 

 

a) b)

1 µm 3 µm
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Fig. 5.9: a) and c) SEM image of xerogel obtained from Phe-Azo-C18 at 5 wt % in 

dichloromethane, b) and d) SEM image of xerogel obtained from Phe-Azo-C18 at 5 wt 

% in toluene. 

 

Diluted and negative stained samples of the amphiphiles were also studied by TEM. 

The self-assembled microstructures of HOOC-Azo-C18, Phe-Azo-C18, PEG8-Phe-Azo-

C18 and Malt-Phe-Azo-C18 were investigated in 1-dodecanol. Concentration of the 

solutions were 0.5 wt %, 1 wt %, 0.5 wt % and 0.05 wt % respectively (10 times more 

diluted than minimum gel concentration); see Fig. 5.10. Microphotographs of HOOC-

Azo-C18 sample showed ribbons with widths of around 0.5 micrometers see Fig. 5.10.a. 

For Phe-Azo-C18 sample, twisted  ribbons were observed and measured widths were 

around to 20-30 nm, see Fig. 5.10.b with a torsion pitch around 50 nm, see close up in 

Fig. 5.10.b. Ribbons were also observed for PEG8-Phe-Azo-C18. In this case, 

10 µm 20 µm

a) b)

3 µm

c)

3 µm

d)
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measurements were around 100 to 300 nm, see Fig. 5.10.c. For Malt-Phe-Azo-C18, 

widths were around 50 to 150 nm, see Fig. 5.10.d. 

 

Fig. 5.10: a) TEM image of HOOC-Azo-C18 at 0.5 wt % in 1-dodecanol, b) TEM 

image of Phe-Azo-C18 at 1 wt % in 1-dodecanol, c) TEM image of PEG8-Phe-Azo-C18 

at 0.5 wt % in 1-dodecanol, d) TEM image of Malt-Phe-Azo-C18 at 0.05 wt % in 1-

dodecanol. 

 

As it has been previously described, PEG8-Phe-Azo-C18 derivative was able to self-

assembly and formed supramolecular gels meanwhile gels could not be obtained for the 

analog PEG16-Phe-Azo-C18. Aggregation studies were then carried out in both PEG 

derivatives in order to study the supramolecular organization of these compounds. 

d)

a) b)

c)

0.5  µm 0.2  µm

2  µm 1µm
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First of all, PEG8-Phe-Azo-C18 compound was studied in DMSO, where this compound 

forms a gel at a concentration of 5 wt% and consequently should aggregate in this 

solvent even at a lower concentration. For the study of supramolecular aggregation, 

diluted samples at 0.25 wt % and 0.1 wt % were prepared and heated to complete 

solubilization and then cooled to obtain clear solutions. No turbidity was observed at 

naked eyes. Solution at 0.1 wt % in DMSO was studied by TEM. A drop of the solution 

was placed onto a copper grid and negative stained by uranyl acetate. As it can be seen 

at Fig. 5.11, planar ribbons were again observed with widths of around 150 – 200 nm.  

 

Fig. 5.11: a) TEM image of PEG8-Phe-Azo-C18 at 0.1 wt % in DMSO. 

 

PEG16-Phe-Azo-C18 compound is not able to gel neither in DMSO nor in a mixture of 

DMSO/water. It is soluble in DMSO but turbidity in the mixture of DMSO/water was 

observed, which indicates that aggregation takes place. Therefore a study of the 

supramolecular aggregation can be carried out in order to establish a possible self-

assembly of this compound as an amphiphilic molecule. A solution in DMSO (good 

solvent) was first prepared and water was progressively and carefully added to that 

solution. Turbidity was monitored as a means of detecting aggregation.
2b, 16

  

The sample was first dissolved in DMSO (0.5 wt %) and Mili-Q water was carefully 

added to the solution (20 μL of water to 1.0 mL of solution) with slight shaking. 

Turbidity of the solution was measured after every addition of water at a wavelength of 

650 nm (at this wavelength there is no absorption of the azobenzene chromophore and 

there is no turbidity in the initial clear solution) using a quartz cell (path length 1 cm) 

with a Unicam UV/vis spectrophotometer. The solution was left to equilibrate till the 

1 µm
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turbidity remains constant. The cycle of water addition, equilibration and turbidity 

measurement was continued until the increase in turbidity upon water addition was very 

small. Beyond 38 wt % addition of water the turbidity remains almost stable, see Fig. 

5.12.  

 

Fig. 5.12: Turbidity curve of PEG16-Phe-Azo-C18 solution in a mixture of DMSO/water 

represented as a function of the amount of water added to the solution (wt %). The 

initial turbidity value, corresponding to this curve for a 100 wt % DMSO solution, is 

zero. 

 

The solution was then dialyzed against water for 2 days to remove the organic solvent 

using a regenerated cellulose membrane with a molecular weight cutoff of 1000 a. m. u. 

The morphological analysis of the dialyzed aggregate solution was then performed by 

TEM on a sample stained with uranyl acetate, see Fig. 5.13.  

 

Fig. 5.13: TEM images of a PEG16-Phe-Azo-C18 sample. 
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Fibrillar structures were found with widths around 10-20 nm. These structures are 

thinner than structures observed in PEG8-Phe-Azo-C18. In fact, PEG16-Phe-Azo-C18 is 

able to self-assembly in a mixture of DMSO/water solvents although the network 

resulting of these self-assembly is not able to form a gel. The hydrophobic/hydrophilic 

balance seems to play a crucial role in the self-assembly and the dimensions of the 

aggregates of these amphiphilic molecules. In the case of PEG8-Phe-Azo-C18, having a 

higher hydrophobic content than PEG16-Phe-Azo-C18 (60/40 molecular weight 

hydrophobic/hydrophilic block ratio), the network is consistent enough to entrap the 

solvent. Meanwhile for PEG16-Phe-Azo-C18, with a higher hydrophilic content (44/56 

molecular weight hydrophobic/hydrophilic block ratio taking as reference n=16), the 

aggregates cannot form a consistent network to entrap the solvent.    

 5.2.4. Irradiation experiments 

Azobenzene group is used in the field of materials science due to the reversible trans-cis 

photochemical isomerization. Irradiation experiments were performed in order to 

investigate a possible photoresponse of the compounds, either in solution or in gel state.     

Experiments in DMSO solution (10
-4 

M) of PEG8-Phe-Azo-C18 and PEG16-Phe-Azo-

C18 were performed under irradiation at 365 nm (see Characterization Techniques 7. 

Annex for experimental conditions), around the maximum corresponding to the * 

transition of the trans isomer. Behavior under photoirradiation was first studied in 

solution and subsequently studies under photoirradiation in DMSO of PEG8-Phe-Azo-

C18 in gel state will be described in the following section. 

Evolution of the sample was monitored by UV-vis absorption and trans-cis 

isomerization was checked, see Fig. 5.14. The shape of the absorption band of both 

compounds in DMSO (10
-4

 M) before irradiation is very similar, an approximately 

symmetrical band corresponding to trans-azobenzenes having a maximum at 365 nm 

corresponding to the π-π* transition, which is in accordance with a relatively low 

aggregation. Under irradiation, PEG8-Phe-Azo-C18 exhibits a decrease of the 

absorbance at λmax due to the decrease of the trans-isomer and the absorbance at 445 

nm, corresponding to the ntransitionincreases due to the appearance of the cis-

isomer. In 6 min, a photostationary state can be considered to be reached, see Fig. 

5.14.a. For a 10
-4

 M solution of PEG16-Phe-Azo-C18 in DMSO, the same behavior of 
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the signal under irradiation was observed but, in this case, the photostationary state was 

observed at 4 min, see Fig. 5.14.b. Partial recovery of the initial UV-vis spectrum was 

achieved when samples were kept in the dark for 24 h.  

 

 

Fig. 5.14: a) Absorption spectra of a 10
-4

 M solution of PEG8-Phe-Azo-C18 in DMSO 

under irradiation at 365 nm as a function of time, b) Absorption spectra of a 10
-4

 M 

solution of PEG16-Phe-Azo-C18 in DMSO under irradiation at 365 nm as a function of 

time. 

Studies by electronic circular dichroism (CD) were performed in order to get more 

insight into the chiral supramolecular organization as well as the possibility to control 

0

0,5

1

1,5

2

2,5

3

275 325 375 425 475 525 575

0 min

1min

2min

3min

4min

5min

6min

7min

8min

λ (nm)

A
b

s
a)

0

0,5

1

1,5

2

2,5

3

275 325 375 425 475 525 575

0min

1min

2min

3min

4min

5min

b)

λ (nm)

A
b

s



5. AMPHIPHILIC MOLECULES BASED ON PEG AND AZOBENZENE 

 

310 

 

the chiral structure by light. PEG8-Phe-Azo-C18 gel, 5 wt % in DMSO and Malt-Phe-

Azo-C18 gel, 0.5 wt % in 1-dodecanol were selected to register their CD spectrum. 

Malt-Phe-Azo-C18 was not soluble in DMSO and gel in 1-dodecanol was selected 

because the minimum concentration of gelification (0.5 wt %) is obtained for this 

solvent. A small amount of the gel was sandwiched between two quartz discs and 

measured (see Characterization Techniques 7. Annex for experimental conditions). 

We confirmed that the contribution of the linear dichroism (LD) to the CD spectra is 

negligible by comparing several CD spectra recorded at different angles around the 

incident light beam. 

UV-vis absorption spectra in gel state of PEG8-Phe-Azo-C18 at 5 wt % in DMSO 

shows a broader curve compared with solution and the λmax value appears at around 362 

nm, see Fig. 5.15.a. The λmax value for a Malt-Phe-Azo-C18 organogel at 0.5 wt % in 1-

dodecanol appears at around 339 nm, see Fig. 5.15.b. The maximums are blue-shifted 

due to the H-aggregation of azobenzene chromophores.  

In the case of PEG8-Phe-Azo-C18 gel at 5 wt % in DMSO, under UV irradiation (see 

Fig. 5.15.a) at 365 nm for 25 min (using the same irradiation conditions as in solution) a 

decrease in the trans-azobenzene UV band was observed. After irradiation for 45 min, 

UV-vis spectrum is more similar to the one exhibited by the cis-isomer, however, the 

trans to cis isomerization was clearer appreciated when the sample was irradiated for 

3h. The photoisomerization was more hindered in the case of gel, due to the stronger 

self-assembly of the chromophores compared to solution. For Malt-Phe-Azo-C18 gel at 

0.5 wt % in 1-dodecanol under irradiation at 365 nm, a photostationary state was 

reached after 10 min, see Fig. 5.15.b. Partial recovery of the initial UV-vis spectrum 

was achieved when gel samples were kept in the dark for 24 h. 
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Fig. 5.15: a) Absorption spectra of PEG8-Phe-Azo-C18 gel (5 wt % in DMSO) 

measured at RT, without irradiation, after 25 min of irradiation, after 45 min of 

irradiation and after 3 h of irradiation. b) Absorption spectra of Malt-Phe-Azo-C18 gel 

(0.5 wt % in 1-dodecanol) measured at RT, without irradiation, after 10 min of 

irradiation, after 45 min of irradiation. 

 

As we can see in the CD spectra of these gels, see Fig. 5.16, for the organogel of PEG8-

Phe-Azo-C18 at 5 wt % in DMSO, a positive exciton coupling band was observed (see 

Fig. 5.16.a), as well as for Malt-Phe-Azo-C18 gel at 0.5 wt % in 1-dodecanol (see Fig. 

5.16.b).  
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A decrease in the CD band was observed under UV irradiation at 365 nm for 3h for 

PEG8-Phe-Azo-C18 gel at 5 wt % in DMSO (see Fig. 5.16.a). Moreover the intersection 

for the CD signal was slightly displaced. UV irradiation at 365nm was also studied in 

Malt-Phe-Azo-C18 at 0.5 wt % in 1-dodecanol gel and only a slight decrease of the CD 

signal was observed in the photostationary state at 10 min (see Fig. 5.16.b). In both 

cases, modifications in the CD signal along the isomerization were observed but 

disappearance of the aggregates was not fully obtained as there was not a complete 

disappearance of the signal. Once irradiated, the gel samples recovered its original CD 

spectra after 24h at darkness.  

 

 

Fig 5.16: CD spectra of: a) PEG8-Phe-Azo-C18 gel (5 wt % in DMSO) measured at RT, 

without irradiation, after 25min of irradiation, after 45min of irradiation, after 3 h of 

irradiation. b) Malt-Phe-Azo-C18 gel (0.5 wt % in 1-dodecanol) measured at RT, 

without irradiation, after 10 min of irradiation, after 45 min of irradiation. 
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Disruption of gels. Irradiation of the PEG8-Phe-Azo-C18 gel (5 wt % in DMSO) and 

Malt-Phe-Azo-C18 gel (0.5 wt % in 1-dodecanol) were performed using a cuvette 1mm 

thickness in order to observe at naked eye if there was a sol-gel transition under 

irradiation. This transition was observed, in both cases, by using the same irradiation 

conditions as in CD studies. For PEG8-Phe-Azo-C18 gel (5 wt % in DMSO), after 45 

min of irradiation a partial dark red solution was observed at the bottom of the cuvette 

and after 3h almost all the gel was in sol state, see Fig. 5.17.a. Once irradiated, the 

sample did not totally gelify after 24h at darkness, however some aggregates were 

observed. Gel was recovered after approximately 96 h and sol state was again obtained 

under irradiation at 365 nm. For Malt-Phe-Azo-C18 gel (0.5 wt % in 1-dodecanol) a sol-

gel transition was reached after 10 min of irradiation at 365 nm. Gel was formed again 

after approximately 6 h and sol state was again obtained under irradiation at 365 nm. 

 

 

 

Fig 5.17: a) PEG8-Phe-Azo-C18 gel (5 wt % in DMSO) before irradiation and after 3h 

of irradiation at 365 nm. b) Malt-Phe-Azo-C18 gel (0.5 wt % in 1-dodecanol) before 

irradiation and after 10 min of irradiation at 365 nm. 
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5.3. Summary and conclusions 

 Amphiphilic molecules, based on a phenyl azobenzene hydrophobic chain, have 

been synthesized with different polar heads, as a phenylalanine group, a PEG 

derivative or maltose. Liquid crystalline and gel-forming properties have been 

determined. Chiral supramolecular assemblies have been characterized by 

electron microscopy and CD. The light-response of azo-amphiphiles compounds 

has been studied in solution and gel state.  

 Only HOOC-Azo-C18 exhibited liquid crystal properties. No 

mesomorphic behavior was found for Phe-Azo-C18, PEG8-Phe-Azo-C18, 

PEG16-Phe-Azo-C18 and Malt-Phe-Azo-C18 derivatives. 

 HOOC-Azo-C18, Phe-Azo-C18, PEG8-Phe-Azo-C18 and Malt-Phe-Azo-

C18 form gels in different organic solvents.  

 The hydrophobic/hydrophilic ratio is a key factor in the gel formation as 

detected in compounds with different molecular weight of PEG. While 

PEG8-Phe-Azo-C18 is able to form organogels, gelation of PEG16-Phe-

Azo-C18 was not possible despite of forming fibrillar structures in 

solution. 

 

 By different microscopic techniques the resulting self-assembled fibrillar 

network was characterized and a supramolecular chiral arrangement was 

confirmed by CD.  

 

 PEG8-Phe-Azo-C18 gel at 5 wt % in DMSO and Malt-Phe-Azo-C18 gel 

at 0.5 wt % in 1-dodecanol showed a gel-sol photoresponse to irradiation 

at UV light.  
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5.4. Experimental Section 

 

For the synthesis of compound 13 (C15H14N2O3), see Chapter 4, Experimental Section 

4.4.  

Synthesis of the ethyl 4-(octadecyloxy)-4’-(ethyloxycarbonyl)azobenzene 

(C33H50N2O3) (22): 

Compound 13 (1.84 g, 7.4 mmol) was dissolved in acetone (30 mL), under an argon 

atmosphere, KI (0.28 g, 1.85 mmol) and K2CO3 (1.89 g, 1.48 mmol) was added. Once 

the solvent is refluxing the octadecyl bromide (2.72 g, 8.88 mmol) was added dropwise. 

The mixture was stirred for 24 hours. The reaction was monitored by TLC 

(hexane/ethyl acetate, 7:3). The solvent was partially removed. Dichloromethane (60 

mL) was added and washed three times with water and dried with anhydrous MgSO4. 

The product was recrystallized in ethanol yielding an orange solid (2.08 g, 55%). 

1
H NMR (400 MHz, CDCl3, δ ppm): 0.88 (t, 3 H, J=7.2 Hz, CH3-(CH2)15-), 1.50-1.28 

(m, 33 H, CH3-CH2-O-, -(CH2)15-), 1.86-1.79 (m, 2H, (CH2)15-CH2-CH2-O), 4.05 (t, 2H, 

J=6.8 Hz, -CH2 -CH2-O), 4.41 (q, 2H, J= 7.2 Hz, O-CH2-CH3), 7.02-7.00 (m, 2H,  

CHar), 7.95-7.89 (m, 4H, CHar), 8.18-8.16 (m, 2H, CHar). 

13
C (100 MHz, CDCl3, δ ppm): 14.1, 14.3 CH3-CH2 x2, 22.7, 26.0, 29.2, 29.4, 29.6, 

29.6, 29.7, 29.7, 31.9 CH2 x16, 61.2, 68.4 O-CH2 x2, 114.8, 122.3, 125.1, 130.5, CHar, 

131.5, 146.8, 155.3, 162.4, 166.2 Car, CO.   

ESI
+
: 523.4 [M + H]

+
, 545.4 [M

 
+ Na]

+
. 

IR (KBr, cm
-1

): 2916, 2848, 1715, 1601, 1584, 1472, 1463, 1283, 1251, 1142, 1106, 

1020, 866, 841, 773, 695, 553.  

Synthesis of 4-(octadecyloxy)-4’-(hydoxycarbonyl)azobenzene HOOC-Azo-C18 

(C31H46N2O3): 

Compound 22 (2.08 g, 3.9 mmol) and KOH (1.58 g, 27.3 mmol) were dissolved in 

ethanol (50 mL) and stirred and heated under reflux for 24 hours. The reaction is 

monitored by TLC with dichloromethane as eluent. 70 mL of water was added. The 

product precipitated upon addition of HCl (37%) until pH 2. It was filtered and washed 
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with water. It was obtained as an orange powder which was recrystallized in acetic acid 

(1.55 g, 80%). 

1
H NMR (400 MHz, DMSO, 90°C, δ ppm): 0.87 (t, 3H, J=7.2 Hz, CH3-CH2-), 1.47-

1.27 (m, 30 H, –(CH2)15-), 1.80-1.76 (m,2H, (CH2)15-CH2-CH2-O-), 4.13 (t, 2H, J=6.4 

Hz, CH2-CH2-O-), 7.13-7.11  (m, 2H, CHar), 7.91-7.86 (m, 4H, CHar), 8.12-8.10 (m, 

2H, CHar). 

13
C (100 MHz, DMSO, 90°C, δ ppm): 14.0, CH3, 22.3, 25.8, 28.9, 29.1, 29.3, 29.3, 

31.6, CH2, 68.9 O-CH2, 115.7, 122.4, 125.2, 130.8, CHar, 132.9, 147.0, 155.3, 162.6, 

167.7 Car, CO. 

ESI
+
: 495.4 [M + H]

+
.  

IR (KBr, cm
-1

): 2918, 2849, 1680, 1602, 1583, 1501, 1471, 1419, 1290, 1249, 1143, 

837, 544.  

Synthesis of 4-(octadecyloxy)-4’-(succinimidyl-N-oxycarbonyl)azobenzene 

(C35H49N3O5) (23): 

HOOC-Azo-C18 (2.49 g, 5.04 mmol) was dissolved in 240 mL of anhydrous THF. This 

solution was heated until the benzoic acid was dissolved and a N-hydroxysuccinimide 

(0.81 g, 7.13 mmol) in 40 mL of THF solution was added. The mixture was cooled to 

room temperature and then placed in a water-ice bath. Dicyclohexylcarbodiimide 

(DCC) (6.60 g, 32 mmol) was dissolved in 35 mL of THF and added to the mixture and 

was stirred for 96 h at room temperature. The reaction mixture was filtered and the 

solvent was distilled off. The product was recrystallized from isopropanol to obtain a 

red solid (2.56 g, 86%). 

1
H NMR (400 MHz, CDCl3, δ ppm): 0.87 (t, 3H, J=6.1 Hz, CH3-CH2-), 1.18-1.52 (m, 

30 H, –(CH2)15-), 1.78-1.87 (m,2H, (CH2)15-CH2-CH2-O-), 2.92 (s, 4H, CHsucc), 4.05 

(t, 2H, J=6.5 Hz, CH2-CH2-O-), 6.99-7.05 (m, 2H, CHar), 7.92-7.99 (m, 4H, CHar), 

8.24-8.29 (m, 2H, CHar). 

13
C (100 MHz, CDCl3, δ ppm): 14.1, CH3-CH2, 22.7, 25.7, 26.0, 29.2, 29.4, 29.6, 29.6, 

29.7, 29.7, 31.9 CH2 x16, 68.4 O-CH2, 114.8, 122.7, 125.5, 131.7, CHar, 125.8, 146.8, 

156.5, 161.5, 162.7, Car, 169.2,CO succ x2.   
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ESI
+
: 592.4 [M + H]

+
. 

IR (KBr, cm
-1

): 2918, 2848, 1775, 1733, 1583, 1500, 1467, 1244, 1208, 1081, 1003, 

863, 686, 549.   

Synthesis of Phe-Azo-C18 (C40H55N3O4):  

L-Phenylalanine (0.66 g, 3.99 mmol) and diisopropylethylamine (1.40 mL, 8.12 mmol) 

were dissolved in 25 mL of water and 30 mL of THF. A solution of 23 (2.40 g, 4.06 

mmol) in 100 mL of THF was added. The mixture was stirred at room temperature for 

60 h. The reaction was monitored by TLC using hexane/ethyl acetate 1:1 as eluent. A 

solution of HCl (37%) was added until pH = 4. The solvent was partially removed and 

the resulting aqueous phase was extracted with dichloromethane (3 × 250 mL). The 

organic layer was dried with anhydrous MgSO4 and finally the solvent was evaporated. 

The product was purified by flash chromatography using dichloromethane and 

increasing the polarity with methanol. A red solid was obtained (1.502 g, 58%). 

1
H(300 MHz, CDCl3, δ ppm): 0.88 (t, 3H, J= 6.7 Hz, CH2-CH3), 1.26-1.50 (m, 30H, -

(CH2)15-), 1.78-1.87 (m, 2H, –O-CH2-CH2), 3.24-3.46 (m, 2H, –CH-CH2-ar), 4.05 (t, 

2H, J=6.6 Hz, -O-CH2-CH2-), 5.07-5.17 (m, 1H, -CH-CH2-ar), 6.59 (d, 1H, J=7.2 Hz, 

NH-CO-), 6.99-7.02 (m, 2H, Har-C-O-CH2-), 7.22-7.73 (m, 6H, Har), 7.80-7.94 (m, 

5H, Har). 

13
C (75 MHz, CDCl3, δ ppm): 14.1 CH2-CH3, 22.7, 26.0, 29.2, 29.4, 29.5, 29.6, 29.7, 

29.7, 31.9,-CH2-, 37.2 –CH-CH2-ar, 53.7 -CH-CH2-ar, 68.5 O-CH2-CH2-, 114.8, 122.7, 

125.2, 127.4, 128.0, 128.8, 129.4 CHar, 134.3, 135.5, 146.8, 155.8, 162.3 Car, 167.0 

NH-CO, 174.3 COOH. 

MALDI-TOF (DCTB+NaTFA): 686.7 [M+2Na]
+
, 664.6 [M+Na]

+
, 642.6 [M+H]

+
. 

Anal. Calcd. for C40H55N3O4: C, 74.85; H, 8.64; N, 6.55. Found: C, 74.75; H, 8.65; N, 

6.44.  

IR (KBr, cm
-1

): 3316, 2919, 2850, 1644, 1527, 1252, 1143, 838. 

Synthesis of PEG8-Phe-Azo-C18 and PEG16-Phe-Azo-C18: 

Phe-Azo-C18 (305 mg, 0.47 mmol) and hydroxybenzotriazole (80 mg, 0.59 mmol) were 

dissolved in 20 mL of anhydrous THF. Methyl-PEGn-amine (n=8, from Fisher 
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Scientific or 16, from Fluka) (200 mg, 0.52 mmol) was added. The solution was cooled 

to 0 ºC. 1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride (101 mg, 0.52 

mmol) was added. The reaction mixture was stirred for 2 days at room temperature. The 

reaction was monitored by TLC with hexane/ethyl acetate 1:9 as eluent. The mixture 

was filtered and the solvent was removed under reduced pressure. 250 mL of 

dichloromethane were added and the organic phase was washed three times with 1M 

KHSO4 solution, and three times with 1M NaHCO3 solution. The organic layer was 

dried over anhydrous MgSO4. The solution was filtered and the solvent was removed 

under reduced pressure. The product was purified by flash chromatography using 

dichloromethane and increasing the polarity with methanol. A red solid was obtained 

(0.401 mg, 85% for PEG8-Phe-Azo-C18, 315 mg, 84% PEG16-Phe-Azo-C18). 

PEG8-Phe-Azo-C18 

1
H(500 MHz, CDCl3 δ ppm): 0.87 (t, 3H, J= 6.7Hz, CH2-CH3), 1.16-1.53 (m, 30H, -

(CH2)15-), 1.78-1.85 (m, 2H, -O-CH2-CH2), 3.10-3.29 (m, 2H, -CH-CH2-ar), 3.36 (s, 

3H,–O-CH3), 3.32-3.73 (m, 32H, –(O-CH2-CH2)7-O, -O-CH2-CH2-NH-), 4.05 (t, 2H, J= 

6,5Hz, -O-CH2-CH2-), 4.77-4.86 (m, 1H, -CH-CH2-ar), 6.28 (s, 1H, CH2-CH2-NH-CO), 

6.97-7.07 (m, 3H, Har-C-O-CH2-, ar-CH-NH-CO), 7.20-7.37 (m, 5H, Har), 7.85-7.99 

(m, 6H, Har). 

13
C (125 MHz, CDCl3 δ ppm): 14.1 CH2-CH3, 22.7, 26.0, 29.2, 29.4, 29.4, 29.5, 29.5, 

29.6, 29.7, 31.9 -CH2-, 38.9 –CH-CH2-ar, 39.4 –O-CH2-CH2-NH, 55.1 -CH-CH2-ar, 

59.0 -O-CH3, 68.5 O-CH2-CH2-, 69.5, 70.3, 70.5, 70.5, 71.9 –(O-CH2-CH2)n-O, -O-

CH2-CH2-NH-, 114.7, 122.6, 125.0, 127.0, 128.0, 128.7, 129.4 CHar, 134.9, 136.7, 

146.8, 154.6, 162.2, 166.2, 170.6 Car, ar-CH-NH-CO, CH2-CH2-NH-CO-. 

MALDI-TOF (DCTB+NaTFA):  1029.8 [M (n=8) +Na]
+
. 

Anal. Calcd for C57H90N4O11: C, 67.96; H, 9.01; N, 5.56. Found: C, 68.08 ; H, 9.59 ; N, 

5.58.  

IR (KBr, cm
-1

):  3301, 2920, 2850, 1636, 1530, 1251, 1143, 1105, 859, 837, 698. 

PEG16-Phe-Azo-C18  

1
H(300 MHz, CDCl3 δ ppm): 0.81 (t, 3H, J= 6.7Hz, CH2-CH3), 1,04-1,40 (m, 30H, -

(CH2)15-), 1.70-1.81 (m, 2H, –O-CH2-CH2), 3.04-3.22 (m, 2H, –CH-CH2-ar), 3.31 (s, 
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3H, –O-CH3), 3.32-3.70 (m, nH, –(O-CH2-CH2)n-O, -O-CH2-CH2-NH-), 3.98 (t, 2H, J= 

6.5Hz, -O-CH2-CH2-), 4.73-4.84 (m, 1H, -CH-CH2-ar), 6.60 (s, 1H, CH2-CH2-NH-CO-

), 6.92-6.95 (m, 2H, Har-CO-CH2-), 7,04 (d, 1H, J= 7.6 Hz, ar-CH-NH-CO), 7.16-7.26 

(m, 5H, Har), 7.82-7.87 (m, 6H, Har). 

13
C (100 MHz, CDCl3, δ ppm): 14.1 CH2-CH3, 22.7, 26.0, 29.2, 29.4, 29.4, 29.5, 29.5, 

29.6, 29.7, 31.9,-CH2-, 38.9 –CH-CH2-ar, 39.4 –O-CH2-CH2-NH, 54.9 -CH-CH2-ar, 

59.1 –O-CH3,  68.5 O-CH2-CH2-, 69.5, 70.3, 70.5, 71.9 –(O-CH2-CH2)n-O, -O-CH2-

CH2-NH-, 114.7, 122.5, 125.0, 126.9, 128.0, 128.5, 129.4 CHar, 134.3, 136.7, 146.8, 

154.6, 162.2, 166.2, 170.6 Car, ar-CH-NH-CO, CH2-CH2-NH-CO-. 

MALDI-TOF (DCTB+NaTFA):  1249.8 [M (n=13) +Na]
+
, 1293.8 [M (n=14) +Na]

+
, 

1337.8 [M (n=15) +Na]
+
, 1381.9 [M (n=16) +Na]

+
, 1425.9 [(M (n=17) +Na]

+
, 1469.9 

[M (n=18) +Na]
+
, 1513.9 [M (n=19) +Na]

+
, 1558.0 [M (n=20) +Na]

+
, 1603.0 [M (n=21) 

+Na]
+
, 1646.0 [M (n=22) +Na]

+
, 1690.0 [M (n=23) +Na]

+
, 1734.0 [M (n=24) +Na]

+
. 

IR (KBr, cm
-1

):  3300, 2920, 2850, 1636, 1531, 1251, 1144, 1107, 838. 

Synthesis and characterization of Hepta-O-acetyl-β-maltosyl azide (C26H35N3O17) 

(5) and Synthesis of Hepta-O-acetyl-β-maltosyl amine (C26H37NO17) (6) were 

previously described in Chapter 3, please see Experimental Section 3.7 for data. 

Synthesis of N-[4- (4´-octadecyloxyphenylazido)phenylcarbonyl L-phenylalanyl 

chloride (24): 

Phe-Azo-C18 (740 mg, 1.15 mmol) was dissolved in 25 mL of anhydrous THF. Oxalyl 

chloride (0.30 mL, 2.81 mmol) and anhydrous DMF (0.3 mL) were added. The reaction 

mixture was stirred overnight. The solvent was removed under reduced pressure. The 

product was used without further purification. 

Synthesis of acetylated maltose conjugate OAc-Malt-Phe-Azo-C18 (C66H90N4O20): 

Compound 6 (0.94 mmol) was dissolved in 10 mL of anhydrous DMF. Pyridine (0.1 

mL, 1.24 mmol) was added and the solution was cooled to 0 ºC. A solution of 

compound 7 (1.15 mmol) in 10 mL of anhydrous DMF and 15 mL of THF was added. 

20 mL of THF were added to complete solubilization. The reaction mixture was stirred 

for 48 h at room temperature and poured into 150 mL of water. The aqueous phase was 

extracted with 3 × 150 mL of hexane/ethyl acetate 1:1. The organic phase was dried 
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with anhydrous MgSO4. The solution was filtered and the solvent was removed under 

reduced pressure. The resulting product was purified by flash chromatography with 

dichloromethane/ethyl acetate 8:2 as eluent. A red solid was obtained (646.2 mg, 54%).   

1
H NMR (500 MHz, CDCl3): 0.88 (t, 3H, J = 6.8 Hz, -(CH2)15-CH3), 1.19-1.53 (m, 30H, 

CH2-(CH2)15-CH3), 1.78-1.87 (m, 2H, –CH2-CH2-(CH2)15), [1.85, 1.97, 2.00, 2.02, 2.03, 

2.04, 2.05, 2.06, 2.09, 2.11, 2.12, 2.18] (s, 21H), 3.14-3.36 (m, 2H, CH-CH2-Car-), 

3.77-3.85 (m, 1H, H5´), 3.91-3.99 (m, 2H, H5, H4´), 4.05 (t, 2H, J = 7.3 Hz, –O-CH2-

CH2), 3.99-4.08 (m, 1H, H6b), 4.19-4.31 (m, 2H, H6a, H6´a), 4.43-4.50 (m, 1H, H6´a), 

4.68-4.78 (m, 1H, H2´), 4.79-4.90 (m, 2H, NH-CH-CH2, H2), 5.01-5.11 (m, 1H, H4), 

5.27 (dd, 1H, J1´,2´= 8.9 Hz, J1´,NH = 8.9 Hz, H1´), 5.32-5.41 (m, 3H, H1, H3, H3´), 6.52 

(dd, 1H, J=7.5 Hz, J= 69.2 Hz, NH-CH), 6.86 (dd, J=8.9 Hz, J= 41.5 Hz, NH-C1), 6.88-

7.04 (m, 2H, Har), 7.18-7.35 (m, 4H, Har), 7.36-7.45 (m, 1H, Har), 7.73-7.79 (m, 1H, 

Har), 7.81-7.85 (m, 1H, Har), 7.85-7.97 (m, 4H, Har). 

13
C NMR (125 MHz, CDCl3): 14.1 -(CH2)15-CH3, 20.5, 20.6, 20.6, 20.8, 20.8, 20.8, 

22.6, 26.0, 29.1, 29.3, 29.5, 29.5, 29.6, 29.6, 31.9 (CH3-CO-O), -(CH2)16-, 37.3, 37.4 

CH-CH2-Car, 54.5 CH-CH2-Car, 61.4 C6, 62.6 C6´, 67.9 C4, 68.4 –O-CH2-CH2, 68.5 

C5, 69.3 C3/C3´, 70.0 C2, 70.8, 71.1 C2´, 72.5, 72.6 C4´, 73.9 C5´, 74.8, 74.9 C3/C3´, 

77.7, 78.0 C1´, 95.5 C1, 114.8, 122.6, 125.1, 127.3, 127.4, 127.9, 128.0, 128.8, 128.9, 

129.2, 129.5, CHar, 134.2, 134.3, 135.6, 135.8, 146.7, 154.8, 162.3, Car, 166.7, 166.8 

CH-NH-CO-Car, 169.4, 169.7, 169.8, 170.4, 170.5, 170.6  CH3-CO-O-CH3, Car, 170.9, 

171.1 C1´-NH-CO, 171.4 Car-CH2. 

MALDI-TOF MS (DIT+NaTFA): 1281.2 [M + Na]
+
. 

IR (KBr, cm
-1

): 3335, 2920, 2850, 1750, 1639, 1526, 1370, 1239, 1033, 859, 601. 

Anal. Calcd for C42H67NO18: C, 62.94; H, 7.20; N, 4.45. Found: C, 63.44 ; H, 7.56 ; N, 

4.45.  

Synthesis of Malt-Phe-Azo-C18 (C52H76N4O13): 

OAc-Malt-Phe-Azo-C18 (131.1 mg, 0.10 mmol) were dissolved in 5 mL of anhydrous 

methanol. Sodium methoxide (50.0 mg, 0.92 mmol) was then added. The solution was 

stirred at room temperature until the reaction was complete (TLC, 

dichloromethane/ethyl acetate 1:1). Amberlyst IR 120 (H
+
 form) was added to exchange 
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sodium ions until pH 7-6. The resin was filtered off and the solvent was evaporated in 

vacuum to give a red solid (58 mg, 60%).  

1
H NMR (500 MHz, DMSO, δ ppm): 0.85 (t, 3H, J = 6.7 Hz, -(CH2)15-CH3), 1.17-1.49 

(m, 30H, CH2-(CH2)15-CH3), 1.70-1.78 (m, 2H, –CH2-CH2-(CH2)15), 2.99-3.92 (m, 14H, 

CH-CH2-Car-, H2, H3, H4, H5, H6a, H6b, H2´, H3´, H4´, H5´, H6´a, H6´b), 4.09 (t, 

2H, J = 6.4 Hz, –O-CH2-CH2), 4.16-4.31 (m, 2H, OH), 4.49-4.72 (m, 2H, OH), 4.77-

4.90 (m, 2H, NH-CH-CH2, H1´), 5.01-5.09 (m, 1H, H1), 5.09-5.22 (m, 1H, OH), 5.29-

5.45 (m, 2H, OH), 7.06-7.41 (m, 7H, Har), 7.78-7.99 (m, 6H, Har), 8.36-8.46 (m, 1H, 

NH-CO), 8.56 (t, 1H, NH-C1´). 

13
C NMR (125 MHz, DMSO, δ ppm): 13.5 -(CH2)12-CH3, 21.7, 25.2, 28.4, 28.7, 31.0  -

CO-CH2-(CH2)13-CH3, 37.3 CH-CH2-Car, 54.6, 54.7 CH-CH2-Car, 68.1, –O-CH2-CH2, 

61.0, 70.2, 71.7, 72.0, 72.2, 72.4, 73.3, 76.9, 77.1, 79.3, C2, C3, C4, C5, C6, C2´, C3´, 

C4´, C5´, C6´, 79.9 C1´, 100.6 C1, 115.0, 121.6, 124.6, 125.9, 127.8, 128.3, 129.0 

CHar, 135.6, 137.9, 138.0, 146.2, 153.6, 165.4, 171.6 Car, CH-NH-CO-Car, C1´-NH-

CO. 

MicroTOF MS: 987.5253 [M+ Na]
+
, calcd: 987.5403. 

IR (KBr, cm
-1

): 3307, 2917, 2849, 1635, 1539, 1250, 1034, 856, 836. 
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