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Does thermotropic liquid crystalline self-assembly control biological 

activity in amphiphilic amino acids? – Tyrosine ILCs as a case study 
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Abstract. Amphiphilic amino acids represent promising scaffolds for biologically active soft matter. 

In order to understand the bulk self-assembly of amphiphilic amino acids into thermotropic liquid 

crystalline phases and their biological properties a series of tyrosine ionic liquid crystals (ILCs) was 

synthesized, which carried a benzoate unit with 0 – 3 alkoxy chains at the tyrosine unit and a cationic 

guanidinium head group. Investigation of the mesomorphic properties by polarizing optical 

microscopy (POM), differential scanning calorimetry (DSC) and X-ray diffraction (WAXS, SAXS) 

revealed smectic A bilayers (SmAd) for ILCs with 4-alkoxy- and 3,4-dialkoxybenzoates, whereas 

ILCs with 3,4,5-trisalkoxybenzoates showed hexagonal columnar mesophases (Colh), while different 

counterions had only a minor influence. Dielectric measurements revealed a slightly higher dipole 

moment of non-mesomorphic tyrosine-benzoates as compared to their mesomorphic counterparts. 

The absence of lipophilic side chains on the benzoate unit was important for the biological activity. 

Thus, non-mesomorphic tyrosine benzoates and crown ether benzoates devoid of additional side 

chains at the benzoate unit displayed the highest cytotoxicities (against L929 mouse fibroblast cell 

line) and antimicrobial activity (against Escherichia coli TolC and Staphylococcus aureus) and 

promising selectivity ratio in favour of antimicrobial activity.  
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Introduction 

Ionic liquid crystals (ILCs) have received much attention over the last decade as battery materials,1 

novel electrolytes for organic solar cells,2–4 anisotropic ion conductors,5–7 electrofluorescent 

switches,8,9 membranes for water desalination and waste water treatment10 as well as other technical 

applications.11 These unique soft matter materials can be tailored by variation of anion and cation 

leading to a broad range of polarities, viscosities, thermal and electrochemical stabilities as well as 

phase behaviour.12–19 The bulk self-assembly of ILCs into various thermotropic mesophases is 

governed by strong Coulomb interactions between the ionic head groups and the corresponding 

counterions leading to nanophase separation of immiscible molecular subunits, i.e. ionic parts and non-

polar, aromatic or fluorinated subunits. Mesophase formation and stability is further enforced by 

additional van der Waals, − interactions, hydrogen bonding and/or fluorophobic interactions. On 

the one hand, the resulting lamellar, columnar or cubic mesophase architectures are indispensable for 

the various technical applications outlined above.13 On the other hand, ILCs possess an amphiphilic 

molecular structure, suggesting that they may also interact with biological matter in a similar way as 

various known ionic liquids (ILs).20–22 For example, Gravel and Schmitzer found that the electrostatic 

interactions of ILs (in their case imidazolium or benzimidazolium-based) with the cell membrane are 

one of the general requirements for affecting microorganisms. Furthermore, when alkyl chains were 

present, they could determine the self-association properties and the ability of the salts to insert into or 

diffuse through the cell membrane.21 Eventually, early work by Douce revealed that ILCs can indeed 

shuttle oligonucleotides through cell membranes and that the chain lengths of the ILCs not only 

determined their phase type but also their ability to act as siRNA transfectants.23 Later independent 

studies by Lin24 and some of us25 (Scheme 1) revealed antimicrobial properties of ILCs. In particular, 

amino acid-derived ILCs are promising candidates in that respect, as they resemble naturally occurring 

antimicrobial amino acid-containing lipids.26–28 Because of their amphiphilic character and the relation 

to lipids which are essential building blocks in the lipid bilayer of bacterial cells, ILCs might be able 
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to interact with and disrupt bacterial cell membranes. These properties would be highly desirable as 

they might contribute to the development of new antibiotics to counteract the increasing incidence of 

antibiotic resistance.25,29–31 As a result, they may directly disrupt ion homeostasis or increase the 

penetration rate of concurrently administered antibiotics. Another interesting aspect would be what 

influence the respective mesophase geometry caused by self-assembly could have on the biological 

properties or specifically on the bacterial cell membrane. It is therefore important to further investigate 

and understand the potential of ILCs as antimicrobial agents. Several groups worldwide have 

investigated amino acid ILCs (and ILs) and the major focus was put on their thermotropic25,32–37 and 

lyotropic phase behaviour34,38–46 as well as solvation properties.37,47–51 Biological properties of amino 

acid ILCs, on the other hand, remain almost unexplored.24,25  

In our previous work25 we have shown that cytotoxic and/or antimicrobial properties of amino 

acid ILCs can be controlled by the type of amino acid, i.e. phenylalanine (Phe), tyrosine (Tyr) or 3,4-

dihydroxyphenylalanine (DOPA), carrying zero, one or two alkoxy side chains respectively25 

(Scheme 1). On the other hand the type of amino acid (and in some cases the counterion and/or an 

attached crown ether) also determined the mesomorphic properties.25,32,52,53 We surmised that an amino 

acid such as tyrosine might be a suitable model system to study structure-property relationships. We 

aimed to control both mesomorphic and biological properties by (i) extension of the aromatic tyrosine 

core with a benzoate and eventually branching towards a wedge-shaped molecular architecture and (ii) 

variation of the substitution pattern of the lateral benzoate and (iii) variation of size and coordination 

properties of the counterion. The extension with different benzoate building blocks appeared to be 

most promising since these core units are known to promote mesophases in liquid crystals and 

(guanidinium) ILCs.52–57 Moreover, the ester groups could offer the advantage of a potential biological 

target group with possibilities for applications as antibiotics.58 Benzoates are synthetically easily 

accessible and provide properties beneficial for the formation of mesophases. These include additional 

π-π interactions of the aromatic moieties and dipole interactions of the ester units. In addition, an 

increase in the rigid moiety can be achieved while maintaining flexibility through the linking ester 
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unit. Our results revealed that core extension via benzoates is indeed beneficial for the biological 

properties, while the mesomorphic self-assembly is determined by the substitution pattern of the lateral 

benzoate and the counterion. The details are disclosed below.  

 

Scheme 1. Our previous work25,32,59 on ionic liquid crystals derived from aromatic amino acids (top). 

Extension of the aromatic tyrosine core and its impact on both mesomorphic and biological properties 

(bottom). 
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Results and discussion 

Synthesis of tyrosine-derived ILCs 

As outlined in Scheme 2, L-tyrosine Tyr was treated with alkanols in the presence of 1.5 mol% TsOH 

under Dean-Stark conditions to give the esters TyrCn in 66 – 93%.32 Subsequent  

N-Boc protection with Boc2O and NaHCO3 yielded the NHBoc esters TyrCnBoc in 88 – 96%, which 

were esterified with the alkoxybenzoates Ar(Cm)CO2H in the presence of EDC and DMAP in CH2Cl2 

following the method by Maloulibibout32,60 to give the NHBoc benzoates Ar(Cm)TyrCnBoc in 

56 – 92%. Removal of the Boc group was accomplished with TFA according to Vallakati61 yielding 

the corresponding amines Ar(Cm)TyrCnNH2 in 63% – quant., which were reacted with tetra-

methylchloroformamidinium chloride GuaCl to the desired amphiphilic guanidinium chlorides 

Ar(Cm)TyrCnCl in 57 – 93%.  

 

Scheme 2. Synthesis of tyrosine-derived guanidinium ILCs Ar(Cm)TyrCnX. 

The guanidinium chlorides Ar(C14)TyrC14Cl were then submitted to a salt metathesis with NaX 

or KX following the method by Butschies62 to give the guanidinium salts Ar(C14)TyrC14X (X = Br, I, 

OTf, PF6, BF4, SCN, NO3) in 77% – quant. yield. Attempts to synthesize analogous guanidinium 
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chlorides by using L-serine instead of L-tyrosine met with little success and were discarded. For details 

see Scheme S2 and the corresponding part in the ESI (chapter 2.3). 

NMR studies of tyrosine-derived ILCs 

Examining the guanidinium salts Ar(Cm)TyrCnX (Figure 1a, 3,4,5-C14TyrC14X as example) via 

1H-NMR revealed a pronounced anion-dependent downfield shift of the guanidinium NH and the 

methylene H signals, presumably due to the tight ion pair of the counterion and the guanidinium head 

group (Figure 1b) in agreement with previous observations for guanidinium salts.62–64  

 

Figure 1. a) Structure and facilitated NMR assignment of 3,4,5-C14TyrC14X. b) Sections of the  
1H NMR spectra of the guanidinium salts 3,4,5-C14TyrC14X (500 MHz, CDCl3, r.t.); orange arrow: 

shift δH of the NH signal (1H); blue double arrow: width of the guanidinium signals (total of 12H).  

In addition, a concurrent influence on the position and splitting of the signals of the neighboring 

methylene group (3-H or 3a-H and 3b-H) and the methyl groups of the guanidinium head group 

[N(CH3)2] was observed. 

Thus, a plot of the chemical shift of the NH signal NH vs. anion radius65,66 (Figure 2) showed that 

the NH values decreased with increasing anion radius, since the NH proton experiences a greater 
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shielding and thus an upfield shift because of larger or more sterically demanding anions. In addition, 

an electron-withdrawing environment can reduce the shielding of the proton by its electron shell 

(deshielding) and thus leads to a downfield shift. 

 
Figure 2. Correlation of the NH chemical shifts (in ppm, CDCl3, 296 K) of 3,4,5-C14TyrC14X 

(X ≠ OTf) with the anionic radii. The values for the radii were taken from lit.65,66. 

In order to study the dynamic behaviour of the guanidinium unit temperature-dependent  

1H NMR spectra were measured for selected guanidinium salts differing in their anions. The 

temperature during the NMR experiments was lowered stepwise from 298 K (r.t.) to 264 K (–9 °C). 

This resulted in splitting of the N(CH3)2 signals into four singlets of equal intensity (Figure 1c, light-

blue arrows). The temperature-dependent NMR spectroscopic measurements of the guanidinium salts 

3,4,5-C14TyrC14X with the anions PF6, BF4 and SCN (Figure 3) revealed the influence of size of the 

anion. In the case of sterically more demanding anions, the protons generally have less space and 

therefore exhibit significantly more similar chemical shifts δH than in the case of simpler anions. The 

three relevant rotations within the guanidinium head group are shown in Figure 3 (far right). The 

rotations 1 – 3 refer to the rotation around the respective C–N bond axes. The temperature-dependent 

NMR spectroscopic measurements of the guanidinium salts 3,4,5-C14TyrC14X with the anions PF6, 

BF4 and SCN were used to estimate the rotation barriers (Figure 3). The coalescence temperature Tcoa 

describes the temperature at which several signals merge into one peak. The signal spacing δνcoa, which 

corresponds to the distance of the peaks at which coalescence occurs, was obtained directly from the 

1H NMR spectra rather than derived from a temperature-dependent plot because of the large difference 
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between the temperatures. It should be noted that the determined free energies of activation ΔGc
‡
oa of 

the rotational barriers are estimated values which, according to Butschies,62 nevertheless provide 

insight into the dynamics and behaviour of the guanidinium head group, due to a negligible temperature 

dependence of δνcoa. The position of the counterion with respect to the guanidinium group can be 

deduced from solid state structures.62 However, no single crystal structures could be obtained for our 

derivatives and thus assignment of rotations was carried out in analogy with guanidinium salts 

described by Butschies.62 Estimated rotational barriers of 55 – 58 kJ · mol–1 were obtained (Figure 3), 

which were of similar order of magnitude as previously described for guanidinium iodide (46 – 64 

kJ · mol–1).62 The coalescence or splitting of the signals of the iodides occurred in a much broader 

temperature range (231 – 324 K ), this could be attributed to the larger anions (PF6, BF4 and SCN) and 

the associated restriction of motion of the head group. 

 

Figure 3. Sections of the temperature-dependent 1H NMR spectra of guanidinium salts  

3,4,5-C14TyrC14X with X = SCN (left), BF4 (center) and PF6 (right) in the area of the guanidinium 

methyl groups (500 or 700 MHz, CDCl3). Guanidinium methyl groups on the top right showing 

dynamic behaviour (for full temperature-dependent 1H NMR spectra, see ESI chapter 10, Figure S28–

S30). Rotations 1 – 3 were assigned according to the method by Butschies62 and are summarized in the 

inserted table: coalescence temperatures Tcoa, frequency seperations δνcoa, rate constants k and the 

estimated free energies of activation ΔGc
‡
oa of the guanidinium salts 3,4,5-C14TyrC14SCN, 3,4,5-

C14TyrC14BF4 and 3,4,5-C14TyrC14PF6.  
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Mesomorphic properties of tyrosine-derived ILCs  

Mesomorphic properties were studied by differential scanning calorimetry (DSC), polarizing optical 

microscopy (POM) and X-ray diffraction (XRD: SAXS, WAXS). For details of the DSC 

measurements (Figures S7–S14 and Table S1–S7), for further POM images (Figure S1–S6) and XRD 

results (Figure S15–S20) see ESI chapter 3 – 6 respectively. 

Benzoate- and 3,5-dialkoxybenzoate-substituted guanidinium salts BzTyrCnX and  

3,5-CmTyrCnX did not show liquid crystalline properties irrespective of the counterion X or the alkyl 

chain length (Figure 4). Only a melting from the crystalline to the isotropic phase was observed upon 

heating. Upon cooling samples either vitrified into a glassy solid in most cases or crystallized with a 

pronounce hysteresis due to supercooling. It should be noted that soft, polarizable anions,67 e.g. Br, I, 

BF4, PF6 decreased the melting transitions considerably, in particular for the 3,5-C14TyrC14X series 

(Figure 4). 

On the other hand, chain length variations had only a little influence on the phase behaviour, as 

exemplified for the chloride salts BzTyrCnCl and 3,5-CmTyrCnCl. In addition, all unsubstituted and 

3,5-substituted derivatives can be considered ionic liquids since their melting points are below 100 °C. 

The unsubstituted benzoates BzTyrCnX represent an extended L-phenylalanine ILC PheCnCl from 

Neidhardt25 which possessed SmAd phases with increasing chain length n (n ≠ 10) (Table 1).25 The 

absence of a mesophase for BzTyrCnX might be attributed to the additional flexibility of the ester 

linkage between the building blocks and decreased influence of van der Waals interactions resulting 

in less efficient nanosegregation. Comparison of the non-mesomorphic 3,5-disubstituted guanidinium 

salts 3,5-CmTyrCnX with the L-DOPA ILC CmDOPACnCl from Neidhardt,25 which formed columnar 

(Colh) mesophases (see Table 1)25 suggests that meta-substituted side chains in 3,5-CmTyrCnX do not 

support efficient space filling and thus prevent both the formation of a columnar as well as smectic 

phase.
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Table 1. Phase transition temperatures T in °C of guanidinium salts 4-CmTyrCnX, BzTyrCnX, 3,4-CmTyrCnX, 3,4,5-CmTyrCnX  in comparison to 

those of CmTyrCnX, PheCnX CmDOPACnX from Lit25,59 Cr: Crystalline; G: glass-like; SmAd: smectic Ad; Colh: columnar hexagonal; Colr: columnar 

rectangular; I: isotropic liquid; values from DSC 1st or 2nd  cooling cycle with cooling/heating rates of 5 K · min–1 or 10 K · min–1; ⁕ Observed in POM.  

X–  n  m 4-CmTyrCnX 

Cl 10 10 Cr 55 I  ⁕      

Cl 12 12 Cr 35 SmAd 80 I     

Cl 14 14 Cr 54 SmAd 109 I     

NO3 14 14 Cr 45 SmAd 100      

I 14 14 Cr 44 SmAd 101 I     

BF4 14 14 Cr 40 SmAd 97 I     

PF6 14 14 Cr 30 SmAd 84 I     

X–  n  m CmTyrCnX 

Cl 10 10 G 30 SmA 79 I     

Cl 12 12 G 27 SmA 112 I     

Cl 14 10 Cr 36 SmA 87 I     

Cl 14 12 Cr 36 SmA 106 I     

Cl 14 14 Cr 45 SmA 111 I     

Br 14 14 Cr 35 SmA 90 I     

I 14 14 Cr 64 SmA 93 I     

BF4 14 14 Cr 31 SmA 87 I     

PF6 14 14 Cr 24 Colr 78 I     

OTf 14 14 Cr 19 SmA 32 I     

            

X–  n  BzTyrCnX 

Cl 10  G 25 I        

Cl 12  G 37 I        

Cl 14  G 27 I        

Br 14 G1   –36         G2 15   I      
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 I 14 G 2 I        

PF6 14 G1   –45   G2   6    I      

BF4 14 G 5 I        

NO3 14 G1 –46  G2 21  I       

X–  n   PheCnX 

Cl 10 Cr 10 I        

Cl 12 Cr 26 SmAd 57 I      

Cl 14 G 20 SmAd 52 I      

            

X–  n  m   3,4-CmTyrCnX 

Cl 10 10 Cr 27 SmAd 85 I       

Cl 10 14 Cr1 10 Cr2 22 I SmAd 101 I   

Cl 14 10 Cr 46 SmAd 95 I      

Cl 14 14 Cr1 10 Cr2 31 I SmAd 95 I   

X–  n  m CmDOPACnX 

Cl 10 10 Cr 21 Colh 46 I     

Cl 10 14 Cr 29 Colh 46 I     

Cl 14 10 Cr 28 Colh 54 I     

Cl 14 14 Cr 61 Colh 134 I     

X–  n  m                                    3,5-CmTyrCnX 

Cl 14 14   G1     –13        G2    35           I    

Br 14   14  G –9 I       

I 14 14  G –22 I       

PF6 14 14  G –12 I       

BF4 14 14  G1 –52 G2 –12     I     

NO3 14 14  G1 –44 G2 –1    G3 33 I   

            

X– n m                                    3,4,5-CmTyrCnX    

Cl 10 10 Cr 47 I       

Cl 10 14 Cr1 –4 Cr2 45 I Colh 96 I  

Cl 12 14 Cr1 –11 Cr2 14 I Colh 115 I  

Cl 14 10 Cr 57 Colh 105 I     

Cl 14 14 Cr 10 Colh   92 I     
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Figure 4. Results from DSC measurements (rounded values, 2nd heating, 2nd cooling, rate 5 K · min–1) 

of BzTyrCnX and 3,5-CmTyrCnX. gray: solidification (Tg); dark gray: crystallisation (Tcr); white: 

melting point (Tm);  transition from POM; DSC data for BzTyrC14X, 3,5-C14TyrC12Cl and  

3,5-C14TyrC14X were obtained during 1st heating/cooling (decomposition). 
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In contrast, variation of the chain lengths for the 4-alkoxybenzoate chlorides 4-CmTyrCnCl 

revealed enantiotropic mesomorphism for all members (Figure 6, Table 1), except 4-C10TyrC10Cl, 

which did not show any liquid crystalline behaviour and 4-C12TyrC10Cl which exhibited a monotropic 

phase.  

For the liquid crystalline members of the series 4-CmTyrCnCl the clearing transitions increase 

with increasing chain lengths m and n at both the ether and the ester moiety, while there was no such 

trend visible for the melting transitions. In general, longer side chains led to broader mesophases with 

the ester unit (Cn) having a more pronounced impact compared to the ether unit (Cm), e.g. T for  

4-C14TyrC10Cl 16 K, 4-C10TyrC14Cl 44 K, 4-C14TyrC14Cl 55 K. Examination of guanidinium salts 

via POM showed fan-shaped textures, oily streaks, Maltese crosses and Bâtonnet textures with large 

areas of homeotropic alignment were visible, suggesting the presence of SmA phases (Figure 5a–c). 

 

Figure 5. Exemplary POM images of selected guanidinium salts (100 × magnification): a) Bâtonnet 

of 4-C14TyrC14Cl (101 °C), b) Maltese crosses of 3,4-C12TyrC12Cl (93 °C), c) “oily streaks” of  

3,4-C14TyrC14BF4 (96 °C), d) fan-shaped textures of 3,4,5-C14TyrC12Cl (106 °C), e) spherulitic 

textures of 3,4,5-C14TyrC14PF6 (90 °C) and f) dendritic growth of 3,4,5-C14TyrC14I (100 °C). 

Anion exchange had a pronounced influence on the phase transition temperatures of  

4-C14TyrC14X (X = Cl, NO3, I, BF4, PF6) (Figure 6, Table 1). With increasing size of the anion both 
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melting and clearing points decreased while the mesophase widths remained around 55 K. The reduced 

phase transition temperatures are probably due to the decreased electrostatic interaction of the ionic 

sublayer within the SmAd phase.  

Comparison of the 4-CmTyrCnCl with the parent tyrosine-derived ILC CmTyrCnCl (devoid of 

the benzoate unit) from Neidhardt25,59 revealed no clear-cut trends of melting and clearing transitions 

(Table 1). On the other hand, similar trends were observed for both series 4-C14TyrC14X and 

C14TyrC14X25,59 upon anion exchange, i.e. both melting and clearing temperature decreased with 

increasing anion size. However, it should be noted that in the latter series the PF6 counterion resulted 

in a change of the phase type to Colr
59 as compared to the SmA phase for 4-C14TyrC14PF6. 

 

Figure 6. Mesophase widths from DSC measurements (rounded values, 2nd heating, 2nd cooling, 

rate 5 K · min–1) of 4-CmTyrCnX. gray: solidification (G); white: crystallisation (Cr); green: SmAd; 

 transition from POM; DSC data for 4-C12TyrC10Cl, 4-C12TyrC14Cl, 4-C14TyrC14Cl and 

4-C14TyrC14I were obtained during 1st cooling (decomposition); monotropic mesophase for 

4-C14TyrC14I. 
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Members of 3,4-dialkoxybenzoate chlorides 3,4-CmTyrCnCl displayed enantiotropic liquid 

crystalline properties except for compound 3,4-C14TyrC10Cl, which was only monotropic (Figure 7). 

For the derivatives with C10 ethers 3,4-C10TyrCnCl melting transitions remained relatively constant 

around ambient temperature while clearing transitions increased with increasing ester chain m, 

resulting in mesophase widths of 60 – 79 K. For ILCs with ether chains > C10 both melting and clearing 

temperatures as well as phase widths remained relatively constant, the latter being in the range of 

49 – 65 K. Under the POM large areas of homeotropic alignment were observed and Maltese crosses, 

oily streaks and Bâtonnet textures appeared mostly at phase boundaries, e.g. close to the coverslip 

indicating the presence of SmA phases.  

Although the series 3,4-CnTyrCmCl resembles an extension of the known DOPA ILCs 

CmDOPACnCl,25 their mesomorphism differed significantly (Table 1). While series 3,4-CnTyrCmCl 

showed SmA phases, the corresponding CmDOPACnCl derivatives showed columnar mesophases.25 

This different behaviour might be rationalized by different packing models, which will be discussed 

later. 

In contrast to the 4-C14TyrC14X series, anion exchange had only a small influence on the phase 

transition temperatures and temperature range of the mesophases of series 3,4-C14TyrC14X (Figure 7) 

Similar POM textures were observed as compared to the corresponding chloride salts suggesting 

that the phase type was not affected by the counterion (Figure 5a–c). In addition, most 4- and  

3,4-substituted derivatives can also be considered as ionic liquids since their melting points are below 

100 °C.  
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Figure 7. Mesophase widths from DSC measurements (rounded values, 2nd heating, 2nd cooling, 

rate 5 K · min–1) of 3,4-CmTyrCnX. gray: solidification (G); white: crystallisation (Cr); green: SmAd; 

 transition from POM; DSC data for 3,4-C10TyrCnCl were obtained during 1st cooling 

(decomposition); monotropic mesophases for 3,4-C10TyrC14Cl and 3,4-C14TyrC14I. 

In the series of 3,4,5-trisalkoxy gallic ester chloride 3,4,5-CmTyrCnCl several members  

3,4,5-CmTyrC10Cl (m = 10, 12), 3,4,5-C10TyrC12Cl and 3,4,5-C12TyrC14Cl were non-mesomorphic, 

while the other derivatives showed enantiotropic mesomorphism. In the DSC melting and/or clearing 

transitions were sometimes hardly visible and could only be identified by POM (Figure 8). Broad phase 

ranges were found mostly for those derivatives with C14 ether units, the most stable mesophase was 

observed for 3,4,5-C14TyrC12Cl with a temperature range of 101 K. Under the POM fan-shaped and 

spherulitic textures with dendritic growth were observed (Figure 5c–e), suggesting the presence of 

columnar mesophases.  

Anion exchange retained columnar mesophases for 3,4,5-C14TyrC14X in most cases, except for 

3,4,5-C14TyrC14OTf, which was non-mesomorphic. For the thiocyanate salt the temperature range 

decreased considerably to 32 K, while all other derivatives with counterions X = Br, I, PF6, BF4, NO3 
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displayed broad columnar phases of 72 – 89 K temperature range similar to the chloride salt. 

Additionally, most 3,4,5-substituted derivatives can be considered ionic liquids since their melting 

points are below 100 °C. POM textures of the members with different anions were similar to the 

textures of the corresponding chloride salt (Figure 5c–e). The occurrence of columnar hexagonal 

phases in the series 3,4,5-CmTyrCnX was analogous to the DOPA derivatives CmDOPACnCl reported 

by Neidhardt, presumably due to the wedge-shaped molecular structure (Table 1).25 Comparison of the 

two series revealed a certain bidirectionality for 3,4,5-CmTyrCnCl, i.e. clearing points as well as 

mesophase widths increased up to a certain chain lengths (n = 12, m = 14) and then decreased upon 

further increase of the chain lengths, whereas phase transitions and phase widths remained relatively 

constant for CmDOPACnCl until m = n = 14, where a significant increase was detected. The 

bidirectionality in the 3,4,5-CmTyrCnCl series suggests that the chain lengths n = 12, m = 14 provides 

optimum space filling and van der Waals interaction within this series, resulting in the broadest and 

most stable mesophase as compared to other chain lengths combinations. 
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Figure 8. Mesophase widths from DSC measurements (rounded values, 2nd heating, 2nd cooling, 

rate 5 K · min–1) of 3,4,5-CmTyrCnX. gray: solidification (G); white: crystallisation (Cr); orange: Colh; 

 transition from POM; DSC data for 3,4,5-C14TyrC14Br were obtained during 1st cooling 

(decomposition). 

In order to assign the phase geometries XRD studies of selected ILCs were performed. First, the 

calamitic 4-alkoxybenzoate chloride 4-C12TyrC12Cl was examined. A sharp reflection at 2.5 ° in the 

small angle section and a broad diffuse reflex (halo) around 19.8 ° in the wide angle region were 

observed (Figure 9). The sharp reflex was assigned to the 1st order layer reflection (001) of the lamellar 

phase, while the halo was caused by the fluid-like alkyl chains. Unfortunately, no oriented samples 

could be obtained for the WAXS, SAXS measurements. For ILCs 4-C10TyrC14Cl and 4-C14TyrC14Cl 

similar WAXS and SAXS diffractograms were obtained (Figure S15a and b). 
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Figure 9. X-ray diffractograms (left) and 2D diffraction patterns (right) of 4-C12TyrC12Cl at 74 °C in 

a) WAXS and b) SAXS. 

From the distinct (001) reflection the layer distances d001 were calculated by using the Bragg 

equation. The results are summarized in Table . The d001 values increased with increasing ester chain 

lengths m from 35.1 Å (n = 10) via 36.1 Å (n = 12) to 37.8 Å (n = 14), whereas the halo dhalo remained 

relatively constant around 4.49 – 4.60 Å. 

Table 2. X-ray diffraction data of the guanidinium chlorides 4-CnTyrCmCl (SAXS). The 

measurements were performed during cooling from the isotropic liquid phase. The halo was 

determined from WAXS. 

n m mesophase T / °C d spacing / Å Miller indices 

10 14 SmAd  45 35.1 (001) 

    4.50 halo 

12 12 SmAd  74 36.1 (001) 

    4.49 halo 

14 14 SmAd 98  37.8 (001) 

    4.60 halo 

 

Temperature-dependent SAXS experiments of 4-C10TyrC14Cl and 4-C12TyrC12Cl revealed a 

decreasing layer distance d001 with increasing temperature, which is characteristic for a SmA phase 

(Figure 10). The layer shrinkage is caused by increased molecular mobility.63,68–71 Due to thermal 

decomposition upon prolonged heating compound 4-C14TyrC14Cl could not be examined in these 

experiments.  
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Figure 10. Determined layer distances d001 of 4-C14TyrC10Cl and 4-C12TyrC12Cl as a function of 

temperature. 

Unfortunately, because of the nature of the compounds, single crystal structure analyses could not 

be performed for any of the guanidinium salt series 4-CmTyrCnCl, 3,4-CmTyrCnCl or  

3,4,5-CmTyrCnCl to gain insight into the packing of the respective geometry. In order to still 

rationalize the observed lattice parameters, various modelling approaches were investigated, and 

different models were considered. For more details, please see chapter 7 in the ESI. However, if the 

obtained layer distances are compared with, for example, the calculated length Lmol = 50.5 Å of ILC 

4-C14TyrC14Cl in the extended all-trans conformation (Figure 11), it becomes apparent that partially 

interdigitated bilayers (SmAd) rather than smectic monolayers (SmA1) must be the case. The former 

are thereby also typically observed for ILCs.13,72 

 
Figure 11. Structure of guanidinium chloride 4-C14TyrC14Cl in extended form. C (gray); H (white); 

O (red); N (blue); Cl (light green). 

Non-oriented samples of tyrosine-3,4-dialkoxybenzoates 3,4-C10TyrC14Cl, 3,4-C12TyrC12Cl and 

3,4-C14TyrC14Cl also revealed a sharp (001) reflection in the small angle section and a broad halo 

around 4.42 – 4.52 Å (Table 3, Figure 12, Figure S15c and d).  

Table 3. X-ray diffraction data of the guanidinium chlorides 3,4-CnTyrCmCl (SAXS). The 

measurements were performed during cooling from the isotropic liquid phase. The halo was 

determined from WAXS. 

n m mesophase T / °C d spacing / Å Miller indices 
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10 14 SmAd  74 39.7 (001) 

    4.51 halo 

12 12 SmAd  68 37.8 (001) 

    4.42 halo 

14 14 SmAd 74  39.7 (001) 

    4.52 halo 

 

 

Figure 12. X-ray diffractograms (left) and 2D diffraction patterns (right) of 3,4-C14TyrC10Cl at 74 °C 

in a) WAXS and b) SAXS. 

In temperature dependent XRD experiments the d001 reflection decreased with increasing 

temperature confirming the SmA phase (Figure 13). The appearance of a SmA phase instead of a 

columnar phase (which was observed for CmDOPACnCl)25 can be attributed to the extension of the 

system by one phenyl unit. This counteracts the side chain expansion (pizza slice-shaped favors Col) 

and favors a more rod-like shape and therefore an SmA phase.73 The results in Table  showed that the 

ether chains (chain length m) have a much larger impact on the layer spacing as compared to the ester 

chain. For example, both ILCs 3,4-C10TyrC14Cl and 3,4-C14TyrC14Cl possessed the same layer 

spacing d001. Apart from this, the 3,4-substituted chlorides should have an analogous packing model 

to its 4-substituted derivatives, which is also discussed in more detail in chapter 7 in the ESI. 

Eventually, the wider layers compared to derivatives 4-CmTyrCnX can be attributed to the additional 

chain (2 vs. 1). The derivatives 4-CmTyrCnX have only one alkoxy chain attached to the benzoic acid 
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building block, so they have to fill a larger amount of free space with a smaller number of chains. This 

can result in a shrinkage of the layer compared to 3,4-CmTyrCnX.  

 

Figure 13. Determined layer distances d001 of 3,4-C14TyrC10Cl, 3,4-C12TyrC12Cl and  

3,4-C14TyrC14Cl as a function of temperature. 

Next the members of series 4-C14TyrC14X and 3,4-C14TyrC14X with different counterions were 

examined by XRD experiments (Figure 14, Table , Figure S16 – S18). In a similar fashion as observed 

for the chloride series 4-CmTyrCnCl and 3,4-CmTyrCnCl one distinct reflection assigned as (001) 

could be observed in the SAXS diffractograms of non-oriented samples together with a broad halo 

around 4.43 – 4.88 Å in the WAXS. Additionally, in all cases except the decomposing iodide  

4-C14TyrC14I, decreasing layer thickness (d001) with increasing temperature could be observed in 

temperature-dependent SAXS experiments, confirming the predicted SmAd phases. The data in 

Table 4 indicated that the anion has a large impact on the layer thickness. For both series  

4-C14TyrC14X and 3,4-C14TyrC14X (X = I, NO3, BF4, PF6) the layer thickness decreased with 

increasing size of the anion. Presumably, larger anions such as hexafluorophosphate allow better space 

filling and thus tighter packing as compared to smaller anions such as iodide in agreement with 

previous work by Wang on N-phenylpyridinium ILCs.74 It should be noted however, that the 

corresponding guanidinium chlorides  4-C14TyrC14Cl, 3,4-C14TyrC14Cl displayed much smaller d 

values as compared to 4-C14TyrC14PF6, 3,4-C14TyrC14PF6. This might be due to stronger hydrogen 

bonding between the chloride anion with the guanidinium N-H unit as compared to the other studied 

anions.62,64 In contrast, Neidhardt did not observe any clear trend of the layer thickness in the series 
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C14TyrC14X upon change of the anion, but a change of the mesophase geometry from SmA (X = Cl, 

Br, I, OTf, BF4) to Colh (X = PF6).
52  

Table 4. X-ray diffraction data of the guanidinium salts 4-C14TyrC14X and 3,4-C14TyrC14X (SAXS). 

The measurements were performed during cooling from the isotropic liquid phase. The halo was 

determined from WAXS. 

Ar X mesophase T / °C d spacing / Å Miller indices 

4 Cl SmAd 98 37.8 (001) 

    4.60 halo 

     I SmAd 95 44.0 (001) 

    – halo 

 NO3 SmAd 76 42.5 (001) 

    4.49 halo 

 BF4 SmAd 61 41.5 (001) 

    4.75 halo 

 PF6 SmAd  70 39.8 (001) 

    4.88 halo 

3,4 Cl SmAd 74 39.7 (001) 

    4.52 halo 

 I SmAd 70 44.8 (WAXS) (001) 

    4.60 halo 

 NO3 SmAd 61 44.3 (001) 

    4.43 halo 

 BF4 SmAd 80 43.3 (WAXS) (001) 

    4.82 halo 

 PF6 SmAd 90 42.1 (001) 

    4.63 halo 

Although fiber extrusion of tyrosine-3,4,5-trisalkoxybenzoates 3,4,5-CmTyrCnCl did not provide 

oriented samples, the SAXS diffractogram of ILC 3,4,5-C12TyrC12Cl showed three distinct reflections 

with a 2 ratio of 1 : 1/√3 : 1/2, which were assigned as (10), (11) and (20) reflections (Figure 14). 

The WAXS diffractogram showed a broad halo around 4.47 Å. Thus, a Colh phase with P6mm 

symmetry and a lattice parameter of 43.8 Å (number of molecules per disc Z = 4) was assigned. Similar 

results were obtained for ILCs 3,4,5-C10TyrC14Cl and 3,4,5-C14TyrC14Cl respectively (Figure S19, 

Table). 
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Figure 14. X-ray diffractograms (left) and 2D diffraction patterns (right) of 3,4,5-C12TyrC12Cl at 

79 °C in a) WAXS and b) SAXS. 

Table 5. X-ray diffraction data of the guanidinium chlorides 3,4,5-CnTyrCmCl (SAXS). The 

measurements were performed during cooling from the isotropic liquid phase. The halo was 

determined from WAXS. Calculated values of d are in parentheses. 

n m mesophase T / °C lattice a / Å d spacing / Å Miller indices Z 

10 14 Colh / P6mm 36 44.6 38.6 (–) (10) 4 

     4.46 halo  

12 12 Colh / P6mm 79 43.8 37.9 (–) (10) 4 

     22.0 (21.9) (11)  

     19.1 (19.0) (20)  

     4.47 halo  

14 14 Colh / P6mm 69  44.1 38.2 (–) (10) 4 

     4.42 halo  

As the ILCs 3,4,5-CmTyrCnCl do not resemble a discotic molecule but rather a wedge-shaped 

amphiphile, each disk in the columnar packing consists of 4 molecules in a pizza-slice arrangement 

with a charged core and a lipophilic outer shell (Figure 15). Such micellar-like structure of the 

columnar mesophase is in agreement with the packing pattern proposed by Neidhardt for the DOPA-

derived ILCs CmDOPACnCl25 as well as other wedge-shaped ILCs.75–78 Differences in the phase 

behavior as well as in transition temperatures (in some cases ±42 – 51 K) of the chlorides 3,4,5-

CmTyrCnCl and the compounds CmDOPACnCl can be attributed to the packing behavior and the 

number of molecules per disk (Z = 5 and 6).25 In this context, a larger number of anion-cation pairs 

could lead to denser interdigitation and thus to denser packings within column. As already observed 
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for the SmA mesophases of series 3,4-CmTyrCnCl the chain length of the ether side chains has the 

major influence on the lattice parameter. This is most obvious upon comparison of 3,4,5-C14TyrC10Cl 

and 3,4,5-C14TyrC14Cl possessing almost the same lattice parameter a = 44.6 Å and 44.1 Å 

respectively.  

 
Figure 15. a) Proposed packing model with schematic representations of 3,4,5-C14TyrC14Cl in pizza 

slice-like form (top) considering Neidhardts previous work,25,32,59 after formation of a micellar disk 

(bottom left; Z = 4) and inverse columnar aggregates (bottom right): cationic head group (blue); 

chloride anion (yellow); periphery with aromatic system (orange) and chains. b) Four units of 3,4,5-

C14TyrC14Cl in an inverse micellar disk, visualised in a space-filling model; C (gray); H (white); O 

(red); N (blue); Cl (green). 

Next the members of series 3,4,5-C14TyrC14X with different counterions were examined by XRD 

experiments (Figure 16, Table , Figure S20). In a similar fashion as observed for the chloride series 

3,4,5-CnTyrCmCl three distinct reflections assigned as (10), (11) and (20) were detected in the SAXS 

diffractograms of non-oriented samples together with a broad halo around 4.34 – 4.47 Å in the WAXS, 

which were assigned as Colh phase with p6mm symmetry (Z = 4). Fortunately, partially oriented SAXS 
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patterns could by obtained for 3,4,5-C14TyrC14PF6 and 3,4,5-C14TyrC14BF4 respectively (Figure 17), 

which revealed that the (10) reflex consists of a hexagon with azimuthal angles of 60°, which strongly 

supports the Colh phase.79,80 

 

Figure 16. X-ray diffractograms (left) and 2D diffraction patterns (right) of a) 3,4,5-C14TyrC14PF6 at 

55 °C in WAXS and b) 3,4,5-C14TyrC14BF4 at 55 °C in SAXS. 

 
Figure 17. Azimuthal intensity profiles of the innermost hexagon (left) and corresponding  

2D diffraction patterns (right; magnified) of the salts a) 3,4,5-C14TyrC14PF6 in the WAXS and  

b) 3,4,5-C14TyrC14BF4 in SAXS at 55 °C, respectively. 

 

Table 6. X-ray diffraction data of the guanidinium salts 3,4,5-C14TyrC14X (SAXS). The 

measurements were performed during cooling from the isotropic liquid phase. The halo was 

determined from WAXS. Calculated values of d are in parentheses. 

X mesophase T / °C lattice a / Å d spacing / Å Miller indices Z 

Cl Colh / P6mm 69 44.1 38.2 (–) (10) 4 
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     halo  

Br Colh / P6mm 55 46.2 40.0 (–) (10) 4 

    4.47 halo  

NO3 Colh / P6mm 55 46.7 40.4 (–) (10) 4 

    23.7 (23.3) (11)  

    20.4 (20.2) (20)  

    4.37 halo  

SCN Colh / P6mm 41 47.9 41.5 (–) (10) 4 

    24.0 (24.0) (11)  

    20.8 (20.8) (20)  

    4.34 halo  

I Colh / P6mm 55 46.2 40.0 (–) (10) 4 

    4.42 halo  

BF4 Colh / P6mm 55 47.5 41.2 (–) (10) 4 

    24.2 (23.8) (11)  

    20.6 (20.6) (20)  

    4.39 halo  

PF6 Colh / P6mm 55 48.1 41.6 (–) (10) 4 

    21.0 (20.8) (20)  

    4.47 halo  

Comparison of the XRD data of 3,4,5-C14TyrC14X in Table 6 revealed that the counterion size 

has a larger impact on the lattice parameters a as compared to the ether/ester side chain lengths. The a 

values increase with increasing size of the counterion, except for X = SCN, I.  For example, both ILCs 

with Br and I counterion have similar lattice parameters (a = 46.2 and 46.2 Å) as well as ILCs with 

BF4 and SCN (a = 47.5 and 47.9 Å) despite the different size of the counterions. These exemptions 

from the overall trend might be rationalized by the rod-like rather than spherical structure of SCN 

anion and the higher polarizability of iodide as compared to bromide resulting in tighter packing. The 

increasing a-values of 3,4,5-C14TyrC14X with increasing counterion size and thus the decreased 

packing density can be correlated with the observed decrease of the mesophase stability (i.e. decreasing 

clearing temperatures) shown in Figure 8.81 It should be noted that the number of molecules per disk 

Z does not change with the counterion. Also, no counterion-dependent change of the mesophase type 

was observed as reported for DOPA ILCs.59 Thus, it seems that the pizza-slice arrangement of the 

tyrosine-3,4,5-alkoxybenzoate ILCs can accommodate counterions of various size without any 

problems. 
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Because the purpose of the featured guanidinium chlorides Ar(Cm)TyrCnCl was to be examined 

for biological activity, it could be beneficial to investigate the compounds for lyotropic liquid 

crystalline properties, i.e. mesomorphic behaviour in a suitable medium or solvent. Since the 

investigation of lyotropic properties is very time and resource consuming, only the chloride  

3,4,5-C10TyrC14Cl was initially investigated as part of these studies. First, the sample was examined 

in form of a contact preparation under a POM. Therefore, the sample was melted into the isotropic 

state, cooled to 40 °C and wetted with formamide. Water was excluded as a solvent because the 

guanidinium salts were insoluble in water. Furthermore, DMSO was also excluded because no textures 

could be observed. The dissolution process created a concentration gradient from the pure solvent to 

the pure compound, where textures formed depending on the local concentration (Figure 18a). Without 

XRD measurements, the exact mesophase geometries could not be determined, but the textures 

provided indications of possible cubic (I1), hexagonal (H1) (Figure 18a) as well as lamellar (Lα) pashes 

(Figure 18a and b).82–87 

 

Figure 18. POM images of 3,4,5-C10TyrC14Cl in a contact specimen with formamide (40 °C). Visible 

isotropic and homeotropic areas, respectively. a) rough mesophase assignment along the concentration 

gradient c (I1: cubic phase, H1: hexagonal phase, Lα: lamellar phase), 100 × magnification; b) mosaic-

like textures and Maltese crosses, 200 × magnification. 

In addition, to confirm a lyotropic character due to surfactant-like behaviour, the surface tension 

of 3,4,5-C10TyrC14Cl in formamide was investigated. With the use of a tensiometer, it was possible 
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to obtain a sigmoidal curve in a concentration-dependent measurement, which is characteristic for 

typical surfactants (Figure 19).  

 

Figure 19. Determined surface tension of 3,4,5-C10TyrC14Cl as a function of concentration 

(logarithmic scaling) of the sample in formamide (black line); trend lines according to the Frumkin 

(dashed orange line) and Reorientation model (light blue line); pure formamide (dotted dark blue line); 

cmc: critical micelle formation concentration. 

By approximation using the Frumkin and Reorientation model,88,89 the critical micelle formation 

concentration (cmc) could be determined to ~5.7 · 10–3 mmol · L–1. The cmc value of a surfactant is 

essential for the formation of micelles and lyotropic mesophases. The determined value is lower than 

common surfactants in formamide, but is still within the typical range for surfactants.90,91 The reason 

for this could be the relatively large cation, whereas the guanidinium head group should dissolve better 

in formamide due to its molecular structure. 

Experimental dipole moment determination 

We surmised that dipole interactions of the guanidinium salts not only contributed to their liquid 

crystalline self-assembly and phase behavior,92–95 but might also affect their biological activities96 and 

thus selected members were studied regarding their dipole moment. The dipole moments of the 

compounds 3,4,5-C10TyrC14Cl, BzTyrC12Cl and 3,4,5-C10TyrC12Cl were experimentally determined 

by dielectric measurements of the compounds in toluene solution. The dipole moment of the molecules 

in solution was experimentally estimated according to the Guggenheim-Smith approach97 
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Here, k is the Boltzmann constant, ρ0 is the density of the solvent, Na is the Avogadro number, Δε is 

the dielectric increment equals to the difference between the dielectric permittivity of the solution ε´ 

and the solvent εs where w is the concentration of the solution. n and ns represent the refraction indices 

of the solution and the solvent. The value of dipole moment was estimated by fitting a linear regression 

to the data in the plot Δε versus concentration (Figure 20). From the slope the dipole moment was 

obtained by equation (1). Here the difference in the square of the refractive indices is three orders of 

magnitudes smaller than Δε98 and this term is therefore neglected in the calculation of the dipole 

moment μ. Moreover, the fit was forced to go to the point of origin (see Figure 20). This means the 

data should hit the value of toluene at w→0. The calculated dipole moments along with the dielectric 

increments are presented in the Table 7. It must be noted that for these compounds, the ionic 

interactions dominate and hence a narrow range of low concentrations were chosen to minimize this 

effect. This effect also explains the higher scatter of the data compared to other investigations.99  

 

Figure 20. Plot of the dielectric increment Δε as a function of weight (wt%) for the compounds  

3,4,5-C10TyrC14Cl, BzTyrC12Cl and 3,4,5-C10TyrC12Cl. 

Table 7 indicates that the dipole moments of all three compounds lie in the range of 1 – 1.2 D. 

It should be noted that the only difference in the structure 3,4,5-C10TyrC14Cl and 3,4,5-C10TyrC12Cl 

is the length of the alkyl chain. As the alkyl portion gives no contribution to the dipole moment both 

compounds carry in the frame of the of the experimental error the same dipole moment. This is 
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different for BzTyrC12Cl. Here in comparison to both other compounds some oxygen containing 

groups are missing which might contribute to the overall dipole moment. Therefore, BzTyrC12Cl has 

the lowest dipole moment. Still, the compounds BzTyrC12Cl and 3,4,5-C10TyrC12Cl have a 

comparable dipole moment in the respective error region. Therefore, the question whether the dipole 

moment has an influence on the mesophase behavior cannot be answered conclusively, even though it 

seems that it is not the case.  

Table 7. Determined dipole moments of the compounds 3,4,5-C10TyrC14Cl, BzTyrC12Cl and  

3,4,5-C10TyrC12Cl. 

sample M / g · mol–1 Δε  dipole moment μ / D 

3,4,5-C10TyrC14Cl 1085.1 1.58 ± 0.2 1.2 ± 0.07 

BzTyrC12Cl 588.2 2.35 ± 0.05 1.0 ± 0.02 

3,4,5-C10TyrC12Cl 1057 1.44 ± 0.16 1.07 ± 0.07 

Biological properties of tyrosine-derived ILCs  

In an initial biological screening, tyrosine-derived ILCs 4-CmTyrCnCl, 3,4-CmTyrCnCl,  

3,4,5-CmTyrCnCl, non-mesomorphic ILs BzTyrCnCl, 3,5-CmTyrCnCl and the crown ether 

derivatives CrTyrCnCl were examined. Spontaneous toxicity (24 h incubation time) was evaluated by 

the CellTiter-Glo® test,100,101 longer-term cytotoxicity (72 h incubation time) was investigated by the 

AlamarBlueTM assay.102,103 The mouse fibroblast cell line L929 was used as indicator cell line 

employing concentrations of 100 M for 72 h at 37 °C. Antimicrobial activity against Gram-positive 

bacteria Staphylococcus aureus (S. aureus) and Gram-negative bacteria Escherichia coli (E. coli) K12 

as well as the deletion mutant E. coli TolC, which misses the export channel protein TolC, were 

evaluated with the broth dilution method104 employing a concentration of 100 M for 24 h. All 

compounds were evaluated in the same formats at lower concentrations of 20 M (for bacteria) and 

10 M concentration (for L929 cells). These data are visualized in heat maps in the ESI (chapter 9.3, 

Figure S25 and S26). Only those compounds were considered as biologically active, which reduced 

bacterial growth or cell viability to less than 50% (with respect to the solvent control) at the lower 
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concentrations. The heat map revealed for all guanidinium chlorides except for the benzoates 

BzTyrCnCl a low inhibitory action against all bacteria at 100 M (darker spots). The benzoates 

BzTyrCnCl showed the strongest inhibition against S. aureus and the weakest inhibition against E. 

coli K12. Therefore, E. coli K12 was excluded from the subsequent dose-response studies. 

The cell viability at 100 M was slightly affected by members of the 3,4-CmTyrCnCl and 

3,4,5-CmTyrCnCl series and a few other derivatives such as 4-C10TyrC10Cl, but the most active 

compounds were benzoates BzTyrCnCl (Figure S26, ESI chapter 9.3). The latter derivatives displayed 

low cell viabilities (< 10%) even at concentrations of 10 M.  

Based on these primary screening results, dose-response studies were performed with selected 

compounds for the antibiotic activity (optical density OD600, Figure 21b) and for the cytotoxic effects 

(fluorescence, Figure 21a). IC50 values were calculated from these data and visualised in Figure 22 and 

summarized in Table S8 in the ESI (chapter 9.3). 

 

Figure 21. Graph of the inhibition by BzTyrCnCl against a) the cell viability (fluorescence) of L929 

and b) the bacterial growth (optical density OD600) of E. coli ΔTolC as well as S. aureus as a function 

of the concentration. 

For comparison the data of crown ethers CrTyrCnCl were measured. Because of less comparable 

derivatives within this series, displaying heatmaps were not prepared. The results of the concentration 
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series in a comparatively larger concentration range compared to Ar(Cm)TyrCnCl of the derivatives 

CrTyrC10Cl and CrTyrC12Cl can be found in Figure S27 in the ESI (chapter 9.3). Compound 

CrTyrC14Cl was biological inactive. The results in Figure 22 (and Table S8, ESI chapter 9.3) revealed 

that both benzoates BzTyrCnCl as well as crown ethers CrTyrCnCl displayed a pronounced 

cytotoxicity with IC50 values of 3.0 ± 1.1 up to 5.1 ± 1.6 M irrespective of the ester chain lengths. 

Antimicrobial activities of crown ethers CrTyrCnCl were in a similar range with slightly lower IC50 

values against S. aureus (< 2.0 M, 2.9 ± 0.2 M) as compared to E. coli TolC (3.8 ± 0.2 M, 

4.8 ± 1.1 M). In contrast, IC50 values of benzoates BzTyrCnCl were approximately one order of 

magnitude lower (0.25 – 0.9 M for S. aureus, 1.3 ± 0.2 M for E. coli TolC) as compared to the 

cytotoxicity IC50 values.  
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Figure 22. IC50 values of guanidinium chlorides CrTyrCnCl (Cr) and BzTyrCnCl (Bz) versus cell 

line L929 and bacterial strains E. coli ΔTolC and S. aureus determined from graphical plotting (with 

error bars if mathematically determinable). 

The different biological activities of the tyrosine benzoates might be rationalized as follows. According 

to Wang105 amphiphilic compounds with long alkyl chains can be incorporated well into the outer 

membrane, however they do not fully penetrate the membrane and cannot pass into the interior of the 

cell. Thus, members of the series 4-CmTyrCnCl, 3,4-CmTyrCnCl, 3,5-CmTyrCnCl and 3,4,5-

CmTyrCnCl are only weakly active. On the other hand, tyrosine benzoates BzTyrCnCl with only a 

single side chain seem to fully penetrate the membrane exerting their full anti-microbial potential, 

whereas the corresponding crown ethers CrTyrCnCl get stuck inside the membrane, facilitating ion 

transport through the membrane, but do not interact with the interior of the cell.106 In comparison with 



36 

 

the known amino acid ILCs PheCnCl, CmTyrCnCl and CmDOPACnCl,25 which were all cytotoxic 

irrespective of the amino acid, while only PheCnCl displayed weak antibiotic activity, tyrosine 

derivatives Ar(Cm)TyrCnCl with an extended aromatic core unit displayed only for those derivatives 

cytotoxic and antibiotic activity, if only the alkyl ester side chain is present. Ultimately, the 

thermotropic liquid crystalline properties do not seem to have a direct influence on the biological 

properties, at least in this case. Although the number of chains and the substitution pattern seem to 

play a role, there is no obvious correlation to the thermotropic mesophases formed. In this regard, the 

lyotropic liquid crystalline properties could provide additional insight and need to be further 

investigated in the future. With that said, in agreement with recent results by Garcia,96 the antimicrobial 

activity of BzTyrCnCl could be somehow correlated with the higher dipole moment of BzTyrC12Cl 

as compared to the inactive derivatives 3,4,5-C10TyrC12Cl and 3,4,5-C10TyrC14Cl. However, the 

compounds BzTyrC12Cl and 3,4,5-C10TyrC12Cl have quite different biological activities but with the 

error range a relatively comparable dipole moment. Therefore, the question whether the dipole moment 

contributes to the biological activity cannot be finally answered. Additional experimental 

investigations are necessary to tackle this problem. It should be noted that very recently Berthiot and 

Douce proposed that fluorescent ILCs might be valuable tools to gain insight into the link between 

molecular structure, mesophase type and biological properties.107,108 

Conclusion 

A series of tyrosine-derived guanidinium ILCs Ar(Cm)TyrCnX was synthesized where the phenolic 

hydroxy group was esterified with benzoic acids carrying 0 – 3 alkoxy side chains or a  

[15]crown-5 unit respectively. Derivatives with only the C-terminal ester chain and no alkoxy chain at 

the benzoate were non-mesomorphic, while derivatives with 1 – 2 alkoxy chains at the benzoate 

displayed broad SmAd phases with clearing temperatures below 100 °C and phase widths up to 79 K. 

In particular, the mesomorphism of the ILCs with 3,4-dialkoxybenzoate unit turned out to be very 

robust, i.e. neither variation of chain lengths nor counterion changed the behaviour to large extent. In 
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contrast, ILCs with 3,4,5-trialkoxybenzoate unit displayed broad Colh phases with clearing 

temperatures ≤ 100 °C and phase widths up to 101 K. The phase stability was affected to some extent 

by the size matching of the side chains, i.e. derivatives 3,4,5-C10TyrC10Cl, 3,4,5-C12TyrC10Cl,  

3,4,5-C10TyrC12Cl, 3,4,5-C12TyrC14Cl with short chains and/or chains of unequal lengths did not 

show any liquid crystalline behaviour. On the other hand, most counterions X (X = Cl, Br, I, PF6, BF4, 

NO3) formed stable mesophases, whereas SCN significantly reduced the phase widths and stability 

and OTf completely suppressed mesophase formation. 

In comparison with previously described tyrosine and DOPA ILCs25 the presence of an additional 

benzoate unit in Ar(Cm)TyrCnX shifted the mesophases to lower temperatures and required at least 

two side chains for stable mesomorphism. In agreement with these structure-property relationships 

crown ether derivatives CrTyrCnCl were non-mesomorphic.29 

Biological investigations of the newly synthesized tyrosine ILCs revealed that the bulk self-

assembly was not correlated to cytotoxic or antimicrobial activity. Only the non-mesomorphic 

derivatives with benzoate (BzTyrCnCl) or crown ether unit (CrTyrCnCl) displayed pronounced 

cytotoxicity against L929 mouse fibroblast cells and antimicrobial activity against Gram-negative 

bacteria E. coli TolC and Gram-positive bacteria S. aureus with IC50 values up to 3 M, 1.3 M, and 

0.25 M respectively. It should be noted that the incorporation of the benzoate unit improved the 

selectivity in favor of the antibiotic properties. In particular, the benzoates BzTyrCnCl showed a better 

selectivity S = IC50,S.aureus /
 IC50,L929 ≤ 22 as compared to the crown ether benzoates CrTyrCnCl 

(S ≤ 1.6) and the previously reported phenylalanine ILCs PheCnCl (S ~ 0.7).25 Therefore, BzTyrCnCl 

and CrTyrCnCl might be promising lead structures for future biological SAR studies and 

investigations of the solvent-dependent self-assembly relevant for the interaction with bacterial 

membranes. Although the bioactive compounds CrTyrCnCl and BzTyrCnCl showed no thermotropic 

ionic liquid crystalline behaviour, they are ionic liquids, which might possess lyotropic properties. 

From complementary dielectric measurements of selected derivatives, one might conclude that a 
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higher dipole moment and less side chains are beneficial for biological activity, whereas a lower dipole 

moment and more side chains are beneficial for thermotropic LC self-assembly.  

For the reported series of tyrosine benzoates thermotropic liquid crystalline properties do not 

seem to determine antibiotic properties, as only the non-mesomorphic benzoic acid derivatives 

BzTyrCnCl showed biological activity. It should be noted however, that biological systems are always 

multicomponent systems and thus lyotropic studies might provide insight into the relationship between 

self-assembly of these compounds and cell membrane interactions.  

Ultimately, the number of chain lengths and the substitution pattern of the tyrosine benzoates 

appear to play an important role in their interaction with cell membranes. These key parameters 

determine whether the compounds interfere with the membrane from the outside, are incorporated into 

it, or even permeate it completely and can exert their full potential inside the cell. Whether and to what 

extent LC self-assembly affects these processes must be investigated and clarified in the future, 

possibly with the help of fluorescent probes.107,108 Thus, future work is necessary to elucidate the 

solvent-dependent behaviour of these compounds and their role as antibiotics.  
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