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Abstract 

Supramolecular mono and dinuclear liquid crystalline gold(I) aggregates have been 

synthesized by means of hydrogen bond interactions of 2,4,6-triarylamino-1,3,5-triazine with 

gold thiolate metalloacids [Au(PR3)(SC6H4COOH)] or [µ-(binap){Au(SC6H4COOH)}2], in 1:1 

and 2:1 molar ratio, respectively. All the supramolecular aggregates display a stable columnar 

hexagonal mesophase (Colh) at room-temperature. The supramolecular arrangement within the 

columns consists of the one-dimensional stacking of triazine units with the core of the attached 

metallic thioacid fragments acting as the fourth branch. The phosphine-containing moieties of 

the metallic thioacid protrude out in the aliphatic continuum. The complexes prepared here do 

not show metallophilic interactions but this strategy looks very promising for the future design 

of room-temperature LC mesophases containing interacting metallic fragments. 

This is a preprint version of the following published document:  Chemistry -A European Journal, 2013, V. 19, 19, pp. 5988-5995. DOI: https://doi.org/10.1002/chem.201204256



 

2 

Introduction 

Molecular self-assembly into ordered supramolecular structures offers an interesting approach 

to functional materials. This is the case of columnar liquid-crystalline materials combining 

functions derived from their columnar structure, such high charge carrier mobility along the 

columnar stacks,1,2 with those derived from the mesophase, such as anisotropy and fluidity. 

Materials with columnar phases can be generated from disc-like molecules, but also from species 

able to fill discotic spaces upon supramolecular aggregation,3 including some gold containing 

metallomesogens.4 Non-covalent interactions, such as hydrogen bonds, have been widely used to 

this purpose, and appropriate combination of simpler molecular units can afford discotic liquid 

crystals.5 Moreover, the reversibility of the hydrogen bonds opens the possibility of preparing 

dynamically functional assemblies such as catalytically active capsules,6 or molecular 

machines.7  

Since the seminal systematic studies on the hydrogen bond dimerization of 4-alkoxybenzoic 

acids and trans-4-alkoxycinnamic acids as the reason for the formation of liquid crystal 

phases,8,9,10 many reports have used hydrogen bonding in the field of organic liquid crystals.11 In 

contrast it is surprising, considering the large number of metal-containing liquid crystals 

(metallomesogens) already known,12,13 that only few of them are based on supramolecular 

species formed by intermolecular hydrogen bonding, namely: a few hydrogen-bonded ferrocene 

complexes,14,15,16 phenanthroline copper derivatives,17 pyrazole rhodium complexes,18 and some 

salicyladimines palladium, copper and vanadium derivatives.19 This scarcity is probably due to 

the high melting temperatures often found for metallomesogens, which is hardly compatible with 

the utilization of moderate or weak hydrogen bonds, as the driving force inducing self-

organization above that high melting point.  

We have recently reported metallomesogens based on hydrogen bonded supramolecular 

complexes formed from metalloacids derived from the combination of 4-isocyanobenzoic acid 
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metal complexes (4-isocyanobenzoic metalloacids, [M]-CNC6H4CO2H), and dodecylstilbazole 

as proton acceptor.20,21 The thermal stability of these dodecylstilbazole aggregates is low and 

they disaggregate at high temperatures due to the lability of the hydrogen bond. Looking for 

better thermal stability, we moved to triazines as the hydrogen acceptor, as they make reinforced 

hydrogen bonds with carboxylic acids.3 This strategy worked for metalloacids derived from iron, 

chromium, molybdenum and tungsten carbonyls, and afforded columnar mesophases with a 

peculiar structure consisting of a columnar hexagonal packing of the triazine moieties, with the 

metal fragments arranged randomly around the columnar interface.22  These hydrogen-bonded 

columnar systems are interesting because they are soft materials formally similar to a polymer 

backbone (the column) supporting organometallic fragments, but where both the formation of 

the column and its connection to the dangling fragments are reversible upon heating or by 

dissolution. This system permitted to link different metal fragments to the column, thus 

incorporating properties carried by the metal fragment (color, magnetism, molecular 

polarizability, electric properties, etc.). New or modified properties might appear in the 

aggregate arising from the distribution of the metal fragments (e.g. helical structures) or the 

inter-fragment interactions in the columnar aggregate (e.g. metal-metal interactions along the 

columnar direction, luminescence from metal-metal bonds, electric monodimensional 

conductivity along the piled metal fragments). The introduction of fragments of gold (I) in the 

columnar stacking could be especially interesting because of their ability to establish aurophilic 

interactions and  give functional fluid systems with new properties. However, in previous works 

we found that the hydrogen bond connection was quite sensitive to the metal forming the 4-

isocyanobenzoic metalloacid [M]-CNC6H4CO2H and, to our disappointment, the triazines did 

not produce aggregates with gold(I) isocyanometalloacids.  

On these grounds, we decided to modify the type of metalloacid, trying to insulate the 

electronic connection of the metal fragment from the carboxylic acid group, in the hope that this 
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might induce the formation of a stronger hydrogen bond. Moreover, the use of ligands with 

different steric requirements might allow for controlling the distribution of the dangling metal 

fragments along the column and perhaps help for aurophilic interactions. Mono and dinuclear 

gold thiolate complexes of the type [Au(PR3)(SC6H4COOH)] and [µ-

(binap){Au(SC6H4COOH)}2] were chosen as metalloacids to prove the concept. As shown in 

this paper, these metalloacids react with triazines giving rise to mesomorphic mono and 

dinuclear hydrogen-bonded triazine-metalloacid aggregates that display stable columnar 

mesophases at room-temperature. The X-ray studies show that the metal fragments (one per 

triazine) attached to the triazines by hydrogen bonds act as a wedge between consecutive triazine 

discogens, which generates a structure with the triazine-metalloacid supramolecules stacked in a 

complementary manner, in such a way that the steric crowding is minimized and the interface 

with the aliphatic continuum is smoothed. 

Results and Discussion 

Synthesis and characterization 

The phosphine gold(I) thiolate complexes used as hydrogen donors towards 2,4,6-

triarylamino-1,3,5-triazine [{(C10H21O)3C6H2NH}3C3N3] (T) were  [Au(PR3)(4-SC6H4COOH)] 

[R = Cy (1), Ph (2)],23 [Au(PR3)(2-SC6H4COOH)] [R = Cy (3), Ph (4)],24 [µ-(P-P){Au(4-

SC6H4COOH)}2] [P-P = R-binap (5), S- binap (6)],  and [µ-(P-P){Au(2-SC6H4COOH)}2] P-P = 

R-binap (7), S- binap (8)]. The binap complexes 5–8 had not been prepared previously, and were 

synthesized from the corresponding gold chlorophosphine complex, as reported for similar gold 

derivatives (Scheme 1).24 All phosphine gold(I) thiolate complexes were isolated as air stable 

white solids. C, H, N analyses, yields, and relevant IR and NMR data for the complexes are 

given in the experimental part of the Supporting Information.  
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Scheme 1. Synthesis of phosphine gold(I) thiolate complexes 

 

The IR spectra in the solid state of 4-SC6H4COOH complexes display one ν(C=O) band from 

the carboxylic group at ca. 1675 cm-1 and a broad ν(O-H) band in the range 2500-3300 cm-1, 

consistent with carboxylic acid dimer formation. In contrast, 2-SC6H4COOH derivatives show a 

strong ν(C=O) band at ca. 1718 cm-1, and three weak bands around 2600, 2645 and 2700 cm-1, 

which have been assigned to ν(OH) of carboxylic group involved in an intramolecular O-H···S 

bond.25 Thus, the derivatives of 2-SC6H4COOH acid used in this work have been isolated in a 

non associated form, which is one of the polymorphs reported for [Au(PCy3)(2-SC6H4COOH)].25 

The NMR spectra of the complexes show a singlet signal for 31P-{1H}, and all the resonances in 

the 1H spectra expected for the groups present in the molecule.  

 

Hydrogen-bonded triazine complexes 
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The hydrogen-bonded triazine-metalloacid complexes were obtained by hydrogen bond 

interaction of the triazine (T) with monocarboxylic and dicarboxylic metalloacids in THF at 

room-temperature, in 1:1 and 2:1 molar ratios respectively, followed by vacuum evaporation of 

the solvent, affording the aggregates as pale yellow waxy solids. Note that this means that the 

various spectroscopic measurements that are made in the absence of solvent correspond to the 

complex in the mesophase. All the gold metalloacids complexed with aromatic phosphines gave 

rise to hydrogen-bonded triazine aggregates (labeled as T-metalloacid in Scheme 2). This 

produces changes in the IR spectrum of the aggregates as compared with the starting materials, 

as discussed below. In contrast, for the gold thiolate complex of tricyclohexylphosphine, the IR 

spectrum of the gold precursor does not change after treatment with triazine (Table 1), indicating 

that the desired complexes T-1 and T-3 are not formed. In fact, only mixtures of the two 

unreacted precursors were obtained. The hindrance of the large cone angle PCy3 ligand (170º) 

might be the reason for this failure to give aggregation, by precluding the insertion of the 

metalloacid in the triazine pocket. Thus, only six out of the eight metalloacid complexes used in 

this work formed supramolecular aggregates with triazine.  
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Scheme 2. Synthesis of supramolecular triazine-metalloacid gold thiolate complexes. H-bond 
system in bold. 

 

The IR spectra of these waxy solids in KBr pellets showed the absence of some typical 

absorptions of the starting components, confirming the formation of the supramolecular 

complexes in Scheme 2. Thus, they do not show the ν(O-H) absorptions of the metalloacid 

phosphine gold thiolate precursors, and the ν(C=O) band of the carboxylic acid appears clearly 

shifted from their positions in the parent complexes (Table 1, and Figure S1 in SI). Changes in 

the ν(N-H) region are also observed upon formation of the aggregate, as reported for triazine-

carboxylic acid aggregates.3b Consequently, the presence of unreacted materials can be 

discarded, even when assigning the ν(O-H), ν(N-H) and ν(C=O) frequencies for the triazine-

metalloacid supramolecular complexes is precluded by the low intensity and large width, for 
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ν(O-H) and ν(N-H) absorptions, or by overlapping of the ν(C=O) absorptions with the ν(C=N) 

triazine bands in the region 1660-1560 cm-1. The weak bands (at 2600, 2645 and 2700 cm-1) 

associated to intramolecular O-H···S bond, observed in 2-SC6H4COOH derivatives, are also lost 

in the supramolecular triazine aggregates. 

 
Table 1. Selected Infrared spectral data in KBr pellets (cm-1) for the metalloacids and their 
triazine aggregates. 

Compound Metalloacid Triazine aggregate 
 ν(C=O) ν(C=O) or 

ν(C=O) + ν(C=N) 
[Au(PCy3)(4-SC6H4COOH)] (1) 1674 (s) 1674 (s) 
[Au(PPh3)(4-SC6H4COOH)]  (2) 1675 (s) 1578 (s) 
[Au(PCy3)(2-SC6H4COOH)] (3) 1719 (s) 1719 (s) 
[Au(PPh3)(2-SC6H4COOH)] (4) 1718 (s) 1584 (s) 
[µ-(R-binap){Au(4-SC6H4COOH)}2] (5) 1676 (s) 1585 (s) 
[µ-(S-binap){Au(4-SC6H4COOH)}2] (6) 1686 (s) 1585 (s) 
[µ-(R-binap){Au(2-SC6H4COOH)}2] (7) 1719 (s) 1579 (s) 
[µ-(S-binap){Au(2-SC6H4COOH)}2] (8) 1718 (s) 1583 (s) 

 
 

The stability of the supramolecular aggregates in solution was investigated by diffusion-

ordered NMR spectroscopy (DOSY-NMR; see Figures S2, S3, and S4 in SI), which provides 

conclusive evidence that metalloacid 5 and triazine (T) are dissociated in d8-THF, but associated 

(1:1 ratio) in CDCl3. In other words, the stability of the aggregates in solution depends critically 

on the nature of the interactions with the solvent, and there is no significant dissociation of the 

aggregate into its components when the aggregate is dissolved in CDCl3. The same result is 

found for aggregate T-6. In contrast, for the rest of triazine aggregates in CDCl3 solution, not all 

the proton signals exhibit the same diffusion coefficient, revealing that these supramolecular 

complexes show very significant dissociation of the aggregate into its components. Hence, the 

supramolecular aggregates derived from 4-sulfanylbenzoic acid are more stable than those 

derived from 2-sulfanylbenzoic acid, probably because steric hindrance is lower for the former. 
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Mesomorphic behavior. 

The triazine used in this work, [{(C10H21O)3C6H2NH}3C3N3], displays a columnar hexagonal 

mesophase at room-temperature, with a clearing transition at 57 °C.26 In contrast, the metalloacid 

complexes are not mesomorphic: the 2-thiosalicylic gold complexes melt in the range 157-170 

ºC, while the 4-thiosalicylic derivatives melt with decomposition above 230 ºC. Quite 

remarkably, all the supramolecular triazine-metalloacid aggregates display enantiotropic liquid 

crystal behavior at ambient temperature, in temperature ranges quite similar to the parent 

melamine (Table 2). The mesomorphism of all these gold/melamine supramolecular compounds 

was studied by polarized optical microscopy (POM), differential scanning calorimetry (DSC), 

and X-ray scattering. Their optical, thermal and thermodynamic data are collected in Table 2. 

Table 2. Optical, thermal and thermodynamic data of triazine-metalloacid aggregates. 

Compound 
 

Transitiona Temperatureb 
(oC) 

ΔHb 
(kJmol-1) 

ΔSb 
(JK-1mol-1) 

Melamine (T) Colh →  I 57  2.0 6.1 
T-2  Colh →  I 43  2.3 7.3 
T-4  Colh →  I 50  2.6 8.0 
T-5 Colh →  I 54  3.2 9.8 
T-6 Colh → I 52  3.3 10.2 
T-7 Colh →  I 57  4.8 14.5 
T-8 Colh →  I 57  4.7 14.2 

a Colh, columnar hexagonal; I, isotropic liquid. b Data collected from the second heating DSC 
cycle. The transition temperatures are given as peak onsets. 

When viewed with a polarizing microscope on cooling from the isotropic melt, a fluid and 

homogeneous optical texture displaying pseudo focal conic fan-like optical defects and large 

black homeotropic regions was observed (Figure 1), which strongly suggests the formation of an 

uniaxial mesophase. Contact preparations between some complexes and the pure triazine 

revealed complete mixing, with an approximately linear variation of the isotropization 

temperature in the mixed zone. No transition lines between both domains were observed, 

indicating that the mesophases of the supramolecular compounds and the free triazine are 

equivalent and thus correspond to the same type of packing with the same symmetry. This 
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mesophase was previously shown to be a columnar phase of hexagonal symmetry (Colh) in the 

ligand and is thus kept after the connection of the bulky metalloacid fragments.22 The Colh phase 

is also presented by other closely structurally related mesogens with three-fold symmetry.3b-c,27  

DSC traces of all the samples were rather silent over all the explored temperature range. 

Down to low-temperatures (-20°C), still no sign of crystallization or glass transition was 

detected, but the sample was not as fluid and appeared frozen, suggesting that a glassy state had 

been reached. The supramolecular complexes have remarkable thermal stability and reach the 

clearing point with no apparent decomposition. The supramolecular aggregation of triazine with 

phosphine gold(I) thiolate metalloacids into the supramolecular complexes T-2 and T-4 to T-8, 

produces a small decrease in the clearing temperatures and an increase in the clearing enthalpies 

(consequently an increase of the clearing entropy), compared with the free triazine. 

  
Figure 1. Polarized optical microscopic texture (x 100) observed for T-7 (chosen as a 
representative example) on cooling from the isotropic liquid at 45 °C. 

The mesophase assignment of all six metalloacids-triazine supramolecular complexes (T-2 

and T-4 to T-8) was assessed by powder X-ray diffraction (2θ = 0–30º) as a function of 

temperature, from room-temperature up to the isotropic liquid (ca. 60°C). In all cases, the 

diffractograms look similar, confirming that the same type of mesophase is systematically 

formed for all compounds. They exhibit three characteristics: i) One single sharp and intense 

reflection in the small angle region (Figures 2 and 3), indicative of long-range ordered low-

dimensional lattices. ii) One  broad scattering halo with average maximum located between 8.6 

This is a preprint version of the following published document:  Chemistry -A European Journal, 2013, V. 19, 19, pp. 5988-5995. DOI: https://doi.org/10.1002/chem.201204256



 

11 

and 10.0 Å (Di in Table 3). This scattering is not present in the pure triazine patterns and its 

appearance in the derivatives likely arises from two concomitant causes. First, the column 

portions containing the gold atoms loom out of the electronic density of the purely organic 

environment, and thus closest neighbor correlations between these zones should lead to a 

periodicity lying in this range (see discussion below). Second, a part of the metalloacid 

fragments protrudes in the low-electronic density aliphatic periphery and likely gives rise to a 

ribbon of similar periodicity. Consequently, both scatterings would then overlap in the observed 

diffuse signal. iii) A second halo spreading between 3.5 and 5.5 Å (intensity maximum at about 

4.3 and 4.4 Å), corresponding to the overlapping of different lateral distances between aliphatic 

tails and between adduct fragments (hi in Table 3). 

 
Figure 2. Above: X-ray diffraction patterns for T-5 . Below:  The same for T-7. For T-2 and T-6 
see SI.  
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 The association of these mid-angle broad bands Di with the metallic fragment is 

evidenced by the fact that such a scattering is absent in the pure triazine compound itself, and by 

the substantial angle shift of the maxima observed (Figure 4) with the substitution pattern. For 

instance, comparing para- versus ortho-substitution of the peripheral gold fragments, this shift is 

larger for the latter.  

 
Figure 4: Superimposed XRD patterns of the six triazine-metallo-acid complexes and of the 
triazine; para-isomers T-2, T-5 and T-6 from bottom to top; ortho-isomers T-3, T-7 and T-8 
from bottom to top. 
 

The analysis of these halos suggests that the scatterings of ortho derivatives are somewhat 

dissymmetric (scatterings most generally adopt a symmetric cusp shape, as expected from the 

widening due to reduced correlation lengths), unlike those of the para-compounds (see Figures 

2, 4, and S5 and S6 in SI). After elimination of all instrumental sources, this dissymmetry can 

only be interpreted by the superposition of two halo signals. This conclusion was nicely 

confirmed by the comparison of the scatterings of monomers and dimers: the global signal shape 

remains the same, whilst the relative intensity of the overlapping scatterings inverts, resulting in 

a substantial shift of the apparent scattering maximum. Again, this asymmetry may have several 

origins, which cannot be clearly discriminated because of the overlapping of scatterings of 

several zones. Even the ribbon periodicity in the periodicity cannot be excluded as the protruding 

segments are different for ortho and para adducts, but intuitively it is more likely related to the 
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different distribution of gold containing zones. Thus, in the ortho adducts, these zones are 

withdrawn from the column periphery and lead to several overlapping periodicities. The 

existence of different distances between gold regions has also a molecular explanation, related to 

the lack of a C2 rotational axis in the ortho fragment of the metalloacid. In the condensed phase 

the rotation of an ortho aryl group must be hindered, which gives rise to, at least, two non-

equivalent orientations of this fragment in a disk (atropisomers). The neighboring groups can 

have coincident or opposite orientations, thus giving rise to different combinations in a column. 

Not unexpectedly, the para derivatives, having a C2 rotational axis for the thiol fragment cannot 

produce these atropisomers and give a more symmetric halo. Moreover, since the expected 

atropisomers of the ortho fragments must have different spatial influences above and below the 

aryl ring, in the supramolecule, this will give rise to planar chirality, which might be interacting 

with the chirality of the binap systems, defining different diastereomeric supramolecular disks. 

Furthermore, in the binap systems, helicity of the columns may have been induced by chirality as 

in other disc-like systems,28 but this possibility could not be evidenced from the diffraction 

studies. 

 
Table 3. Mesophase parameters. 
Compound T (°C) d10 (Å) Di (Å) [ζ (Å)] hi (Å) [ζ (Å)] a (Å) S(Å2) 
T 30 25.8 - 4.4 [14.6] 29.8 770.4 
T-2 30 24.2 8.4 [17.2] 4.3 [19.0] 28.0 677.9 
T-4 30 23.3 10.1 [37.5] 

8.9 [17.2] 
4.4 [14.8] 
3.9 [12.2] 

26.9 626.9 

T-5 35 24.0 9.7 [23.7] 4.3 [15.0] 27.7 665.1 
T-6 40 24.1 9.9 [19.7] 4.3 [13.6] 27.8 669.0 
T-7 35 23.9 10.2 [41.6] 

9.2 [24.3] 
4.3 [14.9] 
3.8  [9.2] 

27.6 660.7 

T-8 35 23.9 10.2 [41.6] 
9.2 [14.4] 

4.4 [24.3] 
3.8   [8.1] 

27.6 660.7 

T: temperature of the X-ray experiment; d10: reflection d10 of the hexagonal lattice; Di and hi: mid- and large-
angle broad scatterings; a: hexagonal lattice parameter; S: cross-columnar section area (S = a2√3/2); Di: Dribbon, 
ribbon periodicity (chains and protruding metallo-acid fragments) or/and DAu-Au, first neighbor correlation signal 
between gold atoms; hi: hch, maximum of the diffuse scattering due to lateral distances between molten aliphatic 
tails, hadduct, diffuse scattering due to lateral distances within columns; ζ: correlation length of the broad signals. 
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All adducts and the triazine show in their X-ray patterns an intense and sharp first order 

reflection of the bi-dimensional lattice, and the absence of any higher order reflection. This 

means that their columns are well confined at the nodes of the long-range correlated lattice 

(Figure 5), while the interfaces between the high- and low electron density medium (the columns 

of piled triazine rings and the aliphatic peripheral continuum) are diffuse. For the triazine moiety 

(Figure 5, above), the link with the molecular architecture is evident: the very symmetrical 

molecular shape logically leads to equally spaced neighboring columns with an arranged 

cylindrical shape, leading therefore to an average long-range ordered cylinder packing of p6mm 

symmetry. However, this highly symmetric long-range organization emerges from a local 

segregated structure deviating fairly from a regular stacking, as required by the large number of 

aliphatic tails involved in the mesogen. In fact, the ring volume fraction estimated from 

reference partial volume data would correspond to cylindrical columns of 13 Å core-diameter, 

with an envelope area 30% percent smaller than the sum of minimum cross-sections of all 

molten aliphatic tails (that is 21.4 Å2 per completely stretched chain at 30°C, Table 4). Several 

mechanisms of compensation of the interface area deficiency are known to occur in columnar 

phases, for instance tilts between stacking direction and columnar axis, possibly associated to a 

reduced rectangular symmetry, or periodic disruption of columns toward 3-dimensional 

phases.29,30 But here the ring architecture in three branches affords star conformations with large 

voids at the origin of bumps and hollows in the average cylindrical envelope of columns. With 

this irregular shape, the envelope area is expanded up to the overall cross-section of tails, but 

appears as an unsharp interface in X-ray patterns. 
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Figure 5. Schematic representations of the two types of long-range ordered p6mm arrangement 
of cylinders with diffuse interfaces (see text). Above: random alternated stacking in columns and 
2D hexagonal lattice of the free triazines. Below: triazine metalloacids associations. 

 

The loose triazine ring architecture allows for intercalation of the different metallo-acid 

fragments used in this work as a fourth branch of the rings in the supramolecular entity (Figure 

5, below). Thus the volume of matter contained inside the average interface cylinder is 

noticeably increased by formation of the supramolecule and reduces the possibility of surface 

deformations compensating with tails the lack of interface area. The accordance of areas is then 

realized by a more classical mechanism consisting in the elongation of columns along the 

columnar axis, as revealed by the fact that the molecular height per triazine htriaz=Vmol/S.Ntriaz 

(Vmol: molecular volume of the supramolecule; S: columnar cross-section area; Ntriaz: number of 

triazines per complex) increases from 3.85 Å in the pure triazine to 5.2-5.6 Å in the 

corresponding complexes (Table 4). In analogy with macrocycle-type discotic systems for which 

the macrocycle defines an individual columnar plate,30 these values of htriaz would correspond to 

columns made of untilted triazine rings with the cores of the associated gold complexes tilted by 

45°.  

This is a preprint version of the following published document:  Chemistry -A European Journal, 2013, V. 19, 19, pp. 5988-5995. DOI: https://doi.org/10.1002/chem.201204256



 

16 

 

Table 4. Geometrical parameters of mesophases, obtained from XRD. 

Compd. T Vmol htriaz VC/Ntriaz SC/Ntriaz DC/Ntriaz ach σCH2 
T 30 2966 3.85 521 135 13.1 17.6 21.39 

T-2 30 3518 5.19 686 132 13.0 21.2 21.39 
T-3 30 3518 5.61 686 122 12.5 22.0 21.39 
T-5 35 7142 5.37 688 128 12.8 21.5 21.47 
T-6 40 7164 5.35 690 129 12.8 21.5 21.55 
T-7 35 7142 5.41 688 127 12.7 21.6 21.47 
T-8 35 7142 5.41 688 127 12.7 21.6 21.47 
T is temperature of the experiment in °C; Vmol is molecular volume (triazine and adducts) in Å3; htriaz is 

molecular height (Å) per triazine, htriaz=Vmol/S.Ntriaz, where Ntriaz is the number of triazines per complex (Ntriaz = 1 
for monomers, Ntriaz = 2 for dimers); VC corresponds to the volume (Å3) of the core including that of the triazine part 
and that of the metallic fragment up the gold atom (e.g. without the phosphine-containing part); SC is the core 
transverse cross-section area (Å2), SC=S.VC/Vmol; DC is the diameter of the core (Å), DC=2√(SC/π); ach is the area 
(Å2) per fragment on the cylindrical interface, ach=π.h.DC/(nch+nfrag); σCH2 is the methylene cross-section, 
σCH2=VCH2/1.27 (Å2), where VCH2 (Å3)=26.5616+0.02023T(°C). 

 

 The statistical area per chain on these elongated average interface cylinders is in perfect 

agreement with the minimum cross-section of the molten chains, confirming the minor role of 

the fragment shape irregularities in the architecture adopted by the four branches, (see Table 4; 

the calculation considers 9+1=10 chains or emerging segments, and includes the metallo-acid 

volume fraction bearing the gold-triphenylphosphine segment, which is supposed to protrude 

from the interface cylinder). Yet, the interface between high and low electron density zones is 

unsharp in the complexes, as shown by the absence of higher-order reflections in the X-ray 

pattern, but here the main cause is the high electron density metallo-acid volumes going across 

the interface defined by the triazine branches. The triphenylphosphine and bi-naphtyl segments 

lie doubtlessly beyond this interface and interrupt the aliphatic continuum (Figures 2 and 3, 

Dribbon). The alternation of conjugated and aliphatic parts in these regions might then lead to a 

ribbon periodicity contributing to the diffuse scattering observed between 8.6 and 10 Å. Inside 

the columns, the quite similar molecular segments lead to a quite homogenous electron density, 

except in the high-density zones containing the gold atoms. First neighbors’ correlation between 
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these zones (Figure 6) would then give rise to an intense scattering, which is presumably the 

major contribution to the additional diffuse signal (Figures 2 and 3, DAu-Au). 

 

Figure 6. Schematized perspective view of the humped columns packed in hexagonal array, with 
the white dotted arrows defining either the ribbon periodicity (chains and protruding metallo-
acid fragments, Dribbon) or/and the first neighbors correlations between gold atoms (DAu-Au).  
 
 

Unfortunately, the scattering angle is only a rough estimation of the average distance between 

zones, the effective relation being unknown since it depends on the respective distribution of all 

interacting first neighbors. This distribution of high electron density regions should be similar 

for all dimers, as the additional scattering is also very similar. The likely reason for this is the 

molecular architecture constraining the packing, especially as the structure allows for the 

location of both triazines in the same column. The only significant difference between ortho- and 

para-substituted dimers concerns the dissymmetry of the scattering signal revealing the 

overlapping of several signals for the former, as discussed above, which is not surprising since 

their interacting zones should be closer. Conversely, the monomers show weaker and more 

shifted scatterings. 

From the analysis above, idealized representations of the supramolecular arrangements within 

the Colh phase can be depicted, both for the pure triazine (T) and for the adducts, as shown in 

Figure 5 for T-2 chosen as a representative example. It can be seen that the rough interface 

displayed by the triazine is somehow smoothed upon lateral connection of the “fourth branch” , 
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but this fourth branch still protrudes in the aliphatic media because of the bulkiness of the 

phosphine groups, giving rise to “humped columns” (Figure 6) and to a molecular height 

increase (Table 4, htriaz). This explains the absence of higher order reflections and the reduced 

micro segregation with occurrence of ribbons.  

Taking into account all our observations, a plausible explanation appears for the clearing 

temperatures observed for the single triazine molecule as reference, the metallo-pentacarbonyl,22 

and the metallo-gold systems. The pentacarbonyl metal fragment is rather small compared to the 

metallo-phosphines, and is located inside the triazine column. The whole fragment is thus 

completely embedded within the triazine branches, conferring a more cylindrical shape to the 

columns, which produces a better segregation as evidenced by the observation of higher order 

reflections.22 This more efficient packing leads to an increase of the clearing temperature with 

respect to the free triazine. In contrast, the disturbing effects discussed above for the gold 

systems are in part compensated by the  “fourth branch” filling effect helping to rigidify the 

columns, which leads to an overall thermal behavior less different from the free triazine. 

 In summary, uncommon mesomorphic mono and dinuclear hydrogen-bonded triazine-

metalloacid aggregates display columnar mesophases at room-temperature with an unusual 

structure consisting of a columnar stacking of triazine groups and the metal fragments, acting as 

a wedge of the triazine units and filling the space between the branches of the trifoil molecular 

architecture. The triazine structure with a high number of lateral chains prove extraordinarily 

able to “swallow” remarkably large metalorganic fragments attached to it without loosing the 

mesomorphic behavior. Remarkably, the formation of these supramolecular metalorganic 

aggregates produces a slight decrease in the clearing temperatures, when compared with the free 

melamine, probing that this strategy can be very useful for the design of functional materials. 

The complexes prepared here do not show metallophilic interactions but this strategy looks very 
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promising for the future design of room-temperature LC mesophases containing interacting 

metallic fragments.  

 

Experimental Section 

Combustion analyses were made with a Perkin-Elmer 2400 microanalyzer. IR spectra (cm-1) 

were recorded on a Perkin-Elmer FT 1720X instrument and 1H and 19F NMR spectra on Bruker 

AC 300 or ARX 300 instruments in CDCl3. Microscopy studies were carried out using a Leica 

DMRB microscope equipped with a Mettler FP82HT hot stage and a Mettler FP90 central 

processor, at a heating rate of 10 °C min-1. For differential scanning calorimetry (DSC) a Perkin-

Elmer DSC7 instrument was used, which was calibrated with water and indium. The scanning 

rate was 10 °C min-1, the samples were sealed in aluminum capsules in the air, and the holder 

atmosphere was dry nitrogen. Specific rotations were measured using a Perkin Elmer 343 

polarimeter at 589 nm. The XRD patterns were obtained by transmition diffraction with a 

Guinier experimental set-up. A linear focalized monochromatic Cu-Kα1 beam (λ = 1.5405 Å) 

was obtained using a sealed-tube generator (900 W) equipped with a bent quartz 

monochromator. In all cases, the crude powder was filled in thin Lindemann capillaries of 1 mm 

diameter and 10 µm wall-thickness, in air (corrections for air were made), and then heated to 

produce the mesophase. An initial set of diffraction patterns was recorded with a curved Inel 

CPS 120 counter gas-filled detector linked to a data acquisition computer; periodicities up to 70 

Å can be measured, and the sample temperature controlled to within ±0.01 °C from 20 to 200°C. 

Alternatively, patterns were also recorded on an image plate; periodicities up to 120 Å can be 

measured (scanned by STORM 820 from Molecular Dynamics with 50µm resolution). In each 

case, exposure times were varied from 1 to 24 h. 
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The gold Complexes [AuCl(PCy3)],31 [(µ-S-binap)-(AuCl)2],32 [(µ-R-binap)-(AuCl)2],33 

[{(C10H21O)3C6H2NH}3C3N3],3b,22 [Au(PR3)(2-SC6H4COOH)] (R = Cy, Ph),23 and [Au(PPh3)(4-

SC6H4COOH)] (R = Cy, Ph),34,24 had been reported previously and were prepared from a 

solution of  the corresponding chloro complex in dichloromethane, by reaction with the 

corresponding 2- or 4-sulfanylbenzoic acid (2- or 4-thiosalicylic) acid in methanol with one 

equivalent amount of sodium methoxide. Preparative procedures and characterization data of the 

compounds are given in the Supporting Information. 
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Mono and dinuclear hydrogen-bonded triazine-thiolategold(I)metalloacid aggregates display 

stable columnar mesophases at room-temperature with the metal fragments acting as a wedge 

between the columnar stacking of triazine discogens. 
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1.- SYNTHESIS AND CHARACTERIZATION OF THE COMPOUNDS 

 

Preparation of [(µ-R-binap){Au(4-SC6H4COOH)}2] (5). A solution of [4-

HSC6H4COOH] (17.54 mg, 0.11 mmol) and sodium methoxide (6.73 mg, 0.12 mmol) 

in methanol (5 mL) was added dropwise to a stirred solution of [(µ-R-binap)-(AuCl)2] 

(60.00 mg, 0.06 mmol) in dichloromethane (15 mL). After stirring for 90 min. at 

room temperature, the solvent was removed under vacuum. The resulting residue was 

extracted in dichloromethane. Hexane was added to precipitate the product as a white 

solid (0.06 g, 81 % yield). M.p.(dec) = 236 ºC. IR (KBr/cm-1): ν(C=O): 1675 (s). 

[α]20 = +77 (c = 0.35, THF). 1H NMR (CDCl3): δ 12.80 (s, br, 1H, COOH), 8.10 (d, J 

= 8.49 Hz, 2H), 7.81 (m, 6H), 7.67 (m, 6H), 7.49 (m, 4H), 7.42 (m, 2H), 7.33 (m, 

2H), 7.25-6.99 (m, 11H), 6.49-6.30 (m, 4H). 31P {1H} NMR (CDCl3): d 33.15 (s). 

Anal. Calcd. for C58H42Au2O4P2S2: C, 52.66; H, 3.20. Found: C, 52.50; H, 3.02. 

Preparation of [(µ-S-binap)-{Au(4-SC6H4COOH)}2] (6).  This compound was 

prepared as for [(µ-R-binap)-{Au(4-SC6H4COOH)}2], starting from [(µ-R-binap)-

(AuCl)2] (60.00 mg, 0.06 mmol). The product was isolated as a white solid. (0.06 g, 

81 % yield). m.p.(dec) = 237 ºC. IR (KBr/cm-1): µ(C=O): 1686 (s). [α]20 = -77 (c = 

0.25, THF). 1H NMR (CDCl3):  δ 12.80 (s, br, 1H, COOH), 8.09 (d, J = 8.88 Hz, 2H), 
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7.81 (m, 6H), 7.66 (m, 6H), 7.49 (m, 4H), 7.41 (m, 2H), 7.33 (m, 2H), 7.25-7.1 (m, 

11H), 6.49-6.30 (m, 4H). 31P {1H} NMR (CDCl3): d 33.16 (s). Anal. Calcd. for 

C58H42Au2O4P2S2: C, 52.66; H, 3.20. Found: C, 52.55; H, 3.12. 

Preparation of [(µ-R-binap)-{Au(2-SC6H4COOH)}2] (7). This compound was 

prepared as for [(µ-R-binap){Au(4-SC6H4COOH)}2], starting from [2-

HSC6H4COOH] (17.54 mg, 0.11 mmol), sodium methoxide (6.73 mg, 0.12 mmol) 

and [(µ-S-binap)(AuCl)2] (60.00 mg, 0.06 mmol). The product was isolated as a white 

solid. (0.05 g, 69 % yield). m.p. = 157 ºC. IR (KBr/cm-1): µ(C=O): 1719 (s). [α]20 = -

11 (c = 0.5, THF). 1H NMR (CDCl3): δ 12.99 (s, br, 1H, COOH), 8.30 (dd, J1 = 7.61 

Hz, J2 = 1.81 Hz, 2H), 8.04 (d, J = 8.60 Hz, 2H), 7.83 (d, J = 8.14 Hz, 2H), 7.53-7.40 

(m, 17H), 7.38-6.98 (m, 17H), 6.73 (m, 2H),. 31P {1H} NMR (CDCl3): d 28.83 (s). 

Anal. Calcd. for C58H42Au2O4P2S2: C, 52.66; H, 3.20. Found: C, 52.56; H, 3.05. 

Preparation of [(µ-S-binap)-{Au(2-SC6H4COOH)}2] (8). This compound was 

prepared as for [(µ-S-binap)-{Au(4-SC6H4COOH)}2], starting from [2-

HSC6H4COOH] (17.54 mg, 0.11 mmol), sodium methoxide (6.73 mg, 0.12 mmol) 

and [(µ-S-binap)-(AuCl)2] (60.00 mg, 0.06 mmol). The product was isolated as a 

white solid. (0.07 g, 96 % yield). m.p. = 158 ºC. IR (KBr/cm-1): µ(C=O): 1718 (s). 

[α]20 = +11 (c = 0.3, THF).  1H NMR (CDCl3): δ 12.99 (s, br, 1H, COOH), 8.31 (dd, 

J1 = 7.56 Hz, J2 = 1.67 Hz, 2H), 8.04 (d, J = 8.59 Hz, 2H), 7.83 (d, J = 8.14 Hz,2H), 

7.55-6.95 (m, 34H), 6.73 (d, 2H). 31P {1H} NMR (CDCl3): δ 28.91 (s). Anal. Calcd. 

for C58H42Au2O4P2S2: C, 52.66; H, 3.20. Found: C, 52.96; H, 3.50. 

Preparation of hydrogen-bonded triazine complexes. The supramolecular 

complexes were prepared from the pure components. Exact stoichiometric molar 

amounts of the two compounds were dissolved in dry tetrahydrofuran at room 

temperature, and the solvent was pumped off in vacuum, affording the aggregates as 

pale yellow waxy solids. 

 

The supramolecular triazine-metalloacid aggregates containig binap ligands, 

maintain the chiral character of their gold precursors. Their specific rotation 

measurements ([α]20) in CH2Cl2 solution are: -20º (T-5), +20º (T-6), +2º (T-7), -2º 

(T-8)). 
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2.- EXAMPLE OF FTIR CHARACTERIZATION OF  TRIAZINE 

AGGREGATES  

 
Figure S1. FTIR spectra of free triazine (up), metalloacid (5) (middle) and its 

triazine aggregate (T-5) (down). 
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3.- DOSY SPECTROSCOPIC STUDIES. 

This technique allows correlating the diffusion coefficients of solute molecules of 

different sizes. It has been successfully applied to study molecular association in 

different complex systems, including H-bonded complexes and supramolecular liquid 

crystals.1,2 The DOSY studies were performed in THF and in CDCl3 solutions.  

 

The two-dimensional spectra shown in Figures S2 and S3 represent chemical shifts 

against diffusion coefficients (logarithmic scale) for the supramolecular complex T-5. 

The spectra show that signals corresponding the two components of the aggregate 

show different diffusion coeficients in d8-THF, whereas to all these protons  exhibit 

the same diffusion coefficient in CDCl3. These results provide conclusive evidence 

that metalloacid 5 and triazine (T) are associated in a 1:1 ratio, making a discrete 

supramolecule (T-5) that is stable in CDCl3. The same results are found for aggregate 

T-6. 

 
 

Figure S2. DOSY spectra of complex (T-5) in d8-THF. Note that the two 

resonances of THF appear with apparent different diffusion coefficients. This effect is 

due to some overlapping of resonances of triazine and high field signal of THF. 

 
                                                
1 Barberá, J.; Puig, L.; Serrano, J. L.; Sierra, T. Chem. Mater. 2005, 17, 3763-3771. 
2 Cohen, Y.; Avram, L.; Frish, L. Angew. Chem., Int. Ed. 2005, 44, 520-554. 
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Figure S3. DOSY spectra of complex (T-5) in CDCl3. 

 

In contrast, for the rest of triazine aggregates (e.g. T-7, Figure S4), not all the 

protons signals exhibit the same diffusion coefficient, revealing that these 

supramolecular complexes are not stable in CDCl3 solution, and the triazine and the 

metalloacid behave as independent components. Hence, the supramolecular 

aggregates derived from 4-sulfanylbenzoic acid are more stable than those derived 

from 2-sulfanylbenzoic acid, probably because the former are less crowded. 

 

Figure S4. DOSY spectra of complex (T-7) in CDCl3.  

 

This is a preprint version of the following published document:  Chemistry -A European Journal, 2013, V. 19, 19, pp. 5988-5995. DOI: https://doi.org/10.1002/chem.201204256



 6  

4. DSC thermograms (first heating (up), cooling (middle), second heating (down). 

 

 

Free triazine 

 
 

 

 

T-2 aggregate 
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T-4 aggregate 

 
 

 

 

 

 

T-5 aggregate 
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T-6 aggregate 

 
 

 

 

T-7 aggregate 
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T-8 aggregate 

 
 

 

5. Contact preparations between some complexes and the pure triazine. 
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Figure S5. X-ray diffraction patterns of para derivatives T-2 (PPh3), and T-5 

and T-6 (BINAP). 
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 Figure S6. X-ray diffraction patterns of ortho derivatives T-4 (PPh3), and 

T-7 and T-8 (BINAP). 
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