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Abstract

Model compounds of unsymmetrical bis-ureas have been designed and synthesised to investigate and
further understand the formation of supramolecular polymer arrays. Association constants (< 200 M)
for the bis-ureas have been determined by *H NMR spectroscopy, and further characterised by optical
spectroscopy. In addition, SAXS analysis of the bulk material reveals the formation of different highly
ordered structures demonstrating complex hydrogen bonding of these unsymmetrical materials.
Thermal transitions are also observed in some examples of unsymmetrical bis-ureas near to the
melting point, as evidenced by double endotherms in DSC analysis. We also propose a re-organisation
mechanism whereby the supramolecular array is first altered before proceeding to melt which is
supported by variable temperature SAXS analysis.
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Introduction

Supramolecular chemistry has found widespread use in applications ranging from drug
delivery systems, composite materials, and sensors.[1-4] Reversible, non-covalent interactions such as
hydrogen bonding[5] and n-r stacking interactions[6] are able to be tuned to afford arrays which are
responsive and reversible.[7-9] Moreover, multiple hydrogen bonds between low molecular weight
dimers result in increased strength in the supramolecule,[10] where the association constants (K,) can

reach as high as >10® M as reported by Meijer[11] and 107 M as reported by Zimmerman.[12]

Several studies focused on the assembly characteristics of low molecular weight molecules that feature
either urethane or urea functionalities have been developed.[13-15] In particular, urea analogues[16—
19] which possess accepting bifurcated geometries demonstrate efficient self-association and have
greater potential for hydrogen bonding than the analogous urethane moiety. Hydrogen bonding motifs
have been used extensively to create stable networks [20-22] which, even at low concentrations,

provide evidence of assembly into higher ordered structures via self-assembly of the urea



moieties.[23] These self-assembled arrays have found use in a wide range of applications including

materials for water purification[24] and molecular switches.[23]

Hydrogen bonded arrays that incorporate multiple urea groups have also been reported.[20,25]
Bouteiller and co-workers have demonstrated[15] that for bis-urea systems, including a
conformationally controlled architecture, control over the macroscopic structure is possible by careful
design of the substituents in the ortho-positions on the aryl moiety; thus imparting some level of pre-
organisation in the small molecules, resulting in hydrogen bond array formation. Similarly, Meijer,
Sijbesma and co-workers have also reported[26,27] bis-urea derived thermoplastic elastomers which
are capable of self-sorting by virtue of the spacer between the urea functionalities.

However, bis-ureas described in the literature focus on symmetrical structures,[28,29] and these can
lead to the enhancement of high melt viscosity with processing disadvantages. Herein we report the
design, synthesis and self-assembly studies of a series of structurally related unsymmetrical bis-ureas
as a convenient way of incorporating multiple hydrogen bonds into a molecule whilst controlling the
molecular architecture and maintaining a straightforward synthetic procedure.

Experimental

All reagents and solvents were purchased from Acros Organics or Sigma Aldrich and used as received,
with the exception of Tetrahydrofuran (THF) which was distilled from sodium and benzophenone
prior to use. General characterisation by TLC was conducted using TLC silica gel 60 F254 aluminium
backed sheets purchased from Fisher Scientific and visualised using an ultraviolet light source (254
nm) and/or potassium permanganate staining. Preparative TLC was undertaken using silica gel GF 20
x 20 cm 1000 um plates backed on glass. Purification by column chromatography was carried out
using silica gel 60. *H NMR spectroscopy (400 MHz) and *C NMR spectroscopy (100 MHz) were
recorded with either a Bruker Nanobay 400, or Bruker DPX 400, using an appropriate deuterated
solvent. Infrared spectra were collected using a Perkin-Elmer Spectrum 100 FTIR spectrometer with
an ATR attachment. Mass spectrometric (MS) analysis was conducted using a ThermoFisher
Scientific Orbitrap XL mass spectrometer operating in electrospray ionisation (ESI) mode. Parent
mass ions, dimers or principal fragments are quoted. Association constants (K,) were determined using
'H NMR spectroscopy, using known sample concentrations in deuterated chloroform. The change in
chemical shift of up to three proton resonances over the observed concentration range (a minimum of
10 data points between 0.5 mg/mL up to 80 mg/mL, depending on solubility) were input into the
Dynafit[30] software suite in order to generate an association constant with units of M. Differential
Scanning Calorimetry (DSC) thermograms were obtained using a TA DSC Q2000 adapted with a TA
Refrigerated Cooling System 90, using aluminium TA Tzero pans and lids. Thermal transitions were

recorded using heating and cooling rates of 5 °C mint. Small-Angle X-ray Scattering and Wide-Angle



X-ray Scattering (SAXS/WAXS) experiments were performed on beamline BM26B at ESRF,
Grenoble, France. Samples, as powders, were placed in aluminium DSC pans with mica windows and
mounted in a brass block for temperature control. The sample-to-detector (SAXS) distance was 2 m,
the sample-to-detector (WAXS) distance was 26 cm and the X-ray energy was 12 keV. The q = 4= sin
6/ range was calibrated using silver behenate. Data processing (background subtraction, radial
averaging) was performed using SAXSUtilities software. Computational modelling (molecular
mechanics with charge-equilibration) was carried out using the “Cerius2” suite of programmes from
Accelrys Inc. (now Biovia), San Diego, running on a Silicon Graphics O2 system. The force field used
was “Dreiding I1”.[31] Simulations involved the creation of an ensemble of oligomers that were then
positioned at approximately van der Waals distances from one another. Energy-minimisation of the
ensemble (both intra- and inter-molecular) was then carried out using the "smart minimiser” algorithm,

without constraints, to high convergence.

General method for the synthesis of mono hydroxyl-alkyl MDI ureas:
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Figure 1: General structure of 4,4’-MDI derived bis-ureas showing the solubilising ethylhexyl end-group and
linear hydroxyalkyl chains range fromn=2ton =5.

To a stirred solution of 4,4’-methylenebis(phenyl isocyanate) 1 (1 equiv.) in dry THF under nitrogen
was added drop wise 2-ethyl-1-hexylamine 3 (1.05 equiv.) and hydroxyalkyl amine 4-7 (1 equiv.)
dissolved in dry THF. The reaction was heated under reflux until the isocyanate absorbance band
(~ 2250 cm™1) was not evident in the IR spectrum, (between 15 minutes - 5 hours). The reaction
mixture was then cooled to room temperature and the precipitate thus formed removed by filtration.
The filtrate was dried under reduced pressure and then washed in chloroform, filtered and dried under

reduced pressure to yield the desired compound (See Figure 1 and S1-8).
General method for synthesis of mono hydroxyl-alkyl HDI ureas:
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Figure 2: General structure of HDI derived bis-ureas showing the solubilising ethylhexyl end-group and linear
hydroxyalkyl chains range fromn=2ton =5.

To a stirred solution of hexamethylene diisocyanate 2 (1 equiv.) in dry THF under nitrogen was added
drop wise hydroxyalkyl amine 4-7 (1 equiv.) and 2-ethyl-1-hexylamine 3 (1.05 equiv.) dissolved in
dry THF. The reaction was heated at a temperature of 60 °C until the isocyanate peak (~ 2250 cm™?)



was no longer observed in the IR spectrum, (between 15 minutes - 5 hours). The reaction mixture was
then cooled to room temperature and a series of washes (Figure 2 and S9-16) performed to give the
desired compound. Full synthetic procedures and characterization for the unsymmetrical bis-ureas and

model compounds can be found in the Supporting Information.

Results and Discussion

Previous studies have shown that bis-urea type compounds, synthesised from diisocyanates and
primary amines, provide access to enhanced hydrogen bonding interactions.[29,32,33] This well
documented synthetic protocol has found extensive use within the adhesive industry, amongst others,
and has been exploited using commercially available precursors. However, unsymmetrical bis-ureas
are rarely reported despite the increased variety of structures which can be achieved by asymmetrical
substitution of a diisocyanate. In order to create a facile method for synthesising un-symmetrical ureas,
the design of the molecule and end groups is paramount. Diisocyanates offer a facile route to
synthesising bis-ureas, and indeed this route is often employed in industrial settings to great effect. An
aromatic (4,4’-methylenebis(phenyl isocyanate) [4,4’-MDI]) 1 and an aliphatic (1,6-hexamethylene
diisocyanate [HDI]) 2 (Scheme 1) were selected to assess the contribution of 7- stacking interactions
toward the overall properties of the self-assembling array afforded. To improve the solubility of the
bis-urea, which can be problematic owing to highly direction and specific interactions yielding
insoluble arrays, a branched alkyl group, namely an ethyl hexyl motif 3 was selected as one terminus
for the small molecule. Finally, a second end-group containing an alkyl chain and reactive handle,
namely alcohols 4-7 (Scheme 1) for further subsequent chemistries to take place was required to allow
for their use in value added applications. The aforementioned considerations were then used to
generate the generic structure (Figure 3) which could then be used to examine the properties of the

resulting self-assembled bis-urea arrays.
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Figure 3: The target structure identified for bis-ureas reported in this study, where R constitutes 4,4’-MDI or
HDI moieties and the linear alkyl chains range fromn=2ton =5.

Utilising the highly efficient reaction between isocyanates and amines, a library of unsymmetrical
bis-ureas (8-15) have been synthesised (Scheme 1) via a simple one pot strategy as reported
previously[14,34]. Statistical addition of the two different amine end-groups resulted in a maximum
theoretical yield of 50% of the desired unsymmetrical bis-urea. Owing to the similar polarities and Ry
values between the symmetric and asymmetric ureas, column chromatography was not a viable

method for purification. Therefore, the symmetrical by-products were removed by a series of washes,



relying on the differing solubilities of the symmetrical bis-ureas and thus allowing for the desired
product to be isolated from this statistical synthesis in excellent purity (> 95 %) and acceptable yields
(up to 56 %)(See Figures S1-16).
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Symmetric bis-hydroxyl by-products

Scheme 1: General reaction scheme for the synthesis of unsymmetrical bis-ureas, assuming equal reactivity of
the amines and 100 % consumption of the isocyanate moieties.

Confirmation of the successfully isolated mono hydroxyl-alkyl product bis-ureas (8-15) was first
achieved by 2D TLC analysis, which revealed a single spot, demonstrating the removal of the
symmetrical by-products. *H NMR spectroscopy analysis (Figure S1-16) was then used to confirm the
desired bis-urea had been obtained. Integration of the terminal methyl protons of the ethyl hexyl end-
groups were compared with respect to the protons of the linking moiety (methylene bisphenyl or
hexamethylene) adjacent to the urea groups which were in good agreement for the formation of the
unsymmetrical bis-urea. This integral ratio was further corroborated by comparison with the
methylene protons within the alcohol containing moiety which gave further evidence of successful
desymmetrisation. Mass spectrometry was also used to confirm the successful isolation of the desired
unsymmetrical bis-urea (See Sl). A parent ion for each unsymmetrical bis-urea compound was found
in the mass spectra, but crucially mass ions corresponding to the analogous symmetric bis-ureas diols
or dialkyl derivatives were not evident, demonstrating that the desired product had indeed been
isolated. It was also noted that dimers were present in several of the molecules, indicating the desired
high degrees of association in this class of molecules.[35] The relative shift to higher wavenumbers of
the broad OH absorption band at ~3320 cm™? and the amide Il band at ~1570 cm™ in the mono
hydroxy-alkyl bis-urea compounds 8-15 as observed in the IR spectra, provided further evidence that

asymmetrical bis-ureas are capable of hydrogen bonding in the bulk.[14]

DSC analysis of the bis-ureas revealed that the compounds appear to reorganise, as evidenced by two
endothermic transitions, conceivably into different phase structures or morphologies during the melt,

as exemplified in Figure 4 which shows the DSC thermogram for bis-urea 8. Interestingly, this phase
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change phenomena were observed for several of the small molecules synthesised within this study,
revealing this structural conversion with respect to temperature is common to bis-ureas. Interestingly,
a second melt is observed predominantly in the 1,6-hexamethylene diisocyanate 2 derived bis-ureas,
indicating that increased degrees of freedom allows for facile reordering within the supramolecular
array at elevated temperatures. A common isomorph transition is also observed in the temperature
regime of approximately 116 °C (+ 10 °C, resulting from different alkyl chain lengths) demonstrating
that the self-assembled arrays share at least one common morphology.
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Figure 4: DSC thermogram of compound 8 revealing the double endothermic transition during the melt between
152.1 °C and 180.7 °C during the heat cycle, indicative of thermal reorganisation within the supramolecular

array formed.

The 4,4’-MDI derived bis-ureas, in general exhibited elevated melting points when compared to the
HDI analogues on account of the relatively rigid aromatic units in MDI. A correlation between the
length of the alkyl chain and the highest melting point observed by DSC was noted for the
unsymmetrical 4,4’-MDI 8-11 and HDI 12-15 derived compounds (Table S1). As the carbon chain
between the urea and hydroxyl functionality increases in length, the melting points were seen to
decrease as a result of less ordered packing within the supramolecular array. Moreover, this effect was
much larger in the 4,4’-MDI derived analogues (Figure 5) where an increase in spacer length from
C2H4 to CsHyo results in a greater reduction in the upper melting point (-72 °C) when compared to the
HDI analogues (-9 °C). The difference between the two series of bis-ureas can be rationalised in terms
of the degree of order within the supramolecular arrays. Increasing the chain length of the alcohol

bearing side-arm in the 4,4’-MDI derived bis-ureas results in less order in the supramolecular array



and thus suppresses the melting point. This trend is not as evident in the HDI analogues which have

greater degrees of freedom within the structure.
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Figure 5: The effect of increasing spacer length on higher melting point for both the 4,4’-MDI and HDI mono-
alcohol analogues.

The tuneable thermal properties of the unsymmetrical bis-ureas proved to illustrate the advantages of
desymmetrisation when compared to the symmetrical analogues, for use in industrial applications such
as additives or adhesives. All of the asymmetric bis-ureas have the same general solubility profile and
potential for hydrogen bonding, however their melting point, and thus processability, can be varied
simply by altering the spacer length, especially for the 4,4’-MDI derivatives.

Molecular models were generated using Cerius? software with the Dreiding 11[31] force field to probe
the hydrogen bonding interactions of the bis-ureas 8-15 which led to the consideration of complex and
varied association phenomena in these molecules comprising unsymmetrical bis-ureas. An ensemble
of oligomers that were then positioned at approximately van der Waals distances from one another
before energy-minimisation of the ensemble (both intra- and inter-molecular) was then carried out
using the "smart minimiser” algorithm, without constraints, to high convergence. This procedure
reproducibly yielded the patterns of hydrogen bonds (Figure 6) wherein dimers or oligomers were
formed through hydrogen bonding of the urea motifs within the molecules, resulting in aggregation
through self-assembly. Using bis-urea 8 as a representative example, a bifurcated binding mode was
observed between both pairs of ureas in the respective individual molecules, resulting in an end-to-end
layered structure being formed (Figure 6a). Molecules were observed to be approximately 7.7 A apart
within the sheet, and the sheet itself being symmetrical with respect to the urea functionalities.

Staggered layers were also modelled in which alternate urea end-groups would hydrogen bond with



one another (Figure 6b). Finally, attention was focused on the urea functionality adjacent to the
terminal alcohols. Figure 6¢ shows a model of bis-urea 8 where not only the ureas, but also the
terminal hydroxyl groups are cooperating in the formation of a total of six hydrogen bonds in the
dimer. This structure highlights the possibility for highly specific and directional hydrogen bonding
interactions arising from these unsymmetrical structures. It is proposed that the actual configuration of
these molecules in the bulk is likely to be a combination of different structures, as exemplified by the
models and further explored by SAXS analysis.

Figure 6: Energy minimised molecular model of compound 8, illustrating a) layered type array with bifurcated
hydrogen bonding between ureas b) staggered layered hydrogen bonding structure, where alternate urea
functionalities form bifurcated hydrogen bonds, and c) the inverted end-to-end structure where hydrogen bonded
dimer formed by cooperation of the terminal hydroxyl groups.

SAXS analysis of the mono hydroxyl-alkyl bis-ureas 8-15 revealed the formation of ordered
structures, as predicted by molecular modelling (Table S2). To exemplify this, the SAXS intensity
profile of compound 8 (Figure 7a) revealed d-spacings of 50.3 A, 27.9 A, 18.3 A, 13.7 A, and 11.0 A.
These can be indexed to a lamellar structure, considering a small (6%) error in the position of the first
order peak. The signal at 18.3 A is likely to represent the molecular length of the molecule when
considering the energy minimised conformation (between 18.2-19.5 A). A tetramer in a staggered
layer conformation exhibits a length of 52.5 A which could be related to the largest d-spacing
observed (50.3 A). Finally, the d-spacing of 11.3 A could represent the hard domain between the urea
motifs. These trends are observed in all MDI containing unsymmetrical bis-ureas demonstrating self-
assembly of the bis-urea moieties. Lamellar structures are observed in HDI derived unsymmetrical bis-

ureas, but associated with a smaller layer spacing. Peaks are noted between 31.7- 29.2A, and 15.9-15.4



A for all samples which can be assigned to the first and second order reflections from a lamellar
structure. WAXS analysis (Figure 7b) also exhibited d-spacings of 2.2 A and 1.7A which are typical
length scales found in hydrogen bonded ureas and urethanes,[36] providing further proof of the
self-assembled array through hydrogen bonds. Furthermore, the 4.4 A WAXS peak can be assigned to
intermolecular spacing in the supramolecular arrays.[37] The presence of higher order peaks at 2.2 A
and 1.7 A may suggest local hexagonal ordering (peak positions in the ratio 1: 2: v/7 approximately),
although the higher intensity of the 2.2 A peak is not consistent with the typical decrease in intensity
with the reflection order observed for such a structure so these peaks may be due to other local
packing features.
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Figure 7: a) SAXS and b) WAXS data acquired for bis-urea 8. The d-spaceings are shown above each peak.

Variable temperature SAXS analysis was also carried out on the unsymmetrical bis-ureas 8-15. The
intensity of the peaks, corresponding to aggregation and hydrogen bonding, were seen to diminish as
the temperature was elevated from 0 °C to 200 °C before cooling to 0 °C once again in 10 °C
increments. A general trend of shifts to larger d-spacings was also observed as the temperature
approached the melting point of the unsymmetrical bis-ureas. Indeed between 110-130 °C, a new
morphology was observed in both 4,4’-MDI and HDI derived bis-ureas as evidenced by large shifts in
the d-spacing of the supramolecular array (Figures S17 and S18) which correlates with the thermal
analysis data (Figure 5 and Table S2). Upon surpassing this temperature range, all higher-order
structure diminished as the supramolecular array disassembles. This change in morphology closely
reflects the melts observed by DSC where a common isomorph is seen to melt in this temperature
range. Upon cooling to room temperature, the supramolecular arrays are seen to reform, again

evidenced by the appearance of peaks corresponding to the different morphologies present in the array.

'H NMR spectroscopy experiments were designed to compare the two differing structures reported
herein, and probe this hypothesis. The unsymmetrical bis-ureas synthesised 8-15 all showed good
solubility in DMSO, allowing for characterisation by *H and *C NMR spectroscopy. However, to
calculate association constants, a solvent which does not disrupt hydrogen bonding within the
supramolecular array, for which DMSO is known to do so though non-covalent interactions with the

hydrogen bonding motifs [14] was required. Thus solubility in chloroform was desirable. Owing to the
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poor solubility of the unsymmetrical bis-ureas in CDCIls, symmetrical bis-ureas 16 and 17 were
synthesised (Figure S21 and S22) from their respective diisocyanates 1 or 2 and 2-ethyl-1-hexylamine
3 (Scheme 2) to assess the role of the bridging unit between the ureas in self-assembly of the

supramolecular array.

o o
R
OCN" °NCO NH, NJLN~R~NJLN
H H H H

1: R = 4,4'-MDI 3
2: R =HDI 16: R=4,4-MDI 17: R = HDI

Scheme 2: Synthetic route to symmetrical bis-ureas 16 and 17 with desirable solubility characteristics in
chloroform for association constant studies.

Solutions of the bis-ureas 16 (Figure 8a) or 17 (Figure 8b) were dissolved in deuterated chloroform at
known concentrations between 0.001 M and 0.190 M and the chemical shift of two probe resonances

(-NHC(O)NH-) recorded in a procedure previously described by Meijer and co-workers.[38]

a b
0.100 M A jmk 0.100 M
0.025 M 0.025 M M‘
0.010 M L_JU\ 0.010 M

Figure 8: 'H NMR Spectra of a) 16 and b) 17 at varying concentrations, showing the downfield shift NH urea

resonances used to determine the association constants.

DynaFit[30] software was then utilised to determine[39] the association constant, which revealed that
the central bridging unit between the hydrogen bonding components (i.e. aromatic 4,4’-MDI or
aliphatic HDI cores) does indeed impact upon the association constant significantly. When an aromatic
bridging unit was present (16), association constants (Ks) of 182 M were observed. In contrast, when
an aliphatic bridge was incorporated (17), the association constant was observed to drop to
Ka=26 M. These association constants reveal that the capability for n-n interactions in 4,4’-MDI
derived molecule 16 increases the binding affinity when compared to the aliphatic HDI derived
analogue 17 as assist in the formation of supramolecular arrays which are more robust with respect to
temperature, as observed by DSC and X-ray analysis. The increase in association constant when
compared to those reported by Woodward et al[34] further reveal the importance of molecular design

in tuning the physical properties of urea containing materials.
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Previous binding studies by Woodward et al.[14,34] on structurally related bis-urethane model
compounds featuring a morpholine and 2-ethyl-1-hexyl end group, demonstrated a K, of 15 M as
derived by *H NMR spectroscopy. It was shown that the central hydrogen bonding motifs, i.e.
carbamate (urethane) or carbamide (urea), play a far greater role in the self-assembly of such small
molecules than the contributions of end-groups. Indeed, ureas revealed association constants which
were approximately an order of magnitude greater than the urethane analogues. To further increase the
association constant, we propose that an aromatic bridging unit between the hydrogen bonding motif,
namely 4,4’-MDI 1 would further enhance the strength of these supramolecular interactions.

Conclusion

We have demonstrated a facile experimental procedure to produce unsymmetrical bis-ureas which can
be harnessed as building blocks for incorporating hydrogen bonding motifs into higher order
structures. Evidence of self-assembly was confirmed from the presence of dimers observed by mass
spectroscopy, and infrared spectroscopy in the bulk. A structure-property relationship study has
revealed that the thermal properties of the unsymmetrical bis-urea can be selectively tuned through
varying the spacer length between the terminal hydroxyl group and adjacent urea. Indeed,
understanding of these parameters enables control of the reversible supramolecular arrays formed
between the self-complementary moieties. The ambient temperature SAXS data show the ability for
the mono hydroxy-alkyl derivatives to arrange into highly ordered structures, particularly in the case
of the MDI analogues; it is therefore proposed that a similar mechanism related to the aromaticity is
responsible for both the increased association constant observed in the MDI model compound and the
ordered structures evident from the SAXS studies. Indeed, the introduction of unsymmetrical bis-ureas
increases the complexity of the self-assembled arrays through formation of different hydrogen bonding
interactions between the various motifs present. This data was confirmed by DSC experiments which
revealed thermal reorganisation of the self-assembled arrays as a function of temperature into the
different morphologies described by molecular modelling. Finally, the small molecules reported here
exhibit greater than 15 fold increase in association constant compared to their bis-urethane analogues
previously reported and have also established the importance of n-n stacking in molecular recognition

and therefore provide an optimum route to forming supramolecular architectures.
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