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Abstract 

Mono and (bis)benzimidazoliums were evaluated both experimentally and computationally for 

their potential as pseudopolyrotaxane axle building blocks. Their aggregation and 

photophysical behavior, along with their potential to form a [2]pseudorotaxane with dibenzyl-

24-crown-8, was studied through the synergistic application of 1D/2D and diffusion ordered 

NMR spectroscopy, mass spectrometry, ultraviolet-visible & fluorescence spectroscopy, and 

time-dependent density functional theory. Their photophysical behaviour was measured and 

modeled as a function of protonation state, solvent, and concentration. The axles show strong 

solvochromaticism and a very pronounced concentration-dependent optical profile, including 

self-quenching when a pseudorotaxane is formed. This axle with multiple recognition sites, has 

the potential to form pseudorotaxanes with tunable optical behavior. 
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Introduction 

The tunability of heterocyclic chromophores continuously advances as new molecular 

scaffolds are added to the synthetic toolbox, which in turn drives the development of 

materials and devices with either improved performance or unprecedented function.[1] 

Benzimidazole is a privileged motif, especially for incorporation into optical chemical 

sensors for both solid,[2] and solution state applications,[3] exemplified by biocompatible 

bis-benzimidazole fluorescent probe Hoechst 33258 and fluorescent drug Albendazole 

(Figure 1).[4]  

Benzimidazoles’ properties, such as their electron-accepting and π-bridging capacity, 

pH sensitivity/switching,[5] and ion chelating ability,[6] has made them attractive targets 

for a wide range of applications including optoelectronics,[7] photovoltaics,[8] 

solvatochromic probes,[9] photocatalysts,[10] corrosion inhibitors,[11] and molecular 

recognition.[12] 

It is in this last application that the multifunctional nature of the benzimidazoles truly 

▪ Examples of benzimidazoles as dyes and drugs 

▪ This work:  

Figure 1. Some examples for previously reported benzimidazole derivatives and the 
novel bMeBABs and their precursors explored in this work. 
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comes into its own as their basicity and structural rigidity makes them potential guests 

for crown ether macrocycles.[13] Bis-benzimidazoliums with two fluorophores in close 

proximity, but not in conjugation, offer significant opportunities for the design of new 

materials.[14] To our knowledge the aggregation, photochemical, and chemical behavior 

of bis-, tris-, and oligomeric-benzimidazole units with pseudo-degenerate[15] recognition 

sites has not been explored.  

As a part of our interest in tunable supramolecular recognition systems, we have been 

aiming to prepare pseudorotaxanes[16] incorporating bis(methylene-bridged-2-

arylbenzimidazoles) (bMeBABs) to exploit their exceptional binding affinity for crown 

ether macrocycles (Figure 1);[13a, 17], [18] protonated benzimidazoles themselves are only 

moderately effective as crown ether templates with limited affinity,[19] but substituted 

systems have well established affinities orders of magnitude higher with Ka values on 

the order of 105 M-1.[17] However, we noted that our simple monomeric model systems, 

where the benzimidazoliums are connected through a methylene spacer, showed curious 

photophysical behavior (Figure 1). This work summarizes our exploration of these 

seemingly simple bMeBABs, including their photophysical, aggregative, and 

polymerization behavior and a preliminary investigation of their potential as axles for 

[2]pseudorotaxanes.[13a-c, 14, 20] These are challenging systems to characterize as their 

solution-phase properties change as a function of ionization, concentration, and solvent. 

The experiments were paralleled by time-dependent DFT (TD-DFT) calculations that 

support the experimental results and demonstrate that the complex molecular orbitals on 

these systems lead to the observed properties and possible use as colour changing 

sensors for noting the formation of complexes such as pseudorotaxanes.[21]  

Results and Discussion 
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Photophysical behaviour varies greatly as a function of protonation state and charge 

density.  

Benzimidazole precursor 1 was synthesized according to published procedures (See 

Supporting Information).[22] To access the bis-, tris-, oligomeric, and polymeric 

homologs, 1 was reduced to 2·HOAc (Scheme 1) and coupled with chloride 3 to provide 

bMeBAB 4 which features readily ionizable chromophores consisting of two phenyl-

benzimidazoles separated by a methylene group.  

We hypothesized that by tuning the amount of HBF4 added, we could control the 

degree of protonation of the system (Scheme 1). Consequently, neutral 4 was treated 

with HBF4 in acetonitrile at 25 ºC using two different conditions and conversion to the 

benzimidazolium salts was monitored by 1H-NMR spectroscopy, confirmed using 

positive and negative mode ESI-MS and UV-Vis spectroscopy, and correlated with DFT 

calculations. The assigned fully tri-protonated 7 is accessed through addition of excess 

Scheme 1. Synthetic strategies used to access tri-protonated 7, and mono-protonated 5, and neutral 4 from precedented 1. 
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HBF4 (7 equiv.) to 4 in acetonitrile followed by precipitation with diethyl ether until no 

more precipitate crashed out of the solution. Using smaller amounts of HBF4 generated 

a mixture of 5, 6 and 7 which were challenging to characterize. Consequently, a different 

approach was required to provide better control. Under condition II, an already 

protonated monomer, 2∙HBF4, was coupled with 3 in the presence of 1.5 equivalents of 

Hünig’s base. In situ addition of three equivalents of HBF4, followed by precipitation 

provides mono-protonated 5. Adding additional HBF4 can drive protonation through to 

7. The di-protonated species (6) could not be cleanly isolated without contamination 

from either the mono or tri-protonated species and remains a prophetic compound. 

Dimers 4, 5 and 7 exhibited distinct photophysical behaviour (Figure 2). The 

differences in the 1H NMR spectra of these compounds are consistent with the expected 

changes in electron density (Figure 3, Table S1). 

 

Although we are not able to conclusively assign the state of protonation by mass 

spectrometry, the ESI-MS spectra of both 5, and 7, support the proposed structures, with 

molecular ions consistent with both mono and di-protonated species (m/z 491  & 246 

302nm

360nm

425nm

613nm

(a)

(c)

(b) 4 5 7

511nm

Figure 2. (a) The UV-Vis spectra of 4, 5 and 7 (0.03 mM) in DMSO-d6 dried with molecular sieves 

dried (b) pictures of 4, 5 and 7 (0.03 mM) in dry DMSO-d6 under both ambient and λ=365 nm 

light; (c) The fluorescence spectra of 4, 5 and 7 (0.03 mM) in dry DMSO-d6 when excited at 450 

nm. 
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respectively). Spectra obtained in negative mode are consistent with BF4
- present in both 

5 and 7 (and not in 4), supporting the identity of the counterion. These spectra are 

reproducible from separate synthetic batches. One of the possibilities we considered is 

that although the solid state might be the trication, dilution of these systems in DMSO 

may change the protonation state; however, addition of excess acid does not materially 

change the NMR of dissolved 7 while it does convert dissolved 4 to match 7, suggesting 

that 7 does rest as the trication (Figure S3). 

To obtain a more detailed understanding of these materials and the protonation 

process, DFT calculations at ωB97XD/6-311G(d,p) level of theory were conducted. The 

minimum energy structures of 4, 5, 6 and 7, were determined (Figure 4, Figure S1). 

Comparing the energetics of each possible mono-, di-, and tri-protonated skeleton in 

both gas phase and DMSO (IEFPCM solvation model), and either in the presence or 

absence of counterions, strongly suggested that the most probable species at each 

protonation stage was consistent with intuition (Figure 4; see Figure S1 for the other, 

Figure 3. Partial 1H NMR of neutral 4, monoprotonated 5 and fully protonated 7. 

7

5

4 OH

A
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N2 N3
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higher energy, protonated mono- and bis- skeletons). The electron-rich benzimidazole’s 

N1(assigned in Figure 3) is the most basic site, followed by N3 on the nitro substituted 

benzimidazole, with the aniline N2 being the third most basic site. Protonation, 

however, significantly distorts the conformation of these systems (Figure 4). The 

benzimidazolium and phenyl rings are 16.5° (red) and 16.3° (blue) from coplanar in 4, 

maintaining conjugation.  However, protonation bends the electron-rich system out of 

alignment to 31.2° (red) in 5 (no significant change to blue as this ring is not protonated), 

and a predicted 29.1° (red) and 27.4° (blue) in the bis-protonated 6, and fully protonated 

Figure 4. The ωB97XD/6-311G(d,p) calculated minimum energy structures of neutral and 
protonated dimeric skeletons. 



9 
 

7 (27.9° red, and 34.8° blue), respectively; breaking conjugation. This would be 

expected to impact donor-acceptor charge transfer, likely affecting the resulting 

properties. We see similar deviations from the ideal for the electron poor benzimidazole, 

and even in the geometry of the nitro group with the benzimidazole. Surprisingly, we 

do not predict any dissociation of the counterions from the bMeBAB in DMSO even for 

7, despite this generally arising in our studies of other ion-paired systems.[23]  

These distortions are expected to affect the photophysical behaviour of these 

molecules due to their impact on the key molecular orbital (MO) energies. Both the 

calculated MOs and the other parameters extracted from TD-DFT were estimated using 

B3LYP/6-311+G(2d,p), in DMSO. The frontier orbitals, LUMO+2, LUMO+1, LUMO, 

HOMO, and HOMO-1, HOMO-2 were calculated and visualized (Figure 5, Figure S2 

and Table S2). 

The likeliest electronic transitions, those observed by spectrophotometric methods, 

are not purely dependent on the energy gap between the orbitals but are also affected by 

the oscillator strength (f) and the other factors affecting the quantum yield. Thus, the 

most likely transitions, and consequently the key MOs involved, were identified by 

balancing maximizing f and minimizing excitation energies (Eexcitation). These 

calculations predict λabs, max (Figure S2 and Table S2). 

The energy gap between the HOMO (-5.38 eV) and LUMO (-2.87 eV) of the 

benzimidazole moiety of 4 is lower than those of 5 (HOMO -7.84, and LUMO; -0.73 

eV) and 6 (HOMO -7.94, and LUMO; -1.37 eV). Fully protonated 7 behaves differently. 

Its energy gap (HOMO, -9.23 eV; LUMO, -1.48 eV) is far higher than those of the other 

protonated states.  

According to our experimental absorption, (Figure 2), the absorption spectra of the 

neutral (4), mono- (5), and tri-protonated (7) have similar shapes, while the absorption 
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coefficients increase in the series 4, 5, and 7. Consistent with this observations, the 

predicted energy of the lowest electronic transition accessible through absorption, 

(lowest optical transition, the optical gap) obtained from the TD-DFT calculation,[24] 

shows similar photophysical behaviour for 4, 5, and 6 but different absorption for fully 

protonated state 7 (Figure 5). For 7, a relatively short λabs, max is predicted (4.48 eV = 

277 nm) compared to 4 (4.11 eV = 301 nm), 5 (4.03 eV = 308 nm), or 6 (4.05 eV = 306 

nm). 

The rationale for why the value of λabs, max for 7 deviates significantly from this ideal 

(whereas 4 and 5 behave as predicted, Figure 2) is not clear, but it can be due to factors 

including the formation of aggregated forms in solution, consistent with the excitation 

wavelength dependent emission event. As we discuss below, aggregation certainly 

occurs. 

Protonation is known to decrease conjugation in aryl-benzimidazole systems, altering 

electron accepting ability and inducing changes in colour and photophysical 

behaviour.[25] The differential behaviour of 4, 5 and 7 was the phenomenon that initially 

Figure 5. The DFT predicted molecular orbitals, band gap, and the TD-DFT calculated 
optical parameters of neutral and different protonated skeletons. 
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elicited our interest in this current study, solutions of the former fluoresce under ambient 

light while those of the latter two are more muted. To quantify this result, we measured 

their protonation-dependent photophysical response at 0.03 mM in dried DMSO-d6 pre-

dried over molecular sieves[26] (Figure 2). Each molecule responds differently. All 

demonstrate long-wavelength bands at around 302 nm (the principal peak in the UV-

Vis spectrum) albeit with different intensities. The two lower-energy absorption bands 

around 360 and 425 nm are lower intensity, except in 4 where all three are similar. We 

propose that the 302 nm peak likely arises from the free molecules as it is consistent 

with the calculated λabs, max, while the two peaks at longer wavelengths (360 nm and 425 

nm) likely represent the interference from hydrogen-bonded dimer aggregation, or are 

due to other π-π*, n-π* transitions that are easier to access in the aggregates. A complete 

emission spectrum was obtained by excitation at two different wavelengths, 300 and 

450 nm. Others have reported the emergence of similar new red-shifted absorption 

bands as a function of aggregation for both benzimidazole skeletons and other dyes.[27] 

As shown in Figure 2a, upon protonation of neutral dimer 4, the absorption intensity 

increases significantly, accompanied by a moderate change in the λabs, max. The 

absorption and emission spectra of neutral skeleton 4 are like those of monoprotonated 

5; however, 5 exhibits a stronger UV-Vis intensity than 4, and they differ on their 

fluorescence λems, max (Figure 2c). When excited at 365 nm the longer wavelength, 

fluorescence of fully protonated 7 is effectively quenched, precisely consistent with 

computation (Figure 2c), and as would not be expected for any of the other protonation 

states, further supporting the characterization and supporting the solution-phase 

existence of this tri-cation. The dual fluorescence behaviour in these skeletons can be 

ascribed to a combination of local excitation of the electrons from the benzimidazole π 

to the benzimidazole π*, and variations in the intramolecular charge transfer (ICT) due 
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to changes in the relative conformation, geometry, and distance between the 

benzimidazoles. The conjugated nature of bMeBABs makes ICT the likely dominant 

mode of transition; this would be highly sensitive to conformational effects that break 

conjugation. We propose that the presence of photo-induced electron transfer between 

the benzimidazolium units coupled with a reduced degree of π-conjugation between the 

phenyl and benzimidazolium moieties as they contort out of planarity upon protonation, 

is responsible for the observed photophysical behavior. This is exacerbated by the 

change in the angle of the nitro group on the electron-poor system as it also distorts out 

of conjugation as protonation increases (Figure 4). This effect arises from both changes 

in electron density and steric pressure from the counterions trying to mask the charge.  

This decrease in conjugation across all moieties of the molecule in 7 will affect the 

excitation and charge transfer processes and should lead to fluorescence quenching. In 

contrast, for both neutral 4 and monoprotonated 5 (and putative 6), electrons can transfer 

from the donor phenyl-benzimidazole to the acceptor system (Figure S2, Table S2). 

The differential behaviour as a function of protonation shows this system’s sensitivity 

to its environment. This photophysical behaviour is of more than academic interest, as 

if it is further affected by the formation of pseudorotaxanes, it can be used as a simple 

chromatic sensor for supramolecular complex formation; a far simpler read-out than 

relying on complex intersectional multi-instrumental analytical techniques. This in situ 

characterization would make these even more privileged structures. To explore this 

possibility, we first investigated the aggregation and solvent-dependent behaviour. 

 

Photophysical response varies as a function of solvent and 

concentration/aggregation. 

As we seek to use these for self-assembly applications, and as aggregation appears to be 
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a challenge at even low concentrations regardless of protonation state, we needed to 

better understand the relationship between aggregation state, solvent choice, and analyte 

concentration in these systems. As the tri-protonated species would best be able to 

chelate to cation-recognizing macrocyclic units, and hence the most useful for any 

application; this species, 7, which alone of the examined species was effectively non-

fluorescent at 0.03 mM in DMSO when irradiated at 450 nm, was used for all further 

studies. 

The UV-Vis absorption spectra (300-450 nm) of fully protonated axle 7 were 

collected over a large concentration range in several solvent systems. The low energy 

λabs, max peak of 7 exhibits an extreme concentration-dependent red-shift (Figure 6a) to 

higher wavenumbers as the concentration increases. This peak is not present in samples 

with concentrations of 0.1 mM or below. We admit that at these concentrations we are 

saturating the detector, but as these are potentially relevant concentrations for our 

studies in the future, this cannot be avoided. Although this means that the amplitude of 

the signals is meaningless and should not be considered, the wavelengths of the maxima 

still vary in a regular fashion which is curious. Changing photophysical behaviour is 

also apparent from the colour of the solution: decreasing the concentration of axle from 

3 mM to 0.01 mM in DMSO, leads to a significant change in the color from a deep 

yellow to colourless (Figure 6c). The colour gets fainter and fainter and then disappears 

at 0.1 mM, the same “cut-off” value as noted  in the UV-vis data for the disappearance 

of this peak in the yellow. The bMeBAB also exhibits significant linear fluorescence 

enhancement upon increasing of the concentration; overcoming the fluorescence 

quenching observed at 0.03 mM concentration (see above, Figure 6b) with a distinct 

blue-green emission centred at 528 nm (Figure 6b). A concentration-dependent 
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decrease is clearly observed down to 0.3 mM, but it drops off markedly below this point. 

This discontinuity in behaviour is clearer when the data is plotted (Figure 6d), showing 

that we have two different mechanisms of fluorescence in play. We believe that this may 

be attributed to aggregation induced emission behaviour. 

Absorption/emission shifts like that in Figure 6a are known but are very rare and we 

are unaware of any system with such a drastic change over such a small concentration 

change.[28] The shift likely arises from a combination of the emergence of a new species 

that replaces the computationally calculated energy minimum (Figure S1, S2); the 

emergence of additional non-covalent, ion-pairing and Hydrogen bonding (H-bonding) 

interactions between functional groups on adjacent axles; the restriction of molecular 

rotation and vibration due to aggregation; and/or the interference of intramolecular 

charge transfer by intermolecular processes due to the increase in concentration. To try 

to narrow down the contributing causes we attempted to disrupt the aggregates by 

changing the solvent, believing that the trace water in the DMSO could be affecting 

Figure 6. (a) The UV-Vis spectra of 3 mM-0.3 mM 7 in undried DMSO; (b) the fluorescence 
spectra of 7 in undried DMSO (3 mM-0.01 mM) with excitation at 450 nm; (c) photographs of 
the samples of 7 used to generate Figure 5 under ambient light (top) and under excitation at 
365 nm (bottom) in undried DMSO; (d) fluorescence intensity plotted against concentration 
with the equations of the two curves. (Note the discontinuity at 0.3 mM). 
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solvation, as reported for similar systems.[29] 

 Employing DMSO-d6, pre-dried over previously washed 4 Å molecular sieves, 

induced no change in the fluorescent behaviour, but did induce a red-shift compared to 

the slightly wet sample (Figure S4; Table S3). Considering that water could be 

expected to break-up aggregates, and that aggregates are likely responsible for the 

extreme shift in the λabs, max, one would anticipate that a solution in wet DMSO would 

behave like a lower concentration sample in DMSO in terms of aggregation (Figure S4; 

Table S3). 

We investigated the concentration-dependent photophysical behaviour of 7 in both 

wet DMSO and DMF (10% v/v H2O in each). By inspection, adding water makes a big 

difference (Figure 6 vs Figure 7 and Figure S5), likely affecting aggregation and/or 

Figure 7. (a)The UV-Vis spectra of 7 (3 mM-0.3 mM) in 9:1–DMSO:H2O; (b) The fluorescence 

spectra, excited at 300 nm of 7 (3 mM-0.01 mM) in 9:1–DMSO:H2O; (c) ambient light (top), 

excitation at λ=365 nm (bottom) appearance of 7 in 9:1–DMSO:H2O; (d) The fluorescence 

intensity of various concentrations at 520 nm emission (black, red) and 415nm emission (blue, 
cyan, pink); (e) The fluorescence spectra, excited at 450 nm, of 7 (3 mM-0.01 mM) in 9:1–
DMSO:H2O 

394nm

402nm
413nm423nm

428nm

415nm

454nm

520nm

Phase 2 Phase 1Phase 3

0.01mM 3mM

a

b a’

b’c’

(a)

(b) (d)

(c)



16 
 

conformational distribution and consequently, its photophysical properties. Water likely 

better solvates these polycations, disrupting aggregation.  

The presence of 10% H2O within the solution, keeps the solutions colorless at higher 

concentrations than does pure DMSO (Figure 7c, Figure S5c vs Figure 6c); this 

suggests that the yellow tint may arise from aggregates rather than from the monomer 

alone. Increasing the concentration of 7 in the 10% H2O in DMSO solution from 0.3 

mM to 3 mM leads to a U-shaped curve in amplitude and the same definite red shift in 

the λabs, max as was seen in dry DMSO; curiously, the peaks are sharper in this spectrum 

than they were for pure DMSO. Again, like before, this peak is not present at 

concentrations 0.1 mM or below. The fluorescent behaviour is more complicated in this 

mixed solvent system. As the concentration of 7 rises from 0.01 to 0.05 mM, the 

fluorescence emission at 400-450 nm (excitation at 365 nm) gradually increases (Figure 

7b), with a significant shift in the λems, max. As the concentration continues to rise, the 

amplitude starts to fall to 0, and fluorescence is effectively fully quenched at 

concentrations above 0.5 mM. Conversely, when excited at 450 nm, we see a steady 

increase in λems, max at 520 nm, effectively reaching maximum signal at 3 mM (Figure 

7d). This differential behaviour suggests that an isolated molecule, or more likely a 

dimer, emits at 415 nm, but that this band is quenched as aggregates start to form as the 

concentration increases. The concentration of monomer above the critical aggregation 

concentration (CAC) would remain constant and we would not expect to see a decrease 

in emission, but rather a stabilization. It is likelier that the 415 nm peak is due to a lower 

ordered aggregated form or a different aggregate that effectively ceases to exist as the 

concentration continues to rise, producing species that emit at 520 nm. 
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Therefore, 7 experiences a concentration dependent, two-phase (Phase 1 is between 

3 mM to 0.3 mM and phase 2 is 0.1 mM to 0.01 mM), aggregation process with each 

aggregate form having its own relationship between concentration and emission 

maximum (Figure 7c and 7d). Changes in absorption at the lower concentrations (0.01 

to 0.5 mM) are extremely sensitive to small changes demonstrating the potential of fully 

protonated 7 to act as a chemical sensor. Interpolation suggests the mechanism changes 

at 0.56 mM, however there is clearly a transition zone between 0.5 and 0.3 mM where 

we have a mixture of the mechanisms coexisting.[30] 

We considered that the effect could arise due to changes in solvent viscosity, so to 

discount this possibility we examined 7 in a 9:1–DMF: H2O system (Figure S5). 

Consistent with the DMSO system, increasing the concentration of 7 enhanced the 

intensity and appearance of sharp absorptions in the UV-vis spectrum as in Figure 6a 

and 7a. This is not solvent specific behaviour; it appears to be a feature of the molecule.  

To provide supportive evidence of this aggregation behaviour, we employed dynamic 

  
Figure 8. Linear trend between concentration of 7 and solvodynamic radius in the different 
solvent systems. In neither system were particles observed below 0.1 mM. Data must be 
interpreted carefully as DLS can be unreliable for fluorescent samples. 

569.9 nm
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y = -22.77x + 642.8
R² = 0.8741

y = -4.4718x + 189.72
R² = 0.9198
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light scattering (DLS, Figure 8). The DLS data shows that aggregates are present, and 

that the size varies based on solvent, but is little affected by concentration above 

0.08mM; below 0.08mM particles are not observed by DLS. The monomers would not 

be expected to be detectable. This threshold value might consequently be close to the 

CAC. This is very close to the 0.1M cut-off we observed in the data, strongly supporting 

our contention that the unusual photophysical behaviour arises from aggregation. The 

lines in the DLS are essentially flat within the error of the measurements, indicating that 

a single species seems to dominate the aggregation form regardless of the concentration 

once the CAC is attained (Figure 8). Consistent with the above observations, using 

mixed solvent systems changes the particles that are present: they are far smaller (100 

nm vs 600 nm at 3 mM concentration) when water is introduced, again supporting our 

hypothesis that water disrupts the aggregates by better solubilizing the tri-cations and 

their conjugate anions. But again, an aggregate is observed across this concentration 

range, with nothing detectable by DLS below 0.08 mM suggesting that this might be 

close to the CAC for this compound in both solvents, again inline with the photophysical 

response. This concentration of bMeBAB is far lower than will be employed for the 

supramolecular assembly chemistry we intend to use these systems for, suggesting that 

aggregation might be a serious concern. Polymers, rather than these simple model 

dimers, will be used at a lower molarity (although a higher mass concentration) and are 

likely to behave differently and will need to be investigated separately. Regardless, these 

results suggest that our planned chemical functionalization of the aryl rings to increase 

solubility and tune macrocycle affinity, will likely be necessary, as these unsubstituted 

bMeBABs are insufficiently soluble and prone to aggregation. 

Both the photophysical and sizing data strongly suggests that a single class of 
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aggregate is formed at higher concentrations, and that this aggregate begins to emerge 

above 0.08 mM. Addition of water weakens the interactions resulting in smaller 

aggregates, but it does not change the CAC. These aggregates show remarkable 

concentration-dependent red- shifting making them extremely curious structures 

deserving of further study. 

Figure 9. Pseudorotaxane formation. (a) synthesis route toward 3·HBF4@DB24C8, (i) CHCl3, 25 

℃; (b) ambient light, excitation at λ=365 nm appearance of host, guest and [2]pseudorotaxane 
in pure dry DMSO-d6; (c, d) UV-vis-Fluorescence spectra of host, guest and [2] pseudorotaxane 

in DMSO;. The measurement of UV-Vis-fluorescence was carried out with 0.3mM solution of 
isolated host, guest and [2] pseudorotaxane (3·HBF4@DB24C8) in DMSO-d6. (e) From top to 

bottom are 1H NMR in DMSO-d6 of 3 mM solution of 3·HBF4 (guest), 3 mM solution of 

3·HBF4@DB24C8 and 3mM solution of DB24C8 (host). (f) 2D DOSY NMR spectra (300 MHz, 

DMSO-d6) of 3·HBF4@DB24C8. (g) ESI-MS(+)spectra of 3·HBF4@DB24C8. 
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Poly(bMeBABs) are promising axles for the generation of poly(pseudorotaxanes). 

Pseudorotaxanes should be readily formable with complementary macrocycles such as 

crown ethers. We begin this investigation using a combination of 1H NMR, high 

resolution mass spectrometry (HRMS), liquid chromatography–mass spectrometry (LC-

MS), UV-Vis and fluorescence spectroscopy as the fluorescent behavior of the 

bMeBABs makes them their own sensors. We began our investigations with the most 

soluble monomeric precursor of 3, its HPF6 salt, 3•HPF6 (Scheme S2, Figure S6 and 

S7, and Table S4), but switched to using 3•HBF4 as we found the chemistry more 

reproducible. After screening several crown ethers (Figure S8-S10), dibenzo-24-crown-

8 (DB24C8) was both computationally predicted, and experimentally demonstrated, to 

be a good match size-wise (21 atoms was insufficient, preventing threading, while 27 

was excessive and assembly was difficult to detect). The optimized geometries of the 

various potential host-guest complexes obtained from tuning either the counterion 

(Figure S11) or the host (Figure S12) indicate that both 2•HBF4@24C8 and 

3•HBF4@DB24C8 provide the most favorable host-guest interaction energy and 

optimal solvation free energy. The latter’s inherent fluorescence makes it more useful 

for the current study. 

We obtained the [2]pseudorotaxane, 3•HBF4@DB24C8, by combining the two 

components in CH3Cl at room temperature. The complex was then treated with 2•HBF4 

to attempt to make the [2]pseudorotaxane of bMeBAB 7 (Figure 9, Figure S13). 

However, after purification, only uncoordinated dimer 7 and a small amount of residual 

3•HBF4@DB24C8 were isolated. The latter is distinguishable from the uncoordinated 

3 due to moderate changes in the 1H NMR chemical shifts of the aryl protons as a result 

of NH···O hydrogen bonding, CH···O and π-stacking interactions between the electron 

poor benzimidazolium and phenyl rings of the axles and the electron rich rings of 
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DB24C8 (Figure 9e; Table S5). This is suggestive of complexation, but the data could 

equally arise from an exo complex, a face-to-face interaction occurring outside of the 

cavity as from a more traditional endo complex, where the 3 inserts into the crown ether. 

The former is likelier to be more transient than the latter but can’t be ruled out based on 

the small shifts from the 1H NMR. 

Similarly, 3•HBF4 has two absorbance maxima in the UV-Vis spectrum at 281 nm 

and 340 nm, while DB24C8 absorbs at 277 nm and 331 nm (Figure 9b). When the two 

are mixed together, the axle dominates the spectrum, but there is no evidence of the 

DB24C8 peak at 331 nm; instead, there is a slight red-shift to 347 nm with a concomitant 

increase in signal amplitude. This is also seen at the lower wave-number signal where 

the intense DB24C8 absorbance at 277 nm completely disappears, and the mixture 

exhibits a stronger signal at 281 nm resembling the free axle. DB24C8 is highly 

fluorescent (Figure 9d), with emission at 413 nm and 435 nm (when excited at 370 nm); 

however, these two emission peaks are completely quenched in the mixture. Finally, 

this effect can be seen with the naked eye (Figure 9c). In ambient light, both isolated 

DB24C8 and 3•HBF4 are colorless; however, the 1:1 mixture is yellow (0.3 mM, 

DMSO-d6, room temperature). When excited at λ=365 nm, DB24C8 is highly 

fluorescent, but neither 3•HBF4 nor the mixture of the two molecules are; the interaction 

is good enough that the axle quenches the crown ether’s fluorescence. DB24C8 does 

not exist as an optically-active independent species when in a 1:1 ratio with 3•HBF4 in 

DMSO. However, the diffusion ordered NMR spectroscopy (DOSY NMR), 

photophysical, and mass spectrometric analyses all suggest that 3•HBF4@DB24C8 is a 

strongly associated endo complex (Figure 9, Figure S13). 2D DOSY visualizes 

diffusion; DB24C8 and 3•HBF4 have different solvodynamic radii and different rates 

of diffusion.[31] However, if they assemble, they would show the same rate of diffusion, 
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and this is what is observed (Figure 9f and S13C).  

DOSY and mass spectrometry supports the formation of a tight complex.  

DOSY NMR is a suitable technique to probe assemblies in solution.[32] A smaller 

diffusion coefficient indicates a larger species when in the same solvent, same 

concentration, and same temperature.[33] The diffusion coefficients for the free axles 3, 

and 7, and the DB24C8 all reveal smaller species (Figures S34-36). It also shows 7 to 

be larger than 3. One interesting feature we observed with axle 7 is that, without 

sonication before DOSY measurement we see a larger species, which is attributed to 

self-aggregation. When sonicated 5 minutes before DOSY measurement, these 

aggregates are disrupted, and we see monomeric 7 approaching the size of 3. The 

differences are easily attributable to the presence of the counterions, and the required 

solvation shell associated with the charged species. The diffusion coefficients of these 

components when they are mixed together are all consistent with their incorporation 

into the same, much larger species. Take DBC24 as an example, on its own the average 

diffusion coefficient is 2.62±0.04×10-10 m2s-1. This value changes to 1.93±0.04×10-10 



23 
 

m2s-1 in 3•HBF4@DB24C8, and to 1.60±0.01×10-10 m2s-1 in 7@DB24C8. These values 

Figure 10. (a) Synthetic route toward 7@DB24C8, (i) CH3CN/H2O, 25℃, (ii) 0.2 equiv. NaI, 

50℃. (b) MS(+)spectra of 7@DB24C8 (top) ,and free 7 and DB24C8 (bottom). (c) LC spectra 

of 7@DB24C8. (d) From top to bottom are 1H NMR in DMSO-d6 of 3 mM solution of 2·HBF4 

(orange), 3·HBF4 (pink), 7 (guest, red), 3 mM solution of 7@DB24C8 (blue) and 3mM 

solution of DB24C8(host, black). (e) 2D DOSY NMR spectra (300 MHz, DMSO-d6) of 

7@DB24C8. 
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confirm the DB24C8 is part of a larger species in 3•HBF4@DB24C8, and an even larger 

species in 7@DB24C8. These can also be seen from the hydrodynamic radii calculated 

from the Stokes-Einstein equation (Table 1). 

1H NMR titration was conducted to delineate the interaction between the axle 7 and 

DB24C8. In the experiment, DB24C8 was titrated against 7. To enhance threading, the 

NMR sample was sonicated for two minutes after each addition. The axle’s (7) signals 

were monitored as a function of concentration of DB24C8 added, and winEQNMR2 

software[34] was used to derive a binding constant of K=1900±100 M-1 (Figure S33). 

This binding constant represents a high affinity, considering the highly competitive 

solvent system.  

Table 1. Average diffusion coefficients Da (×10-10 m2s-1) of the species and the 

respective hydrodynamic radii r (nm) in different combinations in 9:1–DMSO-d6:D2O b 

v/v at 298 K.  

System D r System D r 

3.BF4 2.96 0.69 3 in 

3@DB24C8 

2.34 0.87 

DB24C8 2.62 0.78 DB24C8 in 

3@DB24C8 

1.93 1.06 

7 1.29 1.59 7 in 

7@DB24C8 

1.53 1.34 

7 with 

sonication 

2.15 0.95 DB24C8 in 

7@DB24C8 

1.60 1.28 

a Standard deviation < 5%. b Average diffusion coefficient 

of DMSO-d6 in the 9:1–DMSO-d6 :D2O mixture is 

6.97×10-10 m2s-1.
 

Although requiring exceptional affinity and kinetic stability of the assembly, tightly-

bound pseudorotaxanes sometimes survive the energies used in mass spectrometry; this 



25 
 

is the case here where the electrospray spectrum provides an exact match for the 

complex at m/z 738.2631, with an isotope pattern consistent with 3•HBF4@DB24C8. 

A simple exo (non-inclusion) complex is unlikely to survive the energies applied, 

strongly implying the formation of a pseudorotaxane. Further evidence for the existence 

and kinetic stability of these bMeBAB [2]pseudorotaxanes is provided through LC-MS 

analysis (Figure 10, b-c); injection of the crude reaction mixture provides two peaks 

with integration ratios consistent with the NMR data for the complexed and 

uncomplexed axle-crown ether; the peak registers m/z of 481 and m/z 502, consistent 

with [7@DB24C8+H+Na]2+ and the acetonitrile adduct [7@DB24C8+ACN+H+Na]2+ 

respectively. There is no evidence of either component alone. The second peak, with a 

clear shoulder in the spectrum, shows masses consistent with both the crown ether and 

the axle separately. This is extremely unusual. If the pseudorotaxane was in fast 

equilibrium with the monomers, as we expect for these types of systems, one would not 

expect distinct signals. Instead, the signal would be smeared along the baseline as a 

single bump between the two retention times as the equilibria plays out in real time; that 

this is not the case strongly implies that a kinetically stable complex can be formed—

clearly requiring sonication levels of energy to rearrange, as no formation is observed 

without sonication, and the sample appears stable for extended periods of time when 

maintained at room temperature or below. We were never able, over three years of 

effort, able to acquire a crystal suitable for X-ray analysis. This inclusion complex’s 

ready formation does tease that higher order assemblies are viable. 

These preliminary studies are highly suggestive that pseudorotaxanes can be formed 

by our novel bMeBABs, which is very promising for the formation of higher order 

systems on oligomeric and polymeric derivatives. Further investigations into these 

polymers, their polypseudorotaxane constructs and the determination of the binding 
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affinity of the DB24C8 ethers for these systems are currently underway. 

 

Conclusions 

These bis(methylene-bridged-2-arylbenzimidazoles), bMeBABs, are promising colour-

changing sensor scaffolds for the generation of pseudorotaxanes, due to their 

environmentally dependent photophysical activity. The spectroscopic activity of axle 

alone is highly sensitive to concentration, protonation state, and solvent. As our main 

purpose is to develop long cross-linked molecular tubes from a pseudorotaxane 

template, it is essential that all binding sites on the thread are occupied. Benzimidazole-

crown ether interactions are a promising motif considering the measured affinity, and 

coupled with our knowledge that substituted systems show even higher affinity,[13c] and 

the sensitivity of these systems to their environment allows us to monitor protonation, 

assembly, and undesired aggregation. As mentioned, these systems show the greatest 

concentration-dependent shift in λabs, max and λems, max that we are aware of in the literature 

for a small molecule making them particularly useful. This photophysical activity makes 

these possibly the simplest scaffolds for determining the presence of a supramolecular 

complex, an extremely fortunate accident in our chosen system. This will prove highly 

useful to us in our design of more complex supramolecular constructs, and we believe 

it will be equally useful to others.  
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