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ABSTRACT 

We report the first example of an alkene with two carbon bound substituents (imidazole and 

imidazolium rings) where the Z-isomer has a greater thermodynamic stability than the E-isomer which 

persists in both the gas phase and in solution. Theoretical calculations, solution fluorescence 

spectroscopy and gas-phase ion mobility mass spectrometry studies confirm the preference for the Z-

isomer, the stability of which is traced to a non-covalent interaction between the imidazole lone pair and 

the imidazolium ring.  
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 Introduction   

The greater thermodynamic stability of E-stillbene 1 (and E-disubstituted alkenes in general) over the 

Z-isomer, and the thermal/photoisomerism between the two forms, are concepts taught to virtually every 

chemistry student. Cases where the cis- or Z-isomer has greater thermodynamic stability are rare, mostly 

limited to di-halo (e.g. 2) or dimethoxy alkenes (e.g. 3), monohalo-propenes and 2-cyanopropene with 

strong electron withdrawing atoms/groups are directly bound to the alkene. The phenomenon has been 

coined “the cis-effect” and the underlying rationale for the effect has been the subject of study over the 

last fifty years.
[1]

 Allyl anions also adopt a Z-configuration, particularly when coordinated to a metal 

counter-cation, however calculations suggest that the Z-configuration is also preferred in the gas-phase 

anion.
[2]

 

 

For difluoroethylene the Z-isomer is calculated to be more stable than the E-isomer by 4.5 kJ/mol at 

the CCSD(T) level, while the effect is somewhat weaker in the other cases.
[1i]

 The most recent proposals 

suggest the origin of the cis-effect in difluoroethylene arises from a greater correlation energy of the Z-

isomer in combination with steric attractions between the  and π-type lone pairs on F atoms present in 

the Z-isomer.
[1j]

  

Here we report on the first example of a non-cyclic alkene bearing two carbon atom bound groups (a 

benzimidazole and benzimidazolium ring) where the Z-isomer is more thermodynamically stable than 

the E-isomer and demonstrate that non-covalent interactions between the benzimidazole and 

benzimidazolium ring is the most important factor in stabilizing the Z isomer.  
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Computational Methods 

All geometry optimizations were carried out in the gas phase with the B3LYP density functional
[3]

 and 

6-311++G(d,p) basis set
[4]

 within Gaussian 09.
[5]

 Stationary points were characterized as minima by 

calculating the Hessian matrix analytically at this level of theory. For comparison, geometries were 

optimized with B3LYP-D3(BJ),
[6]

 yielding deviations of less than 0.005 Å in calculated bond distances 

to the B3LYP geometry. Molecular orbitals (MO) and natural bond orbitals (NBO) were calculated at 

the B3LYP/6-311++G(d,p) level of theory. NBOs were calculated with the NBO 5.9 program.
[7]

 

Single-point energies were calculated at the B3LYP/6-311++G(d,p) gas phase geometries. DFT 

(including TD-DFT) and HF calculations were carried out within Gaussian 09,
[5]

 with solvent effects 

employing a PCM approach
[8]

 with Truhlar’s SMD model with acetonitrile.
[9]

 DLPNO-CCSD(T)
[10]

 

calculations with the cc-pVXZ (X = D, T) basis sets
[11]

 were carried out within Orca 3.0.3.
[12]

 Solvent 

effects for DLPNO-CCSD(T) were calculated with the COSMO solvent model
[13]

 with acetonitrile.  

Excited-state geometry optimisations for 6 were carried out within Molpro
[14]

 using CASSCF(4,5) with 

a 6-31+G(d) basis set. Larger active spaces yielded equivalent results. Both the S0 (ground state) and S1 

(first excited) states were calculated, with geometry optimizations utilising default routines.   

Quantum theory of atoms in molecules (QTAIM) analysis
[15]

 employed MP2/aug-cc-pVTZ electron 

densities at the B3LYP/6-311++G(d,p) geometries within Gaussian, with QTAIM analysis carried out 

with AIMALL.
[16]

 Plots of QTAIM analysis were carried out within ADF
[17]

 at the BP86/TZ2P level of 

theory with uncontracted Slater-type orbitals (STOs) as basis functions
[18]

 and density.
[19]

 Scalar 

relativistic effects have been incorporated by applying the zeroth-order regular approximation in all 

ADF calculations.
[20]

 SAPT0 analysis was carried out within PSI 4,
[21]

 with a jul-cc-pVDZ basis set
[22]

 

together with density fitting. 
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3. Results and Discussion 

Synthesis and Characterization 

Our group has studied the use of N-heterocyclic carbenes (NHCs) to stabilize small carbon-based 

fragments, including C2.
[23]

 The synthetic pathway to NHC
Me

-stabilized C2 (NHC
Me

–C2H2–NHC
Me

) 

requires the initial synthesis of bis-imidazole substituted ethylene 4 (Scheme 1),
[23b]

 followed by 

dimethylation of complex 4, giving dication 5. If only one equivalent of MeI is used in the methylation 

of 4, the 
1
H NMR spectrum shows evidence for a compound with different rings, consistent with an 

imidazole/imidazolium trimethyl cation 6.  

 

Scheme 1. Syntheses of 5, E-6 and Z-6 from 4. 

Leaving a sample of 6 in an NMR tube (CD3CN solution) on the laboratory bench for a few hours 

resulted in a color change from bright yellow to pale yellow. A 
1
H NMR spectrum of the pale yellow 

sample indicated the presence of a second compound in addition to 6. After being left to stand for three 

more hours the color faded further to very pale yellow and only 
1
H NMR signals from the new 

compound were observed. Samples of 6 protected from light did not undergo any change, suggesting 

exposure to light is responsible for the reaction. Both 6 and the new compound had very low solubility 

in CD3CN. To generate a derivative of 6 with improved solubility, a metathesis reaction with AgOTf 

was carried out on freshly methylated material in the dark. The 
1
H NMR spectrum of the resulting more 

soluble material gave the same proton signals as the original compound 6, and exposure to ambient light 
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in the NMR tube again resulted in the generation of the new compound. Single crystals of both 

compounds were grown in the dark. X-ray structures revealed the “original” bright yellow compound to 

be the E-isomer of the trimethyl cation (E-6, Figure 1) and the “new” pale yellow compound formed 

upon exposure to light to be the Z-isomer (Z-6, Figure 2). This cation had been reported over 50 years 

ago,
20,21

 however the tendency towards isomerization was not observed in these early studies.  

Figure 1. Crystal structure of E-6. Thermal ellipsoids are displayed at the 50% probability level and 

[CF3SO3]
-
 is omitted. Selected bond distances (Å) [B3LYP/6-311++G(d,p) calculated]: C(1)-C(2) 

1.334(5) [1.359], C(1)-C(3) 1.456(5) [1.437], C(2)-C(4) 1.444(5) [1.432]. 

 

 

Figure 2. Crystal structure of Z-6. Thermal ellipsoids are displayed at the 50% probability level and 

[CF3SO3]
-
 is omitted. Selected bond distances (Å) [B3LYP/6-311++G(d,p) calculated]: C(1)-C(2) 

1.322(6) [1.348], C(1)-C(3) 1.439(5) [1.445], C(2)-C(4) 1.458(6) [1.467], N(1)-C(4) 3.078(5) [2.895], 

N(1)-N(4) 4.063(4) [3.614], N(1)-N(3) 3.118(4)[3.114]. 
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The bond distances in the two structures are all as expected, and are generally well reproduced by 

calculations. For E-6 the imidazole and imidazolium rings are slightly tilted from planarity relative to 

one another, while the ring systems are coplanar in E-4, and nearly perpendicular in E-5. For Z-6 the 

crystal structure shows the two rings in a gauche arrangement, suggestive of a weak intramolecular 

bonding interaction between an imidazole nitrogen atom lone pair and the closest C and N atoms from 

the imidazolium ring that are within the sum of the van der Waals radii; the N(1)-C(4) and N(1)-N(3) 

separations are 3.078 and 3.118 Å, respectively. The B3LYP/6-311++G(d,p) calculated inter-ring N(1)-

C(4) and N(1)-N(3) distances are slightly shorter at 2.895 Å and 3.114 Å, respectively. Inclusion of 

dispersion with B3LYP-D3(BJ)/6-311++G(d,p) further shortens the interactions to 2.787 and 3.009 Å, 

respectively. In contrast, dispersion only has a minimal effect on the central C=C bond distance (< 0.004 

Å for 6), which indicates that the intramolecular bonding interaction from the imidazole N may be 

considered a non-covalent interaction. The nature of the interaction is considered in detail below.  

 

Isomerization 

Having observed E to Z isomerization, we undertook experiments to determine the conditions under 

which isomerization occurs. Exclusion of light from the NMR sample resulted in no E-6 to Z-6 

isomerization. Heating a solution of E-6 protected from light did not produce a measurable change as 

monitored by 
1
H NMR spectroscopy. Exposure of the E-6 in CD3CN solution to 354 nm UV light 

resulted in more rapid conversion from E-6 to Z-6, with the formation of a 5:1 ratio of Z:E after 30 

minutes of UV exposure. The same ratio is obtained whether starting from pure E-6 or Z-6. Complete 

conversion to Z-6 occurs on letting the NMR sample stand in ambient light for 1 hour. It was noticed 

that solutions of Z-6 and E-6 fluoresced in the green on exposure to 354 nm UV. Fluorescence under 

UV had been mentioned in the initial reports on the compound, but no further details given.
[24]
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Relative Stabilities of Isomers 

The relative stability of gas-phase E-6 and Z-6 ions was characterized using a custom tandem ion 

mobility mass spectrometer.
[25]

 Briefly, samples of either E-6 or Z-6 dissolved in methanol, when 

electrosprayed, gave arrival time distributions (mobility spectra) with one predominant peak, consistent 

with a single isomer (Figure 3a). The peak from the E-6 solution has a longer arrival time than that from 

the Z-6 solution, which is consistent with a more extended structure.
[26]

 Irradiation of E-6 solution with 

385 nm light prior to analysis resulted in an arrival time distribution identical to that from pure Z-6 

solution, whereas illumination of Z-6 solution yielded no discernible change in arrival time distribution. 

These results are consistent with the 
1
H NMR characterizations described above. In a next set of 

measurements each isomer was isolated and subjected to collisional activation.
[27]

 At higher collision 

energies a gas-phase quasi-equilibrium is established whereby the more stable isomer is more 

abundant.
[28]

 Relative abundances of E-6 and Z-6 as a function of electric field in the collision zone are 

shown in Figure 3b and 3c, respectively. Regardless of the initially selected isomer (E-6 or Z-6), at the 

quasi-equilibrium conditions Z-6 is more abundant than E-6, providing evidence for the greater stability 

of the Z-6 isomer in the gas phase. 

In a separate set of ion mobility measurements, selected gas-phase E-6 or Z-6 isomers were irradiated 

with a wavelength tunable laser beam while monitoring the photoisomer signal to generate 

photoisomerization action (PISA) spectra (Figure 4). The PISA spectrum for E-6 → Z-6 has a 

maximum at ~420 nm, whereas the maximum of the E-6 → Z-6 PISA spectrum is blue-shifted to ~340 

nm. 
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Figure 3. Ion mobility mass spectrometry: (a) arrival time distributions from E-6 (black) and Z-6 (red) solutions showing the two 

isomers can be clearly distinguished; (b) and (c) collisional activation of E-6 and Z-6 isomers, respectively. The quasi-equilibrium 

region is shaded grey.  

 

 

Figure 4. Gas-phase photoisomerization action spectra of E-6 (black) and Z-6 (red). 
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Calculated Relative Energies 

The relative stability of E and Z isomers of 4-6 were explored with ab initio methods (Table 1). The 

relative energies are sensitive to computational method and solvent effects, which is particularly evident 

with 6. For both 4 and 5, all methods predict the E isomer to be favoured, consistent with experimental 

observations. The situation is quite different for 6, largely due to the significant solvent effect (-16.7 

kJ/mol with B3LYP/6-311++G(d,p)) in comparison with 4 (+1.2 kJ/mol) and 5 (+8.1 kJ/mol). In each 

case the solvent contribution is opposite in sign to the preferred isomer.  

Analysis of results provides initial insight into the Z isomer preference in 6. It is notable that for each 

of 4-6, dispersion (D3 with Becke-Johnson damping) favours the Z isomer by 8-12 kJ/mol, which 

suggests that dispersion interactions (or non-covalent interactions generally) are a significant factor. The 

role of charge transfer was assessed by varying the contribution of Hartree-Fock exchange in the density 

functional, including BP86 (no HF exchange), B3LYP (20%), PBE0 (25%), CAM-B3LYP (19-65%) 

and B97X-D (22.5-100%) functionals with the 6-311++G(d,p) basis set. It could be expected that 

increasing the proportion of HF exchange would most effect systems with significant charge transfer 

characteristics.
[29]

 For difluoroethylene, relative energies between Z and E vary by less than 1 kJ/mol for 

this set of functionals, indicative of the small role that charge transfer plays in difluoroethylene. For 4-6, 

an increase in HF exchange increases the preference for Z, suggesting that pure DFT (self-interaction 

error leads to overestimation of electron density delocalization) actually favours the E isomer, whereas 

localization (with HF exchange) favours the Z isomer. As a measure of the effect, the difference 

between BP86 (0% HF exchange) and B97-XD (22.5-100%) relative energies (increasing the 

preference for Z) varies from +12.7 kJ/mol (4) to +18.7 kJ/mol (5) to +22.4 kJ/mol (6), which suggests 

that charge-transfer is significant in each system, and most important for 6.  
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Table 1. Calculated relative energies (kJ/mol) of Z and E forms of 4-6. Relative energies are calculated 

as Ee(E) - Ee(Z), with positive values indicating the Z isomer to be lower in energy. 
a
 

 

Method Basis set Conditions 4 5 6 

B3LYP 6-311++G(d,p) Gas phaseE) -31.96 -30.10 2.58 

  Gcorr -6.70 -0.79 -0.34 

  MeCN (PCM) -37.47 -22.81 -14.44 

B3LYP-D3(BJ) 6-311++G(d,p) Gas phase -22.47 -18.22 10.69 

BP86 6-311++G(d,p) Gas phase -31.84 -31.15 -1.62 

PBE0 6-311++G(d,p) Gas phase -29.57 -26.41 5.68 

CAM-B3LYP 6-311++G(d,p) Gas phase -28.44 -25.10 11.90 

B97X-D 6-311++G(d,p) Gas phase -19.16 -12.49 20.80 

HF 6-311++G(d,p) Gas phase -31.42 -23.13 19.29 

DF-MP2-F12 cc-VDZ-F12 Gas phase -17.63 -14.67 19.87 

DF-SCS-MP2-F12 cc-VDZ-F12 Gas phase -22.66 -20.79 16.38 

DLPNO-CCSD cc-pVTZ Gas phase   26.12 

DLPNO-CCSD(T) cc-pVTZ Gas phase   25.77 

DLPNO-CCSD cc-pVTZ MeCN (COSMO) -15.87 -9.31 10.67 

DLPNO-CCSD(T) cc-pVTZ MeCN (COSMO) -14.16 -7.88 10.64 

PWPB95-D3BJ def2-TZVP Gas phase   13.71 

PWPB95-D3BJ def2-TZVP MeCN (COSMO)   0.32 
a
 Calculated at the B3LYP/6-311++G(d,p) optimized geometries. All results are electronic energies (E) 

unless noted. MeCN = acetonitrile solvent, calculated with a PCM solvent model or COSMO solvent 

model.   

 

Higher-level wave function methods serve to overcome the limitations of the HF approach. At the 

highest level of theory considered, DLPNO-CCSD(T)/cc-pVTZ inclusive of acetonitrile solvent 

(COSMO model), the Z-6 isomer is more stable than E-6 by 10.6 kJ/mol (gas phase is 25.8 kJ/mol). 

Analogous calculations for 4 and 5 predict the E-isomer to be more stable by 14.2 and 7.9 kJ/mol, 

respectively. For comparison, at the same level of theory the Z-isomer of difluoroethylene is more stable 

by 5.5 kJ/mol (gas phase 2.8 kJ/mol). Increasing the basis set to cc-pV5Z gives a gas-phase value of 4.2 

kJ/mol, equivalent to the CCSD(T) complete basis set limit value reported by Feller.
[1i]

 While 

compounds 4-6 are significantly larger than difluoroethylene and diffuse functions have not been 

included, it may still be expected that the DLPNO-CCSD(T) results for 4-6 are sufficiently accurate to 

provide a reliable preference for E or Z isomers.  
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Molecular Orbital and Natural Bond Orbital Analysis  

We examined the frontier molecular orbitals (MOs) of 4-6 at the B3LYP/6-311++G(d,p) level of 

theory, inclusive of acetonitrile solvent (Figure 6). The nature of the HOMO and LUMO are relatively 

consistent for isomers of 4, 5 and 6. In 4 the HOMO has a type contribution from the central C=C 

double bond as well as delocalization into the  systems of both rings for both isomers. The LUMO is a 

* symmetric orbital dominated by bonding contributions between the imidazole rings and the central 

C=C unit. In dicationic 5 the distribution of the HOMO and LUMO is similar to 4 for both isomers, 

except that the non-planar character of the rings reduces the contribution from the central C=C unit in 

the HOMO of 5. For cationic 6 the HOMO for both isomers has  character, primarily on the neutral 

imidazole ring (with an asymmetric contribution from the central C=C bond that largely arises from 

C(2) p), while the LUMO is more evenly distributed over the two rings. NBOs at the same level of 

theory indicate a greater population of the C(1)-C(2) π orbital in Z-6 (1.90 e) compared to E-6 (1.81 e), 

consistent with an increased Wiberg bond index (WBI) of the C=C bond in Z-6 (1.76 compared to 1.64 

in E-6), and greater bond localization in Z-6. Occupation of C(2)-C(4) and C(3)-C(1)  NBOs similarly 

reflects greater delocalization (and increased WBI) in E-6. WBIs and NBO occupations are provided in 

the Supporting Information. 

In all three sets of compounds the HOMO-LUMO gap for the Z-isomer is larger than that for the E-

isomer (see Figure 5 for plots of frontier MOs). The difference in HOMO-LUMO gaps between the Z 

and E isomers is 0.37 and 0.27 eV for 4 and 5, respectively, but is significantly larger for 6 at 0.72 eV. 

The greater HOMO-LUMO gap difference between E and Z isomers of 6 arises from both an increased 

HOMO-LUMO gap in Z-6 and reduced gap in E-6 compared to 4 and 5, which may in part be attributed 

to the asymmetry and electron density localization of 6 (and the respective contributions of the central 

C=C to the HOMO/LUMO). The observation of greater orbital localization in 6 is consistent with the 

results of varying the proportion of HF exchange in the density functional (see above), which indicated 

that charge transfer and electron localization effects were greatest in 6.  
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One possible suggestion is that the stabilization of the Z-6 isomer is due to an n  * interaction 

between the imidazole nitrogen lone pair and the cationic imidazolium ring in Z-6. However, while the 

distance of the imidazole nitrogen to the ring atoms and the centroid is consistent with reported 

separations for such interactions,
[30]

 NBO calculations indicate an absence of orbital interactions 

between the imidazole nitrogen lone pair and the overall imidazolium ring. Nevertheless, NBO analysis 

indicates a donor-acceptor stabilization of ca. 10 kJ/mol between the imidazole nitrogen lone pair (N1) 

and a p-character  orbital on C(4).  
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E-4 E-5 E-6 

LUMO 

 
E = -2.24 eV 

 
E = -3.25 eV 

 
E = -2.84 eV 

HOMO 

 
E = -5.76 eV (H-L 3.52 eV) 

 
E = -6.91 eV (H-L 3.66eV) 

 
E = -6.19 eV (H-L 3.35 eV) 

 Z-4 Z-5 Z-6 

LUMO 

 
E = -2.06 eV 

 
E = -3.12 eV 

 
E = -2.30 eV 

HOMO 

 
E = -5.94 eV (H-L 3.89 eV) 

 
E = -7.04 eV (H-L 3.93 eV) 

 
E = -6.37 eV (H-L 4.07 eV) 

Figure 5. Frontier molecular orbitals, orbital energies (eV) and HOMO-LUMO gaps (H-L, eV) of compounds 4-6. B3LYP/6-311++G(d,p) results 

inclusive of acetonitrile solvent at B3LYP/6-311++G(d,p) gas phase geometries. 
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Electron density analysis 

Analysis of the electron density with the QTAIM
[31]

 approach indicates a non-covalent N(1)-C(4) 

interaction in Z-6 (Figure 6), indicated by bond paths (lines) and bond critical points (BCP, red dots). 

Following the approach of Jenkins,
[32]

 we have taken a physics-inspired approach to explore the 

presence of cis and trans effects in 4-6. The cis effect is related to the tendency of electronic density to 

move away from the BCP towards the associated nuclear attractors, which may be quantified by the 

largest positive (3) eigenvalue of the Hessian matrix of the electronic density () at the BCP. Jenkins 

noted that the physical origin of the cis effect is related to the central C=C bond path being more bent 

and having lower ellipticity in the cis isomer.
[32]

  

For 4-6, QTAIM analysis (Figure 6) indicates that the central C=C bond-path in the Z isomer is more 

highly curved (defined as the difference between the bond-path length and the internuclear separation). 

Bond-path curvature, favouring Z, is at a maximum for 6. Analysis of 3
cis

 - 3
trans

 pairs (excluding the 

central C=C BCP) allows a bond-by-bond analysis of Z and E-stability contributions. Positive values 

indicate Z-stability while negative values indicate E-stability. Each of 4-6 exhibits both Z and E-

stabilizing interactions. For 4, there is an overall equal contribution of Z (0.148) and E (-0.148) 

stabilizing bond paths, while for 5 the E-stabilizing interactions (-0.126) are greater than the Z-

stabilizing interactions (0.059). For 6 the Z-stabilizing interactions (0.246) are greater than those for E 

(-0.115). While the presence of both Z and E-effects in each isomer does not allow a definitive 

statement of the presence of a cis-effect in 6, it may be concluded that there is a greater cis-effect in 6 

compared to 4-5.  

Intramolecular symmetry-adapted perturbation theory (I-SAPT) analysis was employed to investigate 

intramolecular interactions between the benzimidazole rings in 4-6 (results provided in Supporting 

Information). In each case, the interacting fragments were defined as the benzimidazole rings, while the 

central C2H2 was the linking unit. The I-SAPT interaction energy may be partitioned into electrostatic, 
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exchange, induction and dispersion contributions. In the present work, the Z-E difference in interaction 

energy (and components) is the most relevant quantity. For 4 and 5, the Z-E difference in overall I-

SAPT energy is ca. +35 kJ/mol, whereas for 6 it is -0.3 kJ/mol. Interestingly, the dispersion 

contribution consistently favours the Z isomer of each of 4-6 by about 14 kJ/mol, while the exchange 

contribution favours the E isomer by 17.8 (4), 6.1 (5) and 14.5 kJ/mol (6). For 6 these two 

contributions largely cancel, which together with the relatively small induction effect, results in only a 

small difference in I-SAPT energies between E-6 and Z-6. For 4-5 the E-Z difference in I-SAPT 

energies is dominated by electrostatics (32.6 compared to total difference of 35.7 kJ/mol for 4 and 46.3 

compared to total difference of 35.3 kJ/mol for 5), which serves to favour the E isomer. In E-4 the 

electrostatic interaction is actually attractive (Z-4 is repulsive), whereas in 5 the electrostatic repulsion 

is large, and greatest for the Z isomer.       

The combination of QTAIM and I-SAPT analysis indicates that electrostatic interactions are the most 

significant factor behind the observed cis-effect in 6.    

 

 

Figure 6. QTAIM illustration of non-covalent interactions in Z-6. Electron density from MP2/6-

311G(d,p) calculation, inclusive of acetonitrile solvent.   

 

 

 

N1 

C4 
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Luminescence 

The absorption and photoluminescence spectra obtained from pure samples of the E-6 and Z-6 

isomers dissolved in acetonitrile (298 K) are shown in Figure 7. The absorption spectrum of the E-

isomer is characterized by an intense band at 363 nm (ε = 50,802 M
-1

 cm
-1

), whereas the Z-isomer has a 

less intense band at 329 nm (ε = 16,027 M
-1

 cm
-1

). In both cases the peaks are assigned to π  π* 

transitions and have a similar wavelength-dependence to the gas-phase PISA spectra presented in 

Figure 4. CAM-B3LYP/6-31+G(d) TD-DFT calculations (acetonitrile solvent) give absorbance 

maxima at 368 nm (E-6) and 308 nm (Z-6) for singlet excitations described as HOMO  LUMO 

transitions, in reasonable agreement with experiment. The trend is consistent with the hypsochromic 

shift of the absorption spectra for the two isomers. 

Figure 7 also shows the fluorescence spectra obtained for pure samples of E-6 and Z-6 dissolved in 

acetonitrile following excitation at 350 nm. Irrespective of the starting isomer, the resulting 

fluorescence profiles were identical, with maxima at 487 nm. The apparent fluorescence quantum 

yields were found to be very similar for the two samples; 0.037±0.001 for E-6 and 0.031±0.004 for Z-

6.  
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Figure 7. Photoluminescence (solid lines) and absorption (dashed lines) spectra of 10 µM solutions of 

E-6 and Z-6 in acetonitrile at 298 K. λexcitation = 350 nm).  

 

These observations suggest the rapid establishment of a cis-dominated photostationary state, 

regardless of the starting condition, noting that the trans species is expected to be significantly less 

emissive due to the competing isomerization process. Further evidence for this is provided by the 

observation that, despite the difference in absorption profiles between the samples, E-6 and Z-6 

solutions produce identical excitation spectra, with a λmax of 349 nm. We speculate that an ultrafast 

rearrangement, proceeding via a twisted excited intermediate is responsible for the Z-E isomerization, 

as is well established for excited state isomerization of stilbene (Figure 8).
[33]
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Figure 8. Schematic energy diagram for conversion between E-6 and Z-6 isomers, where P* is a 

twisted excited intermediate with a perpendicular geometry. Energy difference between S0 states of Z-6 

and E-6 is 10.6 kJ/mol (DLPNO-CCSD(T)/cc-pVTZ including solvent). The S1 state of E-6 is lower 

than the S1 state of Z-6 by 15.4 kJ/mol from gas phase CASSCF(4,5)/cc-pVTZ calculations.  

 

4. Conclusions 

In summary, we have discovered the first alkene with two carbon bound substituents where the Z-

isomer has a greater thermodynamic stability than the E-isomer. The effect persists in the gas-phase 

and in solution as characterised by gas phase ion mobility studies and observed in the bulk material. 

The underlying rationale for the preference for the Z-isomer in 6 arises from non-covalent 

(electrostatic) interactions between the N lone pair of the benzimidazole cation and the central C of the 

benzimidazolium, and an increased localization of the central C=C double bond in the Z-isomer for the 

cation. In dicationic 5 no lone pair is available, and in 4 the neutral imidazole ring likely has a lowered 

electrophilicity. Thus the presence of the heteroatoms is the key factor in making the Z-isomer more 

stable for 6, in the lone pair bearing imidazole and cationic imidazolium ring allowed for by the 

nitrogen atoms that would not be found in a purely organic diaryl alkene. 
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TOC Synopsis and Figure 

In this study we report on the first example of an acyclic diorganoalkene (i.e. a stilbene analogue) 

where the Z isomer is more stable than the E isomer. The root of the unusual stability of the Z isomer is 

traced to a non-covalent interaction between the neutral imidazole and the cationic imidazolium ring.
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