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Abstract

The photoisomerisation of non-toxic trans-combretastatin CA4 to its cytotoxic cis isomer 

demonstrates the high potential of this and similar compounds for localised cancer therapy. The 

introduction of intramolecular charge-transfer character by altering the substituents of 

combretastatin systems opens up possibilities to tailor these stilbene derivatives to the special 

demands of anticancer drugs. In this TDDFT study we explore how absorption wavelengths for 

both the trans and cis isomers can be red shifted to enable deeper light penetration into tissue and 

how the trans→cis and cis→trans isomerisation are affected by charge transfer effects to 

different degrees. 
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Introduction

Photodynamic Therapy (PDT) has several advantages compared to chemotherapeutic cancer 

treatment [1]. In particular, the advantages of PDT are its ability to target cancer at a very 

specific and localised level via the precise activation by illumination of photosensitising drugs 

directly in the vicinity of malignant cells, while healthy (but similar) cells throughout the 

patient’s body are unaffected by inactive drug molecules [2]. Most PDT drugs rely on 

photosensitizing the generation of cell damaging singlet oxygen induced by photoexcitation of 

the drug at the tumour site. Recently new PDT drugs that are not limited to cell destruction by 

singlet oxygen have also been developed, including Combretastatin A4 (CA4), first isolated by 

Pettit [3], which effectively disrupts tubulin polymerisation and thus the formation of tumoral 

vasculature [4]. However, this drug is not usable for clinical applications because of its severe 

side effects [5,6]. Combretastatins are functionalised stilbene derivatives and therefore exist in 

two isomeric forms, cis and trans. It is cis-CA4 that is cytotoxic, and this species can be 

generated by photoisomerisation of the trans-CA4 [7], which is considerably less toxic [8-11]. We 

previously reported that the usual one-photon excitation wavelength of the latter is around 340 

nm [12], which is too short for physiological use, because tissue absorption below 400 nm is high. 

On the other hand, longer and readily tissue-penetrating wavelengths in the red or near-infrared 

region (600-900 nm) can be achieved by two- or three-photon excitation (2/3PE) of trans-CA4 

[13], which, however, suffers from reduced absorption cross sections [14,15]. One potential 

strategy to overcome this issue is to develop combretastatins that possess intramolecular charge-

transfer character through the addition of an electron donor group and an electron acceptor group 

respectively on each of the phenyl rings, to produce not only a higher multiphoton absorption 

cross section, but also a redshift in the absorption and fluorescence spectra, promoting light 

tissue penetration [16]. 

As a further step in the search of tuneable photo-isomerisable drug candidates, we recently have 

conducted a theoretical study on trans combretastatins and stilbene derivatives of different 

intramolecular charge transfer extent [17]. Consistent with our experimental results, we were able 

to confirm that the absorption wavelength redshifts and the oscillator strength increase for 

molecules with larger charge-transfer character. Similar to the well-known photoisomerisation 

process of stilbene [18-20], one electron from the HOMO (with π bonding character with respect to 
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the vinyl C=C bond) is excited to the respective anti-bonding LUMO, reducing the C=C bond 

order and facilitating bond rotation in all combretastatins. However, we observed that the 

elongation of the central C=C bond on excitation was slightly larger for derivatives of low 

charge-transfer character, while the relaxation energies for the fluorescence from the S1 surface 

to the ground state were higher. Under the assumption that the barrier for rotation around the 

central C=C bond on the S1 surface is similar to the widely studied barrier in stilbene, these are 

indicators that a reaction barrier might be overcome more readily than in combretastatins of 

higher charge-transfer character. However, with a shift of charge throughout the molecule, the 

potential energy surfaces (PESs) might differ from the symmetrical stilbene one, not only in 

barrier heights, but also in the existence and location of a conical intersection. Changes in the 

symmetric stilbene isomerisation PES can lead to an unequal cis/trans probability in the 

isomerisation from the excited state. To examine the effect of substituent groups on the PES 

topology, we present here a study of the ground and S1 PES of four stilbene derivatives with 

different charge-transfer characters. 

The introduction of electron pushing and pulling groups can also have other consequences. The 

molecule DMABN (4-(N,N-dimethylamino)benzonitrile) is an archetypical charge-transfer 

system, which consists of an electron pulling nitrile group and an electron pushing 

dimethylamino group in para position on a single benzene ring. DMABN is planar in its ground 

state, but in its excited S1 state it can undergo a twist of the amino group with respect to the 

phenyl ring. Although theoretical studies indicate variations between 45 and 90˚ (depending on 

the applied method and the pyramidal angle) for the twist angle that locally separates the charges 

in this molecule, they all confirm it to be a local minimum structure on the S1 surface [21-24]. 

Fluorescence from this twisted intramolecular charge-transfer (TICT) state occurs at lower 

energies than in the planar locally excited (LE) state, which leads to the experimentally observed 

dual fluorescence of DMABN [25,26]. Trans-stilbene has been described in experimental and 

theoretical studies as being approximately planar in its crystal phase [27,28], but with a shallow 

potential energy profile for the rotation of the phenyl rings around the C–C single bonds in both 

ground [29] and excited [30] state. Owing to the symmetry of this molecule, there is no charge 

separation, and a TICT state cannot therefore appear in competition with the photoisomerisation 

pathway in trans-stilbene through the phenyl ring rotation. Functionalised charge transfer 

stilbenes, like 4-dimethylamino-4’-cyanostilbene (DCS), have been studied with experimental 
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and theoretical methods for more than forty years, but there is no general consent concerning the 

existence and nature of the TICT state. The dual fluorescence phenomenon of DCS can be 

partially explained by the existence of a TICT state formed by rotation around the C–C anilino 

bond [31-33] or the C–N amino bond [34-37], but no evidence for the existence of a TICT state 

and/or of dual fluorescence has been found in several studies [38-40]. Excited state re-absorption 

of fluorescence has been proposed as a potential alternative to the formation of a TICT state [41]. 

The formation of a TICT state was observed in experiments carried out at high temperature in 

polar solvents, and it was assigned to the S1 surface. Rotation of the electron pulling phenyl ring 

has been described for other charge-transfer stilbenes, like 4-dimethylamino-4’-nitrostilbene [42]. 

In this study, we present and explore the different possible molecular rearrangement pathways on 

the S1 surface for anticancer drug candidates with different substituent groups. We also address 

briefly the issue of the TICT state existence, although we remark that a proper study of this 

particular state would require an extensive analysis of solvent and temperature effects, which are 

beyond the scope of this work. 
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Methods

Theoretical calculations were carried out using the NWChem6.6 program package [43]. Ground 

state optimised structures were obtained using density-functional theory (DFT) at the B3LYP 

[44,45]/def2-TZVPP [46] level of theory. Stationary points were characterized as minima by 

calculating the Hessian matrix analytically. For vertical excitations and excited state 

optimisations the TDDFT method [47] was applied with the long-range corrected CAM-B3LYP 

[48] functional and kernel, which is known to typically yield accurate charge transfer excitation 

energies in molecular systems [49,50] and from which we obtained good qualitative agreement 

with experimental UV/VIS absorption and fluorescence spectra in our previous studies [17]. 

Absorption and fluorescence spectra were calculated considering the 50 lowest singlet excited 

states. For comparison, additional geometry optimisations of the ground state molecules were 

also carried out with the CAM-B3LYP functional. Scans were carried out using stepwise 

rotations of the dihedral angle of the central C=C double bond or its adjacent C–C single bonds 

in steps of 10˚, 5˚ or 2˚. Single point calculations of ground and first excited states were carried 

out at the CAM-B3LYP/def2-TZVPP level. 

Deformation densities and charge transfer properties were obtained by subtracting the excited 

state and ground state densities [51,52], using single-point calculations on the ground state 

geometries using the Gaussian09 [53] program suite. The same approach was used to calculate 

atomic partial charges and Wiberg Bond Orders (WBOs) [54]at the CAM-B3LYP/def2-SVP level 

with the NBO 6.0 (Natural Bond Orbital) method of Weinhold et al. [55]. 

The ‘COnductor-like Screening MOdel’  (COSMO), as implemented in Gaussian09 [56,57], was 

used to describe the effect of seven different solvents at T = 20 °C [58].
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Results and Discussion

According to our previously published results on trans-combretastatins, our cis test set consists 

of two combretastatins with small charge-transfer character, namely CA4 (1c) and the 

fluorinated compound CA4F (2c), and two other stilbene derivatives 3c and 4c (Scheme 1), 

which exhibit considerable charge-transfer effects in the excitation to the S1 state for the planar 

trans analogues. In 3c (CA4CN), the charge-transfer character is introduced via the addition of a 

nitrile group in para position on the aromatic ring II, opposing the electron pushing methoxy 

groups in para and meta position of ring I. 4-amino-4’-cyano stilbene (ACS, 4c), on the other 

hand, has only one electron pushing amino group in para position of ring I. The corresponding 

trans analogues will be referred to as 1t to 4t.

1. Optimised Structures, Charge Transfer, Absorption and Fluorescence Spectra

Geometry optimisations on all cis systems were carried out for the gas phase ground state (S0, 

DFT) structures at the B3LYP/def2-TZVPP and CAM-B3LYP/def2-TZVPP levels, and the first 

excited state (S1, TDDFT) at the CAM-B3LYP/def2-TZVPP level. Selected distances (dA, dB 

and dC) and dihedral angles (θA, θB and θC) for the C=C (B) and C–C (A, C) vinyl bonds are 

given in Table 1. The overall agreement between the ground state structures calculated with 

B3LYP and the long-range corrected functional CAM-B3LYP are in general good, with a 

deviation of 0.011 Å for the central C=C double bond and slightly more acute dihedral angles for 

the latter functional for all cis compounds. Comparison of the structure of 1c with its 

experimental crystal structure [59] shows only significant differences of over 20˚ for the dihedral 

angle θA, which can be caused by the existence of a different local minimum on the shallow 

potential energy surface for the rotation of one of the flexible methoxy groups linked to I. Our 

calculated values lie within the range of previously reported data on cis-stilbene for the C=C 

double bond in the ground state (dB(CASSCF) = 1.327 Å [30], dB(B3LYP) = 1.352 Å [60] and 

dB(MP2) = 1.356 Å [61]), but they are in all cases slightly shorter for the C–C single bonds 

(dA/C(CASSCF) = 1.486 Å, dA/C(B3LYP) = 1.477 Å and dA/C(MP2) = 1.478 Å). For the excited-

state TDDFT calculations of cis-stilbene, the C=C bond B length corresponds to that observed 

for the non-charge transfer compounds 1c and 2c (dB(PBE0) = 1.417 Å), while bonds A and C 
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are longer (dA/C(PBE0) = 1.412 Å) [62]. As for the trans-combretastatins, excitation to the S1 

surface occurs by promotion of one electron of the HOMO to the LUMO (Figure 1 for 3t and 

3c). While the HOMO exhibits π bonding character for the central bond B and π* anti-bonding 

character for bonds A and C, the situation is reversed for the LUMO. As a consequence, we 

observe bond elongation for bond B and a shortening of bonds A and C after excitation. As we 

have described for the trans isomers [17], the bond lengths of the central bond B elongates to less 

for the charge-transfer compounds 3c (dB = 1.409 Å) and 4c (dB = 1.408 Å), in comparison to S1 

bond lengths of B in the non-charge transfer combretastatins 1c (dB = 1.417 Å) and 2c (dB = 

1.416 Å) and the reported distances for (non-charge transfer) cis-stilbene (dB(PBE0) = 1.417 Å) 

are longer. However, the absolute bond distances for B are larger for the cis isomers, which also 

results in a larger absolute elongation. The overall bond length changes are ΔdB(S1-S0)(1) ≈ ΔdB(S1-

S0)(2) > ΔdB(S1-S0)(3) > ΔdB(S1-S0)(4). More pronounced structural changes after excitation can be 

observed in the dihedral angles. While in the ground-state trans-stilbene derivatives the single 

bonds A and C are close to planarity, in the cis isomers planarity cannot be achieved because of 

the steric repulsion, which results in dihedral angles θA/C between 140 and 155˚. It has recently 

been shown that for very bulky substituents like tert-butyl groups attached to the meta positions 

of the phenyl London dispersion interactions can play an important role while they are negligible 

in unsubstituted cis stilbene [63]. Populating the LUMO, thereby increasing the double bond 

character in bond A and C, leads to a significant increase in the dihedral angles θA/C: 167.7˚ for 

θC in 4c to 172.7˚ in 2c. Overall the non-charge transfer compounds are therefore closer to 

planarity. Compensating for the steric repulsion, bond B (accounting for less than 10˚ in all 

studied ground-state structures) rotates by 39.1 and 38.1˚ for the non-charge transfer 

combretastatins 1c and 2c and 30.9 and 30.7˚ for 3c and 4c in the relaxed S1 state. Interestingly, 

in this state the dihedral angles of the charge-transfer compounds for the bonds θC are smaller 

(2.0˚ for 3c and 4.2˚ for 4c) than their counterpart θA. In contrast to 3t and 4t, where π electrons 

can move along the planar and fully conjugated entirety of the molecule, the movement of π 

electrons is restricted in the cis isomers. While bond A has access to the π electrons of the 

aromatic ring I with its electron donating substituents pushing electron density towards bond A, 

bond C is not affected, because of its non-planar geometry. Furthermore, this bond experiences 

the electron depletion effect caused by the electron-pulling group in the para position of ring II. 

In summary, increasing the charge-transfer character in stilbene derivatives, which has shown to 
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be beneficial for the planarity in both ground and first excited state of the trans isomers, has the 

opposite effect in the ground and excited states of the cis conformations.

The charge-transfer character in all cis compounds was quantified in their ground state 

geometries by subtracting their ground state electron density from the S1 electron density. The 

corresponding charge-transfer deformation densities Δρ(S1-S0) are shown in Figure 2 and 

numerical values are given in Table 2, along with results obtained from our previous work. This 

analysis confirms similar and small charge transfers for combretastatins 1c and 2c, while the 

charge-transfer dipole amounts to 5.7 D for 3c and 7.2 D for 4c. Both the amount of transferred 

charge and the charge-transfer dipole are larger in the cis isomers. This finding is not trivial as 

the ability of the π electrons to freely move along the planar conjugated system in trans stilbene 

derivatives would suggest the greatest possible transfer of charge to occur in the trans isomers 

rather than in the cis compounds where a breakup of molecular planarity should also inhibit 

electron flow. Similar to the described TICT state in DMABN [25,26], the spatial separation of 

charge in the cis isomer leads to a separation of charge by reducing the communication between 

the donor and acceptor parts of the molecule. We observe (Figure 2) that, the areas of charge 

depletion (red) and charge accumulation (blue), especially in the central region of the molecules, 

are more asymmetrical in the charge-transfer isomers, e.g. the depletion lobe of the central bond 

B in 3c and 4c clearly shows an extension towards the atoms of bond C. This is caused by two 

factors. A comparison of the orbital shapes of the HOMO and LUMO of the stereoisomers (see 

Figure 1 for 3) shows that even for the charge-transfer compound 3t, HOMO and LUMO have a 

rather uniform distribution along the central C=C bond in the HOMO and at the participating 

vinyl carbon atoms in the LUMO, whereas in 3c the frontier orbitals have a more localised 

distribution of electrons at the two central atoms and thus a better separation of charge, owing to 

the twisted geometry. Secondly, the calculated absorption spectra of the trans compounds 

indicate that the main and only dominant peak is assigned to the HOMO→LUMO transition, and 

therefore the total charge-transfer deformation density mirrors the rather uniform HOMO and 

LUMO distribution. The calculated absorption spectra of 1c to 4c are shown in Figure 3 (left, for 

complete data see Supporting Material Table S1–S4). The peaks above 280 nm correspond to the 

HOMO→LUMO transition and red shift with increasing charge-transfer character. Other peaks 

of lower, but still significant intensity can be found e.g. in the areas around 180, 190 and 225 nm. 

These peaks mainly correspond to different transitions HOMO-1, HOMO-2 and HOMO-3 to 
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LUMO+1, LUMO+2 and LUMO+3. These orbitals are shown for 1c to 4c in the Supporting 

Information Figure S1–S4. They are largely localised on one of the aromatic rings and contribute 

to the change of total electron density in the excited state. 

Calculated CAM-B3LYP/def2-TZVPP absorption and fluorescence spectra at the 

HOMO→LUMO transition peak for the cis and trans isomers of 1 to 4 in gas phase are shown in 

Figure 3 (right) and Table 3. The absorption corresponds to the vertical excitation from the S0 

ground state to the S1 excited state surface for the calculated ground state structures. 

Fluorescence corresponds to the de-excitation to S0 after geometry optimisation in the S1 state. 

Absorption in the cis derivatives occurs at slightly lower wavelengths than in the trans analogues 

(between 295 nm for 1c and 326 nm for 4c), but the trend in the red shift of the absorption with 

increased charge-transfer character is well reproduced, with the two non-charge transfer 

compound excitation energies only differing by 3 nm. After excitation, the cis isomers undergo 

considerable geometrical changes during the relaxation on the S1 surface, and the fluorescence 

peaks are therefore located at lower energy (ca. 490 nm). Interestingly, the fluorescence charge-

transfer dependent red shift of the cis isomers is reversed. The Stoke’s shift of these molecules 

therefore follows the trend A-F(1) ≈ A-F(2) > A-F(3) > A-F(4), which clearly indicate 

dependence on the extent of intramolecular charge transfer on promotion to S1. Oscillator 

strengths [64] for absorption and fluorescence (1c: 0.54/0.35, 2c: 0.48/0.34, 3c: 0.48/0.32 and 4c: 

0.53/0.40) are substantially lower than in the trans isomers and do not show any correspondence 

to the charge transfer properties of the cis compounds.

2. S0 and S1 potential energy surfaces

The determination of the potential energy surfaces of the ground S0 and the electronically excited 

S1 state was carried out as a sequence of single-point and vertical excitation energy calculations 

at the CAM-B3LYP/def2-TZVPP level, by rotating the central C=C bond (B) in 10˚ steps 

between 140˚ and -40˚. For the stilbene derivatives, the existence of a shallow minimum in the 

PES for the rotation around the two C–C single bonds A and C has been reported [29]. As the 

steric repulsion has a strong effect on the total energies, we used the ground state of the cis 

structures 1c to 4c (where the aromatic rings are most twisted, allowing the C=C dihedral angle 
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to be small) as starting and reference points. The calculated PES are shown in Figure 4, in which 

the relative positions of the ground and excited state optimised structures (rectangles) and their 

energies from vertical excitation/de-excitation (circles) are also indicated. 

The energy curves for the rotation of 1-4 in the ground state nearly perfectly overlap with each 

other. Only at the maximum (corresponding to a twisting angle of -90˚) a minor deviation (3.1 

kcal/mol) between the compound with the lowest (1) and highest (4) charge-transfer character is 

observed. The deviation in energy of the optimised ground state trans structures from the scan is 

satisfactorily minor, with difference of at most 3.3 kcal/mol at 180˚. A lower energy is of course 

expected for the optimised structures, but this small deviation confirms that the rotation of bonds 

A and C, which are kept fixed at the values of the cis structures in the scan, has only a minor 

influence on the total energy. Also, the vertical de-excitation energies for the optimised trans S1 

structures lie less than 6 kcal/mol above the ground state scan at 180˚. 

After excitation, once the intramolecular charge shift takes place, a separation of the S1 potential 

energy curves is observed, which is caused by the different charge-transfer character of the four 

molecules. This separation is less well defined in the area of the conical intersection (θB = -90˚), 

but it is evident in the vicinity of the vertical excitation geometry on both the trans and cis side. 

As observed in the calculated absorption spectra, a lower amount of energy is required to excite 

the molecules with higher charge-transfer character, and the S1 surfaces of 3 and 4 therefore lie 

below those of 1 and 2. However, more important for anticancer drug application is the reaction 

barrier of the trans→cis isomerisation, thus the rotation barrier of bond B towards the conical 

intersection at θB = -90˚. The energy of the S1 surface seem to be noticeably influenced by the 

rotations around the bonds A and C, as the optimised S1 trans and cis structures and the 

vertically excited trans ground-state structure are considerably lower in energy than the 

structures used in the scan (diamonds in Figure 4). Also, the optimised local minimum on the cis 

side of the S1 surface appears to be located at a significantly larger rotational angle for B (around 

-40˚), whereas, in the scan, the most stable structure for all molecules is at θB = -10˚. 

Furthermore, the reversed fluorescence redshift of the cis compounds relative to the trans 

analogues indicates that the relative height of the S1 PES for the four studied molecules can also 

be reversed in this area of the cis rotation coordinate, and therefore that it can differ from the 

PES obtained in the scan. As the energetic barriers on the S1 surface obtained from the scan are 
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relatively small (less than 10 kcal/mol), the energetic contribution of the rotations around bonds 

A and C can affect the results. Taking this into account, we carried out additional single-point 

calculations using the excited (trans and cis) state optimised structures as starting points and 

scanning along the C=C bond B coordinate towards the reaction barrier in rotations steps of 10˚ 

(far from the barrier) and 5˚ (near the barrier) (see Supporting Information Figure S5). Direct 

comparison of the barriers of the trans→cis and the cis→trans isomerisation from the scan 

reveals that the latter is energetically slightly favoured only for the non-charge transfer 

compounds (1.2 kcal/mol for 1 and 1.0 kcal/mol for 2). This finding is consistent with the 

models for the isomerisation of stilbene, in which the cis→trans isomerisation has been 

described as either barrierless or nearly barrierless, while the trans→cis isomerisation clearly 

shows an energetic barrier [18,62]. The difference in barrier heights for the cis→trans 

isomerisation with respect to the trans→cis isomerisation appears to vanish when charge transfer 

character is introduced in the system, as the isomerisation barriers have the same (ΔE(t→c)–(c→t) = 

0.0 kcal/mol for 3) or nearly the same (ΔE(t→c)–(c→t) = -0.2 kcal/mol for 4) height. Our results 

suggest that the relative barrier heights for the trans→cis and the cis→trans isomerisation can be 

reversed via the introduction of charge-transfer character in the excitation to the S1 state. It 

should be noted that our results are not sufficiently accurate to conclusively prove this point, and 

other more accurate methods for excited states may be required. However, we can confirm on the 

basis of our calculations that the energetic gap between the two isomerisation directions is more 

pronounced in the non-charge transfer molecules. For the isomerisation from the trans to the cis 

conformation of relevance to the anticancer properties of the species examined here, this 

indicates that molecules residing on the S1 surface in cis conformation (either from skipping the 

conical intersection to S1 minimum structure on the cis side of the PES or from re-excitation of 

cis conformers from the S0 state) are more likely to isomerise back to trans for compounds with 

low charge-transfer character. On the other hand, the trans→cis isomerisation process shows 

overall lower barriers for the non-charge transfer compounds (ΔE(t→c)(1) = 4.0 kcal/mol and 

ΔE(t→c)(2) = 4.4 kcal/mol) than for large charge-transfer ones (ΔE(t→c)(3) = 5.8 kcal/mol and 

ΔE(t→c)(4) = 5.4 kcal/mol). Non-charge transfer stilbene derivatives therefore isomerise more 

readily than their charge-transfer analogues. It should be noted that not only the energetic 

differences between the different processes for the studied compounds are very small, but also all 

of the calculated barriers are below 10 kcal/mol. Kinetic rates and whether the reactions occur 
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spontaneously at body temperature can only be determined with certainty by calculating Gibbs 

free energies of optimised local minima and transition state structures in the S1 state. 

Experimentally, combretastatins 1t and 2t photoisomerise at room temperature [12,14,16], and we 

therefore expect a similarly efficient photoisomerisation in the case of the charge-transfer 

derivatives at body temperature. 

From the scan of our stilbene derivatives, we observe that the energetic maximum on the S0 

surface and the energetic minimum on the S1 surface are at θB = -90˚. The corresponding 

structures do not represent the exact structures at the conical intersection, but are expected to be 

reasonably close. TDDFT, which uses a single-reference wave function ansatz does not 

accurately describe conical intersections [65] and near-degenerate states [66]. However, the 

energetic gap at the S0/S1 conical intersection for SA-2-CAS(2/2) pre-optimised stilbene is 

satisfactorily described with TDDFT, with ΔE(S1-S0) = 5.8 kcal/mol for B3LYP/6-31G and ΔE(S1-

S0) = 0.7 kcal/mol for B3LYP/6-31G** single-point calculations. Furthermore, in this pre-

optimised conical intersection structure, a pyramidalisation angle τ = 32˚ at the C=C carbon 

atoms was observed, while the S1 PES was found to be very shallow for the pyramidalisation 

coordinate [67]. Similarly, but a saddle point on the S1 surface is twisted (θ = 90˚) ethylene. 

Furthermore, it does not have a detectable pyramidalisation barrier [68]. The energy gaps ΔE(S1-S0) 

at θB = -90˚ for non-optimised 1-4 with CAM-B3LYP/def2-TZVPP range from 4.4 kcal/mol (1) 

to 6.0 kcal/mol (4). They are only slightly higher than the stilbene gap computed at the 

B3LYP/6-31G** level (0.7 kcal/mol) [67], which can be attributed to minor energetic 

contributions from the pyramidalisation of the C=C bond carbon atoms, the fixed dihedral angles 

of bonds A/C and the phenyl substituents that were not optimised at θB = -90˚. The altered 

electronic distribution in the charge-transfer derivatives is likely to have an influence on the 

location of the conical intersection for the C=C rotation coordinate and, more importantly, on the 

existence of the conical intersection itself, and therefore on the relative distance of the S0 

maximum and the S1 minimum along the reaction coordinate. For anticancer activity, it is more 

favourable to have the S1 minimum located at a larger distance from the S0 maximum along the 

cis coordinate, as this increases the isomerisation yield. In order to obtain this information about 

the conical intersection we carried out additional scanning steps in the vicinity of the conical 

intersection with a reduced step size of 2˚ in both directions, namely at θB = -92˚ and θB = -88˚. 

To maintain the energetic deviation caused by the phenyl rotation low and to obtain reliable 
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results, we carried out these calculations with both the ground state trans and the ground state cis 

structures as reference structures, hence maintaining all structural features (including the phenyl 

ring rotation) unchanged, and only adjusting the C=C rotational angle θB (for full data see 

Supporting Information Table S7). In all calculations we found that the conformation with the 

highest energy on the S0 surface to also have the lowest energy on the S1 surface. This means 

that the conical intersection is conserved, and no relative shift of its extrema takes place. 

Therefore, the cis/trans 50/50 isomerisation ratio after de-excitation can neither be enhanced nor 

impaired by modifying the charge-transfer character of the molecule. When determining the 

location of the conical intersection on the C=C rotational coordinate it is most useful to analyse 

the approach direction from the trans side (θB = -92˚), with the results obtained from the trans 

ground state reference structure and the approach from the cis side (θB = -88˚) from the cis 

ground state reference structure accordingly, to avoid the comparatively large errors in energy 

caused by the lack of relaxation of the molecule periphery. We observe that, approaching the 

conical intersection both from the trans and from the cis side, an alteration of the rotational angle 

θB by 2˚ decreases the energy of the S0 surface (ΔE(90˚-92˚) between 2.8 and 3.0 kcal/mol and 

ΔE(90˚-88˚) between 3.4 and 3.6 kcal/mol) while on the S1 surface the energy increases (ΔE(90˚-92˚) 

between -4.4 and -5.9 kcal/mol and ΔE(90˚-88˚) between -4.4 and -5.6 kcal/mol). No influence from 

the charge-transfer substituents could be detected. We therefore conclude that, in all cases, the 

conical intersection is located at -90˚, in analogy to stilbene, and, as we have shown in Figure 4, 

that the introduction of charge-transfer substituents does not play a significant role.

3. Exploration of S1 surface for stable alternative conformations

As for the charge-transfer molecule DMABN, the charge-transfer stilbene derivatives 3t and 4t 

may undergo structural changes alternative to the rotation of the C=C central double bond, as a 

competing pathway to the isomerisation on the S1 surface. This can lead to a structure with a 

characteristic charge separation. Formation of such an alternative stable conformation 

(corresponding to a TICT state in DMABN) could potentially decrease the isomerisation yield or 

even prevent the isomerisation altogether, impacting the application of the drugs in local cancer 

therapy. We have shown that the experimentally observed main fluorescence peaks agree well 

with the calculated fluorescence from relaxation without major peripheral structure changes. 
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Nevertheless, a competitively formed twisted conformation could theoretically fluoresce in the 

same region. In order to exclude this possibility, we carried out scans with a 10˚ step size 

between 80 and -170˚ for the two mainly discussed TICT coordinates for charge-transfer 

stilbenes: rotation around bond A that connects the electron donating phenyl ring to the central 

C=C bond [31-33] and around bond C for the electron accepting phenyl ring [42]. The results are 

displayed in Figure 5 for the S1 surface for the non-charge transfer combretastatin 1t and its 

charge-transfer analogue 3t. In all cases, a monotonic increase in energy from the minimum at 

180˚ to the maximum at 90˚ is observed. The energy required to reach the maximum amounts to 

more than 25 kcal/mol, which is significantly higher than both the trans and the cis isomerisation 

barriers. We therefore conclude that no stable twisted state is formed by rotation around bonds A 

and C in preference to the isomerisation process. Furthermore, the rotation of the methoxy group 

in para position or a simultaneous rotation around A and C of 3 do not result in an energetic 

minimum (see Supporting Information Figure S6 and S7).

4. Solvent Influence on Charge Transfer Character

We recently studied the experimental and calculated fluorescence red shifts in the spectra of the 

charge-transfer compounds 3t and 4t for polar solvents [17]. With the aim of tailoring charge-

transfer stilbene combretastatins for cancer therapy, it is important to assess the influence of the 

solvent polarity on the charge-transfer character of these molecules, particularly since the 

anticancer activity must occur in physiological conditions, i.e. in the presence of water, although 

our previous imaging work indicates that both isomers of combretastatins 1 and 3 tend to 

concentrate in lipid droplets and are expected to interact with the tubulin target after diffusion of 

an equilibrium concentration within the aqueous cytoplasm [69,16]. Our time-resolved infrared 

(TRIR) and fluorescence lifetime experiments furthermore suggest that the solvent polarity in 

cells is similar to that of ethylene glycol, the microviscosity of the hydrophobic interiors of lipid 

bilayer membranes (0.5 and 1 poise) also matches with this solvent (0.95 poise at 25˚C) as well 

accounting for viscosity effects [69]. Table 4 gives the transferred amount of charge, the charge-

transfer distance and the dipole moment induced by the charge transfer calculated from the 

electronic density difference of 3t in gas phase, in the presence of implicit solvents of different 

polarity. All three charge-transfer characteristics increase with solvent polarity. While the 
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amount of transferred charge increases only slightly with respect to the gas phase with 4.1% for 

ethylene glycol and 5.2% for water, both the charge-transfer distance (increasing by 14.2% for 

ethylene glycol and 15.2% for water) and the resulting charge-transfer dipole (18.8% increase for 

ethylene glycol and 21.2% for water) are significantly influenced by the solvent. Although the 

dielectric constant of water (ε20˚C(H2O) = 78.4) is nearly twice as large as that of ethylene glycol 

(ε20˚C(ethylene glycol) = 37.7) [58], the charge transfer characteristics only increase slightly for 

water compared to ethylene glycol. Previous experiments, including the measurement of 

absorption and fluorescence spectra, have been carried out using ethylene glycol as a solvent, as 

some of the combretastatins do not dissolve easily in water. Our results indicate that the charge-

transfer properties of combretastatins in aqueous media mimic well experiments using solvents 

of lower polarity, such as ethylene glycol.

5. Natural charges and WBOs

A detailed analysis of the charge distribution on individual atoms and bonds was undertaken 

using the Natural Bond Order (NBO) method. The WBOs for the ground and S1 state of 

compounds 1-4 for the bonds A, B and C, including the natural charges of representative carbon 

atoms (where the label CA corresponds to the aryl carbon of bond A and CBA to the carbon 

connecting bonds A and B, and vice versa for CBC and CC) are given in Table 5 (for full data see 

Supporting Information Table S8 and S9). The WBO values increase with electron density, while 

the natural charges are lower where the electron density is high. Additionally, the total charge of 

phenyl ring I, its substituents and the CBAH moiety are given, as a measure of the net charge 

separation in each molecule. Figure 6 shows the overall charge-transfer caused by the S0→S1 

excitation according to the NBO analysis. Areas of electron density depletion are shown in red 

while areas of electron accumulation are in light blue. The size of the atoms and the thickness of 

the bonding lines correspond to the magnitude of the change. 

The level of charge transfer obtained from the total electron density and the charge separation 

between two fragments cut at bond B give similar results in all molecules in their ground state, 

and only increases upon excitation in the case of the charge-transfer derivatives 3 and 4. The 

effect of a larger charge separation in the cis isomers compared to their trans analogues is also 

confirmed. As previously described, the C=C bond B loses double bond character upon 

excitation and the WBOs decrease from around 1.8 to around 1.4 for all compounds. However, 
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the results indicate that the double bond character is slightly less well pronounced for the non-

charge transfer compounds, confirming that the latter isomerise more readily than their charge-

transfer counterparts. The same cannot be seen when comparing the trans isomers with the cis 

isomers: the WBOs of bond B in the S1 state of the trans isomers range from 1.35 to 1.39, while 

in the cis isomers they are markedly higher (WBOS1/cis(B) = 1.42 – 1.47). This suggests that the 

barrier height is higher for the cis→trans isomerisation, although our calculated energies for 

these barriers from the scan show that these energetic barriers are lower when isomerising from 

the cis side with respect to the trans→cis isomerisation. However, an additional effect driving 

the cis→trans isomerisation should be taken into account, namely the steric repulsion between 

the phenyl rings and the substituents that are spatially close in the cis isomers, but at maximum 

distance from each other in the trans configuration. 

A closer look at the visualised S0→S1 charge transfer in Figure 6 reveals that, after the 

excitation, the charge on CBA and CBC for the non-charge transfer compounds 1 and 2 increases 

(blue spheres) while CA and CC donate small amounts of electron density (red spheres). 1 and 2 

have electron donating substituents located on the phenyl rings, and it is therefore possible that a 

non-charge transfer compound with electron pulling substituents on both rings leads to an 

additional weakening of bond B, which might facilitate the rotation around bond B on the S1 

surface and therefore promote the isomerisation. For the charge transfer analogues 3 and 4, on 

the other hand, apart from the afore mentioned larger extent of transferred charge, the charge 

donation pattern is fundamentally different: the major depletion of charge upon excitation does 

not only occur for CA (from the electron donating side), but also from CBC, the atom that links 

the central C=C bond to the electron pulling phenyl ring II (red spheres). The observed 

localisation of the molecular orbitals contributing to the electron density along bond B towards 

atom CBA is thus not only an effect of the overall shifted charge along the molecular axis, with a 

resulting irregular distribution of electron density, but also of an actual depletion of charge at 

CBC. Interestingly, this does not affect the formal bond orders of bonds A, B and C, which, in the 

ground state, are similar for the trans (1.76-1.79) and cis (1.84-1.85) compounds and change 

after excitation (1.35-1.39 for the trans and 1.42-1.47 for the cis isomers).

We also carried out an NBO analysis for the S0 and S1 states of compounds 1 and 3, 

corresponding to values of the scanning coordinate between 180 and -90˚. WBO data is not given 
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for -90˚, as the (formerly) π bonding and π* anti-bonding orbitals of bond B cannot be 

distinguished. The charge transfer is shown in Figure 7 and all the numerical data is collected in 

the Supporting Information Tables S10 to S13. The extent of the charge redistribution after 

excitation decreases monotonically as θB approaches the conical intersection with the π/π* 

degeneracy. The WBOs, on the other hand, change for both S0 (from WBOB(180˚)(S0) = 1.68 to 

WBOB(-100˚)(S0) = 1.48 for 1 and from WBOB(180˚)(S0) = 1.67 to WBOB(-100˚)(S0) = 1.46 for 3) and 

S1 (from WBOB(180˚)(S1) = 1.26 to WBOB(-100˚)(S1) = 1.13 for 1 and from WBOB(180˚)(S1) = 1.30 to 

WBOB(-100˚)(S1) = 1.14 for 3). As the WBOs decrease approximately by the same amount, the 

overall bond order is not significantly affected. Analysis of the charge separation during the scan 

reveals that the disappearance of the charge-transfer character in 3 after excitation near the 

conical intersection is not due to a decrease in the charge separation between the two fragments 

separated at bond B. While for 1 the difference in charge between the two molecular fragments is 

close to 0 throughout the scan on both PES, the charge separation in the ground state of 3 

increases from 0.079 at θB = 180˚ to 0.171 at -100˚ and 0.217 at -90˚. The latter value exceeds 

the charge separation on the S1 surface (0.203 at -90˚). Interestingly, the charge separation on the 

S1 surface decreases during the first steps of the scan until θB = -130˚, which corresponds to the 

barrier maximum, and then rises again moving towards the conical intersection, with the smallest 

charge separation (0.019) at -90˚ along the C=C rotation coordinate. At this point we also 

observe a change of trend for the charges of CBA and CBC of bond B in the S1 state: the charge on 

CBA (-0.202) exceeds the respective value on CBC (-0.190) up to θB = -130˚, after which a charge 

reversal is observed. As these charge effects are not observed in compound 1, but the bond 

orders do not significantly differ between compounds 1 and 3, it seems that the introduction of a 

charge transfer by substitution of functional groups at the phenyl rings only has a significant 

effect on the charge distribution on both the S0 and the S1 surface, but does not or just to a minor 

extent affect the isomerisation barriers.
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Summary and Conclusion

We have explored the possibility of using electronic structure calculations to tune stilbene 

derivatives as potential photoactive anti-cancer drugs through the introduction of an 

intramolecular charge-transfer character using suitable substituent groups. We have carried out 

DFT and TDDFT calculations of the trans and cis isomers and the ground and first excited state 

PES of combretastatin A4 (which has shown cytotoxic behaviour in its cis, but not in its trans, 

form) together with three other stilbene derivatives with different charge-transfer character. The 

charge transfer in these systems is induced by excitation from the ground state (S0) to the lowest 

singlet excited state (S1). The isomerisation coordinate (the rotation around the central C=C 

double bond) is essentially the same for all molecules in their ground state, while we observe a 

redshift in absorption wavelengths and a consequent reduction of the relative energies of the S1 

PES with increasing charge-transfer character. Barrier heights on the S1 surface suggest that both 

the trans→cis isomerisation (which is the step necessary to activate the anti-cancer activity of 

the drug) and the cis→trans isomerisation are slightly favoured in non-charge transfer 

derivatives. For non-charge transfer compounds, the cis→trans isomerisation barrier can be 

smaller than that for the trans→cis isomerisation, which could be problematic if photoexcitation 

of the cis isomer cannot be prevented in physiological conditions. The cis→trans isomerisation 

barriers for the charge-transfer compounds are of similar height as for the respective trans→cis 

isomerisation, which indicates that an even stronger charge-transfer character could reverse the 

unfavourable trans→cis/cis→trans barrier ratio. We have also confirmed that the charge-transfer 

character increases with the solvent polarity. Furthermore we have shown that the location of the 

conical intersection along the double bond rotation coordinate is not affected by the charge-

transfer character of the molecule. This suggests that, as for unsubstituted stilbene, the cis/trans 

product ratio is not influenced by the presence of charge-transfer substituents. We could not 

identify the formation of a TICT structure or other stable conformations on the S1 surface, which 

indicates the absence of competing pathways to the photoinduced S1 trans→cis isomerisation. 

Also, our analysis of the partial charges on individual atoms at excitation suggests different 

phenyl ring substitution patterns with electron accepting substituents on both sides of the 

molecule are likely to facilitate the isomerisation process. Our study has shown that the chemical 

modification of combretastatins and other stilbene derivatives provides a potentially very 

important route toward the development of new drugs for local cancer therapy.
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Figures and Tables

Table 1: Optimised gas phase and experimental structure data of 1c-4c. Ground state DFT 
calculations were carried out at the B3LYP/ def2-TZVPP and CAM-B3LYP/def2-TZVPP levels 
of theory, and excited-state TDDFT calculations at the CAM-B3LYP/def2-TZVPP one. 
Distances d are in angstrom and dihedral angles θ in degree. Excited-state structural data is given 
in italics.

dA dB dC θA θB θC
1c B3LYP 1.472 1.344 1.470 147.1 -7.0 151.6

CAM-B3LYP 1.474 1.333 1.472 141.5 -5.8 147.6
exp 1.470 1.333 1.462 165.3 -9.4 144.0
CAM-B3LYP 1.401 1.417 1.402 172.4 -44.9 172.6

2c B3LYP 1.472 1.344 1.469 146.1 -6.9 153.3
CAM-B3LYP 1.474 1.333 1.471 140.4 -5.7 148.9
CAM-B3LYP 1.401 1.416 1.401 171.9 -43.8 172.7

3c B3LYP 1.472 1.344 1.469 148.3 -7.0 150.9
CAM-B3LYP 1.472 1.333 1.471 143.7 -5.7 146.6
CAM-B3LYP 1.404 1.409 1.400 170.3 -36.6 168.3

4c B3LYP 1.465 1.346 1.468 153.1 -8.0 149.9
CAM-B3LYP 1.468 1.335 1.471 148.3 -6.4 144.4
CAM-B3LYP 1.404 1.408 1.403 171.9 -37.1 167.7
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Table 2: CAM-B3LYP/def2-SVP  transferred charge and charge-transfer dipole of trans and cis 
isomers of 1-4 obtained from the difference between the S1 and S0 electron densities.

trans cis

Transferred 
charge/[e]

CT 
dipole/[D]

Transferred 
charge/[e]

CT 
dipole/[D]

1 0.380 0.482 0.420 1.033

2 0.380 0.899 0.421 1.058

3 0.459 5.562 0.556 5.689

4 0.469 6.511 0.594 7.195
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Table 3: Absorption and fluorescence properties of the S1 state of 1-4 calculated at the CAM-
B3LYP/def2-TZVPP level of theory.

Absorption Fluorescence

E (eV) E (nm) Osc. Str. E (eV) E (nm) Osc. Str.

1t 3.9621 312.92 1.14021 3.3150 374.00 1.13409

2t 3.9328 315.25 1.11043 3.2626 380.01 1.09243

3t 3.8081 325.57 1.19567 3.1932 388.27 1.23157

4t 3.6812 336.80 1.24440 3.1855 389.21 1.25848

1c 4.2049 294.85 0.53501 2.4882 498.28 0.34496

2c 4.1619 297.90 0.47592 2.4888 498.16 0.34132

3c 4.0060 309.49 0.48169 2.5202 491.95 0.31743

4c 3.8052 325.82 0.53336 2.5472 486.74 0.39942
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Table 4: Solvent dependence of the transferred charge, charge-transfer distance and charge-
transfer dipole calculated for 3t from the difference between the S1 and S0 electron densities at 
the CAM-B3LYP/def2-SVP level of theory. The solvents are modelled implicitly using the 
COSMO [56] approach.

Transferred charge CT distance CT dipole

[e] [Å] [Debye]

gasphase 0.459 2.523 5.562 

hexane 0.465 2.683 5.995

ethyl acetate 0.473 2.827 6.424

2-propanol 0.476 2.872 6.572

ethanol 0.477 2.877 6.591

methanol 0.477 2.881 6.605

ethylene glycol 0.478 2.882 6.610

DMSO 0.478 (4.1%) 2.884 (14.3%) 6.616 (19.0%)

water 0.483 (5.2) 2.906 (15.2) 6.742 (21.2)
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Table 5: CAM-B3LYP/def2-TZVPP WBOs of bonds A, B and C and natural charges (in units of 
electron charge) of CA, CBA, CBC, CC and the electron donating fragment of the molecule (phenyl 
ring I, its substituents and the CBC-H moiety) of 1-4 in the S0 and S1 state. 

WBO Natural charge

A B C CA CBA CBC CC
Charge 

separation

1t S0 1.08 1.79 1.08 -0.049 -0.196 -0.185 -0.076 -0.014

S1 1.23 1.36 1.23 -0.049 -0.211 -0.226 -0.054 -0.018

2t S0 1.08 1.79 1.08 -0.052 -0.189 -0.191 -0.077 0.000

S1 1.23 1.35 1.23 -0.039 -0.218 -0.212 -0.067 0.028

3t S0 1.08 1.78 1.08 -0.059 -0.167 -0.205 -0.045 0.043

S1 1.22 1.37 1.23 -0.012 -0.226 -0.162 -0.094 0.162

4t S0 1.09 1.76 1.09 -0.122 -0.158 -0.226 -0.040 0.083

S1 1.21 1.39 1.22 -0.031 -0.249 -0.157 -0.106 0.211

1c S0 1.04 1.85 1.05 -0.062 -0.203 -0.193 -0.089 -0.010

S1 1.18 1.43 1.19 -0.060 -0.228 -0.245 -0.054 -0.023

2c S0 1.04 1.85 1.05 -0.066 -0.197 -0.199 -0.090 0.000

S1 1.19 1.42 1.20 -0.050 -0.236 -0.232 -0.070 0.035

3c S0 1.04 1.85 1.05 -0.071 -0.179 -0.211 -0.057 0.031

S1 1.18 1.45 1.20 -0.007 -0.255 -0.167 -0.118 0.223

4c S0 1.06 1.84 1.05 -0.135 -0.171 -0.229 -0.052 0.062

S1 1.18 1.47 1.18 -0.009 -0.281 -0.140 -0.147 0.301
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Scheme 1: Structure of the stilbene derivatives 1c-4c.

Figure 1: CAM-B3LYP/def2-TZVPP HOMO and LUMO of 3t (left) and 3c (right).

Figure 2: S1-S0 electron density differences calculated with CAM-B3LYP/def2-SVP. Areas of 

electron depletion are shown in red and areas of electron accumulation in blue.

Figure 3: Absorption and fluorescence (light colours) of compounds 1c-4c (left) and 1t-4t 

(dotted lines, right) calculated with CAM-B3LYP/def2-TZVPP. 

Figure 4: S0 and S1 PES along the rotational coordinate of bond B with the ground state of the 

cis structures 1c-4c as reference points. See text for details. Ground and excited state optimised 

structures are shown as rectangles and their energies from vertical excitation/de-excitation as 

circles. 

Figure 5: Scan of the rotation around bond A (left) and bond C (right) on the S0 and S1 PES with 

the trans structures as references. See text for details.

Figure 6: Increase (blue) and decrease (red) in electron density after the S0→S1 excitation as 

obtained from WBO and natural charges from NBO calculations with CAM-B3LYP/def2-

TZVPP.

Figure 7: Increase (blue) and decrease (red) in electron density after the S0→S1 excitation as 

obtained from WBOs and natural charges from NBO calculations with CAM-B3LYP/def2-

TZVPP for combretastatin 1 between 180 and -100˚ (left) and combretastatin 3 between 180 and 

-100˚ (right).
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