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Abstract 

Temozolomide and quercetin are both molecules with important pharmaceutical activity, whose effects can 

mutually enhance one another when clinically applied simultaneously.  Quantum chemical calculations are 

used to examine how the two molecules might interact with one another.  The most stabilizing force arises 

when the aromatic systems of the two molecules are arranged parallel to one another.  These stacked 

configurations are reinforced by H-bonds, but geometries containing only H-bonds, without the aromatic 

stacking, are much less stable, even if the H-bonds are short and strong.  Comparison between B3LYP and 

B3LYP-D binding energies allows an evaluation of dispersion energy, which is found to be a primary 

contributor to the stability of the stacked structures.   
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INTRODUCTION 

Quercetin (QU) of general formula 3,3′,4′,5,7-pentahydroxyflavone represented in Figure 1 is a natural 

flavonoid, found in a broad range of fruits and vegetables, with a typical daily intake of about 30 mg. It has 

multiple biological, pharmacological and medical applications [1–4], and is one of the most potent 

antioxidants.  

 

 

 

Figure 1: Structure of quercetin  (QU) 

 

This molecule continues to attract the attention of numerous research groups because it also facilitates 

apoptosis of tumor cells [1,3,4] such as those of Glioblastoma multiforme (GBM), the most common and 

the most aggressive primary brain tumor. GBM is ultimately recurrent. Despite enormous progress in the 

development of surgical techniques and radio- and chemotherapies, the treatment of malignant GBM  is 

extremely difficult and can extend patients’ lives by only a few months.  Survival is significantly prolonged 

in patients with newly diagnosed GBM who are treated with Temozolomide (TMZ) (Figure 2) combined 

with radiotherapy [5]. However, TMZ treatment usually fails due to the chemoresistance of GBM cells. 

Therefore, the development of new treatment modalities to attenuate drug resistance and/or to enhance 

TMZ anti-tumor effects is required.  

 

 

http://upload.wikimedia.org/wikipedia/commons/8/81/Quercetin.svg
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Figure 2: Structure of temozolomide (TMZ) 

 

Searching to augment the anticancer potency of TMZ, some experiments reporting the effects of TMZ 

and QU on cell death in the human astrocytoma cell line MOGGCCM have indicated that QU acts in 

concert with TMZ when used in combination rather than in separate pharmacological applications [6-8]. 

Along the same line, Sang’s in vitro experiments have demonstrated that TMZ alone effectively inhibited 

the viability of U251 and U87 cells [9]. When combined with QU, TMZ significantly inhibited cell 

viability. Neither TMZ nor QU alone affected caspase-3 activity and cell apoptosis, whereas TMZ 

combined with QU significantly increased caspase-3 activity and induced cell apoptosis. It was concluded 

that QU sensitizes human GBM cells to TMZ via inhibition of Hsp27 [9], indicating that QU and TMZ 

induce apoptosis very significantly, having no effect on autophagy induction.  

Although a promising solution for GBM treatment, the combined pharmacologic interaction of TMZ 

and QU is not well understood. Specifically QU as a pentahydroxy flavonoid has 7 hydrogen bond (HB) 

acceptors, 5 HB donors, and three possible chelating sites competing in complexation processes, as well as 

a strong intramolecular HB [10].  The presence of these HBs can help explain QU’s biological 

multifunctionality. However, it is not entirely clear which of many possible conformers are most important.  

Assuming 2 possible orientations for each of the 5 hydroxyl groups, along with 2 possible orientations of 

hetero and modified phenyl rings, one obtains an a priori estimate of possible QU conformations as high as 

64. On the other hand, MP2/6-311++G(d,p) // B3LYP/6-31G(d,p) conformational analysis suggests only 12 

conformations with Gibbs energies within 5 kcal/mol of the most energetically favorable [10].  

An extensive literature survey reveals that little work has been carried out concerning the noncovalent 

forces involving each of QU [10-14] and TMZ  [15- 24]. Moreover, neither experimental nor theoretical 

work examining the interaction between TMZ and QU has been reported.  This work examines via 

quantum chemical calculations the intermolecular recognition issues between QU and TMZ prodrugs. The 
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full range of possible dimer geometries is calculated, and their relative energies and modes of binding 

elucidated.  There is a wide range of non-covalent interactions that play roles in numerous biological 

processes [25–39].  The complexity of QU and TMZ is underscored by the presence of H-bonding groups, 

as well as extended rings.  While the former would tend to bring the two molecules toward a structure with 

linear AH∙∙B arrangements, the rings are likely to favor stacked geometries.  This work is designed to 

determine how the competition between these two proclivities combines in the favored geometrical 

structures.  

METHODS 

While the global minimum of QU of course warrants careful examination, there is no guarantee that the 

most stable geometry of the monomer is present also when it combines with TMZ in a dimer.  In addition 

to this global minimum QUA, a second structure was also considered, wherein a rotation of a hydroxyl 

group breaks the internal OH∙∙O HB and frees it up for an intermolecular interaction with TMZ.  The 

optimized geometries of both QUA and the secondary minimum QUB are displayed in Fig 3.  It is hoped 

that a comparison of the stabilities and structures of dimers formed between TMZ and QUA or QUB might 

yield insights into the influence of the chelating system upon the formation of the TMZ-QU dimers.  With 

respect to TMZ it is fairly rigid, so is characterized by only two rotamers, separated by 1.4 kcal mol-1 at the 

G3MP2 level [40]. The more stable TMZ rotamer is considered in this work, although free rotation is 

permitted within the optimization procedure. 

The geometries of TMZ-QUA and TMZ-QUB complexes were fully optimized using the M06-2X/6-

31+G(d,p) protocol. Vibrational analysis verified each structure as a true minimum. Single point 

calculations of these heterodimers were carried out using B3LYP, B3LYP-D, ωB97XD and MP2, all with 

the 6-31+G(d,p) basis set [41-50].  As the potential energy surface of the dimer is apt to contain multiple 

minima, it was necessary to employ a range of different starting points for each geometry optimization, so 

as to avoid missing any minima.  These optimizations were begun from a large number (100) of different 

starting points with all reasonable intermolecular configurations considered, including parallel, 

perpendicular, coplanar, and all sorts of mixed structures.  The final group of non-repeating, fully 

optimized minima consisted of 12 distinct TMZ-QUA and eight TMZ-QUB dimer geometries. The binding 

energy BE of each TMZ dimer was derived as an electronic energy difference between the optimized dimer 

and the sum of the relaxed monomers in their optimized geometries. This binding energy was corrected for 

basis set superposition error (BSSE) [51] using the Boys-Bernardi counterpoise correction [52].  With 

respect to basis set, expansion of the set from 6-31+G* to 6-311++G** showed no significant differences, 

in the context of the M06-2X functional. 
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The dispersion energy was estimated as the difference in binding energy between B3LYP-D3 and 

B3LYP data as described by Equation (1). The molecular electronic energies E were computed by 

dispersion-corrected DFT given by Equation (2), in which EDFT is the (all-electron) KS-DFT SCF energy 

for a particular density functional, E(2)
disp is the standard atom pair-wise London dispersion energy from D3 

theory [53] (using Becke-Johnson damping [54-56]), and E(3)
disp is a three-body dispersion term (of 

Axilrod-Teller-Mutto type [57,58]), which was calculated as described in reference [53] using  program 

DFT-D3 [59].  

Disp = BE(B3LYP-D3) – BE(B3LYP)  (1) 

E= EDFT+ E(2)
disp + E(3)

disp  (2) 

Calculations were performed using the Gaussian 09 software package [60,61]. Atomic charges and 

charge transfer energies were assessed by NBO 6.0 software [62]. GaussView and Chemcraft programs 

were used for visualization [63].  The (AIM) procedure [64,65] was applied to determine the presence of 

bond paths and the associated position and densities of bond critical points, using the AIMALL software 

[65] at the M062X/6-31+G(d,p) level.  

RESULTS AND DISCUSSION 

Geometries and Energetics  

As two molecules approach one another, their first recognition relates to the long-range electrostatic 

interaction.  The molecular electrostatic potential (MEP) surrounding the QU molecule offers a glimpse 

into what an approaching TMZ molecule might see. This potential is displayed in Figure 4a where red and 

blue regions indicate, respectively, the most positive and negative regions of the potential. Positive regions 

occur in the vicinity of the H atoms, particularly hydroxyl groups.  The O atoms of the hydroxyls are quite 

negative, as is the carbonyl O.  One may also observe a small blue region above the approximate center of 

the C5O ring, which could attract a negative region in the TMZ molecule.  The corresponding MEP around 

TMZ [36,37] is illustrated in Fig 4b.  It exhibits primary negative potential around its two O atoms, with 

positive regions around its H atoms and its six-membered ring. 

The optimized structures of the QUA-TMZ heterodimer fall into two clearly defined categories. There 

is first a set of six stacked geometries where the TMZ molecule lies above and approximately parallel to the 

QU molecule, facilitating interactions between their respective π systems. These stacked dimers, labeled 

ASn, are reinforced by HBs.  The second set comprises six dimers, wherein H-bonding is the dominant 

characteristic, and where there is no such stacking; AHBn designations are applied to this set.  Figs 5 and 6 

depict respectively the three most stable stacked structures and the two H-bonding structures of lowest 
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energies along with the atom-numbering scheme. The important characteristics of all twelve minima are 

reported in Table 1. 

The structures are numbered in descending order of binding energy computed at the M06-2X level; 

these orders remain largely intact at other levels, with small deviations.  There is a general pattern that MP2 

binding energies are weaker than the three DFT levels.  In most cases, M06-2X and ωB97-XD yield very 

similar results with B3LYP-D3 slightly weaker, but this difference fades for the HB, nonstacked dimers.  

The stacked geometries are generally the most stable, with the five most stable structures all of this type. 

Considering first the stacked structures in Table 1, the DFT binding energies vary from a maximum of 

some 75 kJ/mol down to about 50 kJ/mol.  NBO identifies a O-H∙∙∙O  HB, only 1.883 Å in length, as the 

dominant specific interaction in AS1, with E(2)=40.2 kJ/mol.  This HB also benefits from a O7-H10(σ*)← 

C21-O9(π) transfer with E(2) equal to 10.75 kJ/mol.  The O7-H∙∙∙O9 HB is supplemented by a pair of weaker 

C-H∙∙∙O HBs with E(2)=5.98 and 3.35 kJ/mol.  Of the stacked geometries, AS2 contains an E(2)=57.82 

kJ/mol, and AS8 is even larger with E(2)=72.28 kJ/mol.  The nonstacked structures display even stronger 

HBs, e.g. AHB6 for which E(2)= 126.4 kJ/mol and AHB7 with E(2)=115 kJ/mol.  Indeed, NBO suggests 

little in the way of other types of bonding for these geometries. 

Given the strong HBs in the pertinent geometries, it is important to understand why the stacked 

geometries tend to be more stable.  NBO shows little in the way of specific charge transfers, other than 

HBs, that would account for their very low energies.  And these HBs are not strong enough to account for 

their full binding energy.  For example, if one were to invoke the relationship [60] between HB energy EHB 

and AIM potential energy density V(r) at the corresponding bond critical point, BCP (EHB = V(r)BCP/2), the 

EHB of the HBs in AS1 amount to 21 kJ/mol or less than 30% of the total binding energy.  

The parallel arrangement is conducive to a particularly large dispersion attractive force.  This sort of 

attraction does not show up readily in an NBO analysis, which focuses on specific charge transfer.  One 

means of estimating the contribution of dispersion is via a comparison of the B3LYP and B3LYP-D3 

binding energies, as the latter has been designed so as to explicitly evaluate the dispersion energy that is not 

contained within the original B3LYP formalism. The relevant binding energies are compiled in Table 2, 

followed in the last column by their difference, which can be roughly considered as the dispersion energy.  

It may immediately be noted that the stacked geometries are characterized by a large dispersion attraction, 

varying between 64 and 101 kJ/mol.  This range can be compared with the dramatically smaller values for 

the HB structures in Table 2, varying between 16 and 23 kJ/mol.  In fact, prior to inclusion of dispersion, 

the B3LYP interactions of the ASn dimers are all repulsive. 
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The NBO values of E(2) refer to a perturbative treatment of charge transfer between individual 

localized orbitals, from an occupied orbital on one monomer to a vacant one on its partner.  The quantities 

in Table 1 do not include intramolecular charge transfers, nor the changes thereof that occur upon 

dimerization.  As such, sums of E(2) cannot be equated with induction energy.  Nonetheless, it is tempting 

to consider these sums as a rough approximation to the intermolecular charge transfer component, even if 

only in a qualitative sense.  Taking stacked structures AS1 and AS2 as examples, the sums of E(2) in Table 

1 amounts to 60 and 77 kJ/mol, respectively.  A large component of this quantity in each case arises from 

one or more HBs.  Structure AHB6, in contrast is a purer H-bonded structure, and as such contains a much 

larger E(2) element, summing to 147 kJ/mol. 

As mentioned above, ∑E(2) cannot be equated with induction so one cannot directly compare this sum 

with the dispersion energies in Table 2.  The fact that the dispersion energy of 89 kJ/mol for AS1 in Table 2 

is larger than ∑E(2) does not therefore prove that this dimer is dispersion-dominated, any more than the 

opposite trend (64 vs 77 kJ/mol) suggests the induction control for AS2.  For this same reason, the sum of 

∑E(2) and dispersion cannot be taken as a correct measure of binding energy.  

Heterodimers Involving Secondary Minimum QUB 

As indicated above, the internal OH∙∙O HB which adds to the stability of the QU monomer can inhibit 

the ability of the involved OH and carbonyl O atoms to participate in interactions with an incoming TMZ 

molecule.  For this reason, the QUB rotamer, with this internal HB disrupted, was also considered to 

engage in interactions with TMZ.  The optimized structures of the QUB-TMZ heterodimer fall into two 

very clearly defined categories. There is first a set of five stacked geometries where the TMZ molecule lies 

above and approximately parallel to the QUB molecule, facilitating interactions between their respective π 

systems. Some of these stacked dimers are reinforced by HBs.  The second set comprises three unstacked 

structures, engaged primarily in H-bonding.  Figs 7 and 8 depict respectively the three most stable stacked 

structures and the two HB structures of lowest energies. The important characteristics of all eight minima 

are reported in Table 3. 

The structures are numbered in descending order of binding energy computed at the M06-2X level; 

these orders remain relatively intact at other levels with the primary exception of BS2 whose stability is 

probably exaggerated by M06-2X .  As in the earlier cases of the QUA dimers, one again sees a general 

pattern that MP2 binding energies are a bit weaker than the three DFT levels.  In most cases, M06-2X and 

ωB97-XD yield very similar results with B3LYP-D3 slightly weaker, but this difference is barely 

noticeable for the coplanar dimers. 



8 

 

Considering first the stacked structures in Table 3, the DFT binding energies vary from a maximum of 

some 85 kJ/mol down to roughly half that amount.  NBO identifies a O-H∙∙∙O  HB as the dominant specific 

interaction in BS1, with E(2)=45 kJ/mol and only 1.884 Å in length, as depicted in Figure 7. In addition to 

this HB, NBO signals a variety of transfers to π* antibonding orbitals.  Like BS1, both BS2 and BS3 show 

evidence of a OH∙∙O HB between the two molecules, supplemented by other weak interactions.  The 

parallel arrangement is conducive to a particularly large dispersion attractive force as is discussed in some 

detail below. 

The H-bonded BHBn dimers in Table 3 also span a wide range of binding energies, with DFT values 

between 38 and 72 kJ/mol.  Within this set of three dimers, there is unanimity concerning their ordering, 

although there are of course disagreements as to the absolute magnitudes.  As in the case of the stacked 

structures, the three DFT methods yield similar binding energies, larger than MP2.  BHB1 is the most 

stable HB dimer, but is bound more weakly than the three most stable stacked structures.  All three HB 

minima rely upon several HBs for their stability.  BHB1 contains four separate and identifiable HBs, with a 

cumulative E(2) of 244 kJ/mol.  There is some correlation between the total binding energies of the three 

coplanar dimers and their cumulative NBO measure of HB strength.   

Clearly then, the greater stability of the stacked geometries, with their paucity of identifiable specific 

interactions such as HBs, can be attributed to dispersive forces.  As above dispersion was estimated as the 

difference between the B3LYP and B3LYP-D3 binding energies. The relevant binding energies are 

compiled in Table 4, followed in the last column by their difference.  It may immediately be noted that the 

stacked geometries are characterized by a large dispersion attraction, varying between 69 and 89 kJ/mol.  

This range can be compared with the dramatically smaller values for the HB structures, varying between 11 

and 20 kJ/mol.   

The italicized numbers in the BE columns allow comparisons between the dimers formed by QUB with 

its more stable congener QUA.  Each of these numbers corresponds to the energy of the indicated complex, 

relative to the most stable dimer considered here, AS1.  It is quickly observed that the total energies of the 

QUB complexes with TMZ are considerably higher than this global minimum on the surface.  In other 

words, the greater binding energies of some of the QUB complexes are unable to compensate for the 

considerably higher energy of the QUB monomer relative to QUA. 

CONCLUSIONS 

Quercetin interacts with temozolomide to form a large number of stable dimers.  The structures of these 

complexes can be categorized in one of two ways.  In the most stable dimers, the aromatic systems of the 

two molecules are roughly parallel to one another, in a stacked arrangement.  These complexes are 
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stabilized by a large amount of dispersion energy.  The binding strength is usually supplemented by one or 

more H-bonds.  But the heterodimers stabilized solely by HBs, with no stacking between the two 

molecules, are less stable than the parallel arrangements, even if the HBs are short and strong. 

The overall binding energies of the complexes can be quite large, as much as 80 kJ/mol.  There is 

general agreement among the DFT functionals: M06-2X, ωB97XD, and B3LYP-D3 concerning the binding 

energies, although the first two tend to yield slightly larger values than the last.  Despite its reputation for 

exaggerating stacking energies, MP2 predicts considerably weaker binding energies. 
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Table 1. Binding energies BE, NBO second-order perturbation energy E(2) (kJ/mol) in QUA-TMZ  

dimers with 6-31+G** basis set 

Dimer BE (kJ/mol)  
QUA…TMZ 

NBO E(2) 
(kJ/mol)  MO6-2X ωB97XD B3LYP-D3 MP2 

AS1 -75.61 
 

-73.59 
 

-65.75 
 

-51.48 
 

O7-H10(σ*)← O9(LPs) 
O7-H10(σ*)← C21-O9(π) 
O5(LPs) →C18-H11(σ*) 
O6(LPs) → C21-O9(π*) 

40.17 
10.75 
5.98 
3.35 

AS2 -68.51 
 

-65.14 
 

-61.53 
 

-41.69 
 

O4-H7(σ*)← O9(LPs) 
C7-C8(π) →C16-N4(π*) 
O4-H7(σ*)← C21-O9(π) 
C4-O2(π) →C18-H13(σ*) 
C7-C8(π)→N2-N3(π*) 

57.82 
8.66 
5.31 
2.76 
2.34 

AS3 -62.54 
 

-59.12 
 

-53.18 
 

-35.69 
 

O7-H10(σ*)← O8(LPs) 
O6(LPs) →C18-H12(σ*) 
O7-H10(σ*)← C17-O8(π) 
C11-C12(π)→C17-O8(π*) 
C1-C5(π)→ C21-O9(π*) 
C4-O2(π*)← C21-O9(π) 
C10-C15(σ*)← C17-O8(π) 
C4-O2(π)→N6-H14(σ*) 

12.84 
10.92 
7.32 
4.90 
4.10 
2.30 
2.30 
2.13 

AS4 -61.15 
 

-56.50 
 

-50.32 
 

-34.59 
 

O5-H8(σ*)← O9(LPs) 
O7-H10(σ*)← O8(LPs) 
O5-H8(σ*)← C21-O9(π) 
O7-H10(σ*)← C17-O8(π) 
C10-C15(π)→ C17-O8(π*) 
O6(LPs) →C18-H11(σ*) 
O5(LPs) →N2-N3(π*) 

31.17 
10.04 
9.04 
6.49 
4.81 
4.56 
2.43 

AS5 -57.98 
 

-57.53 
 

-48.49 
 

-35.18 
 

O7-H10(σ*)← N6(LP) 
C11-C12(π)→C20-N5(π*) 
C13-C14(π)→ C17-O8(π*) 
O5(LPs) →C18-H11(σ*) 

35.77 
4.56 
2.64 
1.92 

AHB6 
 

-52.95 
 

-53.31 
 

-50.92 
 

-23.17 
 

O4-H7(σ*)← O9(LPs) 
O4(LPs) → N6-H14(σ*) 
O4-H7(σ*)← C21-O9(π) 
O4-H7(σ*)← C19-C21(π) 

126.40 
15.31 
3.01 
1.92 

AHB7 
 

-51.74 
 

-53.60 
 

-52.07 
 

-29.91 
 

O7-H10(σ*)← O9(LPs) 
C15-H5(σ*)← N3(LP) 
O7-H10(σ*)← C21-O9(π) 

115.14 
12.18 
2.38 

AS8 -49.19 
 

-45.65 
 

-32.88 
 

-19.95 
 

O5-H8(σ*)← O9(LPs) 
O3(LPs) →C18-H11(σ*) 
C13-C14(π)→ C21-O9(π*) 
C4-O2(π*)←N2-N3(π)  
C7-C8(π*)← N1(LP) 

72.28 
11.51 
2.51 
2.05 
1.97 

AHB9 
 

-48.92 
 

-48.47 
 

-49.52 
 

-17.59 
 

O6-H9(σ*)← O9(LPs) 
O7-H10(σ*)← O9(LPs) 
O6(LPs) →N6-H14(σ*) 

49.87 
49.71 
30.08 

AHB10 
 

-47.00 
 

-48.47 
 

-46.22 
 

-20.11 
 

O7-H10(σ*)← O9(LPs) 
O6(LPs) →N6-H14(σ*)  
O7-H10(σ*)← C21-O9(π) 

83.68 
42.59 
5.06 
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AHB11 
 

-37.81 
 

-38.20 
 

-37.42 
 

-14.90 
 

O5-H8(σ*)← N5(LP) 
O5(LPs) →N6-H15(σ*)  
O2(LPs) →C20-H10(σ*)  
O5-H8(σ*)← C20-N5(π) 
O5-H8(σ*)← C19-N5(π) 

106.90 
26.65 
6.15 
3.10 
2.71 

AHB12 
 

-37.51 
 

-41.16 
 

-38.87 
 

-11.62 
 

O7-H10(σ*)← N5(LP) 
O7(LPs) → N6-H15(σ*) 
O7-H10(σ*)← C19-N5(π) 
O7-H10(σ*)← C20-N5(π) 

141.25 
24.81 
4.18 
3.98 

 

 

 

Table 2. Comparison between B3LYP and B3LYP-D3 binding energies (kJ/mol) of QUA-TMZ dimers, 

computed with 6-31+G** basis set 

Dimer B3LYP-D3 B3LYP ΔBE 
AS1 -65.75 23.29 -89.04 
AS2 -61.53 2.79 -64.32 
AS3 -53.18 37.93 -91.11 
AS4 -50.32 21.19 -71.51 
AS5 -48.49 33.45 -81.94 
AHB6 -50.92 -34.84 -16.08 
AHB7 -52.07 -36.28 -15.79 
AS8 -32.88 68.25 -101.13 
AHB9 -49.52 -32.35 -17.17 
AHB10 -46.22 -27.40 -18.82 
AHB11 -37.42 -14.63 -22.79 
AHB12 -38.87 -18.42 -20.45 
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Table 3. Binding energies BE, NBO second-order perturbation energy E(2) (kJ/mol) in QUB-TMZ  

dimers with 6-31+G** basis set.  Values in italics are energies relative to AS1. 

Dimer BE (kJ/mol)  
QUB…TMZ 

NBO E(2) 
(kJ/mol) 

 MO6-2X ωB97XD B3LYP-D3 MP2  
BS1 -85.00 

42.37 
 
 

-83.74 
41.59 
 
 

-78.01 
41.24 
 

-56.69 
45.47 
 

O4-H7(σ*)← O9(LPs) 
O4-H7(σ*) ←C21-O9(π) 
C13-C14(π)→C18-H12(σ*) 
C6-C9(π)→N3-N2(π*) 
C6-H1(σ*) ←C21-O9(π*) 
C2-C3(π*) ←N3-N2(π) 

45.06 
4.98 
4.02 
2.89 
2.22 
2.13 

BS2 -77.97 
49.40 
 

-68.73 
56.59 
 

-62.62 
56.63 
 

-43.78 
58.39 
 

O3-H6(σ*)←O9(LPs) 
O5-H8(σ*)← C17-O8(π) 
O3-H6(σ*)← C21-O9(π) 
O2(LPs)→C17-O8(π*) 
O5-H8(σ*)←O8(LPs) 

20.79 
7.07 
6.78 
5.86 
2.13 

BS3 -77.06 
50.31 
 

-74.34 
50.98 
 
 

-66.40 
52.85 
 

-52.75 
49.42 
 

O7-H10(σ*)←O9(LPs) 
O7-H10(σ*)←C21-O9(π) 
O5(LPs) →H13-C18(σ*) 
O6(LPs) → C43-O46(π*) 
C1-C5(π)→C17-O8(π*) 

35.61 
11.76 
5.48 
3.10 
1.92 

BHB4  -72.28 
55.09 
 

-71.09 
54.24 
 

-70.64 
48.61 
 

-41.46 
60.71 
 

O3-H6(σ*)← O9(LPs) 
O2(LPs) →N6-H14(σ*) 
O3(LPs) →N6-H14(σ*) 
O3-H6(σ*)← C21-O9(π) 

178.82 
38.37 
21.21 
5.48 

BS5 -67.78 
60.35 
 

-60.25 
65.07 
 

-53.66 
65.59 
 

-40.06 
62.10 
 

O4-H9(σ*)←O9(LPs) 
O4-H9(σ*)←C21-O9(π) 
C4-O2(π) → C18-H12(σ*) 
C11-C12(π)→ C21-O9(π*) 
O2(LPs) →C18-H12(σ*) 
C4-O2(π*) ← N1(LP) 
C2-C3(π*)→ N3-N2(π) 
C11-C12(π*) ← N6(LP) 

17.70 
8.87 
5.94 
5.86 
3.97 
3.81 
2.38 
2.09 

BS6 -58.70 
68.67 
 

-52.27 
73.06 
 
 

-42.86 
76.39 
 

-28.98 
73.18 
 

O7-H10(σ*)←O8(LPs) 
O7-H10(σ*)←C17-O8(π) 
C10-C15(π)→ C17-O8(π*) 
O5-H8(σ*) ←C21-O9(π) 
C11-C12(π)→ C20-N5(π*) 
O5-H8(σ*)←O9(LPs) 
C1-C5(π)→ C21-O9(π*) 
C4-O2(π*) ← N5(LP) 
C1-C5(π)→ C16-C19(π*) 

17.87 
10.21 
7.07 
4.94 
4.52 
3.64 
2.72 
2.68 
2.18 

BHB7 -46.67 
80.70 
 

-44.45 
80.88 
 

-44.27 
74.98 
 

-17.83 
84.33 
 

O5-H8(σ*)←O9(LPs) 
O2(LPs) →N6-H14(σ*) 

85.69 
54.39 

BHB8  -38.39 
88.98 
 

-35.67 
89.66 
 

-34.34 
84.91 
 

-9.40 
92.75 
 

O4-H9(σ*)←O9(LPs) 
O4(LPs) →N6-H14(σ*) 

77.40 
22.13 
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Table 4. Comparison between B3LYP and B3LYP-D3 binding energies (kJ/mol) of QUB-TMZ dimers, 

computed with 6-31+G** basis set 

Dimer B3LYP-D3 B3LYP ΔBE 
BS1 -78.01  4.99 -83.00 
BS2 -62.62  6.42 -69.04 
BS3 -66.40 22.79 -89.19 
BHB4  -70.64 -53.19 -20.45 
BS5 -53.66 42.29 -95.95 
BS6 -42.86 45.16 -88.02 
BHB7 -44.27 -30.63 -13.64 
BHB8  -34.34 -23.01 -11.33 
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Fig 3.  Structures of two conformers of QU 
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Fig 4.  Molecular electrostatic potential surrounding a) QUA and b) TMZ on surface representing 1.5 times 

the van der Waals radius of each atom. Blue color indicates a potential of +0.05 au, and red corresponds to 

-0.05.   
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Fig 5.  Three most stable stacked complexes of TMZ with QUA 
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Fig 6.  Two most stable H-bonded complexes of TMZ with QUA 
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Fig 7.  Three most stable stacked complexes of TMZ with QUB 
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Fig 8.  Two most stable H-bonded complexes of TMZ with QUB 
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