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The weak intermolecular interactions between 2-F-tetrahydrofuran and imidazole, pyrimidine, adenine, and guanine were studied 
theoretically using density functional B3LYP/6-311++G** and HF/6-311++G** methods. The results showed that both conven-
tional N···H hydrogen bond and C–F···H–C pseudohydrogen bond (PHB) structures coexist in the four complexes. The weak in-
termolecular interaction energies indicate that the relative stabilities of the four complexes are in the order guanine···F > imidaz-
ole···F > adenine···F > pyrimidine···F. The characteristics of the four PHBs were determined using geometry optimizations, 
stretching vibrational frequencies, and natural bond orbital and electron density topological properties calculations. The most im-
portant result is that the F group of 2-F-tetrahydrofuran can activate the C–H to accept electrons from another molecule, and 
C–F···H–C PHB formation is relatively favorable. 
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Most biological phenomena are directly or indirectly related 
to supermolecular compounds. Such compounds are based 
on weak intermolecular interactions. Weak intermolecular 
interactions are important in the fields of biological molec-
ular recognition [1–3], molecular and crystal engineering 
[4], formation of molecular clusters [5,6], chemical reac-
tions [7], materials design, and molecular self-assembly 
[8,9]. Typical weak intermolecular interactions reported in 
the literature are hydrogen bonds, halogen bonds, and lith-
ium bonds. Hydrogen bonds have long been of interest to 
chemists, and many theoretical and experimental studies 
have been reported. Recently, to obtain materials with novel 
light, electrical, or magnetic properties, the orientation 
properties of hydrogen bonds have been used in crystal en-
gineering, and structures or functional units have been as-
sembled in specific ways desired by researchers. 

Because many strong hydrogen-bond receptors exist in 
aqueous solutions, organic fluorine compounds generally 
can not be used as hydrogen-bonding receptors [10,11]. 
Fluorine (F) is not as good a hydrogen-bond receptor (elec-
tron donor) as oxygen (O) is; F generally bonds with only 
one atom or group in a molecule, whereas O bonds with two 
atoms or groups. So, in some chemical environments, for 
example, biological systems, F has advantages over O as a 
hydrogen-bonding receptor in terms of space geometry. 
Compared with other common hydrogen-bond donors such 
as –OH and –NH2 groups, –C–H is a weak hydrogen-bond 
donor (electron receptor). However, when –C–H acting as a 
hydrogen-bond donor interacts with the F functional group 
of another molecule, the F group may increase the activity 
of the C–H (hydrogen-bond donor) group, forming a rela-
tively stable weak intermolecular interaction. 

Heterocyclic compounds exist widely in natural biologi-
cal macromolecules (such as proteins and nucleic acids); 
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their biological activity depends to a great extent on the 
molecular space configuration, and these molecular space 
configurations are closely related to hydrogen-bond struc-
tures. Pallan found C–F···H–N base pairs with short action 
distances in a complex of difluorine-substituted toluene···    
adenine [12]. This type of interaction was tested in aqueous 
solutions, which contained a large number of other strong 
hydrogen-bond receptors; the interaction energy was very 
small, and insufficient to prove the existence of F–C···H–N 
hydrogen bonds. However, F–C···H–R weak interactions in 
nucleobase derivatives had been reported earlier [13–17] and 
defined as pseudohydrogen bonds (PHBs) by Bergstrom et al. 
[18]. Watts et al. [19] made a detailed study of the arabi-
nonucleic acid (ANA), ribonucleic acid (RNA) duplex (AR) 
and 2′F-ANA·RNA duplex (FR) experimentally and using 
theoretical calculations. It was found that a PHB structure 
was formed between the 2′F of the tetrahydrofuran ring and 
H6/H8 of the aromatic ring in the FR duplex (Figure 1(a)). 
However, there was no HO···H–C hydrogen-bond formation 
between the –OH of the ANA and H6/H8 of RNA in the AR 
duplex (Figure 1(b)) because of steric effects. In early 2011, 
Anzahaee et al. [20] studied 2′F-ANA C–F···H–C PHBs in 
aqueous solutions and found experimental evidence of 
PHBs; applications to the rational design of oligonucleo-
tides with high binding affinities were also discussed. There 
have as yet been no reports of investigations of the elec-
tronic structures and properties of C–F···H–C PHBs. In this 
study, several common and important small biomolecules, 
namely imidazole, pyrimidine, adenine, and guanine, were 
investigated; the PHB weak interactions between 2-F-tet-     
rahydrofuran and these small biomolecules were analyzed, 
and the electronic behaviors and thermodynamic stabilities 
of the PHB complexes were revealed using quantum chem-
istry calculations. 

1  Computational details 

All the monomers and complexes were optimized using the 

density functional B3LYP (Becke, three-parameter, Lee- 
Yang-Parr) and HF (Hartree-Fock) methods. Harmonic fre-
quency analyses were performed at the same levels to con-
firm that these structures were local minima on the energy 
surfaces. The interaction energies were corrected with the 
basis set superposition error (BSSE). The BSSE was evalu-
ated using the counterpoise method of Boys and Bernardi 
[21]. Because of the nature of intermolecular interactions, 
the accuracy of the calculation results has a close relation-
ship with the primary functions. The basis sets chosen must 
include polarized and dispersion functions. Previous studies 
have demonstrated that the introduction of polarized and 
dispersion functions could significantly decrease the BSSE 
[22]. The 6-311++G** basis set was therefore adopted for 
all atoms. Natural bond orbital (NBO) theory [23] and Ba-
der’s atoms-in-molecules (AIM) theory [24] were used to 
analyze the electronic behaviors and electron density topo-
logical properties, respectively. NBO calculations were car-
ried out using the NBO 5.0 package [25]. All other calcula-
tions were performed using the Gaussian 03 program [26]. 

2  Results and discussion 

2.1  Geometric configurations and PHB structures 

The optimized geometric configurations on the potential 
surfaces of the monomers and C–F···H–C complexes at the 
B3LYP//HF/6-311++G** computational levels are shown 
in Figure 2. The frequency analysis shows that all the con-
figurations are stable points on the potential surfaces of the 
complexes. Some important bond length parameters ob-
tained at the B3LYP/6-311++G** computational levels are 
also shown. As shown in Figure 2, in the four complexes, 
C–F···H–C PHBs were formed via the C1–H1 groups of 
imidazole, pyrimidine, adenine, and guanine as the electron 
acceptors (PHB donors) and the F group of 2-F-tetrahy-     
drofuran as the electron donor (PHB acceptor). Simultane-
ously, conventional N···H2–C2 hydrogen bonds were formed 
via the N atoms of the four biomolecules as electron donors  

 

Figure 1  F2′···H8 interactions in FR (a) and AR (b) [19]. 
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Figure 2   Geometries (nm) of the monomers and four complexes calculated at B3LYP//HF/6-311++G** levels.  

(hydrogen-bond acceptor) and the H2–C2 group of 2-F- 
tetrahydrofuran as the electron acceptor (hydrogen-bond 
donor). Two molecules in the complexes are therefore com-
bined by one PHB and one conventional hydrogen-bond 
interaction. The six atoms labeled in Figure 2 as NC1H1-     
FC2H2 are in the same plane, i.e. a planar six-atom ring 
structure with thermodynamic stability is formed at the 
binding region of the two molecules. The van der Waals and 
covalent radii are important factors in investigating the ge-
ometric structure. If the distance between two atoms is ob-
viously less than the sum of their van der Waals radii, but 
larger than the sum of their covalent radii, a certain degree 
of weak interaction which is stronger than van der Waals 
forces exists between the two atoms, for example, a hydro-
gen bond or halogen bond. In this study, the F···H1 distances 
in the complexes are in the range 0.2345–0.2505 nm. The 
experimental values of the van der Waals and covalent radii 
of an H atom are 0.120 and 0.037 nm, respectively, and 
those of an F atom are 0.147 and 0.064 nm, respectively. It 
is therefore clear that the atomic pair distances of the two 
atoms directly involved in the PHB formation are less than 
the sums of their van der Waals radii but larger than the 
sums of their covalent radii. It can be concluded that there is 
a degree of weak interaction, which is stronger than van der 
Waals forces, between the F···H1 atoms. Of course, the van 
der Waals and covalent radii of the atoms directly involved 
in the formation of conventional N···H2–C2 hydrogen bonds 
also obey this rule. 

In conventional hydrogen-bond structures, the bond length 
of the hydrogen-bond donor (X–H, X=N, O, S, etc.) usually 

increases to a certain degree, but in the C–F···H–C PHB 
structures in the present study, the C1–H1 bond length did 
not change as a result of complex formation. This is one of 
the characteristics of a PHB which differs from those of 
conventional hydrogen bonds. This is probably related to 
electronic effects before and after forming the PHB struc-
ture; this will be discussed below. It is interesting that the 
C2–F bond length in the 2-F-tetrahydrofuran monomer, 
which is 0.1414 nm, increased significantly after formation 
of the PHB complexes; for example, the C2–F bond in the 
guanine···F complex was 0.0015 nm longer than that in the 
monomer. The increased C2–F bond length results in a 
red-shift of the stretching vibrational frequency. In sum-
mary, the C2–F (the group closely related to the electron 
donor, i.e. the F group of 2-F-tetrahydrofuran, of the PHB 
structure) bond length increases, and its stretching vibra-
tional frequency is red-shifted. However, in a conventional 
hydrogen bond, what presents increasing of bond length and 
red-shift of stretch vibrational frequency is often the elec-
tron acceptor group. This is another way in which PHBs 
differ from conventional hydrogen bonds. 

2.2  Interaction energies and frequency analyses 

Examining interaction energies is a powerful approach to 
estimating the strength of a weak interaction. The total in-
teraction energies (∆E) and BSSE corrected energies (∆ECP) 
of the four complexes at the B3LYP/6-311++G** and HF/6- 
311++G** levels are listed in Table 1. It should be noted 
that the energies listed in Table 1 are not those of pure PHB  
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Table 1  Interaction energies (kJ mol−1) of the four complexes at the B3LYP//HF/6-311++G** levels 

Complexes 
B3LYP/6-311++G**  HF/6-311++G** 

E BSSE ECP  E BSSE ECP 

Imidazole···F 14.35 1.35 13.00 13.34 0.74 12.60 

Pyrimidine···F 8.73 1.52 7.21 7.86 1.76 6.10 

Adenine···F 11.57 1.51 10.06 11.01 2.11 8.90 

Guanine···F 16.52 1.66 14.86 16.10 2.82 13.28 

 

interactions because C–F···H–C PHBs and conventional 
N···H–C hydrogen bonds exist simultaneously in the four 
complexes. As shown in Table 1, before and after BSSE 
correction using the counterpoise method, E and ECP 
values obtained by the HF method are always smaller than 
those obtained by the B3LYP method, but the energies ob-
tained by the two computational methods do not differ 
greatly. The absolute values of the BSSEs, obtained using 
either the HF or B3LYP method, are relatively small, not 
more than 3 kJ mol1, especially at the B3LYP/6-311++G** 
level, and the maximum BSSE is only 1.66 kJ mol1. How-
ever, it is necessary to perform a counterpoise correction to 
obtain accurate interactions. Additionally, as can be seen 
from the relative sizes of the energies (E and ECP) ob-
tained by the HF and B3LYP methods, the tendencies of the 
energy changes are consistent. For example, the ECP val-
ues of the four complexes at the B3LYP/6-311++G** level 
are 13.00, 7.21, 10.06, and 14.86 kJ mol1, and the 
corresponding values at the HF/6-311++G** level are 
12.06, 6.10, 8.90, and 13.28 kJ mol1. It can therefore 
be inferred that the relative stabilities of the four complexes 
decrease in the order guanine···F > imidazole···F > ade-
nine···F > pyrimidine···F. 

The correlation between ECP and changes in the C2–F 
bond length (dC2–F) at the B3LYP/6-311++G** computa-
tional level is shown in Figure 3. After formation of the 
complexes, the greater the increase in the C2–F bond length, 
the larger (more negative) ECP is. In fact, the ECP values  

 

Figure 3  The linear relationship between dC2–F and ECP. 

of the four complexes correlate linearly correlated to dC2–F, 
and the relevant equation is y = 11000x + 1.925 (R2 = 0. 9423). 
There is therefore an obvious correlation between the bond 
length of C2–F, which is closely related to the C–F···H–C 
PHB structure, and the intermolecular interaction energy. 
So, although C–F···H–C PHBs and conventional N···H–C 
hydrogen bonds coexist in the four complexes, it can be 
concluded that the contributions of the C–F···H–C PHBs to 
the intermolecular interaction energies and stabilities of the 
complexes are more significant than those of conventional 
N···H–C hydrogen bonds. 

The stretching vibrational frequencies, IR intensities, and 
frequency shifts of the C1–H1 and C2–F bonds of the 
monomers and complexes calculated at the B3LYP/6-311 
++G** and HF/6-311++G** levels are listed in Table 2. 

Table 2  Stretching vibrational frequencies (cm1), frequency shifts (cm1, in italics in brackets), and IR intensities (km mol1, in regular type in brackets) of 
the C1–H1 and C2–F bonds 

Compound Parameter a) B3LYP/6-311++G** HF/6-311++G** 

Imidazole C1–H1 3244.5 (0.7) 3397.7(5.4) 

Pyrimidine C1–H1 3167.6 (13.8) 3347.5(20.6) 

Adenine C1–H1 3240.2 (0.2) 3397.9(1.6) 

Guanine C1–H1 3242.9 (0.3) 3402.7(1.4) 

2-F-Tetrahydrofuran C2–F 832.6 (33.2) 914.3(28.8) 

Imidazole···F C1–H1, C2–F 3247.4(10.2, 2.9), 821.5(38.5, 11.1) 3407.2(2.9, 9.5), 909.8(33.7, 4.5) 

Pyrimidine···F C1–H1, C2–F 3179.5(1.2, 11.9), 825.4(33.1, 7.2) 3361.6(7.2, 14.1), 911.2(29.4, 3.1) 

Adenine···F C1–H1, C2–F 3242.0(18.1, 1.8), 820.2(36.4, 12.4) 3409.1(4.7, 11.2), 908.5(31.4, 4.8) 

Guanine···F C1–H1, C2–F 3245.9(10.6, 3.0), 818.7(38.4, 13.9) 3411.8(1.6, 9.1), 910.3(32.3, 4.0) 

a) For atom numbers, see Figure 2. 
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The C1–H1 (PHB donor) bond lengths are the same before 
and after formation of the complexes, but the stretching 
vibrational frequencies of the C1–H1 bonds show a small 
blue-shift. However, the stretching vibrational frequency of 
the hydrogen-bond donor usually shows an obvious red- 
shift in a conventional hydrogen bond. The stretching vibra-
tional frequency of the C2–F bond in the 2-F-tetrahydrofuran 
moiety tends to red-shift after complex formation. This is 
consistent with increases in the C2–F bond lengths. Fur-
thermore, as shown in Figure 4, the red-shift values (∆υC2–F) 
of the stretching vibrational frequencies of the C2–F bonds 
are linearly correlated to variations in the C2–F bond 
lengths (dC2–F); the relevant equation is y=9384.5x+ 
0.1615 (R2=0.9369). In fact, the relationship between C2–F 
and the C2–F bond length (dC2–F) is also linear (y= 9383.6x + 

1327.1, R2=0.9369), i.e. longer dC2–F values and larger 
∆dC2–F values correspond to larger values of ∆υC2–F. Table 2 
also shows that, except for the IR intensity of the C1–H1  

 

Figure 4  Linear relationships between dC2–F and dC2–F, and dC2–F and 
C2–F. 

bond of the pyrimidine moiety, the C2–F and C1–H1 bond 
lengths all increased after complex formation. The IR inten-    
sity (I) is directly proportional to the square of the partial 
derivative of the correlative atom displacement (r) with re-
spect to the electric dipole moment (), which can be de 
scribed as I  ∣dµ/drX–H∣

2, and the existence of PHBs in the 
complexes caused further polarization of the C2–F bonds, 
with large dipole moments, so the IR intensity increased. 

2.3  NBO analysis and charge transfer 

For a better understanding of the mechanism of PBH com-
plex formation, NBO analyses were performed for the 
monomers and complexes at the B3LYP/6-311++G** level, 
and the corresponding results are listed in Table 3. As shown 
in Table 3, there are three main types of charge transfer 
between NBOs in the four PHB complexes. These are 
LP1(F)→BD*(C1–H1), LP3(F)→BD*(C1–H1), and LP(N) 
→BD*(C2–H2); three-dimensional images of the first two 
are given in Figure 5(a-1), (b-1), (c-1), and (d-1); they are 
related to the charge transfer behavior of the C–F···H–C 
PHB structures in the four complexes. Three-dimensional 
images of the third type of charge transfer, i.e., between 
LP(N) and BD*(C2–H2), are shown in Figure 5(a-2), (b-2), 
(c-2), and (d-2); these are related to the charge transfer be-
havior of the conventional N···H–C hydrogen bond struc-
tures in the four complexes. There are three lone pairs of 
electrons. The first and third pairs are involved in the for-
mation of PHBs, but the contributions of these two lone 
pairs are different. Because of the larger donor–acceptor 
orbital interaction stabilization energy (Eij

(2)) between 
LP3(F) and the BD*(C1–H1) orbital, the contribution of 
LP3(F) is larger than the that of LP1(F). The second lone 
pair of electrons, LP2(F), with s(0.05%)p99.99(99.95%) 
hybridization of the F atom, did not participate in PHB  

Table 3   Analyses of natural bond orbitals and charge transitions at the B3LYP/6-311++G** level 

Complexes Elector donor a)/type Elector acceptor b) E(2) ( kcal mol−1) q (e) BD* (C−H) NBO (e) 

Imidazole···F 

LP1(F)/s(71.8%)p0.39(28.2%) BD*(C1–H1) 0.21 
0.0004 

0.006 LP3(F)/s(2.1%)p47.1(97.9%) BD*(C1–H1) 0.75 

LP(N)/s(33.6%)p1.97(66.3%) BD*(C2–H2) 2.31 0.0020 

Pyrimidine···F 

LP1(F)/s(72.2%)p0.39(27.8%) BD*(C1–H1) 0.12 
0.0007 

0.004 LP3(F)/s(1.6%)p62.0(98.4%) BD*(C1–H1) 0.58 

LP(N)/s(29.6%)p2.38(70.3%) BD*(C2–H2) 1.66 0.0014 

Adenine···F 

LP1(F)/s(72.1%)p0.41(28.9%) BD*(C1–H1) 0.30 
0.0009 

0.002 LP3(F)/s(2.6%)p37.5(97.4%) BD*(C1–H1) 1.16 

LP(N)/s(33.8%)p1.95(66.1%) BD*(C2–H2) 1.46 0.0012 

Guanine···F 

LP1(F)/s(71.6%)p0.40(28.4%) BD*(C1–H1) 0.21 
0.0000 

0.005 LP3(F)/s(2.2%)p45.42(97.8%) BD*(C1–H1) 0.59 

LP(N)/s(33.7%)p1.96(66.2%) BD*(C2–H2) 2.27 0.0012 

a) LPi(i=1, 2, 3) presents the lone electrons; b) BD* presents anti-bond orbital. For atom numbers, see Figure 2. 
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Figure 5  Three-dimensional images of the main orbital interactions in the four complexes.  

formation. Although LP1(F) and LP3(F) offer electrons to 
BD*(C1–H1), there is no obvious increase in the electronic 
population of the BD*(C1–H1) orbital. In fact, the elec-
tronic population of the BD*(C1–H1) orbital basically re-
mains unchanged. This point can be regarded as the third 
way in which PHBs differ from conventional hydrogen 
bonds. In the four complexes, the largest increase in the 
electronic population (q) of the BD*(C1–H1) orbital is 
seen in the adenine···F complex, but the increase is only 
0.0009 e. This is consistent with the C1–H1 bond length 
being the same before and after complex formation. As a 
result of these charge transfer interactions between NBOs 
and the rehybridization of the related atoms, the NBO 
charge population of each moiety in the complexes is redis-
tributed. In summary, the NBO charge transfers (NBO) are 
0.006, 0.004, 0.002, and 0.005 e in the imidazole···F, py-
rimidine···F, adenine···F, and guanine···F complexes, re-
spectively.  

As mentioned in the introduction, –C–H is a hydrogen- 
bond donor (electron receptor). However, when –C–H, which 

is a weak hydrogen-bond donor, interacts with the F group 
of another molecule, the donor activity of the –C–H would 
be increased by the F group, thus a relatively stable weak 
intermolecular interaction system will be formed. This can 
be proved via NBO analysis. The difference between the 
electronegativities of C and H is small, so the polarity of a 
C–H covalent bond is very weak, and it is hard to form the 
bare proton needed for a hydrogen-bond donor. However, 
the electronegativity of the C atom is related to its hybridi-
zation type. Generally, the higher the s content of the hybrid 
atomic orbital, the stronger the electronegativity, i.e., when 
the s content of the C atom hybrid orbital is sufficient, the 
C–H group is a better hydrogen-bond donor. The hybridiza-
tion types of the C1 atoms of the PHB donor (C1–H) orbit-
als and those of the F of the PHB acceptor and C2 atoms 
before and after complex formation are listed in Table 4. As 
shown in Table 4, compared with the monomers, the s con-
tents of the C1 atom hybrid orbital of the four C1–H1 bond 
orbitals all increased after formation of the four PHBs. It is 
thus clear that the F group, the electron donor, can indeed  

Table 4   Hybridizations of the related atoms, C1, F, and C2, before and after PHB formation 

Compound Bond orbital Hybrids of C1 Hybrids of C2 Hybrids of F 

Imidazole C1–H1 s(34.9%)p1.87(65.1%) − − 

Pyrimidine C1–H1 s(30.9%)p2.23(69.1%) − − 

Adenine C1–H1 s(34.4%)p1.91(65.6%) − − 

Guanine C1–H1 s(34.8%)p1.88(65.2%) − − 

2-F-Tetrahydrofuran C2–F − s(18.0%)p4.53(81.6%) s(26.5%)p2.78(73.5%) 

Imidazole···F C1–H1, C2–F s(35.5%)p1.82(64.5%) s(17.2%)p4.80(82.5%) s(26.1%)p2.83(73.8%) 

Pyrimidine···F C1–H1, C2–F s(31.5%)p2.17(68.44%) s(17.3%)p4.74(82.3%) s(26.2%)p2.82(73.8%) 

Adenine···F C1–H1, C2–F s(35.1%)p1.85(64.9%) s(17.5%)p4.69(82.1%) s(26.2%)p2.82(73.8%) 

Guanine···F C1–H1, C2–F s(35.4%)p1.83(64.6%) s(17.3%)p4.78(82.4%) s(26.1%)p2.83(73.8%) 
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increase the electron-acceptor activity of the –C–H group, 
and thus further formation of PHB structures is easy. As 
discussed in the section on geometric configuration and PHB 
structure, the F–C2 bond after PHB complex formation was 
significantly longer than that in the 2-F-tetrahydrofuran 
monomer. This change can also be explained by the compo-
sition of the hybrid atomic orbital of the C2 atom bound to 
the F atom. Table 4 also shows that the s contents of the 
hybrid atomic orbitals of the F and C2 atoms in the PHB 
complexes were all to some degree less than those of the 
hybrid atomic orbitals of the F and C2 atoms in the 
2-F-tetrahydrofuran monomer. The covalent bond formed 
between two atoms with small s contents in the hybrid 
atomic orbital is relatively weak, and therefore the corre-
sponding bond length is large. 

2.4  Electron density topological properties 

The electronic structures of the PHBs can be described by 
the scalar field electron density ((r)) topological properties 
of the corresponding critical points. The topological proper-
ties of (r) can be further indicated by the numbers and 
categories of the critical points. A critical point is a spatial 
position where the first derivative of (r) is zero. The criti-
cal point type can be defined according to its curvature, 
obtained by calculating the second derivative of (r). The 
Hessian matrix of the electron density is composed of nine 
secondary derivatives of (r) in three dimensions. The three 
eigenvalues (1, 2, and 3) can be acquired by performing 
a diagonalized operator on the Hessian matrix. The sum of 
the three eigenvalues is equal to the Laplacian of the elec-
tron density (2(r)=1 + 2 + 3). If two of the eigenvalues 
are negative and the other is positive, the corresponding 
critical point is designated as the bond critical point (BCP) 
and marked as (3, 1), indicating the linkage between the 
two atoms.  

According to Bader’s AIM theory [24,27], the electron 
density topological properties of a molecule depend on the 
electron density gradient vector field and 2(r). In general,  

the electron density of a BCP ((rc)) is related to the 
strength of the bond: the larger the value of (rc), the 
stronger the bond, and the smaller the (rc) value, the 
weaker the bond. The 2(r) of the BCP reflects the char-
acteristics of the bond. If 2(rc)<0, the BCP charges will 
be concentrated, and the more negative 2(rc) is, the more 
covalent the bond is; if 2(rc)>0, the BCP charges will be 
dispersed, and the more positive 2(rc) is, the more ionic 
the bond is.  

The electron density topological properties of the PHB 
and conventional hydrogen bond critical points in the four 
complexes are listed in Table 5. The three eigenvalues of 
the electron density Hessian matrices of F···H1 and N···H2 
are “one positive and two negative”. The critical points be-
tween the F···H1 and N···H2 atom pairs therefore belong to 
the type BCP. The (r) values of F···H1 and N···H2 in the 
four complexes are smaller than 0.011 a.u. This indicates 
that the C2–F···H1–C1 PHB and conventional N···H2 hy-
drogen bond interactions in the complexes are weak; this is 
in good agreement with the calculation results for the inter-
action energies. The 2(r) of the corresponding critical 
points are all small negative values; this indicates that these 
types of weak interaction are more electrostatic than cova-
lent. It is notable that the 2(r) values of the C2–F··· 
H1–C1 PHBs in the four complexes are close to those of 
conventional N···H2 hydrogen bonds. This indicates that the 
covalent and ionic properties of the C2–F···H1–C1 PHBs 
are basically equal to those of conventional N···H2 hydro-
gen bonds. The ellipticity, ε, is defined as 1/21, where 1 
and 2 are two eigenvalues of the Hessian matrix of electron 
density. The ε value provides a measure of the  or  char-
acter of a bond. In general, the lower ε is, the stronger the  
character, and, conversely, the higher ε is, the stronger the  
character. Here, all the ε values are small, and those for the 
C2–F···H1–C1 PHBs are always smaller than those for 
conventional N···H2 hydrogen bonds; this indicates that the 
C2–F···H1–C1 PHBs have stronger  characters than con-
ventional N···H2 hydrogen bonds have, i.e. C2–F···H1–C1 
PHBs have higher orbital “bond axis” symmetry. 

Table 5  Electron density topological properties of pseudohydrogen bond and conventional hydrogen bond critical points 

Compound Atom pair a) (rc) (a.u.) 1 2 3 2(rc) (a.u.)  

Imidazole···F 
F···H1 0.0083 0.00852 0.00824 0.04799 0.03123 0.03295 

N···H2 0.0106 0.01014 0.00958 0.05081 0.03110 0.05885 

Pyrimidine···F 
F···H1 0.0072 0.00734 0.00703 0.04096 0.02659 0.04481 

N···H2 0.0090 0.00836 0.00792 0.04132 0.02504 0.05508 

Adenine···F 
F···H1 0.0100 0.01088 0.01042 0.05840 0.03710 0.04440 

N···H2 0.0082 0.00720 0.00679 0.03734 0.02335 0.06096 

Guanine···F 
F···H1 0.0080 0.00799 0.00779 0.04611 0.03033 0.02502 

N···H2 0.0109 0.01072 0.01008 0.05384 0.03305 0.06364 

a)  For atom numbers, see Figure 2.  
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3  Conclusions 

The weak intermolecular interactions in 2-F-tetrahydrofu-    
ran···M (M = imidazole, pyrimidine, adenine, and guanine) 
complexes were examined theoretically using density func-
tional B3LYP/6-311++G** and HF/6-311++G** methods. 
The results showed that both conventional N···H hydrogen 
bonds and C–F···H–C PHB structures coexist in the four 
complexes. The C–F···H–C PHBs have the following four 
characteristics which are different from those of conven-
tional hydrogen bonds. (1) In conventional hydrogen-bond 
structures, the bond length of the hydrogen-bond donor 
(X–H, X=N, O, S, etc.) usually increases to a certain degree, 
but in the C–F···H–C PHB structures, the C1–H1 (PHB do-
nor) bond length is the same before and after complex for-
mation. (2) The PHB electron-donor (C2–F) bond is elon-
gated, and its stretching vibrational frequency is red-shifted, 
whereas in a conventional hydrogen bond, this behavior is 
usually shown by the electron-acceptor group. (3) The elec-
tronic population of the BD*(C1–H1) (electron acceptor) 
orbital basically remains unchanged. The activity of –C–H 
as an electron acceptor is increased by the F group of 
2-F-tetrahydrofuran. (4) The covalent and ionic properties 
of the C2–F···H1–C1 PHBs are basically equal to those of 
conventional N···H2 hydrogen bonds, but the C2–F···H1–C1 
PHBs have higher orbital “bond axis” symmetry. 
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