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It is demonstrated that in all types of hydrogen bonds (X H Y) there is a balance between the long-range at-
tractive orbital interactions and short-range Pauli/nucleus repulsions. When the proton acceptor approaches the pro-
ton donor from distance, the hydrogen bonding energy becomes more negative at relatively large distance, goes 
through a minimum, and then starts to become less negative when the short-range repulsive forces come into effect. 
Meanwhile, the X H bond length increases at relatively large distances, goes through a maximum and starts to 
shorten when the short-range repulsive forces come into effect. Whether the hydrogen bond is red or blue shifted is 
dictated by the energy minimum position. If at the energy minimum position the X H bond length is shorter than 
that for the free monomer, the hydrogen bond is blue shifted and vice versa. Further studies demonstrate that the re-
cent report about the correlation of C H bond lengths with proton donor-acceptor distance in F3C H OH2 and 
F3C H Cl  is not fully correct because the authors conducted an inappropriate comparison. Furthermore, it is 
shown for the first time that the Pauli/nucleus repulsion theory is applicable to the blue-shifted hydrogen bonds in 
the X H π complexes and the blue-shifted lithium bonds in the X Li Y complexes. 
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Introduction 

Hydrogen bonding (X H Y) is a fundamental 
concept in chemistry.1 The driving forces for its forma-
tion include electrostatic and charge-transfer interac-
tions. Both of the interactions should weaken the X H 
bond, increase the X H bond length, and decrease the 
X H stretching frequency. This effect is called a red 
shift. It represents the most important, easily detectable 
manifestation of the formation of a hydrogen bond. 

However, it was found recently that blue-shifted hy-
drogen bonds also exist where hydrogen bond formation 
leads to X H bond contraction and to a blue shift of 
the X H stretching frequency.2,3 Initial examples were 
mainly the C H Y systems (e.g., F3C H OH2) in 
which the central C atom has a few highly electronega-
tive substituents such as F. This led to a theory that 
charge transfer from the proton acceptor to the remote 
electronegative moieties (e.g., F in F3C H) is the cause 
of the blue shift.2 Very recent studies, however, showed 
that N H and O H may also form blue-shifted hy-
drogen bonds where the central atom does not need to 
carry any electronegative substituent.4 Therefore, the 
charge transfer theory is not adequate for blue-shifted 
hydrogen bonds. 

Recently we proposed a different theory for blue- 
shifted hydrogen bonds.5 According to it there is a bal-
ance between the X H elongation effect due to the 

orbital interactions and the X H contraction effect due 
to the Pauli and nucleus-nucleus repulsions (see Scheme 
1). If the former effect wins, a red shift will occur. Oth-
erwise, a blue shift will take place. So far this theory has 
been successfully applied to many types of blue-shifted 
hydrogen bonds5,6 such as F He H N2.

7 It is worthy 
mentioning that another recent theory, which attributes 
the blue shift to increase in the s-character of the X H 
bond,8 fails to explain the blue shift in F He H N2 
because He is incapable of rehybridization. 

Scheme 1 

 

A more detailed description of our Pauli/nucleus re-
pulsion theory for the blue-shifted hydrogen bonds is 
shown in Figure 1. As seen from Figure 1, at long X Y 
distance the hydrogen bonding energy ∆E becomes 
more negative when the X Y distance d decreases. 
This is clearly due to the orbital interactions between 
X H and Y which include electrostatic attraction, dis-
persion interaction, and charge transfer interaction. On 
the other hand, at short X Y distance the hydrogen 
bonding energy becomes less negative when the X Y 
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distance decreases. This is undoubtedly caused by the 
Pauli/nucleus repulsions between H and Y.  

 

Figure 1  Correlation between the X Y distance and the hy-
drogen bonding energy (a) and correlation between the X Y 
distance and the X H bond length (b). 

Also in Figure 1, at long X Y distance the X H 
bond length r increases when d decreases. This should 
stem from the charge transfer from Y to the antibonding 
X H orbital. On the other hand, at short X Y dis-
tance r decreases when d decreases. This should origi-
nate from the Pauli/nucleus repulsions between H and Y. 
At this point, it is clear that whether the hydrogen bond 
is red or blue shifted relies on the equilibrium position. 
If at the equilibrium position the r value is larger than 
the X H bond length of the free monomer, the hydro-
gen bond is red shifted. Otherwise, the hydrogen bond is 
blue shifted.  

In the previous study5 we showed that the correla-
tions in Figure 1 could be applied to three hydrogen 
bonding systems, i.e., F3C H FH, F2N H FH, and 
FO H FH. Among the three, the first one has a 
strong blue-shift, the second has only a small blue-shift, 
and the third has a strong red-shift. On the basis of these 
three systems we believed that the correlations in Figure 
1 can be applied to all types of hydrogen bonds. How-
ever, in a recent paper by Alabugin et al.8 it was claimed 
that the correlations in Figure 1 could not be applied to 
two particular systems, i.e., F3C H OH2 and F3C
H Cl . It was claimed that the correlation of C H 
bond lengths with H⋅⋅⋅Y distance in F3C H OH2 and 
F3C H Cl  follows a different trend compared to 
F3C H FH because H2O and Cl  are better Lewis 
donors than FH.8  

In the present study, we investigate why Alabugin et 
al. obtained different correlations between the X H 
bond length and proton donor-acceptor distance com-

pared to our previous study. We believe that such a 
study would be important because of the following two 
reasons. (1) Except for Alabugin et al. and us, no one 
has ever studied the correlation between X H bond 
length and X Y distance in hydrogen bonding. There-
fore, more detailed study on this subject should be per-
formed. (2) Whether the correlations in Figure 1 are 
valid or not determines whether the Pauli/nucleus repul-
sion theory for the blue-shifted hydrogen bonds is cor-
rect or not. Therefore, a clarification is necessary. 

Method 

All the calculations were performed using Gaussian 
98 softwares.9 MP2/6-31 G(d) and MP2/6-311
G(d,p) methods were used in geometry optimization 
under various constraints. The hydrogen bonding energy 
was calculated as the difference between the total en-
ergy of the complex and the sum of the total energies of 
the monomers. For just seeking the trend of the hydro-
gen bonding energy change, this energy was not cor-
rected with the zero point energies (ZPE) and basis set 
superposition errors (BSSE) estimated using the coun-
terpoise technique.10 

Results and discussion 

Correlation between C H bond length and C O or 
C Cl distance 

The structures of the hydrogen bonded complexes, 
F3C H OH2 and F3C H Cl , were optimized us-
ing MP2/6-311 G(d,p) method (Figure 2). In the 
optimal structures, the C O distance is 0.32814 nm 
and the C Cl distance is 0.33400 nm. The hydrogen 
bonding energy is 19.10 kJ/mol for F3C H OH2 
and 69.14 kJ/mol for F3C H Cl . In F3C H
OH2 the C H bond length is shortened from 0.10877 to 
0.10854 nm and the C H stretching frequency is blue 
shifted from 3223.3 to 3260.1 cm 1. In F3C H Cl  
the C H bond length is lengthened from 0.10877 to 

 
Figure 2  Optimized structures for F3C H OH2 (a) and F3C

H Cl  (b). 
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0.10951 nm and the C H stretching frequency is red 
shifted from 3223.3 to 3094.0 cm 1. All the results are 
in agreement with Alabugin’s study.8 

By fixing the C O distance in F3C H OH2 and 
by optimizing the remaining coordinates of the complex, 
we obtained curves of the hydrogen bonding energies 
and the optimized C H bond lengths as functions of 
the C O distance using the MP2/6-311 G(d,p) 
method (Figure 3). As seen from Figure 3, both the en-
ergy-distance and the bond length-distance curves are 
very similar to those in Figure 1 in shape. The equilib-
rium position is located at the place where the C H 
bond is shortened. Therefore, the hydrogen bond in 
F3C H OH2 is blue shifted. 

 

Figure 3  Correlation between the C O distance and the hy-
drogen bonding energy (a) and correlation between the C O 
distance and the C H bond length (b) in F3C H OH2. 

Similarly by fixing the C Cl  distance in F3C
H Cl  we obtained curves of the hydrogen bonding 
energies and the optimized C H bond lengths as func-
tions of the C Cl distance (Figure 4). Both the en-
ergy-distance and the bond length-distance curves in 
Figure 4 are also very similar to those in Figure 1 in 
shape. The equilibrium position is located at the place 
where the C H bond is lengthened. Therefore, the hy-
drogen bond in F3C H Cl  is red shifted. 

At this point, it is clear that both F3C H OH2 and 
F3C H Cl  follow the correlations in Figure 1. The 
blue shift in F3C H OH2 and the red shift in F3C
H Cl  can also be successfully explained using our 
Pauli/nucleus repulsion theory. Alabugin’s claim that 
the change of C H bond length in F3C H OH2 and 

 

Figure 4  Correlation between the C Cl distance and the hy-
drogen bonding energy (a) and correlation between the C Cl 
distance and the C H bond length (b) in F3C H Cl . 

F3C H Cl  should follow a different trend8 is inva-
lid. Further examination of Alabugin’s paper8 reveals 
that Alabugin et al. fixed the H O and H Cl dis-
tances and optimized the remaining coordinates of the 
complexes. Therefore, they wrongly compared their 
results with ours which were obtained from completely 
different methods. 

Correlation between C H bond length and H⋅⋅⋅O or 
H⋅⋅⋅Cl distance 

Although Alabugin et al. drew an incorrect conclu-
sion on the basis of inappropriate comparisons, it is in-
teresting to re-investigate and to explain the correlation 
between C H bond length and H O or H Cl dis-
tance in F3C H OH2 or F3C H Cl . Therefore, we 
fixed the H O and H Cl distances in F3C H OH2 
and F3C H Cl  and optimized the remaining coor-
dinates of the complexes using the MP2/6-311
G(d,p) method. The results are shown in Figures 5 and 
6.  

As seen in Figures 5 and 6, at long H Y distance 
the X H Y hydrogen bonding energy becomes more 
negative when the H Y distance decreases. This can 
be explained by the distance dependence of the orbital 
interactions. On the other hand, at short H Y distance 
the X H Y hydrogen bonding energy becomes less 
negative when the H Y distance decreases. This is 
clearly due to the Pauli/nucleus repulsions. 

In Figures 5 and 6, the C H bond length at long 
H⋅⋅⋅Y distance decreases when the H Y distance de- 
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Figure 5  Correlation between the H O distance and the hy-
drogen bonding energy (a) and correlation between the H O 
distance and the C H bond length (b) in F3C H OH2. 

 

Figure 6  Correlation between the H Cl distance and the hy-
drogen bonding energy (a) and correlation between the H Cl 
distance and the C H bond length (b) in F3C H Cl . 

creases. This effect is also reported in Alabugin’s pa-
per.8 We believe that this effect can be explained using 
the following theory. In F3C H because of the high 
electronegativity of F the central carbon is positively 

charged (Scheme 2). Therefore, in the complex of F3- 
C H Y there is an attraction interaction between C 
and Y in addition to the attraction interaction between H 
and Y. Certainly there are also Pauli/nucleus repulsions 
between C and Y and between H and Y. At long H Y 
distance, the C Y repulsion is negligible. Therefore, 
when the relative positions of H and Y are fixed, C 
should sense attraction from Y and force the C H bond 
to contract. 

Scheme 2 

 

However, at short H Y distance the C Y repul-
sion increases much faster than the C Y attraction. 
Therefore, when the H Y distance decreases the C H 
bond length has to increase. This prediction is in excel-
lent agreement with the real calculation results shown in 
both Figures 5 and 6. Similar results have also been re-
ported by Alabugin et al.8 

Whether the hydrogen bond is red or blue shifted is 
determined again by the equilibrium position. In F3C
H OH2 the C H bond length at the equilibrium posi-
tion is smaller than that in the free monomer. Therefore, 
F3C H OH2 is blue shifted. On the other hand, in 
F3C H Cl  the C H bond length at the equilibrium 
position is shorter than that in the free monomer. 
Therefore, F3C H Cl  is red shifted. 

Correlation between C H bond length and C π 
distance in C H π interaction 

The above results demonstrated that the correlations 
in Figure 1 are completely valid for F3C H OH2 or 
F3C H Cl  despite a recent contradictory report. 
Herein, we wish to demonstrate that the correlations in 
Figure 1 can also be applied to a special type of 
blue-shifted hydrogen bonds, i.e., C H π complexes. 
In this type of complexes, the proton acceptor is not a 
single atom but a π plane. Therefore, it is important to 
examine whether a π plane functions in the same way as 
the atomic acceptors in the bond length-distance corre-
lations. 

Because of its large size, the structure of the C H
π complex between F3C H and C6H6 was optimized 
using the MP2/6-31 G(d) method (Figure 7). In the 
optimal structure, the C π distance is defined as the 
vertical distance between C and the π plane and this 
distance is found to be 0.33537 nm. The hydrogen 
bonding energy is 23.66 kJ/mol. Compared to the 
free F3C H molecule, in the complex the C H bond 
length is shortened from 0.10881 to 0.10840 nm and the 
C H stretching frequency is blue shifted from 3250.0 
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Figure 7  Optimized structure of F3C H C6H6. 

to 3320.7 cm 1. 
By fixing the C π distance and by optimizing the 

remaining coordinates of the complex, we obtained 
curves of the hydrogen bonding energies and the opti-
mized C H bond lengths as functions of the C π dis-
tance using the MP2/6-31 G(d) method (Figure 8). As 
seen from Figure 8, both the energy-distance and the 
bond length-distance curves are very similar to those in 
Figure 1 in shape. The equilibrium position is located at 
the place where the C H bond is shortened. Therefore, 
the hydrogen bond in F3C H C6H6 is blue shifted. 
These results demonstrate that the Pauli/nucleus repul-
sion theory is also applicable to the blue shift in an X
H π complex. 

 

Figure 8  Correlation between the C π distance and the hy-
drogen bonding energy (a) and correlation between the C π 
distance and the C H bond length (b) in F3C H C6H6. 

Correlation between C Li bond length and C Y 
distance in C Li Y interaction 

So far the blue-shifted hydrogen bonds have drawn 
considerable attention but no one has ever considered 

whether there is any blue-shifted lithium bond.11 In the 
present study we wish to report that the complex be-
tween F3C Li and Ne has a blue-shifted lithium bond 
whereas the complex between F3C Li and H2O has a 
red-shifted lithium bond. 

The structures of the lithium-bonded complexes, 
F3C Li Ne and F3C Li OH2, were optimized us-
ing the MP2/6-311 G(d,p) method (Figure 9). In the 
optimal structures, the C Ne distance is 0.41972 nm 
and the C O distance is 0.39678 nm. The lithium 
bonding energy is 7.65 kJ/mol for F3C Li Ne and 

91.96 kJ/mol for F3C Li OH2. In F3C Li Ne 
the C Li bond length is shortened from 0.20218 nm to 
0.20208 nm. In F3C Li OH2 the C Li bond length 
is lengthened from 0.20218 to 0.20391 nm. Therefore, 
F3C Li Ne is a blue-shifted lithium bond and F3C
Li OH2 is a red-shifted lithium bond. 

 

Figure 9  Optimized structures for F3C Li Ne (a) and F3C
Li OH2

 (b). 

In order to explain the blue and red-shifted lithium 
bonds, we fixed the C Ne and C O distances in 
F3C Li Ne and F3C Li OH2 and optimized the 
remaining coordinates of the complexes using the 
MP2/6-311 G(d,p) method. We obtained curves of 
the lithium bonding energies and the optimized C Li 
bond lengths as functions of the C Ne and C O dis-
tances (Figures 10 and 11). As shown in Figures 10 and 
11, the correlation between the C Y distance and the 
lithium bonding energies is in exactly the same shape as 
that for the X H Y interactions. At long C Y dis-
tance, the lithium bonding energy becomes more nega-
tive when the C Y distance decreases. This is due to 
the orbital interactions. At short C Y distance, the 
lithium bonding energy becomes less negative when the 
C Y distance decreases. This is caused by the 
Pauli/nucleus repulsions. 

The correlation between the C Y distance and the 
C Li bond length is also in exactly the same shape as 
that for the X H Y interactions. At long C Y dis-
tance, the C Li bond length increases when the C Y 
distance decreases. This is due to the orbital interactions. 
At short C Y distance, the C Li bond length de-
creases when the C Y distance decreases. This is 
caused by the Pauli/nucleus repulsions. 
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Figure 10  Correlation between the C Ne distance and the 
lithium bonding energy (a) and correlation between the C Ne 
distance and the C Li bond length (b) in F3C Li Ne. 

 

Figure 11  Correlation between the C O distance and the lith-
ium bonding energy (a) and correlation between the C O dis-
tance and the C Li bond length (b) in F3C Li OH2. 

Whether or not the lithium bond is red or blue 
shifted is determined by the equilibrium position. In 

F3C Li Ne the C Li bond length at the equilibrium 
position is shorter than that in the free monomer. 
Therefore, F3C Li Ne is blue shifted. On the other 
hand, in F3C H OH2 the C Li bond length at the 
equilibrium position is shorter than that in the free 
monomer. Therefore, F3C Li OH2 is red shifted. 

Conclusion 

In the present paper the correlations between the 
blue shift of hydrogen bonding and the proton do-
nor-proton acceptor distance were studied systemati-
cally and in detail. We found that in all types of hydro-
gen bonds (X H Y) there is a balance between the 
long-range attractive orbital interactions and short-range 
Pauli/nucleus repulsions. When the proton acceptor ap-
proaches the proton donor from distance, the hydrogen 
bonding energy becomes more negative at relatively 
large distance, goes through a minimum, and then starts 
to become less negative when the short-range repulsive 
forces come into effect. Meanwhile, the X H bond 
length increases at relatively large distances, goes 
through a maximum and starts to shorten when the 
short-range repulsive forces come into effect. Whether 
the hydrogen bond is red shifted or blue shifted is dic-
tated by the energy minimum position. If at the energy 
minimum position the X H bond length is shorter than 
that for the free monomer, the hydrogen bond is blue 
shifted and vice versa. 

We also demonstrated that the recent report about the 
correlation of C H bond lengths with proton do-
nor-acceptor distance in F3C H OH2 and F3C H  
Cl  is not fully correct because the authors conducted 
an inappropriate comparison. Furthermore, we showed 
for the first time that the Pauli/nucleus repulsion theory 
is applicable to the blue-shifted hydrogen bonds in the 
X H π complexes and the blue-shifted lithium bonds 
in the X Li Y complexes. 
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