
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 

 

A semi-quantitative explanation for infrared intensity enhancements on hydrogen bonding is 

provided by a charge - charge flux interaction contribution. 
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Abstract 

 
Vibrational modes ascribed to the stretching of X-H bonds from donor monomers (HXdonor) in 

complexes presenting hydrogen bonds (HF…HF, HCl…HCl, HCN…HCN, HNC…HNC, 

HCN…HF, HF…HCl and H2O…HF) exhibit large (from 4 to 7 times) infrared intensity 

increments during complexation according to CCSD/cc-pVQZ-mod calculations. These intensity 

increases are explained by the charge – charge flux – dipole flux (CCFDF) model based on 

multipoles from the Quantum Theory of Atoms in Molecules (QTAIM) as resulting from a 

reinforcing interaction between two contributions to the dipole moment derivatives with respect 

to the vibrational displacements: charge and charge flux. As such, variations that occur in their 

intensity cross terms on hydrogen bond formation correlate nicely with the intensity 

enhancements. These stretching modes of HXdonor bonds can be approximately modeled by sole  
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displacements of the positively charged hydrogens towards the acceptor terminal atom with  

concomitant electronic charge transfers in the opposite direction that are larger than those 

occurring for the H atom displacements of their isolated donor molecules. This analysis indicates 

that the charge-charge flux interaction reinforcement on H-bond complexation is associated with 

variations of atomic charge fluxes in both parent molecules and small electronic charge transfers 

between them. The QTAIM/CCFDF models also indicate that atomic dipole flux contributions 

do not play a significant role in the intensity enhancements.
 

Keywords: CCFDF, QTAIM, infrared intensities, vibrational modes, dimers, hydrogen bond 

 

Introduction 

Hydrogen-bonded complexes are interesting to study mainly because of their 

fundamental importance to the chemistry of life. They can be represented in a simplified way by 

X-H…Y, in which X is the donor unit atom directly bound to the bridge hydrogen while Y is an 

electronegative atom with lone electron pairs in the acceptor monomer. Many experimental 

measurements of geometrical parameters,
1

2

-
345

6
 dipole moments,

1,5,7
8

-
910

11
 hydrogen bond dissociation 

energies
2,12

1314

-
1516

17
 and vibrational frequencies

16,18
19

-
20

21
 have been reported for the simple dimers 

investigated here.  

Moreover, changes observed in the vibrational spectra of molecules undergoing 

dimerization have been studied for a long time. For instance, Dinur and Hagler evaluated the 

influence of atomic charge fluxes and variations in van der Waals parameters for hydrogen bond 

interactions and their consequences on structural changes and spectral shifts in the water dimer.
22

 

Particular attention has been addressed to infrared intensity investigations of vibrational modes 
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in complexes linked by hydrogen bonds.
23

24

-
25

26
 Zilles and Person demonstrated that the polar tensor 

element associated with dipole moment derivatives along the hydrogen bond axis (O…H-O) due 

to bridge hydrogen displacement along this axis in the water dimer is significantly different from 

the equivalent one in an isolated molecule due mainly to charge flux according to the charge – 

charge flux – overlap (CCFO) partition,
27

 with similar conclusions obtained for the HCN…HF 

dimer.
23

 Yeo and Ford used atomic polar tensor invariants and Mulliken charges to also interpret 

intensity variations on hydrogen bonding.
24

 Exchange and charge transfer effects are cited as 

important quantities in these studies.
25

 Another recent investigation with the Equilibrium Charge 

- Charge Flux (ECCF) model also reinforced the importance of charge fluxes to these intensity 

enhancements of X-H stretching modes on hydrogen bonding.
26

 In addition, effects of basis set 

superposition errors (BSSEs) on intensities have also been determined for the HF…HF dimer.
28

 

This work suggested that infrared intensities obtained at the self-consistent field (SCF) level 

should only be slightly affected by BSSEs.  

The CCFO partition model
27

 for dipole moment derivatives has been normally based on 

Mulliken charges and fluxes calculated from them. However, a new investigation has pointed out 

that charge fluxes derived from the Mulliken formalism do not show a clear convergence pattern 

with basis set size increments and may lead to results in large disagreement with chemical 

expectations based on well-established physical arguments.
29

 Another alternative partition is 

represented by the charge – charge flux – overlap modified (CCFOM) model, in which charge 

and charge flux are defined directly from polar tensor elements.
30

  However, CCFOM leads to 

dominant charge fluxes for stretchings in LiH and NaH, which are inconsistent with the harpoon 

mechanism determined for such ionic molecules.
29
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Recently, dipole moment derivatives are being analyzed by the charge – charge flux – 

dipole flux (CCFDF) model,
31

 which employs changes in charges and atomic dipoles from the 

Quantum Theory of Atoms in Molecules (QTAIM),
32,33

 to investigate infrared intensities.
34

 Thus, 

the contribution from variations in anisotropies of atomic electron densities during vibrations 

(atomic dipole fluxes), an important aspect of the QTAIM formalism, is fully taken into account 

in this infrared intensity partition. Hence, the QTAIM/CCFDF model provides an alternative tool 

to understand the origins of variations in infrared intensities of fundamental bands. In fact, this 

model was employed to evaluate infrared intensities of C-H stretchings in polycyclic aromatic 

hydrocarbons.
35

 The dipole moment derivatives during the displacement of the a
th

 atom are 

expressed in this model as 
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in which q and m represent charges and total atomic dipole (sum of electronic and nuclear 

contributions) components, respectively, and i is an atomic index.  

 These derivatives can also be converted to normal coordinates (Qα),
36,37
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,   ,      (3) 

in which the three terms that arise are respectively known as charge (C), charge flux (CF) and 

atomic dipole flux (DF) contributions to dipole moment derivatives. Moreover, infrared 

fundamental intensities (Aα), 
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 are finally decomposed in several terms according to the QTAIM/CCFDF treatment
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, (5) 

meaning that the intensity is a sum of individual contributions from charge, charge flux and 

dipole flux as well as their cross terms. See also that eqs. (4) and (5) imply scalar products of the 

vectors present. 

 In addition, QTAIM has also been used to provide important characterization criteria for 

hydrogen bonding interactions.
38

 Correlations between some of these QTAIM quantities and an 

experimental parameter of hydrogen bond basicity were also investigated for Platts.
39

 The details 

of hydrogen bond energetics within the QTAIM formalism have also been the focus of an 

interesting study that showed the crucial role of mutual penetration between acid and base 

molecules.
40

 As a result of this mutual penetration, the dipolar polarization of the bridge 

hydrogen decreases upon hydrogen bonding.
38

 Another energetic partition based on similar 

arguments also shed some light into the covalent/electrostatic view of hydrogen bonding 

interactions, discussing the charge transfers observed under formation of these dimers.
41

   

This work is concerned with the study of variations in dipole moment derivatives and 

infrared intensities of X-H stretching modes ascribed to the donor molecule due to hydrogen 

bond formation by means of the recently developed QTAIM/CCFDF partition model.
31

 We 

selected a series of simple dimers and complexes to facilitate the data analysis: HF…HF, 
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HCl…HCl, HCN…HCN, HNC…HNC, HCN…HF, HF…HCl and H2O…HF. Electronic 

structure calculations were performed at the CCSD/cc-pVQZ-mod level, in an attempt to 

minimize significantly BSSEs and to include high-order electron correlation corrections to 

provide one of the most advanced treatments ever tried for these dimers. 

 

Computational details 

 Calculations in this work were performed with the Gaussian 03 package.
42

 This software 

assumes a harmonic potential so its intensity estimates do not include corrections for 

anharmonicity. However anharmonic perturbations on vibrational intensities are of the second 

order (for diatomics involving a product of the cubic potential energy term by the curvature of 

the dipole moment function at equilibrium geometry) contrary to the expectedly more important 

first order corrections to harmonic frequencies.
43

 The CCSD method was chosen along with a 

modified version of cc-pVQZ sets, labeled as cc-pVQZ-mod. These modified sets are obtained 

by removing the function with the largest angular momentum of each atom from the original cc-

pVQZ
44,45

 to reduce the computational demand. Some calculations to evaluate the need for 

diffuse functions were also done with aug-cc-pVTZ sets.
44,45

 All quantities are determined from 

generalized densities, which are the correct densities associated with post-Hartree-Fock electron 

correlation treatments. AIMALL
46

 was employed to obtain QTAIM multipoles. The results 

obtained at equilibrium geometries for the density Lagrangian or, as also called, the Laplacian 

function, L[Ω], which provides an evaluation of integration accuracy of QTAIM quantities, are 

within indicated ranges (absolute values between 1.3×10
-5

 and 1.2×10
-4

 a.u. for hydrogens and 

from 2.4×10
-7

 to 5.5×10
-5

 for the other atoms).
47

 In addition, basis set superposition errors were 
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evaluated by means of the counterpoise method.
48,49

 Numerical two-point estimates of charge 

and atomic dipole derivatives are obtained by 0.01 Å atomic displacements from equilibrium 

structures. Linear monomers and dimers were displaced along the Cartesian z axis while the X-H 

bond in donor molecules of the remaining dimers is also aligned along this axis.  

 

Results and discussion 

Molecular properties at equilibrium geometries 

Table S1 presents some geometrical equilibrium data obtained for monomers and dimers 

according to our CCSD/cc-pVQZ-mod treatment. The agreement with available experimental 

data
1-6,50,51

 is satisfactory. One can notice that the theoretical X-H bond length of donor 

monomers is always enlarged due to dimerization (from 0.002 to 0.013 Å). Equilibrium 

dissociation energies (De) of hydrogen bonds are given in Table 1. These values are corrected for 

basis set superposition errors (BSSEs) and such corrections are also reported in this table. First, 

one can see that the CCSD/cc-pVQZ-mod BSSEs are all small because of the considerable size 

of basis sets employed in this work with the H2O…HF dimer presenting the largest BSSE, 0.63 

kcal mol
-1

. Nevertheless, these BSSEs account for a contribution that reaches only 14 % of 

corrected De values at the extreme case. Moreover, the agreement with experimental values
2,12-17

 

is nice, with deviations smaller than 10 % except for HCl…HCl and also for one of the available 

experimental results of H2O…HF. Validation CCSD/aug-cc-pVTZ calculations furnished larger 

BSSEs in almost all cases except for H2O…HF and these errors can now be as large as 22% of 

the corrected De values.   
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Moreover, Table 2 shows the molecular dipole moments. The agreement between 

CCSD/cc-pVQZ-mod and experimental values
1,5,7-11,50

 is satisfactory with the largest deviations 

(around 0.4 Debye) observed in heterodimers. The data obtained in this work also indicate that 

the dimers exhibit larger dipole moments than those derived from the simple vectorial addition of 

monomer dipoles by 0.3 to 1.1 Debye. The dipole moments estimated in the CCSD/aug-cc-pVTZ 

validation calculations are almost the same as those of our preferred treatment level, with 

differences of up to 0.06 Debye.   

The results from QTAIM, Table S2, show that the bridge hydrogen atoms are more 

positively charged in the complexes than in their respective isolated molecules (from 0.02 to 0.06 

e). These findings are in close agreement with previous studies that involved Mulliken charges of 

several hydrogen-bonded complexes
23,24

 and NBO results for the water dimer.
52

 On the other 

hand, the ECCF model indicates the opposite tendency for these atoms
26

 and this disagreement is 

probably caused by the ECCF assumption that molecular dipole moments are completely 

explained by atomic charges only. In addition, the X atom receives some electronic charge on 

complexation (between -0.03 and -0.05 e) according to our study while the opposite occurs for 

the hydrogen atoms of acceptor units (from 0.01 to 0.03 e). QTAIM values (Table S2) also point 

to small electronic charge transfers from acceptor to donor units occurring on hydrogen bond 

formation, which varies between 0.004 and 0.030 e. NBO analyses and the ECCF model also 

confirm that hydrogen bonding is accompanied by an electronic charge transfer from acceptor to 

donor molecules.
26,52

 These charge changes predicted by QTAIM are in line with the molecular 

dipole moment strengthening that was observed on dimerization. 
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Infrared intensities 

 Furthermore, Tables 3 and 4 contain theoretical and the available experimental values of 

vibrational frequencies
16,18-21,50,53

 and fundamental infrared intensities
54,55

 for the monomers and 

H-bond complexes. The most striking feature caused by complexation on hydrogen bond 

formation is a remarkable intensity enhancement for the X-H bond stretching mode of the donor 

molecule (HXdonor), which varies from 4 to 7 times the monomer intensity corresponding to 

absolute increments between 132 and 911 km mol
-1

 according to our CCSD/cc-pVQZ-mod 

calculations. In addition, the intensity of the stretching modes for the X-H bonds of the acceptor 

molecules (HXacceptor) also shows an increase on dimerization, although the absolute differences 

are much less expressive. Experimental measurements indicated that the HXdonor band is 

approximately two to three times more intense than the HXacceptor vibration in HF…HF and 

HCl…HCl dimers,
19,56

 while our CCSD/cc-pVQZ-mod results provide slightly larger intensity 

ratios (3.45 for HF…HF and 3.60 for HCl…HCl). Moreover, as expected, the frequency of the 

HXdonor stretching mode decreases because of the intermolecular bond formation, which is 

customarily interpreted as resulting from bond weakening. Another work found in the literature 

also shows the vibrational frequencies and infrared intensities for the HF…HF dimer as obtained 

in CCSD(T) calculations with some triple- and quadruple-zeta basis sets.
18

 The individual 

frequencies for HF stretching modes from the largest basis set of this article are slightly different 

from ours but the variations on dimerization are nearly the same. Moreover, these CCSD(T) 

infrared intensities are almost equal to the ones found by us. The validation data from the aug-cc-

pVTZ sets also do not provide significant differences. QTAIM/CCFDF intensities from 

CCSD/cc-pVQZ-mod calculations, also in Tables 3 and 4, are in excellent agreement with their 
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reference results (deviations up to 9 km mol
-1

), confirming the numerical quality of the CCFDF 

parameters. 

 The analysis described in eq. (5) was used in order to seek an interpretation for the 

intensity enhancements of the HXdonor stretching modes due to hydrogen bonding. Table 5 

contains the QTAIM/CCFDF contributions to the infrared intensities of the monomers and 

complexes. Some features noticed before in a group of mostly organic molecules can also be 

detected in our results.
37

 First, the predominantly negative values for the charge flux – dipole 

flux interaction contribution ( DFCFA 

 ) are expected because a negative correlation between both 

of these contributions to dipole moment derivatives was detected in previous studies with the 

QTAIM/CCFDF model.
31

 HNC is the only exception presenting a small positive DFCFA 

  

contribution (11 km mol
-1

). Another consequence of this negative correlation is that two cross 

terms involving charge with charge flux and dipole flux ( CFCA 



 

and DFCA 

 ) all show opposite 

signs (See Table 5) except once again for HNC, where the absolute values of these contributions 

are  small. Finally, this negative correlation also implies that the charge flux and atomic dipole 

flux contributions to the intensities ( CFA

 

and DFA ) should be approximately proportional, as was 

indeed observed in our results. This is apparent on inspection of the values in Table 5. For 

example, HCN and its dimer have the largest charge flux and dipole flux intensity contributions 

whereas HNC and its dimer have some of the lowest values. This means that increases in the 

intramolecular charge transfer during vibrations are accompanied by increased polarizations of 

the electron density in the opposite direction, an idea closely related to the known counter 

polarization concept presented by Bader for electronic charge distributions in equilibrium 

geometries.
57

 Since negative correlations between charge flux and dipole flux have been found 
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for many vibrational motions studied with the QTAIM/CCFDF model
31

 the counter polarization 

concept seems relevant for small amplitude distortions. 

 Table 6 contains the variations in each contribution to the infrared intensities shown in 

eq. (5) caused by hydrogen bond formation. The first aspect to be discussed is that the 

contributions ascribed to charge and dipole flux are relatively unaffected on dimerization (from -

72 to 102 km mol
-1

). Accordingly, the cross term between both these quantities, DFCA 

 , is also of 

minor importance in explaining the intensity enhancements due to hydrogen bonding 

(differences between -96 and 143 km mol
-1

 on complexation).  Hence, the most relevant 

variations are observed in those contributions that depend directly on the electronic charge flux 

phenomenon, CFA , CFCA 



 

and DFCFA 

 . The sum of these three quantities associated with charge 

flux and their interactions (CF terms), also given in Table 6, explains almost completely the 

increments in intensities caused by hydrogen bond formation except for one dimer, HF…HF, in 

which case a nearly exact cancellation occurs for charge flux related terms. In addition, the 

changes in CFA  and DFCFA 

  contributions may be positive or negative. Interestingly, variations 

in CFA  are only negative for complexes with HF as donor monomer while the opposite is 

observed for DFCFA 

 , which only presents negative differences for the other dimers. Since their 

correlation coefficient (R) is –0.96 a partial cancellation exists between the CFA  and 

DFCFA 

 values in Table 6. However, the interaction between charge and charge flux, CFCA 

 , 

always contributes to enhancements in infrared intensities during complexation and it may 

constitute a general feature of these hydrogen-bonded complexes. Finally, we investigate if this 

last contribution alone is able to explain most of the strengthening observed during hydrogen 

bonding. Hence, a graph of these intensity increments against changes found in the CFCA 

  cross 
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interaction is shown in Fig. 1. A linear correlation coefficient of 0.93 is found along with a slope 

equal to 0.862. This R value implies a semi-quantitative explanation for the intensity 

enhancement on hydrogen bonding by means of the CFCA 

  term.  

 

Atomic contributions to the infrared fundamental intensities 

 As Eq. (4) shows, the square root of infrared fundamental intensities is a measurement of 

absolute values for dipole moment derivatives with respect to normal coordinates. Thus, 

considering that the HXdonor bond is positioned along the Cartesian z axis and assuming that the 

normal mode ascribed to the stretching of this particular bond can be simply represented by a 

displacement of the donor hydrogen atom along this axis as supported by our vibrational 

calculations, these derivatives in terms of normal coordinates should be nearly proportional to 

Hd
zzp , a polar tensor element of the donor hydrogen atom. This proportionality is in fact supported 

by our results for HXdonor stretchings (see Table S3). Furthermore, we also arrived at similar 

)( CFCA   contributions to the ones seen in Table 6 by means of the Hd
zzp  values (see Table S4). We 

now proceed to the analysis of Hd
zzp  elements instead of normal modes themselves since 

additional complications associated with the motion of other atoms are avoided (normal mode 

variations on dimerization and atomic displacements in different directions for monomers and 

their respective nonlinear dimers), yielding a simpler comparison and interpretation of atomic 

displacements for the monomers and dimers.  Moreover, as seen in eq. (1), Hd
zzp  elements can be 

partitioned into charge, charge flux and dipole flux contributions. Hence, we can take charge 

changes during the displacement of the hydrogen atom of the donor molecule to investigate how 

the electronic charge flows in this vibrational mode. This strategy was also adopted by Zilles and 
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Person.
23

 Our results indicate that the most relevant charge derivatives are those of this hydrogen 

and the X atom, except for the HNC…HNC dimer. In this case, the carbon charge of the donor 

monomer is predominantly affected by hydrogen displacement. Consistently, as the HXdonor 

bonds in the complexes increase, this already positively charged hydrogen (between 0.25 and 

0.78 e) tends to lose even more electronic charge (from 0.02 to 0.2 e Å
-1

) while the X atom 

receives more electronic charge (between -0.02 and -0.3 e Å
-1

) when compared with the results 

for the respective displacements in their isolated molecules (the ECCF model points to the 

opposite tendency for hydrogen in many cases
26

). Nitrogen and carbon, respectively, in the HCN 

and HNC dimer donors also gain some extra electronic charge with respect to equivalent 

displacements in the isolated molecules (around -0.05 e Å
-1

). Thus, this is in line with positive 

differences found in the CFCA 

  cross term due to hydrogen bond formation (Table 6 and Fig. 1). 

Another similar effect that contributes to the reinforcement in CFCA 

  terms on complexation 

occurs in the acceptor monomer because of induced charge changes originating from the 

displacement of the bridge hydrogen, but it appears to be less important. In addition, there are 

some small electronic charge transfers from acceptor to donor molecules (from 0.01 to 0.09 e Å
-

1
) as hydrogen moves towards the Y atom of the acceptor molecule. Such transfers also 

contribute to the increments found for the CFCA 

  interaction on hydrogen bonding. Similar 

charge transfers are observed in the ECCF model.
26

   

 Eq. (1) is not adequate to analyze the contributions of individual atomic charge fluxes to 

these Hd
zzp  elements of donor monomers because some of the individual terms are not 

translationally invariant. However, since the sum of charge derivatives of all atoms on 

displacement of the bridge hydrogen must be zero (∑∂qi/∂zHd=0), one can derive an equation 

with only translationally invariant terms, 
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in which zab=za-zb. This equation can be written in a more physically appealing way as 
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,,,  , (7) 

for the coordinate system used here with the HX donor bond aligned along the z-axis and the X 

atom positioned in the negative direction. The second term in Eq. (7) represents electronic charge 

transfer to the X atom. It has a negative sign because the transfer is in the negative direction. It is 

a product of the charge derivative times the HXdonor bond length and could be interpreted as the 

quantity of charge transferred from Hd to X times the distance associated with the transfer. The 

third term is positive and describes charge transfer in the opposite direction from the hydrogen 

donor atom to the acceptor Y atom, where RYHd is the projection of the hydrogen bond length on 

the z-axis (absolute value). There is one analogous charge flux term as well as a derivative of its 

atomic dipole for each of the other atoms in the complex, whose terms are implicit in Eq. (7).  

Table 7 contains the differences observed in the terms of eq. (7) as given by the 

QTAIM/CCFDF analysis on hydrogen bonding (individual values for monomers and dimers are 

in Table S5). The charge term (qHd) increases slightly on complexation and presents only a small 

contribution to the concomitant enhancements of this Hd
zzp  element, which will result only in 

minor infrared intensity increments. The polarization change for the bridge hydrogen 

(∂mHd,z/∂zHd) also becomes slightly more positive due to the hydrogen bond formation, but this 

effect on Hd
zzp  variations is almost entirely cancelled by contributions of polarization variations 

encountered for the X atom (∂mX,z/∂zHd). In addition, the dipole flux of atom Y (∂mY,z/∂zHd) may 

increase or decrease Hd
zzp  depending on the complex being studied. Finally, the charge flux for 
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the X atom, (∂qX/∂zHd)(RXHd), changes on complexation, which results in substantial increments 

of Hd
zzp , while the opposite usually occurs, but to a smaller extent, for the Y atom, (∂qY/∂zHd) 

(RYHd). Furthermore the values in Table 7 clearly provide evidence of large charge flux (CF) 

contributions to the infrared intensity enhancements from the other atoms on hydrogen bonding. 

 Table 8 presents a different grouping of terms in eq. (6), which allows discrimination of 

the three main sources of atomic charge flux changes on complexation (individual values for 

monomers and dimers are in Table S6).  As mentioned in the previous paragraph, one can see 

that increments in the bridge hydrogen charge and polarization changes on complexation are in 

general the least important factors to explain the concomitant increases in Hd
zzp , which only leads 

to minor infrared intensity enhancements. The most important source of charge flux 

contributions to the Hd
zzp  change on hydrogen bonding is certainly that associated with all the 

atoms of the donor monomer (





di
Hd

i
iHd z

q
z ), which varies from 0.06 to 0.25 e and results in an 

average of 0.16 e. Next, we observe that the charge flux from acceptor to donor units 

(





ai
Hd

i
YHd z

q
z ) is the second most relevant factor to these Hd

zzp  variations, ranging from 0.02 to 

0.19 e, with an average of 0.10 e. The last atomic charge flux source, which is associated with 

charge changes on the acceptor monomer (





ai
Hd

i
iY z

q
z ), responds for Hd

zzp  variations due to 

hydrogen bonding from -0.01 to 0.18 e, thus resulting in an average of only 0.07 e. 

Consequently, according to our study, the sum of these three effects is the fundamental reason 

for the infrared intensity enhancement of HXdonor stretchings caused by hydrogen bonding. This 

work confirms, in general lines, the findings from Zilles and Person,
23

 which is surprising 

considering the known limitations of SCF/4-31G calculations and Mulliken charges. In spite of 

some observed divergences, our study also agrees with the main conclusions from the ECCF 
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model such as the non-local character of the charge fluxes in the stretching modes of these 

systems.
26

 Furthermore the insignificance of the atomic dipole flux contributions confirms the 

validity of their absence in models explaining intensity enhancements even though their 

contributions are important to accurately describe the intensities of both the monomers and 

dimers individually. 

 

Conclusions 

Our results show that the main cause for the remarkable enhancement observed in 

infrared intensities of fundamental bands associated with the X-H stretching of donor units due 

to hydrogen bond formation, when compared to their isolated monomers, is a reinforcing 

interaction between charge and charge flux contributions, CFCA 

 . The charge contribution is 

ascribed to dipole moment variations which occur when one or more charged atoms are 

displaced from their equilibrium positions. Charge flux effects result in dipole moment changes 

because of electronic charge transfers between atoms of a molecule during a vibration. We 

demonstrated that these increments found for the intensities of the X-H donor modes correlate 

nicely with variations occurring in the CFCA 

  interaction term on hydrogen bonding.  

The changes in the CFCA 

  term during X-H donor bonds enlargements occur because 

more relevant electronic charge fluxes are observed in the direction towards X in the presence of 

a hydrogen bond than those found in the isolated donor molecules. In this case, the bridge 

hydrogen tends to become even more positively charged in the dimer while the opposite occurs 

to the X atom. There are also some concomitant electronic charge transfers from acceptor to 
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donor units that play a secondary role in the intensity strengthening. Charge fluxes in acceptor 

monomers also are calculated to have some enhancement effect, although minor.  

Thus, the main aspects seen here are in line with interpretations based on the ECCF 

model, although some divergences are observed.
26

  Our work also agrees with the general 

conclusions drawn by Zilles and Person for a displacement of the bridge hydrogen atom alone in 

the water dimer.
23

 However, a more complete analysis of the water dimer should take into 

account normal mode changes on dimerization.
58
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Table 1: Equilibrium dissociation energies of hydrogen bonds obtained from CCSD/aug-cc-

pVTZ and CCSD/cc-pVQZ-mod calculations corrected for basis set superposition errors and 

from experiment (kcal mol
-1

). 

Dimers CCSD/aug-cc-pVTZ
a
 CCSD/cc-pVQZ-mod

a
 Exp 

HF…HF 4.15 (0.48) 4.16 (0.47) 4.56±0.29
12

 

HCl…HCl 1.54 (0.34) 1.45 (0.13) 2.27±0.25
12

; 1.98
2
 

HCN…HCN 4.46 (0.57) 4.43 (0.19) 4.40
13

 

HNC…HNC 6.64 (0.65) 6.63 (0.25)  

HCN…HF 6.95 (0.56) 6.69 (0.46) 6.88±0.11
14

; 6.12±0.38
15

 

HF…HCl 2.40 (0.36) 2.37 (0.33)  

H2O…HF 7.81 (0.49) 7.79 (0.63) 7.2±2
16

; 10.2±0.2
17

 

a
 Values between parenthesis are basis set superposition errors. 

 

Table 2: Dipole moment values obtained from CCSD/aug-cc-pVTZ and CCSD/cc-pVQZ-mod 

calculations along with experimental data (Debye). 
System CCSD/aug-cc-pVTZ CCSD/cc-pVQZ-mod Exp 

HF 1.81 1.82 1.83
50

 

HCl 1.10 1.13 1.11
50

 

HCN 3.05 3.03 2.99
50

 

HNC 3.09 3.09 3.05
50

 

H2O 1.86 1.90 1.85
50

 

HF…HF 3.28 3.28 2.99
1,7

 

HCl…HCl 1.76 1.79 1.5±0.1
8
 

HCN…HCN 6.88 6.83 6.55
9
 

HNC…HNC 7.30 7.29  

HCN…HF 5.82 5.76 5.61
10

 

HF…HCl 2.77 2.77 2.41
5
 

H2O…HF 4.49 4.50 4.07±0.01
11
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Table 3: Vibrational frequencies (cm
-1

) and fundamental infrared intensities (km mol
-1

) obtained 

from CCSD/aug-cc-pVTZ and CCSD/cc-pVQZ-mod calculations and QTAIM multipoles along 

with experimental values for the monomers.
a
 

Monomers  CCSD/aug-cc-pVTZ  CCSD/cc-pVQZ-mod  QTAIM/CCFDFb  Exp 

 Mode Freq Int  Freq Int  Int  Freq Int 

HF ν1 4173 110  4199  108   108  413850 77.554 

HCl ν1 3017 36  3025 37  37  299150 33.254 

HCN ν1 3463 67  3467 66  66  331150 59.354 

 ν2 2173 0.6  2185 0.6  0.6  209750 0.254 

 ν3
c 744 35  749 35  35  71250 50.254 

HNC ν1 3847 263  3852 262  262  365353 108; 18255 

 ν2 2103 63  2111 58  58  202453 2955 

 ν3
c 475 131  464 135  135  46453 15755 

H2O ν1 3853 4.6  3883 4.9  4.9  365750 2.954 

 ν2 1659 73  1673 70  70  159550 62.554 

 ν3 3959 59  3987 53  53  375650 41.754 

a Theoretical values refer to the harmonic approximation; 

b From CCSD/cc-pVQZ-mod calculations; 

c The intensity shown is associated with only one of these two degenerate modes.
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Table 4: Vibrational frequencies (cm
-1

) and fundamental infrared intensities (km mol
-1

) obtained 

from CCSD/aug-cc-pVTZ and CCSD/cc-pVQZ-mod calculations and QTAIM multipoles along 

with experimental values for some stretching modes of the complexes.
a
 

Dimers  CCSD/aug-cc-pVTZ  CCSD/cc-pVQZ-mod  QTAIM/CCFDFb  Exp 

Y...HX Attribution Freq Int  Freq Int  Int  Freq 

HF…HF HFdonor 4070 429  4103 421  421  386818 

 HFacceptor 4138 125  4164 122  121  393118 

 F…H 155 15  159 15  17  125;12818 

HCl…HCl HCldonor 2977 186  2989 169  171  2857,283919,c 

 HClacceptor 3003 45  3012 47  47  288019 

 Cl…H 70 2  62 4  4   

HCN…HCN HCdonor 3400 333  3394 312  313  320220 

 HCacceptor 3450 59  3462 67  67  330320 

 CNdonor 2168 18  2180 17  17  209220 

 CNacceptor 2188 8  2199 7  7  211320 

 N…H 119 2  116 2  2  11920 

HNC…HNC HNdonor 3609 1205  3616 1173  1178   

 HNacceptor 3835 287  3840 287  287   

 NCdonor 2105 8  2114 7  7   

 NCacceptor 2145 57  2153 53  53   

 C…H 146 3  144 3  3   

HCN…HF HFdonor 3942 819  3993 764  763  371621 

 HCacceptor 3452 88  3466 86  86  331021 

 CNacceptor 2202 7  2212 7  7  212121 

 N…H 182 4  179 4  4  16821 

HF…HCl HCldonor 2985 178  2992 180  175   

 HFacceptor 4151 143  4175 142  142   

 F…H 95 28  96 11  12   

H2O…HF HFdonor 3906 737  3943 702  711  360816 

 HO(sym)acceptor 3865 55  3897 56  56   

 HO(asym)acceptor 3970 104  4002 99  99   

 O…H 222 5  227 4  4  18016 
a Theoretical values refer to the harmonic approximation; 

b From CCSD/cc-pVQZ-mod calculations; 

c These two values occur due to tunneling splitting. 
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Table 5: QTAIM/CCFDF contributions to fundamental infrared intensities of X-H stretching 

modes (km mol
-1

) in monomers and dimers obtained from CCSD/cc-pVQZ-mod calculations. 

Systems  QTAIM/ CCFDF
a
 

 Attribution A
C
 A

CF
 A

DF
 A

C×CF
 A

C×DF
 A

CF×DF
 Total 

HF HF 577.2 487.0 71.2 -1060.3 405.4 -372.4 108.0 

HCl HCl 65.3 178.0 234.4 215.6 -247.5 -408.5 37.4 

HCN HC 0.6 1217.4 758.4 52.2 -41.2 -1921.8 65.6 

HNC HN 443.9 3.5 9.1 -78.7 -127.0 11.3 262.1 

HF…HF HFdonor 675.5 257.1 111.6 -833.4 548.8 -338.4 421.1 

HCl…HCl HCldonor 71.2 301.9 162.8 293.0 -215.4 -442.9 170.6 

HCN…HCN HCdonor 5.4 1996.7 860.8 208.6 -136.9 -2622.1 312.5 

HNC…HNC HNdonor 534.4 189.1 6.5 635.8 -117.7 -70.0 1178.2 

HCN…HF HFdonor 616.5 31.3 70.4 -277.8 416.7 -93.9 763.2 

HF…HCl HCldonor 91.3 285.2 175.8 322.6 -253.1 -446.9 174.7 

H2O…HF HFdonor 552.8 52.1 107.6 -339.5 487.8 -149.8 711.1 

a
 See eq. (5). 
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Table 6: Variations in QTAIM/CCFDF contributions to the infrared intensities of X-H stretching 

modes (km mol
-1

) due to dimerization obtained from CCSD/cc-pVQZ-mod calculations. 

Dimers  QTAIM/ CCFDF
a
  

Y…HX Attrib. Δ(A
C
) Δ(A

CF
) Δ(A

DF
) Δ(A

C×CF
) Δ(A

C×DF
) Δ(A

CF×DF
) Δ(A

CFterms
) Tot 

HF…HF HFdonor 
98.3 -229.9 40.4 226.9 143.3 34.1 31.1 313.1 

HCl…HCl HCldonor 
5.9 123.9 -71.6 77.4 32.1 -34.4 166.9 133.3 

HCN…HCN HCdonor 
4.9 779.3 102.4 156.4 -95.8 -700.3 235.4 246.9 

HNC…HNC HNdonor 
90.5 185.6 -2.6 714.6 9.3 -81.2 818.9 916.1 

HCN…HF HFdonor 
39.3 -455.7 -0.8 782.6 11.2 278.6 605.4 655.2 

HF…HCl HCldonor 
26.0 107.2 -58.6 107.0 -5.7 -38.4 175.7 137.4 

H2O…HF HFdonor 
-24.4 -434.9 36.4 720.9 82.4 222.7 508.7 603.1 

a
 Δ(A

i
)= A

i
(dimer)- A

i
(monomer). 
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Table 7: Variations on hydrogen bonding for atomic terms of the QTAIM/CCFDF analysis of the polar tensor elements (e) 

associated with parallel dipole moment derivatives for displacements of the bridge hydrogen along the X-H axis from CCSD/cc-

pVQZ-mod calculations.a 

  
     

Other atoms  

Differencesb ΔqHd 




















Hd

X
XHd

z

q
R  



















Hd

Y
YHd

z

q
R  



















Hd

zHd

z

m ,
 



















Hd

zX

z

m ,
 




















Hd

zY

z

m ,
 

Δ(CF) Δ(DF) Tot 

HF…HF 0.021 0.157 -0.018 0.059 -0.056 0.049 0.079 0.002 0.294 

HCl…HCl 0.018 0.063 0.023 0.025 0.006 0.037 0.048 -0.001 0.220 

HCN…HCN 0.056 0.022 -0.066 0.035 -0.040 -0.008 0.329 -0.013 0.317 

HNC…HNC 0.034 0.108 0.007 0.027 -0.034 -0.015 0.410 0.027 0.563 

HCN…HF 0.021 0.218 -0.072 0.062 -0.056 -0.009 0.403 -0.017 0.550 

HF…HCl 0.043 0.095 -0.027 0.042 -0.004 0.025 0.054 0.002 0.229 

H2O…HF 0.029 0.247 -0.059 0.079 -0.063 0.035 0.247 0.018 0.532 

a The letter “d” labelling some of the terms refers to donor monomers; 
b Differences on dimerization. 
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Table 8: Variations on hydrogen bonding for contributions from charge, charge flux (donor, charge transfer and acceptor) and 

polarization changes (donor and acceptor) as given by the QTAIM/CCFDF analysis of the polar tensor elements (e) associated 

with parallel dipole moment derivatives for displacements of the bridge hydrogen along the X-H axis from CCSD/cc-pVQZ-mod 

calculations.a  

Differencesb ΔqHd 


















 

di Hd

i
iHd

z

q
z  


















 

ai Hd

i
YHd

z

q
z  


















 

ai Hd

i
iY

z

q
z  


















 

di Hd

zi

z

m ,
 


















 

ai Hd

zi

z

m ,
 

Tot 

HF…HF 0.021 0.157 0.053 0.008 0.003 0.051 0.294 

HCl…HCl 0.018 0.063 0.076 -0.005 0.032 0.036 0.220 

HCN…HCN 0.056 0.128 0.066 0.092 -0.010 -0.015 0.317 

HNC…HNC 0.034 0.205 0.191 0.128 0.022 -0.017 0.563 

HCN…HF 0.021 0.218 0.148 0.183 0.005 -0.026 0.550 

HF…HCl 0.043 0.095 0.020 0.007 0.039 0.027 0.229 

H2O…HF 0.029 0.247 0.127 0.061 0.015 0.053 0.532 

a The letters “a” and “d” labelling some of the terms refer to acceptor and donor monomers, respectively; 
b Differences on dimerization.
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Figure 1: Infrared intensity enhancements of the HXdonor stretching mode on dimerization versus 

the corresponding changes in the charge – charge flux ( CFCA 

 ) interaction. 
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