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The red-shifts in the acetylenic C–H stretching vibration of 

C–H···X (X = O, N) hydrogen-bonded complexes increase 

with increase in the basicity of the Lewis base. Analysis of 

various components of stabilization energy suggests that the 

observed red-shifts are correlated with the electrostatic 

component of the stabilization energy, while the dispersion 

modulates the stabilization energy.  

Hydrogen bonding is central to chemistry, biology and material 

science and its role cannot be overemphasized.  Among several 

experimental techniques used for probing the formation of A–

H···B hydrogen bond, vibrational spectroscopy of hydrogen bond 

donor group (A–H) has long been identified as an important 

spectroscopic tool. This is due to the fact that the A–H bond is 

sensitive to the nature of the hydrogen bond since it is directly 

involved in the hydrogen bond formation. In general the 

formation of A–H···B hydrogen bond leads to lengthening of the 

A–H covalent bond, and consequently the A–H stretching 

frequency exhibits a characteristic red-shift accompanied by 

enhanced infrared intensity. Examples of hydrogen bonds which 

show blue-shift and no-shift in the A–H stretching frequency 

have also been reported.1,2 A unified explanation about the nature 

of shift in the A–H stretching frequency was provided by Joseph 

and Jemmis.3 In their classic book, Pimentel and McClellan state 

that the stretching frequency of the hydrogen bond donor 

provides a qualitative marker for hydrogen bond formation and 

quantitative index of hydrogen bond energy and other physical 

properties.4 Several examples of correlation between red-shift in 

the donor (A–H) stretching frequency to various properties of 

donor and acceptor have been reported.5 Further, the correlations 

between red-shift in the donor stretching frequency and the 

enthalpy of hydrogen bond formation (Badger−Bauer rule) have 

also been reported.4,6  

In a recent article Hoja et al.7 raised a simple, yet 

fundamental, question “is electrostatics sufficient to describe 

hydrogen-bonding interaction?” and concluded that 

“electrostatics alone are a poor predictor of the hydrogen-bond 

stability trends and in fact, dispersion interactions predict these 

trends better.” The question we want to pose is:  “Does this imply 

that the shift in the vibrational frequency of the hydrogen bond 

donor follow the same trend?”  In an attempt to address this  

 
Scheme 1. Structures of 3-fluorophenylacetylene and 2,6-

difluorophenylacetylene used in the present investigation.  

 

question we have carried out investigations on a series of C–

H···X (X = O, N) hydrogen-bonded complexes of 3-

fluorophenylacetylene (3FPHA) and 2,6-difluorophenylacetylene 

(DFPHA) (see Scheme 1) with several Lewis bases such as 

water, methanol, diethylether, ammonia, methylamine, 

dimethylamine and trimethylamine.  Herein, we have 

demonstrated that the red-shift in the hydrogen bond donor 

frequency is linearly correlated with the electrostatics component 

of the total energy and on the other hand, the dispersion 

component modulates the total energy and therefore, the 

stabilization.  
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Fig. 1. The IR spectra in the acetylenic C–H stretching region for 3FPHA 

and its hydrogen-bonded complexes with various bases (left panel) and 
for DFPHA and its hydrogen-bonded complexes (right panel).  
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Fig. 2. Plot of the red-shift in the acetylenic C–H stretching frequency in 

several hydrogen-bonded complexes of 3FPHA and DFPHA versus the 

proton affinity of the interacting base. The dashed lines are trend lines. 

 

The IR spectra in the acetylenic C–H stretching region of the 

monomers and their hydrogen-bonded complexes were 

selectively recorded using IR-UV double resonance spectroscopic 

method,8 and the results are presented in Fig. 1. The acetylenic 

C–H stretching vibration of 3FPHA monomer occurs at 3336 cm-

1. In the case of DFPHA, the IR spectrum shows multiple band 

due to state Fermi resonance and higher order anharmonic 

couplings, similar to phenylacetylene,9 which can be analysed to 

identify the nascent acetylenic C–H stretching vibration at 3335 

cm-1.10 The IR spectra of all the complexes of both 3FPHA and 

DFPHA show a red-shift in the acetylenic C–H stretching (with 

respect to the monomers), which increases with increasing 

basicity of the hydrogen bonding acceptor. 

Fig. 2 shows the plot of red-shift in the acetylenic C–H 

stretching frequency as a function of proton affinity of the base.11 

Even though a qualitative trend of increase in the red-shift with 

increase in the basicity can be seen, it is clear that the red-shifts 

are not linearly correlated over the entire range of proton 

affinities that are considered. Since it is perceived that the red-

shift in the donor stretching frequency is an indicator to the 

hydrogen bond strength, the stabilization energies of all the C–

H···X complexes were calculated at the CCSD(T)/CBS level of 

theory using the geometries optimized at MP2/aug-cc-pVDZ 

level, which are listed in Table 1. These calculations were carried 

out using Gaussian-09.12,13 We observe that the stabilization 

energy of ammonia complexes are lower than the diethylether 

complexes, in both the cases (3FPHA and DFPHA), even though 

ammonia is a stronger base than diethylether. This trend in the 

calculated stabilization energies is rather surprising, vide infra. 

The plot of the red-shifts in the C–H stretching frequencies 

versus the CCSD(T)/CBS stabilization energies (∆E) is shown in 

Fig. 3(A). The absence of any correlation between the two is 

rather startling given the fact that the hydrogen bond donors and 

acceptors in the present study are simple and form linear C–H···X 

hydrogen bonds. This observations question the very basic 

premise that shifts in the donor stretching frequency are a 

quantitative index of hydrogen bond energies. To decipher the 

reason behind this lack of correlation in the observed trend,  we 

have carried out energy decomposition with Symmetry Adapted 

Perturbation Theory (SAPT), which provides a recipe for the 

separation of interaction energy into physically well-defined 

components, such as those arising from the electrostatics or  
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Fig. 3. Plot of red-shift in the acetylenic C–H stretching frequency in 

several hydrogen-bonded complexes of 3FPHA and DFPHA with (A) 
ZPE and BSSE corrected CCSD(T)/CBS stabilization energy, (B) 

dispersion energy, (C) electrostatic energy and (D) sum of electrostatic, 

induction and charge-transfer energies. In (A) and (B) dashed are trend 
lines, while in (C) and (D) the solid lines are linear fits to the data points. 

In (C) and (D) the y-scales for the 3FPHA (▲) and DFPHA (▲) are 

shifted relative to each other for clarity.  

 

Coulomb interactions (EElec), induction (EInd), dispersion (EDisp) 

and exchange (EExch).
14 All SAPT calculations were performed 

with PSI4.15 The energy decomposition for all the C–H···X 

complexes was carried out using cc-pVTZ basis set and excerpts 

of the SATP2 calculations are listed in Table 1 (see Tables S3 

and S4 for more details; ESI). The zero point energy corrected 

SAPT2 energies are comparable to CCSD(T)/CBS stabilization 

energies within 1 kJ mol-1. 

 Fig. 3 also shows plots of red-shifts in the C–H stretching 

frequency versus (i) dispersion component (EDisp) of the 

stabilization energy, (ii) electrostatic component (EElec) of the 

stabilization energy, and (iii) sum of electrostatic, induction and 

charge-transfer energies (EElec + EInd + ECT). The appearance of 

red-shift vs. EDisp plot [Fig. 3(B)] is very similar to the red-shift 

vs. ∆E plot [Fig. 3(A)] and lacks any correlation. On the other 

hand the plots of red-shift vs. EElec [Fig. 3(C)] and (EElec + EInd + 

ECT) [Fig. 3(D)] are linearly correlated. 

 
Table 1. ZPE and BSSE corrected CCSD(T)/CBS stabilization 

energies, ZPE corrected SAPT2 interaction energies, electrostatic and 
dispersion components of SAPT2 interaction energies (kJ mol-1) and 

experimentally observed shifts in the acetylenic C–H stretching 
frequency (cm-1). 

Complex ∆E ESAPT2  EDisp EElec |∆νC-H| 

3FPHA-H2O -8.3 -8.5 -5.8 -18.6 49 

3FPHA-MeOH -11.8 -11.7 -9.5 -22.7 69 

3FPHA-Et2O -15.4 -14.9 -15.2 -25.5 89 

3FPHA-NH3 -10.7 -11.5 -7.7 -27.7 109 

3FPHA-NH2Me -14.4 -15.3 -12.2 -32.1 144 

3FPHA-NHMe2 -17.1 -18.0 -17.4 -37.1 172 

3FPHA-NMe3 -15.8 -16.9 -16.9 -40.6 184 

DFPHA-H2O -8.8 -9.3 -5.9 -19.9 58 

DFPHA-MeOH -12.4 -12.3 -10.1 -23.8 75 

DFPHA-Et2O -16.0 -15.4 -15.5 -26.6 94 

DFPHA-NH3 -11.3 -12.1 -8.0 -29.1 118 

DFPHA-NH2Me -15.1 -15.9 -12.9 -33.9 155 

DFPHA-NHMe2 -18.1 -18.9 -17.9 -39.0 185 

DFPHA-NMe3 -16.8 -17.8 -17.4 -42.8 219 
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 As noted earlier, the stabilization energies of the ammonia 

complexes (in both 3FPHA and DFPHA) are lower than those of 

the diethylether complexes, even though ammonia is a stronger 

base than diethylether. The SAPT analysis indicates that the 

electrostatic components of the ammonia complexes are higher 

than the diethylether complexes, which is a direct effect of the 

higher basicity of ammonia. However, the dispersion components 

for the diethylether complexes overwhelm the higher electrostatic 

components, and this is an effect of the relatively bulkier alkyl 

groups of diethylether. Therefore, a better comparison would be 

between the complexes of two bases with equal number of 

methyl (alkyl) groups.  

 The lack of correlation between the observed red-shifts in the 

acetylenic C–H stretching frequencies versus the CCSD(T)/CBS 

stabilization energies and the observed linear correlation between 

red-shifts versus the electrostatic components of the stabilization 

energies clearly demonstrate the fact that electrostatics regulate 

the shifts in the donor stretching frequencies in the C–H···X 

hydrogen bonded systems. Further, induction energy (EInd) and 

charge-transfer (ECt) are second-order electrostatic effects, 

therefore it is expected that even these energy components would 

be linearly correlated with red-shifts, which indeed is the case 

[Fig. 3(D)]. Comparison of plots shown in Figs. 3(A) and 3(B) 

indicates that dispersion component modulates the total 

stabilization energy and is in agreement with the observations 

made by Hoja et al.7 that dispersion interactions predict the 

stabilization energy trends better.  

 In summary, the IR spectra in the acetylenic C–H stretching 

vibration of several C–H···X (X = N, O) hydrogen bonded 

complexes of 3-fluorophenylacetylene and 2,6-

difluoropphenylacetylene were recorded. The red-shifts in the   

C–H stretching frequency increase with increase in the proton 

affinity of the interacting base.  The red-shifts are linearly 

correlated with the electrostatic components of the total energies. 

The stabilization energy on the other hand is modulated by the 

dispersion component.  

 This material is based upon work supported by Board of 

Research in Nuclear Sciences (Grant No. 2012/34/14) and 

Department of Science and Technology (Grant No. 

SR/S1/PC/23/2008) to GNP. AD and SIM thank UGC and SS 

thanks IIT Bombay for their research fellowship. High 

performance computing facility of IIT Bombay is gratefully 

acknowledged. DG would like to thank CSIR-National Chemical 

Laboratory for Start-up grant and CSIR for funding from XIIth 

five year plan on Multiscale modelling (CSC0129). 

 

Notes and references 
 
a Department of Chemistry, Indian Institute of Technology Bombay, 

Powai, Mumbai 400076 India. E-mail: naresh@chem.iitb.ac.in 
b Physical and Materials Chemistry Division, CSIR-National Chemical 

Laboratory, Dr. Homi Bhabha Road, Pune 411 008 India. E-mail: 

debashree.ghosh@gmail.com 
† Equal experimental contribution.  

 

Author Contributions: The problem was formulated by GNP. AD and 

SIM carried out experiments and some initial calculations on DFPHA and 

3FPHA, respectively, in consultation with GNP. Most of the calculations 

were carried out by SS in consultation with DG. The results were 

interpreted jointly by GNP and DG along with AD, SIM and SS.  

 

Electronic Supplementary Information (ESI) available: Experimental and 

computational methodology along with tables containing stabilization 

energies, SAPT decomposition analysis and various correlation plots.  

See DOI: 10.1039/c000000x/ 

 

1 (a) P. Hobza, V. Spirko, Z. Havlas, K. Buchhold, B. Reimann, H. D. 

Barth and B. Brutschy, Chem. Phys. Lett., 1999, 299, 180−186. (b) P. 

Hobza and Z. Havlas, Chem. Rev. 2000, 100, 4253−4264. (c) P. R. 

Shirhatti, D. K. Maity and S. Wategaonkar, J. Phys. Chem. A, 2013, 

117, 2307-2316. (d) S. N. Delanoye, W. A. Herrebout and B. J. van 

der Veken, J. Am. Chem. Soc., 2002, 124, 7490-7498. S. (e) S. 

Scheiner and T. Kar, J. Phys. Chem. A, 2002, 106, 1784-1789. 

2 (a) M. M. Nolasco and P. J. A. Ribeiro-Claro, ChemPhysChem, 2005, 

6, 496-502. (b) M. D. Struble, C. Kelly, M. A. Siegler and T. Lectka, 

Angew. Chem., Int. Ed., 2014, DOI: 10.1002/ange.201403599 

3 J. Joseph and E. D. Jemmis, J. Am. Chem. Soc., 2007, 129, 4620-

4632. 

4 G. C. Pimentel and A. L. McClellan, The Hydrogen Bond, W. H. 

Freeman and Company: San Francisco, 1960. 

5 (a) M. Rozenberg, A.  Loewenschuss and Y. Marcus, Phys. Chem. 

Chem. Phys., 2000, 2, 2699-2702. (b) J. Graton, M. Berthelot and C. 

Laurence, J. Chem. Soc., Perkin Trans., 2001, 2, 2130-2135. (c) A. 

Fujii, T. Ebata and N. Mikami, J. Phys. Chem. A, 2002, 106, 8554-

8560. (d) M. Rozenberg, G. Shoham, I. Revab and R. Faustob, Phys. 

Chem. Chem. Phys., 2005, 7, 2376-2383. (e) P. C. Singh and G. N. 

Patwari, J. Phys. Chem. A, 2007, 111, 3178-3183.  

6 (a) S. H. Bauer and R. M. Badger, J. Chem. Phys. 1937, 5, 839-851. 

(b) R. Ths, R and Th. Zeegers-Huyskens, Spectrochim. Acta A, 1984, 

40, 307-313. (c) B. N. Solomonov, V. B. Novikov, M. A. 

Varfolomeev and A. E.  K Klimovitskii, J. Phys. Org. Chem., 2005, 

18, 1132-1137. (d) K. Wendler, J. Thar, S. Zahn and B. Kirchner, J. 

Phys. Chem. A, 2010, 114, 9529-9536. (e) L. A. Rivera-Rivera, B. A. 

McElmurry, K. W. Scott, R. R. Lucchese and J. W. Bevan, J. Phys. 

Chem. A, 2013, 117, 8477-8483.  

7 J. Hoja, A. F. Sax and K. Szalewicz, Chem. Eur. J., 2014, 20, 2292-

2300. 

8 (a) R. H. Page, Y. R. Shen and Y. T. Lee, J. Chem. Phys., 1988, 88, 

5362-5376. (b) S. Tanabe, T. Ebata, M. Fujii and N. Mikami, Chem. 

Phys. Lett. 1993, 215, 347-352. (c) S. Maity, M. Guin, P. C. Singh 

and G. N. Patwari, ChemPhysChem, 2011, 12, 26-46. 

9 J. A. Stearns and T. S. Zwier, J. Phys. Chem. A, 2003, 107, 10717-

10724. 

10 P. C. Singh and G. N. Patwari, Curr. Sci., 2008, 95, 469-474. 

11 E. P. L. Hunter and S. G. Lias, J. Phys. Chem. Ref. Data, 1998, 27, 

413-656. 

12 M. J. Frisch et al., Gaussian-09, Revision A.02 Gaussian, Inc., 

Wallingford CT, 2009.    

13 Computational methods used and appropriate references are given in 

ESI. 

14 B. Jeziorski, R. Moszynski and K. Szalewicz, Chem. Rev., 1994, 94, 

1887-1930. (b) K. Szalewicz, WIRES: Comput. Mol. Sci., 2012, 2, 

254-272. 

15 J. M. Turney et al., WIRES: Comput. Mol. Sci., 2012, 2, 556-565.   

  

Page 3 of 4 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

TOC Graphic 

The shifts in the acetylenic C–H stretching vibration in the 

C–H···X hydrogen-bonded complexes correlate with the 

electrostatic component of the stabilization energy. 
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