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The results are reported of a study of hydrogen bonding between various N-substituted 
caproamides and tetrahydrofuran as an O-electron donor by means of FTIR spectroscopy. The 
spectroscopic characteristics for N—H�O hydrogen bonded complexes are given. The 
B3LYP functional with 6-31G** basis set has been used to calculate the structural parameters 
of the studied hydrogen bonded complexes. It can be assumed that both inductive and steric ef-
fects play an important role in the stability of these hydrogen bonded complexes. 
 
K e y w o r d s: hydrogen bonding, N-substituted caproamide, tetrahydrofuran, DFT. 

INTRODUCTION 

Hydrogen bonding has a great importance in chemistry and biology. Numerous theoretical and 
experimental studies have been devoted to hydrogen bonding [ 1—3 ]. Knowledge of N—H�O inter-
actions of N-substituted amides contributes to a better understanding of the structure of polypeptides 
and proteins. [ 4 ]. In our laboratory, during continuous and extensive research of N-substituted amides 
and their interactions in solutions, N—H�O, [ 5—8 ] hydrogen bonded complexes were investigated 
using IR techniques. The application of the B3LYP density functional with various basis sets can pro-
vide reasonable information about the geometry and energy of different hydrogen bonded complexes 
[ 9, 10 ]. In the present work, we investigated the N—H�O interactions of newly synthesised N-alkyl 
caproamides in order to provide better insight into the nature of the hydrogen bonding of secondary 
amides.  

EXPERIMENTAL 

Various N-monosubstituted caproamides (NsCA) of general formula CH3(CH2)4CONHR, 
wherein R is n-propyl, n-butyl, sec-butyl, iso-butyl, tert-butyl, and n-pentyl (NPrC, NBuC, NsBC, 
NiBC, NtBC, NPeC), were synthesised by Schotten-Baumann reaction, by acylation of the corre-
sponding amines with alkyl chloride. The purity of these N-monosubtituted amides was checked by 
GC and mass spectrometry. Based on the GC results all the samples used in this work had purities 
99.2 % or better. Tetrahydrofuran was obtained from commercial sources (Fluka, > 97 %) and was 
used without further purification. 

In order to avoid self-association, amide concentrations in carbon tetrachloride solutions were be-
low 0.003 mol �dm–3. The concentration of tetrahydrofuran varied between 0.25 mol �dm–3 and 
1 mol �dm–3.  

Infrared spectra were obtained using a Thermo-Nicolet Nexus 670 instrument. A DTGS detector 
was employed in IR measurements. Samples were placed in 1—5 cm (IR) UVIRSIL cells and the 
measurements were performed at 298 K. The reported frequencies and half-widths were reproducible  
 

                                                                 
©  Jovi� B., Nikoli� A., Holló B., 2013  




��	
�� ��������� 370 

 
 

Fig. 1. IR spectra of N-substituted caproamides in the presence of tetrahydrofuran: a) N-propyl caproamide, 
b) N-butyl caproamide, c) N-iso-butyl caproamide, d) N-sec-butyl caproamide, e) N-tert-butyl caproamide,  
                                                                        f ) N-pentyl caproamide 

 
within 0.2 and 1 cm–1, respectively. The integrated molar absorption coefficients were obtained within 
�5 %. The equilibrium constants were determined with average relative standard deviation of 6.6 %. 
The formation constants were determined from the monomer absorbancy using Becker�s procedure 
[ 11 ]. 

Quantum chemical calculations. Density functional theory with the B3LYP functional [ 12, 13 ] 
was used in combination with the 6-31G** basis set. The Berny algorithm was used for the optimiza-
tion of the molecular geometry expressed in terms of the bond lengths and valence angles. Standard 
convergence criteria were used to complete the geometry optimization process. All of the calculations 
were performed with the Gaussian 09 software package [ 14 ]. 

RESULTS AND DISCUSSION 

Fig. 1 relates to the IR spectra of NsCA in the presence of tetrahydrofuran. The spectroscopic pa-
rameters for N—H�O hydrogen bonded complexes obtained by the IR measurements are summa-
rized in Table 1. Fig. 2 shows a graphical determination of the equilibrium constants on the basis of  
 

T a b l e  1  

Spectroscopic parameters for N—H…O hydrogen bonded complexes obtained in IR measurements 

 ��, cm–1 �1/2, cm–1 � �10–3, cm2 �mol–1 B0 �10–6, cm �mol–1 (	
 t /	r)�1020, c 

NPrC—THF 94.1 55 130.6 10.6 2.36 
NBuC—THF 94.2 55 166.1 13.6 2.86 
NiBC—THF 94.7 57   80.1   6.2 1.38 
NsBC—THF 91.6 51 124.9   8.5 2.35 
NtBC—THF 85.2 46 125.4   7.6 2.14 
NPeC—THF 94.2 53 150.4 11.4 3.09 
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Fig. 2. Geometrically optimized hydrogen bonded complexes of N-substituted caproamides with tetrahydrofuran 
a) N-propyl caproamide, b) N-butyl caproamide, c) N-iso-butyl caproamide, d) N-sec-butyl caproamide, e) N- 
                                                      tert-butyl caproamide, f ) N-pentyl caproamide 

 
the Beceker method. The equilibrium constant values and accuracy parameters for the equilibrium 
constants determination are given in Table 2. In order to evaluate the contribution of the charge trans-
fer mechanism, the intermolecular transition moments were calculated from the difference in the inte-
grated intensities for the free and hydrogen bonded N—H groups [ 15 ], and are also presented in Ta-
ble 1.  

 � 
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where 0
hbB  and 0

fB  are the integrated intensities of the bands of hydrogen bond and free NH groups; 
m is the reduced mass of the NH oscillator; c is the velocity of light; and Na is the Avogadro number. 

The obtained IR spectroscopic parameters clearly indicate N—H�O hydrogen bonding between 
N-substituted caproamides and the tetrahydrofuran. Comparison of the equilibrium constants as well 
as the frequency shift values for the series of examined amides shows that the most stable complex with 
tetrahydrofuran is formed by N-isobutyl caproamide while the least stable complex is formed by  
 

N-tert butyl caproamide.  
In the case of a significant contribution by the 

charge transfer mechanism, for the series of proton 
donors, a positive correlation between the intermolecu-
lar transition moments and relative frequency shift can 
be observed, according to the equation [ 15 ] 

0
.t Q

r
	
 ��
�

	 �
                          (2) 

For the series of amides examined in this study,  
a correlation between the intermolecular transition 
moments and relative frequency shift, which would 
indicate a contribution from the charge transfer mecha-
nism, was not observed. 
 

T a b l e  2

The equilibrium constants obtained in IR  
measurements, determination coefficients  

and standard deviations 

 K, dm3 �mol–1 R2 SD 

NPrC—THF 0.73 0.9907 0.057 
NBuC—THF 0.61 0.9764 0.052 
NiBC—THF 1.11 0.9795 0.052 
NsBC—THF 0.69 0.9981 0.023 
NtBC—THF 0.47 0.9915 0.051 
NPeC—THF 0.59 0.9863 0.027 
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Fig. 3. Plot of logK298 versus Taft steric, ES and inductive �*  
susbstituent constants bstituent constants 

 
The stability of hydrogen bond complexes increases 

in the order: NtBC < NPeC < NBuC < NsBC < NPrC < 
< NiBC. Differences in the stability of the N—H�O 
complexes for the six studied N-substituted caproamides 
can be interpreted using the Taft equation [ 16 ]  

0
298 298log log ,SK K E� � �� ��*                (3) 

where 0
298log K  represents the formation constant of N-

methyl capromaide, �* and ES represent inductive and steric factors for alkyl groups. If logK298 is cor-
related with both �* and ES a good correlation is obtained 
 298log 0.1145 3.537 0.3956 , 0.975.SK E R� � � � �*  (4) 

Good correlation with both �* and ES, indicates that both inductive and steric effects are impor-
tant in hydrogen bonded complex formation. Several investigators [ 17—19 ] have obtained eqilibrium 
constants for hydrogen bonding between phenols with various (cyclic and acyclic) ethers and have 
established that donor-acceptor interactions are sensitive to both steric and electronic effects. 

The equilibrium constants for N-methyl formamide, N-methyl propionamide, N-methyl trichloro-
acetamide-tetrahydrofuran complexes [ 6, 8, 20 ] have higher values than the constants obtained in this 
study.  

The geometrically optimized hydrogen bonded complexes are shown in Fig. 4. The structural pa-
rameters of the hydrogen bonded complexes computed at the DFT (B3LYP)/6-31G** level are pre-
sented in Table 3.  

The correlation coefficients between the parameters obtained by FTIR spectroscopy and DFT cal-
culations are presented in Table 4. The significance of the reported correlation coefficients was tested 
 

 
 

Fig. 4. Graphical determination of the equilibrium constants on the basis of the Beceker method: a — N-propyl 
caproamide, b — N-butyl caproamide, c — N-iso-butyl caproamide, d — N-sec-butyl caproamide, e — N-tert- 
                  butyl caproamide, f — N-pentyl caproamide, CPA — concentration of proton acceptor THF 
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T a b l e  3  

Selected geometrical parameters obtained from the (B3LYP/6-31G**) calculations for  
the optimized structure of the N-substituted caproamide complexes 

 C—N  
distance, Å 

N—H  
distance, Å 

r(H�O) 
distance, Å 

r(N—H�O), 
distance, Å 

�(N—H�O)  
angle, deg. 

NPrC—THF 1.362 1.015 2.001 3.015 174.9 
NBuC—THF 1.362 1.015 2.002 3.017 176.7 
NiBC—THF 1.362 1.015 1.999 3.014 176.2 
NsBC—THF 1.361 1.016 2.005 3.021 175.1 
NtBC—THF 1.361 1.016 2.033 3.049 172.6 
NPeC—THF 1.362 1.015 2.004 3.019 176.6 

 
T a b l e  4  

Correlation coeffitients between spectroscopic and theoretical hydrogen bond parameters 

 r(C—N) r(N—H) r(H�O) r(N—H�O) �(N—H�O) 

�� 0.832 –0.832 –0.977* –0.982* 0.914 
�1/2 0.856 –0.856 –0.928 –0.935 0.824 
� 0.118 –0.118 0.024 0.018 0.202 
B 0.456 –0.456 –0.315 –0.324 0.480 
K 0.422 –0.422 –0.613 –0.612 0.418 
	
t /	r 0.153 –0.153 –0.067 –0.074 0.294 

 
with a t test at significance level P < 0.01. Fig. 5 relates to the linear correlation of frequency shift �� 
(N—H) with the N—H�O distance (a), H�O distance (b). 

As can be seen from Table 4, the experimental parameter which most significantly correlates with 
the theoretical parameters is the frequency shift �� (N—H). It is well-known that the frequency shift is 
negatively correlated with the length and positively with the strength of the hydrogen bond [ 21 ]. Cor-
relations of frequency shift with experimentally and theoretically obtained geometrical parameters 
were found for a number of different hydrogen bonded complexes [ 22—24 ]. Stronger hydrogen 
bonds are shorter and cause larger red shifts in the IR spectra.  

CONCLUSIONS 

In this work FTIR spectroscopic and DFT theoretical parameters were obtained for hydrogen 
bonds of six investigated N-substituted caproamides with tetrahydrofuran. Correlations between the 
experimental and theoretical parameters were observed. Based on the obtained data and the correla-
tions, it can be concluded that for the series of examined caproamides, there is no significant influence 
 

 
 
 

 

Fig. 5. Linear correlation of the 
frequency shift �� (N—H) with 
the N—H�O distance (a), and 
        the H�O distance (b) 
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from the charge transfer mechanism on the stability of the complexes. It can be assumed that both in-
ductive and steric effects play an important role in the stability of these hydrogen bonded complexes. 

 
Acknowledgments. This work was financially supported by the Ministry of Education and Sci-

ence of Serbia (Projects No 172013 and 172014). 
REFERENCES 

1. Akalin E., Akyuz S. // Vib. Spectosc. – 2006. – 42. – P. 330 – 340. 
2. Myshakina N.S., Ahmed Z., Asher S.A. // J. Phys. Chem. B. – 2008. – 112. – P. 11873 – 11877. 
3. Zhang R., Li H., Lei Y., Han S. // J. Mol. Struct. – 2004. – 693. – P. 17 – 25. 
4. Luquelt F.J., Orozcot M. // J. Org. Chem. – 1993. – 58. – P. 6397 – 6405. 
5. Nikoli� A., Petrovi� S., Antonovi� D., Gobor L. // J. Mol. Struct. – 1997. – 408. – P. 355 – 357. 
6. Nikoli� A., Jovi� B., Csanady S., Petrovi� S. // J. Mol. Struct. – 2007. – 834. – P. 249 – 252. 
7. Nikoli� A., Jovi� B., Krsti� V., Tri�kovi� J. // J. Mol. Struct. – 2008. – 889. – P. 328 – 331. 
8. Jovi� B., Nikoli� A., Davidovi� E., Petrovi� S. // J. Serb. Chem. Soc. – 2010. – 75. – P. 157 – 163. 
9. Mirzaei M., Hadipour N.L. // Struct. Chem. – 2008. – 19. – P. 225 – 232. 

10. Zhurko G.A., Aleksandriski V.V., Burmistrov V.V. // J. Struct. Chem. – 2011. – 52, N 2. – P. 227 – 233. 
11. Becker E.D. // Spectrochim. Acta. – 1961. – 17. – P. 436 – 447. 
12. Becke A.D. // J. Chem. Phys. – 1993. – 98. – P. 1732 – 1377. 
13. Lee C., Yang W., Parr R.G. // Phys. Rev. B. – 1988. – 37. – P. 785 – 798. 
14. GAUSSIAN 98, revision A.7, Gaussian, Inc., Pittsburgh, PA, 1998. 
15. Thyagarajan D., Rao S.R. // Z. Phys. Chem. – 1974. – 255. – P. 97 – 102. 
16. Taft R.W., Steric Effects in Organic Chemistry. – John Wiley, New York, 1956. 
17. Berthelot M., Besseau F., Laurence C. // Eur. J. Org. Chem. – 1998. – 1998. – P. 925 – 931. 
18. Iijima T., Kakiuchi H. // Tetrahedron. – 1979. – 35. – P. 2992 – 2996. 
19. Bellon L., Taf t R.W., Abboud L.M. // J. Org. Chem. – 1980. – 45. – P. 1166 – 1168. 
20. Borishenko V.E., Blinkova G.Y., Osipova L.L., Zavjalova V.A. // J. Mol. Liq. – 1996. – 70. – P. 31 – 54. 
21. Pimentel G.C, McClellan L.A. The Hydrogen Bonding. – Freeman, San Francisco, 1960. 
22. Esrafili M.D., Behzadi H., Hadipour N.L. // Biophys. Chem. – 2007. – 128. – P. 38 – 45. 
23. Ramaekers R., Dkhissi A., Adamowicz L., Maes G. // J. Phys. Chem. A. – 2002. – 106. – P. 4502 – 4512. 
24. Schoonea K., Smetsa J., Ramaekersa R., Houbena L., Adamowicz L., Maes G. // J. Mol. Struct. – 2003. – 649. 

– P. 61 – 68. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


