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ABSTRACT.  In order to investigate spectroscopic features of caffeic acid (CA), the IR, 
Raman, 13C-NMR, 1H-NMR, and UV spectra of this compound were simulated. For this 
purpose the B3LYP-D3/6-311+G(d,p) theoretical model was used in combination with 
CPCM solvation model. Very good agreement between all experimental and simulated 
spectra was achieved. This result indicates that B3LYP-D3 can be a method of choice in 
studies that refer to spectroscopic investigations. Spectroscopic features of CA are very 
similar to those of chlorogenic acid (5-O-caffeoylquinic acid) (MARKOVIĆ, TOŠOVIĆ and 
DIMITRIĆ MARKOVIĆ, 2016), pointing out the significance of caffeic moiety. 
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INTRODUCTION 
 

Phenolic acids are derivatives of cinnamic and benzoic acids. These compounds are 
widely spread in food. It is well known that they have an impact on flavour, stability, 
nutritional value, colour and other food properties (VAUGHAN and GEISSLER, 2009). It has 
been recognized that phenolic acids possess numerous biological roles due to their ability to 
scavenge free radicals, inhibit lipoxygenase, and chelate metals (DECKER, 1997; JAYASENA et 
al., 2013). In addition, the consumption of phenolic acids through vegetables and fruits has a 
beneficial effect on health (PULIDO et al., 2000).  

Phenolic acids can be divided into two major groups: hydroxybenzoic acids and 
hydroxycinnamic acids. Hydroxybenzoic acids include p-hydroxybenzoic, syringic, 
protocatechuic, gallic, and vanilic acids. Hydroxycinnamic acids are characterized with C6-
C3 skeleton and include sinapic, coumaric, ferulic and caffeic acids. In nature, only small 
number of these compounds exists in free form, whereas the conjugates of polysaccharides, 
sugars, or organic acids are more frequently observed. One of the most representative dietary 
hydroxycinnamic acids is caffeic acid (3,4-dihydroxycinnamic acid, CA, Fig. 1). 
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Figure 1. Structure of caffeic acid with the atom labelling scheme. 
 

CA can be found in citrus fruits, apples, juices, bran of cereal grains, and especially in 
coffee. In food, it usually exists in a form of ester with quinic acid as chlorogenic acid (5-O-
caffeoylquinic acid). As a precursor of many biologically active polyphenols in 
phenylpropanoid metabolism, CA plays a very important role in the defence mechanism of 
plants against predation and infection (FAULDS and WILLIAMSON , 1999; BUCHANAN et al., 
2000). It can also protect nascent leaves from UV-B radiation (GOULD et al., 2000). The 
bioassay experiments have revealed that CA has an impact on the inhibition of the growth of 
insects, fungi, and bacteria (BAGHESTANI et al., 1999; BOSTOCK et al., 1999; REINDERS et al., 
2001). In addition, the level of this compound in plant species is related to allelopathic 
potential and pest resistance (SNOOK et al., 1994; BAGHESTANI et al., 1999). The beneficial 
effect of CA in vivo has also been reported (FUKUMOTO and MAZZA , 2000; GULCIN, 2006). 
Numerous biological and pharmacological properties of this compound, such as anti-
inflammatory (JOYEUX et al., 1995), anticancerogenic (CHALLIS and BARTLETT, 1975), 
antiviral (FRANK et al., 1989) and ability to completely block the production of reactive 
oxygen species (ROS) (SUDINA  et al., 1993) have been discovered. In addition, the daily 
consumption of coffee lowers the risk of cardiovascular diseases and diabetes (JOKURA et al., 
2015).  
 CA exists in a form of yellow solid and the exact structure of this compound is known 
from the X-ray experiment (GARCÍA-GRANDA et al., 1987). There are a few experimental 
studies devoted to vibrational, NMR and UV spectra of CA (WANG et al., 2004; EUN et al., 
2010; ŚWISŁOCKA, 2013). The goal of the present study is to investigate spectroscopic 
properties of CA by theoretical means. An additional aim is to examine the performance of 
the B3LYP-D3 method in investigations devoted to the spectroscopic features. 
 
 

COMPUTATIONAL DETAILS 
 

Gaussian 09 program package was employed for all quantum chemical calculations 
(FRISCH et al., 2013). The B3LYP-D3/6-311+G(d,p) theoretical model was applied for the 
optimization and frequency calculations in the gas-phase and solution. To mimic experimental 
conditions the calculations were performed in methanol solution (dielectric constant ε = 
32.6130). For this purpose, the CPCM polarizable continuum solvation model was selected. 
The gas-phase geometry of CA was used to simulate the IR and Raman spectra, whereas the 
optimized geometry in methanol was used to predict the NMR and UV spectra. The 
vibrational modes of CA were assigned on the basis of the potential energy distribution (PED) 
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analysis (MUNOS et al., 1970) using the FCART 7.0 software (LEGLER et al., 2015). The 13C 
NMR and 1H properties of CA were predicted by means of gauge independent atomic orbital 
(GIAO) method. The time dependent density functional theory (TDDFT) calculations were 
applied for the simulation of the UV spectrum of this compound. To provide an informative 
description of electronic transitions, the B3LYP-D3 ground state geometry was used to 
perform the NBO (Natural Bond Orbital) analysis, and construct the NLMO clusters 
(WEINHOLD and LANDIS, 2012). The NLMO clusters were created using the strategy applied 
in our recent papers (MARKOVIĆ and TOŠOVIĆ, 2015; TOŠOVIĆ and MARKOVIĆ, 2017). 

 
 

RESULTS AND DISCUSION 
 
Vibrational spectra of CA 
 
The vibrational spectra of CA consist of in total 57 vibrational modes. Due to the fact 

that the vibrational scaling factor for the B3LYP-D3/6-311+G(d,p) model has not been 
reported, it was determined on the basis of the experimental data for the IR spectrum using the 
least squares method, and it amounts to 0.922.The calculated values of the wavenumbers were 
scaled and assigned to the corresponding experimental values taken from literature 
(ŚWISŁOCKA, 2013). The most important vibrational modes of CA and corresponding PED 
values are presented in Table 1. 

 
Table 1. Characteristic experimental (ŚWISŁOCKA, 2013) and calculated wavenumbers (ν) in the 

vibrational spectra of caffeic acid along with the assignments and intensities of the normal modes. 
 

Mode assignment 
ννννIR ννννRaman B3LYP-D3 

PED (%) 
Exp./ cm-1 Calc./ cm-1 

H stretching (b*) 3431 s#  3550 νOH (99) 

OH stretching (b) 3231 s  3493 νOH (99) 

OH stretching (a)   3477 νOH (100) 

CH stretching (b) 3057 w  2950 νCH (98) 

CH stretching (a) 3026 w  2944 νCH (98) 

CH stretching (b) 2988 w  2920 νCH (98) 

CH stretching (a) 2926 w  2903 νCH (98) 

CO stretching (a) 1645 vs 1642 s 1638 
νCO (78) + νCC (3) + 
δCOH (5) + δOCC (3) 

CC stretching (b,a) 1620 vs 1615 vs 1547 
νCC (52) + δHCC (5) + 

δCCH (4) 

CC stretching (b,a) 1524 m 1525 vw 1515 νCC(49) + νOC (8) 

CC stretching (b,a) 1450 vs 1453 m 1435 
νCC (8) + δCCH (10) + 

δCCH (18) 
*b and a stand for benzene moiety and acyclic chain 
#vs – very strong, s – strong, m – medium, w – weak, vw – very weak  
 

The quality of the linear correlation between the experimental and calculated 
wavenumbers was evaluated by means of three descriptors: the correlation coefficient (R), 
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average absolute error (AAE), and average relative error (ARE). The R value for the IR and 
Raman spectra is identical and amounts to 0.998 (Figs. 2 and 3). The AAE and ARE values 
for the IR spectrum amount to 36.1 cm-1 and 2.5 %, whereas for the Raman spectrum AAE 
and ARE are equal to 16.2 cm-1 and 1.8 %. Relatively higher values for AAE and ARE for IR 
relative to Raman spectrum originate from notable differences between the values for 
experimental and calculated OH starching modes. This deviation can be explained by the fact 
that simulated vibrational spectra refer to an isolated molecule of CA, implying that 
intermolecular interactions, including hydrogen bonds, are neglected. These interactions, 
particularly intermolecular hydrogen bonds, are of great importance in a real solid-state CA. 

 

 
 

Figure 2. Experimental (ŚWISŁOCKA, 2013) (up) and calculated (bottom)  
IR spectrum of caffeic acid. 

 
 

 
 

Figure 3. Experimental (ŚWISŁOCKA, 2013) (up) and calculated (bottom) Raman  
spectrum of caffeic acid. 
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Very massive and intense overlapping bands in the IR spectrum, which appear in the 

region of 4000–2600 cm-1, were assigned to the different modes of the OH vibrations. The 
high frequency region is also characterized by the week CH stretching modes of benzene 
moiety and acyclic chain. The vibrational contributions to the normal stretching modes (PED 
values in Table 1) in the 3431–2926 cm−1 region are assigned almost solely to the OH and CH 
stretching modes themselves (∼100%) while the rest of the modes are presented as the 
combination of various contributions. 

The bands of the very strong and strong intensities at 1645 (IR) and 1642 cm-1 (R) 
were assigned to the CO stretching modes of the carboxyl group. In addition, the bands of the 
very strong and medium intensities in the IR spectrum at 1620, 1524, and 1450 cm-1, and very 
strong, very weak, and medium intensities in the Raman spectrum at 1615, 1525, and 1453 
cm-1 were mostly assigned to the CC stretching modes of both benzene moiety and acyclic 
chain. 

 
 
NMR spectra of CA 

 
The chemical shifts for the carbon and hydrogen atoms of CA relative to TMS were 

calculated. Since the chemical shifts were systematically overestimated, their values were 
scaled, and these scaled chemical shifts were further used. The scaling factors were 
determined by means of the least squares method, and their values for the 13C- and 1H-NMR 
spectra are as follows: 0.955 and 0.946. The obtained results are collected in Table 2. 

The correlation coefficients for 13C-NMR and 1H-NMR are equal to 0.980 and 0.990, 
whereas the AAE values are equal to 3.17 and 0.05 ppm, respectively. A careful inspection of 
Table 2 reveals that the calculated chemical shifts for C2, C6, C7, and C8 carbons deviate 
from the experimental values. This discrepancy is a consequence of free rotation around the 
C1–C7 and C8–C9 single bonds. The agreement between the experimental and simulated 1H-
NMR spectra is very good. 

 
Table 2. Experimental (EUN et al., 2010) and calculated chemical shifts (ppm) for 13C-  

and 1H-NMR spectra of caffeic acid in methanol. 
 

 13C 1H 

Position Calc. Exp. Calc. Exp. 

1 127.9 127.8   

2 110.8 115.6 7.11 7.02 

3 144.8 146.8   

4 151.0 149.5   

5 116.1 116.5 6.78 6.77 

6 130.0 122.8 6.84 6.92 

7 152.2 147.0 7.55 7.52 

8 110.4 115.1 6.14 6.20 

9 168.5 171.1   
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UV spectrum of CA 

The experimental UV spectrum of CA in methanol shows four absorption bands at 
327, 295, 243, and 217 nm (Table 3) (WANG et al., 2004). The calculated UV spectrum was 
obtained using the TDDFT method. The results of TDDFT approach, including wavelengths 
(λmax), oscillator strengths (f), and orbital contribution coefficients, are shown in Table 3. A 
comparison between the experimental and calculated λmax values reveals an excellent 
performance of the B3LYP-D3 level of theory.  

A deeper analysis of the UV spectrum will be based on the combined results from the 
TDDFT theory, which provides a prediction of energy levels (Table 3), and NBO theory, 
which provides NLMO clusters (Fig. 4). NLMO cluster should be understood as a part of a 
molecule characterized with distinguished electron density which is utilized to identify the 
parts of molecules involved in electronic transitions. 

 
Table 3. Results of the TDDFT/B3LYP-D3 calculations. λmax denotes experimental (WANG et al., 

2004) and calculated transition wavelengths, whereas f stands for oscillator strengths.  
Orbital description points out pairs of MOs involved in electronic transitions. 

 

λmax 

Calc. (nm) 
Orbital description f 

λmax 

Exp. (nm) 

333 HOMO→LUMO (69%) 0.64 327 

294 HOMO-1→LUMO (69%) 0.13 295 

246 HOMO→LUMO+1 (63%) 0.07 243 

222 HOMO-3→LUMO (64%) 0.19 217 
 

In Fig. 4 the relevant NLMO clusters for CA are depicted. The most intensive band at 
the smallest excitation energy results from the HOMO→LUMO electronic transitions at 327 
nm (exp.) (Table 3). When molecular moieties are considered (Fig. 4) it turns out that this 
transition can be attributed to π→π* transition from the caffeic moiety to the C=O carbonyl 
group. Due to existence of the shearing region between the HOMO and LUMO clusters, this 
transition involves a favourable intramolecular charge transfer. In addition, small HOMO – 
LUMO energy gap makes this electronic transition most favourable, which is reflected 
through the largest oscillator strength. An n→π* electronic transition from carbonyl group (p 
orbital) to carbonyl group (π* orbital) is responsible for the absorption band at 295 nm 
(HOMO-1→LUMO). This band, as well as all other transitions, is characterized with smaller 
f value because of larger energy separation. The next bend at 243 nm (HOMO→LUMO+1) 
results from transition from caffeic moiety (π orbital) to the aromatic ring (π* orbital). The 
last band at 217nm (HOMO-3→LUMO) originates from π→π* electronic transition from 
carbonyl group (π orbital) to carbonyl group (π* orbital). Fig. 4 shows that all electronic 
transitions are characterized with small spatial separations, whereas energetic separations are 
proportional to the excitation energies. 
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Figure 4. The NLMO clusters of caffeic acid. The arrows connect molecular moieties involved in 
electronic transitions. 

 
 

CONCLUSION 
  

The B3LYP-D3 method provides a very good agreement between all calculated and 
experimental spectra of CA. The result of the present study agrees with our previous results 
for the simulation of the spectra for different compounds obtained with the same method 
(TOŠOVIĆ and MARKOVIĆ, 2017) and indicates that the B3LYP-D3 method is a good choice 
for investigations of spectroscopic features.  

The most important source of slight disagreement between the experimental and 
calculated band positions in vibrational spectra can be assigned to the fact that the 
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calculations consider an isolated molecule and ignore intermolecular interactions which are of 
great importance in a real solid-state CA.  

Some discrepancy in the values for chemical shifts is a consequence of rotation around 
single bonds, and is most evident on the C2 and C6 atoms (rotation of the aromatic ring 
around the C1–C7 single bond), as well as on C7 and C8 atoms (rotation around the C8–C9 
single bond).  

The NLMO clusters were constructed in order to provide an informative description of 
the UV spectrum. The absorption bands result from the π→π* or n→π* electronic transitions. 
It was found that all electronic transitions are characterized with small spatial separations, 
whereas energetic separations are proportional to the excitation energies. 

It should be pointed out that both experimental and calculated spectroscopic 
properties, obtained in present work for CA, and those obtained in our recent paper for 
chlorogenic acid (MARKOVIĆ et al., 2016), are mutually very similar. This finding indicates 
that caffeic moiety is the most responsible for spectroscopic properties of chlorogenic acid.  
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