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The FT-IR and FT-Raman spectra of carvedilol were recorded in the regions 4000–400 and 3500–100 cm21, respectively.
The electronic absorption spectrum was recorded in the region 400–200 nm. In the present study, AM1 and PM3 semi-
empirical molecular orbital methods were employed to study molecular structure as well as to predict infrared spectra.
The AM1-optimised geometry was used in the density functional theory (DFT) calculation to predict the oscillator strength,
electronic transition energies between the orbitals and wavelength of the transitions. The DFT-based NMR calculation
procedure was used to assign the 1H NMR chemical shift of carvedilol. The electron density-based local reactivity
descriptors such as Fukui functions were calculated to explain the chemical selectivity or reactivity site in carvedilol.
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1. Introduction

Carvedilol, 1-(9H-carbazol-4-yloxy)-3-[2-(2-methoxy-

phenoxy)ethyl amino]-2-propanol (C24H26N2O4), is a

lipophilic multiple action neurohormonal antagonist [1].

As a b-blocker, carvedilol reduces the total cardiac

workload [2,3]. Therapeutically, carvedilol is a cardio-

vascular drug of proven efficiency in the treatment of mild

to moderate congestive heart failure, essential hyperten-

sion, angina and in the improvement of the left ventricular

function [4]. It was synthesised by Wiedemann et al. [5],

but they did not report the crystal structure. Chen et al. [6]

discussed the X-ray crystallographic study of the carve-

dilol synthesised by Wiedemann et al. [5] in order to

understand the mechanism of the action on the receptor.

Oliveira et al. [7] carried out theoretical studies to deter-

mine the relevance of conformation and proton affinity of

the protonable amino side-chain group in the proton

shuttling activity across the inner mitochondrial mem-

brane. The pH-dependent Raman spectroscopic studies of

carvedilol in both solid samples and DMSO solutions were

studied by Marques et al. [8]. Carvedilol has been analysed

with NMR spectroscopy (in DMSO) to correlate theore-

tically and experimentally derived electronic structure [9].

Almeida et al. [10] studied the enantiometric relationships

of carvedilol fragment 4-(2-hydroxypropoxy)carbazol,

along with its analogues recently. Also, the conformation-

al-dependent basicity of carvedilol fragment 2(S)-1-

(ethylammonium)propane-2-ol and aminoethoxy-2-meth-

oxy-benzene has been made through ab initio methods

[11,12]. Hence, the title molecule is of considerable

interest in the field of medicinal and pharmaceutical

science. The present study is devoted to performing a

detailed calculation of the molecular structure as well as to

predicting the infrared, UV spectra, 1H NMR chemical

shifts and chemical reactivity sites of the title molecule.

2. Experimental methods

The spectroscopic pure sample of carvedilol was procured

from reputed pharmaceutical firms in Chennai, India and

used as such. The Fourier transform infrared spectrum of

carvedilol was recorded with an ABB Bomem Series

spectrometer over the region 4000–400 cm21 by adopting

the KBr pellet technique at Dr Ceeal Analytical Lab,

Chennai, India. The FT-Raman spectrum was recorded at

Central Electro Chemical Research Laboratory, Karai-

kudi, India using a Nexus 670 spectrometer. A laser

frequency of 15,798 cm21 was used as an excitation

source. The spectrometer is fitted with an XT-KBr beam

splitter and a DTGS detector. A baseline correction was

made for the spectrum recorded. The UV–vis spectral

measurements were carried out using a Shimadzu-160A

spectrometer at Dr Ceeal Analytical Lab.

3. Computation details

The computations were performed with the GAUSSIAN

03W [13] package, with semi-empirical molecular orbital

and density functional methods. The equilibrium geome-

tries of the molecule were determined by the gradient

technique. The force constants and vibrational frequencies

were determined by the FREQ calculations on the

stationary points obtained after the optimisation to verify

if there were true minima. The ZINDO and time-dependent
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density functional theory (TD-DFT) methods were used

for the calculation of the UV–vis spectra. The IR and

UV–vis spectra were calculated and visualised using the

SWizard program [14]. The 1H NMR chemical shifts of the

title compound were calculated using the keyword NMR in

the DFT calculation at the B3LYP level with 6-31G (d,p)

basis set. The chemically active sites for nucleophilic and

electrophilic attack for carvedilol were calculated using

the methodology of Kolandaivel et al. [15].

4. Results and discussion

4.1 Molecular geometry

The optimised geometry of carvedilol, obtained at the

AM1 and PM3 levels of calculation, is provided in Tables

1 and 2 in accordance with the atom numbering scheme

given in Figure 1. Tables 1 and 2 compared the bond

lengths and bond angles, respectively, for carvedilol with

those experimentally available from X-ray diffraction data

[6]. From the calculated values, we can find that most of

the optimised bond lengths are slightly larger than the

experimental values, due to this the theoretical calculation

belongs to the isolated molecules in the gaseous phase

whereas the experimental results belong to the molecules

in the solid phase. Comparing bond lengths and bond

angles of the AM1 result with PM3, as a whole, the former

is smaller than the latter and the AM1-calculated values

correlate fairly compared with the experimental results.

Although it has slight differences, calculated geometric

parameters represent a good approximation, and they are

the base for calculating other parameters, such as

vibrational frequencies, NMR chemical shifts, atomic

charges, etc.

4.2 Vibrational band assignment

Carvedilol minimum energy structure belongs to the C1

symmetry point group. We have assigned the fundamental

modes of these groups on the basis of group vibrational

concept and calculated vibrational frequencies. Figures 2

and 3 show the FT-IR and FT-Raman spectra of carvedilol,

respectively. The principal peaks are provided in Table 3.

From Table 3, we can see that the best representation of

the IR spectrum is obtained with all the methods in the

low-frequency region. From Table 3, both AM1 and PM3

produce the same result and agree with the experimental

values.

Table 1. Selected bond length values for carvedilol.

Bond length (Å) AM1 PM3 Expa Bond length (Å) AM1 PM3 Expa Bond length (Å) AM1 PM3 Expa

C1ZC2 1.533 1.546 1.514 C13ZC14 1.393 1.39 1.408 C24ZC25 1.45 1.453 1.437
C2ZC3 1.543 1.544 1.518 C14ZC9 1.402 1.4 1.371 C25ZC26 1.388 1.39 1.398
C2ZO4 1.417 1.413 1.43 C10ZO15 1.387 1.393 1.365 C26ZC27 1.395 1.39 1.374
C3ZN5 1.441 1.477 1.459 O15ZC16 1.429 1.411 1.429 C27ZC28 1.399 1.398 1.385
N5ZC6 1.451 1.484 1.462 C1ZO17 1.433 1.429 1.431 C28ZC29 1.394 1.39 1.362
C6ZC7 1.534 1.533 1.497 O17ZC23 1.381 1.389 1.372 C29ZC30 1.397 1.392 1.384
C7ZO8 1.44 1.421 1.424 N18ZC19 1.407 1.435 1.374 C30ZN18 1.41 1.435 1.382
O8ZC9 1.387 1.391 1.368 C19ZC20 1.4 1.393 1.391 N18ZH49 0.987 0.991
C9ZC10 1.408 1.408 1.394 C20ZC21 1.391 1.39 1.363 O4ZH36 0.967 0.948
C10ZC11 1.402 1.399 1.37 C21ZC22 1.398 1.396 1.395 N5ZH37 1.004 0.999
C11ZC12 1.392 1.39 1.357 C22ZC23 1.401 1.399 1.383
C12ZC13 1.396 1.392 1.36 C23ZC24 1.399 1.398 1.394

a Ref. [6].

Table 2. Selected bond angle values for carvedilol.

Bond angle (8) Expa AM1 PM3 Bond angle (8) Expa AM1 PM3 Bond angle (8) Expa AM1 PM3

C1ZC2ZC3 110.4 109.1 109 C12ZC13ZC14 119.9 120.4 120.5 C24ZC19ZN18 108.5 109.5 109.4
C2ZC3ZN5 112.4 116.8 115.7 C14ZC9ZC10 125.1 119.9 119.8 N18ZC30ZC25 108 109.5 109.5
C3ZN5ZC6 111.7 114.3 115 C10ZO15ZC16 117.9 113.9 113.3 C19ZN18ZC30 109.1 107.6 106.1
N5ZC6ZC7 111.4 111.9 109.3 C2ZC1ZO17 106.8 104.9 106.4 C24ZC25ZC30 106.8 106.4 107.2
C6ZC7ZO8 106.3 104.7 111.9 C1ZO17ZC23 118.9 116 112.6 C25ZC26ZC27 119 118.8 118.3
C7ZO8ZC9 118.4 113.1 114.4 C23ZC22ZC21 119.6 120.3 120.4 C26ZC27ZC28 120.9 121.1 121.3
C9ZC10ZC11 120 119.9 119.9 C22ZC21ZC20 122.7 122.2 121.6 C27ZC28ZC29 121.8 121.7 121.4
C10ZC11ZC12 119.9 119.7 119.7 C21ZC20ZC19 117.4 117.8 117.7 C28ZC29ZC30 117.7 117.8 117.5
C11ZC12ZC13 121.3 120.4 120.4 C19ZC24ZC23 119.5 119 118.7

a Ref. [6].
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4.2.1 NZH vibration

In general, NZH stretching vibration occurs in the region

3500–3000 cm21. Bayari et al. [16] assigned the band

at 3364 cm21, which corresponds to NZH stretching

in methylphenitate. Also, Krishnakumar and Seshadri [17]

assigned the NZH stretching vibration at 3245 cm21 in

2-methylpiperazine. Chithambarathanu et al. [18] made

an assignment of NZH stretching at 3321 cm21 in 2,6-

di(p-methoxy phenyl)-3-methyl piperidone. Hence, in the

present study, a weak band at 3467 cm21 in FT-IR and

3359 cm21 was assigned to the NZH stretching

vibrational mode. This assignment was made by analogy

with the earlier reports [16–18].

4.2.2 CZH vibration

The hetero-aromatic structure shows the presence of CZH

stretching vibrations in the region 3100–3000 cm21,

which is the characteristic region for the ready

identification of the CZH stretching vibrations [19].

In this region, the bands are not affected appreciably by the

nature of the substitutions. Hence, in the present work, the

observed bands at 2959, 2987 and 3066 cm21 in FT-IR and

2914, 2989 and 3065 cm21 in the FT-Raman spectrum are

assigned to CZH stretching vibration for carvedilol.

In general, the calculated CZH stretching vibrations

associated with the phenyl ring appeared at the higher

wavenumber and CZH stretching vibrations associated

with methylene and methyl groups appeared at the lower

wavenumber. The aromatic CZH vibrations calculated

theoretically are in good agreement with the experimen-

tally reported values [20]. The title molecule has out-of-

plane and in-plane aromatic bending vibrations that are

found well within the experimentally predicted region.

The out-of-plane bending mode of vibrations lies within

the experimentally predicted region of 910–850 cm21

[21], coinciding satisfactorily at both AM1- and PM3-

calculated values. The bands corresponding to in-plane

CZH deformations are observed in the region 1000–

1300 cm21. The bands are sharp but of weak to minimum

intensity. The medium and strong intensity bands at 1100,

1120, 1156 and 1177 cm21 in the FT-IR spectrum, and

Figure 1. Atom numbering adopted in this study for carvedilol.

Figure 2. FT-IR spectrum of carvedilol.

Figure 3. FT-Raman spectrum of carvedilol.
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at 1110, 1124 and 1160 cm21 in the FT-Raman spectrum

for carvedilol are due to the CZH in-plane bending

vibrations. The theoretically computed values of CZH in-

plane bending also fall in the region mentioned above by

both AM1 and PM3 methods. The CZH bending

vibrations in the methyl and methylene groups were

identified and assigned (Table 3).

4.2.3 Phenyl ring vibration

The benzene ring modes predominantly involve CZC

bonds. A medium experimental peak around 1256–

1403 cm21 in FT-IR and FT-Raman was assigned to CZC

stretching vibrations. The calculated wavenumbers also

agree closely with the experimental results. The bands in

the region 1502–1608 cm21 observed in both FT-IR and

Table 3. Observed and calculated IR wavenumbers for carvedilol.

No. FT-IR FT-Raman AM1 PM3 Assignment

1 – 115 119 121 CNC out-of-plane bending
2 – 245 236 247 CCN out-of-plane bending
3 – 329 310 332 CZCH3 in-plane bending/CNC in-plane bending
4 – 402 423 407 CCN in-plane bending
5 – 426 437 423 CC out-of-plane bending/CO out-of-plane bending
6 510 – 506 507 CCC out-of-plane bending
7 536 550 544 537 CCC out-of-plane bending/CO in-plane bending
8 565 – 582 568 CCC out-of-plane bending
9 620 – 620 632 CCO in-plane bending

10 728 726 710 715 CZOH bending
11 747 – – – CCC in-plane bending
12 759 – – – CCC in-plane bending
13 770 769 777 769 CH3 wagging/CCC in-plane bending
14 784 – 784 782 CCC in-plane bending
15 798 – 789 795 CCC ring breathing
16 805 – 812 821 CCC ring breathing
17 850 – 855 846 CH out-of-plane bending
18 857 862 865 851 CH out-of-plane bending
19 871 – – 886 CH out-of-plane bending
20 880 – 884 889 CH out-of-plane bending
21 915 913 917 913 CH out-of-plane bending
22 957 – 960 957 CZCH2 stretching
23 1022 1012 995 992 CH out-of-plane bending
24 1041 1047 1000 1001 CH3 rocking
25 – 1064 1099 1045 CN out-of-plane bending/CH2 twisting
26 1100 1110 1112 1101 CH in-plane bending
27 1120 1124 1127 1120 CH in-plane bending
28 1156 1160 1156 1152 CH in-plane bending
29 1177 – 1177 1171 CH in-plane bending
30 1215 1214 1218 1212 C–CH3 stretching/CH in-plane bending
31 1224 1224 1223 – CH2 twisting
32 1256 – 1268 1264 CC stretching
33 1286 1285 1286 1290 CC stretching
34 1305 – 1308 1302 CH2 wagging
35 1334 1333 1326 1336 CH in-plane bending
36 1348 1347 1349 1345 CC stretching
37 1403 – 1402 1403 CC stretching
38 1444 1444 1447 1444 CN stretching
39 1454 1489 1453 – CN stretching/CH3 deformation
40 1502 1509 1495 1518 CvC stretching
41 – 1574 1571 1558 CvC stretching
42 1591 1591 – – CvC stretching
43 1608 – 1608 1613 CvC stretching
44 1631 1631 1648 1645 CO stretching/CC stretching
45 2850 – – 2811 CH stretching
46 2878 2875 – – CH stretching
47 2923 – 2959 2914 CH stretching
48 2996 2996 2987 2989 CH stretching
49 3061 3065 3066 3065 CH stretching
50 3307 – 3467 3359 NH stretching
51 3344 – 3517 3431 OH stretching
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FT-Raman were assigned to CvC stretching vibrations.

For a number of meta-, ortho- and para-substituted

benzenes, the ring breathing mode is assigned at 1040–

800 cm21, respectively [22–24]. In the present case, the

bands observed at 805 and 798 cm21 in FT-IR are assigned

to the ring breathing mode. The theoretically predicted

wavenumber at 789 and 812 cm21 by the AM1method and

at 795 and 821 cm21 by the PM3 method closely coincides

with the experimental observation. However, the FT-

Raman experimental observation shows that no such

vibration would exist. The CCC in-plane and out-of-plane

bending vibrations are also identified and presented in

Table 3.

4.2.4 CZN vibration

The identification of CZN vibrations is a very difficult task,

since mixing of several bands is possible in the region.

Silverstein et al. [25] assigned the CZN stretching vibrations

in the region 1382–1266 cm21. In the present work, a weak

band at 1444 cm21 and a strong band at 1454 cm21 in FT-IR

and a strong band at 1444 and 1489 cm21 in FT-Raman have

been assigned to CZN stretching vibrations coupled with

CZH deformations. The theoretically computed value

matches closely with the experimental values.

The bands of medium intensity at 115 and 245 cm21

observed in FT-Raman may be due to the CNC and CCN

bending vibrations, respectively, which agrees closely

with the calculated values. The CCC and CCO in-plane

and out-of-plane bending modes of these molecules are

presented in Table 3. These findings were in correlation

with the results discussed by our groups [26,27]. The other

rocking, twisting and wagging deformations were

identified with the aid of calculated vibrational frequencies

of carvedilol in the present study.

4.3 UV spectral analysis

Electronic transition energies and oscillator strengths of

carvedilol were calculated employing both the ZINDO and

TD-DFT methods for which AM1-optimised geometries

were used. The results of the ZINDO and TD-DFT

calculations of electronic transition energies along with

the band assignments are presented in Table 4, and they

were compared with the experimental data of carvedilol in

n-hexane. The present experiment revealed two bands at

238.6 and 203.6 nm in the UV region. The experimental

and theoretical studies on the electronic absorption

spectrum of carvedilol were made to explain each

observed band, which was not done earlier. Both the

theoretical methods (ZINDO and TD-DFT) typically

overestimate the observed electronic band of carvedilol.

The experimental electronic absorption bands were not

well predicted by both ZINDO and TD-DFT calculations.

However, the TD-DFT calculation fairly agrees with the

experimental result than that of the ZINDO calculation.

The HOMO–LUMO and HOMO–LUMOþ1 band

were predicted to be at 257 and 220 nm, respectively, by

the TD-DFT calculation, which are fairly close to the

observed 238.6 and 203.6 nm bands. Hence, the TD-DFT

method appeared to be a better computational method to

calculate the experimental bands of carvedilol.

Table 4. Assignment of observed electronic transitions.

Method Energy (eV) UV (nm) Oscillator strength Orbital

Experimental peaksa 238.6
203.6

TD-DFT 4.21 294.5 0.0791 H-0- . L þ 0(þ71%)
H-2- . L þ 2(12%)
H-2- . L þ 0(þ10%)

4.59 269.9 0.13 H-2- . L þ 0(þ57%)
H-0- . L þ 2(þ19%)
H-0- . L þ 0(9%)

4.69 264.1 0.0001 H-1- . L þ 0(þ96%)

ZINDO 3.89 319 0.0474 H-1- . L þ 0(þ38%)
H-0- . L þ 1(þ31%)
H-0- . L þ 0(18%)

4.05 306.2 0.2339 H-0- . L þ 0(þ62%)
H-1- . L þ 0(þ14%)
H-0- . L þ 1(þ7%)
H-1- . L þ 1(6%)

4.37 284 0.0003 H-0- . L þ 4(þ47%)
H-3- . L þ 0(23%)
H-1- . L þ 5(12%)
H-6- . L þ 1(6%)

a Solvent is n-hexane.
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4.4 NMR spectral analysis

The 1H NMR spectrum simulated theoretically with the aid

of ChemDraw Ultra 8.0 is shown in Figure 4. Table 5 gives

the 1H NMR predicted chemical shift values obtained by

the DFT method and ChemDraw Ultra 8.0 software

program [28] and its assignments along with

the experimentally obtained chemical shift values.

The predicted shielding values for each atom in the

carvedilol molecule by B3LYP/6-31G (d,p) are given in

Table 5. However, the experimental study reports that the

shielding constants are usually shifted relative to a

standard compound, often tetramethylsilane. In order to

obtain the theoretically predicted chemical shifts, its

absolute shielding value is substracted from that of the

reference molecule. In general, highly shielded electrons

appear at downfield and vice versa. The predicted chemical

shift values by the ChemDraw Ultra software program are

in good agreement with the experimental chemical shift

values than the values obtained by the DFT method.

The spectrum of carvedilol showed a singlet at 2.0 ppm

for the proton of the alcohol (H36) and amine (H37) groups,

which is in good agreement with the experimental

chemical shift values of d 1.8 ppm [6]. Though these two

hydrogen atoms possess the same chemical shift values,

the H37 hydrogen atom is more shielded than the H36 atom.

Another singlet is predicted at d 3.73 ppm for the methyl

group hydrogen atoms (H46, H47 and H48). This higher

chemical shift for methyl group hydrogen is mainly due to

the oxygen atom (O15) attached with the carbon atom

(C16). The predicted value of singlet peak at higher

chemical shift of d ¼ 10.1 ppm marks the indole proton

(H49). Two doublet peaks at d ¼ 7.4 and 7.0 ppm appear

due to four protons on the benzene ring adjacent to the

indole ring. The multiplets in the region d ¼ 6.66–

6.97 ppm are due to seven protons of the two benzene rings

of a similar environment. The hydrogen atoms attached

with C7 and C1 atoms show a multiplet at d ¼ 4.0 ppm,

which is due to the presence of oxygen and nitrogen

atoms at a and b positions, respectively. The hydrogen

atoms attached with C6 and C3 atoms show a multiplet

Figure 4. Theoretical 1H NMR spectrum of carvedilol.

Table 5. Calculated and experimental proton NMR chemical shifts for carvedilol.

Calculated chemical shift (ppm)

Hydrogen atoms Absolute shielding B3LYP/6-31G(d,p) ChemDraw Ultra Experimental chemical shift (ppm) [6]

H31 27.4398 5.16 4.22 4.2
H32 27.2414 5.36 3.97 4.2
H33 26.7832 5.81 3.96 4.2
H34 28.0975 4.50 2.83 3.1
H35 28.3350 4.26 2.58 3.1
H36 29.4670 3.13 2.0 1.8
H37 32.2827 0.32 2.0 1.8
H38 28.0538 4.54 2.97 3.1
H39 26.4427 6.15 2.97 3.1
H40 26.4600 6.14 4.06 4.2
H41 27.4648 5.13 4.06 4.2
H42 24.3754 8.22 6.66 6.9
H43 24.4915 8.11 6.71 6.9
H44 24.5026 8.10 6.71 6.9
H45 24.3255 8.27 6.66 6.9
H46 27.2115 5.39 3.73 3.8
H47 27.8024 4.80 3.73 3.8
H48 26.1159 6.48 3.73 3.8
H49 25.4682 7.13 10.1 8.2
H50 24.6618 7.94 6.96 7.1
H51 24.2181 8.38 6.97 6.7
H52 24.8767 7.72 6.51 8.3
H53 23.2661 9.33 7.55 7.4–7.2
H54 24.2832 8.31 7.00 7.4–7.2
H55 24.1653 8.43 7.09 7.4–7.2
H56 24.3500 8.25 7.4 7.4–7.2
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at d ¼ 2.6 ppm, which may be due to the presence of

oxygen and nitrogen atoms at b and a positions,

respectively, and may reduce the chemical shift values.

4.5 Chemical reactivity

DFT is one of the important tools of quantum chemistry to

understand popular chemical concepts such as electro-

negativity, electron affinity, chemical potential and

ionisation potential [29]. The electron density-based

local reactivity descriptors such as Fukui functions were

proposed to explain the chemical selectivity or reactivity

at a particular site of a chemical system [30]. Electron

density is a property that contains all of the information

about the molecular system and plays an important role in

calculating almost all these chemical quantities. Parr and

Yang [31] proposed a finite difference approach to

calculate Fukui function indices, i.e. nucleophilic,

electrophilic and radical attacks. In order to solve the

negative Fukui function problem, different attempts have

been made by various groups [32–34]. Kolandaivel et al.

[15] introduced the atomic descriptor to determine the

local reactive sites of the molecular system. In the present

study, the AM1-optimised molecular geometry was

utilised in single-point energy calculations, which have

been performed at the DFT for the anions and cations of

the conformers using the ground state with doublet

multiplicity. The individual atomic charges calculated by

natural population analysis (NPA) and Mulliken popu-

lation analysis (MPA) have been used to calculate the

Fukui function. Table 6 shows the f þ2
k and f22

k values for

the title molecule calculated by NPA and MPA gross

charges at DFT level of theory with the basis set

(B3LYP/6-31G(d,p)). In order to eliminate the negative

Fukui function, we used the square of the Fukui function in

the present study. It has been found that both NPA and

MPA scheme methods predict that the carbon atom C23

has a higher f þ2
k value for electrophilic attack. Also, both

the population analysis schemes show N5 amine nitrogen

atom as the reactive sites for receiving a nucleophile.

Almeida et al. [11] concluded that the N5 atom of the

amino group is the preferred site for protonation. Based on

the Fukui function values in the present work, we predict

N5 to be the most favourable reactive site for protonation

where the hydrogen atoms of N5 are involved in

intramolecular hydrogen bonding with O4. Even though

the fþ2
k and f22

k values are numerically less, it should be

worth noting that the values are positive and the ordering

of the reactivity has not been changed in any cases.

Note

1. Presently, Registrar, Periyar University, Salem, India.
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