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a b s t r a c t

Beta-adrenoceptor-blocking agents (�-blockers) are on the list of the top selling drugs. Pindolol is a
representative of this type of compound, either from the structural point of view, or as reference for
comparison of the pharmacokinetic properties of the �-blockers. A study of the pindolol structure based
on infrared spectroscopy and natural bond orbital (NBO) theory is the main aim of the present research.

FTIR spectra of the solid pindolol were recorded from 4000 to 400 cm−1, at temperatures between 25
and −170 ◦C. For spectral interpretation, the theoretical vibrational spectra of the conformer present in
the solid was obtained at the B3LYP/6-31G* level of theory. NBO analysis of the reference conformer,
before and after optimization, was carried out at the same level of theory referred above.

Characteristic absorption vibrational bands of the spectra of solid pindolol and of the isolated conformer

Natural bond orbital (NBO) analysis
Density functional theory

were identified. Intra- and intermolecular interactions in pindolol were confirmed by the frequency shift
of the vibrational modes and by the NBO theory.
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. Introduction

Pindolol, 1-(1H-indol-4-yloxy)-3-(isopropylamino)-2-propanol
see Fig. 1 for structure and atom numbering), is widely used as a
-blocker in hypertension treatment [1].

Its molecular structure consists of an indole group to which
n isopropylaminopropoxy chain is attached. This side chain is a
ommon part to many �-blockers and only slightly differs from a
ew others in which isobutyl replaces isopropyl [2]. The aromatic
ragment also plays an important role conferring certain specific
harmacokinetics properties to pindolol [3,4].

The study of the pindolol structure is of unquestionable inter-
st because of its widespread use as �-blocker in medical practice.
he only relevant information available on the structure involves
-ray diffraction data [5]. The aim of the present work is to inter-
ret the structural features using IR spectroscopy and NBO analysis.
he former is an excellent method to obtain evidence of intra-

nd intermolecular interactions through their effects on the vibra-
ional modes of the molecule while the latter allows a description
f the electronic structure of the molecule in terms of natural bond
rbitals.

∗ Corresponding author. Tel.: +351 239852568; fax: +351 239852569.
E-mail address: rcastro@ff.uc.pt (R.A.E. Castro).

386-1425/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2008.11.026
e of pindolol and of its intermolecular interactions was obtained from
The combination of both methods gives a deeper insight into the structure.

© 2008 Elsevier B.V. All rights reserved.

The interpretation of the infrared spectra either in terms of band
assignment or the appraisal of the effects of intermolecular forces
requires information on the spectrum of the isolated molecule. It
is not possible to obtain such a spectrum for pindolol experimen-
tally since the compound has very low solubility in inert solvents
together with a low vapour pressure, not allowing its determination
in the gas phase or by matrix isolation technique. Instead, the refer-
ence spectrum has been calculated by optimizing the conformation
obtained by X-ray diffraction. The structure optimization was per-
formed at the DFT level of theory using the B3LYP functional [6,7]
and the 6-31G* basis set.

The NBO analysis at B3LYP/6-31G* level was performed on
two structures. One is derived from single point calculation,
hereafter designated as the single point structure; the other
corresponds to the optimized structure, and is designated as
such. The NBO output for the former provides information on
the structure of the conformer present in solid pindolol, while
the second gives information on the isolated molecule, i.e. the
structure of the later conformer free from intermolecular interac-
tions.
2. Materials and methods

The (R,S)-pindolol used in the spectroscopic measurements was
supplied by Sigma–Aldrich as 99% pure. Purity was checked by HPLC

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:rcastro@ff.uc.pt
dx.doi.org/10.1016/j.saa.2008.11.026
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Table 1
Calculated wavenumbers, intensities, and approximate description of the pindolol
spectra bands. Threshold for I: 3 km mol−1.

Approximate description �̄/cm−1 I/km mol−1

�(O13–H) 3588 42.5
�(N1–H) 3529 65.1
�(N15–H) 3354 2.9
�(C2–H), �(C3–H) i.p. 3159 5.0
�(C6–H) 3103 12.8
�(C7–H), �(C8–H) i.p. 3081 29.6
�(C7–H), �(C8–H) o.p. 3065 3.4
�a(C17–H3), �a(C18–H3) i.p. 3005 57.0
�a(C17–H3), �a(C18–H3) o.p. 3000 19.6
�a(C18–H3) 2996 32.5
�a(C17–H3) 2988 34.4
�a(C11–H2), �(C14–H) i.p. 2959 70.6
�a(C11–H2), �(C14–H) o.p. 2948 10.1
�s(C17–H3), �s(C18–H3) i.p. 2932 9.9
�s(C17–H3), �s(C18–H3) o.p. 2926 28.5
�s(C11–H2) 2908 33.3
�(C12–H) 2897 30.7
�(C14–H) 2816 70.8
�(C16–H) 2792 67.6
�(C4 C5), �(C7 C8) i.p. 1606 17.3
�(C4 C9), �(C6 C7) i.p. 1579 77.1
�(N1–H) 1499 93.2
�(N15–H) 1486 23.7
�(C17–H3), �(C18–H3) i.p., �(C14–H2), 1484 6.8
�(C11–H2), �(C14–H2) i.p. 1476 27.6
�(C11–H2), �(C14–H2) o.p. 1469 39.9
�(C17–H3), �(C18–H3) i.p. 1468 7.5
�(N15–H), �(C17–H3), �(C18–H3) o.p. 1451 9.8
�(C7–H), �(C8–H) i.p. 1423 27.0
�(O13–H), �(C12–C14), w(C11–H2), w(C14–H2) i.p. 1415 16.1
�(N1–H), �(C9–C1), �(C2–N1) i.p. 1407 22.3
�(C–H3) umbrella i.p. 1388 15.4
�(C12–H) 1373 10.3
�(N1–H), �(N1–C9), �(C4–C9), �(C8–C9) 1350 108.0
�(C16–H) 1343 31.2
�(C9–C4), �(C5–C4), �(C3–C4) 1336 7.0
�(O13–H) 1288 73.6
�(C15–O10) 1271 128.9
tw(C14–H2), �(C12–H) 1256 19.2
�(N1–H), �(C6–H), �(C7–H), �(C8–H) i.p. 1230 124.5
tw(C11–H2) 1225 71.8
�(N1–H), �(C2–H), �(C3–H) i.p. 1192 21.1
�(C16–N15) 1171 36.1
�(N1–H), �(C–H) indole o.p. 1116 75.0
�(C11–H2), �(C14–N15) i.p. 1095 17.7
�(C11–C12) 1083 26.1
�(C2–N1) 1071 44.8
�(C2–N1), �(C16–N15) 1065 85.8
�(C6–C7), �(C7–C8) 1055 9.5
�(C11–O10) 1050 41.0
�(C12–C14) 1023 22.2
�(N15–H) 953 5.5
�(C–C–C) indole 879 11.2
�(C12-O13) 867 23.4
�(C16-C17), �(C16–C18) i.p. 813 9.7
�(N15–H) 780 54.0
Rings flipping chair 764 3.8
�(C–H) indole i.p. 718 81.0
Rings breathing 711 15.0
�(C2–H), �(C3–H) i.p. 694 19.2
�(O13–H) 403 119.0
Fig. 1. Pindolol, 1-(1H-indol-4-yloxy)-3-(isopropylamino)-2-propanol.

nd no extra peaks were observed. The substance was used without
ny further purification.

The spectra were recorded between −170 and 25 ◦C in 10 ◦C
ntervals with a FTIR spectrophotometer (Thermo Nicolet, IR300,
SA) using the KBr pellet technique. Sixteen scans were run to
ollect each spectrum at a resolution of 1 cm−1.

The cell used had sodium chloride windows and temperature
ontrol device supplied by Graseby Specac. To avoid water vapour
ondensation, the cell compartment was kept under vacuum. The
emperature control inside the cell was approximately ±0.5 ◦C.

Spectra were also run on deuterated pindolol. Solid samples
ere maintained in equilibrium with d-methanol, 99.97%-D, for 1 h

t 60 ◦C under an argon atmosphere. The liquid was then removed
y evaporation at reduced pressure.

. Calculated infrared spectra

The isolated molecule spectrum was obtained by optimizing the
olecular conformation given by X-ray diffraction at the B3LYP/6-

1G* level using the Gaussian03W program [8]. No imaginary fre-
uencies were found. The calculated vibrational frequencies were
caled by the recommended factor of 0.9613 [9]. The band assign-
ent was performed by means of GaussianView [10] animation.

. NBO analysis

The NBO analysis was performed with the NBO 5.0 program [11].
short outline of the NBO segments used and of their structural
eaning is presented below.
NBO theory allows the assignment of the hybridization of atomic

one-pairs and of the atoms involved in bond orbitals. These are
mportant data in spectral interpretation since the frequency order-
ng is related to the bond hybrid composition.

Another useful chemical concept that can be interpreted
hrough NBO theory is the interaction between orbitals. The elec-
ron delocalization from a filled high energy bond orbital or
one-pair into a low energy antibonding orbital stabilizes the con-
ormation that maximizes the overlap of the orbitals participating
n this interaction. Values of the energy E(2)

ij∗ , for the interaction

etween the filled, i, and vacant orbital, j*, calculated by the second
rder pertubation theory are outputs from the NBO program.

An additional piece of information obtained from NBO analysis
elates to the effect of the orbital interactions on the bond ori-

ntation. The rehybridization of the electron acceptor orbital D–H
esulting from electron transfer from the lone-pair or donor group
ives rise to a deviation of the D atom natural hybrid orbital orien-
ation from that defined by the two nuclear centers. Information on
uch a deviation is also valuable from the structural point of view.
Abbreviations: a, anti-symmetric; s, symmetric; �, stretching; �, bending; �,
wagging; tw, twisting; � rocking; �, bending out-of-plane; i.p., in-phase; o.p., out-
of-phase.

When two filled orbitals approach, there is a steric repulsion
between them. A table of values corresponding to the destabilizing
energy, Est , between i and j pairs of filled orbitals is also given by
ij

the program.
The sum of the values found for E(2)

ij∗ for the single point struc-

tures is 4408 kJ mol−1 and that for the optimized structure is
4230 kJ mol−1. In turn, the sums of the values obtained for the pair-
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Fig. 2. Infrared spectra of pindolol before deuteration (b); and after deuteration (c) at 25 ◦C and −170 ◦C. The calculated spectrum is shown in (a).
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ise steric repulsion Est
ij

are 2180 and 2127 kJ mol−1 for single point
nd optimized structures, respectively. That is a very high stabiliz-
ng effect results from the NBO interactions.

The results obtained for NBO analysis will be introduced dur-
ng the discussion where they help elucidate structural features or
pectral patterns.

. Results and discussion
The experimental and calculated spectra of pindolol are pre-
ented in Fig. 2. The assignment of the bands for the calculated
pectrum can be found in Table 1, and for the solid in Table 2.

able 2
TIR spectra of pindolol. Band description and wavenumbers (cm−1).

escription �̄/cm−1

(N1–H) 3404
(N15–H) 3309
(O13–H) 3258
(C–H)aromatic 3136-3004
(C–H)aliphatic 2966-2844
(C14–H) 2874
(C16–H) 2844
(C4 C5), �(C7 C8) i.p. 1617
(C4 C9), �(C6 C7) i.p. 1587
(N1–H) 1509
(N15–H) 1504
(C11–H2), �(C14–H2) 1468
(C15–O10) 1286
(C16–N15) 1180
(N15–H) 883
(O13–H) 759

bbreviations: �, stretching; �, bending in-plane; �, bending out-of-plane; i.p., in-
hase.
inued).

5.1. 4000–1700 cm−1 region

The spectral region between 4000 and 1700 cm−1 is a very
important one as it is where the bands corresponding to the stretch-
ing vibration of XH (X = N1, N15, O13) are localized. These groups
play a fundamental role in the structural organisation of the com-
pound under study in condensed matter states due to their capacity
to establish intermolecular hydrogen bonding. In addition to the
vibrational modes of these groups, the CH stretch is also found in
this spectral region.

From observation of the spectral pattern of the XH groups, one
can see that O13–H28, N1–H19 and N15–H31 stretching bands are
well separated in the calculated spectra and strongly overlap and
shifted to lower frequencies in the spectrum of the solid. Both
effects are consequences of the hydrogen bonds involving these
groups. In fact, this type of interaction shifts the band maximum
towards lower frequencies, and increases both the band width and
the integral intensity. The submaximum and subminima shown by
the band contour enable us to determine the overlapping bands
by peak fit analysis [12]. Using Gaussian and Lorentzian functions,
the decomposition of the infrared spectra of the solid pindolol at
25 ◦C gives the band components shown in Fig. 3. The main features
of these bands (maximum position, half-height-width, maximum
height and area percentage) are given in Table 3.

On deuteration, those bands move to 2525, 2454 and 2422 cm−1,
corresponding to the isotopic ratio of 1.35, in agreement with the
theoretical values obtained for the calculated spectra upon chang-
ing the hydrogen atom by deuterium.

On the basis of geometrical parameters, the main intermolecu-

lar interaction in the solid pindolol is a hydrogen bonding network
involving the three polar groups [5]. The strength of these bonds fol-
lows the order: O13–H28· · ·N15 > N1–H19· · ·O13 > N15–H31· · ·O10.
Following the arguments given above, the assignment presented in
Table 3 was established.
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Table 3
Peak fit parameters of OH and NH stretch bands.

�̄max/cm−1 Width at half
height/cm−1

Maximum
height/a.u.

Relative
intensity/%

Assignment

3404 62 0.12 3 �(N1–H)
3309 6 0.25 1 �(N15–H)
3258 242 0.39 30 �(O13–H)
3113 71 0.09 3
3042 101 0.20 9
2966 22 0.43 4
2928 50 0.20 5
ig. 3. Decomposition of the pindolol spectrum at 25 ◦C in 4000–1700 cm−1. For a
lear reading the CH stretch vibrations are filled curves.

The stretch band shift is commonly used to quantify the strength
f hydrogen bonds [13–15]. As explained in Section 1, the shift in
his paper is evaluated relative to the calculated spectrum. How-
ver, we have to be sure that the shift obtained in this way is
ue exclusively to the intermolecular interaction. Looking care-
ully at the calculated spectra we can see that �(O13–H28) occurs
t a lower wavenumber than that assigned to the free group. In
act, the value found for the O13–H28 stretching vibration in pin-
olol conformers in which no intramolecular interaction exists is
611 cm−1 [16] which is in agreement with the value for alkyl alco-
ols [13,17]. If this internal bond persists in the solid, then the

alue given in the calculated spectra (3588 cm−1) is a correct ref-
rence for evaluating the intermolecular interaction; if this is not
he case, it would be best to use that corresponding to the free
roup (3611 cm−1). To clarify this point we have applied the NBO

Fig. 4. PNBOs orbital overlap for n(LP2O10) → �*(O13–H28) and n(LP2O13) → �*(N15
2875 19 0.26 2
2843 32 0.19 3
2711 471 0.27 40

analysis to the single point and to the optimized structures. In
NBO terms, the hydrogen bond under consideration corresponds
to the stabilizing interaction n(LP2O10) → �*(O13–H28). The val-
ues of E(2)

ij∗ obtained in the optimized and single point structures are

−2 and −1 kJ mol−1, respectively. The PNBO overlaps of the orbitals
involved in this interaction are depicted in Fig. 4.

The energy and the overlaps show that the optimized structure
exhibits an intramolecular hydrogen bond which becomes vanish-
ingly weak in the solid. This conclusion is further reinforced by the
directionality of the O13 hybrid with respect to the O13–H28 bond.
In the fully optimized structure, this hybrid is deviated 5.7◦ from
the line of the two nuclear centers while in the single point struc-
ture no significant deviation is observed. That is, the attraction of
H28 towards the O10 atom turns O13–H28 into a slightly bent NBO.

Considering that the O13–H28· · ·O10 intramolecular hydrogen
bond is very weak in the solid and increases in the optimized struc-
ture, we believe the reference wavenumber for the free O13–H28
group will be 3611 cm−1.
Another feasible intramolecular hydrogen bond in solid pindolol
is N15–H31· · ·O13. As can be seen from Table 4, the geometric data
indicate the possibility of a weak hydrogen bond between these
groups. These data are within the limits accepted for the existence

–H31), left panel (single point structure), and right panel (optimized structure).
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Table 4
X-ray diffraction data for pindolol [5], and bond enthalpy.

Hydrogen bond (D–H· · ·A) D· · ·A/Å H· · ·A/Å D–H· · ·A/◦ ��/cm−1 −�H/kJ mol−1

O3–H28· · ·N15 (inter) 2.748(2) 1.78(3) 172(3) 353 25
N1–H19· · ·O3 (inter) 2.858(3) 2.03(4) 156(3) 125 13
N15–H31· · ·O10 (inter) 3.355(3) 2.98(3) 106(2) 45 3
O13–H28· · ·O10 (intra) 2.841(2) 2.66(3) 91(2)
N15–H31· · ·O13 (intra) 2.821(2) 2.31(3) 114(2)

Table 5
Stabilizing energies and bond bending for single point and optimized structures.

Electron donor Electron aceptor Single point Optimized

E(2)
ij∗ /kJ mol−1 First hydrib deviation/◦ E(2)

ij∗ /kJ mol−1 First hydrib deviation/◦

n(LP1O13) �*C12–H27 13.2
4.2

6.8
3.5n(LP2O13) �*C12–H27 11.7 23.3

n 2.7
n 1.5
n 7.9
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table, the deviations of the carbon hybrids from the line of nuclear
centers in the C–H bonds are also included.

Two sets of overlapping bands, separated by a narrow wavenum-
ber interval, are then observed. One includes C14–H30 and C16–H32
(LPN15) �*C14–H29 9.6
(LPN15) �*C14–H30 23.8
(LPN15) �*C16–H32 35.4

f such bonds [18]. Following the ideas discussed above we need to
ompare the parameters related to this hydrogen bond in the struc-
ure of the solid with that of the isolated molecule. The NBO analysis
ndicates that the hydrogen bond, N15–H31· · ·O13 exists in both
tructures, and is stronger in the solid than in the isolated molecule.
he values obtained for E(2)

ij∗ are −5 and −3 kJ mol−1 for single point
nd optimized structures, respectively. The PNBO overlaps corre-
ponding to this interaction in both structures are given in Fig. 4.
s the intramolecular bond is present in both structures, the shift
f the stretching vibration of the N15–H31 group was estimated
elative to the calculated wavenumber (3354 cm−1).

On structural grounds, N1–H19 cannot be involved in an inter-
al hydrogen bond. Thus, the reference wavenumber for estimating
he intermolecular interactions involving this group is 3529 cm−1, a
gure within the wavenumber interval defined by the values given

n literature for indole [13,19].
Using the Iogansen [13] empirical relationship between the

and maximum shift and the hydrogen bond enthalpy, the values
btained for this thermodynamic quantity are given in Table 4.

The next spectral region to be interpreted is that between 3200
nd 3000 cm−1 in which the bands correspond to the C–H stretch
ibrations of the indole group. The NBO analysis shows that the
–C, C–N, C–H and N–H bonds in the indole ring are approximately
p2 hybrids, and that the electron delocalization is extended to the
10 atom. The stabilizing energy, E(2)

ij∗ , related to the 	 → 	* inter-

ctions, ranges from −59 to −97 kJ mol−1 and that corresponding
o the interactions between the n(LPN1) and n(LP2O10) with the 	*
icinal carbon atoms varies from −122 to −151 kJ mol−1. Thus the
ndole group exhibits strong aromaticity, which assures to pindolol
ts specificity relative to other �-blockers.

The calculated spectrum shows five weak absorption bands cor-
esponding to the in-phase coupling stretch modes of vicinal C–H
roups. The intensity of the out-of-phase bands is vanishingly weak.
he C–H stretching band maxima decreases with increasing s char-
cter of the carbon hybrid. Indeed, for the C2–H20 and C3–H21
roups the carbon hybridization is close to sp2 and the correspond-
ng stretching vibrations occur at higher wavenumbers than those
bserved for phenyl C–H groups in which the carbon hybridization
aries from sp2.30 to sp2.42.

The spectrum of the solid corresponding to the C–H stretch of

he aromatic ring is in the same region as that of the calculated
pectra, although the strong overlap prevents band assignment.

The vibrational bands localized in the region 3000–2800 cm−1

orrespond to the stretch of the aliphatic C–H groups. Usually not
uch structural meaning is attributed to these vibration modes
7.9 1.9
33.6 2.6
31.2 2.1

of the C–H groups. However, in pindolol they reflect the orbital
delocalization playing an important role in the stabilization of the
torsional conformations. The theoretical spectrum shows a rather
interesting behaviour with respect to the C14–H2 stretch (index
under H stays for methylene). As a rule geminal C–H groups exhibit a
coupled stretching vibration mode. The calculated spectrum of pin-
dolol shows the stretch mode of C14–H29 coupled in-phase with
C11–H2 at 2959 cm−1 and that of C14–H30 gives rise to an inde-
pendent band at 2816 cm−1. The decoupling is explained by the
strong stabilizing interaction between n(LPN15) and �*(C14–H30)
antibonding orbital. The N15 and O13 lone pairs interact with vici-
nal C–H groups influencing their vibrational modes. In Table 5, the
values of the stabilizing energy between these lone pairs acting as
electronic donors and the C–H antibond orbitals as acceptors are
given for both single point and optimized structures. In the same
Fig. 5. Curve fit of the deuterated pindolol spectrum at 25 ◦C between 2750 and
1700 cm−1.
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R.A.E. Castro et al. / Spectrochi

ibration bands, while the other corresponds to those of the remain-
ng C–H groups of the side chain.

In the region under consideration, the spectrum of the solid pin-
olol differs from the calculated one, firstly by an increase band
idth and consequently a strong overlap and, secondly, by a dis-
lacement of the band maxima towards higher wavenumbers. As
result of these NBO interactions a considerable deviation of the

arbon hybrids is observed, in particular for the C16–H32 group in
he single point structures.

The absorption of the solid pindolol between 2800 and
200 cm−1 does not correspond to fundamental vibrational modes.
trong absorption in this region is frequently found in compounds
ontaining, amide, amine or hydroxyl groups. Various theoretical
pproaches have been proposed based on the study of the spectra
f dimers or oligomers of small size molecules [20–23]. Neverthe-
ess, the Fermi resonance is the most popular interpretation for the
bsorption in this region. The anharmonic coupling of the stretch-
ng vibration of hydrogen bonded NH or OH and the first overtone
f an in-plane bending or a combination band splits the fundamen-
al band into two (Fig. 3). The maximum of one of these bands is
isplaced towards higher frequency and the other towards lower
requencies relative to the original band. Although the complex-
ty of the Pindolol spectra one can see a strong band at 2661 cm−1

y curve fitting. Apparently, this band results from the coupling
f stretching OH with an overtone in-plane bending vibration or
ombination mode. Since the Fermi effect requires that both fun-
amental and non-fundamental modes have a very close frequency
he wavenumber of the latter should be approximately 1450 cm−1.
ecause of the large number of bands that can lead to overtones in
his frequency range and the number of binary combinations able
o do so it is not possible to provide a reliable identification of the

odes involved.
The specie described as deuterated is in reality the partially

euterated compound. The simultaneous presence of deuterated
nd non-deuterated groups makes the spectral interpretation more
ifficult. However, important information can be drawn from it.

n fact the H/D exchange allows the assignment of the stretching
ibration of the polar groups. Another valuable piece of data con-
erns the absorption of the deuterated form in the 2750–1700 cm−1

egion. Comparison between the spectra of the solid before and
fter deuteration shows further a strong absorption at approxi-
ately 2130 cm−1 for the deuterated form. The peak fit of the

pectra between 2750 and 1700 cm−1 (Fig. 5) shows that Fermi
esonance occurs between the fundamental O–D stretching vibra-
ion and bending in-plane bands similar to the effect found for the
on-deuterated solid.

.2. 1700–1000 cm−1 region

The 1700–1000 cm−1 region corresponds to C–H, O–H, N–H in-
lane bending vibrations and to the stretch of the bonds between
eavy atoms, in particular C C, C–C, C–OH, C–O and C–NH. The
umber of bands, the effect of intermolecular interaction in the
ibrational modes and the strong vibrational coupling makes band
ssignment difficult for the experimental spectra in this region.
owever, some characteristic bands included in Table 2 have been

dentified by making use of the calculated and the deuterated spec-
ra.

.3. 1000–400 cm−1 region
The out-of-plane bending provides valuable information about
he N15–H31 and O13–H28 groups. The most intense band of the
rst group in the theoretical spectra is observed at 780 cm−1. The
ubstitution of the hydrogen by deuterium moves the band to

¯ max = 638 cm−1. In the spectrum of the solid this vibration mode
cta Part A 72 (2009) 819–826 825

is observed at �̄max = 883 cm−1 and is shifted by deuteration to
690 cm−1.

The out-of-plane O13–H28 vibration is seen at 403 cm−1 in the
calculated spectra. In the solid the band corresponding to this
vibrational mode occurs at 759 cm−1. On deuteration this band
disappears.

5.4. Temperature effect

The influence of the temperature on the infrared spectra can
be used to evidence hydrogen bonding interactions. The tempera-
ture effect has been interpreted on the grounds that the hydrogen
bond gets stronger at lower temperatures [24,25]. The comparison
between the spectra of pindolol at 25 and −170 ◦C (Fig. 2) shows a
displacement of the maximum of the bands corresponding to the
donor groups of hydrogen bonds. The frequency of the stretching
vibration modes of N1–H, N15–H and O13–H decreases from 25 to
−170 ◦C, 52, 1 and 41 cm−1, respectively.

The red shift due to temperature decreasing is the rule fol-
lowed by N1–H and O13–H. The N15–H is involved in a weak
intermolecular hydrogen bond as acceptor and simultaneously in
an intramolecular hydrogen bond as donor. Since the intramolec-
ular interaction is not affected by temperature no displacement of
the band due to this group is observed.

The maximum of supernumerary band due to Fermi resonance
is displaced from 2711 to 2678 cm−1 as temperature varies from
25 to −170 ◦C. Contrary to the stretching, the in-plane and out-of-
plane vibration modes of the polar groups are displaced to higher
frequencies as the temperature decreases [26].

6. Conclusions

Infrared spectroscopy provides relevant information on the
intra- and intermolecular interactions in pindolol. The vibrational
spectrum calculated for the conformation obtained from X-ray
diffraction data reveals the effects of intramolecular hydrogen
bonds and other types of interaction present in the isolated con-
former. Based on the band maxima shifts, and from the spectrum
of the solid, it is possible to quantify the intermolecular hydrogen
bonds.

NBO theory provides an excellent approach to interpret the
infrared spectra in electronic terms. Relative band positions,
together with displacement of bands corresponding to molecular
groups not involved in hydrogen bonds, are explained by this theory.

In this paper, NBO analysis was also used to evaluate the influ-
ence of the intermolecular interactions by comparing the results
obtained for the single point and optimized structures.
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