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Density functional theory (DFT) at the B3LYP/6-31++G(d,p) level was employed to obtain the optimized
geometries and vibrational spectra of several pyridine(Py)-water(W) complexes with stoichiometric ratios
ranging from 2:1 (Py2W) to 1:3 (PyW3). The harmonic vibrational wavenumbers of pyridine ring modes and
the fundamental modes of water were calculated in order to examine the influence of hydrogen bonding on
the normal modes of both pyridine and water upon complexation. The Raman spectra in the wavenumber
region 960-1060 cm-1 covering the ring modesν1 andν12 of pyridine (in Wilson’s notation) as a function
of pyridine mole fraction were recorded. The integrated Raman intensities in the isotropic components of the
spectra were used to determine the relative concentration of “free” pyridine molecules in close neighborhood
with other Py-W complexes. The combination of both experimental wavenumbers yielding the overall shift
induced by the entirety of hydrogen-bonded complexes in the mixture and the DFT-derived vibrational
wavenumbers of the isolated species provides the possibility to probe concentration profiles as a function of
pyridine mole fraction. The examination of the concentration dependence of line widths reveals that the counter
competing influences of different dynamic processes are simultaneously present in this binary mixture.

1. Introduction

The phenomenon of hydrogen bonding is omnipresent in
nature. Hydrogen bonds, for instance, stabilize the secondary
and tertiary structures of proteins and are thought to play a major
role in molecular recognition, binding, and enzymatic catalysis.1

Nucleic acid base pairs of polyphosphodiesters, such as of
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), are
stabilized by hydrogen bonds between the pyrimidine and purine
bases.2 Quantum chemistry provides concepts to achieve an
understanding of the fundamental nature of chemical bonds in
general and hydrogen bonds in particular.3 Structures (optimized
geometries), energetics (interaction energies), and vibrational
spectra (infrared and Raman) of hydrogen-bonded complexes
can be determined via electronic structure calculations. Rigorous
ab initio calculations at a very high level can be performed only
on small complexes, such as the water dimer, and that too with
immense computational effort and cost.4,5 To predict molecular
properties reliably, the inclusion of electron correlation is
required. Besides ab initio methods such as Møller-Plesset
(MP) theory, density functional theory (DFT) has become very
popular recently owing to its good performance (apart from
some well-documented problems) and reasonable computational
efforts.6 Binary ionic complexes, complexes of small organic
molecules with water, and some other systems have been
examined recently.7-11

Besides the theoretical methods mentioned above, on the
experimental side, the analysis of vibrational line profiles and
wavenumber shifts by Raman spectroscopy allows one to study
inter- and intramolecular interactions and molecular motions.12

In contrast to the wavenumber position of a Raman band, which
relates to the corresponding force constant(s), basically depend-
ent on electronic structure and bonding, the Raman line width
contains information on dynamic aspects (on the time scale of
picoseconds/subpicoseconds) in molecular liquids and solids,
e.g., on vibrational relaxation (dephasing) and reorientational
motions.13 This was pointed out first in the pioneering work of
Gordon.14 The possibility to separate out these effects by per-
forming polarized Raman measurements, an obvious advantage
of Raman spectroscopy over IR spectroscopy, was recognized
some years later by Bartoli and Litovitz.15 The pure isotropic
part of the Raman scattered intensity (I iso) provides useful
information concerning the vibrational dephasing mechanisms.

Takahashi et al.16 studied binary mixtures of pyridine with
different hydrogen donor solvents including methanol and
ethanol spectroscopically. Asthana et al.17 and Kreyenschmidt
et al.18 made detailed spectroscopic studies on pyridine-
methanol mixtures. Vibrational relaxation and chemical ex-
change broadening in the pyridine-ethanol and pyridine-water
systems were examined by C¸ abaco et al.19 and Zoidis et al.,20

respectively. In the work of Deckert et al.21 on pyridine-ethanol
mixtures, structures for the dimer, C5H5N‚‚‚HOC2H5, and the
trimer, C5H5N‚‚‚(HOC2H5)2, were calculated on a semiempirical
level. Despite the low level of theory, the wavenumber shift of
the pyridine ring breathing mode due to hydrogen bonding was
adequately explained in a qualitative manner.

The pyridine-water system was chosen for the present study
as a model system of a basic N-heterocyclic compound and the
most important solvent in biological systems. Dkhissi et al.22

reported recently a detailed DFT study on the pyridine-water
complex employing various local and nonlocal exchange
correlation functionals as well as hybrid approaches, but their
study was confined to the 1:1 complex. Different basis sets were
used by these authors in order to analyze the importance of
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polarization and diffuse functions for the description of struc-
tures and spectral properties of hydrogen-bonded systems.22 In
this study, experimental matrix FT-IR data of the 1:1 pyridine-
water complex were also compared with second-order Møller-
Plesset perturbation theory (MP2) and DFT results.22 Other
closely related studies report on MP2 calculations on 1:1
pyrrole-water and pyridine-water complexes.23 MP2 and DFT
calculations on complexes of water with methyl-substituted
pyridines were also published recently.24

In view of the earlier theoretical and experimental studies16-23

and the fact that pyridine-water should act as a model system,
it was thought worthwhile to study the structures and spectra
of possible hydrogen-bonded pyridine-water complexes, such
as Py2W, PyW, PyW2, PyW3, and to explain the observed
spectral features in terms of exchange equilibria. In this report,
the DFT-derived optimized geometries and vibrational spectra
of several pyridine-water complexes are presented and the
changes in structures and spectral features within this series are
discussed. The simulated Raman spectra of individual complexes
in combination with the wavenumber positions of the blue-
shifted ring mode of pyridine in the mixture (ν̃1′ versusν̃1 in
neat pyridine) are used to probe concentration profiles. A
qualitative analysis of the concentration dependence of the line
widths considers dynamical processes taking place in the
mixture, e.g., leading to the phenomenon of concentration
fluctuations.

2. Methods

A. Experimental Techniques.Pyridine obtained from Fluka
was used without further purification. TheI| andI⊥ components
of the Raman scattered intensity were recorded in the region
960-1060 cm-1 with mole fractions of pyridine ranging from
x(Py) ) 0.02 to 1.00 in the (C5H5N + H2O) mixture. A Spex
1404 double monochromator with 2400 grooves/mm gratings
and a liquid N2-cooled CCD detector (Photometrics) were
employed to record the spectra. The 514.5 nm line of an Ar+-
laser delivering≈100 mW power at the sample was used for
excitation. The entrance slit was kept at≈0.36 cm-1 (50 µm
slit width). During the entire measurement, the grating position
was kept constant and thus a single window spectrum ensures
higher precision in peak position. Further, a small slit width
also helps in determining the peak position and line widths with
better accuracy. TheI| and I⊥ components of the Raman
scattered intensity were measured for each mixture by turning
the polarization of the laser beam by 90° using a double Fresnel
rhomb and keeping the analyzer position constant in order to
avoid errors due to reflectivity of the gratings. The spectra were
recorded for around 30 different mixtures with varying molar
ratios of pyridine and water [x(Py) ) 0.02-1.00].

B. Computational Details. The optimized geometries and
vibrational wavenumbers, including IR and Raman intensities
as well as depolarization ratios, of various hydrogen-bonded
complexes were calculated using density functional theory
(DFT). The calculations were performed on a vector parallel
computer (vclass, Hewlett-Packard) using the GAUSSIAN98
(Rev. A7) suite of programs.25 The B3LYP functional26,27 and
the 6-31++G(d,p) basis set were employed. It has already been
shown that this level of theory is sufficient to reliably predict
molecular geometries as well as vibrational spectra of hydrogen-
bonded systems.22 The internal coordinates were generated using
the MOLDEN (Vers. 3.4) program.28

3. Results and Discussion

A. Density Functional Calculations.The optimized geom-
etries of several pyridine(Py)-water(W) complexes with dif-

ferent stoichiometric ratios: (a) Py2W (2:1), (b) PyW (1:1), (c)
PyW2 (1:2), and (d) PyW3 (1:3) are presented in Figure 1.
Geometry optimizations were performed without any constraints.
In Table 1, some selected inter- and intramolecular structural
data for the different species mentioned above, calculated at
the B3LYP/6-31++G(d,p) level, are listed. The calculated
structural data for the 1:1 complex from the present study are
in nice agreement with those obtained by Dkhissi et al.22

employing the same hybrid functional and basis set. These
values are given in square brackets (see Table 1). From Table
1, it can clearly be seen that in the series: Py2W f PyW f
PyW2 f PyW3, the hydrogen bond Na‚‚‚Ha (Nb‚‚‚Hb) between
pyridine and water is successively shortened. In the case of PyW,
PyW2, and PyW3, the strengthening of the hydrogen bond causes
an elongation of the covalent O1-Ha bond in the water molecule.
The same effect on the other covalent bond (O1-Hb) of the
same water molecule is much less pronounced. For the Py2W
complex, however, the interatomic distances for the covalent
bonds O1-Ha and O1-Hb as well as the hydrogen bonds Na‚‚‚
Ha and Nb‚‚‚Hb are practically the same. This is quite expected
since the two pyridine rings linked with water are symmetrically
placed on both sides of the water molecule. These aromatic
residues in the Py2W complex have a nearly perpendicular
orientation with a dihedral angle H1-Na-Nb-H1′ ) -91.6°,
which may probably be caused as a result of diminished
repulsive interactions between theπ-electon systems of the
pyridine rings as well as the oxgygen lone-pairs of the water
molecule. The bond lengths O2-Hc and O2-Hd of the second
water molecule in the PyW2 complex are quite close to those
of the first water molecule, O1-Ha and O1-Hb, respectively.
The lengths of the two covalent O-H bonds, however, do not
match precisely. This is because of the fact that in PyW2,
although both water molecules are hydrogen-bonded, their

Figure 1. Geometries of pyridine-water complexes optimized at the
B3LYP/6-31++G(d,p) level: (a) Py2W, (b) PyW, (c) PyW2, (d) PyW3.

9984 J. Phys. Chem. A, Vol. 105, No. 43, 2001 Schlücker et al.



environment is different: the first water molecule being bonded
to the N-atom of pyridine (N‚‚‚H), while the second water
molecule is bonded to the O-atom of the first water molecule
(O‚‚‚H). The water-water hydrogen bond (O1‚‚‚Hc) is slightly
longer than the pyridine-water hydrogen bond (Na‚‚‚Ha). With
the addition of a third water molecule yielding the PyW3

complex, the water-water hydrogen bond (O1‚‚‚Hc) distance
increases. The adjacent covalent bond O2-Hc is slightly
shortened, whereas the effect on the O2-Hd (O3-Hf) distance
is negligible. This is quite reasonable since these two O-H
bonds are open-ended at the H-atom, and are not expected to
be appreciably affected by hydrogen bonding. The quite
symmetrical structure of the PyW3 complex is revealed by nearly
identical bond distances of the covalent bonds O2-Hc/O3-He

and hydrogen bonds O1‚‚‚Hc/O1‚‚‚He, in which both the second
and the third water molecule are involved.

The calculated harmonic vibrational wavenumbers of pyridine
ring modes (ν1, ν1′, andν12), their relative Raman intensities
(normalized toν1 for neat Py and toν1′ for all complexes), along
with their depolarization ratios in pyridine and the various
pyridine-water complexes under consideration are listed in
Table 2. All calculated depolarization ratios are extremely small
and close to zero as expected for polarized Raman bands. The
relative intensities vary in an unexpected and nonsystematic
manner. However, not only the Raman scattering activities, but
also the normal mode displacement vectors were used for an

unambiguous band assignment. Figure 2 displays the simulated
Raman spectra of the hydrogen-bonded species in the wave-
number region 960-1060 cm-1 based on the data presented in
Table 2. It can clearly be seen that in the different complexes,
the triangular modeν12 appears at a nearly constant wavenumber
position within( < 1 cm-1 as compared to that in neat pyridine.
In contrast, the ring breathing modeν1 shows a significant shift
(ν̃1 f ν̃1′) toward higher wavenumber values with an increasing
mole fraction of water in the complexes. The phenomenon of
blue-shifting or anti-hydrogen bonds has recently been discussed
from a theoretical point of view.29,30 For the presentation
Lorentzian profiles with line widths of 2.0 and 2.5 cm-1 for
ν1/ν1′ and ν12, respectively (see Section 3.B), were assumed.
The peak areas were normalized onν1/ν1′, i.e., they present the
ratio I12/I(1/1′) as listed in Table 2. The theoretical data on the
wavenumber position ofν1′ will be used for the comparison
with the experimental data in order to check concentration
profiles derived from kinetic modeling.20

Besides the influence of hydrogen bonding on the electron
donor molecule pyridine, also the effects on water as the electron
acceptor in this hydrogen-bonded system were studied. The
harmonic vibrational wavenumbers of the three normal modes

TABLE 1: Some Selected Inter- and Intramolecular Structure Data of Hydrogen-Bonded Pyridine-Water Complexes
Calculated at the B3LYP/6-31++G(d,p) Levela

bond distances (Å) Py2W PyW PyW2 PyW3

(Nb‚‚‚Hb) 2.0232 (2.0201) 1.9304 [1.93] 1.8236 1.6932
O1-Ha 0.9747 0.9809 [0.9807] 0.9923 1.0106
O1-Hb 0.9749 0.9643 [0.9644] 0.9647 0.9663
O1‚‚‚Hc (O1‚‚‚He) 1.8300 1.9054 (1.9033)
O2-Hc (O3-He) 0.9816 0.9778 (0.9779)
O2-Hd (O3-Hf) 0.9639 0.9640 (0.9640)

angles (deg) Py2W PyW PyW2 PyW3

H1-C1-Na (H1′-C1′-Nb) 115.7 (115.7) 116.0 116.2 115.7
C1-Na‚‚‚Ha (C1′-Nb‚‚‚Hb) 105.3 (105.5) 120.1 [122] 127.8 120.4
Na‚‚‚Ha-O1 (Nb‚‚‚Hb-O1) 160.7 (161.2) 177.9 [179] 168.0 175.4
Ha-O1-Hb 106.7 105.8 106.6 106.6
O1‚‚‚Hc-O2 (O1‚‚‚He-O3) 163.6 158.7 (159.0)
Hc-O2-Hd (He-O3-Hf) 106.4 (106.4)

a The values for the PyW complex given in square brackets are the ones calculated using the same method and referred from the literature.22

TABLE 2: Harmonic Vibrational Wavenumbers (cm -1),
Relative Raman Intensities Normalized to theν1 and ν1′
Mode, Respectively, Depolarization Ratios of theν1, ν1′, and
ν12 Modes of Pyridine and the Hydrogen-Bonded
Pyridine-Water Complexes Calculated at the B3LYP/
6-31++G(d,p) Levela

pyridine ring modes dep. ratio

species ν̃1 ν̃1′ ν̃12

rel. int.
I12/I(1/1′) F1 F12

Py 1010.1 [1011] 1045.6 [1046] 1.634 0.034 0.032
989.9 [986] 1024.7 [1020]

Py2W 1017.6 1044.9 0.809 0.033 0.033
997.3 1024.0

PyW 1020.6 [1021] 1046.1 [1046] 1.106 0.040 0.036
1000.2 [995] 1025.2 [1020]

PyW2 1023.1 1046.5 0.873 0.042 0.043
1002.6 1025.6

PyW3 1028.5 1045.5 0.451 0.042 0.048
1007.9 1024.6

a The first row and second row show unscaled and scaled values,
respectively (scale factor 0.980); values for the PyW complex given
in brackets are calculated using the same method referred from literature
(scale factor 0.975).22

Figure 2. Simulated Raman spectra of pyridine and pyridine-water
complexes in the region 960-1060 cm-1 along with line width data
for ν1/ν1′ at≈990-1008 cm-1: ∆ν̃1/2 ) 2.0 cm-1; and forν12 at≈1025
cm-1: ∆ν̃1/2 ) 2.5 cm-1.
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of H2O in pyridine-water complexes calculated at the B3LYP/
6-31++G(d,p) level are listed in Table 3. The values for the
PyW complex given in square brackets are those calculated
using the same method and referred from the literature.22 Within
the whole series, the calculated harmonic vibrational wave-
numbers resemble with the expected trend on the basis of the
O1-Ha/O1-Hb bond distances (see Table 1). An elongation of
the covalent bond O1-Ha/O1-Hb is indicative of a reduced force
constant and consequently a lower vibrational wavenumber for
the stretching mode. Similar to the preceding discussion of the
calculated bond distances, the wavenumber trend of the stretch-
ing vibrationsν1 andν3 of water in the series PyWf PyW2 f
PyW3 and for the Py2W complex are discussed separately since
the latter species has two adjacent aromatic systems (see Figure
1). The deformation modeν2 and the asymmetric stretching
mode ν3 of water exhibit only slight shifts, whereas the
symmetric stretching modeν1 shows significantly large red-
shifts with an increasing water content in the complex. It should
be noted that the use of diffuse function is essential to reliably
predict vibrational properties of hydrogen-bonded complexes.
Especially the wavenumber value of theν1 mode of water is
highly sensitive to the inclusion of diffuse functions.22 For the
PyW3 complex, for instance,ν1 is predicted to appear below
3000 cm-1, which is even below all aromatic C-H stretching
modes (3186-3216 cm-1). The bond distances O1-Ha and O1-
Hb are miniumum and maximum, respectively, for the Py2W
complex (see Table 1) and show a variation in just-opposite
direction in the series: Py2W f PyW f PyW2 f PyW3. The
valuesν̃1 andν̃3 accordingly show the decreasing and increasing
trend, respectively, within this series.

Besides the well-known normal modes of pyridine and water,
some low-wavenumber modes with considerable IR or Raman
activity could be identified in the calculated vibrational spectra.
Only the most intense low-wavenumber IR and Raman mode
for each complex is listed below. For the IR and Raman active
modes the relative intensityIrel given in percent (in parentheses)
refers to ν1 of water (Ha-O1-Hb) and to ν1 of pyridine,
respectively:

These low wavenumber modes are essentially the librational
modes of pyridine and water similar to what one obtains in

crystal hydrates. In these modes, there are no intramolecular
motions either among the atoms of water or among the atoms
of pyridine and the unit (Py or W) as a whole oscillates in the
network.

B. Spontaneous Raman Spectroscopy.The isotropic com-
ponents of the linear Raman spectra were determined using a
linear combination ofI| and I⊥ as follows:

For x(Py) ) 1.00 (neat C5H5N) andx(Py) ) 0.02 (extremely
diluted C5H5N), the spectra were fitted to two Voigt profiles.
The spectra in the concentration rangex(Py) ) 0.05 to 0.96
were fitted to three Voigt profiles as shown in Figure 3. The
bottom spectrum (x(Py) ) 1.00) in Figure 3 shows the Raman
bands assigned to the ring breathing (ν1) and the triangular mode
(ν12) of neat pyridine (Py) atν̃1 ≈ 990 andν̃12 ≈ 1030 cm-1,
respectively. The addition of H2O (W) yields a new broad band
at ν̃1′ ≈ 995-1002 cm-1 in going from pyridine mole fraction
x(Py) ) 0.96 to 0.02 as shown in Figure 3. This band is
obviously due to a network consisting of several distinct
hydrogen-bonded species, such as Py2W, PyW, and PyW2, as
pointed out in the earlier work of Zoidis and co-workers.20 At
mole fractionx(Py)) 0.60 (not shown), nearly the same amount
of hydrogen-bonded and “free” pyridine may be assumed to
bepresent in view of comparable Raman intensities of the bands
at ≈990 and≈997 cm-1. For very high water concentrations
(Figure 3, top spectrum,x(Py)) 0.02), the band associated with
the ring breathing mode of “free” pyridine molecules practically
vanishes.

In the work of Zoidis et al.,20 a spectral resolution of 0.6
cm-1 was used and the parallel components of the Raman
spectra were recorded. The Raman bands atν̃1 ≈ 990 cm-1, at
ν̃1′ ≈ 995-1002 cm-1, and atν̃12 ≈ 1030 cm-1 were fitted to
one, two, and three profiles, respectively, according to the three
species, namely, “free” Py, Py2W, and PyWn (including all
others), which were included in their model. Although in our
Raman spectra presented in Figure 3 a higher spectral resolution
(0.36 cm-1) than that of Zoidis et al.20 was employed for

TABLE 3: Harmonic Vibrational Wavenumbers (cm -1) of
the Three Normal Modes of H2O in Pyridine-Water
Complexes Calculated at the B3LYP/6-31++G(d,p) Levela

normal mode Py2W PyW PyW2 PyW3
b

ν1:
νs(Ha-O1-Hb) 3618 3538 [3538] 3320 2969
νs(Hc,e-O2,3-Hd,f) 3544 3625

ν2:
δ(Ha-O1-Hb) 1652 1637 [1638] 1664 1664
δ(Hc,e-O2,3-Hd,f) 1640 1638 (ip), 1636 (op)

ν3:
νas(Ha-O1-Hb) 3705 3883 [3881] 3880 3858
νas(Hc,e-O2,3-Hd,f) 3891 3894 (ip), 3893 (op)

a The values for the PyW complex given in square brackets are those
calculated using the same method and referred from the literature.22

b (ip): in-phase; (op): out-of-phase.

Py2W: ν̃IR ) 28 cm-1 (5), ν̃Raman) 27 cm-1 (20)

PyW: ν̃IR ) 104 cm-1 (13), ν̃Raman) 43 cm-1 (9)

PyW2: ν̃IR ) 174 cm-1 (9), ν̃Raman) 59 cm-1 (8)

PyW3: ν̃IR ) 159 cm-1 (9), ν̃Raman) 49 cm-1 (8)

Figure 3. Isotropic components of the Raman spectra of pyridine and
pyridine-water mixtures for various mole fractions of water in the
region 960-1060 cm-1. The spectra were fitted to three Voigt profiles,
except from neat and highly diluted pyridine (x(Py) ) 1.00 and 0.02,
two Voigt profiles).

I iso ) I| - 43I⊥ (1)
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recording the spectra, a distinct shoulder could not be identified
to legitimate a fit to more than a single profile. Any attempt to
fit, for example, the new band atν̃1′ ≈ 995-1002 cm-1 to two
profiles proved abortive and led to nearly identical central
wavenumber positions of the two peaks at several concentra-
tions. The difference in the spectral features presented in Figure
3 and those obtained by Zoidis et al.20 are attributed to the fact
that at higher water contents the pyridine ring modes under
investigation become depolarized. Therefore, the perpendicular
component due to the contribution in terms of its intensity, line
width, and also central wavenumber position should not be
neglected, especially not if minute changes in the Raman spectra
are discussed. Furthermore, as discussed above, the DFT
calculations yielded distinct wavenumber positions (ν̃1′) for the
PyW, PyW2, and PyW3 complexes (see Figure 2 and Table 2)
so that condensing all these complexes in “one” PyWn species
and taking this as a model complex20 seems to be questionable.
Thus, the band profile and the wavenumber position of the band
at ν̃1′ ≈ 995-1002 cm-1 as a function of pyridine mole fraction
is attributed to a uniform or homogeneous hydrogen-bonded
network (i.e., in which isolated species cannot be identified)
whose composition (in terms of all possible ratios between
pyridine and water) is reflected by the wavenumber position
ν̃1′.

C. Concentration Dependence of Wavenumber Shifts.The
wavenumber values of the pyridine ring modesν12, ν1′, andν1

for mole fractions of pyridine ranging fromx(Py) ) 0.02 to
1.00 are listed in Table 4. Both the triangular modeν12 and the
ring breathing modeν1′ of hydrogen-bonded pyridine molecules
show a significant wavenumber shift upon dilution from 1029.9
cm-1 atx(Py) ) 1.00 to 1034.4 cm-1 atx(Py) ) 0.02 and 995.1
at x(Py) ) 0.96 to 1001.9 cm-1 at x(Py) ) 0.02, respectively.
The ring breathing modeν1 of “free” pyridine exhibits only a
very small wavenumber shift from 990.4 to 990.7 cm-1 within
the mole fraction rangex(Py) ) 1.00 to 0.20 which is quite
consistent with earlier results.21 On increasing the degree of
pyridine dilution further, this band also shows a significant
wavenumber shift and assumes a value of 995.4 cm-1 at x(Py)
) 0.05. This indicates that for extreme dilutions [x(Py)e 0.20],
almost all pyridine molecules are probably involved in hydrogen
bonding. The peak positionν̃1 of “free” pyridine approaches
the valueν̃1′ for high pyridine mole fractions.

A comparison with the DFT-derived vibrational spectra
presented in Figure 2 reveals that the shift of the ring breathing
mode (ν̃1 f ν̃1′) caused by the pyridine-water hydrogen bond

formation matches nicely with what is observed experimentally
as shown in Figure 3. In the simulated spectra, however, the
systematic wavenumber shift ofν̃12 is not covered. This may
be attributed to the simple model that we have assumed, wherein
only isolated species, instead of a whole hydrogen-bonded
network, are considered. The latter approach would include
distinct hydrogen-bonded species in neighborhood of one
another, e.g., Py2W3 ) PyW + PyW2, to take care of the
environmental effect. A complete simulation of such a whole
network is, however, not the central subject of this report.

D. Probing Concentration Profiles. The concentration
profile for the pyridine-water system adopted from Zoidis et
al.20 derived through kinetic modeling is presented in Figure 4.
In this model, certain chemical equilibria among “free” Py,
Py2W, PyW, and PyW2 were assumed. One basic assumption
in our work is that the band atν̃1 ≈ 990 cm-1 is associated
only with “free” and that the new broad band atν̃1′ ≈ 995-
1002 cm-1 corresponds to an overall shiftν̃1 f ν̃1′ due to
hydrogen-bonded complexes, such as Py2W, PyW, and PyW2

being present in a certain ratio in the mixture. From the
corresponding integrated Raman intensities, i.e., the peak areas
A1 and A1′, the relative concentration of “free” Py to that of
complexes was obtained by determining the ratioA1/(A1 + A1′).
This includes the assumption that the Raman scattering cross
section of the pyridine ring breathing mode in “free” pyridine
and in the hydrogen-bonded species is the same. As shown in
Figure 4, the relative concentration of pyridine (hollow circles)
obtained from the presented experimental data show only a slight
deviation from the profile (solid line) given by Zoidis et al.20

For a given concentration of “free” Py [x(Py)], the sum of the
concentrations of all hydrogen-bonded species present in the
mixture can easily be calculated to be [1- x(Py)]. However,
the relative concentrations of the different complexes still remain
unknown. A good probe for these concentrations is the wave-
number positionν1′ which lies in the range≈ 995-1002 cm-1.
The basic idea in estimating these concentrations is that the
overall shift can be expressed as a linear combination of
weighted individualν̃1′ values as follows: Since only all the
hydrogen-bonded species together contribute to the shifted band
at ν̃1′ ≈ 995-1002 cm-1, their mole fractionsx(i) from Figure
4 were normalized [x(i) f x′(i)] to the sum of concentrations
of hydrogen-bonded species, such thatx′(Py2W) + x′(PyW) +
x′(PyW2) ) 1. Each of thesex′(i) values is multiplied by the

TABLE 4: Experimental Wavenumber Values (cm-1) of the
Pyridine Ring Modes ν12, ν1′ (hydrogen-bonded C5H5N), and
ν1 (“free” C 5H5N) as a Function of Pyridine Mole Fraction

pyridine wave number pyridine wave number

x(Py) ν12 ν1′ ν1 x(Py) ν12 ν1′ ν1

1.00 1029.9 990.4 0.50 1031.9 997.6 990.5
0.96 1030.0 995.1 990.4 0.47 1032.0 997.8 990.5
0.92 1030.1 995.3 990.4 0.44 1032.2 998.0 990.5
0.88 1030.3 995.7 990.4 0.43 1032.2 998.0 990.5
0.85 1030.3 995.7 990.4 0.40 1032.3 998.2 990.5
0.82 1030.5 995.9 990.4 0.36 1032.6 998.8 990.6
0.79 1030.5 996.0 990.4 0.33 1032.6 998.8 990.5
0.76 1030.6 996.1 990.4 0.30 1032.8 999.1 990.6
0.74 1030.8 996.4 990.4 0.24 1033.0 999.5 990.7
0.71 1030.9 996.4 990.4 0.20 1033.1 999.7 990.7
0.69 1031.0 996.5 990.4 0.14 1033.4 1000.2 991.3
0.67 1031.1 996.6 990.4 0.10 1033.6 1000.7 993.2
0.63 1031.4 997.0 990.4 0.07 1033.8 1001.0 994.8
0.60 1031.5 997.2 990.5 0.05 1034.0 1001.3 995.4
0.57 1031.6 997.3 990.5 0.02 1034.4 1001.9
0.53 1031.8 997.5 990.5

Figure 4. Relative concentration of “free” pyridine (hollow circles)
as a function of pyridine mole fraction calculated from the ratio of
peak areas,A1/(A1 + A1′) of integrated Raman intensitiesA1 and A1′
being the peak areas of the bands atν̃1 ≈ 990 cm-1 and atν̃1′ ≈ 995-
1002 cm-1, respectively, in Figure 3 along with the concentrations of
other complexes.
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corresponding scaled wavenumberν̃1′ as reported in Table 2.
The overall shiftν̃ov can then be expressed as:

This approach can nicely explain the instantaneous jump of from
ν̃1 ≈ 990 cm-1 for “free” Py to ν̃1′ ≈ 995 cm-1 at x g 0. By
adding the “first droplet” of water, the Py2W complex is
“immediately” formed, yieldingν̃1′ ≈ 995 cm-1. The perfor-
mance of this model can be tested in terms of the observed
overestimation ofν̃1′ ) ν̃ov(exp) presented in Figure 5. The curve
of the experimental values shown in Figure 5 (hollow circles)
was fitted to a fourth-order polynomial. The theoretical values
(crosses) derived using eq 2 are between the two graphs (dotted
lines) which correspond to the same polynomial, but vertically
shifted by 1.2 and 2.4 cm-1, respectively. Thus, it is evident
that by using this model, the wavenumber positionsν̃1′ are
overestimated in comparison to the experimental values. This,
however, arises from an overestimation of theν̃1′ values of the
individual hydrogen-bonded species themselves through DFT
calculations. A direct comparison of experimental and theoretical
values in order to estimate this error is possible only for very
low water mole fractions [x(W) ) 0.04] since the presence of
one single species (Py2W) can be assumed in this case. The
new band appears atν̃1′ ) 995.1 cm-1 for this concentration
(see Table 4). From the concentration profile depicted in Figure
4 as well as from “chemical intuition”, it can safely be concluded
that the Py2W complex is probably the only hydrogen-bonded
species with a significantly high concentration [in terms of its
normalized mole fractionx′(Py2W)] as compared with PyW and
PyW2. The scaled harmonic vibrational wavenumberν̃1′ ) 997.3
cm-1 (Table 2) is 2.2 cm-1 larger than the experimental value
(997.3 cm-1), which lies within the error range depicted in
Figure 5.

E. Concentration Dependence of Line Widths.Since this
report is aimed primarily at explaining the observed wavenumber
shifts in the Raman spectra using DFT-simulated vibrational
spectra, the variation of line widths as a function of concentra-
tion has been explained only in a qualitative manner. The line
width data of the pure isotropic part of the Raman scattered
intensity (see Figure 3) for the pyridine ring modesν1, ν1′, and

ν12 as a function of pyridine mole fraction are listed in Table 5.
Figure 6 displays the corresponding line width profiles. Similar
to other binary mixtures which involve hydrogen bonding, e.g.,
3-chloropyridine31 and chlorobenzene32 with methanol as a
hydrogen-donor solvent, two different kinds of mechanisms
causing a line broadening and narrowing are operative, although
the broadening mechanism appears to be dominant. For the ring
breathing modeν1 of “free” Py, a slight increase of (∆ν̃1/2)1

takes place upon dilution up tox(W) ≈ 0.4. Below this
concentration, a rapid broadening is easily recognized (see
Figure 6). A comparison with the concentration profile depicted
in Figure 4 reveals that in the latter range, the relative
concentration of “free” Py molecules is below 10%. This line
broadening at higher dilution is attributed to diffusion, i.e.,
thesolvent molecules (water) diffusing into the reference system
(pyridine). According to the jump diffusion model, a line
broadening is caused.33 It appears that at high dilution, the
number of “free” Py molecules is so low that each Py oscillator
experiences a collision by all other species present in abundance.
This leads to a rapid increase in line broadening belowx(Py)
≈ 0.3. The trigonal bending modeν12, however, exhibits a
completely different behavior as compared toν1. The presence
of a maximum on the (∆ν̃1/2)12 vs x(Py) plot is more or less
characteristic of dominant concentration fluctuations, which are
caused by the random motion of solute (pyridine) molecules
throughout the solution volume leading to distinct concentration
variations in different micro-volume elements around a mean

Figure 5. Experimental wavenumber shift of theν1′ mode of hydrogen-
bonded pyridine as a function of pyridine mole fraction (hollow circles),
the crosses representing the theoretical values derived from the linear
combination [see eq 2 in text], the solid line corresponding to a fourth-
order polynomial fit to the experimental values and the two dotted lines
vertically shifted by 1.2 and 2.4 cm-1, respectively, representing lower
and upper limits of the theoretical values.

ν̃ov(theo)/cm-1 ) [x′(Py2W) × 997.3+ x′(PyW)×
1000.2+ x′(PyW2) × 1002.6]/cm-1 (2)

Figure 6. Line width analysis of theν1 (crosses),ν1′ (filled circles),
and ν12 (hollow circles) mode of pyridine as a function of pyridine
mole fraction.

TABLE 5: Line Width Data (fwhm in cm -1) for the Ring
Modes ν12, ν1′ (hydrogen-bonded C5H5N), and ν1 (“free”
C5H5N) as a Function of Pyridine Mole Fraction

pyridine line width∆ν̃1/2 pyridine line width∆ν̃1/2

x(Py) ν12 ν1′ ν1 x(Py) ν12 ν1′ ν1

1.00 2.64 2.01 0.50 4.08 5.77 2.80
0.96 2.77 3.85 2.08 0.47 4.02 5.83 2.84
0.92 2.90 4.36 2.12 0.44 3.93 5.89 3.00
0.88 3.23 5.03 2.19 0.43 3.93 5.88 3.00
0.85 3.33 5.13 2.20 0.40 3.87 5.90 3.09
0.82 3.52 5.26 2.25 0.36 3.64 5.99 3.66
0.79 3.63 5.31 2.28 0.33 3.64 6.05 3.63
0.76 3.74 5.38 2.30 0.30 3.55 6.05 4.17
0.74 3.95 5.47 2.36 0.24 3.42 6.01 4.86
0.71 3.99 5.48 2.38 0.20 3.41 5.98 5.22
0.69 4.06 5.53 2.42 0.14 3.30 5.88 7.43
0.67 4.12 5.56 2.45 0.10 3.18 5.67 11.12
0.63 4.24 5.71 2.53 0.07 3.06 5.41 13.26
0.60 4.22 5.68 2.58 0.05 2.91 5.15 13.82
0.57 4.18 5.71 2.68 0.02 2.47 4.57
0.53 4.13 5.78 2.76
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value ofx(Py) in a Gaussian-like manner. The (∆ν̃1/2)12 vsx(Py)
plot shows a departure from pure Gaussian behavior, which may
be due to the presence of a number of species in complex
chemical equilibria. The maximum, however, lies at ax(Py)
value close to that where the Py2W species shows its maximum
relative concentration (see Figure 4). It is quite expected since
at low dilutions, the hydrogen-bonded complex Py2W will be
present in great abundance. The ring breathing modeν1′ of
hydrogen-bonded pyridine molecules shows more or less a
similar trend as reported for (C5H5N + CH3OH) mixtures17 with
a difference that a broad plateau betweenx(Py) ≈ 0.3-0.8 is
observed instead of a maximum atx(Py) ) 0.5. This may
probably be attributed to the fact that betweenx(Py) ≈ 0.3-
0.8 the different hydrogen-bonded species interchange through
complex equilibria leading to a very small change in the line
width, although this slight change also shows a steady trend in
broadening. In summary, the line width variations in pyridine
ring modes in the (Py+ W) systems reveal that a complex
vibrational dynamics of vibrational modes is operative due to
the presence of several species.

4. Conclusions

The optimized geometries and vibrational spectra of neat
pyridine and four hydrogen-bonded pyridine-water complexes
with different stoichiometric ratios were calculated employing
DFT with the hybrid functional B3LYP, using the 6-31++G-
(d,p) basis set.

The influence on the vibrational spectra due to hydrogen
bonding is monitored by studying in detail the ring breathing
modeν1 and the trigonal bending modeν12, of pyridine, and
the symmetric O-H stretching modeν1 of water. The calculated
vibrational spectra of water in different hydrogen-bonded com-
plexes are nicely explained in terms of the influence of hydrogen
bonding on bond lengths and force constants of the covalent
O-H bonds.

The isotropic components of the Raman spectra show two
distinct bands at≈990 and ≈995-1002 cm-1, which are
attributed to “free” pyridine (ν1) and hydrogen-bonded com-
plexes (ν1′), respectively. A model has been proposed to explain
the overall shift of theν1′ band at≈995-1002 cm-1 measured
experimentally as a composite effect of all Py-W complexes
in terms of DFT-derived wavenumbers, their relative concentra-
tions based on kinetic modeling in conjunction with intensity
ratio I1/(I1 + I1′). To the best of our knowledge, this is the first
study where DFT results have been used to explain the measured
Raman shifts and concentration profile in a multicomponent
hydrogen-bonded system.
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