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We present an experimental and a theoretical study on hydrogen-bonding between pyrimidine and water as
the H-donor. The degree of hydrogen-bonding in this binary system varies with mixture composition. This
was monitored experimentally by polarization-resolved linear Raman spectroscopy with the pyrimidine ring
breathing modeν1 as a marker band. A subsequent quantitative line shape analysis of the isotropic Raman
intensity for 24 pyrimidine/water mixtures clearly revealed a splitting into three spectral components upon
dilution with water. The two additional peaks have been assigned to distinct groups of hydrogen-bonded
species that differ in the number of pyrimidine nitrogen atoms (N) involved in hydrogen-bonding to water
hydrogen atoms (H). From the integrated Raman intensities for “free” and “hydrogen-bonded” pyrimidine, a
concentration profile for these species was established. Our assignments and interpretations are supported by
quantum mechanical calculations of structures and by vibrational spectra for pyrimidine and 10 pyrimidine/
water complexes with increasing water content. Also, accurate structure-spectra correlations for different
cluster subgroups have been determined; within each particular cluster subgroup the water content varies,
and a perfect negative correlation between NH hydrogen-bond distances andν1 wavenumbers was observed.

Introduction

Hydrogen-bonding is an extensively investigated phenom-
enon,1,2 especially due to its importance for biological systems.3

Various experimental methods are employed to characterize
hydrogen bonds. For the solid state, NMR spectroscopy is one
of the preferred methods.4 In the gas phase, vibrational
spectroscopy on molecular beams is often performed, which
allows one to assess information on isolated hydrogen-bonded
complexes.5 For the liquid state, where the formation and
cleavage of such complexes occurs rapidly, vibrational spec-
troscopies such as IR and Raman are ideally suited to detect
hydrogen-bonding1 because they cover both structural and
dynamic aspects.1,6 Whereas the wavenumber position of a
vibrational band, which relates to the corresponding internuclear
force constants, is dependent on electronic structure and bonding,
the line width contains information about molecular dynamics.
As compared to IR absorption spectroscopy, Raman spectros-
copy can reveal additional information from a line width
analysis. Influences on the line width originate, for example,
from vibrational relaxation or reorientational motions.7,8 These
two effects can be separated by applying polarized Raman
spectroscopy, where it is possible to determine the pure isotropic
part of the Raman scattered intensity (Iiso) in which contributions
from reorientational motions are absent.9 Alternatively, vibra-
tional relaxation dynamics can be directly probed by time-
resolved Raman spectroscopy with pico- or femtosecond laser
pulses.10

Pyrimidine is a model structure for the representation of
biologically relevant N-heterocycles. In this study, both struc-
tural and dynamic aspects of hydrogen-bonding between

pyrimidine and water are investigated experimentally by polar-
ized Raman spectroscopy. This binary model system, which
consists of an N-heterocyclic compound with two H-acceptor
sites and an H-donor solvent, allows us to continuously monitor
the degree of hydrogen-bonding as a function of mixture
composition. For a series of pyrimidine/water mixtures, we
employ the ring breathing vibrationν1 of pyrimidine around
990 cm-1 as a marker; this vibration is sensitive to hydrogen-
bonding between nitrogen-containing heterocycles and H-donor
solvents.11-16

The interpretation of vibrational spectroscopic data can be
expanded in conjunction with an appropriate theoretical model
that correlates the experimentally observed spectral features with
explicit molecular structures that are present in the liquid. In
this respect, modern quantum chemical approaches can strongly
contribute to our understanding of the hydrogen bond.17,18

However, two major limitations must be considered. First,
particularly accurate electronic structure calculations by rigorous
ab initio methods are computationally demanding and are
presently restricted to small molecular assemblies such as the
water dimer.19,20 Further, it constitutes a substantive challenge
to theoretically describe the molecular dynamics (MD) in a
liquid. Several methods for MD simulations have been applied
and are continuously improved to reproduce the experimental
data available for liquid water;21-25 vibrational spectra for liquid
water models have, for example, been calculated with Car-
Parrinello molecular dynamics (CPMD).26 Also, for solute/
solvent mixtures some MD simulations are available; the
systems pyridine/water27,28and N-methylacetamide/water24 are
mentioned as examples for nitrogen-containing bases dissolved
in water. Those studies assume that the hydrogen acceptor
molecule is highly diluted, and the quality of the results mainly
depends on a correct simulation of both the water environment
and the possible hydrogen-bonded solute-water complexes. MD
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simulations that consider a variation of the mixture composition
and that include high solute concentrations have, however, not
been performed so far. For the pyrimidine/water system, only
static electronic structure calculations for the isolated 1:1
complex are available.29 This and other studies on hydrogen-
bonded 1:1 clusters of N-containing heterocycles and water29-33

employed restricted Hartree-Fock (RHF) theory, density func-
tional theory (DFT), and second-order Møller-Plesset (MP2)
perturbation theory.

Our vibrational spectroscopic analysis on hydrogen-bonding
between pyrimidine and water comprises both experimental
Raman spectra and DFT calculations on structures and on
vibrational spectra of various pyrimidine/water clusters with
increasing water content. We directly relate the computational
results to the experimental vibrational wavenumber trends that
are observed in our concentration-dependent Raman study.

Methods

Experimental Techniques.Commercially obtained pyrimi-
dine was used without further purification. The parallel (I|) and
perpendicular (I⊥) components of the Raman scattered intensity
were recorded in the 1030-970 cm-1 region for neat pyrimidine
and for 24 pyrimidine/water mixtures with mole fractions of
pyrimidine ranging fromx(pd) ) 0.02 to 1.00. The 514.5 nm
line of an Ar+ laser that delivered∼100 mW power to the
sample was used for excitation; the signal was collected in a
90° scattering geometry. A double monochromator (Spex 1404)
with 2400 grooves/mm gratings and a liquid N2-cooled charge-
coupled device (CCD) detector (Photometrics) were employed
to record the Raman spectra. The high spectral resolution of
∼0.36 cm-1, equivalent to an entrance slit width of 50µm,
allows for the determination of peak positions and of line widths
with high accuracy. For all measurements, the grating position
was kept constant, which ensures a high precision and reproduc-
ibility of peak positions. TheI| andI⊥ components of the Raman
scattered intensity were measured for each binary mixture by
turning the polarization of the incident laser beam by 90° using
a double Fresnel rhomb before the sample; the analyzer position
was kept constant to avoid errors due to the polarization
dependency of the detection system.

Computational Methods. Electronic structure calculations
on pyrimidine and on various hydrogen-bonded complexes of
pyrimidine and water were carried out using DFT. Geometry
optimizations and calculations of vibrational spectra were
performed using the GAUSSIAN98 (Rev. A7) suite of programs
employing tight convergence criteria. The B3LYP hybrid
functional and the 6-31++G(d,p) basis set were employed.
Internal coordinates were generated using the MOLDEN
program (Version 3.4), by starting from pyrimidine and then
successively adding water molecules.

Results and Discussion

DFT Calculations on Pyrimidine/Water Complexes.In the
binary pyrimidine/water system, many different hydrogen-
bonded complexes can be simultaneously present. The two
nitrogen atoms of pyrimidine (Pd) are potential hydrogen-
acceptor sites; additionally, each water (W) molecule offers two
hydrogen-bond acceptor and two donor sites. We therefore
calculated the structures and the vibrational spectra of various
small PdxWy clusters with stoichiometric ratiosx:y ranging from
2:1 to 1:6.

Structures and N‚‚‚H Bond Distances. The structures of the
2:1 (Pd2W) to 1:3 (PdW3) clusters are shown in Figure 1. In
the 2:1 (Pd2W) complex, the two Pd rings are symmetrically

connected by hydrogen bonds to the water molecule (Figure
1a). The perpendicular orientation of the aromatic rings is
attributed to the minimization of repulsiveπ-π interactions
between the two Pds. Similarly, the relative orientation of water
results from minimized interactions between the oxygen lone
pairs and the twoπ-electron systems. Both N‚‚‚H hydrogen-
bond distances are 204 pm, which is the largest calculated value
within this series of PdxWy clusters. The 1:1 (PdW) complex
depicted in Figure 1b exhibits a shorter N‚‚‚H bond length and
a more linear N‚‚‚H-O bond angle as compared with the 2:1
(Pd2W) complex, which indicates the formation of a stronger
hydrogen bond.

Hydrogen-bonding of two water molecules to Pd may lead
to complexes such as the PdW2(2+0) or the PdW2(1+1) clusters
shown in Figure 1, panels c and d, respectively. In the PdW2(2+0)

complex (Figure 1c), the N‚‚‚H bond length of 187 pm is shorter
as compared to 197 pm for the 1:1 (PdW) species (Figure 1b);
the orientation of the O‚‚‚H hydrogen bond between the two
water molecules is practically coplanar with the Pd ring plane:
the calculated dihedral angle C-N O‚‚‚H is 1°. In contrast to
the PdW2(2+0) species, the PdW2(1+1) cluster (Figure 1d), in
which Pd is nearlyC2 symmetrically complexated by two water
molecules, reveals an N‚‚‚H bond length of 198 pm for both
hydrogen-bonding sites. This indicates that the strength of each
hydrogen bond in PdW2(1+1) is close to that in the 1:1 (PdW)
complex.

Similar to the 1:2 stoichiometry, hydrogen-bonding of three
water molecules to Pd can result in the formation of the two

Figure 1. (a-f) Optimized geometries of various hydrogen-bonded
Pd/W complexes (PdxWy) with different stoichiometric ratiosx:y
reaching from 2:1 to 1:3. The DFT calculated N‚‚‚H distances are
indicated.
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PdW3 clusters depicted in Figure 1, panels e and f. In the
PdW3(3+0) complex (Figure 1e), the arrangement of all three
water molecules in a single W3 subcluster causes a significant
N‚‚‚H bond contraction to 173 pm as compared to 186 pm for
PdW2(2+0) (Figure 1c). The orientation of the two outer water
molecules to the central N‚‚‚H bonded water in PdW3(3+0) is
not symmetrical: the dihedral angles C-N O‚‚‚H and C′-N
O‚‚‚H′ are-120° and 16°, respectively. This also implies that
the O‚‚‚H bonds are not coplanar relative to the molecular plane
of Pd as in the PdW2(2+0) complex (Figure 1c). Apart from the
PdW3(3+0) species, a PdW3(2+1) complex can be formed by
adding a third water molecule to the PdW2(1+1) cluster; in the
PdW3(2+1) complex (Figure 1f), only the N‚‚‚H bond of that
water molecule, which is hydrogen-bonded to a second water,
is shortened to 189 pm as compared with 198 pm for PdW2(1+1)

(Figure 1d). Similar to the PdW3(3+0) species (Figure 1c), the
C-N O‚‚‚H dihedral angle is 0°; that is, the OH bond is coplanar
with the molecular plane of Pd.

The structures of various 1:4 (PdW4), 1:5 (PdW5), and 1:6
(PdW6) clusters are shown in Figure 2. Our analysis is restricted
to species with a maximum of three water molecules (W3

subclusters) attached to each nitrogen atom of Pd. From a
calculation on PdW4 (results not shown), we consider the effect
of a fourth water molecule on both the N‚‚‚H distance and the
vibrational wavenumber ofν1 to be negligible. In contrast, as
described in the previous paragraph, the addition of a second
and a third water molecule induces a recognizable strengthening
of the corresponding N‚‚‚H hydrogen bond; this becomes clear,
for example, by comparing the complexes PdW2(1+1) (Figure
1d), PdW4(2+2) (Figure 2b), and PdW6(3+3) (Figure 2d): both
N‚‚‚H bonds are shortened by about 10 pm upon the addition
of each new sphere of water molecules. In PdW4(2+2) as well
as in PdW6(3+3) the dihedral angles C-N O‚‚‚H and C′-N′ OH
indicate coplanar O‚‚‚H orientations.

The PdW5(3+2) complex depicted in Figure 2c exhibits a 174
pm N‚‚‚H bond to the W3 subcluster and a longer 191 pm N‚‚‚H
bridge to the W2 subcluster. In comparison to the PdW4(3+1)

species in Figure 2a, the addition of the fifth water molecule
introduces a N‚‚‚H bond contraction from 197 to 191 pm in
PdW5(3+2); the same effect on the shorter N‚‚‚H bond is
negligible (175 to 174 pm). The orientation of the two outer
water molecules in the W3 subcluster of PdW5(3+2), however,
is more symmetrical as compared with the PdW3(3+0) species

in Figure 1e: the dihedral angles C-N O‚‚‚H and C′-N O‚‚‚H′
are-14° and 14°, respectively.

Upon further water addition to PdW5(3+2), a second W3

subcluster is formed; the structure of the corresponding PdW6(3+3)

cluster is depicted in Figure 2d. In contrast to the nearlyC2

symmetric PdW2(1+1) and PdW4(2+2) complexes in Figures 1d
and 2b, respectively, the N‚‚‚H bond lengths of 178 and
175 pm are not equivalent and large deviations from an overall
C2 symmetry are noted. We hypothesize that the asymmetry
observed for PdW6(3+3) is induced by the repulsive interactions
between the two W3 subclusters. The through-space distance
between the oxygen atoms of the two closest water molecules
(top right) is 573 pm. The corresponding N‚‚‚H distances for
all PdxWy clusters depicted in Figures 1 and 2 are summarized
in Table 1.

WaVenumber Shifts of the Pd Ring Breathing Mode upon
Complexation. In this study, the Raman peak position of the
Pd ring breathing modeν1 serves as a probe for monitoring the
degree of hydrogen-bonding between Pd and water. We
therefore calculated the vibrational spectra of all PdxWy clusters
from Figures 1 and 2. The corresponding harmonic and unscaled
wavenumber values forν̃1(pd) are listed in Table 1. The values
for ν̃1(pd) extend over a range of 20 cm-1 and increase from
1018 cm-1 for Pd2W to 1038 cm-1 for PdW6(3+3). At first
glance, one may assume a positive correlation ofν̃1(pd) with
the Pd/W stoichiometry (2.0 for Pd2W to 0.17 for PdW6); the
different ν̃1(pd) values for clusters with the same stoichiometric
Pd/W ratio (e.g., 1026 cm-1 for PdW3(3+1) vs 1029 cm-1 for
PdW3(2+1)) indicate, however, that this is apparently not the case.
Similarly, it is difficult to identify a general correlation of the
N‚‚‚H bond distances withν̃1(pd) for the entire series.

We identified, however, perfect negative correlations (regres-
sion coefficientsR > 0.999) between the N‚‚‚H bond distance
and ν̃1(pd) for certain subgroups of PdxWy clusters. Figure 3
(bottom) demonstrates this for the “x + 0” series, which consists
of Pd2W, PdW, PdW2(2+0), and PdW3(3+0): for each cluster
within this subgroup, only one nitrogen per Pd molecule is
involved in hydrogen-bonding. Figure 3 (middle) displays the
corresponding negative correlation for the “x + 1” series with
PdW2(1+1), PdW3(2+1), and PdW4(3+1): within this series, one
Pd nitrogen is already complexed with one water (N‚‚‚H ca.
197-198 pm), and additional water molecules are successively
added to the second nitrogen. The regression lines for these
two subgroups are separated by approximately 7 cm-1, and their
slopes are very similar with-0.262 cm-1/pm for thex + 0
series and-0.236 cm-1/pm for thex + 1 series, respectively;
this indicates that the wavenumber shifts induced by water
complexation are comparable for both subgroups. A similar
behavior is observed for the “x + 2” series (Figure 3, top).

Figure 2. (a-d) Optimized geometries of various hydrogen-bonded
Pd/W complexes (PdxWy) with different stoichiometric ratiosx:y
reaching from 1:4 to 1:6. The DFT calculated N‚‚‚H distances are
indicated.

TABLE 1: N ‚‚‚H Bond Distances andν1 Wavenumbers for
Pure Pd and Various Hydrogen-Bonded PdxWy Complexesa

complex
d(N‚‚‚H)

(pm)
d(N′‚‚‚H)

(pm)
ν̃1

(cm-1)

Pd 1012
Pd2W 204/204 1018
PdW 197 1020
PdW2(2+0) 187 1022
PdW2(1+1) 198 198 1027
PdW3(3+0) 173 1026
PdW3(2+1) 189 197 1029
PdW4(3+1) 175 197 1032
PdW4(2+2) 188 188 1031
PdW5(3+2) 174 191 1035
PdW6(3+3) 178 175 1038

a Calculated using DFT at the B3LYP/6-31++G(d,p) level.
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The effect of adding two water molecules, one to each
nitrogen atom of Pd, is illustrated in Figure 4. This subgroup is
labeled “x + x” and contains the complexes PdW2(1+1),
PdW4(2+2), and PdW6(3+3). The slope of the regression line for
the x + x series is two times larger as compared with the
subgroups in which only one molecule of water is successively
added; the regression line for thex + 0 series is shown for
comparison in Figure 4. This suggests that simultaneously
adding two water molecules instead of one doubles the induced
wavenumber shift. In addition to the hydrogen-bonded species,
the noncomplexated or “free” Pd must be considered. The
calculated wavenumber ofν1 for this isolated Pd is 1012 cm-1

as indicated in Figure 4 (right bottom). Hence, free Pd is clearly
spectrally separated from all hydrogen-bonded subgroups; the
difference to the lowest wavenumber of thex + 1 series is
5 cm-1.

Our calculations lead to two major assumptions for Raman
experiments on Pd/W mixtures. First, the resolution of different
hydrogen-bonded species seems possible because of obvious
wavenumber differences; second, shifts ofν1 toward higher
wavenumbers are expected with increasing water content.
Therefore, concentration-dependent Raman spectra, covering the
ring breathing modeν1 of Pd, should be capable of monitoring
the degree of hydrogen-bonding between Pd and W.

Polarization-Resolved Raman Spectroscopy.Polarization-
resolved linear Raman spectra of neat Pd and of 24 binary Pd/W
mixtures with mole fractions of Pd ranging fromx(pd) ) 1.00
to 0.02 were recorded in the wavenumber interval 1030-
960 cm-1. The isotropic components (I iso) of the Raman spectra
were determined by use of a linear combination of spectra
recorded withI| and I⊥:6,9

For seven selected Pd mole fractions, the isotropic components
in the wavenumber range 1030-960 cm-1 are shown in
Figure 5. Neat Pd (Figure 5, top) shows a band at≈990 cm-1,
which is assigned to the ring breathing modeν1; its 13C satellite
is observed as a weak band at≈978 cm-1. Upon the addition
of water, the appearance of a new band at≈994 cm-1 is
observed (x(pd) ) 0.96, not shown). It is assigned to the ring
breathing modeν1 of hydrogen-bonded Pd. As can be seen from
the Raman spectra forx(pd) ) 0.85 and 0.70 in Figure 5, both
the relative intensity and the wavenumber value of this additional
Raman band increase. Forx(pd) ) 0.50 and 0.30, a qualitative
analysis of the band envelope suggests the presence of three
distinct spectral components for intermediate dilutions. At very
high dilutions, i.e.,x(pd) ) 0.10 and 0.05 (Figure 5, bottom),
only contributions of hydrogen-bonded species are observed.

Decomposition of Isotropic Raman Components. To quantify
this trend for the concentration-dependent isotropic Raman
spectra, a decomposition of the band envelope for each mixture
composition was performed. This is shown exemplarily in
Figure 6 for Pd mole fractionsx(pd) ) 0.85, 0.50, and 0.10,
which represents low, intermediate, and high dilutions, respec-
tively, of Pd with water. For mole fractionsx(pd) ) 0.96 to
0.85, the overall band profile was fitted to two Voigt profiles,
which reflects the presence of chemically distinct species
consisting of hydrogen-bonded and non-hydrogen-bonded or free
Pd, respectively. Atx(pd) ) 0.82 (not shown), a weak third
band at ≈999 cm-1 is observed in the Raman spectrum.
According to the higher wavenumber value of≈999 cm-1 as
compared to≈994 cm-1 for the second band, it is assigned to
ν1 of Pd present in hydrogen-bonded complexes with a larger

Figure 3. Correlation of calculatedν1 wavenumbers and calculated
N‚‚‚H distances. Linear correlations are displayed for three groups of
Pd/W complexes, where one Pd binding site is non-hydrogen-bonded
(x + 0) or coordinated to either one (x + 1) or to two (x + 2) water
molecules.

Figure 4. Correlation of calculatedν1 wavenumbers and calculated
N‚‚‚H distances. Linear correlations are displayed for a series of
complexes where only one Pd binding site or both Pd binding sites are
successively complexated by water molecules (x + 0 andx + x series).
The calculated wavenumbers (in cm-1) for the complexes with lowest
water content of these series (PdW2(1+1) and Pd2W) are indicated
together with the calculated wavenumber for free Pd.

Figure 5. Isotropic components of the Raman spectra of Pd/W mixtures
for selected mixture compositions;x(pd) indicates the Pd mole fraction.

I iso ) I| - 4
3
I⊥ (1)
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overall water content. Three Voigt profiles were employed to
fit the spectra recorded for mole fractionsx(pd) from 0.82 to
0.13. The isotropic part of the Raman spectrum forx(pd) )
0.50 shown exemplarily in Figure 6 clearly exhibits the presence
of two hydrogen-bonded and a single non-hydrogen-bonded Pd
species. The corresponding band positions and their integrated
intensity ratios or relative concentrations vary as a function of
the mixture composition. For mole fractionsx(pd) ) 0.10 and
below, the amount of non-hydrogen-bonded or free Pd is almost
negligible and two Voigt profiles were considered to be
sufficient to reflect the observed spectral characteristics.

Finally, it is noted that the corresponding anisotropic com-
ponents of the Raman spectra show the same systematical trends
(see Supporting Information).

Concentration Profile of Free Pyrimidine and Hydrogen-
Bonded Species. To obtain a more detailed picture of the relative
concentration of different Pd species, the band area ratios of
the fitted Voigt profiles were analyzed. It is to be noted that
this approach is based on two assumptions: (1) the Raman
scattering cross sections of free Pd and of the various hydrogen-
bonded Pd species are comparable, and (2) the cross section
for each species is constant over the examined mole fraction
range.

The concentration profiles for free Pd(pd) and for the two
distinct groups of hydrogen-bonded species (pd1 and pd2) as
derived from integrated intensity ratios are presented in
Figure 7. In the mole fraction range from 1.0 to 0.4, the relative
concentration of free Pd decreases linearly to below 20%. Upon

further dilution the concentration also decreases linearly, but
with a significantly smaller slope, to about 5% atx(pd) ) 0.13.

The concentration profile for Pd in hydrogen-bonded com-
plexes with a low water content (pd1) is also shown in
Figure 7. Upon the initial addition of water, starting atx(pd) )
0.96, the concentration of this hydrogen-bonded Pd species
increases linearly to about 70% atx(pd) ) 0.50. The absolute
value of the slope is slightly smaller as compared to the decrease
of free Pd. This is attributed to the formation of the second
hydrogen-bonded species (pd2) with a larger water content as
compared to pd1. After reaching a maximum concentration of
approximately 73% atx(pd) ) 0.45, the pd1 species concentra-
tion decreases rapidly upon further dilution and approaches less
than 9% for the lowest recorded mole fraction ofx(pd) ) 0.02.
The concentration for pd2 remains nearly constant at low levels
(2-4%) over the mole fraction range 0.82-0.55. Upon further
dilution, the concentration increases rapidly and reaches 91%
at x(pd) ) 0.02.

The concentration profile may be understood in terms of
mechanisms of formation of pd1 and pd2. As water is initially
added to the Pd, up tox(pd) ) 0.45, the mole fractions of Pd
and water are such that formation of only pd1 complexes, apart
from free Pd, takes place. Only a very small fraction of water
molecules is involved in forming pd2 complexes; the relative
pd2 concentration remains at low levels of 2-4% up tox(pd)
) 0.55. This essentially means that at aboutx(pd) ) 0.5, an
equilibrium between the concentrations of free Pd molecules
and the pd1 species is reached. Upon further dilution, both free
Pd molecules and those from pd1 complexes are rapidly
consumed to form the pd2 species. At higher dilutions, below
x(pd) ≈ 0.5, the relative pd2 concentration increases rapidly
and reaches up to∼90% atx(pd) ) 0.02. Correspondingly, the
pd1 concentration decreases and approaches∼10% atx(pd) )
0.02.

In addition to the construction of a concentration profile, our
quantitative band decomposition also allows a separate analysis
of the concentration dependence of wavenumbers and line
widths for each species.

WaVenumber Shift and Line Width Analysis. Both wave-
number values and line widths (full width at half-maximum:
FWHM) of the ring breathing modeν1 of Pd present in the
three kinds of species (pd, pd1, pd2) depend on the mixture
composition as shown in Figures 8 and 9. Our interpretation of
the observed concentration dependence ofν1 in a particular

Figure 6. Isotropic components of the Raman spectra (circles) of Pd/W
mixtures for selected mixture compositions;x(pd) indicates the Pd mole
fraction. Also shown are the corresponding spectra together with single
band contributions (lines) resulting from a least-squares curve fit
assuming two (forx(pd) ) 0.85 and 0.10) or three (forx(pd) ) 0.50)
Voigt-shaped bands, respectively.

Figure 7. Concentration profiles of the three spectrally identified Pd
species pd, pd1, and pd2; relative concentrations are derived from
Raman band area ratios.
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species is based on the assumption that this mode probes the
chemical composition of the species and, to a certain extent,
the interaction with its environment. In addition, the analysis
of the concentration dependence of the line width is capable of
probing dynamic processes such as concentration fluctuations
within certain species and diffusion of the solvent water into
the reference system Pd.6,34

Non-Hydrogen-Bonded or Free Pd. For non-hydrogen-bonded
or free Pd, the wavenumber ofν1(pd) exhibits a small shift to
smaller wavenumbers upon the addition of water as shown in
Figure 8 (bottom). This negative shift is linear, starting from
neat Pd to aboutx(pd) ) 0.80. In the mole fraction range from
0.80 to 0.55, the decrease ofν1(pd) becomes still smaller; the
minimum value ofν1(pd) atx(pd) ) 0.55 lies only 0.2 cm-1

below that of neat Pd. The further addition of water causes a
rapid increase ofν1(pd); atx(pd) ) 0.13, the highest dilution
for which free Pd could be detected, it finally approaches
992.5 cm-1. A comparison with the concentration profiles
depicted in Figure 7 shows that within the mole fraction range
of 1.00-0.60, the concentration of pd decreases to below 50%,
and the pd1 species concentration increases to above 50%. The
observed small negative wavenumber shift ofν1 is attributed
to the increased interaction between pd and its environment;
we assume that either the hydrogen-bonded species or water
clusters induce a very small reduction of the electron density
of the pd ring, which causes a slightly smaller force constant
and wavenumber for theν1 vibration, respectively. This as-
sumption is supported by the observation that, as shown in
Figure 9 (bottom), the line width ofν1(pd) increases linearly
from 1.7 to 2.5 cm-1 in the rangex(pd) ) 1.0-0.55; this line
broadening indicates that the pd molecules are present in a larger
number of microstates and that, due to the larger interaction
with the surroundings, vibrational dephasing of this mode occurs
faster. The drastic increase in both wavenumber position and
line width for high dilutions is explained in terms of diffusion
of water molecules into the reference system Pd; the wave-
number position ofν1(pd) approaches a value close to that
observed for the pd1 species at very low dilutions (see
Figure 8), indicating that Pd molecules in the pd system are
involved in weak hydrogen-bonding.

Hydrogen-Bonded Pd Species with Low Water Content. The
concentration dependence of the wavenumber position forν1-
(pd1) in the hydrogen-bonded species pd1 shown in Figure 8
(center) is similar to that of free Pd depicted in Figure 8
(bottom). In the mole fraction range from x(pd)) 0.96 to 0.85,
ν1(pd1) also exhibits a slight shift to smaller wavenumber values
by about 0.5 cm-1. Similar to the explanation for free Pd, this
is attributed to the impact of water clusters in proximity to the
pd1 complexes, withdrawing electron density from the pd ring
system. This assumption is supported by the corresponding line
width data in Figure 9 (center), which reveal a significant degree
of line broadening by almost a factor of 2 from 2.6 cm-1 at
x(pd) ) 0.96 to 5.1 cm-1 at x(pd) ) 0.85. The wavenumber
data for ν1(pd1) show a linear increase over the large mole
fraction range of 0.80-0.20, which shows that the water content
in this hydrogen-bonded species is constantly growing. The
corresponding line width data resemble a Gaussian-like profile,
which is characteristic of the phenomenon of concentration
fluctuations.34 The plateau between x(pd)) 0.50 and 0.35
indicates that for these mixture compositions the largest
concentration fluctuations, that is, variations in the local
concentration by exchanging neighbors with various composi-
tion, occur. Similar to free Pd, both theν1 wavenumber and
the line width increase rapidly for high dilutions. For x(pd))
0.02, the wavenumber value of≈1001 cm-1 shows that the
degree of hydrogen-bonding has significantly increased; from
this observation we conclude that the average composition
involves multiple hydrogen-bonded pd1 species, which is similar
to the situation in the pd2 species.

Hydrogen-Bonded Pd Species with High Water Content. The
concentration dependence of the wavenumber position forν1-
(pd2) in the hydrogen-bonded species pd2 shown in Figure 8
(top) exhibits a slightly different behavior as compared with
the concentration profiles for the pd and pd1 species in
Figure 8 (bottom and center, respectively). Atx(pd) ) 0.82,
the first mixture for which the pd2 species is detectable upon
the addition of water, the wavenumber value forν1(pd2) is
≈999 cm-1. In the mole fraction rangex(pd) ) 0.82-0.55, a

Figure 8. Concentration dependence of theν1 wavenumber for the
three Pd species pd, pd1, and pd2.

Figure 9. Concentration dependence of theν1 line width for the three
Pd species pd, pd1, and pd2.
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linear increase in theν1(pd2) wavenumber position is observed
(see Figure 8); this shows that the overall water content and,
correspondingly, that the degree of hydrogen-bonding in terms
of multiple hydrogen-bonded Pd molecules in this species is
growing. In this concentration interval, the relative pd2 con-
centration remains below 5% (see Figure 7). The corresponding
line widths shown in Figure 9 (top) are constant within
(0.25 cm-1 and, therefore, do not suggest the diffusion of water
into the pd2 system. In combination with the wavenumber and
the line width profiles obtained for the pd1 species, a possible
explanation might be that the primary source for the observed
increasing water content in the pd2 system are pd1 species; the
pd1 complexes themselves might recruit water molecules from
water clusters as discussed above. In the mole fraction range
x(pd) ) 0.55-0.40, the wavenumber profile in Figure 8 (top)
exhibits a plateau, which indicates that the chemical composition
of the hydrogen-bonded pd2 system remains constant. The
relative concentration of the pd2 complexes, however, increases
from ≈4% to>17% as shown in the corresponding concentra-
tion profile in Figure 7. At the same time, the line width data
depicted in Figure 9 (top) indicate that diffusion of water
molecules into the pd2 system occurs. As a possible explanation
for this complex behavior, we suggest that the relative concen-
tration of the pd2 species increases by diffusion of either
hydrogen-bonded Pd or water molecules into the pd2 system,
which leaves the average extent of hydrogen-bonding nearly
constant; this explanation would cover both the observed
wavenumber and the line width profiles. Upon further dilution,
the wavenumber ofν1(pd2) increases rapidly up to≈1005 cm-1

at x(pd) ) 0.02, which reveals the presence of a large amount
of multiple hydrogen-bonded Pd molecules within this species.
The line width profile in Figure 9 (top) exhibits, similar to the
hydrogen-bonded pd1 species, the phenomenon of concentration
fluctuations. The maximum line width is observed forx(pd) )
0.25 or a Pd/W ratio of 1:3; this indicates, in addition to the
wavenumber data, that multiple rather than single hydrogen-
bonded pd2 species are formed.

Conclusions

Binary mixtures of Pd and water are a complex molecular
system that comprises non-hydrogen-bonded and various hy-
drogen-bonded species. The quantitative analysis of our experi-
mental Raman spectra demonstrates that both their relative
concentrations and their dynamic exchange is dependent upon
the composition of the mixture. The presented quantum me-
chanical calculations on Pd/W clusters with varying water
content and single or multiple hydrogen bonds suggest that they
can be differentiated by high-resolution gas-phase vibrational
spectroscopy. Probing these individual hydrogen-bonded species
in the liquid state may be achieved by single molecule
vibrational spectroscopy, for example, by surface-enhanced
Raman scattering (SERS). Increased computational resources
will make high-level molecular dynamics simulations of com-
plex hydrogen-bonded mixtures feasible. For the Pd/W system,
our DFT derived structures and vibrational spectra may serve
as a starting point for ab initio MD or CPMD simulations. The
reliability of these calculations can be tested by comparison with
our experimental Raman spectra: the statistical distribution of
all individual species weighted with their relative contributions
must reflect the intrinsic Raman band envelope.
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