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Infrared, Raman and INS spectra of picolinic acidN-oxide (PANO) were recorded and examined for the
location of the hydronic modes, particularly O-H stretching and COH bending. PANO is representative of
strong chelate hydrogen bonds (H-bonds) with its short O‚‚‚O distance (2.425 Å). H-bonding is possibly
well-characterized by diffraction, NMR and NQR data and calculated potential energy functions. The analysis
of the spectra is assisted by DFT frequency calculations both in the gas phase and in the solid state. The
Car-Parrinello quantum mechanical solid-state method is also used for the proton dynamics simulation; it
shows the hydron to be located about 99% of time in the energy minimum near the carboxylic oxygen; jumps
to the N-O acceptor are rare. The infrared spectrum excels by an extended absorption (Zundel’s continuum)
interrupted by numerous Evans transmissions. The model proton potential functions on which the theories of
continuum formation are based do not correspond to the experimental and computed characteristics of the
hydrogen bond in PANO, therefore a novel approach has been developed; it is based on crystal dynamics
driven hydronium potential fluctuation. The envelope of one hundred 0f 1 OH stretching transitions generated
by molecular dynamics simulation exhibits a maximum at 1400 cm-1 and a minor hump at∼1600 cm-1.
These positions square well with ones predicted for the COH bending and OH stretching frequencies derived
from various one- and two-dimensional model potentials. The coincidences with experimental features have
to be considered with caution because the CPMD transition envelope is based solely on the OH stretching
coordinate while the observed infrared bands correspond to heavily mixed modes as was previously shown
by the normal coordinate analysis of the IR spectrum of argon matrix isolated PANO, the present CPMD
frequency calculation and the empirical analysis of spectra. The experimental infrared spectra show some
unusual characteristics such as large temperature effects on the intensity of some bands, thus presenting a
challenge for theoretical band shape treatments. Our calculations clearly show that the present system is
characterized by an asymmetric single well potential with no large amplitudes in the hydronium motion,
which extends the existence of Zundel-type spectra beyond the established set of hydrogen bonds with large
hydronic vibrational amplitudes.

1. Introduction

The understanding of the infrared (IR) spectra and proton
dynamics of molecules with chelate type intramolecular hydro-
gen bonds of moderately short O‚‚‚O distances (dO‚‚‚O < 2.6
Å) has progressed to the point of good agreement between
experimental and computed band frequencies and shapes.
Benchmark examples are malonaldehyde and acetylacetone. The
OHs mode (see Abbreviations at the end of the Introduction) is
unequivocally located in their IR spectra; its positions and band
shapes are convincingly reproduced by calculations.1-11 How-
ever, the situation concerning molecules with stronger intramo-
lecular H-bonds is much less satisfactory.

Difficulties in locating vibrational modes with major contri-
butions of OHs and COHbe internal coordinates are rising with

decreasingdO‚‚‚O below 2.48 Å. On the experimental side, it is
the broadness and low peak intensity of the absorption appearing
in the region above 1800 cm-1 of the IR spectra of, e.g.,
enolones or, even worse, below this limit. This can lead to
complete failure in observing such absorption, e.g., in hydrox-
yphenalenone12 and naphthazarin,13 or to controversies in the
interpretation of their origin if eventually observed. For example,
in the IR spectra of dibenzoylmethane and its congeners, a weak
and broad absorption culminating between 2600 cm-1 and 1800
cm-1 is ubiquitous. It is usually attributed to the OHs funda-
mental,14,15but Emsley and co-workers16,17attribute this absorp-
tion to combination modes and/or higher order transitions while
predicting the OHs fundamental to be near 1550 cm-1. Con-
troversies in the interpretation of spectra and dynamics exist
even in the benchmark example of very shortdO‚‚‚O which is
hydrogen maleate.18,19

Ab initio and DFT calculations at the harmonic level are
inadequate in the quest for the OHs mode since anharmonicity
and the red shift of this mode increase with the shortening of
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dO‚‚‚O.20 The discrepancies between the OHs frequencies calcu-
lated at the harmonic level and the experimental ones are less
spectacular in examples with longerdO‚‚‚O,21,22 but they are
rapidly increasing with the shortening ofdO‚‚‚O and concomitant
shifting of the OHs frequencies into the range of skeletal modes
and coupling therewith. Even the use of the anharmonic analysis
implemented inGaussian 03program package that includes
anharmonicity at the level of quartic potentials did not yield
acceptable results in the example of picolinic acidN-oxide
(PANO, Figure 1) isolated in argon matrix.23

The experimental and computational hurdles experienced with
molecules in matrix or solution increase when turning to crystal
phase spectra. The spectra of PANO are an outstanding example
of differences between the spectra of various phases. On the
experimental side, an additional source of difficulties in the
interpretation of the crystal phase spectra arises from the
appearance of the extended absorption, also known as Zundel
continuum,24 with Evans transmissions.25,26 On the computa-
tional side, the extensive coupling of the hydronic27 coordinates
with the skeletal ones and the effects of crystal dynamics require
the accounting of periodicity.

In order to contribute to the clarification of these problems
and to test the available methods we have investigated the IR,
Raman and INS spectra of PANO and some of its substituted
congeners.28 Advantages of this series lie in the chemical
homogeneity, the absence of possible steric compression leading
to a shortening ofdO‚‚‚O other than from electronic effects, and
the absence of proton tunneling. The range ofdO‚‚‚O covered
by the series (2.48 Å to 2.40 Å) permits a systematic pursuit of
the effects of increasing the H-bond strength on the evolution
of vibrational spectra and other physical characteristics. In this
article use of this study will be made occasionally; the details
will be published separately.

The IR spectra of PANO and its congeners in the solid and
in solution phases have been investigated earlier.29-32 However,
some important points were not considered or were misinter-
preted. Infrared solution spectra, one-dimensional potentials and
OHs frequencies of PANO and some representative derivatives
have been also published;33 spectra of solids were shown in
that article only to expound the large differences between the
spectra of solutions and solids that are indicative of the sensitiv-
ity of the potential hypersurface to the effect of surroundings.

In this paper we shall concentrate on the IR, Raman and INS
spectra of the unsubstituted compound. One reason for this lies
in the availability of a substantial amount of information on its
H-bond characteristics obtained by other methods (see preamble
of the Results and Discussion section) which ranks PANO
among the best characterized examples of chelate H-bonds with
shortdO‚‚‚O. The main reason lies, however, in the recent study23

of the IR spectra of matrix isolated PANO that includes the
quantum-mechanics-based normal coordinate analysis (NCA).
The very good agreement between the calculated and experi-
mental frequencies and intensities obtained in this work offers
a useful guide to the interpretation of the crystal spectra,
particularly in exposing the mixed character of the modes sought
for. However, the strength of the interactions between the
molecules and the dynamic effects of the lattice modify the
molecular potential hypersurface and thereby alter the frequen-
cies and intensities with respect to the isolated molecule.34 A
separate investigation of the crystal phase appears attractive;
therefore we carried out the periodic Car-Parrinello frequency
calculations at the harmonic level as a first choice. In the CPMD
simulation the crystal field effects on the molecular structure
are properly considered, while the dynamics of the nuclei is
still classical. The frequencies of some protonic modes, par-
ticularly OHs, calculated in the harmonic approximation are,
however, in poor agreement with the experimental IR spectra
in contrast to ones involving the ring modes. This is not
surprising in view of the effect of anharmonicity evident in the
NCA23 and in frequencies calculated from proton potentials.
However, the calculated CPMD frequencies are in overall good
agreement with the observed INS spectra. This is also true of
the INS intensities produced by the methodology built in the
CLIMAX program35,36from the amplitudes given by the CPMD
calculation. Unfortunately, the CPMD calculated frequency of
the mode with dominant OHs internal coordinate is neither in
agreement with ones resulting from reliable potential surface
calculations nor in agreement with the results of the NCA
study,23 nor is it observable in the experimental spectra.
Moreover, crystal field effects produce large temperature
dependence of some bands that seems to be unique and thus
challenging for theoretical studies.

The failure to identify well-defined candidates for the
hydronic stretching modes either from the CPMD calculation
or in the INS spectra dictated a thorough empirical analysis
including Raman spectra and the spectra of the2H and 18O
isotopomers. Although this exercise brought to light a candidate
for the internal coordinate involving largely the coupled COHbe

and OHs motions, no distinct IR band was found, at least at
room temperature, that may be attributed to another mode with
major OHs participation. This failure suggested the need of
considering the continuum as a hideout for the stretching mode.
The extreme broadening of the OHs mode in the IR spectra of
systems with strong H-bonding and large hydronic vibrational
amplitudes, also labeled continuum, was extensively elaborated
by Zundel and co-workers from both the theoretical and
experimental sides (for review see ref 24). However, the present
example does not fit well the conditions for exhibiting a
continuum as expounded by Zundel,31 and therefore we
developed a novel computational approach. It is based on the
solutions of the one-dimensional time-independent vibrational
Schrödinger equation for the snapshots extracted from the
CPMD simulation. The envelope of the frequency distribution
of the 0f 1 transitions covers a span of some 1000 cm-1 with
a maximum at about 1400 cm-1 thus resembling the observed
IR spectra. However, such maximum is not unambiguously
identifiable in the observed continuum. In fact, a feature of
hydronic character does appear at 1410 cm-1 in the IR spectrum,
but its narrowness does not permit an unambiguous assignment
to the maximum in a frequency distribution.

The article is organized as follows. The experimental and
computational sections are followed by a preamble in which
the experimental and computed characteristics of the H-bonding

Figure 1. Picolinic acid N-oxide (PANO) (R ) H). Among the
congeners mentioned in this paper is 4-nitro PANO (R) NO2).
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in PANO are collected. This is followed by a commented
presentation of the vibrational spectra and the results of the
CPMD simulation. The results are summarized in the concluding
remarks. Some points requiring further investigations are
exposed there.

Abbreviations: IR, infrared; INS, inelastic neutron scattering;
CPMD, Car-Parrinello molecular dynamics program suite;
NCA, normal coordinate analysis; PED, potential energy
distribution; PANO-h, PANO-d, normal and deuterated PANO,
respectively; OHs, CdOs, OH stretching, CdO stretching;
COHbe, COH in-plane bending, etc.

2. Experimental Section

Infrared and Raman Spectroscopy.Picolinic acidN-oxide
(PANO) was purchased from Sigma-Aldrich. Different batches
of the product contained eitherR or â polymorphs. The desired
one was obtained by recrystallization from appropriate solvents.
The purity of the samples with respect to morphology was
checked by powder diffraction. The deuterated sample is theâ
polymorph irrespective of the solvent (D2O or CH3OD) used.
Unfortunately, the target 90% deuteration level was not achieved
despite the use of all precautions. Mass spectrometric and NMR
analysis gave results of 80( 5% of deuteration. The IR and
Raman spectra were recorded by a Perkin-Elmer 2000 FTIR
spectrometer. The GRAMS software was used in manipulating
the spectra. The Cd18O isotopomer was synthesized by Prof.
Boris Šket, Faculty of Chemistry and Chemical Technology at
the University of Ljubljana.

INS Vibrational Spectroscopy.The INS measurements on
samples of PANO and its H-bond deuterated analogue (ap-
proximately 1 g each in thin Al containers) were carried out on
the crystal-analyzer inverse-geometry spectrometer TOSCA at
the ISIS pulsed-neutron source at a temperature of 12 K. The
incident neutron beam spans a broad energy (E0) range, and
the energy selection is carried out on the secondary neutron
flight-path using the (002) Bragg reflection of a graphite
analyzer placed in a backscattering position. The energy
resolution of TOSCA is in the range 2%< (∆pω/E0) < 3.5%
over the accessible energy transfer range of 24 cm-1 to 8065
cm-1.

3. Computational Section

The crystal structure ofR-PANO (see below) was modeled
according to the X-ray diffraction crystallographic data of
Steiner et al.37 The molecular dynamics simulation was carried
out using the Car-Parrinello scheme,38 as implemented in the
CPMD v. 3.7.2 program package.39 The BLYP density func-
tional coupled with plane-wave basis set with kinetic energy
cutoff of 120 Ry and the relativistic Goedecker atomic pseudo-
potentials40 were used throughout. The CPMD harmonic
frequency calculation was carried out numerically on the basis
of finite differences of the built-it analytical energy gradients
with respect to nuclear coordinates. Note that CPMD frequency
calculation yields only the frequency values and the composition
of the corresponding normal coordinates; IR and Raman
intensities are, unfortunately, not yet supported by CPMD. The
INS vibrational spectrum based on intensities derived from
nuclear neutron scattering lengths and their individual vibrational
amplitudes was calculated by the CLIMAX35,36 program with
the CPMD harmonic frequencies and normal modes as input.
Additionally, anharmonic vibrational analysis, as implemented
in the Gaussian 03program,41,42 of the isolated PANO model
at the B3LYP/6-31+G(d,p) level of theory at a previously
optimized geometry was also carried out. The results of

Gaussian 03and CPMD geometry optimizations and frequency
calculations are listed in Tables 1 and 2. Frequency calculation
outputs are also available as Supporting Information (S1a,b).

The molecular dynamics simulation was carried out at a
constant volume (i.e., the unit cell parameters listed above were
fixed during the simulation). The fictitious orbital mass was
set to 150 au (note that 1 au corresponds to the electron mass),
and the propagation time step was set to 2 au (0.048378 fs).
The temperature of the system was controlled using the Nose´-
Hoover thermostat for the nuclear motion.43-45 Target temper-
ature and thermostat frequency were set to 300 K and 3200
cm-1, respectively. The structure of PANO was energy mini-
mized prior to the dynamics run. The simulation consisted of
about 300 000 steps, i.e., the simulated time was approximately
14.5 ps. The initial period of 2 ps of the dynamics was taken as
equilibration and was not further analyzed. Nuclear coordinates
were stored to the trajectory file every time step of the
simulation.

Snapshots of the dynamics were extracted next from the
trajectory every 5000 steps (approximately 242 fs). In such a
way 50 distinct snapshot structures as generated by the dynamics
simulation were obtained. From each of these structures two
proton potential functions (one per PANO molecule in the unit
cell) were acquired by stepwise displacing the H-bonded proton
along the O-H bond vector in 0.05 Å steps, covering thedOH

range from 0.75 to 2.00 Å. We demonstrated that proton motion
correlation between two adjacent PANO molecules in the unit
cell is negligible. Therefore it is not necessary to proceed with
two quantum body calculations.34 A total number of 100 diverse
proton potentials (Figure 2a) were obtained in such a way.

Anharmonic vibrational energies and wavefunctions were
determined for each of these potentials by solving the vibrational
Schrödinger equation. The variational Fourier grid Hamiltonian
(FGH) method of Balint-Kurti et al.46,47adopted for application
in generalized internal coordinates48 was used for this purpose.
A sample potential with corresponding vibrational energy levels
and wavefunctions is displayed in Figure 2b. For each of the
so obtained 0f 1 transitions, the relative transition intensity
(I0f1) was calculated according to the formula

TABLE 1: PANO Metric Parameters Obtained at Different
Levels of Theory

method, model and phase dO‚‚‚O [Å] dO-H [Å] ref

B3LYP/6-31+G(d,p)/gas-phase
monomer

2.509 1.011 34

B3LYP/6-31+G(d,p)/gas phase
dimer

2.489 1.018 34

B3LYP/6-31+G(d,p)/gas phase
trimer

2.469 1.027 34

B3LYP/6-31+G(d,p)/SCRF
(acetonitrile,ε ) 36.6) monomer

2.464 1.028 33, 55

BLYP/PW/crystal 2.457 1.067 34
B3LYP/6-31+G(d,p)/gas-phase

monomer, averaged geometry
over anharmonic vibrational
wavefunctions (“freq)
anharmonic” keyword
in G03)

2.501 1.028 a

B3LYP/cc-pVDZ/gas-phase
monomer, averaged geometry
over anharmonic vibrational
wavefunctions (“freq)
anharmonic” keyword
in G03)

2.509 1.028 a

experimental (X-ray diffraction,
125 K)

2.425(2) 1.04(3) 37

a This work.
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whereψ0(x) andψ1(x) are the ground state and the first excited
vibrational proton wavefunctions, respectively (note that ap-
plication of the FGH method yields real rather than complex
vibrational wavefunctions), andx is the O-H distance. The
dipole moment function,µ(x), was set to be linear with respect
to x (i.e., electrical harmonicity was assumed). The distribution
of the resulting vibrational transitions corresponding to the OHs

envelope was plotted against the frequency axis as a set of delta
functions. In addition the envelope was approximated by a
continuous curve assuming that each individual vibrational
transition is a Gaussian function of a constant half-width of 50
cm-1 and with its integral being equal to the relative transition
intensity defined above. The stretching envelope was also
calculated for the deuterated isotopomer of PANO (PANO-d)
in the same manner as outlined above. The same dynamics
trajectory and the same snapshot structures with the correspond-
ing potentials were used; however a different mass correspond-
ing to the isotope change was applied in solving of the
vibrational Schro¨dinger equation by the FGH method. Very
recently the same methodology was applied to an intramolecular

hydrogen bond of a Mannich base in the gas phase, as well as
in solution and in the solid state.49,50

In addition to the method outlined above, we tentatively
calculated the vibrational power spectrum of solid-state PANO
by Fourier transform of the velocity autocorrelation function,
obtained from the CPMD simulation. Analysis of the resulting
spectrum showed that the main portion of the OHs mode appears
as a broad and very weak absorption located between 2000 and
2500 cm-1. The location of the center of this absorption
compares well to the OHs frequency obtained by harmonic
analysis. Interestingly, no red shift due to anharmonicity was
observed, suggesting that the sole mechanical anharmonicity
of the OHs potential is not sufficient to bring the mode below
2000 cm-1. This can be explained by the fact that classical
molecular dynamics samples the potential energy surface up to
1-2 kcal/mol above its minimum, while with our approach we
considered a much larger range of the hydron potential. For
instance, zero-point OHs vibrational levels were about 2.5 kcal/
mol (4.5 kBT) and the first excited levels about 6.7 kcal/mol
(11.5kBT) above the minimum of the potential. It is therefore
necessary to include nuclear quantum effects in the treatment
of the hydron dynamics to correctly account for the enormous
red shift of the OHs mode. Apart from the main OHs absorption
in the vibrational power spectrum, small contributions of the
OHs coordinate can be observed at just above 1500 and 1000
cm-1, suggesting small couplings of the in-plane and out-of-
plane COHbe modes to the OHs. However, these couplings are
probably quite different in their nature and much less pro-
nounced than the observed ones, mainly because of the
significantly overestimated range of the OHs frequency. In
addition, due to compilation problems, we were not able to
perform the dipole moment calculation along with the CPMD
simulation, hence no reliable IR intensities could be reproduced
in the way described above. As the classical nuclear dynamics
coupled with the autocorrelation method (particularly in the
absence of the time-dependent dipole moment function) does
not yield reliable results, it was not further analyzed and
discussed.

4. Results and Discussion

Preamble: H-Bond Characteristics.PANO crystals exhibit
dimorphism. The monoclinicR form belongs to theP21/mspace
group,Z ) 2. At 125 K,dO‚‚‚O is 2.425(2) Å anddO-H is 1.04-
(3) Å; the OH‚‚‚O angle is 159°.37 Interestingly enough,dO‚‚‚O
shortens to 2.418(3) Å at 300 K and the O-H bond extends to
1.18(4) Å.37 The orthorhombicâ form belongs to thePmcaspace
group,Z ) 4. The molecular geometry in this form is practically
the same as in theR form. In both forms the molecules are
planar and packed in layers, but the mutual orientation of
molecules within the layers is different. The in-plane packing
is shown in Figure 3. In theR polymorph, the long axes are
parallel, while inâ, they form a zigzag pattern with an angle of
20° between the long molecular axes.51 PANO-d was obtained
only in the â form. Notable is the discrepancy between the
experimental molecular metric parameters and the ones calcu-
lated for free molecules. Even if fairly large basis sets are used
in geometry optimization, the calculateddO‚‚‚O are about 0.1 Å
too long (Table 1). However, inclusion of the solvent reaction
field52 brings the distance remarkably closer to one obtained in
the diffraction studies, and this also is true ofdO‚‚‚O corrected
for the quantum effects of the proton motions33,53as well as of
the structure resulting from the CPMD simulation of theR phase.
This gives evidence of the strong effects of polar environment
on the structure and dynamics of PANO.

TABLE 2: Calculated OH Stretching and COH Bending
Frequencies of PANO Using Different Models and Levels of
Theory

method, model and phase OHs [cm-1] COHbe [cm-1] ref

harmonic/gas phase
(Gaussian 03)a

2900-3100 1530-1560 33

harmonic/solvent (acetonitrile,
ε ) 36.6)b

2670 1563 33, 55

harmonic/crystal (CPMD) 2158 1530, 1573,
1647c

d

anharmonic (normal-mode
analysis, quartic
perturbation)/gas phasee

B3LYP/6-31+G(d,p)

2363 1501 d

anharmonic (normal-mode
analysis, quartic
perturbation)/gas phasee

B3LYP/cc-pVDZ

2421 1514 d

anharmonic (quantum-
mechanics-based
normal coordinate
analysis)f

1867 1743 23

anharmonic (1D single
point potentials;νOH or
δOH)/gas phase

2638 1543 34, 55

anharmonic (1D relaxed
potentials;νOH or δOH)/
gas phase

2100 1528 34

anharmonic (2D relaxed
potential;νOH /νOO)/
gas phase

1733 not included 53

anharmonic (1D single point
potentials;νOH)/crystal

1407 1577 34, 48

anharmonic (2D single point
potential;νOH/δOH)/crystal

1767/1299g 48

a Values depend on the level of theory and basis set used.
b Calculated with the SCRF-PCM approach of Tomasi and co-
workers using the B3LYP/6-31+G(d,p) level of theory.c Modes
with largest COHbe contribution (Figure 7a).d This work. e As imple-
mented in theGaussian 03code using the“freq)anharmonic”
keyword. A minimized B3LYP/6-31+G(d,p) isolated model was used.
f Normal coordinate analysis with the O-H stretching force constant
scaled to fit the 0f 1 transition frequency of the one-dimensional
relaxed proton potential function. Frequencies of modes with largest
PED of respective coordinates are listed.g Both fundamental vibrational
transitions include comparable contributions of the bending and
stretching motion.

I0f1 ) (∫ψ0(x)‚µ(x)‚ψ1(x) dx)2
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In both the diffraction derived and computed structures the
acidic hydrogen is placed clearly next to the carboxylic oxygen.
Obviously, this position is determined by an asymmetric
potential in agreement with all the calculated ones (see refer-
ences in Table 1 and 2). A series of potential functions obtained
from snapshots of the CPMD simulation is shown in Figure
2a. Note that the shape of the curves does not evolve as a simple
function of dO‚‚‚O.

The experimental value ofdO‚‚‚O ranks the H-bond in PANO
among the very short, strong ones. The1H NMR chemical shift
of 18.01 ppm in the solid and the deuterium quadrupole coupling
constant of 91.1 kHz are in accord with the strength of
bonding.54 The energy of the H-bond calculated as the difference
between the chelate structure and the open one with the carboxyl
groups rotated by 180° is 14.5 kcal/mol.55 This value has been
corrected for the difference between theE andZ conformations
of the carboxyl group that is about 4 kcal/mol.56

Vibrational Spectra. We shall initiate the analysis of the
spectra with the unambiguously identifiable features that are
the strong bands near 1050 cm-1 in the IR and INS spectra
(Figures 4a and 6a) and a much weaker feature in the Raman
spectra (Figure 5a). They are due to the O-H‚‚‚O out-of-plane
deformation. The deuteration sensitivity and rough accord with
the calculated frequencies (Figure 7, S1a, S1b) are supporting
the assignment. The same support is offered for the IR bands
near 430 cm-1 and 291 cm-1 (S2a) that are representing the
chelate ring deformations with COHbe participation (Figure 7a);

these modes are counterparts of the O‚‚‚O stretching in
intermolecular H-bonds. The effect of deuteration observed in
the INS spectra merits a comment, and we shall consider as
example the band at 438 cm-1. It is obviously an unresolved
doublet in PANO-h giving rise to two bands on deuteration,
i.e., 436 cm-1 and 405 cm-1. The higher frequency band is due
to a chelate ring vibration with a protonic component while the
lower frequency band that was unresolved in PANO-h moves
to 405 cm-1 according to the deuteron participation in the
respective normal mode; the reduced intensity is in accord with
this. The CPMD calculation produces two fairly closely
positioned pairs of bands: 433/438 and 457/461 cm-1. The
former pair moves to 423/426 cm-1 while the second pair
remains unaffected. The agreement of the observed and
calculated frequencies is acceptable taking into account that the
crystal splittings are not resolved and therefore the choice
between the available frequencies cannot be made. Similar
agreement between INS and harmonic CPMD frequency shifts
is observed with the band located at 291 cm-1 that moves to
283 cm-1 on deuteration. However, the agreement between the
experimental and calculated frequencies is of minor importance
compared to the agreement between the proposed and calculated
shifts. A corresponding explanation can be applied to some
higher frequency features.

The identification of bands corresponding to normal modes
with major participation of the COHbe and OHs internal
coordinate is a far less straightforward task because of the

Figure 2. (a) Selected hydron potentials acquired from snapshots of the CPMD simulation of PANO in the solid state together with corresponding
snapshot values of the O‚‚‚O distance. One hundred such potentials were extracted from the simulation presented in this work; for the sake of
clarity only five of them are displayed. (b) Sample anharmonic OHs potential of PANO, corresponding to the fully optimized structure in the solid
state (dO‚‚‚O ) 2.457 Å), with the two lowest vibrational levels and wavefunctions (full line, undeuterated; dashed line, deuterated) with the
corresponding 0f 1 transitions indicated.

Figure 3. In-plane crystal packing of PANO: (a) in theR polymorph, (b) in theâ polymorph.
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extensive coupling with CdOs, C-Os and N-Os internal
coordinates. Such couplings have been demonstrated by NCA
of isolated molecules,23 and they appear even in the harmonic
DFT frequency calculations (S1a,b). Besides those, the anhar-
monic coupling of the fast OHs with low-frequency modes of
the O-H‚‚‚O subsystem is expected to contribute to the red
shift and band shaping of the OHs band.26,57 Fermi resonances
also play an important role in the case of IR spectra.

In order to facilitate the location of the COHbe modes, we
have collected in Table 2 the frequencies predicted by model
calculations based on one- and two-dimensional potential
functions and on the complete force field calculation. The
predicted frequencies of the COHbe mode cover a fairly narrow
range of∼100 cm-1 irrespectively of the model used, i.e., 1D
or 2D potentials or inclusion of all degrees of freedom.
According to the CPMD calculation (Figure 7a), the modes

Figure 4. Infrared spectra of picolinic acidN-oxide (in KBr pellets): (a)R polymorph (black, 300 K; red, 120 K); (b)â polymorph (blue, normal,
120 K; red, deuterated, 300 K).

Figure 5. Raman spectra ofâ-picolinic acidN-oxide: (a) normal; (b) deuterated. The broad absorption feature is shown in inset.

Figure 6. (a) Inelastic neutron scattering spectra of picolinic acidN-oxide at 20 K (black, normal; red, deuterated; blue, scaled{H-D} spectral
difference). (b) Calculated inelastic neutron scattering spectra from frequencies and amplitudes obtained by CPMD (black, fundamentals only; red,
overtones included; blue, overtones and instrumental resolution included).
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between 1647 cm-1 and 1469 cm-1 do not show the participa-
tion of the OHs motion such as revealed by the NCA.23 The
too high frequency of 2158 cm-1 calculated for an OHs-to-Cd
Os coupled mode results from the harmonic approximation that
is inherent to the CPMD calculation. In this context, it is useful
to note the 2D potential of Stare and Balint-Kurti that includes
periodicity and results in an almost perfect mixing of the COHbe

and OHs motions.48 The calculated higher frequency mode of
the pair is 1767 cm-1 (Table 2).

The CPMD calculation predicts four normal modes of the
molecule in the 1650 cm-1 to 1480 cm-1 segment; each
molecular mode splits into two components in theR polymorph
and four inâ. They are directly observable as shoulders on some
bands or can be made so by band fitting. The crystal splittings
are between<1 cm-1 and 7 cm-1. The mode calculated to 1647
cm-1 involves large CdOs and COHbe components (Figure 7a).
The latter may be connected with the disappearance of the band
at 1628 cm-1 in the INS spectrum (Figure 6a). However, the
participation of the CdOs coordinate in this mode is unlikely
in view of the experimental evidence for the bands at 1678 cm-1

and 1720 cm-1 in the IR and Raman spectra to be the main
CdOs modes. The compelling evidence is the effect of18O
substitution in the CdO group that causes shifts to 1650 cm-1

and 1700 cm-1, respectively (S2a). In contrast to this mass effect
stands one of deuterium substitution that causes a strong blue
shift of the CdOs bands (Figure 4b). This is an unusual coupling
effect considering the fact that the CdO group is not directly
involved in the motions of hydrogen; it will be further elaborated
within the series of PANO congeners28 since the blue deuteration
shift is present in all the examples examined.

Besides the blue shift of the CdOs bands, deuteration removes
the broad absorption in the segment between the former and
the Evans transmission at 1480 cm-1 leaving over a strong band
at 1610 cm-1. The strong peak at 1560 cm-1 also seems to be

removed by deuteration (Figure 4b), but its Raman counterpart
remains unchanged (Figure 5b). Both modes are due to ring
vibrations since they are ubiquitous in the spectra of 2-substi-
tuted pyridineN-oxides.58 The different effect of deuteration
on their intensities in the IR and Raman spectra indicates that
the 1610 cm-1 feature is due to a (pure) ring mode unlike the
one at 1650 cm-1 in the IR spectrum that has a COHbe

component contributing to its dipole moment derivative. This
interpretation is in agreement with the CPMD calculation of
the nearly degenerate modes at 1575 and 1573 cm-1 (Figure
7a); the former has no protonic component contrasting the
marked one in the latter. However, frequency changes on
deuteration of those and other modes in this segment do not
agree with the experimental spectra. This is attributed to the
harmonic OHs and ODs frequency calculation that leads to the
coupling of the latter coordinate with the ring motions (Figures
7a,b; S1b), thus producing inadequate mode compositions and
frequencies.

Most remarkable is the effect of cooling on the shape of the
IR absorption in this segment appearing in theR polymorph
(Figure 4a). The quartet of peaks of similar height may be
connected with the shoulders on the peak at 1613 cm-1 in the
spectrum recorded at>200 K. However, the mechanism of the
relative intensity changes is obscure. Notable is the difference
between both polymorphs and the fact that no effect comparable
to one observed with theR polymorph appears with any other
member of the series of PANO congeners.28

The location of the broad absorption corresponds not only to
the predictions of the various model calculations (Table 2;
Figures 7a,b; S1a,b) but also to the presence of bands, assigned
to modes with large COHbe participation that are present in the
spectra of structurally related compounds. Two examples are
4-nitro picolinic acidN-oxide (1499 cm-1, S2c) and hydrogen
maleate.59 Moreover, in the Raman spectrum of PANO appears

Figure 7. Selected normal modes ofR-picolinic acid N-oxide ((a) undeuterated; (b) deuterated) calculated by the CPMD program in the harmonic
approximation (frequencies (in cm-1) inside of rings).
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a weak and broad, deuteration sensitive feature centered at
∼1600 cm-1 that is underlying the carbonyl and the ring bands
at 1615 and 1560 cm-1 (Figures 5a,b, inset). The combined
computational and experimental results support strongly the
location of the COHbe mode in the 1600 cm-1 segment. The
COHbe coordinate is coupled with CdOs and ring motions and
very probably with OHs. However, the origin of the width of
the IR absorption removed by deuteration asks for explanation.
A plausible one is to consider it as part of the continuum
separated by the Evans transmission at 1480 cm-1. This
possibility will be discussed jointly with the continuum.

Next to be scrutinized is the region below the Evans
transmission at 1480 cm-1 for hydronic modes predicted by the
frequency calculation of Stare and Balint-Kurti.48 According to
this, a band originating in a mixed OHs and COHbe mode should
appear at∼1300 cm-1. A hydronic feature with unusual
properties is indeed observed at a somewhat higher frequency,
i.e., 1410 cm-1. At room temperature, this is an unresolved peak
on the flank of the strong ring band at 1432 cm-1. On cooling
to 200 K, the peak gains gradually in intensity, becoming the
tallest band in the spectrum; it splits up on further cooling. It is
removed by deuteration leaving over an unresolved peak at 1411
cm-1 that is even smaller and sharper than the original one.
Simultaneously appears a new, composite band peaking at 1352
cm-1. The markedly different effect of cooling on the two
features suggests a difference in their origins. For the origin of
the band peaking at 1352 cm-1 the DFT calculation on the
isolated molecule (S1a) offers an alternative explanation in terms
of modes characteristic of H-bonded carboxylic groups.60,61

Accordingly to this, the band may be assigned to a coupled
C-Os and CODbe mode with ring participation; its intensity
should be very high. The CPMD calculated vibrational modes
are in fair agreement with this representation in that the ring
mode at 1269 cm-1 in which the in-phase C-Os and N-Os

participate moves to 1299 cm-1 by acquiring a significant CODbe

component. This should contribute to intensity of the new mode
found at 1352 cm-1. The predicted change upon deuteration of
the lower frequency modes are observable with the IR and INS
bands at 1280 cm-1 and of several Raman bands (Figures 4b,
5a,b and 6a). A weaker band of predominantly CODbe character
is predicted to appear at 1072 cm-1, but it is not detectable in
the IR spectra of PANO. However, deuteration shifts observed
with several bands in the segment between 1370 and 1000 cm-1

of the IR and Raman spectra (Figures 4b, 5a,b) indicate that
the CODbe coordinate is coupled to ring modes with C-Os and
N-Os participation. This is in agreement with the CPMD
calculation (see Figure 7b and S1b) and also explains the
frequency changes around 1280 cm-1 observed in the INS
spectra (Figure 6a).

The agreement between the frequencies obtained from the
CPMD calculation and the band frequencies in both sorts of
spectra (Figures 4a,b and 5a,b) is acceptable considering the
high density of bands and the effects of Evans transmissions.
A more detailed analysis of the IR and Raman spectra is possible
by comparison with the other members of the PANO series.28

For the presently set goals, it is sufficient to note that the spectral
changes in the region 1430-1640 cm-1 due to the hydronic
mass effect on the bending frequency are in agreement with
the assignment of the features in the 1500-1650 cm-1 region
to the coupled modes with major COHbe participation and the
hint to the possible origin of the band at 1352 cm-1 in the IR
spectrum of PANO-d.

The origin of the band at 1410 cm-1 is more enigmatic. A
CPMD calculated crystal mode does assume almost this

frequency, but it is a pure ring mode (Figure 7a). This suits
only the small peak left over after deuteration. It is possible
that an accidentally degenerate protonic mode overlaps the ring
mode, but this does not explain its excessive temperature
dependence. The latter is also difficult to bring to agreement
with conjectures of intensity borrowing from the underlying
protonic continuum by some sort of Fermi resonance, although
the Raman active mode at 1396 cm-1 may act by cleaving off
a sharp band out of the continuum. Note that neither corre-
sponding band does appear in the spectra of some PANO
congeners28 nor does it appear in the INS spectrum thus hinting
to its relation with the continuum in that the latter is not at all
expressed in the INS spectrum.

The analysis of the spectra of PANO and its isotopomers did
not permit so far proposing a distinct feature for the candidate
for the OHs mode or mixed mode with dominant participation
of this coordinate. This contrasts the spectra and NCA of the
matrix isolated compound or its solutions.23,33This is also true
for the INS spectra that are well-known to usually produce
distinct OHs bands in the example with strong H-bonds,
including the intramolecular ones, e.g., hydrogenmaleate.59 The
failure in identifying distinct candidate(s) for the OHs mode
suggests the consideration of the continuum.

The extended absorption also seems to be present in the INS
spectrum of PANO-h. Moreover it is not apparent in PANO-d,
thus suggesting a possible protonic origin. This conclusion is
excluded by a comparison of the spectra calculated36 with and
without inclusion of overtones (Figure 6b), which indicates that
the extended absorption in the INS spectra of PANO-h originates
from overtones. Indeed, a CLIMAX calculation with included
overtones produces a remarkable match to the experimental INS
spectrum; the obvious difference in the intensity of the extended
absorption in the spectra of both isotopomers requires further
attention.

The infrared continua are common with strong H-bonds in
solutions and solids.24 In the example of PANO, the continuum
extends apparently from beneath the carbonyl bands into the
far-infrared region down to∼300 cm-1 (S2a,d). Unfortunately,
a reliable quantitative characterization of the continuum and the
changes which may have resulted from deuteration or temper-
ature changes is not possible owing to the numerous superim-
posed peaks and Evans transmissions that are also affected by
those changes. For the same reason the center of gravity of the
continuum cannot be determined reliably. However, qualitative
observations based on Evans transmissions reveal a decay of
absorbance in the region below 1400 cm-1, but no significant
effect of deuteration is observable except for the part between
the carbonyl bands and the strong Evans transmission at 1480
cm-1. This fact clearly shows the difference in the modes
involved in the creation of the higher and lower frequency parts
of the continuum.

As much as the Evans transmissions are hindering the
acquisition of quantitative IR intensity data, they are helpful as
qualitative indications for the very existence of the continuum.
This realization is of prime importance since PANO does not
comply with the requirements for the appearance of continua
according to the theoretical treatment of their origin elaborated
by Zundel and co-workers.24 Prerequisite for the appearance of
continua are the anharmonic double minimum potential func-
tions allowing for large amplitude proton motions and the high
polarizability of such H-bonds. In this theory, chelate H-bonds
were explicitely exempted from the creation of continua because
of the electronic short-circuit due to the conjugation in the
chelate ring. However, restrictions for the appearance of continua
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postulated by Zundel and co-workers62 are not met by the
present example. Thus the diffraction results,37 the potential
functions calculated at any level for PANO and, particularly,
the localization of the proton on one side of the H-bond
according to the CPMD dynamics are in contradiction with the
large amplitude proton motion as present in examples with
double minima separated by low barriers that were treated by
Zundel24 and others. Moreover, conjugation in the chelate ring
is present and thus the rise of a well-pronounced continuum in
PANO and related compounds cannot be explained by theories
based on large proton amplitude with concomitant large
polarizability. We have therefore developed a novel approach
that is not subject to the restrictions of such theory. Moreover,
the novel approach also permits the prediction of the shape of
the continuum contour with formation of absorption maxima.

CPMD Simulation of Crystalline r-PANO. The dynamical
profile of dO-H, dO‚‚‚H and dO‚‚‚O acquired from the CPMD
simulation (Figure 8) shows that the hydrogen bond of PANO
is essentially asymmetric. The proton is classically located about
99% of the simulation time closer to the donor oxygen atom
(dO-H e dO‚‚‚H); the number of occasions with the proton
transferred to the acceptor site are very rare, and structures with
dO-H > dO‚‚‚H do not appear to last for longer than a single
large-amplitude O-H oscillation; no case has been observed
where the proton would oscillate nearer to the acceptor oxygen.
Apparently the hydrogen bond of PANO in the solid state does
not exhibit much of a tendency for proton transfer and the time-
averaged proton potential is of a single minimum type.

The extracted snapshot structures exhibit a notable diversity
in geometry parameters, proton potentials and the pertinent
anharmonic frequencies as expected. The dynamical profile of
dO‚‚‚O covers a range between 2.294 and 2.718 Å. Variations in
dO‚‚‚O affect the proton potential functions and thus the
vibrational transition frequencies. Figure 2a shows some typical
proton potentials acquired from snapshots of the dynamics and
their correspondingdO‚‚‚O. The potentials vary from a strongly
asymmetric double-minimum type, consistent with largedO‚‚‚
O, to compressed (smalldO‚‚‚O) and somewhat asymmetric single
minimum type. They are similar in shape to the ones calculated
for isolated PANO molecules by static DFT calculations at
different values ofdO‚‚‚O.33 However, the proton potentials
sampled from snapshots can be markedly different in shape even
though the correspondingdO‚‚‚O are nearly the same (Figure 2a).
Thus attempts to correlate the proton potential shape solely with
dO‚‚‚O would probably not succeed because the fluctuating
degrees of freedom other than the O‚‚‚O distance do signifi-

cantly influence the proton potential and the concomitant
transition energies. In other words, indirect coupling to the OHs

mode is, besides by fluctuatingdO‚‚‚O, strongly influenced by
other intra- and intermolecular degrees of freedom.

In line with the variation in proton potentials, the anharmonic
OHs frequencies are distributed over a wide range between 1100
and 2100 cm-1. The frequency of each individual 0f 1
vibrational transition is represented by a delta function whose
height is proportional to the dipole-driven transition intensity
in the approximation of electric harmonicity. Note that the
differences in the calculated intensities originate solely from
differences in the shapes of the anharmonic ground- and the
first-excited-state wavefunctions as reflected in the various
proton potentials acquired by the snapshots. The envelope of
the transitions, displayed in Figure 9, was obtained by represent-
ing each individual transition as a Gaussian function of a half-
width of 50 cm-1 centered at the pertinent frequency. Each of
the Gaussians was scaled in such a way that its integral was
equal to the calculated transition intensity.

The envelope of the density distribution exhibits a broad
maximum at about 1400 cm-1 which could represent the OHs

mode in the spectrum. However, the coincidence in the positions
of this maximum and the protonic band at 1410 cm-1 discussed
in the previous section is most probably fortuitous. This
conclusion is based on both the theoretical and experimental
arguments. The frequencies appearing in the density distribution
were obtained from one-dimensional potentials; we think that
a realistic frequency simulation would require at least a five-
dimensional hypersurface (OHs, COHbe, CdOs, C-Os, N-Os)
in order to account for mode coupling. Nevertheless, it should
be clear that the construction of a five-dimensional Born-
Oppenheimer surface followed by solving the corresponding
vibrational Schro¨dinger equation for several snapshots is not
feasible in real time with the available computer power. In
addition, the band maximum discussed above is not reliable from
the experimental point of view, as it appears to be too narrow
to be representative of a frequency distribution. It is much more
probable that the rather broad maximum in the frequency
distribution remains hidden by the distinct, strong bands and
Evans transmissions. However, considering the weakness of the
OHs mode in comparable chelate compounds and the problem
of locating the pertinent bands, indirect evidence for its expected
location in the region around 1400 cm-1 can be taken from
solution spectra33 in which the absorption corresponding to a

Figure 8. Dynamical CPMD profile of selected interatomic distances
in R-picolinic acidN-oxide. Green circles denote cases where the proton
is residing closer to the acceptor atom. Note that the displayed profiles
refer to classical nuclear coordinates. See text for other details.

Figure 9. Distribution of anharmonic vibrational transitions (thin
vertical lines) attributed to the OH stretching mode ofR-picolinic acid
N-oxide in the solid state, obtained from snapshots of the CPMD
simulation, and the according envelope of the OH stretching band
(curved line) assuming a Gaussian function of a constant half-width of
50 cm-1 for each individual transition.
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mode with predominant OHs character is more easily identifiable
and found to be centered at about 1360 cm-1.

The calculated envelope of the extended absorption corre-
sponding to the hydrogen stretching motion of deuterated
PANO-d is red-shifted with respect to one of the undeuterated
species as expected. A comparison of OHs and ODs envelopes
is shown in Figure 10. It is notable that the ODs envelope has
much the same width as that of OHs and spans the interval
between∼800 and∼1700 cm-1. However, its shape is slightly
different so that its maximum is at a frequency which is not
much lower (∼1250 cm-1) than one of the OHs envelope with
the maximum at∼1400 cm-1. This is roughly in accord with
the observed IR spectrum of PANO-d that features a new band
at 1352 cm-1. It should be noted, however, that the envelopes
of OHs and ODs transitions cannot be reliably compared between
them because of the absence of information on their relative
intensities. The OHs absorption corresponding to the deuterated
species is expected to have a lower integrated intensity than
that of the undeuterated one, but no quantitative description of
this aspect can be given. Further comparisons between the
calculated stretching envelopes of PANO-h and PANO-d are
thus not justified.

5. Concluding Remarks

For the interpretation of vibrational spectra of systems with
strong H-bonds, it is imperative to collect as much as possible
additional information on the physical characteristics of the
H-bond, particularly ones related to the potential and its
fluctuations. The data presented in the preamble of the Results
and Discussion section form a fairly comprehensive set, but for
the representation of H-bond dynamics and the interpretation
of the spectra computational support is necessary. This regards
in particular the outstanding features in the IR and INS spectra
that are closely related to hydron motions. Perhaps more
important than the band frequencies are their shapes as a source
of information on the hydron dynamics. Among the internal
coordinates describing the hydron motion it is the antisymmetric
stretching that is of prime importance in this respect. However,
due to the tendency of this motion to couple with other intra-
or intermolecular motions it is necessary to include them in any
type of theoretical treatments of band shapes and analyses of
experimental spectra. Considering the short intramolecular
H-bonds in crystalline PANO, the COHbe and crystal modes
are the most important coupling partners. The latter replace the
role of the intermolecular (slow) mode(s) in H-bonded dimers

or other aggregates in the gas or liquid phases. Explicit
anharmonic coupling of the OHs motion with phonons has been
elaborated previously.63,64 Adjusted coupling parameters are
needed in these theories whereas the effect of the crystal
dynamics on the OHs frequencies is included in the snapshot
sampling of the system dynamics yielding a multitude of hydron
potential functions from which the OHs frequencies need to be
extracted and complemented with transition probabilities. The
calculation of the latter is the weak point of the treatment
preventing the quantitative comparison of the integrated intensity
area under the calculated contour with that of the experimental
continuum. However, a reliable estimation of the latter is also
not practical and therefore only the rough extent of the
continuum and the position of the maxima in the calculated band
contour are prone to comparison. Note that the frequencies were
calculated from one-dimensional potentials and may therefore
not correspond to the experimental ones. However, the IR
spectrum of PANO-h does exhibit a protonic band at 1410 cm-1,
but its characteristics compared to OHs absorptions observed
with other examples of short intramolecular H-bonds, such as
enolones, command caution in attributing to this mode before
having understood the origin of those properties. This is also
true of the band at 1352 cm-1 in the spectrum of PANO-d; its
position fits the maximum in the distribution envelope calculated
for this isotopomer (Figure 10). The alternative interpretation
of the origin of this band (vide supra) should be added to the
cautionary remarks made for the band at 1410 cm-1.

The other maximum of the frequency distribution contour
centered at about 1600 cm-1 coincides with the broad IR
absorption and weak features in the Raman and INS spectra
attributed to a protonic mode with dominant COHbe. This is
adding weight to that attribution and to the evidence for the
participation of the OHs motion in the mode predicted by the
2D-potential calculation.48 Notwithstanding the cautionary
remarks, the combined evidence from the previous OHs and
COHbe frequency calculations as well as the novel CPMD-based
approach suggest the attribution of the continuum to the mixed
stretching and in-plane bending hydronic motions; the latter are
likely to be more strongly engaged in the higher frequency part
of the continuum. From the methodological point of view it is
straightforward to extend the present approach to more dimen-
sions, thus taking care of the couplings. However, this requires
extremely large computational power. The empirical analysis
of spectra would gain by dichroism studies of single crystals.
Unfortunately, growing of appropriate crystals did not succeed.
Single-crystal studies would also be of particular value in
clarifying the problems raised by this work, particularly the
origin of the band at 1410 cm-1 and the possible interactions
between the hydron dynamics and intensities of ring modes
predicting the unusual intensity behavior.

The molecular dynamics part of the present simulation gives
a firm answer to the hydron motion between the two oxygens
in that making unlikely the large amplitude motions, such as
pertaining to a double minimum with a low barrier. Conse-
quently, motions engendering high hydron polarizability do not
seem to be involved in the creation of the continuum.

In addition to offering computational support to vibrational
spectroscopy, the present method is also applicable to assist the
interpretation of kinetic isotope studies in catalytic systems such
as enzymes. The thermally averaged squared vibrational eigen-
functions have the meaning of a probability density, and the
latter quantity is directly related to the potential of mean force.
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(12) Kovács, A.; Izvekov, V.; Zauer, K.; Ohta, K.J. Phys. Chem. A
2001, 105, 5000.

(13) Paul, S. O.; Schutte, C. J. H.; Hendra, P. J.Spectrochim. Acta A
1990, 46, 323.

(14) Tayyari, S. F.; Zeegers-Huyskens, T.; Wood, J. L.Spectrochim.
Acta A1979, 35, 1265.

(15) Bertolasi, V.; Gilli, P.; Ferretti, V.; Gilli, G.J. Am. Chem. Soc.
1991, 113, 4917.

(16) Emsley, J.; Ma, L. Y. Y.; Karaulov, S. A.; Motevalli, M.;
Hursthouse, M. B.J. Mol. Struct.1990, 216, 143.

(17) Emsley, J.; Ma, L. Y. Y.; Hursthouse, M. B.; Bates, P. A.J. Chem.
Soc., Perkin Trans.1989, 2, 527.

(18) Ilczyszyn, M. M.; Baran, J.; Ratajczak, H.; Barnes, A. J.J. Mol.
Struct.1992, 270, 499.
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