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Infrared, Raman and INS spectra of picolinic adiebxide (PANO) were recorded and examined for the
location of the hydronic modes, particularly-® stretching and COH bending. PANO is representative of
strong chelate hydrogen bonds (H-bonds) with its short@ distance (2.425 A). 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 hundredl0OH stretching transitions generated

by molecular dynamics simulation exhibits a maximum at 1400'camd a minor hump at1600 cn1?.

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 decreasinglo...o below 2.48 A. On the experimental side, it is
The understanding of the infrared (IR) spectra and proton '_[he broadn_ess and low peak intensity of the absorption appearing
dynamics of molecules with chelate type intramolecular hydro- in the region above 1800 crh of the IR spectra of, e.g.,
gen bonds of moderately short<@D distancesdo..o < 2.6 enolones or, even worse, below this limit. This can lead to
A) has progressed to the point of good agreement betweencomplete failure in observing such absorption, e.g., in hydrox-
experimental and computed band frequencies and shapesyphenalenor& and naphthazarif?, or to controversies in the
Benchmark examples are malonaldehyde and acetylacetone. Théterpretation of their origin if eventually observed. For example,
OHs mode (see Abbreviations at the end of the Introduction) is in the IR spectra of dibenzoylmethane and its congeners, a weak
unequivocally located in their IR spectra; its positions and band and broad absorption culminating between 2600camd 1800

shapes are convincingly reproduced by calculatiohsHow- cm~1is ubiquitous. It is usually attributed to the @Ffinda-
ever, the situation concerning molecules with stronger intramo- mentalt*>but Emsley and co-workel&!” attribute this absorp-
lecular H-bonds is much less satisfactory. tion to combination modes and/or higher order transitions while

Difficulties in locating vibrational modes with major contri-  predicting the Ol fundamental to be near 1550 ck Con-
butions of OH and COH internal coordinates are rising with  troversies in the interpretation of spectra and dynamics exist
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/H _____ of the IR spectra of matrix isolated PANO that includes the
O O guantum-mechanics-based normal coordinate analysis (NCA).
‘ ‘ The very good agreement between the calculated and experi-

C mental frequencies and intensities obtained in this work offers
& a useful guide to the interpretation of the crystal spectra,

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 moletufe.
separate investigation of the crystal phase appears attractive;
R therefore we carried out the periodic Cd&rarrinello frequency
calculations at the harmonic level as a first choice. In the CPMD
Figure 1. Picolinic acid N-oxide (PANO) (R= H). Among the simulation the crystal field effects on the molecular structure
congeners mentioned in this paper is 4-nitro PANOXRO,). are properly considered, while the dynamics of the nuclei is
20 . . ) s_tiII classical. The freque_ncies of some protonic_ modes, par-
do-.0-” The discrepancies between the Jtéquencies calcu-  icyarly OH, calculated in the harmonic approximation are,

lated at the harmonic level gnd the experimental ones are 'essnowever, in poor agreement with the experimental IR spectra
spectacular in examples with longep...o,*?2 but they are j, conirast to ones involving the ring modes. This is not
rap'qu increasing with the $ho_rten|ng @5...0 and concomitant surprising in view of the effect of anharmonicity evident in the
shifting of.the OHfreguenmes into the range of skeletql modes_ NCA? and in frequencies calculated from proton potentials.
gnd coupling therewnh: Even the use of the anharmomc analyS'SHowever, the calculated CPMD frequencies are in overall good
implemented inGaussian O3program package that includes 5 oreement with the observed INS spectra. This is also true of

anharmonicity at the level of quartic pot_ent?a!s did not yield the INS intensities produced by the methodology built in the

acceptablt_a results. in the gxample of picolinic ablebxide CLIMAX progran?536from the amplitudes given by the CPMD

(PANO, F'g'“.'re 1) isolated in argon matAX. . . calculation. Unfortunately, the CPMD calculated frequency of
The experimental and computational hurdles experienced with the mode with dominant OHnternal coordinate is neither in

molecules in matrix or solution increase when turning to crystal agreement with ones resulting from reliable potential surface
phase spectra. The spectra of PANO are an outstanding eXarm:’l%alcuIations nor in agreement with the results of the NCA
of differences between the spectra of various phases. On the

. - " S study?® nor is it observable in the experimental spectra.
experimental side, an additional source of difficulties in the Moreover, crystal field effects produce large temperature

interpretation of the crystal phase 'spectra arises from the ependence of some bands that seems to be unique and thus
appearance of the extended absorption, also known as ZundeEhallenging for theoretical studies

continuum?* with Evans transmissiorf8:26 On the computa- ) _ i _ _
P The failure to identify well-defined candidates for the

tional side, the extensive coupling of the hydréhimoordinates ) - , ,
ping y hydronic stretching modes either from the CPMD calculation

with the skeletal ones and the effects of crystal dynamics require’ /™ ) - .
the accounting of periodicity or in the INS spectra dictated a thorough empirical analysis
In order to contribute to the clarification of these problems Ncluding Raman spectra and the spectra of #Heand **O

and to test the available methods we have investigated the IR,/S0topomers. Although this exercise brought to light a candidate
Raman and INS spectra of PANO and some of its substituted 'OF the internal coordinate involving largely the coupled GRH
congeneré® Advantages of this series lie in the chemical &nd OR motions, no distinct IR band was found, at least at
homogeneity, the absence of possible steric compression leading®®Mm témperature, that may be attributed to another mode with
to a shortening oflo...o other than from electronic effects, and Major OH participation. This failure suggested the need of
the absence of proton tunneling. The rangedef.o covered considering the contlngum as a hideout fpr the stretching mode.
by the series (2.48 A to 2.40 A) permits a systematic pursuit of 1h€ extreme broadening of the Qkode in the IR spectra of
the effects of increasing the H-bond strength on the evolution SYStems with strong H-bonding and large hydronic vibrational
of vibrational spectra and other physical characteristics. In this @mplitudes, also labeled continuum, was extensively elaborated
article use of this study will be made occasionally; the details Py Zundel and co-workers from both the theoretical and

O = ‘ particularly in exposing the mixed character of the modes sought

will be published separately. experimental sides (for review see ref 24). However, the present
The IR spectra of PANO and its congeners in the solid and x@mple does not fit well the conditions for exhibiting a
in solution phases have been investigated e&fiét.However, continuum as expounded by Zundéland therefore we

some important points were not considered or were misinter- déveloped a novel computational approach. It is based on the
preted. Infrared solution spectra, one-dimensional potentials andSolutions of the one-dimensional time-independent vibrational
OHs frequencies of PANO and some representative derivatives Schralinger equation for the snapshots extracted from the
have been also publishé#spectra of solids were shown in CPMD S|mulat|on...The envelope of the frequency dlstrllbutlon
that article only to expound the large differences between the Of the 0— 1 transitions covers a span of some 1000 &mith
spectra of solutions and solids that are indicative of the sensitiv- @ maximum at about 1400 crhthus resembling the observed
ity of the potential hypersurface to the effect of surroundings. IR spectra. However, such maximum is not unambiguously
In this paper we shall concentrate on the |R' Raman and INS identifiable in the observed continuum. In faCt, a feature of
spectra of the unsubstituted compound. One reason for this lieshydronic character does appear at 1410 €mthe IR spectrum,
in the availability of a substantial amount of information on its but its narrowness does not permit an unambiguous assignment
H-bond characteristics obtained by other methods (see preambld0 the maximum in a frequency distribution.
of the Results and Discussion section) which ranks PANO The article is organized as follows. The experimental and
among the best characterized examples of chelate H-bonds withcomputational sections are followed by a preamble in which
shortdo...o. The main reason lies, however, in the recent stidy  the experimental and computed characteristics of the H-bonding
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in PANO are collected. This is followed by a commented TABLE 1: PANO Metric Parameters Obtained at Different
presentation of the vibrational spectra and the results of the Levels of Theory

CPMD simulation. The results are summarized in the concluding method, model and phase ~ do--o[A] do-n[A]  ref
remarks. Some points requiring further investigations are B3LYP/6-31+G(d.p)/gas-phase  2.509 1011 34
exposed there. monomer

Abbreviations: IR, infrared; INS, inelastic neutron scattering;  B3LYP/6-31G(d,p)/gas phase 2.489 1.018 34
CPMD, Car-Parrinello molecular dynamics program suite; dimer
NCA, normal coordinate analysis; PED, potential energy B3LYP/6-31G(d,p)/gasphase  2.469 1027 34
distribution; PANOh, PANO-d, normal and deuterated PANO, B3tIiI$1Pe/%-31+G(d,p)/SCRF » 464 1028 3355
respectively; .Olgl C=0,, QH stretching, &0 stretching; (acetonitrilec = 36.6) monomer
COHye, COH in-plane bending, etc. BLYP/PWi/crystal 2.457 1.067 34

B3LYP/6-31+G(d,p)/gas-phase 2.501 1.028 a
2. Experimental Section monomer, averaged geometry
o . ) over anharmonic vibrational

Infrared and Raman Spectroscopy.Picolinic acidN-oxide wavefunctions (“freer
(PANO) was purchased from Sigma-Aldrich. Different batches  anharmonic” keyword
of the product contained eitheror 8 polymorphs. The desired in GO3)
one was obtained by recrystallization from appropriate solvents. B3LYP/cc-pvVDZ/gas-phase 2.509 1028 a
The purity of the samples with respect to morphology was ~ Monomer, averaged geometry

. . h over anharmonic vibrational

checked by_ powder _d|ffract|on. The deuterated sample igthe wavefunctions (“freer
polymorph irrespective of the solvent {O or CH;OD) used. anharmonic” keyword
Unfortunately, the target 90% deuteration level was not achieved  in G03)
despite the use of all precautions. Mass spectrometric and NMR experimental (X-ray diffraction, ~ 2.425(2)  1.04(3) 37
analysis gave results of 88 5% of deuteration. The IR and 125K)
Raman spectra were recorded by a Perkin-Elmer 2000 FTIR aThijs work.

spectrometer. The GRAMS software was used in manipulating
the spectra. The €'%0 isotopomer was synthesized by Prof. Gaussian 0Zand CPMD geometry optimizations and frequency
Boris Set, Faculty of Chemistry and Chemical Technology at calculations are listed in Tables 1 and 2. Frequency calculation
the University of Ljubljana. outputs are also available as Supporting Information (Si1a,b).
INS Vibrational Spectroscopy. The INS measurements on The molecular dynamics simulation was carried out at a
samples of PANO and its H-bond deuterated analogue (ap-constant volume (i.e., the unit cell parameters listed above were
proximatey 1 g each in thin Al containers) were carried out on  fixed during the simulation). The fictitious orbital mass was
the crystal-analyzer inverse-geometry spectrometer TOSCA atset to 150 au (note that 1 au corresponds to the electron mass),
Fhe_ ISIS pulsed-neutron source at a temperature of 12 K. Thegnd the propagation time step was set to 2 au (0.048378 fs).
incident neutron beam spans a broad enefgy (ange, and  The temperature of the system was controlled using thé Nose
the energy selection is carried out on the secondary neutronHggver thermostat for the nuclear moti#i4s Target temper-
flight-path using the (002) Bragg reflection of a graphite ature and thermostat frequency were set to 300 K and 3200
analyzer placed in a backscattering position. The energy cm1, respectively. The structure of PANO was energy mini-
resolution of TOSCA is in the range 2% (Ahw/Eo) < 3.5% mized prior to the dynamics run. The simulation consisted of
over the accessible energy transfer range of 24'cm 8065  apout 300 000 steps, i.e., the simulated time was approximately
cm. 14.5 ps. The initial period of 2 ps of the dynamics was taken as
equilibration and was not further analyzed. Nuclear coordinates

3. Computational Section were stored to the trajectory file every time step of the

The crystal structure afi-PANO (see below) was modeled
according to the X-ray diffraction crystallographic data of
Steiner et af’ The molecular dynamics simulation was carried

simulation.
Snapshots of the dynamics were extracted next from the
trajectory every 5000 steps (approximately 242 fs). In such a

out using the CarParrinello schemé? as implemented in the ~ way 50 distinct snapshot structures as generated by the dynamics
CPMD v. 3.7.2 program packadeThe BLYP density func- simulation were obtained. From each of these structures two
tional coupled with plane-wave basis set with kinetic energy proton potential functions (one per PANO molecule in the unit
cutoff of 120 Ry and the relativistic Goedecker atomic pseudo- cell) were acquired by stepwise displacing the H-bonded proton
potentiald® were used throughout. The CPMD harmonic along the G-H bond vector in 0.05 A steps, covering the
frequency calculation was carried out numerically on the basis range from 0.75 to 2.00 A. We demonstrated that proton motion
of finite differences of the built-it analytical energy gradients correlation between two adjacent PANO molecules in the unit
with respect to nuclear coordinates. Note that CPMD frequency cell is negligible. Therefore it is not necessary to proceed with
calculation yields only the frequency values and the composition two quantum body calculatio#$ A total number of 100 diverse

of the corresponding normal coordinates; IR and Raman proton potentials (Figure 2a) were obtained in such a way.
intensities are, unfortunately, not yet supported by CPMD. The  Anharmonic vibrational energies and wavefunctions were
INS vibrational spectrum based on intensities derived from determined for each of these potentials by solving the vibrational
nuclear neutron scattering lengths and their individual vibrational Schrainger equation. The variational Fourier grid Hamiltonian
amplitudes was calculated by the CLIMA3®® program with (FGH) method of Balint-Kurti et 147 adopted for application
the CPMD harmonic frequencies and normal modes as input.in generalized internal coordinatésvas used for this purpose.
Additionally, anharmonic vibrational analysis, as implemented A sample potential with corresponding vibrational energy levels

in the Gaussian 03rogram?142 of the isolated PANO model
at the B3LYP/6-3%+G(d,p) level of theory at a previously
optimized geometry was also carried out. The results of

and wavefunctions is displayed in Figure 2b. For each of the
so obtained 0— 1 transitions, the relative transition intensity
(lo—1) was calculated according to the formula
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TABLE 2: Calculated OH Stretching and COH Bending
Frequencies of PANO Using Different Models and Levels of
Theory

ref
33

method, model and phase Qdm™1] COHpe[cm™7]

2900-3100 1536-1560

harmonic/gas phase
(Gaussian OB

harmonic/solvent (acetonitrile,2670
€ = 36.6)

harmonic/crystal (CPMD)

1563 33,55

2158 1530, 1573, d

164F

anharmonic (normal-mode 2363 1501 d
analysis, quartic
perturbation)/gas phae
B3LYP/6-31+G(d,p)

anharmonic (normal-mode
analysis, quartic
perturbation)/gas phase
B3LYP/cc-pvDZ

anharmonic (quantum-
mechanics-based
normal coordinate
analysis

anharmonic (1D single
point potentialsyop or
don)/gas phase

anharmonic (1D relaxed
potentials;yon Or don)/
gas phase

anharmonic (2D relaxed
potential;von/voo)/
gas phase

anharmonic (1D single point 1407
potentials;yop)/crystal

anharmonic (2D single point
potential;von/don)/crystal

2421 1514

1867 1743 23

2638 1543 34,55

2100 1528 34

1733 not included 53

1577 34,48

1767/1299 48

@Values depend on the level of theory and basis set used.
bCalculated with the SCRF-PCM approach of Tomasi and co-
workers using the B3LYP/6-32G(d,p) level of theory®Modes
with largest COHge contribution (Figure 7a)! This work. ¢ As imple-
mented in theGaussian 03code using the“freq=anharmonic”
keyword. A minimized B3LYP/6-31G(d,p) isolated model was used.
fNormal coordinate analysis with the-® stretching force constant
scaled to fit the O— 1 transition frequency of the one-dimensional

relaxed proton potential function. Frequencies of modes with largest

PED of respective coordinates are liste&oth fundamental vibrational
transitions include comparable contributions of the bending and
stretching motion.

loa = (/o) -2(¥)11(X) dX)*

whereyo(X) andyi(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), ang is the O-H distance. The
dipole moment functiong(x), was set to be linear with respect
tox (i.e., electrical harmonicity was assumed). The distribution
of the resulting vibrational transitions corresponding to the, OH

J. Phys. Chem. A, Vol. 112, No. 7, 2008579

hydrogen bond of a Mannich base in the gas phase, as well as
in solution and in the solid staf&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;@tbde appears
as a broad and very weak absorption located between 2000 and
2500 cntl. The location of the center of this absorption
compares well to the OHfrequency obtained by harmonic
analysis. Interestingly, no red shift due to anharmonicity was
observed, suggesting that the sole mechanical anharmonicity
of the OH, potential is not sufficient to bring the mode below
2000 cnTl. 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 Of¥ibrational levels were about 2.5 kcal/
mol (4.5ksT) and the first excited levels about 6.7 kcal/mol
(11.5kgT) 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 Odmode. Apart from the main Qthbsorption
in the vibrational power spectrum, small contributions of the
OH; coordinate can be observed at just above 1500 and 1000
cm~1, suggesting small couplings of the in-plane and out-of-
plane COH modes to the OK 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 ©QFequency. 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 monoclinia. form belongs to th&2;/m space
group,Z = 2. At 125 K, do---o is 2.425(2) A andlo_ is 1.04-

(3) A; the OH--0 angle is 15937 Interestingly enoughjo..-o
shortens to 2.418(3) A at 300 K and the-8 bond extends to
1.18(4) A37 The orthorhombigs form belongs to th@ncaSpace
group,Z = 4. The molecular geometry in this form is practically
the same as in the 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 thet polymorph, the long axes are

envelope was plotted against the frequency axis as a set of deltgarallel, while ing, they form a zigzag pattern with an angle of

functions. In addition the envelope was approximated by a

20° between the long molecular axésPANO-d was obtained

continuous curve assuming that each individual vibrational only in the 8 form. Notable is the discrepancy between the
transition is a Gaussian function of a constant half-width of 50 experimental molecular metric parameters and the ones calcu-
cm~1 and with its integral being equal to the relative transition lated for free molecules. Even if fairly large basis sets are used
intensity defined above. The stretching envelope was alsoin geometry optimization, the calculated...o are about 0.1 A
calculated for the deuterated isotopomer of PANO (PA®)O- too long (Table 1). However, inclusion of the solvent reaction
in the same manner as outlined above. The same dynamicsfield>2 brings the distance remarkably closer to one obtained in
trajectory and the same snapshot structures with the correspondthe diffraction studies, and this also is truedgf..o corrected

ing potentials were used; however a different mass correspond-for the quantum effects of the proton motiéh%as well as of

ing to the isotope change was applied in solving of the the structure resulting from the CPMD simulation of thphase.
vibrational Schtdinger equation by the FGH method. Very This gives evidence of the strong effects of polar environment
recently the same methodology was applied to an intramolecularon the structure and dynamics of PANO.
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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-©0 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 @diential of PANO, corresponding to the fully optimized structure in the solid

state oo = 2.457 A), with the two lowest vibrational levels and wavefunctions (full line, undeuterated; dashed line, deuterated) with the
corresponding 6~ 1 transitions indicated.

(b)

Figure 3. In-plane crystal packing of PANO: (a) in the polymorph, (b) in thes polymorph.

In both the diffraction derived and computed structures the these modes are counterparts of the--O stretching in
acidic hydrogen is placed clearly next to the carboxylic oxygen. intermolecular H-bonds. The effect of deuteration observed in
Obviously, this position is determined by an asymmetric the INS spectra merits a comment, and we shall consider as
potential in agreement with all the calculated ones (see refer- example the band at 438 ct It is obviously an unresolved
ences in Table 1 and 2). A series of potential functions obtained doublet in PANOh giving rise to two bands on deuteration,
from snapshots of the CPMD simulation is shown in Figure i.e., 436 cnt and 405 cm?. The higher frequency band is due
2a. Note that the shape of the curves does not evolve as a simpleo a chelate ring vibration with a protonic component while the
function of do...o. lower frequency band that was unresolved in PAN@woves

The experimental value @k...o ranks the H-bond in PANO ~ to 405 cnt! according to the deuteron participation in the
among the very short, strong ones. THENMR chemical shift respective normal mode; the reduced intensity is in accord with
of 18.01 ppm in the solid and the deuterium quadrupole coupling this. The CPMD calculation produces two fairly closely
constant of 91.1 kHz are in accord with the strength of positioned pairs of bands: 433/438 and 457/461 tnThe
bonding34 The energy of the H-bond calculated as the difference former pair moves to 423/426 crh while the second pair
between the chelate structure and the open one with the carboxyremains unaffected. The agreement of the observed and
groups rotated by 180s 14.5 kcal/moP® This value has been  calculated frequencies is acceptable taking into account that the
corrected for the difference between thandZ conformations crystal splittings are not resolved and therefore the choice
of the carboxyl group that is about 4 kcal/n%él. between the available frequencies cannot be made. Similar

Vibrational Spectra. We shall initiate the analysis of the ~agreement between INS and harmonic CPMD frequency shifts
spectra with the unambiguously identifiable features that are iS observed with the band located at 291 ¢rthat moves to
the strong bands near 1050 chin the IR and INS spectra 283 cnt! on deuteration. However, the agreement between the
(Figures 4a and 6a) and a much weaker feature in the RamareXperimental and calculated frequencies is of minor importance
spectra (Figure 5a). They are due to thel®--O out-of-plane compared to the agreement between the proposed and calculated
deformation. The deuteration sensitivity and rough accord with shifts. A corresponding explanation can be applied to some
the calculated frequencies (Figure 7, Sla, S1b) are supportinghigher frequency features.
the assignment. The same support is offered for the IR bands The identification of bands corresponding to normal modes
near 430 cm! and 291 cm! (S2a) that are representing the with major participation of the COR and OH internal
chelate ring deformations with CQkbparticipation (Figure 7a); coordinate is a far less straightforward task because of the
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Figure 6. (a) Inelastic neutron scattering spectra of picolinic adidxide at 20 K (black, normal; red, deuterated; blue, scétéedD} 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).

extensive coupling with €0, C—0s and N-Os internal

In order to facilitate the location of the CQEHmodes, we

coordinates. Such couplings have been demonstrated by NCAhave collected in Table 2 the frequencies predicted by model
of isolated molecule®’ and they appear even in the harmonic calculations based on one- and two-dimensional potential
DFT frequency calculations (S1a,b). Besides those, the anhar<functions and on the complete force field calculation. The

monic coupling of the fast OHwith low-frequency modes of

predicted frequencies of the C@imnode cover a fairly narrow

the O—H---O subsystem is expected to contribute to the red range of~100 cnt! irrespectively of the model used, i.e., 1D

shift and band shaping of the QHand?65” Fermi resonances
also play an important role in the case of IR spectra.

or 2D potentials or inclusion of all degrees of freedom.
According to the CPMD calculation (Figure 7a), the modes
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Figure 7. Selected normal modes afpicolinic acid N-oxide ((a) undeuterated; (b) deuterated) calculated by the CPMD program in the harmonic
approximation (frequencies (in crf) inside of rings).

between 1647 cmt and 1469 cm! do not show the participa-  removed by deuteration (Figure 4b), but its Raman counterpart
tion of the OH motion such as revealed by the NCAThe remains unchanged (Figure 5b). Both modes are due to ring
too high frequency of 2158 cnd calculated for an Okto-C= vibrations since they are ubiquitous in the spectra of 2-substi-
Os coupled mode results from the harmonic approximation that tuted pyridineN-oxides®® The different effect of deuteration
is inherent to the CPMD calculation. In this context, it is useful on their intensities in the IR and Raman spectra indicates that
to note the 2D potential of Stare and Balint-Kurti that includes the 1610 cm!? feature is due to a (pure) ring mode unlike the
periodicity and results in an almost perfect mixing of the GOH one at 1650 cm® in the IR spectrum that has a C@H
and OH motions?® The calculated higher frequency mode of component contributing to its dipole moment derivative. This
the pair is 1767 cmt (Table 2). interpretation is in agreement with the CPMD calculation of
The CPMD calculation predicts four normal modes of the the nearly degenerate modes at 1575 and 1573 cm-1 (Figure
molecule in the 1650 cmt to 1480 cnm! segment; each  7a); the former has no protonic component contrasting the
molecular mode splits into two components in thpolymorph marked one in the latter. However, frequency changes on
and four inf. They are directly observable as shoulders on some deuteration of those and other modes in this segment do not
bands or can be made so by band fitting. The crystal splittings agree with the experimental spectra. This is attributed to the
are betweer<1 cnt ! and 7 cntl. The mode calculated to 1647  harmonic OH and OL} frequency calculation that leads to the
cmtinvolves large &0sand COHecomponents (Figure 7a).  coupling of the latter coordinate with the ring motions (Figures
The latter may be connected with the disappearance of the bandra,b; S1b), thus producing inadequate mode compositions and
at 1628 cm! in the INS spectrum (Figure 6a). However, the frequencies.
participation of the €&0Os coordinate in this mode is unlikely Most remarkable is the effect of cooling on the shape of the
in view of the experimental evidence for the bands at 1678'cm IR absorption in this segment appearing in thgolymorph
and 1720 cm! in the IR and Raman spectra to be the main (Figure 4a). The quartet of peaks of similar height may be
C=0s modes. The compelling evidence is the effect'#D connected with the shoulders on the peak at 1613'dmthe
substitution in the &0 group that causes shifts to 1650 ¢m spectrum recorded at200 K. However, the mechanism of the
and 1700 cm?, respectively (S2a). In contrast to this mass effect relative intensity changes is obscure. Notable is the difference
stands one of deuterium substitution that causes a strong bluebetween both polymorphs and the fact that no effect comparable
shift of the G=0Os bands (Figure 4b). This is an unusual coupling to one observed with the polymorph appears with any other
effect considering the fact that the<© group is not directly member of the series of PANO congenéts.
involved in the motions of hydrogen; it will be further elaborated The location of the broad absorption corresponds not only to
within the series of PANO congenéfsince the blue deuteration  the predictions of the various model calculations (Table 2;
shift is present in all the examples examined. Figures 7a,b; S1a,b) but also to the presence of bands, assigned
Besides the blue shift of the=€0s bands, deuteration removes to modes with large COH participation that are present in the
the broad absorption in the segment between the former andspectra of structurally related compounds. Two examples are
the Evans transmission at 1480 chteaving over a strong band  4-nitro picolinic acidN-oxide (1499 cm?, S2c) and hydrogen
at 1610 cml. The strong peak at 1560 crhalso seems to be  maleate®® Moreover, in the Raman spectrum of PANO appears
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a weak and broad, deuteration sensitive feature centered afrequency, but it is a pure ring mode (Figure 7a). This suits
~1600 cn1! that is underlying the carbonyl and the ring bands only the small peak left over after deuteration. It is possible
at 1615 and 1560 cn (Figures 5a,b, inset). The combined that an accidentally degenerate protonic mode overlaps the ring
computational and experimental results support strongly the mode, but this does not explain its excessive temperature
location of the COlge mode in the 1600 cmt segment. The dependence. The latter is also difficult to bring to agreement
COHpe coordinate is coupled with<€0s and ring motions and ~ with conjectures of intensity borrowing from the underlying
very probably with OH However, the origin of the width of  protonic continuum by some sort of Fermi resonance, although
the IR absorption removed by deuteration asks for explanation. the Raman active mode at 1396 chmay act by cleaving off
A plausible one is to consider it as part of the continuum a sharp band out of the continuum. Note that neither corre-
separated by the Evans transmission at 1480 lcriThis sponding band does appear in the spectra of some PANO
possibility will be discussed jointly with the continuum. congener® nor does it appear in the INS spectrum thus hinting
Next to be scrutinized is the region below the Evans 1O its relation with the continuum in that the latter is not at all

transmission at 1480 crifor hydronic modes predicted by the ~ expressed in the INS spectrum.
frequency calculation of Stare and Balint-KuttiAccording to The analysis of the spectra of PANO and its isotopomers did
this, a band originating in a mixed Qldnd COH,. mode should not permit so far proposing a distinct feature for the candidate
appear at~1300 cntl. A hydronic feature with unusual for the OH mode or mixed mode with dominant participation
properties is indeed observed at a somewhat higher frequencyof this coordinate. This contrasts the spectra and NCA of the
i.e., 1410 cm®. At room temperature, this is an unresolved peak matrix isolated compound or its solutiofis®3 This is also true
on the flank of the strong ring band at 1432 ¢mOn cooling for the INS spectra that are well-known to usually produce
to 200 K, the peak gains gradually in intensity, becoming the distinct OH; bands in the example with strong H-bonds,
tallest band in the spectrum; it splits up on further cooling. Itis including the intramolecular ones, e.g., hydrogenmat€atae
removed by deuteration leaving over an unresolved peak at 141 1failure in identifying distinct candidate(s) for the Qlfode
cm~1 that is even smaller and sharper than the original one. suggests the consideration of the continuum.
Simultaneously appears a new, composite band peaking at 1352 The extended absorption also seems to be present in the INS
cm™l. The markedly different effect of cooling on the two spectrum of PANCh. Moreover it is not apparent in PAN®-
features suggests a difference in their origins. For the origin of thus suggesting a possible protonic origin. This conclusion is
the band peaking at 1352 cithe DFT calculation on the  excluded by a comparison of the spectra calcuféteith and
isolated molecule (S1a) offers an alternative explanation in termswithout inclusion of overtones (Figure 6b), which indicates that
of modes characteristic of H-bonded carboxylic grofiss. the extended absorption in the INS spectra of PAIN@iginates
Accordingly to this, the band may be assigned to a coupled from overtones. Indeed, a CLIMAX calculation with included
C—0s and CODRe mode with ring participation; its intensity  overtones produces a remarkable match to the experimental INS
should be very high. The CPMD calculated vibrational modes spectrum; the obvious difference in the intensity of the extended
are in fair agreement with this representation in that the ring absorption in the spectra of both isotopomers requires further
mode at 1269 cmt in which the in-phase €05 and N-Os attention.
participate moves to 1299 crhby acquiring a significant COR The infrared continua are common with strong H-bonds in
component. This should contribute to intensity of the new mode goytions and solid¥ In the example of PANO, the continuum
found at 1352 cm. The predicted change upon deuteration of eytends apparently from beneath the carbonyl bands into the
the lower frequency modes are observable with the IR and INS t4y-infrared region down te-300 cnt? (S2a,d). Unfortunately,
bands at 1280 cnt and of several Raman bands (Figures 4b, 4 reliable quantitative characterization of the continuum and the
5a,b and 6a). A weaker band of predominantly Gexharacter  changes which may have resulted from deuteration or temper-
is predicted to appear at 1072 chbut it is not detectable in  atyre changes is not possible owing to the numerous superim-
the IR spectra of PANO. However, deuteration shifts observed posed peaks and Evans transmissions that are also affected by
with several bands in the segment between 1370 and 1000 cm  those changes. For the same reason the center of gravity of the
of the IR and Raman spectra (Figures 4b, 5a,b) indicate thatcontinuum cannot be determined reliably. However, qualitative
the COQy coordinate is coupled to ring modes with-Os and observations based on Evans transmissions reveal a decay of
N—Os participation. This is in agreement with the CPMD  apsorbance in the region below 1400 dgrbut no significant
calculation (see Figure 7b and S1b) and also explains theeffect of deuteration is observable except for the part between
frequency changes around 1280 crobserved in the INS  the carbonyl bands and the strong Evans transmission at 1480
spectra (Figure 6a). cm L This fact clearly shows the difference in the modes
The agreement between the frequencies obtained from theinvolved in the creation of the higher and lower frequency parts
CPMD calculation and the band frequencies in both sorts of of the continuum.
spectra (Figures 4a,b and 5a,b) is acceptable considering the As much as the Evans transmissions are hindering the
high density of bands and the effects of Evans transmissions. acquisition of quantitative IR intensity data, they are helpful as
A more detailed analysis of the IR and Raman spectra is possiblequalitative indications for the very existence of the continuum.
by comparison with the other members of the PANO séfies.  Thjs realization is of prime importance since PANO does not
For the presently set goals, it is sufficient to note that the spectral comply with the requirements for the appearance of continua
changes in the region 1430640 cn* due to the hydronic  according to the theoretical treatment of their origin elaborated
mass effect on the bending frequency are in agreement withpy zundel and co-worker¥. Prerequisite for the appearance of
the assignment of the features in the 150650 cn1* region continua are the anharmonic double minimum potential func-
to the coupled modes with major C@participation and the  tions allowing for large amplitude proton motions and the high
hint to the possible origin of the band at 1352¢nin the IR polarizability of such H-bonds. In this theory, chelate H-bonds
spectrum of PANCd. were explicitely exempted from the creation of continua because
The origin of the band at 1410 crhis more enigmatic. A of the electronic short-circuit due to the conjugation in the
CPMD calculated crystal mode does assume almost this chelate ring. However, restrictions for the appearance of continua
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Figure 8. Dynamical CPMD profile of selected interatomic distances Figure 9. Distribution of anharmonic vibrational transitions (thin

in o-picolinic acidN-oxide. Green circles denote cases where the proton vertical lines) attributed to the OH stretching modengpicolinic acid

is residing closer to the acceptor atom. Note that the displayed profiles N-oxide in the solid state, obtained from snapshots of the CPMD

refer to classical nuclear coordinates. See text for other details. simulation, and the according envelope of the OH stretching band
(curved line) assuming a Gaussian function of a constant half-width of

postulated by Zundel and co-work&sare not met by the 50 cnt? for each individual transition.

present example. Thus the diffraction res@ltshe potential
functions calculated at any level for PANO and, particularly, cantly influence the proton potential and the concomitant
the localization of the proton on one side of the H-bond transition energies. In other words, indirect coupling to the; OH
according to the CPMD dynamics are in contradiction with the mode is, besides by fluctuatirdp...o, strongly influenced by
large amplitude proton motion as present in examples with other intra- and intermolecular degrees of freedom.
double minima separated by low barriers that were treated by In line with the variation in proton potentials, the anharmonic
Zundef* and others. Moreover, conjugation in the chelate ring OHsfrequencies are distributed over a wide range between 1100
is present and thus the rise of a well-pronounced continuum inand 2100 cm!. The frequency of each individual 6~ 1
PANO and related compounds cannot be explained by theoriesvibrational transition is represented by a delta function whose
based on large proton amplitude with concomitant large height is proportional to the dipole-driven transition intensity
polarizability. We have therefore developed a novel approach in the approximation of electric harmonicity. Note that the
that is not subject to the restrictions of such theory. Moreover, differences in the calculated intensities originate solely from
the novel approach also permits the prediction of the shape ofdifferences in the shapes of the anharmonic ground- and the
the continuum contour with formation of absorption maxima. first-excited-state wavefunctions as reflected in the various
CPMD Simulation of Crystalline a-PANO. The dynamical proton potentials acquired by the snapshots. The envelope of
profile of do-y, do..n and do...o acquired from the CPMD the transitions, displayed in Figure 9, was obtained by represent-
simulation (Figure 8) shows that the hydrogen bond of PANO ing each individual transition as a Gaussian function of a half-
is essentially asymmetric. The proton is classically located about width of 50 cnt! centered at the pertinent frequency. Each of
99% of the simulation time closer to the donor oxygen atom the Gaussians was scaled in such a way that its integral was
(do-y = do...n); the number of occasions with the proton equal to the calculated transition intensity.
transferred to the acceptor site are very rare, and structures with The envelope of the density distribution exhibits a broad
do-n > do..n do not appear to last for longer than a single maximum at about 1400 cri which could represent the QH
large-amplitude ©-H oscillation; no case has been observed mode in the spectrum. However, the coincidence in the positions
where the proton would oscillate nearer to the acceptor oxygen. of this maximum and the protonic band at 1410@miiscussed
Apparently the hydrogen bond of PANO in the solid state does in the previous section is most probably fortuitous. This
not exhibit much of a tendency for proton transfer and the time- conclusion is based on both the theoretical and experimental
averaged proton potential is of a single minimum type. arguments. The frequencies appearing in the density distribution
The extracted snapshot structures exhibit a notable diversitywere obtained from one-dimensional potentials; we think that
in geometry parameters, proton potentials and the pertinenta realistic frequency simulation would require at least a five-
anharmonic frequencies as expected. The dynamical profile of dimensional hypersurface (QHCOH,e, C=0s, C—0s, N—0)
do--o covers a range between 2.294 and 2.718 A. Variations in in order to account for mode coupling. Nevertheless, it should
do-.0 affect the proton potential functions and thus the be clear that the construction of a five-dimensional Bern
vibrational transition frequencies. Figure 2a shows some typical Oppenheimer surface followed by solving the corresponding
proton potentials acquired from snapshots of the dynamics andvibrational Schrdinger equation for several snapshots is not
their correspondinglo...o. The potentials vary from a strongly  feasible in real time with the available computer power. In
asymmetric double-minimum type, consistent with ladge. addition, the band maximum discussed above is not reliable from
o, to compressed (smalb...0) and somewhat asymmetric single the experimental point of view, as it appears to be too narrow
minimum type. They are similar in shape to the ones calculated to be representative of a frequency distribution. It is much more
for isolated PANO molecules by static DFT calculations at probable that the rather broad maximum in the frequency
different values ofdo...0.%% However, the proton potentials  distribution remains hidden by the distinct, strong bands and
sampled from snapshots can be markedly different in shape everEvans transmissions. However, considering the weakness of the
though the correspondirdy...o are nearly the same (Figure 2a). OHs mode in comparable chelate compounds and the problem
Thus attempts to correlate the proton potential shape solely withof locating the pertinent bands, indirect evidence for its expected
do..o would probably not succeed because the fluctuating location in the region around 1400 cincan be taken from
degrees of freedom other than the-@ distance do signifi- solution spectr® in which the absorption corresponding to a
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' ; ; or other aggregates in the gas or liquid phases. Explicit
anharmonic coupling of the Qftinotion with phonons has been
elaborated previousK?:%* Adjusted coupling parameters are
needed in these theories whereas the effect of the crystal
dynamics on the OHfrequencies is included in the snapshot
sampling of the system dynamics yielding a multitude of hydron
potential functions from which the QHrrequencies 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

2500 2000 1500 . 1000 500 continuum and the position of the maxima in the calculated band

wavenumber [cnT '] . .
contour are prone to comparison. Note that the frequencies were
of solid-state picolinic acidN-oxide, calculated from snapshot potentials calculated from one-dlmenS|0_naI potentials and may therefore
acquired by CPMD dynamics run (see text). Note that the intensity is not correspond to the expgrl.mental ones. However, the IR
scaled to equal peak values and does not reflect the mass effect. ~ SPectrum of PANGh does exhibit a protonic band at 1410c
but its characteristics compared to Q&bsorptions observed

mode with predominant Oftharacter is more easily identifiable ~ With other examples of short intramolecular H-bonds, such as
and found to be centered at about 1360-&m enolones, command caution in attributing to this mode before

The calculated envelope of the extended absorption corre-having understood the origin of those properties. This is also
sponding to the hydrogen stretching motion of deuterated U of the band at 1352 c_:rhm the spectrum of PANGE: its
PANO-d is red-shifted with respect to one of the undeuterated POSition fits the maximum in the distribution envelope calculated
species as expected. A comparison of@Hd O envelopes for this |§qtopomgr (Figure .10). The alternative interpretation
is shown in Figure 10. It is notable that the O&nvelope has of th'e origin of this band (vide supra) should be added to the
much the same width as that of Qind spans the interval ~ Cautionary remarks made for the band at 1410cm

between~800 and~1700 cntl. However, its shape is slightly The other maximum of the frequency distribution contour
different so that its maximum is at a frequency which is not centered at about 1600 cthcoincides with the broad IR

much lower (1250 cnr?) than one of the Oklenvelope with abs_orption and Weak_features ir_] the Rgman and IN_S spectra
the maximum at~1400 cntL. This is roughly in accord with ~ attributed to a protonic mode with dominant CgHThis is

the observed IR spectrum of PAN@hat features a new band ~ adding weight to that attribution and to the evidence for the
at 1352 cn. It should be noted, however, that the envelopes Participation of the Okimotion in the mode predicted by the

of OHs and OR transitions cannot be reliably compared between 2D-potential calculatiorf? Notwithstanding the cautionary
them because of the absence of information on their relative "€Marks, the combined evidence from the previous; @htl
intensities. The Oklabsorption corresponding to the deuterated COhbefrequency calculations as well as the novel CPMD-based
species is expected to have a lower integrated intensity than@PProach suggest the attribution of the continuum to the mixed
that of the undeuterated one, but no quantitative description of Strétching and in-plane bending hydronic motions; the latter are
this aspect can be given. Further comparisons between thellkely to be more strongly engaged in the higher frequency part

calculated stretching envelopes of PANGind PANOGd are of the continuum. From the methodological point of view it is
thus not justified. 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.
For the interpretation of vibrational spectra of systems with Unfortunately, growing of appropriate crystals did not succeed.
strong H-bonds, it is imperative to collect as much as possible Single-crystal studies would also be of particular value in
additional information on the physical characteristics of the clarifying the problems raised by this work, particularly the
H-bond, particularly ones related to the potential and its origin of the band at 1410 cm and the possible interactions
fluctuations. The data presented in the preamble of the Resultspetween the hydron dynamics and intensities of ring modes
and Discussion section form a fairly comprehensive set, but for predicting the unusual intensity behavior.
the representation of H-bond dynamics and the interpretation  The molecular dynamics part of the present simulation gives
of the spectra computational support is necessary. This regardsa firm answer to the hydron motion between the two oxygens
in particular the outstanding features in the IR and INS spectra in that making unlikely the large amplitude motions, such as
that are closely related to hydron motions. Perhaps more pertaining to a double minimum with a low barrier. Conse-
important than the band frequencies are their shapes as a sourcguently, motions engendering high hydron polarizability do not
of information on the hydron dynamics. Among the internal seem to be involved in the creation of the continuum.
coordinates describing the hydron motion it is the antisymmetric  |n addition to offering computational support to vibrational
stretching that is of prime importance in this respect. However, spectroscopy, the present method is also applicable to assist the
due to the tendency of this motion to couple with other intra- interpretation of kinetic isotope studies in catalytic systems such
or intermolecular motions it is necessary to include them in any as enzymes. The thermally averaged squared vibrational eigen-
type of theoretical treatments of band shapes and analyses ofunctions have the meaning of a probability density, and the
experimental spectra. Considering the short intramolecular Jatter quantity is directly related to the potential of mean force.
H-bonds in crystalline PANO, the CQkland crystal modes
are the most important coupling partners. The latter replace the Acknowledgment. Financial support of the Slovenian
role of the intermolecular (slow) mode(s) in H-bonded dimers Ministry of Science, Higher Education and Technology (Grants
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Figure 10. OH stretching (black) and OD stretching (red) envelope

5. Concluding Remarks
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separate files); (b) periodic CPMD BLYP/PW harmonic fre-
quency output (written in th&aussianformat) for PANO-h

and PANO-d (included in two separate files). S2a. Far IR spectra

(polyethylene pellets) of crystalline picolini-oxide in protic
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