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This work is, according to our knowledge, the first experimental matrix isolation study of a molecular system
with a very short and strong intramolecular OH‚‚‚O hydrogen bond. It also includes a satisfying interpretation
of its entire infrared spectrum. The interpretation relies on the calculation at the DFT/B3LYP/6-31G(d,p)
level of the harmonic spectrum and of the anharmonic relaxed potential energy for the stretching motion of
the hydrogen-bonded proton, used with our recently modified quantum-mechanics-based normal-coordinate
analysis. An important observation about the anharmonic spectrum obtained from this procedure is that the
OH stretch coordinate contributes to several normal modes, mixing extensively with other in-plane internal
coordinates, in particular OH-bending and CdO-stretching. The two intense normal modes with the largest
contributions from the OH-stretching coordinate to the potential energy distribution and to the intensity are
located near 1700 and 1500 cm-1. A calculated anharmonic spectrum obtained from this procedure agrees
with the experimental spectrum (frequencies and intensity distribution), within the limits of the estimated
uncertainties for the calculation and experiment, allowing the interpretation of the latter. The agreement for
the frequencies is about 1-3%. The anharmonic spectrum calculated using the anharmonic keyword in Gaussian
03w is not in satisfactory agreement with experiment insofar as the OH-stretching mode is concerned.

Introduction

Picolinic acidN-oxide (PANO, Figure 1) is a relatively simple
representative of molecular systems with a very short and strong
intramolecular OH‚‚‚O hydrogen bond. The potential energy
surface for such a system, in particular the potential energy for
the hydrogen-bonded proton motion, is the vital point of interest.
The vibrational spectrum should, in principle, provide informa-
tion about this potential. However, a correct interpretation of
the spectrum is a prerequisite for this information to be reliable.

In recent years, there have been several studies of the structure
and the infrared spectra of PANO and related systems.1-5 The
most recent X-ray diffraction study of PANO3 indicates that
the O1‚‚‚O2 distance is only 2.428 Å. Experimental infrared
spectra of crystalline solids and solutions in various solvents1,4,5

show an extremely flat and broad absorption with very low
intensity at maximum in the region from 2300 to 2800 cm-1

which was attributed by some authors4 to the absorption by the
fundamental OH stretching mode,ν(OHs), and by others to the
to the 0f 2 transition.5 The latter authors5 assignedν(OHs) to
the broader absorption near 1000 cm-1. However, closer
examination of infrared spectra of solid PANO1,5 and results
from inelastic neutron scattering studies of PANO6 suggest that
the band near 1000 cm-1 is almost certainly related to the out-
of-plane COH bending motion. The authors in ref 1 assigned
ν(OHs) in spectra of PANO in the crystalline solid and in
solutions predominantly to the broad absorption around 1500
cm-1.

Identification of absorption due to the OH-stretching vibration
in systems with short (less than 2.50 Å for the O‚‚‚O distance)
intramolecular hydrogen bonds is often controversial. In the most

widely investigated group of such compounds (â-diketones in
enolic form) Tayyari et al.7 assignedν(OHs) for diketones with
O‚‚‚O distance< 2.50 Å to a very broad absorption with low
peak intensity near 2600 cm-1. This assignment was accepted
by Bertolasi et al.,8 but disputed by Emsley et al.;9 the latter
authors attributed the broad absorption near 2600 cm-1 to
overtones and suggested thatν(OHs) absorption should be
located near 1500 cm-1.

The experimental spectra of PANO1,5 are severely different
from the spectra obtained from various quantum-mechanical
calculations at the harmonic approximation. In particular,
calculations at DFT/B3LYP/6-311++G(3df,3pd) level locate
νha(OHs) at 2977 cm-1.10 The experimental spectra1,5 are more
consistent with the anharmonic spectrum of PANO (in vacuo)
calculated by Stare and Mavri11 using a two-dimensional
approach for the O2-H and O2‚‚‚O1 internal coordinates, which
leads toνanh(OH s) at about 1733 cm-1, or with the anharmonic
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Figure 1. Calculated structure of PANO and numbering of atoms.
Calculation at DFT/B3LYP/6-31G(d,p) level leads to planar geometry
for PANO in vacuo and in the field (ε ) 1.6).
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spectrum calculated by the CPMD method for PANO in the
crystal, which predictsνanh(OHs) at 1407 cm-1.12 Yet, even if
these values ofνanh(OHs) are used, a complete interpretation
of the entire experimental spectrum is still a challenge.

One of the problems with the interpretation of the results of
studies of solutions and solid is the effect of the solvent or crystal
environment on the geometry and the spectrum of PANO, as
indicated clearly in the recent work by Panek, Stare, and Hadzˇi.12

This problem can be avoided by studying PANO isolated in a
relatively inert Ar matrix. It can be expected that the spectrum
of such an isolated molecule will be little disturbed by the
environment, and thus be more suitable for comparison with
the calculated spectrum.

Another major problem is the possibility of interaction
between the lower-frequency anharmonic OH-stretching coor-
dinate and the in-plane OH-bending coordinate (linked to the
band near 1570 cm-1). Such interaction was emphasized in the
recent extensive study by Stare and Balint-Kurti.10 Interaction
of the anharmonic OH stretching coordinate with other internal
coordinates, especially with the CdO stretching, could also
occur. As will be shown below, such interactions play a crucial
role in determining the appearance of the infrared spectrum.
Similar effects were observed previously in studies of the
hydrogen maleate ion,13 a classical example of a molecule with
a short intramolecular hydrogen bond for which a normal
coordinate analysis was performed using the OH proton potential
function obtained from an ab initio 4-31G calculation.13

An advantage of studying PANO, compared to diketones, lies
in its asymmetric potentialsone does not have to consider
possible effects of proton tunneling. PANO is also an attractive
candidate for study because of availability of experimental data
(although, only in condensed phases) and a possibility of the
model calculations of potential energy surface. The effect of
the environment on geometry,12 the large differences between
the spectra of solid PANO and of its solutions,1,5 and, presented
in this work, the spectrum of PANO isolated in Ar matrix are
all of considerable interest.

In contrast to quandaries apparent for systems with very short
hydrogen bonds, the spectrum of the prototype for intramolecular
hydrogen bonds, malonaldehyde, a low barrier system with a
longer, highly symmetrical bond seems to be much better
understood,14-17 although a mixing of the OH stretch with other
internal coordinates (CH-stretching, as well as with the com-
bination modes) is important.16,17

The aims of the present work are as follows: To obtain the
experimental infrared spectrum (frequencies and integrated
intensities) of PANO isolated in an Ar matrix and to interpret
this spectrum on the basis of calculation (at the DFT/B3LYP/
6-31G(d,p) level18 using Gaussian 98w (g98w)19 and Gaussian
03w (g03w) software20) of the potential energy (SCAN21 and
RELAXED22) for the hydrogen-bonded proton-stretching in-
ternal coordinate, and of the anharmonic spectrum utilizing first,
g03w software20 and then our specially developed procedure
for a quantum-mechanics-based normal-coordinate-analysis with
the anharmonic frequencyνanh(OHs) from the calculated relaxed
potential.

Methods

Experimental Procedure.Infrared spectra were recorded on
a Nicolet FTIR spectrometer (model 740). A closed-cycle helium
cryostat model DE-202 (from APD Cryogenic, Inc.), cooling
to about 10 K, was used. A sample of crystalline PANO was
placed inside the cryostat in a small wire-wrapped glass
container heated resistively to a temperature of about 60 C,

causing it to sublime. The resulting PANO vapor mixed with
high purity Ar gas introduced through a needle valve into the
cryostat chamber and the gaseous mixture deposited onto the
cold CsI window to form the matrix. The matrix ratio (Ar:
PANO) was greater than 10 000:1 (estimated utilizing experi-
mental integrated absorbance of chosen bands, the corresponding
calculated molar absorption coefficients and the optical path
length obtained from the interference fringes23).

To be sure that the sample had not decomposed during
heating, the solid PANO remaining in the glass container after
matrix experiment was removed and put into a KBr pellet. The
IR spectrum of this pellet was recorded and found to be identical
with the spectrum of unheated PANO in KBr, confirming that
no decomposition had occurred during heating of the sample
in matrix experiment. Other details of the experiment have been
described in our previous work24-26 and references therein.

The experimental spectra were transferred from the Nicolet
to a PC to be analyzed using grams software.27 As described in
more detail in ref 24, this software was used to measure the
integrated absorbance of each observed band (area under the
band contour which is proportional to the intensity), to separate
overlapping bands in some spectral regions, and to estimate the
relative intensities of each component in such overlapping bands
and, finally, to perform baseline correction to obtain the final
spectra shown in the following figures with a horizontal baseline
at zero. The uncertainty of the experimental frequencies of the
bands is about 1 cm-1. The uncertainty of measurement of the
integrated absorbances of the nonoverlapped and relatively
intense bands is on the order of 10-20% (primarily caused by
uncertainty in the baseline and in defining the region of the
integration). The uncertainty of measurement of the integrated
absorbance of the components of the overlapping bands and of
the very weak bands is larger.

The experimental integrated absorbance measured for each
band of the spectrum of matrix sample was normalized by
multiplication by a constant factor to obtain values of the
absolute molar absorption coefficient (in km/mol). This proce-
dure has been described in more detail in ref 24. The normaliza-
tion factor accounts for the reciprocal product of the thickness
of the sample (matrix deposit) and concentration. This factor is
obtained by supposing that the integrated absorption coefficient
As of the chosen distinct and nonoverlapped band (at 853 cm-1)
in the experimental spectrum is equal to the calculated molar
absorption coefficient (24 km/mol) of the corresponding mode
(see later discussion).

Calculation Procedures.The calculations at the B3LYP/6-
31G(d,p)18 level were carried out using g98w19 and g03w20

software on a Dell Dimension XPS model T700r or model 8300
PC. Calculations have been performed to obtain the optimized
structure, the one-dimensional single-point (SCAN21 and RE-
LAXED22) potential energy curves for the hydrogen-bonded
proton stretching coordinate, the force field, the atomic polar
tensors and infrared intensities and thus the infrared spectra at
harmonic and anharmonic approximations using various pro-
cedures described in the following text. Other calculations using
the Volume and SCRF keywords21,22 were made to obtain the
infrared spectrum of PANO in a field with dielectric constant
ε ) 1.6 28 (modeling the field in Ar matrix). The calculated
infrared spectra were simulated24 using grams software27 and
analyzed using animol29 and our normal coordinate program
xtrapack.30

An important step in the analysis of the results of calculations
is transformation of the force constants in Cartesian coordinates
obtained from Gaussian to the force constants in the nonredun-
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dant internal symmetry coordinates (given in Table 1), utilizing
the familiar definitions given by Wilson, Decius, and Cross31a

or Califano.31b To carry out a normal coordinate analysis and
describe normal modes in terms of the nonredundant internal
symmetry coordinates program xtrapack30 was used. The output
from xtrapack includes not only the harmonic frequencies and
infrared intensities of the normal modes, but also the potential
energy distributions (PEDs),32,24,25intensity distributions (IDs),33,24

and the force constants in the internal symmetry coordinates.
An important difference in the xtrapack output from that of

Gaussian is that the interpretation of the normal mode and its
infrared intensity is given in terms of contributions from
symmetry displacement coordinates instead of Cartesian dis-
placement coordinates. We expect some transferability of
properties of internal coordinates from one molecule to another.

Another important advantage of the xtrapack program is that
it allows changing selected elements of force constant matrix.
This possibility of the xtrapack program was utilized in
calculation of the anharmonic spectrum. To obtain this spectrum
the force constant matrix from g98w calculation was modified
by replacing the harmonic values calculated for the diagonal
element corresponding to the OH-stretching internal coordinate
and the off-diagonal elements corresponding to the interaction

constants of the OH stretching internal coordinate with all other
symmetry coordinates by the values estimated for the anhar-
monic force constants. The values for the anharmonic force
constants were derived from the anharmonic frequencyνanh-
(OHs) based on the relaxed anharmonic potential for the OH-
stretching coordinate (see discussion in the following sections).

Experimental Results and Discussion

Experimental Spectrum of PANO Isolated in an Ar
Matrix. The experimental spectrum recorded in the region
between 4000 and 550 cm-1 for PANO isolated in an Ar matrix
at about 10 K is shown in Figure 2. The top trace shows the
original unprocessed spectrum as recorded directly by the
instrument. The continuously decreasing background is due to
uncompensated scattering by the matrix (solid Ar) film. On this
background we may see the superimposed interference fringes
produced by the passage of the light through the thin film from
a matrix deposit.23 The bottom trace in Figure 2 is the spectrum
of the same matrix after subtracting the background due to the
scattering and to the interference fringes. Bands known to be
due to absorption by monomeric H2O impurity in the Ar matrix
(at 3776, 3756, and 3711 cm-1 and at 1623, 1607, and 1572

TABLE 1: Symmetry Coordinates of PANO

name used in tables definitiona

In-Plane Coordinates
1 O2H s δrO2H

2 C2C3 s δrC2C3

3 C3C4 s δrC3C4

4 C4C5 s δrC4C5

5 C5C6 s δrC5C6

6 NC6 s δrNC6

7 NO1 s δrNO1

8 C7C2 s δrC7C2

9 C7-O2 s δrC7O2

10 NC2 s δrNC2

11 C7dO3 s δrC7dO3

12 C6H s δrC6H

13 C5H s δrC5H

14 C4H s δrC4H

15 C3H s δrC3H

16 Ri def1 n1(δâC5C6N- δâC6NC2+ δâNC2C3+ δâC2C3C4+ δâC3C4C5- δâC4C5C6)
17 Ri def2 n2(2δâC5C6N- δâC6NC2- δâNC2C3+ 2δâC2C3C4- δâC3C4C5- δâC4C5C6)
18 Ri def3 n3(δâC6NC2- δâNC2C3+ δâC3C4C5- δâC4C5C6)
19 C3H be n4(δâHC3C2- δâHC3C4)
20 C4H be n4(δâHC4C3- δâHC4C5)
21 C5H be n4(δâHC5C6- δâHC5C4)
22 C6H be n4(δâHC6N - δâHC6C5)
23 NO1 be n4(δâC6NO1- δâC2NO1)
24 C2C7 be n4(δâNC2C7- δâC3C2C7)
25 C2C7O2 be δâC2C7O2

26 O3C7be n4(δâC2C7dO3 - δâO2C7dO3)
27 HO2C7 be δâC7O2H

Out-of-Plane Coordinates
28 oRi def1 n1(-τC5C6NC2+ τC6NC2C3- τNC2C3C4+ τC2C3C4C5- τC3C4C5C6+ τC4C5C6N)
29 oRi def2 n3(τC5C6NC2- τNC2C3C4+ τC2C3C4C5- τC4C5C6N)
30 oRi def3 n2(-τC5C6NC2+ 2τC6NC2C3- τNC2C3C4- τC2C3C4C5+ 2τC3C5C5C6- τC4C5C6N)
31 oNO1 w γO1NC2C6

32 oC3H w γHC3C4C2

33 oC4H w γHC4C5C3

34 oC5H w γHC5C4C6

35 oC6H w γHC6NC5

36 oCC2 w n4(τC7C2C3C4- τC7C2NC6)
37 oOCO tw n4(τO3dC7C2C3+ τO2C7C2C3)
38 oOCO w n4(τO3dC7C2C3- τO2C7C2C3)
39 oHOC7 t τHO2C7dO

a δrij is an increase in the distance between the atomsi and j; δâijk is an increase in the angle formed by atomsi andk with the central atomj;
γijkl is a positive wagging of atom i attached to atom j moving perpendicular to the plane defined by atomsj, k, and l; τijkl designates the torsion
about thejk bond. Normalization factors:n1 ) 6-1/2, n2 ) 12-1/2, n3 ) 4-1/2, n4 ) 2-1/2
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cm-1) are marked in the figure by “H2O”. There is no indication
(i.e., no new absorption bands) that the water molecules are
involved in any hydrogen bonding with PANO. The trace bands
at 2345 and 2339 cm-1 (marked by “CO2”) are due to the CO2

impurities in the matrix.
The most important observation from examination of the

spectra shown in Figure 2 is that no intense absorption is
observed in the region above 1737 cm-1. Only very weak
features, barely distinguishable from the noise, can be recog-
nized, after a large expansion of the absorbance scale, between
3600 and 1740 cm-1. These are most likely due to combination
and overtone bands of various low-frequency vibrations rather
than to a strong OH stretch fundamental absorption band.

The most intense absorption bands in this survey spectrum
are found at 1737, 1514, and 1439 cm-1. All other absorption,
including those bands located below 1400 cm-1, is much less
intense.

Although all bands in the survey spectrum shown in Figure
2 appear to be very narrow, closer examination after the
frequency scale is expanded shows that many of them consist
of several components. To present a better view of details of
the multicomponent structure of the absorption bands three
regions of this spectrum are shown in Figures 3-5 with
expanded frequency and intensity scales.

Figure 3 shows the spectral region between 1900 and 1300
cm-1. As can be seen there, several subbands or satellites are
visible in the vicinity of the more intense bands in several parts

Figure 2. Experimental infrared spectrum of PANO isolated in Ar matrix at about 10 K. Top trace: the original spectrum as recorded on the
Nicolet spectrometer; bottom trace-spectrum of the same matrix after subtracting the background due to the scattering and to the interference
fringes. “H2O” and “CO2” indicate bands of the monomeric H2O and CO2 impurities in the matrix, respectively.

Figure 3. Infrared spectrum of PANO isolated in Ar matrix shown in the expanded scale in the region from 1900 to 1300 cm-1.

Figure 4. Separation into components (performed using Curve Fit
procedure of Grams software) of the spectrum of PANO isolated in Ar
matrix (region 1770-1710 cm-1).
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of the spectrum. The separation of such multicomponent
absorption bands was done using Curve Fit procedure from the
grams software.27 Figure 4 shows an example of such separation
for the absorption in the region near 1700 cm-1.

Figure 5 shows the spectral region between 1300 and 550
cm-1. The intensity of absorption in this region is much lower
than that in Figure 3. To see these weak bands more clearly the
absorbance scale is expanded from that shown in Figure 3 by
a factor of 3. As seen in Figure 5, one or more subbands with
very close frequencies appear again in several parts of the
spectrum instead of a single band (e.g., near 1167, 1144, 965,
768, and 577 cm-1). These subbands were separated using the
Curve Fit procedure of grams.

The values of frequencies and integrated intensities corre-
sponding to the experimental spectrum shown in Figures 3-5
(after decomposition of overlapping bands, in the regions where
they occur) are collected in Table 2 together with the preliminary
assignment. The final assignment is proposed and justified in
the following sections of this paper.

Several possible explanations for the appearance of multi-
component bands in the infrared spectrum of PANO are
suggested in Table 2. They are as follows: (a) Fermi resonance34

between the strong fundamental mode and weaker overtone and/
or combination bands with close frequencies; (b) site splitting
resulting from the slightly different local environments of
molecules in the matrix;35 (c) absorption by fundamental modes
with very close frequencies.

Comparison of the Experimental Spectrum with the
Calculated Harmonic Spectrum. The experimental infrared
spectrum of PANO isolated in an Ar matrix (upper trace) is
compared in Figure 6 with the simulated spectrum of isolated
PANO in vacuo (lower trace) calculated at the harmonic
approximation and with the simulated harmonic spectrum of
PANO in a dielectric field with dielectric constantε ) 1.6
(middle trace). As seen, the main difference between the
calculated and experimental spectra is the appearance in the
former of an intense band at 2991 cm-1 for PANO in vacuo
and at 2917 cm-1 for PANO in the field while in the
experimental spectrum no intense band is found anywhere near
this region.

The obvious explanation for the absence in the experimental
spectrum of an intense band above 1737 cm-1 is that the OH
stretching motion is highly anharmonic and the absorption band
associated with it is shifted to lower frequency.11,12The spectral
patterns in the region below 2000 cm-1 in both calculated
spectra are almost identical and the frequencies are fairly similar

to those in the experimental spectrum. All frequencies, intensi-
ties, and descriptions of the normal modes in these calculated

Figure 5. Infrared spectrum of PANO isolated in Ar matrix shown in the expanded scale (region 1270-550 cm-1).

TABLE 2: Experimental Frequencies, Integrated Intensities,
and Preliminary Assignment of Bands in the Spectrum of
PANO Isolated in an Ar Matrix

band
no.

νa
(cm-1)

Ab
(km/mol)

preliminary
assignmentc

1 1989d 10d 1144+ 762
2 1867d 10d 1311+ 566 or fundamental
3 1757 22 } 720

FR (1165+ 584)
4 1737 514 fundamental
5 1732 109 MS or FR (566+ 1165)
6 1728 56 FR (1144+ 584)
7 1722 19 FR (1144+ 577)
8 1698 10d 1311+ 396
9 1682 10d 2 × 853

10 1611d 10d fundamental
11 1561d 3d fundamental
12 1539 20 } 525

FR (2× 769)
13 1530 38 FR (2× 768)
14 1518 117 FR (2× 762
15 1514 325 fundamental
16 1509 25 MS
17 1483 69 fundamental
18 1439 217 } 228

fundamental
19 1433 4 FR (768+ 674)
20 1417 7 FR (853+ 566)
21 1315 28 } 120 MS or FR (674+ 641)
22 1311 92 fundamental
23 1261 32 fundamental
24 1220 2d fundamental
25 1167 15 } 55 MS
26 1165 40 fundamental
27 1158 1d fundamental
28 1144 60 } 70 fundamental
29 1139 10 FR (577+ 566)
30 1090 7 fundamental
31 1049 6 } 26 FR
32 1038 20 fundamental
33 1000d 2d combination
34 976 2d fundamental
35 972 9 fundamental
36 965 83 fundamental
37 877d 1d fundamental
38 853 24 fundamental
39 769 38 fundamental
40 768 19 fundamental
41 762 9 fundamental
42 674 23 fundamental
43 648d 2d fundamental
44 584 20 } 47 FR
45 577 27 fundamental
46 566 8 fundamental

a In a group of overlapped bands the most intense is in bold.
b Normalized integrated intensity (see text). For the overlapped bands
(marked by braces) a sum of components intensities is given.c FR )
Fermi resonance; MS) matrix splitting.d Frequency and/or intensity
not certain.
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harmonic spectra are given in the following tables, where they
are compared with corresponding data calculated at anharmonic
approximation and with the experimental data.

Anharmonic Potential for Stretching the OH Bond in
PANO

SCAN Potential of PANO in Vacuo.The simplest way to
obtain the one-dimensional potential energy curve as a function
of the internal O-H stretching displacement coordinate is to
use the scan procedure of Gaussian.21,22 In this procedure the
increase in energy from equilibrium (E - Ee) for the system is
calculated point-by-point, changing the value ofR(OH) by small
increments (0.05 Å) from the calculated equilibrium value,Re-
(OH). Multiplication of the displacement from equilibrium by
the square root of the reduced mass converts to the mass-
weighted internal displacement coordinateq(OH) ) µ1/2 [R(OH)
- Re(OH)].

The points calculated at the DFT/B3LYP/6-31G(d,p) level
for PANO in vacuo are fit by the light line shown in Figure 7.
For values of the energy difference (E - Ee) varying from 0 to
5000 cm-1 (which includes the fundamental or v) 0 f v ) 1
transition), these points can be fit by a fourth order polynomial.
Under the assumption that the dimensionless normal coordinate
(Q/γ, in the notation of Wilson, Decius, and Cross31a) for this
motion is just equal toq, the mass-weighted internal OH
displacement coordinate, we may use this fourth-order polyno-
mial as the perturbation in the Somorjai and Hornig perturbation
treatment36,37 to solve the one-dimensional time-independent
Schrödinger equation to obtain the anharmonic frequency for
the (v) 0 f v ) 1) transition,νanh(OHs), and the vibrationally
averaged OH distance in the v) 0 vibrational state〈R0(OH)〉.
The obtained values are

This anharmonic frequency is much higher than values estimated
using two-dimensional approximations by Stare and Mavri11

from different fitting schemes (νanh(OHs)) 2019, 1750, 1733,
or 1723 cm-1). It is certainly too high to explain the experi-
mental spectrum, since no intense absorption is found in the
region near 2400 cm-1.

Relaxed Potential of PANO in Vacuo.An alternative way
to calculate the anharmonic one-dimensional potential energy
as a function ofR(OH) is to use the relaxed potential energy
calculation in redundant internal coordinates (partial optimiza-
tion method described in ref 22a, p 148). In this point-by-point
procedure constrained-geometry optimization is performed at
each value of the OH distance to obtain the new energy and
new geometry for a molecule at the stationary point for each
new value of the OH distance. These points fit the heavy line
in Figure 7 showing the “relaxed potential energy curve”
calculated at the DFT/B3LYP/6-31G(d,p) level for PANO in
vacuo.

For (E - Ee) values from 0 to 5000 cm-1, including the
fundamental v) 0 f v ) 1 transition, this potential also can
be fit by another fourth order polynomial. The perturbation
solution of the one-dimensional time-independent Schro¨dinger
equation using this relaxed potential in the Somorjai-Hornig
procedure36,37 leads to an anharmonic frequency of the (v) 0
f v ) 1) transition,νanh(OHs) and to a vibrationally averaged
OH distance in the v) 0 vibrational state〈R0(OH)〉. Because
the fit of the fourth-order polynomial to the calculated relaxed
potential curve is not precise, it is estimated that the value of

Figure 6. Comparison of the experimental spectrum of PANO isolated in Ar matrix (top trace) with the spectrum calculated at DFT/B3LYP/6-
31G(d,p) level at harmonic approximation of PANO in vacuo (bottom trace) and of PANO in the field with dielectric constantε ) 1.6 (middle
trace).

νanh(OHs)) 2420 cm-1 and 〈R0(OH)〉 ) 1.0387 Å

Figure 7. Comparison of the potential energy curves for OH stretching
symmetry coordinate of PANO in vacuo calculated at DFT/B3LYP/
6-31G(d,p) level (point by point calculation): light line, potential
calculated using Scan procedure; heavy line, relaxed potential.
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the anharmonic frequency from this relaxed potential is more
accurately given as

This estimate ofνanh(OHs) and〈R0(OH)〉 agrees within its
uncertainty with the values obtained by Stare and Mavri11 (νanh-
(OHs) at about 1733 cm-1 and 〈R0(OH)〉 ) 1.062 Å) in their
two-dimensional calculation, suggesting that the “relaxation”
of geometry that occurs after the length of the OH bond is
increased allows the O1‚‚‚O2 distance to adjust in the same
way that occurs in the two-dimensional calculation. At any rate,
it seems to justify the use of the one-dimensional relaxed
potential energy curve as the perturbation function for use with
the Somorjai-Hornig procedure to estimate anharmonicity.

Relaxed Potential of PANO in a Dielectric Field with
Dielectric ConstantE ) 1.6.It is now appropriate to investigate
the effect of a dielectric field on the shape of the relaxed
potential energy function for the OH stretching vibration in
PANO. The result of calculations similar to that described above
of the relaxed potential energy for PANO in a field with
dielectric constantε ) 1.6 (corresponding to PANO in an Ar
matrix28) is shown in Figure 8. This potential curve is similar
in shape to the relaxed potential shown in Figure 7 for PANO
in vacuo, but slightly broader, with its shoulder at a lower
energy. The Somorjai-Hornig36,37perturbation calculation with
this potential leads to

Anharmonic energy levels calculated for the v) 0 and v) 1
states are shown in Figure 8 by the horizontal lines.

The value of〈R0(OH)〉 () 1.0664 Å) is much larger than the
equilibrium distance for PANO in the dielectric field withε )
1.6 (Re(OH) ) 1.0137 Å), but it is close to the experimental
value for crystalline PANO from neutron diffraction studies38

(Rex(OH) is 1.069 Å at 295 K or 1.091 Å at 15 K) and to the
value calculated for the anharmonic OH oscillator of PANOin
Vacuo by Stare and Mavri11 (1.062 Å) and by Panek, Stare,
and Hadzˇi12 for PANO monomer (from 1.046 to 1.068 Å,
depending on the method of calculation).

Anharmonic Spectrum of PANO

Anharmonic Spectrum from Gaussian 03w for PANO in
Vacuo. The first method we have investigated to obtain the
full anharmonic spectrum of PANO (in vacuo) is the anharmonic
option provided in the g03w software (ref 22b, pp 87, 91).

Table 3 lists the calculated harmonic frequencies, the intensi-
ties, and the description of normal modes (in terms of the
internal symmetry coordinates given in Table 1). To simplify
Table 3, in the description of normal modes by the symmetry
coordinates, the values of PEDs and IDs are omitted because
they are almost identical to the corresponding PEDs and IDs
for PANO in the field withε ) 1.6 given in the tables at the
end of this work. The anharmonic frequencies (from g03w
anharmonic) for PANO in vacuo,νanhG03, are listed in column
five of the table. In column six the ratio of the anharmonic to
harmonic frequency,νanh/νha, is given for each normal mode to
indicate the variation of this ratio for different normal modes.
Unfortunately, the anharmonic option in g03w does not provide
intensities for the anharmonic spectrum. In the last two columns
the experimental frequencies,νexp, and intensities,Aexp, of PANO
isolated in an Ar matrix are given for comparison.

The most disappointing feature in the calculated anharmonic
spectrum in Table 3 is the prediction of the OH-stretching mode
at 2421 cm-1, which is certainly not consistent with the
experimental spectrum, unless this calculated normal mode has
very low intensity (which is very unlikely39) and it is not
detected experimentally. Presumably, the explanation for the
failure of the g03w procedure to calculate correctly the
frequency of the strongly anharmonic OH- stretching mode in
PANO is its failure to allow for relaxation of the geometry.
This explanation is suggested by the fact that the anharmonic
frequencyνanh(OHs) ) 2421 cm-1 obtained from the g03w
anharmonic calculation is practically the same as the anharmonic
frequency obtained from the Somorjai-Hornig perturbation
treatment described above using the one-dimensional potential
from the single point (SCAN) calculation discussed above. The
other serious drawback of the g03w procedure is that it does
not compute the intensities of the bands in the anharmonic
spectrum.

These shortcomings of the g03w anharmonic calculations are
important for systems with strong hydrogen bonds as in PANO
where the anharmonic frequency of the OH stretch is very low,
resulting in strong mixing of the OH stretch with other
vibrations. This mixing affects the intensity distribution within
the spectrum (see later discussion). Examination of the calcu-
lated harmonic and experimental intensities in Table 3 suggests
that the large intensity calculated for the OH-stretching mode
(574 km/mol) was transferred almost entirely into the bands at
1737 and 1514 cm-1 in the experimental spectrum. This crude
observation is confirmed by more precise analysis of the
anharmonic spectrum based on the relaxed potential discussed
in the following sections.

Examination of Table 3 suggests that the procedure in g03w
anharmonic does give quite good results for normal vibrations
other than the OH stretching mode which are expected to have
small anharmonicity.

Anharmonic Spectrum Based on the Relaxed Potential
for PANO in the Dielectric Field with E ) 1.6. Within this
approach, a normal coordinate calculation for PANO in a field
with ε ) 1.6 is carried out, under the assumption that the large
anharmonic effect occurs because of the change in shape of the
potential energy curve in the cross section along the OH

Figure 8. Relaxed potential energy curve for OH stretching symmetry
coordinate of PANO in the field with dielectric constantε ) 1.6
calculated at DFT/B3LYP/6-31G(d,p) level. The vibrational energy
levels v) 0 and v) 1 are shown by the horizontal lines.

νanh(OHs)) 1750( 75 cm-1 and

〈R0(OH)〉 ) 1.0567 ( 0.005 Å

νanh(OHs)) 1625( 75 cm-1 with

〈R0(OH)〉 ) 1.0664 ( 0.005 Å
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stretching coordinate only, and that deviations of the potential
energy curves from harmonic, along all other symmetry
displacement coordinates, are very small. This assumption is
supported by the results presented in the previous section. As
shown in Table 3, the values of the ratio of the anharmonic to
the harmonic frequency are on the order of 1.0-0.96 for all
normal modes except for the OH stretch, for which it is 0.809.
It is clear from the comparison with experimental spectrum in
previous discussion that the anharmonicity of the OH stretch
mode is underestimated in the g03w anharmonic calculation.

In the discussion above the terms “OH-stretching frequency”
and “anharmonic potential for the OH stretching vibration” refer
to a one-dimensional (1-D) oscillator described by the single
mass-weighted displacement coordinateq, where

For PANO in a field withε ) 1.6, the 1-D relaxed potential
energy associated with stretching the O2H bond was fitted by
a fourth order polynomial function ofδr:

This function replaced the harmonic potential

in the Hamiltonian operator for the 1-D anharmonic oscillator
problem, which was solved by the Somorjai-Hornig perturba-
tion treatment36 to obtain the frequencyνanhof the fundamental
(v ) 0 f 1) transition. Another way to state this is to say that
the properties of an anharmonic 1-D oscillator in the ground
state are modeled, in theory, by replacing the classical harmonic
oscillator (withνha) by aneffectiVe harmonic oscillator with an
effective frequencyνeff equal to the value ofνanh. For this
effective oscillator the potential energy function valid up to the
v ) 1 level is

From this

assuming that the effective mass for the OH oscillator does not
depend on whether it is harmonic, but is always given by 1/µ
) 1/mH + 1/mO. Hence, the effective force constant is

TABLE 3: Calculated Harmonic Frequencies (νha), Intensities (Aha) and Description of Normal Modes (Qi) Together with
Anharmonic Frequencies from Gaussian 03 (νanhG03) for PANO in Vacuo Compared with Experimental Frequencies (νexp) and
Integrated Intensities (Aexp) of PANO Isolated in an Ar Matrix

Qi
νha

(cm-1)
Aha

(km/mol)
description of normal modes

in terms of internal coordinatesa
νanhG03
(cm-1)

νanh/νha
(cm-1)

νexp
(cm-1)

Aexp
b

(km/mol)

In-Plane Modes
1 3266 2 12 C6H s 3139 0.961
2 3241 4 15 C3H s, 14 C4H s 3101 0.957
3 3230 1 14 C4H s, 13 C5H s, 15 C3H s 3112 0.964
4 3216 1 13 C5H s, 14 C4H s 3078 0.957
5 2991 574 1 O2H s 2421 0.809
6 1841 307 11 C7dO3 s 1801 0.978 1737c 720d

7 1670 31 5 C5C5 s, 2 C2C3 s, 3 C3C4 s 1629 0.975 1611 10
8 1603 15 4 C4C5 s, 3 C3C4 s, 27 HO2C7 be 1563 0.975 1561 3
9 1564 364 27 HO2C7 be, 26 O3C7 be, 9 C7-O2 s 1513 0.967 1514c 525d

10 1520 12 20 C4H be, 2 C2C3 s, 5 C5C6 s, 19 C3H be 1488 0.979 1483 69
11 1478 172 21 C5H be, 22 C6H be, 7 NO1 s, 24 C2C7 be 1446 0.978 1439c 228d

12 1354 132 7 NO1 s, 9 C7-O2 s, 21 C5H be 1321 0.976 1311c 120d

13 1298 8 2 C2C3 s, 19 C3H be, 10 NC2 s 1268 0.977 1261 32
14 1272 1 6 NC6 s, 19 C3H be, 5 C5C6 s, 10 NC2 s 1245 0.979 1220 2
15 1228 37 9 C7-O2 s, 7 NO1 s, 6 NC6 s 1184 0.964 1165 55
16 1178 2 20 C4H be, 21 C5H be 1162 0.978 1158 1
17 1169 29 9 C7-O2 s, 22 C6H be, 21 C5H be, 3 C3C4 s 1147 0.981 1144 70
18 1112 2 16 Ri de1, 6 NC6 s, 19 C3H be 1090 0.98 1090 7
19 1070 11 4 C4C5 s, 19 C3H be, 3 C3C4 s, 22 C6H be 1046 0.977 1038c 26d

20 873 21 16 Ri de1, 7 NO1 s, 6 NC6 s, 25 C2C7O2 be 858 0.983 853 24
21 779 6 26 O3C7 be, 8 C7C2 s, 10 NC2 s 766 0.983 762 9
22 664 2 17 Ri de2, 26 O3C7 be, 18 Ri de3 653 0.983 648 2
23 587 24 23 NO1 be, 25 C2C7O2 be, 24 C2C7 be 582 0.991 577c 47d

24 576 6 18 Ri de3, 17 Ri de2 570 0.99 566 8
25 452 1 25 C2C7O2 be, 23 NO1 be, 24 C2C7 be 449 0.993 e
26 396 13 8 C7C2 s, 18 Ri de3, 26 O3C7 be 393 0.992 e
27 279 23 24 C2C7 be, 25 C2C7O2 be 277 0.993 e

Out-of-Plane Modes
28 1005 1 32 oC3H w, 33 oC4H w, 34 oC5H w 988 0.983 976 2
29 975 2 34 oC5H w, 35 oC6H w, 32 oC3H w 957 0.981 972 9
30 925 82 39 oHOC7 t 912 0.986 965 83
31 887 2 35 oC6H w, 33 oC4H w, 32 oC3H w 874 0.985 877 1
32 790 38 33 oC4H w, 34 oC5H w, 36 oC6H w 777 0.983 769 38
33 758 18 28 oRi de1, 37 oOCO tw, 38 oOCO w, 31 oNO1w 762 1.005 768 19
34 678 21 28 oRi de1, 37 oOCO tw, 38 oOCO w, 31 oNO1w 669 0.987 674 23
35 535 3 31 oNO1 w, 30 oRi de3, 28 oRi de1 528 0.987 e
36 442 0 29 oRi de2, 30 oRi de3 435 0.984 e
37 252 4 29 oRi de2, 30 oRi de3, 36 oCC2 w, 31 oNO1w 249 0.988 e
38 130 0 36 oCC2 w, 30 oRi de3 128 0.985 e
39 91 3 38 oOCO w, 37 oOCO tw 91 1 e

a Definition of the symmetry coordinates given in Table 1.b Normalized experimental integrated intensity (see text).c Frequency of the most
intense band of the group of bands (see Table 2).d Intensity of all components of the group of bands (see Table 2).e Below studied region.

q(OH) ) µ1/2δr ) µ1/2 δrO2H ) µ1/2 [R(O2H) - Re(O2H)]
(1)

Vanh(δr) ) aδr4 + bδr3 + cδr2 + dδr (2)

Vha(δr) ) 1/2khaδr2 (3)

Veff (δr) ) 1/2keff δr2 (4)

keff/kha ) [νeff/νha]
2 ≡ [νanh(OH)/νha(OH)]2 ≡ c1

2 (5)
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A polyatomic molecule such as PANO has 3n - 6 such 1-D
oscillators, each associated with a normal vibration frequency
(normal mode)νi and a normal coordinate Qi, which is a
function of the complete set of the independent (nonredundant)
symmetry displacement coordinates,Si, and not just ofS1 )
δrOH. The harmonic potential energy in the symmetry displace-
ment coordinates has the form:

(Si, Sj andSm are remaining symmetry coordinates;i, j, m ) 2,
3, ..., 3n - 6, k1i ) ki1, andkjm ) kmj). For the harmonic problem
we defineS1 ) δrOH, andk11, k1i, andkjm are the values for the
harmonic diagonal and off-diagonal force constants expressed
in the symmetry coordinates defined in Table 1. They were
obtained by the usual31 transformation from the values of
harmonic force constants in Cartesian coordinates (from g98w)
to those in symmetry coordinates, using xtrapack.30

For the multidimensional anharmonic problem, discussion in
the previous section suggests that anharmonicity of the potential
energy along the OH stretch is much greater than along any of
the other symmetry coordinates. It is expected that a good first
approximation to the multidimensional anharmonic potential
energy may be achieved by assuming that its dependence on
all symmetry coordinatesexcept S1 is harmonic. The reasoning
given above for the 1-D oscillator suggests that the properties
of the multidimensional anharmonic oscillator in the ground state
may be modeled by replacing the classical oscillatorS1 by the
effective harmonic oscillator,Seff. Thus, thek11S1

2 term in the
potential energy expression in eq 7 is replaced by the equivalent
effective term

where

In fact,Seff replacesS1 in every term in the harmonic potential
energy expression (eq 7) to obtain the effective multidimensional
potentialWanh of a system with a large anharmonicity for the
OH-stretching vibration:

The arguments leading to eq 10 indicate that the normal
coordinate calculation of the harmonic spectrum may be adjusted
for systems, such as PANO (with large anharmonic OH-
stretching) to obtain approximate normal coordinates and normal
modes for the anharmonic molecule by the following steps. (1)
The diagonal force constant of the harmonic OH stretching
coordinate (k11), should be replaced the by the corresponding
effective diagonal force constant (k11c1

2). (2) The harmonic off-
diagonal elements involving the OH stretching coordinate (k1i,
with i ) 2, 3, ..., 3n - 6) should be replaced by the
corresponding effective off-diagonal anharmonic force constants
(k1ic1). (3) The remaining terms in the force constant matrix
for the anharmonic oscillator (involving the double sum shown
as the last term in eq 10) are assumed to have the same values
as those from the harmonic calculation. (4) Finally the anhar-

monic spectrum “REL” is obtained using a normal coordinate
program (xtrapack,30 in this case) and data from the output file
from the g98w harmonic calculation for PANO in a field with
ε ) 1.6, with modified force constants as described above in
steps 1 and 2.

The summary of the procedure just derived in the preceding
part for adjusting off-diagonal force constants is consistent with
that used by Pulay and co-workers (see, for example, ref 40) to
adjust values of the calculated off-diagonal elements of the
harmonic force constants matrix. The arguments presented above
(eqs 1-10) show that it is reasonable to apply this procedure
to the normal coordinate problem of the anharmonic OH stretch.

Table 4 shows the lower left triangle of the symmetric force
constant matrix in symmetry coordinates after transformation
of the harmonic force constants in Cartesian coordinates (from
the g98w computation) for PANO in a field withε ) 1.6 that
was used in this normal coordinate calculation. The upper part
contains the in plane, and the lower part the out-of-plane force
constants. To complete the process summarized above the
elements of the in-plane part of the matrix in bold face type
should be altered by multiplying the diagonal (10, 10) element
(in row 10 and column 10) corresponding to the OH stretching
coordinate “S1” by “ c1

2”. All other elements in row 10 and in
column 10 should be multiplied by “c1”.

We have calculated the anharmonic spectrum “REL” as
described above for PANO in a dielectric field withe ) 1.6
using a range values ofνanh(within the limits of its uncertainty).
The spectrum calculated usingνanh ) 1700 cm-1 (so thatc1 )
0.5946 andc1

2 ) 0.3536) resembles most closely the experi-
mental spectrum of PANO isolated in Ar matrix. This simulated
spectrum is shown on the bottom of Figure 9. As seen there,
the agreement with the experimental spectrum (shown as the
top trace in Figure 9) is quite good, although some discrepancies
are still apparent.

The reason for some of these discrepancies is that the factors
causing the splitting of the experimental bands into several
components (e.g., Fermi resonance, as near 1700 cm-1, seen
clearly in Figure 4) are not included in the calculated spectrum
in Figure 9. It should also be noted that the bands in the
calculated spectrum in Figure 9 were drawn with the same
widths at half-maximum intensity, while the width of each band
in the experimental spectrum is slightly different. Most of these
discrepancies are diminished when integrated intensities of bands
and all their components are taken into account, as it seen in
the following tables.

We believe that the agreement between experimental and
calculated anharmonic spectrum shown in Figure 9 (and in the
tables below) establishes that the value of the frequency of the
anharmonic 1-D OH oscillator that is consistent with the
experimental infrared spectrum of PANO isolated in Ar matrix
is νanh ) 1700( 15 cm-1.

Analysis of the Anharmonic Spectrum “REL” Based on
the Relaxed Potential, and Interpretation of the
Experimental Spectrum of PANO Isolated in Argon
Matrix

In-Plane Modes. Table 5 collects data in the 1900-1400
cm-1 region for the in-plane modes from the calculation of the
anharmonic spectrum “REL” (based on the relaxed potential)
described above and shown in Figure 9. For each normal mode
the values of the frequency (ν), infrared intensity (A), potential
energy distributions (PEDs) and intensity distributions (IDs) are
given in terms of symmetry coordinates (defined in Table 1).
The frequencies and intensities in the experimental spectrum

keff ) c1
2kha (6)

Vha(S1, S2‚‚‚S3n-6) ) 1/2k11S1
2 + ∑ik1iS1Si +

∑j∑m
1/2kjmSjSm (7)

keffS1
2 ) c1

2 khaS1
2 ≡ khaSeff

2 (8)

Seff ) c1S1 (9)

Wanh(c1 S1, S2, S3‚‚‚S3n-6) ) 1/2k11c1
2S1

2 + ∑ik1ic1S1Si +

∑j∑m
1/2kjmSjSm (10)
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Figure 9. Comparison of the experimental spectrum of PANO isolated in Ar matrix (top trace) with the anharmonic spectrum “REL” of PANO
in the field with ε ) 1.6 (bottom trace). In the calculated spectrum frequencies of all in-plane modes are scaled by a constant factor of 0.98 and
the frequencies of all out-of-plane modes are not scaled.

TABLE 4: Elements (in aJ/Å2) of the Force Constant Matrix in Symmetry Coordinates for PANO in a Dielectric Field (e )
1.6); Diagonal and Off-Diagonal Elements Related to the OH Stretch are Marked by Bold Numbers

In-Plane Modes

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 7.2776
2 0.8291 7.0818
3 -0.53 0.7441 7.3252
4 0.0756 -0.51 0.7596 7.1143
5 -0.579 0.3111 -0.435 0.843 7.5151
6 0.7626 -0.392 0.3385 -0.477 0.7627 6.8417
7 1.0374 0.0975 -0.182 -0.149 -0.039 0.9443 7.0859
8 1.0109 0.5334 -0.123 -0.24 -0.228 0.0053 0.0155 4.779
9 -0.575 -0.117 0.0987 0.1253 0.0638-0.084 0.2305 0.3743 7.7629

10 0.3774 0.1112 -0.068 -0.102 -0.077 0.1576 -0.592 0.2534 0.6874 4.62473
11 0.1777 -0.012 0.0196 -0.083 -0.045 0.0315 -0.068 0.9924 1.1755 -0.2272 13.142
12 -0.023 -0.014 -0.009 -0.007 0.0698 0.0827 -0.018 -0.001 0.0073 -0.00972 0.0016 5.8353
13 -0.016 -0.018 -0.004 0.0909 0.0735 -0.019 0.0089 0.0005 0.0002 0.00396 -3E-04 0.0054 5.6965
14 -0.016 -0.009 0.0899 0.0864 -0.01 -0.014 -0.007 1E-05 0.0042 -0.00354 0.0039 0.0001 0.0046 5.7055
15 -0.012 0.093 0.0765 -0.004 -0.018 -0.014 -0.002 -0.06 0.0016 0.00247 0.0083 0.0012 -5E-04 0.0035
16 -0.064 -0.044 -0.003 0.0353 0.0329 0.0656 0.2305-0.292 -0.038 -0.0343 -0.077 -0.088 0.0934 -0.091
17 0.1427 0.2414 0.0701 -0.425 -0.011 0.186 0.2966 0.3772-0.177 0.18138 0.0941 -0.081 0.0354 0.0437
18 0.1128 -0.115 0.2613 -0.054 -0.276 0.1435 -0.37 0.3609 0.0523 0.02597 0.0817 0.0146 0.0795 -0.074
19 -7E-04 0.1557 -0.147 -0.008 0.0243 -0.024 0.0126 -0.017 -0.031 0.01562 0.041 -3E-04 -0.006 0.0083
20 -0.019 0.0131 0.17 -0.171 -0.013 0.0187 -4E-04 0.0037 0.0057 -0.00488 0.0038 -0.005 0.0082 -0.002
21 -0.025 0.0217 -0.015 -0.15 0.1633 0.0147 0.0054-0.005 -0.002 0.00522 0.0039 -0.004 0.0111 0.0075
22 -0.01 -0.028 0.0068 -0.006 -0.129 0.2649 -0.032 0.0069 0.0043 -0.01112 0.0076 0.0401 0.0059 -0.006
23 -1.136 -0.048 0.011 0.3231 0.068 0.2898 0.0036-0.529 0.4765 -0.1832 -0.118 -0.045 0.0085 -4E-04
24 -1.425 0.0568 0.1494 0.3399 0.2306-0.057 -0.169 -0.754 0.4899 -0.57892 -0.268 -0.009 0.0058 0.0039
25 0.7203 0.1728 -0.081 -0.307 -0.16 0.0108 0.1462 0.8833 0.3909 0.79036 -0.401 0.0013 -0.006 0.0071
26 0.0862 -0.026 -0.041 -0.036 0.0297 0.0254 -0.142 -0.478 0.7021 -0.20329 -0.009 -0.005 -0.002 -0.002
27 -0.288 -0.011 0.0365 0.0293 -0.004 -0.053 -0.054 0.1781 0.763 0.5994 0.0984 0.0033 -9E-04 -7E-04

15 16 17 18 19 20 21 22 23 24 25 26 27

15 5.7503
16 0.0942 1.4133
17 -0.089 -0.019 1.5158
18 -0.006 -0.141 0.0643 1.4739
19 0.0535 0.014 -0.012 -0.093 0.5124
20 -0.008 0.0007 0.0699 0.0404 0.0092 0.5317
21 -0.005 0.0008 0.0738 -0.045 0.0107 -0.009 0.5286
22 6E-05 -0.031 -0.037 0.0854 0.0007 0.0109 0.0056 0.5375
23 -0.006 0.1059 -0.252 -0.094 -0.011 -0.007 0.0152 -0.023 1.9282
24 -0.045 0.192 -0.435 -0.252 0.0078 0.0086 -0.001 -0.02 0.991 2.39203
25 0.0548 -0.217 0.4492 0.2105 -0.008 0.0122 -8E-04 -3E-04 -0.671 -1.33451 3.7954
26 0.0551 0.051 0.0707 -0.11 -0.001 0.0007 0.0028 -0.008 -0.131 -0.29759 1.3985 2.5102
27 -4E-04 -0.078 -0.048 0.1072 -0.006 -4E-04 0.0002 0.0021 0.2535 -0.03784 0.6292 0.1899 1.4505

Out-of-Plane Modes

28 29 30 31 32 33 34 35 36 37 38 39

28 0.3338
29 -0.01 0.3202
30 -0.043 0.0054 0.3077
31 0.1896 -0.089 0.1886 0.8513
32 0.1385 0.1694 -0.024 -0.002 0.5181
33 -0.157 -0.08 0.1308 -0.025 -0.075 0.4644
34 0.1518 -0.098 -0.148 -0.005 -0.005 -0.066 0.4842
35 -0.15 0.1579 0.0074 -0.089 -0.012 0.0012 -0.071 0.4341
36 0.0037 -4E-04 0.0278 -0.035 -0.06 0.0018 -0.009 0.0038 0.1632
37 0.0331 -0.009 0.0493 0.0891 -0.008 0.0011 0.0033 -0.003 -0.019 0.28119
38 0.0193 -0.004 0.0427 0.0841 -0.008 0.0022 -9E-04 0.0033 -0.002 -0.15386 0.2715
39 0.054 0.0011 0.0817 0.1591 0.0012 0.0003 0.0015 0.0025-0.015 0.06804 0.1231 0.2366
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of PANO in the Ar matrix assigned to calculated normal modes
in the anharmonic spectrum are listed in bold face type below
anharmonic values for a comparison. The criterion for the match
is that both frequency and intensity from the calculation should
be close to the values from the experimental spectrum. It can
be expected that with such a close match the calculated
description of the normal modes in terms of internal coordinates
as well as the PEDs and the IDs would generally apply to the
experimental spectrum providing its interpretation.

Because the results have been presented here as a perturbation
of the harmonic spectrum, the corresponding results for the
harmonic calculation of the spectrum of PANO in a dielectric
field (ε ) 1.6) are also listed in Table 5. In addition to the
unscaled calculated frequencies (in both harmonic and anhar-
monic spectra) the frequencies scaled by a constant factor 0.98
are also given in Table 5. The scaling factor 0.98 is close to
the average ratio of the anharmonic and harmonic frequencies
(except for the OH and CH stretch) from the g03w anharmonic
given in Table 3. This scaling factor accounts approximately
for the basis set error and the anharmonicity of the vibrations
other than OH stretch. The CH stretch normal modes are not
listed because their frequencies are the same as those given in

Table 3. As seen in this table, the calculated values of their
intensities are all very low, consistent with the fact that we do
not observe any absorption in this region in the spectrum of
PANO isolated in the Ar matrix.

The most important observations from examining Table 5
related to the agreement between the corresponding experimental
and calculated frequencies and intensities and to the mixing of
the OH stretching mode with the other modes in the anharmonic
spectrum are discussed below.

1. In sharp contrast to the harmonic spectrum for which the
normal mode Q5 at 2859 cm-1 (calculated to be very intense)
is essentially pure OH stretch (PED) 97%), in the anharmonic
spectrum the normal mode Q5 is calculated at 1845 cm-1 with
very low intensity, and it is a mixture of the CdO stretch (PED
) 45%), the OH stretch (PED) 27%) and the in-plane HOC
bend (PED) 22%). This mixing of the OH stretch with the
in-plane HOC (or HO2C7) bend (in phase) and with the CdO
stretch (out of phase) results in a very low intensity (see values
of IDs). The normal mode Q5 in the anharmonic spectrum has
frequency and intensity close to those found in the experimental
spectrum, although the experimental band assigned to this mode

TABLE 5: Comparison of in-Plane Nornal Modes (Qi) of the Calculated Anharmonic Spectrum “REL” and the Harmonic
Spectrum of PANO in Dielectric Field (e ) 1.6) with the Experimental Ar Matrix Spectrum (Bold Numbers) in the Spectral
Region 1900-1400 cm-1

calculated anharmonic spectrum “REL” calculated harmonic spectrum

νcal (cm-1)
νexp(cm-1) νcal (cm-1)

Qi Usca Scb

Acal

(km/mol)
Aexp

c
symmetry
coordinated

(PED)e

(%)
[ID] f

(km/mol) Usca Scb
Acal

(km/mol)
symmetry
coordinated

(PED)e

(%)
[ID] f

(km/mol)

5 1883 1845 11 11 C7dO3 s (45+) [14] 2917 2859 681 1 O2H s (97+) [735]
1867 10 1 O2H s (27-) [9]

27 HO2C7 be (22-) [-24]
24 C2C7 be (2+) [-10]
25 C2C7O2 be (-3-) [20]

6 1768 1733 714 1 O2H s (46+) [450] 1837 1800 359 11 C7dO3 (76+) [248]
1737g 720h 11 C7dO3 (33+) [225] 25 C2C7O2 be (3+) [-139]

25 C2C7O2 be (9+) [-147] 26 O3C7 be (1-) [46]
24 C2C7 be (-2-) [111] 24 C2C7 be (0+) [103]

7 1667 1634 61 5 C5C6 s (23-) [10] 1669 1636 37 5 C5C6 s (24-) [10]
1611i 10i 2 C2C3 s (20-) [-2] 2 C2C3 s (21-) [1]

3 C3C4 s (14+) [-2] 3 C3C4 s (13+) [-3]
11 C7dO3 s (4-) [20] 8 C7C2 s (1+) [13]
1 O2H s (1-) [22] 24 C2C7 be (1+) [-21]

8 1603 1571 4 4 C4C5 s (31-) [-3] 1605 1573 37 4 C4C5 s (28-) [-3]
1561 3 3 C3C4 s (17+) [2] 3 C3C4 s (15+) [5]

10 NC2 s (9-) [5] 27 HO2C7 be (9-) [30]
9 1549 1518 563 27 HO2C7 be (59-) [306] 1577 1545 389 27 HO2C7 be (75-) [301]

1514g 525h 1 O2H s (14+) [236] 26 O3C7 be (3-) [63]
26 O3C7 be (5-) [110] 9 C7-O2 s (2+) [49]
8 C7C2 s (4-) [67]

10 1518 1488 65 20 C4H be (20-) [9] 1520 1490 8 20 C4H be (20-) [2]
1483 69 5 C5C6 s (18-) [11] 2 C2C3 s (19+) [-2]

2 C2C3 s (17+) [-3] 5 C5C6 s (19-) [4]
23 NO1be (7+) [-30] 19 C3H be (13-) [6]
27 HO2C7 be (5+) [30]
1 O2H s (2-) [32]
24 C2C7 be (0+) [24]

11 1475 1446 277 21 C5H be (21+) [18] 1477 1447 193 21 C5H be (22+) [18]
1439g 228h 22 C6H be (20+) [17] 22 C6H be (20+) [12]

3 C3C4 s (11+) [10] 9 C7-O2 s (2+) [19]
10 NC2 s (7-) [29] 10 NC2 s (7-) [21]
7 NO1 s (5+) [82] 7 NO1 s (6+) [80]
24 C2C7 be (4-) [-112] 19 C3H be (5+) [19]
26 O3C7 be (2-) [45] 24 C2C7 be (4-) [-83]
1 O2H s (1+) [35] 26 O3C7 be (1-) [26]
27 HO2C7 be (1-) [43] 25 C2C7O2 be (1-) [24]
8 C7C2 s (1-) [21]

a Usc ) unscaled frequencies.b Sc ) frequencies scaled by 0.98.c Normalized experimental integrated intensity (see text).d Definition of the
symmetry coordinates given in Table 1.e See ref 32; the sign at the right side of the PED value indicates its phase relative to the first value listed
for the normal mode.f See ref 33; for ID the sign indicates whether the contribution adds (+) or subtracts (-) to increase or decrease of total
intensity.g Frequency of the most intense band of the group of bands (see Table 2).h Intensity of the all components of the group of bands (see
Table 2).i Band can be hidden under the absorption in this region by the H2O impurities.
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is barely distinguishable from the noise and its frequency and
intensity are uncertain.

2. The normal mode Q6 (at 1733 cm-1) in the calculated
anharmonic spectrum “REL” has frequency and intensity very
close to those found for the corresponding mode in the
experimental spectrum. This very intense normal mode has its
largest contribution to the PED (45%) and ID (450 km/mol)
from the OH stretch and a smaller but significant contribution
from the CdO stretch (PED) 33%, ID ) 225 km/mol). This
is in sharp contrast to the harmonic spectrum for which normal
mode Q6 (at 1800 cm-1) is dominated by the CdO stretch (PED
) 76% and ID) 248 km/mol).

3. The other normal mode of anharmonic spectrum “REL”
calculated with very high intensity is Q9 (at 1518 cm-1). Its
frequency and intensity are very close to the corresponding
experimental values. This normal mode has its largest contribu-
tion from the in-plane HOC bending coordinate (PED) 59%,

ID ) 306 km/mol), but also has a substantial contribution,
particularly to the intensity, from the OH-stretching coordinate
(PED ) 14%, ID ) 236 km/mol).

4. The calculated anharmonic spectrum “REL” in Table 5
lists two CH-bending normal modes, Q10 and Q11, at 1488
and 1446 cm-1, with relatively small contributions to PEDs but
with significant IDs, from both the OH stretch and HOC bend.
Frequencies and intensities of these modes in anharmonic
spectrum “REL” are close to those in the experimental spectrum.

The quality of the agreement between the experimental and
calculated anharmonic spectrum “REL” for the remaining
normal modes is quite good as can be seen by examining Tables
6 (1400-800 cm-1) and 7 (800-270 cm-1). Most of the
calculated frequencies agree with the experimental values within
(3%. With a few exceptions, the agreement between calculated
and experimental intensities is within(20% (within the error

TABLE 6: Comparison of in-Plane Nornal Modes (Qi) of the Calculated Anharmonic Spectrum “REL” and the Harmonic
Spectrum of PANO in Dielectric Field (e ) 1.6) with the Experimental Ar Matrix Spectrum (Bold Numbers) in the Spectral
Region 1400-800 cm-1

calculated anharmonic spectrum “REL” calculated harmonic spectrum

νcal (cm-1)
νexp (cm-1) νcal (cm-1)

Qi Usca Scb

Acal

(km/mol)
Aexp

c
symmetry
coordinated

(PED)e

(%)
[ID] f

(km/mol) Usca Scb
Acal

(km/mol)
symmetry
coordinated

(PED)e

(%)
[ID] f

(km/mol)

12 1352 1325 147 7 NO1 s (22+) [93] 1352 1325 155 7 NO1 s (22+) [94]
1311g 120h 9 C7-O2 s (16+) [36] 9 C7-O2 s (17+) [37]

21 C5H be (12-) [-9] 21 C5H be (12-) [-9]
22 C6H be (10-) [-8] 22 C6H be (10-) [-9]
16 Ri def1 (8-) [-16] 16 Ri def1 (8-) [-16]
8 C7C2 s (7-) [33] 8 C7C2 s (7-) [35]
26 O3C7 be (3-) [46] 26 O3C7 be (3-) [49]
24 C2C7 be (0-) [-41] 24 C2C7 be (0-) [-43]

13 1298 1272 13 2 C2C3 s (27-) [-3] 1298 1272 12 2 C2C3 s (27+) [-3]
1261 32 10 NC2 s (16+) [-9] 10 NC2 s (16-) [-8]

19 C3H be (15-) [-6] 19 C3H be (15+) [-6]
25 C2C7O2 be (4+) [-19] 25 C2C7O2 be (4-) [-18]
7 NO1 s (4+) [11] 24 C2C7 be (2-) [20]
9 C7-O2 s (4+) [5]
24 C2C7 be (2+) [22]
8 C7C2 s (1-) [4]

14 1271 1246 1 6 NC6 s (27+) [-1] 1272 1247 1 6 NC6 s (25-) [-1]
1220 2 19 C3H be (16-) [-1] 19 C3H be (15+) [-1]

22 C6H be (13+) [1] 5 C5C6 s (13+) [0]
15 1218 1194 47 9 C7-O2 s (26-) [-27] 1226 1201 40 9 C7-O2 s (28-) [-25]

1165g 55h 7 NO1 s (26+) [64] 7 NO1 s (27+) [54]
8 C7C2 s (10+) [-14] 6 NC6 s (11-) [6]
27 HO2C7 be (5-) [20] 8 C7C2 s (11+) [0]
1 O2H s (3+) [16] 27 HO2C7 be (5-) [10]
26 O3C7 be (0+) [-15]

16 1177 1154 1 20 C4H be (32-) [0] 1178 1154 2 20 C4H be (33-) [-1]
1158 1 21 C5H be (27-) [1] 21 C5H be (27-) [1]

19 C3H be (10+) [-1] 19 C3H be (10+) [0]
17 1169 1145 33 9 C7-O2 s (19-) [18] 1169 1145 33 9 C7-O2 s (19-) [18]

1144g 70h 22 C6H be (15+) [-1] 22 C6H be (14+) [-1]
3 C3C4 s (14+) [-3] 3 C3C4 s (14+) [-3]
21 C5H be (12-) [5] 21 C5H be (12-) [5]
7 NO1 s (1-) [7]

18 1113 1091 2 16 Ri def1 (26-) [3] 1114 1092 2 16 Ri def1 (26-) [2]
1090 7 6 NC6 s (14+) [2] 6 NC6 s (14+) [1]

19 C3H be (13+) [-2] 19 C3H be (13+) [-2]
19 1070 1048 11 4 C4C5 s (44-) [-2] 1070 1048 11 4 C4C5 s (44-) [-2]

1038g 26h 19 C3H be (12+) [5] 19 C3H be (12+) [5]
3 C3C4 s (12-) [-1] 3 C3C4 s (12-) [-1]
24 C2C7 be (1+) [5]

20 871 854 24 16 Ri def1 (43+) [9] 871 854 25 16 Ri def1 (43+) [9]
853 24 7 NO1 s (18+) [22] 7 NO1 s (18+) [22]

6 NC6 s (11+) [-3] 6 NC6 s (11+) [-3]
a Usc - unscaled frequencies.b Sc - frequencies scaled by 0.98.c Normalized experimental integrated intensity (see text).d Definition of the

symmetry coordinates given in Table 1.e See ref 32; the sign at the right side of the PED value indicates its phase relative to the first value listed
for the normal mode.f See ref 33; for ID the sign indicates whether the contribution adds (+) or subtracts (-) to increase or decrease of total
intensity.g Frequency of the most intense band of the group of bands (see Table 2).h Intensity of the all components of the group of bands (see
Table 2).
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of measurement and normalization of experimental intensities
and the uncertainty of the calculation).

Unfortunately, the very low signal-to-noise ratio of the
spectrometer and its low-frequency cutoff (at 400 cm-1) made
it impossible to record the experimental spectrum in the region
below 550 cm-1. The normal modes involving the “heavy atom”
O1‚‚‚O2 stretch are located in this region. Even though there
are no experimental data to test the results of the calculations,
this motion is so important in the interpretation of spectra for
hydrogen bonded systems using 2-dimensional models that we
shall discuss them briefly here.

The “heavy atom” O1‚‚‚O2 stretch is not an independent
degree of freedom for a bent intramolecular OHO system
because of the geometric constraints. For this reason the
O1‚‚‚O2 distance change is not used as one of the symmetry
coordinates. Because of that, the PEDs given in Table 7 for the
normal modes Q26 and Q27 do not reflect the O1‚‚‚O2 motion.
Instead, it is described in terms of stretching and bending
symmetry coordinates such as C2C7 bend, C2C7 stretch, and
C2C7O2 bend and others.

Involvement of the O1‚‚‚O2 stretch in these normal modes
is recognizable better in Figure 10, which shows by arrows the
unweighted Cartesian displacement coordinates for normal
modes Q26 (at 390 cm-1) and Q27 (at 274 cm-1). The figure,
drawn using the animol program,29 shows the displacements in
Cartesian coordinates (from g98w); hence, they are independent
of the definition of symmetry coordinates. As seen in this figure,
in addition to the O1‚‚‚O2 stretching, each mode shows
extensive displacements of most of the other atoms in the
molecule. Thus, Q26 is primarily a motion in which the entire
H-O2-C7dO3 unit moves against the pyridineN-oxide unit

TABLE 7: Comparison of in-Plane Normal Modes (Qi) of the Calculated Anharmonic Spectrum “REL” and the Harmonic
Spectrum of PANO in Dielectric Field (e ) 1.6) with the Experimental Ar Matrix Spectrum (Bold Numbers) in the Spectral
Region 800-270 cm-1

calculated anharmonic spectrum “REL” calculated harmonic spectrum

νcal (cm-1)
νexp (cm-1) νcal (cm-1)

Qi Usca Scb

Acal

(km/mol)
Aexp

c
symmetry
coordinated

(PED)e

(%)
[ID] f

(km/mol) Usca Scb
Acal

(km/mol)
symmetry
coordinated

(PED)e

(%)
[ID] f

(km/mol)

21 778 762 6 26 O3C7 be (28-) [-8] 780 762 6 26 O3C7 be (30-) [-1]
762 9 8 C7C2 s (18-) [-2] 8 C7C2 s (17-) [1]

10 NC2 s (16-) [-1] 10 NC2 s (15-) [0]
7 NO1 s (4-) [5]
9 C7-O2 s (7-) [2]

22 662 649 1 17 Ri def2 (42+) [0] 664 651 2 17 Ri def2 (41+) [3]
648 2 26 O3C7 be (34+) [-2] 26 O3C7 be (33+) [4]

23 587 576 34 23 NO1be (59+) [29] 588 577 29 23 NO1be (58+) [27]
577g 47h 25 C2C7O2 be (16-) [21] 25 C2C7O2 be (17-) [20]

24 C2C7 be (-3+) [-23] 24 C2C7 be (-3+) [-22]
1 O2H s (0+) [5]

24 576 564 7 18 Ri def3 (39-) [2] 576 564 8 18 Ri def3 (39-) [2]
566 8 17 Ri def2 (28+) [-1] 17 Ri def2 (28+) [-2]

26 O3C7 be (7-) [4]
24 C2C7 be (6+) [4]
7 NO1 s 5+ [3]

25 454 445 1 25 C2C7O2 be (42+) [-1] 454 445 1 25 C2C7O2 be (42+) [-1]
j 23 NO1be (25+) [1] 23 NO1be (25+) [1]

24 C2C7 be (15+) [1] 24 C2C7 be (15+) [1]
26 398 390 21 8 C7C2 s (31+) [6] 399 391 16 8 C7C2 s (31+) [5]

j 18 Ri def3 (19+) [1] 18 Ri def3 (19+) [1]
26 O3C7 be (14-) [-11] 26 O3C7 be (13-) [-9]
25 C2C7O2 be (9+) [9]
1 O2H s (1-) [7]

27 279 274 31 24 C2C7 be (67-) [23] 280 275 26 24 C2C7 be (67-) [21]
j 25 C2C7O2 be (20+) [10] 25 C2C7O2 be (20+) [9]

1 O2H s (0-) [5]

a Usc ) unscaled frequencies.b Sc ) frequencies scaled by 0.98.c Normalized experimental integrated intensity (see text).d Definition of the
symmetry coordinates given in Table 1.e See ref 32; the sign at the right side of the PED value indicates its phase relative to the first value listed
for the normal mode.f See ref 33; for ID the sign indicates whether the contribution adds (+) or subtracts (-) to increase or decrease of total
intensity.g Frequency of the most intense band of the group of bands (see Table 2).h Intensity of the all components of the group of bands (see
Table 2).j Below the studied region.

Figure 10. Calculated (at DFT/B3LYP/6-31G(d,p) level) atomic
displacements (in Cartesian coordinates) in the low-frequency normal
modes at 390 and 274 cm-1 with the largest contribution from the
O1‚‚‚O2 stretching vibration.
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resulting in an increase of the O1‚‚‚O2 distance. In normal mode
Q27, the H-O2-C7dO3 unit rotates counterclockwise against
the clockwise rotation of the pyridineN-oxide unit, again
resulting in an increase in the O1‚‚‚O2 distance. This figure
also shows the small contribution from the O2H stretch in Q26
and Q27.

Out-of-Plane Modes. Because the perturbations of the
harmonic calculation of the spectrum used in the model
calculation of anharmonic spectrum “REL” are all in the plane
of the PANO molecule, the calculated spectrum for the out-of-
plane motions is identical to the spectrum calculated at harmonic
approximation. Table 8 collects calculated frequencies (unscaled,
and scaled by a factor of 0.98), intensities and the description
of the normal modes in terms of symmetry coordinates at the
harmonic approximation of the out-of-plane modes of PANO
in the field with ε ) 1.6. As seen in this table, most of the
calculated frequencies agree with the experimental values within
(3%. The agreement between calculated and experimental
intensities is also within the uncertainty in the data. The
anharmonicity of the out-of-plane modes can be estimated by
examination of Table 3.

Concluding Remarks

(1) It is obvious that the quantum-mechanical DFT/B3LYP//
6-31G(d,p) calculation of the spectrum of PANO at the harmonic
approximation does not resemble the experimental spectrum.
Not only there is no intense absorption band within 1200 cm-1

of the calculated harmonic frequency for the OH stretch near
2900 cm-1 but also there is no absorption at all that is clearly
distinguishable from the noise. At first glance, it appears as
though the strong infrared absorption band expected for the OH
stretching mode has simply disappeared, leaving no trace.

(2) The mixing of the OH stretching with other internal
coordinates in the calculated anharmonic spectrum “REL” that
agrees with the experimental spectrum of PANO isolated in Ar
matrix clearly answers the question “What has happened to the
strong absorption from the OH stretch?” It is no longer
associated with one single strong band but most of the intensity
associated with the OH stretch is accounted for in anharmonic
spectrum “REL” by intensity redistribution into the normal
modes Q6 and Q9, causing significant enhancements of their
intensity. Our experience from this and other studies of PANO
and other systems with strong hydrogen bonds41 suggests that
the mixing of the OH stretch with other modes does not become
significant until the effective frequency for the OH-stretching
normal mode drops below about 2200 cm-1 and that mixing
becomes more important the lower it becomes.

(3) In the analysis of the experimental infrared spectrum of
PANO isolated in an Ar matrix, and in its interpretation, it is
hard to overemphasize the importance of the infrared intensity.
It is true that measuring the absolute integrated molar absorption
coefficients of the bands observed in the spectrum may have
considerable error (perhaps as large as 20% or even 50% for
some less intense or overlapped bands). However, even such
uncertain estimates of intensities are extremely valuable in an
attempt to understand a spectrum like that of PANO. We have
seen in the results presented here that, with the exception of
the OH stretch, all other frequencies are not very different going
from harmonic to anharmonic spectrum “REL”, but the intensity
pattern differs dramatically.

(4) The agreement between the anharmonic spectrum “REL”
and the experimental infrared spectrum of PANO in an Ar
matrix shown in Figure 9 and in Tables 5-8 is surprisingly
good, and strongly supports the validity of our approach. The

anharmonic spectrum “REL” is perhaps the simplest possible
model. Some of the assumptions in it may be questioned. It is
possible that alternate models based on different assumptions
might be developed to calculate anharmonic spectra (and we
have tried many of them41). However, the apparent success of
anharmonic spectrum “REL” in understanding the experimental
spectrum of PANO suggests very strongly that the essential
concepts are indeed valid, and that further refinements will not
change the interpretation of the spectrum very much.

(5) A general conclusion from the studies presented here is
that the relaxed potential energy curve may provide a reasonably
good approximation to the “true” potential for the strongly
anharmonic stretching motion of the hydrogen atom in other
short and strong hydrogen bonds. However, more studies are
needed (and are in progress41) to justify this generalization.
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