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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 D 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 ane=O-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 chA 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-B%. 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 systeh3he
most recent X-ray diffraction study of PANOndicates that

the OZ%--O2 distance is only 2.428 A. Experimental infrared )
Figure 1. Calculated structure of PANO and numbering of atoms.

sEectra of Crtystallllneﬁotllds gng Sogjtlobns n E./arloulséhsol\}éﬁtls Calculation at DFT/B3LYP/6-31G(d,p) level leads to planar geometry
show an extremely flat an road apsorption wi very low for PANO in vacuo and in the fielde(= 1.6).

intensity at maximum in the region from 2300 to 2800 ¢ém
which was attributed by some authbts the absorption by the
fundamental OH stretching mod&OHSs), and by others to the
to the 0— 2 transition? The latter authofsassigned(OHs) to
the broader absorption near 1000 @mHowever, closer
examination of infrared spectra of solid PAN®and results

from inelastic neutron scattering studies of PANfDggest that authors attributed the broad absorption near 2600ctn

the band near 1000 crhis almost certainly related to the out- :
. . - - overtones and suggested thgOHs) absorption should be
of-plane COH bending motion. The authors in ref 1 assigned located near 1500902131. h{ ) P

V(OH.S) in spectrg of PANQ in the crystallin'e solid and in The experimental spectra of PAN®are severely different
solu;uons predominantly to the broad absorption around 1500 from the spectra obtained from various quantum-mechanical
cm L. ; . > e .
s . . . . calculations at the harmonic approximation. In particular,
Identification of absorption due to the OH-stretching vibration calculations at DFT/BBLYP/6-3$E?—EG(3df 3pd) Ievelplocate
in systems with short (less than 2.50 A for the @ distance) h OHS) at 2977 cmL 10 The experimentallspecﬂréare more
intramolecular hydrogen bonds is often controversial. In the most consistent with the anharmonic spectrum of PANO (in vacuo)
* Corresponding author. E-mail: person@chem.ufl.edu calculated by Stare and MaWtiusing a two-dimensional
TUnivergty of ,%Orida_ ' P R approach for the O2H and O2--O1 internal coordinates, which
* National Institute of Chemistry, Slovenia. leads tovan{OH s) at about 1733 cm, or with the anharmonic

widely investigated group of such compoungsdiketones in
enolic form) Tayyari et al.assigned/(OHs) for diketones with
O---0 distance< 2.50 A to a very broad absorption with low
peak intensity near 2600 crh This assignment was accepted
by Bertolasi et al® but disputed by Emsley et dl.the latter
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spectrum calculated by the CPMD method for PANO in the causing it to sublime. The resulting PANO vapor mixed with
crystal, which predictsan{OHs) at 1407 cm'.1? Yet, even if high purity Ar gas introduced through a needle valve into the
these values of,n{OHSs) are used, a complete interpretation cryostat chamber and the gaseous mixture deposited onto the
of the entire experimental spectrum is still a challenge. cold Csl window to form the matrix. The matrix ratio (Ar:
One of the problems with the interpretation of the results of PANO) was greater than 10 000:1 (estimated utilizing experi-
studies of solutions and solid is the effect of the solvent or crystal mental integrated absorbance of chosen bands, the corresponding
environment on the geometry and the spectrum of PANO, as calculated molar absorption coefficients and the optical path
indicated clearly in the recent work by Panek, Stare, anditfddz  length obtained from the interference fring@s
This problem can be avoided by studying PANO isolated ina  To be sure that the sample had not decomposed during
relatively inert Ar matrix. It can be expected that the spectrum heating, the solid PANO remaining in the glass container after
of such an isolated molecule will be little disturbed by the matrix experiment was removed and put into a KBr pellet. The
environment, and thus be more suitable for comparison with IR spectrum of this pellet was recorded and found to be identical
the calculated spectrum. with the spectrum of unheated PANO in KBr, confirming that
Another major problem is the possibility of interaction no decomposition had occurred during heating of the sample
between the lower-frequency anharmonic OH-stretching coor- in matrix experiment. Other details of the experiment have been
dinate and the in-plane OH-bending coordinate (linked to the described in our previous wotk 2% and references therein.
band near 1570 cm). Such interaction was emphasized inthe  The experimental spectra were transferred from the Nicolet
recent extensive study by Stare and Balint-Kiftinteraction to a PC to be analyzed using grams softwras described in
of the anharmonic OH stretching coordinate with other internal more detail in ref 24, this software was used to measure the
coordinates, especially with the=D stretching, could also  integrated absorbance of each observed band (area under the
occur. As will be shown below, such interactions play a crucial hand contour which is proportional to the intensity), to separate
role in determining the appearance of the infrared spectrum. gyerlapping bands in some spectral regions, and to estimate the
Similar effects were observed previously in studies of the rejative intensities of each component in such overlapping bands
hydrogen maleate iotf,a classical example of a molecule with  ang, finally, to perform baseline correction to obtain the final
a short intramolecular hydrogen bond for which a normal spectra shown in the following figures with a horizontal baseline
coordinate analysis was performed using the OH proton potential at zero. The uncertainty of the experimental frequencies of the
function obtained from an ab initio 4-31G calculatith. bands is about 1 cnd. The uncertainty of measurement of the
An advantage of studying PANO, compared to diketones, lies integrated absorbances of the nonoverlapped and relatively
in its asymmetric potentiatone does not have to consider intense bands is on the order of-120% (primarily caused by
possible effects of proton tunneling. PANO is also an attractive yncertainty in the baseline and in defining the region of the
candidate for study because of availability of experimental data jntegration). The uncertainty of measurement of the integrated

(although, only in condensed phases) and a possibility of the absorbance of the components of the overlapping bands and of
model calculations of potential energy surface. The effect of the very weak bands is larger.

the environment on geomett#ythe large differences between

: 4 ’ The experimental integrated absorbance measured for each
the spectra of solid PANO and of its solutiohsand, presented

S : X ) band of the spectrum of matrix sample was normalized by
in this work, the spectrum of PANO isolated in Ar matrix aré o, ipjication by a constant factor to obtain values of the

all of considerable interest. . absolute molar absorption coefficient (in km/mol). This proce-
In contrast to quandaries apparent for systems with very short yyre has been described in more detail in ref 24. The normaliza-
hydrogen bonds, the spectrum of the prototype for intramolecular tjon factor accounts for the reciprocal product of the thickness
hydrogen bonds, malonaldehyde, a low barrier system with a of the sample (matrix deposit) and concentration. This factor is
longer, h'gt'ﬂ)i? symmetrical bond seems to be much better gptained by supposing that the integrated absorption coefficient
ynderstood, _ although a mixing of the OH stretch_ with other  a_of the chosen distinct and nonoverlapped band (at 853cm
internal coordinates (CH-stretching, as well as with the com- jn the experimental spectrum is equal to the calculated molar
bination modes) is important: _ absorption coefficient (24 km/mol) of the corresponding mode
The aims of the present work are as follows: To obtain the (see later discussion).
experimental infrared spectrum (frequencies and integrated  c5\qjation Procedures.The calculations at the B3LYP/6-
intensities) of PANO isolated in an Ar matrix and to interpret 31G(d,p}® level were carried out using g98#vand gO3w©
this spectrum on the basis of calculation (at the DFT/B3LYP/ softwa,re on a Dell Dimension XPS model T700r or model 8300
g?lG(gép) IevéﬁF‘ using C?arl:ssmn 98.W| (gQSW)angCngs&zn PC. Calculations have been performed to obtain the optimized
w (9 V‘Q softwar) of the potential energy ( and. structure, the one-dimensional single-point (SCABINd RE-
RELAXED?) for the hydrogen-bonded proton-stretching in- | A\xFp23) potential energy curves for the hydrogen-bonded
ternal coordinate, and of the anharm_onlc spectrum utilizing first, proton stretching coordinate, the force field, the atomic polar
go3w softwaré” and then our specially devel_oped Pfoce‘?'we_ tensors and infrared intensities and thus the infrared spectra at
foraquantumjmechanlcs-based normal-coordinate-analysis with, o .00 204 anharmonic approximations using various pro-
the anharmonic frequenayn{OHSs) from the calculated relaxed .o res described in the following text. Other calculations using

potential. the Volume and SCRF keyworig2were made to obtain the

infrared spectrum of PANO in a field with dielectric constant

Methods € = 1.6 28 (modeling the field in Ar matrix). The calculated
Experimental Procedure. Infrared spectra were recorded on  infrared spectra were simulafédising grams softwafé and

a Nicolet FTIR spectrometer (model 740). A closed-cycle helium analyzed using animél and our normal coordinate program

cryostat model DE-202 (from APD Cryogenic, Inc.), cooling xtrapack®®

to about 10 K, was used. A sample of crystalline PANO was  An important step in the analysis of the results of calculations

placed inside the cryostat in a small wire-wrapped glass is transformation of the force constants in Cartesian coordinates

container heated resistively to a temperature of about 60 C, obtained from Gaussian to the force constants in the nonredun-
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TABLE 1: Symmetry Coordinates of PANO

name used in tables definition
In-Plane Coordinates
102Hs OrozH
2C2C3s Orcacs
3C3C4s 6rc3c4
4 C4C5s Orcacs
5C5C6s Orcsce
6 NC6 s Orncs
7NO1s Ornot
8C7C2s Orcrce
9C7-02s Orcro2
10NC2s Ornc2
11 C~03s Orcr—03
12 C6H s Orcen
13C5H s Orcsh
14 C4H s Orcan
15C3Hs Orcan
16 Ri defl M(0fcscen — Ofcence T Ofincacat Ofcacacat Oficacacs— Ofcacsco
17 Ri def2 N2(205cscen — Ofcence — Ofncacs+ 20Bcacaca— OPcacacs— OPcacsce
18 Ri def3 N3(0fcence — OPncaca+ Oficacacs— Ofcacsce
19 C3H be Na(0Brcacz — OPrcaca
20 C4H be Na(0Prcacs — OPrcacy
21 C5H be Na(0Brcsce — OPHcsca)
22 C6H be Na(0Prcen — OPrcecs
23 NO1 be Na(dfceno1 — Ofcanoy)
24 C2C7 be Na(0fncac? — OPcacac)
25 C2C702 be Ofcacroz
26 O3C7be Na(0fcacr=03 — Ofo2cr=03)
27 HO2C7 be 0P crozn
Out-of-Plane Coordinates
28 oRi defl Ni(—Tcscencet Teencaca— Tncacacat Teacacacs— Tcacacscet TcacsceN
29 oRi def2 N3(Tcscence — Tncacacat Teacacacs— Tcacscen
30 oRi def3 No(—Tcscencet 2Tcencaca— Tncacaca— Tcacacacst 2Tcacscsce— TCAc5CeN
31 0NO1w Yo1Nc2ce
32 0C3H w YHC3c4c2
33 0C4H w YHcacscs
34 0C5H w YHC5C4CE
350C6HwW YHCBNCS
36 o0CC2w Na(Tcrcacaca™ Tercancd
37 00CO tw Na(Tos=c7cacst Toocrcac)
3800COwW Na(Tos=c7c2cs— Tozcrcac)d
39 oHOC7 t THO2C7=0

aJrj is an increase in the distance between the atioamj; oS« is an increase in the angle formed by atanamdk with the central atonj;
yi is @ positive wagging of atom i attached to atom j moving perpendicular to the plane defined byj gkprusdl; 7y designates the torsion
about thejk bond. Normalization factorsn; = 672, n, = 12712 n3 = 4712 n, = 2712

dant internal symmetry coordinates (given in Table 1), utilizing constants of the OH stretching internal coordinate with all other
the familiar definitions given by Wilson, Decius, and Cr88s  symmetry coordinates by the values estimated for the anhar-
or Califano3!® To carry out a normal coordinate analysis and monic force constants. The values for the anharmonic force
describe normal modes in terms of the nonredundant internal constants were derived from the anharmonic frequengy
symmetry coordinates program xtrap#bkas used. The output ~ (OHs) based on the relaxed anharmonic potential for the OH-
from xtrapack includes not only the harmonic frequencies and stretching coordinate (see discussion in the following sections).
infrared intensities of the normal modes, but also the potential
energy distributions (PEDS}2*%intensity distributions (IDsJ>2*
and the force constants in the internal symmetry coordinates.
An important difference in the xtrapack output from that of Experimental Spectrum of PANO Isolated in an Ar
Gaussian is that the interpretation of the normal mode and its Matrix. The experimental spectrum recorded in the region
infrared intensity is given in terms of contributions from between 4000 and 550 crhfor PANO isolated in an Ar matrix
symmetry displacement coordinates instead of Cartesian dis-at about 10 K is shown in Figure 2. The top trace shows the
placement coordinates. We expect some transferability of original unprocessed spectrum as recorded directly by the
properties of internal coordinates from one molecule to another. instrument. The continuously decreasing background is due to
Another important advantage of the xtrapack program is that uncompensated scattering by the matrix (solid Ar) film. On this
it allows changing selected elements of force constant matrix. background we may see the superimposed interference fringes
This possibility of the xtrapack program was utilized in produced by the passage of the light through the thin film from
calculation of the anharmonic spectrum. To obtain this spectrum a matrix deposit® The bottom trace in Figure 2 is the spectrum
the force constant matrix from g98w calculation was modified of the same matrix after subtracting the background due to the
by replacing the harmonic values calculated for the diagonal scattering and to the interference fringes. Bands known to be
element corresponding to the OH-stretching internal coordinate due to absorption by monomerig® impurity in the Ar matrix
and the off-diagonal elements corresponding to the interaction (at 3776, 3756, and 3711 cthand at 1623, 1607, and 1572

Experimental Results and Discussion
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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. “H20” and “CO2” indicate bands of the monomerigCHand CQ impurities in the matrix, respectively.
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Figure 3. Infrared spectrum of PANO isolated in Ar matrix shown in the expanded scale in the region from 1900 to 1300 cm

cm1) are marked in the figure by “H20". 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 cmt (marked by “C0O2”) are due to the GO
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 @mOnly very weak
features, barely distinguishable from the noise, can be recog-
nized, after a large expansion of the absorbance scale, between
3600 and 1740 cnt. These are most likely due to combination 0o
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 ¢mAll other absorption,
including those bands located below 1400@mis much less T T T T T

1760 1750 1740 1730 1720

Intzﬂf]e' h all bands in th ¢ h in Ei Wavenumber {1/cm)
2 appgl{j\? tc? bear\]/esrylnnaﬁ()swurvs%:gre%;grruiia%\gr? Igﬁelrgl:ﬁz Figure 4. Separation into components (performed usir_lg Curvg Fit

. ’ - procedure of Grams software) of the spectrum of PANO isolated in Ar
frequency scale is expanded shows that many of them consistmatrix (region 17761710 cnt?).
of several components. To present a better view of details of
the multicomponent structure of the absorption bands three Figure 3 shows the spectral region between 1900 and 1300
regions of this spectrum are shown in Figures53with cm L. As can be seen there, several subbands or satellites are
expanded frequency and intensity scales. visible in the vicinity of the more intense bands in several parts

06+

Absorbance
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Figure 5. Infrared spectrum of PANO isolated in Ar matrix shown in the expanded scale (region-5300cnT?).

. . TABLE 2: Experimental Frequencies, Integrated Intensities,
of the spectrum. The separation of such multicomponent and Preliminary Assignment of Bands in the Spectrum of

absorption bands was done using Curve Fit procedure from thepaNO |solated in an Ar Matrix
grams softwaré’ Figure 4 shows an example of such separation

for the absorption in the region near 1700 ¢m b ey kol Beeionman:

Iillg;ure 5. show_s the spectrql region betvx{een 1300 and 550 1 1989 10 1144+ 762
cm~L. The intensity of absorption in this region is much lower 2 1867 10¢ 1311+ 566 or fundamental
than that in Figure 3. To see these weak bands more clearly the 3 1757 22 FR (1165+ 584)
absorbance scale is expanded from that shown in Figure 3by ¢ FEEC- il QU {\‘Ajgd(‘;“r”;‘g“g% 1165)
a factor of 3. As seen in Figure 5, one or more subbands with 6 1728 56 FR (1144 584)
very close frequencies appear again in several parts of the 7 1722 19 FR (1144 577)
spectrum instead of a single band (e.g., near 1167, 1144, 965, g iggg ig %3)(1%;3396
768, and 577 cm?). These subbands were separated using the 10 1617 10¢ fundamental
Curve Fit procedure of grams. 11 1562 3¢ fundamental

The values of frequencies and integrated intensities corre- 12 1539 2 FﬁR(%&X ;gg%
sponding to the experimental spectrum shown in FigureS 3 14 1518 117 } 525 FR (X 762
(after decomposition of overlapping bands, in the regions where 15 1514 325 fundamental
they occur) are collected in Table 2 together with the preliminary N 2 S mental
assignment. The final assignment is proposed and justified in 18 1439 217 fundamental
the following sections of this paper. 19 1433 4} 228  FR(768 674)

Several possible explanations for the appearance of multi- 59 123 ot A

; ) or FR (674+ 641)

component bands in the infrared spectrum of PANO are 22 1311 92 } 120 ¢ ndamental
suggested in Table 2. They are as follows: (a) Fermi resofance 23 1261 32 fundamental
between the strong fundamental mode and weaker overtone and/ 53 1229 1% fundamental
or combination bands with close frequencies; (b) site splitting 26 1165 40 } 55 fundamental
resulting from the slightly different local environments of 27 1158 h: fundamental
molecules in the matri%¢ () absorption by fundamental modes s N 0} 7 f‘;”g?g%ftgée)
with very close frequencies. 30 1090 7 fundamental

Comparison of the Experimental Spectrum with the 31 1049 6 } 26 FR
Calculated Harmonic Spectrum. The experimental infrared 32 0% A fundamental
spectrum of PANO isolated in an Ar matrix (upper trace) is 34 976 3 fundamental
compared in Figure 6 with the simulated spectrum of isolated 35 972 9 fundamental
PANO in vacuo (lower trace) calculated at the harmonic ke oo b ﬂ‘:‘;r(‘j‘i?nmeenrt‘;?'
approximation and with the simulated harmonic spectrum of 38 853 24 fundamental
PANO in a dielectric field with dielectric constart= 1.6 39 769 38 fundamental
(middle trace). As seen, the main difference between the P ;gg 18 ]fﬂrr]‘ggmgmgl'
calculated and experimental spectra is the appearance in the 42 674 23 fundamental
former of an intense band at 2991 chfor PANO in vacuo 43 648 2 fundamental
and at 2917 cmt for PANO in the field while in the pr = S 7 S

. . . undamental

experimental spectrum no intense band is found anywhere near 46 566 8 fundamental
this region. aln a group of overlapped bands the most intense is in bold.

The obvious explanation for the absence in the experimental ® Normalized integrated intensity (see text). For the overlapped bands
spectrum of an intense band above 1737 tia that the OH (marked by braces) a sum of components intensities is givéiR =
stretching motion is highly anharmonic and the absorption band Fermi resonance; MS: matrix splitting.© Frequency and/or intensity
associated with it is shifted to lower frequeriéy2The spectral not certain.
patterns in the region below 2000 chin both calculated to those in the experimental spectrum. All frequencies, intensi-
spectra are almost identical and the frequencies are fairly similarties, and descriptions of the normal modes in these calculated
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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 censtané (middle
trace).

harmonic spectra are given in the following tables, where they E-E.(cm™)
are compared with corresponding data calculated at anharmonic 5000
approximation and with the experimental data. [ /
4000

Anharmonic Potential for Stretching the OH Bond in
PANO 3000

SCAN Potential of PANO in Vacuo. The simplest way to 2000 l i /
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 Gaussia#?.In this procedure the 1000
increase in energy from equilibriunk (— E¢) for the system is
calculated point-by-point, changing the valueR§©OH) by small 0 e A b ‘ v
increments (0.05 A) from the calculated equilibrium valBg, -0.400 -0.200 0.000 0.200 0.400 0.600 0.800
(OH). Multiplication of the displacement from equilibrium by q (Au'?

the square root of the reduced mass converts to the mass-F_ 7 c ) fthe potential for OH stretchi
; ; ; ; Y igure 7. Comparison of the potential energy curves for OH stretching
weighted internal displacement coordingf®H) = 1 **[R(OH) symmetry coordinate of PANO in vacuo calculated at DFT/B3LYP/

- Re(OH)]_- 6-31G(d,p) level (point by point calculation): light line, potential
The points calculated at the DFT/B3LYP/6-31G(d,p) level calculated using Scan procedure; heavy line, relaxed potential.

for PANO in vacuo are fit by the light line shown in Figure 7.
For values of the energy difference - Eg) varying from 0 to

5000 cnT* (which includes the fundamental orv0 v = 1 to calculate the anharmonic one-dimensional potential energy
ransition), th in n be fi fourth order polynomial. ) . ) )
transition), these points can be fit by a fourth order polynomia as a function ofR(OH) is to use the relaxed potential energy

Under the assumption that the dimensionless normal coordinate lculation in redundant int | dinat tial optimi
(Qly, in the notation of Wilson, Decius, and Cras} for this calculation in redundant internal coordinates (partial optimiza-

motion is just equal tog, the mass-weighted internal OH tion method descri_bed inref 22a, p 14_18)_. In_this_ point-by-point
displacement coordinate, we may use this fourth-order polyno- procedure constrained-geometry optimization is performed at

mial as the perturbation in the Somorjai and Hornig perturbation each value of the OH distance to obtaln_ the New energy and
treatment®37 to solve the one-dimensional time-independent new geometry for a molecule at the stationary point for each

Schralinger equation to obtain the anharmonic frequency for .neleé.value ?f tze O.H d;ﬁtarlcel. Thgse pi0|r1[§slflt the heavy I|n"e
the (v=0—v = 1) transition,va,{ OHs), and the vibrationally In Figure -/ showing the fTelaxed potential energy curve

averaged OH distance in the=v 0 vibrational statéRy(OH)[J calculated at the DFT/B3LYP/6-31G(d,p) level for PANO in

: vacuo.
The obtained values are For (E — Ee) values from 0 to 5000 cm, including the

1 fundamental v= 0 — v = 1 transition, this potential also can
Van{OHS)=2420cm ™ and [Ry(OH)= 1.0387 A be fit by another fourth order polynomial. The perturbation
solution of the one-dimensional time-independent Sdimger

This anharmonic frequency is much higher than values estimatedequation using this relaxed potential in the Somerjdornig
using two-dimensional approximations by Stare and Mavri  proceduré®37|leads to an anharmonic frequency of thes\0
from different fitting schemesvfn{OHs)= 2019, 1750, 1733,  — v = 1) transition,van{ OHs) and to a vibrationally averaged
or 1723 cnh). It is certainly too high to explain the experi- OH distance in the v= 0 vibrational statdRy(OH)LI Because
mental spectrum, since no intense absorption is found in the the fit of the fourth-order polynomial to the calculated relaxed
region near 2400 cr. potential curve is not precise, it is estimated that the value of

Relaxed Potential of PANO in Vacuo.An alternative way
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coordinate of PANO in the field with dielectric constant= 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.
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the anharmonic frequency from this relaxed potential is more
accurately given as

V. (OHs)= 1750+ 75cm ' and
[R,(OH)= 1.056, + 0.005 A

This estimate ofvan{OHs) andRy(OH)Oagrees within its
uncertainty with the values obtained by Stare and Mayrin-
(OHs) at about 1733 cm and [Ry(OH)O= 1.062 A) in their
two-dimensional calculation, suggesting that the “relaxation”
of geometry that occurs after the length of the OH bond is
increased allows the G+02 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 constant = 1.6 (corresponding to PANO in an Ar
matrix2®) 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 SomorjaiHornig®®3perturbation calculation with
this potential leads to

v, (OHS)= 1625+ 75 cm ' with
Ry(OH)= 1.066, + 0.005 A

Anharmonic energy levels calculated for the=v0 and v= 1
states are shown in Figure 8 by the horizontal lines.

The value of Ry(OH)(= 1.066, A) is much larger than the
equilibrium distance for PANO in the dielectric field with—
1.6 R(OH) = 1.013% A), but it is close to the experimental
value for crystalline PANO from neutron diffraction studiées
(Rex(OH) is 1.069 A at 295 K or 1.091 A at 15 K) and to the
value calculated for the anharmonic OH oscillator of PAMO
vacuo by Stare and Mav#t (1.062 A) and by Panek, Stare,
and Had#? for PANO monomer (from 1.046 to 1.068 A,
depending on the method of calculation).
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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 gO3w 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 withe = 1.6 given in the tables at the
end of this work. The anharmonic frequencies (from gO3w
anharmonic) for PANO in vacu®anncos are listed in column
five of the table. In column six the ratio of the anharmonic to
harmonic frequency;an{vha 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 frequencieg,, and intensitiesiex, 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?, which is certainly not consistent with the
experimental spectrum, unless this calculated normal mode has
very low intensity (which is very unlikef?) and it is not
detected experimentally. Presumably, the explanation for the
failure of the gO3w procedure to calculate correctly the
frequency of the strongly anharmonic Gtétretching mode in
PANO is its failure to allow for relaxation of the geometry.
This explanation is suggested by the fact that the anharmonic
frequencyvan{OHs) = 2421 cnt! obtained from the gO3w
anharmonic calculation is practically the same as the anharmonic
frequency obtained from the Somorjdilornig perturbation
treatment described above using the one-dimensional potential
from the single point (SCAN) calculation discussed above. The
other serious drawback of the gO3w 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/maol) was transferred almost entirely into the bands at
1737 and 1514 cmt 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 € = 1.6. Within this
approach, a normal coordinate calculation for PANO in a field
with € = 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
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TABLE 3: Calculated Harmonic Frequencies (h,), Intensities (An,) and Description of Normal Modes (@) Together with
Anharmonic Frequencies from Gaussian 03¥annco3 for PANO in Vacuo Compared with Experimental Frequencies §ey,) and
Integrated Intensities (Aexy) Of PANO Isolated in an Ar Matrix

Vha Ana description of normal modes VanhGo3 Van{Vha Vexp -
Qi (cm™) (km/mol) in terms of internal coordinates (ecm™) (cm™) (cm™ (km/mol)
In-Plane Modes

1 3266 2 12C6H s 3139 0.961

2 3241 4 15C3Hs, 14 C4Hs 3101 0.957

3 3230 1 14 C4Hs,13C5H s, 15C3H s 3112 0.964

4 3216 1 13C5H s, 14 C4H s 3078 0.957

5 2991 574 102Hs 2421 0.809

6 1841 307 11 C¥03s 1801 0.978 1737 720

7 1670 31 5C5C5s,2C2C3ss,3C3C4s 1629 0.975 1611 10

8 1603 15 4 C4C5s,3C3C4 s, 27 HO2C7 be 1563 0.975 1561 3

9 1564 364 27 HO2C7 be, 26 O3C7 be, 9602 s 1513 0.967 15%4 525
10 1520 12 20 C4H be, 2 C2C3s,5C5C6 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 ©1439 228
12 1354 132 7NO1s,9C702s, 21 C5H be 1321 0.976 1311 12¢¢
13 1298 8 2C2C3s,19C3Hbe, 1I0NC2s 1268 0.977 1261 32
14 1272 1 6 NC6's, 19 C3H be, 5C5C6 s, 10NC2 s 1245 0.979 1220 2
15 1228 37 9C#02s,7NO1s,6 NC6s 1184 0.964 1165 55
16 1178 2 20 C4H be, 21 C5H be 1162 0.978 1158 1
17 1169 29 9 C702s, 22 C6H be, 21 C5H be, 3C3C4 s 1147 0.981 1144 70
18 1112 2 16 Ridel, 6 NC6 s, 19 C3H be 1090 0.98 1090 7
19 1070 11 4 C4AC5's, 19 C3H be, 3C3C4 s, 22 C6H be 1046 0.977 ©1038 261
20 873 21 16 Ridel, 7NO1s, 6 NC6 s, 25 C2C702 be 858 0.983 853 24
21 779 6 26 O3C7 be,8C7C25s,10NC2 s 766 0.983 762 9
22 664 2 17 Ride2, 26 O3C7 be, 18 Ri de3 653 0.983 648 2
23 587 24 23 NO1 be, 25 C2C702 be, 24 C2C7 be 582 0.991 ¢ 577 47
24 576 6 18 Ride3, 17 Ri de2 570 0.99 566 8
25 452 1 25 C2C702 be, 23 NO1 be, 24 C2C7 be 449 0.993 e
26 396 13 8 C7C2s, 18 Ride3, 26 O3C7 be 393 0.992 e
27 279 23 24 C2C7 be, 25 C2C702 be 277 0.993 e

Out-of-Plane Modes

28 1005 1 32 0C3H w, 33 0C4H w, 34 oC5H w 988 0.983 976 2
29 975 2 34 oC5H w, 35 0C6H w, 32 0C3H w 957 0.981 972 9
30 925 82 39 0HOC7't 912 0.986 965 83
31 887 2 35 0C6H w, 33 0C4H w, 32 0C3H w 874 0.985 877 1
32 790 38 33 0C4H w, 34 oC5H w, 36 0C6H w 777 0.983 769 38
33 758 18 28 oRi del, 37 00CO tw, 38 00CO w, 31 oNO1w 762 1.005 768 19
34 678 21 28 oRi del, 37 00OCO tw, 38 00OCO w, 31 oNO1w 669 0.987 674 23
35 535 3 31 oNO1 w, 30 oRi de3, 28 oRi del 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 0oCC2 w, 31 oNO1w 249 0.988 e
38 130 0 36 0CC2 w, 30 oRi de3 128 0.985 e
39 91 3 38 00CO w, 37 00CO tw 91 1 e

a Definition of the symmetry coordinates given in Table® Normalized experimental integrated intensity (see texgyequency of the most
intense band of the group of bands (see Tablée Bjtensity of all components of the group of bands (see TabléR&low studied region.

stretching coordinate only, and that deviations of the potential ~ This function replaced the harmonic potential

energy curves from harmonic, along all other symmetry

displacement coordinates, are very small. This assumption is V. (0r) = 1/Zkhaér2 3)

supported by the results presented in the previous section. As

shown in Table 3, the values of the ratio of the anharmonic to in the Hamiltonian operator for the 1-D anharmonic oscillator

the harmonic frequency are on the order of-10096 for all problem, which was solved by the Somotj#dornig perturba-

normal modes except for the OH stretch, for which it is 0.809. tion treatmeri# to obtain the frequencyan,of the fundamental

It is clear from the comparison with experimental spectrum in (v = 0— 1) transition. Another way to state this is to say that

previous discussion that the anharmonicity of the OH stretch the properties of an anharmonic 1-D oscillator in the ground

mode is underestimated in the g03w anharmonic calculation. state are modeled, in theory, by replacing the classical harmonic
In the discussion above the terms “OH-stretching frequency” oscillator (withvpg) by aneffectve harmonic oscillator with an

and “anharmonic potential for the OH stretching vibration” refer effective frequencyver equal to the value ofan For this

to a one-dimensional (1-D) oscillator described by the single effective oscillator the potential energy function valid up to the

mass-weighted displacement coordingtevhere v =1 level is
1 2
q(OH) = 161 = u*? 5ty = u*? [R(O2H) — R(O2H)] Veit (01) = ToKegt OF 4)
@ From this
For PANO in a field withe = 1.6, the 1-D relaxed potential KeiKon = [Vegdl a]z = [v, {OH)v (OH)]Z —c2 (5)
fff “ha = LYeff Yhal = L¥an hal ="

energy associated with stretching the O2H bond was fitted by

a fourth order polynomial function ar: assuming that the effective mass for the OH oscillator does not

depend on whether it is harmonic, but is always given by 1/
4 3 2
Van{Or) = aor™ 4 bor™ + cor” + dor (2 = 1/my + 1/mo. Hence, the effective force constant is
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keff = Clzkha

A polyatomic molecule such as PANO has-3 6 such 1-D
oscillators, each associated with a normal vibration frequency
(normal mode)v; and a normal coordinate iQwhich is a
function of the complete set of the independent (nonredundant)
symmetry displacement coordinaté, and not just ofS, =
oron. The harmonic potential energy in the symmetry displace-
ment coordinates has the form:

Vi St S+ Sne) = Yok + Y kS +
30> m 1KmSSn (1)
(S, § andS; are remaining symmetry coordinatésj, m= 2,

3, ..., h — 6, ky = ki1, andkjm = kmj). For the harmonic problem
we defineS; = orop, andkyy, ki, andk, are the values for the

(6)

harmonic diagonal and off-diagonal force constants expressed

in the symmetry coordinates defined in Table 1. They were
obtained by the usudl transformation from the values of
harmonic force constants in Cartesian coordinates (from g98w)
to those in symmetry coordinates, using xtrap#ck.

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 o
all symmetry coordinatesxcept $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 oscill&oabpy the
effective harmonic oscillatoiSs. Thus, theki1S:2 term in the

potential energy expression in eq 7 is replaced by the equivalent

effective term

kef'fSl2 = C12 khasl2 = khaSeﬁ2 (8)

where
Si=0S 9

In fact, S replacess; in every term in the harmonic potential
energy expression (eq 7) to obtain the effective multidimensional
potentialWann of & system with a large anharmonicity for the
OH-stretching vibration:

WonC1 Sy S5 S5+ S50) = 1/2k11‘312312 + Zikliclsls +
szm l/ijmﬁsm (10)

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 K;1), should be replaced the by the corresponding
effective diagonal force constar {c;?). (2) The harmonic off-
diagonal elements involving the OH stretching coordin&ig (
with i = 2, 3, ..., 31 — 6) should be replaced by the
corresponding effective off-diagonal anharmonic force constants
(kgicy). (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 value
as those from the harmonic calculation. (4) Finally the anhar-
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monic spectrum “REL” is obtained using a normal coordinate
program (xtrapack?in this case) and data from the output file
from the g98w harmonic calculation for PANO in a field with

e = 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
(egs 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 with= 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 §” by “c;?". All other elements in row 10 and in
column 10 should be multiplied byci”.

We have calculated the anharmonic spectrum “REL” as
described above for PANO in a dielectric field wigh= 1.6
using a range values o, (within the limits of its uncertainty).

"rhe spectrum calculated usimgy,= 1700 cnT? (so thatc; =

0.5946 andc;? = 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, sgeen
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 Vanh = 1700+ 15 cntl.

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 1960400
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)( infrared intensity &), 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
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TABLE 4: Elements (in aJ/A2) 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 -0575 -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
0.05
3
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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 withe = 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.
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of PANO in the Ar matrix assigned to calculated normal modes Table 3. As seen in this table, the calculated values of their
in the anharmonic spectrum are listed in bold face type below intensities are all very low, consistent with the fact that we do
anharmonic values for a comparison. The criterion for the match not observe any absorption in this region in the spectrum of
is that both frequency and intensity from the calculation should PANO isolated in the Ar matrix.
be close to the value_s from the experimental spectrum. It can  The most important observations from examining Table 5
be expected that with such a close match the calculated g|ate4 to the agreement between the corresponding experimental
description of the normal modes in terms of internal coordinates and calculated frequencies and intensities and to the mixing of
as We.” as the PEDs and the. I.DS _WOF“d genera_lly apply to the the OH stretching mode with the other modes in the anharmonic
experimental spectrum providing its interpretation. .erectrum are discussed below.
Because the results have been presented here as a perturbatio ) )
1. In sharp contrast to the harmonic spectrum for which the

of the harmonic spectrum, the corresponding results for the .
normal mode Q5 at 2859 crh(calculated to be very intense)

harmonic calculation of the spectrum of PANO in a dielectric
field (¢ = 1.6) are also listed in Table 5. In addition to the i !
unscaled calculated frequencies (in both harmonic and anhar-SPectrum the normal mode Q5 is calculated at 1845'anith
monic spectra) the frequencies scaled by a constant factor 0.98very low intensity, and it is a mixture of the=€0 stretch (PED

are also given in Table 5. The scaling factor 0.98 is close to = 45%), the OH stretch (PEB- 27%) and the in-plane HOC

the average ratio of the anharmonic and harmonic frequenciesbend (PED= 22%). This mixing of the OH stretch with the
(except for the OH and CH stretch) from the g03w anharmonic in-plane HOC (or HO2C7) bend (in phase) and with the@
given in Table 3. This scaling factor accounts approximately stretch (out of phase) results in a very low intensity (see values
for the basis set error and the anharmonicity of the vibrations of IDs). The normal mode Q5 in the anharmonic spectrum has
other than OH stretch. The CH stretch normal modes are notfrequency and intensity close to those found in the experimental
listed because their frequencies are the same as those given ispectrum, although the experimental band assigned to this mode

is essentially pure OH stretch (PED97%), in the anharmonic

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 cnt?

calculated anharmonic spectrum “REL”

calculated harmonic spectrum

Veal (C mil) Acal
Vep(CM™)  (km/mol) symmetry  (PED} [ID] Vea (CMTY) Acal symmetry  (PEDY [ID]*
Q Us& S¢ Acx’ coordinaté (%) (km/mol) Usé@ S  (km/mol) coordinaté (%) (km/mol)
5 1883 1845 11 11GFO3s  (45h) 14] 2917 2859 681 102H's (99 [735]
1867 10  102Hs %) 9]
27HO2C7be  (22) —24]
24 C2C7 be @) -10]
25C2C702be +3-) [20]
6 1768 1733 714 102Hs (49 450] 1837 1800 359 11 G703 76+) 248]
173® 7200 11 C7=03 (331)  [225] 25C2C702be  (3) —139]
25C2C702be  (9) —147] 26 03C7 be )  [46]
24 C2C7 be £2-)  [111] 24 C2C7 be (®)  [103]
7 1667 1634 61 5C5C6 s 23 [10] 1669 1636 37 5C5C6 s (29 [10]
1611 10 2C2C3s (269 -2] 2C2C3s 2r) [
3C3C4s (14) -2] 3C3C4s (13) [-3]
11C7=03s  (4) 20] 8C7C2s #)  [13]
102Hs (1) 22] 24 C2C7 be ) —21]
8 1603 1571 4 4C4C5's (39 -3] 1605 1573 37 4C4C5 s (29 [-3]
1561 3 3C3C4s a# 2 3C3C4s 13  [5]
10NC2s (9) 5] 27HO2C7be  (9)  [30]
9 1549 1518 563 27HO2C7be (59  [306] 1577 1545 389 27HO2C7be (5 [301]
1514 525 102Hs (14r) 236] 26 O3C7 be 3) 63]
26 O3C7 be (5) 110] 9C7-02s @r)  [49]
8C7C2s (&) 67]
10 1518 1488 65 20 C4H be @20 [9] 1520 1490 8 20 C4H be 29 2]
1483 69  5C5C6s (18) 11] 2C2C3s 19) [-2]
2C2C3s (17) -3] 5C5C6 s (19) [4]
23 NO1lbe #) -30] 19 C3H be (13)  [6]
27HO2C7be  (3) 30
102Hs ) 32
24 C2C7 be @) 24
11 1475 1446 277 21 C5H be ) 18 1477 1447 193 21 C5H be (22 18]
1439 228 22 C6Hbe (28) 17 22 C6H be (28) [12]
3C3C4s (1%) 10 9C7-02s 2H 9]
10NC2's () 29 10NC2's ) [21]
7NO1s (5+) 82 7NOLs (6F)  [80]
24 C2C7 be (&) —-112] 19 C3H be ()  [19]
26 O3C7 be (2) 45 24 C2C7 be (4) —83]
102H's ) 35 26 03C7 be ()  [26]
27HO2C7be (&) 43 25C2C702be (&)  [24]
8C7C2s (+) 21

aUsc = unscaled frequencie®Sc = frequencies scaled by 0.98Normalized experimental integrated intensity (see téMDefinition of the
symmetry coordinates given in Table®ISee 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’ See ref 33; for ID the sign indicates whether the contribution adgsof subtracts €) to increase or decrease of total
intensity.9 Frequency of the most intense band of the group of bands (see TaBlm®@nsity of the all components of the group of bands (see
Table 2)." Band can be hidden under the absorption in this region by #@ ikhpurities.
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is barely distinguishable from the noise and its frequency and ID = 306 km/mol), but also has a substantial contribution,

intensity are uncertain. particularly to the intensity, from the OH-stretching coordinate
2. The normal mode Q6 (at 1733 ch) in the calculated (PED = 14%, ID = 236 km/mol).

anharmonic spectrum “REL” has frequency and intensity very 4 The calculated anharmonic spectrum “REL” in Table 5

close to those found for the corresponding mode in the |ists two CH-bending normal modes, Q10 and Q11, at 1488

experimental spectrum. This very intense normal mode has its 5\ 1446 cmt, with relatively small contributions to PEDs but

:carge;t] C(z)n:'nbtutl?nh to :jhe PED”(A"?)%t) a.md.f'ID (?50 ‘img"l?') with significant IDs, from both the OH stretch and HOC bend.
rom the Stretch and a smarer but significant Contrioution Frequencies and intensities of these modes in anharmonic

= 0, = i
from the G0 stretch (PED= 33%, 1D = 225 km/mol). This spectrum “REL” are close to those in the experimental spectrum.

is in sharp contrast to the harmonic spectrum for which normal ) i
mode Q6 (at 1800 cr) is dominated by the €0 stretch (PED The quality of the agreement between the experimental and
calculated anharmonic spectrum “REL” for the remaining

= 76% and ID= 248 km/mol).

3. The other normal mode of anharmonic spectrum “REL” hormal modes is quite good as can be seen by examining Tables
calculated with very high intensity is Q9 (at 1518 ¢ Its 6 (1400-800 cnr?) and 7 (806-270 cnt?). Most of the
frequency and intensity are very close to the corresponding calculated frequencies agree with the experimental values within
experimental values. This normal mode has its largest contribu- +3%. With a few exceptions, the agreement between calculated
tion from the in-plane HOC bending coordinate (PEb9%, and experimental intensities is withia20% (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 1406-800 cnt?

calculated anharmonic spectrum “REL”

calculated harmonic spectrum

Veal (Cmil) Acal
Vep (CM™)  (km/mol) symmetry  (PED} oy vea (CM™Y) Acal symmetry  (PED} [D]f
Q Us& S¢ Acx® coordinaté (%) (km/mol) Usé S  (km/mol) coordinaté (%) (km/mol)
12 1352 1325 147 7NO1s @2  [93] 1352 1325 155 7NO1s (22 [94]
1318 1200 9C7-02s (16-)  [36] 9C7-02s @an  [37]
21 C5H be (12) -9] 21 C5H be (12) -9
22 C6H be (16) -8] 22 C6H be (16) -9
16 Ri defl (8) -16] 16 Ri defl (8) -16]
8C7C2s ) 33] 8C7C2s ) 35]
26 O3C7 be 3) 46] 26 03C7 be (3) 49]
24 C2C7 be ) —41] 24 C2C7 be ) —43]
13 1298 1272 13 2C2C3s 27 -3] 1298 1272 12 2C2C3s #9 -3
1261 32  10NC2s (16-) -9] 10NC2s (16-) —8]
19 C3H be 15) —6] 19 C3H be 15) —6]
25C2C702be  (4) -19] 25C2C702be  (4) -18]
7NO1s (4 11] 24 C2C7 be ®) 20]
9C7-02s (4 5]
24 C2C7 be @) 22]
8C7C2s (+) 4]
14 1271 1246 1 6 NC6 s () 1] 1272 1247 1 6NC6 s (25 -1]
1220 2 19C3Hbe (16 -1] 19 C3H be (1%) —1]
22 C6H be (13) 1] 5C5C6 s (13) 0]
15 1218 1194 47 9G702's (26-) —27] 1226 1201 40 9C702's (28-) —25]
1165 55  7NO1ls (26+) 64] 7NO1s @7) 54]
8C7C2s (1) —14] 6NC6 s (1%) 6]
27HO2C7be  (5) 20] 8C7C2's 1%) 0]
102H's (3H) 16] 27HO2C7be  (5) 10]
26 03C7 be @) —15]
16 1177 1154 1 20 C4H be (32 0] 1178 1154 2 20 C4H be 3 [-1]
1158 1 21 C5H be (27) 1] 21 C5H be 27 [
19 C3H be (1e) —1] 19 C3H be ae) [0
17 1169 1145 33 9C702s 19-) 18] 1169 1145 33 9C#02s (19-) 18]
1144 700 22C6HDbe (1%) —1] 22 C6H be (14) —1]
3C3C4s (14) -3] 3C3C4s (14) -3
21 C5H be (12) 5] 21 C5H be (12) 5]
7NO1s () 7]
18 1113 1091 2 16 Ri defl (26 3] 1114 1092 2 16 Ri defl (26) 2]
1090 7  6NC6s (14 2] 6 NC6 s (14+) 1]
19 C3H be (13) 2] 19 C3H be (13) —2]
19 1070 1048 11 4CA4C5 s (43 -2] 1070 1048 11 4CA4C5's (49 —2]
1038 26"  19C3Hbe (12) 5] 19 C3H be (12) 5]
3C3C4s (12) -1] 3C3C4s (12)  [-1
24 C2C7 be @) 5]
20 871 854 24 16 Ri defl 43 9] 871 854 25 16 Ri defl 48)  [9]
853 24 7NOls (18- 22] 7NOLs 1s)  [22]
6NC6 s 1wy [-3] 6NC6 s 1w [-3]

aUsc — unscaled frequencieSc — frequencies scaled by 0.98Normalized experimental integrated intensity (see téMDefinition of the
symmetry coordinates given in Table®ISee 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’ See ref 33; for ID the sign indicates whether the contribution adgsof subtracts €) to increase or decrease of total
intensity.9 Frequency of the most intense band of the group of bands (see TaBlm®@nsity of the all components of the group of bands (see
Table 2).
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TABLE 7: Comparison of in-Plane Normal Modes (Qi) of the Cal

Szczepaniak et al.

culated 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 8006-270 cnt?

calculated anharmonic spectrum “REL”

calculated harmonic spectrum

Veal (Cm_l) Acal
Vep (CM™)  (km/mol)  symmetry  (PED¥  [ID]f Vea (CMTY) Acal symmetry  (PEDf  [ID]f
Qi Us@ S¢& Acx’ coordinaté (%) (km/mol) Us@ S&  (km/mol) coordinaté (%) (km/mol)
21 778 762 6 26 03C7 be (29 —8] 780 762 6 26 03C7 be (39 —1]
762 9 8C7C2s (189 -2] 8C7C2s (17) 1]
10NC2's (16-) -1] 10NC2's (15 0]
7NOLs () 5]
9C7-02s (=) 2]
22 662 649 1 17 Ri def2 (42 0] 664 651 2 17 Ri def2 (41) 3]
648 2 26 03C7 be (34) -2] 26 03C7 be (33) 4]
23 587 576 34 23 NOlbe 29] 588 577 29 23 NOlbe 27]
577 am 25C2C702be  (16) 21] 25C2C702be  (17) 20]
24 C2C7 be £34) —23] 24 C2C7 be £34) —-22]
102Hs (6r) 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 @8 [-2]
26 03C7 be #) 4]
24 C2C7 be (8) 4]
7NO1s 5t 3]
25 454 445 1 25C2C702be (42 1] 454 445 1 25C2C702be (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 8C7C2s (39 6] 399 391 16 8C7C2s (34) 5]
j 18 Ri def3 (19 1] 18 Ri def3 (191 [1]
26 03C7 be (14) ~11] 26 03C7 be (13) [—9]
25C2C702be  (9) 9]
102H's 1) 7]
27 279 274 31 24 C2C7 be (67 23] 280 275 26 24 C2C7 be (6% [21]
i 25C2C702be  (20) 10] 25C2C702be  (20) [9]
102H's ©) 5]

aUsc = unscaled frequenciesSc = frequencies scaled by 0.98Normalized experimental integrated intensity (see téMDefinition of the
symmetry coordinates given in Table®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’ See ref 33; for ID the sign indicates whether the contribution adgsof subtracts €) to increase or decrease of total
intensity.9 Frequency of the most intense band of the group of bands (see Tablm®@nsity of the all components of the group of bands (see

Table 2).i Below the studied region.

of measurement and normalization of experimental intensities

and the uncertainty of the calculation).
T
Rl

@’@@

O

O

Q26mn; v=1390 cm™; A =21 km/mol

2
i

Q27,0n; v=274 cem’'; A =31 km/mol
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 ctwith the largest contribution from the
01---02 stretching vibration.

Unfortunately, the very low signal-to-noise ratio of the
spectrometer and its low-frequency cutoff (at 400-¢ymade
it impossible to record the experimental spectrum in the region
below 550 cmt. The normal modes involving the “heavy atom”
01---02 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” O2:-O2 stretch is not an independent
degree of freedom for a bent intramolecular OHO system
because of the geometric constraints. For this reason the
01:--02 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 @022 motion.
Instead, it is described in terms of stretching and bending
symmetry coordinates such as C2C7 bend, C2C7 stretch, and
C2C702 bend and others.

Involvement of the O%-02 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) and Q27 (at 274 crt). The figure,
drawn using the animol prografAshows 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 O%-02 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—02—-C7=03 unit moves against the pyridif¢oxide unit
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resulting in an increase of the ®¥02 distance. In normal mode  TABLE 8: Comparison of the out-of-Plane Normal Modes

Q27, the H-02—C7=03 unit rotates counterclockwise against (Q')l of the (_:altljculaied Harmonic Sp?CtrumIOf PANO in

the clockwise rotation of the pyridin&-oxide unit, again  2i€lectric Field (e = 1.6) with Experimental Ar Matrix
T . . ) Lo Spectrum (Bold Numbers)

resulting in an increase in the @102 distance. This figure

also shows the small contribution from the O2H stretch in Q26 calculated anharmonic spectrum “REL”
and Q27. vea (CM™) Acal
Out-of-Plane Modes. Because the perturbations of the o e em™)  (km/mol) symmetry  (PEDf  [ID]'
harmonic calculation of the spectrum used in the model @ Us¢ SC A coordinaté (%)  (km/mol)
calculation of anharmonic spectrum “REL” are all in the plane 28 1007 987 1 320C3HwW (54 3]
of the PANO molecule, the calculated spectrum for the out-of- 976 2 gi Ogg:a (ig) 1—3]
plane motions is identical to the spectrum calculated at harmonic 59 975 gsg 2 340005H W ((633 ,]5]
approximation. Table 8 collects calculated frequencies (unscaled, 972 9 320C3HwW  (26) 3]
and scaled by a factor of 0.98), intensities and the description 350C6HwW  (25) 4]
of the normal modes in terms of symmetry coordinates at the 30 942 996253 8833 390HOC7t (189  [88]
harmonic approximation of the out-of-plane modes of PANO 37 ggg g72 2 350C6HW  (69) 5]
in the field withe = 1.6. As seen in this table, most of the 877 1 330C4HW  (20-) —-2]
calculated frequencies agree with the experimental values within 320C3HwW  (19-) —2]
+3%. The agreement between calculated and experimental 32 792 776796 ;80 Siiggﬁ'"ww (z(g %21%
intensities. i§ also within the uncertainty in the dgta. The 350C6HwW  (18) 15]
anharmonicity of the out-of-plane modes can be estimated by 310NO1w  (6+) 14]
examination of Table 3. 3700COtw  (5) —15]
33 758 742 20 28 0Ridefl (29 —15]
, 768 19 3700COtw (23) 18]
Concluding Remarks 3800COwW (22) —7]

. . ) 310NO1w  (19) 22]
(1) Itis obvious that the quantum-mechanical DFT/B3LYP// 34 679 665 22 28 oRidefl (57 18]

6-31G(d,p) calculation of the spectrum of PANO at the harmonic 674 23 3700COtw (19) 16]
approximation does not resemble the experimental spectrum. g&io (NDS?W (}&}) :g]o
Not only there is no intense absorption band within 1200km 35 534 523 3 3100N01WW ((4)2) —g] ]
of the calculated harmonic frequency for the OH stretch near g 30 oRidef3  (3%) 6]
2900 cnt? but also there is no absorption at all that is clearly 28 oRidefl  (26-) —3]
distinguishable from the noise. At first glance, it appears as 441 432 0 3%90%?(1'2%2 (2(—;83 8
though the strong infrared absorption band expected for the OH 37 553 24?8 4 29 oRidef? 1
stretching mode has simply disappeared, leaving no trace. g 30 oRidef3  (30-) 2
(2) The mixing of the OH stretching with other internal g? 8&8%‘% ((%g; g
coordinates in the calculated anharmonic spectrum “REL” that 33 135 129 0 360CC2wW  (70) 0
agrees with the experimental spectrum of PANO isolated in Ar g 30 oRidef3  (26°) 0
matrix clearly answers the question “What has happened to the 39 92 90 3 3800COw  (68B) 2
strong absorption from the OH stretch?” It is no longer 9 3700COW (38) 4

associated with one single strong band but most of the intensity 2Usc — unscaled frequencie8Sc — frequencies scaled by 0.98.
associated with the OH stretch is accounted for in anharmonic ¢ Normalized experimental integrated intensity (see téXbefinition
spectrum “REL” by intensity redistribution into the normal Of the symmetry coordinates given in Table*Eee ref 32; the sign at
modes Q6 and Q9, causing significant enhancements of theirthe rlght side of the PED value indicates |t.s phase relatlvg to the first
. ) . . . value listed for the normal modéSee ref 33; for ID the sign indicates
intensity. Our experience from this and other studies of PANO | ciher the contribution addst] or subtracts ) to increase or
and other systems with strong hydrogen bdhdsiggests that  gecrease of total intensity Below studied region.

the mixing of the OH stretch with other modes does not become

normal mode drops below about 2200 ¢nand that mixing  model. Some of the assumptions in it may be questioned. It is
becomes more important the lower it becomes. possible that alternate models based on different assumptions
(3) In the analysis of the experimental infrared spectrum of might be developed to calculate anharmonic spectra (and we
PANO isolated in an Ar matrix, and in its interpretation, it is have tried many of thef‘ﬁ). However, the apparent success of
hard to overemphasize the importance of the infrared intensity. anharmonic spectrum “REL” in understanding the experimental
Itis true that measuring the absolute integrated molar absorptionspectrum of PANO suggests very strongly that the essential
coefficients of the bands observed in the spectrum may haveconcepts are indeed valid, and that further refinements will not
considerable error (perhaps as large as 20% or even 50% forchange the interpretation of the spectrum very much.
some less intense or overlapped bands). However, even such (5) A general conclusion from the studies presented here is
uncertain estimates of intensities are extremely valuable in an that the relaxed poten[ia] energy curve may pro\/ide a reasonab|y
attempt to understand a spectrum like that pf PANO. We _have good approximation to the “true” potential for the strongly
seen in the results presented here that, with the exception ofanharmonic stretching motion of the hydrogen atom in other
the OH stretch, all other frequencies are not very different going short and strong hydrogen bonds. However, more studies are
from harmonic to anharmonic spectrum “REL”, but the intensity needed (and are in progré3sto justify this generalization.
pattern differs dramatically.
(4) The agreement between the anharmonic spectrum “REL” References and Notes
and _the exper_|mental infrared spectrum Of. PANG in an Ar (1) Stare, J.; Mavri, J.; Ambfég, G.; Hadi, D. J. Mol. Struct.
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