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Theoretical modeling of the OH stretch infrared spectrum of carboxylic
acid dimers based on first-principles anharmonic couplings
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Carboxylic acid dimers serve as prototypical systems for modeling the unusual spectral behavior of
the hydride stretch fundamental. Large anharmonic effects associated with the pair of cooperatively
strengthened OH̄ OvC hydrogen bonds produces complicated infrared spectra in which the OH
stretch oscillator strength is spread over hundreds of wave numbers, resulting in a complicated band
sub-structure. In this work cubic anharmonic constants are computed along internal coordinates
associated with the intramolecular OH stretch, intermolecular stretch, and OH bend internal
coordinates for the formic acid and benzoic acid dimers. These are then projected onto the normal
coordinates to produce mixed states that are used in computing the OH stretch infrared spectrum.
For the benzoic acid dimer the calculations accurately reproduce for three deuterated isotopomers
the overall breadth and much of the vibrational sub-structure in the observed spectra. For the formic
acid dimer, the spectrum is calculated using a model employing a subset of the cubic force constants
as well as using the full cubic force field. The spectra calculated for the formic acid dimer are
sparser and somewhat more sensitive to the exact positions of the anharmonically coupled states
than that of the benzoic acid dimer. Again semiquantitative agreement with experiment is obtained.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1530573#
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I. INTRODUCTION

The hydride stretch region of infrared spectra has lo
been used to diagnose the presence and strength of hydr
bonds involving the XH group.1 When an XH group forms a
hydrogen bond, the XH stretch fundamental undergoe
large frequency shift, the magnitude of which reflects
strength of the hydrogen bond formed. Accompanying t
frequency shift is a corresponding broadening and incre
in the infrared intensity of the XH fundamental. The infrar
~IR! spectra of the carboxylic acid dimers manifest all
these effects. These species are particularly interesting
cause they are held together by two cooperatively stren
ened OH̄ OvC hydrogen bonds. In symmetric carboxyl
acid dimers, such as the formic acid,2–4 acetic acid,5 or ben-
zoic acid6 homodimers shown below, the OH stretch ban
are spread over more than 500 cm21, and exhibit a rich sub-
structure that reflects the presence of strong anharm
couplings.

a!Author to whom correspondence should be addressed. Electronic
jordan@imap.pitt.edu

b!Author to whom correspondence should be addressed. Electronic
elsibert@facstaff.wisc.edu
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Much past theoretical work on these species has sou
to determine the most important sources of the broaden
and sub-structure in the OH stretch region of the spec
Here, we return to these issues, motivated by new infra
spectra obtained under supersonic jet conditions of the
mic acid dimer,2,3 the acetic acid dimer,5 and three isoto-
pomers of the benzoic acid dimer.6 The cooling under these
conditions collapses the population entirely into the ze
point vibrational level~which can be split by tunneling!. Fur-
thermore, in the case of the benzoic acid dimer, the dou
resonance scheme employed~fluorescence-dip infrared spec
troscopy! ensures that the observed spectral absorptions
uncontaminated by hot bands, but instead arise purely f
the zero-point level, with a rotational distribution in the 3–
Kelvin temperature range.6 Such conditions resolve sub
structure that would be obscured in the presence of
bands. Furthermore, the selectivity of the double resona
scheme also enables the acquisition of infrared spectra f
individual deuterated isotopomers free from interferen
from one another.

In a recent paper we presented initial results of a th
retical model which sought to account quantitatively for t
structure observed in the OH stretch spectrum of the ben
acid dimer.6 This model was able to account for the over
breadth of the spectrum as well as for the major sub-struc
observed. The present paper provides a full account of
model, building on the initial results in several way

il:

il:
5 © 2003 American Institute of Physics
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In Sec. II the relationship of the current work to prio
theoretical approaches to the vibrational spectra of H-bon
dimers is briefly reviewed. Section III develops the theor
ical model used in this work. Section IV provides compu
tional results that serve as input for the theory. These invo
an extensive set of electronic structure calculations of
geometries, harmonic vibrational frequencies, and key an
monic constants for the formic acid dimer~FAD! and for the
benzoic acid dimer~BAD!. The ability of the simple physica
model, employing only a subset of the anharmonic c
plings, to capture the important physics is established
carrying out for FAD a calculation of the spectrum using t
full cubic force field. Finally, in Sec. V, the model is applie
to formic acid dimer and three isotopomers of benzoic a
dimer. We shall see that much of the sub-structure in the
spectra of these dimers can be accounted for by a si
cubic anharmonic term coupling the OH stretch and O
bend internal coordinates.

II. BACKGROUND MATERIAL

The goal of the present study is to generate vibratio
spectra of FAD and BAD in the region of the OH fundame
tal, allowing for cubic couplings. There is a considerab
body of previous theoretical work in this area starting w
the early studies of Bratos and Hadzi7 and Sheppard.8 For a
recent review, the reader is referred to the work of Cham
and Henri-Rousseau.9 In cyclic H-bonded dimers the mai
couplings appear to be Davydov coupling between the
localized OH stretch vibrations, Fermi coupling between
OH stretch and nearly resonant combination bands, and
pling between OH stretch and interdimer H-bond vibratio

Maréchal and Witkowski10 have modeled the comple
structure of the acetic acid dimer using an adiabatic tre
ment that describes the coupling of the high frequency X¯H
and low frequency X̄ Y vibrations. This model, using em
pirically determined coupling constants, provided go
agreement with experiment. Wo´cjik et al.11 used insteadab
initio methods to calculate the relevant cubic potential c
plings, and concluded that the coupling between the
stretch and intermolecular H-bond vibrations does not
count for the observed spectrum. However, because the
culations were at the Hartree–Fock level and employed
small 4-31G basis set, the results should be considered q
tative at best.

Subsequently Mare´chal reanalyzed the IR spectra of ca
boxylic acid dimers in the gas phase,12 highlighting the role
of the so-called ‘‘parasitic’’ Fermi resonances. From his p
spective, Fermi resonances complicate the analysis of th
spectra, hiding the more interesting, temperature-depen
effects of the coupling of the OH stretch with the low
frequency modes. Using an elegant deconvolut
procedure,13 Maréchal removed the effects of the Fermi res
nances, obtaining spectra, with relatively narrow full wid
at half maximum~FWHM!, and which, in principle, include
effects due to coupling with the low frequency modes on
To the best of our knowledge, there has been no attemp
verify these results by comparing with spectra calculated
ing ab initio values of the coupling constants.
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Very recently, Ito and Nakanaga2,3 have obtained high-
resolution jet-cooled infrared spectra of FAD by cavity rin
down spectroscopy. These low temperature spectra are m
less congested than the earlier room temperature spectr
expected if coupling to low-frequency modes were the do
nant contributors to the width of the spectra in the latter a
supporting the conclusions of Mare´chal.12

III. THEORETICAL MODEL

This section describes the calculation of potential co
plings and the theoretical models used to calculate the vi
tional spectra of BAD and FAD. For BAD only a limited se
of potential couplings are calculated, with the choice of co
plings being motivated by the prior studies described abo
In particular, we incorporate the cubic force constants t
couple the OH stretch to the OH bending and to the interm
lecular H-bond stretching degrees of freedom. In order to
the appropriateness of this truncated cubic force field
proach, it was also applied to FAD, for which spectra a
also calculated using the full cubic force field.

We first describe the truncated force field model, as
plied to BAD. However, other than the labeling of the coo
dinates, and the need to account also for the CH stretch
brations, the model is also applicable to FAD. T
calculation of the IR spectra proceedsvia a three-stage pro
cess. We first choose local internal coordinates that are lin
combinations of the normal coordinates. Although there is
fundamental reason for the internal coordinates to be line
related to the normal coordinates, this choice simplifies
transformation between the two coordinate systems. We t
obtain using electronic structure methods a restricted cu
force field as a function of the internal coordinates. The
sulting force field is then re-expanded as a function of
normal coordinates. The vibrational spectrum is obtained
diagonalizing the resulting Hamiltonian in a basis set t
consists of states that are directly coupled to the OH fun
mental, and, as such, the resulting spectrum includes all
sible coupling mechanisms considered in earlier resea
The remainder of this section describes these steps in m
detail.

A. Choice of coordinates

The standard approach for determining the relation
tween internal coordinates,R, and Cartesian coordinates,x,
is to construct theB-matrix of Wilson, Decius, and Cross14

R5Bx. ~1!

The Cartesian coordinates, in turn, are linearly related to
normal coordinatesQ via theø-matrix as

x5øQ, ~2!

which itself is the output of a normal mode calculatio
Combining Eqs.~1! and ~2!, we obtain the transformation
between internal and normal coordinates

R5BøQ5LQ . ~3!

For the set ofR coordinates to be linearly related to th
normal coordinates, the elements of theB-matrix must be
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1737J. Chem. Phys., Vol. 118, No. 4, 22 January 2003 The OH stretch infrared spectrum of carboxylic acid dimers
constants. This is achieved by defining the internal symm
coordinates in terms of the Cartesian extension coordin
depicted in Fig. 1:

R15z22z1 ,

R25~z32z4!2~z12z2!,

R35~z31z4!2~z11z2!, ~4!

R45~x32x4!2~x12x2!,

R55~x31x4!2~x11x2!.

The overall molecule is oriented so that the OH bonds
parallel to thez axis. With these definitions,R1 corresponds
to the interdimer stretch,R2 andR3 correspond to the sym
metric and antisymmetric OH stretch coordinates, resp
tively, andR4 andR5 correspond to the symmetric and an
symmetric OH bend coordinates, respectively. In defin
these coordinates it has been assumed that the RCO2 entities
are rigid. As such, the centers-of-mass of the monom
rather than the carbon atoms could have been selecte
describe their relative motion. The remaining vibrational c
ordinates are assumed to correspond to atomic motions
respect to the center of masses of the monomers and
tions of the monomers.

The elements of theB-matrix can be readily extracte
from Eq. ~4!. Since the normal-mode calculation provid
the ø-matrix, Eq. ~3! completes the transformation betwe
internal and normal coordinates. In this work, the cubic fo
constants are calculated in terms of the internal coordin
using finite difference methods. To accomplish this, it is u
ful to construct the inverse of theB-matrix, which is done by
introducing the appropriate constraints, i.e., the center
mass and Eckart conditions. The details of these transfor
tions are described in the Appendix.

FIG. 1. ~a! Schematic diagram showing the labeling of the position of
atoms;~b! Geometrical parameters in the formic and benzoic acid dim
Here RvH, Ph.
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B. Choice of cubic coupling terms

In the truncated cubic force field, the key coupling term
involving the OH stretch fundamentals are divided into tw
contributions:

V5Vsb1Vss, ~5!

whereVsb is the OH stretch–bend force field which takes t
form

Vsb5 f 345R3R4R51
1

2
f 244R2R4R41

1

2
f 255R2R5R5 , ~6!

andVss is the OH stretch-H-bond stretch force field which
of the form

Vss5
1

2
f 122R1R2R21

1

2
f 133R1R3R3 . ~7!

C. Calculation of spectra

To calculate the spectra, the potential given by Eqs.~5!–
~7! is re-expressed in terms of the normal coordinates us
Eq. ~4!. This yields the cubic force field

V~Q!5
1

6(i
(

j
(

k
Fi , j ,kQiQjQk . ~8!

This is tantamount to projecting the potential couplings
volving the OH stretch modes onto the normal coordinates
the molecule. The largest contributions to the potential of
~8! can be separated into stretch–stretch and stretch–b
components as in Eq.~5!. For h6-h6 BAD this is straight-
forward, since the antisymmetric OH stretch character a
the interdimer stretch character are both contained prima
in one normal coordinate (Q12 and Q77, respectively!. ~The
numbering scheme for the normal modes of BAD is defin
in Table III, below.! The coupling terms involving the sym
metric OH stretch normal coordinate have been omit
since this mode is infrared inactive, but these terms are n
essary when considering the partially deuterated BAD iso
pomers. With this in mind, Eq.~8! reduces in the case o
BAD to

V~Q!> 1
2(

i
(

j
Fi , j ,12QiQjQ121

1
2 F77,12,12Q77Q12Q12.

~9!

The first term includes the stretch–bend coupling that le
to Fermi resonances, and the second term correspond
stretch–stretch coupling that leads to progressions in the
terdimer mode. It is important to note that the term involvi
the sum overi and j also includes coupling to normal mode
other than the COH bends. This is a consequence of the b
local modes having sizable projections onto several nor
modes.

The cubic force field is combined with the standa
normal-mode Hamiltonian, and the spectrum calculated
diagonalizing the resulting Hamiltonian matrix in a basis
that includes the ground state, the IR active OH stretch f
damental, all combination states that are directly~Fermi!
coupled to this fundamental and that have energies wi
600 cm21 of the fundamental. In addition, the basis includ
progressions built on these vibrational states~including the
zero-point level! involving the low-frequency interdimer nor

.

AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. The key geometrical parameters@cf. Fig. 1~b!# of the formic and benzoic acid monomer and dimers.

Formic acid Benzoic acid
B3LYP MP2 B3LYP

Expta
6-311G(d) 6-3111G

(2d,p)
aug-cc-pVDZ aug-cc-pVTZ 6-3111G

(2d,p)
aug-cc-pVDZ aug-cc-pVTZ

Exptb
6-31G
~d,p!

Mixedc

Monomer
r 1 ~A! 1.20260.003 1.207 1.198 1.205 1.198 1.205 1.215 1.205¯ 1.215 1.208
r 2 ~A! 1.34360.003 1.348 1.345 1.349 1.345 1.340 1.359 1.347¯ 1.358 1.358
r 3 ~A! 1.09760.021 1.098 1.097 1.103 1.096 1.090 1.103 1.097¯ 1.486 1.485
r 4 ~A! 0.97260.017 0.978 0.972 0.973 0.971 0.970 0.975 0.971¯ 0.972 0.967
Q1(deg) 124.660.5 125.1 125.1 125.0 125.1 125.1 125.1 125.0 ¯ 121.9 121.7
Q2(deg) 124.163.1 125.3 125.2 125.1 125.1 125.2 125.3 125.3 ¯ 125.0 125.0
Q3(deg) 106.360.4 107.8 107.6 107.5 107.8 106.7 106.3 106.4 ¯ 105.6 106.3

Dimer
r 1 ~A! 1.21760.003 1.225 1.219 1.226 1.218 1.224 1.233 1.224 1.263 1.237 1
r 2 ~A! 1.32060.003 1.318 1.310 1.315 1.310 1.316 1.325 1.313 1.275 1.320 1
r 3 ~A! 1.07960.021 1.097 1.096 1.102 1.095 1.094 1.101 1.096 1.484 1.487 1
r 4 ~A! 1.03360.017 1.003 1.004 1.006 1.002 1.001 1.001 1.000¯ 1.009 1.001
r 5 ~A! - 1.720 1.662 1.659 1.667 1.671 1.684 1.654 ¯ 1.608 1.647
Q1(deg) 126.260.5 126.3 126.3 126.3 126.3 126.3 126.4 126.3 123.2 123.7 123.
Q2(deg) 115.463.1 122.1 121.8 121.7 121.8 121.9 122.1 121.9 120.2 121.7 122.
Q3(deg) 108.560.4 110.6 110.7 110.6 110.9 109.7 109.2 109.5 ¯ 110.4 110.3
Q4(deg) 180d 176.9 178.7 179.1 178.5 179.4 179.7 180.0 ¯ 179.0 181.4

aReferences 19 and 20.
bThe experimental geometrical parameters for the benzoic acid dimer are from x-ray diffraction measurements~Ref. 27!.
cB3LYP/6-3111G(2d,2p)/6-311G(d) ~see text!.
dAssumed in refinement of electron diffraction data.
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mal mode. In applying this approach to BAD, all intensity
assumed to derive from the asymmetric OH stretch nor
mode, and the dipole is assumed to vary linearly with
stretch coordinate.

The model described above, together with several ex
sions, was also applied to FAD. First because the CH
OH stretch vibrations have similar frequencies, they are
preciably mixed in theQ1 and Q3 normal coordinates, ne
cessitating inclusion of both the CH and OH stretch ‘‘brigh
states.~The numbering scheme for the normal modes of FA
is given in Table II, below.! Second, because the low fre
quency interdimer motionR1 has significant projection onto
both theQ21 andQ23 normal modes, the model was extend
to include all states that can be generated by adding u
two quanta in either theQ21 and/orQ23 modes. In this ex-
tended model, intensity can be acquired by mixing with
ther the OH or the CH stretch vibrations. Third, we inves
gated using the experimental fundamental frequencies
place of the calculated frequencies as the frequencies o
normal mode basis functions. Finally, FAD is small enou
that it was also possible to calculate the vibrational spect
using the full cubic force field.

IV. ELECTRONIC STRUCTURE RESULTS

For FAD, the geometries were optimized and the h
monic vibrational frequencies were calculated using both
Becke three parameter Lee–Yang–Pair (B3LYP) a
second-order Møller–Plesset~MP2! methods. Several basi
sets, including 6-311G(d), 6-3111G(2d,p), 6-311
1G(2d,2p),15 aug-cc-pVDZ, and aug-cc-pVTZ,16 were in-
vestigated. A subset of the key geometrical parameters
Downloaded 21 Aug 2003 to 128.210.142.204. Redistribution subject to 
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reported in Table I, and the calculated harmonic frequenc
are reported in Table II. For comparative purposes, geo
etries and frequencies are also reported for the formic a
monomer~FA!. It is clear from the results in these Table
that the 6-311G(d) basis set, which has often been used
such studies in the past, is inadequate for describing
structure and vibrational frequencies of FAD. It is also no
worthy that with the largest basis set considered, the M
calculations give shifts in the OH stretch frequencies in g
ing from FA to FAD, about 116 cm21 smaller than those
obtained from the B3LYP calculations. Since quadratic
with single and double excitations~QCISD! calculations~re-
sults not tabulated! give harmonic frequencies close to th
MP2 values, these results provide strong evidence that
B3LYP method does not provide a quantitatively correct d
scription of this aspect of the H-bonding in the FAD dime

For BAD, the B3LYP procedure was used for optimizin
the geometry, calculating the harmonic frequencies and
mal modes, and for calculating the cubic force field in sp
of the concerns raised above, due to the high computatio
cost of the corresponding MP2-level calculations for m
ecules of this size. In this case, the geometry was optimi
and the harmonic frequencies calculated using two differ
basis sets, one with a 6-3111G(2d,2p) description of all
atoms and the other a mixed basis set, with a 6-3
1G(2d,2p) description of the atoms of the COOH group
and a 6-311G(d) description of the C and H atoms assoc
ated with the phenyl rings. The key geometrical parame
are nearly identical with these two basis sets, as are the
monic frequencies, and, for this reason, the smaller basis
was adopted for the calculation of the cubic force field
BAD. Tables I and III report, respectively, the key geomet
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Calculated harmonic and experimental frequencies~cm21! of formic acid monomer and dimer.

N Symm. Coord.b Expta

B3LYP MP2

6-311G
~d!

6-3111G
(2d,p)

aug-cc-pVDZ aug-cc-pVTZ 6-3111G
(2d,p)

aug-c-pVDZ aug-cc-pVTZ

Monomer
1 A8 nOH 3569 3663 3730 3717 3717 3745 3726 3740
2 A8 nCH 2943 3104 3051 3066 3051 3117 3138 3094
3 A8 nCvO 1777 1823 1810 1804 1811 1784 1771 1793
4 A8 dCH 1381 1409 1401 1386 1401 1419 1396 1400
5 A8 dOH 1223 1300 1304 1296 1298 1309 1295 1301
6 A8 nC–O 1105 1137 1122 1124 1122 1120 1116 1130
7 A9 gCH 1033 1047 1050 1046 1051 1052 1047 1056
8 A9 pOH 642 690 677 678 678 674 674 680
9 A8 dCO2 625 623 630 623 629 632 618 626

Dimer
1 Bu nOH 3110 3245 3173 3154 3161 3255 3255 3305
2 Ag nCH 2949 3118 3071 3086 3066 3127 3158 3137
3 Bu nCH 2957 3113 3060 3073 3055 3123 3148 3132
4 Ag nOH - 3153 3051 3028 3040 3145 3143 3194
5 Bu nCvO 1754 1786 1765 1761 1767 1761 1751 1776
6 Ag nCvO 1670 1722 1691 1687 1693 1696 1688 1711
7 Ag dOH 1415 1461 1488 1481 1481 1487 1475 1499
8 Bu dOH -c 1441 1454 1445 1449 1463 1450 1473
9 Ag dCH 1375 1405 1403 1388 1404 1421 1391 1429
10 Bu dCH 1362 1398 1402 1387 1402 1414 1386 1422
11 Bu nC–O 1218 1255 1260 1258 1260 1256 1244 1257
12 Ag nC–O 1214 1254 1256 1255 1257 1250 1237 1249
13 Au gCH 1060 1090 1102 1105 1102 1108 1107 1114
14 Bg gCH 1050 1070 1077 1078 1079 1082 1079 1085
15 Au pOH 917 982 1008 1001 1002 995 980 995
16 Bg pOH - 957 988 986 983 975 964 980
17 Bu dCO2 699 704 725 717 723 718 702 719
18 Ag dCO2 677 687 690 682 690 688 670 688
19 Bu dimer in-plane rock 248 270 277 284 281 268 274 280
20 Bg dimer out-of-plane wag 230 257 261 266 262 258 258 269
21 Ag dimer in-plane rock 190 210 208 214 213 200 209 209
22 Au dimer out-of-plane wag 163 181 186 189 187 177 173 183
23 Ag dimer stretch 137 169 174 178 175 166 169 171
24 Au dimer twist 68 78 77 79 78 70 68 69

aReference 28.
bNatural internal coordinates are used~Ref. 29! to express symmetry coordinates. For definitions of the coordinates for the formic acid monomer and
see Ref. 30.

cAlthough Ref. 30 assigned a band at 1450 cm21 to this fundamental, we omit it because it does not show up in high-resolution gas-phase spectra~Ref. 31!.
This assignment was also rejected in Ref. 21.
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cal parameters and harmonic frequencies of BAD as wel
of the benzoic acid~BA! monomer obtained from the
B3LYP/mixed basis set calculations.

The cubic anharmonicity constants of FAD were calc
lated using the B3LYP and MP2 methods, in both cas
employing the 6-311G(2d,p) basis set, whereas those f
BAD were calculated using the B3LYP/mixed basis set
proach. Table IV summarizes the most important anharm
nicity constants from these calculations. For FAD, t
B3LYP and MP2 procedures are found to give similar anh
monicity constants, with the MP2 values generally be
only about 3%–5% larger than the B3LYP values. This clo
agreement justifies the use of the B3LYP method for eva
ating these constants.

Table V compares for FAD the Fermi resonance co
Downloaded 21 Aug 2003 to 128.210.142.204. Redistribution subject to 
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pling terms calculated using the restricted and full for
fields. In those cases that the couplings are large in ma
tude, the B3LYP and MP2 coupling terms agree to with
30%. The agreement between the coupling constants ca
lated using the truncated and full cubic force fields~both
using the B3LYP method! is less satisfactory. However, eve
so, the coupling constants calculated using the trunca
force field agree to within a factor of 2~and generally much
better! with those from the full force field in all cases that th
latter are greater than 30 cm21 in magnitude. This agreemen
suggests that the main source of the Fermi coupling isvia the
f 345 stretch-bend coupling. Table V also reports the empiri
frequencies and couplings used by Mare´chal. Given that this
was a restricted empirical fit, one cannot expect more t
the rough qualitative agreement that is observed.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 21 Au
TABLE III. Calculated harmonic and experimental frequencies~cm21! of benzoic acid monomer and dimer.

Monomer Dimer

N Modea Symm Exp.b

B3LYP

N Symm. Exp.e

B3LYP

6-31G(d,p)c Mixedd 6-31G(d,p)c Mixedd

COOH modes
1 nOH A8 3567 3763 3773 11 Ag 3350 s 3090 3157

12 Bu 2966 3055
7 n(CvO) A9 1752 1819 1780 13 Ag 1693 s 1759 1725

14 Bu 1705 1681
12 n(C–O) A8 1347 1392 1372 29 Ag 1328 1337 1326

30 Bu 1334 1314
15 dOH A8 1169 1218 1216 21 Ag 1424 s 1519 1502

22 Bu 1481 1470
32 pOH A9 628 607 594 41 Au 936 s 1014 1023

48 Bg 967 973
36 dCO2 A8 384 383 69 Ag 387 vw 425 424

72 Bu 391 389
37 Rock A8 216 216 73 Ag 292 287

74 Bu 265 262
38 Wag A9 160 160 75 Au 189 186

76 Bg 170 171
39 Twisting A9 71 66 79 Au 88 71

80 Bg 73 71
Intermolecular modes

H-bond stretch 77 Ag 120 115
H-bond shearing 78 Ag 107 107

Tilting 81 Bg 65 62
Cogwheel 82 Bu 61 60
Torsion 83 Au 35 33
Butterfly 84 Au 18 21

aThe characterization of the atomic displacements corresponding to the normal modes of BA/BAD are
from Ref. 32.

bDetermined in an Ar matrix by Revaet al. ~Ref. 33!. Band assignments from Ref. 32.
cReference 32.
dB3LYP/6-3111G(2d,2p)/6-311G(d) ~see text!.
eThe frequencies reported for the dimer are taken from spectra of BA in KBr pellets by Sanchez de la
et al. ~Ref. 34!. Band assignments are from Ref. 32.
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V. COMPARISON WITH EXPERIMENT

A. Benzoic acid dimer isotopomers

Figure 2 presents stick spectra for the fully protona
@d0-d0 , Fig. 2~a!#, ring-deuterated@d5-d5 , Fig. 2~b!#, and
ring-deuterated O–H/O–D@d5-d6 , Fig. 2~c!# BA dimers,
computed using the cubic anharmonic constants and,
the exception of the IR active OH stretch vibration, fund
mental frequencies obtained using the B3LYP/mixed ba
set calculations. The OH stretch fundamental was assign
frequency of 2950 cm21.6,17 The experimental spectra pre

TABLE IV. Ab initio cubic force constantsf i jk in cm21/Å3 for benzoic acid
and formic acid dimers for the potential of Eq.~5!.

ijk

FAD
BAD

B3LYPbB3LYPa MP2a

345 55 555 55 802 57 707
255 66 746 57 512 60 188
244 59 621 58 489 61 194
133 32 921 27 166 28 546
122 64 316 57 810 59 747

a6-3111G(2d,p) basis set.
bMixed 6-3111G(2d,2p)/6-311G(d) basis set~see text!.
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sented directly above the calculated spectra have been
ported previously.6 This earlier study also reported a spe
trum calculated using the force field described in Eq.~8! and
using B3LYP force constants, but with the 6-311G* basis
set on all atoms.

The over-all width and major substructure of the o
served bands of the three isotopomers of BAD are rema
ably well reproduced by the calculated spectra, particula
in the low-frequency region of the spectrum. For all thr
isotopomers, the high-frequency region above 2950 cm21 is
much more congested in the experimental spectrum tha
that calculated using the truncated cubic force field. The c
culations reveal that most of the combination bands that g
intensity from coupling to the O–H stretch also have con
butions from the CvO stretch~in combination with a vibra-
tion that contains some O–H bend character!. The cubic an-
harmonic constants used in the present model~Table V! do
not include cubic couplings involving the CvO stretch local
mode, which might be anticipated to be coupled to the O
stretch, since the two groups are H-bonded to one anothe
is anticipated that refinement of the model to include t
coupling would fill in much of the structure missing in th
calculated spectrum.

As our earlier study led us to believe, in all three BA
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 21 Au
TABLE V. Cubic coupling constants~cm21! in dimensionless normal coordinates for the formic acid dime

Energya Couplingb Couplingc Couplingd Energye uCouplingue Assignment

2369 216.80 216.06 219.61 dCvO(Ag)dOCO(Bu)
2418 210.59 210.34 27.68 dCvO(Bu)dOCO(Ag)
2431 15.71 12.74 39.81 2420 70 nC–O(Bu)nC–O(Ag)
2576 222.00 213.82 219.20 dCH(Bu)nC–O(Ag)
2592 211.09 26.54 22.29 dCH(Ag)nC–O(Bu)
2604 229.86 230.00 255.72 dOH(Bu)nC–O(Ag)
2664 238.15 235.04 258.59 2630 95 dOH(Ag)nC–O(Bu)
2737 15.46 7.09 215.01 dCH(Ag)dCH(Bu)
2797 20.98 15.40 15.59 2810 40 dOH(Bu)dCH(Ag)
2809 53.32 38.01 28.22 2765 45 dOH(Ag)dCH(Bu)
2869 72.35 82.54 70.94 2850 55 dOH(Ag)dOH(Bu)
2887 213.95 212.80 230.91 dCvO(Ag)nC–O(Bu)
2955 26.56 25.81 215.14 2930 45 dCvO(Bu)nC–O(Ag)
3032 19.54 13.88 20.66 3025 65 dCvO(Ag)dCH(Bu)
3092 26.52 30.15 31.06 3085 70 dCvO(Ag)dOH(Bu)
3116 4.62 2.98 9.39 dCvO(Bu)dCH(Ag)
3188 15.91 15.98 16.67 3165 25 dCvO(Bu)dOH(Ag)

aTransition frequencies calculated using experimental fundamental frequencies of Bertie and Michaeli~Ref.
19! with the exception of thedOH(Bu) anddOH(Ag) modes whose frequencies were taken to be 1447 and 1
cm21, respectively.

bCouplings calculated with MP2/6-3111G(2d,p) using Eq.~8!.
cCouplings calculated with B3LYP/6-3111G(2d,p) using Eq.~8!.
dDFT results for full cubic force field.
eResults of Mare´chal ~Ref. 12!.
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isotopomers, it is the coupling viaf 345 of theBu O–H stretch
with theBu symmetry combination bands involving the O–
bend that dominates the spectrum. In fact, the O–H stre
intermolecular stretch coupling (f 133), which has often been
invoked to explain the appearance of the O–H stretch sp
trum in strongly H-bonded dimers, appears not to be imp
tant in the spectra of the carboxylic acid dimers. These
sults are consistent with the conclusion of Marechal.12 In a
series of test calculations we have found that the magnit
of f 133 would have to be increased from its calculated va
by a factor of 5 or more for the structure from the interm
lecular stretch to significantly contribute to the breadth a
spectral congestion of the spectrum.

B. Formic acid dimer

Figure 3 compares the experimental cavity ringdo
spectrum of Ito and Nakanaga@Fig. 3~a!#3 with the stick
spectrum computed using the restricted force field analog
to that used for BAD@Fig. 3~b!#. The cubic force constant
used in the model are from B3LYP/6-3111G(2d,p) calcu-
lations as are the frequencies, with the exception of
asymmetric OH stretch frequency which was set to 29
cm21, the same value as was chosen for BAD.

The poor agreement of the calculated spectrum with
periment is disappointing, with the simple model predictin
spectrum dominated by just two strong IR transition
whereas the observed spectrum is far more complicated.
raises the question why the reduced cubic force field mo
works so much better for BAD than FAD.

One possible explanation for the greater success of
reduced model for BAD than for FAD is the larger number
near resonant states in the former. In particular, in FAD
OH local bend modes involve contributions from only t
g 2003 to 128.210.142.204. Redistribution subject to 
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FIG. 2. Calculated stick spectra for the~a! fully protonated (d0-d0), ~b!
ring-deuterated (d5-d5), and ~c! ring-deuterated/O–H/O–D (d5-d6) BA
dimers, computed using the cubic anharmonic constants of Table IV.
culated vibrational frequencies are those from the B3LYP mixed basis
and have been multiplied by 0.978 to account for the diagonal anharmo
ity of the vibrations. Thebu symmetry OH stretch fundamental has been
at 2950 cm21 in all three isotopomers. The experimental spectra are ta
from Ref. 6.
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OH bend and CvO stretch normal modes, whereas in BA
the CH bends are important as well. The two major peak
the calculated spectrum of FAD shown in Fig. 3~b! are due to
the strong Fermi resonance interaction between the OH b
combination staten71n8 (14881145452942 cm21) and
the OH stretchn1 . The n51n7 (17651148853253 cm21)
and n61n8 (16911145453145 cm21) combination states
involving OH bends and CvO stretches, are far enough o
of resonance to be much less important borrowers of in
sity.

For FAD, calculation of the vibrational spectrum usin
the full ab initio or density-functional theory~DFT! cubic
force fields is possible. Figure 3~c! shows the stick spectrum
of FAD computed using the full B3LYP/6-3111G(2d,p)
cubic force field and experimental values for the fundam
tal frequencies, with the exception of theAg OH stretch fun-
damental which has not yet been observed. The frequenc
theAg OH stretch fundamental was estimated by assumin
splitting of 110 cm21, close to that obtained in the MP
calculations, between the two OH stretch fundamentals. T
places theAg OH stretch fundamental at 3000 cm21. The
calculated spectrum is relatively insensitive to this value.

FIG. 3. Comparison of~a! jet-cooled infrared spectrum of the formic ac
dimer obtained by Ito and Nakanaga using cavity ring down~CRD!
spectroscopy3 and~b! and~c! T50 K theoretical stick spectra. The spectru
in ~b! assumes a restricted cubic force field that couples harmonic m
whose frequencies are obtained using DFT;~c! is calculated using the full
cubic force field that couples harmonic oscillators whose frequencies
obtained from experiment and includes contributions from the CH stre
bright state. Also shown are the results of spectral broadening with a Ga
ian line shape. See text for details.
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an aside, it should be noted that this motion correspond
double proton transfer, which our potential model does
describe even qualitatively. The work of Veneret al.18 sug-
gests that one quantum of excitation of this mode is su
cient to surmount the barrier to tunneling.

The intense peak observed at 2937.7 cm21 in the IR
spectrum of FAD is due to the CH stretch as has been cle
demonstrated by the isotopic substitution study of Ito a
Nakanaga.3 To obtain a theoretical peak of similar intensi
in the calculated spectrum displayed in Fig. 3~c! it was nec-
essary to increase the B3LYP dipole moment derivative
the CH stretch by a factor of 1.4. The surprisingly lar
intensity of this peak is due to the fact that the CH and O
stretch normal modes are admixtures of the CH and
stretch local modes; hence the CH stretch vibration borro
its intensity from the OH stretch. Thus, it appears that
B3LYP calculations underestimate the extent of mixing
the OH and CH stretches. With the adjustment of the C
dipole moment derivative, the theoretical spectrum cal
lated using the full cubic force field and experimental fund
mentals is in qualitative agreement with experiment, es
cially in regard to the broad spectral width and the ma
contributions to the sub-structure.

Given the striking dissimilarity between the spectra
ported in Figs. 3~b! and 3~c!, obtained using the truncate
and full cubic force fields, respectively, it is worthwhile e
amining in detail the differences between the two calcu
tions. Figure 4 presents a series of calculated spectra tha
the full cubic results against the restricted analysis, with va
ous terms selectively removed or adjusted. Figures 4~a! and
4~b! examine the sensitivity of the calculated spectrum to
choice of the fundamental frequencies for the OH bend
brations. This test was carried out because there is an a
guity in the experimental value of the frequency of theBu

OH bend vibration. Although Bertie and Michaelian19,20 at-
tributed a very weak feature observed near 1450 cm21 to the
Bu OH bend vibration, this is in disagreement with forc
field and electronic structure calculations that place the
quency of theBu OH bend about 25 cm21 below that of the
Ag OH bend vibration. This has led Qian and Krimm
reject the assignment of the weak 1450 cm21 feature to the
Bu OH bend vibration.21 On the other hand, there appears
be a consensus that the fundamental frequency of the s
metric (Ag) OH bend vibration is 1415 cm21.19

The theoretical spectrum reported in Fig. 4~a! was ob-
tained with the choice of 1447 and 1422 cm21 for the fre-
quencies of theAg and Bu OH bend fundamentals, respe
tively, with this state ordering and splitting being chosen
be consistent with the MP2 calculations. While this cho
places theAg vibration 32 cm21 higher than experiment, this
may simply be a reflection of the need to include high
frequency fundamentals and higher-order couplings.
comparison, Fig. 4~b! retains the Bertie and Michaelian a
signments of 1415 and 1450 cm21 for the Ag and Bu OH
bends. As such, this figure is the same as Fig. 4~c! with the
exception that here we have used theab initio dipole deriva-
tives, with the result that the line corresponding to the C
stretch is less intense. The reversal in ordering of theAg and
Bu bend modes~compared to the Bertie and Michaelian a

es

re
h
ss-
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signment! has its most dramatic effect on the relative inte
sities of the bands, and leads to somewhat better agree
with experiment@Fig. 4~a!#.

Figure 4~c! shows the effects of removing the cubic a
harmonic terms that couple the OH and CH stretch vibrati
( j 51 and 4! with the intermolecular stretching modesi
521 and 23! via QiQj

2 terms in the potential. As for BAD
the removal of the anharmonic terms produces a seco

FIG. 4. Comparison ofT50 K theoretical FAD stick spectra. Also show
are results of spectral broadening with a Gaussian line shape.~a! model
results use full cubic coupling of normal modes with frequencies taken t
experimental fundamental frequencies. All intensities are calculated u
DFT values for linear dipoles. The important exceptions are the OH b
frequencies which are chosen to be 1422 and 1447 cm21 for the Bu andAg

modes, respectively.~b! same as~a! but frequencies of bend modes a
chosen to be 1450 and 1415 cm21 for theBu andAg modes, respectively.~c!
same as~b! but calculation does not include coupling terms of the fo
Qi

2Qj wherej corresponds to the low-frequency modes 21 or 23 andi 51 or
3, this corresponding to either the OH or CH stretch. Frequency~d! same as
~c! but all cubic terms involving the low-frequency modes 21 or 23 are
to zero.~e! same as~b! but the restricted cubic force field is employed. S
text for details.
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order effect on the spectrum in which the overall width
retained, but the splittings of several bands on the hi
frequency end of the spectrum are lost. In Fig. 4~d!, all cou-
pling terms involving the intermolecular stretching mod
Q21 andQ23 have been removed from the spectrum. Aga
the overall width of the spectrum is retained. Table VI ind
cates which combination states are involved in the spect
reported in Fig. 4~d! and how they contribute to the intensit
sharing. These results thereby confirm the dominant role
the stretch-bend coupling term in determining the width
the spectrum of FAD, as it was for that of BAD.

Figure 4~e! results from using the restricted cubic forc
field, which includes the low frequency modes. The spectr
of Fig. 4~e! has an appearance very similar to that of F
4~d! above it. This visual comparison makes clear the ma
difference between the full and restricted cubic anharmo
analyses of FAD; namely, that the calculations with the
stricted cubic force field predict very little coupling with th
low-frequency modes of the dimer. In general, we find th
the restricted analysis significantly underestimates the c
plings to the low frequency modes. This is expected to a
be the case for BAD. However, as these couplings only m
minor contributions to the overall spectral width of the low
temperature spectra of BAD, this is not a serious shortco
ing. A second, smaller difference is that in contrast to Fig
there is no peak at 3259 cm21 in the spectrum reported in
Fig. 4~e!. The 3259 cm21 peak is due to the combinatio
bandn41n19 (3000124853248 cm21). Here the symmet-
ric and antisymmetric OH stretches are coupled via an a
symmetric dimer stretching mode. This interaction was
included in the restricted model, since only coupling of t
OH stretches to the symmetric dimer stretch modes was c
sidered in Eq.~7!. To include coupling to antisymmetric
dimer stretches, one would need to extend the restric
model by including terms of the formR2R3R6 , whereR6 is
the dimer stretch mode ofBu symmetry. One would also
need a more realistic treatment of the very anharmonic
symmetric stretch such as that of Veneret al.18

The results shown in Fig. 4 indicate that state-by-st
agreement with experiment is beyond the scope of
present theoretical calculations because the spectral de
are very sensitive to the energies of the combination ban
Nonetheless the central features of the spectrum, in part

e
g
d

t

TABLE VI. Transition energies and intensities for FAD results of Fig. 4~d!.
Each state is labeled with the leading term in the normal mode basis s

Energy~cm21! Intensity uOverlapua State

2622.5 0.03 0.96 71 111

2658.2 0.01 0.97 81 121

2774.3 0.01 0.99 71 101

2844.4 0.09 0.93 71 81

2966.4 0.10 0.87 31
3035.2 0.08 0.93 61 101

3098.8 0.25 0.73 61 81

3146.9 0.17 0.74 51 71

3169.7 0.29 0.65 51 71

3200.6 0.05 0.95 21 191

3259.6 0.11 0.94 41 191

aMagnitude of the overlap between the eigenstate and the basis state.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lar, its width, and the mechanisms responsible for these
tures have been elucidated and understood with our mod

C. Comparing FAD and BAD

The most notable similarity between the FAD and BA
spectra is that they are very broad~300–550 cm21!, with the
width being due to strong Fermi resonance interactions w
background states involving excitation of the OH bends a
CvO stretches. The low-frequency modes make only mi
contributions to the overall width, but they do contribute
the congestion. An important difference between the spe
of these two dimers is that in BAD many additional res
nance interactions are possible in the lower frequency reg
of the spectrum. This is a consequence of the fact that nor
mode OH bend vibrations of BAD have contributions fro
both the OH and CH bends. This leads to a sharing of int
sities over many states, which fills in the lower frequen
region of the spectrum for BAD. In FAD, the lower fre
quency portion of the spectra is relatively sparse. A sec
important difference is that the OH and CH stretch lo
modes of FAD mix when forming the normal modes. Th
greatly enhances the intensity of the CH asymmetric stre
vibration in (HCOOH)2 compared to (HCOOD)2•

3 and sig-
nificantly changes the appearance of the low resolution s
trum.

In either case, the remarkable breadth of the OH stre
absorption in the IR spectra of FAD and BAD can be a
counted for by thef 345 term, which is unusually large in
these systems. If we were to freeze all the internal coo
nates except those described by theR1-R5 coordinates of Eq.
~4!, then thef 345 force constant maps onto a single cub
coupling term in the normal-mode approximation. In dime
sionless coordinates, this coupling constant has a magni
of 370 cm21. This means that two states that were exac
degenerate in the absence of coupling would be split
DE52(370)/A85260 cm21.22 Gelussus and Thiel23 have
compiled CH stretch–bend coupling parameters for a nu
ber of halocarbons. These are typically between 40 and
cm21, although they do approach 300 cm21 in CHBr3 and
CHI3 . The analogous OH stretch–bend anharmonic term
H2O is 134 cm21.24

VI. CONCLUSIONS

The present work provides a simple physical picture
the dominant cause for the unusual breadth and sub-stru
of the O–H stretch infrared spectrum of carboxylic ac
dimers. Cubic anharmonic constants were calculated
FAD and BAD using a set of five key internal coordinat
that are closely related to the O–H stretch (Bu andAg), O–H
bend (Bu and Ag), and intermolecular stretch (Ag) vibra-
tional modes. It is found that a single cubic anharmonic c
pling term (f 345), which couples the O–H stretch with ap
propriate symmetry combination bands accounts for
overall breadth and the dominant sub-structure of the exp
mental spectra. This term dominates over thef 133 term that
couples the O–H stretch with the intermolecular stretch
single cubic anharmonicity (f 345) can have such a profoun
effect largely because the ‘‘pure’’ O–H bending coordina
Downloaded 21 Aug 2003 to 128.210.142.204. Redistribution subject to 
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included in the model maps onto several normal modes
are spread over several hundred wave numbers. In o
words, the component of the O–H bend in several norm
modes takes a single (111):1 Fermi resonance with the
O–H stretch and spreads it over many levels in the 260
3100 cm21 region consistent with the 500 cm21 width ob-
served experimentally.

While it is satisfying that a single anharmonic consta
can account for much of the observed spectra, it is clear
further refinements to the model involving ‘‘second tier co
plings’’ would further improve the fit. We have already note
that the high frequency end of the spectrum, which involv
CvO stretch/O–H bend combination bands, has too li
intensity relative to experiment. This points to the need
inclusion of anharmonic terms involving the CvO stretch,
which have not been taken into account in the present mo

The present study also shows that B3LYP density fu
tional calculations, when used with a suitably flexible ba
set, are able to account in a qualitatively correct manner
the cubic anharmonic coupling constants. Although there
indications from the calculations on FAD, that the MP2 pr
cedure is somewhat more reliable for describing the inter
tions between the monomers of carboxylic acid dime
given the other approximations, namely, the truncation in
vibrational basis set and the truncation of the force field
cubic terms, it seems justifiable to adopt the B3LYP pro
dure for obtaining the harmonic frequencies and the cu
force constants needed for calculating the vibrational sp
trum.

Finally, it will be important to extend this model and it
refinements to a wider range of strongly H-bonded hom
and heterodimers. Recent experimental data on
2-pyridone dimer~with its two N– H̄ OvC H-bonds!25

and the mixed 2-pyridone/2-hydroxypyridine dimer~with its
one N– H̄ OvC and one OH̄ N H-bond!26 would benefit
from a similar analysis. Predictions of the spectra for t
DNA base pairs and other very strong single XH̄Y
H-bonded complexes will also stimulate further experime
and a reassessment of existing spectral data in light of
model.
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APPENDIX: COORDINATE TRANSFORMATIONS

The internal coordinates are given in Eq.~4!. In addition
to these coordinates we introduce the constraint for ove
rotation@cf. Eq.~A1!# and center of mass translation@cf. Eqs.
~A2! and ~A3!#.

RR5(
i 51

N

mi~xizi
e2zixi

e!, ~A1!
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RTx5(
i 51

N

mixi , ~A2!

RTz5(
i 51

N

mizi . ~A3!

For benzoic acid there areN530 atoms. Given that we trea
the RCOO groups as rigid bodies that are not allowed
rotate and that we are only allowing in-plane motions, thx
andz coordinates of atoms 3 and 4 serve to define the va
of all the coordinates of these groups. As a result, the ab
Eqs.~A1!–~A3! reduce to

RR5a~x32x4!1b~x12x2!2g~z32z4!2d~z12z2!,
~A4!

RTx5mH~x31x4!1mM~x11x2!, ~A5!

RTz5mH~z31z4!1mM~z11z2!. ~A6!
ss
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HeremM is the mass of RCOO andmH is the mass of H. The
coefficients are defined in terms of the full numberi
scheme as follows:

a5mHz3
e , ~A7!

g5mHx3
e , ~A8!

b5(
L

mizi
e , ~A9!

d5(
L

mixi
e . ~A10!

The last two summations are over all the atoms in the l
rigid monomer. Rewriting Eq.~4! and Eqs.~A4!–~A6! in
matrix form one obtains
an
displace-
S R1

R2

R4

RR

R5

RTy

R3

RTz

D 51
0 0 21 0 0 0 0 0

0 0 21 1 0 0 0 0

21 1 0 0 0 0 0 0

b a 2d 2g 0 0 0 0

0 0 0 0 21 1 0 0

0 0 0 0 mM mH 0 0

0 0 0 0 0 0 21 1

0 0 0 0 0 0 mM mH

2 S
x12x2

x32x4

z12z2

z32z4

x11x2

x32x4

z11z2

z31z4

D . ~A11!

The order of the internal coordinates is chosen so that the transformation matrixB is block diagonal. InvertingB we find

B2151
f gg 2ag g 0 0 0 0

f gg bg g 0 0 0 0

21 0 0 0 0 0 0 0

21 1 0 0 0 0 0 0

0 0 0 0 2mH /M 1/M 0 0

0 0 0 0 mM /M 1/M 0 0

0 0 0 0 0 0 2mH /M 1/M

0 0 0 0 0 0 mM /M 1/M

2 , ~A12!

whereM5mH1mM , g51/(a1b), and f 52(g1d)g.
The B21 matrix allows us to calculate the internal force constantsab initio using finite difference methods, since we c

arbitrarily extend any one of the above internal coordinates and calculate the corresponding values of the Cartesian
ment coordinates.
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