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The gaseous phase heat capacity of benzoic acid (BA) was proven using the experimental technique
called the “in vacuum sublimation/vaporization Calvet microcalorimetry drop method”. To overcome
known experimental shortfalls, the gaseous phase heat capacity of BA monomer was estimated by ab
initio calculations and compared with experimental results. Gaseous phase heat capacities of BA were
directly derived via calculated harmonic frequencies obtained by density functional theory (DFT)
(B3LYP, BLYP, BP86, with 6-311++G(d,p), TZVP, cc-pVTZ basis sets) and the second-order
Magller—Plesset theory, MP2/6-311++G(d,p). To increase the accuracy of estimation of the thermal
properties, a procedure based on the calculation of the heat capacity from quantum chemical calculations
in combination with a heat capacity balance of isodesmic reactions is described and applied to calculate
the gaseous phase heat capacity, Cp,m, of the monomeric species over the temperature range of (298.15
to 600) K. The gaseous phase thermodynamic properties of the monomeric form of the BA were also
derived from the assignment of the fundamental vibrational frequencies using experimental IR spectra.
An excellent agreement among the experimental gaseous phase heat capacities, the results obtained
using the proposed ab initio procedure, and the results derived from the assignment of fundamental
vibrational frequencies was found. The results for the monomeric form of the BA, directly or indirectly
obtained, and conclusions of this work strongly support the thesis that the gaseous phase heat capacity

data as currently found in the literature are underestimated to the order of 20 %.

Introduction

In calorimetry, benzoic acid (BA) is widely used as a test
substance, a calibrant, and a primary standard reference. It is a
recommended test substance for the evaluation of the perfor-
mance of calorimeters, used for the measurements of heat
capacities of solids, ranging from low temperatures to temper-
atures slightly above ambient.? BA has been further recom-
mended as a primary reference standard for sublimation enthalpy
measurements of substances having a vapor pressure of ap-
proximately 0.1 Pa at 298.15 K*® or (10 to 360) Pa in the
temperature range of (338 to 383) K. The application of BA as
a sublimation enthalpy reference material caused controversy:
some works”*® pointed out that the acid is not totally monomeric
in gaseous phase. Nevertheless, BA is still to be considered as
a suitable reference material, when measured under the condi-
tions specified above. Therefore, it continues to be used as such.
BA is also known as a recommended calibrant for enthalpies
of fusion, for both adiabatic calorimetry and differential scanning
calorimetry. Currently, BA is recommended as a secondary
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reference material, primarily because of the poor agreement
observed between the calorimetric values and those obtained
by other methods.® Despite the reported uncertainty of about +
3 % on vapor pressure data, BA was also recommended as a
reference material for vapor pressure measurements.’® The
uncertainties in thermodynamic values of BA are associated to
the uncertain experimental determination of its gas-phase
thermodynamic properties. Because of its low volatility, direct
determination in the gas phase is difficult; experimental
vibrational spectroscopy becomes a method of choice.

Solid state X-ray studies'* proved that BA occurs in dimeric
form and that the —COOH moiety is planar with respect to the
aromatic ring. Vibrational spectroscopy studies of BA have been
conducted, in the condensed phase, via IR,*? far-IR,*®* and
Raman spectroscopy™ and with BA trapped in low-temperature
inert matrices.*>® IR studies in solution also indicate the
existence of a dimer.'” The structure of isolated BA in the gas
phase has not been established unambiguously. Taking the
interpretation of gaseous BA spectra obtained from microwave
measurements, Onda et al.*® suggested the presence of a species
with a planar structure (equilibrium conformation) whose acid
hydrogen is located close to the benzene ring, opposite to the

© 2010 American Chemical Society

Published on Web 02/02/2010



2800 Journal of Chemical & Engineering Data, Vol. 55, No. 8, 2010

COOH
+ (H;COOH ——— + CHy (1
CH;, COOH
+ (CH;COOH ———— + CH;CH; (2)
CH; COOH
+ HCOOH ———— +  CHy4 3

Figure 1. Reaction schemes used in the isodesmic ab initio estimation procedure of the gaseous phase molar heat capacity of BA. (1) reaction scheme 1;

(2) reaction scheme 2; (3) reaction scheme 3.

structure observed in the solid state where the hydrogen atom
participates on the RZ,(8) ring of the dimeric species. To
elucidate the molecular structure of gaseous BA, recent studies
combining electron diffraction and theoretical calculations in
the gas phase suggested that the carboxyl group is planar with
respect to the phenyl ring and that the O—H group is eclipsed
with respect to the C=0 bond.* IR absorption spectroscopy
of the jet-cooled BA showed that the substance exists in both
its monomeric and dimeric form.*’

Standard statistical mechanical methods were also widely used
to calculate gaseous thermodynamic properties. The system’s
thermodynamic properties are modulated by means of a rigid-
rotor harmonic oscillator (HO) model, modified, when necessary,
to take into account the internal rotations of the molecule.
Several theoretical ab initio studies were performed, to access
the structural features of BA as a monomer, and the computation
of their frequencies was presented by several authors.?°~27 In
theoretical work, difficulties in the assignment of geometry and
especially fundamental frequencies of the substance in gas phase
are arising, also because of the lack of rigorous experimental
data in the gaseous phase. The terms for the assignment of
internal rotational energy levels for the molecular partition
function, that allow the calculation of absolute heat capacities
at constant volume, can be taken from spectroscopic data when
available; otherwise, other approaches have to be considered.
Statistical thermodynamic calculations performed later on
seemed to be error-prone.?® Because of error propagation, it is
not recommended to use these data while estimating the
thermodynamic properties of aromatic carboxylic acids for
which experimental values are unknown. Therefore, both
experimental and theoretical determinations of the heat capacity
and entropy of gaseous BA are associated with high uncertain-
ties. In fact, a discrepancy for the gas-phase heat capacity data
of BA in the tables of Stull et al.?® is known. The authors pointed
out that these values were calculated from the preliminary
assignments of vibrational frequencies. Later on, these data were
reproduced in other data compilations, like the tables of Frenkel
et al.*® The values for the above-mentioned quantities are
significantly different from those calculated by the simple
additive method (including the correction for the hindered or
free rotors), presented in reaction schemes 1, 2, and 3 (Fig-
ure 1).

In this work, the theoretical gaseous phase heat capacity, Cym,
of BA is calculated, exploring a method that combines ab initio
calculations with isodesmic reactions, joining theoretical with
experimental data, to overcome the experimental and theoretical

drawbacks, causing erroneous estimates of the thermodynamic
properties of the BA monomer in the gaseous phase. The
application of isodesmic reactions methodology for the calcula-
tion of ideal-gas heat capacity is, as far as we know, proposed
for the first time in the literature.

The proposed methodology is applied to the calculation of
the gaseous phase heat capacity, C,n, of the monomeric species
over a given temperature range of (298.15 to 600) K. The
temperature dependence of the heat capacity of the BA monomer
is derived from the results of geometry optimization of the
molecule at a sufficient descriptive level of theory, followed
by harmonic vibrational frequency calculations. Isodesmic and
homodesmic reactions are applied once the relative values are
tested and calculated with good reliability. In the isodesmic
reaction approach,® 32 all of the used species involved in the
reactions are independently optimized followed by independent
harmonic vibrational frequency calculations by a variety of
computational methods. It is expected that inherent, method
specific flaws cancel out in the overall balance of the chosen
isodesmic reaction. Furthermore, applying an overall averaging
procedure, a most precise temperature-dependent heat capacity
function of the BA monomer is derived. Following the proposed
methodology which incorporates the hypothetical isodesmic
reaction approach, three such reactions have been designed,
according to the schematic reactions presented in Figure 1.

Quantum Chemical Calculations

Geometry optimizations and the fundamental vibrational
frequency calculations were performed at the following levels
of theory: (i) Becke’s functional in combination with the Lee
et al. correlation function as the hybrid exchange-correlation
energy functional (BLYP);**%® (ii) Becke’s three-parameter
exchange functional in combination with the Lee et al. correla-
tion function as the hybrid exchange-correlation energy func-
tional (B3LYP);3* (iii) Becke—Perdew functional BP863*>7
model chemistries containing 6-311++G(d,p),**3° TZVP,*04
and cc-pVTZ*? basis sets. The second-order Mgller—Plesset
theory (MP2)*® using the 6-311++G(d,p) basis set was ad-
ditionally used. For each optimized structure, no imaginary
modes were encountered, suggesting that an energetic minimum
was obtained in all cases.

Gaseous phase heat capacities of BA were derived directly
via calculated harmonic frequencies, starting from T = 298.15
K, at 100 K intervals in the (298.15 to 600) K range, applying
scaling factors for the correction of anharmonicity, as indicated



Table 1. Applied Anharmonicity Scaling Factors for the Correction
of the Vibrational Frequencies for the Different Quantum Chemical
Models

model/basis set anharmonicity scaling factors ref
B3LYP/6-311++G(d,p) 0.9688 55
B3LYP/TZVP
BLYP/6-311++G(d,p) 1.0001 55
BLYP/TZVP
BP86/6-311++G(d,p) 0.9978 55
BP86/TZVP
B3LYP/cc-pvtz 0.9661 90
BLYP/cc-pvtz 0.9970 90
BP86/cc-pvtz 0.9978 55
MP2/6-311++G(d,p) 0.9523 55

in Table 1. For all of the methods with standard basis sets,
currently recommended scaling factors have been used. Some
calculations of the ideal-gas thermodynamic functions were done
using the Perl Script THERMO PL.** All quantum calculations
were performed using the Gaussian 03 software package.*®

Calvet Microcalorimetry

The total enthalpy change of BA, associated with the process,
A%beg.15kH%, was determined using a high-temperature Calvet
microcalorimeter, Setaram HT1000D, applying a similar tech-
nique of the drop method described by Skinner et al.*® The
measurement procedure and the description of the apparatus was
described in detail by Santos et al.?

The value of Aghes15kHS can be subdivided in the enthalpy
change because of the heating of the sample, in its respective
condensed phase, the fusion of the sample, if the hot-zone
temperature exceeds the fusion temperature of the compound,
Alss 15 kH%(cd), and the vaporization process of the sample at
the hot-zone temperature, APHY(T), as illustrated in Figure 2:

Samples of about (5 to 6) mg of BA were placed into thin
capillary tubes, sealed at one end, and dropped simultaneously
with a corresponding blank tube at room temperature into the
hot reaction zone of the calorimeter. The heating of the sample
from room temperature to the hot-zone temperature is observed
as an endothermic peak. When the calorimetric cells reach
thermostability, the sample is removed from the hot zone by
vaporization into a vacuum. The capillary tubes were weighted
on a Mettler Toledo XS-105 dual range analytical balance with
a sensitivity of 1:1075 g. The blank heat capacity corrections
were performed because of differences in the mass of both
capillary tubes and the different sensibilities of the two
calorimetric cells.

The gaseous phase enthalpy change from T = 298.15 K to
the hot-zone temperature T, Alog15kH%(9), was calculated using
the following equation:

A;98.15KH?T1(9) = Ag},Tz98.15KH?n -
AYHO (BA, T = 208.15K) (1)

where A%bgg15<HS, corresponds to the total enthalpy change for
the process and A%HS(BA, T = 298.15 K) represents the
standard molar enthalpy of sublimation of BA. The recom-
mended value is AZHS(BA, T = 298.15 K) = (89.70 + 1.00)
kJ-mol~L®

Results and Discussion

In their systematic study on diatomic molecules, Sinnokrot
and Sherrill*” have shown that B3LYP is able to accurately
predict vibrational frequencies. Nevertheless, the problems
caused by general anharmonic vibrations in polyatomic mol-
ecules were not part of their work. The perturbation theory
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treatment makes the determination of quadratic force constants
possible, by means of numerical differentiation of analytical
second derivatives with respect to normal coordinates that can
be applied for the calculation of anharmonic vibrational
constants. Neugebauer and Hess*® suggested that different
exchange correlation functionals, namely, B3LYP and BP86
combined with TZVP, may be applied in density functional
theory (DFT) calculations of vibrational spectra of polyatomic
asymmetric molecules. Also, at the B3LYP level of theory, both
6-31+G(d) and 6-311+G(d,p) basis sets were used to select
different geometries as the most stable conformer for alkanes,
ethers, and alcohols.*” Dunning and Woon*®*° also included
diffuse functions (cc-pVTZ and aug-cc-pVTZ) on the correlation
for computation of conformational energies of dipropylether.

In this work, the computation of geometric minima and the
corresponding harmonic vibrational frequencies for BA was
done at several levels of theory that combined B3LYP, BLYP,
BP86, and MP2 with the 6-311++G(d,p)/cc-pVTZ/TZVP basis
sets. The geometric parameters obtained for the monomer
species are in agreement with those previously reported.?25
Geometry optimizations and frequency calculations of acetic
acid (CH3COOH), benzene (CgHs), ethane (CH3CHg), formic
acid (HCOOH), methane (CHy,), and toluene (C¢HsCHs) were
made, to derive the gaseous phase heat capacity of BA based
on isodesmic reactions as represented in reactions schemes 1
to 3 (Figure 1).

Scaling Factors for Harmonic Vibrational Frequencies

The scaling factors applied for the intake of harmonic
fundamental vibrational frequencies varied with the computa-
tional model used and are shown in Table 1. Harmonic
frequency scaling factors for vibrations have been subject of
study and evaluation during recent years. Andersson and Uvdal®?
reported on the B3LYP scaling factor convergence: the scaling
factors, applied to B3LYP, did not change significantly when
evaluated for basis sets larger than 6-311+G(d,p), so they
recommend the scaling factor of the latter for B3LYP calcula-
tions involving larger basis sets. The evaluation of harmonic
frequency scaling factors for B3LYP, BLYP, and MP2 for the
polarized valence triple-&, Sadlej pVTZ base was done.>
Harmonic vibrational frequencies computed at the B3LYP/
TZV2P level of theory were scaled by a factor of 0.9688 as
recently recommended.>*

Merrick et al.>® recently reported a study concerning the
evaluation of frequency scaling factors for the prediction of
fundamental and low vibrational frequencies, as well as for zero-
point vibrational energies and thermal contributions to computed
enthalpies and entropies by statistical thermodynamics. They
observed that hybrid DFT procedures perform well in the
calculation of low-frequency vibrations as well as for the
vibrational component of the thermal contribution to enthalpies
and entropies, AH,ip(T) and S;i,(T). In the same work, the authors
discouraged the use of MP2 with small basis sets that include
diffuse functions for the prediction of low frequencies. The effect
of varying the percentage of exact exchange shows a behavior
analogous to that found for normal fundamental frequencies.
Hybrid DFT procedures also seem to perform well when
compared to other higher computational cost models, like a
coupled cluster with single and double excitation (CCSD) or a
quadratic configuration interaction with single and double
excitation (QCISD).

Internal Rotation Treatment

In spite of the recurrence of isodesmic reactions as a reliable
method, the proposed methodology for the achievement of a
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Figure 2. Hypothetical thermodynamic cycle for the heating, fusion, and vaporization/sublimation experiment of BA used for the experimental determination

of the gaseous phase molar heat capacity of the BA.

suitable value for C,, of BA depends on the computation of
the heat capacity values (C,m) of several substances.

Concerning molecular partition functions in ab initio based
predictions of thermodynamic properties, all rotations were first
treated as harmonic, for all species. The standard HO approach
seems to be adequate for obtaining the coefficients for the
partition function when aromatic and unsaturated organic
molecules are under study, but for single bonded molecules that
exhibit internal rotations with higher amplitudes, the computa-
tion of the hindered rotor (HR) contribution is advisible, to
correct for the respective partition function. The partition
function for the internal rotations depends on the way the kinetic
and potential energies of the system are calculated. In the one-
dimensional approach (1D-HR), the usual approximation for the
potential energy is used: for each internal rotation, a one-
dimensional potential energy curve (1D-PES) is calculated, and
the total multidimensional potential energy surface (mD-PES)
is assumed to be the sum of these one-dimensional contribu-
tions.>® This seems to be the case for some of the molecules
used in the isodesmic reactions, namely, acetic acid and ethane,
that can exhibit rotational potential barriers of the RT magnitude.
In the HR model, the assignment of internal rotational energy
levels for each rotor uses both an internal rotational constant
and a reduced moment of inertia of the constrained rotation
group. There are several ways to insert the internal rotations
into the HO model, and several approaches have been suggested
to overcome that difficulty.>’ =" The 1D-HR model which
allows the partition function to take over the internal rotational
partition term for free rotation and for constrained rotations was
further applied for acetic acid and ethane, and the free rotor
model was used in the case of the methyl group in toluene. In
accordance with experimental findings,”*~"* the methyl and OH
rotations of acetic acid were treated as an HR, using the
approach proposed by Ayala and Schlegel,” as implemented
in the Gaussian 03 software package. It was found that the heat
capacity contribution obtained using the HR treatment, for the
OH rotation (associated to the frequency around 660 cm™2) is,
for the working temperature range, identical to the value
obtained from an HO partition function. In ethane, the known
potential barrier”>’® hindering the free rotation of the methyl
group around the C—C bond was taken into account, using the
Ayala and Schlegel approach. The methyl group in toluene was
considered to be a free rotor’” and was treated accordingly.”® 82
As it was observed in acetic acid, the heat capacity contribution

Table 2. Calculated Molar Gaseous Phase Heat Capacities, Cpm,
Obtained for BA (CsHsCOOH) at Constant Pressure, Derived from
the Calculated Frequencies after Anharmonicity Correction Using
the Scaling Factors Presented in Table 1

TIK 298.15 300 400 500 600

Cp/J-K™t-mol~*
B3LYP/6-311++G(d,p) 126.6 1274 1646 1953 2195
BLYP/6-311++G(d,p) 1272 1279 1652 1959 220.1
BP86/6-311++G(d,p) 127.4 1282 1654 1959 220.1

MP2/6-311++G(d,p) 1317 1325 1692 1991 2227
B3LYP/cc-pvtz 126.2 126.9 1642 1949 219.2
BLYP/cc-pvtz 126.6 1273 164.6 1953 2196
BP86/cc-pvtz 126.5 127.2 1645 1951 2194
B3LYP/TZVP 126.8 1275 1647 1953 2195
BLYP/TZVP 127.2 128.0 1652 1958 220.0
BP86/TZVP 127.6 128.4 1655 196.0 220.1

obtained using the HR treatment for the OH rotation in BA is
similar to the value obtained from an HO partition function.
The lowest vibration frequency of the BA was assigned to the
axial torsion of the carboxylic group but was nevertheless treated
as a rigid HO, taking into account, for the working temperature
range (less than 600 K), the relatively high energy barrier (26
kJ-mol™t, MP2/6-31G) and the energy profile of the rotation
of the carboxylic group that was studied by several levels of
theory, where the energy minima corresponds to planar con-
figurations because of the resonance stabilization of the -
system.%3

Ab initio Based Gaseous Phase Heat Capacities

Theoretical frequencies and modes were assigned by com-
parison according to the ones already assigned from IR spectral
data obtained for BA.*%?? The ab initio fundamental vibrational
frequency data for each different theoretical model are available
as Supporting Information (Table S1). For the monomeric form
of the BA, the molar gaseous phase heat capacity results,
obtained with different theoretical models, are presented in Table
2. The molar gaseous phase heat capacity results derived for
the other molecular species involved in the isodesmic reaction
schemes are presented as Supporting Information (Tables S2
to S7). Heat capacities are given at 298.15 K and in the
temperature range between (298.15 and 600) K for the same
level of theory using the scaling factors listed in Table 1.

In the cases of methane,® benzene® and the BAZ?2°
monomer, the heat capacity literature values have been compiled
as such, with no further treatment. Table 3 lists the literature



Table 3. Literature Molar Gaseous Phase Heat Capacities, Cp, at
Constant Pressure (0.1 MPa) at Different Temperatures

TIK 298.15 300 400 500 600 ref

Com/d-Kt-mol™?
acetic acid (CH;COOH) 66.53 66.82 81.67 94.56 105.23 29, 30
formic acid (HCOOH) 4568 4584 5452 62.63 69.81 71
benzene (CgHe) 82.44 83.02 113.52 139.35 160.09 85
toluene (CgHsCHs3) 103.70 104.40 139.90 170.80 196.20 79
methane 35.69 35.76 40.63 46.63 52.74 84
ethane 52.47 52.72 65.48 77.99 89.24 76

gaseous phase heat capacities at different temperatures for acetic
acid, formic acid, benzene, toluene, methane, and ethane.

For all of the models or levels of theory, the direct calculated
computational gaseous phase heat capacities for BA are
significantly higher than the data listed in the Stull et al. tables.?®
This is valid for all levels of theory used, which gives rise to
suspicions on the quality of the previously published data.
Taking advantage of the error cancellation, an isodesmic reaction
approach has been used for the calculation of gas-phase heat
capacities. The direct heat capacities of BA in gaseous phase
were obtained, on the basis of three hypothetical reaction
schemes (Figure 1) as depicted in the following equations:

Cy(BA) = AC,(reaction scheme 1, theoretical) —
Cy(CH,) + C,(CH;COOH) + C(CeHy) (2)

Cy(BA) = AC,(reaction scheme 2, theoretical) —
Cy(CH;CH;) + C(CH;COOH) + C,(CeHsCH,)  (3)

Cy(BA) = AC,(reaction scheme 3, theoretical) —
Cy(CH,) + C,(HCOOH) + Cy(CeHsCH;) (4)

In these equations, the theoretical AC,, values were calcu-
lated for each theoretical level of calculation according to the
three reaction schemes. The C,, values are literature data
derived from statistical thermodynamics analysis and/or experi-
mental data. Table 4 shows values obtained for absolute heat
capacities for BA, C,n(BA), obtained with the proposed method
for the three different isodesmic reactions and for all of the levels
of theory considered in this work. Table 5 presents the average
heat capacity data for each reaction scheme, the overall average
for the theoretical gaseous heat capacity of BA, and the estimate
based on the Joback group contribution method,®® as well as
the data found in the literature,?° in the temperature interval
from (298.15 to 600) K.

From the fitting of the derived ab initio data, the following
gaseous phase molar heat capacity and enthalpy change from
298.15 K to T/K, for the monomeric form of BA, is proposed
for the temperature interval from (298.15 K to 600) K:

Com(M/(+ K™ -mol™!) = —3.189167 - 10 *T* +
5.947417+10 T — 22.99 (5)
[H,(T) — H,,(298.15 K)]/(kJ - mol ") =
—1.063056 - 10~ 'T° + 2.973708 - 10 “T* —

2.299417-107%T — 16.76 (6)
where T is the temperature in Kelvin.

Ideal Gas Thermodynamic Properties Derived from
Experimental Vibrational Spectroscopy Data

Low temperature IR spectra in argon matrices of benzoic and
deuterobenzoic acid monomers and dimers were recorded and
interpreted by Stepanian et al.® and more recently by Bakker
et al.>” using jet-cooled IR spectra. For BA, a good agreement
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Table 4. Calculated Gaseous Phase Heat Capacities, Cp,,, Obtained
for BA (CsHsCOOH) at Constant Pressure, Derived from the
Hypothetical 1sodesmic Reaction Procedures

TIK 298.15 300 400 500 600

Comld-Kt-mol™*

B3LYP/6-311++G(d,p) scheme 1 125.7 126.5 163.8 194.3 218.3

scheme 2 126.0 126.8 164.0 194.2 218.1

scheme 3 1255 126.4 163.7 195.0 220.3
BLYP/6-311++G(d,p) scheme 1 126.1 126.7 163.9 194.4 2184
scheme 2 126.3 127.0 163.9 194.2 218.1
scheme 3 125.8 126.5 163.7 195.2 220.3
scheme 1 1259 126.7 163.8 194.3 2184
scheme 2 126.2 126.9 163.9 194.1 218.0
scheme 3 125.6 126.5 163.8 195.0 220.4
scheme 1 126.9 127.6 166.2 198.0 2229
scheme 2 127.2 127.9 1645 1945 2184
scheme 3 126.3 127.1 164.3 195.3 220.6
scheme 1 1257 126.3 163.6 194.1 218.1
scheme 2 1259 126.6 163.4 193.6 2175
scheme 3 1255 126.1 163.5 194.9 220.2
scheme 1 1259 126.5 163.8 194.3 218.2
scheme 2 126.3 127.0 164.1 194.4 218.3
scheme 3 125.6 126.2 163.6 194.9 220.1
scheme 1 1258 126.5 163.7 194.3 218.3
scheme 2 1259 126.5 163.4 193.7 217.7
scheme 3 1254 126.2 163.6 194.9 220.2
scheme 1 126.0 126.7 163.8 194.4 218.3
scheme 2 126.2 126.9 163.7 193.9 217.6
scheme 3 125.7 126.5 163.8 195.2 220.4
scheme 1 126.1 126.9 163.9 194.3 2185
scheme 2 126.6 127.3 164.4 194.6 218.7
scheme 3 125.7 126.6 163.8 195.0 220.5
scheme 1 125.9 126.6 163.8 194.3 218.2
scheme 2 126.3 127.0 164.0 194.3 218.2
scheme 3 125.7 126.5 163.7 195.0 220.3

BP86/6-311-++G(d,p)

MP2/6-311+-+G(d,p)

B3LYP/cc-pVTZ

BLYP/cc-pVTZ

BP86/cc-pVTZ

B3LYP/TZVP

BLYP/TZVP

BP86/TZVP

Table 5. Average Molar Heat Capacities, C,m, Results Obtained for
BA (C¢HsCOOH), Derived from Reaction Schemes 1, 2, and 3, the
Global Average, the Data Obtained by the Joback Method, and
Literature Data

TIK 298.15 300 400 500 600
Cpm/J-K™t-mol ™t

literature?°:3© 103.47 104.01 13836 170.54  196.73
Joback method®?2  120.6 121.4 157.8 188.1 212.9
scheme 1° 126.0 126.7 164.0 194.7 218.8
scheme 2° 126.3 127.0 163.9 194.2 218.1
scheme 3° 125.7 126.5 163.8 195.0 220.3
average® 126.0 126.7 163.9 194.6 219.1

2Using the following group coefficients: (one) nonring [—COOH];
(five) ring [=C(H)—1; (one) ring [=C<], group coefficients. ® This work.

was found between the two experimental vibrational spectra in
most active fundamental vibrational resonances in the (500 to
1900) cm™! region. In the present work, the fundamental
vibrational frequencies, obtained by quantum chemical calcula-
tions, were assigned from the visual analysis of the displacement
vectors as well as by comparison between the experimental and
the theoretical relative absorption intensities. The present
assignment compares well with the assignment proposed by
Bakker et al.*” and earlier by Stepanian et al.*® and is presented
in Table 6 for the B3LYP/6-311++G(d,p) and MP2/6-
311++G(d,p) levels of theory, using the unscaled theoretical
vibrational frequencies. Figure 3 shows the representation of
the experimental vibrations, We, as a function of the W,
obtained by B3LYP/6-311++G(d,p) and MP2/6-311++G(d,p)
after frequency assignment in the range of (421 to 1752) cm™.

The complete fundamental vibrational frequency assignments
are presented in Table 6, which are based on the experimental
vibrational frequencies with the highest absorption intensities
using the experimental data from Stepanian et al.'® and the
prediction of fundamental vibrational frequencies and assign-
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Table 6. Experimental IR Spectral Data and Fundamental Vibrational Mode Assignment®

16° 17° B3LYP/6-311++G(d,p) MP2/6-311++G(d,p)
mode description (assignment) Wexp/CM™1 Wegp/CM™  Weglom™ intensity  Wyea/CM™  Weg/cm™  intensity  Wpreg/cm™?

C—0—0 bend, out of plane 65 0.9 64 34 0.6 33
C—0—0 bend, out of plane 159 0.8 156 146 1.0 143
C—0—O0 bend, in plane 216 15 212 216 14 212
C—0—0 bend, in plane, ring deformation 383 4.8 376 383 4.4 375
C—C—C bend, out of plane 414 0.5 406 379 0.6 371
C—C—C bend, C—0O—H bend, both out of plane 421 432 12.1 421 389 9.0 421
C—0—O0 bend, in plane 497 6.1 488 498 6.4 488
C—0O—H bend, out of plane 568 571 576 715 568 526 79.4 568
C—C—C bend, in plane 632 0.2 620 621 0.1 609
C—O—H bend, in plane, ring deformation 628 631 640 48.9 628 638 35.0 628
C—C—H bend, out of plane ring 687 688 699 5.8 687 625 10.8 687
C—C—H bend (umbrella mode), out of plane ring 711 710 727 136.8 711 707 139.8 711
C—O—H bend, in plane, ring deformation 767 767 775 8.1 767 776 12.4 767
C—C—H bend, out of plane ring 824 0.1 809 767 15 753
C—C—H bend, out of plane ring 864 0.1 848 846 0.2 829
C—C—H bend, out of plane ring 960 1.7 942 900 1.2 882
C—C—H bend, out of plane ring 998 0.1 979 944 1.0 925
C—C—H bend, out of plane ring 1009 0.1 990 977 0.9 958
C—C—H bend, in plane ring 1018 0.4 999 1011 0.9 991
C—C—H bend, in plane ring 1027 1026 1046 20.6 1027 1046 171 1027
C—C—H bend, in plane ring 1066 1063 1089 114.7 1066 1094 85.8 1066
C—C—H bend, in plane ring 1086 1084 1114 445 1086 1119 63.4 1086
C—C—H bend, in plane ring 1185 0.6 1162 1184 0.1 1161
C—C—H bend, C—H—O0 bend, both in plane ring 1169 1173 1189 153.8 1169 1223 158.6 1169
C—C—H bend, C—H—0 bend, both in plane ring 1185 1187 1211 86.7 1185 1199 41.7 1185
C—C—H bend, in plane ring 1340 2.1 1315 1460 1.6 1432
C—C stretch ring deformation

C—C—H bend, in plane ring 1351 8.1 1325 1339 4.2 1313
C—C—H bend, C—H—0 bend both in plane ring 1347 1347 1363 117.1 1347 1381 138.4 1347
C—C—H bend, in plane ring 1456 1455 1481 15.7 1456 1478 14.2 1456
C—C—H bend, in plane ring 1523 18 1494 1524 5.8 1495
C—C stretch, ring deformation 1590 1591 1622 53 1590 1630 5.6 1590
C—C stretch, ring deformation 1606 1609 1642 19.2 1606 1649 7.6 1606
C=O0 stretch, O—H bend in plane 1752 1752 1785 395.9 1752 1803 304.8 1752
C—H stretch 3012 3167 0.4 3012 3204 0.2 3012
C—H stretch 3041 3179 10.6 3041 3216 7.9 3041
C—H stretch 3068 3189 12.7 3068 3226 7.7 3068
C—H stretch 3079 3202 4.6 3079 3235 5.7 3079
C—H stretch 3098 3209 2.5 3098 3243 2.4 3098
O—H stretch 3567 3772 99.4 3567 3807 104.7 3567

2Full IR spectra derived from the prediction missing frequency modes from scaling the B3LYP/6-311++G(d,p) and MP2/6-311++G(d,p) frequency
results of the experimental data. The prediction of vibrational frequencies, Wyeq, Was done by scaling the calculated frequencies [B3LYP/6-311++G(d,p)
or MP2/6-311+-+G(d,p)] using the assigned experimental vibrational frequencies,™® Weyp, in the range of (421 to 1752) cm L. Wyeq = 0.9812Weye, USING
Weae at B3LYP/6-311+-+G(d,p) level of theory. Wyeq = 0.9808Weaic, USING Weaie at MP2/6-311++G(d,p) level of theory. ® Stepanian et al.*® ©Bakker

et al.”

ments, Wpeq, for the lowest frequency and low absorption
intensity modes that were derived from the scaled vibration
frequencies [B3LYP/6-311++G(d,p) or MP2/6-311++G(d,p)].
The complete fundamental vibrational frequency modes and
assignments using the same procedure based on the remaining
theoretical models are available as Supporting Information
(Table S1).

The ideal-gas standard (p° = 10° Pa) molar thermodynamic
properties of the BA monomer were calculated by statistical
thermodynamics,®” using the assigned fundamental vibrational
frequency data, derived from experimental spectra,'® and the
predicted vibrational frequencies obtained by B3LYP/6-
311++G(d,p), as described above, are presented in Table 7.
For the calculation of the vibrational contribution for the
enthalpies and entropies, the lowest vibrational frequency of
BA was assigned to the axial torsion of the carboxylic group
but was treated as rigid HO as well as all of the other assigned
vibrational frequency modes.

Table 8 lists the results obtained for the gaseous phase heat
capacities of BA, C,m(BA), obtained by statistical thermody-
namics, using the assigned vibrational fundamental frequency
data, derived from experimental spectra'® and the predicted
vibrational frequencies at different theoretical models.

Calvet Microcalorimetry Gaseous Phase Heat
Capacities

The results of the measurements of the total enthalpy change
of BA associated with the process, A%bes1skHS, as obtained
from high-temperature Calvet microcalorimetry, and the cal-
culated gaseous phase enthalpy change from T = 298.15 K to
the hot-zone temperature T, AJsg1skH%(Q), are given in Table
9. Table 9 also presents the average gaseous phase heat capacity,
C, ((T)), derived at the mean temperature of each temperature
interval, and the estimated gaseous phase heat capacity for the
overall average mean temperature weighted, based on the
number of experiments at each temperature interval, is presented
as well.

Conclusions

Figure 4 compares the values of the gaseous phase enthalpy
change, from T = 298.15 K to the hot-zone temperature T,
versus temperature, AlogiskH%(g) = f(T/K), obtained experi-
mentally, the data derived from ab initio calculations in this
work, the data derived by statistical thermodynamic using the
assigned vibrational fundamental frequencies, and the data
reported in the literature.>**° A good agreement among the
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Table 7. ldeal-Gas Thermodynamic Properties for the BA
(CeHsCOOH) Monomer, Derived from the Experimental IR
Fundamental Frequency Assignment Using the B3LYP/
6-311++G(d,p) Level of Theory in the Prediction of the

L ow-Frequency and/or Low-Intensity Fundamental Frequency

Modes (p° = 10° Pa)

T Sn Com [Hon(T/K) — H°y, (0 K)]
K JeKtemol™  J-K~!.mol~! kJ-mol™*
100 267.2 54.1 4.2
200 3139 86.5 11.2
298.15 355.6 125.1 215
300 356.4 125.8 21.8
375 387.5 154.1 32.3
400 397.8 162.9 36.2
450 4179 179.1 44.8
500 437.5 193.6 54.1
525 447.1 200.2 59.1
600 475.1 218.1 74.8
700 510.2 237.6 97.6
800 543.0 253.5 122.2
900 573.6 266.6 148.2
1000 602.3 277.5 175.4

4000
(a) 7
_ 3000 | /,4
[ ,
= Y
] e
e Lo
£ 2000 | g
2 'y
»
-
-
1000 | K
0 = L N L
0 1000 2000 3000 4000
-1
Weale i'lr cm
4000
® i
3000 [ /3
|
= -
o ¥
e ;
£ 2000 f P
= -
»
-
@
0y
1000 |- -
0'*}
5
0 . ;
0 1000 2000 3000 4000
1
Weale J"r cm

Table 8. Molar Gaseous Phase Heat Capacity Results of the
Monomeric Form of BA (CeHsCOOH), Derived from the
Experimental IR Fundamental Fregquency Assignment Using
Different Computational Models for the Prediction of the
L ow-Frequency and/or Intensity Fundamental Frequency Modes®

T/IK 298.15 300 400 500 600
Cpm/J-Kt-mol™*

EXP + B3LYP/6-311++G(d,p) 125.1 1258 162.9 193.6 218.1
EXP + BLYP/6-311++G(d,p) 125.0 125.7 162.7 193.4 2179
EXP + BP86/6-311++G(d,p) 1254 126.1 163.1 1937 218.2
EXP + MP2/6-311++G(d,p) 126.8 1275 164.3 1947 2189
EXP + B3LYP/cc-pvtz 1250 1258 162.8 1935 218.0
EXP + BLYP/cc-pvtz 1248 1255 1624 1932 217.7
EXP + BP86/cc-pvtz 1252 1259 162.8 1935 218.0
EXP + B3LYP/TZVP 1253 126.1 163.1 193.8 218.2
EXP + BLYP/TZVP 125.1 1258 162.8 1934 217.9
EXP + BP86/TZVP 125.6 126.3 163.3 1939 218.3
2 Details and frequencies assignment available in Table S1 as

Figure 3. Plot of the calculated frequencies, We,e, Versus experimental
vibrational frequencies,*®*" Weyp, TOr the monomeric form of BA in the range
(421 t0 1752) cm™*: (a) Weqi at the B3LYP/6-311++G(d,p) level of theory,
Wpred = 0.9812Weaic; (D) Wearc at the MP2/6-311++G(d,p) level of theory,
Wyreg = 0.9808Weqi; blue @, plot between we,, (Stepanian et al.) and Weqc;
red O, plot of Wy, (Bakker et al.) and wea; black O, plot of Wey,, obtained
by Stepanian et al., and weyc for high vibrational frequencies (not considered
in the above scaling fitting).

results obtained by Calvet microcalorimetry, data derived from
the isodesmic ab initio procedure, and the thermodynamic
properties derived from the assigned fundamental vibrational
frequencies was found. The data previously reported in the
literature?®*° are clearly in disagreement with the results
obtained in this work, using different strategies.

Figure 5 compares the derived molar gaseous phase heat
capacity, Com((T)), the estimate using the Joback group con-
tribution method,®® and the literature data. Figure S1, available
as Supporting Information, presents a more extended comparison
between the data derived in this work and some additional
estimative methods. The results obtained by the Joback group
contribution method are systematically 5 J-K~*-mol™! lower
than the data derived in this work. The underestimation of
Joback method is nevertheless acceptable taking into account
the fact that the group coefficients for the carboxylic group used
and available for the estimation of C,, were attributed to a
nonring group. Because of the uncertainty associated with the
experimental data and the effective short experimental temper-
ature interval for the derivation of Aleg15kH%(g) [from T = (420

Supporting Information.

to 466.8) K], it is difficult to evaluate or compare the
experimental temperature dependency on the gaseous phase heat
capacity of BA obtained experimentally. The temperature
dependence of the heat capacity between the data derived in
this work is in good agreement with the temperature dependence
of the data estimated by the Joback group contribution method.

A good agreement among the experimental, ab initio, and
spectroscopic results is observed. It is also interesting to notice
the excellent agreement among the overall results for the
experimental gaseous phase heat capacity, C,n(experimental,
T = 370.5 K) = 155 & 5 J-K1-mol™%, the ones derived by
guantum chemical calculations at the same temperature (cal-
culated using eq 5), Cpn(theoretical, T = 370.5 K) = 153.6
J*K~t-mol~?, and the one derived from using the spectroscopic
vibrational data frequency assignment (e.g., derived from
B3LYP/6-311++G(d,p) level of theory), C,m(spectroscopic
vibrational, T = 370.5 K) = 153.7 J-K™t-mol 1.

The derived gaseous phase heat capacity obtained in this work
at 298.15 K, Cpyp(theoretical, T = 298.15 K) = 126.0
J-K~t-mol™t, compares quite well (1 % higher) with the one
estimated using the vibrational frequency data assignment
(obtained via IR spectroscopy in argon matrix*®), C, m(spectro-
scopic vibrational, T = 298.15 K) = 125.1 J-K 1-mol~. An
uncertainty in the order of 1 % could be estimated, considering
the comparative analysis between the gaseous phase molar heat
capacity and the enthalpy change from 298.15 K to T/K,
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Table 9. Experimental Results Obtained by Calvet
Microcalorimetry for the Total Enthalpy Change, A bog 15 « HS, the
Calculated Gaseous Phase Molar Enthalpy Change from T = 298.15
K to the Hot-Zone Temperature T, Al 1skH%(g), and the Derived
Gaseous Phase Heat Capacity, C,n((T)/K) for the Monomeric Form
of BA, at the Mean Temperature, (T)

T AngZQS.lSKHI?n A;QS.ISKH%(g)a A.2|-98.15KH?T1(g)b <T> Cp,m«T)/K)b

K kJ-mol™t kJ-mol™t kJ-mol™t K J-Klmol™?

420.0 106.7 18.2 17.0 359.1 142 £5
107.1 17.4
107.2 17.5
107.4 17.7
106.3 16.6

456.0 114.9 245 25.2 377.1 162 +5
116.0 26.3
115.2 255
114.7 25.0

435.7 111.0 20.9 21.3 366.9 157 +£5
111.9 22.2
110.9 21.2

446.8 1115 22.9 21.8 3725 151 +£5
112.6 22.9
1125 22.8

466.8 119.0 26.5 29.3 382.5 172 +£5
119.0 29.3
118.0 28.3

370.5° 155 +5°

2 Calculated by eq 6, obtained from the fitting of the derived ab initio
data. ® The gaseous phase molar enthalpy change from T = 298.15 K to
the hot-zone temperature T uncertainty estimated as + 1 % of the value.
Gaseous phase molar heat capacity uncertainty estimated as + 5
J-K~t-mol %, based on the typical uncertainty of the A.%%s15 kHS and
excluding the uncertainty associated to the A&H%(298.15 K) of BA that
corresponds to an systematic uncertainty in this methodology. ¢ Overall
gaseous phase heat capacity calculated for the weighted (based in the
number of experiments) average temperature and heat capacity.
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Figure 4. Plots of the gaseous phase enthalpy change data, from T = 298.15
K to the hot-zone temperature T, versus temperature, Alog1skH(g) = f(T/
K). Blue W, experimental results obtained by Calvet microcalorimetry; red
O, estimated from ab initio calculations (isodesmic procedure); blue A,
derived from the experimental IR fundamental frequency assignment; green
O, reported in the literature.2%*°

obtained experimentally and theoretically in this work, as
presented in egs 5 and 6.

The ideal gas standard (p° = 10° Pa) molar absolute entropy
of the BA monomer, at 298.15 K, $°,(g, T = 298.15 K) =
355.6 J-K~t-mol %, derived by statistical thermodynamics, using
the assigned fundamental vibrational frequency data, (Table 7)
is in excellent agreement with the experimental result, (g, T
= 298.15 K) = 355 & 2 J-K~!-mol~%, calculated using the
standard molar absolute entropy of solid BA at 298.15 K, S’ (cr,
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Figure 5. Plots of gaseous phase molar heat capacity results at the mean
temperature, (T) = 0.5(T + 298.15), C,n({T)/K), between 298.15 K and
the hot zone temperature of the Calvet microcalorimeter, versus mean
temperature, C,n((T)/K) = f({T)/K): blue B, experimental results obtained
by Calvet microcalorimetry; red ¢, derived from ab initio calculations
(isodesmic procedure); red A, derived from experimental IR fundamental
frequency assignment; blue triangle pointing right, estimated by the Joback
method;® green O, reported in the literature.?%=°

T =298.15 K) = 165.71 J-Kt-mol~?, derived from adiabatic
calorimetry,®® and the standard molar entropy of sublimation
at 298.15 K, determined by Knudsen effusion vapor pressure
measurements, A4S, (T = 298.15 K) = 189 + 2 J-K~t-mol~1.%°

In this work, new data for the ideal gas standard (p° = 10°
Pa) molar thermodynamic properties of the monomeric form
of the BA are proposed. The results and conclusions reported
here strongly support the thesis that the molar gaseous phase
heat capacity of the monomeric form of BA, currently available
in the literature, is underestimated to the order of 20 %. Some
thermochemical and thermophysical literature data, which were
derived or corrected using the previous literature data concerning
the monomeric form of the BA (gaseous phase heat capacity
or enthalpic correction), should be re-evaluated.

The application of the isodesmic reaction methodology for
the calculation of ideal-gas heat capacity is proposed and applied
for the calculation of the gaseous phase heat capacity of BA in
the monomeric form. Using the same methodology, the ideal-
gas thermodynamic properties of the BA dimer and the quantum
chemical study of the dimerization equilibrium is in progress
in our group.

Supporting Information Available:

The ab initio fundamental vibrational frequency data for each
different theoretical model are available in Table S1. The molar
gaseous phase heat capacity results derived for acetic acid, formic
acid, benzene, toluene, ethane, and methane involved in the
isodesmic reaction schemes are presented in Tables S2 to S7. Figure
S1 presents a comparison between the data obtained by several
estimative methods. This material is available free of charge via
the Internet at http://pubs.acs.org.
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