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Understanding the acid-base interactions is important in chemistry, biology and mate-
rial science as it helps to rationalize materials properties such as interfacial properties,
wetting, adhesion and adsorption. Quantitative relation between changes in enthalpy
(AH) and frequency shift (Av) during the acid-base complexation is particularly impor-
tant. We investigate AH and Av of twenty-five complexes of acids (methanol, ethanol,
propanol, butanol and phenol) with bases (benzene, pyridine, DMSO, Et2O and THF)
in CCly using intermolecular perturbation theory calculations. AH and Av of com-
plexes of all alcohols with bases except benzene fall in the range from —14 kJ mol—1!
to —30 kJ mol~! and 215 cm~! to 523 cm™!, respectively. Smaller values of AH
(=2 kJ mol=™! to —6 kJ mol~™!) and Av (23 cm™! to 70 cm~1!) are estimated for
benzene. Linear correlations are found between theoretical and experimental values of
AH as well as Av. For all the studied complexes, AH varies linearly (R? > 0.97) with
Av concurrent with the Badger—Bauer rule yielding the average slope and intercept of
0.053(% 0.002) kJ mol~! c¢cm and 2.15(% 0.56) kJ mol~1, respectively.

Keywords: Badger—Bauer rule; linear correlation; perturbation theory; solvation.

1. Introduction

The fundamental reaction of an acid and a base proposed originally by Lewis' is the
formation of an acid-base complex. The acid-base complex is formed by sharing an
electron-pair between an acid and an electron-pair donating base. Such acid-base
reactions to form complexes play an important role in chemistry, biology and mate-
rials science. For example, interfacial properties in polymer blends,?? adhesion,*°
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adsorption,® glass transition temperature,” swelling,® and ice nucleation and cirrus
cloud formation in the environment? are affected by these acid-base complexations.

Extensive research on stability and thermodynamics of acid-base complex for-
mation began in the 1960s. Pearson!® introduced qualitative acid-base scales based
on hard and soft acids and bases (HSAB) principles to understand the stability
of the acid-base complex in liquid solutions. Lee'! extended HSAB principles to
solid-solid interactions including metals and semiconductors. Drago'?'3 proposed
a four-parameter equation to calculate the enthalpy of acid-base complex in the
gas phase or in inert solvents from the susceptibilities of the acid and the base to
undergo an electrostatic and a covalent interaction. Accordingly, stable acid-base
complex is formed when both the acid and the base have large susceptibilities.
Gutmann' proposed a two-parameter equation to estimate enthalpy of acid-base
complex, equally valid for complexes of amphoteric species, based on an acceptor
number of the acid and a donor number of the base.

In addition to thermodynamic properties, the formation of hydrogen-bonded
acid-base (H-bonded acid-base) complex, X—H - - - B, also changes spectral proper-
ties, X—H and B representing acid and base, respectively. For instance, the stretch-
ing vibration of the X—H bond shifts to lower frequency upon complex formation,
and the frequency shift (Av) is related to the strength of base, possibly because
of the charge transfer that changes the force constant.'® Hydrogen bonded com-
plexes are also characterized by low-field shift in the NMR spectrum.'® Hence, a
relationship between Ar and thermodynamic properties is expected. Badger and
Bauer!” proposed the first relation between Av and the enthalpy change (AH) in
CS5 or CCly solution of H-bonded alcohol complexes. The magnitude of Av is the
difference between O—H frequency of free acid and O—-H frequency of H-bonded
acid. AH is the enthalpy change in acid-base complexation that corresponds to the
difference between the enthalpy of acid-base complex and the sum of enthalpies of
acid and base in dilute solution. The Badger—Bauer rule states that the greater the
value of AH, the larger the value of Av, which allows an efficient estimation of AH
from a simple infrared spectrum using the linear equation,

— AH (kJ mol™) = mAv (em™!) +c. (1)

Here, m and c are the slope and the intercept of AH versus Av plot, respectively.

Over the past 70 years, a large number of experimental studies'?1?:18735 focused
on determining AH and Av. Most of these studies were carried out to validate
Badger—Bauer relation for acid-base interactions. These studies were on reference
acids such as aliphatic alcohols, phenol and their substituted derivatives. In these
works, the hydrogen-bond donor was constant and the universal applicability of
Eq. (1) was tested for a broad range of acceptor molecules (Table 1). As can be seen
in Table 1, the reported slope (m) and the intercept (c) range from 0.043 kJ mol~* to
0.13 kJ mol~! ecm and —9.11 kJ mol~! to 15.06 kJ mol~*, respectively for different
donor—acceptor systems. Hence, the Badger—Bauer relation has been in the past,
and is still, a subject of debate.
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Table 1. Values of m and ¢ of Eq. (1) for acid-base complexes from previous studies.

Acid-base complex n Solvent m (kJ mol=! ¢cm) ¢ (kJ mol=!)  Refs.
Methanol-base 41  CCly 0.0438 7.73 15
Methanol-base 23  CCly 0.0479 6.57 28
Butanol-base 16 CCly, C2Cly 0.04435 6.904 24
4-fluorophenol-fluoroalkanes 4 CCly 0.13 5.4 30
4-fluorophenol-chloroalkanes 5 CClg 0.12 —0.4 30
4-fluorophenol-bromoalkanes 4 CCly 0.1 —0.9 30
4-fluorophenol-iodooalkanes 5 CCly 0.09 —1.45 30
Hexafluoropropanol-base 11  CCly 0.0481 15.06 31
2,2 2-trifluoroethanol-base 11  CCly, CgHisg 0.0506 11.29 33
Cholesterol /alcohol-base 17 CCly 0.055 7.45 26
Phenol-base 15 CCly 0.0669 2.635 27
Phenol-base 9 CCly, CeHis 0.046 11.67 25
Substituted phenol-base 16 CCly 0.04309 12.88 23,35
3,5-dichlorophenol-ether 8 CgHieo 0.108 —-9.11 18

Due to the advancement of quantum chemical computations, it is now possi-
ble to compute reliable AH and Av values for acid-base interactions and compare
them with the reported experimental data, which makes it possible to directly vali-
date the Badger—Bauer relation. A few quantum chemical calculations of complex-
ation energies of water-complex3® and methanol-complex3” in the gas phase have
been reported, concluding that complexation energies calculated using BSLYP and
MP2 methods are generally reliable. Recently, Kone et al.?® have reported quantum
chemical calculations of AH and Av at BBLYP and MP2 levels for hydrogen-bonded
complexes between methanol and twenty-three bases in the gas phase. AH and Av
computed at the BSLYP/6-314+G(d,p) level are found to be correlated with the val-
ues of 0.0436(40.0073) and 6.07(£2.09) for m and ¢ [Eq. (1)], respectively. Since
experimental studies are performed in suitable solvents, in most cases in CCly, di-
rect comparison of calculated results in the gas phase with the experimental data
is challenging. To our knowledge, quantum chemical calculations on the correlation
between AH and Av for hydrogen-bonded complexes involving broad range of AH
and Av in solvents are not reported yet.

The main objective of this study is to test the correlation between AH and Av
for hydrogen-bonded complexes between alcohols and bases in CCly solvent employ-
ing quantum chemical calculations. For this comparison, five alcohols (methanol,
ethanol, propanol, n-butanol and phenol) and five bases (benzene, diethyl ether,
dimethyl sulfoxide, tetrahydrofuran and pyridine) are considered. The present study
serves as an interesting test of the relationship for the following reasons:

(i) Enthalpy and frequency shift are calculated in CCly solvated medium.
(ii) Five hydrogen-bond (HB) donors including aliphatic and aromatic alcohols are
considered.
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(iii) Five HB acceptors with different atomic sites such as C, O, N are considered,
ranging from weak donor, benzene, to strong donor, pyridine.

(iv) Twenty-five HB complexes are considered that have AH and Av in a broad
range; AH from ~2 kJ mol™" to ~30 kJ mol~! and Av from ~20 cm™! to
~500 cm™!,

2. Computational Methods

The second-order Moller—Plesset perturbation (MP2) theory combined with the
basis set 6-31+G(d,p) was applied to perform calculations.® The geometries of
isolated acid and base molecules were fully optimized initially in the gas phase.
Starting from these optimized geometries, minimum energy geometries of acid-base
complexes were then fully optimized as done previously for methanol complexes.?®
Starting from each of these fully-optimized geometries, vibrational frequencies of all
thirty-five minimum-energy geometries were calculated in the harmonic approxima-
tion at the same level and are scaled by 0.939. Minimum energy of each structure
was confirmed from all-positive normal-mode frequencies because, each negative
frequency, if produced, represents a transition state on a potential energy surface
(PES). All theoretical calculations were performed using the Gaussian 09 (G09)
package®” in vacuum as well as in CCly solvated medium. Solvation effect of CCly
was modeled using the polarizable continuum method (PCM).4® The PCM method
has been validated as a reliable method to describe spectroscopic and thermody-
namic properties in solution.*!+42
For the hydrogen-bonded acid-base complexation,

XOH+: B« XOH--- B, (2)

the enthalpy of complex formation, AH, of a hydrogen-bonded complex is the
enthalpy change of the reaction [Eq. (2)] at 298 K and 1 atm. It was calculated
using GO9 directly from appropriate sums and differences of enthalpies of reactants
and products as

AH = Hcomplex - (Hacid + Hbase) . (3)

Here, AH is the result of contribution of different terms as?®

AH = AEq + AZPE + AFE,ot + AEgans + AEvi, + AnRT +BSSE.  (4)

In Eq. (4), the first term is the change in electronic interaction energy. The second
term is the change in zero point vibrational energy. The ZPE is the difference in
energy of equilibrium geometry (lowest point on PES) and the energy of vibra-
tionless energy level, v = 0. AFE o1, AFans and AE;, are changes in rotational,
translational and vibrational energies in going from 0 K to 298 K, respectively. The
last two terms account for the change in moles and basis set superposition errors
(BSSE), respectively.

The BSSE was calculated using the counterpoise method*?® implemented in G09
for gas phase complexes. However, it is not possible to perform both counterpoise
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and PCM methods directly in G09. Alternatively, the usual approach**4® to account
for both BSSE and solvation effects is to calculate BSSE in a vacuum and then add
solvation correction to the total interaction energies. The BSSE corrected enthalpy,

AHY, in solvent is given by

AHESSE _ AH\iSCSE + AFTCor (5)

olv solv

Here, AHPSSE is the BSSE corrected enthalpy change in gas-phase and AHSO is

vac solv

the solvation correction term. AHSS is the difference between enthalpies in solvent

and in gas-phase without BSSE correction given by the following equation:

A scc(w)lli;r = AHsoly — AHqac - (6)

For simplicity, the superscript “BSSE” is dropped and enthalpy changes rep-

resented throughout following sections represent the BSSE corrected ones unless

otherwise indicated. The shift in the O—H frequency upon the hydrogen-bonded

complex formation was calculated as a difference of O—H frequency of free acid and
O—H frequency of H-bonded acid in CCly.

free acid hydrogen bonded acid
Avon = Avgs — Ay Yeres . (7)

3. Results and Discussion
3.1. Benchmark calculations

A frequently encountered challenge in the high-level first-principles calculations
using large basis set is that the disk space and memory increase tremendously.
For example, the size of the basis functions at the MP2/6-31+G(d,p), MP2/cc-
pVTZ and MP2/aug-cc-pVTZ levels for methanol-MDSO complex are 184, 324 and
510, respectively. Hence, moving from 6-31+G(d,p) to cc-pVTZ amount of resource
needed for computations increases by a factor of ~16. Similarly, augmentation of
cc-pVTZ increases the resource requirement by another factor of 10. In the context
of the present work, test calculations were performed on methanol complexes using
different basis sets to find the reliable basis set with less computational expenses.

Figure 1 compares computed enthalpy changes in CCly at 6-314+G(d,p), cc-
pVTZ and aug-cc-pVTZ basis sets with the experimental values. Computed re-
sults are quantitatively different depending on the level of calculations. Specifically,
MP2/6-314+G(d,p) results tend to slightly underestimate whereas MP2/cc-pVTZ
and MP2/aug-cc-pVTZ results tend to slightly overestimate enthalpy changes com-
pared to the experimental values. This shows that the MP2/6-314+G(d,p) results are
close to the experimental results, captures essential physics and can be performed
at less expensive computational. In the present work, the reported calculations are
at MP2/6-314+G(d,p) unless otherwise indicated.
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Fig. 1. (Color online) Correlation of experimental and computed enthalpy changes of methanol
complexes with benzene, DMSO, THF, Et20O and pyridine molecules in CCly at different compu-
tational levels as indicated. Experimental values are from Refs. 22 and 28. *Calculated points at
MP2/aug-cc-pVTZ in vacuum was taken from Ref. 28 and was corrected for solvation computing
at MP2/cc-pVTZ.

3.2. Geometries of acid-base complexes and hydrogen bonding

The minimum energy structures of 25 acid-base complexes are depicted in Fig. 2.
Hydrogen bonding on each of these complexes is formed between a lone pair of
electrons in the highest occupied molecular orbital (HOMO) of a base and a lowest
unoccupied molecular orbital (LUMO) of an acid. In other words, a base acts as an
electron pair (HOMO electrons) donor and an acid acts as an electron pair acceptor
(shared to LUMO) to form the hydrogen bond of an acid-base complex. The positive
(blue) and the negative (red) phases of HOMO orbitals are also shown (Fig. 2) for
each complex. The orientation of these orbitals provides valuable information on the
directionality of the hydrogen bond. In each minimum-energy acid-base complex,
the HOMO orbital of a base is oriented toward the hydrogen atom of OH group
of an acid. This preferred orientation of HOMO orbital forms a stable acid-base
complex.

In the minimum energy benzene complexes, as seen in Fig. 1, the hydroxyl group
of each aliphatic alcohol faces to the center of the C—C bond rather than to the
center of the aromatic ring because of the fact that HOMO orbital is localized on
C—C bond length. In the case of phenol-benzene complex, both the hydroxyl group
and the C—H bond of the phenol are bound on a carbon—carbon bond of the benzene
ring. This makes the hydrogen-bonded complex for benzene with phenol unique
geometry compared to complexes of benzene with aliphatic alcohols. The structure
of both of these complexes match the structure reported for methanol-benzene?®
and phenol-benzene complexes.*6

The key structural parameter for acid-base complexes (Fig. 2) is hydrogen bond
(HB) length (Table 2). Figure 3 shows the variation of HB length for different
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Fig. 2.

(Color online) Molecular structures of hydrogen-bonded acid-base complexes. Hydrogen

bond acceptors are oriented towards the frontier molecular orbital of hydrogen bond donors. For
each orbital, red and blue colors represent the negative and positive phases, respectively.

complexes in CCly solvent. For a

given base, there is a slight variation of HB

lengths among aliphatic alcohols (Fig. 3). Average HB lengths of aliphatic alcohols
with benzene, pyridine, EtoO, THF and DMSO are 2.5129 A, 1.8264 A, 1.8263 A,
1.8262 A and 1.8068 A, respectively. As expected, HB lengths of phenol-base com-
plexes are shorter than corresponding aliphatic acid counterparts. HB distances
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Table 2.  Values of enthalpy change, frequency shift, change in OH bond and hydrogen bond
length for different HB donor-accepter complexes.

HB HB AH Av Aron HB AH? AvP
donor acceptor  (kJ mol™1)  (cm~!) (1072A) (A) (kJ mol=1)  (cm™1)

Methanol Benzene 2.25 24.2 0.186 2.5244 4.88 29
Methanol DMSO 20.92 314.3 1.597 1.8067 19.77 213
Methanol Et20 13.93 215.7 1.086 1.8313 15.60 170
Methanol Pyridine 18.3 318.2 1.585 1.8848 19.05 286
Methanol THF 14.17 219.6 1.143 1.8262 16.11 155
Ethanol Benzene 5.26 23.4 0.187 2.5213
Ethanol DMSO 20.51 311.6 1.591 1.809
Ethanol Et20 13.85 215.7 1.088 1.8287
Ethanol Pyridine 17.68 316.7 1.585 1.8847
Ethanol THF 14.04 220.1 1.143 1.8263
n-Propanol = Benzene 3.06 23.8 0.181 2.5062
n-Propanol DMSO 20.64 315.1 1.608 1.8059
n-Propanol Et2O 14.11 220.2 1.105 1.8227
n-Propanol  Pyridine 17.85 319.4 1.599 1.8815
n-Propanol THF 14.53 220 1.145 1.8264
n-Butanol Benzene 1.96 27.5 0.194 2.5 2.10 20
n-Butanol DMSO 19.44 318.4 1.622 1.8059 19.61 200
n-Butanol Et20 12.96 222.3 1.109 1.8229 12.60 147
n-Butanol Pyridine 16.66 323.4 1.611 1.8801 18.91 264
n-Butanol THF 14.67 248.5 1.242 1.8257 12.95 153
Phenol Benzene 6.12 70 0.347 2.4005 6.53 46
Phenol DMSO 23.98 404.3 2.082 1.7433 27.20 357
Phenol Et2O 22.75 356.1 1.725 1.7381 22.80 275
Phenol Pyridine 28.28 523.6 2.631 1.7748 29.29 475
Phenol THF 22.7 376.4 1.864 1.7253 23.43 285

a,bExperimental values in CCly from Refs. 20, 22, 28, 29, 32 and 34.

of phenol complexes with benzene, pyridine, EtoO, THF and DMSO decrease by
0.1124 A, 0.1079 A, 1.008 A, 0.0883 A and 0.0635 A, respectively compared to
aliphatic alcohol complexes.

The different HB length for aliphatic and phenol complexes with a given base
can be understood in terms of different acidic strengths. All carbon atoms in phenol
are sp? hybridized and actual C—C bonds can be best considered as represented
by the resonance structures. In contrast, carbon atoms in aliphatic alcohols are
sp> hybridized and are saturated. Resonance structures of phenol stabilize oxygen
anion from the OH group and hence the hydrogen atom in phenol is loosely bound
compared to the hydrogen atom of aliphatic alcohols. Consequently, loosely-bound
hydrogen atom forms stronger HB with the base. In other words, stronger HB has
shorter HB length. Phenol derivatives such as 4-fluorophenol and 4-nitrophenol are
even stronger acids than phenol and form stronger HB.4”
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Fig. 3. (Color online) Variation of hydrogen-bond length across acid-base complexes in CCly.
Data represented by filled circle (from Ref. 28) and triangle (from Ref. 46). Symbols are for
complexes in the gas phase.

Variations of HB lengths across acid-base complexes have been studied in a
vacuum (filled circles and triangle in Fig. 3).2846 Kone et al.?® have reported HB
lengths of 2.540 A, 1.934 A, 1.853 A and 1.826 A, respectively for methanol com-
plexes with benzene, pyridine, THF and DMSO. Fujji et al.*® have reported HB
length of 2.417 A for the phenol-benzene complex. We have also computed HB
lengths of these complexes in vacuum and results agree very closely with the re-
ported values. Comparison of HB lengths in vacuum and CCly mediums shows
that the solvation affects HB lengths. For instant, the decrease in HB length going
from vacuum to CCly solvent is ~0.002 A for phenol complexes and ~0.03 A for
methanol complexes. These changes on HB length have strong effect on Awv.

3.3. O—H frequency shift

Infrared spectroscopy plays an important role in understanding acid-base inter-
actions and HB formations because of its sensitivity to the presence of HB.
In XO—H--- B complex, HB is characterized by weakening (lengthening) of the
O—H bond because of the electrostatic attraction between H and B. This reduces
the force constant of the O—H bond and consequently, O—H stretching frequency
is decreased.*® Hence, the basis of the spectroscopic study of HB is that O—H
frequency of XO—H---B complex shifts to lower frequency compared to the
O—H frequency of free acid, XO—H. This difference in O—H frequencies, Avoy, is
expected to correlate very well with the O—H bond-length changes (Aron) during
the HB bond formation. In fact, good correlations between Avoy and Arog have
been reported for similar systems.*°
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Fig. 4. (Color online) Variation of O H frequency shift as a function of O H bond elongation
for twenty-five hydrogen bonded complexes. The color scheme is the same as in Fig. 3.

Figure 4 shows the correlation between Avoy and Aropg for twenty-five
hydrogen-bonded complexes in CCly solvent. Among these complexes, weaker
base, benzene, involves smaller Aroy values (~0.0019 A for aliphatic alcohols
and 0.0035 A for phenol). Corresponding Avop values for benzene complexes
are ~24 cm~! for aliphatic alcohols and 70 cm~! for phenol (Table 2). Com-
plexes with the strong base, pyridine, have larger values of Avpoy and Aroy.
For all complexes, Avog and Aroy are perfectly correlated in a linear equation,
Avor (cm™') = 20442Arox (A) — 9.6 with R? = 0.998. Recently, Wang et al.?
have reported similar correlation between frequency shift and bond length variation
in halogen-bonded complexes.

The O—H frequency shift in acid-base complex formation can be understood in
terms of molecular orbital interactions. In XO—H - - - B, complex molecular orbitals
are formed mixing HOMO orbitals of base and the LUMO orbitals of acid. The
mixing of these orbitals leads to the intersystem electron density shift from one
fragment (base) to another (acid). As a result, the electron density is increased
towards O—H of acid, H is pulled towards B and O—H bond is weakened. This
shifts the O—H frequency of complex to the lower wavelength. In addition to the
effect on spectral property, hydrogen bonding is also known to affect the properties

of crystalline and polymeric systems.?! 3

3.4. Enthalpy of complex formation

Experimentally, AH values are often measured in suitable solvent. Hence, the direct
comparison of computed AH values with corresponding experimental data requires
the computation of AH also in suitable solvent, as values of AH are expected to be
different in gas phase than in solvent.? In the present study, we have selected CCly
as a solvent for the computation of AH for acid-base complexes. Figure 5(a) shows
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Fig. 5. (Color online) Correlation of calculated enthalpy of complex formation with (a) exper-
imentally measured enthalpy and (b) O H bond variation. The color scheme is the same as in
Fig. 3.

the correlation of experimentally-measured AH and theoretically-computed AH in
CCly. Experimental and computed values of AH are correlated (R? = 0.97) in the
linear equation, AHFXY (kJ mol~!) = 0.996A HAL (kJ mol~!) + 0.85, and very
small deviations in the slope and the intercept are within the uncertainties in the
measurement of AH. The uncertainties of AH measurements have been reported
from 0.3 kJ mol~! for methanol-THF complex to as high as 2.11 kJ mol~! for
benzene—methanol complex.?®

Before discussing the relation between AH and Avoy in the following section,
it is imperative to see if AH is related to the geometric parameter, Aropg, as Avog
does (discussed in the previous section). Figure 5(b) shows the variation of AH
with Aroy and it is evident that AH is linearly correlated with Arpy in a linear
equation, —AHCAL (kJ mol™") = 1087Aron (A) +1.62, with R? = 0.97. As in
the case of variation of Avop and Arop, weaker base benzene, involves smaller
AH values (an average of ~3 kJ mol~! for aliphatic alcohols and ~6 kJ mol~!
for phenol). Complexes with the strong base, pyridine, have larger values of AH
and Arog. Importantly, the linear relationship between AH and Aroy indicates
that thermodynamic parameters are related to geometrical parameters in acid-base
interactions.
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Fig. 6. (Color online) Correlation of (a) calculated and (b) experimental enthalpies with fre-
quency shifts in CCly. The color scheme is the same as in Fig. 3. Experimental data are from
Refs. 20, 22, 28, 29, 32 and 34.

3.5. Correlation between enthalpy and frequency shift

Figure 6(a) represents the overall correlation of calculated AH and Avgy for 25
acid-base complexes in CCly (Table 2). AH and Avoy are linearly correlated with
R? value of 0.97 as defined by Eq. (8).

— AHM (k] mol™!) = 0.053A0SA" (em™) +2.15. (8)

The linear relationship between AH and Avoy also holds for experimental reported
values of 15 acid-base complexes in CCly with R? value of 0.92.

~ AHPXP (1] mol 1) = 0.064A0ESP (cm!) + 3.49. 9)

As evident from Egs. (8) and (9), both intercept and slope of AH versus Avop
plots agree between theory and experiment. Figure 6(b) represents the correlation
of available experimental values of AH and Avoy for acid-base complexes in CCly.

The linear relationship between calculated AH and Avoy in CCly equally holds
for complexes of each alcohol family. Table 3 summarizes m, ¢ and R? values ob-
tained from fitting a linear equation to the results of AH versus Avoy (Table 2).
Correlations resulting from complexes of individual alcohol as well as overall com-
plexes are consistent. This suggests that slopes and intercepts of AH versus Avoy

1430014-12
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Table 3. Values of m and c¢ for acid-base complexes from present
calculations in CCly.

Acid-base complex m (kJ mol™! cm) ¢ (kJ mol™1) R?

Methanol-base 0.059(+£ 0.005) 0.95(+0.21)  0.980
Ethanol-base 0.055(£0.004)  2.70(£0.83)  0.982
Propanol-base 0.059(+£ 0.002) 1.77(£0.33)  0.998
Butanol-base 0.055(£0.005)  0.62(£0.34)  0.972
Phenol-base 0.050(£0.004)  3.35(£1.46)  0.982
Overall 0.053(£0.002)  2.15(+0.56)  0.970
I I I I I
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Fig. 7. Correlation of calculated enthalpies with frequency shifts in vacuum. The color scheme
is the same as in Fig. 3.

plot are very slightly dependent on the type of acid. Weaker acid (aliphatic alco-
hol) favors slightly larger slope and slightly smaller intercept than the stronger acid
(aromatic alcohol) and vice versa. These trends are supported by slightly smaller
m and slightly greater ¢ for phenol complexes compared to 2,2,2-trifluoroalcohol
complexes.33

Importantly, the correlation between AH and Avoy is influenced by the medium
in which acid-base complex is formed and hence, it is different in solution and gas
phases. Figure 7 shows the correlation of AH and Avoy for 25 acid-base complexes

in the gas phase. AH and Avoy are linearly correlated as defined by the equation,
[~AHCAL (k] mol™Y)]yac = 0.077 [AvSE" (em™Y)]yac + 2.02. (10)

The value of ¢, as is evident from Figs. 6 and 7 [Egs. (8) and (10)], is similar in
solution and gas phases. However, the value of m differs by ~0.024 kJ mol~! cm
between solution and gas phases. In addition, AH and Avgoy are poorly correlated
(R? = 0.90) in the gas phase. As stated earlier (Fig. 3), HB distance in complexes
of weak base (benzene) with alcohols are nearly equal in gas and solution phases.
However, in complexes of strong bases, HB distances vary by ~0.03 A (Fig. 3).
Hence, AH and Avpy of strong acid-base complexes are more dependent on the
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medium than weak acid-base complexes. Consequently, intercepts are nearly equal
in solution and gas phases but slopes are different.

4. Conclusions

We have performed quantum chemical calculations to test the correlation be-
tween AH and Av among twenty-five acid-base complexes in CCl,. HB donors
(aliphatic and aromatic) and HB acceptors with different atomic sites (C, O, N)
were considered to have AH and Av in a broad range; AH from ~ 2 kJ mol~! to
~30 kJ mol~! andAv from ~20 cm~! to ~500 cm~!. We have found that the
Badger-Bauer relationship, —AHCAY (kJ mol™!) = 0.053 AvSa"Y (em™1) + 2.15,
holds for the complexes studied. The overall computed values of m (0.0532 kJ mol~*
cm) and ¢ (2.15 kJ mol~!) agree with the corresponding experimental values of
0.0578 kJ mol~! em and 2.64 kJ mol~!, respectively. We have also found a very
small family dependence of m and ¢ on complexes of a given aliphatic or aromatic
alcohol. Importantly, we have also found that AH and Avpy are better correlated
in solution phase than in the gas phase. Overall, reliable enthalpy of acid-base com-
plexation can be estimated from IR frequency shift using Badger-Bauer AH versus
Av relationship.

Acknowledgments

RB, PI and MT are grateful to The University of Akron and the National
Science Foundation (Grant No. DMR0847580) for financial support of this research.
AD is grateful to the National Science Foundation (Grant No. DMR-1105370) for
the financial support. Part of this work used Blacklight computational resources
that are provided by the Extreme Science and Engineering Discovery Environment
(XSEDE), which is supported by the National Science Foundation Grant No. ACI-
1053575.

References

1. G. N. Lewis, Valence and the Structure of Atoms and Molecules (The Chemical
Catalog Company, Inc., New York, 1923).

2. A. Kurian, S. Prasad and A. Dhinojwala, Langmuir 26 (2010) 17804.

3. S. Prasad, H. Zhu, A. Kurian, I. Badge and A. Dhinojwala, Langmuir 29 (2013)
15727.

4. M. K. Chaudhury, Mater. Sci. Eng. R 16 (1996) 97.

5. K. L. Mittal and H. R. Anderson, Acid-Base Interactions: Relevance to Adhesion
Science and Technology (VSP, Utrecht, 1991).

6. F. M. Fowkes and M. A. Mostafa, Ind. Eng. Chem. Prod. Res. Dev. 17 (1978) 3.

7. D. W. Van Krevelen, Properties of Polymers (Elsevier, Amsterdam, 1990).

8. F. M. Fowkes, D. O. Tischler, J. A. Wolfe, L. A. Lannigan, C. M. Ademu-John and
M. J. Halliwell, J. Polym. Sci. Polym. Chem. Ed. 22 (1984) 547.

9. M. R. Beaver, M. J. Elrod, R. M. Garland and M. A. Tolbert, Atmos. Chem. Phys.
6 (2006) 3231.

1430014-14



Mod. Phys. Lett. B 2014.28. Downloaded from www.worldscientific.com
by 54.152.109.166 on 09/17/15. For personal use only.

10.
11.
12.
13.
14.

15.

16.
17.
18.

19.
20.

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.
36.

37.
38.
39.
40.
41.
42.

43.
44.
45.
46.
47.

48.
49.

A brief review of Badger—Bauer rule and its validation

R. G. Pearson, J. Am. Chem. Soc. 85 (1963) 3533.

L. H. Lee, Fundamentals of Adhesion (Plenum Press, New York, 1991).

R. S. Drago, Struct. Bond. 15 (1973) 73.

R. S. Drago, G. C. Vogel and T. E. Needham, J. Am. Chem. Soc. 93 (1971) 6014.
V. Gutmann, The Donor—Acceptor Approach to Molecular Interactions (Plenum
Press, New York, 1978).

C. Laurence and J. Gal, Lewis Basicity and Affinity Scales (John Wiley and Sons,
2010).

E. Arunan et al., Pure Appl. Chem. 83 (2011) 1619.

R. M. Badger and S. H. Bauer, J. Chem. Phys. 5 (1937) 839.

M. H. Abraham, D. V. Prior, R. A. Schulz, J. J. Morris and P. J. Taylor, J. Chem.
Soc. Faraday Trans. 94 (1998) 879.

A. Allerhand and P. V. R. Schleyer, J. Am. Chem. Soc. 85 (1963) 371.

E. M. Arnett, L. Joris, E. Mitchell, T. S. R. Murty, T. M. Gorrie and P. V. R. Schleyer,
J. Am. Chem. Soc. 92 (1970) 2365.

S. S. Barton, J. P. Kraft, T. R. Owens and L. J. Skinner, J. Chem. Soc. Perkin Trans.
2 (1972) 339.

I. Motoyama and C. H. Jarboe, J. Phys. Chem. 71 (1967) 2723.

R. S. Drago and T. D. Epley, J. Am. Chem. Soc. 91 (1969) 2883.

R. S. Drago, N. O’Bryan and G. C. Vogel, J. Am. Chem. Soc. 92 (1970) 3924.

T. D. Epley and R. S. Drago, J. Am. Chem. Soc. 89 (1967) 5770.

Goralski, J. Chem. Soc. Faraday Trans. 89 (1993) 2433.

D. Joesten and R. S. Drago, J. Am. Chem. Soc. 84 (1962) 3817.

Kone, B. Illien, C. Laurence and J. Graton, J. Phys. Chem. A 115 (2011) 13975.
S. N. Murthy and C. N. R. Rao, Appl. Spectrosc. Rev. 2 (1968) 69.

Ouvrard, M. Berthelot and C. Laurence, J. Phys. Org. Chem. 14 (2001) 804.

F. Purcell, J. A. Stikeleather and S. D. Brunk, J. Am. Chem. Soc. 91 (1969) 4019.
C. N. R. Rao, P. C. Dwivedi, H. Ratajczak and W. J. Orville-Thomas, J. Chem. Soc.
Faraday Trans. 71 (1975) 955.

A. D. Sherry and K. F. Purcell, J. Am. Chem. Soc. 94 (1972) 1853.

J. N. Spencer, E. S. Holmboe, D. W. Firth and M. R. Kirshenbaum, J. Solution Chem.
10 (1981) 745.

G. C. Vogel and R. S. Drago, J. Am. Chem. Soc. 92 (1970) 5347.

P. R. Rablen, J. W. Lockman and W. L. Jorgensen, J. Phys. Chem. A 102 (1998)
3782.

M. Kone, B. Illien, J. Graton and C. Laurence, J. Phys. Chem. A 109 (2005) 11907.
C. Moller and M. S. Plesset, Phys. Rev. 46 (1934) 618.

M. J. Frisch et al., Gaussian 09, Revision C.01 (Gaussian Inc., Wallingford CT, 2010).
B. Mennucci and J. Tomasi, J. Chem. Phys. 106 (1997) 5151.

C. J. Cramer and D. G. Truhlar, Chem. Rev. 99 (1999) 2161.

J. Tomasi, R. Cammi, B. Mennucci, C. Cappelli and S. Corni, Phys. Chem. Chem.
Phys. 4 (2002) 5697.

S. F. Boys and F. Bernardi, Mol. Phys. 19 (1970) 553.

K. E. Riley and K. M. Merz, J. Phys. Chem. B 110 (2006) 15650.

K. E. Riley and K. M. Merz, J. Phys. Chem. A 111 (2007) 1688.

A. Fujji, T. Ebata and N. Mikami, J. Phys. Chem. A 106 (2002) 8554.

J. Graton, F. Besseau, A. Brossard, E. Charpentier, A. Deroche and J. L. Questel,
J. Phys. Chem. A 117 (2013) 13184.

L. D. S. Yadav, Organic Spectroscopy (Anamaya Publishers, New Delhi, 2005).

S. A. C. McDowell and A. D. Buckingham, J. Am. Chem. Soc. 127 (2005) 15515.

P.

M.
M.
A.
C.
K.

1430014-15



Mod. Phys. Lett. B 2014.28. Downloaded from www.worldscientific.com
by 54.152.109.166 on 09/17/15. For personal use only.

R. S. Bhatta et al.

50. W. Wang, Y. Zhang, B. Ji and A. Tian, J. Chem. Phys. 134 (2011) 224303.

51. R. Liao, M. Zhu, X. Zhou, F. Zhang, J. Yan, W. Zhu and C. Gu, Mod. Phys. Lett. B
26 (2012) 1250088.

52. B. R. Tuttle, Mod. Phys. Lett. B 19 (2005) 683.

53. E. K. Hobbie, G. Merkle, B. J. Bauer and C. C. Han, Mod. Phys. Lett. B 10 (1996)
1219.

54. F. Zhang and D. Xue, Mod. Phys. Lett. B 23 (2009) 3951.

55. F. Zhang and D. Xue, Mod. Phys. Lett. B 23 (2009) 3943.

1430014-16




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [594.720 841.680]
>> setpagedevice


