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Electronic structure calculations were carried out to prove the stability of the 1,4-benzogubenmic

acid adduct, Q(HBz), linked by hydrogen bonds. The Q(HBz) geometry was optimized using the density
functional theory (DFT), with gradient-corrected and hybrid exchange-correlation functionals, and-Mgller
Plesset perturbation theory (MP2) with DZP plus diffuse functions and TZVP basis sets; the fitting approach
on the electron density was tested for DFT calculations with the TZVP/A2 basis set. Two stable planar
conformers Q(HBz) were determined and confirmed by a frequency analysis. Confbhagitwo hydrogen

bonds, one &H:-:Oqg and one weak g-H-:-O, where @Q is a quinone oxygen anddXorresponds to a
quinonea-carbon. In the conforme? the Q(HBZz) adduct is stabilized also with two hydrogen bonds, one is
Co—H---0O like the conformetl, and the other one is agE€H-+--O bond, where gis a carbon that belongs

to the ring of the benzoic acid. Binding energies for both conformers are reported, a good agreement between
DFT and MP2 results was obtained only when the basis set superposition error is included. Furthermore this
agreement is better between DFT with a hybrid exchange-correlation functional and the MP2 method. The
binding energy at our best level of theory wag.7 kcal/mol for conformet and—3.7 kcal/mol for conformer

2. Additionally to the theoretical study, a novel electrochemical method is proposed to characterize the Q(HBz)
adduct. The electrochemical characterization of the neutrlitral association by hydrogen bonds was
performed in DMSO, on the basis of voltammetric current measurements. The method stems from the fact
that the diffusion coefficient of the electroactive compound is modified by effect of the association, of Q
with HBz, which provokes significant variations in the voltammetric current peak. By using this variation, it
was determined that the Q and HBz are associated with a 1:1 stoichiometry with a conditional association
constant of 12 M. This electrochemical approach represents an alternative tool to evaluate association
constants involving neutral species, in conditions where the spectroscopic techniques are difficult to apply.

I. Introduction C—H---O hydrogen bond interactions in this kind of molecules

The hydrogen bond topic has received, for a long time, large Ihs Jelevang Ir:j a recebnt Sh%rt, commumcago.r;, &fo
attention by experimental and theoretical groups; this interest 'Y4rogén bond was observed in a system built with quinone

is obvious because this contact is relevant in biological (Q)and benzoicacid (HB2By performing high-level ab initio
systems:2 The characterization of such interaction has been calculaﬂo_ns, it was found that the Q(HBz) adduct is stabilized
around geometrical parameters and the strength exhibited byPy two different hydrogen bonds. Two levels of theory were
the link X_H...O, where X represents a donor atom of the reported with the MolletPlesset pel’turbatlon theOI’y (MP]?),
hydrogen involved in the short contact. Recently, it has been With an augmented polarized douldgbZP+diff) basis set!
shown that the €H---O contact must be considered as an the Q(HBz) adduct geometry shows-@---O and C-H---O
important stabilizer of some systems. In this way, weak hydrogen bonds, which stabilize the adduct-by.7 kcal/mol,
directional G-H---O interactions became, in recent years, one with the basis set superposition error (BSSE) incluttett the
of the main topics of hydrogen bond reseatdh. this field, density functional theory (DFT) levéf using a gradient-
electronic structure calculations can play an important role, corrected exchange-correlation functional, and a polarized
mainly to supply binding energy estimations that are difficult triple-£ basis set (TZVP) with an auxiliary basis set (A2}he
to know by studying structural and spectroscopy data alone. same hydrogen bonds as in the MP2/Bz#f method were
Additionally, it has been established that this hydrogen bond is observed. A binding energy just 0.17 kcal/mol higher than the
weak and several considerations must be taken into account toMP2/DZP+diff method was obtained, but without considering
evaluate the strength of such contact by quantum chemicalthe BSSE. However, there is still controversy in the literature
methods! about the reliability of DFT in the description of weak hydrogen
Because quinones are very important redox species that takeyondstS For this reason, our theoretical study of the Q(HBz)
part in important biological process? the study of weak  gystem was extended to report, in this paper, a more detailed
. - discussion about the performance of different basis sets and
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Additionally to the theoretical study we present, in this work,
an electrochemical approach that permits characterization of the
hydrogen bond in neutral systems such as the Q(HBz) system.
It is well-known that this kind of system represents a challenge
to be studied by electrochemical methd€’ Techniques such
as optical and magnetic resonance or spectroelectrochemistry
have been focused to study hydrogen bond interactions between
charged moleculesand proton donor¥-20 However, the
association between neutral molecules by hydrogen bond Conformer 1
interactions in solutions shows difficulties to be studied by these
methodst®1721The variation of the redox potential due to this
interaction is not easily measurable and additional complications
could be presented when the protonation of reduction products
occurs? In this context it is better to focus on apparent diffusion
coefficients; because the complex should have a smaller
diffusion coefficient and consequently a current variation must
be observed’ In a previous paper we report a method based
on the diffusion coefficien?. Thus, in this paper we discus in
detail the electrochemical approach that supports the formation
of the neutral adduct Q(HBz) and the strategy to elucidate its
stoichiometry and its conditional association constant.

We present in section Il details of quantum chemical methods
applied on Q(HBz) adduct; results and discussion about Conformer 2
hydrogen bonds involved in this system are also presented. InFigure 1. Geometries of conformefsand2 of the Q(HBZ) adduct at
Section 11l the electrochemical approach is discussed in detail the MP2/TZVP level of theory.

and it is applied on the Q(HBz) system. Finally, in section IV ] o

possible nonplanar conformers were searched for confotmer
Il. Electronic Structure of the Quinone —Benzoic Acid by scanning a dihedral angle, until the-@---O bond was
Adduct broken; no minimum was found. A further optimization was

done in a planar conformer where the-8---O is the only

Il.a. Quantum Chemical Methods. Recently there has been  contact of the Q(HBz) adduct using the B3LYP/TZVP/A2

large interest in applying DFT in the study of the electronic method; however, an imaginary frequency was found. This result
structure of biochemical systems where hydrogen bonds areis not in agreement with semiempirical methods that predict a
relevant?® Thus, in this work, the performance of this theory nonplanar structure of this adduct. Additional studies must be
with gradient-corrected (BLYP}25>and hybrid (B3LYP3°26 performed to establish the reasons of such disagreement. In this
exchange-correlation functionals, on the description of hydrogen work we considered only stable conformers and consequently
bonds in two Q(HBz) conformers, is presented. Although there the adduct with just the contact-@H+--O was not included.
must be several conformers in this adduct, because there are The structural parameters for hydrogen bonds described in
several possibilities of XH-:-O contact, we considered the this work for both conformers and for all methods used are
conformers where more stable contacts can be given. The basiseported in Table 1. We considered in this work the basis set
sets used were the DZRIiff and the TZVP without and with  TZVP/A2 to test the performance of the fitting approach on
an auxiliary basis set TZVP/A2. We compare the DFT results the electron density, to approximate the coulomb contribution,
with those obtained with the MP2 method; in this case the basis on the description of ©H-:-O and G-H---O contacts. From
sets used were the DZRIiff and the TZVP. The BSSE was  Table 1 it is evident that the basis set TZVP/A2 with BLYP
estimated by the counterpoise procedgfer all methods with and B3LYP functionals gives geometrical parameters similiar
the DZPt+diff and TZVP basis sets. In this work all calculations  to those of the basis set TZVP. It is an important result because,
were done using the NWChem progrédfmFor all methods  when the fitting approach is used, the computing times are
considered in this work the geometries were optimized. A considerably reduced; this is relevant in the study of large
frequency analysis was done, with the two exchange-correlationsystems. A survey of the structural features ia-HG:-O

functionals used in this work and the basis sets Baff and hydrogen bonds, similar to those found recently in 1,4-
TZVP/A2, and no imaginary frequency was observed in both benzoquinone dimers by Steiner et %l.reveals that the
conformers. distribution of hydrogen bond ++O distances has mean values

Il.b. Geometrical Parameters of Hydrogen Bonds.The of 2.47 A, donoracceptor distances (€O) of about 3.53 A
geometries of the two conformers Q(HBz) studied here are on average, and -€H---O angles of 1657 As seen in Table
depicted in Figure 1. Both structures were optimized using the 1, for the G—H---O hydrogen bond present in conformkr
theoretical methods describe above. As can be observed inall levels of theory considered in this work predict shorter
Figure 1, conformef has two hydrogen bonds, one-®i---O H---O and C--O distances than the average reported in ref 28.
and one weak €H---O. In the last one, the donor atom isa C It is important to point out that among the basis sets used in
atom of the 1,4-benzoquinone ring; this hydrogen bond will be this work the DZP-diff basis set gives for all methods the
denoted as g—H--+O. Conformer2 also has two hydrogen  shortest distances-HO and G-+O. Of course, we expect this
bonds, in this case the Q(HBz) adduct is stabilized with two fact will be mapped in the magnitude of binding energies. With
C—H:--O hydrogen bonds, one is ag€H--O like the respect to the g-H---O angle, all predictions are close to the
conformerl, and the other one will be denoted ag-CH---0O, average of 1657 the MP2/DZP+diff method gives the largest
because the C donor is in the benzoic acid ring. It is worth difference with 8 less linear. Another feature observed for
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TABLE 1: Hydrogen Bond Geometrical Parameters for Conformers 1 and 2 of the Q(HBz) Adduct

Conformerl
Co—H:--O O—H---0

method d(O—H) d(Co—0) A(CoHO) d(O—H) d(0—-0) A(OHO)
BLYP/DZP+diff 2.23 3.28 158.9 1.78 2.77 169.6
BLYP/TZVP 2.26 3.31 160.0 1.82 2.80 168.8
BLYP/TZVPI/A2 2.26 3.31 160.2 1.82 2.81 168.6
B3LYP/DZP+diff 2.21 3.25 158.1 1.78 2.76 171.2
B3LYP/TZVP 2.23 3.27 159.2 1.80 1.80 170.4
B3LYP/TZVP/A2 2.24 3.28 159.4 1.80 1.80 170.2
MP2/DZP+diff 2.20 3.23 157.6 1.79 2.77 171.5
MP2/TZVP 2.22 3.25 158.9 1.80 2.78 169.3

Conformer2
Co—H:-+-0 Cg—H---O

method d(O—H) d(Co—0) A(CoHO) d(O—H) d(Cs—0) A(CgHO)
BLYP/DZP+diff 2.27 3.37 177. 4 2.49 3.53 158.9
BLYP/TZVP 2.34 3.43 179.0 2.59 3.62 156.7
BLYP/TZVP/A2 2.34 3.43 178.7 2.60 3.63 156.9
B3LYP/DZP+diff 2.25 3.34 176.7 2.44 3.47 158.5
B3LYP/TZVP 2.29 3.38 179.5 2.52 3.54 156.4
B3LYP/TZVP/A2 2.29 3.38 179.2 2.53 3.55 156.6
MP2/DZP+diff 2.23 3.31 178.7 2.34 3.32 150.3
MP2/TZVP 2.27 3.35 176.5 2.42 3.40 150.2

aDistances are in angstroms and angles in degrees. See text for the definitigrantl Gs.

TABLE 2: Hydrogen Bond Binding Energies, with and without the Basis Set Superposition Error (BSSE), andAH for
Conformers 1 and 2

conformerl conformer2
method AE w/o BSSE AE wW/BSSE AHP AE w/o BSSE AE wW/BSSE AHP

BLYP/TZVP/A2 —7.90 —-2.75

BLYP/TZVP —7.84 -7.35 —6.61 —-2.75 —2.49 —-2.23
BLYP/DZP+diff —8.87 —7.49 —6.62 —-3.76 —2.55 —1.88
B3LYP/TZVP/A2 —-8.72 —-3.32

B3LYP/TZVP —8.68 —8.24 —6.97 —-3.33 -3.10 —-2.32
B3LYP/DZP+diff —9.59 —8.33 —7.34 —-4.21 —-3.15 —-1.90
MP2/TZVP —-9.95 —8.05 —6.77 —-5.12 —3.89 -3.11
MP2/DZP+diff —-12.16 —-7.73 —6.74 -7.18 —-3.70 —-3.04

a All quantities are in kcal/mol® AH(0O K) = AE + BSSE+ A(ZPE). The B3LYP zero point energies were used in MP2 method.

conformerl is that any method in this work yields more linear energy, in agreement with the results obtained in the geometrical

O—H-:-O hydrogen bonds with respect to they€H-:-O parameters where the contact distances are the shortest. Com-
contact; this observation stems from the fact that theH®-O paring the binding energies with and without BSSE corrections,
is a more directional hydrogen bond than the—E&i-:-O. it is clear that the BSSE is larger with the DZHiff basis set
However, the DZR-diff basis set indicates this with a decrement than the TZVP basis set, but this error is more significant with
of the Gg—H---O angle. the MP2 approach. For example, from Table 2 with the

Comparing the g—H-+-O hydrogen bonds in conformets DzP+diff basis set, the estimated BSSE for conforrhersing
and 2, it is clear that this contact is optimal in conformér MP2 is 4.4 kcal/mol whereas the mean value for DFT is 1.3
because the hydrogen bond distances are shorter. However, th&cal/mol. These corrections represent, with respect to the

Co—H:--O angle is more linear in conform&; in fact, this corrected binding energy, 57% for MP2 and 17% in average
angle is the largest observed with any method, even comparingfor the DFT methods used here. However, for conforg)ehe
it with the O—H---O angle of conformed. In conformer2, BSSE is more important because it represents 94% for the MP2

geometrical parameters for they€H---O hydrogen bond are  method and, on average, 41% for the BLYP and B3LYP
more favorable in the sense that all methods give shorter methods. Another interesting feature to observe in Table 2 is
distances and more linear angles than tge-B---O hydrogen that BSSE for a given basis set is always bigger in MP2 than
bond. This result suggests that the H atom of the benzoic acidin DFT calculations. The BSSE fdrin MP2/TZVP is 1.9 kcal/
ring is less acidic than the H atom of the quinone ring, in accord mol whereas in BLYP/TZVP it is just 0.49 kcal/mol; in this
with the well-known chemical behavior of these systems. case the BSSE correction is about 24% and 7%, respectively.
Furthermore, this finding is in agreement with the experimental With the same TZVP basis set, for conformerthe BSSE
observations of the influence of the hydrogen on the represents 32% for MP2 and 10% for BLYP. Curiously, the
association of hydroquinone dianion with aliphatic alcoi#®ls. B3LYP method with the TZVP presents the smallest BSSE
Il.c. Strength of the C—H---O Hydrogen Bond. Binding corrections with only 5% forl and 7% for2. There is no
energies for both conformers are reported in Table 2. From this significant difference in the estimation of binding energies for
table, it can be observed that the DE#iff basis set for all both conformers when auxiliary basis set are or are not used in
methods without BSSE corrections yields the highest binding DFT calculations. It is clear that the TZVP/A2 basis set gives
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an overestimation of the binding energy with respect to the
TZVP and BSSE correction. For the BLYP method there is a
difference of 7% forl and 10% for2 whereas that for B3LYP
these differences are 6% ftrand 7% for2. Comparing DFT
and MP2 results, it is worth noting that when the BSSE
correction is taken into account, the binding energy is consistent

with both theories; however, there is a better agreement between

B3LYP and MP2 methods. These results show that the BSSE
corrections must be included in the estimation of binding
energies presenting hydrogen bond contacts. Additional to the
BSSE corrections, in Table 2 the zero point energy (ZPE) is
included through théH. It is well-known that the ZPE reduces
the stabilization of the systems. From Table 2 it is clear that
the AH shows that the hydrogen bonds studied in this work are
relevant in the formation of the Q(HBz) adduct.

As expected, all calculations agree thhas more stable than
2 because the ©H---O hydrogen bond present in confornier
stabilizes this structure more and conforres only stabilized
by two weak hydrogen bonds. Furthermore, we found another
conformer with C-H---O contacts exclusively, but the binding
energy associated with this conformer was so small that it cannot
compete with conformer$ and2 and it is not discussed here.
Dividing the BSSE and ZPE corrected binding energies by the
number of C-H---O interactions in conforme® yields an
estimation of the strength of the-@---O hydrogen bonds in
Q(HBz) adduct. The resulting value for MP2/TZVP-4l.56
kcal/mol and for B3LYP/TZVP-1.16 kcal/mol; Steiner et &f.
gave an estimation of-1.4 kcal/mol for the strength of the
C—H---O hydrogen bond in a 1,4-benzoquinone dimer model,
very close to our estimations with both methods. Considering
that the strength of the-€H---O hydrogen bond is the same in
both conformers, it is possible to estimate the contribution to
the stability of the G-H---O hydrogen bond in conformér In
this way MP2/TZVP yields-5.21 kcal/mol for the strength of
the O—H---O hydrogen bond and B3LYP/TZVP;5.81 kcal/
mol. Thus, itis clear that both theories, MP2 and DFT, including
the BSSE correction and the ZPE give similar estimations for
binding energies and hydrogen bonds strengths.

It is not possible at this moment to give an estimation for
the equilibrium constant because this is directly related to the
free energy changes; however, it is known that thermal
corrections and solvent effects may decrease the binding
energies reported in this work. In this way, our estimations are
an upper limit of the strength of these kinds of interactions.

lll. Electrochemical Approach Based on Diffusion
Coefficient

lll.a. Voltammetric Behavior. The theoretical characteriza-
tion of hydrogen bonding between the 1,4-benzoquinone and

Garza et al.
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Figure 2. Typical cyclic voltammetry of 2.0 mM 1,4-benzoquinone,
in DMSO + 0.2 M BwNPF;, on glassy carbon electrodes (0-d.3

mm) at 0.1 V s’. Several concentrations of benzoic acid were used:
(a) 0.0 M; (b) 0.03 M; (c) 1.00 M.

Figure 2 shows the voltammetric behavior of the reduction
process of Q for several concentrations of HBz, in DMSO as
solvent.

Voltammogram a, in Figure 2, shows the typical behavior of
the reduction of Q in DMSO without HBz. The reversible redox
signal Ic and llc corresponds respectively to the formation of
semiquinone & and the dianion & .2230 Voltammogram b
shows the reduction of Q in the presence of HBz (30 mM) in
DMSO. In contrast with (a), it can be observed that the waves
llc, lla, and la disappear and two new waves arise (llic and
[lla). The modification in the voltammetric behavior is basically
a consequence of the protonation of semiquinoriead the
fast reduction of the protonated semiquinone*@4! Therefore
the signal Ilic represents an overall two-electron reduction
mechanism, which can be considered to occur following an ECE
or DISP1 mechanis#? and wave llla corresponds to the
oxidation of the protonated dianion QHFinally, voltammo-
gram c shows the reduction of Q in DMSO with a large
concentration of HBz (1.0 M). At this concentration, it is
observed that the current peak llls significantly lower than
the current peak llic observed in (b). The decrease of current
peak llic, corresponding to an apparent two-electron mechanism,
with the increment of concentration of the donor proton, cannot
be only explained by electron transfer and protonation reactions.
Thus, to understand the effect of the high concentration of HBz
on the electrochemical behavior of Q, it can be considered that
the current peakk,. andly,. are respectively described by the
current peak equations for a reversible one-electron process,

Iplc

=lp,= 0.446SC,D, " (Fu/RT)"? (1)

benzoic acid, which are neutral species, has shown that theand for a two-electron ECE-DISP1 mechanidfif

adduct Q(HBz) stabilized by hydrogen bonds is thermodynami-
cally viable. An experimental characterization of these hydrogen
bond interactions in hydrogen donor solvents is a challenge,
because it requires a high hegfuest concentration ratio. In a

previous communication, a voltammetric method has been
proposed to evaluate the magnitude of the equilibrium constant
under this type of extreme conditi@his method is based on

the voltammetric behavior of the reduction processes of Q, when
association processes are in competition with protonation

=1
Piie Po+HBz

= 0.99FSCDg s, A(FURTY?  (2)
In egs 1 and 2F is the Faraday constarfg is the electrode
area,R is the ideal gas constari,is the temperature; is the
potential sweep rate, an@q and D are respectively the
concentration and diffusion coefficient of the electroactive
species.

On the basis of eqs 1 and 2, important information can be

reactions, and on the current peak measurements when thebtained from the apparent electron numbgg, = Iy, /lp.,
neutrat-neutral association mode is present. Some of the which corresponds to the current peak of wave llig,.{
hypotheses stated in the application of this method are supportechormalized with respect to the current peak of the reversible

by our theoretical study and are widely discussed below.

one-electron reduction of Q in aprotic medlg .34
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coefficient of the electroactive species from the aprotic to the

: 8‘9““*,3 &o acidic medium. Such diminution is basically attributed to the
1.8 ,’ ’%‘o. (c) intervention of quinone species associated by hydrogen bonds
) %0‘ o with HBz, as concluded in the theoretical study. Considering
e g e that the volume of the associated quinone is greater than the
o (a) ’\ volume of the .free.qumone_, '[.hIS proposal falls. in line vy|th the
5 14 fact that the diffusion coefficient of the associated quinone is
= e lower than that corresponding to the free quinone, which
8 provokes the diminution of the current peak observed. It is
1.2 [ necessary to point out here that this is the main statement for
,"‘ A ®) the quantitative analysis of the association process.
' o Hasamaa,,, Although the formation of benzoic acid dimers has been
i .'\._ proposed?®36we have assumed that in DMSO, as solvent, it is
: not importan€” In the range of benzoic acid concentration, used
45 L 3 A5 A3 to detect the formation of the Q(HBz) adduct (1 M), the
log(Cue:/Cx) concentration ratio (DMSO/HBz=14.08) overshot the HBz
Figure 3. Apparent electron numbeng, as a function of logge/ concentration, consequently, it can be assumed that in DMSO

Cx): (a) 1,4-benzoquinone (X HBz without correction; (b) ferrocene
(X) + HBz; (c) 1,4-benzoquinone (X} HBz corrected with respect
to ferrocene.

(coordinating solvent), the benzoic acid solvation must be
preferred to the dimer formation. Furthermore, considering that
the benzoic acid to quinone concentration ratio (HBz/Q) is

Thus, it is obtained that higher than 1000, the association of neutral Q should be then
the preferred one. Additionally, Q, HBz, and Q(HBz) are
0'992:SCQDQ+HBZl/2(FU/R-D1/2 §0Ivated bylthe DMSO. Thig fact is taken in account implicitly
app = T 7 3) in the experimental association constant evaluated in this work;
0.446-SC,D, “(Fv/RT) thus we must refer to it as a conditional association constant of
the adduct.

In aprotic medium as well as in the presence of HBz, the  Erom the point of view of the protonation processes of the
parameter€o, D, F S R andT are equal in all the experiments.  ginone anions, the only effect of a dimer must be the
In this way, eq 3 indicates that the value for the standardized mqgification in the reactivity toward the proton transfer, which

currentapy = Ipo,.s/lpg Should be described by must be, consequently, manifested on the peak potential
2 measurements. Considering that the benzoic acid is highly
_5 DQ+HBz 4 concentrated, the simultaneous presence of free benzoic acid
Napp = 2.2 D12 ) and a dimer do not interfere with the current peak measurement,
Q which depends of the diffusion of the electroactive quinone and

If the diffusion coefficientDq in aprotic medium does not vary not on the d|ffu_3|on of the _dgnor prot.ons._ o

from the diffusion coefficienDg+wg; in the presence of HBz, lll.b. Evaluation of Coefﬂmgnt c_)f Diffusion and Stoichi-

the maximum value expected fag,, should be close to 2.2.  ometry (n) of Q(HBz),. Considering that th@ap, parameter
The variation of,,,Wwith respect to the concentration of HBz ~ Presents a limit that depends on the concentration of HBz, it

is depicted in Figure 3. In this figure curve a corresponds to ¢an be proposed that at high concentrations of HBz the current

the values ofgppfor Q as a function of HBz. In the ran@@g,/ peak of the reduction process must be determined by the

Co < 100, it is observed that the value af,, varies from 1.0~ transport properties of the associated complex Q(RB#)us,

to a maximum value close to 2.0, but it does not reach 2.2, asthe limit values ofnspp can be used to determine both the

predicted by eq 4. At higher concentrations of HE%z,/Co stoichiometry and the djffusion coefficient of t_he gssociated

> 100, it is observed that the values nf,, do not remain  Species Q(HBz) Taking into account that the diffusion coef-

constant, and they begin to diminish. ficient of the free quinone can be easily obtained, the calculation
According to eq 4, the decrement nf,, as a function of ~ Of the diffusion coefficient of the associated species Q(HBz)

HBz concentration suggests that the diffusion coefficR#trs, can be carried out by considering th8lg:ne; in eq 4

is lower than the diffusion coefficierdg in aprotic medium. ~ corresponds t®q(ez),

Such variation should be influenced by the increase of the The diffusion coefficient of Qg = 6.04 x 1076 cn? s779)
viscosity of the solution. Thus, to correct this effect, a standard was obtained by single potential step chronoamperometry using
curve with ferrocene in the presence of increasing HBz 1,4-benzoquinone in aprotic media on a glassy carbon electrode.
concentrations was constructed, and it is presented in curve b.From the limit valueng{HBz) = 1.79, the estimated value for
The decrement of the percentage for the standardized currenthe diffusion coefficient of the associated complex \Baggz),
of ferrocene as a function of the concentration of HBz was then = 3.92 x 107% cn? s™1. The determination of the stoichiometry
evaluated and used to correct tihg,value for Q. The corrected  of the complexes from the calculated diffusion coefficient cannot
values ofngp, are represented in curve c¢ of Figure 3. It is be directly obtained from these measurements. In this way, an
observed that the maximum value f, is about 2.0. Once  empirical correlation between the diffusion coefficient and the
the viscosity effect was corrected, it is observed, however, that molecular weight (FW) of a series of quinones is proposed to
Napp decreases even when the HBz concentration is increasedestimate both the molecular weight and the stoichiometry of
and remains constant to a value of 1.79 at concentrations ofthe complex. Such correlation is possible because the inter-
HBz greater than 1 M. actions between these quinones and the solvent are essentially
Considering that the effect of the solution viscosity was the same. Thus the diffusion coefficient of a family of quinones
indeed corrected, the behavior observediggwith HBz (curve was evaluated in DMSO by chronoamperometry. Figure 4 shows
c) can be only interpreted by a decrement of the diffusion alinear relationship between the diffusion coefficient, of seven
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Figure 4. Diffusion coefficient as a function of molecular weight (FW) AR

for seven quinones: (1) 1,4-benzoquinone; (2) tetramethyl-1,4-benzo- Figure 5. Current peak potentiall,, without correction for 1,4-
quinone; (3) phenyl-1,4-benzoquinone; (4) phenanthrenequinone; (5) benzoquinonet HBz as a function of lodg.e,), the continuous line
anthraquinone; (6) 5,12-naphthacenequinone; (7) tetrachloro-1,4-ben-represents the best fitting using eqité= 12 M~ for Q(HBz).

zoquinone.
SCHEME 1: Mechanism of the 1,4-Benzoquinone (Q)
Reduction in the Presence of Different Quantities of
quinones, and their molecular weight. It is found that Benzoic Acid (HBz): (a) Low Concentration and (b)
High Concentration
Dglcm’*s™] = —1.81x 10 °FW +8.06 x 10 ° (5) e prTe e
a) Q Q- QH =— QH
Considering that the association complex Q(HBxesents the
same transport properties as the quinones used to construct +HBz
Figure 4, the eq 5 can be used to estimate the formula weight +e -Bz +e
of the complex and consequently their stoichiometry. Thus, the ~ ?) |Q(HBZ)==Q-(HBz) === QH == QH-
molecular weight estimated for the associated complex of E c E
Q(HBz), was 229+ 19. This value is comparable to the addition
of the moleculgr _weight of QF HBz_ (230), which in_dic_ates were evaluated from equations
that the association occurs according to a 1:1 stoichiometry.
Although other complexes, presenting different stoichiometries, 2 1.
could be present, their contribution can be disregarded by Do [em”s '] = D1 — MGygy) (")
considering that the corresponding successive association S 0
constants are even smaller than that corresponding to the Doez [€M™s 7] = Doer(1 — MGyg,) (8)
complex 1:1.

lll.c. Evaluation of the Association Equilibrium Constant According to a linear approximation between the diffusion
of the Q(HBz) Adduct. Once that the stoichiometry of the coefficient of ferrocene and the concentration of HBz, the factor
Q(HBz) adduct was determined, the association congtaain m = 0.2535 was determined and used as input in egs 7 and 8.
be estimated. The method here described is an alternative toThese equations consider that both diffusion coefficients vary
that reported in a previous communicatforihis method in the same way as the diffusion coefficient of ferrocene with

considers that the total current peak is an additive contribution the chemical composition of solution (i.e., viscosity). The
of the reduction of the free quinone (Q) and the associated ferrocene was selected to obtain eqs 7 and 8 because its one-

quinone Q(HBz): electron oxidation process is not affected by the presence of
HBz in all the range of concentration.
l,= IpQ + IpQ(HBZ) = The diffusion coefficientDg and Dg,g, required in eqs 7

12 12 U and 8 were obtained from experimental result§.= 6 x 10°°
0.99FSFv/RT)"(CoDq ™ + CorerPare 2) (6) cn? s~ was obtained by chronoamperometry, and the diffusion
coefficient,Do(nez) = 3.92 x 1076 cn? s71 was obtained from
This equation is valid when the reduction of both species follows the convergence limit curve c in Figure 3.

an ECE-DISP1 mechanism. In the case of the systems studied On the other hand, the concentration of free quinadg,
here, this condition is generally attained for a concentration ratio and the associated quINOI@ys2), at each HBz concentration,
of Cngz/Cq > 30. Scheme 1 shows the mechanism of reaction was directly obtained from the equilibrium constaht
considering only the ECE pathway.

Sequence “a” in Scheme 1 corresponds to the reduction of Comisz) Cohsz)
Q, and sequence “b” to the reduction of the complex Q(HBz). K= CC. o o (9)
Both ECE pathways are parallel and are connected through an Q-Hez  (Cq — Coney)(Chez — Coriez)

association equilibrium involving Q and HBz. Equation 6

describes then the passage from pathway “a” to pathway “b” The fitting of the experimental data of current peak as a function

by increasing the concentration of HBz. of 10g9(Co(Hez) Was carried out by the iteration method using
The diffusion coefficient for the free quinorieg and the eg 6 and it is shown in Figure 5 with a continuous line. The

associated quinorqgz) in all the range of HBz concentration  best fitting was obtained for an equilibrium constankof 12
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M~ This value is close to that obtained with the method water, was used as the solvent. The solutions of 1,4-benzo-

previously reportedq = 10—15 M~1).° quinone were deoxygenated by dry argon bubbling, and an inert
The binding constant determined by the electrochemical atmosphere was maintained over the solutions during each

method for the Q(HBz) adduct corresponds to a free energy of experimental run. The added solutions of acid contained 1,4-

complex formation of ca—1.6 kcal/mol. Obviously this value  benzoquinonet 0.2 M BuNPF; to avoid the dilution.

cannot be related directly with the binding energy estimation  The electrochemical apparatus consisted of a potentiostat

given in section Il.c; as mentioned before, other corrections are RADIOMETER DEA332 with positive feedback resistance

needed and our group is working now in this direction. compensation. The experiments were carried out &26n a
conventional three-electrode cell. The work electrode was a 3
IV. Conclusions mm diameter glassy carbon disk (Sigradur G from HTW,

Germany). This electrode was polished withufin alumina
Spowder and ultrasonically rinsed with ethanol before each run.

The counter electrode was a platinum screen and the reference

electrode an aqueous saturated calomel electrode (SCE).

In this work the 1,4-bezoquinoréenzoic acid adduct was
studied by theoretical and electrochemical approaches. It wa
found by theoretical methods two planar conformers of the
Q(HBz) adduct, both stabilized by two hydrogen bonds.
Conformerl exhibits one G-H-+Oq and one weak g—H:---

O bond. On the other hand, it is found that conforrelso
exhibits two hydrogen bonds: one is€H-:-O like 1, and
the other one is a £-H--O bond. Comparing geometrical
parameters for the &-H:--O hydrogen bond in conformer
and conformeg, it is found that this is more favorable in the ‘ _
former because the distances obtained are shorter. Besides, thesUe @ %efgey, G-NA- A{(‘ |Etfigg$tlon to Hydrogen BondingOxford
. : FH niversity Press: ew YOrK, .
parameters S,hOW that the hydro,gem Q is more a,CIdlc tha,m (2) Jeffrey, G. AHydrogen Bonding in Biological StructureSpringer-
an H atom in the HBz ring, in agreement with previous Verlag: Berlin, 1991.
experimental results. Large discrepancies are found in the (3) (a) Be(ﬂg;wich-Yellin, Z; Leisehrowitz, LActa CrystalIO(g;., Sect B
indi ; ; . 1984 40, 159. (b) Desiraju, G. RAcc. Chem. Re4996 29, 441. (d) Steiner,
Elndlng enﬁrgle.s for DFT with respect to t?]e MP2 rt?ethq;j,h T. Crystallogr. Re. 1996 6, 1. (c) Desiraju, G. R.; Steiner, The Weak
owever, there is good agreement between these methods if theyygrogen Bond in Structural Chemistry and Biologyxford University
basis set superposition error is included. Thus this correction is Press: New York, 1999. (d) Steiner, T.; Saenger MChem. Soc., Chem.
mandatory for this kind of system, as has been suggested inﬁommugirl]g% 2I0t82 éeéBESSregi'zF;géa” dg Goor, %;RFAfeyhéﬁ“’ C.C.
other system& in addition to MP2 calculations where the BSSE Rgg_ezvél)'oz ;é"geg_- - Engdl995 34, . () Desiraju, G. RAcc. Chem.
is larger. The agreement is better between B3LYP and MP2  (4) (a) Vargas, R.; Garza, J.; Dixon, D. A.; Hay, B..P.Am. Chem.
calculations when the BSSE is included. The binding energy at ﬁoc-ZgOg 1%% 475% (R)JVellprﬁas, (F:ih Gar/ZX%OJi;lFOr,i;Z%%réR. A, Stern, H.;
ay, B. P.; Dixon, D. AJ. Phys. Chem. .
our best level of theory was7.7 kcal/mol for conformer (5) Paddock, M. L.: Feher, G.. Okamura, M. Biochemistry1997,
and —3.7 kcal/mol for conforme@. Because the solvent and 3¢ 14238,
thermal effects are not considered, these values represent an (6) Brandt, U.Biochim. Biophys. Acta (Bioenergeticd€)97, 1318 79.
upper estimation of the binding energy. Consequently, it is gg g“f_‘maf} k PJ-i MU’,DAGNAR@- ‘3&00*:3?'“%99418%92?3-403
) H H uine, J. A.; Jongejan, J. nnu. Re. blochem. 2 .
expectgd that experimental techniques give smaller values (9) Gamez, M.. Gonztez, .. GonZiez, F. J.. Vargas R.: Garza, J.
depending of the solvent used. Electrochem. Commur2003 5, 12.
The electrochemical characterization of the neutredutral (10 _(éll()| Mﬂ"ers, CS Plessel% M. ﬂ?élyS- Re. lcgr?4 46’56#%; (bg ngle,
inti i i i~J. A.; Binkley, J. S.; Seeger, mt. J. Quantum Chem. Sy 76 10, 1.
association It:(Jy hydrogen bonds is rellaple when ttr:e voltimmetrlc (11) (2) Dunning, T. .. J3. Chem: Phys1970 53, 2823. (b) Dunning
current peak measurements are considered. The method stems 3 "y - Hay, P. J. Methods of Electronic Structure Theo§chaefer,
from the fact that the diffusion coefficient of the electroactive H. F., lll, Ed.; Plenum Press: New York, 1977; Vol. 3.
compound is dependent on the stoichiometry of the association 83 EOY&F?- g ?(efna“\j/{/’bﬁ\/'0|_-tpgys-lt970 |15%h553- At g
H : : arr, R. G.; Yang, ensity-Functional eory o oms an
comple>.<. I'F is worth noting that Fhe concentration of thg donor Molecules Oxford University Press: New York, 1989,
proton is important to determine the adduct stoichiometry.  (14) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer,G&n. J.
Because the current peak description is based on an additiveChem.1992 70, 560. o
contribution of the reduction of both free and associated species, . (15) Stone, A. JThe Theory of Intermolecular Forexford University
h iation of the total current peak as a function of the donor Press: New York, 1996; p 75 (see also references therein).
the varia > Lp a (16) Godinez, L. A.; Lin, J.; Miloz, M.; Coleman A. W.; Kaifer, A. E.
proton concentration can be directly related to the conditional J. Chem. Soc., Faraday Trank996 92, 645.
association constant. Using this novel strategy, in this work it 111(,1?90C1arter' M. T.; Rodriguez, M.; Bard, A. J. Am. Chem. S0d.989
was d_etermlned that the.Q and HBz are associated with a 1:1 (18) Niémz, A Rotello, V. MAcc. Chem. Red.999 32, 44.
stoichiometry and a conditional association constant of 12.M (19) Greaves, M. D.; Niemz, A.; Rotello, V. M. Am. Chem. S02999
Although the Q(HBz) adduct was studied here, this methodology 121, 266.
can be applied to other types of systems presenting the neutral _(20) tno. B.; Okumura, N.; Goto, M.; Kano, K. Org. Chem2000
neutral association mode. This approach is an important and"">1) Ge, v.; Miller, L.; Ouimet, T.; Smith, D. KJ. Org. Chem200Q
complementary tool in chemistry to evaluate association con- 65, 8831.

stants in systems where it is hard to use spectroscopical (22) Gupta, N.; Linschitz, HJ. Am. Chem. Sod 997 119, 6384.
techniques (23) (=) Carloni, P.; Sprik, M.; Andreoni, W.. Phys. Chem. 200Q
' 104, 823. (b) Carloni, PQuant. Struct-Act. RelaR002 21, 166. (c) Sulpizi,
) ) M.; Folkers, G.; Rothlisberger, Wuant. Struct-Act. RelaR002 21, 173.
V. Experimental Section (d) Fonseca-Guerra, C. Bickelhaupt, F. M.; Snijders, J. G.; Baerends, E. J.
. . . J. Am. Chem. So@00Q 122, 4117.
1,4-Benzoquinone 99%, benzoic acid 99%, ferrocene 97%, (24) Becke, A. D.Phys. Re. A 1988 38, 3098.
and tetrabutylammonium hexafluorophosphate;,(BRF) 98% (25) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 B37, 78.

were Aldrich chemicals. The 1,4-benzoquinone was previously | ghegm(a)PE;fglkgésAégJig‘zem- Phys1993 98, 5648. (b) Becke, A. D.
purified by sublimation under reduced pressure. Dimethyl ~" (57) Bernholdt, D. E.; Apra, E.; Fruchtl, H. A.; Guest, M. F.; Harrison,

sulfoxide spectrophotometric grade, containing less than 0.1%R. J.; Kendall, R. A.; Dutteh, R. A.; Long, X.; Nicholas J. B.; Nichols, J.
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