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The solvent effect has been studied at the PBEO/CEP-121G level of theory on different intramolecular and
intermolecular density functional global reactivity indexes for a set of substituted nickel phthalocyanines
(NiPc(X),; X is the substituent). For all the indexes analyzed, we found that solvent plays a nonnegligible
role: in some molecules it induces a stabilization, while in others it has a destabilizing effect. However, we
also found along the whole set of NiPc@inolecules that the presence of the solvent leads to the same
overall trend obtained in the gas phase. To rationalize the behavior of the set NjReéXalso did an
analysis of the partial energy contributions to the total energy considering the environment variable given by
the solvent and the chemical variable given by the substituent.

1. Introduction Thus reorganizational energies accompanying electron-transfer
(ET) processes occurring on these complexes are small and ET
processes are expected to be very fagtt the same time, ET
reactions strongly depend on the environment since the reduced
and oxidized species can be stabilized differently and, conse-
quently, the overall reactivity can dramatically change.

Density functional theory (DFT) is focused on the electron
density as the fundamental property describing the ground state
of an atomic or molecular systet#!®Several global and local
reactivity descriptors derived from DFT have been proposed
and used in past yea*$.5! Global reactivity descriptors such
as molecular hardness and softi&3327have been useful tools

solvent effect has been studied on the structure, energy, anoI% |m|_oro|v € ou.re%lérzlgﬁrstalndmgt.o.f tr(;e mc.)stt ?E?L%Szatehm a
charge density of different molecules that exist in equilibrium Chemical species.““Local reactivity descriptors=="suc
with other specie$:® The solvent effect has also been studied as softness and Fukui functions have been used for understand-

on hyperpolarizabilitie$? on mechanism&i2and on confor- ing at a local level a chemical reaction. However, usually these
mational effectd314 ' ' studies are performed in the gas phase.

Metal complexes of Mligands, such as phthalocyanines, are In past years we havg focused our af[tention on rationalizjng
widely studied as biomimetic models for several biological redox SOM€ aspects concerning the electronic Str“Ct;‘ersgf transition
processes, but at the same time they are well-known efficient Metal complexes, either as isolated compleézoéi“' “%r as
catalysts for oxidative degradation of various types of pollutants InSerted in an oxidation reduction procésse404144Thus, we
and residual wasté&.In the past decade these complexes were Nave used several DFT reactivity descriptors 4?”‘1 reactivity
also reported to be efficient catalysts, and electrodes modified Principles such as hardness maximum prinéi#e+7and local
with these metal complexes have been extensively developed?SAB (hard soft acid basi§) ° have been verified®
since they can act as electrocatalysts, by lowering particularly ~ In this work, we will apply a CPCM solvation model to
the overpotential of oxidation or reduction of the target rationalize the solvent effect on DFT-based reactivity descriptors
moleculest® The redox processes occurring on metallophtha- applied to a set of substituted nickel phthalocyanines, namely
locyanines involve minimal structural changes, due to the NIPC(NH)a, NiPC(SGH)s, NiIPC(NQy)s, NiPc(GHgO)s, NiPc-
relatively large size of these molecules and the large  (CeHsO)a, NiPC(GisHisO)s, and NiPc(GHs)s (see Figure 1). We
delocalized system compared to the size of the redox center.chose this series of molecules in order to understand at a
theoretical level of quantum chemistry the differences in activity

*To whom correspondence should be addressed. E-mail: gcardena@€Xperimentally observed for such compouftiJo this end,
lauca.usach.cl. the study of the chosen set of molecules NiPg(@@Hould give
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The polarizable continuum (PCM) solvation mddslwidely
used to accurately describe the solvent effect on the electronic
energy of a given structure. Recently, an effective strategy for
the description of chemical systems in solution has been
described based on the continuum conductor approach (CPCM).
This model can be applied to polar solvents and provides
energies and energy gradients with limited computational times.
It can make use of a specific procedure to build the solute cavity
allowing the calculation of solvation free energies with chemical
accuracy for a large number of chemical systems at either the
Hartree-Fock (HF) or density functional level of theofyThe
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of two species. It was first defined by Parr and Zhou as the
hardness associated with a two-partner electron-transfer chemical
reactio’¥®>5* where a donor (D) species and an acceptor (A)
species are present:

X=—0-C—C—C—CH,
HZ HZ HZ

Ip = Aa =~ —€homop T €Lumoa 5)

Electron transfer from a donor species to an acceptor species
Nickel (II) Phthalocyanine (NiPc) 1.{1,8,11,15.18. 22, 25-9ctabu.toxy-29H,31H is facilitated the closer in energy the HOMO of D is to the
Nickel (I Phihalocyanine (NiPe(CAl0)) LUMO of A (second term, right side of eq 5). Of course, that
b xe , this i§ an appr.oxir.nation to 'ghe more basic p(inciple. that the
. -0 O , chemical reaction is favored if the energy required to ionize D,
@ 2) X=
N

that is, the ionization potentidb, is completely provided by

\\N ‘ _°‘© the energy gained by giving an electron to A, its electron affinity
Ny N,\,.N";N N ) _@ Ax (first term, right side of eq 5)* The hardness defined in eq
\ 3 X 5 corresponds to the hardness of the deramceptor pair before
. N 4) X= NH, any interaction occurs between D and A.
5) X=NO, Chattaraj et al. have applied the definition of hardrngss
X given by the first term on the right side of eq 5, which they
6) X=SO:H called pair hardness, to calculate the free energy chanGes
1) Tetrakis(4-cumilphenoxy) Nickel (IT) Phthalocyanine (Ni(CisHisO)s) associated with the electron-transfer process produced by the

2) Tetraphenoxy Nickel (IT) Phthalocyanine (Ni(CsHsO)4) : . ~ a1 . . .
3) Tetraphenyl Nickel (II) Phthalocyanine (Ni(Cekls)s) direct reaction of resonance-stabilized carbonium ions with a

4) Tetraamino Nickel (II) Phthalocyanine (Ni(NHx)s) variety of organic anion%:56
5) Tetranitro Nickel (IT) Phthalocyanine (Ni(NO;)4)

6) Tetrasulpho Nickel (IT) Phthalocyanine (Ni(SO3H)4)

Figure 1. Structure for the set of NiPc(X)mnolecules. X corresponds
to the substituent.

AGgr ~ AHgr = lp — Ay = 71pa (6)

Equation 6 is true providing that the entropy changes of the

hardness and doneacceptor hardness to better quantify these electron-transfer processesSr) are negligible. From experi-
effects and discriminate among the examined molecular com- mental values of heats of heterolysteHne: and homolysis

plexes. AHnomo these authors investigated relationships witbeT.55:56
noa was first named as donemacceptor hardness by the
2. Theoretical and Computational Details Cadenas-Jiro group because it was applied to rationalize at a

theoretical level different oxidation reduction processes involv-
ing transition metal complexes where one donor species and
one acceptor species are pres€rit.Later on, Griveau et al.
have usedjpa to study the oxidation of 2-mercaptoethanol by
cobalt macrocycle$ As seen from eq 6ypa corresponds to

2.1. DFT Reactivity Descriptors. The molecular hardness
(1), a global intramolecular reactivity index, has been defined
in the context of density functional theory as the second partial
derivative with respect to the number of electrgha324.34

SE the electron-transfer enthalpy changeHgr), and therefore it
= (—2) 1) is a reactivity index for a doneracceptor pair that gives
N/ u(r) information about the thermodynamics of the chemical reaction.

) . ) 2.2. Theoretical Calculations.Solvent effects were evaluated
E is the total energyN is the number of electrons in the ground using the polarizable continuum model (CPGk)n a nickel
state of the system, andf) is the external potential at position  hpihajocyanine (NiPc) and on a set of substituted analogues
T, i.e., the potential due to the positions of the nuclei plus applied (NiPc(X),) which are displayed in Figure 1. Solvation energies
external field, if any. The operational definition pfconsidering have been computed by a cavity model, namely the united atoms
the average frontier properties, that is, the variation in the eNnergygnological model (UATM)® coupled to the conductor-like
when one electron is added or removed from the system, is givenpolarizable continuum model (CPCMI)This model presents a
by continuum description for the solvent where the physical system
n=1-A @) is represented by a charge distribution which describes the
molecule that one has identified as solftelhis approach
which has been obtained using a finite difference approximation. Provides results very close to those obtained by the original
| and A are the first vertical ionization potential and electron dielectric model for high dielectric constant solvents, and
affinity, respectively. These energies are calculated using aProduces fewer numerical errors arising from the small part of

ASCF procedure: the solute electron cloud lying outside the cavity (escaped charge
effects). The main advantage of the CPCM method is its
I = E(N—1) — E(Np) 3) applicability to different levels of quantum mechanical and more
complex physical systems.
A=E(Ny) — E(N+1) 4) Hartree-Fock SCF theoretical calculations with full geometry

optimization for the set of NiPc(X) NO and NGQ~, were
The termsE(Ng), E(N+1), andE(N—1) correspond to the total  performed at the semiempirical level of theory named PM3-
energy of the ground state, anion, and cation, respectively.  (tm) (tm, transition metal) using the TITAN packa®eThen,
The reactivity between a donor species and an acceptorthe optimized geometries were used in single-point DFT
species may be determined making use of the global reactivity calculations using a recent hybrid Koh8ham/Hartree Fock
index as it is the doneracceptor hardnesgfa). This is an (KS/HF) model referred to as PBEBThis approach is obtained
intermolecular reactivity index that involves the participation casting the PBE exchange and correlation functi#din a
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TABLE 1: Differences between Properties P) Obtained in Gas Phase (g) and in Solution Phase (I)AP = P(I) — P(g)?

molecule AE AT AVpe AVee Apni
NiPc(CisH150)s —29.9 59.9 —2206.9 2117.1 7.% 104
NiPc(SQH)4 —54.2 —-77.3 747.3 —724.2 —4.4x 1072
NiPc(NQG,)4 —-21.7 —29.3 1011.7 —1004.0 —3.9x 1072
NiPc(GsHs)a —16.0 54.4 —1646.2 1575.7 4.% 104
NiPc(NH,)4 —-11.8 23.1 —2306.3 2271.4 2.k 102
NiPc(GHsO)s —20.4 53.9 —1734.1 1659.9 1.% 1073
NiPc —-9.7 42.3 —1333.3 1278.5 2.6 1073
NiPc(CGHgO)s —-19.1 44.4 —2922.2 2858.7 1.% 101

a Resulting values (in kcal/mol) of total energy changé), electronic kinetic energy changAT), nucleus-electron potential energy change
(AVhe), and electrorrelectron potential energy chang&\(e9. The electronic population of the nickel atomygi) is also included.

hybrid scheme HF/DFT, where the HF exchange ratio (1/4) is Vadl) > VndQ). Values ofV,e are negative because the nuctear

fixed a priori®* All the DFT calculations were carried out with  electron interaction is attractive. A highest numerical value for

a modified version of the Gaussian98 céél@éhese calculations Ve implies a highest interaction between the nucleus and the

were performed in gas phase and in solution phase using waterlectrons. The highest value gxg() is explained with the same

as solvent. The CEP-121G pseudopotential with the correspond-arguments given for the kinetic energy(r) is more diffuse,

ing basis set (contraction [8s8p6d/4s4p3d]) for the nickel atom which leads to an increase e For NiPc(SQH)4 and NiPc-

was used. For all the other atoms, that is, C, N, O, S, and H, a(NOy)4 is found thatV,l) < Vnd@). As p(r) is more concen-

6-31G(d) basis set was considered. The same basis set was usddated on the substituents, it leads to a decrease in the nucleus

for NO and NQ~. The set of substituted nickel phthalocyanines electron interaction.

corresponds to NiPc(Nbk, NiPc(SQH)4, NiPc(NG)s, NiPc- The results ofAVeedisplayed in Table 1 show that in all the

(C4HgO)s, NiPc(GHs0)s, NiPc(CisH1s0)s, and NiPc(GHs)a. molecules, with the exception of NiPc(gd)4 and NiPc(NQ),,

In all the complexes we used Ni(ll); therefore, for each complex V(1) > Vedg). Absolute values o¥ecare positive because the

a singlet multiplicity and a charge equal to zero were used. electron-electron interaction is repulsive. These results are
] ) explained on the same basis of the above discussiom &ord

3. Results and Discussion Ve The increase o¥ed]) is produced by a higheg(r) in that

3.1. Total Energy DecompositionThe solvent effect was ~ egion. In the case of NiPc(S8)4 and NiPc(NQ)a, we found
also analyzed for the total energ§)(and for the different  that an opposite solvent effect is observed: hé\é. is
electronic energy contributions of the NiPcgXholecules. Thus, ~ Nedative; that isVedl) < Vedg). The repulsive interaction
we studied the electronic kinetic energy), the nuclear between the electrons _decreases because a set of them is
electron attraction potential energy,), and the electron concentrated on the periphery of the macrocycle.
electron repulsion energy/y). Table 1 presents the differences ~ Finally, we can say that the total energy shows for all the
between the obtained values for these proper#es(gas phase molecules a stabilizing effect by the solvent denoted by a lowest
(g) and in solution phase ()AP = P(l) — P(g). total energy obtained. The above discussion on the energy

As can be seen in Table 1, in all cases we obtained negativedecomposition has been done by rationalizing the solvent effect
values forAE, indicating that the total energy in the presence of this kind of compounds, making use of an electronic picture
of the solvent decreases with respect to the gas phase, whictof the ground state, and it is valid to explain only the behavior
means that the solvation process stabilizes each of the moleculesn this electronic state. It is interesting to note that the analysis
In relation to the partial energetic contributions to the total on the energy decomposition clearly shows a different behavior
energy, we found that all the molecules, with the exception of for the electron-withdrawing substituents with respect to the
NiPc(SQH)s and NiPc(NQ)s, present an increase in the electron-donor substituents. Obviously, the analysis done cannot
electronic kinetic energy when the solvent is included in the be taken in an isolated way and must be complemented by the
calculation;T(I) > T(g). Positive values foAT are obtained. analysis of other electronic properties which we will see in the
This fact supposes that the electronic density)j in solution following.
phase is more diffuse toward the central region of the macro- 3.2. lonization Potential () and Electron Affinity ( A). The
cycle. The Mulliken electronic population analysis evaluated solvent effect was investigated on energetic properties such as
on the nickel atom (see Table 1) shows tpai(l) > pni(9), the ionization potential and the electron affinity. Figure 2 shows
Apni is positive, confirming an increase pfr) in that region the results obtained fdr(Figure 2a) and\ (Figure 2b) of NiPc-
that justifies the increase i(l) with respect tor(g). The solvent (X)n in gas and solution phases. We found that two regions
effect increases the electron donor character of the substituentsclearly appear in Figure 2 as identifying two different groups
In the case of NiPc(Sg), and NiPc(NQ)4, the presence of  of NiPc(X),. One group, which we name “A”, is composed of
the solvent produces a decreaseTinvith respect to the gas  the NiPc(NH)4, NiPc(GHs)s, NiPC(NQ)4, NiPc(SQH)4, and
phase;T(l) < T(g). Negative values foAT are obtained. In NiPc(CisH150)4 molecules. The second one, which we name
analogy to the above discussion, we can suppose that in solutiorfB”, corresponds to the NiPc¢ElgO)s, NiPc, and NiPc(6Hs0)4
phase p(r) is more concentrated on the periphery of the molecules. Figure 2a shows that the groups A and B present an
macrocycle. The values obtained fay; indicate that in these  ionization potential which is not favored thermodynamically
moleculespni(l) < pni(9); that is,Apni is negative (see Table  because their values are positive. Group A presents values for
1). These results show that the solvent effect on the substituentd with higher energies than group B. These results indicate that
produces an increase in the electron-withdrawing character ofthe lack of the first electron in these systems is not favored in

them. both groups. The reason for these results may be understood as
In relation to the nuclearelectron potential energy, we found that the stabilization of a positive charge in this kind of
that, with the exception of NiPc(S8)4 and NiPc(NQ)4, the molecules is not possible. We also observe in Figure 2a that

values obtained oAV, are always negative, indicating that for the molecules of group A the ionization potential increases
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TABLE 2: Differences between Properties P) Obtained in Gas Phase (g) and in Solution Phase ()AP = P(I) — P(g) (eV@

molecule Al AA Ah AN ApNS?
NiPC(Cl5H150)4 0.72 1.27 —0.55 —4.79 1.70
NiPc(SQH). 1.25 0.40 0.86 -3.91 2.58
NiPc(NOy)s 0.77 0.64 0.12 -4.16 2.33
NiPc(GsHs)a 0.86 1.45 —0.59 —4.96 1.53
NiPc(NH;), 1.52 2.35 -0.82 -5.86 0.63
NiPc(CsHsO)s -0.86 1.48 -2.34 —4.99 1.50
NiPc -1.06 1.56 -2.62 -5.08 1.42
NiPc(CHsO)s -1.61 1.59 -3.20 -5.11 1.39
NO —3.52
NO, 2.98

@ Resulting values of ionization potential changd)( electronic affinity changeAA), molecular hardness chang#i(), and donotacceptor
hardness changeé\{pa) evaluated for the oxidation of nitric oxide (NO) and for the oxidation of nitrite ion {NO

30 8
(C15H450)4 (a) (CeHsO)s _ -0
25 1 4 o=
/
20 A 04 (C4Hy0)q
15
-4
104 (C1sHisO)s (Ko
-8 4
5 -
12 (SO:H)s
305 Figure 3. Molecular hardness (eV) for the set of NiPcgXholecules
(C1sH150)a determined at the PBEO/CEP-121G level of theerysolution phase;
30 - (b) — —, gas phase.
25 a value of 2.35 eV, and the minimum value/A is found for
20 - NiPc(SQH)4 with a value of 0.40 eV. It is important to note
that NiPc(GHsO)s and NiPc(GHgO)s present very similar
151 values ofAA with NiPc, denoting that the size of the substituents
10 - (CgHs0)4 and (GHgO)s does not have an important effect on
5] N\ H  (CH0)s the propertyA and they have an effect comparable to that of
(CeH:0)s the hydrogen atom in NiPc. The minor solvent effect occurring
0 on NiPc(SQH)4, may be understood in terms of the effect

Figure 2. (a) lonization potential (eV) and (b) electron affinity (eV)  produced by the continuum reaction field on the solute (NiPc-
for the set of NiPc(X) molecules calculated at the PBEO/CEP-121G (SOsH)4). The solvent polarizes the solute, but in this molecule
level of theory.—, solution phase:- —, gas phase. o(r) is already polarized toward the groups sblbecause it is
when the solvent is included, thus making the process of an electron-withdrawing substituent. Therefore, the presence of
ionization more endothermic. An opposite behavior is found the solvent increases the polarizatiorp(r), leading to a minor
for the molecules of group B: the solvent decreases the valueamount of regions with ability to receive one electron. In the
of |, predicting a less endothermic process. The solvent effect case of NiPc(NH)4, the larger solvent effect is obtained because
on the ionization process may be quantified by calculation of p(r) is more distributed along the molecule. The higher
the differences between the ionization potential obtained in dispersion ofp(r) leads to more regions with the ability to add
solution phase with that obtained in gas phase. These valuesone electron than in NiPc(S8).. The result more interesting
are Al = I(l) — I(g), and they are shown in Table 2. The in this study is that, although it is shown that the solvent

minimum value for Al is found for NiPc(GsH150), and produces an effect on each of these propertiasdA, the trend
corresponds to 0.72 eV. The maximum valueAdis for NiPc- along the set of molecules is the same in both phases. The main
(C4HgO)s with a value of 1.61 eV. As may be seen, the conclusion in this section is that the solvent is a variable that
minimum and maximum values are not negligible. may be avoided in a quantum chemistry theoretical study on a

Figure 2b shows that all of the molecules present positive family of similar molecules, such as those reported in the present
values of the electron affinity but those corresponding to group study.
A have higher values, and those belonging to group B present 3.3. Molecular Hardness 7). Figure 3 shows the results of
small values near zero. These results suggest that the moleculesolecular hardness obtained in gas phase and in solution phase.
of group A stabilize very well the negative charge, hence they As observed fol and A, two regions appear in both phases.
present strongly positive electron affinities. Here we also found Molecules of group A present the lowest molecular hardness,
a difference between the values obtained\dbr both phases, and molecules of group B present the highest molecular
but in this case the electron affinities predicted in the calculation hardness. The results gf predict the same behavior as the
with solvent are higher than those obtained in gas phase. Theselectronic affinity; i.e., molecules of group A are softer, and
results indicate that the process of electron gain by each of thetherefore they are more reactive, in this case stabilizing a
molecules is thermodynamically favored in the presence of the negative charge, as explained by the electronic affinity. The
solvent. Thus, the solvent effect constitutes a stabilizing effect solvent effect on the molecular hardness may be quantified by
on the electronic affinity. The maximum value 4A = A(l) — calculating the parameteArn. Resulting values ofArn are
A(9), also included in Table 2, is observed for NiPc@ivith presented in Table 2. It is interesting to note that the opposite
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20 of the acceptor, a low value ofpa implies that both donet
10 4 (CHs:0), M acceptor species of the pair have similar frontier properties and
OO0 therefore present a good reactivity between them. A comparison

0 (NHy), e along the set of NiPc(>¢)molecules shows that in both phases
(CHs0) the lowest values faypa are obtained by the molecules of group
(CasHis0)s —x A, thus suggesting that these molecules would present a higher
- - reactivity upon NO oxidation. In the case of the N@xidation
reaction a similar result is observed in Figure 4, with the
molecules of group A having the lowegba value in both
phases. As for NO, this set of molecules presents a higher

. . reactivity toward N@~ than group B. We also observed in this
Figure 4. Donor—acceptor hardness (eV) for the set of NiPg(X) . - . . .
molecules determined at the PBEO/CEP-121G level of theory. Reac- figure that in the case of NO the inclusion of the solvent in the

tivities toward NO ©) and NG~ (a) are shown in gas phase () calculations pr_odgces lower values gfa than in gas phase.
and in solution phase~). These results indicate that the presence of the solvent favors

] ) ) ] ) the interaction between the donor and acceptor species. Then
behavior (change of sign) obtained in the compounds NiPc- the solvent effect in the NO oxidation reaction represents a
(SGsH)4 and NiPc(NQ)4 for AT, AVne and AVee discussed  gtapilizing effect on the doneracceptor interaction. For NO,
above with respect to the oth_e_r molecules is also observed forye can observe in Figure 4 that the inclusion of the solvent in
the molecular hardness. Positive values Aar = 7(l) — 7(9) the calculations predicts higher valuesjef than in gas phase.

are obtained in NiPc(Sl)s and NiPc(NQ)s, and negative  These results suggest that the solvent does not favor the-donor
values forAn are found for the other molecules studied here. acceptor interaction. Thus, the solvent effect in the ,NO
The molecular hardness calculated by eq 2 is a measure of theyyigation reaction constitutes a destabilizing effect.

ability to stabilize a positive charge and a negative charge. As The reason why Ng and NO present opposite behaviors
seen above, all the molecules studied here only can stabilize a . y P pposite ;

) ; A S . can be explained in terms of the values of ionization potential
negative charge a_nd thys's reflect_lng the possibility that Fh's obtained for these substrates that are included in TableA? as
fact occurs. For NIPC(S@I)A, and N_|PC(NQ)4, a concentration —1(l) — I(g). NO presents a negative value i, that is, (1
.Of p(r) alregdy exists on the substituentssS(and NQ which < 1(g). This means that the oxidation process to remove one
is highest in solution phase. Then any nucleophilic attack on electron is more favored in solution phase, and hence that the
these molecules will not be successful, and hence the molecular, ’

hardness increases in solution phase. On the contrary, for thefu" process, that is, oxidation of the substrate (NO) and

remaining molecules the major concentratiop@) is localized reduction of l\1|Pc(XQ, presents the lowesfoa n that phase.

in the central region of the macrocycle. In consequence, thereHowever, N.Q _has apositive val_ue fakl, tha_t 'S’I.(I) - I(g).

will be more sites with the ability to undergo a nucleophilic Here the OX|dat|on_ process of '.\’-IO'S more difficult in solution
attack and hence the hardness decreases in the solution phas hase because this substrate is an anion and probably the effect

A greater difference between the molecular hardness obtained at the continuum .reactlon field of the.sollvent produpes on
for both phases is observed for NiPgHGO)s with a value of the charge of the anion leads to a delocalization of it. This effect

3.20 eV. The minor solvent effect is observed for NiPcgyo ~ Would decrease the ability of NO in solution phase to be
with a value of 0.12 eV. Although the differences far oxidized with respect to the gas phase. Thus, the highest values
calculated for both phases are not insignificant, it may be seen fOF 7o evaluated in solution phase with respect to the gas phase
in Figure 3 that the trend predicted fgrin gas phase is the are obtalned. O_n the_ other hand, we also c_ompared the reactivity
same as that obtained in solution phase. Finally, it is important °rder obtained in this work for the NO oxidation by the set of
to note that, although there is no agreement of the solvent effectNIPC(X)n molecules V{ggh the activity order obtained experi-
on the total energy, in all the molecules it decreases with the Mentally by Caro et &k for the same family of compounds.
solvent, and no agreement on the molecular hardness along th&/Ve found that there is good agreement between the theoretical

series of molecules, the obtained resultsifam the Gaussiangg ~ and experimental results for only the substituentsF@nd
framework are well explained in terms of a set of properties C4HsO, with the former having the highest reactivity toward

such as the energy decomposition propertiesVke Ved and NO and .the latter the Iowest.reactivity toward NO. It.is important
the frontier electronic properties, (). to mention that the obtention of a good correlation between

3.4. Donor—Acceptor Hardness @pa). In the contextof an  theoretical and experimental results in the sense to get the same
oxidation-reduction process where a dor@cceptor pair is ~ '€activity order is not easy because at the experimental level
present, the solvent effect was investigated on the denor there are many variables holding the experiment that may not
acceptor hardness. In particular, we studied the two oxidation &lWays be taken into account in a theoretical calculation. In
reactions, from NO to get NOand from NG~ to get NQ, particular, the experimental results of activity provided by Caro
and we rationalize the reactivity of these reactions thropgh et al>2 are obtained from Tafel plots where the log of the kinetic
This index was determined using the definition given in eq 5 Current, at constant potential, is plotted versus the redox potential
for the set of NiPc(X) molecules. First we will analyze by  Of the substituted nickel phthalocyanine adsorbed on vitreous
separating the reactivity characteristics of each substrate in gagarbon electrode.
phase and in solution phase. Figure 4 includes the results On the other hand, when we compared the solvent effect for
obtained ofpa for NO and NQ~ calculated in gas phase and each molecule, we noted for both oxidation reactions an
in solution phase. We found, as shown in Figure 4, that for important difference betweeyba determined in gas phase and
both substrates (NO and NQ the same trend occurs when that determined in solution phase. The valueAgHa = 7pa-
the results in gas phase are compared with the ones in solution(l) — #pa(g) for each molecule are shown in Table 2. The
phase. Becausegpa represents the reactivity of a doror maximum value ofAnpa is 5.86 eV for NiPc(NH)4s upon NO
acceptor pair measured through their frontier properties suchreactivity and 2.58 eV for NiPc(SgBl), upon NQ~ reactivity.
as the ionization potential of the donor and the electron affinity The minimum value ofAypa for NO reactivity corresponds to
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3.91 eV for NiPc(SG@H)4, and that for N@~ reactivity is 0.63 (10) Yamaguchi, Y.; Yohomichi, Y.; Yokoyama, S.; Mashiko JSMol.

eV corresponding to NiPc(Nfs. An explanation very similar S”(Ulcltj ggﬁgcg"f_'\’g?%zicﬁ;? ,f’/|5-T . Ande J.: Moliner. V. Safont, V.
to that presented in the electronic affinity section for the o Tetrahedronglg'ga' 52(32), 10693. h o T

minimum and maximum solvent effects may be given here as  (12) Barone, V.; Cossi, M.; Adamo, J. Comput. Chem1993 18,
that those effects are again seen for the same substituents. Th&997.

; (13) Seluki, C.; Aviyente, V.; Varnali, T.; Lzez Rodiguez, R.J. Mol.
results ofAnpa suggest that a minor solvent effect occurs for ¢, v~ (THEOCHEMJL997, 418 41.

NO.~, because it presents the lowest valueg\gh for each (14) Adamo, C.; Dillet, V.; Barone, VChem. Phys. Lett1996 264,
molecule. In contrast, a larger solvent effect occurs for NO 113.

; i i ; i (15) Meunier, B.; Robert, A.; Pratviel, G.; Bernadou, JThe Porphyrin
because th!s OXIdaftlon re_actlon pre;ents the.hlgheSt values OLandbook Kadish, K. M., Smith K. M., Guilard, R., Eds.; Academic
Anpa. The interesting point to mention here is that, although press: san Diego, 2000: Vol. 4.

the values ofAypa are numerically important, the trend @fa (16) Zagal, J. HCoord. Chem. Re 1992 119, 89.

along the set of NiPc(%)molecules in the presence of the (17) Astruc, D.Electron Transfer and Radical Processes in Transition
solvent is the same Metal Chemistry VCH Publishers Inc.: New York, 1995. Kuznetsov, A.
) M.; Ultrup, J.Electron Transfer in Chemistry and Biology. An Introduction
to Theory John Wiley & Sons: New York, 1998.
4. Conclusions (18) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.
We have presented a study of the solvent effect on global (19) Adamo, C.; di Matteo, A.; Barone, YAdv. Quantum Chen999

reactivity indexes of a set of substituted nickel phthalocyanines. 36, 4.

; (20) Parr, R. G.; Pearson, R. G. Am. Chem. Sod983 105 7512.
We found for all the indexes analyzed that the presence of the (21) Parr R. G.. Yang, WJ. Am. Chem. S0d984 106 4049.

solvent produces an effect either stabilizing or destabilizing the  (22) pearson, R. Gl. Chem. Educl987 64, 561.
molecular system. The results of ionization potential and electron  (23) Chermette, HJ. Comput. Cheml999 20, 128.

affinity showed that the molecules studied stabilize a negative Oéz‘géeer””gs’ P.; De Proft, F.; Langenaeker, @hem. Re. 2003
charge and not a positive charge. Both behaviors are enhanced (25) Pearson, R. G. IBhemical Hardness, Structure and BondiSen,

in the presence of the solvent. In molecular hardness, we foundk. D., Mingos, D. M. P., Eds.; Spinger-Verlag: Berlin, Heidelberg, 1993;

that the solvent produces in some molecules a stabilizing effectVOl(-zgg)igﬁ %;10_- b K. Parr R, G. Bhemical Hard Struct §
H H attaraj, P. K.; Parr, R. G. ldhemical Raradness, ructure an

on the mOIe.CU|ar system, |n_c_re_asmg the Val.uemm other Bonding Sen, K. D., Mingos, D. M. P., Eds.; Spinger-Verlag: Berlin,

molecules it has a destabilizing effect, with values pf Heidelberg, 1993; Vol. 80, pp 25.

decreased. The donoacceptor hardness showed that the solvent  (27) Gaquez, J. L. IlChemical Hardness, Structure and Bondisgn,

increases the reactivity of NO toward NiPcgXpresenting a 55?%3’"38023#3'3“/" P., Bds.; Spinger-Verlag: Berlin, Heidelberg, 1993;
decrease in the values pha. In contrast, the solvent decreases (28) ’Chattaraj, P.K.; Lee, H.; Parr, R. G.Am. Chem. S0d991, 113

the reactivity of NQ~ toward NiPc(X), increasing the values  1855.
of 7pa. We also did an analysis of the different contributions (29) Datta, D.J. Phys. Chem. A992 96, 2409.

; ; ; ; (30) Ghosh, S. K.; Berkowitz, M. Chem. Phys1981, 55, 117.
to the total energy which were useful in the discussion about (31) Yang, W.. Pair, R. GProc. Natl. Acad. Sci. U.S.A985 83, 2976.

the behavior of these molecules with respect to the environment  (33) Geerlings, P.; De Proft, F.; Langenaeker,Atlv. Quantum Chem.
variable given by the solvent and with respect to the chemical 1999 33, 303.

variable given by the substituent. Although all the properties 195%321 Gﬁgf””gsv P.; De Proft, F.; Martin, J. L. Nlheor. Comput. Chem.
analyzed here showed an important solvent effect in absolute (34) De Proft, F.; Geerlings, Ehem. Re. 2001, 101, 1451.

terms for each NiPc()f)molecule, it is interesting to note that (35) (a) Zagal, J. H.; Gulppi, M.; Isaacs, M.; @anas-Jito, G. I.;
in general the trend found along the set of molecules is constant.?g,uirreG, I\I/I-JJ-EIIGC:rochiT- éﬁtﬁrtrg%% éi 8133‘;% ((b))Zélg(?l, J. ng,@deGnéllS-
H H Iron, G. 1. J. electroanal. e . (C aaenas-Jiro, G. 1.
Thus, our results suggest that the inclusion of the solvent may >, =™ 5 "ol 2 o Chen0o1, 497, 5. (d) Cadenas-Jiro, G I
be avoided when a theoretical study is carried out in a family Gulppi, M. A.; Caro, C. A.; del Ry, R.; P&z, M.; Zagal, J. HElectrochim.
of molecules like those studied here. Acta 2001, 46, 3227.
(36) Cadenas-Jirn, G. I.; Caro, C. A.; Venegas-Yazigi, D.; Zagal, J.

. H. J. Mol. Struct. (THEOCHEMR002 580, 193.
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