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The modulation induced by different solvents and by pH on the nitrogen isotropic hyperfine coupling constants
(An) of 2,2,5,5-tetramethyl-3-carboxypyrrolidine (3-carboxy-PROXYL,CP) and 2,2,6,6-tetramethyl-4-car-
boxypiperidine (4-carboxy-TEMPO,CT) nitroxides is studied through ab initio quantum mechanical computa-
tions and by EPR spectroscopy. The geometry of the neutral and deprotonated forms and the corresponding
dissociation constants are computed by using the hybrid PBEO functional. With these structures, Agcurate
values are obtained by an integrated post-HartFesck/PBEOQ approach. Specific solvent effects are modeled

by including a few solvent molecules (strongly bound to the solute), whereas bulk contributions are taken
into account by the polarizable continuum model (PCM). Both EPR spectra and quantum mechanical
computations point out thaty increases with increasing solvent polarity and, especially, H-bond ability. The

An values obtained by our computational model both for the neutral and deprotonated forms in agueous
solution are in good agreement with EPR values. On the other hand, the computeslyes(4.97 and 5.25

for CP and CT, respectively) are significantly larger than the value reported in the literature for CP (3.4).
New potentiometric and spectroscopic measurements lead to values (4 and 4.30 for CP and CT, respectively)
in better agreement with quantum mechanical computations and chemical intuition. Also the calculated magnetic
titration curves in aqueous solution are in quite good agreement with our new EPR curves.

1. Introduction understood. To this aim, computational studies have been shown

Nitroxide radicals are widely used as spin-labels and spin- Io b? e_xtremely helpfu_l and have_alreaqu _aIIowed to gain a
probes in electron spin resonance (EPR) spectroscopy Studiegualltatlv_ely and, sometimes, as_emlquantltatlvely correct insight
of complex system&? As a matter of fact, the stability under 0N the different factors influencing thy value.
ordinary conditiondand the strong localization of the unpaired ~ However, the usefulness of a computational approach would
electron on the NO moietyallow us to use nitroxides to evaluate ~ be greatly increased if it would be able to provide estimates of
a number of properties of the embedding medium mainly Structural, thermodynamic, and magnetic parameters of open
through the nitrogen isotropic hyperfine coupling constag) ( shell systems with an accuracy fully comparable with experi-
which is highly sensitive to micropolarity, hydrogen bonding ments. Any lack of computational accuracy would indeed
power, pH, eté-7 As an example, nitroxides can be used Preventtheory from giving reliable prediction of the properties
successfully as spin-labels for a detailed characterization of Of new compounds, reducing the usefulness of computations
microstructured microdomain systems, such as micelles, vesci-for the novo design of new spin labels and spin probes.
cles, bilayers, liquid crystals, etcAn additional possibility is Furthermore, it would be much more difficult to give a reliable
to use nitroxide radicals as pH indicatdts measure with high ~ €xplanation of the experimental results in terms of physico-
accuracy the pH in cells or to monitor the pH gradient across chemical effects, because tig values result from a subtle
lipid and cellular membranésio The presence in the molecule balance between intrinsic and environmental effects, often weak
of a hydrogen acceptor or donor site makes a nitroxide radical and acting in opposite directions.
sensitive to the environmental pH due to the diffeigpialues At the same time the adopted methodology should be
assumed by the protonated and unprotonated forms: thecomputationally effective because nitroxides commonly used
measured\y depends then on theKp of the nitroxide radical as spin probes contain at least 20 atoms and the size of the
and on the nature of the embedding medium. system increases even more when biological systems as proteins

A correct interpretation of the results of the experimental and polypeptides are spin labeled and/or solvent effects have
investigations requires these factors to be clearly analyzed andto be taken into account. However, we think the recent

. . . — methodological and technical advances of the computational

:Sﬁ{&ifg?;gg&%ﬁé‘éhﬁ“ E-mail enzo@chemistry.unina.it. chemistry already allow us to get an almost quantitative
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procedure for thelg, computation provided accurate values for
a number of carboxylic acids, we decided to perform a new
experimental determination of the CKp

2. Methods

2.1. Experimental SectionMaterials 3-carboxy-PROXYL
(CP, 99.5% purity) and 4-carboxy-TEMPO (CT, 97% purity)
nitroxides were purchased from Aldrich and used as received.
Carbon tetrachloride (99.5%), chloroform (99.8%), tetrahydro-
furan (>99% purity), dichlorometane (99.5%), acetone (99.5%),
ethanol (99.5%), methanol>@9.9%), nitrobenzene (99%),
dimethylformamide (99.8%), and dimethyl sulfoxide (99.8%)
were purchased from Sigma Chemicals Co. and used without
further purification. Water was degassed and doubly distilled.
All solutions were prepared by weight.

EPR Measurement€P and CTC = 1.0 x 10~ mol dn13)

EPR spectra in all the above-mentioned solvents were recorded
at 20°C with a Bruker ER200D spectrometer equipped with a
TEopi; cavity, using the following parameters: sweep width 50
G, resolution 8192 points, modulation amplitude 0.2 G, time
constant 5 ms, receiver gain<10*, microwave power 2 m\W,
scan time 41 s. For the EPR measurements, capillary quartz
tubes (0.5 mm i.d.) were used. The nitrogen hyperfine coupling
constants Ay) have been measured as the average splitting
between the three hyperfine EPR lines of the spectra. The
experimental error on thay is estimated to be 0.02 G.

In aqueous solutions, EPR spectra of CP and CT were
acquired with pH ranging from 1 to 7.5. The desired pH values
were obtained by using chloride & pH < 2.5), phthalate (2.5
< pH < 4), and phosphate (4 pH < 7.5) buffers.

Potentiometric TitrationsAqueous solutions of CP and CT
(C ~ 0.01 mol dm®) were prepared by weight. Nitroxide
solubilization was favored by gentle warming35 °C) and
stirring. These solutions were titrated with a NaOH solution
(C°g = 0.0997 mol dm?3); the pH was measured at 2& by
a Radiometer pH meter, model PHM240 (experimental error
on pH determinationt0.01) equipped with a double-junction
reference electrode. Carbon dioxide solubilization was prevented
by bubbling nitrogen into the solution during the whole titration.
The pH meter was standardized frequently before and after
measurements. TheKp value was evaluated by fitting to the
experimental data the relation

Cg =[OH ] — [H30"] + CKJ(K, + [H:0'])
Figure 1. CP—2(H;0) (a) and CTFCH;OH (b) adducts. The shaded
region of CP-2(H.,0) corresponds to the small model in composite in wich Cg andC are the stoichiometric concentration of NaOH
computations (see text for details). and of the nitroxide, respectively. For each nitroxide, thkg p
value was obtained as the mean value of three independent

physicochemical effects. This should be evident when the resultstitrations. In the case of CT, the potentiometric titrations were
of the present paper are examined, where we present a combine@erformed in the range 3.5 pH =< 6; further addition of the
experimental and computational study of solvent effects on the NaOH solution caused pH variations difficult to be interpreted.
structure and magnetic properties of the cyclic nitroxides 2,2,5,5- Work is in progress is our laboratory to clarify this experimental
tetramethyl-3-carboxypyrrolidine (3-carboxy-PROXYL,CP) and evidence. However, it has to be noted that for pH6 the
2,2,6,6-tetramethyl-4-carboxypiperidine (4-carboxy-TEMPO,- spectroscopic parameters of CT are constant, so that in this pH
CT) (see Figure 1). range this nitroxide is not interesting as a pH indicator.

In the first part of the study we will analyze the influence of 2.2. Computational Details. All geometries have been
the surrounding medium on th& value in terms of polarity optimized at the density functional theory (DET)evel using
and hydrogen bonding power for several different solvents with the PBE®? functional. Bulk solvent effects have been modeled
a dielectric constant sweeping on a broad range. Next, we will by the polarizable continuum model (PCK)jn which the
deal with the effect of pH building completely ab initio magnetic solute molecule is embedded in a molecular-shaped cavity
titration curves of CP and CT in aqueous solution. Quite surrounded by an infinite dielectric characterized by the
surprisingly, although the computég, values are in agreement  dielectric constant of the solvent. Here we use the UATM
with experiments, ourlg, value for CP nitroxide is significantly =~ parameters for building the cavity and the IVC-PCM
different from the value reported in the literatirBecause our (implicit volume charge) version in which the contribution of
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the electron density escaping from the solute cavity is properly AGgasan

taken into account. Post HartreEock computations have been

performed by the quadratic configuration model including single AHgy — Ags + Higs
and double excitations (QCISB)using the basis set developed

by Chipman for the computation of magnetic propertieAll T | |
the calculations have been performed by a development version

of the Gaussian packagde. AGuwan  AGwwa.  AGowpus

3. Computational Methodology | AGuun 4 l

3.1. Calculation of the Ay Values. The absolute value of AH
Ay is underestimated by DFT calculatios® whereas the _ _ o
QCISD methof provides an accurate estimate for this obsery- Figure 2. Thermodynamic cycle for a generic acid AH.
able?! On the other hand, the high reliability of nitroxide radical ) o o
geometries optimized by DFT methods allows us to avoid phase process can be insufficient; (2) description of 'Fhe selute
QCISD geometry optimizations, which are computationally too solvent interactions arld of the structural (_:hanges induced by
expensiveAy calculation has been thus made on the geometries theém can be inappropriate. So we have devised a new procedure,
of the CP and CT radicals optimized at the PBE0/6-31G(d) level, "eferred to as P02, for the computation of absolute yelues.

- +
aq - A aq + H aq

employing the following mixed approacf: In particularGgas and AGsoy 1+ have been fixed to their
_ most recent experimental values of &28nd—264 kcal/moPk8
Ay = ATPEQ oo T (AP — ATBES ) + AATT respectively. Next, alGgasvalues have been calculated by single

point energy evaluations at the PBEO0/6-313(2d,2p) level

where the subscript “whole” refers to the nitroxide radical using geometries and harmonic frequencies computed at the
molecule (including, when needed, some explicit solvent PBE0/6-3H-G(d,p) level. TheGgasvalues obtained in this way
molecules, vide infra) and the subscript “small” refers to a for a training set of eight carboxylic acids are in very good
dimethyl nitroxide molecule whose geometry is frozen to that agreement with both experimental and refined post-Hartree
assumed by the £NO moiety in the same nitroxide. Methyl ~ Fock computations (G2, G3, and CBS proceduféSplvation
hydrogens are added following the recipe used in the methodsfree energiesAGsqy have been estimated at the PCM/HF/6-
of the ONIOM family. The basis set optimized by Chipran  31+G(d,p) level using geometries optimized in aqueous solution
for computation of the isotropic hyperfine coupling constant at the PBE0/6-3+G(d,p) level. Standard UATM parameters
has been used in QCISD calculations. The texAYry refers have been used to build the cavities occupied by the solute in
to the Ay variation induced by the low-frequency inversion the solvent and to evaluate nonelectrostatic contributions. The
motion of the nitrogen atom according to the pyramidalization only modification concerns the coefficiepg-(O) (changed from
degree of the nitroxide moief}. This contribution, calculated  —0.3 to —0.44) and is related to the change of reference
in a previous work, is~1 G?425 for five-membered ring solvation energies of ionic species brought by the new value of
nitroxides (CP), whereas it is negligible in six-membered ring AGsqy ++ and by the new improved procedure for taking into
nitroxides (CT). account the so-called escaped charge. The P02 procedure is very

3.2. Calculation of the gK,. For an acid species AH thé<g effective from a computational point of view and provides
defined as minus the logarithm of the dissociation constant of remarkable [, values for a number of test cases.
the reaction

N N 4. Results
AH — A gt H 4
The presentation of computational and experimental results
is given by the well-known thermodynamic relation: will be organized in three sections:
1. Intrinsic effects on the magnitude A§.
PKa= AGaqvAJZ'?’O:RT 2. Solvent effects or\ for neutral nitroxides.

The Gibbs energy variation of the deprotonation reaction in 3 Experimental and computational determination of the
aqueous solution has been calculated by adding an aqueoudtration curve for CP and CT.

solution contribution to a gas-phase contributfoas follows: 4.1. Intrinsic Effects on the Ay Value. The comparison
between the calculated and experimemtglvalues in apolar/
AGaq,AHZ AGgas,AH+ AAGsow,AH aprotic solvents such as Cdk a good benchmark to assess
) ) the reliability of the computational methodology sketched above
in which (see first row of Table 1).

It is thus gratifying that our results are close to the
experimental ones, the discrepancy between experiments and
+ AGgyy 1 — AGgopy an calculations £0.3 G both for CP and CT) being just2% of

the total value. For comparison, the error obtained by the
according to the thermodynamic cycle reported in Figure 2. calculations of ref 29 isc40%. Our methodology can well

Note that it is also necessary to take into account the reproduce the difference in thé&y values found for CP and
transformation of the concentration units from atm in the CT: 1.37 G according to the experiments and 1.29 G according
gas phase to mol dm in aqueous solution. This term to our calculations. This is a quite important result because this
{—RTIn(24.46} has been enclosed Ggas indicates that PBEO/6-31G(d) calculations are accurate enough

Looking at the components contributing to the dissociation to correctly reproduce the geometry of the nitroxide under study,
process, we can identify two main sources of error: (1) the also concerning quite subtle details such as the degree of
computational level of the model used in describing the gas- pyramidalization of the nitroxide moiety, which is indeed the

AG'gas,AH: Ggas,Ar + Ggas,H* - Ggas,AH
AAGsolv,AH =AG

solv,A-
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TABLE 1: Values of € and Er for the Different Solvents TABLE 2: Interaction Energies (kcal/mol) between CP and
Used in the Present Study and Corresponding Experimental One Solvent Molcule (S) and between Two Solvent
and Computed Values ofAy (Gauss) for CP and CP Molecules (3)
CP CT solvent CP+ S S
solvent exp calc exp calc e Er H0 —9.65 -5.97
cCl 14081 1380 15450 1509 2240 325 choH oot %
CHCl, 14.697 14.05 15947 15.31 490 391 3 ' '
14.6P 15.7P
15.25 For chloroform, methanol, and water bulk effects alone cannot
THF 14.252 1414 15528 15.4 7.58  37.4  thus reproduce the experimentq. In these solvents it is indeed
CHCl, 14.363 1417 15789 1542 893 411 necessary to take into account the formation of long living
g:zgac"b ﬁiig?s ﬁ'_% ig:gg% iggi 222473(0) gg'i complex adduct_; bgtween ;olvent molecules and the solute, due
15.20 16.17 to strong specific interactions such as hydrogen bonds. To
Ph—NO, 14.471 1430 15.731 1554 34.85 46.3 analyze in deeper detail the above feature, we performed for
DMF 14500 14.30 15.716 15,55 36.71 43.8 CP a comparative analysis of the interaction energies between
DMS 14.605 1431 15823 1556 46.70 45.0 the solute and a single solvent molecule (water, methanol, or
H0 16.050 1154'23;92 17.060 151;'?54 7840  63.0 chloroform) with the interaction energy between two solvent
1612 1674 molecules. In fact a solvent molectisolute interaction energy

significantly larger than its solvent molectisolvent molecule
counterpart could indicate a residence time of a solvent molecule
around the solute large enough to influence its molecular
properties via the formation of specific not “averaged” interac-
geometric parameter most influencing tAg value (see the  tions.
discussion paragraph). The interaction energies have been calculated in the gas phase
4.2. Solvent Effect on theAy Value. In Figure 3 are plotted at the PBEO/6-31G(d) level on the adducts formed by CP and
the values oAy measured in different solvents as a function of a solvent molecule optimized at the PBE0/6-31G(d) level in
the dielectric constant of each solvent. the same solvent. Those energies are compared with those
Two different trends are evident, relative to aprotic and protic relative to solvent molecule dimers calculated at the same level
solvents, respectively. As a matter of fagt, values measured  in Table 2. All the interaction energies are corrected for the
in water, methanol, and chloroform are fitted quite well by a basis set superposition error by the counterpoise method.
line with a slope larger than that connecting all the remaining  The energy differences between the two sets of interaction
solvents. The only exception concerns dichloromethane, which energies are quite large to justify the inclusion of explicit solvent
is in an intermediate position between the two straight lines. molecules. One additional water molecule can be coordinated
TheAy values of CP and CT measured in various solvents show to the nitroxide moiety, whereas preliminary geometry optimiza-

a2 Gas-phase results: 13.35 G (CP); 14.80 G(®TDalculations
including one explicit solvent moleculéCalculations including two
explicit solvent molecules.

instead a fair linear correlation with tHer parameter Ay = tions suggest that the simultaneous presence of two methanol
11.8+ 0.06%r with R = 0.926 andAy = 13.55+ 0.05%r or chloroform molecules leads to weaker coordination. Very
with R = 0.904 for CP and CT respectively). similar trends have been obtained for CT. As a consequence,

The linear relationshipw/Er (this parameter is based on the the Ay values have been computed on adducts containing two
solvatochromic shift of the absorption maximum of piridinium explicit solvent molecules in water and only one solvent
N-phenolbetaing)is useful from a practical point of view, but  molecule in methanol and chloroform. It is noteworthy that the
in the absence of a detailed theory of thevalues, it does not  choice of introducing two explicit water molecules and only
provide a molecular understanding of the solvent effects, exceptone methanol molecule is supported also by spectroscopic
for suggesting that not only the polarity of the solvent but also evidence’! Using those supermolecules for the calculation of
the possibility of explicit hydrogen bonds critically influence Ay restores the agreement between experiments and calculations
the value ofAy. also for the protic solvents (see Table 1).

The role of nitroxide/solvent hydrogen bonds is particularly ~ 4.3. Experimental and Computational Determination of
evident when one compares tAg values measured for CP and the Titration Curves for CP and CT. Under the experimental
CT dissolved in two solvents having very similar dielectric conditions used in the building of the titration curves, proton
constants, such as methanol and nitrobenzene. In the formerexchange rates involving the carboxylic group of the considered
solvent, which can form H bonds, tig value is higher by 0.7 nitroxides are fast on the EPR time schfg that each observed
and 0.5 G (for CP and CT, respectively), than in the latter, which spectrum is a weighted average between that of the protonated
has no H-bonding ability. and that of the unprotonated forms. The construction of the

Before the corresponding computational results are analyzed,computational curve thus requires essentially: (i) the determi-
it is worth highlighting that, according to experiments, not only nation ofAy both for the protonated and the unprotonated forms;
traditional H-bonding solvents such as methanol and water but (ii) the calculation of the |§, for CP and CT.
also chloroform and, to a smaller extent, dichloromethane exhibit  Our calculations (see Table 3) predict that the neutral form
a protic behavior. of CP and CT exhibits a smaller value 8§, because the

PCM calculations confirm the trends sketched above. When presence of a negative charge should likely lead to an increase
non-hydrogen-bond forming solvents are studied, the inclusion of the spin density at the nitrogen atom (see the discussion
of the bulk solvent effect by means of single point PCM paragraph for a possible explanation of this feature). The effect
calculations on the gas-phase geometries is sufficient to provideof the protonation state of the carboxyl group is larger for CP
Ay values in good agreement with the experiments. than for CT, likely because in the latter compound the carboxyl

Inspection of Table 1 shows tha rapidly increases up to  is closer to the nitroxide moiety.
€ ~ 8, stabilizing around the constant values of 14.3 and 15.5 An inspection of Table 3 shows that the effect of the negative
G if € > 8 for CP and CT radical, respectively. charge on the carboxylate substituent is overestimated in the
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Figure 3. ExperimentalAy values of the CP (a) and CT (b) radicals in different solvents as a function of the dielectric censtaatch solvent.

TABLE 3: Ay Values of Protonated and Deprotonated corresponding experimental value reported in the literature
Egrrl?csito\];v?t(érRlag:gzluslegpFag:?n icr:lT mitgroon:naggng\g(\)/vith (3.4)8 Thus we decided to carry out an experimental study to
Nit?oxide Groups, Compl]ted on geo)r/netr?es Optimized in determine the K4's of both CP and CT radicals.
the Gas Phase and in Aqueous Solution at PBE0/6-31G(d) The plots relative to the variation @ in CP and CT with
and PCM/PBEO0/6-31G(d) Levels Respectively the pH of the embedding medium are shown in Figure 4.

R R+ 1S R+ 2S In agreement with our computations, for both nitroxidgs

nitroxide gas phase PCM gas phase PCM gas phase PCM exp ifS IFrequIEd to inclrdease (‘;Vith thikpg 502:19 embedding medium,
ollowing a sigmoid trend: at pH< 2. assumes a constant
g; 112;115 111'7362 11;'%' 1155723 11655;3 11665163 116?203 value [AN(CP)= 16.04 G and?\(CT) = 17.06 G] characteristic
CT 14.79 1555 15.35 16.14 16.05 16.73 17.06 of the protonated form of the nitroxide acids; for 25pH <
CT- 15.03 15.66 15.77 16.26 16.41 16.78 17.13 5 A gradually increases; at pH 5 Ay assumes another constant
value AN(CP7) = 16.23 G andAn(CT™) = 17.13 G] relative
gas phase, even when explicit solvent molecules are includedto the completely deprotonated form of the acids. The difference
in the calculations. This result is not surprising because a large between the two constant values is significantly higher for CP
number of solvent molecules is required to properly screen athan for CT AAN(CP/CP) = 0.19 G andAAy(CT/CT ) =
net charge. Preliminary calculations show that the inclusion of 0.07) and it is comparable to that predicted by our computations
one additional explicit water molecule coordinated to the (0.43 G for CP and 0.05 G for CT, respectively). TH&,gan
carboxylate group does not improve the agreement with be determined from the experimental data as the pH at which
experiments, if bulk effects are not properly taken into account the protonated and the unprotonated forms of the acids are
by the PCM. present in equal concentration, so tha{ = (AN(CP) +
By use of the P02 procedure, the computéd' p of CP and AN(CP))/2 = 16.13 G andAy = (An(CTY) + AN(CT))2 =
CT radicals are 4.97 and 5.25, respectively. The computgd p 17.095 G. The obtained Ka are K4CP) = 3.89 and
value of the CP radical shows a severe discrepancy with the pKo(CT) = 4.03, respectively. These values are in good
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17.04 e e moiety has a planar geometry, only indirect contributions are
! 2 } 4 pH 3 6 7 § possible because the nitrogen atom lies in a nodal plane of the
Figure 4. Experimental EPR titration curves of CP (a) and CT (b). p orbital taking part to the SOMO. As a matter of fact, the
nitroxide moiety is predicted to be planar in CP and pyramidal
agreement with those obtained from the potentiometric titrations (and likely with the right degree of pyramidalization) in CT.
[PKa(CP)=4.00+ 0.01 and K4(CT) = 4.30+ 0.02], whereas From a methodological point of view, the present study shows
there is a large difference with respect to the experimental value that the geometries optimized at the PBE0/6-31G(d) level are a
of 3.4 &+ 0.2 previously reported in the literature for CP. reliable starting point for the evaluation Af and that few quite
The computed values are thus overestimated-tiypH unit simple a posteriori corrections allow us to include the effects
with respect to the experimental ones for both radicalskA p  not properly treated at the DFT level.
unit corresponds to 1.36 kcal/mol, which is a reasonable error  Within the same geometry, the trend Af values can be
on the computed free energies involved in the thermodynamic explained in terms of relative weights of the two most important
cycle used for the I§, calculations. However, it is importantto  resonance structures of the nitroxide moiety
highlight that the differences between th¢;womputed for CP
and CT is 0.28 pH units, in good agreement with those predicted o o
by the experiments (0.14 and 0.30 according EPR and poten- | ,|
. o - —N— & —N'—
tiometric titrations, respectively). @ ®)
By use of the computediy and Ay values, a theoretical
titration curve has been finally built for CP and CT (see Figure
5). The computed curves are similar to the experimental ones
but for the above-mentionedg shift.

As a matter of factAy is increased by the stabilization of
'the resonance structure (b) with respect to (a). In these terms,
it is possible to rationalize a number of experimental results,
including both intrinsic and environmental effects. Any polar
solvent would indeed increagg, through the relative stabiliza-

In this paper we have presented a thourough characterizationtion of the “more polar” resonance structure (b). This effect
by both computational and experimental standpoints, of two should be relatively more important for a planar geometry of
cyclic nitroxides. Our results show that a suitable theoretical the nitroxide moiety, because the stability of the resonance
procedure can couple accuracy and computational feasibility, structure (b), bearing a lone pair on the nitrogen, is larger for a
giving an almost quantitative agreement with experiments, for pyramidal arrangement of the NO group. It is then not surprising
what concerns (i) the prediction of the magnetic properties of that the predicted solvent shift is larger for CP than for CT.
nitroxides of different geometry, (ii) the determination of the Analogously, the presence of a negatively charged group
solvent effect oAy, and (iii) the evaluation of the influence of —COO™ will stabilize a partial positive charge on the nitrogen
the variation of the pH of the embedding medium. atom of the nitroxide moiety. As a matter of fact, the influence

Furthermore, the good agreement with the experiments makeson Ay of the protonation state of the carboxyl group is larger
more reliable any assessement of the physical effects governingfor CP, where the carboxyl group is closer to the nitroxide
the magnitude of théy in nitroxides. moiety and, moreover, the ring is planar and any possible

The comparison between the results obtained for CP and CTdelocalization effect would be more effective. The above
clearly shows the influence of the geometry of the nitroxide considerations are indirectly confirmed by the fact thatis
moiety on Ay. As has already been recognized, a partial found to decrease when a positive charge is present in the
pyramidalization of the nitrogen atom of the nitroxide moiety nitroxide ring7:22
allows for a direct contribution to th&y due to involvment of The present results also allow us to evaluate the relative
the nitrogen s atomic orbital in the molecular orbital bearing importance of bulk solvent and of explicit hydrogen bond effects
the unpaired spin electron. On the contrary, when the nitroxide in determiningAy (see Table 3). The latter interactions appear

5. Discussion and Conclusions
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to be more important because, on the average, they contribute (10) Keana, J. F. W.; Acarregui, M. J.; Boyle, L. N..Am. Chem. Soc.
~80% of the total solvent shift. However, bulk effects cannot 1982 104 827.

be neglected, because the inclusion of only the first solvation

shell molecules leads to a nonnegligible errsO((5 G). Bulk

(11) Kohn, W.; Sham, L. Phys. Re. A1965 1133. Parr, R. G.; Yang,
W. Density Functional Theory of Atoms and Molecul@sford University
Press: New York, 1970; p 230

solvent effects are even more important for the charged residues, (12) Adamo, C.; Barone, \VJ. Chem. Phys1999 110, 6158;

showing the effectiveness of continuum approaches in modeling

the solvent screening of electrostatic effects in solution.

Finally, the PO2 procedure has been shown to be quite reliable
for determining the i§; also in nonstandard compounds as open

(13) Amovilli, C.; Barone, V.; Cammi, R.; Cances, E.; Cossi, M.;
Mennucci, B.; Pomelli, C. S.; Tomasi,Advances in Quantum Chemistry
Academic Press: New York, 1999; Vol. 32.

(14) Barone, V.; Cossi, M.; Tomasi, J.Chem. Physl997 107, 3210.
(15) Cossi, M.; Rega, N.; Scalmani, G.; Barone JVChem. Phy2001,

shell radicals, because the order of magnitude of the error is 114 5691;2002 117, 43.

~1 kcal/mol and there is a good prediction of the relative

acidities of CP and CT.

This is a quite interesting result, because the experimental
evaluation of &, values for complex systems can be very

(16) Foresman, J. B.; Frisch, A. Exploring Chemistry with Electronic
Structure Methods2nd ed.; Gaussian Inc., Pittsburgh PA, 1996.

(17) Chipman, D. MTheor. Chim. Actdl989 76, 73.
(18) Frisch, M. J.; et al. GO1; Gaussian Inc.: Pittsburgh, PA, 2002.
(19) Barone, V.; Bencini, A.; Cossi, M.; di Matteo, A.; Mattesini, M.;

difficult and a computational procedure that gives an accurate 1o F. j. Am. Chem. S0d.998 120, 7069.

estimation could be an helpful alternative. Furthermore, a

reliable calculation ofAy vs pH curves could allow the

prediction of the dependence on the pH also for unstable

radicals, not easily accessible by the experiments.
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