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Monte Carlo simulations and thermodynamic perturbation theory calculations have been carried out to analyze
the differential hydration of phenol (PhOH) and phenoxy radical #Phthe hydration enthalpy of phenol
predicted by different phenelwater interaction models is in good agreement with experimental data. On the
basis of the difference in the hydration enthalpy of phenol and phenoxy radical, we find that-thdahd
dissociation enthalpy in water is above the recommended experimental value for the gas phase by ca. 7
kcal/mol. This result is in agreement with photoacoustic calorimetry measurements for phenol in other polar
solvents. Thermodynamic perturbation theory results for the relative hydration Gibbs energy of phenol and
phenoxy radical are also reported. The structure of the solutions suggests that the differential solvation of
phenol and phenoxy radical can be related to the strong character of phenol as a hydrogen bond donor in
comparison with the role played by phenoxy radical as a hydrogen bond acceptor.

1. Introduction radical?® cyclopentadienyl radicaf;26 and the 2,5-lutidyl
. . . i 2
The study of the solvation of organic molecules is very radlcal'.7. ) , ] ]
important to the understanding of chemical reactivity in the ~ Statistical mechanics computer simulations can provide data
liquid phase, which plays a central role in chemistry and ©N th_e structural and thermodynamic properties of liquids and
biochemistryt2 One basic quantity that characterizes the Solutions (see Dufy and Jorgensen for a recent reviei).

energetics of the solvation process is the standard enthalpy ofddition, they also allow a detailed microscopic analysis of the
solvation of a species X from the gas phasElgn(X,g). Several solvation process. A large number of computer simulations have

calorimetric techniques, including photoacoustic calorimafry, Peen performed to study the solvation of molecti€s™ and

have been used to estimate solvation enthalpies and bondcharged species. e

dissociation enthalpies in solution. However, enthalpies of Much less attention has been paid to the solvation of
solvation of transient free radical species are still relatively radicals’” This is due to the fact that interactions between radical

scarcé8 The reason is related to the limitations of the available SPecies and the solvent molecules are not well-known and can
experimental techniques to deal with transient speties. be very specific and solvent dependéht. _ _

The phenoxy radical (PHDis an important intermediate in In the present work we report Monte Carlo (MC) simulations
the combustion of many aromatic compoufid& green plant of the hydration of phenol and p_henoxy rad|cal._We analyze
photosynthesi&? biocatalysisi4 and protein redox reactiots. ~ the structure and thermodynamics of the solutions and the
Some recent work&17analyzed the “hydration” of the phenoxy relationship between the hydratlc.)n.enthalples gnd the.energetlcs
radical by carrying out density functional theory (DFT) calcula- ©f the phenol ©-H bond dissociation in solution, which has
tions for PhG—(H,0),_4 clusters. A similar approach has been been extensively analyzed in a recent review work.

used by Chipma®® who carried out ab initio calculations for We compare the statistical mechanics simulation results for
clusters of thep-aminophenoxyl radical with four water ~SOMe thermodynamical properties with those based on a
molecules. previous microsolvation approa¢hThermodynamic perturba-

These studies are useful because solvation is important fortion theory®"# calculations have also been carried out to
the understanding of the observed substituent effects on the€valuate the relative hydration Gibbs energies of phenol and
spectra, structure, and chemistry of the phenoxy radical in Phenoxy radical.
water!® Moreover, the differential solvation of phenol and 2 |nteraction Model and Computational Details
phenoxy radical can be related to the energetics of the phenol
O—H homolytic bond dissociation and to chemical reactivity W
in solution®20-22 Modeling of solvent effects by “microsolva-
tion” in clusters has also been employed to discuss the structur
and energetics of several radical species including the methox

Monte Carlo simulations of phenol and phenoxy radical in

ater have been carried out in the isobaiigothermal (NPT)
ensembl& at T = 25 °C andP = 1 atm. The interactions

hetween two molecules, a and b, were described by a Lennard-

YJones (LJ) plus Coulomb contribution, with parameter,
andq; for each atom:
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TABLE 1: Lennard-Jones Parameters and Charge
Distribution for Phenol (PhOH) and Phenoxy Radical (PhO)

phenol and e 0@ q° (au)
phenoxy (kcal/mol) A PhOH PhO
C1 0.070 3.550 0.5667 0.6020
c2 0.070 3.550 —0.4090 0.2384
C3 0.070 3.550 -0.0214 —0.1010
C4 0.070 3,550 -—0.2304 -—0.1317
C5 0.070 3.550 —0.0952 —0.1010
C6 0.070 3,550 —0.2910 —0.2384
H7 0.030 2.420 0.1900 0.1241
H8 0.030 2.420 0.1157 0.1313
H9 0.030 2.420 0.1394 0.1397
L H10 0.030 2.420 0.1281 0.1313
L H11 0.030 2.420 0.1680 0.1241
Figure 1. Optimized structures (B3LYP/6-31G(d,p)) of clusters of 012 0.1700r0.1535 3.070 —0.7613 —0.4420
phenol (left) and phenoxy radical (right) with two water molecules. H13 0.0 0.0 0.5004
SPC watet
Whereeij = (616])1/2 and Ojj = (Oin)llz. The LJ parameters for (o) 0.155 3.165 —0.820
the phenol molecule and phenoxy radical are those proposed H1, H2 0.0 0.0 0.410

by Jorgensen and Nggy@ﬁor pure liquid phengl. Long-range aLennard-Jones parameters from Jorgensen and Ndéyeatomic
corrections to the LJ interactions have been included. For the charges are MerzKoliman charges from B3LYP/6-31:+G(d,p)
water molecules, the geometry and interaction parameterscalculations¢ Parametee for the phenol oxygen from Mooney etl.
correspond to the SPC potential proposed by Berendseri‘et al. ¢ SPC parameters for water from Berendsen ét al.
In all simulations, the molecules have a rigid geometry. The ) )

TABLE 2: Thermodynamic Properties of Pure Water,

geometrles of phenol (plqnar form) anq phenoxy ra.dlcal were PhenoWater, and Phenoxy Radicat-Water Solutions from
obtained from DFT optimizations. The internal rotation of the NpT Monte Carlo Simulations at T = 25° C and P = 1 atm@

phenol G-H group, which is related to an energy barrier of

200 450

2.55 kcal/mol!® has not been included. R (A) 8.9 116
The geometries have been optimized with Becke’s three- Pure Water
parameter hybl’ld method (B@)th the Lee, Yang, and Parr * 1.059+ 0.018 1.058- 0.011
(LYP)*" correlation (BSLYP) and the 6-31G(d,p) basis ¥et.  He —2168.1+ 1.5 —4869.6+ 0.9
Three different models have represented the Coulomb inter- Pheno+Water
actions between phenol and water. The first two correspond to p 1.047+0.010 1.060Qk 0.019
phenol charge distributions proposed, respectively, by Jorgensen 1.048+0.013
and Nguyef® and by Mooney et &° In the third model the i'gg%%i)'gzl% 34264010
atomic charges have been fitted to the electrostatic potential by —20.48+ 0.20 ' '
using the MerzKollman—SingH?°50 procedure. To take into —27.04+ 0.2%
account the polarization of the solute charges by the solventHss —2152.3+ 14 (15.8+12)-4853.4+ 0.8 (16.2+ 1.2)
molecules, the solute charges have been estimated in small :iggﬁ i'g gggi i'gg
clusters of phenol and phenoxy radical with two water molecules ap, (PhoH,gy —17.8+ 1.5 S 186+ 11
(see Figure 1) with SPC charges. By using this method, the -17.1+ 2.5
phenoxy radical charge distribution is slightly asymmetric, but —14.9+ 3.1
we have verified that it leads to essentially equivalent setute Phenoxy-Water
solvent interactions if a symmetrized charge distribution is used. ¢ 1.048+ 0.010 1.059+ 0.012
The charges were calculated at the B3LYP/6-811(d,p) level Eox :;?5966&0'113 (1214 1.2) :ig's“gefiobog (10.5+ 1.2)
with B3LYP/6-31G(d,p)-optimized geometries. We note that the Ai_srhyd(phoyg) 85416 Y 106+t T

- p.aram.eters -Of Jorgensen gnd Ngdyemd Mooney et af? aN, is the number of water moleculeR; is the cutoff radius for
are |_dentlcal_ with the exception af for th_e phenol oxygen. the interactions between the solute (X) and the solventHS)= Ess
The interaction parameters are reported in Table 1. + PVis the enthalpy (kcal/mol) of the water in the solution, ahg
In the present model the effective dipole moment of phenol = E. + PV is the enthalpy of pure liquid water, wheFg¢ and V*
in the presence of two water molecules is 2.10 D, in very good are the energy and volume of pure liquid watgt. and p are,
agreement with the value reported by Jorgensen and Né\ﬁyen respectively, the densities (g/é)m)f pur_e quuid wate_r and the solution.
(211 D). buthgher than the effectve dipole moment proposea SLw(e8) St (e S TS men SR Lon |
by Mooney et al. (1.89 Dj for the liquid pha_se, \_NhICh Was relaxation enthalpies\Hr). ® Experimental values fokHny«(PhOH,g)
based on the Onsager self-consistent reaction field. The gas-4re—13.6 kcallmdt® and—13.8+ 0.2 kcal/mol® © Potential model
phase dipole moment at the B3LYP/6-31+G(d,p)//B3LYP/ of phenol from Mooney et # ¢ Potential model of phenol from
6-31G(d,p) level is 1.44 D, in excellent agreement with Jorgensen and Nguyéh.
experiment (1.4 D)} and other theoretical resuft5In addition,
we have verified that our model leads to liquid properties of have been truncated at a different cutoff distaRgewhich is
pure liquid phenol in very good agreement with experiment and reported in Table 2. The initial configuration has been generated
other theoretical modef$:4> randomly. The maximum displacement of the molecules has
In the simulations a cubic cell with periodic boundary been self-adjusted to give an acceptance ratio around 50%.
conditions has been used. The simulated systems include onéAttempts were made to change the volume every 1000 steps.
solute molecule (phenol or phenoxy radical) and 200 and 450 Each step involves the attempt to move one molecule of the
water moleculesNy). For each value oN,, the interactions system. At least steps have been carried out for equilibration.
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Average values have been calculated over18) x 1C° kcal/mol for a solvation in 200 water molecules and8.6 +
additional steps. We remark that such a very large number of 1.1 kcal/mol in 450 waters. Overall, the results #aHyys
steps are necessary to get a reliable estimation of the solven{PhOH,qg) are in satisfactory agreement with experiment. One
relaxation energy (see section 3.A.2). The DFT calculations have possible reason for the deviation from the experimental result

been carried out with the Gaussian-98 progPamhe Monte is the approximation used that the phenol molecule has a rigid
Carlo simulations have been performed with the DICE pro- O—H group. As shown in Table 2, the hydration enthalpy of
gram®* phenoxy radicalAHpy(PhO,g), is —10.6 4+ 1.1 kcal/mol (N

We are also reporting results for the hydration enthalpy of = 450). No experimental result seems to be available for
the hydrogen atom by assuming that it can be represented by acomparison. We are thus predicting that the enthalpy of solvation
classical LJ particle, and that quantum effects are negligible at for the phenoxy radicahHn,«(PhO,g) is about 8 kcal/mol higher
T = 298 K> We have carried out NPT simulations with two  than the enthalpy of solvation for the phenol molectildn,+
sets of LJ parameters to model the interactions between the(PhOH,g). The results of Table 2 also give information on the
hydrogen atom and the SPC water. In the fiest; 0.030 kcal/ contribution of the solvation relaxation to the enthalpy. The total
mol ando = 2.420 A (see Table 1). In the second, the LJ relaxationAHg is calculated as 16.2 1.2 kcal/mol for the
parameters for fluid hydrogen reported by Befcfe = 0.0675 phenol and 10.5- 1.2 kcal/mol for the phenoxy. Thus, the
kcal/mol ando = 3.06 A) have been used. relaxation not only is sizable for the individual cases but also

contributes 5.7 kcal/mol for the differential hydration.

2. Comparison with a Microseation Approachlt is interest-

A. Thermodynamics. 1. Hydration Enthalpy of Phenol and  ing to compare the hydration enthalgyHnyd(X,g) with the
Phenoxy Radical. i andHs& will represent, respectively, the  enthalpy AH; of the following reaction in the gas phase,
total enthalpies of the solution (with one solute molecule) and [X —(H20),] — X + (H20)n,, from a previous study based on
pure liquid water, for systems witN,, water molecules. They  a microsolvation approachi.X represents the solute (phenol
are defined as or phenoxy radical), antl,, is the number of water molecules

in the cluster. For phenol, good agreement between the present
Ho= Esc + Es T PV (2) results and the microsolvation approach is observed for the
[PhOH-(H20)3] cluster AH, = —14.1 kcal/mol obtained using
and B3LYP/D95V(d,p))i® However, the results depend on the
H* = E * + P\ 3) cluster size. For instance, in the case of [Ph&iH20)q], AH;

Ss SS = —9.65 kcal/mol, which is 4.1 kcal/mol above the experimental
result —13.8 + 0.2 kcal/mol). For the phenoxy radical case,
the results for the microsolvation show a strong dependence on
the cluster size and it is difficult to attribute a correspondence
betweemHy,«(PhO,g) andAH;, although for [Ph©-(H20),],

AH; = —10.8 kcal/mol (B3LYP/D95V(d,p)), in good agreement
with the calculated value foAHn,4(PhO,g). The dependence
AHpyf(X,0) = Hg,— Het — RT (4) of the results on the cluster size observed in the microsolvation
approach (mainly for phenoxy radical) suggests that extrapola-
=Ey,+ (Es— E&) + P(V—V*) —RT (5) tions to liquid-state solvation should be carried out with caution.

—E_+ AHg — RT ) To further examine this question, we shall consider the
solute-solvent interaction energy using quantum mechanical
calculations of the solute and all solvent molecules within the
first solvation shell. We have thus selected 20 statistically

AHg = AE + PAVg = H — H 7) uncorrelate® MC configurations, separated by %1éteps. By
selecting uncorrelated configurations, it is possible to evaluate
is the contribution of the solvation relaxation to the enthalpy, converged statistical averages with a relatively small number

3. Results and Discussion

where Es is the solute-solvent energyEss is the solvent
solvent energyks¢ is the solvent-solvent energy in the pure
liquid, andV* and V are, respectively, the volumes of the pure
liquid and solution. The hydration enthalpy from the gas phase
of the solute species X (PhOH, PhO can be calculated as

where

given by the solvent relaxation energ\Er = Ess — Es¢ and of structure€?® These configurations were then used to carry
the solvent relaxation volumBAVg = P(V — V*), which is out single-point energy DFT (B3LYP/6-31G(d,p)) calculations
negligible under normal conditions. for the selected 20 clusters composed of one solute molecule

The estimation of solvation enthalpies from expression 6 is (phenol or phenoxy radical) and the 32 water molecules lying
difficult due to the slow convergence of the solvent relaxation in the first coordination shell. From the total energies we have
energyAEgr = Ess— Es&, which is calculated as the difference  obtained the average solutsolvent interaction energidsy.*°
between two large fluctuating numbér$® However, by Counterpoise correction to BSSEhas been included in all
carrying out very long simulations, it is possible to get reliable cases. First, the convergencey evaluated over 20 uncor-
values, as discussed below. related configurations is demonstrated in Figure 2. As can be

Table 2 reports thermodynamic data from the simulations of seen in the case of phenol the average value obtaineBsfor
pure liquid water and solutions. The experimental hydration over these 20 statistically uncorrelated configurationsis.6
enthalpy for phenol AHn,(PhOH,g), has been reported by = 0.92 kcal/mol. For the phenoxy radicéy is —10.0+ 1.21
Cabani et al. £13.6 kcal/mol}® and by Guedes et al—13.8 kcal/mol. Although these DFT calculations include only the
+ 0.2 kcal/mol)!® The theoretical results obtained here range solvent molecules in the first coordination shell, it is common
from —14.9 + 3.1 to —18.6 kcal/mol depending on the practice to assume that the interaction with the solvent molecules
theoretical model used. Using the models of Jorgensen andbeyond this shell will represent only a small correctiorEtg
Nguyerf? and Mooney et al*® we obtain—14.9 &+ 3.1 and These solutesolvent energies are considerably smaller than
—17.1+ 2.5 kcal/mol, respectively. The result using our model the classical result for the bulk (Table 2). For a better
that fits the charge to the electrostatic potentiati7.8+ 1.5 comparison, theEsx energy calculated using the classical
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5 . . T T . 3. Phenol G-H Bond Dissociation Enthalpy in Watefhe

E difference in the solvation enthalpies of phenol and phenoxy

= ok T % ) % _________ % - % N radical are very important to analyze the energetics of thélO

2 % % % % bondé22|f D(PhO-H) andD,,(PhO-H) represent, respectively,

Eﬁ the bond dissociation enthalpies (BDEs) of phenol in the gas

S SE i T ] { _____ 3 phase and in water, a route to estimBg(PhO-H), starting

5 { { { { % i from gas-phase data, is based on the relatiéh

=}

[

—; 20 + o phenol D(PhO-H) = D,,(PhO-H) + AH,, (PhOH,g)—

o o phenoxy Athd(PhO,g) - Athd(H',g) (8)

g 3 n 8 12 6 20 which can be derived from a thermochemical cycle involving
Number of configurations in average solution and gas-phase enthalpies related to the phenél O

Figure 2. Solute-solvent energy HKsy, kcal/mol) for uncorrelated homolytic bond dissociatiof? AHhy(H",9), representing the

configurations including 1 solute and 32 water molecules in the first €nthalpy of solvation of the hydrogen atom, has never been
coordination shell. experimentally determined. We have carried out NPT Monte

Carlo simulations to evaluat&Hyyq(H*,g) in SPC water. Using
24 ' ' ' the two theoretical models described in section 2, we predict
] that AHpyd(H*,9) is —0.91+ 0.38 and—1.43 £+ 0.38 kcal/mol
201 | (Buch parameteP8). These results are in very good agreement
16 .°H 3T %IHHHH with the experimental enthalpy of hydration of tAHnyd(H2.9)

2t ° } % . usual assumption thatHnyq(H*,g) is similar toAHpy(H2,9).2
"""" Ol : HLHL%J}H Saec In this case of hydrogen hydration the solvent relaxation, as
711

= —0.96 kcal/mol) proposed by Wilheffhand supports the

expected, is calculated to be negligible. The importance of
henol relation 8 is that many bond dissociation enthalpies have been
41 e pheno 4 X -
o phenoxy | measured in the gas phase although most of the chemistry to
0 . . ! ! which they apply occurs in solution. Relation 8 involves the
0 40 80 120 160 200 difference in the hydration enthalpies of phenol and phenoxy
Number of configurations ( x107) radical, AAHnyq = AHpyd(PhOH,g)— AHpyd(PhO,g). Several
Figure 3. Convergence of the solvent relaxatidiig as a function of technlques were proposed to determine BDEs in soldfiand
the number of configurations included in the average value. various experimental works analyzed the solvent effects on
homolytic bond dissociation enthalpie$20-22
potential of the simulation, in these same 20 configurations with ~ Some authofg! provided evidence that, in some cases, BDEs
the first coordination shell, is-25.03+ 0.76 kcal/mol for the in solution can be identified with the gas-phase values because
phenol and—12.89 + 0.73 kcal/mol for the phenoxy. In the  solvent effects are expected to be small. However, photoacoustic
classical result, therefore, not considering the outer solvation calorimetric measurements by Wayner €t aidicated that the
shells gives a totdtsy energy cost of+8 kcal/mol for the phenol magnitude of the phenol BDEs is dependent on the solvent
and ~7 kcal/mol for the phenoxy. Use of the quantum where the measurements have been made. These authors also
mechanical results of microsolvation calculations to estimate provided evidence that this behavior can be related to the
solvation enthalpy assumes that the solvation relaxatibla differential solvation of reactants and products. From Table 2
is negligible, and in this casés would give a good estimate  and by using the present model, the difference in the hydration
(eq 6) of the solvation energy in the liquid case. The values enthalpies of phenol and phenoxy radicAWHnyq) is —8.2 +
obtained here foAHg are, however, not negligible. It thus seems 2.2 kcal/mol (N, = 450). By using the Mooney et &.and the
that the use of the microsolvation model in this case cannot Jorgensen and Nguy&models,AAHyq values are-8.5 +
give good results for the independent cases of phenol and3.6 and—6.3+ 4.5 kcal/mol, respectively. These results support
phenoxy. However, it might be noted that even the differential the view that the solvation enthalpié$is(PhOH,g) and\Hg-
hydration could not be well described. The computed differences (PhO,g) are not the same in solvents which can form hydrogen
betweenEsx of phenol and phenoxy radical from the DFT bonds to phendlThis can be explained by the different soldte
calculations (5.6 kcal/ mol) and the results obtained using the solvent interactions of phenol and phenoxy radical with water
classical potential (12.1 kcal/mol) are not in close agreement. and solvent relaxation contributions (see the previous section).
The difference betweefAAH4(X,g) andAEs is the difference It is difficult to generalize this conclusion to other systems,
in solvent relaxation& AHg of phenol and phenoxy, which is  including substituted phenols and other polar solvents. The
not zero. This difference inHg between phenol and phenoxy specific character of the interactions between the solvated
using the classical model is 5.7 kcal/mbdl(= 450), 3.7 kcal/ species and the solvent, as well as the solvent relaxation
mol (N = 200), and 3.0 kcal/molN, = 32) for the first enthalpy, should be appropriately taken into account.
coordination shell. This is indicative that a large part of the = The recommended value for the Ph& bond dissociation
solvent relaxation contribution to the differential hydration energyD(PhO—-H) is 88.74+ 0.55 kcal/moP2 On the basis of
comes from the first coordination shell. The convergence of expression 8, we are predicting tHat(PhO—-H) is above the
AHg is shown in Figure 3 and illustrates the computational gas-phase value by ca. 7 kcal/mol. This difference betvidgen
effort. As can be seen, a very long simulation (£8.0° MC (PhO-H) and D(PhO-H) is comparable to the experimental
steps) is necessary to obtain converged numerical results. Invalue for phenol in other polar solvents, for example, phenol
the case of phenol in 450 water molecules the converged averagén acetonitrile (5.6 kcal/mol§.22
value, as reported in Table 2, is 16t21.2 kcal/mol, and that 4. Relatve Hydration Free Energy of Phenol and Phenoxy
of phenoxy is 10.5+ 1.2 kcal/mol. Radical.We have used thermodynamic perturbation th&ofy

AH_ (kcal/mol)
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TABLE 3: Gibbs Energy Differences (kcal/mol) for Phenol

< Phenoxy Radical Interconversion in SPC Water at 25°C
ﬂ.i ;Lj AGhyd(i —’]) AGhyd(j - I)

0.00 0.125 3.18 0.05 —2.91+0.15

0.125 0.250 1.4% 0.12 —1.67+0.02

0.250 0.375 1.2% 0.02 —0.92+ 0.02

0.375 0.500 0.54- 0.03 —0.78+ 0.09

0.500 0.625 0.3% 0.06 —0.47+0.02

0.625 0.750 0.2& 0.01 0.01+ 0.04

0.750 0.875 —0.44+ 0.03 0.15+ 0.04

0.875 1.00 —0.51+ 0.05 0.69+ 0.09

total 6.00+ 0.37 —5.90+ 0.47
to evaluate the relative hydration Gibbs energy of phenol and r(A)
phenoxy radical. The method is based on the following relation rigyre 4. Phenot-water and phenoxy radicaivater center-of-mass
for the Gibbs energy difference between systeérasdj: radial distribution function as a function of the mutating paraméter

from phenol £ = 0) to phenoxy radicall(= 1). Integration of these
G — G = —kgT In [@xp[—(H; — H)/kgT]LJ 9) functions up to the first minimum (6.2 A) yields 32 water molecules
which define the first coordination shell.
where the average corresponds to sampling using syistem
If £ denotes a geometric or potential function parameter, a molecules as well as between the phenoxy radical oxygen (right
coupling parametet connecting systemsandj can be defined panel) and the water hydrogen is illustrated. Figure 6 reports
as On,—0,(r) that represents the partial radial distribution functions
describing the correlations between the mutating H atom of
EA) =&+ A — &) (10) phenol and the oxygen atoms of water. The first maximum of
_ _ o _ this function (2.5 atr = 1.65 A) whenl = 0 reflects the
The connection between systemandj is then possible by  hydrogen bond formation between the hydrogen in the phenol
mutating one system to another agoes from 0 to 1. In our O—H group and the water molecules. This maximum shows
simulations phenol is mutated into phenoxy radical by scaling 4, interesting behavior as a function &oflt is shifted to the
the charges reported in Table 3 according to expression 10. 'tright and drops quickly to zero whehincreases. Fat = 0.5
has been assumed that. 'ghe geqmetry and th.e LJ pgrameters Ghis function is similar togo, o,(r) shown in Figure 7. This
the solutes are not mod|'f|ed'dur|ng the mutation. This assump-can pe explained by observing that, for the phenoxy radical
tion means that the main difference between the solvation of ghecies; the correlations between this (virtual) site and the water
phenol and phenoxy radical in water should be related 10 oy qen reflects the interactions between the phenoxy radical

electrostatic interactions. It is important to note that the hydrogen oxygen and the water oxygen. Moreover, the strong dependence
atom of the phenol ©H group is represented in the simulation ¢ g0, On A illustrates how the hy,drogen bond donor

only by the Coulomb charge (see Table 1). Therefore, the H ., jarties of the hydroxyl group are modified when we move
atom vanishes when the charge becomes zero. Free energ%vay from phenol{ = 1).

differences during the mutation are reported in Table 3. The
hysteresis of the results is quite small, reflecting that Alle
values are adequate. The— 4; and 4; — 4; results lead to
total AGpyq values of 6.0+ 0.37 and—5.9 & 0.47 kcal/ mol,
respectively.

Figure 7 showsjo,—o,(r). Wheni = 0, this function describes
the correlations between the oxygen atom in the phereHO
group and the oxygen atoms of water. This function exhibits a
first maximum (2.0 ar = 2.65 A). Integration up to the first

B. Structure. Figure 4 shows the pheneWwater ¢ = 0) and minimum (0.5 atr = 3.2 A) yields 3'.0’ whic.h Is the average
phenoxy radicatwater ¢ = 1) center-of-mass (crem) radial number of water mqlecules in close interaction with the phenol
distribution function (RDF). The phenelvater RDF is char- O—H group. W_henl Increases, the local o_rder around theI_ED
acterized by the presence of a small shoulder between 3 and 4"OUP 1S S|gn|f|c§1ntly mOd'f'e‘?'- The maximum gbx*%(r)_'s
A and by a peak (1.2 at= 5.1 A) reflecting the organization redl_Jc_ed aqd Sh'fte_d to the right. Whan= 1, this fur_lctlon
of the water molecules around the phenoti® group. Both exhibits a first maximum (1.05 at= 3.15 A). Integration up

the shoulder and the peak disappear whémcreases. Integra-  (© the first minimum (0.84 at = 4.55 A) yields 10.0. The
tion of this function up to the first minimum (0.93 at 6.2 A) behavior of this function when the solute mutates from phenol

yields 32 molecules, which is the number of water molecules to phenoxy radical indicates that the differential solvation of
in the phenol first coordination shell. The phenoxy radical these species involves some reorganization _around_the solute
water cm-cm RDF (L = 1) has a maximum (1.53) at= 4.9 oxygen gtom: Olnle spgcmc feature character|2|.ng this reorga-
A. Integration up to the first minimum (0.83 at 6.2 A) yields nization is a significant increase of the average distance between
32 water molecules, which is the same coordination number of the solute and the water oxygen atoms when we move from
phenol. Figure 4 also shows the RDF of the mutating phenol Phenol to phenoxy radical.
molecule for different values df. Whenl = 0.25, this function Figure 8 showsyo,—n,(r) that describes hydrogen bonding
is already similar to the phenoxy radiealiater RDF 4 = 1), related to the acceptor character of the solute oxygen. When
indicating that a small change in the charge distribution can = 0, this function shows a sharp peak (1.2 at 1.75 A), which
disrupt the organization of the water molecule around théHO is related to the hydrogen bonding in phenol. Integration up to
group. the first minimum (0.15 at = 2.45 A) yields 1.6, which is the
Figure 5 shows configurations from the simulations of phenol average number of water hydrogen atoms closer to the phenol
and phenoxy radical in water. The snapshots include 32 wateroxygen. Wheml increases, this peak is reduced and shifted to
molecules in the first coordination shell. Hydrogen bonding the right (0.5 at = 1.9 A for A = 1). Integration up to the first
between the phenol ©H group (left panel) and the water minimum (0.4 atr = 2.45 A) yields 1.3, which is the average
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Figure 5. Configurations from the simulation of phenol (left) and phenoxy radical (right) in water. Typical hydrogen bonding between the solutes

and the water molecules is indicated.

3.0 T T T

r(A)

Figure 6. Solute-solventgy,-o,(r) radial distribution function between
the mutating hydrogen and the water oxygen as a functioh of

2.5 T T T

0.0 2.0 40 6.0 8.0
r(A)

Figure 7. Solute-solventgo,-o,(r) radial distribution function between
the mutating oxygen and the water oxygen as a functioh. of

r(A)

Figure 8. Solute-solventgo,—n,(r) radial distribution function between
the mutating oxygen and the water hydrogen as a functioh of

4. Conclusions

Monte Carlo simulations and thermodynamic perturbation
theory calculations have been carried out to analyze the
differential hydration of phenol and phenoxy radical. The
theoretical hydration enthalpy of phenol is in good agreement
with experimental dat&f-5°

We predict that the difference in the hydration enthalpy of
phenol and phenoxy radical ranges from 6.4 to 9.3 kcal/mol,
and we explain that this difference reflects the role played by
phenol as a hydrogen bond donor in water that is more important
than the one played by phenoxy radical as a hydrogen bond
acceptor. This result contradicts the assumption adopted by some
experimental works that the difference in the hydration enthalpy
of phenol and phenoxy radical is not significai@onsequently,
our results provide additional theoretical support to the diew

number of water hydrogen atoms closer to the phenoxy radical that solvent effects are indeed important to estimate with
oxygen. This result indicates that the hydrogen bond acceptoraccuracy the ©H bond dissociation enthalpy in a hydrogen

role played by the phenoxy radical is less important than the bond donor or acceptor solvent. Comparison with a previous
role played as a hydrogen bond donor by phenol (see Figurestudy based on clusters of phenol and phenoxy radical with

6). For larger distances and = 1, go,n,(r) is almost

watef8 illustrates some limitations of the microsolvation ap-

structureless and exhibits a wide shoulder with a maximum value proach to obtain estimates of hydration enthalpy because of its

of 0.9 atr = 4.75 A.
We have verified that the solvensolvent RDFs are not

strong dependence on the number of water molecules and for
not allowing for the sizable contribution of solvent relaxation.

modified by the presence of the solutes. This is in agreement The analysis of the structure of the solutions has provided
with thermodynamic results indicating that solvation of phenol some evidence that the changes related to the differential
or phenoxy radical in water occurs without a significant hydration of phenol and phenoxy radical are essentially driven
reorganization of the solvent, beyond the first solvation shell. by electrostatic interactions. A small modification of the solute
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charge distribution when we move from phenol to phenoxy
radical disrupts the organization around the I group and

modifies the hydrogen bond donor properties of the mutating
hydroxyl group. However, this reorganization is apparently local,

and our results indicate that the solvation of both phenol and

phenoxy radical occurs with a significant reorganization of the
solvent in the first coordination shell.
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