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Monte Carlo statistical mechanics simulations, density-functional theory calculations, time-resolved photoa-
coustic calorimetry, and isoperibol reaction-solution calorimetry experiments were carried out to investigate
the solvation enthalpies and solvent effects on the energetics of the phertdlbOnd in benzene and
acetonitrile. A good agreement between theoretical and experimental results is obtained for the solvation
enthalpies of phenol in benzene and acetonitrile. The theoretical calculations also indicate that the differences
between the solvation enthalpies of phenol (PhOH) and phenoxy radical) (Ridth benzene and acetonitrile

are significantly smaller than previous estimations based on the ECW model. The results for the solvation
enthalpies are used to obtain the-B bond dissociation enthalpies in benzene and acetonitrile. For benzene
and acetonitrile, the theoretical results of 8%:41.2 and 90.5+ 1.7 kcal motl?, respectively, are in good
agreement with the experimental values (9€.9.3 and 92.9+ 0.9 kcal motl?), obtained by photoacoustic
calorimetry. The solutesolvent interaction energies of phenol and phenoxy radical with both acetonitrile
and benzene differ by less than 2 kcal molA detailed analysis of the solvent contributions to the differential
solvation enthalpy is made in terms of the hydrogen bonds and the sshlieent interactions. Both PhOH

and PhOinduce a significant, although equivalent, solvent reorganization enthalpy. Finally, the convergence
of the solute-solvent interaction is analyzed as a function of the distance to the solute and illustrates the
advantages and limitations of local models such as microsolvation and hydrogen-bond-only models.

Introduction DH°(PhO-H) = DHg(PhO—-H) + Ay H°(PhOH,g)—
The homolytic dissociation of the-€H bond in phenol leads AgH*(PhO,9) — Ag.H(H9) (1)
to the formation of the phenoxy radical (P)Owhich is an

important intermediate in the combustion of many aromatic The main difficulties of applying eq 1 are related to the lack

g4 lant phot thesidiocatalysi€ and of data for the solvation enthalpies of the phenoxy radical and
compounds, = green prant pnotosynihesihiocatalysis, an the hydrogen atom. A way to avoid the first of these problems
protein redox reactionsThe energetics of the Ph&H bond was suggested by Wayner et'abecause we are dealing with

in solution and in the gas phase is a central piece of information, o difference AqnH°(PhOH,g) — AgsH°(PhO,g), it seems
important to understand the mechanisms of those processes. Thgaasonable to assume that this is simply given by the enthalpy

gas-phase bond dissociation enthalpy of phebtl;(PhO- of the hydrogen bond between the phenolic compound and the
H), has been determined by several experimétadl compu-  solvent (S). Although there are several experimental studies in
tational method§,the recommended value being 88:70.5 which the energetics of PhGHS intermolecular bonds were

kcal molt (371.34 2.3 kJ moi?).8 On the other hand, the  determined? we have found that the so-called ECW method,
energetics of the corresponding homolytic cleavage in solution, developed by Drago and co-workéfgprovides an alternative
DHg(PhO-H), has also been probed through several experi-

mental technique%l© and the values are always higher than SCHEME 1

- DH°(PhO-H
the gas phase re.sult. Scheme l.or eq 1 shows the relevant PhOH () ( ) PHO'(@) + H'()
guantities to consider when one wishes to relate those two sets

of data.
AgnH°(PhOH) Ag,H°(PhO") AgH°(H")
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and direct way of estimating that bond enthalpy in many
solvents®1415 Regarding the enthalpy of solvation of the
hydrogen atom, it is usually identified with the enthalpy of
solvation of H, which is nearly constant for organic solvents
(1.2 £ 0.2 kcal mot?).8 However, it is important to stress that
this value becomes redundant when the P3yas-phase bond
dissociation enthalpy relies ddHg (PhO-H) obtained from
photoacoustic calorimetry (PAC) experiments. Although this
methodology is explained in detail elsewhété?it is easy to
justify: the PAC-derived value fdbHg (PhO—H) depends on
the assumption accepted for the solvation enthalpy of the
hydrogen atom, and when eq 1 is applied to evall2ite- ‘
(PhO-H), AgnH°(H*,g) cancels out. In other worddH°®(PhO— ‘
¥

H) will depend only on the differential solvation enthalpy
AgiiH?(PhOH,g)— AgnH°(PhO,Q).

From a theoretical perspective, the modeling of solvation of
free radicals is difficult because the interactions between radical
species and solvent molecules are not well-knéfvdsually,
two different theoretical approaches have been adopted to study
the solvation of radical species. The first one is based on
“microsolvation” in small cluster&l”-22 and it has been applied
to a variety of free radical systems. The second approach is
based on statistical mechanics simulations and has recently bee
applied to study the differential hydration of phenol and phenoxy
radical?®

In the present work, we report theoretical and experimental
results for the solvation of phenol and phenoxy radical in
benzene and acetonitrile. Our main purpose was to obtain the
solvation enthalpy of these species in nonpolar (benzene) and
strongly polar (acetonitrile) liquids and to use these results,
together with data obtained by photoacoustic calorimetry, to
derive the PhG-H bond dissociation enthalpy in solution from
the gas-phase value or vice versa. Initially, we performed
density-functional theory (DFT) calculation for the energetics,
structure, and electronic properties of microclusters of phenol
and phenoxy radical with one and two solvent molecules. We
found that this approach is also useful to understand and
parametrize the interactions between the solvated species ant
the solvents. Statistical mechanics Monte Carlo (MC) simula-
tions were then carried out to analyze the structure and
thermodynamics of the solutions and the relationship between
the solvation enthalpies of phenol and phenoxy radical, which
were then used to bridge the energetics of the phereHO
bond in solution and in the gas phase. Thermodynamic
perturbation theod#~27 calculations were also carried out to
evaluate the difference between the solvation Gibbs energies
of phenol and phenoxy radical in benzene and acetonitrile.

o

Figure 1. Optimized structures (B3LYP/6-31G(d,p)) for clusters of
henol (left) and phenoxy radical (right) with one and two benzene
olecules.
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Procedures Figure 2. Optimized structures (B3LYP/6-31G(d,p)) for clusters of

phenol (left) and phenoxy radical (right) with one and two acetonitrile

Density-Functional Theory Calculations.The structures of ~ molecules.

phenol and phenoxy radical clusters with one and two molecules ) . )

of benzene and acetonitrile were fully optimized by DFT (Phenoland phenoxy radical with benzene) and Figure 2 (phenol
calculations. These calculations were based on the Becke’s three2d Phenoxy radical with acetonitrile). The results of these
parameter B# with the Lee, Yang, and Parr (LYB)correlation calculations were used to parametrize the atomic charges for
functional. Full geometry optimizations were carried out with the MC simulations and to discuss the microcluster (or micro-
the 6-31G(d,p) basis s& Single-point energy calculations with solvat|(_)n_) model applied to phenol and phenoxy in benzene and
the 6-31G(d,pf° and 6-313+G(d,p) basis sét are also ~ acetonitrile.

reported. Binding energies of the clusters were corrected for Monte Carlo Simulations. Monte Carlo simulations of
basis set superposition error (BSSE) by using the counterpoisephenol and phenoxy radical in benzene and acetonitrile were
method? including the fragment relaxation contributiof¥SThe carried out in the isobaricisothermal NpT) ensemblé® at T

DFT calculations were carried out with the Gaussian 98 = 25°C andp = 1 atm. The interactions between two molecules
program3* The optimized structures are shown in Figure 1 a andb were described by a Lennard-Jones plus a Coulomb
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contribution, with parameters, g;, andq; for each atom: TABLE 1: Lennard-Jones Parameters and Charge
Distribution of Phenol and Phenoxy Radical for the

o\2  [o\]] qqe? Interactions with Benzene and Acetonitrile and Interaction
ij ij i Parameters for the Solvents
U= Dall—] —|=||+— 2) it
SE r ri I g (auPbenzene q(auy acetonitrile
€ (kcalmor2 g (A)2 PhOH  Ph® PhOH  PhO
The Lennard-Jones parameters for the phenol molecule andgq 0.070 3550 0.5385 0.6774 05097 0.6685
phenoxy radical are those proposed by Jorgensen and Nguyerc2 0.070 3.550 —0.4179 —0.2852 —0.3751 —0.2657
for pure liquid phenof® For the benzene molecules, the C3 0.070 3.550 —0.0252 —0.0919 —0.0459 —0.1037
geometry and interaction parameters for the twelve-site model €4 0.070 3.550 —0.2339 —0.1486 —0.2437 —0.1086
are those proposed by Jorgensen and Sevefarides model 6 8:8;8 g:ggg :gzgg;i :8:23;2 :8:3?;; :8:;22;
describes quite well the properties of pure liquid benzene. For y7 0.030 2420 0.1813 0.1705 0.1747 0.1570
acetonitrile, we have adopted the six-site model proposed by H8 0.030 2.420 0.1184 0.1441 0.1224 0.1594
Bohm et al®® In all simulations, the molecules have a rigid H9 0.030 2.420 0.1412  0.1513 0.1428  0.1350
geometry. Long-range corrections to the Lennard-Jones inter- 8'838 g'gg 8'1282 8'1‘7‘6% 8&;4212 8'12%
actions were included. The geometry of phenol (planar form) g15 0.170 3.070—0.6646 —0.5551 —0.6956 —0.5887
and phenoxy radical were obtained from DFT optimizations. H13 0.0 0.0 0.4468 0.4930
The internal rotation of the phenol-&H group, which is related ~ #g(D)° 1.39 4.07 1.39 4.07
to an energy barrier of 2.55 kcal maJ®® was not included. #a (D) 160 427 197 502
The Coulombic interactions between the solutes (phenol or Benzené
phenoxy) and the solvents (benzene or acetonitrile) were derived® 0.070 3.550 —0.115
by fitting the charges of the solute to the electrostatic poten- 0.030 2:420 0'1,15,
tial*®4%in small clusters with two solvent molecules (see Figures Acetonitrile
: N 0.0998 33 -0514
1 and 2). The fit used the MerKollman proceduré?*1 The c1 0.0998 34 0488
calculation of the solute charges in the clusters takes into c2 0.0998 3.0 -0.577
account, at least partially, the polarization of the solute by the H 0.020 22 0201

solvent charges. With the use of this method, the phenoxy radical = | ennard-Jones parameters from ref 88tomic charges are Merz
charge distribution is slightly asymmetric, but we have verified Koliman charges from B3LYP/6-311+G(d,p) calculationsS uq is the
that it leads to essentially equivalent solusalvent interactions gas-phase dipole momefitu is the dipole moment in the cluster (see
if a symmetrized charge distribution is used. The charges were Figures 1 and 2) with two solvent moleculé®arameters for benzene
calculated at the B3LYP/6-33#4+G(d,p) level with B3LYP/ from ref 37.f Parameters for acetonitrile from ref 38.
6-31G(d,p) optimized geometries. We have not taken into ]
account how polarization effects induced by the solutes may Volume has been perturbed once every five complete loops over
influence the solvent charge distribution. The solvents are being @ll molecules in the cubic cell. Each step involved the attempt
represented by nonpolarizable interaction models. However, wet0 move one molecule of the system. At least $@ps were
believe that polarization induced by the solutes will affect mainly carried out for equilibration. Average values were calculated
the solvent molecules in the first coordination shell. Moreover, Over 8.6x 10° (benzene) or 10.& 10 (acetonitrile) additional
they will possibly cancel out when we consider the differential Steps. Long simulations are needed for reliable estimation of
solvation of phenol and phenoxy radical, because it can be the solvent relaxation energies. As we shall see later, the
expected that they are similar for both species. rengafuon energy and the solvation enthalples.obtalrjed here are
The interaction parameters are reported in Table 1, togetherStatistically converged. The Monte Carlo simulations were
with the gas-phase dipole momengg)(of phenol and phenoxy ~ Performed with the DICE prograrf?.
radical and the dipole moments in the clusters with two solvent  Photoacoustic Calorimetry. The photoacoustic calorimetry
molecules £q). We note thaj for the phenoxy radical (4.07  (PAC) setup and the experimental technique used to determine
D) is significantly larger than the gas-phase dipole of phenol the PhG-H bond dissociation enthalpies in benzene and
(1.39 D), which is in very good agreement with experiment (1.4 acetonitrile were described in detail elsewh&&:**We have
D).42We find very small variations of the phenol and phenoxy used the time-resolved version of the technique (TR-PAC) in
radical dipole moments in the clusters with two benzene the experiments with both solvents. The phenol concentrations
molecules relative to the isolated species. For example, thewere 1.5x 1073 and 0.1 M in benzene and in acetonitrile,
dipole moment of phenol in the cluster with two benzene respectively (the higher concentration used in acetonitrile is due
molecules is 1.60 D, only 0.2 D larger than the gas-phase result.to a slower kinetics in this solvent due to hydrogen bonding).
Our results also show that the dipole moment of the phenoxy The results refer to 298 K and represent the average of five
radical in the acetonitrile clusterd = 5.02 D) is significantly ~ independent experiments. The assigned uncertainties are twice
increased by comparison with the gas-phase vatye=(4.07 the standard deviation of the mean in each case.
D). We also note a significant increase of the phenol dipole  Reaction-Solution Calorimetry. The enthalpies of solution
moment fromug = 1.39 D touq = 1.97 D. The latter value is  of phenol in benzene and in acetonitrile were determined with
close to the liquid-phase effective dipole moment of phenol ( an isoperibol reaction-solution calorimet&Solute concentra-
= 2.11 D) proposed by Jorgensen and Ngusfen. tions varied between X 102 and 2x 1072 M. The results
A cubic cell with periodic boundary conditions was used in refer also to 298 K and represent the average of four (aceto-
the simulations. The simulated solutions included one solute nitrile) or five (benzene) independent experiments. The uncer-
molecule (phenol or phenoxy radical) and 216 benzene or 500tainties are twice the standard deviation of the mean in each
acetonitrile moleculesNs). The interactions were truncated at case.
a cutoff distanceR.. The initial configuration was generated Materials. Phenol (Aldrich, 99-%) was sublimed in a
randomly. The maximum displacement of the molecules was vacuum and kept under nitrogen prior to use. Acetonitrile and
self-adjusted to give an acceptance ratio around 50%. Thebenzene (Aldrich) were of HPLC grade and used as received.
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TABLE 2: Binding Energies (AE in kcal mol~1) for Clusters of Phenol and Phenoxy Radical with Benzene and Acetonitrife

PhOH—(CeHe): PhOH-(CsHg)z PhO—(CeHe): PhO—(CsHe)2

B3LYP/6-31G(d,p)

AE 3.07 4.52 2.11 3.62

AE(BSSE) 1.88 2.22 0.41 0.27
B3LYP/6-314+-G(d,p)

AE 2.13 2.85 0.76 1.46

AE(BSSE) 1.55 2.00 0.45 0.85

B3LYP/6-311+G(d,p)
AE 2.08 2.79 0.74 1.49
AE(BSSE) 1.46 1.91 0.46 0.91
PhOH-(CH:CN); PhOH-(CH:CN), PhO—(CHsCN); PhO—(CH:CN),

B3LYP/6-31G(d,p)

AE 6.39 9.03 4.69 5.82

AE(BSSE) 5.11 6.62 2.92 3.38
B3LYP/6-31+G(d,p)

AE 5.41 7.27 3.22 431

AE(BSSE) 5.01 6.63 3.03 3.98

B3LYP/6-311+G(d,p)
AE 5.46 7.32 3.22 435
AE(BSSE) 5.12 6.75 3.03 4.02

aBinding energies include ZPVE calculated at the B3LYP/6-31G(d,p) IeM&(BSSE) are binding energies corrected for BSSE.

Di-tert-butylperoxide (Aldrich), used to produce ttegt-butoxy (CH3CN);, cluster (Figure 2b) is additionally stabilized by the
radicals, which abstracted the hydrogen atom from PhOH, was antiparallel dipolar interactions between the acetonitrile mol-

purified according to a literature proceddfe-Hydroxybenzo- ecules, which also determine the structure of the acetonitrile
phenone (Aldrich), used to calibrate the PAC setup, was dimer. As in the case of benzene, the binding energy for PhOH
recrystalized twice from an etharelvater mixture. (CH3CN);, cluster refers to its dissociation into PhOH and the
acetonitrile dimer (CHCN),, optimized separately. At the
Results and Discussion B3LYP/6-311-+G(d,p) level, AE(BSSE) is 6.75 kcal mot.

Energetics of Solvation: Microsolvation Results. The The structures of phenoxy radical with one and two aceto-

optimized structures for clusters of phenol and phenoxy radical Nitrile molecules are apparently stabilized by ® and N--H

with one and two benzene molecules are presented in Figure 1’hydicl)gen bonding. Binding energies are now 3.03 and 4.02 keal
and the corresponding binding energies are reported in TapleMol™ for phenoxy radical with one and two acetonitrile
2. The PhOH-(CeHe): cluster is stabilized dominantly by the ~Molecules, respectively. ,

interaction of the phenol ©H dipole with the benzene ring. In summary, with the largest basis set, B3LYP/6-331G-

The distance between the hydroxylic hydrogen and the center(q'p)' the DFT results for the microclusters i_ndicgte that_ the
of the benzene ring (Figure 1a) is 2.81 A. The binding energies dlfferencesbetween phenol and phenoxy radical mtelractlons
obtained at B3LYP/6-31:t+G(d,p) level are 2.08 kcal mol with the nearest solvent moleciule are eﬂ.._o _kcal mot 1 for
(AE, uncorrected for BSSE) and 1.46 kcal mo{AE(BSSE), ~ Penzene and ca:2.0 keal mol * for acetonitrile,
after correction to BSSE). The structure of the Ph€fBsHs). *Energetlcs of Solvation: Monte Carlo ResultsHsx and
cluster indicates that it is further stabilized by a hydrogen Hssrepresent, respectively, the total enthalpies of the solution
bonding of 2.48 A (see Figure 1b). THE(BSSE) is 1.91 kcal  (Per solute molecule) and the pure liquid for systems W
mol-* at the B3LYP/6-314-+G(d,p) level. This binding energy ~ Solvent molecules. They are defined by egs 3 and 4, where
reported for the PhOH(CeHe). cluster is referred to its IS the solute-solvent energykssis the solventsolvent energy,
dissociation into PhOH and two benzene molecules in the andEgsis the solventsolvent energy in the pure liquid/*
optimized structure of the dimer §Hs)-. and V are the volumes of the pure liquid and the solution,
The structures of phenoxy radiesbenzene clusters indicate ~ respectively.
that these clusters are stabilized by the interactions between the
phenoxy radical €0 dipole and the quadrupole moment of
the benzene. ©H distances are-2.49 A. AE(BSSE) is 0.46 y "
kcal mol?! for PhO—(CgHg); and 0.91 kcal mol for PhO— Hss= Ess+ pV* (4)
(CgHe)2 at the B3LYP/6-31%++G(d,p) level. . .
The corresponding optimized structures for the clusters of | € solvation enthalpy of the gas-phase solute species X
phenol and phenoxy radical with one and two acetonitrile (PNOH or PhQ) can be calculated from eq 5:

molecules are shown in Figure 2. Binding energies, obtained _ T _ -
with a similar procedure as in the case of benzene, are alsofsnH(X.0) = Hoy = Hgs = RT= Egx + (Bss — Bsd +

Hsx = Egx + Esst+ PV 3

reported in Table 2. The PhAGHCHsCN); cluster (Figure 2a) p(V— V9 —RT
shovx./s.a N--H Q|stance of 1.99 A, Wh.ICh is related to the head- = Eq + AEg + pAVg — RT

to-tail interaction between the-€H dipole of phenol and the

dipole along the acetonitril€3, axis. TheAE(BSSE) binding =Eg«+ AHR — RT (5)

energy of this structure is 5.12 kcal mé(B3LYP/6-311H+G-
(d,p)), which is in excellent agreement with the value of 5.3 Here, AHr = Hss — Hgg is the solvent relaxation enthalpy,
kcal mol? reported by Kryachko and NguyéhThe PhOH- AERr is the solvent relaxation energy, apdVr is the solvent
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20 . T r T enthalpy of phenol in benzen&gH°(PhOH,g), predicted by
15k ) the simulations{11.44 0.7 kcal mof?) is in good agreement
______________________________________ IEEERERE: with the experimental result-(12.1 + 0.2 kcal mot?). This
= 0r % % 3 $ 5 I $ % § i ] value was obtained by subtracting the standard enthalpy of
g sl il sublimation of phenol (16.42 0.12 kcal mot1)%° from the
3 o Phenoxy enthalpy of solution of phenol in benzene (4.200.14 kcal
S ’ ’ . ’Phenol mol~1) measured by reaction-solution calorimetry.
Eﬁ 151 it ] For the solvation of phenoxy in benzene, the Monte Carlo
10 }{§§§§i§§ o "i'}"}”§'§"§; simulation led toAgH°(PhO,g) = —11.9 & 0.9 kcal mot™.
The surprising feature of this result, taken together with the
5t ] one above for phenol, is that the differential solvation enthalpy,
0 . . . . AgnH°(PhOH,g)— AgnH°(PhO,Q), in benzene is quite small:
0.0 2.0 4.0 6.0 8.0 10.0 within the estimated error bars, the solvation enthalpies of phenol
Number of configurations (x10%) and phenoxy radical in benzene are identical.

Figure 3. Convergence of the solvent relaxation energy as a function ~ The MC result forAg,H°(PhOH,g) in acetonitrile is-14.9
of the number of MC configurations for the simulations of phenoxy + 1 2 kcal mot?, in very good agreement with the experimental

radical (top) and phenol (bottom) in acetonitrile. value,—14.2+ 0.1 kcal mot (obtained from the sublimation
TABLE 3: Thermodynamic Properties of the Pure Liquids enthalpy of phenol given above and the measured enthalpy of
and Solutions from NpT Monte Carlo Simulations at T = 25 solution of phenol in acetonitrile, 2.2& 0.05 kcal mot?).
°C and p = 1 atm? Finally, our theoretical prediction for the solvation enthalpy of
pure benzene pure acetonitrile the phenoxy radical in acetonitrile is14.3+ 1.1 kcal mof?,
Ns 216 500 implying that the MC method predictdg,H°(PhOH,g) —
Re 15.8 17.2 ASmH"(PhO,g) = —0.5+ 1.1 kJ mot2.
p* 0.875 0.842 The very good agreement between the theoretical and
Hss ~16325+0.5 —3901.8+ 0.8 experimental solvation enthalpies of phenol in both benzene and
— acetonitrile is a clear indication of the reliability of the present
phenot-benzene phenelacetonitrile . . . g
o8 a3 modeling of the solutesolvent interactions. This supports the
o .875 .84 ioti : ; i
Eox 50,204 0.01 56 544 0.02 predictions of the s.olvatl.on. enthalpies for the phenqu radical.
Hss —1623.1%+ 0.5 (9.4+ 0.7) —3889.6+ 0.9 (12.2+ 1.2) PhO—H B_ond Dissociation Enthalpy. Th_e experimental
AsrH(PhOH,g) —11.4+0.7 -14.94+1.2 values obtained from the TR-PAC experiments HZ -
exptP —-12.1+£02 —-14.2+0.1 (PhO-H) in benzene and in acetonitrile are 9t91.3 and
— 92.9 + 0.9 kcal mot?, respectively. As explained at the
h b h tronitril . ! .
phenoxy benzene phenoxyacetronte Introduction, both results rely on the estimatg.H°(H*,g) =
p 0.876 0.843 1.2 4 0.2 kcal mot,8 which in turn relies on the assumption
Esx —19.02+0.23 —25.05+ 0.04 : :
Hss —1624.8+ 0.7 (7.7+0.9) —3890.5+ 0.7 (11.3+ 1.1) that the solvation enthalple.s of the hydrogen atom and the
AspH(PhO,g) —11.940.9 —14.3+1.1 hydrogen molecule are similét.In a recent study, we have

obtained the enthalpy of hydration for the hydrogen atom using

aNs is the number of solvent moleculeR; is the cutoff distance . . . . .
° o a classical MC simulatio®® The result was indeed in good

(in A) for the interactions between the solute (X) and the solvent (S);

Hss= Ess+ pVis the enthalpy of the solvent in the solution, aiL agreement with the experimental value for thg hydrgtion of H
= Eig+ pVis the enthalpy of pure solvenEfs and V* represent, A s_|m|Iar procedure was adopted here to obtain an_ln_dependent
respectively, the energy and the volume of the pure solvehtind p estimate of the enthalpy of solvation of.Hn acetonitrile, we

are, respectively, the densities (in g tnof the pure solvent and  found thatAgH°(H*,g) = 1.39+ 0.84 kcal mot! and AgsH®-
solution; AsnH(X,9) = Esx + AHgr — RTis the solvation enthalpy of (Hz,g) = 1.32+ 0.66 kcal mot.

the solute Spedfs X Va"ies In parentheses are solvent relaxation )\ 55 pointed out before (see Introduction), when the above

enthalpies At = Hss — Hsg. Energy and enthalpy values are in - p b Ac resylts are used to derive the gas-phase-fhond

kcal mol2. ® Experimental value oAg-H(PhOH,g). See text. AL gas-phas na
dissociation enthalpy through eq 1, the enthalpy of solvation

relaxation volume contribution to the solvation enthalpy, which of the hydrogen atom cancels out (provided that we take the

is negligible under normal conditions. The estimation of Same value used to calculaBHg, (PhO-H)). Therefore, the

solvation enthalpies from eq 5 is difficult because of the slow only relevant termin eq 1 is the differential solvation enthalpy,

convergence of the solvent relaxation enthalpiig), calculated ~ AsnH°(PhOH,g)— AgsH°(PhO,g). A summary of our theoreti-

as the difference between two large and fluctuating nunf8éfs.  cal calculations for this quantity is presented in Table 4. Here,

The convergence of this quantity as a function of the number it is noted that there is a general good agreement between the

of MC steps is illustrated in Figure 3 for the case of acetonitrile Selected value for the gas-phase PHDbond dissociation

as solvent. The convergence is obtained after ca. 1 MC enthalpy, DH°(PhO-H) = 88.7 + 0.5 kcal mof* (which is

steps. However, it is interesting to note that the solvent relaxation also in very good agreement with a recent G3(MP2) calculation,

is sizable both for phenol and phenoxy radical butdifierential 89.9 kcal mot?)? and the computational results for the dif-
relaxation enthalpy nearly cancels. Hence, although both solutesferential solvation enthalpies together with the values obtained
induce significant solvent reorganization energies (12.2.2 from the TR-PAC experiments fdHg,(PhO-H) in benzene
kcal mof! for phenol and 11.3+ 1.1 kcal mot? for the and in acetonitrile.

phenoxy radical), the contribution to the differential enthalpy = Results forA¢gH°(PhOH,g)— AgrH°(PhO,g) based on ECW

is mild. A similar result is obtained in the case of benzene as model® and on the assumption that the differential solvation

solvent. enthalpy is only due to the intermolecular hydrogen bond
Table 3 reports the thermodynamic data obtained from the between PhOH and the solvéhare—2.1 (benzene) and 4.5

MC simulations of the pure liquids and solutions. The solvation kcal mol! (acetonitrile). Both are more negative than micro-
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TABLE 4: Differential Solvation Enthalpy, AgsH(PhOH,Q) values also in solution. The data in Table 4 seem to confirm
— AgnH(PhOr,g) (kcal mol™) Obtained from the that the theoretical approaches used in our studies are in keeping

Microsolvation and the Monte Carlo Methods and PhO-H . . S : "
Gas-Phase Bond Dissociation Enthalpies (kcal mol) \(,!;h tlhiz:g:)%l,o?ll;hough not quite reaching “chemical accuracy

AsH(PhOH.)= e ) The second general conclusion that can be drawn from the

method AspH(PhO,g)  DH°(PhO-H)2* DHg, (PhO-H)P¢ data in Table 4 is that the solution- and the gas-phase bond

) Benzene dissociation enthalpy values are much closer to each other than
clusterwith ~ —1.0 88.7 90.9 anticipated. In factAg:H°(PhOH,g) — AgH°(PhO,g) could

L CoHe _ be expected to be small in nonpolar solvents such as benzene,
cluster with 1.0 88.7 90.9 . . .

2 CoHe under the reasonable assumption that the interactions of phenol
Monte Carlo 05+1.1 90.24+ 1.6 89.4+ 1.2 and phenoxy radical with benzene are very similar. Even if the
ECW -2.1 87.7 92.0 differential solvation enthalpy is identified with the inter-
exptl —1.04 1.400¢ 88.7+0.5 90.9+ 1.3 molecular hydrogen bond between phenol and benzene, the

Acetonitrile differenceDH°(PhO-H) — DHg(PhO—H) would be less than
clusterwith  —2.1 89.6 92.0 ca. —3 kcal mol! 1! (compared with—2.2 + 1.4 kcal mof?

1 CHCN from the experimental data in Table 4). However, for a solvent
Clu;tgmétﬂ —27 89.0 92.7 like acetonitrile, which is able to form strong hydrogen bonds
Monte Carlo —0.6+ 1.6 91.1+ 1.6 905+ 1.7 with phenol, we were not expecting a small correction for the
ECW —45 87.2 94.4 differential solvation energetics: the same assumptimould
exptl —3.0£ 1.7bc 88.7+ 0.5 92.9+0.9 lead to DH°(PhO-H) — DHZ,(PhO-H) ~ —6 kcal mof™*

a Calculated from eq 1 using 900 1.3 and 92.9¢ 0.9 kcal mot* (—4.2 & 1.0 kcal mof* from experiment). Such assumption
for DH(PhO-H) in benzene and in acetonitrile, respectivélihe neglects several important aspects, such as the stabilization of

enthalpy of solvation of the hydrogen atom was taken as 1.2 kcalmol the phenoxy radical by the solvent and the solvent relaxation
in both solvents® Obtained from eq 1 using the recommended gas- that is induced by the presence of the solute.
phase valueDH°(PhO-H) = 88.7 & 0.5 kcal mot™. Recalling eqs 1 and 5, we can also write the solvent

) o . ) contribution to the bond dissociation enthalpy (eq 1) as
solvation or Monte Carlo predictions, particularly in the case

of acetonitrile (Table 4). Therefore, the ECW predictions clearly DH°(PhO-H) — DHZ, (PhO-H) =
overestimate the solvent effect, mainly in the case of the polar sin
solvent. AEgy + AAHR — Ay H°(H',9) (6)
An alternative way of looking into our results (which is more
appropriate for a computational chemist who usually calculates The influence of the solvent on the bond dissociation enthalpy
gas-phase data) is using the recommended gas-phaseHPhO difference will be negligible if the change in the solutolvent
bond dissociation enthalpy, together with the microsolvation or interaction energyAEsx = Esx(PhOH)— Esx(PhQ), and the
the Monte Carlo results, to predidHg,(PhO-H). It is change in the solvent relaxation enthalppp\Hgr = AHR(PhOH)
observed in Table 4 that the theoretical predictionsXgsH°- — AHgR(PhO), are very small. These terms will partially cancel
(PhOH,9)— AqnH°(PhO,g) lead to a general good agreement each other because the former is expected to be negative whereas
with experiment. For example, using the microsolvation ap- AAHg will be positive (see Table 3). As mentioned above,
proach,DHZ, (PhO—-H) in benzene is 90.9 kcal mdl (which AgrH°(H*,0) is expected to be small, ca. 1 kcal mbl
coincides with experiment), and the Monte Carlo prediction is  Figure 4 shows the behavior of the solu®lvent interaction
89.4+ 1.2 kcal motL. In acetonitrile, the Monte Carlo result  energy as a function of the center-of-mass distance from the
is 90.5+ 1.7 kcal mot?, in fair agreement with experiment  solute,Esx(r). These averages were calculated over 400 uncor-
(92.9+ 0.9 kcal mot™). The microsolvation result for the cluster  related configurations. The inset shows the phepblenoxy
with two acetonitrile molecules (92.7 kcal m@) is also in change AEsx(r), which is the term contributing to the solvent
keeping with the experimental value. effect in eq 6. When phenol or phenoxy radical are solvated in
Interestingly, although the microsolvation approach does not benzene (top of Figure 4), we can see tBaf(r) converges at
take into account the solvent relaxation contributions, it predicts r ~ 12.5 A. However,AEsx(r) converges at a much shorter
a DHZ,(PhO-H) value in very good agreement with experi- distancer ~ 7.7 A (inset of Figure 4, top). This corresponds
ment. For the present systems, the difference between the solvenprecisely to the position of the first minimum of the center-of-
relaxation enthalpies of phenol and phenoxy radical is very mass radial distribution function of phenol and phenoxy radical
small. If it is neglected, microsolvation and Monte Carlo results in benzene (see section Structure), strongly suggesting that the
are very close. However, we stress that the agreement is verycontribution of the solutesolvent interaction to the differential
dependent on the recommended valuedel° (PhO-H). If we solvent effect can be correctly estimated by considering only
take the G3(MP2) value for this quantity (89.9 kcal m{) the interactions between the solute (phenol or phenoxy radical)
which is only 1.2 kcal mol* above the recommended experi- and the solvent molecules in the first coordination shell. In the
mental value, then the Monte Carlo results are much closer to present case, this corresponds to 13 benzene molecules. Figure
experiment. 4 (top inset) also shows that including only a few benzene
There are not many compounds for which bond enthalpy data molecules of the first coordination shell leads to an overestimate
are available both in solution and in the gas phase. On the otherof AEsx.
hand, although computational thermochemistry has reached a The behavior of the solutesolvent interactioresy for phenol
stage where the results rival in accuracy with those obtained and phenoxy radical in the case of acetonitrile is quite different
from experiment$2 most in-silico studies involve the isolated (bottom of Figure 4). Our results clearly show that, in this case,
molecule (ideal gas phase). It is thus important to develop Esx(r) converges only at a larger distarrcer 17.0 A. Moreover,
theoretical methodologies to bridge the data for those two AEsx(r) also converges at nearly the same distance. The analysis
physical states, because they will afford accurate thermochemicalof the center-of-mass radial distribution function indicates that
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5.0 cH T T T ky et al. emphasized the importance of solvent effects in
LN T differential solvation when the radical formed in the reaction
0.0F A; i has a larger dipole moment than the reactafit).other words,
~ ol 20 i the bond dissociation enthalpy in solution would be smaller than
g 40 the gas-phase valuBH°(PhO—-H). Yet, this is in clear contrast
§ -10.0F - with the present experimental and theoretical results.
f 50 100 150 200 As Figure 4 shows, the solutsolvent interaction energy is
= 15.0r i less negative for the phenoxy radical than for phenol in both
8 200} o pheno solvents. Let us consider first the case of acetonitrile. For short
_._Phenoi‘y solute.—solvent distances, the pheﬁdcgtqnlt_rlle hydrogen
-25.0 i } } } bond is stronger than the phenexgcetonitrile interaction, so
00 [CHCN 2 ] this partially compensates for the smaller dipole moment of
’ % 4 phenol. Indeed, the phenohcetonitrile interaction is ca. 2.0
_ S0 . kcal mol® stronger than the phenoxyacetonitrile interaction
g 100l 1 (Table 2). For benzene, the interaction of the first molecule is
@ also stronger for phenol than for phenoxy. However, a second
& -15.0f 100 150 200 aspect is needed to explain the long range behavior in the case
€, 200l A of acetonitrile. We contend that for larger distances from the
m solute molecule the solvent molecules interact significantly with
-25.0 [—0— Phenoxy 1 the dipole moment of the hydrogen-bonded complex, phenol
300 —®Phenol . . acetonitrile or phenoxyacetonitrile. Thus we should compare
0.0 5.0 10.0 15.0 20.0 not the dipole moments of gas-phase phenol and phenoxy radical
rd) but the dipole moments of the hydrogen-bonded complexes

Figure 4. Average solutesolvent energy as a function of the center- Phenot-acetonitrile and phenoxyacetonitrile. Using the con-
of-mass distance to the solutBsx(r), for the simulations of phenol  figurations generated by the MC simulation, we extracted 45
and phenoxy radical in benzene (top) and acetonitrile (bottom). Insets uncorrelated configurations, composed of the solute and the
show AEsx(r), the difference betweeBsx(r) values for phenol and  hydrogen-bonded solvent, using a procedure that has been
phenoxy radical, as a function of the center-of-mass distance to thesuccessfully used befoP&.Subsequent quantum mechanical
solute. calculations of the dipole moment of the complex was performed

. " . at the B3LYP/6-3%G(d,p) level. The results indicate that the
this corresponds to 250 acetonitrile molecules. Thg inset now dipole moments are similar: 6:40.6 D for phenot-acetonitrile
shows thatAEsx(r) has a more complex behavior. Even and 6.9+1.8 D for phenoxy radical. The larger variation in the

considering_all solvent molecules w_ithin th(_a first solvation shell, .oqe of phenoxy reflects the larger possibilities of hydrogen-
corresponding ta = 7.0 A, the differential solutesolvent bond structures in this case.

interaction is far from the converged value. The hydrogen bond Our MC results confirm that the net solvent effects on the

that occurs in the solutesolvent interaction is different for PhO-H bond enthalpy are small for the solvation in benzene
phenol and phenoxy radical, and this leads to a more negativeand in acetonitrile Irﬁ)ythe case of benzene, we see in Table 3
AEsy at the center-of-mass distance of 6.0 A, compared to the {hat both the average solttsolvent energiesHx) for phenol

converged value. This observation reveals yet another aspec -
S f and phenoxy radicaH20.20+ 0.01 and—19.02+ 0.23 kcal
not contemplated by the simplifying assumption above, where mol%, respectively) and the solvent relaxation enthalpiess,

the differential solvation enthalpyssH°(PhOH,g)— AginH®- are very similar (9.4+ 0.7 and 7.7+ 0.9 kcal moll,

(PhO,qg), is identified with the enthalpy of the PhOMS : .
i : : respectively). These results imply thatH°(PhOH,g) —
hydrogen bond. The long-range behaviork(r) in the case "4 o o 70 i cloce to zero and the net solvent contribution

of acetonitrile relates to the dipolar interactions between the

polar solute and the polar solvent molecules. A similar conclu- on the PhGH F’ecomes very smaII.(TaTbIe 4)- .

sion was also obtained from solvatochromic shifts in ©V For acetonitrile, the solvent contribution, as predicted by the

visible spectra. Whereas the red shift of the first absorption MC calculations, is also small, amounting to less than 1 kcal

transition of benzene in water is converged by including only Mol Again, this is related to the small difference between

the first solvation sheff? the case of formaldehyde in water the average solutesolvent interaction energieSsx, of phenol

requires the inclusion of the outer solvation she#@Therefore, ~ a@nd phenoxy radical with acetonitrileAEsx = —1.5 kcal

it seems safe to conclude that the solgelvent interaction mol~1). Solvent relaxation energies are also very similar (12.2

for the case of a polar solute in a polar solvent extends to a+ 1.2 and 11.3+ 1.1 kcal mot*, respectively), leading to a

long range. Hence, our results indicate that a microsolvation contribution of only 0.9 keal motf for AAHR (eq 9).

approach is still not able to correctly model the solvation inthe ~ Before concluding this section, we should mention that the

general case, although it should be recognized that the numericaprevious cases, involving benzene and acetonitrile, are different

error involved is not large. Moreover, when the microsolvation from the case of phenol and phenoxy radical in water, where

method is applied to estimatedifferential solvation enthalpy the solvent increases the bond dissociation enthalpy compared

(as in our case), the errors caused by considering a small numbetfo the gas-phase value by as much as 7 kcal-fndh water,

of solvent molecules are likely to partially canéel. most of the solvent effect derives from the difference in setute
At the origin of the small value faAgH°(PhOH,g)— AgiH®- solvent interactioft?

(PhO,qg) is the dipole moment of the solute. Because the dipole Differential Solvation Gibbs Energy of Phenol and Phe-

moment of the phenoxy radical is considerably larger than the noxy Radical in Benzene and Acetonitrile.We have used

dipole moment of phenol, one could be lead to expect that the thermodynamic perturbation thedfy?’ to evaluate the differ-

radical would be significantly more stabilized by the solvent ence between the solvation Gibbs energy of phenol and phenoxy

than phenol, leading to a decreaseDHg(PhO-H) (Katritz- radical. The method is based on the following relation for the
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TABLE 5. Gibbs Energy Differences (kcal mol?) for Phenol (i) <= Phenoxy Radical {) “Interconversion” in Benzene and

Acetonitrile at 25 °C

benzene acetonitrile
Ai A AG(i—j) AG(j—i) AG(i—j) AG(j—i)
0.0 0.125 0.455 —0.471 1.643 —1.875
0.125 0.250 0.259 —0.262 1.167 —1.255
0.250 0.375 0.125 —0.180
0.375 0.500 0.066 —0.044
0.500 0.625 —0.057 0.082
0.625 0.750 —0.161 0.127
0.750 0.875 —0.200 0.211
0.875 1.0 —0.274 0.255
total 0.21+0.16 —0.284+0.17
Gibbs energy difference between systenasdj: 2.0
AG(i—j) = G — G, = —kg T Inexp[—(H; — H)/(k;T)] 0 (7) g
where the average corresponds to sampling using syistem
If £ denotes a geometric or potential function parameter, a =
. . . . . =< 10}
coupling parametet connecting systemsandj can be defined g
as o
) =&+ A(§ — &) (®) °
The connection between systemand | is then possible by 0.0
mutating one system to another agoes from 0 to 1. In our
simulations, phenol is mutated into phenoxy radical by scaling
the charges reported in Table 1 according to eq 8. It was 15k
assumed that the geometry and the Lennard-Jones parameters
of the solutes are not modified during the mutation. This —_
assumption means that the main difference between the solvation % 10+
of phenol and phenoxy radical should be related to electrostatic g
interactions. It is important to note that the hydrogen atom of ©
the phenol OH group is represented in the simulation only by 0.5
the Coulomb charge (see Table 1). Therefore, the H atom
vanishes when the charge becomes zero. The coupling parameter
A can be also very useful to analyze the modifications on the 0'%,0 2io 4f0 610 3f0 10'.0

solute-solvent correlations when phendl € 0) mutates into
phenoxy 4 = 1). This analysis is made below, starting with
the case of acetonitrile as solvent. Gibbs energy differences
during the mutation are reported in Table 5. The hysteresis of
the results is quite small, reflecting that thé's are adequate.
We predict that for the “interconversion” of phenol to phenoxy
radical in benzene\sG is quite small (0.21+ 0.16 kcal
mol~1). For the solvation in acetonitrile, we find thAt,,G =
1.66 &+ 0.32 kcal mot?l. Experimental results are apparently
not available for comparison.

Structure. The structure of the solutions of phenol and

r(A)

Figure 5. Center-of-mass radial distribution functio@sm-cm(r) as
a function of the mutating parametefrom phenol £ = 0) to phenoxy
radical ¢ = 1) in benzene (top) and in acetonitrile (bottom).

observed in the case of phenol in water, studied previdisly.
For all A values, the RDF is characterized by the presence of a
strong peak centered at= 5.45 A for phenol and slightly
shifted tor = 5.55 A in the case of phenoxy. Spherical
integration of these functions up to the first minimum (7.0 A)
yields 17 molecules, which is the number of acetonitrile

phenoxy radical in benzene and acetonitrile can be discussedmolecules in first coordination shell of phenol. As the solute

in terms of the radial distribution function (RDFThe partial
RDF Gys(r) describes the correlation between two sitegat
the origin) andg at a distance from a. Let V(r,Ar) be the
volume of a spherical shell of radiugnd thicknesér centered
at o and Ng(r,Ar) the average number of sit@sin this shell.
Gap(r) = pp(r)/p, wherepg(r) = MNg(r, Ar)IV(r,Ar) and p =

molecule is converted from phenol to phenoxy radical, the
coordination number changes by less than one solvent molecule.
Overall, these results confirm that the outer molecules of solvent
are structured much the same for phenol and phenoxy radical.
Most of the possible changes can be seen only in the hydrogen-
bond coordination. In the case of phenol, the OH group can

N/V is the average number density of the system. Figure 5 showsform hydrogen bonds by acting both as a hydrogen donor and

the center-of-mass (catm) RDF of the conversion from phenol

(A = 0) to phenoxy radicalA = 1) in acetonitrile. Although
only the limit cases off = 0 and 1 = 1 have physical
significance, the plot is illustrative to see the structural change
during the conversion. The RDFs are indeed very similar and
do not show sensitive changes from phenol to phenoxy. Only a
minor shoulder can be seen aroung 3.9 A, reflecting the
organization of the acetonitrile molecules around the phenol OH
group. A similar but more pronounced shoulder could also be

as a hydrogen acceptor. In the case of the phenoxy radical only
the hydrogen acceptor site of this group remains. Figure 6 shows
the RDFGu,-n(r), which represents the partial radial distribution
functions describing the correlations between the mutating
hydrogen atom of phenol OH group and the nitrogen atom of
acetonitrile. The first peak of this function is an intense and
sharp maximum starting at= 1.55 A, ending at = 2.55 A,

and reaching the value of 4.9 whén= 0. This reflects the
H---N hydrogen-bond interaction between the hydrogen in the
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0.0 2.0 4.0 6.0 8.0 10.0 r(A)

r(A)

Figure 6. Solute-solventGy,c(r) radial distribution function between
the mutating hydrogen and the benzene carbon atom (top) and-solute
solvent Gy, n(r) radial distribution function between the mutating

hydrogen and the acetonitrile nitrogen atom (bottom) as a function of molecules in close interaction with the phenol OH group. When
A Aincreases, the local order around the OH group is significantly
phenol OH group and the acetonitrile molecules. The maximum modified and the maximum dbo,—n(r) increases considerably,

Figure 7. Solute-solventGo,+(r) radial distribution function between
the mutating oxygen atom and the hydrogen atom of benzene (top)and
of acetonitrile (bottom) as a function af

shows an interesting behavior as a functionmofit is shifted leading to an increased coordination number. Fer 0, 0.25,
to the right and drops quickly toward zero whérncreases. 0.5, and 1.0, the coordination numbers are, respectively, 1.3,
For A = 0.25, the function is similar to the case of= 0 but 1.4, 1.7, and 1.9. This behavior when the solute mutates from

less intense (the maximum reaches the value of 2.9) andphenol to phenoxy radical indicates that the differential solvation
similarly for A = 0.5 (maximum at 1.0). Foi = 1.0, the of phenot-phenoxy involves some reorganization around the
maximum disappears and now a broad distribution centered atoxygen atom of the solute.

4.6 A can be observed. Note that the chang aiso leads to We now analyze the solvation structure in the case of
a broadening of the RDF first peak, which entirely compensates benzene. Contrary to acetonitrile, benzene is a nonpolar solvent
for the decrease in intensity. Spherical integration of these peaksand, also very importantly, a weak hydrogen donor. Figure 5
give essentially the value of 1.0 for thevalues considered.  shows the RDF for the center-of-mass distance. The first peak
We conclude that the number of+tN hydrogen bonds formed s relatively stable for the differerit values with maximum of

is constant during the early stagds< 0.5) of the “intercon- 1.74 ¢ = 0) and 1.851 = 1). The structures of these peaks
version” of phenol into phenoxy radical, until it totally disap- are similar, and they all end at= 7.75 A with a coordination

pears for the phenoxy case. number of 13 benzene molecules. These RDF are indeed very
Figure 7 shows the RDF between the oxygen of phenol or similar and do not show sensitive changes from phenol to
phenoxy radical and the hydrogen atom of acetonit@lg, w(r). phenoxy radical. Figure 6 shows the RBE,c(r) that describes

As before, whert = 0, this function describes the correlation the correlation between the hydrogen atom of pheaact (0)
between the oxygen atom of the phenol OH group and the OH group and the carbon atoms of benzene. It shows a peak
hydrogen atoms of acetonitrile. Whén= 1, the RDF describes  centered at = 2.75 A. Spherical integration of this peak up to
the correlation between the oxygen atom of the phenoxy radical its minimum atr = 3.65 A gives a coordination of 1.0, indicating
and the hydrogen atoms of acetonitrile. In all cases, a first some important structure close to the hydrogen atom of phenol.
coordination corresponding to the hydrogen bond shells is easily Figure 1a illustrates one of these structures where the hydrogen
discernible. Asl increases, corresponding to the change from atom of phenol interacts directly with the center of mass of the
phenol to phenoxy radical, the number of nearby molecules alsonearby benzene molecule. Aghanges from zero, this structure
increases. In part, this is due to the elimination of the OH group completely disappears, and of course, it cannot persist in the
hydrogen. Repulsive interactions between this atom and thecase of phenoxy radical.

acetonitrile hydrogen atoms may hinder access to the O site in  In complement, Figure 7 shows the R[Qp,—H(r) involving

the case of phenol. The total number of molecules in this the oxygen atom of the phendl & 0) or phenoxy radicali(=
solvation shell changes from 1.3 (phenol) to 1.9 (phenoxy 1) and the hydrogen atom of benzene. For phenoxy radical, a
radical). For phenol, the RDF exhibits a first coordination shell clear structure can be seen with a maximunt at 2.75 A.
ranging from 2.0 to 3.35 A and presents a maximum of 1.0 at Integration up to the first minimum yields a coordination number

r = 2.55 A. Spherical integration up to the first minimumrat ~ of 1.4. ForA = 0, this structure cannot be seen. This is possibly
= 3.35 A yields 1.3, which is the average number of acetonitrile related to repulsive interactions between the hydrogen atom of
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