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The dissociative electron transfer reaction {OH+ e” — CH3+ CI™ in aqueous solution is studied

by using a QM/MM method. In this work the quantum subsystarmethylchloride molecule plus

an electronis described using density functional theory while the soly880 water moleculgss
described using the TIP3P classical potential. By means of molecular dynamics simulations and the
thermodynamic integration technique we obtained the potential of mean Bid&) for the
carbon—chlorine bond dissociation of the neutral and radical anion species. Combining these two
free energy curves we found a quadratic dependence of the activation free energy on the reaction
free energy in agreement with Marcus’ relationship, originally developed for electron transfer
processes not involving bond breaking. We also investigated dynamical aspects by means of 60
dissociative trajectories started with the addition of an extra electron to different configurations of
a methylchloride molecule in solution. The PMF shows the existence of a very flat region, in which
the system is trapped during some finite time if the quantum subsystem quickly losses its excess
kinetic energy transferring it to the solvent molecules. One of the most important factors
determining the effectiveness of this energy transfer seems to be the existence of close contacts
(hydrogen bondsbetween the solute and the solvent. 2002 American Institute of Physics.

[DOI: 10.1063/1.1453955

I. INTRODUCTION than in watef Thus, for 4-nitrobenzylchloride, the rate con-
) . , stant increases in a factor of A@hen changing the solvent
The term dissociative electron transfer is used for deTrom water to dimethylformamid&There is also some evi-
sgribing the process of electron attachment to a mOlewlﬁence of solvent-induced change from consecutive to con-
with a potentially cleavable bond. Electron attachment to erted reaction mechanisfidhe radical anions of organic
these molecules leads to the formation of temporary radiceﬁalides can also be generéted by irradiation in low-
anions which decay with lifetimes usually varying between : . .
y y varying temperature matrices of inert solvents and studied by means

1073 and 10 % s.»2 One of the most typical examples of o _ )
this kind of reactions is the electrochemical dissociation ofOf .EPR spectroscoﬁﬁ: The mqst unstable hahde radical
anions are characterized as beingddf type, i.e., the at-

alkyl and aryl halides RXwhere X=F, Cl, Br, I), which is a . . ; ; :

powerful technique for the production of alkyl and aryl tached electron resides in @ antibonding C-X orbital.

radicals® These reactions can be classified into two categolNitroaryl-containing radical anions, which are more persis-
: ) .

ries: consecutive or concerted dissociative reactiods; (€Nt have the attached electron in a mixeti-o™ orbital.

pending on the particular reaction mechanism followkar For simple alkyl halides, the radical anion is described as a

2): charge transfer complex between the alkyl radig) and
the halide anion (X).
RX+e «RX™—=R+X7, (1) Several theoretical papers have been devoted to the

study of electron attachment to some alkyl halides, namely,
methylfluoride'®*~**methylchloride'*5~*®methylbromide'®
The reaction mechanism is in fact determined by the lifetimemethyliodidel® and some perhalogenated methylhalitfs.
of possible intermediates, in this case of the radical aniodn these studies, the dissociation curves for the neutral and
RX ™. radical anionic species have been constructed at different
Alkyl and aryl halides constitute the most investigatedcomputational levels, including Hartree—FdékMsgller—
group of organic molecules suffering dissociative electrorPlesset perturbation theol;*° configuration interactioh
reduction. Their rate constants have been determined b@ASSCF- and coupled clustéf The question of the selec-
pulse radiolysis or electrochemical methdd$.A pro-  tion of an appropriate basis set has been of particular interest.
nounced effect of the solvent has been observed, the cleahe inclusion of diffuse functions in the description of an-
age rates being generally higher in dipolar aprotic solventsons and their dissociation has been discussed by several
authors®~1>20-23pgez et al1° argued that and adiabatic or

RX+e —R+X". 2)

aE|ectronic mail: Estanislao.Silla@uv.es dlgbat|c descr_lptlon of the alkylhallde_ dISSOCIatIQH is ob-
DElectronic mail: Ignacio.Tunon@uv.es tained depending on the nature of the diffuse functions added
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to the basis set. It has been usually assumed that the dissQM/MM schemes were originally developed for semiempir-
ciation of both the neutral and anionic species takes placi&al Hamiltonian€®?’ mainly because of the computational
along aC,, path*~1®In the case of methylchloride, a shal- resources required for a simulation. However, a semiempir-
low energy minimum is found along th€;, dissociation ical description of the quantum part is not always an appro-
curve of the radical anion, at carbon-chlorine distances opriate selection to describe many chemical processes, and
about 4.0 A, corresponding to a weak complex between chlodissociative electron transfer is clearly one good example.
ride anion and methyl radical. However, Tagtaal}” showed  Fortunatelyab initio®® and density functiondt>?treatments
that the absolute minimum for the methylchloride radicalof the quantum subsystems has been also implemented in
anion is aC,, structure, the crossing of bofd;, andC,, = QM/MM schemes, broadening the scope of this methodol-
dissociation curves of the radical anion taking place at &gy to a vast variety of chemical processes.
carbon—chloride distance of about 3.2 A.

The activation energy for the dissociative electron transdl. METHODOLOGY
fer in the gas phase is highly dependent on the computational

In our study the total system is composed by a methyl-
level, ranging from 19 to 31 kcal/mol for methylchlorifie. y ¥ P y y

. . s chloride moleculeplus an electron when studying the radi-

Solvent effects have been considered in some studies, usgy anion surrounded by a box of 300 water molecules. The
H 17,18 H .

aIIy. by means of c.ontlnuum modél%.” In solutuon, the quantum subsystem is the methylchloride molecule and is

radical anion species is largely stabilized relatively to thedescribed using density functional thedBFT).33 The water

neutral molecule, the dissociation process being clearly fag qecyles constitute the molecular mechanics subsystem.

vored. In particular, the existence of a minimum energygimulations are carried out using our DFT/MM program

structure on the potential energy surface of the anion radicg| hich has been described elsewhe The electron den-

in so!unon has been not (':Iearly' established. It is worth tosity of the quantum subsystem is obtained solving the corre-

mention a Monte Carlo simulation of the electrochem|C<’;\Isponding Kohn—Sham equatidfsising a double-zeta plus

dissociation of methylfluoride and methylchloride along thepolarization basis set, G¥s3pld], C[3s2pld], H [2s]

C,, curves, showing the limits of the Marctrelationship [these basis sets are named(6321/521/1, C-(621/41/1,

to describe these kind of electron transfer reactions involving_|_(41) in the DEMON program, indicating the number of

H 5
bond E)reaklng. The theory developed by Marcus and gayssian functions uskdThe auxiliary basis sets for the
otherg” established, for reactions not involving the breakingg|ectron density and exchange-correlation fit were Cl

or formation of bonds, a quadratic driving force-activation s 4.5 4, C (4,3;4,3, and H4:4). SeebEMON program docu-
free energy relationship. Szamf® extended the validity of mentation for detaild’ In all our calculations a Becke—
this relationship for dissociative electron transfer reactiongerdew nonlocal functional was employed for the exchange-
on the basis of a Morse curve description of the solute intergqrrelation  tern?®3° The Lennard-Jones parameters
nal potential energies and a dielectric treatment of the Solamployed for the quantum atoms in the calculation of the
vent. However, the results of the Monte Carlo simulationgispersion-repulsion interaction between the quantum and
cited above suggested that the extension of the Marcus’ reqassical subsystems were taken from Ref. 40. The molecular
lationship to this kind of reactions should be valid only undermechanics subsystem was described by means of the TIP3P
some specific circumstances, obtaining a large error whefotential** Forces are obtained from the analytical deriva-
applied to methylchloride? tives of the energy with respect to the positions of quantum
In summary, the knowledge obtained from quantumnyclei and classical sites. Using these forces one is able to
chemical calculations about dissociative electron transfer ifytegrate the corresponding equations of motion to obtain the
still somewhat uncertain. The nature of the dissociation patew atom positions and velocities. In this way, a trajectory of
has been not completely established and the existence oftge full system can be followed. Simulations have been car-
minimum energy complex on this path is still controversial,ried out at the NVE ensemble in a cubic box of 20.84 A. The
especially regarding the process in solution. Moreover, dyequations of motion of the molecular mechanical molecules
namical aspects of the dissociation process, and the couplinge solved using a quaternion based leapfrog algorithm due
with the solvent dynamics, has been not tackled in previouso Finchart? and for the quantum subsystem a velocity Ver-
works. Here we present a molecular dynan{d®) study of et algorithm?® Equilibration of the different simulationsee
the dissociative electron transfer of methyl chloride in waterbelow) was carried out at 25 °C by scaling the velocities of
solution, in which a hybrid quantum mechanics/molecularthe quantum atoms and classical water molecules. Periodic
mechanics QM/MM) potential is employed. The QM/MM  boundary conditions and a cutoff distance of 10.0 A have
methodology, which has received a considerable attentiopeen applied. Quantum hydrogen atoms have the mass of
during the last year®,*?seems quite well adapted for ana- deuterium, while the rest have the usual values.
lyzing these kind of systems, where bonds are broken or
formed in a limited part of the system. This pétltie meth-  |||. RESULTS
ylchloride molecule in our cageconstitutes the QM sub-
system as far as a quantum mechanical treatment is neededﬁh
order to get a correct description of the electron reorganiza- We have first explored the dissociation curves of the
tion. The rest of the systefwater, or more generally, solvent neutral methylchloride and the radical anion in the gas phase
molecule$ is the MM subsystem and can be adequately repin order to compare with experimental data and previous
resented by means of a molecular mechanics potentiatheoretical studies. The dissociation curve of the neutral mol-

Dissociation energy curves
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-499,90

of the C,, andC3, minima using a higher theoretical level,
UMP2/6-311 + G(3d2 f,2p). At this level we found the
C,, and C5, radical anion minima at carbon-chlorine dis-
tances of 3.641 and 3.398 A, respectively. The dissociation
energies are 4.24 and 1.23 kcal/mol, respectiv@lg8 and
0.80 kcal/mol if we correct for the BSS$EThis means that;
at this computational level, theC,, structure is 3.01
kcal mol't more stable than th€;, one (2.88 kcal/mol
when correcting for the BSSEn good agreement with our
DFT computational model. Other calculated values appear-
1,0 2,0 3.0 40 (A)s,o 6,0 ing in Table I, such as the electron affinity of the chlorine
cel atom and the vertical electron affinity of methylchloride
FIG. 1. Gas phase energy curves for the dissociation of methylchlorig€ompares well with experimental values and also with pre-
molecule(continuous ling and the radical anion, assumi@y, symmetry  viously reported theoretical estimatio 7,18 confirming
(long-dashed lineor C,, symmetry(short-dashed line the goodness of the selected computational level for describ-
ing our quantum system.

ecule has been obtained usifig, symmetry, while for the It is worth mentioning an agditﬁonal question about thg
radical anion we explored both ti@, andC,, dissociation electron transfer to methylchloride in the gas phase. The dis-

paths. The three energy curves are given in Fig. 1, and jgociation curves presented above have been drawn assuming
Table | some characteristics of the neutral molecule are coRn initial zero energy level for the electron to be attached.
lected and compared with experimental values. The neutralhis means than for carbon—chlorine distances shorter than
molecule presents an energy minimum with a C—Cl distancéhe crossing point between neutral and anionic cuf2e26

of 1.802 A, close to the experimental value of 1.78 A. ThisA), the radical anion is unstable as compared to the neutral
species dissociates to neutral methyl radical and chlorineolecule plus a free electrdne., it has a negative electron
atom with a dissociation energy of 87.1 kcal/mol to be com-affinity). These curves, which could be referred as diabiatic,
pared with the experimental value of 83.4 kcal/mol. Withare a consequence of the lack of diffuse functions in the basis
respect to the radical anion dissociation curves Ggepath  set. In our case, the added electron occupies*aC—Cl

is the minimum energy one for C—Cl distances shorter thamntibonding molecular orbital for carbon—chlorine distances
3.24 A. For larger distances, ti@,, curve is placed below shorter than 2.26 A. If diffuse functions are added to the
theC3, one. Both curves present a shallow energy minimumpasis set, for distances shorter than the crossing point, the
The C;, stationary point appears at a carbon—chlorine disydded electron would occupy the most diffuse orbital avail-
tance of 3-293A and dissociates to methyl radical and chlogpe, and the system could be described as a neutral molecule
ride anion with a dissociation energy of 3.57 kcalf@b4 ;5 3 free electron. In this way the anionic and neutral dis-
kcal/mol if we add the counterpoise correction for the basis,iation curves would become identid4i® After the cor-

Sft stuperposition ertrdlBCSSCI:Ef]a_Tthe Ca, ;nénén;grg en;rgy di responding crossing point, the electron would occupyothe
structure appears at a ~— istance ot . WIth @ QIS _¢ antibonding molecular orbital and the results would be
sociation energy of 5.09 kcal/m¢#.05 kcal/mol when cor-

- o . close to those obtained without diffuse functions. The disso-
rected for the BSSEA similar energy minimum was previ- . . . . . .
17 . . ciation curve obtained in this way is usually referred as the
ously reported by Tadet al."* at a carbon—chlorine distance diabati FEIN inted out ab th bl .
of 3.75 A using the UMP2/6-32 G* level of theory. These adiabatic curve: As pointed out above,the problem assocl-

authors also found that th@,, stationary point of the radical ated with the inclusion of diffuse functions in the basis sets
anion had a doubly degenerated imaginary frequency at thé?r the description of anionic systems has been discussed by

. ) . o -15,20-23 i
computational level. We also confirmed the relative positiorS€Veral authors’ _ Of course, this is only an ad hoc -
procedure to obtain a diabatic representation. However, this
is not really relevant for the main purpose of our work, the
TABL_E . Calculat_ed and expenmenFaI characteristics qf nel_JtraI ’T‘ethy"dissociation process in solution, which takes place along the
chloride molecule in the gas phask, is the carbon—chloride distan¢a radical anion curv | d below the neutral one. Then. both
A), D, the bond dissociation energin kcal/mo), VEA the vertical electron a 06.1 a o Cu_ €, place . elo e _eu alone. then, O.
affinity (in kcal/mo), EA(CI) the electron affinity of chlorine atorfin kcal/  descriptions, using or not diffuse functions, should be quali-
mol), andx the dipole momen(in Debyes. tatively identical. There is one more reason for avoiding the

use of these basis functions in our QM/MM treatment; the

-499,95

-500,00

Energy (a.u.)

-500,05

Experiment Calculated N . .

addition of diffuse functions on the QM subsystem could

deci 1.78 1.802 lead to unphysical charge transfer to the MM centers. In any
. 83.9 87.1 . " . .

VEA 79 5 65.4 case, we have estimated that the addition of diffuse functions
EA(CI) 83.2 80.7 would stabilize the anion complex by about 0.5-1.0 kcal/
M 1.9¢ 2.18 mol, an error which is partially cancelled out by the BSSE.
Reference 44 Reference 47 In solution, we have computed the potential of mean
bReference 45. “Reference 48, force (PMF) as a function of the carbon—chlorine distance
‘Reference 46. for both the neutral molecule and the radical anion. In this
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FIG. 2. Potential of mean force for the dissociation of methyl chloride r 3. Gas phase and aqueous solution minimum energy structures for the
(continuous ling and its radical anioridashed lingin aqueous solution. neutral methylchloride moleculeCq,) and its radical anionG,,). Mul-
liken charge on the chlorine atom appears in bold characters.

work, the PMF is obtained by means of combined QM/MM
molecular dynamics simulations using a thermodynamic incutoff effects, low number of points).. this structure should
tegration technique. At each step of this method the carbon#sot be considered as a true minimum but as a representative
chlorine distance is fixed and the time averaged force alongtructure of a rather flat region of the free energy surface.
the C-Cl axis is calculated. This average force is subse- The minimum energy structures found for the neutral
quently integrated to give the PMF. The curve correspondingnethylchloride molecule and its radical anion in the gas
to the neutral methylchloride was obtained with incrementgphase and in aqueous solution are shown in Fig. 3. Solvation
of =0.2 A, starting at the equilibrium carbon—chlorine dis- lengthens the carbon—chloride distance in neutral methyl-
tance, 1.827 A, obtained as the 60 ps averaged distance froghloride and increases the negative charge on this last atom,
a nonrestricted MD simulatiofsee below for details The  both effects leading to an increase of the molecular dipole
curve of the radical anion was also started at the same dignoment(2.18 D in the gas phase and 2.68 D in aqueous
tance with increments of 0.1/0.2 A. Attempts to simulate thesolution and thus of the solute—solvent interaction energy.
methylchloride radical anion in solution with shorter C—CI The structure of the methylchloride radical anion absolute
distancegi.e., for negative incrementsesulted in spontane- energy minimum in the gas phase h@s, symmetry. In
ous breaking of a C—H bond. Each point in the PMF wassolution, a molecular dynamics simulation of the radical an-
equilibrated during 40 ps and the averaging procedure waon with the carbon—chlorine distance fixed at 3.6 A showed
carried out also during 40 ps, using in both cases a time stejyat the symmetry was not clearly defined for this structure.
of 1 fs. In this conditions, each point of the PMF took aboutThe angle formed between the methyl hydrogens’ plane vec-
240 h of CPU in a Silicon Graphics R12000 processor at 30®or and the CCl vectofwhich takes the values of 180°/0° and
MHz. A total of 11 points were used for the neutral species90° for pureCs, and C,, structures, respectivelypresents
and 16 for the anionic one. an average value close to the value corresponding@g,a
The two PMF are shown in Fig. 2. In order to place onestructure but its time evolution shows oscillations of very
PMF curve relatively to the other we assumed an initial zerdarge amplitude, approximately 40°, indicating a not-well
energy for the electron to be added and then we calculatedefined relative orientation of the methyl radical with respect
the free energy for the transformation of the neutral methylto the carbon—chlorine axis. The Mulliken charge of the
chloride to the radical anion in agueous solution at a fixecchlorine atom in the radical anion {s0.92 a.u. in gas phase
carbon—chlorine distancél.827 A in this case This free and—0.98 a.u. in solution, these values being in good agree-
energy was estimated as the sum of two contributions, ment with the degree of charge transfer observed for these
complexes in argon matrik°~*?Figure 4 shows the water
AG~AGeot ARk, ®) hydrogens—chlorine atom radial distribution functions
where the first term is the differential solvation free energy(RDF). In the case of the neutral molecule, the solute—
between the two species and the second one is the differeselvent interaction is not enough to give a well-defined sol-
tial electronic and nuclear eneréiThe obtained free energy vation shell around the chlorine atom. According to the nega-
for the neutral-anion transformation was of—8.6 tive charge localized on the chlorine atom, the H—Cl RDF
kcal/mol>2 The radical anion PMF is clearly dissociative and for the radical anion shows two well-defined solvation shells
no minimum energy structure appears for bonded carbonaround this atom. The coordination number obtained by in-
chlorine distances. This free energy curve displays a very flaegration of the RDF first peak is of 6.6, close to the value
region ranging from 3.4 to 4.0 A, with a very shallow mini- obtained from a simulation of a chloride anion in aqueous
mum placed at a carbon—chlorine distance of approximatelgolution (7.4).5® For comparison purposes, Fig. 4 also shows
3.6 A. From this structure the dissociation free energy barriethe H—Cl RDF for the radical anion when the carbon—
is only of about 0.8 kcal/mol. Thus, because of the uncertainehlorine distance is constrained to the value corresponding to
ties and errors associated to the methodoltfgy example the neutral molecule. In this case, we also observe two well-
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FIG. 4. Radial distribution function of solvent hydrogen atoms around quan-G, 5. Activation free energies vs reaction free energies. The line repre-
tum mechanical chlorine atom for the neutral methylchlorine mole@ale- sents the fitting of the data to a quadratic relationgbge text

tinuous ling, for the radical anion with the carbon—chlorine distance re-

stricted to the average value of the neutral mole¢ldeg-dashed ling and

for the rel ical aniotshort-dashed li . . . .
or the relaxed radical aniogshort-dashed line which the gas phase diabatic potentials of the neutral mol-

ecule and radical anion can be described by a Morse curve
i . . N nd its repulsive part and for those systems in which the
defined solvation shells, being the coordination number Oﬁhemical bond to be broken is not very strong. For the par-

g:‘etrfgI?jrrlil;]/(ienat?cr;cszS(.:t.nfr?kJ'ue:innlontc?O(;Y:;fcr;a?i%pne2;tse?ihznﬁcuIar case of methylchloride, these authors obtained large
9 g rror when using Marcus’ relationship to predict the activa-

e s e asn e Snegf Ourfesuls seems o et it e Vi
mining the mechanism qus’ relatlonshlp also hqlds for this system, at least for reac-
: tion free energies ranging from60 to +20 kcal/mol. For
B. Electron transfer activation free energies more positive reaction free energies the errors obtained using
From the dissociation free energy curves obtained for thgq‘ (3) are largen4% and 14% for_ reaction free eqergies of
40 and 50 kcal/mol, respectivehit is worth to mention that

neutral molecule and the anion radicgig. 2) we can also activation energies obtained from the gas phase potential en-
obtain information about the activation free energies for the Y . ; gas p P
rgy curves also fulfills a Marcus’ relationshigwith a

electron transfer. Once the two PMF curves are placed rela

tively each other, their final relative position actually changes: 15.2 keal/mol,b=0, andR=0.9990 in spite of the fact

depending on the initial energy of the added electron. Thusthat the dissociation curve of the radical anion is not cor-

. ; rectly represented by the repulsive part of the Morse function
ming different val for the electron energy, the neutr . . p L
assuming differe ues for e electron energy, e neu .?Eted to the neutral curve, as required in the St origi-

dissociation curve can be displaced relatively to the anionu;lal work? Thus. it seems that quadratic relationshins be
dissociation curve. In this way we can get couples of value? Lo ) qua . 'Ship
ween activation and reaction energies for dissociative elec-

for the activation free energfcalculated as the free energy ron transfer processes could be of more general applicabilit
difference between the crossing point of the diabatic curve%.nan anticipa?ed 9 pp Y

and the reactantsand the reaction free energgbtained as
the free energy difference between products and reagténts ) o o )
representation of the activation free energy versus the rea&: Dissociation dynamics in solution

tion free energy is shown in Fig. 5. These values can be fitted  After extensive equilibration of a system composed by a
to a Marcus’ type equation with two fitting parameterand  quantum neutral methylchloride molecule and 300 classical

b, water molecules, we ran a 60 ps long molecular dynamics
(AG%+b))\2 simulation of the system with a step size of 1 fs. During this
AG*= a( 1+ ~—a | (4) simulation the geometry of the quantum molecule was free to

relax and we saved one full solute-solvent configuration each
wherea is the activation free energy at zero driving force 1 ps of simulation. In this way we generated a total of 60
andb corrects the reaction free energy from the fact that ourconfigurations from which we started independent trajecto-
PMF were too short and from other methodological errors. Aries adding a new electron to the quantum subsystem. In this
least square fit givess=15.5 kcal/mol,b=12.1 kcal/mol. ~way we simulated nonactivated electron attachment pro-
The obtained correlation coefficie(@.9996 reflects the ex- cesses, this is, those electron transfers in which the initial
cellent fit between the Marcus’ predictions and our calculateatlectron energy level is above8.6 kcal/mol. In each one of
values. Savant extended the applicability of Marcus’ rela- these trajectories a total of 500 fs were produced with a step
tionship to dissociative electron transfer reactions on the basize of only 0.1 fs because of the large changes taking place
sis of a Morse description of the potential energy, obtaining an the system. No temperature scaling was attempted in order
satisfactory agreement between experimental data ano conserve the total energy of the system.

theory?> However, after Monte Carlo simulations, ree Analysis of the trajectories showed fast changes in the
et al. limited the validity of the relationship to those cases inquantum subsystem structure. Classification of the trajecto-
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ries was based on the evolution of the carbon-chlorine dis-
tance and bond order. Type | corresponds to those trajectorie
in which the carbon—chlorine distance continuously grows | . , ,
up to complete dissociation, while type Il corresponds to
those trajectories in which a temporary methyl radical-
chloride anion complex is observed. Of the total of 60 tra-
jectories we classified 11 as belonging to type Il and 49 to
type I. In order to analyze the results obtained, we averagec
for all the trajectories belonging to the same type. Figure 6
shows the average evolution of the internal geometry of the
methylchloride radical anion for both types of trajectories.
After 30 fs the average representation of both types of tra-
jectories clearly diverges, and for type Il the average
carbon—chlorine distances remains essentially constant in th 0 100 200 300
range 3.8—4.0 A during at least 400 fs. It is worth to mention time (fs)
here that we (_:(_mtmued the 11 trajectories belonging to_ typ%IG. 7. Averaged value of the potential energy of the quantum mechanical
Il for 500 additional femtoseconds and observed full d|SSO'5ubsystem EQM): the solute—solvent interaction ener@dWMM)’ and the
ciation in 6 of them, while for the other 5 trajectories the kinetic energy of the quantum subsysteffi,(;) vector vs time for both
complex survived during the whole 1 ps-long simulation.  types of trajectories.

Figure 7 shows the change in the potential energy of the
quantum subsystem Egy), the interaction energy
(Eowmm) . @nd the kinetic energy of the quantum subsystenkcal/mol for types | and Il, respectively, this is, 3.6 kcal/mol
(Towm) for both types of trajectories. The dissociation of themore negative for type Il, indicating a better solute—solvent
methylchloride radical anion is driven by intramolecular asinteraction in the initial configuration for these trajectories.
well as intermolecular forces. During the dissociation pro-In both cases, the QM/MM interaction energy curve presents
cess the potential energy of the quantum subsystem drops layshoulder reflecting the differences in the characteristic re-
about 50 kcal/mol. The largest part of the variation of thislaxation times of these two processes which take place si-
potential energy component takes place during the first 20 fewultaneously. This shoulder is placed at ta40 fs, which
of the trajectory. At this time, the potential energy of theis, approximately, the time needed to break the carbon-—
guantum subsysteitmot the full potential energypresents a chlorine bond and thus to localize the charge on the leaving
minimum as a consequence of the electronic polarization duehlorine atom(40 fs after the electron transfer, the carbon—
to the solvent electric field, and afterwards reaches a plateachlorine distance is about 3.8 A for both types of trajectories,
where the average energy of type Il trajectories is lower thaisee Fig. 5, and then the averaged Mulliken charge on the
for type |, reflecting the existence of a chloride anion-methylchlorine changes from-0.53 a.u. to ca—1 a.u) Once the
radical complex. After the first 20 fs the dissociation proces<C—Cl bond has been broken and the excess charge has been
is driven by the solute—solvent interaction energy, whichlocalized on the chloride anion, the solute—solvent interac-
drops by about 120 kcal/mol. This value is due to two dif-tion energy increases, in absolute value, because of the sol-
ferent processes: the solvent relaxation after the sudden adent relaxation around the negative charge. During the whole
dition of a negative charge and the dissociation process iprocess, the potential energy of the system is converted into
which the charge of the methylchloride radical anion is nowkinetic energy. The kinetic energy of the quantum subsystem
localized on the chloride anion. It is interesting to note, thatincreases very quickly, reaching a maximum at about 20 fs.
the initial (t=0) interaction energies are 3.8 and—7.4  This increase of the kinetic energy is essentially due to the

-0,20

(a.u.)

T
amMm

400 500
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445 kinetic energy. In Fig. 7 we saw that for type Il trajectories

the solute was able to dissipate its excess kinetic energy
more efficiently than for type | trajectories. We now see that
the kinetic energy is transferred from the quantum solute to
the solvent molecules, but this transfer is much faster and
effective for type Il than for type I.

The picture that emerges from our results is that meth-
ylchloride radical anion dissociation can take place with or
without formation of a temporary complex between methyl
radical and chloride anion. The PMF shows the existence of
' ! ! ' a very flat region in which the system could be trapped dur-
ing some time if the system quickly losses its excess kinetic
energy transferring it to the solvent molecules. There are
several factors that can affect the efficiency of this transfer
process. One of the most important can be the formation of
hydrogen bonds between solute and solvent molecules. After
dissociation {=500 fs) the number of water molecules hy-
drogen bondetf to the leaving chloride anion is 7.0 for type
| trajectories, close to the coordination number of free chlo-
, ride anion which is 7.4 in a similar computational schethe.
0.64 ! | | ! For type Il the number is 6.5, smaller than for type |, due to

0 100 200 300 500 the presence of the methyl radical in the neighborhood of the
chlorine anion. Interesting differences are found=a0: for
FIG. 8. Averaged value of the potential energy of the molecular mechanicdyP€ | trajectories the average number of water molecules
subsystemE,,,) and its kinetic energyTu) vector vs time for both types  initially hydrogen bonded to chlorine atom is 1.5 while for
of trajectories. type Il, this average number is 2.0. This change in the num-
ber of hydrogen bonds established between the solute and

olvent molecules in the initial configurations is also re-

ected in the more negative interaction energy we found for
type Il trajectories. The existence of more or stronger hydro-
gen bonds can determine the effectiveness of the kinetic en-
ergy transfer from solute to solvent molecules. If the electron

dR added to the solute in a configuration in which there are

-4,50

(a.u.)

MM

-4,55

E

-4,60

-4,65

TM M(a.u.)

400
time (fs)

relative speed between the two dissociation fragments, b
we have also verified that other molecular motidsisch as
the methyl umbrella vibrationare also highly activated. Af-
ter reaching the maximum, the kinetic energy is dissipate
following an exponential decay. Comparing type | and Il

curves, it can be seen that this dissipation process is mu | tactévd b bet the chlori
more effective for type Il trajectories. This means that forMOre close contac thydrogen bondsbetween the chlorine

type Il trajectories, the methylchloride radical anion reache?nd the_solve_znt_ molecules_, then the excess p(_)ten_tlal energy
the flat region of the free energy surface located at carbongf the dissociative solute is transformed into kinetic energy
chlorine distances between 3.4 and 4.040 fs after the that can be quickly transferred to the solvent molecules and
addition of the electronwith less kinetic energy and then the then a weak complex cqrrespondmg to a very flat region .Of
system can be trapped in this configuration. As we will dis—the free energy surface 'S formed be.tween the chioride anion
cuss below, this fact is related to the best solute—solve nd the methyl radical. This conclusion seems to agree with

interaction found for the initial configurations of type Il tra- the experlmental observation that in Some cases a change
jectories. from a protic solventwaten to an aprotic onédimethylfor-

Figure 8 shows the change in the average potential an@amide) seems to induce a transition from a consecutive to a
kinetic energy of the solvent for types | and (E,y and concerted dissociation mechanigifihis effect of the hydro-
MM

T, respectively. From the potential energy point of view gen bonds could alsc_) be r_elat_ed to the fa_ct that dissociatipn
both sets of trajectories are very similar. The solvent poten[ates age generally higher in dipolar aprotic solvents than in
tial energy increases in about 130 kcal/mol as a consequeng\éateﬁ'

of the charge plus dissociation process. When passing from
slightly polar solute, such as methylchloride, to a chargecl%' CONCLUSIONS

species, the solvent structure is broken because solvent mol- In this paper we have studied an example of dissociative
ecules are now more strongly oriented by the solute electrielectron transfer of alkylhalides in solution. By means of
field. The average value for type Il trajectories is slightly QM/MM simulations we have studied the chemical pro-
lower than for type I, indicating a somewhat less brokencesses taking place after the addition of an electron to a
solvent structure in the first case. Important differences arenethylchloride molecule in aqueous solution. In first place
found in the variation of the solvent kinetic energy betweenwe obtained the free energy curves for the dissociation of the
type | and Il trajectories. In both cases the kinetic energy oheutral methylchloride molecule and its corresponding radi-
the solvent increases during the first 100 fs after the electronal anion in water. Molecular dynamics simulations and ther-
addition to methylchloride. The evolution of the solvent ki- modynamic integration techniques were employed to get the
netic energy can be related to the variation of the solutgotential of mean force as a function of the carbon—chlorine
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