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Theoretical Study of the 1,3-Hydrogen Shift of Triazene in Water
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The 1,3-hydrogen shift of triazene in aqueous solution was studied with a combination of QM/MM methods.
First, the different species involved were characterized and the activation free-energies calculated with ASEP/
MD, a method that makes use of the mean field approximation. Then the reaction dynamics was simulated
with a QM/MM/MD method. A very strong influence of the solvent was observed, both specific, with the
participation of a water molecule, and from the rest of the solvent. The effect of solvation on the geometry
and electron distribution of triazene is important:=N bond lengths tend to be more similar and the molecule
acquires a planar structure. For the transition state structure, a substantial degree of ionic nature was found.
Dynamic solvent effects were also analyzed.

1. Introduction combination of QM/MM methods was employed by using the

Triazenes are a class of compounds characterized by themean field approximation to obtain a representative structure

. . - for the transition state, and then, starting from this structure,
presence of a diazoamino functional group=N—N). The . ; ; .
. I g . running a simulation of the course of the reaction.
simplest member of the family is known just as triazene. These

compounds have been used in a variety of applications, rangingd Thgbrestthof the ptar:_er ISI orgztaﬁlzedt_asl fo”?r:"’z' Secgqntﬁ_
from polymer synthesis to anticancer drdgs. escribes the computational and theoretical methods used in this

A number of studies on the stability, equilibrium, and work. Section 3 gives additional technical details about the

decomposition of substituted triazenes have been published, bot cz_alculatlons._ Section 4 presents the results _and a discussion.

experiment&t 8 and theoretical- 13 A general conclusion seems inally, Section 5 presents the main conclusions.

to be that proton transfer between triazenes and solvent is a,

key initial process for their decomposition and isomerization. 2. Method

Mono- and disubstituted triazenes can exist in two tautomeric  For the calculation of solvent effects, two methods were used.

forms (RN=N—NHR' == RHN—N=NR'), and protonation and  First, a continuum method was applied, specifically the self-

deprotonation processes can give rise te-tians isomerization  consistent reaction field (SCRF) method developed in N&éy,

and a variety of decomposition products. with a cavity shape adapted to the solute and a multicenter
Given the interest and versatility of triazenes, and the scarcity, multipole expansion for the solute charge distribution.

or even absence, of theoretical studies that explicitly include  The second method applied was ASEP/MD (averaged solvent

solvent effects, we carried out a theoretical study of the 1,3- electrostatic potential from molecular dynamics), a QM/MM

proton transfer irtranstriazene (HN=N—NH; = H,N—N= method that uses the mean field approximation. This method

NH), both in vacuo and in aqueous solution. This tautomery is has been described in previous papéf§:2°21Here, we shall
essential for some isomerization processes and can be reasonablyresent just a brief outline. For more details and schemes, the

expected to be favored by the solvent. reader is referred to said papers.

Two mechanisms were considered, represented in Figure 1. As mentioned above, ASEP/MD is a method combining QM
The first is a unimolecular process, where one of the protons gnd MM techniques, with the particularity that QM and MD
moves from N3 to N1. The second is a bimolecular process: calculations are alternated. During the MD simulations, the
after the creation of a triazensvater complex, proton inter-  geometry and charge distribution of all molecules is considered
change occurs between them. For both processes, reactants angk fixed. From the resulting data, the average electrostatic
transition state structures were optimized in gas phase and inpotential generated by the solvent on the solute is obtained. This
solution, and the free-energy difference between them waspotential is introduced as a perturbation into the solute’s
evaluated. guantum mechanical Hamiltonian, and by solving the associated

Additionally, a study of the dynamical trajectories for the ~Schralinger equation, one gets a new charge distribution for
bimolecular reaction in solution was also performed in order to the solute, which is used in the next MD simulation. This
gain further insight into the mechanism and the possible dynamic jterative process is repeated until the electron distribution of
solvent effects on this reaction. For this part of the study, a the solute and the solvent structure around it are mutually

. - - equilibrated.
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Figure 1. Two studied processes. Above: unimolecular proton shift. Below: bimolecular proton exchange with the formation of an intermediate
hydrogen-bonded complex (CMP). Note that both processes are symmetric

based on the combination of ASEP/MD and the free-energy  Reaction trajectories were simulated with the DFMM method
gradient method. At each step of the ASEP/MD procedure, the developed in Nanc§?~3° This is a QM/MM method that does
gradient and Hessian on the system’s free-energy surface camot make use of the mean field approximation, but performs a
be obtained, and so they can be used to search for stationaryquantum mechanical calculation for each step of a molecular
points on this surface by some optimization method. After each dynamics simulation in which the solute molecule is treated at
MD simulation, the solute geometry is optimized within the the quantum level, while solvent molecules are represented with
fixed “average” solvent structure by using the free-energy molecular mechanics potentials. This approach allows the study
derivatives. In the next MD simulation, the new solute geometry of the solvent effects on the internal dynamics of the solute
and charge distribution are used. This approach allows themolecule as well as its electronic structure. In particular, it
optimization of stable structures as well as transition structures. provides a way to examine the relaxation of the solute structure
The calculation of the free-energy differences was based onfrom the transition state to products (or reactants if run

an expression of the form of eq 1. In this equatiBgw is the
internal quantum mechanical energy of the sol@gmmm IS

the contribution to the free-energy difference from the setute
solvent interaction and is evaluated classically with the free-
energy perturbation (FEP) meth&t26 andV is the solute’s
vibrational and thermal contribution to the free-energy and is
evaluated with the harmonic approximation. Note that, techni-

cally, because the simulations are performed at constant volume

we calculated the Helmholtz free-energyAommm instead of
the Gibbs free energ\Gommm; however, given the low

compressibility of aqueous solutions, these two quantities can

be safely equated in this system. This procedure has bee
satisfactorily applied in previous ASEP/MD studfég’-28

AG = AEgy + AGgypy + AV 1)

backward). The method has previously been applied to this kind
of study3%37 and good agreement has been found between
ASEP/MD and DFMM results when comparaBfe8 Here, we
show a possible combination of the two methods.

3. Computational Details

Quantum mechanical calculations for the ASEP/MD method
were performed with the Gaussian ¥8package, while the
SCRF method was applied with a modified versforof
Gaussian 03! For the DFMM quantum mechanical calculations,
deMorf243was used. Except when otherwise noted, all calcula-

"ions were made using DFT with the BP86 functidhdf and

a basis set of tripl€-quality (contraction 7111/411/1 for NCO
and 411/1 for H) optimized for use with the deMon program
(we will call this basis set B1). This level of calculation was

The reaction dynamics for the bimolecular process was studiedchosen because it allows the easiest exchange between the

by using the “rare event” approach. For reactions with an
activation energy significantly larger than thermal fluctuations
(aroundkT), the probability of finding a reactive event in a direct

ASEP/MD and DFMM programs. Atomic charges for the solute
were calculated with the CHELPG meth#fdStable structures
and transition structures were optimized with the RFO and

simulation is extremely low, and the process is impractical. The P-RFO method$]4° respectively.

rare event approaéh3! starts the simulations from the transition

The SCRF method was applied, as mentioned above, with a

state structure and lets the system evolve backward and forwardmulticenter multipole expansion (up to= 4) for the solute
in time. This is a way to consider only the events that eventually and a cavity adapted to the solute’s shape. Two cavity sizes

reach the transition state.

were used, one in which Bondi atomic r&fiivere multiplied
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by a factorf = 1.30 (the default size) and the other with TABLE 1: Some Geometric and Electrostatic Parameters
0.98 (similar to the PCM default size). A dielectric constant of for the Triazene Molecule Optimized in Vacuo and in
78.39 was used in all cases Solution with Two Methods (and Two Cavity Sizes for

: ' SCRFy

For the molecular dynamics simulations, 215 TIP3P water

molecule8! were included in addition to the solute; OPES? SCRF
Lennard-Jones parameters were used for triazene. The simula- invacuo f=130 f=0.98 ASEP/MD
tions were done for a cubic cell of 18.7 A side length with N1=N2 1.271 1.275 1.279 1.287
periodic boundary conditions. A time-step of 0.5 fs was used N2—N3 1.354 1.345 1.331 1.322
and the temperature set at 298 K with a Nebwover N3—H5 1.016 1.017 1018 1.020
thermostaf45° Intermolecular interactions were truncated at N3—H6 1.028 1.027 1.027 1.031
9 A and long-range electrostatic interactions were evaluated with NITNZZNS—HS -~ 1590 1608 1633 179.3
- . N1=N2—N3—H6 16.2 16.1 14.4 0.6
the Ewald metho8® Moldy>” was used for the simulations,  g(N1) —0.398 —0469 —0.613 —0.636
which were run for 25 ps of equilibration and 50 ps of q(N3) -0.387 —0.384 —0.331 —0.128
production. u 1.70 2.25 2.98 2.96

The FEP calculations were done with a total of 19 intermedi- 2 Distances in A, angles in deg, chargesejrand dipole moments
ate states for the solute, i.e., an increment,ithe perturbation in D.
parameter, of 0.05. These intermediate states were defined by, ) . )
simple linear interpolation of geometries, atomic charges, and Ioﬁ?#fﬁ'iafé’rﬁl‘i\?vi?gﬁ%%%ﬁgxE('gf/féo)sg‘é'ﬁrgiéﬁr?ﬁters
Lennard-Jones parameters between initial and final states. \/acuo and in Solution with Two Methods (and Two Cavity
When one of the states corresponded to the separated reactantSizes for SCRF}
they were place 6 A apart and a value of 0.025 fax1 was SCRF
used instead (39 intermediate states).

For the simulation of the reaction trajectories in solution, the

invacuo f=130 f=0.98 ASEP/MD

DFMM program was used. To improve the convergence of the N1—H4 1.031 1.030 1.030 1.033
integrations, all hydrogen nuclei in the solute were replaced by m_'ﬁg igég i'gég i'%g 1%2
deuterium nuclei. The starting configurations for the trajectories q7...4g 1.962 2077 3425 3102
were picked from a 500 ps classical MD simulation, keeping 07—Hs 0.974 0.975 0.976 0.989
the solute rigid in the ASEP/MD optimized TS2 geometry; a N1=N2—-N3—-H6 7.7 10.2 9.9 0.8

total of 50 trajectories were simulated. For each of these 9(07) —0.682 —-0.800 —0.965  —0.958

trajectories, 0.5 ps were run both forward and backward in time, q(H8) 0.355 0.425 0.490 0.479
with a time step of 0.2 fs; by joining these two branches, the  2Distances in A, angles in deg, and chargeg.in
complete trajectory was obtained.

The set of initial configurations chosen are a good sample coordinate) should lie below>hv, and on average, one may
for the solvent distribution around the solute and for the initial consider that this kinetic energy will be close to the mean kinetic
velocities of solvent molecules, but because they were picked energy of a harmonic oscillator over a whole peritighy.
from a simulation with rigid solute, all the solute internal degrees
of freedom have zero initial velocity. To generate a more 4. Results and Discussion
realistic sample of these velocities, random values were picked In this section, we present the results obtained for the

in the following yvay: ) ) ) ) geometries and free-energy differences of the species studied,
(1) The Hessian matrix calculated in solution with ASEP/ ot in gas phase and in aqueous solution. Finally, the reaction
MD was diagonalized, and the vibrational modes and frequen- dynamics results are also discussed.

cies were obtained; translational and rotational modes were 4.1. Gas PhaseThe geometries of all five species shown in
discarded, and the transition mode was identified (characterizedrigyre 1 were optimized in vacuo by using the default options
by a negative fqrce constant). . o in Gaussian. The number of negative force constants in the
~ (2) The transition mode was assigned a random kinetic energyHessian matrix confirmed the nature of stable structures or
in each initial configuration, following a MaxwetiBoltzmann  transition states in each case. The optimized symmetries agree

distribution: the probability of having a given ener@yis  with those reported by Pye etISome of the most important
proportional to exp¢E/KT). The direction for the corresponding  geometric parameters are given in TablestiNote that values
velocity was constant in all configurations. for distances and angles are given within 0.001 A and fod

(3) Each of the vibrational modes was assigned a kinetic comparative purposes with related calculations. However,
energyE; = (1/4)hw;, with v; being the harmonic frequency of  considering the approximations made, the absolute errors in
that mode. This energy corresponds to the average kinetic energycomputed geometries are expected to be a little larger.
of a harmonic oscillator of the same frequency. The direction Zero-point energies and entropy corrections were also cal-
(sign) of each vibration was chosen randomly. culated for all species, so that the reaction (or activation) free

This last point merits a few extra comments. On one hand, energy for different processes could be obtained. These energy
one should note that the kinetic energy of a harmonic oscillator differences are given in Table 5. As can be seen, the direct
at its equilibrium geometry i¥,hv (classical limit). On the other ~ unimolecular 1,3-hydrogen shift is highly unfavorable in gas
hand, the optimized transition state in solution represents aphase, with an activation free energy of more than 30 kcal/
stationary point (actually a saddle point of first order) with mol. The bimolecular path, however, seems to be much
respect to a thermodynamic average over solvent configurations.shallower, giving a total activation barrier (from free reactants
However, for a specific solvent configuration, such a TS to transition state) of around 10 kcal/mol. The formation of the
geometry does not correspond to a rigorous saddle point, buttriazene-water complex from free reactants occurs almost
to some thermal fluctuation around it. Accordingly, the kinetic without free-energy change; the enthalpy and entropy variations
energy associated with vibrational modes (other than the reactioncancel out.
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TABLE 3: Some Geometric and Electrostatic Parameters
for the Unimolecular Transition State (TS1) Optimized in
Vacuo and in Solution with Two Methods (and Two Cavity

Sizes for SCRF}

SCRF
invacuo f=130 f=0.98 ASEP/MD

N1--N2 1.310 1.311 1.311 1.310
N1—-H4 1.027 1.027 1.029 1.033
N1:--H6 1.365 1.366 1.368 1.369
H4—N1--N2--N3  162.6 161.3 159.1 164.1
g(N1) —-0.258 —0.269 —0.285 —0.285
g(N2) —0.130 —0.154 —0.200 —-0.172
q(H4) 0.260 0.282 0.315 0.306
u 0.07 0.10 0.23 0.10

aDistances in A, angles in deg, chargesejrand dipole moments

in D

TABLE 4: Some Geometric and Electrostatic Parameters
for the Bimolecular Transition State (TS2) Optimized in
Vacuo and in Solution with Two Methods (and Two Cavity

Sizes for SCRF}

SCRF
invacuo f=130 f=0.98 ASEP/MD

N1--N2 1.307 1.305 1.297 1.297
N1—-H4 1.021 1.020 1.019 1.027
N1---H9 1.227 1.175 1.101 1.102
O7---H9 1.305 1.385 1.560 1.545
O7—-H8 0.975 0.976 0.977 0.985
N2--N1---H9 112.7 113.5 115.7 116.1
q(07) -0.772  —0.962 —1.238 —1.255
g(H8) 0.367 0.411 0.446 0.489
q(H9) 0.228 0.267 0.308 0.302
u 1.94 3.17 5.83 5.15

aDistances in A, angles in deg, chargesejrand dipole moments
in D.

TABLE 5: In Vacuo Free-Energy Differences for Several
Processes (in kcal/mof)

process AG
N3H3 —TS1 32.03
NsH3z + H,O — CMP 0.86
CMP—TS2 9.21
N3Hs + H,O — TS2 10.07

aTS1, TS2 and CMP refer to the structures in Figuré The sum
of the two previous processes.

TABLE 6: In Vacuo Activation Free Energies, in kcal/mol,
for the Two Studied Reactions Calculated at Different
Levelst

quantum level MH; — TS1 NeH3 + H,O — TS2
BP86/B1 32.03 10.07
BP86/6-31-G* 34.03 11.46
B3LYP/B1 37.62 16.24
MP2/B1//BP86/B1 39.92 17.73
MP2/6-31G*13 41.37 18.36

aB1 is the basis set used in this work.

The energy differences reported by Pye efdbr the same

J. Phys. Chem. B, Vol. 109, No. 48, 20053027

the same results as those of Pye et al. It can thus be concluded
that the main source for the disagreements in the activation
energies is the use of the BP86 functional, and the introduction
of a hybrid functional like B3LYP improves the results.
However, it is currently not possible to use hybrid functionals
with the DFMM program, and it was preferred to keep the same
functional in all the calculations, especially because the errors
seem to be systematic, and in any case, the catalytic effect of
a water molecule was evaluated at between 22 and 23 kcal/
mol.

4.2. Aqueous SolutionAll five species were also optimized
in solution by using the SCRF continuum method and ASEP/
MD. In comparison, with the in vacuo structure, the triazene
molecule (Table 1) presents a longer doubkeMlbond and a
shorter N-N bond in solution, and the difference is larger with
ASEP/MD than with SCRF (in which case, it is larger with a
smaller cavity, as expected)NH bonds are slightly lengthened
with ASEP/MD, but undergo negligible change with SCRF.
Another key difference is that ASEP/MD, unlike SCRF and the
gas-phase calculations, predicts an almost planar structure for
triazene in solution.

Changes in the water molecule are not discussed here. The
results agree basically with previous similar studfe®.There
is little variation in the geometry, but a major increase in the
dipole moment.

For the triazenewater complex (called CMP here, Table 2),
the main change when going from the gas phase to aqueous
solution is the breaking of the -©H6 hydrogen bond and the
shortening of the N%-H9 one, which becomes the only link
between the two molecules. A slight stretch of theand
N—H bonds not involved in the intermolecular interaction is
observed with ASEP/MD. Again, this method predicts a planar
structure for triazene, while SCRF gives a pyramidal N3 that is
even more pronounced than in vacuo. As for the atomic charges,
the most important effect is the polarization of the water
molecule, especially in the ©H8 bond.

In this case, the smaller SCRF cavity does not give results
closer to ASEP/MD. The larger cavity provides reasonably close
results, but the ©-H6 bond is not so clearly broken; the smaller
cavity gives a totally different orientation for the water molecule,
with H6 and H8 almost face to face, as can be seen in Figure
2. This result illustrates one of the limitations of continuum
methods, i.e., the strong influence of the cavity characteristics
(that cannot be defined unambiguously) on the equilibrium
properties of the solute, especially when weak bonds are
involved, as in the present case.

For the unimolecular transition state, TS1 (Table 3), changes
from vacuum to solution are minimal, but still somewhat greater
with ASEP/MD, which does not predict a planar molecule in
this case. Atomic charges are lower than in the triazene, which
suggests a lower stabilization for the transition state and an
increase in activation energy.

For the bimolecular transition state, TS (Table 4), larger

processes are between 8 and 9 kcal/mol higher than those foung¢hanges are observed. Most conspicuously, there is a shortening
here. To ascertain the source of these discrepancies, we carrie@f N--N bonds and of N-H bonds involved in the reaction

out new optimizations and free-energy calculations at different (by 0.125 A), as well as a lengthening of all the-8 bonds
quantum mechanical levels. The results of these tests are giver(by 0.240 A for these same H atoms). There is an increase of
in Table 6. From these results, one can see that the effect ofalmost 0.5e in the negative atomic charge on the O, and also
the basis set is small, raising the activation energies by betweenan increase in the positive charge on the different H atoms.
1 and 2 kcal/mol; replacing the BP86 functional by the hybrid SCRF with the smaller cavity again gives similar results. The
B3LYP functiona®®>° gives rise to a much greater increase. overall effect points to the formation of an ion pair between
The possible effect on the optimized geometry is minimal, as the protonated triazenesN4t and the hydroxyl anion OH

an MP2 calculation on the BP86/B1 geometry yields almost This major charge separation when going to the aqueous solution
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Figure 2. Optimized geometries for the triazenwater complex in vacuo and in solution, with two different methods. H8 is significantly out-
of-plane in the two leftmost structures.

TABLE 7: Free-Energy Differences in Solution for Several As noted above, the theoretical calculation could be under-

Processes, in kcal/mol, Calculated with Two Methods (and estimated by roughly 8 kcal/mol due to the use of the BP86

Two Cavity sizes for SCRFY density functional. In other words, one may expect an activation

SCRF ASEP/MD free-energy barrier of about 13 kcal/mol. There is at least one

process f=130 f=098 AG  AGowmm experimental measurement of proton shift rate constants in
NaHs — TS1 33.93 37.39 34.91 613 tr_|azenes. Smith et él(_jete_rmmed, from the W|der_1|ng in NMR_

NsHs + H,O — CMP 4.72 7.95 6.66 0.63 signals, the tautomerization constants for a series of alkyltria-
CMP— TS2 8.86 11.40 546 —8.09 zenes in methanol at 295 K, obtaining values of from 85 s
aFor ASEP/MD, the solutesolvent contributionAGowmmu, is also for l-r_nethyl-3tert—buty|tr|azene to 2040°S for 1-methy|-3_- ,

shown (see eq 1). ethyltriazene. These rate constants correspond to activation

energies ranging between 16.0 and 12.8 kcal/mol, according to

transition state theory. Obviously, these values cannot be directly
makes it reasonable to assume a decrease of activation energgompared to that obtained theoretically because they were
compared to the gas phase. determined for different systems (alkyltriazenes in methanol

Once all the structures were optimized in solution, the instegd of trjazene in Wate.r). Besides, other processes, not
corresponding free-energy differences were calculated, and theconsidered in the calculations, could play a role in the
results are given in Table 7. The unimolecular reaction, with €xperimental measurements. Nevertheless, the order of magni-
no direct intervention of water molecules, has in all cases a tude of the estimated activation energy is correct.
very high activation energy, more than 30 kcal/mol. All the  4.3. Reaction Trajectories.A dynamical study was carried
different methods predict an increase in this energy of betweenout for the bimolecular reaction in solution with the DFMM
1.9 and 5.4 kcal/mol with respect to the in vacuo value. ASEP/ method and the conditions detailed above. A total of 50
MD provides a reason for this increase: mainly the loss of trajectories were simulated, all of them starting with the same
favorable solute solvent interactions, reflected in a positive and solute structure (TS2 optimized with ASEP/MD), but with
significantA*GQM,MM term (6.1 kcal/mol). different solvent distribution and initial velocities. The initial

The participation of a water molecule clearly favors the proton Velocities in the transition mode are always directed toward the
shift. As previously seen, in gas phase, the activation energy isProduct state, which was arbitrarily defined as the one where
reduced to around 10 kcal/mol. In solution, the situation is more H6 belongs to the water molecule. Of these 50 trajectories, 31
complicated. Although the free-energy difference between the (62%) were found to be reactive (there was a proton exchange)
free reactants and the complex has been calculated, it is notand 19 (38%) nonreactive. Nonreactive trajectories included 11
clear what its physical sense is in a case like this, where one offeactants— reactants and 8 products products. We identified
the reactants is the solvent. The usual approach of consideringd correlation between the initial kinetic energy in the transition
the reactants infinitely apart is not realistic when there is always Mmode and the trajectory type. Thus, the average initial kinetic
a solvent molecule, one of the reactants, near the other reactant€nergy for reactive trajectories is 0.76 kcal/mol, whereas for
Hence' itis not easy to define the "Starting point" for a reaction nonreactive trajectories, itis 0.27 kcal/mol. This is an average
like this one, but it is probably more appropriate to take the result, but one should keep in mind that some reactive
energy of the CMP~ TS2 process as the activation free energy trajectories have a small initial energy, and similarly, some
in solution, particularly because, as noted above, the optimized Nonreactive trajectories have large energy values. Nonetheless,
complex in solution is more similar to the reactants, with a single Of the 12 trajectories with energy higher than 1.0 kcal/mol, 10
hydrogen bond. were reactive.

Accepting this as a valid approximation, the activation free ~ With these data, the classical transmission coefficient
energy for the solvent-assisted proton shift according to the (disregarding the tunneling effect) can be evaluated through eq
ASEP/MD method is 5.46 kcal/mol, almd4s of the in vacuo 25061 whereu; is the initial velocity in the transition mode of
activation energy. The SCRF results are, as was seen abovegach trajectory, and; is a factor equal to 1 for reactive
dependent on the cavity size. The variation with respect to the trajectories and equal to 0 for nonreactive ones.
gas phase is smaller, and even the sign is not clear; relative to
the in vacuo value, the larger cavity gives a lower activation ZUiéi
energy, while the smaller cavity gives a higher activation energy.
Most of the decrease in activation energy observed with ASEP/
MD is due theA*Gommm term, which in this case is negative. zUi
This is consistent with the high degree of charge separation
found for TS2, making the interaction with the rest of the solvent In this way, a value of 0.73 is obtained ferthat indicates the
more favorable for the transition state than for the complex. existence of significant dynamical effects.

K=

)
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Figure 3. Evolution of the N3-H6 distance in three kinds of Figure 5. Approximate persistence time of the transition structure
trajectories: ) reactants— products; (- - -) reactants> reactants; versus the initial energy in the transition modex)( reactive
(= - =) products— products. trajectories. ©): nonreactive trajectories.

between triazene and water. These results confirm that the
hydrogen bond between triazene and water is rather stable and
support the idea of taking the triazenwater complex as the
reference state for free-energy calculations in solution.
Another striking feature in the simulated trajectories is the
existence, in many cases, of a significant time interval during
which the chemical system’s structure resembles that of the
transition state. This can be observed in Figure 4b. As shown,
| | T T T the curve corresponds to a nonreactive trajectory in which the
—400 =200 0 200 400 N1—H9 and N3-H6 distances oscillate around 1.1 A for almost
Reaction time (fs) 300 fs. Most trajectories exhibit this kind of behavior, although
the corresponding time interval may vary substantially. The
(®) average length of the interval is around 85 fs, corresponding to
5—6 N—H bond vibrational periods. Note that there are a few
trajectories displaying an almost instantaneous process for which
MM M asiia, il this interval is negligible. In Figure 5, we plot the length of
VO TR this interval versus the kinetic energy assigned to the transition
mode for the trajectory. There is no clear relationship between
the two quantities, but the analysis of the results shows two
main trends: (1) trajectories with a higher energy present smaller
_ 400 _2'00 (') 2(')0 4(')0 persstence intervals, arld (2) trajectories with a short persistence
Reaction time (fs) interval are (_)ften reactive. N o
. . . _ ) The magnitude of the average transition structure lifetime is
gilgtlgﬁci.. Example trajectories:~f) N3—H6 distance; (- - -) N¥H9 another manifestation of nonequilibrium solvent effects on the
reaction course. The chemical system may be “trapped” at the
transition structure so that some solvent reorganization may be
required for the system to evolve toward reactants or products.
When this occurs, the initial solvated solute structure can be
depicted as a metastable state rather than as a saddle point
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Figure 3 shows examples of the three different kinds of
trajectories computed. The evolution of the N36 distance
with time is represented. Timte= 0 corresponds to the initial

configuration (TS2 structure), so that each trajectory extends o . . .
to negative and positive times. In the reactive trajectory, the structure. In fact, from the 50 initial configurations considered,

N3—H6 distance increases from 1.0 A on the reactant side ONY 22 show a negative force constant for the solute (calculated

(negative time) up to a typical H-bond distance on the product &t the QM/MM level). However, although the average TS

side (positive time). The bond length begins to increase slightly If€time is smaller for those trajectories having an initial negative
before reaching the TS (35 fs) and continues to increase afterforce constant (65 fs vs 99.5 fs for trajectories having positive

crossing it to reach a maximum value of around 2.3 A at about force constants or_1|y), no clear corfelation was found between
250 fs. For nonreactive trajectories (either reactanteactants ~ (hese two properties. A more detailed analysis would need to
or products— products), one may remark that the NG6 take into account r_u_)tonly the sign of_the initial force constants,
distance remains close to its value in the TS roughly ftom  Put @lso the velocities of the atoms in the system.

—30 fs tot = +30 fs. .

Because the simulated trajectories are started at the transition5' Conclusions
structure, it is interesting to look at the fate of the ancillary In this work we have studied a reaction in solution with the
water molecule in reaching the reactant and product regions.combination of two QM/MM methods, ASEP/MD and DFMM,

In particular, one might ask whether it remains hydrogen-bonded which were shown to be quite complementary. With ASEP/

to triazene or moves rapidly into the bulk. The example MD, average structural and thermodynamic properties can easily
displayed in Figure 4a illustrates a trajectory in which the water be obtained, while DFMM allows a detailed examination of the

molecule forms a hydrogen bond on the reactant side but notdynamical behavior of the system. Moreover, the transfer of
on the product side. Considering the total number of 100 results between these methods is straightforward given their
semitrajectories computed in our study and looking at the valuestechnical similarity.

of the N—H distances at = +0.5 ps and = —0.5 ps, one Regarding the particular system studied, some conclusions
finds that only 13 semitrajectories show a clear separation can be drawn. First, it is clear that the participation of a water
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molecule in the proton-shifting process significantly decreases . (iY)TEdeZ ghal\'/aL gl(i)\garelsldellg/glle, F. J.; Mdry M. E.; Aguilar,

the activation energy and the overall effect of the solvent is (28) Ceo?'::ha dng g $a?1ez lM L Aguilar, M. A.J. Am. Chem.

somewhat lower, but still important. Second, in aqueous gu: 2004 126 7311.

solution, a structure with a strong charge separation is favored (29) Keck, J.Discuss. Faraday Sod.962, 33, 173.

in the transition state, which points to a possible preference for ~ (30) Anderson, J. BJ. Chem. Physl1973 58, 4684.

a stepwise mechanism instead of the more concerted mechamsr‘ghf’st) Scimrrgtlit‘e)rr,ﬂlgé:gaéﬂgal S{L%o?ti“agt”réo%TaQ'cé mEgg '-’dmeféfﬁd

of the present study. Third, the calculated value for the gcienfic: River Edge, NJ, 1998; pp-23. S

transmission coefficientc (about 0.7), together with the (32) Tudn, I.; Martins-Costa, M. T. C.; Millot, C.; Ruiz-Lpez, M. F.

persistence of the transition structure in many cases, indicates)- Mol. Model. 1995 1, 196.

the importance of dynamical solvent effects in this reaction. Rlv(gﬁ’) JTLIi“f]” (':Omglrjtt'”a?eorf&gg'g" 1T7 %9 Millot, C.; Ruiz-Lpez, M. F.;
Finally, it should be noted that, to make the present study  (34) Tuton, I.; Martins-Costa, M. T. C.; Millot, C.; Ruiz-Lgez, M. F.

more complete, further investigation of other possible mecha- J. Chem. Phys1997 106, 3633.

nisms (especially protonation and deprotonation) and a better (35) Chalmet, S.; Ruiz-ljpez, M. F.J. Chem. Phys1999 111, 1117.

treatment of other factors such as tunneling would be needed.l_ér():’;g) ,\Sﬂfrg‘?‘,dhi'\\gileflt_'Tf'gﬁ;?j l\Pﬂr}Js;lgé%'vl“(l)lgt’sngun' i Ruiz-

However, in this work, we have described a valid way to (375 Chalr'net, S’ Harb, W.; Ruizlpez, M_’F_J_ Phys. Chem. 2001,

combine these two different methods for the study of chemical 105 11574.

reactions in solution, which was our primary goal. (38) Marfn, M. E.; Aguilar, M. A.; Chalmet, S.; Ruiz-lmez, M. F.
Chem. Phys. Let001, 344, 107.
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