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Density functional theory (DFT) together with Car-Parrinedib initio molecular dynamics (CP-AIMD)
simulation has been used to investigate the free energy profiles of two represen{@tiea&ions: (A) Ct

+ CH3Cl — CICH; + CI~; (B) NH3 + HsBNH; — H3NBH3; + NHs. The free energy profiles along the
reaction coordinates at 300 K and 600 K were determined directly by a pointwise thermodynamic integration
(PTI) technique. Comparison between the well-known double-well potential energy profile (PEP) and the
free energy profiles (FEP) has been made. The results show that, for reaction A, the double-well profile is
maintained for the FEP at 300 K due to the stronger-dipole interaction between chloromethane and the
chloride anion. In comparison with the PEP, the FEP has a higher central barrier and a more shallow well
depth. However, at 600 K the double wells almost disappear on the FEP, whereas the central barrier increases
further. For reaction B, the 300 K FEP also presents a higher central barrier peak and a more shallow well
depth compared to the PEP. However, when the temperature increases to 600 K, a saddle shape FEP is
obtained, which indicates that the reaction has changed mechanism from an assogtieacfon to a
dissociative {1 reaction. This change is driven by entropy.

Introduction CHART 1

The bimolecular nucleophilic substitution\& process is
an important elementary reaction step in organic chemistry that
has been extensively studied both experimentailyand I
theoreticallyé—12 Of special interest is the identity3 reaction Reactants AEP
(eq 1) that has served as the starting model for the understandinggﬁ

Products
X +RX

of more complex substitution reactions in which the incoming
and outgoing groups are different.

X +RX—XR+ X (1) Pre-reaction Complex Post-reaction Complex
X+ RX XR+*+X

It is well establishetf*4that the potential energy profile for Reaction Coordinate
the reaction in eq 1 has the shape of a symmetric double well;
see Chart 1. The minima in Chart 1 correspond to the prereaction
complex %--RX and the postreaction complex XRX, which
are separated by a central energy bamNEP(X:-+R:--X). The

the entropy change along the reaction path in order to establish
the corresponding free energy profile. Another aspect is the
possibility for an alternative reaction path at higher temperatures.

overall reaction process starts from a collision step, which 'NUs: although the double-well-potential mechanism with its

generates the prereaction complex-RX, and passes through ™0 |r|1term¢d|ates repres”entlng predreac;!on and hpostrefactlﬁn
a chemical activation step to overcome a transition state (TS) *OMP!EXES IS NOW generally accepted, a direct exchange for the

barrier. Once the TS has been reached and the associated barriéfaction CI' + CHsCl = CICHs + CI7, in which pre- and
surmounted, a postreaction complex is formed followed by postreaction complexes ha_ve very s.hortllfgtlmes, has been found
dissociation to generate the product. The profile in Chart 1 can by Hase and co-workefSusing classical trajectory calculations.

thus be characterized by two parameters. One is the complex- _The calculation _Of afree energy profile can pe accomplish_ed
ation energy AEC defined as the difference between the within the harmonic approximation by evaluating the potential

prereaction/postreaction complex and reactants. The other Oneetr:ergy Heszian Ifor all .delgrees of freeto)lom p%rp;r;fdi.cgllar toa
is the barrier heighAE® or the intrinsic barrierAE'®, taken chosen path. Alternatively use can be made initio

relative to the reactants and the intermediate complex, respec_molec_ulalrs (ljgynam|cs (AIMD) in conjunction ik
tively. samplingt®9the free energy perturbation method, or thermo-

ic i i 0—22 i
Much progress has been achieved in determining and analyz-dynamic mtegrﬁtlzﬁ. Here we adopt the thermodynamic
ing the potential energy surfaée>1%for the reaction of eq 1 |ntegrﬁtlon method. g | he f files
in the gas phase. However, a few aspects still remain unexplored N the present study we explore the free energy profiles for

with respect to the reaction in eq 1. One is the determination of WO 'epresentative identityn@ reactions: (A) Ct + CHsCl
- C|CH3 + ClI ) (B) NH3 + HgBNH3 - H3NBH3 + NH3.

*To whom correspondence should be addressed. E-mail: zielger@ 1N€ objective here has been to explore differences in the shapes
ucalgary.ca. of the potential energy and free energy profiles as well as the
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CHART 2 this region the X and RX species can be considered as two

Reatii separated or isolated molecules. When the two molecules

I'ransition state approach close enough to each other, their interaction will not

A be negligible, and the two molecules start to react. This area is

referred to as the reaction zone (see the central part of Chart

Trsion Pyt TrtlsicaPednt 2). We can imagine that there must exist one transition point

4 A (not exactly a point, possibly a small area) along the reaction

coordinate, from which the system goes into the reaction zone.
At this point, the free rotation of the two reacting species will

Reaction] Zone

Lo e od by start to be hindered and the intermolecular interaction has to
: i be considered (see-P” of Chart 2). The transition point can
- > be obtained approximately by monitoring the change in energy
s p 0 p +o with the reaction coordinate. We shall in the following associate
Reaction Coordinate the transition point with the RC values where/dRC ~ 5 x

- . . , 10 * hartree/boh?®
possibility for alternative reaction paths at higher temperatures.  the dynamic simulations and the calculations of the free

Please note that in this study we just consider the back-sidegnergy profile will start and end just outside the transition points.
reaction mode although the possible front-side reaction mech- - "Free Energy Corrections. In our dynamic simulations

anism with a much higher energy barrier has been studied both,other two constraints were applied to the system on top of
experimentally and theoreticalfy. the reaction coordinate. First, no translation of the center of
mass of the whole system was allowed. Second, rotation of the
total system about the center of mass was eliminated. Thus, to
A. Thermodynamic Integration. Within a canonical (NVT) get the correct FEP, the entropy contributions to the reaction
ensemble, the change in the Helmholtz free enégybetween free energy from the translation and rotation of the whole system
two statesa and b is given according to the thermodynamic have to be added.
integration method as We followed the correction scheme used by Kelly etal.
X9 Thus, for the identity §2 reactions studied here, symmetry
b 3E X8 D b allows us to consider only the first part from RE—oo (infinite)
APy = fa s s ds= _fa [Fds @ to RC= 0 (transition state). The overall entropy correction from
isolated reactants to a reaction coordinates &f
Heresis a running parameter for the progress along the reaction

coordinate E represents the potential energy of the system as a ASB Q) = B(g) + PB(g) — P(w0) — L(w) (3
function of the 3 spatial coordinates, with the constrains. Sancorls) = §7E0) 579 ~ i) ~ Si(=) - ()

Further, Fs is the force acting on the chosen constraint. The B, - . - L
brackets indicate an ensemble average of the system at theWhereSA (9) is the ro'éatlonal entropy_ at RE s, which is
constraint values. Here we should mention that the simple 9€0metry dependen§;®(s) the translational entropy at RE

formula in eq 1 is correct just for certain types of reaction S The last two terms represent the traqslational entropy of the
coordinate including those used here. An accurate and muchlsolated species A and B. The translational/rotational entropy

more complicated formula that can be applied to any general terms to the rlghF in eq 3 can be cglculated easily from the
reaction coordinate can be found in refs 22 and 26. The integral f2nslational/rotational partition functlons.AB , ,

of eq 2 is typically evaluated through a finite difference  Finally, the total free energy chang®eAc(s) is obtained
numerical integration scheme referred to as pointwise thermo- oM & Car-Parrinello projected augmented wave (CP-PAW)
dynamic integration (PTH? In the PTI scheme, a small number ~ Simulation with the constraints described above as

of points along the reaction coordinate are chosen, and the AB AB AB

system is allowed to dynamically evolve and sample phase space AAc(S) = APppy (8) — TASoawcor (9) (4)

at each point for a long time with no data collected between

each point. The average force at each point is then used as thevhere CM (classical mechanics) refers to the fact that the motion
ensemble average of the force in eq 2. A slow growth continuous of the nuclei is described using classical mechanics. Further,
variation of the reaction coordinate has also been used to monitorAAran”B(S) is the change in free energy obtained directly from
the variation in the other degrees of freedom along the reactionthe simulation using eq 2.

coordinate. It should be mentioned that the zero point energy (ZPE)

For the purpose of studying the whole reaction process from correction is not included in our simulations. This should not
reactants to products, the differences of the bond distancesseriously hamper our objective, which is to understand the
R(Cl;—C) andR(C—Cl,) for A, and R(N;—B) and R(B—N5) qualitative differences between the potential energy profile
for B, have been defined as the reaction coordinates (here, atomgPEP) and the free energy profile (FEP).
with subscripts 1 and 2 represent the attacking and leaving atoms D. Density Functional and Molecular Dynamics Method.
respectively). The Car-Parrinello projected augmented wave (CP-PRW)

B. Transition Point and Reaction Zone.We introduce here program by Blehl was used for all AIMD simulations. The
the concepts of transition point and reaction zone to facilitate DFT functional used was that formed by the combination of
the later discussion. the PerdewWang parametrization of the electron gawith

We assume that the attacking nucleophile X approaches RXthe exchange gradient correction presented by Bécehal the
from infinite distance. The two molecules X and RX can move correlation correction of PerdetPeriodic boundary conditions
(translate and rotate) freely for large positive/negative values were used, with a unit cell described by the lattice vectors ([0,
of the reaction coordinate (RC) where the intermolecular 10, 10], [10, 0, 10], [18, 18, 0]) (A) for the reaction CH
interaction is negligible (see the left part of Chart 2). Thus, in CHzCl and ([0, 12, 12], [12, 0, 12], [12, 12, 0]) (A) for N+

Methodology and Computational Details
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Figure 1. (a) Calculated potential energy profile for thg2Seaction Ct + CH;Cl — CICH; + CI~ (energy of the isolated species is set to 0).
(b) Key geometry parameters for the iedipole complex and the transition state. Bond distances in angstroms.

H3BNHz. These unit cells were sufficiently large to ensure Hessian update scheffevas used. A similar procedure was

negligible overlap of the wave functions with the periodic used to optimize the TS structure for reaction B. The results

images. In all calculations the molecules have been electrostati-presented here represent the first application of a newly

cally decoupled from their periodic images as described in ref developed free energy gradient metfo the determination

35. The energy cutoff used to define the basis set was 30 Ryof transition state structures on the free energy surface.

(15 au) in all cases. The SHAKE algoritAfwas used to impose

constraints. The mass of hydrogen atoms was taken to be thaResults and Discussion

of deuterium, and normal masses were taken for all other

elements. A. ClI~ + CH3Cl — CICH3 + CI~. The chloride exchange
The CP-PAW calculations were performed at the two different reaction between chloromethane and the chloride anion, as a

target temperatures of 300 and 600 K. The Andersen thermo-Prototypical &2 reaction, has been studied extensively by many

staB” was applied to the nuclear motion by reassigning the €xperimental and theoretical methdd®.*> These studies have

velocity of N randomly chosen nuclei eventime steps, where established a PEP S|m|Ia_1r to that shown in (_:hart 1_W|th a double-

N andn are chosen to maintain the desired temperature. In the Well shape where two minima are symmetrically situated around

case of chloromethane chloride, the reassignment was applied @ central energy barrier. We present in the following the

every 18 time steps. The reaction NH HsBNH; used one calculated PEP to compare to other theoretical results as well

reassignment for every 15 time steps. The thermostat settings2S the FEP. The PEP was obtained by changing the RC while

were monitored and adjusted if necessary during the equilibra- OPtimizing all other degrees of freedom.

tion stage, with the main criteria for adequate thermostating  (a) Potential Energy ProfileA typical double well potential

being that the mean temperature was within a range X8 K energy profile, shown in Figure 1a, has been obtained using

and the temperature drift was lower than 1 K/ps. In combination the BP functional described befot&3* From Figure 1a, we

with the Andersen thermostat, a constant friction was applied can see that the internal energy is almost constant atR&

to the wave function with a value of 0.003. For both reactions, A. For RC > —6 A, the potential energy begins to decrease

a time step of 7 au was used. until RC= —1.3 A, which is an energy minimum corresponding
The FEP does not directly provide information about the to the ion-dipole complex. From RG= —1.3 A to RC= 0.0

transition state structure except that the TS is situated atRC A, the potential energy increases and finally reaches the

0. To obtain values foR(Cl;—C) andR(C—Cl,) for reaction A maximum at the transition state. Clearly, on the potential energy

at the transition state, we carried out a molecular dynamics (MD) surface, the reaction system goes into the reaction zone around

simulation in which bottR(Cl;—C) andR(C—Cl,) were used =~ RC= —6 A.

as constraints. By changing the valueR¢€l;—C) andR(C— The calculated complexation enerd¥C, the overall barrier

Cly) such that the forces on the constraints were reduced, weAEP relative to the reactants, and the intrinsic bari&'® are

finally reached the transition state as the point where the forcesgiven in Table 1 together with experimental and recent high-

on the constraintfk(Cl;—C) — R(C—Cl,) and R(Cl;—C) + level theoretical results. We calculate a complexation energy

R(C—Cl,) are both zero. During the optimization the Bofill of —8.3 kcal/mol and a central barrier given £38.0 kcal/mol.
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TABLE 1: Complexation Energies and Barrier Heights for
the Sy2 Reaction CI- + CH3Cl — CICH3; + Cl~ (in kcal/mol)

AEC AEP AE®
CP-PAW-BP —-8.3 —-3.0 5.4
HF? -8.1 7.6 15.7
DFT-B3LYP® —-9.5 -0.9 8.7
DFT-BF —10.3 -5.7 4.6
MP22 —10.5 35 14.0
MP4e —10.6 1.8 12.4
G~ —10.8 3.1 13.8
G& -11.2 1.8 13.0
CBS-QB3(t)¢ -10.7 2.4 13.1
experimerft —-12+2 3/1+1 13+ 2

aTZ3P+R+(2f,d) basis set, ZPE corrected, ref 28-31G* basis
set, ZPE corrected, ref 44TZ+2P basis set, ZPE corrected, ref 25.
d ZPE corrected, ref 40.References 24 and 4537.

If we compare our results (CP-PAW-BP) with Hartreleock 3
DFTA MPn2> Gn, CBS-QB3#),*° and experimental
results2*45-47 we find that MP2, MP4, G2, G3, and CBS-QB3-
(+) afford more accurate estimates of both the complexation
energy and the central barrier when compared to experiment.
DFT-B3LYP and DFT-BP both afford negative values for the
central barrier, whereas HartreEock overestimates the central
barrier by about 4 kcal/mol.

Itis thus clear from Table 1 that maai initio methods (MR,
Gn, and CBS-QB3¢{)) afford a better estimate of the PEP than
DFT methods (DFT-B3LYP, DFT-BP, and CP-PAW-BP),
which underestimate the internal barrier as well as the com-
plexation energy. The main reason might be that the DFT

method is not as good to accurately describe a transition state.

However, we still hope that the CP-PAW-BP scheme used here
will correctly provide the qualitative features for the entropic
contribution TAS) to the FEP and thus enable us to meet our
key objective.

The optimized key geometry parameters for the transition
state and the iondipole complex obtained from various
methods are shown in Figure 1b. In the transition state, the two
bond distances between chloride and carb(Cl;—C) and
R(C—Cl,)) are equal at 2.37 A for the CP-PAW-BP scheme,
which is very close to the values of DFT-BP (2.34 A), MP2
(2.32 A)Z5 and HF (2.39 AY3In the ion—dipole complex, the
C—Cl, bond distance is 1.89 A according to the CP-PAW-BP
scheme, which is comparable with results from LDA (1.823),
DFT-BP (1.84 A), MP2 (1.81 A), and HF (1.82 A). However
significant differences are observed for thg-GC distance in
the ion—dipole complex. This is not surprising in view of the
weak bonding interaction in the ierdipole complex.

(b) 300 K Free Energy ProfileThe calculated 300 K free
energy profile along the reaction coordinate is shown in Figure
2a. It starts from the transition point where RC—3.7 A. It is

apparent that the basic double-well shape is maintained on the

FEP at 300 K.

However, four different features are noteworthy compare
to the PEP: (1) The transition point shifts from RE—6.0 A
to RC= —3.7 A. Thus, until RC= —3.7 A the chloromethane
molecule and chloride ion are rotating freely (see below),
overcoming the iorrdipole attraction. As a consequence, the
free energy gradient is zero. This is different from the PEP,
where the ion-dipole interaction already gives rise to an energy
gradient at RC= —6.0 A. (2) The central barrieAER has
increased by+-8.1 kcal/mol in going fran 0 K (PEP) to 300 K
(FEP). (3) The position of the minimum for the iedipole
complex along the reaction coordinate has shifted from=-RC
—1.3 A on the PEP to RG= —1.5 A on the FEP. (4) The
stability of the ion-dipole complex has decreased by 5.5 kcal/

d

Yang et al.
= 8-
)
§ 64 ® 239 239
3 (0.0, 5.1)
& 4
N’
& 2]
8 o
g o
8 *]
2.4 (15,-28) . .
4 2 0 2 4
Reaction Coordinate (A)
(€
6
— R(C1,-C)
g5
8 4
g 31
72}
A2 DS "
1 T T T
-4 3 2 -1 0
Reaction Coordinate (A)
(b
180
160 -
)
Q' 140 -
Bh 120
2 100 -
o 80 - £ Cl,-C-Cl,
o 60
g 40
20 -
0 : : :
-4 -3 -2 -1 0
Reaction Coordinate (A)
©

Figure 2. (a) Calculated free energy profile at 300 K with the
transitional/rotational entropy corrected. Free enekgyis relative to
the infinitely separated reactants. (b) Distance changeR({k—C)
and R(C—Cl,) along the reaction coordinate. (c) Angle change for
OCIl;—C—Cl; along the reaction coordinate.

mol in going fran 0 K (PEP) to 300 K (FEP). The difference
between the two energy profiles is entropic in nature. As the
ion—dipole complex is formed, the free rotation of & will

be reduced (see below). This will lead to a reduction in entropy
and an increase in TAS. The result is a reduction in the depth
of the well for the ior-dipole complex on the FEP. A further
reduction in entropy is observed at the transition state, where
the rotation of CHCI is completely converted into vibrations
(see below). As a result, the TS barrier will encounter an
additional increase up to 8.1 kcal/mol on the FEP relative to
the PEP.

The calculated entropy change upon formation of the-ion
dipole complex from the separated reactants18.3 eu at 300
K, in good agreement with the experimental estimate- 6.3
+ 1.0 eu due to Dougherty et 8 The entropy of the transition
state is—27.0 eu relative to the separated reactants. The
corresponding experimental number is not known. However, a
DFT estimate based on the harmonic approximation affords
—25.0 eu?®
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The changes of the two key interatomic distanR&sl;—C)
andR(C—Cly), as well as the angle &+ C—Cl,, from the MD 25 1 (D oy S— O
simulation along the reaction coordinates are presented in Figure 244 244
2b,c. The simulation was started at RC—3.7 A, where the
attacking chloride anion is 5.5 A from the carbon. In the early
stages of the reaction the incoming chloride; Y@ approaching
the carbon with little change iIRR(C—Cl,) while the CHCI
molecule is rotating as a rigid body around the Cl; axis in
orbits where the GC—Cl; angle has values from 18@ 8C°.
Thus, the rotation is somewhat restricted by the-idipole
interaction, which has a minimum energy at-6C—Cl, = 18C°. 0 ‘ T T '
The point RC= —1.5 A marks the formation of the iefdipole 4 2 0 2 4
complex. Shortly after that the G+C—Cl, angle turns toward Reaction Coordinate (A)
180C° while the chloride anion continues to attack the carbon @
center and the leaving chloride starts to move until the transition 6
state has been reached.

The transition state is a central feature of th $eactions.
We have therefore located the key geometry parameters of the
transition state on the free energy surface. The optimized
distancesR(Cl;—C) andR(C—Cl,) are 2.39 A, which is longer
than the corresponding value (2.37 A) on the potential energy
surface. To further examine the geometry changes with tem-
perature, the same optimization has been performed at 600 K
(the 600 K FEP will be discussed in detail later). TREI;—
C) andR(C—Cl,) values are 2.44 A, and thus longer than those 180

20 - (0.0, 20.5)
15
10 4

5 (-1.6, 6.2)

Free Energy (kcal/mol)

51 R(CL,-C)

3_
2 A

R(C-Cl,)

Distance (A)

-4 3 -2 -1 0
Reaction Coordinate (A)
(b)

obtained at 300 K. These data reveal that, at finite temperatures 8 150 1

up to at least 600 K, the transition state structures are g 120

symmetrical withR(CI—C) distances that increase with tem- e Zg | L aea
perature. This bond length increase in the TS with temperature Eo 30 4 N
should be a common feature of thg2Sreactions since the < 0 : . . .
symmetrical CJ—C—Cl, stretch will be more and more » 3 2 P 0

thermally excited. The equilibrium distance will thus shift to ) .
longer values because of the nonharmonic contribution to the Reaction Coordinate (A)
motion. This effect would not be observed by standard quantum ©
mechanical methods based on the harmonic approximation. Figure 3. I/(a) CalCllllated free energé/ Emf”e aei 600 *T with the
. ; transitional/rotational entropy corrected. Free enekdyis relative to

(€) 600 K Free Energy ProfileTo examine the temperature the infinitely separated rea?:)tlants. (b) Distance chgzlgea(fbh—C)
effect fgrther, th? 600 K free energy profile was cal(?ulated aS and R(C—Cl,) along the reaction coordinate. (c) Angle change for
well. Figure 3 displays the FEP and the changes in the key gcl,—c—cl, along the reaction coordinate.
parameter&(Cl;—C), R(C—Cl,), and <Cl;—C—Cl, along the
reaction coordinate. Compared with results at 0 and 300 K, there & Finally, the FEP exhibits a minimum at R& —1.6 A
are significant differences in the position of the transition point, representing the iondipole complex. However, it is clear from
the shape of the FEP, and the central barrier. our analysis aT = 600 K that the double well representing the

First of all, the free energy central barrier has increased to ion—dipole complexes will disappear at higher temperatures.
+20.5 kcal/mol compared t&r5.1 kcal/mol at 300 K ané-3.0 B. NH; + H3BNH3; — H3NBH3 + NHs. Sy2 reactions
kcal/mol at 0 K. Clearly the decrease in entropy results in the involving four-coordinated and tetrahedron boron are of special
increase in free energy at the transition state. interest because they may compete witi athways in which

The starting point for the reaction zone at 600 K has shifted relatively stable three-coordinated boron compounds are
to RC= —3.1 A compared to 6.0 At&) K and—3.7 A at 300 formed4®-51 Such three-coordinated species are not likely to
K. The higher thermal energy at 600 K makes{CHand CI form in substitution reactions involving carbon. Especially one
rotate freely until RG= —3.1 A. This can be seen from Figure can expect that the entropy at higher temperatures would change
3c, where the GHC—CI;, angle adopts values in the whole the substitution around four-coordinated boron from an associa-
range between®tand 180 until RC= —3.1 A. In other words, tive Sy\2 mechanism to a dissociativggBmechanism.
up to RC= —3.1 A the thermal energy overcomes any preferred  The reaction comprised of borane (Btnd ammonia (Ng)
orientations of CHCI relative to CI due to the ior-dipole was chosen as our model system representing a substitution at
interaction. the boron center. Toyota et #@l.have calculated the reaction

From RC= —3.1 A to RC= —1.6 A, the free rotation is barriers for the possiblen@ and §1 mechanisms for system
gradually restricted until G-C—Cl, finally remains almost B by staticab initio methods (HF/MP2/MP3). They found that
collinear; see Figure 3c. This restriction gives rise to a decreasethe S2 mechanism had a barrier that was 19.3 kcal/mol lower
in rotational entropy and an increase in free energy. On the otherthan the §1 pathway. Here we shall focus on the possible
hand, the gradual alignment of the;€EIC and C}—C bonds differences between PEP and FEP, as well as the temperature
into a collinear arrangement leads to a steady (stabilizing) effect on the mechanism. Therefore, we will again explore the
increase in the iondipole interaction. The transition from PEP and the FEP at 300 and 600 K using the same method.
stabilization due to rotational entropy to stabilization due te-ion (a) Potential Energy ProfileThe calculated PEP of reaction
dipole interaction give rise to a small barrier near RC-2.1 B, as well as several key species along the reaction coordinate
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reaction starts from the point R& —6.5 A. Symmetrically B @
around the central barrier at RE +1.6 A is a small shoulder
representing drans Hs3N—BH3—NH3; complex with the two
B—N distances 1.66 and 3.29 A. At RE +1.8 A is another
minimum representing ais encounter complex in which the
incoming and attacking Nis hydrogen bonded to the other
NH3 that that is complexed to Bf-HThe shorter \—H distance
(2.03 A) confirms the hydrogen bond between the twosNH
groups. The central barriEB is +15.4 kcal/mol with respect

to the separated Nd-and HsBNH3 species. Compared with the
HF (+11.6 kcal/mol), MP2413.6 kcal/mol), and MP3#13.8
kcal/mol) results by Toyota et al., our CP-PAW-BP scheme
affords a somewhat high barrier. The transition state is

RC = R(N>—B) — R(N1—B), are displayed in Figure 4. The })2‘26
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represented by a symmetric structure WRfN,;—B) = R(B— 6 RONE)
Nz) = 2.20 A, which is shorter than the HF (2.43 A), MP2 <s
(2.22 A), and MP3 (2.25 A) distances. g4
(b) 300 K Free Energy ProfileThe 300 K FEP, with a higher g Z RENy
central barrier and two very shallow wells, is shown in Figure Sl . . :
5a. The central barrier has as expected increased relative to the -4 3 2 -1 0
zero baseline due to entropy and is nowi8.5 kcal/mol Reaction Coordinate (A)
compared tot15.4 kcal/mol for the PEP. On the other hand, ()
the minimum for the hydrogen bondets encounter complex
is reduced to only-1 kcal/mol. - :’;g
The changes of the interatomic distanBgs;—B) andR(B— & 120 £ NeBN,
N2) and the angle N-B—N along the reaction coordinate are 3 o
displayed in Figure 5b,c. The simulation was started at=RC 5 60
—3.5 A, where the attacking N\(NHz) center is a distance of & 304
5.2 A from the boron atom. From R€ —3.5 Ato RC= —1.6 0 , , .
A, the incoming N center is approaching the boron with little N 32 T 0
change in theR(B—N,) bond distance while the angleyNB— Reaction Coordinate (A)

N2 is around 50. Thus, the reaction system is trapped in the £ 5. () Calculated f © fle for thezreaction NH
P . ; igure 5. (a) Calculated free energy profile for theBSreaction
Rﬁ%og? Eoidl rg gAOfIt?k(]SeCC;ftT;géi?(ﬁ F‘t’&’]l Ce;'tati,\:'ng)\./eSstatglr}[Ee + H3sBNH3; — HsNBH3 + NH3 at 300 K with the transitional/rotational
o N ’ ! 9 - . entropy corrected. Free enerdy is relative to the infinitely separated
position trans to Nz (H3BNHs). At this point the R(B—Ny) reactants. (b) Distance changes R{N;—B) and R(B—N,) along the

distance begins to increase while tRéN;—B) bond length reaction coordinate. (c) Angle change failN;—B—N, along the
decreases still further. The reaction system finally reaches thereaction coordinate.

symmetric transition state at RE€ 0.0 A.
Parameters for the optimized transition state are shown in distances between N and B are longer than those of PEP by
Figure 5a. Compared with results from PEP, the interatomic 0.06 A. Following the result from reaction A, the-M8 distance
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n
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RC = —0.8 A to RC= 0.0 A is very similar to the classical
dissociative {1 process.

Apparently the process for reaction B at 600 K, in which the
attacking nucleophile Ngapproaches the boron center and then
both the leaving Nl and attacking NK dissociate, does not
follow the classical dissociativey® process exactly. However,
from another point of view, we know that the nucleophile N

T ' T ' (NHs) approaching the boron center can assist in the breaking
2 Y 2 4 of the B—N; bond. Indeed the calculated free energy barrier
Reaction Coordinate (A) for the dissociation of gB—NH3 without the assistance of an
(a) additional NH molecule at 600 R? is ca. 5 kcal/mol higher
than that in which an additional NHmolecule assists. Thus,
RON:B) we can say that the mechanism of reaction B at 600 K is a
nucleophilically (NH) assisted §l process.
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Conclusions

Distance ()

The free energy profiles of two typicak3 reactions (A) Ct
+ CHsCl — CICH; + CI~ and (B) NH; + H3BNH3z — Hs-
NBH; + NH3 have been obtained from Car-Parrinaloinitio
molecular dynamics (CP-AIMD) simulations. The free energy
Reaction Coordiate (A) along the reaction coordinates at 300 and 600 K were determined
® directly by the pointwise thermodynamic integration (PTI)
Figure 6. (a) Calculated free energy profile for the reaction d\NH technique. Comparison between the potential energy profiles
HsBNH; — H3NBO|H7:+ NHj at 600 Kl"‘t’.'th tthetr;[ra_n?_ltl_c;nlaI/rotatlo?a(; (PEP) and the free energy profile (FEP) has been made. The
regfc?%?r(ﬁcﬁsiarfgee gag:‘%ﬁ‘f&i‘?}g gndeR('gT,'\lj’)yaf;?;rtﬁ: results show that reaction A _has a typical double-well PEP with
reaction coordinate. a—3.0 kcal/mol central barrier and a well depth-68.3 kcal/
mol for the ion pair pre- and postreaction complexes. The
double-well shape is maintained very well for the FEP at 300
in the transition state for reaction B should elongate with K because of the Stronger |e.mj|p0|e interaction between
increasing temperature. Nevertheless if the-BN distance  chloromethane and the chloride anion. In comparison with the
becomes long enough, thesMBH; molecule would probably  pgp, the FEP at 300 K has a higher central barrier and lower
prefer to dissociate into NfHand BH; since BH is stable by well depth for the ior-dipole complex. However, at 600 K the
itself and the dissociation is favored by entropy. Thus rationally double well almost disappears on the FEP, while the central
we can imagine that it is possible for the mechanism of the parrier increases. For reaction B, the 300 K FEP presents a much
nucleophilic substitution reaction at the four-coordinated boron higher central barrier peak-(L8.5 kcal/mol) and a well depth
system to change at high temperatures. of just —1.0 kcal/mol for the pre- and postreaction complexes.
(c) 600 K Free Energy ProfileEfforts have been made to At 600 K a double-peak shape has been obtained for the FEP,
calculate the free energy profile at 600 K. We obtained an FEP which indicates that the reaction has now switched to a
with a double-peak shape, as depicted in Figure 6a, which is adissociative ({1) process driven by entropy.
typical energy profile for a classical dissociativglSrocess.
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of the reaction coordinate from RE —3.3 A (starting point)
to RC= 0.0 A have been performed. The changes of the bond
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