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The potential energy surface (PES) of the F~ + CH3;1 — FCH3 +1~ SN2 nucleophilic substitution reaction has
been studied previously using MP2 and DFT levels of theory (J. Phys. Chem. A 2010, 114, 9635-9643). This
work indicated that DFT gives a better representation of the PES which has only an hydrogen-bonded
entrance channel reaction path, with a hydrogen-bonded transition state [F--HCH;--I]~ connecting the
hydrogen-bonded pre-reaction complex F~-.-HCH;I and Cs, post-reaction complex FCHs---I-. For the
work presented here, CCSD(T) with three different basis set and two effective core potentials (i.e. PP/d,
M - . PP/t and ECP/d) was employed to investigate stationary point properties for this reaction. Besides the
olecular dynamics simulation X K K .. L.
Nucleophilic substitution reaction hydrogen-bonded entranFe channel statlongry points, CCSD(T) also p_redlcts a traditional C?v transition
lon state [F--CHs-I]~ connecting a Cs, pre-reaction complex F~...CHsI with the Cs, post-reaction complex
FCHj3- - -I-. Though CCSD(T) gives a CHsF- - I~ binding energy and CH3;F and CHsI geometries in almost exact
agreement with experiment, it gives a heat of reaction ~20 kJ/mol less exothermic than experiment. The
MP2 PES for this reaction, determined in the previous study, is very similar to the CCSD(T), but obtained
with a much smaller computational cost. Direct dynamics simulations for the F~ + CH3I — FCH3 + 1~ reac-
tion are feasible with MP2.
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Introduction

The traditional potential energy surface (PES) for a
X~ +CH3Y — XCH3 +Y~ SN2 reaction has an ion-dipole X~-..CH3Y
pre-reaction complex, a [X.-CH3--Y]~ central barrier, and an
ion-dipole XCHj3---Y~ post-reaction complex [1-9]. If X and Y
are halogen-atoms, these structures have Csy symmetry for the
traditional PES. Non-traditional PESs without C3y symmetry are
found if the X~ and/or Y~ nucleophiles are not halide ions [9-11].
An example is the OH~ + CH3F SN2 reaction which has a traditional
OH~-..CH3F pre-reaction complex, but for the CH30H. - -F~ post-
reaction complex F~ is hydrogen-bonded to the ~-OH moiety [9].

In recent work [12], different electronic structure theo-
ries and basis sets were used to investigate the PES for
the F~ +CH3l— FCH3 +1~ SN2 reaction. The theoretical methods
included second order Mpgller-Plesset perturbation theory (MP2)
[13],DFT[14] with the OPBE [15], OLYP [ 16], HCTH407 [17], BhandH
[18], and B97-1 [19] functionals, and the coupled-cluster method
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with single and double excitations and perturbed triple excitations,
i.e. CCSD(T), for single point calculations. Both the aug-cc-pVDZ
[20,21] and aug-cc-pVTZ[20,21], double- and triple-zeta, basis sets
were used, along with pseudo potentials and augmented basis sets
for the I-atom [12]. Of particular interest is that MP2 and DFT
give different forms of the entrance-channel PES for this reac-
tion, as shown in Fig. 1. For the DFT/B97-1/ECP/d PES there are
only a hydrogen-bonded F~---HCH;I pre-reaction complex and a
hydrogen-bonded [F--HCH,--I]~ transition state (TS).In contrast, the
MP2/ECP/t PES has these stationary point structures as well as the
traditional F~--CH3l ion-dipole complex and [F.-CH3--I]~ TS, both
with Csy structures. The DFT PES and energetics in Fig. 1 are from
the B97-1 functional, but other DFT functionals give similar results.
Only the BhandH functional, and only with the double-zeta basis
set, did a DFT theory give a PES somewhat akin to that found with
MP2.

In this previous study [12], single-point CCSD(T)/complete basis
set extrapolation (CBS) calculations were performed [12] to assess
the accuracy of the MP2 and DFT calculations of the entrance chan-
nel stationary points for the F~ + CH3l — FCH3 +1~ PES. The MP2
potential energy curve, connecting the MP2Cs, F~-..CH3l com-
plex and Csy [F--CH3--I]~ TS, was calculated. The resulting MP2/PP/d
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Fig. 1. Potential energy curves and stationary points for the MP2/ECP/t, B97-1/ECP/d and CCSD(T)/PP/t PESs for the F~ + CH31 — FCH3 + 1~ SN2 reaction. The energies in k]/mol
are relative to the reactants, and are at 0K and do not include ZPEs. The experimental enthalpy of reaction at 0K corrected to remove zero-point energy is in parentheses.

barrier from the complex to the TS is 2.5kJ/mol. In contrast to
this MP2 barrier, the CCSD(T)/CBS single point calculations give an
energy for the MP2 TS which is 0.8 kJ/mol lower in energy than the
MP2 complex. Hence, the CCSD(T) single point calculations suggest
the Csy [F--CHs3--I]= TS structure is not a stationary point on the
actual PES.

In the work presented here the CCSD(T) theory is used to investi-
gate the entrance channel of the F~ + CH31 — FCH3 + 1~ PES. CCSD(T),
with different basis sets, is used to optimize structures for sta-
tionary points in the entrance channel, including TSs. Section II
describes the computational methodology and the results of the
calculations are presented in Section IIl. The article concludes with
a Summary.

Computational methodolgy

CCSD(T) theory was employed to determine accurate stationary
point properties for the reactants, pre-reaction complexes, tran-
sition states, and products on the F~ + CH3]1 — FCH3 +1~ PES. Three
basis sets, called ECP/d, PP/d, and PP/t were used in the calculations.
Their details were described in previous work [12] and presented
here as well. The ECP/d basis set is the combination of Dunning and
Woon’s aug-cc-pVDZ basis set [20,21] for the C, H, and F atoms and
the Wadt and Hay effective core potential [22] (ECP) for the core
electrons, and a 3s, 3p basis sets for the valence electrons, which
were augmented by a d-polarization function with an 0.262 expo-
nent, and s, p, and d diffuse functions with exponents of 0.034,



224 R. Sun et al. / International Journal of Mass Spectrometry 377 (2015) 222-227

0.039, and 0.0873 for I [23]. For the PP/d and PP/t basis sets, the
double-(d) and triple-(t) { basis sets, aug-cc-pVDZ and aug-cc-pVTZ
[20,21], were used for the C, H, and F atoms. However, the Peterson
aug-cc-pVDZ and aug-cc-pVTZ basis sets, with a pseudopotential
(PP) [24], were used for iodine. The only difference between ECP/d
and PP/d is the treatment of iodine. The ECP/d basis set is adapted
from Wadt and Hay ECP [22], which considers the outmost s and
p orbitals as valence electrons (neglecting 40 core electrons) and
derived from an all-electron numerical relativistic Hartree-Fock
atomic wavefunction and fit to an analytical representation for use
in molecular calculations. This basis set was further modified by
Hu and Truhlar for the distortion of CH3l and ion-dipole precur-
sor complex [23], with an augmented polarization function added.
For the PP/d basis set, the 28 inner-core electrons of iodine (1s-
3d) are replaced by an energy-consistent pseudopotential, which
is optimized in a multiconfigurational Dirac-Hartree-Fock calcu-
lation. Relativistic effects for iodine are considered in both ECP/d
and PP/d. The more recent PP/d basis set contains a larger num-
ber of basis functions and therefore calculations with it are more
computationally expensive.

Quasi-Newton optimization with line searches and an approxi-
mate energy Hessian update algorithm were used for the geometry
optimizations (energy minimum and transition state search) [25].
As shown in Fig. 1, the MP2/ECP/t entrance channel has a very
flat potential energy curve, with 4 stationary point structures (i.e.,
2 potential energy minima and 2 transition states) with differ-
ences in potential energy of ~20Kk]J/mol or less. Therefore, initial
geometries for the stationary point calculations were crucial for
the CCSD(T) optimizations. The MP2/PP/t geometries from refer-
ence 12 were used as the initial geometries. Using the line search
option guaranteed the geometry optimization calculation ended
within a very small region near the PES minimum [26]. Then the
optimization was restarted using a very small trust radius and con-
vergence criteria. The CCSD(T) triple { basis set calculations were
very computationally expensive and the average cost for one geom-
etry update, during the optimization, was about 5 h for a 240-core
MPI machine (480 cores had to be allocated for more memory
demand). The computer program used for the work presented here
is NWChem (version 6.1) [27].

Results and discussion

Fig. 1 shows the F~ + CH3l entrance channel PES obtained from
CCSD(T) with the PP/t basis set. CCSD(T) gives a PES similar to
that for MP2. In particular, there is a hydrogen-bonded F~- . -HCH;1
pre-reaction complex, a transition state connecting this complex
with the traditional C3, pre-reaction complex F~---CHsl, and then
a TS connecting this complex to the C3, post-reaction complex
FCH3- - -I=. Molecular structures of the potential energy minima and
transition states for both the Cs, and hydrogen-bonded entrance
channels are depicted in Fig. 2.

In Table 1, CCSD(T) energies for the PP/t, PP/d and ECP/d basis
sets are compared. Also included are the MP2 energies with the
ECP/d, ECP/t, PP/d, and PP/t basis sets. The CCSD(T)/PP/t energy
barrier from the pre-reaction complex to the transition state is
1.9Kk]J/mol for the Cs, channel and 12.0kJ/mol for the hydrogen-
bonded channel. It is of interest to investigate the effect of the basis
set size on the PES. Therefore, CCSD(T) calculations were performed
using the smaller PP/d basis set with the same pseudopotential.
CCSD(T)/PP/d gives a very similar PES to that of CCSD(T)/PP/t. For
example, the CCSD(T)/PP/t potential energy release from reactants
to pre-reaction complex, for the C3, and hydrogen-bonded reaction
channel, is 71.5 and 81.4 kJ/mol, respectively. For comparison, the
corresponding CCSD(T)/PP/d values are 74.2 and 82.6 kJ/mol. Also,
CCSD(T)/PP/d yields a reaction barrier (from pre-reaction complex
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Fig. 2. Molecular structures of potential energy minima and transition states
for the Csy, and hygrogen-bonded entrance channel reaction paths for the
F~ +CH3l — FCH3 +1~ SN2 reaction. For the hydrogen-bonded reaction path H1 is
the H atom that’s closer to F, and H2 is one of the other 2 atoms.

to the corresponding transition state) only 1.9 and 0.4 k]/mol lower
than the CCSD(T)/PP/t value for C3, and hydrogen-bonded path-
ways, respectively.

The geometries of the CCSD(T) stationary points with the ECP/d,
PP/d, and PP/t basis sets are give in Table 2, where they are com-
pared with the MP2 geometries as well as experimental geometries.
For the CCSD(T) calculations the ECP/d and PP/d geometries are
very similar as found previously [12] for the MP2 calculations.
The principal difference between the geometries is that PP/t gives
shorter bond lengths than PP/d does. A comparison of MP2/ECP/d
and MP2/ECP/t geometries gives the same result [12]. The MP2
and CCSD(T) geometries are in overall good agreement with
experiment.

The ECP/d double zeta basis set [28], which is similar to PP/d but
with a different number of core electrons, was used to investigate
the effect of different core potentials. The CCSD(T)/ECP/d hydrogen-
bonded entrance channel is almost the same as that obtained from
CCSD(T)/PP/tand CCSD(T)/PP/d. However, only the C3, pre-reaction
complex was found with CCSD(T)/ECP/d theory, the Cs, transition
state was not found.

As reported previously [12], MP2 predicts both Cz, and
hydrogen-bonded reaction pathways with the ECP/d, ECP/t, PP/d
and PP/t basis sets. The MP2 PESs are overall independent of the
basis set, with the exception that MP2/ECP/t gives a higher bar-
rier for the C3, pathway. The PESs from MP2/ECP/d and MP2/PP/d
have the best agreement with CCSD(T)/PP/t. The relative ener-
gies for all the critical points (energy minima and transition
states) from those two levels of theory are only ~3 k]/mol higher
than the values from CCSD(T)/PP/t. Considering the computa-
tional expense, MP2/ECP/d, with the smallest number of basis
functions, could serve as the electronic structure theory method
for future direct dynamic simulations. The B97-1/ECP/d single
point energies are —76.73 and —82.37 kJ/mol, respectively, for the
C3y stationary points F~-..CHsl and [F--CH3-I]~ optimized with
CCSD(T)/PP/t.

The F~ + CH3l — FCH3 +1~ reaction is highly exothermic due to
the strong binding between the fluorine and carbon atoms in the
product molecule, CH3F. Using the latest thermal chemistry data
[29-31], the heat of reaction for F~+CH3l— FCH3 +I~ at OK is
—189.74 4+ 0.31 kJ/mol. The respective zero point energies for CHsl
and CH3F from CCSD(T)/ECP/d after anharmonic corrections [32]
are 95.29 and 102.23 kJ/mol. The corresponding experimental val-
ues are 95.72 and 103.96 kJ/mol, from work by Duncan et al. [33]
and Law et al. [34]. If the CCSD(T)/ECP/d zero-point energies, with
anharmonic corrections, are used to remove zero-point energy
from the experimental enthalpy of reaction at 0K, the resulting
enthalpy is —196.68 kJ/mol which may be compared with the the-
oretical electronic energies. This comparison is made in Table 1,
where it is seen that CCSD(T) substantially underestimates the
reaction exothermicity by about 20kJ/mol. The MP2 calculations
predict a similar result as CCSD(T). It is possible that the difference
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Table 1
CCSD(T) and MP2 stationary point energies for the F~ + CH3I Sy2 reaction.?

Basis Stationary point
set
F~-..HCH,I F~...CHsl [F--HCH,-1]- [F--CHs3--1]~ FCH3---I- CHsF+1-
MP2P
ECP/d -79.1 —68.2 —66.1 —65.3 —208.8 -172.4
ECP/t -79.9 —65.7 —64.9 -56.5 -210.5 -175.3
PP/d -79.5 —69.0 -67.4 —66.5 -211.7 -1749
PP/t -82.0 —69.0 —67.4 —63.6 —208.8 -171.1
CCSD(T)

ECP/d -82.2 -72.8 -69.8 - -214.0 -176.7
PP/d -82.6 ~74.2 -71.0 -74.2 -217.7 —-180.5
PP/t -81.4 -71.5 -69.4 —69.6 -214.2 -177.3
expt.d -196.7

2 Energies are in kJ/mol with respect to the F~ + CHsI reactants, and are at 0 K without zero point energies.

b Energies for the MP2 calculations are obtained from Supporting Information in ref. [12]. The energies are electronic energies without ZPE.
c

d

A Csy [F---CH3- - I]- TS was not found with the CCSD(T)/ECP/d calculations.

Experimental enthalpy of reaction at 0K corrected to remove zero-point energy, see text.

between the CCSD(T) and experimental heats of reaction may rise
from the incompleteness of the representation of the one particle
basis and that of the n-particle correlation treatment in the calcu-
lations. As shown in Fig. 1, B97-1/ECP/d gives a heat of formation
of 195.4kJ/mol and in excellent agreement with experiment.

The experimental FCH3 and I~ binding energy was used to
compare with the electronic structure calculations. It has been pre-
viously reported that complexation energies of X~---CH3Y (X, Y=F,

Cl, Br and I) complexes depend primarily on the identity of X~ and
to a much smaller extent on the identity of Y in the CH3Y molecule
[35]. Therefore the complexation energy of FCH3 and I~ should be
similar to, but possibly somewhat smaller than, that for ICH3 and I~
[36]. The experimental binding energy (at 0K) for ICH3 and I~ was
reported to be ~35k]J/mol [12,35,36], which is only 2.3, 2.2 and
1.9 kJ/mol less than the FCH3 and I~ binding energy found from the
CCSD(T) calculations with ECP/d, PP/d and PP/t, respectively.

Table 2
MP2 and CCSD(T) stationary point geometries for the F~ + CHsI Sy2 reaction?.
Basis set R(C-F) R(C-I) R(C-H) R(F-H) A(H-C-H) A(I-C-H)
F~ +CHjsl
ECP/d - 2.143 (2.160)° 1.094 (1.098) - 111.1(111.2) 108.0 (107.7)
ECP/t - 2.112 1.079 - 1109 108.3
PP/d - 2.149 (2.166) 1.095 (1.099) - 111.1(111.3) 107.7 (107.6)
PP/t - 2.117 (2.134) 1.080 (1.085) - 111.0(111.2) 107.9(107.7)
Exp.© - 2.132 1.084 - 107.7
F~-..CHsl
ECP/d 2.433 (2.339) 2.228(2.296) 1.088 (1.089) 2.377 (2.333) 112.8(114.5) 105.9(103.8)
ECP/t 2.489 2.167 1.074 2.394 1113 107.6
PP/d 2.424(2.237) 2.234(2.355) 1.088 (1.088) 2.372(2.279) 112.9(116.1) 105.8 (101.5)
PP/t 2.419 (2.383) 2.185(2.227) 1.074 (1.708) 2.353(2.339) 112.4(113.2) 106.4 (105.3)
[F--CHs3--1]~
ECP/d 2.153 (-) 2.375(-) 1.083 (-) 2.245 117.3 99.5(-)
ECP/t 2.064 2.381 1.067 2.188 118.2 98
PP/d 2.150 (2.230) 2.377(2.351) 1.083 (1.088) 2.242 (2.291) 117.3(116.6) 99.4(100.8)
PP/t 2.068 (2.143) 2.371(2.366) 1.068 (1.074) 2.189 (2.232) 118.1(117.3) 98.1(99.5)
FCHj3- -1~
ECP/d 1.433(1.435) 3.585(3.573) 1.094 (1.098) 2.061 (2.066) 110.4(110.4) 71.5(70.8)
ECP/t 1.406 3.598 1.08 2.033 109.9 70.9
PP/d 1.433 (1.437) 3.577 (3.571) 1.094 (1.099) 2.061 (2.068) 110.4(110.4) 71.5(71.5)
PP/t 1.410(1.414) 3.522(3.549) 1.082 (1.087) 2.036 (2.044) 110.0(110.0) 71.1(70.8)
FCH3 +1-
ECP/d 1.407 (1.409) - 1.097 (1.102) 2.039 (2.056) 110.6 (111.4) -
ECP/t 1.382 - 1.083 2.013 110.1 -
PP/d 1.407 (1.410) - 1.097 (1.103) 2.039 (2.045) 110.6 (110.6) -
PP/t 1.385(1.389) - 1.085 (1.090) 2.014 (2.022) 110.2 (110.2) -
Exp.© 1.382 - 1.095 -
Basis set R(C-F) R(C-I) R(F-H1) R(C-H1) A(F-C-T) A(H2-C-H1)
F~-.-HCH>I
ECP/d 2.712 (2.709) 2.169 (2.193) 1.574 (1.571) 1.147 (1.147) 115.4(115.3) 113.2(113.6)
ECP/t 2.68 2.13 1.55 1.136 114.8 1125
PP/d 2.711(2.708) 2.174(2.199) 1.574 (1.571) 1.146 (1.148) 115.7 (115.8) 113.3(113.8)
PP/t 2.691 (2.692) 2.135 (2.159) 1.566 (1.565) 1.133(1.138) 115.3(115.9) 112.8 (113.2)
[F--HCH;-1]-
ECP/d 2.574(2.551) 2.195 (2.225) 2.094 (2.004) 1.092 (1.095) 160.4 (158.9) 111.0(111.6)
ECP/t 2.556 2.153 2.09 1.076 163.6 110.2
PP/d 2.568 (2.557) 2.201(2.228) 2.045 (1.998) 1.092 (1.096) 160.4 (158.4) 111.1(111.5)
PP/t 2.538(2.538) 2.161(2.184) 2.046 (2.015) 1.078 (1.083) 161.7 (160.1) 110.7 (111.1)
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Summary

In the work presented here, properties of stationary points on
the entrance channel PES for the F~ + CH31 — FCH3 + 1~ Sy2 reaction
were investigated by CCSD(T) theory with different basis sets and
effective core potentials. The CCSD(T) PES is found to be in very good
agreement with the PES obtained previously from MP2 calculations
[12], which contains both the traditional C3, and hydrogen-bonded
reaction paths. The experimental enthalpy of reaction at 0K cor-
rected to remove zero-point energy is —196.68 kJ/mol and about
20kJ/mol lower than the result from the CCSD(T)/PP/t calculation.
This difference between experiment and calculation is substantial.
In contrast, the calculated FCH3 and I~ binding energy is in much
better agreement with experiment. The FCH3---I= and ICHs---I~
complexation energies are expected to be quite similar [35]. The
CCSD(T)/PP/t value for the former is 36.9 k]/mol and in good agree-
ment with the experimental value for the latter of ~35 kJ/mol [36].
The MP2 binding energy is nearly the same as that for CCSD(T).

Itis possible that a more accurate CCSD(T) heat of reaction would
be obtained if larger basis sets were used and the enthalpy extrapo-
lated to the complete basis set (CBS) limit [37]. In addition different
pseudopotentials for the I-atom could be considered.

An important feature of F~+CH3l — FCH3 +1~ reaction is the
relatively flat entrance channel PES. For the highest level of the-
ory reported here, CCSD(T)/PP/t, the energies for the F~-..-HCH;I
and F~-..CH3l complexes, relative to the reactants, are —81.4 and
—71.5KkJ/mol, respectively. The former connects to a hydrogen-
bonded TS via a barrier of 12.0kJ/mol, while the latter connects
to a C3y TS via a barrier of only 1.9 kJ/mol. Moving from these TSs
to the C3y post-reaction complex FCHs---I~, the system releases
~145Kk]J/mol of energy. Hence, reaction entrance channel is much
flatter, which may have important implications for the reaction
dynamics. MP2 theory with the ECP/d and PP/d basis sets repro-
duces the CCSD(T) region of PES very well. The MP2 PES is only
shifted up from the CCSD(T) PES by ~3 k]/mol, with both hydrogen-
bonded and Cs, barriers remaining the same.

In previous work [38], direct dynamics simulations were per-
formed for the F~+CHsl— FCH3+I~ SN2 reaction at collision
energies of 0.32 and 1.53 eV, using DFT/B97-1/ECP/d to represent
the PES. At 0.32eV the scattering angle distribution and the dis-
tribution of internal energy in reaction product CHsF, determined
from the simulations, are in good agreement with the experimental
distributions. The only difference is in the scattering angle distri-
bution and, compared to the experiments, there is slightly more
forward scattering and less backward scattering in the simulations.
At 1.53eV the difference between experiment and simulation is
more substantial. The simulation gives an average product internal
energy in agreement with experiment, but the simulation distribu-
tion is narrower than that found experimentally. The simulation
gives substantially more forward scattering and less backward
scattering compared to the experimental results. Overall, better
agreement is found between experiment and simulation at the
lower collision energy.

The result of the current work is that the stationary points on
the MP2 PES agree with those for the high-level CCSD(T) PES, while
the B97-1/ECP/d PES disagrees with the CCSD(T) PES. It might be
expected that this difference would manifest itself at low colli-
sion energies. However, at a 0.32 eV collision energy the dynamics
given by the B97-1/ECP/d PES are in overall good agreement with
experiment. It is at the higher collision energy of 1.53 eV where the
difference in the B97-1/ECP/d and experimental dynamics become
more significant. Apparently there are high energy regions of the
B97-1/ECP/d PES which are inaccurate, giving rise to inaccurate
reaction dynamics at high collision energies. The previous study
[12] indicated that the OPBE, OLYP, HCTH407, and BhandH func-
tionals give a F~ + CH3l — FCH3 +1~ PES similar to that obtained

with B97-1.In future work it will be important to determine if there
are DFT functionals which give a PES for this reaction in agree-
ment with that found with CCSD(T). Functionals which could be
considered include B3LYP [39], BPW91 [40,41], and M06-2x [42].
It is of interest to study the F~+CH3l— FCH3 +1~ SN2 reac-
tion dynamics with a MP2 PES and such direct dynamics are in
progress. Finally in assessing differences between the B97-1/ECP/d
and experimental reaction, classical trajectory direct dynamics are
expected to be accurate at the high collision energy of 1.53eV [10].
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