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ABSTRACT

We employed a multi-level quantum mechanics and molecular mechanics approach
to study the NH,CI + OH in aqueous solution. The multi-level quantum method
(including DFT method with both the B3LYP and M06-2X exchange-correlation
functionals and CCSD(T) method, and both methods with the aug-cc-pVDZ basis set)
was used to treat the quantum reaction region in different stages of the calculation in
order to get an accurate potential of mean force. The obtained free energy activation
barriers at DFT/MM level of theory yielded a big difference at 21.8 kcal/mol with the
B3LYP functional and 27.4 kcal/mol with the MO06-2X functional respectively.
Nonetheless, the barrier heights become very close when shifted from DFT to
CCSD(T): 22.4 kcal/mol and 22.9 kcal/mol under CCSD(T)(B3LYP)/MM and
CCSD(T)(M06-2X)/MM levels of theory, respectively. The free reaction energy
obtained with CCSD(T)(M06-2X)/MM shows excellent agreement with the one
calculated using available gas-phase data. Aqueous solution plays a significant role in
shaping the reaction profile. In total, the water solution contributes 13.3 kcal/mol and
14.6 kcal/mol to the free energy barrier heights under CCSD(T)(B3LYP)/MM and
CCSD(T)(M06-2X)/MM respectively. The title reaction at nitrogen is a faster reaction

than the corresponding reaction at carbon, CH3Cl + OH .
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[ . INTRODUCTION

Bimolecular nucleophilic substitution (Snx2) reactions hold an essential role in

organic chemistry'™. The Sy2 reaction at carbon (C) is probably the most intensively

1 12-16

studied both theoretically*!' and experimentally'*"'®, especially those reactions
involving halogenated hydrocarbons since they are the major pollutants to
surface/ground water and environment'’. Comparatively, the Sx2 reactions at nitrogen
(N) are rather less investigated. Therefore, it is necessary to study and understand the
Sn2 reactions at nitrogen both in gas phase and solution phase.

Chloramines have been widely used as chemical disinfectants with
monochloramine (NH,Cl) being the most effective one. Presently many water
treatment facilities use monochloramine to disinfect drinking water because NH,Cl
lasts longer in water pipes and produces fewer disinfection by-productslg. In gas
phase, Biihl and Schaefer'® studied the transition state geometries and intrinsic
barriers of SN2 reactions at nitrogen at the ab initio DZP+/SCF level of theory, and
found that the intrinsic barriers involving nitrogen are larger than those involving

carbon. Xing et al.?’

investigated the correlation between energy and electron density
representations  of  reactivity of Sy2  reactions at  nitrogen  with
DFT/MPW1K/6-311++G(d,p) level of theory, which gives a barrier height of 15.4

1.2' studied the reaction

kcal/mol for the title reaction NH,Cl + OH . Yu et a
mechanism of OH with NH,Cl using ab initio molecular dynamics simulations and

concluded that the typical back-side attack Sn2 reaction mechanism is the dominant

reaction pathway in gas phase; they also calculated the barrier heights with
3
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all-electron CCSD(T)/6-311++G(3df,2p) level of theory at 10.4 kcal/mol and with
MP2(full)/6-31+G(d) at 11.4 kcal/mol respectively. In addition, an ab initio molecular
orbital study at G2(+) level of theory by Glukhovtsev et al.?* predicted that the barrier
heights of the Sn2 reactions with X + NH,X (X=F, Cl, Br, I) are lower than the
corresponding reactions with CH3;X. Experimentally, Gas-phase reactions of NH,Cl
with a series of nucleophiles including OH have been investigated using the selected
ion flow tube technique by Bierbaum’s group23. This experiment confirmed
Gluknovtsev’s ab initio study®* that the Sx2 reaction at nitrogen is more facile than
the corresponding reaction at carbon.

In solution phase, so far as we know, there have been experimental investigations
of NH,Cl with OH in alkaline solution’** and NH,Cl1 with OH radical in aqueous
solution®®; however, there have been no theoretical and experimental reports on the
title reaction in aqueous solution. So here we apply the combined quantum
mechanical and molecular mechanics (QM/MM) methodology”’** to study the NH,Cl
+ OH in aqueous solution, and to determine its accurate potential of mean force
(PMF) at CCSD(T)/MM level of theory, solution effects on the PMF and to compare
it with the corresponding Sn2 reaction at carbon.

In this study, we assume that only the solute atoms (NH,CI + OH ) are involved in
the bond breaking and bond forming process, therefore the solute part was treated
using quantum mechanism method and the water solution was treated using the
molecular mechanism method with an explicit water model”~°. Nonetheless, even

under the QM/MM scheme, due to the huge computational cost on the system in
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solution, one normally uses the ab initio Hartree-Fock (HF)*' or DFT method**** to
treat the QM region. However, the benchmark work by Zhao and Truhlar**?® in gas
phase shows that the DFT method usually underestimates the reaction barrier height
when compared with the experiment result. So in order to get a more accurate
description of the reaction pathway beyond the HF and DFT methods, we want to
determine the reaction barrier height on the 'golden-standard' CCSD(T)*"*** method.
However, direct CCSD(T) computational cost is too huge to be realistic for the whole
dynamical calculation process; consequently, we use multi-levels of QM theory, ESP
(effective electrostatic potential), DFT and CCSD(T), to treat the QM region during
the different stages of our QM/MM calculation to eventually obtain the PMF on the
accurate CCSD(T) method. Hence a multi-level QM/MM (ML-QM/MM)
approach29’30’39 is applied to study the NH,Cl + OH in aqueous solution. Such
ML-QM/MM approach under the CCSD(T)/MM level has been proven to achieve

4041 than the

more accurate reaction barrier heights for reactions in solution phase
usual DFT treatment to the QM part.

For the reasons discussed above, in this study, the ML-QM/MM approach was
employed to study the NH,Cl + OH reaction mechanism in water: The first purpose
of our study is to investigate this reaction mechanism in water and to calculate the
accurate PMF for the title reaction at CCSD(T)/MM level of theory; the second

purpose is to determine the solution effects to the reaction; the third purpose of our

study is to compare our calculated reaction profile in water with the estimated one
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using available gas-phase data; finally, we can compare our calculated rate constant
with the SN2 reaction at carbon in aqueous to determine their reactivities in solution.
II. METHODOLODY
2.1. Multi-level QM/MM approach

As stated above, the whole reaction system was divided into two parts: the QM
region which includes the solute NH,Cl + OH and the MM region which includes
the aqueous solution. The MM water molecules were treated using an explicit SPC/E
water model*”. Thus the total energy of the whole reaction system can be written as:

E i =Eopn(r:W )+ Egy s (R Y )+ Eyy (R) (1)

Where r, R,and y represent the coordinates of the QM region, coordinates of the

MM region and the ground state electronic wavefunction of the QM region

respectively. E,, (r;y) is the energy of the QM region which has the gas phase
expression and E,,,(R) is the molecular mechanical energy of the MM part. The
Ey v (7, Ry ) represents the interactions between the QM part and the MM part :

E oM/ MM = E ecrostatic T Evaw B puctear—mcicar (2)
The first term describes the electrostatic interactions, the second term is the van der
Waals interactions and the third term is the nuclear solute-solvent interactions. The
electrostatic interaction contribution can be simplified by introducing an effective

classical representation for the solute-solvent interactions,

elcctronstatzc = ZJ. | [p(r z| | - EESP(r R Q) (3)

Where p represents the solute electron density, Z, is the solvent classical charge.

Here the QM electronic density is represented by effective electrostatic potential (ESP)

6
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charges (Q,), which is fitted from the ab initio calculation of the electrostatic
potential surface of the QM region. The ESP representation forms the base-level
theory for the QM region.

As mentioned above, we use the ML-QM/MM approach during different steps of
calculation. First of all, we obtain the free energy difference between two adjacent
points A and B along the PMF reaction pathway under the DFT/MM level of theory:

AW ST = (AW TR AW ) AW )
The term in brackets denotes free energy difference for changing the description from
ESP to DFT level of theory at fixed solution A and B configurations. AW " gives the
MM contribution to the PMF at the ESP/MM level from fixed A to B solute
configurations. Secondly, based on the free energy of DFT/MM level of theory, the
expected free energy difference at CCSD(T)/MM level can be calculated as
AW S = (AW ST+ AW ) AW (7 (5)
Here CCSD(T)/MM PMF is the sum of PMF on DFT/MM level of theory and the free
energy difference of shifting the free energy from DFT to CCSD(T) levels of theory.

In this study of the NH,Cl + OH in water solution, for the DFT method, we use
both the M06-2X and B3LYP exchange-correlation functionals to determine the PMF,
and to see how DFT results behave under these two functionals. Then we shift
calculations from the DFT/M06-2X and DFT/B3LYP levels of theory to the CCSD(T)
level of theory to compare the corresponding results. The aug-cc-pVDZ basis set is
used for both the DFT and CCSD(T) methods.

2.2. Numerical simulation details



Physical Chemistry Chemical Physics

The reaction solute of NH,Cl...OH was solvated into a 34.4 A cubic box including
1353 water molecules. These water molecules were treated as the MM region with an
explicit SPC/E water model. A cutoff radius of 15 A was used around the QM region
to separate the interactions: within the cutoff radius, NH,Cl...OH interacts with the
water atoms via bonded interactions, electrostatic interactions and Van der Waals
interactions. The QM region electrons move in the potential generated by the nuclei in
the QM system with charges Q,, the charges of the MM atoms Z, and the effective
core potential of the boundary atoms. Outside the cutoff radius, the QM region only
have Coulombic interactions between the MM charges and the QM ESP charges. The
QM region was first treated using the DFT method with B3LYP and M06-2X
functionals combined with the aug-cc-pvDZ basis set. The van der Waals parameters
for QM region were taken from standard Amber force field”. The NWChem
computational chemistry package* was used to determine the PMF in solution.

The first step of our calculations was to prepare an initial reactant complex. We
took the NH,Cl...OH  reactant complex from the gas phase reaction'’ and embedded
it into the water box described above, then the whole system was optimized with a
multi-region optimization. After the above step, we equilibrated the solvent water
with 40ps molecular dynamics simulation with a time step of 0.001ps. During the
equilibration, the fixed QM region was represented by the ESP charges calculated in
the prior optimization step. Following the equilibration calculation, the whole system
was optimized to generate the initial reactant complex of the title reaction in water

solution.
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The second step of our calculations was to find a product complex. Based on the
obtained initial reactant complex in solution, a N-Cl bond breaking and N-O bond
forming process was carried out to search and get the product state. Then the
multi-region optimization and equilibration procedures, the same as for the reactant
complex, were applied to get the initial product complex.

The third step of our calculation is to determine the transition state. Using the
optimized initial reactant state and product state, the climbing image nudged elastic
band (NEB) method*’, which is a modified version of the regular NEB, was applied to
get the an initial reaction pathway. The reaction pathway was mapped out using ten
images from the reactant to product state. The structure of the top image on the
reaction pathway was isolated for a transition-state search. The obtained transition
state was confirmed by a frequency calculation in water solution with one imaginary
frequency.

The fourth step of our calculation is to obtain the final reactant and product
complexes. The vibrational normal mode of the imaginary frequency was displaced
toward the reactant and product sides respectively, and the multi-region optimization
was performed on the displacements again to obtain the final reactant and product
complexes.

The fifth step of our calculation is to get a converged reaction pathway. The final
reaction pathway was mapped using the final reactant and product with 10 images,

then the molecular dynamics simulation was performed for each image along the



Physical Chemistry Chemical Physics

reaction pathway for 40ps with a time step of 0.001ps. This step was repeated until
the final NEB reaction pathway was converged.

Finally, the PMF was calculated from the converged 10 images along the reaction
pathway. The PMF of the DFT/MM level was calculated first based on Eq. 4; then
using the Hartree-Fock reference orbitals obtained under the DFT calculation, the
CCSD(T) correlation energy under the CC level was calculated; finally, the sum of the
Hartree-Fock and CC correlation energies gave the CCSD(T)/MM energy based on
Eq. 5.

III. RESULTS AND DISCUSSIONS
3.1. Stationary points on the reaction pathway

The optimized reactant structures in water solution under both the DFT/B3LYP and
DFT/M06-2X approaches are shown in Figure 1(A). The two structures obtained
using different exchange-correlation functionals only have very small differences
between them. Similar to the reactant complex in gas phase'’, the O atom in the
nucleophile forms a hydrogen bond with one of the hydrogens in the substrate; the
hydrogen bond obtained using M06-2X functional is a little longer than the one using
B3LYP by 0.02 A. Nonetheless, the hydrogen bond in solution, about 1.70 A, is much
longer than that of 1.5 A in gas phase. This is understandable because charge
screening on the OH by the surrounding water molecules reduces the interaction
between the substrate and the nucleophile, which leads to the bond elongation.

The transition state structures in water are shown in Figure 1(B). They are verified
by having a single imaginary frequency of 2851 cm™ with B3LYP and 299i cm™ with

10
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MO06-2X. The transition state structures show that the hydroxide ion rotates away
from facing the H atom in the reactant to face, and to approach the N center. In the
mean time, the chlorine atom is leaving N atom. Therefore, this is a concerted, bond
forming and bond breaking process, which shows a typical SN2 back-side attack
reaction mechanism. With the M06-2X functional, the N-C1 bond length is 2.01 A and
N-O bond length 2.22 A. The N-O bonds in solution under both functionals, 2.28 A
and 2.22 A is longer than that in gas phase, 2.16 A. Small difference exists for the
transition state structures between the B3LYP and M06-2X functionals.

Figure 1(C) shows the product geometries with the leaving group Cl atom detached
from the center N atom. The CI atom totally detached from the N center does not
appear in solution here. The reason is that the caging effect of the water solution
hinders the total separation of the leaving group and the substrate. The distances
between the substrate and the leaving group in water are 2.91 A and 2.86 A with
B3LYP and M06-2X functionals respectively.

3.2. Potential of mean force

The PMFs along the NEB reaction pathway under DFT and CCSD(T) levels of
theory as well as the solvation free energy contribution described by AW term
(see Equation 4) with B3LYP and M06-2X functionals are shown in Fig. 2. The
reactant free energy is used as reference energy point and only relative free energy is
computed along the reaction pathway. The barrier heights exhibit a big difference
under the DFT/MM with B3LYP and M06-2X functionals. The one calculated with
DFT(B3LYP)/MM level has a barrier height at 21.8 kcal/mol, the other with

11
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DFT(M06-2X)/MM level 27.4 kcal/mol. Nonetheless, the barrier heights under the
CCSD(T)/MM level of theory (using Eq. 5) obtained based on the above two
DFT/MM calculations are very close: the one based on the DFT(B3LYP)/MM level of
theory is 22.4 kcal/mol, and the one based on DFT(M06-2X)/MM level 22.9 kcal/mol.

Our previous studies of the Sx2 reactions**!

at carbon show that barrier heights under
CCSD(T)/MM level of theory show very good agreements with the experimental
values while the ones under DFT(B3LYP)/MM level of theories underestimate the
experimental barrier-height. Therefore, the barrier heights obtained under the
CCSD(T)(B3LYP)/MM, 22.4 kcal/mol, and CCSD(T)(M06-2X)/MM, 22.9 kcal/mol
should be close to its true barrier height. Thus, here we take the average value on the
above two CCSD(T)/MM results, 22.7 kcal/mol, as our predicted barrier height for
this reaction in water solution.

The above results indicates, compared to the CCSD(T)/MM average value 22.7
kcal/mol, that the DFT/B3LYP approach (21.8 kcal/mol) underestimates the reaction
barrier height and the DFT/M06-2X (27.4 kcal/mol) overestimates the reaction barrier
height. This is similar to the situation in gas phase wherein the DFT/B3LYP method
usually underestimates the reaction barrier height34 and the DFT/M06-2X method
overestimate the reaction barrier height*. Based on our previous results of Sx2
reactions’”*! at carbon with the CCSD(T)/MM level of theory and the current
CCSD(T)/MM barrier heights, we can say that one needs to employ the
'golden-standard' CCSD(T) level of theory to predict reliable and accurate reaction

barrier heights for reactions in solution phase.

12
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According to the ab initio molecular dynamics investigation on OH with NH,Cl by
Yu’s group21, the gas phase barrier height by MP2 is 11.4 kcal/mol and 10.4 kcal/mol
by CCSD(T). We see that the energy barrier in water, 22.7 kcal/mol, is much higher
than those in gas phase. This means that the water environment has a very significant
contribution to activation barrier, which hinders the reactivity compared to the same
reaction in gas phase. This significant contribution from the aqueous solution to the
barrier is because the transition state is less stabilized than the reactant by solvation.
Relative to the reactant, the transition state is bulkier than the reactant. As a result, the
reactant is more strongly solvated than the transition state from gas phase to solution,
leading to the higher barrier in solution.

The contributions of aqueous solution to the PMF are reflected from two aspects:
solvation contribution and polarization effect. The solvation contribution has been
plotted in Figure 2 under both the CCSD(T)(B3LYP))MM and
CCSD(T)(M06-2X)/MM levels of theory. The contribution to barrier height is 10.3
kcal/mol with B3LYP and 13.5 kcal/mol with M06-2X. The polarization effect is
caused by solution’s perturbation to the solute electronic structure. By comparing the
internal energy which excluded the solvation contribution from water and the gas
phase energy which is obtained by excluding the interaction between the QM part and
MM part, we obtained the polarization effects under the two CCSD(T) levels in
Figure 3. It shows that the polarization effect raised 8.6 kcal/mol for the reactant state,
11.6 kcal/mol for the transition state and 5.3 kcal/mol for the product state under the
CCSD(T)(B3LYP)/MM level of theory; while they are 7.3 kcal/mol, 8.3 kcal/mol and

13
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4.1 kcal/mol respectively under the CCSD(T)(M06-2X)/MM level of theory.
Consequently, the polarization effect under CCSD(T)(B3LYP)/MM level of theory
raised the net barrier height by 3.0 kcal/mol, while 1.0 kcal/mol to the barrier height
under the CCSD(T)(M06-2X)/MM level of theory. Therefore, for the total solution
contribution to reaction barrier height, the solvation effect plays a major role in
reducing the reactivity for this reaction in solution, which contributes about 46% and
59% to the reaction barrier height respectively under the CCSD(T)(B3LYP)/MM and
CCSD(T)(M06-2X)/MM levels of theory. In total, the water solution contributes 13.3
kcal/mol to the reaction barrier height under the CCSD(T)(B3LYP)/MM level of
theory, which is close to the contribution under the CCSD(T)(M06-2X)/MM level,
14.6 kcal/mol.
3.3. Comparison of reaction profiles

In Figure 4, we compared our calculated reaction profiles in solution under both
CCSD(T)(B3LYP)/MM and the CCSD(T)(M06-2X)/MM levels of theory with the
estimated reaction profile. The estimated reaction profile was obtained by using the
data from the gas-phase CCSD(T) level profile’’ and the solvation energies of the
reactants and products from different theoretical studies: NH,Cl (-5.3 kcal/mol)47,
OH (-106.4 kcal/mol)*, NH,OH (-14.48 kcal/mol)* and CI” (-73.89 kcal/mol)*
respectively. The above data produces a free reaction energy in aqueous solution with
-21.4 kcal/mol which has an excellent agreement with the one -21.7 kcal/mol from
our CCSD(T)(M06-2X)/MM calculation, and also agree with the one -26.0 kcal/mol
from the CCSD(T)(B3LYP)/MM calculation. From this comparison, it shows that,

14
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overall, the CCSD(T)(M06-2X)/MM gives a better reaction pathway profile than the
CCSD(T)(B3LYP)/MM does.
3.4. Comparison of Sx2 reaction at nitrogen and at carbon

1.7 found that

In gas phase studies, the experimental measurement by Bierbaum et a
the rate of NH,Cl with OH™ is about 3.33 x 10" cm’mole™'s™, while the corresponding
Sx2 reaction rate of CH;Cl with OH by DePuy et. al’' is about 2.0 x 107
cm’mole™’s™, which means that the Sx2 reaction at nitrogen has a faster reactivity than
that at carbon in gas phase. So for the current reaction at nitrogen in aqueous solution,
we also want to compare its reactivity with the corresponding reaction at carbon in
aqueous solution.

52,53

We used the thermodynamics equation™”” of the transition state theory to calculate

the reaction rates in solution,

AW;
k=4 - 6
exp( RT (6)

where A is defined as (k,7/h)-(RT/P), and k,, h, R, P and AW, denote
the Boltzmann constant, Plank constant, gas phase constant, standard state pressure
and activation free energy, respectively. Our calculation found that the barrier height
for the current reaction at nitrogen is predicted at 22.7 kcal/mol, so based on the
above equation, a rate constant of 5.67x10%* cm’molecules™ at 298K is obtained.
The experimental barrier height'® for the CH3Cl + OH ™ in water, 24.3 kcal/mol, is
about 1.6 kcal/mol larger than that of the above reaction at nitrogen; the measured rate
is 1.01X10™ cm’molecule™s”, which is about two orders of magnitude larger than

the rate of the above reaction at nitrogen. Therefore, in aqueous solution, the Sn2
15
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reaction at nitrogen still is a faster reaction than the corresponding Sx2 reaction at
carbon.
IV. CONCLUSION

Using the ML-QM/MM methodology, the Sy2 reaction of NH,Cl + OH  in water
solution was studied. We identified the geometries of reactant, product and transition
states, obtained reaction free energy profiles, and determined the contribution from
the solution effects to the potential of mean force. The two activation barriers were
much different under the DFT/MM level of theory, 21.8 kcal/mol with the B3LYP and
27.4 kcal/mol with the MO06-2X exchange-correlation functionals, respectively.
However, when shifted from the DFT level of theory with the two functionals to the
CCSD(T) level of theory, the CCSD(T)(B3LYP)/MM and CCST(T)(M06-2X)/MM
produced very close results with the barrier heights at 22.4 kcal/mol and 22.9
kcal/mol respectively. Comparing the CCSD(T)/MM reaction profile with the
estimated profile obtained using gas phase data, we found that, the free reaction
energy from our CCSD(T)(M06-2X)/MM calculation has an excellent agreement with
the one obtained using available gas-phase data.

The water solution significantly reshapes the reaction profile: it contributes ~13.3
kcal/mol to the reaction barrier height under the CCSD(T)(B3LYP)/MM level of
theory, and 14.6 kcal/mol under the CCSD(T)(M06-2X)/MM level of theory.
Among the two solution effects, solvation effect and polarization effect, the solvation

effect plays a major role in reducing the reactivity for this reaction in solution.

16
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Our predicted reaction barrier is 22.7 kcal/mol for this N center SN2 reaction in
aqueous solution. The calculated rate constant is 5.67% 10?* cm’molecule™s™ at 298K,
which is about two orders of magnitude larger than that of the corresponding reaction
at carbon in aqueous solution. Therefore, for these two Sy2 reactions in solution, the
Sx2 reaction at nitrogen has a bigger reactivity than the Sy2 reaction at carbon.
ACKNOWLEDGMENTS

D.Y. Wang thanks the National Natural Science Foundation of China (Grant No.
11074150) and Taishan Scholarship fund for supporting this work. The computation

work was carried out at the Shenzhen Supercomputer Center of China.

17



Physical Chemistry Chemical Physics Page 18 of 30

(A) Reactant Complex '~ — —

//

(B3LYP) — (M06-2X)
(C) Product Complex \ 7

\ (B3LYP) (M06-2X)

Figure 1. Structures of the reactant complex (A), transition state (B), and product
complex (C) for the reaction, NH,Cl + OH — NH,OH + CI in aqueous solution
with both the DFT(B3LYP)/MM and DFT(M06-2X)/MM levels of theory. The units

of the data in figure are angstroms.
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Figure 4. Ccomparison between the estimated reaction profile in solution (the green
line) and our calculated reaction profiles under the CCSD(T)(B3LPY)/MM level of

theory(red line) and CCSD(T)(M06-2X)/MM(blue line) level of theory.
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