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ABSTRACT:	Calculating the free energy barriers of liquid-phase chemical reactions with explicit solvent is a consid-
erable challenge. Most methods use the energy and entropy (EE) of minimized single-point geometries of the re-
actants and transition state in implicit solvent using normal mode analysis (NMA). Explicit-solvent methods instead 
make use of the potential of mean force (PMF). Here we propose a new EE method to calculate the Gibbs free 
energy of reactants and transition states in explicit solvent by combining quantum mechanics/molecular mechanics 
(QM/MM) molecular dynamics simulations with Multiscale Cell Correlation (MCC). We apply it to six nucleophilic 
substitution reactions of the hydroxide transfer to methyl- and ethyl halides in water, where the halides are F, Cl 
and Br. We compare EE-MCC Gibbs free energy barriers using two Hamiltonians, self-consistent charge density 
functional based tight binding (SCC-DFTB) and B3LYP/6-31+G* Density Functional Theory (DFT) with respective 
PMF values, EE-NMA values using B3LYP/6-31+G* and M06/6-31G* DFT in implicit solvent and experimental 
values derived via Transition State Theory. The barriers using SCC-DFTB are found to agree well with PMF and 
experiment and previous computational studies, being slightly higher but improving on the lower values obtained 
for the implicit solvent. Achieving convergence over many degrees of freedom remains a challenge for EE-MCC in 
explicit-solvent QM/MM systems, particularly for the more expensive B3LYP/6-31+G* and M06/6-31G* DFT meth-
ods, but the insightful decomposition of entropy over all degrees of freedom should make EE-MCC a valuable tool 
for deepening the understanding of chemical reactions. 

INTRODUCTION 
Calculating the kinetics of chemical reactions has been 
a major ongoing target of theoretical and computational 
chemistry for many decades.1-3 This is a particular 
challenge in the liquid phase because it involves doing 
quantum mechanics calculations in a system compris-
ing thousands of molecules. A number of different tech-
niques have been developed for determining the kinet-
ics of chemical reactions. The most common approach 
treats the reacting atoms by quantum mechanics, often 
at a high level,4,5 and approximates the solvent implic-
itly as a continuum with a dielectric constant and inter-
facial properties.6,7 Implicit-solvent models include the 
polarizable continuum model (PCM),8 the self-con-
sistant isodensity PCM (SCIPCM),9 the Onsager 
model10 or the universal solvent model (SMD).11 Simi-
lar to the treatment of gas-phase reactions, energies 
and Hessians are evaluated at the minima of the reac-
tants and transition state, corresponding to absolute 

zero temperature, the internal vibrational energy and 
entropy at the temperature of interest are accounted 
for using normal mode analysis (NMA), the transla-
tional and rotational energy and entropy are calculated 
using the ideal-gas values, and rate constants are eval-
uated using Transition State Theory (TST).12,13 Energy 
may be understood via the many energy decomposi-
tion methods proposed14 while entropy is commonly in-
terpreted in terms of normal modes for ideal gas mole-
cules.  

Two main advances have occurred beyond 
this standard implicit-solvent approach. First, explicit 
treatment of the surrounding non-reacting atoms was 
made possible by the Quantum Mechanics / Molecular 
Mechanics (QM/MM) method,15 which treats the small 
reacting region with QM and the rest of the system with 
MM.16 Second, moving away from single-point mini-
mum calculations, extensive sampling of the thermal-
ized ensemble was made possible with simulation 
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methods such as molecular dynamics (MD) or Monte 
Carlo. While energy and enthalpy can be directly cal-
culated from the average system Hamiltonian, existing 
entropy methods such as NMA are not easily applica-
ble to multi-molecular systems, given the huge number 
of minima,17 meaning that the direct calculation of free 
energy from energy and entropy has not been possible 
for explicit-solvent systems. Other free-energy meth-
ods are used instead, such as Umbrella Sampling 
(US),18 which yields the free energy as a function of the 
reaction coordinate, also known as the Potential of 
Mean Force (PMF). Quantitatively accurate free-en-
ergy barriers can be extracted from the PMF. Entropy 
barriers can be obtained using the restraint-release 
method,19 from the temperature dependence of the 
PMF,20-23 or from the free-energy difference using a 
number of different formulations.24 However, these 
methods do not produce absolute entropy over all de-
grees of freedom and provide little direct understand-
ing at the molecular level in the way that the energy-
entropy NMA method does in implicit-solvent. While 
energy typically dominates kinetics in gas-phase reac-
tions, entropy may make a more comparable contribu-
tion in solvent or with catalysts, requiring it to be better 
understood.  

In this work we seek to address this gap in ca-
pability of calculating and understanding the free en-
ergy barrier of a chemical reaction directly from the en-
ergy and entropy in explicit solvent. We compare impli-
cit-solvent QM and explicit-solvent QM/MM methods to 
determine the reaction kinetics for the model reaction 
of second-order nucleophilic substitution of alkyl hal-
ides reacting with hydroxide OH- in water. Nucleophilic 
substitution, having equation X− + RY → RX + Y− 
where X = halide, R = alkyl group and Y = leaving 
group, is an extensively studied reaction,25-30 via a sin-
gle transition state with a concerted ligand switch. Most 
theoretical studies have been in the gas phase,25,26 
others in implicit solvent,27,28 and more recent studies 
in explicit solvent.31,32 We employ four different Hamil-
tonians and three free-energy methods. The four Ham-
iltonians are QM density functional theory (DFT) with 
the B3LYP functional (HIB) and M06 (HIM) in implicit 
water solvent, QM/MM with self-consistent charge den-
sity functional based tight-binding (SCC-DFTB)33,34 in 
explicit solvent (HES) and  QM/MM with B3LYP in ex-
plicit solvent (HEB). The first free-energy method, 
which we designate the Energy Entropy Normal Mode 
Analysis (EE-NMA), uses the standard energy and en-
tropy evaluated using NMA added to the energy mini-
mum of the reactant encounter complex (REC) and 
transition state (TS). The second method uses the bar-
rier of the PMF along a pre-defined reaction coordi-
nate. The third method, newly proposed here and 

termed Energy Entropy Multiscale Cell Correlation 
(EE-MCC) calculates the barrier from the energy and 
entropy of the REC and TS, where the TS is taken as 
the maximum of the PMF. The energies are calculated 
from the average of the simulation Hamiltonian and the 
entropies are calculated using MCC.35,36 Experimental 
rate constants for the methyl halide reactions are con-
verted into free energy barriers using TST as a point of 
comparison. Both PMF methods are found to give the 
best agreement with experiment, the SCC-DFTB being 
slightly better than B3LYP. EE-MCC SCC-DFTB val-
ues are in satisfactory agreement, performing better 
than EE-NMA B3LYP but EE-MCC B3LYP values 
could not be converged. EE-MCC is affected by statis-
tical noise arising from having to calculate free energy 
of all molecules combined with the limited sampling 
possible in a multimolecular QM/MM system, but it pro-
vides substantial detail about the entropic contributions 
of every degree of freedom of the system. 
 
METHODS 
 
Systems of Interest. Six nucleophilic substitution re-
actions in water are considered. Hydroxide displaces 
the halide atom of CH2XY, where X = F, Cl or Br and Y 
= H or CH3. Assuming that the binding of reactants is 
not rate-determining, we consider the reactant encoun-
ter complex (REC) which reacts in a unimolecular pro-
cess via the transition state (TS) to the product alcohol 
and halide ion as shown in Scheme 1:  
 

 
Scheme 1. Reaction mechanism of the nucleophilic 
substitution of the alkyl halide CH2XY where X = F, Cl, 
Br and Y = H, CH3 with hydroxide. 

 
System Hamiltonians: 
 
HIB : QM DFT B3LYP in Implicit Solvent. The REC 
in implicit solvent is illustrated in Figure 1.  

Figure	1.	QM	and	MM	regions	for	the	implicit-water	QM	(left)	
and	explicit-water	QM/MM	simulations	(right).		
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The B3LYP37 DFT method with the 6-31+G* basis set 
was used. The Integral Equation Formalism variant of 
the Polarizable Continuum Model (IEFPCM)7 was used 
to model the solvent water. The solute molecules were 
built with GaussView for the REC. Minima and transi-
tion states were located by full geometry optimizations 
assisted by initial constraint geometry scan calcula-
tions in the Gaussian 09 software package.38 
 
HIM: QM DFT M06 in Implicit Solvent. This is the 
same as HIB except that the M0639,40 DFT method with 
the 6-31+G* basis set was used.  
 
HES: QM/MM SCC-DFTB in Explicit Solvent.  
The alkyl halide and hydroxide comprise the QM region 
where the chemical reaction takes place and the water 
solvent comprises the MM region, as illustrated in Fig-
ure 1. The QM region was modeled with the Self-Con-
sistent Charge Density Functional based Tight-Binding 
(SCC-DFTB)33 method implemented in AMBER 16.41 
SCC-DFTB is less expensive than other methods such 
as B3LYP and has good accuracy for structure and rel-
ative energy.42 The AMBER formulation contained the 
necessary parameters for organic molecules43 and the 
halogen-related parameters44 were taken from the 
DFTB website.45 The MM region comprises explicit sol-
vent TIP3P water molecules.9 The reactants interact 
with the MM region using the fixed van der Waals pa-
rameters from the Generalized AMBER Force Field 
(GAFF)46 generated by Antechamber47 and variable 
configuration-specific RESP (Restrained Electrostatic 
Potential) charges for the electrostatic interaction using 
the AM1-BCC method. The reactant solute molecules 
were solvated with 1500 water molecules in a cubic 40 
Å box using the xleap module of AMBER.41  

Minimization of the REC of each system was 
done with 500 steps of steepest-descent minimization, 
followed by a 100 ps NVT (constant number, volume 
temperature) MD simulation and a 100 ps NPT simula-
tion (constant pressure) with a 1 ps time constant. The 
resulting structure was used as the starting structure in 
each window in the US simulations, to be discussed in 
the Free Energy Methods section, enabling the simu-
lations of each window to be run in parallel. For each 
window, there were 2000 steps of minimization, 100 ps 
of NPT MD equilibration, and 1 ns of MD data collection 
for the PMF calculations. Taking the TS at the maxi-
mum in this PMF, the REC and TS windows were each 
run for 10 ns to provide better sampling for the EE 
method. Forces and coordinates were saved every 1 
ps. The simulations were performed at 1 bar pressure 
using the Berendsen barostat48 and 298.15 K temper-
ature using the Langevin thermostat. Periodic bound-
ary conditions were used together with a non-bonded 

cut-off of 8 Å, particle-mesh Ewald with default AMBER 
parameters, and a time step of 1 fs.  
 
HEB: QM/MM B3LYP DFT in Explicit Solvent. The 
same QM method was used as in HIB, namely DFT 
with the B3LYP hybrid density functional and 6-31+G* 
basis set for all atoms. This is implemented in AMBER 
with Gaussian as an external tool for the QM part.49 
The same GAFF-TIP3P MM force field and simulation 
protocol are used as in HEB, except that 10 ps of sam-
pling was used for data collection in the US simulations 
because this is a much slower and computationally de-
manding method.   
 
Free Energy Methods 
 
Energy Entropy-Normal Mode Analysis (EE-NMA). 
The Gibbs free energy barrier was calculated using 
 

∆𝐺 = 𝐻+, − 𝐻-./ − 𝑇(𝑆+, − 𝑆-./)									(1) 
 
where 𝑇 is the temperature and 𝐻+, and 𝐻-./	are the 
enthalpies of the TS and REC, and 𝑆+, and 𝑆-./ are 
the corresponding entropies. For an ideal-gas molecu-
lar complex at the level of molecular translation and ro-
tation, all but the rotational entropy cancels in the dif-
ference between REC and TS, which is given by  
 

																	𝑆567 =
8𝜋:

𝜎 <
ℎ

>2𝜋𝐼A𝑘C𝑇ADE,G,H

																		(2)	

 
where 𝜎 is the symmetry number, taken as 1 for all re-
actions, h is Planck’s constant, 𝐼A are the moments of 
inertia for the three principal axes 𝑥, 𝑦, 𝑧 , and 𝑘C  is 
Boltzmann’s constant. The equations for the intramo-
lecular enthalpy and entropy of the REC are 
 

𝐻 = 𝐸M + 𝑃𝑉 + P ℎ𝜈A R
S
:
+

1

e
VWX
YZ[ − 1

\
]^_`

ADS

										(3) 

 
and 
	

𝑆 = P b
ℎ𝜈A
𝑇

1

e
VWX
YZ[ − 1

− 𝑘Cln e1 − e
_VWXYZ[fg

]^_`

ADS

	(4)	

	
where 𝐸M is the energy of the minimum, 𝑃 is pressure, 
𝑉 is volume, N is the number of atoms, and 𝜈A are the 
3𝑁 − 6  vibrational frequencies, which are calculated 
using NMA in Gaussian 09. The six lowest frequencies, 
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being whole-molecule translations and rotations, are 
excluded, having already been accounted for. The 
same procedure is used for the TS except that there 
are 3𝑁 − 7  frequencies because the imaginary fre-
quency along the reaction coordinate is excluded. The 
ideal gas value 	𝑃𝑉 = 𝑘B𝑇 used by Gaussian cancels 
between the unimolecular REC and TS. 
 
Potential of Mean Force (PMF). The PMF along the 
reaction coordinate 𝜉 is given by: 
 

PMF(𝜉) = −𝑘C𝑇 ln𝑝(𝜉)  (5) 
 

where 𝑝(𝜉) is the probability distribution of the system 
along 𝜉 , which for all reactions is defined to be 𝜉 =
𝑅/_s − 𝑅/_t , where 𝑅/_s  and 𝑅/_t  are the C−X and 
C−O bond lengths respectively. 𝑝(𝜉) was evaluated 
using Umbrella Sampling (US). 𝜉 was divided into 31 
windows separated by a 0.1 Å spacing over the range 
of −1.5 Å to 1.5 Å. The system was restrained at each 
value of 𝜉 using a harmonic potential  
 

𝑈𝑖(𝜉) = 𝑘w,x𝜉 − 𝜉𝑖
0z:   (6) 

 
with a force constant 𝑘w, of 300 kcal mol‒1 Å‒2 for all 
reactions.50,51 The associated Gaussian distribution 
has a standard deviation of 0.03 Å, which is sufficient 
to span each window. MD simulations were used to 
generate probability distributions of 𝜉 for each window, 
which were converted to the full probability distribution 
𝑝(𝜉) using the weighted histogram analysis method 
(WHAM).52,53 ∆𝐺 was calculated as   

 
																	∆𝐺 = PMF(𝜉+,) − PMF(𝜉-./)																(7) 
 
Energy Entropy-Multiscale Cell Correlation (EE-
MCC). The Gibbs free energy barrier is evaluated from 
the enthalpy and entropy using Equation 1 as in EE-
NMA plus the Gibbs free energy ∆𝐺- for adding the re-
straint on the REC, which is given by 
 

∆𝐺- = 𝑘C𝑇 ln〈exp[𝑈-./(𝜉) 𝑘C𝑇⁄ ]〉𝜉		 (8) 
 
The TS is at 𝜉 of the maximum in the HES and HEB 
PMFs. The enthalpy is evaluated using  
 

𝐻 = 𝐸�� + 𝐾�� + 𝑈�� + 𝑈��/�� + 𝑃𝑉 + 

Pℎ𝜈A R
S
:
+

1

e
VWX
YZ[ − 1

\		− 𝑁���𝑘C𝑇														(9)
^���

ADS

 

      

where 𝐸��  is the average energy of the QM region, 
𝐾�� and 𝑈�� are the average kinetic and potential en-
ergy of the MM region, and 𝑈��/�� is the average in-
teraction energy between the QM and MM regions. In 
the harmonic approximation, the classical energy kBT 
is subtracted off for all 𝑁��� vibrational degrees of free-
dom and replaced with the quantum energy of a har-
monic oscillator with frequency 𝜈A, with the exception of 
the restrained reaction coordinate of the TS, for which 
the quantum energy is not included. Frequencies 𝜈A 
are calculated using MCC35,36 at two length scales: the 
molecule level and the united-atom level, where a 
united atom is each heavy atom together with any 
bonded hydrogens, treated as a rigid body. Note that 
this approach ignores the negligible entropy in high-fre-
quency covalent bonds involving hydrogen atoms. 
Three vibrations are whole-molecule translations and 
three are whole-molecule rotations, termed “transvi-
brational” and “rovibrational”. Their frequencies are de-
rived from the eigenvalues 𝜆A  of the mass-weighted 
force covariance matrix and moment-of-inertia-
weighted torque covariance matrix for the three princi-
pal axes of the solute complex using  
 

																											𝜈A =
1
2𝜋

�
𝜆A
𝑘C𝑇

																															(10)	

 
There are also 3𝑁 − 6 internal vibrations that relate to 
translation of the 𝑁  united atoms. Their frequencies 
are evaluated using Equation 10 with the eigenvalues 
of the mass-weighted force covariance matrix. The re-
maining vibrations are rotations of the united atoms, 
being three if non-linear, two if linear, and none if a 
point. All matrices are constructed and diagonalized 
from the force and coordinate trajectories and connec-
tivity information in the topology file using in-house C++ 
code. 

𝑆 is calculated using Equation 4 with the same 
vibrational frequencies as for the vibrational energy at 
molecule and united-atom levels. For the TS the en-
tropy of the vibration along the restrained reaction co-
ordinate is excluded. The translational and rotational 
entropy of the solvent water is evaluated in the same 
way as the solute, except that the force and torque co-
variance matrices are averaged over all water mole-
cules, and the total entropy is multiplied by the number 
of water molecules. 

The rotational topographical entropy, relating 
to the number of solute orientations and termed “ro-
topographical”, is calculated for the REC and TS with 
the equation35,36 
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						𝑆 = 𝑘CP𝑝(𝑁�) ln �max e1,
(𝑁�]𝜋)S/:

𝜎 f�
^�

		(11)	

 
where, 𝑝(𝑁�) is the probability distribution of water co-
ordination number 𝑁� of the solute complex, and 𝜎 is 
its symmetry number, taken as 1 for all reactions. The 
term inside the logarithm is the number of solute orien-
tations, all assumed to have equal probability. 𝑁�  is 
evaluated with the Relative Angular Distance 
(RAD)54,55 algorithm using the centres of mass of the 
solute complex and each water molecule. A similar pro-
cedure is used for the rotational topographical entropy 
of the solvent, with 𝑝(𝑁�) being averaged over all wa-
ter molecules, 𝜎 = 2, and the number of orientations is 
divided by 4 to account for orientational correlations of 
hydrogen-bonded neighbours.36 Translational topo-
graphical entropy is omitted, being constant and can-
celing between the REC and TS.  
   
Transition State Theory (TST). Experimental rate 
constants 𝑘���7  from their Arrhenius parameters at 
298 K for the nucleophilic substitution of methyl halides 
by hydroxide were converted into ∆𝐺  using the uni-
molecular TST equation26,56  
 

																		𝑘���7 =
𝑘C𝑇
ℎ exp �

−∆𝐺
𝑘C𝑇

�																				(12) 

 
This assumes that the chemical step of the reaction 
(Scheme 1) is rate-determining and that 𝑘���7 is not in-
fluenced by the rate of reactant binding.56 
 
RESULTS 

 
Gibbs Free Energy Barriers. ∆G values are given in 
Table 1 for the HIB and HIM Hamiltonians using the 
EE-NMA method, both HES and HEB  Hamiltonians 
using the PMF method, the HES Hamiltonian using the 
EE-MCC method, and experimental rate constants 
converted into ∆G using TST. See Supplementary In-
formation for details of the error calculation for 
∆𝐺.._�//�., . The value of 𝜉 at the TS is not known from 
experiment but its ∆G value is placed at the HES PMF 
maximum for convenience. The EE-MCC ∆G values 
for the HEB simulations are not included because the 
associated energies and entropies were not converged 
over 10 ps. Figure 2 shows the HES and HEB PMFs 
for all reactions and both EE Gibbs free energies of the 
TS relative to the REC. The HES EE-MCC ∆G values 
take the TS at the maximum of the corresponding HES 
PMF, which for each reaction are at 𝜉 =	–0.1, 0.3, 0.5, 
–0.1, 0.2 and 0.5 Å respectively.

 
Table 1. Gibbs Free Energy Barriers for Each Reaction and Method versus Experiment (kcal mol-1) 

 Implicit Water Explicit Water Experiment/TST57,58 

∆𝐺.._�����C  ∆𝐺.._������  ∆𝐺����., ∆𝐺����.C ∆𝐺.._�//�.,  ∆𝐺 

CH3F 16.4 15.1 20.0 18.4 21.6 ± 1.2 25.9 ± 0.1 

CH3Cl 10.1 9.9 22.3 17.0 17.2 ± 1.2 24.5 ± 0.1 

CH3Br 7.5 8.7 19.1 15.3 31.0 ± 1.2 22.7 ± 0.2 

C2H5F 20.5 20.2 21.0 17.6 25.9 ± 1.2 - 

C2H5Cl 10.5 11.9 18.4 14.8 22.1 ± 1.2 - 

C2H5Br 10.1 10.9 18.5 11.3 31.6 ± 1.2 - 
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Figure	2.		Potentials	of	Mean	Force	(PMFs)	along	the	reaction	coordinate	𝜉	for	OH-	reacting	with	CH2XY	(X	=	F,	Cl,	Br;	Y	=	H,	CH3)	
using	HES	(blue)	or	HEB	(red).	Gibbs	free	energies	using	EE-NMA	for	HIB	(black	circles)	or	HIM	(purple	diamonds),	EE-MCC	for	HES	
(green	triangles)	and	experiment	via	TST	(brown	squares)	of	the	transition	state	relative	to	the	reactant	encounter	complex.	

 
The TSs occur at larger values of 𝜉  for the 

larger halides because of the longer C-X bond. They 
are slightly closer to the REC for HEB than for HES and 
for HIM than for HIB. The most accurate method to cal-
culate ∆G with respect to experiment is HES PMF, 
whose values are only a few kcal mol–1 lower. How-
ever, it predicts a slightly higher barrier for CH3Cl the 
CH3F. The barriers by the HEB PMF method are 
smaller by a few kcal mol-1 and decrease in the order 
F, Cl and Br, which is the same trend as in experiment 
and as reported elsewhere,56-59 and aligns with the 
strengths of the C–X bonds: the bond dissociation en-
ergies of C–F are 110 and 108 kcal mol-1 for the methyl 
and ethyl halide, respectively, of C–Cl they are 85 kcal 
mol-1 and 80 kcal mol-1 and of C–Br they are 71 and 
68 kcal mol-1.60 The lower barrier for CH3F may be due 
to F– being more strongly solvated in water than other 
halides.57 The barriers for the ethyl halides are slightly 
lower for Cl and Br which is in line with the bond disso-
ciation energies above60 but higher for F. The EE-NMA 
DG barriers by both the HIB and HIM methods are 
much lower for methyl halides but higher for ethyl fluo-
ride and more comparable to the PMF values. This 
likely reflects the inaccuracy of the implicit solvent 
model, because water is known to raise the DG for 
these reactions relative to the gas phase.56 It also high-
lights the need to explicitly include solvent, despite the 

greater computational cost. The HES EE-MCC barriers 
are in the appropriate range but are more variable and 
display a different trend, being lower for CH3Cl and 
higher for both alkyl bromides. These trends can be 
better understood by examining the many component 
quantities on which they depend, examined next. 

 
Table 2. Enthalpy and Entropy Barriers (kcal mol-1) 
of All Reactions Using the EE Methods  

 EE-NMA EE-MCC 

HIB HIM HES 

DH TDS DH TDS DH TDS ∆GR 

CH3F 12.5 –4.9 13.4 –3.0 25.6 4.6 0.6 

CH3Cl 6.1 –4.9 7.5 –2.1 23.7 6.4 0.4 

CH3Br 5.7 –1.8 6.7 –2.8 37.2 6.3 0.6 

C2H5F 18.9 –0.8 17.9 –4.0 26.5 1.2 0.7 

C2H5Cl 9.4 –2.1 10.0 –1.1 25.9 4.1 0.7 

C2H5Br 8.1 –1.5 10.4 –1.2 35.9 3.8 0.7 
 
 

Enthalpy and Entropy Components. The enthalpy 
and entropy components of the TS minus the REC are 
given in Table 2 for each reaction and EE method. As 
expected for most chemical reactions, the enthalpy 
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change dominates the entropy change. DH clearly ex-
plains the greater DG in explicit solvent, especially for 
both the bromohalides. Table S1 shows that the QM 
energy is large and positive, which is consistent with 
the destabilization of the intramolecular dipole by wa-
ter,56,59 but it is partially compensated by the QM/MM 
and MM energy which together are negative and stabi-
lising. The vibrational energy and DPV contributions 
are small, as are the Gibbs free energies for removing 
the US restraint on the REC (Table 2).  

DS displays opposing trends for the two sol-
vent models, being negative in implicit solvent but pos-
itive in explicit solvent. An inspection of the entropy 
terms in Tables S2 and S3 indicates that the dominant 
contribution to this difference is the rotational entropy 
of the solvent, both vibrational and topographical. This 
implies that there is a weakening of solvent interactions 
in the TS, possibly because of the more delocalised 
charge, even though Table S1 indicates that the 
QM/MM and MM energy is stabilizing.56,59 For the bro-
mohalides, it is not clear what entropy term should 
compensate for their large DH but it is likely to be an 
even larger gain in solvent entropy, so necessitating a 
more refined approachs61-64 than that used here.  

Another differing trend in entropy between the 
implicit and explicit solvent models evident in Table S2 
is that the HIB and HIM internal entropy terms de-
crease in the TS  but slightly increase in the HES sys-
tem. This increase occurs despite the entropy reduc-
tion for all systems partly owing to the missing degree 
of freedom along 𝜉 and the formation of covalent bond-
ing between the reactants. It would appear that the 
presence of explicit solvent may dampen this reduc-
tion, possibly along with the difference in functionals. 
The other weak but curious trend at the molecular level 
is that the translational entropy increases and rota-
tional entropy decreases for the methyl halides, but the 
other way around for the ethyl halides.  
 
  DISCUSSION 

The novel insights provided into reaction ther-
modynamics by EE-MCC come at the price of some 
accuracy and the need for sufficient sampling. There 
are sizeable errors for the HES simulations and con-
verged values could not be obtained for the shorter and 
more expensive HEB simulations, even though rea-
sonable PMFs were still produced. Evidently, it is much 
more difficult to obtain converged probability distribu-
tions over all molecular coordinates than just one. Fig-
ure S1 illustrates how G, TS and H using HES vary as 
a function of 𝜉. The values moderately well reproduce 
the reaction profile but are still with errors of ~5 kcal 

mol–1, which, being based on 1 ns of sampling, are 
larger than the errors in Table 1 based on 10 ns. The 
inhomogeneous nature of a solution means that there 
are many more molecules to average over per mole of 
solute than in a pure liquid as was done in earlier 
work35,36 compounded by the slower speed of QM/MM 
simulations. A minimal QM region of the only reacting 
molecules was adopted here to minimise the slow-
down but more accurate studies should include addi-
tional water molecules, particularly for the solvation of 
OH-,65,66 and possibly in an adaptive scheme to ac-
count for solvent diffusion.67,68 

 Another problematic issue is that a PMF cal-
culation is still needed to locate the TS and that an um-
brella potential must be added to keep the system lo-
calized to the TS. However, this requirement could be 
alleviated by running a short series of simulations in 
the expected region to locate the TS followed by a 
longer simulation at the TS. This may be especially val-
uable when the PMF is difficult to converge due to a 
long path or there is a difficulty in identifying a suitable 
path. Furthermore, MCC contains a number of approx-
imations, particularly relating to the solvent topograph-
ical entropy, in order to make tractable the calculation 
of the full probability distribution. However, it repre-
sents a more accurate treatment of the solvent as ex-
plicit molecules compared to a continuum model that 
ignores the molecular detail of the solvent and treats 
the solute as an ideal-gas molecule. It currently repre-
sents the state-of-the-art in liquid-phase entropy, given 
the limitations of more accurate methods such as inho-
mogeneous solvation theory69 that require many more 
configurations to converge higher-dimensional inte-
grals, limiting them to small rigid molecules.  

 

CONCLUSIONS 
A new free energy method, EE-MCC, has been pro-
posed to calculate the Gibbs free energy barriers of 
chemical reactions in explicit solvent using QM/MM 
simulations. Energy and entropy are evaluated from 
the system Hamiltonian and entropy using Multiscale 
Cell Correlation together with the system Hamiltonian. 
EE-MCC has been applied to six nucleophilic substitu-
tion reactions between alkyl halides and hydroxide 
modelled with the two QM/MM methods SCC-DFTB 
and B3LYP DFT. EE-MCC SCC-DFTB Gibbs free en-
ergy barriers using are in reasonable agreement with 
the corresponding PMF and experiment. However, ac-
curacy is affected by the difficulty in obtaining con-
verged entropy and energy over many molecules in an 
expensive QM/MM simulation. EE-MCC values are 
better than implicit-solvent values using NMA but this 
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is primarily due to the more accurate explicit-solvent 
energy. EE-MCC still requires the use of a PMF to iden-
tify the TS, but its primary advantages for chemical re-
actions are the direct route to Gibbs free energy, as 
done in implicit solvent, and the insightful entropy de-
composition that has not previously been available in 
explicit solvent chemical reactions. This capability 
should be valuable in liquid-phase and catalyzed reac-
tions where entropy is expected to play a larger role 
more comparable to that of enthalpy in determining the 
kinetics of chemical reactions. 
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