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Abstract: Factors affecting the kinetic isotope effects (KIEs) of the gas-phase SN2 

reactions and their temperature dependence have been analyzed using the ion-molecule 

collision theory and the transition state theory (TST). The quantum-mechanical tunneling 

effects were also considered using the canonical variational theory with small curvature 

tunneling (CVT/SCT). We have benchmarked a few ab initio and density functional theory 

(DFT) methods for their performance in predicting the deuterium KIEs against eleven 

experimental values. The results showed that the MP2/aug-cc-pVDZ method gave the most 

accurate prediction overall. The slight inverse deuterium KIEs usually observed for the 

gas-phase SN2 reactions at room temperature were due to the balance of the normal 

rotational contribution and the significant inverse vibrational contribution. Since the 

vibrational contribution is a sensitive function of temperature while the rotation 

contribution is temperature independent, the KIEs are thus also temperature dependent. For 

SN2 reactions with appreciable barrier heights, the tunneling effects were predicted to 

contribute significantly both to the rate constants and to the carbon-13, and carbon-14 

KIEs, which suggested important carbon atom tunneling at and below room temperature. 

Keywords: kinetic isotope effect; SN2 reaction; ion-molecule collision theory; transition 

state theory; variational transition state theory; tunneling effect 

 

OPEN ACCESS



Molecules 2013, 18 4817 

 

 

1. Introduction 

Bimolecular nucleophilic substitution (SN2) reactions are ubiquitous in organic chemistry and they 

have been extensively studied in the last two decades [1–25]. Studies on the deuterium kinetic isotope 

effects (KIEs) have proved to be very useful for investigating the reaction mechanisms. While a 

methyl halide can only undergo the SN2 reaction pathway with a nucleophile, higher branched alkyl 

halides (or in general an alkane with a hydrogen substituted by an electronegative group) with  hydrogens 

can undergo either E2 or SN2 pathways [8–10,13–16]. It was well established that the observed 

deuterium KIEs could differentiate between these two pathways where the KIE at a particular temperature 

is defined as the ratio of the rate constant of the unsubstituted reaction to that of the deuterated reaction 

(kH/kD). The E2 reactions would show large “normal” deuterium KIEs (2 to 6) [13–16,26–29] at room 

temperature while the SN2 reactions would usually show slightly “inverse” KIEs (0.8 to 1.0) [12–25]. It 

is understood that the isotopic substitution is usually on the neutral molecule (usually an alkyl halide) 

and for experimental convenience, often all the hydrogens on the neutral molecule were substituted 

(i.e., perdeuterated), even though the -hydrogens should contribute most significantly to the SN2 

KIEs. Nevertheless, studies with selective deuteration for the ethyl halide systems have been 

performed [12,15,16]. The term “normal” KIEs means that the ratios of the rate constants of the lighter 

isotope to that of the heavier isotope are greater than 1.0, and the “inverse” KIEs mean the ratios are 

less than 1.0. Many studies on the gas-phase ion-molecule reactions and their KIEs have been 

performed in the last two decades. For most ethyl halides, the SN2 pathway dominates the reaction, 

while for i-propyl halides both SN2 and E2 pathways might be important [8,14,15]. Most experiments 

were, however, done at room temperature. Since the kinetic isotope effects could well be sensitive 

functions of temperature, the experimental results thus only showed a small facet of the KIE trends. 

Furthermore, the observed KIEs require theoretical interpretation which involves considering various 

factors affecting the ion-molecule reaction dynamics. In the current study, we focus on the theoretical 

prediction and interpretation of the (deuterium, carbon-13, and carbon-14) kinetic isotope effects of the 

gas-phase SN2 reactions and their temperature dependence. 

Most of the previous theoretical modeling on the SN2 rate constants and KIEs was based on the 

transition state theory (TST) [30–36]. However, the validity the TST modeling depends critically on 

the energy barriers of the reactions [13,22,37,38]. Scheme 1 shows the potential energy diagram of a 

typical gas-phase the SN2 reactions. The energy barrier of the reaction was defined as the energy of the 

transition state relative to the free reactants. If the barrier (in Born-Oppenheimer energy, not including 

the vibrational zero-point energy) is “very low” (less than approximately −7 kcal/mol), which is often 

the case for an exoergic ion-molecule reaction due to the strong ion-dipole interaction, the reaction 

bottleneck is not located at the very negative central barrier, and the bimolecular collision rates 

determine the overall rates and thus the KIEs almost exclusively. In such cases, the KIEs would be 

very close to unity since the collision rate constants, to a good approximation, are proportional to the 

inverse of the square root of the reduced mass of the reactants. If the TST is used alone in modeling, 

the predicted rate constants would be too high, and the predicted deuterium KIEs would be too low (or 

too inverse). For reactions with “low” barriers (approximately between −7 kcal/mol and −4 kcal/mol), 

both the collision process and the passage over the energy barrier of the SN2 reaction contribute to the 

reaction bottlenecks. The rate constants and KIEs can be reasonably modeled by the canonical unified 



Molecules 2013, 18 4818 

 

 

statistical (CUS) theory [13,22,37,38] which takes both the collision and TST rate constants into 

account. In fact, the CUS theory bridges smoothly between the “very-low barrier” cases mentioned 

earlier, the current “low barrier” cases, and the “small barrier” cases that will be mentioned next. If the 

energy barrier is somewhat higher (larger than approximately −4 kcal/mol), the small barrier would 

usually be high enough (due primarily to the entropic effects) to form a sole bottleneck of the reaction 

at room temperature. The rate constants and KIEs can then be modeled quite successfully with the 

TST. It is noted that in the (low-pressure) gas-phase reaction, which is our focus in the current study, 

the barrier heights defined above determine the overall rate constants if the transition state is the sole 

bottleneck. The energies of the ion-dipole complexes, which are usually 10–20 kcal/mol lower than 

those of the reactants and products (see Scheme 1), do not affect the overall reaction rates. In the 

condensed phase or at high pressure where the low-energy complexes could be stabilized before 

dissociation, the energy difference between the transition state and the reactant-side complex would 

become an important factor determining the rate constants. However, in polar solvent, the solvation 

energies of the reactants are usually significantly larger than the solvation energies of the TS and of the 

ion-dipole complexes, and the energy wells of the ion-dipole complexes would become much shallower. 

Scheme 1. Potential energy diagram of a typical gas-phase SN2 reaction. 

 

Quantitatively agreement with experimental rate constants and deuterium KIEs have been made in a 

few systems by theoretical prediction based on TST [4,16,17,21,22]. However, different electronic 

structure theories usually give different prediction on the values of KIEs [21,22,24,29]. There is no 

consensus on which theoretical methods are more reliable than the others. Currently, the rates of  

high-barrier (approximately higher than 3 kcal/mol or with rate constants lower than  

10−12 cm3·molecule−1·s−1) gas-phase SN2 reactions are too slow to be measured reliably. It is expected, 

however, the quantum mechanical tunneling effects may play an important role in determining the rate 

constants at lower temperature since the widths of the barriers of SN2 reactions tend to be narrow due 

to the deep energy wells of the ion-dipole complexes before and after the central energy barriers along 
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the reaction paths. To model the rate constants and the KIEs correctly for the “high-barrier” cases, the 

tunneling effects need to be calculated accurately, which is understandably a very challenging task. In 

the current work, we will investigate the theoretical methods that are suitable to model the KIEs of the 

SN2 reactions with a large range of barrier heights and at a wide range of temperature. Suitable 

electronic structure methods will be chosen from a benchmark study against suitable experimental 

values for the prediction of deuterium KIEs using TST for the “small barrier” cases. Tunneling 

contribution to the deuterium, 13C-, and 14C-KIEs of the SN2 reactions will be modeled for the reaction 

of CN− + CH3OCl in the gas phase. 

2. Theory and Methods  

2.1. KIE Definition 

The kinetic isotope effect at a particular temperature is defined as the ratio the rate constant of the 

unsubstituted reaction to that of the isotopically substituted reaction. Alternatively, it can be more 

generally defined as the ratio of the rate constants with lighter isotope to that with heavier isotope:  

KIE = klight/kheavy (1) 

For example, the deuterium and carbon-13 KIEs are defined as kH/kD and k12C/k13C, respectively.  

2.2. KIEs Calculation from the Capture Rate Constants 

In the “very low barrier” cases, the ion-molecule SN2 reaction can be modeled by a simple ion-dipole 

capture process. The capture rate constant can be expressed as:  

kcap = c(T) kL (2) 

kL = 2q(/m)1/2 (3) 

where c is a function of temperature, kL is the Langevin-Gioumousis-Stevenson rate constants [39], q is 

the charge of the ion,  is the polarizability of the neutral molecule, and m is the reduced mass defined by:  

m = mi md/(mi + md) (4) 

where mi and md are the mass of the ion and the dipole (the neutral molecule), respectively. The factors 

c and , to a good approximation, are assumed to be independent of the isotopic mass. For example, 

Celli et al. [40] proposed a convenient formula for the capture rate constants: 

2/12
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where  is the dipole moment of the neutral molecule, kB is the Boltzmann constant, and T is the 

absolute temperature. A similar but more sophisticated method developed by Chesnavich et al. was 

also often used [39]. The KIE of the capture process would thus be: 
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If the isotope substitution is localized on the neutral molecule, which is often the case, the KIE can 

be expressed as: 
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which is usually only slightly larger than unity. Thus if the reaction bottleneck is at the collision 

process, then the KIEs are almost negligible. The capture rate constants can also be used to estimate 

the reaction efficiency: 

f = kexpt / kcap (9) 

where kexpt is the experimental SN2 rate constant. 

2.3. KIEs Calculation Using the Canonical Unified Statistical (CUS) Model 

In the “low barrier” cases, both the ion-molecule collision and the passage of the energy barrier 

contribute to the reaction bottleneck, and the SN2 rate constants can be adequately modeled by the 

CUS method [13,22,37,38]:  

TSTcapCUS
111

kkk
  (10) 

The KIEs calculated by the CUS model can be written as: 

lightTST,lightcap,

heavyTST,heavycap,
TSTcap

lightTST,lightcap,

heavyTST,heavycap,

heavyTST,heavycap,

lightTST,lightcap,

heavyCUS,

lightCUS,
CUS

 KIEKIE

 KIE

kk

kk

kk

kk

kk

kk

k

k











 (11) 

where the KIEcap can be obtained from Equation (7) above, and the kTST and KIETST are the rate 

constants and KIE calculated from transition state theory which will be described below. It is easily 

seen that the last term in Equation (11) becomes the inverse of KIEcap if kcap >> kTST (“small barrier” 

case) and becomes the inverse of KIETST if kcap << kTST (“very low barrier” case). Thus the KIECUS 

would normally be between the two extremes and be slight inverse, but higher than KIETST. 

2.4. KIEs Calculation Using the Transition State Theory (TST) 

The rate constant predicted by the transition state theory can be written as: 

TkVe
q

q

h

Tk
k B/
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  (12) 

where h is the Planck constant, q≠ and qR are partition functions per unit volume of the transition state 

and the reactants, respectively, and ∆V ≠ is the barrier height. In Equation (12), the vibrational zero-point 

energies are included in the vibrational partition functions and ∆V ≠ includes only Born-Oppenheimer 
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energies. For reactions with small barrier heights such that kcap >> kTST, the rate constants and thus  

the KIEs are adequately modeled by the TST. Within the Born-Oppenheimer approximation, the 

isotopic substitution does not affect the barrier height. Thus the KIEs only involve the ratios of  

the partition functions which can be factorized into translational, rotational, and vibrational 

contributions [17,21,22,24,41–43]. Using the deuterium KIE as an example: 
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If the isotope substitution is exclusively on the neutral molecule, from Equation (4) the above 

equation can be rewritten as: 
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where mH and mD are the reduced masses (see Equation (4) above) of the unsubstituted and deuterated 

systems, respectively, det I is the determinant of moment of inertia, qvib is the vibrational partition 

function. Superscripts of “R” and “” signify the quantities are evaluated at the reactants and at the 

transition state, respectively. All these quantities can in principle be calculated with electronic structure 

calculation (that is, geometry optimization followed by vibrational frequency calculation.) The 

harmonic approximation is normally used to calculate the vibrational partition functions. The 

translation contribution is usually slightly normal due to the relatively small difference on the 

molecular masses between the unsubstituted and deuterated systems. The rotational contribution is 

usually significantly normal with values around 1.2–1.6 for smaller alkyl halides. This is mainly 

because in the transition state, the -hydrogens are in more extended positions, which makes the det I 

of the deuterated transition state significantly larger. It is noted that both the translational and 

rotational contributions are temperature independent. The temperature dependence of KIETST thus 

comes exclusively from the vibrational contribution. The vibrational contribution to the deuterium KIE 

is usually inverse, and it is normally 0.5–0.8 at 300 K. The general rule is that the more inverse the 

vibrational contribution is, the stronger temperature dependence it shows. While traditionally large 

KIEs were often attributed to the differences in vibrational zero-point energies (ZPE) between the 

transition state and the reactants. For the gas-phase SN2 reactions, however, the ZPE differences are 

usually not very significant. Instead, as will be shown below, the inverse vibrational contribution arises 

from the combined effects of various types of vibrational modes. That is, the slightly inverse deuterium 
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KIEs are due to the overall “entropic” effects, not the “energetic” effects. In cases where both the 

capture and TST rate constants need to be considered to calculate the KIEs, as in the “low barrier” 

cases, then Equation (11) can be rewritten as:  

CUS
cap trans rot vibKIE       (17) 

The variational effects, which signify the shifting the bottleneck away from the transition state, are 

usually very small for SN2 reactions due to the relatively sharp shape of the energy barrier. Thus in the 

current work the discussion on the variational effects are neglected. However, the variational effects 

are nonetheless included in the calculation when the tunneling corrections are applied. 

2.5. KIEs Calculation with Tunneling Correction 

The SN2 reaction paths involve primarily the movement of heavy atoms. Thus it was not expected 

that the tunneling effects would be very important. However, recent studies showed that carbon atom 

tunneling could be significant at and below room temperature for reactions with a narrow and 

appreciable barrier [25,44–50]. The tunneling correction to the calculated rate constant is usually applied 

by multiplying the TST rate constants with a temperature-dependent correcting factor [36,42,43,51,52]: 

kTST/Tunneling = tunneling kTST (18) 

One of the popular and simplest methods to obtain the  factor is by the Wigner tunneling  

formula [51,52]: 
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where the  is the imaginary vibrational frequency of the transition state. However, obtaining 

accurate estimation of the tunneling effects requires the information of the potential energy surface along 

the full reaction path. The most successful semi-classical tunneling theory used with the TST is the  

small-curvature tunneling (SCT) method [36,43,53,54] which not only considers the whole reaction-path 

topology but also takes the reaction-path curvature into consideration. The calculated rate constants with 

the SCT correction are called kTST/SCT. If the variational effects are considered using the popular 

canonical variational theory (CVT) [35,36] which locates a single reaction bottleneck at a particular 

temperature along the reaction path, the resulting rate constants are called kCVT/SCT [17,43,53–56]: 

kTST/SCT = SCT kTST (20) 

kCVT/SCT = SCT kCVT (21) 

The use of Equation (21) is more logical since the reaction path has been calculated to obtain the 

SCT. The tunneling contribution (neglecting the variational contribution) to the KIEs can be written as 

(using deuterium KIE as an example): 
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and Equation (13) can be rewritten as: 
CVT/SCT

trans rot vib tunnelingKIE        (23) 

The tunneling effects are usually expected to make a normal (>1.0) contribution to the KIEs since 

the lighter isotope usually involves more significant tunneling. However, at low temperature, the 

deuterium KIEs predicted by TST can sometimes be too large for a reaction with a significant normal 

KIE at room temperature, for example in typical E2 reactions. If the reaction is dominated by tunneling 

effects, then the predicted KIEs by CVT/SCT theory could be significantly smaller since the tunneling 

effects are less sensitive to the barrier heights. In such cases, the tunneling contribution to the 

deuterium KIEs would be inverse to prevent the KIEs from becoming infinite as temperature 

approaches absolute zero [26]. The tunneling contribution for heavy-atoms (13C, 14C, 18O, etc.) KIEs is 

usually normal but smaller in magnitude due to the less significant tunneling effects. However, in SN2 

reactions, the reaction path directly involves the motion of the -carbon atom, thus the tunneling 

contribution to the carbon KIEs can be more significant than to the deuterium KIEs. 

2.6. Electronic Structure Calculation 

To benchmark the performance of the electronic structure methods in predicting the deuterium KIEs 

(using the transition state theory) against experiment values, the molecular geometry and vibrational 

frequencies of the reactants and transition states of 11 SN2 reactions were calculated using the  

B3LYP [57] and M06-2X [58] hybrid functional and the MP2 [59] theory with the 6-31+G(d,p) [60–62],  

6-311+G(d,p) [62–64], aug-cc-pVDZ, and aug-cc-pVTZ [65–67] basis sets. Additionally, geometry 

and frequency calculation at the CCSD(T) [68]/aug-cc-pVTZ level was also performed for the Cl− + 

CH3I, CN− + CH3I, and Cl− + CH3Br reactions. Furthermore, anharmonic frequencies and anharmonic 

vibrational-rotational couplings [69–72] were also calculated for the Br− + CH3I and Cl− + CH3Br 

reactions. For the iodine atom, the aug-cc-pVDZ-pp [73] basis set was used with the 6-31+G(d,p) and 

aug-cc-pVDZ basis sets for other atoms, and the aug-cc-pVTZ-pp [73] basis set was used with the aug-

cc-pVTZ basis set for other atoms. For the chlorine and sulfur atoms, the aug-cc-pV(D+d)Z and aug-

cc-pV(T+d)Z [74] basis sets were used with the aug-cc-pVDZ and aug-cc-pVTZ basis sets, 

respectively, for other atoms. 

For the CN− + CH3OCl reaction, which we chose for studying the tunneling effect and tunneling 

contribution to the KIEs, the structures and vibrational frequencies were calculated using the B3LYP 

hybrid functional with the 6-311+G(d,p) basis set and the MP2 theory with aug-cc-pVDZ and  

aug-cc-pVTZ basis sets. (For the chlorine atom, the aug-cc-pV(D+d)Z and aug-cc-pV(T+d)Z basis sets 

were used.) Single-point calculations for reaction energy and barrier height were calculated at the 

CCSD(T)/aug-cc-pVTZ level. All electronic structure calculations and anharmonic analysis were 

performed using the Gaussian 09 program [75]. 

2.7. Rate Constant and KIEs Calculation 

The ion-molecule capture rate constants were calculated using Celli et al.’s method, as shown in 

Equation (5), and the experimental dipole moment and polarizability was obtained from the 

experimental values [76]. The KIEcap were calculated directly from Equation (8). The CUS rate 
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constants were calculated using the Equation (10), and the KIECUS using Equation (11). The TST rate 

constants were obtained using the Equation (12), and the information needed to calculate the partition 

functions were obtained from the electronic structure calculation at various levels of theory, and the 

harmonic approximation was used for vibration. The KIETST and its various contributions were 

calculated by Equations (13)–(16). For the CN− + CH3OCl reaction and its various isotopically 

substituted analogs, the rate constants were calculated using the dual-level [77,78] variational 

transition state theory with multidimensional tunneling (VTST/MT) [35,36,53–55] correction. The 

dual-level method requires a qualitatively correct “low-level” potential energy surface (PES), and a set 

of “high-level” energy data on the stationary points along the reaction path for the interpolated 

corrections to the low-level PES. The low-level PES for the VTST/MT calculation was obtained by 

using the MP2/aug-cc-pVDZ (aug-cc-pV(D+d)Z for the chloride atom) method. The reaction path was 

calculated using the Page-McIver method [79,80] from −2.5 to 2.5 bohrs with the gradient and hessian 

step sizes of 0.006 and 0.03 bohrs, respectively in the mass-scaled coordinates with a scaling mass of  

1 amu. Redundant internal coordinate systems [81–84] were used in the vibrational analysis along the 

reaction path. The high-level energies were obtained at the CCSD(T)/aug-cc-pVTZ level, and the 

interpolated correction was based on the ion-dipole complexes. The SIL-1 interpolated correction 

scheme [85] was applied in the dual-level calculations using the CCSD(T)/aug-cc-pVTZ energies 

along the low-level reaction paths to estimate the accurate barrier widths. The rate constants were 

calculated from 50 K to 600 K at the conventional transitional state theory (TST), canonical variational 

theory (CVT), and canonical variational theory with tunneling correction at the small-curvature 

tunneling [43,53–55] level (CVT/SCT). The overall symmetry number was set to one. The dual-level 

VTST/MT calculations were performed using the GAUSSRATE 8.4H program, which is a locally 

modified version of the GAUSSRATE 8.2 program [86], and it served as an interface between the 

GAUSSIAN 09 and the POLYRATE 8.2 programs [87]. 

3. Results and Discussion 

3.1. Systems with Very Low Barriers (Collision-Controlled Reactions) 

Table 1 shows the experimental and calculated capture rate constants and comparison of the 

experimental and predicted deuterium KIEs (perdeuterated alkyl halides) for some very fast gas-phase 

SN2 reactions with bimolecular rate constant around 10−9 cm3·molecule−1·s−1. The reaction bottlenecks 

of these systems are apparently in the ion-molecule collision rates. As seen in the table, the observed 

deuterium KIEs were all very close to unity, which are consistent with the KIEcap calculated from 

Equation (8). An important point here is that for very fast SN2 reactions, the observed KIEs do not 

reflect the properties of the transition states involved or the reaction paths on which the systems 

follow, since in such cases the bottlenecks are located very early in the entrance channels. That is, a 

deuterium KIE very close to unity, for example in the case of H2NS− + CH3CH2Br, does not 

necessarily mean that the system takes the SN2 pathway. In such cases, the temperature dependence of 

the KIEs is expected to be the negligible, as predicted from Equations (2)–(8). 
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Table 1. Experimental and calculated capture rate constants (in cm3 molecule−1 s−1) and 

deuterium KIEs of some very fast SN2 reactions at room temperature in the gas phase. 

kcap kexpt Efficiency KIEcap KIEexpt 

F− + CH3Br a 2.97(−09) c 1.88(−09) 0.631  1.003  0.98 ± 0.02 
F− + CH3I a 2.79(−09) 1.94(−09) 0.695  1.001  0.98 ± 0.05 

CF3CH2O
− + CH3CH2Br b 1.87(−09) 1.24(−09) 0.665  1.011  1.10 ± 0.06 

CF3CH2O
− + (CH3)2CHBr b 1.98(−09) 1.39(−09) 0.703  1.012  1.20 ± 0.05 

H2NS− + CH3Br b 2.10(−09) 7.04(−10) 0.336  1.005  1.04 ± 0.03 
H2NS− + CH3CH2Br b 2.33(−09) 9.05(−10) 0.389  1.007  1.00 ± 0.04 

CF3CF2CH2O
− + CH3Br b 1.56(−09) 8.48(−10) 0.545  1.010  0.99 ± 0.04 

CF3CF2CH2O
− + CH3CH2Br b 1.69(−09) 9.86(−10) 0.582  1.013  1.16 ± 0.06 

a Experimental values from ref. [20] at 302 K; b Experimental values from reference [8], calculations done at 

300 K; c 2.97(−09) means 2.97 × 10−9. 

3.2. Systems with Low Barriers (both Collision- and TS-Controlled Reactions) 

As mentioned in the Theory and Methods section, when the energy barrier along the SN2 reaction 

path is appreciable such that the calculated TST rate constants are comparable to the capture rate 

constants, both the ion-molecule collisions and the passage over the TS contribute to the reaction 

bottleneck. In such cases, the CUS theory [Equation (10)] provided a reasonable model and continuous 

interpolation between the very-low barrier, collision controlled cases to the small barrier, transition-state 

controlled cases. However, there are practical difficulties in applying Equations (9) and (10). While the 

collision rate constants can be estimated quite easily and different models gave similar (within ~10%) 

results [13,39,40], the calculated TST rate constants are subject to much larger uncertainty due mainly 

to the uncertainty on the predicted barrier heights. A mere 2 kcal/mol error in the calculated barrier 

height would cause an error on the TST rate constant by a factor of almost 30 at 300 K. Recent 

benchmark study showed that the most accurate DFT and ab initio methods can consistently predict 

barrier heights of heavy atom transfer reaction to around 1 kcal/mol and 0.5 kcal/mol,  

respectively [58,88–91]. This would still cause significant uncertainty (at least by a factor of two) on 

the calculated TST rate constants. As a result, accurate prediction of KIECUS by Equation (11) is 

difficult. This situation is illustrated in Table 2.  

Table 2. Calculated reaction energetics (in kcal/mol), the experimental and theoretical rate 

constants (in cm3 molecule−1 s−1), and KIEs of the F−(H2O) + CH3Br reaction at 302 K in 

the gas phase at various levels of theory. 

F−(H2O) + CH3Br/F−(H2O) + CD3Br a 

∆V≠ ∆Erxn kTST kCUS KIETST KIECUS 

M06-2X/6-31+G(d,p) −7.8  −28.2 4.11(−09) b 1.47(−09) 0.795  0.929  
M06-2X/6-311+G(d,p) −8.6  −30.4 2.87(−08) 2.12(−09) 0.628  0.977  
M06-2X/aug-cc-pVDZ −8.9  −31.0 1.40(−08) 1.97(−09) 0.763  0.970  

B3LYP/6-31+G(d,p) −9.7  −23.8 1.39(−06) 2.29(−09) 0.832  1.004  
B3LYP/6-311+G(d,p) −10.5  −25.7 2.76(−05) 2.29(−09) 0.836  1.004  
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Table 2. Cont. 

F−(H2O) + CH3Br/F−(H2O) + CD3Br a 

∆V≠ ∆Erxn kTST kCUS KIETST KIECUS 

MP2/6-31+G(d,p) −5.8  −23.6 7.38(−09) 1.75(−09) 0.868  0.972  

MP2/6-311+G(d,p) −2.2  −23.2 4.02(−11) 3.95(−11) 0.833  0.836  

MP2/aug-cc-pVDZ −6.3  −22.8 1.48(−09) 8.97(−10) 0.820  0.892  

MP2/aug-cc-pVTZ −4.0  −21.7 6.61(−11) 6.43(−11) 0.857  0.861  

CCSD(T)/aug-cc-pVTZ c −6.6  −24.0 2.52(−09) 1.20(−09) 0.820  0.917  
a Experimental rate constant and KIE of 4.97 × 10−9 cm3·molecule−1·s−1 and 0.92, respectively, are from  

ref. [20] at 302 K. Calculated capture rate constant and KIE are 2.29 × 10−9 cm3·molecule−1·s−1 and 1.004, 

respectively; b 4.11(−09) means 4.11 × 10−9; c Using the geometries and frequencies calculated at the 

MP2/aug-cc-pVDZ level. 

For the SN2 reaction of F−(H2O) + CH3Br, different electronic structure methods predicted 

significantly different barrier heights. As seen in the table they range from −2.2 kcal/mol by MP2/6-

311+G(d,p) to −10.5 kcal/mol by B3LYP/6-311+G(d,p). The predicted deuterium KIE ranged from 

0.84 (totally TS controlled) to 1.00 (totally collision controlled). However, if we further calculate the 

single-point energies at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ level, we obtained a barrier 

height of −6.6 kcal/mol. Using this much more accurate barrier heights and taking the geometry and 

frequencies calculated at the MP2/aug-cc-pVDZ level, we obtained a KIECUS of 0.92 which is in good 

agreement with the experimental result (0.92 ± 0.03) even though the predicted kCUS rate constant was 

still a factor of 2.5 higher than the experimental value [20]. The obtained KIECUS value (0.92) is 

compared to the predicted KIETST and KIEcap values of 0.82 and 1.00, respectively. This clearly 

shows once again that the CUS model gives a valid interpolation on the KIE between the TST and  

ion-molecule collision model for systems with low barriers. 

3.3. Systems with Small Barriers (TS Controlled Reactions) 

When the energy barrier is above approximately −4 kcal/mol, or the experimental rate constant is 

below approximately 2 × 10−10 cm3·molecule−1·s−1 (reaction efficiency < 10%), the TST rate constant 

at 300 K would be significantly lower than the capture rate constant. In such cases, the reaction 

bottlenecks are located on the passage over the TS, and the rate constants, and thus the KIEs, can be 

adequately modeled by the transition state theory. Since the molecular geometry and energy barriers 

are, within Born-Oppenheimer approximation, independent of the isotopic substitutions, the KIEs 

calculated by TST can be factored into simple ratios of partition functions calculated at the reactants 

and the transition state, as shown in Equations (13)–(16). However, some of these ratios are sensitive 

to the choices of the methods employed in the electronic structure calculation. 

3.3.1. Benchmark of Electronic Structure Methods 

In the current study we benchmark the performance of MP2, B3LYP, and M06-2X theory with a 

few commonly used basis sets against the experimental deuterium KIEs of eleven gas-phase SN2 

systems where in the deuterated reactions all the hydrogens in the neutral molecules are deuterated. 



Molecules 2013, 18 4827 

 

 

The properties of these reactions are listed in Table 3. The reaction efficiencies of all the reactions 

were estimated to be below 10%, and the E2 contributions to the four ethyl halide systems were 

assumed to be negligible. (The zero-point corrected barriers of E2 channels were predicted to be at 

least 3 kcal/mol higher at the CCSD(T)/aug-cc-pVTZ level. See the Supplementary Material.) The 

KIEexpt in most cases were significantly different from the KIEcap, meaning that the reaction 

bottlenecks were not at the collision processes. 

Table 3. Experimental and calculated capture rate constants (in cm3 molecule−1 s−1) and 

deuterium KIEs of eleven gas-phase SN2 reactions with reaction efficiencies < 10% at 

room temperature. 

kcap kexpt Efficiency KIEcap KIEexpt 

ClO− + CH3Cl a 2.37(−09) f 2.01(−10) 0.085  1.015  0.85 ± 0.01 
ClO− + CH3CH2Cl a 2.46(−09) 2.25(−10) 0.091  1.016  0.99 ± 0.01 

BrO− + CH3Cl a 2.08(−09) 1.08(−10) 0.052  1.019  0.82 ± 0.03 
BrO− + CH3CH2Cl a 2.12(−09) 1.07(−10) 0.050  1.022  0.96 ± 0.03 
HS− + CH3CH2Br b 2.67(−09) 1.95(−10) 0.073  1.005  1.02 ± 0.07 

Cl− + CH3I b 2.15(−09) 1.66(−10) 0.077  1.002  0.84 ± 0.02 
Br− + CH3I b 1.60(−09) 2.89(−11) 0.018  1.004  0.76 ± 0.03 
CN− + CH3I c 2.44(−09) 1.28(−10) 0.052  1.002  0.84 ± 0.03 

CN− + CH3CH2I c 2.81(−09) 2.99(−11) 0.011  1.002  0.89 ± 0.02 
Cl− + CH3Br d 2.33(−09) 2.37(−11) 0.010  1.004  0.88 ± 0.45 

F−(H2O) + CH3Cl e 2.59(−09) 1.49(−11) 0.006  1.012  0.85 ± 0.03 
a Experimental values from ref. [15] at 302 K; b Experimental values from ref. [8], calculations done at 300 K;  
c Experimental values from ref. [16] at 298 K; d Experimental values from ref. [18] at 300 K;  
e Experimental values from ref. [20] at 302 K; f 2.37(−09) means 2.37 × 10−9. 

The performance of the tested methods is summarized in Table 4. The overall best methods in 

reproducing the experimental results are MP2/aug-cc-pVDZ and MP2/6-31+G(d,p) with mean 

unsigned errors (MUE) of 0.049 and 0.068, respectively. The detailed test results were included in the 

supplementary material. The best DFT method is M06-2X/aug-cc-pVDZ with an MUE of 0.079. The 

popular B3LYP/6-31+G(d,p) method gave an MUE 163% larger than that of the MP2/aug-cc-pVDZ 

method. It is noted that in most cases, the predicted KIEs are higher than the experimental values by a 

few percent to twenty percent. The origins of the almost systematic discrepancies are still unclear. For 

two of the reactions: CN− + CH3I and Cl− + CH3Br, we tested the high-level CCSD(T)/aug-cc-pVTZ 

method, and the obtained KIEs were still similar to the MP2/aug-cc-pVTZ results. We also tested 

simple anharmonic treatment of the vibrations and vibration-rotation coupling for Br− + CH3I and Cl− 

+ CH3Br systems, but the resulting KIEs were either higher or similar to the values obtained with the 

harmonic treatment. This result is consistent with an earlier study [22] that including anharmonicity 

did not reduce the disagreement with experiment. Future experimental and theoretical studies on this 

respect are desired to resolve the discrepancies between theory and experiments, especially for the Br– 

+ CH3I system which has a very inverse experimental deuterium KIE of 0.76. 
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Table 4. Mean unsigned errors (MUE) a and standard deviations (SD) on the KIEs of the 

eleven SN2 reactions at various levels of theory. 

MUE SD 

M06-2X/6-31+G(d,p) 0.153  0.231  
M06-2X/6-311+G(d,p) 0.087  0.055  
M06-2X/aug-cc-pVDZ 0.079  0.058  
B3LYP/6-31+G(d,p) 0.129  0.070  

B3LYP/6-311+G(d,p) 0.172  0.094  
B3LYP/aug-cc-pVDZ 0.099  0.056  

MP2/6-31+G(d,p) 0.068  0.038  
MP2/6-311+G(d,p) 0.121  0.073  
MP2/aug-cc-pVDZ 0.049  0.039  
MP2/aug-cc-pVTZ 0.075  0.047  

a MUE was defined as the average of the unsigned differences between the calculated and experimental KIEs. 

3.3.2. Factor Analysis of KIE 

According to Equations (12)–(16), the KIE can be factored into contributions from the translational, 

rotational, and vibrational motions. Table 5 listed these contributions to the deuterium KIEs at 300 K 

calculated at the MP2/aug-cc-pVDZ level for the eleven reactions mentioned above and two additional 

reactions: CN− + (CH3)2CHI, and CN− + (CH3)3CI where in the deuterated reactions all the hydrogens 

on the neutral molecules were assumed to be deuterated. 

3.3.2.1. Translational Contribution  

The translational contribution are only slightly normal, and according to Equation (14’) is larger for 

heavier anions. For example, as seen in Table 5 the translational contribution was 1.006 for the  

Cl− + CH3I system and was 1.069 for the BrO− + CH3CH2Cl system. 

3.3.2.2. Rotational Contribution  

The rotational contribution derived from the ratios of moments of inertia, as seen in Equation (15), 

and is usually significantly larger than the translational contribution. It is largest in the systems 

containing methyl halides and molecular anions, such as BrO−, that contain heavy atoms not bonded 

directly to the primary carbon in the product. In such systems, one of the principle axes is moved away 

from the primary carbon in the transition state, which magnifies the substitution effects on the 

rotational contribution. As seen in Table 5, the rotational contributions for ClO− + CH3Cl and BrO− + 

CH3Cl were 1.617 and 1.625, respectively. The microsolvated reaction of F−(H2O) + CH3Cl also 

shows a large rotational contribution of 1.660 for similar geometrical reasons. All other systems 

showed rotational contributions of 1.2–1.3. For example, the rotational contributions for Cl− + CH3I 

and Br− + CH3I were 1.231 and 1.241, respectively. 
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3.3.2.3. Vibrational Contribution  

The vibrational contribution is very often the dominant factor in determining the kinetic isotope 

effects. It involves, as shown in Equation (16), all the vibrational modes of the transition states and the 

reactants for both the isotopically substituted and unsubstituted systems. It has been shown that the 

inverse vibrational contribution to the deuterium KIEs was due both to the high- and low-frequency 

modes [12,13,17,21,22,24,92–95]. The high-frequency contribution derives from the higher C-H 

stretching frequencies at the TS than at the reactant. The C-H bonds apparently are strengthened from 

the reactant to the TS with the bond lengths shortened by ~0.01 Å [22]. The lowest-frequency or the 

“transitional” modes are intrinsically “inverse” contributors to the deuterium KIEs. These modes are 

present only at the transition state, and the frequencies of these modes in the unsubstituted systems are 

almost always higher than those in the deuterated system. Thus these transitional modes would also 

make inverse contribution to the deuterium KIEs. The mid-frequency modes usually contribute 

somewhat normally to the deuterium KIEs. The overall vibrational contributions are usually in the 

range of 0.5–0.8. For example, in the Cl− + CH3Br system, the calculated vibrational contribution at 

300 K is 0.732 which is then multiplied by the translational contribution (1.013) and rotational 

contribution (1.234) to give the predicted KIE of 0.915. For ethyl halides, there are one fewer -hydrogens, 

and thus the vibrational contribution is expected to be less inverse. As shown in Table 5, the 

vibrational contributions for the ClO− + CH3Cl and ClO− + CH3CH2Cl systems were 0.527 and 0.717, 

respectively. Similar trends were observed if the anion was replaced by BrO−. It is worth mentioning 

that the recent selective-deuteration study by Bierbaum, Westaway, and coworkers [15,16] clearly 

showed that the -D3 KIEs of CH3CH2Cl + ClO−/BrO− and CH3CH2I + CN− were slightly normal 

while the -D2 and perdeutero (D5) KIEs were slightly inverse. These results confirmed that the 

inverse perdeutero KIEs which were usually observed in the gas-phase SN2 reactions were caused 

solely by the deuteration of the -hydrogens. Table 5 suggested that the larger value of the vibrational 

contribution in the HS− + CH3CH2Br system (0.831) makes the deuterium KIE normal. This is 

consistent with the experimental normal KIE of 1.02. However, the trends were less pronounced for 

the CN− + CH3I / CH3CH2I / (CH3)2CHI series. For the t-butyl halides, the E2 pathway is expected to 

be dominant [16]. Nonetheless, it is noted that theoretically the deuterium KIEs of the t-butyl halides 

in the SN2 channel do not necessarily become close to unity or less inverse than the ethyl or the  

i-propyl halides. This is because in such systems neither the rotational nor the vibrational contributions 

have to be very close to unity, and that the greater number of deuterated -hydrogens can also make 

significant inverse contribution, as shown in Table 5 for the CN− + (CH3)3CI / (CD3)3CI system. It is 

also worth mentioning that experimentally if the measured deuterium KIE of an ethyl halide system is 

significantly higher than that of a methyl halide or is slightly larger than 1.0, this does not necessarily 

mean that the E2 channel also contributes to the KIE [15]. As seen from the example mentioned above, 

the relative masses (translational contribution), the molecular geometry of the TS, and the changes in 

vibrational frequencies from the reactants to the TS, all contribute to the deuterium KIEs. This often 

made the interpretation of observed trends in KIEs difficult without accurate theoretical modeling. It is 

also noted that for the reactions listed in Table 3, except for F−(H2O) + CH3Cl, the vibrational zero-point 

energies of the reactants and the transition state are all very similar (see Table S5 in the supplementary 
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material). As mentioned in Section 2.4, the inverse vibrational contribution in gas-phase SN2 reactions 

was not due to the overall zero-point energy effects. 

Table 5. Calculated translational, rotational, and vibrational contributions to the deuterium 

KIEs at 300 K. 

 trans  rot  vib  KIETST a KIEexpt b 
ClO− + CH3Cl 1.045  1.617  0.527  0.890  0.85 ± 0.01 

ClO− + CH3CH2Cl 1.050  1.310  0.717  0.987  0.99 ± 0.01 
BrO− + CH3Cl 1.059  1.625  0.519  0.893  0.82 ± 0.03 

BrO− + CH3CH2Cl 1.069  1.312  0.710  0.995  0.96 ± 0.03 
HS− + CH3CH2Br 1.016  1.271  0.831  1.073  1.02 ± 0.07 

Cl− + CH3I 1.006  1.231  0.717  0.889  0.84 ± 0.02 
Br− + CH3I 1.011  1.241  0.731  0.918  0.76 ± 0.03 
CN− + CH3I 1.005  1.229  0.714  0.881  0.84 ± 0.03 

CN− + CH3CH2I 1.007  1.264  0.724  0.921  0.89 ± 0.02 
Cl− + CH3Br 1.013  1.234  0.732  0.915  0.88 ± 0.45 

F−(H2O) + CH3Cl 1.037  1.660  0.481  0.828  0.85 ± 0.03 
CN− + (CH3)2CHI 1.008  1.170  0.787  0.928   
CN− + (CH3)3CI 1.009  1.129  0.767  0.874   

a KIEs predicted by the transition state theory; b Experimental KIEs, see Table 3. 

3.3.3. Temperature Dependence of the KIEs 

The vibrational contribution is the main source of the temperature dependence of the KIEs for the 

systems where the application of the TST theory is valid. The calculated temperature dependence of 

the KIE and its vibrational contribution for several reactions was listed in Table 6. For example, the 

vibrational contribution of the Cl− + CH3Br system from 200 K to 600 K was predicted to increase 

from 0.695 to 0.749 and the corresponding KIE from 0.868 to 0.937. Similarly, the vibrational 

contribution of the F−(H2O) + CH3Cl system from 200 K to 600 K was predicted to increase from 

0.425 to 0.527 and the corresponding KIE from 0.732 to 0.907. It would be very interesting to compare 

the predicted temperature dependence with future experiments which can measure KIEs at different 

temperature. For systems with only small vibrational contribution ( vib
 close to 1.00), the temperature 

dependence is expected to be small. For example, the ClO− + CH3CH2Cl and BrO− + CH3CH2Cl 

systems were predicted to show negligible temperature dependence of the deuterium KIE in the 300–

600 K range.  

The KIE of the HS− + CH3CH2Br system, which was slightly normal at 300 K, was predicted to 

decrease at higher temperature. While this may look peculiar, it is understandable by a detailed factor 

analysis of the vibrational contribution as a function of temperature, as shown in Table S6 in the 

Supplementary Material. As shown in Table 5, the HS− + CH3CH2Br reaction has a particularly high 

deuterium KIE at 300 K which is consistent with the prediction by TST. The high value was due to the 

high vibrational contribution of 0.831 which was highest among the reactions in the current study. As 

shown in Table S6, the normal contribution to the KIEs from the mid-frequency modes was higher 

than other reactions, and it showed stronger negative temperature dependence. This negative 
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dependence of the mid-frequency modes offset the regular positive temperature dependence of the 

high-frequency modes such that the overall vibrational contribution and the deuterium KIEs showed 

interesting negative temperature dependence. For reactions with negative barriers, the bottleneck may 

shift back towards the collision process at lower temperature since the TST rate constants would 

increase as temperature decrease while the capture rate constant is less sensitive to the temperature. 

Thus we also include the calculated KIECUS in Table 6 for comparison. 

Table 6. Calculated deuterium KIEs and their vibrational contributions at different temperature a. 

ClO− + CH3Cl (0.85) b ClO− + CH3CH2Cl (0.99) b BrO− + CH3CH2Cl (0.96) b

T(K) vib  KIETST KIECUS vib  KIETST KIECUS vib  KIETST KIECUS 

100 0.338  0.571  1.015  0.636 0.875  1.016  0.639 0.896  1.022  
200 0.481  0.813  0.936  0.703 0.966  1.007  0.698 0.978  1.005  
300 0.527  0.890  0.901  0.717 0.987  0.990  0.710 0.995  0.996  
400 0.544  0.919  0.922  0.719 0.989  0.990  0.710 0.995  0.995  
500 0.552  0.933  0.934  0.718 0.988  0.988  0.708 0.992  0.992  
600 0.557  0.941  0.942  0.718 0.987  0.987  0.707 0.990  0.991  

Cl− + CH3Br (0.88) b F−(H2O) + CH3Cl (0.85) b HS− + CH3CH2Br (1.02) b 

T(K) vib  KIETST KIECUS vib  KIETST KIECUS vib  KIETST KIECUS 

100 0.553  0.691  0.762  0.273 0.470  0.642  0.957 1.235  1.005  
200 0.695  0.868  0.871  0.425 0.732  0.735  0.868 1.122  1.066  
300 0.732  0.915  0.916  0.481 0.828  0.829  0.831 1.073  1.068  
400 0.742  0.928  0.929  0.505 0.870  0.871  0.807 1.042  1.041  
500 0.746  0.933  0.934  0.518 0.892  0.893  0.791 1.022  1.022  
600 0.749  0.937  0.937  0.527 0.907  0.908  0.782 1.010  1.010  

a In calculating the KIECUS, the energy barriers used were obtained by fitting the kCUS to reproduce the 

experimental rate constants of the unsubstituted systems. The fitted barriers were listed in the supplementary 

material. b Values in parentheses are experimental KIEs at ~300 K, see Table 3. 

As expected, for the slower reactions, Cl− + CH3Br and F−(H2O) + CH3Cl, the agreement between 

KIETST and KIECUSis very good down to 200 K. However, for the faster reactions, ClO− + CH3Cl and 

ClO− + CH3CH2Cl, significant discrepancies occur below 300 K. The comparison of calculated 

deuterium KIETST and KIECUS for the ClO− + CH3Cl system from 100 K to 600 K is also shown in 

Figure 1. The discrepancies are small above 300 K, but are very large at low temperature. 

Interestingly, a minimum value of KIECUS (0.90) was predicted at about 250 K. Apparently, the CUS 

theory needs to be used below 300 K to obtain meaningful results. 
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Figure 1. Temperature dependence of the calculated deuterium KIEs of the gas phase ClO− 

+ CH3Cl reaction using the TST and CUS methods. 

 

3.3.4. Tunneling Effects on Rate Constants and KIEs 

It has not been established whether tunneling effects can make significant contribution to the rate 

constants and KIEs of the SN2 reactions. On one hand, the reaction paths are dominated by heavy atom 

movements, and thus the reactions are not very likely to have very strong tunneling effects. On the 

other hand, the widths of the energy barriers along the reaction paths are small due to the stable ion-dipole 

complexes before and after the transition states, and the tunneling might be important if there are 

sizable barriers. Recently there are reports [44–50] that carbon atoms and oxygen atoms can participate 

in the tunneling to significant extents. Furthermore, a recent study [25] showed that the carbon atom 

tunneling could be important in a microsolvated SN2 reaction. In the current study the SN2 reaction of 

CN− + CH3OCl → OCl− + CH3CN was selected to study the tunneling effects.  

The calculated energetic is shown in Table 7 and the calculated structures of the reactants, products, 

TS, and the ion-dipole complexes are shown in Figure 2. The reaction has a sizable barrier height  

(~10 kcal/mol) and is still significantly exoergic (by ~10 kcal/mol) to keep the barrier width small, and 

the system is also free from the solvent perturbation. 

Table 7. Calculated reaction energetic a (in kcal/mol) of the gas-phase CN− + CH3OCl → 

OCl− + CH3CN reaction. 

 
Erxn b 

ion-dipole complex 
CN−...CH3OCl 

ion-dipole complex 
OCl−...CH3CN 

Barrier 
height 

B3LYP/6-311+G(d,p) −11.4  −9.8  −29.6  8.8  
MP2/aug-cc-pVDZ −10.4  −10.0  −29.9  9.8  
MP2/aug-cc-pVTZ −11.9  −9.8  −31.0  10.1  

CCSD(T)/aug-cc-pVTZ c −9.9  −9.8  −28.7  9.8  
a All energies relative to CN− + CH3OCl; b Energy of reaction; c Using MP2/aug-cc-pVDZ structures. 
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Figure 2. Calculated structures in the gas-phase SN2 reaction of CN− + CH3OCl at the 

MP2/aug-cc-pVTZ level. Bond lengths are in Å (blue) and bond angles in degrees (red).  

(a) Reactants (b) Products (c) Transition state (d) Ion-dipole complex. 

  
(a) (b) 

 
(c) 

 
(d)  

Table 8 shows the calculated TST and CVT/SCT rate constants of CN− + CH3OCl (kH), CN− + 

CD3OCl (kD), CN− + 13CH3OCl (k13C), and CN− + 14CH3OCl (k14C) from 50 to 600 K, and Figure 3 

shows the corresponding Arrhenius plots. The apparent curvature in Figure 3 shows that the tunneling 

effects are indeed important at low temperature. Table 8 shows that even at 300 K the tunneling 

increases the TST rate constants by approximately 50% for all four reactions. At 250 K tunneling 

almost doubles all the rate constants, and at 150 K tunneling increases the kH and kD by a factor of ~20 

and increases k13C and k14C by factors of ~15 and ~10, respectively. Unfortunately the magnitudes of 

the rate constants calculated in the current reactions were well below the detection thresholds of 

current experimental techniques. However, the current study serves as a pioneer probe into an 

experimentally uncharted region where the tunneling plays a very important role in the gas-phase SN2 

reactions. Table 9 shows the calculated KIEs by TST and CVT/SCT theory where the KIE(D), 

KIE(13C), and KIE(14C) are defined as kH / kD, k13C / kH, and k14C / kH, respectively, and the tunneling 

contributions to the KIE as defined by Equation (22) are also included. It is interesting to notice that 

while tunneling increase the rate constant significantly below 300 K, the KIE(D) calculated with and 

without tunneling (CVT/SCT and TST) are almost the same above 100 K. This means the tunneling 

does not directly involve the motion of hydrogen atoms. At the lowest temperature, the tunneling 

increases the very inverse KIE(D) predicted by TST because in tunneling dominated reactions, the rate 

constants are less sensitive to the effective barrier height. On the other hand, the tunneling increase the 
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KIE(13C) and KIE(14C) by 3% and 5%, respectively at 300 K. The tunneling contributions are 

significantly normal at lower temperature and increase the KIE(13C) and KIE(14C) by factors of 2.8 and 

7.0 at 100 K, respectively. The plots of the predicted KIEs as functions of temperature are shown in 

Figure 4. Tunneling effects make dramatic increase in predicted KIE(13C) and KIE(14C) below 200 K 

while the KIE(D) was less affected. The current results thus suggest that the tunneling directly 

involves the motion of the carbon atom. This is consistent with a previous study [25] on the SN2 

reaction of F−(H2O) + CH3F. 

Table 8. Calculated rate constants (cm3 molecule−1s−1) by the TST and CVT/SCT methods. 

CN− + CH3OCl CN− + CD3OCl CN− + 13CH3OCl CN− + 14CH3OCl 

T(K) TST CVT/SCT TST CVT/SCT TST CVT/SCT TST CVT/SCT

50 2.16(−60) a 3.01(−32) 5.70(−60) 4.57(−32) 1.55(−60) 8.30(−33) 1.16(−60) 2.54(−33) 
100 8.22(−39) 5.82(−32) 1.30(−38) 9.14(−32) 6.87(−39) 1.76(−32) 5.88(−39) 5.94(−33) 
150 1.64(−31) 3.32(−30) 2.16(−31) 4.56(−30) 1.44(−31) 2.06(−30) 1.29(−31) 1.42(−30) 
200 8.72(−28) 2.79(−27) 1.05(−27) 3.39(−27) 7.90(−28) 2.31(−27) 7.25(−28) 1.97(−27) 
250 1.70(−25) 3.30(−25) 1.94(−25) 3.80(−25) 1.56(−25) 2.91(−25) 1.46(−25) 2.61(−25) 
300 6.23(−24) 9.65(−24) 6.92(−24) 1.07(−23) 5.81(−24) 8.74(−24) 5.47(−24) 8.03(−24) 
400 6.69(−22) 8.40(−22) 7.22(−22) 9.09(−22) 6.33(−22) 7.83(−22) 6.02(−22) 7.36(−22) 
500 1.28(−20) 1.47(−20) 1.37(−20) 1.57(−20) 1.22(−20) 1.39(−20) 1.17(−20) 1.32(−20) 
600 1.02(−19) 1.11(−19) 1.08(−19) 1.18(−19) 9.73(−20) 1.05(−19) 9.36(−20) 1.01(−19) 

a 2.16(–60) means 2.16 × 10−60. 

Figure 3. The Arrhenius plots of the calculated rate constants of the gas phase CN− + 

CH3OCl reaction and its three isotopically substituted analogs. The broken and solid lines 

indicate results obtained at the TST and CVT/SCT levels, respectively. 
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Table 9. Calculated KIEs and its tunneling contributions by the TST and CVT/SCT theory. 

KIE(D) KIE(13C) KIE(14C) 

T(K) TST tunneling  CVT/SCT TST tunneling
CVT/SCT TST tunneling  CVT/SCT

50 0.380  1.734  0.659  1.394 2.604  3.629  1.863  6.356  11.842  
100 0.635  1.003  0.637  1.196 2.768  3.310  1.399  7.003  9.797  
150 0.758  0.959  0.727  1.134 1.422  1.613  1.267  1.848  2.342  
200 0.831  0.990  0.822  1.103 1.095  1.208  1.203  1.175  1.413  
250 0.874  0.995  0.870  1.084 1.047  1.136  1.165  1.087  1.266  
300 0.901  0.996  0.897  1.072 1.030  1.104  1.140  1.054  1.201  
400 0.926  0.997  0.924  1.057 1.016  1.073  1.110  1.028  1.142  
500 0.937  0.997  0.934  1.049 1.010  1.059  1.094  1.018  1.114  
600 0.943  0.997  0.940  1.044 1.007  1.051  1.085  1.013  1.099  

Figure 4. Calculated temperature dependence of the deuterium, 13C, and 14C KIEs of the 
gas phase CN− + CH3OCl reactions. The broken and solid lines indicated results obtained 

at the TST and CVT/SCT levels, respectively. 

 

The KIEs calculated in the current study were based on potential energy surface calculated using 

the Born-Oppenheimer (BO) approximation which gives identical electronic energies at the same 

molecular geometry regardless of the isotopic masses. The BO approximation is usually valid for 

stable molecules on the ground electronic state. Recent studies showed that the corrections to the BO 

approximation calculated using the diagonal BO correction (DBOC) [96] for small molecules were in 

the range of 1–3 kcal/mol for total electronic energies, a few cm–1 for vibrational frequencies, and less 

than 0.001 Å for bond lengths [96,97]. Recent theoretical studies with DBOC on the H + H2 system [98,99] 

also showed that the barrier heights changed by 0.1–0.2 kcal/mol on different deuterated reactions. For 

example, the barrier heights difference calculated by DBOC between the H + H2 and D + D2 was only 
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0.08 kcal/mol [98]. Minor differences on the rate constants and deuterium KIEs were observed with 

and without the DBOC. Since the DBOC tends to increase the barrier height slightly, and the increase 

is smaller for the deuterated systems, the deuterium KIEs decreased slightly with the DBOC. The 

recent study by Fleming et al. [99] showed the validity of the BO approximation in calculating the 

KIEs over a dramatic isotopic mass ratio of 36. However, for the SN2 reactions we investigated in the 

current study, the hydrogens or deuteriums were not directly involved in the bond-breaking or  

bond-forming process. Thus the errors due to the BO approximation in barrier heights are expected to 

be negligible. The C–H vibrational frequencies of alkyl halides are expected to change by only a few 

cm–1 by DBOC, and this would only have very minor effects on the calculated vibrational contribution to 

the KIEs. The tunneling probability in principle could be affected because the molecular geometry and 

potential energies along the tunneling paths would also be affected by the non-BO treatment. However 

for the SN2 reactions, the reaction paths involve primarily the movement of heavy atoms, and, as shown 

above, the most important tunneling contribution is from the central carbon atom. It is thus expected the 

tunneling contribution to the KIEs would not be significantly affected by the non-BO treatment. 

4. Conclusions  

We have shown in this study that how the kinetic isotope effects (KIEs) of the gas-phase SN2 

reactions can be realistically modeled. By using the ion-molecular collision theory, the transition state 

theory (TST), the canonical unified statistical theory (CUS), canonical variational transition state 

theory with small-curvature (CVT/SCT) tunneling correction, and sometimes the combinations of the 

above theories, the rate constants and the kinetic isotope effects of the ion-molecule SN2 reactions 

within a very large range of the reaction efficiencies (1.0 to 10–15) and barrier heights (−10 to  

10 kcal/mol) can be calculated, and the experimental trends can be explained. We have shown that for 

very fast reactions (with rate constants ~109 cm3·molecule–1·s–1), the bottleneck is located on the  

ion-molecule collisions, and the reaction would show very small (close to unity) kinetic isotope 

effects, which is consistent with experimental data. For reactions with small barriers where the 

accurate TST rate constants are significantly lower than the capture rate constants (or approximately 

with reaction efficiencies less than 10%), the TST is a good model for the rate constants and KIEs, and 

modeling the KIEs alone does not even need accurate barrier heights. Our benchmark study showed 

that commonly used electronic structure methods tend to overestimate the values of the deuterium 

KIEs, and the MP2/aug-cc-pVDZ performed best in reproducing eleven experimentally measured 

values. For reactions with intermediate efficiencies or with slightly lower barriers where the accurate 

TST rate constants are about the same order of magnitude as that of the capture rate constants, the CUS 

theory, which takes into account both the capture and TST rate constants and makes smooth transition 

between these two limiting cases, can be applied. However, in such cases accurate modeling of KIEs 

does require accurate barrier heights. We also showed that for reaction with large barrier heights, the 

tunneling effects can make significant contributions both to the rate constants and to the carbon KIEs 

at and below room temperature. This thus suggested that the carbon atom tunneling could be 

significant in gas-phase SN2 reactions. 
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