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Table S1. Experimental studies of halophilic reaction that forms dihalogen anions. 

nucleophile reactant dihalide 
product

halogen-bonded 
complex reference

F- CF3Br BrF- [CF3--Br--F ]- 1Viggiano, J. Phys. Chem. 1994
F- CF3I IF- [CF3--I--F ]- 1Viggiano, J. Phys. Chem. 1994
F- CH3Cl ClF- [CH3--Cl--F]- 2Ervin, J. Am. Chem. Soc. 2001
F- CH3I IF- [CH3--I--F]- 3Wester, J. Phys. Chem. A 2016

Cl- CH3Br BrCl- [CH3--Br--Cl]- 4Viggiano, J. Am. Chem. Soc. 1995
Cl- CH3I ICl- [CH3--I--Cl]- 4Viggiano, J. Am. Chem. Soc. 1995
Cl- CH3F ClF- [CH3--F--Cl]- 5Ervin, J. Am. Chem. Soc. 2002

I- CH3I I2
- [CH3--I--I]- 4Viggiano, J. Am. Chem. Soc. 1995

I- CH3Cl ICl- [CH3--Cl--I]- 6Ervin, J. Phys. Chem. A 2004
I- CH3Br IBr- [CH3--Br--I]- 6Ervin, J. Phys. Chem. A 2004

HO- CH3I IOH- [CH3--I--OH]- 7Wester, Faraday Discussion, 2012



Table S2. Comparison of reaction energiesa for Nu- + CH3I → NuCH3 + I- SN2 reaction (X = OH, 
F, Cl, Br) with different level of theory. 

method basis set OH- F- Cl- Br- reference
B97-1 ECP/d -68.8 -46.8 -13.1 -5.8 This work

(-64.9) (-45.1) (-12.4) (-5.4)
[-66.8] [-45.2] [-12.5] [-5.5]

ECP/t -45.6 ref. 8

B3LYP ECP/d -68.3 -46.7 -13.3 -5.9 This work
(-64.5) (-45.1) (-12.6) (-5.5)
[-66.4] [-45.2] [-12.7] [-5.6]

MP2 ECP/d -62.0 -40.9 -10.3 This work
(-58.1) (-38.2) (-9.6)
[-60.0] [-39.4] [-10.0]

ECP/t -41.90 ref. 8

CCSD(T)b ECP/d -63.0 -41.9 This work
(-59.1) (-39.2)

CCSD(T)-F12b see ref. -66.64 -46.9 -14.9 ref. 9-11

(-62.67) (-45.2) (-14.1)

expt. (0K, no ZPE) -47.1 ref. 8
expt. (0K) (-66.44) ref. 12

expt. (298 K)c [-66.91 ± 0.26] [-45.2] [-14.1] [-6.1] ref. 7

aCalculated energies in kcal/mol. Values in normal text are electronic energy without zero-point energy 
(ZPE) correction; values in parentheses ( ) are with ZPE correction; values in square brackets [ ] are with 
ZPE corrections and thermal corrections at 298.15 K. 
bThe values are single point energy calculated on top of structures optimized with B97-1/ECP/d method. 
cReaction enthalpy at 298.15 K.
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Figure S1. Potential energy profile of HO-(H2O)n=0,1,2 + CH3I SN2 reaction that displays the 
back-side attack, front-side attack, and halogen-bonded complex pathways using B97-1/ECP/d 
method. Energy values (in kcal/mol) without ZPE are in normal text and enthalpy values at 
298.15 K are in parentheses. Color code: H, white; C, blue; O, red; I, pink. 



Figure S2. Potential energy profile of F-(H2O)n=0,1,2 + CH3I SN2 reaction that displays the back-
side attack, front-side attack, and halogen-bonded complex pathways using B97-1/ECP/d method. 
Energy values (in kcal/mol) without ZPE are in normal text and enthalpy values at 298.15 K are 
in parentheses. Color code: H, white; C, blue; O, red; F, yellow; I, pink. 



Figure S3. Potential energy profile of Br-(H2O)n=0,1,2 + CH3I SN2 reaction that displays the back-
side attack, front-side attack, and halogen-bonded complex pathways using B97-1/ECP/d method. 
Energy values (in kcal/mol) without ZPE are in normal text and enthalpy values at 298.15 K are 
in parentheses. Color code: H, white; C, blue; O, red; Br, brown; I, pink. 



        

Figure S4. Potential energy profile of I-(H2O)n=0,1,2 + CH3I SN2 reaction that displays the back-
side attack, front-side attack, and halogen-bonded complex pathways using B97-1/ECP/d method. 
Energy values (in kcal/mol) without zpe are in normal text and enthalpy values at 298.15 K are 
in parentheses. Color code: H, white; C, blue; O, red; I, pink. 



Figure S5. Intrinsic reaction coordinates (IRC) calculation of the invTS, FSTS, and XTS HO-

(H2O)n=0,1,2 + CH3I SN2 reaction using B97-1/ECP/d method. 



Figure S6. Intrinsic reaction coordinates (IRC) calculation of the invTS, FSTS, and XTS Cl-

(H2O)n=0,1,2 + CH3I SN2 reaction using B97-1/ECP/d method. 



Table S3. Calculated energies (kcal/mol) of the stationary points relative to the reactants for the 
Y-(H2O)n=0,1,2 + CH3I [Y = OH, F, Cl, Br, I] SN2 reactions using B97-1/ECP/d. Values without 
zero-point-energy (ZPE) corrections are in normal text, values with ZPE corrections at 298.15 K 
are in parentheses. 

Nucleophile Y-

HO- F- Cl- Br- I-

Y- + CH3I 0.0 0.0 0.0 0.0 0.0
RC -20.1 (-20.5) -20.2 (-19.5) -11.7 (-10.7) -10.5 (-8.9) -9.2 (-7.6)
invTS -19.6 (-19.0) -17.8 (-17.1) -8.7 (-7.7) -6.2 (-5.3) -3.6 (-2.7)
PC -80.1 (-76.6) -54.1 (-51.0) -21.9 (-19.6) -15.1 (-13.1) -9.2 (-7.6)
FSTS 7.5 (7.6) 14.4 (15.1) 31.4 (31.8) 33.5 (33.8) 35.4 (35.6)
XC -26.8 (-26.3)         -24.6 (-23.5) -10.2 (-8.9) -8.2 (-6.9) -6.2 (-4.9)
XTS -2.8 (-2.6) -1.6 (-0.6) 0.2 (1.2) 0.3 (1.4) 0.4 (1.5)
CH3Y + I- -68.8 (-66.8) -46.8 (-45.2) -13.1 (-12.5) -5.8 (-5.5) 0.0 (0.0)
XY- + CH3 9.7 (7.4) 20.9 (19.5) 32.7 (31.2) 33.0 (31.5) 32.0 (30.5)

HO-(H2O) F-(H2O) Cl-(H2O) Br-(H2O) I-(H2O)
Y-(H2O) + CH3I 0.0 0.0 0.0 0.0 0.0
RC -14.0 (-12.0) -13.5 (-12.2) -10.4 (-9.2) -9.6 (-8.5) -8.7 (-7.5)
invTS -13.9 (-11.9) -11.7 (-10.3) -3.6 (-3.0) -1.9 (-1.4) -0.1 (0.4)
PC -63.9 (-57.9) -37.2 (-33.7) -37.2 (-33.7) -12.6 (-11.1) -8.7 (-7.5)
FSTS 16.7 (19.0) 24.2 (25.5) 33.3 (33.4) 34.6 (34.6) 35.4 (35.3)
XC -18.0 (-15.3) -15.6 (-14.1) -8.3 (-7.3) -7.0 (-6.2) -5.8 (-4.9)
XTS -2.7 (-1.8) -2.3 (-1.8) -1.5 (-1.0) -1.3 (-0.9) -1.2 (-0.7)
CH3Y + I- + H2O -40.5 (-37.8) -19.1 (-18.6) 1.9 (0.8) 7.2 (5.7) 10.9 (9.1)

HO-(H2O)2 F-(H2O)2 Cl-(H2O)2 Br-(H2O)2 I-(H2O)2

Y-(H2O)2 + CH3I 0.0 0.0 0.0 0.0 0.0
RC -11.9 (-10.5) -11.2 (-9.9) -7.1 (-6.1) -8.6 (-7.4) -6.9 (-5.8)
invTS -8.6 (-6.8) -4.7 (-3.0) 0.4 (1.1) 2.0 (2.6) 2.2 (2.6)
PC -52.4 (-47.3) -27.5 (-24.1) -14.2 (-12.3) -10.4 (-8.8) -7.9 (-6.7)
FSTS 22.7 (24.3) 31.1 (32.4) 35.6 (35.8) 35.8 (35.9) 35.8 (35.7)
XC -12.8 (-11.0) -10.6 (-9.0) -6.6 (-5.6) -6.0 (-4.9) -5.1 (-4.1)
XTS -1.7 (-1.0) -1.5 (-0.8) -1.9 (-1.3) -2.1 (-1.4) -2.4 (-1.8)
CH3Y + I- + 2H2O -18.3 (-18.1) 2.1 (0.8) 16.5 (13.8) 20.7 (17.8) 23.0 (19.6)



Table S4. Bond metrics for stationary points on back-side attack pathway of Y-(H2O)n=0,1,2 + CH3I SN2 reaction as calculated by B97-
1/ECP/d level of theory. Bond distances are in Angstrom, angles are in degree, and imaginary frequency in cm-1. 

CH3I RC invTS PC CH3Y

Y- C-I C-I C-Y ∠I-C-Y C-I C-Y ∠I-C-Y
imaginary 
frequency C-I C-Y ∠I-C-Y C-Y

n = 0
HO- 2.149 2.212 2.728 120.4 2.287 2.642 150.7 143i 3.994 1.413 62.4 1.425
F- 2.149 2.200 2.674 118.3 2.257 2.532 155.8 145i 3.713 1.424 179.9 1.398
Cl- 2.149 2.232 3.052 180.0 2.601 2.465 180.0 306i 3.613 1.848 180.0 1.809
Br- 2.149 2.222 3.243 179.9 2.657 2.554 180.0 299i 3.553 2.007 179.8 1.959
I- 2.149 2.211 3.513 179.8 2.714 2.712 180.0 291i 3.513 2.211 179.8 2.149
n = 1

HO-(H2O) 2.149 2.245 2.689 172.1 2.368 2.422 176.1 145i 4.001 1.419 59.9 1.419
F-(H2O) 2.149 2.223 2.645 175.8 2.494 2.100 178.6 297i 3.844 1.421 174.2 1.398
Cl-(H2O) 2.149 2.197 3.256 173.7 2.674 2.383 179.9 333i 3.781 1.839 173.0 1.809
Br-(H2O) 2.149 2.193 3.431 173.1 2.712 2.492 178.8 309i 3.730 1.994 173.5 1.959
I-(H2O) 2.149 2.189 3.706 173.9 2.738 3.673 176.2 290i 3.706 2.189 173.9 2.149
n = 2
HO-(H2O)2 2.149 2.191 2.954 175.6 2.482 2.232 178.8 330i 5.223 1.415 95.2 1.425
F-(H2O)2 2.149 2.188 2.941 177.1 2.609 1.973 179.7 377i 3.895 1.419 171.4 1.398
Cl-(H2O)2 2.149 2.196 3.196 176.8 2.697 2.354 178.5 333i 3.860 1.835 169.7 1.809
Br-(H2O)2 2.149 2.183 3.535 169.7 2.772 2.431 178.4 300i 3.818 1.988 169.6 1.959
I-(H2O)2 2.149 2.191 3.613 178.5 2.776 2.639 178.3 278i 3.613 2.191 178.5 2.149



Table S5. Bond metrics for front-side transition state on FSA pathway of Y-(H2O)n=0,1,2 + CH3I SN2 reaction as calculated by B97-
1/ECP/d level of theory. Bond distances are in Angstrom, angles are in degree, and imaginary frequency in cm-1. 

FSTS
Y- C-I C-Y I-Y ∠C-I-Y ∠C-Y-I ∠I-C-Y imaginary frequency

n = 0 

HO- 2.676 2.270 3.376 42.1 52.2 85.7 441i

F- 2.704 2.018 3.081 40.2 59.8 80.0 476i

Cl- 2.941 2.592 3.791 43.0 50.7 86.3 444i

Br- 2.969 2.763 3.966 44.1 48.4 87.5 418i

I- 2.996 2.996 4.190 45.6 45.6 88.7 401i

n = 1

HO-(H2O) 2.748 2.253 3.350 41.9 54.6 83.5 463i

F-(H2O) 2.792 2.034 3.133 39.6 61.1 79.2 500i

Cl-(H2O) 2.967 2.608 3.795 43.3 51.2 85.5 440i

Br-(H2O) 2.979 2.768 3.950 44.4 48.9 86.7 415i

I-(H2O) 3.002 3.002 4.167 46.1 46.1 87.8 396i

n = 2

HO-(H2O)2 2.809 2.238 3.245 41.7 56.7 81.6 476i

F-(H2O)2 2.874 2.042 3.210 38.7 61.7 79.5 512i

Cl-(H2O)2 3.026 2.607 3.849 42.5 51.6 85.9 436i

Br-(H2O)2 3.047 2.774 4.010 43.7 49.4 86.9 407i

I-(H2O)2 3.061 3.008 4.214 45.5 46.5 88.0 393i



Table S6. Bond metrics for halogen-bonded complex and halogen-bonded transition state on XC pathway of Y-(H2O)n=0,1,2 + CH3I 
SN2 reaction as calculated by B97-1/ECP/d level of theory. Bond distances are in Angstrom, angles are in degree, and imaginary 
frequency in cm-1. 

XC XTS

Y- C-I C-Y I-Y ∠C-I-Y C-I C-Y I-Y ∠C-I-Y ∠C-Y-I ∠I-C-Y
imaginary 
frequency

n = 0 
HO- 2.284 4.667 2.383 178.9 2.149 4.261 3.158 105.2 29.1 45.6 102i
F- 2.240 4.556 2.316 180.0 2.144 4.290 3.186 105.5 28.8 45.7 101i
Cl- 2.204 5.232 3.028 180.0 2.145 5.223 4.074 110.4 22.6 47.0 64i
Br- 2.199 5.439 3.240 180.0 2.145 5.462 4.299 111.5 21.4 47.1 56i
I- 2.196 5.719 3.523 180.0 2.146 5.806 4.617 113.1 19.9 47.0 51i
n = 1
HO-(H2O) 2.241 4.710 2.469 179.2 2.146 4.804 3.265 123.9 21.7 34.4 94i
F-(H2O) 2.206 4.624 2.418 180.0 2.145 4.842 3.289 124.6 21.4 34.0 87i
Cl-(H2O) 2.191 5.271 3.080 178.8 2.147 5.452 3.835 129.2 17.8 33.0 65i
Br-(H2O) 2.189 5.475 3.286 178.7 2.149 5.638 3.993 130.9 16.8 32.4 61i
I-(H2O) 2.188 5.745 3.557 178.3 2.150 5.912 4.228 133.2 15.4 31.4 54i
n = 2
HO-(H2O)2 2.210 4.765 2.555 179.1 2.146 4.902 3.348 124.9 21.0 34.1 80i
F-(H2O)2 2.184 4.704 2.519 179.7 2.145 4.957 3.375 126.4 20.4 33.2 77i
Cl-(H2O)2 2.180 5.319 3.139 178.5 2.148 5.479 3.809 131.7 17.0 31.3 65i
Br-(H2O)2 2.180 5.511 3.332 178.1 2.150 5.651 3.939 134.2 15.8 30.0 54i
I-(H2O)2 2.181 5.783 3.604 177.7 2.153 6.018 4.306 134.7 14.7 30.6 38i



Table S7. The ratio of the I-Y distance of the halogen-bonded complexes XC and transition state 
XTS to the sum of van der Waals radii of atom I and Y. 

n=0 n=1 n=2
Y XC XTS XC XTS XC XTS

OH 0.66 0.88 0.68 0.91 0.71 0.93
F 0.66 0.90 0.68 0.93 0.71 0.96
Cl 0.75 1.02 0.77 0.96 0.78 0.95 
Br 0.78 1.03 0.79 0.96 0.80 0.95
I 0.80 1.05 0.81 0.96 0.82 0.98



Table S8.  Mulliken charge distribution for stationary points of Y-(H2O)n=0,1,2 + CH3I SN2 reaction as calculated by B97-1/ECP/d level 
of theory. 



Table S9. The charge transfer stabilization energy between lone pair of nucleophile Y- and C-I 
antibonding σ* orbital of the halogen-bonded complexes [CH3--I--Y]-(H2O)n=0,1,2 as calculated 
under NBO scheme. 

Establization (kcal/mol)
Y n = 0 n = 1 n = 2
OH 36.25 26.32 16.66
F 29.71 18.88 10.25
Cl 14.51 12.35 9.98
Br 11.83 10.33 8.73
I 9.08 8.34 7.23



Fig. S7. Complexation enthalpies of halogen-bonded complexes as a function of 
electronegativity of halogen nucleophiles. 

y = 14.72x - 35.908
R2 = 0.9678y = 7.1934x - 14.822

R2 = 0.9827

y = 3.8225x - 6.3187
R2 = 0.9902



Fig. S8. Complexation enthalpies of halogen-bonded complexes as a function of Y-I distance of 
the halogen-bonded complexes [CH3--I--Y]-(H2O)n=0,1,2. 

y = -16.048x + 59.622
R2 = 0.956

y = -8.3185x + 33.79
R2 = 0.9705

y = -4.6593x + 20.545
R2 = 0.9782



Fig. S9. Complexation enthalpies of halogen-bonded complexes as a function of rvdw(Y-I) of the 
halogen-bonded complexes [CH3--I--Y]-(H2O)n=0,1,2. 

y = -16.048x + 112.18
R2 = 0.9785

y = -71.418x + 62.581
R2 = 0.9976

y = -45.273x + 41.075
R2 = 0.996



Table S10. Calculated energies (kcal/mol) of the stationary points relative to the reactants for the 
Y-(H2O)n=0,1,2 + CH3I [Y = OH, F, Cl, Br, I] SN2 reactions. Structures are optimized using B97-
1/ECP/d method and implicit solvent model PCM with water as solvent. Values without zero-
point-energy (ZPE) corrections are in normal text, values with ZPE corrections at 298.15 K are 
in parentheses. 

Nucleophile Y-

HO- F- Cl- Br- I-

Y- + CH3I 0.0 0.0 0.0 0.0 0.0
RC -2.3 (-1.3) -2.1 (-0.4) -0.5 (1.3) -0.5 (1.2) -0.6 (1.2)
invTS - 7.8 (9.0) 13.3 (14.4) 13.4 (14.3) 13.1 (13.9)
PC -53.0 (-49.5) -23.7 (-20.5) -4.3 (-1.9) -1.3 (0.2) -0.6 (1.2)
FSTS 32.5 (32.6) 35.5 (40.3) 46.6 (47.0) 46.4 (46.7) 45.9 (46.2)
XC -3.2  (-4.7)   -3.2 (-1.6) -1.5 (0.2) -1.6 (0.1) -1.5 (0.2)
aXTS 5.0 (5.2) 5.3 (6.3) 1.2 (2.3) 0.7 (1.9) 0.3 (1.4)
CH3Y + I- -47.5 (-49.3) -23.0 (-21.5) -3.6 (-3.0) -0.7 (-0.4) 0.0 (0.0)

HO-(H2O) F-(H2O) Cl-(H2O) Br-(H2O) I-(H2O)
Y-(H2O) + CH3I 0.0 0.0 0.0 0.0 0.0
RC -2.0 (-0.5) -1.3 (-0.1) -1.2 (0.1) -1.1 (0.1) -1.1 (0.1)
invTS 5.6 (7.2) 10.3 (11.4) 14.5 (15.1) 14.4 (14.9) 13.8 (14.1)
PC -44.4 (-39.5) -17.3 (-13.1) -3.1 (-1.3) -0.9 (0.6) -1.1 (0.1)
FSTS 35.1 (36.3) 42.0 (42.7) 46.5 (46.4) 46.0 (45.8) 45.1 (44.8)
XC -3.6 (-2.0) -2.5 (-1.2) -1.8 (-0.6) -1.9 (-0.7) -2.0 (-0.8)
aXTS 4.0 (4.9) 2.8 (3.3) 1.2 (1.7) 0.8 (1.2) 0.2 (0.7)
CH3Y + I- + H2O -36.0 (-34.1) -11.6 (-11.5) 1.5 (0.4) 3.7 (2.3) 3.5 (1.8)

HO-(H2O)2 F-(H2O)2 Cl-(H2O)2 Br-(H2O)2 I-(H2O)2

Y-(H2O)2 + CH3I 0.0 0.0 0.0 0.0 0.0
RC -1.9 (-0.6) -1.8 (-0.4) -2.8 (-0.9) -2.2 (-1.0) -2.2 (-1.0)
invTS 7.1 (8.5) 12.8 (14.0) 13.2 (14.0) 13.7 (13.2) 13.3 (13.7)
PC -38.3 (-33.5) -11.6 (-8.5) -4.4 (-1.8) -1.8 (-0.2) -2.2 (-1.0)
FSTS 37.1 (38.2) 43.7 (44.3) 46.6 (47.0) 45.5 (45.4) 44.3 (44.1)
XC -3.1 (-1.7) -2.2 (-1.0) -2.9 (-1.1) -2.4 (-1.3) -2.6 (-1.5)
aXTS 2.9 (3.6) 2.3 (3.0) 1.0 (1.7) 0.7 (1.4) -0.5(0.1)
CH3Y + I- + 2H2O -34.6 (-24.5) -2.1 (-3.5) 6.3 (4.4) 6.0 (8.9) 8.3 (5.1)

aThe structure of XTS cannot be optimized using PCM implicit solvent model, so we performed 
single point calculation on top of gas-phase optimized structure. 



Figure S10. Potential energy profile of Cl-(H2O)n=0,1,2 + CH3I SN2 reaction that displays the 
back-side attack, front-side attack, and halogen-bonded complex pathways using B97-1/ECP/d 
method. Structures are optimized using implicit solvent model PCM with water as solvent. 
Energies (in kcal/mol) are electronic energy without zero-point energy. Color code: H, white; C, 
blue; O, red; Cl, green; I, pink. 



Fig. S11. Energy of profile of scanning C-I-Cl bond angle of halogen-bonded complex [CH3--I--
Cl]-. The angles are in degree and distances are in angstrom. Color code: H, white; C, green; Cl, 
green; I, pink. 



Fig. S12. Energy of profile of scanning C-I-F bond angle of halogen-bonded complex [CH3--I--F]-

. The angles are in degree and distances are in angstrom. Color code: H, white; C, green; F, 
yellow; I, pink. 

 


