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1. Canonical Variational Theory

The CVT rate constant can be written as

kKVT(T) = mink 9T (T, 5)
S

GT 1 (CVT ; S-1
_ kBT QY (s, )e—vl\%g/kBT (5-1)
h oRkm)
where k6T (T,s) is the quasiclassical rate constant for temperature T with a GTS located

at s, where S denotes a point along the MEP, ¢ is the symmetry factor which accounts for

the reaction-path multiplicity, kg is Boltzmann’s constant, h is Planck’s constant,

QGT (T, SE VT ) is the internal quantum mechanical partition function computed without

symmetry numbers for a generalized transition state at a value s = SE VT of the reaction

coordinates with vﬁl‘{g as the local zero of the energy, and ®R is the reactant quantum
partition function per unit volume computed without symmetry numbers with respect to
the overall zero of energy taken as the equilibrium potential of reactants infinitely apart
for bimolecular reactions. In this context “quasiclassical” denotes a hybrid treatment in
which the reaction coordinate is classical and all the vibrational degrees of freedom are

quantized.

2. Factorization Analysis of the KIEs

In order to analyze the KIEs for the H + C,Hg/X + C,Y ¢ reactions (where X, Y =

H, D or D, D or D, H), we present a factorization analysis of the KIEs similar to that



24,140-152

employed previously. Each KIE can be expressed as

CVT/SCT (1

n ): kH+C2H6 /kX+C2Y6

KSCT QGT R o~VMEP sEVT(CoH7) /KgT) (52)
H+C2H6 C2H7 X+C2Y6 >

KSCT GT R o~VMEP (5" (C2Y6X)/kpT)
X+C2Y6 C2Y6X H+C,Hg

CVI/SCT (T) can be further factored into a translational partition function contribution

n
(M7trans ) » @ TOtational partition function contribution (77, ) , a vibrational partition

function contribution (77, ) , @ potential energy contribution (77,4 ), and a tunneling

contribution (77, ) - Equation (20) yields

CVT/SCT
n / (T)= MtransTrot1vibTpot7tun » (5-3)
where
= DR (X +CYg) PR, (H+C,oH S-4
MMtrans = trans( +0o 6) trans( +0o 6)a ( )
(C H )Q (X+CrYyp)
Myot = rot 247 ) rot 216 (S-S)

rot (C2Y6X)Qrot (H + C2H6)

P = Qp (C2H7QY, (X +C,Ye) (5-6)
Qvib (C2Y6X)Qvib (H+ C2H6)

Mot = EXpi-IVep (55 (CaH7) ~Viep (55 T (C2 Y6 X))/ KT}, (S-7)

_ _SCT SCT
Ttun _KH+C2H6 /KX+C2Y6 ' (S_8)

Detailed analysis of the vibrational contribution of Eq. (S-6) can be performed by
using
Mvib = Mvib,lowTvib,mid7vib, high > (5-9)
where the mode classification is based on the magnitude of the vibrational frequency for
the reaction (R1). The low/mid border is taken as 350 cm~! and mid/high border is taken
as 2000 cm1,
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3. APPENDIX A

The functional forms of the relevant MM3 equations are summarized as follows:

3.1. Stretch terms

The bond stretch term was calculated using a fourth order polynomial
2
Vs (KsTo, 1) = Ckg (r =1o)[1+ C5(r —1g) + C3(r —1p) 1, (A1)

where Kq is the bond stretch force constant, and [, is the equilibrium bond distance.

3.2. Bending terms

The angle bending term for a given bond angle @ is given as:

Vs (Ko-00.0) = C kg (8- 8p)[1+C3 (0 —6,) + C3 (0- 6p)*

0 3.0 4 ’ (A2)
+C, (0-6y)" +C5(0-6)"]
where kg and 6, are the bending force constant and the equilibrium bond angle,
respectively.
3.3. Torsion terms
The torsional term is a cosine function of the torsion angle ¢ :
Vi (9) = (V3 /3)(1+ cos3p), (A3)

where the parameter V5 controls the torsional barrier height.

3.4. Stretch-bend cross terms
The stretch-bend interaction between two bonds of lengths r and r’ is given in

terms of the bond angle & between them as:
Va3 (KsoT0: 19,09, 1.1,8) = C¥kg [(r = 1) + (r = 1§)1(0 — 6p)]. (Ad)

where Kgqg is the force constant, and 1, and ry are the equilibrium bond distances.



3.5. Torsion-stretch cross terms

The interaction between the torsion angle ¢ and the C-C bond in the H-C-C-H

torsional term is given by the torsion-stretch term:
Vs Kss 10,1, 0) = C*7 (Kgp / 2)(r = 1o )(1 + cos3p) , (A5)

where K, is the force constant, and 1 is the equilibrium bond distance.

3.6. Bend-bend cross terms
The bend-bend cross term between two bond angles with a common central atom

is given by the following equation:
Viins (Koo' 0.60.6.6) = C* kg (6.~ 60)(0 - 6)). (AG)

where kg is the force constant, and 8, and 6, are the two equilibrium bond angles.

3.7. Van der Waals terms
MM3 includes van der Waals interactions for nonbonded atoms (but excluding
interactions between geminal atoms, which are called 1,3 interactions). These are given

as:
0
Vs (6,101 = e[CY (r /vy )® + Cye 12 IV (A7)

where the parameter ¢ is an energy scale factor for each atom pair, and r\(,) is the

reference distance. The van der Waals interaction in aliphatic hydrocarbons requires
special attention.®>*® In both the MM2 and MM3 force fields the van der Waals
interaction of an H atom in aliphatic hydrocarbons is not centered on the hydrogen atom
but at a point closer to the carbon atom along the C-H bond. As described in Ref. 66 the
centers for van der Waals interaction in MM3 force field are located at 92.3% of the
calculated C-H bond distance.

The set of parameters in Eqs. (A1)—(A7) that do not depend on the character of

the chemical system (for example C C;) are listed in Table S3.
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4. APPENDIX B
The total MM energy is a sum over stretches, bends, bend-bend interactions, and
torsion interactions. In the present case the MM system is so small that it has no torsions.

Then

Vo ~VERIED VS ViR @)
There are three stretch terms in the MM part corresponding to the three C,-H; stretch with
I =3,4,5. The total MM stretch energy is given as:

5
tretch 0

vSretch _ i§3V1\S/IM3(kCH’rCH’rC2Hi ). (B2)
There are three bend interactions corresponding to the three H-C-H bends. The total MM
bending energy is given as:

5 5
bend 0 0 0

VMM = i% j_zi+1VMM3 (Kiien - Oricr» OicoH ) (B3)

There are three H-C-H bend-bend interactions. The total MM bend-bend energy is given

as:

bnd-bnd _\, 00 00" /0 0
VMM _VMM3(kHCH’HHCH’QHCH’HH3C2H4 =9H3C2H5 )
00" ,,00° 0
+Vunvs Kuen»Puen

00" 00" 0 0
+Vns Kiacn» Oaen s Yncn » O 0015 -0 4coH5)

0
Oncn-On3C, 1, » 01,40 Hs ) - (B4)

5. APPENDIX C

The total VB/MM energy is divided into seven components: stretches, bends,
torsions, stretch-bend, stretch-torsion, bend-bend, and van der Waals interactions:

__\y stretch bend torsion str-bnd
Vvemm =Vypmm TVvemm T Vvemm T VvBmM

tor -str bnd-bnd vdw
+Vyemm TVvemMm T VvBMM

(CI)

5.1. Stretch terms
The C;-C, stretch term is:

stretch _ /s 0
VVB/MM - VMM3 (kCC,VB/MM > rCC,VB/MM ,fee)- (C2)
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5.2. Bending terms
There are six bending interactions corresponding to the six C-C-H bends in the

VB/MM term. The total VB/MM bending energy is given as:

bend 0
V VB/MM — Z VMM3(kCCH R’QCCH,R’eclczHi )
i=3 (C3)

0
’ i§6v M3(kCCH vemmfcen, vemm - fc,com; ) Ti(ie 1y )
The presence of the switching term Ty (rC1 H;i ) ensures that as the reaction proceeds from

reactants to products the bending term of the hydrogen being abstracted vanishes at the

product geometry.

5.3. Torsion terms

There are nine torsional interactions, and the total VB/MM torsional energy is:

8 5
t
VV%?;\E;[ = i§6 Jz_lsvl\(/p[MS ((DHiC]CzHJ' )Tl(rCIHi ) D (C4)

where PH;C,C oH | 1s the torsion angle between H;-C;-C,-H; along the C-C bond.

5.4. Stretch-bend cross terms
There are six C-C-H stretch-bend interactions, and the total VB/MM stretch-bend

energy is:
str-bnd sO 0 0
VVBMM = .Z M3(kCCH fce,vBMM > rCH’HCCH vBMM'C1C5 - T H; » 0,01 T (e H; )
sO sO 0
+i§3VMM3(kCCH Teers rCH"9CCH R>TC Cy 1o H; -0 o H; - (C5)

5.5. Torsion-stretch cross terms
There are nine torsion-stretch interactions, and the total VB/MM torsion-stretch

energy is:

t 1)
VVB/MM = Z ZV s (K TCe R T Co 01 0ot T (e ;) - (C6)



5.6. Bend-bend cross terms
There are three H-C-H and six C-C-H bend-bend interactions. The total VB/MM

bend-bend energy is given as:

Vbnd-bnd

VB/MM

_y oy oy k00 02 0 6 (e i T (e )

e i MM3\*CCH*“CCH, VB/MM*>YCCH,VB/MM*YC,CH; »YC,C{H j J'IVC Hj J1TUCH
S 2,000 00 0 0

tZ j_zi:+1VMM3(kCCH’QCCH,R’GCCH,R’eclczHi Ocicom ;) (€7

5.7. Van der Waals terms
In the present work, nine van der Waals interactions of the form H;-H; with

(1=3,4,5;]=6,7,8) were included:

5 8
vdw \ 0
VVB/MM = _23 _Z6VMM3 (¢HH> I'v,HH » rV,HiHj ). (C8)
1= J:

As described in Sec. I1.B all van der Waals interactions involving Hy and C, are set equal

to zero for the present parameterization.

6. APPENDIX D
The three-body LEPS function is

str
VG (raB-Tacssc) =QaB +Qac +Qpc

_\/(‘]AB ~Jpc)> +pc —Iac)” +Uac —Jap)’
2

(D1)

2

where Qg and J op are the Coulomb and resonance terms that are obtained from the

singlet and the triplet energies:

1 3
Eap+ EaB

5 ; (D2)

QaB(rap) =
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1 3
Eap—EaB _ (D3)

JAB(raB) = 5

The singlet and the triplet energies were represented by the Morse and anti-Morse

potentials are:

_ _r0 _ 0

_ _,0 - 0
3EAB(rAB):3DAB[e 20 AB(rAB rAB)+2e aaB(rAB FAB)]. (D5)

The Morse parameter oy for the C-H bond was changed smoothly from the reactant to

the product value using

tanh[Cepy (Upy —U )]
2

ach =acy +bcu ( ), (D6)

where
Ugy =— ZUi . (D7)
4 =1

The bending term is divided into two parts, the out-of-plane term and an in-plane

harmonic term. The out-of-plane bend term is given as:

Vig = Zlfm Z Afj + EhA' _Z Ajj . (DS8)
" Jil " j;tl
where
fai =[1-S3Up]fy 2, (D9)
hai =[1-S3(upihg 2. (D10)
S5 =1- tanh[ar3 (U —u)(Uj - £3)°1. (DI11)
Ajj = o5l (Ug —uj)x(up—uj) u; 71(1) D12)

lwe—ujyxey—up)| uil
The reference angle yi(j) changes smoothly from reactant to product and is defined as

yi(j’=r+(r—7z/z)[s¢(ui)s¢(uj)—1]’ (D13)
+ (7 =272 /3)[Sp (Uk)Se (Uy) 1]
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L 3
S, (Uj) = 1—tanh{A, (u; —ul)e™ 1 70"y (D14)

_ 3
So(Uj) =1—tanh{Aq(u; —u)eBoUi=Co)™y (D15)
The harmonic in-plane bending term is written in terms of the bond angle yjj which is

defined as the angle between the bonds represented by the bond vectors uj and u j:

: 13 3 0 0.2
Vig 25_2 2 kijkik (rij = 7ij) (D16)
I=1]=1+1
where
042
kl :Ale_A2(U|—U ) , (D17)
—ar2 .
Al :l—e aerH,l , (D18)
_ 0 \2
Ao =2y +age M) (D19)

k) =KkCHa 4 K CH3 [S1(ui)S;(uj)—1] (D20)

+ (KM _ kM3 (s, (08 () -1]
$1(uj) =1-tanh[e; (uj —u)(u; - B°1, (D21)

S5 (uj) =1~ tanh[a (uj —u®)(u; - £2)°]. (D22)
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Table S1. Parameters used in the MM terms. Distances are in A, angles are in degrees,

and energies are in kcal/mol.

Parameter Value Parameter Value
oy 1.085 0cHr 113.9
kcn 4.740 O crp 120.0
0 0

ree.r 1.500 KCCH.R 0.590
0 0
rec.p 1.471 KeCH.p 0.592
Wy 22.00 Kiicm 0.550
W, 1.354 Vs 0.238
s0
Kee,r 4.489 K&er 0.080
Kee,p 4.493 k. 0.059
W 10.00 kP 0.00
00’
Wy 2.144 - 0.090
- 107.5 CHH 0.020
Kicn 0.550 rd Hu 1.620
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Table S2. List of parameters used in the reactive terms. Distances are in A, angles are in

degrees, and energies are in kcal/mol.

Parameter Value Parameter Value Parameter Value
ug 1.085 CCH 6.614 By 0.4006
ud 1.075 A ~1178.8900 o 1.921

MR 0.70 Ay 32.8065 Ay 0.9078
M, p 0.7359 I3 10.3118 By 0.3548
rngg 1.40 A4 ~159.8465 Co 1.8915
g0 1.17320 A5 17.3383 a 3.2139
Wi 10.0 A6 1280.3678 a, 1.5999
'Dunr 109.458 X 0.25 as 2.1659
'Dupp 112.468 d 1.94923 ay 11.5699
3Dy 39.664 d, 1.01386 K CHa 0.5377
'Den 112.230 d; 2.79027 K CH3 0.4077
’Dey 38.8337 dy 1.48154 a 1533107
'De,n, 26.409 ds 2.36975 B —4.669
D, H, 20.063 dg 1.902065 oy 1.0147x10~7
ol 1.9457 £ o3 0.09575 Bo ~12.3638
ac Hy 1.853 h(Hs 0.1915 a; 0.1419
acy 1.713 T 1.910633 B3 —0.3068

bcn 0.135 Ay 0.5287




Table S3. Parameters used to define the MM3 equations.?
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Parameter Value Parameter Value
o 71.94 c!d 9.0 x107'" deg™*
cs 2,55 A7 c* 2.51118
C; 1.4875 A c*? 11.995
o 0.021914 c? -0.021914
c) 0.014 deg”! c/ -2.25
o 5.6 x10” deg? cy 1.84 x10°
cl 7.0 107 deg?

®The parameters in the table are constants and are independent of the character of the

chemical system.
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Table S4. Rate constants (cm® molecule ' s™') calculated by the TST/W method using

MPW54/6-31+G(d,p) electronic structure level.?

T (K) H + C,H; H + C,Ds D + C,Ds D + C,Hs
200 8.27E-21 2.09E-22 9.85E-22 3.94E-20
260 1.75E-18 9.89E-20 2.92E-19 5.29E-18
281 6.66E-18 4.63E-19 1.22E-18 1.80E-17
300 1.90E-17 1.56E-18 3.78E-18 4.72E-17
320 5.04E-17 4.83E-18 1.08E-17 1.16E-16
360 2.58E-16 3.22E-17 6.31E-17 5.21E-16
400 9.65E-16 1.49E-16 2.65E-16 1.76E-15
420 1.71E-15 2.90E-16 4.93E-16 2.99E-15
467 5.45E-15 1.12E-15 1.75E-15 8.81E-15
480 7.24E-15 1.56E-15 2.39E-15 1.15E-14
491 9.11E-15 2.04E-15 3.07E-15 1.42E-14
511 1.35E-14 3.22E-15 4.73E-15 2.06E-14
520 1.60E-14 3.91E-15 5.69E-15 2.41E-14
534 2.06E-14 5.24E-15 7.50E-15 3.05E-14
586 4.77E-14 1.39E-14 1.88E-14 6.71E-14
600 5.85E-14 1.76E-14 2.35E-14 8.12E-14
612 6.92E-14 2.13E-14 2.83E-14 9.52E-14
630 8.81E-14 2.81E-14 3.70E-14 1.20E-13
637 9.65E-14 3.12E-14 4.08E-14 1.30E-13
662 1.32E-13 4.47E-14 5.74E-14 1.75E-13
680 1.63E-13 5.69E-14 7.23E-14 2.14E-13
693 1.88E-13 6.73E-14 8.48E-14 2.46E-13
700 2.03E-13 7.35E-14 9.23E-14 2.64E-13
729 2.76E-13 1.04E-13 1.29E-13 3.53E-13
748 3.33E-13 1.29E-13 1.58E-13 4.23E-13
776 4.34E-13 1.75E-13 2.11E-13 5.44E-13
796 5.19E-13 2.14E-13 2.57E-13 6.45E-13
800 5.37E-13 2.23E-13 2.67E-13 6.67E-13
826 6.69E-13 2.85E-13 3.39E-13 8.22E-13
830 1.02E-12 4.59E-13 5.35E-13 1.23E-12
1000 2.26E-12 1.12E-12 1.27E-12 2.64E-12
1300 9.48E-12 5.44E-12 5.89E-12 1.06E-11
1500 1.88E-11 1.14E-11 1.22E-11 2.08E-11
2000 6.27E-11 4.13E-11 431E-11 6.76E-11

*TST/W means conventional TST with the one dimensional Wigner tunneling
contribution using MPW54/6-31+G(d,p).
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Table S5. Rate constants (cm’ molecule ' s ™) for H + C,H reaction calculated by the

TST/W method using CVBMM potential energy surface.

T (K) TST/W
200 7.59E-21
300 1.70E-17
400 8.25E-16
467 4.55B-15
491 7.55E-15
534 1.68E-14
586 3.85E-14
600 4.71E-14
612 5.55E-14
637 7.71E-14
693 1.49E-13
748 2.62E-13
776 3.40E-13
796 4.06E-13
826 5.22E-13
1000 1.75E-12
1500 1.48E-11
2000 5.14E-11
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Figure S1. Vygp for the four reactions as a function of reaction coordinate S obtained using the MPW54/6-31+G(d,p) level with the HR

approximation.
14
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