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Potential energy surface

The new PES for the reaction of the hydrogen atom with methanol was developed in a
two-step process: first, the analytical functional form was proposed, which depends on
adjustable parameters, and then they were fitted to ab initio calculations. These steps will

now be explained in detail.
a) Analytical functional form

On the basis of our previous experience with symmetrically substituted polyatomic
reactions of type A + CX4 — AX + CX3 (Ref. 1-16) or A + C2X6 — AX + C2Xs (Ref. 17-
20), in which the central atom, carbon, is bonded to four or six equivalent substituents,
X, and A represents the attacking atom; or with asymmetrically substituted polyatomic
reactions of type A + CX3Y — AX/AY + CX2Y/CX3 and A + CXYZW — Products (Ref.
21, 22) where the central atom, carbon, is bonded to different substituents; the new surface
for reactions of type A + CX30Y — AX + CX20Y // AY + CX30 is formulated in similar
physically intuitive terms: stretching, valence bending, and out-of-plane bending. The
main novelties of the new potential energy surface developed in the present work are: a)
it has the possibility of two different central atoms; b) these two atoms can be bonded to
the same or to different substituents, and c) two reactive channels can be described with
only one potential energy surface, i.e., in this case we can describe the hydrogen
abstraction reaction of the two different types of hydrogen presents in the methanol,
methyl and hydroxyl hydrogen. Therefore, the surface is a valence-bond (VB) potential

augmented with molecular mechanics (MM) terms, in brief, a VB-MM surface.

For the title reaction the potential energy for a given geometry, V, has the following

general form,
V =Vsr + Vo + Vbending + V;)p + Vior (51)

Vser 1s the stretching term describing all C-H and O-H bonds and is given by,

3
Vstr = Z V3 (chi» RCA,RAXi) + V3 (ROYr ROA,RAY) (52)
i=1
X stands for one of the three hydrogens bonded to the carbon atom, while Y is the
hydrogen atom bonded to the oxygen. Note that although in this work, X, Y= H, in general

the atoms bonded to the carbon and the oxygen atoms can be the same or different types
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of atom. In addition, note that the three hydrogen atoms in C are equivalent, although we
differentiate between them as 1, j, k for the of sake clarity in the discussion. The V'3 terms

represent the London-Eyring-Polanyi (LEP) functional form, given by,

Vs(Rex, Reas Rax,)

= (Vo.cx; +Voca +Voux,)

1
(V]'Cxi_VLCA)Z + (I/],CA_I/],AXi)Z + (V],AC_V],CXi)Z ’
i 2 (53)
for the C atom, and
V3 (ROY; ROA' RAY)
= (VQ,OY + VQ,OA + VQ,YA)
1
+ |- (V]'OY_V/'OA)Z + (V],OA_ZVJ,AY)Z + (V],AO_VJ,OY)ZI : 1)

for the O atom; where Vp and V' are the Coulomb and exchange integrals, respectively,

given by,
Vocx; = w (55)
Viex; = @ (56)
Voax; = w (S7)
V],AXi = w (58)
Voca = @ (59)
Vica = @ (510)
Egy + Edy

Voov = —o— (S11)
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Vioy = @ (512)
Voar = w (513)
Vyay = @ (514)
Yo0a = w (515)
Vioa = M (516)

Each Vs term involves a singlet curve (E¢x,, Egy, Eca, Eba, Edy and Egy,) and a triplet
curve (E2x,» Edy, Eéa, EGa » Edy and Ejy,) for each bond. This singlet and triplet curves

are given by

EéX- = Dcl‘X- * e_zacxi*(RCXi_RgXi) — 2 % e_aCXi*(RCXi_Rgxi) (517)
3 3 -2a .*(R —R ) -a -*(R —RQ )

Edy, = Doy, + e “XI\TKTICX) 4 9y o7 TEXTTCXTCY, (518)

E(l)y — D(l)y % e—Zaoy*(Roy—ng) — 2 * e_aOY*(ROY_R(%Y) (519)

E3, = D3, * e—2a0ov*(Roy=Roy) 4 2 % ¢~@ov*(Rov—Roy) (520)

El, = D}, * e—2aca*(Rca—Rea) — 9 x g—ca*(Rca—Re,) (521)

E2, = D¢y * e~2aca*(Rca=Rea) 4 2 x g=aca*(Rca—Rea) (522)
1 1 —2a0a*(Roa—R34) —apa*(Roa—RY4)

E}, = D}, * e2@04*(Roa=Rga) — 2 x ¢=@0a*(Roa=R04 (523)
3 3 -2 (Roa—R34) - (Roa—R34)

EOA = DOA * e @oax\Roa 0A + 2 * e @oa*\Roa 0A (524)

E/}y — D/}Y * e—Za’Ay*(RAy—ng) _ 2 * e_aAY*(RAY_RBlY) (525)

By = Dy o2 (ar-t) 4 3.« oo Ravi) (526)

iji = D/}Xi * e_zaAXi*(RAXi_RI%Xi) — 2% e_aAXi*(RAXi_RgXi) (527)

E/:;)Xi = DAgXi * e_zaAXi*(RAXi_RI%Xi) + 2 % e_aAXi*(RAXi_RgXi) (528)
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The singlet and triplet curves E¢y,, EZx,, Epy, Ejy are transformed smoothly, from
reactants to products using the equations

tanh|ccx,(Ray — Ry,
aCXi = aCXi + bCXi = [CCXL(ZAV CXl)] (529)

tanh[coy (Roy — Roy)]
2

Aoy = Aoy + boy (530)

1 3 1 p3 pl p3 pl p3 pl p3 pi 3 0 po 0
where D¢y,, D¢x;» Doys Doys Doas Doa> Dcas Deas Days Diy» Dax;> Dax;» Roas Rax;» Rays
RY,, Acx;» bex;» Cex;» Aoy boy and coy are adjustable parameters, while EY, E3,4, EL,,
EZ4, Exy, Edy, Eix,, Eix, are transformed from reactants to products using the adjustable

parameters @4, Aca> Xay and @ux,. Ryy is calculated for the carbon atom as

3
i=1 Rcx,

g (531)

Ryy =

The second term in Eq. (S1), Vp, is represented as a simple Morse function to describe

the C-O stretching motion in the C-O bond, and is given by:
0 112
Veo = Déo[l — e—aco(Rco—Rco)] (532)

This term depends on two adjustable parameters D}, and a .

In order to introduce more flexibility to the functional form, the reference C-X;, O-Y and

C-O bond distances (R°) are transformed smoothly from reactants to products using the

equations

Rgxi = Ps5 * R((,)‘Xi,R + (1 —Ps) * RgXi,P (833)
Roy = Ps * Roy g + (1 — Ps) * Roy p (534)
Rgo = Ps* Roop + (1= Ps) * Reo p (535)

where Ps are
P5 = 1 - tanh[W9 * (RAVZ _— WlO)] (536)
and

(i, chi) + Roy
Ry =210 (537)
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Rex,r> Rex,p> ROy r» Roy,p» Reors Reo p» Wo and wy are adjustable parameters, the first
six Ry y parameters associated with the equilibrium bond distances. In all, these two terms

(Vs and Vi) depend on 36 adjustable parameters.

The third term in Eq (S1), Vpenaing, representing the bending motions, is defined as the

sum of seven harmonic potentials,

2 3
1 2
Vbending = Ez Z kQix ikxikx i (Oxixj — O9ix;)
i=1 j=it1

3
1 0 0 24,1 0 0 \2
+ Ez kxiokxiko(Oxio — Oxi0)* + Ekyckykc(gyc — Oy¢) (838)

=1

where the first term refers to the H-C-H angles, the second term to the H-C-O angles and
the third term to the C-O-H angle, with the force constants given by,

kix; = K™%+ kPTU[S; (Rex)S1 (Rexj) — 1]
+ ar[S2(Rexi)S2(Reo) — 1] (539)

ko = k7% + KPS, (Reo)Sy (Rexy) — 1]

+ ag [SZ(RCX]')SZ (Rex) — 1] (540)

ke = k™% + KPS, (Roy)S1 (Rexi) — 1]

+ g[S, (Rex;)S2(Rexi) — 1] (541)

being
react — kprod + a (542)

where k""°% and a; are adjustable parameters, and S; and S, are switching functions,

S1(Rexi) = 1 — tanh[a; (Rexi — Rexi) (Rexi — B1)®] (543)
S2(Rexi) = 1 — tanh[ay (Rexi — Rexi) (Rexi — B2)°] (544)
S1(Roy) = 1 — tanh[as(Roy — Rby)(Roy — B5)°] (545)
S2(Roy) = 1 — tanh[as(Roy — Ry) (Roy — B1)°] (546)

S1(Reo) =1 (547)
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S2(Reo) =1 (548)

where aq, ay, a3, a4, B1, B2, B3 and B, are adjustable parameters. S; (R.o) and S, (R¢o)

are fixed to 1 because the C-O bond is not broken in this hydrogen abstraction reaction.

The force constants ky;, ky, ko and k. are defined as a function of the distances R, in

the following forms,

kxi = Arexp[—A;(Rexi — Rexi)?] (549)
Ay =1 - exp[—aa; (Ryx)?] (550)
A, = aa, + aaz exp[—aas(Rux; — Raxi)?] (551)
ky = Asexp[—A4(Roy — Roy)?] (552)
A3 =1 - exp[—aas(Ray)?] (553)
A, = aag + aa, exp[—aag(Ruy — R3y)?] (554)
ko = k¢ = Asexp[—As(Rco — R20)?] (555)

In these terms, aaq, aa,, aas, aa,, aas, aaq, aa,, aag, As and Ag are adjustable

parameters.

With respect to the reference angles, in this system we have three different reference
angles, H-C-H, H-C-O and finally C-O-H. They are also allowed to relax from reactant
(txx = 108.6° 140 = 111.9° and 7y, = 108.0°) to the product configurations,

Oxixj = Txx + (Txx = /2)[Sp (Rexi)Sy(Rexj) — 1]

+ (txx = 2/3)[So (Rexi)So (Reo) — 1] (556)

6%i0 = Txo + (TXO - T[/Z)[S(p(RCO)Sqo (Rexi) — 1]

+ (TXO - 2“/3)[50 (RCXj)SG (Rexi) — 1] (557)
09 = Tye + (Tye — T[/Z)[S(p (Rco)Sy(Roy) — 1] (558)

using the following switching functions,
3
S(p(RCXi) = 1—tanh {A<p1(RCXi - RgXi)exp[B(pl(RCXi - (pl)] } (559)

Sp(Roy) = 1 — tanh{A,;(Roy — R3)exp[Bya(Roy — Cp2)]’} (560)
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3
S(p(RCO) =1- tanh {A(p(RCO - Rgo)exp[B(p(RCO - C(p)] } (561)
So(Rexi) = 1 — tanh{Ag1(Rcx; — RgXi)exp[Bal(RCXi - Co0]’} (562)
S¢(Rco) = 1 — tanh{Ag(Rco — Ro)exp[Bg(Rco — Cp)1*} (563)
Whel‘e A(pl’ B(pl’ C(Pl’ A(PZ’ B(PZ’ C(pz, A(p, B(P’ C(p, A919 B91, Cel, Ae, Be and CQ are

adjustable parameters. In total, the Vj,enqing potential needs 35 parameters to be fitted in

the calibration process.

The next term in Eq. (S1), V,,,, represents a quadratic-quartic potential whose aim is to

describe correctly the out-of-plan motion of the CH20 group in the CH20H radical.

Vop = iff’“ i(Aﬁ )+ Z g i(Aﬁ )’ (s64)

i=1 J#i i= J#i

The force constants, f5 and h, , are allowed to relax from the reactant, where the CH20
group in the CH30H molecule shows a pyramidal structure, to products, where the CH20
group in the CH20H radical shows quasi-planar geometry. We use the following S3

switching function,

&5 = 11 = S3(Rex)]1S3 (Rex)S3 (Rexac) Ss (Reo) 7 (565)
REX = [1 = S3(Rexi)1S3 (Rex)Ss (Rexie) Ss (Reo) by (566)
S3(Rexi) = 1 — tanh[ass(Rexi — Rox) (Rexi — B3s)?] (567)
S3(Rco) =1 (568)

The angle measuring the deviation from the reference angle is,

by = acos (LMD T gy (569
(@ —a) x @ —q)| =l

with (g — q;) and (q; — q,) being two vectors between three of the atoms bonded to the
carbon atom and 7; the vector between the carbon and each of the atoms directly bonded
to it. Therefore, the first term to the right of (S69) represents the angle between the CX;
bond and a vector perpendicular to the plane described by the three other atoms bonded

to the carbon. The reference angle Gl-oj, is defined in Eq. (S56).
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The V,, potential needs 4 parameters (ass, B3s, Apmd and hgmd) to be fitted in the

calibration process.

Finally, to include the torsion motion about the C-O bond, we include a torsional term,

Vior in Eq. S1, given as a cosine function of the torsional angle y,

3

Vior = z % [1+ cos(3¥x,.cor) ]t (Dt (570)
=
being,
t,(i) = %[1 — tanh (wy (Rex, — w2) )| (571)
t; = % [1 — tanh(w; (Roy — ws))] (572)

This term depends on 5 adjustable parameters (V3, wy, w,, w,, and wg), where V5 is

associated with the torsional barrier height.

In total, the new potential for the H+CH3OH reaction, which proceeds by two channels,
depends on 80 adjustable parameters, this being the major challenge for our group in the
development of potential energy surfaces in polyatomic systems. The 80 parameters
appear in Table S1. Note that this surface is symmetric with respect to the permutation of
the 3 H atoms in the CH3 group in methanol and that the 80 parameters give great

flexibility to the potential form.
b) Fitting process

The second step in the development of the PES is the fitting of the 80 parameters to high-
level ab initio calculations. It is a tedious process (and similar in time to the development
of the analytical form). Different strategies have been tested in our group; as a first

approximation to the problem is the case of the least-square approach

R=)IEG) - Vep)l (S73)

E(x) and V(x, p) , being, respectively, the ab initio inputs at each point (x) used as input
in the analytical VB-MM function, Eq. (S1), depending on the 80 parameters (p).
However, as previously noted (see for instance Refs. 17 and 23) this approach is

unsuccessful when all parameters are simultaneously introduced. So, we use an
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alternative divide-and conquer approach, which is an iterative process. Since this method
has been previously described in detail (Refs. 17 and 23), here we present only a brief
summary to avoid unnecessary repetition. In the first step, the properties of reactants and
products (geometry, vibrational frequencies and energy) are fitted to the input data,

. . . . po 0 1 3 0
involving the following parameters: Rcy, g, Rcx,p» Dex;» Dex;s Qcxys bexgs Cexp» Rov s

RgY,pa Dgy, Dgy, aoy, boy, Coy. RgO,Ra RgO,P’ Wo, Wio, Déos @cos R,gxia Dﬁxia DjXp Xax;»
RYy, Diy, D3, and a,y. In the second step, we focus attention on the description of the
saddle point (barrier height and imaginary vibrational frequency, which describes the
topology in this zone and the fall to the reactant and product asymptotes). The following
parameters are used in this step: R24, D&4, D4, @ca, R4, Dda, D34 and a,. Finally, in
the third step the reaction path or minimum energy path (MEP), and the reaction valley
are fitted to the ab initio input information [where 90 points were calculated describing
the MEP (energy, gradient and Hessian)]. Note that since in the CCSD(T) level the second
derivatives of the energy are numerical, the ab initio Hessian calculations are
computationally very expensive: with 7 atoms we have 21 coordinates and 441 (21x21)
energy calculations per point. In total this represents about 40,000 energy calculations,
taking into account the 90 points on the MEP. To relax the reactive system from reactants
to products and to obtain a continuous and smooth potential, in the last two steps we used

the parameters related with the switching functions, Eqgs. (S43-S63, S67-68, S71-72).

As previously noted, this three-step process is iterative, and is repeated until convergence
with the ab initio input data. Obviously, this represents a tedious task and is very time-
consuming. Once the fitting process was concluded, we obtained the final set of 80
parameters defining the new PES-2022 surface. Table S1 lists the best set of parameters.
Figure S1 is a diagram representation of the fitting process, while Figure S2 plots 2D
representations of the new PES-2022 surface, for both channels. Finally, note that the new
PES-2022 can be obtained upon request from the authors, prior its publication in POTLIB
library (Ref. 24)
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Table S1. Final fitting parameters for the PES-2022 surface describing the H + CH30OH
— H2 + CH20OH/CH3O0 gas-phase reactions.

Parameter Value
Vstr + Veo 36
parameters
Rlx. & 1.09047 A
Rex,p 1.08177 A
D¢y, 106.23000 kcal mol™!
Diy, 38.00400 kcal mol™!
acx; 1.50300 A
bex, 0.52500 A™!
Cex; 0.51404 A
Ry g 0.95897 A
Rdy » 0.96077 A
D}y 117.23000 kcal mol!
D3y, 44.00400 kcal mol™!
Aoy 1.95300 A
boy 0.42500 A"
Coy 0.51404 A
R2oR 1.42007 A
R0 p 1.37500 A
Wo 1.5000d0
Wio 1.08507d0
D¢o 109.94900 kcal mol!
aco 1.934 A
R3x, 0.77191 A
Djx, 114.458 kcal mol!
Djx, 22.064 kcal mol!
Apx, 1.9557 A
RYy, 0.77191 A

Diy 114.458 kcal mol!
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D3, 22.064 kcal mol™!
Ay 1.9557 A"l
RY, 139897 A
D4 39.009 kcal mol!
D, 37.000 kcal mol™!
e 2.0890285 A"
RY, 1.60897 A
D}, 29.609 kcal mol!
D3, 23.400 kcal mol™!
o 2.0170285 A"
Vbending 34
parameters
Ay 0.528790d0 A-!
B, 1.200664d0 A3
Cy 1.420074d0 A
Ap1 0.19700d0 A"!
Byt 1.20600d0 A3
Cop1 1.08200d0 A
Ay 0.19700d0 A"
By 1.20600d0 A3
Cop2 0.96800d0 A
A, 1.65781d0 A"l
By, 0.950600d0 A
Cos 1.08201d0 A
Ag 1.45781d0 A
By 0.950600d0 A~
Co 1.42001d0 A
aa, 0.49001d0 A~
aa, 1.59995d0 A~
aas 2.16996d0 A~
aa, 11.56595d0 A2

0.05001d0 A
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1.30095d0 A2

aag
aa, 1.49996d0 A2
aag 11.46595d0 A2
As 1.20997d0 A2
Ag 1.949d0 A
a1 1.53137d0 A™!
B, 1.09463d0 A
as 1.01474d0 A™!
Bs 0.96898d0 A
a, 1.53137d0 A”!
B, 1.09463d0 A
a, 1.51474d0 A
B, 0.96898d0 A
Prod 0.44770d0 mdyne A rad™
a 0.12600d0 mdyne A rad™
Vop parameters 4
s 0.12770d0 A”!
B 1.08200d0 A
-prod 0.19770d0 A rad
hProd 0.09600d0 A rad*
Vior parameters 5
Vs 0.03000 kcal mol!
" 0.11000 A-!
W, 1.08697 A
w, 0.11000 A”!
We 1.08367 A
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Figure S1. Diagram representation of the fitting process.
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Figure S2. Plots 2D representations of the new PES-2022 surface, for both channels.
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