Physical Chemistry Chemical Physics

&
4

PCCP

The Water Trimer Reaction OH + (H20)3 —» (H20)20H +
H20

Journal: | Physical Chemistry Chemical Physics

Manuscript ID | CP-ART-03-2020-001418.R1

Article Type: | Paper

Date Submitted by the

Author: | 17-Apr-2020

Complete List of Authors: | Gao, Aifang; Hebei Key Laboratory of Sustained Utilization and
Development of Water Resources,,

Li, Guoliang; South China Normal University, School of Chemistry and
Environment

PENG, BIN; University of Georgia, Computational Chemistry; Center for
Computational Quantum Chemistry, MOE Key Laboratory of Theoretical
Chemistry of the Environment, South China Normal University
Weidman, Jared; University of Georgia, Center for Computational
Quantum Chemistry

Xie, Yaoming; University of Georgia, Center for Computational Quantum
Chemistry

Schaefer, Henry; University of Georgia, Computational Chemistry

o

SCHOLARONE™

O HOLA
SCHOLA

Manuscripts




Page 1 of 21

Physical Chemistry Chemical Physics
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All important stationary points on the potential energy surface (PES) for the reaction OH +
(H,0); — (H,0),0H + H,0 have been fully optimized using the “gold standard” CCSD(T)

method with the large Dunning correlation-consistent cc-pVQZ basis sets. Three types of
pathways were found. For the pathway without hydrogen abstraction, the barrier height of the
transition state (TS1) is predicted to lie 5.9 kcal/mol below the reactants. The two major
complexes (H,O);---OH (CP1 and CP2a) are found to lie 6.3 and 11.0 kcal/mol, respectively,
below the reactants [OH + (H,0);]. For one of the H-abstraction pathways the lowest classical
barrier height is predicted to be much higher, 6.1 kcal/mol (TS2a) above the reactants. For the
other H-abstraction pathway the barrier height is even higher, 15.0 (TS3) kcal/mol. Vibrational
frequencies and the zero-point vibrational energies connected to the PES are also reported. The
energy barriers for the H-abstraction pathways are compared with those for the OH + (H,0), and
OH + H,O reactions, and the effects of the third water on the energetics are usually minor (0.2

kcal/mol).
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Introduction

The hydroxyl radical (OH) is a highly reactive oxidant, which reacts with many types of
macromolecules. The OH radical has been found as the most common oxidant in the
troposphere, and has a major impact on the pollutants in the Earth’s atmosphere.! OH has been
called as the “atmospheric vacuum cleaner” because of its capacity to remove greenhouse gases,
such as NO,, CO, SO,, O3, CHy, and hydrochlorofluorocarbons in the atmosphere, and this
function is associated to the climate change.? The reactive OH radical is also of biological
significance, since it may exist in the cell cytoplasm.* As it is able to react with most
biomolecules including nucleic acids and amino acids, the destructive action of hydroxyl radicals
has been implicated in several neurological diseases.’

Since many of the above reactions take place in aqueous environments*¢ and hydration will
change the oxidizing capability of the OH radical,’ the reactions between the OH radical and
water clusters are of significance. The increase of the cluster size will help us to understand
eventually the interaction between the OH radical and the liquid and solid phases of water.
Recently we have reported the potential energy surface (PES) features for the reactions OH +
H,0 and OH + (H,0), with the CCSD(T) method.®® However, the hydrogen abstraction reaction
for the OH radical with the water trimer has been much less studied. To our knowledge, there is
only one theoretical study of some stationary points on the reaction potential surface, based on

DFT optimized geometries and the CCSD(T) single-point energies.!® In the present study we
will address the reaction between the hydroxyl radical and the water trimer OH + (H,0); —
(H,0),0H + H,O adopting CCSD(T) methods to investigate the geometries of all stationary
points (including transition states and complexes) and to examine reaction pathways with

different energy barriers. Interestingly, Saykally and coworkers found that the water trimer is
2
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apparently the most abundant cluster in pulsed supersonic expansions when the water cluster
densities are measured,!! and this makes the present study of special significance.

The water trimer (H,O); itself has been studied intensively, both experimentally and
theoretically. As early as 1973, Del Bene and Pople predicted the cyclic structure water trimer to
have a lower energy than the chain structure with the ab initio SCF method.'> A number of
follow up studies confirmed this prediction. The subsequent theoretical works have predicted the
stationary-point structures, vibrational frequencies, binding energies, and tunneling motions for
the water trimer with various (HF, MP2, and CCSD) methods.'3>?> Experimental studies
measured the Vibration-Rotation-Tunneling (VRT) spectra in the gas phase?*> and infrared
spectra in inert matrices.?6-2° Although much research on the water trimer is not cited here, most
of those previous studies have been fortunately summarized by Saykally et al3° and by
Tschumper et al 3! All recent studies concluded that the global minimum for the water trimer is
a cyclic six-membered-ring structure with three dangling O-H bonds in the up-up-down positions
out of the O3 plane (denoted as uud, the convenient symbol introduced by Schiitz et al.'®). Thus,
in our present study only the global minimum (uud cyclic structure) of the water trimer will be

adopted as the reactant in the potential energy surface sketched in Figure 1.

1. Theoretical Methods

In the present research, the “gold standard” CCSD(T) method with the cc-pVnZ (n =D, T,
Q) basis sets were adopted. The CCSD(T) method denotes the coupled cluster single and double
substitutions with a perturbative treatment of triple excitations,3>3 and cc-pVnZ (n = D, T, Q)
denotes the correlation-consistent basis developed by Dunning and co-workers.?* 1In the text

below, we will simply use DZ, TZ, and QZ to represent these correlation-consistent basis sets.
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To ascertain the nature of the stationary points, their harmonic vibrational frequencies were

evaluated at the same levels of theory. The CCSD(T) computations with DZ and TZ basis sets

were carried out with the CFOUR program,’> while those with QZ used MOLPRO interfaced

with the OPTKING module of Psi4.36:37

2. Results and Discussion

3.1 Outline of Reaction Pathways

Relative energies (kcal/mol)

(H20);+OH
Reactanﬂs
IR
CP2a

cp2b;

% cpad

CP2ct
CP2a

(H,0),0H-b +H,0

_.———g}’l"ZO)ZOH-a +H,0

Products

Figure 1. Outline of the various pathways for the OH + (H,0); reaction.

A sketch of the predicted potential energy surface (PES) with the CCSD(T) method for the

OH + (H,0); — (H,0),-OH + H,0 reaction is shown in Figure 1, and the structures of all our

stationary points on the potential energy surface are displayed in Figure 2. The sketch of our

coupled-cluster PES is (for the most part) qualitatively consistent with the BH&HLYP PES

reported by Gonzalez et al.' Figure 1 shows that the reaction will proceed through two

4
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complexes (CP1 and CP2). A low-barrier transition state (TS1) lies between these two

complexes. The higher energy barrier transition states (TS2 and TS3) are on the proton transfer

pathways between two CP2 complexes. The details for each pathway on the PES for the OH +

(H,0); — (H,0),-OH + H,0 reaction will be discussed below.
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Figure 2. The structures of the complexes and transition states for the OH + (H,0O); reaction
(distances in A). The structures in the favorable reaction path (Figure 3) are optimized with the
basis sets up to QZ, and those in other paths (Figures 4 and 6) are optimized up to TZ (with QZ
single-point energies). The coordinates for all structures are reported in the Supporting

Information.
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3.2. The Low-Barrier Pathway from OH + (H,0); to H,0 + (H,0),OH

Figure 3 shows the pathway for the OH + (H,O); — H,O + (H,0),0H reaction by far the

lowest energy barrier.
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Figure 3. The most favorable pathway for the OH + (H,O); — H,0 + (H,0),0H reaction. Note
that there are two distinct conformers (CP2a and CP2b) of the complex (H,0);-OH. Relative
energies are given in kcal/mol. Every stationary point shown was fully and independently
optimized with the CCSD(T) method using all three basis sets.

One of the reactants, the water trimer (H,0O);, has been studied by many research groups,

and various isomers, including first-order and second-order stationary points, have been

reported.!6-18  All the recent theoretical studies concluded that the global minimum is the uud

Page 6 of 21



Page 7 of 21

Physical Chemistry Chemical Physics

cyclic structure.?! In the present study, our CCSD(T) results confirmed that the uud-(H,O);
conformer is the global minimum (Figure 2), lying lower than the uuu-(H,0O); conformer by 1.0

kcal/mol.3® Thus, we will use the lowest-lying uud-(H,O); conformer to study the (H,O); plus
OH reaction. The three (H,O-*-HOH) hydrogen bonds in the six-membered ring of the cyclic

water trimer are similar, 1.895, 1.892, and 1.913 A predicted by the CCSD(T)/cc-pVQZ method
(Figure 2). The three O---O distances (r,) are even more closely related, 2.795, 2.790, and 2.787
A, respectively, and these results are in agreement with the experimental observation, the
average O—O distance () of 2.85 A.25

When the OH radical approaches the water trimer, the entrance complex (H,0);---HO
(CP1) is formed. Structure CP1 is predicted to lie 6.3 kcal/mol [CCSD(T)/cc-pVQZ] below the
separated OH and uud-(H,0O); reactants (Figure 3). CP1 has a hydrogen bond between the H

atom of the OH radical and one of the O atoms in the cyclic water trimer. The new hydrogen
bonding O-*-H distance is predicted to be 1.892 A at the CCSD(T)/cc-pVQZ level of theory

(Figure 2). In this entrance complex CP1, the six-membered ring for the water trimer remains,
but now the three hydrogen bond distances turn out to be rather different, 1.797, 1.892, and 2.030
A, respectively (Figure 2). The longest of these (2.030 A) may be viewed as preliminary to the
subsequent OH insertion.

Following the OH---(H,O); entrance complex (CP1), a transition state (TS1) is
approached, lying above CP1 by only 0.4 kcal/mol. Thus, this is an “early” transition state, and
its geometry is similar to that of CP1. The obvious difference is that the longest hydrogen bond
(2.030 A in CP1) becomes even longer (2.133 A) at TS1, further anticipation to OH insertion.

As the OH moiety enters the six-membered ring, the longest hydrogen bond (2.133 A) is

broken, and two new hydrogen bonds are formed, resulting an exit complex CP2 with an eight-
7
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membered ring, consisting of four O-H bonds and four O--*H hydrogen bonds (Figures 2 and 3).

There are two distinct (H,O)3-OH conformers for CP2, labelled CP2a and CP2b, with similar

geometries, except for the orientations of the three out-of-plane OH bonds (Figure 2). For CP2a
the four hydrogen bond distances in the eight-membered ring are 1.736, 1.772, 1.792, and 1.878
A, respectively, at the CCSD(T)/cc-pVQZ level of theory, and those for CP2b are almost the
same (within 0.013 A). In CP2a the dangling OH bonds kept their original orientations as in the
water trimer, and we can label it as udu. (Note: This symbol is the similar to that for water
trimer, but the order matters. The symbol here begins with the dangling OH bond closest to the
H atom of the OH radical.) For CP2b, the directions of the three dangling OH bonds are
different, and this structure may be labelled as uud (Figure 2). The complex CP2a lies 11.0 (QZ),
11.6 kcal/mol (TZ), or 13.3 kcal/mol (DZ) below the reactants, and the complex CP2b has

slightly higher energy (only 0.5 kcal/mol) than that for CP2a.

The previous theoretical studies of the (H,O0)3-OH complex used the MP2 and DFT
methods.?>4*  All these studies predicted the same cyclic structure (udu) to be the global
minimum, and these results are in good agreement with our CCSD(T) predicted structure CP2a.

To our knowledge, no experimental results are yet available for the (H,O);-OH complex,

although experimental structures are available for the (H,0)-OH and (H,0),-OH complexes.*3
As shown in Figure 3, the complexes CP2a or CP2b can dissociate directly into the

reaction products, H,O + (H,0),0H, without a transition state. In this procedure, a H,O

molecule separates itself from the eight-membered ring, and the remaining part (H,O),OH forms

a six-membered ring, composed of three O-H covalent bonds and three O-*H hydrogen bonds

(Figures 2 and 3). There are two different (H,O),OH conformers, (H,O),0OH-a and (H,O),OH-b,

8

Page 8 of 21



Page 9 of 21

Physical Chemistry Chemical Physics

corresponding to the CP2a or CP2b complexes, respectively. The energy difference between
(H,0),0H-a and (H,0),0H-b is small, namely 0.4 kcal/mol with the QZ basis sets. The lowest-
lying products, (H,O),0OH-a plus H,0, lie above the reactants by 0.9 kcal/mol (QZ) or 1.0
kcal/mol (TZ and DZ). The ZPVE corrected reaction enthalpy will be even smaller (see Section

3.5).

3.3. Hydrogen Abstraction via Transition State TS2

In the pathway described in the previous section, there is no energy barrier. This is because
there is only hydrogen bond cleavage, instead of H-abstraction. In other words, there is no O-H
covalent bond broken in that pathway. In this section, we will consider the pathways containing
hydrogen-transfer (H-abstraction) between two different CP2 conformers (Figure 4). Since the
O-H bond cleavage is involved in these pathways, significant energy barriers are inevitable.

The first kind of the hydrogen abstraction pathway is via transition state TS2 (Figure 1).
From the complex CP2a, a H atom in a water molecule (the out-of-plane H atom linked to atom
O, in Figure 5) shifts to the oxygen atom (O;) of the hydroxyl radical moiety to lead to TS2a.

The geometry of TS2a involves an eight-membered ring, with the shifted H atom located

between the O atoms (O; and O,). The distances of the two hydrogen bonds, i.e., O;**-H and

H:*+O, in TS2a, are predicted with the TZ basis set to be ~1.25 A and ~1.10 A, respectively
(Figure 2). When the shifted H atom in TS2a further moves to the oxygen atom (O;) to form a
new H-O; covalent bond, the other hydrogen atom adjacent to atom O, simultaneously protrudes
out of the ring plane, resulting in another CP2a complex (the right side in Figure 4). Figure 5

displays the CP2a — TS2a — CP2a connection, and the two CP2a structures before and after
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TS2a are mirror images. Structure TS2a is predicted to lie above the reactants OH + (H,0); by

6.1 (QZ single-point energy), 5.5 (TZ) or 5.2 (DZ) kcal/mol.

>

CCSD(T)/cc-pvVQZ
CCSD(T)/cc-pVTZ
CCSD(T)/cc-pVDZz

Relative energies (kcal/mol)
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Figure 4. Sketch of the PES for the H-abstraction pathway between different conformers of the
CP2 complex via the transition state TS2. The QZ energies are the single-point
energies at the TZ optimization geometries.
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Figure 5. The H-abstraction reaction within CP2a via the transition state TS2. Note that the two
CP2a structures before and after TS2a are mirror images.
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There are other two conformers for TS2. In addition to TS2a, which is a udu conformer,
the other conformers TS2b and TS2c each displays three dangling H atoms in the “up-down-
down” (udd) position and in the “up-up-down” (uud) positons, respectively. Structures TS2b
and TS2c lie slightly higher than TS2a, by 0.4 and 0.5 kcal/mol, respectively. The conformer
TS2b connects to the CP2b and CP2c¢ complexes, where CP2b is a uud conformer and CP2c is
a udd conformer (Figures 2 and 4). The transition state TS2¢ connects the CP2b and CP2d

complexes, where CP2d is a uuu conformer (Figures 2 and 4).

3.4. Reaction via TS3
A different kind of hydrogen abstraction pathway goes through the transition state TS3 (C;
symmetry, Figure 6). Distinct from the pathways involving TS2, in the TS3 pathway all four H

atoms in the eight-membered ring are moving simultaneously. In the eight-membered ring

skeleton of TS3 all eight O---H distances are in the range from ~1.14 to ~1.30 A (Figure 2),

which are much shorter than a typical O:-H hydrogen bond (~1.9 A), but longer than a

conventional O-H bond (~0.96 A). Figure 6 shows that the lowest conformer TS3a, labelled as
udu (i.e., up-down-up) based on the three out-of-plane O-H orientations, lies above the reactants,
OH + (H,0)3, by 15.0 (QZ), 13.5 (TZ), and 12.4 (DZ) kcal/mol, which is much higher than TS2.
The large energy barrier for TS3 is not surprising, since four O-H bonds are broken at the same
time. Like the TS2a pathway, the TS3a pathway is symmetrical, each side connecting a CP2a
structure (Figure 6). The predicted larger energy barrier for the TS3 pathway suggests that it

plays little role in the atmospheric chemistry.

11
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There are two other conformers TS3b (uud) and TS3c¢ (uuu), based on the out-of-plane O-H

orientations, and both lie slightly above TS3a, within 2.0 kcal/mol (QZ). TS3b connects CP2b

and CP2c¢, while TS3c¢ connects two CP2d structures.
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Table 1. Harmonic vibrational frequencies (in cm™) and zero-point vibrational energies (ZPVE, in
kcal/mol) for the stationary points of the OH + (H,0); — (H,0),-OH + H,O reaction. The CCSD(T)
method was used with two correlation consistent Dunning basis sets. The quantity AZPVE is the change
in energy due to ZPVE relative to the separated reactants (H,O); +OH.

AE  ZPVE AZPVE AEzpvg Harmonic vibrational frequencies

cc-pVDZ

(H,0); + 0.0 52.2 0.0 0.0 3881,3878,3877,3684,3681,3599,1736,1724,1716,974,701,651,

OH 505,413, 391,271,242,232,221,209,203 (H,0);; 3703 (OH)

CP1 -7.8 54.1 1.9 -5.9  3889,3876,3873,3734,3662,3630,3517,1726,1716,1706,1001,770,
663,602,515,492,413,380,283,274,268,234,205,201,167,32,18

CP2a -133 547 2.5 -10.8  3883,3879,3875,3668,3601,3530,3349,1740,1726,1705,1038,870,
822,714,622,470,445,359,318,289,270,256,246,229,207,77,45

TS1 -7.2 53.7 1.6 -5.6  3893,3892,3876,3756,3661,3645,3543,1723,1719,1704,962,748,
638,563,497,458,414,330,290,263,237,212,197,185,153,27,471

TS2a 52 51.9 -0.3 49  3876,3873,3779,3648,3573,3368,1780,1730,1724,1517,1084,922,
845,732,670,489,457,453,330,289,279,256,242,220,112,54,19041

TS3a 124 493 -2.9 9.5 3850,3850,3846,1851,1826,1717,1677,1646,1587,1523,1388,1368,

1265,1140,732,685,666,608,580,558,554,545,409,394,134,74,1629i
(H,0),0H-a 1.0 51.8 -0.4 0.6  3886,3880,3735,3664,3466,1716,1695,952,701,629,575,416,301,

RO 283,248230209,181 [(H,0)20H]; 3928,3822,1690 (,O)

cc-pVTZ

(H,0);+ 0.0 51.8 0.0 0.0 3909,3907,3903,3689,3683,3613,1707,1690,1685,926,689,614,

OH 471,372,360,253,228,209,202,194,188 (H,0);; 3745 (OH)

CP1 -6.8 53.6 1.8 -5.0  3915,3899,3898,3746,3673,3630,3526,1701,1682,1677,955,746,
640,565,479,455,378,360,274,262,256,216,186,182,162,30,15

CP2a -11.6 542 23 -9.3  3907,3905,3900,3651,3589,3522,3359,1715,1696,1681,996,841,
798,658,590,451,425,356,294,274,254,245,234,215,200,79,45

TS1 -6.3 53.1 1.3 -5.0  3926,3911,3902,3781,3679,3638,3560,1708,1686,1672,902,708,
621,531,429,414,360,324,266,254,224,199,182,142,85,37,391

TS2a 5.5 514 -0.4 5.1 3901,3899,3804,3639,3569,3362,1741,1702,1690,1491,1067,713,
659,473,436,432,308,281,264,241,228,210,109,52,18451

TS3a 13.5  49.0 -2.8 10.7 3888,3888,3876,1868,1779,1692,1636,1598,1565,1505,1331,1323,

1214,1102,733,683,668,620,593,559,551,538,420,407,146,77,1614i
(H,0,0H-a 1.0 514 04 0.6  3911,3908,3737,3675,3498,1687,1667,916,668,557,534,375,291,
+H,0 252,230,211,196,163 [(H,0),0H]; 3946,3841,1669 (H,0)

3.5. Vibrational Frequencies and Zero-Point Vibrational Energies

Table 1 reports the harmonic vibrational frequencies for the stationary points (the lowest
conformer of each) of the OH + (H,O); reaction predicted with the CCSD(T) method with both
DZ and TZ basis sets. Table 1 shows that the transition states (TS1, TS2a, TS3a) for the three

13
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pathways have imaginary vibrational frequencies of 47i, 1904i, and 1629i cm™! (DZ) or 39i, 1845},
and 1614; cm’! (TZ), respectively. Note that the magnitude of the imaginary frequency for TS1 is
very small, since the very flat PES around TS1 is related to the similar geometries and close
energies (difference of 0.5 kcal/mol) between TS1 and CP1 (Figure 3).

Table 1 also shows the zero-point vibrational energies (ZPVEs), and the ZPVE values can
be used to correct the relative energies for all the stationary points. At the CCSD(T)/TZ level of
theory, the reaction enthalpy is reduced from 1.0 kcal/mol (AE, in Table 1) to 0.6 kcal/mol
(AEzpyE) after the ZPVE correction. The energy barriers of TS1, TS2a, and TS3a are changed
by the ZPVE corrections from -6.3, 5.5, and 13.5 kcal/mol (AE, in Table 1) to -5.0, 5.1, and 10.7
kcal/mol (AEzpyEg), respectively. We may also approximately apply the TZ ZPVE corrections to
the QZ energies. Therefore, the most reliable (QZ energies with the TZ ZPVE corrections)
results are 0.5 kcal/mol for reaction enthalpy, -4.5, 5.7, and 12.2 kcal/mol for the TS1, TS2a, and

TS3a barrier, respectively.

3.6. Comparisons with OH + (H,0), and OH + H,0
Previous research®’ examined the hydrogen abstraction reaction from water monomer to

the OH radical (OH + H,O — H,0 + OH) and that from water dimer to the OH radical [OH +
(H,0), — (H,0)-OH + H,0]. Figure 7 shows the comparison of the three H-abstraction

reactions. All three reactions are based on results from the same CCSD(T)/cc-pVQZ level of

theory, (single-point energies at the TZ geometries for TS2a of trimer + OH).
The monomer complex, H,O***OH (CP1)°, is predicted to lie 6.1 kcal/mol below the

reactants at the CCSD(T)/cc-pVQZ level of theory, the corresponding binding energies for the
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dimer complex and the trimer complex are predicted to be 10.8 kcal/mol (the entrance complex

CPa)® and 11.0 kcal/mol (the entrance complex CP2a), respectively. The second water
increases the H,O--*OH dissociation energy by about 4.7 kcal/mol. This is mainly caused by the
formation of the second O--*H hydrogen bond. The effect of the third water on the energetics is

minor (0.2 kcal/mol) compared with the dimer reaction, because there is no further hydrogen

bond formed involving the third water molecule.

Monomer H,O-OH
Dimer (H,0),-OH TS2
= Trimer (H,0)3-OH 9.2
S !
£ i TS2a
- ;64
3] i : .
- Ill ! TS1a [
= ii g I 0.0
s i : i -
.2 ,IIII ‘| |‘ 0-7
w ,I / “ “| —
S ———, ] [ | —
) k) H i
= | Reactants i . I
) 0.0 W\, I Vi i Products
2 ' ‘N CcP1 Y 1y CP1
= NN 6.1 vy 61
E \‘\\ — ' —— /,'
I=5) \‘\\ ,I' \ /
& v, CPa i CPa /
Y -10.8 4 -10.8
B | —
CP2a CP2a
-11.0 -11.0

Figure 7. Comparison the potential energy surface for the hydrogen abstraction OH + (H,0);
reaction (black) with those of the OH + (H,0), (red)® and the OH + H,O (blue)® reactions at
the CCSD(T)/cc-pVQZ level of theory. (For TS2a of the trimer + OH reaction, single-point
energies are used).

From the same reason, the second water molecule lowers the energy barrier for the H-

abstraction reaction from 9.2 kcal/mol (TS1 for the water monomer reaction) to 5.9 kcal/mol

(TS1a for water dimer reaction).®* However, the third water does not further lower the energy
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barrier, which is predicted to be 6.1 kcal/mol (TS2a in the present study). Since the energy
barrier difference from dimer to trimer has converged within 0.2 kcal/mol, it is reasonably
expected that for the tetramer and higher-order polymers the further change will be comparable.
The water monomer OH + H,O — H,0O + OH reaction is a symmetric reaction, because
the products are the same as the reactants, and the reaction energy is absolutely zero. Though the
H-abstraction reactions for the water dimer and the water trimer are not symmetrical, the reaction
energies are still small (-0.7 kcal/mol for OH + (H,0), and +0.9 kcal/mol for OH + (H,0); at the
level of CCSD(T)/cc-pVQZ). This is due to the fact that the same bonds are present for both
sides of the reaction. For the reaction of water dimer with the OH radical [OH + (H,0), —
(H,0)-OH + H,0], there is one hydrogen bond for both reactants and products. For the reaction

of water trimer with the OH radical [OH + (H,0); — (H,O),-OH + H,0], there are three

hydrogen bonds for both reactants and products. Thus, for all these reactions, the energy
differences between the reactants and products should be small, and the reaction energies of -0.7

and +0.9 kcal/mol are fairly reasonable.

Conclusions

The water trimer reaction OH + (H,0); — (H,0,-OH + H,O has been investigated using the

“Gold Standard” CCSD(T) method along with basis sets up to cc-pVQZ. We choose the global
minimum of the water trimer uud-(H,0)j; as the reactant. There are three classes of pathways for
this reaction, and we predicted several features for these pathways.

1. All the pathways go through the complex (CP1), the transition state (TS1), and eight-

membered ring complex (CP2).
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2. The complex CP2 has four cyclic conformers, based on the relative orientations of the
three out-of-plane hydrogen atoms. These conformers are nearly degenerate (within 1.2 kcal/mol,
TZ), with the udu form lying the lowest.

3. The first pathway has a low energy barrier (TS1), since only hydrogen bonds are broken.
It is actually a procedure that involves a H,O moiety in the water trimer replaced by the OH
radical without hydrogen abstraction. Note that the transition state TS1 lies only 0.5 kcal/mol
above the CP1 complex, and still 5.9 kcal/mol below the reactants.

4. For a hydrogen abstraction pathway over the TS2a transition state, a hydrogen atom
moves from the water trimer to the OH radical. In other words, the OH radical moiety in the
CP2 complex captures a hydrogen atom and leaves a (H,O0),OH complex. The energy barrier is
predicted to be higher (6.1 kcal/mol, CCSD(T)/cc-pVQZ), since this pathway involves the
breakage of a conventional O-H bond.

5. Another hydrogen abstraction pathway over the TS3 transition state has an even higher
energy barrier (15.0 kcal/mol, CCSD(T)/cc-pVQZ). In this mechanism, four O-H bonds in the
eight-membered ring are broken simultaneously.

6. In previous research’ concerning H atom abstraction from the water dimer, it was found
that the second water molecule, like a catalyst, reduces the barrier from 9.2 kcal/mol for the
water monomer reaction to 6.1 kcal/mol (Figure 7). This is because there is one more hydrogen
bond formed in the transition state for the water dimer reaction. However, we found in this
research that the third water molecule only slightly (0.2 kcal/mol) reduce the barrier, because

there is no further hydrogen bond formed in the transition state with the third water molecule.
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7. The “Gold Standard” CCSD(T) method is necessary for accurate predictions for the title
reaction. One should be cautious to use low-level (such as DFT) theoretical methods, since these
methods may predict the energy barriers in a wide range.®

8. We are hopeful that this research will assist in the experimental observation of the

(H,0)5-OH radical.
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