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Abstract: The electron and proton transfer in phenol-imidazole-base systems (base 5 NH2
2 or OH2) were investi-

gated by density-functional theory calculations. In particular, the role of bridge imidazole on the electron and proton

transfer was discussed in comparison with the phenol-base systems (base 5 imidazole, H2O, NH3, OH
2, and NH2

2).

In the gas phase phenol-imidazole-base system, the hydrogen bonding between the phenol and the imidazole is clas-

sified as short strong hydrogen bonding, whereas that between the imidazole and the base is a conventional hydrogen

bonding. The n value in spn hybridization of the oxygen and carbon atoms of the phenolic CO sigma bond was

found to be closely related to the CO bond length. From the potential energy surfaces without and with zero point

energy correction, it can be concluded that the separated electron and proton transfer mechanism is suitable for the

gas-phase phenol-imidazole-base triads, in which the low-barrier hydrogen bond is found and the delocalized pheno-

lic proton can move freely in the single-well potential. For the gas-phase oxidized systems and all of the triads in

water solvent, the homogeneous proton-coupled electron transfer mechanism prevails.
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Introduction

Proton transfer and electron transfer are fundamental and ubiqui-

tous processes in chemistry and biology. These two processes

take place together in some systems to which extensive experi-

mental and theoretical efforts have been devoted.1–8 According

to the way of proton and electron transfer, the process can be

classified into three types, hydrogen atom transfer (HAT), pro-

ton-coupled electron transfer (PCET) or electron-coupled proton

transfer (ECPT), and ET 1 PT. When an electron and a proton

transfer homogeneously to the same terminal at the same time,

the process is called HAT.9–11 On the other hand, when an elec-

tron and a proton transfer at the same time but to the different

terminals, the process is called PCET or ECPT. Finally, when

an electron and a proton transfer separately, the process is called

ET 1 PT. An important example of PCET is the formation of

tyrosyl radical by long-range electron transfer coupled deproto-

nation.12–14 In photosystem II (PS II), an electron of tyrosine YZ

transfers to P6801 on oxidation, which is coupled with the pro-

ton transfer from tyrosine to the adjacent base, hydrogen-bonded

histidine. Simultaneously, it is reported that an electron is trans-

ferred from metal cluster to YZ and the proton delocalization

takes place in a concerted fashion between YZ and nearby

water.15–17 The mechanisms of such processes are controversial

in some systems, especially regarding the types of electron and

proton transfers. For example, in the wild type of Synechocystis
sp. PCC 6803, one mechanism supports the electron transfer

from MnII to tyrosyl radical (Tyr161) accompanied by H1 trans-

fer from Mn-OH2 to His190 through Tyr161, whereas the other

mechanism supports H1 transfer from Mn-OH2 to Asp61.8

As the simplest aryl alcohol, phenol (PhOH) can serve as a

prototype for large biological species such as tyrosine residue in

proteins. PhOH is versatile for its capability to donate and

accept both proton and electron (Scheme 1). PhOH and imidaz-

ole (ImH) were previously used as a model system for tyrosine

and histidine residues, respectively, to investigate the oxidation

of YZ in PS II.18 The hydrogen-bonded PhOH complexes with

simple solvent molecules (H2O and NH3) were adapted as im-

portant models for the investigations of H-bonding, electron

transfer, and proton pump in proteins and nucleic acids at the
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molecular level.19–26 Intramolecular proton transfer is one of the

most fundamental chemical processes in acid–base reactions.

Adducts organized by PhOH and various base molecules have

been explored extensively as prototype for solute and hydro-

philic solvent interactions and ‘‘solvent-induced excited state

proton transfer reaction.’’27–31 In particular, the size dependence

and the geometrical effects of the energetics and dynamics of

proton transfer have been of particular interests. Recently, the

substituent effects32–34 and solvent effects35,36 on the kinetics of

electron transfer reactions of phenoxyl radicals and hydrogen

abstraction reactions from PhOHs have been studied. Many ex-

perimental works regarding the solvent effect on excited-state

proton transfer reaction have been carried out.37,38 Although the

proton transfer mechanism in the [PhOH���NH3]
1 system is in-

triguing, it is still unclear. Early experiments on this system

revealed that there is a high barrier between the double-well

potential energy surfaces (PES).39–44 On the other hand, recent

experimental and theoretical results have shown that the proton

can transfer to the ammonia moiety facilely and PhO. . .HNH3
1

is the predominant product.45–52

Although it has been proposed that the proton can further

transfer to the inner thylakoid through the adjacent base after

the phenolic proton is transported to histidine on oxidation, the

investigation on the proton transfer between PhOH and base,

especially, the proton transfer between histidine mediated phenol

and base, is still very scarce. OH2 and NH2
2 are very strong

bases and may be harmful for the living organisms; however, it

is very interesting to explore the proton transfer depending on

the basicity. Therefore, we use the imidazole-mediated phenol

and base (OH2 and NH2
2) triads as model systems to explore

the possibility for the proton transfer to the base via imidazole

depending on the basicity and reveal the detailed electron and

proton transfer mechanism during this process.

Computational Details

The investigated phenol-base dyads and PhOH-ImH-base triads

are shown in Figure 1. The well developed density-functional

theory (DFT) with the Becke three parameterized Lee–Yang–

Parr (B3LYP) exchange correlation functionals has been proven

to be successful in describing large free radicals and intermolec-

ular complexes.53–58 Therefore, we carried out DFT calculations

using B3LYP with 6-31111G** basis sets using a suite of

Gaussian 03 programs.59 The vibrational frequency calculations

were performed at the same level to confirm the optimized geo-

metries to be local minima or transition states on the PES. The

ionization potential (IP) is the energy required to remove an

electron from the system. Natural bond orbital (NBO) population

analyses60 are carried out to explore the atomic charge variations

during the proton and electron transfer processes. To consider

the solvent effect on the energy profile for the proton transfer,

the polarizable continuum model (PCM)61–63 is used within the

framework of the self-consistent reaction field (SCRF) theory,

which is well-developed and accepted in treating solvent effects

of molecular properties.64–67 Here, the solvent effects are esti-

mated using the water solvent as an example, and the structures

in water solvent are fully optimized using the PCM model. The
basis set superposition errors (BSSE) for the interaction energies

Scheme 1.

Figure 1. The phenol-base dyads (base 5 immidazole (ImH), H2O, NH3, OH
2, and NH2

2) and the

phenol-immidazole-base triads (base 5 OH2 and NH2
2). The sketches in square brackets are the struc-

tures obtained after the geometry optimization.
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were corrected by the counter-poise method without further opti-

mization at the non-BSSE optimized structures.

Results and Discussions

The variations of principal structural parameters of phenol

adducts are listed in Table 1. Table 2 presents the corresponding

parameters obtained in water solvent. For the gas-phase dyads,

PhOH���ImH (A), PhOH���OH2 (B), and PhOH���NH3 (C), it was

found that the hydroxy proton of PhOH did not transfer sponta-

neously, while it transferred to the neighbor for PhOH���OH2

(D) and PhOH���NH2
2 (E) becoming PhO2���OH2 and PhO2���NH3,

respectively, as recognized by the OH bond length (1.662 and

1.911 Å for D and E, respectively) of PhOH. The similar phenom-

ena were also observed in water solvent. Because of the hydroxy

proton transfer between PhOH and charged species, the interac-

tion energies for the charged bases (OH2 and NH2
2) become

much larger than the neutral bases. In Table 1, the oxidized spe-

cies are denoted by subscript ‘‘ox’’, for example, Aox for the oxi-

dized species of A. On oxidation (one electron removal), no

matter in gas phase or in water solvent, the hydroxy proton of

PhOH transferred spontaneously to the counter bases (ImH,

NH3, and OH2) in the dyads except PhOH. . .OH2 as noted in

Tables 1 and 2. Compared with the results obtained at CASSC-

F(9E10M)/6-3111G(d,p) level for PhOH and PhOH-NH3, our

calculations are reliable.68 Furthermore, our results are also con-

sistent with the previous experimental and theoretical explora-

tions.18,32–34,69 It is interesting to find that there are two stable

states, proton transferred and nontransferred state, for Eox. From

the geometry parameters optimized in gas phase (Table 1) and

water solvent (Table 2), the general conclusion can be drawn

that the CO and OH bonds length of phenol (RCO and ROH)

increase in water solvent. The distances between H-bond donor

and acceptor (RDA) of A, B, and C shorten in water solvent.

The corrections of the BSSE on the stabilization energy may

improve the energy quantities, while the relative regularity may

not be altered because the contribution from the BSSE correc-

tion is significantly smaller when compared with the correspond-

ing uncorrected values. The BSSE values for the dyads are cal-

culated and represented in Supporting Information. These values

are almost less than 1 kcal/mol. Furthermore, for comparison

with the triads, we did not give the BSSE corrected stabilization

energy in the text.

Here, we are interested in the electron and proton transfer

mechanism between PhOH and strong bases, NH2
2 and OH2,

under the influence of the ImH bridge. The detailed systems are

shown in Figure 1. Two different states are observed for each

ImH bridged system for both OH2 and NH2
2. One state is that a

proton is transferred from the ImH to OH2/NH2
2 (F/G). The

other state is that one proton is transferred from PhOH to ImH

with another proton transferred from the ImH to OH2/NH2
2 at

the same time (F0/G0). The transition state between F and F0 is
denoted as FT. Similarly, GT denotes the transition state between

G and G0. Fox
T andGox

T denote the transition states for the cor-

Table 1. Bond Lengths (RCO, ROH, and RDA), Stabilization Energies (DEe and DE0), and Ionization Potentials

(IP) of Phenol as well as the Corresponding Dyads and Triads in Gas Phase.

RCO ROH RDA DEe DE0 IP RCO ROH RDA DEe DE0

PhO 1.270 51.5 PhO 1.253

PhOH 1.370 0.963 192.2 PhOH1 1.310 0.972

A 1.355 0.985 2.826 29.7 28.4 158.0 Aox 1.263 1.625 2.650 244.0 242.6

B 1.362 0.972 2.849 27.2 25.2 178.4 Box 1.298 1.013 2.594 221.0 219.0

C 1.356 0.984 2.853 29.0 27.0 170.8 Cox 1.268 1.501 2.577 230.6 228.4

D 1.284 1.662 2.658 258.6 257.6 61.5 Dox 1.258 1.907 2.845 2190.0 2188.3

E 1.278 1.911 2.933 267.0 264.8 56.4 Eox 1.359 0.976 2.912 2183.8 2181.7

Eox
T 1.331 1.107 2.437 2179.9 2180.1

Eox
0 1.256 2.234 3.182 2203.7 2200.6

RCO ROH RDA
1 RDA

2 DEe DE0 IP RCO ROH RDA
1 RDA

2 DEe DE0

F 1.332 1.054 2.598 2.788 280.1 278.5 104.4 Fox 1.335 1.011 2.692 2.826 2168.4 2166.3

F
T 1.313 1.231 2.490 2.808 279.4 280.0 104.8 Fox

T 1.302 1.184 2.484 2.621 2166.2 2167.3

F0 1.297 1.463 2.569 2.827 279.9 278.6 75.0 Fox
0 1.256 1.918 2.937 2.892 2198.3 2195.8

G 1.330 1.068 2.578 3.109 289.2 286.4 87.7 Gox 1.354 0.989 2.801 3.038 2194.0 2190.8

G
T 1.316 1.194 2.493 3.126 288.8 288.0 98.1 Gox

T 1.291 1.418 2.535 2.649 2182.3 2182.1

G0 1.295 1.501 2.591 3.154 289.9 287.1 72.6 Gox
0 1.256 1.932 2.950 3.158 2210.7 2206.6

RCO, ROH, and RDA denote the C��O, O��H bond length of phenol, and the distance between H-bond donor (D 5 O

or N) and acceptor (A 5 N or O), their units are in angstrom (Å). DEe, DE0, and IP refer to the stabilization energy,

zero-point energy corrected stabilization energy, and the ionization potential, respectively. They are all in kcal/mol.

X0 denotes the proton transferred state from the phenol to the imidazole bridge of X. XT denotes the transition state

between X and X0. Xox
T and Xox

0 represent the oxidized species corresponding to X
T and X0. RDA

1 and RDA
2 denote the

H-bond length between the phenolic oxygen and the nitrogen atom of the imidazole bridge and the distance between

the nitrogen of the bridging imidazole and the oxygen/nitrogen of OH2/NH2
2. IP of X was obtained by IP(X) 5

E(X1) 2 E(X); where E(X1) and E(X) are the energies of the optimized X1 and X, respectively.
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responding oxidized species. The CO bond length of PhOH,

RCO, shortens to an extent on oxidation for all selected systems

except F and G (Tables 1 and 2). This variation reflects the

decrease of phenolate characteristic and the enhancement of oxi-

dized neutral phenoxy radical property. The RCO bonds in water

solvent are longer than those in gas phase.

In these gas-phase triads, the hydrogen bond distances

between PhOH and ImH are very short as noted in RDA
1 values.

Before PT, the O���N distance of F/G is 2.598/2.578 Å, and it

changes to 2.569/2.591 Å after PT. Based on the previously sug-

gested concept of short strong hydrogen bond (SSHB),70–78 such

bonds belong to SSHB category. In our previous study, the

acid–base dual role was addressed in KSI enzymatic catalysis

through SSHB.77,78 SSHB has been suggested in enzymatic cata-

lytic mechanism, where the proton affinities of the two anions

are matched when the single-well minima occur after the zero-

point vibrational energy (ZPE) correction.79 Our results support

this proposition as noted in the proton affinities of the phenolate

and the imidazole anions. We will discuss SSHB later in more

detail.

Figure 2 represents the spn hybridization character of C and

O atoms of the phenolic CO sigma bond versus CO bond

lengths for all the systems investigated in gas phase. It is clearly

shown in Figure 2a, as the CO bond length increases, the n
value of the spn hybridization increases, that is, the p-character
of the CO sigma bond increases, which is consistent with the

previous studies.80,81 Furthermore, at the limit of the longest CO

bond length, the hybridization character of the CO sigma orbital

localized at C and O is approaching to sp3 and sp2, respectively.

The CO sigma orbital of the PhOH is the linear combination of

the two localized orbitals at C and O atoms. In Figure 2b, it is

clearly seen that the n values of the spn hybridization of both C

and O atoms decrease on oxidation. This is because the benzene

structure of the PhOH changes to the quinoidal structure by an

extent on oxidation, and the CO bond length is shortened. This

tendency is reversed when F and G are oxidized. The CO bond

lengths for F/Fox and G/Gox are 1.332/1.335 Å and 1.330/1.354

Å, respectively, whereas for F0/Fox
0 and G0/Gox

0 are 1.297/1.256

Å and 1.295/1.256 Å, respectively. The n values of the spn

hybridization character of C and O atoms are 2.72/2.83/ 2.70/

2.91/ 2.41/2.34/ 2.39/2.34 and 1.84/1.85/ 1.83/1.90/ 1.73/1.57/

1.72/1.58 for F/Fox/ G/Gox/ F
0/Fox

0 / G0/Gox
0 , respectively. Gener-

ally speaking, the s-character of CO sigma bond increases and

the p-character decreases as the CO bond length decreases.

In both gas phase and water solvent, regardless of the proton

being transferred or not, the OH bond of PhOH, ROH, lengthens

on oxidation except those in F and G. Although most of the

ROH increase when oxidized, the underlying mechanisms are

quite different for the complexes generated by PhOH with small

solvent molecules (NH3 and H2O) and the corresponding conju-

gate bases (NH2
2 and OH2). For the oxidation of dimeric com-

plexes, A, B, and C, an electron is detached from the PhOH

fragment because the IP of the PhOH82,83 (192.2 kcal/mol) is

smaller than that of the ImH (201.6 kcal/mol), NH3 (234.1 kcal/

mol), and H2O (290.7 kcal/mol). Therefore, on oxidation, the

OH bond strength of the PhOH decreases. On the other hand,

for the complexes D and E, an electron seems to be removed

from the bases because of their smaller IPs than the PhOH

Table 2. Bond Lengths (RCO, ROH, and RDA), Stabilization Energies (DEe and DE0), and Ionization Potentials

(IP) of Phenol as well as the Corresponding Dyads and Triads in Water Solvent.

RCO ROH RDA DEe DE0 IP RCO ROH RDA DEe DE0

PhO2 1.298 103.6 PhO 1.260

PhOH 1.368 0.983 138.4 PhOH1 1.305 1.005

A 1.358 1.003 2.722 23.5 21.9 119.1 Aox 1.264 1.738 2.773 223.1 221.2

B 1.363 0.984 2.732 22.2 0.23 134.7 Box 1.295 1.039 2.520 25.7 23.5

C 1.357 1.005 2.735 24.8 22.4 123.7 Cox 1.265 1.685 2.730 220.7 217.1

D 1.307 1.664 2.663 220.7 218.7 106.8 Dox 1.262 1.869 2.843 252.7 250.3

E 1.299 2.011 3.037 237.6 234.4 120.5 Eox 1.362 0.991 2.783 255.1 252.3

Eox
T 1.340 1.145 2.429 249.2 249.1

103.9 Eox
0 1.261 2.251 3.270 273.5 268.9

RCO ROH R1
DA R2

DA DEe DE0 IP RCO ROH R1
DA R2

DA DEe DE0

F 1.352 1.037 2.623 2.772 224.6 221.9 140.2 Fox 1.358 1.004 2.716 2.995 223.1 220.1

F
T 1.330 1.253 2.487 2.795 221.4 221.1 124.3 Fox

T 1.303 1.190 2.489 2.635 215.2 215.2

F0 1.310 1.596 2.659 2.818 225.7 222.9 108.4 Fox
0 1.263 1.863 2.885 2.833 256.6 253.0

G 1.351 1.044 2.608 3.217 241.2 237.4 121.7 Gox 1.358 1.006 2.711 2.940 257.9 254.0

G
T 1.349 1.349 2.606 3.193 234.9 233.7 145.4 Gox

T 1.299 1.332 2.559 2.640 239.8 240.3

G0 1.309 1.614 2.673 3.260 242.2 238.1 106.8 Gox
0 1.262 1.876 2.897 3.271 274.5 269.7

RCO, ROH, and RDA denote the C��O, O��H bond length of phenol, and the distance between H-bond donor (D 5 O

or N) and acceptor (A 5 N or O), their units are Å. DEe, DE0, and IP refer to the stabilization energy, zero-point

energy corrected stabilization energy, and the ionization potential, respectively. They are all in kcal/mol. X0 denotes
the proton transferred state from the phenol to the imidazole bridge of X. XT denotes the transition state between X

and X0. XT
ox and X0

ox represent the oxidized species corresponding to X
T and X0. R1

DA and R2
DA denote the H-bond

length between the phenolic oxygen and the nitrogen atom of the imidazole bridge and the distance between the

nitrogen of the bridging imidazole and the oxygen/nitrogen of OH2/NH2
2.
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(Table 1 and Supporting Information). However, the phenolic

proton transfers to NH2
2 and OH2 after the geometry optimiza-

tion, and the excess electron is localized on the phenoxy anion

fragment. Therefore, when oxidized, an electron should be

detached from the phenoxy anion moiety and the electron den-

sity populated at the phenoxy moiety reduces. The nonproton

transferred conformation (Eox) also exists for the oxidized PhOH

complex with NH2
2. In addition, the spin density populations

reveal that an electron is localized on the •NH2 fragment before

the phenolic proton transfer, whereas the phenoxy radical with

singly occupied orbital is generated after the proton transfer as

seen in Supporting Information. Furthermore, the spin density

populated on the phenolic proton is approaching to zero during

the proton transfer process. Therefore, the PCET mechanism can

be established for the oxidation process of E, which finally gives

the product composed of the neutral phenoxy radical and NH3.

For the triads, F/F0 and G/G0, one proton transfers to the

OH2 and NH2
2, and the hydroxy proton of the PhOH may trans-

fer to the ImH bridge or may not. Thus, there exists a double

well PES along the proton transfer coordinates between F(G)

and F0(G0). It was reported that the central maximum on the pro-

ton transfer PES may fall below the ground state on the ZPE

correction when the hydrogen bond is sufficiently short, as lead-

ing to a delocalized proton and the double-well metabolizing

into a single-well after inclusion of ZPE.79,84 Such SSHB is also

named as the low-barrier hydrogen bond (LBHB).85–88 The im-

portant criterion for LBHB is that the proton affinities (PA, the

energy difference of phenol/imidazole and phenolate/deproto-

nated ImH) of the two anions which share the proton should be

almost equal to each other.79 Here, the PAs of the phenolate and

the deprotonated ImH anion are 345.2 and 348.3 kcal/mol in gas

phase, 295.5 and 298.7 kcal/mol in water solvent, respectively.

The solvation energy calculated by SCRF is based on the pertur-

bation on electron density of the appearance of a solvent. The

proton has no electron density, thus no solvation energy. Thus,

the proton affinities of PhO2 and Im2 in water are obtained

with the same method as in gas phase, subtracting the energies

of PhO2 and Im2 from those of PhOH and ImH, separately.

Our results are in well accordance with this requirement. After

the two separate steps, the electron is transferred from OH2/

NH2
2 base to the PhOH, and the phenolic proton is delivered to

the base by way of the bridging ImH. The electron and proton

transfer mechanism for these anion triads is different from the

HAT mechanism for chromophore-to-solvent proton-transfer

reaction.52

The corresponding oxidized complex can be taken as the

interaction of PhOH1 and OH2/NH2
2 mediated by ImH frag-

ment. During the reorganization, the electron transfers from

OH2/NH2
2 base to PhOH1 cation radical through the ImH

bridge. Here, no spontaneous PT is found. The bond lengths of

R1
DA for nonproton transferred triads, Fox and Gox, are 2.692 and

2.801 Å in gas phase, 2.716 and 2.711 Å in water solvent,

respectively. The NBO analysis reveals that three fragments are

all electroneutral. The spin density represented in Table 3 mani-

fests that the single electron is located on the terminal base frag-

ment. For the proton transferred conformation, the R1
DA distance

of Fox
0 /Gox

0 increases distinctly up to 2.937/2.950 Å in gas

phase and 2.885/2.897 in water solvent. The spin density analy-

sis demonstrates that the single electron is distributed on phe-

noxy radical. This indicates that one electron is transferred from

the PhOH to the base radical along with the concerted protons

transfer.

To distinguish the electron and proton transfer mechanism,

we explored the NBO charges and the spin density distributions

over all the fragments at the transition state. For gas-phase FTox,

the NBO charges on PhOH, ImH, and OH fragments are 0.22,

0.15, and 20.37, respectively, whereas the unpaired spin popula-

tions are 0.47, 0.00, and 0.54, respectively. It is obvious that the

electron is transported to OH radical although the proton is not

transferred to ImH fragment. For gas-phase GT
ox, the NBO

Figure 2. (a) The spn hybrid character of the phenolic CO sigma bond versus CO bond length; (b)

The spn hybrid character of the phenolic CO sigma bond in different systems. M denotes the phenol

monomer.
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charges distributed on PhO, HImH, and NH2 fragments are

20.42, 0.68, and 20.26, respectively. On the other hand, the

unpaired spin populations on PhO, HImH, and NH2 fragments

are 0.42, 20.03, and 0.60, respectively. The positive charge

located on HImH fragment is due to the transferred phenolic

proton, whereas the positive spin densities on PhO and NH2 rad-

icals are due to the electron transfer from the PhOH to •NH2

radical. Consequently, the electron and the proton transfer in

oxidized triads are asynchronous and the mechanism can be

classified as the homogenous PCET rather than HAT. In water

solvent, the proton and electron transfer mechanism is the same.

As we have the knowledge about the geometry structures, it

is easy to understand why the R(OH���N) distances in F/G are

shorter than those in oxidized Fox/Gox triads. For the former ani-

onic systems, the phenolic proton is shared by two anions and

the SSHB is generated in gas phase. The following investiga-

tions on proton transfer PES also support our proposition about

the LBHB. While for the oxidized triads, the typical hydrogen

bond is formed between PhOH and ImH groups with the electro-

static interaction. Also we can conclude that the electron effect

on these systems is significant. It can be seen from Table 1 that

the stability is enhanced significantly on oxidation. Generally,

the stability of the ImH mediated triads is higher when com-

pared with the phenol-base dyads. No matter dyads or triads, the

binding of the PhOH with NH3/NH2
2, is stronger than that with

H2O/OH
2. Furthermore, the proton transfer significantly enhan-

ces the stability of the oxidized triads. In other words, F0ox and

G0
ox are more stable when compared with Fox and Gox. However,

the energy change caused by the pure phenolic proton transfer is

not obvious, as can be observed from the proton nontransferred

states of F and G and the proton transferred states of F0 and G0.
This phenomenon may be contributed predominantly to the for-

mation of LBHB. These points are all illustrated in the left col-

umn of Figure 3. The corresponding PESs with the consideration

of solvent effect are represented in the right column of Figure 3.

Compared with the PESs obtained in gas phase, the energy bar-

riers for proton transfer reaction in water solvent for both

reduced and oxidized states are all increased. As indicated, the

hydrogen bonds formed in gas phase are stronger than those

formed in water solvent.

The ZPE corrected stabilization energy, DE0, demonstrates

that the proton transferred conformation is more stable than the

phenolic proton nontransferred geometry, especially, for the oxi-

dized systems. Fox
0 and Gox

0 are more stable than Fox and Gox

by about 30 and 16 kcal/mol in gas phase, 33 and 16 in water

solvent, respectively. Connected with the proton transfer mecha-

nism, in gas phase, the following intriguing phenomenon can be

found: the double-well PES of the anionic F/G triad turns into

the single-well PES after the ZPE correction, as leads to the typ-

ical LBHB. The central maximum disappears and the barrier

becomes negative. Therefore, the vibrational ground state of the

proton is higher than the activation barrier for the proton transfer

process. The transfer mechanism is PCET when the transition

state is higher in energy after inclusion of ZPE than the proton

transferred conformation. On the other hand, the mechanism is

separated ET and PT when the energy of the transition state is

Table 3. Spin Density Populations of Oxidized Triads in Gas Phase and Water Solvent.

N4 H5 H10 C11 C12 C14 C16 C17 H18 O21 O23 H24

Gas Fox 0.012 20.016 20.003 0.052 20.029 0.103 0.037 20.025 20.005 0.068 0.786 20.018

Fox
T 0.006 20.014 20.008 0.127 20.067 0.203 0.091 20.061 20.011 0.163 0.554 20.015

Fox
0 0.000 0.000 20.019 0.302 20.164 0.430 0.274 20.155 20.025 0.393 0.000 0.000

Water Fox 0.014 20.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.033 20.026

Fox
T 0.000 0.000 20.015 0.232 20.124 0.435 0.192 20.129 20.022 0.312 0.000 0.000

Fox
0 0.000 0.000 20.018 0.296 20.158 0.437 0.240 20.146 20.023 0.364 0.000 0.000

H5 H10 C11 C12 C14 C16 C17 H18 O21 H23 H24 N25

Gas Gox 20.028 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 20.032 20.033 1.082

Gox
T 20.021 20.007 0.123 20.063 0.177 0.094 20.060 20.010 0.163 20.020 20.020 0.642

Gox
0 0.000 20.020 0.306 20.165 0.429 0.273 20.155 20.025 0.397 0.000 0.000 0.000

Water Gox 20.032 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 20.033 20.032 1.086

Gox
T 20.034 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 20.034 20.038 1.105

Gox
0 0.000 20.018 0.296 20.158 0.437 0.242 20.146 20.023 0.364 0.000 0.000 0.000
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Figure 3. Potential energy surfaces in gas phase (left) and water solvent (right) obtained at B3LYP/6-

31111G(d,p) level. The energies before the phenolic proton transfer were taken as references (0).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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lower than the corresponding reactant and product. For the latter

case, the phenolic proton carries the characteristic of LBHB, and

the proton is allowed to move freely between the two anions in

a barrierless effective potential well.81 In water solvent, the sta-

bility of these triads decrease distinctly (Tables 1 and 2), as

should attributed to the weakening of the hydrogen bond

strength. The PCET mechanism is suitable for all the triads in

water solvent. It is very interesting to find that the electron

transfer and proton transfer mechanism can be different in gas

phase and water solvent. In both gas phase and water solvent,

the proton-transfer energy barriers of the oxidized triads are

higher than those of F and G.

In gas phase, the IPs for D and E are much lower than the

other dyads (Table 1), whereas, in water solvent, the IPs of D

and E are almost equal to those of A, B, and C (Table 2). This

demonstrates that the excess electron binds more tightly with the

systems in water solvent. For D and E, the PhOH has some phe-

nolate characteristics, which are reflected by their IP values. The

IP values for gas-phase phenolate, D, and E, are 51.5, 61.5, and

56.4 kcal/mol, respectively. In water solvent, the corresponding

values are 103.6, 106.8, and 103.9 kcal/mol, respectively. The

IPs collected in Tables 1 and 2 indicate that the combination

with small solvent molecules (water and ammonia) or simple

bases (OH2 and NH2
2) lowers the IP value of PhOH in different

degrees. Thus, the system can be more easily oxidized after

binding with solvent molecules or bases. Furthermore, the com-

plex generated with ammonia and NH2
2 base is easier to be oxi-

dized compared with that formed with water and OH2 base. The

IP values of A, F, and G reveal that the system can be oxidized

by electron detachment more easily in the presence of bases in

close proximity. Furthermore, the IP value can be reduced dis-

tinctly by PT. Thus, it is easier to be oxidized on electron

detachment for the proton transferred conformations.

Conclusions

Our investigation reveals that the existence of the base assists

the phenolic proton transfer. It is found that as the CO bond

length increases, the p-character of the phenolic CO sigma bond

increases, which is consistent with the simple extreme cases

of sp2 hybridization for C¼¼O and sp3 hybridization of C��O.

Figure 3. (Continued)
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Single-well effective potential is established for the dyad gener-

ated by the phenol cation radical and OH2 base. PCET mecha-

nism is suitable for the double-well of PhOH-NH2 complex. In

gas phase, the separated ET and PT mechanism is suitable for

the ImH mediated PhOH and base triads, where the LBHB

exists between the PhOH and the ImH groups. For the oxidized

systems, the homogeneous PCET mechanism is determined

based on the electronic structures, NBO charges, and spin den-

sities. In water solvent, only the PCET mechanism is observed.

The polar water solvent increases the energy barrier for the pro-

ton transfer. In both gas phase and water solvent, the energy bar-

rier and the IP indicate that the proton transfer occurs before the

electron detachment. Although our analyses are based on the

theoretical results, the useful information can be provided to the

experimentalists who dedicate to the mechanism exploration and

environment optimization, especially for the photosystems.
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