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using other XC functionals revealed that one of the relevant 
acidic H-abstraction pathways proceeds through a proton-
coupled electron-transfer mechanism and also results in 
the dissociation of glyoxylic acid. The pathways for trans 
form of glyoxylic acid has also been compared with those 
explored for the cis form. The standard Gibbs free-energy 
profiles for the reactions studied indicate that the hydro-
gen abstraction, particularly in trans-glyoxylic acid, may 
be more feasible than the dissociation, particularly at lower 
temperatures. This study may assist future investigation of 
similar atmospheric reactions.

Keywords  GRRM · Glyoxylic acid · Oxidation · 
Hydrogen abstraction · Water catalysis

1  Introduction

Glyoxylic acid is a natural component of plants [1], and is 
also a metabolite in the biochemical pathways in mammals 
[2]. It is commonly used as a cleaning agent, a chemical 
and biodegradable copolymer feedstock in industries [3] 
and as a constituent in cosmetics [4], thereby releasing to 
the environment through various waste streams. Glyox-
ylic acid is also a secondary organic compound formed in 
clouds by photochemical oxidation reactions of isoprene, 
alkene and aromatic compounds, where it is further oxi-
dized by the OH radical, thereby participating in cloud pro-
cessing [5, 6]. The reaction of OH radical with polar mol-
ecules has also been a topic of considerable interest owing 
to the impact of hydrogen-bonded molecular complexes on 
the kinetics and dynamics of gas-phase free radical reac-
tions [7–10]. The pre-reactive intermediates in these reac-
tions significantly affect the kinetics, structural and reactive 
behaviour [11–24].

Abstract  In order to assess the potential role of a single 
water molecule as a catalyst, the gas-phase oxidation reac-
tion of hydroxyl radical with glyoxylic acid has been inves-
tigated by the means of quantum mechanical computations 
using CCSD(T), MP2 and DFT methods. The pre-reaction 
complexes along the oxidation pathways are systematically 
explored through a global reaction route mapping method. 
The computations reveal that a single water molecule stabi-
lizes the pre-reaction complexes as well as respective tran-
sition states, resulting in the lowering of the energy barrier, 
however, the transition state theory computed rate constants 
for the water-catalysed pathways are found to be an order 
of magnitude lower than that for the water-free pathways. 
Notably, the abstraction of formyl hydrogen is observed to 
be most favourable both in the presence and absence of a 
single water molecule. Besides these, a couple of triple-
proton exchange pathways involving simultaneous pro-
ton transfer between the glyoxylic acid, OH radical and a 
single water molecule are also explored. All the pathways 
are observed to proceed through conventional free radical 
mechanism when analysed using BHandHLYP exchange–
correlation (XC) functional of DFT. However, DFT method 
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Recently [11–21], various theoretical and experimen-
tal studies had demonstrated the catalytic effect of a sin-
gle water molecule on the reactions involving OH radical. 
For example, gas-phase single water catalysis is proposed 
to promote the oxidation reaction of acetaldehyde by 
hydroxyl radical [11]. It should be noted that water not only 
influences the reaction mechanism but may also decreases 
the rate constant which has been observed in the hydrogen 
abstraction reactions of the CH4 [17] and of HNO3 with the 
OH radical [18]. We had recently explored the water cataly-
sis in the oxidation reaction of thioformic acid (TFA) [19] 
and dithioformic acid (DTFA) with OH radical [20]. The 
water-catalysed reaction pathways were predicted through 
a systematic and automated exploration of pre-reaction 
complexes, transition states (TSs) and product structures, 
using a global reaction route mapping (GRRM) method 
[15, 25–31]. It was found that the water-catalysed oxidation 
was thermodynamically as well as kinetically more feasible 
than the non-catalytic oxidation. Similar results were also 
observed in our previous works exploring the pathways for 
water-migration in the water complexes of TFA [32] and 
l-proline [33], leading to isomerization in the latter. How-
ever, in our recent work [34], exploring the detailed mecha-
nism and kinetics of hydrogen abstraction pathways in the 
gas-phase reaction of glycolaldehyde with OH radical, it 
was found that a single water molecule does not accelerate 
the reaction under tropospheric conditions, though it facili-
tates cis–trans interconversion in the glycolaldehyde during 
the reaction pathways which otherwise is infeasible in the 
absence of water.

In the present work, to the best of our knowledge, a 
detailed investigation on the mechanism of hydrogen 
abstraction in the gas-phase reaction of glyoxylic acid with 
hydroxyl radical, with and without a single water mol-
ecule, is being investigated for the first time. The hydro-
gen abstraction pathways are systematically explored 
through the GRRM method, which employs an anharmonic 
downward distortion (ADD) following approach to map 
the reaction routes. GRRM method is highly efficient in 
searching the pre-reaction complexes of water-catalysed 
reactions. The paper is organized as follows: The next 
section describes the computational details employed for 
exploring the oxidation pathways of glyoxylic acid in the 
absence and presence of a single water molecule, which 
is followed by the results and discussion, presenting a 
detailed mechanism for the hydrogen abstraction reaction. 
Finally, the last section makes a few concluding remarks.

2 � Computational details

For the reaction of OH radical with glyoxylic acid in 
the absence as well as in the presence of a single water 

molecule, the binary and ternary pre-reaction complexes, 
depicted, respectively, as Bs and Cs, in Figs. 1, 2 and 3, 
are explored through GRRM using a large-ADD-follow-
ing method at the DFT/BHandHLYP/6-311++G(d,p) 
level of the theory using Becke-half-and-half-Lee–Yang–
Parr (BHandHLYP) [35–38] exchange–correlation (XC) 
functional of the density functional theory (DFT) which 
is known to exhibit reliable performance and accuracy 
for the hydrogen-bonded complexes [39]. The lower 
regions of potential energy surfaces of the reaction sys-
tems were searched employing five largest ADDs around 
10  random structures in the case of binary pre-reaction 
complexes for the reaction in the absence of water and 
40  random structures in the case of ternary pre-reaction 
complexes for the reaction in the presence of a single 
water molecule. It should be noted that two of the pre-
reaction complexes were found intuitively followed by 
a minimization through the GRRM. The binary com-
plexes, [glyoxylic acid···(H2O)] and [(H2O)···(OH)], as 
depicted in Figs.  1, 2 and 3, were optimized by remov-
ing the OH and glyoxylic acid, respectively, from the 
ternary pre-reaction complexes. All the transition state 
(TS) structures were obtained intuitively and by applying 
saddle point optimization [31] through the GRRM. Note 
that GRRM using ADDs has been used only to explore 
the pre-reaction complexes (PRCs). The transition states 
are intuitively guessed from the PRCs explored, which 
were further optimized using saddle option followed by 
intrinsic reaction coordinate (IRC) [40, 41] calculations 
through the GRRM program. Further, in order to test if 
the optimized geometry obtained is a minimum or a tran-
sition state, and to obtain the zero-point energy (ZPE) 
correction, harmonic vibrational frequency analysis 
was performed at the same level of the theory. The con-
nectivity between the reactants and products was further 
checked using the IRC computations on the obtained 
transition states. The single-point energies were fur-
ther refined employing coupled cluster theory [42] at 
the single-point level of CCSD(T)/6-311++G(d,p)//
BHandHLYP/6-311++G(d,p).  

The geometries of relevant TSs obtained at the DFT/
BHandHLYP/6-311++G(d,p) level of the theory were fur-
ther optimized, and the IRC paths were obtained employing 
frozen-core (FC) Møller-Plesset (MP) perturbation theory 
[43] at the MP2(FC)/6-311++G(d,p) level of the theory, 
and single-point energies were refined at the CCSD(T)/6-
311++G(2d,2p)//MP2(FC)/6-311++G(2d,2p) level of the 
theory for a comparative study. The energies have also been 
corrected for the basis set superposition error (BSSE) using 
the counterpoise (CP) method of Boys and Bernardi [44]. 
In order to check the effect of basis set in the CCSD(T) 
computations, the single-point energy values were also 
calculated using cc-pVTZ basis set at the CCSD(T)/
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cc-pVTZ//BHandHLYP/6-311++G(d,p) level of the the-
ory for two pathways explored in the present work. Fur-
ther, in order to confirm the reaction pathways traced at the 
level of DFT/BHandHLYP/6-311++G(d,p), the relevant 
transition states, along the important pathways discussed 
later, were optimized and IRC computations were also car-
ried using hybrid B3LYP [37, 38] and dispersion-corrected 

ω-B97XD [45] XC functionals of the DFT with basis set 
6-311++G(d,p). In the present work, all the required com-
putations for the GRRM program are performed along 
with Gaussian 03 and 09 quantum chemistry software [35, 
36]. Note that two different versions of Gaussian software 
were deployed only due to their availability though any one 
may suffice for the computations presented in the present 

Fig. 1   Non-catalytic (water-free) oxidation pathways I–II for the for-
myl hydrogen abstraction, and III for the acidic hydrogen abstraction 
in trans-glyoxylic acid. The values, depicted in bold below the struc-
tures, refers to the ZPE and BSSE corrected relative energies ΔE (in 

kcal/mol) at 0 K with respect to the isolated reactants A1, computed 
at the CCSD(T)/6-311++G(d,p)//BHandHLYP/6-311++G(d,p) level 
of the theory (for cis-glyoxylic acid, see supporting information Fig-
ure S3)
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Fig. 2   Same as Fig. 1, but for 
the oxidation pathways involv-
ing water-catalysed hydrogen 
abstraction of: a formyl hydro-
gen, b acidic hydrogen, starting 
from the binary pre-reaction 
complexes of trans-glyoxylic 
acid with a single water mol-
ecule. The relative energies 
depicted in bold are with respect 
to the isolated reactants A2 (for 
cis-glyoxylic acid, see support-
ing information Figure S4)
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work. Further, to check the dependability of the theoretical 
approach applied with respect to a multi-reference charac-
ter of the wave function at the stationary points, T1 diag-
nostics [46] were performed at the CCSD/6-311++G(d,p)//
BHandHLYP/6-311++G(d,p) level of the theory. As evi-
dent in Table 1, the T1 diagnostic values were found to be 
less than 0.02, depicting the reliability of a single-reference 
method employed for the present investigation. 

2.1 � Reaction kinetics

For the non-catalytic oxidation (in the absence of water), 
the mechanism of H-abstraction process in glyoxylic acid 
can be described as,

Fig. 2   continued
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Fig. 3   Same as Fig. 2, but for 
the oxidation pathways involv-
ing water-catalysed hydro-
gen abstraction of: a formyl 
hydrogen, b acidic hydrogen in 
trans-glyoxylic acid, starting 
from the binary pre-reaction 
complexes of hydroxyl radical 
with a single water molecule 
(for cis-glyoxylic acid, see sup-
porting information Figure S5)
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Fig. 3   continued



	 Theor Chem Acc (2016) 135:259

1 3

259  Page 8 of 17

where k1 and k−1 are the rate constants for forward and 
backward reactions in first step, and k2 is rate constant for 
the step involving formation of products. The pre-reaction 
binary complex formed can be assumed to be in pseudo-
equilibrium with the reactants [13, 22–24], and applying 
the steady state approximation gives the total rate constant 
as [47],

where

Note that while arriving at Eq.  (2) k
−1 is assumed to be 

much greater than k2 because entropy change in k−1 is 
much larger than that for the product formation due to a 
loose transition state involved along the pathway [14–22, 
47].

For the catalytic oxidation (in the presence of water), the 
mechanism can be depicted as,

The rate constant for the water-catalysed reaction can then 
be given as,

where the equilibrium constants Kw
eq0 and Kw

eq1 correspond 
to the first two steps. For the present work, the rate con-
stants are calculated using conventional transition state 
theory (TST) [48–50] taking account of reaction path 
degeneracy (σ). The equilibrium constant for the purpose 
is estimated as,

while k2, the unimolecular rate constant for last step lead-
ing to the formation of products, is determined as,

where GPRC, Greactants, GTS are Gibbs free energies for pre-
reaction complexes, reactants and transition states, respec-
tively, whereas kB and h are the Boltzmann and Planck con-
stants, T is the temperature (K). In the present work, the 
reaction path degeneracy is taken to be 1 since there is only 
one site for both acidic and formyl hydrogen abstraction.

(1)k = Keqk2,

(2)Keq =
k1

k
−1

.

(3)k
w
= K

w

eq0K
w

eq1k
w

2 [H2O]

(4)
Keq = exp

(

−

GPRC − Greactants

RT

)

(5)k2 =
σkBT

h
exp

(

−

GTS − GPRC

RT

)

Table 1   Standard Gibbs free-energy change (∆G) and enthalpy 
change (∆H) in kcal/mol at 298.15 K of stationary points (depicted 
in Figs. 1, 2 and 3) with respect to the separated reactants, involving 
trans-glyoxylic acid, at CCSD(T)/6-311++G(d,p)//BHandHLYP/6-
311++G(d,p) level of the theory

T1 diagnostics are also listed for a few of the relevant species
a  Complexes with an unpaired electron are computed at the default 
unrestricted level of the theory

Stationary pointsa ∆G ∆H T1 diagnostics

B1 5.0 −0.3 0.014

TS1 12.2 +2.9

P1 −20.8 −25.4 0.017

B2 5.5 −0.4 0.014

TS2 12.1 +1.6

P2 −25.1 −30.8 0.017

B3 4.3 −2.6 0.014

TS3 20.6 +9.0

P3 3.0 −3.1 0.020

B4 2.3 −4.3

C1 6.9 −5.0 0.013

TS4 13.7 −2.0

P4 −23.2 −35.8 0.016

C2 7.2 −4.3 0.013

TS5 13.6 −3.5

P5 −23.2 −35.8 0.016

B5 5.0 −0.5

C3 9.4 −3.1 0.0134

TS6 25.7 +8.5

P6 7.8 −3.6 0.018

B7 4.0 −0.9

C4 9.4 −3.2 0.013

TS7 25.1 +7.5

P7 6.9 −5.2 0.022

B6 4.6 −0.9

C5 8.1 −3.5 0.013

TS8 26.2 +9.7

P8 4.4 −8.1 0.017

B8 4.0 −0.1 0.009

C6 10.1 −3.2 0.014

TS9 17.3 −0.2

P9 −23.1 −35.8 0.016

B9 2.3 −1.3 0.010

C7 8.8 −3.1 0.013

TS10 16.7 −0.1

P10 −15.6 −26.9 0.016

B9 2.3 −1.3

C8 5.6 −7.8 0.014

TS11 24.9 +7.0

P11 8.0 −4.6 0.021

C9 6.7 −5.7 0.013

TS12 26.8 +9.8

P12 10.0 −2.6 0.022
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3 � Results and discussion

Our present work is mainly focused on the hydrogen 
abstraction reactions of trans-glyoxylic acid since it is 
found to be relatively more stable than the cis form, at 
the different levels of the theories employed, as had also 
been predicted in a previous study [51]. For example, 
trans-glyoxylic acid is 0.9  kcal/mol more stable than the 
cis form (in terms of relative energy ∆E including ZPE at 
0  K) at the CCSD(T)/6-311++G(d,p)//BHandHLYP/6-
311++G(d,p) level of the theory. However, the pathways 
involving cis-glyoxylic acid were also explored in the pre-
sent work but are reported in supporting information (SI) 
Figures S3–S5, though these have been compared in the 
discussions below.

Various oxidative reaction pathways, identified for the 
reaction of trans-glyoxylic acid with OH radical, involve 
an abstraction of formyl hydrogen (C–H) or acidic hydro-
gen (O–H) as shown in Fig.  1 for the reaction in the 
absence of water and in Figs. 2 and 3 for that in the pres-
ence of a single water molecule. The schematic enthalpy 
change at 298.15  K, for the hydrogen abstraction path-
ways at the CCSD(T)/6-311++G(d,p)//BHandHLYP/6-
311++G(d,p) level of the theory, is reported in Fig.  4, 
while Fig.  5 depicts the corresponding standard Gibbs 
free-energy profile (in terms of ΔG). Table  1 contains 
enthalpy change and Gibbs free-energy change computed 
relative to the sum of separated reactants, and T1 diag-
nostic values of various reaction species at the CCSD(T)//
BHandHLYP level of the theory, while Table  3 gives 
enthalpy change at 298.15  K of a few relevant reaction 
species at CCSD(T)//MP2(FC), B3LYP and ω-B97XD 
levels of the theories. The spin density distribution deter-
mined from the natural bond orbital (NBO) [52] analy-
sis of transition states is further provided in SI Table S2, 
whereas Table 2 lists the ΔG values relative to the isolated 
species at different temperatures for the dissociation reac-
tion of pre-reaction complexes into the glyoxylic acid, OH 
and/or H2O. The rate constants calculated at 298.15  K, 
along various pathways of reaction of glyoxylic acid with 
hydroxyl radical, are depicted in Table  4 while SI Table 
S3 compares rate constants in temperature range of 273–
400 K. Besides these, one reaction pathway (depicted in SI 
Figure S2) is explored in which the OH radical adds to the 
carbonyl carbon. The effect of basis set was also analysed 
by using cc-pVTZ basis set at the level of CCSD(T)/cc-
pVTZ//BHandHLY/6-311++G(d,p) in Table 5. The path-
ways explored for trans-glyoxylic acid was also compared 
with that for cis-glyoxylic acid (as depicted in SI Figures 
S3–S7). A total of 9 pathways were explored for cis-gly-
oxylic acid in comparison with 12 pathways observed for 
trans form as analysed below.

3.1 � Non‑catalytic oxidation of trans‑glyoxylic acid

In the oxidation reaction of trans-glyoxylic acid with OH 
radical, in water-free environment, three pathways were 
traced: path I and II involve formyl hydrogen abstraction, 
whereas path III involves acidic hydrogen-abstraction. Each 
reaction path explored begins with the formation of hydro-
gen-bonded pre-reaction complex before the transition state. 
Three minima and three TSs connecting them are obtained 
in the pre-reaction hydrogen-bonded complex region which 
finally leads to the production of a single water molecule 
along with (HOOC)CO or OOC(CHO) fragments. Further-
more, as evident in Fig.  1, the relative stability (in terms 
of ∆E including ZPE at 0  K in kcal/mol) of these three 
reaction complexes follows the order as: B3 (−3.9)  >  B2 
(−1.8)  >  B1 (−1.6) at CCSD(T)/6-311++G(d,p)//
BHandHLYP/6-311++G(d,p) level of theory. This can be 
attributed to the fact that B3 and B2 form a more stable six-
membered planar ring as compared to five-membered ring 
in B1. Moreover, hydrogen bonding seems to be stronger 
in B3 than in B2. However, the relative energy (∆E includ-
ing ZPE in kcal/mol) of governing TSs with respect to the 
sum of separated reactants follows as: TS2 (+3.7)  <  TS1 
(+5.2)  <  TS3 (+12.0). Moreover, in TS 2, the oxygen 
atom of hydroxyl radical approaches towards the formyl 
hydrogen atom from top of the glyoxylic acid molecule. 
The energetics in Table  1 and Figs.  4 and 5 suggest that 
though the pre-reaction complex B2 is more stable, but the 
formyl hydrogen abstraction along path II is more favour-
able since enthalpy change and standard Gibbs free-energy 
change at 298.15 K of the governing TS and products are 
lowest with a barrier height of only 1.2 and 6.59 kcal/mol, 
respectively, at CCSD(T)/6-311++G(d,p)//BHandHLYP/6-
311++G(d,p) level of the theory. Moreover, the rate con-
stant for path II was found to be highest among water-free 
pathways. All the three pathways undergo hydrogen atom 
abstraction via conventional radical mechanism since OH 
radical in the transition states is oriented in the plane of gly-
oxylic acid, as also can be seen from the spin density analy-
sis in Table S2 which demonstrates that the unpaired elec-
tron is shared between atoms C1 and O4 along path I and II, 
and between O1 and O4 atoms along path III forming 3c–3e 
bonds which causes triplet repulsions. Moreover, in our pre-
vious study [19] on the reaction of thiol form of thioformic 
acid (TFA) with OH radical, formyl hydrogen abstraction 
was observed to be kinetically more favourable, while acidic 
hydrogen abstraction is observed to be thermodynamically 
more feasible. In our other study [20] involving the reaction 
of dithioformic acid (DTFA) with hydroxyl radical, inverse 
results were observed demonstrating acidic H-abstraction 
to be more favourable and the pathways followed a proton-
coupled electron-transfer (PCET) mechanism [55].



	 Theor Chem Acc (2016) 135:259

1 3

259  Page 10 of 17

3.2 � Comparison with cis‑glyoxylic acid

In the case of cis-glyoxylic acid, for water-free oxidation, 
only two pathways could be traced as displayed in Figure 
S2. Path Ia and IIa of cis-glyoxylic acid resembles the afore-
mentioned path II and III of trans-glyoxylic acid for formyl 
and acidic H-abstraction, respectively. For cis-isomer also, 

the formyl H-abstraction is observed to be more favourable 
since barrier height for the formyl abstraction is quite low 
in terms of both ∆H and ∆G at 298.15 K, as depicted in 
SI Figure S5 and S6. Notably, in the case of cis-isomer, the 
acidic H-abstraction leads to not only abstraction of hydro-
gen in glyoxylic acid but also to its dissociation resulting in 
HC=O, CO2 and H2O, as observed along path IIa.

Fig. 4   Enthalpy change (ΔH 
at 298.15 K), in kcal/mol, 
including the corrections for 
ZPE and BSSE, with respect to 
separated reactants A1 and A2, 
for various reaction pathways 
depicted in Figs. 1, 2 and 3 
for: a formyl H-abstraction, 
and b acidic H-abstraction, 
in trans-glyoxylic acid, at the 
CCSD(T)/6-311++(d,p)//
BHandHLYP/6-311++G(d,p) 
level of the theory, in the 
presence and absence of a 
single water molecule (for cis-
glyoxylic acid, see supporting 
information Figure S6)
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3.3 � Catalytic oxidation of trans‑glyoxylic acid

The catalytic effect of a single water molecule on the title 
oxidation reaction was studied by taking into account 
that (a) glyoxylic acid can first form stable complex with 
water and then react with OH radical, (b) glyoxylic acid 
can form stable complex with the complex of OH and 

water: [H2O···HO] or [HOH···OH]. All these binary com-
plexes including the [glyoxylic acid···(H2O)] complex and 
[(H2O)···(OH)] complex were found to lie lower in energy 
than the sum of separated reactants by 1.32–6.15  kcal/
mol, at CCSD(T)/6-311++G(d,p)//BHandHLYP/6-
311++G(d,p) level of the theory. Among all the binary 
complexes, B4 is the most stable due to the presence of 

Fig. 5   Schematic standard 
Gibbs free energy (ΔG at 
298.15 K), in kcal/mol for vari-
ous reaction pathways: a formyl 
H-abstraction, and b acidic 
H-abstraction, in trans-glyox-
ylic acid, at the CCSD(T)/6-
311++G(d,p)//BHandHLYP/6-
311++G(d,p) level of the 
theory, in the presence and 
absence of a single water 
molecule (for cis-glyoxylic 
acid, see supporting information 
Figure S7)
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Table 2   Gibbs free-energy change (ΔG) and entropy factor TΔS 
(indicated in the parentheses), in kcal/mol, for the dissociation of 
binary and ternary pre-reaction complexes along the proposed path-

ways, at different temperatures, using the computations performed at 
the BHandHLYP/6-311++G(d,p) level of the theory

Species (pathway) Temperature (in K)

100 150 200 250 273.15 298.15 350

Binary complex [trans-glyoxylic acid···OH] → trans-glyoxylic acid + ·OH

 B1 (path I) 0.9 (2.3) −0.3 (3.6) −1.6 (4.8) −2.8 (6.0) −3.3 (6.5) −3.9 (7.0) −5.1 (8.1)

 B2 (path II) 1.0 (2.4) −0.3 (3.7) −1.6 (5.0) −2.8 (6.3) −3.4 (6.8) −4.0 (7.3) −5.3 (8.5)

 B3 (path III) 0.3 (2.5) −1.1 (4.0) −2.5 (5.3) −3.8 (6.7) −4.4 (7.3) −5.0 (7.8) −6.4 (9.2)

Binary complex [trans-glyoxylic acid···(H2O)] → trans-glyoxylic acid + H2O

 B4 (path IV & V) 6.7 (2.9) 5.2 (4.5) 3.6 (6.1) 2.1 (7.5) 1.4 (8.2) 0.7 (8.9) −0.82 (10.4)

 B5 (path VI) 1.0 (2.5) −0.3 (3.7) −1.6 (5.0) −2.8 (6.1) −3.3 (6.6) −3.9 (7.1) −5.08 (8.2)

 B6 (path VIII) 1.2 (2.3) 0.1 (3.2) −1.1 (4.4) −2.1 (5.3) −2.6 (5.7) −3.1 (6.1) −4.14 (7.0)

 B7 (path VII) 2.0 (2.5) 0.7 (3.8) −0.6 (5.0) −1.8 (6.2) −2.4 (6.7) −3.0 (7.2) −4.20 (8.3)

Binary complex [OH···(H2O)] → ·OH + H2O

 B8 (path IX) 1.1 (1.9) 0.2 (2.9) −0.8 (3.8) −1.8 (4.7) −2.2 (5.2) −2.7 (5.6) −3.5 (6.3)

 B9(path X, XI &XII) 3.9 (1.8) 3.0 (2.8) 2.0 (3.9) 0.9 (4.9) 0.5 (5.3) 0.0 (5.8) −0.9 (6.6)

Ternary complex [trans-glyoxylic acid···(OH)···(H2O)] → trans-glyoxylic acid + ·OH + H2O

 C1 (path IV) 8.0 (5.3) 5.3 (8.0) 2.5 (10.9) −0.2 (13.49) −1.4 (14.7) −2.7 (15.8) −5.4 (18.4)

 C2 (path V) 8.2 (5.3) 5.5 (8.2) 2.6 (11.0) −0.1 (13.68) −1.3 (14.9) −2.7 (16.1) −5.4 (18.7)

 C3 (path VI) 1.0 (5.6) −1.8 (8.6) −4.8 (11.6) −7.7 (14.56) −9.0 (15.8) −10.5 (17.2) −13.4 (20.0)

 C4 (path VII) 1.3 (5.7) −1.5 (8.7) −4.6 (11.8) −7.5 (14.75) −8.9 (16.1) −10.3 (17.4) −13.2 (20.3)

 C5 (path VIII) 0.4 (5.5) −2.3 (8.4) −5.2 (11.3) −8.1 (14.12) −9.4 (15.4) −10.7 (16.8) −13.6 (19.4)

 C6 (path IX) 2.6 (5.8) −0.3 (8.9) −3.4 (12.1) −6.5 (15.19) −7.8 (16.5) −9.4 (18.0) −12.4 (20.9)

 C7 (path X) 5.1 (5.2) 2.5 (8.1) −0.4 (11.0) −3.1 (13.81) −4.3 (15.1) −5.8 (16.4) −8.5 (19.1)

 C8 (path XI) 6.4 (5.6) 3.6 (8.7) 0.5 (11.9) −2.5 (15.06) −3.8 (16.4) −5.3 (17.8) −8.4 (21.0)

 C9 (path XI I) 3.6 (5.7) 0.7 (8.9) −2.5 (12.2) −5.5 (15.50) −6.9 (16.9) −8.5 (18.5) −11.6 (21.7)

 C10 (path XIII) 6.0 (5.6) 3.1 (8.6) 0.1 (11.7) −2.8 (14.62) −4.1 (15.9) −5.6 (17.3) −8.5 (20.2)

 C11 (path XIV) 8.9 (5.8) 5.9 (9.0) 2.8 (12.2) −0.3 (15.44) −1.6 (16.8) −3.2 (18.3) −6.3 (21.4)

Table 3   Enthalpy change (in kcal/mol) at 298.15 K of relevant sta-
tionary points, involving trans-glyoxylic acid, with respect to the 
separated reactants at the ZPE and BSSE corrected B3LYP/6-311++ 

G(d,p), ω-B97XD/6-311++G(d,p), MP2(FC)/6-311++G(d,p), 
CCSD(T)/6-311++G(2d,2p)//MP2(FC)/6-311++G(d,p) levels of the 
theories

* Transition state could not be located at the B3LYP/6-311++G(d,p) level of the theory

Stationary points B3LYP/6-311++G(d,p) ω-B97XD/6-311++G(d,p) MP2(FC)/6-311++G(d,p) CCSD(T)/6-311++G(2d,2p)//
MP2(FC)/6-311++G(d,p)

B2 −2.7 −3.5 −103.4 −2.5

TS2* −3.6 −92.9 +3.5

P2 −30.2 −30.4 −135.5 −28.5

B3 −6.8 −6.5 −105.9 −5.4

TS3 −5.6 −1.6 −84.3 +10.5

P3 −43.5 −39.3 −102.3 −1.9

C2 −11.5 −13.4 −250.1 −9.9

TS5 −11.6 −13.0 −239.7 −4.1

P5 −47.2 −40.2 −282.5 −36.2

C8 −9.9 −11.2 −253.8 −13.2

TS11 −11.0 −8.6 −225.5 +8.3

P11 −48.8 −48.1 −249.2 −9.9
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six-membered ring between trans-glyoxylic acid and OH, 
while B5 and B6 forms five-membered and seven mem-
bered rings, respectively, causing ring strain. It should be 
noted that two of the [(H2O)···(OH)] complexes, B8 and 
B9, traced had also been reported previously [18, 28].

As depicted in Fig.  2, pre-reaction binary complex B4 
reacts with OH radical to form ternary pre-reaction com-
plexes: C1 along path IV and C2 along path V involving 
formyl hydrogen abstraction. Moreover, complexes B5, B7 
and B6 interact with OH radical to form ternary complex 
C3 along path VI, C4 along path VII and C5 along path 
VIII, respectively, leading to acidic hydrogen abstraction. 

As evident in Fig. 2a, C2 is more stable than C1 due to for-
mation of a bicyclic six-membered ring separated by O2–
C2 bond forming a butterfly-like structure, while in C1, 
two rings are formed: one six-membered ring and other 
five-membered ring lying on the opposite side. It should be 
noted that the transition state TS5 along path V, which lays 
5.3 kcal/mol higher in energy than the reaction complex C2, 
is the lowest-lying TS among all the explored TSs along 
water-catalysed reaction channels. Also, it lays 1.6 kcal/mol 
lower in energy than the second lowest-lying transition state 
TS4 along path IV involving formyl H-abstraction. It should 
be noted that the TSs along the various pathways explored 
do not directly lead to the products as evident from the IRC 
paths depicted in the SI Figure S7(a, b). From the paths, it 
is clear that the transition states TS4 and TS5 lead to the 
respective product structures, however, before passing to the 
latter, a few intermediates complexes, though with insignifi-
cant barriers, are also encountered.

Among the pre-reaction complexes C3–C5 along path-
ways VI–VIII, the stabilization effect of a single water mol-
ecule was found to be slightly more in C5 (along path VIII) 
than in C3 and C4 due to similar reason as explained above 
for the formyl H-abstraction. Moreover, the transition state 
TS7 along path VII lies lower than TS6 and TS8 by 0.9 and 
1.9  kcal/mol, respectively, leading to acidic H-abstraction 
as depicted in Fig.  2b. Similar trends were seen for the 
standard Gibbs free energy. It is demonstrated that path VII 
is more feasible among pathways VI–VIII, since the barrier 
height to reach TS7 is lowest among TS6 and TS8.

Further, the interaction of complex B9 with trans-gly-
oxylic acid, leads to ternary pre-reaction complexes: C7 

Table 4   Calculated rate constants, k and kw (both in cm3  mole-
cule−1  s−1), k2  k2 and kw2 (both in s−1) and equilibrium constant, 
Keq, K

w
eq 0, K

w
eq 1 (all in cm3 molecule−1), at 298.15 K, along various 

pathways of reaction of glyoxylic acid with hydroxyl radical (in 
the absence and presence of water), at CCSD(T)/6-311++G(d,p)//
BHandHLYP/6-311++G(d,p) level of the theory

The concentration of water is taken to be 7.69 × 1017 molecule cm−3 at 298.15 K [53, 54]

Water-free pathways Keq k2 k = Keq k2

Path I 3.86 × 10−25 2.86 × 107 1.10 × 10−17

Path II 1.65 × 10−25 9.19 × 107 1.52 × 10−17

Path III 1.24 × 10−24 6.81 × 100 8.41 × 10−24

Water-catalysed pathways Kw
eq0 Kw

eq1 kw2 kw = Kw
eq 0K

w
eq 1k

w
2[H2O]

Path IV 3.67 × 10−23 6.55 × 10−25 6.69 × 107 1.23 × 10−21

Path V 3.67 × 10−23 4.29 × 10−25 1.26 × 108 1.53 × 10−21

Path VI 3.47 × 10−25 1.11 × 10−24 6.81 × 100 2.02 × 10−30

Path VII 2.10 × 10−24 1.65 × 10−25 1.96 × 101 4.84 × 10−29

Path VIII 7.28 × 10−25 4.41 × 10−24 3.15 × 10−1 8.42 × 10−32

Path IX 2.10 × 10−24 5.15 × 10−26 3.18 × 107 2.65 × 10−24

Path X 3.30 × 10−23 3.03 × 10−26 9.93 × 107 7.64 × 10−24

Path XI 3.30 × 10−23 6.73 × 10−24 4.69 × 10−2 8.00 × 10−30

Path XII 3.30 × 10−23 1.11 × 10−24 1.06 × 10−2 3.00 × 10−31

Table 5   Effect of basis set in the CCSD(T) calculations, employing 
cc-pVTZ and 6-311G++(d,p) basis sets, for the relative energy (∆E 
at 0 K) for species explored along path II and III, w.r.t the isolated 
reactants A1

Total energies including (ZPE) of isolated reactants A1 at CCSD 
(T)/6-311++G(d,p)//BHandHLYP/6-311++G(d,p) and CCSD(T)/
cc-pVTZ//BHandHLYP/6-311++G(d,p) levels of the theory, are 
−378.013653(0.053852) and −378.255006(0.053852) a.u., respec-
tively

Stationary 
points

CCSD(T)/6-311++G(d,p)// 
BHandHLY/6-311++G(d,p) 
+ZPE+(BSSE)

CCSD(T)/cc-pVTZ// 
BHandHLY/6-311++ 
G(d,p)+ZPE+(BSSE)

B2 −1.8 (1.3) −7.9 (0.6)

TS2 +3.7 (4.6) −5.7 (2.1)

P2 −33.1 (2.6) −40.5 (0.8)

B3 −3.9 (1.6) +10.0 (2.3)

TS3 +12.0 (6.2) +23.3 (4.5)

P3 −4.1 (1.6) +10.8 (1.9)
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(along path X involving formyl H-abstraction), C8 and C9 
(along path XI and XII involving acidic H-abstraction), 
however, complex B8 forms only one three-body pre-
reaction complex, C6 along path IX involving formyl H- 
abstraction in trans-glyoxylic acid. Since water only inter-
acts with the OH radical in C6, this ternary complex can 
also be considered to be formed by interaction of B2, [gly-
oxylic acid···(OH)] complex, with a single water molecule. 
As evident in Fig. 3a, complex C6 is only 0.1 kcal/mol less 
stable in energy than C7 while stability becomes vice versa 
in case of their governing transition states. Noticeably, C8 
along path XI is the most stable complex among all the 
explored three-body pre-reaction complexes due to forma-
tion of strong H-bonded eight-membered ring, while C9 
along path XII is a six-membered complex and the second 
lowest-lying, which leads to acidic H-abstraction. Interest-
ingly, C9 type of complex has never been reported in the 
literature for similar reactions. Besides these, the acidic 
H-abstraction pathway having the lowest energy barrier 
occurs through TS11 which has eight-membered planar 
ring structure, as evident in Fig. 3b.

All the aforementioned results in terms of relative ener-
gies and ∆H suggest that the formyl H-abstraction via tran-
sition state TS5 along path V is the most favourable with 
the lowest barrier (relative energy of only 3.0  kcal/mol) 
among all the pathways traced in the present work. Moreo-
ver, the standard Gibbs free-energy profile, as depicted in 
Fig.  5, demonstrates that the pre-reaction complexes for 
acidic H-abstraction have similar stability as compared to 
products, but their governing TSs are high-lying, indicat-
ing that they are not likely to undergo acidic H-abstrac-
tion to form products. However, in the case of formyl 
H-abstraction, TSs are low-lying than that in the case of 
acidic H-abstraction, and the pre-reaction complexes are 
more likely to undergo H-abstraction. Also, as depicted 
in Table  4, the calculated rate constant (at 298.15  K) for 
path V was found to be highest among all water-catalysed 
pathways. All these pathways involve free radical mecha-
nism, as evident from the spin density analysis (in Table 
S2) where the unpaired electron is observed to be shared 
by C and O atoms along the formyl H-abstraction pathway, 
whereas along the acidic H-abstraction pathway, it is shared 
between O-atom of trans-glyoxylic acid and O-atom of OH 
radical. It should be noted that in our previous study [19] 
on TFA(thiol), the formyl and acidic hydrogen abstractions 
in the presence of a single water molecule were found to be 
kinetically and thermodynamically more feasible, respec-
tively, and follow free radical mechanism. However, in our 
study [20] on DTFA, the catalytic acidic H-abstraction is 
found to be more feasible and proposed to follow proton-
coupled electron-transfer (PCET) mechanism.

From the GRRM search for pre-reaction complexes, 
besides the above-mentioned ternary pre-reaction 

complexes, a few other three-body complexes were also 
traced for the trans-glyoxylic acid. However, these com-
plexes do not undergo direct hydrogen abstraction but are 
likely to undergo double- or triple-proton exchange involv-
ing hydrogen abstraction. For double-proton exchange, 
various attempts to locate the transition states were failed, 
however, as depicted in Figure S1, two pathways involving 
triple H-transfer could be traced where all the three reac-
tants (OH, H2O and glyoxylic acid) are actively involved as 
a hydrogen donor or acceptor, leading to acidic hydrogen 
abstraction. The reaction crop up via a simultaneous hydro-
gen abstraction from the O–H group in trans-glyoxylic acid 
by the OH radical, while the hydrogen of the OH radical 
is transferred to the oxygen atom of water whose hydro-
gen atom gets attached to the oxygen atom of C=O or OH 
group in glyoxylic acid, as evident from transition states 
TS13 and TS14, respectively, in Figure S1. The products 
formed in these two transformations are geometric isomers 
of glyoxylic acid. These transformations are least feasible 
since governing TSs are high-lying. Moreover, as depicted 
in SI Figure S2, a pathway involving nucleophilic addition 
of hydroxyl radical to carbonyl carbon leading to dissocia-
tion into formic acid and COOH radical was also explored 
at the BHandHLYP/6-311++G(d,p) level of the theory. As 
can be seen from the relative energy values, this pathway is 
also highly probable.

On comparing the non-catalytic oxidation with water-
catalysed oxidation of trans-glyoxylic acid by hydroxyl 
radical, it was noted that the catalytic oxidation seems to 
be more feasible whether analysis is performed in terms 
of relative energies and ∆H, because formation of hydro-
gen-bonded complexes with water leads to lowering of the 
potential energy surface. Similar observations were made in 
the previous studies on TFA and DTFA [19, 20]. For exam-
ple, ∆H of lowest-lying transition state TS2 along water-
free pathway is 5.1 kcal/mol more than the transition state 
TS5 along the water-catalysed pathway involving formyl 
H-abstraction. The products, (HOOC)CO or OOC(CHO), 
formed in the water-catalysed oxidation are also more sta-
bilized due to hydrogen bonding by two water molecules 
than that in the case of water-free pathway where one 
water molecule is present. Contrary to this, the standard 
Gibbs free-energy profile at CCSD(T)/6-311++G(d,p)//
BHandHLYP/6-311++G(d,p), as depicted in Fig. 5, dem-
onstrates water-free pathways to be more feasible than 
water-catalysed pathways. This is further reflected in the 
higher rate constants observed for the water-free pathways 
when compared with that for the water-catalysed pathways. 
As evident from Fig. 5, the standard Gibbs free energy of 
activation (at 298.15 K) to reach the transition state (TS2) 
along the water-free pathway is relatively lower than that 
required for TS5 along the water-catalysed pathway, due 
to considerable lowering of entropy in water complexes. 
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It should also be noted that there is strong preference for 
making the radical at the carbon atom in glyoxylic acid 
rather than over the oxygen atom, which may be due to 
lesser bond dissociation energy of C–H bond (337.2  kJ/
mol) over O–H bond (428.0  kJ/mol), making C–H bond 
weaker. Also, the radical product [(HOOC)CO] formed due 
to formyl H-abstraction is more stable than [OOC(CHO)] 
resulting due to acidic H-abstraction. Notably, paths IV, 
V and IX lead to the same product (P4, P5 or P9) passing 
through various intermediates as depicted in IRC paths of 
Figure S7(a–c).

Further, to check the strength of pre-reaction complexes 
relative to respective dissociation fragments, the Gibbs 
free-energy change at different temperatures was ana-
lysed as provided in Table  2. The dissociation of ternary 
complexes (C1–C11) and binary complexes (B1–B9) of 
glyoxylic acid, OH radical and H2O molecule, into their 
respective separated reactants is found to increase with the 
increase in temperature, as evident from the increasingly 
negative standard free-energy change (∆G) and positive 
entropy factor (T∆S). Interestingly, all the complexes seem 
to be stable at low temperature particularly below 150 K. 
It should be noted that the strength of ternary complexes 
is more than binary complexes at lower temperatures due 
to increase in the number of hydrogen bonds following the 
insertion of a single water molecule.

A further aspect to be noted in this study is that 
the most stable binary complex (B4) predicted is 
H2O···organic(glyoxylic acid) which is followed (in order 
of stability) by OH···organic complex B3, and OH···H2O 
complex B9. The latter is ca. 3.3  kcal/mol less stable 
than B4 at CCSD//BHandHLYP level of the theory. An 
OH···H2O complex with one hydrogen bond (as in complex 
B9) is likely to be more stable than the one with the two 
hydrogen bonds. The reason is simple that an OH···H2O 
complex with two hydrogen bonds has a highly strained 
four-membered ring-like framework. The second hydrogen 
bond is unable to compensate for the strain energy. There-
fore, it is relatively unstable not only with respect to the 
single hydrogen-bonded OH···H2O complex B9, but also 
relative to the H2O···organic complex B4, and OH···organic 
complex B3, both of which have a more stable six-mem-
bered ring-like hydrogen-bonded framework with two 
hydrogen bonds.

Finally, to check the reliability of the applied theoreti-
cal methods for the present work, additional computations 
were also performed for four most relevant pathways (II, 
III, V, XI) at the CCSD(T)/6-311++G(2d,2p)//MP2(FC)/6-
311++G(d,p) level of the theory. Similar to the case of 
BHandHLYP computed pathways, the formyl H-abstraction 
pathway (V) was also found to be most feasible through 
the MP2(FC) method. However, the product formed along 
path V differs in the orientation of water  molecule. The 

aforementioned relevant pathways traced at the level of 
DFT/BHandHLYP/6-311++G(d,p) were further verified 
using different exchange–correlation functionals, namely 
the hybrid B3LYP, and a dispersion-corrected ω-B97XD 
along with 6-311++G(d,p) basis set. Surprisingly, while 
employing these functionals of the DFT, all the acidic 
H-abstraction pathways lead to both H-abstraction and 
the dissociation of complex to HC=O, CO2 and two mol-
ecules of H2O. Moreover, the water-free acidic hydrogen 
abstraction along path III is observed to follow the PCET 
mechanism rather than conventional free radical mecha-
nism. However, at the B3LYP/6-311++G(d,p) level of 
the theory, pathway II could not be confirmed since TS2 
could not be optimized at this level of the theory. Notably, 
while employing ω-B97XD and B3LYP levels of theory, 
the catalytic formyl H-abstraction along path V was found 
to be most feasible. It should be noted that at ω-B97XD/6-
311++G(d,p) level of theory, the product formed along 
path V was similar to that formed at MP2(FC) level of the 
theory. However, note that as evident in Table  3, the fro-
zen-core MP2(FC) absolute values for energy of the reac-
tion species differ entirely from other methods employed 
though CCSDT//MP2(FC) results correlates quite well. 
Besides these, for a few pathways, the effect of basis set 
was also analysed by using cc-pVTZ basis set at the level 
of CCSD(T)/cc-pVTZ//BHandHLY/6-311++G(d,p). As 
evident in Table 5, the species explored along path II were 
observed to relatively more stabilized at this level com-
pared to that using 6-311++G(d,p) basis set for CCSD(T) 
computations, whereas for species along path III, a destabi-
lizing effect was observed. Such different results using cc-
pVTZ basis sets are expected because it does not include 
diffuse functions as in aug-cc-pVTZ. However, note that, 
though there is a significant change in energies using cc-
pVTZ basis set, the relative order of different species along 
the potential energy profile remains the same as evident in 
Table 5.

3.4 � Comparison with cis‑glyoxylic acid

In the case of catalytic oxidation of cis form of glyoxylic 
acid in the presence of a single water molecule, the path-
ways depicted in supporting information Figures S3 and 
S4 were successfully traced out. The formyl H-abstraction 
pathways: IIIa, IVa, VIIa, and acidic H-abstraction path-
ways: Va, VIa resemble path IV, V, IX and VI, VIII, respec-
tively, observed for the trans form. It was further noted 
that except path VIa, acidic H-abstraction pathways in cis-
glyoxylic acid lead to abstraction as well as dissociation to 
HC=O, CO2 and two molecules of H2O. Moreover, formyl 
H-abstraction along Path IVa is observed to be most feasi-
ble since the barrier height is lowest as evident in Figure 
S5. Though in the case of cis-glyoxylic acid, the pathways 
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similar to path VII, X and XII, observed for the catalytic 
oxidation of trans form by a single water molecule, could 
not be located, however, as depicted in Figure S4, a new 
pathway (path VIIIa) was successfully traced out which 
was not observed for the trans form.

4 � Conclusions

In the present work, the reaction pathways explored for 
the gas-phase oxidation reaction of glyoxylic acid by the 
hydroxyl radical, in the absence and presence of a sin-
gle water molecule, are analysed to observe any catalytic 
effect water. The pathways were traced through the pre-
reaction complexes explored via a systematic and auto-
mated search performed using the global reaction route 
mapping employing the DFT, CCSD(T) and MP2 quan-
tum mechanical methods. Importantly, though the single 
water molecule seems to lower the potential energy surface 
of the studied reaction system mainly due to formation of 
hydrogen-bonded complexes with water, however, it does 
not accelerate the reaction because of significant loss of 
entropy during the complexation. Besides this, the formyl 
hydrogen abstraction in both cis- and trans-glyoxylic acid 
was found to be most probable during water-catalysed as 
well as water-free non-catalytic oxidation. All the path-
ways explored seem to follow a conventional free radical 
mechanism as observed from the computations employing 
BHandHLYP exchange–correlation functional of the DFT. 
However, using other DFT functionals such as ω-B97XD 
and B3LYP, one of the relevant water-free acidic H-abstrac-
tion pathways was observed to follow a proton-coupled 
electron-transfer mechanism, which also leads to dissocia-
tion of glyoxylic acid. These reaction pathways may pro-
vide significant insights into the similar reactions occurring 
in the atmosphere.
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