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Abstract. In this work, quantum chemical methods are used to study 
the reaction of OH• radicals with formaldehyde bound to the Si(OH)4 
monomer, as a model for silica mineral aerosols. The potential energy 
surfaces for the formaldehyde interaction with the surface model 
have been carefully spanned, and minima and maxima were evalu-
ated. Both the H-abstraction and OH-addition paths are shown to be 
complex reactions, which involve the formation of a reactant complex 
in the entrance channel and a product complex in the exit channel. In 
the main reaction channel, formaldehyde binds to the silanol groups 
and then reacts with OH free radicals to form a water molecule and 
a bound formyl radical. We show that the rate constant for the H-
abstraction reaction is an order of magnitude smaller when formal-
dehyde is bound to Si(OH)4 than in the gas phase, while the rate con-
stant for the addition reaction is still about five orders of magnitude 
smaller. Thus, the branching ratio between abstraction and addition is 
not significantly altered in the presence of the silicate surface model.
Key words: Mineral aerosols, radical reactions, silica surface model, 
formaldehyde, OH radicals, rate constants

Resumen. En este trabajo, se utilizan métodos de la química cuántica 
para estudiar la reacción de radicales OH con formaldehído adsorbido 
sobre Si(OH)4, como modelo de superficie para representar aerosoles 
de silicatos minerales. Se evalúan mínimos y máximos en las superfi-
cies de energía potencial para la interacción de formaldehído con la 
superficie modelo. Las reacciones correspondientes a la abstracción 
de hidrógeno y a la adición del radical OH son complejas, y ambas 
involucran la formación de un complejo pre-reactivo en el inicio del 
camino de reacción, así como un complejo de productos después del 
estado de transición. En la reacción más importante, que corresponde 
a la abstracción de un hidrógeno del formaldehído, éste se une a 
grupos silanol de la superficie modelo, y posteriormente reacciona 
con radicales libres OH para formar una molécula de agua libre y un 
radical formilo anclado a la superficie. Se muestra que la constante 
de velocidad de la abstracción de hidrógeno es un orden de magnitud 
menor que para la misma reacción en fase gas, mientras que la de la 
adición es aproximadamente cinco órdenes de magnitud más pequeña. 
De acuerdo con este modelo, la proporción entre abstracción y adición 
no se altera significativamente en presencia de un aerosol mineral.
Palabras clave: Aerosoles minerales, reacciones radicalarias, super-
ficie modelo de silicatos, formaldehído, radicales OH, constantes de 
velocidad.

Introduction

A major natural component of atmospheric aerosol is mineral 
dust, which enters the troposphere from dust storms in arid 
and semiarid regions. Mineral aerosols are fine particles of 
crustal origin that are generated by wind erosion, and that 
consist mostly of silica and silicate minerals. The potentially 
reactive surface of mineral aerosols may be a significant sink 
for many volatile organic compounds in the atmosphere and 
consequently it could influence the global photooxidant bud-
get. Laboratory studies, together with field observations and 
modeling calculations, have clearly demonstrated the impor-
tance of heterogeneous processes in the atmosphere. The 
subject has recently been reviewed by Usher et al. [1 ] Some 
articles have tried to quantify the effect of dust on tropospheric 
chemistry. Dentener et al. [2 ] calculated that ozone concentra-
tion would decrease because O3 production decreased (N2O5 
and HO2 radicals are taken up on dust) and also because the O3 
molecules were themselves taken up on dust. Bian and Zender 
[3 ] found that, on a global average, O3 decreases by 0.7%, OH 
decreases by 11.1%, and HO2 decreases by 3.5 % when dust is 
added to the atmosphere. As discussed by Ravishankara [4 ], 
the ability for predicting accurately the composition of the 
troposphere will depend on advances in understanding the role 

of particulate matter and the extent to which heterogeneous 
reactions on solids as well as multiphase reactions in liquid 
droplets contribute to the chemistry. Thus, the heterogeneous 
chemistry of trace atmospheric gases on solid-phase particles 
in the troposphere is a field of great interest.

The primordial role of OH radicals in the oxidative trans-
formation of volatile organic compounds and other pollutants 
in the troposphere is well accepted. However, the catalytic 
loss processes of atmospheric pollutants in the presence of OH 
radicals and aerosols may affect the chemical reactions of OH 
radicals with adsorbed pollutants [5 , 6 ].

Formaldehyde is one of the most prevalent carbonyl com-
pounds in the Earth’s atmosphere; it is an important component 
of the polluted troposphere and it is a precursor of HOx radi-
cals. Thus, any heterogeneous interactions that formaldehyde 
may have with aerosols could potentially affect HOx levels, 
especially if the former is removed from the troposphere. The 
heterogeneous uptake of formaldehyde on SiO2 has recently 
been examined [7 ].

Formaldehyde may, in principle, react with an OH radical 
through two reaction paths: the abstraction of a hydrogen atom 
and the subsequent formation of a water molecule and a formyl 
radical (Eq. 1); or, the addition of one OH radical to the C=O 
double bond, with formation of the H2C(OH)O• alkoxy radical 



Mechanism and Kinetics of the OH• Radical Reaction with Formaldehyde Bound to an Si(OH)4 Monomer	 37

(Eq. 2). In the gas phase at room temperature, the abstraction 
reaction is favoured.

Abstraction:	
	 CH2O + •OH → CHO• + H2O	 (1)

Addition:
	 CH2O + •OH → •CH2O(OH)	 (2)

The rate constant for reaction of OH with formaldehyde 
is virtually independent of temperature in the region of atmo-
spheric relevance, while the higher aldehydes all show a slight 
negative temperature dependence [8, 9,10]. The experimental-
ly determined Arrhenius parameters [11, 12] indicate that the 
activation energy barrier is very small, close to zero. Ab initio 
calculations indicate that the reaction channel involving addi-
tion to the carbonyl group has a significantly higher activation 
energy than the elimination pathway [10,13 ,14 ]. However, if 
the formaldehyde molecule were anchored to a clay surface, 
the branching ratio between abstraction and addition could be 
altered.

The rigid tetrahedron SiO4 is the building block of all sili-
ceous materials, from zeolites to quartz and amorphous silica. 
Clay minerals, or phyllosilicates, are formed by sheets of SiO4 
tetrahedrons joined to a sheet of Al oxide octahedrons (Figure 
1). The ideal surface of a phyllosilicate is characterized by the 
presence of a large number of siloxane Si-O-Si bridges, form-
ing hexagonal rings. However, a natural clay surface presents 
many structural defects and fractures, and its chemical proper-
ties are largely due to the presence of active sites on the sur-
face, which are mainly acid sites: Brönsted sites, associated to 
aluminol and silanol groups, and Lewis sites, such as in four-
coordinated Al. Phyllosilicates have large specific surfaces 
and catalytic properties. Therefore, their presence in aerosols 
can be expected to play an important role in the heterogeneous 
chemistry of the troposphere.

The different types of OH surface groups are schemati-
cally represented in Figure 2. In addition to isolated hydroxyl 
groups, at the surface of outgassed amorphous silica, geminal 
hydroxyls (i.e., two hydroxyls sitting on the same Si atom) 
are known to occur. The evidence for geminal silanols comes 
from NMR spectra [15 , 16 ], which show distinct signals for 

geminal and isolated hydroxyls [17 , 18 , 19 , 20 ]. Peak intensi-
ties suggest that the population of geminal hydroxyls constitutes 
a substantial fraction (up to 30%) of isolated hydroxyls. At 
the surface of crystalline specimens, the presence of geminal 
species could be even more substantial. Therefore, any differ-
ence in the adsorptive properties between isolated and geminal 
hydroxyl groups may affect the overall behavior of silica. 
However, as isolated and geminal species present O-H stretch-
ing modes that are indistinguishable in the IR, [21 , 22 ] it is not 
easy to bring into evidence their differences. These have been 
often hypothesized, in particular towards water, because of the 
presence, in geminal species, of a potentially active bifunc-
tionality [23 , 24 , 25 ]. The review of Heanry et al. [26 ] gives a 
detailed account of the Si-O bond in these systems.

Within the quantum mechanical treatment, different small 
clusters have been used in the literature to model silicate sur-
faces. The basic premise behind this approach is that reactions 
and adsorption are local phenomena, primarily affected by the 
nearby surface structure. The advantage of the cluster approach 
is that the active site is described explicitly by the interactions 
between the local molecular orbitals of the adsorbate and the 
adsorbent. On the other hand, the disadvantage is the incom-
plete representation of the electronic system provided by the 
small size and the discrete nature of the cluster employed. 
However, by carefully optimizing the adsorbate-cluster inter-
actions, the lowest energy structures and electronic states can 
be calculated and used to predict energetic data at high levels 
of theory and with large basis sets, thus yielding accurate ener-
getic results.

Sauer and co-workers performed an exhaustive revision 
of quantum mechanical models used to study molecule-solid 
interactions. Molecular Van der Waals complexes between 
adsorbed molecules and surfaces have been studied, and 
adsorption energies have been reproduced for a large number 
of compounds [27 ]. The reactivity of some unimolecular reac-
tions of adsorbed species was determined by Usher et al. [1] 
The adsorption of methanol, formaldehyde and formic acid on 
Si surfaces was studied by Lu et al. [28 ] using DFT methods 
and ONIOM calculations on an Si9H12 cluster model. More 
recently, the study of the interaction between isolated silica 
hydroxyls and small molecules has been carried out using ab 
initio quantum chemistry methods, mimicking the surface spe-
cies by means of the silanol molecule H3SiOH [29 ]. One paper 
was specifically devoted to the interaction between H3SiOH 

Fig. 2. Surface active sites at the silica surface; a) isolated silanol 
group, b) geminal silanol groups, and c) siloxane bridge.Fig. 1. Typical structure of a 1:1 layered phyllosilicate.
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and formaldehyde [30 ]. IR data at 170 K of the interaction of 
CH2O on amorphous silica were also reported [31 ], and the 
conclusion was that the computed harmonic vibrational fre-
quencies were in fair agreement with the experimental results.

Orthosilicic acid Si(OH)4 in various conformations, alone 
and in interaction with water, has been studied, using ab initio 
methods, by Sauer and Schrader [32 ] at low levels of treat-
ment (STO-3G, 3-21G, 4-31G basis sets). Indications from 
these simple calculations are that the stretching modes of 
geminal and isolated species are indeed indistinguishable, and 
that the bifunctional nature of the former does not impart any 
particular affinity for the water molecule. Two conformations 
of orthosilicic acid have been studied ab-initio in interaction 
with a water molecule [33 ].

The minimal cluster for the description of an isolated 
hydroxyl group at the silica surface is the silanol molecule H3-
SiOH [34 , 35 ]. The overall evidence [36 ] is that the OH group 
of the silanol molecule is probably somewhat less acidic than 
a real hydroxyl group of silica, but nonetheless it serves quite 
well as a model [37 ]. In the same line, the silanediol molecule 
H2Si(OH)2 may be assumed as the simplest cluster mimicking 
geminal SiOH species. Alternatively, orthosilicic acid Si(OH)4 
may be considered as a model for both the isolated and gemi-
nal types of hydroxyls, by considering one and two silanol 
groups, respectively, as active centers, and the remaining ones 
just as cluster terminators. The use of these clusters has been 
well validated [38 , 39 ].

From a theoretical point of view, two initial considerations 
have to be made: first the choice of the adsorption site model, 
relating to chemical structural aspects, and second the techni-
cal questions of the computational approach and accuracy. 
In this work, the mechanism of both the H-abstraction and 
addition channels of the formaldehyde + OH reaction will be 
studied, with formaldehyde attached to an Si(OH)4 orthosilicic 
acid molecule. An exhaustive search of optimized structures 
for bounded formaldehyde and stationary points along the 
reaction coordinates will be performed. With the correspond-
ing partition functions, the effective rate constants will then 
be calculated, using classical transition-state theory and the 
proposed mechanisms. The results will be compared with the 
experimental data in the gas phase. Our aim is to investigate 
the effect that the presence of orthosilicic acid has on the reac-
tion, and to determine whether or not the attached formalde-
hyde reacts faster with OH radicals than when it is free. To the 
best of our knowledge, this is the first theoretical study of a 
reaction between an adsorbed molecule and a free radical.

Computational Methodology

Ab initio quantum chemical calculations were performed using 
the density functional theory (DFT) method with the hybrid 
functional BHandHLYP/6-311G** [40 , 41 ] as implemented in 
the Gaussian03 program package [42 ]. The method was chosen 
because excellent results have been obtained with this func-
tional in other hydrogen abstraction reactions in the gas phase 

[43 , 44 ]. All geometries were fully optimized at this level 
using the Berny analytical gradient method. No geometry con-
straints were applied on the surface and reactants atoms. The 
unrestricted approximation was used for radicals. Oftentimes, 
difficulties were encountered in the search for the optimized 
structures, with respect to convergence of the SCF. This prob-
lem was solved by using a quadratic convergence algorithm 
(QC), which is an option based on the Newton-Raphson meth-
od. Although it is quite efficient, it requires a large number 
of iterations, and consequently a significant amount of CPU 
calculation time. We also employed the IOP(1/8=1) option, in 
order to reduce the atomic displacements, both in distances and 
in angles, during geometry optimization. Normal mode analy-
ses were carried out at the same level to confirm the nature 
of the stationary points, finding only positive eigenvalues for 
minima and one negative eigenvalue (imaginary frequency) for 
transition states. It was verified that the motion along the reac-
tion coordinate corresponds to the expected transition vector. 
Corrections for zero-point energy (ZPE) (residual vibrational 
energy at 0 K) were taken from the force constant analysis and 
added to the total energies.

The relevance of the Basis Set Superposition Error 
(BSSE) has been well established from a theoretical point of 
view [45 , 46 ]. However, there has been a wide controversy 
on the reliability of the results produced by adding the coun-
terpoise correction (CP) [47 , 48 ]. It has been pointed out that 
CP often over-correct the results due to the fact that the BSSE 
and the basis set convergence error are often of opposite signs 
[49 ]. CBS schemes, on the other hand, correct both kinds of 
errors, while the Counterpoise approach corrects only the first 
one, leading to artificially high energies. For most systems of 
chemical interest the CBS extrapolation is computationally 
unaffordable. Fortunately this is not the case for the quantum 
chemical treatment of the particular systems treated in this 
work. Accordingly, CBS-QB3 calculations were also per-
formed, as implemented in Gaussian, i.e. with geometry opti-
mizations and frequency calculations at the B3LYP/CBSB7 
level of theory, for the main reaction channel.

In order to study the reaction of an OH radical with a 
volatile organic compound adsorbed on Si(OH)4 as a model 
surface for a mineral dust aerosol, we have chosen the reaction 
of a formaldehyde molecule with an OH radical. On the one 
hand, the formaldehyde is a very reactive polar molecule that 
is easily adsorbed on surfaces, and on the other hand, many 
theoretical and experimental data are available for the corre-
sponding gas phase reaction.

The mechanism is well accepted. It involves two steps: 
at first, a fast pre-equilibrium between the reactants (R) and 
the pre-reactive complex (RC) is established, followed by an 
internal rearrangement leading to the elimination of a water 
molecule.

Step 1:  RHC=O + OH• 1

1

k
k

 [RHC=O ----HO•]	  (3)

Step 2:  [RHC=O —— HO•] 2k  RC=O• +H2O	  (4)
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In this work, the calculated rate constant and the corre-
sponding kinetic parameters, are obtained using conventional 
Transition State Theory (CTST) [50, 51 ] implemented in the 
Rate 1.1 program [52 ] and the reaction mechanism proposed 
above (Eqs. 3 aad 4). According to this mechanism, if k1 and 
k-1 are the forward and reverse rate constants for the first step 
and k2 corresponds to the second step, a steady-state analysis 
leads to a rate coefficient for each overall reaction channel that 
can be written as:

	

1 2

1 2

k kk
k k

.
	

Even though the energy barrier for k-1 is about the same 
size as that for k2, the entropy change is much larger in the 
reverse reaction than in the formation of the products. Thus, 
following a hypothesis first proposed by Singleton and 
Cvetanovic [53 ], k2 is expected to be much smaller than k-1. 
Based on this assumption, k can be rewritten as:

	

1 2 1 2
1 2 1

1 1
exp /k k A Ak E E E RT

k A
,
	

where E1 and E-1 are the Step 1 energy barriers corresponding 
to the forward and reverse directions, respectively, E2 is the 
barrier for Step 2, and the A’s are the partition functions. Since 
E1 is zero, the net (or apparent) energy barrier for the overall 
reaction channel is:

	 2 1 ,a TS RC RC R TS RE E E E E E E E E

where ETS, ERC and ER are the total energies of the transi-
tion state, the reactant complex and the reactants, respec-
tively. Applying basic statistical thermodynamic principles 
the equilibrium constant (k1/k-1) of the fast pre-equilib-
rium between the reactants and the reactant complex may be 
obtained as:

	
exp

RC
RC R

eq R
Q E EK

RTQ
,

where QRC and QR represent the partition functions corre-
sponding to the reactant complex and the isolated reactants, 
respectively.

Under sufficiently high-pressure conditions, such as nor-
mal conditions in the troposphere, an equilibrium distribu-
tion of reactants is maintained and the CTST formula can be 
applied [54 ] to calculate k2:

	
2 2 exp

TS
B TS RC

RC
k T Q E Ek
h RTQ

,
	

where κ2 is the tunneling factor, kB and h are the Boltzmann 
and Planck constants, respectively, and QTS represents the tran-

sition state partition function. The energy differences include 
the ZPE corrections. The effective rate coefficient of each 
channel is then obtained as:

	
2 2 exp

TS
B TS R

ef eq R
k T Q E Ek K k
h RTQ

,
	

where s is the symmetry factor, which is related to the reaction 
path degeneracy. The symmetry factor is obtained by imaging 
all identical atoms to be labeled and by counting the number 
of different but equivalent arrangements that can be made by 
rotating the molecule [55 ].

Accurate rate constant calculations require the correct 
computation of the partition functions (Q). In this work, the 
hindered rotor approximation has been used to correct the Qs 
corresponding to internal rotations whose torsional barriers 
are smaller than 2.5 Kcal/mol. Direct inspection of the low-
frequency modes of the studied stationary points indicates that 
several of them may correspond to hindered rotations. These 
modes have been identified and treated as hindered rotors 
instead of vibrations [56 ]. To make this correction, they were 
removed from the vibrational partition function of the corre-
sponding species and replaced by the corresponding hindered 
rotor partition function.

We shall see that the rate constant for the gas phase reac-
tion obtained with the methodology used in this work (see 
Table 4) agrees very well with the reported experimental val-
ues [57 ]. Therefore, one may assume that it is possible to use 
the same methodology to calculate reliable kinetic data for 
reactions on silicate surface models, for which experimental 
data are not available.

Results

The S4 conformation of Si(OH)4 is the global minimum ener-
gy for this molecule in the gas phase. Its optimized structure 
is presented in Figure 3. Full geometry optimization at the 
BHandHLYP/6-311g(d,p) level has been achieved, with 
all variables allowed to vary independently. The calculated 
Si-O bond is about 1.63 Å, in very good agreement with 
experimental data for clay minerals (1.62 Å for muscovite 
[58 ] and 1.64 Å for pyrophyllite [59 ]). The O-H distances 
are 0.95 Å.

Adsorption Complexes

Formaldehyde adsorbs on the model surface to form a com-
plex. In principle, the formaldehyde molecule can bind in 
two different ways: i) the formaldehyde oxygen atom may 
be attracted to a silanol hydrogen atom while its hydrogen 
atom interacts with another silanol oxygen, forming the ADS1 
adsorption complex (Figure 4.a), or ii) two formaldehyde 
hydrogen atoms may interact with the surface oxygens, giving 



40      J. Mex. Chem. Soc. 2008, 52(1)	 Cristina Iuga et al.

rise to the ADS2 adsorption complexes (Figures 4.b). In this 
study, we consider both adsorption pathways.

The adsorption complexes have been fully optimized at 
the BHandHLYP/6-311g(d,p) level. In this process, the form-
aldehyde molecule is allowed to move freely until it reaches 
the optimum adsorption site. ADS1 and ADS2 complexes are 
obtained (Figure 4). In ADS1, the main interaction is a hydro-
gen bond, while in ADS2 both interactions are Van der Waals 
type weaker interactions. The geometry of the adsorbed CH2O 
is slightly changed from that of free CH2O, i. e., the C-H and 
C-O bonds are slightly larger.

The adsorption energy is defined as the difference between 
the total electronic energy of the surface-adsorbate complex 
and the sum of those of the isolated molecule and the model 
surface, including ZPE corrections:

E adsorption = E adsorption complex –  (E molecule + E surface) + D(ZPE).

The calculated adsorption energy values are negative, 
indicating that the adsorbate is stable. The ADS1 adsorption 
energy is -7.37 kcal/mol, while the one for ADS2 is more 
than 5 kcal/mol less negative, in agreement with the longer 
bond distance in the latter. The dipole moment of the ADS2 
complex (3.74 Debyes) is larger than the one of the ADS1 
complex (2.93 Debyes), because the formaldehyde C=O bond 
is highly polar and it is clearly oriented perpendicularly to the 
surface, while the compensation with the rest of the bonds 
is small. Surface hydroxyls play the role of weak hydrogen 

donors, while the adsorbed molecule assumes the role of the 
base.

Because of the chemical nature of the silanol groups, their 
vibrational properties can be studied by infrared spectroscopy. 
On highly dehydrated surfaces, a single, well-defined band 
due to the OH stretch is measured at about 3742 cm-1 on an 
otherwise featureless spectral region extending from 3730 to 
2000 cm-1 [60 ]. It is possible to measure the shift of the silanol 
OH stretching frequency upon adsorption of the formalde-
hyde molecule from the gas phase. In that respect, it is now 
well-established that H-bonding interactions are a significant 
fraction of the forces between these silanol groups and formal-
dehyde [61 ].

In addition, the frequencies of the infrared absorptions cal-
culated for formaldehyde adsorbed on SiO4 at 1588, 1887, and 
3030 cm-1 are close to those in the gas or liquid phase.[57], 
suggesting that this molecule is weakly adsorbed on SiO4. 
The calculated silanol group stretching mode υOH in the ADS1 
adsorption complex is 3858 cm-1, and the anharmonic frequen-
cy shift ∆υOH caused by the CH2O adsorption on the silanol 
stretching mode has been computed to be -204 cm-1. The cal-
culated spectrum is shown in Figure 5 in cm-1.

In the ADS2 adsorption complex no frequency shift is 
observed, because the formaldehyde hydrogen atoms interact 
with oxygen atoms of the silanol groups, thus the O-H vibra-
tional motion is not affected.

Reaction mechanisms

First the H-abstraction and the OH•-addition stationary points 
in the gas phase reactions of formaldehyde with the OH• radi-
cal were recalculated at the BHandHLYP/6-311G** level, for 
comparison with the structures previously determined theoreti-
cally by Alvarez Idaboy et al. [13]. In addition to the pre-reac-
tive complex obtained by these authors, another pre-reactive 
complex was identified, whose energy is 0.85 kcal/mol lower 
than the former, due to the stronger interaction between the 
hydroxyl oxygen and the formaldehyde hydrogen. To calculate 

Fig. 3. Optimized structure of Si(OH)4.

Fig. 4. Optimized structures of the adsorption complexes of formalde-
hyde on the Si(OH)4.

Fig. 5. ADS1 adsorption complex calculated infrared spectrum.
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the relative energies of the reaction, we have used the new 
structure.

In the H-abstraction mechanism, the oxygen atom of the 
OH• radical approaches the hydrogen to be abstracted, as the 
energy increases to a maximum at the transition state (TS). A 
products complex (PC) is then obtained, which, in the next 
step, yields the final products. Our calculated activation energy 
barrier for the abstraction channel is 0.24 kcal/mol, which lies 
within the range of the available experimental results, which 
vary between +0.4 and -0.4 kcal/mol. [57] The optimized 
structures for the gas phase H-abstraction and OH•-addition 
channels are shown in Figures 6 and 9, respectively, for com-
parison purposes.

Next, the OH• reaction with the bound formaldehyde was 
investigated. The channels starting from ADS1 and ADS2 will 
be labeled M1 and M2, respectively. In the M1 H-abstrac-
tion mechanism, a water molecule is formed, and the formyl 
radical remains attached to the surface (Eq. 5), while in the M2 
H-abstraction channel, the water molecule remains attached 
to the surface and the formyl radical is free (Eq. 6). Thus the 
overall reactions can be written as:

M1 H-abstraction:

	 ADS1 + OH• → S •••• HCO• + H2O 	 (5)

M2 H-abstraction:

	 ADS2 + OH• → S •••• H2O + HCO• 	 (6)

where S stands for the surface.

For the addition mechanisms, the oxygen atom approaches 
the carbon atom of the formaldehyde from above and a surface 
bound adduct is formed:

M1 OH-addition:

	 ADS1 + OH• → S •••• •CH2O(OH) 	 (7)

M2 OH-addition:

	 ADS2 + OH• → S •••• •CH2O(OH)	 (8)

All the stationary points will be described next.

Pre-reactive Complexes

In the pre-reactive complexes, the approach of the OH• radi-
cal to the adsorbed formaldehyde molecule is guided mainly 
by the Coulomb interaction between the positively charged 
hydrogen atom of the OH• radical and a lone pair of the form-
aldehyde oxygen atom. The interactions determine the shape 

and stability of the pre-reactive complexes as well as the rest 
of the reaction. Different pre-reactive complexes are obtained 
for the M1 and M2 channels, but in all cases, the structure of 
the adsorption ADS1 and ADS2 complexes remains almost 
unchanged in the process. Both are more stable than in the 
gas phase, with E-1 stabilization energies of -4.96 and -5.32 
kcal/mol, respectively. They are shown in Figures 7.a and 8.a. 
Relevant geometrical parameters have been indicated on the 
figures. The non-bonding O...H distances between the OH• 
radical and the adsorbed formaldehyde are given in Table 1. 
Atoms belonging to the OH• radical are indicated by the oh 
subscript, while those in formaldehyde are denoted by an f 
subscript. We note that the most important interaction is the 
one between the OH• hydrogen atom Hoh and the formalde-
hyde O atom (Of).

The pre-reactive complexes are common to both abstrac-
tion and addition channels. These will be described next in 
detail.

H-abstraction Mechanism

In the H-abstraction channel, the OH• radical approaches the 
adsorption complex from above, in order to remove the hydro-
gen atom that is not surface-bound. At this point it is necessary 
to distinguish between the M1 and M2 mechanisms.

In the M1 H-abstraction mechanism, the transition state 
that is obtained resembles the one in the gas phase reaction, 
because the hydrogen atom that is to be abstracted is free 
of surface interactions (Figure 7.b). Inspection of the vibra-
tional mode corresponding to the imaginary frequency of the 
transition state indicates that this vibration is essentially the 
motion of a light atom (H) between two fixed heavier atoms 
(C and O). There is little heavy atom motion as the system 
moves along the reaction path. The product complex presents 
a hydrogen bonds between the water molecule and the oxygen 
atom of the formyl radical and it is only about 2 kcal/mol more 
stable than the corresponding separated products. The result-
ing effective activation energy, Ea

eff =ETS -ER is slightly larger 
(0.95 kcal/mol) than in the gas phase (0.24 kcak/mol), because 
the transition state occurs considerably later. The Ooh…Hf 
distance between the oxygen atom of the OH• radical and the 
hydrogen atom which is abstracted is 1.35 Å, as compared to 
1.38 Å for the gas phase, indicating that the Hf atom in the M1 
channel is less tightly bound. It is important to note that the 
energy barrier of the second step, E2=ETS -ERC , is also larger 

Table 1. Non-bonding O...H distances (in Å) in the pre-reactive com-
plexes.

Mechanism	 d Hoh... Of	 d Ooh...Hf

Gas phase	 1.96	 2.72
M1	 1.98	 2.67
M2	 1.91	 2.80
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(5.91 kcal/mol) than in the gas phase (5.42 kcal/mol). This 
effect, of course, is mainly due to the higher energy of the 
pre-reactive complex. It suggests that the presence of a 
silicate surface may not favor the reaction. We shall see that 
the rate constants results agree with this conclusion.

For the M2 H-abstraction mechanism, the geometry of the 
transition state is different from the M1 mechanism, because 
the OH• radical has the possibility to interact with terminal 
silanol groups on the surface, thus giving rise to an unusually 
stable transition state (Figure 8.b). The corresponding transi-
tion vector shows the characteristic H atom motion between 
the Cf and Ooh atoms.

All stationary structures for the H-abstraction reactions 
are shown in Figures 6 to 8. Relative energy and Gibbs free 
energy values are given in Table 2. In this table, energies are 
calculated relative to the separated reactants (surface bound 
formaldehyde and a free OH• radical) and include ZPE correc-
tions The E-1 energy is the pre-reactive complex stabilization 

energy, which is calculated as E-1=ERC-ER; E2 is the reaction 
barrier for the second step of the complex mechanism, E2=ETS 
-ERC ; Ea

eff is the effective activation energy, Ea
eff =ETS -ER; 

and DE is the reaction energy, DE=Eproducts-Ereactants. The nega-
tive frequencies corresponding to the motion along the reac-
tion path have also been indicated for the transition states in 
Table 2.

The results obtained for the M2 H-abstraction mechanism 
(Figure 8) are contradictory. On the one hand, it is clear that if 
silanol groups are available, formaldehyde will preferentially 
adsorb to form the ADS1 complex, which is considerably 
more stable than ADS2. In the absence of silanol groups, the 
formation of an ADS2 complex could be considered. We have 
modeled this possibility with the Si(OH)4 monomer, by forc-
ing the formaldehyde adsorption on the oxygen atoms of two 
silanol groups. Yet the corresponding transition state (Figure 
8.b) has a very low energy, because the OH• radical interacts 
with a surface silanol, thus entering in contradiction with the 
original assumption. We shall see that the same is true for the 
OH• addition reaction. Thus, the M2 mechanisms are not pur-
sued further with this model.

OH-addition Mechanism

As mentioned before, another process may also occur, which 
leads to OH• radical addition to the formaldehyde C=O bond. 
Starting from the ADS1 adsorption complex and the corre-
sponding pre-reactive complex, two different transition states 
have been identified. In one of them, the radical approach-
es the formaldehyde carbon atom without interacting with 
the orthosilicic moiety (TSadd1). In the other, the radical is 
attracted to the oxygen atom of the same silanol group that is 
already involved in the formation of the hydrogen bond with 
formaldehyde (TSadd2). They are very different in shape, but 
both OH•-addition mechanisms present similar E2 energy bar-
riers. It is also interesting to note that, although these transi-
tion states have energies that are considerably larger than in 
the abstraction channel, both are smaller than in the gas phase 
OH•-addition pathway, and they occur slightly later than in the 
gas phase. The product complexes are also slightly more stable 
than in the gas phase.

All stationary structures are shown in Figures 10 and 11. 
Energy values are calculated relative to the separated reactants, 
and are given in Table 3, including ZPE corrections. In order 
to take into account the entropy changes, Gibbs free energies 
are also included.

Reaction Kinetics

For the formaldehyde + OH• reaction, experimental results 
are only available in the gas phase. Thus, this value is used 
to validate the methodology employed. The energy values, 
partition functions and thermodynamic data for the abstrac-
tion and addition reactions in the gas phase are obtained from 
BHandHLYP/6-311G** quantum chemistry calculations The 

Fig. 6. Optimized structures in the gas phase H-abstraction reaction 
(BhandHLYP/6-311g(d,p)).

Fig. 7. Optimized structures in the M1 H-abstraction reaction on 
Si(OH)4 cluster (BhandHLYP/6-311g(d,p)).

Fig. 8. Optimized structures in the M2 H-abstraction reaction on 
Si(OH)4 cluster (BhandHLYP/6-311g(d,p)).
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Table 2. Relative Energies (including ZPE) in kcal/mol, and imaginary frequencies (υi) at the transition states (in cm-1), in the H-abstraction 
reaction. In this table, E-1=ERC-ER; E2=ETS -ERC ; Ea

eff =ETS -ER; and ∆E=Eproducts-Ereactants.

BHandHLYP/6-311g**	 Eadsorption	 E-1	 E-2	 Ea
eff	 ∆E	 ∆G	 υi

Gas phase H-abstraction	 -	 -5.19	 5.42	 0.24	 -22.56	 -23.00	 -932
Si(OH)4 M1 H-abstraction	 -7.37	 -4.96	 5.91	 0.95	 -20.15	 -21.01	 -1204
Si(OH)4 M2 H-abstraction	 -1.96	 -5.32	 0.83	 -4.49	 -30.39	 -21.16	 -356

CBS-QB3	 Eadsorption	 E-1	 E-2	 Ea
eff	 ∆E	 DG	 υi

Gas phase H-abstraction	 -	 -3.30	 2.47	 -0.83	 -30.35	 -30.81	 -183
Si(OH)4 M1 H-abstraction	 -5.52	 -3.06	 2.16	 -0.90	 -28.25	 -29.10	 -107

Fig. 9. Optimized structures in the gas phase addition reaction 
(BhandHLYP/6-311g(d,p)).

Fig. 10. Optimized structures in the OH-addition reaction on Si(OH)4, 
using the TSadd1 (BhandHLYP/6-311g(d,p)).

Fig. 11. Optimized structures in the OH-addition reaction on Si(OH)4, 
using the TSadd2 (BhandHLYP/6-311g(d,p)).

Table 3. Relative Energies (including ZPE) in kcal/mol, and imaginary frequencies (ui) at the transition states (in cm-1), of the OH radical addi-
tion reaction.

BHandHLYP/6-311g**	 E-1	 E-2	 Eaeff	 ∆E	 ∆G	 υi

Gas phase OH-addition	 -5.20	 11.14	 5.94	 -22.99	 -14.69	 -556
Si(OH)4 OH-addition (TSadd1)	 -5.96	 10.78	 5.82	 -22.05	 -13.68	 -542
Si(OH)4 OH-addition (TSadd2)	 -5.96	 9.12	 4.16	 -23.27	 -14.28	 -567

rate constants are determined using Transition State Theory. 
In all cases the complex mechanism, Eqs. 3 and 4, has been 
assumed to occur.. The effective rate constant is obtained using 
the following equation:

	
2 exp

TS eff
a

ef R
Q Ek

RTQ
.
	

The tunneling correction k2 of the second step is calcu-
lated according to the Eckart [62 ] model, with an asymmetric 
barrier. It depends on the size and shape of the E2 barrier. The 
kinetic parameters are obtained from the rate constants (in cm3 
molecule-1 s-1) in the range 200 to 330 K (Table 6).

As explained in the methodology section, internal rotations 
with barriers smaller than 2.5 Kcal/mol have to be identified and 
treated as rotations in the calculation of the partition functions. 
In the H-abstraction transition state, only one such internal rota-
tion occurs. It corresponds to the rotation of the OH• hydrogen 
atom around the Hf ••• Ooh axis. A plot of the electronic energy 
as a function of the C-H-O-H dihedral angle, obtained using the 
BHandHLYP/6-311(d,p) method (Figure 12) presents a maxi-
mum barrier of 2.5 kcal/mol. Thus, this motion has to be treated 
as an internal rotation in the calculation of the transition state 
partition function. The calculated total hindered rotor correc-
tion factor of the partition function at 298 K, however, is found 
to be quite small (=1.13) and therefore the effect, on the rate 
constant, of introducing the correction for this internal rotation, 
is well within the range of the experimental error. In the case of 
the addition pathway, this correction is not necessary because its 
transition state structure does not present internal rotations.

The results obtained for the gas phase formaldehyde + 
OH• reaction, using the above methodology, are shown in 
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Tables 4 and 5. At 298K, the recommended value is k298 = 
1.0 × 10-11 cm3 molecule-1 s-1 [12], with an uncertainty fac-
tor f(298) of 1.25. Thus, our calculated results are in excellent 
agreement with the experimental value at this temperature, 
and within the range of the experimental error. It can be seen 
that, at 298ºK the addition channel is negligible, and that the 

calculated abstraction rate constant agrees very well with the 
experimental results. Thus, the same methodology will be used 
next for the OH• reaction with adsorbed formaldehyde.

As explained earlier, rate constants have been calculated 
only for the ADS1 complexes because the M2 mechanism 
leads to structures that are stabilized by interactions with 
silanol groups, in contradiction with the assumption that ADS2 
complexes can exist only in the absence of these groups. For 
the M1 H-abstraction reaction, only one internal rotation has 
to be taken into account. As in the gas phase, the latter cor-
responds to the rotation of the OH hydrogen atom around the 
Cf-Hf---Or axis. The rotation barrier is 2.1 kcal/mol, and the 
corresponding partition function correction factor is 1.07. A 
plot of the energy as a function of the C-H-O-H dihedral angle 
is shown in Figure 13. The calculated rate constant is smaller 
(1.61 × 10-12 cm3 molecule-1 s-1) than in the gas phase reac-
tion (1.10 × 10-11 cm3 molecule-1 s-1), in agreement with the 
fact that its effective activation energy is larger than in the gas 
phase. In this mechanism, the reaction symmetry number is 
equal to one, because only one formaldehyde hydrogen can 
be abstracted. On the other hand, a lower reactivity of the 
adsorbed formaldehyde is in line with the effect of the less 
stable pre-reactive complex.

For the M1 OH-addition mechanisms, one of the cal-
culated rate constants (TSadd1) is found to be slightly 
smaller than in the gas phase addition, while in the case of 
the bound-OH-addition channel (TSadd2), the rate constant 
is slightly larger than in the gas phase. The overall rate 
constant, which measures the rate of OH• disappearance 
[63 ], can be determined as the sum of the rate coefficients 
calculated for the different pathways. However, rate coeffi-
cients corresponding to the addition mechanism are so much 
smaller than those of the abstraction channel, that their con-
tribution is negligible.

Arrhenius plots of the M1 H-abstraction and OH-addition 
rate constants are shown in Figures 14 and 15, and both exhibit 
some temperature dependence. For the M1 H-abstraction, the 
calculated overall rate constant in cm3 molecule-1 s-1 is given 
by the expression k eff = 3.43 × 105T2.28exp(-2.57/RT). In the 
same units, the rate constant for the M1 OH-addition mecha-
nism is k ef = 3.15 × 1011T—0.82exp(-6.16/RT).

Table 4. Calculated rate constants (in cm3/molecule s) at 298 K for the H-abstraction reactions.

BHandHLYP/6-311g**	 σ	 Keq	 κ	 k2	 k ef	 k exp

Gas phase H-abstraction 	 2	 9.68 × 10-22	 2.71	 1.14 × 1010	 1.10 × 10-11	 1.0 × 10-11

M1 H-abstraction	 1	 8.25 × 10-22	 5.00	 1.95 × 109	 1.61 × 10-12	 -

CBS-QB3	 σ	 Keq	 κ	 k2	 k ef	 kexp

Gas phase H-abstraction 	 2	 2.23 × 10-22	 1.12	 6.43 × 1010	 1.43 × 10-11	 1.0 × 10-11

M1 H-abstraction	 1	 5.73 × 10-23	 1.06	 8.29 × 1010	 4.74 × 10-12	 -

*Experimental result from Reference 12

Table 5. Calculated rate constants (in cm3/molecule s) at 298 K for 
the OH-addition channels.

BHandHLYP/6-311g**	 σ	 kforward

Gas phase OH-addition	 1	 1.61 × 10-17

M1 OH-addition (TSadd1)	 1	 0.94 × 10-17

M1 OH-addition (TSadd2)	 1	 2.07 × 10-17

Fig. 12. Plot of the electronic energy as a function of the C-H-O-H 
dihedral angle (BHandHLYP/6-311g**).

Table 6. Arrhenius parameters in the range 200 - 330 K.
k(T) = ATnexp[–Ea/RT]

	 A	 n	 Ea/R

H-abstraction TST	 5.35 × 109	 1.19	 2.80 × 103

H-abstraction TST/Eckart	 3.43 × 105	 2.28	 1.29 × 103

OH-addition TST	 3.15 × 1011	 -0.82	 3.08 × 103
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Conclusions

In this work, the mechanism of the reaction between an OH• 
radical and a formaldehyde molecule attached to a Si(OH)4 sil-
icate cluster model has been studied with the BHandHLYP/6-
311G** and CBS-QB3 quantum chemistry methods. The 
adsorption of formaldehyde was investigated in all possible 
manners, considering that formaldehyde interacts with the 
surface atoms either using its oxygen and one hydrogen atom 
(forming the ADS1-type adsorption complex), or through both 
hydrogen atoms (ADS2). Since natural clays present numerous 
fractures and, in general, silanol groups are available, one can 
expect that adsorption of formaldehyde will normally occur in 
their vicinity and form ADS1-type complexes, which are about 
5 kcal/mol more stable than ADS2.

The potential energy surfaces for the bound formaldehyde 
reaction with OH• radicals were carefully spanned, considering 
both adsorption complexes. For each of them, H-abstraction and 
OH• addition reactions were investigated. These are complex 
reactions that involve the formation of a reactant complex in the 
entrance channel and a product complex in the exit channel.

The reaction of OH• with the ADS2 adsorption complex 
leads to transition states and products in which the OH• radical 
invariably attaches to an orthosilicic silanol group, thus contra-
dicting the original premise that ADS2 is formed when no OH• 
groups are available on the surface. For this reason, we con-
sider that this model is not appropriate for the representation 
of the reaction in the absence of surface silanol groups.

The activation energy for addition of the OH• radical 
to the double bond of adsorbed formaldehyde is found to be 
similar to the gas phase value and much higher than the one 
for hydrogen abstraction. The corresponding rate constants are 
five orders of magnitude smaller than for H-abstraction.

On the basis of the calculated rate constants we conclude 
that, when the OH•-formaldehyde reaction occurs in the pres-
ence of dust, at atmospheric pressure, it is slower, by a factor 
of about ten, than the reaction in the gas phase. If one takes into 
account the fact that silicate aerosols are known to trap some of 
the OH• radicals in the troposphere, the resulting decrease in 
the formaldehyde reaction rate with OH• could be significant.
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