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Using methods of quantum chemistry, the mechanigningydrolytic degradation of acetylsalicylic
acid have been considered in aqueous solution atgdbies from 2 to 4 and from 4 to 8.5 as well asé¢h
involving silica surface. The results of calculasohave been confirmed the experimental data on
intramolecular catalysis of hydrolysis of acetyisglic acid at pH 4 to 8.5. It has been shown ttiedt
activation energy of surface reaction of hydrolyisisower than that in aqueous solution due to #Hjmec
interaction between silica surface and moleculewsater and acetylsalicylic acid.

INTRODUCTION using density functional theory (DFT) with the
B3LYP exchange-correlation functional and basis
set 6-31G(d,p). The effect of aqueous
environment was simulated within
supermolecular approximation and within the
continuous solvent model (point charge model,
PCM [12]), using the US GAMESS program
package [13]. Equilibrium spatial structures of the
molecules of reactants and reaction products
within  elementary stages as well as
configurations of the transition states were
determined by the gradient norm minimization
[14]. The stationarity of minimum energy
structures obtained was proved by the absence of
negative eigenvalues in corresponding Hessian
matrices, and the availability of transition states
was confirmed by the existence of transient
vectors, according to the Murrell-Laidler theorem
[15]. The Gibbs energy values of the respective
channels of hydrolysis were defined according to
OBJECTS AND METHODS the formula:

When examining the hydrolysis mechanisms,  AG ;eaet = AG%0s geaction products AG%q5 feactany-
complexes of reactants were considered
composed of ASA with geometrical and
electronic parameters described in [7,9] and AG act = AGPgg gransition staty- AG 208 geactant-
water molecules as well as intermolecular
complexes of reaction products (salicylic [10] and
acetic acid) and related transition states. The
silica surface with partially dissociated silanol AG 5= AEok + AZPE +AAGq 208K
groups was simulated by disilicic acid anion
([Si2Hs07]") and cubic cluster ([gH;0xq) [11].

In order to provide electroneutrality of the
models, a hydrogen cation {8f') was added to

each structure stabilized by three water
molecules. The calculations were performed

In practical use of topical medications, a
problem arises on their stability under storage [1]
Adsorption of organic molecules on silica surface
alters their reactivity compared to free states [2]
It is known [3] that adsorption of acetylsalicylic
acid (ASA) on silica surface promotes its
hydrolytic destruction what casts doubt on the
feasibility of using silica as an excipient in
medicinal products containing ASA. However,
the mechanisms of surface effect on this process
has not yet defined. One can only assume that the
hydrolysis of acetylsalicylic acid can involve
silica surface with partially dissociated surface
groups and its mechanism is similar to that of
enzymatic catalysis of sucrose [4] or proteins
[5, 6] hydrolysis. Therefore a quantum study on
the elementary acts of ASA hydrolysis and on the
effect of silica surface on this process is actual.

The free activation energy was found as follows:

The Gibbs energy values were found due to the
formula:

where AEy« is the difference between the total
energy values for ion-pair and molecular states,
and the differences between both zero point
energy valuesAZPE) and theAAGy_,»98¢ Values
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were evaluated via calculation of the Hesse
matrices for both these states [16].

RESULTS AND DISCUSSION

Hydrolysis of acetylsalicylic acid in the free
datelt is known from experimental data [17] that
the rate of hydrolysis of ASA depends on the pH
value. At pH from 2 to 4, hydrolysis occurs with a
relatively low velocity constant, as for the author
with participation of a neutral molecule of
acetylsalicylic acid and water molecules
(solvolysis); at pH from 4 to 8.5 — intramolecular

attacks the carbon atom (C1) of acetylsalicylid aci
molecule; at the same time, the hydrogen atom (H1)
of water molecule attacks the oxygen atom (O1) of
ASA molecule. So, the acyl-oxygen bond (O1-C1) is
terminated to form molecules of both salicylic (1)
and acetic (Il) acids. According to the mechanisin (
(Fig. 1), the oxygen atom of water molecule (02)
attacks the carbon atom (C1) of carbonyl group as
well as in the previous case. However, the hydrogen
atom (H1) to water molecule is connected to the
oxygen atom (O3) of carboxyl group of
acetylsalicylate anion. At the same time, the proto

base catalysis occurs with greater rate constant of (H2) formed due to dissociation of acetylsalicylic

hydrolysis. This increase in the hydrolysis rate
constant in [17] is explained by the fact that ASA
haspK, = 3.75, so in the acidic aqueous solution
(pH=2—4) its molecules are hydrolyzed without
dissociation, and at higher pH (4) the molecules of
acetylsalicylic acid in aqueous solution dissociate
form hydroxonium cations;0") and ASA anions
([CH7O4]), the latter being involved into

hydrolysis. Possible mechanisms of these schemesa

are shown in Figure 1.
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Fig. 1. Probable hydrolysis mechanisms of

acetylsalicylic acid in aqueous solution at
different values of medium acidity:
(a) —-pH=2 -4, p) - pH=4 — 8.5.

While the mechanism of hydrolysis b) (
(Fig. 1), the oxygen atom (O2) of water molecule

acid attacks the oxygen atom (Ol1) of the same
molecule.  This mechanism is  so-called
intramolecular base catalysis [17]. The geometry
parameters have been found for prereaction
complexes, transition states, and reaction prodiicts
both the mechanisms (Fig. 2).
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Fig. 2. Elementary acts of acetylsalicylic acid hydrolysis
aqueous solution at pH (2 — 8.5):
a— solvolysis,b —a mechanism of intramolecular
base catalysis (arrows on the transition states’ sho
displacements of atoms caused by the transition
from the reactants complex to the reaction projlucts

Table 1.Energy characteristics of different channels giréas hydrolysis in agueous solution (kJ/mol)

The energy effect of Reaction rate

. Method of Activation energy . constant (exp y
Mechanism : reaction
calculation Kobs*10°, 5% [2]
AEqq AGqq. AE react.  AG renct
B3LYP/6-31G(d,p) 1425 139.7 -31.6 -33.1
solvolysis @) B3LYP 1.0
16-31G(d,p)/PCM 156.7 154.6 -34.8 -40.0
intramolecular B3LYP/6-31G(d,p) 82.3 83.4 -41.8 -48.8
base catalysis B3LYP/ 6.3
(b) 6-31G(d,p)/PCM 101.5 113.9 -26.0 -16.6
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The calculation results are presented in Table 1.
Both two mechanisms are thermodynamically
favorable, i.e. AG.a:<0, and the activation
energy for hydrolysis of acetylsalicylic acid in
agueous solution by intramolecular basic
mechanism is less than that for solvolysis what
confirms the experimental data. UsiiM
leads to an increase in the activation energy of
hydrolysis reactions for both mechanisms.

Hydrolysis of acetylsalicylic acid on the
silica surface. Let us consider the effect of silica
surface on the mechanism of hydrolysis
of acetylsalicylic acid. A mechanism is proposed
similar to the enzymatic hydrolysis of sucrose. It
is possible in the tablets after mixing ASA with
non-calcined silica where silica surface can bear
physically adsorbed water molecules and some
dissociated silanol groups. We believe that when
ASA molecule interacts with water one, the
proton (H1) moves to the oxygen atom (O1)
of dissociated silanol group (Fig. 3). Meanwhile
the oxygen atom (O2) attacks the carbon atom
(C1) and the proton another silanol groups (H2)
passes to the oxygen atom (O3) of ASA
molecule, so resulting in brokening acyl-oxygen
bond (O3-C1) to form salicylic and acetic acid
molecules. It should be noted that the gross
composition of silica surface after hydrolysis
of ASA remains unchanged.
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Fig. 3. The mechanism of ASA hydrolysis over silica
surface

It should be noted that according to [3],
acetylsalicylic acid is weakly adsorbed from
aqueous solution onto silica surface, so under
such conditions the hydrolysis reaction unlikely
follows this mechanism. In order to simulate the
effect of silica on the mechanism of hydrolysis
of acetylsalicylic acid, the spatial structures has
been optimized of the models for adsorption
complexes of reactants, transition states, and
reaction products, the former involving disilicic
acid anion [SHsO;]" and a complex with gross
composition of [SH;O,). The models
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simulated for hydrolysis involving silica surface
bearing dissociated silanol groups are shown in
the Fig. 4.
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Fig. 4. Elementary acts of acetylsalicylic acid

hydrolysis on silica surface involving
different size models with dissociated silanol
groups:a — [SkHs0;]", b — [SkH/O]

Table 2 presents the results of calculations
of kinetic (AEas, AGa) and thermodynamic
(AEeact, AGreact) Characteristics of the hydrolysis
of acetylsalicylic acid on silica surface carried
out by B3LYP/6-31G(d,p)/PCM method. When
comparing theAG .. values from the Table 1
with those from the Table 2, one can conclude
that regardless of the selected models for silica
surface, the values of free activation energy of
acetylsalicylic acid hydrolysis are lesser than
those for similar reactions in aqueous solution.
This can be easily explained by the fact that a
dissociated sylanol group can easily pick up a
proton from a water molecule that takes part of
the ASA hydrolysis so that the attacking
nucleophilic oxygen atom has a greater negative
charge. In addition, the hydrogen bond in the
reactant complex |(H2+-03)=1.73 A, see
Fig. 3) is shorter than that in agueous solution
(I(H2ees03) = 2.32 A, see Fig.b). The
geometry of adsorbed reactants slightly differ
from that related to the transition state (Fig. 4)
unlike the situation in aqueous solution (Fig. 2),
so that the activation energy of ASA hydrolysis

X®TI12011. T.2. Ne 4



Effect of silica surface on hydrolysis of acetylsalicylic acid: theoretical simulation

in the latter case is somewhat higher as
compared to that related to the adsorption state.

Table 2 Energy  characteristics  of  hydrolysis
of acetylsalicylic acid on silica surface (kJ/mol)

Model for Activation The fenergy effect
silica energy of reaction
SUMace  AE. AGuw. AE ma AG e
Si,HeO; 80.8 78.3 -43.3 -30.1
SigHgOx0 82.5 80.1 -32.7 -26.5

CONCLUSIONS

The results of simulation of the mechanisms
of the hydrolysis of acetylsalicylic acid in
aqueous solutions with different pH agree well
with the experimental data on the rate constants
of the process. The free activation energy of
hydrolysis reactions involving silica surface has
been found to be lesser (82 kJ/mol) than that in
aqueous solution (113.9 kJ/mol), so indicating a
catalytical effect of silica surface on the reagtio
of ASA hydrolysis due to the specific interaction
between silica surface and acetylsalicylic acid
molecules. That is why silica should not be used
as an adjuvant in the manufacture of drugs
containing ASA.

The calculations were performed on the
cluster at the High-Performance Computing
Center NTUU "KPI". The author is grateful to
A.G. Grebenyuk and V.S. Kuts for assistance in
preparating this paper.
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BnuinB noBepxHi KpeMHe3eMy Ha ripoJii3 aneTHJCaaiuJI0BOI KHCIOTH:
TeopeTHYHe MOJeTI0BAHHA

€.M. /IleM’ SHEHKO

Inemumym ximii nosepxui im. O.0. Yyiika Hayionanonoi axaoemii nayx Yxpainu
eyn. I'enepana Haymosa, 17,Kuis, 03164, Vrpaina, Demianenko EN@mail.ru

3a 0onomoeo10 K6AHMOBOXIMIUHUX MEMOOI8 PO32NAHYIMO MEXAHIZMU 2I0POAIMUYHOI OecmpyKyil
ayemuicaniyuno8oi Kuciomu y 600Homy poszuuni npu pH 6io 2 0o 4 ma 6io 4 oo 8,5, a makooc 3a
yuacmio nogepxmi Kkpemuesemy. Pozpaxynxamu niomeepodiceni excnepumenmaivii 0ani wooo GHypi-
WHbOMONEKYIAPHO20 KAMANi3y 6 2ioponisi ayemuncaniyuiogoi kuciomu npu pH 6io 4 0o 8,5. Iloxa-
3aHO, WO 3a PAXYHOK chneyudiynoi 63aeMo0ii N0GepxXHi KpeMHe3eMy 3 MOJeKYIaMu 00U i ayemuica-
AiYun0680i Kucromu enepeis akmueayii peaxyii ii 2i0ponizy MenuLa, HidC Y 60OHOMY PO3YUHI.

Bausinue IMOBEPXHOCTH KpEMHE3€eMa HA TH/IPOJIN3 AleTHJICATUIIIOBON KHCJIOTHI.
TECOPETHYECCKOEC MOAC/IMPOBAHUE

E.H. lemsiHeHKO

HUncmumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanoroti akademuu Hayx Ykpaunot
ya. Ienepana Haymoea, 17,Kuee, 03164, Vkpauna, Demianenko  EN@mail.ru

C nomowpio KEAHMOBOXUMUUECKUX MEMOO008 PACCMOMPEHbl MeXaHusMbl 2UOPOIUMUYECKOl Oe-
CMPYKYUU AYEeMUICATUYULOB0U KUCTIOMbL 8 B0OHOM pacmeope npu pH om 2 0o 4u om 4 0o 8,5,a maxoice
npu yyacmuu nogepxHocmu Kpemuesema. Pacuemamu noomeepoicoenvl dKCnepumenmanvivle OaHuble O
BHYMPUMOLEKYJISIPHOM KAMARU3e 2UOPOIU3A ayemuicanuyuirosoi kuciomol npu pH om 4 oo 8,5.Ilokaza-
HO, YUMo 3a cuem Cheyupuyeckozo 63aumooeticimsus noGepPXHOCMU KpemHe3ema ¢ MOLeKYIAaMU 800l U
AUeMuICanuyuLo8ol KUCIOMbl dHEP2Us AKMUBAYUYU peaKyuu ee 2UuOPoaU3a Menvuie, 4em 8 600HOM pac-
meope.
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