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Abstract The acid—base properties of 2-thiobarbituric, 1,3-diethyl-, and 1,3-dibutyl-2-
thiobarbiturc acids and the thermodynamics of their complexation with Ag(I) ions in
aqueous solutions have been investigated using a spectrophotometric technique and
ab initio calculations. The free acids primarily exist in keto-form and undergo enolization
in neutral aqueous solutions. They undergo protonation via free oxygen atoms in acidic
conditions. It has been discovered that 1,3-diethyl-2-thiobarbiturc acid behaves as a
S-donor ligand under these conditions. The TD-DFT calculations of all the thiobarbiturc
acids have revealed m—n* transitions from the sulfur and oxygen atoms in the ring. The
complexation with Ag(I) ions lead to the transition of the z* orbital of silver and 7 orbitals
of sulfur into m* orbitals of a ring.

Keywords DFT - Thiobarbituric acids - UV-Visible spectroscopy - S-donor ligands

1 Introduction

Thiobarbituric acid (H,TBA) and its 1,3-derivatives demonstrate pronounced biological
and coordinating properties, being used in various branches of medical science, pharma-
ceutical industry and chemical technology. Moreover, H,TBA being translated in reactive
substances (TBARs) is widely used in biological studies [1-7] and research related to the
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food chemistry [8—10]. Some fluorine derivatives exhibit antiseptic and anti-diabetic
activities [11] and can be used against non-alcoholic fatty liver disease [12, 13]. Like
H,TBA, its 1,3-derivatives, like 1,3-diethyl-2-thiobarbituric acid (H,DETBA), can serve as
an indicator of the oxidation of fats [14]. The individual properties of 1,3-dibutyl-2-
thiobarbituric (H,DBTBA) acid have been investigated neither in solution nor in solid
state.

Research dedicated to potentiometric investigations of complexation of H,TBA with
lanthanides [15], actinides [16], and some transition and noble metals in aqueous solutions
[17-19] have proposed flat S-coordinated structures for all species. These properties can be
applied in analytical chemistry of some transition metals [19]. Moreover, some of them, for
instance complexes of tin, exhibit biological activity [20]. The possibility of solid phase
extraction of Ru(Ill) based on H,TBA polymers has been suggested [21]. It has been
established that solid state complex species of H,DETBA with alkali metals and lead show
O- and S-coordination [22, 23].

We may conclude that the investigations dedicated to the behavior of these ligands as
biological reagents in aqueous solutions are of great interest. Unfortunately, the solution
chemistry of barbituric and thiobarbituric acids is poorly investigated. Ag(I) has been
chosen due to simplicity of complex formation of silver with other heterocyclic system
[24]. Also, Ag(I) can be used as an antimicrobial agent in medical devices [25]. Here the
Ag—thiobarbituric system serves as a model for further studies of complexation reactions of
these ligands with other metals.

The current research deals with an integrated approach (spectrophotometric technique
and DFT simulations) to a description of the fundamental equilibria in aqueous solutions.
For this goal, acid—base and tautomeric properties of H,TBA, H,DETBA, and H,DBTBA,
and their complexation processes with Ag(I) have been investigated.

2 Experimental Section
2.1 Chemicals Used

All chemicals were of analytical grade: 2-thiobarbituric acid (Aldrich > 99 %), 1,3-di-
ethyl-2-thiobarbituric acid (Aldrich > 98 %), 1,3-dibutyl-2-thiobarbituric acid (AlfaAe-
sar > 97 %), HCI, H,SO,, HClO,, KCl, NH,CH,COOH, CH;COONa, CH3;COOH,
NaClOy4, AgClO,4. All chemicals were used as received.

All stock solutions were obtained by dissolution of dry salts and ligand weights. The
metal salts and ligands were dissolved in distilled water. Concentration of mineral acid
(HCl, H,SO4, and HClO4) was determined titrimetrically with standardized Na,COj
solution.

Buffer solutions within the pH range from 1.00 to 2.20 were prepared with HCI and KCl
(or HCIO,4 and NaClOy), from 2.20 to 3.60 pH with NH,CH,COOH and HCI, and from
3.60 to 5.60 pH with CH;COOH and CH3COONa. The desired pH values were obtained by
adjusting the molarities of the buffer components [26]. The protonation equilibriums of
thiobarbituric acids were investigated spectrophotometrically in hydrochloric, perchloric,
and sulfuric acid aqueous solutions.
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2.2 Apparatus and Procedure

The UV-Vis spectra were measured with an Evolution 300 scanning spectrophotometer
(ThermoScientific, UK) using 1 cm quartz cells. Cell thermostating (0.1 K) was per-
formed with the Haake K15 thermostat connected to the Haake DC10 controller. The
absorbances of solutions were measured between 220 and 450 nm. All measurements were
performed at 298 K.

2.3 Ab Initio Study

Calculations were performed using the NWChem [27] program package on the Super
computer of the Institute of Space and Information Technologies (SFU) [28]. Geometry
optimization was performed by density functional theory (DFT) with the hybrid functional
PBEOQ [29]. The cc-pVDZ [30] basis set was applied for C, S, N, H and O atoms. The cc-
pVDZ-PP [31] basis set including pseudopotential for Ag was applied. The solvent effects
were evaluated using the SMD (COSMO) solvation model [32]. The UV-Vis spectra of
complex species were reproduced from the vertical excitation energies for the first 11
singlet excited states (TD-DFT/PBE0/SMD). The optimized geometries were visualized
with the ChemCraft software [33].

2.4 UV-Vis Measurements
Conditional stability constants (f/) for monocomplex species were calculated from the

equations:

Al

calc

= ¢ (CL — [ML]) + e34(Cwt — [ML]) + &5y [ML] (1)

ML] =1/ [('/ﬁ + Ci,L + Cu) + /(1 + CrpL + Cu) — 4CMCH2L} (2)

where A% is an absorbance at a given wavelength and Cy; and Cyy are the analytical
concentrations of Ag(I) and H,DETBA, respectively.

The values of dissociation constants (pK,) have been calculated using the following
equation [34]:

Cu,1(enL- - Ky + e, [H])
Al' = = )
K.+ [H] ?)

together with the Henderson—Hasselbach equation [35]:

A; — Ay,

H =pK, +log, I; I=
pH = pK, +logyo I; —

(4)
where [ is an ionization ratio.

The Cox—Yates method [36] based on the excess acidity function y [37] was used to
determine the protonation constant (Ky) in strongly acidic solutions:
An,L — A
A, = LT LT + A (5)

1+ (CL) 1000

Ku

where A;, Am,r(ém,1), Ap,L+(én,+) and App-(emp-) are the absorbances and molar
extinction coefficients of the process solution, the free ligands, and their conjugate acid or
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base, respectively [34, 38]. Calculation of all equilibrium constants and molar extinction
coefficients was performed using Scilab 5.5 software [39] by means of nonlinear LSR
analysis [40]:

) R 2 .
Z (Agxp - Agalc) — min. (6)

3 Results and Discussion

The neutral ligand may exist in four tautomeric forms (Scheme 1). The isomers of H,TBA
with protons at the 1 and 3 positions (Supplementary Figs. S1-S3) are energetically
unfavorable [41, 42]. In solution the keto—enol equilibrium strongly depends on the solvent
[43] and water stabilizes the enol form, however reliable experimental data on the equi-
libria of these ligands in solution are absent. To fill this gap the calculations of the keto—
enol equilibrium (with inclusion of non-specific solvation) were performed to determine
the reactive form.

The keto-isomer is the most energetically favorable among the neutral forms existing in
solution (Table 1). Protonation of all three neutral molecules leads to the formation of six
species (Scheme 1, HsL"; Supplementary Figs. S4-S6), and the enols with proton bonded
to the oxygen atom are the most energetically favorable species (Table 1). Supplementary
Tables S1 and S2 show the absolute values of calculated Gibbs energies.

As can be seen from Fig. la—c), the spectra of neutral forms at C(HCI) = 1 mol-L™"
have two absorption maxima (in the case of H,DETBA and H,DBTBA one strong max-
imum and a shoulder). The numbers in parentheses specify the conditions under which the
spectra were measured. The spectra of anions and cations have 3 and 1 absorption peaks,
respectively. The theoretical EAS (Fig. lal—cl) calculated with TD-DFT for the most
stable forms is shifted on 20-30 nm in the short-wave region of the experimental spectrum.
The calculated EAS of anion species shows a considerable discrepancy with the experi-
mental data (Fig. 1). The predominance of the keto—form in the aqueous solutions was
indicated by agreement between the calculated profile and the experimental spectrum. The
experimental and calculated spectra are similar in form and intensity ratios among the
peaks. It is worth mentioning that these molecules are quite difficult for TD-DFT
simulations.

Table 2 shows the values of molar extinction coefficients of the ligands at different
wavelengths. The complication of radicals’ structure in 1,3-positions leads to a general
decrease of the molar extinction coefficients in the region of 260-300 nm (Fig. 1). The
position of the absorption maximum and value of the extinction coefficient in the region of
220-270 nm remain unchanged during dissociation (in pH region) for all acids.

However, changes can be observed in the region of 270-320 nm. On the contrary,
dissociation and protonation processes (in strongly acidic solutions) change the absorption
pattern significantly only at shorter wavelengths (220-270 nm). A linear relationship was
found between absorbance and concentration (C(HCl) = 1 mol-L™!, C(H,L) = 1073~
107> mol-L™") for all three ligands (indicating the absence of any dimers or ionic asso-
ciates). Figure 2 show an example of the change in absorbance for dissociation (a), pro-
tonation (b) and complex formation (c). All raw spectroscopic data are given in the
Supplementary (Supplementary Tables S3-S5; Supplementary Figs. S7-S10). Three iso-
bestic points (Fig. 2a) indicate the presence of only two absorbing forms, a neutral
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Table 1 Calculated Gibbs ener-

gies (kJ-mol~1) for neutral and Form Tautomer H,DETBA H,DBTBA H,TBA

protonated forms in solution Neutral (H,L) Keto 0.00 0.00 0.00
-SH 76.70 76.41 82.16
-NH 131.65 133.51 -
Enol 20.26 20.84 20.18

Protonated (H;L*)  Keto-CS 43.66 43.96 37.77

Keto-CN  116.05 116.00 157.06
Keto-CO 25.41 24.36 4891
Enol-O0 0.00 0.00 0.00
Enol-OS 47.13 45.19 38.06
Enol-ON  120.18 121.87 166.67

molecule and an anionic species. The analysis of the log,o/-pH relationship has shown one
proton being removed with increasing pH (Supplementary Fig. S11).

Figure 2b shows the H,TBA spectra in strong hydrochloric acidic media along with the
A*°_log,o[C(HCI)] relationship. Unfortunately, for the reasons described below, the
experimental values of the molar extinction coefficients of fully protonated forms have not
been determined. However, both the high concentrations of acid and the significant
decrease in the absorbance testify to the dominance of the protonated form in solution.

Study of the acid—base properties of these ligands in sulfuric acid is impossible. In
sulfuric acid, at any concentration, all ligands undergo restructuring [44, 45] with the
formation of a yellow product (Supplementary Fig. S12). The investigation of silver
complexation with H,TBA and H,DBTBA in aqueous solutions has been impossible due to
the high insolubility of the products. The investigation of monocomplex species in the Ag—
H,DETBA system has been performed under conditions of metal excess, for acidity 0.5,
1.0 and 1.5 mol-L™" HCIO, with I =2 mol-L™". Figure 2c shows a typical UV-Vis
spectrum and A*'"*-C 'ag relationship for this system. Since the AA value at 310 (Supple-
mentary Fig. S13) nm remains invariant at different Ag* concentrations, one may conclude
that the monocomplex AgH,,DETBA is the only product. Also, the contribution from poly-
nuclear Ag,,H,DETBA species is practically negligible.

The values of acid—base equilibrium constants are given in Table 3. There are a number
of potentiometric works dedicated to the determination of pK,(H,TBA) values showing
quite different results. The pK, values range from 1.8 to 2.3 [46—48]. Spectrophotometric
investigation has given similar results [46]. Table 3 shows thiobarbituric acid to be the
strongest acid among the others. Its 1,3-derivatives have almost identical pK, values, which
can be explained by the inductive effect of the alkyl groups. All the investigated acids are
stronger than barbituric acid (pK, = 4.05; I = 0.5 [49]), but weaker than some arildene-
thiobarbituric acids [50].

The values of protonation constants range from 2.2 to 2.9 logarithmic units (Table 3).
H,TBA is the weakest base among all the ligands, while its analogues are stronger by
approximately 0.7 logarithmic units. This characterizes them as very weak bases, which,
even in strongly acidic solutions (C(H') > 10 mol-L™") have a marked fraction of the
neutral form. The pKy values (and solvation coefficient m*) for H,DETBA and H,DBTBA
are almost identical. For all three ligands m* =~ 0.8, which is typical for ketones [51]. The
similar values of m* give evidence of the similarity of the protonation mechanism for all
three ligands in aqueous solution.
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Table 2 The UV-Vis data for ligand (¢*™™ + 250)

Ligand Neutral Anion Cation

H,TBA 7874734 21226°%2 8325240 15766%%* 2303%% 19600782
H,DETBA 947528 17350788 697524 10650783 5117%8 16200788
H,DBTBA 647878 12783%%° 50878 8000%%° 5134%8 14015

Superscripts—wavelength, nm

The complexation process of Ag" with H,DETBA can be described by the equation:
Ag"™ + H,DETBA = H,_,AgDETBA + nH" (7)

The log,oK value obtained for the system is equal to 2.66 £ 0.01 (Table 4). This constant
remains unchanged at each acidity. The obtained log;o(¢) at 313 nm equals 3.77 £ 0.01.
These data indicate that n in Eq. 7 is equal to 0. This also means that the AgH,DETBA
monocomplex is formed through S-coordination. According to Eq. 7 with n = 0, stability
constants can be obtained from this condition as [52]:

K = B(1 + Ku[H]) (8)

The obtained true stability constant for the monocomplex is small compared with other
cyclic S-donor ligands. The log;oK values at 298 K and / = 0.5 are 1.95 mol-L™" for
thiozole [53], 4.26 for thiohydantion [53] and 8.84 for thiozolidine [53], respectively. This
fact can be explained by the presence of steric hindrance through S-coordination due to the
presence of ethyl groups in the 1,3 position. Maximum AA value for the Ag-H,DETBA
system is at 310 nm. The values of the extinction are given in Table 3 at 313 nm for the
convenience of calculation at this wavelength. According to [54], the Ag-H,DETBA
complex species has S- and O-coordination in the solid state.

The experimental data for the Ag-H,DETBA system provides the possibility of for-
mation of two monocomplex species coexisting in solution (Fig. 3). Quantum chemical
calculations, dedicated to estimation of some thermodynamic parameters of protonation,
dissociation and complex formation processes, were carried out based on cycles shown in
Fig. 4 [55].

These cycles were chosen as delivering the best results. Calculations of the acid—base
properties in the pH-region were performed using the mono-solvated anion species
(Fig. 5). For a clear estimation of equilibrium constants both specific and nonspecific
solvation must be taken into account. In our case the contribution of specific solvation
clearly prevails. Results obtained without taking into account specific solvation are at odds
with experimental data by 3-5 orders of magnitude. Using in pK, calculations anions with
any other coordinated water molecules (through nitrogen or sulphur atom) leads to results
that have much larger discrepancies with experiment. Also, in anionic species, oxygens
have the greatest negative charge, which makes this atom the most favorable for the
formation of hydrogen bonds. Thus, accurate estimation of solvation Gibbs energies for
these systems requires the explicit inclusion of solvent.

The equilibrium constants were calculated using Egs. 9-14 (for H;DETBA™ for
example) [56]:
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Fig. 2 The UV-Vis spectra and absorbance at single wavelength: a H,DBTBA—pH (C(H,DBTBA) =
2.3 x 107 mol-L™!, I = 0.25 mol-L™"); b H,TBA—log,o[C(HCI)], (C(H,TBA) = 1.36 x 10~* mol-L™});
¢ H,DETBA—C(Ag) (C(H,DETBA) = 2.05 x 10~* mol-L™", C(H") = 0.5 mol-L™", I = 2 mol-L™")

Table 3 Dissociation and protonation equilibrium constants

Ligand pK, £ 0.02 (I = 0.25 mol-L™") —pKy £ 0.03 (m* £ 0.05); I - 0
H,TBA 2.125 [46], 2.20 2.90 (0.88)
H,DETBA 2.78 2.25(0.75)
H,DBTBA 2.82 2.30 (0.75)
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Table 4 True (K) cumulative stability constants of AgH,DETBA complex species in aqueous perchloric
solution

log;o(C(H™Y)) logoK %+ 0.01 logio(e) £ 0.01
-0.3 2.66 3.77
0 2.65 3.78
0.18 2.65 3.77
A

:/%—6 B
“’i*ﬁ\
"
Fig. 3 Optimize structure of AgH,DETBA: keto-isomer (a) and enol-isomer (b)

H,O(gas) Hf(gas) + HL-H,Or(gas)

5 AGES+AG?
HoL(gas) + H;O0%(gas) & HsL*(gas)
Ag(H0);"(gas) H:0(gas)  + Ag(H,0)H,L'(gas)
AG sy (H O+) AGsoy(HL-H,O)
AG iy (HoL) | AGun(HO) AGaq (") G (HsL")’
A G (Ag(H,0)5) AG oy (H0) AG oy (Ag(H0)H,L)
. HL -H;0-(solv.
HLGON) + 0ien  AGeagy )+ Ol
Ag(H,0),*(solv.) HLOG(solv)  + HsL*(solv.)

Ag(H,0)H,L (solv.)

Fig. 4 The thermodynamic cycles for calculation (from top to bottom): pK,, pKy and complex formation

A ‘(‘L B :\ C
sy ephye

& 6 @

Fig. 5 Optimized geometries of HTBA™-H,0 (a), HDETBA™-H,O (b), and HDBTBA™-H,O (c)
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pKu = AAG™"/(2.303RT), (9)
AAG™®Y = AGE* + AG™ + AE™, (10)

where
AGE® = Ggys(HoDETBA) + Ggos(H") — Goos(H;DETBA™), (11)

AG™ = AGyyy. (HyDETBA) + AGgon.(HT) — AGyo. (H3DETBAT) — AG®,  (12)

AE™ = —E,,.(H;DETBA™ (gas)) — E,pe (HsDETBA™ (solv.)) + E,p. (H30™ (gas))
+ Epe(H30™ (s01v.)) — Epe(H2O(gas)) — Egpe(H2O(s0lv.))
+ Ezpe (HQDETBA(gaS)) + Ezpe (HZDETBA(SOIV.))7 (13)

AG® = RT In([H,0]) = 9.964 kJ-mol . (14)

Here, RTIn([H,0]) is a Gibbs energy change associated with moving a solvent from a
standard state solution phase concentration of 1 mol-L™" to a standard state of the pure
liquid, 55.34 mol-L™" [56, 57].

E™* is the harmonic vibrational frequency calculated to estimate the zero point energy
correction. Gibbs energies for ionization and solvation were used for calculations of
AG both in the solid state and in solution. Values of Ggas(H+) and AGy,;, (HY) (—26.28 and
—1108.27 kJ-mol ™" respectively) were taken from previous research [42]. Data for cal-
culated values from Table 5 are presented in Supplementary Table S6. According to
Table 5, a better approximation is observed for H,DBTBA. For others ligands, errors
ranged from 0.2 to 0.6 logarithmic units. Besides, the strength of base increases in the order
H,TBA < H,DBTBA < H,DETBA both for the experimental and calculated data. The
values of pK,(calc.) obtained are in sharp disagreement with the experimental data
(Table 3). For all ligands, the difference IpK,(calc.) — pK,(exp.)l is above 0.5 logarithmic
unit. The maximum disagreement with the experiment was observed for H,TBA, the
minimum for H,DBTBA. The calculated acidic strength decreases in the order H,
DBTBA > H,DETBA > H,TBA, in complete disagreement with the experimental
observations (Table 3). According to Table 5, calculations provide a better approximation
for S-coordinated complex species (keto-isomer). Also, for S-coordinated complex species,
the log oK(calc.) value for keto-isomer is larger than that for enol-isomer more than on 1.2
logarithmic units and is close to the experimental value.

A TD-DFT study was carried out on the electronic structure of every species, to
investigate charge transfer. Figure 6, for example, shows rendered HOMO and LUMO of
H,DETBA for the neutral keto-form and HOMO/LUMO for Ag— H,DETBA. Other results
for TD-DFT calculations are shown in Supplementary Figs. S14-S24 and Supplementary
Tables S7 and S8.

For the anion, cation, enol and keto-forms there are two m—m* transitions from the sulfur
atom of the thione group on the carbon atom (position 2) and the transition from the
oxygen atom on the closest carbon atom (position 4) occur for all forms of all ligands:
n(S) — w*(ring) + m(O) — w*(ring). For the S-coordinated complex, the TD-DFT
(PBEO/SMD) results (Fig. 6; Supplementary Table S7) are in satisfactory agreement with
the experimental data (Aexp, 310 nm vs. 286 nm /,.). As in the case of the initial ligand,
the Ag-complex reveals a m—m* transition: zz(Ag) + n(S) — m*(ring).
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Table 5 Calculated Gibbs ener-

gies and values of zeropoint Form E;lrftrr%gu tion H,TBA H,DETBA H,DBTBA
energy (kJ-mol—!) for pK, pKj,,
and log, K values HiL®  AGE 16260  —168.76 —130.54
AE™* 0.14 0.27 0.33
AG** 149.29 156.20 118.7141
AAG™™ —13.18 —12.30 —-11.49
—pKy(calc.) —2.31 —2.15 —2.01
—pKu(exp.) —2.90 —2.30 —-2.25
H,L AGE® 1296.69 1300.68 1298.68
AE™* —22.05 —23.53 —24.07
AG™ —1249.75 —1255.24 —1264.92
AAG™" 24.89 21.9 9.69
pKa(calc.) 4.36 3.84 1.70
pK.(exp.) 2.20 2.78 2.81
Form Contribution Ag(H,0O)H, Ag(H,O)H,
DETBA (keto)  DETBA (enol)
Ag-H,DETBA  AG** —42.88 —38.05
AE™* —5.05 —2.61
AG* 31.22 30.88
AAG™N -16.71 -9.78
log;oK(calc.) 2.93 1.71
logoK(exp.) 2.66

H'1 o

Fig. 6 Visualized HOMO (HOMO-3, HOMO-2, and HOMO-1) and LUMO for H,DETBA and Ag-
H,DETBA complex species
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Due to the weak interaction in [Ag(H,O)JH,DETBA, the results can be used for
hydrothermal synthesis of the nanoparticles of Ag,S [58] and enhance anti-cancer activity
of silver complexes.

4 Conclusion

The same mechanism for protonation of neutral molecules in highly acidic solutions is
confirmed for all of the investigated ligands. According to ab initio simulations, proto-
nation leads to formation of the enol tautomers through the oxygen atom protonation. The
neutral form of ligand in solution is mostly in the keto-form. We show that the N,N-
substituted thiobarbituric acid forms the S-coordinated monocomplex species with Ag(I).
According to the TD-DFT calculations, n—n* transitions for all species were proposed. Ab
initio calculations for thiobarbituric acid are acceptable to describe the properties of
individual compounds, but accuracy of the description is decreased for general regularities.
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