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been determined.

The solvatochromic responses of uric acid (Ua), 6-amino-2-thiouracil (ATU) and a series of their com-
plexes dissolved in ten solvents of different polarity have been measured. The solvent-dependent UV/Vis
spectroscopic absorption maxima, Amax, are assigned to the corresponding electronic transitions and
analyzed using SPSS program, regression analysis and Kamlet and Taft methods. The observed solva-
tochromism is discussed using various solute-solvent interaction mechanisms. The electronic absorption
spectra of ATU were investigated in aqueous buffer solutions of varying pH and utilized for the determi-
nation of dissociation constants. The ranges of pH, where individual ionic species are predominant have

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Compounds containing pyrimidine and purine play a signifi-
cant role in many metabolic processes [1], where both exist in
nucleic acids, several vitamins, coenzymes and antibiotics. Atten-
tion in our laboratory has escalated regarding the potential of those
compounds and their complexes owing to their applicability as
potential ligands for a large number of metal ions [2-13]. Com-
pounds containing nitrogen and sulphur as donor atoms such as
thiouracil (TU) and 6-amino-2-thiouracil (ATU) have an important
role to play as anti-cancer and anti-viral activities [14]. In human
species, uric acid (Ua) is one of the final degradation products
of purine nucleotides [15]. Accumulation of uric acid in kidneys
can lead to severe disorders. More particularly, in cancer patients,
cellular disorders or aggressive chemotherapy increase purine
metabolism and therefore, the release of large quantities of uric
acid in blood. To prevent and cure hyperuricemia, it is common to
use a nonhuman proteolytic enzyme, e.g. urate oxidase as a drug to
oxidize uric acid [16-18]. In order to elucidate the solvent influence
on the spectral behaviour of systems in study, the solvent induced
spectral shifts can be related to macroscopic parameters such as
the dielectric constant (&) and with microscopic parameters such
as Kamlet and Taft's solvatochromic parameters («, 8, 7*) [19-21],
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which define the solvent characteristics [22] and evaluate solvent
dipolarity/polarizability, solvent hydrogen-bond acidity and sol-
vent hydrogen-bond basicity [23-26]. In this work, the objective is
to investigate the solvent influence on the UV/Vis spectral changes
of Ua, ATU and some of their complexes: Cr-Ua, Co-Ua, Co-(Ua),,
Coy—(Ua)s, Ni-Ua, Ni-(Ua),, Cd-Ua, UO,-(Ua),, Nay-Ua, K-Ua and
Cu-(ATU),. The structures and the abbreviations of the investigated
compounds are shown in Fig. 1. The UV-Vis absorption spectra of
ATU were investigated in aqueous buffer solutions of varying pH
and utilized for the determination of dissociation constants. The
ranges of pH, where individual ionic species are predominant have
been determined.

2. Experimental

2.1. Materials and methods

2.1.1. Reagents

Uric acid (Fluka, Buchs, Switzerland), 6-amino-2-thiouracil
(Sigma, St. Louis, MO) and their complexes have been synthe-
sized by direct combination in basic medium. The solvents used
in this study were of HPLC grade (Merck, Darmstadt, Germany)
and have been used without further purification. The chemicals
used throughout the investigation were of analytical grade quality
(Merck). All solutions were prepared with de-ionized and CO,-free
water. The buffer used was of the universal type taking 0.04 M of
H3BO3, H3PO4 and CH3COOH acids and adding the required volume


dx.doi.org/10.1016/j.saa.2011.03.029
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:dralaae@yahoo.com
dx.doi.org/10.1016/j.saa.2011.03.029

M.S. Masoud et al. / Spectrochimica Acta Part A 79 (2011) 538-547 539

s

0
" BN
6 N
HN, y ) HN NH
)2\ N A /J\)\
3 7
0 N N 0= NH 2
Ua Atu

YU 5V ,,N/’O\
L Sy

N ol

OH, H,0 OH3z
Cr(H,L).CL.3H,0 Co(H,L).2H,0 Co(H;L),2.2H,0 0
(D (1) (111)
OH 5
Hah OH,
/T \ — —
N N-\\ T >=0 ’?H
™N
HN/\ o H\<°
N
= ./0 \u | 2H,0
O O (8] Nl OHZ H N 1 —
Ny o= ) P QM
Co n, d N \/
H20 *\()"2 Cl OIH
Coz(Hzli))l:fH_iL.GHzO Ni(H3L).CL3H,0 = Ni(H,L),.2C1.2H,0 -
av) V) 1)
0
0
Il 0 “N_f
H HN/\N ” 0 N — -
1];11 N / \ / — l}la ----- o
o) >_< AHO g
> \ ? \N NH N
N HN : NS Y
N m— ‘ }_NH 0 |I o |
(4] .2H,0
\ cd 0 0 H N‘. ‘.(‘) 2
e o
H,O OH
Cd(H,L).2H,0 — UO;(H3L)2.4H,0 - — Na,(H,L).2H,0 -
VII (VIII) (IX)
H 3N
S H
0 / i\l *--.____Lcu/ YN
0]
N NH * / \ ’ 5H,0
0{ | fl\ ¢H 0 N S N
» 20 H —
N N; 0
-.K...' H2N
=  K(H;L).6H,0 -~ = Cu(Atu),.5H,0 -

(X) XI

Fig. 1. The structures and the abbreviation of the investigated compounds.
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of 0.2 M KOH (CO,, free) to give the desired pH. A 0.5 M solution of
KCl was prepared to adjust the ionic strength of the solutions.

2.1.2. Apparatus

UV-Vis absorbance spectra were recorded with a Perkin-Elmer
Lambda 19 spectrophotometer. The pH value was checked using
a Cole-Parmer instrument Model 60648 that was previously cali-
brated with a standard buffer solution of pH’s 4.00, 7.00 and 9.18.

2.1.3. Procedure

Electronic absorption spectral measurements were recorded
for each investigated compound in the proper solvent. Ten
different solvents covering a wide range of solvent parame-
ters, namely ethanol, methanol, N,N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), 1,4-dioxane, carbon tetra chloride
(CCly), acetonitrile, 2-propanol, n-butanol and water were used.
These solvents have different physicochemical properties, mainly
dielectric constant, dipole moment and refractive index. The dis-
sociation constants of ATU were determined by means of the
data obtained from spectrophotometric titrations at 37 0.1 °Cand
0.15mol 1! ionic strength (NaCl) and pH range 1.5-12.0.

2.2. Data treatment

Different one-, two- and three-parameter equations are applied
here using suitable combinations between the solvent polarity
parameters E, K, J, H, M and N as reported before [23-25]. The
empirical solvent polarity, E is sensitive to both solvent-solute
hydrogen bonding and dipolar interactions and is related to Vpmax,
the wavenumber in cm~! of the absorption maximum of the given
solvent as follows [23-25]:

E =1.895 x 1072 Dppax

The dielectric function of Kirkwood, K adequately represents the
dipolar dielectric interactions and is a measure of the polarity of
the solvent that depends on the dielectric constant of the solvent,
D [27]:

_ D-1

T 2D+1

The function J has been introduced to account for non-specific
solute-solvent interactions such as dispersion and is related to the
dielectric constant of the solvent, D [28]:

D-1
=5

D+2
The function H has been introduced to account for non-specific
solute-solvent interactions such as dipolar effects and is related
to the refractive index of the solvent, n [28]:

K

n?-1
T n242
The function M has been introduced to account for the solute per-

manent dipole-solvent induced dipole interactions and is related
to the refractive index of the solvent, n [29]:

_n?-1

T 2n2+1
The function N has been introduced to account for the solute per-
manent dipole-solvent permanent dipole interactions [29]:
N=]-H

The physical parameters for the solvents at 20°C are collected in
Table 1, where d is density, n is refractive index, D is dielectric con-
stant, R is molar refraction, u is dipole moment in Debye and. 7%, o
and g are solvatochromic parameters.

In the present work, the observed peak position of an absorption
band, Y in a given solvent has been expressed as a linear function
of different solvent polarity parameters, x; as follows:

Y = ao + arx1 + azXz + a3X3 + - + dnXp

The previous equation is amenable to solution for the intercept, a,
and the coefficients, aj, ay, . . ., @, by multiple regression technique.
The regression intercept, a, has been considered as the peak posi-
tion in the gas phase spectra [30]. A program of statistical package
of social sciences (SPSS) has been used has been used to determine
these coefficients by multiple regression technique [23-25]. The
residual error, S, in a least-squares fits the previous multi-linear
equation as follows:

n

2

S= E (Yi — Go — a1X1j — G2Xpj — G3X3j — - - - — AnXy;)
ie1

The least-squares criterion requires that S be minimized. This
results in sets of equations which can be solved by use of standard
matrix methods. The multiple correlation coefficient, R or MCC and
the probability of variation, P, have been considered as a measure
of the goodness of the fit.

The solvent induced spectral data were further treated using a
two-parameter equation as follows [31]:

2D -2 2n% -2
Vsolution = Yvapour + K1 (m) + K3 PTvI]

where Vgojution 1S the frequency of the peak maximum in the pres-
ence of solvent, D is the solvent dielectric constant, n is the solvent
refractive index and vyapour is the frequency of the peak max-
imum in the absence of solvent. Multiple regression technique
was used to evaluate vyapour, K1, K2 and the correlation coeffi-
cients. The third data treatment of the solvent induced spectral
shift were carried out using Kamlet and Taft method [32,33]. In
this method, the electronic spectroscopic measurement of Amax
of a dissolved chromophore provides numerical values for the
intermolecular solute-solvent interactions. The effects of solvent
polarity and hydrogen bonding on the absorption spectra were
interpreted by the linear solvation energy relationships concept
developed by Kamlet and Taft using the following general equation:

V=Vy+ST*+aa+bp

and by a two-parameter, Kamlet and Taft, model represented by
the following equation:

V=1V, +ST* +aa

where 7%, @ and B are solvatochromic parameters and s, a and b
are the solvatochromic coefficients. In these equations, 7* is an
index of the solvent dipolarity/polarizability which is a measure
of the ability of the solvent to stabilize a charge or a dipole by its
own dielectric effects. The 7* scale was selected to run from zero
for cyclohexanone to 1.00 for DMSO. The variable « is a measure
of the solvent hydrogen-bond donor (HBD) acidity and describes
the ability of the solvent to donate a proton in a solvent-to-solute
hydrogen bond. The scale o was selected to extend from zero for
non-HBD solvents to about 1.00 for methanol. The variable g is a
measure of the solvent hydrogen-bond acceptor (HBA) basicity and
describes the ability of the solvent to accept a proton in a solute-
to-solvent hydrogen bond [34]. The scale 8 was selected to extend
from zero for non-HBD solvents to about 1.00 for hexamethyl phos-
phoric acid triamide. In these amphiprotic solvents, complications
can be caused by self-association type-AB hydrogen bonding and
multiple type-A and type-B interactions. In this situation, where
both the solvents and the solutes are hydrogen-bond donors, it
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Table 1

The physical parameters for the solvents used.
Compound CCly Dioxane DMSO DMF ACN Butanol Isopropanol Ethanol Methanol Water
Dipole moment, jt 0.00 0.45 3.90 3.86 3.84 1.52 1.66 1.69 1.70 1.82
Density, d 1.59 1.034 1.096 0.945 0.79 0.81 0.79 0.789 0.791 0.998
Refractive index, n 1.461 1.422 1.478 1.431 1.34 1.40 1.38 1.361 1.328 1.333
Molar refraction, R 25.8 21.6 20.1 19.9 11.1 22.20 17.5 12.8 8.2 3.7
Dielectric constant, D 2.2 2.2 489 36.7 37.5 171 183 243 32.6 78.5
E 325 36.0 45.0 43.8 46.0 50.2 48.6 51.9 55.5 63.1
K 0.222 0.223 0.485 0.480 0.480 0.457 0.460 0.470 0.477 0.491
M 0.215 0.203 0.221 0.204 0.175 0.195 0.187 0.181 0.169 0.171
N 0.0117 0.031 0.658 0.666 0.712 0.601 0.622 0.710 0.710 0.757
* 0.28 0.55 1.00 0.88 0.75 0.47 0.48 0.54 0.60 1.09
B 0.00 0.37 0.76 0.69 0.31 0.88 0.95 0.77 0.62 0.18
o 0.00 0.00 0.00 0.00 0.19 0.79 0.76 0.83 0.93 1.17

can be quite difficult to untangle solvent dipolarity/polarizability,
type-B hydrogen bonding and variable self-association effects from
common multiple type-A hydrogen bonding interactions [35]. For
the purpose of exploring the solvent effects and hydrogen bonding
(types A and B) on the absorption spectra, the absorption frequen-
cies Vmax = 1/Amax Were correlated with the total solvatochromic.
The correlation of the spectroscopic data was carried out by means
of multiple linear regression analysis.

3. Results and discussions
3.1. Characteristics of solvatochromaticity

The electronic absorption spectra of the investigated com-
pounds were recorded and collected in Table 2. The electronic
absorption spectrum of Ua showed the appearance of two distinc-
tive bands. The first band in the range 232-249 nm is assigned as
T — 7" due to transitions of conjugated multiple bonds. The other
band in the range 280-295 nm is assigned as n— 7* due to tran-
sition of the ketone groups and are expected to take place from
non-bonding orbitals to different * molecular orbitals [36]. The
shorter-wavelength band disappears in dioxane, DMF, DMSO and
CCl4 solvents. The longer-wavelength band appearing in the wave-
length range of 280-295 nm is more sensitive band towards the
nature of the solvent. For this band, on going from CCl; to ACN
or n-butanol as solvent, a bathochromic shift is observed, while a
hypsochromic shift is observed in all other solvents, Table 2. The
large positive solvatochromism of the long-wavelength band is in
agreement with adistinct n — 7* of its S, — Sy electronic transition,
going from a less dipolar ground to a highly dipolar excited state
(g > ). The electronic spectrum of ATU showed the appearance
of m— 7* band in 242-250 nm range, only in the hydroxo-carrying
solvents. These high energy bands of m — 7* transitions in these
solvents are due to the presence of an external hydrogen bond
affecting these absorption bands. The n— 7* band in the range
280-300nm appeared in all solvents except CCly, Table 2. The
longer-wavelength band appearing in the least polar solvent, diox-
ane, at 280nm showed a bathochromic shift on increasing the
polarity of the solvent. Examining the spectra of Ua complexes
(I-XI) shows that the highest energy bands of 7 — 7 transitions,
found in the free ligand, disappeared on complexation for all com-
plexes except VII, IX and X complexes where the linkage of Ua
to metal ions is through acidic bonds and not coordinate bond,
Fig. 1. The longer-wavelength band, n— 7* to assign C=0 group
of the purine or pyrimidine rings is appearing in the spectra of
the complexes. The spectral features of the investigated complexes
are characterized by the weakness of the bands, the large number
of the bands and the great variations in the width of these bands
[37]. All these features are easily understood in terms of ligand field
theory. The observed d-d transition bands characteristic of these
complexes appeared in the range 421-492 nm were assigned as

3T1g(F)— 3T14(P) while those appeared in the range 520-630 nm
were assigned as 3Tyg(F)— 3Tag(F) [38]. The third spin-allowed
transition appeared in the range 630-695nm. Complexes (I-X)
showed four allowed bands in all solvents except water due to
complete hydrolysis. Complex VIII showed three allowed bands.
Complex XI showed one band in DMSO, DMF and ACN, three bands
in isopropanol and two bands in water, methanol, ethanol, butanol
and 1,4-dioxane. The n— 7* transition in most of the complexes
has negative solvatochromism (hypsochromic shifts) in polar or
hydrogen bonding solvents, whereas a positive solvatochromism
(bathochromic shift) was observed in other solvents with respect
to its position in the least polar solvent dioxane. The blue shifts may
be due to the solute-solvent hydrogen bonding. This leads to the
existence of some chromophoric groups, thus the m-system is sta-
bilized and tend to lower the energy of the ground state and thus
blue shift occurs with increasing the solvent polarity [39].

DMF is polar aprotic solvent and is known to be strong
hydrogen-bond acceptor (HBA), with the highest HBA basicity
among most common organic solvents [19,40]. Therefore, the pos-
itive solvatochromism may be attributed to the effect of DMF
basicity as well as its H-bond accepting character. This indicates
that a combination of several solvent characteristics such as polar-
ity, basicity and H-bond-accepting ability is responsible for the
spectral characteristics of this complex.

3.2. Regression analysis

The studied regions for Co-UA complex are Y; =290-309 nm,
Y5 =466-492 nm, Y3=523-555nm and Y4 =630-670 nm. For one
parameter regression equation, all MCC values of Yy, Y3 and Yy
regions were very poor while the best correlation coefficients were
observed for Y, with E (0.729). On the other hand, two-parameter
equation showed that the best correlation coefficient was observed
for Y1 and Y3 with E and N functions. This combination gave higher
values of correlations shown by its multiple regression (R) and
low probability of variation (P). It is concluded that, the studied
properties of the solvent (dielectric constant, refractive index and
empirical solvent polarity) are effective parameters to explain the
spectral shifts. The best correlation coefficient was observed for Y,
and Y4 with the combination N and K functions with MCC=0.959
and 0.92 for Y, and Y4, respectively. Based on three-parameter
regression equation, the best correlation coefficient was observed
for Y7 with E, M, and K functions (MCC=0.807), for Y, with E, N,
and K functions (MCC=0.998), for Y3 with E, M, and N functions
(MCC=0.985) and for Y4 with M, N and K functions (MCC=0.995).
The least correlation coefficient was observed with E, M and K
functions for Y, and Y4, (MCC=0.77 and 0.612, respectively). Good
regression coefficients obtained from four-parameter regression
equation where for Y; (MCC=0.807), for Y, (MCC=0.999), for Y3
(MCC=1) and for Y4 (MCC=0.998).
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Table 2
Electronic absorption spectra of Ua, ATU and their complexes in the presence of different solvents (Amax, NmM).

Compound CCly Dioxane DMSO DMF ACN n-Butanol Isopropanol Ethanol Methanol Water

Ua - - - - 240 249 232 238 239 232

290 280 289 283 295 292 287 290 286 285

ATU - - - - - 250 242 248 250 245

- 280 285 300 282 299 297 300 280 290

I - 291 297 - - 293 277 295 294 286

- 424 429 - - 425 442 442 434 -

- 493 477 - - 491 496 473 471 -

- 596 584 - - 562 581 579 582 -

1 - 292 300 - - 294 309 298 294 290

- 492 480 - - 491 482 470 466 -

- 546 523 - - 555 528 536 546 -

- 640 651 - - 630 643 666 673 -

11 - 294 301 - - 292 303 300 292 290

- 455 445 - - 440 428 452 430 -

- 541 545 - - 558 540 535 552 -

- 675 672 - - 683 660 680 662 -

v - 291 288 - - 295 292 294 290 290

- 454 441 - - 450 462 456 460 -

- 535 552 - - 550 537 544 520 -

- 660 695 - - 685 685 640 670 -

\% - 290 301 - - 296 283 300 294 292

- 421 428 - - 426 424 425 440 -

- 540 552 - - 549 554 565 525 -

- 658 651 - - 640 652 632 672 -

VI - 299 302 - - 298 282 300 290 290

- 454 440 - - 450 458 464 462 -

- 601 582 - - 570 587 582 592 -

- 654 640 - - 632 654 678 648 -

Vil - - - - - - 219 228 241 235

- 292 291 - - 296 292 295 291 291

- 399 - - - 401 346 397 399 -

Vil - 290 291 - - 287 285 290 292 290

- 491 470 - - 490 466 476 450 -

- 601 604 - - 600 630 592 628 -

IX - - - - - - 219 240 238 230

- 294 296 - - 294 285 296 294 290

- 398 - - - 398 344 - - -

X - - - - - - 219 255 237 236

- 295 292 - - 296 283 296 294 292

- 401 - - - 399 348 - - -

XI - - - - - - 220 260 254 260

- 290 280 285 278 278 260 291 285 272

- 397 - - - 402 400 - - -

3.3. Atwo-parameter equation model

The data in general pointed that both the dielectric constant
and the refractive index of solvents affect the electronic spectral
properties of the compounds, but with different degrees. The K;
and K> values are negative, i.e. strong solute-solvent interaction
takes place causing a decrease in energy of electronic transition
from LUMO to HOMO compared with the vapour state. For all com-
pounds the values of 2 (v, D) and 2 (v, n) are very poor, Table 3.
So, the regression analysis should be applied to find the effect of
both functions D and n on the spectral bands. For each compound,
the effect of both functions had different degrees. For uric acid, the
spectra made using various solvents (n=10) which have different
polarities. From the regression, the D function had stronger effect
than that of n. So, the peak shifts should depend primarily up on
dielectric constant “D”. For ATU, the refractive index function had
stronger effect than dielectric constant function. So, the peak shifts
should depend primarily up on n function. From correlation analy-
sis in all complexes, it seems that the refractive index function had

stronger effect than dielectric constant function. So, the peak shifts
should depend primarily up on n-function by higher degree than
D-function.

3.4. Kamlet and Taft method

The Kamlet-Taft solvatochromic parameters are given in Table 1
[41]. The results of the correlation of the absorption frequencies
with the Kamlet-Taft solvatochromic parameters, 7% o and §, are
given in Table 4, and the percentage contribution of the calculated
solvatochromic parameters from the values of regression coeffi-
cients are given in Table 5 and Fig. 2.

The results show that solvent effects on the absorption spectra of
UA, ATU and their complexes generally include important contribu-
tions from the solvent hydrogen bond donor (HBD) acidity and the
solvent hydrogen bond acceptor (HBA) basicity. It is obvious from
the coefficient values that the classic solvation effects, 7* dominate
in complex VIII in contrary to the other compounds, where the HBD
and HBA effects dominate. The high positive values of the coeffi-
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Table 3

K1 K3, v(vapour), and correlation analysis data for ligands and their complexes.
Compound v(vapour) (cm~1) K K MCC r2 (v, D) 2 (v, n)
UA 35533.25 —710.95 —475.31 0.301 0.090 0.014
ATU 39148.63 —2399.02 —6821.21 0.428 0.135 0.011
I 411940.24 3792.49 4204.43 0.313 0.000 0.089
Il 37791.65 —823.88 —8705.87 0.526 0.015 0.198
\% 38624.75 292.28 —12912.73 0.585 0.064 0.337
VII 29265.60 2209.42 8467.81 0.955 0.557 0.104
VIII 34336.24 54.525 494.60 0.062 0.000 0.002
XI 35002.93 2146.33 —2924.98 0.351 0.117

Table 4

Results of the correlations with Kamlet and Taft model for the investigated compounds.
Compound Up (103 cm™1) s(103cm™1) b(103cm™1) a(103cm1) R S
UA 34.560 0.409 —0.033 —-1.03 0.216 0.64
ATU 37.172 —1.023 —2.702 -0.611 0.664 0.99
Il 34.995 —0.59 —1.643 0.405 0.762 0.54
\% 33.441 -0.3 0.122 1.038 0.57 0.99
VIII 34.396 -0.27 0.428 0.124 0.602 0.33
I 34.393 —0.45 —0.026 0.589 0.351 1.11
VII 31.727 2172 1.721 0.071 0.989 0.11
XI 33.402 1.38 1.405 1.016 0.439 1.44

R: correlation coefficient, S: standard error.

Table 5

Percentage contribution of calculated solvatochromic parameters using Kamlet and 807

Taft model. 701 ] M

9 9 9 601 m =

Compound s (%) b (%) A (%)
UA 27.7853 2.2418 69.9728 501 El?'-
ATU 23.5931 623155 14.0913 40
I 22.3654 62.2820 153525 30
\% 20.5479 8.3561 71.0958 20-
VIII 32.8467 52.0681 15.0851
I 42.2535 2.4413 55.3051 104
Vil 54.7103 43.5012 1.7884 0
X 36.3062 36.9639 26.7298 UA ATU I Vv Vi 1 vil Xl

cient, a in complexes I and V indicate a better stabilization of the
ground state by the HBD solvent effects and suggest stabilization by
the formation of the type A (solvent to solute) hydrogen bonding.
The high negative values of the coefficient a in UA indicate a better
stabilization of the transition state by the HBD solvent effects due
to stabilization by the formation of the type A hydrogen bonding.
For ATU and complex II, the solvent hydrogen bond acceptor (HBA)
effects dominate with a high negative value so these compounds
include important contributions from the HBA basicity. The coeffi-
cient values describe the ability of the solvent to accept a proton in
solute-to-solvent hydrogen bonding. For complexes VIII and XI, the
HBA effects dominate with a high positive value, Table 4. The clas-
sic solvation effects, 7* work in the opposite direction to the HBD
effects except in ATU, XI and VII and in most cases, their influences
are much higher than the influence of the HBD effects. Generally, in
most cases the HBA effects, b work in the same direction of the HBD

Fig. 2. Contribution of solvatochromic parameters %, & and S.

effects. The effects of solvent polarity and hydrogen bonding on
the absorption spectra were also interpreted by a two-parameter
model, Kamlet and Taft, represented by the following equation:
V=1, +s* +aca. The results of the correlations and the percentage
contribution of the calculated solvatochromic parameters are given
in Tables 6 and 7, and Fig. 3.

The data show that the HBD and the classic solvation effects play
a major role to explain the spectral shifts in these compounds. The
positive values of HBD effects on Co2*, Ni%*, Cr3* and Cu?*complexes
stabilize the ground state by the formation of hydrogen bond-
ing where they act as proton donors. The compounds UA, ATU
and VII, Table 6, have the highest positive values for the classic
solvation effects while the complex VIII has the highest negative
value of the classic solvation effects. The percentages contribu-
tions of the calculated solvatochromic parameters, Table 7 and

Table 6

Results of the correlations with the two parameter, Kamlet and Taft, model.
Compound U (103 cm™1) s(10-3 cm™1) a(103 cm™1) R S
UA 34.543 0.411 -0.108 0.215 0.593
ATU 34.355 0.557 -0.535 0.286 1.156
1l 33.198 0.420 0.486 0.416 0.658
\Y 33.575 -0.375 1.032 0.569 0.856
VIII 34.865 -0.534 0.103 0.499 0.31
I 34.365 -0.434 0.590 0.351 0.96
VI 33.609 1.114 -0.013 0.580 0.493
XI 34.867 0.558 0.976 0.357 1.369

R: correlation coefficient, S: standard error.
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Percent contribution of the calculated solvatochromic parameters using the two
parameter, Kamlet and Taft, model.

Compound s (%) a(%)

UA 79.19075 20.80925
ATU 51.00733 48.99267
Il 46.35762 53.64238
\% 26.65245 73.34755
VIII 83.83046 16.16954
I 42.38281 57.61719
VIl 98.8465 1.153505
XI 36.37549 63.62451

Fig. 3, show that the HBD and the classic solvation effects have an
equal effect in most of the investigated compounds. The correla-
tion coefficients, R by applying the equation: v=v,+s7*+aa+b
have satisfactory values in all cases compared to those obtained by

1001
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60

40

201

0

UA

ATU ] v vii 1 Vil

An+

| A

Xl

Fig. 3. Contribution of solvatochromic parameters 7* and « using the two parame-
ter, Kamlet and Taft, model.

applying the equation: v=v,+s7*+aq, Table 6. It is known that
a negative solvatochromism is induced by increasing the solvent
polarity when the ground electronic state is more stabilized com-
pared with the excited and a positive solvatochromism appears in

36.0

& . €35.2 b

y oy £35.0 1

e %34.8 1

= 35.0 & 34.67

S @
".'U | y = 0.0006 x + 12.571 .'4“'34.4 1 y =0.0009 x + 4.1394

a 34-5 E 34'2_

¥ o

¥ 34.0 5 34.01

£ 3.5 : : : : : s §§j§' : : :

33000 33500 34000 34500 35000 35500 36000 34000 34500 35000 35500 36000
Upax cm! (measured) Umax cm™! (measured)
34.8 34.6

T 346-C g344 d .

& 34.4- & 34.2 |

2 342 B340

(3 [--3

g 34,0 g
~  33.8/ a ]

5 316 V=001 x +33.1 = 33.6 1 y = 0.0005 x + 18.045
o .04 <

g 33.4_ g 33-4 -1

g 33.2 g 33.2

2 33'0' ) ® 330

33000 33400 33800 34200 34600 32500 33500 34500 35500

Umax em-! (measured)

Fig. 4. Linear relationship between the experimental and the calculated absorption maxima vmax (in cm=') for (a) ATU, (b) UA, (c) Il and (d) V.
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Fig. 6. The electronic spectra of 4 x 10~> M of ATU at different pH values.

case of higher stabilization of the solute excited state. In order to
obtain the magnitude and sign of solvatochromism for each com-
pound, the vpax (maximum wavenumber for the band) in the most
polar solvent is subtracted from that determined in the most non-
polar solvent, Table 8 and it is considered as a spectral shift, Av.
Positive and negative sign of Av are an indicator of the red or
blue spectral shifts, respectively [42]. All investigated compounds
exhibited a hypsochromic shift (negative solvatochromism) except
ATU and VIII compounds, which showed a bathochromic shift (pos-
itive solvatochromism) on increasing the solvent polarity, Table 8.
This effect was attributed to the interaction of non polar solvents
with non-bonding electron pair of nitrogen atom in the investi-
gated compounds [43]. In order to demonstrate the quality of the
multi-linear regression analysis, a correlation between the pre-
dicted absorbance maxima, vmax calculated from the Kamlet and
Taft equation: v=v, +s*+aa+b B and the experimental vmax val-
ues is shown in Figs. 4 and 5. The linearity of the curves is directly
correlated to the multi-linear regression quality.

3.5. Effect of pH on the electronic spectra of ATU and evaluation
of its pK,

When the pH of a solution of ATU is changed, the intensity and
position of the absorption band showed pH-dependence and an
isosbestic point was observed, presumably, due to the rearrange-
ment of the molecule and the ionization of the hydroxy or mercapto
group in position 2 or 4, Fig. 6.

The ionization of hydroxyl group in position 4 is less probable.
The formation of an isosbestic point had taken as a proof for the
existence of an equilibrium between two absorbing species [44].
The electronic absorption spectra of the compound in the pH range
(1.50-12.01) gave two electronic spectral regions: 242-245 nm and
274-288 nm. The first strong band is mainly of the m — 7* type (K
band) while the second one is due to n — 7* transition taking place
from non-bonding orbitals of the thiouracil moiety containing N, O
and S atoms beside NH, group to different * molecular orbitals.
Different positions are available for the protonation of the groups

Table 8
Solvatochromism of UA, ATU and some complexes.

0 * IO IO
E - e
HrJ\I/H H' HT ﬁ OH- HT/" \”
1 H —_— '-‘
PRI N~ /\\ PN
PN /\\\ S N NH
S v N NH N 2 S ” NH.

) n (b

Fig. 7. Cationic (I), neutral (II) and anionic (IIl) forms of ATU in equilibrium with
changing pH of solution.
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Fig. 8. A;—pH plot for ATU.

-NH,, C=0 and C=S to give -NHI, C = 6—H and C = JSr—H, respec-
tively. The bands are affected with different degrees on increasing
the pH values. In the pHrange (7.05-12.01), the bands remain at the
same position with an increasing in the intensity while in acidic pH
range (2.05-6.13), the second band n — 7* increased in the inten-
sity accompanied with a blue shift. In the same time, the first band
T — 7" increased remarkably in intensity with a red shift pointing
to the formation of the —-SH and -OH auxochrome groups through
tautomerism between the [C=S and C=0(4)] and the adjacent [N(1)
and N(3)], respectively. For N-heterocyclic mercapto compounds,
the spectra [45] resembled those of the N-methyl rather S-methyl
derivatives indicating that the mercapto group is present in the
thione rather than the thiol form. So, the neutral ATU is likely to
exist in the amino-oxo thione form (II), Fig. 7. A great similarity
was recorded on measuring the electronic spectra of cytosine and
3-methylcytosine in acidic solutions. So, the resonance hybrid (I),
Fig. 7, was chosen to represent the cation of ATU molecule [46].
The spectral data pointed to that ATU gave a slightly red shift in
the n — 7™ transition at 242 nm and a marked blue shift in 7w — ™
transition at 288 nm with the increase in pH and on changing of
the neutral form to anionic form. These observations lead to sug-
gest that ATU deprotonation is taking place at N(1) of the nucleus
due to the presence of -SH group at position 2 adjacent to N(1) [47].

Different spectrophotometric methods were applied to calcu-
late the pK, values; the half height [47,48], the modified limiting
absorption [49] and Colleter [50] methods, which gave concordant

Compound (Vmax )most non-polar solvent (10° cm~") (Vmax)most polar solvent (10% cm™1) Av(10°cm™") Solvatochromism
UA 34.48 35.09 —1.42 -
ATU 35.71 3448 1.23+ +
Il 34.01 34.48 -0.47 -
\% 33.44 3448 -1.04 -
VIII 34.48 34.25 +0.23 +
I 34.36 34.96 -0.6 -
VI 34.25 34.36 -0.11 —
XI 34.48 36.76 —2.28 -
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Table 9
pKa values of ATU (0.5 M KCl, 25°C).
pK’s values Number of ionized A (nm) Isosbestic
protons (1) points (nm)
Half height Modified limiting Colleter Average values
absorption
pKa pKaz pKa1 pKai PKa pKa1 pKai pKai ny ny
45 8.0 44 8.0 46 7.79 45+0.1 8.0+0.12 1 1 288 242,265,280
results, Table 9. In the half-height method the pKvalues were evalu- o o
ated at constant wavelength from the half-height of the absorbance, I i~ P /\ Ko
A versus pH curves, Fig. 8, where pK; = pH at the half height of the HT/ | — \ | PK,=45 H w 2 W
curve. /\N/\NH sﬁ\N/\NHz —H / \ /\ H,
In the modified limiting absorption method, Fig. 9, the pK; val- S oo " ZATU HATU ATU>
ues were evaluated by applying the following equation: ? -
s Fig. 11. The proposed mode of ionization of ATU.
pH = pKa—i-lOg)/—i-lOgim‘"
ASmax - AS
19
where Ag,,,, is the maximum absorption, As , is the minimum i {"'
absorption, As is the absorption at any pH and y is activity coeffi- 0.9 / \\
cient term. By plotting the log absorbance ratio versus pH, a straight 0'7 ¥ X
line was obtained with a slope giving the number of ionized pro- = 3'6 / \\
tons. When log absorbance ratio term equals zero, pK; = pH. L£-
Finally, in the Colleter method, the pK, values were evalu- § e
ated, where three different concentrations of hydrogen ions were w2
selected and their absorbance values were given, [H"]; > [H'], > o
[H"]5 and A; >A; > As. The acid dissociation constant is calculated: -
0.4
ol

[H'], — M[H']5
=""m-1

As— Ay [H], —[H'],
A=A T~ [H s

M=

Reported data for uracil gave two pK; values, pK,; of 9.0 at 258 nm
with the liberation of two protons through ionization, probably due
to the removal of a proton from the Ny=C,-OH and the pKj, value
of 12 with the liberation of a proton from N3=C4—OH [51] while
6-amino uracil gives one pKj, value, Fig. 10.

The ionization constants obtained for ATU, Table 9 and Fig. 6
were 4.50 and 8.0 and three isosbestic points appeared at 242, 265

pH

4 _\

2 4

-2 -1.5 -1 -0.5 0 0.5 1 1.5
|°g (As'Asmin) / Asmax'As)

Fig. 9. Modified limiting absorption plot for ATU.

(=]

OH .
(0]
|(|) /I /l
Hl\\l/w ’\ll W pK1=3.73 NT ‘ H
o S -
()/\H/ \NH2 o N NH2 O/\N/ N i

Fig. 10. pK; value of 6-amino uracil gives.

Fig. 12. Concentration distribution diagram for protonated species of ATU.

and 280 nm. The mode of ionization is proposed to be as shown in
Fig. 11.

3.5.1. Distribution of species at different pH values

In the distribution diagrams, a plot the fraction of an acid species
versus how that fraction varies with pH was made, Fig. 12. The vari-
ation of the species is due to the acid dissociation shifting as pH
changes [52]. ATU has two pK values (4.5 and 8.0) and thus is con-
sidered as a diprotic acid. The concentration distribution diagram
shows that the ligand is fully protonated giving H, ATU species
at pH 2.5. Upon increase of pH the concentration of this species
decreases and the monoprotonated species HATU™ starts to form
and reaches its maximum concentration of 100% in the pH range
6.0-6.5. On further increase of pH the concentration of the mono-
protonated species decreases and the unprotonated species ATU~
starts to form and reaches its maximum concentration of 100% in
the pH >10. It is concluded that the presence of the three species
varied as pH changes. In acidic medium, the predominant species
is HyATU, in basic medium, the predominant species was ATUZ~
and in the neutral medium the predominant species was HATU.
This means that in basic solution H, ATU liberates two protons from
N(1)=C(2)-SH and N(3)=C(4)-OH and in neutral solution H,ATU
liberates one proton only from N(1) to give N(1)=C(2)-SH.
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