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The behaviour of glutaconic and aconitic acids in a sulfuric acid medium [c(H,SO,) = 1.000 mol/dm’ to 17.000
mol/dm*] was studied by ultraviolet and visible spectroscopy. The influence of the solvent on the appearance of the
registered spectra was compensated by the use of the characteristic-vector analysis (CVA). It was concluded that at
the employed sulfuric acid concentrations glutaconic acid is protonated whereas in the case of aconitic acid the pro-
tonation reaction is followed, at higher sulfuric acid concentrations, by formation of the corresponding anhydride.
Discussed here are the possible sites where the protonation may take place, taking into account the values of the par-
tial charges calculated according to the AM1 semiempirical method. The values of the dissociation constants of glu-
taconic acid were calculated by the application of the Hammet’s equation, using several acidity functions. The ther-
modynamic constants of protonation and the solvation parameters m, m* and ¢ were estimated using the Yates—
McClelland, the “excess acidity”, and the Bunnett—Qlsen methods.
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OITHECYBAIBE HA TNIYTAKOHCKATA 1 AKOHUTHATA KUCEJMHA
BO CYI®YPHA KHMCEJINHA

IpumenyBajku ru METOIHTE Ha YATPABHOJICTOBATA H BUAJINBA CHEKTPOCKOINEj4, CIENECHO € OJHECY-
BalbETO Ha IIYTAaKOHCKATA M AKOHUTHATA KHCEJHHA BO cpefuHa Ha cyndypHa Kucemmua (c(H,SO,) =
1,000 mol/dm® o 17,000 mol/dm”). BARjaHHETO Ha pacTBOPYBAYOT BP3 U3TNEROT Ha PErHCTPHPAHHTE CHEK-
TPH ¢ KOMIEH3HpaHO cO ymoTpeda HAa METONOT Ha KapaKTEPHCTHUHA BeKTOpPcKa ananmsa (CBA).
3aKkNyyeHo e [[eKa IIPH KOPHCTEHUTe KOHIEHTPALMH Ha CyNdypHa KHCeNHHA foafa JO IPOTOHMPAME Ha
[IIYTAKOHCKATa KACCINHA, TOfleKa Ka] aKOHHTHATa KHCEJIHHA [TPH MOBUCOKH KOHIEHTPAIMH Ha CylidhypHaTa
KHCeNMHa peaklHjaTa Ha NPOTOHHPARE € ClefleHa I co peakKuuja Ha (hpopMIpake coofBeTeH anxuipu. bea
MUCKYTHPAHA U MOXKHHTE MecTa Ha KOH foala [0 NPOTOHUpPAalhe Ha KUCEHHUTE, IPH IITO C& 3eMEeHu Mpef-
BUJl 0 BPEHOCTUTE Ha [ApUUjaTHATE MOMHEXKH MPECMETaHH COpe] ceMHeMIupucknoT AM1 meTon. Bpeg-
HOCTHTE HA KOHCTAHTHTE Ha JHCOLMjallHja HA NPOTOHHpaHaTa PopMa Ha IIyTaKOHCKaTa KHcelnHa Gea
NpecMeTann co MpuMeHa Ha Hammett-oBaTa paBeHKa, co ynorpeda Ha moBeKe KHceMMHCKH (pyHKIMH. Tep-
MOTHHAMIIKATE KOHCTAHTH Ha NPOTOHUPAbe U CONBATAUMOHATE [TAPAMETPH M, m* 1 ¢ Gea MpecMeTaHn
cnopeg MetopuTe Ha Yates—McClelland, BHIIOK Ha KHCeJIOCT H MeTOOT Ha Bunnett-Olsen.

Kiyusn 360poBu: akOHNTHA KHCETIMHA; TTIYTaKOHCKA KHCEIHHA; IPOTOHNpPaIbe;
YATPABUONETOBA CHEKTPOCKOIM]A.

INTRODUCTION studied spectrophotometrically by several authors

[1-4]. In the spectra the medium effects usually

The protonation process of some carboxylic contribute to the batochromic or hypsochromic
acids (maleic, fumaric, acrylic, metacrylic, citra- shift of the absorption bands. To compensate for
conic, mesaconic and itaconic) in strong acids this medium effect, various methods have been

(H,S04, HCIO4, HCI, H3PO, and oleum) has been employed such as the principal-component analy-
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sis (PCA) [5], the target-testing method of factor
analysis [6, 7] and characteristic-vector analysis
(CVA) [8].

The values of the dissociation constants of
the protonated forms of the acids and the solvation
parameters m, ¢ and m* were determined by the
methods of Yates and McClelland [9], Bunnett,
and Olsen [10] and by the "excess acidity" func-
tion method [11]. The dissociation constants of the
protonated forms of the investigated acids ( pKgy+)
were also graphically determined using the meth-
ods of Poul and Long [12], Bonner [13], and Yates
and McClelland [9]. The thermodynamic protona-
tion constants (pK,,) were determined with the
method of Seyda [14]. It should be pointed out that
the values of these constants (and those of the sol-
vation parameters) are important, especially for
understanding the mechanism of the reactions in
which the investigated acids take part.

Thus, the purpose of our work was to follow
the protonation process of glutaconic (2-pentene-
dioic acid) and aconitic (l-propene-1,2,3-tricar-
boxylic acid) in sulfuric acid media, and to deter-
mine the dissociation constants of the protonated
forms, the solvation parameters m, ¢ and m*, and
the thermodynamic protonation constants of the
investigated acids.

Both acids, as it is already well known, exist
in their cis and trans forms:
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In aqueous solutions these two acids undergo
isomerization and are transformed into the more
stable trans-form [135].

EXPERIMENTAL

Solutions and measurement

Two series of solutions with the concentration
of the investigated acids Cgutconic acia = 1.09-10°*
mol/dim’® and Cueonitic acid = 1.01-10™ mol/dm’ were
prepared. The concentration of the investigated
acids was constant, while the concentration of sul-
furic acid varied from 1 mol/dm’ to 17 mol/dm’.
The ultraviolet spectra of the two series of solu-
tions were recorded (with 1 nm resolution) at room
temperature in the wavelength region from 190 to
360 nm on a Varian Cary 50 spectrophotometer in
a 1 cm quartz cell. The UV spectra were recorded
24 hours after the preparation of the solutions (the
solutions were stable during that time period).

In order to obtain more precise data for the
concentration of the protonated (BH") and the un-
protonated (B) forms of glutaconic acid, the ab-
sorbance values were measured at four selected
wavelengths: 200, 206, 218 and 226 nm.

To determine the molar absorption coefficient
of the unprotonated form of glutaconic acid at se-
lected wavelengths, the absorbance values were
measured when the sulfuric acid concentration was
1 mol/dm’, while for the molar absorption coeffi-
cient values of the protonated form of the acid the
absorbance values were measured when the sulfu-
ric acid concentration was 17 mol/dm’.

The two carboxylic acids (glutaconic and
aconitic) and sulfuric acid were of analytical grade
p.a. (Merck and Alkaloid, Skopje). The stock solu-
tions of glutaconic and aconitic acid were prepared
with redistilled water as primary standards. The
concentration of the sulfuric acid was determined
by titration with a standard solution of sodium hy-
droxide.

Bull. Chem. Technol. Macedonia, 25 (2), 89-97 (2006)
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Calculations

The pKpy+ values of glutaconic acid were cal-
culated using the Hammett [16] equation:

PKBH"‘ = Ho + IOgSCBH-}/CB) (1)

in which Hy is the Hammett acidity function, cpy+
is the concentration of the protonated form of the
acid, and ¢ is the concentration of the unproto-
nated form of the acid. The ratio between the con-
centrations of the protonated and the unprotonated
forms of the acids is known as ionization ratio, I.
The values of the H, were taken from the literature
[12, 13, 16-19], while the ionization ratio values
were calculated from spectrophotometric data ac-
cording to the Beer's law [20-22]. In order to
minimize the influences of random errors, an
overdetermined system of four equations with two
unknown parameters was set up.

For a quantitative characterization of gluta-
conic acid, the acidity constants were calculated
using several methods mentioned in the introduc-
tion. The values of the slopes obtained by different
methods, the correlation coefficients and the stan-
dard deviation values were calculated as well.
These calculations were made using the Microsoft
Excel computer program.

To compensate for the effect of the medium,
the characteristic-vector analysis (CVA) [8] was
employed. In addition, the computer program of
Edward and Wong [23] was used.

RESULTS AND DISCUSSION
The behaviour of the acids

The ultraviolet spectra of the series of gluta-
conic and aconitic acid solutions are shown in Fig.
1 and Fig. 2, respectively.

Predictably, identical spectra were obtained
irrespective on whether the solutions of the cis or
of the trans form of the acids were used. As previ-
ously mentioned, in aqueous solutions the cis
forms of both acids are transformed into the more
stable trans forms, i.e. that isomerization processes
take place [15].

As it can be seen in Fig. 1 and Fig. 2, a single
absorption band resulting from the m — 1* elec-
tron transitions (denoted 1 in Fig. 1 and Fig. 2)
exists in the spectrum of each of the two investi-
gated acids (found around 206 nm for glutaconic
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acid and around 226 nm for aconitic acid). On in-
creasing the sulfuric acid concentration, the ab-
sorption bands shift from 206 nm to 226 nm in the
spectra of glutaconic acid and from 226 nm to 206
nm in the spectra of aconitic acid and, simultane-
ously, the intensity of the bands increases.

250 260 270

190 200 210 220 230 240
Afnm
Fig. 1. Ultraviolet spectra of glutaconic acid (¢ = 1.09-10™
mol/dm}) in sulfuric acid media (from ¢ = | mol/dm?,

spectrum 1, to ¢ = 17 mol/dm’, spectrum 17)
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Fig. 2. Ultraviolet spectra of aconitic acid (¢ = 1.01-107 mol/dnr)
in sulfuric acid media (from ¢ = 1 mol/dm’,
spectrum 1, to ¢ = 17 mal/dm?, spectrum 17)

On a careful examination of the spectra, the
monotonic change in the glutaconic acid spectra
becomes obvious. Namely, the band is continu-
ously batochromically shifted until it reaches the
final position at sulfuric acid concentration of 17
mol/dm’ (denoted by 17 in Fig. 1). At the same
time its intensity is also changed but no new band
appears. We expected, on the basis of our previous
studies and also of those of other authors [1-4],
that an isobestic point would appear between 210
nm and 220 nm, but it does not manifest itself
clearly and with an exact position. The reason is,
almost certainly, the effect of the solvent [24],
which was confirmed after the application of the
characteristic-vector analysis (CVA) which recon-
structed the spectra. As it is plainly visible in Fig.
3, an isobestic point is present at 214 nm. This in-
dicates that a single reaction is taking place in the
studied solutions and, consequently, only two mo-
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lecular species capable of absorbing the electro-
magnetic radiation are present in them.

Such a conclusion is additionally supported
by the appearance of the Axns = flc(HaSO4)] curve.
If a single reaction takes place, the curve would be
sigmoidal with only one step on it. As it can be
seen in Fig. 4, the curve is indeed sigmoidal and its
initial part is almost horizontal until the sulfuric
acid concentration becomes 11 mol/dm’ (the cor-
responding H, value being —5.42). After that the
curve rises until the sulfuric acid concentration
reaches 15 mol/dm’ (Hy = —7.82) and then the ab-
sorbance value remains practically constant. As
mentioned above, the single step on the sigmoidal
curve is a strong indication that only one reaction
takes place.

190 200 210 220 230 240 250 2

(€1} 27
Anm
Fig. 3. Reconstructed ultraviolet spectra of glutaconic acid

(T= 1.0?-10’4 mol/dm?) in sulfuric acid media
(from 1 mol/dm’, spectrum 1, to ¢ = 17 mol/dm”, spectrum 17)
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Fig. 4. Absorbance values (4 = 226 nm) for glutaconic acid
as a function of the sulfuric acid concentration

Based on what was already mentioned, and
having in mind some other studies [1-4, 25, 26,
27] performed on acids with a similar structure
(citraconic, mesaconic, itaconic, fumaric and maleic),
we concluded that the most probable candidate for
such a reaction is the protonation of glutaconic
acid (which, in this case, behaves as a Bregnsted
base) and that the general equation of such a reac-
tion would be

B + H,O" 2 BH' + H,0.

However, in order to make it applicable to a
given reaction only, the exact position of the site at
which the protonation takes place must be deter-
mined.

Pospisil and his collaborators [25] were
among the first to study the protonation, in
strongly acidic media, of some unsaturated dicar-
boxylic acids (fumaric and maleic) applying the
methods of UV and NMR spectroscopy. They
showed that protonated molecules are indeed pre-
sent and stated that the protonation takes place not
only at the carbonyl oxygens in the carboxylic
groups, but also at the double bonds (similar con-
clusions were earlier reached by Noyse et al. [27]).
On the other hand, Olah and co-workers [28] sug-
gested that only the carbonyl group is protonated
and this was later confirmed by the detailed stud-
ies of Larsen and Bouis and of Benoit and Harri-
son [26, 29] who found that the affinity for the
protons of the singly bonded oxygens in the car-
boxylic acids and esters is for 0.8 — 1.1 eV lower
than that of the carbonyl oxygens of these same
compounds. ‘

The subsequent studies of a number of au-
thors [30-33] who employed UV, IR, Raman and
NMR spectroscopy proved that the protonation
indeed takes place on the carbonyl group. Identical
were the conclusions of Geltz et al. [34] who fol-
lowed the protonation of benzoic acid using the
methods of mass spectrometry.

According to all mentioned studies (espe-
cially the more recent ones) and the partial charges
(calculated with the semiempirical AM1 quantum
chemical method [35] ) the equation for the proto-
nation of glutaconic acid would be:

-0.3570 H @] H

HO H HO

036107 “OH HO® . R

The situation in the case of aconitic acid is
different (Fig. 2). The only clearly observable
spectral band shifts towards shorter wavelengths
and, which is even more important, it is not mono-
tonic (in addition to the hypsochromic shift, a ba-
tochromic shift is observed in a few cases of solu-
tions with a lower sulfuric acid concentrations).

It is important to note that, besides the main
peak, a weak band is also present in the spectrun.

Bull. Chem. Technol. Macedonia, 25 (2), 89-97 (2006)
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On increasing the acidity (by replacing sulfuric
acid with oleum) the intensity of the additional
band increases. Contrary to that, on dilution of the
solution with water (i.e. on decreasing the sulfuric
acid concentration) the band disappears.

The variation of the absorbance at 236 nm by
changing the acidity (Fig. 5) indicates that more than
one reaction is taking place in solution. Namely,
the inspection of Fig. 5 shows that more than one
step exists on the curve. The conclusion is further
strengthened by Fig. 2 where an isobestic point
seems to be present around 190 nm although the
wavelength is low to allow a definite conclusion.

1
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Fig. 5. Absorbance values (4 = 236 nm) for aconitic acid
as a function of the sulfuric acid concentration

The literature data on the formation of anhy-
drides of organic carboxylic acids even at low
concentrations of mineral acids [25, 26, 33], as
well as our previous results on the behaviour of
citraconic acid in oleum [1], suggest that not only
the protonation of the acid, but also cyclization,
leading to the formation of the aconitic acid anhy-
dride, is taking place. _

In the reconstructed spectra of aconitic acid
(shown in Fig. 6) the isobestic point around 220 nm
is clearly visible, whereas the intensity of the sec-
ond band (which suggests the presence of the aco-
nitic acid anhydride) is appreciably lowered.
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Fig. 6. Reconstructed ultraviolet spectra of aconitic acid
(c=1.01-10" mol/dm®) in sulfuric acid media (from
¢ = 1 malidm®, spectrum 1, to ¢ = 17 mol/dm?’, spectrum 17)
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This shows that, at the sulfuric acid concen-
trations employed (1 — 17 mol dm™) the reaction
of formation of protonated acid is predominant,
rather than that of formation of the corresponding
anhydride.

The calculated values of the partial charges
(again, the AM1 method [35] was used) suggest
the following reaction equation:

HO._ 0 0342 HO.__0
0 0351 = 6H _ a0
H e H H IO,
OH CH
0 OH

-0,3360 OH

HO._ .0 Os_ OH

O +
- H:0 H%—\? —H }AL
0% “oH 0% o7 o

Determination of the acidity constants

The change of the absorbance value that oc-
curred when the sulfuric acid concentration was
increased made it possible to determine the values
of the acidity constants in the case of glutaconic
acid. As mentioned earlier, the Hammett's [16]
equation (1) was used for the determination of the
pKsu' values of various acids but, to the best of
our knowledge, there are no literature data for the
acidity functions when carboxylic acids are used
as indicators. Thus, the pKuy* values were calcu-
lated using other acidity functions (the amide func-
tion Hy [17,18], the function of Poul and Long
[12] and that of Bonner [13]) obtained for com-
pounds with the same protonation center as in the
carboxylic acids. We determined the values of
log I for glutaconic acid using the spectropho-
tometric data obtained at four selected wave-
lengths. These values are given in Table 1.

The dependence of log ! on H, is shown in
Fig. 7. As it can be seen, the slope parameter m is
not equal to unity, because the solvation of the
protonated glutaconic acid is different from the
solvation which occurs when indicator bases are
used for the determination of the acidity functions.
The best slope (the value closest to unity) was ob-
tained with the amide acidity function and this is
why this function was considered to be the most
adequate one.
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Table 1

Data obtained by the spectrophotometric
measurement of glutaconic acid solutions
(c = 1.09- 107 mol/dm’) in sulfuric acid media
(fromc =1 mo_l/dmj to ¢ = 17 mol/dnr’)

c(H;S04)  Axgg Aagg Asig Az

mol/dm> (99.46:38.72)° (113.8;56.55)" (84.68; 111.2)" (43.45; 125.6)

1 1.0881 1.2449 0.9264 0.4753
2 1.0886 1.2454 0.9262 0.4745
=] 1.0943 1.2508 0.9237 0.4668
7 1.0582 1.2167 0.9394 0.5157
9 1.0212 1.1819 0.9556 0.5657
11 0.9335 1.0993 0.9938 0.6843
13 0.7152 0.8935 1.0889 0.9794
15 0.4564 0.6497 1.2016 1.3292
16 0.3911 0.5882 1.2301 1.4176
17 0.4235 0.6186 1.2159 1.3 757

#Molar absorption coefficient values (& 10%/mol™'dm?) of the
unprotonated and the protonated form

Fig. 7. Dependence of the ionization ratio, I = cpy*/cp,

of glutaconic acid (¢ = 1.01-10** mol/dm®)

on the amide acidity function (Hy)

The pKgy' values, graphically obtained val-
ues [(Hx)2], and the slope values for different
acidity functions are presented in Tables 2-5.

‘When a given acidity function was used, the
pKzy' values obtained numerically and graphically
are similar (see Tables 2-5). Also, there are no
significant differences between the pKpy' values
calculated from the experimental and the recon-
structed spectra. This could be seen from the val-
ues of the standard deviation and variance pre-
sented in Tables 2-5. This is an indication that the
differences came from the influence of the solvent
i.e. from the solvation process of the molecules of
the carboxylic acids.

The thermodynamic pKgy® values and the
values of the solvation parameters m, @ and m*
were calculated using the Yates—McClelland [9],
Bunnett—-Olsen [10] and Cox—Yates [11] methods,
respectively.

The calculations according to the method of
Yates and McClelland [9] were made on the basis
of the equation

logI=—m Hx + pKgy' ]

when the values of the slope m were close to 1.

It is assumed that the acid is half-protonated
when log! = 0, i.e. when Hy = (Ha)ye. By multi-
plying the corresponding value with that of the
slope m, the pKBH+ values were obtained using the
equation:

pKpu' = m(Ha)iz- (3)

According to the Cox—Yates method [11] (the
“excess acidity” function method) the dependence
of log I — log c(H") on X was linear (Fig. 8) with
the slope value that gives the solvation parameter
m* (Eqn. 4)

logl—log c(H") = m*- X + pKzy'. 4)

&
2

25 3 §5

k=4

o
=]
i
”
n

log/-logeys
PR -
L B

X

Fig. 8. Dependence of log I - log ¢+ on X for glutaconic acid
{e= 1.01-107* mcl/dma) in sulfuric acid n}edia
(from ¢ = 1 mol/dm® to ¢ = 17 mol/dm™)

Equation (5) was used when the Bunnett and
Olsen method [10] was employed.

log I+ Hy= ¢[Hp+ logc(H)] + pKey"  (5)

The values of the correlation coefficients (re-
lated to the dependence of the log / on the utilized
acidity functions) were between 0.907 and 0.999
showing that there is a good correlation between
the values used for the determination of the pKgy"
values, on one hand, and the values of the slope
parameters, on the other hand. The values of pKgy"
obtained using different methods were close to one
another, especially when the data obtained from
the reconstructed spectra were used.

Bull. Chem. Technol. Macedonia, 25 (2), 89-97 (2006)
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Table 2 Tableys

PKgpt values of glutaconic acid in sulfuric acid

medium obtained numerically and graphically
from the experimental spectra, using the
Hammett’s equation

Hy-Poul and Long metrhod

pK (Ho)pp Slope
-4.01+0.04
s=0.04 -4.08 0.68
V=0.97

Hjy-Bonner
—-3.62+0.04
5=0.05 -3.64 y 0.72
V=131

Ha

—3.47+0.0140
s=0.04 -3.50 0.99
V=1.06

"s — standard deviation, V- variance (%)

Table 3

Pyt values of glutaconic acid in sulfuric acid
medium obtained numerically and graphically
Jfrom the reconstructed spectra, using the
Hammett’s equation

Hy-Poul and Long method

pK (Ho)in Slope
—4.36+0.03
5=0.02 -4.40 0.70
V=044 )

Hy—Bonner
—3.79+0.03
s=0.03 -3.82 0.75
V=0.73

Hy

-3.64+0.01
s=0.02 -3.66 1.03
V=0.69

“s — standard deviation, V- variance (%)

Table 4

Thermodynamic pKpy+ values of glutaconic acid
in a sulfuric acid medium, calculated from
the experimental spectra

Yates-McClelland method

pK (Hoip slope
-4.27+0.04
s=0.04 -4.32 0.75
V=0.87

Bunnet-Olsen
-2.45+0.02 :
5=0.02 -2.44 0.76
V=078

Cox-Yates

—4.09+0.03
s=0.02 —4.14 0.63
V=057

§ ~ standard deviation, V- variance (%)

laac. xes. @iexnon. Maxedonuja, 25 (2), 89-97 (2006)

Thermodynamic pKgy+ values of glutaconic acid
in sulfuric acid medium, calculated from
the reconstructed spectra

Yates-McClelland method

pK (Ho)inn Slope
—4.24+0.06
5 =0.05 -4.34 0.74
V=128 '

Bunnet-Olsen
-2.17+0.03
s=0.03 -2.23 0.78
V=129 N

Cox-Yates

-4.14+0.03
5=0.02 -4.07 0.63
V=0.62

*s — standard deviation, V- variance (%)

The obtained positive value of the solvation
parameter ¢ indicate that the solvation in the case
of glutaconic acid is more pronounced than the
solvation in the case of the Hammet’s indicators
used in the setting up the H, scale [36].

The thermodynamic protonation constant K,
was determined using the method of Seyda [14].
According to this author, the basicity was defined
as the protonation ratio [ of the standard solvent
(an acid with a concentration of 1 mol/dm’) at
room temperature and normal pressure. Using the
method of Seyda, the calculations were made with
the equation (6):

~log I = pKypp— (n + 1) log c(HA).  (6)

If c(HA) = 1 mol/dm’®, then —log I = pKypp-
It can be easily seen that pKy, is the intercept of
the straight line of the form

logI=f[-(n+ &1) log ¢c(HA)].

According to Seyda, —(n + 1) log c(HA) is the
best acidity function for a given base in acid media
which completely satisfied the Hammett's postu-
late (the slope of the linear dependence of log / on
Hy being equal to 1). The value of the thermody-
namic protonation constants of glutaconic acid
calculated by the method of Seyda [14] is 8.34.

CONCLUSIONS

The protonation process of glutaconic acid
and aconitic acid occurs in sulfuric acid media, i.e.
both investigated acids behave as weak oxygen
bases. During the protonation reaction the gluta-
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conic acid is transformed into its protonated form.
Aconitic acid is also protonated but this reaction is
followed by partial formation of the corresponding
anhydride. This is the reason why the quantitative
characterization of the protonation reaction is pos-
sible only for glutaconic acid.

The protonation process of glutaconic acid
begins at a sulfuric acid concentration of about 11
mol/dm® (Hy = -5.42) and is completed at sulfuric
acid concentration above 15 mol/dm’ (Hy = —7.82).

The numerically obtained pKgy' values are
not significantly different from the graphically ob-
tained ones if the same acidity function is used.
The pKpy" values obtained from the experimental
and the reconstructed spectra are in a good agree-
ment. The small differences that appear are a result
of the influence of the medium.

The values of the standard deviation are
lower when the amide acidity function was used.
Hence, this approach best describes the protona-
tion process, in agreement with the previous find-
ings [1-4, 17, 18].

The values of the standard deviation obtained
from the reconstructed spectra are lower than those
obtained from the experimental spectra, but the
differences are statistically insignificant.

By comparing the results for m*, ¢ and pKgn'"
in the case of glutaconic acid with those for acids
of similar type (such as mesaconic and itaconic
acid [1]), it is easy to see that in all studied cases a
correlation exists between the values of m*, ¢ and
pKgn'; the higher the value of m* is, the more
negative the pKgy" values get. This means that if
the solvation process is less favored, the basicity is
lower as well [36, 37]. On the other hand, positive
values of ¢ correspond to higher values of pKpn"
and the basicity of glutaconic acid is higher. Thus,
the basicity can be expressed using either the
pKzy' values or the solvation parameters m and @.
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