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Protein amino acids as a complete (periodic) system

Miloje M. Rako&evi¢”

Faculty of Science and Mathematics, Department of Chemistry, Visegradska 33, 18000 Nis,
Serbia (retired from 2003)

ABSTRACT

Referring to the results of previous research on the Cipher of genetic code and analogies
of genetic and chemical code — two overall complete natural systems — this paper presents
the results of the study on the most complete Protein Amino Acids System (PAAS). It is
shown that 20 protein amino acids appear to be a complete system — ordered, coherent,
and harmonic. In such a system, all chemical distinctions within the system are
accompanied by specific arithmetical and algebraic regularities, including the existence
of amino acid ordinal numbers from 1 to 20. The classification of amino acids into two
decades (1-10 and 11-20) appears to be in a strict correspondence with the balances of the
number of atoms. From the existence of harmonic structures and arrangements of AAs,
regardless of whether they are or not the constituents of the genetic code follow the
conclusions that the genetic code, through its main constituents — 20 AAs and 4 Py-Pu

bases — was complete even in prebiotic conditions.

Keywords: Protein amino acids, Amino acid code, Genetic code, Binary tree, Gray code,

Golden mean, Fibonacci series.
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Introduction

This paper is a step further in argumentation of the completeness of the system of
protein amino acids (AAs),* in the sense that it is a Mendeleevian type of system, whose
organization is based on the principles of continuity and minimum change, that is, on the
principles of balancing the properties® of its elements (within the system). In other words,
it is a coherent and harmonious system, both in biotic and prebiotic conditions. In this
case, the harmonicity is understood as the correspondence with the golden mean and the
Fibonacci series.®> As such, the system is inevitably in relation to one specific periodic
system of numbers (PSN) [Figure Al in relation to Table B5 and Figures C2 & C3],
correspondent (analog) with the periodic system of chemical elements (PSE).

,,Regarding the application of theoretical-numerical representations, even Mendeleev
considered as appropriate to look for an analytical expression for the law of periodicity,
based on theory of numbers.” (Trifonov, Dmitriev, 1981, p. 237).]

Previously we have shown that the completeness of PAAS is recognized when protein
AAs are observed as constituents of the genetic code (GC) (Rakocevi¢, 1998b; 2004a;
2011a, b; 2018a, b). In this paper, however, we are starting with a working hypothesis
(Box 1) that the same holds true when the set of 20 protein AAs is observed regardless of
their positions in the genetic code displays [in the standard Genetic code Table (Crick,

! When we say that the genetic code (GC) was complete even in prebiotic conditions, then we mean on
constituents of standard GC, the 20 protein amino acids (AAs) and 4 nucleotide bases. If within this paper
we give convincing arguments for the completeness of the system of 20 protein AAs (PAAS), whether they
are GC constituents or are just a set of free molecules independent of the positions of the AAs in the
Standard GC Table, then we provide evidence also for the completeness of the set of 4 Py-Pu bases,
according to the scenario we gave in previous work (Rakocevi¢, 2018a, Section 2, p. 32).

“The notions of balancing related to the state of the amino acid (genetic) code, as well as the conditions of
the system of protein amino acids (PAAS), will be used in the sense of Definitions 1 and 2, given in our
previous paper (Rakocevi¢, 2018a, p. 33). Under these assumptions, in this paper we consider that these
states are analogous to the same states found in the Periodic system of chemical elements (PSE), when
Mendeleev discovered the elements and interpreted their properties by the method of interpolation (Kedrov,
1997, p. 231). [Encyclopedia Britannica: "Interpolation, in mathematics, the determination or estimation of
the value of f(x), or a function of x, from certain known values of the function".]

% On determination of PSE by the golden mean and the Fibonacci series see in (Trifonov, Dmitriev, 1981)
and (Rakocevi¢, 1998a). On the determination of the protein amino acid system (as constituents of the
genetic code), also with the golden mean and the Fibonacci series, see in: (Rakocevié, 1998b; 2011b).
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1966; Rumer, 1966)*: in Gray code model of GC (Swanson, 1984) and GC binary tree
(Rakocevié, 1998b)]. In the argumentation of the working hypothesis, we consider that
the coexistence of GC with Boolean spaces (Swanson, 1984; Rakocevié¢, 1994, 1997b,
1998b)°, analogy with quantum physics (Shcherbak, 1994, 2008),° analogy of genetic and
chemical code (Rakocevi¢, 2018b) and the existence of "arithmetic inside the universal
genetic code"” (Shcherbak, 2003) are established facts.

Box 1. The statements of the working hypothesis

1. The protein amino acid system (PAAS) is an ordered, coherent, and harmonic system.
[Ordered as in Figure 1 in this paper; coherent as in (Rakocevi¢, 2011a, b); harmonic as
in (Rakocevi¢, 2004a); with the expectation that all three attributes are applying, while
when the protein amino acids are not positioned in the genetic code then they are freely

present in the world of molecules.].

2. The order of PAAS is also expressed through the existence of the order of AAs from
the first to the 20™ [The order according to the logic that each subsequent molecule is

similar to the previous one.].

3. "The Little Gauss' algorithm™ (Rakocevi¢, 2011b, p. 833) is contained in the Periodic
system of numbers (PSN) (Fig. Al)- it is a modified algorithm of "Little Gauss", in the

sense that not the numbers are going from 1 to 100 but from 1 to 101. This phenomenon

* The sense of deviation, that is of the degree of freedom in deviation from the standard GC as in:
(Rakocevi¢, 2018a, Box 2, p. 41). Under the same "degree of freedom" we can now include the "21th" AA
Selenocysteine (encoded by the UGA codon found in every domain of life on Earth), as well as the "22nd"
AA Pyrrolysine (coded by UAG in Archaea), and we will not consider them within these considerations.
Because they are encoding by stop codons, they do not disturb the order within the system of standard
protein AAs. It is quite certain that it makes sense to investigate the possible completeness, coherence and
harmony and for the system of "22" protein AAs, as well as the trend towards completeness; also makes
sense to investigate the completeness of other potential biomolecular systems (Kosti¢ et al., 1998 a,b, pp.
189-194; 195-200).

® Rakodevié, 1998b, p. 46: “Swanson (1984) has shown that ‘the genetic code is almost an example of a
Gray code... an example of minimum change binary code’ ... If so, then the genetic code can be
represented in the form of a binary-code tree, according to the natural numbers sequence 0-63”; Rakocevic,
1994, p. 36: ,,The basic concept from that we start is the Boolean logical square. This square exists within
Gray code model of genetic code, [which] code can be per se developed in two types of the binary tree: (1)
the binary tree which keeps the logic of the Gray code. ... (2) the binary tree with the logic of natural
numbers series”’; Rakocevi¢, 1997b, p. 5: ,,Boolean spaces are the main determinants and invariants of the
genetic code®.

® For details about analogies of genetic code and quantum physics see in preprint form of paper (Rakogevié,
2018b), OSF Preprints, DOI: 10.31219/osf.io/mxecj (created on October 07, 2017).
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was the only analogy that could be found in relations to results in previous three works
(Rakocevi¢, 2006; 2011a,b); however, it can now be shown that this arrangement is

"taken off" from the PSN (the right picture in Figure 1 in relation to Figure Al).

4. PAAS correspond with PSN [It refers to the correspondences mentioned in the
preceding paragraph, but also to others that is first shown.].

5. The pattern 35-36-61 in the chemical code refers to the number of unstable and stable
elements respectively in a set of 61 multi-isotopic elements; and in the genetic code refers
to the number of codons encoding less and more complex AAs respectively in a set of 61
amino acid codons; and is also valid for the number of atoms in the PAAS [As stated, and
what we found in Darwin's diagram (Rakocevi¢, 2015), i.e. in his "computer program”

(first two columns in Table C1 in relation to the third quadrant of Table C2].

6. PAAS corresponds to the uniqueness of the six-bit binary tree and correspondent Farey
tree (both trees in: Rakocevi¢, 1998b, Figures 1 & 2, pp. 284-285) [The uniqueness of the
six-bit tree is in its horizontal and vertical mirror symmetry; it is the first and only
possible binary tree with one mirror (010/101), as shown in Figure 2 and Figure A2, on
the left. Notice that the mirror symmetry for the binary records on the genetic code of the
binary tree (Rakocevi¢, 1998b, Figure 1, p. 284) is a face to back, while for the amino or
oxo functional groups is a face to face: amino vs. amino and oxo vs. 0xo group, in reading
the binary tree on the left half: from left to right, and on the right half: from the right to
the left; the same logic — amino vs. amino and oxo vs. oxo is valid in reading two
Rumer's octets of nucleotide doublets (Rakocevi¢, 2018a, Table 2A, p. 34). Notice also
that the comparable position (,,terminal position®) of the functional group must be the

amino group in adenine because it does not have an oxo group.]’.

7. PAAS is (evolutionarily) generated through the unity of the mirror symmetry of the
AAs and the mirror symmetry of the correspondent numbers [It is shown that the mirror
symmetry 2 vs. 5 (010/101) mapped from the six-bit binary tree to the standard Genetic

" “The four [bases] are mutually distinguishable by three main characteristics: the type of base (purine, Pu,
or pyrimidine, Py); the type of functional group in terminal position (position 6 in purine, position 4 in
pyrimidine) — either oxo or amino; and the number of hydrogen bonds linking them in the system codon-
anticodon” (Rakocevic, 1988, p. 112).
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code Table (GCT) has a quantitative meaning of the number of atoms (Table 3 in relation
to Table 7 and Figure 2).].

8. PAAS corresponds with the uniqueness of the decimal number system [The uniqueness
of the decimal number system: the 9 non-zero digits correspond to the Cantor triadic set:
123 / 456 / 789, which quantities we found as natural entities (Rakocevi¢, 2018a, Fig. 4
and Rakocevi¢, 2018b, Equations 1 & 2 and Table 4). Notice that the generation of a
binary tree represents ipso facto a permanent correspondence with the Cantor triad set.)
On the other hand, the decimal number system is the only one that has a direct connection
with the golden mean (Table B6, the second row where we find the original golden
triangle, whose one cathetus is the square root of number 5. Thus, the first cathetus a =
q/2, the second cathetus b = 2 and hypotenuse ¢ = 3 = ®* + ¢* (Table B6 in relation to
Table Al, second column).

9. PAAS corresponds with the uniqueness of the golden mean and the Fibonacci series of
numbers. [This statement applies to PAAS when it is a component of the genetic code we
have shown in several papers; we mention now only two (Rakocevi¢, 1998b, 2004b).

Here, however, we show that this fact applies to PAAS, regardless of the genetic code.]

The procedure for proving the working hypothesis will be realized by presenting the
relevant facts in the two main segments of this paper: in the Preliminaries, we give new
aspects and new knowledge about the previously presented arrangements of the AAs
within the GC and/or outside of it, while in the Section "New insights” we provide new

insights into the universal completeness of PAAS.

Preliminaries

Already the act of mapping the Gray code model from "A unifying concept for the
amino acid code" (Swanson, 1984) into a binary code tree (Rakocevi¢, 1998b, Figure 1,
p. 284) was a hint of the existence of a complete — ordered, coherent and harmonious —
system of protein AAs. [The Gray code model as in Figure C2, down on the left.] And
when, with this act, the sequence of "golden™ AAs, existing on positions ¢° to ¢°, on the
binary code tree, the sequence (G-Q-T-P-S-L-F), was transmitted in a sequence of
Mendeleevian order, according to the growing masses of amino acid molecules: (G-S-T-
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P-Q-L-F) (Rakocevi¢, 2011b, Fig. 6, p. 832), then PAAS was obvious (Figure 1 in this
paper) (Box 2).

SIF 14 15 Y
4 L 13 Cos Pos 41
3 Q 1 08 N
> P 08 13 | Kis Nog, Vio
1 F1a Hig /13 7
1
> G 01 10 V 91 81 GI"
3 D o7 10 E Pl 2
4 K 15 17 R
sTH 11 18 W

ST MC (1 step)

AL KR (2 steps)
DE QN (1 step)

Figure 1. The left picture: Cyclic Invariant Periodic System (CIPS) of AAs (Rakocevié,
2011b, Fig. 6, p. 832). The right picture from Rakocevi¢ (2011b, Fig. 9, p. 834) (Box 2).

Box 2. The explanation of Figure 1

In Figure 1, the left picture from Rakocevi¢ (2011b, Fig. 6, p. 832): "The Cyclic Invariant
Periodic System (CIPS) of canonical AAs: 1) at the inner side — the atom number within
amino acid side chains; 2) in the middle position there are chalcogen AAs (S, T & C, M);
3) follow - in next ‘cycle’ — the AAs of nonalanine stereochemical types (G, P & V, 1); 4)
then two double acidic AAs with two their amide derivatives (D, E & N, Q), 5) the two
original aliphatic AAs with two amine derivatives (A, L & K, R); and, finally, 6) four
aromatic AAs (F,Y & H, W) — two up and two down. The mentioned five classes belong
to two superclasses: primary superclass in light areas and secondary superclass in dark
areas. Notice that each amino acid position in this CIPS is strictly determined, and none
n8

can be changed".” New comment, for the left picture: Within “2-3-4-5" rows above plus
CM from "1" there are 102 and within "2-3-4-5" down plus ST from "1™ also 102 atoms.

& Rakodevi¢, 1998b, p. 289: "Within seven ‘golden’ amino acids (within side chains) [GSTPQLF] there are
60 atoms; within their seven complements [VCMINAY] there are [60+(1x6)] and within six non-
complements [DE, KR, HW] there are {[60+(1x6)]+(2x6)} of atoms. [Notice that the differences are 1x6,
2x6 and 3x6 which means realization of minimum change principle and continuity principle at the same
time."]
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The right picture from Rakocevi¢ (2011b, Fig. 9, p. 834): "Dark tones: Class | of amino
acids handled by class I of enzymes aminoacyl-tRNA synthetases [except T]; light tones:
Class 11 [except C]." New comment for the right picture (about exceptions C & M) is
given in footnote 9.

New comment for both pictures: going from left to the right picture it is evident that
chemically related groups of AAs come down for 0, 1 and 2 steps, respectively; for zero
"steps” in aromatics FY-WH; for one step in chalcogen AAs ST-MC and in carboxylic
DE-QN (carboxylic AAs D & E in relation with their amides N & Q); for two steps in
AL-KR.

In support of the completeness of the system on the left picture goes also the splitting
according to the ratio 8:12 (2:3) in molecule number: (FYLA + KRHW = 107 atoms);
(QNPI + TMSC + GVDE = 97 atoms). In support of the completeness of the system on
the right picture go also the relations within the set of 16 AAs of alanine stereochemical
type, the balanced relations between rows and columns:

. (STLA + KRQN = 81) (LA+MC+QN+WH = 81); LAQN =4 x 9 = 36; STKR = MCWH =5 x 9 = 45

Il. (DEMC + FYWH = 91) (ST+DE+KR+FY = 91); DEFY = 36+10 = 46; MCWH = STKR=5x9 =45
(The cited previous papers available in www.rakocevcode.rs)

The determination of the amino acid (genetic) code with the golden mean leads to the
CIPS (Cyclic Invariant Periodic System) (Figure 1, the picture on the left), in which the
positions of five classes of AAs are strictly determined, two in the less complex and three
in the more complex superclass: 1. (SC-TM), 2. (GV-PI), 3. (DE-NQ), 4. (AL-KR), 5.
(FY-HW); less complex in the 2" and 4™ class and more complex in the remaining three
classes (1%, 3" and 5™), with the following distinction within the side chains of two super
classes: H, C, N/ N-O, O, S plus aromatic AAs.

As we can see, the CIPS is indeed a complete amino acid system, but AAs positions
within the genetic code determine it, and according to our working hypothesis it must be
a Mendeleevian type of system, in which AAs are ordered from the first to the last, the
20™ amino acid. This condition is fulfilled in certain percentages by the arrangement of
the AAs that we find on the right picture of Figure 1 as if it was mapped from one of the

PSN diagonals. (In PSN, Figure Al, this diagonal is in black tones.) At the same time,

7
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this arrangement is identical to the arrangement presented on the right picture of Table
B1, if the quartets of the AAs are read in a circular direction (as in the Gray code model
within Boolean spaces): STLA, DEMC, KRQN, FYWH. Both these mappings, to some
extent, confirms the statements of the working hypothesis: 1, 3, and 4. We say "to some
extent” because we still do not have the order of AAs from the first to the last, but we
have arrangements of AAs in which their positions are independent of positions in GC
(the right picture of Figure 1 in relation to the right illustration in Table B1). [The left
illustration of Table B1 also shows the correspondence with the pattern 25-36-61, as it is

presented in the legend of Table B1.]

It is noteworthy to mention the fact that in all presented AAs pairs, in right picture of
Figure 1, the first member, as a smaller molecule, belongs to the class Il of AAs, handled
by class Il of enzymes aminoacyl-tRNA synthetases, and the second to class I. The
exceptions are only T and C.° [About two classes of AAs, handled by class | & Il of
enzymes aminoacyl-tRNA synthetases see in: (Wetzel, 1995) and (Rakocevi¢, 1997a);

also, in Box 3 in this paper.]

Box 3. Aminoacyl-tRNA synthetases

There are two classes of aminoacyl-tRNA synthetases. Class | consists of synthetases
with two highly conserved sequence motifs, which aminoacylate at the 2'-OH of an
adenosine nucleotide, and they are usually monomeric or dimeric (one or two subunits,
respectively). Class Il of synthetases contains three highly conserved sequence motifs,
and they aminoacylate at the 3'-OH of the same adenosine, and they are usually dimeric
or tetrameric (two or four subunits, respectively). Although phenylalanine-tRNA
synthetase belongs to a class Il, it aminoacylates at the 2'-OH. Within the standard
genetic code’s Table it does not follow a full distinction of AAs in relation to two classes
of the aminoacyl-tRNA synthetases (Wetzel, 1995, Fig. |, p. 546), but within the "Codon
path cube” it follows with only one exception (Rakocevié, 1997a, Fig. 1, p. 646).

° The 18 AAs are built with four elements, one from the first (H), and three from the second period of PSE
(C, N, O). The remaining two AAs have one element more (sulfur). These two sulfur AAs (C-M) have
exactly two chemical analogues among the previous 18 AAs (S-T). It would be expected that in both cases,
the smaller molecule belongs to Class Il, and the larger to Class I; however, this is not the case: a stronger
hierarchy (among periods) has the advantage: S-T, which do not reach the third period belong to Class II
and C-M, which can be achieved belong to class I.




Chemia Naissensis, Vol 2, Issue 1, RESEARCH ARTICLE, 1-43

Presented classification of AAs within CIPS into classes and superclasses (left picture
of Figure 1), in correspondence with two classes of aminoacyl-tRNA synthetases, can be
continued further to obtain subclasses and families. Such a sophisticated classification
can be useful in analyzing the structure and classification of proteins (Rakocevic, 2011b,
Figure 7, p. 833).

However, apart from the all above, we are now able to present new balances in CIPS.
In Survey 1 it was shown that they have the meaning of the distinctions not only of the
half the number of molecules vs. the second half, in systems and subsystems (in the ratio
1:1), but also of the distinctions with the ratio 4:6 or 6:4 which means 2:3 or 3:2 (Tables
B1, B2 and B3 in relation to Table B6). The ratio 2:3/3:2 we find in the second row of
Table B6, containing the system of the generalized golden mean; also 2/3 is the harmonic
mean of a whole and its half, and 3/2 also represents the limit of “"golden numbers"
(Moore, 2004, p. 211.)*°

Survey 1. The relationships within two systems presented in Figure 1

(FLQP 46) + (MCVERW 71) = 117
(YANI 40)+ (TSGDKH 47) = 87 (11+91 = 102) (21+81 = 102)
(31+71 = 102) (41+61 = 102)
(FLQP  46) + (YANIMC 56) = 102 | (PR 51 ... 101
(WREV 55)+(TSGDKH 47) =102
102 £1
[(46 + 55=102-1) (56 + 47 =102+1)] [(56—55=1) (47 —46=1)

The left area in this Survey (Survey 1) is related to the left picture in Figure 1, and the right
area to the right one. The members of AAs pairs are symmetrically distributed (F-Y, L-A,
etc.). See details in the text.

As it is self-evident (from Table B6), in the special case of generalization, the order

values of generalized golden mean are related to the series of natural numbers (0, 1), (1,

19 Except of direct relationship of 2/3 (Tables B1 & B2) with the golden mean (Table B6, 2nd row), there is
an indirect relationship in the following sense. In the cases presented here: 4 AAs vs. 6 AAs. But this is at
the same time the 3/2 ratio as: 6 AAs vs. 4 AAs, and it is known that 3/2 represents "the limit of the golden
numbers" (Moore, 2004, p. 211: “Our concern here is the study of the sequence {g,} of “golden numbers”.
A computer analysis of this sequence of roots indicated that the odd-indexed subsequence of {g.,} was
monotonically increasing and convergent to 3/2 from below, while the even-indexed subsequence was
monotonically decreasing and convergent to 3/2 from above”).

9
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2), (2, 3) etc., and to Huckel rule at the same time (the right illustration in Table B5: the
first column in relation to the far right column); also to the squares of natural numbers
sequence: (1, 2), (2, 3), (3, 4), ..., when they correspond to the balance "11" (Table Al).

Table 1. The order of protein amino acids based on two classes
aminoacyl-tRNA synthetases

G o1 | B G o1 10 V
S 05 |14 2 105 C
T Sl M S 05 05 C
- 08 11
P 13 1 T M
P o8 1 |
A 13 L
13 L
D 10 E 10 E
N 11 Q ) ]
K 17 R N 08 11 Q
- 4 5 7
H - 18 W K B : R
25 33 18 W
F 14 15 Y i )
- - 15 Y
Left/ right 81 /123
zigrag 102=1 61/ 36 /(36+10) [20 =25+
(GSTP 22)+(LEQRWY 84)=107-1
(VCMI 39)+( NK 59)=97+1

The left illustration of this Table (Table 1) follows from Rakocevi¢ (1998b, Survey 4, p. 290):
,,On the first (full) zigzag line, there are 102+1 atoms whereas on the second (dotted) line there
are 102—1 atoms. The arithmetic means for both: 102+1. Class Il handles the smaller amino acids
within the pairs (on the left), whereas class | aminoacyl-tRNA synthetases handled the larger
amino acids (on the right).“ The right illustration is a new arrangement for this paper. See details
in the text.

Now we go back to CIPS (left picture of Figure 1 in relation to Survey 1). When the
first four of the AAs from the first column are added to six of the AAs from the second
one, and vice versa (Figure 1 in relation to Survey 1), in these groups of AAs the number

of atoms corresponds to the quantities indicated between the fifth and sixth row of Table

10
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A2: 87 as (97 — 10) and 117 as (107 + 10)™ [Notice that 87 = 86 + 01]. Here, it is
particularly interesting the fact that only two sulfur AAs (C & M) appear as a tongue on
balance: by moving them from one subgroup to another, the balance 87: 117 turns into a
balance of 102: 102. [In the side chains of 20 standard AAs there are 117 hydrogen and
87 non-hydrogen atoms (Sukhodolets, 1985; Rakocevi¢, 2011b, Table 7, p. 830).]. But
the balancing also exists when the distinctions from the state 4 vs. 6 AAs, or 5 vs. 5 (in
the shaded and non-shaded space) go on and in a different way as shown in Tables B2 &
B3 and the accompanying Survey B1. In doing so, the quantization from the ratio 87: 117
goes to 97: 107.

In the left part of Figure 1, we see also that at the center of the CIPS system, there is a
subsystem with high molecular diversity. Two and two AAs of non-alanine types (G-P
and V-1) have "captured” the only two sulfur AAs (with sulfur existing in the third period
and the sixth group of PSE: cysteine and methionine) and their two oxygen analogues
(existing in the second period and a sixth group of PSE: serine and threonine). Realizing
that here we have a Mendeleevian order (continuity and minimum change in atom
number) with glycine in front: G-S-T-P, it makes sense to bring it in connection also with
Mendeleev’s based subsystem of the remaining 12 AAs of alanine type, led by alanine
and presented in left picture of Table B1. [The only change in this process of connecting
the two subsystems is that C and T exchange their positions.] The two subsystems thus

connected give a new system, presented in Table 1.

The left illustration in Table 1 was firstly published in 1998, and then in 2004
(Rakocevi¢, 1998b, Survey 4, p. 290; 2004a, Fig. 1, p. 222). With all provided
information there, we now show distinctions from the aspect of division into 4: 6 amino
acids. The illustration on the right side of Table 1 shows that the pattern 25-36-61 is
really "played” here, which we already had with the genetic code and chemical code

(Rakocevi¢, 2018a and 2018b). On the right side is the first-class of amino acids, and on

1 Relationships with quantities 97/107 we can find in all essential arrangements of AAs: Table 1 & 2,
Tables B2 & B3, and Survey B1.
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the left side is the second class of amino acids.'? Each molecule from the second class is

smaller than the paring member in the first class.

At the bottom of the first class, there are four amino acids in which there are exactly
61 atoms, and at the top, there is the amino acid quartet which, together, with their in the
second-class partners (total of eight amino acids) together also have 61 atoms. The two
quartets in the right column are separated by a doublet L-E, while in the left column the
quartet A-D-H-F is splitting into doublet A-D and doublet H-F; the H-F exactly with 25
atoms, and A-D with 11 atoms; a total within the quartet of 36 atoms. In two "breakable™
doublets (diagonally connected) there is 23+23 = 36+10 atoms. Altogether exactly as it is
predicted by working hypothesis (statements 4 & 5), and showed in Table A2 (the fifth

and sixth row).

New insights

From a chemical point of view the first step of classification of protein amino acids
(AAs), must be the classification into aliphatic and aromatic AAs, where on a
hierarchical scale of changes by similarity and complexity, aliphatic AAs must precede
the aromatic. For the same reason of the chemical hierarchy, within the class of aliphatic
AAs at the beginning must be the hydrocarbon AAs (possessing in the side chain carbon
and hydrogen, or hydrogen only, in the case of glycine), and at the end two sulfur AAs,
quite different from preceeded non-sulphuric AAs. It means that two sulfur AAs (as the

last in the class of aliphatic amino acids) must be found in direct contact to the aromatic.

Full certainty

In the further course of the sequencing of AAs, in terms of changes by similarity,
from the aspect of the AAs singlets and/or doublets, i.e., pairs, the appropriate
distinctions in three areas should be considered: hydrocarbon, aromatic, and those

between them. In the set of aromatic AAs, Phe came the first, as the simplest, followed

12 The class | is realized by AAs handled by class I, while class Il is realized by AAs handled by class II of
enzymes aminoacyl-tRNA synthetases, respectively.

12
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by Tyr, and Trp, all three with possession of a benzene ring.*® At the very end ultimately
must be His, the only one which does not possess the aromatic benzene ring (Table 2 in

relation to Survey 2).

In the set of hydrocarbon AAs, at the very beginning must be Gly as the simplest AA,
followed by Ala as the first possible case of hydrocarbon series with an open carbon
chain. At the same time, for chemical reasons, it seems that Gly-Ala can be considered as
a pair of AAs. Then comes the par Val-Pro, both with three carbon atoms in the side
chain, rather than Leu and Ile with four carbon atoms. Val with half-cyclic chain precedes
Pro. [On the relations between valine and proline, such that the valine is bound by the
vertices, and the proline by the side of the isopropyl "triangle” for the amino acid

functional group, see in (Rakoc¢evi¢ and Joki¢, 1996).]

Order uncertainty

After the pair Val-Pro, it follows the pair Leu-Ile or Ile-Leu? One possible solution is
that lle precedes leucine (Table 2) because it has already been demonstrated that lle
chemically best suits to the proline (Rakocevi¢ and Jokié, 1996, Survey 1.2), and in
addition it is a derivative and pairing-member of valine within a set of only two AAs of
the valine stereochemical type (Rakoc¢evi¢ and Jokié¢, 1996; Rakocevi¢, 1998b, Survey 4,
p. 290). In this solution, lle has the status of “the first and only" possible derivative, the
valine derivative, from the aspect of the change at the end of the valine side chain ("non-
standard™ hydrocarbon amino acid in the set of 20 AAs due to the above-mentioned
"triangle™ in the amino acid side chain); and the leucine has the status of "the first

possible case" from the aspect of hydrocarbon chain branching.

B3 In fact, it is a toluene ring, as a condition of belonging to the alanine stereochemical type, with one CH,
group between the "head" and "the body" of amino acid molecule (Rakocevi¢ and Joki¢, 1996. [The 16
AA:s of alanine stereochemical type; the 04 AAs of non-alanin stereochemical types: glycine type with only
glycine, proline type with only proline and valin type with valine and isoleucine (Popov, 1989; Rakocevié
and Joki¢, 1996).]
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Table 2. The order of protein amino acids based
on chemical similarity

() G o1 _ .08 N (I1)
() A 04 > 07 D (12)
@v 10l e s 3
4 P o8 \\ 08 T (14)
(5) 1 13 05 C(15)
6 L 13 <> 11 M (16
MK 15 F (17)
8) R Y (18)
©) Q W (19)
(10) E H (20)
102 102
©7) 511 5141 (107)
In both columns: odd 50; even 52
(— 102) (... 102)

The 20 protein AAs are arranged into two decades in accordance to ordinal amino acid
number, 1-10 and 11-20; the numbers presented outer: the ordinal numbers 1-20; the numbers
presented inner: the number of atoms within side chain of the responding amino acid. In red
color AAs handled by class I aminoacyl-tRNA synthetases. In both columns: odd 50 and
even positions 52 atoms. Within two decades there are 120 atoms in each; in both zigzag
lines also 102 and 102 atoms. First four plus six last equals 97/107 respectively [(GAVP) +
(CMFYWH) = 97] [(NDST) + (ILKRQE) = 107][VILRQE = CMFYWH = 74] [GAPK =
NDST = CMYW = 28][(1 x 74 = 74) (3 x 28 = 84)]. See details in the text.

Another possibility is that Leu precedes the isoleucine to the following logic and
chemical similarity: In the relation of Val-Pro vs. Leu-lle, the Leu chemically
corresponds more to valine and lle to proline (Table B4). "Paradoxically,” there is a
change of status: now Leu has the status of "the first and only"” possible derivative, in a
set of only two AAs, in the pair of Val-Leu, where happens the splitting into the valine
and alanine stereochemical types. In doing so, the derivation occurs at the beginning of

the valine side chain, in contact with the amino acid "head", i.e., amino acid functional
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group. [This uniqueness of the two-member set also follows from the above said
uniqueness of the isopropyl group "triangle”.] On the other hand, lle gets now the status

of the "first possible case” from the aspect of the branching.

However, this "paradox™ should not be surprising. If the analogy with quantum
physics is already on the scene, then this kind of analogy with Heisenberg's uncertainty

principle can be expected.

The "between" area

Finally, it remains to determine the chemical distinctions of AAs in "between™ area.
We have already said that sulfur amino acid pair, Cys-Met, precede aromatic amino
acids. As chalcogen AAs, they must be in contact with other two chalcogen amino acids,
Ser-Thr. By this, the contact has to be made via Cys because it possesses SH group,

correspondent to OH group in Ser as well as in Thr.

It is to be understood that a pair of oxygen AAs with the hydroxyl (OH) functional
group in side chain must be in contact with a pair of two also oxygen AAs, but which
possesses the carboxyl (COOH) functional group: Asp-Glu. However, the problem is that
both of these two AAs have their amide derivatives (Asn-Gln) and it is not easy when

determining the distinctions, which here proceeds and which follows.

It turns out, however, that the problem is easier to solve when returning to the
beginning, in the area of hydrocarbon AAs, to the "point™ of the pair lle-Leu. Further
must follow the pair of nitrogen derivatives, Lys-Arg, and Lysine must come first with
four carbon atoms in the side chain, which number is also valid for Leucine; and then,
with the validity of both principles — the continuity and minimum of change — comes
Arginine with three atoms (not counting carbon atom in the guanidino group). Then,
chemically speaking, it is very natural that after Arginine comes GlIn with its precursor,
the glutamic amino acid, both (GIn-Glu) with two carbon atoms in the side chain; it is
natural indeed that, in terms of chemical similarity, after 3C atoms occurs changes into
2C atoms, better than into 1C atom, like in the pair Asn-Asp. [As in the case of the

guanidino-functional group in arginine, no carbon atom is counting in the carboxylic or
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amide functional group.] With this, chemical sequencing of series of 20 AAs closes,

starting from the first, glycine, and ending with very different histidine (Table 2).

Survey 2. The relationships in the system presented in Table 2

GAVP 23 VILROQE 74/ CMYW 49 — 123
CMFYWH 74 (97) GAPK 28 / NDSTFH 53 — 81

ILKRQE = 79 74 + 53 =127
NDST =28 (107) 49 + 28=77

(GAVP 23) + (NDST 28)=51x1
(ILKRQE 79) + (CMFYWEH 74) = 51x 3
(23 +79=51x2)/(28+74=51x2)

The Survey (Survey 2) presents the relationships in Table 2. The key results appear to be in
relation to the quantity 97 which follow from the pattern 25-36-61 [(25+36 = 61) (61+36 =
97)]; the adding as in Fibonacci series; cf. Table A2 rows 5 & 6); other balance quantities:
102 and 51 as the %2 and ¥4 of quantity 204 as the total number of atoms within 20 amino acid
side chains. [Rakocevi¢, 2004a, a legend to Fig. 1, p. 222: “within AAs (side chains) in class
Il there are 81, whereas in the class | the 0123 of atoms. Notice that 81 (as 9 x 9) is the first
possible (zeroth) arithmetic square in module 9, and 0-1-2-3 is the first possible (zeroth)
logical square (as 00-01-10-11).”]

The main result

The main result of this pure chemical sequencing of AAs, presented in Table 2, shows
that these chemical distinctions are accompanied by specific arithmetic regularities,
including the existence of amino acid ordinal numbers from 1 to 20, with two decades (1-
10 and 11-20); and also shows the full balance of the number of atoms in the 20 amino
acid molecules: 102+0 atoms in two decades, as well as on two zigzag lines, where such a
system with two zigzag lines represents the first possible periodic system with two

periods.

There is also another result, also directly "taken up" from the Periodic system of
numbers (PSN), which simultaneously corresponds to the unique situation in the PSN
(Figure A1) and the number of atoms in 20 AAs: 26-42-59-77, within side chains of 4 x 5
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of AAs which grouping follows from four amino acid diversity types** (Rakocevié,

2011b, Figure 3, p. 828). Since these four results are obtained from the "center” of the
PSN, it makes sense to compare them with four results obtained from the diagonal of the
same system, presented in the right picture of Figure 1 (Equation 1). By this, it makes
sense to assume that the quantities "2" and "5" should be understood in the same manner

as in Figure 2 (as well as the quantities "1™ and "6"), ,,taken up” from the six-bit binary

tree, as shown in Equation 2 (in relation to Figure C3).

31 41 61 71
5 1 2 6 — (54 2=1+6=T) . (1)
26 42 59 77
5 6
101 110 (101 + 010 =111) (2)
010 001 (110 + 001 =111)
2 1
D2 20 Figure 2. The arrangement is "taken off" from
11 11 the Periodic Number System (PNS, Figure
13 31 Al), from where the significant diagonal
11 11 connects with the initial triangle in Boolean
24 42 space: 0,1,2 (000, 001, 010). On the left side
(19) (19) (shaded) there is a doubled sequence 0-1-2,
11 16 61 connected and superposed with its mirror
11 11 image. Following the logic given in statement
00 05 50 6 of the working hypothesis (Box 1), it makes
sense to add the "2" and "5" quantities in the
— — best balance relations. The numbers 02, 13, 24,
16, 05 are obtained, and their mirror image in
the tenth step, as shown in Table A3.
Y (Gi+AfHCs+NgtPg = 26);  (Ss+D4Te+QutHy =  42);  (YistMyu+E+Vigtlyy = 59);

(WigtR7+F4+113+K s = 77). These four sets of AAs follow from four amino acid diversity types (see

explanation of Table 6 in Box 4).
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Table 3. The order of five quartets of protein amino acids following from Table 2 (1)

[72 (78 —6)] [12 x 6]

G(01) A(4) N(@©8) D(07) — 20

08) S(05) T(08) — 31
1(13) L1 05) M(11) _ 42
K(15) R(17) F(1 15) 61
Q(11) E(10) W(18) H(1 5 50

51-1 51+1 51-1 51+1
[132 (2 x 66)] [22 x 6]

This Table (Table 3) follows from Table 2 and PSN (Figure Al), from a doubled starting
triangle from the top of the last column; triangle switched with its mirror image and
superimposed: (00-11-22 / 22-11-00 — 00-11-22-11-00 (Table 2 and Table A3). Now we can
see that with this arrangement the distinctions and classifications of protein AAs follow
another multiplication of number 6 more than was found in the golden mean determination of
CIPS (see the legend of Figure 1). Together with the results: (10 x 6 = 60), (11 x 6 = 66), (13
X 6 = 78), we now have the result (12 x 6 = 72). There is still no result (14 x 6 = 84), so if it
will occur, then — bingo, the only mirror logical square in the series of natural numbers is
reached, also included in Darwin's "computer program™. [On the only Darwin’s diagram in
his famous book Origin of species, we see that at the top of the branch "m", between the
written numbers 10 and 14, the positions of unwritten numbers 11, 12 and 13 are also
indicated (Figure C1).]
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Table 4. The order of five quartets of protein amino acids following from Table 2 (1)

120 (2 x 60) [20 x 6]

G(1) A(4) N(@©8) D7) — 20

(10) P(08) S(05) T(08) _ 31
(1 13) C(05) M(11) _ 42
K(15) R(1 (14)  v(15) . 61
Q(11) E(10) W/ (1) - 50

51-1 51+1 51-1 51+1
84 (78 +6) [14x 6]

In this Table (Table 4), all is the same as in Table 3, but with the diagonal one step lower.
The colors are used to indicate the AAs that are repeated in the "84 atoms" and "120 atoms"
quantities in Table 5. From that crossing a specific amino acid distinction follows: at the
beginning of dark area the 8 AAs (G, A, V, P, L, N, D, S) as the first possible cases, and at
the beginning of light area the 2 AAs (I, K) as "non-standard” AAs: lle, as the only one
derivative within the valine stereochemical type, and Lys as the fourth case, instead of the
first as in the Ser and Cys case. In the light area follow the 4 AAs (Q, E, R, W) as the second
(GlIn, Glu) or different (Arg, Trp); in the dark area follow the 6 AAs (C, M, F, Y, H, T), two
sulfur, three aromatic and one with hydroxide functional group. (Cf. legends of Tables 5 &
6.) [It is possible to see the "rotation™ in the Ile-Leu pair, depending on which precedes, and
which follows in PAAS, presented in Table 2, what is explained in the Section "Order
uncertainty”.]

Table 5. The order of five quartets of protein amino acids following from Table 2 (111)

[84 (78 + 6)] [14 x 6]

G(01) A(04) N (08) 520
V(10) P(08) S 8) 3
1(13) L 05) M(11) 5 42
K (17) F(14) Y(15) > 61
Q(11) E(10) W(18) H(11) - 50

51-1 51+1 51-1 51+1
[120 (2 x 66)] [22 x 6]

In this Table (Table 5) all is the same as in Table 3, but with the opposite diagonal in relation
to diagonal in Table 3, and colors as in Table 4.
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Survey 3. The balance relationships between the arrangements in Tables 4 and 5

IK QREW
GV IK APLNSD

GVAPLNS CFD TMYH
QRE CEFWIMYH

IK 28 + QREW 56 =84
IK 28 + GVAPLNSD 56 = 84

GVAPLNSD 56 + CFTMYH 64 =120
QREW 56+ CFTMYH 64 = 120

[(7x4=28)(7x8=56)(8x8=64)] [(6x 14 =284) (6x20=120)]
(120 - 84=36=6x6)

204
204
120 132 72 84
] 6 | 6 ]
X X x X
20 22
10 11 |12 |13 (14
X X X
6 5] 5]
60 66 78 — 204
1x6 2x6
Ix6

Figure 3. The multiplication of number 6
found in arrangements of AAs in Figure 1
and Tables 3, 4 and 5: the multiples of 10,
11, 12, 13, 14. (The unique sequence as in
Table A4 and in top of Darwin’s Diagram
(Figure C1: m'® — m™).

Table 6. New splitting within the arrangement presented in Table 2

[y G o1
@ A 04

AAs: [(229), (4s6),

08 N (1)
07 D 2)
05 S a3)

18 W 19

(664). (856)]

G o 11 H 12
A 04 18 W | 22
VvV 10 15 Y | 25
P o8 14 T 22
L 13 11 M | 24
I: 13 0s C 18
K 15 o8 T | 23
R 17 05 S 22
Q 11 07 D 18
E 10 o8 N | 18

Atoms: 12-18-22—-(24x 3)
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Box 4. The explanation of Table 6

The left illustration in Table 6 follows from Survey 3 and Table 4, while the right
illustration follows from Table 2 by rotating the second decade by 180 degrees. [This
rotation process is a kind of cyclization; thus, the amino acid arrangement in Table 2 we
can call CIPS 11 versus CIPS I in left picture of Figure 1.] The left illustration contains
the result of the crossing of Table 4 with Table 5. Four "new types" of amino acid
diversity, comparable to those previously found (Rakocevié¢, 2011b), were obtained. The
new types: [(G, A, V,P,L,N, D, S); (C,M,F, Y, H, T); (Q, E, R, W); (I, K)]: the 8 AAs
as the first possible cases; the 2 AAs as "non-standard” (as it is explained in the legend of
Table 4); the 4 AAs as the second (GIn, Glu) or different (Arg, Trp); the 6 AAs, all the
same as the 6 AAs in the "old types" of diversity (Rakocevi¢, 2011b), all but one, Thr
instead of Trp. [Thr is the only "black sheep™ in the set of 16 AAs of the alanine
stereochemical type, given that one of its hydrogen atoms in the CH, group, between the
head and the body, is replaced by one CHj3; group; on the other hand, Trp is the only
"black sheep™ in the set of aromatic AAs, having two rings.] "Old type": [(G, P); (A, L,
V,D; (C,M, F,Y,W, H); (R, K, Q, N, E,D, T, S)]: the 4 hydrocarbon AAs; the 2 as
different, "non-standard" hydrocarbon; the 8 AAs that within the side chain ("body")
have a functional group mapped from the "head"; the 6 AAs in which there is no mapping
of functional groups from head to body.

Table 7. The generalized Table of standard Genetic code

UUN F | UCN § | UAN Y UGN C
L CT CT
CUN L |CCN P W
CAN H CGN R
(0) (1) @ Q| @3
AUN I ACN T | AAN N AGN 5
Y | K R
GCN A
GUN WV GAN D GGN G
@) 3) 6 E | (7
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Table 7 presents the codon families and their positions on the six-bit binary tree
(Rakocevi¢, 1998b, Figure 1). By comparing the positions of codons and AAs on this
binary tree, we find that the arrangement is determined by cross-mirror symmetry, in
contrast to 000 FLL/111 SRG on the left diagonal and 010 IMV/101 CWR on the right
one. In doing so, the key contrasts are: on the least change path Phe UUU 000 000 vs.
111 111 GGG Gly crossed with Val GUC 010 101 vs. 101 010 UGA "stop" on the path
of the maximal changes, when each zero number follows the number one and vice versa.
[Notice that “The path of the maximal changes” (101 010 etc., on the correspondent
Farey tree is “The golden ruth” as it is presented in Figure 2 in (Rakocevi¢, 1998b).]

25 38 14 49 §(126)

Ew 18 Nu| Rs 22 S; Figure 4. This arrangement of PAAS
Qw 18 D.| P. 22 Fi; follows from the right illustration in Table
Les 18 Cuis| An 22 W4 6 (from CIPS II). The expression of the
Ko, T [1:2] principle of balancing, through the
Go 12 Hi | L. M interconnection of the chemical properties
Vi Yie of AAs, the number of atoms and the
@1) [1:3] | 15 43 | 63 | | ordinal number of AAs in CIPS Il, is self-
evident. Confirmation of V. Shcherbak’s
2 1. 22 hypothesis (1994) on the analogy of the
(25 — 14= 11} (49— 38 = 1) amino acid (genetic) code with quantum

GetlatmestinTiy || physicsalso.

However, the result of the most surprising is the result shown in Table 3 (in relations
with Tables 4 & 5). It is indeed a mirror image of our hypothetical result, which we gave
with a working hypothesis (the statement 6 in relations to the statements 2, 4, 7 and 8): 20
-31-42-61-50 vs. 02-13-24-16-05 (Figure 2 in relation to Table A3). In the system
presented in Table A3, the result is found in the 10th step, with sum 204, as well as the
number of atoms in 20 AAs, in their side chains. As a curiosity or something more than

that, the right neighbor is the number 220 (the first friendly number), the lower vertical
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neighbor is the number 284 (the second friendly number) and the top 124 the fourth of
the third perfect number (124 x 4 = 496).]*

Altogether these are systematic natural arrangements, whose organization and
determination correspond with the principle of self-similarity.'® The already well-known
facts that genetic code represents an analogy with natural (verbal) language” are joined
now to the facts about analogies between genetic code arrangements and specific

arrangements within the set of natural numbers.*®

Conclusion

The facts and arguments presented in this paper fully confirm all nine statements of
the working hypothesis (Box 1) about the existence of a complete system of protein
amino acids (PAAS), both in biotic as well as in prebiotic conditions, i.e. within the
amino acid (genetic) code, and independently from it. The existence of such facts also
supports our hypothesis that the genetic code, viewed through its chemical constituents,
was still prebiotic complete (Rakocevic, 2004a). Also, everything that is discussed in this
paper is in favor of our attitude that both genetic and chemical code corresponds to one

specific spontaneous, intelligent design (SPID) (Rakocevi¢, 2018a, Box 4).*°

5 A hypothesis on the determination of the genetic code with the perfect and friendly numbers we have
presented in the book (Rakocevi¢, 1997b). (www.rakocevcode.rs) [Perfect numbers: 6, 28, 496, 8128, etc.;
the pairs of the friendly numbers: (220-284), (1184-1210), (17296-18416) etc.]

16 “In correspondence with this, Complete Genetic Code must be based on several key principles. We are
going to list only those considered to be the most important: 1. The principle of systemic self-related and
self-similar organization. ...” (Rakocevi¢, 2004a, p. 231).

' “Rumer (1966) suggests that encoding by dinucleotide aggregations is mediated by ‘grammatical’
formalism (the relation between words and the root of the word), semantics (one-meaning and multy-
meaning codon families) and by semiology, i.e. semiotics (the classification of nucleotide doublets after the
number of their hydrogen bonds which appear here as ‘significant’ and ‘signifi¢’” [(Rakocevi¢, 2018a, pp.
31-32 in relation to (De Saussure, 1985, p. 99) (Cf. De Saussure’s logical square of natural language in

relation with the genetic code language in Figure C2)].

8 “In determination of the genetic code, except two inherent alphabets — twenty amino acids and four
amino bases (two pyrimidines & two purines — is involved still one ‘hidden alphabet’, the series of natural
numbers, with all its regularities and laws” (Rakocevi¢, 2011a, p. 4). An "unfaithless Tomas" may consider
this to be numerology, but the facts are the facts. For any theory of probability, it is not possible to prove
that all these "downloads" of chemical facts from the Periodic system of numbers (PSN) are mere
coincidence.

9 In further research, it may be possible to get a better term (and notion) by analogy with Carl Jung's term
"Synchronizitat" ("Synchronicity": Jung, 1993), but with the opposite meaning. This new term could be
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APPENDIX A

Periodic system of the numbers

The periodic number system (PSN) was originally given in: (Rakocevi¢, 2011a, Table
4, p. 12 and 2011b, Table 4, p. 826), and here is only a different shading and one relevant
diagonal with its own source in the double starting "triangle™: (00-11-22). [We say
"triangle™ thinking that this number series corresponds with the first possible "triangle™ in
Boolean space (0-1-2, i.e. 000-001-010). However, this is a special topic that remains
outside of the scope of this paper, for some other occasion.] In both previous
presentations, in order to avoid misunderstanding in the scientific public as "pure

numerology,” | only labeled it "Table of minimal adding™. Now I can no longer run back,

and here | am presenting it as a PSN, as a reality.

2)] ..
(-1)|-21 -20 -19 -18 -17 -16 -15 -14 -13
(0) |-10 -09 -08 -07 -06 -05 -04 -03 -02
(hJo1 02 03 04 05 06 07 08 09
2112 13 14 15 .16---17---18 19 20
(3)]23 24 25 268" 27 28 29 30

4|34 35 36 37 38 39 40 AR 42
(5|45 46 47 48 49 50 51 52 53
6)]56 57 58 59 60 62 63 64
(7)] 67 68 59&“72 73 74 75
@ |78 79 80 82 83 84 85 86
(9) 189 90 92 93 94 95 96 97
(A) | AD A1 A2 A3 A4 A5 AB A7 A8
(B)|B1 B2 B3 B4 B5 B6 B7 B8 B9

-22

-12 -11

-01

00

1o [KEH

32
43
54
65
76
87
98
A9
BA

22
33
44
55
66
77
88
99
AA
BB

Figure Al. The first three non-negative numbers in the far right column correspond with the
zeroth triangle (0,1,2) in Boolean spaces, and the first four (0,1,2,3) with the logical square
(as in Figures C2 & C3). The end right column can also be read as (0,1), (1,2), (2,3), (3,4)

and so on, as in the last column of Table B5.
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Table Al. Possible periodic systems of numbers

q | @2 | squares addends it The row "10" in this Table follows
2| 1 | 12+22 | @1+1000 | (1) from PSN presented in Table Al; all
P other rows follow from analog
41 2 | 27+37 | (10+21)s | (1) number systems. From the fact that
6 | 3 | 32+42 (13+24) | (11)s patter_n 25-36-61_, valid both in
genetic and chemical codes, follows
8| 4 | £+5 | (20431 | (1) the conclusion that in the case of the
10| 5 | 52462 | (25+36)00 | (1) eX|§tence of biomolecules, only
decimal number system has
12| 6 | 6°+77 | (30441 | (1) "passed” through Darwin's selective
147 | 2+8 | (374480 | (11)u §|eve. What is surpr|3|r.lg, ho.weve'r,
is the fact that Darwin's sieve is
16| 8 | 82+9° | (40+51)s | (11| | matched with the "pulse” of Bing
Bang.
Table A2. A double Fibonaccian step
1] 1
5 4 505 609 13 The Table presents — in the red area — a

5 13 17 22 6 double Fibonaccian step. From the fact
o I  a 19 . | |[that pattern 25-36-61 is valid both in
1|16 - 15 genetic and chemical codes, and

9 41 57 o6 6 patterns 25-36-61-86 & 25-36-61-86-
5|25 31 L :

11 61 86 97 6 97 are vallo! in genet!c code, follows
6|36 37 the conclusion that in Nature realy
o 13 85 121 134 " 6 exists such a double Fibonaccian step.
" 15 113 162 177 6 [These are not Fibonacci numbers, but
8| 64 49 it is the Fibonacci rule.]

17 145 209 226
9| 81
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Table A3. The source of PAAS mirror symmetry

0o 02 04 06 08 10 12
11 13 15 17 19 21 23
22 24 26 28 30 32 34
11 16 21 26 31 36 41
00 05 10 15 20 25 30
44 60 76 92 108 124 140
12 14 16 18 20 22
23 25 27 29 31 33
34 36 38 40 42 44
41 46 51 56 61 66
30 35 40 45 50 55
140 156 172 188 204 220
22 24 28 28 30 32
33 35 37 39 41 43
44 46 48 50 52 54
66 71 76 81 g6 a1
55 60 B85 70 75 80
220 236 252 268 284 300
32 34 36 38 40 42
43 45 47 49 51 53
54 56 58 60 62 64
el | 96 101 106 111 116
80 85 90 95 100 105
300 316 332 348 364 380

The arrangement represents the Table of distinct 2-5 adding (TDA) with starting column 00-
11-22-11-00 which follows from PSN (Periodic system of numbers: Figure Al) in decimal
number system by overlapping the real sequence of doubled the first possible triangle in
Boolean space (0-1-2) with its mirror image through compression and superposition at the
point "22"). In the 10th step we have a realization of the sequence (20-31-42-61-50), the
same with the number of atoms in five AAs classes (20, 31, 42, 61, 50) as it is here
presented: all five results in the 10th step are mirror image of the first step. (Cf. Figure 2 and
see details in the text.)
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Table A4. Mirror symmetry within the sequence 11-12-13-14 in the decimal
number system (Rakocevi¢, 1994, p. 235)

1Nx1=1 1x1=11

0] 11x2=22 11x2=22 1%2=121
11x3=33 11x3=33
12x1=12 21x1=21

1| 12x2=24 2Ax2=42 122 =144

12x3=36 21%3=63 212 = 44)

13x1=13 3ix1=31

2| 13x2=2 N x2=62 132 =169
13%x3=39 31%x3=93 31’=96l—|

4x1=14 41x1=41 J
3| 14x2=28 41x2=8 142 =196

14x3=7 41x3=1

111 000  (07-00) (3) 8x8 8x8 gx8
110 011 (06-03)

101 010  (05-02)
100 001  (04-01)
011 110  (03-06)
010 101 (02-0) (M) 2x2] | 2x32 | 32x2
001 100 (01-04)
000 111 (00-07) O 1x1) | 1x64 || 64x1

(2)) 4x4] | 4x16 [ 16x4

Figure A2. Mirror symmetry within the binary number record on the Boolean cube (on the
left). Mirror symmetry within the codon distribution to a six-bit binary tree; an example: two
branches, each with 32 codons vs. 32 codon pairs (on the right).
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APPENDIX B

Harmonic amino acid structures

Table B1. The distinctions of 16 AAs of alanine stereochemical type

AD4  (09) 13 L

S 05 .- J 08 T
o e 100918
D o7 ! 0E
N 0240 (08)38 11 Q
Kis - 7R
H 11 sy
25 (08) 33
- 2093

In the Table it is given a classification of 16 AAs of alanine stereochemical type into 8
chemically adequate pairs. In both crossing lines there are 86+0 atoms. [86 + GV 11 = 97 and
86 + PI 21 = 107 (cf. Table A2, 5th and 6th row)]. The differences 8 and 9 (9 - 8 = 1)
express the minimum change relation among the amino acids [as in Gray code model of GC
(Swanson, 1984, p. 191)]. The order (ordinal number) follows from the atom number
hierarchy. Notice that within outer class (2:4 = 1:2 AAs or amino acid pairs) there is a
balance of the number of atoms: [(4 + 33 = 37) + (13 + 25 = 38) = 75 (86 — 11)]; and within
inner class (4:6 = 2:3) [(10 + 38 = 37 + 11) + (19 + 30 = 38 + 11) = 97 (86 + 11)] (All
examples as Shcherbak’s analogies with quantum physics.) Notice also the realization of 25-
36-61 pattern: AME = LCD = 25. [This 25 + (GV 11) from non-alanine types equals 36.]; on
the other hand, AAs in green as well as AAs in blue equals 61 atoms. The right illustration
contains the algorithm for the generation of a variant (“wobble" variant!) of CIPS as it is the
right picture in Figure 1, by reading as from a logical square in the Gray code model: STLA,
DEMC, KRQN, FYWH. (Left illustration from: Rakocevi¢ and Joki¢, 1996, Survey 1, p.
346; right illustration from: Rakocevi¢, 2011b, Table 2.1, p. 823.)
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Table B2. The significant distinctions in CIPS (1)

5|F 14 15 Y 5|F 14 15 Y
4L 13 04 A 4L 13 04 A
30 MM 08N 3@ 11 08 N
2|P 08 13 1 2P 08 13 1
1T 08 1 M 1T 08 11 M
1(S 05 05 C 1|8 065 05 C
216 01 10V 26 01 10V
3|D 07 10 E 3|D 07 10 E
4K 15 1T R 4K 15 17T R
51 H 11 18 W 5/H 11 18W
97 /107 107 / 97

The distinctions of AAs after the ratio 4: 6 = 2:3 on the left and 5:5 = 1:1 on the right. The
resulting relationships are analyzed in Table B3 and Survey B1.

Table B3. The significant distinctions in CIPS (I1)

@7 YAQPMCGDRW| v olmc g |ss

(97) FANPTCVDEW | o 1 v k|ss

(107) FELNITSV

EH
A PlED W4
@ YyLeIMSGERH
L IfSIE H |52

107/ 97« 46 4029 28 61
Members of AAs pairs, symmetrically distributed
in the same quantities of the number of atoms

The analysis of relationships in Table B2 after crossing of quantities 97 and 107. New order
in relation to left picture in Figure 1: [(YF AL) — aliphatic and carboaromatic]; [(QN PI) —
the first three nitrogens, the fourth one links P with valine, i.e. via isopropyl group "“triangle"]
[GV DE — vs. PI QNJ]; [RK WH — all are nitrogens]; [On the left (AL FY) — initial
aliphatic and initial aromatic; On the right (RK WH) — right end: all are nitrogenous]. In the
middle of the system are chalcogenes. All four columns correspond to CIPS on the left
picture in Figure 1: two and two rows from top to bottom.
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Table B4. The number of conformations (total: 202 + 203 = 405)

(@) (39 = 210 = 249) (64 = 92 = 156)

1) G (11)

) || [(0)(39 +64=103) (210 + 92 =302)]
(2) A (12)

(3) W 3] | (€103 =203-100; 302=202+ 100
() ® ] ) 203 +001; 202 - 001
(5) L (15)

© I ae| | @ 82+111=203-10

(7 K w12 F (7| | (D 138+74=202+10

(8) R 12 Y (18)

b) (39 +64=103) (210 +92 =302
(9) Q 38 24 W (19) [®)¢ ) )]
(10) E 20 AN 24 H Q0 | (939+92=202-71 (% 284)
(3x83) 249 (1x93)156 (4x39)
(h) 64 +210=203 + 71 (% 284)

(82+56)| 138 82 (220)
oarozs | 111 74 (185) (1) 203 + 71 = 274 (496 —222)

This Table is the same as Table 2, except that Leu proceeds Isoleucine, and instead of the
number of atoms in AAs, is given the number of conformations, as in Popov (1989, Table 8,
p. 88). The balancing of conformation as follows: From (a) to (c) the difference in the
number of conformations in two columns (decades) in relation to the middle pair 202-203,
with a change for + 100; (d) from: (Rakocevi¢, 2004a, Table 8, p. 228) and (Rakocevi¢,
2018a, Table 8, p. 44) where is shown the change in the number of conformations for £ 001
in the GC Table, if the order of AAs follows the order of their coding codons, in the
hierarchy of the number of hydrogen bonds; from (e) to (f) the number of conformations in
odd positions in relation to multiples of Shcherbak’s "Prime quantum 37" with a change for £
10; from (g) to (h) the number of conformations in relation to the second friendly number; (i)
the number of conformations in relation to the second friendly and the third perfect number;
(K) the number of conformations in relation to the second friendly number and to the
significant determinant of GC, as is the number 333 (Rakocevi¢, 2018a, p. 37: the sixth
column in Survey 2).
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Survey B1. The relationships within two arrangements presented in Table B2

[(FLTSKE 66) (NIVE 41)] = 107 [(FPTDK 52) (ANCVW 45)] =97

[(QPGD 27) (YAMCRW 70)]=97 |L(LQSGH 41) (YIMER 66)]=107

(66 +70=68x2=136)+ (27+41=68x 1) =204
(136 =118+ 018) [68 / 86]
52+66=118)+ (41 +45=86x 1) =204

Survey B2. The determinations on the six-bit binary tree

/00 - 07/08 - 15/16 - 23/24 - 31//32 - 39/40 - 47/48 - 55/56 - 63/
28 92 156 220 284 348 412 476
64 64 64 64 64 64 64

/00 - 07/00 - 15/00 - 23/00 - 31//00 - 39/00 - 47/00 - 55/00 - 63/
28 120 276 496 780 1128 1540 2016
92 156 220 284 348 412 476

The Survey follows from (Rakocevi¢, 1997b, Figure 7, p. 60): "The determination of
the series of the numbers 0-63. When we look closely into the structure of the
sequence 0-63 of the series of the natural numbers we come to the obvious and self-
evident explanation of the reason why the genetic code must be six-bit code, no
matter if it is the manifestation in the form of the Gray Code model (Swanson, 1984,
p 188), or it is in the form of the Binary tree (Rakocevi¢, 1994, p 38). There must be
8 codons, i.e. amino acid classes. The structure of the sequence 0-63 is strictly
determined by third perfect number (496) and the sum consisted of the first pair of
the friendly numbers (220+284). Along with this, the specific Boolean square is
being made and it is the restrictive factor, in a sense that it is not possible to ‘go on’
any further - not ahead, not back: (0) 220+284=504; (1) 156+348=504; (2)
92+412=504; (3) 28+476=504. The key distinctions within the genetic code are
obviously self-evident: entity 64 as a series of continuity (correspondent with 64
codons); entity 20 from 496 (Il PN)-476=20 (correspondent with 20 amino acids)
etc."
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Table B5. Some number systms: the unique arrangements and situations

(16) 2" = 4" (1 9 141 042 — O
Bo= 3

64) 20 = 4 4 6 3+3 2+44 - 12
(256) 2° = 4% (256)

10 5+5 4+6 y 2:3
64) 2° = 4 (84 14 7+7 6+8 _, 34
(409) 4° # 8 (512 18 9+9 8+10 _, 45
(46656) 8° # 12° (1728) 22 11411 10412 _, 586

The Table corresponds with PSN (Figure Al) through the ratio 1:2 on the left above and 2:3
on the right, the third row. The left illustration shows unique arrangements and situations
corresponding to 16 doublets and 64 triplets of nucleotides in the genetic code. The right
illustration shows the changes by + 1 in relation to g/2 of number systems whose numerical
basis (q) corresponds to the values that follow from Hukel's rule (the first column). It can be
seen that only in the case of the decimal number system we have a direct correspondance
with the golden mean (footnote 10).
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Table B6. The relationships within Generalized Golden mean (Rakoc¢evi¢, 2004b)

N X1 R¥) i m r N | x 2 I m r

0 00+ 11 =1 ol 0 0. [o0 + 1 =1 ol 0
o+ 1 =1 o + 1 = 1

1 '+ 2 =5 a1 Jo L) = @ =2 1 B
1+ 2 =9 @ + w =3

2 2+ ¥ = 13 12 N L) + ) = 3 2| 5
@+ 3 =125 €k ow =5

I Y T o L N T )
G+ 4 = 4 @k o+ o =7

R - 4 i =

4 4+ a4 7 4. 1 + 2 3 s 9
4 + 5 = s @ + 2 =9

5 ST+ 6 = 61 60| [ s o) = @ = 6 SN
(3 + 6 = 111 i, + xmf = 1l
() ()
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APPENDIX C

Some additional harmonic structures

The Darwin’s equation

Table C1. The key of Darwin’s
Diagram (I) “All branches (primary + secondary) for
"other nine species” for the left and the
right part of the Diagram, at all 15 levels.

Primary Secondary The equation 27 + 09 = 36 appears to be
B 00[[06 G[|B 01][01T G a special Darwin’s equation, wvalid to

determination of the genetic code (Figure
C 01}|02 H||C 01{|01 H 6, 7 & 8 and Table 6.1); and the equation
D 021100 KIID 011101 K 03 + 04 = 07 corresponds to the first
three members of Lucas number series
E 10jj01 L ||E 00jjo1 L (Figure D.1). The number 233 comes
F 14 F 00 from Table 4.5 and together with this
result (43) makes 276 which is the total
27/l09 03!l04 number of branches within the Diagram.
36 (43) 07 In addition: 56 = 46 nodes plus 10
branchings. and from that all “branch”
(233 +43 =276) entities/quantities equal 332 as a mirror
(276 + 56 = 332) pattern of the 233" (Rakogevié, 2015,
99 Table 5, p. 47).
~ T (http-//dx doiorg/10.17605/OSF 10/QZG69)
276 = 216doun + 60 (www.rakocevcode.rs)

The Darwin's equation (27 + 9 = 36) is the "missing link™ that allows understanding of the
pattern 25-36-61, contained in two linear equations, determinants of genetic and chemical
code (Rakocevi¢, 2018b, Survey 2a, 2b, 3a and 3b, p. 296). At the same time, it is also the
key of Darwin's Diagram (Rakocevié, 2015, Figure 1.1, p. 19; here Figure C1).
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Table C2. The key of Darwin’s Diagram (II)

01 + 00 = 01 09 + 00 = 109
02 + 02 = 04 10 + 06 = 16
03 + 01 = 04 11 + 05 = 16
01 + 00 = 01 05 *+ 04 = 09
04 + 00 = 04 12 + 04 = 16
02 * 01 = 01 06 * 03 = 09
25 + 00 = 25 49 + 00 = 49
26 + 10 = 36 50 + 14 = b4
27T + 09 = 36 51 + 13 = 64
17t 08 = 25 7t 12 = 49
28 + 08 = 36 52 + 12 = &4
18 * 07 = 25 3 *f 11 = 49

This illustration is from Figure 6 in "Darwin Enigma" (Rakoc¢evi¢, 2015): ,,The
generation of the squares of natural numbers through two linear equations. Darwin’s
equation is in the third quadrant, in the area of dark tones surrounded by two linear
equations valid in the genetic code.* Notice that the second member of the equation
(the second row in all four quadrants) follows from Hiickel’s rule (2, 6, 10, 14); the
differences between the third and fourth row also from Hdckel rule: (3-1 = 2), (11-5 =
6), (27-17 = 10), (51-37 = 14). On the other hand, the first member of the equation (2,
10, 26, 50) increases by 8n (n = 1, 2 and 3). Notice also that with the first quadrant
we have the generation of the squares of the first two natural numbers 1 and 2, in
second 3 and 4, in third 5 and 6 (in relation to the pattern 25-36-61) and in the forth 7
and 8. [The next step in generating would already be in the area of double-digit
numbers.]
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Table C3. The key of Darwin’s Diagram (I1I)

02 + 02 = 04 10 + 06 = 16
03 + 01 = 04 11 + 05 = 16
01 + 00 = 01 05 + 04 = 09
02 + 02 =04 = 2? 10+06=16=42
01+ 00=01=1? 05+ 04 = 09 = 32
02 -02 =00 = 02 10-06=04 =22
01-00=01=1?% (1) 05-04 =01=1°
1-(-1)=2
26 + 10 = 36 50 + 14 = 64
27 + 09 = 36 51 + 13 = 64
17 + pa = 25 a7 + 12 = 49
26 +10=36=6" 50 + 14 = 64 = 82
17+ 08 =25=5% 37+12=49=72
26-10=16 = 42 50-14 = 36 = 62
17-08 = 09 = 32 37-12=25=52
5-(+3)=2

The Table as in (Rakocevi¢, 2015, Table 5, p. 47): “This Figure follows from the previous.
Three linear equations within each of the four quadrants in relation to the quadruplets of
natural numbers’ squares. In the third quadrant: two equations are valid in the genetic code
and one (in the middle position, dark tone) is given as Darwin's equation [Notice a paradox
(Darwin’s paradox), valid for number 1 in the first quadrant: the negative value of number 1

cannot be — negative?!].”
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Figure C1. The "accompanying diagram" in Darwin’s book “On the Origin of Species”
(London, 1859)
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FRINCIFES DE PHONOLOGIE

On obtient ainsi le schéma des variations possibles :

————

Expiration Explratinn z
Art. ;fuc& Ari ;g:rc - . 3

R. Swanson,
. BMB, 1984

Figure C2. The correspondence with PSN (Fig. Al) through the relations between the logical
square 00-01-10-11 and the first four levels in PSN: 00-11-22-33. The binary records of the
logical square: up for the human language (De Saussure, 1985, p. 70); down: for the genetc
language (Swanson, 1984, p. 188).
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clo1) (11) G
(5) 1 3 (7)
5.1.2.6
7.3.0.4
(4) 0 2 (6)
U (00) (10) A —

Figure C3. The correspondence with PSN (Figure Al) through the relations between the
logical square 00-01-10-11 and the first four levels in PSN: 00-11-22-33. The unit Boolean
logical square: 0 (00), 1 (01), 2 (01), 3 (11) in correspondence with the unit Boolean logical
cube and/or with eight branches on the binary-code tree of Genetic code (Rakocevic, 1998b,
Figure 1, p. 284): 0 (000), 1 (001), 2 (010), 3 (011); 4 (100), 5 (101), 6 (110), 7 (111). The
mirror symmetry on the binary-code tree of Genetic code: [010 / 101 — AUA / CGC etc.];
[001 /110 — UCC / GAA etc.]. The Py-Pu logical square: U (00) — simpler ring, simpler H
bond; C (01) — simpler ring, more complex H bond; A (10) — more complex ring, simpler
H bond; G (11) — more complex ring, more complex H bond. From the 24 permutations of
the UCAG sequence, only this, as the first, consistently follows the chemical hierarchy; the
remaining 23 are in relation to it. (Cf. footnote 7; also, the sequence 5-1-2-6 with the same
sequence in Equation 1.)
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Preoteinske amino kiseline kao potpuni (periodni) sistem

Miloje M. Rakocevié¢

Univerzitet u Nisu, Prirodno-matematicki fakultet, Departman za hemiju, Visegradska 33, 18000 Nis,
Srbija (u penziji od 2003)

SAZETAK

Pozivajuéi se na rezultate prethodnog istrazivanja o Sifri genetskog koda i analogijama genetskog
i hemijskog koda— dva u svemu kompletna prirodna sistema — ovaj rad predstavlja rezultate
izu€avanja najpotpunijeg Sistema proteinskih amino kiselina (engl. PAAS). Pokazano je da 20
proteinskih amino kiselina predstavljaju potpuni sistem-ureden, koherentan, i harmoni¢an. U
takvom sistemu, sve hemijske razlike unutar Sistema su pracene specificnim aritmetickim 1
algebarskim pravilnostima, ukljucuju¢i postojanje aminokiselinskih rednih brojeva od 1 do 20.
Klasifikacija amino kiselina u dve dekade (1-10 i 11-20) u strogoj je korespondenciji sa
balansima broja atoma. Postojanje harmonijskih struktura i rasporeda amino Kiselina, bez obzira
da li su ili nisu konstituenti genetskog koda, prati zakljucke da je genetski kod, kroz svoje glavne
konstituente-20 aminokiselina i 4 pirimidin-purinskih baza- bio kompletan ¢ak i u prebiotskim

uslovima.

Kljucne reci: Proteinske amino kiseline, amino kiselinski kod, genetski kod, binarno stablo, Gray

kod, Zlatna sredina, Fibonacci-jev niz.
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Acides aminés protéeiques en tant que systeme complet (périodique)

Miloje M. Rakocevié¢

Université de Nis, Faculté des sciences naturelles et des mathématiques, Département de chimie,

Visegradska 33, 18000 Nis, Serbie (a la retraite depuis 2003)
RESUME

Se référant aux résultats des recherches antérieures sur le Chiffrage du code génétique et les
analogies des codes génétique et chimique — deux systemes presque naturels et complets — cet
article présente les résultats de 1’étude du Systéme le plus complet des acides aminés protéiques
(PAAS, angl.). Il est démontré que 20 acides aminés protéiques semblent constituer un systeme
complet, systéeme étant ordonné, cohérent et harmonique. Dans une telle organisation, toutes les
distinctions chimiques au sein du Systéme sont accompagnées de régularités spécifiques du type
arithmétique et algébrique, y compris I’existence des nombres ordinaux d’acides aminés de 1 a
20. La classification des acides aminés en deux décades (celle de 1 a 10 et celle de 11 a 20)
parait étre dans une stricte correspondance avec les équilibres du nombre d’atomes. L’existence
des structures harmoniques et de la disposition des acides aminés, qu’ils soient ou non des
constituants du code génétique, s’accorde avec les conclusions suivant lesquelles le code
génétique, a travers ses constituants principaux — 20 acides aminés et 4 bases puriques et

pyrimidiques — était complet méme dans les conditions prébiotiques.

Mots-clés : acides aminés protéiques, code des acides aminés, code génétique, arbre binaire,

code Gray, juste milieu, série de Fibonacci.
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bejikoBble aMHMHOKHCJIOTBI KakK HeJIOCTHadA (Hepnozmqeacaﬂ)

Cucrema

Mmuioe M. PakoueBuu

yHueepcumem 6 Huuwe, @akyﬂbmem €CmeCmeeHHblIX HAYK U mamemanmuKxu, ﬂenapmazueHm

xumuu, yn. Bonweepaockas 33, 18000 Huw, Cepbus (na nencuu ¢ 2003 2o0a)
AHHOTALIUA

Ccplnasich Ha pe3ynbTaThl IPEAbIAYIINX HCCIEI0BAaHNHN MK(pa FTeHETHYECKOT0 KOJ1a U aHAIOT Ui
TEHETUYECKOr0 U XMMHUYECKOI0 KOJOB — JIBYX OOLIMX IIEJIOCTHBIX MPUPOJHBIX CHUCTEM — B
HACTOAIIEM JIOKYMEHTE MPEJCTaBICHBI Pe3yIbTaThl UCCIEI0BAHUS HanOosee MOIHON OeIKOBOM
amuHokucIOTHOM cucteMbl (PAAS). [lokazano, yto 20 GeNKOBBIX aMUHOKHUCIIOT MIPEICTABISAIOT
cO0O0H IEIOCTHYIO CUCTEMY — YIIOPSIOUEHHYIO, CBSI3HYIO U TapMOHUYHYI0. B Takoiil cucreme Bce
XUMUYECKHE Pa3INyuusl BHYTPH CUCTEMbI CONPOBOXKIAIOTCS KOHKPETHBIMU apH(PMETHUECKUMHU U
anreOpanyeckKuMM 3aKOHOMEPHOCTSIMH, B TOM UHCJIE€ HaJIMYMEM TOPSAKOBBIX HOMEPOB
amMuHOKHCIOT OT 1 o 20. Kinaccudukanus aMUHOKHUCIIOT 1O JBYM YUCIOBBIM psjgam (1-10 u 11-
20), MO-BHAMMOMY, HAaXOJUTCS B CTPOrOM COOTBETCTBMM ¢ OajaHcaMH dYHcIa aTOMOB.
CymiecTBOBaHME TapMOHMYECKHX CTPYKTYP M PAcIONIOKEHHH OENKOBBIX aMHUHOKHCIOT,
HE3aBHCHUMO OT TOTO, SIBJISIFOTCSI JIW OHM COCTaBJISIFOIIMMM TE€HETHMYECKOTO KOJa WU HET,
COOTBETCTBYIOT BBIBOJIaM O TOM, YTO T€HETHYECKHH KOJ Yepe3 €ro OCHOBHBIE COCTABIISIOLINE —

20 BA u 4 ocnoBanus [1Y-I11, 611 3aBepiiieH gaxe B IPeOUOTHISCKUX YCIOBUSAIX.

Kurouesvie _cnosa: Oenxosvle AMUHOKUCIOMmbl, AMUHOKUCTOMHDBLL 7\'0(), 2eHemuyecKull KO(),

0gouuHoe depeso, koo I pes, 30nomoe ceuenue, pso Pubonayyu.
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Protein-Aminosauren als vollstandiges (Perioden)System

Miloje M. Rakocevié¢

Universitdt in Nis, Mathematisch-Naturwissenschaftliche Fakultat, Lehrstuhl fir Chemie,
Visegradska 33, 18000 Nis, Serbien (im Ruhestand seit 2003)

ABSTRAKT

In Bezug auf die bisherigen Ergebnisse friiherer Forschungen tber die Verschlisselung des
genetischen Codes und Analogien des genetischen und chemischen Codes — zwei fast
vollstdndige naturliche Systeme — stellt diese Arbeit die Forschungsergebnisse des
vollstandigsten Systems der Protein-Aminosauren dar (engl. PAAS). Es wird gezeigt, dass 20
Protein-Aminoséauren ein vollstdndiges System zu seien scheinen — geordnet, kohérent und
harmonisch. In einem solchen System wird allen chemischen Unterschieden innerhalb des
Systems von spezifischen, arithmetischen und algebraischen RegelméaRigkeiten gefolgt,
einschlieBlich der Existenz von Aminoséure-Ordinalzahlen von 1 bis 20. Die Klassifikation von
Aminosauren in zwei Dekaden (1-10 und 11-20) scheint in enger Korrespondenz mit den
Balancen der Anzahl der Atome zu stehen. Das Bestehen harmonischer Strukturen und
Anordnungen von Aminosauren, unabhangig davon, ob sie Bestandteile des genetischen Codes
sind oder nicht, folgt den Schlussfolgerungen, dass der genetische Code durch seine
Hauptbestandteile — 20 Aminosduren und 4 Pyrimidin-Purinbasen, sogar in prébiotischen

Zustanden vollstandig war.

Schlisselwérter: Protein-Aminosduren, Aminosaure-Code, genetischer Code, Binarbaum,

Goldener Schnitt, Fibonacci-Folge
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Revisiting the Arrhenius Equation in Chemical Kinetics to Analyze Kinetics
Data for Photochromic Naphthoxazine-spiro-indolines

Jonathan Hobley*

OndalLabs R&D Consultancy, Deca Homes, Clark Free-Port, Barangay Margot, Angeles, 2009, the
Philippines

ABSTRACT

In undergraduate courses, Kinetics and thermodynamics are often taught as separate modules. It is because
equilibrium data from thermodynamics do not enlighten us about the rate of attainment of equilibrium,
which is kinetics. It is true that even if a chemical reaction is thermodynamically favorable, it may never
happen due to kinetic considerations. However, this separation of kinetics and thermodynamics is
unfortunate in some respects. In this work, the link between chemical kinetics and thermodynamics is
explored based on them both being defined by a single potential energy diagram. A common misconception
caused by undergraduate courses on chemical kinetics is a claim that the Arrhenius equation is deficient
because it does not offer a precise meaning for the pre-exponential term A. Undergraduate courses often go
on to proffer more sophisticated theories in the form of collision theory CT and transition state theory TST
resulting in the Eyring equation. These latter two theories are required in order to formally show that the
pre-exponential term contains information on the entropy requirements of the reaction. In this work, it will
be shown that by considering the link between thermodynamics and kinetics it can easily be shown that A
was already implicitly linked to the product of the entropy of activation of the reaction and the natural
frequency of the reaction. This work makes use of previously published and unpublished results on

photochromic naphthoxazine-spiro-indolines to compare different theories.

Keywords: Arrhenius equation, transition state theory, collision theory, naphthoxazine-spiro-
indoline, photochromic, chemical kinetics

“ OndaLabs R&D Consultancy, Deca Homes, Clark Free-Port, Barangay Margot, Angeles, 2009, the Philippines, e-
mail: jonathan.hobley@gmail.com
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Introduction

Photochromic naphthoxazine-spiro-indolines (NOSI) have the general photochemical and thermal

reactions shown in Figure 1. (Hobley, 1995).

Closed Form Open Form (Merocyanine)

Figure 1. The NOSI photochromic reaction

where B is a molecular rearrangement of A that can be brought about photochemically or thermally in
either direction of the reaction. The rate equations for the forward and reverse thermal reactions that define
the thermal equilibrium are:

vy = kf[A]land v, = k,[A] Q)
where subscripts f and r denote forward and reverse reaction parameters.

Photochromic molecules of this kind are used in ophthalmic Transitions® lenses. In the case of
Transitions® lenses molecule A is colorless and molecule B is coloured. In the field of ophthalmic lenses
there are two very important parameters to understand. If the reaction is left alone to reach a point where
the number of moles of A and B are constant (i.e. it has reached equilibrium), what are the constant values
of the concentration of A and B relative to each other. This is important because if there is too much of
colored molecule B in equilibrium with colorless molecule A at room temperature then the lens is already
colored before the lens is exposed to sunlight. This parameter is covered by chemical thermodynamics. The
second parameter to know is: if the reaction starts with pure A or pure B then how long does it take to
convert either A to B or B to A in order to achieve equilibrium, or a quasi-equilibrium called a
photostationary state (Hobley, 1995). This parameter is found from chemical kinetics.

These two fields of thermodynamics and kinetics have been studied for more than a century and are
well understood based on two equations. Chemical equilibrium is described by the Van’t Hoff Equation
and chemical kinetics is well understood based upon the Arrhenius equation (Van’t Hoff, 1887; Arrhenius,

1889). The historical background of the story of the Arrhenius equation and the Van’t Hoff equation starts
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with the Boltzmann distribution (Boltzmann, 1872). This distribution gives the probability of finding a
component of a statistical distribution (say a molecule in the case of equilibrium of molecules) in a
particular state (say state A and state B) based upon the energy gap between the two states:

(82) = ¢ ior

Np

)

where N, and Ng are the number of species in state A or state B, respectively; AE=Ex-Eg; EA and Eg are the
energies of states A and B, respectively; kg is Boltzmann’s constant and T is the temperature in Kelvin
(Figure 2).

State A Na
Ea

EA-Eg
State B Ng
OO OTOTCOTOT Eg

Figure 2. A Boltzmann distribution between two states with different energies

Van’t Hoff took Boltzmann’s distribution and applied it at the chemical equilibrium, for example
where N, and Ng are the number of molecules A and B which are linked by the chemical equilibrium.

For a simple reaction A « B in dynamic equilibrium as in Figures 1 and 3, the Van’t Hoff equation

is:
_ac®
Keq = e RT
©)
where K, = %; AG° = (E4 — Eg) and R is the universal gas constant

Since, [B]/[A] is the same as Ng/N, in the Boltzmann equation, so Van’t Hoff and Boltzmann are
the same expression, except that Van’t Hoff is specific for chemical equibria. The Van’t Hoff equation is
often written in another form as shown below:

InK,q = — "+ %= since AG® = AH® — TAS®

RT
(4)
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Energy [A]

— AG°

[B]

Figure 3. Energy levels for a reactant and product in chemical equilibrium.

What Arrhenius did was simply to recognise that the Van’t Hoff equation assumed a dynamic
chemical equilibrium. In other words, it was assumed that the chemical equilibrium is established by two
competing reactions. One reaction goes one way (A forms from B) and the other reaction is the reverse of
this (i.e. B forms from A). The rate of each reaction relative to the other determines the equilibrium.
Arrhenius therefore simply postulated that the equation for each of these reactions was also governed by
the same type of Boltzmann distribution. The addition was that in the energy diagram above (Figure 3), in
which A and B are unconnected, there is an additional line that connects the A and B states (Figure 4).

The new line described a potential energy diagram in which activation energies are defined
between states A and B. Let’s say activation energy for A — B is E5 and the activation energy for B — A
is Eg,r.

From this description there is a new Boltzmann distribution between states A and B and the state
that exists at the top of the “hill” that connects the two. The state at the top of the hill is a molecule with a
conformation in between molecule A and molecule B (AB*). In reality very fast reactions may not

achieve a true Boltzmann distribution, but we will ignore this because it does not apply to this work.

Energy

Figure 4. A potential energy diagram showing activation energies for a reversible unimolecular reaction.
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Arrhenius thus proposed an empirical equation of similar form to the Van’t Hoff equation.
Empirical means “based on observation rather than theory or pure logic”. So, it is debatable as to whether
the Arrhenius equation is purely empirical, since it was perfectly logical to propose it based on the idea
that equilibrium is established by a reaction that is reversible, having a different rate for the forward and
reverse reaction. The equation he proposed was:

E

k = Ae ®T
(5)

where k (s) can either be the rate constant for either A going to B or B going to A; E, is the activation
energy (the energy gap between either state A or B and the top of the hill in between them); A is a main
subject of this work and was originally known as the frequency factor (it also has units of s™), but now it
is often referred to as the pre-exponential factor. This change in name is in some ways unfortunate as the
title “pre-exponential factor” does not include the important point, that A is linked to the frequency at
which a reaction could occur if it has enough energy.

After Arrhenius, other more sophisticated theories were proposed. The most well-known being
Collision theory (CT) and Transition State Theory (TST (Trautz, 1916; Laidler and King, 1983; Atkins
and De Paula, 2006)). Without fully deriving either of these theories the salient points related to this
discussion will be stated.

Collision theory (CT) considered a bimolecular gas phase reaction in which molecules collide and
then react if they have enough energy and if the reactive parts of the molecule are pointing the right way
to react.

The rate constant is given by equation:

Eq

k = Zpe RrT (6)
where Z is the molar collision frequency; p is the steric factor; E, is the activation energy of the reaction;
T is the temperature; R is gas constant.

CT gives an equation that has the same form as the Arrhenius equation except that A is replaced by
Zp, which has a steric factor pand a frequency factor Z. For this reason, it is generally accepted that
collision theory provides a significant advance in the understanding of the pre-exponential terms
compared to Arrhenius’ frequency term A. However, CT does have some limitations in that it only really
works in some gas phase reactions, but not in dilute solutions where most of the collisions do not result in
any reaction because the collisions are with solvent molecules. Additionally, it is specific for bimolecular
reactions i.e. it cannot be applied to the simple unimolecular reaction being considered in this work.

A further level of sophistication was added by another well-known theory, Transition State Theory

(TST), which again starts with a potential energy surface, but this time it is a surface specifically in 4G°
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(Figure 5) for a reaction of the form:
[A] & [AB*] - [B]
for which the following equations apply:

. _ laB]
K="

i.e. an equilibrium is assumed between the reactant A and the transition sate AB* with an equilibrium

()

constant K.
[AB*] = K*[A]

d(f] = k*[AB™] is the rate of formation of B from AB*
d[B]
dt k*[A]

where k is the breakdown rate constant of AB*. and k™ = xv; xis the fractional efficiency with which the
bond in AB* breaks to form B and is assumed to be 1, v is the AB* breakdown frequency (assumed to be

the timescale of one bond vibration or k,T/h).

k,T
Ifk =K*k* thenk = K*T
But just like in thermodynamics equations 3 and 4 it can be written:

e = AH°_TAS®
T RT TR
so finally, the Eyring equation can be written:

_ kpT g _AH
k_(T)eRe RT (8)

In TST, just like in CT, there is a frequency term (compare Z with k,T/h) and a steric term

(compare p with e*5™®

) but this time the steric term is directly associated with a reaction entropy.

However, some assumptions were also made in TST and thus some flexibility on how to interpret
the results obtained using this equation is lost. For example, it was assumed that 100% of AB* forms B (it
was assumed the transmission coefficient k=1). But that is not necessarily the case. It was also assumed
that the breakdown frequency of AB”, v, is equal to a bond vibration frequency (k,T/h) which could well
be true for a bimolecular reaction or a dissociation, but in some reactions like an isomerization the
timescale for a bond rotation may be more appropriate and the assumption that k=1 is probably not valid.
In summary CT and TST give a more rigorous insight as to the meaning of the pre-exponential term, but at

the cost of flexibility, in terms of the general applicability of the models.
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AG°=AH’-TAS®

Figure 5. A potential energy surface in Gibbs free energy corresponding to the derivation of the Eyring
equation in TST in which the reaction is not reversible.

Interpretation of the Arrhenius equation based upon a reversible equilibrium

From thermodynamics for a simple reaction A«<>B in dynamic equilibrium, the equilibrium
constant is the fractional ratio of the respective concentrations of the products over the reactants (equation
3). Furthermore, it can be shown that K, is related to the ratio of the rate constants of the forward and

reverse reactions (equation 1) because at equilibrium the forward reaction rate = the reverse reaction rate

ie.

ks[A] = k,[B] C)]
ks [B]

ke 1A

Previously two potential energy diagrams were presented in Figures 4 and 5. One used AG" for the
activation energy and the other used E, but how does E, relate to AG? Also how does A relate to any
thermodynamic properties? This will be addressed next.

The Arrhenius equation (equation 5) can be written for the forward and reverse reaction:

Eaf Ear

ke = Afe_% and k, = A,e RT (10)
Inserting these into equation 8:
_Far
Keq =L =2 (11)
T Aye RT
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A ) Ewr _Ear

F\ _Zar _“4f
Keq:(A_r e RTe RT

but from thermodynamics equations 3 and 4 it will be:

InK,q = InA; — InA, — Eo /RT + Eo/RT = —AG°/RT = — AH° /RT + AS°/R
— InK,, = —InA; + InA, + E;s/RT — Eo/RT = AG° /RT

AG® = (Ef — E4) — RTInAy + RTINA,

AG® = (Eqf — Eqr) — T(RInA; — RINA,) (12)
Comparing this with equation 4:

AH® = (Egp — Egyr (13)

AS® = R(InA; — In4,)

k, = R/N,

AS° = kpNy (lnAf - lnAr) per mole (14)

AS® = (kylnA; — kylnA,) per molecule

Compare this equation with Boltzmann’s entropy equation (Boltzmann, 1896; Boltzmann, 1898)
from statistical thermodynamics:

S =kpln (15)
where W is the number of microstates corresponding to a given macrostate.

Hence it is reasonable to suggest that A, the pre-exponential term, is very much intrinsically an
entropy term and is itself a number related to several microstates in the system that are “specific to making
the reaction work”. A is most likely the probability of occurrence of the exact microstates that can exist in
the system that put the molecules in the reaction in exactly the right place at the right time to react. It must
contain a logarithmic term as we derived, but it has units of s™* so it must also contain a frequency term that
is the natural frequency of the transformation taking place, just as for CT. In CT the pre-exponential term A
was replaced with pZ where p is a steric term, which is implicitly therefore and entropy term, and Z is a
collision frequency. Z has a very specific definition based upon kinetic theory of gases and many body
theories and is largely determined by gas phase diffusion. With TST and the Eyring equation A is replaced
with (k,T/ h) e5/R In this case the entropy term is e257/R and the frequency term is k,T/h. The Arrhenius
A term frequency component would also involve a transmission probability x; as in TST, but in the case of
an isomerization like the NOSI system is likely to be ~0.5, because at the top of the hill both forward and
reverse reactions would have nearly equal probability.

In summary, although by inserting the Arrhenius equation into thermodynamics, we have not

derived absolute values of activated parameters, it has been shown that A is associated the reaction
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activation entropy and E, is associated with the activation enthalpy, i.e. AH® = (Eaf - Ear) and AS° =
R(InA; — InA,).

Moreover AS® = (kylnA; — kyInA,) which can be compared with Boltzmann’s entropy S =
kpInW.

It suggests that the ratio of A¢/A, and Wy /W, for forward and reverse reactions are equivalent,
noting that any non-entropy related frequency terms must have cancelled out. Admittedly Arrhenius
published his equation in 1889 whereas Bolzmann’s entropy from statistical thermodynamics was
published ~10 years later, in 1898. Note in this timeline that Trautz published his collision theory 1916 and
TST was published in the 1930. So, Arrhenius may not have recognized the link between A and
Boltzmann’s entropy. However, since Arrhenius was one of Boltzmann’s students that is highly unlikely.

What does each part of the Arrhenius equation say and how are they useful for understanding of
kinetics? The units of a first order k are s and the units of A also s™ so both are frequencies, but they are
not the same frequency of course. k is smaller by a factor e~£aRT so in order to make them equal, A is
multiplied by e ~EaRT and this is the first important thing. It is obvious mathematics, but it is important to
note, because k is the frequency at which molecules react in a given reaction. That is what a first order rate
constant is, just a reaction frequency. So, what does the other side of the equation say? A is a lot bigger
than k, and it is the probability of molecules in our unimolecular reaction presenting themselves in the
correct place and in the correct shape and orientation to react, combined with the limiting rate (frequency)
at which they can rotate, break or otherwise modify their chemical bonds.

Now if all molecules bumping into each other (making sure they are the right kind and pointing the
right way) reacted then A =k, but it is not that easy for molecules to react. Normally for a reaction to occur
a molecule must be pulled apart, a bond must break, or a few electrons must move etc. and although it may
be assumed that it is going to get more stable eventually, it must be realized that there is a bit pain before
the gain and it is necessary to give a little energy to get the reaction started. That energy is E, on the
potential energy diagram. The reactant molecules must have energy equal to E, in order to get over the hill
on the potential energy diagram in order to get to the other side and become a product. But where do they
take it from? Well, they can only take it from the thermal reservoir which is k,T. A single molecule gets E,
from k,T and a mole of molecules gets E, from RT because RT has 6.02x10% times more energy.

At room temperature k,T = 4.11x10 %" J and RT = 2479 J mol™. That amount of energy does not
seem to be very much, because E, is normally many times bigger, usually ~several kJ mol™. So, it may
seem that it is difficult to get the molecule up the activation hill. However, k,T is an average energy, so
sometimes there is more energy and sometimes less. In fact, the molecule just waits for more energy to
arrive. Boltzmann’s distribution dictates how many molecules have enough energy at a given time, or, in
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other words, how often a molecule possess E, at a given temperature.
But how often it will happen that a molecule possesses E,? Well, on average the molecules don’t

—-Eq
have enough energy, but they do et of the time. Let’s put numbers in. E, could reasonably be 50000 J
mol™ so e ®%%00(479) of the time the molecules have sufficient energy and the reaction happens if they
satisfy the entropy requirements from A. That’s 1.7x10° ™ of the time. So, this reaction could take some

time! But, don’t give up yet because A can easily be >10" s™.

That’s why A must be a lot bigger than k,
for a reaction to occur in reasonable time, because Boltzmann’s distribution only gives us energy
equivalent to E, for a tiny fraction of the time, and the rest of the time the energy is too low. So, the
meaning of the equation can be broken down into its component parts. k is the number of times the reaction
happens per second. A is the total number of times the molecule is positioned in the right way to react,

coupled with the frequency at which the process naturally occurs, e.g. bond breaking, rotating, forming, etc.

—E,
e " is the fraction of the time that the Boltzmann distribution gives the molecule enough energy to make

the reaction happen. Next, the Arrhenius equation will be used with some published and unpublished data
from previous works, assuming that the pre-exponential term is a composite of a frequency term and an
entropy term (Hobley, 1995; Hobley and Wilkinson, 1996; Hobley et all., 2003; Wilkinson and Haobley,
1992; Wilkinson et all., 1996).

Experimental

All experimental procedures are already published and freely available on-line (Hobley, 1995). In
the interests of brevity, they will not be repeated here.

Results and Discussion

Naphthoxazine-spiro-indolines (NOSI) are compounds from the general class of spiro-oxazine.
They are best known for their use in Transitions™ ophthalmic photochromic lenses. The photochemical
reaction occurs in a few picoseconds. The thermal fade reaction occurs in seconds to minutes (Hobley,
1995; Hobley and Wilkinson, 1996; Hobley et al., 2003; Wilkinson and Haobley, 1992; Wilkinson et al.,
1996). These are compounds that can switch from a colorless form to a coloured form in chemical reactions
induced by heat or light. The generic reaction scheme is shown in Figures 1 and 6.

A homologous series of such molecules (Figure 7) that are identical except length of an alkyl chain

on the indoline nitrogen, was studied for this work. The alkyl chain modification was done with the
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intention of hindering thermally induced ring closure. As can be seen from the first order rate constants for
the thermal fade reaction from the colored B merocyanine to the colorless A spiro-form, shown in Table 1,

\@Ehemical path

Thermal
Path

this strategy worked.

hv

A

Figure 6. The ground state and excited state potential energy surface for a NOSI compound.

CH; CHj CH; CHj

G0 Tl
CH;,

CH

/ H
CH;—~ CiH N CH,
I
CH3 CHj3

Figure 7. The homologous series of NOSI molecules studied

The first order rate constants for this thermal ring closure reaction of these three compounds were
determined as a function of temperature and typical plots using the Eyring equation and the Arrhenius
equations were made (Figure 8). The typical Eyring equation plot is In(k/T) against 1/T to obtain a straight
line with a slope of AH*/R and an intercept of In(k/h) + AS*/R. The Arrhenius plot of Ink against 1/T
yields a straight line with a slope of E, and an intercept of A. The extracted data is summarized in Table 1.
As can be seen in Table 1, there is no significant difference in AH* derived from the Eyring equation or
from the Arrhenius plots for the different compounds studied. These values can be considered to be
reliable, because they are not affected by assumptions in either treatment. Thus, it can be concluded that the
effect of the alkyl chain length does not affect the value of AH™ and the source of the slowing of the
thermal ring closure reaction with increasing chain length must be due to something else.

Not surprisingly since both Eyring and Arrhenius treatments yield three parallel straight lines and it
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is the intercepts that are the big difference in each case. In other words, the differences are in the entropy
terms, if there are no changes in the frequency components. This assumption is reasonable since the same
kind of intramolecular rearrangement occurs in all three cases. This assumption is always made for Eyring

as xvis assumed to be k,T/h, and the three intercepts therefore contain the same Inky/h term.

Ink
-1.04+

-1.48
-1.91
-2.34

-2.78

In(k/T)
-6.78

-1.20

-1.63

-8.05

-8.48

-8.90
3.23 3.28 3.33 3.38 343

Figure 8. Arrhenius and Eyring plots for the thermal ring closure reaction of the homologous series of
NOSI compounds (Hobley, 1995)

In the case of Arrhenius, the same assumption can be made based on reasoned arguments as to why
it is valid or why it is invalid. In this case it is probably invalid to use the Eyring assumption. The Eyring

equation gives “comforting” values of AS™, however, this is because a value for xv was assumed, which

59



Chemia Naissensis, Vol 2, Issue 1, MINI-REVIEW, 48-67

may not be valid for the following reasons. The ring closure reaction is not the same as the description of
the transition state of TST in which the activated transition state dissociates within one vibration. In the
ring closure reaction, nothing is dissociating. The molecule is twisting around a central single bond on the
methine bridge. Arguably the use of the breakdown frequency k,T/h for v is incorrect because no bonds
need to break at all in this twisting isomerisation. Furthermore, the transmission efficiency factor, «; is not
likely to be 1, because once the twisting molecule gets halfway through its motion, it could easily either

reform the starting ring open form or continue to the ring closed form.

Table 1. Kinetic parameters for the homologous series of naphthoxazine-spiro-indolines in toluene

R T T S A
N.wve 73.2 70.6 27.87  1.3x10% -16.6 6.3x10™" 0.077
N_pr 71.8 69.6 2569  1.8x10" -32.8 4.3x10™ 0.059
N.igy 71.6 69.0 2590  1.5x10" -37.6 2.2x10™" 0.040

'from Arrhenius equation; > from Eyring equation

The Eyring derived values of AS* can safely be taken as relative values. However, less credence

should be given to the actual values.
R&'

N e %@ cte
O " »
6'

Figure 9. The proposed mechanism for the thermal ring closure reaction.

What we can say is that the ring closure reaction should go through the conformation which is cis-
cis-cis CCC about the central methine bridge (Figure 9), because it is apparent that the N_y, groups are
hindering the reaction. The naphthalene moiety will collide with larger N, chains only if it passes
through the CCC form. Furthermore we can state that it is probably the activation entropy of the reaction,
AS™, that is slowing down the reaction for larger N.auiy groups, since the larger N_yiy groups have to move
out of the way, meaning that the molecule must adopt a specific conformation before the ring closure can

be completed. However, we clearly cannot trust the absolute entropy values.
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In comparison, the diminishing values of A with increasing N_ay bulkiness also allows us to infer
that entropy is the key factor here because we have already argued that A is a combined frequency and
activation entropy term. From A we can determine the frequency of the reaction if the process was
occurring in the absence of an activation energy. In changing from N to Np to Njg, the reaction
frequency changes from 1.3x10"s™ (0.8 ps) to 1.8x10™s™ (5.6 ps) to 1.5x10™*s™ (6.7 ps). For reference
the frequency factor in TST (k,T/h) has a room temperature value of 6.3x10* s meaning that the reaction
is expected to occur in 150 fs in the absence of other hindering factors. The ring closure reactions of NOSI
compounds are between 5 to 40 times slower than that. Since this is a simple reaction in which nothing
dissociates, no bonds need to break and only a simple torsion around the central single bond on the methine
bridge is required. It could justifiably be suggested that the reaction activation entropy for the N_ye
compound is close to zero, because the N group cannot hinder the reaction and it cannot change its
conformation relative to the naphthalene moiety during the reaction. Thus, it can be suggested that a
realistic natural frequency for this type of reaction is equal to the value of A obtained from the Arrhenius
plot intercept for the N.ye compound (1.3x10% s) and that the reaction should proceed on the sub-
picosecond timescale (0.8 ps) if a molecule possess E,. In other words, by assuming nothing until the end.
We could extract a candidate number for the frequency component of A by reasonably assuming that the
activation entropy is negligible (an assumption stated is one that can later be refuted).

Using this information it can further be suggested that a reasonable candidate values of actual
activation entropies for the N, and N.jg, compounds by assuming there is low to no entropy term for the N.
we compound and assuming very reasonably that the entropy term in A is of the form Fe®S'/R |t can just be
assumed that a good value for the natural reaction frequency (F) is the same as for the N.y. molecule
(1.3x10").

In the case of the N_p, compound A = 1.8x10*'=1.3x10"? e25"/R from which ASy_p, = -16.4 J K™
mol™ can be calculated. Similarly, ASy,_;5,, = -17.9 J K™'mol™ can be determined.

It can be seen from the first order rate constants for the thermal fade reaction from the colored B
merocyanine to the colorless A spiro-form, shown in Table 1, were successfully slowed down by a bulkier
N.aiy group. But moreover, we can quantify this in terms of the activation entropy of the reaction. To
achieve this, it has simply been proposed, based on equation (13) CT and TST, that the Arrhenius A — term
has a form (F~*) e25"/R where (F,®~*) is the frequency component of the A term. However, unlike for
CT and TST it was not necessary to fix a value for the frequency component or assume any breakdown

efficiency that is not based on a knowledge of the system under investigation.
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Comparison with NOSI photochemistry

As can be seen in Figure 6, in photochemistry it is possible to jump the molecule into an excited
state using a photon’s energy. In this excited state, the molecule may react with zero activation energy to
form products. Thus, it is possible to compare the derived thermal-reaction frequencies with real values
measured in the absence of any E,. These photochemical reactions happen very fast. It is known from data
from picosecond pump-probe experiments that in non-polar cyclohexane the N.g, compound photo-
isomerizes with a rise-time 1. ~ 5ps (Table 2) (Hobley, 1995; Hobley and Wilkinson, 1996; Hobley et al.,
2003; Wilkinson and Hobley, 1992; Wilkinson et al., 1996). This means A in the direction A—B is 2x10™
s* (5 ps) because in photochemistry light is used to jump straight to the top of the hill and there is no
activation enthalpy term (no E,). It compares rather well with the (F~%) e “"R~1.5x10"s* (6.7 ps) for
the same compound in toluene in the thermally activated reaction. The rate of the reaction is just a little
slower in the ground state. However, in the case of photochemistry, for compounds with N_ye and N.g,
groups in non-polar solvents the quantum efficiency (number of molecules reacted/number of photons
absorbed) ¢4 is high and it is not altered by the N_u, chain length (Table 2). Furthermore, between
cyclohexane and toluene there is no significant difference in the quantum efficiencies of the ring-
opening reaction. In other words, the trend observed for the thermal fade reaction in which the methine
bridge rotation is hindered in the order N.ig,>N.p>N.ye; it is not seen when comparing photochemical
quantum efficiencies, for which there is no N_y, effect. It is thus proposed that the photochemical reaction
does not go through the same CCC intermediate as in the thermal reaction, because in that conformation
steric factors should reduce the reaction efficiency for the compounds with longer bulky chains as in the
ground state. Therefore, the proposed intermediate in the photochemically induced rotation is the trans-cis-
cis TCC form in which the naphthalene moiety cannot bump into the N_a, chains.

Comparing the reverse Arrhenius frequencies (Table 1) with the forward photochemical
frequencies in non-polar solvents (Table 2) shows that the reaction frequency of the photochemical forward
reaction and the thermal reverse reaction is very similar except that the thermal reaction is a little slower.
Let’s assume that the photochemical reaction frequency is of the same form as the A term in Arrhenius, i.e.
it is possible to write it as a combination of an entropy term and a frequency term, for example:

(F571) e ¥R ~1.8x10™ s (6.6 ps) N.igy in toluene
(F/ %) e ®R ~ 2x10™s™ (5.0 ps) N.igy in cyclohexane

The high quantum vyield for ¢, .5 in non-polar solvents implies that, all things taken into account,
the progression from the S; state of the spiro-form to the ground state of the mero-form is highly favored
by efficient internal conversion between S; and Sy and upon dropping down to the ground state surface; in
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non-polar solvents the molecules favor ring-opening more than ring-closure. It means that the transmission
factor «in the frequency term is >0.5, probably because the molecule does not drop onto the top of the hill

in the ground state potential energy surface, but rather drops down on the B-side of the hill.

Table 2. Photochemical parameters (Hobley, 1995; Hobley and Wilkinson, 1996; Hobley et al., 2003;
Wilkinson and Hobley, 1992; Wilkinson et al., 1996)

Compound Solvent 71 1 ps (ki) T/ ps (ka) DA
N.me BuOH 7.1 (1.4x10™) 790 (1.3x10%)
N.igy PrOH 7.1 (1.4x10") 560 (1.8x10°%) 0.22
N.igu BuOH 7.1 (1.4x10") 790 (1.3x10°%)
N.iy DeOH 7.1 (1.4x10") 1100 (9.1x10°%
N.igu CHX 5.0 (2.0x10™) over in 0.70
N-wme CHX 0.72
N.igu Toluene 0.67
N-me Toluene 0.64

Note that on the excited state the potential energy surface the molecule undergoes charge
separation in which electrons from the oxazine oxygen and the spiro carbon delocalize to the indoline
nitrogen as the oxazine oxygen takes on a phenolic character (Figure 10) with the TCC conformation. This
is a zwitterionic intermediate in which the central bond on the methine bridge is double bonded. This
double bond character should hinder rotation. However, if the molecule drops down onto the ground state
surface the phenolic oxygen should transfer its negative charge back to the positive indoline nitrogen to
form a non-charge separated TCC quinoidal form in which the central methine bridge bond is a single
bond. In this conformation a single rotation about the single bond would easily form a merocyanine with
TTC form. The lifetime of the charge separated zwitterionic state should be shorter in non-polar solvents
and could be longer in polar solvents such as alcohols, because these could help to solvate the charge
separated state. Indeed, from Table 2, in polar solvents (alcohols) there is a much longer lived transient in
the photochemical isomerization after the rapid (7 ps) formation of an intermediate state.

The formation of the fast transient is independent of solvent viscosity and corresponds to (F %) e
4R~ 1.4x10" s™. Furthermore, it does not change with the N_u chain length. This transient must be
formed with only slight changes in the molecular shape. This timescale can be attributed to the formation of
the charge separated zwitterionic cisoid TCC merocyanine isomer. The longer lived transient state absorbs
broadly across the visible (Hobley et al., 2003) and has an (F~%)e “"® = 1.8x10° (560 ps) 1.3x10° (790
ps) — 9.1x10° (1100 ps) in propanol, butanol, and decanol, respectively. Its lifetime is affected by viscosity

but is independent of the N_.x, chain length. In other words it should involve significant molecular rotation
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because it is affected by solvent viscosity, but it must rotate in a way such that the N_,, chain cannot clash
with the naphthalene moiety during the transformation, i.e. it should go through the ground state quinoidal
TCC isomer. The longer lifetime, of hundreds of picoseconds, supports the transient being charge
separated, i.e. the molecule is in its zwitterionic form in which bond rotation is hindered. This should drop
down onto the ground state surface to form the TTC quinoidal merocyanine, but the hold up on the excited
state should increase the chance of internal conversion and vibrational cascade, thereby lowering the
qguantum efficiency of the photochemical transformation from A to B (as seen in Table 2 for the polar
solvent quantum efficiency). Hence, a full mechanism for the photochemical ring opening and thermal ring
closure can be proposed that fits all the kinetic and photochemical data in Tables 1 and 2. This is shown in
Figure 10.

From the transient absorption spectra (Hobley at al., 2003) obtained in butanol it may also be
reasonably suggested that the broad absorption across the visible for the transient assigned to a zwitterionic
TCC molecule on the S; surface implies that this transient is indeed in its excited state for which the energy
gap S;—S, would be smaller than transitions from ground states and because such broad featureless spectra
extending to long wavelength are typical for the lower energy S;—S, transition (Tamai and Masuhara,
1992).

When suggesting that a transient on the S; surface is stabilized compared to the transient on the S, surface
(Syvo is far higher in energy than Syvg) it must be remembered how internal conversion occurs. Internal
conversion does not have an activation barrier, i.e. E, is zero. E, is heavily associated with AH* meaning
that internal conversion must be dominated by AS™*. This is actually obvious when it is considered that
internal conversion involves the electronically excited, yet vibrationally and rotationally “cold” S;v, state
converting into a state equal in energy (iso-energetic) that exists on the ground state surface, which is the
vibrationally “hot” Sgvy, State (subscript n indicates the n™ vibrational level of S, that energetically matches
Sovn). The parameter that holds up this conversion does not involve enthalpy so much, but it is dominated
by entropy. Internal conversion obeys the Franck-Condon principle (Condon, 1926; Franck, 1926). That
means that for an electronic transition to happen the Born-Oppenheimer approximation must apply (Born,
1927). Born-Oppenheimer suggests that there is a zero nuclear motion during an electronic transition. It
means that for internal conversion to happen the molecule must, more-or-less inter-atomically map onto the
state that it is about to become. If the excited state is polar and solvated in a polar solvent, it is less likely to
map, atom-to-atom onto a non-polar ground state that is less solvated in the polar solvent. Thus, the hold-
up for the photo-isomerization in the alcohols is also apparently due to the entropy term in the reaction

ABy . AS*R
A )e

frequency of the transformation ((F ). The natural frequency of the reaction should be like the

natural frequency on the ground state because it is still a nearly identical rotation about a single bond. It is
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then possible to produce a plausible number for the entropy term for the internal conversion in alcohols
(ignoring possible differences in k).

Previously it was proposed that F,*~* for the N.y is 1.3x10" and this number can be used to try to
separate the proposed frequency component and entropy terms. We know that (F~%) e “™® is 1.8x10°
(560 ps), 1.3x10° (790 ps) and 9.1x10° (1100 ps) in propanol, butanol, and decanol, respectively. For the
Nigy reaction in propanol we can write
1.8x10° = 1.3x10" e %

e “"R=1 8x10%1.3x10* = 1.38x10° if the frequency term for the N_y, compound applies to the N.ig,
compound, which is reasonable, because the N.y. substitution has been shown to affect the reaction
entropy. From this we can calculate that AS*/R = -6.6. This means that AS*= -55 J mol™ K™ in propanol.
Similarly, AS*= -57 J mol™ K* in butanol and -60 J mol™ K™ in decanol can be calculated. The differences
between these three solvents is no doubt due to additional entropy contributions due to solvent viscosity. In

other words, the solvent molecules must move out of the way of the rotating moieties.
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Figure 10. The proposed full photochemical and thermal reaction mechanism for a NOSI compound
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Conclusion

It has been demonstrated that the simple application of the Arrhenius equation using assumptions specific
to the molecular system under investigation can yield values of E, and A. Since A can safely be assumed to

AS*IR

be a composite of an entropy and an enthalpy term i.e. A=(F®~*) e®*"® it means that in some cases the

terms (F,°~*) and AS*can be separated when the entropy or frequency term can be reasonably assumed to
have a known probable value. Using this approach, thermal reaction and photochemical reactions of
naphthoxazine-spiro-indolines have been compared. By doing so, it has been possible to propose a full
reaction scheme for the entire photochromic reaction of these commercially important molecules. The
Arrhenius A reaction frequency for the ground state was almost the same as the frequency of the first order
rate constants for the photochemical reaction in non-polar solvents. However, the photochemical
frequencies obtained in polar solvents was significantly slower than in non-polar solvents. It is suggested
that this is because the molecule gets held up as a zwitterionic excited state for which the bond rotation to
form the ring open merocyanine is hindered by a double central bond on the methine bridge. The molecule
must drop to S, before it can isomerize. Hence when extracting reaction frequency terms, care must be
taken to understand the type of molecular process that is being studies. Some reactions are naturally slower

than others by virtue of their natural frequencies.
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SAZETAK

U toku osnovnih studija, kinetika i termodinamika se ¢esto predaju kao zasebni predmeti. To je
zato §to termodinamicki podaci ne govore o brzini postizanja ravnoteze-to spada u kinetiku. Cak
1 ako je hemijska reakcija termodinamicki favorizovana, moze se desiti da se ona nikada nece
dogoditi iz kinetickih razloga. Medutim, ovo odvajanje kinetike i termodinamike je manjkavo u
nekim aspektima. U ovom radu, istrazena je veza izmedu hemijske kinetike i termodinamike,
utemeljena u obe oblasti 1 definisana jednim dijagramom potencijalne energije. Uobicajena
zabluda izazvana predmetima iz hemijske Kkinetike sa osnovih studija, je tvrdnja da je
Arenijusova jednac¢ina manjkava zato $to ne pruza precizno znacenje za pre-eksponencijalni ¢lan
A. Predmeti na osnovnim studijama obi¢no nastavljaju sa sofisticiranijim teorijama u obliku
kolizione teorije CT (engl.) i teorije prelaznog stanja TST (engl.) rezultuju¢i Ejringovom
jednac¢inom. Ove dve poslednje teorije su potrebne da bi se formalno pokazalo, da pre-
eksponencijalni ¢lan sadrZi informaciju o entropijskim zahtevima reakcije. U ovom radu ¢e biti
prikazano da je razmatrajuci vezu izmedu termodinamike i kinetike, moguce pokazati da je A ve¢
posredno povezan sa proizvodom entropije aktivacije reakcije i prirodne frekvencije reakcije.
Ovaj rad koristi prethodno publikovane i nepublikovane rezultate fotohromnih naftoksazin-spiro-

indolina da bi se uporedile razlicite teorije.
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Révision de I’équation d’Arrhenius en cinétique chimique
pour analyser les données cinétiques de naphtoxazine-spiro-

indolines photochromiques

Jonathan Hobley

OndaLabs R&D Consultancy, Deca Homes, Clark Free-Port, Barangay Margot, Angeles, 2009,
Philippines

RESUME

Lors du premier cycle d’études, la cinétique et la thermodynamique sont enseignées comme les
maticres séparées. C’est le résultat du fait que les données thermodynamiques sur 1’équilibre ne
traitent pas la vitesse d’atteindre 1’équilibre, ce qui représente en effet la cinétique. Il est vrai que
méme si une réaction chimique est thermodynamiquement favorable, elle peut ne jamais se
produire pour des raisons cinétiques. Cependant, cette séparation de la cinétique et de la
thermodynamique est regrettable a certains égards. Dans ce travail, est exploré le lien entre la
cinétique chimique et la thermodynamique, les deux étant définies par un seul diagramme
d’énergie potentielle. Une erreur habituelle provoquée par les cours du premier cycle en
cinétique chimique est I’affirmation que 1’équation d’Arrhenius est déficiente car elle n’offre pas
de définition précise du terme pré-exponentiel A. Les cours du premier cycle proposent souvent
des théories plus sophistiquees sous forme de théorie de la collision CT (angl.) et de théorie de
I’état de transition TST (angl.), résultant en équation d’Eyring. Ces deux dernieres théories sont
nécessaires pour montrer formellement que le terme pré-exponentiel contient I’information sur
les exigences d’entropie de la réaction. Dans cette recherche, il sera montré qu’en examinant la
relation entre la thermodynamique et la cinétique, il est possible de démontrer que A est déja

implicitement lié au produit de I’entropie de I’activation de la réaction et de la fréquence
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naturelle de la réaction. Cet article utilise des résultats précédemment publiés et non publiés des

naphtoxazine-spiro-indolines photochromiques pour comparer les différentes théories.

Mots-clés : équation d’Arrhenius, théorie de [’état de tranmsition, théorie de la collision,

naphtoxazine-spiro-indoline, photochromique, cinétique chimique.
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HepeCMOTp YPABHCHMUS AppeHHyca B XMMHYECKON KHHETHKE JJIA
aHaJIn3a JAHHBbIX KHHECTUKH (l)OTOXpOMHI)IX Ha(l)TOKca?,I/IH-

CIIMPONHI0JINHOB

Jl:xxonaran Xo01u

OndaLabs R & D Consultancy, Deca Homes, Krapx ®@pu-Ilopm, Bapaneaii Mapeo, Anosxcenec, 2009,

Dununnunwi

AHHOTALUA

B GakanaBpuare KMHETHKa ¥ TEPMOAMHAMHUKA YaCTO MPENOJAIOTCS KaK OT/IENIbHbIE MOAYIU. DTO
IIOTOMY, YTO JaHHBIE PaBHOBECHs B 00JACTH TEPMOIAMHAMUKU HE JAIOT HaM HH(OpMAIUIO O
CKOPOCTH JOCTHKEHHUs PAaBHOBECHS, TO €CThb KMHETHKH. BepHO, 4TO maxke eciii XMMHUYecKas
peakuus TEepMOAMHAMUYECKHM @pUEMIIEMA, OHA MOXET HHUKOIJa HE IIPOM3O0UTH U3-3a
KMHETHUYECKUX cooOpaxeHnid. OpHAKO Takoe pa3/ieleHue KUHETHMKHM M TEePMOAMHAMHUKU B
HEKOTOPBIX OTHOIIEHMSAX BBI3BIBACT cokaneHue. B aroil pabore uccienyercss CBS3b MEXITY
XUMHUYECKON KUHETHKOM M TEepMOJMHAMUKON, OCHOBaHHasi Ha TOM, 4TO 00a OHM OINpeesCHBI
OJIHOM JmarpamMMoil MOTEHLIMAJbHOW sHepruu. PacrnpocrpaHeHHOe 3a0iyKJIEHHE, BBI3BAHHOE
Kypcamu OakajaBpuata IO XHMMUYECKOH KHHETHKE, 3aK/IIoyaeTcs B YTBEPXKACHUHU, YTO
ypaBHEHUE AppeHuyca SBISETCS HEMOJIHOLEHHBIM, ITIOCKOJBKY OHO HE JAAa€T TOYHOIO 3HAYECHMS
JUIs  TpeadKCroHeHnuaiabHoro TepMuHa A. Kypcel 0OakanaBpuaTa 4YacTo MPOJOJDKAIOT
npenajarate 0osee CI0XKHbIE TEOPUU B (OpMEe TEOPHH CTOJIKHOBEHUSI U TEOPUH MEPEXOHOrO
COCTOSIHUS, IPUBOJIAIIMX K YPaBHEHUIO DUpUHTra. DTH JIBE MOCIEeIHIUE TEOPUU HEOOXOTUMBI JIs
TOT0, YTOOBI (POpPMaATBHO MOKa3aTh, YTO MPEIIKCIOHEHIMATIBHBIN WIEH COJACPKUT UH(OPMAIIHIO
0 TpeOOBaHUAX pEAKIMH K SHTpONUH. B 3T0# paboTre OyaeT mokazaHo, 4TO, pacCMaTpPUBas CBA3h
MEX1y TEPMOJUHAMUKON U KWHETHKOM, Jerko MOXHO IOKa3aTh, YTO TEPMHUH A. yXKe HESBHO
CBSI3aH C MPOAYKTOM SHTPOIIMH AKTUBALMHU PEAKIMM U COOCTBEHHOW YacTOTOW peakuuu. JTa

pabota WCHONB3yeT paHee OIMyOJMKOBAHHBIE W HEONMyOIMKOBAaHHBIC PE3yabTaThl IO
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(GOTOXpOMHBIM ~ HA(PTOKCA3UH-CIIUPO-UHAOIMHAM  JIJII  CPaBHEHHUS  Pa3IMYHBIX  TEOpPHUH.

Knwouesvie cnosa: ypasnenue Appenuyca, meopus nepexoOHvblX COCMOAHUL, Meopusl

CI’I’lOJZKHO(feHLlLY, Had)mOKCClé’llH-Cl’lMpO-LtH()OﬂLlH, d)OWlOXpOJWHO& Xumudeckasli Kunemukda.
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Neubetrachtung der Arrhenius-Gleichung in der chemischen
Kinetik zur Analyse von Kinetikdaten fir photochrome

Naphthoxazin-Spiro-Indoline

Jonathan Hobley

OndalLabs R&D Beratung, Deca Homes, Clark Free-Port, Barangay Margot, Angeles, 2009, Philippinen
ABSTRAKT

In den Bachelorstudiengédngen werden Kinetik und Thermodynamik oft als separate Module
unterrichtet. Das liegt daran, dass die Gleichgewichtsdaten aus der Thermodynamik keinen
Aufschluss ber die Geschwindigkeit der Gleichgewichtserreichung geben, weil es sich um die
Kinetik handelt. Es ist richtig, dass eine chemische Reaktion, selbst wenn sie thermodynamisch
gunstig ist, aus Kinetischen Griinden niemals ablaufen kann. Jedoch ist diese Trennung von
Kinetik und Thermodynamik in mancher Hinsicht bedauerlich. In dieser Arbeit wird die
Verbindung zwischen der chemischen Kinetik und der Thermodynamik untersucht, basierend
darauf, dass beide durch ein einziges Potential-Energie-Diagramm definiert werden. Ein
gelaufiger Irrtum, der in den Fachern in den Grundstudiengangen zur chemischen Kinetik
verursacht wurde, ist die Behauptung, dass die Arrhenius-Gleichung mangelhaft ist, weil sie
keine préazise Bedeutung flr den préexponentiellen Faktor A bietet. Grundstudienfacher setzen
h&ufig fort, komplexere Theorien zu bieten, in Form der Kollisionstheorie CT (engl.) und der
Ubergangszustandstheorie TST (engl.), die in der Eyring-Gleichung resultieren. Diese beiden
letztgenannten Theorien sind erforderlich, um formal zu zeigen, dass der praexponentielle Faktor
Informationen Uber die Entropieanforderungen der Reaktion enthdlt. In dieser Arbeit wird
gezeigt, dass in Anbetracht der Verbindung zwischen der Thermodynamik und der Kinetik
gezeigt werden kann, dass A bereits implizit mit dem Produkt der Aktivierung der Entropie der
Reaktion und der Eigenfrequenz der Reaktion verbunden war. Diese Arbeit nutzt die zuvor
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veroffentlichten und unveroffentlichten Ergebnisse zu photochromen Naphthoxazin-Spiro-

Indolinen zum Vergleich verschiedener Theorien.

Schliisselworter: Arrhenius-Gleichung, Theorie des Ubergangszustandes, Kollisionstheorie,

Naphthoxazin-Spiro-Indolin, photochrome, chemische Kinetik
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Kinetic and Thermodynamic Parameters for Degradation of
Anthocyanins from Red Currant and Sour Cherry Juices by
Hydrogen Peroxide in the Presence of Cu(ll)

Jovana Lj. Pavlovi¢ ', Milan N. Miti¢, Sonja M. Jankovié

University of Nis, Faculty of Sciences and Mathematics, Department of Chemistry, Visegradska 33, 18
000 Nis, Republic of Serbia

ABSTRACT

The Kinetics of anthocyanins degradation in the red currant and sour cherry juices by hydrogen peroxide
at pH 3.5 was investigated. The reaction was catalyzed by the trace of Cu (lII), and it was followed
spectrophotometrically at 520 nm by applying the initial-rate method. The reaction kinetic parameters are
reported, and the rate equation is suggested. From the dependence of the rate constants on the
temperature, the activation energy was calculated: 25.76 and 30.59 kJ mol™ for the red currant and sour
cherry juices, respectively. The thermodynamic functions of activation (AG", AH™ and AS’) have been

determined to understand red currant and sour cherry juice anthocyanins degradation.

Keywords: red currant, sour cherry, anthocyanins, kinetic parameters, thermodynamic functions
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Introduction

Anthocyanins are polyphenolic pigments, responsible for the red, blue, and purple color
of numerous fruits. They are reported to have antioxidant properties and thus many health
benefits (Harbourne et al., 2008). There are several reports focused on the effect of anthocyanins
on cancer treatments (Nichenametle et al., 2006), human nutrition (Stintzing and Carle, 2004),
and biological activity (Kong et al., 2003). Red currants and sour cherries are an excellent source
of anthocyanins and, therefore, very interesting because they offer potential as an ingredient in
functional beverages. Anthocyanins identified in red currants are cyanidin-3-O-sambubioside,
cyanidin-3-O-rutinoside, cyanidin-3-O-(2"-O-xylosyl) rutinoside (Borges et al., 2010); cyanidin-
3-rutinoside, cyanidin-3-sophoroside, and cyanidin-3-glucoside (Méaétta et al., 2003). Also, the
most abundant sour cherry anthocyanin is cyanidin-3-glucosyl-rutinoside (Damar and EKsi,
2012). After the harvest, red currant and sour cherry fruits easily lose its red color, resulting in
reduced market value (Ruenroenglin et al., 2009). Several factors influence to anthocyanin
stability, including pH, light, oxygen, enzymes, ascorbic acid, sugars, metal ions, and copigments
(Kechinski et al., 2010).

Thermal degradation of anthocyanins has been studied for grape juice (Hillman et al.,
2011), Chinese red radish (Liu et al., 2014), the raspberry pulp (Summen and Erge, 2014), and
blood orange juice (Kirca and Cemeroglu, 2013). The kinetic degradation of anthocyanins can be
evaluated from a thermodynamic perspective based on activation functions such as free energy
(AG), enthalpy (AH), entropy (AS’) and activation energy (E,). These functions can be
estimated for reactions occurring in foods and may provide valuable information concerning
thermal degradation kinetics. Additionally, hydrogen peroxide (H,O;) has been used in foods and
food packaging materials for various purposes in many European countries for over 30 years
(Nikkhah et al., 2010). Degradation of anthocyanins by H,O, has also been studied for litchi fruit
(Ruenroengklin et al., 2009), sour cherry, pomegranate, and strawberry juices (Ozkan et al.,
2002). Copper, normally occurring in fruit and vegetables, plays a vital role in these oxidation
reactions. No published data have been found in the literature on the effects of H,O, in the
presence of Cu(ll) ions on the degradation of anthocyanins from the red currant and sour cherry
juices. Therefore, the objective of the presented work was to investigate the effects of

Cu(11)/H,0, reagent on the stability of red currant and sour cherry juices. Different temperatures
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were used to predict kinetic degradation and, at a temperature of 25°C, the thermodynamic

functions of activation were estimated.

Experimental
Material

The samples of sour cherry and red currant fruits used in the study were obtained from
the Niska Banja (Serbia). Fruits were washed in cold tap water and homogenized in a high-speed
blender. The homogenate was filtered and stored at -18°C until use. All the analyses were

performed in three replicates.

Equipment

Spectrophotometric measurements were performed on UV-Vis spectrophotometer, model
8453 (Agilent, Germany) with a 1 cm match glass cell. For the pH measurements, Radiometer
PHM 29Bb pH meter (MeterLab, USA) and a combined glass-calomel electrode, GK2311C,
were used. All solutions were kept in a thermostatic water-bath, model MP-5A (Julabo, USA) at
25.0 £ 0.1 °C before the beginning of the reaction. High precision measuring for laboratory
applications was performed using an analytical balance (x0.0001 g), model AB204-5 (Mettler

Toledo, Switzerland). A stopwatch was used to record a reaction time.

Reagents and solutions

Analytical grade chemicals and deionized water (MicroMed high purity water system,
TKA Wasseraufbereitungssysteme GmbH) were used for the preparation of all solutions. All the
stock solutions were stored in polyethylene containers. All the polyethylene containers and the
glassware used were cleaned in aqueous HCI (1:1) and then thoroughly rinsed with deionized
water. 1.00 gL™ Cu (1) (nitrate salt, Merck, KGaA, Darmstadt, Germany) was used as a stock
solution. Cu (I1) working solutions were made by suitable dilutions of the stock solution. A 1.0
molL™ solution of hydrogen peroxide (Merck) was prepared by an appropriate dilution of 30%
reagent in a volumetric flask of 50 mL with deionized water. A 0.1 molL™ tartaric acid stock
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solution was subsequently prepared by dissolving 1.50 g of C4HsOs (Merck) in water and

diluting to 100 mL in a volumetric flask.

Recommended procedure

In a special four compartment vessel (Budarin’s vessel), the solution of Cu (ll) was
placed in one compartment of a vessel, solution of H,O; in the second, fruit juice in the third,
and buffer solution (tartaric acid, pH = 3.5) and deionized water with the total volume 10 mL) in
the fourth compartment. The vessel was thermostatted for 5 min at 25.0+0.1°C. Afterward the
contents of all four separate compartments were mixed and then stirred during 60 s. The content
was transferred to the spectrophotometric cell with a part length of 1 cm immediately after the
stirring, and absorbance was recorded. The change in absorbance was recorded at 520 nm as a
function of time every 2.5 min for the first 25 min of the reaction. The reaction rates at different
concentrations of each of the reactants were obtained by measuring the slope of the linear kinetic
curves to the absorbance plot (from Beer’s law A= ¢-1-c, dA/dt = g-1-(dc/dt), dc/dt = (dA/dt)/e1,
slope = dA/dt, rate =dc/dt).

Investigation on the effect of H,O, concentration

Aliquots (0.10-0.75 mL) of H,O, standard solution were pipetted into the one
compartment of the four compartment vessel; 0.50 mL of the Cu (I1) solution was placed in the
second compartment; 0.5 mL of the red currant (0.2 mL of the sour cherry) fruit juice in the third
and buffer solution (tartaric acid, pH = 3.5) and deionized water with the total volume 10 mL in

the fourth compartment.

Investigation on the effect of Cu (Il) concentration

Aliquots (0.12-0.50 mL) of Cu(ll) standard solution were pipetted into the one
compartment of the vessel; 0.5 mL (or 0.3 mL) of the H,O, solution in the second; 0.5 mL of the
red currant (0.2 mL of the sour cherry) fruit juice in the third and buffer solution (tartaric acid,
pH = 3.5) and deionized water with the total volume 10 mL in the fourth compartment.
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Investigation on the effect of anthocyanins concentration

Aliquots (0.25-0.75 mL) of the red currant juice and (0.1-0.30 mL) of the sour cherry
juice were pipetted into one compartment of the four-compartment vessel; 0.50 mL for the red
currant juice (0.30 mL for the sour cherry juice) of the H,O, solution in the second; 0.5 mL of
the standard of Cu(ll) in the third, and tartaric acid (pH=3.5) and deionized water with the total

volume 10 mL in the four compartment.

Analysis of kinetics and thermodynamics

Order of reaction: The degradation process for anthocyanins can be described by the

general rate equation:

_de _yen
i o)

Where -dc/dt represents the rate of anthocyanins degradation, k the rate constant, ¢ the
anthocyanin concentration at each time, and n the reaction order.

For n = 1 and after integrating:

d d
——=k¢ ——=k-dt
dt c

In(co/cy) =kt )

Eqg. (2) is obtained where co is the initial anthocyanins concentration (t = 0) and c; the

concentration of anthocyanins at each time.

Thermodynamic analysis: The temperature and degradation constant are related

according to the Arrhenius equation:
Kk = A - e~Fa/RT 3)

where k represents the rate constant for the degradation process, A the Arrhenius constant, E, the
apparent energy of activation, R the universal gas constant, and T the absolute temperature.

Taking natural logarithms
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Ea
Ink = InA — =T (4)

Eq. (4) is obtained. When the natural logarithm of the degradation constant compared with the
inverse of the absolute temperature is plotted according to the Eq. (4), the E, value from the
slope and the InA value from the ordinate intercept are obtained. Thus, the thermodynamic
parameters, change in enthalpy (AH), entropy (AS’), and free energy of activation (AG"), are
obtained using the following equations:

AH* = E, —RT (5)
AS* = 19.14[logk — logT — 10.3178 + AH*/19.14T] (6)
AG* = AH* — TAS* @)

where k, represents degradation rate constant and T, absolute temperature.

Results and Discussion
Absorption spectra and kinetics of anthocyanin degradation

The juice samples were diluted with deionized water to give an absorbance reading
between 0.6 and 0.8 units. These absorbance values were achieved by diluting 0.1 mL of sour
cherry and 0.25 mL of red currant juice with 4.9 and 4.5 mL of deionized water, respectively.
The absorption spectra were scanned from 300 to 700 nm. The absorption maximum was
recorded at 520 nm (Figure 1A). All absorbance readings were made against deionized water as a
blank.
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Figure 1. A) Absorption spectra of: 1) aqueous solution of sour cherry juice; 2) sour cherry

juice-H,05; 3) sour cherry juice- HyO,-Cu(ll); 4) sour cherry juice- H,0.-Cu(ll) 24 h after
mixing; B) Relationship between the absorbance of reaction mixture and time at: 1) 25; 2) 30; 3)
35; 4) 40°C recorded at 5 min intervals, V (sour cherry juice) = 0.2 ml; ¢(H,0,) = 0.059 mol-L™,
Ccugny= 1.85-10* mol-L™"; pH=3.5

In order to confirm that decrease of absorption at 520 nm comes from the anthocyanins’
degradation, absorption spectra for different mixtures of reaction components were recorded 3
min after mixing the reagents. The spectrum of anthocyanins in aqueous solution (juice diluted
with deionized water) is presented in Figure 1A, curve 1. The spectra of a mixture consisting of
aqueous solution juice-H,O, and mixture made of aqueous solution juice-H,O,-Cu (ll) are
presented in Figure 1A, curve 2 and 3, respectively. The reaction between anthocyanins and
hydrogen peroxide occurs very slightly, but the addition of Cu (I1) ions particularly accelerates
this reaction as a result of the strong catalytic action of this metal ion. For mixture juice-H,0,-Cu
(11), the absorbance band at 520 nm significantly decreased (Figure 1a, curve 4) after degradation
during 24 h. Meanwhile, the baseline gradually ascended from 400 to 300 nm, similarly to the

previous report (Song et al., 2011).

Figure 1B shows the relationships between the absorbance of the reaction mixture (which
is directly proportional to the concentration of anthocyanins) and time at different temperatures.
Anthocyanin concentration decreases with time. It is possible to follow the reaction rate
spectrophotometrically as the change of the solution absorbance values with time, because of the
linear dependence of absorbance on time during the first 20 min of reaction at 25°C. The initial-

rate method was used to determine partial orders (Perez-Bendito and Silva, 1988). The initial
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rates of the reaction were determined by measuring the slope of the initial tangents to the

absorbance-time curves, dA/dt.

The reaction rate dependence on the H,O, concentration was studied in the range 0.019-
0.147 molL™ (Figure 2). The reaction rate increased by increasing the concentration of H,Os.
This figure shows that the degradation of anthocyanins in sour cherry and red currant juices
follows the first-order reaction with respect to H,O, concentrations because the curve is linear.
For further work, a concentration of 0.098 and 0.059 mol-L™ was selected for the red currant and

sour cherry juices, respectively.

A B
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Figure 2. Dependence of the reaction rate on the H,O, concentration. Concentration in measured
solution: ccyqy = 1.23-10 mol-L; pH=3.5; t = 25.020.1 °C. A) V (red currant juice) = 0.5 ml;
B) V (sour cherry juice) = 0.2ml

Keeping all the other experimental parameters constant, Cu (Il) dependence on the
system was studied in the range 0.31:10-1.23-10" mol-L™. It was observed that Cu (11) ions had
catalytic activity. The reaction is first order with respect to Cu (1) concentration (Figure 3).
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Figure 3. Dependence of the reaction rate on the Cu (IlI) concentration. Concentration in
measured solution: pH = 3.5; t=25.0+0.1°C. A) V (red currant juice) = 0.5 ml, c(H,0,) = 0.098
mol-L%; B) V (sour cherry juice) = 0.2 ml, ¢(H,05) = 0.059 mol-L™*

The influence of the temperature on the reaction of the degradation of anthocyanins in
sour cherry and red currant juices with H,O, and Cu(ll) as catalyst (at optimal conditions: pH =
3.5; ccuy = 1.23-10" mol-L?; ¢(H,0,) = 0.059 mol-L™ and 0.098 mol-L™, respectively) was
studied.

The effect of the temperature on the reaction rate was followed in the range 298-313 K.
The reaction rate was increased with increasing temperature. The degradation of anthocyanins in
sour cherry and red currant juices by Cu (I1)/H,0; reagent followed Arrhenius equation (tartaric
acid buffer, pH = 3.5; t = 25.0+£0.1°C). Previous studies showed that thermal degradation of
anthocyanins followed the first-order reaction (Garzon and Wrolstad, 2002; Wang and Xu, 2007;
Mercali et al., 2013). The optimum reaction temperature of 298 K was selected. At the higher
temperature (313 K), the reaction became too fast and not suitable for following during the 2.5-
20 min after mixing. The reaction rate dependence on the anthocyanins concentration was
investigated under selected and constant reaction concentrations: Ccyqry = 1.23 mol-L?, c(H,0,) =
0.098 mol-L* and pH=3.5. Linear dependence confirmed that the degradation of anthocyanins in

red currant and sour cherry juices followed the first-order reaction.
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Figure 4. Reaction rate dependence on the concentration of anthocyanins. Concentration of the
reactants in the solution: V (red currant juice) = 0.5 mL, c(H,0,) = 0.098 mol-L™, Ccugy = 1.23
mol-L™; pH = 3.5; t=25.0+0.1C.

Based on the present kinetic investigation, the kinetic equation for degradation of
anthocyanins in sour cherry and red currant juices by H,O, in the presence of Cu (l1) as catalyst

was formulated:

dc

FT k- CH,0, " Ccu(ll) * CAnthocyanins (8)
where k is rate constant.

Mechanism of reaction

In an aqueous solution, H,O, can quickly decompose to form very active products: the
perhydroxyl anion (HOQ), hydroxyl (‘(OH) and perhydroxyl (‘(OOH) radicals (De et al., 1999).
These reactive oxygen species might affect anthocyanin degradation (Matta et al., 2008). The
catalytic activity of Cu (1) in the decomposition of H,O, has been extensively investigated due
to their implication in many chemical and biological processes. The mixture Cu (11)/H,0; is a
Fenton-like reagent, analogues to the iron/Fenton reagent, Fe (I1)/H,O,. The mixture Cu
(I/H,0, is a strong oxidant, and it may react with various organic substances. In acidic medium,

at pH 1.0 and pH 3.8 the spectra show a characteristic absorption of the cation form (AH") of the
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flavylium structure, with a strong peak absorption at Amnax=520 nm. Anthocyanins are
decomposed in acidic medium by H,0,, as shown by the following reaction scheme (Song et al.,
2011; Lopes et al., 2007; Alecu et al., 2008):

OH OH
+ @| OH
HO Ox R H,0, HO ot @ HO O<_H .
C/ @ R @ . be%zo1c
acl
0Gly Cudlh Z>oaly Zoaly
OH OH

OH

Figure 5. Hypothetical scheme for the degradation reaction of Cy-3-glycosides.

The opening of the C-ring for Cy-3-glycosides (AH") formed a neutral chalcone (C). This
compound is further oxidized to compound D, which is in fast equilibrium with its tautomeric
quinone forms (Nikkhah et al., 2010).

However, this reaction proceeds slowly without catalytic amounts of Cu(ll). In the
presence of the catalyst Cu(ll) the process occurs at several stages:
kq

Cu(Il) + H,0,_[Cu(I)H,0,]
k

2

This is reversible formation of an intermediate product (Stewart, 1964). The second stage
is the formation of an activated complex (Salem et al., 2000):

k
[Cu(Il)H,0,] + Athocyanin k:3[AnthocyaninCu(II)HZOZ]
4
Finally, the activated complex decomposes into the products and the catalyst:
K
[AnthocyaninCu(11)H,0,] = X Products + Cu(I)

The kinetics indicated that a Cu (I1)-anthocyanine peroxo complex is involved in the rate-
determining step. The complex [AnthocyaninCu(ll)H,O,] undergoes intramolecular
electrontransfer, generating Cu(l) species that can react with hydrogen peroxide:

Cu(l) + H,0, = Cu(ll) + HO® + HO™
The rate of catalyzed reaction is (at constant pH):
v = kg[AnthocyaninCu(II)H,0,] 9)

In the stationary state the concentration of the activated complex can be determined from
the relation:
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. __ kyks[Cu(ID][Anthocyanin]
[AnthocyaninCu(II)H,0,] = s 150 (Rt L OS]

Substituting this into Eq. (9), an expression for the observed reaction rate is obtained:

_ % _ [H,0,][Anthocyanin]
=a- K Ki+[H20,] Cu (10)

when [H202] << K||‘

dt Kir

where: Cc,- total concentration of copper, K|, K;- new constants.

The equation (11) is in good agreement which those obtained by the experimental data
(equation 8).

Thermodynamic analysis

Based on equation (8), the rate constants, as the average value of three measurements at
indicated temperature, were calculated (Table 1).

Table 1. Rate constants at four temperatures

T, K k-10%, mol*dm™® min™
Red currant juice Sour cherry juice
298 2.18 2.72
303 2.64 3.44
308 3.10 4.18
313 3.59 4.91

The temperature-dependence degradation rate constant is represented by the Arrhenius
equation. Graphic dependence of the rate constant as a function of reciprocal value of absolute
temperature gives a linear relationship at the studied temperature range (r* > 0.9), which allowed
the calculation of the activation energy values, which was 30.59 kJ-mol™ for sour cherry and

25.76 kJ-mol™ for red currant juices (Table 2).
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Table 2. Thermodynamic parameters for degradation of anthocyanins in red currant and sour
cherry juices

Juice Ea(kJ-mol™) AH (kJ-mol™)  AS (J-K*mol?) AG (kJ-mol™)
Red currant 25.76 23.29 121.92 59.61
Sour cherry 30.59 28.12 115.48 62.53

Kirca et al. (2007) found an increase in the activation energy with increasing
concentration, while research carried out by Toralles et al. (2008) indicates lack of relation
dependency between the activation energy and concentration in the substance degradation. Also,
different anthocyanins had different degradation kinetics in juices (Hellstrom et al., 2013). The
sour cherry and red currant juices contained only cyanidin-glycosides. In any case, the effect of
the sugar moiety was irrelevant compared to the effect induced by the type of core anthocyanidin
in these anthocyanins. However, juice matrix had a major impact on the stability of
anthocyanins. Hellstrom et al. (2013) suggested that the cyanidin 3-galactoside and cyanidin 3-
arabinoside degraded 3-4 times faster in crowberry juice than in chokeberry juice. Generally, co-
pigmentation of anthocyanins with other compounds is very important in the color stabilization

in plants (Castaneda-Ovando et al., 2009).

Examination of thermodynamic parameters may also provide valuable information
regarding degradation kinetics of anthocyanins by Cu/H,0O, reagent. Thermodynamic parameters
(AG*, AH* and AS*) are presented in Table 2. AG™ represents the difference between the
activated state and reactants (Al-Zubaidi and Khalil, 2007) The positive values of AG™ indicate
that the formation of the activated complex is a nonspontaneous reaction. AH is related to the
strength of the bonds, which are broken and made in the formation of the transition state (Vikram
et al., 2005). AH" values evaluated in this study are 23.29 and 28.12 kJ-mol™ for the red currant
and sour cherry juices, respectively. The positive sign of AH" represents an endothermic state
between the activated complex and reactants. AS™ is a measure of the disorder change of
molecules in the system. The negative entropy values found in this study suggest that the

transition state has lower structural freedom than the reactants (Mercali et al., 2013).
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Conclusion

The present study analyzed the degradation kinetics of anthocyanins in sour cherry and red
currant juice by Cu (11)/H,0; reagent at a temperature ranging from 25 to 40°C. The temperature,
concentration of H,O,, Cu (1), and anthocyanins have a significant influence on the degradation
of cyanidin-3-glycosides in red currant juice. Variation of degradation rate constants with
temperature obeyed the Arrhenius relationship. Compared to sour cherry juice anthocyanins, red
currant juice anthocyanins were much more susceptible to Cu (I1)/H,O; reagent, based on the
higher values of the degradation rate constants.
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Kineticki i termodinamicki parametri degradacije antocijana iz

sokova crvene ribizle i viSnje vodonik peroksidom u prisustvu

Cu(ll)
Jovana Lj. Pavlovié¢, Milan N. Miti¢, Sonja M. Jankovié¢

Univerzitet u Nisu, Prirodno-matematicki fakultet, Departman za hemiju, Visegradska 33, 18000 Nis,
Srbija

SAZETAK

Kinetika degradacije antocijana u sokovima od crvene ribizle 1 vi$nje vodonik peroksidom na pH
3.5 je istrazivana. Reakcija je bila katalizovana tragovima Cu(Il), i to je praceno
spektrofotometrijski na 520 nm primenom metode inicijalne brzine. Kineti¢ki parametri reakcije
su prikazani, i jednacina brzine je predloZena. Iz zavisnosti konstanti brzine od temperature,
aktivaciona energija je izradunata: 25.76 and 30.59 kJ mol™ za sokove crvene ribizle i vinje,
respektivno. Termodinamicke funkcije aktivacije (AG", AH™ i AS") su odredene kako bi se

razumela degradacija antocijana u sokovima crvene ribizle i vi$nje.

Kljucne reci: crvena ribizla, visnja, antocijani, kineticki parametri, termodinamicke funkcije
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Parametres cinétiques et thermodynamiques de la dégradation
des anthocyanines des jus de la groseille rouge et de la griotte

par le peroxyde d’hydrogéne en présence de Cu (II)

Jovana Lj. Pavlovi¢, Milan N. Miti¢, Sonja M. Jankovi¢

Université de Nis, Faculté des sciences naturelles et des mathématiques, Département de chimie,

Visegradska 33, 18000 Nis, Serbie

RESUME

Le présent travail se propose d’étudier la cinétique de la dégradation de 1’anthocyanine dans les
jus de la groseille rouge et de la griotte au moyen du peroxyde d’hydrogene a pH 3,5. La réaction
a eté catalysée par les traces de Cu (Il) et observée par la spectrophotométrie a 520 nm en
appliguant la méthode de la vitesse initiale. Ainsi, sont démontrés les parametres cinétiques de la
réaction et I’équation de la vitesse est suggérée. L’énergie d’activation a été calculée de la
dépendance des constantes de vitesse de la température : 25,76 et 30,59 kJ mol™, respectivement,
pour les jus de la groseille rouge et de la griotte. Les fonctions thermodynamiques d’activation
(AG*, AH* et AS*) ont été déterminées afin de comprendre la dégradation des anthocyanines

dans les jus de la groseille rouge et de la griotte.

Mots-clés: groseille rouge, griotte, anthocyanines, paramétres cinétiques, fonctions

thermodynamiques.
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Kunernyeckue W TepMOAMHAMMYECKHE MapaMeTpbl erpajamuu
AHTOIMAHOB B COKAaX KPACHOW CMOPOIAMHBI W KHCJOH BHUIIHU

nepexkuchbio Boaopoaa B npucyrcrsuu Cu (II)

Horana JI. [1aBaosuuy, Mujaan H. Mutuu, Cons M. SAlukoBuu

Ynueepcumem 8 Hume, @akyﬂbmem €CMeEeCMmMBEHHbIX HAYK U mamemamurku, ﬂenapmmeﬂm Xxumuu,

Bouueepaockas, 33, 18000 Huw, Cepous

AHHOTALMS

B crathe mccnemyeTcs KMHETHKA JETpajgalliil aHTOIIMAHOB B COKaX KPacHOW CMOPOIWHBI U
BHIIIHU TepoKcuioM Bojopoaa npu pH 3,5. Peakiusa Obuta xatanusupoBana cienom Cu (II), u
OTCIIEKUBANIACh CTIEKTpodoToMeTpudecku mpu 520 HM, MPUMEHSIST METOJ] Ha4allbHOM CKOPOCTH.
[IpencraBieHbpl KMHETUYECKUE MapaMeTpbl PeakMu U MPEIJIOKEHO ypaBHEHHE cKopocTu. U3
3aBHUCHMOCTH KOHCTAHT CKOPOCTH OT TEMIIEpaTyphl ObllIa pacCUYNTAHA dSHEPTUS aKTUBAIMU: 25,76
nu 30,59 xJx / MOap IS COKOB KpacHOM CMOPOJMHBI W BHUINHU COOTBETCTBEHHO.
Tepmonunamuyeckue ¢ynkiuu aktuBauu (AG *, AH * u AS *) Obum ompeneneHsl Ans

ITOHUMAaHUA Pa3JI0KCHUA AHTOIIMaHWHOB COKa KpaCHOﬁ CMOPOAUHBI 151 BUIITHH.

Kniouesvie cnosa: KpacHasl C,WOPOallHCl, 6UUWIHA, AHMOYUAHblL, KUHemuiecKkue napamempaul,

mepmoounamuyeckue QyHKyuu
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Kinetische und thermodynamische Parameter flir den Abbau von
Anthocyanen aus den Saften roter Johannisbeeren und

Sauerkirschen durch Wasserstoffperoxid in Gegenwart von Cu(ll)

Jovana Lj. Pavlovi¢, Milan N. Miti¢, Sonja M. Jankovi¢

Universitdt in Nis, Mathematisch-Naturwissenschaftliche Fakultat, Lehrstuhl fir Chemie,
Visegradska 33, 18000 Nis, Serbien

ABSTRAKT

Untersucht wurde die Kinetik des Anthocyaninabbaus in den Séften der roten Johannisbeeren
und Sauerkirschen durch Wasserstoffperoxid bei pH 3,5. Die Reaktion wurde durch die Spuren
von Cu(Il) katalysiert und das wurde spektrophotometrisch bei 520 nm durch die Anwendung
der Initial-Rate-Methode verfolgt. Die kinetischen Reaktionsparameter werden angegeben und
die  Geschwindigkeitsgleichung wird vorgeschlagen. In  Abhéngigkeit von  der
Geschwindigkeitskonstante der Temperatur wurde die Aktivierungsenergie berechnet: 25,76 und
30,59 kJ mol™ fiir die roten Johannisbeeren- bzw. Sauerkirschsafte. Die thermodynamischen
Aktivierungsfunktionen (AG*, AH* und AS*) wurden bestimmt, um den Anthocyaninabbau aus

roten Johannisbeeren und Sauerkirschensaft zu verstehen.

Schlisselworter: rote Johannisbeere, Sauerkirsche, Anthocyane, Kkinetische Parameter,

thermodynamische Funktionen
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Metal content in common daisy (Bellis perennis L.) and correspond soils from
NiS city area (Serbia)

Milan Stojkovi¢ ', Marija Jevti¢, Jovana Pavlovié

University of Nis, Faculty of Sciences and Mathematics, Department of Chemistry, Visegradska 33,
18000 Nis, Serbia

ABSTRACT

Bellis perennis L. is a common species of daisy, of the Asteraceae family. It is usually found in
grasslands, meadows, gardens, urban areas and areas near the roadsides. Emission of heavy metals from
traffic activities is an important pollution source to roadside ecosystems. This study focused on ICP OES
quantification of some metals of common daisy samples and their growing soils. Plant material (B.
perennis L.) and belonging soils from 16 different locations of Ni§ city area (South-East Serbia) were
used for the ICP OES determination of metal content. The concentrations of Al, Ba, Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, V, and Zn were calculated on a dry weight basis. The pseudo-total metal content of
equivalent growing soils was also determined. The study showed that heavy metal content of plant
material and growing soils was below the maximally allowed concentrations or below the limit of
detection, so we can say that contamination was detected neither in B. perrenis plant material nor in the

growing soils.

Keywords: daisy, metals, ICP OES, contamination, soil
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Introduction

Bellis perennis L., also known as common daisy, is a plant species from Bellis genus and
Asteraceae family. Asteraceae is a family of herbaceous plants, rarely bushes, lianas or low trees. They
are mostly ground halophytes or epiphytes, rarely wetland and aquatic plants. The family currently has
more than 30000 accepted species hames, in around 1900 genera and 13 subfamilies. The Bellis genus
consists of dicotyledonous species native in Europe, Mediterranean region and North Africa. Common
daisy is perennial plant species native to western, central and northern Europe. It generally blooms from
early to midsummer producing spherical blooms in a range of sizes (approx. 2-3 c¢cm) with white ray
florets (often tipped red) and yellow disc florets. The daisy blossom (rarely leaf or whole plant) is used in

folk medicine for tea preparation (Koji¢ et al., 1998).

According to their biological function, elements can be divided into essential and non-essential.
The essential elements are further classified into two categories: macro and microelements.
Microelements, such as copper, iron, zinc, manganese, molybdenum, nickel, and cobalt are essential for
the healthy growth and development of plants. The lack or complete absence of these metals can lead to
severe disorders in the plant organism, even to death. Non-essential metals include lead, cadmium,
mercury, arsenic, and chromium. They do not have any known beneficial role and only show a toxic

effect on the plant organism (Alagic¢ et al., 2013; Nagajyoti et al., 2010).

Heavy metals represent one of the contaminants in the environment. Besides natural activities,
almost all human activities also have a potential contribution to produce heavy metals as side
effects. Heavy metals are constituents of the Earth's crust, but concentrations of some of them, in many
ecosystems, have reached toxic levels, primarily as a result of anthropogenic activity. Heavy metals
directly cause harm by entering the body via soil and dust (Abrahams, 2002). In ecological terms, any
metal, or metalloid causing a problem in the environment, or one that cannot be biologically destroyed,
should be regarded as heavy metal. Metal pollution shows a negative effect on biological systems and
does not undergo biodegradation. Toxic heavy metals (e.g., lead, cobalt, cadmium) can be distinguished
from other pollutants since they cannot be biodegraded but can be accumulated in living organisms
(causing various diseases and disorders even in relatively lower concentrations) (Pelhivan et al., 2009;
Tangahu et al., 2011). The typical elements cadmium, lead, zinc, and copper, which can be found in the
roadside soils, can be transported through the food chain, and thus be very toxic to people. A total of 53
elements have been classified as heavy metals, which is more precisely defined as a group of elements

whose density is higher than 5 g-mL™ (Kastori et al., 1997). Their abundance in the place of work or the
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environment can be a serious health and environmental risk because they are toxic, remain in the soils for

a long time and accumulate in live systems through the food chain (Sarma, 2011).

The determination of some metal contents in the B. perennis L. samples and its growing soil, as
well as the correlation between the concentration of metals in plant and soil samples, were objectives of
our study. Particular interest is devoted to the potential accumulation of metals in plant tissue, due to the

proximity of major roads in the urban area of Nis.

Experimental

Plant and soil material

Aerial parts of B. perennis and corresponding soil materials were collected in May 2017 from the
16 different location in Nis city area. The sampling locations are graphically represented in Figure 1.
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Figure 1. Graphical representation of sampling locations of common daisy from Nis city area
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Reagents

Nitric acid (65%, m/m), hydrochloric acid (36%, m/m) and hydrogen peroxide (30%, m/m) were
purchased from Merck (Darmstadt, Germany). Ultrascientific (USA) ICP multi-element standard solution
(20.00+£0.10 pg-mL™) was used as a stock solution for calibration. Deionized water (0.15 uS-cm™),
obtained using MicroMed high purity water system (TKA Wasser auf bereitungs systeme GmbH,
Germany), was used to prepare all standards and sample solutions. The plasma torch argon, with purity

greater than 99.999%, was obtained from Messer (Messer Tehnogas AD, Serbia).

Instrumentation

The iCAP 6000 inductively coupled plasma optical emission spectrometer (Thermo Scientific,
Cambridge, United Kingdom) with Echelle optical design and a Charge Injection Device (CID) solid
state-detector was used for all mineral determinations. The analytical lines used for each element and the
instrumental conditions are given in Table 2 and Table 3. Dry ashing method was carried out in the
electric furnace (VIMS, Serbia) equipped with a microprocessor’s program for the temperature (£1°C).

Table 1. Operating ICP OES parameters

Flush pump rate 100 rpm
Analysis pump rate 50 rpm

RF power 1150 W
Nebuliser gas flow 0.7 L-min™
Cooling gas flow 12 L-min™
Aucxiliary gas flow 0.5 L-min™
Plasma view Axial
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Plant samples preparation

The samples of the plant were put in the oven at 105 °C to remove the water content. The dried
material was crushed with an electric mill into a fine powder. Around 5 g of the obtained powder was
weighted with an analytical balance. Afterward, samples were ashed in a furnace for 20 h. The furnace
was programmed to raise the temperature from starting 50 °C to 450 °C in the first 8 h, after which it was
kept at constant 450 °C until the end of the process. The ash was dissolved in 4 mL of HNO3:H,O (1:1
vIv), filtered and diluted to 50 mL using HNO; (5%, v/v) (Radojevic and Bashkin, 1999).

Soil sample preparation

The soil samples were dried in thin layers in an oven at 105 °C to remove all moisture and
prepared according to a method for the acid digestion of sediments, sludges, and soils (EPA method
3050B). The dried material was passed through a 1 mm sieve, eliminating stones and roots. The obtained
material was measured on an analytical balance (1 g) and transferred into the round bottom boiling flask.
Afterward, 10 mL of diluted HNO; (1:1, v/v) was added and treated in reflux at 95+5 °C for 15 min. The
sample was allowed to cool, 5 mL of concentrated HNOs; was added, and reflux was continued for 30 min.
Subsequently, 10 mL of H,0,:H,O (4 mL H,0, and 6 mL H,0) was added, and reflux proceeded for
another 15 min. Another 10 mL of concentrated HCI was added, and reflux was continued for 15 min.
After that, the solution was cooled, filtered through Whatman No. 41 filter paper and diluted to 100 mL

with deionized water. Three replicates of each dried sample were analyzed.

Validation

Method for each element was created by selecting four wavelengths with the highest relative
emission intensity. The calibration curve was constructed using three standard solutions. Two of them, a
concentration of 2 mg-L™ and 5 mg-L™, were prepared diluting the reference multi-standard while the
third standard was deionized water. The working wavelength was selected based on the relative emission
intensity, the standard deviation of the calibration parameters, the correlation coefficient, and the
interference at wavelengths left and right of the selected wavelength.

The validation of the measurements based on ICP OES technique was checked using the linearity
of the calibration curve, the limit of detection (LOD) and the limit of quantification (LOQ) (Table 2), and
spike recovery test. The correlation coefficients of calibration curves assessed the linearity.
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Quantification wavelengths for each element, the calibration parameters (k-slope and n-intercept),

LOD, LOQ, and the coefficients of determination (r?) are represented in Table 3.

Table 2. Emission wavelengths (1), coefficients of determination of calibration graphs (%), limit of
detection (LOD), limit of quantification (LOQ), and calibration curve parameters (n-intercept and k-
slope) for each element analyzed

2 LOD LO N k
Element A (nm) r (mg-LY) (mg- I?'l)

Al 309.271 0.99914 0.00441 0.01470 5964 2548
Ba 455.403 0.99902 0.00004 0.00013 22930 390821
Cd 226.502 0.99992 0.00021 0.00071 36 5673
Co 228.616 0.99972 0.00030 0.00100 35 4816
Cr 267.716 0.99948 0.00068 0.00228 47 6765
Cu 324.754 0.99982 0.00043 0.00142 1742 17377
Fe 259.940 0.99930 0.00042 0.00142 11389 10302
Mn 257.610 0.99926 0.00011 0.00035 15615 36963
Ni 221.647 0.99926 0.00078 0.00259 -120 2443
Pb 220.353 0.99978 0.00200 0.00667 14 585
\ 309.311 0.99920 0.00080 0.00266 -3554 24141
Zn 213.856 0.99880 0.00011 0.00038 5072 9134

Statistical analysis

Pearson’s correlation analysis and Agglomerative Hierarchical Cluster Analysis-(AHC) were
used on original variables — metal concentration in soils and plant materials. In the case of AHC analysis,
Dissimilarity matrix, and Euclidean distance as a measure of diversity were used. Complete linkage was

used as the grouping criterion. Results were expressed as the meanzstandard deviation.

Results and Discussion

The metal content of soil samples and B. perennis L. plant samples from 16 different locations
was determined by the ICP OES method. The concentrations of twelve elements (Al, Ba, Cd, Co, Cr, Cu,
Fe, Mn, Ni, Pb, V, and Zn) determined in the plant, and soil samples are summarized in Tables 3 and 5.

The results are represented as milligram of metal per kilogram of dry weight (mg-kg™ dry weight).
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Content of metals found in soil samples from sixteen different locations is represented in Table 3.
Aluminum (0.61-1.36%) and iron (0.38-0.63%) were the most abundant elements. It is known that
aluminum is the third most abundant element in the Earth's crust (about 8.2%), and it is naturally expected
high concentration to be found in the analyzed soil samples. Nevertheless, the content of aluminum is
lower than the average values for typical soils, ranged between 0.5% and 5% (Radojevi¢ and Bashkin,
1999). This phenomenon is because aluminum is constituent of aluminosilicate rocks, which are

insensitive on the treatment applied.

Micronutrients (boron, copper, iron, manganese, molybdenum, and zinc) are essential elements.
These elements are used in small quantities and despite low requirements, plants functions, growth, and
yields could be limited if those are unavailable for plant uptake (Wiedenhoeft, 2006). Some authors also
consider Ni as micronutrient (Berker and Pilbeam, 2007). The same authors claim that Co and V are
useful elements that enhance the plants’ growth. Besides iron, which is the most abundant element in soil,
of the other micronutrients detected, manganese was the most prevalent (80-387 mg-kg™). Zinc was the
next most abundant micronutrient (1.77-369 mg-kg™), with the highest content in the soils from the Nis
fortress 1 and Ni§ fortress 2 sampling locations (369 mg-kg™ and 139 mg-kg™, respectively).

The contamination of soils is caused by the accumulation of heavy metals from various sources
(Khan et al., 2008; Zhang et al., 2010), and those most commonly found at contaminated sites are lead,
chromium, arsenic, cadmium, copper, mercury and nickel (Raymond et al., 2011). The content of
analyzed pollutants in this study ranged from 0.54-1.53 mg-kg™ for cadmium, 5.2-72 mg-kg™ for copper,
10.1-20.9 mg-kg™* for chromium, 12.6-47.8 mg-kg™" for lead and 17.3-35.1 mg-kg™ for nickel. The
allowed levels of toxic elements, cadmium, and lead for agricultural soils approved by the EPA Clean
Water Act are 39 ppm and 300 ppm, respectively. Accordingly, toxic metals concentrations in the
analyzed soil samples from this study were below the maximal allowed values. The obtained results were
compared to those for the metal content of the typical soil obtained by the Radojevi¢ and Bashkin (1999)

and Aloway (1995). Those results are represented in Table 4, and they are following the previous studies.
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Table 3. Metal contents™ in the soil samples

Sample Al Ba Cd Co Cr Cu Fe Mn Ni Pb \Y Zn

1 0.61+0.04 80+2 0.75#0.03 0.39+0.11 10.1+0.5 72+1 0.38+0.01 13842 21.8+1  47.8+1.4 34+1 369158
2 0.75£0.01 86+3 0.89+0.02 4.71+0.11 12.1+0.3 33+1 0.44+0.01 1717 22.8#04 37.6+0.7 38.1+04 13944
3 0.83+0.01 66+1 1.16+0.03 5.76+0.05 15.4+0.3 19.9+0.3 0.52+0.01 131+2 27.3£0.2 28.2+0.1 41.3+0.3  37.6+0.6
4 0.73+0.01 65+2 0.9940.03 5.19+0.08 12.3+0.1 14.6+0.1 0.47+0.01  125+6. 23.9+0.3 26.8£0.5 38.6+0.4  34.0%0.9
5 0.71+0.03 65+2 0.95+0.02 4.32+0.03 11.2+0.3 49+1 0.44+0.02 10645 20.1+0.2 452403 34.1+0.9  42.7+0.7
6 1.07£0.02 67+2 1.08+0.03 5.56x0.13 15.9+0.4 12.6x0.3 0.51+0.01 14143 27.1+0.6 18.1+0.4 41+1 14.8+0.1
7 1.11+0.03 61+l 1.23+x0.02 6.66+0.09 19.5+0.3 10.6+0.2  0.56%0.01 159+3 325+0.5 14.1+0.3 46+1 20.3+0.6
8 0.92+0.02 55#1 0.92+0.02 5.03+0.04 12.9+0.2 10.6+0.3 0.46x0.01 118+2 21.7#0.2 13.1+0.1 41+1 56.7+0.8
9 1.15+0.03 68+3 1.28+0.01 5.93+0.06 17.1+0.3 10.5+0.2  0.54+0.01 13143 27.440.2  13.0+0.2 43+1 18.7£0.3
10 0.86x0.03 57+2 1.05+0.02 5.73x0.11 16.3+04  8.8+0.3  0.50+0.01 128+3 29.740.6  26.3+0.5 38+18 79+2
11 1.23+0.02 61+1 1.23+0.02 6.86+0.15 20.2+0.5 7.4+0.2  0.53+0.01 145+3 35.1+0.7 15.640.3 44.5+0.5 18.3+0.7
12 1.36£0.05 51+2 1.07£0.03 8.93+0.34 20.2+0.6 52+0.2  058x0.03 372%¥19 32.2x1.2 15.1+0.1 45+2 41.8+0.5
13 1.13+0.03 62+1 1.53+0.03 9.01+0.02 20.9+0.3 9.24¢0.2  0.63x0.03 387913 32.6x0.4 29.9+0.4 52+1 32+1
14 0.91+0.01 50+1 0.54+0.02 4.45+0.13 12.1+0.2 5.9+0.2  0.40+0.01 80+2 21.9+0.4 6.5+0.2  38.1+0.9 <LOD™
15 0.89+0.02 50+3 0.73+0.02 5.95+0.14 16.0£0.2 5.65+0.01 0.46x0.01 126+1 29.6+£0.7 12.6+0.3 36+2 1.77+0.09

16 1.30+0.01 57+3 0.84+0.01 6.50+0.04 19.5+0.2 6.26+0.07 0.50+0.02 135+2 17.3+0.1 13.0+0.1 44.8+0.3 18.0+0.2

“The metal content, mean value * standard deviation, is given in mg-kg™ (dry weight), except for the Al and Fe which values are given in %;
“<LOD-below the limit of detection.
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Table 4. Normal content range” of different elements in soil and plants (ppm)

El Typical Normal level inthe ~ Normal level in the Uncontaminated
ement 1 2 2 . 1.3
soils soils plants agricultural soils
5000-
Al 50000 - - -
Cd <0.01-8 0.01-2.0 0.1-2.4 0.27
Co - 0.5-65 0.02-1 -
Cr 0.9-1500 5-1500 0.03-14 -
Cu <1-390 2-250 5-20 -
Mn <1-18300 20-10000 20-1000 -
Ni 0.1-1520 2-750 0.02-5 -
Pb <1-890 2-300 0.2-20 0.1-5
\Y 0.8-1000 3-500 0.001-1.5 -
Zn 1.5-2000 1-900 1-400 -

“'Radojevic i Bashkin, 1999 ; “Adapted from Aloway, 1995; *Wiersma, 1986 and Holmgren et al., 1993

Comparing the results for the content of individual metals from different locations, obtained in
this study, it was noted that concentrations are of the same order of magnitude, with the exception of zinc
content from the Nis fortress soil samples.

Content of metals found in Bellis perennis L. samples from sixteen different locations is
represented in Table 5.

The most abundant elements in B. perennis L. samples from different locations were found to be
aluminum and iron. Content of aluminum and iron ranged from 102-856 mg-kg™ and 9.1-231 mg-kg™,
respectively. Micronutrients content in the plant samples ranged from 102-231 mg-kg™ for iron, 0.37-18.5
mg-kg™ for manganese, and 0.6-1.92 mg-kg™ for copper while the zinc content in all analyzed samples
was below the LOD.

The lead content in the plant samples ranged from 0.57-4.96 mg-kg™, while the cadmium content
was below the detection limit. According to the Joint Food and Agriculture Organization of the United
Nations (FAO) and World Health Organization (WHO) (1999), the maximum allowed concentrations of
cadmium and lead in fresh vegetables are 0.2 and 1.0 ug per gram of fresh plant, respectively. The
concentrations of both elements are below the allowed concentrations. Lead content calculated on raw

vegetable mass is about 0.20 mg-kg™.
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Table 5. Metal contents” in the B. perennis L. samples

Sample Al Ba Cd Co Cr Cu Fe Mn Ni Pb \% Zn
1 54242 6.23t0.14 <LOD  0.187+0.003 0.88+0.01 1.02+0.01 13941 0.37+0.07 5.16+£0.02  4.84+0.11 11.4+0.2 <LOD
2 65518 7.1+0.1 <LOD 0.04+0.01 1.20+0.05 <LOD 14943 18.5+0.1 5.25+0.04  3.06+0.06 11.1+0.1 <LOD
3 599+19 6.06+£0.03 <LOD 0.040+0.003 1.07+0.03 0.79+0.01 231+7 14.5+0.1 5.46+0.11 3.33£0.03 11.6+0.1 <LOD
4 79518 5.540.1 <LOD 0.067+0.003 4.08+0.14 1.14+0.02 26419 9.6£0.3 8.40+0.07 4.16+0.09 12.6+0.1 <LOD
5 346+17 4.240.1 <LOD 0.06+0.01 0.42+0.02 1.23+0.07 8811 13.3+0.6 4724012  2.12+0.11 11.5+0.2 <LOD
6 770+1 8.74+0.06 <LOD 0.12+0.01 1.99+0.09 1.92+0.01 173+2 4.83+0.10 5.8310.04  4.96+0.05 11.80+0.04 <LOD
7 75514 4.9+0.1 <LOD 0.19+0.01 1.38+0.04 0.60£0.02 114+4 7.38+£0.64 4.61+0.07 2.10£0.05 11.0+£0.1 <LOD
8 288+15 1.6+0.3 <LOD 0.03+0.01 0.49+0.05 <LOD 5416 <LOD 3.99£0.03 0.76+0.02 9.5+0.1 <LOD
9 289112 1.740.2 <LOD <LOD 0.62+0.05 <LOD 35.740.4 <LOD 3.9440.01  0.25+0.02 10.6+0.3 <LOD
10 757118 2.1+0.1 <LOD 0.09+0.01 0.41+0.01 <LOD 11945 <LOD 4,98+0.11 2.47+0.07 11.43%0.03 <LOD
11 856+27 4.4+0.1 <LOD 0.057+0.003 3.35+0.03 <LOD 16348 7.46+0.10 6.09+0.06  1.20+0.03 11.0+0.3 <LOD
12 233+2 0.34+0.02 <LOD 0.15+0.04 0.21+0.01 1.40+0.03 16.5+0.1 1.65+0.43 4.03+0.02 0.58+0.04 9.8+0.3 <LOD
13 29948 3.26+0.01 <LOD 0.157+0.003 0.47+0.02 1.04+0.05 58.2+0.9 4.53+0.12 4204019  1.17+0.07 11.3+0.1 <LOD
14 1616 3.7+0.1 <LOD 0.18+0.01 0.42+0.03 1.13+0.04 9.1+1.9 11.4+0.6 3.9440.02  0.57+0.04 10.9+0.1 <LOD
15 15816 1.52+0.04 <LOD 0.15+0.01 0.11+0.01 1.01+0.01 9.3+1.8 12.9+0.1 3.68+0.03 0.68+0.02 10.5+0.1 <LOD
16 10245 1.91+0.03 <LOD 0.12+0.01 0.12+0.01 1.00+0.02 12.8+0.7 7.24+0.28 3.76+0.05 0.91+0.06 10.5+0.1 <LOD

“The metal content, mean value # standard deviation, is given in mg-kg™ (dry weight); **<LOD - below the limit of detection
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Correlation analysis was performed in order to determine the correlation between the
concentrations of the metals in the soil and plant tissue in analyzed samples. A statistically significant
positive correlation between the concentration of barium in the soil and the concentration of barium in
plant samples (r = 0.696; p = 0.002) was observed.

The Agglomerative Hierarchical Cluster Analysis (AHC) of the obtained data sets (concentration
of metals in soil and plant material) was performed using the XLSTAT Excel plug-in program, version
2014.4. In the ACH analysis, the Dissimilarity matrix algorithm, and the Euclidean distance as a measure
of diversity were applied, and the complete linkage was used as the grouping criterion. It enables to
statistically group the analyzed samples of the plant as well as soil samples according to the
concentrations of the specified metals in them. The obtained dendrograms are shown in Figures 2 and 3.
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Figure 2. Cluster analysis of soil samples

The results of cluster analysis of soil samples show the existence of three different clusters. The
most numerous is the C3 group (samples 6, 7, 9, 11, 12, 13, 16), where the soil samples have been

distinguished by the high content of aluminum and iron.
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Figure 3. Cluster analysis of plant samples

Grouping the plant material samples, the three different clusters were distinguished. Cluster C3
(5, 8,9, 12, 13, 14, 15, 16) is the most numerous and includes plant samples with 8 locations. This cluster

is characterized by a low concentration of aluminum, barium, chromium, and lead.

Conclusion

The content of 12 metals (Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn) has been determined, in soil
samples as well as in the plant samples of species Bellis perennis L. from sixteen different locations of the
urban area of Ni$ city. Heavy metals contamination was detected neither in soil nor plant samples
analyzed. The mean concentrations of elements determined were within the range of the maximum
allowed values given by authorities. No correlation between the heavy metals as the potential pollutants,

either in soil or plant samples, and the proximity of the road was found.
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Sadrzaj metala u beloj radi (Bellis perennis L.) i odgovarajuc¢im

zemljiStima iz grada NiSa (Srbija)

Milan Stojkovié, Marija Jevti¢, Jovana Pavlovi¢

Univerzitet u Nisu, Prirodno-matematicki fakultet, Departman za hemiju, Visegradska 33, 18000 Nis,
Srbija

SAZETAK

Bellis perennis L. je uobiCajena vrsta bele rade iz porodice Asteraceae. Obi¢no se nalazi na
travnjacima, livadama, baStama, urbanim povrSinama i povr§inama pored puteva. Emisija teskih
metala u saobracaju je glavni izvor zagadenja ekosistema pored puteva. Ovo istrazivanje je bilo
usmereno na ICP OES kvantifikaciju nekih metala u uzorcima bele rade i njihovim staniStima.
Biljni material (B. perennis L.) i odgovaraju¢a zemljista sa 16 razli¢itih lokacija u gradu NiSu
(Jugoistocna Srbija) su korisc¢eni za ICP OES odredivanja sadrzaja metala. Koncentracije Al, Ba,
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, V, i Zn su izratunate u odnodu na suv uzorak. Takode je
odreden i pseudo-ukupni sadrzaj metala odgovarajucih stanista. Istrazivanje je pokazalo da su
sadrzaji teskih metala u biljnom materijalu i stanistima bili ispod maksimalno dozvoljenih
koncentracija ili ispod limita detekcije, tako da mozemo reéi da kontaminacija nije detektovana

ni u biljci B. perrenis, ni u zemljistu.

Kljucne reci: bela rada, metali, ICP OES (engl.), kontaminacija, zemljiste
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Teneur en métaux de la paquerette (Bellis perennis L.) et des sols

correspondants de la ville de NiS$ (Serbie)

Milan Stojkovié, Marija Jevti¢, Jovana Pavlovi¢

Université de Nis, Faculté des sciences naturelles et des mathématiques, Département de chimie,

Visegradska 33, 18000 Nis, Serbie

RESUME

Bellis perennis L. est une espece commune de paquerette, de la famille des Asteraceae. On la
trouve généralement dans les pelouses, les prés, les jardins, les zones urbaines et les surfaces a
coté des routes. L’émission de métaux lourds due a la circulation constitue une source principale
de pollution des écosystéemes en bordure des routes. Cette étude se focalisait sur la quantification
par ICP-OES de certains métaux provenant d’échantillons de paquerette et de leurs habitats. Le
matériel végétal (B. perennis L.) et les sols appartenant a 16 localités différentes de la ville de
Nis (la Serbie du Sud-Est) ont été utilisés pour la détermination de la teneur en métaux par ICP-
OES. Les concentrations en Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, V et Zn ont éte calculées sur
la base du poids sec. La teneur en pseudo-total des métaux des habitats équivalents a également
été déterminée. La recherche a montré que la teneur en métaux lourds du matériel végétal et de
ses habitats a été inférieure par rapport aux concentrations maximales autorisées ou inférieure
par rapport a la limite de detection. De ce fait, nous pouvons dire que la contamination n’a été

détectée ni dans le matériel végétal de Bellis perennis ni dans le sol.

Mots-clés : paquerette, métaux, ICP OES (angl.), contamination, sol.
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Copep:kanue mera/uia B pomaiuike o0bikHOBeHHOU (Bellis perennis

L.) u coorBercTBYyrOIIUX NMo4yBax odsactu ropoga Huma (Cep0Ousi)

Muaaun CroiikoBn4, Mapusi EBruy, MoBana IlaBioBuy

YHueepcumem 6 Hume, @akyﬂbmem €CMEeCmMeEEHHbIX HAYK U mamemamurku, ﬂenapmwweﬂm Xxumuu,

Buweepaockas, 33, 18000 Huw, Cepbus

AHHOTALMS

Bellis perennis L. — pactipocTpaHeHHBIN BHI POMAIIKH CEMEHCTBA CIIOKHOIBETHBIX. OOBIYHO OH
BCTpEUaeTCs Ha JIyrax, MojsHax, B cajaX, B TOPOJCKUX paiioHaX W 00JaCTsIX, MPUIETalOIUX K
obourHaM Jopor. BEIOPOC TSKEIBIX METAJUIOB B PE3yJbTaTe JOPOKHOTO JBHIKCHUS SIBJISCTCS
BOXHBIM HMCTOYHHKOM 3arpsi3HCHUS TMPUIOPOKHBIX OSKOCHUCTEM. OITO HCCICIOBAaHUE OBLIO
cocpenoroyeHo Ha kosmdecTBeHHOH ICP OES oneHke HEKOTOpPBIX METAUIOB M3 OOLIMX
00pa3I0B POMAIIIKH U ITOYBBI, HA KOTOPOH OHM pacTyT. PactutesnbHblii Matepuan (B. perennis L.)
W OTHOCAIIAACS K HeMy mouBa u3 16 pasnmuunbix paiioHOB ropoga Hwuma (KOro-Bocrounas
CepbOusi) ObLTM UCIONB30BaHBI JUIA  ompeaeneHus coaepxkanust wmetawioB ICP OES.
Konnentpanuu Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, V u Zn 6put1 paccunTanbl Ha OCHOBE
cyxoro Beca. Taxke ObLITIO ONpPEENIeHO MCEeBI0-00IIee CoepKaHne MeTallla B SKBUBAJIEHTHBIX
MOYBAaX, MPUTOAHBIX IS BhIpaluBaHus. VcciemoBaHue MOKa3aio, YTO COACPKAHHUE TSIKEIBIX
METAJJIOB B PACTUTEIIFHOM MaTepuaje W MPUTOAHBIX JIJI BHIpANIMBAHUS TOYBaX OBUIO HIDKE
MaKCHMaJIbHO JIOMYCTUMBIX KOHIICHTpAIUH, UM HUXKe mpezaena ooHapyxeHus. [loaTomy MoxkeM
CKa3aThb, YTO 3arpsi3HEHUE HEe ObLT0 OOHAPYKEHO HHU B PaCTUTEIILHOM Mamepuane B. perrenis, Hu

B ITOYBAax IJid BbIpallluBaHHA.

Knrouesvie cnosa: pomawxa ooviknosennas, memannvl, ICP OES, 3aepsazuenue, nousa.
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Der Metallgehalt in Ganseblimchen (Bellis perennis L.) und

korrespondierenden Boden aus dem Stadtgebiet von NiS (Serbien)

Milan Stojkovié, Marija Jevti¢, Jovana Pavlovi¢

Universitdt in Nis, Mathematisch-Naturwissenschaftliche Fakultét, Lehrstuhl fiir Chemie,
Visegradska 33, 18000 Nis, Serbien

ABSTRAKT

Bellis perennis L. ist eine gelaufige Géanseblimchenart aus der Familie der Asteraceae.
Ublicherweise ist es in Grasland, Wiesen, Garten, stadtischen Gebieten und Gebieten in
Strallenrandnéhe vorzufinden. Die Emission von Schwermetallen aus dem Verkehr ist die
Hauptschadstoffquelle fiir die Okosysteme am StraRenrand. Diese Studie konzentrierte sich auf
die ICP OES Quantifizierung einiger Metalle in Ganseblimchenproben und Bdden, auf denen sie
wachsen. Das Pflanzenmaterial (B. perennis L.) und die zugehérigen Bdden aus 16
verschiedenen Standorten der Stadt Ni§ (Siidostserbien) wurden fiir die ICP OES Bestimmungen
des Metallgehalts verwendet. Die Konzentrationen von Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb,
V und Zn wurden auf Trockengewichtsbasis berechnet. Der pseudo-gesamte Metallgehalt
aquivalenter Boden wurde auch bestimmt. Die Studie zeigte, dass der Schwermetallgehalt des
Pflanzenmaterials und der Bdden, auf denen sie wachsen, unter den maximal zuldssigen
Konzentrationen oder unter der Nachweisgrenze lag, so dass man sagen kann, dass eine

Kontamination weder im B. Perrenis-Pflanzenmaterial noch in den Bdden nachgewiesen wurde.

Schlusselwdrter: Ganseblimchen, Metalle, ICP OES (engl.), Kontaminierung, Boden
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Mineral composition of soil from urban area of Ni§ — chemometric
approach

Jelena S. Nikoli¢™, Violeta D. Miti¢', Marija V. Dimitrijevi¢', Marija D. Ili¢>, Slobodan A.
Ciri¢', Vesna P. Stankov Jovanovi¢*

1-  University of Nis, Faculty of Sciences and Mathematics, Department of Chemistry, Visegradska 33,
18000 Nis, Serbia

v

2- Veterinary Specialist Institute "Nis”, Dimitrija Tucovi¢a 175, Nis, Serbia

ABSTRACT

The evaluation of the macroelement and microelement content in soil samples collected in the
urban area of Nis, Serbia, was the objective of the study, as well as the determination of soil
chemical characteristic impact on metal availability in soil. Fourteen metals (Al, Ca, Fe, Mg, Na,
Ag, As, Ba, Cd, Cu, Cr, Hg, Pb, and Sr) content and four soil chemical characteristics (pH H-0O,
pH KCI, organic matter content, and conductivity) were determined in 15 soil samples collected
near road in urban area of Nis. Element with the highest concentration in analyzed samples was
Ca (35.8 mg g'). Among the analyzed microelements, Pb had the highest concentration (0.352
mg g*). Hierarchical cluster analysis divided samples into two statistically significant clusters.
Application of PCA analysis indicated soil chemical characteristic impact on metal content and

permitted separation of metal content based on soil chemical characteristics.

Keywords: metal, ICP-OES, soil chemical characteristics, cluster, PCA

* Corresponding author: Jelena S. Nikoli¢, jelena.cvetkovic7 @gmail.com, University of Nis, Faculty of Sciences and
Mathematics, Department of Chemistry, Visegradska 33, 18000 Nis, Serbia
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Introduction

Soil as the upper layer of the Earth's crust is formed of mineral particles, organic
substances, water, air, and living organisms (European Commission, 2006). Their combination
determines the properties of the soil: texture, structure, porosity, color, and chemical properties.
Soil is a complex and vulnerable system. Since its formation is a long-term process, it can be

considered as a hard renewable source.

Soil is an important source of both nutrients and potentially toxic elements for plants.
They can reach the atmosphere through evaporation, and various physical-chemical processes
might lead to their release in the aquatic environment. Plants adopt them from the soil, where
they can show their harmful effects on the plant organism, but more importantly, using plants in

animal and/or human nutrition may impact on the function of these organisms.

Mineral matter consists of many elements, but only eight of them are present more than
1%: oxygen (46.6%), silicon (27.7%), aluminum (8.1%), iron (5.0%), calcium (3.7%), sodium
(2.8%), potassium (2.6%), magnesium (2.1%). In most soils, plants, and animals there are
elements in a very low concentration (order of mg kg™ and less), and therefore they are called
"trace elements" (Haq et al., 2005). Trace elements include essential metals, such as Zn, Cu, and
Ni, but also useless and toxic metals (Cd, Pb, and Hg). In the last decades' analysis of trace
elements is of high interest because through polluted air, soil, or water can reach the food chain
(He et al., 2005). In addition to the elements naturally occurring in the soil, a presence of heavy
metals (metals with a density higher than 5 g cm™) has been recorded recently, due to
anthropogenic activity. Heavy metals represent a risk to the ecosystem. Soil is a depot of heavy

metals since they are not subject to microbiological or chemical degradation (Kirpichtchikova et
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al., 2006). The most common heavy metals in the soil are Pb, Cr, As, Zn, Cd, Cu, Hg, and Ni

(Wuana and Okieimen, 2011).

Soil chemical characteristics, such as organic matter content, pH, and conductivity, affect
the behavior of metals in soil. These parameters affect the solubility of many substances,
adsorption, and desorption of ions, coagulation, and peptization of colloids, as well as the
chemical reactions in the soil. Quenea et al. (2009) showed the influence of soil organic
substances on the availability and behavior of certain metals. The bioavailability of metals such
as Cd, Zn, Cu, and Pb has been significantly reduced in the presence of organic soil substances.
Metals bind soil organic soil substance to build complexes, and in this way, their bioavailability
is reduced (Impellitteri et al., 2002). A factor that also affects the behavior of metals in soil is pH
(Kazlauskaité-Jadzevice et al., 2014). The pH value also affects the organic substances binding
ability. At a pH higher than 5, the ability of the organic substance to bind heavy metals increases
(Kazlauskaité-Jadzevice et al., 2014). The reason for this phenomenon is the ionization of

functional groups of organic substances present in the soil.

This study aimed to evaluate the metal content in soil samples collected in the urban area
of Nis, Serbia, and evaluate soil chemical characteristic impact on metal content. Chemometric
methods, cluster and principal component analysis, were applied to classify localities according
to metal content. Also, the impact of soil chemical characteristics was evaluated using

chemometric techniques.
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Experimental

Chemicals and reagents

HCI, HNO3 and multi-element standard containing Al, Ca, Fe, Na, Mg, P, S, Ag, As, Ba,
Cd, Co, Cr, Cu, Ga, Hg, In, Li, Mn, Ni, Sr, Pb and Zn in concentrations of 1000 mg L™ were
obtained from Merck (Darmstadt, Germany). KCI, K,Cr,07, H,SO,4, and H3PO, were obtained
from Merck (Darmstadt, Germany), FeSO,x7H,O from Zdravlje (Leskovac) while
diphenylamine was supplied from Sigma Aldrich (Germany). Deionized water used for analysis

had a specific conductivity of 0.05 pS cm™.

Instrumentation

Digestion was performed in a microwave oven equipped with a rotor holding 10 PTFE

cuvettes (Ethos 1, Advanced Microwave Digestion System, Milestone, Italy).

An inductively coupled plasma-optical emission spectrometer (ICP OES) (Thermo
Scientific, United Kingdom), model 6500 Duo, equipped with a CID86 chip detector, was used

for determination of metals. System was controlled with iTEVA software.
pH meter and conductometer were supplied from Hanna Instruments (USA).

Soil sample collection

Soil samples (n=15) were collected in February 2015 near the road, covering urban part
of city Nis, Serbia (Figure 1). Samples were taken from corners and center of a square grid, at a

depth of 5-20 cm. After that, samples were combined and homogenized. Then they were air-
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dried at room temperature (25 °C) for one week, sieved through 0.154-mm mesh sieve and stored

at -18 °C up to analysis.

o “‘; B
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Figure 1. Map showing sampling location

Soil samples preparation for ICP-OES analysis

Collected soil samples were measured (0.5 g) and mixed with 15 mL of concentrated HCI
(36%, w/w) and 5 mL of HNO;3; (65% wi/w). The microwave digestion lasted for 5 h, and the
samples were heated up to 80 ° C. Subsequently, samples were filtered through Whatman no. 42

filter paper and dissolved to a final volume of 100 mL.

Soil samples for ICP-OES analysis

The analysis was performed using ICP OES 6500 Duo model. Instrument conditions are

shown in the Table 1.
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Table 1. ICP OES conditions

Instrument conditions

RF power 1150 W

Cooling gas flow | 12 L min™

Nebuliser gas flow | 0,5 L min™

Auxiliary gas flow | 0,5 L min™

Quantification wavelengths for each element, the detection limits (LOD), the limits of

quantification (LOQ), and the correlation coefficients (%) are represented in Table 2.

Table 2. Emission wavelengths, correlation coefficient of calibration curves, limit of detection

(LOD) and limit of quantification (LOQ) for each element analyzed

2 LOD LOQ
Element A (nm) r (ugL'l) (ug L'l)
Al 309.2 0.9994 18 60
Ca 393.3 0.9975 2.1 7
Fe 259.8 0.9989 1.5 5
Mg 280.2 0.9968 1 1.7
Na 588.9 0.9999 30 100
Ag 338.2 0.9994 25 8.3
As 193.7 0.9989 25 83.3
Ba 455.4 0.9999 3.0 10
Cd 228.8 0.9988 0.21 0.7
Cr 283.5 0.9980 1.6 5.3
Cu 327.3 0.9993 3.0 10
Hg 184.9 0.9990 21 70
Pb 220.3 0.9996 7.9 26.3
Sr 407.7 0.9998 3.3 11
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Soil chemical characteristics analysis

Soil pH determination: Soil samples collected in the city of Ni§ were mixed with water (10 g of
soil and 25 mL of water) after drying and grinding, and the pH value of this suspension was
measured with a pH meter. In addition to the soil pH in water, a pH value of 1 M KCI solution
was also determined. The soil was mixed with 1M KCI solution, and the pH value of this

suspension was measured with a pH meter.

Soil electrical conductivity determination: The electrical conductivity of soil samples was
determined using conductometer. An aqueous solution of soil was prepared by mixing 25 mL of

water with 10 g of soil, and after 30 min at room temperature conductivity was measured.

Soil organic matter determination: Soil organic matter was determined by the Walkley-Black
titration (Schumacher, 2002). 5 g of soil was transferred to Erlenmeyer flask, and 10 mL of
0.1667 mol L™ K,Cr,0; and 20 mL of concentrated H,SO4 (98%, w/w) was added. Erlenmeyer
flask was allowed to stand for 30 min. After that, 200 mL of water, 10 mL of H3PO, (85%, w/w)
and 1 mL of diphenylamine were added. Excess of K,Cr,O7 was titrated with a standard solution

of FeSO,.

Statistical analysis

Statistical analysis was performed using Statistica 8 software (StatSoft, Tulsa, USA). In
order to determine the statistically significant difference, Student's t-test (p <0.05) was used.
Multivariate techniques that have been applied were hierarchical cluster analysis (HCA) and

principal component analysis (PCA).
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Results and Discussion

Metal concentration

The elements present in the soil can be divided into macroelements, whose concentration
exceeds 100 mg kg, and trace elements, whose concentration is smaller than this value (Sposito,
2008). The macroelements include O, Si, Al, Fe, C, K, Ca, Na, Mg, Ti, N, S, Ba, Mn, and P.
Trace elements, especially metals are of importance in terms of environmental chemistry. They
play an important role for flora and fauna, but in high concentrations can be toxic to plants, and

humans (Jaishankar et al., 2014).

In the analyzed soil samples, the content of macroelements (Fe, Al, Ca, Mg, Na and Ba)
and trace elements, including heavy metals (Pb, Sr, Ag, As, Cu, Cr, Hg, and Cd) were

determined.

Concentrations of analyzed macroelements were presented in Figure 2.

Min Sample 0 0.01 0.1 1 10 100 Sample Max Mean
39 15 Al 1 19.4 1.0
0.10 15 Ba 14 0.18 0.14
n.d. 15 8 358 226
Ca
6.6 15 Fe 1 250 17.8
2.04 15 8 9.3 4.4
—Mg
n.d. 6 15 0.34 0.20
Na

Figure 2. Macroelements concentration in soil from the city of Nis (mg g™*)
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Element with the highest concentration in analyzed samples was Ca. The highest
concentration of this element was recorded for sample 8 (35.8 mg g™). Calcium is an important
nutrient, which helps the root and stem in plant growth. This metal was commonly found in
lower parts of the soil profile (Pritchett and Fisher, 1987). Interestingly, this metal concentration
was below the limit of detection for sample number 15, a sample collected near houses and road
with low traffic frequency. However, in this sample, the highest concentration of Na was
recorded (0.34 mg g*). High sodium concentration in soil may contribute to the plant damage.
According to Environment Canada (2004), plant damage may occur at 16 mg of Na per kg of
soil. The higher concentration of Na and Mg in the soil might be due to the usage of deicing
salts, especially in urban areas (Cunningham et al., 2007). Bryson and Barker (2002) analyzed
sodium accumulation in soils and plants near the roadside due to the application of deicing salts.
The concentrations of Na in roadside soil ranged from 0.1 mgg *at1.5mt00.02mgg‘at9m
from the roadside. Content of Na in the urban area of Nis§ was higher on some sampling localities
than in samples analyzed by Bryson and Barker (2002). Soil samples in this study were collected

in the winter season, so a higher concentration of Na might be due to the usage of deicing salts.

Soil structure is the result of the arrangement of elementary soil particles bound to
organic matter (OM), iron and aluminum oxides, colloidal silica, or calcium carbonate (Bortivka
et al., 2011). Al and Fe concentrations in samples from the city of Nis did not exceed common
values in soils (Bech et al., 2008). The concentration of Fe in analyzed soil samples varied
between 6.6 (sample 15) to 25.0 mg g™ (sample 1). Similar results were achieved in a study at
the Institute of field and vegetable crops, Novi Sad (2006). The maximum value of Al content in
this study was 19.4 mg g™* (sample 1). This sample was located near the bus station, so a higher

amount of analyzed metals might be due to traffic pollution.
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Concentrations of analyzed microelements were presented in Figure 3.

Min Sample 0 0.001 0.01 0.1 Sample Max Mean
0.0033 15 Ag 3 0.0126 | 0.0070
0.0032 15 As 3 0.0110 | 0.0059
0.00034 13 Cd 11 0.00081 | 0.00050

0.028 15 Cu 1 0.086 0.064
0.044 15 Cr 11 0.127 0.068
n.d. 1,10,13 | Hg 7 0.00046 | 0.00012
0.022 15 Pb 11 0.352 0.081
0.019 10 Sr 5 0.205 0.122

Figure 3. Microelements concentration in soil from the city of Ni§ (mg g™)

Among analyzed microelements, the highest concentration was recorded for Pb (0.352
mg g, sample number 11). This sample was collected near the bus station and road with high
traffic frequency. According to the Gazette of the Republic of Serbia (Ministry of Environmental
Protection, 2010), the limit for Pb concentration in soil is 0.085 mg g*. Out of 15 analyzed
samples, 3 of them (7, 11, and 12) had higher Pb concentration than this value. Natural emission
share for lead is less than 15%, so this is a reliable indicator of anthropogenic pollution of the
environment (Davies, 1995). Exhaust gases of motor vehicles dominantly emit lead (Hashisho
and El-Fadel, 2004). Analyzed samples were collected near the road, so a higher concentration of
Pb might be due to vehicles gases. Metals also emitted from vehicles are Cu, Zn, and Cd (Blok,
2005; Guney et al., 2010). Cd is one of the elements with unknown biological functions. The
concentration of cadmium in the analyzed samples was in the range of 0.00034 to 0.00081 mg g
! The only sample collected on locality 11 had a higher concentration than the limit value
prescribed by the Gazzete (Ministry of Environmental Protection, 2010). Mercury is also an

element without biological function. The Gazzete of the Republic of Serbia (Ministry of
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Environmental Protection, 2010) prescribes the limit value for the content of Hg in the soil
(0.0003 mg g*), and only one sample (7) had a higher value of this metal compared to the

permitted value.
Soil chemical characteristics

Soil chemical characteristics, such as organic matter content, pH, and conductivity, affect
the behavior of metals in soil. pH in water, pH in KCI solution, conductivity, and organic matter

content were presented in Table 3.

The pH values of the aqueous solutions of the analyzed soil samples were in the range of
7.26 for sample 15 to 10.94 for sample 14. The pH of the analyzed soils in the KCI solution was
lower than those determined in the aqueous solution and ranged from 5.41 for sample 1 to 10.52
for sample 14. According to the USDA classification (1993), most of the analyzed soil samples
belong to neutral and weakly alkaline soil types. The soil conductivity ranged from 0.12 mS cm™
(sample 9) to 10.1 mS cm™ (sample 14). Soil conductivity affects the availability of nutrients to
the plants, and the higher conductivity is, the availability of minerals from the soil to the plant is

larger. Soil organic matter was present in analyzed soil samples within the range of 0.41-6.77%.
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Table 3. Soil chemical characteristics in samples from city of Nis

Sample | pH (H0) | pH (KCI) | Conductivity (mS cm™) | Soil organic matter (%)
1 1.7 541 0.32 1.78
2 7.83 7.08 0.31 2.23
3 8.03 7.06 0.19 1.08
4 8.11 7.17 0.23 1.94
5 7.79 7.04 0.23 2.33
6 7.76 7.11 0.17 2.97
7 7.65 7.06 0.32 4.27
8 8.12 7.19 0.88 6.77
9 7.72 7.24 0.12 1.13
10 7.78 7.34 0.14 0.41
11 7.84 7.16 0.34 3.60
12 7.59 7.21 0.67 2.57
13 1.75 7.14 0.14 2.23
14 10.94 10.52 10.1 1.54
15 7.26 6.9 0.67 1.74

Statistical analysis

Multivariate statistical techniques (PCA and cluster analysis) were applied to data
obtained by analyzing metal content and soil chemical characteristics in the urban area of Nis.
The aim of statistical analysis was to determine the relationships between sampling localities and

to understand relations between the analyzed parameters.

The objective of cluster analysis was the grouping of soil samples based on the content of
analyzed metals. The cluster analysis was performed using Ward's method. The Euclidean
distances are presented as the ratio (Djink/Dmax)%*100, where Dok is the distance between the
variables that are grouped and Dmax is the maximum distance between the variables. Results

obtained using cluster analysis, were presented on a dendrogram (Figure 4).
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Figure 4. Dendrogram showing grouping of a) analyzed metals b) analyzed soil samples based
on metal content

According to hierarchical cluster analysis metals are grouped into two clusters
(Diink/Dmax<50). The first cluster was composed of Al, Fe, and Ca. Those metals concentration is
higher than other analyzed metals, so this separation was expected. The second cluster was
composed of Mg, Na, Ba, Sr, Cu, Cr, Pb, Ag, As, Cd and Hg. Existence of a sub-cluster in this
cluster was observed, but also the separation of Mg from other metals. The smallest Euclidean
distance (2) was recorded between Cd and Hg, metals without proven function in living

organisms and their concentrations in analyzed soil samples were the smallest.

Analyzed soil samples were grouped into two clusters based on the metal content
(Diink/Dmax <50). The first cluster was composed of samples 1, 2, 3, 4, 6, 10, and 15, while the
other samples were grouped in the second cluster. The minimum Euclidean distance (1298) was

recorded between samples 5 and 11, so these two samples can be considered to be the most
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similar in terms of metals content. Euclidean distance among samples was high, so in terms of

metal content samples collected in the city of Nis are quite different.

The goal of PCA analysis is to reduce the number of data to a smaller number of
variables (principal components - PC) that correspond to a linear combination of the original
variables. Of the obtained principal components, only those whose sum involves a high
percentage of the total variance are usually used in further analysis. According to the criterion set
by Kaiser (Kaiser, 1960), significant components are those whose eigenvalue exceeds 1.
Variables used for PCA analysis were a concentration of analyzed metals, while supplementary
variables were soil chemical characteristics. Of the 14 components obtained by PCA analysis,
five of them had an eigenvalue higher than 1, and they account for 86.43% of the total variance.
PC1 had the highest contribution to the total variance (32.71%). Out of 5 principal components
that had an eigenvalue higher than 1, only PC1 and PC2 were analyzed because they provide the

highest contribution to the total variance. Score and loading plots are presented in Figure 5.

PC1 had a negative load for three analyzed metals: Sr (-0.350), Hg (-0.260), and Na (-
0.048). Negative loading was also recorded for soil organic matter (-0.09), so it can be concluded
that soil organic matter significantly affects the bioavailability of Sr, Hg, and Na. Quenea et al.
(2009) showed the influence of organic substances on the availability and behavior of certain
metals. The bioavailability of metals such as Cd, Zn, Cu, and Pb has been significantly reduced

in the presence of soil organic substances, much more than in the presence of mineral substances.
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Figure 5. Principal component analysis plots of soil samples from Nis

The remaining metals and soil chemical characteristics have positive loadings on PC1.
PC2 explains 19.27% of the total variance. The highest positive loadings on PC2 were recorded
for Cr (0.898) and Ca (0.645). Soil pH in KCI solution was grouped with Ca, Pb, Cr, and Cd,
which indicates that soil pH affects these metals behavior in soil. According to Ghosh and Singh
(2005), soil pH greatly affects the solubility or retention of metal in soils. Conductivity and pH
value were grouped with Mg, Ba, and Cu, which indicates that these parameters affect Mg, Ba,

and Cu behavior in soil samples from Nis.

Soil samples are grouped based on metal concentration and soil chemical characteristics
using PCA analysis. Sample 11 and 15 were separated from other analyzed samples. Sample 15
had the lowest concentration of Al, Ba, Ca, Fe, Mg, Ag, As, Ba, Cu, Cr and Pb, and the highest
concentration of Na, so separation of this sample is expected. This sample is located on the

opposite side of all metals, which indicates that PCA can be used as a powerful tool to analyze
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complex data set. Sample 11 had the maximum concentration of two major soil pollutants (Cd
and Pb) and Cr. Sample 11 was in the same quadrant with Cr, Pb, Ca and Ca, metals with high
concentrations in this sample. The highest negative contribution to PC1 was recorded for sample

15 (-5.117), while the highest positive loading on PC2 was recorded for sample 11 (4.712).

Conclusion

Content of metals (Al, Ca, Fe, Mg, Na, Ag, As, Ba, Cd, Cu, Cr, Hg, Pb, and Sr) and four soil
chemical characteristic was determined in soil samples collected in the urban area of Nis. From
the analyzed macroelements, Ca was the element with the highest concentration (mean
concentration of 22.64 mg g'). Among analyzed microelements, Pb had the highest mean
concentration (0.081 mg g?). The concentration of this metal exceeded the permitted value
prescribed by Gazzete of the Republic of Serbia on three sampling localities. Analyzed samples
were grouped in two statistically significant clusters using cluster analysis, based on metal
content. Five principal components were extracted, accounting 86.43% of the total variance.
Metals were grouped with chemical characteristics, which indicates that they could affect metal
behavior in soil. Used chemometric techniques are a powerful tool for simple analysis of a large

data set.
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Mineralni sastav zemljista iz urbanih delova Nisa-hemometrijski

pristup

Jelena S. Nikoli¢'", Violeta D. Miti¢', Marija V. Dimitrijevi¢', Marija D. Ili¢>, Slobodan A.

e orl erl
Ciri¢’, Vesna P. Stankov Jovanovié¢

1- Univerzitet u Nisu, Prirodno-matematicki fakultet, Departman za hemiju, Visegradska 33, 18000 Nis,
Srbija

2- Veterinarski specijalisticki institut "Nis", Dimitrija Tucovic¢a 175, Nis, Srbija

SAZETAK

Cilj istrazivanja je bila evaluacija sadrzaja makro i mikroelementata u uzorcima zemljiSta
prikupljenih u urbanim delovima Nisa, Srbija, kao i odredivanje uticaja hemijskih karakteristika
zemljiSta na raspolozivost metala u zemljiStu. Sadrzaj Cetrnaest metala (Al, Ca, Fe, Mg, Na, Ag,
As, Ba, Cd, Cu, Cr, Hg, Pb, i Sr) i Cetiri hemijske karakateristike zemljista (pH H,O, pH KClI,
sadrZaj organske materije 1 provodljivost) su odredeni u 15 uzoraka zemljiSta prikupljenih blizu
puteva u urbanim delovima Nisa. Element sa najviSom koncentracijom u analiziranim uzorcima
je bio kalcijum (35.8 mg g*'). Medu analiziranim mikroelementima, Pb je imalo najvisu
koncentraciju (0.352 mg g™). Hijerarhijska klasterska analiza podelila je uzorke na dva statisticki
znacajna klastera. Primena PCA analize je pokazala uticaj hemijskih karakteristika zemljiSta na
sadrzaj metala, kao i to da je dozvoljena separacija sadrzaja metala prema hemijskim

karakteristikama zemljiSta.

Kljucne reci: metal, ICP-OES, hemijske karakteristike zemljista, klaster, PCA (engl.)
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Composition minérale des sols de ’agglomération de Ni§s — approche

chimiométrique

Jelena S. Nikoli¢**, Violeta D. Miti¢*, Marija V. Dimitrijevi¢}, Marija D. 1li¢>, Slobodan A.

e orl erl
Ciri¢’, Vesna P. Stankov Jovanovié¢

1- Université de Nis, Faculte des sciences naturelles et des mathematiques, Département de chimie,
Visegradska 33, 18000 Nis, Serbie

2- Institut vétérinaire spécialisé « Nis », Dimitrija Tucovica 175, Nis, Serbie

RESUME

L’objectif de 1’étude était d’évaluer le contenu en macroéléments et en microéléments des
¢chantillons du sol prélevés dans la zone urbaine de la ville de Ni§ (Serbie), ainsi que la
détermination de I’impact des caractéristiques chimiques du sol sur la disponibilité des métaux
dans le sol. Quatorze métaux (Al, Ca, Fe, Mg, Na, Ag, As, Ba, Cd, Cu, Cr, Hg, Pb et Sr) et
quatre caractéristiques chimiques du sol (pH H20, pH KCI, teneur en matiére organique et
conductivité) ont été déterminés dans 15 échantillons du sol prélevés pres des routes dans la zone
urbaine de NiS. L’¢élément de la concentration la plus élevée dans les échantillons analysés était
le calcium (Ca 35,8 mg g™). Parmi les microéléments analysés, le plomb avait la concentration la
plus élevée (Ph 0,352 mg g). L’analyse hiérarchique de grappe a divisé les échantillons en deux
grappes statistiquement significatives. L’application de 1’analyse PCA a révélé I'impact des
caractéristiques chimiques du sol sur la teneur en métal et a permis la séparation de la teneur en

métal basée sur des caractéristiques chimiques du sol.

Mots-clés : métal, ICP-OES, caractéristiques chimiques du sol, grappe, PCA (angl.).
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MuHepaJabHBIA COCTAB MOYBHI FOPOACKON MecTHOCTH Huma —

XeMOMeTpI/I‘IeCKI/Iﬁ moaxoQa

Exaena C. Huxoanu', Buosera . Mutny’, Mapus B. I[nMnTpneBnql, Mapus . Wany’,

Ciaobonan A. ‘{npnql, Becna I1. Crankos Mopanosuy®

1- Vuusepcumem ¢ Huwe, @akynomem ecmecmeeHHbIX HAYK U MameMamuxu, /lenapmamenm xumuu,
Bouweepaockas 33, 18000 Huwi, Pecnybnuxa Cepbus

2- Uncmumym eemepunapruvix cneyuarvrocmen "Huw", Jfumumpus Tyyosuua 175, Huw, Cepbus

AHHOTAIIUA

Lenp mccnenoBaHus — OLEHKA COACPKAHHS MAKPORJIEMEHTOB M MHKpPODJIEMEHTOB B Mpobax
[IOYBBl, OTOOpaHHBIX B ropojckux pailonax Humra, CepOus, a Taxxe onpeaeieHUE BIUSHUS
XUMUYECKMX XapaKTepUCTUK T[OYBBI Ha Hajmuuue MetauioB B mouBe. ConepxkaHue
yeTsipHaaaTu Mmetauios (Al, Ca, Fe, Mg, Na, Ag, As, Ba, Cd, Cu, Cr, Hg, Pb u Sr) u getsipex
xumuueckux xapakrtepuctuk noussl (pH, H2O, pH KCl, conep:xanne opraHnyeckux BELIECTB U
IIPOBOJIUMOCTH) ObUIM ompezeneHsl B 15 oOpasnax mouBbl, COOpaHHBIX BOJM3U JOPOTH B
ropoJcKkoi MecTHOCTH Humi. DneMeHTOM ¢ caMOil BBICOKOM KOHILIEHTPALMEN B aHATU3UPYEMBIX
obpasmax 6w1 Ca (35,8 mr r'l). Cpenu aHanu3upyeMblX MHKPO3JIeMeHTOB Pb mmen camyro
BBICOKYIO0 KoHUeHTpauuto (0,352 wmr r'l). Hepapxuueckuil KIaCTEpHBIM aHAIW3 PA3LCIIHI
BBIOOPKM Ha JIBa CTaTUCTMYECKH 3HAUMMBIX Kiactepa. IIpumenenue anamuza PCA mokasano
BIIMSIHME XUMUYECKHUX XapaKTePUCTUK MOYBBI HA CO/IEP)KaHUE METAJNIOB U MTO3BOJIMIIO Pa3euTh

COACPIKAaHUEC MCTAJIJIOB HA OCHOBEC XUMHUUYCCKHX XapPaKTCPHUCTHUK ITOYBEI.

Knouesvie cnosa: metamn, ICP-OES, xumuyeckue XxapakTepruCTUKU MOYBHI, kKiactep, PCA,
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Mineralische Bestandteile des Bodens aus den Stadteilen von Ni§ —

chemometrischer Ansatz
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e orl erl
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1- Universitdt in Nis, Mathematisch-Naturwissenschaftliche Fakultét, Lehrstuhl fur Chemie, Visegradska
33, 18000 Nis, Serbien

2- Veterindrmedizinisches Fachinstitut “Nis”, Dimitrija Tucovi¢a 175, Nis, Serbien

ABSTRAKT

Die Bewertung des Makro- und Mikroelementgehalts in den Bodenproben, die in den
Stadtgebieten von Nis, Serbien, entnommen wurden, war das Ziel dieser Arbeit, sowie die
Bestimmung der Auswirkung der chemischen Eigenschaften des Bodens auf die
Metallverfuigbarkeit im Boden. Der Gehalt an vierzehn Metallen (Al, Ca, Fe, Mg, Na, Ag, As,
Ba, Cd, Cu, Cr, Hg, Pb und Sr) und vier Eigenschaften des Bodens (pH H20, pH KCI, Gehalt an
organischer Substanz und Leitfahigkeit) wurden in 15 Bodenproben bestimmt, die in
Strallenndhe in Stadtgebieten von Nis gesammelt wurden. Das Element mit der hdchsten
Konzentration in den analysierten Proben war Kalzium (35,8 mg g™). Unter den analysierten
Mikroelementen hatte Pb die hochste Konzentration (0,352 mg g™). Die hierarchische
Clusteranalyse teilte die Proben in zwei statistisch signifikante Cluster. Die Anwendung der
PCA-Analyse zeigte die Auswirkung der chemischen Eigenschaften des Bodens auf Metallgehalt
und die zuldssige Trennung des Metallgehalts aufgrund der chemischen Eigenschaften des

Bodens.

Schlusselwérter: Metall, ICP-OES, chemische Eigenschaften des Bodens, Cluster (engl.),
PCA(engl.)
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Virtual Analytical Chemistry Software

Aleksandra Gosnji¢ Ignjatovié¢

Gymnasium “9.maj”, Jeronimova 18, 18000 Nis, Republic of Serbia

ABSTRACT

Chemistry subjects are in the most cases strongly interconnected with experiments, both on a
fundamental level, but also in the process of teaching/learning. Many high schools in Serbia have a
problem with lack of laboratory space and chemicals, which significantly complicates teaching/
learning of practical skills. This work aims to present innovation in high school chemistry teaching
as an excellent way to overcome these obstacles. Virtual analytical chemistry software was
designed in order to help students in learning qualitative analytical chemistry without entering

laboratories.

Keywords: Chemistry, Teaching, Virtual analytical chemistry, Software

*Gymnasium “9.maj”, Jeronimova 18, 18000 Nis, Republic of Serbia, e-mail: aleksandragosnjic@gmail.com
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Introduction

Chemistry is an essential basis for many sciences but also allows understanding the world
around us. If someone wants to know how materials and drugs are made, how cooking affects
substances from food or how detergents work, he/she must consult chemistry. As an experimental
science, chemistry should encourage the inclination towards research, logical deduction that leads to
results and chemical process analyses with the outcome of applying the knowledge and connections
to other disciplines. Chemistry, science, and technology are in tight connections to economies of
each highly developed industrialized and technologically advanced society (Burmeister et al.,

2012).

Traditionally teaching chemistry way may leave the students with a lack of motivation. The
results of PISA tests show that Serbia is falling behind in science education comparing to the
countries in the EU. The problem, facing chemistry teachers in many schools in Serbia, has been
lack of laboratory space and chemicals. From these reasons, chemistry in schools is taught mostly in
classrooms, without entering laboratories. Practical experience is an integral part of chemistry
science. The availability of laboratory equipment, chemicals and materials, laboratory personnel,
working conditions in the laboratory and safety measures, substantially recommended textbooks
and certain periods allocated for the teaching of the subjects are necessary (Adefunke, 2008). The
conducted research among one thousand students shows that studying chemistry is a repetition of

what has been taught. That fact is the apparent sign that the concept of teaching needs change.

To the best of author’s knowledge, this paper is the first report on virtual qualitative analytical

laboratory, created to bring closer laboratory work to the high school students in Serbia.

139



Chemia Naissensis, Vol 2, Issue 1, EXPERT ARTICLE,138-143

Virtual analytical chemistry software

This whole concept aims to introduce the basics of analytical chemistry in a more interactive
way to students with no laboratory access. They will be able to use the software in order to learn

through virtual simulation and visualization qualitative analytical laboratory.

The base of the software is its engine. The engine used to develop this software is « Unity

Engine ».

The language used and combined with the engine is Microsoft Visual C#. The 3D Models used
are a combination of different assets that are compatible with the Unity Engine. The 2D designs

were custom made to fit the style of the software.

Virtual analytical chemistry is a software which shows chemical reactions of anions (CI°, SO42,
NO5, CO3; %, CH;COO) and cations (Ag*, Pb?*, Hg**, Cu**,Fe**, AI*", Ca®*, Ba**, Mg?*, NH;")

presence with suitable reagents in an interactive way.

For the schools, which do not have well-equipped laboratories, this software can serve as a
removable teaching tool. The software is designed for students of Gymnasium, medicinal, and
chemistry schools, which learn analytical chemistry. It should help students to visualize chemical
reactions that are the basis of qualitative analytical chemistry. Also, it can help teachers and

students in preparations for chemistry competitions.
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The simulation of chemical processes is conducted in a chemical laboratory with 3D modeled

test tubes (equipment) and reagents through the formation of residue and gases.

P
Aol D0 hgl) ]+

Rashiamm e o W,

Kada se amoriaen rastior 2akciel
. atstook kselnom e se ovows

Figure 1. Virtual analytical chemistry software — chloride test reaction

The program consists of two sets of test tubes on the right-hand and left-hand sides. The test
tubes are marked with numbers, and the combination of two numbers leads to a specific reaction.
When the combination of two numbers does not give the expected reaction, that is, when for a
certain anion or cation a wrong reagent is used, a ’virtual explosion’ happens in the virtual

laboratory.
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Figure 2. Virtual analytical chemistry software — wrong reagent used

There are many advantages of using this software. The virtual chemistry laboratory is
always available to students in Serbia. With the combination of the right reagents, we get correct
reactions of cations and anions, which makes the process much more economical and functional for
use outside a physical laboratory. The students are more motivated to use and implement the

software into new chemical situations safely.

The goal is modernizing and increasing the openness in teaching chemistry, increasing the

interest of students and improving the education of chemistry.

Conclusion

The software is designed for pupils from Gymnasium, Medical and Chemistry schools in
qualitative chemical analysis aimed to serve as a portable teaching tool. It should help students to
visualize the chemical reactions that are the basis of qualitative analytical chemistry. The described
way of teaching enables students to understand the chemical laws in a modern way, which is in line
with the modern world, new technologies, and scientific achievements, without entering the

chemical laboratory. We expect that modernization and increasing visualization of chemistry can
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increase the interest of students and improve the level of knowledge in chemistry. It can also help

teachers and students to prepare for chemistry competitions.

It is necessary to inspect the influence of the software on student interests for chemistry and in
the level of knowledge in this area using the parallel group method. In case the results are positive,
there is a possibility that similar software is made for different topics in chemistry and other

sciences.
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Softver za virtualnu analitiCku hemiju

Aleksandra Gosnji¢ Ignjatovié¢

Gimnazija “9.maj”, Jeronimova 18, 18000 Nis, Republika Srbija

SAZETAK

Hemijski predmeti su u veéini slucajeva jako povezani sa eksperimentima, kako na
fundamentalnom nivou, tako i u procesu predavanja/uéenja. Mnoge srednje Skole u Srbiji imaju
problem sa nedostakom laboratorijskog prostora i hemikalija, S$to znacajno komplikuje
predavanje/ucenje prakti¢nih vestina. Ovaj rad ima za cilj da predstavi inovaciju u predavanju
hemije u srednjoj Skoli kao odli¢an nacin za prevazilazenje ovih prepreka. Softver za virtualnu
analiticku hemiju je dizajniran da bi pomogao studentima u izu€avanju kvalitativne analiticke

hemije bez ulaska u laboratorije.

Kljucne reci: Hemija, predavanje, virtualni, softver
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Logiciel de chimie analytique virtuelle

Aleksandra Gosnji¢ Ignjatovié¢

Lycée « 9. maj », Jeronimova 18, 18000 Nis, Serbie

RESUME

Les matieres de la chimie sont, dans la plupart des cas, fortement liées aux expériences
chimiques tant au niveau fondamental que lors du processus d’enseignement/apprentissage. En
Serbie, de nombreuses écoles secondaires souffrent d’un manque d’espace de laboratoire et de
produits chimiques, ce qui complique considérablement 1’acquisition des compétences pratiques.
Ce travail vise a présenter une innovation dans 1’enseignement de la chimie au lycée en tant
qu’excellent moyen de surmonter les obstacles mentionnés. Un logiciel de chimie analytique
virtuelle a été congu en vue d’aider les étudiants a examiner la chimie analytique qualitative sans

entrer dans les laboratoires.

Mots-clés : chimie, enseignement, virtuel, logiciel.
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IIporpammHoe o0ecrieyeHue IJisi BAUPTYAJIbHONH AHAJTUTHYECKO

XMMHUMHN

Anekcanapa IN'omnny UrHATHOBUY

Tumnasus «9. Masy, Eponumosa 18, 18000 Huw, Pecnyonuxa Cepousi.

AHHOTAIIUA

[Ipenmersl XuMHUM B OOJBUIMHCTBE CIIy4aeB TECHO CBSI3aHbl C JKCHEPUMEHTAaMH, KakK Ha
(GbyHIaMEHTAIbHOM YPOBHE, TaK M B TIpOLIECCE TMpernojaBaHus / oOydeHus. MHOTuE cpeaHue
mkoasl B CepOum BcTpeyaroTcst ¢ IpoOiaeMoil OTCYTCTBHs J1a0OpaTOPHOTO MPOCTPAHCTBA U
XMMHUKATOB, YTO 3HAUYUTEJILHO YCIOXKHSAET IpernojaBaHue / U3ydeHHUe MPaKTHUECKUX HABBIKOB.
Lenb aTOM pabOThl — MPEACTABUTh HHHOBALIMU B MPENOJaBaHUM XMMHUH B CTapIIUX Kaccax Kak
OTJIMYHBIN croco0 mpeonosieTh 3TU mpendrcTBusd. IlporpammHoe oOecriedeHne BUPTYalbHOU
aHAJTMTUYECKOW XUMHUHM ObLJIO pa3paboTaHO € IIeNbI0 MOMOYb CTYJIEHTaM B KaueCTBEHHOM

HU3YyUCHUU AHAJIUTHUYECKOM XHUMUU, oe3 MNPpUCYTCTBUS B J'Ia60paTOpI/II/I.

Kniouesnie cnosa. XUMUAL, npenoda@amte, BUPMYANIbHAA AHAIUMUYECKAA XUMUA, NPOCPAMMHOE

obecneyenue
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Software fur virtuelle analytische Chemie

Aleksandra Gosnji¢ Ignjatovié¢
Gymnasium "9. maj", Jeronimova 18, 18000 Nis, Serbien

ABSTRAKT

Chemiefacher sind in den meisten Féllen stark mit Experimenten verbunden, sowohl auf der
grundlegenden Ebene als auch im Lehr- und Lernprozess. Viele Mittelschulen in Serbien haben
Probleme mit dem Mangel an Laborraumen und Chemikalien, was das Lehren und Lernen von
praktischen Fertigkeiten erheblich erschwert. Diese Arbeit zielt darauf ab, eine Innovation im
Chemieunterricht an Mittelschulen als hervorragende Maglichkeit zur Uberwindung dieser
Hindernisse vorzustellen. Die Software fur virtuelle analytische Chemie wurde entwickelt, um
Studenten das Erlernen der qualitativen analytischen Chemie zu erleichtern, ohne Labore

betreten zu missen.

Schlisselworter: Chemie, Unterricht, virtuell, Software
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