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In this investigation, the influence of doping graphene with silicon in the adsorption of alanine amino acid was inspected
computationally. For this purpose, the structures of pure graphene, silicon doped graphene, alanine and 10 derived products of the alanine
reaction with pure and silicon doped nano-adsorbents were optimized geometrically. Afterwards, the values of adsorption energy,
formation enthalpy, Gibbs free energy and thermodynamic constant for alanine adsorption procedures were determined at different
situations. The obtained results demonstrate that pure graphene and also meta silicon doped graphenes do not have any interaction with
alanine molecules due to their positive formation enthalpy and Gibbs free energy values. However, doping graphene with silicon in para
position can lead to the spontaneous and exothermic adsorption of alanine because of the achieved negative AH;(-4.4040 and -2.6881 eV)
and AG; (-3.3973 and -1.6887 eV). The great acquired thermodynamic constants (1.689 x 107 and 6.140 x 107 have also confirmed this
results. Some chemical properties such as HOMO and LOMO energy levels, energy gap, electrophilicity, chemical potential, maximum
transmitted electron and dipole moment in the reactions were also evaluated. The acquired HOMO-LUMO gap values indicate that silicon
doped graphene can also be useful for sensing this amino acid. All calculations were applied by density functional theory in the level of
B3LYP/6-31G(d) and the aqueous phase.
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INTRODUCTION owing to their eminent selectivity, straightforward

instrumentation, wide linear range, portability and excellent

Determination of biological molecules such as amino
acids is very important in medical fields for diagnosis and
treatment procedures of various diseases. In this regard,
different instrumental techniques have been developed for
the determination of this type of materials such as high-
performance liquid chromatography (HPLC), UV-Vis
spectrophotometry and fluorimetry. Unfortunately, the
referred methods need expensive and intricate instruments,
they do not have admissible selectivity and in most cases
are time consuming. Obviously, the mentioned downsides
provoke scientists to focus on electrochemical biosensors
E-mail:
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sensitivity. One of the most essential steps for developing a
biosensor is to find an exquisite sensing material that has a
good interaction with the desired analyte. Moreover, alanine
is an interfering byproduct in the synthesis process of 2-
aminobuteric acid, and, unfortunately, has similar physical
and chemical traits with the main product of the synthesis
process. So, it can be inferred that removing this substance
is a challenging task for synthetic chemists. Therefore,
finding an appropriate adsorbent which has an admissible
interaction with alanine can be useful for constructing a
novel sensor for determination of this biological molecule,
and also eliminating it from synthesis procedure due to its
interference as a byproduct [1-3].

On the other hand, graphene is an allotrope of carbon. In
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Fig. 1. Graphene sheet nanostructure.

graphite (another allotrope of carbon) each tetravalent
carbon is connected to three other similar atoms with
covalent bonds and form a widespread network. This layer
is placed on another completely resembling layer.
Therefore, the fourth valence electron has also taken part in
a chemical bond, but this bond is created by weak van der
Waals forces [4-5]. This matter clarifies why the graphite
layers are able to slip on each other and can be utilized in
pencil tip. Graphene is a substance consisting of only one
graphite layer, implying that the fourth bonding electron of
carbon remains as a free electron. Hence, graphene is a two-
dimensional surface composed of carbon atoms coupled to
each other by SP hybrid; it is made up of similar hexagonal
rings like benzene (Fig. 1). Graphene was first introduced in
1986. Its name is a combination of graphite word and suffix
(ene) reffering to multi-ring aromatic hydrocarbons [6-9].
Graphene has different names due to the number of its
layers. Except the single and double layer graphene, low
layer graphene is attributed to the graphene containing three
to ten layers, and if the pad number of graphene increases to
the range of 10-30 it will be known as multi-layer graphene

or graphite thin crystals [10-14]. Owing to the fact that
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graphene is a porous carbon substance with an outstanding
specific surface area and unique structure, it has excellent
properties for adsorption and removing various compounds,
and is one of the most widely used adsorbents for
eliminating environmental pollutants and sensing materials
in numerous biosensors [15-18]. The adsorption of pure
acetone molecules

on the co-doped graphene with

unadulterated aluminum and silicon atoms and also
adsorption of p-nitrophenol with doped graphene with
aluminum have been investigated by DFT calculations.
Thus, evaluation the performance of pure and silicon doped
graphene as a prominent sensing material in electrochemical
biosensors and also as a stunning adsorbent in the synthesis
process of 2-Aminobuteric acid is the aim of this study [19-
26].

In this regard, alteration of some parameters including
the binding condition of two amino acids to the graphene
surface relative to each other, being in the syn or anti-
circumstances relative to the surface of adsorbent, in both
ordinary and silicon doped graphene, has been checked out.
The calculations were performed in the aqueous phase for
all states at 10 degree intervals at the temperature range of
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300-400 K.

COMPUTATIONAL METHODS

In this evaluation, synthesis of various nanostructure
derivatives of alanine with graphene has been appraised by
density functional theory method. The operations were
performed by utilization of Spartan, Gaussian 09 and Gauss
View softwares. At the beginning, the compounds were
optimized, and then IR calculations were implemented in
order to study the thermodynamic parameters pertaining to
the desired processes. All calculations were accomplished in
the level of B3LYP/6-31G(d) in the temperature range of
300-400 K. The process was considered in the aqueous
phase and atmospheric pressure. The general reactions
studied are as follows, Egs. (1)-(2):

G+2ala—P+H, ()

G* +2ala — P+ H, )

The ala,G, G*,P* and P abbreviation signs are
explained in the subsequent:

ala: alanine amino acid

G and G" are the symbols of ordinary graphene and
silicon-doped graphene, respectively.

P and P'are originated products from pure and silicon-
doped graphene, respectively.
Some structural properties such as energies of HOMO and
LUMO molecular orbitals (Ey, Ep), distance between
energies of HOMO and LUMO molecular orbitals (HLG),
chemical potential () electrophilicity (®) and chemical
hardness (1) were also inspected. In chemistry, HOMO and
LUMO are types ofmolecular orbitals and the energy
difference between them is termed the HOMO-LUMO gap
(HLG). The HOMO is the highest occupied molecular
orbital and LUMO is the lowest unoccupied molecular
orbital. HLG can be acquired by Eq. (3). In Eq. (4), 1 is the
chemical hardness which can be calculated by the
mentioned formula. The electrophilicity Index (o) in atomic
units is a measure of the electrophilic power of a molecule
that is given in Egs. (6). When two molecules react with
each other, one molecule behaves as a nucleophile,
whereas the other one acts as an electrophile. A higher
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electrophilicity index shows higher electrophilic power of a
molecule. So, the quantity of @ describes the propensity of
the system to acquire an additional electronic charge from
the environment. The maximum amount of electronic
charge index (AN.x) describes the charge capacity of the
molecule that the electrophone system may accept; it can be
calculated by Eqgs. (7). A positive value of AN, index
(au.) for a compound reveals that it acts as an electron
acceptor, whereas a negative value of AN,,,, index indicates

that it acts as an electron donor [17].

HLG = Erumo - Exomo 3)

N = (Erumo - Exomo)/2 “4)

o = 1y/21 (5)

ANinax = -/ (6)
RESULTS AND DISCUSSION

In this project, ten graphene derivatives have been
computed and compared. In the first step, the obtained
derivatives of alanine conjunction to the mefa and para
carbons of one of the middle hexagonal rings of graphene
were formed. Two different products can be derived from
these conjunctions, the syn product in which two adsorbed
amino acids are located on one side and the anti-derivative
in which alanine molecules are on the two opposite sides of
graphene nanostructure (Fig. 2). In the second stage, silicon
doped graphene was created by supplanting silicon atoms
instead of carbons in the amino acids binding situations to
the graphene surface at meta and para position and the
calculations for doped graphene and its derivatives were
performed again.

It should be noted that alanine can be attached to the
graphene from the carbon atom of carboxylic acid
functional group and also the nitrogen of the amine group
that eventuates to two different products (Fig. 2).

In order to know the studied derivatives in this research
the
nanostructure products of the reaction between two alanine

more precisely, naming method for derived

amino acids and graphene is as follows:
1.In the first series, alanine amino acids are linked to
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Fig. 2. General schematic of the Alanine amino acids binding situations to the Graphene surface and the

naming method of the investigated nanostructure derivatives.

the graphene surface by the carbon atom of carboxylic acid
group, and they are in the syn condition (from one side to
the graphene surface), and in the para situation at the
hexagonal ring of graphene surface relative to each other.
The product of pure graphene has been remarked by SPC
abbreviation symbol and derived material of silicon-doped
graphene have been represented by SPC* (Fig. 3).

2. In the second series, alanine molecules are in the syn
position (from one side to the graphene surface) and in meta
position at the hexagonal ring of graphene surface relative
to each other. Graphene has linkage with the amino acids
through the carbon atom of the carboxylic acid group. The
SMC symbol is allocated for the originated product of
ordinary graphene and the SMC* abbreviation is specified
for the derived material of silicon-doped graphene (Fig. 3).

3. In the third series, amino acids are joined to the
graphene sheets via the nitrogen atom of amine functional
group and they are in the anti-state (on opposite sides of
graphene surface) and in meta situation at the hexagonal
ring of graphene surface relative to each other. Derived
products of pure and silicon-doped graphene are displayed
with AMN and AMN*, respectively (Fig. 3).

4. In the fourth series, SMN and SMN* are assigned as a
sign for derived products of ordinary and the silicon-doped
graphene, respectively. In this case, alanines are adsorbed to
the graphene from the nitrogen atom of the amine group and

642

are in the syn position (from one side to the graphene
surface), and in meta site at the hexagonal ring of graphene
surface relative to each other (Fig. 3).

5. In the fifth and last series, alanine amino acids are
connected to the graphene by the carbon atom of the
carboxylic acid group and are settled down in anti-position
(on opposite sides of graphene surface) and in the para
situation at the hexagonal ring of graphene surface relative
to each other. APC and APC* marks are considered for
derived substances

from ordinary and silicon-doped

graphene, respectively (Fig. 3).

Calculation and Verifying the Values of Enthalpy
Changes (AHy)

The formation enthalpy values (H) for reactants and
products in the adsorption process were calculated by means
of Gaussian 09. In order to calculate the enthalpy variations
in reactions 1 and 2, the following Eqs. (7)-(8)were used.

AH¢=[H,+ Hp] - [Hg + Hapa] (7

AHf: [Hp* + HH2] - [HG* + Ha]a] (8)

The obtained results, given in Table 1 and Figs. 4 and 5,
indicate that the formation enthalpy values of SMN¥*,
AMN*, SMC*, AMN, SMC, SPC and APC derivatives that
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SPC*

AMN*

APC*
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sSMC

AMN

SMN
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Fig. 3. Images of nanostructure derivatives from the reaction of pure and doped Graphene with Alanine amino

acids.

are related to the reactions between two alanine amino acids
with G and G are positive in temperature range of 300-400
K. However, this variable has been negative only for APC”
and SPC’. This matter indicates that the reaction between
the ordinary graphene and alanine is endothermic in all
situations, While silicon doped graphene has the potential to
react with in  para condition
exothermically. In other words, the adsorption process of
this substance in APC™ and SPC” positions on the doped
graphene do not need any energy. The next valuable point
that can be perceived from the table is that AHy for the

alanine  molecules
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adsorption of alanine on silicon doped graphene has become
more negative by gradual increase of temperature in APC*,
SPC*, SMC* and SMN* cases. On the other hand, this
parameter has become more positive for APC, SPC, SMC,
AMN, SMN and AMN’ by enhancing the temperature of the
system.

Calculation and Verifying the Values of Gibbs Free
Energy Changes (AG)

The values of Gibbs free energy (G) in the mentioned
synthesis process for both reactants and products were
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and Doped Graphene in the Temperature Range of 300-400 K
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AHy
(kI mol™)

Temperature APC* SPC* SMC* AMN* SMN*
X

300 -259.3615807 -424.9199931 5.86144254 54.12049215 86.47695988
310 -259.3210807 -424.8469931 5.744742539 54.21389215 86.39855988
320 -259.3104807 -424.7821931 5.644142539 54.30509215 86.34275988
330 -259.2871807 -424.7054931 5.542342539 5438159215 86.30075988
340 -259.2143807 -424.6093931 543914254 54.50949215 86.21685988
350 -259.1505807 -424.5205931 531914254 54.64519215 86.12785988
360 -259.0423807 -424.4055931 5200742539 54.78689215 86.02125988
370 -258.9436807 -424.2881931 5.097742539 54.90379215 85.89955988
380 -258.8405807 -424.2194931 4.98254254 55.02459215 85.77245988
390 -258.7668807 -424.2017931 4.872642539 55.15579215 85.66155988
400 -258.7487807 -424.2006931 4.745842539 55.30869215 85.54145988
Temperature APC SPC SMC AMN SMN

)

300 245.3943203 205.3240276 596.308953 697.7463906 657.1045666
310 245.4767203 2054214276 596.431453 697.8421906 657.1451666
320 245.5101203 205.5028277 596.535753 697.9144906 657.1882666
330 245.5443203 205.5737277 596.642653 697.9832906 657.2418666
340 245.6325203 205.6580276 596.782353 698.0795906 657.3233666
350 245.6832203 205.7487276 596.920753 698.1639906 657.4017666
360 245.7434203 205.8280276 597.085553 698.2554906 657.4698666
370 245.7887203 205.8893276 597.232053 698.3407906 657.5608666
380 245.8166203 2059269276 597.331653 698.4146906 657.6313666
390 245.8353203 205.9716276 597.441653 698.4910906 657.7053666
400 245.8311203 205.9828276 597.538353 698.5827906 657.7722666
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AH(kJ/mol)

Temperature (K)

- APC* @ SPC* —o» SMC* —A—AMN* --A-- SMN*

Fig. 4. Enthalpy changes for the synthesis of the derived products from the reaction between Alanine amino acids
and Silicon-doped Graphene (G*) in the temperature range of 300-400 K.

AH(kJ/mol)
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500
400
300
2@ B8 -F- B8 B8 -8B~
100
0
300 320 340 360 380 400
Temperature (K)
-0 =-APC --@-SPC =--A-- SMC -A- AMN —&— SMN

Fig. 5. Enthalpy changes for the synthesis of the derived derivatives from the reaction of Alanine amino acids with
pure Graphene (G) in the temperature range of 300-400 K.

645



Ahmadi & Jalali Sarvestani/Phys. Chem. Res., Vol. 6, No. 3, 639-655, September 2018.

Table 2. Formation Gibbs Free Energy Changes Values for the Synthesis of Derivatives of Two Alanine Amino Acids
with Pure and Doped Graphene in the Temperature Range of 300-400 K

AG¢
(kJ mol™)

Temperature APC* SPC* SMC* AMN* SMN*
)

300 -162.9307807 -327.7872931 92.43955746 1509162922 11.91044012
310 -159.4850807 -324.1987931 95.99735746 154.4518922 15.45644012
320 -156.1462807 -320.6923931 99.45965746 1579591922 18.97264012
330 -152.8312807 -317.2430931 102.9151575 1614158922 22.44364012
340 -149.3573807 -313.7721931 106.4835575 164.9950922 26.07204012
350 -145.8783807 -310.3060931 110.1249575 168.5865922 29.71044012
360 -142.2927807 -306.7505931 113.7699575 172.2296921 33.40054012
370 -138.6130807 -303.1269931 117.3456575 175.8740922 37.08454012
380 -134.8871807 -299.5121931 120.9963575 179.5447922 40.81704012
390 -131.1003807 -295.9630931 124.6473575 183.2587922 44.58544012
400 -127.4953807 -292.4361931 128.3243575 186.9730922 48.35934012
Temperature APC SPC SMC AMN SMN

)

300 342.3304203 303.0357276 691.705353 795.1176906 754.6711666
310 345.8478203 306.5978277 695.180753 798.7285907 758.2559666
320 349.2488203 310.0015276 698.594253 802.2032906 761.7658666
330 352.6535203 313.3259277 701.943753 805.6436906 765.2986666
340 356.1143203 316.7756276 705.421553 809.1406906 768.9420666
350 359.6244203 320.2664276 708.956953 812.6730906 772.5876666
360 363.1820203 323.7444276 712.491353 816.1783906 776.1920666
370 366.6897203 327.2294277 716.041253 819.7119906 779.8511666
380 370.2732203 330.7518277 719.574953 823.2841906 783.5023666
390 373.9202203 334.2977277 723.173753 826.8929907 787.1619666
400 3774728203 337.8283277 726.684853 830.5064906 790.7729666
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computed using Gaussian 98. Gibbs free energy variations
(AG) in the reactions 1 and 2 were calculated based on the

Egs. (9)-(10)

AG =[Gy + Gio] - [Go+ Gal ©)

AG =[G p» + G 2] - [Go + Gan] (10)

As evidenced by the data presented in Table 2,
formation Gibbs free energy of SMN*, AMN*, SMC*,
AMN, SMC, SPC and APC derivatives that are produced
from the reactions of two alanine amino acids with G and
G are positive in temperature range of 300-400 K. whilst,
this parameter has been reported negative for APC” and
SPC” (Figs. 6 and 7). Since a positive Gibbs free energy
changes value for a chemical process shows that the
reaction is non-spontaneous, it can be inferred that the pure
graphene does not have any interaction with alanine amino.
However, the silicon-doped graphene could absorb alanine
spontaneously in para situation. This result has also a good
accordance with the obtained formation enthalpy values.
The impression of changing the temperature on the Gibbs
free energy changes values was also investigated. As it can
be seen from the table, the AG¢ values get more positive by
incrementing the temperature of the system. In fact, the
interaction of alanine and adsorbent has become more
spontaneous in all cases by rising temperature.

The thermodynamic equilibrium constant for the alanine
adsorption procedure on the surface of pure and silicon
doped graphene was also calculated by Eq. (11); the
obtained results are presented in Table 3. As expected, the
thermodynamic constants for the APC™ and SPC" were
great, the adsorption process
thermodynamically possible in these situations. However,

showing  that is
this variable for other conditions was extremely negligible,
indicating that the interaction between alanine and nano-
adsorbent is thermodynamically unfeasible.

K = exp (-AG¢/RT) (11)
Calculation and Verifying the Adsorption Energy
Value (E,q4)

Adsorption energy is an appropriate parameter for
evaluating the stability and mechanism of the adsorption

647

process. In this regard, after all the

aforementioned derived products, the adsorption energy was
calculated from the subsequent Egs. (12)-(13):

optimizing

Eads = [Ep] - [EG+ Ea]a] (12)

Euas = [Ep+] - [Ec+t Eanl (13)

In these formulas, E represents the total electronic
energy of the optimized structures. The obtained SCF total
energy and adsorption energy values are presented in Table
4 and Figs. 8 and 9. As evidence by the data in the table, the
silicon-doped graphene derivatives have lower adsorption
energy than pure graphene derived products. This fact
implies that silicon-doped graphene has the ability to form
more stable configurations with alanine, because the
reported adsorption energy values are negative for all of its
derivatives. Moreover, the results indicate that two APC"
and SPC" conformers have the lowest adsorption energy in
comparison to the others. This matter substantiates that the
doped graphene can absorb alanine molecules from the
carbon atom of carboxylic acid functional group in para
situation. It seems that spatial hindrance in meta position is
the reason for this phenomenon. Based on the Gibbs free
energy and formation enthalpy results, alanine can react
with the doped graphene only in APC* and SPC* positions.
So, these derivatives can be considered as the most stable
and main products of the adsorption process of alanine on
the silicon-doped graphene surface. Further support for the
above-mentioned conclusion is provided by the bond length
between the adsorbent and alanine, because, in both APC*
and SPC* products the bond lengths between the silicon
atom of the doped graphene and the alanine molecules are
shorter than all of the evaluated situations. The optimized
structures of APC* and SPC* and their bond lengths with
the silicon atoms of the adsorbent are reported in Fig. 10.

Structural and Electronic Properties

As the data provided in Table 5 demonstrates obviously,
the calculated energy gaps for silicon doped graphene
derivatives are bigger than those for pure graphene
products. A small HOMO-LUMO gap (HLG) implies
smaller excitation energy is needed for transferring to the
excited states. Therefore, APC, SPC, SMC, SMN and AMN
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AGf(kJ/mol)

T— -.3 =3 28888888

5,_,",..0_._..._’.._’..,?
400

Temperature (K)

—3%— APC* —@— SPC* «+®+ SMC* - A- AMN* -4~ SMN*

Fig. 6. Gibbs free energy changes for the synthesis of the derived derivatives from the reaction between Alanine
amino acids and Silicon-doped Graphene (G") reaction in the temperature range of 300-400K.

AGf(kJ/mol)

300 320 340 360 380 400
Temperature (K)

-~ 3= APC —%—SPC emi= SMC = A - AMN :--#:- SMN

Fig. 7. Gibbs free energy changes for the synthesis of the derived derivatives from the reaction between Alanine
amino acids and pure Graphene (G) reaction in the temperature range of 300-400K.
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Table 3. Equilibrium Thermodynamic Constant Values for the Synthesis of Derivatives of Two Alanine Amino Acids with
Pure and Doped Graphene in the TemperatureR of 300-400 K

Kin

Temperature APC* SPC* SMC* AMN* SMN*

(K)
300 1.689x 107 6.140%x 107 9.653x 107" 7.161x 107 8.655x 10"
310 5491x 107 2262x 107 8.054x 107" 1.273% 107 2.562x 107
320 2292x 10" 1.222x 107 7.020x 107" 2213%107% 8.300x 10™
330 1.176x 10 9.219x 10" 6.192x 107" 3.775% 107 2.920x 10°%
340 6.786x 107 9.208x 10 5.282x 107" 5.991x 107 1.035x 10
350 4.593x 10! 1.200x 107 4.429x 10" 9.229% 107 3.877x 10"
360 3.496x 10™° 1.935% 10" 3.762x 107" 1.366x 107 1.505% 10
370 2.955% 10" 3.804x 10" 3.284x 107" 1.973x 107 6.168x 10
380 2.810x 107"* 9.223x 107 2.827x 1077 2.770x 107 2.617x 10°%
390 2.963x 1077 2.770x 107 2.446x 107" 3.777% 107 1.143x 10
400 3.681x 10™° 9.946x 10"’ 2.118x 107" 5.085x 107 5207x 10"

Kin

Temperature APC SPC SMC AMN SMN

(K)
300 4.929% 10 3.158x 10 1.463x 107" 1.776x 10" 1.805x 107"
310 1.036x 10 3.945% 10 2.798x 10" 1.220x 107" 7.453% 107
320 1.887x 10 4.459x 107 3.436x 107" 5.093x 107" 1.882x 107
330 2.873x 107 4.490x 10 2.789x 107" 1.301x 10" 2.936x 107!
340 3.651x 10 3.764x 107% 1.466x 107 2.045x 107" 2.853x 1071®
350 3.947x 10 2.767x 10 5.281x 10 2.091x 10 1.877x 10"
360 3.690x 10 1.820% 10 1.367x 107" 1.469x 10""* 8.698x 107"
370 3.096x 107 1.082x 1074 2.613x 107 7.171x 1071 2.847x 10710
380 2274x 107 5.782x 107 3.812x 10 2.489x 1078 6.871x 107'%®
390 1477x 107 2.811x10% 4217x10” 6.346x 10" 1.252x 107"
400 8.988x 10 1.270x 10°* 3.785x 10 1.226x 10™"% 1.783x 107"
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Table 4. The Calculated SCF Total Energy (eV) and Adsorption
Energy (eV) of the Derived Products from the Reaction
Between Alanine Amino Acids with Pure Graphene (G)
and Silicon-doped Graphene (G*) in the Temperature of

298 K
SCF total energy Adsorption energy
(eV) (eV)
SPC -43998.2468 23115
SPC* -57506.7151 -4.2414
APC -43997.8038 2.7545
APC* -57504.9548 -2.4811
SMC -43994.0497 6.5086
SMC* -57502.4195 -0.8583
SMN -43993.4010 7.1573
SMN* -57503.1738 -1.6126
AMN -43992.9392 7.6191
AMN* -57501.6723 -0.1110

SCF total energy (eV)

0.00 b

SPC  SPC* APC  APC* SMC SMC* SMN SMN* AMN AMN*
-10000.00
-20000.00
-30000.00
-40000.00 | 4399825  -43997.80 -43994.05 -43993.40 -43992.94

8 Q L f
-50000.00 N / \ 7 \ y \

. 7/ \ v N, N Fa s
000000 v A4 A" 4 ¢ Y
' -57506.72 -57504.95 -57502.42 -57503.17 -57501.67

-70000.00 ¥

Fig. 8. Diagram of the calculated SCF total energy (eV) of the derived products from the reaction between
alanine amino acids with pure graphene (G) and silicon-doped graphene (G*) in the temperature of
298 K.
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Fig. 9. Diagram of the calculated adsorption energy (eV) of the derived products from the reaction between alanine
amino acids with pure graphene (G) and silicon-doped graphene (G*) in the temperature of 298 K.

SpC*

1.94A

APC*

Fig. 10. The optimized structure of the SPC* and APC* derivatives and the bond length between the silicon atom of

doped graphene and alanine amino acid.

can be more conductive than APC*, SPC*, SMC*, SMN*
and AMN*. However, the hidden point is that the calculated
HLG for pure alanine molecule is 16.7 (eV) which shows
that this amino acid is nonconductor due to its high HLG
value. After adsorption on pure and silicon doped graphene
this variable has declined significantly, so, the conductivity
of the system will increase after attachment of alanine to the
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Since the conductometric
analytical methods are based on the conductivity difference
between the reactant and the products of a reaction, it could

surface of the adsorbent.

be inferred that para silicon doped graphene can be an
for alanine
the

investigation proved that only APC" and SPC” derivatives

excellent electroactive sensing material

electrochemical  determination,  because prior
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Table S. Calculated Ey, E;, HLG, Chemical Hardness (n), Electrophilicity Index (®), and The Maximum
amount of Electronic Charge Index, AN, in eV, and Dipole Moment (Debye) for the Synthesis of

Derivatives of Two Alanine Amino Acids with Pure and Doped Graphene at the Temperature of 298 K

Ey E. HLG n [O) AN nax Dipole moment

(eV) (eV) (eV) (eV) (eV) (eV) (deby)
Alanine -8.86 7.84 16.7 835 0.0155 -0.061078 245
APC -5.25 4.47 9.72 4.86 0.0802 0.3696 3.73
APC* -5.52 4.39 9.91 4.955 0.1140 0.7909 2.92
SPC -5.28 436 9.64 4.82 0.0954 0.5100 345
SPC* -5.41 4.62 10.03 5.015 0.0788 0.3912 3.69
SMC -2.08 2.03 4.11 2.055 0.0122 0.0006 7.36
SMC* -2.71 1.5 421 2.105 0.2874 0.3852 10.57
SMN -2.77 1.51 4.28 2.14 0.2944 0.4247 5.63
SMN* -2.71 1.7 441 2.205 0.2290 0.2812 10.16
AMN -2.36 1.44 3.8 1.9 0.2421 0.2010 8.40
AMN* -2.98 1.46 4.44 222 0.3423 0.6411 7.64
G -4.36 3.54 79 3.95 0.0212 -0.1038 0.01
G*(p) -3.44 3.58 7.02 3.51 -0.0199 0.0086 2.07
G*(M) -3.94 3.71 7.65 3.825 0.0301 0.0253 1.86

can be formed due to their negative AG and AH values. The
next matter supporting this idea is the HLG values of APC*
and SPC* derived products (9.91 and 10.03, respectively)
which have a considerable discrepancy from the energy gap
of para silicon doped graphene (7.02). It is worth
mentioning that meta silicon doped graphene cannot be an
eminent sensing material, because alanine adsorption
process is endothermic and experimentally unfeasible on its
surface

Chemical hardness is the next investigated variable
which can estimate the softness of a molecule. In other
words, a hard molecule has a large HOMO-LUMO gap and
a soft molecule has a small HOMO-LUMO gap. With a
detailed look at the data in Table 5, it is realized that silicon
doped graphene derivatives have more chemical hardness
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than pure graphene ones. As the soft molecules are able to
their
compounds, it could be understood that pure graphene

alter electron density more easily than hard
derivatives have more reactivity than doped graphene
derivatives, and this matter has an admissible accordance
with the results of adsorption energy.

Electrophilicity

electronic  charge

of
investigated. The

index and maximum amount
index were also
electrophilicity index is a measure of the electrophilic
power of a compound when two molecules react with each
other. One of them acts as a nucleophile, while the other one
behaves as an electrophone system. A compound with
higher electrophilicity  index

electrophilicity. In this work, all of the derived products of

demonstrates more

the reaction between alanine and the adsorbent have higher
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electrophilicity in comparison to the doped graphene. Thus,
they are stronger Lewis acids than the pure and doped
graphene. The most accepted electron charge can be
calculated from AN, parameter. The maximum amount of
electronic charge index (AN,.x) is the most electron charge
which a system can accept. A positive ANp.x indicates that
charge flows to the system, or, in other words, the system
acts as an electron acceptor, while a negative AN, value
indicates that the system likes to donate its electrons and
acts as a Lewis base. The acquired results from this variable
reveal that all of the derived products have more positive
ANp.x values than the pure and doped graphene, and,
consequently, they have a great tendency to accept an
electron. On the other hand, the doped graphene has lower
AN,.x value than its derivatives. So, it is more eager to
donate an electron. This matter could imply that the silicone
doped graphene can participate in electrochemical reactions
with alanine and its derivatives APC* and SPC* Table 5.

CONCLUSIONS

Determination of alanine and its removal from synthesis
medium of 2-aminobuteric acid is very important. In this
regard, the adsorption of alanine on the pure and silicon
doped graphene was evaluated by density functional theory
in the level of B3LYP/631G(d). The calculated results of
adsorption energy, Gibbs
enthalpy values revealed that ordinary graphene does not

free energy and formation
have any interaction with alanine molecules in all
temperature range of 300-400 K. In fact, the adsorption of
alanine on the pure graphene surface was endothermic and
non-spontaneous, while, silicon doped graphene could react
with it from the carbon atom of the carboxylic acid
functional group in para positions, because only in these
conditions the process was exothermic and spontaneous.
The HOMO-LUMO gap shows that the conductivity of
silicon doped graphene has decreased dramatically after
binding to alanine. Therefore, the doped graphene can be
also used as an electroactive sensing material in the
construction of an electrochemical sensor for determination
of this amino acid. Moreover, the results demonstrate that
temperature variations do not have a tangible effect on
adsorption reactions.
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