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EDITORIAL

New Trends in Nano−Engineering

Editor-in-Chief: Raffaele Barretta

With rapid developments of nano-
engineering in the recent years, high-
performance and multi-functional nano-
materials, exhibiting new and enhanced
physical and chemical properties, are in-
troduced with innumerable conceivable
applications. The recent advances in de-
sign, synthesis and characterization tech-
niques of nano-materials have enabled
the fabrication of modern nano-electro-
mechanical systems (NEMS). Research
breakthroughs in NEMS technology over
the past decade have caused an increased
interest in the analysis of structures at
nano-scale, stimulated by the fact that con-
trol over these exclusive properties leads
to development of concepts potentially re-
sulting in new engineering applications.

Nanomaterials, such as carbon nan-
otubes and graphene sheets, have also at-
tracted emergent interest since the isola-
tion of graphene due to their exclusive
structural, chemical and electronic prop-
erties and their astonishing competences
in sensing and bio-sensing, energy con-
version and storage and bio-medical ap-
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plications. Nanomaterials can be also effi-
ciently exploited as excellent components
for reinforcement in nano-composites.

It is well established that nanostructures
have discrete nature manifested in the
form of atoms and interactions between
atoms so that classical continuum mechan-
ics can have limited success in describing
size effects. The research community of
engineering science has been vigorously
trying to capture the size-dependent be-
haviour employing nonlocal elasticity the-
ories, among other generalized continuum
mechanics approaches.

Chemical Reports is an international re-
search journal and invites contributions of
original and new fundamental research.
The journal aims at providing an interna-
tional forum for the presentation of high-
quality and rigorous research, interpreta-
tive reviews and discussion of original de-
velopments in chemical and mechanical
engineering. Papers describing innovative
theoretical proposals and new numerical
methodologies and applications in nano-
engineering are most welcome, such as
those which demonstrate the transfer of
techniques from other disciplines. Reports
of carefully executed experiments, which
are soundly interpreted, are also welcome.

The main aim of Chemical Reports is to
generate bridges between the most innova-

Chemical Reports c© 2018 by Syncsci Publishing. All rights reserved.
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tive scientific developments and their po-
tential applications in the fields of chemi-
cal and mechanical engineering applicable
to nano-materials and nano-structures.

Potential topics of interest include but
are not limited to the following:
• Chemical engineering
• Chemical technology
• Biochemical engineering and technol-

ogy

• Green Chemistry
• Chemicals synthesis and process
• Chemicals structure
• Thermodynamics
• Reaction and catalysis
• Nanotechnology
• Chemical optimization
• Mechanics of nanostructures
• NEMS problems
• Nonlocal elasticity

Chemical Reports c© 2018 by Syncsci Publishing. All rights reserved.
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RESEARCH ARTICLE

A controlled, efficient and robust process for the synthesis of an
epidermal growth factor receptor inhibitor: Afatinib Dimaleate

Pawan Kumar1∗ Premnath Dhande1 Muhammad Taufiq F. Mazlee1 Suhaila M. Yaman1

Nurul Syazwani Nadirah Binti Muhammad Syafiq Chandran1 Mohd Zulfadli Bin Makhtar1

Dhramveer Singh Shekhawat1 Sunil Vasudeorao Lanke1 Ramesh Kumar1 Sandeep Mhetre1

Abstract: A simple, controlled, robust and scalable three-stage manufacturing process of Afatinib Di-
maleate was assessed and optimized leading to improved yield and quality. The synthetic process involves
sequence of reactions as nitro-reduction, amidation and salification. The developed and optimized route was
demonstrated on 300 g scale with over all isolated yield of 84% for Afatinib free base. The developed process
has the capability to control not only the process related impurities but also the degradation impurities. One new
impurity was identified during the process development studies and characterized as acetamide impunity, chem-
ically known as (S)-N-(4-((3-chloro-4-fluorophenyl) amino)-7-((tetrahydrofuran-3-yl) oxy) quinazolin-6-yl) ac-
etamide. Other impurities were identified as degradation impurities, Process impurities and were labeled as 1-(4-
((3-chloro-4-fluorophenyl) amino)-7-(((S)-tetrahydrofuran-3-yl) oxy) quinazoline-6-yl)-5-Hydroxypyrrolidin-
2-one (hydroxy impurity), Afatinib N-Oxide impurity and N4-(3-chloro-4-fluorophenyl)-7-[[(3S)-tetrahydro-
3-furanyl] oxy]-4,6-quinazolinediamine (Intermediate-1).

Keywords: Afatinib Dimaleate, HPLC, degradation impurities, NMR, LC-MS, new process impurity,
improved process

1 Introduction

Over the years many quinazoline derivatives were
reported as epidermal growth factor receptor (EGFR)
signal transduction pathway inhibitors and Afatinib
Dimaleate[1] is one of them which is powerful, ir-
reversible tyrosine kinase inhibitor of EGFR, with
IC50 value (half-maximal inhibitory concentration)
of 0.5nM, exhibits potent anti-tumor activity against
non-small cell lung cancer (NSCLC) (https://www.
medchemexpress.com). Afatinib [BIBW 2992; N- [4-
[(3-chloro-4-fluorophenyl) amino]-7-[[(3S)-tetrahydro-
3-furanyl]oxy]-6-quinazolinyl]-4-(dimethylamino)-2-
butenamide] is an ATP-competitive anilinoquinazoline
derivative harboring a reactive acrylamide group.[2–4]

Afatinib Dimaleate is approved by the FDA as a first line
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Figure 1. Graphicla abstract

Key features of the article:
1. Improved process for the synthesis of Afatinib Dimaleate.
2. Identification, synthesis and characterization of one new process impurity by
NMR, LC-MS and HPLC.
3. Forced degradation studies as per ICH guidelines to have control on process
impurities.
4. Developed HPLC method which is highly sensitive, specific, selective and
robust for analysis.
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treatment of patients detected with metastatic non-small
cell lung cancer (NSCLC) with common epidermal
growth factor receptor (EFGR) mutations as detected
by an FDA-approved tests (Gilotrif FDA Label). It
was designed to covalently bind and irreversibly block
enzymatically active ErbB receptor family members.[5]

As per prior art methods very few synthetic proce-
dures are reported for Afatinib Dimaleate and none of
process has discussed clearly about the process impuri-
ties and their control measures.[6] Impurities in active
pharmaceutical ingredient (API) are highly undesirable
and in some cases can prove to be harmful to the pa-
tient. The International Conference on Harmonisation
of Technical Requirements for Registration of Pharma-
ceuticals for Human Use (ICH) Q7 is a guidance for
API manufacturers, mentions that impurities to be main-
tained below set limits.[7] Thus, it is pertinent to identify
and characterize the impurities in API to develop suit-
able process where in their levels can be kept within per-
missible limits (FDA guidelines for good manufacturing
practices for API). The impurity profile study should be
carried out for any bulk drug to identify and character-
ize all the unknown impurities that are present at a level
of above 0.05%. A comprehensive study has been un-
dertaken to isolate and characterize these impurities by
spectroscopic techniques. This research article describes
the improved process for the synthesis of Afatinib Di-
maleate, identification, isolation, synthesis and charac-
terization of impurities that are present in the range of
0.08%-0.30% by area percent in the Afatinib Dimaleate.

During the analysis of laboratory batches of Afatinib
Dimaleate by high performance liquid chromatography
(HPLC) four different and major impurities were ob-
served, one of them was identified as new process im-
purity, two of them as major degradant impurities and
one of them as both process impurity or degradation im-
purity. The impurities were in the range of 0.08-0.30%
along with drug substance. In regulatory terms, the level
of impurities in drug substance is quite important for the
drug approval and can show a significant impact on the
quality and safety of drug. Thus, impurity profiling is
the most concerning task in the modern pharmaceutical
analysis especially when it comes to oncology drugs.[8]

None of processes reported in the prior art has ex-
plained the controlled measures for the listed impurities.
Based on these views, our focus was to develop a highly
effective, optimized and efficient process which should
have all the control measures for these impurities, syn-
thesize and characterize the new impurity and to control
the degradation impurities in the drug substance. The
structure of new impurity was presumed based on the
liquid chromatograph-mass spectrometer (LC-MS)/MS

data and confirmed its synthesis followed by spectro-
scopic analysis such as 1H NMR, 13C NMR, mass and
IR. In addition to this, an effective and sensitive HPLC
method was developed to separate and quantify all the
related substance of Afatinib Dimaleate. To our knowl-
edge this is the first study that comprehensive analysis of
the potential impurities and degradation products in Afa-
tinib Dimaleate has been done, including their synthesis
and characterization.

2 Experimental

2.1 Chemicals and Reagents

The Afatinib Dimaleate was used from in-house
sources as synthesized in Chemical Research and Devel-
opment laboratory of Oncogen Pharma (Malaysia) Sdn
Bhd. HPLC grade methanol, acetonitrile, OPA (85%),
TEA and other chemical reagents were purchased from
Merck & JT Baker. The solvent N, N-dimethylacetamide
from sigma Aldrich (with appropriate specification).
Milli-Q-Purified water by Milli-Q plus purification sys-
tem from Millipore (Bradford, USA), was used during
experimental studies. The process used deoxygenated
water which was generated by purging nitrogen gas in
the Milli-Q-water for 3 h. All the general chemicals were
brought either from Merck Sdn Bhd., Malaysia or local
chemical supplier. Solvents from Polyscientific Enter-
prise Sdn. Bhd. Malaysia. IR spectra were recorded
with KBr pellets using Shimadzu FTIR Tracer-100 spec-
trophotometer, 1HNMR and 13CNMR were recorded in
solvents CDCl3, DMSO-d6 and CD3OD at 300MHz and
75MHz respectively using Bruker instrument. All the
chemical shift values are reported in δ units downfield
from TMS as internal standard. Differential scanning
calorimetry (DSC) were performed using T. A. instru-
ment model no. DSCQ20. X-Ray Diffraction pattern
(XRD) analysis were performed using PANalytical in-
strument model no. Empyrean. Melting point were
recorded using BUCHI melting point apparatus with
model no. M-565.

2.2 Prior art method for the synthesis of Afa-
tinib Dimaleate

The prior art method[9, 10] for the synthesis of Afatinib
Dimaleate involves the series of reaction wherein the
compound 4-[(3-chloro-4-fluorphenyl) amino]-6-nitro-
7-fluoro quinazoline 5, was used as a starting material,
substitution reaction of 5 with S-(3)-hydroxy tetrahy-
drofuran 6, in the presence of catalytical amount of
potassium tert. butoxide resulted in 4-[(3-chloro-4-
fluorophenyl) amino]-6-nitro-7-(S) -(tetrahydrofuran-3-

Chemical Reports c© 2019 by Syncsci Publishing. All rights reserved.
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yl) oxy] quinazoline 7, which on reduction at 6th posi-
tion of nitro group to resulted in corresponding amine 8.
which reacts with bromo crotonyl chloride to get inter-
mediate 9. Amination reaction of the 9 with dimethy-
lamine affords Afatinib free base 2. The entire reaction
sequence is depicted below Figure 2.

Figure 2. Prior art scheme

2.3 Synthetic Process for Afatinib Dimaleate

Synthesis of Afatinib Dimaleate was followed as per
the scheme shown below:

Figure 3. Synthetic scheme for Afatinib Dimaleate

2.4 Forced Degradation (FD) studies

Based the FD data it was easy to identify the possible
degradants and their conditions and thus it became easy
to establish their control measure in the process. The
HPLC purity of control sample used for the study was
99.94% with impurities at about RRT 0.44 (0.01%), 0.50
(0.03%) and 0.81 (0.01%). All the FD study performed
is summarized below as:

2.5 Oxidative Degradation

The Afatinib Dimaleate was treated with 5% hydro-
gen peroxide solution for 2 h at 70 ◦C. Few unknown
peaks were observed at different RRT’s with area per-
cent ranging from 1.6% to 3.17%. During the laboratory
development batches, one impurity at about RRT 0.49
was in concordant with impurity observed during oxida-
tive degradation. Thus, based on the LC-MS data of that
impurity it was concluded as Afatinib-N-oxide (3.17%)
with m/z 524.2 (the actual molecular weight is 501.4), so
it was confirmed as sodiated adduct of Afatinib-N-oxide.
Thus, as per this analysis one of the impurities identified
which need to be controlled in the process was Afatinib-
N-Oxide. The HPLC chromatogram after before and af-
ter the oxidative degradation studies is shown in Figure
4:

Figure 4. HPLC Chromatograms: Oxidative Degradation Vs
Control Sample

2.6 Degradation under basic condition

The Afatinib Dimaleate was treated with 0.5N aque-
ous sodium hydroxide solution for 2 h at 70 ◦C. Differ-
ent peaks were observed at about RRT 0.56 (11.03%),
0.74 (0.58%), 0.80 (1.51%) and 1.11 (0.20%). Among
the list of impurities, two major impurities at about
RRT 0.58 and 0.84 were in concordant with impuri-
ties observed regularly during laboratory development
batches. Based on the LC-MS data of these RRT’s, im-
purity at about RRT 0.56 was observed as hydroxy im-
purity with m/z 459.2 (the actual molecular weight is
458.1), so it was confirmed as protonated mass of hy-
droxy impurity and impurity at RRT 0.84 was observed
as intermediate-1 with m/z of 375.1 (the actual molec-
ular weight is 374.09), so it was confirmed as proto-
nated mass of intermediate-1.Thus, as per this analysis
two impurities identified which need to be controlled in
the process was hydroxy impurity and intermediate-1.
The HPLC chromatogram after before and after the basic
degradation studies is shown in Figure 5:

2.7 Degradation under acidic condition

The Afatinib Dimaleate was treated with 1.0N aque-
ous Hydrochloric acid solution for 4 h at 70 ◦C. Only

Chemical Reports c© 2019 by Syncsci Publishing. All rights reserved.
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Figure 5. HPLC Chromatograms: Basic Degradation Vs Con-
trol Sample

one peak was observed as major degradant at about RRT
0.81 (9.20%). Since the impurity at RRT 0.81 was in
concordant with the impurity observed constantly during
laboratory development batches, so LC-MS was not per-
formed. It is evident by the FD studies that intermediate-
1 is the major degradant during both acidic and basic hy-
drolysis and is also the process impurity during the reac-
tion. Thus, it needs to be controlled in such a way that
the resulting sample should comply with ICH guidelines
with actual limit not more than 0.10%. The HPLC chro-
matogram after before and after the acidic degradation
studies is shown in Figure 6:

Figure 6. HPLC Chromatograms: Acidic Degradation Vs Con-
trol Sample

Based on forced degradation studies, three major im-
purities were identified in the process and control mea-
sure of those need to be established to comply the ma-
terial as per ICH guidelines (all the probable impurities
not more than 0.10%). The fourth impurity was new in
the process and was identified based on the LC-MS data
of developmental batches, which is explained later.

2.8 Synthesis of N-(3-chloro-4-fluorophenyl)-
6-amino-7-[[(3S)-tetrahydro-3-furanyl]
oxy]-4-quinazolinamine
(Intermediate-1, 3)

In a clean and dry glass assembly, charged ethanol
(4.5 L), (S)-N-(3-chloro-4-fluorophenyl)-6-nitro-7-
((tetrahydrofuran-3-yl) oxy) quinazolin-4-amine, 4
(300.0 g, 0.7411 moles) and activated carbon (60 g),
heated the suspension to 60-70 ◦C and added hydrazine
hydrate (470 ml) and after addition raised the reaction
temperature to 70-80 ◦C, monitored the reaction on
HPLC (reaction time 1.0hr), added hyflo (5 g) in the

reaction mass, stirred for 30-45 mins and then filtered
the reaction mass through buchner funnel under hot
conditions. Washed the entire bed with hot ethanol (300
ml). Concentrated the clear, pale green coloured mother
liquor to 80-90% under vacuum not less than 640 mm
Hg at 60-65 ◦C, added water (3000 ml) to the distilled
residue, slurried the residue at ambient temperature for
30-45 minutes and filtered the solid. Washed the solid
with water (100 ml.). Dried the solid under vacuum not
less than 660 mm Hg at 60-65 ◦C for 4 hrs. Heated the
dried solid with acetonitrile (2100 ml) at 55-65 ◦C and
then gradually cooled to ambient temperature and then
to 0-10 ◦C. Stirred the suspension for 45-60 mins at 0-10
◦C. Filtered the solid, washed with chilled acetonitrile
(300 ml.). Dried the wet solid under vacuum not less
than 700 mm Hg at 60-65 ◦C for 10 h (moisture content
0.26% w/w) to afford 255.5g of title compound with
HPLC Purity: 99.85%. 1H-NMR (DMSO-d6): δ 2.10
(m, 1H), 2.35 (m, 1H), 3.81 (dt, 1H), 4.00-3.94 (q, 3H),
5.20 (s, 1H), 5.77 (bs, 2H), 7.18 (s, 1H), 7.43-7.58 (m,
1H), 7.79-7.73 (m, 1H), 8.10 (dd, 1H), 8.57 (s, 1H),
10.33 (s, 1H), 13C-NMR (DMSO-d6): 32.32, 66.49,
71.91, 78.60, 101.23, 102.94, 109.42, 116.36, 116.65,
118.63, 118.87, 123.30, 123.40, 124.48, 135.82, 135.86,
137.47, 139.96, 147.60, 151.28, 152.14, 155.37, 156.08,
Mass (M+H):375.0, IR (cm−1): 1627, 1570, 1431, 1215,
1242, 1161, 3317, 856, 2862.

2.9 Synthesis of (E)-N-[4-(3-chloro-4-fluo-
roanilino)-7-[(3S)-oxolan-3-yl] oxyquina-
zolin-6-yl]-4-(dimethylamino)but-2-
enamide (Afatinib free base, 2)

In a clean and dry glass assembly charged N,
N-dimethylacetamide (2000ml), followed by N,N-
dimethylcrotonic acid hydrochloride (154.6 g, 0.933
moles) to get suspension. Cooled the reaction mass
to -12 to -6 ◦C and added thionyl chloride (155.3 g,
1.306 moles) dropwise in the reaction mass maintain-
ing the reaction temperature. This part is labelled as
solution-A. Dissolved intermediate-1 (250.0 g, 0.6670
moles) in N, N-dimethylacetamide (750 ml) and labelled
as solution-B. Added solution-B in the solution-A at -12
to -6 ◦C within 20-25 minutes. After addition, immedi-
ately monitored the reaction on HPLC (intermediate-1,
NMT: 0.15%). Quenched the reaction mass by adding
aq. triethylamine (250 ml: TEA 100 ml and water 150
ml) dropwise in the reaction mass. Gradually, raised the
reaction temperature to 20-25 ◦C. Diluted the reaction
mass by adding water (250 ml.). Adjusted the pH of
reaction mass using liquor ammonia (250 ml). Stirred
the heterogenous reaction mass for 45-60 mins. Filtered

Chemical Reports c© 2019 by Syncsci Publishing. All rights reserved.
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the precipitated solid and washed the solid with water
(250 ml.). Suck dried the solid sufficiently under vac-
uum not less than 700 mm Hg and under nitrogen blan-
keting. Treated the sufficiently suck dried solid (mois-
ture content NMT 5%) with mixed solvent system [dis-
solved the solid in tetrahydrofuran (1250 ml) at 25-30 ◦C
and precipitated the solid by dropwise addition of water
(3125ml) at 25-30 ◦C, gradually cooled the reaction mass
to ambient temperature and further to 0-10 ◦C. Filtered
the solid and washed the solid with tetrahydrofuran (50
ml.)]. Dried the solid under vacuum not less than 700
mm Hg without heating. Yield: 294.9 g (91% on theo-
retical basis), HPLC 99.87% with all impurities less than
0.10% by area percent. 1H-NMR (DMSO-d6): δ 2.15
(s, 1H), 2.35 (m, 1H), 3.10 (d, 2H), 3.79 (td, 1H), 3.94
(q, 1H), 4.01 (d, 2H), 5.29 (d, 1H), 6.60 (d, 1H), 6.80
(dt, 1H), 6.85 (t, 1H), 7.42 (t, 1H), 7.80 (m, 1H), 8.13
(dd, 1H), 8.52 (s, 1H), 8.96 (s, 1H), 9.44 (s, 1H), 9.81 (s,
1H); 13C-NMR (DMSO-d6): 32.32, 45.06, 59.69, 66.51,
71.92, 78.70, 107.92, 108.87, 116.18, 116.46, 122.34,
123.43, 125.72, 127.46, 136.80, 142.08, 148.59, 151.46,
153.10, 153.75, 154.68, 156.68; Mass (M+H): 486.0;
IR (cm−1): 1620, 1674, 1577, 1427, 1215, 1249, 1149,
1531, 3317, 817 and 2862. The developed process not
only resulted in high quality Afatinib free base with all
the impurities less than 0.10% but also resulted in novel
polymorph7,8 as designated by the following 2-theta val-
ues as tabulated in Table 1:

Table 1. 2-Theta values

4.75 18.61 16.82
6.71 13.17 100.00

10.62 8.33 7.00
12.02 7.35 2.31
15.02 5.89 16.93
17.75 4.99 7.24
19.03 4.66 7.04
21.30 4.17 4.55
23.32 3.81 2.91
27.89 3.19 3.05

d-spacing Intensity2-theta values

The XRD diffractogram is shown in the Figure 7.

2.10 Synthesis of (Z)-but-2-enedioic acid;(E)-
N-[4-(3-chloro-4-fluoroanilino)-7-[(3S)-
oxolan-3-yl]oxyquinazolin-6-yl]-4-
(dimethylamino)but-2-enamide
(Afatinib Dimaleate, 1)

In a clean and dry glass assembly charged
tetrahydrofuran (2000 ml) and (E)-N-[4-(3-chloro-
4-fluoroanilino)-7-[(3S)-oxolan-3-yl]oxyquinazolin-6-
yl]-4-(dimethylamino)but-2-enamide, 2 (250.0 g, 0.5145

Figure 7. XRD Diffractogram of novel Afatinib free base

moles) to get suspension. Heated the reaction mass to
35-45 ◦C to get clear solution and added solution of
maleic acid in tetrahydrofuran (122.45g, 1.054 moles
in 750 ml tetrahydrofuran) maintaining the temper-
ature. After precipitation of solid, gradually cooled
the reaction mass to ambient temperature and further
to 10-15 ◦C. Maintained the reaction mass at 10-15
◦C for 60-90 mins, filtered the solid and washed with
tetrahydrofuran (250ml). Dried the solid under vacuum
not less than 700 mm Hg at 45-50 ◦C for 16 h. (m/c
0.45%). Yield: 328.8g (89% on theoretical basis),
HPLC Purity: 99.90%. 1H-NMR (DMSO-d6): δ 2.36
and 2.14 (m, m, 2H), 2.83 (s, 6H), 3.78 (m, 1H), 4.01
and 3.92 (m, m, 5H), 5.32 (m, 1H), 6.14 (s, 4H), 6.80
(m, 2H), 7.28 (s, 1H), 7.44 (t, 1H), 7.78 (m, 1H), 8.09
(m, 1H), 8.59 (s, 1H), 8.96 (s, 1H), 9.76 (s, 1H), 10.03
(bs, 1H); 13C-NMR (DMSO-d6): 32.31, 42.11, 56.84,
66.51, 71.91, 78.93, 107.22, 108.57, 116.30, 116.59,
116.74, 118.58, 118.83, 122.71, 122.80, 123.93, 127.22,
131.59, 132.22, 133.35, 136.31, 136.35, 147.41, 151.80,
153.47, 153.60, 155.02, 156.99, 162.34, 166.92; Mass
(M+H): 486.0; IR (cm−1): 1616, 1681, 1573, 1427,
1492, 1192, 3344, 1249, 1149, 1527, 3317, 817, 1458,
2862 and 1350.

All the impurities discussed in the article is observed
during the stage-02 (amidation step). Typical HPLC
chromatogram of Afatinib dimaleate with all the process
impurities formed in the process is shown in Figure 8.
Detailed description of impurities observed during the
process development studies of Afatinib dimaleate is dis-
cussed below:

2.11 Process impurities and their Structure
elucidation

2.11.1 (S)-N-(4-((3-chloro-4-fluorophenyl) amino)-
7-((tetrahydrofuran-3-yl) oxy) quinazolin-6-
yl) acetamide (acetamide impurity)

During initial developmental batches a particular im-
purity at RRT 0.93 were observed constantly. The
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Figure 8. HPLC chromatogram of Afatinib Dimaleate

knowledge about the fragmentation pattern of impuri-
ties could acquire structural information and therefore
taken further studies using MS/MS. Based on the ini-
tial characterization by LC-MS, the impurity manifested
protonated molecular mass of m/z 417.11 (M+H) and
two daughter ions as m/z 346.06 and m/z 304.05. The
entire fragment pattern is shown below with chemical
structures in Figure 9:

Figure 9. MS/MS of acetamide Impurity

The acetamide impurity was formed by reaction be-
tween acetic acid and intermediate-1. The specula-
tion of impurity formation with acetic acid was con-
firmed by adding catalytic amount of acetic acid in ami-
dation reaction which led to same impurity at about
RRT 0.93. The source of acetic acid was identified as
solvent N, N-dimethylacetamide which was the reac-
tion media for amidation step. By titrimetric analysis
and gas chromatography it was confirmed that catalytic
amount of acetic acid was present in the solvent N, N-
dimethylacetamide. Thus, the content of acetic acid was
controlled in N, N-dimethylacetamide up to a level of
0.002%. However, that catalytical amount was not re-
flecting the actual percentage of impurity forming in the
reaction mass. Even by controlling the amount of acetic
acid in N, N-dimethylacetamide acetamide impurity was
still observed. Later it was postulated that the N, N-
dimethylacetamide is degrading into acetic acid in the
reaction mass under acidic pH (source of acidity was ex-
cess of thionyl chloride) and presence of moisture (either

from raw material or intermediate-1). To prove this pos-
tulation, a reaction was performed with excess quantity
of thionyl chloride and elevated content of acetamide im-
purity was observed in the isolated solid. Thus, by con-
trolling the acidity of reaction mass (by using the optimal
quantity of thionyl chloride) and moisture in raw mate-
rial and intermediate-1, this acetamide impurity was con-
trolled up to a level of less than 0.04%.

2.12 Synthesis of Acetamide Impurity

In a clean and dry glass assembly added,
dichloromethane (50 ml) followed by intermediate-
1 (5.0 g) and acetic anhydride (1.49g, 0.0145 moles).
Heated the reaction mass to 35-40 ◦C for 45-60 mins
and monitored the reaction mass on HPLC. Distilled
the reaction mass to dryness on rotavapor and slurried
the distilled residue with n-heptane (50 ml). Filtered
the solid, washed with n-heptane (25 ml). Dried the
material in oven at vacuum not less than 660 mm Hg
till constant weight. Yield: 3.0 g (60% on w/w basis).
HPLC : 98.74%. The HPLC chromatogram of the
prepared acetamide impurity is shown in Figure 10 and
was characterized by NMR (1H and 13C), (Figure 11,
Figure 12), Mass (Figure 13) and IR (Figure 14) as per
the structure given below:

1H-NMR (DMSO-d6): NH (20) δ 9.77 (s, 1H), C14-
H 9.33 (s, 1H), C16-H 8.81 (s, 1H), C19-H 8.52 (s, 1H),
C3-H 8.13 (dd, 1H), C5-H 7.80 (m, 1H), C6-H 7.41 (t,
1H), NH (9) 7.16 (s, 1H), C22-H 5.27 (d, 1H), C23 and
C25-Hb (3.94 (q, 1H), C31-H 3.10 (d, 1H), C26-Ha 2.33
(m, 1H), C29-H and C26-Hb 2.15 (s, 3H and 1H);

13C-NMR (DMSO-d6): C10 (168.68), C27 (156.67),
C18 (153.73), C14 (153.1), C1 (151.46), C12 (148.61),
C4 (136.74), C17 (127.62), C28 (123.44), C2 (122.34),
C5 (118.71), C3 (118.46), C6 (116.46), C11 (116.18),
C19 (108.8), C16 (107.92), C22 (78.61), C23 (71.93),
C25 (66.5), C29 (32.34); Mass (M+H): 417.11; IR
(cm−1): 1624, 1681, 1531, 1577, 1431, 1207, 1027,
1141, 3529, 3298, 817, 2881.
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Figure 10. HPLC Chromatogram of acetamide impurity

Figure 11. 1H-NMR of acetamide impurity

Figure 12. 13C-NMR of acetamide impurity

Figure 13. Mass chromatogram of acetamide

Figure 14. IR spectrum of acetamide impurity
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2.12.1 1-(4-((3-chloro-4-fluorophenyl) amino)-7-((
(S)-tetrahydrofuran-3-yl) oxy) quinazoline-
6-yl)-5-Hydroxypyrrolidin-2-one (hydroxy
impurity)

As per the developed analytical method hydroxy im-
purity elutes at about RRT 0.58. The initial characteri-
zation was based on the LC-MS data. The mass spec-
trophotometer manifested protonated molecular mass of
hydroxy impurity at m/z 459.2 (M+H). The typical mass
chromatogram is shown below in Figure 15:

Figure 15. Mass chromatogram of Hydroxy impurity

2.12.2 Afatinib N-oxide
As per the developed analytical method Afatinib-N-

oxide elutes at RRT 0.50. The initial characterization
was based on the LC-MS data. The knowledge about
the fragmentation pattern of impurities could acquire
structural information and therefore taken further stud-
ies using MS/MS. The mass spectrophotometer mani-
fested molecular mass of Afatinib-N-oxide at m/z 524.2
(M+Na) The mass chromatogram is represented in the
Figure 16 as below:

2.13 High Performance Liquid Chromatog-
raphy (analytical)

A waters HPLC system equipped with alliances 2695
series low pressure quaternary gradient pump along with
photo diode array detector and auto sampler has been
used for the analysis of samples. The data was col-
lected and processed using waters ”Empower 2” soft-
ware. An Inertsil C18 (150* 4.6 mm, 5-Micron, GL Sci-
ences, Japan) column was employed for the separation of
impurities from Afatinib Dimaleate. The column eluent
was monitored at 254 nm. A simple gradient reverse-
phase HPLC method was optimized for the separation of
impurities from Afatinib Dimaleate active pharmaceuti-
cal ingredient where the mobile phase was a mixture of 2

Figure 16. Mass chromatogram of Afatinib-N-oxide

mmol L−1 ammonium acetate and acetonitrile (composi-
tion of mobile phase 0.02M potassium dihydrogen phos-
phate and 1.0 g/L 1-octanesulphonicacid sodium salt and
acetonitrile). Chromatography was performed at room
temperature using at a flow rate of 1.0 mL min−1. The
chromatographic run time was 40 min. The result was
analysed weight/weight (w/w) with respect to reference
standard and all the total impurities were complying the
ICH guidelines. The developed method was validated as
per ICH guidelines with respect to precision, accuracy,
linearity, robustness, specificity and system suitability.

2.14 Mass Spectrometry (LC-MS/MS)

LC-MS/MS analysis has been performed on API 2000,
Mass Spectrometer. The analysis was performed in pos-
itive ionization mode with turbo ion spray interface. The
parameters for ion source voltage IS = 5500 V, decluster-
ing potential, DP = 70 V, focusing potential, FP = 400 V,
entrance potential, EP = 10 V were set with nebulizer gas
as air at a pressure of 40 psi and curtain gas as nitrogen
at a pressure of 25 psi. An Inertsil C18 (150 * 4.6 mm,
5-Micron, GL Sciences, Japan) column was used for the
separation. The mobile phase is a mixture of 2 mmol
L−1 ammonium acetate and acetonitrile with a flow rate
of 1.0 mL min −1.

2.15 NMR spectroscopy

The 1H and 13C NMR experiments were carried out
at frequencies of 300 MHz and 75 MHz respectively,
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in DMSO-d6 at 25 ◦C temperature on a Varian-400 FT
NMR spectrometer. 1H and 13C chemical shifts are re-
ported on the d scale in ppm, relative to tetra methyl
silane (TMS) δ 0.00 and CDCl3 at 77.0 ppm in 13C NMR
respectively.

3 Results and discussion

Initial studies for the synthesis of Afatinib involves lot
of efforts starting from selection of reducing agents to se-
lection of solvent for amidation, selection of chlorinating
agent for N, N-dimethylcrotonic acid hydrochloride, ap-
propriate reaction temperature for chlorination and ami-
dation, isolation procedure for Afatinib free base as it is
highly unstable and degrades easily in the presence of
moisture and oxygen. The main challenge was to isolate
the Afatinib free base in highly pure and stable form,
its purification (if required) and stability over the period.
For the synthesis of Afatinib free base 2, the entire study
was divided in three parts, part-1 was the selection of
solvent and chlorinating agent for the conversion of N,
N-dimethylcrotonic acid hydrochloride to acid chloride,
part-2 was the selection of solvent for amidation and ad-
dition mode and part-3 was the isolation of Afatinib free
base. For part-1, based on the nature of reaction, all
protic solvents were ruled out, during exploratory stud-
ies solvents such as toluene, ethyl acetate, acetonitrile
and thereof were ruled out, the options left were polar
aprotic solvents such as N, N-dimethylformamide, N-
methylpyrrolidone (NMP) and N, N-dimethylacetamide.
Out of these solvents only N, N-dimethylacetamide was
feasible and effective, rest solvents were either charring
the reaction or resulting in incomplete conversion. To
select chlorinating agents, wide variety of reagents were
available such as thionyl chloride, oxalyl chloride and
thereof but with oxalyl chloride complete conversion of
reaction was never achieved. Thus, based on effective-
ness and cost thionyl chloride was opted as chlorinat-
ing reagent. By optimal quantification all other parame-
ters such as reaction temperature, mode and rate of ad-
dition of chlorinating agent, the complete conversion of
N, N-dimethylcrotonic acid hydrochloride to acid chlo-
ride was achieved in 1.0-1.5 h. For part-2, during ex-
ploratory studies it was observed that mixture of sol-
vent is not capable for complete conversion (from 3 to
2) so single solvent reaction was finalized and only N,
N-dimethylacetamide was used throughout the reaction.
Later the addition pattern was studied whether solution
of 3 in acid chloride reaction mass or vice-versa. Based
on exploratory studies, addition of acid chloride solution
to 3 was generating lot of impurities (since acid chloride
is highly unstable) and reaction time was longer (more

than 3 h), so the idea was dropped, and the only feasible
option was to add solution of 3 in acid chloride solution.
By doing this, as soon as the addition of 3 was com-
pleted reaction complies with conversion rate of more
than 99.5% and all the process as well degradation im-
purities were well within the controllable limit. For part-
3, during the exploratory studies it was observed that
quenching of thionyl chloride with water would be te-
dious during the scale up, thus it was suggested to reduce
the pH of reaction mass followed by quenching with wa-
ter. To follow this, aqueous triethylamine was used in-
stead of water which would not only reduce the pH but
would also quench the reaction mass. Since, 2 is in its
hydrochloride form and to isolate it in pure form as base
further pH adjustment is required. Lot of organic and in-
organic bases were explored but based on the degrada-
tion data under basic condition, it was suggested to have
that base which should not facilitate the degradation of
2. Thus, based on the scientific logic and available data,
10-15% liquor ammonia was used and after pH adjust-
ment, nitrogen was purged to remove the excess ammo-
nia. This approach not only avoided the degradation of
compound but also made the isolation of product in pure
form with HPLC purity around 99.59% by area percent.
Later, the 2 was treated with tetrahydrofuran and water
to get compound with HPLC purity more than 99.80%
and all listed process impurities less than 0.10%.

As per above establishment, synthesis of Afatinib
dimaleate was completed in three steps starting from
(S)-N-(3-Chloro-4-fluorophenyl)-6-nitro-7-((tetrahydro-
furan-3-yl) oxy) quinazolin-4-amine 4. The yield in
every step is quantitative. The entire protocol is depicted
in figure-1

3.1 Conclusion

Afatinib Dimaleate is a potent aromatase inhibitor
drug used in the treatment of cancer diseases. The
present research work describes an improved process
wherein all impurities (known and unknown) are con-
trolled to a level of 0.10%. New HPLC method was
developed for the detection and separation of four pro-
cess related impurities from Afatinib Dimaleate. The re-
ported process explains the formation of new process im-
purity which needs to be controlled to achieve the mate-
rial as per regulatory guidelines. All the four impurities
detected using the new HPLC method and were charac-
terized using LC-MS and NMR data.
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RESEARCH ARTICLE

Kinetics of the thermal disappearance of radicals formed during the
radiolysis of L-α-anhydrous asparagine

.

Ana Neacsu1∗ Daniela Gheorghe1

Abstract: An EPR study of paramagnetic centers formed by irradiation of polycrystalline L-α-anhydrous
asparagine (L-Asn) was performed. The EPR spectra of gamma irradiated samples at room temperature, shown
the presence of three types of paramagnetic centers. A possible mechanisms of formation for the three radical
species is suggested, based also on literature data. The kinetics of the disappearance of radicals during thermal
annealing indicated a complex mechanism.

Keywords: L-α-anhydrous asparagine, ionizing radiation, paramagnetic centers, thermal disappearance,
unpaired electron

1 Introduction

Amino acids which are the building blocks of proteins
are among the simplest organic molecules of biological
relevance and thus serve as convenient model systems in
studies of radiation damage. Asparagine is an aminoacid
that plays an imperative role in the metabolic control of
some cell functions in nerve and in brain tissue and is
used by many plants as a nitrogen reserve substance.[1]

Asparagine is one of the 20 most common natural amino
acids in living organisms. It has carboxamide as the side
chain’s functional group.

Asparagine has a high propensity to hydrogen bond,
since the amide group can accept two and donate two
hydrogen bonds. The well-known deamidation of L-
Asn was documented because of its occurrence in all tis-
sues.[2]
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Oxidative damage enhances L-Asn instability[3] which
indicates a free radical route in asparagine degradation.
L-Asn is a highly conserved amino acid in the family
of cyclooxygenases, key enzymes in inflammation pro-
cesses.[4] Since these enzymes function in conditions of
oxidative stress, the behavior of L-Asn residue toward
free radical is important. Even if they do not belong to
the active site, these residues are important in maintain-
ing the three dimensional structure of proteins by their
participation in hydrogen bond network.[5]

Peptides containing asparagine residues undergo side
chain cleavage during dissociative electron attachement
and it was proposed that such losses could be used to
ascertain the presence of this residue in unknown pep-
tides.[6] It was shown that sequences containing as-
paragine residues are prone understood despite their im-
portance in many biological (radioprotection, radiother-
apy) and industrial processes (radiosterilization of food
and drugs).

The analysis of EPR spectra of L-α- anhydrous as-
paragine irradiated in solid state indicated the certain ex-
istence of three radicals, stable at room temperature, two
radicals resulted from decarboxylation and deamination
processes and the third radical from expulsion of a hy-
drogen atom from the amidic group.

2 Experimental

Polycrystalline samples of L-α- anhydrous asparagine
have been irradiated with gamma rays at the room tem-
perature by using a 137Cs source (Gammator type). The
irradiation dose was 1.05×102 Gy/h. The EPR spectra
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were recorded at room temperature with an EPR ART
6 instrument (IFIN Magurele) which operates in the X
band with high frequency modulation of 100 kHz. The
g factors were determined using the Mn2+ ion in CaO
matrix as a standard.

3 Results and discussions

Asparagine similarly to all amino acids, having an
acidic and a basic group, neutralize intramolecularly re-
sulting a zwitterion structure.[7] Direct ionization of L-
α- anhydrous asparagine molecules by gamma radiations
it can be detected experimentally only at low tempera-
tures (77 K) and should lead to the formation of a rad-
ical cation resulted from the expulsion of an electron
followed by the formation of radical anion by the ad-
dition of the expelled electron. Regarding L-α- anhy-
drous asparagine, the location of the electron excess is
considered to be on the carboxyl group.[8] The theo-
retical and EPR study conducted by Strzelczak et al.[9]

upon irradiated anhydrous asparagines in polycristalline
solid state revealed the existence of three radicals species
stable at room temperature. The nature of the radicals
was established based on the simulated structures of the
three entities, and the theoretical spectrum obtained from
the overlapping of the simulated spectra was identical to
the experimental one. The structures of the three radi-
cals resulting from the decarboxylation, deamidation and
dehydrogenation processes during L-α- anhydrous as-
paragine irradiation will be presented in the radiolysis
mechanism.

In Figure 1 is shown the EPR spectrum of L-α- anhy-
drous asparagine sample irradiated with a 4.7×104 Gy
dose.

Figure 1. EPR spectrum of polycrystalline L-α- anhydrous
asparagine sample irradiated with a 4.7×104 Gy dose

From Figure 1 it is found that the spectrum is com-
plex consisting of 7 well solved components, two of the
four central lines presenting high intensity. The chemi-
cal structure of the three radical entities can not be deter-
mined from the EPR spectra. There are two factors that
make difficult the establishment of the chemical struc-
ture of the three radical species: first, the overlapping of
the lines that form the spectrum of each radical and the
second essential factor is the appropriate thermal resis-
tance of the radicals. If the three paramagnetic centers
had different thermal stabilities then, after heating the ir-
radiated sample to a certain temperature, it would have to
be noted the disappearance of some components accom-
panied by the significant modification of the spectrum
structure. As will be seen in this study, this behavior is
not found.

In Figure 2 is shown the spectrum of 4×104 Gy ir-
radiated sample recorded before and after heating 140
minutes at 180◦C.

Figure 2. EPR spectrum of irradiated L-α-anhydrous as-
paragine sample; a) before heating b) after heating 140 minutes
at 180oC

The results from Figure 2 is as the following:
(1) Both the shape of the spectrum and the number of

spectral components of the irradiated sample after heat-
ing are identical to the unheated sample.

(2) It is noted that the four central components of the
irradiated and heated sample have additional hyperfine
splittings, marked with arrows.

(3) After heating the irradiated sample there is an ac-
centuation of both the hyperfine splittings in three inten-
sive components marked with a1 and a2 as well as the
two splitting of the central lines marked with b1 and b2.

This behavior, correlated with the kinetic study to be
presented, provides arguments for considering that three
radical species whose spectra overlap are formed on L-
α- anhydrous asparagine irradiation. Since each spectral
line could belong to two radicals, in order to perform
the kinetic study, the intensity decrease of the four main
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components of the spectrum, noted Is1, Is2, Is3, Is4 (Fig-
ure 1) was noted, study conducted with both irradiation
dose and heating temperature.

In order to obtain information on the increase of the
radicals concentration versus the absorbed dose, it is
shown in Figure 3, for example, the intensity variation of
the two components Is1 and Is2 versus irradiation dose.

Figure 3. Variation of irradiation times (4.2×102 Gy/h dose
rate) of Is1 and Is2 signals intensities of the EPR spectrum of irra-
diated L-α-anhydrous asparagine samples

From Figure 3 is is noted a linear increase of the two
signals intensities versus irradiation dose, up to 5×104

Gy, followed by a tendency to a constant value, for high
doses. The signals are proportional to the amount of rad-
icals in the irradiated samples. Since the radical con-
centration is a function of the absorbed dose, the sub-
stance may serve as a dosimeter material. The L-α-
anhydrous asparagines radicals are unusually stable be-
cause of the crystalline forme and the pure dry crystals,
the signal loss is only about 3% during an year after ir-
radiation. The substance has a linear dose response from
1 Gy up to 5×104 Gy. Using EPR spectroscopy as a de-
tection method, the peak to peak amplitude Is2 and Is3
of the central spectral lines is proportional to the radi-
cal concentration which is proportional to the absorbed
dose. The tendency to a constant value after a certain ab-
sorbed dose proves that as the concentration of radicals
increases, the number of those that disappear under the
action of the radiation increases too. When a constant
concentration of radicals is reached, this means that the
rates of the two processes become equal.

The study of the thermal behavior of the radicals
formed during the radiolysis of the L-α- anhydrous
asparagine, required firstly, plotting of the reaction
isochronous. For this purpose, an irradiated sample
with a dose of 4×104 Gy of L-α- anhydrous asparagine
was gradually heated 5 minutes in stepwise (each step=

10◦C), from room temperature up to the temperature of
the complete disappearance of radicals.

After each isothermal heating temperature, the
EPR spectrum of the sample was recorded under the
same conditions at all temperatures. The results are
shown in Figure 4.

Figure 4. Isochronous variation of the EPR spectrum Is1and Is2
signal intensities (arbitrary units) versus heating temperature of a
4×104 Gy irradiated L-αanhydrous asparagine

Figure 4 shows that although the isochronous heating
was performed on a wide temperature range, the radi-
cals dissapearance until 150oC does not occur. From this
temperature it can be seen a slow decrease of the sig-
nals intensities Is1and Is2 and then at 200◦C the decrease
occurs suddenly, the complete disappearance of the rad-
icals under the mentioned work conditions taking place
around 220◦C, very close to the melting temperature of
the sample.

The kinetic study of the paramagnetic centers thermal
annealing required the plotting in isothermal conditions
of the radicals concentrations variation, respectively the
peak to peak signal intensity of the four components of
the spectrum, Is1, Is2, Is3, Is4, versus isothermal heating
time.

The temperatures for performing the thermal dissa-
pearance study of radicals complied with the conditions
imposed by the chemical kinetics: for the low tempera-
ture the process of disappearance should be at least 50%
and for the upper maximum temperature, the rate of rad-
icals dissapearance should not be too high in order to
carry out a sufficient number of determinations required
to establish the reaction order.

In these conditions the intensity of the Is1, Is2, Is3,
Is4 components of the EPR spectra was measured ver-
sus the isothermal heating time at 180◦C, 190◦C, 200◦C
and 207◦C. To highlight the influence of the tempera-
ture increase on the thermal annealing rate of the radicals
formed in the irradiated samples, it is shown in Figure 5
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the decrease of the Is2 EPR signal versus time, at the four
temperatures 180◦C, 190◦C, 200◦C and 207◦C.

Figure 5. Isothermal variation of the intensity of the EPR signal
Is2 at the temperatures: 180oC, 190oC, 200oC, 207oC

The shape of the curves from Figure 5 shows that
the higher the heating temperature of the irradiated sam-
ples of L–α-anhydrous asparagines was, the faster was
the decrease of the radicals concentration. The four
isotherms from Figure 5 present the same shape, firstly
showing a high radicals concentration decrease then the
tendency to a constant value and finally a decrease as the
heating temperature increases. For long times of heating,
the radical concentration tends to a constant value, which
decreases as the heating temperature increases.

The explanation of the above-mentioned phenomenon
is due to the increase of the mobility of the radical
species with the temperature rise: when the thermal en-
ergy received from the outside exceeds that of the rad-
icals with the surrounding molecules, they detach from
the occupied position in the network and enter the re-
action through different mechanisms depending on the
temperature as will be shown from the kinetic study. The
tendency to a constant value shows that at each tempera-
ture there are still radicals that do not disappear because
they have higher thermal resistance being more strongly
trapped in the crystalline network. Similar results were
found by performing the same experiment on other irra-
diated organic substances[10] and inorganic ones.[11, 12]

In order to study the kinetics of the thermal disappear-
ance of radicals, we tried to fit our data in integral equa-
tions, used in chemical kinetics. For determining the
reaction order and calculate the rate constants, the in-
tegral kinetic equations for all fractional and integers or-
ders were plotted using the graphic method. The reaction
order was established from the graphical representation
which gave a straight line, the other representations were
curves. For calculating the rate constants it was used the
dimensionless parameter (R=Is/I0) relative intensity in-

stead concentration, I0 representing the initial intensity
of the signal recorded at room temperature and Is the in-
tensity of the same signal recorded after each isothermal
heating time.

Regarding the kinetic study, it should be noted that
the establishment of the global reaction order was made
from the graphical representation of the kinetic equa-
tion which gave a straight line having the highest cor-
relation coefficient. The same order was found at the
same temperature for all four components. At 180 ◦C
the highest correlation coefficient was obtained from the
R−2 graphic representation versus the isothermal heating
time. This behavior was found for all four Is1, Is2, Is3,
Is4 spectral components. For example, Figure 6 shows
R−2 versus to isothermal heating time at 180◦C for Is,
proving that a third order kinetic was checked.

Figure 6. Variation of R−2 versus isothermal heating time at
180oC for all four components of the L-α-anhydrous asparagines
spectrum

At 190◦C, a high correlation coefficient was obtained
from the R−3/2 representation versus time, proving that
the thermal annealing process of the radicals at this tem-
perature verifies a fractional kinetic of 2.5 order (Figure
7).

At 200◦C, the R−1 representation versus the heating
time for all four components straight lines were obtained,
proving that the thermal disappearance of the radicals
follows a second order kinetics. Figure 8 exemplifies this
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Figure 7. Variation of R−3/2 versus isothermal heating at
190oC, for L-α-anhydrous asparagine sample, irradiated with a
7×103 Gy dose

representation.
At 207◦C, the logarithm of the relative intensity (lnR)

plot versus time for the four components shown in a
straight lines, confirming that the disappearance of the
radical entities present a kinetic of the first order (Figure
9).

The values of the rate constants calculated from the
slopes of the graphical representations corresponding to
the global reaction orders: 3, 2.5, 2, 1 for all four spectral
components are listed in Table 1.

The results of the kinetic study lead to the following
conclusions:

(1) The most important finding is the variation of the
reaction order. As the temperature rise from 180◦C to
207◦C, over a temperature range of about 30◦C, the re-
action order gradually decreased from 3 to 1.

(2) The high reaction orders of 3, 2.5, 2 from 180◦C,
190◦C, 200◦C prove that the process of the radicals ther-
mal dissapearance is complex, this means that the three
radicals disappear through several reactions involving

Figure 8. Variation of R−1 versus isothermal heating time at
200oC for L-α-anhydrous asparagine sample, irradiated with a
7×103 Gy dose

different mechanisms.
(3) The high values of the reaction orders (3, 2.5, 2)

found, evidenced that three radical entities are formed
on L-α-anhydrous asparagine irradiation.

The results of the thermal disappearance study of the
trapped radicals in the crystalline lattice that occurs when
heating the irradiated samples proves that the rate of
this process, namely the reaction order, is influenced by
the nature of the radicals having different thermal resis-
tance. Indeed, increasing the temperature, the vibration
of the crystalline network constituents increases and pro-
duces the weakening of the bonds that keep the radicals
trapped.

Due to the large variation of the reaction order, the ac-
tivation energy corresponding to a particular order could
not be determined over a narrow temperature range.

At 170◦C, none of the known kinetics equations were
verified. This behavior is a particular case, proving that
the thermal annealing process is strongly influenced by
a physical one, which best respects the so-called “step-
disappearance”.[13]
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Figure 9. Variation of lnR versus isothermal heating time at
200oC for L-α-anhydrous asparagine sample, irradiated with a
7×103 Gy dose

The kinetic of the disappearance of the radicals formed
in the irradiated samples of L-α-anhydrous asparagine
and heated to 170◦C could be explained using “the
steps” model developed by Waite.[14, 15] According to
this model, the disappearance of radicals with a random
space distribution involves two processes: a rapid pro-
cess of recombination of nearby entities and a slow re-
combination process that occur due to vacancies formed
after the diffusion of radicals within the network. Both
processes lead to two approximations that are in the form

of the second order kinetic equations. For example, the
variation of the R−1 ratio versus the isothermal heating
time at 170◦C for the four main components of the EPR
spectrum is shown in Figure 10.

From the slopes of the straights lines plotted, the rate
constants kA1, kA2, kA3, kA4 for the rapid process and
kB1, kB2, kB3, kB4 for the slow process were calculated,
the values are listed in Table 2.

Comparing the values of the rate constants determined
according to the Waite model[14] for the four intense
components of the EPR spectrum, the following obser-
vations are noted:

(1) The initial recombination process of the radicals is
about 10 times faster than that of diffusion (kA - 10 kB)

(2) The values of the rate constants corresponding to
the components Is1- Is4, Is2 - Is3respectively, are close
to one another.

(3) The rate constants of the Is2 and Is3 central compo-
nents of the initial thermal annealing process have higher
values than the initial ones of the Is1 and Is4 side com-
ponents.

In conclusion, the high values of the reaction order
presented above, highlighted at 170◦C kinetic study, are
reliable proof that the ESR spectra of the L-α-anhydrous
asparagines irradiated samples result from the overlap-
ping spectra of three stable radicals at room temperature,
specified in the radiolysis mechanism.

4 Radiolysis mechanism

In the literature there is only one information regard-
ing the radical species formed on L–α-anhydrous as-
paragines irradiation[9] which contains the overlapping
simulated three radicals spectra with the experimental
EPR spectrum.

Direct ionization of the L-α-anhydrous asparagine
molecule leads to the formation of the Asn(COO).+ radi-
cal cation having the spin density located on the deproto-
nated carboxyl group. This species being unstable, dis-

Table 1. The orders and rate constants of reactions of thermal disappearance of the paramagnetic centers formed on the irradiation of
the L-α-anhydrous asparagine, calculated for the four main components of the ESR spectrum at 180oC, 190oC, 200oC and 207oC

Reaction

order Is1 Is3 Is4

180 oC 3 2.78×10-4 2.95×10-4 3.01×10-4 3.00×10-4±0.21

190 oC 2.5 5.23×10-4 5.15×10-4 6.21×10-4 5.73×10-4±0.63

200 oC 2 6.05×10-4 5.45×10-4 5.85×10-4 5.82×10-4±0.26

207 oC 1 5.58×10-4 5.73×10-4 6.01×10-4 5.80×10-4±0.19

5.96×10-4

5.91×10-4

Temp, oC
 k (s-1)

k,   (s
-1)

Is2

3.28×10-4

6.35×10-4
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appears following two pathways that produce decarboxy-
lation: first is CO2 expulsion from the Asn(COO).+ para-
magnetic center accompanied by R1 radical formation, a
process that can occur simultaneously with ionization,
the second pathway is the deprotonation of the amino
group of Asn(COO).+ radical followed by formation of
the unstable radical Asn(COO). which decarboxylates to
form the radical R1’. The decarboxylation process is ex-
perimentally proven highlighting the CO2 formation in
L-α-anhydrous asparagine irradiated samples using gas
chromatography method.[9]

The existence of the two intense components of the EPR
spectrum marked with a1 and a2 (Figure 2) could be at-
tributed to the R1 and R1’ entities since the odd elec-
tron located on the carbon atom interacts with α proton.
After heating the irradiated sample, it is noted the three
hyperfine splitting accentuation of the two spectral lines
proving the increase of the odd electron interaction with
the nitrogen atom of the amino group linked to the same
carbon atom. The mass spectrometry study of similar
structure amino acids by Zubavichus[16] led to the con-
clusion that the most unstable functional group of L-α-
anhydrous asparagine is the amidic one. The direct ion-
ization of L-α-anhydrous asparagine[9] also leads to the
radical cation Asn (CONH2).+ formation having the spin
density located on the amide group. This entity is unsta-
ble and the analysis of the experimental data obtained
by ESR method as well as the calculation of the bonds
dissociation energies[9] showed that the Asn (CONH2).+

radical cation performs the amide bond cleavage leading
to R2 radical formation.

In the EPR spectrum of the irradiated L-α-anhydrous
asparagine samples it was found the formation of four
components resulted from the splitting of the two central
lines marked with b1 and b2. This finding could be an
argument to assign them to the R2 radical due to the odd
electron interaction with two non-equivalent α protons.

The radiolysis mechanism of L-α- anhydrous as-
paragine irradiated in the solid state at room temperature
must include the formation of a radical anion.

In the primary interaction process, the expelled elec-
tron from the ionizing radiation after thermalization is
captured by the carboxyl group of a parent molecule lo-
cated at a certain distance from the ionizing site to form
the Asn.−anion.

In this radical, having an excess of negative charge,
mutually neutralizes the positive charge of the amino
group with the additional electron of the carboxyl group.

The entity resulting from this intramolecular electron
transfer being unstable removes a hydrogen atom from
the amino group. The hydrogen atom due to high reactiv-
ity extracts another hydrogen atom from the methylene
group of the L-α-anhydrous asparagine molecule chain
to form the deprotonated radical having the R3 struc-
ture.[17]

The formation of the R3 radical is sustained by Strzel-
czak simulated spectrum.[9] In the present study, the for-
mation of radicals R1, R2, R3 through L-α- anhydrous
asparagine irradiation at room temperature is justified by
the kinetic results of thermal dissapearance characterized
by superior and fractional order: the third order kinetics

Table 2. The rate constants for the radicals dissapearance at 170◦C second order kinetics, according Waite model

Is1 Is4 Is1 Is4 Is2 Is3 Is2 Is3

kA1×104 kA4×104 kB1×105 kB4×105 kA2×104 kA3×104 kB2×105 kB3×105

3.15 3.05 2.71 2.87 4.01 4.33 1.74 2.43

170 °C
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(a)

(b)

(c)

(d)

Figure 10. Variation of the R−1 ratio versus the isothermal
heating time at 170◦C for the disapearance of the radicals formed
in L-α-anhydrous asparagines sample irradiated with a dose rate
of 3×104 Gy, (a) Is1, (b) Is2, (c) Is3, (d) Is4

at 180◦C proves the involvement of the three radicals.
Decreasing the reaction order with temperature increas-
ing is due to the disappearance of radicals with higher
thermal resistance.

5 Conclusions

The primary process of L-α- anhydrous asparagine ra-
diolysis consists in formation of two radical species: a
radical cation and a radical anion. Theoretical and EPR
study[9] have shown that at room temperature the radical
cation decarboxylates and deamides to form the radicals
R1 and R2, and the radical anion expels a hydrogen atom
from the amide group and generates the radical R3. From
the present study of the thermal annealing of radicals it
was found the following kinetic behaviors: higher reac-
tion order and their gradual decrease from 3 to 1 with
increasing temperature. The results of the kinetic study
are a confirmation of the three radical species formation
reported in the literature.
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RESEARCH ARTICLE

Resultant gradient information, kinetic energy
and molecular virial theorem

Roman F. Nalewajski

Abstract: Resultant gradient-information is introduced and applied to problems in chemical reactivity
theory. This local measure of the structural information contained in (complex) wavefunctions of electronic
states is related to the system overall kinetic energy combining the modulus (probability) and phase (current)
contributions. The grand-ensemble representation of thermodynamic equilibria in open systems demonstrates
the physical equivalence of the variational energetic and information principles. It is used and to relate the pop-
ulational derivatives of ensemble-average functionals in both these representations, which represent reactivity
criteria for diagnosing the charge-transfer (CT) phenomena. Their equivalence is demonstrated by using the in
situ potential and hardness descriptors to predict the direction and optimum amount of CT. The virial theorem
is generalized into thermodynamic quantities and used to extract the kinetic energy component from qualitative
energy profiles in the bond-formation and (exo/endo)-ergic reactions. The role of electronic kinetic energy in
such chemical processes is reexamined, the virial theorem implications for the Hammond postulate of reactivity
theory are explored, and variations of the structural-information in chemical processes are addressed. The max-
imum thermodynamic information rule is formulated and “production” of the gradient-information in chemical
reactions is addressed. The Hammond postulate is shown to be indexed by the geometric derivative of resultant
gradient-information at transition-state complex.

Keywords: bond formation, chemical reactivity, grand ensemble, information theory, resultant informa-
tion, virial theorem

1 Introduction

The Quantum Information Theory (QIT)[1–4] has been
shown to provide a solid, unifying basis for under-
standing - in chemical terms - the electronic struc-
ture of molecules, and explaining general trends in
their chemical behavior,[5–8] . Thermodynamic energy
principle has been interpreted as physically equivalent
rule for the resultant content of the overall gradient-
information in electronic wavefunction, the dimension-
less descriptor related to the state average kinetic en-
ergy. In the grand-ensemble both these variational prin-
ciples determinetheequilibrium stateofan open molecu-
lar system. This equivalence parallels the same predic-
tions resulting from the minimum-energyandmaximum-
entropyprinciplesofthe ordinarythermodynamics[9] . It
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explains the proportionality relations between energetic
and informational criteria of chemical reactivity, mea-
sured by the corresponding populational derivatives of
the ensemble-average functionals.

The QIT transcription of the variational principle for
the electronic (thermodynamic) energy thus allows one
to interpret reactivity criteria as the associated pop-
ulational derivatives of the state resultant gradient-
information (dimensionless kinetic energy) content. The
latter combines the classical (probability) and nonclas-
sical (current) contributions,due to the modulus and (lo-
cal) phase components of the molecular wavefunction,
respectively. The proportionality between the resultant
gradient-information and the system kinetic energy also
suggests the use of molecular virial theorem[10] in gen-
eral reactivity considerations[5–8] .

To paraphrase Prigogine[11] , the electron density alone
carries the information reflecting a “static” structure of
“being”, missing a “dynamic” structure of “becoming”
contained in the state phase or current distributions.
Both these manifestations of the electronic “organi-
zation” in molecular systems ultimately contribute to
overall measures of the structural entropy or information
content in generally complex wavefunctions, reflected
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by the resultant QIT concepts[1–4] . Their classical
contributions, conceptually rooted in Density Functional
Theory (DFT)[12–17] , probe the entropic content of
incoherent (disentangled) local “events”, while the
nonclassicaltermsprovidetheinformationsupplementdue
to the coherence (entanglement) of such local events.
The resultant measures allow one to distinguish the
information content of states generating the same
electron density but differing in their phase/current dis-
tributions, e.g., the bonded (entangled) and nonbonded
(disentangled) states of molecular fragments[18–27] .

The classical Information Theory (IT) of Fisher and
Shannon[28–35] has been successfully applied to gen-
erate the chemical interpretation of molecular prob-
ability distributions,[36–39] . Information principles
have been explored[5–8, 40–45] and density pieces at-
tributed toAtoms-in-Molecules(AIM) have been ap-
proached,[36–39, 43–47] providing the information ba-
sis for the intuitive (stockholder) division of Hirsh-
feld[48] . Patterns of chemical bonds in molecules
have been extracted from electronic orbital communi-
cations,[1, 36–38, 49–59] and entropy/information densities
have been explored.[1, 36–38, 60, 61] The nonadditive Fisher
information[1, 36–38, 62, 63] has been linked to the Elec-
tron Localization Function (ELF)[64–66] of modern DFT.
This analysis has also formulated the Contragradience
(CG) probe[1, 36–38, 67] for spatial localization of chem-
ical bonds, and the Orbital Communication Theory
(OCT) of the chemical bond has identified the bridge-
bonds originating from the cascade propagations of in-
formation between AIM, which involve intermediate or-
bitals.[1, 38, 68–73] The DFT-based approaches to classical
issues in reactivity theory[74–80] use the energy-centered
arguments in justifying the observed reactivity prefer-
ences. It is the main purpose of this work to show that
general reactivity rules can be alternatively treated us-
ing the resultant-information/kinetic-energy concepts of
QIT.

We begin with a short summary of the overall gra-
dient-information concept. The resultant QIT descrip-
tor will be introduced and its classical and nonclassi-
cal components identified. Populational derivatives of its
thermodynamic, ensemble-average value generate alter-
native indices of chemical reactivity, adequate in predict-
ing both the direction and magnitude of electron flows in
donor-acceptor systems[5–8] . The molecular virial theo-
rem will be used to generate the information perspective
on the bond-formation and the Hammond[81] postulate
of reactivity theory. The theorem will be generalized to
cover the ensemble-average energy components and the
role of electronic kinetic energy or the resultant gradi-
ent-information in chemical processes will be examined.

Physical equivalence of the energy and information reac-
tivity descriptors in the grand-ensemble representation
of thermodynamic-equilibria will be stressed, the rela-
tion between energetic and information reactivity indices
will be examined, and the “production” of the overall
structural information in chemical reactions will be ad-
dressed.

2 Resultant gradient-information and kinetic
energy of electrons

Consider a general (complex) quantum state |ψ〉 of an
electron described by the associated wavefunction in po-
sition representation,

ψ (r) = 〈r|ψ〉 = R(r)exp[iφ (r)] (1)

with R(r) and ϕ(r) denoting its modulus and phase
components, respectively. They determine the particle
probability distribution,

p (r) = ψ(r)
∗
ψ (r) = R(r)

2 (2)

and the current density

j (r) = [~/ (2mi)][ψ(r)
∗∇ψ (r)− ψ(r)∇ψ(r)

∗
]

= (~/m) p (r)∇φ (r) ≡ p(r)V (r)
(3)

The effective velocity V(r) of this probability “fluid”
measures the current-per-particle and reflects the state
phase-gradient:

V (r) = j (r) /p (r) = (~/m)∇φ (r) (4)

The average Fisher’s[28] measure of the classical
gradient-information for locality events containedinthe
electronic probabilitydensityp(r) is reminiscent of von
Weizscker’s[82] inhomogeneity correction to density-
functional for the kinetic-energy:

I [p] =

∫
p(r)[∇lnp(r)]2dr ≡

∫
p(r)Ip(r)dr

= 4

∫
[∇R(r)]2dr ≡ I [R]

(5)

Here p(r) Ip(r) denotes functional’s overall density
with Ip(r) = [∇lnp(r)]2 standing for the associated
density-per-electron. The amplitude form I[R] reveals
that this classical descriptor reflects a magnitude of the
state modulus-gradient. It characterizes an effective
“narrowness” of the probability distribution, i.e., a de-
gree of determinicity in particle’s position.

This classical functional of the gradient-information
in probability distribution generalizes naturally into the
of the quantum state |ψ〉,which combinesthe modulus
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(probability) and phase (current) contributions.[1, 18–22, 62]

It is defined by quantum expectation value of the Hermi-
tian operator Î(r) of the overall gradient information[62]

,related to electronic kinetic-energy operator T̂ (r),

Î(r) = −4∆ = (2i∇)2 = (8m/~2)T̂ (r) ≡ σT̂ (r)

T̂ (r) = −
[
~2/ (2m)

]
∇2

(6)
The integration by parts then gives the following ex-

pression for the average (resultant) gradient-information
contained in quantum state |ψ〉:

I[ψ] = 〈ψ|Î|ψ〉 = −4

∫
ψ(r)

∗
∆ψ(r)dr

= 4

∫
|∇ψ (r) |2dr ≡

∫
p(r)Iψ(r)dr

= I [p] + 4

∫
p(r)[∇φ (r)]2dr

≡
∫
p(r)[Ip (r) + Iφ (r)]dr

≡ I [p] + I[φ] ≡ I[p,φ]

= I [p] + (2m/h)
2
∫
p(r)

−1
j(r)

2
dr

≡ I [p] + I [j] ≡ I [p,j]

(7)

This quantum gradient-information concept I[ψ] =
I[p,ϕ] = I[p,j] is seen to combine the classical (proba-
bility) contribution I[p] of Fisher and the corresponding
nonclassical (phase/current) supplement I[ϕ] = I[j] . It
also reflects the particle average (dimensionless) kinetic
energy T[ψ]:

I[ψ] = σ〈ψ|T̂|ψ〉T [ψ] = σT [ψ] (8)

The above one-electron development can be straight-
forwardly generalized into general N-electron state
|Ψ(N)〉, exhibiting electron density ρ(r)= Np(r), where
p(r) stands for its probability (shape) factor. The corre-
sponding information operator then combines terms due
to each electron,

Î(N) =
N∑
i=1

Î(ri) = σ
N∑
i=1

T̂ (ri) ≡ σT̂ (N) (9)

and determines the (dimensionless) average gradient-
information as its expectation value proportional to the
state average kinetic energy T(N).

I(N) =
〈
ψ (N) |Î (N) |ψ (N)〉

= σ 〈ψ (N) |T̂ (N) | ψ (N)〉 = σT (N)
(10)

In the given electron (orbital) configuration specified

by a single Slater determinant Ψ(N) = |ψ1ψ2 . . .ψN |,
e.g., in the familiar Hartree-Fock of Kohn-Sham theo-
ries, these N-electron descriptors combine the additive
contributions due to all (singly occupied: ns = 1), molec-
ular orbitals (MO) ψ = (ψ1, ψ2, . . . , ψN ) = {ψs}:

T (N) =
∑

s
ns〈ψs|T̂ |ψs〉 ≡

∑
s
nsTS

= σ−1
∑

s
ns〈ψs|Î|ψs〉 ≡ σ−1

∑
s
nsIs

(11)

In the analytical LCAO MO representation, when
these occupied MO are expressed as linear combinations
of the (orthogonalized) atomic orbital (AO) basis χ =
(χ1, χ2, . . . , χk, . . . ),

|ψ〉 = |χ〉C,C = 〈χ|ψ〉 = {Ck,s = 〈χκ|ψs〉} (12)

the average gradient information contained in Ψ(N), for
the unit matrix of MO occupations, n = {nsδs,s′ = δs,s′},
thus reads:

I(N) =
∑

s
ns〈ψs|Î|ψs〉

=
∑

κ

∑
l
{
∑

s
Ck,snsCs

∗
,l}〈χl|Î|χκ〉

≡
∑

k

∑
l
γk,lIl,k = tr(γI)

(13)

Here, the AO representation of the resultant gradient-
information operator,

I = {Ik,l = 〈χk|Î|χl〉 = σ〈χk|T̂ |χl〉 ≡ σTk,l} (14)

and the Charge/Bond-Order (CBO) (density) matrix of
LCAO MO theory,

γ = CnC† = 〈χ|ψ〉n〈ψ|χ〉 ≡ 〈χ|P̂ψ|χ〉 (15)

represents the AO-representation of the projection oper-
ator onto the occupied MO-subspace,

P̂ψ = N [
∑

s
|ψs〉(ns/N)〈ψs|]

≡ N [
∑

s
|ψs〉Ps〈ψs|] ≡ N d̂

(16)

proportional to the density operator d̂ of the configura-
tion MO “ensemble”.

This expression for the average overall gradient-
information assumes thermodynamic-like form, as trace
of the product of CBO matrix, the AO representation
of the (occupation-weighted) MO projector, which es-
tablishes the configuration density operator d̂, and the
corresponding AO matrix of the Hermitian operator for
the resultant gradient-information, related to the sys-
tem electronic kinetic energy. In this MO “ensemble”
averaging the AO information matrix I constitutes the
quantity-matrix, while the CBO (density) matrix γ pro-
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vides the “geometrical” weighting-factors reflecting the
system electronic state. It has been argued elsewhere
that elements of the CBO matrix also generate ampli-
tudes of electronic communications between molecular
AO “events”.[1, 36–38, 49–59] This observation adds a new
angle to interpreting the average-information expression
as the communication-weighted (dimentionless) kinetic
energy of the system electrons[83] .

A separation of the modulus- and phase-components
of general N-electron states calls for wavefunctions
yielding the specified electron density[14] . It can effected
using the Harriman-Zumbach-Maschke (HZM)[84, 85]

construction of DFT, which uses N (complex) equiden-
sity orbitals, each separately generating the molecular
probability distribution p(r) and exhibiting the density-
dependent spatial phase which safeguards the MO or-
thogonality.

3 Grand-ensemble description of molecular
equilibria

In an open molecule M(v), identified by the external
potential v(Q) of the Born-Oppenheimer (BO) approx-
imation for the molecular geometry Q specified by co-
ordinates of the fixed nuclei of the system constituent
atoms, the populational derivatives of the average elec-
tronic energy or the resultant gradient-information call
for the grand-ensemble representation of thermody-
namic equilibria.[5–8, 15, 86, 87] A molecule is then coupled
to a hypothetical (macroscopic) electron reservoir R(µ)
exhibiting the chemical potential µ, and the heat bath
B(T) identified by its absolute temperature T in the com-
posite (macroscopic) system

M(µ, T ; v) = [R(µ)M (v)B (T )] (17)

where the vertical broken lines separating subsystems
symbolize their freedom to exchange electrons or energy.
The average number of electrons in such an externally-
open molecule,

〈N〉ens. ≡ N = tr(D̂N̂) =
∑

i
PiNi∑

i
Pi = 1, Pı > 0

(18)

exhibits a continuous (fractional) spectrum of values,
thus justifying the very concept of the populational (N)
derivative itself. Here,

N̂ =
∑

i

∑
j
|ψj (Ni)〉Ni〈ψj (Ni) | (19)

stands for the particle-number operator in Fock’s space
and the density operator identifies the equilibrium statis-
tical mixture of the system stationary states {|ψj[Ni,v]〉

≡ |ψji〉},

D̂(µ, T ; v) =
∑

i

∑
j
|ψj (Ni) 〉Pji(µ, T ; v)〈ψj (Ni) |

(20)
eigenstates of Hamiltonians {Ĥ(Ni,v)≡ Ĥi} for differ-
ent (integer) numbers of electrons {Ni ≡ i} correspond-
ing to energies {Ej[Ni,v] ≡ Eji},

Ĥ(Ni,v)|ψj [Ni,v]〉 = Ej(Ni)|ψj [Ni,v]〉
or Ĥ|ψji〉 = Ej

i|ψji〉
(21)

these (pure) quantum states appear in the grand-
ensemble with the (externally-imposed) equilibrium
thermodynamic probabilities {Pji(µ, T; v) ≡ Pji≥ 0}
and the “condensed” probability in Equation 18 is ob-
tained by the partial summation over eigenstates of Ĥi:
Pi =

∑
jPji.

Such electronic N-derivatives are involved in defini-
tions of the system Charge Transfer (CT) criteria of
chemical reactivity,[15, 74–79] e.g., the chemical poten-
tial (negative electronegativity)[15, 86–90] or the hardness
(softness)[91] and Fukui Function (FF)[92] descriptors of
electrons. They are thus definable only for the mixed-
state of the molecular (microscopic) system M(v), e.g.,
that corresponding to the thermodynamic equilibrium
imposed by intensities (µ, T) characterizing the exter-
nal (macroscopic) subsystems R(µ) and B(T) in M(µ,
T; v), µ = µR and T=TB , i.e., for the equilibrium
grand-canonical density operator of Equation 20: D̂eq.≡
D̂(µ,T; v).

The grand-canonical intensities determine the ensem-
ble thermodynamic potential, called the grand-potential,
given by the corresponding Legendre-transform[9] of the
ensemble-average energy

〈E〉ens. ≡ E[D̂] ≡ E(N,S; v) = tr(D̂Ĥ)

=
∑

i

∑
j
Pj

iEj
i (22)

Ω = E − (∂E/∂N)N − (∂E/∂S)S

= E[D̂]− µN [D̂]− TS[D̂]
(23)

It minimizes at the optimum state-probabilities
{Pji(µ,T;v)} ≡ Peq.(µ,T;Q):

min
D̂

Ω[D̂] = Ω[D̂(µ,T ;v)]

= E[D̂eq.]− µN [D̂eq.]− TS[D̂eq.]

≡ Ω(µ,T ;v)⇒ Peq.(µ,T ;Q)

(24)

As indicated in the preceding equation, the ensem-
ble parameters µ and T ultimately determine the associ-
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ated optimum probabilities of the (pure) stationary states
{|ψj[Ni,v]〉}, eigenstates of Hamiltonians {Ĥi},

{Pji(µ,T;v) = Ξ−1exp[β(µNi − Eji)]}
≡ Peq.(µ,T ;Q)

(24-1)

which define the equilibrium density operator of Equa-
tion 20 for the specified geometrical structure Q. Here
Ξ stands for the grand-ensemble partition function, kB
denotes the Boltzmann constant, and β = (kBT)−1.

The electronically-relaxed, equilibrium ensemble
probabilities thus satisfy the following relations between
the probability “gradients” for the adopted molecular ge-
ometry Q:

∂Ω(P,Q)

∂P

∣∣∣∣
Peq.

= 0 or

∂E(P,Q)

∂P

∣∣∣∣
Peq.

= µ
∂N(P )

∂P

∣∣∣∣
Peq.

+ T
∂S(P )

∂P

∣∣∣∣
Peq.

(25)
where the explicit dependence of on nuclear coordi-
nates Q, resulting from the external potential contribu-
tion in the ensemble Hamiltonians {Ĥ i},also influences
eigenvalues{Eji}.

The grand-potential corresponds to replacing the “ex-
tensive” state-parameters, of the average values of the
particle number N = N [D̂] and thermodynamic en-
tropy[93]

S[D̂] = tr(D̂Ŝ) = −kB
∑

i

∑
j
Pj

ilnPj
i

Ŝ = −kB
∑

i

∑
j
|ψji〉lnPji〈ψji|

(26)

bytheir “intensive” conjugates: the chemical potential µ
and absolute temperature T, respectively. This Legendre-
transform includes these “intensities” as Lagrange mul-
tipliers enforcing, at the minimum of , the constraints of
the specified values of the system ensemble-average val-
ues of the conjugate “extensive” parameters: the system
overall number of electrons,

〈N〉ens. = N [D̂eq.] =
∑

i
[
∑

j
Pj

i(µ,T ; v)]Ni

=
∑

i
Pi(µ,T ; v)Ni = 〈N(µ,T ; v)〉ens.

= N[µ,T ; v] = N
(27)

and of thermodynamic (von Neumann’s[93] ) entropy:

〈S〉ens. = S[D̂eq.]

= −kB
∑

i

∑
j
Pj

i(µ, T ; v)lnPj
i(µ,T ; v)

= 〈S(µ,T ; v)〉ens. = S(µ,T ) = S
(28)

In equilibrium state the prescribed average extensive
descriptors N and S also uniquely identify the externally-
imposed state intensities, µ = µ(N,S)andT= T(N,S), and
hence also the equilibrium energy function

E[D̂eq.] = 〈E(µ, T ; v)〉ens.
=
∑

i

∑
j
Pj

i(µ, T ; v)〈ψji|Ĥi|ψji〉

=
∑

i

∑
j
Pj

i(µ, T ; v)Ej
i

= E(µ,T )

≡ E(N,S)

(29)

It allows one to formally identify the intensive param-
eters as its partial derivatives with respect to the con-
strained values of the extensive state-variables:

µ =

(
∂E

∂N

)
S

∣∣∣∣
D̂eq.

and

T=

(
∂E

∂S

)
N

∣∣∣∣
D̂eq.

(30)

In the T→ 0 limit[15, 86, 87] only two ground-states (j =
0), {|ψ0

i〉, |ψ0
i+1〉}, corresponding to the neighboring

integers “bracketing” the given (fractional) 〈N〉ens. = N,
Ni ≤ 〈N〉ens. ≤ Ni + 1, appear in the equilibrium
statistical mixture. Their ensemble probabilities for the
specified

〈N〉ens. = iPi + (i+ 1) (1− Pi) = N (31)

then read:

Pi = 1 + i−N ≡ 1− ω and

Pi+1 = N − i ≡ ω
(32)

The continuous energy function E(N,S) then consists
of the straight-line segments between the neighboring
integer values of N. This implies constant values of
the chemical potential in all such admissible ranges of
the average electron number and µ-discontinuity at N =
Ni(integer).[15, 86, 87]

The ensemble-average value of the resultant gradient-
information,

〈I〉ens. ≡ I[D̂eq.] = tr [D̂eq.Î]

=
∑
i

∑
j

Pj
i(µ,T ; v)〈ψji|Î(Ni)|ψji〉

≡
∑
i

∑
j

Pj
i(µ,T ; v)Ij

i

Ij
i =

(
8m/~2

)
〈ψji|T̂ (Ni)|ψji〉 ≡ σTji

(33)
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is related to the ensemble-average kinetic energy T:

〈T 〉ens. ≡ I[D̂eq.] = tr(D̂eq.T̂ )

=
∑
i

∑
j

Pj
i(µ,T ; v)〈ψji|T̂ (Ni)|ψji〉

≡
∑
i

∑
j

Pj
i(µ,T ; v)Tj

i = σ−1〈I〉ens.

(34)

The proportionality constant results from relation be-
tween the associated electronic operators:

T̂ (Ni) =
−~2

2m

Ni∑
k=1

∇2
k and

Î(Ni) = −4
Ni∑
k=1

∇2
k

(35)

Therefore, the thermodynamic rule of Equation 24, for
the minimum of the constrained average value of elec-
tronic energy can be alternatively interpreted as the cor-
responding extremum principle for the ensemble-average
(resultant) gradient-information:[5–8, 36–38, 40]

σmin
D̂

Ω[D̂] =σΩ[D̂eq.]

=I[D̂eq.] + σ{W [D̂eq.]− µN [D̂eq.]− TS[D̂eq.]}
(36)

where the ensemble-average value of the system overall
potential energy,

W [D̂eq.]=V [D̂eq.]+U [D̂eq.] (37)

combines the nuclear-attraction (V [D̂eq.]) and electron-
repulsion (U [D̂eq.]) contributions. This information
principle is seen to contain an additional constraint of
the fixed potential energy, 〈W〉ens. = W , multiplied by
the Lagrange multiplier

λW = −σ =

(
∂I

∂W

)
N,S

∣∣∣∣∣
D̂eq.

≡ K (38)

besides the remaining constraints, now multiplied by the
“scaled” conjugate intensities[5–8] : information “poten-
tial”

ξ ≡ σµ=

(
∂I

∂N

)
W,S

∣∣∣∣∣
D̂eq.

(39)

information “temperature”

τ ≡ σT =

(
∂I

∂S

)
W,N

∣∣∣∣∣
D̂eq.

(40)

The conjugate thermodynamic principles, for con-

strained extrema of the ensemble energy,

δ
(
E[D̂]− µN [D̂]− TS[D̂]

)
D̂eq.

= 0 (41)

and its overall gradient-information,

δ
(
I[D̂]− κW [D̂]− ξ N [D̂]− τ S[D̂]

)
D̂eq.

= 0

(42)
have the same optimum-probability solutions of Equa-
tion 25. This manifests the physical equivalence of the
energetic and “entropic” principles in determining the
equilibrium states in thermodynamics[9] .

Several N-derivatives of the ensemble-average elec-
tronic energy or of the resultant gradient-information
define useful and adequate CT criteria of chemical re-
activity.[15, 74–79] The physical equivalence of the en-
ergy and information principles indicates that such con-
cepts are mutually related, being both capable of describ-
ing the electron-transfer phenomena in donor-acceptor
systems[5–8] . The above ensemble interpretation also
applies to diagonal and mixed second derivatives of
the electronic energy or its kinetic-energy (information)
component, which involve the population differentiation.

In energy-representation the chemical hardness[91] ,
the “diagonal” populational second- derivative of the en-
semble energy, reflects the N-derivative ofchemical po-
tential,

η =

(
∂2E

∂N2

)
S

∣∣∣∣
D̂eq.

=

(
∂µ

∂N

)
S

∣∣∣∣
D̂eq.

> 0 (43)

while the information “hardness” reflects the N-
derivative of information “potential”[5–8] :

ω =

(
∂2I

∂N2

)
W,S

∣∣∣∣∣
D̂eq.

=

(
∂ξ

∂N

)
W,S

∣∣∣∣∣
D̂eq.

= ση > 0

(44)
The positive signs of these diagonal population deriva-

tives assure the external stability of an open M(v), with
respect to hypothetical electron flows between molecular
system and its reservoir. They indeed imply an increase
(a decrease) of the global energetic and information “in-
tensities” coupled to N, µ and ξ, in response to perturba-
tions created by the initial electron inflow (outflow). This
accords with the Le Chtelier and Le Chtelier-Braun prin-
ciples of thermodynamics[9] , that spontaneous responses
in system intensities to the initial population displace-
ments diminish effects of the primary perturbations.

By the cross-differentiation identity the “mixed” sec-
ond-derivative of the ensemble energy, measuring the
system global FF[92] , can be alternatively interpreted as
either the response in global chemical potential per unit
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displacement in the external potential, or the density re-
sponse per unit populational displacement.

f(r) =

(
∂2E

∂N∂v(r)

)
S

∣∣∣∣
D̂eq.

=

(
∂µ

∂v(r)

)
S

∣∣∣∣
D̂eq.

=

(
∂ρ(r)

∂N

)
S

∣∣∣∣
D̂eq.

(45)

The associated mixed derivative of the resultant gradient
information in the grand-ensemble similarly reads:

ϕr =

(
∂2I

∂N∂v(r)

)
W,S

∣∣∣∣∣
D̂eq.

=

(
∂ξ

∂v(r)

)
W,S

∣∣∣∣∣
D̂eq.

= σ

(
∂ρ(r)

∂N

)
W,S

∣∣∣∣∣
D̂eq.

= σ f(r)

(46)
It has been argued elsewhere[5–8] , that the in situ mea-

sures of these energy and information derivatives con-
stitute fully equivalent descriptors of electron flows be-
tween the polarized subsystems. These CT phenomena
in the polarized reactive system R+ = (A+|B+), contain-
ing the mutually-closed and molecularly polarized ac-
ceptor (acid, A) and donor (basis, B) reactants {α+},
are described by populational derivatives: the substrate
chemical potentials µR+ = {µa+} and elements of the
hardness matrix ηR+ = {ηα,β}. These descriptors again
call for the grand-ensemble representation of the po-
larized (externally-open) reactants, in contact with their
separate (macroscopic) electron reservoirs {Ra}. They
represent the electron population {Na ≡ Na} deriva-
tives of the ensemble-average electronic energy in R+,
E[{Nβ}, v] ≡ Ev({Nβ}), the microscopic subsystem
in the macroscopic (composite) system,

MR
+ = (MA

+|MB
+)

= (RAA
+|B+RB)

≡ (RAM(v)
+
RB)

(47)

where the solid and broken vertical lines separating sub-
systems again denote their mutual closeness and open-
ness, respectively, with respect to hypothetical flows of
electrons. They are calculated for the fixed molecular
external potential v(Q) reflecting the “frozen” molecular
geometry Q.

The in situ descriptors of CT are thus derived from the
corresponding partials of the system ensemble-average
energy with respect to ensemble-average electron popu-
lations {Na} on (externally-open) molecular-subsystems
{α+} in the (mutually-closed) composite fragments
{Ma

+ = (a+Ra)} of MR
+:

µa ≡ ∂Ev({Nγ})/∂Na

ηα,β = ∂2Ev({Nγ})/∂Nα∂Nβ = ∂µα/∂Nβ

= ∂µβ/∂Nα = ηβ,α

(48)

The optimum amount of the (fractional) CT is deter-
mined by the difference in chemical potentials of the
(equilibrium) polarized reactants in R+,

µCT = ∂Ev (NCT ) /∂NCT = µA
+ − µB

+ < 0 (49)

which defines the effective CT-gradient, and the in situ
hardness (ηCT ) or softness (SCT ) for this process,

ηCT = ∂µCT/∂NCT

= (ηA,A − ηA,B) + (ηB,B − ηB,A+) ≡ ηA
R + ηB

R

≡ ΣCT
−1

(50)
representing the effective CT-Hessian and its inverse, re-
spectively. The optimum amount of the inter-reactant
CT,

NCT = −µCTSCT = −µCT/ηCT (51)

then generates the associated (2nd-order) stabilization
energy:

ECT = µCTNCT/2 = −µCT 2SCT
/
2 < 0 (52)

The corresponding CT-derivatives of the average gradi-
ent-information in AB systems similarly involve the in
situ information potential,

ξCT = ∂I (NCT )/∂NCT = ξA
+ − ξB+ = σµCT

(53)
and the associated hardness descriptor, the inverse of the
information softness θCT ,

ωCT = ∂ξCT/∂NCT ≡ θCT−1 = σηCT = σ SCT
−1

(54)
In terms of these information descriptors the amount of
CT in the acid-base system reads:

NCT = −ξCT/ωCT = −ξCT θCT
= −µCT/ηCT = −µCTSCT

(55)

Thus, the in situ populational derivatives (ξCT ,
ωCT = θCT

−1) of the ensemble-average measures of
the (resultant) gradient-information functionals, pro-
vide alternative reactivity descriptors, fully equiva-
lent to the chemical potential and hardness/softness
indices (µCT , ηCT = SCT−1) of the energy repre-
sentation. This demonstrates the physical equiva-
lence of the energy and information treatments of
CTphenomenainmolecularsystems.Onethus concludes
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that the resultant gradient-information, the quantum gen-
eralization of the classical Fisher measure, indeed con-
stitutes a reliable basis for an “entropic” description of
reactivity phenomena.

4 Virial theorem implications

The virial theorem for the stationary electronic states
|ψji〉 = |ψj[Ni,v]〉 in molecules reflects homogeneities
of the kinetic and potential energy contributions in such
pure quantum states,

Tj
i = 〈ψji|T̂ (Ni)|ψji〉 and Wj

i = 〈ψji|Ŵ (Ni, v)|ψji〉

Ŵ (Ni, v) =
Ni∑
k=1

[v(k) +
1

2

∑
l 6=k

g(k, l)]

= V̂ (Ni, v) + Û(Ni, v)
(56)

with respect to the uniform scaling of the system elec-
tronic and nuclear positions. Here, g(k,l) denotes the re-
pulsion between electrons k and l, and the state electronic
energy in |ψji〉

Ej
i = 〈ψji|Ĥi|ψji〉 = Tj

i +Wj
i (57)

In BO approximation both this average energy and its
components are parametrically dependent upon molec-
ular geometry specified by the fixed (Cartesian) coordi-
nates Q of the nuclei, and so are the energy differences
with respect to the adopted reference, e.g., the Separated
Atoms Limit (SAL) or the separated reactants,

Ej
i (Q) = Tj

i (Q) +Wj
i (Q) and

∆Ej
i (Q) = ∆Tj

i (Q) + ∆Wj
i (Q)

(58)

The molecular virial theorem for the pure stationary
state in BO approximation reads[10] :

2Tj
i (Q) +Wj

i (Q) +Q · [∂Eji (Q)
/
∂Q]

≡ 2Tj
i (Q) +Wj

i (Q) +Q · ∇QEji (Q) = 0
(59)

It extracts the kinetic and potential components of
the overall electronic energy for the current geometrical
structure of the molecular system,

Tj
i (Q) = −Eji (Q)−Q · ∇QEji (Q) and

Wj
i (Q) = 2Ej

i (Q) +Q · ∇QEji (Q)
(60)

or similarly partitions the relative energies ∆Eji(Q) of
Equation 58.

These relations assume a particularly simple form for
the energetical profiles, sections of the BO Potential
Energy Surface (PES), e.g., the energy function in di-

atomics, for which the internuclear distance R uniquely
specifies the molecular geometry, or along the reaction-
coordinate (RC) Rc in chemical processes, with the tra-
jectory arc-length P = |Rc| determining the reaction-
progress variable. In diatomics the virial theorem ex-
pressed in terms of energy changes relative to SAL reads:

2∆Tj
i (R) + ∆Wj

i (R) +R[d∆Ej
i (R)

/
dR] = 0 or

∆Tj
i (R) = −∆Ej

i (R)−R[d∆Ej
i (R)

/
dR]

= −d[R∆Ej
i (R)]

/
dR and

∆Wj
i (R) = 2∆Ej

i (R) +R[d∆Ej
i (R)

/
∂R]

= R−1d[R2∆Ej
i (R)]

/
dR

(61)
The virial theorem is satisfied in each stationary
state |ψji〉 of the molecular system under consider-
ation. Therefore, it is also obeyed bytheensemble-
averagecomponents corresponding to thermodynamic
equilibria. Indeed, multiplying Equation 59 and Equa-
tion 60 bythe ensemble-probabilities {Pji(µ,T; v)} ≡
P(µ,T;Q)}, from the grand-canonical equilibrium prin-
ciple of Equation 24 and Equation 25, and summing over
all stationary states involved in this statistical mixture
gives directly the associated thermodynamic relations:

2T (Q) +W (Q) +Q · ∇QE (Q) = 0 or

T (Q) = −E (Q)−Q · ∇QE (Q) and

W (Q) = 2E (Q) +Q · ∇QE (Q)
(62)

They determine both the system thermodynamic en-
ergy,

E[D̂eq.] = T [D̂eq.] + W [D̂eq.] (63)

its kinetic component T [D̂eq.] = σ - 1I[D̂eq.] propor-
tional to the associated overall gradient-information de-
scriptor I[D̂eq.], and the ensemble-average potential en-
ergy

W [D̂eq.] = 〈W 〉ens. = tr (D̂eq.Ŵ)Qeq.

=
∑

i

∑
j
Pj

i(µ, T ; v)〈ψji|Ŵ(Ni, v)|ψji〉

≡
∑

i

∑
j
Pj

i(µ, T ; v)Wj
i

(64)
One observes that this generalized, mixed-state partition-
ing also includes the pure-state relations of Equation 58
and Equation 59 as the special (micro-canonical) case
corresponding to Pji = 1 and {Plk6=j

6=i
= 0}.

Let us briefly examine some implications of this gen-
eral balance between the kinetic and potential compo-
nents of the thermodynamic value of electronic energy.
For the energy-minimum geometry Qeq.(E) = Qeq. ,
determined by the vanishing gradient of thermodynamic
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energy,
∇QE|eq. = 0 (65)

the thermodynamic virial relations simplify:

T (Qeq.) = −E (Qeq.) = σ−1I (Qeq.) and

W (Qeq.) = 2E (Qeq.)
(66)

For such a geometrically-relaxed structure the mini-
mum-energy principle of thermodynamics thus implies
the thermodynamic maximum-information rule in QIT:

{minP [E (P )]µ,T ;Qeq.
⇒ maxP [I (P )]µ,T ;Qeq.

}
⇒ P (µ, T ;Q)}

(67)
Inother words, in thermodynamic (electronically-

relaxed) equilibrium the geometrically-relaxed molec-
ular systems assume the maximum resultant gradient-
information related to its average kinetic energy. This in-
formation principle complements the familiar maximum-
entropy rule of ordinary thermodynamics[9] .

It should be observed that the energy-optimum struc-
ture Qeq.(E ) of Equation 65 differs from that deter-
mined by the vanishing geometric gradient of the grand-
potential,

∂Ω(P,Q)

∂Q

∣∣∣∣
Q̄eq.

= 0 ⇒ Qeq.(Ω) = Q̄eq. 6= Qeq.

(68)
since then

∂E(P,Q)

∂Q

∣∣∣∣
Q̄eq.

= µ
∂N(P )

∂Q

∣∣∣∣
Q̄eq.

+T
∂S(P )

∂Q

∣∣∣∣
Q̄eq.

=

(
µ
∂N(P )

∂P
+ T

∂S(P )

∂P

) (
∂P

∂Q

)∣∣∣∣
Q̄eq.

(69)
Consider now the pure-state (micro-canonical) case

summarized by the virial relations of Eqs. Equation 58-
60, which allow to extract the kinetic-energy/gradient-
information differences from the corresponding energy
profiles. Elsewhere[7, 8] we have examined the BO energy
profiles corresponding to the bond-formation process, A
+ B = AB (see Figure 1), and the bimolecular chemical-
reaction, A + B→ Rz → C + D (see Figure 2), where
Rz denotes the Transition-State (TS) complex, in order
to examine the accompanying changes in the resultant
gradient information. Let us summarize some general
conclusions of this analysis.

Figure 1 presents qualitative plots reflecting vari-
ations with internuclear distance of the ground-state
bond-energy and its kinetic-energy contribution. The
BO potential ∆E(R) and its kinetic-energy component
∆T(R) also reflecting variations in (resultant) gradient-

information ∆I(R) = σ∆T(R), relative to SAL, allow
one to examine the energy/information variations with
inter-nuclear distance R in the bond formation process.
It follows from the figure that during a mutual approach
by the constituent atoms the kinetic-energy/gradient-
information is first diminished relative to the SAL refer-
ence, due to the longitudinal Cartesian component of the
kinetic energy, associated with the “z” direction (along
the bond axis).[94, 95] At the equilibrium distance Re the
resultant information rises above the SAL value, due to
the dominating increase in transverse components of the
kinetic energy, corresponding to “x” and “y” directions
perpendicular to the bond axis. Therefore, at the equi-
librium bond length Re the chemical bond gives rise to
a net increase in the resultant gradient-information rel-
ative to SAL, where electrons of each atom experience
the external potential of only its own nucleus. This re-
flects a relatively more compact electron distribution in a
molecule, where electrons move in the field of both nu-
clei.

Figure 1. Qualitative diagram of variations in the BO elec-
tronic energy ∆E(R) (solid line) with the internuclear distance R
in a diatomic molecule, and of its kinetic energy component from
the virial-theorem partitioning, ∆T(R) = -d/dR[R∆E(R)] (broken
line), also reflecting the state resultant gradient-information ∆I(R)
= σ∆T(R)

Another interesting case of variations in molecular
geometry is the (intrinsic) reaction coordinate Rc, or
equivalently the progress-variable (arc-length) P along
this trajectory, for which the virial relations assume the
diatomic-like form (see Figure 2). Let us again examine
the virial theorem decomposition of the corresponding
energy profile along the Rc-section of PES, ∆E(Rc) ≡
∆E(P), in an elementary bimolecular reaction, to which
the qualitative Hammond[81] postulate of reactivity the-
ory applies. Again, the ground-state virial-theorem de-
composition can be used to extract qualitative plots of
the resultant gradient-information from the energy pro-
files corresponding either to endo- or exo-ergic reactions
(upper panel), or to the energy-neutral chemical process
on symmetric PES (lower panel).

The qualitative rule of Hammond is seen to be fully

Chemical Reports c© 2019 by Syncsci Publishing. All rights reserved.



Roman F. Nalewajski. Resultant gradient information, kinetic energy and molecular virial theorem 31

indexed by the sign of the geometric, P-derivative of the
average resultant-information at the TS complex.[5, 8–10]

More specifically, this postulate emphasizes a relative
resemblance of the reaction TS complex R‡ to its sub-
strates (products) in the exo-ergic (endo-ergic) reactions,
while for the vanishing reaction energy the position of
TS complex is predicted to be located symmetrically be-
tween substrates and products. In other words, the acti-
vation barrier appears “early” in the exo-ergic reactions,
e.g., H2 + F→ H + HF, with the reaction substrates be-
ing only slightly modified in R‡≈ [A − − − B] , both
electronically and geometrically. Accordingly, in the
endo-ergic bond-breaking-bond-forming process, e.g., H
+ HF→ H2 + F, the barrier is “late” along the reaction
progress-variable P and the activated complex resembles
more the reaction products: R‡≈ [C − − − D] . This
qualitative statement has been subsequently given sev-
eral more quantitative formulations and theoretical ex-
planations, based upon both the energetic and entropic
arguments[96–103] .

The energy profile along the reaction “progress” coor-
dinate P,

∆E (P ) = E (P )− E (Psubstrates) (70)

is directly “translated” by the molecular virial theorem
into the associated displacement in its kinetic-energy
contribution,

∆T (P ) = T (P )− T (Psubstrates) (71)

proportional to the corresponding change in the system
resultant gradient-information:

∆I (P ) = I (P )− I (Psubstrates) = σ∆T (P )
(72)

∆T (P ) = −∆E (P )− P [d∆E (P ) /dP ]

= −d[P∆E (P )]/dP
(73)

The energy profiles ∆E(P) in the endo- or exo-
directions, for the positive and negative reaction energy

∆Er = E (Pproducts)− E (Psubstrates) (74)

respectively, thus determine uniquely the associated pro-
files of kinetic-energy (or resultant-information): ∆I(P)
= σ∆T(P). A reference to qualitative plots in Figure 2
shows that the latter indeed distinguishes these two di-
rections by the sign of its geometrical derivative at R‡:

endo− direction :

{(dI/dP )‡ > 0 and (dT/dP )‡ > 0, ∆Er > 0

energy − neutral :

(dI/dP )‡ = 0 and (dT/dP )‡ = 0, ∆Er = 0

exo− direction :

(dI/dP )‡ < 0 and (dT/dP )‡ < 0, ∆Er < 0
(75)

This demonstrates that the ground-state RC-derivative
dI/dP|‡ of the resultant gradient-information at TS com-
plex, proportional to dT/dP|‡, can serve as an alterna-
tive detector of the reaction energetic character: its pos-
itive/negative values identify the positive/negative reac-
tion energy ∆Er in endo/exo-ergic reactions, exhibiting
the late/early activation barriers, respectively; the neu-
tral case (∆Er = 0 or dT/dP|‡ =0) exhibits an equidistant
position of TS between the reaction substrates and prod-
ucts on a symmetrical potential energy surface, e.g., in
the hydrogen exchange reaction H + H2→ H2 + H.

Figure 2. Variations of the BO total electronic energy (∆E)
and its kinetic energy component (∆T) in the exo-ergic (∆Er <
0) and endo-ergic (∆Er > 0) reactions (upper Panel), and for the
symmetrical PES (∆Er = 0) (lower Panel)

Since the forces acting on nuclei in the equilibrium,
separated reactants or products vanish, the reaction en-
ergy ∆Er of Equation 74 determines the corresponding
change in the resultant gradient-information,

∆Ir = I (Pproducts)− I (Psubstrates) = σ∆Tr (76)

proportional to the associated variation in the electronic
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kinetic energy:

∆Tr = T (Pproducts)− T (Psubstrates) = −∆Er
(77)

The virial theorem thus implies a net decrease of the
resultant gradient-information in endo-ergic processes,
∆Ir(endo) ∝ -∆Er(endo) < 0, its increase in exo-ergic
reactions, ∆Ir(exo) ∝ -∆Er(exo) > 0, and a conserva-
tion of the overall gradient-information in the energy-
neutral chemical rearrangements: ∆Ir(neutral) ∝ -
∆Er(neutral) = 0.

One recalls that the classical part of this information
displacement probes an average change in the spatial in-
homogeneity of electron density. Therefore, the endo-
ergic processes, requiring a net supply of energy to the
reactive system R, give rise to relatively less-compact
electron distributions in reaction products,comparedto
substrates. Accordingly, the exo-ergic transitions, with a
net release of energy from R, generate on average more
concentrated electron distributions in products, and no
such a change is predicted in energy-neutral case.

5 Conclusion

In this overview we have explored qualitative re-
activity applications of the resultant information mea-
sure in QIT. First, the concept of the overall gra-
dient-information in specified quantum state, which
combines the classical (probability) and nonclassical
(phase/current) contributions, has been introduced as the
expectation value of the corresponding (Hermitian) in-
formation-operator related to that of electronic kinetic
energy. We have then explored the thermodynamic-
average measure and its variational principle in the
grand-ensemble. The electron-population derivatives,
information reactivity descriptors of CT phenomena in
donor-acceptor systems, have been examined, the phys-
ical equivalence of variational principles for ensemble-
averages of energy and information (kinetic-energy) in
thermodynamics has been emphasized, and the relation
between the in situ energy and information CT criteria
have been examined.

The proportionality relation between the resultant gra-
dient-information and kinetic energy of electrons indi-
cates that the latter plays a more important role in chemi-
cal reactivity than previously thought. The electronic en-
ergy and information/kinetic-energyrepresent alternative
descriptors of molecular equilibria. They generate phys-
ically equivalent and adequate reactivity criteria for de-
scribing CT phenomena in the acid-base systems. Since
for representative energy-profiles this component is read-
ily available from the molecular virial theorem, we have
briefly examined the theorem general implications for

changes in the overall information content of equilibrium
molecular structures, the bond-formation process, and
the Hammond postulate of reactivity theory. The prin-
ciple of the maximum thermodynamic information has
been formulated and the dependence in chemical pro-
cesses of the change in the overall gradient-information
upon the reaction energy has been addressed. The Ham-
mond postulate has been shown to be quantitatively in-
dexed by the geometrical information derivative at TS
complex.
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In vivo study of gold-nanoparticles using different extracts
for kidney, liver function and photocatalytic application
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Abstract: We report novel gold nanoparticles by green method for different fruit extracts have gain-
ing greater attention due to its versatile properties in different applications. In this article, GNPs synthesis is
demonstrated successfully using fresh fruit extract of punica granatum and fragaria. The optical properties,
morphology and elemental analysis of samples was done by using) different characterization techniques like
SEM EDX and UV-Visible spectroscopy Biocompatibility of GNPs was determined by ALT, AST, ALP, Urea,
Creatinine tests and also to investigate the effects of prepared GNPs on the kidney and liver functions. The
GNPs prepared by fruit extract of punica granatum have more effects on the rabbits than GNPs prepared from
fragaria but this effect normalizes after three days which shows its biocompatibility. To explore the photocat-
alytic activity of the GNPs the photocatalytic degradation of MB dye is also investigated. The results revealed
that GNPs prepared through green synthesis route are found to be efficient enhancement in the degradation of
MB dye in visible region due to large surface area. These particles were more active in catalytic reduction due
to their high surface energy and in bio-medical applications as biocompatibility.

Keywords: green method, AuNPs, biocompatibility, photocatalytic activity

1 Introduction

Nanoparticles act as a bridge between bulk materials
and atomic or molecular structures as they have variety
of scientific interest. Now a days, evolution in mate-
rial sciences are experiencing broad field work by in-
teracting with different scientific disciplines and mak-
ing strong effect on every fields of life.[1] The Au NPs
have discovered their tracks in the disciplines of life sci-
ences or biological sciences in view of their biocompat-
ibility and reaction given by the human body it is be-
cause of golds non-poisonous nature and inert core. The
color of gold nanoparticles is red because of its prop-
erty of the surface Plasmon resonance (SPR).[2, 3] Gold
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nanoparticles have high absorption cross sectional area,
High solubility, Productive SPR has simple linkage with
targeting particles and drug due to its peaks at longer
wavelength. These characteristics make GNPs a promis-
ing member for cancer thermal treatment and different
pathogenic sicknesses.[4] A gold nanoparticle as a re-
sult of its optical, physical (Quantifiable) and chemical
importance was considerably more useable in the area
of life sciences. The inert character of the Au NPs
is additionally valuable for the determination of cancer
cells, impetuses, utilized in the drug delivery and so
forth.[5] Au NPs has extensive vivo biomedical appli-
cations (BME) particularly as a malignant cell growth ,
imaging as well as in treatment.[6] The Au NPs effec-
tively works with targeting biomolecules via thiol-gold
conjugation method.[7, 8] Gold nanoparticles are used to
design conductors from printable inks which print on
the electronic chips as used in computers to make their
speed fast.[9] In medical, the gold nanoparticles can be
used for the diagnosis of heart diseases, infection, tu-
mor and cancers; to detect biomarkers.[10] There re-
ported many strategies for the preparation of Au NPs
like reduction method,[11] sol-gel technique,[12] micro
emulsion approach,[13] hydrothermal technique,[14] green
approach,[15] and so on and numerous different strate-
gies utilized op-down approach resemble sono-chemical

Chemical Reports c© 2019 by Syncsci Publishing. All rights reserved.

isaiub@yahoo.com
mohsin@live.no
https://creativecommons.org/licenses/by/4.0/


Muhammad Isa Khan, et al. In vivo study of gold-nanoparticles using different extracts 37

technique, vapor deposition by chemicals, electros pin-
ning, electrophoretic deposition, heating stirring method
,micro-emulsion method, laser ablation, and mechanical
milling, etc. The green synthesis is another viable tech-
nique for the preparation of gold nanoparticles. Malva
crispa (mallow) utilized for the amalgamation of Au NPs
along with strong antibacterial or antimicrobial agent
against a bacterium, virus, or other microorganism and
sustenance decay.[16] The Au NPs in range 20-30 nm
are reported to be extracted by using aqueous leaves of
Acalypha indica.[17] Triangular shaped gold nanoparti-
cles were also prevail through Au ions reduction by the
fluid of lemongrass.[18] A reducing and capping agent
such as Cymbopogon citratus leaf extract is also reported
for the synthesis of gold nanoparticles.[19] Biosynthesis
of Zingiber officinale leaf extract to form 10 nm gold
nanoparticle size is also reported earlier.[20] The syn-
thesized nanoparticleshas great capacity to produce the
drugs and used against fungal diseases.[21] A solid gold
nanoparticle with changing size variable size was pro-
cure obtained by with using the extract of the endophytic
fungus leave synthesis.[22] The Punica granatum juice
used for the preparation of AuNPs for the application
in a cancer targeted drug delivery.[23–25] Quercetin was
packed within disulfide-modified mesoporous silica to-
gether with GNPs (Q-Au/SiO2) which had voids around
GNPs and final materials can refine its packing and ef-
ficiency in drug carier.[26] The thermoresponsive hyper-
branched polymer functionalized with GNPs synthesize
through in-situ chemical reduction method is reported
earlier in which, the green preparation method is used
with further applications in unusual colorimetric sen-
sor along with energy saving, environmental protection,
and sustainable development features.[27] A basic in-situ
preparation method was developed to manufacture, com-
plex of Tremella fuciformis (TF) and gold nanoparticles
(AuNPs). The intensities of the localized surface plas-
mon resonance (LSPR) of the complex of TF and GNPs
increased due to drying.[28] In Previous research work
an substitute method used for making extremely stable
GNPs, where an inert Curcuma mangga (CM) which
act as stabilizing and reducing agent juice, was used to
overcome the previously mentioned requirements. Blood
tests were taken which divulge that prepared GNPs with
less than 10% of hemolysis without any accumulation
of erythrocytes were blood-compatible. The further re-
search reveals that for the preparation of GNPs ,there
is great possibilities by involving a CM-extract-based
method for anticancer diagnosis and therapy.[29] From
literature, Au NPs synthesized from Punica granatum
was used as a cancer targeted drug delivery. In this study,
we reported the same green method from Punica grana-

tum with varying ratios. This work additionally reports
the green synthesis of AuNPs at ambient temperature
nearly equal to 20◦C by utilizing natural product concen-
trate of Fragaria (strawberry) as reducing gent which is
another option in writing. The previous results of GNPs
from Punica granatum has been compared with synthe-
sis of GNPs via using Fragaria (strawberry). Previous
studies on biomedical applications resulted that GNPs
insert into animal bodies get gather together or acquire
an increasing number in the liver and kidneys, which
could be dangerous. This work includes the animal stud-
ies through which GNPs biocompatibility was confirmed
so this research work was further helpful for humans due
to its biocompatibility.

2 Materials and Methods

The 250 g and 100 g edible grains of Punica granatum
and Fragaria (Strawberry) were clean twice with normal
tap water than once with DDW, then cut into small cubes
in a blade bleender with 50 mL of DDW until a uniform
mixture formed. The prepared solution of Punica grana-
tum was centrifuged in order to wash the sample for 2
minutes, with next step of filtering through whatsman fil-
ter paper and stored at -18◦C for further utilization. Pre-
cursor solution was prepared by using 30 wt% Chloroau-
ric acids (HAuCl4) in 50 mL of DDW to form a 0.1 g/L
solution. 0.75 mL of fruit extract of Punica granatum
and Fragaria (Strawberry) was added in prepared pre-
cursor solution in order to synthesized gold nanoparti-
cles. It was perceive that the color of solution transform
into deep purple/red within few seconds under constant
stirring at room temperature while slight heating (35◦C-
40◦C) for several minutes were compulsory respectively.
The color transformation as shown in figure 1 was due to
presence of AuNP, as clarified through UV-vis absorp-
tion at 530 nm and 528 nm. (see Figure 1).

Figure 1. Preparation of GNPs (Color changes after 15mins to
30mins)
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3 Results and Discussion

3.1 SEM analysis

The SEM examination was follow out with Hitachi
S-4500 SEM. For imaging, carbon-coated grid utilize
for thin film preparation of samples, coated with carbon
were taken in a small amount needed on the grid and ex-
tra solution is remove by using paper. Then the film was
dried by putting SEM grid under mercury lamp for five
minutes and the picture was made. The GNPs has spher-
ical like shape with an average diameter ranging from
25-35 nm as clearly shown in Figure 2(A), which were
synthesized at room temperature using Punica granatum
fruit extract. The SEM images in Figure 2(B) clearly
indicates aggregation formation of spherical like GNPs
with an average diameter ranging from 30-45nm as pre-
pared by using Fragaria. The SEM images clearly illus-
trate that, prepared GNPs from fruit extract of Fragaria
are more stabilized than Punica granatum due to con-
taining rich primary and secondary metabolisms.

(A)

(B)

Figure 2. (A) SEM images for the GNPs from Punica grana-
tum; (B) SEM images for the GNPs from Fragaria

3.2 EDX analysis

The EDX spectroscopy has carried out in order to
identify elemental percentage in the GNPs samples. It

depends upon the atomic mass of the element which is
to be detected. So, if samples have mixed elements with
wide range of atomic numbers then detector peals size
will not vary with the compositional ratios. The EDX
spectra of prepared GNPs using Punica granatum and
Fragaria are appeared in Figure 3(A) and Figure 3(B),
respectively. The EDX profile indicated highest signal
for GNPs at KeV with some other adjoint elements such
as Mg, K and Ca. The organic compounds (carbon and
oxygen) are absorbed on the surface of GNPs from fruit
extract of Punica granatum and Fragaria, which plays
a great role in the reduction and capping of GNPs. The
EDX spectra illustrate that, Fragaria have rich capping
and reducing capability than Punica granatum.

(A)

(B)

Figure 3. EDX profile of gold nanoparticles prepared from (A)
Punica granatum (B) Fragaria

3.3 UV-Visible spectroscopy analysis

The optical properties and formation of GNPs were
explored by using UV-Visible spectroscopy. The UV-
Visible spectra for GNPs prepared by using fruit ex-
tract of Punica granatum and Fragaria respectively are
shown in Figure 4(A) and Figure 4(B). The maximum
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absorption peaks are observed at 528nm and 530 nm, re-
spectively. These peaks clearly indicate thatthe prepared
GNPs exhibits surface plasmon resonance phenomena at
528 nm and 530nm. It is worth mentioning that the ab-
sorption peak of GNPs prepared by using Fragaria are
broad than prepared by using Punica granatum.

(A)

(B)

Figure 4. (A) shown UV-Visible spectra of GNPs prepared
by using fruit extract of Punica granatum at 528nm (B) indicates
UV-Visible spectra of GNPs by using fruit extract of Fragaria

3.3.1 Animal studies
As indicated by the guidelines and methodology set

by the University of Veterinary and Animal Sciences,
Lahore (UVAS), the animal care was carried out. Two
healthy albino rabbits were chosen. GNPs prepared by
Punica granatum administrated by one of the rabbits and
second one rabbit with GNPs prepared by Fragaria. For
this 0.8 mg of gold nanoparticles were scattered in 0.8 ml
saline buffer solution. So two injections were prepared,
first GNPs prepared from Punica granatum sample and
second from Fragaria sample These injections were in-
jected in male rabbits through marginal ear vein.

After the two and three days of injection, the blood
tests were taken and were broke down for biochemical
blood parameters (glucose and cholesterol levels), renal
function (blood urea and serum Creatinine, liver function

Alanine Transferase [ALT] Alkaline phosphatase [ALP]
and aspartate aminotransferase [AST]).(See Figure 5)

Figure 5. Process for animal studies in albino rabbits. PuG’s
GNPs means gold nanoparticles prepared from Punica granatum
and Fr’s GNPs from Fragaria

Priorly theexaminations about nanoparticles have
demonstrated the AuNPs insert in the bodies of ani-
mals accumulated within liver and kidneys that would be
lethal and results in the demise of animals. This work re-
ported the biocompatibility of GNPs and its consequence
on liver and kidney function have been studied in al-
bino rabbits. All rabbits remain alive during the 3-day
study period after injection, and no progressions were
seen in typical conduct, for example, nourishment uti-
lization and physical capacity.

After injecting prepared gold nanoparticles has shown
a slight increase in ALT levels and AST level as in (Fig-
ure 6 (A,B)) which decreases slightly after the first Day
injection in AST and on the other hand ALT decreases
and went normal on third day after injection. For the
next 3 days after injection, the statistic information was
composed. ALT level at first 2 days tend to get normal-
ize on 3rd day and have no fetal effects and liver destruc-
tion. AST and ALP found in the liver and other tissues is
look over regularly according to the liver along ALT and
bilirubin.

ALP level (Figure 7C) increases on first day and de-
creases on second and third day. Total bilirubin (Figure
7D) directly decreases after the first day injection then
remains same on the second day. The level of total biliru-
bin endure constant for 2 days than expanded somewhat
on the third day in the injected rabbit Fr. GNP. Here,
bilirubin is a component of red blood cells, including the
liver and ALT is an enzyme that is present just in living.

Renal function is evaluated by blood urea (Figure 8E)
and creatinine (Figure 8F) by the kidneys. Our outcomes
demonstrated a little bit decreasing of creatinine level
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Figure 6. Effect of GNPs on ALT and AST level

Figure 7. Effects of GNPs on ALP and Bilirubin level

(Figure 8F) following third days of Fragaria GNPsBy re-
sult of liver and kidney function, it is noteworthy that the
renal function is more influenced by the GNPs of Punica
granatum compared to the GNPs of Fragaria. However,
in this work, it is obviously seen that both liver and
kidney functions are influenced possibly after the two
sorts of gold nanoparticles as reported.[30] The present
study showed that contrast efficiency of both GNPs from
Punica granatum and GNPs from fragaria is in agreement
with previous studies.[31–33]

Figure 8. Effects of GNPs on Urea level and Creatinine level

3.4 Photocatalytic Degradation

Zeolite mixtures with gold nanoparticles (Au-
NPs/zeolite) have been synthesize prior by advancement

of zeolite from coal fly fiery remains, strong waste poi-
son, and its transformation to visible light active pho-
toocatalyst via immobilization of GNPs by both in situ
and ex situ methods.[34] The 5ppm aqueous solution of
methylene blue dye was prepared at room temperature
with prepared GNPs (1 g/L) as photocatalyst. It indicates
the degradation of MB dye molecules with GNPs photo-
catalyst was analyzed as function of time. It is observed
that, degradation rate was drastically increased with in-
creasing time as well as maximum dye was degraded
in 150 mintues of reaction time due to rich availability
of active sites (Figure 9). The smaller particles exhibits
maximum photo catalytic activity because of increasing
surface to volume ratio with maximum number of active
sites.

Figure 9. Degradation rate for the activity measurement with
GNPs (1 g/L) photocatalyst using different extracts

4 Conclusion

The green synthesis technique is financially savvy,
ecofriendly and can create GNPs at room temperature.
Punica granatum and Fragaria fruit extracts have been
used for the development of GNPs with spherical shapes.
The average size of GNPs crystal by Punica granatum
was found to be between 25 nm and 35 nm and that
for GNPs prepared from Fragaria was of the order of 30
nm to 45 nm. This examination demonstrates the im-
pacts of prepared AuNPs tests on liver and kidney ca-
pacities when rabbits were injected intravenously with
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0.80 mg/kg body weight per dose of GNPs prepared by
Punica granatum and Fragaria respectively. The im-
pacts of gold nanoparticles on the biochemical param-
eters were assessed following 1, 2 and 3 days of in-
travenous (IV) injections, including the profile of liver
function and renal (kidney) work. The final products in-
dicates GNPs prepared by Punica granatum have more
impact on the rabbits as contrast with Fragaria as there
was some increase in the level of aspartate amino trans-
ferees (AST), antacid phosphate (ALP), and Serum cre-
atinine however that impact normalize following days
which demonstrates their biocompatibility. It was ob-
served that the photocatalytic activity of the GNPs could
be affected by increasing the number of active sites due
to larger surface to volume ratio.
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Comparison of ethanolic extracts of phytoestrogenic Dendrolobium
lanceolatum and non-phytoestrogenic Raphanus sativus to

mediate green syntheses of silver nanoparticles
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Abstract: Green synthesis of silver nanoparticles (AgNPs) mediated by plant extracts has drawn many
research interests due to its simple, cost-effective, and eco-friendly approach. However, the extracts derived from
phytoestrogenic plants that produce high phenolic-based compounds exhibiting the estrogenic activity have not
yet investigated. This work reported the comparison of ethanolic extracts derived from phytoestogenic Den-
drolobium lanceolatum and non-phytoestrogenic Raphanus sativus to facilitate the green synthesis of AgNPs.
The total phenolic content and the reducing activity of D. lanceolatum extract were significantly higher than
those of R. sativus extract. In addition, the formation of AgNPs could detect in the reaction using D. lanceo-
latum extract, but not R. sativus extract, as determined by the characteristic surface plasmon resonance peak of
AgNPs at 416 nm. The synthesized AgNPs were spherical with an average diameter of 74.60±17.11 nm, which
their face-centered cubic structure of silver was confirmed by X-ray diffraction analysis. Moreover, the synthe-
sized AgNPs exhibited the antibacterial activity against both Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus. The results of this work, thus, suggested the potential uses of phytoestrogenic plants as
a good source of reducing and stabilizing agents for the production of AgNPs and other metallic nanoparticles.

Keywords: antibacterial activity, phenolic content, plant extract, reducing activity, silver nanoparticles

1 Introduction

Silver nanoparticles (AgNPs) have received many re-
search interests of the scientific community due to their
remarkable antibacterial property, which their applica-
tions can be seen in various daily commercial products
such as textiles, personal cares and food storages.[1] In
general, mass production of AgNPs is obtained by us-
ing chemical and physical synthesis approaches, which
have some drawbacks on a use of hazardous solvents,
a generation of toxic by-products and a requirement of
high energy.[2] Green synthesis of AgNPs, therefore,
has drawn a lot of interests as an alternative eco-friendly
and cost-effective approach. A green synthesis refers
to a method that reduces or eliminates a use or gen-
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eration of hazardous substances in reaction processes.
In general, it involves the use of less dangerous and
low environmental-toxic capping substances, reducing
agents and solvents. By this method, the use of natu-
ral biomolecules as an alternative reducing and capping
agents has received increasing interest for green pro-
duction of AgNPs. These natural biomolecules include
polysaccharides,[3] proteins,[4] and phytochemicals.[5] In
addition, green synthesis of nanoparticles can be car-
ried out by living organisms such as bacteria, yeasts and
fungi.[6]

In the past few years, plant extracts have been received
many research interests for green production of AgNPs,
due to the simple and cost-effective process. Phyto-
chemicals and biomolecules in plant extracts can facil-
itate the formation and stabilization of zero valence sil-
ver.[7] Many works reported on the uses of plant extracts
derived from many species and various parts of plants
for the green synthesis of AgNPs including leaf, latex,
stem, root and fruit of edible, ornamental and medicinal
plants. The examples were holy basil (Ocimum sanc-
tum),[8] garlic (Allium sativum),[9] bamboo (Bambusa
arundinacea and Bambusa nutans),[10] Acalypha hisp-
ida,[11] Verbesina encelioides,[12] red ball snake gourd
(Trichosanthes tricuspidata)[13] and bitter melon (Mo-
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mordica charantia).[14] The phytochemicals in these
plant extracts, such as alkaloids, tannins, phenolics,
saponins, terpenoids, proteins, vitamins and polysaccha-
rides, were proposed to serve as reducing agents, while
the complex molecules could assist a stabilization of the
synthesized AgNPs.[15]

One interesting group of plants that can be an ex-
cellent source of active reducing and stabilizing agents
for green synthesis of AgNPs is phytoestrogenic plants,
which their active biomolecules are phytoestrogens, the
phenolic containing phytochemicals with estrogenic ag-
onists and/or antagonists in animals and human that have
been used in many food supplements and cosmetic prod-
ucts.[16] Phytoestrogens are divided into three major
classes; coumestans, prenylflavonoids and isoflavones.
They have the chemical structure, especially phenolic
ring and hydroxylation pattern, similar to estrogen, thus
providing high affinity for binding to estrogen recep-
tors.[17] Due to the high contents of phenolic compounds
in phytoestrogenic plants, whether they exhibit greater
activity to facilitate synthesis of AgNPs has been not in-
vestigated and compared with the non-phytoestrogenic
plants. In Thailand, the dried root of Dendrolobium
lanceolatum, the flowering plant in the legume family,
is commonly used for the folkloric treatment of diuretic
and urinary diseases. Our preliminary result revealed
that its ethanolic extract exhibited a high estrogenic ac-
tivity as determined by a yeast two-hybrid system. Thus,
in this work, we studied the use of the root extract of D.
lanceolatum to mediate a green synthesis of AgNPs. In
addition, the white radish (Raphanus sativus) that con-
tains no phytoestrogenic activity was also used as the
comparison.

2 Materials and methods

2.1 Chemicals

Folin-Ciocalteu reagent and gallic acid were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Silver ni-
trate was purchased from QRC chemical (Auckland,
New Zealand). All chemicals used were of analytical
grade.

2.2 Preparation of plant extracts

Tuberous roots of D. lanceolatum (phytoestrogenic
plant) and R. sativus (non-phytoestrogensic plant) were
purchased from a local market in Nakhon Ratchasima,
Thailand. Samples were sliced in small pieces and dried
in a hot-air oven at 70◦C. The dried samples were ex-
tracted with 80% ethanol at a ratio of 1:10 (w/v) in a
shaker at 80 rpm at ambient temperature for 3 days. Af-

ter passing through a Whatman No. 1 filter paper, the
evaporation of the extract was at 60 ◦C in a rotary evapo-
rator. Crude plant extracts were kept in a tightly-capped
tube and stored at -70◦C.

2.3 Total phenolic assay

The total phenolic content (TPC) was determined by
the Folin-Ciocalteu assay with some modifications.[18]

Briefly, 50 µL of each plant extract (31.25-500 mg/L) or
the standard solution of gallic acid (1-500 µg/mL) were
mixed with 750 µL of 20% sodium carbonate, 250 µL
of 1 M Folin-Ciocalteu reagent and 3.95 mL of distilled
water. A reagent blank was used the distilled water in-
stead of the plant extract. The mixture was incubated
at 50 ◦C for 2 h with light protection. The absorbance
against the reagent blank was measured at 765 nm us-
ing an UV-Visible Specord R© 250 Plus spectrophotome-
ter (Analytik-Jena, Jena, Germany). The TPC was ex-
pressed as milligram gallic acid equivalent per gram of
dried plant extract (mg GAE/g dry weight).

2.4 Reducing activity assay

The reducing activity of the plant extracts was deter-
mined using the slightly modified method from the pre-
vious publication[19] . The D. lanceolatum extract (2.5
mL) of various concentrations (0-1 mg/mL) was mixed
with 2.5 mL of 200 mM sodium phosphate buffer (pH
6.6) and 2.5 mL of 1% potassium ferricyanide. The mix-
ture was incubated at 50 oC for 20 min. After adding 2.5
mL of 10% trichloroacetic acid (w/v), the mixture was
centrifuged at 3000 ×g for 10 min. The upper layer of
the solution (1.25 mL) was removed to a new tube be-
fore mixing with distilled water (1.25 mL) and a freshly
prepared 0.1% ferric chloride (0.25 mL). The reducing
power of the tested samples was evaluated by the color
changes and the measured absorbance at 700 nm. All de-
terminations were from five replications and the results
were expressed as mean±standard deviation.

2.5 Synthesis and characterization of AgNPs

The reaction (10 mL) to synthesize AgNPs contained
8.6 mL of 200 mg/mL plant extract (D. lanceolatum or
R. sativus) and 1.4 mL of 300 mM silver nitrate. The
reaction was carried out at 60 ◦C with the light protec-
tion for 24 h. The formation of AgNPs was monitored
from the reaction color change to dark brown and the
presence of the characteristic surface plasmon resonance
(SPR) peak of silver by measuring the absorbance at the
wavelengths of 300-900 nm. The reactions containing
silver nitrate and various concentrations (20-200 mg/mL)
of D. lanceolatum extract were carried out at 60 ◦C at 12
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h to study the effect of the extract concentrations. In ad-
dition, to study the effect of reaction times, the formation
of AgNPs was monitored in a time course of 48 h, which
the reactions contained silver nitrate and the plant extract
(200 mg/mL) and incubated at 60◦C.

To determine their crystalline structure, the synthe-
sized AgNPs were subjected to X-ray diffraction (XRD;
Bruker, Bremen, Germany) analysis using D8 Advance
diffractometer with Cu Kα radiation, λ=1.54 Å in the
2θ range of 30◦-80◦. The instrument was calibrated by
using the lanthanum hexaboride (LaB6) before analysis.

The morphology and size of AgNPs were determined
from the taken scanning electron microscope (SEM) im-
ages using a JSM 7800F SEM (JEOL, Tokyo, Japan)
provided with a Schottky type field emission and lower
electron detector at an accelerating voltage of 15 kV.
The suspension of AgNPs was dropped on a carbon
tape, allowed to completely dry at room temperature and
sputter-coated with gold immediately before observing.
An average diameter of AgNPs was determined from the
SEM images at random locations (n=300) using the Im-
ageJ open-access software.[20]

2.6 Antibacterial Assay

The antibacterial activity of the produced AgNPs
against bacteria was evaluated by the minimum in-
hibitory concentration (MIC) and the minimum bacte-
ricidal concentration (MBC). The representative Gram-
negative and Gram-positive bacteria in this work were
Escherichia coli (ATCC 25922) and Staphylococcus au-
reus (ATCC 25923), respectively. The MIC referred to
the minimum concentration of AgNPs that inhibited bac-
terial growth. The MBC referred to the minimum con-
centration of AgNPs that completely killed the bacteria.
The stock suspension of AgNPs was serially two-fold di-
luted by Mueller-Hinton (MH) broth (0.81-26.0 µg/mL)
and incubated with the tested bacteria at a concentration
of 5×105 colony-forming units/mL (CFU/mL) at 37 ◦C
for 24 h. The bacterial growth was measured by the op-
tical density at 600 nm to determine the MIC. To deter-
mine the MBC, the cultures (100 µL) at MIC and two
above concentrations were cultured on MH-agar plates
at 37◦C for 24 h. The MBC was determined by the con-
centration of AgNPs showing no bacterial growth on the
culture plate.[21]

2.7 Statistical analysis

The statistical analysis of two data groups was per-
formed using the independent-samples t-test. The anal-
ysis of more than two data groups was performed using
the one-way analysis of variance (ANOVA) with SPSS
18.0 for Windows software (SPSS Inc., Chicago, Illinois,

USA). The multiple comparisons among data groups
were analyzed by Tukey’s honest significant test. The
significant difference among groups was considered at a
level of P<0.05.

3 Results and Discussion

3.1 Total phenolic content and reducing ac-
tivity of the plant extracts

The tuberous roots of D. lanceolatum (phytoestro-
genic plant) and R. sativus (non-phytoestrogenic plant)
were extracted in 80% ethanol, which their extraction
yields were 1.00±0.01 and 5.10±0.01 g/100g dried
weight of the plants, respectively. The total phenolic
contents (TPC) of the plant extracts are shown in Fig-
ure 1A. The TPC of the D. lanceolatum extract was
423.3±19.3 mg GAE/g dry weight, which was approx-
imately 14.7 folds higher than that of the R. sativus ex-
tract (28.8±3.6 mg GAE/g dry weight). The major phe-
nolic compounds of the D. lanceolatum extract, espe-
cially ones possessing phytoestrogenic activity, are likely
in the groups of prenylflavonoids and dibenzocyclohep-
tene derivatives.[22]

The reducing activities of D. lanceolatum and R.
sativus extracts are shown in Figure 1B, which both ex-
tracts exhibited the reducing activity in a dose-dependent
manner. However, the reducing activity of the D. lance-
olatum extract was significantly higher than that of the
R. sativus extract. At the concentration of 1 mg/mL, the
reducing activity of the D. lanceolatum extract was ap-
proximately 3.4 folds higher than that of the R. sativus
extract, well corresponding to the different TPCs of both
plant extracts. It is likely that the hydroxyl groups of
the phenolic compounds of these plant extracts may play
a crucial role as the radical scavengers.[23] Thus, they
exhibited the reducing activity but at different levels ac-
cording to their phenolic compound contents.

3.2 Synthesis and characterization of AgNPs

The D. lanceolatum and R. sativus extracts were used
to synthesize AgNPs by incubating with silver nitrate at
60◦C for 24 h without the addition of other chemical re-
ducing and stabilizing agents. The UV-Vis spectra of the
reactions are shown in Figure 2. The color of the reac-
tion changing from orange to dark brown color suggested
the formation of AgNPs. In addition, the presence of
synthesized AgNPs was determined by the characteris-
tic surface plasmon resonance (SPR) peak of AgNPs at
416 nm.[24] In this reaction, it is likely that the phenolic
compounds of the D. lanceolatum extract serving as the
reducing agents to reduce Ag+ into Ag0 and eventually
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Figure 1. The total phenolic contents (A) and the reducing activities (B) of the D. lanceolatum and R. sativus extracts

form AgNPs, while the complex structure of proteins and
carbohydrates of the extract assists the stabilization of
colloidal AgNPs in an aqueous environment.[25] In con-
trast to, this characteristic SPR peak was not detected in
the reaction containing the R. sativus extract, suggesting
that the R. sativus extract was unable to promote the syn-
thesis of AgNPs at this condition. It was noted that the
presence of the absorption peak at 350 nm of both re-
actions was probably due to the absorption of phenolic
compounds of the extracts.[26]

Figure 2. Different UV-Vis spectra of the reactions to synthe-
size AgNPs that were mediated by D. lanceolatum and R. sativus
extracts

The effects of the concentration of D. lanceolatum
extract and the reaction time on the synthesis of Ag-
NPs were also studied. The UV-Vis spectra of the reac-

tions containing various concentrations (20-200 mg/mL)
of the D. lanceolatum extract at 12 h of incubation are
shown in Figure 3A. The formation of AgNPs as indi-
cated by the characteristic SPR peak was observed only
in the reactions containing 100 and 200 mg/mL of D.
lanceolatum extract. The SPR peak intensity was in-
creased according to the increased concentrations of D.
lanceolatum extract, suggesting that the formation of
AgNPs depended on the concentration of the extract.
The phenolic compounds of the D. lanceolatum extract
might play the significant role to reduce Ag+ to Ag0 for
a formation of silver nuclei via the protein and electron
transfer mechanisms as well as to stabilize the antioxi-
dant molecules in the reaction. In addition, the pheno-
lic compounds could facilitate the growth of AgNPs via
the binding to the silver clusters and assist the reduction
of silver ions at the surface of the clusters to form Ag-
NPs.[27]

In addition, the effect of the reaction time on the syn-
thesis of AgNPs was studied. The formation of AgNPs in
the reaction containing the D. lanceolatum extract (200
mg/mL) was monitored in a time course of 48 h (Fig-
ure 3B). The formation of AgNPs was detected in the
reactions at 12-48 h as determined by the characteristic
SPR peak of AgNPs and the changes of reaction color
(light yellow to dark brown). The production yield of
AgNPs in a time course of 48 h was increased in a dose-
dependence as indicated by the SPR peak intensity.

The shape and size of the synthesized AgNPs were de-
termined by the taken SEM images. Figure 4A shows
the representative SEM image revealing the spherical
morphology of the synthesized AgNPs. The diameters
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Figure 3. The UV-Vis spectra of the formation of AgNPs using different concentrations of D. lanceolatum extract (A) and different
reaction times (B)

of 300 particles, randomly picked, were in a range of
40.8-134.0 nm (Figure 4B), which their average size was
74.60±17.11 nm. Although the formation of spherical
AgNPs has not fully understood, it speculates that the
binding between Ag+ and biomolecules derived from
the D. lanceolatum extract leads to isotropic growth of
the silver clusters and formation of spherical nanoparti-
cles.[28]

Figure 4. The representative SEM image (A) and the histogram
of size distribution (B) of the synthesized AgNPs

In Figure 5, the XRD pattern shows the numbers
of Bragg reflections with 2 theta values of 38.11◦,
44.30◦, 64.44◦ and 77.39◦ corresponding to the (111),
(200), (220) and (311) lattice planes, indicating the face-
centered cubic structure (fcc) of silver according to the
JCPDS file No. 03-065-287.[29] Two unassigned peaks
observed in the XRD pattern were likely the crystalliza-
tion of bioorganic phases derived from the plant extract
that occurred on the surface of the nanoparticles.[30]

3.3 Antibacterial Activity

The antibacterial activity of the synthesized AgNPs
mediated by the D. lanceolatum extract was determined
by a microbroth dilution method against the representa-

Figure 5. XRD analysis of the synthesized AgNPs. Unassigned
peaks indicated as *

tive Gram-negative E. coli and Gram-positive S. aureus.
The growths of both bacterial strains in response to var-
ious concentrations of AgNPs was monitored in a time
course of 24 h. As seen in Figure 6, AgNPs exhibited
the antibacterial activity against both bacterial strains in
a dose-dependent response, which the increased concen-
trations of AgNPs resulted in more growth reduction of
both bacterial strains. The minimal concentrations of
AgNPs causing the inhibition of the E. coli and S. au-
reus growths (MICs) were equally at 6.5 µg/mL. The
minimal concentrations of AgNPs that completely killed
the bacteria (MBCs) were higher than the MICs, which
the MBCs of AgNPs against E. coli and S. aureus were
13.0 and 26.0 µg/mL, respectively. The less susceptibil-
ity of S. aureus to AgNPs as compared with E. coli was
reported to relate to the thicker peptidoglycan layer of
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Figure 6. The growth curves of E. coli (A) and S. aureus (B) in response to different concentrations of AgNPs in a time course of 24 h

the Gram-positive bacteria.[31] The penetration of Ag-
NPs inside the bacterial cells is proposed via direct dif-
fusion and endocytosis, depending on their sizes.[32] Ag-
NPs with the diameters in a range of 10-100 nm can enter
the cells via the endocytosis mechanism, while AgNPs of
less than 10 nm prefer to penetrate the cell wall via di-
rect diffusion since their lower adhesion and stretching
energy are not sufficient for endocytosis.[33] The pene-
trated AgNPs can disrupt bacterial enzyme function, in-
terfere DNA transcription, interrupt DNA replication and
eventually cause cell death.[34] In addition, some Ag-
NPs attached on the cell surface can damage and disrupt
the cell permeability and respiration as well as cause a
formation of reactive oxygen species (ROS) in bacterial
cells.[35]

4 Conclusion

This work demonstrated that the extract derived from
phytoestrogenic D. lanceolatum actively induced the for-
mation of AgNPs as its biomolecules, especially pheno-
lic compounds, served as the reducing agents and the
complex structural compounds stabilized the formed Ag-
NPs. In comparison with the extract derived from the
non-phytoestrogenic R. sativus, at the same condition,
no formation of AgNPs was detected as determined by
the presence of the characteristic SPR peak of AgNPs,
which was likely due to the less TPC and reducing ac-
tivity of the R. sativus extract. The synthesized AgNPs
were spherical with an average diameter of 74.60±17.11
nm. The identity of the synthesized particles was con-
firmed by XRD analysis, which the crystalline structure
of the synthesized particles was the face-centered cubic
geometry of silver. The produced AgNPs exhibited the
antibacterial activity against both E. coli and S. aureus.

However, E. coli was more susceptible to AgNPs than S.
aureus as indicated by the MBCs, well corresponding to
the different thickness of their cell walls.
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