
Introduction

Toxicity of a substance is a measure of its harmful effects on
living organisms (Lu,1996). Basically, toxicity may be cate-
gorized into three types, viz., chemical, biological and phys-
ical toxicity (Lu,1996). Both inorganic and organic chemi-
cals may show toxic effects on living beings, for example,
inorganic substance such as lead, chlorine gas and hydroflu-
oric acid and organic compounds such as methyl alcohol
cause damaging effects on living organisms. Bacteria and
viruses are the primary entities that induce diseases into
plants and animals, including human beings. Various harm-
ful incidents to the living systems such as concussion,
inhalation of toxic chemicals and ionization radiation, e.g.,
X-rays or various radioactive rays (α, β and γ) may be con-
sidered as physical toxicity. Toxicity of metals and their var-
ious derivatives play dominant role in damaging or having a
deleterious effect on organisms (Seiler et al, 1988).The
importance of some heavy toxic metals e.g., arsenic, lead,
mercury and cadmium is remarkable. Among these, arsenic
toxicity has attracted a large amount of attention from
researchers due to its grievous effect and at the same times
its usefulness towards living beings.  

Arsenic is a metalloid found in water, soil and air from nat-
ural and anthropogenic sources. It exists in inorganic and
organic forms and in different oxidation states (-3, 0 +3, +5). 

In the case of environment exposure, toxicologist is primari-
ly concerned with arsenic in the trivalent and pentavalent
oxidation state. Fig-1 shows the structure of several water
soluble arsenicals of toxicological relevance. The more com-
monly known arsenic compounds, arsenate and arsenite are
the anionic forms of arsenic acid and arsenous acid, respec-
tively. Monomethylarsenic acid (MMAv) and dimethy-
larsenic acid (DMAv) are stable methylated mammalian
metabolites of inorganic arsenic and are primarily exerted in
the urine (ToxFAQs TM, 2007). 

An interesting event is that DMAv and sodium salt of MMAv

have been used as herbicides. Arsenic is generally more toxic
in its inorganic state compared with its organic form (Petrick
et al, 2001), e.g., methylation of trivalent inorganic arsenic
to form a pentavalent organic arsenic decreases the degree of
toxicity (Chris et al, 2006). Although arsenic has some use-
fulness in human safety and civilization, e.g., as a pesticide,
preserving or pressure-treating wood, producing glass, in
copper and other metal manufacturing , in the electronics
industry as well as in the medical science, it is more familiar
due to its poisonous effects on living  beings, e.g., thicken-
ing and discoloration of skin, damaging blood vessels,
abnormal heart rhythm and blindness including carcino-
genicity (Seiler et al, 1988, Petrick et al, 2001).Therefore, 
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knowledge of its degree of toxicity along with that of its var-
ious derivatives has become essential to maintain environ-
mental safety and security. Experimental determination of
toxicity of these water soluble arsenicals is difficult due to
time, cost and availability of sources associated with it. In
this regard, theoretical modeling has been developed to
explain the toxicity of these arsenicals in terms of their
vibrational frequency and structural parameters, e.g., geo-
metric, topological, electronic and quantum chemical etc.

Raman spectral analysis is capable of supplying more
detailed information about the entire biochemical composi-
tion of a cell than traditional assays (such as MTT or LDH)
in a shorter period of time (Krafft 2004, Notingher et al,
2004). Raman spectroscopy, when combined with the analyt-
ical methods presented, is a powerful tool for cellular analy-
sis and in vitro toxicological testing on human cells. It offers
the opportunity to enhance the understanding of how chem-
icals react with human cells in real time and may find appli-
cations in the toxicology screening of other drugs, chemicals
and new biomaterials (Parr et al, 1989), with a range of cell
types. This research also supports the goal of an alternative
testing system that reduces economic cost and increases
throughput without animal testing, as stipulated by the EU
[(E.C.), 2001]. 

Computational details

The total energies and the atomic/molecular orbital energies
(ψHOMO and ψLUMO) of all water soluble toxic arsenicals
have been calculated at the B3LYP level of theory (Chattaraj
PK 2009, Chattaraj et al, 2009 ,Gaussian 09W) with 6-
31+G[d] basis set using Gaussian 09W program package
(Mulliken,1995). Calculation has been performed for the
water soluble arsenicals like arseneous acid, arsenic acid,
MMA (III), DMA (III), MMA (V) and DMA (V) as well. In 

all cases, optimum geometry has been obtained along with
the vibrational frequency at the B3LYP/6-31+G[d] level of
theory using Gaussian 09W. All the necessary atomic
charges have been calculated using the Mulliken population
analysis (MPA) (Parr, 1999).  Electrophilicities (Chattaraj et
al 2009, Petrick et al 2000) have been calculated with help
of electron affinity and ionization potential of the concerned
optimized structure.

Water soluble arsenicals

(i). Arsenic acid: it is possible to optimize arsenic acid in the
shape of arsenic tetrahedral. The As-O bond distance is
found to be 1.8700 Å. The vibrational frequency (intensity)
is calculated to be 3924.94 cm-1(6.7km/mol) and scattering
activity 172.168(A4/AMU). Electron affinity and Dipole 
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Arsenic acid         Arsenous acid            MMA (V)                  DMA (V)               MMA(III)                   DMA(III)

Fig. 1: The structure of water soluble toxic arsenicals

Fig. 2: The Vibrational spectrum of Arsenic acid   
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moment are -0.1147 and 2.0799 respectively. The Mulliken
atomic charge is -1.202. Although IR frequency (intensity) is
499.469 cm-1 (1200 epsilon).The computed vibrational spec-
trum has been shown in fig-2

(ii) Arsenous acid: In this optimized configuration the bond
distance of As-O is found to be 1.8700Å. Electron affinity
and dipole moment are 0.03749 and 2.78 respectively.
Mulliken atomic charge of the molecule is -0.857. Rational
Infrared frequency is 524.362 cm-1 which epsilon value 700.
It has strong vibration whose frequency and intensity is
3910.22 cm-1 and 7.99 km/mole. The vibrational spectrum
calculated from the first principles has been shown in fig-3.

Monomethylarsenous acid [MMA (III)]

In this cluster the bond distance of As-O and As-C are 1.8700
Å and 1.9800Å respectively. Electron affinity and dipole
moment are -0.01265 and 1.5099. Mulliken Atomic charge
of the calculated geometry is 0.718. The highest frequency
of IR is 541.67 cm-1 where epsilon value is 450. The calcu-
lated spectrum of MMA (III) has been shown in fig-4.The
complex has several vibrational modes of frequencies and
those are 3907.22(4.65), 3393(2.85), 3275.65(4.8),
1470.56(0.5), 716.31(.1), 502(0.88) cm-1 (km/mol).This is
an example of strong internal vibrations within the system. 

Dimethylarsenous acid [DMA (III)]

The trigonal planer geometric shape of DMA (III) has been
optimized. The bond length of As-O is 1.8700Å and As-C is
1.9800Å . 0.00851 and 1.8355 are the electron affinity and
dipole moment. Mulliken atomic charge is 0.717. The high-
est frequency of IR is 562.40 cm-1 where epsilon value is
265. In fig-5 the spectrum of DMA (III) shows several fre-

quency modes near most like MMA (III).  Remarkable fre-
quency of this cluster are 3899.6(5.25), 3391.16(4.1),
3269.1(7.1), 1445.32(0.85) and 500.64(2.18) cm-1 (km/mol).

Monomethyl arsenic acid [MMA (V)]

In this optimized geometry one double bond with 1.8700Å
bond length between As-O and As-C bond distance is
1.9800Å. The Dipole moment and electron affinity are
3.0573 and 0.06202 accordingly. Muliken atomic charge is -

Fig. 3: The Vibrational spectrum of arsenous acid

Fig. 4: The vibrational spectrum of MMA(III)

Fig. 5: The vibrational spectrum of DMA(III)
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0.886. Infra red frequency of this geometry shows 521.168
and epsilon value is 700. Significant vibrational frequencies
(Intensities) are 3917(7.95), 3293.72(5.2), 3386.45(3.1),
1465.66(0.6), 484.81(1.1), 404.233(0.9) and 314.306(.5).

Dimethyl arsenic acid[DMA (V)]

The bond distance of As-O and As-C are 1.8700Å  and
1.9800Å respectively and have double bond with bond dis-
tance 1.9800 Å. Electron affinity and dipole moment are -
0.02196 and 4.7472. Mulliken Atomic charge of the calculat-
ed geometry is 0.881. IR highest frequency is 533.461 cm-1

where epsilon value is 330. The calculated spectrum of
DMA (V) is shown in fig-7.The complex has several vibra-
tional modes the frequencies of which are 3282.58(7.3),
3399.98(5.0), 3911.05(5.05), 1464.64(1.3), 487.907(2.2),
117(0.90) cm-1 (km/mol).

Results and Dicussion

The degree of harmful effect due to highly toxic arsenicals is
important information required for environmental safety. In
this regard, the potential of the mode of vibrational frequen-
cies (Raman spectroscopy), electrophilicity (ω) and atomic
charge (Q) have been investigated in the following subsec-
tions.

Acute toxicity

The acute toxicity of arsenic is related to its chemical form
and oxidation state. The LD50 values of several arsenicals in
laboratory animals have been displayed in Table I (Styblo et
al,2000). A basic tenet is that the acute toxicity of trivalent
arsenic is greater than pentavalent arsenic (Styblo et
al,1997]. For example, in the mouse, the oral LD50 of arsenic
trioxide is more than 36-fold lower than that of MMA (V). In

the human adult, the lethal range of inorganic arsenic is esti-
mated at a dose of 1-3 mg As/kg ( Ellenhorn, 1997). The
characteristics of severe acute arsenic toxicity in human
include gastrointestinal discomfort, vomiting, diarrhoea,
bloody urine, anuria, shock, convulsions, coma and death.

For many years it was believed that the acute toxicity of
inorganic arsenic was, greater than organic arsenic and
hence, the methylation of inorganic arsenic was a detoxifica-
tion reaction. This dogma was held because DMA (V), the
primary excreted metabolite of inorganic arsenic. However,
Cullen et al. (1989) found that a derivative of MMA (III) was
more than arsenite to the microorganism Candida humicola
in virto (Styblo et al,1999). Human cells are also more sen-
sitive to the cytotoxic effects of MMM (III) than arsenite
(Styblo, 1995, Verstovsek, 2004,Petrick et al., 2000; Styblo
et al., 1999, 2000). DMA (III) behaves at least as arsenite in
several human cell types (Styblo et al., 2000). Recently
Petrick  et al. (2001) reported that MMA (III) has a lower
LD50 than arsenite in the hamster (Michael, 2002). The

Fig. 6: The Vibrational spectrum of MMA(V)

Fig. 7: The vibrational spectrum of DMA(V)
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greater acute toxicity of the methylated trivalent intermedi-
ates of arsenic suggests that the methylation of arsenic is not
solely a detoxification mechanism. 

Toxicity level prediction using computed parameter

A set of total six water soluble toxic arsenicals were select-
ed [Table I] as experimental objects to estimate the degree of
toxicity. Table II presents the atomic energy, electrophilicity
and mulliken charges values with the experimental and cal-
culated toxicity values in terms of LD50. 

Two parameter regression models have been applied using
the electrophilicity index and atomic charges. The regression
model for this experiment is as follows:

Calc.LD50 = 152.22×103× (10.17)ω/.2 × (Q/.2)9.49

Although electrophilicity and mulliken atomic charge indi-
vidually have a good predictive potential that show a singu-
lar significance. Arsenic Compound having less elec-
trophilicity index value usually shows higher level of toxic-
ity. On the contrary highly mulliken atomic charged arsenic
compound shows lower level of toxicity. Therefore, elec-
trophilicity and atomic charge have been applied to measure
the toxicity of those arsenicals. It has been found that MMA
(III) shows more toxicity (LD50= 2.099) and MMA (V) less
toxicity (LD50= 940.662), as expected from literature (In
order, not in quantity).  

The derivatives of the arsenic exist in both the inorganic and
organic forms in the environment. Although inorganic 

arsenic are more toxic compared with the organic one in gen-
eral, both types have harmful effects on organisms, and
therefore estimation of their degree of toxicity is important.
The corresponding regression model has been shown in fig-8

A hypothesis can be made based on analytical observation on
mode of vibration, Raman activity and intensity of the fre-
quency from figures [fig-2, 3, 4, 5, 6, 7] of calculated arseni-
cals. According to this hypothesis, Raman activity spectrum
may be expressed the toxicity level for the water soluble
toxic arsenicals. For MMA (III),  it has been observed that 

the value of intensity (4.8) and Raman activity (114.53) for
the significant frequency is low where as for MMA (V), the
value of intensity (7.95) and Raman activity (139) is high. It 

Table I: Acute toxicity of arsenic in laboratory 

Chemical Species Rout LD50(mg/kg) Reference

MMAIII Hamster ip 2 Petrick et al.(2001)
DMAIII Hamster ip 6 Petrick et al.(2001)
Arsenite Mouse im 8 Petrick et al.(2001)
Arsenate Mouse im 22 Bencko et al.(1978)
MMAV Mouse Oral 916 Kaise et al.(1989)
DMAV Mouse Oral 648 Kaise et al.(1989)

Table II: Atomic energy(E), electrophilicity index (ω) and experimental and calculated LD50 values for water
soluble toxic arsenicals

Chemical

MMAIII

DMAIII

Arsenous acid
Arsenic acid
MMAV

DMAV

E(au)
-2425.29
-2389.38
-2461.21
-2536.45
-2500.49
-2464.58

ω(eV)
0.0619
0.0646
0.0936
0.1073
0.1271
0.1114

Q
-0.718
-0.721
-0.857
-0.860
-1.031
-0.890

Expt. LD50(mg/kg)

2       
6
8  
22            
916
648

Calculated LD50

2.099
3.127
77.125
280.173
940.662
373.100

Fig. 8: Experimental verses calculated toxicity

(LD50) values using two parameter regres-

sion models of arsenicals
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is remarkable that the lowest toxic compound shows highest
intensity on the contrary highest toxic compound shows low-
est intensity. Again mode of vibration and Raman activity
may also lead a good contribution to assume the level of tox-
icity though they have no singular behaviour on that. 

Conclusion

Atomic charge (Q) and electrophilicity index (ω) are capable
of explaining the level of toxicity of water soluble arsenicals.
The toxicity of different arsenic compound and also toxicity
of different oxidation states of an element can be predicted
using this model. Raman activity spectrum can be used to
explain and predict the level of toxicity of various arsenic
compounds. The result of this research would be helpful to
get important information for environmental safety and to
make a toxicity meter of water soluble arsenicals.
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