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Small Displacement Dynamics of Elastoplastic Structures
by Mathematical Programming

Mohammad A. Al-Samara’

Received on Aug. 3, 2004 Accepted for publication on Feb. 13, 2005

Abstract

A new approach depending on the mathematical programming techniques for the
analysis of elastoplastic structures under dynamic loadings will be presented in this
investigation.

The analytical model of the structure will be considered as an assembly of finite
elements and the material of the structure is perfectly plastic with allowance for plastic
unstressing. The development of plasticity is assumed to be confined to ends of the
elements and the yield surface for each critical section in the space of the interacting
stress resultants will be piece wise linearised. The mass of each element is assumed to
be concentrated in point masses at each of its nodes. The total mass concentrated at any
node of the complete structure is then the sum of the nodal contributions from all
elements attached to the node.

Basic structural relations are presented in incremental form suitable for utilizing
mathematical programming techniques where the original physical structural properties
are maintained. These relations are manipulated to produce the governing formulation in
the form of a differential linear complementary problem (DLCP). By utilizing an
implicit direct integration method, a numerical procedure for solving this DLCP is
presented. In this procedure a linear complementary problem has to be solved at every
time increment by a suitable pivoting quadratic programming algorithm. Two numerical
examples are solved and comparisons with elastic and rigid plastic solutions are made.

1. Introduction:

Elastoplastic analysis of structures subjected to dynamic excitations may be
considered of vital importance for economizing the cost of the structure provided the
designer can accept some permanent distortion to occur in the structure. Methods for
performing such analysis can be categorized in two classes:

© 2005 by Yarmouk University, Irbid, Jordan.
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a) A tangent stiffness method in which the physical properties of the system change
during deformation and hence the stiffness matrix of the structure must be updated
once plastification has changed during the analysis ([1] and [2]).

b) A pseudo force method in which the system physical properties are kept constant
during the deformation process and accounts for the nonlinear behaviour is taken by
applying extra forces (pseudo forces) the effect of which produces the true
nonlinear behaviour of the structure. [3]

In the current investigation a new approach depending on the mathematical
programming methods will be presented, The original physical properties and hence the
elastic stiffness will be maintained, Further, there will be no need for applying pseudo
forces to obtain the true nonlinear behaviour. In this approach a formulation depending
on the nodal description of statics and kinematics will be presented. The numerical
solution of this formulation will also be discussed. To demonstrate this formulation, two
numerical examples will be solved.

In this investigation idealization of frame structure problems may be achieved by
discretising the structure into a set of beam like elements of finite size, the terminals of
which connect together at node points. Adjacent to each node is a critical section at the
end of each element. The development of plasticity is assumed to be confined to these
sections only. The yield surface for each critical section in the space of the interacting
stress resultants will be assumed piecewise linearised [2].

The mass of each element is assumed to be concentrated in point masses (have no
rotational inertia) at each of its nodes. The distribution of the element mass to these
points should be determined by statics. The total mass concentrated at any node of the
complete structure is then the sum of the nodal contributions from all elements attached
to the node, each of such masses can have a maximum of two translational degrees of
freedom (dynamic degrees of freedom). The mass matrix so obtained is always diagonal.

Once the structural model has been established in the above ways, it is convenient to
associate each element with a positive direction (arrow ) (see examples). The graph
model may be considered as a set of oriented branches (elements) connecting any two
points (nodes). The connectivity properties of the branches in the graph can be expressed
by the incidence of the branches at the nodes (nodal connectivity). These allow the
statics and kinematics of the structure to be described in a nodal description ([5] and [6]).

2. Basic Structural Relations:

The nodal description of statics through d'Alembert's principle and of kinematics
can be established in incremental form as [6]:

AX Ax A
2" a5 ai] {-mf =0 (1), {as;=|a_|sq (2a,b,c)
- Ap Au Ad
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where X and x are, respectively, the stress and strain resultant vectors; A and p are,
respectively, the applied load and inertia force vectors; 8 is the load application point
displacement vectors; u are the displacements of the masses (dynamic degrees of
freedom); q is a vector containing the kinematic degrees of freedom (a set of
independent generalized coordinates sufficient to describe the kinematics of the
structure); A , Ag and Ag are constant matrices, under the small displacement

assumption, depending on the way by which the structure is discretised and its geometric
properties; A denotes increment of the indicated variable, T denotes transpose.

If a lumped mass model is adopted, then the increments of inertia forces yu can be
given as:

FY T YN S 3)

where: m is a diagonal mass matrix; superimposed dot denotes differentiation with
respect to time.

The structural material will be assumed elastoplastic. Thus the increment of the
strain resultants may be split into elastic part Ax and plastic part Axp as follows:

AX = AXE F AXP..oooiieee e @)

As an elastic relation, a stiffness relation may be used

where : k is a block diagonal stiffness matrix

Plasticity relations presented first by Maier [4] for non- holonomic linearised yield
surface can be employed in incremental form as

T —X A
Y = [N x*] - ), { AXS} { N }Ax* (7a,b)

where: Yx are the plastic potentials; N is the incidence matrix containing the
components of the out word normals to the yield surfaces in all critical sections; X+ is
the plastic stress resultant capacity vector; x= is the plastic multipliers vector; D is the
plastic dissipation.

3. Governing Formulation:

From relation (2c) it is possible to write Al in terms of Aq as:

combining (3) and (9) and substituting the result into (1) yields
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ATAXAM AG=RA7 AN oo (10)

where: M= AZ m A,

M will be assumed positive definite; if not so, either a static condensation
procedure will be used to eliminate the singularity or a distributed mass model must be
used instead.

Combining relation (2a) and (4), one obtains

AR =B AQ = AR s (11)
Substituting (7a) into this and the result into (5) yields

AX =k A AG—k N AX, e (12)
Relation (6) can be written at time t in incremental form as

Yoo = Yo - NTAX s (13a)
where: Vi =X - NT X[ (13b)

Feeding (12) into (10) and (13a)and arranging, one produces

-M olfag . —~A"kA ATkN ||Aq N 0 |-AjAML
0o ollAx, N'kA -NTkN|[|Ax, [ |Y. [ | ¥
Y, >0, Y Ax,=0, Ax,>0

This formulation represents a differential linear complementarity problem (DLCP)
[6].
4. Numerical Solution Procedure:

The numerical solution will be founded on one of the direct integration methods, In
this solution, one normally assumes the dynamic state variables are known up to time t;, ,
and approximate values for these variables are required at time t, 1. As demonstrated

by Bathe [2], the Newmark method is more flexible and easier to implement, and it
yields better accuracy at peak values since it does not suffer from any artificial damping.
Moreover, it is unconditionally stable in the linear case where, as will be shown later in
the examples, a good part of the response will be linearly elastic, For all these reasons
this method will be employed so that the accelerations and velocities at time t,, | may

be approximated by means of the following relations:

An+1=30Aq-21 g -(22 - 1) oo (15a)
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An41 =33 A4 -24 Q-85 Qg cooveveeeiieeeeecc (15b)

where: Aq are the increments of the kinematic degrees of freedom;

qp.qp are respectively the velocity and acceleration vectors at time t;,

a(),aj,...,a5 are numerical integration coefficients given by:

1 1
an = a1 = — , a, =—
0 OAtL? LT oAt > 2a
Y Y Y
ay,=—— , azg=—-1, ag=(—-1)At
3 aAt 4 a ° 20

in which o and y are two parameters that can be determined to obtain integration
accuracy and stability. When y = 1/2 and o = 1/6 the above relations correspond to the
linear acceleration method. Newmark [7] originally proposed, as an unconditionally

stable scheme in the linear case, the constant average acceleration method, in witch y =
1/2 and o = 1/4.

Introducing relations (15) into DLCP (14) and arranging yields:

A
{— K ATkN 0} 9 —AF,_

Ax, +=
NTkA —NTkN I Y,
*n+1
Y..20, Y. Ax =0, Ax >0
............ (16)
where: K = AT k A + M (17a)
AF . =RA7 AA_, +M (3, g, +a, )i (17b)

1 is a unit matrix.

The Numerical Procedure will be called the self-correcting because it takes into
account the out-of balance forces inherited from the preceding time increment. These
forces are normally produced by the fact that the equilibrium equations (the first set of
equations of DLCP (14)) are not entirely satisfied by the solution resulting from solving
LCP (16). This is because relation (15a) is an approximate estimate for qp4+1.

The out-of-balance forces can be calculated from the equilibrium equations in total
variables as
r =A; A

n n
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In order to obtain better accuracy, these forces must be applied on the structure as if
they were external loads, i.e. AFy, | 1 becomes:

AF . =A;A_,—-A"X_+Ma,q, +(a,—1)g,] e (19)
Steps of procedure:
1. Establish ATkA , ATKN R NTkN , M = AdTmAd , and hence the effective
stiffness matrix K = ATKA + ag M can be computed.
2. Assume the initial conditions qp, 4y, dp> XEn> XPn> XpsX#p and Y=g are known.
3. Calculate AFy, 1 from relation (19).

4. Solve LCP (16) by the pivoting procedure developed by Al-Samara[6] and reported
in Al-Samara[8] to obtain Aq, Ax« and Yxp1q

5. Calculate the accelerations from (15a), the velocities from relation (15b) and the
displacement at time t,, | from:

dn+1 = 4n +Aq
6. Establish the plastic strain, elastic strain and stress resultant vectors from:
Axp =N Axx = Xpp+] = Xpn T Axp
AXgp =AAqQ-Axp = Xgp+1=XEn T AXE
Xn+1 =k XEn+1
7.  Calculate the dynamic degrees of freedom, if necessary, as
Up+1 = Ad dn+1
8. Putn=n+1 and return to step 2 to calculate for the next time increment.

It should be pointed out that at the beginning of the loading program (i.e., at time
t=0) if the initial conditions qg, q¢ are given, one should establish the accelerations q

from the equilibrium equations as:
4o =M1 (AgT A0 - AT KA )i (20)

It is worth mentioning that the size of LCP (16) can be reduced by eliminating the
unrestricted variables Aq by solving the first set of equations of (16) for Aq as:

AQ =K1 (AF 41 - ATKNAXS) oo Q1)

Introducing this into the second set of equations of (16) yields the following LCP:
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NT(c+k A KT AT KN Axs + Yap11=Ysp - NT K A K1 AF, ¢

Yipt1 20, YT*n+1 Axx =0, Axx >0

Experience has shown that solving LCP (22) instead of LCP (16) is more cost
effective with respect to computer time. The same steps used in the preceding numerical
schemes may be used for solving LCP (22). LCP (16), however, has been given special
emphasis since it represents the typical form of LCP resulting from the nodal elasto-
plastic analysis for both small and large displacement dynamic analysis.

Example 1

The response of the two story shear frame shown in Fig.la is to be studied under
the effect of the triangular impulse shown in Fig.1b. The columns have constant flexural
rigidities EI and plastic moment capacities X+ The material of the frame will be assumed

nonholonomic elastoplastic. All the structural properties are normalized in terms of the
following two parameters:

mgL ET
B, = 9= _ 8 ,PB, = = 25, gis the gravity acceleration.
Xx XxL

The structure will be modeled as in Fig.2a. If the kinematic degrees of freedom (q;
, qp) are given unit values each in turn, two independent mechanisms as shown in

Fig.2(b,c) will be obtained. With the aid of these mechanisms, the kinematic description
of the structure can be expressed in the form:

Ax' A
as'lta tag a0 0 T A PO
R b A I T ] R It TR
Au A,

Xi = BZXi 5 i= 1,..,4

1 1

. _ B . _ B . B -
qi=zqi ’ 5'—351 ’ U'=EU1 , 1=1,2

The mass of the structure is lumped at the floor levels as shown in Fig.1a; hence the
increments of the inertia forces can be expressed as

A 1 0](Ad] ,
, |== ) or Ap'=-m Ad
Ap 0 2||Ad
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L L _ P

where: u;z—ui , i) =—1, , i=1,2

1

X, g
The assembled mass matrix then is: M = AdT mAg =m

Similarly the normalized applied load, time, velocities and accelerations can be
expressed as

L t

AM=—r, t/ = ————
X (L / )t/

: B : o B

g, = 11/2 dq; > 95 7 ~g; L i=12
(L/9) g

The unassembled stiffness matrix can be written as

ki, O 8 -4
k= 7 kl =
0 kg -4 8
provided that the following normalized stress and strain resultants are used:
X_ILZX:'L /X* ’ X’Ei:BZXEi ’ i:].,...,4
Hence the assembled system stiffness matrix is given by

A'kA =
-24 48

plasticity will be allowed to develop only at the critical sections (1,...,4) whose
plastic moment capacities are collected in the following vector

Yig=Yeo/X:=[2 2 2 2 2 2 2 2|
The normality matrix is:
N=[I -I], Lis (4 x 4) identity matrix.
The normalized plastic strains and plastic multipliers can be expressed as:
xiji =P, X:FL) , xit = B- xit
x’*_i = Bzx:i,i =1,...,4
The structure is assumed to be started with stationary initial conditions,

ieq,=9,=0
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By using the equilibrium equations one can establish the normalized initial
accelerations as:

gy =M"Agko =[4 4]

If the Newmark numerical integration method is to be used, then the integration
parameters (a) , a1 ,....,a5 should be normalized as

1 1
a('j :B—l— , ai = -, a’2 = —
B AL’ aAt 20
a’l =&—y . ay :1—1 , al =(l—1)At’
B, aAt’ a > 2a

Several time increments are used to establish reasonably accurate results, The
results are very close when At' = 0.025 and At’ = 0.0125 are used. Therefore the

results obtained with At’ = 0.125 will be considered as the required values for the
dynamic state variables, The displacements q; and qy are plotted in Fig.3. For the sake

of comparison, the rigid plastic displacements obtained by Al-Samara [6] and the elastic
displacements are also shown on the same figure.

Example 2

The elastic and elasto-plastic response of the two story shear frame studied in the
preceding example is required under the effect of the single ground acceleration plotted
on fig.4.

The Newmark average acceleration method for numerical integration with several
values for the time increment is used. Reasonably accurate results are obtained when

At" = At / 0.4598 = 0. 05 sec. The elastic and plastic displacements of
the two floors are shown on fig.5 and the stress resultant at critical section 2 is plotted on
fig. 6 in terms of the strain resultant.

5- conclusion:

By examining the results of example(1) it can be seen that three main phases of the
response can be distinguished:

1. An initial elastic phase.

2. An elasto-plastic phase during which the structure undergoes a series of shape
changes until it reaches a mode pattern.

3. Finally, the elastic strain energy available leads to a final elastic stage of vibrations
around the mode pattern developed in the preceding stage.

It can be observed from Fig.3 that although the elastoplastic displacements are
bigger than the corresponding elastic ones, the amplitudes of vibrations in the
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elastoplastic case are significantly smaller. This can be justified by the fact that, in the
elastoplastic analysis, plastic hinges developed at sections 1 and 2, Fig,2a. These hinges,
under the effect of the applied loads, allow the frame to sway to a new position (mode
pattern) and start vibrating elastically around its new deformed position. Therefore, some
of the input energy caused by the applied loads is dissipated in developing the plastic
hinges and forcing the structure to take the new position of vibration. For this reason the
amplitudes of vibrations in this case are smaller than the corresponding amplitudes in the
purely elastic case.

It can also be seen from Fig.3 that the rigid plastic solution underestimates the final
deflections with large errors, This is due to the fact that the duration of the pulse is long
compared to the fundamental period of the structure. This confirms the remark made by
Mosquera et al [9].

Again, the results of example (2) showed that the development of plastic hinges at
sections 1 and 2, Fig.2, dissipated some of the energy imposed on the structure by the
earthquake. For this reason, it can be seen by comparing the elastic and the elastoplastic
displacements shown on Fig 5, that the amplitudes of the vibrations in the elastoplastic
case are smaller than the amplitudes of the elastic vibrations. This may be attributed to
the fact that the ground acceleration consists of a few early pulses only, and their energy
is quickly dissipated in the development of the plastic hinges. This may be emphasised
by observing Fig.6 which shows that the plastics phase of deformation is small.
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Supramolecular Complexation of [60]Fullerene with
Hexahomotrioxacalix[3|naphthalenes: Spectrophotometric Study

Shehadeh Mizyed”
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Abstract

The hexahomotrioxacalix[3]naphthalenes 4 and 5 which are members of a new
class of inherently chiral naphthalene based calixarenes were evaluated for their
supramolecular complexation properties with [60] fullerene (“C60”). The stability
constants for the complexes of 4 and 5 with C60 using UV-Vis. spectroscopy are
reported and compared with the supramolecular complexation data obtained by a 'H
NMR study in benzene-dy and toluene-ds.

Introduction

The supramolecular complexation of fullerenes with a variety of macromolecular
hosts is a subject of extensive ongoing interest,[1] in particular, the independent
discovery by Atwood[2] and Shinkai[3] and their co-workers that p-tert-
butylcalix[8]arene 1 selectively sequestered [60]fullerene (“C60”) from a mixture of
higher fullerenes and thus led to an efficient purification of C60. Calixarenes themselves
are extensively studied due to their remarkable synthetic versatility as molecular
building blocks for the design of novel and varied supramolecular hosts[4] Recently,
Shinkai and co-workers[5] showed that p-tert-butylhexahomotrioxacalix[3]arene 2 and
its various derivatives [6] formed inclusion complexes with C60 in solution. In 1998 Fuji
and co-workers [7] reported the first X-ray crystal structure of a C60 2 complex and also
of a C60 complex with p-bromohexahomotrioxacalix[3]arene 3. Sumanta Bhattacharya
et al. studied the complexation of of hexamethoxy-fert-butylcalix[6]arene and
octamethoxy-fert-butylcalix[8]arene with C60 in CCl4, toluene and xylene using UV-
Vis. spectroscopy.[8] Earlier, the synthesis of a new class of supramolecular host
molecules which are naphthalene-based analogues of 2 was reported.[9]
Hexahomotrioxacalix[3]naphthalene 4 and its tert-butylated analogue 5 showed poor
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alkali-metal cation complexation properties, however they show much stronger
complexing abilities with C60. The stability constants of 4 and 5 complexes with C60
using "H NMR spectrometry were reported previously.[10] Herein the stability constants
of 4 and 5 complexes with C60 using UV-Visible spectrometry will be reported.

R
1 OH o
OH HO
OH
cHocH,| R
R
R i R=H
3 5: R="Fu
2 R="Bu
3 R=EBr
6 R=-H

Results and discussion

Supramolecular 1 : 1 complex formation between 4, for example, and C60 in
solution, can be represented by equation (1).

C60 +4 = C60 T e (1)
The corresponding association constant K, can be defined by equation (2),
Kissoe = [Co0 0 4 T[Co0] [ 4] veeevrerreeeieeeiieeseeesee et 2)

and can be determined using the Benesi—Hildebrand equation which is shown in
equation (3);[11]

1/AA = 1/(AA mar ® Kssoe [416) F 1/AAmar oovvveeeeeeresseeeeeeeeeesseseseesssseeesseson 3)

where AA is the change in absorbance upon addition of 4, referenced to uncomplexed
C60, and AA,,,. is the difference in absorbances between those observed in 4 and in the
complex, while [4]o is the total concentration of 4.

Fig.1 clearly shows the formation of new absorption bands in the range of 420-450
nm indicating complex formation. These bands are similar to those obtained previously
with calix[4]naphthalenes, [12] and also obtained by Verhoeven and his group. [13] It
was proposed that this band is attributed to a charge transfer transition in which electron
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transfer from the electron-rich 4 or 5 to the electron- poor C60 takes place. The existence
of an isosbestic point may be an indication about the number of states in the system. In
all our systems this point was not observed and neither did most of the reported studies.
Fukawaza et al.[14] observed an isosbestic point at 478 nm for iodocalix[5]arene with
C60, Yamamoto et al.[15] also observed one at 585 nm in their study on the
complexation between C60 and cyclotriveratryllenophane, and lately Sumanta
Bhattacharya et al.[8] also observed one at 420 nm in their study on the complexation
between C70 with both octamethoxy-tert-butylcalix[8]arene and hexamethoxy-fert-
butylcalix[6]arene but they did not observe it with C60.

The value of K, is determined from the slope and intercept obtained from a linear
regression analysis of the “double reciprocal linear plot” of 1/AA vs. 1/[4 ],. Equation 4,
which is obtained from the first derivative of the relationship between K,s ... and both
the slop and the intercept, is used to calculate the uncertainty (cK) in each value of
KU.YSOC.:

(0K) = Kussoe { (08/slope)?® + (oifintercept)’ 12 ..o 4)

The uncertaintities of the individual slopes (os) and intercepts (oi) are obtained from the
non-linear regression determinations using sigma plot.

Table 1 lists the values of K, at 298 K which were determined for C60 with each
of 4 and 5 in toluene or benzene. The K, values listed here are higher than the values
reported for the analogous calixarenes: Shinkai and co-workers [5] reported a value of
35 £ 5 dm’ mol” for complex of 2 with C60 in toluene using UV-VIS measurements,
while Fuji and co-workers[7] reported values of 35.6 + 0.3 dm® mol™ for the same
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Figure 1  The absorbance spectra of C60 and 5 in toluene at 25°C.

complex under the same conditions, and 9.1 = 1.0 dm® mol™ for the complex of 6 with
C60 in toluene. Fuji and co-authors also reported a Kassoc value of 14.9 + 2.0 dm’ mol™
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for the complex of 3 with C60 in toluene. Sumanta Bhattacharya et al.[8] reported higher
values than ours; they reported values between 6400-17000 dm® mol™ for their systems.
To our knowledge, there have been no reports on other solution studies on these systems.
The larger K, values observed in this study are consistent with earlier findings[12] on
the complexation of C60 with the closely-related calix[4]naphthalenes. In that study the
major attractive interactions for the complex formation between C60 and the
naphthalene ring-containing host molecules was postulated to be due to the n— =
interactions between C60 and both of the fused aromatic rings in each naphthalene unit,
via a deep cavity inclusion. The values of K, obtained from NMR and UV-VIS
measurements are both comparable, however, the uncertainties of the NMR
measurements are smaller in all measurements. Several factors affect the values of K,
one of them is the solvent. Haino et al.[16] showed that the stability of the complex
increases as the solubility of C60 in the appropriate solvent decreases, since less energy
is required for the desolvation of C60 which must necessarily precede its complexation
with a host molecule. This would explain the higher K, value found for the C60-5
complex in benzene compared to that in toluene, since the solubility of C60 is higher in
toluene (2.1-3.2 mg cm™) than in benzene (1.4-1.9 mg em™).[17] A discussion on the
solvophobic effect on the values of K. was previously presented, in which it was
proposed'® that the solvophobic effect, which is mainly entropic, also plays a role in this
system and in similar ones, even in non-aqueous solvents. Recent report on the partial
molar volume study that showed that the change in molar volume upon complex
formation between C60 and calix[4]naphthalenes was related to a solvophobic
factor.[18] From a similar partial molar volume study undertaken with these
hexahomotrioxacalix|3|naphthalenes and C60, it is concluded that the solvophobic effect
is the larger one in the case of C60-4 complex formation in toluene. This explains the
higher Kassoc value for C60-4 complex formation in toluene compared to that in
benzene. The stoichiometry of the complex in each solution was determined to be 1:1
from both the Job Plot[19] and the mole ratio method.

Table 1 K, (M'l) values for C60 complexes with 4 and 5 in toluene and benzene

Toluene(nr) Toluene(uv) Benzene(nn) Benzene(uv)
51stmun 300.349.2 30519 44444137 46756
52nd Run 2922494 275440 48384+29.7 500:43
Average 296493 290431 4148231 484£50
4 Istun 146.047.3 194437 119.3£7.1 134£15
42nd Run 154.44£2.0 151444 112.744.9 15645
Average 1502454 173441 116.0t6.1 14534

Deep red prism crystals having a (5),-C60 stoichiometry were obtained from the
slow evaporation of a toluene-d8 solution of C60 and 5. The published single-crystal X-
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ray structure,[10] reveals that the complex has C3i symmetry and contains an
encapsulated C60 molecule within the cavity defined by two molecules of 5. The C60
molecule adopts a nesting position at the van der Waals contact distance between the two
concave surfaces of the hexahomotrioxacalixnaphthalene. The 18-membered macrocycle
of each of the two molecules of 5 line up with a six-membered ring in C60, compelling
the three adjacent, fused six-membered rings of the C60 to reside above the three
electron rich naphthalene units of 5 to maximize the m — 7 interactions. Methyl-n
interactions similar to those observed in many diverse clathrates of tert-
butylcalixarenes,[20] are also evident here as revealed by the methyl groups of each of
the tert-butyl groups which are directed toward the faces of the remaining six-membered
rings in the “equatorial belt”of the C60. Each of the two molecules of 5 which are in
cone conformations are staggered with respect to each other, there by minimizing any
potential steric repulsion between them. The C60 group in the complex is highly
disordered or rotating and as a result the R values are high; however, this phenomenon
with other C60 examples has been noted by others.[21, 22] There are other instances that
have been reported for C60-calixarene complexes, whose solid state compositions have
been revealed by their X-ray structures to be different from their solution compositions.
For example, Haino ef al.[16] and Yanase et a/[23] have reported different solution and
solid state stoichiometries for C60 calix[5]arene complexes. Atwood et al[24] have
reported  2:1  solid-state  structures for the complexes between p-
benzylhexahomotrioxacalix[3]arene and C60, whereas in solution, it had 1:1
stoichiometry. On the other hand, Fuji ef al[7] reported the X-ray structures for the
complexes of C60 with both 2 and 3, and found them to exist as 1 : 1 complexes in both
the solid- and solution-states. All of the reported X-ray structures show back-to-back
stacking of the respective calixarene-C60 complexes, in which intermolecular phenolic
hydrogen-bonding is present. As noted by others [23, 24] symmetry considerations play
a significant role in complex formation. Thus, the presence of a common C3 symmetry
element in both 5 and C60 facilitates the alignment of both the host and the guest thereby
maximizing the number of points of contact within the resulting complex. In conclusion,
it has been demonstrated that supramolecular complexation of C60 with the new class of
naphthalene-based homooxacalixarenes represented by 4 and 5, can exist in both the
solid state and in solution, the values of Kassoc. obtained from both NMR and UV-Vis.
measurements are comparable and the latest have higher uncertainties.

Experimental

Toluene ( BDH, Scintillation Grade) was distilled over sodium metal with
benzophenone prior to use. Benzene ( ACP Chemicals Inc., A. C. S. grade, 99+%) was
used without further purification. C60 (99.5 from Aldrich).

Hexahomtrioxacalix[3|naphthalenes, 4 and 5 were prepared according to methods
previously described.[9] UV-Vis. Absorption spectra were recorded on a HP 8452 diode
array spectrophotometer. The toluene solutions of C60 with concentration of ca. 1 to 2 x
10 mol.dm™ were used. Similar solutions having the same C60 concentration were used
as solvents for preparing 4 or 5 solutions with total macrocycle concentration of ca. 1-2 x
10” mol dm™. The temperature was controlled at 25 + 0.02 °C. Two runs were used for
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the calculation of a certain K value. Other details concerning equipment and techniques
were similar to those reported previously.[12]
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Abstract

Strain-free, SF, and bond separation energy, BSE, group equivalents have been
developed for amines and imines. The developed groups have been used in the
calculations of the effective stabilization energies, SE., for aliphatic amines and hetero
cyclic aliphatic amines. The resonance of aromatic amines have been also calculated via
SE.¢ values and direct interaction method. The obtained results by the two methods were
compared with each other. On the other hand, the obtained results were compared with
those reported values in the literature. The comparison shows that there is a good
correlation between the obtained results and the reported values.

Introduction

Empirical calculations are based on the fact that many thermochemical functions
are additive, which means that these functions could be obtained by summation of group,
atom or bond equivalents. Experimental heats of combustion [1,2], enthalpies of
formation [3], heats of atomization [4] and zero point energies [5-7] are reproduced via
different additivity schemes. Franklin [2] and Benson [3] et al., independently,
developed group equivalents for most organic compounds to reproduce the experimental
enthalpies of formation, AH('s, via the summation of these equivalents. Schleyer et al [8]
developed strain-free equivalents, SF, for alkanes. The summation of these equivalents
produces the AH'; of unstrained molecules. For a given molecule, subtraction of the SF
equivalents summation from the experimental AH; gives the strain energy of that
molecule, Equation (1).

k
strain energy :AHfO 2 N X e €))

. i i
i =1
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where N; is the number of groups of type i, X the equivalent for group i and k the
number of different groups in the molecule.

As it had been indicated by Ibrahim [9,10], this method is only true if the molecule
has no stabilization energy, SE, that results from any stabilizing factor such as
resonance, conjugation or electrostatic attraction. For stabilized molecules, Equation (1)
can be rewritten as shown in Equation (2) where SE is the effective stabilization
energy.

o k
SEeff :AHf _iE]NiXi ............................................................. ()

The SE. value for a given molecule is equal to the algebraic sum of its
stabilization and strain energies. The three quantities are related via Equation (3). In the
absence of

SE :_SEeff ey 3)

strain energy, SE.r equals the stabilization energy, SE, and it equals the strain
energy in the absence of stabilization energy, SE.

Stabilization energy, SE, is usually called resonance energy, RE, for aromatic
compounds. Knowledge of any two terms in Equation (3), makes the calculation of the
third term is possible. For example, the SE.s of benzene is about 32 kcal.mol™ as
obtained via the summation of alkenes equivalents. RE of benzene is 36 kcal.mol™.
Hence; the strain energy of benzene is 4 kcal.mol™.

Another comparable method for the calculation of SE. energies is the bond
separation energy, BSE, method developed by Ibrahim [11]. In this method, the SE is
calculated via Equation (4)

k
SEeﬁ, :iEINiXi _BSEexptl

The summation term of Equation (4) is the BSE for the unstrained model and
BSEcy is the experimental BSE for the compound. The definition and the method of
calculation of BSE., are explained in detail elsewhere.[11,12]

To calculate the SE. values of amines and imines, seven group equivalents are
required. These groups are H,N(C), H N(C),, N(C);, H,C(C)(N), HC(C),(N), C(C);(N)
and N=(C)(C). The first three groups are for primary, secondary and tertiary amino
groups. HyC(C)(N), HC(C),(N) and C(C)3(N) are methylene, methyne and tertiary
carbon groups bonded to nitrogen atom. The last group N=(C)(C) is imino group bonded
to carbon atom. The derivation of each equivalent, either SF or BSE, requires a model
compound. The model compound should have undoubted experimental enthalpy of
formation and its strain energy could be easily calculated. The model compounds for the
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previously mentioned groups are methylamine, dimethylamine, trimethylamine,
ethylamine, isopropylamine, ter-butylamine and N-methylmethaneimine, respectively.
These compounds are chosen as model compounds because the uncertainties in their
experimental enthalpies of formation are small and the enthalpy differences between the
different conformers of each compound are well known. This knowledge is necessary to
calculate their strain energies. Therefore, the calculation of the strain energies of the
model compounds will be discussed before the derivation of the equivalent values.

Strain Energies of Model Compounds.
Calculation of strain energy of methylamine.

Experimental [13] and theoretical [14-16] studies suggest that methylamine exists
in only one conformer. It is the staggered conformer, S. In this conformer, one of the
methyl hydrogens is anti to the lone pair of electrons on nitrogen. No repulsive
interaction is apparent in this conformer of methylamine. Therefore, its strain energy is
assumed to be zero.

In his calculations, Allinger et al [17] also assume that methylamine is strain-free
molecule. From this, one can conclude that HCN(Lp) gauche interaction is zero.

Calculation of strain energy of dimethylamine

Experimental [13,15,16] and theoretical [14] data suggest that dimethylamine has
also one staggered conformer, SS. This conformer has several HCN(Lp) and several
HCNC gauche interactions. As mentioned previously, the value of HCN(Lp) gauche
interaction is zero. In his calculations, Allinger et al [17] assume that dimethylamine is
strain-free molecule. This means that the HCNC gauche interaction is also zero.
Consequently, the strain energy of dimethylamine is considered to be zero in the present
work.

Calculation of strain energy of trimethylamine

Molecular mechanics [14] suggests that trimethylamine has only one staggered
conformer, SSS. The source of any strain energy in this conformer is due to the
HCN(Lp) and HCNC gauche interactions. Both interactions are considered to be zero as
mentioned previously. Consequently, the strain energy of trimethylamine is zero, which
is in agreement to the assumption that made by Allinger et al [17].

Calculation of strain energy of ethylamine

Experimental [18,19] and theoretical [20] studies indicate that ethylamine exists in
anti, A, and gauche, G, conformers. This designation is based on the CCN(Lp) dihedral
angle. The CCN(Lp) dihedral angle is 180° and 60° in A and G conformers; respectively.

Raman spectra [18], gas electron diffraction (GED) [19] and ab initio calculations
[20] indicate that A conformer is more stable than G one by 0.592, 0.306, and 0.326
kcal.mol'; respectively. The GED value, 0.306 kcal.mol” has been adopted in the
present work because it is in agreement with that obtained via ab initio calculations. This
indicates that CCN(Lp) gauche interaction value is of 0.306 kcal.mol'. The free energy
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change, AG, between the two conformers is -0.103 kcal.mol™ as calculated via equation
(5) at 298.15 K, where m is the number of forms of the higher energy conformer divided
by the number of forms of the minimum energy conformer. Applying equation (6) at
298.15 K indicates that the population of the G conformer is 54.3%. Since there is no
repulsive interaction in the A conformer, its strain energy is assumed to be zero. As
mentioned earlier, the strain energy of G conformer is 0.306 kcal.mol™. Multiplication of
population of G conformer with its strain energy gives that the strain energy of
ethylamine is 0.17 kcal.mol™.

AG = AH =~ RT I eooeeeeeeeeeeeeeeeeeeeeeeereeeseeeseeeeeesseessessseeeeseesesesssseeeeeesssesseseees )

AG = = RTIN(KCQ) ..ot (6)
Calculation of strain energy of isopropylamine

Internal rotation of (C-N) bond gives rise to two staggered conformations. These
conformations are designated as GG and GT. In the GG conformer, the lone pair of
electrons on nitrogen is gauche to the two methyl groups. In the GT conformer, the lone
pair of electrons on nitrogen is trans to one methyl group and gauche to another one. GT
conformer has two forms while GG has one form.

Durig, Guirgis and Compton indicate that the GG is more stable than GT conformer
by 0.446 kcal.mol” [21]. Durig et al value was obtained from Raman spectroscopy [21].
However this result is in contradiction with what Durig reported for ethylamine [18].
Scott and Crowder [22] confirmed this contradiction. They reported that GT conformer
is more stable than GG one. In accordance with Scott and Crowder findings [22], the GT
conformer is considered to be more stable than GG conformer in this work.
Unfortunately, Scott and Crowder didn’t report the enthalpy difference between GG and
GT conformers. Therefore, the CCN(Lp) gauche interaction value, 0.306 kcal.mol™,
which had been adopted in ethylamine is also adopted in isopropylamine [19]. There are
two CCN(Lp) gauche interactions in GG conformer and one in GT conformer, so the
energy difference between the two conformers had been adopted to be 0.306 kcal.mol™.
Applying the same procedure described above gives that the total strain energy for
isopropylamine is 0.38 kcal.mol™.

Calculation of strain energy of tert-butylamine

A few structural data are available for tert-butylamine [23,24]. However, this
molecule exists in one conformer [14]. This conformer has two gauche CCN(Lp)
interactions. Each gauche interaction could be considered to be 0.306 kcal.mol”
according to what had been reported for ethylamine [19] as explained previously. Since,
tert-butylamine exists in one conformer and has two CCN(Lp) gauche interactions,
therefore, its strain energy is the sum of two gauche CCN(Lp) interactions, which is
equal 0.612 kcal.mol ™.

Calculation of strain energy of N-methylmethaneimine

Experimental [25] and theoretical [26] studies indicate that N-methylmethaneimine
exists in two conformers eclipsed and bisected conformers. In the eclipsed conformer,
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the lone pair of electrons on nitrogen is anti to the hydrogen atom on the carbon atom,
while in bisected they are eclipsed to each other. The eclipsed is more stable by 1.97
keal.mol™ in both studies[26]. Since there is no repulsive interaction in the eclipsed
conformer, its strain energy is assumed to be zero. Applying the same procedure
described for ethylamine gives that the total strain energy for N-methylmethaneimine is
0.08 kcal.mol™ [11].

Derivation of SF equivalents

The strain-free enthalpy of formation, SF, equivalents for N(C)(H),, N(C),H, N(C)s,
C(C)(N)(H),, C(C)(N)(H), C(C)3(N), N=(C)(C), C=N(C) and NO,(C) groups have been
derived via equation (1) to reproduce the strain energies of the model

compounds. The derived SF equivalents are listed in Table I, alongside the
equivalents for other groups derived in previous studies [3,8,9,27]

Derivation of BSE equivalents

The corresponding bond separation energy, BSE equivalents are derived via
equation (4) to reproduce the strain energy of the model compounds.

The bond separation reactions, BSRs, of the model compounds, are illustrated in
reactions (7-12).

CH3CH,NH, + CHy; = CH;CH; + CH3NHy ooooeneeeieieee (7)
(CH;3),CHNH, + 2CH, — 2CH;CH;3 + CH3NH,. ..o (8)
(CH3);CNH, + 3CH; — 3CH;CH; + CH3NHy.ooovoieiieiei (9)
(CH3),NH + NH3 = 2CH3NH, ..o (10)
(CH3)sN + 2NHj3 = 3CH3NH, .oooiiii (11)
CH,=NCH; + NH; - CH3NH, + CH,=NH ......ooviiiiiiiii (12)

The BSEpu values of reactions 7-12 are 3.60, 10.02, 16.65, 4.40, 11.10 and 13.34
kcal.mol™, respectively. The experimental enthalpies of formation of reactants and
products in reactions (7-12) are taken from Pedley, Naylar and Kirby compilation [28]
except that for N-methylmethaneimine that is taken from reference 29. Methylamine has
no bond separation reaction. Therefore, its BSE.y,q is zero. The derived BSE equivalents
are listed in Table I, alongside equivalents for other groups derived in previous studies
[9,11].

Calculation of Resonance Energy

The resonance energies (RE) values of the aromatic compounds could be calculated
via SE.+ values or via direct interaction method. The SE.s method is previously
discussed [39-41]. The direct interaction method could be summarized as follows:

The RE of an aromatic compound in this method equal to the enthalpy change of a
reaction between the aromatic compound and ethane molecule(s) to separate the
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interacting groups and the double bonds in the aromatic compound from each other. e.g.
The RE of pyridine could be calculated as the AH of reaction (13).

\ _ \
Cis Cis

The separated groups i.e. products should have the cis configuration since these
groups have cis configurations in pyridine. The uncertainty of the obtained results lies
within the experimental uncertainties of the enthalpies of formation of the reported
compounds. This is due to the fact that both used methods, in the calculations, mainly
depend on the experimental enthalpies of formation.

Z

N

Results and discussion

The effective stabilization energy, SE., for a given molecule is the algebraic sum
of its stabilization energy, SE, and its strain energy [9,10]. SE.g for large number of
amines have been studied in the present work. To facilitate the discussion of the obtained
results, the results of each class are divided into two categories, aliphatic and aromatic.
However, the aliphatic amines are subdivided into acyclic and cyclic amines.

aliphatic Amines

The calculated SE.¢ values of acyclic aliphatic amines via SF and BSE equivalents
are recorded in Table II. The experimental enthalpies of formation are taken from
Pedley, Naylor and Kirby compilation [28].

N-Propylamine is the simplest primary amines studied in this work. The SE. value
of it is -0.26 kcal.mol" as obtained by BSE equivalents. This could be attributed to the
CCCN gauche (non-bonding) interaction, which is attractive. This result is in excellent
agreement with the value obtained by Kao and Chung-Phillips [30]. They reported that
CCCN non-bonding interaction is equal to —0.25 kcal.mol™.

The SF equivalents confirm that CCCN non-bonding interaction is attractive.
However, these equivalents give it a value of -0.13 kcal.mol”'. N-butylamine shows the
same trend. Its SE.r value is -0.21(-0.47) kcal.mol' as obtained from SF(BSE)
equivalents. Other primary amines with larger groups such as, sec-butylamine and
isobutylamine have steric interactions in the alkyl groups, which may reduce or
overcome the attractive forces.

The aliphatic cyclic amines (non-heterocyclic) have a large strain energies,
especially, when 3-, 4- or 5-membered ring. The SEy values for cyclopropylamine,
cyclobutylamine, cyclopentyl amine and cyclohexylamine are 28.63(28.63),
25.54(25.08), 7.70(7.13) and 0.88(0.16) kcal.mol ™, respectively as obtained by SF(BSE)
equivalents. Since there are no stabilizing factors in these compounds, their SEeff values
are completely attributed to the strain energy in the rings. The strain energy of
cyclopropane, cyclobutane and cyclopentane are 29.0, 26.0, 7.0 kcal.mol™, respectively
[31], due to the angular strain and C-H eclipsing interactions. The absence of these
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factors in cyclohexane, makes the strain energy of cyclohexane is 1.0 Kcal.mol™ [31].
The reported values of the strain energies of the above cyclic amines are comparable
with the obtained SE. values of cycloalkylamines.

Heterocyclic Aliphatic Amines

The SE. values of seven cyclic secondary and tertiary amines are calculated via the
SF and BSE equivalents. The results are recorded in Table III. Since there is no
stabilization energies appear in these compounds, the SE.; values can be referred as
strain energies. The obtained values, Table III, indicate that most of these compounds are
strained. The reported strain energies for some compounds are recorded in the last
column of the Table IIl. The strain energy (SE.; values) of aziridine, azetane and
pyrrolidine are 26.60, 26.12 and 5.82 kcal.mol”, respectively as obtained from SF
equivalents. The values of aziridine and azetane show a good correlation with the
reported figures [32]. However, less correlation is found in case of pyrrolidine. The
absence of some eclipsed and axial interactions in heterocyclic compounds makes the
strain energies (SE. values) of aziridine, azetane, pyrrolidine and piperdine less than
those of cyclopropane, cyclobutane, cyclopentane, and cyclohexane where their strain
energies are 29.0, 26.0, 7.0 and 1.0 kcal.mol™, respectively[31].

The two bridgehead compoundsl,4-Diazabicyclo[2.2.2]octane and quinuclidine
entries 5 and 7 in table III for which the SE values are 8.70 and 10.09 kcal.mol’
respectively are strained due to the angle distortion and eclipsed interactions.

However, these two bridgehead molecules have SE.; values less than that of
bicyclo[2.2.2]octane for which the SE g value is 10.84 kcal.mol™ [11]. This is again due
to the absence of eclipsed interaction in heterocyclic compounds.

Aromatic amines

The SE. values of several aromatic amines are calculated via the SF and BSE
equivalents. The results are represented in Table IV. Unfortunately, aniline, pyridine and
pyrrole are the only compounds have reported resonance energies among all the entries
of Table IV. Therefore, the obtained SE. values of these compounds will be first
discussed and compared with their reported experimental resonance energies. The
resonance energy, RE, of an aromatic compound is calculated as the sum of its -SE and
its strain energy:

RE = -SE fr + Strain energy ...........ccccooviviviiiiiniiiiiiiiiiiiiiiecieecnan (13)

The SE. value for pyridine is —31.63 kcal.mol ™, as obtained via the SF equivalents.
The corresponding BSE equivalent is —32.10 kcal.mol”, Table IV. The method of the
calculation of the strain energy of pyridine and other aromatic amines depends on the
fact that the strain energy of cis-2-butene and (Z)-methylethanimine are 1.13 [39] and
2.68 kcal.mol’ [26], respectively. The last figure is the difference between the
theoretical total energies of (E)- and (Z)- methylethanimine [26]. Tetra-substituted
ethylene has 3.0 kcal.mol™ as strain energy [42]. Thus the strain energy of pyridine can
be estimated to be 4.94 kcal.mol ™ since it has two cis C=C and one cis C=N bonds. This
is reasonable due to the fact that the strain energy of benzene is 3.4 kcal.mol™ [39]. It is
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expected that the strain energy of pyridine is a little bit higher than that of benzene
because the C=N bond is a little bit shorter than that of C=C bond. The C=N and C=C
bond lengths are 1.30A" [38] and 1.33A" [29], respectively. Applying equation 13 gives
that the RE energy of pyridine is 36.57(37.04) Kcal.mol™ via SF(BSE) equivalents. The
reported RE of pyridine is 37.00 kcal.mol™ [37].

The calculated RE values of aromatic compounds via SF equivalents and direct-
interaction method [39] are reported in Table V. The results show good correlation
between the two methods.

The SE. value of pyrrole is —24.45 (-24.56) kcal.mol™ as calculated via SF(BSE)
equivalents, respectively Table IV. The strain energy of pyrrole can be estimated to be
2.3 keal.mol”', which is twice as much as the strain energy of cis-2-butene [39] and
which is equal to the strain energy of s-cis-1,3-butadiene [33]. Applying equation 13
gives that the resonance energy, RE, of pyrrole is about 26.8 Kcal.mol" via both SF and
BSE equivalents. Pauling [34], Wheland [35], Franklin [36] and Helal [39]reported that
the RE of pyrrole is 31, 24, 27, 26.7 kcalmol'l, respectively. The obtained result in the
present work is in excellent agreement with those reported values obtained by Franklin
[36] and Helal [39].

The SE. value of aniline is —37.02 (-37.68) kcal.mol™ as calculated via SF(BSE)
equivalents. To calculate the RE of aniline via equation 13, the strain energy of benzene
ring, 3.4 kcal.mol” [39], should be used. The resulting RE of aniline is 40.42(41.08)
kcal.mol™. This value correlates well with the values reported by Gold 42.00 kcal.mol
[37] and Helal 40.8 kcal.mol”’ [39]. The RE of aniline appears higher than that of
benzene (36.00 kcal.mol™) [35] due to the conjugation between the phenyl and the
amino groups. Thus the conjugation energy, Ec,pj, between the amino group and benzene
ring could be estimated to be about 5-6 kcal.mol™.

The results in Table IV indicate that the SE ¢ values of 2-methylpyridine and 2,6-
dimethylpyridine are -33.70 and -35.13 kcal.mol™, respectively, as obtained via BSE
equivalents. The corresponding values via SF equivalents are —33.18 and —34.56
keal.mol™, respectively. To explain the extra stabilization of these derivatives over that
of pyridine (-32.1 kcalmol™”, Table IV), the following point must be considered. The
conformational analysis of E-ethylidineimine indicates that it exists in two conformers
[26]. These are the eclipsed and the bisected conformers, Figure 1. Eclipsed conformer is
more stable than the bisected conformer by 1.60 kcal.mol” [26]. This result indicates
that the eclipsing interaction between H and N in the H;CC=NH is attractive. (Figure I).

Eclipsed Bisected
Figure I. Conformers of E-ethylidinimine
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This interaction exists in 2-methyl pyridine, Figure II, and two similar interactions
in 2,6-dimethylpyridine has two similar eclipsed interactions. Therefore, the later is more
stable than 2-methylpyridine.

| H

N
N

N/ C‘AH
|
g

Figure II. Attractive force in 2-methylpyridine

3-Methyl and 4-methyl pyridines show no such effect. The SE. values of these
compounds are —31.98 and —31.53 Kcal.mol”, respectively as obtained via BSE
equivalents. These values are approximately equal to the value of pyridine, -32.10
kcal.mol' Table IV.

The SE value of N,N-dimethylaniline is —33.66 (-34.32) kcal.mol ! as obtained via
the SF(BSE) equivalents, respectively, Table IV. These values are lower than that of
aniline by about 3.3 kcal.mol”. This destabilization could be attributed to the steric
interactions between the two-methyl groups and the ortho-hydrogens, Figure III. This
steric interaction decreases the E,,; between the amino and phenyl groups.

H,C_ _CH,
x N ﬂ
H H

Figure III. steric interactions in dimethylanaline

To conclude, the direct interaction and SE.s values methods succeeded in
reproducing the RE values of aromatic and stabilization or destabilization energies of
aliphatic cyclic amines. This conclusion is apparent from the comparison between the
calculated values via these methods and the available experimental data, as shown in the
discussion.
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Table 1. SF and BSE group equivalents for unstrained molecules.

Group® SF Equivalent (Kcal.mol™) BSE Equivalent(Kcal.mol™")

Alkanes

H;C (C) -10.05° 0.07°
H,C (C), -5.13° 2.75°
HC(C)s -2.16° 7.42°
C(C)q -0.30° 13.11¢
Alkenes

H,C=(C) 6.26° 0.00°
(C)HC=(C) 8.59° 5.36°
(C),C=(C) 10.34° 11.29°
Carbonyl compounds

(C)HC=0 -29.88¢ 11.59¢
(C),C=0 -32.06* 21.40¢
Amines

H,N(C) 455 -0.07
H N(C), 15.67 426
N(C)s 24.49 10.89
H,C(C)(N) -6.02 3.77
HC(C),(N) -4.85 10.33
C(C)s(N) -3.91 17.12
N=(C)(C) 22.24 13.35

#: The equivalent is for the group or the atom which is out of parenthesis.

®: Ref8 and 27; c: Ref 3; d: Ref 9. e: Ref 11
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Table II. SE ¢ values of aliphatic acyclic amines®.

Molecular Name AH'; ()" INX; BSEobs SE
formula

SF BSE SF BSE
C,HsN, 1,2-Ethanediamine 421 2.94 7.40 8.74 127 134
C;H/N Cyclopropylamine 18.40 -10.56 15.76 -12.87 28.96 28.63
C;HoN n-Propylamine -16.78 -16.65 6.52 6.78 -0.13 -0.26
C3H; 0N, 1,2-Propanediamine -12.81 -11.82 14.03 15.09 -0.99 -1.06
C4HoN Cyclobutylamine 9.85 -15.69 18.51 -6.57 25.54 25.08
C4H N n-Butylamine -21.99 -21.78 9.27 9.74 -0.21 -0.47
C4H N Sec-Butylamine -25.07 -25.53 13.15 12.82 0.46 0.33
C4Hi N Isobutylamine -23.59 -23.73 11.26 11.34 0.14 -0.08
C4Hi N Diethylamine -17.33 -16.47 11.94 12.80 -0.86 -0.86
C4HioN, 1,2-Butanediamine -17.69 -16.95 16.78 17.72 -0.74 -0.94
C4H )N, 2-methyl-1,2propanediamine -21.56 -20.93 20.89 21.59 -0.63 -0.70
CsH; N Cyclopentylamine -13.12 -20.82 21.26 14.13 7.70 7.13
CsH 4N, N,N,N",N'"- Tetramethyl -4.23 2.76 25.83 32.89 -6.99 -7.06

methane-diamine

CeHisN Cyclohexylamine -25.07 -25.95 24.01 23.85 0.88 0.16
CeHisN Triethylamine -22.18 -23.72 2241 20.87 1.54 1.54
CeHisN Dipropylamine -27.75 -26.73 17.44 18.72 -1.02 -1.28
CeH;sN Diisiopropylamine -34.42 -34.23 25.20 25.39 -0.19 -0.19
CgHoN Dibutylamine -37.43 -36.99 22.94 23.90 -0.44 -0.96
CgH 9N Diisobutylamine -42.11 -40.89 26.92 28.58 -1.22 -1.66
CsHioN Butylisobutylamine -40.87 -38.94 24.93 27.34 -1.93 -2.41

* all values in Kcal.mol-1.

® AHy (g) values are taken from Ref (28).
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Table III. SE ¢ (strain energy) values of aliphatic cyclic amines®.

Molecular Name AH'; (g)" ENX; BSEobs SE.¢ Reported*
formula
SF BSE SF BSE.,
C,H;sN Aziridine 30.23 3.63 11.80 -14.73 26.60 26.53 27.70
C,H,N Azetane 24,620 150 1455 1137 26.12 25.92 26.20
C4HoN Pyrrolidine -0.81 -6.63 17.30 11.81 5.82 5.49 6.80
CsH;1N Piperidine -11.28 -11.76 20.05 20.03 0.48 0.02 1.00
CeH2N, 1,4-Diazabicyclo 21.56 12.86 44.40 3591 8.70 8.49 3.40
[2.2.2]octane

CeHsN 2-Methylpipiridine -20.17 -20.64 26.68 26.67 0.47 0.01 e
CHN 1-Azabicyelo[2,2,2] -1.03 J112 3787 2853 10.09 934 —

octane (Quinuclidine)

* all values in Kcal.mol'.

° AH'; (g) are taken from Ref (28) unless specified otherwise.
“Ref (32).

4 Ref (17).
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Table IV. SE ¢ values of aromatic amines”.

Molecular | Name AH( (g)’ ENX BSEobs SE it
formula

SF BSE SF BSE
C4HyN, Pyrimidine 46.82 78.84 48.14 80.56 -32.02 -32.42
C4HyN, Pyrazine 46.87 78.84 48.14 80.51 -31.97 -32.37
CHsN Pyrrole 25.88 50.33 25.70 50.26 -24.45 -24.56
CsHsN Pyridine 33.56 65.19 40.15 72.25 -31.63 -32.10
CsH;N 1-methyl pyrrole 24.64 48.80 32.40 56.99 -24.16 -24.59
C¢H;N Aniline 20.82 57.84 38.02 75.70 -37.02 -37.68
CeH;N 2-methylpyridine 23.71 56.89 46.15 79.85 -33.18 -33.70
C¢H;N 3-methylpyridine 25.43 56.89 46.15 78.13 -31.46 -31.98
CeH,N 4-methylpyridine 25.88 56.89 46.15 77.68 -31.01 -31.53
CeHoN 2,5-dimethylpyrrole 9.51 3343 37.70 62.15 -23.92 -24.45
C;HoN Benzylamine 20.98 51.82 41.79 73.29 -30.84 -31.50
C;HoN 2,3-dimethylpyridine 16.32 48.59 52.15 84.99 -32.27 -32.84
C;HyN 2,4-dimethylpyridine 15.27 48.59 52.15 86.04 -33.32 -33.89
C;HyN 2,5-dimethylpyridine 15.89 48.59 52.15 85.42 -32.72 -33.27
C,HyN 2,6-dimethylpyridine 14.03 48.59 52.15 87.28 -34.56 -35.13
C,HyN 3,4-dimethylpyridine 16.75 48.59 52.15 84.56 -31.84 -3241
C;HoN 3,5-dimethylpyridine 17.40 48.59 52.15 83.91 -31.19 -31.76
CsH;N Indole 37.40 87.89 59.00 110.45 -50.49 -51.45
CsHi N Dimethylaniline 24.02 57.68 49.12 83.44 -33.66 -34.32
CsHN N-ethylaniline 13.46 52.89 46.19 86.28 -39.43 -40.09
CoH,N Quinoline 51.80¢ 103.05 73.45 125.70 -51.25 -52.25
CoH,N Isoquinoline 48.20° 103.05 73.45 129.30 -54.85 -55.85
CoHoN 1-naphthylamine 37.67 95.70 71.32 130.54 -58.03 -59.22
CoHyN 2-naphthylamine 31.98 95.70 71.32 136.23 -63.72 -64.91
C;HsN, Phenazine 82.17 154.56 114.74 188.59 -72.39 -73.85
CpHiN Diphenylamine 52.41 122.25 80.44 151.60 -69.84 -71.16
Ci3:HoN Phenanthridine 58.20 140.91 106.75 190.99 -82.71 -84.24
CisHisN Triphenylamine 78.10° 184.36 125.16 233.40 -106.26 -108.24

*all energy in Keal.mol”’.

bAHfD(g) values are taken from Ref (28).
¢ Ref (29).

4 Ref (26).
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Table V. RE values of aromatic amines®.

Name SE. via SF RE
Calc. Direct reported
method”
Pyrimidine -32.02 38.51 38.68
Pyrazine -31.97 38.46 38.63
Pyrrole -24.45 26.75 26.70 31.0°, 24.04,27.0°
Pyridine -31.63 36.75 36.46 37.0°
1-methyl pyrrole -24.16 26.46 26.10
Aniline -37.02 40.42 40.80 42.0°
2-methylpyridine -33.18 38.12 38.05
3-methylpyridine -31.46 36.40 36.33
4-methylpyridine -31.01 35.95 35.88
2,5-dimethylpyrrole -23.92 26.22 25.94
Benzylamine -30.84 34.24 33.99
2,3-dimethylpyridine -32.27 39.04 39.21
2,4-dimethylpyridine -33.32 38.26 38.23
2,5-dimethylpyridine -32.72 37.66 37.61
2,6-dimethylpyridine -34.56 39.50 37.61
3,4-dimethylpyridine -31.84 38.61 38.78
3,5-dimethylpyridine -31.19 36.13 36.10
Indole -50.49 56.19 56.48
Dimethylaniline -33.66 37.06 36.64
Quinoline -51.25 59.49 60.13
Isoquinoline -54.85 62.09 63.73
1-naphthylamine -58.03 63.73 65.06
2-naphthylamine -63.72 69.49 70.75
Phenazine -72.39 83.48 81.40
Diphenylamine -69.84 76.64 75.80
Phenanthridine -82.71 94.45 95.64
Triphenylamine -106.26 116.46 115.20

* all energies are in kcal.mol’.
® Reported or calculated via direct interaction method Ref (39).

“ Ref [34]
4 Ref [35]
° Ref [36]
' Ref37]
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Abstract

Semiempirical Austin Model 1 (AM1), ab initio Hartree-Fock (HF) and Density
Functiona Methods (DFT) were employed in the geometry optimization and in the
computation of the one-electron oxidation potentials of phenothiazine and
N-methylphenothiazine. The calculations show that N-methylphenothiazine radical
cation is nonplanar but the phenothiazine radical cation is plannar. Using the Continuum
Solvation Module (PCM) method for prediction of the solvation energies; the DFT/
B3PW91/6-311+g* method gave the best agreement with the experimental redox
potential for both compounds.

Introduction:

Phenothiazines with an N-aminopropy! side chain and various ring substituents are
potent neuroleptics1.[1] With their ability to cross the blood barrier in the brain, their
high solubility in aqueous and nonagueous solvents,[2] and their relatively low toxicity
and non-genotoxicity;[3,4] phenothiazines have been in clinical use for many years to
treat mental disorders such as schizophrenia, paranoia, and psychosis, additionally not
only that but they are used as antimicrobia drugs, and as an anti-oxidant, anti-tumor[5]
and even can bind to RNA of HIV-1 to inhibit the interaction with Tat protein, which is
an essentia step in its viral replication cycle.[6,7] Although a great deal of information
has been accumulated concerning the activity effect of substitution,[8] very little has
been made to explore the influence of these substituents on the electronic structure of
phenothiazines. Due to the fact that phenothiazines have low ionization potentials, an
dternative mechanism of biological activity involves the formation of stable radical
cations,[9] which is the first critical step for their activity and metabolism.[10,11] Even
though phenothiazine itself may lack biological activity, it provides a key model for
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understanding the biological activity of its derivatives such as promazine and
chlorpromazine which are shown in Figure 1 along with phenothiazine (PTZ) and N-
methylphenothiazine (MPTZ). The structural studies of neutral phenothiazine and their
radical cations are of obvious importance for understanding their pharmaceutical
properties.

To elucidate detailed information about the geometry and electronic structures of
these substances upon oxidation, cyclic voltammetry has been used to provide the best
possible experimental data of the phenothiazines redox potentials. Accordingly, we have
attempted to complement experimental measurements with computational data. Useful
models for predictions of these redox potentials are provided using a free energy cycle.
Scheme 1 gives an illustration of such cycle for the PTZ in particular. The free energy
change associated with the top side of the cycle is the gas-phase oxidation potential. The
free energy associated with the left and right sides of the cycle are free energies of
solvation, and thus the bottom side of the cycle refers to the oxidation potential in
solution. Oxidation potentials are usually reported relative to normal hydrogen electrode
(NHE); according to this convention, the addition of the NHE half-reaction
(-4.44 eV) [12] will refer to the free energy change for the net reaction (the solvation free
energy of eectron is not a relevant quantity in the energy cycle since the NHE and
phenothiazine half-reactions involve a gas phase electron). According to Scheme 1, the
oxidation potential of a closed-shell neutral solute X is determined by:

AGZ(X V8. NHE) = IP(X) + AGqy g (X = X ** +€7) + AGI(X ") — AGI(X) - 4.44eV

Where IP(X) is the ionization potential of X; ACqy gus(X = X7 +€7) is the

difference in thermal contributions to the solute free energy driving from changes in the
electronic, vibrational and rotational partition functions upon ionization, 2%s(X™) and

AGS(X) gre the free energy of solvation for the oxidized and neutral forms of the solute
respectively.[13] To calculate solvation free energy, Self-Consistent Reaction Field
(SCRF) method has been used; al these methods model the solvent as a continuum of a
uniform dielectric constant, in which the solute is placed into a cavity within the solvent.
In this work, we used Tomasi’s Polarizable Continuum Model (PCM) which defines the
cavity as the union of series of interlocking atomic spheres. The effect of polarization of
the solvent continuum is computed by numerical integration rather than by
approximation to the analytical form.

This article focuses on the prediction of the absolute oxidation potentials of
phenothiazine (PTZ) and N-methylphenothiazine (MPTZ) using various levels of gas-
phase theory and continuum solvation module (PCM), and then examines the structural
changes upon oxidation and how these changes would affect the vaue of the
corresponding redox potential of that molecule.
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Computational Methods:

Gasphase molecular geometries were optimized at three different levels,
Semiempirical Austin Model 1 (AM1), ab initio Hartree-Fock (HF) and Density
functional Theory (DFT). For radical cation calculations, only unrestricted methods
where used (abbreviated as UHF and UDFT). The DFT calculations were done with
Bechke’s three-parameter hybrid method using the Lee-Y ang-Parr correlation functional
(abbreviated B3LYP) and the B3PW91 with many bases set. Zero-point vibrational
energies (ZPVE) and thermal vibration-rotation contributions to gas-phase free energies
for both species were computed at the HF/6-31G* level of theory. In solution, the
solvation free energy was caculated using PCM models via the same level of theories
used for the gas-phase. The models are parameterized for gas-phase geometries either for
neutral or for the radical cation, so geometry reoptimization is not carried out in solution.
The gradients and vibrational frequencies were determined analytically, and no
imaginary frequency modes were found at the optimized structures of al species
examined. All calculations were carried out using Gaussian 03 software. [14]

Experimental Section:

Eelectrochemical experiments were carried out with an Au disk working electrode
(1.6 mm in diameter, from Bioanalytical Systems, Inc., West Lafayette, IN), an aqueous
Ag/AgCl reference eectrode (also from BAS) and an Au foil (2.5 cm?) as a counter
electrode, in Argon-degassed anhydrous CH;CN containing 01 M (n-
CH5CH,CH,CH,)/,N'CIO,~ (TBAP) solutions at room temperature (23+1 °C). All
voltammograms have been 80% compensated for solution resistance. Phenothiazine and
N-methylphenothiazine sublimed before use. TBAP was prepared as described in a
previous publication. [15]

Results and Discussion:

Cyclic voltammetry of both PTZ and MPTZ are shown in Figure 2. The
voltammograms show that both compounds are oxidized reversibly under the specified
conditions. The formal redox potentials are 650 mV for PTZ and 766 mV for MPTZ vs.
Ag/AgCI reference electrode. The potentials are recalculated vs. NHE by adding 196 mV
(the redox potential (E) for the BAS Ag/ AgCl reference electrode at this temperature is
+0.196 V (vs. NHE)) so that the new values are 846 mV for PTZ and 962 mV for
MPTZ. The redox values reveal something very captivating; MPTZ is harder to oxidize
than PTZ. Although akylation is known to increase the electron density and thus render
aromatic systems more easily oxidized; for example decamethylferrocene is shifted by
about 0.5 V to more negative values relative to the corresponding ferrocene. Similarly,
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) demonstrate the typical pattern of
lower redox potential as the degree of methylation increases compared to the non-
methylated p-phenylenediamine by about 280 mV difference. [16] According to this
pattern, placing the methyl group on the PTZ should decrease the redox potential of
MPTZ, but what we found was the reverse. This unusual behavior can be understood by
looking carefully at the structures of both the neutral and the oxidized forms of both PTZ
and MPTZ.
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Geometry optimization of PTZ and MPTZ are shown in Figure 3. Table 1
represents the structural parameters that result from the different computational methods
compared with the experimental result§17] for the ground electronic state of neutral
phenothiazine. The dihedral angle between the two latera rings, range from 138.6° to
160° for the HF/MIDI! and DFT/B3LY P computations, respectively, compared to the
experimental 153.3° X-ray values. Regardless of the small discrepancies, both the
experimental and the calculated results show that the ground state of PTZ isfolded along
the N-S axis (Figure 3.). Table 2 shows the ground state parameters for MPTZ; it is
apparent that the neutral MPTZ is also folded along the N-S axis with a calculated angle
of 141° vs. 140° for the X-ray values, [18] (see Figure 3.). Theintroduction of the methyl
group at the N position of MPTZ leads to modification in the values of the dihedral angle
from 153.3° for PTZ to 140° for MPTZ. This implies that the degree of folding increases
as the substituent at the N position becomes larger, in which the steric repulsion of the
substituted side chain forces an additional folding of the ring system. Careful inspection
of Tables 1 and 2 reveds that the calculated values for the bond lengths and the bond
angles of the neutral PTZ and MPTZ show reasonable agreement with the corresponding
experimental values.

Tables 3 and 4 list the structural parameters for the radical cation of PTZ and that of
MPTZ obtained from the DFT, HF and AM1 calculations and compare them to X-ray
experimental values.[18,19] All calculations for PTZ yielded a planner geometry for the
radical cation with a dihedral angle of 180° while the experimental dihedra angle is
176°. This discrepancy is most likely due to the different molecular system examined in
the experimental study. Calculations for MPTZ radical cation show that the dihedral
angleis 165° (HF) and 164° (DFT), and these values are in close agreement with that of
chlorpromazine value of 169° (The X-ray values here are for chlorpromazine since no
experimental values are available for MPTZ). *®¥ The data also indicate that the folding
about N-S axis increases with oxidation. The DFT/MIDI! calculation shows that the
dihedral angle for MPTZ increases from 138° in the neutral form to 164° in MPTZ
radical cation. It is obvious that MPTZ radical cation is nonplanar but the PTZ radical
cation is planar (Figure 3.). Upon oxidation, the frequency upshift for PTZ in the C-N-C
mode in Raman spectroscopy; suggest that the radical cation of PTZ becomes planar
while for MPTZ ill contains some fold angle and thus has a nonplanar
geometry.[20,21,22,23] Also, the structural changes that take place upon oxidation was
shown, by picosecond laser flash photolysis studies, to contribute the internal
reorganization ; energy,[24] it also suggests that bond orders of C-N and C-S bonds
increase upon formation of the radical cation than that of the neutral molecule of both
species. As a consequence, formation of the radical cation leads to better m-orbital
overlap between the ring C and N atoms, as well as the ring C and S atoms, to give
larger aromatic resonance stabilization of the radical cation structure which affects the
C-S and the C-N bond electron order compared to the two phenyl rings.[25] Upon
oxidation, PTZ has higher or larger aromatic resonance stabilization due to the plannar
radical cation PTZ vs. the non-plannar form of MPTZ radical cation, which as a result
gives the reverse phenomenon on the redox potential.
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Next goal was to model the oxidation potential of the both PTZ and MPTZ at
several computational levels. Accordingly, the energy of the four species (including
neutral and cation radicals) where computed by density functional theory (DFT) and HF
theoretical models and at different levels of complexity; tables 5 and 6. The free energy
of the optimized structures were corrected for zero-point energy and thermal corrections
to 298° K. Theionization potential (IP) was calculated from the difference in free energy
of the neutral and that of the radical cation. Experimentally, IP has a range of different
values, for example: PTZ has 7.02, 7.26 and 6.7 eV values and MPTZ has 7.17 and 7.15
€V values. [26] The absence of aclear trend in the IP is aso reflected in the calculated
values using several computational techniques. This might indicate that the discrepancy
in the redox potential for both systems is not due the changes in the IP but rather to a
solvation factor (vide infra). The tables also list the negative energies of the highest
occupied molecular orbitals (HOMOs) for the neutral phenothiazines at all levels of
theory, as they can provide an estimate value for the ionization potential (1P). We have
also computed electrostatic component of the solvation free energies (in acetonitrile)
using the polarized continuum model (PCM) [27,28]of Tomasi at several computational
levels (using the same gas-phase geometries). This method treat the solvent as a
dielectric continuum, which is particularly an efficient approach for the computation of
the electrostatic component of the absolute solvation free energy at a quantum
mechanical level rather than explicit solvent modules used before.[29] The atomic radii
for this model were taken to be 1.2 times the van der Waals radii. Unfortunately, to the
best of our knowledge, there were no experimental values for the solvation energies of
both neutral and the radical cations of PTZ and MPTZ.

According to Equation 1, B3PW91/6-311+g* gave the best values (759 mV for
PTZ and 855 mV for MPTZ) that match well with that of the experimental (846 mV for
PTZ and 962 mV for MPTZ). It was also clear that all levels of calculations follow the
sametrend, i.e. the oxidation potential of PTZ islessthan that of MPTZ. Also it isworth
to say that as the substitution at the N position increase there may be an inhibition of
solvation of the phencthiazine moiety; thus, in N-alkyl phenothiazines, solvent may be
less able to stabilize the radical cation formed upon the oxidation. Thisis also clear from
the values of the solvation energies.

The higher redox experimental values reported here compared to the computed
ones, might be due to the presence of the supporting electrolyte (0.1 M n-Bu,N"ClIO,)
which would affect mainly the dielectric constant of the acetonitrile solution, and as a
consequence affect the solvation energy. We also speculate that this systematic error of
about 100 mV for both compounds, derived probably from the lower estimation of
solvation energies, which can be addressed by linear regression, but at this point this is
impractical without additional experimental data.

Conclusion:

Using Computational chemistry, we have established that N-methylphenothiazine
radical cation is nonplanar but the phenothiazine radical cation is plannar. Similarly, and
using the Polarized continuum method for prediction of the solvation energies, we where
able to predict the oxidation potentials of phenothiazine and N-methylphenothiazine; the
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DFT/ B3PW91/6-311+g* method gave the values (759 mV for PTZ and 855 mV for
MPTZ) that are comparable with those of the experimental (846 mV for PTZ and 962
mV for MPTZ).
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Figure 2. Cyclic voltammograms of PTZ and MPTZ (~3mM) at gold electrodesin
Argon degassed acetonitrile containing 0.1 M n-Bu,N*CIO, at 100 mV/s.
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Phenothiazine (PTZ)

N-methylphenothiazine (MPTZ)

Phenothiazine radical cation (PTZ™)

N-methylphenothiazine radical cation (MPTZ™)

Figure 3. The structures of Phenothiazine, N-methylphenothiazine and their radica
cations calculated at DFT/B3PWO9L1 level
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List of Tables

Table 1. Gas-phase bond angles and bond lengths for neutral PTZ at various levels of

theory

Substituent SC67 N-C1® C6-C5% N-H13® C6-S- CI1-N-C12 C1-N-H13 C1-C6-S Dihedra
c7 b b b angleb

RAM1 1696 1405 1415 0997 1032 1217 1148 1234 160.0

RB3LYPMIDI! 1793 1410 1406 1025 995 1215 1130 1200 144.4

RB3LYP/6-3lg 1844 1403 1407 1009 994 125.7 1159 1216 152.3

RB3LYP/6- 1786 1405 1397 1011 995 122.1 1141 1197 144.3

319**

RB3LYP 1786 1405 1403 1.009 994 121.9 1141 1196 143.7

16311+g*

RB3PW91/6- 1775 1.399 1401 1.009 994 1217 1141 1195 143.2

311+g*

RHF/MIDI! 17890 1412 1390 1.008 984 119.0 1121 1192 138.6

RHF/6-31g* 1777 1,401 1392 099  99.1 120.8 1137 1193 1413

RHF/6-311+g* 1776 1401 1391 0993 989 120.1 1136 1192 140.2

Exp.© 1762 1399 1391 1.09 1009 1244 1141 1209 153.3

2Bond lengthsin A°. bond angles in degrees. ©Values are taken form X-ray diffraction experimental results
reported in (Li, X.; Mu, T.; Guo, Q.; Liu, Y. Res. Chem. Intermed, 26 (2000) 375-384.

Table 2. Gas-phase bond angles and bond lengths for neutral MPTZ at various levels of
theory

Substituent SC6% N-C1% C6-C5° N-C13% C6-S-C7 C1-N-C12 C1-N-C13 C1-C6-S  Dihedral
b b b angleb
RAM1 1697 1413 1395 1438 1020 1190 1183 1226 148.1
RB3LYP/MIDI! 1789 1.419 1392 1463 984 1187 1176 1192 137.9
RB3LYP/6-3lg 1.840 1.419 1394 1464 97.7 1209 1185 1192 141.0
RB3LYP /6- 1782 1415 1395 1455 983 1189 1182 1191 138.1
31g+*
RB3LYP 1782 1414 1392 1454 983 1189 1182 1191 137.9
/6311+g*
RB3PWOL/6- 1772 1408 1390 1447 983 1188 1182 1190 137.7
311+g*
RHF/MIDI! 1786 1418 1.380 1455 974 1167 1174 1184 132.9
RHF/6-31g 1.828 1410 1382 1455 975 1201 1191 1186 1385
RHF/6-31g* 1774 1409 1383 1445 981 1181 1185 1187 135.7
RHF/6-311+g* 1773 1409 1382 1445 9738 1176 1184 1186 134.9
Exp.° 176 141 — @ 99 117 — — 140

2Bond lengthsin A°. ®Bond angles degrees. ©Values are taken form X-ray diffraction experimental results for
Promazine reported in (Rodgers, J. R.;Horn, A.S.; Kennard, O. J. Pharm. Pharacol, 28 (1976) 246-247.
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Table 3. Gas-phase bond angles and bond lengths for radical cation PTZ™ at various
levels of theory.

Substituent SC6° N-C1® C6-C5° C6-S-C7° CL-N-C12° SC6-C5P C1-C6-S° Dihedral angle®
UAM1 1639 138 1418 1045 1241 1164  124.83 180
UB3LYP/MIDI! 1757 1380 1419 1029 127.7 1172 1231 180
UB3LYP/6-3lg 1809 1384 1402 1023 128.8 1175 1224 180
UB3LYP/6-31g** 1749 1377 1407 1035 1281 1176 1228 180
UB3LYP/6311+g* 1748 1376 1404 1035 128.1 1176 1228 180
UB3PWOL/6- 1738 1371 1401 1036 128.0 1175 1228 180
Sﬂ;?M IDI! 1728 1375 1409 1035 126.9 1168 1230 180
UHF/6-31g* 1771 1377 1407 1034 1283 1173 1221 180
UHF/6-311+g* 1717 1369 1411  104.2 127.3 1173 1227 180
Exp.° 171(2) 1.36(2) 143(2) 103.9(7) 127(1) 117.1(1) 125(1) 175.7

2 pond lengths in A° ®bond angles degrees °Values are taken form X-ray diffraction experimental results
reported in ((a)Li, X.; Mu, T.; Guo, Q.; Liu, Y. Res. Chem. Intermed. 26 (2000) 375-384, (b) Sun, D.;
Rosokha, S. V.; Kochi, J. K. J Amer. Chem. Soc. 126 (2004) 1388-1401

Table 4 Gas-phase bond angles and bond lengths for radical cation MPTZ™* at various
levels of theory

Substituent SC6% N-C1% C6-C5 N-C13 C6-S-C7 C1-N-C12 C1-N-C13 C1-C6-S  Dihedral
a a b b b b angl e b
UAM1 1636 1397 1418 1450 1040 1221 119.0 125.0 167.6
UB3LYP/MIDI! 1.750 1.398 1404 1485 101.9 123.8 118.1 1234 164.5
UB3LYP/6-31g 1.802 1404 1403 1488 100.9 124.4 117.8 1225 160.9
UB3LYP/6- 1742 1396 1407 1477 102.2 123.8 118.1 122.9 162.0
319* *
UB3LYP 1741 1394 1404 1475 1022 123.7 118.1 1229 161.7
/6311+g*
UB3PWIl/6- 1732 1389 1402 1466 102.3 123.6 118.1 122.9 161.8
311+g*
UHF/MIDI! 1723 1389 1408 1478 1025 123.3 118.3 123.3 165.0
UHF/6-31g 1768 1405 1408 1477 1024 1241 117.6 122.2 162.8
UHF/6-31g* 1714 1384 1410 1471 103.1 1235 118.3 122.8 163.3
UHF/6-311+g* 1.713 1.384 1410 1470 1031 1234 118.3 122.8 163.4
Exp.° 1776 1391 1414 1459 99.6 1235 118.7 125.0 169.9

2 Bond lengthsin A°. °Bond anglesin degrees. ®Values are taken form X-ray diffraction experimental results
for Promazine reported in (Lopez Reuperez, F.; Conesa, J. C.; Aperda, M. C.; Cano, F. H.;Foces-Foces, C.
J. Phys. chem. 89 (1985) 1178-1182.
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Table 5. Negative HOMO energies, Solvation energies, and Oxidation potential (eV)
(298 K, relative to NHE) for PTZ

[P HOMO HOMO(PCM) AGaex  AGace

Compound eV eV eV PTZ PTZ*™ Oxidation Potential
AM1 6.78 6.72 a @ a @
B3LYP/6-31g 6.54 4.95 5.03 -3.65 -38.12 0.591
B3LYP/6-31+g** 6.65 5.28 5.36 -257  -38.37 0.627
B3LYP/6311+g* 6.69 5.33 5.33 -242 -3844 0.639
B3LYP/MIDI! 6.50 5.06 514 -2.64 -38.43 0.474
RB3PW91/6-311+g* 6.71 5.36 5.44 -399  -3853 0.759
HF/6-31g 6.26 7.29 7.40 -412  -37.86 0.344
HF/6-31g* 5.98 7.32 7.43 -4.02 -37.94 0.065
HF/6-311+g* 6.14 7.54 7.65 -4.34 -37.62 0.239
HF/MIDI! 6.05 7.46 7.56 -3.90 -37.94 0.118

* PCM method is not parameterized for Semiempirical methods.

Table 6. Negative HOMO energies, Solvation energies, and Oxidation potential (eV)
(298 K, relativeto NHE) for MPTZ

IP  HOMO HOMO(PCM)  AGge AGae Oxidation

Compound ev eV eV MPTZ  MPTZ™ Potential
AM1 6.76 7.48 a 2 a 2
B3LYP/6-31g 6.57 5.03 514 -2.58 -35.53 0.690
B3LYP/6-31+g** 6.67 531 5.39 -2.57 -35.80 0.778
B3LYP/6311+g* 6.85 5.33 5.44 -2.72 -35.83 0.960
B3LYP/MIDI! 6.51 5.09 517 -2.64 -35.65 0.627
B3PW91/6-311+g* 6.74 5.36 547 -2.92 -35.88 0.856
HF/6-31g 6.32 7.46 7.59 -3.16 -35.44 0.467
HF/6-31g* 6.05 7.37 7.51 -2.94 -34.76 0.213
HF/6-311+g* 6.09 7.59 7.72 -3.22 -36.24 0.310
HF/MIDI! 6.08 7.51 7.65 -2.99 -35.43 0.216

: PCM method is not parameterized for Semiempirical methods.
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Abstract:

Bromonitromethane adds to aliphatic aldehydes in the presence of tin (II) chloride
to yield B-nitro alcohols via a Reformatsky-type reaction in high yields, while aromatic
aldehydes gave low yields. The products were characterized by spectral (IR, NMR, MS)
data and elemental analysis.

Key words: Bromonitromethane, aliphatic aldehydes, B-nitro alcohols, Reformatsky
reaction.

Introduction

As an electrophile, bromonitromethane was used as a versatile electrophile in the
synthesis of aminothiophenes and their derivatives as well as in the reaction with
nucleophiles such as: thiolate anions, sulphides, thiourea, thiocyanate, iodide ion and
phosphorus nucleophiles [1]. Bromonitromethane contains only one carbon atom;
therefore it is relevant to C-1 chemistry [2]. It is interesting to note that
bromonitromethane, in chemical synthesis, is equivalent to one carbon nitro-
functionalized synthon , which has two advantages over other C-1 synthons : (a) the
nitro group of the product can be reduced to amino group. (b) o- Hydrogen atoms
adjacent to the nitro group in the product, being acidic, are consequently useful for
further C-C bond formation via deprotonation-alkylation reactions [3]. It was found that
bromonitromethane reacts with imines derived from aromatic aldehydes and ring
substituted anilines in the presence of tin (II) chloride to give f — nitro amines via an
addition reaction (Scheme 1) [4]. In such reaction, the polarity of bromonitromethane is
reversed from an electrophile to a nucleophile.
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H
| S
1)SnCl,-ether, 0.5-1.0 h
O M+ BrCHNO, J5uCly >  A—C—N
Ar1 N 2)H30+
CH,NO, Ar2
Scheme 1

Similarly f-nitro alcohols can be prepared by a tin (II) chloride mediated addition
of bromonitromethane and aliphatic aldehydes as reported here. f-Nitroalcohols were
prepared in good yields by the addition of a,o-doubly metalated nitroalkanes to
aldehydes at —90°C [5], or from the reaction of nitroalkanes and aldehydes on an alumina
surface [6], or alumina—supported potassium fluoride in the absence of a solvent [7], or
generally in the presence of base (nitroaldol type Henry reaction) [8]. Nitroalcohols are
useful precursors for the preparation of nitroalkenes [9] and amino alcohols, where
some of them are biologically important. In this work an alternative route for the
synthesis of - nitroalcohols is reported (Scheme 2).

1-SnCly/ ether, RT OH
2-RCHO
- NO,
CH,BINO, i > .
-Hj
2a-f
Scheme 2

Table 1: Yields from the reactions of aliphatic aldehydes and bromonitromethane in the
presenceof SnCl, (1.5 mol).

2 R Yields

a CH,; 75

b C,Hs 70

c CH;CH=CH 68

d CH;(CH,),CH, 72
CsHsCH=CH 72

f CsHsCH,CH, 70

Results and discussion

As shown in Scheme 2, bromonitromethane reacted with cinnamaldehyde, for
example, in the presence of tin (II) chloride in diethyl ether at room temperature for 1h.
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After workup of the reaction and purification of the product, 1-nitro-4-phenyl-3-butene-
2-0l 2e was isolated in 65% yield.

The 'H NMR spectrum of compound 2e showed a broad singlet at 2.7 ppm (OH
group) which was exchanged with deuterium oxide and a doublet at 4.5 ppm for
CH,NO, methylene protons while ?C NMR spectrum of 2e showed a signal at 70.0
ppm for CHOH carbon and a signal at 80.0 ppm for CH,NO, carbon. IR spectrum
showed broad absorption band at 3439 cm™ corresponding to the hydroxyl group and a
strong absorption band at 1556 cm™ corresponding to the nitro group. All other prepared
nitroalcohols gave 'H NMR, C NMR and IR signals consistent with the assigned
structures.

The electron impact mass spectrum of compound 2e at 70 eV showed an M peak
at m/e 193 with intensity less than 1%, an [ M"-H,0] peak (1.5%) at 175, an [M'-NO,—
H] peak (13%) at 146, an [ M"-CH3NO,] (22%) at 132, an [M"-CH;NO,-H] (44%) at
131. Loss of CO from 131 peak gives a peak at 103 (55%) which possibly produces the
base peak at 77. The electron impact mass spectra of other products did not show any
M" peak, therefore, their structures were characterized by elemental analysis together
with IR and NMR spectroscopic methods.

When the reactions were performed in tetrahydrofuran, dimethyl sulfoxide, or
acetonitrile, no dramatic increase in the yield of the product was noticed. But the yields
were enhanced when the ratio of the SnCl, was increased. As an example, the yield of
2e was increased from 65% to 72% when the mole ratio was changed froml:1:1 to
1:1.5:1 (aldehyde: tin (II) chloride: bromonitromethane). Different aliphatic aldehydes
were reacted with bromonitromethane in the presence of tin (II) chloride to give yields
summarized in Table 1. On the other hand, ketones were practically unreactive towards
bromonitromethane in the presence of SnCl,.

In conclusion, bromonitromethane proved to be a valuable C-1 unit in C-C bond
formation. Functionalities present in the products may be suitable for a wide range of
other chemical manipulations. A potential conversion of the nitro group into amino
group via reduction and the ease of replacement of nitro group by hydrogen atom
(denitration) using tributyltin hydride make bromonitromethane an interesting and
useful synthon. High yields, relatively short reaction time, low cost of starting materials
and easy handling of the reactions are other advantages.

The mechanism of this reaction is not studied yet, but a Reformatsky-type
mechanism is proposed.
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cl H
|
BrCH,NO, + SnCl, > Br Sn c NO,
.
Cl H
RCHO
OH OSnBrCl,
|
R—— C—— CH,NO, = kil R C——CH,NO,
l |

Experimental

All reagents were of commercial lab grade and were used without further
purification. IR spectra were determined on a Mattson 5000 spectrometer. NMR spectra
were determined on a Bruker AC 200 MHz, samples were dissolved in CDCl; and TMS
as an internal standard. Mass spectra were recorded on a Finnigian Mat 731
spectrometer at 70 ev. Elemental analysis were performed at the Middle East Technical
University-Analyses center (Ankara-Turky).

Bromonitromethane was prepared according to the following improved
procedure[10]:

A mixture of water (500 ml), ice (200 g), NaOH (20 g, 0.50 mol) and nitromethane
(36.6 g, 0.60 mol) was vigorously stirred using a mechanical stirrer for 30 minutes
during which the temperature was kept around 0° C. Bromine (64 g, 0.40 mol) was
added at once to the solution with continuous stirring. After 4h the solution was steam
distilled. The crude product was isolated, dried over anhydrous MgSO, and fractionally
redistilled. Bromonitromethane was collected at 134-136 °C to produce 30 g, 54% yield.
'H NMR: 5.45 ppm (s, CH,), IR (neat): 1565, 1373, 1260 and 747 cm™.

General procedure for the synthesis of - nitroalcohols (2a-f):

To a mixture of SnCl, (1.42 g, 7.5 mmol) in Et,O (40 ml), the appropriate aldehyde
(5 mmol) was added at 0° C. To this mixture was added, while stirring,
bromonitromethane (5 mmol) dissolved in 2 ml of dry ether. The mixture was further
stirred for 4h during which the reaction was monitored by TLC. The reaction mixture
was then diluted with ether (50 ml) and washed successively with 1M HCI, H,0,

212



Synthesis of f-Nitro Alcohols via Tin (II) Chloride Catalyzed Addition Reactions of Bromonitromethane
to Aldehydes

saturated NaHCOj; solution and brine. The organic layer was separated and dried over
anhydrous Na,SO,. The crude product was purified by column chromatography.

1-Nitro-2-propanol 2a:

Purified by chromatography (EtOAc/hexane 1:4 v/v) to give a colorless oily
product in 75% yield; IR (thin film): 3421 (broad), 1556(s), 1456,1386,1138 cm™. 'H
NMR &: 1.35 (d,3H, J = 5Hz, CHj;), 2.75 (broad,1H, OH), 4.4 (m, 2H, CH,NO,), 4.5
(m,1H, CHOH). *C NMR: 19.5 (CH3), 65.5 (CHOH), 81.2 (CH,NO,). Anal. Calc. for
C;H;NOs;: C, 34.29, H,6.71,N,13.33, found: C,34.22,H,6.69,N,13.21.

1-Nitro-2-butanol 2b:

Purified by chromatography (EtOAc/hexane 1:4) to give a colorless oily product in
70% yield. IR (thin film): 3447 (broad), 1556 cm™. '"H NMR &: 1.0 (t, 3H, J = 5Hz,
CHs), 1.6 (m, 2H, J = 5Hz, CH,Me), 2.65 (broad,1H, OH), 4.3 (m, 1H, CHOH), 4.4 (m,
2, CH,NO,), *C NMR: 9.5 (CHj3), 26.8 (CH,), 70.0 (CHOH), 80.5 (CH,NO,). MS (EI)
[m/e(% rel.int.): M (absent), 90(16), 72(10), 62(44), 57(26), 55(64), 43(72). Anal. Calc.
for C4HoNO; : C,40.32,H,7.62,N,11.76. found: C,40.11,H,7.55,N,11.69.

1-Nitro-3-penten-2-ol 2¢:

Purified by chromatography (EtOAc/hexane 1:4) to give a colorless oily product in
68% yield.IR (thin film): 3447 (broad), 1556(s) cm™. '"H NMR &: 1.75 (d, 3H, J = 5Hz,
CHa), 2.6 (broad, 1H, OH), 4.45 (d, 2H, J = 5Hz, CH,NO,), 4.8 (m, 1H, CHOH), 5.5, 5.9
(m, 2H, CH=CH). ”C NMR: 17.5 (CH;), 69.5 (CHOH), 80.3 (CH,NO,), 128.6,131.0
(CH=CH). ). Anal. Calc. for CsH¢NO; : C,45.70,H,6.92,N,10.68, found:
C,45.75,H,6.88,N,10.66.

1-Nitro-2-octanol 2d :

Purified by chromatography (EtOAc/hexane 1:5) to give a colorless oily product in
65% yield. IR (thin film): 3440 (broad),1554(s) cm™. "H NMR &: 0.85 (t, 3H, J = 5Hz,
CHs), 1.3-1.5 (m, 10H, 5xCH,), 3.0 (broad,1H, OH), 4.3 (broad,1H, CHOH), 4.4 (d, 2H,
J = 5Hz, CH,NO,). *C NMR: 14.2 (CHj), 22.5, 25.2, 28.8, 31.6, 33.8 (5xCH,), 68.8
(CHOH), 80.7 (CH,NO,). MS (EI) [m/e(% rel.int.): M (absent), 113(5), 97(15), 95(26),
90(15),83(14),81(20),69((74), 57(68), 55(79). Anal. Calc. for CgH;NO;
C,54.85,H,9.78,N,7.83, found: C54.56,H,9.81,N,7.83.

1-Nitro-4-phenyl -3-buten-2-ol 2e:

Purified by chromatography (EtOAc/hexane 1:5) to give oily product in 72% yield,
IR (thin film): 3439(broad), 1556(s), 914cm™. 'H-NMR &: 2.7 (broad,1H, OH), 4.5 (d,
2H, J = 5 Hz, CH,NO,), 5.05 (q, 1H, J = 5Hz, CHOH), 6.1 (dd, 1H, J = 5, J = 15Hz,
CH=CH-CHOH), 6.8(d,1H, J = 15Hz, CH=CH-CHOH), 7.4 (m, 5H, ArH). °C NMR:
70.0 (CHOH), 80.0 (CH,NO,), 124.9, 126.7, 128.5, 128.8, 133.5, 135.5 (C,HsCH=CH).
MS (EI) [m/e(% relint.): M'193(<1), 175(1.5), 146(13), 132(22), 103(55), 77(100),
51(98). Anal.Calc.for C;(H;;NO; : C,62.17, H,5.74, N, 7.25 found: C,62.12,
H,5.76,N,7.20.
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1-Nitro-4-Phenyl-2-butanol 2f:

Purified by recrystallization from 95% hexane/ ethyl acetate mixture to give white
crystals m.p = 82-83 °C. IR (KBr): 3402, 2949, 1549(s), 1493cm™. 'H NMR &: 1.8 (m,
2H, C¢HsCH»-), 2.6 (d ,1H, J = 5Hz,OH), 2.8 (m,2,-CH2CHOH), 4.3 (m,1H, -CHOH),
4.4 (d, 2H, J = 5Hz, CH,NO,). 7.25 (m, 5H, C¢Hs). *C NMR: 31.2 (C¢HsCH,), 35.3 (-
CH,CHOBH-), 68.0 (CHOH), 80.5 (CH,NO,), 126.3, 128.3, 128.6,140.8(C¢Hs). MS (EI)
[m/e(% rel.int.): M" (absent), 133(32), 130(46), 105(86), 104(70), 91(100), 92(70),
77(48), 65(37), 51(26). Anal.Calc.for C;(H;3NOs: C, 61.15, H, 6.69, N, 7.17 found: C,
61.17,H, 6.72, N, 7.20.
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Abstract:

The aim of the study was to determine the mean blood lead levels and prevalence of elevated
blood lead levels among preschool children aged 1-72 months in Northern Jordan. Data gathered
by a questionnaire and blood samples for blood lead analyses comprising 389 children. The mean
blood lead level was 7.12 + 5.58 pg/dL (range 1.8 - 30 pg/dL). The mean blood lead level of 117
samples (30.0%) was > 10 ng/dL. The percentage of children with elevated blood lead level who
spend longer time outdoors is significantly higher (36.3%) compared to those who did not (22.7%)
(P < 0.001). Results pointed out that, blood lead levels in children lives in urban areas were
significantly higher than those in rural areas (P < 0.001). This study showed that children aged 1-
72 months in Northern Jordan have moderately high blood lead levels and consistent with that of
other countries using leaded gasoline.

Key Words: Lead, blood, children, sociodemographic factors, Northern Jordan.
Introduction

Lead is not an essential element for human body, and high blood lead level (BLL)
can result in plumbism or adverse health effects in the hematologic and/or neurologic
systems [1]. Fetal exposures to lead may occur through placental transfer as early as
week 12 of gestation and throughout full term [2]. Children are more susceptible to lead
than adults due to hand to mouth activity, increased respiratory rates, and higher gastro-
intestinal absorption per unit body weight [3, 4]. Adult absorb 35-50% of lead that they
ingest while children absorb greater than 50% [5]. It is well known that 90% of the body
burden of lead is deposited in bone, which can leach out during growth of children
constituting a significant long-term source of lead in the blood [6].

In young children, blood lead levels (BLL) as low as 10 pg/dL can lower
subsequent scores on 1Q tests [7,8].The same amount of lead would not expected to be of
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much consequence in adults. The Centers for Disease Control and Prevention has,
therefore, recommended that the goal of all lead poisoning prevention activities for
young children should be the reduction of children’s BLLs to less than 10 pg/dL [9,3].
Furthermore, in a recent study, it was reported that even blood lead levels less than 10
png/dL may still significantly impair intellectual development in children [10]. Generally,
fetuses, infants, children up to 6 years of age, and pregnant women were the most
susceptible to lead toxicity [1]. In light of such concerns, the BLL, including cord blood,
is usually used as a biological monitoring indicator for environmental lead pollution in
addition to its original role on health condition index [11, 12].

Major sources of environmental lead pollution are leaded gasoline, leaded pipes for
water supply, lead based paints, leaded ceramics, lead in cosmetics, and folk remedies.
Distance of residence from traffic density, housing, poor nutrition, low maternal
education, and socioeconomic status are the factors further influencing blood lead levels
in children [13-15]. The objectives of the current study were to: (a) evaluate mean BLLs
and the prevalence of elevated BLLs in children aged 1-72 months in Northern Jordan;
and (b) investigate the relationship between the BLLs and the different socioeconomic
factors.

Method and Material
1. Questionnaire

Before blood sampling, parents of participating children completed a questionnaire
that asked for information about the number of siblings in the family, family size, the
amount of time the child habitually spent outdoors, housing standards, proximity of busy
streets, area of living, car availability, house age, monthly income, play activities,
parental education and other variables that might affect the child’s BLL.

2. Collection of Samples

Blood samples were collected during one year from August 2002 to August 2003 at
Princess Rahma Hospital for Children (PRHC) from 389 children aged 1-72 month.
During this period, hundreds of children visited the hospital; however, samples were
collected just from children aged 1-72 months and free of any serious illness. Since
venous blood is the preferred sample for analysis over capillary sample, this sampling
approach was used for lead measurement in our study. Venous sample provide a larger
volume for analysis and are less prone to clotting and other problems that can be
encountered with capillary. Special lead-free evacuated tubes were used for blood
collection. These tubes are standard tubes containing EDTA to prevent coagulation of
the blood sample. All materials used were known to be lead-free before use. All
personnel who collected the samples were well trained and thoroughly familiar with the
collection procedure. The volume of each sample was 3-4 ml. After collection, samples
were kept in the refrigerator until the time of analysis.
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3. Preparation of samples for analysis

All glassware and plastic ware were soaked in 10% nitric acid for 48 hours then
washed with distilled water before final rinsing with deionized water and dried in oven at
50C for about 2 hrs.

Samples were digested prior to analysis in order to extract lead and destroy sample
matrix. One millimeter of the whole blood sample was transferred into a previously acid
washed Pyrex test tube using standard pre-calibrated micro-pipette. One millimeter of
Ultra-pure HNO; was added, followed by 1 mL of HCIO,. The test tube was then heated
over a sand bath set at about 150 °C. The sample was allowed to digest for 4-5 hours. At
this point the solution should be clear, if not, an additional step was taken by adding (0.5
mL HNO; + 0.5 mL HCIO,4) and heating again. During that, the volume was reduced
down, approximately to near dryness. After that, the sample is re-dissolved with 1%
HNO:;, diluted to 10.0 mL and transferred into a plastic bottle.

4. Analysis of Samples

Blank samples containing all reagents (HNO; + HCIO,) except blood were prepared
along with samples. All samples were analyzed using the Inductively Coupled Plasma—
Optical Emission Spectrometry (ICP-OES) (Perkin-Elmer). The digested blood samples
were directly aspirated to the Plasma using a capillary tube and the emission reading for
lead was then recorded for each sample.

5. Quality Assurance of the Measurements
5.1. Blank Samples

Blanks were prepared and analyzed along with the samples. The average sample-to-
blank ratio was calculated and found to be larger than 10. This ratio was high enough to
make reliable blank correction for lead in our samples.

5.2. Accuracy of the measurements

The reliability of lead measurements is greatly enhanced by the use of high quality
lead standard solution for instrument calibration. These standards were supplied by the
ICP-OES manufacturers and were tested by comparing it with several standards prepared
in our laboratories. Therefore, the accuracy of the ICP-OES results were checked by
periodic analysis of Laboratory Synthetic Standard (LSS) prepared from high purity lead
salts. Results were always in excellent agreement with the certified concentration within
less than +5%.

6. Statistical analysis

The Centers for Disease Control (CDC) permissible childhood BLL of 10 ug/dL
was used as a cutoff point. The characteristics and potential risk factors for exposure to
lead among children with BLLs > 10 pg/dL were compared to those of children with a
BLL <10 pg/dL. All data were encoded, entered, and analyzed using SPSS 10.0 in
personal computer. Data from each parameter were examined for statistically significant
difference.
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Results

A brief statistical summary for blood lead levels in collected samples is given in
Table 1. The geometric mean BLL in this study was 5.07 pg/dL (median: 5.81 pg/dL;
range: 1.8 — 30.0 pg/dL). Thirty percent of the children had BLLs > 10 pg/dL, the
current threshold of concern [9]. Figure 1 indicated that 46 % of the children had BLLs
<5 pg/dL, 23.9% had 5-10 pg/dL, 21.3% had 10 —15 pg/dL, 6.2% had 15-20 pg/dL and
2.6% had BLLs more than 20 ng/dL.

Table 2 summarizes the BLLs in relation to sociodemographic variables of the
studied children. Higher proportion of children with BLLs > 10 pg/dL came from
families with a monthly income of less than 150 JD (approximately 250 $).
Approximately 40% of children in the study lived in families where at least one of the
parents is well educated (B.Sc. or more). As given in Table 2, BLLs were significantly
higher among children with high father education (P < 0.05). The location of the area of
living (urban or sub-urban) was found to be one of the most significant factors related to
children’s BLLs (P < 0.001). In addition, the frequency of playing outside the home was
among the significant risk factors that affecting the BLLs.

4. Discussion

Approximately 30 % of children in the study had BLLs > 10pg/dL. This value is
higher than the range reported in some urban regions; higher than 8% in children aged <
6 years in Toronto, Ontario, Canada, in 1992 and 7% in Finland children aged < 7 years
in 1992, and 16% in Sydney, Australia reported for 1992 —1994 [16-18]. However, this
percentage is still within the range reported for other urban regions. The percentage of
EBLLs (>10 pg/dL) was 33% in New York children aged 4 months, 78% for children in
South Africa, 29% for children in Zhejian, China and 42% for children in Mumbai, India
[19-22].

The overall geometric mean of BLL (5.07 pg/dL) in this study was lower than those
reported for other regions directly affected by lead industry. Recent studies from
Johannesburg [14], China [21], Senegalese [15], Saudi Arabia [23] and Taiwan [24]
reported respectively 11.90 pg/dL, 9.50 pg/dL, 8.34 pg/dL, 8.10 pg/dL and 5.50 pg/dL
blood lead in their children. However, keeping in mind the fact that there is no safe level
of blood lead in children [25, 26], efforts are still required to contain other sources of
environmental exposure to lead.

In this study, we attempted to identify variables affecting BLL among Northern
Jordan children. However, not all the potential sources of exposure have been
considered. For instance, we did not ask about smoking habit in the family, which could
contribute to children’s exposure to lead at home. In addition, we did not assess exposure
to lead from food or drinking water. Among the studied factors, the location of the area
of living, has been found as risk factor to be associated with elevated BLLs (P<0.001).
The percentage of children with EBLL whose living in urban area is significantly higher
(36.4%) than those in rural areas (15.0%). Several authors from different countries have
found similar results [15,21], supporting our findings. The primary source of lead
exposure in most countries is leaded gasoline. Before lead was removed from gasoline in
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the U.S., the average BLL of children 6-19 years of age was 11.7ug/dL [27] compared to
3.6 png/dL after removal [28].

Lead has been emitted over the year from different anthropogenic sources and has
been deposited everywhere. Accordingly, outdoor playing activities are expected to be a
significant factor influencing BLL. Therefore, time spent outdoors by the child was
another risk factor found to be associated with elevated BLLs (P<0.001). The percentage
of children with EBLL who spend longer time outdoors was significantly higher (36.3%)
than those who did not play frequently outdoors (22.7%). Playing outside may increase
exposure to lead deposited in soil, sand, or dust, through ingestion or inhalation. Lead
from soil and outdoor dust has been shown to be a pathway of residential lead exposure
among urban children [29-31]. As presented in table 2, children who were reported to
spend time outdoors had blood lead concentrations of 7.6% (1.56 ug/dL) higher than
children who did not.

Studies in other parts of the world have found blood lead levels to be correlated
directly or indirectly with socioeconomic status. In the USA, for example, low
socioeconomic groups have been found to have higher blood lead levels than higher
socioeconomic groups [32], but other relationships have been seen elsewhere, depending
on the prevailing forms of exposure. A number of sociodemographic factors were
considered in this study. These include parental education, family size, car availability,
house type, newspaper usage, and monthly income. Except for the car availability and
father education, no significant differences were noted between BLLs and different
subgroups related to these risk factors.

A positive relationship between percentage of children with EBLL and their
father’s education was found. BLLs in children were significantly influenced by father
education level (p<0.05). The percentage of children with EBLL among families with
educated and less educated fathers (more than high school or less than high school) were
26.9% and 33.9%, respectively. In addition, the percentage of children with EBLL
among families of low income are higher (30.7%) compared to those among families of
higher income (26.0%). It is clear that there is a negative relationship between family
income and percentage of children with EBLL.

Health status of the child and its influence on BLL was also considered in our
study. Table 2 shows that the percentage of children with EBLL among those having
Epilepsy (18.8%) is less than those not having Epilepsy (31.9%). Regardless of the
biological and physiological factors, the explanation of this is that the children with
Epilepsy are expected to have less playing activities compared to those without epilepsy.
The effect of other diseases was also included. Table 2 shows effects of allergy on BLL,
where, little differences in the percentage of children with EBLL having allergy (29.3%)
compared to those without (30.5%) was present. This may indicate that allergy is not an
important factor in affecting BLL.

Conclusion

This study illustrated that, children <6 years in Irbid province appeared not severely
contaminated with lead. BLLs were similar to those observed in other countries that
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continue to use lead in gasoline. In addition, BLLs were higher in children live in urban
areas and those spending longer time outdoors. Not all potential sources of exposure
have been considered in this study, therefore, future studies should monitor other
suspected heavy metals like mercury and arsenic. Finally, our study did not measure lead
in potential exposure sources, such as soil, dust and air. This may have provided
additional information about sources of lead exposure in this population.

The phase-out of lead from gasoline has already begun in Jordan. However, less
than 10% of the cars are using unleaded gasoline, most of them are concentrated in
Amman. With the phase-out of leaded gasoline, BLLs in Jordan children are expected to
rapidly decline as they have in other countries that have phased lead out of gasoline.
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Figure 1: Frequency distribution of blood lead levels (ng/dL)
in children, 1-72 months, (N = 389).
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Table 1: Blood lead level values in 389 children (ng/dL).

Data set
BLL <10 BLL >10 All
Number 272 117 389
Percentage 69.92 30.08 100
Standard deviation 2.72 3.88 5.58
Arithmetic mean 4.09 14.16 7.12
Geometric Mean 33 13.72 5.07
Median 2.67 12.89 5.81
Maximum value 9.99 30 30
Minimum value 1.8 10.09 1.8
Table 2: Blood lead levels in relation to various potential risk factors.
Sociodemographic BLL (png/dL)
factor <10 >10 Total P-value
m Father Education
= Low (HS) 155(73.1) 57(26.9)  212(54.5) <0.05
= High (>HS) 117(66.1) 60(33.9)  177(45.5)
m Region
= Urban 171(63.6) 98(36.4)  269(69.1) <0.001
= Sub-urban 102(85.0) 18(15.0)  120(30.9)
m Family size
* One child 95(69.9)  41(30.1) 136(35.0) 0.66
= >1 child 176(69.6) 77(30.4)  253(65.0)
m House Type
= Single unit 181(69.1) 81(30.9)  262(67.4) 0.27
= Apartment 91(71.7)  36(28.3)  127(32.6)
m Car availability
" Yes 204(69.9) 88(30.1) 97(24.9)  0.002
= No 68(70.1)  29(29.9)  292(75.1)
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m House Age

. <5

=5-10

= >10

m Monthly income
. <150 jp

= >150JD

m Mother education
* Low (HS)

= High (>HS)

m Play Activities

= Rarely

* Daily

m Newspapers usage
*Yes

= No

m Epilepsy

* Yes

= No

m Allergy

* Yes

= No

108(69.2)
83(73.5)
81(67.5)

235(69.3)
37(74.0)

185(69.3)
87(71.3)

117(72.7)
155(68.0)

105(69.5)
165(69.3)

26(81.2)
246(68.9)

106(70.7)
166(69.5)

48(30.8)
30(26.5)
39(32.5)

104(30.7)
13(26.0)

82(30.7)
35(28.7)

44(27.3)
73(32.0)

46(30.5)
73(30.7)

6(18.8)
111(31.9)

73(30.5)
44(29.3)

156(40.1)
113(29.0)
120(30.8)

339(87.1)
50(12.9)

267(68.4)
122(31.4)

161(41.4)
228(58.6)

151(38.8)
238(61.2)

32(8.2)
357(91.8)

239(61.4)
150(38.6)

0.54
0.67

0.70

0.90

<0.001

0.30

0.13

0.30
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Abstract

Gamma ray buildup factors in five materials A4/, Steel, Cu, Brass and pb were
measured using a scintillation detector Nal (T]) (3"X3”) with two point isotropic
radioactive sources Cs-137 and Co-60. Results obtained show that the buildup factors at
1.253 MeV energy have higher values than those at 0.662 MeV. This experimental result
is not in agreement with the theoretical studies except for lead.

I. Introduction

Many workers have theoretically studied the effect of the photon energy on the
buildup factors. Goldstein and Wilkins [1] calculated the buildup factors for many
materials within the energy range of 0.5 to 8 MeV. Alberg et al [2] have calculated the
buildup factors in water and air, Al and concrete within the energy range of 0.03 to 10
MeV using “Moments” method. On the other hand, high-energy gamma rays buildup
factors for water, concrete , iron and lead, have been calculated by H. Hirayama [3]. Y.
Harima et al made a comparison of gamma-ray buildup factors for low-z material and for
low energies [4]. H. Hirayama and D.K. Trubey investigated the effects of incoherent
and coherent scattering on buildup factors of low-energy gamma-rays [5]. H. Hirayama
et al compared gamma-ray point isotropic buildup factors including fluorescence and
bremsstrahlung in lead using discrete ordinates and point monte carlo methods [6].
While a detailed behavior of exposure buildup factor in stratified shields for plane-
normal and point isotropic sources, including the effects of bremsstrahlung and
fluorescent radiation are investigated by Y. Harima [7]. On the other hand, K. Shin and
H. Hirayama gave a new approximating model for gamma-ray buildup factors of
stratified shield [8]. This work has been done to measure buildup factors for five
materials (Al, Steel, Cu, Brass and pb) and to compare the obtained results with the
available theoretical results.

© 2005 by Yarmouk University, Irbid, Jordan.
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I1. Theory

Consider a monodirectional beam of y-ray of intensity ( or flux ) @, and energy E,
which is incident upon a slab shield of thickness a. If there were no shield present, then
the exposure rate would be [9]

Xo =0.0659 @, E, (o / p)* mR /hr (1)

It is convenient to write the above equation in the form

X, =C @, (2)

where: C = 0.0659 @, E, (i, / p )™ is a function of E,. With the shield in place, the
y-ray flux @ emerging from the shield is different from @, and the problem of
determining the actual value of the exposure rate at any point after the shield slab
reduced to the problem of computing @. It would be easy to compute @ if every time a
photon interacted with matter it disappeared. Then @ would be equal to the flux of
uncollided y-rays

D= Pye M 3)

where: u is the total attenuation coefficient at the energy E,. Unfortunately, y-rays
do not disappear at each interaction but they are also scattered due to many different type
of reactions. As a result, the monoenergetic beam that incident on the shield slab,
emerges from the other side as a contineous pectrum. The continuous part of the
spectrum is due for the most part to Compton scattered photons, with some contribution
from Photoelectric x-ray and annihilation radiation. The calculations of @ (E) should be
carried out for a variety of shielding materials as a function of the incident y-ray energy
and shield thickness. The computed values of @ (E) were then used to compute the
exposure rate from the formula

. EO
X =0.0659 J @ (E)E (1, /p )™ dE 4)
0

The results of these computations are written as

).( :).(o B, (na) e™ Q)

where: By, (pa) is called the exposure buildup factor for monodirectional beam
and p is the total attenuation coefficient at the energy E,,.

Values of B,, are given in many tables as a function of energy for several materials.
It will be observed from these tables that the numerical values of B,, can be very large,
which shows the importance of the buildup of scattered radiation in shielding
calculation. With a water shield, for example, which is pa = 10 mean free paths thick at
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2 MeV, B,, is approximately equal to 10. This means that if buildup were omitted from a
calculation of the effectiveness of such a shield, the resulting exposure rate would be in
error by a factor of 10. The buildup factor, therefore, cannot be ignored. Since By, is a
continuous function of atomic number, values of B,, for materials not given in any table
can be obtained by plotting By, versus Z for the energy of interest and interpolating from
the curve. Equation (5) gives the actual exposure rate at a point P, just behind the shield.

According to Eq. (1), X, is proportional to @, and it is reasonable, by analogy, to

write X in the same form , namely

X-Ca, ©)

where: the quantity @, is called the buildup flux and is clearly equal to that flux of
monoenergetic y-rays of energy E, which gives the same exposure rate at P just behined
the shield slab as the actual y-ray flux at that point. Introducing Eqgs. (2) and (6) into Eq.
(5) shows that

D, = D, By (pa) e™ (M
or equivalently
Dy, = Bm(na) Py @®)
where: @, is the uncollided flux of Eq. (3), [9].
I11. Experimental Work

The geometrical arrangement for the source, collimators, absorbers and the detector
in the narrow beam attenuation case is shown in Figure 1. However, in broad beam
attenuation case, the two collimators were removed from the experimental arrangement.
The collimators are lead blocks with dimensions of (5 x 10 x 20 cm) with a central hole
of 0.7 cm radius. The detector used in this study was a scintillation detector Nal 3"x3”
(7.6 x 7.6 cm). The sources used were of activities of 2.8 mCi for Cs-137 and 5.9 mCi
for Co-60. The absorbers were cylindrical in form. Table 1 shows some useful
information about these absorbers. The accuracy of the spectrum analysis was achieved
by subtracting the background and surrounding scattering photons.

Table 1: Some information of the materials used in the present work

Absorption Coefficients (m™)

Material Atomic no. Density x 10° (kg/m®) Disk Diameter (m)

0.662 MeV 1.253 MeV
Aluminum 13 2.700 0.10 20.125 14.871
Steel 26 7.860 0.08 57.696 42.135
Copper 29 8.960 0.08 65.021 47.200
Brass 29.28" 8.458 0.10 61.501 44.620
Lead 82 11.400 0.10 126.007 67.158

*This is the effective atomic number of brass, since it is an alloy composed of 72.4% copper and 27.6% zinc.
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IV. Results and Discussion

The fitted buildup factors of the five-investigated materials using the two
radioactive sources (Cs-137 and Co-60) are presented in Table 2. Figures 2, 3,4, 5 and 6
show the experimental buildup factors and the fitting curves for the Al, Steel, Cu, Brass
and PDb, respectively, at the two energies 0.662 MeV and 1.253 MeV. The latter table and
figures show that the buildup factors at 1.253 MeV are higher than those at 0.662 MeV
for all materials. This experimental result is not in agreement with the theoretical studies
except for lead.

The present experimental results can be explained by the fact that the high energy
photons have more power to penetrate inside the material and produce scattered photons
with enough energy to escape from the absorber and reach the detector. While the low
energy photons produce low energy scattered photons that are to be absorbed in the
material itself and do not reach the detector. In addition to the fact we could not find in
references energies and thicknesses matching the ones used in the current work, the
theoretical results are different from the present experimental results because of the
different purity of the available materials and different composition of the alloy used in
this experiment.

V. Conclusion

The results for gamma ray buildup factors of the five materials (4/, Steel, Cu, Brass
and pb) investigated with two point isotropic radioactive sources (Cs-137 and Co-60)
showed that the these factors at /.253 Mel energy have higher values than those at 0.662
MeV. This is due to the fact that high energy photons have more power to penetrate
inside the material producing scattered photons with enough energy to escape from the
absorber and reach the detector. On the other hand, the low energy photons produce low
energy scattered photons that are to be absorbed in the material itself, thus they do not
reach the detector. This experimental result is not in agreement with the theoretical
studies except for lead. The theoretical results are different from the experimental results
because of the different purity of the available materials and different composition of the
alloy employed in this experiment.
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Table (2): Fitted buildup factors of Al, Steel, Cu, Brass and Pb.

Source Thickness (mfp) Al Steel Cu Brass Pb
Cs-137 0.5 1.150 1.135 1.133 1.141 1.000
(0.662 MeV) 1.0 1.291 1.295 1.290 1.289 1.000
L5 1.451 1.493 1.492 1.456 1.001
2.0 1.635 1.748 1.758 1.647 1.051
2.5 1.852 | 2.093 2.111 1.870 1.142
3.0 2.122 | 2.585 | 2.587 2.136 1.282
3.5 2.487 3.325 3.236 | 2472 1.484
4.0 3.045 4490 | 4.129 2.939 1.763
4.5 4.030 | 6.391 5366 | 3.671 2.137
5.0 5.994 - - 4.989 2.634
Co-60 0.5 1.186 1.238 1.232 1.194 1.091
(1.253 MeV) 1.0 1.334 1.470 1.432 1.381 1.164
1.5 1.524 1.750 1.702 1.597 1.245
2.0 1.729 | 2.095 2.062 1.848 1.336
2.5 1.962 | 2.535 | 2.537 2.140 1.444
3.0 2233 3.124 | 3.163 2.485 1.577
35 2.566 3972 | 3.983 2.898 1.749
4.0 3.037 5310 | 5.056 | 3.414 1.989
4.5 3.929 7.626 | 6.455 4.106 | 2.343
5.0 6.303 --- --- 5.142 2.894
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Fig. 1. Schematic diagram of the experimental setup.
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Fig. 4. Buildup factors for Cu using two photon energies of 0.662 and 1.253 MeV.

236



The Relation Between the Buildup Factor and Gamma Ray Energy

6
51 .
—+—0.662 MeV )
--®--1.253 MeV
4 -
5
©
©
w
a 3
=]
k=4
5
@
2 4
14
0 T T T T T T T T T T
0 0.5 1 15 2 2.5 3 3.5 4 45 5 55

Thickness (mfp)

Fig. 5. Buildup factors for brass using two photon energies of 0.662 and 1.253 MeV.

34 —+—0.662 MeV
--m--1.253 MeV

Buildup Factor
N

0 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0 55
Thickness (mfp)

Fig. 6. Buildup factors for lead using two photon energies of 0.662 and 1.253 MeV.

237






ABHATH AL-YARMOUK: "Basic Sci. & Eng." Vol. 14, No.2, 2005, pp. 239-246

Factors Affecting Soil Radon Concentration

Ali H. Khayrat', Barakat A. Al-Bataina”, Riyad Shweikani’, M. A.Oliver* and Said A. Durrani®

Received on June 23, 2004 Accepted for publication on June 20, 2005

Abstract

The spatial variation of radon concentration in soil is often controlled by some
geological conditions. The aim of this study is to explore factors other than underlying
geology that affect the variation of radon concentration in the soil. In this work the effect
of soil parameters on soil radon concentration were studied along two “radon affected
areas” located in UK. Land slope, thickness, soil conductivity, moisture content and
porosity were investigated. The measured quantities were compared with radon
concentration in soil.

Key words: Radon, concentration, soil, moisture content, resistivity, porosity, land slope
1. Introduction

Although geology science is regarded as the major factor controlling the variation
in radon distribution in the soil atmosphere[1,2], our survey[3] in Derbyshire near to
Biggin on the Monsal Dale Limestone showed that there was a considerable spatial
variation within the lithological unit. This variation showed spatial structure and the map
of kriged estimates showed that the radon concentration varied continuously from West
to East in the area surveyed. The pattern of the variation is particularly distinctive
because the radon concentrations appear to have an inverse relation with the relief. The
small radon concentrations are associated with the highest elevations which are in the
eastern part of the area, and the largest values in the western part where the elevations is
low. These results suggest that factors other than lithology are having a significant
effect. The aim of this study was to explore other factors, such as soil depth, soil
compaction, surface slope angle, moisture content, porosity and electrical conductivity.

Two areas were selected for the study in the summer of 1996. One is within the area
near to Biggin (grid reference SK 155359) to the south of Buxton in the county of
Derbyshire in England and is underlain by a single lithological unit, the Monsal Dale
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Limestone in which surface slope angle, soil conductivity and soil resistivity were
measured. The second was to the north-west of the City of Nottingham in the Eastern
Midlands of England[4], in which moisture content and porosity were investigated. Both
areas have been declared as ‘radon affected’ areas by the UK National Radiological
Protection Board, NRPB, (1992),[7]

2. Experimental Work

Radon concentration in the soil was measured by the can technique method[5,6]
using a passive detection system that utilizes CR-39 detector. The detectors were placed
in holes at a depth of 50 cm at a sampling interval of 20 m long and 2 km transect near
to Biggin and Nottingham.

At each sampling location, near to Biggin, the slope angle was measured with an
Abney Level meter. The ground apparent electrical resistivity was also measured using
an Offest Wenner Sounding that used five electrodes placed in a line at equal distances
apart. Two surveys were conducted, one in the western part of the transect and the other
in the east. The continuous wave technique for measuring ground conductivity with the
Geonics EM31 equipment was used.

To determine the effect of moisture content and porosity on the activity
concentration of radon in the soil gas, undisturbed soil samples were taken from the
northwest of the City of Nottingham in the East Midlands of England. The soil samples
were collected using sampling tubes designed for this purpose. The soil cores from the
tubes were cut into cylindrical lengths of 3.8 cm diameter and 7.5 cm length, weighed,
and dried completely for 24 hours at 105°C (standard conditions).

3. Results and Discussion

Figure 1 shows the radon concentrations plotted against sampling position along the
2 km transect near to Biggin. The radon concentration varies erratically, which appears
to be usual[2], but there is a weak trend in the values showing a decrease from west to
east. Figure 2 shows land slope angle plotted against sampling position along the 2 km
transect near to Biggin.

Based on Figure 3,we can see that the points are scattered above and below zero at
a random manner, which indicates a lack of a linear relation between the land slope
angle and radon concentration. This is evidenced by the numerical value of the
correlation coefficient, which turned out to be —0.05 very close to zero.

Figure 4 a, and b shows the electrical resistivity sounding curve for the western and
the eastern parts of the surveyed area in Derbyshire, respectively. The differences
between the two curves indicate that in the east, the apparent resistivity values increase
rapidly, Figure 4b, with increasing electrode spacing, whilst in the west, Figure 4a, it
does not start to increase until the electrode spacing is greater than 8m. This suggests
that the depth to the limestone bedrock is greater in west (where the radon concentration
is larger) than in the east; because (in the west) the current has to penetrate far deeper
before the apparent resistivity value is dominated by the resistivity of the limestone.

240



Factors Affecting Soil Radon Concentration

Figure 5 shows the results of the ground conductivity survey along transect, and
indicates that a weak trend with a gradual decrease in conductivity from west to east. By
correlating radon concentration in soil with soil conductivity (Figure 6), it could be
noticed that there is a weak correlation between Rn soil concentration and soil
conductivity. (The correlation coefficient is 0.17).

Figure 7 shows the values of radon activity concentration, the moisture content and
porosity plotted against sampling position along the transect to the north-west of the City
of Nottingham. The moisture content and porosity appear to be weak related to radon
activity concentration; as the radon concentration decreases the moisture content and
also porosity increase, and vice versa. This may be supported by the correlation
coefficient for moisture and radon concentration, which is -0.381, while for porosity and
radon concentration, is -0.251. However there was quite good correlation between
moisture and porosity (0.775).This finding is supported by other study[8,9].

From the results obtained in the study, it could be concluded that radon
concentration in soil is affected by many factors such as soil thickness to the bed rock,
moisture content, and porosity.

Conclusion:

It was found that the soil radon concentration at a depth of 50 cm was in the range
of (1.5 — 36.5)kBg/m® with an average value of (11.7 + 7.3)kBq/m’. Each value is
subject to a statistical sampling error of approximately 10% due to a combination of the
uncertainty on the calibration coefficient and the counting error. Moreover; this survey
did not show a positive relation between the land slope angle, the moisture content, and
porosity and radon soil concentration However ;there appeared to be a weak relation
between ground conductivity and radon concentration. Also ; there was quite good
correlation between moisture and porosity.

Acknowledgment

The AECS and Hodeidah University are strongly acknowledged for supporting
Shweikani and Khayrat research, respectively.

QR b 0gal 1 38,5 sle BSRM1 Jalgal
lose Al s il (Al el GaLy bl SISy @ilpall gl e
A
iugis Laslsadl aluhudl Gab Ge saaty L Wle Gl & Geal ) 58,10 SlSall sl o)
o 099l T 5t s I Lnsloaall ae (A¥) Jolsall 5uils o sl ) dulyll sia
a1y Outihie (A Gaall) SIS 55 e Gyl ailiad S ulys s Jaall s Ay il
elpgSU ) Alio g il e o2,¥1 Mo G JS 3T 0 il @i L Ll Jle 385
8 099 5555 go Lol @l o8 Sum Ayl Lol yshayll o Dyill (ssiae (Al Aol
Syl

241



Khayra, Al-Bataina, Shweikani, Oliver and Durrani

References

1.

Ball, T.K., Cameron, D.G., Colman, T.B., and Roberts, P.D., Behavior of radon
in the geological environment: a review. Quarterly Journal of Engineering
Geology, 24(1991)196-182.

Durrani, S.A., and Badr 1., Geostatistically controlled field study of radon level
and the analysis of their spatial variation. Radiation Measurements, 25 (1-4)
(1995) 565-572.

Durrani, S.A., Khayrat, A.H., Oliver, M.A and Badr 1., Estimating soil radon
concentration by kriging in the Biggin area of Derbyshire, (1996).

Badr, 1., Oliver, M. A., Hendry G.L., and Durrani, S. A., Determining the spatial
scale of variation in soil radon values using Nested survey and analysis. Radiat.
Prot. Dosim. 5(1993)433-442.

Durrani, S.A. and Ball, R. K., Solid State Nuclear Tracks in Solids: Principles
and Applications. Pergamon Press, Oxford, (1987).

Durrani S. A., Karamdoust, N. A., Griffiths, C. J. M., and Al-Najjar, S. A. R.,
Radon measurements at the site of a former coal-burning station. Proceedings of
the International Conference on High Levels on Natural Radiation, Ramsar, Iran,
(IAEA, Vienna) (1990).

National Radiological Protection Board (NRPB), Documents of the NRPB,
HMSO, London, 1(1) (1992).

Shweikani, R., Giaddi, T. G., and Durrani, S. A., The effect of soil parameters on
radon concentration values in the invironment. Radiat. Meas, 25 (1995) 581-584.

Jonsson, G., Soil radon survey. In Radiation Measurements by etched trak
detectors. (eds S. A. Durrani and R. Illic) World Scientific Publishing Co. (1997).

Figure Caption

Figure 1. Radon concentration vs. distance along the transect

Figure 2. land slope angle vs. distance along the transect

Figure 3 Relation between Rn concentration and land slope angle.

Figure 4. The resistivity sounding curve for (a) west area and (b) east area, of Biggin.

Figure 5. Ground conductivity along the transect in Biggin area (Derbyshire).

Figure 6 Relation between Rn concentration and ground conductivity.

Figure 7. Variation of the moisture content, porosity of the soil and the radon

concentration.

242



Factors Affecting Soil Radon Concentration

25 -

Radon soil concentration (kBg m

0 500 1000 1500

Distance along the transect

2000

Figure 1: Radon concentration vs. distance along the transect

N
l

o

500 1000 1500

st

|.and slope

N
L

1
N
1

20

00

Distance along the transect (m)

Figure 2: land slope angle vs. distance along the transect.

243




Khayra, Al-Bataina, Shweikani, Oliver and Durrani

8
6 - .
. MR
4 .
- S
()
o L/ LA *
S oo o
% 2 :5}.’?.00"..'. . .
© * % 20000 o 3 .
c “w o -
S
0 ) » T—* T
0 10 20 30 40
-2 . 3
3
3
» 'S
-4

Radon soil concentration (Bq m'3)

Figure 3: Relation between Rn concentration and land slope angle.

3500

3000 - 5 68
b ]

2500 - L]

2000 - 'y

1500 - st

ohm
m)
HIlY

(

arent

ity
3
S
HH
Q
L gl

. Ap
resistivi
(@)

(@]
o
ot
Fo
o
o
Fo
Fo
o
o
o

1 10 100

Electrod spacing (m)

Figure 4: The resistivity sounding curve for (a) west area and (b) east area, of Biggin.

244



Factors Affecting Soil Radon Concentration

12

—_—
(o)) (0] o
1 1 1

N
1

Ground conductiyity
(mhmho )

o

500 1000 1500
Distance along the transect (m)

2000

Figure 5: Ground conductivity along the transect in Biggin area (Derbyshire).

12
» 10 .
(@)
.E .

8 .
E .
> .
:§ 6 : .° ‘0’..’“ ’. .
'_.8 . .0 0’ .0 A4 .
ERRR I SE S S
o) 2 * %0 . *e *®
O —

0 1 1 1

0 10 20 30 40

Radon soil concentration (kBq m™)

Figure 6:Relation between Rn concentration and ground conductivity.

245




Khayra, Al-Bataina, Shweikani, Oliver and Durrani

45 4 —m— Moisture -+ 50
40 R 1 F45
—>¢— Poristy
35 T 40
+ 35
30 4
A
= X + 30
.‘ﬁozs- A \9 g’
gi +25 o
D.% 20 A A c
%9 rdl N 20
h— | —
g%15 \ N 4 =
[= \/ +15 3
8 A S
o 101 A +10 2
§ 51 2 ”5 &
0 — : — —A 210

1 4 7 10 13 16 19 22 25 28

Hole number

Figure 7:Variation of the moisture content, porosity of the soil and the radon
concentration.

246



ABHATH AL-YARMOUK: "Basic Sci. & Eng." Vol. 14, No.2, 2005, pp. 247-260

Thermoluminescence Dating of Ancient Pottery from
AL-Khuraba Site (Saudi Arabia)

Ferdoas Saud Al-Saleh”

Received on Dec. 3, 2002 Accepted for publication on April 9, 2003

Abstract

In the course of the dating of ancient pottery, pottery shred were collected from
AL-Khuraba (Tal Al- Katheab) located at Al-Ula zone in the north west of Saudi Arabia.
The extracted quartz exhibited TL-dating peak at about (350 +5°C). The calculation of
annual dose rate is considered as the most important term in the estimation of
archaeological dating. The annual dose rate of the site that the pottery shreds buried in it

was determined by using gamma ray spectroscopy. The } -spectrum of the soil samples
was investigated using high-resolution ) - ray spectrometer. The absolute dose for each

Y —line was calculated and the annual dose rate was found to be 1643.2+40.4 uGy / yr.

The TL dating result is (3043.0 = 148.81 years). The obtained age shows that the
uncertainties in TL dating using the additive method are much lower than that of
archaeologists.

Keywords: Thermoluminescence, Annual dose, Dating, Dosimetry
Introduction:

One of the most frequently recurring questions in archaeometry concerns is the age
of the studied objects. To-date, while existing methods have not been successful in
providing dating for all types of materials, the presence of the natural radiation in
environment has been of great help in finding mechanisms on which many dating
techniques are based.

The continuous irradiation from naturally occurring radioisotopes and from cosmic
rays causes the filling of electronic trapping levels in non-metallic materials. These types
of material can, in principle, be dated through the analysis of these filled electronic traps,

© 2005 by Yarmouk University, Irbid, Jordan.
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provided that the manufacturing of the object to be dated coincides with the initiation of
the filling of the traps.

This condition is satisfied in the case of thermoluminescence (TL) dating, which in
principle can be applied to all materials whose manufacturing requires high temperature
heating, such as pottery.

For the case of applications to the TL dating there are the work of (Aitken et al.,
1974) and (Durrani et al. ,1977), which were focused on quartz, because of its
importance to age determination. So for the 325°C peak for quartz, (Aitken et al., 1974)
reported that the sensitivity for irradiation at 100°C, relative to that at 20°C, is decreased
by 17%. On the other hand,( Durrani et al. ,1977) found that the TL intensity of the high
temperature region of the glow curve increased by a factor of 5 from liquid nitrogen
temperature up to room temperature.

Dating by TL is a particular application of TL dosimeter in which there is a source
of constant irradiation, the natural radioactivity of the pottery, the activity of which can
be independently determined. The duration of irradiation is taken to be the same as the
age of the pottery, and this is proportional to the amount of the TL signal. Of course, it is
essential to have an initial “zero of the TL signal”, this generally being provided by the
making of the pottery itself, the high temperature reached by the furnace during the
manufacture of the object erasing the previous TL signal by emptying all the electronic
traps. In TL dating, pottery can be considered to consist of a number of quartz inclusions
embedded in the pottery matrix. The inclusions act as dosimeters of the irradiation
arising principally from the natural radioactivity (**U and ***Th series and *’K) of the
pottery material. This natural radioactivity is the source of the “internal dose rate”, given
by alpha and beta irradiation, which, in a typical pottery, is responsible for around the
80% of the total absorbed dose. The remaining “external dose-rate” is given by the
environmental gamma rays and by the cosmic rays. It is then possible to determine the
total amount of annual dose-rate by measuring the concentrations of natural radioactivity
of the pottery and the level of irradiation. Therefore the period since deposition is
measured by determining the total amount of stored TL energy, the archaeological dose
(AD), and the rate at which this energy is acquired, the annual dose rate (D):

TLAge=—— D@
D(Gy/ year)

Many authors have investigated the studies of pottery dating. (Aitken et al. ,1968)
and (Mejdahl ,1970) discussed the principles of TL dating. (Fleming ,1970 and 1971)
has developed two new techniques of TL dating for ancient pottery. The dating of
pottery by TL have been used in different laboratories over the world such as (Roosevelt
et al. ,1991), (Koul ,1992), (EL Fiki et al. ,1995), (Barnett ,1997), (Sampson et al.
,1997), (Kuzmin et al. ,2001), (Vartanian et al. , 2001), (Zarie et al. ,2001) , (AL-Saleh et
al. ,2001) and (Martini, M et al. ,2001).
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Experimental procedure:

In the present work, TL dating of old Saudi artifacts was carried out. The samples
were extracted from AL-Khuraba (Tal Al- Katheab) located at Al-Ula zone in the north
west of Saudi Arabia .The pottery samples were collected from the third layer at the
depth of (100-180) cm. The object of the dating project was to investigate the feasibility
of TL dating of pottery samples from this particular site and to find out whether the TL
dates would help the excavating archaeologists to solve some of their puzzles.

1-Annual dose determination:

In TL dating, it is very important to measure precisely the annual dose due to
radioactive elements contained in the soil in which the archaeological samples were
buried. Soil samples were collected from the site using a 25*25*5 cm template. The
collected samples were dried, sieved and packed in Y% litter Marinelli beaker and stored
for at least one month to reach secular equilibrium between ***Ra and ***Th and their
corresponding daughters (Bonanti et al., 1988). Radioactivity in soil samples was
measured using a low-level counting system consisting of a high-purity Ge detector
(HPGe) of 42% relative efficiency, resolution 1.90 KeV and 64:1 peak/Compton ratio at
1.33 MeV v line from “Co. It is coupled to conventional electronics connected to a
multi-channel analyzer card (MCA) installed in a PC computer. The detector is shielded
from the background radiation by cylindrical 10 cm thick lead internally lined with 2
mm copper foil .A software program called MAESTRO-32 was used to accumulate and
analyze the data, with the help of the chosen gamma libraries that include over 300
nuclides and about 1900 gamma lines. The system was calibrated for energy using
radioactive standards of known energies such as "*’Cs and *’Co. For the efficiency
calibration a multi-element Marinelli beaker standard of known activities was used with
the same size and geometry to that of the samples under study. Each sample was counted
for 80000 sec. The background correction was accounted for by measuring a distilled
water sample spectrum in the same geometry, and was subtracted from each spectrum. A
typical spectrum of the observed radioisotopes is shown in Fig. (1).
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The energies of the photo-peaks of )/ spectrum were determined and the
radioactive elements were qualitatively measured using the calibration curve of the
detector. The intensity and the activity of ) -ray lines of the radionuclide of the soil
samples are given in Table (1) together with its parent radioactive isotope.

Table 1: Gamma spectroscopic analysis of the soil samples

Radio-active Energy Activity
Isotope (keV) (Bq)
2Ac 209.05 1.500
12pp 238.49 4.601
21pp 295.16 4772
2Ac 338.21 5.827
21pp 351.83 4.834
2% 583.66 1.875
21Bi 609.78 4.660
BiCs 795.62 0.170
2% 861.12 1.671
2Ac 911.90 5.259
2Ac 969.67 5.370
21Bi 1121.29 4.882
S 1462.41 49.541
21Bi 1766.00 6.182
%71 2616.42 2.630

According to the fact that U and Th ores should be in equilibrium with their
daughter products, the most suitable characteristic y-ray peaks are at 1763 KeV  for
21Bi and 2614 KeV for *T1. These peaks are used to detect the presence of equivalent
uranium and equivalent thorium respectively, and to measure their concentrations (C).
The values of C for parent elements (U, Th) can be evaluated from the measured
activities (A) following the relationship:

AT, .M
In2N_ am

Where T}, is the half life of the parent isotope 28U and *2Th, M is the molar mass
of the parent element, N,, is Avogadro’s number, o is the natural isotopic abundance of
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the parent isotope and m is the sample mass. The concentration in units of parts per
million (ppm) were calculated using eqn. (2). The concentration of “’K was estimated by
using the flame photometry technique.

The annual dose rate (D) that affects the pottery shreds inside the excavation site is
calculated as follows:

D=DgtDg+Dy oo 3)

Where D, Dg and D, are the contributions to dose rate due to o,  and vy, which are
arising from the decay of the 2**U and **Th series and from *’K. By using the dose rate
conversion factor for the naturally occurring radionuclides Aitken (1974) and Singhvi et
al. (1986) calculated the annual gamma dose (D) due to 2*U, ***Th and “’K. It is well
known that the cosmic ray contribution represents only a minor part of the overall dose
rate. It is usual to allow for it by adding a standard 150 pGy/yr to the y dose rate
(Fleming 1979, El-Fiki et al. 1994). So eqn. (3) becomes:

D=Dg+Dg+Dy+ D o 4)

Where D, is the contribution term of cosmic radiation. The results are represented
in Table (2) where the annual dose rate was found to be 1643.2+40.4 pGy /yr.

Table 2: The concentration of the natural radioactive series in the soil and their effective
annual dose rate of different types of radiation of the third layer (100-180) cm.

Radio Concentration in o B % Sub-total | Effective
-active soil value
series (uGyl/yr)
8U-series 0.62+0.0 17255 | 90.6 | 712 | 18873 419.4
ppm +61.2 +3.2 +2.5 +66.0 +14.9
22T - 0.79+0.0 583.0 | 22.6 | 406 646.2 161.6
series ppm +14.0 +0.5 +1.0 +15.5 +3.9
K 0.845%20.0 - 701.6 | 210.6 | 9122 912.2
ppm +16.6 | 5.0 +21.6 +21.6
Effect of cosmic radiation 150
1643.2
Total effective dose rate +40.4

2-Dating of the pottery:
a-Sample preparation

The pottery samples, which were extracted from AL-Khuraba site, contain few
quartz and feldspars inclusions. About 2 mm layer from the pottery sample surface was
removed by a sharp knife to eliminate the effect of light and beta irradiation from the
surrounding soil. Gentle crushing in an agate mortar broke down the pottery shreds and
the larger crystal grains (200 pm) were removed by hand. TL dating measurement had
been achieved using crystals in the range 90 to 100 um diameter grain Fleming, 1970).

254



Thermoluminescence Dating of Ancient Pottery from AL-Khuraba Site (Saudi Arabia)

These samples were obtained by sieving with suitable meshes. The required crystalline
materials were separated using a Franz Isodynamic Magnetic Separator. The outside of
the grain is etched with hydrofluoric acid (1N) for 100 min. (Fleming, 1970) to remove
any minerals except quartz grains such as feldspars and calcite.

b- Measuring technique and results:

It has been found that the optimum weight for such quartz grains must be in the
range 5 - 10 mg and the optimum condition for the annealing process of the quartz grains
500" C for heating time of two hours. The fading characteristics of the quartz sample is
extracted from the pottery shreds (for 350" C glow peak) are illustrated in Fig 2.
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Fig. 2: Natural fading of the irradiated quartz grains samples with (30 Gy) in the third
layer (100-180) cm.

It is clear that the TL signal is decreased to 98.0% from the original value after one
day and than to 93.5% after 5 days. The TL signal was stabilized after storage for 8 days.
There is clearly good agreement that the samples under investigation (quartz grains) are
not subjected to an anomalous fading. For archaeological dose measurements, a fixed
additive dose procedure was followed using nine weighted samples (5 - 10 mg). The
additive method (Fleming, 1970) is used to overcome the problem of the change in the
sensitivity of the sample after 500°C. The irradiation of the pottery sample was
performed using a “’Co source. To obtain the first glow growth curve five samples were
used, one of these samples for measuring the natural TL- signal, and the other four
samples for the higher TL levels by irradiation with additive doses ranged from 10 to 40
Gy in 10 Gy increments. The optimum heating rate is 2.5 *C/s. The TL-glow curves are
illustrated in Fig. (3).
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With respect to the second glow-growth curves, the samples were irradiated with
the same doses as in the case of the first glow curve after annealing at 500°C for 2 hours
and left to cool to room temperature in the oven. The results are illustrated in Fig. (4).
The peaks above 300°C were used for dating calculations.

Fig. (5) shows growth curves for quartz grain samples from the archaeological site,
showing the excellent linearity and supralinearity, which were commonly observed in

the quartz samples.
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Fig.3: Thermoluminescence glow curves induced by increasing irradiation doses for

quartz samples for the third layer (100-180) cm.
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Fig. 4: Thermoluminescence glow curves induced by increasing irradiation doses for
quartz samples after the annealing for the third layer (100-180) cm.
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Fig.5: The two growth curves representing the variation of TL- intensity as a function of
the dose for quartz grains samples of the third layer (100-180) cm.
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The equivalent dose (ED) as well as the correction term (I) was calculated by linear
extrapolation as shown in Fig. (5), then the archaeological dose (AD) is calculated as
follows:

AD=ED+1

The TL ages for the samples were calculated and the results are illustrated in Table
(3). The obtained ages give a mean value equal to 3043.0+148.8 years.

Table (3): Age determinations for pottery samples in the third layer (100-180) cm

Equivalent Intercept Archaeolog- Annual TL Archaeolog-
Dose (ED) D (Gy) ical Dose Doserate | Age ical Age
(Gy) (AD) (Gy) (mGylyr) | (year) (year)
4 1 5 1.6£0.0 3043.0 2852
+148.81 +350
2894 - 3191 2502 - 3202
Conclusion:

The obtained results using the thermoluminescence technique for dating of an
ancient pottery in AL-Khuraba proved to be very valuable to the archaeologist. The age
of the extracted pottery shreds is consistent with that estimated by the archaeologists
using some special notations. The obtained age shows that the uncertainties in TL dating
using the TL technique is much lower than the age range of the archaeologists (Parr et al.
1972).
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Abstract

The activity concentrations of uranium isotopes (***U, #U, and ***U) in phosphate-
wet rock samples collected from the three main Jordanian phosphate mines were
measured using Alpha spectroscopy. The average activity concentrations ranged from
318 to 1854 Bq kg for 2*U, 15 to 104 Bq kg™ for U, and 345 to 1884 Bq kg™ for
#8U. The highest concentration of 2**U was found in wet rocks produced from the upper
horizon layer from ground level downward in Eshshidiya mine, while wet rocks
produced from layer A3 at the same mine has the lowest concentration. Gamma
spectroscopy was also used to determine the activity concentration of Z*U. A good
agreement in the obtained results was found using both techniques.

Key words: alpha spectroscopy, gamma spectroscopy, radioactivity, uranium,
phosphate,

Introduction

Phosphate rocks deposits in Jordan are sedimentary in origin and have high
phosphate pentoxide (P,Os) content capable of producing high grade Bone Phosphate of
Lime (BPL). Each type of phosphate-wet rock has phosphate concentration grade
depending on BPL composition. Table 1 shows the several types of produced phosphate
wet rocks that have been included in this study, and their phosphate concentration grade.

Because of phosphate industry is considered to be one of the potential sources of
natural radio -nuclides contamination, several studies had been contributed out in the
vicinity of phosphate ore processing, mining, and production[1-7]. This work
complements a study conducted at the same laboratory by Al-Ahmad [8]. The
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concentrations of the natural radioactivity (**U, ***Th, and **K) were measured in core
samples collected from the three main Jordanian Phosphate mines, namely: Al-Hassa,
Al-Abyad, and Eshshidiya mines. She measured the concentration activity of natural
radioisotopes in core samples. The cores extended from the surface of earth to layer
below the phosphate ore. It was shown that the activity concentrations of ***U increase
northward, and soft phosphate layer has a higher Uranium activity concentration than
medium and hard phosphate layers. This work measures the activity concentrations of
uranium isotopes in phosphate-wet rocks produced in the above mentioned mines. This
is the first study concentrating on radioactivity measurements in produced phosphate wet
rocks which is stocked and ready for sale. Such measurements serve as an indicator for
the effects of washing process in the distribution of natural radioactivity concentrations
between the ore and wet phosphate rocks.

Experimental
Samples collections and preparations

Samples were collected from three major phosphate mines in Jordan (Al-Abyad,
Al-Hassa and Eshshidiya) by the Department of Research and Development Laboratories
in Jordan Phosphate Mines Company. Each sample is divided into two portions; a large
portion for gamma ray spectroscopy and a small portion of 50-100 g for alpha particle
spectroscopy.

The conversion of the raw sample into a suitable form for alpha particle
spectroscopy is an extensive process requiring three steps: preliminary treatment,
chemical separation, and extraction and filtration.

Preliminary treatment: this procedure is performed to homogenize and preserve the
sample and to generally prepare the sample for subsequent chemical processing. After
collecting the samples, removing large stones and milling the fraction, the samples were
sieved for 20 minutes with 25 mm in diameter using little balls. The samples were dried
for at least 2 hours in an oven at a nominal temperature of 105°C to a constant weight
which was recorded as a dry weight. Next the samples were ashed in a furnace oven for
6 hours gradually form up to 300°C, and for about 6 hours at 700°C. The ratio of
weights after and before ashing yields the required ash ratio.

Chemical separation: chemical separation is often used to pre-concentrate
radionuclides and remove them from the bulk of the analyzed matrix. Typically, a raw
sample is divided into sub samples which represent the specific element of interest.

Extraction and filtration: chromatography extraction is technically used for the
extraction of the uranium and other actinides by impregnating inert microporous beads
with extractive reagents, an extraction resin “commercial name UTEVA” may then be
loaded on to a column for a more convenient operation. The primary advantage of the
new generation of chromatographic resins UTEVA is their high degree of selectivity for
Uranium.
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Alpha Spectrometry and system calibration

Alpha spectrometry system consists of a detector Passivity Implanted Planar Silicon
(PIPS) with an efficiency of 14.60 % in a Vacuum Chamber connected to a preamplifier.
The amplifier is connected to an Analog Digital Converter (ADC), which is connected to
computer software. A typical alpha spectrum of uranium separated from one sample of
phosphate wet rocks with added U-232 as a yield determinant is shown in fig. 1.

In order to ensure the correct identification and quantification of alpha emitting
nuclides, it is necessary to calibrate the system for both energy and efficiency. The
easiest and most effective way to do so is by counting a high quality standard source
such as a mixed alpha standard. This standard has been prepared by an electro deposition
of a long lived mixture nuclides (***U, ***U, ***Pu, and **'Am) onto a highly polished
stainless steel disc. The activity of each nuclide is maintained at a nearly constant level
of about 100 disintegrations per minute. Measurement of the calibrated mixed alpha
sources is then allowed for a simultaneous calibration of the channel-energy relationship
and determination of the effective detector efficiency. The contribution of the
background was also corrected, for more details about the experimental method see
Nearat [11].

Results and discussion

Activity concentrations of uranium isotopes in the samples were represented in Bq
kg'. The total uncertainty of the measurement was calculated by taking into
consideration the counting statistical error and uncertainty in the pipette and mass. The
results are shown in Table 2, which shows, except for Eshshidiya S2 samples (that
produced from upper horizon layer), the activity concentration measured in Eshshidiya
rock samples have the lowest activity concentrations compared to other samples from
Al-Abyad and Al-Hassa mines. This is in a good agreement with many previous
studies[9,10]. However, The activity concentration in the upper horizon layers (S2) at
Eshshidiya mine, showed a much higher activity concentrations compared to other layers
in the same mine (A1, A2, and A3), thus more research is needed for this layer.

The concentrations of Tricalcium Phosphate (TCP) for each type of phosphate wet
rocks studied were also determined by chemical analysis and are shown in Table 3. The
variation of TCP values with the activity concentration of 2**U obtained for the same
sample is shown in Fig. 2. It is obvious that the activity concentration of ***U increases
with an increase in TCP value. The sharp increase in ***U concentrations may be
ascribed to the uranium enrichment within the phosphate minerals rocks of sedimentary
origin. This results is in an agreement with the results obtained by Khater et al. [4].

Activity concentrations of ***U in the samples are also measured using gamma ray
spectroscopy. The results obtained using the two techniques, namely alpha and gamma
spectroscopy, is illustrated in Table 4, which indicates no significant difference in the
results. Thus, researchers can use either technique to analyze samples in their research.
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To study the natural abundances of uranium isotopes, the activity ratio of *U/**U
and *°U/**U in wet rocks were also determined. Table 5 shows that **U/***U activity
ratios in phosphate wet rocks do not significantly differ from unity, which normally
occurs due to equilibrium state between **U and ***U in nature. On the other hand; **°U /
8 activity ratios are very low confirming the small contribution of **°U in nature.

Conclusion

With the exception of the upper horizon layer in Eshshidiya S2, the phosphate wet
rocks obtained from Eshshidiya mine have the lowest uranium concentration followed
by Al-Abyad and finally Al-Hassa phosphate wet rocks. The activity concentration of
24U, 29U, and **U increases when the concentration of TCP increases in phosphate-wet
rocks.

Our data indicates that uranium isotopes are distributed in wet rocks at natural
abundances. There is a compatibility agreement in the uranium concentration from the
two different techniques (alpha and gamma spectroscopy). Finally, it is recommended
that a further and extensive investigation of the upper horizon layer S2 in Eshshidiya
mine should be considered by researchers.
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