
CHAPTER IV
THEORETICAL STUDY ON AN ABSORPTION SPECTRA

FOR CHROMOPHORES

R hodam ine and acridine fam ilies are the fluorescent dye. U pon absorbing light, 
they instantly  em it light at a  longer w avelength than the light absorbed. They are 
detected  as a  d ifferent color. M any fluorophores can be conjugated  to other m olecules 
w ithout sign ifican t alteration o f  their photophysical properties. F luorescent probes 
enable researchers to  detect particular com ponents o f  com plex  biom olecular 
assem blies, including live cells, w ith exquisite sensitivity and selectivity .

T he fluorophores possess a conjugated ทุ e lectron system , w hich m ainly 
determ ines its spectral properties. The energy term  schem e o f  the m olecules w ith a 
conjugated ทุ: electron  system  is illustrated by a Jablonksi diagram  in Figure 4.1. A 
photon o f  energy  is supplied by an external source such as an incandescent lamp or a 
laser and absorbed by the fluorophore (A), creating an excited singlet states (ร). This 
process d istinguishes fluorescence from chem ilum inescence, in w hich the excited state 
is populated by a chem ical reaction.

W hen the m olecule is excited to the first (S I)  or h igher singlet states, the 
m olecule can relax  to the ground state either via the internal conversion (IC) or by 
em itting  a fluorescence photon from SI state (F). H ow ever, not all the m olecules 
initially excited by absorption return to the ground state so by fluorescence em ission 
(F). O ther processes such as collisional quenching, F luorescence R esonance Energy 
T ransfer (FR ET), blinking, and intersystem  crossing m ay also  depopulate S I. The 
fluorescence quantum  yield (QY), w hich is the ratio o f  the num ber o f  fluorescence 
photons em itted  (F) to  the num ber o f  photons absorbed (A), is a  m easure o f  the extent 
to w hich these processes occur.
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Figure 4.1. E nergy term  schem e.

The bio log ical interest in acridine results prim arily  from  its chrom ophore 
properties. T he electronic spectra o f  acridines have been investigated  by several 
authors. Jean and N ounir have studied the influence o f  so lven t polarity on the 
electronic absorp tion  o f  selected acridine derivatives. [94] K unlhiko and co-w orker 
have investigated excited  acridine, deuterated acridine and 9-substitued  acridines in 
acidic w ater that show ed absorption at 400 m r f 1. [95] M oreover, Stephan and co­
w orker presen ted  spectra for 9-am inoacridine w ith alum inosilicate  xerogel glasses, 
w ith absorption  m axim a at 380, 400 and 422 nm. [96] O scar and co-w orkers have 
studied the electronic absorption spectra o f  acridine com putationally  by m ultistate 
C A SPT2.[97]

M oreover, w e studied rhodam ine 6 G w hich is an  excellent laser or 
Forensic L ight Source dye. It can be dissolved in w ater or so lvents to  be used as a 
liquid dye in so lu tion  staining, or it can be introduced into m agnetic pow der to  form a 
fluorescent m agnetic  pow der. R hodam ine fluorophores are useful in biological 
research because o f  their brightness or and photophysical property.

R hodam ine 6 G (R 6 G) is also called rhodam ine 590 chloride. The 
chem ical nam e o f  this dye is: 2-[6(ethylam ino)-3-(ethylim ino-2,7-dim ethyl-3H - 
xan then-9-yl]-benzoic acid, ethyl ester, m onohydrochloride w ith a form ula of: 
C 27H 2903N 2-H C 1. T he absorption m axim um  w avelength o f  R 6 G is 530 nanom eters 
[98,99] and the fluorescence em ission m axim um  w avelength is 560 nanom eters

The applications in our study involve covalent attachment of the dye such as
rhodamine and aminoacridine to DNA and the charge transport dynamics of
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in tercalated organic dyes. This study is a prerequisite to  understanding  the excited- 
state properties o f  chrom ophore intercalated in DNA.

A im  o f  this chap ter is to  investigate the electronic spectra o f  the chrom ophores. 
The investigations w ere carried out in the gas phase and in aqueous solution.

4.1 Models and methods
U nconstrained geom etry  optim izations o f  chrom ophore w ere carried out at A M I 

level o f  theory. G eom etries for derivatives o f  am inoacrid ine and R 6 G w ere optim ized 
at the B 3L Y P/6-31G * level w ith G aussian98 program . W e also  investigated  Fragm ent 
1 (pyronine 6 G ) and Fragm ent 2 o f  R 6 G (see Figure 4.4) w hich w ere optim ized by 
B 3L Y P/6-31G *.

E xcitation  energ ies and oscillator strengths w ere calcu lated  using configuration  
interaction o f  selected  singly excited states with the sem iem pirical, A M I, N D D O -G  
m ethods. T he excited  state properties were calculated using the configuration  
interaction m ethod  (C l). 100 singly excited states w ere taken into account (all single 
excitations from  ten  occupied  and to  ten virtual orbitals). T he calcu lations w ere carried 
out w ith the program  SIB IQ  [100] in the gas phase and in im plicit w ater m odel. 
M oreover, the  absorp tion  spectra are investigated in gas phase using T D D FT  
calculations a t B 3L Y P/6-31G * level w ith G aussian98.

4.2 Results and discussions
4.2.1 Acridine

T he electron ic spectra calculating using a acrid ine m olecule w as started. 
It is the sim plest dye com pared to  others. The geom etry op tim ization  o f  the ground 
state o f  acrid ine w as perform ed w ith the A M I m ethod im posing C 2v sym m etry 
constraints. T he optim ized geom etric param eters are listed in T able 4.1. The calculated 
C-C bond lengths o f  acrid ine by A M I w ere com pared w ith X -ray values and C A SSC F 
results. In general, calculated and available experim ent structures do not d iffer m uch.
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The m axim um  deviation, C 5-C6, is 0.016 Â betw een A M I calcu la tion  and experim ent 
data.

9 7 1

Table 4.1 Selected optim ized structure param eters o f  acrid ine  obtained from  the 
A M I and C A SSC F calculation in com parison w ith experim ent (d istances in Â, 
angles in degrees).

param eters A M I C A SSC F (971 Expt. [101]
C 1-C 2 1.361 1.358 1.364
C2-C3 1.426 1.439 1.420
C 3-C 4 1.365 1.341 1.376
C4-C5 1.446 1.440 1.434
C 5-C 6 1.441 1.421 1.425
C 6-C 7 1.367 1.393 1.382
C6-C1 1.429 1.436 1.435
C 5-N 1.367 1.332 -

C l- H l 1 . 1 0 1 1.075 -
C 2-H 2 1 . 1 0 1 1.074 -
C3-H 3 1 . 1 0 1 1.074 -
C 4-H 4 1 . 1 0 1 1.074 -
C 7-H 7 1 . 1 0 2 1.076 -

C 2C 1C 6 120.7 120.5 -
C2C1H1 121.3 120.7 -
C6C1H1 118.1 118.8 -
C 2C 3C 4 1 2 1 . 2 1 2 0 . 8 -
C3C4C5 1 2 0 . 6 1 2 0 . 8 -

C 4C 5C 6 118.8 118.8 -

C 4C 5N 119.7 118.3 -
C 6C 7H 7 1 2 0 . 1 1 2 0 . 2 -
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Table 4.2 E xcitation energies (E), w avelengths (X) and osc illa to r strengths (f) o f  
acridine obtained at sem iem pirical level o f  theory and CIS w ith  100 C l in gas phase.
state NDDO -G A M I INDO/S CASPT2

[97]
Expt.
[101]

E X f E X F E X  f
1B2 3.569 347.4 0.00894 3.240 382.6 0.00153 3.554 348.8 0.04397 3.58 3.5
2A , 3.778 328.2 0.19659 3.288 377.1 0.07564 3.764 329.4 0.18528 3.77 -
IB , 3.675 337.4 0.00000 3.785 319.9 0.00000 3.852 321.9 0.00000 3.87 -
2B2 4.799 258.3 0.31837 4.236 292.7 0.02844 4.866 254.8 0.03038 4.59 4.6

T able 4.2 lists the spectra o f  acridine at the op tim ized  A M I geom etry. 
W e consider the four low est state, involving transitions am ong valence orbitals: 1 ร 2 at 
3.569, 3.240 eV  and 3.554; 2A , at 3.778, 3.785 and 3.764 eV ; IB , at 3.675, 3.288 and 
3.853 eV and 2B 2 4 .799, 4.236 and 4.866 eV for N D D O -G , A M I and INDO/S, 
respectively.

O verall, the results are quite good at N D D O -G  calculation . The N D D O - 
G energy results do not differ substantially  from previously report calculated using 
m ore sophisticated  techniques. H ow ever, the 1A] energy is larger than 2Bi energy that 
is d ifferent from  C A SPT 2 m ethod. The absorption spectrum  o f  acrid ine has been 
changes w hen solvent effect is included. The 2Bi excitation energy  is greater than 1 Al 
energy (T able 4.3). The d ifferences in excitation energies calcu lated  in the gas phase 
and in aqueous solution are 0.03, 0.04, 0.37 and 0.04 for 1B2, 2A i, 1 B 1 and 2B 2, 
respectively. Furtherm ore, the results o f  A M I m ethod yield  low er excitation energies 
w hen com pare w ith C A SPT2 calculation and experim ent. For the  IN D O /S calculation, 
the excitation energy o f  2A) agree with N D D O -G , yet the o sc illa to r strength o f  2 B 2 is 
low er than N D D O -G .

Table 4.3 Excitation energies (E), w avelengths (X) and osc illa to r strengths (f) o f  
acridine in w ater obtained at N D D O -G  and CIS with 100 C l.

State E(eV) X (nm) f
1B2 3.603 344.1 0.02559
2A, 3.743 331.2 0.18915
IB, 4.042 306.7 0.00000
2B 2 4.755 260.7 0.00681
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The m olecu le is in the xy  plane and belongs to  the po in t group c 2v. We 
have defined C X2 ax is passing though nitrogen and opposite carbon atom . Inspection o f  
Figure 4 .2 as the highest occupied m olecular orbital (H O M O ) has been gone into 
negative under a C X2 axis and xy  plane, from a basis for b l representation . It has been 
presented in L ow est unoccupied m olecular orbital (LU M O ) as w ell (See A ppendix).

E (eV )

X

a 2

A A A

1B2 2A1 2B1
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Figure 4.2 H ighest occupied  and low est unoccupied m olecular orbitals labels
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The im portant electronic transitions occur betw een four highest 
occupied and tw o low est virtual orbitals (see Figure 1.). The transition  to  IB 2 and 2A\ 
states can be related to  the 'L b  and 'L a  bands o f  P la tt’s m odel, respectively. The 2A | 
state involves excitations betw een the one high-lying occupied orbital and the one low- 
lying unoccupied  orbital, w hich described as H O M O -> L U M O  as the topology o f  
H O M O  (b l)  and LU M O  (b l) . As regards the 1B2 state described as H O M O - 
1 -> L U M 0 w hen HOM O-1 is a2. These results agree w ell w ith M S-C A SPT2 
calculation.

4.2.2 Aminoacridine derivatives
The structures o f  am inoacridine derivative w ith  R  =  C H 3 and H w ere 

fully optim ized. The corresponding geom etries are show n in T able 4.4. The param eters 
o f  the tw o derivatives do not differ significantly; the largest change, only 0.014 Â, w as 
calculated for the distance C7-C8.

G eom etries optim ized with the A M I m ethod are close to those 
calculated w ith B3LY P. The m axim um  difference o f  0.002 Â w as found for C5-N. 
H ow ever, the D FT calculations require much m ore time.

A m inoacrid ine derivatives in the gas phase and in aqueous solution 
w ere studied. A ccording to our calculations, the first excitation  energies, o f  
am inoacrid ine derivatives in the gas phase are slightly d ifferen t (see T able 4.5). The 
excitation can be related to transition betw een the h ighest occupied  orbital and the 
low est unoccupied orbital labeled as H O M O ->L U M O . In aqueous solution, the 
d ifference in energy w as found to be 0.058 eV w hen changing  C H 3 by H. The 
spectroscopic properties o f  R =  H is quite different from  the results o f  a  calculations 
w ith the tim e dependent D FT m ethod, based on B 3L Y P/6-31G *. The first absorption 
energy shifts by 29.5 nm (409.9 vs. 439.4 nm for A M I and T D  D FT, respectively). 
O scillato r strengths also d iffer by about 50%  w hich are 0.119 and 0.077 for A M I and 
TD D FT, respectively.
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Table 4.4 Selected optim ized param eter for structure o f  am inoacrid ine  derivatives (Â) 
obtained at the B 3LY P/6-31G * level

Param eter R =  CH3 R = H
C1-C 2 1.375 1.373
C2-C3 1.412 1.416
C3-C 4 1.379 1.378
C4-C5 1.409 1.411
C5-C 6 1.428 1.423
C 6-C 7 1.441 1.434
C6-C1 1.426 1.423
C 5-N 1.364 1.365

C7-C8 1.457 1.443
C8-C 9 1.410 1.414

C9-C 10 1.390 1.384
C10-C11 1.417 1.417
C11-C 12 1.379 1.376
C12-C13 1.408 1.410
C13-C 8 1.418 1.421
C 13-N 1.374 1.372

N-H 1.013 1.013
C l 0 - 0 1.349 1.352

C 7-N 14 1.340 1.340
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Table 4.5 E xcitation  energies (E), w avelengths (A.) and oscilla to r strengths (f) o f  
am inoacridine derivatives in the gas phase and w ater obtained w ith  A M I (CIS with 
100 states) and T D D F T  m ethods.

G as phase W ater
R E l f E l f

A M I c h 3 3.003 412.8 0.1783 3.118 397.7 0.2312
H 3.030 409.9 0.1198 3.176 390.4 0.2086

TD D FT H 2.822 439.4 0.0765 - - -

In addition, the electronic properties o f  am inoacrid ine derivatives w ere 
investigated in aqueous solution. The calculated absorption energ ies w ere found to be 
blue-shifted by 0.115 and 0.146 eV for R = CH3 and H, respectively.

W hen com paring to  experim ent, it was found that the  absorption  o f  R  = 
H differ from  the  available experim ent by 0.005 and 0.151 eV  for the calculations in 
gas phase and w ater, respectively. The experim ent absorption m axim um  o f  A CM A  
w as observed at 3.025 eV (the m easurem ent was carried out in buffer contain ing 1% 
ethanol at 20 °C). [102]

4.2.3 Rhodamine 6G
First, let US consider the results in the gas phase calculations. The first 

state involves excitations betw een the one highest occupied orbital and the one lowest 
unoccupied orbital, w hich described as H O M O ->LU M O

T able  4.6 lists o f  spectra o f  rhodam ine 6 G (R 6 G) at optim ized structure. 
The first excitation  energies o f  R 6 G in gas phase are 457.6, 438.5, 425.4 nm for A M I, 
N D D O -G  and tim e dependent m ethod w ith B3LY P/6-31G *, respectively.
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Figure 4.3 S tructure o f  a) R 6 G, b) Fragm ent l(pyron ine 6 G) and c) F ragm ent 2

Table 4.6 E xcitation  energies (E), w avelengths (X) and oscilla to r strengths (f) in gas 
phase obtained at sem iem pirical level o f  theory (CIS w ith  C l 100 state) and T D D FT  
calcu la tion . 3

Molecu le State A M I  N D D O -G  TD D FT

E(eV ) X (nm ) f E (eV ) X (nm ) f E (eV ) X (nm ) f
R6G 1 2.710 457.6 0.882 2.828 438.5 1.051 2.915 425.4 0.757

2 3.215 385.6 0.001 3.443 360.1 0.011 3.258 380.6 0.000
3 3.612 343.3 0.076 3.934 315.1 0.000 3.696 335.5 0.152
4 3.894 318.4 0.112 4.046 306.5 0.057 3.724 333.0 0.003

Fragment 1 1 2.612 474.7 0.902 2.727 454.6 1.094 2.862 433.2 0.824
2 3.170 391.1 0.005 3.331 372.2 0.008 3.164 392.2 0.000
3 3.568 347.5 0.083 3.965 312.7 0.036 3.942 314.5 0.043
4 3.971 312.2 0.177 4.191 295.9 0.004 4.015 308.8 0.003

Fragment 2 1 3.910 317.1 0.006 4.480 276.8 0.008 - - -
2 4.139 299.6 0.017 4.789 258.9 0.000 - - -
3 4.264 290.7 0.000 5.506 225.2 0.271 - - -
4 5.833 212.6 0.895 6.339 195.6 0.857 - -

3 The R6G structure has been optimized using B3LYP/6-3 lg *.
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T he spectroscopic properties o f  R 6 G are qu ite  different from  the 
experim ental result. T he first absorption energy shifts by 72.4, 91.5 and 104.6 nm for 
A M I, N D D O -G  and TD D FT, respectively. T he absorption m axim um  w avelength o f  
R 6 G is 530 nanom eters.

A s the T able 4.1, the absorption spectrum  o f  R 6 G w as com pared with 
those o f  Fragm ents 1 and 2, w hich the structure o f  F ragm ent 1 is the pyronine 6 G 
m olecule, (see F igure 4.3) The three low est states at A M I level o f  theory  w ere 
considered: the  first state at 457.6, 474.7 and 317.1 nm, the second state at 385.6,
391.1 and 299.6 nm and the th ird  state at 343.3, 347.5 and 290.7 nm for R 6 G, 
Fragm ent 1 and F ragm ent 2, respectively. The spectrum  o f  R 6 G is near to the 
Fragm ent 1 m ore than  F ragm ent 2.

A nalysis o f  excitation localization at A M I level o f  theory is show n in 
T able 4.7. T he resu lts agree w ith those in Table 4.6. In the first th ree states, electron 
delocalization  o f  98%  w as found in FI and a few percent betw een  FI and F2 (see 
Figure 4.4 and T able 4.7). It w as found that the first electron delocalization  o f  about
68.9 %  in F2 at the fourth state. There is 13.2 % o f  e lectron delocalization  from  F I to 
F2 and 15 %  from  F2 to  FI in this state. A t the next state, e lectron  delocalization is 
only 5.2 %  in F2 but 59.6 %  in F I . M oreover, the large delocalization  o f  electrons 
from  F2 to FI o f  about 96.5 % and 92.3%  w ere found in the e ighth  and tenth  states, 
respectively.

Figure 4.4 T he regions FI and F2 o f  the R6 G.
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In addition, the electron ic properties o f  R 6 G w ere studied in aqueous solution, 
(see T able 4.8) The A M I and N D D O -G  calculated adsorption  peaks are at 466.3 and
437.4 nm (the first excited state), 385.2 and 359.2 nm  (the second excited  state), 343.7 
and 306.2 nm  (the third excited state) and 320.8 and 294.6 nm  (the fourth excited 
state).

The d ifferences in the w avelengths calculated in the gas phase and in w ater are
8.7 nm (475.6 vs. 466.3 nm ) and 1.1 nm (438.5 vs. 437 nm ) for A M I and N D D O -G  
level o f  theory, respectively. T he absorption spectra in w ater y ielded from  the A M I 
and N D D O -G  differ from  the available experim ent by 64 and 93 nm , respectively. The 
experim ent absorp tion  m axim um  o f  R 6 G w as observed at 530 nm  (the m easurem ent 
w as carried ou t in ethanol).

Table 4.7 A M I calculations o f  the electronic spectrum  o f  R 6 G and fragm ent analysis 
o f  excitation localization .3

State E (eV ) X (nm ) f E xc ita tion de localization (% )
F 1 ->F 1 F2->F2 F1->F2 F2->F1

1 2.710 457.6 0.882 98.2 0.0 1.6 0.2
2 3.215 385.6 0.001 97.4 0.0 1.4 1.2
ว่ 3.612 343.3 0.077 98.1 0.0 1.0 0.9
4 3.894 318.4 0.112 2.9 68.9 13.2 15.0
5 3.977 311.7 0.221 59.6 5.2 17.4 17.8
6 4.151 298.7 0.152 95.0 0.1 2.6 2.4
7 4.249 291.8 0.011 1.7 75.4 10.7 12.2
8 4.285 289.4 0.000 1.9 1.6 0.0 96.5
9 4.547 272.7 0.378 84.7 0.6 6.9 7.7
10 4.575 271.0 0.000 6.1 1.5 0.1 92.3

3 The R6G structure has been optimized using B3LYP/6-3 Ig*.
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Table 4.8 E xcitation  energies (E), w avelengths (X) and o scilla to r strengths (f) o f  R 6 G 
in w ater obtained w ith  A M I (CIS w ith 100 states).

State A M I N D D O -G
E(eV ) X (nm ) f E (eV ) X (nm ) f

1 2.659 466.3 0.923 2.853 437.4 1.057
2 3.219 385.2 0.005 3.452 359.2 0.017
3 3.608 343.7 0.060 4.040 306.2 0.040
4 3.865 320.8 0.160 4.208 294.6 0.003

a The R6G structure has been optimized using B3LYP/6-3 lg * .

Several m odels w ere constructed by varying the  subsisten t (R1 and R2) 
(See Figure 4 .5). T he calculated  spectra o f  the m odels are reported  in T able 4.9. The 
absorption spectra  o f  R 6 G are slightly  different from m odel 1 by 3.7 and 5.1 for model 
2 and 2.1 and  0.5 nm  for m odel 3 w ith A M I and N D D O -G  calcu lation , respectively. 
T he m odel 2 w as built by replacing -C H 3 (R2) w ith H. The m odel 3 w as m ade by 
changing - C 2 H 5  (R l)  to  C H 3 . Furtherm ore, the absorption spectra  o f  m odel 4 w ere 
dram atically  b lue shift by 25.4 nm  when com pared w ith  m odel 1. (w avelengths: at 
A M I; 457.6 and 432.2 nm  and a t N D D O -G : 438.5 and 423.5 nm  for m odel 1 and 
m odel 3, respectively) This m odel w as constructed by varying both  R l and R2.

Figure 4.5 V arying the subsistent R l and R2 on R 6 G.
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Table 4.9 C om parison o f  the excitation energies (E), w avelengths (X) and oscillator 
strengths (f) o f  R6G  m odels in gas phase obtained at sem iem pirical level o f  theory  and 
CIS with C l 100 state.3

Model R1 R2 AMI NDDO-G
E(eV) X (nm) f E(eV) X (nm) f

1 C2H5 ch3 2.710 457.6 0.882 2.828 438.5 1.051
2 c2h5 H 2.731 453.9 0.890 2.861 433.4 1.052
J ch3 ch3 2.697 459.7 0.866 2.824 439.0 1.052
4 ch3 H 2.869 432.2 0.857 2.928 423.5 1.017

The R6G structure has been optimized using B3LYP/6-31g*.

The deprotonation energy, the energy o f  the proton transfer from  R H + 
to a w ater m olecule:

R H + + H20  -> R + H30 +

is show n in T able 4.10. It is defined as

deprotonation  energy =  [E(R) + E (H 30 +)] -  [E (RET) +  E (H 20 )] .

T he deprotonation energies o f  94.0 and 22.5 kcal/m ol for the gas phase 
and w ater are rather large. T he result suggest that deprotonation  state o f  R6G is 
unlikely to be form ed both in the gas phase and water solution.

Table 4.10 C alculation  deprotonation energies o f  R6G at A M I level o f  theory

Molecule Heat of formation (kcal/mol)
Gas phase Water

unprotonated (M) -16.0 -34.5
h30 + 143.5 45.4
protonated (MH+) 92.7 53.9
h20 -59.3 -65.5
deprotonation energy 94.0 22.5
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4.3 Conclusion

T he first excited energy o f  the acridine is found to be 3.569 eV . a t the N D D O -G  
m ethod. The difference o f  the absorption energy betw een acrid ine and am inoacridine 
derivatives predicted at A M  1 level o f  theory am ount to  0.1 eV. T he absorption spectra 
w ere observed to  be change w hen solvent effects are included.

The param eters o f  acridine calculated with A M I are in agreem ent w ith those 
obtained at the high level o f  theory, CA SSCF. H ow ever, the resu lts o f  A M I m ethod 
yield low er excitation  energies w hich are less accurate w hen com pare w ith m ultistate 
CA SPT2 calcu lation  and experim ent.

W e calcu lated  excitation  energies o f  R6G with the TD D FT , A M I and N D D O -G  
m ethods. T he calculated  excitation energies overestim ate the experim en t value in all 
cases. The best agreem ent w as found for the A M I (the d ifference is 72.4 nm).

A nalysis o f  excitation localization at A M I level o f  theory  w as show n that 
electron delocalization  o f  98%  w as found in FI and a few  percen t betw een F I and F2.

T he solvent environm ent w as found to influence w eakly  on the excitation o f  
R6G. M oreover, our calculations on the deprotonation energy o f  R 6G  have revealed 
that the m olecule should be protonated in w ater solution.

The N D D O -G  m ethod has an advantage for the calculation  o f  the  first excited 
state o f  m olecules. T his m ethod is not only accurate enough, but also saves 
com putational tim e. The qualitative conclusion w ould not be changed by the use o f  the 
sophisticated calculation.
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