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Abstract 

Dye have become a \ ery important part to countless modem appl ications. As a 

re ult  of lhis huge consumption of d es in manufacturing processes, huge amounts of 

waste\\ ater contc minated with dyes are released into di fferent natural dumps l ike 

liver and seas. These d es contaminated \vastes have dangerous impacts on the 

environmenl and toxic affects. Tvv' o problems are facing scientists concerned about 
this envirorUl1entai ta k. First, dyes vary in their chemical and physical natures and 

di fferent waste treatments are needed which sometime are not avai lab le. Second, 

getting rid of these pol lutants from i ts sources is cost ly, that many manufactures can 

not afford .  As a resu l t ,  solving these two problems is a hot area for environmental 

researches. 

Different approaches to deal with dyes pollutants have been appl ied .  One of 

these approaches is  the chemical treatment of dyes using the bleaching and oxidation 

power of hydrogen peroxide. H20 2 was used to degrade many organic dyes especia l ly  

in the presence of  some metal ions l ike Fe +2 or Cu+2 . This  method is effect ive, has safe 

c learance outcomes and economica l ly  cheap i n  addition to the avai labi l i ty of  its 

primary matelials worldwide. 

In this work, two conunonly used dyes by many manufacturers haves been 

chosen for investigation. These are the thionine and methyl violet dyes. The aim of 

th is  study was to study the k inetics and mechanisms of catal yzed and noncatalyzed 

degradation of the two dyes using H 0 . Degradation products were identified using 2 2 

di fferent analytical techniques l ike C,  H ,  analysis, IR, and H P LC. Cu+2 ion was 

used as catalyst. Due to the d ifficulty in ident ifying degradation products by analytical 

techniques, a computational approach to calculate the potential energy for each 

fragment \ as carried out. I n  the fol lowing, a brief description for each chapter of the 

thesis :  

1 .  Chapter I ,  introduction, includes a general and updated l i terature survey on  dyes 

degradat ion kinetics and mechanisms. Di fferent treatment approaches were also 

described .  An updated survey on thionine and methyl violet dyes was also given. 

v 



2. hapter II e perimental ,  include a description of experimental procedures 

instrumentation u ed, materials and reagents, preparation of the various standard and 

buffer ol ution and fi nal ly  a brief de cription of the computational approach used. 

3 .  Chapt rI l l ,  re ult and di ussions. In tbi s part the fol lowing themes have been 

tudicd and di cu sed . 

1 .  Kinetics of thionine and methyl violet dyes degradation by H202 \\fere investigated. 

Ox idation in  pre en e and ab cnce of catalysts \ as also studied . 

_. The oxidation rate for the uncatalyzed reaction was found to mcrease when 

concentration of H202 increases unt i l  it reaches a maximum value at high 

concentrat ions of H202. in catalyzed reaction, the rate reached max imum at the 

begirUling and started to decl ines \ ith i ncreasing concentrations of H202 . 

3 .  The oxidation rate for both uncatalyzed and catalyzed reactions is  increased by 

i ncreasing concentrations of  methyl violet dye unt i l  h igh concentrations of  dye and 

then it decreased. 

4. The oxidation rates for both uncatalyzed and catalyzed reactions for both dyes 

increased by i ncreasing concentrations of Cu+2 . Strong acceleration by adding Cu+2 to 

the reaction medium is attributed to the induction of free radicals which  are highly 

active in  attacking the organic dyes. 

5 .  The oxidation rate for both uncatalyzed and catalyzed reactions is  i ncreased by 

i ncreasing pH values and reaches maximum in pH range of 9.0 - 1 1 .0 .  

6.  The ox idation rate for both uncatalyzed and catalyzed reactions is i ncreased by 

increasing the  ionic strength of the reaction medium. 

7. The oxidation rate for both uncatalyzed and catalyzed reactions was found to 

decrease by increasing the concentration of sodium dodecyl sulphate, SDS, even 

before reaching the crit ical  micel les concentration, CMC value. 

Different analytical methods have been used to identify the degradation 

products of the 1\"10 dyes. E lemental analysis, I R, and HPLC analyses were used to 

identify the degradation products. But due to the difficulties of separating these 

products, a computerized approach to predict these compounds by predict ing the most 

energetica l ly  favorable compounds and reaction rout have been done. The two dyes 

were found to possibly produce up to four product£ through different cracking 

pathways. 
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Chapter I - Introduction 

1. I n trod u c t i o n: 

hemical dyes are ne of the most important contaminants of waste water. 
These dyes are produced from a wide range of industrial p lants as paper mi l ls text i le  
factories, food and osmetic industries . . .  etc . [ 1 ,  2 ] .  Treatment of waste water 

contain ing d es can be moni tored by observing co lour d isappearance of from 

discharged \\ater. Ho\ e er, the d isappearance of colour (deco lourization) does not 

alway mean that we are gett ing c leaner water, since decolour ization of the water can 

oc ur \\ i thout actual  break of the complex structure of the dyes . As an example, 

addi t ion of b leach to coloured waste water could deco lorize water but the colourless 

\Va te c ould s t i l l  h ave s ome 0 rgan ic  c ompounds t hat a re h ighly t ox ic  I ike a romatic 

amines which are highly hazardous. Therefore, to c lean wastewater, we should have 

wa s to degrade the dye w ith its organ ic  fragments. Pub l ic, local and the federal 

authori ties regulation i nsist on producing colour free and organic free wastewater [2] .  

Because of its environmental impact, tough regulat ions are expected to be 

implemented in the comi ng years. The chemical and biological treatment of the 

wastewater is very d ifficult and expensive since a very wide range of chemicals wi l l  

be produced by many industries. For example, dyes along wi th other residual 

chemical reagents used in processing different operations, impurities from the raw 

materia ls  hazardous materials produced during fi nishing process as polyvinyl 

alcohol, starches, surfactants, pest ic ides and biocides wi l l  be produced in the text i le 

production [ 3 ] .  

In order t o  i nvestigate p rocesses t oe lear c olors, t he c omplex s tructure 0 f t  he 

dyes a long with their source of tox ic i ty should be thoroughly studied. Dyes can be 

c lass ified i nto [4, 5 ] :  

1 - Ac id ic  dyes: water so luble anionic compounds bound to  a color bearing groups as 

chromophoric substance of acidic funct ional group l ike carboxyl i c  group. Addit ion of 

su lfonic group, water inso luble dye is converted water so luble compound . 

2- Basic dyes: are cat ionic dyes where the chromophore is  basic functional  group such 

as ammo group. 

3- Di rect dye: Sulfonic ac ids sa lts of azodye (phenylazobenzene group). They are 

water soluble dyes. 

4- Reactivc dyes : Water so luble dycs that have a high affinity to bound to wet texti le 

through a covalent bondi ng. 
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5- Di perse dye : Water ins luble dye used in hydrophobic fiber . The ability of 

th se dyes to bound to fibers are highly dependent on the pH of  the solution. 

G- leta l comple dye : like chromium azomethane, copper in phthalocyanine . .  etc. 

Becau e of the tTan ition meta l modify the surface chen.istry between molecule and 

fabric, they exhibit uperior light and strongly resist washing [5] .  

To c lear out and degrade dyes with their colors from waste water, the fol lowing 

pro esse are used: Physical,  electrochemical and chemical processes. 

1.1 Phy ical processes: 

Physical proce ses are baseed on using physical means to separate dyes before 

reaching the waste water without a chemical treatment. Col lected dye waste is then 

treated or shipped to treatment plants. Membranes can be used to filter out dye 

molecules .  Efficiency is dependent on the sizes of dye molecule and pores of the 

membrane. For example, the cut off molecu lar weight is < 1 000 MWCO for reversed 

o mosis. Membrane modules could be modi fied by adding powdered activated 

carbon to an activated sludge unit. This  is usually used in the domestic waste [6, 7 ] .  

1.2. Electrochemical proce ses: 

These methods are widely used to treat wastewater from industries as Kraft 

mill ,  textile, and tannery. The basic principle of the e lectrochemical technique is to 

discharge an e lectric current through e lectrodes in the wastewater and hence inducing 

different redox chemical reactions [8 ] .  Oxidation wil l occur at the anode where 

chlorine gas wil l be col lected and reduction wil l occur at the cathode where oxygen 

gas wil l be col lected. The insoluble metal of the anode wil l migrate into the solution 

and it will act as coagulating agent [9]. The production of hydTogen gas wil l act as an 

excel lent floating agent where it wil l float to the surface carrying colloids and 

suspended partia ls  to the surface . Sometimes ozone and chlorine gas are produced at 

the anode and they will oxidize some organics. Sometimes, a precipitate will occur 

due to presence of certain ions (e .g. magnesium, calcium, ... ) and results in increasing 

the pH of the wastewater. Reactions occurs during electrochemical treatment could 

be referred to as electro-coagulation, electro-flotation, electro-oxidation and electro-

reduction [ 1 0 ] .  

2 
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It a sho n that the e lectrochemical treatment of wastewater was successful 

in removi ng two acid dye , from solution used in the carpet industry on the surface 

of ir n electrode [ 1 1J. The e dyes namely are, Acid Red 337 (azo) and Acid Blue 40 

(anthraquinone) .  Both degradation and ad orphon mechanism are contributing to 

removal o f  Acid Red 3 7 whereas adsorption appears to be the primary mechanism 

respon ible for removal of  c id  Blue 40 .  Addition of sodium meta-bisul fite was 

hown to enhance remova l of both dyes. It was postu lated that the dithionite and/or 

u l foxylate radical  anion that may be fonned during the reduction of bisulfite is 

re ponsible for the more e ffic ient c leavage of the azo l inkage in Acid Red 337. The 

mechani m for enhanced remova l of Acid Blue 40 by addition of meta-bisulfite is 

most probably due to reduction of the anthraquinone dye to a hydroquinone, which in 

one of its fonn adsorbs better to the iron solids generated in the electrochemical 

treatment process. 

Recent studies have been done on the cathodic reduction of some important 

dyes such as Vat Yel low I ,  Acid Red 27, Acid Yellow 9 Reactive Red 4, Reactive 

orange 4, and Reactive Black 5 [4 , 1 2 ] .  The stoichiometry of the dyestu ffs reductions 

were studied with redox titrations lIsing a Fe(II)-TEA complex as the reducing agent 

[ 1 2 , 1 3 ] .  Acid Red 27 was reduced to the corresponding amines at room temperature, 

whi le full  reduction of Reactive Black 5 was observed at elevated temperatures [12J. 

In potentiostatic reduction experiments Acid Red 27 was decolorized with an uptake 

of 4 e lectrons. Reactive Black 5 cou ld be readi ly decolorized by cathodic electron 

transfer. The reaction proceeds via relatively stable hydrazo intermediates. 

I nvestigations with cyclic voltammetry and galvanostatic batch electrolysis 

experiments indicate that the rate of  decolourization with Reactive Black 5 depends 

somewhat on transport processes in the diffusion layer of the cathode. The absorbance 

of the investigated dyestu ff solutions could be decreased to below 20% of the initial 

value. For a 50% decrease in absorbance electrical  energy of about 6 kWh m-
3 

was 

consumed [ 1 3 ] .  

1.3 Chemical proces es: 

In chemical processes, decoloLlrization, demineral ization and degradation of 

dyes occ ur by chemical reactions. hemical treatment could be c lassi fied to 

coagu lation, flocc ulation, adsorption, ch lorination, reduction and bleaching with 

hydrogen peroxide 

3 
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1 .3.1  oagulation and flocculation 

The addition of  a coagulant or a flocculent to dye solution has the effect of 

neutralizing the surface charges of  suspended materials. ationic polymers, aluminum 

alt and alum were commonly used [ 1 4- 1 6] .  Alum has been one of the most effective 

oagu lants used. More recently, other a luminum salts that are more basic such as 

polyaluminum hloride, ( PAC) and polyaluminum sulfate, (PAS) have been used and 

hown to be more e ffective in dye water treatment than alum and aluminum sulfate 

[ 1 7  I ] .  The coagul ation o f  the four reactive dyes: turquoise DO, red DB-8, range 

O R and black DN u ing PAC revealed dye removal dependent on pH and dosage of 

c agu lant [ 1 7, 1 ] .  The high t degree of  color removal was obtained for turquoise 

DO in both acid and neutral media .  For the other three dyes, the order of effic iency 

was pH dependent [ 1 7] .  The amount organic substances that were removed (measured 

by the reduction in chemical oxygen demand (COD) did not exceed 75% regardless of 

sample p H  [ 1 8 ]. 

1.3.2. Reduction 

Water sol uble dyes were reduced chemically by a variety of reduc ing agents 

such as dithionite, fomlamidinesulfinic acid ( F  AS), tin chloride, iron(II)­

triethanolamine and either hydrosulfite or bisulfite -catalyzed borohydride [\9, 20 ] .  

H owever, sodi umborohydride which i s  one of  the strongest water-soluble reducing 

agents has not been extensively employed in dye wastewater decolorization due to its 

rapid  reaction with water at pH � 8.0 and its tendency to be reduced via a hydride 

transfer mechani stic pathway. 

BR4 + 8 0H � B(OR) 4 + 4 H 2 0 + 8 e 

BH� + 3H}O + H+ � B(OH)3 + 4H2 t 
M0298 = -88.8kcal / mol BH� 

This drawbacks have been overcome by emp loying hyrlrosulfite in conjunction with 

borohydride.  The latter rapidly reduces hydrosul fite to dithionite in pH range of 5-8 
BH; + 8 H SO� + H+ pH5-8) 4S20!- + B (OH)3 + 5 H20 

Although the exact mechanism of  this  reaction was not well  confirmed, it is bel ieved 

that both [BHs] and [SOl· ] are the l ikely intemlediates: [ 1 9-20 ] .  

4 
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BH"4 + H + � [BH 5 ] 

[BH 5 ] + 8 HSO:; 8[S02- ] + B(OHh + S H  2 0 
The [ 2- J radical anion is a lso a very strong single e lectron reduci ng agent whose 

oxidati n product is hydro u l fite; 

Therefore, the overal l boroh dride- hydrosu lfite chemistry can be viewed as involving 

hydrosul file as a catalyst :  

BH� + 

[SO�· ] 
H O-J 8 [ O�· ] + B(OH)J + 5 H20 

+ 2 R,R2Ar= ArRJR4 + 4H++ 8 H20 -? 

+ 

BH� 

8 HSO� + 2 R,R2ArNH; + 2 RJR4ArNH; 

+2 R,R]Ar=NArRJR4 + 5 H++ 3 H]0 b,sulfit.pH=o ) 

2 R,R]ArNH; + 2 R)R4ArNH; + B(OH») 

On t he 0 ther h and, i t  h as been found that sodium bisulfite can a lso catalyzes 

borohydride reduction.  In case of copper-metal l i zed dyes, reduction was achieved by 

a bisulfite-catalyzed borohydride treatment. 

In a fi eld study, industrial effluents containing a mixture of azodyes were 

treated u sing a b isu lfi te - catalyzed b oro hydride r eduction fol lowed b y  precipitation 

with a cationic coagulant .  Where more than 90 % of color reduction was possible. In 
these field studies, e ffective treatment was achieved at pH 5 -6 with preaddition o f  

bisu l fi te (ca. 200-500 m g  Na2S20iL ) fol lowed by addi tion of a caustic solution of  

sodium borohydride. The borohydride solution was then added to  s l ight excess 

relative to the requ irements o f  the dye solution [ 19]. 
An improved method o f  treatment employing sodium bisu lfi te catalyzed sodium 

borohydride with a cationic agent has been reported by Cook, et al [2 1 ] . Another 

improved method employing t1occu lation with a cationic po lymer fol lowed by 

t reatment with sod ium hydrosu lfite reducing agent was been patented by Weber [16]. 
Several problems assoc iated with a l l  previous methods. These are: 

a-

b-

c-

Large volumes of solids are produced . 

The noc produced settl es s lowly. 

The efnuent from some types of t reatments st i l l  retains a yel low color 

resulting In staining of the c loth when the water is reused in dyeing. 
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The need to recycle makes the yellow color undesirable or unacceptable while 

the large olumes of solid produced create their own disposal problems and slow 

ettling [solids create the need to have very large and expensive settling basins. 

Most r these problem have been resolved by Sheppered et al. [14] using a multi­

step proces for de olorizing dye-waste [fluent. The process can be summarized as 

follow 

a- treating the effluent with a sodium hydrosulfite at a concentration of 

50-100 ppm of a reducing agent per 1000 ADMI units of color. 

b- reducing the pH of the liquid effluent to a value in the range of2.0-7.0 

c- treating the liquid effluent with a coagulant to neutralize the surface 

d- charge on suspended materials, wherein said neutralization mixture 

comprises in a ratio of 30-70 to 70-30 percent by weight (i:ii): 

(i) at least one aluminum salt selected from the group consisting of aluminum 

hydroxy-chloride, aluminum polyhydroxychloride, alum, aluminum chloride and 

sodium aluminate; and 

(ii) a cationic polymer selected from the group consisting of: (A) at least one 

water soluble cationic polymer selected from the group consisting of (A) a copolymer 

of acrylamide with a cationic monomer such as methacryloylethyltrimethyl 

ammoruum[X lor acryloylethyltrimethyl-ammoruum[X], where X is selected from 

the group consisting of chloride, bromide, iodide, SO/- . and CH3S0/-; (B) 

polyamines of Formula I or (C) poly quaternary ammonium compounds of Formula 

I I :  

Formula I 

H 
-- H�� 

H 

I I 
H2 CII2 

/ 
/ x-

R' R4 
111 

Formula II 
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e- adjusting the pH of a mi ture thus fonned to be � 5.0 
(e) subjecting the mixture to a flocculating process by adding from 1-5 ppm of at 

least one compound selected from the group consisting of: 

( i )  amomc polymer selected from the group consisting of acryl ic 

a id/acrylamide copolymer in exces of 2 mil l ion molecular weight; and 

( i i) nOI1lom polymers selected from the group c0nsisting of polyacrylamides 

greater than 2 mi l l ion m lecu lar weight; 

th is  wi l l  bind the flocs fonned in step c into large dense easily-settled particles. This  

pre cribed procedure reduced the colored effluent efficiently and a lso reduced its final 

no cu lation volume [14J.  

Decolourization of 20 selected azodyes by granu lar sludge containing sul fide 

was reported [22). A l l  azodyes tested, were completely reduced yielding colorless 

products. A lthough a l l  reactions followed first-order Ll;}etics, reaction rates varied 

greatly between dyes. Half-life times resulted ranged from 1 - 100 h. The slowest 

reaction rate found for reactive dyes with triazine reactive groups. No correlation 

obta ined between a dye's half-l ife time and its molecular weights, indicating that cel l  

penetration was  probably not an important factor. S ince granular s ludge contains 

su lphide, eight dyes were also monitored for direct chemical decolorization by 

sulphide. A l l  these dyes were reduced chemical ly albeit at s lower rates than in the 

presence of s ludge at comparable sulphide levels. Increasing sulphide concentrations, 

was shown to stimulate the azo reduction rate . 

N icotinamide adenine dinucleotide, NADH, has been found to reduce a variety 

of azodyes by four electrons to generate the corresponding aromatic amines [23 ] .  

These dyes are Orange I ,  Orange II, 4-hydroxybenzene, Alura red, Sunset yel low 

FCF, 4-( 4 -sulfophenyaazo )-phenol and 2-( 4-sulfophenyaazo )-phenol derivatives. The 

reduction is a pH dependent and increased with increasing pH.  Reduction of 4-(4-

sulfophenyaazo )-phenol and 2-( 4-sul fophenyaazo )-phcnol ,  specifical ly substituted 

'" ith methyl ,  methoxy, halo, and nitro groups, was studied to determine the 

susceptib i l i ty of azodyes to reduction by NADH.  Except for the nih·o- substituted 

azodyes , a l l  other azodyes were reduced. NADH is highly selective and its selectivity 

toward the dye reduction is strongly dependent on the dye structure [23 ]. 

7 
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The reduction o f  azodyes by zero-valent i ron  metal (Fe-O) at pH 7.0 was studied 
in  aqueous, anaerobic batch systems [24). Orange II was reduced by c leavage of  the 

az l i nkage, as evidenced by the production o f  su l fani l ic acid (a substituted an i l ine). 

Adsorpt ion o f  the dyes on i ron part ic les was less than 4% of the ini t ia l  concentrat ion , 

and'> 90% mass balance was achieved by summing aqueous concentrations of  dye 

and product amine. A l l  o f  the azodyes tested were reduced with first-order kinetics. 

orrelat ion analysis using kobs for al l  o f  the azodyes, estimates of  their d i ffusion 

coefficients, and calculated energies of their lowest unoccupied molecu lar orbitals ( E­

LUMO), gave no strong trends that could be used to derive structure-activi ty 

relationships [25-27). 

1 .3. 3. Adsorption 

Adsorption is an e ffect ive method for lowering concentration of dissolved 

organics i n  effluents. Many adsorbents were used for adsorbing di fferent c lasses of  

dyes [19, 28-52). These adsorbents comprise act i vated carbon [19, 28-32, 34-36, 53), 

bone char [28], clays [37-39), alumina [40, 41), s i l i ca [42, 43), s i l ica gel [44), natural 

sediment [54, 55), Ful lerene C-60 hydrosol [47), chitosan beads [48], po lymers [49), 

bagasse p ith [50), rice husk ash [51), coi r pith [52], magnesium hydroxide [56) and 

i ron  oxides [57]. Of these, act ivated c arbon h as b een e valuated e xtensively for t he 

waste treatment of  the d i fferent c l asses o f  dyes, that i s ,  acid,  d i rect, basic, reactive, 

d isperse and so forth [19, 28-31, 34, 36, 53]. 

Commercia l  act ivated carbon prepared from l ignite and bituminous coal, wood, 

pulp mi l l  residue, coconut she l l  and b lood, have a surface area ranging from 500-1400 

m2/g. The feasibi l i ty o f  adsorpt ion on carbon for the removal of  dyes has been 

demonstrated by adsorption i sotherms. For a group o f  basic and disperse dyes, it was 

shown that dyes o f  the same app l ication c l ass exhibit  s imi lar adsorption 

characteri st ics. However, within each c l ass, d i fferences in chemical structures (e .g. 

oxazine methine thiazine azo or anthraquinone) influence the a ffin ity 0 f s pecific 
, " 

dyes for the act ivated carbon. I n  case of  basic dyes, the relat ive affinity was correlated 

to the basici ty of  dye molecules. Disperse dyes did not show much dif ferences in 

adsorption properties between dyes of dif ferent chemical struct ures. The presence of 

a dye-can- ier increased the adsorption efficiency of disperse ye l low and disperse red 

73. Higher carrier concentrat ions increased the so lubi lity of di sperse dye which 
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reduces the repu lsive forces between the dye and the carbon sur face, al lowing 

adsorpti n to take p lace [ 1 9] .  

Anioni azodyes are not read i ly adsorbed by activated carbon, due to the 

su l fonic groups, which make the dyes water soluble and polar .  Therefore, such dyes 

are n t read i ly adsorbed onto the non-polar carbon surface. The dyes were first 

degraded (reduced), and its reduction products (aromatic amines) then adsorbed. The 

indi\ idual degradation products of react ive dyes have much b etter a bsorbabi l i ty 0 n 

carbon than the parent dyes themsel ves [ 1 7  - 1 9] 

In  general ,  anionic dyes adsorbabi l i ty was found to be enhanced by increas ing 

molecular size and aromatic ity, and by decreasing solub i l i ty, polarity and carbon 

chain branching. Dyes o f  high molecular weight are adsorbed into the transitional 

pores of an acti ated carbon, whereas smal ler molecu lar weight dyes penetrate into 

the m icro pores. Besides temperature, pH, contact time and carbon dosage, the choice 

of the type of carbon is of a great importance. The adsorption of Acid b lue 277  onto 

four d i  fferent types o f  activated carbon; Calgon virgin and r egenerated f i ltersorb F 

400 (manu factured from l itumous coal) ;  Norit  Darco (made from wood) and 

Westvaco Nuchar (made from pulb mi l l  residue), gave max imum capacity of 36.6 

mg/g for v irgin Calcon F400, 5 8 . 0  mg/g for regenerated carbon F400 , 93.0 mg/g for 

Nuchar and 1 1 7 mg/g for Nor i t  Darco. The fact that Acid b l ue 277  is  better adsorbed 

onto r egenerated c arbon r ather t han v irgin 0 ne was ascribed to the reduced sur face 

area o f  the m icro pores as a resul t  o f  thermal regeneration. This wi l l  prevent the 

penetration 0 f r e lati vely l arge m olecules ( Acid b lue 277  has a molecu lar weight of  

546) [20, 27 ] .  

I n  more recent studies, the removal o f  acid dyes, Tect i lon B lue 4R,-Tecti lon 

Red 2B and Tect i lon Orange 3G, from s ingle solute, b iso lute and trisol ute solutions 

by adsorpt ion on act ivated carbon (GAC F400) and from s ingle solute onto bone char 

have been invest igated in isotherm experiments [28 ,  32 ] .  It was found that the 

act ivated carbon had a much h igher spec ific surface than the bone char .  Calculations 

involving the pore s i ze d i str ibution data indicate that only 1 4% of the total specific 

surface of the act i vated carbon is avai lable for adsorption due to the high molecular 

area and aggregat ion of  the dye .  The eq u i l i brium data indicate that dye aggregati on 

takes place in the so l i d  phase o f  both adsorben ts with h igher so l id  phase aggregation 

numhers found us ing thc bonc cha r , wh ich is  indicat i ve f m u l ti l ayer adsorpt ion [ 2 8 ] .  

<) 
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xperimental r u l ts were modeled USl11g the Langmuir and Freundl ich 

ad orption i otherm theorie with the Langmuir model proving to be the more 

suitable. The Ideal d orbed olution ( IA ) model was coupled with the Langmuir 

isotherm to predict binary adsorption on the dyes [ 3 2 ] .  A simi lar study was performed 

u ing granular activated carbon fi l trasorb 400 to treat a ternary solution of acid dyes 

and the proces plant dye-effl uent from a nylon carpet printing plant in a fixed-bed 

column sy tern and the resu l ts  were compared with a single dye adsorption [36] . The 

ad rption capacity, in mi l l igrams of adsorbate per gram of adsorbent, decreased by 

1 2-25°'0 in the ternary ystem compared to the single component system . This 

reduction ha been attributed to competitive adsorption occumng in the ternary 

component system.  Dye adsorption from a process plant effluent showed 

approximately 65% decrease in adsorption capacity compared to the ternary solution 

system. A chemical oxygen demand analysis on these components indicated that the 

dyes accounted for only 1 4% o f  the total oxygen demand [36] . 

The ad orption of  23  organic molecules, including a number of polyaromatic 

dyes, from aqueous solution to kaolinite and amorphous al umina was investigated at 

pH 9 [40J.  S trong preferential adsorption to kaol inite was observed over the whole pH 

range, and at pH 9 the dyes also adsorbed much more to kaolinite than to gibbsite or 

si l ica .  The basal spacing of kaol inite crysta ls, measured by X-ray d iffraction, did not 

change when 3 ,6-diaminoacridine was adsorbed, indicating that the dye molecules 

were not i ntercalated between the crystal l ine layers. It is suggested that the negatively 

charged, flat s i l ica faces of kaol inite crystal s  may serve as templates for pi-stacking 

association o f  the positively-charged polyaromatic molecules [ 5 5 ] .  

The equi l ibria and kinetics o f  the sorption of fluorescein and sulforhodamine B 
fluorescent dyes were i nvestigated with two oppositely charged, consol idated aquifer 

materials  by sandstone and l imestone [ 5 5 ] .  Magnesium hydroxide, on the other hand, 

was found to be an active adsorbent for acid, direct and basic dyes [56] .  However, 

magnesium hydroxide precipitated from aqueous solution of magnesium su l fate was 

much better than that from magnesium chloride. It was also demonstrated 

thermodynamically that, acid and direct dyes were readily adsorbed onto magnesium 

hydroxide rather than basic dyes [ 56 ] .  

Extensive work was done o n  the adsorption of  azodyes (Orange f l ,  Orange I, 

and Orange G) on a-Fe20) and a-FeOOH has been carried out [ 5 7 ] .  Adsorption of 

1 0  



Chapter I - Introduction 

azodye was less favored \ hen the su l fonic groups were on the naphthalene ring in 

range , suggest ing an i nn er sphere mechan ism of  complex formation between the 

dye and a-Fe20J [57]. The crystal l i ne face o f  (he oxide and the appropriate metal­

metal atomic d istance rather than the densi ty of surface sites (surface area) seem (0 

control the ex tent of the adsorption. The adsorpt ion of Orange IT  was found to be 

de reased with i ncreasing solution p H .  

odel ing 0 f t h e  a dsorption processes was carried out taking i nto account the 

number of adsorption sites, the equ i l ibri um constants, and the surface area of di fferent 

al.odyes. The most favorab le  cond it ion for adsorption was the closest match ing of the 

M-M atomic d istance o f  the oxide to the 0-0 bond d istance in the su lfonic group: -0-

-(0-0) of Orange II. This explained wby Orange II showed a higher adsorption on 

a-Fe20J than on a-FeOOH and A h03. The adsorption of Orange II w as unaffected by 

the presence o f  chloride or n i trate anions. However, the adsorption of the same dye 

decreased dramatica l ly  when su l fate or s ul fi te a nions w ere a dded i n  s olution a long 

with the azodye. This indicates the compet i t ive nature o f  these anions with dye during 

adsorpt ion process, suggesting that the su lfonic group of Orange II is the b ind ing site 

for this dye on a-Fe20J and a-FeOOH . Fig.  l a  the formation o f  dye-bidentate 

bridging complex with a-Fe20J, (Fig. 1 b) is the most probable  adsorption mechanism. 

However, the l igand exchange with a-FeOOH led to the possibi l i ty o f  unidentate 

complex formation (Fig. I c) [57, 58J 

C h e l a t i n g  b i d e n tate  B r idged b i d entate  U n i d entate com plex 

Figure 1 . 1 .  T h c  1 1 l0lecu lar struc ture o f  che laL i ng b i d cn tale  ( a ) ,  br i dged b i d cn tatc ( b )  

and t h e  lI 1 1 i d c n l a t c  ( c )  cOll1 rl c x cs. 

I I  
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1 .3.4 Bleac hi n o  w it b  b drogen perox ide 

Hydrogen pero ide and other peroxy compounds which yield hydrogen 

pero ' ide H1 aqlleoll o lution, have been used in fabric and surface bleaching. 

Howe er peroxy compounds, such as odium perborate (monohydrate or 

tetrahydrate),  sodium percarbonate, and the l ike, have relatively mild bleaching 

performance at low temperatures (below 1 00° ) [ 58 ] .  

Tran ition metal che lales, especial ly manganese and iron, were used as 

bleaching catalysts for peroxy compounds [ 58-6 1 ] . These transition metal chelates 

can be u ed, for e ample, in launderi ng fabrics with an appropriate peroxy compound, 

� r example, sodium perborate monohydrate. Transition metal chelates improve the 

oxidizing power of  peroxy compounds, they sometimes damage fabrics when used as 

bleaching activators. 

M acrocyc \ic tetraamido l igands [62 ] has been used as novel and unusual ly 

e ffective b leach activators for peroxy compounds. Additional ly, it has not been 

taught, d isc losed or suggested that these types of compounds wi l l  be unusual ly 

advantageous in the areas o f  dye transfer inhibi tion, anti-soil redeposition and stain 

removal .  Col li ns et al [63 ,  64] have used an oxidative stable bleach activator, 

macrocyc \ ic  tetraamido compounds having the structure below in conjunction with 

an e ffective amount of a source of peroxy compound [63, 64] .  

These compounds form robust, long-l i ved oxidation catalysts. Robust oxidation 

catalyst means that when the catalyst is added to a solvent in the presence of an 

oxidant, such as a peroxide, the ha lf- l i fe of the activated form of the metal complex is 

30 seconds or more.  The half-li fe is the time in which half of the metal complex 

decomposes or degrades [63 ] .  

1 2  
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Figure 1 . 2 :  Molecu lar structure of the tetraamido compound 

Y I Y2. YJ and Y4 represent a bridging group.>. R = H, a lkyl cycloa lkyl, 

cycloalkenyl, a lkenyl, a ryl, a lkynyl ,  a lk laryl ,  halogen, a lkoxy, phenoxy, C H2CFJ, or 

CF3.  M i s  a transition metal with oxidation state of  I ,  I I ,  I I I ,  IV, V, or VI .  Q 

counterion balances the charge of  the compound (general ly, negative; preferably - 1 )  

on a stoichiometric basis .  L labi le  l igand which can attach to M.  

Peroxy compound can be a n  organic or inorganic compound containing the --0-
-0-- peroxide l inkage. include hydrogen peroxide, hydrogen peroxide adducts, 

compounds capable  of produc ing hydrogen peroxide in aqueous solution, organic 

peroxides, persu l fates, perphosphates, and persi l icates. Hydrogen peroxide adducts 

include a l ka l i  meta l  (e.g. ,  sodium l i thium, potassium) carbonate peroxyhydrate and 

urea peroxide. Compounds capable of producing hydrogen peroxide in aqueous 

solution i nc lude a lkal i  metal (sodium, potassium, l i thium) perborate (mono- and 

tetrahydrate).  

A l ternatively, an alcohol oxidase enzyme and its appropriate alcohol substrate 

can be used as a hydrogen peroxide source. Organic peroxides examples include 

benzoyl and cumene hydroperoxides. An e ffective amount of peroxy compound is an 

amount sufficient to generate at least 0 .00 1 ppb active oxygen (A.O. ) [64 ] .  

These macrocycl ic  tetraamido complexes were used effectively a s  activators in 

bleaching of  dyes, dye transfer inhibit ion, and in stain removal .  The macrocycl ic 

tetraamido complexes possess superior dye transfer inhibi tory (DTI)  performance, 

compared to polyvinyl pyrrol idone, a known effective DTI compound. Col l in et aI . ,  

found that tetraamide complexes in conjunction with hydrogen peroxide are able to 

oxid ize and degrade trichlorophenol effectively [65 ] .  

1 3  
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anganese complexes with the general formula  [ Ln  Mnm Xpr Yq were used as 

b leach catalysts wi th hydrogen peroxide to remove stain from clothes [66]. I n  

m i  tures thereof and wherein n and m are independent integers from 1 -4 ;  X represents 

a coordinat ing or bri dging species, such as H20, OR, O2, S
2
-, N

J 
-, HOO-, 02

2
-, 02 1 -, 

R 00 , with R being H, a lkyl, aryl, optional ly substi tuted cr,  SCN-.,  NJ- etc. or a 

combination thereof; p i s  an integer from 0- 1 2; Y is a counter-ion, the type of which 

i d ependent 0 n t he c harge z of the complex; z denotes the charge of  the complex 

which can be positive, zero or negat ive. I f z  i s  positi e, Y is an anion, such as cr, B(, 

r, 0)·, 10-1-, CS- PF6-, R 04-, OAc-, BP�-, CF3SOj-, RSOj-, RSOj-, etc. If z is 

negative, Y i s  a cation, such as an alkal i metal ,  a lkal ine earth metal or (alkyl) 

ammonium cation and L is  a l igand being a macrocyclic organic molecule [66] 

preferred commercia l  example is manganese complex ( IV) with 1 ,4,7-

tri methyl- I ,4,7-triazacyclononane, (abbreviated as MejTACN), namely [Mnlv(�. _  

0)6(M eJ T ACN)2 ] (PF6h. Th i s  complex i n  conj unction was very efficient in removing 

stain (tea fru its and w in) [rom c lothes. However, the add it ion of Mn02 general ly 

causes the enhancement of b leach act ivi ty of  Mej TACN, but the extent of 

enhancement great ly  depends on the amount o f  manganese dioxide added i n  b leach 

experiment. The bleach act iv i ty reaches the h ighest value, when the ratio  of 

MeJTAC to Mn02 ranges [rom 1:25 to 1 : 39. More Mn02 results i n  the dec l ine of  

b leach act iv i ty, but i t  st i l l  reveals a sign i ficantly h igher b leach act ivity than 

M eJ T ACN alone. On the other hand, soluble manganese salts such as MnS04, MnCh, 

Mn(N03h and Mn(OAc)2 in  1 :  1 ratio reduce the bleach act iv i ty of Mej TACN. When 

MnCh Mn(N03h and Mn(OAch are used, the b leach activi ty dramatically decreases. 

Also,  the resul ts indicated that Fe20j, Fe304, Fe(OH)3, CU20, CuO, CU(OH)2 and 

Ce02 do not give enhanced bleachi ng act ivity with Me)TACN [66] . 
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Chapter I - A im of work 

1 .  4. A i m  o f  the  p rese nt  w o rk 

The aim of this \ ork is to study the chemical kinetics of degradation process of 

Meth I v io let and thionine dyes using H202 in the presence and the absence of Cu
2+ as 

cata lyst. The rate laws and degradation mechani sms wi l l  be evaluated and inferred. 

tru lure o f  the proposed intemlediate compounds w i l l  be investigated spectroscopically 

using, C ,  H ,  a na lysIs, H PL a nd I R,  analyzing methods. A computational approach 

wi l l  be adopted to confiml degradation mechani sm of the dye and to show the probable 

intermed iates by calcu lati ng total energy of different expected fragments. 
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Chapter II 

2 .  Experimental 



2 .  E x peri mental  

2. 1 Material and Reagent 

Different concentrations o[ hydrogen peroxide solutions, di fferent bu ffer 

values made [rom 0. 1 M a2H P04 and 0 . 1  M KH2P04, thionine dye, methyl violet dye, 

di fferenl concenlration o[ u 04 , 5% KJ,  ammonium molybdate solu tion, H2S04 

olution, a2 203 solution, starch drops were used . All chemicals used were of 

analytical reagent grade. H202 solutions were prepared by direct di l ut ion and were 

standardized iodometrical ly using sodium thiosulphate. Phosphate buffer ( KH2P04 + 

a2H P04) wa used throughout for adjusting the pHs.  

2.  2 Apparatu 

U V-VI . spectrophotometic measurements were recorded on a Shimadzu 

2 1 0 1  P UV-VIS .  Spectrometer suppl ied with Shimadzu data acquisition system. 

The pH measurements were made on a Mettler Delta 320 p H-meter. The UV /vis. For 

identifying degradation products, an HPL , WATE R P-LLIANCE, Model 2695 with 

UV-VIS detector Model 486 and software package Mi l lenium 32,  USA, was used. 

The column used was 1 8  with internal diameter of 4 mm, length of  1 50 mm and the 

particle s ize was 4 �m. For IR measurements , DTGS KBr was used as a detector and 

the beamspli tter was KEr. 

2. 3 standard solutions 

2. 3. 1 Standard sodium thiosulphate solution 

0 .5  M sodium thiosulphate was prepared by diE  solving 24 . 8  g into 1 000 ml 

COz-free doubly disti l led water. Few drops of chloroform were added . The 

thiosu lphate solution was standardised against 5% standard potassium iodate solution 

[67]. 

2. 3. 2 Standard h drogen peroxide solution 

Stock 30% hydrogen peroxide solution (purchased from Merk Schuchardt. 

MUnchen, Germany) was used. everal init ial  concentrations of the hydrogen 

peroxide solutions were obtained by mixing definite volumes of standard (freshly 

prepared) stock solution of hydrogen perox ide with doubly disti l led H20. The in itial 

concentration of hydrogen peroxide was determined by transferring the di l uted 
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hydrogen peroxide solut ion to a conical flask and add ing 50  ml of  H2S04 (1M) 

fo l lowed b 5 ml o f  30% potassium iodide solution and 3 drops of  3% ammonium 
molybdate solut ion.  The l iberated iodine (equivalent to hydrogen peroxide 
concentrat ion) \ as t i trated immediately with a standard sod ium thiosulphate solution 

[67]. 0 thernlal decomposit ion occured for H202 so lution within the concerned 

oncentrat ions in the temperature range 30-45°C. 

2 . 3 . 3 .  S t a n d a rd dye so l u tion 

A 1 0-
3 

M thionine and methyl vio let dyes solut ions were prepared by disso lv ing 

0.0263 g a nd 0 .0394 g ,  respect ively, into CO2-free doubly  dist i l led H20 to prepare 

stock solut ion o f  1 0-4 M by di lution several concentrations o f  both dyes. Prepared 

solutions were kept in dark bottles p laced in refrigerators to avoid  either thermal or 

photolyt ic transformations. 

2. 3 .  4. S t a n d a rd copper ( I I )  so l u tio n 

A 0. I M stock standard Cu(N03h3H20 was prepared by dissolving 6.04 g in 

CO2- free doubly dist i l led H20.  several concentrations of copper n i trate were prepared 

by d i l ut ion and standardized [68].  

2 . 3 .  5 .  B u ffe." sol u t ion  

Phosphate buffers ( KH2P04 + Na2HP04) having pHs o f  5 .0, 5 . 5 , 6 .0, 6 .5 ,  7 .0, 

7.5 , 8 .0, 8 . 5  9.0, 1 0 .0, 1 0. 5 ,  1 1 .0 were prepared and used throughout. For attaining 

high pHs, few drops of sodium hydroxide solution were added [ 69-7 1 ] . 

2. 4 Procedu res 

2. 4. 1 Kin etic measu remen ts 

In a typ ica l  kinetic run, 1 .00 mL of  standard dye solut ion together with 1 .00 mL 

buffer so lut ion were p laced in a thennostated quartz UV Nis .  cel l .  The reaction was 

started by inj ect ing 1 .00 m L  of H202 of a known concentration and moni toring the 

course o f  react ion by observ ing the decay in absorbance at Amax = 600 or 584 nm for 

thionine and methyl vio let, respect ively. The rate change in  the ini t ial absorbance, 

(dA/dt ),). was dctenn ined from the slope of the first part of the absorbance-time 

curves The ini t i a l rate values wcre obtai ned by d i v id ing (dAldt)o values over the 

0.. 1 r l - I  
absorb l t l \  i tl' o f  the substrate dye [ 69 .  7 0 .  7 2 ,  7 3 ] .  1: val ucs of  5 .  I x 1 L 1110 e m  

and 4 . 1 \ 1 0.J L 1 IllOr i C i l l  1 at i'nm ;:: 6( JO a n d  5 84 n m  for th ion inc and methyl v io let, 
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respecti e ly were used . The ionic strength was contro l led by the addi tion of sodium 

chloride prior to the add it ion of hydrogen peroxide.  

On the other hand, the ki netics of the decomposition reaction of hydrogen 

peroxide with copper nitrate in the absence and in the presence o f  t-butano l was 

monitorcd LOdomelrical Iy by ti trat ing al iquots at di fferent l ime intervals. The in i t ial 

rea t ion rates were determi ned from d [ H202]/d t ersus [ H202] p lots. 

2. 4 .  2 P rod uct  analysis 

One experiment was carried for each dye by d i ssolving 2 g of  thionine or 

methyl vio let dye into 150 ml d isti l led water. An  excess o f  10 M H202 is added and 

the pH was adjusted with buffer to pH = 7.0. The mixture was thermostated at 3 5 °C. 

When complete color removal occurred solut ion was evaporated . The so lid residues 

o f  the two experiments were col l ected and subj ected to C,H,N elemental analysi s, I R  

analyses. 

2. 4. 3 H PLC An a lysis 

In another e xperiment, e xcess K I  w as a dded t o  c olorless s olutions t o  r emove 

excess H O i  n s ol ution. P roduced I w as r emoved b y  a dd ing N a S 03 t i l l  no blue 
2 2 2 2 2 

color was produced as indicated by starch indicator. Degradat ion products were 

extracted into dichloromethane using separati ng funne l .  Resultant ox idation products 

were identified using HPLC.  Using polarity m ethod HPLC machine column Mobile 

phases consists of 80:20 or 60: 40 water: acetonitri l e  were used. 



2.5.  o m p u tatio nal  treatme n t  for t h e  prod u c ts propo ed by t he degradation 

reaction of bot h meth lene b lue  a n d  Thionine 

The L matrice [or a l l  products were obtained [rom the protein data bank fi les 

enerated aner mo lecular mechanics calculations were perfom1ed using the 3 -D  

hem Drawe so ftware [ 74 ] .  The steepest descent and the conj ugate grad ient methods 

were used to opl im iz  the geometrical shape o[  the designed molecules[ 75-78] .  The 

Hartree-Fock calculations were done by using the Guass ian 98 software wi th 

Gaussian basis sets [ 79 ] .  Along with the output fi les for a l l  the  runs are submi t ted in  

appendix  1 .  

J <) 
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3 .  1 .  Kinetic measurement 

Chapter III - Re lilts alld DisCli iOIl 

3 .  1 .  1 .  Absorption spectra 

When thionine dye was mixed with hydrogen perox ide at pH= 7 .0, the 

rate of react ion wa very slow. Howe er, when a smal l amount of copper (II) nitrate 

olution wa added, the rate of reaction increased considerably ( Fig. 1 ) . On the other 

hand, the rate of reaction with methyl iolet dye in absence and presence of copper 

( I I ) ion was much [aster compared to that of thionine, (Fig. 2). Since the color of 

both d es  decays with time, the progress of the reaction \i as fol lowed by monitoring 

the ab orbance change at Amax = 600 and 584 nm for thionine and methyl violet 

respectively. The reaction fol lowed a first-order dependence as indicated in the 

inserts in Fig. . 1 and Fig. 3 . 2 .  

2�----�---'�----�----r-----r-----r-----r-----r----'�---; 

First order plot of Ex- '1 

[TIl!= 333x10'M [H,O,]=Q0666M [e""!=3 33X1a'M T=1O"C 
pH=7 

200 300 100 

Time (min) 

Wavelength (nm) 

1 ::: 0 min 
2 ::  1 min 
3 ::: 2 min 
4 ::: 3 min 
5 :;; 4 min 
6 = 5 min 
7 ::: 6 min 
8 ::  7 min 
9 ::: 8 min 
10 ::: 9 min 

Fig. 1 .  Time resolved spectra [or the oxidation of  3 . 34  x 1 0-5 M of thionine with 

0 .067  M hydrogen peroxide in presence o f 3 . 34  x l O-5 of Cu+2 at 40°C and pH = 

7 .0 .  
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Fig. 2. Time resolved spectra for the oxidation of 3 . 34 x 1 0-5 M of methyl violet 

with 0 . 1 42 M hydrogen peroxide at 25°C and pH = 7 .0 .  
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3. 1 .  2 .  E ffect  o f  h .  d rogen peroxide 

The effect of  hydrogen perox ide concentrat ion on the non-catalyzed oxidation 
reaction rate for thionine dye was e amined at 3 . 34  x J 0-5 M. Constant temperature 

40° for thionine dye and 25° for methyl violet dye at pH = 7 .0  whi l e  the 

concentration of HZ02 \\'a ,'aried from 0.03 M to 2 .493M.  Figures 3 (a, b) and 4 (a, 

b)  demonstrat how the absorbance decays with time at d i fferent concentrations of 

hydrogen peroxide for thionine and methyl violet respect i vely. [The two figures show 

that by increasing the concentrat ion of HzOz, the rate of dyes degradation a lso 

increa e] . For the copper (II)- catalyzed reactions, where cupper ni trate solution of a 

3 . 34  x 1 0-
-

M and 2 . 00 x 1 0-5 M was added to thionine mixture, Fig. 5 (a  b), and 

methyl violet Fig. 6 ( a, b), re pectively. The values of the i ni t ial absorbance change 

(dAJdt )o were determined from the curves i n  figures 3-6. The init ial  reaction rate 

values v·:ere calculated by dividi ng (dAJdt )0 over the absorbit ivity of dye studied. 

The latter values were equal to 5 . 1 X l  04 L i mor 1 cm- i at Amax = 600 nm and 4. 1 X 1 04 

L 1 mor 1cm-1 at Amax = 5 84 nm for thionine and methyl violet respect ively. 

The in i t ia l  rate values were then p lotted versus the in i t ia l  concentration of 

hydrogen peroxide,  for thionine and methyl violet, respectively Figures 7 and 8. 

These figures demonstrated that in  the absence of copper ( I I )  ions, the rate of reaction 

increased gradual ly with increas ing init ial  peroxide concentration [HzOz]o; reaching a 

maximum � 0 .8  M and � 2 . 0  M for thionine and methyl violet respect ive ly. This 

means that the order of reaction changes from one at lower concentrations to zero at a 

h igher ones. S imi lar behavior was reported earl ier for the oxidation of quinoldine red 

dye with hydrogen peroxide [72 ] .  

For the  catalyzed reactions however, the rate of reaction i ncreased with 

i ncreasing [ HzOz]o  reaching a maximum at � 0.4 and 2 . 0  for thion ine and methyl 

violet respect ivly and thereafter decreased. This behavior was described earl ier by the 

fom1ation of an i ntermediate species through the i nteraction between hydrogen 

peroxide and copper ( I I )  ions [80-82] .  These species, hm; ever, have an inhibit ing 

effect on the reaction . The concentration of such spec ies increase the inhibi tory effect 

with the increase of the concentration of either hydrogen peroxide or copper ( I I )  ions. 

However, the rate of catalyzed reactions was always higher compared to the 

uncatalyzed react ions.  The catalyzing effect of copper ( I I )  ions was attributed to the 
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fonnalion of  the h igh ly  acti e and non-selective hydroxyl radicals generated from the 

interaction of hydrog n perox ide with copper ( I I )  ions [80-84 ] .  
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3 .  1. . E ffec t  o f  t h e  i n i t i a l  dye concentrat ion  

The ffect of the init ia l  concentration of the dye on the reaction rate was 

cxamlD d for both d e , thionine and methyl violet, at a constant p H  = 7 .0, (Figures 9 

and 1 0) .  The plots of the init ial reaction rate ersus the init ia l  concentrat ion of the 

dye, ( Figure 11 and 1 2 ) ,  howed that the rate of reaction attained a first order 

dependence on the ini t ia l  dye concentration. Ho\\ ever, using high concentrations of 

methyl violet decrea ed both the rate and the order of reaction. The latter became 

zer -order at high meth 1 VIolet concentrations. 

With thionine, ho\, ever, we could not run more experiments using higher dye 

concentrations because of  the greater absorbance of thionine i .e ,  thionine has an E of 

5 1 ,300 at 25°C and \ as shown to give h igh init ial  absorbance at high concentration . 
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3 .  1 .  4. E ffec t  of  c o p per ( I I )  ions  

In order to  inve tigate the effect of added copper ( I I )  ions on the reaction rate, 

e. periment were carried out at pH= 7.0 using con tant concentrations of both the dye 

and hydrogen perox ide wherea copper( f [ )  concentration \ as varied regu larly. 

In ca e of  thionine d e, Figures 1 3 - 1 6, the concentrations of  the dye and 

hydrogen perox ide were kept constant at 3 . 34 x 1 0-5 M and 0.20 M, respect ively. 

Experiment in  Figure 1 3  is the reference experiment i .e .  experiment carried out w1der 

the same condit ions as in figures 1 4- 1 6, but, without added copper ions. 

In  ca e of methyl violet, on the other hand, the concentrations of the dye and 

h. drogen peroxide \ ere equal to 3 .34 x 1 0.5 M and 0.035 M respectively. Also, 

experiment in Figure 1 7  is the reference experiments. 

In it ia l  reaction rates were then determined from Figures 1 3 - 1 7 and Figures 1 7-

2 1  and then plotted versus the concentration of copper ( I I )  ions as shown in Figures 

22 - 23  for thionine and methyl violet, respectively. 

In Figure 22, it i s  c lear that the rate of  reaction is  enhanced with the addi tion of 

copper ( II )  ions at di fferent temperatures 25° -40°C . However, the order of 

enhancement was gradual ly  decreased by the increase in copper ( I I )  ions 

concentration. 

With methyl violet, the rate was enhanced, had a max imum, and thereafter 

decreased, Fig. 23 ,  c learly shows that the rate of reaction was much more enhanced in  

case of  thionine than that wi th  methyl violet .  This  may be attributed to the differences 

i n  hydrogen peroxide concentration used with both dyes. The concentration of 

hydrogen peroxide used wi th thionine was 5 .7  times greater than that used with 

methyl violet .  Therefore, more hydroxyl radicals are expected to by generated in  case 

of thionine compared to methyl violet .  The decreased rate at higher copper ( II )  

concentration can b e  ascribed t o  the fom1ation of a n  inhibi tory intermediate formed 

from the i nteraction of hydrogen peroxide with copper ( II )  ions [80-83] .  

The curves in  Figures 22 and 23 are representing both the uncatalyzed and the 

catalyzed react ions and they e luc idate that the contribution of the catalyzed reaction is 

low in case of methyl violet compared to thionine. l J1 other words, in case of methyl 

violet, the uncatalyzed reaction consti tutes the main contribution to the total rate. 

Experiments carried out to investigate the effect of ionic strength on the reaction rate 

( wi l l  be discussed in deta i l s )  revealed that the rate of uncatalyzed reaction decreased 
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with increa ing ionic strength .  Therefore, the decreased rate observed at higher 

c pper ( I I )  concentrat ions in case [ m  thyJ vio let could be ascribed to the increased 

ionic trength. 
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3 .  1 .  5 .  E ffec t  o f  p H  

The effect of  p H  on the reaction rate was studied for both investigated dyes, 

thionine and methyl violet .  Phosphate buffers of pH values 5 - 1 1 was lIsed at constant 

concentrat ion [ hydrogen pero ide (0 . 1 4  M or 0.992 M )  and 3 .34 x 1 0-5 M dye. 

Figure 24 and 25 sho\ the variation of absorbance with t ime at d i fferent pHs 

D r the reaction of  hydrogen pero ide with thionine and methyl violet respect ively. 

The ini t ia l  reaction rate alues calculated from curves on figures (24-2 5 )  were plotted 

versus pH as shown in figures 26 and 27 for thionine and methyl iolet, respectively. 

Both figur s showed that the rate of reaction increased wi th increasing pH o[ the 

reaction medium espec ia l ly in  the pH range 9.0- 1 1 .0 .  No discernible react ion 

occurred at pH :s 6.0 for thion ine and pH :s 5 .0 for methyl v iolet. This suggested that 

the basic form of hydrogen pero ide, HOO-, and the unprotonated forms of both dyes 

are the most react ive species [69 ] .  TIlis means that the rate of reaction was enhanced 

at h igher p H  which can be attributed to the formation of hydropeorxide anion in  

alkal ine solut ions [69, 8 5 ,  87 ]  
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3 .  1 .  6. E ffect o f  i o n i c  t rength 

The effect of  ionic trength on  reaction rate was investigated in order to  get 

info1111ation about the number charges on the reacting species that constitute the 

activated compleA . The ionic trength was varied by the addition of sodium chloride 

a an inel1 alt to 3 . 3 4  x 1 0-5 M and 0.067 M concentrat ions of the thionine and 

hydrogen perox ide, re p ctively at pH = 7.0.  

t di fferent ionic strength the rate constants, k were determined using the 

integrated first-order rate equation, figures 28 and 29 for thionine and methyl violet, 

re pectively according to the equation : 

In  A = - kt + I n  Ao 

where 0 represent the irut ia l  absorbance and A is  the absorbance at any time t. The 

logari thms of these values, log k, were then plotted as a function of ioruc strength 

according to Br0nsted-Debye-Huckel equation [ 1 6] :  

Log k � l og ko + 2 AZAZB . � 
1 + JL 

Where leo i s  the l imit ing rate constant at zero ionic strength and k is the rate constant 

at a given ionic strength , . . l.  ZA and Zo are the charge numbers of  the two reacting 

species. The constant A has a value of 0 .509 at 25°C and 0.492 at 40°C. 

Appl ication of this equation to our systems, thionine and methyl violet, revealed 

that the s lopes of the straight l ines are - 1 . 1  and - 1 . 1 5  ,respectively ( Figures 30 and 

3 1 ) . This indicates that two single oppositely charged ions are interacting. S ince the 

rate of oxidation of either thion ine or methyl violet with hydrogen peroxide under 

these conditions confo1111ed to second- order kinetics. Therefore, one of the reacting 

species should be the positively charged substrate and the other one is  the 

hydropeorxide anion, H OO-, and not H202. This also explains the rate enhancement 

found with increasing p H  due to the increase in concentration of the hydropeorxide 

aruon [69] . 
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3 .  1 .  7 .  Detect ion of  free ra dica l  fo r t h e  copper ( I I )  cata lyzed 

react ion 

The use of a free-radical trapping agent is a useful method for discovering 

whether or not free radical are impl icated in the reaction mechanism [69 89-9 1 ] . The 

radical pecies react preferent ia l ly \vith the trap and so a decrease in the rate of the 

radical reaction hou ld be ob er ed . Tertiary butyl alcohol is known to trap a wide 

range of radical spec ies and ha\'e been used in peroxide reactions [69, 89, 9 1 ] . 

xperiments \\' re carried out in presence of 4% t-butanol as a radical scavenger. 

Figure 32 represents the decomposition reaction of 0. 1 M hydrogen peroxide with 

0 . 20 1 eu +� ions in  absence and in  presence of 4% t-butano l .  I t  i s  c lear that the 

reaction rate is strongly inhibited in presence of t-butanol .  This submits strong 

evidence that that catalyzed reaction is proceded via free radical mechanism. 
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3 .  l .  8 . E ffect  o f  sod i u m  d odecyl u l fate, DS 

The effect of  anionic surfactants on the reaction rate was examined for 

degradati n o [  thionine dye. onstant concentrations of 3 .34 x 1 0-5 M of the dye was 

mixed with 0 . 5  M hydrogen pero id at variable concentration o [  sodiwll dodecyl 

u lphate, ( D ) . Figure 33 shows the absorbance decay with time. The init ial 

reaction rates detennined [rom figure 33  were then p lotted versus [SD ] ,  (Figure 34). 

Fr m this figure it is c lear that the rate decreases even at low [SDS] lower than the 

crit ical m icel les concentration, CMC (3 X 1 0-
3 

M ) .  However, after CMC was 

reached, the reaction rate decreased drast ical ly. The rate of  reaction decreased by 

7 .4% upon using 0 .03M of  SDS.  This decrease i n  rate could be ascribed to some 

kinds of electrostat ic association between anionic m icel les and the cationic thionine 

d e. This , i l l  hinder the interaction between the negat ively charged hydropeorxide 

anion H OO-, and the cationic dye which is now present i nside the core of micelles 

[92] . On the other hand, the decrease in  rate before CMC could be ascribed to the 

fomlation of dimers and trimers between SD molecules [93 ] .  
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3. 1 .  9. Pro po ed react ion m ec h a n i  m a n d the  rate eq uat ion fo r the  
n on -cata lyzed react ion 

Ba, d on the re ult hown in this work . a mechani sm that impl ies the 

d i  ciation of H 2 2 in the fir t tep with the PI' duclion of hydropero ride ani ons, 

I lO - i propo d.  The latter then attacks the substrate, to give a peroxo-dye 

intermediate, which in turn decompo es in the rat -determin ing step to give the final 

oxidation product according to the fol lowing mechanism : .  

k l  
(1 )  

k2 
DW + H02 ---- DH (H02) (2 )  ----

k-2 
Peroxo-dye intermediate 

DH( H02) 
k3 

) oxidation products ( s low) (3 ) 

From equat ion 1 :  

(4) 

Applying steady state approximation for DH ( H02) assummg that k2 » >!c..2, 

therefore: 
-d[QR(H02 ) ] = k2 [DH+] [ H0 2 ] - k3 [DH(H02)] = 0 

dt 
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From equations 3 and 5 :  

Rate 
k � K l [ DH + ] [ H 20 2 ] 

[ H + ] 

iOIl 

(6) 

Expressing the rate of  reaction in tenns of  the ini t ia l  concentration of the dye and the 

ox idant, [ DH+]o and [H20:do respectivel , since: 

( 7 ) 

( 8 )  

(9)  

Substitu t ing in  equation 6, the  init ial  rate i s  given by; 

Rate ( 1 0) 

According to our experimental conditions, [DH+]o is in the range of 1 0-5 and since K l 

= 3 .38x l O-1 2 mol  L- t at 40°C [94-96] ,  therefore, the k2Kl [DW]o tenn can be omitted 

from the denominator. Equation 1 0  then becomes: 
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according to equation ( 1 2 ) a t  40°C . 

k 2k 3K l [H 20 2 J O [ DH + J o 

k 3 [H + J +k 2K 1 [ H  202 J O  
( 1 1  ) 

As seen from thi s equation, the rate of reaction attains a first-order dependence 

on the substrate, a first-order dependence on hydrogen peroxide only at lower 

concentrat ions, and is inversely proportional to [ H+] .  However, the order of reaction 

in HzOz decreases with increasing concentration and becomes zero at very high 

concentrations. Reciprocal of equation 1 1  gives: 
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1 [ H + J 
---------- + ----

k 2 K I [ DH ] O [ H  2 0 2 ] k 3 [ DH J o  
( 1 2 ) 

rate 

The estimated valu [or k2 and k3, for thionine system are 20 .56 mor l 
L S- I and 

1 .  A 1 0-+ -I re pectivcly. The e values are calculated from the s lope and intercept of 

1 1 
-- ver us shown in  Figure 3 5 .  On the other hand, k2 and k3 values for 
rate [ H 2 °2 ]0 

methyl violet system are 3 . 1 6  X 1 0
2 

mor l L S- I and 5 .65 X 1 0-
2 S- I respectively, Figure 

36 .  Comparing the k2 and k3 values for both systems it is c lear that k values are 

greater for methyl violet than [or thionine. This  IS I II agreement with our 

experimental results and supporting our proposed mechanism. 

65 



o 
E 

1 . 6 

Chapter III - Re ult and Discus iOIl 

y = 0 . 0046 1 49 + 0 . 0 6 1 1 4x R= 0 .99961 

--- 1 . 2 

-
-r-
-

co o 
-r-

0 . 8  

0 . 4  

O ��������������������� 
25 30 1 0  1 5  20 o 5 

{ 1 /[H 0 1  ) / M  
2 2 0 

Fig. 3 .  36 .  Reciprocal in i t ial rate versus rec iprocal ini t ia l  hydrogen 

peroxide concentration for the oxidation of  3 .34 x 1 0-5 M methyl violet at 

p H  = 7 .0  according to equation ( 1 2 ) at 25°C. 
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3 .  1 .  1 0. P ropo ed react ion  mec h a n ism a nd rate eq uat ion  of co pper 

cata lyzed react ions  

u2+ in  pre ence of H202 wi l l  fonn pero o-copper which wi l l  in tum fonn 

hydrox . radical  a fo I l  \\ : 

+ [eu  (OOH)t + H+ ( 1 3 ) 
Catalyst peroxo-copper 

• 

[eu (OOH)f ( 1 4 ) 

The OH Wi l l  attack the D\OH ) Which s lowly decomposes to  produce the oxidation 

product 

k 6 ' slow 
-�-----7 oxidation products 

meanwh ile, hydroxy radical oxidizes Cu + ions to Cu2+ ions 

Cu + 
+ HO • 

k 7 
- -- � Cu 2 + + OH 

H and OH- ( steps 1 3 , 1 7) are combining to form H20 

+ 

Applying steady state approx imation for [HO'] and [ D + (OR) ] ;  
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mce [Cu + ] = [Cu2+(OOH )] 

and [Cu2+(OOH )] = K2[CU2+] [ H202]/[ H+] 

Therefore, 

[H(f] = 

and, 

Therefore ; 

Chapter III Re liltS and DisClI sion 

(20)  

( 2 1 ) 

(22) 

The rate equation i s  given from the rate-determining step, equation 1 6, by; 

(24 ) 

Expressing for the in i t ia l  concentrat ions of both Hydrogen peroxide, [ H202]o, 

and the dye, [ DH + ]o ince;  
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[ H202 ]0 = [ H 2 2 ] + [ u2-.-( H )] + [ HO· ] 

ub ti tut ing fron1 quations 2 1 and 22, therefore, 

al 0 

[ DH + ]0 = [ DH + ] + [ DH + ( OH . )] 

( 2 7 ) 

Subst i tut ing from equation 23 

kS k6
[DH + ] [H + ] « k2k6k7 [Cu

2+ ] [H 202 ] 

+ 
k6 k7 [DH + ] o 

[DH ] = -"=----�--
k6k7 + kS k4 

and assummg 

therefore; 

From equations 24, 26 and 28, the rate is given by; 

Rate= 

(2S ) 

( 26 )  

that 

( 28) 

kSk 6k 7 [DW ]o ( [ W ] + K2 [Cu2 +] ) + k 2k 7 [Cu2+ ] [�02 ]o (�k 7k6 + k4kS ) 

Assumi ng that k7k6K2 » �k5,  therefore, 

k 4 k S K 2 [ DH + ] [Cu 2 + ] [H 2 0 2 ] 
Rate = 

0 0 (29) 
k s [ DH + ] 0 ( [H + ]  + K 2 [Cu 2 + ] ) + K � k 7 [CU 2 + ] [H 2 0 2 ] 0 

This equat ion demonstrates that, at lower [ DH + ]0' the first term in the denominator 

becomes very small  compared to the second one and can be neglected. Therefore, the rate 

attains a first order dependence on [ DH + ]0 . However, with increasing [ DH + ]0' the rate 

decreases and attains a l imi t ing rate at higher concentrations, (F igure 1 2 ) . This equat ion 
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predict al 0 that th rate ha a first order dependence on [ H202]o at low concentrations. 

Witb increasing concentration, howe er, the reaction rate decreases and attains a l imiting 

rate at relati\ ely high concentration , (Figures 7 and ). Equation 29 can be written in the 

reciprocal [oml: 

rate 
( 30 ) 

Plotting Urate versus 1 /[H202]o ga e straight l i ne, ( Figures 37  and 3 8 )  for thionine 

and methyl violet, respectively. From slopes and intercepts, some tentative values for k7 
and kt 'were calculated Llsing an average value [or k2 as 1 0-9 [97] .  The produced k7 values 

are equal to 5 .34 X 1 0 1 0  M- I s- I and 6 .89 X 1 01 0  M- I s- I for thionine and methyl violet at 

40°C and 25°C respectively. The corresponding rate constants for the formation of HO' 

radicals, �, gave values of 2 . 50  X 1 0- 1 1  and 7 .94 X 1 0- 1 0  mor l Ls- 1 for thionine and 

methyl violet at 40°C and 25°C, respectively. Beltran and Gonzales have reported ks 
value in  the range 1 08 to 1 0 1 0  Mr I Ls- I for the overwhelming majority of organic 

compounds [98] . The value ks 1 09 M- I L S-I was used in our calculat ions . 
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Chapter .rII - Result iOIl 

3.  1 .  1 1 . Rate m ec h a n i  ill a t  h ig h  H 202 concentrat ion : 
quation 29, however, could not explain the decrease i n  rate at higher [H202]o. 

Thi decrease was asclibed to the fast interaction of hydroxyl radicals \.vith excess 

hydrogen pero. ide or it peroxide anion, HO 2 , [82 ,  99, 1 00] . This leads to the formation 

of uperoxlde anion, 
• 

:2 ' 

(/) .....J 
..... 

0 

0 
E 

-
-
Q) 

.... 
"' '-
"' 

.... 
c:: . --T"" 

-
en b T"" 

1 

0 . 8  

0 . 6  

0 . 4  

0 . 2  

o 0 

-- y = 0 . 063934 + 0 . 020294x R= 0 . 999 1 1 

5 1 0  1 5  20 25 

( 1 /[H20)o) I M 
35 

Fig. 3 .  37 .  Reciprocal init ial  rate versus reciprocal in i tial hydrogen 

peroxide concentrat ion for the oxidation of 3 .34 x 1 0-5 M thionine at pH = 
7 .0  in the presence of 2 .0 x 10-5 M according 0 equation (30) .  
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Fig. 3 .  38 .  Reciprocal init ial rate versus reciprocal init ial hydrogen 

peroxide concentration for the oxidation of 3 .34 x 1 0-5 M methyl violet at 

p H  = 7 .0  i n  the presence of 3 .34 x 1 0-5 M according to equation ( 30) .  
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Or its conjugate acid, HO; which are less acti e than hydroxyl radicals (EO = 

O. 9 V at pH = 7 for 2- and 1 .44 V for HO; at pH = 0 )  [ 1 0 1 ]  the fol lowing 

mechanism, could be sugge ted at high concentrat ion 

eu 2 +  + 

II � + ( OOR ) 

OH e + H0 2 k 

k 
3 

) 

eli + 

eu 2 + (OOB ) 

+ OR • + 

O -e + DH + �,  slow 
- - - - ----+ oxidation 2 

k 
eu 2 + 0H eu + + O - e + H +  -�----+ 2 

products 

1 + 20 2 
Applying steady state approximation for HO - and O 2- species; 

From equations 4, 35 and 36 ;  
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(32) 
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Chapter III 

ccording to equation 3 the rate is  gi en by' 

Rate = kq [ DH + ] [ 2- ] 

From equation 4 and 3 5  

A before, mce, 

Subst i tu t ing from equations, 2 1 ,3 7  and 39 in equation 40 gives'  

_ 
k8k1 0 [H202 ]O [ H+ ] - k

4 (k1 0K) + ' 8 ) [H + ] 

k8k1 0 [H + ] + k8k1 0K2 [Cu
2+ ] 

From equations 3 8 and 4 1  the rate i s  given by; 

k i s  reported as 7 . 5x l 09 mor 1 L S- l [29] . assuming that � »  k l O, therefore, k+(k 1 o  K3+ 

k ) » kg k l O, and the reaction rate becomes negat ive. However, with increasing [ H202]o, 

( 3 8 )  

(39) 

(40) 

( 4 1 ) 

both the denominator and numerator wi l l  be increased, but the increase in  numerator wi l l  
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Chapter III - Re ults alld Discussion 

b igni ficant and the rate of reaction decreases. Within the scope of our experimental 

r ults, the r, t never reached 7cro, i .e .  kg klO [H202]o :j; kt (k \ oK3+ kg) .  
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ection I I  

3 . 2 .  A n a lysi  o f  degradat ion Products 

In  the fo l lowi ng chemes, suggested degradation mechanisms for thionine and 

rn th 1 ,'io let are presented .  

cherne 1 shows the lU1catalytic decomposition mechanism of thionine dye. 

H202 ionizes into H+ and H02 
- which wi l l  aHa k the S+ This leads to cracking of 

the central ring giving ri se to two possib le cracking modes 1 and 2 as shown in the 

ch me. 

cherne 2 ,  represents the catalyt ic decomposition of methyl violet dye. Cu2+ 

react with H202 giving rise to Cu2+( OOH)  which wi l l  di ssociates into Cu2+ and 

OH- free radicals .  Free radicals wi l l  attack the + of methyl violet leading to three 

possible simultaneous bonds cracking. Hence, three degradation products are 

expected for methyl violet .  

3 . 2 . 1 .  E l em e n t a l  A n a lysis .  

Table 3 . 1 .  shows C, H and S elemental analysis of pure thionine and methyl 

iolet together with their degradation products. Good correlation between calculated 

and found values of pure thionine and methyl violet are shown. 

A discrepancy behveen calculated and found values of thionine degradation 

product is observed. This can be attributed to either incomplete degradation process or 

to the production of more than one product. 

Good agreement between calculated and found values for methyl violet 

degradation product i s  shown in table3 . 1 .  This may reflect a complete degradation 

process and/or structura l ly simi lar degradation product. 
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Scheme 2 .  Suggested mechanism for methyl violet degradation by H202 in presence 

of Cu2+ ions. 
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Chapter III - Results and Discussion 

Table 3 . 1 .  , H , an lemcntal analysis of  pure and degradation products of thionine and 

methyl \ i  let dyes. Degradat ion was done by HzOz in  absence of  Cu2+ catalyst .  

Thionine Methyl Violet 

element 
Pure 

Product 
1 2H ! !  30S 

Pure 
Product 

CSH I ONOCI 

calculated found calculated found calculated found calculated found 

5 8 .-+7  5 7 . 82 5 8 . 7  47 .60 73 . 1  64.75 55 .9  54.05 

H %  4 .52  4 .42 4 .49 3 .40 7 . 1 1  7 .02 5 .83  4. 55  

1 -+ .62 1 -+ .86 1 7 . 1  1 4. 00 1 0.66 9 .48 8 . 1 6  8 . 1 8  

1 1 . 1 4  1 1 . 5 1  1 3 . 06 1 2 . 3 7  

L-______ � ________ � ____ � ________ � ______ L_ ____ _  • __ _L ____ � ________ � ____ � 

3 .2 .2 .  I R  Spectra 

Infra red spectra o f  pure thionine and methyl violet compounds and their 

degradation products are shown in Figs 39-40. Fig. 3 .39a for pure thionine shows 

bands at 342 1 and 2966 cm- ! corresponding to N-H stretching vibration. Bands at 

1 548 cm-! , 1 1 1 3  cm- ' , 3080 cm- l are possibly corresponding to N=C, S=C, and C-H 

or -H bending v ibrat ions, respectively. 
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ion 

Fig. 3 .39b for thionine degradation product shows a C=O stretching ibration at 

1 640 cm- 1 indicat ing the fomlatiol1 of a carbonyl compound produced by H202 

oxidation.  Disappearance of the band at 1 548 em-I indicates the breakdovm of =C 

bond a suggested b path one degradation whereas the appearance of strong band at 

1 640 cm - I indicate the formation 0 f carbonyl compounds. 

Fig. 3 . 40a for p ure methyl violet shows IR band at 1 584 cm- I corresponds to 

= t retching vibrat ion .  The bands at 1 475 cm- I (s)  corresponds to C=C stretching 

\·ibrat ions. The bands at 1 360 ( s )  and 1 1 68 ( s) are cOlTesponding to C- , -CH3 (y). 
I R  pectra [or degradation product of methyl violet is  shown in  Fig. 3 .40b . The 

band at 1 5 84 cm- I is  shi fted to � 1 600 cm- 1 indicating the formation of C=O upon 

oxidation \ i th H:!02 . e\\ bands at 1 5 1 7  em- I corresponds to =NH2 stretching 

v ibration suggesting path one degradation.  
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3 .  2 .  3 .  H ig h  perfo rma nce l iq u id c h ro matography ( H PLC)  

The t\\ 0 d es  under investigation was measured in reversed phase mode using 

\\ ater-acetonitri l e  a mobi le phases in the rat ios of  80:20 and 60:40 (Figs. 4 1 -44) .  

ompound and thei r degradation products were measured a t  304 nm and 580 nm. 

I njected vo lume "aried between 1 0-50 �l. The flov rate was 1 .0 ml/minute for 

thionin sample and 1 . 5 ml/minute for methyl violet :,qmples. However, in 60 :40 

(water :acetoni tri l ) mobi le  phase separat ion was more efficient than i n  80:20 mobi le 

pha e .  

A) T h io n ine  

Fig. 3 .4 1 a  shows thionine HPLC chromatogram in  80 :20 (water:acetonitrile )  at 

304 nm. Peaks at retention times o f  3 . 83 and 6 .37  minutes with relative area for the 

second peak approximately three t imes larger that o f  the first one. This may indicate 

the dyes themselves contain a second isomer for thiorune. At wavelength of 580 run, 

the same two peaks appeared at 3 . 77 and 6 .27 minutes. This indicates that thionine 

can be measured ei ther at 304 or at 5 0 nm without much d ifference (Fig. 3 .4 1 b ) .  

Fig. 3 .42a show H PLC chromatogram of thionine degradation products at the 

same previous conditions. At 304 run, two main peaks at retention t imes of 1 9.59 and 

3 1 .05 minutes are obtained indicat ing the exi stence of two major degradation 

products. Smal l peaks at 1 5 . 1 3  and 37 .89 minutes shows less favorable degradation 

products (Scheme 1 ) . At 5 80 run, only strong peak corresponding to mobi le phase 

(dead t ime) were obtained (Fig. 3 .42b) .  This indicated that products have insignificant 

absorption at 5 80 nm. 

B) 1\lethyl  Vio let. 

Fig. 3 .43a shows methyl violet HPLC chromatogram 111 60:40 

(water:acetonitri le) at 304 nm with flow rate of 1 . 5 mllminute. Peaks at retention 

t imes of 8 .63 1 0 .42 and 1 2 .90 m inutes with third one has l arger area than that of the 

second than of the third .  This may indicate the dyes themselves contain three i somers 

for methyl violet .  At wavelength of 5 80 nm, the same tlu'ee peaks appeared at 8 .23,  

1 0 . 1 0  and 1 2 .62 minutes. This indicates that thionine can be measured at  either 304 or 

at 580 nm without much d i fference ( Fig. 3 .43b) .  
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Chap/eJ ' III - Results and Di cussioll 

Fig.  3 .44a h w I I PL chromatogram o f  methyl violet degradation products at 

the mne prevlOU condition . t 304 run, three mai n peaks at retention t imes of 5 .02, 

6.46 and 1 t .34 minutes ar obtain d indicating the existence of three maj or 

degradat ion product . ( cherne 2) .  At 580 nm, trong peak corresponding to mobile 

pha 'e (dead t i me )  were obtai ned (Fig. 3 A4b) .  This indicated that products have 

insign i ficant absorption at 5 80 nm (scheme 2) .  
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Fig. 3 .  4 1 .  Reversed phase H PLC chromatograms for thionine using water-acetonitrile 

as mobile phases i n  the rat ios of 80 :20 at 1 m l/min ute flow rate. Compounds were 

measured at 304 nm (a) and at 580 run (b).  
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3. 3. o m p u tational app roach : 

ion 

The H artree-Fock- later e lf-Consistent Field method [ 1 02- 1 05 ] was appl ied to 

calcu late the ingle point energy for a l l  the proposed products i n  the dye degradation 

cheme 3 . l . and 3 . 2 .  A hard experimental evidences cou ld not obtained about the 

degradation product and the rout of reaction. Therefore, computational methods were 

u ed to predi t the be t rout in which the degradat ions happened. Products of the 

d gradation reaction could not be separated by chromatography since they have 

simi lar tmcture physical and chemical properties. That is why molecu lar orbi tal 

calculat ions w i l l  be the most suitable mean to predict how and what are the product 

being fOID1ed. By calcu lat ing the single point energies of the proposed product 

structure , the rout that produces the smal ler energies is going to be the most favored 

one. 

The one e lectron H F  hami ltonian can be \ rit ten as fo l lows . 

\vhere � and 10 are the cou lomb and the exchange operators respect ively. 

For po lyatomic molecules , tbe hami ltonian w i l l  be 

H = Hel + V'V,", 
where H eI = - � I \I � - I I � + I I � 2 , a ' ria j '>j ij 

(44) 

where the i ndices i and j represent electrons and a and � represent n uclei . 

The H F  method i s  appl ied on those orbi tals rj;i that wi l l  minimize the fol lowing 

i ntegral 

n n n -
2 2 2 

EHF = 2I h; + I I ( 2Jij - K,) + VNN = (D IHI D) 
,=1  i j 

8 8  

(45 ) 
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\\ herc D i the  o \ era l l  c l  ed she l l  \\ avefunct lOn a n d  can be  obtained b\ defi n i nu 11 2 . 0 
molec u l ar orb i ta ls  for a y tem \\ i th  11 electron . ach ro\\ i n  the D matri x repre ent 

all po Ib le  assi gnment or electron i LO all rb i ta l -spin combi nat ion .  \\ app1 l1g t\\'o 

electrons corTe ponds to i n terchanging (\\'0 ro\\ s o f  the detell11 i nant ,  \\ h ich  \\ i l l  have 

the e ffec t  of changing the s ign of the \\ 'a\ efunct ion .  TIle [o l lo\\ i n g  1 the matri x 

rcprc 'cnta t ion o f  the  D[ 1 OC) ] :  
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

--io j. -+ -4 }o -4  

� ( r, )i( 1 ) � ( r ll ).i( l )  ¢ � ( r ., )i( l ) ¢ c ( r ll )j( l ) . . . . . . . . . . . . . .  ¢ n � ( r ll )i( l ) rA, 2 ( r ll )i( l ) 

Where r i the  pos i t ion  o f  the electron .  

i nc e  \\ e are us ing the c lo  cd she l l  approach ,  each orb i tal  i s  doubly occ upied by i and 

j e lec tron . . 

A l l  t hese molec u lar  orb i ta ls  ( ¢i' ) were considered to be orthonol111<1 1 uch thal  

( ¢, ( 1 )  I ¢, ( 1 )  = 1 ( ..+ 7 ) 

( ¢, ( I )  I ¢ I ( 1 ) ) = 0 [or i :;t: i ("+8 ) 

l ater  proposed a S Imp l i ficat ion for H F  \\ here a we ighted mean exchangc poten t ia l  

\\'a repl aced b y  a l ocal  dens i ty funct ion . The next  improvement on the H F  method 

was made by Kohn and ham[ 1 04] . The exchange i n tegra l was repl aced by a 

[unct i on p, as :  

.., I 

V = -3 X  ( JP )  ( 0  
8 if 

( 49 ) 

\\ here X a i s  a ca l ing  constant bet\� een 2. 3 and 1 .  The best \'a lue [or Xa \\ as 

reported hy B aerenda and Ro to be n .  7[  1 07 ] .  The spi n  dens i ty  P i \\ r i t tcn as: 

( 50 ) 

\\ here I, is an occupat ion number and cD 771' i s  an e igen [unc t ion o f  F. 
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¢I" are ca lcu lated b� oh I ng thc HF equat ions i teratiYely .  The  spat l a l  part \\ as 

c:\ pandcd as a ummatiol1 0\ cr a l i near combination of  a comp lete set of bas ts  

[u l lc t lOns Xk , a 

( 5 1 ) 

\\ here the coe lTlc lents CAl arc knO\\ II a the molecu lar orb i ta l  expansion coeffic ients 

and the X" are the ba IS  Cunct lon and are centered on the nucle i  and arc chosen to be 

l1onnal i lcd. In this proj cct we used Gaussi an type atomic funct ions as bas is  

funct Ion , \\ h idl can be cxprc sed in  tbe [ol lov.. ing [rom [ 1 02 ] :  

g l a , r )  = ex y :: c ( 5 2 ) 

, 
\\here r i s  composed o f  x ,  :> '  and z and CJ. deteml ine the size ( radia l  extent ) of  the 

funct ion .  

For  a nontri \ i a l  so lut ion,  \\ c get what i s  ca l led the Roothaan equation 

( 53 ) 

\\ h i ch  i '  soh-ed by  an i terat i \'e process that is cal led t he  Se l f-Consistent Fie ld ( CF)  

m ethod.  
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Thc fo l lowing steps are taken I n  order (0 obtal l l  Ck,' and Ei's [ 1 08 ]  

I tart \\ i l h  a gllC";S for the occuplcd [ O · s. expre sed as l i n ear combinations o f  tbe 

bu I S  d . 

.2 \ 10', \\ i l l  bc u::,ed to '0 1 \  e lor the e igen funct ions o f  the  HF operator 17 : 
'" r I rst the J1l3trt \ c l emen ts arc computed 

* The �ec llLJr cqudtion :.t 1"C so h'ed to obtain I n i t i a l  \ a l ues lor the £/ 's 

3 .  1 he 1.'1 's arc L lsed to fi nd un impro\'cd set r coeffic ients for the M .O's. 

-L  The i l11prcl\ ed j\ 10' are genernlc ne\\ hi's.  

5 1 he III '  ure u cd to fi nd ne\\ . i mprO\'eJ £.' and so on t i l l  \ve reach sel f consistency in 

these \ u l ucs 

3.3 . 1 D i  C lI S  i o n  o f  ;\ l o l ec u l a r  O r b i t a l  Cal cu l a t io n s. 

The degradation o f  methyl , io l ct could haye happen tlu'oLlgh t\\ 0 d i fferent routs 

that l ead to the same fi nal  products.  Upon l ooking at the resu l ts  of the calc u l at ion.  tab l e  

2 . 1 and 2 .2 .  \\ e conc l ude tbat t h e  degradat ion o f  t h e  dye is more probable t o  happen 

through the I 11te rmediatc step of rout  2. The oh at ion e ffec t  was ignored si nce \\'e are 

Ll fter the reb t l \  e \ a l ues of energies .  The (otal  energies ca lcu lated from route one and (wo 

1 11 the  ga ph:Le \\-ere C) 3 2 . 3 0  and -96 .7 l l T l artrees consecut i \·e ly. The d i iTerence in  

energies i '"  3 6 A  H artrees which i s  equ i \ a lent to 22 ,684A9 k c a l  mOr l . Therefore, 

accordlllg the si ngle poi nt energy ca lcu la( ions of (he i ntennediate products,  the 

degradat i o n  of methgyl \'i ol et could have h appened through the suggested mechanism of 

rout 2 

I n  the de�radal io l l  o r  thIOni ne, the energies produced by the suggested pathways 

a l so i n  the gas pha e \\ ere - 1 1 7 1 .2 and - 1 1 7 1 . 05 Hat1rees respec ( i \'e ly .  Thereiore, the 

degradat ion  react ion  of  th ioninc she l l  produce the four proposed products suggested by 

the two di ffcrent  pathways together and a(  the same l imc.  

Ho\\ e\ er. Tab les  2 . 1 .  2 .2 ,  2.3 and 2 . -+ s1l11l l11ariLe the resul ts  o r  the ca lcu lat i ons:  
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T a b l e  3 .  2 :  Re u l t  o f  t he  ca lcu l at ion-assl lming path I i n  t he  degradat ion or  methy I 
\ !O le ! .  

--

t ru ct u re 

Total enerav �. 

I ;\" u m b e r  o f  N u m b e r  of  I e l E n e rgy/H F  fc c t ro n t _h_e_b_3_i_se_t_+--____ --i 

i O} _-+7  -607 . 5 5  

5 I J S -32-+. 7 5  

-93 2 . 3 0  

T a b l e  3 . 3 :  Resul t  o f  t he  ca lcu lat ion-assuming path 2 in the degradation or meti1) I 
\ io let . 

I S t r u ct u re 
N u mb e r  o f  N u m b e r  o f  
e lec t ro n s  t h r basis set ����--�--------� 

E n e rgy/ H F  

1 06 2 5 3  -609 . 3 1 

QNH. 

[ a NH2 56 1 3 0 - 3 5 9 . 3 9  

Total energy -96 8 . 70 

9.+ 
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T a b l e  3 .  �: Re u l t s  o f  the c a l c u l at ion-assum i ng path 1 in the degradat ion o f t h ion i ne .  

t ruetme 

o 

I Number o f  

e l ec trons 1 64 

72 

u mber o f  the  

bas i s  set 1 -+7 

1 49 

Enernv H F----' 0_ 

--+ 1 -+ .4 1 

- 7 5 6 .6...J. 

NH, 
I 

Tot a l  energy - 1  1 7 1US----j L-______ �� ________________ -L __________ L_ __________ _L____ � 

T a b l e  3 . 5 :  Res u l t s  o f  the ca lcu l a t i on-assum i ng path 2 i n  the degradat ion o f th ion inc. 

t ructure � umber o f  umber o f  the  Energy/ H F  

electrons basi  set -------J 

Total  energy 

64 1 47 -434 .20 I 

72 1 5 1  -737 . 04 

- 1 1 7 1 . 1 2  
_________ -L __ 
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Appell dice 

\ l okcu lar orbi ta l  ca lcu la t ion on th ioninc degradat ion product 

1 .  .\ A U  c-3 -0-4-0 . P D B  
- - - - - - - - - - - - - - - - - - -

'1 I I F  6-.3 1 (3 * T cst 
, 
\mbo l I c  7 -mdtri x :  

Charge () \ l u l t J p l L c l t) = 1 

C R2 
C I R 3  I 3 
H 1 R-l 2 A4 .., D4 0 -) 

C I R5  AS 3 D5  0 
., R6 1 A6 2 D6 0 -' 

'\ I R7 1 7 5 D7  0 
H 3 R A 6 D U 

-
R9 2 9 1 D9 0 

0 6 R I O  3 A 1 0  1 D I 0  0 
H 5 R 1 1  2 1 1  9 D 1 1 0 
H 7 R 1 2  2 1 2  1 D 1 2  0 
H 7 R 1 3  2 A 1 3  1 2  D 1 3  0 
0 9 R l -+  5 A 1 -l  2 D 1 4  0 

Yanables :  
R:2 1 . 45 1 1  
R 3  1 .3 5 003 
R4 1 . 1 0296 
R 5  1 .365 1 6  
R6 1 .48299 
R 7  1 .3 8622 
R l . 1 0296 
R9 1 .472 7 l  
R I O  1 . 22594 
R l l 1 . 1 0306 
R I 2  l .0 - 003 
R l �  1 .0-+889 
R l -+  1 . 22764 
A3 1 2 1 . 52309 
A-+ 1 1 9 . 1 3 1 26 

A - 1 2 1 . 3 1 1 1 1  
A6 1 20 .82-+-+ 

A'"' 1 1 9 .00 1 83 

A 1 1 9. 840 1 4  

9 1 20. 79492 

A I 0  1 1 9 . 87024 

A l l 1 20 .03 23 6  

1 2  1 J 9 .2726 

A l 3  1 1 9. 1 7728  

1 0 1  



1 4  1 1 0 .922 6 
04 - I  "79 .9"7 96 
0 - 0.04443 
06 O .O()94 I 
07  - 1 79.9952 
o 1 9 9  544 
09 -0.002 1 1  
0 10 
0 1  I 
0 1 2  
D L 1  1 7l) .9  63 7 
0 1 4  1 79 .943 76 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

z- \ I AT R I X  ( AI G TRQ f ND DEGREE ) CO en! ,-\[0111 � 1 Length X :2 A lpha Y 3 Beta Z .r 

1 <-
') 

3 .3 C 
4 4 H 

5 5 C 
6 6 

S l H 
9 9 C 
1 0  1 ( J  0 

I I  I I  H 
1 2  1 2  H 

1 3  1.3 H 

1 4  1 4  Q 

1 .458 1 1 4( I )  

1 . .3 50025 (  2 )  ') 1 2 1 . 5 23 (  1 4 )  
I . I 02962( 3 )  ') 1 1 9 . 1 3 1 (  1 5 ) 3 - 1 79.979( 26 )  0 

') 1 36: 1 56(  4 )  1 2 J . 3 1 1 (  1 6 ) 3 0.044( 2 7 )  0 
.3 1 .4 2993( 5 )  1 1 20 .824(  1 7 ) , 0.009( 28 )  0 
-, 1 . 3 62 1 6( 6 )  1 1 1 9 .002( I )  5 - 1 79.995( 29 )  0 
., 

1 . 1 0296 1 ( 7 )  1 1 9 .840( 1 9 )  6 1 79 .975( 30)  0 
5 1 .4 "7 2 "7 1 3 ( ) ') 1 20 .795 ( 2 0 )  1 -0.002( 3 1 )  0 

6 1 . 2 2  -936( 9 )  .3 1 1 9 .  70( 2 1 ) 1 1 79 .954( 3 2 )  a 
5 1 . 1 03 059( 1 0 ) ' 1 20 .03 2 ( 2 2 )  9 - 1 79 .956( 3 3 )  0 
7 1 . 050032 ( 1 1 )  1 1 1 0 . :2 73 ( 23 ) 1 - 1 79.990( 3 4 )  0 
7 1 . 04 8 9( 1 2 ) -, 1 1 9 . 1 77( 24 )  1 2  1 79.980( 3 5 )  0 
9 1 . 22 7636( 1 3 )  5 1 1 9 .923( 25 ) 2 1 79.944( 36 )  0 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

z- l atr ix ori entat ion :  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Center Atomic  Atomic  Coord inates ( Angstroms) 

- umber :\umbcr Type X Y Z 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

() () 0.000000 0. 000000 0.000000 
') 6 0 0.000000 0.000000 1 . 458 1 1 4  -

., 6 a 1 . 1 50 O J  0 .000000 -0. 705 850 .) 
4 1 0 -0.963445 0 .000354  -0 .536935 

6 0 1 . 1 6633 1 0 .000905 2 . 1 67565 

6 6 0 2 . -+64405 -0.000:209 -0.0 I r8 1 

7 7 ( )  - 1 . 2 1 2390 -0 .00 1 040 2 . 1 30204 

8 ( ) 1 . 1 1 8409 -OJ )OO25 3  - 1 . 808336  

9 6 () 2 .46793 7 0 .00 1 867 1 .478576 

10 L ( ) 3 .4986 1 ( )  -D.OO 1 056 -0.675865 

1 1 0 1 . 1 4 1 7 1 6  0 .000 1 85 3 . 270349 

1 2  0 - 1 . 2 1 7352  -0.000877  3 . 1 80224 

1 3  I () -2 . 1 0363 1 -0.00 1 754 1 . 5 77 1 60 

1 4  8 0 3 . 506945 0.0037 1 8  2 . 1 32448 

1 02 
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D i  tanc\? l11at ri , ( ang. t rom ) :  
1 2 3 

c 0 .000000 

2 1 . .+ 5  1 1 .+ 0.000000 

3 1 . 3 5 0025 2 . -+50936 O . ( ) ( )OOOO 

4 I I  1 . J 0 2 962 2 . 2 1 5 5 02 _ . 1 20lJ 3 0.000000 

- C 2 .'+6 1 436 l . 365 1 56 J 3 .+ 5 7  3 . -+-l2.+22 0 .000000 
6 C 2 . 46.+.+6 2 . L� 7 2 '+ 5 0  1 ..+1.'2993 3 . .+6697 1 2 . 54 1 62 5  

2 .'+ :  1 0 5 2  1 . 3 62 1 6  3 N) [  5 ()5  2 .6""1.  732  2 . 3 790 1 5 
I f  2 .  1. 2 ()2'+:  3 . .+ 5 2 6 1 2  1 1 02 %  1 2 .439380 3 . 976 1 lJO 

9 C 2 .  ' �6960 2 .'+6 022 2 . 5 507(r;' 3 .9795 3 1  1 ..+727 1 3  
1 0  0 : . 5 63 294 4 . 09 065 2 . 3 '+  000 4 . 46'+2 1 7  3 .6775 3 
1 1  H 3 . .+63 9 1 3  _ . 1 4 1 894 3 .976209 .+ . 3 50530 1 . 1 03059 
1 2  H 3 . -+05 2 5 7  2 . 1 0  936 4 . 5 - 0794 3 . 72 5 8 2 1 2 . 5 8 98 7 1  
1 3  H 2 .6292 02 2 . 1 06997 3 .9 7 5 3 5 8  2 .-W I 964 3 . 32: b 3 6  
1 .+ 0 '+. 1 0'+3 9 _1 . 5 7 1 1 9 1  3 . 6 1 6  5 . 206 7 2 7  2 . 340 7 8  

6 9 1 0  

6 C 0 .000000 

'+ . 2 5  1 .+5 0.000000 

H 2 . 2 40203 .+. - 76 5 3 9  0 . 000000 

9 C 1 ..+96 1 62 3 . 7 3 7 5 70 3 . 5 5 3 1 70 0.000000 

1 0  0 l . 2 25936 5 .-+ 3387  2 .635 ' 77 2 . 3 88 2 86 0 .000000 

1 1  H 3 . 5 4400-' 2 . 6 1 5673 : . 07  3 2 . 229 1 96 '+ . 590,4 72 

1 2  H .+ . 76607 1 .0 5 003 2 5 . :0 3 1 3  4.0 - 9 1 83 6 .09 1 775 
1 3  H .+. 3 .+ 0 .+  1 . 0'+ <) .+ . 6  r 6 6 3  4 . 5 72632 6 .0383 1 3  

1 4  0 2 . 3 89'+62 '+ . 7 1 93 3 '  .+ .60 1 3 4 1 . 227636 2 . 80 329 

1 1  1 2  1 3  1 4  

1 1  H 0 . 000000 

1 2  H 2 . 3607 9 o . OOOOO{) 

1 3  H 3 .660'+ 7 1 .  3 1 749 O .OOOOUO 

1 4  0 2 .6247 1 7  4 . 8 39095 5 .63 7990 0 . 000000 

I nteratomic angles: 

Appendice 

C2-C 1 -C3= 1 2 1 . 523 1 C2-C I -H4= 1 1 9 . 1 3 1 3  
C I -C 2 -C 5 = 1 2 1 . 3 1 1 1  C l - 3 - '6= 1 20. 24.+ 

3 -C I -H 4= 1 1 9 . 3 4 5 6  

C I -C2 - N 7= 1 1 9. 00 1 8  

C5-C2-1  7= 1 1 9 .687 1 

C2-C - -C9= 1 20.  7949 

C9- C 5 - H I I  = 1 1 9 . 1 72 7  
H 1 2- 7 - H I 3= 1 2 l . 5 5 0 1 

l -C3-H = 1 1 9 . 40 1 

C 3 -C6-0 1 0= 1 1 9 . 8 702 

C2- T7- I l I 2= 1 1 9 . 2 7 2 6  

C 5 -C9-0 1 -+= 1 1 9 .9229 

to ich iomet ry C6H5 02 

Frame\, ork group C 1 [ X ( C 6 H 5 02 ) J 
Deg. of  freedom 3() 
Fu l l  P01 11 t  group C l Op 
Largest Abe l l an subgroL lp e l l Op I 
Largest conc i se Abe l i an subgroup C l Op 

tandard ori entat ion :  

1 03 

C6-C3-H 8= 1 1 9 . 3 355  
C2-C5 -H l l = 1 20 .0324 

C2- 7-H 1 3= 1 1 9 . 1 773 



- - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - -- -- - - - -- -- - - - - - - - - - - - - - - - - - -

enter Atomic  ,\tOl11 I C  oonl l l1ates ( ngstroll1 ) 
'umber ),ul11ber Type X y Z 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ----- - - - --- - - - - - - - -- -- - - - -

2 
3 

4 
5 
6 
7 

9 
1 0  
I I 
1 2  
1 3  
1 4  

6 
6 
6 
1 
( 
6 
7 

6 

o - 1 .0099 - 2 - 1 . 323464 -0.00 1 000 
o - 1 .49260 1 O .O �24 �2  0 .000007 
o 0.3096 1 8  - 1 .60 599 -0.000833 
( )  - 1 . 7-+ 1 3 5 - -2 . 1 49040 -0.002272 
o -0 .626853 1 . 1 07976 O. 00255 
o l . 32 1 347 - ( ) . 5 243 1 5  0 .000598 
() -2 .  59 1 1 4  0 .2  5342 0 .000822  
( )  0 .6439 4 -2 .65965 7 -0 .00 1 359 
o O. 29439 O. 8 670 -0.0004-1-3 
o 2 . - 1 5 1 49 -0. 803 1 60 0 .00 1 579 
o - 1 .0 1 5 1 1 3 2 . 1 40444 0.00 1 722  
o -3 . 2 1 1 363 1 . 2 74527 0 .00 1 3 8 1  
o -3 . 5 1 705 1 -0. 5 3 1 5 34 0.000647 
o 1 . 593439 1 . 849604 -0 .00 1 252  

Rotat ional  consLants ( G HZ ) :  3 .0805447 1 . 4 1 52800 0 .9697520 

Appell dice 

I otopes: C- 1 2 . - 1 2 ,C- 1 2B- l ,C- 1 2 ,C- 1 2 " - 1 -+'H- l ,C- 1 2 ,O- 1 6, I f - 1 , H - 1 .H - I .O- 1 6  
tandanl basi : 6-3 1 G ( d )  (6D,  7 F )  

There are 1 4) Yl11 llletr) adapted basis  funct ions of  A symmetry. 
Crude estimate of  i ntegra l set expansion fi·om redundant i n tegra ls= l .OOO. 

In tegral butTers \\ I I I  be 262 1 44 \\ ords long. 
Raffenett i  1 i n tegral ['0 1111 at .  
T\\ o-elec tron i ntegral symmetry i s  turned on.  

1 45 basIs funct ion - 272 prim i t iYe  gaussians 
32 alpha e lectron 32 beta e lectrons 

nuc lear repu ls ion energy 404 .6289-W 1 55 7 H alirees. 
One-electron in tegral s  computed using PRI  M .  
1 Bas i s= 1 45 RedAO= T NBF= 1 45 

BsUse= 1 -1-5 1 . 00D-0-1- B FU= 1 -1-5 
Projected DIDO Gues . 

\Vaming '  Cutoffs Cor s ingle-point ca lcu lat ions used . 

Requested com ergCl1ce on RMS densi ty matri x= 1 . 00D-04 wi th in  64 cyc les. 

Requested com ergence all I\ [ AX dens i ty  matri x= 1 .00D-02 .  

Req uested com ergence 011 energy=5 . 00 0-05 . 

CF  Done:  E (  R H F )  = --+34.23 8754243 AU. a fter 7 cyc les 

Com g = O .-l429D-04 - \' T = 2 . 00]3 

**2 = 0.0000 

1 04 



') u t  pul fi le [or . L I  E - 3 - -4- . POB 

t., I I F  6-3 1 G * Tc t 
y111bo l i c  Z-ll1atri x :  
harge 0 1 u l t ip l t c i ty  - 1 

R2 

C R3 ') -

1 1  R-.+ ) 
) R5 

C " R6 -) 
0 J R '  

H 
" R .) 

C 5 R9 

6 R I O  3 

5 R l l J 
H 9 R 1 2  5 

H 1 0  R 1 3  () 

H 1 0  R 1 4  6 

Variab le : 

R2 1 . 490 3 7  

R 3  1 . 3 5 79'+ 

R4 1 . 1 02 3 4  

R - 1 .-.+83 7 l  

R 6  1 . .+3 7 7  

R�  1 . 2 2 1 3-.+ 

R 1 . 1 02 5  

R9 1 . 3 7  

R l  ( )  1 . 3 " 5 8 7  

R l 1 1 . 5 8429 

R l 2  1 . 1 0.+ 2 2  

R 1 3  1 . 049 1 3  

R 1 4  1 . 049 2 5  

A 3  1 20.'+6909 

A4 1 1 9. 5 7 8 5 1 

A 5  1 1 8 . 2 .+ 5 5 -.+  

A 6  1 20 . 3 4394 

7 1 1 9. ] 5 ] 49 

A8 1 1 9. 7( )775  

A9 1 1 9. 2 08 1 1 

A l  () 1 1 9 A I 6r 

A l l 1 2 1 . ()8 3 8 2  

A I 2  1 2 1 . 1 9  2 1  

A I 3  1 1 9 . 1 6605 

A 1 4  1 1 9 .2 5465 

04 - 1 79 .97526 

D 5  0.02482 

06 -0.0.+4 1 3  

J 

A.+ 3 0-.+ 

A. 5 3 05 
6 J 06 

A7 5 D7 

A8 6 D8 

A9 D9 

1 0  1 D I 0  

A l l 9 D 1 1 

A 1 2  2 D 1 2  

A I 3  3 D 1 3  

A I .+  1 3  D 1 -.+  

1 05 
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0 
0 

0 
0 

0 
0 

0 

0 
0 

0 



D� 1 79 .  () 1 93 

DL - 1 79 .  ()2036 
DlJ -O.02 � 9  

0 1  ( ) - 1 79 9-l2-l2 

D I I - 1 79 L 1 3  1 

D I 2  1 79 . 9  775 

D 1 3  -0.O·+2-l9 

D I -l  - 1 79.92932 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Z- t·d . \ TR I X ( A1 TG T RO l\ I  � D DEG R E E ) 
' 0  Cent Atom � 1 I ength X .2 .  Iphn Y 3 BetalZ ] 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

C 
') 1 .-l903 72(  1 ) - -

� ., 
1 . 3 5 '939( 2 )  ') 1 20 .-l69( l -l ) -' .' 

-l -l I f  1 . 1 0.23-lJ(  3 )  � 1 1 9 . 5 79( 1 5 ) 3 - 1 79.975 (  26)  0 
-

5 ') 1 .-l � "'09( -l )  I 1 1  . 2-l6( 1 6 )  3 0 .02 5 (  2 7 )  0 � 

6 () 
.., 

1 .-l3 7699( 5 )  1 1 20 . 3 44( 1 7 ) 2 -O.O-l-l( 2 8 )  0 -' 
7 � 0 ') 1 . 2 2 1 3 4-l(  6 )  1 1 9 . 1 5 1 (  1 ) 5 1 79 .862(  2 9 )  0 -

H .., I . I 0.2 -l96( 7 )  1 1 9 . 7 0 ( 1 9 )  6 - 1 79.920( 10)  0 -� 

9 9 5 1 . 3 7  00 -( 8 )  2 1 1 9 . 208(  2 0 )  1 -0.028( 3 1 )  0 
1 0  1 0  , 6 1 . 3 3 5 869( 9 )  .., 

1 1 9 . -l 1 6( 2 1 )  I - 1 79.942( 3 2 )  0 ,) 

I 1 I I  5 1 . 5 -l289( 1 0 ) 2 1 2 1 . 0 4( 22 ) 9 - 1 79 .8 1 -l( 3 3 )  0 
1 2  1 2  H 9 1 .  1 O-l21 3 (  1 1 )  5 1 2 1 . 1 9  ( 23 )  2 1 79 .988(  3 4 )  0 
1 3  1 3  H 1 0  1 .0-l9 1 2 8( 1 2 )  () 1 1 9 . 1 66 (  2 -l )  .., -0.042( 3 5 )  0 .' 
1 -l  l -l  H 1 0  1 . 0-l92 50( 1 3 ) 6 1 1 9 . 2 5 5 (  2 5 )  1 3  - 1 79. 929( 3 6 )  0 

Z-i\ l at r ix  orientat ion :  

enter A tomic  Atomic Coordinates ( Angstroms) 

, 'umber � umber Type X Y Z 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

6 0 0.000000 0. 000000 0.000000 

2 6 0 0.000000 0. 000000 1 .4903 72 
.., 6 0 1 . 1 70-l 1 1 0 . 000000 -0.6885 7 5  .' 
4 1 0 -0.95 686 0. 000-l 1 -l  -0. 544 1 3 -l 

5 6 0 1 . 307040 0 .000566 2 . 1 92539 

6 6 0 2 . -l2: 569 0 .000956 0.0 1 2 5 3 5  

0 - 1 .0666-l0 0. 002 1 08 2 . 0853 1 3  

( )  1 . 1 5 5 762 0 .000594 - 1 . 790973 

9 6 0 _ , 46863 0 .00048� 1 . 45 1 1 98 

1 0  0 3 . 5 65 840 0 . 002 1 08 -0. 68340 1 

1 I 1 6  () 1 . 3 85-l93 -0.003 1 -l8 3 . 7 7-l880 

1 2  0 3 A5 89-l0 0 . 00 I 096 1 . 939677 

1 3  0 3 . 5 2 5 004 0 .00 1 6 1 7 - 1 . 7 3  J 73.+ 

1 -l  0 -l , 4  0-l23 0 .002 3 5 4  -0. 1 69 1 42 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Distance matrix  (angstrom ) :  

1 2 3 -l 5 

1 ' 0.000000 

1 06 
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2 1 A903 7 _ O.O( 0000 
3 1 . 3 5 /939 2 . -l-'33<)2  () O() ( )( )OO 

4 I I  1 . 1 023-U  _ . 2 4906 - 2 . 1 3399 1 O. OOO( )( )O 
5 C 2 . 5 - 2 56'+ 1 . 4 3 709 2 . 8  .+ 3 5 1 3 . 5 5 2  7 1  0 ( J()OO 0 
6 C 2 . .+2 5 602 ') 403 1 5  1 . -+3 7699 3 A29733 2 . -+5 0209 
7 0  2 . 3 .+ 2 2 76 1 . 2 2 1 3 44 3 . - 63:'+5 2 . 6 ' 1 663 2 . 3 76 1 0 1  

I I  2 . 1 3 1 5 1  3 . -+ 7  93,  1 . 1 02496 2 .-+546 9 3 . 986384 
<) C _ .  63 5 90 2 .-+6 94t) 2 .502802 3.  65 42 1 . 3 7  I J05 
l U  I\, 3 . ()_ 073 '" 4 . 1 �6 L ' 3 2 . 395435 4 .526669 3 .656940 
I I  S 4 . 02 1 1 09 2 . 6 � 1 t: 1 2  4 . 4(lL634 4 .9 1 4 1 70 1 . 584289 
1 2  I i  3 . 965 6 7 9  3 . .+ ' 7999 3 . '+L497 5 Jl6 O I l 2 . 1 66705 
1 3  II 3 .92 7'+ 1 1 '+ . 7 7 5 7 3 3  2 . 5 7 5 3 2 4  4 .63 305 .+ . 507692 
1 .+  H .+A 3 6 1 5  .+ . 7 778 4 3 . 3 5 052 1 5 .4520_0 3 . 9 5 5 742 

6 7 9 J O  
6 0 .000000 

7 0 '+ .06 1 027  0 .000000 

H 2 .2056 4A6 1 4 0.000000 
9 1 .439307 3 . 59 1 699 3 .-+97902 0.000000 
1 0  '\ 1 . 3 3 :  69 5 .396c I 2 . 65 2 394 2 .400076 0.000000 
1 1  3 .903 46 1 2 . 9 7 7  5 5  5 . 5 70593 2 . 5 63730 .+.962 83  
1 2  H 2 . 1 67 1 7  '+ . 5 2 7922 4 . 3 84333 1 . 1 0.+223 2 .625256 
1 3  H 2 .06 1 8 5 2  5 . 97 1 0 [ 7  2 . 3699 3 3 . 35 3650 1 . 049 1 28 
1 4  H 2 . 062 8 69 5 . 9  7693 3 . 699 1 50 2 . 5  3 1 72 1 . 049250 

I I  1 2  1 3  1 .+ 

I I  0 .000000 
1 2  H 2 .  �6 965 O .OOOOUo 

1 3  H : . 90'6 - 0  3 . 6 72.0( )() O.OOUOOO 

1 .+ H : . 0 1 � 3 7'+ 2 .3 .+3 1 9 1  1 . 83 1 5 3 5  0.000000 
I nteratomic  angles: 

Appel1dice 

C2-C I -C3= 1 20.469 1 C2- I - H 4= 1 1 9 . 5 78 5  

C I -C2-C5= 1 1 8 .2'+55 C I -C3-C6= 1 20.3439 
C O.  -C2-07= 1 22 . 602 C I -C3 -H8= 1 1 9 . 7077 

C2 -C5 -C9= 1 1 9 . 2 08 1 CJ -C6 - N I 0= 1 1 9.4 1 63 
C9-C5- 1 1 = 1 1 9 . 707 C5 -C9- H I 2= 1 2 1 . 1 9 2 

C3-C l - H 4= 1 1 9 .9524 
C l - 2 -07= 1 1 9 . 1 5 1 5  

C6-C3- H 8= 1 1 9 .9-+83 
C2-C5- 1 1 = 1 2 1 .0838 
C6- 1 0- H 1 3= 1 1 9 . 1 66 

C6-N I O-H l '+= 1 1 9 .2 5'+6 H I 3- 1 0-H I 4= 1 2 1 . 5793 

to ichiomctr) C6H5 OS 
Frame\\'ork group C l  [ X ( C6H5NO ) ]  
Deg. o f  freedom 36  
Fu l l  POl l 1 t  group I 0]1 1 

Largest Abel i an subgroup C l Op 1 

Largest conc ise Abel i an subgroup C l Op 
tandard orientat ion : 

- - --------- - - -- --- - - - --- --- - ---- - -- ----- - - -- --- - ----- - --- ----- - --- - - -

Center Atomic Atomic 
�umbcr �umber Type 

Coord inate ( Angstroms )  

X y Z 

-------- -- - - ---------------------------- - ------ ------ ----- - -- - -------

6 0 0 . 5 7 2 5 5 0  1 . 78 852 -0 .00 1 296 

2 6 0 -0. 744229 1 . 0907 4 -0 .000 1 06 

3 6 0 1 . 729 1 26 1 . 077283 -0 .00 1 639 

.+ 1 0 0 .60'+272 2 . 890739 -0.00 1 486 

1 07 



5 6 
6 () 
7 

9 () 

1 0  7 
I I  1 6  
1 2  I 

1 3  

1 4  

0 -0 .7524 1 _  
0 1 .69 577  
0 - 1 . 76947 1 
0 2 .69626 1 
0 0 ..+46656 
() 2 . c  465-l0 
0 -_ . 1 1 3 704 

0 ( .4789 1 6  
0 J . 7536-l0 

() 2 .  2055 7  

-0.392902 O .OO l l5:? 
-0.36  06 OJ)0009 
1 . 75452(l 0 .002289 
1 . ()065 74 -0.00 1 929 

- 1 .071 969 0.000783 
- 1 . 04 1 5 5 0.000896 
- 1 . 203364 -0 .00 1 1 5 

-2 . 1 7 5 720 0.00 1 960 
-0 . 5 1 4456 - ( ) . OOO4-l0 

-2 .090486 O .00 1 7 1 -l  

Rotat ional  can tant ( G H Z ) :  2 . 3 5 1 05"' 9  1 . 1  62065 0 . 7  84 1 74 

Appelldice<; 

I otope : - 1 2 ,C- L,  - 1 2 , H - 1 ,  - 1 2 ,C- 1 2 ,O- 1 6 , H - I ,C- 1 2 , - l - L -32 , H - I , H - L H - l  
tandard ba I S :  6-3 1 ( d )  (6D,  7 F )  

There are 1 49 'Yl11 l1letry adapted basis funct ions of  A symmetry. 
Crude est i  mate of mtegral set expansion [rom red undant i ntegra Is= 1 .000 . 
I ntegral bu ffer w i l l  be 262 1 44 \Yards long. 

� 

Raffenett i  1 i n tegral [ 01111 at .  
Two-electron in tegra l symmetr) i turned on . 

1 49 ba I S  funct ion 296 prim i t i \  e gaussian 
36 a lpha e lectrons 36 beta electron 

nuc lear· repu l  ion energy 473 .344 1 7470 1 9  H artrees. 
One-e lectron l l1 tegra ls  computed u ing P R I S M .  

-Basis- 1 49 RedAO= T NBF= 1 49 

, -B C e= 1 49 1 . 00D-04 BFU= 1 49 

Proj ec ted C TDO Guess. 

Waming !  Cuto JTs for s i ngle-po in t  ca lcu lat ions used . 

Requested cOllvergence on R.}..1 dens i ty  matrix= 1 .00D-04 \v i t Jl i n  64 cyc les. 

Requested convergence on I\ I A X  densi ty  matrix= 1 .00D-02 . 

Reque ted com ergence on energy=5.00D-05 . 

SCF Done: E ( R H F )  = -756 .647 1 20209 A .U .  a fter I I  cyc les 

Com·g = 0.6653 D-04 -V/T = 2 .00 1 1 

* * 2  = 0.0000 

* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

Popu lat ion analysis using tbe CF  densi ty. 

* * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

A lph a  occ. e igel1\·a l ues - - -92 . 1 1 997 -20.46422 - 1 5 . 56386 - I  1 . 30586 - 1 1 . 2 ()705 

A lpha ace . e igcl1\ a l lies -- - 1 1 . 2 55 1 6  - 1 1 . 24983 - 1 1 . 23 1 04 - 1 1 . 22 1 02 -9. 1 2 -1-97 

Alpha occ c igell\'al ues -- -6.807 6 -0 . 80422 -6. 0082 - 1 . 32350  - 1 . 220 1 7 

A lpha occ . cl gel1\ al ues -- - 1 . 1 66 1 0  - 1 .06390 -0.97620 -0.90 1 33 -0 .8 1 287 

A lpha occ . ei genval ues -- -0 .78050 -0.69274 -0.68384 -0.63605 -0.606 1 6  

A lpha occ . eigenv alues -- -0 .59596 -0 .578 1 0  -0 .5 7430 -0. 5 3 1 62 -0 . 5 1 046 

Alpha occ. cigcn\'alues -- -0 . 50250 -0 .48528 -0 .3  035 -0 .36243 -() . 3 3964 

A lpha occ. c lgenvalue -- -0.200 6 

A lpba \ l rL e igel1\ a lues -- -0. 1 3 329 0 . 1 330 1 0 . 1 9 1 93 0 .20574 0 .2 1 058 

A lpha \· i rt .  c igcnvalues -- 0 .254 1 9  o n  1 24 0. 3045 1 0 .34-1-58 0 .35534 

1 0  



Appell dice 

Alpha " in .  eig nvaluc - - 0 .36 L2 0.37 1 9  0 . .. +3420 0.47067 0.47496 
Ipha v i Ii .  c lgem a luc -- 0.5 1 390 0. 54033 0 .55 24 0 .59 1 42 0 .6 1 726 
Jpha \ In .  c igcm a lue - - 0. 72292 0. 7_9 7 0 . 75497 0 .75946 0.766 

,\ lphu \ l rL cigcln al ues - - 0. 1 044 0.8 1 88 1  0 .82 1 0 . .34445 0.86079 
A lpha \ i rt .  c lgcm'a lues - - O. 293 0 .89 66 0 .9094 0.94242 0.9502 1 
· Ipha \ i rt .  cigem a lues -- 0.96�99 .97480 1 .024 1 1 1 .0295 7 1 .06742 

Ipha \ l rl . cigcl1 \ u lue - - 1 . 08002 1 . 1 0030 1 . 1 1 06 1  1 . 1 4433 1 . 1 4924 
· Ipha \ i rt . eigem alue -- 1 . 1 5397 1 . 1 7698 1 . 22508 1 . 22999 1 .25 1 67 

1pl1a \ in .  eigenvaluc - - 1 . 2 364 1 . 34439 1 . 3 793 1 . 39066 1 . 39869 
Ipln , i rt . cigell\ a lue  - - 1 .470 1 7  1 .496 1 1 1 .49730 1 . 55  9 1 . 582 1 4  

. \ l pl1a ' I rL elgel1\ a lues - - l . 62920 1 .6 059 1 . 72550 1 . 73 1 6 1  1 . 74 1 48 

.\ lpha , i rt . e lgel1\ al ucs -- 1 . 76470 1 . 87494 1 .90778 1 .94 1 20 1 .966 1 3  
A lpha \ i Ii .  e igcl1\ a lues -- 2 .022 4 2 .09022 2 . 1 5225 2 . 1 5528  2 .2 l 395 
A lpha \ · i rl . e igen\ a lue - - 2 . 2 1 456 2 .23855 2 . 24673 2 . 307 8 2 . 39477 
· Ipha ,· i rt .  cigel1\'a l ues - - 2 . 395 3 7  2 .4 1 1 68 2 . 4263 2 2 .45 789 2 .49502 

Jpha \ I rt .  e igenvalues - - 2 .58393 � .605 1 7  2 . 650 6 2 .65392 2 . 70689 
lpha " i rt .  eigem'alues - - 2 .  1 0 1 6  2 .84243 2 .95289 2 .95327 2 .98 1 99 

A lpha \ ' 1 11 .  elgel)\'al ues - - 3 .004 3 3 .08239 3 . 1 2080 3 . 1 6093 3 .229 1 7  
A lpha \ i Ii .  c igem a lues - - 3 . 3 5 1 1 1  3 . ..+2833  3 . 56566 3 . 7 1 086 4 .24874 
· Ipha \ i Ii .  e igel1\ a lues - - 4 . 26690 4 .39997 4 . 50629 4 . 56900 4 . 72263 
A lpha ,' i ii .  eigenvalues - - 4 . 77230 4 .9075 1 5 . 1 840 ) 

Condensed to atoms (a l l  e lectron ) :  

I 2 3 4 5 6 

C 5 . 1 6 1 5 59 0 .503 694 0 .4 9 - 1 8  0 .377840 -0.090 1 06 -0.035540 
2 C 0 . 503694 4 . 1 64446 -0.047 1 1 8 -0.0 1 7326 0 .326407 -0.0 1 8547 
3 C U .4 95 1 -0 .047 1 1  5 . 00974 -0.03 5854 -0.008356 0 .523 563 
4 H 0 . 3 7  40 -0 .0 1 7326  -0.03 5 8  -4 0.450597 0.003332  0 .00 1 548 
5 C -0.090 1 06 0 . 326407 -0.00 356 0.003332  5 .973639 -0.06 1 93 5  
6 C -0 .03 5 -40 -0 .0 1 547  0 . 523 563 0.00 1 548 -0.06 1 935  4 .497398 
7 0 -0.080 1 2 0 .545 0 .006020 -0.000073 -0. 1 26557 -0.000025 
8 H -0 .0 1 8394 0 .00 1 20 1  0 .367428 -0.00 1 623  0.000050 -0.03 3595 
9 C -0 .043 5 0 1  0 .005862 -0.03 59 1 6  0.000346 0.36666 1 0.63 1 397 
I O N 0. 0033 72 0. 000427  -0.05 1 93 -0.00008 1 0.005 1 5 7 0 .2 1 2879 
1 1  S 0 .007437  -0.033066 -0.00 1 1 76 -0.000045 0 . 1 55705 0 .006399 
1 2  H -0 .000086 -0 .0004 1 2  0 .0027 7 0.000008 -0.053 569 -0.0 1 8969 
1 3  H 0 .000 1 82 -0. 000009 -0.000743 -0.000009 -0.000085 -0.032230 
1 4  H -0 .000079 -0 .000005 0 .002894 0. 000002 0.000073 -0.032250 

7 8 9 1 0  1 1  1 2  

1 C -0 .080 1  2 -0 .0 1 8394 -0.0 .. B50 1 0.003372  0 .007437 -0.000086 

2 C 0 .545  8 0 .00 1 20 1  0 .005862 0.000427 -0.033066 -0.0004 1 2  

3 C 0 .006020 0.36742 -0.03 59 1 6  -0.058 1 93 -0.00 1 1 76 0.002787 

4 H -0 .000073  -0 .00 1 623  0 .000346 -0.00008 1 -0.0000.+5 0 .000008 

5 C -0 . 1 26557  0 .000050 0 .36666 \ 0 .005 1 5 7 0 . 1 557 ( ,) -0.053569 

G -0 . 000025 -0 .033 595 0 .63 1 397 0 .2 1 2879 0.006399 -0 . 0 1 8969 

7 0 ,' . 36 1 5 3 -0 .000053 0 .003 800 -0.00000 1 0.0 1 3535  -0.000045 

8 H -0 0000 - 3  0 .484662 0.002482 -0.00 1 739 0 .000024 -0.000 1 06 

9 0 .003800 0 .002482 5 .064 1 47 -0.074648 -0.052 1 39 0 .383798 

1 0  -0 .00000 1 -0.00 1 739  -0 .074648 7 .234634 -0.000 1 3 8 -0.002 1 08 

I I  0 .0 1 3 535  0 .000024 -0.052 1 39 -0.000 1 3 8 1 5 . 2479UO -0.007508 

1 2  H -0.000045 -0.000 1 06 0 .383798 -0.002 1 08 -0.007508 0 .5 1 4000 

1 09 



Appe"dice 

I 3 I i  o .onoooo 0 .0  .+023 0 .00302 - 0. 3 3 3 7  2 0.000 05 -0.000 1 1 3  
1 .+  H O.O( )OOOO -o.nooo .+ -n.oo 1 6.+ 1  0 .3 3'+36 1 -0.000009 O. 0453 2  

I 3  1 .+ 

C ( l .OO ) 1 _ -0 ( )  0079 

') C -0.000009 -O.()OOOO � 

3 C -O .000n3 ( l .OOl 9.+ 

.+ I I -0 OO( )009 0.00 002 

-0 0000 5 0.000073 

() C -( )  03 223U  -0.032250  

- 0 ( ) .OOOOOO O.OOO()O( ) 

' 1 1 o .no'+02J -0.0000 .+ 

9 C O.n030r -0.00 1 6'+ 1  

10 0 .3 _)3772 0.33'+36 1 

1 1 0. 000005 -0.000009 

1 2 H -0.000 1 1 3  0 .004532  

1 3  1- 1 0 .32 3.+26 -0.0 1 '+873 

1 .+ H -0.0 1 '+  73  0 .33 1 1 5 .+ 

Total atomic charges : 
1 

-0. 2 - : ' 1 '+  

') C 0 . 5 6  5 5 8  

3 C -0 . 2 1 4603 

.+ H 0 .22 1 33 8  

-( )  . .+90'+ I 
6 0 .359907 

- 0 - ( ) .  -23 .+ 5  

H 0 . 1 95-2'+  

9 -0 . 2 53673 

10 '\ -O.9c 769: 

1 J 0.663077 

1 2  H O .  I 77 789 

1 3  H 0.3 3630 

1 4  H O .3 r925 

um or  I u l l i ken charges= 0.00000 

AtomIC charges \\' i tb  hydrogens summed into heavy atoms :  

1 

1 C -0 .05'+377  

2 C 0 .568558  

3 C -O.cJ l 879 

4 H 0.000000 

5 C -0.'+904 1 

6 C 0.3 59907 

0 -0. 7238.+5 

H 0.000000 

9 -() .O7588'+ 

1 0  -0 .22 8 1 4 1  

I I  0.663077 

1 2  H 0 .000000 

1 3  I I 0 .000000 

1 4  I I  0 .000000 

1 1 0 



um o f  � 1 11 1 1 1 ken chargc = 0 .00000 
E lcctrol1 l c  spat i a l  e\ tent ( au ) :  R**2  1 3 5 . 6626 

harge 0 .0000 e lectron 
D Ipo le  momcnt ( Debye ) :  

X 1 . 6344 Y -6 .0 .r Z - ( J .O  I 0<) Tot= 6.2994 
Quadmpo lc  momcnt ( Debye- ng ) :  

X\' -47 .  0 1 4  l' l '- -54 .0904 ZL 
X l' 1 1 . 5 756  \2 O.O l l () l 'Z 

Octapo le  momcnt ( Oebye-Ang**2 l :  

X X X- 24. 79 1 S  l ' Yl '  -30. ' 7 1  ZZZ 
X X l'- -26 .5  '02 � XZ -O.05JlJ X1Z 
Yl 'Z= -0.029 1 ,\ Y Z  -( l .0063 

He\. adecapole moment ( Dcbyc-Ang* * 3 ) :  

-64 ._623 
- ( ) .OO 6 

0.007 X Y Y =  1 7 . 9 1 70 
- S . 6093 YZZ= 1 .-+ 1 24 

Appel/dice 

X X X X= - 9() .0949 l 'Yl 'Y - - 40. 8609 ZZZZ= -69 .4 38  X X X Y= 29. 6902 
X X �Z= -0.t)367  l ' l ' Y X= 2 1 . 8 1 25 Y Y l'Z= -0.03 1 4  ZZZX= -0 . 0 1 29  
ZZZY= 0.02e 9 X X Y Y= -274.-+344 X XZZ= -2 1 8 . 2537  YYZZ= - 1 2 2 . 2222 
X ,,\:YZ= -0 .0 1 65 Y Y XZ= 0. I U29 ZZX l'= -4.4222 

- = 4. 73 344 1 74 0 1 9 D+02 E- -2 .7335 1 3 7053770+03 KE= 7 .558 1 49 1 3 7745 0+02 

Test job not arch i \  cd. 
1 1 1 N PC- r S P I RH FI6-3 I G(d ) C6H 5  1 0 1  I I FC S E R I06- Dec-2002 10 1 l # H F 6-3 

I G* T E  T Al  A U 1'\E-3-S-4-0 .POB O, I ,C ', L 1 . 4903 7 1 77 1C, 1 , 1 . 35 793 85 1 ,2 , l 
20 .4690 65 I l L 1 , 1 . 1 023434 1 ,2 , 1 1 9 . 578  - I  046,3 ,- 1 79 .97525 795,0 1C,2 ,  1 .48 3 7  

092 , 1 , 1 1 . 2455435 ,3 ,0.024 1 9,0 C , J ,  1 .-+3 76988 () , l , 1 20 .34393882 ,2,-0 .044 1 

2 62,0 0,2 , 1 . 22 1 34393 .  L 1 1 9 . I S 1 4  6 ,5 ,  J 79 .86 1 93304,0I H ,3 . 1 . 1 0249626, 1 , 1 

1 9 . '0774 6 1 ,6 , - 1 '9 .92W56 1 4,0 C,5 . 1 . 3 78004 72 ,2 , 1 1 9 . 208 1 06 1  , 1 , -0 .02 790 

3 .0 ' .6 , 1 . 3 3 5  6 63 , 3 , l 1 9'-+ 1 6254 1 3 , 1 . - i 79 .9424 1 872,O I  , 5 , 1 . 5 842888 ,2 , 1  

2 1 . 0 3 1 622 ,9,- 1 79 .  1 3 8063 7 OIH ,  9, 1 . 1 0422326,5 , 1 2 1 . 1 98205 1 1 ,2 , 1 79 .9877 

-L::-2 7 ,0 H,  1 0, 1 . 049 1 2 2 1 ,6 , 1 1 9 . 1 6604 793 ,3 ,-0.04249 1 54,0 1H .  1 0, 1 .04924973 .  

6, 1 1 9 . 254649 9, 1 3 ,- 1 79 .92932 1 ,O I IVcrs ioll x 6-Win32-G98RevA.9 IH F=-756 .6 

47 1 262 RM D=6 .653e-005 IDipole=2'-+ I S 8773 ,-O.005 1 593,0. 5529587 IPG=CO I [ X  

( C6 HS l  1 0 I S 1 ) ] I I(a 

T H E  M O L EC L E  A L  0 H A  A BOD Y .  W H E  T H I S  BODY I S  H IT, T H E  

fOLECUL E  
F EE L  H R T  A L L  OVER -- A .  K IT  A I GORODSKI  

Job  cpu  t ime :  0 days 0 hours 2 m inutes 50 .0 seconds. 

F i l e  length ( l B ytes ) :  R W F= 1 9  f nt- 0 02E= 0 Chk= 6 Scr= 1 

01111a1 terminat IOn o f  Gaus i an 98 .  

1 1 1 



3 .  D T  
. LI E . P D B  f! [ I F 6-3 1 G*  Te t 

I I  
C 
C 
1\ 
I r  

1 -
.., -' 
.., -' 
') -
5 

R2 

R:' -
R..+ 

R5 
R6 

R 7  

R 8  
R9 I 

o 6 R I O  3 -
R l l I -

H 

H 

H 

H 

7 R 1 2 3 

9 R 1 3  5 

I I  R l ..f  
I I R 1 5  

Variab le : 

R2 1 . 3 5 1 75 

R3 1 . 46..+2 1 

R..+ l . 1 0325  
R :  1 . "+59 2 

R6 1 ."+9359 

R- 1 . 2 77  1 
R 1 . 1 0266 

R9 1 . 36656 

R I O  l . 22802 
R l l 1 . 3 8672 
R 1 2  l . 0223 1 
R 1 3  1 . 1 0227  
R l ..+  1 . 0..f928 
R 1 5  l . 0..f9 1 
A3  1 20. 76365 

A..+ 1 1 9 .6087 

AS 1 20.9 1 1 86 
A6 1 1 8 .927 1 7  

A7  1 20 .7898 1 
8 1 1 9.6..+483 

A9 1 2 1 . 7 5 1 56 
A l 0  1 20 .808 6 
A l l 1 1 8 . 77706 
A I 2  1 1 0. 1 7 1 3  
A 1 3  1 20 .3 280 1 

A 1 4  1 1 9. 2 1 024 

A 1 5  1 1 9 .09699 

D4 - 1 79 .9 1 5 88 

D5 -0.05056 

5 
5 

A3 
A4 .., D..+ -' 

3 D5 
6 2 06 

A7 6 07 

5 D 
A9 09 
A l 0  1 0 1 0  

1 1 9 D 1 1 
A l 2 D 1 2  

1 3  2 D 1 3  

A l ..f  ') 0 1 ..+  

A 1 5  l..f D 1 5  

1 1 2 

Appel/dices 

0 
0 
( )  
0 
0 
0 

0 
0 
0 
0 
0 
0 



Appel1dice 

D6 0 . 1 5 _ 2 1 
D' - 1 79 .  6 9 
DL  - 1 79 . 9 -22  
09 -o.or 3 
D I O  1 79 .9  406 
D l l 1 79 .99 1 94 

D I 2  - I 79.9 3 5 6  

D 1 3  1 79 .99025 

D l 4  - 1 79.96007 

D I S  1 9 .92706 

- - - - --------- - - -------- - - - -- - ---- ---- - - ------ ------- --------------- -----
Z- fA TR I X ( A  G TRO 1 A DEG R E ES ) 

D ent Atom 1 Length; X 2 Ipha Y 3 BetaiZ J 
- -- - - - - - -- - - - - - - - - - - - - - - --- - - - - - ----- - ----- - - - - ----- - - - -- - ----- ------- - -

I C 
") 2 C I . r 1 747( 1 )  
.., 3 C I A642 1 3( 2 )  ") 1 20. 764( I S ) .J 
4 4 H  1 . 1 03249( 3 )  2 1 1 9.609( 1 6 ) 3 - 1 79.9 1 6( 2 8 )  0 -

5 .., 1 .-+59  24( 4 )  1 1 20.9 1 2( 1 7 ) 3 -0.05 1 ( 29 )  0 -
6 6 3 1 .-+9r92( 5 )  I 1 1 8 .9_7 (  1 ) 2 0. 1 52 (  30 )  0 
7 3 1 . 2 7 7  1 1  ( 6 )  1 1 20 . 790( J 9 )  6 - 1 79.969( 3 1 ) 0 

H } 1 .  1 02665 ( 7 )  1 1 1 9 .645( 20 )  5 - 1 79.952( 1 2 )  0 -
9 9 C 5 1 .36655 5 (  8 )  2 1 2 1 . 752( 2 1 )  I -0.036( 3 3 )  0 
1 0  1 0  0 6 1 . 22  020( 9 )  3 1 20. 09( _2 ) I 1 79.904( 34 )  0 
1 1 1 1  5 1 .3 86 72_(  1 0) 2 I 1 8 . 777(  23 ) 9 1 79.992( 3 5 )  0 
1 2  1 2  H 1 .0223 1 4( I I ) 3 1 1 0 . 1 7 1 ( 24 ) 1 - 1 79.984( 36 )  0 

1 3  1 3 H 9 1 . 1 0_273(  1 2 ) - 1 20 .32  ( 25 )  2 I 79.990( 3 7 )  0 

1 4  1 4  H I 1 1 . 0492 O( 1 3 )  - 1 1 9. 2 1 0 (  2 6 )  _ - 1 79.960( 38 ) 0 

1 - 1 5  H 1 1  1 . 04909 ( 1 4 ) 5 1 1 9 .097( 2 7 )  1 4  1 79 .927(  39 )  0 

Z- l atri x orientat ion :  
-------- -- - - - - - - - - - - - --- - ------- - - -----------------------------------
Cen ter Atomic Atomic  Coord inates ( Angstroms)  

umber umber Type X Y Z 

- - - -- -- - - - - - - - - - - - - - - - - - - - - -- ----- --------- - ---------------- - -- - -----
6 0 0.000000 0.000000 0.000000 

2 6 0 0.000000 0.000000 1 . 35 1 747 

3 6 0 1 . 2 5 8 1 76 0. 000000 -0. 748942 

4 1 0 -0 .95 9 1 85 0 .00 1 408 -0. 545088 

5 6 0 1 .2 5 2468 -0.00 1 1 05 2 . 1 0 1 686 

(l 6 0 2 . 5476 1 4  -0.003473 0.004820 

7 0 1 . 2 5 8762 0 .0035 1 2  -2J)26748 

8 1 0 -0.95 8335 0 .000047 1 . 97 1 SO 

9 6 0 2 . 4664 1 1 -0 .002903 1 .-+ 74 1 42 

1 0  0 3 .622885 -0.005346 -0 .588325 

I I 7 0 1 . 2008 1 2  -0.000 1 28 3 .487445 

1 2  0 2 . 2 1 8533 0.002634 -2 .378834 

1 3  0 3 . 397755 -0 .003546 2 .06" 7 1 9  

1-+ 0 2 .09695 1  -0.0002 75 4 .0332 7 1 

1 5  0 0.265 747 0.00 1 905 3 .%3 1 08 

1 1 3 



01 tance matn ( ang troms ) :  
1 I 3 4 5 

1 C O.OO( )OOO 

') C 1 . 3 5 1 747 0 .000000 

� C 1 .4642 1 J 2 .44 653  0.000000 
4 I I  1 . 1 03249 2 . 2_67 1 2  O. 00000 
:' l 2 .446: _ _ .  50634 3 .449 1 7  0 .000000 
() C 2 . :  r620 1 .493592 3 . 5496 -6  _ .46460 1 

2 . 3  : 3 J  3 . 6053 74 1 . 2 778 1 1 2 .667322 4 . 1 2  44 1 
I I  _ . 1 25460 1 . 1 0266 - 3 .45 1 770 2 .44223  2 . 220244 

9 C J -'337:  2 . 469447 2 . 530205 3 .976432 1 . 36655 S  
1 0  3 .67( )34c 4 . 1 0964 2 . 3 70 1 64 4 . 582279 3 . 585395 
1 1 "'\J 3 .6 39 1 2 .450 1 34 4 . 236775 4 . 574 -94 1 . 386722 
1 2  H 3 . 252  06 4 . 340407 1 . 89 1 7  2 3 .668857 4 . 583487 
1 3  H 3 .9753 () 3 .47 1 5 50 3 . 533960 5 .078270 2 . 1 45625 
1 4  H 4 .5458 1 9  3 . 40408 1 4 . 8552 1 3  5 . 504665 2 . 1 08 1 20 
1 5  H 3 .9'7200 2 .624849 4 .  1 5426 4 .67 1 647 2 . 1 06779 

6 7 9 1 0  

6 0 .000000 

2 . 40 -920 O.OOOOOU 

� H 3 . 9  4043 4 . 506939 0 .000000 

9 C 1 .47 1 564 � . 703334  3 .450772 0 .000000 

1 0  0 1 . 22  020 2 . 767348 5 . 2 1 2024 2 .364574 .000000 
1 I - � . i33974 - . 5 1 4499 2 .68 1 596 2 . 378053 4 . 74 1 1 36 
1 2  H 2 .406270 1 .0223 1 4  5 . 326962 3 . 86 944 2 .275 564 
1 � H 2 .2275 1 2  4 .6 1 :979 4 . 3 59275 1 . 1 02273 2 .66 1 583  
1 4  H -UJ:,3582  6 . 1 1 77 1 2  3 . 727973 2 . 585662 4 .866996 
1 - H 4 . 56  9 1 6  6 .07 1 6 1 0  2 .40 1 367  3 . 322333  5 .6556 1 4  

1 1  1 2  J J  1 4  1 5  
I I  0 .000000 
1 2  H 5 .953905 0.000000 
1 3  H 2 .6 1 793 1 4 . 596398 0.000000 
1 4  H 1 .049280 6 .4 1 32 5 7  2 . 360347 0.000000 
1 5  H 1 .04909 6 .635 78 1 3 . 662947 1 . 832548 0 .000000 

mteratomic  angles:  

Appell dice 

C2-C l -C3= 1 20 .  7636 C2-C I -H 4= 1 1 9 .6088 
C I -C2-C5- 1 20 .9 1 1 9  C I - 3 -C6= 1 1 8 .9272 
C6-C3- T7= 1 20 .2 3 C l -C2-H8= 1 1 9 .6448 
C2-C - - 9= 1 2 1 . 75 1 6  3-C6-0 1 0= 1 20.8089 

C3-C l -H 4= 1 1 9 .6275 
C I -C3- 7= 1 20. 7898 
CS- 2 -H8= 1 1 9 .4433 
C2-CS-N l 1 = 1 1 8 . 7 7 7 1 

C9-C5-1'\ l l = 1 1 9 .47 1 4  C3- 7-H I 2= 1 1 0 . 1 7 1 3  
C5- I l - H I 4-= 1 1 9. 2 1 02 CS-N l 1 -H 1 5= 1 1 9 .097 

StOIch IOmetry C6H6 ' 20 
frame\\ ark group C 1 [ X( C6 H 6  120) ]  
Oeg. of  freedom 3<1  
fu l l  pOi n t  group C l Op 1 

Largest Abe l t an subgroup C l Op 1 

Largest concise Abe l i an subgroup 1 Op 

1 1 4 

C5-r::9-H 1 3= 1 20 .328 
H I 4-N I I -H l S= 1 2 1 . 6927 



Appell dice 

landaI'd onentat lon ' 
-------------------- --- ------------ -------------------------- --------

enter /\ [0111 I C  . \ tomic Coordinates ( Angstroll1 ) 
1I 1l1 ber "\; 1 1 11 l b er Typc X Y Z 

-- --------------- - ----- ------------ -------- -- ----- ---- ----- ----------
6 0 0 . _ 560�2 1 .623222 -0 .00 1 720 

I 6 0 - I . ( }6 ( ) ( )"+ 2 1 . 3 1 -+898 ·0 .00 1 1 
3 6 0 1 . 2 72252 0 .5690"+2 0.000003 
..+ I 0 0 . 56 OW 2 .6 1 "+ - 3 -O .O(L065 

6 () - 1 . 50"+5 33  - ( ) .O756 1 0  0.0000 1 J 
6 6 0 O. 32 ..+72 -0. 5 33 7 -0 .00 I I  04 
7 0 2 . 5 l ()5 0 ' O .  5 993 5 0 .0030 1 3  

0 - I .  �0065 7 2 . 1 23 567 -0 .002463 
9 (1 0 -0 .6 1 6639 - 1 .  I 1 ..+-+ 1 5  -0.000086 
1 0  u I J)5 5  2..+4 - 1 . 769973 -0 .00 1 486 
1 1 0 -2 . 865 5..+5 -0 .34 1 3 97 0 .00 1 45 1  
1 2  0 3 .07 230 0 .005 7 73 0 .003 536 
1 3  0 -0.97  24 1 - _ . 1 5 5687 0.000997 
1 ..+  () -3 . 1 92579 - 1 . 3 :  -+ 1 0  0.00295 7 
1 .:- 0 -3 . 54 1 95 1 0."+605 26 0.002 1 72 

---- ------ - ---------- ----- - - ---- - - - - - ----- - - - ----- - - - ---- - - ----------
Rotat iona l  con tant ( G I r Z ) :  3 . 1 "+67 5 7  1 .-+ 1 1 5 586 0.9744498 
1 otopes :  C- 1 2 ,C- 1 2 - 1 2J -I - 1 ,  - 1 2 .( '- 1 _ . L l "+, H - l ,C- 1 2 ,O- 1 6, - 1 4 , H - l , H - l H - l,II - l  

tamlard ba�i� :  6-3 1 G(d )  ( 6 0, 7 F )  
There arc 1 -+  � S)lmnetry adapted b a  I S functions of  A symmetry. 
Crude e t imate o r i Jl te�"'a l et c\.pansion from redundant in tegral s= l .OOO. 
I ntegra l bu ffer \\ i l l  be 262 1 .+.+ \\ ord long. 

RaCCenett i  1 i ntegral Conmu .  
Two-electron i n tegral ymmetr) i s  tL l I11ed on .  

1 -+7 basi funct ions 276 prim i t i ve gauss ians  
3 2  a lpha e lectrons 32 beta e l ectrons 

nuc lear repu ls ion energ) 406 . 1 26302 1 5 77  Hartrees . 
One-electron i n tegral s  computed using PR ISM .  
1\TBasi = 1 -+7 RedAO= T BF= ) -+ 7 
" Bsl se= 1 -+7 1 .00D -0'+ l BFl' 1 ..+7 

Projected r DO Guess. 
Wam l l1g !  Cutoffs for s ingle-po in t  calcu l at ions used. 
Requested COI1\ 'ergence 011 RM densi ty matri x = 1 .00D-04 \\ i th in  6..+ cyc les. 
Req uested com ergencc on M X dens i ty matrix= 1 .000-02 . 

Requested CO\1\ 'ergence on cllcrgy=5 . 0C JD-05 . 

SCF Done: E( R H F )  = --+ 1 -+ .'+  1 ..+2 1 7.+97 . after 8 cyc les 

Com g - O. 3202 D-( )'+ -\ '  T = 2 . 003 1 

* * 2  = 0 .0000 

l I S 



Appel1dices 

4. 1 A-DL LI E-3- . PDB # H F  0-3 1 G* 

y111ho l i c  Z-malri x :  
Charge 0 l u l t ip l i c i ly  

R2 

C R3 ') A3 

I I  R4 7 A4 
" 

04 0 -� 

- R5 .\5  3 05 0 
-, R6 () 7 D6 0 -' 

3 R7 A7 (1 D7 0 

H 2 R 8 5 08 0 

5 R9 ! A9 1 D9 0 
-

R I O  2 A I 0  <) D I O  () 
H 6 R l l  -, A l l  1 D i l 0 -' 

H 7 R 1 2  3 A 1 2  1 D 1 2  0 

H 7 R 1 3  .., A 1 3  1 2  D 1 3  0 -' 
9 R J.+  5 A 1 4  2 D 1 4  0 

H 1 0  R l  � 5 A I 5  ') D I S  0 

\'ari able : 

R2 1 . 36 1 5 1  

R3 1 . 43428 

R4 1 . 1 0203 

R 5  1 . 46647 

R6 1 .·+3 -96 

R '"  1 . 34046 

R 1 . 1 02 5 7  

R9 1 .4 7 1 1 

R I O  1 . 2 7957 

R l l 1 . 1 0382  

R 1 2  1 . 049 1 7 

R 1 3  1 . 04892 

R 1 4  1 . 583 1 

R 1 5  1 . 0 1 934 

A3 1 1 9 . 7546_ 

A4 1 1 9. 993 5 

A5 1 20.93473 

A6 1 2 1 . 1 7435 

7 1 1 9 .32354 

A 1 1 9. 28465 

A9 1 1 8 . 86996 

A 1 0  1 1 7 .672 1 7  

A l I 1 1 8 .0335 

1 2  1 1 9 . 24 1 97 

. 1 3  1 1 9 .06904 

A 1 4  1 2 1 . 82352  

A 1 5  1 1 1 . 60909 

04 - 1 79.98503 

05 -0.0 1 1 5  

1 1 6 



Appendice 

D6 -0.05333  

D '  1 9 .9605 1 

0 - 1 79.963 5 1  

09 0 . 1 0 1 8  
D I O  - 1 79.92 1 3 1  
D l i - 1 79.93 

D 1 2  - 1 79.996 1 J 
D 1 3  - 1 79.96 59 

D I .+ 1 79 .63 266 

0 1 5  1 79.94_6 

- --- - -------- - ----- - ------------- --- - ---------------- -------------------
z- l AT R I X  ( G TRO 1 0 DEGREE ) 

D ent Atom 1 Length X 2 Alpha/V 3 BetaZ .T 
- -- - - -- -------- --- --------- ------------------ - ------- - -- ---- -- --- - - -- ---

..., 2 C 1 . 36 1 5 1 1 (  1 )  -
3 3 C 1 1 . .+34276( 2 )  2 l I 9 . 7 55 (  1 5 )  
.+ .+ H I 1 . 1  02028(  3 )  2 1 1 9 .99'+( 1 6 ) 3 - 1 79.985( 2 8 )  0 -

5 C ..., 1 .  '+664 72(  4 )  1 1 20.93 5(  1 7 ) 3 -O .O I I (  29 ) 0 -
6 6 C " 

I A35958(  5 )  1 2 1 . 1  7'+( 1 8 ) 2 -0.053(  30 )  0 
, ..., 3 1 . 3 '+0'+62( 6 )  1 1 1 9 .324( 1 9 ) 6 1 79.96 1 ( 3 1 ) 0 

H J 1 . 1 02565 (  7 )  1 1 1 9 . 2  5 (  20 )  5 - 1  79.96.f( 3 2 )  0 
9 9 C 5 l A 7 1 1 3( 8 )  2 1 1 8 . 870( 2 1 ) 1 0. 1 80( 3 3 )  0 
1 0  I () ?\ 5 l . 2 79568( 9 )  2 1 1 7 .672(  22 ) 9 - I  79 .92 l (  3 '+ )  0 
I I  1 1  H 6 1 .  I 03823(  1 0) ., 1 1 8 .03 '+(  2 3 )  1 - 1 79.938( 3 5 )  0 _1 

1 2  1 2  H 7 1 . 049 1 74( I I ) 3 I 1 9 .2 .+2( 24 )  1 - 1 79.996( 36 )  0 

1 3  1 3  H 7 1 .  O'+89 1 8( ( 2 ) 3 I 1 9 .069( 2 5 )  1 2  - 1 79.969( 3 7 )  0 

1 4  1 .+ 9 1 . 5 3 1 05 ( 1 3 ) 5 1 2 1 . 2 .+( 26 )  2 1 79.633( 3 8 )  0 

1 5  1 5  H 1 0  1 .0 1 9339( 1 4 ) 5 1 1 1 . 609( 2 7 )  2 1 79.943( 39)  0 

- - - - - - - - - - - - - - - - - - - - - ----- - - - ---------------- - ----- - - ---- --------- - - ----
z- l atri x  orientat ion :  

--------------------------- - - - --------- - - - - -- ----------- - - - - -------- -

Center Atomic Atomic Coordinates ( Angstroms) 

" umber N umber Type X Y Z 

----------------------------------- -- -- -- --------------------- - ------
6 0 0.000000 0.000000 0.000000 

') 6 0 0.000000 0. 000000 1 .3 6 1 5 1 1 

3 6 0 1 . 245 1 80 0.000000 -0.7 1 1 8 1 2  

4 0 -0.954446 0.000249 -0 .550906 

5 6 0 1 . 2 5 7  7 2  -0.000252 2 . 1 1 5368 

6 6 0 2 . 50023 2  0.00 1 1 43 -0.0 1 4090 

7 ..., 
0 1 . 235095 -0.00 1 893 -2 .052235 I 

0 -0.96 1 65 8  -0 .000'+20 1 . 900829 

9 6 0 2 .543205 0 .003585  1 . 36743 1 

1 0  7 0 1 . 1 85054 -0.0053 5 8  3 . 39285 1 

1 1 0 3 .42707 1 0 .002 1 42 -0.6 1 3 586 

1 2  0 2 . 1 46685 -O' ( )0 1 95 3  -2 . 5 7 1 628 

1 3  I 0 0.3 1 '+'+97 -0.002775  -2 .5 54953 

1 4  1 6  0 3 . 94 1 22 1  0. 0 1 2 1 85 2 . 1 1 0 1 94 

1 5  0 2 . 1 09853 -0.006005 3 . 82 1 569 

1 1 7 



Ol tance matn ( ung trom ) : 
I 2 3 4 5 

1 C ( ) . OO( JOOO 
2 C 1 . 36 1 5 1 1 0 .000000 
3 C 1 .4�4_76 2 .4 1 500 0.000000 
4 I I  1 . 1 0202l 2 . 1 373:9  2 .205 -04 0 .000000 
5 .2 46 1 1 02 1 .46647_ 2. 2720<.; 3 .464587 
() C 2 . 5002� 2  2 . L5367 1 1 .4359':- 3 .496 1 3 7 
7 2 . 39523 1 3 .630306 1 . 340462 2 .654823 
L 1 1  2 . 1 30244 1 . 1 02 - 6 - 3 .4 1 994 - 2 .-+5 1 7-+6 
9 2 . L  l 7520 2 . 5432 1 4  2 .45 1 1 49 3 .989 1 84 
1 0  '\ 3 . 59_ 59  2 . 3 - 1 750  4. 1 05 1 07 4 ..+86726 
I I  H "' .48 1 -6"  3 .9554 1 2 . 1 4 1 02 4 .38 1 966 
1 2  H 3 . 349 56 4 .480 3 1  2 .066793 3 . 70 1 397 
1 3 H 2 . 5 7423 3 .929072 2 .064787 2 . 3720 1 0  
1 4  4 .-+ 70603 4 .0 1 1 720 3 .902884 5 . 5 72 1 77 
1 5  H 4 .365307 3 .240 95  4 .6 1 5 1 1 0  5 .339336 

6 I 9 1 0  
6 C 0.000000 

0.000000 
J [  3 .9562 1 0  4 . 522438 0 .000000 

9 C 1 . 3 ,- 2 1 9 1 3 .66 1 324  3 . 54522 1 0 .000000 
1 0  1 3 .6: 1 984 5 . .+45 3 1 7  2 .6 1 4293 2 .438643 
I I  H 1 . 1 03 " _ .J  2 .62 1 924 - .0579 7 2 . 1 6925 1 
1 2  H 2 . 5  � I 6 1  1 . 049 1 74 5 .446529 3 .958970 

I '  _1 H 3 . 3 5 1 632  1 .04 9 1  4 .634929 4 . 5 1 1 349 

1 4  2 . 5669r 4.964 9 4 .907363 1 . - 83 1 05 

1 5  H , - - 4 0 r .938585 3 .622630 2 .492 1 24 .J . 
1 1 1 2  1 3  1 4  1 5  

I I  H 0 .000000 
1 2  H 2 . 3395 1 6  0.000000 

1 3  H 3 . 6683 5 1 . 832265 0 .000000 

1 4  2 . 7 7 1 900 5 .0 1 398- 5 .909056 0 .000000 

1 5  H 4 .626633 6 . 393 305 6 .62445 1 2 . 506600 

I nteratomic angle : 
C2-C I -C3= 1 1 9 . 7546 C2-C I -H 4= J  1 9.993 5 

C l -C2- 5= 1 20 .9347 l -C3-C6= 1 2 1 . 1 744 

C6-C3 - l 7= 1 1 9 . :02 1 C I -C2-H 8= 1 1 9 .2847 

C2-C5 -C9= 1 1 8 . 8 7  C2-C5- 1 0= 1 1 7 .6722 
C3-C6-H l 1  1 1 8 .03 3 5  C3-N7-H 1 2= 1 1 9.242 

H I 2 - , 7-H I 3= 1 2 1 .689 C5-C9-S 1 4= 1 2 1 . 8235  

tOlch lometry C6H6 2 

Frame\\ ork group C 1 [Xl  6H6 2 ) ]  

Oeg. of freedom 39 
Fu l l  point  group C 1 TOp 

Largest Abel i an subgroup C l Op 1 

Largest concise Abel i an subgroup C l Op 

1 1 8 

Appel1dice 

0.000000 
2 .-+6537 1 
4 . 1 67665 
2 .229874 
1 .-+87 1 1 3  
1 . 2 7S56  
3 .48606 1 
4. 770526 
4 .764646 
2 .683383 
1 .907 1 00 

0 .000000 
4 . 59 1 1 04 
6 .04 1 503 
6.0 I I I  7 7  
3 .04006 1 
1 .0 1 9339  

0. 000000 

C3-C I -H4= 1 20 .25 1 9  
C I -C3- 7= 1 1 9 . 3 235  
C5-C2-H 8= 1 1 9 . 7806 

C9-C5-N 1 0= 1 23'-+578 
C3-N7-H 1 3= 1 1 9.069 

5- 1 0-H 1 5= l l I . 609 1 



tandard oricntat lon :  
--- ---------- - ------ - ------------ ----- ---- ------- - --- - --------

enler :\ l om i c  . \tomic 'oord inates ( ng troms )  
'umber umber Ty pe � y Z 

----------- ------ - - ----- - ---- ----------- ------ - --- -- -----------------

2 

J 

6 
7 

9 
10 
1 1  
1 2  
1 3  
1 .+  
1 :  

6 

6 

6 

1 
6 

6 

7 

6 

7 

( )  

( )  

o 

o 

( )  

o 

o 

() 

o 

u 

o 

o 

() 

() 
o 

· J . 732G()7 1 . ( )95-l26 -0.003604 
-0 .5 60-1--1-9 1 . 7 ""97 1 -0.0035 1 9  
- 1 . 7 1 2 1 -1-5 -0. 3 3 8699 0. 0003 1 0  

-2 . ()92"+6-1-
O. n -l2 1 

1 . 63 (19-1-5 
1 .08 -1-46 

-0.47J03 () - I  Jl643 5 3  

-2 . 7 1 339  - 1 .0 1 1 29 
-0 .5 526 
0. 73 2 7 1 

1 . 79 1 2-1-(' 

) 9025 .+ 

-0 .39  63 ..+ 

1 . 8009 5 7  

-0. 5 1 7739 -2 . 1 67270 

-2 .  5-1-83..+ -2 .060 69 
-3 . 772433 ·0.47-1-93 7 

_ .08889 1 - 1 . 2 2-1-485 
2 .630762 1 . 222  1 2  

-0.006922 
0 .000779 
0.003200 
0.00_087 

-0.006 1 23 
0.00098 1 
0.005 733 
0.005 1 1 1  
0 .0050 1 2  
0.0000 1 1 

-0 .003 1 28 
0.009347 

Rotat iona l  cons tants ( G H Z ) :  2 . 3698062 1 . 1 8 1 80 1 4  0 . 7885593 

Appell dice 

I sotopes : C- 1 2 ,C- 1 2 . - 1 2 ,H- I ,  - 1 2 . - 1 2 , - 1 -1- , H - 1 ,C- 1 2 , - 1 -1- ,H - l , J- l - l .H - l ,S -32 ,H - 1  
tandard basl s :  6-3 1 G(d ) (6D ,  7 F )  

There arc 1 5 1  symmctry adapted bas is  fun c t i on of  A symmetr) . 
rude est imate or  i ntegral set expansion Crom redu ndan t i n tegra ls= I .000. 

I n tegra l  buners \\ J !  I be 262 1 -1--1- \\ ord long. 
Raf1enett i  1 in tegral format .  
Two-electron I Il tegra l symmetry i s  turned O i l .  

1 5 1  baSI funct ions 300 p ri11l l t i \  e gau s  ians  
36  alpha e lec trons 36 beta e lectrons 

nuc lear repu l  ion energy -1- ;..).. 1 1 5,,),975-1-5 1 Hartrees. 
One-electron in tegra l s  computed us i ng P R I  LVI. 
1 Basis= 1 5 1  RedA O= T BF= l S I  

:"-.'BsLse= 1 5 1  1 . 00D-0")' NB FU= 1 5 1  
Projected CNDO Gucss. 
Waming �  Cutoff: for i ng le-poin t  ca lcu lat ions u sed. 

Requested com ergcnce on RMS densi ty mat ri x= 1 . 00D-04 v, i t h in  64 cyc l e . 

Requested com ergence on J\ 1AX density matri x= 1 .00D-02 . 
Req uested COll \'crgence 011 energ�=5 .00D-05 . 

CF Donc:  E ( RH F )  = - 737 .U-1-593 73 1 I . . . a fter 8 cyc l es 

Ol1\'g � 0 . 53 1 GD-O-1- - \C 'T = 2 .00 1 2  

S * * 2  0.0000 

1 1 9 



Append i\.  2 

10 lcclI lar orb i ta l  ca lcu lat i  n on methyl \ io lct degradat ion products 

I .  utput fi l e  Cor 1 -0\.)  cmine 

Z-matri \. :  
Charge = 0 ;\ l l l i t ip l ic i ty  

1 . '+8507 

C 1 . 3'+93 7 

.3 1 ..+663 8 2 

C .+ 1 .-+6546 3 

C 5 1 . 34965 .+ 

0 1 .2264 2 

1'\ .+ 1 . 2 0.+3 3 

H ') 1 . 1 0 1 92 1 

H .3 1 . 1 02 6 7  2 

H 5 1 . 1 029.+ 4 

H 6 1 . 1  02.+ 5 

H 1 . 02 1 66 4 

1 20.63'+'+9 

1 20. 9265 -( ) .0 1 85 8  0 

1 1 9 .02 1 0  2 0.0'+295 0 

1 20. 0792 3 -0.04953 0 

1 2 1 . 06379 3 - 1 79.9688 0 

1 20.63902 2 - 1 79 .97 708 0 

1 1 9 . 3 7452 7 0 . 005 2 7  0 

1 1 9 . 5 9 3 5 5  1 1 79 .999'+5 0 

1 1 9. 8 3 3 2 9  .3 - 1 79. 994_ 6 0 

1 1 9 .96602 .+ - 1 79.9 062 0 
1 1 0.00 1 3  ') - 1 79 .968 1 7  0 J 

z - � r A T R I X  ( A  G TRO f A D DEG R E E S ) 

C D  Cent . tom • 1 Length 'X :2 Alpha Y N3 Beta Z J 

1 C 
2 2 C 1 .-+ 507 1 (  I )  
.., 

3 C ') 1 . 3 4937.+(  2 )  1 20.63'+( 1 3 )  _1 

.+ .+ C ., 
1 A663 82(  3 )  ') 1 20 .893(  1 4 )  -0.0 1 9( 2 .+ )  0 -) 

-
5 C .+ 1 .-+65464( 4 )  ., 1 1 9 .02 1 ( 1 5 )  J 0.04 3 (  2 5 )  0 J 

6 6 C 5 1 . 3 4964 5 (  5 )  .+ 1 20. 808( 1 6 ) 3 -0.050( 2 6 )  0 
., 7 0 1 1 . 2264 7 7 (  6 )  2 1 2 1 .064( 1 7 ) 3 - 1 79 .969( 2 7 )  I 
8 8 1 f .+ 1 . 2 0'+3 3 (  7 )  ') 1 2 0.639( 1 8 ) 2 - 1 79 .977(  28 ) -) 

9 9 H 2 1 . 1 0 1 9 1 9( 8 )  1 1 1 9. 3 75 (  1 9 )  7 0 .005 (  2 9 )  0 

1 0  l O H 
., 1 . 1 026 70( 9 )  2 1 1 9 . 5 94( 20) 1 1 79 .999( 30)  -' 

1 J 1 1  H 5 1 . 1 0293 7 (  1 0 ) 4 l I 9 . 833 (  2 1 ) 3 - 1 79.99.+( 3 1 ) 

1 2  1 2  H 6 1 . 1  02402( 1 1 ) 5 1 1 9 .967( 2 2 )  -l - 1 79 .98 1 (  3 2 )  

1 3  1 3  H 1 .02 1 66 2 (  1 2 ) .+ 1 1 0.00 1 ( 23 ) 3 - 1 79.968(  3 3 ) 

Z- l atri x orientat ion : 

Center lomlc  Atom iC 

umber umber T)1)e 

Coord inates ( Angstroms)  
X y Z 

- - - - - - - - - - - - - -- - - - - - -- - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1 6 0 0 .000000 0. 000000 0. 000000 

2 6 0 0. 000000 0. 000000 1 .4 507 1 

3 6 a 1 . 1 6 1 049 0. 000000 2 . 1 72657 

1 20 

0 

0 

0 

0 
0 

0 

· �ppelldice 



4 6 0 2 .450062 -0.00040 1 .47357 1 
6 0 _ .4640 4 0.000 1 4 1  0.00 1 74 

6 6 0 1 . 3 1 1 556 0.00000 -0.694 1 22 
..., () - 1 .050592 0.000 -72  -0.632 52 I 

7 0 3 . 54  93  -0.000847 2 . 1 3089 
<) 0 -0.96024 0.000435 2 .0255  0 
1 0  a 1 . 1 4 1 0 1 7 0.000009 3 . 275 1 45 
I I 0 .., .426062 -0.000250 -0.53 1 333  
1 2  0 1 .3 3  _ 2 0.000 1 04 - 1 . 796200 
l J  0 4 .34 1 632  -0.000549 1 . 4 64 1 6  

D i stance matrix ( angstroms) :  
1 ") 3 4 5 

0.000000 
') C 1 . 4 507 1 0 .000000 -
3 C 2 .463428 1 . 349374 0.000000 
4 C 2 .  590 - 2 . 450089 1 .4663 2 0.000000 

2 .464097 2 . 872792 2 . 52643 1 .465464 
6 C 1 .4 390 2 . 54343 5 2 .870727 2 .4484 7 
� 0 1 . 226477 2 . 364 1 79 3 . 5 7242 4.085 535  

1 4 . 1 394 9 3 . 607 1 78 2 . 38  209 1 . 28043 3  
9 H _ . 24 1 662 1 . 1 0 1 9 1 9  2 . 1 263 9 3 .454696 
1 0  H 3 .46 2 1 2  2 . 1 22802 1 . 1 02670 2 . 22694.:-
I I  H 3 .4670 1 3 .975398 3 . 527300 2 . 229847 
1 2  H 2 . 23994 1 3 . 543690 3 .9728 1 3  3 .4536 1 5  
I '  _1 H 4 . 5 89030 4 .34 1 632 3 . 253772  1 . 89 1 6 1 4  

6 7 8 9 1 0  
6 0 .000000 
7 0 2 . 3 62942 0 .000000 

� 3 . 603667 5 . 365965 0.000000 

9 H  3 . 543 708 2 .659967 4 . 5 1 0370 0.000000 

1 0  H 3 .972929 4 .480580 2 .665927 2 .444734 

1 1  H 2 . 1 20763 4 .477805 2 .665064 5 .077 1 56 

1 2  H 1 . 1 02402 2 .657085 4 .506540 4.459736 

1 3  H 3 . 7 3 3 1 1 0 5 . 793736 1 .02 1 662 5 . 329224 

1 1  1 2  1 3  

1 1 H 0 .000000 
1 2  H 2 .44 1 047 O. ooooon 
1 3  H 2 . 2 1 5 7 5 7  4 .449233 0 .000000 

Interatomic angles: 
C I -C2-C3= 1 20.6345 C2- 3-C4= 1 20. 8926 
C4-C5- 6- 1 20. 8079 C2- 1 -07= 1 2 l .0638 
C5-C4- = 1 20 .3399 C I -C2-H9= 1 1 9 . 3745 

C2- 3 - H l () 1 1 9 .  -936 C4-C3-H 1 0= 1 1 9. 5 1 38 

C6- - -H 1 1 = 1 1 9. 3 5 8 8  5 - 6-H I 2= 1 1 9 .9669 

tOlchiometry C6H 5  0 

Framework group C 1 [X (C6H5  

Dcg. of  freedom 3 3  
Fu l l  point  group C I  

Largest Abel ian subgroup 

0 )] 
Op 1 

1 Op 

1 2 1  

0.000000 
1 . 349645 
3 . 5 72655 
2 .383856 
3 .9744 1 5  
3 . 5 247 1 4  
l . 1 0293 7 
2 . 1 26780 
2 .3 8964 1 

0 .000000 
4.439674 
5 .075 1 8 1  
3 . 66f � 3 6  

C3-C4-C5= 1 1 9.02 1 1  
C3-C4- 8= 1 20 .639 
C3-C2-H9= 1 1 9 .99 1 
C4-C5 -H l 1 = 1 1 9 .8333  
C4-N8-H 1 3= 1 1 0. 00 1 4  



Large t concl 'e Abe l I an ubgroup I Op 1 
tandard rientat l  n :  

---- ----- --------- ------------------- --- - -- -- ----- --- ----------------
enter tomic '\ tO I1 l IC oordi nates ( ngstrolTI:5 J 
umber umber Typc  X Y Z 

----------- - - - - ------- ------ - - - --------- ----- - ----- -------- - - ---- - - --

') 

3 
4 

6 

9 
10 
1 1 
1 2  
1 3  

6 

6 

6 
6 

6 
6 

7 

o 

o 

o 
a 

o 

( )  

II 

o 

o 

( )  

o 

o 

o 

1 . 44 954 -0.0259 �6 -0 .00 252  
0 .72206 1 .  269022 -0.000090 

-0.626943 1 . 300324 
- 1 .40 1 7  0.0597 0 
-0. 703 7 7 - 1 .224945 
0 .644993 - l . � 73245 
2 .674 54 -0.063633 

-2.68 76 1 0 .095 1 4  
1 . 294868 2 .2 1 0364 
- 1 . 1 49 1 02 2 . 2 7 ]  525 
- 1 . 2 7  5 7 -2 . 1 6626 1 
1 . 1 6 1 1 1 3 -2 . 247365 

- 3 . 064599 -0. 54 72 

0 .000 1 97 
-0.000052 
0 .000340 

-0.0000 0 
0.000059 

-0.0002 1 8  
0 .000229 
0 .000323 
0 .000065 

-0.000 1 00 
0 .000 1 54 

Rotat iona l  con lants (G H Z ) : 5 . 1 597250 1 . 673 1 6  6 1 .2634603 

Appendice 

I sotopes : - 1 2 ,C- 1 2 , - 1 2 ,C- 1 2 ,C- 1 2 , - 1 2 ,0- 1 6, - J.+, H- l ,H - I , H- l , H - l .H - l 

tandard ba 1 : 6-3 1 G (  d )  (6D .  7 F )  
There are 1 30 }111 l lletry adapted basis functions of  A symmetry. 

rude est imate oC i ntegral et e�pansion from redundant i nt.:::gra ls= t .000. 

I n tegral buffers \\ i l l  be 262 1 -1-4 words long. 
RaCfenett i  t i n tegral [ollnat .  
T\\ o-electron i ntegral symmetry i tumed on.  

1 30 ba is funct ion 244 prim i t i \'e gaussians 
2 a lpha e lectrons 2 beta e lectrons 

nuc l ear repu lsion energy 322 .952 1 4 1 0673 H artrees. 
One-electron in tegral s  computed lls ing PR I  M .  
I Basi = 1 30 RedA O= T BF= 1 30 
_ TBsCse= 1 30 1 . 00D-04 NB FU= 1 30 
Projected IN DO Guess. 

Waming .  Cutoffs for s ingle-po in t  calculat ions used . 

Req uested cOlwergence on Rl\1 densi ty  matri x= 1 .00D-04 wi th in  64 cycles. 

Reque ted convergence on l A X  densi ty  matri x= 1 .00D-02 . 

Requested co 11\ ergcnce on energy=5 .00D-05 .  

CF  Done :  E ( R H F )  = -359 .3 8(j 1 _ 7224 A . . a fter 7 cycl es 

'011 \ g = 0 . 3364 D-04 - V IT = 2 .0027 

S * * 2  0.0000 

1 22 



2 .  Out put fi le  for 4- mdhy I .ma l i nc 
)111h ) i t c  I-mal In 

c 

H 
H 
H 
H 

H 

H 

H 

H 

H 

harge 0 1 u l t lp l i c l ly  

1 . '+OJ 3 1 
) 1 . 39505 -
� 

l . -W I '+  ") -) -
4 I . .+() ( )  __ 5 � 

-� 

.5 1 . 3 %05 .+ 

4 1 . 5 0S ! J  � -' 
I I . J 9203 ") 

") l . lO 2 6 1 I -
.3 1 . 1 0 1 5 6 2 

() 1 . 1 0 [ 3  5 

5 1 . 1 0 1 7 .+ 

7 1 . 1 1 3 9 .+ 

1 .  1 I 245 4 

1 .  1 1 .+03  4 

1 . 051 )5 - I 

1 .0'+ 2 1 

1 1 9 .947 \ 
I lO .  8876 

1 L 7 I 7()7 :2 
1 2 1 . ! ) 1  1 1 7 3 

1 2 1 . 2 9043 2 

1 20 .  I 5 2 5 3  ') -' 
1 20. 1 838  8 

1 1 9 . 1  1 006 I 

1 1 9 .9 1 424 .+ 

1 1 9 . 5 96 1 6  3 

1 1 0 .0946 3 

1 1 2 .4097.+ 3 

I I ( ) . 3 5  8 4  3 

1 1 .94308 2 

1 1 9 .08 764 2 

-0 .092 54 0 

0 . 1 6 1 0-, 0 

-0. 1 63 _ 1 0 

1 79 .86922 C 
1 79.98'+44 0 

-0.00 99 0 

- 1 79.97288 0 
- 1 79.96284 0 

1 79 .  9� 1 6  0 

1 1 6 .65 506 0 

-3 . 5463 0 

- 1 23 .6062 1 0 

1 79 .97028 0 

0.02 07 0 

--------------------------------------------- -- - - - - - - - - ---- - - - - - - - --- - - -

Z- :'-, [ AT R I X  ( A  rG TRO , IS A o DEGREES ) 
CO Cent Atom '" 1 Length :\ t\2 AlphCll Y 3 BetaiZ  
---- - - - - - - - - - - - - - - -------------------------- - ----- - -- ---- - - -- - ----------

C 
') ") C 1 I A0330 ( 1 ) - -
') 

3 2 1 . 39_- 04()( 2 )  1 1 9 .94 ( 1 7 ) -' 

4 4 C 3 1 .40 1 3 9 7( 3 )  ,.., 1 2 0.  9( 1 ) 1 -0.093( 3 2 )  0 
- -

C -+ 1 . 4005 5 2 (  4 )  
') 

1 1 . 7 1 7( 1 9 ) ,.., 0. 1 6 1 (  3 3 )  0 - -) 

6 6 C 5 1 . 3960.+ 7(  -
) -+ 1 2 1 .  0 I I  ( 2 0 )  ') -0. 1 63 (  3 .+ )  0 -' 

7 ..., .+ 1 . 50  1 2  ( 6 )  .., 1 2 1 . 290( 2 1 ) 2 1 79 .869( 35 ) 0 -' 

8 1 . 3 92026( 7 )  ,.., 1 20 . 1 5 3 (  22 ) 3 1 79.984( 36 ) 0 

9 9 H 7 1 . 1 026 1 2( 8 )  I 1 20. 1 84( 2 3 ) 8 -0.009( 3 7 )  0 

1 0  1 0  H 3 1 . 1 0 1 5 - ( 9 )  2 1 1 9 . 1 1 0( 2 4 )  1 - 1 79 .973( 3 ) 0 

1 1  1 1  H 6 I .  1 0 1 3  OO( I 0 )  5 1 1 9 .9 1 4( 2 5 )  .+ - 1 79.963( 3 9 )  

1 2  1 2  H 5 1 . 1 0 1 867( I I )  .+ 1 1 9 . 5 96( 2 6 )  3 1 79 .  95 (  40)  

1 3  1 .., _, H 1 . 1 1 3 8 9 5 (  1 2 )  .+ 1 1  0.095 ( 2 7 )  3 1 1 6 .65 5 ( 4 1 ) 

1 .+  1 .+ H 7 1 . 1 1 24�5( 1 3 )  4 1 1 2 . 4 1 0( 2 8 )  3 -3 . 546( 42 ) 

1 5  1 5  H 7 1 . 1 1 40 2 7 (  1 � ) 4 I I 0.3 59( 2 9 )  3 - 1 23 .606( 43 ) 

1 6  1 6  H l . 050545(  1 5 ) 1 1 8 .943(  30 )  2 1 79.970( 44 ) 

1 1 H 1 . 048279( 1 6) 1 1 9 .088( 3 1 )  2 0 .028(  45 ) 

--- ---------------- - - -------- --------- - ----- --------- - ---- --- - - ---------
Z-7\latr ix orientat ion :  

--------------------- - -- - - - - - - - - --------- - - --- - ----- --------- --------
Center [\tOlll I C  Atomic  

-umber umber Type 

Coord inates ( Angstroms) 
X y Z 

--- - - - - - - - - - - - - - - - - - - --------- - -------- - - - - - -------- -------- - - -------
I 

2 

6 

6 

o 

o 

0.000000 0. 000000 0.000000 

O.OOO( )OO 0.000000 ) .40330 
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0 

0 

0 

0 

0 

0 

0 

Appel/dice 

J 



3 

4 
5 
6 
7 

9 
1 0  
1 J 
1 2  

1 3  

1 4  

L-
1 6  
1 7  

6 
6 
6 

6 
6 
7 
1 

o 1 .20  779 0 .000000 2 .099732 
() _ .4325_6 -0.00 1 942 1 . 4 1 6830 
o 2 .-+2 1 62 1  -0.00044 1 0 .0 1 6322 
( )  1 . 2 1 9552  -0.0004 6 -0.693592 
o 3. 44535  0 .0009 2 2 . 1 60520 
o - 1 ._03673 -OJJ003 _7 -0.699220 
() -0 .953 1 1 6 -0.000 1 09 1 . 957676 
o 1 . 1 92672 -0.000456 3 . 20 1 1 72 
o 1 . 2 32062 0 .000090 - 1 . 794 2 ( )  
o 3 . 3 75459 -0.000 1 ") -0 . 5353 1 6  
o 4 .309 1 7""' -0.934498 1 . 944 1 45 
o 3 . 6072 5 0 .06 293 3 . 2624 1 1 
o 4 .36650 1 O. 699 0 1 .  45 7 6 
o - 1 . 1  1 49 )  0 .000 1 56 - 1 . 74953 1 
o -2 . 1 0447 -0 .000 1 23 -0. 1 630 7 

Di  t anee matri x ( angstroms) :  
1 ' 3 � 5 

C 0 .000000 
") 1 .-+0330  0.000000 
3 _ .422 1 3  1 .395046 0.000000 
4 C ") 1 5066 2 .-+3_564 1 . -+0 1 397 0.000000 
5 C 2 .-+2 1 676 2 . 790695 2 .4 1 0722 1 .4005 52  0.000000 
6 1 .-+029 9 _ .·+2 5 r 7  2 . 793344 2 .434 1 7 1  1 . 39604 
� C 4 .3 23 1 23 3 .  2 <r' 29 2 . 5364 4 1 . 508 1 2  2 . 5 1 9462 

1 . 3 92026 2 .42269 - 3 .695 1 39 4 . 20709 1 3 .695234 
9 H 2 . 1 '"'7366 l . 1 026 1 2  2 . 1 66557  3 .428569 3 . 893 ?90 
1 0  H 3 A 1 6 1 34 2 . 1 5 7494 1 . 1 0 1 5 5 2 . 1 72 8 1 2  3 . - H 3735  
1 1  H 2 . 1 7 7006 3 .427244 3 . 894622 3 .-+28676 2 . 1 66 6 1  
1 2  H 3 .4 1 7644 3 . 892555  3 .4 1 1 44 2 . 1 67949 1 . 1  1 86 7  
1 3  H 4 . 1 920 4 .4423 6 3 . 24 1 907 2 . 1 609 1 2  2 . 855 1 4 1  
1 4  H 4 . 864206 4 .05 74 2 .6663 3 1 2 . 1 88 72 3 .456533  
1 5  H 4 .  1 9764 4A74258  3 . 285203 2 . 1 64373  2 .  08404 
1 6  H 2 . 1 1 1 1 1 3 3 . 366947 4 . 53 1 03 2  4 . 804896 4 .0 1 2569 

1 "7  H 2 . 1 1 078  2 .62343 7 4 .0 1 2235  4 .804222 4 . 529654 
6 7 8 9 1 0  

6 0 .000000 
7 C 3 . 8 1 0708 0.000000 
8 2 . 42323 1 5 . 7 1 5 1 44 0.000000 
9 H 3 . 4277 4 4 . 70202 2 .66 6 4 0.000000 

1 0  H 3 .  94 56 2 . 755896 4 .5 77720 2 .-+80058 0 .000000 

1 1  H 1 . 1 0 1 300 4 .685855 2 .670795 4 .342 3 76 4 .996 1 4  

1 2  H 2 . 1 6 1 709 2 . 720983 4 . 582064 4.995 1 54 4 . 3273-+3 

1 3  H 4 . 1 68-B l 1 . 1 1 3895 6 . 1 8�7 5 5 .344622 3 .487 58 

1 4  H 4 .62 1 25 1 1 . 1 1 2445 6 .232539 4 . 743867 2 .4 1 6368 

1 5  H 4 . 1 36356 1 . 1 1 402 7 6 . 1 85574 5 . 39 1 465 3 . 559202 

1 6  H 2 .622986 6 .28922 1 1 .050545 3 . 7 1 4234 5 . 49(1550  

1 7  H 3 . 36609 6 .293656 1 .04 279  2 .4 1 3 1 46 4 .7 1 0567 

1 1  1 2  1 3  1 4  1 5  

J I I I  0. 000000 
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1 2  H 2 .4  6062 0 .0000 a 
1 3  H 4 .93 1 729 2 .  09360 0.000000 
1 4  H : . 5  7659 3 .  054 1 2  1 . 79 907 0.000000 
1 5  H 4 .  2 1 5 5 2 . 72 1 946 1 . 796090 O.OOO( 00 
1 6  I I  2 . 4  1 39 6 4 . 7 1 5950 6 ,93229 1 6 ,66 073 
1 7  H 3 . 7 1 4 1 69 5 .492565 6.660553  6 .83 1 26 

1 6  1 7  
1 6  H 0 .000000 
1 7  H 1 .  3 : 400 0.000000 

I nteratomic angle : 
l -e2-C3 1 1 9 .9479 C2-C3 -C4- 1 20.88 

C4- 5 - 6= 1 2 1 .0 1 1 2 C3- 4-C7 1 2 1 .2904 
2 - 1 - 1 20 . 1 525 1 - 2 -H9= 1 20. 1 839 

C2-C 3 - H  1 0- 1 1 9 . 1 1 0 1  4- 3 -H I O= 1 20.00 1 1 
4- 5 - H I 2- 1 1 9 . 5962 C6-C5-H I 2= 1 1 9. 3926 

C3-C4-C5= 1 1 8 . 7 1 7 1  
C5-C4-C7= 1 1 9 ,99 1 9 
C3-C2-H9= 1 1 9 , 8682 
C5-C6-H l 1 = 1 1 9 .9 1 42 
C4-C7-H 1 3= 1 1  0 .0946 

C4-C 7- H I 4= 1 1 2 .4097 H 1 3 - 7- I l I 4= 1 07 .804 1 
H 1 3 -C7-H 1 5= 1 0  .495 H I 4-C7-H 1 5= 1 07 .549 

C4-C7- H 1 5= 1 1 0 . 3 588 
C l - 8 -H I 6= 1 1 8 .943 1 

1 - - H I 7= 1 1 9 .0876 H 1 6- 8-H I 7= 1 2 1 .9693 
toichiom try C7H9  

Framework group C l [X (C7H9 ) ]  
Deg, of  freedom 45  
Ful l  pomt group C 1 lOp 1 
Largest Abel i an subgroup C 1 NOp 
Large t concise Abel i an subgroup C 1 TOp 

tandard orientat ion :  

Center Atomic  Atomic 
_ umber N u mber Type 

Coordi nates ( Angstroms)  

6 0 - 1 .426496 
') 6 0 -0. 724866 
-, 6 0 0.670 1 79 .) 
4 6 0 1 . 3 8  548 

5 6 0 0 .678874 

6 6 0 -0. 7 1 7 1 05 

6 0 2 . 896626 

8 7 a -2 .8 1 85 1 7  

9 1 0 - 1 . 2 73 1 24 

1 0  0 1 . 20693 1 

1 1  0 - 1 .256867 

1 2  0 1 . 229 1 22 

1 3  0 3 , 277335  

1 4  ( ) 3 . 32869 

1 5  ( J  3 .278009 

1 6  0 -3 . 32445 1 

I 0 -3 . 330590 

X y Z 

-0.00250 1 -0. 000344 
1 . 2 1 28 1 3  -0.000 1 23 
1 . 2 1 1 5 7 1  0 .000037 
0.00 302 0.00 1 922  

- 1 . 1 99 1 35 0.000200 
- 1 . 2 1 293 1 0 .000083 
-0. U036 1 8  -0.000830 
-0.006235  -0.000 1 78 
2 .  J 69456 0.000034 
2 . 1 735 1 1 0 .000665 
-2 . 1 72889 -0,000666 
-2 , 1 53775 -0,000 1 06 
-0 .473426 0.934640 

1 . 0 1 92 9 -0.067973 

-0. 587060 -0. 869852 

-0.926927 -0.000825 
0 .908462 -0.000335  

- - --- --- - -------- - - - - ----- - - - ------------------- -- -------------------
Rotat iona l  constants (GHZ) :  5 . 3 7 1 772 1 1 . 46 1 5 1 84 1 . 1 5 7598 1 

I sotopes: - 1 2 ,C- 1 2 ,C- 1 2,C- 1 2 ,C- 1 2 , - 1 2,C- 1 2 , - 1 4, H - I , H - l , H - 1 ,H - l  , H - l , H - l , H- l ,H -

L B - l 
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Appell dice 

tandard ba i s  6-3 1 G( d )  ( 60, 7 F )  
There are 1 3  symmetry adapted b a  i funct ions of  Y11lmetry. 

nldc e l l lnate o f l ll tegral set expansion from redundant i ntcgral s= l .OOO. 
Intet!ral bu CCer<; \\ i l l  be 262 1 44 \\ ords long. � � 
RarCcnctt i  1 i n tegral [ol1nat .  
T\\ o-c l cclron integra l symmetry i turned on .  

1 3 , ba i s  ('unct ion 260 pri m i t ive gaussians 
29 alpha ckctron _ 9 beta electrons 

nuc lear repu ls Ion cnergy 34 1 . 2445 1 93 24 Ha11rees. 
One-elec t ron Integral computed 1 I  i ng P R I  1 .  
".. Basl. 1 3 " RedAO= T BF- 1 3  

B l sc 1 3 <.; 1 .000-04 B FU- 1 3  
ProJ C'cted L DO Guess. 
Warn l 1 1g !  Cutoff for i ngle-po int  calcu lat ions used . 
Reque ted cOlwergctlce on R 1 densi ty  matri x = I .00D-04 wi th in  64 cycles. 
Reque ted com ergencc on J\II A X  densi ty matri x= 1 .00D-02. 
Requc ted COI1\ erg nce on energy=5 .000-0S . 

CF  Oone: E ( R H F )  = -324 .r2S 1 44 0 A.u.  after 6 cycles 
Com g = 0 . 1 698D-04 -V T = 2 .003 1 

* * 2  = 0.0000 
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3 .  Ulput for 4-ox .\ ana l ine  
)111bol i c  Z- l 1 1a l IT \ :  

c 

C 

o 
H 
H 

H 

H 
H 
H 

H 

harge ( )  \ [ u l t l p l l c J ly  - I 

I . J 5 5  I 
., 1 . - 0346 
... 1 . 5 1  ()6 2 .' 

4 1 .4L04 1 ... .) 
5 I J : 053 4 

I J952 1 .., 
-

4 1 . 2 2M6 3 
.., 1 . 1 03 1 3  1 -

... 1 . 1  1 -19 } -' 
... 1 . 1 1 5 3-1  2 .' 
6 I .  I U2-14 -

5 1 . 1 02 77  -I 

1 .04963 1 
7 I .U-I 6 t 

Z- MATR I X  ( ,  

[ 22 .9L 1 36 

1 1 4 . 5464 1 0. 1 2 749 0 
1 1 9 .04395 ') -0. 1 4537  0 
1 20. lJ4 1 5 1  ... 

.) 0. 1 1 5 09 () 
1 2 ( ) . () �4 79 3 1 79.9355 0 
1 20 .308 7 2 1 79. 7475 0 
1 1 9 . 72 6-1 7 0. 0 1 76 0 

I OS .6-1()86 1 - 1 2 l .02 5 8 7 0 
1 0  .6207-1 I 1 2 1 .2093 7 0 

1 1 9 . 2-1535  4 1 79.9846 1 0 
1 1 9 . 1 62 3 - 1 79. 97647 0 
1 1 9 , 1 1 -15 6  2 1 79.95 1 02 0 

1 1 9 . 1 86 1 7  2 0 , 0689 1 0 

STROT\. IS ND DEGREE S )  
C D  Cent Atom , ' 1  Lcngtll X N 2  A lpha Y 3 E eLa Z 

2 J C 1 . 3 : 5 1 03 (  1 )  
... ... .., J . : 0346-1( 2 )  1 22 .9  1 ( 1 5 )  -' .1 -

4 4 -. 
1 . 5 1 8665( 3 )  .., 1 1 -1 , 5-16( 1 6 ) O. I 2 7 (  2 8 )  0 .1 -

5 5 4 1 .-1 0-10 ' ( 4 )  ., 1 1 9 .0-1-1( 1 7 ) ') -0. 1 45 (  2 9 )  0 .) 
6 6 .5 1 -' - 0 - ') - 'i )  -I 1 20 ,9-12 (  1 8 ) '"\ 0. l l 5 ( 30 )  0 . . ) )  . ) - ) ( - .) 

7 7 '\ 1 . 3952 1 O( 6 )  2 1 20 ,Or( 1 9 ) .., 1 79 .935 ( J l ) 0 .) 
0 -I 1 . 2 26663 (  7 )  ... 1 20 . ]09( 20 ) 2 1 79 ,875(  32 ) 0 . ' 

9 9 H ') 1 . 1 03 1 26( 8 )  1 I 1 9 . 729(  2 1 ) 7 0.0 1 8C 3 3 )  0 

1 0  1 0  H 
... 1. 1 1 -1903 ( 9 )  ') 1 0  .647( 2 2 )  1 - 1 2 1 .026( 3 -1 )  0 .' 

1 1  1 1  H ... 1 . 1 1 53 3 7( 1 0) 2 1 08 . 62 1 ( � 3 ) 1 1 2 1 . 209( 3 5 )  0 .' 

1 2  1 2  H (') 1 . 1 02445( 1 1 ) 5 1 1 9 .2-15(  24 ) 4 1 79 .985(  3 6 )  0 

1 3  1 3 H 5 1 . 1 02765(  1 2 ) -+ 1 1 9 . 1 62( 2 5 )  3 - 1 79.976( 3 7 )  0 

1 4  1 4  H I 1 . 049627( 1 3 ) 1 1 9 . 1 1 5( 26 )  I 1 79.95 1 (  3 8 )  0 

1 5  1 -
H 7 1 . 04 86 - ( 1 -1 ) 1 1 9 . 1  6 (  2 7 )  2 0.069( 3 9 )  0 

Z - \, 1 at r i x  oricntat ion :  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Center A tom ic Atomic Coord inates ( Angstroms )  

L umber L 1mbcr Type X y Z 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --- - - - - - - - -- - - - - - -

1 6 0 0 . 000000 0 , 000000 0,000000 

2 6 0 0. 000000 0.000000 1 . 355 1 03 

3 6 0 1 . 26 1 1 77 0 . 000000 2 . 1 73538 

-I 6 0 2 . 5 42 -100 0 .003074 1 . 358 1 84 

5 6 () 2 . 4 5 3  78 0 ,00244 1 -0, 1 1 9575 

6 6 0 1 . 2 5 6093 0 .00 1 5 1 4  -0. 743458 

1 27 
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7 0 - 1 .2073 75 -O.O( ) 1 3 5 <) 

3 . 6  3 2 2 5  o O( )5663 
<) 0 -0.95793() -(J . ( lO I 3 73 
1 0  ( ) 1 . 263 05 -O . <) ()52r 
1 1 ( )  1 .2 6 1 779 U . <)03910 
1 2  0 J . 2 2 2 773 0.00 1 320 
1 3  0 3 . 3 8 J OO - 0. (1 1 )42 74 
1 4  0 - 1 . 1  97 6 -0. ( )OO5 5 6  
1 "- () -2 . 1 0  79  -OJ)O I 2 73 

Di lance matr i, ( angstroms ) : 
1 .., 3 4 5 

0 . 000000 

2 1 . 3 5 5 1 03 0 .000000 

3 2 . 5  L 934 1 . 503464 0 .000000 

-0.699 1 .., 

1 . 9 1 925 1 

1 .902 1 r  
.., 24329 

2 . 82682 1 

- I .  4 - 400 

-0 . 7 1 3 5 5 3  

- I .  74866 1 

-0. 1 63077 

4 I 2442 2 . 542404 1 . 5 1  665 o. oooono 

5 C 2 . 45 6 790 2 .  62900 2 . 5 84745  1 .4 040 0. 000000 

6 C 1 . 459624 2 .445 7 5 8  2 . 9 1 700 1 2 .464038 1 . 3 50525  

7 r 1 . 3 9 5 2 1 0  2 .3  :2 2 2  3 .7  7 )47  4 . 2 7 7 1 00 3 . 706 49 

o 4 . 1 09000 3 .676767 2 . 3  5 645 1 . 22 666� 2 . 3 5  - 3 5 2  

9 H 2 .  L 9 7 3 3  1 . 1 03 1 26 2 . 2 3 5 64 3 . 542 3 5 1 3 . 96 - 829  

1 0  H 3 . 2 2 3  9 -'  2 . 1 3 8995 1 . 1 1 4903 2 . 1 46959 3 . 302536 

I I  H 3 .224934 2 . 1 3 8980 1 . 1 1 - 3 3 7  2 . 1 46 750 3 . 303 807 

1 2  H 2 . 2 1 3 7 4 7  3 . 426 1 34 4 .0 1 0 1 2 1  3 . 46473 1 2 . 1 1 9926 

1 3  H 3 . 45 744 1 3 . 965 360 3 . 5  294 1 2 . 23 5 7  0 1 . 1 02 765 

1 4  H 2 . 1 1 5 043 3 . 3 2 3 995 4 .62 502() 4 . 8 5 6 1 00 3 . 99 1 2 6 7  

1 5  H 2 . 1 1 5 1 75 2 . - 98508 4 . 1 00 6 0  4 . 9 3 7 3 6  4 . 5 62966 

() 7 8 9 1 0  

6 C O. ()OOOOn 
.., 

2 .46� 6 0 .000000 

o 3 . 5 69424 5 . 5 0342 1 0.000000 

9 H 3 . 449797 2 . 6 1 3 249 4 . 5 9 1 1 98 0 .000000 

1 0  H 3 . 6 1 22 0  4 . 3 97598 2 .695009 2 . - 69740 .000000 

1 1  H 3 . 682 5 79 4 .398758  2 . 693405 2 . 569408 1 . 809240 

1 2  H 1 . 102445 2 . 686902 4 .4702 2 2  4 . 3 3 5 84 1 4 . 7 5 709 1 

1 3  H 2 . 1 2 7 1 24 4 . 5 90406 2 . 644668 5 .06809 4 .223 1 3 2 

1 4  H 2 . 6443 8 3  J .049627 6 .05 9294 3 .6 5 8  J 5 1  5 . 267904 

1 5  H 3 . 4 1 465 1 .048865 6. 1 080 1 9  2 . 364270 4 . 595298 

1 1  1 2  1 3  1 4  1 5  

1 1  H 0. 000000 

1 2  H 4 . -' - 8 779 0. 000000 

1 3  H 4 . 2 2 4 1 3 8 2 . 438788 0. 000000 

1 4  H - . 269099 2 . 4 1 4499 4 . 688485 O. OOO()OO 

1 5  H 4 . 5956 5 3 . 73 2 3 08 5 . 5 1 9406 1 . 83 2 705 

In teratomic ang les : 

0. 000000 

Appel/diee\ 

C I -C2-C3 1 22 . 98 1 4  2-C3 -C4- 1 1 4. 5464 

C4- 5-C6 1 20 .94 1 5  C2-C l - 7= 1 20. 0 74 

5 - 4-08- 1 20 .6472 l -C 2 - H 9= 1 1 9. 7 2  6 

C3- 4- 5= 1 1 9. 044 

C3-C4-08= 1 20. 3089 

C3 -C2 -H 9= 1 1 7 . 2 899 

2-C3- J I  I 0- 1 08.6469 4-C3 - H  1 0= 1 08.243 

C4-C3- H I I - I 08 . 2024 H 1 0-C3 - H l 1 = 1 08 .43 2 8 

1 2 8 

2-C:>-l-I 1 1  = 1 08.6207 

C5-C6-H 1 2= 1 1 9. 2 453 



Appendices 

4- 5 -H 1 3= 1 1 9. 1 62 6- 5 -H I 3= 1 1 9. 964 C l - 7 -H I 4= 1 1 9 . 1 1 46 
1 - 7-H I 5- 1 1 9 . 1 62 H 1 4- 7-H I 5= 1 2 1 .6992 

tOlchiometr) 6 H 7  0 
Framc\\ ork group I [ X (C6H7 0 ) ]  
Deg. o f  freedom 3 9  
Fu l l  p i n t  group Op 
Largc t bel i all ubgroup Op 
Large t con i sc  Abel ian subgroup C l Op 

tandarJ orientat ion : 
- - - ----- - --------------- - ---------- - - ---------- - -------- -------------

enter tomic Atom ic 
umber limber T)l1e 

CoorJ inatcs ( Angstroms)  
y Z 

- --------- - - --- --- - ------- ------ - - -- - - - - - - -- - -- - - - - ----- - - - - - - - ----- -

6 0 1 .34902 1 -0.003683 -0 .000 1 1 5  
") 6 0 0.693 1 1 2  - 1 . 1  946 -0.000389 
" 6 0 -0.806629 - 1 .295 1 96 0 .00 1 i 64 _1 

4 6 0 - 1 . 5 33 1 1 3  0 .038432 0 .000000 
5 6 0 -0. 7403 72 1 .288700 0.0008 1 0  
6 6 0 0 .609729 1 .2 54868 0 .00023 1 
7 7 0 2 . 743962 0.023733 -0.000260 

0 -2 .7592 1 6  0.075462 -0.00 1 2 1 7  
9 1 0 1 . 266577  -2 . 1 3 1 8 1 9  -0.00043 1 
1 0  0 - 1 . 1 22940 - 1 .864 1 56 0 .906283 
1 1  0 - 1 . 1 2-+353  - 1 . 865806 -0.902956 
1 2  0 1 . 1 72257  2 .202996 0 .000602 
n 0 - 1 . 265906 2 .258 1 87 0.000362 
1 4  0 3 .23654  0 .950596 -0 .000828  
1 - 0 3 . 2 73334  -0.88 1 740 -0. clO 1 682 

Rotat ional  constants ( G B Z ) :  5 .004 1 429 1 . 5 232688 l . 1 76762 1 
Isotopes: C- 1 2 ,C- 1 2 ,C - 1 2 .C - L,C- 1 2 ,C- 1 2 ,N- 1 4 .0- 1 6,H - l ,H - l  , B - 1 ,H - l  , H - 1 . H - l .H - l  

tandard basi s :  6-3 1 G( d )  ( 6D.  7F )  
There are 1 34 ymmetry adapted basis functions of A symmetry. 
Crude est imate of integral set expansion from redundant i ntegra ls= 1 . 000. 
Integra l b uffers wi l l  be 262 1 44 words long. 
Raffenett i  1 i ntegral fomlat .  
T\\ o-e l ectron i ntegral symmetry i s  tumed on. 

1 34 basis funct ions 252 prim i t i \  e gaussians 

29 alpha e lectrons 29 beta e lectrons 
nuc lear repU l s ion energy 34 1 . 56 1 8202 1 87 Harirees. 

One-electron i ntegrals  computed using PR ISM .  
�Bas r s= 1 34 ReJAO= T NBF= 1 34 

' BsUse- 1 34 l . OOD-04 BFU= 1 34 
Proj ected fNDO Guess. 

Warning !  u toffs for sl l1g1c-point  calcu lat ions used . 

Requested convergence on R1vl density matrix= I .00D-04 \\ i th in  64 cyc les .  

Requested cOl1 \'ergence on MAX densi ty matri x= 1 .00D-02 . 

Requested com ergence on energy=5.00D-05 . 

F Done: E( R H F )  - -360. 547039707 A .C .  a fter 7 cyc les 

COl1vg = 0 .30 1 6D-04 -V 'T = 2 .003 1 

1 29 



* * '1  - 0.0000 

-L Output for l Il tenm:d iale 1 

Tit le  'arc! Rcq Ul r�d 

)ll1bo i l c  Z- lllutri ,\ :  
barge ( ) \ l u l t l p i t c l t )  - 2 

C 1 .405 5 3  

C l . 3 9402 I 1 1 9 ,  2 3 2 9  

(' 3 1 . 404 7 2 1 20. 99269 - 1 . 7348 1 0 
e + 1 . +03 2 3 1 1  . 56729 2 + . 45902 0 

5 1 . 39.+55 4 1 2 0. 8'+44 1 3 -4.+703 7 0 

C + 1 ..+72 6 3 1 1 8 .93646 2 1 77 .45033 0 

e 7 1 . 36+36 + 1 26. 78+88 3 1 4+ . 5 86 1 2  0 

1 .46 1 +  7 1 1 8 . 86465 4 1 76 . 3 06 1 2  0 
e 9 1 . 3 5 2.+3 1 2 1 . 29683 7 - 1 78 .45 1 86 0 

1 0  1 .46 1 79 9 1 20 .2 7024 8 - 1 . 3 790 1 0 

C I I  1 . 46242 1 0  1 1 8 , 8675 9 -3 . 6025 1 0 

C 1 2  1 .3 5 2+9 1 1  1 20 .3 767 1 0  3 .6309 0 

I 1 . 3 892 ') 1 20, 1 2054 3 - 1 79. 708+4 0 

1 1  l . 2 603 1 0  1 20.70775 9 1 78 . 5 7479 0 

H 3 1 . 10 2  8 2 1 1 8 .  8 709 1 1 78 . 8 7647 0 

H 5 1 . 1 02 2 9  + 1 20 .65'+8 3 1 73 .0 1 3 3 8  C 
H 7 1 . 1 03 5 +  + 1 1 5 . 5 2 2 3 8  3 -33 . 78 1 5 5 0 

H '1 1 , 1 0 1 5 6 1 1 20 . 2 2 2 6  1 +  -0 ,32993 0 

H 9 1 . 1 0229 8 1 20. 1 +69'+ 7 0 . 5 2 8 2 7  0 

H 1 3  1 . 1 0034 1 2  1 1 7 . 8 8 893 1 1  - 1 76.045 85 0 

H 6 1 . 1 02 8 7  - 1 1 9 ,895 1 7  4 - 1 79.8893 1 0 

H 1 0  1 . 1 02 1 3  9 1 1 9 . 96902 8 1 78 . 98962 0 

H 1 2  1 . 1 03 06 1 1  1 1 9 ,83037 1 0  - 1 73 .92938 0 

H 1 + 1 .0.+9.+8 1 1 1 9 ,0,+792 2 1 79.3 1 1 96 0 

H 1 + 1 .0.+976 1 1 1 9 .03487 2 -0. 6986 1 0 

z- l AT R I X  ( A  G TROM AN D DEGRE ES ) 
C D  Cent Atom N 1 Length X N2 A lphalY N3 Beta/Z J 

I e  

') 2 C 1 .'+05 5 3 3 (  1 )  

3 3 C ') 1 , 39'+023 (  2 )  1 1 9. 8 2 3 (  2 6 ) 

.+ .+ C 3 1 .40'+865(  3 )  ') 1 20 .993(  2 7 )  I - 1 . 73 5 (  5 0 )  0 
- 5 + 1 ..+03 1 6( 4 )  3 1 1 8 . - 67( 2 8 ) ' 4 .459( 5 1 ) 0 

(j 6 C 5 1 . 3 945 5 3 (  5 )  .+ 1 20 .8-+4(  2 9 )  3 -+ ,470( 5 2 )  0 

� 7 C .+ 1 ..+ 7 2 859(  6 )  3 1 1 8 .936(  3 0 )  7 1 7 7 .'+50( ) 3 )  0 

8 C 7 1 . 3 6+364( 7 )  4 1 26 , 7 8 5 (  3 1 )  3 1 44 . 5 86( 5 4 )  0 

9 9 C 8 1 . 468 1 40( 8 )  7 1 1 8 . 865(  3 2 )  4 1 76 . 306( 5 5 )  0 

1 0  1 0  9 1 . 3 5 2.+29( 9 )  8 1 2 1 . 297( 3 3 )  7 - I  78 .452(  5 6 )  0 

1 1 1 1  C 1 0 1 .46 1 794( 1 0 ) 9 1 20 .270( 3 4 )  8 - 1 . 3 79( 5 7 )  0 

1 2  1 2  I I  1 .462423(  1 1 ) 1 0  1 1 8 . 868(  3 5 ) 9 -3 .603( 5 8 )  0 

1 3 0 

Appell dice 



--- --- - - -

1 3  1 3  1 2  1 . 3 52-l90( 1 2 ) I I 1 _0 .377( 36 ) 1 0 3 .63 1 ( 59 )  0 
l -l  1 4  I I .  ., 'n02(  1.3 )  I 1 20. 1 2 1 (  3 7  3 - 1 79. 70 ( 6  ) 0 
1 .- I S  I I  1 . 2 ,)()033(  1 4 ) 1 0  1 20.  -0 J (  3' ) 9 1 78 . 575 (  6 1 ) 0 
1 6  1 6  H ., 1 . 1 02,' I (  1..- )  I I 1 7( 3 9 )  I 1 7  . 76( 62 ) a -) 
I '  1 "'1  I l  5 1 .  1 022  5 (  1 6 ) -l 1 20 .655(  40) 3 1 73 .0 1 3 ( 63 ) 0 
I ,  I I  7 1 . 1 0 .35 3'(  1 7 ) -+ 1 1 5 . 522 (  -+ 1 ) 3 -33 . 782(  64 )  0 

1 9  1 9  I I  ') 1 .  1 ( )  1 56-+( 1 » )  1 LO.223(  42 ) 1 4  -0. 3 30( 65 ) 0 -

20 20 I t  9 I .  1 0229 1 ( 1 9 ) ) 1 20 . 1 -+7( -+3 ) 7 0 .528 (  66) 0 
2 1  2 1  H 1.3 1 . 1  ( )03 36( 2( ) )  1 2 1 1 7 .  9( -l4 ) I I  - 1 76.046( 6 7 )  

22  2 2  I I  () 1 . 1 {)2 7-+( 2 1 )  5 1 1 9 .895( 45 ) -+ - 1 79.  9(  68 ) 0 

2 3  _3  T r  1 (1 1 . 1  ( )2 1 2  ' (  2 2 )  9 1 1 9 .969( 46)  1 78 .990( (9 ) 0 

24  _-+ l [  1 2  I .  I U3 ( )63 ( 2 3 ) I I  1 1 9 . 30( -+ 7 )  1 0  - 1 73 .929( 70)  
- ') -

- ) - ) H 
2 6  _ 6  [ 1  

1 -+  

1 -+ 

1 .0-+94 ' 7( 24 ) I 1 1 9 .048( -+ ) 2 1 79 .3 L ' t 7 1 ) 

I .049 757( 2 5 )  1 1 1 9 .035 (  -+9)  2 -0.699(  7 2 )  

Z-p- l atr ix  orientat ion :  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Center Atomic Atomic Coord inates (Angstroms) 

1 umber �umber Ty11e X Y Z 

- - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

6 0 0. 000000 0 .000000 0. 000000 
") 6 U 0.000000 0 .000000 1 .405533  -

.., 
-) 6 0 1 . 209403 0 .000000 2 .0988 1 8  

4 6 0 2 . -+3 5 6 5  -0.036458 1 .4 1 4262 

.5 6 U 2 . -+23 5 3 5  0 .022770 0.0 1 1 748 

6 6 0 1 . 220-+ 70 0.0225 1 7  -0.693527  

7 6 ( )  3 .68660-+ 0 . 022436 2 . 1 89490 

6 0 -+ . - -+ 6-+ -0 . 62283 3 1 .905 728 

9 6 0 6 .U2 5 76 -0 .375372  2 . 7 5 599 1 

1 0  6 0 7 . 2 1 6 1 3  -0 .96-+5 5 3 2 . 50 1 1 40 

1 1 6 0 7 . .1 5 -+09 1 - 1 . 892262 1 . 3 79905 

1 2  6 0 6 . 1 6  - I ')  ) � - -2 . 230298 0. 593242 

1 "  -) 6 0 -+ . 48 1 992 - 1 .636 1 42 0 .854689 

1 4  7 ()  - 1 . 2 0 1 605 0 .006 1 1 5 -0.697 1 3 1  

1 '::- 0 8 . -+885 1 9  -2 A36243 1 . 1 1 3 376  

1 6  1 0 1 . 1 9 1 475 0 .0 1 893 5 3 . 20 1 39 1  

1 7  0 3 . 36463 7 0 . 1 1 2 1 29 -0. 555 1 5 0 

1 8  0 3 .64987:2 0.636828 3 . 1 05443 

1 9 ( )  -0 .95 1 7 79 0.0 1 0324 1 . 9600 1 7 

20 ( ) 5 . 952 1 3 3 0 .3 1 4595 3 . 6 1 2-+77 

2 1 0 -+. 1 02765 - 1 . 968685 0.282750 

22  U 1 . 2292 5 7 0.06766 1 - 1 . 7954-+ 1 

I '"  � .)  ( ) 8 .085 3 3 5  -0. 75026 1 3 . 1 43995 

24 0 6 . 23 2 54 5 - 3 . 003 1 68 - 0 . 1 9 1 1 82 

2 5  ()  - 1 . 1 8 1 936 0. 0 1 703 2 - 1 . 746366 

26 0 - 2 . 1 02 896 -0 .000490 -0. 1 5896 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - -- - - - - - - - - - - - - - - - - -

Di stance matrix ( angstroms) :  

1 2 
.., 4 5 _1 

0.000000 

1 3 1  

0 

0 

0 

a 
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2 C 1 . 405 5 3 3  o. oooono 
3 2 .4223  '2 1 . 394023 0 .000000 
-.+ 2 .  1 67 1 '"  2 . 4359-.+6 1 . 4()-'+ 6 - O.OOO()( JO 
5 2 .423670 2 . 79 - 3 2  2 .4 1 46-.+ 1 1 .-.+03 ' 1 6  o.OOO( )OO 
6 C 1 .403935  2 .428 1 90 2 . 792-.+57  2 .433707 1 . 394553  
'7 4 . 2  7 22 3 . 769 1 04 2 .-P  96 1 1 .-.+72 59  2 . 5 1 r 1 9  
� C 5 . 2 5 2-.+ 7 1 .. L 92 00-.+5 3 . 703 222  2 . : 3 72 1 3  3 . 1 -l8783 
<) 6 .63()73 '""' 6 . 1 860-.+ 1 -.+ .  75-l6-.+ 3 .  -.+r96 4. 545920 
1 0 � . 69"'96 7 . 36229-'+ 6.09(i 9 7-'+ -l .989: 5 5  5 .490075 
1 1  C ' . 7 1 '7995 7 . 5 93 ()79 6 .4695 1 9  5 . 2 5 70 1 2  5 .463-.+77 
1 2  C 6 . 5  '6 1 0 9  6. ()09-'+4 1 5 . 642 1 -'+9 -.+ .406959 -.+ .4090 1 1  
1.3 C 5 . 3 1 2975  5 . 2 7263 1 -+'296 1 � 9 3 .05 746 3 . 1 63 5 80 
1 -.+  '\ 1 . 3 <:  9202 2 . 42 1 79-.+ 3 .60 1 927 4 .205 885  3 . 693 836 

1 5  L .90 1 1 1 5 . 8360-'+0 7 . 73 9 6  6 .5 1 8 1 7 7 6.636593 

1 6  II  3 . 4 1 5973  2 . 1 5 5 24-.+ 1 . 1 0288 1 2 . 1 7  2 76 3 .4 1 9328  

1 '"  H 3 .4 1 1 97 1  3 . 95  -.+ : .420695 2 . 1 82582 1 . 1 02285 

H 4 . 834345 -l .0763 72  2 . 7 1 5646 2 . 1 88087 3 .3 8406 

1 9  B 2 . 1 7  9 1 _  1 . 1 0 1 5 64 2 . 1 65 660 3 .-'+3 1 -l3 3 . 897262 

20 H 6 .969709 6 . 35 5 l 99 4 .98 34  -'+ . 1 6 1 849 5 .049892 

2 1  H -.+ . 5 5 9424 -.+.6 7 1 ] 4  3 .9-l2 76 1 2 . 79 1 606 2 .6 \ 997 

22 H _ . 1 76984 3 .429 - 6 1  3 . 894 98 3 .4305 1 6  2 . 1 60()22 

23 H . 70 74 _ 8 . 3040 2 6.995264 5 .95 1 499 6 . 5 1 648 1 

24  H 6 .920995 7 . 1 00220 6 .2  -+5 1 0  5 .07  894 4 .86R 8-+ 

2 5  H 2 . 1 0  805 3 . 366264 -'+ . 5 _ 8 1 60 -'+ . 804 1 0-+ -+.0 1 1 2 8 7  

26  H 2 . 1 0  9 6  2 .62 1 03 7  -l .00 606 4 . 803625 -+ .5 29709 

6 7 8 l) 1 0  

6 C 0. 000000 

7 C 3 . 793 90 0 .000000 

C -'+. 5 1 -l-l9 1 . 36-+36-l 0. 000000 

9 C : .92 607 2 . -+39-l39 1 . -+68 1 -+0 0. 000000 

1 0  C 6 .865002 3 .678 1 6-+ 2 . -+59 1 -l2 1 . 3""2-+29 0 .000000 

1 1  C 6 . 75 1 00 -l .2 1 5680 2 . 85 2 1 1 8  2 .44 1 1 08 1 . 46 1 794 

1 2  C - . 5 8696-l 3 . 7 1 25 1 1 2 .-+56 1 20 2 . 852825 2 . 5 1 7873 

1 3  -l . 3 9 2 8 5 5  2 .492 1 09 1 . 465 -+92 2 .  - 08776 2 .8 55389 

1 4  I r 2 .422 1 33 5 .67692 1 6 .62 1 93 7  8 .0 1 9009 9 .0570 1 6  

1 - '\J 7 .  8 2 5 72 5 . 50 1 04 7  4 . 1 3 76 8 3 . 607009 2 . 3897 1 0  

1 6  H 3 . 95017  2 . 6925 1 2  3 .9383 1 0  -+ . 70754 6 . 1 44-l42 

1 H 2 . 1 50495 2 . 7649 1 5  2 .969� 7 1 -+ . 275855 5 . 0333 1 1  

1 8  H 4 . 5 50993 1 . 1 03 5 3 8  2 . 1 \ 6087 2 .606060 3 .95573 7 

1 9  H 3 .-+29302 4 .6-+4072 5 . 84 1 2 1 -l  7 .03 3 3 8 5  8 .24: c 69 

20  H 6 .-+04343 2 .69 1 2 5 8  2 . 2 3 5 1 69 1 . 1 0229 1 2 . 1 1 400 1 

2 1  H 3 . 63670 - 2 . 788084 2 . 2 3 8499 3 . 5 1 4756 3 .952547 

22 H 1 . 1 02874  -+ .68 1 909 5 . 22682 6 .62 709 1 7 .4-l 1 023 

23  H ' . 902540 -+ . 5669-l4 3 . -l62 1 00 2 . 1 29062 1 . 1 02 1 28 

2-+ Ii 5 .  76054 4 .6 1 5 5 92 3 .4585 1 2  3 .953972 3 . 5 1 7386 

25  H 2 .622986 6 .260485 7 . 0844 1 7  8 . 50742 1 9 .462 1 60 

26 I I  3 . 366 1 62 6 .247727  7 . 2  4 1 2 8 .64365 1 9 . 739( )96 

1 1  1 2  1 3  1 4  1 5  

l i e 0. 000000 

1 2  1 . 462-l23 0 . 000000 

1 32 
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Appel/dice 

1 2 . '+-00 1 1 1 . 352.+90 0.000000 
1 .+  9 .006 - '+'+ 7. 093 1 3  6 . 5  3466 0 .000000 
1 5  1 . 2 6033 2 . 3  649 1 3 . 6059'+ 1 1 0 . 1 55 63 0.000000 
1 6  I I  6 . 70.+rO 6.0 2.+ 77  .+ .75 5.+5\) .+ . 574436 7 .977 1 27 
1 '7 J J .+ .  6 - 98 1 3 . 829 23  1 . 7676 - 9 4 . 569678 5 .960902 
I 1 1  4 .  05 727  .+ . 56  934 3 . 46:087 6 . 1 96304 6 .06832 8  
1 9  H . 5407 1 '  7 . 5  ()20 6 . 2.�63 76 2 .668 70 9 . 78885 7 
20  r J 3 . 43 8034 3 .95462 3 . 5 1 4533  8 . 357263 4 .49954 1  
2 1  H 3 .432304 2 . 1 05279 1 . 1 00336 5 . 744244 4 .-+88 1 39 
22 H 7 . 1 71009 5 .9'+ 34 1 .+ . 8999 1 '+ 2 .668 1 76 8 .2 1 1 43 3  
23 H 2 . 22506 1 3 . 5 1 7246 3 .956 23 1 0 .078373 2 .669927 
24 H 2 . 12 7 1 71 l . 1 03063 2 . 1 27554 8 .036 65 2 .666964 
25 H 9 .2c  50 .03.+5 1 9  6. 9 1 .+ 79 1 .0'+9477 1 0. 3 78554 
26 H 9 . 766347 .599664 7 .34 1 560 1 .04975 7 1 0 .942 1 1 3  

1 6  1 7  1 8  1 9  20 
1 6  I I  0.000000 
1 7  H 4 . 3 '+0 .+3 0 .000000 
1 H 2 . - 36673 3 . 708990 0 .000000 
1 9  H 2 .476 1 7  4 .9967 7 4 . 7  3273  0.000000 
20 H 4 . 7  7 5 1 2  4.909709 2 . 3 79353 7 . 1 05435 0.000000 
_ I  H 4 . 5 7653  2 .36 1 503 3 . 867997 5 .68 1 384 4 .440790 

22 H 2 .469 47  5 . -+95634 4 .343233 7 . 1 84 1 5 7 

23 H 6.059075 4 .6.+7454 9. 1 46023 2 .429804 

2.+ H 4 .2.+9993 5 . 5'+ 648 8 .082283 5 .055097 

25  H 4 . 700996 6 .875360 3 . 7 1 3 529 8 .927524 

26  H 4 . 705 76 5 . '+83025 6 .6'+5065 2 . 4 1 1 490 8 .899807 

2 1  22  ..., ,, �.) 24 25  

2 1  H 0. 000000 
22 H -+ '0 933 1 0.000000 

23 H 5 .052934 8 .4895 72 0.000000 

24  H 2 .4 1 4690 6.08576'+ 4 .430782 0.000000 

2 5  H 5 . 999037 2 .4 1 2224 1 0. 506507 8 . 1 5 5656 . 000000 

26 H 6 . 525 269 3 . 7 1 29.+2 1 0. 7 36'+69 8 . 859836 1 . 835296 

26 
26 H 0. 000000 

In teratomic angles : 
C l  -C2-C3= 1 1 9 . 233 C2- 3 -C4= 1 20 .992 7 C3-C4-C5= 1 1 8 . 5673 

C'+-C5 -C6= 1 20 .8'+44 C3 -C4-C7= 1 1 8 .9365 C5-C4-C7= 1 22 . 1 069 

C'+-C7- = 1 26 . 7849 C7-C - 9= 1 1 8 . 8647 C8-C9-C I 0= 1 2  1 . 2968 

C9-C I 0-C l 1 = 1 20.2702 C I O-C I 1 -C I 2= 1 1 8 . 8675 C I 1 -C I 2 -C I 3= 1 20 .3 767 

C2-C l - ' J 4  1 20 . 1 205 1 0-C l l - l J 5= 1 20.7077 C I 2 -C I 1 -N I 5= 1 20 .3886 

C2-C3-H  1 6= 1 1 8 . 887 1 C 4-C3 -H J 6= 1 20. 1 1 74 C4-C5-H 1 7= J 20.6548 

C6-('5 -H I 7= 1 1 8 .4544 C4-C7-H 1 8= 1 1 5 . 5224 C8-C7-H I 8= 1 1 7 .6738  

C 1 -C2 -H  1 9= 1 20 .2226 C3-C2-H 1 9= 1 1 9 .95 1 2  C8-C9- H 2 0= 1 20 . 1 469 

C l ()- 9-H 20= 1 1 8 . 5486 C I 2-C I 3 -H 2 1 = 1 1 7 . 8889 5-C6-H 22= 1 1 9 . 8952 

C9- I O- H 2 3= 1 1 9 .969 C I I -C I O-H23= 1 1 9 . 7597 C I I -C 1 2 -H24= 1 1 9 .8304 

C 1 3-C I 2 -H24= 1 1 9 .7482  C I - 1 4-H25= 1 1 9 .0479 C l - 1 4-H 26= 1 1 9 .0349 

H 25- .  1 4- H 26= 1 2 1 . 9 1 72 

Sto ich iometry C J 3 H  J 1 2 ( 2 )  

Framc\\ ork group C l [X ( C 1 3 H l  J 2 ) ]  
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Deg. [ freed m 7:2 

fu l l  point group l\..lOp 1 
Large t Abel ian ubgroup I Op 
l argest onc isc Abel i an ubgroup I Op 

tandard rientat ion : 
-------- ------- ---- --- - - - - -- - ---- -- - - -- - --- ---- - - - ----- ---- -- ------ - -

enter tomlC Atom ic oord inates (Angstroms) 
umhl!r umber Type X )' Z 

--- --- - ---------- ---- - -- - ----- -------------------------------------- -

4 
5 
6 
7 

9 

1 0  

1 1  

1 2  

1 3  

1 4  
1 5  
1 6  
1 7  
1 
1 9  

20 
2 1  
1 1  
23 

24 

2 5  

2 6  

6 

6 

6 

(1 
6 

6 

6 

6 
6 
6 

6 
6 

6 

7 
7 
1 

1 

1 

o 

o 

o 

o 

( ) 
() 

o 

() 

() 
o 

o 

o 

() 

o 

o 

o 

o 

( )  

o 

o 

o 

o 

o 

o 

o 

() 

3 . 75-+3 :9 -0 .39_524 

"1 .4 76963 0.8 3 9 1  
� . 1 85452 1 .40 1 5 1 7  
1 . 1 4 1 672  0 .65 1 43 1  
1 .443222  -0 . 596936 

2 . 730992 - 1 . 1 26 1 4 1  
-0. 1 92 5 73 1 . 263673 

- 1 . 395427 0.6343 5 7  

-2 .626206 1 .399 1 36 
- 3 . 843494 0.8 1 6920 

-3 .96030 1 -0 .592879 

-2 . 7483 1 - 1 . 3 35536  
- 1 . 534892 -0 .745654 
5 .040543 -0.9 1 1 868 

-5 . 1 1 1 8 1  - 1 . 1 62067 

1 . 989 1 7  2 .4 1 2 1 94 
0.676462 - 1 . 1 6240 1 

-0.20 1 594 2 . 349747 
4 .278544 1 . 479772 

-2 . 5 7 1 445 2 . 46548 1 

-0.656546 - 1 . 3 1 9432 

2 .950 1 1 9  -2 . 1 092 1 0  

-4. 752565 1 . 407744 
-2 . 826567 -2 . 369399 

5 . 23 1 2 70 - 1 . 862080 
5 . 7933 76 -0 .342395 

-0.0 1 9979 
-0 . 5 38960 
-0.453 1 56 
0. 1 1 "1888  
0. 680763 

0. 600954 

0.2333 1 6  
0.096960 
0.333030 

0.24 1 932 

-0. 1 26394 
-0.470253  
-0. 376 1 0 1 
-0.096746 
-0 . 1 88974 

-0. 8485 74 
1 . 235 1 64 

0.42866 1 
- 1 .  03542 

0. 6068 1 2  

-0. 707805 
1 .050276 
0.439926 
-0. 84675 5  
0.305899 

-0 .5 5602 1 

Rotat ional  constants ( GH Z ) :  2 .0462076 0 .255 7983 0 .2338403 

Appell dice 

I sotopes : C- 1 2 ,C - 1 2 ,C - 1 2 ,C- 1 2 ,C- 1 2 ,C - 1 2 ,C- 1 2,C- 1 2 ,C- 1 2 ,C- 1 2 ,C- 1 2 ,C- 1 2 . - 1 2 , - 1 4 , 

- 1 4 . H - l ,H - l  , H - 1  , H - l ,H - l ,H - l , H - l ,H - l  , H - l , H - l , H - l 

Standard basi : 6-3 1  G ( d )  (6D ,  7 F )  

There are 2 4 7  Sy1nmetry adapted basis funct ions of  A symmet ry. 

Crude est imate of i ntegral set expansion [rom redundant i ntegrals= I .000. 

I ntegral bu ffers \\ i l l  be 262 1 44 \yord long. 

Ra[fenett i  2 in tegral format. 

T\\o-electron i ntegral  symmetry i s  turned on. 

247  basi [unct ions 464 prim i t i \'c gaus ians 

52 alpha electrons 5 1  beta e lectrons 

nuc lear repu l sion energy 835 .2774756736 Hartrees. 

One-electron in tegra ls  computed u ing PR J  M .  
Basls= 247  RedAO- T N B F= 247 
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Appell dice 

Bs e 2.+ 1 . 000-0'+ BF 2r 
ProJccted I DO uess 

< * * 2  ' oC l 11 l l 1 a l  guc s 1 . 1 S2 0  
Warning !  Cutofr f�)r s ingle-point ca lcu lat ions used. 
Reqnc (e  I COJ1\ crgellce 011 R l\ l  dens l (Y  matrix= I .00D-04 within 64 cyc l es .  
Reques(cd com crgcllce on l\ l :\ X  density ma(rix= I .000-02 . 
Req llc ted COI1\ ergence 011 encrgr-5 .00 0 -0 5 .  
Com ergcllcc ) J 1  energ� . uclta-E 2 .  6 0-06 

F Oollc :  F ( l H F )  -607 . 5 : 1 l ()( ) 5 5 5  A .  . a fter l .+ cyc les 
OI1\ g O. I O'+'+ D-OJ - \ ' T = 2 . 00 1  

Annih i lat ion or  the fi rst spi n  contaminant :  
* *  _ be f�)[(' annih i lat ion 2 . 645 2 .  a fter 6.0 1 65 

5 .  Output for I I1 termeuwte ::: 
-----------
# H r 6-J I G* 
---- - ------ - -- - ----
S:111bo l i c  Z-l11atri x :  
Charge o \ l u l t ip l i c i ty = 1 

1 .'+03 3 

C ') 1 . 39 - 3 1 1 1 9 .92.+09 -
C ., 

1 . .+0 1 62 ') 1 20 .  9587 1 0 .095 5 4  0 -' -
c .+ 1 . 3992 - .., 1 1 .67693 2 -0. 1 3 094 0 

C .:- 1 . 395( ) 1 .+ 1 2 1 .0743 3 0 .07 l 0 

C .+ l . 5 1 1 1 3 3 1 2 1 . 1 2057 7 - 1 79. 5 8 703 0 

C 7 1 . 5 0968 4 1 09 .9836 3 1 1 0 .399 1 8  0 

C 8 l AO 1 65 7 1 2 1 . 1 63 3 1 4 1 1 0 . 84026 0 

C 9 1 . 3 (r 2 7  8 1 -0 .945 2 5  7 - 1 79.65004 0 

C 1 0  1 A032 9 1 1 9 .938 1 4  8 0 . 1 7685 0 

C 1 1  1 . .+02 9 1 0  1 1 9 . 5 8048 9 -0.03743 0 

C 1 2  1 . 39506 1 1  1 1 9 . 86973 1 0  -0.09784 0 

� 1 1 . 3 9 1 93 2 1 20 . 1 2984 3 1 79 . 88748 0 

1 1  1 . 39 1 5 8 1 0  1 20.2062 1 9 1 79 . 8 509 0 

H 3 1 . 1 0 1 03 7 1 1 9 . 1 1 44 1  1 - 1 79.6 1 607 0 

H 5 1 . 1 02 76 .+ 1 1 9 .67 1 69 3 - 1 79 . 7 2 3 3 4  0 

H 7 1 . 1 1 '+08 .+ 1 1 1 .4096 1 3 - 1 0 .47765 0 

I l  7 1 . 1 1 3 2 3  4 1 08 . 88399 3 - 1 2 7 . 1 85 1 4 0 
H 7 1 . 1 02 3 9  1 1 20. 1 8688 1 .+ 0.02 5 2 5  ()  

H 9 1 . 1 0 J 42 8 1 1 9 . 979'+9 7 0 . 1 6792 0 

H 1 3  1 . 1 02 49 1 2  1 1 9 .30.+26 1 1  1 79 . 8 3 5 69 0 

H 1 2  1 . 1 0204 1 1  1 20.237 1 8  1 0  1 79 .84327 0 

H 6 1 . 1 0266 5 1 1 9 . 9 1 03 1 4 - 1 79 . 8 1 69 0 

H 1 0  1 . 1 02 0 1  9 1 1 9 . 89405 8 1 79 .95325  0 

H 1 .+ 1 . 04995 1 1 1 8 .97793 7 - 1 79 .9 1 6 1  0 

H 1 .+  1 . 04896 1 J 1 9 . 06839 2 0. 1 2 1 8 7 0 
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I f  
B 

1 - 1 . 04952 1 1  1 1 9 .0302 1 0  - 1 79 .9534 1 0 
1 5  l . ( )49 3 1 1 1 1 9.03 1 3 6 1 0 0. 1 1 323 0 

-- - - - - - --- - -- - ---- - - --- - ---- - - - ------ -- - - -- -- ---- - ---- - - - -- -- -- -- - - -- - --

Z-\ l  \TR T X  ( TRO :- l  D DEGREE ) 
o Cent .\ t011l '\ 1 Length X [2 .\ Jpha Y 3 Bela Z 

------ - - - ---- - - --- - - ------ - ----- --- - -- - - - ----- - -- - ------ - - - - ---- - - --- - --

, 2 1 .403 2 7( I )  
... ., , 1 . 39529d 2 )  1 1 9 .92.+(  2 9 )  -' -' 
4 4 ., 

1 .40 1 620( 3 )  -' , 1 20 .  96( 3 0 )  I O .096( 5 6 )  ( ) 
5 5 4 1 . 399246( 4 )  ., 1 1 . 677( 3 1  ) ') -O. 1 3 1 (  - 7 )  () -' -
6 6 5 1 .3950 1 2( 5 )  4 1 2 1 . 07 4( 3 2 )  ., 

0.07 I (  5 u )  0 .) 
7 4 I . : 1 1 l 2 6( 6 )  ., 

1 2 1 . 1 2 1 ( 3 3 ) 2 - 1 79. 5 8 7(  5 9 )  0 -' 
L 7 1 . S09679( 7 )  4 1 09 .98 4 (  3 4 )  3 1 1  0 .399(  (0 ) 0 
9 9 C 1 . 40 1 649( ) 7 1 2 1 . 1 63 (  3 5 ) 4 1 1 0 .  40( ( 1 ) 0 
1 0  1 0  9 1 . 39S2 73 (  9 )  1 20.945( 36 ) 7 - 1 79 .650( 62 ) 0 
1 1 1 1 1 0  1 .403 I 97 (  1 0 ) 9 1 1 9 .93 ( 3 7 )  8 0. 1 77( 63 ) 0 
1 2  1 2  C I I  1 . 402 93 (  1 1 ) 1 0  1 1 9 .5 80( 3 ) 9 -0.03 7( 64 ) 0 
1 3  1 3  C 1 2  1 . 395063(  1 2 ) I I  1 1 9 . 8 70( 3 9 )  1 0  -0.098( (5 ) 0 
1 4  1 4  1 1 . 3 9 1 930( 1 3 )  2 1 20 . 1 30( 40) 3 1 79 . 8 8 7  66 ) 0 
1 5  1 5  I 1 1 . 3 9 1 5 7 ( 1 4 )  1 0  1 20.206( 4 1 ) 9 1 79 .85 1 ( 6 7 )  0 
1 6  1 6  H ., 

I . I O I 034(  1 5 )  .2 1 1 9 . 1 1 4( 42 ) I - 1 79.6 1 6( (8 ) 0 .' 

1 7  1 '7  H 5 1 . 1 02 7 5 8( 1 6 ) 4 1 1 9 .672(  43 ) 3 - 1 79. 723(  69 ) 0 
1 1 H 7 1 . 1  1 4683 (  1 7 ) 4 1 1 1 . 4 1 0( 44 l 3 - l OA 78( 7 0 )  0 
1 9  1 9  H 7 1 . 1 1 32 3 2 (  I ) -+ 1 08 . c 84( 45 ) 3 - 1 2 7 . 1 85 (  7 1 ) 0 
20  2 0  H ') 1 . 1 02 3 89( 1 9 )  I 1 2 0. 1 7 (  46 ) 1 4  0.025 (  72 ) 0 -
2 1  2 1  H 9 1 . 1 0 1 4 1 8 ( 2 0 )  1 1 9 .979( 4 7 )  7 O. 1 68e 73 ) 0 
2 2  2 2  H 1 3  I . I 02486( 2 1 )  1 2  1 1 9 .304( 4 ) I I  1 79 .836( 74 ) 0 

23 2 J H 1 2  1 . 1 02044( 22 ) I 1 1 20 .2 37( 49 ) 1 0  1 79 . 843(  75 ) 0 
24 24  H 6 1 . 1 02 658 (  2 3 ) 5 1 1 9 .9 1 0( 5 0 )  4 - 1 79 .8 1 7( 7 6 )  0 

2 5  2 5  H 1 0  1 . 1 02009( 24 ) 9 1 1 9 . 94( 5 1 ) 8 1 79 .95�(  77 ) 0 

2 6  26 H 1 4  1 . 04995 1 (  2 5 )  I 1 1 8 .978 (  5 2 ) 2 - 1 79 .9 1 6( 78 ) 0 
') 2 7  H 1 4  1 .048957 (  2 6 )  1 1 1 9 .068( 5 3 ) 2 0. 1 22 (  79 ) 0 

J 

2 2 8  H 1 5  1 .0495 2 1 ( 2 7 )  1 1  1 1 9 .030(  5 4 )  1 0  - 1 79 .953(  80 ) 0 

29 29 H 1 5  1 .0497 3 3( 2 8 )  1 1  

Z- L at ri x orientat ion :  

Center Atom ic  Atomic  
!\'umber 'umber Type 

1 1 9 .03 1 (  5 5 )  1 0  0. 1 1 3 ( 8 1 ) 

Coordi nates ( Angstroms ) 
X y Z 

-- - - - - - - -- - - - - - - - - ---- - - - - - - - - - - - - -- - - - - - - - - - - - ---- - - - - - - - - ------ - ---
6 0 0.000000 0.000000 0 .000000 

2 6 0 0. 000000 0. 000000 l A03 827 

3 () 0 1 . 2092 8 7  0. 000000 2 .099874 

4 6 0 2 A3 3 029 0. 002006 1 . 4 1 6508 

5 6 0 � .420746 0 .00 1 2 1 2  0. 0 1 73 1 6  

6 6 0 1 . 2 1 9645 -0 .00003 5 -0.69220 1 

7 () 0 3 . 745640 -0.007309 2 . 1 65 1 52 

8 6 0 4A3 5 247 - 1 . 3 3 7 5 82 1 . 9809 1 1 
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9 

1 0  

1 I 

1 2  

1 3  

1 ..+  

1 __ 

1 6  

1 7  

I e  

1 9  

_ 0  

2 1  

2 2  

2 3  

2 ..+  
J �  - )  
2 6  

_ 7  

2 

2 9  

6 

6 

6 

6 

6 

1 

1 

I 

1 

I 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
( )  
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

5 .6 1 1 65 - 1 .446425 

6 .24 1 2  9 - 2 . 679430 

5 .694 1 - -3. 33040 

4 . - 1 - (7 -3 . 73 5 7 5 1 

3 .  9 1 79 - 2 . 49599 

- 1 . 203 64 -0.002364 

6 .3 1 5955 - . 066 1 29 

l . 1 93 739 -0.006446 

J . 3 74073 -0.00 1 864 

3 . 594000 0. 1 73394 

4 . 3 76272 O. 33 036 

-0 .9 - 2 9 1  -0.00229 1 

6 .050053 -0 .55 1 05 2  

2 .970699 -2.430698 

4 .075 1 93 -4 .635226 

1 . 2 3 2 365 -0.003699 

7 . 1 6 - 1 6  -2 .745226 

- l . 1  2 75 5  -0.00366 

- 2 . 1 0486 1 -0 .002 1 83 

5 .  90504 - 5 . 9 1 7 1 3 1  

7 . 1 97 1 89 -5 . 1 1 75 8 1 

Di  tanee matrix ( angstroms) :  
1 2 3 4 5  

0.000000 

2 C 1 . ..+03 27 0.000000 
3 C _ .423 1 9 1 .395298 0.000000 

1 .2 26703 

1 .0 5 3 3 5 5  

1 . 63 5 5 6 1 

2 . 3900 1 3  

2 . 5 5 7482 

-0.698695 

1 .463675 

3 . 200780 

-0 .5369 70 

3 . 2 5 4 5 8 8  

1 . 797 1 7 1  

1 .9 5 8 1 3 _ 

0 . 7 5 8472 

3 . 1 49927 

2 . 8"+9922 

- 1 . 794779 

0.456243 

- 1 . 748433 

-0. 1 6 1 5 5 8  

1 . 9067 1 0  

0 . 895592 

..+ C 2 . 8 1 - 3 3 8  2 .433063 1 .40 1 620 0 .000000 

5 C 2 .420 0 2 . 7  9699 2 .40929 1 1 . 3 99246 0 .000000 

6 C 1 .4023 8 2  2 . 425050 2 . 792094 2 .43289 1 1 . 3 9 50 1 2  

C 4 . 32 6402 3 . 82 2236 2 . 5 37204 1 . 5 1 1 1 26 2 . 5 2 3 6 1 2  

8 C 5 .038308 4.668 3 5 8  3 .494295 2 . 4742 5 2  3 . 1 1 5492 

9 C 5 .923483 5 . 79 7 7 7 7  4 . 7 1 5447 3 .498236 3 . 706776 

1 0  C 6 . 8 73 3 2 5  6 . 80 1 1 67 5 . 796 1 7 1  4 .67 1 704 4 . 7807 7 1 

1 1  C 7 .056378 6 .868 1 23 5 . 9 1 8045 5 .039002 5 . 2 94946 

1 2  C 6 . 3 2 9 1 66 5 . 942957 4 .997 1 5 0 4 . 3 8 8 1 09 4 . 89723 0  

1 3  C 5 .2 8 8 3 3 8  4 . 77040 1 3 .697236 3 . 1 1 2637 3 . 85633"+ 

1 ..+  1 . 39 1 93 0  2 .422786 3 .695307 4 . 207267 3 . 69465 6  

1 5  . 22 795 7 . 096945 7 . 2 2 1 3 89 6.3 84772 6 . 5 5 :) 0 5 6  

1 6  H 3 .4 1 6 1 45 2 . 1 5 7 3 3 5  l . 1 0 1 034 2 . 1 72450 3 . 4 1 1 7 5 1  

1 7  H 3 . 4 1 6 5 3 "+  3 . 9243 7 3 .4 1 1 634 2 . 1 68330 1 . 1 0/.] 5 8  

1 8  H 4 . 8 5 1 72 5  4.046 2 5 9  2 .6 5 5 2 3 7  2 . 1 807 7 1  3 . 447622 

1 9  H 4 . 803699 4 .472 1 3 3 . 2 8 8673 2 . 1 47489 2 . 7 7 1 984 

20 H 2 . 1 7 7680 1 . 1 023 9 2 . 1 66820 3 .428969 3 . 8 92069 

2 1  H 6 . 1 2 2 2 6 1 6 . 1 09 2 7 8  5 . 0533 1 9  3 . 7 1 776 1 3 . 745 1 54 

2 2  H 4 . 9654 1 9  4 . 2 1 6  95 3 . 1 0 1 69 3 . 035 1 07 4 .003734 

2 3  H 6 . 79 8 1 30 6 . 3 3 9062 5 . 5 0 1 02 8  5 . 1 23992 5 . 679560 

24 H 2 . 1 7 7 1 47 3 ,42780 1 3 . 894724 3 .4284 1 0  2 . 1 670 1 7  

2 5  H 7 . 6  66 1 5  7 . 73 1 3 5 3  6 . 760940 5 . 5 5 540 - 5 .4995 5 6  

26 H 2 . 1 1 09 ] 0  3 . 3 66848 4 . 5 3 1 1 5 3 ..+ . 805286 4 . 0 1 2868 
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2 7  J I 
2 <  I I  

29 I I  

2 . 1 1 1 05 3  2 . 623 1 42 4.0 1 2 ]  8 -+ . 0445 1 

. 5 64 2 _ 9  .3644 1 1 7 . 5 4 7420 6 . 8 72453 

. 1 �6443 . 4:760 7 .96 369 7 . 0 1 2 75 6  

() 7 9 1 0  

0 . 000000 

3 .  L '  U 0.000000 

S -+ . 3 902 9 1 1 .  0967 9  0.000000 

9 C 5 . 00639 2 . 5 364 7 1 .40 1 649 0 .000000 

4.529 1 4 1  

7 . 1 1 5 8 5  

7 . 05 604 

] 0 C 5 .9 5 3 405 3 .  2 1 595 2 .43366 1 1 . 3 9 5 2 7 3  0. 000000 

I I  ( 6 . 3 3  - 066 4 . 3 2 5970 2 . 8 1 63 5  2 .422 794 l .4OJ 1 97 

1 2  C 5 . L S  2 1 8  J .  1 3 743 2 . .+34 1 3  2 . 792082 2 .424992 

1 :  C 4. 9 5 3  2 . 5 2 403 l .40 1 0 0 ]  2 .4 1 0 1 0 1  2 . 7903 79 

1 4 "\] 2 . .+23 - 1 9  5 . 7 1 8324 6.3 4565 7 . 2 2 7988 8 . ] 03497 

1 5  7 . 50 2 3 64 5 . 7 1 7 5 3 9  4 . 20792 7 3 . 695 1 92 2 . 42 2864 

1 6  H 3 .  9 3 0 7 2  2 . 75403 3 . 7 1 0442 5 .0486 1 6  6. 1 0 1 97 1  

1 �  I T  2 . 1 600 1 3  _ . 72 75 5 - 3 . 04 1 3 7 5  3 . 1 943 83 4 . 2 3 3 1 34 

1 H 4 . 609205 l . 1 1 46 3 2 . 1 4 7 7 8 9  3 . 2 8 74 1 1 4 .47 1 260 

1 9  H 4 . 1 05 5 1 7  l . ]  1 32 3 2  2 . 1 79 1  0 2 . 654723 4.045 8 5 8  

2 0  H 3 .42 6979 "+ . 703092 5 . 5 5 1 1 76 6 . 76 1 1 99 7 . 729290 

2 1  l-I 5 .0 73 5 5 0  2 . r40 3 8  2 . 1 7269 1 1 . 1 0 1 4 1 8 2 . 1 5 720 1 

2 2  H 4 .  7 1 98 7  2 . 7 2  2 1 0  2 . 1 6942..+ 3 .4 1 2074 3 . 892846 

_3 H 6."+9505 4 .689897 3 .429 1 79 3 . 894 1 0 1  3 .42 7064 

24 H l . 1 02 6 5  4 . 690 1 62 5 . 1 2 7 722 5 . 5 1 2623 6 . 3 5 3009 

2 5  H 6 . 64 6 2 7  4 . 702099 3 .429073 2 . 1 66 5 3 8  1 . 1 02009 

2 6  H 2 . 6243..+0 6 . 293 269 6. 7 3 8 1 1 7 . 5 5 0 2 5 7  8 . 3 74 1 3 5 

2 �  H 3 . 3665 9 6 .296 1 86 7 . 0 1 0..+ 5 4  7 . 97 2 3 1 2  8 . 8488 3 5  

::: H 7 . 9 7 3 9 1 3  6 . 2923 1 6  4 . 80 5 7 8 3  4 . 5 307 1 5  3 . 366597 

29 H . 0 2 7 5 40 6 . 2960 1 9  4 .805688 4.0 1 2 5 97 2 . 6 2 3 5 8 8  

1 1  1 2  1 3  1 4  1 5  

I I  C O. OOOOOD 

1 2  C 1 .402 93 0. 000000 

1 3  C 2 . 4_ 1 5 1 2  1 . 395063 0.000000 

1 4 "\J . 2 2  469 7 . 4960 1 1 6 . 546 1 24 0 .000000 

1 5 }; 1 . 3 9 1 5 78 2 . 422685 3 . 694269 9 . 3 20 1 5 2  0. 000000 

1 6  H 6. 1 1 1 294 5 .059605 3 . 73 1 7 1 6  4 . 5 7 7600 7 . 40G4 1 8  

1 7  H 4 . 9 78084 "+ . 8 79769 4 .008 868 4 . 5 80792 6 . 1 89024 

1 H 4. 04 - 89 4 . 1 083 07 2 . 7 7 5 6 3 2  6 .2 1 92 3 1 6 . 1 70008 

1 9  H 4. 5 1 3 5 2  4.609 1 95 3 . 448060 6 . 1 69696 6 . 2 1 882 1 

2 0  H 7 . 6 7 8 804 6 . 6 3 5 4 5 6  5 .4 8 7 3 20 2 .66865 5 8 . 8 7260 1 

2 1  H 3 . .+ 1 5 73 9  3 . 93440 3 .4 1 3 1 82 7 .4 1 9 1 45 4 . 5 77546 

2 2  H 3 . 4 1 7 3 02 2 . 1 603 83 1 . 1 02486 6. 1 7 5408 4 . 5 803 5 8  

2 3  H 2 . 1 7 7092 1 . ] 02044 2 . 1 66368 7 . 8 692 1 4  2 . 66990 1 

24 H 6. 8073 5 4  6 . .+97700 5 . 6 798 1 5  2 .67 1 445 7 . 8 7963 1 

2 5  H 2 . 1 7 6 5 89 3 . 4265 1 3  3 . 892369 8 . 882447 2 . 668834 

2 6  H . 5 67939 7 . 9 703 2 3  7 . 1 1 1 1 5 3 1 . 04995 1 9 .6008 74 

27 H 8 . 8 73 1 1 8  8 . 0 1 7487 7 . 046 1 89 1 . 04895 7 9 .95907 1 

2 H 2 . 1 1 0794 2 . 62 3443 4 .0 1 2 1 09 9 . 5 9 70 1 3  1 .0495 2 1  

2 9  H 2 . 1 1 0979 3 . 3665 7 8  4 . 5 29685 9 . 964 1 80 1 .049733 

1 6  1 7  1 8  1 9  20 

1 6  H 0 . 000000 
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1 7 I I  -u 2 7 1 99 () , OOOOO() 
I l  H 2 .-+ 0 '590 J .  0 1  9 � O.OOOO( )O 
1 9  H 3 . 5 �L 1 79 2 .6'J 1 . 7 0770 0.000000 
20 H 1 4, ( )365 4 .994 1 3  -+ . 73 1 3 72 - .396634 0 .000000 
2 1  H - .4(13 ( )  1 3 .0_ 3 3 50 3 . 5 75977 � .4075 1 7  7 . 1 26 1 1 7  
" I I  3 ' ( )O() I 4 .433-+ 1 3  2 .679692 3 .  0230 4 .765720 
2J H 5 .4« ,65 1 : . 7L 1 924  4. 49 -49 - .5 76 I I  6 . 89499 
24 I i  4 99: � ()9 2 .4 ,. 3 747 5 . 577 1 66 4 .  46274 4 .342775 
25  1 I 7 I l l)' 7 4 :\ . .:' 1 7  - . 394656 4 .730749 8 .6995 55  
26  I-l 5 . 49( )2 1 3  4. 7 1 5 1 1 6  0 .9 ) 946 1 6 .646364 3 . 7 1 3686 
, �  I I  4 . 7 1 02 1 1  5 .49 1 7  0 6 .646645 6 . 2 1 97 1  2 .4 1 2493 
2 l� I I 7 .6596 ()2 () . � 7709 1 6.647 1 95 6.9 1 8790 9 .045443 
29 H . 2 1 456 1 6 . 545 1 52 () .822 1 { 6.64<S _4 9 .6  0857 

2 I " 2 J  24 25  
� 1 H O.O( ) ( JOOO 
2� H 4 . 328342 O.OOOQOO 
, "'  I I  4 .995469 2 .4  39 1 9  0.000000 
24 H 5 .479 54 5 . 776006 7. 1 48 43 0.000000 
25 1 -1  2 .4  9 62 4 .994 4 1  4 . 3 4 1 630 6 .9 1 2396 0 .000000 
26 H ' .6-44 4 6. 6 - 5 3 5  8 .3  1 062 2 .4 1 5 - 65 9 .058948 
27  H C . 224982 () . 528776 8 . 290 1 4 3 . 7 1 5440 9 .687073 
2 I I  5 .-k9 73 4 .  1 4454 2 .4 1 4 1  4 8 .3885 6 1  3 . 7 1 3436 
29 B 4 . 7 1 0404 - .492230  3 . 7 1 4692 8 .304758 2 . 4 1 2908 

26 " , 29 
26 H 0 .000000 
, - B 1 3 :335  O.UOOOOO 
, H 9 .9 1 7666 1 0. 1 5  2 - 8 0 .000000 
29 H 1 0 . 1 6692 1 0.66 3 1 7  1 .  3 5 502 0.000000 

I nteratomic  angles :  

Appendice 

C I -C2-C3 = 1 1 9 .924 I 2 -C3-C4= 1 20 .8959 
C4- 5 -C6= 1 2 1 .0743 C3-C4-C7= 1 2 1 . 1 206 
C4-C7-C = 1 09.9 3 7  C7-C8-C9= 1 2 1 . 1 633 

C9-C 1 0-C l l = 1 1 9 .93 I C I O-C l l - 1 2= 1 1 9 .5  0 -

C3-C4-C5= 1 1 8 .6769 
C5 -C4-C7= 1 20 .2003 

C8-C9-C I O= 1 20 .9453 
C I I -C I 2 -C 1 3= 1 1 9 . 8697 

C2-C I -N I 4= 1 20. 1 298 1 0-C I 1 -N I 5= 1 20.2062 
C2-C3 -H I 6= 1 1 9 . 1 1 44 C4-C3-H 1 6= 1 l 9 .989 1 
C6- 5 - H I 7= 1 1 9 . 2 537  C4-C7-H I 8= 1 1 1 .4096 
C4-C "- H l = 1 0  .884 -C7-H I 9= 1 l 1 .4726 
C l -C2-H20= 1 20. 1 869 C3-C2-H20= 1 1 9 .8889 

C l  0-C9-H 2 1 = 1 1 9 .075 C I 2-C I 3 -H22= 1 1 9 . 3043 
C I 3 -C I 2 -H23- 1 1 9. 893 1 C5-C6-H24= 1 1 9 .9 1 03 
C I I -C I O- H 2 5 = 1 20. 1 674 C I - 1 4- H 26= 1 1 8 .9779 

C 1 2  C l 1 - 1 5= 1 20 .2 1 32 
C4-C5-H 1 7= 1 1 9 .67 1 7  
C8-C7-H I 8= 1 08.9209 

H I 8-C7-H 1 9= 1 06. 1 264 
C8-C9- H 2 1 = 1 1 9 .9795 
C I 1 -C I 2-H23= 1 20 .2372 
C9-C l O-H25= 1 1 9 .894 1 
C I - 1 4-H 2 7= 1 1 9.0684 
C l l - 1 5 - H 29= 1 1 9 .03 1 4 H 26- T +- H 2 7= 1 2 1 . 9537  C I I - 1 1 5 -H 28= 1 1 9 . 0302 

H 2  - ' I S -H29= 1 2 1 . 93 84 
StOIch iometry C 1 3 H 1 4  2 
Frame\\ ork group C l [X (C 1 3 H 1 4N 2 ) ]  
Deg. o f  freedom 8 1  
Fu l l  poi n t  group Op 

Largest Abel ian subgroup 1 Op 

Largest conc i se Abel ian subgroup C l Op 
landaI'd orientat ion :  
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--- - - - -- ---- -- - -- - --- --- --- ------ ------ - -------- ----- ---- --- -------- -

enter Atomic Atomic oord inate ( Angstroms)  
1 ·umber "lumber TyVc :'\ Y Z 
- - - - - - ----- - -------- - -------- ---- - ------------ - - -- - ----- ---- ---------

3 
4 
5 
6 
7 

9 
1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  

1 7  

1 
1 9  
20 
2 1  
/ /  
23  
24  
') �  _J  
26 
,) 7 
28  
29  

6 
6 
6 
6 
6 

6 
6 

6 
6 

6 

6 
6 
7 
7 
1 
1 
1 

1 
1 

1 
1 
1 

o - 3 . 5 26924 -0.666723 -0. 1 0492 1 
() -3 . 23 1 785 0.070 1 49 1 .05294 1 
o -_ .094779 O. 77906 1 .092965 
() - 1 . 2 3 7006 -0.0 1 1 29 
o - 1 . 540809 - 1 . 1 60 1 62 
() -2 .67327() -0. - 3 99 - 1 . 2 1 447 1 
o 0.000673 1 .  3444 1 0.029233 
o 1 . 2 3665 1 O .96765() 0 .042432 
o 2 . 099 99 0 .9 1 495 - 1 .060748 
o 3 . 2 3 7 1 r  0. 1 1 024 1 - 1 .0.+6-+23 
o 3 . 5 26959 -0.670847 0 .082677 
o 2 .6680 1 3  -0.63 1 29_ 1 . 1 9 1 1 69 
o 1 . 53 - 970 0. 1 3 542 1 . 1 64205 
o -4.6587  3 - 1 .475 702 -0. 1 48689 
o '+ .65800 1 - 1 . 48 1 3 2 1  0. 1 0 1 766 
o - 1 .  72624 1 ..+45 1 32 2 .0 1 0 1 22 
o -0. 747 1 7  0 .284342 -2 .037272 
o 0.009073 2 .4896 8 0 .930953  
o -0 .00843 5 2 . 5 1 7  26 -0 .849509 
o -3 . 89.+653 0 .0 1 0743 1 .93 1 769 
o 1 .  2870 1 . � 2 1 222 - 1 . 956705 
o O .  65 74 0 .20539  2 .039402 
o 2 . 883 5 )  - 1 .242264 2 .082586 
o -2 .  92 705 - 1 . 1 60807 -2 . 1 28 1 90 
o 3 . 903564 0 .08'+23 7  - 1 .923 703 
o -4 . 86 1 -+  9 - 2 . 0 1 999 1 · 1 .02336'+ 
o -5 .284066 - 1 . 523235  0 .692 1 8  
o 4 .856663 -2 .058439 0 .955560 
o 5 .287945 - 1 . 496666 -0 .73 7802 

Rotat iona l  con tants (GHZ ) : 1 A  1 62000 0 .2 73605 7 0 . 2680968 

Appell dice 

I sotopes: - 1 2 ,C- 1 2,C- 1 2 ,C- 1 2 ,C- 1 2 ,C- 1 2 ,C- 1 2 ,C- 1 2 ,C- 1 2  C- 1 2 ,C- 1 2 ,C- 1 2 , - 1 2 , - 1 4, 

T- 1 4 ,H - 1 H - l , H - l , H - l , H - l , H - l ,H - l . H - 1 , H - 1 , H - l , J-f · l ,H - l ,H - I , H - l 

tandard basi s :  6-3 1 G(0 ) (6D,  7 F )  

There are 2 5 3  sym metry adapted basis [unctions of  A yl11l11et ry. 

Crude est imate of i ntegral set expansion from red undant i ntegrals= l .OOO. 

I ntegral buffers \\ i 11 be 262 J 44 words long. 

Raffenet t i  1 in tegral format . 
Two-el ec tron i ntegral symmetry i s  turned on .  

253 bas i s  funct ions 476 pnmi t i \'e gaussians 
53  alpha e lectrons 53  bela electrons 

nuc lear repu l sion energy 888 . 1 5 24672 1 84 Hartrees. 

One-elect ron i ntegra ls  computed using P R J  M .  

'Basi s- 253  RedAO= T N B F= 253  

l Bs se 253  1 . 00D-04 B F  = 253  

Projected IJ ' DO Gue s .  
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Appeftdic(! 

\\'aming! uto ff: for i ngle-point  ca lcu lat IOns used . 
Requc ted com ergence on R l\ l  densi ty  matrix= 1 .00D-04 wi th in  64 cyc les. 
Rcquc ted C011\ crgcnce on \ l A X  densi ty  matri -x= 1 .00D-02 . 
Rcqllc led com ergencc on cnerg)=5 .00D-OS .  

r Done:  ( RH F )  -609 .3 1 05 4 ) ) .U .  a rter 6 cyc les 
I l\  g = 0 .20 1 6D-04 - \' T = 2 .  029 

* * 2  = 0.0000 

1 4 1  
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