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Abstract

In the present study; Carbon-13 nuclear magnetic resonance proton decoupled

relaxation of the alkyl chains has been considered in the 5cB, and the resuLts has

been compared to deuterium relaxation in alkyl chains. In this work a previous

model that worked well has been extended for the aromatic core. The following

improvements has been introduced:

1. Experimental order parameters is used for the individuai positions'

2. The formulas for correlation times in terms of one or more diffusion time(s)

are found and evaluated.

3. The diffusion times are frtied to the experimental 13C results.



Acknowledgements

The work presented in this report is carried out in partial fulffllment of the

requirement for obtaining the MASTER OF SCIENCE (MSc ) degree under

the supervision of Dr. John Schell Lewis.

I am very grateful to my supervisor, Dr. J' S. Lewis for his valuable advice,

patient, support, guidance, and assistance during ihe course of this project'

I would like to thank Dr. J. s. c. McKee and Dr. A. Sebak for their willingness

to examine this work.

I would like to thank S. Bergen, W. Klassen, H. Rhoda, and Dr' J S' C'

McKee for their assistance'

I would also like to thank my friends; Ali Amer, and Hassan Zaghl whose

assistance I gratefully acknowledge.

I wish to express appreciation to the Secretary of Scientific Resea'rch in Libya

for the finnacial support given to me during the course of my studies.

I wish to extend my appreciation to my parents and family especially my

uncle Mohammad, my brother Abdurrahman, and my friend Ali dalelah for their

continued support and encouragement from the other side of the world'

I wish to expÌess my deepest appreciation to my dear wife Mufrda, my dear

dauglrter Hajar, and my dear son Mohammad for providing encouragemetlt and

Ioving distraction.

Finally, I give my sincere thanks io Atmighiy Allah for His grace and blessings

through this long effort'

vl



TABLE OF CONTENTS

CHAPTÐR PAGE

Abstract v

Acknowledgements

List of Figures

List of Tables . '

1. Introduction
1.1 The Hisiory of N'M.R. spectroscopy

1.1.1 The Discovery of Liquid Crysials

1,.2 Nuclea.r Spin Relaxaiion . . . .

Theory

2.7 The Carbon-13 Chemicai Shifts and Spin Lattice Relaxation Times

Analysis

vt

tx

D

2

ó

4

I
74

20

20

26

Õz

38

44

2.

3.1 MODEL A

3.2 MODEL B

3.3 MODEL C

3,4 MODEL D

3.5 MODEL E

4. Conclusion

APPENDICES. . . .

4.. ABDS Program

A.1 ABD5.FOR....
4.2 ABDS,DAT

A.3 ABD5.OUT....

56

56

63

o+

vu



CHAPTER PAGE

B, HRES Program 68

8.1 HRES.DAT ...... 68

B.2HRE5.OUT.... 69

C. ABDT Program

c.1 ABDT.FOR . .

C,2 ABD7.D.AT

C.3 ABD7.OUT....

D. JDTLA0 program

D.1 JDTLAO.FOR. .

D.2 JDTLA.O.DAT. .

D.3 JDTLAO.OUT .

E. JDTLAS program

8.1 JDTLAs,DAT. .

8.2 JDTLAs.OUT .

References

72

72

79

80

83

õó

90

91

94

94

95

97

vIu



LIST OF FIGURES

F'TGURE PAGE

i.1 30.7 MHz deute¡on NMR spectrum of (5CB-dr¡) in the nematic phase 6

7.2 Molecule of 5OB-drs showing the atomic labelling 6

1.3 The molecule 4-n-pentyl-d11-4'-cyanobiphenyl-da showing the nu-

clear labelling of the deuterons used '.. '.. 7

2.I Carbon-13 FT NMR specira.(A) is a spectrum of nematic 5CB. ' ' 15

2.2 The temperature dependence of C9-C13 alkyl relaxation times of

5C8..

2,3 The chernical shifts as function of temperature dependence of the

alkyl C-13 line positions in 5CB

_LO

3.1 Dongl results vs. Model ,4' results

3.2 Dong2 results vs. Model Ä results

3.3 Model À results vs. Carbon Number

3.4 Dongl results vs. Model B results

3.5 Dong2 results vs. Model B results

3.6 Model B results vs. Carbon Number

3.7 Dongl results vs. Model C results

3.8 Dong2 results vs. Model C results

3.9 Model C results vs. Carbon Number

3.10 Dongl results vs. Model D results

3.11 Dong2 results vs. Model D results

3.12 Model D results vs' Carbon Number

3.13 Dongl results vs. Model E results

tx

18

24

25

26

30

31

36

38

42

43

44

48



FIGURE P,A.GE

3.14 Dong2 results vs. Model E results 49

3.15 Model E results vs. Carbon Number 50



LIST OF TABLES

TABLE PA'GE

2.7 Experimental relaxation times in 5CB, with T1 (sec) as a

function of temperature. (Äctivation energies in KJ/moles) 17

2.2 Experimental chemical shifts (ppm with respect to TMS)

for 5CB as a function of temperature. . 19

3.1 ÄBD5.DAT 22

3.2 The output of the program ABDS.FOR 23

3.3 Calculated Model Ats spectral densities versus Dong's

spectral densities ... " ' 23

3.4 Calculated Model Ats relaxation rates versus Beckmannts

relaxation rates ' '., " 27

3.5 HRE5.DÄT 28

3.6 The output of the program HRES.FOR 29

3.7 Calculated Model Bts spectral densities versus Dongts

spectral densities

3.8 Calculated Model Bts relaxation rates versus Beckmannts

relaxation rates ...... 33

3,9 ABDT.DAT 34

3.10 The output of the program ABDT.FOR 35

3.11 Calculated Model C's spectral densities versus Dong's

spectral densities . '.. ' ' 35

3.12 Calculated Model C's relaxation rates versus Beckmannts

relaxation rates .. '.. ' 39

29



TABLE PAGE

3.13 JDTLÄO.DAT 40

3.14 The output of the program JDTLA0.FOR . . 4I

3.15 Calculated Model Dts spectral densities versus Dongts

spectral de¡rsities

Calculated Model

relaxation rates

JDTLAs.DAT

47

3.16

3,17

3.18

3.19

3.20

Dts relaxation rates versus Beckmannts

45

46

47The output of the program JDTLAS.FOR . .

Calculated Model Ets specúral densities versus Dongts

spectral densities

Calculated Model Ets relaxation rates versus Beckmannts

relaxation rates

47

51

xll



CHAPTER 1



CHAPTER 1

Introduction

1.1 The History of NMR spectroscopy

The development of magnetic tesonance spectroscopy ranks among the most

important advances in chemical physics during the past four decades. The princi-

pal ideas behind magnetic resonance are cortmon to both electron spin resonance

(E.S.R) and. nuclear magnetic resonance (N.M.R), but there are differences in the

magnitudes and signs of ihe magnetic interactions involved, which naturally lead

to divergence in the experimental iechniques employed [CMD].

The history of NMR spectroscopy is a classic example of the development of

an original discovery in one branch of science leading to a routine technique used

in all branches of chemical science lLoF]. The first NMR signals were indepen-

dently observed by two groups of physicists in 1945; Bloch, Hanser and Packard

at stanford university detected a signal fr.o¡n the protons of water, and PuÌcell,

Torrey and Pound at Harvard university observed a signal from the protons in

parafrn wax. Bloch and Purcell were jointly awarded the Nobel Prize for physics

in 1952 for this discovery, In 1949 and 1950, a number of investigatols noted that

nuclei of the sarne species absorbed energy at difierent frequencies and so the phe-

rlolu.enon of the chemical shift was discovered. since that time, the development

of NMR techniques has been rapid. The first commercial high resolution proton

NMR spectrorneter was produced in 1953 and such cw (continuous lvave) proton

spectrometers lvere an integral part of most research and teaching laboratory for



many years,

The greater problerns associated with 13C NMR, mainly due to the much lower

sensitiviiy of this nucleus in natural abundance compared with protons, were not

satisfactory overcome uniil the introduction of commercial FT (Fourier transfor-

rnaiion) spectrometers about 1970 [LOF], Now' however, FT spectrometers are

an essential part of most modern laboratories and with this technique the NMR

signals of almost any nucleus with magnetic moment can be detected routinely,

and the relaxation behavior of the spins siudied.

1,1.1 The Discovery of Liquid Crystals

The discovery of liquid crystals dates back to one hundred years ago' The term

'liquid crysial, implies a state intermediate between the liquid and crystalline

states, partaking somewhat of the properties of both. This description is especially

apt for NMR spectra but, in many cases not for NMR relaxation [CHN] ' As will

be considered below, we are concerned here with the class of liquid crystal referred

to as 'thermotropic': organic molecules which display a mesogenic phase or phases

between their solid and liquid phases.

Let us limit ourselves to sirnple NMR interactions, specifically interactions

which either do not involve interactions between spins, that is to quadrupole in-

teractions and chernical shifts, or else interactions between but iwo spins, namely

dipole-dipole interaction' The study of NMR relaxation provides, in principle, a

powerful means of studying the molecular dynamics of liquid crystal IDON,EMS]'

In par.ticular, with NMR the experimentalist has the unique ability to observe the

dynamical behavior of individual atomic sites in a molecule [SHM].

To interpret these obselration requires theories which explain not only the

general but also the detailed features of tl¡e molecular dynamics involved. one



poweÌful test of the validity of NMR theories of relaxation in a liquid crystal is to

cornpare deuterium relaxation with the carbon-13 relaxation of a carbon bound

to the equivalent proton in an undeuterated molecule [VLD]'

In the present study We co¡rsider carbon-13 nuciear magnetic resonance proton

decoupled relaxation of ihe alkyl chains in the 5cB, and compare the results to

deuterium relaxation in alkyl chains. we extend a previous model that worked

well for the aromatic cole, and introduce the following changes:

1. Experimenial order parameters is used for the individual positions'

2. The formulas for correlation ti¡¡es in terms of one ot mol.e diffusion time(s)

are found and evaluated.

3. The difiusion tirnes are frtted to the experimental 13C results'

To show that the results are plausible, the model is then used to predict

something else; specifrcally the deuterium relaxation times and/or ihe high ffeld

13C relaxation times.

l'2 Nuclear SPin Relaxation

There are a large number of published papers concerned wiih nuclear spin

relaxation in liquid crystalline samples [1tr4D]. The majority of these observe the

decay of a pertuÌbed proton magnetization and most observe only the total mag-

netization arising frorl all protons. these experiments yield just one relaxation

time, which is difficult, if not impossible to relate to the details of molecuia¡ mo-

tion in the liquici crystalline phase [LUI{]. The molecules forming liquid crystal

phases are almost invariably non-rigid and of low symmetry' As a consequence,

describing their deiailed motion is a formidable task requiring, in general, numer-

ous time dependent angular corlelation functions, Nuclear spin relaxation studies



can provide a useful test of theories of motion if relaxation data related to several

cliffe¡ent sites in a molecule can measured a different temperatures and at different

nuclear resona¡lce frecluencies.

The most general methods of studying nuclear spin relaxation at sev-

eÌal sites in a mesogen are to use either deuterium [L]N] or carbon-13 reso-

nance [CHA,FGE,HUT]. For the latter it is essential to decouple ali the protons

whilst observing the carbon resonances, but availabie experimental methods can

lead to extensive sample heating. As a consequence carbon-13 NMR is difficult to

apply to the study of relaxation in liquid crystaliine sarnples where temperature

siability is essential. The method does resolve several locations on the core, but

resolution of the chain deteriates for long chains. However, deuteron magnetic

resona,nce is an excellent method for investigating relaxation phenomena provided

thai suitably deuteriated rlesogens can be synthesized. The spectra comprise well

separated doublets from the chain, bui the aromatic core locations are not rvell

resolved, arising from the nuclear electric quadrupole interaction and spin relax-

ation is dorninated by the fluctuations in time of the laboratory components of

this interaction and is entirely intramolecular in origin. The site selectivity of

the spectra is demonstrated in frgure 1.1 by ihe deuteron NMR spectrum of the

nematogen 4-n-pentyl-d¡-4'-cyano-2,3,5,6-da-biphenyl (5CB-dls) whose structure

and nuclear labeliDg are shown in figures 1.2 and 1.3. we will use this selectivity

to allow a re-interpretation of the alkyl carbon-13 spectra in the nematic phase'

The spectra 5CB is shown in figure 2'L.



Figure 1.1: 3O.7 }.{IIz deuteron NMR spectrum of 4-n-pentyl

-d11-4t-cyano-2r3) 5t6- da-biphenyl (5CB-d15) in the nematic phase' The

peaks are labelled with their assignment using the numbering of fig-

ures 1.2 and 1.3 (from [TUR])'

R2
D

C5

Figure 1.2: molecule

(from [TUR]).

R4 R3

of 5CB-d15 showing the atomic labelling



C=N

óD
4

Figure 1.3: The molecule 4-n'pentyl-d11-4t-cyanobiphenyl-da showing the

nuclear labelling ofthe deuterons used (from [BEC]).
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CHAPTER 2

Theory

In the conventional experiment a zr pulse is used to invert the spins and the

recovery observed wilh a nf2 pulse. For the case of carbon-13 it is assumed that

appropriate proton decoupling is used. For the case considered here the recovery

is indeed exponential and follows:

M,(t): Mo(1 -2 e-t/r'z) (2.1)

We desire to calculate T12' For the case of quadrupolar spins ?iq can also be

measured, but the experimental aspects of this determination wiil not concern us.

The primary source ofboth deuterium and carbon-13 relaxation is the modula-

tion ofthe appropriate interaction by molecular angular fluctuations(AFs) [DON].

The carbon-l3 Zeeman spin-lattice relaxation tate (R1s6 - Tlzrc) due to AFs

modulations of the dipole-dipole inieraction of the carbon-13 with a single directly

bonded proton is

R176 - A6slJ¡(r" - rr) * 3J1(us) * 6 J2(a6 ¡ ¡,:¡¡) (2.2)

where ø6, is the 13C resonance frequency, øg is the 1If resonance frequency, and

1
4cn : l(tc ln h I r'ca)"

where 'yc and 'y¡¡ are the 13C and 1.I/ gyromagnetic ratios, respeciively, ñ' is

Planck's constant divicled by 22, and 16,¡¡ is the 13C-1ll bond lengih IVOD,ABR]'

If a sample's directory is parallel to the magnetic field then the deuterium



Zeeman (Rtzo) and the deuterium quadrupole (Erql) spin lattice relaxation

Rtz o = AplJl(u6) + 4J 2(2us)l

where the spectral densities

resonance frequency, and

(2.3)

Rteo:3ADJ{øs) (2.4)

Jo(a) arc defined later in this chapter, a,l6 is the 2D

AD : ßr2 l2)(e" qQ lh)'

where e2qQ/h is ihe quadrupole coupling constant [DRY]. One of the advan-

tages of deuterium relaxation is Lhat Rtzo and -R1ç¡ can be measured simulta-

neously [VOD] and so equations 2'3 and 2.4 are easily solved to yield "11(ø6) and

Jz(2uo), providing only that A¿ is known.

In the case where the carbon is not directly bonded to a proton, there is still

dipole-dipole relaxation with neighboring protons but it is necessâry to include an

additional relaxation contribution due to chemical shift anisotropy [LEW]' The

13C spinJattice relaxation due to chernical shift anisotropy is

Rrzcst = A6s¡Jps¡(ø") (2.5)

with
3.Acs,t: 
"(ucozz)"

where oss is the component of the shielding tensor along the director, and the

"CSA" subscript indicates that the spectral density differs slightiy from those used

in equations 2.2, 2.3, 2.4.

We consicler frrst Dong's iheory [DRY] for rod-like mesogens for the special

case where the long molecular axis and the para-axes of the rings coincide wiih the

principal axis. The rnolecular dynamics are assumed to be adequately described by

10



treating the rnolecule as a symmetric top with rotational diffusion constants D¡¡ and

Dr about the long molecul.ar axis, and with internal ring rotation uncon'elated

to molecular tumbling and described by a rotational diffusion constant Dp for

rotation about the para-axis,

If i¡rternal ring rotation is ignored then the correlation time for the overall

molecular motio¡r is

rpql : (Dll - Dt)st + @tl þ3,) (2.6)

where tlre Þ|o arc functions of the order parameter 1 Pz ) which is given by

Nordio and Segre [NOR]. Internal ring rotation can be included by adding a term

in D¡ so that ecluation 2.6 becornes

,*' -- (D'lþ3n) + (Drr - D')q', + Dn(l - óqo) (2.7)

with áqo the Kronecker delta.

For the case of an alkyl chain equation 2.6 ot 2.7 will only be of interest if

interaction between aromatic protons and chain carbon occur. We expect the

carbon of the chain closest to the co¡e to have a set of r# similar to equation 2.6'

As carbon at an infinite distance along ihe chain would have the isotropic result:

r;1 : (D;16) (2.8)

where (i) is equai the carbon number. In chapter three four different models have

been used to analysis the data which are the following:

For rnodel A and B;

T(IA,IB) - DPAR* (1 + (IB - 1) x +2)

Where DPAR: Di, and D; is the diffusion constant characteristic of the spin'

T(IA,IB) = rÃ1, and (IB - 1) ++ I = Q2' By changing these variables I got the

following model:

r-q1 -Di(L+q2)

11



For modei C:

T(rA,rB) - DPAR

which will change to

f;; : Dt

For model D:

T(IA,IB) - DPARIB(IA,IB) + DPAR+ QQ

where B(IA,IB) = Bro, and Bro is the rotaiion matrices; which will change to

'*t = D¿lBro+ D;q'

For model E:

T(rA,rB) - DPARIB(IA,IB) + DPAR+ 8Q + DPAR

which will change to

r-' = D;lBpc* D;q2 * Dt

The spectral densities can be written as

J,(a) : fo K(p,o)rpol(L ¡ r'1(,) +

fi n(p,\)rorl(+ø'rlr)+

Í2 K(p,2)rp2l0 + ,Ð2îh) (2.9)

wiih

o(p,q) - < [Dfn(oo)l'>

-l < Dln(ao 2 l26po6qo (2.i0)

where the D2onQ6 arc lVigner rotation matrices written as functions of the Euler

angles Os which transfo¡m from the molecular to the director frame' The rc(p,q)

12



are given by Freed [FRD] as functions of. < P2 >-< D30(Oo) > and < P¿ ]:1

Doto(O.) >'

Fo¡ both quadrupole and dipole-dipole inte¡actions the f,, are given by

Ío = ld\o@'r)]" - (3cos2B1¡ - 1)' l 4

Í' : ld?o@,r)1" - (3sir,'z27ß) I 8

ir : ldTo@ re)l' - (3sin4p1F)/8 (2. i 1)

where B1p is the angle between the local symmetry interaction (for dipole-dipoie

and quadrupole interactions, ihe C-H and C-D bond, respectively) and the para-

axis of the ring. For chemical shift anisotropy the f,, are given by

where ø,, and ør, are the components of the shielding tensor perpendicular to the

direcior [WIT].

Reiaxation can occur not only from modulations arising from angular fluctu-

ations (AFs) but aiso from order director fluctuations ODF) rvhich can modu-

late any of the interactions considered above [DON,ABR,WIT,DGY]' The ODF

contributions to the 13C dipole-dipole andl30 chemical shift anisotropy can be

approximated rvith

(2.13)

(2.1.4)

(2.15)

where k is Boltzmann's constant, K is the average elastic constant, D is the trans-

Iation diffusion constant, and 4 is the rotational viscosity. As can be seen from

Ío:1, h:0, and f"-$lq(T)t

R?"'[ : Aorto'
noDF t IODFttr265a : .öc sA¿ t

únn - 
SlcT < Pz >2 ,^'rt : +ã;aoxçnn v¡rrato

(2.12)

with

13



equation 2.11, the oDF contribution to the dipole-dipole relaxation of a proto-

nated carbon wiih a l¡ond angle of 70.5" with the director is much smaller than the

AFs contribution, while frorn equation 2.I2 it can be seen that the oDF and AFs

contributions to the chemical shift are similar [LEW]. There are corrections to

equations 2.13 a¡rd 2.14 due to the high frequency cutoff [DON,FRD] and a cross

term between oDF and AFs IDON,FRD], but both of these corrections are s¡nall

in the present situation. In practice ODF does not appear to be an important

source of relaxation in alkyle chains.

2.t The Carbon-13 Chemical Shifts and Spin Lattice Relaxation

Times

The carbon-13 chemical shifts and spin lattice relaxation times have been

measured for all of the resolved resonances in the nematic and isotropic phases of

4-cyano-4'-n-peniylbiphenyl (5CB) [PEE]. The spectra 5CB is shown in figure 2'1'

The chemicai shift assignments for the aromatic carbons in both phases and ihe

alkyle carbons in the isotropic phase follow from the results for 5CB [BOC], rviih

the sequence along the chain being C9, C11, C10, C12, C13, etc. In the nematic

phase of 5CB ihe relaxation times suggest that C10 and C11 order is reversed;

this is reasonable, and the carbons closer to the aromatic core should be more

highly ordered in the nematic phase and thus the c10 line should be shifted more

than the cL1 line at the phase transition. Because c10 shifts curve the most, c10

t¡ust have biggest or.der parameter,and so must really be next to core and thus

is really c9. The assignment of the alkyl line with the largest chemical shift as

being due io c9 is cluestionable for the nematic phase, and this assignment rvill

be reconsidered in this work. For the alkyl chain, the resonances of the terminal

carbon and the next to terminal carbon a¡e boih well resolved in this series, but

1.4



Figure 2.1: Carbon-13 Fourier transform NMR spectra recorded on the

Bruker SXP-4-100 spectrometer. (-4.) is a spectrum of nernatic 5CB at

27.6 "C. The spectral width is 52o0 Hz. The baseline Epectra have been

corrected to remove instrumental distortions (from [PEE])'

there is signifrcant overlap for the other ca¡bons in the chain so that the physical

significance of the results for these lines is questionable.

The atkyl spin-lattice relaxation times (T1's) for 5CB are reproduced in ta-

bie 2.1, along with ihe activation energies shown in frgtre 2.2.

The soiid lines give the leasi squares frt of a straìght line to ln (T1) as a funciion

of 1000/T, so that the slopes provide a graphica.l representation of the activation

energies. It is difficuli to compare the relaxation times along the middle of the

chains, especially as line overlap obscures the situation. The results for C9 and

for the last carbon of thè chain can perhaps be rationalized by noting that the

longer relaxation time corresponds in the present case to faster random motions.

The final carbon of the pentyl chain can be regarded as independent from the rest

of the molecule. The magnitude of the even-odd effect for the next to lasi carbon

appears to be inconsistent with the behaviour of both c9 and of the last carbon of

the chain. The chemical shifts as a {unction of temperature are given in table 2.2,

15
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Table 2.1: Experimental relaxation times in 5CB, with T1 (sec) as a

function of tem moles)rature. (.{ctivation energies in K

Temp.

0c

pentyl chain (Nematic) [sec]

C9 c10 c11 c12 c13

33.4

,JZ.+

31.3

30.0

E.

0.249

0.269

0.286

0.289

0.311

-26.6

+3.8

0.249

0.269

0.181

0.193

0.189

42.4

+19.0

0.306

0.309

0.368

0.304

0.268

19.9

+14.3

0.633

0.637

0.679

0.663

0.527

22.7

+10.9

t.248

1.399

1.445

1.297

1.319

t0.2

+8.9

and for 5CB in figure 2.3.
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Table 2.2: Experimental chemical shifts (ppm with respect to TMS) for

5CB as a function of e.n

Temp.

oc

pentyl chain (Nematic) [ppm]

c9 c10 c11 c72 c13

31.1

30.0

28.6

27.6

26.4

25.4

31.770

31.039

31.349

31.008

30.744

30.610

30.522

30.303

3L.770

31.039

30.498

29.919

29.588

29.357

29.069

28.727

29.352

28.757

28.502

28.205

27.896

27.705

27.549

27.334

24.525

24.307

24.229

24.241

24.093

24.053

24.033

23.916

t5.462

15. i80

15.075

L4.975

14.786

L4.770

14.589

14.470
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CHAPTER 3

Analysis

In this chapier various programs and different models would be analysed' Some

of these models will work and sotne not' To simplify the comparison with deu-

terium relaxation times and to eliminate a possible source of confusion we rvill

introduce a reduced relaxation time for the carbon-l3 relaxation times. \Me have

given the relaxation rates R176f for one attached proton, and for N attached protons

the theoretical rate simply multiplied by N [ABR]; no such complication exists for

the Rrz¡ of deuteriu¡n relaxation. Possible confusion has been avoided by defin-

ing reduced carbon-l3 relaxation times T1/N, and calculate these theoretically as

l lïtzc

3.1" MODEL A

The values of relaxation times ?r of the temperature 30.0 oC which are shown in

iable 2.1 for C9, Cl0, C71, CL2, and C13 are 0.289, 0.193, 0.304, 0.663, and 1.291

respectively. The first four carbon C9, C10, C11,and C12 should be multiplied

by 2 and the last carbon C13 should be multiplied by 3; This is explained in

figure 1.3. Therefore the values of C9, C10, C11, C12, and C13 would becorne

0.578, 0.386, 0.608, 1.326, and 3.878 respectively. From appendix 4.1 the progra:n

ABDS.FOR is used to analysis the data ABDS.DAT shown in appendix 4.2' This

prograrn is using the following model:-

T(IA,IB) : DPAR* (1+ (IB - 1) * *2)

2l



Table 3.1: ABD5.D.A.T

carbon

number

TDÐG

"C

DPAR

[r-t]

ADF BETA Pz Ð RBOND

["-]

c9

c10

cl1

c12

c13

30.0

30.0

30.0

30.0

30.0

4.300

2.900

4.500

9.985

29.200

0.000

0.000

0.000

0.000

0.000

70.500

70.500

70.500

70.500

70.500

0.125

0.082

0.089

0.057

0.042

0.000

0.000

0.000

0.000

0.000

1.101

1.101

1.101

1,101

1.101

: D;(l + q2)

The values of the order parameters P2 are taken from P.À.Beckmann's paper

[BTL]. In order to get the above values of the relaxation times fi, the proglam

has been run several times by changing the values of DPAR's each time. The

values of the relaxation tirnes are same as to the data to 4 flgurcs; This is shown

in appendix À.3. The values of the spectral densities ale shown in table 3'2

This model will work only if We change the assignment of C9 to C10; And

by comparing the spectral densities results with R. Y. Dong's spectral densities

IDYR,NGR] ii has been found that by plotting the two graphs of Dong's results

versus our results, each of these two graphs is a straight line' These are shown in

ffgures 3.1, and 3.2, and table 3.3.

By plotting Model A's spectral densities versus the carbon nurnber from table

3,3, We got a straight line, that is shown in ffgure 3.3, The values of the ¡elaxation

rates R ale almost the same as the values of P. A. Beckmann's relaxation rates,

this is shown in table 3.4.

f-'p9
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Table 3.2: The output of the program ABDS'FOR

Carbon

nurnber

Spectral

density

[,-t]

Relaxaiion

times

Isec]

Relaxation

rates

["-']

c9

c10

c11

c12

c13

aot

13.17

8.39

3.81

1.30

0.574

0.388

0.604

L,3L7

3.841

42.93

64.i0

40.84

78.72

6.42

Table 3.3: Calculated Model A's spectral densities versus Dong's spectral

Dong(1) spec.

densities

["-']

Dong(2) spec.

densities

["-']

Model A spectral

densities

[, 
-t]

32.20

18.50

14.80

8.10

3.70

26.75

74.91

L2.43

6.75

2.85

C9

c10

c11

c72

c13

13.17

8.92

8.39

3,81

1.30
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Table 3.4:

laxation

Calculated Model Ats relaxation rates versus Beckmannts re-

rates

Carbon

number

Model A relax.

rates

["-']

Beckmann relax

¡ates

[,-t]

C9

c10

c11

c12

c13

64.10

42.93

40.84

18.72

6.42

63.34

41.09

35.25

1,8.46

o.Jo

So from the above analysis We conclude that ihis model works only if We

interchange the first two carbon C9 and C10'

3.2 MODEL B

The average values of relaxation times fi for the first two temperatures 33.4 "C

and 32.4 "C which are shown in table 2.1 for C9, C10, Cl7, CLz, and C13 are 0.259,

0.259, 0.308, 0.635, and 1.324 respectively. Thefirst four ca¡bon C9, C10, C11,and

C12 should be muliiplied by 2 and ihe last carbon C13 should be muliiplied by

3; This is explained in figure 1.3. Therefore the values of C9, C10, CIL, C12,

and C13 wou-ld become 0.5i8, 0.518' 0.615, 1.270, and 3.971 respectively. From

appendix 4..1 the program ABDS.FOR is used to analyse the daia HRÐ5'DAT

shown in appendix 8.2. This program is using the following model:-

T(IA,IB): DPAR+ (1 + (IB - 1) x *2)

- nrQ + ø2)

27
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Table 3.5: HRES'DAT

carbon

number

TDEG

"C

DPAR

[,-t]

ADF BETA Pz t) RBOND

["-]

c9

c10

c11

c12

c13

34.8

34.8

34.8

34.8

34.8

3.830

3.862

4.589

9.580

30.100

0.000

0.000

0.000

0.000

0.000

70.500

70.500

70.500

70.500

70.500

0.2t4

0.148

0.159

0.107

0.078

0.000

0.000

0.000

0.000

0.000

1.101

1.101

1 .101

1.101

1.101

The values of the order parameters Pz are ta.ken from R. Y. Dong's paper [LJS].

In order to get the above values of the relaxation times fi, the program has been

run several times by changing the values of DPAR's each time. The values of the

relaxation times are same as to the data to 4 ffgures; This is shown in appendix

8.3. The values of the spectral densities a¡e shown in iable 3.6

This model will not work because by comparing the spectral densities results

with R. Y. Dong's spectral densities IDYR'NGR] it has been found ihat by plotiing

a graph of Dong's results ve¡sus our results, this graph is not a siraight iine' These

are shown in figures 3.4, and 3.5, and iable 3.7.

By ploiting Model Bts spectral densities versus the carbon number from table

3.7, We got a smooth curve that is show¡r in frgure 3.6.

The values of the relaxation rates R are different from the values of P. A.

Beckmannts ¡elaxation rates; This is shown in table 3.8.

So from the above analysis We conclude thai this model works only if the first

carbon C9 has been ignored. This algument is true because from the flgures 3.4,

28



Table 3.6: The output of the program HRES'FOR

Carbon

number

Spectral

density

[r-t]

Relaxation

times

Isec]

Relaxation

rates

[r-t]

C9

c10

c11

c72

c13

10.13

9.96

8.40

4.01

7.27

0.518

0.518

0.615

1.27L

3.974

47.42

67.59

39.98

19.34

6.19

Table 3.7: Calculated Model Bts spectral densities velsus Dongts spectral

Dong(2) spec.

densities

["-']

Model B spectral

densities

["-']

Dong(l) spec.

densities

["-']

26.75

74.91

t2.43

6.75

2.85

10.13

9.96

8.40

4.01

7.27

32.20

18.50

14.80

8.10

3.70

c9

c10

c11

CL2

c13

DO
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Table 3.8: Calculated Model Bts relaxation rates versus Beckmannts re-

laxation rates

Carbon

number

Model B relax

rates

["-']

Beckmann relax.

rates

["-']

c9

c10

c11

c12

c13

47.42

47.69

39.98

19.34

6.i9

73.25

38.36

28.72

18.10

6.r2

and 3.5 if we ignore the first carbon c9, then the two graphs would be a straight

line.

3.3 MODEL C

The values of relaxation times ?r of the temperature 30.0 oc which are shown in

table 2.1for C9, C10, Cl7,C72t and C13 are 0.289,0.193, 0.304, 0'663, and 1 291

respectively. The first four carbon C9, C10, C11, a,nd C12 should be multiplied

by 2 and the last carbon C13 should be multiplied by 3; This is explained in

frgure 1.3. Therefore the values of C9, C10, C11, C12, and C13 would becorne

0.578, 0.386, 0.608, 1.326, and 3'878 respectively. From appendix C'1 the program

ABDT.FOR is used to analysis the data ABDT.DAT shown in appendix C 2' This

prograrn is using the following model:-

T(IA,rB) - DPAR

_D;

r)ù

.r-1
'pq



Table 3.9: ABDT.DAT

carbon

number

TDEG

'a

DPAR

['-']

ADF BETA P2 Pa RBOND

["-]

C9

c10

cli
c72

c13

30.0

30.0

30.0

30.0

30.0

12.000

7,990

12.500

27.300

79.200

0.000

0.000

0.000

0.000

0.000

70.500

70.500

70.500

70.500

70.500

0.2L4

0.148

0.159

0.107

0.078

0.000

0.000

0.000

0.000

0.000

f.i01

1.101

1.101

1.101

1.101

The values of the order parameters Pz are taken from R. Y. Dong's paper

[LJS]. In order to get the above values of the relaxation times fi, the program

has been run several times by changing the values of DPARts each time The

values of the relaxation times are same as to the data to 4 figures; This is shown

in appendix C.3. The values of the spectral densities are shown in table 3'10

This model will not work because by comparing the spectral densities results

with R. Y. Dong's spectral densities IDYR,NGR] it has been found ihai by ploiting

a graph of Dong's results vetsus our results , this graph is not a straight line' These

are shown in frgures 3.7, and 3.8, and iable 3.11'

By plotting Model C's spectral deusities ve¡sus the carbon number from table

3.11, We did not get a straight line that is shown in flgure 3.9. The values of

the relaxation rates R are almost the same as the values of P. A. Beckmann's

relaxation rates except the first carbon C9; This is shorvn in table 3.12'

So from the above analysis WE conclude that this model works only if the first

carbon C9 has been ignored' This a,rgument is true because from the figures 3 7,

ó+



Table 3.10: The output of the program ABDT.FOR

Calbon

numbet

Spectral

density

["-']

Relaxation

times

Isec]

Relaxation

rates

["-']

c9

c10

c11

c72

c13

6.58

ôoô

6.41,

2.98

1.04

0.575

0.386

0.603

1.328

3.871

34.31

46.07

32.60

15.59

5.40

Table 3.11: Calculated Model C's spectral densities versus Dong's spec-

Dong(1) spec,

densities

l"-'l

Dong(2) spec.

densities

[r-t]

Model C spectral

densities

l"-'l
26.75

74.9r

72.43

6.75

2.85

32.20

18.50

14.80

8.10

3.70

C9

c10

c11

c72

c13

6.58

ooo

6.41

2.98

1.04
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Table 3.12:

relaxation

Calculated Model Cts relaxation rates versus Beckmannts

and 3.8 if We ignore the frrst carbon C9, then my two graphs would be a straight

line.

3.4 MODEL D

The values of relaxation times fi of the temperatve2T.S 'C which are shorvn in

iable 2.1 for C9, C10, C77, C72t and C13 are 0.311, 0.189, 0.268, 0'527, and 1'319

respectively. The first four carbon C9, C10, C11,and C12 should be multiplied

by 2 and the last carbon C13 should be multiplied by 3; This is explained in

frgure 1,3. Therefore the values of C9, C10, C'J'7, CL2, and C13 would become

0.622,0.378,0.536, 1.054' and 3.957 respectively. Flom appendix D 1 the program

JDTLA0.FOR is used to analysis the data JDTLAO.DAT shown in appendix D'2'

This program is using the following model:-

T(IA,IB) - DPARIB(IA,IB) + DPAR* QQ

r*1 - D¿f Brn ! D¡q2

39

Model C relax.

rates

["-']

Beckmann relax,

rates

["-t]

34.31.

46.07

32.60

15.59

5.40

63.34

41.09

18.45

o.óÐ

c9

ci0

c11

CI2

c13



Table 3.13: JDTLAO.DAT

carbon

numbe¡

TDEG

oc

DPAR

[r-t]

ADF BETA Pz D-t4 RBOND

["*]

C9

c10

c11

c12

c13

27.5

27.5

27.5

27.5

27.5

t.272

0.664

1.061

, ,q,

8.543

0.000

0.000

0.000

0.000

0.000

70.500

70.500

70.500

70.500

70.500

0.21.4

0.148

0.159

0.107

0.078

0.000

0.000

0.000

0.000

0.000

i.101

1.101

1.101

1.101

1.101

The values of the order parameters P2 are taken from R. Y, Dong's paper

[LJS]. In order to get the above values of the relaxation times fi, the program

has been run severa.l times by changing the values of DPAR's each time' The

values of the relaxation times are same as io the data to 4 ffgures; This is shown

in appendix D.3. The values of the spectral densities are shown in table 3.14

This model will not work because by comparing the spectral densities results

wiih R. Y. Dong's spectral densities IDYR'NGR] it has been found that by plotting

a graph of Dongts results versus our results , this graph is not a straight line' These

are shown in figures 3.10, and 3.11", and table 3.15.

By plotiing Model D's spectral densities versus the ca¡bon number from table

3.14, We did not get a smooth curve that is shown in figure 3.12. The values of

the relaxation rates R are different from the values of P. A. Beckmann's relaxat'ion

rates, this is shown in iable 3.16.

So from the above analysis We conclude ihai this model works only if the first

carbon C9 has been ignored. This argument is true because from the flgures 3'10,

and 3.11 if We ignorethe first carbon C9, then the two graphs would be a straight
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Table 3,14: The output of the program JDTLA0.FOR

Carbon

number

Spectral

density

["-']

Relaxation

times

[sec]

Relaxation

rates

["-']

C9

c10

c11

c12

c13

7.90

15.44

9.63

4.64

7.22

0.622

0.378

0.536

1.054

3,957

43.84

82.57

51.83

24.35

6.32

Table 3.15: Calculated Model D's spectral densities versus Dongts spec-

Model D spectral

densities

[r-t]

Dong(l) spec.

densities

["-']

Dong(2) spec.

densities

[r-t]

7.90

1,6.44

9.63

4.64

7.22

32.20

18.50

14.80

8.10

3.70

26.75

14.91

72.43

6.75

t a<

c9

c10

c11

c72

c13
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Table 3.16:

relaxation

Calculated Model Dts relaxation rates versus Beckmannts

line.

3.5 MODEL E

The values of reiaxation times fi of the temperature 31.3 o c which are shorvn in

table 2.1 for C9, C10, C11, C12, and C13 are 0.286,0.181,0.368, 0.679, and 1'445

respectively. The first four carbon C9, C10, C11,and C12 should be muliiplied

by 2 and the lasi carbo¡r C13 should be multiplied by 3; This is expiained in

figure 1.3. Therefore the values of C9, C10, CL7, C1'2, and C13 would l¡ecome

0.572,0.362,0.736, 1.358, and 4'335 respectively. From appendix D'1 the program

JDTLAS.FOR is used to analysis the data JDTLAS.DAT shown in appendix Ð'1'

This program is using the following model:-

T(IA,IB): DPARIB(IA,,IB) + DPAR+ QQ + DPAR

: D¿lBpn ¡ D¡q2 * D;

45

Í-1'pq

Model D relax.

rates

["-']

Beckmann relax.

rates

["-']

64.65

40.45

31.20

18.71

6.09

43.84

82.57

51.83

24.35

6.32

C9

c10

c11

c72

c13



Table 3.17: JDTLAS.DÄT

carbon

number

TDEG

.C

DPAR

["-']

ADF BETA t)J2 Ð RBOND

["*]

C9

c10

c11

cL2

c13

31,3

ù1,.)

31.3

31.3

.t L. t)

1.143

0,614

1.515

2.890

8.340

0.000

0.000

0.000

0.000

0.000

70.500

70.500

70.500

70.500

70.500

0.125

0.082

0.089

0.057

0.042

0.000

0.000

0.000

0.000

0.000

1.101

1.101

1.101

1.101

1.101

The values of the order parameters P2 are taken from P'A.Beckmann's paper

[LJS]. In o¡der to get the above values of the relaxation times fi, the program has

been run several times changing the values of DPAR's each time. The values of the

relaxation tirnes are same as to the data to 4 figures; This is shown in appendix

8.2, The values of the spectral densities are shown in table 3.18

This model will not wo¡k because by comparing the spectrai densities results

with R. Y. Dong's spectral densities IDYR,NGR] it has been found that by plotting

a graph of Dongts results versus our results, this graph is not a straight line These

are shown in figures 3.13, and 3.14, and table 3.19.

By plotting Model E's spectral densities versus the carbon number from table

3,18, We did not get a smooth curve that is shown in figure 3.15. The values of

the relaxation rates R ar.e diffe¡ent from the values of P. A. Beckmann's Ielaxation

rates, this is shown in table 3.20'

so from the above analysis TVe conclude that this model works only if the firsi

carbon C9 has been ignored. This a,rgument is true because from the figures 3'13,

and 3.14 if We ignore the frrst carbon C9, then the two graphs wouid be a straight



Table 3.18: The output of the program JDTLAS'FOR

Carbon

nurnber

Spectral

density

[,-t]

Relaxation

times

[sec]

Relaxation

rates

[,-t]

C9

c10

c11

c72

c13

9.02

i6.98

6.87

ó. oJ

7.12

0.572

0.362

0.736

1.358

4.336

47.73

87.96

35.73

18.61

5.74

Table 3.19: Calculated Model Ets spectral densities versus Dongts spec-

Dong(2) spec.

densities

["-']

Model E spectral

densities

[r-t]

Dong(1) spec.

densities

["-']

26.75

14.91

L2.43

6.75

2.85

9.02

16.98

6.87

3.63

L.12

32.20

18.50

14.80

8.10

3.70

C9

c10

c11

CT2

c13
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Table 3.20:

relaxation

Calculated Model Ets relaxation rates versus B eckrnannts

ra

line.

Beckmann relax.

rates

[r-t]

Model E relax.

rates

[r-']

47.73

87.96

35.73

18.61

5.74

67.95

36.82

29.26

17.90

6.85

C9

c10

c11

cL2

c13



CHAPTER, 4



CHAPTER 4

Conclusion

We consider carbon-l3 nuclear magnetic resonance proton decoupled relax-

ation of the alkyl chains in ihe 5CB, and compare the lesults to deuterium re-

laxation in alkyl chains. we extend a previous model that worked well foÌ the

aromatic core, and the following cha'nges has been introduced:

1. Experimental order parameters was used for the individual positions'

The for¡nulas for correlation times in terms of one or more difusion time(s)

are found and evaluated.

The diffusion times are fitied to the experimental 13C results'

The best model that flts the data is model A which is the following:-

T(IA,IB): DPAR* (1 + (rB - 1) x *2)

r-1 _Di(r+q2)

P. A. Beckmann's order pararneters have been used in this model, by running the

program several times the values of relaxation times are same as to the data to

four digiis. But the values of the spectral densities would only agree with Dong's

spectral densities when We interchange the assignment of the flrst two carbon C9

and C10. This argument is true l¡ecause of the following observations:

1. It is io be observed that from figure 2.3 the line labelled as C10 shorvs the

greatest change in chemical shifts with temperature' This requires that this

,



line has the greatest o,-der parameter, which suggests that the line C10 in

fact corresponds to C9 on the carbon chain (closesi io the core).

2. It is also to be observed that from figure 2.2 the line of carbon C10 shows

more curvature. Therefore the assignment of C9 has io be changed to the

assigrìment of C10. By changing these two assignments We have got the

following results:-

(a) The values of the calculated relaxation times are the same as to the

experimental relaxation times.

(b) By plotting Dong's spectra.l densities with ours, these graphs are

siraight line. These are shown in figures 3.1., and 3'2.

(c) The values of the relaxation rates R are almost the same as the values

of P. A. Beckmann's relaxation rates, this is shown in table 3.4.

(d) By plotting Model A's spectral densities versus the carbon number from

iable 3.3, We got a straight line, that is shown in figure 3.3.

Model B uses the same model as in A, but the relaxation iimes and the

order parameters are different from model A. This model works only if the

first carbon C9 has been ignored. This a.rgument is true because from the

frgures 3.6, 3.4, and 3.5 if lüe ignore ihe fi¡st carbon C9, ihen the three

graphs would be a siraight line.

In model C; different model has been used which is the following:

T(TA,IB): DPAR

t*' : D;

this model also works only if ihe first carbon C9 is ignored. This argument is

true because from the figures 3,9, 3.7, and 3.8 if We ignore the first carbon
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C9, then the three graphs would be a straighi line.

The models D and E are also different from the above models:

T(IA,IB) - DPARIB(IA,IB)+ DPAR*QQ

rpql - Dif Bpq + Diqz

T(IA,IB) - DPARIB(IA,IB)+ DPAR*QQ + DPAR

'int 
: D;lBoo+ D¡qz I D;

These two models have almost the same discussion and conclusion as the

models B and C.
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APPENDIX A

ABDS Program

A,1 ABDs.FOn,

c ABD5.FOR MARCH. 11, 1993

C T(IA,IB):T(IA'IB)*(1+(IB-L)**2)

C BETA:70.5RBOND:1.101

C MEANT FOR 5CB,6CB,7CB,8CB MODEL \,VITH

C P2,P4:F(TNI-T), D:D(T'DEG K)

c

c ABDS.FOR USES MOD OF R.Y.DONG,MCLC,141,349-359(86)

c AND R.Y.DONG,JCP,88,3762-3969(88). BASED

c oN JDONGB. HANDLES ODF, BUT NOT (YET)

c vALrD FOR Cl ( ETC.) .

c FINDS J1,J2,J3 AND QUAD T|Z,YIQ ÀND

C CARBON-l3 T1 FOR AROMATIC RING.

c

C R: Rlz(Q), RlQ' R2(Q), RIC(DDXC-H)

C NP :O(FULL), I(PARTIAL), 2(LIMiTED-NO EXT NAR)

C

REAL*4 J(6),K(3,3),8(3,3),T(3,3),F(3,3),R(4),RI(4)
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REAL*4 lV(6)/0.,96.486 .,L92.9F,6.,423.3E,6,r42.2E,6,7 07.7Ð6 I
REAL*4 POW(5,6),4(3)/0.5812,1.8810,0.0/

REAL*4 EA(3),AD(3)

LOGICAL*1 TITLE(78)

REAL*4 JODF

READ(5,99S) NP,(TITLE(IO),IO-1,78)

998 FORMAT(12,7841)

IVRITE(6,999) (TITLE(IO),IO-1,78)

999 FORMAT(' HRESHA"".,78Al,f )

DO 995 IA:1,6

READ(5,996) (POW(IO,IA),IO-1,5)

995 WRITE(6,997) (POW(IO,IA),iO-1,5)

996 FORMAT('"5813.6)

997 FORMAT(",5813.6)

C READ iN DIFFUSION CONSTANTS

READ(5,e30) AD(1),EA(1)

930 FORMAT(2810.3)

IVRITE(6,e35) ÀD(1),EA( 1)

935 FORMAT(',D 

"2811.3)C READ IN NEXT PARAMETER SET

900 1/RITE(6,901)

90i FORMAT('',)

READ(5,101) TDEG,DPAR,ADF,BETA,P2,P4,RBOND



i01 FORMAT(4811.3,3F7.3)

IF(P2.LE.0.0) GO TO e10

TK - 1000.0 / (TDEG +27s.15)

DPAR: DPAR*i,0E+09

WRITE(6,202) TDEG,DPÄR,ADF,BÐTA,P2,P4,RBOND

202 FORMIfI(' T,D1l,A'DF,BETA,P2,P4,R:',/,",4E11.3,3F7.3)

JODF - ADF * ( 4.1256. ) I LQ)

A(3) - A(2) / (RBOND**6 )

TDEG : 1000.0 / ( TDEG + 273.15 )

BETA:BETA*0.0174533

\MRrrE(6,203) JODF

203 FORMÄT('JODF-"813.5)

C D0,D1,D2 : D00, 2*D10, 2*D20

D0 - ((3.0*((cos(BETA))**2)-1.0)**2)*0.25

D1 - 3.0*((srN(2.0*BETA))**2)*0.25

D2 - 3.0*((sIN(BETA))**4)*0.25

wRrTE(6,205) A(1),4(2),4(3),D0,D1,D2,TDEG

205 FORMAT('A,D:',6814.6,'1000/T',F6.3)

IC :0
DO 500 IA-1,3

DO 500 IB:1,3

rF(rA.GT.IB) GO TO 5oo
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510

500

IC-IC+1
B(rA,rB) - POW(1,IC)

DO 510 ID:2,5

B(iA,IB) : B(IA,IB) + POW(ID,IC)*(P2**(ID-1))

CONTINUE

B(2,1) : B(1,2)

B(3,t) : 3¡i,3;

B(3,2) : B(2,3)

FIND FREED KAPPA ELEMAENTS

K(1,1) - 0.2+ (2,17.)+P2 + (18./35.)*P4-P2*+2

K(L,2) - 0.2 + (7. 17.)*P2 - (r2. I 35.)*P 4

r{(1,3) - 0.2 - (2.17.)*P2 + ( 3./35.)*P4

K(2,2) : 0.2 + (1' lt4.)*P2 + (8./35.)*P4

K(2,3) - 0.2 - (1. 17.)+P2 - ( 2. 135.)*P4

r((3,3) : 0.2 + (2. 17.)+P2 + ( t. 170.)+P4

K(2,1) - K(1,2)

K(3,1) : K(1,3)

K(3,2) : K(2,3)

FIND'CORRELATION TIMES"

DO 20 IA:1,3

DO 20 IB:1,3

T(IÄ,IB):DPAR

T(lA,IB)-T(IA,IB)*(1+(IB-1)**2)
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270

T(rA,rB) - 1.0 / T(IA,IB)

IF(NP.NE.0) GO TO e5o

\ryRrrE(6,208) B(1,1),8(1,2),8(1,3),8(2,2),8(2,3),8(3,3)

FORMAT(' BETA:',/,",6811.4)

TVRITE(6,210) ((K(IA,IB)'IB:1,3),IA-1,3)

FORMAT(' 1( 

"/,(",3815.5))\ /RITE(6,220) ((T(IA'IB)'IB :1,3),IA-1,3)

FORMAT(' T 
"/,(",3815.5))

CONTINUE

TRY EXTREME NARROWING

]F(NP.EQ.2) GO TO 301

DO 30 IA:1,3

¡9 39 13-1,3

F(rA,rB) - T(IA,IB)

Og 35 1,{:1,3

J(rA) : (D0*K(rA,1)+F(IA,1) + D1*K(I4,2)+F(IA,2)

+ D2*K(I4,3)*F(IA,3) )

rF(rA.EQ.2) J(IA) : J(IA) + JODF

J(rA+3) - J(IA)

NGOTO _ 1

GO TO 400

CONTINUE



40

45

1

+t

J FOR BOTH RON'S D AND OUR C13

DO 47 IB:7,2

DO 45 iC:1,3

DO 40 IA:1,3

rD-rc+3*(rB-1)

F(IC,IA) - T(IC,IA)/(1.+(w(ID)*T(IC,IA))**2)

J(ID) : (D0*r((IC,1)*F(iC,1) + D1*K(IC,2)*F(IC,2)

+ D2*I((IC,3)*F(IC,3) )

IF(ID.ÐQ.2.OR.ID.EQ.5) J(ID): J(ID) + JODF

CONTINUE

NGOTO _ 2

GO TO 400

CONTINUE

GO TO 900

CONTINUÐ

R(1):J(2)+4.*J(3)

R(2) - 3.*J(2)

R(3) - ( 3.*J(1) + 3.*J(2) + 2.*J(3) )+0.5

R(4) : J(4) + 3.+J(5) + 6.+J(6)

R(1) - A(1)+R(1)

R(2): A(i)*R(2)

R(3) - A(i)tR(3)

R(4) - A(3)*R(4)
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DO 420 IA:1,4

420 Rr(rA) : 1.0 / R(IA)

'ffRITE(6,230) (J(IO),IO:1,6),(R(IO),IO:1,4),(RI(IO),IO:1,4)

230 FORMAT(', J',.,681,L.4,f ,', H"4811..4,f ,' T"4811.4)

GO TO (301,302),NGOTO

910 sToP

END



A.2 ABDs.DAT

01 ÄBD5 , 11-4 BETA , RONS JCP,88,3962 5CB FIG.3

0.1662?5E+00 0,596980Ð-0i 0.8922768-01-0.589343E+00 0.273903Ð+00

0.1664168+00 0. 187291E-02 0.1 12825Ð+00-0.497358E+00 0.215632tr+00

0. 1658708+00-0.1063998+00 0.3602648-01-0.606901E-01-0,349307Ð-01

0. 1657198+00- 0.1977 52Ð-0L 0.2642818-01-0.3004368+00 0. 1282638+00

0. 166058Ð+00-0.632585E-01 0.41 19468-01-0. 1732588+00 0.29i278E-01

0.1661958+00 0.1012288+00 0.5363158-01-0.7264928+00 0.5536628-01

4.862E+11 1.8028+00

30.000 4.300 0.000 70.500 0.125 0.000 1.10i

30.000 2.900 0.000 70.500 0.082 0.000 1.101

30.000 4.550 0.000 70.500 0.089 0.000 1.101

30.000 9.985 0.000 70.500 0,057 0.000 1.101

30.000 29.200 0.000 70.500 0.042 0.000 1.101

0.000



A.3 ABDS.OUT

JDONGB ABDS , 11-4 BETA , RONS JCP,88,3962 5CB FIG.3

0. 1662758+00 0.5969808-01 0.8922768-01-0.5893438+00 0.2739038+00

0. 1664168+00 0. 18729i8-02 0.1 128258+00-0.4973588+00 0.2156328+00

0. 165870E+00-0. 1063998+00 0.3602648-01-0.606901E-01-0.3493078-01

0. 1657198+00-0. 1977528-01 0.2642818-01-0.300436Ð+00 0. 1282638+00

0. 1660588+00-0.6325858-01 0.41 19468-01-0.1732588+00 0.291278E'-01

0.1661958+00 0.1012288+00 0.5363158-0i-0 .126492E.+00 0.5536628-01

D 0.4868+12 0.1808+01

T,D11,ADF,BÐTA,P2,P4,R:

0.3008+02 0.4308+10 0.0008+00 0.705Ð+02 0.125 0.000 1.101

JODF- 0.000008+00

A , D: 0.5000008+12 0.1800008+11 0.101053E+11 0.i107968+00

0.297032E+00 0.5921728+00 1000/T 3.299

J 0.17 728-70 0. 17858-10 0. 1 7028-10 0.17 7 2E-70 0. 1 785E- 10 0. 1 7028- 10

R 0.42968+02 0.2677F+02 0.35188+02 0.17528+01

T 0.2328Ð-01 0.37368-01 0.2842F'-07 0.57088+00

J 0.L772F'-LO 0.17848-10 0.17008-10 0. 17658-10 0. i784E-10 0.16868-i0

R 0.42e38+o 2 0.267 6E+02 0.35 178+02 0. 1 741 E+01

T 0.23298-01 0.3736E-01 0.28438-01 O.57448+00

T,DII,ADF,BETA,P2,P4,R:

0.3008+02 0.2908+10 0.000Ð+00 0.7058+02 0.082 0.000 1.101

JODF- 0.000008+00

A , D: 0.5000008+12 0.i800008+11 0.1010538+11 0'1i07968+00

0.2970328+00 0.592172E+00 1000/T 3.299

J 0.26338-10 0.2632Ð-10 0.25518-10 0.2633E-10 0.26328-10 0.25518-10

R 0. 641 9E+02 0. 39488+02 0.5225F+02 0.26 1 1E+01



T 0.15588-01 0.25338-01 0.19148-01 0.38308+00

J 0.2633E- 1 0 0.263 lE- 1-0 0.2547E,-10 0.261 0E- 10 0.2629E'-70 0.2497 Ð' r0

R o.64 10E+02 0.39468+02 0.52228+02 0. 25758+01

T 0.15608-01 0.25348-01 0.19158-01 0.38848+00

T,D11,ADF,BETA,P2,P4,R:

0.300E+02 0.4558+10 0.0008+00 0.7058+02 0.089 0.000 1.101

JODF: 0.000008+00

A , D' 0.5000008+12 0.180000Ð+11 0.101053E+11 0.1107968+00

0.2970328+00 0.5921728+00 1000/T 3.299

J 0.1678E-10 0.16798-10 0.16238-10 0.16788-10 0.i6798-10 0.1623E-10

R 0.40868+02 0.25198+02 0.33308+02 0.16638+01

T 0.2447Ð-0L 0.39718-01 0.30038-01 0.60148+00

J 0.16?88-10 0.1679E-10 0.1622E-10 0.1672Ð-10 0.16788-10 0.1609Ð-10

R o.4084E+02 0.25188+02 0.3329E+02 0.1653E+01

T 0.2449E-01 0.39718-01 0.3004E-01 0.60498+00

T,Dl1,ADF,BETA,P2,P4,R:

0,3008+02 0.9988+10 0.0008+00 0.7058+02 0.057 0.000 1.101

JODF- 0.00000tr+00

A , D, 0.5000008+12 0'180000Ð+11 0'10i0538+11 0.1107968+00

0.297032Ð+00 0.óSzt72E+00 1000/T 3.299

J 0.76398-11 0.7 627E'-7t 0.7458Ð-i i 0.76398-11 0.76218-11 0.7458E-1 1

R 0.18738+02 0.11438+02 0.1517Ð+02 0.7604E+00

T 0.53408-01 0.8748Ð-01 0.65908-01 0.13158+01

J 0.76398-1 1 0.7620E- 1 1 0.7 457Ð-1t 0.76338- 1 i 0. 76208- 1 1 0.7 4438-1'1

R O. 1 872E+0 2 0.7743Ê+02 0. 15178+02 0. 75948+00

T 0.5341E-01 0.87498-01 0.65918-01 o.1317E+01-

T,D11,ADF,BETA,P2,P4,R:

0.3008+02 0.2928+L1 0.0008+00 0.7058+02 0.042 0.000 1.101
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JODF: 0.000008+00

A , D' 0.5000008+12 0.1800008+11 0.101053E+11 0.1107968+00

0.2970328+00 0.5921728+00 1000/T 3.299

J 0.26088-11 0.26018-11 0.25608-1i 0.26088-11 0.26018-11 0.25608-11

R 0.6420E+01 0.3901E+01 0.51878+01 0.2604E+00

T 0.15588+00 0.25638+00 0.1928Ð+00 0.3840E+01

J 0.26088-11 0.26018-11 0.2560E-11 0.26088-11 0.26018-11 0.2559Ð-11

R O.642OE+01 0.39018+01 0.51878+01 0.2604E+00

T 0.15588+00 0.25638+00 0.19288+00 0.38418+01



APPENDIX B

HRES Program

8.1 HRES.DAT

01 HRES , 11-4 BETA , RONS JCP,88,3962 5CB FIG.S

0.1662758+00 0.5969808-01 0.892276E-01-0.589343Ð+00 0.2739038+00

0.166416E+00 0. 1872918-02 0. 1128258+00-0.497358E+00 0.2156328+00

0.165870E+00-0.1063998+00 0.360264E-01-0.606901E-01-0.349307E-01

0.165719E+00-0.1977528-01 0.2642818-01-0.300436E+00 0. 1282638+00

0.166058E+00-0.6325858-0i 0.4119468-01-0.i73258E+00 0.2912788-07

0. 166195E+00 0.10i2288+00 0.5363158-01-0. 1264928+00 0.553662Ð-01

4.8628+11 1.8028+00

34.800 3.830 0.000 70.500 0.214 0.000 1.101

34.800 3.862 0.000 70.500 0.148 0.000 1.101

34.800 4.589 0.000 70.500 0.159 0.000 1.101

34.800 9.580 0.000 70.500 0.107 0.000 1.101

34.800 30.100 0.000 70.500 0.078 0.000 1.101

0.000



8,2 HRE5.OUT

HRESHA HRES , 11-4 BETA , RONS JCP,88,3962 5CB FIG.3

0. 1662758+00 0.5969808-01 0.8922768-01-0.5893438+00 0.2739038+00

0. 1664168+00 0.L872918-02 0. 1 12825Ð+00-0.4973588+00 0.2156328+00

0. 165S?08+00-0. i063998+00 0.3602648-01-0.6069018-01-0.3493078-01

0. 1657198+00-0. 197752E-01 0.264281E-01-0.3004368+00 0.128263Ð+00

0. 166058Ð+00-0.6325858-01 0.411946E-01-0.1732588+00 0.2972788-07

0.166195E+00 0.1012288+00 0.5363158-01-0.1264928+00 0.5536628-01

D 0.4868+12 0.1808+01

T,D11,ADF,BETA,P2,P4,R:

0.3488+02 0.3838+10 0.0008+00 0.7058+02 0.214 0.000 i.101

JODF: 0.000008+00

A , D, 0.5000008+i2 0.1800008+11 0.1010538+11 0'1107968+00

0.2970328+00 0.59217 2Ð +00 1,000 I T 3.247

J 0. 19468-10 0.2026Ð-10 0. 1866E-i0 0. 1946Ð-10 0.20268- 10 0. 18668-10

R 0.47 45Ð+02 0. 3039Ð+02 0. 3912Ð+02 0. 19428+0 I
T 0.2107E-01 0.32918-01 0.25568-01 0.51488+00

J 0.19468-10 0.2025E'-rO 0. 18658-10 0. 19368-10 0.20258-10 0.1846E-10

R o,47 428+02 0. 30388+02 0.391 1 E+02 0. 19298+01

T 0.21098-01 0.32928-01 0.2557Ð-01 o.51858+00

T,D11,ADF,BETA,P2,P4,R:

0,348E+02 0.386Ð+i0 0.000E+00 0.705Ð+02 0.148 0.000 1.101

JODF- 0.00000Ð+00

A , D: 0.5000008+12 0.1800008+11 0.101053E+1i 0.1107968+00

0.2970328+00 0.592172Ð+00 1000 lT 3.247

J 0.19668-10 0.19938-10 0.18838-10 0.1966E-10 0.1993E-10 0.18838-i0

R 0.47638+02 0.29898+02 0.39118+02 0.1945E+01
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T 0.2100Ð-0 1 0.33468-0 1 0,2557Ð-07 0.51428+00

J 0.19668-10 0.19928-r-o 0.18828-10 0.19568-10 0.19928-10 0.1862Ð-10

R 0.4759E+02 0.29888+02 0.39108+02 0.1930E+01

T 0.210iÐ-01 0.3346Ð-01 0.25588-01 0.51818+00

T,DII,ADF,BÐTA,P2,P4,R:

0.3488+02 0.4598+10 0.000E+00 0.705Ð+02 0.159 0.000 1.101

JODF: 0.00000Ð+00

A , D' 0.500000E+12 0.180000Ð+11 0.101053E+11 0.110796Ð+00

0.2970328+00 0.5921728+00 1000 I T 3.247

J 0.1651E-10 0.1679E-10 0.15808-10 0.16518-10 0.1679E-10 0.15808-10

R 0.4000Ð+02 0.25198+02 0.32888+02 0.16348+01

T 0.25008-01 0.39708-01 0.30418-01 0.6119Ð+00

J 0.i6518-10 0.16798-10 0.15798-10 0.1645E-10 0.16798-10 0.15688-10

R 0.39988+02 0.25188+02 0.32878+02 0.16268+01

T 0.25018-01 0.39718-01 0.30428-01 0.6151E+00

T,D1I,ADF,BETA,P2,P4,R:

0.3488+02 0.9588+10 0.000E+00 0.7058+02 0.107 0.000 1.101

JODF- 0.000008+00

A , D, 0.5000008+i2 0.1800008+11 0.101053E+11 0.1107968+00

0.2970328+00 0.5921728+00 1000 I T 3.247

J 0.79668-11 0.79928-11 0.76748-11 0.79668-11 0.79928-1 1 0.7 67 4E-1t

R 0.19348+02 0,11998+02 0.1581Ð+02 0.78818+00

T 0.51708-0i 0.83418-01 0.63278-01 0.1269E+01

J 0.79668-11 0.79928-l-1 0.7672Ð-L1 0.7960E-1 1 0.79928-1 1 0.76588-11

R 0.19348+02 0,11998+02 0.15818+02 0.78718+00

T 0.51708-01 0.83428-01 0.63278-01 0.1-271Ð+01

T,D11,ADF,BETA,P2,P4,R:

0.3488+02 0.3018+11 0.0008+00 0.705Ð+02 0.078 0.000 1.101



JODF: 0.000008+00

A , D, 0.5000008+12 0.1800008+11 0.1010538+11 0.1107968+00

0.297032E+00 0.5921728+00 7000 I T 3.247

J 0.2537E-11 0.25358-11 0.24618-11 0.25378-11 0.2535E-11 0.24618-11

R 0.61898+01 0.3802tr+01 0.50348+01 0.2517E+00

T 0.16i6E+00 0.26308+00 0.i9878+00 0.39748+01

J 0.25378-1i 0.25358-11 0.24618-11 0.25378-11 0.25358-11 0.24608-i1

R 0.6188E+01 0.3802E+01 0.50348+01 0.25168+00

T 0.16168+00 0.26308+00 0.19878+00 0.3e74E+01
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APPENDIX C

ABDZ Program

C.1 ABDT.FOR

c ABD7.F0R MAR. 3, 1993

c CHANGING -4¡ FROM 5.08i1 TO 4.18811

C TEMPERATURE: 30.0 oC

C BETA:70.5RBOND-1.101

C MEANT FOR 5CB,6CB,7CB,8CB MODEL WITH

C P2,P4:F(TNI-T)' D:D(T'DEG I{)

c

c ÀBD7.FOR USES MOD OF R.Y.DONG,MCLC,141,349-359(86)

c AND R.Y.DONG,JCP,88,3762-3969(88). BASED

c oN JDONGB. HANDLES ODF, BUT NOT (YÐT)

c vALrD FOR Cl ( ETC.) .

C FiNDS J1,J2,J3 AND QUAD T1Z,Y1Q AND

C CARBON.13 T1 FOR AROMATIC RING.

C

c R: Rlz(Q), R1Q, R2(Q), RIC(DDXC-H)

c NP - O(FULL), I(PARTIAL), 2(LIMITED-NO EXT NAR)

C



REAL*4 J(6),K(3,3),8(3,3),T(3,3),F(3,3),R(4),RI(4)

REAL*4 W(3)/23.51E8,7.8988,39.2988/

REAL*4 AJ(6)

RÐAL*4 PO'vV(5,6),4(3)/4, 18E1 1,1.8810'0.0/

REAL+4 ÐA(3),AD(3)

LOGICAL*1 TITLE(78)

REAL*4 JODF

READ(5,ee8) NP,(TITLE(IO),IO:1,78)

998 FORMAT(12,7841)

WRITE(6,999) (TITLE(IO),IO-1,78)

ggs FORMAT(' HRESHA"".,78LL,f)

DO 995 IA:1,6

READ(5,996) (POW(IO,IA),IO:1,5)

995 IMRITE(6,997) (PO\,V(IO,IA)'IO:1,5)

996 FORMAT(",5813.6)

997 FORMAT(",5813.6)

C READ IN DIFFUSION CONSTANTS

READ(5,e30) AD(1),EA(1)

e30 FoRMAT(2Ð10.3)

\.VRITE(6,935) AD(1),EA(1)

935 FORMAT('D 
"2811.3)C REÄD IN NEXT PARAMÐTERSET

900 \ /RITE(6,901)



901 FORMAT('',)

READ(5,101) TDEG,DPAR,ADF,BETA,P2,P4,RBOND

101 FORMAT(4Ei1.3,3F7.3)

IF(P2.LE.o.o) GO TO 910

TK : 1000.0 / (TDEG + 273.t5)

DPAR : DPAR*1.0Ð+09

wRITÐ(6,202) TDEG,DPAR,ADF,BÐTA,P2,P4,RBOND

202 FORMAT(' T,Dll,ADF,BETA,P2,P4,R:',/,",4811.3,3F7.3)

JODF - ADF * ( 4.1256. ) I A(1)

A(3) - A(2) / (RBOND*+6 )

TDEG - 1ooo.0 / ( TDEG + 273.15 )

BETA-BETA*0.0174533

wRrrE(6,203) JODF

203 FORMAT(' JODF:',E13.5)

c D0,D1,D2 - D00, 2*D10, 2*D20

D0 - ((3.0*((cos(BETA))',r'*2)-1.0)*+2)*0.25

D1 : 3.0*((SIN(z.0*BETA))**2)*0.25

D2 : 3.0*((SIN(BETA))**4)*0.25

IVRITE(6,205) A(1),4(2),4(3),D0,D1,D2,TDÐG

205 FORMAT(' A, D:',6E14.6,' 1000/T',F6.3)

IC: 0

DO 500 IA-1,3
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DO 500 IB:1,3

rF(IA.GT.IB) GO TO 500

IC-IC+1
B(IA,IB) : PO\.V(l,1C)

DO 510 ID:2,5

510 B(IA,IB) : B(IA,IB) + POW(ID'IC)+(P2**(ID-1))

5OO CONTINUÐ

B(2,1) : B(1,2)

B(3,i) : B(1,3)

B(3,2) : B(2,3)

C FIND FREED KAPPA ELEMAENTS

K(1,1) - 0.2 + (2.17.)*P2 + (18./35.)*P4 - P2**2

K(1,2) : 0.2 + (1./7.)*P2 - (72.135.)"P4

r{(1,3) - 0.2 - (2.17.)+P2 + ( 3./35.)*P4

K(2,2) : 0'2 + (1'. I 14')*P2 + (8./35.)*P4

I((2,3) : 0.2 - (1. 17.)*P2 - ( 2. 135')+P4

K(3,3): 0.2 + (2.17.)*P2 + (1.170.)+P4

I((2,1) - K(1,2)

K(3,1) : K(1,3)

I((3,2) : I((2,3)

C FIND "CORRÐLATION TIMES'

DO 20 IA:1,3

p6 2¡ lB-1,3



T(rA,rB)-DPAR

20 T(rA,rB) - 1.0 / T(IA,IB)

rF(NP.NE.o) GO TO e5o

WRITÐ(6,208) B(1,1),8(1,2),8 (1,3),8(2,2),8(2,3),8(3,3)

208 FORMAT(' BETA:',/,",6811.4)

WRITE(6,210) ((K(IA'IB)'IB:1,3),IA-1,3)

210 FORMAT(' 1{ 

"1,(",38i5.5))WRITE(6,220) ((T(IA,IB),IB-1,3),IA:1,3)

220 FORMAT(' T 
"/,(",3815.5))

950 CONTINUE

C TRY EXTREME NARRO\-VING

rF(NP.EQ.2) GO TO 3oi

DO 30 IA:1,3

DO 30 lB:1,3

30 F(IA,IB) - T(IA,IB)

DO 35 IA:1,3

J(rA) - (D0*K(I4,1)+F(IA,1) + D1*K(IA,2)+F(I4,2)

1 + D2*I((I4,3)*F(I4,3) )

rr(rA.EQ.2) J(rA) - J(rA) + JODF

35 J(IA+3) : J(IA)

NGOTO - 1

GO TO 400

301 CONTINUÐ



J FOR BOTH RON'S D AND OUR Ci3

DO 47 IB:1,2

DO 45 IC:1,3

DO 40 IA:1,3

rD-IC+3*(IB-1)

40 F(IC,IA) : T(Ic,IA)/(1.+(w(ID)+T(Ic'IA))**2)

45 J(ID) - (D0*I{(IC,1)*F(IC,i) + Di*K(IC,2)*F(IC,2)

1 + D2*I((IC,3)*F(IC,3) )

rF(rD.EQ.2.OR,rD.EQ.5) J(ID) - J(ID) + JODF

47 CONTINUE

NGOTO :2
GO TO 400

302 CONTINUÐ

GO TO 900

4OO CONTINUE

R(1)-J(2)+4.+J(3)

R(2) - 3.*J(2)

R(3) - ( 3.*J(1) + 3.*J(2) + 2,*J(3) )*0.5

R(4) : J(4) + 3.*J(5) + 6.*J(6)

R(1) - A(1)*R(1)

R(2) - A(1)xR(2)

R(3) - A(1)*R(3)

R(4): A(3)*R(4)

77



DO 419 IA-1,3

41e AJ(rA)-i(IA)*A(1)

IVRITE(6,231) (AJ(IO),IO:i,3)

231 FORMAT(' AJ :',3FL24)

DO 420 iA:l,a

42oRr(rA)-1.0/R(IA)

\ryRITE(6,230) (J(IO),IO-1,6),(R(IO),IO-1,4),(RI(IO),IO:1,4)

230 FORMAT(', J"6Ð1-1.4,f ,' R"4817.4,f ,' T"4E11.4)

GO TO (301,302),NGOTO

910 STOP

END
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C.2 A.BD7.DAT

0i ABDT , 11-4 BETA , RONS JCP,88,3962 5CB FIG.3

0. i662758+00 0.5969808-01 0.8922768-01-0.5893438+00 0.2739038+00

0. 1664168+00 0.1872918-02 0. 1128258+00-0.4973588+00 0.2156328+00

0. 165870E+00-0.1063998+00 0.3602648-0i-0.606901E-01-0.3493078-01

0.1657198+00- 0.7977 52F'-01 0.2642818-01-0.300436E+00 0. 128263E+00

0.166058E+00-0.6325858-01 0.4119468-01-0. 1732588+00 0.2912788-01

0.166195E+00 0.101228Ð+00 0,5363158-01-0.1264928+00 0.5536628-01

4.862Ð+11 1.802Ð+00

30.000 12.000 0.000 70.500 0.214 0.000 1.101

30.000 7.990 0.000 70.500 0.148 0.000 1.101

30.000 12.500 0.000 70.500 0.159 0.000 1.101

30.000 27.300 0.000 70.500 0.107 0.000 1.101

30.000 79.200 0.000 70.000 0.078 0.000 1.10i

0.000



C.3 ABDT.OUT

HRESHA ABDT , 1i-4 BETA , RONS JCP,88,3962 5CB FIG.3

0.1662758+00 0.5969808-01 0.892276Ð-01-0.5893438+00 0.273903E+00

0.1664168+00 0. 187291E-02 0. 1 12825Ð+00-0.4973588+00 0.2156328+00

0. 1658?08+00-0. 1063998+00 0.3602648-01-0.6069018-01-0.349307Ð-01

0. 1657i9E+00-0. 1977528-01 0.2642818-01-0.3004368+00 0.1282638+00

0.1660588+00-0.632585Ð-01 0'411946E-01-0. 173258Ð+00 0.2912788-01

0. 166195E+00 0. 1012288+00 0.5363158-01-0.126492E+00 0.5536628-01

D 0.4868+12 0.1808+01

T,DII,ÀDF,BETA,P2,P4,R:

0.3008+02 0.120Ð+11 0.0008+00 0,7058+02 0.214 0.000 1.101

JODF- 0.00000Ð+00

A , D: 0.4180008+12 0.180000E+11 0.1010538+11 0.1107968+00

0.2970328+00 0.5921728+00 1000/T 3,299

AJ: 6.0810 6.6122 7.6756

J 0.14558-10 0.15828-10 0.18368-10 0.1455E-10 0.1582E-10 0.18368-10

R 0.37318+02 0. 19848+02 0.267 2E+02 0. 1 7408+0 1

T 0.26808-01 0.50418-01 0.37438-01 0.57478+00

ÄJ: 5.8562 6.5837 6.9324

J 0.14018-10 0.1575E-10 0.1658E-10 0.14558-10 0.1582E-10 0.18368-10

R 0.3431E+02 0.797 5E+02 0.25598+02 0. 17408+01

T 0.29148-01 0.50638-01 0.3907Ð-0i 0.5747E+00

T,DII,ADF,BETA,P2,P4,R:

0.300Ð+02 0.7998+10 0.0008+00 0.7058+02 0.148 0.000 1.101

JODF: 0.00000E+00

A , D' 0.4180008+12 0.1800008+11 0.1010538+11 0.1i0796E+00

0.297032E+00 0.5921728+00 1000/T 3.299



AJ- 9.5998 10.0949 i1.1994

J 0.2297Ð-10 0.241 5E- 10 0.26798- 10 0.22978-10 0. 2415E- 10 0. 26798- 10

R 0.54898+02 0.3028Ð+02 0.4074Ð+02 0.2589E+01

T 0.18228-01 0.3302Ð-01 0.24558-01 0.38638+00

AJ: 8.8349 e.e974 9.0187

J 0.2114E-10 0.23928-10 0.2158E-10 0.22978-10 0.24158-i0 0.26798-10

R 0.4607E+0 2 0.29998+02 0.37 27Ð+02 0.25898+01

T 0.277 1E-07 0.33348-0 1 0. 26838-01 0.38638+00

T,D11,ADF,BETA,P2,P4,R:

0.3008+02 0.125Ð+11 0.0008+00 0.7058+02 0.159 0.000 1.101

JODF: 0.00000Ð+00

A , D, 0.4180008+12 0.1800008+11 0.101053E+11 0'1107968+00

0.2970328+00 0.5921728+00 1000/T 3.299

AJ: 6.0887 6.4352 7.7937

J 0.14578-i0 0.15408-10 0.1721E-10 0.14578-10 0.1540Ð-10 0.17218-10

R 0.35218+02 0.19318+02 0.2598Ð+02 0.16578+01

T 0.28408-01 0.51808-01 0.38498-01 0.60348+00

AJ- 5.8807 6.40e6 6.5468

J 0.14078-10 0.1533Ð-10 0.15668-10 0.14578-10 0. 15408-10 0.t727Ð-70

R 0.32608+0 2 0.L923F+02 0.2498E+02 0. 16578+0 1

T 0.30688-01 0.52018-01 0.40038-01 0.60348+00

T,DII,ADF,BETA,P2,P4,R:

0.3008+02 0.2738+11 0.000Ð+00 0.7058+02 0.107 0.000 1.101

JODF: 0.000008+00

A , D: 0.4180008+12 0.180000Ð+11 0.1010538+11 0'1i0796Ð+00

0.2970328+00 0.592172E+00 1000/T 3.299

AJ- 2.8870 2.9844 3.2t87

J 0.69078-11 0.71408-11 0.76998-11 0.69078-11 0.71408-11 0.7699E-11

R 0.1586E+02 0.89538+01 0.12038+02 0.75308+00
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T 0.63068-01 0.1117E+00 0.8316E-0i 0.13288+01

AJ: 2.8658 2.98L9 3.1528

J 0.6856E-1i 0.7134Ð-i1 0.75438-11 0.6907E-11 0.7140E-11 0.7699Ð-11

R o. 1 5 5eE+02 0.8946Ð+0 i 0.t7928'+02 0.7530E+00

T 0.64138-01 0.1i18E+00 0.83868-01 0.13288+01

T, D1I,AD F',BETA,P2,P4,R:

0.3008+02 0.792E+11 0.000Ð+00 0.7008+02 0.078 0.000 f .i01

JODF: 0.00000E+00

À , D, 0.4180008+12 0.1800008+11 0.i010538+11 0.105322Ð+00

0.3098818+00 0.5847978+00 1000/T 3.299

AJ- 1.0140 1.0365 1.0937

J 0.2426E-LL 0, 24808- 1 1 0.261 7E- 1 1 0.2426E,-r1 0. 24808- i 1 0.26L7Ð-77

R 0.5411Ð+01 0.31098+01 0.41698+01 0.25838+00

T 0.18488+00 0.32168+00 0.23988+00 0.38718+0i

ÀJ: 1.0131 1.0364 1.0910

J O.2424E,-L7 0.247 9E-77 0. 26 1 0E- 1 1 0.2426Ð-L1 0. 24808- 1 1 0.2617 Ð- 71

R 0.54018+01 0.31098+01 0.41658+01 0.25838+00

T 0.18528+00 0.32168+00 0.24018+00 0.3871E+o1
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APPENDIX D

JDTLA0 program

D.1 JDTLAO.T'OR

C jdtlaa.for Mar. 06, 1993

C based on JDONGD.FOR MEANT FOR 5CB tail ca¡bons

C

c usES MoD OF R.Y.DONG,MCLC,141,349-359(86) AND

c R.Y.DONG,JCP,88,3762-3969(88).

c

C FINDS J7,J2,,J3 AND QUAD T1Z,Y1Q AND

C CARBON-13 T1 FOR Tail (?)

C

C R: Rlz(Q)' R1Q, R2(Q), RIC(DDXC-H)

C NP - O(FULL), I(PARTIAL), 2(limited)

C

REAL*4 J(9),I{(3,3),8(3,3),T(3,3),F(3,3),R(5),R(5)

REAL*4 \tr(9),jodf,ja(3),con/6.28319e*06/

REAL+4 POW(5,6),4(3)/0.5812,1.8810,0.0/

LOGICAL*1 TITLE(78)



w(1) : 0.0

w(2):15.*con

'¡/(3):30'2*con

*(4):(90.-26.3)*con

w(S)-(26.3)*con

*(6) :(90. *26.3)*con

*(7) : ( 500. - 125.6 ) * con

w(8) -( 125.6)*con

*(9) :(500. * 125.6 ) * con

REÀD(5,998) NP, model,(TITLE(IO)'IO:1'78)

998 FORMAT(2I5,7841)

WRITE(6,999) np,model,(TITLE(IO),IO:1,78)

999 FORMÀT(' jdilaa 13jan93 ' ,2I5,",78^1,f )

C

DO 995 IA-1,6

READ(5,ee6) (POW(IO,IA),IO:1,5)

995 WRrrE(6,997) (PO1^/(IO,IA),IO-1,5)

ee6 FoRMAT(5813,6)

997 FORMAT('"5813.6)

C REÀD IN NEXT PARAMETERSET

e00 WRITE(6,90i)

901 FORMAT(")

84



READ(5,101) TDEG,DPAR,ADF,BETA,P2,P4,RBOND

101 FORMAT(4F8.3,3F6.3)

rF(RBOND.LE.0.0) GO TO 910

lVRITE(6,202) TDEG,DP.A.R,ADF,BETA,P2,P4,RB OND

202 FORMAT(' T,dif,ADF,BETÀ,P2,P4,R:',f ,",6F9.3,3F7.3)

jodf -ADF*(4.1256. ) /A(1)

A(3) : A(2) / (RBoND*+6 )

TDÐG - 1ooo.o / ( TDEG + 273.15 )

BETA_BÐTA*0.0174533

DPAR_DPAR+1.08+09

write(6,203) jodf,A(1),a(2),a(3),BETA'DPAR

203 format(' jodf,al,a2,a3,beta,dpar= ',f ,' ',6e1'2'4)

c D0,D1,D2 - D00, 2*D10, 2+D20

D0 - ((3.0*((cos(BETA))*+2)-1.0)**2)*0.25

D1 - 3.0*((sIN(2.0*BETA))+*2)*0.25

D2 - 3.0*((sIN(BETA))**4)*0.25

WRITE(6,205) D0,D1,D2,TDÐG

205 FORMAT(' d0,d1,d2: ',381.4.6'' 1000/T 

"F6.3)C find nordio and segre beta

IC :0
DO 500 IA:1,3
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510

500

DO 500 IB:1,3

rF(rA.GT.rB) GO TO 5oo

IC:IC+1
B(IA,IB): POW(1,IC)

DO 510 ID:2,5

B(rA,rB) - B(rA,rB) + POW(ID,IC)*(P2**(ID-1))

CONTINUE

B(2,1) - B(1,2)

B(3,1) - B(1,3)

B(3,2) - B(2,3)

FIND F'REED KAPPA ELÐMAENTS

I((1,1) : 0'2 + (2.17.)*P2 + (18./35.)*P4 - P2**2

I{(i,2) : 0.2 + (t. 17.)*P2 - (72. 135.)"P4

I((1,3) : 0.2 - (2.17.)+P2 + ( 3./35.)*P4

K(2,2) : 0'2 + (1. 114.)+P2 + (8./35.)+P4

r((2,3) : 0.2 - (1. 17.)+P2 - ( 2. 135.)+P4

r((3,3): 0.2 + (2.17.)*P2 + (7.170.)*P4

K(2,1) : K(l,2)

K(3,1) : K(1,3)

K(3,2) - K(2,3)

FIND " CORRELATION TIMESD

¡6 2¡ 1tr-1,3

DO 20 IB-1,3



if(rnodel.eq.1) t(ia,ib) - dp¿¡

if(model.eq.2) t(ia,ib) - dpar+floai((1t(ib-1)*+2))

if(model.eq.l.or.model.eq.2) go to 20

QQ : FLOAT( (IB-1)+*2 )

T(rA,rB) - DPAR/B(IA,IB) + (DPAR)*QQ

rF(rB.ÐQ.o) GO TO 20

T(rA,rB) - T(IA,IB) + DPAR

20 T(IA,IB) : 1.0 / T(IA,IB)

]F(NP.NE,o) GO TO e5o

WRITE(6,208) B(1,1),8(1,2),8( 1,3),8(2,2),8(2,3),B(3,3)

208 FORMÄT('BETA:',/,",6811.4)

1 /RITE(6,210) ((K(IA'IB)'IB:1,3),IA-1,3)

2Lo FORMÀT(',I("/,(",3815.5))

wRITE(6,220) ((T(IA,IB ),IB-1,3),IA:i,3)

220 FORMAT('T 
"/,(' "3815.5))950 CONTINUE

C TRY EXTRÐME NARRO\VING

¡6 39 ld-1,3

¡6 36 lþ-1,3

30 F(]A,IB) - T(IA,IB)

DO 35 IA-1,3

J(rA) : (D0*K(rA,1)*F(IA,1) + D1*I{(I4,2)*F(IA,2)
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301

+ D2*I((IA,3)*F(I4,3) )

rF(rA.ÐQ.2) J(rA) - J(IA) + JODF

j(ia+6) : j(ia)

J(IA+3) : J(IA)

NGOTO :1

GO TO 400

CONTINUÐ

J FOR BOTH RON'S D AND OUR C13s

DO 47 IB:1,3

DO 45 IC:1,3

DO 40 IA-1,3

rD-IC+3*(rB-1)

F(IC,IA) : T(IC,IA)/(1.+(W(ID)*T(IC,IA))**2)

J(ID) : (D0+I((IC,1)*F(IC,1) + D1*I((IC'2)*F(IC'2)

+ D2+I{(IC,3)*F(IC,3) )

rF(rD.EQ.2.OR.]D.EQ.5) J(ID) : J(ID) + JODF

CONTiNUE

NGOTO - 2

GO TO 400

CONTINUE

GO TO 900

CONTINUÐ

R(1):J(2)+4.+J(3)

40

45

1

47
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41.9

R(2) - 3.+J(2)

R(3): ( 3.+J(1) + 3.*J(2) + 2.*J(3) )*0.5

R(4): J(4) + 3.*J(5) + 6.*J(6)

R(5)- J(7) + 3.*J(8)+ 6.*J(e)

R(1): A(1)*R(1)

R(2) - A(1)+R(2)

R(3) - A(1)+R(3)

R(4) - A(3)*R(4)

R(5): A(3)*R(5)

Do 419 ia-1,3

ja(ia) : j(ia)*a(1)

DO 420 IA:i,5

Rr(rA) :1.0 / R(IA)

wriie(6,229) (ja(io),io-1,3)

format(' ja',3e11.4)

\ /RrrE(6,230) (J(IO),IO-1,9),(R(IO),IO-1,5),(RI(IO),IO-1,5)

FORMAT(' J ',9Ð1L.4,f ,' ',6e77.4,f ,' R ',5811..4,/,' T ',5811'4)

GO TO (301,302),NGOTO

STOP

END
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D.2 JDTLAO.DAT

999 0 jan 17 1993

0. 1662758+00 0.596980E-01 0.8922768-01-0.5893438+00 0.2739038+00

0.166416E+00 0.1872918-02 0,i128258+00-0.4973588+00 0.2156328+00

0. 165870E+00-0. 106399E+00 0.3602648-01-0.606901E-01-0.349307E-01

0. 1657198+00-0. 1977528-0i 0.2642818-01-0.3004368+00 0. 128263E+00

0. 1660588+00-0.6325858-01 0.4119468-01-0. 1732588+00 0.297278F'-01

0. 1661958+00 0. 101228E+00 0.5363158-01-0.126492Ð+00 0.553662Ð-01

27.500 7.272 0.000 70.500 0.214 0.000 1.101

27.500 0.664 0.000 70.500 0.148 0.000 i.101

27.500 1.061 0.000 70.500 0.159 0.000 1.101

27.500 2.232 0.000 70.500 0.107 0.000 1.10i

27.500 8.543 0.000 70.500 0.078 0.000 1.101



D,3 JDTLAO.OUT

jdtlaa 13jan93 999 0 jan 17 1993

0. 1662758+00 0.596980E-01 0.892276Ð-01-0.5893438+00 0.2739038+00

0. 1664168+00 0. 1872918-02 0.1 128258+00-0.4973588+00 0.2156328+00

0. 1658708+00-0. 1063998+00 0.3602648-01-0.6069018-01-0.3493078-01

0. 1657198+00-0.197752E-01 0.2642818-01-0.3004368+00 0. 1282638+00

0.1660588+00-0.632585E-01 0.41 1946E-01-0.1732588+00 0.2912788-01

0.1661958+00 0.101228Ð+00 0.5363158-01-0 .126492Ð+00 0.553662E-01

T,dif,ADF,BETA,P2,P4,R:

27.500 1.272 0.000 70.500 0.214 0.000 1.101

jodf,a1,a2,a3,beta,dpar:

0.0000E+00 0.5000E+12 0.18008+11 0. 10i 1E+1 1 0.1230Ð+01 0.12728+70

d0,d1,d2- 0.1107968+00 0.2970328+00 0.5921728+00 1000/T 3.326

ja 0.7502E*01 0.7904E+01 0.8986E+01

J 0.15008-10 0.15818-10 0.17978-10

0.1500Ð-10 0.15818-10 0.17978-10 0.15008-10 0.1581E-10 0.17978-10

R 0.43858+02 0.237LÐ+02 0.3210E+02 0.17218+01 0.17218+01

T 0.2281Ð-01 0.4217Ð-01 0.31168-0i 0.5812E+00 0.5812E+00

ja 0.75028*01 0.7e04E+01 0.89848+01

J 0.15008-10 0.1581E-10 0.17978-10

0.14988-10 0.15808-10 0.1791E-10 0.14338-i0 0.15738-10 0.1626E-10

R 0.4384E+0 2 0.2371Ð+02 0.32098+02 0. 17168+01 0.16078+01

T 0.228i8-01 0.42188-01 0.31168-01 0.5827Ð+00 0.62218+00

T,dif,ADF,BETA,P2,P4,R:

27.500 0.664 0.000 70.500 0.148 0.000 1.101

jodf,a1,a2,a3,beta,dpar:

0.00008+00 0.50008+12 0.18008+11 0.10118+1i 0.1230E+01 0.6640E+09
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d0,d1,d2: 0.1107968+00 0.2970328+00 0.5921728+00 i000/T 3.326

ja 0.1500E*02 0.L544Ð+02 0.16808+02

J 0.29998-10 0.30888-10 0.33608-10

0.29998-10 0.30888-10 0.3360E-10 0.2999E-10 0.30888-10 0.3360E-10

R 0.82638+02 0.4632Ð+02 0.62468+02 0. 3276E+0 1 0.32768+01

T 0.1210Ð-01 0.2159Ð-01 0.16018-01 0.30528+00 0.3052E+00

ja 0. 1500E*02 o,L644E+o2 0. 16788+02

J 0.29998-10 0,30878-10 0.33568-10

0.29858-10 0.30868-10 0. 33 148- 10 0.257 2E-10 0.30348- 10 0.24148-10

R 0. 8 2 578+ 0 2 0.4637F' + 02 0.6243Ð+ 02 0. 3246 Ð+0 1 0.26 448+ 0t

T 0.12118-01 0.2159Ð-01 0.16028-01 0.30808+00 0.37838+00

T,dif,ADF,BETA,P2,P4,R:

27.500 1.061 0.000 70.500 0.159 0.000 i.101

jodf,a1,a2,a3,beta,dpar:

0.00008+00 0.5000Ð+12 0.1800E+11 0.10118+11 0.12308+01 0.10618+10

d0,d1,d2- 0.1107968+00 0.2970328+00 0.5921728+00 1000/T 3.326

ja 0.9326E101 0.96348+01 0.10558+02

J 0.18658-10 0.19278-10 0.21118-10

0.18658-10 0.19278-10 0.21118-10 0.18658-10 0.19278-10 0.21i1E-10

R 0.51858+02 0.28908+02 0.3899E+02 0.20528+01 0.20528+01

T 0.19298-0i 0.34608-01 0.2565E-01 0.4872E+00 0.48728+00

ja 0.93268*01 0.96338+01 0.10558+02

J 0.18658-10 0.19278-10 0.21108-10

0.18618-10 0.19268-10 0.2100Ð-10 0.1749Ð-10 0.19138-10 0.1829E-10

R 0.5r.838+02 0.28908+02 0.38998+02 0.2045Ð+01 0,18668+01

T 0.1929Ð-01 0.34608-01 0.2565Ð-01 0.48908+00 0.5360E+00

T,dif,ADF,BETA,P2,P4,R:

27.500 2.232 0.000 70.500 0.107 0.000 1,101

jodf ,a1,a2,a3,beta,dpar:
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0.0000E+00 0.50008+12 0. 18008+11 0. 10i 1E+1 1 0. 1230E+01 0.2232Ð+10

d0,d1,d2: 0.1107968+00 0.2970328+00 0'592172E+00 1000/T 3.326

ja 0.4559E*01 0.46438+01 0'49278+07

J 0.9119E-1i 0.92878-11 0.98538-11

0.91198-11 0.9287Ð-11 0.98538-11 0.91198-11 0,92878-11 0.98538-11

R 0.24358+02 0.1393E+02 0.18738+02 0.97118+00 0.9711E+00

T 0.4107E-01 0.71798-01 0.5339Ð-01 0.10308+01 0.10308+01

ja 0.4559E*01 0.46438+01 0.49268+01

J 0.91i98-11 0.92878-11 0.98538-11

0.9115E-1 1 0.92868-1 1 0.98418-1 1 0.89868-1 i 0.92728-1L 0.95118-1 1

R 0.24358+02 0.1393E+02 0.1873Ð+02 0.9703E+00 0.9486E+00

T 0.41078-01 0.7179Ð-01 0.5339Ð-01 0.1031E+01 0.10548+01

T,dif,ADF,BETA,P2,P4,R:

27.500 8.543 0.000 70.500 0.078 0.000 1.101

jodf,a1,a2,a3,beta,dpar:

0.0000Ð+00 0.50008+12 0.18008+11 0.1011E+11 0.1230E+01 0.85438+10

d0,d1d2- 0.110796E+00 0.297032E+00 0.592172Ð+00 1000/T 3.326

ja 0.12088*01 0'1'2228+01 0'12758+01

J 0.2475E'-L7 0.2444Ð-71 0.25508-1 1

0.2415E-1 1 0.2444Ð-77 0. 25508- 1 1 0.24158- 1 1 0.24448-t1 0.25508- 1 1

R 0.63228+01 0.36668+01 0.4920Ð+01 0.25318+00 0.25318+00

T 0.15828+00 0.2728E+00 0.20338+00 0.3951Ð+01 0.39518+01

ja 0. 1208E*01 o.L222E+0L 0.12758+0i

J 0.24158-1 1 0.2444E,-1L 0.25508-11

0. 24158-1 1 0.2444F'-1L 0.2550E- 1 1 0.24138- 1 1 0.2444E,-71' 0.2544Ð'1't

R 0.6322E+01 0.3666E+01 0.49208+01 0.25318+00 0.2527Ð+00

T 0.15828+00 0.2728Ð+00 0.20338+00 0.3951E+01 o.3e57E+0L
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APPENDIX E

JDTLAS program

8.1 JDTLA3.DAT

999 3 jan i7 1993

0.1662758+00 0.5969808-01 0.8922768-0i-0.5893438+00 0.2739038+00

0.1664168+00 0. 1872918-02 0. 1 12825E+00-0.4973588+00 0.215632E+00

0.1658708+00-0. 1063998+00 0.3602648-01-0.6069018-01-0.3493078-01

0. 1657198+00- 0.1,977 52Ð-07 0.2642818-01-0.3004368+00 0. 1282638+00

0. 1660588+00-0.632585E-01 0.4119468-01-0. 1732588+00 0.291278E-01

0.1661958+00 0.10i2288+00 0.536315E-01-0 .L26492Ð+00 0.5536628-01

31.300 1.143 0.000 70.500 0.125 0.000 1.101

31.300 0.614 0.000 70.500 0.082 0.000 1.101

31.300 1.515 0.000 70.500 0.089 0.000 1.101

31.300 2.890 0.000 70.500 0.057 0.000 1.101

31.300 9.340 0.000 70.500 0.042 0.000 1.101
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8.2 JDTLAs.OUT

jdtlaa 13jan93 999 3 jan 17 1993

0. 1662758+00 0,5969808-01 0.8922768-01-0.5893438+00 0.2739038+00

0. i664168+00 0. 187291E-02 0. 1128258+00-0.4973588+00 0.2156328+00

0. 1658708+00-0. 106399E+00 0.360264E-01-0.606901E-01-0.349307Ð-01

0.165719E+00-0.197752Ð-01 0.2642818-01-0.3004368+00 0. 1282638+00

0.1660588+00-0.6325858-01 0.411946E-01-0. 173258E+00 0.291278Ð-01

0.1661958+00 0.101228E+00 0.536315E-01-0 .126492Ð+00 0.553662E-01

T,dif,ADF,BETA,P2,P4,R:

31.300 1.143 0.000 70.500 0.125 0.000 1.101

jodf,a1,a2,a3,beta,dpar:

0.00008+00 0.50008+12 0.18008+11 0.1011E+11 0.12308+01 0.1143E+10

d0,d1,d2: 0.1107968+00 0.2970328+00 0.5921728+00 1000/T 3.285

ja 0.88228*01 0.90258+01 0.96808+01

J 0.1764E-10 0.1805E-10 0.1936Ð-10

0.17648-10 0.18058-10 0.i9368-10 0.i764E-10 0.18058-10 0.19368-10

R 0.4774F'+02 0.27088+02 0.3645E+02 0.18998+01 0.1899E+01

T 0. 2094E-01 0. 36938-01 0.27 438-01 0.52658+00 0. 52658+00

ja 0.88228*01 0'90248+01 0.96778+01

J 0.17648-10 0.18058-10 0.1935Ð-10

0.1762Ð-10 0.1805Ð-10 0.19278-10 0.1670E-10 0.17948-10 0.1706E-10

R 0.47738+0 2 0.27 07Ð+02 0.36458+02 0.18938+01 0.17478+01

T 0.2095Ð-01 0.36948-01 0.2744Ð-01 0.52828+00 O.57248+00

T,dif , AD F,B ETA,P 2, P4,R:

31,300 0.614 0.000 70.500 0.082 0.000 1.101

jodf,a1,a2,a3,beta,dpar':

0.00008+00 0.50008+12 0.18008+i1 0.10118+11 0.12308+01 0.6140Ð+09

95



d0,d1,d2- 0.110?968+00 0.297032Ð+00 0.692L72Ð+00 1000/T 3.285

ja 0.7677Ð*02 0. 16998+02 0. 17768+02

J 0.33558-10 0.33978-10 0.3553E-10

0.3355E-10 0.33978-10 0.35538-10 0.33558-10 0.33978-10 0.35538-i0

R 0.88048+02 0.50968+02 0.68408+02 0.35238+0i 0.35238+01

T 0. 1 136E-01 0.19ô2E-01 0.14628-01 0.28388+00 0.2838E+00

ja 0. 1677E*02 0.1"698E+02 0.777 4E+02

J 0.33558-10 0.33968-10 0.35498-10

0.33368-10 0.33948-10 0.3494Ð-10 0.28248-10 0.33288-10 0.24188-10

R 0.87968+02 0.50958+02 0.68388+02 0.34858+01 0'2760E+01

T 0.11378-01 0.i963Ð-01 0.1463Ð-01 0.28708+00 0.36238+00

T,dif,ADF,BETA,P2,P4,R:

31.300 1.515 0.000 70.500 0.089 0.000 1.101

jodf,a1,a2,a3,beta,d1:ar:

0.00008+00 0.5000E+12 0.1800E+11 0.1011E+11 0.12308+01 0.15158+10

d0,d1,d2: 0.110796Ð+00 0.2970328+00 0.5921728+00 1000/T 3.285

ja 0.6776E*01 0.68728+01 0.72158+01

J 0.1355E-10 0.13748-10 0.14438-10

0. 13558-10 0.1374Ð-10 0. 1443E-10 0.13558-i0 0.13748-10 0. 1443E-10

R 0.35738+02 0.20628+02 0.27698+02 0.14298+01 0.14298+01

T 0.27988-01 0.48508-01 0.36128-01 0.70008+00 0,70008+00

ja 0.67768*01 0.68728+01 0.7274Ð+07

J 0.13558-10 0.i374E-10 0.14438-10

0.13548-10 0.i3748-10 0.14398-10 0.13i48-10 0.13708-10 0.13388-10

R 0.3573E+02 0.2062F'+02 0.27698+02 0.14268+01 0.13598+01

T 0.27998-01 0.48518-01 0.3612Ð-01 0.70i38+00 0.73578+00

T,dif,ADF,BETA,P2,P4,R:

31.300 2.890 0.000 70.500 0.057 0.000 1.101

jodf,a1,a2,a3,beta,dpar:
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0.00008+00 0.50008+12 0.i8008+11 0.10118+11 0.12308+01 0.2890tr+10

d0,d1,d2: 0,110796E+00 0.2970328+00 0.5921728+00 1000/T 3.285

ja 0.3603E*01 0.36328+01 0.37458+01

J 0.72078-1 1 0.72648-11 0.74908-11

0.7 207 E-71 0.7 26 4E- 71 0. 749 0E- 1 1 0.7 207 Ð-1.7 0.7 26 4E- t7 0. 74908- 1 1

R 0.18618+02 0.1090Ð+02 0.14608+02 0.74718+00 0.74718+00

T 0,5373E-01 0.91788-01 0.6850Ð-01 0.13388+01 0.13388+01

ja 0.36038*01 0.36328+01 0.3745E+01

J 0.72078-11 0.72638-11 0.74898-i1

0. 7205E-1 1 0. 7263E- I 1 0. 74848- 1 1 0.71458- 1 1 0.7 2578-1'1 0.7 327 Ð-1'1

R 0.18618+02 0.10908+02 0.1460Ð+02 0.74688+00 0.73658+00

T 0.53738-01 0.91788-01 0.68518-01 0.13398+01 0.13588+01

T,dif,ADF,BETA,P2,P4,R:

31.300 9.340 0.000 70.500 0.042 0.000 1.101

jodf,al,a2,a3,beta,dpar=

0.0000E+00 0.5000Ð+12 0.18008+11 0.10118+i1 0.12308+01 0.93408+10

d0,d1,d2: 0.1107968+00 0.2970328+00 0.5921728+00 1000/T 3.285

ja 0.11228*01 0.11288+01 0.11548+01

J 0.22448-11 0.22ó6Ð-71 0.23078-1 1

0.2244E'-L7 0.2256F,- Lr 0. 23 07E- 1 1 0.22448- 17 0.22568-17 0. 23 078- 1 1

R 0.57438+01 0,33848+01 0.4529E+01 0.23108+00 0.23108+00

T 0.17418+00 0.29558+00 0.22088+00 0.43308+01 0.43308+01

ja 0.1122E*01 0.1128E+0L 0.1154Ð+01

J 0.22448-7L 0.2256E-11 0.23078-1 1

0.22448 L7 0,2256E-11 0.2307Ð-11 0.2242Ð-1t 0.22568-77 0.23028-1i

R 0.57438+01 0.33848+01 0.45298+01 0.2310Ð+00 0.23068+00

T 0.17418+00 0.29558+00 0,22088+00 0.43308+01 0.43368+01
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