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We discuss the use of optical properties of biological po+yrrers in· .. . 

the ultraviolet and how interpretation or them can give information on 

the structure of biopolymers in ··solution. The general technique is to 

express theoretically the optical properties: =.in terms of the polymer ·. 

.,, ' 

· ... ,.. ' 

. : . . 

subunit}properties and interaction betvreen them. The interaction por- ·. .. ,· ... 

tion is sensitive ~o the conformation. 

The theory of Faraday effect in ·organic . molecules is developed 
.. 

· and Faraday rotational strengths are defined. An exciton theocy of the 

interaction of groups in a polyrrer is applied to Farad?Y. rotation. This 

theory is used to predict ho\.,r the Fara.clay effect changes with polymer · 

conformation. 

We describe experiments on the optical properties of tobacco mosaic 

· v1!'U3 (TI\'lV) and TMV protein. The optical rotatory dispersion (ORD) of 

'IMV • of TMV protein subunits, and of Tr.JIV protein . in a.r~gated rods· is 

reported and discussed in terms of absorbi~~ groups. The electrical 

. .·. 

.. :·.·. 
? ''' 

.(,•, 

. :~:·. 

birefringence of TMV and TriJ.V protein rods is determined as a ruhction of· ' . . · r: 

wave length of light in an attempt to detennine ·the orientation of the ab-· ::: . ~ " 

sorbing groups. : : ~ ' 

·.! ' . . . 
We also carry out a calculation of :the ORD of dinucleoside phos- • 

phates from an exciton model. The rrethod assumes that the circular · ·. 

dichroism has the same dependence on \'lavelength as does the absorption.. · ·: · ' 
' ~ \ !.i I '•' 

The ORD is obtained from a Kronig-Krarrers transformation of the circular·· 
:--·: i: 

dichroism. 

The. results of the Faraday rotation theory are applied to the effect .... 

observed in ketones. The interpretation leads to the conclusion that the·.·· 

280 ml! absorption is composed of two distinct electronic transitions. In 
.. 

polymers, the theory predicts a structure-dependent Faraday effect. 
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The ORD of Tf~'N and its protein is interpreted as implying t'-lat the 

rods of aggregated protein resemble the native virus. · The interpre

tation of the birefrL"'lgence of 'fl\1V and the af,gregated protein as a 

ftmction of v:avelength proved to be ambiguous. This ambiguity results 

partly from the small amount of RNA 1n the virus and partly from diffi-

culties in separating the intrinsic birefringence from the form bire-

fringence. 

The calculation of the ORD of dinucleoside phosphates gives reason

ably good agreement \'lith experiment, indicating that the exciton inter-
. . . 

action is the origin of the large Cotton effects observed in sorre · dinu-

cleosides. We also conclude that ApA and UpU are right hande? h:elices 

and that, by implication, poly A at pH 7 also forms a right handed helix. 

The calculations suggest very strongly that all dinucleoside phosphates 

of the four RNA bases (A, U, a and C) are rie;ht handed in conformation, ....• 

and that they have helical increment arygles of 28 to 40°. The calculation 

also predicts that certain dinucleoside phosphates may have very large 

rotations at low temperature. 

. . :. 

I. 

·~ 

• . .. 
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FOHE\4AHD 

The use of physical rr.ethods to investigate biological structures is a · 

· field of study \'lhich has recently corre into great prominence. The ability 

of physical methods to give biological answers has given great impetus to 

the study of biological processes and has improved our lmowledge of 11 ving 

things at an unprecedented rate. 

Physical methods have certain advantages for studying biological sys- · 

terns. The rr.ethods are often capable of· automation. Once they are worked 

out, the methods are not time consuming and many samples can be tested in 

a day. · Also, the sample is not usually degraded by the measurerrent as 1 t 

is by chemlcal ana)jsis. The difficulty of physical methods is that they 

may be difficult to interpret. 

Such is the case with optical rrethods; it is easy to ~asu.."'e the ult:ra.

vlolet absorption spectrum in a scanning spectrophotomete~, but it is ·. 
' . . 

difficult to extract all the information available. The interaction of 

:photons with matter is basically a non-classical effect and therefore one .· · 

m.tst make theoretical treatrrents in quantum mechanics or at least in a hy

brid, semi-classical language.· This makes interpretation one step less 
. . .. 

..... · .. 

. ,·_· 

'·· .. 

': ::' 

reliable than for classical phenorrena such as· sedimentation or hydrodYnamic ' . · · · · · 

experiments. 

Ultraviolet absorption has been the most utilized technique 1n the · . · :. ·:· ,,,. · 
·, . '·{' 

past in biological studies, f'·ince the experiments are easy. Hm·rever, it. ' 
. ·,.: 

is limited in its information content. In the present study, we have 

undertaken some rrethods that are slightlY more d1.fficult experimentally· 
j ?" •. ' 

and require more extensive interpretation. Such a metho4 as Faraday effect. 

or magneto-optical rotation can g,ive a wealth of information, if it can be 
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understood. Experiments have been very few and attempts at interpretation . 

are definitely needed (see Tinoco a.'1d Bush, 1964, for a review). In 

Cha...oter I '"e have presented a beginning attempt at a theoretical under- ·· 

standing of Faraday rotation of ultraviolet lig.'1t in systems of biological 

interest. 

In Chapter II \-.Te discuss the use of electrical birefringence in the· 

study of tobacco mosaic virus. This is a rrethod which has previously re

ceived sone attention. However., in our case we atterrpt to understand the :' 

birefringence as a function of ~o·tavelength of· light throue;h an absorbing 

region. Unfortunately, we \-.Tere unable to make any certain conclusions 

about the orientation of chromophores. \~e feel ,that the method mir-,ht be 

usefUl in connection with other systems. 

Our calculation of optical rotatory dispersion (ORD) of dinucleoside 

phosphates was, by comparison, ratr'ler successful (see Chapter III). In · : 

this case 1 we were able to understand what gives rise to the large . optical 

rotation of these corcpounds and draw conclusions about their structure in 

./. 

·~ 

solution. It appears that ORD will be a powerfUl tool in the determination ·, .. 

of the chemical composition and sequence of oligonucleotides (Cantor and 

Tinoco, 1965). 

We will see from the study of the ttrree optical methods menti~ed that: 

. r.· 

one can have differen~ degrees of success .in \J.Sing optical properties .·to 

investigate bruological structure, but that where success is not found I it .- .. ·' · 
. . ,·,:·· .· , ... 

.is clear in what directioq the study should be extended to obtain the >' ·<. ·. · · · ·• 

desired structural information. The possibillties of optical measure~l'lt 
,'· \ 

vdth polarized light as a function of wavele~gth in electric and ma.gn~tic ; :· ··~ 
fields, and at different f:>H values and tempe~ature~, are enormous~ Use of .: 

all these variables extend the structural iriformation greatly. If one 

could carry out sufficd:.ent· experimental calibration ond extend one's · · ' · · 

·-;.t·,.rt 
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theoretical understanding far enough, it might be possible to envision· '· ,,;- · . 
. , ... 

'•; •'.' 

an automated machine capable of r.nc~suring such properties as OFD, Farada,y 

effect, birefringence and dichroism over• a range of pH, temperature a.r).d 

wavelength. $uch a measurement could probably· provide sufficient irlfor- · · 

rnation to completely determine the structure of a long oligonucleotide •. 

All this could be done without degrading the compound. This advantar,e could 

be quite significant for rare biological products which require rather ex

tensive preparation and purification and are often obtained in very small 

quantity. 

Perhaps such visionary concepts as a po~ynucleotide sequencin~ 

machine utilizing only physical methods are not justified at the present 

time, but recent studies on ORD of oligonucleotides have shown such promise 

that one ought not to dismiss the possibility too readily (Warshaw and 

Tinoco, 1965; Cantor and Tlnoco, 1965). The use of analog to d~gital con

verters . and subsequent computer analysis will greatly expedite the treatment 

of experimental data. . Although the accomplishments of the·. follov.ring three 

chapters are a rather modest contribution, it is hoped that the reader will' 

find sufficient encoura6~ment to extend the investigat~on of optical pro-, . 

perties of biological molecules, in order that they be allowed to yield 

up their rd.ch store of structural information. 
__ ,· 
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I. FARADAY RarATION IN POLYJ'Ij£Rs 

Introduction 
. . . . 

Illichael Faraday (1845, 1846) found that· plane polarized light was · . 

. rotated on passing through matter in a magnetic field. He found that the 

effect wa...~ proportional to the magnetic field strength . a."1d that the light 

must propagate nearly parallel to the direction of the field. Furthermore 11 

he found that the magnetic rotation was additive to natural optical ro

tation. but that the sign of magnetlc rotation depended· on the direction 

of propagation of the light relative to the !l'lagf1etic field while natural 

rotation did not. 

Shortly after its discovery the phenomenon of rrn:r.gnetic rotation 

aroused a great deal of interest. w. H. Perkin retired from dye manu

facturing in 1874 to do funda.rrental research' 1n this field. In 1884 .. ~ ... 

Sir, G. G. Stokes rna.de the follovdng staterrent during the Burnett Lecture~ 

"On . Lig.~t." 

, " ••••• the rotation of the plane of polarization produced by the · 

. action of magnetism ••••• is capable or laying hold of and re-. 

vealing delicate differences of molecular grouping." :., .. 

· Unfortu."lately this statement has not yet been verified. Ho~tJever,: work is · · · 

progressing in various laboratories on the experimental difficulties which 

need to be overcome, and success at using 'Faraday rotation to investigate ' 

the. properties of organic chemicals, especially ones of biological inte

rest, may be near at hand. What we propose to do in this chap,~er is rn.:.1.ke 

an initial attempt at understanding what are the general effects we expect 

to find in organic molecules of low symmetry, · In specific, we wish to 

find¥Nhat, if any, are the special effects in polymers. 
:,· 
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Qualitative Discussion 

All matter in a magnetic field will rotate the plane of polarization 
. 

of lig.'"lt. The effect is independent of whether the molecule has a ppi.n.t 

or plane of syrrmetr-.t. If the molecule is natu....""a.lly optically active, the 

Faraday rotation will simply add, and the Farada,y rotation or' the racemic 

mixture will be the sarre as that of either isorrer.. F'or all non-linear 
. I 

the Faraday rotation can be represented by the same sort of terms as the 

natural rotation, i.e., a stL'11 of Drude terms or damped Drttde tcm.s. 

Therefore, the sa.rre techniques can be used 1ri ahalyzing the experimental . 

Faraday rotatory dispersion as the natural rotatory dispersion (Schellrnan 

and 3chellman, 1958; Noffit and Yang, 1956; Moscotdtz, 1960). .The analog 
/ . 

to the natural rotational strength R for a trnnsition ·from. o to a is the . . .. ~ .... .,... . .. ~ . ....,.,.. '. 

· •... · 

mae11etic field strength H parallel to the light times tl1e Paraday ·rotatio~al ,. 

strength F (we shall pmit the subscript oa .. in. R
0
a and F oa unie~s ·:tt is :. · · 

.. ~ . 

necessary to distinguish one transition from anothed • The Farada..v rota- .'. 
-~ : 

' ' .. ~·-: 

tional strength depends on two molecular parameters: t~ electric dipole : · . 

transition monent \1 and another vector whi~h we shall call s. f-1ore pre- : 

cisely .···· .... 

F = llS cos e 
; ~ ' •'. .'· ·• . i 

where a is the angle bett-Teen 1.1 and s~ . This .form can be corrpared •,rith ~he ., ... , · 

natural rotational strength (R = 1.1m cos e) l>lhere m is the magnetic. dipole · 
. !. ' 

transition and e is the angle betNeen u and rn, and w:1th the dj.pole strength .. · 

(D = u2) whiCrl char-acterizes the absorption. These equations indicate wny 

the rotational strength may be more sensitive to molecular structure than . · 

the absorption. Absorption depends on only one molecular parareter \<Thile 

both natural and Faraday rotations depend on two pa~ters and the angle 

between them. One also can, see that the Faraday rotational strength is not 

·' 
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proportional to absorption. Weak transitions ( u small)· may have large 

rotational strengths (S large) and vice versa. 

To understand what types of transitions are needed to produce a sig

nificant Farada_y rotation, we should knoH i•rhat is required for rotation of 

the plane of polarization of li!",ht. A dipole induced in the molecule at 

right angles to the plane of polarization of the incident light v-till radiate 

an electric field in this direction. When added to the incident light, 

·this field \tlill lead to rotation of the plane of polarization (Kauzmarm, 

1957). For a magnetic field to induce such a dipole~ two conditions !!'.USt 

be rret: (a) t~-10 electric dipole transi tiona must exist in the molecule 

with components perpendicular to each other; and (b) bro of the states of 

the transittons must be linked by a magnetic transition moment. The effect 

is largest when the two elec·tric dipole t:ransitions are very close i;n fre-

. quency. There a..""e · two types of terms: the lars;e one is .inversely prop6r-

tional to the frequency difference between the t\'IO transitions; tne other 

is inversely proportional to the frequency of one of the transitions. · 

·Figure I-1 illustrates two favorable ca...r;es in whlch there are ei,ther tNo _-_·_·.·_ 

perpendicular '11'-'TI':oe transitions or an n-1T* traflsition perpendicular to a· 
. . . . .. . . . . " 

'11'-11'~~ transition.. The two transitions will-lead to nearly equal and opposite __ 

Faraday rotational strengths; the sign, r_nagn:ttude and spearation of the 

rotational strent:,"ths \'1111 depend on the type and sYrnn-etry of substitut:tC>n.' ·. 

In particular, the sign depends on the relatiVe sign of the two electric · , 

dipole transition rl\Oments. 
.· ·' ' .. 

Therefore, Faraday rotation in principle can 
. .' ,. 

give the sign of the transition moment, while .absorption cannot. As the.' ' 

frequency difference of the t\oJO transitions· increases from zero, the rota,;.· ·_ 

tory dispersi~n near these frequencies will change from (a) no dispersion 

to (b) a single minimum (or maximum) with one maXimum (minimum) on each .. 

side to (c) two separate, opposite sign Cotton ef'fects. If this type of · · 

. 1 .. 

.·. ·.':,<· 
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te:r.m 5.s dominant, the t•ioffit-Ya.ng (1956) equation may be useful for 

treating the results. Even· if the t\-ro perpendicular electric dipole tran-

sitions are not close in frequency, there may still be a si£g:Ylficant 

(thou;:,h generally :wnllor) Faraday rotational strength. This latter term 

should lead to simple Cotton effects. 

The units a.."ld magnitud-e of the Faraday rotational strength are re-

lated to natural optical rotation by 

The magnetic field times the Faraday rotational strength has the same units 

as natural optical rotation. If one chooses a .standard magnetic field 

strength (such as 10,000 gauss) (Shashoua, 1964) then HF can be conven~ 

. iently reported in the sarre units as n. Either units of lo-38 cgs or 

:reduced rotational strengths (Moscowitz,. 1960) have been used. The .ex-.· 

perimental values to be expected in a 10,000 gauss ·field can be estimated .. · 

from the value of JJH= 50 cm-1 for· a 1 Debye. dipole morrent. For the larp;e : .· ··:. 

term, 'J represents the frequency difference of the two tra.."lsitions c.:.rhich .. · ...•.. 
' 

should be a fe\'1 hundred v-vave numbers or great~r so that the equal and. ~- · • , · : 

opposit~ Faraday rotational strengths do ~no{co~letely 'cancel~ • · Fort~~ . .· . ' 

small term 'J is the transition frequency itself (which 11'1U.-<;t be at least.·.: , ·. , 

io tOOO cm-1 in the visible region). Therefqre,: t-te may expect values of ... )i,~·:, 
. '\ ' . . ·.· '··· ... ,, 

ffF to ra11ge from ab~ut 0.1 R to 0.005 R. \1h~i4/R .is a fully allowed ro~~:'./' '' 
.; .. 

tional strength. 'fnis mey be corrq:>ared vr.i. th the steroids discussed by .. 
. I . 

i., 

Dj era.<;s1 ( 1960) \.,.hich have rotational stren~hs of ·about • 91. R. · Thus, • if '; ··.•• > ... t.:-., 
~ I • ., •, ~; ,' '; ',·: .: , . 

1 
,• F':• ·• 

we go to a 10,000 gauss field, we expect to' see Fara.da_y rotatio~ iri o~'i .'• ... . ", ' ' ·."·. '' .; .·\··<'' :-''•.· ..• , 
ganic molecules which :l.s the same order of rim.@1.itude as optical rotati~h~ .... :-.:·, · 

',' '• I ~ ': :, ; ,' 

' : . . ' ' .. ' .· ' . . . ~· : ·. ' . ' . ' . '' ,.; ' . 

·When a rigid polymar is forrred from the' ~noroors ( o.r. random \co1~, we ·(. , · . . •. 

expect a similar c11ange in the Faraday rotation as seen in th~ absorp~,ion. ·. · " . 
•' .. ,' . . 

There will be a. change il."l ~1ara~ rotational strength for eael'l mono~·~ 
' ~ .. ' 
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transition which depends on the georretry, and there may be a sh:Lft or 

splitting of the transition frequencies •. This does not mean of course 

that the change ·ih rotation must mirror that or absorpt~on. 'l'his will . 

approximately occw· if the vector. S happens to be parallel to 1.1 in each 

roonorrer. . If S is perpendicular to JJ, . the monomer has ·zero Faraday ro

tational strength for tha1; transl tion, but the polymer may have rotational 

strength. The Faraday rota1~.ianal stren~hs of the polymer and their 

change in orientation can be used to determin.e the direction and ma&tltude. 

of the vector S and therefore, might lead .. to the sign of electric dipole . · 

transition moments. 

There. have been few experiment?.J. studies published so. far .... 1hich 

mea..c;ure ·rotatory dispersion throw)1 an absorption band 1n a mag}'letic · 

field (Shashoua, 1961~; Briat, 1964; Schooley, et al., 1965); no Faraday 

rotat~.onal stren(~hs have been reported. Hm,rever, reports from the 

various laboratories workine; on this phenomenon should soon be appearing. · 

Quantitative Discussion 

In our quantitative discussion we w:Lll limit otu"Selves to first. · 

order perturbation theory. We know this procedure is correct for the . 

magnetic field perturbation since the Faraday effect is linear in the 

rnaf]letic field. Diatomic molecules have already been treated in Faraday .. : · · 

effect (Tobias and Kauzmann, 1960). In addition, we feel that the elec- · · 

tronic properties or triplet states and free radicals are not sufficiently 

well understood to include them 1n the present study; Therefore, we will·. 

exclude molecules with three fold or higher symmetry axies a,..,d molecules 

with unpaired electrons. This leaves us many ordinary organic molecules 

and 1n particular organic molecules of b:tologi.cal interest. 

",. 
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In order to obtain Farads.y rotation, we will expand the molecular 
I 

"rave · fUnctions to first order in the rnag;netic field. lt!hen r,..;e come to 

the poJ.yrrter effect, we \dll again expand the ';rave ftt.'1.ctions, this tirre .. : 

in the electr:~.~ field of the polyrr.er. Therefore, i·te 1~1111 develop the 

two expansions toe;ett1er in order to demonstrate the paral~elism of the 

two procedures. 

The energy of an isolated molecule in a static, uniform field is 

En (E) = En - ~nn • ~ + O(E2) + 

~(H)=~· + O(H2) + 

••• 

••• 

I-(la) 

I-(lb) 

where the· subscript n refers to an.v state of the molecule ·and ~ is the 

permanent electric dipole mome.nt in that state, Tne corresponding v1ave 

functions ,neglecting tenns of second and higher order, can be written 

t/1 (E) 
n 

1P (H) . n 

l 

= 'Pn + € • ~n .llmn tJ!r./h("m.- "n) 

= •" + H • 1: ,r. lh( v ' - v ) Yn "' · rilln ~,mrl "'m' • • m . . n . 

; 

I-(2a). · 

.I-(2b) .· 
* . . . . .· 

~ = ~nm = /wm'·: ~ wndT = electric dipole transition moment . 

* . !Vnn n ~ :e /1/Jm q; tpndT ~ magnetiC dipole transition morrent .·. 
.. . ...... ~- :: . .-: .'- . 

If we ·choose tJJ real, I)J (E) \'till 'also be real .. Nhile 1/1 (H) \dll be complex :·. n n . n 

since m is imaginary. 

· These· t,.Io equations alloH us to und~rstarid all the first order eie'c;;_ · : ·. · 

trlc and magnetic effects on the optic~i proPe~ies. 
• ' ' ''"' I 

The necessary f _: .:. 
.•' 

parameters are the frequency, and the transition integral whose square · . , . .. , · . 

characterizes the probab:tll ty of trans:t t1on
1
of. Jthe · molecule in th~ pr~;e~c.~. ,,:· · '·' 

of light. 'll1ese are 

Frequency: (for transition from grOUnd: state to state a) 

va(E) =~a+~ • <~oo- ~aa)/h 

v (H) c: v a . a 
"a(= (Ea - ·Eo)lh 

. ' .~· . 
,· 

. ',': 

. ·. ';' 

..... i . . ·-.. ·: 

.t .. 

. ·: ~ '; ~· : ... :' J .. ~ .. ~ 
·:' . ~. . ' , .. 

.... ·. ::~ ·:=.·~ ·. ~ . ~_:.· . 
:· .. ~.\::>.i· ...... (.::.: .. 

r-<3~y· 
•,' 

I-( .3b_\··:,·::.< ~.''\;···:. 
I-( 3oY · ··:, . · 

.. ·;· ::···· ' 

'·.r· ... \··.· • 
. . ~. ! 

·.· · .. 
:')·: ·, :~:·,. 
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Tr~.nsition intev:·al: (for transition from ground state. to state a in· 

presence of plane JJ.ght •m.we travelling in db:~ction z and polarized along x) 

'I'xao (E)·= Txao + ~ • ~t-a .ltbo. Txbo/h(vb- "a) 

+ ~ 
i.: ' . \1 

• bt!o J(.bo · Txab/h(h b 

T . (H) =T + H t 
TY.bO/h( \1 - \1 ) xao xao "' u;la !&a b . a 

+ H E T lh" b 
"' a7-a ~o xab . 

·· I-(4a) 

~ \ 
. . \. . . 

I~(4b) 
\'. 
\ 

In practice one usually C:h'Pands the. exponential to obtain terms of the 

.. following type. 

~1orrentum. transi t.ion: (proportional to electric dipole transition) 

~ao = (2'1Tim/e) v a~ao ·. 

rl!agnetic dipole tr?..n:Ji tion: 

m = (e/2mc)(~ x n) · 
"V ao · "' -v ao 

Electric quadrupole transition: 

I-(5) 

I-(6) . 
···. 

Q == e(r"T") I-(7) 'uao "VV ao 

Equation (5) corres from the first term of the expansion, while Eq~. ':(6): 
' . . 

.... . and (7) corre from the second. Any one. of these can replace Txao in Eq. r-·C~). 

For electrically allo~'led transitions one customarliy approximates the. 

transition integral by the square of the electric dipole transition moment 

as given in I-(5) above. Thus one rr.ay defin~ the oscillator strength f~ 

which is proportional to bo.th u~0 and to the integral of the absorbance 

over the absorption ba.."'ld. 

,/~~" ·~= ( ne
2
N0 ) 

a 2303mc 
f a.: 

I 

r = ( 8 2- ,.,~ 2) R . • * a 'IT Ill/ .Jl1e v a e .!Ooa ~oa 

I-(8). 
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However, in the static field the relative directions of the lif~t and the 

field are impcr.tru1t so we must consider the oscillator strength tensor. 

For light incident polarized along unit vector i the absorption in the 
"' 

static electric ~leld is 

~'{2"a [ ~;<o <~tob I. ' li.abll.oa ' Vlh'b 

+ ~;ia(.ltab ~ • .\1vebltoa • Plh~b-va~ 
I-(9a) 

+ {!too - ~) :1; ' !toa!toa ' :1; } 

.• 

t_; 

:.: .. . If the static field is spp.ce fixed and the molecule is randomly oriented, · 

-·;· ... 

,.· 

::, i.: 

. ,; 

··.:. 

: .. . , .. , .. ·.· 

'· . 

we aver~ the above expression (BrOi'ffi, 1962) over all equallY. probable ·•• .·. 

orientations of .the molecule and obtain 
·-,'. . .. ·· ... 

. ····· ;.·.·· I-(lOa) .. ,· .. 

. ·: . 

As the magr1etic field adds terms which ~-·>·pure1y imaginary, there is. no '·: ., ', 
effect for either fixed or randomly orlentedmolecules. 

/e:adv(H) = /~ad-v r-c9or· 
<(ead-v(H~Q<{ead~ I-( lcit;'):>.i.:. :._: ·. 

! ,· 

··:.'.; >>'(:<: .. :.-· ;·· -r:.f_:_~-:::. 

The rotation of polarized light has .be;~k .. :aescribed in terms of thi>,':;,:,:·; ·/. ;· 
' .... "· '·:. ·:':· :· 

I I" I~,'·,'·/·', 

transition integrals (Kirkwood, 1937; Step~ID;l~ ,.1958). As 1n absorption~".,: 

hovvever, it is usually sufficient to keep··~~i;.:··the first t\-TO terms in·f~~ 
,' '.:: ·. ··,_ 

' .. ,.·.:, . :; 

expa'1sion 6f the exponential. The t,otation in· radians/em for light inci;.._ 

~ '. 

... . ;· . 

:' ·, dent along the·~ (z) direction is 
: ·.· :_. :, .:· · .. 

ez a (8h0v2
/he) Im !,<v!-v2

)-l {t • iloaJto.i: ~ 
+ (elmo) [ ,t • 'toa ~ • (~)ao • ~ - ~ • 'Goa ~ :···: (~)ao 

'':. 

'· 

I-(11) ,.. 
. ·• 
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to :L1;he: rotat~_6n.:.~.:,.: -~~'c.:': t::: ,: .:: -~-: ~ : , •. The second term characterizes. the 

natural optical rotation which can be influenced by a static electric .. 

field, but not a magnetic field. Using Eq. !-( 4a) to introduce the mag- ·'· 

netic field perturbation, or:.3 finds:;that the first term leads to Farada,y 

rotation, which has no electric field analog. Rotatory power, hov1ever, . 

can be induced in a molecule by. a static electric field. The effect :ts .·· 

not characterized by the first term, but ·requires the action of a static: 

electric field gradient on a quadrupole transition moment (Shellman ahd 

Oriel, 1962). 

Natural optical rotation, including the effect of an interr,1al static · 

electric field~ (~~noco, 1960; 1961;1962), has been thoroughly discussed •. 

Substitution of the wave ~ctions of Eq. !~(2) into the second term of . 

Eq. I-(11.1) shoWs the effect produced by the electric field. Again, if the 

molecule is randomly oriented relative to the static field, there is no: 

effect of the field on the optical rotation. 

'Ihe rotation of polarized light by any molecule in a maf:71etic field . 

· is obtained with the wave functions in Eq. r-.(2) and the first term of·· 
··J, 

, . ·: ~ , ' • '' I 

, Eq. I-( 11) • The .result is 
. :. '.·, 

.. ;. . :·. · ..... ~ 

. e.z(H) = (8lN
0
l/hc)Im H • t (\l~-v2)-l':' · 

[ tb"a !l!ab (!tea x .\!ob) /h ( "b -v a) - ~1'o ~b ,·('loa' x ~ab) /hvb] • k 

where ~ is a unit vector in the direction of propagation of the light.·.· It 

is clear that changing the sign of the magnetic field H or the direction . :' · 
. ~ . . . ' 

of propagation of light ~ will change the sir;n ·of rotation. One also sees 

that only the components of the magnetic transition morrents parallel to H ·. 
' ' -~ 
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contribute t while the components of the electric dipole transition moments 

must be perpendi(?ular to k. If the molecule is randomly oriented, one finds 

ez(H) = (8;r2N
0

v2/311c) Hz L Foa .. 
arto v2._v2 . a . 

F · = Imp:: T1lao • <l/.oa x l/.ob) - I IVob • <t,a x ~ab) 
oa b;ia. . h("b::~a) b;o!o h"b 

r~ . ~ . 
· = Im 'toa • L L · ~ob x IUab L. · .. ~G.b + tDob]· 

b~a h("b-"a) · b;io ·. h"b 

I-(13) 

.· -,_ 

i 
/ 

I 

' ., .,;i' 

.This equ~tion agrees with the corresponding; terms .in Groene·..rege (1962) ~: but ·'"',· 
:;;~<~ 

. . 

differs from the Vc term in Tobias and Kauzmann (1961) Hhich agrees with. · 

Serber (1932). OUr Eq. I-(13) includes the b = o term in the ,fi~t su:n1m-

tion and the b = a term in the second. These terms are zero for non-polar 

rnoleculeso. There is sone question as to whether such terms should appear.· 

They arise from use of sub;I~1tution 1-5 and sub.sequent eXpansion of \.1 in a · 

perturbing field. Hameka and Goodman (1965) have pointed out that in a 

truncated expansion, such as oill•s, it is unclear \'1hether the terms actually 

contribute or whether they would be cancelled if the expansion vrere complete., 

They have pointed ou~ that the terms involving the permanent dipole moments 

seem to give correct results in certain situati\"'lS where it is not formally 

correct to include .ltaa and J&,o terrrs. We include them here solely to point 

out the prdblem. There is a possibility thatmolecules with large perma- · 

nent dipole moments might show u larger Faraday rotation than s1m11a:r non- : 

polar ones. We note that on inversion, or the. molecule ( u = ·-IJ.. m = m) F · · ·: t.) 
iVF "' .. "' "' 0<'1. t 

tmlike Roa• does not change sign. 
. ~ . 

Before making approxinations to this. equation for practical use, . one 

should determine what sum rule the F
0
a's obey and one should be convinced 

that each F
0
a is independent of choice of origin for the mo~ecular wave 

f'unot1on. 
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It is seen that the F su~ rule is oa · · 

'· 
I: 11' ..., 0 
a oa 

I-(14) 

The (vb-va) terms in the sum cancel in pairs while the vb termS. lead to 

~;~ x ~ ) ob • ~ob/llV b = 0. ';:'o show· origin in<:lBpendence, one chooses tNo 

different origins, and calculates F for each. Tnat is, omv can ch~ose oa 
·. t E .· .. . · 

lJ == 1 r 1. and R + 1 r
1
. . ·.· .. 

"' "' . "' 1\, . . ' . t E . .· I: . 
~ = (e/2mc)1 ~i x ~i ru1d (e/2mc)(~ x 1 ~1 + i ~i x_~1 ) 

I~(l5) • . 
·.··: 

\'lhere R is a constant vector from one origin to the other, and find that •. · 

F · does not depend on R. 
oa . . .... ' 

The calculation and interpretation . of F
0
a vdll be easiest when one of 

' ·' 

the terms ,in the first sum of Eq. I-(13) is dominant.· That is, (vb-'-'a) .. is ·. ~. 
. . ' . \ •' . 

small and ~oa is perpendicular to ~ob. , If no . s~ch tenn exists, a Ta.yl6~ ,· .··.• 

series approy.imation to F
0
a seems obvious.· Expanding the sums in Eq, I..;(J.3>'· · 

around vF' one obtains for the first tt1o terms·.·. 

F ~ Im( u
0
a/h) • { (2/vF) (m x u - u x m) . '-(~/v;) 

+ v (m x u + · u x m) l . · .··· i '· >, 
oa "' "' "' } "' . "' oa · . , .• 

[ (e/2w1m) (n x m + m x n)· · 
"' . "' "' .. 1\. oa . .. . . ' 

a"' "' "' 'iioa:J . ·. · 
. . . 

which can be simplified to (Condon and Short,1ey, 1935) 

F ~ -Im(4u /h) • [(1/vF)(u x m) .· + 
oo ~a ~ "'oo 
+ (ih e ~ /2mc)(v v-F2 -v -F1~ · ·. 

"'Oa a 1 J · 

I-(16),, ,, · 

... , '." 

I-(17) . 

: .. ' ' 

Hm-~ever, Eq. I-(17) does not obey the sum rule and it is not independent of .. ·· 

choice of origin. Similar difficulties \!lith appro:xirnations to the ~'11etic . . . 

susceptibility have been discu.<:>sed by Harreka. (1962) • 

To obtain an explic1 t expression for the Faraday rotation of a poly..; · ! 

" 
rrar 11 one can in principle simply substitute previously derived polyrrer ~iJ~ve 
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" 

functions((Tinoco, 1962) into Eq. I-(12) or I-(13). However, beca~~e in 

Faraday rotation a transition moment bet\.,reen two excited states is required, 

the polymer wave function must_ include doubly excited polymer states. 

These states do not contribute. to the absorption and nhtural rotation in 

first order and have not been preyiously included •. Furthermore, if the 

contribution to the polymer wave functions of the static field of the rest_, 
._ .... -- . 

of the polymer is included, the ·resultant Faraday rotation expression is · 

origin ,dependent. To avoid this difficulty introduced by the approximate 

wave functions 1 we will here set equal to zero all terms involving static 

internal electric fields. This is equivalent to putting the static field 

effects of the polymer into the unperturbed monomer wave functions (Tinoco, 

1962). We also set all pennanent dipoles equal to zero •. The v1ave functions· 

i're w·ill use are then 
., 

,,1 = ,,,o _ E I: r V 1,tP · 
"'o ..,0 i j >i a,b;!o, ioa;.job . 1a,,jb 

h(V +\.iV') a ·· b 

{ . ~ 
0 1: I: v $· 

ljli - j..ti b.,~ ·. ioa;job Jb 
a r ra.,o . h(V _ " 

' . b a> 
' : ~ 

'. 

··.: 

; " ... '.-

In zero-order, the Faraday rotation for a. transition to the K exciton .J.~evel 

in an N'-rner is thus . ',·_,' ·: 
.· .. ·· 

N N · 

FOAK e NF1oa + Im 1;1 J~1 CiaK c;aK !;!loa • [ b~a !;!job "iejab/h(vb -va) · . '.: ';_ , 

I-(21) .· 

If we sum Eq. I-(21) over K, the second term disappears and \'Te have 
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t K F0AK = NFioa as it should be. Eq. I-(21) is analogous to the corres-

ponding equation for the dipole strength of a11 exciton level~ 

N N * 
D . = tiD + Re t E CiaK C u1 • 1-'.joa 

OAK ioa i=l j?i . jaK "' oa "' 
I-(22) · 

N N 
FOAK = NFioa + Im i~l j~i CiaK CjaK ~ioa • ~joa 

where Sj represents the term in brackets in F:.q. I-(21). · Both the dipole 
oa .. 

strength and Faraday rotational strengths differ in form from the natural 

optical rotation of a polymer of optically inactive groups. The natural 

rotation has an additional term which depends on the distance bet ... reen 
. . 

groups. 
N . N * 

R = Im E t C · C aK u1 • m.., oa 
OAK i=l jii iaK j "' oa 'W 

I-(23) 

In Chapter III t-re will use an equation like I-(23) to corrpute optical ::::.:·:·. 

activity of diners. The effect is seen in the ORD of dinucleoside phos~ .. 

phates in the region of ultraviolet absorption. In that case the eff~ct .·: .·· 
''. . . ·:' · ... · . :' .... 

.... ·. ' 

is large and demonstrates where wu m;i:g;.'1t. see a Faraday rotation in poly~ · 
... , .·. 

' rrers which would result frOm degenerate interaction of the polymer groups; .. ·. 
. . . . : ' . . 

that is, the reg,ion of the absorption. Far ~m the absorption band, the 
' ' ' 

sum rule tells us that this effect of degenerate interaction should be ·. ,~·i > · :·.: ·• .. 
~ .' ' : I • I • • 

small. 
·.' ·, 

In first order each rotational strength of the exciton band will \ ....... . 

be modified. Hov1ever, as often only the properties of the entire band ,· · · · 

arennsasured, We Will give the first Order equations for the rotational.·· 

strengths sl.lil"Bmd owr K 
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I-(24) 

Far from the absorption band,. we expect Eq. I-(24) to give us the 

differences bet\·reen the Faraday rotation of the monomers and that of the 
{ . 

polymer. Of course, it is easier to meas~.;Ii'ara.dey rotation far from the .. 

absorption where the effect is theoretically complicated by interactions 

of many bands. The interpretation of Faraday rotation of a polyrrer is 

simpler in the reg~ion of absorption where one can concentrate one's 

attention on a fe>>J electronic transitions· (see F,q~ 1.:23), but alas, there . 

the experiment is more difficult. 

Comparison with Experiment 

We \'J'Ould surely like to be able to compare the formulas we have derived 

with sorre experiments to see ~rhat effects are important in both monomers and 

in polymers. Unfortunately, .,.,.e have no published polymer data as yet • and 

the data on sma.li molecules are sparse.__- ·He do not really have enough to 
!,:·. ·, :· 

,, . ··:·::,·.,:...:'!' 

make generalizations about Faraday ef~ect _ even for .small organic molecules •. · 

Faraday rotation is generally a so~what smaller effect than ·natural rota-

tion, but the major experimental problem is that 1n Faraday effect, un'C\:ike .· ~) 

natural optical activity, the solvent also shows rotation. Thus the sample · .. 

under investigation iri dilute solution may have a rotati90 very small co~ 

pared to the solvent. 

Some rreasurenents on ketones have been published by Briat (1964) using 

a permanent magnet in a system described by Br1at, Billardon and Badoz (1963) · 

., 
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in v1hich they used \'real.cly absorbing pure liquids at short path length • In· 

Fig. I-(2) we show their results for methylet~yl ketone, which are typical 

of their curves ·for several ketones. . 'Ibis curve will be reCOP:'J'lized as the 

type arising from two Faraday rotational strengths ~trhich are similar in . 

magnitude but opposite in sign at frequencies separated by an amount 

smaller than the half width of the absorption. This tells us imrrediately 

that there must be two transitions contributing to the rotation near 280 mu., 

and that probably the first term of Eq. 1-(13) dominates the rotational 

strength. 

There is no simple Wa:J to compute the rotational strength frOm a curve · 

such as Fig. I-(2). The proper vta:J is to do a Kronig-Kramers transform 

to the magnetic circular dichroism and then integrate the resulting curve • 
. · . . 

This technique will be discussed in connection ~,orith natural optical acti- · 

vity in Chapter III, where v1e will use the transform from circulai:- dichroism 

to :rotation. . tp1e problem in going f'rom rotation.· to circular dichroism is . · 

that one does not yet know how to approximate the long tails of the rotation 
·.,.. 

curve which make a significant contribution to the rotational strength~. · ill · · 

order to get a crude estimate of the rotational strength, \ole will assume aq ·. 

Drude equation and take a value for rot.ation outside the absorbing region." · 

.. · ... 

. I-(13) • . We write that single term in the notation used by Briat, 

I~ oa 
1.!· 2 . ·2 

. · :'\Ia -v 

·, ' .. ~. 
. ··-: 

I-(25).::• ·· 
.. · ..... · .. 

. · .. ; : ... --· .. 
. '.-.··, .. : · .. ' 
.. ·· ... ,-; .. 

where [t\] is in degrees/ em-gauss-mol. If we pick a frequency outside the · ·. 

absorption band centered at 280 rnu, we may compute the :rotational strength . · 

from· . ·;· '· ... · 

·.: ( ., .. , . 
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Fig. l-2 

O.D. of methy±2ethyl ketone. Pure 
liquid, .5x 10 mm. path length ., ' 

· .. ,· 
''. 

Faraday rotat~on in degrees,:·xlo-3i cm.:.~ol-gauss 

(Briat·, 1964) 
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I-(26) 

Taking the values } = (l/28o x 107 )2= <:31,.650 cm-1)2 = 1001 x 106 
a 

.} = (1/316 x 107)2, Nhere [J\] = 64 x 10-3, w~ obtain 

~ = (2.18 X ~o-43)(64 X 10-3)(240 ) = 3~34 X 10-45 cgs. 
00 WOl . 

and 

This should be considered as correct only to order of magnitude. since v1e 
. ·. : . . : . . ·. : 

cannot assess the influence of the other rotational strength at slightly 

higher enerf§ and the influence of bands farther into the uv. The latter · 

influence is probably small, as the curve is fairly syrrmetric and there 
',:' 

are no strong absorptions near 280 mu. If anything, the estlmate \1ill be 

l0\'1 for F 
0 
+280 •· 

t..re may also cor;pute the value of the first term of Eq. I-(13) for · 

this case. F'rom the absorption, v1hich is very weak, we may estimate a di-· 

pole strength of 0.12 De bye units from the single gaussian method of r..Yos

cowitz (1960), . We also assume a second absol.1)ti6n band at 300 cm-1 higher 

in frequency. Tnis second absorption band c~~ot be any ~re intense, so 

assurre it to have the same dipole strenn;th. Since we do not 1910h' the . 

symnetr'J properties of this second hypothetical absorption near 280 mlJ, we .··. 

assurre the t\'10 states are connectad by ~-magnetic transition moment of · 

1/2 x lo-20 cgs, or one half that of the Mly rragpetic~ly allov1ed value 

of one ·Bohr. magneton. Lastly, we assume these three moments are mutually ·. · 
' . . . . 

perpend1cular so that no trigonorretric factors· enter the tripo1e product. 
. . 

OUr results for this choice of pararreters is •·· 

. ·,· ' ... 
· .. :·· 

··:. 
' .. 

... \E~i~. value is consistent with the number we derl ved from the experimental 

: .. · 

. .. 

,· 

'• 
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curve, showing that our assumptions are at least possible. The only 
. . ' ' 

assumption 1..;hich is difficult to accept is . the most basic one, that 

there is a second absorption band near the one at 280 mlJ. If~ hov-1ever, 

\-le are willing to accept the rreasu...""ed curve as correct~> \'le are forced 

to admit. ~~o transitions near one another connected by a strong ma~etic 

transition moment. 

These results are a bit hard to reconcile Nith current thinldng on 

the 280 mll absorption 1n ketones, i'lhich is assu.-red to be a single n-11'* . 

· transition• We v-;111 have to wait until data on Farada,y rotation of other 
I 

types of compounds are available to assess these results in proper pro-

portion. 

/ 

,. 
·•' 
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II. THE BIRf'!.FRINGENCE AND OPTICAL ROTATORY DISPERSION OF TOBACCO 

ViOSAIC VIRUS 

Introduction 

Our second example of the use'· of optical methods to assist in the 

study of a biological structure will be experiments on a well characterized . 

virus (G:terer, 1960). The electric birefringence of tobacco mosaic virus 

(TM\T) has been studied with visible light (O'Konski and Haltner, 1957); 

\<Te 11dsh to extend these measurerrents over a range of wavelengths extending 

into the ultraviolet. This technique has the ability to give us information 

about the orientatio.t1 of chromophores in the virus. . He will also measure 

the ORD in order to compare it with the measurements of Simmons and Blout 
·:. '·:· :.: · .. 

(1960). We anticipate that the improved instru.TYEntation of the Cary model 

60 scanning spectropolarimeter will p-,1 ve us added detail in the ORD curve, 

and \<Te should also· be able to extend the measurements to shorter t-~avelengths .1 · 

Preparation 

The TMV used in these optical expetirrents was the common strain, and .. 

was prepared by Dr. Stanley r.:randeles of the Space Sciences Laboratory of the· · 

University of California at Richmond; Calif. The rrethod of preparation 11-1as 

that of Boedtker and Simmons ( 1958) td th. certain modifications suggested · · 

by Steere (1963). Versene at pH 7.5 wa..-; used in plB.ce of phoaphate buffers 

in the purification to reduce aggregation by the bivalent rna. tal ions present ·'·· 

in the leaf juice. Concentrations of the virus \Wre determined from the · · · 

extinction coefficient for 265 m~ .. light of 30.6 in units of 100 mVg 

(Boedtker and Simmons, 1958). ': A Beckman DU was used in the above reference, 

but we have checked the . Ca:cy 15 against the DU in our laboratory and the. 

:readings at 265 rnJJ are the. same, indicating that the two in~truments record 
/ 
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approximately the sa.."!le amount of scattered lieht. Thus the Ca:ry 15, which 

was used for all the uv absorption spectrum measurerrents in this study, may 

also be used to determine concentration of virus. 

As further purification, we centrifu~d the 1% stock solution we re

ceived from Dr. Flandeles at 9000, rpm in the Spinco rrodel L (rotor #30) for 

20 minutes \'lith refrigeration. Tne supernatant was then centrifuged for 

180 minutes at 18,500 rpm and the pellet suspended in .002 M Versene at .· 

pH 7, 5 • · This solution was then diluted 100 fold '\.d th lo-4 M Versene at 

pH 7.4. The ultraviolet absorption spectrum measured on the Cary 15 is 

sho"t-m in Fig. II-(1). The concentration of virus is 0.0908 mg/ml. This 

solution was used for all of the electric birefrinmence a~d ORD measurements. 

The TI.W solution was stored at 4°C for the course of these experiments, 

:approximately 6 months. O'Konski and Haltner (1957) have reported that Tl'·W 

stored tmder refrigera~lon remains stable for as much as two years. The pH 
'•:, 

of our preparation remained at 6.8-6.9 as measured on a Beckman pH meter, 

and showeci no signs of deterioration, such as precipitation of large al.?,gre-

gates. 

The Tl'•1V protein for these experiments was prepared by a method of 

F'raenkel-Conrat (1957). 10 ml of the 1% stock solution mentioned above was . 

added to 20 m1 of glacial acetic acid (Brothers Chemical Co., Reagent A.c.s~) 
·,.:J . 

in a cold room at 5°C, and allo\ved to stand 35 rninut~s. The precipitate, 

corrposed primarily of RNA, which appears was removed by centrifugation in 

r 

<: clinical centrifuge also in the cold room. The supernatant was then di- · ~, 

alvzed against distilled water for 24 hourS. . As the· dialysis proceeds, the .• .· 
. . 

pH rises above 4 and the protein aggregates •. ·· A few drops of pH 5. 0 soditnn 

acetate buffer were then added to stabilize the pH at a value belm'l 6, where 

the protein is aggregated into large rod-like particles,, (Schran:rn and Zillig, 

l955; Fraenkel-Conrat, 1957). ·'Th.e solution was centrifUged e.t 19 ,ooo rpm 
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for 180 minutes and the pellet of aggregated protein taken up in 3 x lo-3 M 

potassium phosphate buffer at pH 7. 5.. At this pH t the protein g1 ves non,;.. 

turbid solu~ions of the small protein subunits. This solution was then 

centrifuged at 19$000 rpm for 180 rrrinutes to precipitate any undegraded 

virus. The ultraviolet absorption spectrum is shm·m in Fig. II-(2). ·.It · 

al!):"ees well with the spectrum of Fraenkel-Conrat and Williams (1955), with 

~·- ... '••\ 

. a ratio of opticaJ. densities at the maximum to that at the minimum of 2. 3, · · 
' ' i ' 

which compares to their quoted value of 2.4. We also notice the long wave-

length shoulder at 290 rnu and a second shoulder to the short i>Javelength. side · 

of the peak at 277 mu in agree rent with Fraenkel-Conrat and Willimns ( 1955) • 
. ! . . 

TI1e solution was then dialyzed ae-.,ainst 10-3 rJI sodium acetate at pH 4. 8 

in order to g:t ve av,gregated protein rocls of dimensions similar to native 

Tr4V (Schramm and Zilllg, 1955; Frankl.i.n, 1956). The absorption spe~tru.rn · 

of the aggregated proteL'1 rods is shmm in Fig. II-( 3).; 

In order to determine the concentration of the protein solutions, ·we 

first determine the concentration of the pH 7. 5 solution of unaggregated , .. 

subunits from the extinction coefficient at 282 ,l'lllJ given in Fraenkel-Conrat 

and Williams (1955) •. Tllis solution is then dialyzed to pH 4.8 and the·. 

spectrum again taken. Since the salt concentration is small be.fore and 

after dialysis, \'Je assume the protein concentration. has not changed appre- · 

ciably during dialyslB • The optical density is higher since the protein · < · 
rods scatter li@.~t strongly. The concentration of any solution of protein . 

rods can now be determined by comparison to the solution of knmm concen- · 

tration. 

.. ~: ' 

IV!easurement of the Optical Rotation ':. 

Now having the sample, we proceed to measure the ORD with the Ca.rY 

model 60e The temperature Nas 25°C and all the measurements were repeated·· 
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of Tr.W mentioned above (. 0908 rn,_,Yml) was measured and the results appear 

in Fig. II-(4) and are tabulated in Table II-(1). The specific rotation, 

[a], is in. the customary units deflned by: [a] = 100. • a /L • .c 'ttlhere a · 

is the rotation in degrees, Lis the path length in decimeters and cis the· 

concentration in grams per 100 m1 of solution. In Fig._ II-(5) "'re show the. 

ORD of unaggregated pi_'Otein subunits at pH 7.5 "'lith the values appearing 

in Table II-(2). The ORD of the aggr-er_:.,ated protein rod is shoi'm in Fig. 

II-(6), and in Table II-(3). 

Discu..c;sion of the ORD 

Our results compare favorably with those of Simmons and Blout (1960) 

shown in Fig. II-(7). He did extend the range of the rreasurement to shorter · 

'Navelene;ths to show the troug.h v1hich is characteristic of protein rotation •. 

In native Ti'·W, this trough occurs at 236 mll• The improved detail also sho~'ls · 

U.."> a small but reprodu0ible anomaly in TMV at 290 ffill· This may be due to 

the aromatic rines of tyrosine and tryptophan in the asymmetric field of 

the protein, since it is also seen in the unarr:.::erer;ated protein. The second·· 

anomaly we see in T!V!V (Fit;. II-1~) is at 258 mt.t and is also reproducible.· 

This is probably due to the nucleic acid absorption at that wavelength, . ·' 

since it is absent in thE7 ORD of the protein.- This anofj1a~y is small due· 

to the low proportion (5%) of nucleic acid in Tl'1V'. 

·. ~~. 

\~ 

, .. 
In the protein, both aggrer,ated and unaggregated, v1e see the anomaly.'~ 

.II!.. 

near 290 mil, but the overall shape of the two curves is rather different, : · 

ln 9.@-:eemant with Sir:rnons a."ld Blcut (1960) • The 231 1'l1lJ troueh of the. un- ·· · · 

ag-,gr.egated protein undergoe's a shift to 235. mu in the aggregate and decreases 

to approximately h~f the magnitude. Small~·n• chan~;es could be the result 
.:·. 
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Table II-(1) 
'.,, 

, .. 
ORD of TPW at • 0908 mg/ml in Versene pH 6. 9 

·,\.. ... ,.t.··:A~~-~~ ···\' _, ....... ~ ,_:- ' . 

>. in mu [a] "- in mu [a] •I 
........ .i.?·:~ 1,~:1: \. ':· ;': . 

f . ;· -~ ·,\.,7.:•' . . :. 

continued 

330.0 44 262.5 ' .;..1059' 
320.0 66 261.2 -1100 
315.0 77 260.0 -1147 
312.5 88 258.7 -1232 
310.0 110 257.5 ~1300 

307.5 121 . 256.2 -1290 
307 ·.5 ' 121 255.0 -1232 
307.5 ."!:121 253.7 -1190 
305 •. 0 ' '.165 252.5 -1069 
303.7 209 251.2 -1100 
302.5 287 250.0• ~1321 

301.2 363 248.7 -1488 
300.0 ,:~474 21J1 o5 -1653 
298.7 573 246.2. -1708 
297.5 605 245.0: -1805 

·. 296.2 595 243.7 -1871 
295.0 540 242.5 -2060 <· 

'. .. 
293.7 495 241.2 . .-2290 
292.5 . 419 240.0 ., -2730 
291.2 397 238 .. 7.··· -3030 :_;· 

290.0 374 237.5 -3170 
,;,· 

.·· .. . ,-·: 

288o7 396 236.2' -3180 
287.5 419 235.0 -3150 
286.2 419 233.7 ; -3095 . :· 
285.0 408 232.5 -3040 
283.7 374 231.2 -2910 .. ·.!. 

282.5 363 230.0 -2755 
281.2 341 228.7 -2665 
280.0 308 . 227.5 -2060 
278.7 231 226.2 . -1674 
277.5 154 225.0 -1169 
276.2 44 223. 7. -330 
275.0 -88 222o5 440 
273.7 -242 221.2 1157 
272.5 -419 220e0 1871 
27lo2 -561 218.7 2750 

• 270.0 -650 217.5 4185 
268.7 -715 216.2 5290 

'',( 

267.5 ' -805 
·: '~- ••• ·: ··'! . 266.2 -859 ·'··· ,,__ ...... 

265.0 -936 
263.7 -1000 
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Table II-(2) 

ORD of THV Protein ( unaggregated) pH 7.5 
, .... 

A. in mu [a] A. inmll [a] 

' continued 
. 

350.0 -168 270.0 -647 
347.5 ~174 268.7 -661 . 
345.0 

.. 
267.5 -687 -175 

3ll2.5 -181 266.2 -705 
340.0 -186 265.0 ·'"'-716 
337.5 -188 263.7 -749 
335.0 -190 262.5. ~786 
332.5 -194 261.2 -823 
330.0 -201 260.0 -876 
327.5 -204 258.7 -931 
325.0 -216 257.5 -986 
322.5 -221 256.2 -1041 
320.0 -226 255.0 -1097 
317.5 -236 253.7 -1170 
315.0 -246 252.5 -1241 
312.5 -260 251 .. 2 ... -1370 
310.0 -274 250.0 -1443 
308.7 -282 248.7 . -1518 
307.5 -285 247.5 . -1627 
306.2 -298 246.2 .. -1755 .. 
305·0 -307 245.0 -1920 '· ·'. 

303.7 -314 243.7 -2045 .·. 
•. 

302.5 -322 21}2.5 -2283 
301.2 -327 .. 241.2 . -2485 .. :. .'-

300.0 -332 240.0' -2815 
.. 

298.7' -334 238.7 -3088 .. . ··! 

297.5 -336 237.5 -3455 . : ·. 

.:·. 
296.2 r-331 236.8 -3930 

. •' 295.0 .;;.320 235.0. -4480 
' ., 

293.7' -311 . 233.7 -5025 •''• .. 
: -~ 

'. 

292.5 -314 . 232.5 -5390 _;:· 
; ,. ' 

'· 291.2 -332 231.2. -5670 .,. .. . \, 

~ I 

290.0 -352 230.0 . ~5570 .... ' 
288.7 -371 228.7 . -5390 
287.5 -391 227.5 -5025 
286.2 .,.31JI~ 22G.2' -4570 ·'\ . ·' 
285.0 -368 225.0 -4020 .··.·: ... ·~> 

....... 283.7 -398 223.7 -3650 ...... 
282.5 -424 .. ·;-

222.5 . -3290 .•': : 
:\··, : . ~ 

281.2 -439 221.2, -2470 . ~-

280.0 -459 22o.o-··. -1370 
• .. ~ 

·,l,. 
. . 

. : 278.7 -473 218.7 ... · -730 : .. 

277.5 -490 21?.5. 90 · .. ~ : ..... : ·'"!' 
'• . ' 

276.2 -512 :. 216.2 1098 
·:.-.::;! , . 

. ·., 
'·' 275.0 -534 215•0 .; 2100 ·. ·· .. 

.......... 
273.7 -577 . 213. 7. •. .. 3015 ·.·, ."· 

' . 

272.5 -603 212.5 3840 
. , .'. ·.":-. 

271~2 -623 211.2. 4750 ,, 
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Table II-(3) 

ORD of TM'J Protein (aggregated ~}S) pH 5. 3 

., ). in mu [a] ). 1n mu [a] . , . 

continued 

~ 

340.0 42 256.2 -520 
330.0 53 255.0 -571 
320.0 "'~ 253.7 -625 '" 310.0 L~9 252.5 -681 
305o0 45 251.2 -738 
303.7 49 250.0 -890 
302.5• 53 248.7 -946' 
301.2· 55 2ll?.5 . -1040' 
300.0· 57 246.2' -1135 
298 .. 7 61 245.0 -1249 
297.5 64 243.7 -1361' 
296.2 83 242.5 -1532 
295.0· 110 24lo2 -1684 
293.7 129 240.0 -1890 
292.5 144 .·· 238.7 -1970' 
291.2 151 237.5 ' -2155 
290.0· ' 140 236.2 -2290 
288.7· 121 235.0 -2365 
287.5 114 233.7 -2235 
286.2 125 232.5 -2100 .·.' 

285.0. 149 231.2 -1930 
283o 7 125 230.0 -1720 . . ' . ' 

282.5 98 228.7 -1555 
281.2 64 227.5 -1400 .•.: ' 

280.0 . 36 226.2 -1170 ·, 

)''• .. ' '· 

278.7 10 225.0 -756 
277.5 0 223.7 -189 : 

276.2 -17 222.5 94 
',' 

··,,:. .. · ., 
'.· 275.0 -34 221.2 378 

273.7 -53 220.0 945 
272e5 -76 218.7 '1515 

" 

27142 -95 217.5 2360 .. · ... ·, 

270.0 -134 216.2 3780 . ' ... '·:: 

268.7· -174 215.0 4920 
267.5 -197 213.7 6050 
266.2 -231 212.5' . 7280 

• 265.0 -252 
263.7 -281+ 

~ 262.5 -307 .. 

261.2 -334 
.. 

260o0 -367 ' 
,'i. ,;·:· ' .. 

·.,, .. ,. 
258i 7 -424 .. 

; 

257.5 -476 
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of simple coulombic fields of the subunits. on each other in the aggregate, •· 

but the changes we observe are large enoue:.b to suggest that the subunits 

ma.v undergo actUal conformational changes on aggregation. · Tne 3.f!'.,gregated. · 

protein ORD resembles the native Tf•W much more than the unaggregated sub-. 

unit spectrum, indicating· that the agr;srega.te may have the same structure 

as the native virus, tl1e only difference being that the RNA is missing. 

Equ:tpment for the Birefringence IV'.easurenent,::; .. 

In order to:, 'rneasure the birefringence spectrum we used art electric 

birefringence apparatus built by Dr. K .. Yamaoka (1964). The lig..l-)t source 

. -.'~ ::. ·~','-. . : . 

vtas a high pressure mercury xenon arc enclosed in a quartz envelope (Hanovia·, 

1000 l·ratt, type 528 B). A Bausch and Lomb 500 mm grating mon<?chromator 

(Bausch and Lomb Optical Co,;.-;.J;ochester, N. Y.) was used to select !'!1ercury · 

lines from the arc. The intensities and wavelengths of these lines 'at hir..,h · 
. '; . . 

pressure, given by the rnanufactth-er (Hanovia La:rnp Division, NevvarkD N. J.) 

\•tere used to calibrate the monochromator. In order to ensure spectral 

purity, a filter, Corning c. s. 7-54, \'lhich transmits wavelengths between 

260 mJJ and 365 mJJ \·tas used for rreasurements in that range. At wavelengths· 
:-, ·,_ 

. shorter than 260 mu, · the second order dispersion of the grating is unirrpo~ · 

tant and no filter was used. For polarizing and analyzing the light, a 

Rudolph 80 Q poJc¢irreter was used. It could be read to a millidegree. . The 

polarized li@lt passed through the sarrple cell in a water .jacket kept at a 

constant temperature by a Blue H Magni-\Vhirl Utility v1ater bath at 25°C •. ·. : 

The cells used \-tere quartz cuvettes of 1 cmi, path length, with a Teflon · 

electrode holder inserted. The platinum electrodes slide into the cuvette ·. · ~ 

so that they are vertical and the light passes ·through the sample solution ' .' ·. 

which is bet\'reen them. 'rhus the sample is in a horizontal unif0rm electric . · 

field when the voltage is applied to the. electrode plates. The spacing of 

the plates in the cell used :tn these experln-ents WE;;.S measured t-11 th a Gaert- · . 

........ 
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ner Comparator and found to be 1.28 em+ .02 em. The li~~t is polarized -
at 45° fro~ the vertical so that the birefringent solution induces ellip

ticity in the emerging light. Fig. II-(8) show-s a cutavray diagr-am of the 

cell and 1tmter jacket (Yamaoka! 1964). 

A Fresnel rhornb constructed by Td:nsley Laboratories (Berkeley, Calif.·) 

of optical quartz is uaed to retard one of the components of lig.~t emerging 

from the birefrin08nt solution. A retardation of 90 degr~~s is accomplished 

by fo:ur reflections at 74.3° from the surfaces. .The retardation will be 
.. 

constant to + 1. 5° over the wide range of wavelengths used (Yamaoka, 1964).. 
. - . 

This retardation by the rhomb converts elliptically polarized light into 

plane. polarized li?)1t rotated by an amount ·equal to half the retardation. 

This phenomenon ·~1111 be described below. Tne method g;tves improved instru-

mental sensitivity over_ measuring the induced elliptical component qirectly 

and also gives the sign of the retardation. The light then passes throU[,h 

the analyzer of the polarimeter and is detected by a. photomultiplier en-·. , . ,. 

closed in a quartz envelope (Dtunont type 7664) which is in a lig.'f)t tight 

box. 'The photomultiplier power supply \<Tas a ree;ulated model, adjustable 
.· :.· 

from 1000 to 1500 volts. 

In order to generate .the electric field on the sa1'1)le cell plates~ a 

square wave generator giving pulses of 19 m:t.croseconds to several milli

seconds in leng;th and from a few hundred to 10,000 volts in amplitude vras ... ·_- .. 
. . 

employed. Tektronix pulse generators mOdel 161 and model 163 generated .. 
pulses of appropriate length at approximately 25 volts. ,A pulse amplifier·· 

utilizing a type 5D21 tube amplified the voltage for appLtcation to the · · , :r .. · 
. ,:·, 

plates of the birefringence cell. 'Ihe wiring diagr>am is shown in Fig. II- ~. 
,! ... 

(9). Our wiring is similar to that of Yamaoka Ci961i) except that lare;er 

coupling capa.c1 tors are used between the st~s because of the longer · 
.. · ... ,·_. · .. · 

pulses used in our study. The high voltage for the puise amplifier was 
I . 
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supplied by a Beta Electric povJe!' supply model ·1030-10 R)D. 

For simultaneous observation of the square vrave pulse applied to the 

cell and the p:;.otornultiplier ·output, a Hevdet-Packard 152-B dual trace 

oscilloscope i'ias used. On one chaimelt we obserVe the voltage drop across 

the cell, appropriately aytenuated ·by a Tek-tronix model P 6015 high vol_:: 

tage probe, and on ;the other channel \"'e observe the voltc~~ drop of the , 
f.: 

photomultiplier t.ube across a resistor of a fe~·r thousand ohms. This re-

sistal"lce is chosen such that the relaxation tirre of the photomultiplier . 

circuit is ~hort compared to the molecular relaxation ti~~· · The oscillo- · · 

scope traces are recorded on a Pentax model 11-2~ 35 mm camera for subse

quent rreast~merlt. In order to synchronize the . camera shutter properly 

. \•rith the pulse and the oscilloscope. trace~ the flash synchronizer on the , · · · ... 

Ca.Tl'Bra triggered a Te1ctronix model 162 ~'iaveform. generator • The pulse 

output from the waveform gene~ator trie-,gered the scope m·mep and the :-: · •. 
. -•. · 

rlsi...'1g sawtooth v,rave could be adjusted to tri~:.,ger the pulse generator at,: ·, i ; 

an appropriate tirne later s6 that the square pulse would ?..ppear near the: >' :. · •. 
,.• ., .... 

middle of the screen. We used the model 161 to generate the millisecond ·: · 

length pulses used in the present TIV!V study; for shorter pulse durations;· ; < :, · ·. ·· 
the model 163 could be used. In Fig. II-(10) v1c shol'r a schematic bloc~ .. ··· 

.. '. ·.'' ..... 

diafP"am of the \drlng of the pulse circuit • . Atypical photograph is : ·~, '. i·'• 

shown in Fig. II-(11) ·de~on8trating the square. pulse· and the output from ;: · . 
..... t. 

·the photomultiplier which reflects the biref'r.ingence of the sample ('TIJIV irl-
··; 

this CaSe) in a m~rmer to be treated below~ <The time scale for Fig,. II•{ll) .. ~\ 

:ts one millisecond per em (one line on the ruled scale) • 
. . . 

Tne pulse volta.?;e ··. 

is 2000 Y, per em of screen deflection (3nd the·· photomultiplier circuit sen- · · 

. ., •' 

The difference bett-;een the refractive ··index for li~"lt ·polarized p~iulel 

and that. for lig;."lt polarized perpendicular· to ·the direction of the orienting 

·' ·.'. 
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electric field is k:nO\m as the electric birefrine;ence. It is closely 

related to the retardation, 6, defined as: o = (21TL/>.)(n 11 - n1 ) P v;here 

L is the path length and ). is the Havelength of the light expressed in 

the sarre units. 
.. ·.· . ,· 

:. ' 

'·· .. 

A 'thorough discussion of the optical system used here has been given · 

by Hascherreyer ( 1961) • 1.ve ·...rill give a brief SUI11!Tk.'U:jl' of that derivation 

in order to illustrate. the essentials of the rrethod. Fig. II-(12) sho;·rs · 

a schematic diagram of the cell vJith the light polarized in the Y direction\, .. 

1~5° R'~'Ta.Y f'rom the ~ direction, the direction of the uniform electric f:teld •. · · · 

The light path is along Z. The plane polarized lir,,ht errerging from the 

polarizer and having a.rrrplitude A is: k = J ... A sin wt, ~..;here ~.is_ the unit" 

vectop. along Y and w is the ang:ular frequency of the lif.,ht. Itz; corrpon-

ents along the static fJ.eld directions 0 and e are: ' 
"' "' 

A = o (A!Y2) sin wt and f.:~ = e (A/V2). sin wt 
'\,0 "' . .,._, '\, 

......... ,: ,··· ' .' 

. II-(1) 

The light emerges from the birefringent sa"l''ple \'lith the e component retarded. 
"' 

by ? with respect to sz,. ~. = ~ (A!V2) sin (tot - 5). T'oe Fresnel rhomb is ··· 

oriented so as ~o retard the X cbn;ponent of the lig,ht by 90° with respect 

to the Y component. · We write the light el'rer£<,ing from the rhomb as the sum 

of two components: 
,;,•, 

~x = ~ex + ~ox = ·~ 1/2 A [sin (wt-o- rr/2)~ sin (wt~ 'lf/2)] 

~ = ~ey + ~oy·· = t 1/2 A [sin (wt-o·}, +sin wtJ 

Usin8: a little trigonorretry, we may rmyr:t te the equations as: 

'• 

A = -i A sin (6/2) sin (wt- o/2) ·· 
'VX "' 

A = ~ A cos (o/2) sin (wt- a/2) 
"~~Y . . . .. 

. . . . : 

II-(2) ·. 
:: .... :·.-·. ,;, ,•' 

.. .' . . ,. 

II-(3) 

If' the analyser 1s set at an angle a w1 th respect to the X axis, which axis · 



-
0 

+ 

cell plates 

Figure II-12 

Diagram of the cell showing th~ 
direction of the static electric 
field {e), and the plane of pola
rization of the light ( plane of 
vector j and k, the light direc~. 
tion which is out of the page) 
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::i.s perpendicular to the original axis of polarization, Y:; the amplitude 

of the llght s~ ving the analyzer is given by: 

A (e, o) = A sin (e + o/2) sin (wt- 6/2) II-( 4) 

If t!"le static fleld is off l there is no orientation of the sample a11d hence 

rS a o. In this case; 

A (e, 0) =A sin (e) sin (wt)~ · II-(5) 

which E,",ives the well-known i1'Ialu.S law for an8.lysis of pola.M.zed li(!,ht. 

Since the voltage of' the photomultiplier is proportlonal to the intensity, 

I, of the 1ig-)1t, we give the V?-lue of the difference of the squares of 
-

the amplitudes with the field on and v1'ith the field off. 

tv-here I is the or1£t,lnal:tntensi ty, A 2• 
0 

The photomultiplier volta~, v,. ..,.: 

i'Jhich is the quantity observed. on the oscilloscope, is proportional to I, · ... · 

so ~,ie m:1.y .~"E:i-Jri te II- ( 6) as : '.,i: 

.· .. · .. 
/:),'1! 
.,..;;.. = 1/2 [cos (2 e) -cos (2e ... d)] 

vo 
II-(7) , . 

... · .. ·.-·, 

. ·.·· .. ~:. ·,· .... :' . : ; 
. '. :• 

In order to determine the retardation, \'-le need tv-10 nurr.bers, V 
0 

and b. V. 
; :· 

. ..· ... 

The 6V are simply read from the photographs·· of' the oscilloscope trace, '.···r·: ·.:: 

such as Fig. II-(11), using the calibration lines of the oscilloscope as · . 
...... <,:·.-.-. 

a scale. The 35 rrm negatives were rreasured :directly using a Gaertner,·· ... ·,::, >" .. 

corrparator (h'm. Gaertner Co., Chicago, IlL) V , the photomultiplier vol:..;. ;. : . 
. . •. 0 · .... ·'' 

tage with the polarizer and a.naJ..yzer parallel, may be large and beyond the ; 
' ' • I 

./ .· .... 

linear range of the photomultiplier, so it 15 rriea...~ured by settlng the·· 
. .··. 

analyzer at SO!re 8..'1gle awey from the crosse'd position 'J·Thich gives an ea.."!ily''.' •. 
2 . 

measured photornultiplie;r. voltage, and then usin~ the sin e rel~ticn to get 
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the volta?;e at full tz:ansmission. These voltages depend on the light out-

put from the mercur-y-xenon lamp and should, therefore, be measured as soon 

as possible before each photograph of a pulse is made in order to account 

for fluct·.;ations in the lamp intensity. The measurement can be· quickly 

accomplished directly on the o:,;cilloscope screen using the san:ra analyzer · 

settinG a.<J is usecl for the £\V-measuring photor.;raph •. The voltage, V0 sin2et. 

can be read as oscilloGcope trace deflection caused by openine a shutter in · 

the l.tght path or by us ins; a calibrated vol ta.:;e eli vider to return the trace 

to the dark photonultiplier position. In th8se experiments a helipot vol-

t~ cli,rider \·Jat'> used 1dth a battery of calibrated voltage. The battery . ,,. 

wa..~ calibrated to 0.5% Hith t;11e ai.d of an ordinar-J potiontorreter and the 
. . 

helipot wa.s linear to 0.5J;. r:qv~ horizontal s~·;eep\.l·Jas set to e;iv-e a trace 

with the lie-.,ht path blocked by the shutter, ":1"h.e~sb:U.t~~:r.:' 'was opened,, and 

the trace returned to its original vert:l.cal deflection \'lith the calibrated·. 
'J' .,·. 

helipot volta.ge cliv:tder which gives V
0

• A p"tcture is then taken to record · 

the I'.IV. 

Results and Discussion of the Birefr:tnr;ence 

The photograpl1, Fig.· II-(11), shovrs the DC square 1rrave pulse volt:age .· . 
. .. . 

across the cell plates and also the output fr()m the photomultiplier. · The 
. ' . . ' . f .: . ~ 

photomultiplier output shows the rise of -the birefringence, the static .: .: .· ':. .. '. ,• 

. ~- .. :_. ··, . · .. _·. ·' 

equi1:i.brlum value with the field on, and its decay •. This decay is a rreasure 

of the rQt@.tiona). di!'!\lo:ton ooaf'!'ioient, and has been t~ated elst!!lt.rh~_re ·· ,. -: .. 
·!" 

:l 

.. ' 

·(Tinoco, 1955) • Ver-y long decay times, correspQnding to small rotational .~ :: .·, 
. .. ' ... 

diffusion coefficients, viOUld mdi-cate agg,;ref;?:ates of the TMV e This effect:. ::, . 

,.,.as studied by O'Konski and Haltner (1957) who report a rotational diffusion 

coefficient for unaP",.&;.,-egated Trv1V of e = 333 sec-1• In our experiments~·,·· 

· plots of the loGarith.'jl of the birefringence dcccy a..-c linear ;dth time, in-
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dicating a monodisperse system and p-,i ving rotational diffusion coefficients 

of about 300 sec-1 , indicating very little agp:regation. 

Fig. II-(13) shows a plot of the steady state birefringence of Tf'ir\T for 

wavelenpth 312 m}.l and vla;rus concentration# • 0908 rn,r-./ml in lo-4 M Versene at· 
"~ . . . ·- . 

pH 7 as a function of the square of' the applied,fielde Tbe plot is linear 

for loi<T voltages, as dictated by Kerr's la\v. Above 1000 volts/em, saturation 

sets in 11 and for fields of 3~4000 volts/em the virus is completely oriented, 

It will be these values of saturation birefi-.ifl:EEJnce which we vdll discuss ·.··.· 

. ; as a function of v.ravelength of incident lir;ht. 

,. ·!: .. · .... :·. 

· .. ' 

'·, ... -:·. 
... _·,:l: . 

. : .. -.... 

·- ... · .. 

I ... 

. . . 

'·,'-: 
. ·:·:. 

The causes of birefringence in solutJ.ons. of oriented particles have been · . ' .. .,. . 

ass\..U!led to come from two sources. First, the particle may have indices of .. 

refraction differen~ in the direction parallel and t?erpendicuiar· to the 

orienting field. This is known as intrinsic birefrincence because it de-.,:· · 

pends on the anisotropy of the polarizabilj_ty of the particle, according to · 

the farrous theoretical treatment of Peterlln and Stuart· (19:/f•3) •. The tex-. · 
. ' ' . 

·tural or form birefringence depends only on the difference in indices of. · .. 

refraction of the particle and of the solvent;. Since the birefringence of 

TJ./r5f II at least for visible lig.~t I) Ca.'1. be eliminated by adjUSting the indeX. 

of refraction of the mediurn (Lauffer. 1938h Lauffer proposed that lt arose . 

from the form birefringence described by Wien'~r. (1926) ~· . Hiener's rormuia; 

however, assurres long rods closely spaced_, and predicts a birefringence·. 
;\ 

100 times greater than is actually observed for Tr•'!V, for whltnh. the index or ·, 
' •• .,1 · .• ·• ' {/ • ·.' •' ..... ', 

refraction is 1.57 (Lauffer, 1930). Pcterlin and Stuart's (1943) model is:''.'· .' 
' .. ·.:· ~- .. ' . 

. mot-e plausible in that it considers single particles and makes no reference. ·. · 
. . .· . . '. .. .... ' ' . ' .··:· 

· to close or regular spacing. Their fo:rmula, ~duced . to the· simplified case ·· 

of corrpletely oriented rods having an axial .. ratio greater than about 20 and .. . .. ····. . . 

no intrinsic birefringence (O'Konsld, Yonhib~a·and Orttung, 1959) 
. . . . ' 

. •' . 

. ;· (,·,1 ','1,· . 
'',. 

·,: ·. 
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II-(8) 

in which Cv is the volu.11e fraction of particles, n1 is the refractive. index 

of the solvent and n2 that of the particle. Taking n1 = 1.33 and n
2 

e 1~57 

(Lauffer, 1938) we calculate a birefringence pf about 5 x 10-6 for our 

0.0908 17lf/ml solution v1hile the value we rreasure at A = 467 m'u is 1.50 x ~o-6 • 

We cor,npare this value to:;,ttl.e~y.alue obtained by O'Konski,. et al. (1959) reduced: 

to our concentration (An = 1. 91 x lo-6). · Other7.wlorkers have also found de-, . 

viation from 1'/hat one wou.ld expect to find according to the Peter lin and· · 

Stuart formulas (Taylor·, 1965). The primary inadequacy in applying it to. 

protein and virus solutions is that the theory ·is based on thinking about . 

fields induced within a macroscopic.! particl~ of diell~.ctric suspended in a '. 
. I 

. 
uniform meditL'Tl. Por TI"'V the length of the rod is about 300 m1.1, a dimension . 

exactly comparable with the w~;.velengths of light us~d in this study. There

fore, although we shall discuss our results in the traditional terms of 

intrinsic and form birefringence, we must recognize that our theoretical 

grounds are a bit marshy. It may not be rigorously possible to separate· 

birefrin~nce into a part depending on the anisotropy of the particle polar

izability and a part depending only on the difference between the solute 

and solvent indices of refraction. 

OUr results for the birefringence of 0.0908 ~ylml TMV in lo-4 M Versene 

at pH 7 appq:,ars in Y.~g. II-(lL!) and in Tabla II-(4). It repres$nte an 

average of rreasurerrents over the complete wavelength range on five separate 

days. We see that the birefringenc~ increases smoothly with wavelength 

with the exception of t\10 small anarnalies in the region of absorption. 

At the outset of our study~ 1 t t'i'as hoped that the anomaly at 260 m1.1 might 

be large and give sensitive indication of the orientation of the bases in 
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Table II"( 4) 

Birefrlngence of TMV ver•sus wavelength 

X in mu 

. 21+6;:9 
. . 

2118.0 

258.0 

265.0 

269.0 

275.0 

28o.o· 

289.0 
/ 

296.0 / 

301~5 

312.0 

323.0 

333.3 

339.2 
·.',. 

355o0 

365.0 

378.0 

398.0 

404.0 

435·5 

467.0 

. 3.500 

2.914 

'2.859 

·. 2.687 

. · .. 2.550 
··, .,. 

2.515 
· ... 2. 496 

· .. : 2,414 
.· :· 

.. ' 2.285 
'f', 

.·. 2.244 . 
. '., 

., .. 2.064 

1.953 
. ..' . . . . ·. ~· . 

'·1. 7QO 

' 1.8ll2 ···· .. '-;·.:·-... 

·<.:::·.'.,1.648 
.:·/+··· . 
::; :1.619 

·'.'• ,: : 

'. :.;<:~:1.. 584 

.·. 1~498 

. i 

' · .. :: 

·:; 

·· .. ··: :·· .. ,. 

:_, ·;· 

',. ::.. / ....... ·' .. 

. . . . . : 

·.·,.· 
. .· ... ,.:· . .:··. 

·• ,:< ... 

. ··.· 
:-· .. 

r-
\ .. ·· 
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the RNA of the vlrus. The fact that the anomaly is 1i ttle greater than 

the experimental error coupled with our lack of a rigorous separation of 

this intrinsic birefringence from the large positive form biregringence 

prevent::; u:::; from ma1d.ng a qua1·1ti to..ti ve calculatio.'1 cf the angle of the 

base planes .with r-espect to the axis of the 'ltirus. \·!e ::;hall restrict 

ourselves to a qualitative explanation of the effect. 

The small anomaly at 290 1'!\1 is apparently part or the form birefrin-

gence and caused by the small anomaly one woul? expect in the index of 

refraction of 'ITIN due to absorption at this vvavelength. The anomaly is,· 
.. 

··:.·· 

· as.it must be for rod form birefringence, f.: positive in sign.; that is, it 

shows positive deviation at long wavelength. This is because the index of 

. ·' 

. · refraction must show a positive deviation on the long wavelength side of an :_:, 

,. : ···::·-·· 

I , 

absorption. Therefore, the rod form birefringence must have the sarre 
.. ·' ···:: 

positive anor!',a.ly (see Eq. II-( 8). \tie interpret the anomaly at 260 rnu as an 

intrinsic e f'.fect due to the absorption of the RNA; it could have either· 

sign depending on the o~lentation of the absorbing chromophore at that 

,.,.avelength relative to the axis of the rod.. The fact that the anomaly is 
. '· ' 

.. 

positive v1ou.ld indicate that nucleic acid base pla11es, which absorb at 26o'mlJ . . . . 
are oriented predominantly parallel to the axis of the rode Previous stud-

ies of the dichi"''ism of TI·'fl have tentitatively roached tho :::>a.m conclusions : 
- .... -

but they too are hampered by lack of a proper theoretical understanding of·_.·. · 

birefringence and dichroism in particles ~~hose size is comparable to that :. 
'•' 

of the wave length of light (Seeds and Wilkins, 1950) • 

-,:, 

Our results for the birefringence of rods of ap-:ncgated Ti'1V protein as · .. . . . ' ._ 
·':.~: ·_;; 

a function of ~~avelength are sho1m in Fig. II-(15) t and tabulated in Table 
-4 i ;,,,; 

II-(5)., The concentration of prote:L'1 iz 0.151 r..g/rnl in 3 x 10 f·1 potassium. 

phosphate at pH 5. 3. The data are an ave~ over three separate deter

m:!.nations throughout the wavelength range~ The experimental uncertainties 

· ..• · 
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'rab1e II-(5) 
.. ; .... 

Birefrin~nce of 8..?X,.~gated TJVJI! 

protein rods . ;······ 

A 1n IDil 

240.0 . 2.544 

248.0 2.859 

258.0 1.873 

265.0 2.198 

275.0 1.831 

280~0 1. 741 

289.0 1.795 

296.0 1o829 

301.5 1.597 

312.0 1.204 

333.0 1.361 

365.0 0.854 
-~.': 1'.· ~ .. i ,•: .. .,:.; ......... 

404.0 0.980 

,;. 
'·•· .. 
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here are greater than in native Tl'J!I.l, probably because of the influence of 

aggregates of some type other than 'J:'ivlV-like rods 300 mlJ long. Our results· 

for the rotatory diffusion coefficient are dependent on the preparation 

of the protein aggregate t"J1d rar1.ge in value from e e! ItO to 70 ~cc -l P indi-

cati>"if.S that the ag[!;r'e(;ates ·..vere larger thw.'1 nati~ TJ'.'l\T. The anomaly at 

290 mu seem to be present and somewhat larger than in the case of TI.W. 

\<le would expect a sorr.ei'lhat sharper anomaly in the index of refraction of 

the protein ag-,gregate due to the shapper absorption peak (Fig. II-3). 

The data at shorter wavelens~hs are probably not reliable and are quoted. 

only to give a general idea:pf the effect. \ITe do not feel that any anorna

lous dispersion can be inferred from the data. 

_ .. ,. 

, . 
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lated structure might be possible (Luzzati et al •. , 1965), the circum

stantial evidence for a single stra"1ded, stacked structure with the bases 

. perpenrU.cular to the axis is ver-y strong• We will call this a single 

stranded helix, even though there is porbably only short range order• 

OVer expanses greater than a few ~ases, the . structure is probably more 

like a random coil • 

. A study of the kinetics of endonuclease attack showed that TMV RNA 

in solution is a single strand (Gierer, 1957). Until .recently, no pure 

. endonuclease attacking poly A 1-vas knovm and thus a kinetic experiment 

analogous to the one for RNA has not been done to verify the single stranded 

nature of poly A at pH 7. Althoug,h the structure of RNA in solution is · 
:: .. 

not as regular as poly A at pH 7, it may have conformational similaritieso 

A simple startir~ point for investigation of single stranded poly A · 

seem.";/,to be a polymer of length two, such as adenosyl ( 3' ~5' ) adenosine ApA .• · 

. ·c.. 

~ . .... 

(The structure of a relat/ed compound, adenosyl (3'-5') ur:J.dine is shown · , .. 

in Fig. III- ( 1) • Its ORD (Warshaw 11 et aL , 1965) and 1 ts circular dichro- · 

ism (Van.Holde, et al., 1965) are similar to that of neutral poly A, and 
·, : . 

. (' 

the temperature ~epenaence of its optical rotation at 260 rnJ.1 is like th~t·.: ', 
.·: · ... ·'j, 

of poly A (Vlarshav; and Tinoc.o~ 1965). As a simple model, we may :assume 

that onlY nearest n.e5.r;hbor interactions affect the ORD of polymers, and that 
·.: .. ··: 

the structure of ApA is that of the beginning of the single st:rand poly A~ : ·. 
: .... ; ·. .. . .: ~. . . . . 

Under these a.ssu.nq;>tions, th~ ORD of poly A~ having ·t,.Jlce as many ne~st ' 

nei;;r.,hbor interactions as ApA, OU&"1t to be . t~ .. li'ce that of the dinucleoside ~·' · : ·: • 
. ·. . .. ··.·(;."';I 

This is approximately correct; the experimental ratio of polymer to dimer' ... 
' · .. :: 

rotation is 2 • 5 (Holcomb and Ti.noc,o, 1965) •. Tnis reasoning can also be }' ' · ~·. 

extended to dinucleosides of other; ·bases, uracil (U), guanine (G) , and ·. 

cytosine (C). The mixed dimers provide a similar model for co-polymers~ 
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Qua 1 i tati ve Discussion of the V.ethod . 

The optical rotation of polymers composed of identical subunits has 

been thoroui.,hly discussed by Tinoco., Woody and Bradley (1963) arid related 

preclictions for dliners (dinucleoside phosphates ~ our case) are presented 

by Tinoco (1963). Our calculation t"lill serve as a check on the theory of 

the interaction which gives rise to the optical rotation of polymers as 

proposed in the above references. 

Optical rotation may be described by a molecular perarreter knovm as 

the rotational strength for the optical transition o to a, J< -~-Im 
· .. Da-

"f._·. 

(Jtoa o mru,). In this expression, Im indicates the ima.r~inary part; Jtoa .. 

is the electric dipole transition moment. and m is the ~4netic dipole " "'ao , .. 

transition moment (Rosenfeld,· 1928). R must be zero ip. molecules vdth' 
oa .. . .. 

' ' 

a point or plane of s~rrnmetry as, ir1 these molecules, !fuo can have no non- . .· 

zero corr:ponent along Jtoa. In molecules with an asymmetric carbon atom,~~ 

such as steroids etc. treated by Djerassi (1960), a small rotational 

• ... 

' -40 ' 
strength (of the order of 10 cgs) is usually seen. In rigid polymers 

such a..<> helical polypeptides a11d nucleic acid polymers, a rotational · 

strength per monomer v;hich is greater by a factor of ten may be found. 

One can explain this effect as the interaction betv-reen the electric dipole 

traTlsi tion moments of polyrrer subunits. 

The magnetic transition moment' m ' is derived from the angular . ao 

:- .. / 

momentum of the electrons$ Therefore, if v.re sit on one subunit and watch' 
•• i' ;~;~J 

the motion of the electrons on an adjacent subtmlt$ there ~dll be an appa-
. . . ; 

rent magnetic moment \"''henever there is a net motion of electrons on the .{· 

adjacent subunit. This occurs \ihen the adjacent rnop,o~r undergoes an elec

tric dlpole transition. · T.'1erefore v1e can write the transition mae11etic 

mom::mt for the polymer as r1 = m + e/2mc ('~"' x o_ ) where m is the 
~o ~o . ~ ~o "'ao 



.; .··· 

• 

. . 

inherent; monomer magnetic transition moment; ~ao is the linear momentUJ'TI 

operator for the tranBition o to a, r is.the distance and ep m9 and care 
"' 

. vvell knovm urLtversal constants representing the charge of the electron!> 

its mass and the speed of light. 

Accordins to. an argurrent of i-'loffi tt ( 1956); the second term of M is 
"'ao 

expected to dominate since the distance ll r, betVJeen the subtmi ts is large 
"' 

compared to the dimensions of the subunits. This may be approximately true 
0 

for polypeptides but for polynucleotides, the extent of the base may be 5 A 
0 

wh.ile the spacing of the base planes is 3.1-1 A. We feel the first term makes 

a small ·contribution for ·reasons of the symmetry of the polytrer resulting 

from the parallel base places of the polymer. This idll be explained in 

comection with the quantitative development beloi'lc 

However, it is certainly clear from experiment that the dimerD ,Apl\g has 

a much larger rotation than the tvro monorrers. This is shown in Fig, III-(2) .•· 

(Harshaw et alo , 1965). What we propose to do in this ·study is to make a, 

quaptitati ve calculation of the ORD of dinucleoside phosphates using the .·. · 

second term of ~aoo Tne calculation proves to give good experimental agree..:. ·· ·. 
.• ' 1 

ment and also points out difficulties in the interpretation of the ORD of.'.' .: · · 
. . . . ' 

: ~ . ~ . : .. 

polynucleotides" 

_ ..... ·: 

Quantitative I:'evelopment of the Theory.< ;·: ' :~ 
·.· ... 

In' order to. develop the theory for dimers of identical subunits;· we·: w'ill; 
. . 

el1'{.)loy,simpla degenerate perturbation.theor;v •. we designate ~io and ~le.,~a 
',' 

the tmperturbed wave functions of the ground and excited states of monomer 

i. The difference of their energies is E
0

a • · We combine monoJ:Ters 1 and 2 · 

to form, the direr ground state v~ave fuhqtion: . · tbo = cj)lo $
20 

~ For the excited 

s·0ate, we take the symnetrlc (+) and the ant;,j_symnetric (-) combinations:· 

III-(1) 
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Tne bm states + and - have different energies due to the cou~omb inter-

action of the electrons on one monomer vrith the other. This perturbation 

potential is simply V 12 = l e2 /r i,j , i'vhere r ij is the distance betNeen the 

electrons. The index i ranges over the electrons of monol:'fBr one, i>lhile j 

ranges over the electronn of monomer two. 

Even thOU@~ the absorption spectra of nucleosides show broad bands~ we 

will speak of the states as having a single frequency e This amounts to 

ignoring vibronic interactions and lumping the broad absorptions into 

single transitions to the excited states. 'rJith the understanding that we 

'li'rill have to introduce some vvay of constructing broad absorption bands from 

sharp absorptior:- lines, we give the energies of the split states, E+ = -
E + v

1 2 
• V

1 2 is the perturbation potential evaluated bet\<reen the 
a - a; a a; a . . . · 

two unpertur~ed upper states, V la; 2a = ~la ~20 I V 12 I tP10 ¢2a) • (Here and 

following, i'le use the usual Dirac bracket notation) e · This splitting energy 

.·:-··~ 

may be evaluated directly from the definition by expressing the ~l as mole.:.. . · 

cular orbitals. ltJhen the I•10's are taken as linear combinations of atomic 

orbitals, the potential is evaluated between each of the atomic orbitals on 

monomer 1 interacting ~~th each of the atomic orbitals of monomer 2. TI1e 

method is called Pariser-Parr by Nesbet ( 1964), but it is also. knmm as . 

the monopole-monopole interaction methoq• If one uses Pariser-Parr r.;:or s, . · 

the methods are identlcalj) because one s~ up the energy of coulomb inter-,:' 

action between the transition charge density of each atom on monomer 1 

t-dth that of each atom on monomer 2 • 

A different way to calculate v1a. 2a is to consider the assembly of 
' ' 

transiti~ charges (m6nopcles) on one monorrer, and then to do a multiple 

expansion keeping the first term (dipole term) only. The dipole involved. 

is simply the dipole transition moment, so the interaction becorres: 

·' 
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III-(2) 

according to ordinary dipole-dipole interaction. . ~12 is the vector distance · 

between the two point dipoles; &2 ·,.,. .{~ - ~1) ~d R is 1~s magrdtude. 

We now proceed to the rotational strengths of the bands. For the · 

· • dirrer electric dioole transition m:ment - . . 

III-(3) 

\'lhich may be evaluated as 

III-(4) .. ' .. · .. . ~ 

· .. :. 
: -~ ._1: 

We also need the magnetic transition monent ~>those form is a bit different.· 
I'·'·· • 

' 
'· 

For the magnetic morrent of the dirrer, we take. the sum of the magnetic 
' ' ~: .: . ·.•. 

. ·' 
morrents of the monorrers , and 1n adai tion, we take ~he rnB.g1letic morrent ._' 

arising from the linear rrorrentum of the electrons relative to an arbi traf.y 
. . ' ' . ' 

origin. '· ·::( :.·· 

· ~ = ~ + ~2 + (e/2mc)(~l~l + ~2~2) , 
. . ,, · •. ··;: 

We now evaluate the magnetic transition morrent for the tran..e;ition 0 to A+ ' 
. . .. ··.··.:·:·.~. :.; ~-

in the same wczy as for the electric morrent i ' :· ;' ~ •.. · 
(.' 

~AO+ • cvY2> «~lacl>2o:!:. c~>loc~>2a> b1~~~~# .. ~~·~1~1+~2~2> lcl>loc~>2o) !rr.;.'(sJ 
- ' ··'I • ,· ..... : ·,, ·, 

'•',, 

,.,:,. 

t·11\,0+ • (1/ \2)(~an:!!n") + (e/2mc)(R1.xb1· ': + f{")xp
2 

) ] 
"""" _ 'Vl. ~ao · "' "' ao - -vc. "' ao 

III-(6); ·:.:I .. 
. ' • l 

: ,· 
. ·,.• " ,· . 

~. : 

We now· recall a. well knOi·tn substitution which:. may be easily derived ~~-:. " 
:· ,' ., . . ... ' .. 

4i ..... , • . 

·the Schrodinger equation (Eyring, \.falter and.~irnball 11 1944) 

III-(7) ... 
~ ' . . ' :· . 

:, . 

. .. ., 
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III-(8) 
• 

We may not-r substitute for the m:menturn operator, Paot to obtain the rrN3.o1etic 

transition moment in terrr:3 of the monorrer ma~etj.c transition morrent and 

monomer electric transition rno:rent only. · · 

J ·~ 

~0!., a (l/V2)[1DJ.ao !~ao + 1TiVoa (~1X ~loa.:!:~ X JC2oa)J /III-(9) 
c 

Vle now have the necessary matr,l.x eleoonts · for writing the rotatlonal · 

strengths of the two dimer transitions. I. 

: ' ' : 

floA:_ ~. Im(.\!oA ·~AO) a Im {(l/2)(~o~?: ~aQ + lt2oa • J:!2ao 
. ,/ t!,' .·' 

. :-;·.(. 

. . . ,• .. ~ 

.:!: ~loa • ~ao .:!: ~2oa • . ~lao · 
III-(10) . 

+ ~ • 
-~oa 

At this pp:i.nt we will assume that mao = 0 so . that the monorrer has no opti-·, 
':•',','! ._.i 

cal activity itself before formation of the dirner. In this wey·:,'tJe lose. 

the first four terms.. The assunrl)tion that the Rxu te!'l113 are much more · · · : 
. . . . "' "' . . . . . 

irnortant than the m terms seerrs to be vi.llid for certain dinucleosides. · - "' . : . . . 
. .:: ' 

For exarrple, the rronorrer, A, shows little optical activity (see Fig. III-2) 

but the dimer, ApA, gives large rotation. 'Ihe reason for the small monorrer . 

activity is probably not that m is small compared to ~~ but that Jf: is · 
\ ; . 

nearly perpendicular to JC•· For the base a.lohej \"lhich has a plane of : .. { 
. . . * .. 

. syrnrretry; we know that the mae;1etic transition morrents for 11'-'IT • transitions 

m..lSt be perpendicular to the base plane and to the electric transition mom

ents 'tthich are in this plane. The adc11 tion of the asyrrrnetric suear perturbs 
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this situation slig.'1tly, g1 ving rise to the 3rn.all monorrer rotational 

strenc,th. For dimers in which the bas<::!;::! planes are parallel, the rota-

tional strength arising from ~l • .ld2 must be small for the same reason, . · 

hence the ~ dominates the dimer rotation. .For polymers,· ~~ch as double 

stranded poly A (Rich, et al., 1961) vthere the base planes are tilted, 

this will not. be the case. Our assumption ·that the ~ terms dominate 

. the dimer rotational strength is valid only. for polynucleotides of a 

single strand or for double stranded ones in which the base planes are · ' 

all paralle 1. 

For the reasons outlined above we will drop the contributionc1of m . to 
""· 

the polymer magnetic moment iJ· \ve will then compare our calculated curves · · 

with the exp~rimental curves for .the dimers vrith the monomer rotation sub-:-.'. 

tracted. This vlill at least partially correct for the contribution ,of ~··· ·.! ... 

.. 

If we take real wave .Junctibpns t9 represent :t:oe . pperators that survive, ·. 

the resulting expression is purely imaginary~· Takirig the imaginary part': 

~~oa 
1<1 C!-

'OA+ . _ 2c r ~1. X ~loa • Jt1oa + ~2 x· ~2oa 0 ~2oa - . 

·.: l 
.;;, 

·,.'•. 

' .·. 

+R2 xu •u +R xu· •u J · - "" '\.2oa '\.loa - ;;..1 . . '\.loa· '\.2oa • 
... ~ ,. 

·. ·,: .. . ,, 

The first two term~ of th.ts eXpression are' .zero simply because tNO Of. the' 
\', .. : 

vectors in the triple product are identical.: .; The second two can be com- . 
. . ' . . ' 

.· .. . 

b1ncd to give a part~cularly pleasing and simple result. • .:':'··, '' ... ; 
· .... 

III-Ci2) :, ·. 

'Jbis equation is the same as ·~l1atngj.yetEbycT1noco (1963) except that the., 

signs in his Eq. 6 are reverseds apparently due to a misprint since h:Ls 

examples are correct. 
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\ve see from Eq. III-(12) that the rotational strengths depend only 

on the distance bet\IJ'een the monomers andlmot on any choice of origin for . -

R. If it at first appears troublesorre that the rotational strength goes 
"' 
to infinity for infinite distance, ~. one should remember that the physi

cally observable quantity, the optical rotation, also depends on the 

·separation in energy between the two states (+) and (-). This splitting 
' . ' . 3 

g;oes to zero very fa'3t with increasing R, for example, like 1/R in the 
. 'I, ...... ~ 

dipole approximati<.m. lm any case, the splitting will disappear much 

faster than the rotational stren~h grows with distance-and the rotational 

strengths 11ill cancel completely at large !"t 11 since they are equal in mag- ·. 
,. ·.} 

ni tude and opposite in sign.) This will become quite apparent when we 

construct the circular dichroism curves .1.'1hose _amplitudes are determined by ·:··. 

the rotational strength. 
: .. 

In the waveler'lt.r.th range 210 to 300 m1-1, A and U each have a single 

absorption be;nd at pH 7 (see Figs. III-3 and :·III .... ~) • For dimers of identi-

cal groups having a single isolated absorption band (i.e., ApA and UpU), _ . ' 
·-· 

trqu. III-( 12) t·rill be adequate. t-b,•rever, we· would also like to be able· to · 
. -

treat dimers of tv:o different riucleotides. -Furthermore 11 we can see from_ . • 

the absorption spectra of guanosine and cytidine at pH 1 (Figs. III-5 ·. imd 

III-6) that there are tv.ro diotinct electronic absorption bands near each 
. ' '' :' ' . 

other :tn the rw._s-e of tile ultraviolet irl- whi.ch we are interested.· Therefore 

\'l'e will develop a forJn41a for the rotational. strene;ths when there is non-

reaonance interactior'l ·as well as the resonant':or degenerate effect descrlbed 

above. The non-degenora.te teriT13 wlll be expected to contribute to the ro-· 
'•t 

tation \·lhen two bands are near in frequency • • 

ive noi.v consider a dimer made up of subunit$ having a f;;t"'und state. arid 

two excited states, a and b. The ground state riow has first order pertur-

bations included, 
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. III-(13) 

Here Vla;2b is not equal to Vlb; 2a• _This rray be seen from the ~omet!"'J of 

the rrodel (sho\·:n in Fig. III-7) ·.-ve will use in the computation. The defi

nition of the interaction is similar to thA.t of Vla;2a ab.ove, 

III-(14) 

We have left out of Eq. III-(13) the states of the k~nd ~la~2a because 

they give rise to terms vlhich ca'1cel vthen one forms the rotational strength 

product. We also leave out terms arising from static electric field per-. 

turbations. TI1ese g1 ve rise to energy shirts and they may also make · 

* . magnetically allowed n-w transitions electrically allowed and give 
• • I * ·. . • 

contributions to the rotation (Tinoco, 1962) •. In polynucleotides:t n-w : ·· ·· · · 

transitions probably exist in the '.;Javelength regne of interest, but they; . · .• 
* ·. 

are masked by the very strong electrically allovved w_w · transitions, and;;: 
. . 

thetr contrlbut:lon to the rotation is unkno•,YiiJ)ut apparently not large. , 
.·. ·,·.i_:_:, 

. To the Satre level Of approximation, Ne<':etye. the first order exclt~d • 

state t-rave functions for the dirrer: 
· :·.~-~~~_;;t~·.:r/. ~; _: <:::_·· 

1/1
1 A!,= 11V21~~la~20 :!:. $10$.2a>- vla.;2b~i~·~·2.7~:·, vlb;2a01b$2o] ·· .. ~_:±. .. :! ... ·.t .. -.:.· ... ··.:·(··.1_··5···.~:· 

· · 1 (V 'J } · •· + . h(V - 'J ) · 
~.. .1 tl. ~ .. . ~\.W;r;{;- - b . a 

To get the transition mQrrents to .these two:~~thrbed excited stat~s, ~~~~:':(: .• ,?.:: • ·: 
. ~ .·'. :>·~·-~~ ~-~\:~: '_:(~ ,• ~ ' /·~;·_·;~,:·::t•' ~- <:~~:.:·:( ~ 

form the usual integrals exactly as in Eqs~·<(II-(3) and III-(5) above~:'.::.•:) :;- ::>>' 
, · · .. · .. -~.-\L~<.<.~.~-:f~-·· . . : :·:·:·~·- ... ::~: ·:·i·~·.~~F>;:.~·:·_:~. 

We also combine the first order terms ha'1~~.:-~enominators h(vb - "a) ·a,na:_:;;.(i . ·~ 
' ' , . :: ·•. '~; .. _:: .. ,; ':'. ; .' ·;: · .... ;' . . 

h(vb + v a) to get the resL:ltingelectrlc cU~?o}~ transition morrent, ;:;\'!:.::;/_ .. ::· 

·Jt;A+ r= <11'2> Lr<"loa.:!:. u2 l - 2"b,vl.:;2bl!Jo~.·.:',·:···+ · 2"b ~lb;2a ~lob J :i·~r-ci6.::) 
- "'. "' oa h.(~2 :;.: v2)·· ·.:: . .-,_: .. i h(v~ _ v2) · :· · ',_ ' 

·, . . . -:b . a:·:·· <::/:C. b a ..... : , .-' · 
··,._,'1 

'· . 
. .... 

·,'.· 
.. ·. ·. 
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In writing the dimer ~etic monent, we will drop !Uao' the monomer rrlfl..e

netic moll'Cnt .for the reasons \'le have mentioned in connection w1th,'the 

previous, degenerate case. 

~0!:. = (l/V2)(e/2mc) [ Oih x ~lao) :':. % x ~2ao> - ~li;,a.J~b ~ :J2b~ { .... · .·• ··•· 
{" -'..< ; '; ·:: .. -~/-. ~;;·:·· 

+' Vlb;2a )31 X ~lbo. - Vla;2b 132 X ~2ob :!~ Vlb;2a 131 X ~lob J J) '·j .' 'i /-'~;../ 
\1 ' . '/,j;; 

h(vb- va) h (v + v ) ·,. h(v + v ) . 
rf~~lf zr) · . 
~
~ / . . / b a .. b a 

~ ..• ! ·\;·'! . 
' ,J • 

In this case, since llob • I<t>o• the relative sif'l'lS of th~ terms with~~~in1-. 
nators h(\- Vl3.) and h(vb + va) are reversed and 'I'Te get a vain th{:nu.rne- ·-/ 

rator instead of \ as we .did in combining them 1n the electric dip~\.~: · ··l· 
rnoirent~ · ;·' /1 ' ,., .. />. 

' . ' j·· 
:. . . , ',; ' ' 'I I 

fl!Ao:.. <liY2)(el2mc> [ ~ x ~~lao:':.~ x ~~2ao :- 2~a :~t ~r ~2bo . _,{ . .. 

· .. ·.':·,.· ., 

. I III-(18) . 
,·.: .. 

At this point, one may ap_,ain use F,q~ III-(7) to substitute for the 

momentum operators and obt41n ~0+ i~~~t~~Q'1!3 of.:. the_ electric dipole monent _ 

operators and polymer geometry only, 

... :.; 

. '• _. .. ' . 

III-(19) 

We now have the operators necessary for Writing the rotati~nal 
. -

strength, including only terms which are. linear in the potential, v
12

." 

we ~ve ~OA+ ~itten aa the triple produots divided into three ~ups . -
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depending on t>~hether they are zero order, or contain Vla;2b or v1b ;2a. .... '"· 

~!. = ~ [ + •a%- l:\1) .x ~loa • ~2oa 

III-(20) 

- 2va"'b vla·,2· b (R ··. • R 
- "'l x ~lo'a. ~2ob :!:. ~2 x ~2oa • U2ob ] 

h(\12 -V 2) "' ·. 
b a + ~ x ~2ob • ~loa.:!:.~ x ,lt2ob .• ~2oa) · 

Among the three groups of terms ':t;n Eq. III-(20) ,"the first refers to· 

the sane degenerate interaction bet\'leen identical monomers discussed pre-

vious:cy. In the second group, containing Vlb;2a' the first ~d third · 

products cancel a.-:s do the second and forth triple products of the th.1.rd ·, 
.· . . .. ' 

group, the one with vla;2b. Therefore we may combirie terms so the answer · 

.. 

. ' ,, .·•, 

·depends on:cy on the distance between the groups and the three terms can be ·· :; 

easi:cy understood: 

2\1 v v + a b la;2b 

h(v~ - v~) 

; '-· , .. 

. . ·' l 

III-(2la) .·· 
. ... ~ . 

!II-(2lb), · --.·. 

;·. :· 
'/ 

III-(21c)," ..... 
'I ;; , 

.. ,'·i: ;. 

., ·_ ·_; .. -·.· .. -, ... 
F..q. III-(21) contains the rotational strength .of the dimer of identicaL. 

monorrers (III-2la). In addition. the ~~atici,al strength .ai:if.Mng from-~· 
dimer in l'thich monorrer one has' an absorption frequency v and m6norrer ·two : : , . 

. ·. .-·: a . ·- .. ·: 
absorbs at vb is given by III-(2lb), t-.rhile. :t;I;I-(2lc) gives the rotational 

strength for the dimer in ~hich monorrer on~ absorbs at v0 and monomer two. : · ·_. · 

. ··, 



" 

. ·,, 

( : ' 

:i 

··'. 
,1,\ 

' .. '. 

' ;:'' 

".< ',, 

.. ;·; 

' . 

-55-

absorbs at v a. In the calculations • '"e may picture III-:-( 2lb) and III-( 2lc) 

as the rotational strengths of two sequence· isomers where monomer 1 is 3' 

linked a:1d monomer 2 is 5' linked. III-(2lb) will be different from III-(2lc) 
' ' 

so we expect to see,) some sequence ·d~pendence to. the ORD in the calculated: : . · 
/.(' ~· ' ' ' ' ' ' ; 'I ; 

curves. 

In the range of wavelength we are considering, 210 to 300 rriJJ, C and G 
show two

1 
overlapping bands (see Figs. III-5 and III-6). There fore, all 

three tenns will contribute as we shall see ..for OpG and CpC. We also .. ·. 
···i: 

notice that by replacing one by two and a by b, that the rotational strength 

R
08

, arising from band a interacting with .band b is equal in amplitude and , 
~ . . . . ' . . 

opposite in Sil?fl from the rotational strenet;h of band b interacting ~'lith 
.·,. 

band a. This means that the rotational strengths t-1111 sum to zero if all· -

the bands being considered nre included in. the. sum. ' ~. 

.The :reader may notice that in III-(2lb) ·and III-(2lc) we actually -~htend 

a summation over b. That is, we should include non-degenerate interactions , .. 
- . . .···.·: ·:. 

with all other excited states. In practice, we have foundt~that the ORD or: ·' 
' •::• . . 

dinucleoside phosphates can be explained in terms of the transitions in 
: ' • ~ I 

. the range of the ORD measurement. Therefore .we will consider only tran

s! tions in the range 300 - 210 mJJ and we w1i1 not extend the sum over b to 

include higher energy excited states. Howevez:-, in the cases such as ApG, · · · · · 

when we corrpute the rotational strength at the A absorption frequency~ vre ·~ ' . 
·, .. 

include interactions with two absorption bands in G so we are actually , : · ··.· . · . 

summing over b • even if the index only runs from one to two. One might , 
, .. 

argue, therefore, that we should have written .the surmna.tion over b in Eq. 

III-(21); "re have left the sumnation sign out solely for clarity in the 

derivation since it adds nothing in the more illustrative case of ApU. 

··:··· ( .. 
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The f.iooel for Dinucleoside ·Phosphates 

In order to apply the theory we have·developed, we must choose an 
. . 

explicit m0a.el for calculations, In Fig.' III;..(7) we show the helical · 

geometry used in theset.:calculations 'ltrlth two.· pyr1rnid1nes and a purine. 

If we think of the upper two subunits, we have a model for a .PYrimidine 
. . 

3"-5' purine dinucleoside (UpA) while the lower pair represents a purine . 

3'-5' pyrimidine (ApU). We will compute the interaction energy, Vla;2b 

from a monopole interaction method due to nr. H. teVoe of National Insti

tutes of Health. 'vJe assune the bases to be w'. the positions they ·would; 

have if they were successive residues of a single strand of DNA (Lang

ridge, et al., 1960). 'l'his means that the bases are in parallel_ planes .·· · 
0 ·. 

spaced 3.4 A apart./ Tne coordinates of Langridge, et al. (1960) for their. 

rrodel 3 are diagrammed in Figs. III-(8) to. III-(11). The polar ~oordinate · .· 

system is specified by the helix axis and the. dyad axis~ the line in the ._ 

base plane across Nhich base pairing occurs 1n DNA. 

It may seem a bit arbitrary to assume this DNA-type geometry • but it · · · 

is impossible to soy a priori exactly what the favored conformation of· ~ . . . 
,'. 

diners in solution will be and we know that this one is at least steri..;. ../ ·, 

calJ.y possible for 10 residues per tum. rJioreover, we lmow that single . : 
. . . ' 

0 ·. . . . · ... 

strand poly A ~t pH 7 has 3. 4 A spacing, .indicating that the bases are· ... ··_·.·.· .· 

.. 
' 

perpendicular to the helix axis. What we do not know is the increment of .. ;',;\ 
. ·'. 

helix angle per nueleotiue. This is the angie .'f,' of Fig. III-(7). · tve ·. 
~ , .·.'i,~L{;·~:~.-.;.. 

shall leave this as a parameter and do all our computations over a range.'·.,,·.· .. ¥, 

of ·~hese angles that seems reasonable. By oorrpar1ng the calculated .results ·. 

to experi~mntal dinucleoside ORD, perhaps we can make some prediction· 
,: .. '. '• 

about the true georretry. We notice that in Fig. III•(7), which is draim · .. · · " 

with a positive angle, y, 'fie must make a right handed screw transformation· 
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to get from one subunit to the next, Thus it represents. a rig)1t handed 

helix, \'Thile a negative value of y \'lOuld represent a left handed helix. 

The concept of monopole interactiOns as used to corrpute V 12 was 

introduced on p.47 above. The monopole interactions are computed.by 

summing all the coulomb interactions of each atom on monomer one, with 

each atom on monomer two according to Pi p1/rij• Pi is the transition 

monopole on the 1th atom of monomer oneD. pi is the transition monopole on 

the jth atom of monomer two and rij is the distance betv1een them, The· 

transi.tiqn monopoles COrne from molecular orbit~s and are simply Pio'ci "" 

<~ 
0 

j P 1 j <fJ a) , where P 1 projects out the part of the function that is . · 

centered on atom i. For molecular orbitals vJhich are linear combinations · 

of atomic orbitals, the projection operator Pi simply t~lls u.S to use the·.·· 

atomic orbitals centered on atom i •. 

In Table III-(1) we give a Surr«nr'JXY of' the transitions of .the four · 

· . ,·.,~ .. nucleosides, one each for adenosine and.uridine and b1o each for guanosine'-~;,:.:.,,. 

and cytidine. To obtain the experll"flental dipole strengths; "'e have used· 
. -... 

the absorption data of Pabst Laboratories (1956) as shown in Figs. III-(3)' 
.... 

to III-(6), . The absorptions are approximated as sums of f."aussian 'Curves ·! · · ... 
~.> . ' .. :· ·.:·\. . 

~ '_., I . 

. of fixed position and half width. The heights of the gaussians a.'Y'C fitted 
. ··.: 

to the expei-1.nental curve by a lea..c;t square solution of linear equations ; . · 
' . .;·.·:." 

· · ' by the IBH 7094. (see Appendix A). The curves may then be easily inte6'at~'CJ.'.· ' 
' . 

We had to separate the observed absorption into distinct bands for the'. 
·' . ' . .: 

·J.·;.,, . 

. corrputation, and this decomposition is sho~rn in Table III-(2). Since 

have no information on the vibratomontc nature::of. the transitions, it 

impossible to know exactly how to decompose the absorption into distinct 
·· ... ,: 

bands. Therefore., in making Table III-(2), w~. have taken the bands to be 
: .. ; 

rour,,hly symmetrical. The exact sha.pe of th~ c~es will not affect the ORD. · 
' . ' ! • • . : • ·.. • • . i ~ :: ·.: : ' . 

. '·' ·:.·: 
too much. Tne transitions are surnmarized in Table III-(1) with the experi..; 

. ' . . . 
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Table III-(1) 

Electronic transitions in the bases 
,. 

. ...•• ·.i 

Base >.. in mJJ llJI exp. 8 calc. 

(de bye) (degrees) 

. · ... ,• Adenine 259 4.07 22.9 

Uracil 
(Thymine) 262 3.53 . 34.4 

Guanine 
band 1 276 2.75 65.4 

band 2 252 3.71 .-47.5 

Cytosine 
band 1 ;:?71 3.03 22.3 

· .. · .. ·• band 2 230 3.66 -7.1 ~ .• 1 .. • 
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Table III-( 2) 

Absorption Spectra 
. . . . 4 ,;-• ... 

Adenosine (concentration = 0,.648 x 10- molar) 
. _,, . . 

· Guanosine (concentration= 0.761 x 10 molar) 
! . . 'c· .• ·,,\ .. ··'· 

o.b. O.D. 6.i5 • . o.o. · 
A in mu Adenosine Guanosine Guanosine Guanosine. .,'·,:._-,;-_,•· .. ::.·.·:if.· 

total bruld 1 band 2 

305 .ooo .003 .003 .ooo 
302.5 .ooo .010 .010 .ooo 
300 .• ooo .025 .025 .ooo 
297.5 .• ooo . .051 .051 .ooo 
295 .002 .097 .097 .ooo 
292.5 .oo4 .159 .159 .boo ' .·::. ~:J . ' ; ...... .:' .. .. 
290 .oo8 .253 .253 .ooo 
287.5 .• 018 .• 353 .. · .353 .ooo 
285 .039 .4!19 .449 .ooo 
282.5 .004 .534 .• 534 .ooo 
280 .162 .594 . • 594 .ooo . 
277.5 .260 .641 .641 .ooo 
275 ' .377 .678 .678 .ooo 
272.5 .522 .705 .641 .064 
270 .688 .• 728 .• 594 .134 
267.5 .820 .749 .• 534 .• 205 
265 .911 .777 .449 .328 
262.5 .974 .818 ·353 .465 
260 .998 .888 .• 253 .635 
257.5 .987 .974· .159 .. 815 
255 .941 1.029 .070 .959 
252.5 .864 1.044 .010 1.034 
250 .809 1.038 .ooo 1.038 
247.5 .680 1.005 . 

'· 

.ooo . 1.005 
245 .573 .933 .ooo .933 
242.5 .477 .832 .ooo .832 
240 .389 • 724 ~/ .ooo • 724 . 
237.5 .313 .G11 ~. 000 .611 
235 .251 .497 .ooo .497 
232.5 .202 . • 398 .ooo .398 
230 .158 .321 .ooo .321 .. 227.5 ·~110 .268 .ooo .205 
225 .062 .244 .ooo .134 
222.5 .,020 .242 .ooo .064 
220 .008 .270 .ooo .020 
217.5 .003 .354 .ooo .ooo 
215 .ooo .476 ~000 .ooo 
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Absorption· Spectra 

Uridine (concentration = 1.009 x lo-4 molar) 

Cytidine (concentration = .o. 7695 x .. lo-4 .molar) 

O,D. O,D. O.D. O.D. 
). in mu Uri dine Cytidine Cytidine Cytidine 

total b?_nd 1 h~nrt ? 

305 .ooo .000 .ooo .ooo 
302.5 .004 .003 .003 .ooo 
300 .005 .010 .• 010 ,000 
297.5 .oo6 .028 .• 028 .ooo 
295 .007 .057 .• 057 .ooo 
292.5 .• 014 .110 .110 .ooo 

.. 290 .038 .192 .192 ... .ooo 
287.5 .• 072 .298 ,298 .ooo 
285 .138 .398 .398 .ooo 
282.5 .243 .483 .• 483 .ooo 
280 .343 .562 .562 .ooo 
277·5 .. 472 .628 .628 .ooo 
275 -592 .677 .• 677 . ~000 
272.5 .719 .699 . .699 .ooo 
270 .822 .697 .697 .ooo . 
267.5 • 900 .680 .680 .ooo , 

265 
,.. 

.9D3 .6118 .638 .010 
262.5 .991 .610 .562 ,.048 
260 . • 992 .568 .• 483 ,085 . 
257.5 .961 .528 .398 .130 . 
255 • 908 .501 .• 298 .203 
252.5 .834 .483 .192 .291 
250 .• 744. .476 .110 .• 366 
2'·17 .5 .655 ,1.!78 .• 057 ,.1~21 
245 .562 .491 .028 .ll63 
242.5 .474 .511 .010 .501 
240 .394 .. 538 . .003 . •535 
237.5 .324 .560 .ooo . .560 
235 .269 .580 .ooo . .580 
232.5 • 220 • 598. -,, .ooo .598 . 
230 • 172 .610 .ooo .610 . 
227.5 .126 .618 .ooo .598 
225 ..• 078 ..• 621 .ooo .580 
222.5 .040 6634 .ooo .560 
220 .015 .664 .ooo •535 ~ 

217.5 .005 .720 .ooo .501 
215 .ooo .780 .ooo .463 
212.5 .ooo .421 
210 .ooo .366 
207.5 .ooo .291 
205 .000 .203 
202.5 .ooo .130 

-~·~'~ ~r -~::]· .. \: . , 200 .ooo .• 085 ., ··~:1 ••.. 

197.5 • ooo .048 . 
195 '. .ooo .010 



·, . 
<. 

~. .. : 

-61-'~ ., / 

mental dipole moment maenitudes and the calculated transttion rnbrnent 

anf:,J.es, (see Fig~ III-8 to III-11). Thymine anduracil are assumed to.· 

be identical electronically as the methyl group does not affect the r~o 

calculations and the optical properties are nearl.J' identical. The 

d1.rect1.ons for the transition dipole moments are also shown in Flgs. III-(8) 

to III-(11). These are the calculated directions 1r1hich are consistent 

w:t th the known directions from polarized absorption of crystals of adenine ·~ . · · 

and thyrnine (Stewart· and Davidson, 1964, for thymine; Ste1r1art and Jensen, 

19641 for adenine). OUr calculated direction for the transition in uracil 

is 34° while the experlirental value is 23° in our coordinate system. For 

adenine the value vre use is. the same as that of Stewart and Jensen (196'n j 

with:tn experimental error. For G and C we do not have such polari?..ed 
'· . . . 

cr.ystal spectra, so v1e must guess at the correct transition morrent d1.rections. 

For guanine we asnume the lower ener[!'J transition is . in rough~' the same 

direction as 1 t is in adenine while the second transition is roughly per

pendicular, as would be expected from expe~rnents on polarized fluorescence 

(Callis, et al., 1964). For cytosine, "t1e take the lower energy transition 

to be close in direction to that in uracil or thymine. \.Je take . the second 

one to be ~bout 30° from the first transition, as suzgested by polarized 

fluorescence of cytosine (Callis, 1965). 

The monopoles for the transi t:ilons were obtained by a SCF-r...CAO::,({I cal-
··· : : ·'. ~· .... 

culation done by Dr. H. z;fevoe of National Institutes of Health. His 

nethod was that of Viellard and Pullman (1963)< extended to the' excited 
.·' .. 

states. . The resulting monopoles are shown in Tabl~ III-(3). Tne: stat~s~. 
. . . ' . 

in Table III-(3) are not just the lowest energy tra"ls1ti~ns ~. t~y corre .. 

from the·. calculation. They are chosen so that the transition m6~nt di- · · 

rect:i.ons agree with .knm-m experirrental directions, or \'rhat Ne infer t~ h~ . 

the most likely directions from incorrplete ·data. This procedure amounts 
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Table III-(3) • · · . 

Transition 1nonopoles u::;ed in the calculation 

Aden:tne 
atom 

N ...:1 -.0206 
',,.') ,.,. .... 

-.0255 ''2 

N3 .-.0743 

. c 
. 4 -.2011 

ch .0869. 
J 

c6 .1601 

.·.N7 • 0377.-

Cg -.0731 

N9 .0774 

(NII2) 10 .0323 . 
0 

Peale. = • 56 oA 
2.7 de bye 

·. ~ 

; . . ~. 

Uracil (Tnyrnine) . 
·atom 

-.0097 

-.0053 

Nl 

c2 
N· 

!.(·· •.. 

•••. -.1431 
3 

c 4 
. ·.· ::·-. 3721 .... 

. . :·: 
c . 
5 c.·· 

07 .; 

. 08 

. ' -.0077 
. . . J. 

.······:·. 
·.····!! 

Peale. · · "" 

... • • .. 

. : .. · 

.. ~ ' .. 

.1355 
0 

1.09 eA · 
5.2 debye . 

····" 

I. • 

.'.I 

... 
.. :. ·,.: 

~ ·: . 
. ·· . .. : ... 

\:• . ·. •. : 

.·.,. fl . 

. ·'. ~ 
... ·. 

'.·;: ... 
. . . . ~ .. 

~ . ! 

·./.'• 

' .. ·. 

. . :_ .. 

.·.· . 
.. ··: . 

.. ,; ... ,' 

:·; .·; 

'· . 

. . : . >· 

,. , . 
. ··· .. 

.•.' ,I 

. '. '• . . ·:· 

·.·· . . ::··. 

'.' .,. 

· .... 
·'·. . '.· 

·,_.; ,• .. · .. 

·v 
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Table III-(3) (con't) 

Transition monopoles used in the calculation 

Guanine Cytosine 

atom banU. 1 ow1d 2 atom band 1 band 2 

·-
N. -.0221 -.0658 - "~ -.1857 -.0875 -· 

J. ·,:·-, 1 

c2 1"\")f'\Q 
•vt....vv -.2453 c2 .0073 .02119 

N3 -.0345 .1115 N 
3 

~.1340 ·- . -.0151 

CJ~ -.0726 -.2249 c4 -.0435 .-.1576 

c -.0234 .2455 c5 .0605 .3524 
5 

c~ • 02145 .0040 c ''i .0963 .0795 6~ ,.) 

N . 
7 .0301 /I -.0630 (NH2)7 ,2J)ll .0278 

Cg -.2025. .1891 0" -.0150 -.221-14 
0 

.o1n4 
0 

N9 .1733 1Jca1c. = .87 1.11 eA 
4.2 5.3 de bye 

0
10 .1154 .0806 

(NI·I2 \ 1 ":'. 0053 -.0732 
0 

IJcalc. = .33 1.20 eA 
1.6 5.8 de bye 

._ 
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to the assumption that although the i''!O calculation g1 ves states that are 

correct, the order of the excited states in enerr,y may be incorrect. We 

also investigated l'!JO's from a paper by.Nesbet (1964). Hm.;ever, we could. 

not mal<e so simple a correspondence Nith the experimental directions as 

t'!e coulr'l w~~tlr DeVoe's state:J, ~;o the Nesbet r.1Q' s were not used tn l.:'!.ter 

calculations. 

In order to further utilize experimenta.l dBtr:~, we have multlpl:l.ed 

the transition monopoles by a factor llexp/'llcalc:J: _{~ee Tables III-1 and 

III-3) so that the dipole moments He compute vrlll also ar:.r~e in ma.g1itude .· 

Hith experiment •. Surely tl11s kind of mutilation of a molecular orbital 
·.• '1. 

calculatfuqn cannot be justified on theoretical gJ."'unds, but it does 

ensure that the v12 we calculate ·.·l'ill not be. too far off. of· coi..trse, 
' . ' . ' . 

there remains the possibility that the MO' s may give an incorrect char~ .· 

distribution vrhich happens to add up in such a.\'IB...Y a.'3 to give the correct 

transition direction. Also., it l!'i(")1t be argued that \..re should ,just u::;e .. 

the experimental dipole moments and compute. the V 12 directly from Eq. · 

III-(2) •. Actually, the monopole rrethod scaled in th~s \..ra.,y ~tTill be more .· · 

accurate in that it is sensitive·to the shape of the bases. In other 

. words, the dipole approximation is not very good vrhen the. charges are 
0 

spread out over a plana rour:.O:'ll.Y 5 A wide and separated from the next plane> 
0 • - . . . 

by only 3. 4 A. The resulting inte~9-ctions :are tabulated in Table III~(Jn • · 

In the ca~es of non-degenerate interactions, there are two values, corres-. 

pending to the two different sequences. . Our convention is that the head . . . 

of the column is the first (3' linked) and that the roi-J indicates the se_; 

cond ( 5' li."lked) nucleoslde) • T'ne anr).e of he llx increment in tal:~en to be 

34.4°, per nucleotide. This is 1n the range we feel to be particularly 
. I . .· : 

illustrative for reasons we shall core to later. For interaction bet>,Teeri 

degenerate groups, the vl2 refers to the splitting of the degenerate bands 

· .... 
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Table III-( 4) .. 
. -1 

vla;2b _in em·, for helix increment (y) :. 34.4° 

A G , G 
bcm,g 1 

G 
band .2· 

c 
band 1 

c 
band 2 

. ·. -~-. ' ~ . 

: ~- ' .... : ,· 

' ' :~·~ I 

.. :·.i. 

·. <· :' . 

l .:-; 

<··:"··\·.( ------------------------------------- ... ,· 

A 
F 

·t 

u 

G ' 
band 1 

G 
band 2 

c 
band 1 

c 
b~..nd 2 

'',-; 

736 

354 

904 

-123 

499 

69 

.··. 

77 

668 

-127 

-198 

-268 

71 

-148 

212 

-137 

.;.86 

-169 

555 193 

438-· '• 77. 

'·· <.'; 

178 

* ' >) SeQUence dependence: base at hear of colunn is 3' linked • 
... ,. . 

·.i. 

' .. 

. :- .. ··. 

I; 

:·;.· 
. - .... · 

566 

4811 

572 

41 

568 

275 

. ' 

.. ,· ... ,. . '.; 

·. :':·: ;, . 

~ . .' .. ; . ' 

. : :- :~ .... ,_, 

. . ' . . . 
h·, 
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: . ~ .. ·· .· . 
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into the (+) and (-) levels, while for non-de~nerate interactions~ the v
12 

' ' 
is included explicitly in the rotational strength, as can be seen from 

Eq. III-(21). Since the splitting in degenerate groups is small compared · 

to the half width of the absorption, the role played by the V 12 in the. 

degenerate case is not too different from that of the non-dee;enerate case 

., . 

-. ~ .. 

ln computation of the observed rotation. In the degenerate case, a ··,larp;e ·: .. 

splitting causes the positive and negative b~ches of t~ rotation to 

sepm-ate and becore more prominent in the optical rotatory dispersion. 
'. ' 

Thls;cpoint· will become clearer as vre proceed to corrputation of the actual . 
. .' ~ 

rotation. 

We next proceed to calculation of the rotational strengths fl•om 
.. ; . 

' . 
· F..q. III-(21). For this ,,;e Nill need the scalar triple product ~. • ~loa ·,c :: 

1.1 in the degenerate ca'3e, or R12 • itloa· x u2 b in the• non-degenerate 
-v2oa . "' '\i "' o · , 
case. If we take the cross product betw·een the transition moments first:,.·. 

.. . we see that the rd:;ult is pa..-ticull!!'l:; eirrple •. 'u
1 

. x !-!.., b 7Jil!1 \I u,~ob, l ;. 
"' oa ·~o -v~oa -vr- . . . ; . . ' . . .. 

. · sin (B2 - e1 + y)~, \·:1th ~parallel to the helix axis since the bases are·,·:'. 

· .. ·:·· :-

'.f. 
.·, ._._,._ 

.·· .;···. 

·: ... ';· 

. ·. ~ 

. ·. ·.:. 

in parailel'plane3 wW.ch are perpendicular to this a:x:t's • R~ferrit!f;·~. to ~ ··'. · · 

Fig. III-(7), we see that if the l)~es are iden~ical, the ~le of the 

transition rrorent of the first base, e
1

, mtist be equal to .the angle of th_e :_ 

transition morrent of the second base, s2• . Here the· angle, B = ( s2 - s1 :+,Yi.Y 
' ' ·.·· ; ·>-,, ··, : ~ 'i' . ' .. •: I ., ', 

\'lhose sine we take, is simply y 1 the angle of he~x 1nq:ter:13nt. · So for a :. · . ., ' ~ ·: . <· .! ••• '• • ': 

degenerate dimer, no matter \'That 13p the ar:cr:~e of the transition morrent is,; 
0 

1 ' 
0 

I 

we get a positive sign for the triple product since the cross product ot; · 
. . . ' . 
. . '· 

the .\!' s is nearly parallel to ~12 for helix ,increment angles bet\.:een 6 an~' .. > • 

about 70°, For left handed helixes Nith .,.·.betNeen 0 and -70°, the triple. ,:· 
' . ~ . 

product is negative. This tells u.s that in 'ApA and UpU, where ~"'e have 
' . . 

only the degenerate term to consider, a positive y will give us a positive 

rotational .strength for the long wavelength transition. Fig. III-(2) sho\.;s. 
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that this is true for ApA and that we have a strong case for a right 

handed helical sense for ApA. 'vle present also in Fig. III-(12) the 

rotation of UpU with the rotation of the monorrers subtracted. This 

fic;ure is from the unpublished data of Mr. !"lyron Harsha,.,.. UpU also 
. •! 

shows a positive rotation at the long wavelength side of the transition 11 · 

thus indicating a rig.'lt handed conformation. 

For non-degenerate interactions there will also be a tend~cy ·for 
. . 

ri&'!.t hanqed helixes to have positive rotation at long wavelength. From 
' ~ • '" • • 

Eq. III-(21) v-re see ttlat ~A for a sinr)e non-degenera.te term11 .as in UpA 

or ApU, 11dll be positive for the longer wavelength trans1tion if e1 "':" s2 

is not gpeater than y, and V la; 20 is pos:b<ti vc. 'l'hat the latter is true 

for helix iricrerrents bet\..;een .:!:. "'70 degrees ·can be seen from the dipole .· 

approximation, Eq. III-(2), or by considering that v
12 

·ror small ~e;les 

must surely be positive (i.e. repulsive) since 'the atoms of one monorrer . 

are directly above like atoms in the sec.ond. Table III-(1) sho~'ls that 

. ( .. 

the s 's for A and U transitions are only 11° apart, so ~Te expect the same · 

general ldnd of rotation for ApU and UpA as for ApA ancl UpU if y is greater : · · 

than 11°~ Figs. III-(13) and III-(14) sho;·rWarshaw's experimental ORD 

(with monorrers subtrac~ed) for ApU and UpA.' 'l'hey do, in fact, show the ·.· 

expected behavior: positive rotation at the long wavelength side of the 

transition. In contrast to A ar1d U, the angles of the transition moments 

. ,, . , , . . of G and C are very different, and in some cases they will make angles in · · .. ·. 

the dimer that are larger than 70-90°, giving a negative v
12

.. Others 

make angles less than z~ro gi vj.ng rise to negat1 ve triple products;;.· thus , 

we may e.xpect to find so~re cases of negative rotational. strengths at long·. 

wavelength. 

Later we will put these predictions on more firm nwrerical grotind 11 

but let us say !'or now that tha d1nuoleos1des which have been measured up 

· .. . •,' 



.·: 
'I 

. ' ·, 
·' ,f 

... 
' 

' •, 

.. ... 
I'· 

,, 
: . . \ 

I . ' ,' ... , 

'• 

. ~ 
•) 

' 

r' 

•·' ., 
., 
'J 

o:t 0 . 

'• 

m 
(!) 

:r: 
a. -~ 
0. 

+ 
~· ._.. 

I 
:J' 
0. 

:::> 

i 
!.'. 

, .. 

o:t ,. 

~ .. 01 X.(¢) 

,, 
~67a-

0 •" 
0 
f'() 

,., 

0 b 
ro 0.. 
C\1 b 

<+..! 
I. 0 

Q 
o:; 
0 

.,..-l 
oj 

=<.. 4-l 
c 

0 E (J) 

~ (!) •M 
C\1 z. s:.. 

(J) 

..< 0.. 
>< w 

C\J 
...-l 

I 
H 
H 
H 

0 (J) 

¢ s:.. 
C\1 ~ 

bO 
~ 
ti.t 

0 
C\1 
C\1 

co 
I' 

... 



-67b-

0 
0) C\) . r0 
<.0 
I 
0. -"::J 
0. 

·+ 
<( -I 

::J 
0. 
<( 

p 
0.. 

<x: 
<;...; 
0 

Q 
!):; 
0. 

r-l 
en 

~ 
+> 
c 
(!) 

s 
z •r-1 

J 

H 
(!) 

,<. 0.. 
~ 

r:Ll 

c-0 
r-l 

I 
H 
H 
H 

(!) 

H ::s 
0!) 

•r-1 
(i; 

tr-0 I X (cp] 



~ 
I 

.4 

.2 

0. / ~ I 0 1 ,. ~ . . 
"""""'" ~ ·7 ;;< 

~ 

-& -.2 
'----1 

-.4 

'220 

. 
• 

r UpJ\-(pU+A)pH 6.9 

240 260 280 300 

A. IN ~}J ... 
Figure I·II-14 Experimental· ORD of UpA 

:-> 
~ 

. 

I 
(1) 
....;J 
0 
I 

-



.... 
Table III-(5) -68-

Rotational strengths for y = 34.4° 

frequency in cm-1 rotational strength .. 

'4 x.lo4o cgs 

ApA 37874 200 
39346 -200 

~ 

UpU 38173 144 
38327 ·-144 

ApU 38250 229 
38610 -229 

Up A 38250 371 
38610 -371 

ApG 36232 170 
38610 -128 
39682 -43 

GpA / 36232· -2 
38610 324 
39682 -322 

ApC 36900 82 
386lt) -81 
43478 -1 

CpA 36900 33 
38610 38 
43478 -70 . ; : 

UpG 35232 117 
38250 . -57 

. ~-;~:;a2-~ 39682 -60 

36232 
/ 

GpU -2 
38250 148 
39682 .. -147 ··'. 

UpC 36900 24 .. 38250 . ~ :. -20 
43478 ... ~. -4 ··. ·. 

;·, 

' . '' 
CpU 36900 18 

38250 33 
43478 -51 

GpC 36232 -35 
36900 -33 
39682 37 
Ll3478 31 
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Table III-(5) (con't) 

\:. · Rotational strengths for y e: 34 ~ 4° 

frequency in cm-1 

36232 
36900 
39G82 
431178 

36020 
36L;l~l.t 

39141 
/ 

40223 
- / 

36722 
37078 
43203 
43753 

,, 

rotation~1 strength 
x 1olO_cgs 

15 
-59 

15 
29 

46 
-123 

203 
-12!5 

95 
-108 
185 

-173 - .... ·-:':··· .. 
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to nov1 generally shoW' positive rotation at long wavelength and that vie 

feel this is convincing evidence for their r1r-)1t handedness. ~le will 

not i(glore left handed helices entirely, but vre will concentrate our 

efforts. on right handed models. 

In order to investigate the steric possibilities of the model in 

Fig. III-(7) with adjustable helix d.ncrem::mt angle Yt we used Courtauld 

molecular models.· Since l'.nown van der ltJaals radii and bond lengths are 

used to set the dirnension.u of theGe models, they gi w one a fairly 

realistic picture of steric effects. For right handed dirrers tdth our 

georretry, y' s of 28° to 40° are sterically possible, and lf one. is willing· 

·to abandon the location of ti10 helix axis relative to the base (as shmm · · 

in Figs. III-8 to III-11) , one could extend y to 25° or 55('1. .For angles·· · 

of zero· degrees, the ri!Joze sU£;a:rs are ·too croNded to allet•i stacking of 
0 

the ba~es at 3.4 A. ·In order to construct left handed helices, one must 

. ·,t 

... 

' ... i 

.. ~ . 

turn the sugars so that they are not in th(:! sa.rre relative co.."1forrnation. 

That is~ they are not related to each other by the sarre transformation 

that related the bases in their helical geo~try• This rreans that al-

·.· ·. 

. . _; \· ~ ; ~ ,, 

. ·.\··: 

though the bases ca.'1 be in a helical georretry with y<O, the sugars are 

not relates'. by the sarr.o:: z 1ncrerrent and helix increrrent angle that relates 

the bases. Therefore 5 one could not form a polyrrer longer than _the di- ... • 

nucleoside. !~ever'~heless, for dimers, we ·rmy.have the bases in. a left.· 
' 

handed helical georretry with y's bet\veen ~15 ·and -50° and still rnaintajln 

.. - ' ~· 

the same pos·n)tion of the helix axis relative to the bases. By rroving the · 
·~ . ..· 

helix axis relative to the bases, we could extend the range to -65°. 

· · We .have not considered the possibility of rotation of the bases about 

the r-;tycoside bond. Extens1 ve investigation of the X-rey scattering of 

rna.n.v nucleosides and derivatives by Hascherreyer ·and Ili.ch (i965) have led .. 

them to conclude that the main conformation occurring naturally is that 

.. ' ·-.'· _: 
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t>rhich · is found in DNA. 1hat is the conformation which vve have ·used by 

taking the coordinates given by L-::m[";,riuge, et al. ( 1960). 

r.omnutr.t.t1.on of the ORD from Rotational Stremrths 

We now have the rotational strengths and locations or the various 

bands in the dinucleosides, and it remains to calculate the optical rota

tory dispersion from this information. The molecular rotation per nucleo-

side is 

(9] = tL 
18 !'1 
11' C N 

III-(22) 

'lflh.ere a is the rotation in radians/em, ~1 is the molecular weight, C is the 

concentration in ·gr>an"B per cc & and N is the number of. nucleoside~, in our 

. case two. 'H1e use _of molecular rotation per residue allows direct com-

, :- , parison of oligorrcr and polyrr.er rotations. ~le could \'Trite the ORD simply ·-.·, ' 

• ,I . ~ ' 

as.da.rrped Drade equations: 

[Q>] ,.. 4 2 
i ~ No " 

2nc 2: 
l< 

( 
2 2)2 2 2 

'\) - " + " r k ' 

.. ,,;. 

III-(23) 

(Tinoco, Woody a.'1d Bradley, 1963). 'l"his rrethod makes -~ assurrption about 

the curve shape which 'NC may avoid by using absorption data to construct_ ,, • 

the ORD curve. In this v~ey we hope to predict details in the ORD c~e :· 

i'ihich will be detected in exper·irrents. 
.·.·:':'I 

The method. we have 1n mind is to construct the circular dichroism · ·~ 

curve by making the assumption that the c1rcl,llar dichroism for any band · 
( ',' 

has the sane curve shape as the absorption.• ·· _'.!:his is probably a reasonable : . 

assurrpt1on for the allowed absorptions which we consider in nuoleotides ( 

(t>1off1t and !•1oscowitz, 1959). We then der-lve the ORD by using a Kronig-
' .. ' •' 

Krarrers disper$1on relation, the details of v1hich ~dll follm·r belm'V'. 
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To construct the circular dichroism having the sa.•·ne curve shape as 

the absorption and the rofcational strength corrputed from Eq. III-(21), 

vre recall that we already have th~ absorption in a particularl,y conven-

.. -< 

:i.ent form. .'l'o get the dipole strehe;ths, we expressed the absorption of 

Table III-(2) as a sums of gausGians: .·.·····:··..f·:_'\. 

· (v· v "} 
· ~ ( ~) = ~ e:i e \ ~ ~i ') III-(24) 

We \dll construct the CD curve having. the sarre form as the absorption .·. 

in Eq. III-(24). The units of circular dichroism will be mlecular elliP.:,. .......... 

ticity (fJ'tOscowitz 8 1960), 

[a] = 2.303 (~500) (e:L.- e:R) 
'!!' 

III-(25) 

\'lhere e:L and eR are the extinction coefficients for left and ri17)1t handed 

circularly polarized light. This molecular ell'.ipticity will then be ex-
'·.,· 

pressed as a sum of gaussians: 
.. "'! ,.· .•. 

III-(26) . 

. •, .. 
.. 

: ~ . 

for which v1e must deter:nine the c1 • They w1ll be related to· the e:i by a., 

sine;le factor Nhich we can easily derive by writing d01m ·the il.ormulas .·· · ..... 
' . . -~ . . 

for dipole strength a.'1d rotational strength of. gaussian bands (MoscoNitz,, · 
'• .. 

1960). For the dipole strength of a gaussian .. ,band, · 

3hc 
§'li'3Nl s 

.· 0 ... :· 

·,:·_i :, ' 

.,_ ·;. 

III-(27a) .·.· 

where N1 is the number of absorbing rrolecul~s per cc. For the case of an 

absorption ba11Q. expressed as a sum of gaussians, 

. :..· 

' \ 

"' 
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D = .92 ·x lo-38 'ITT 2: ei 
6
i 

oa 1 ~ 
.. III-(2To) 

.... 

For the rotational strength of a ge.ussian band• 

[e(v)] ~ III-(28a.) 
\1 

and for the rotational strength of a band expressed as a sum of .eaussian .· 

circular dichroisms, 

R = 0.696 X l0-42 ~ . ~ 
oa i, 

·' 
·'· '' 

III-(28b) . ·. 

He now simply take the quotient R
0
a/Doa bydividing Eq. III-(28b)·by 

III-(27b), ~md pick one value of i from the .su.'113• to cj.ve· the .ratlo of · ·. 
. .. . . ; 

'· ;'. 

, .. 
. ·. ·.: ·'_:,. -. .'<;_ 

III-(29) 

\rle may obtain circular dicl1roism curves f'ro:n III-(26). AlthOUf"jl we are 

prlmaril.y interested ln on.o, we \..rill also quote soroo of our results for 

circular dichroism (see Appendix B), since some measurements have already 

been glven (Van Holde, et al., 1965) and others will probab~v be forth-

comins;. 

Now we will develop the transformation to .the ORD by means of the 

Kron1g-Kra.rrers relation, v..rh1ch relates the mol!;lr rotation to the molar 

ellipticity, 

III-(30) 

U·~off'"ltt and Noscot"iitx, 1959; r·1oscol'litz, 1957). For the case of gaussian 

circular dichroiam, L':q. III-(30) can be intee;rated acco~ng to a method 
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due to i\1oscowi tz ( 1957) • We uegin by breaking the intel?",ral up into the 

su11 of three fractions. 

' . 1-y 
[ t;( ") J =· 2/'lf \ L.~ 

J:L 

i. 2 
( v·'· - "1) 

b. 
i 

+ 2 2( / ) J~. 
v· v + v 

r -;t --
1.---.· 2 !.;' L \) ·'t) 

III-(31) 
..... ,· ...... 

We now make the substitution: · .. 
\ 

~ • ' ! 
• -~ • p ••• 

v ,... . 
2 2 -~ [$(v)] 2/'lf L. ci~ -x -x dx ·"" -e e e 

i 
+ 

2\x+ -v). 
+ 2(x+ v) "1 "1 "1 + 

·.·· 
--· 

x+ c;: l 
~i ~ i 

/ III-(32).. . . 
l • '· ... -~ ·.t j ; .. '. 

1:le nm~ quote a relation derived by l"ioscO'ditz (1957) which will· alloTti· . ,.. 
!_,r; 

' ~ ' 

us to nu~rical~y evaluate the above integrals. 

III-(33) •.... _ ·' 

.. 
':·: .· . ·'." ... 

Eq. II!-(331. has a verY simple asymptotic .fo:rnl, = f;;c,· for values of;q,:_.
1
··/·}:•; •. / 

.: ... ·.;:·-::·;.; .... , 

very different from zero. In Eq. III-(32) ,· Y1, the frequency of the .... :· /·:.::::: 
. · · . 5i ~ r. "::: 

gaussian~ is always much greater than the gaussian half ~tidth 61. Ther~?:';' : · 
fore,. the asyrrptotic form vlill be adequ~te.}o represent the first, ar1.c1· ·,. ··:;''.}'{·. '_- ; . 

·,.·:· .. .. ·;:. .. .• :·,. ; .· :> !.· .. r .·. 
third integl:"als of III-(32). In the s~coric~:··inte~l, the asynptotic form·."-'~·./:: i 

• • . • • • :.. • . F .• , ; __ .• :· ~·:>~-. ·:I 
is valid only far from the absorption band .where v is very different frorn·i .. 

. ·. .' ' .. ;_.:,I .... _.. : ·~ 

vi • Hence \'le \'J!'i te the . e.qua.tion in the . f~llowinr; form which was the orte 
. . . . ... ; ... : '. ·. ~ ,: . '. ' i •. :. ; 

used 1n our.calculationsb • 

. -:,.) .. ·.· . 
~ .. _' i ' .. · .. i . : . 

·.', .. ·,,. 
'·' . 

., 
.' .. ·. 
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(\li - 'J) 

v1here c = . • .The valttes of the integral .~'/ere taken from a ta.J?.le 
t.i 

o.f tmo values f:f.'orn C=O to C::::!:4 (Lohmander and Rittsten, 1958). For values 

of c greater than L! or less than -4, the asymptotic. expression \'las· used. 

T'ne above · foi"mula::; were evaluated on an I3I,i T094 corrputer at the 

La1-7rence Radiation I.,..:1boratory, Berkeley. The basis for the corrputation of 

the interaction energies, v
12

, 1t1as forrned by a program of H. DeVoe. The 

monopoles of Table III-(3) v-:ere scaled by uexr/\.lcalc and v12 was computed 

by the rret.hod descr:tbed above (see p. 57·; also Appendix A) • 'I'o compute 

th~ rotational strenr.:;ths, l•re s:.i.mply need the triple products of Eq. III-(21) • 

. These \•rere computed as a functlon of the helix .d;ncrerent angle, Y, for 

intervals of ~1 radian over the range -1.5 to +1.5 rad for ApA and t"rorn 

0 to • 8 radiaxm for the other <liroors. ·. T:-1e method used on·:; the . IBN 7091~ - ·'' ........ . 

~;as to corrpute ~l xt2 = u1u2 s:tn U\ - B
2 

+ Y), Hhich is a vector paralleL . 

to the hel1.x ax:l.s. Tne dot prOduct of th5.s .v~ctor \-tith the line joining·· .. ·. i. 

the bases (~12 ) = (~'2 - R
1

) was coni;)uted from tbe geonetr.v of Fie;. III-(7). 

(See P• 26 above t.L'1d Appendix A). 

'I'he. fi tt:irl.e of the absorption curve~ to. su:ns o.f gaussians was done by 

fi.xinr:; the posl tiont'l ir1 i'l"eq uency and the hcilf w1dth:3 · of the gaussians t ·· . , . 

ami then solving a set of ~Lnear eq·uations to fit the n.mplitudes of the ... 

gaussiDns to tllG experirr.ental absorption. curves·. He chose half 'lddths · · ·· 

6 :i_ =· 700 cm-1 and spaced gau.sslans eve~· .500,.-\cm~l throU~T)l the absorption~ . , : 

This yielded positive g;aussian a.rrplltudes ·.for the center of the band (see 
~ ... \ J I,~ . . I • • '. ' ; 1 . I 

Table III-( 6). The linear equations Nere solved by an IDiJ! Share routine · . 1 

on the 709ll. The f1 ttinc; to the sums of ~~u~sia."ls is not a ver"-J exact · · ·· ·· 
.~ '. . . 

procedure • ~t'he fit is very good at the emerirrr~ntal absorption points' . . .. . '· 

but 1n sorre cases anomalous excursions and 'wigr~les ·were discovered in the 
• I,: 

fitted, curves. 'I'h1~1 shO'<tJa up 'i:lhen the r;auss:tan curves are added to con~ · 

struct circular dichroism curves. In the curV-es to be sho'vlm below·, these 
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Table III-(6) 
. ' ~ 

A.rr.plltude~ of absorption gaussians.,_ 6i = 1;00 em-.~.. ' 

Adenine 
band 1 band 2 

-1 
'Vi C!Jl 

45110 
41+610. 
41U10 
43610 
43110 
42610 
l!2110 
41610 . 
l!l110 
40610 
39610 
39110 
38610 
38110· 
37610 
37110 
36610 
36110 
35610 
35110 
34610 
34110 
33610 

-74.5 
209.8 ' 

:·· "1l·r::or--n. 
-;~.- ,:J.V•." 

839.1 
775.J 

1649.4 . 
17811.5 
?.32LI. 7 
3301.7 
3511.:3 
522Ll.1 
6344.B 
6252.9 
6175.3. 
5784.5 
i;tGi-16. 6 
1905.2 
2085.1 
-540.2 
977.0 

-49L1! 
330.5 

-155.2 

-1 v1 em 

396QO 
39100 
38600 
38100 
37600 
37100 
36600 
3iJ100 
35600 
35100 
34600 
31UOC: 
33600 
33100 
32600 

e . 
·.1 

-101.2 
59.1 

. 1758.2 
1028.9 
3582.1 
2297.0 
4237.8 
3590.0 
2892.2 
2807.3 
1320.6 
570.3 
102.5 
21.0 

-25.0 ·. 

. 45600 89.4 •' 
45100 .. -223~~~i. ·.~ 
44600 .. · 1294.3 
ll)UOO -17.1 

;. 43600 2285.2 
. 113100 1733.2 

'': 42600 21141.5 
'lt2100 3387.6 

41600· 3842.3 
1-11100 .• 1~580.8 
IW600 5ll36. 3 
1!0100. 5'177.0 
39600 5762.2· 
39100 546fi .. 5 
38600 3513.8. 
38100 2392.9 
37600 1419o2 
37100' 247.0 
36600 961.9 
36100 -1172.1 

";_~ 3··~; J~ ~~<>- ... ~' .. , .... 
._.·; 

.. 
,. 
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Table III-(6) (con't) . 

Amplitudes of absorption gaussians, ~i . ...: 700 cm-1 . · 

· Ura.c).1 Cytosine 
" band 1 band 2. 

.,. .. 

·45600 -34.4 41700 1.3 51500 ~48.1 
45100 82.8 41200 2.6 51000 ~2i4oll 
i-14600 52.2 40'700 174.1 50500 -254.7 . 
1-14100 170~3 40200 263.8 50000 ··. 1920.7 
43600 393.6 3Sl700 71~4.6 49500 -2050.7 
43100 1170.1 39200 151G.6 49000 4347.0 
lt2600 882.8 38700 2630.3 48500 -21-187.3 
42100 1066.2 38200 2317.1 118000 5133.2 
41600 1693.0 3TluO 40411.2 47500 -6ll5.9 
41100 1792.4 37200 3359.3 47000 14098.8 
J.;oGoo 2522.3. ! 3t5700 391-12~8 46500 1286.5 
40100 2728.7 36200 3615.3 46000 3246.3 

.~ 39600 3610.2 3)'700 2901.9 •45500 2517.2 ' 
39100 3447.1 35200 23:;2. 2 45000 3031.8 
38600 41-130.6 3~1700 1662.1 44500 3063.0 

·<- .. 38100 3774.5 34200 -88.4 44000 2973.4 
37600 4356.7 33700 399.0 113500 3494.5 

: •. .' '·· 37100 32211.2 33200 -236.5 1-13000 2965.6 
36600 2961.8 32700 102.7 42500 3142.3 
36100 2192.1-1 42000 2834.3 
35600 1107.0 41500 .. 2877.2 
35100 L!8Li .1 .·:grooo ·2413.3 
34600 o.o 1H)500 2371.7 
34100 3.8 lWOCJO 1954.4 
33600 -3.8 39500 15J8.J~. 

39000 .. /51HJ:;5 ·· 
,.' 38500 335.3 

38000 612.1 
.. '·· 37500 -8~4.7 

37000 690.1 

,_ 

f 

·~ 
. 
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rough spots have. been removed. 

The K..."''nig-.Kra"!lers tra!'l.sform ~-ras also C0!'!1i'Uted on the· 7094; and 

values of [ 4>] we·re obtained over the range. of 200 to .300 mu. Listings 
.. ,,· 

a."ld .~escrlpt:1.o."'1s of all the ·progra.Ins used appear in Ar:rpendix A. 
. I 

Result~ of the C~lculation 
' u .. w•e·· e •· t r · · • · "' tt 

All these calculations ar~surre a rie;j,dly fixed conformation of the 

bases as shown in I•'ig. III-( 7). 'I'his is a lm.; temperature approximation 

111hich is not valid at room temperature, as may be seen from the tempera

ture dependence of the rotation (Warshaw and Tinoco, 1965) • tlhe optical 

rotation increases with decreasing temperature, indicating that the pro-

portion of' the stacked or ri~-;.id model conformation is increasing. In no 

case has. any leveling-off of the curve with terrperature been found. 

one could go below 0°C, preswnabJ,•i the stacked form \>TOUld eventually 

predominate and the experiments would.be strictly comparable with the 

present calculation. Since such loN temperature experiments have_ not 

If 

yet been done, we will have to scale our calculated curve by a factor,, r~!,?,x 

roughly represP-nti~~ the amount of the d:i.rner in the stacked form., :tn order 

to compare our curve::; i·l:lth experiments at room temperature. 

We have done this for ApA where the factor necessary for fitting the 

curve (calculated foro y = 34°) at the mininrum·near 261 mtJ is .39,S In 

..· . 

.. ~~ 
. . . ' . 

Fig. III-(15) we have plotted both the scaled calculation and the experi-: 

~·<.: . 

·· • mental ORD curves w1tl1 the monorrer rotation subtracted (Warshaiv, et al. 11 
·,': r ' • 

:'. •' 

1965). The agreement is good; the calculation gives approxlrr.ately correct .., 

points and the peal-e near 284 mll• Since rl'le have .not included the influence 

of the 206 mu absorption. of adenine, the trough at 216 miJ is not repro- · 

duced in the calculated curve. 

ir.ie do not have ver.l nuch experimental or theoretical information . · .. 

perta1n1ng to th~ ua.tw.-e of.' th.1a shorter wavelength absorption band. If' 

"\ . 
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Ne assurre that it is a rr-rr typo transition,. ~-1e know it will be polaFlzed 

in the base plane. Ti1e interaction Vla;2a will be positive since it 

represent5 the :tnteractton of tt-JO identical transitions at a small a't'lg:le 

(31+0
) fl'om each other. Since we have a right handed helix, the rotational ···· 

strene:;t.h of tl!.e long 'tJavelencth exciton component is positive: so the . 

~;:eneral shape of the ORD resultin;;~ from this 206 mu absorption must be 

the srure as that from the 2GO !n~ band, 'vie v1ould therefore expect to see · 

the trough at 206 ffill w11ile l t in fact occurs at 216 r1JJ. This sl1if't could 

be due to interaction of ti10 2G6 mi.! band wlth hlgher bands or. Nith static 

fields. 

1~ie also show in Fig. III-(15) the circular dichroism curve calculated 

for ApA. Ti:1is is scaled lJy ·tile ::;ame factor as is the ORD. · Comparison 

w·lth the C.D. curve for Apf\ ~:;iven ln Van Holde, .et al. (1965) shows ·that 

, , . . the agreement is nlso very good here. Their curve s0ov1s a slir~'1tly sharper.·· 

·:. \: 

,{ .-

I,.'' 

. ' 
f . ~· 

:·· · . 
.. ··, ' 

peal< and trough than the calculated one. 'l'l1is is probably because we have · 

assumed that the monoraer abGOl1)tion curve is not changed in sh8;)e in the 

dimer. If one consider.s the interaction between the two· monorrers in terni.s. 

of each of th0 vibron.ic components mal-::ing up, tne broad absorption curve, 

there Hill be o.hd!lges in the transition prob~bility to the different vi-······ 

bronic cor;ponents of the band on dir:x~rizatlon. (Young, 1965). Inclusion · 

of these effects would give a narrowing oft~' band, and might improve 

the agreerrent \'lith experir.nent (Yourlf.;;, 1965) • ' ·,• ... \\·: {. 

In Fig. III-(16) \"fe ha;ve plotted the .. optical rotation at 261 mll as a . · 
,.···,·' •;' ·. 

fUnction of the ·helix incrarrent apgle, y, for,l\pA. ·For all the ~jles.': :· : 

studied~ the curve has a turaing point at: ~h,l~.:wavelength; ·it has a rllini-: .· 

mum for y great~.}r than zero and a maximum for Y. less than zero. This plot' . 
. ' .. ·> ' 

is an explicit <.lemon::;tration of the prot>ert:r.~~1at 'tte have already rentioned,. 
'.,··" 

that rlglit handed d:l.rners of identical -bases Sh0\•1 a double cotton ef.fect 
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with the long \-rave length rotational band positive. For left. handed helices; 

the curve is reversed with tv.;o minima and a maximum near the monomer ab-

sorption peak. 

The calculated ORD for UpU is shown in Fig. III-(17) for the same 

angle of helix increment, y = 34 .1~o. It is similar in shape 'tq that for 

ApA but is broader due to the broader absorption band of the monomer e The 

mF..gnitude is reduced, primarily because the v12 is an order of lTla.f!+lltude 
' . . . ' / .··.·· 

snnller (see Table III-4) • For this dirrer, the angle, y, at which trie 

lare;est rotation is found, is lower than in ApA; the ba..<:Je itself is snnller . 
~. ' 

'· and gives a l~ge V 
12 

only at small angles. . Thus for y = 17°, ~tte find a· · ·. · 

rotation similar in shape to the one in Fig. III-(17) but showing [4>] = · 

-1.8 x 104 at the minimum. Looking at Harshaw's experimental· cu~ in 

Fig. III-(12), we see that our. calculation agrees generally Hith th~ sl~:ape · 

and position of the minimum. The mag;nitudes are not strictly comparable» . ' 

because the experiment is at room temperature. 
. :.· 

When we calculate the ORD of dimers "lith different bases, additional .. ·' .· 

paramete~ become important. In calculating the triple product of Eq. rrr.:.· .'' 
. ' . 

(2lb) and III-(2lc)~ we need the angle between the transition moments, 

B = ( y + s1 - s
2

) • · This requires knovrledge of the direction of the tr~ .' ·: · 
. . · .. · .. 

sition moments Ce1 and s2) relative to ~he base coordinate system as seen :· 

in Fig. III-(8) to III-(11). We show the _calculated ORD for ApU at . ·. ' 

. y = 34.4° in Fig. III-(18) and for UpA 1n Fig. ,III-(19). These cu.'I"'Ves 

shovt qualitative agreement with the experlmentaJ. curves of Fi~ III-(13,) .<:: . · 
and III-(14) but the positions of the minima are wrong. This is not i~ : · · 

proved if we choose other values of y. . This is probably due to changes in 

the monomer absorption upon dimerization, and could be predicted only with 

a stud,y of the vibronic interaction mentioned in connection with the ApA · 

circular dichroism. The sequence .dependence of the ORD in the case of 
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these two sequence isomers is very small, as the angles of the transition · 

morrents in these two bases are very similar (see Figs. III-8 and III-9). 

We expect a strong sequence dependence in cases where. the angles of 

transition momants are ·ver"J different. The dependence of the rotation at 

the turning point near 267 mu as a f\mction of helix increment angle y, 

is similar to that for ApA shown in Fig. III-(16) except that the angle 

of zero rotation occurs at y ~ 11° for ApU and at y = -11° fo~ UpA. · 

.These are y's at 1.-1hich the transition morrents in the t\10 bases are para-· 

llel, giving a zero triple product in the non-de~nerate terms of 

Eq. III-(21) • 
·' .· .. ·. 

T'ne next g;roup of dimers we ~·dsh to cons~der is · the large group of 

dirers of different bas~s · conta.L"ling either a guanosine (G) or a cytidin~ ;. · 

(C) linked to an adenosine or a uridine. 'nlt~~.e dimers are more cornpli-' . 

cated than ApU and UpA because C and G both have two abs~rption bands in 

the Nave length range 210 to 300 mlJ (see Figs. III-5 and III-6) • 
. ; 

compute rotational strengths for three separate bands. Tnis involves t\'I'O · 
j ' 

different V 12 ' s and tvro triple products~:~ The sum of these t"h7:~e -t~,~~~tional 

strengths is, of course, zero. HO'wever, the tv-ro interactions may have 

different dependence on angle y, due to the differences in the nature ,of · , .... 

the two electronic transitions in the b~e (G or C) having t'.'IO bands. ·· 
. '····.· ' 

Therefore, the dependence of the rotation on .the helix increrrent angle, y, 

isc'!rather corrplicated. For a given rotation 'curve, the -general shtpe does 

not change greatly i-tith changing y, and only .the a.rrplitude of the maxima 

and minima change. Ho~'lever, at values of Y where t'-'10 transition moments ;.. 

becoJre parallel, \·Te do find qualitative changes in the ORD curve shape •. 
. . . 

It would be confusing to present the hundreds of plots necessary to illus-

trate this point, so vre will quote ORD curves for a fixed value of y. · 

.. ·· . 

•.. 
~ ;•'. 
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Because of our study of the simpler dirrers * 111e believe that the conformation 

of all the dimers is rir)lt handed, and this assumption of right handedness 
. 

gives us reasonable results for the rema.in:l.ng dinucleosides. r.'Ioreover, we 

have mentioned that steric considerations limit us to values of y betlt;een 

28 and 40°. Therefore, we will choose y = 34° as a ~orretry vrhich seerr:s 

likely and will illustrate ·the l\ind of results we can obtain. 

In Fig;, III-(20) and III-(21) v1e shm.,r our calculated results for ApG 

and GpA. We rrey compare ·these with the experi1·rental curves for ApG and. 

GpA of Figs. III-(22) and III~:(23) which were again provided by II'Ir. f1yron 

ltlarshai"l. Surely the ag:reerrent in curve sh~")e is not so good as in the . 

simpler cases we have quoted previously. Also, the calculated magnitudes 

of the rotation are .. very large; in fact, this pair of sequence isomers has 

the lar~st rotation of any dinucleoside we have calculated. This ~ 

indicate that the room temperature rotation curves are measuring a rather 

small proportion of the stacked conformation and that on going to lower. 

temperature, ApG and GpA might show ex~eptionally large rotations. In · 

spite of these discrepancies, we notice that we do calculate.a sequence. 

dependence, indicating that our calculation is capable of predicting this . 

feature which is ver-y important to the use of ORD as a means of analyzing 

oligonucleotides. fv!oreover, the positions of the first maxima and the . 

minima are rather \vell predicted. The positions of the second maxima, 

. . ··-: 

around 230 to 240 mlJ are not reproduced, and the ratio of maxirna to minima ; . ,, 

.: 

are not· correct~ · Inclusion of the higher frequency absorptions of A and "' 

G might improve trus situation. We also expect that inclusion of the vi- · 

bronic interaction would improve the agreement of the curve shape. 

i-le next compare our calculated curve for ApC (Fig. III-24) and CpA 

Fig. III-25) with Warshaw's unpublished experirrental curves for these t\vO 
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dinucleosides:~_(Figs. III-26 and III-27). · In this case 111e have computed 

a greater depenQ.ence on sequence than is actually observed; the experimen""': 
' . ' 

tal curves for ApC and CpA are rather simi,~ar. The agreerrent of the cal-· ·. 
. . . 

culation \'lith experiment is not improved by assuming other values of y 

in the range of 20 to 40°. Our inability to predict the .experirrental 
. ;·: .' . 

curve for this case is probabJ,y due to bci,il::as::;umptions about the direction 

of the transition moments for c. · We actually have very little information 

about the trans! tions in C, but \'t'e can hope that an experimental deter

mination of the correct direction of the transition moments might tell us 

how to calculate better values of v12's and the triple products. 

r"ioving on.'to. l:;he calculated curves for UpG and GpU, in Fi~. III-(28) 

and III-(29), ~-te see that the magp.itudes of the rotations are large Nhile .· 
. . 

the experimental curves (Pigs. III-30 and III-31) shO\'i rather small' rota-

tion. Our failure to o~tain good agreement here may be due to a low 

proportion of stacked conformation in the dimer at room temperature. 

The rotation of pyrimidine roonorrers is larger than ·that of purine monomers · 
. . 

(Warshaw and Tinoco, 1965). Therefore, the , contribution of the inter- ·. 
. . . . . - ·_.:_"'; 

action of the electric dipole transition moment of one base with the . : 
' . . . ' . 
,,ma;gnetic transition morrent of the other may be large (see Eq. III-10)., 

He have no way of knoviing what the nature of this contribution is except 

that it may be significant in a case such as this~ where the mono~r ro-
. . .· . '-

tation is large. Of course, there is also the possibility that our ag;ree..:. : 

ment ·in the cases of ApG and GpA is fortuitous and that we really have 

the wrong directions for the transition moments in G. Either of these 

. ,. two effects could be ti1e source of the error and it is difficult to decide ., ·' i; 

where improvement should be sought. It would be helpful to have the ex- . 

perirrental ORD of GpG which has not been meas~d. as a result of diffi

culties in obtaining and working with that compound. 
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In the case of UpC and CpU we have two pyrimidines \dth large mono-

mer rotations. Therefore we expect that the electric dipole-magnetic 

dipole interaction may mal<:e a large contribution to the rotations of the .. 

dirrer. .'rhe agree~rent of the calculated curves (Figs. III-32 and III-33) 

with Warshaw's experinental curves (Figs. III-3lt at"!d III-35) is not very 

good,. On the other hand, our lack of knm1ledge or the transition morrents 
. ' 

in C is. a likely ~ource of the discrepancyo OUr computed results for. CpC · 
. · .... · .. 

do not show .good agreement with experirrent .. 

For the sequence isomers GpC and CpO, \-re have four absorption bands· 

'interacting and four separate terms wtth v
12 

's and triple products to 

calculate. Tnis I'I'CanB that we need to know four transition morrent · 

. directions to calculate the rotations shown in Figs. III-(36) and ITI-(37).· 
:. '· ·· •.. ·· ~·;:· . 

Nort~ of these four transition morrent directions is known from experi~ntal .. "·, 

polarized spectra, so we are unsure or the validity of the computation.· 

The exper.tnental curve for GpC at pH 7 is shown 1n Fig. III-(38); CpG is 

not availa.Qle for experirrant. The ex,erirrental rotation is extremely small 

indicating that probably-;~the proportion. of stacked . conformation at room 

tenperature is extrerrely small. There is no real· comparison of the exper::t- · · 

mental vd th the theoretical curve • If • hO\'lever, we ;ook at the curve. for· 
' 

the experimental ORD of GpC at pH l from Warshatt~' s unpublished dat~ (see 

. Fig. III-38} we do see similarity to the computed ORD curve for ape. We·· 

see a m1n1mum near 289 mu in both curves and a maximum at 260 m'-' in the 

calculation, and at 265 m'-' 1n the experinental curve. 'Ihis is not simple 

to interpret since we would expect to find the bases protonated at this .·· · · 

low pH and that the ·stacked confo:rmat1on \'lould not be fa.vored. Also, the · · · ··· 

electronic properties might not be the sarra at pH 1 a.~ at pH 7, the pH for 

·.. which all our calculations nave been made. Obviously there. are chemical 

subtleties 1nvolved, and we need .further experinsnta.l studies to understand 

·f ., . 

" 
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the conformation of GpC at pH 1 and pH 1. 

The agreerrent between the calculated curve and the exper1rrental ORD 

at pH 1 leads us to suwst that perhaps there is sam reason wh,v · the 

diner is not stacked at pH 7, but that 1t is at pH 1. It may be that the 

bases have a charge at pH 7 and do not at pH 1. This would rt'Quire a 

· rather large shift or pK or the bases on d1m:n•ization, but remains a possi

bility, In order to properly conpute ORD curves at pH's other than neutral, . 

one should use the spectra at that ·pH as a starting point. The electronic 

properties at pH 1 might be quite different since the spectra differ con

siderably from the pH 7 spectra. It would be interesting to see the 

experirrental curves for CpG at pH 7 and pH 1 to see whether similar ., > 

effects arise in that case. 

The remaining two dicnucleosides ~ homodirrers; however, they 'are not 

so simple as are ApA. and UpU. GpG and CpC contain contributions from both • .· · .. 

the degenerate and the non-degenerate tenm of Eq, III-(21). For GpG . · 

(see F1g. III-39) we see that the non-degenerate part dominates the curve; 

it is ·not sinply a sum of t\'to curves or the ApA type. The fact that the 

curve is one with two minima and a central mrudmum indicate~ that the l0\'1- · 

est wavelength rotational strength is negative. Because of the great:cy 

different anr,;les of the transition roorrents, the· triple products for the. 

non-degenerate terms are nega.ti ve, g1. ving rise to this ORD curve which 

looks like one for a le rt handed ~orretry, but which is in fact r1gtlt ·· 

handed with respect to the bases, The relative 'orientation of the two 
. ·, 

tr-.ansi tion moments which g1 ve rise to the strong rotation is, of course,.. . . 

left handed 1n spite of the right handedness of the helix. 

. The calculated curve for CpC is shown 1n Fig, III-( ~0) ,and the experi-

tmntal curve is shown in Fig. III-( 41) • In this calculated curve, we see 

contributions from both the non-degenerate and degenerate terms of F..qi. III-

'. ' .~. 
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(21) • while the experilmntal curve looks· actually simpler. '!be failure 
. ' . . 

to get good agreenent here is· mst likely due to wrong assumptions for 

the directions for the transition morrents in the base, c. Rather ·small 

changes 1n the transitions (see Fig. III-11 and Table III-3) cou•:t&. in-
• • c ~ 

crease the peak at 290 mJJ and shift t.he ~nimum of the calculated curve · 

from 275 mu to 268 mJ.t. Unfortunately, we do not have any w;zy of knowing_ 

\tlhat changes to make owing to our lacl< of knO'tlledge of the trans:!. tion 

mo~nt directions. 

Discussion 

In Table III-(7) we give a sunrnary of the exper1nental (pH 7) and ·. · 

' . ' 

· ·: ,.; ... , , . calculated ( y • 34.11°) peaks, troughs and crossovers of the axis· for the . "' . , 
' 

·:· .. :':·,. ORD curves. We can see that agreenent of the calculated curves with ex- · · ·:, ·.' 
.. 

perirnental ones is best in the case or ApA (see Fig. III-15). In that 

case the stacked conformation seems to be present in gpod proportion at 

room 'tenperature, the IOOnoner rotation 'is small, \'te have good experirrental 

information on the direction of the tmasi tion morrent, and there is on:cy 

one absorpt4on band contributing to the rotation near 260 ml.l. It is for-

;:~. ·:'"' tunate that this dinucleoside phosphate was the first avail'lble for experl~ ·· :; 

rrent, since it illustrates the effect most ~vidly• 
. l ' 

For UpU, the effect is calculated to bel.lsmaller, ·and hypochromism 
' - ' 

rreasurerrents indicate tnat the stacked conformation is probably less 

favored at room temperature ('l'inoco and Warshaw, 1965)• In addition, the· 

. . . monormr rotation is large. However, we do see reasonable agreerrent with 

experlrrent. This is encouraging~ the monormr rotation does not seem to 

interfere too greatly, even though it is l,arge. 

For the sirrplest non-degenerate cases (ApU and UpA), we still have 

good experimental knO'Illedge of the transition morrent directions, and thus 



• 

... -~ , ... ;,;,.:..· .!>-- ..... -··· 

Table III-(7) 

Cooparison of calculated and experirrental peaks. troughs and crossings. -

Peak Trou._$ 
!'_;_~~~;~~P~.:::·, . .-..· ~ 

~ca.16. 4 Expt •• __ pH 7 4 caJ.c. 4 Expt •• pH 7 · 4 Crossin~ 
il!, 1n mp - [;j:dO l 1n mp [$]xl0 ). in mll [~]xlO · >. 1n ffil1 [~]xlO - :\calc. expt. · 

ApA 286 3.2 283 1.2 261 -7.2 261 -2.8 274 272 
UpU -- 287 .27 286 .45 264 - .47 264 - .68 279 275 
ApU 284 1.3 278 .54 267 -2.7 261 - .80 278 270 
UpA -· 284 2.3 277 .11 267 . -4.2 263 - .32 279 270 ' . 

-···. Ap<r·- 291 . 5.2 - 291 .32 264 . -12.4 270 -1.3 281 . 283 
-~--GpA 281 11.9 277 .76 257 -12.8 253 - .62 271 265 

ApC 290 1.8 '-285 .75 264 -4.0 265 -1.5. 281 276 
CpA 286 1.7 286 .44 252' -4.2 - 263 -1.64 •. 269. 277 
UpG 291 3.6 293 ~23 . 262 -8.6 273 - .9 281 285 

- GpU . 282 2.8 293 .16 258 -6.8 275 - .38 273 283 ,,_._ .. 
·~ .. -··:· : . 

UpC 290 . .5 '288 .45 262 - .98 '267 - .66 280 280 .. . 

-CpU] 284 1.3 288 . 1.0 252- -3.0 260 -2.05 270 277. 
ape' 260 5.2 294 .38 290 -2.1 259 - .05 278 261 
CpG 264 2.0 - - 292 -1.1 - - 280 
GPG-- 264 6.7 - - 287 -2.3 - .-..... ...:,.·,_ .. 281 

- CpC 294 .4 285 1.07 276 -1.04 264 -1.3 289 280 

I _,.. 

I 
0) 

"t 
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we get reasonable agreement. with experi.rrent.';·:::It .is· When we cone to dimers · · 
: . . . 

. .. . 
-88- :.-: . ::, ... · .. :~; 

•. '#, •• 

· w1 th c or G in them that our lack of experirnentSJ. pole.rized spectra be- · ·. . · : . . ' 

_corms. apparent. · In __ sone oases we do. well, but there is enough 1.,1ncert~ty · 
. . I . '· ·.· 

. eo we would be l..U'18.ble t~ aasign sequence isorrers sol~ly ·on the baSis of 
. . . . . ~ : ,. 

-~ . 
:··,'/ 

calculated rotation curves. 
. . J. . ~-:·:,"!: ''r.:.t::: .... · 

, ·If e~r.tmental information on the polclrlzed spectra of crystals of .... :·'?-" · . 
. ' . • ~ -~ ., . 1 

. . 
. · .. · 

r,• ~ 

c and a or on elec_tr1c dichroism .were available, we could make .. a better 
. ··, 

\ . . . ~ .. choice o~ transitions for the calculation, If ·we had thi~ information,- >:··· 

it t>tould be n1oe to reconpute the molecular orb_itals with adjustable para-
... . . 

rreters, such ·as core and resonance integrals, ~ich are · orten chosen 

· empirically. . !n t~s· way, we could f1 t the experinental ll'18.1.!11i tu~e and ... 
. ·. direction of' the t~1t1on monents and obtain HO's that would be excellent 

. ./ 

.. ·. ~. :'. _:. 

for cornpptation-of' vl2•s: ' . 
It might be possible to use the . ORD to f'ix the dJ.rection.~ -of the ; < 

: . ' .. 
Ji'!·.:~·,:h~.l·::; . 

. . 
.. . ·" . about the dipole monent. direction ~Y mald.ng ro~ calculations using the.· : · ' .. ;. 

·f. : . . dipole ·approximation (Eq. III-2) • . In this _way 1 one could find. a c~nsis-·: :·. :;-:::·{:. · ... 

·:_:_. ·.\.·._.:·~.~-~-~- ~'_:-_:· .. · tent set ·of tran<Jit1on dipp,le roo~nts the£ :~ve· ~emerit wit.h the expe~J_.;.':;· ;_ 
~ ' . ' . . .... · .. , : .• 

_.; .,,; .; :- . mental 'oRD curves. ··· ·0:.:-~~_::.-:.-: -
• ; • .'·,::_~:~··~ r , • • • , • ••• • -.':~.:·, • • • ~ :.:._-;~: ·,.._-·; ,::. ,i , 

· · ' A fUrther way to iol>rove o\Jr predict!~-- ~r the~nhapes ~f the eirc\iliir~ _:.-< . "<.:</:.:. { ::· ... ' . . '• . . ·. ·. ~. ' . · .. -: :t-: .::·· .. f·; . 

. • );.~·; ·' dichroism and oonsequently the ORO 0Ul'V8a ;~ ~. to take 1nto aoc.,;t i ,1};! · . · 
·:·. '. ,_·::. )!_?··>. . the v1bron1c interaction. This woUld lirt .the: a.ss\lll1)t1on that the monomer./;:.:.". 
· .. :.:·.-.;!:':'.~r"'~ .... . : . :· · -,. _. · . - . . . .. ,;·. ·,..-:-:;;-:.;: _ ! · · · ·.··: ···:;;\.;;}?){1!,._ 
·. ;; .. :,-:{:·-·i/· · . absor.ption band shape does not change .,1n·_ t~~-.:.·;c;u.r-1er an~ wo~d pres~~--·/.;::J\.i:.<:: · 

t i·i(:i?':!,' improve the details. of the ~urve shapei: '72{.~~;;~ ' , .. . . ..... · }~i.J~l[f.:. 
· .. ·:· 'i:/ .'.. An add1t1onal so~e or d1scropancy-;·.With.·f:txpef1,1oont which we have··. ·•·. '··:··.,.· 
~··· . .-~~._,\.· .. ~:-" :i , , ·, . . •. ·.:"'.' :. ' ·.··:.'· ... ~.:·"'::'·• ' '; ;··>;,:~::· .. ,..r._ 

. '.:·:::.;._... nentioned is the-dropping or,~. in Ect• }I~~(.lq). Subtracting the ·:·:·.·:··,·-'·_. 

'\ ·;i;>.-·. . rotation or .the mononers ac~_~unts __ for -P~:::P~~:'-~his~ but it' does not ·co~ot \.· .. 
• • : J I , 1 .~' ,' • 0 • 1_; 0 0 0 ' 0 ' 0 • 

·:, t' ·.:-i; '' • ' • o ,. 1 ~ o ' \• <,;·~-:.<··:~''' .',' 0 . o I ': .' .. .... • ... ·~:: I• 

. . . · ·. ,::.- · ·:- _ . _to~ the tenM IUJ.ao • .lt2oa and !U2e.O • J!n.oa •·:·•: ~timates ot'. t~se te%"m! ~- : . ,. )~· .; 
. :-.:~:. :' t.~: _., ; ,. '!: .::~.:.:··.:·_ .·~, . :. . ' . .; . ' ... :_:· .. :·~'~- . 

. ~ .•... · ·:··) 
.. ~=. 

.,_ 
; • ' ; .,. f •• ~~.' 
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. \ 

difficult to make since ~ao is not directly ~cessible to experiment as 

is u • The fact that tile monorrer rota.tlon curves show the crossing-over · ruoa . . . 

of the cotton effect near the absorption peak~.(Yolles, 1964) indicates 
r . 

* that the allowed w-w transition is giving rise to the monomer cotton ; .. ~ . ; 
· ..... 

. ·, '.· 

effect. Since we know u , the monorrfH' rotation allown us to est1mate7~ · 
~oa · · 

mao in order of magnitude, but not in direction. A possible wa.y of getting J. . "' . . . 

direction~ for magnetic tra.n:si tions is the Faraday effect (see Chapter I) • . , 
} ; 

Hopefully, rnasnetic rotation exper1.roonts will be carried out on the baseJ3!;' 

g1 ving us a better undel"standing of the subtleties of the magnetic tran-

sitions to excited states in the ultraviolet. 
··,1 

Also necessary to a full understanding. of .. the exPerimental spectra. 

is a determination of just what proportion of tho stacked form is present~>, 

. at room temperature. 'l'his will require ~'xtensi ve studies of the ORD at . · · · 

different temperatures and in solvents other than water at loN ionic 

stren~h, .in order to go to temperatures below 0°C. Also, studies at 

different pH may be able to explain certain reysteriea such as GpC •. t-lhere 

the rotation is small at pH 7 and large at pH l, the :rev~rse of what would . 

be expected from the pK' so · We hope that the preHent calculations may be .. 

of sorre a.<Jsistari.ce in understanding the ORO of the dinucleosides under . 

. various experlnental conditi_ons. 

'· 

One thinks of various wrzys of extending the present calculation to · , ·. 

other systems. Calculations for the trir~r .·~ould be etJpeciallY easy. . .. · . 

'lbe model of ~;1e;. III-(7) implies directly that one nE)ed only extend the. 

geometry to corrputa the triple products . u.nd the V 
12

' s in order to calcu..:_ 

late the. rotational strength arising f.rorn the jnteraction of the next .. , 

· nearest neighbors. 'rl1is would provide a small correction to ·the nearest •. · 
'.". 

neighbor calculation of the tr1rrer ORO. 

!1,' 

· .. ' 
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Also, we have included only the comrronly occUITing RNA ba..c;es in 

this calculation. In some RNA~s, especially ·s-PiNA, there are several 

: . ~ .. ' ... 

't' 
_; 

' . 

. other bases found. These include pseudo-uracil, di-hydro uracil; hypoxan-

thine, N,N-dirrethyl guanine, and N-:mthyl adenine. In order to include 

these and other "strange" bases, one would need to do fifO calculations in. 

order to determine transition moment directions. In addition, there is 
• I. 

a well known dinucleotide, nicotinam1de-adenine dinucleotide (NAD) vrhose 

ORD haS not been reported 1n the absorption regton. One could surely 

extend the calculation to this· corrpound. 

One mic~ht also notice that the model of F'i~. III-(7) cou,ld also serve 

as the computational basi3 for the ORD of· intercalated struct~!l·. Such 

a structure was re('..ently proposed by Ohn1sh1 and McConnel ( 1965) for 

chlorpromazrltne in DNA. If the same intercalation occurred 1n RNA or poly· . 

, A at pH 7, we -qould calculate the ORD from a. model lHce Fig. III-:(7). 
· .... 

The fact that adjacent rings are not con.11ected. 'oy ribose phosphates would . ·· '' 

not affect the calculation. .·.,_· . 

RNA 1n solution is probably composed partly of sinf.!').e stacks of the·· ,; ···· · ,, 
... 

type found in poly A a~ neutral pH and ·partly or "hairpin loops" in Nhich ·: 

the strand is folded back on 1 tself and stabilized l?Y hydrogen bonds · 
•· •:' 

. l .> ., . 
' : :. ·, ~ 

. .-. 

(Spirin, 1964). We have computed the ORD ror the first conformation but . : ·. :,. :: 

. not for the hydrob-en bonded one. One could :extend the calculation to ': 
... ' . ' ~ . 

··.'·.;··.;_- ... 
. include hydrogen bonded forms by taking one ·ba..~e plane to be actually. a.. 

hydrogen bonded ba5e pair. As a sinple model to test corrputat1ons of· .. ·. ::·,, " 

the double stranded or hydrogen bonded conformation, one could choose 

poly A plus poly U, which fonns a hydrogen bonded double strand under 

appropriate conQttions. 
·;;.' .. · 

.. J ' 

: .. ~- .t· . 
. . ·" 

. ~- . ,. 

·: ~ -~ ... _ ~ ·. ' 

. -.-i· 
; . 

·:,::. ·: ·. 

' . 
. .. '· -~-: ... ·.t'"' . 

,.·, .\. 

" :-:; .. \~ ,· 
:! : . .. 
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One . can see that calculations of' the type we ·have .ca.n•ied out here 

can lead to a b~tter understanding of th<~ ORD of polynucleotides. in 

solution. r·1oreovert ORD is a powerful analytical tool if it can be 

.! . 

. > .. : ' .. 

interpreted. ORO is sensitive to the amC>tmt..and type of three dirrensional 

structure of polynucieotidea and it can be ·used j.n solution, rather than· ' 

'· necessitating the use of crystals or fibers. 

'·' 
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APPENDIX· A 

• Listing of Programs 

There are three programs used to conpute .the rotations. The first 

is called r~NOPOL, which computes Vla;2b as a function of y from the mono

poles. On the print-out, one sees all the interactions, in units of 

electronic charge and A, grouped by angle •. ~e subroutine, SORT, groups 

them by interaction and punches vl2 in units or cm-1• 

One gets punched-card output, which is used in the DIMERar program. 

ROTCUR fits the experimental absorptioo curves to gaussians and computes 

the IT18.g]litud.e of the transition dipole· morrent. This punches cards which 

are used as input to DIMEROT. The last program, DIMERCYI', computes rota-

tional stre~hs for each value or helix increment angle, y, then constructs 

the CD curve from the gaussian absorptions and does the Kronig-Kra.rrers ·,. 

· · ' · · transform to the ·oRD. 'llie printed oupput contains. one ORO point eVery. 

··'i •' 

· ... ·.· 

· . ten (i.e., every 500 cm-1 1n our present study), while the binary output' ::' :..:: ;· 

has every point. The binary output tape is rewound and the turning points 
1 

. ~ 

of the ORD curves are found. ·The bi.Mry tape is again re\-rou~ and selected 
· .. ·: 

ORO curves are plotted versus wavelength. 

\;fe also mention the subroutine IOSET, which. is used in many of the 
,· ,1'' 

routines to set the input and output units. This subroutine simply assigns 

values 1n the labeled oonm:m block, IOPOOL •. Therefore, it is called before 

any input or output can be accomplished. In ·MoNOPOL, for example, the unit 

NI (=2) is the card reader, NO (•3) is. the printed output, NK (•11) is used'.: 

· <fortbutput ·to the sorting routine, SORT. NP ·is not used in the present 

form. The unit numbers specified in parentheses are appropriate for the 

IBM 7094 at LRL, Berkeley, as may be .seen rrom the user's manual at the 

LRL computer center. 
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The input cards for MONOPOL specify the. monopoles (in units of 
. 

electronic charge) and the monopole cylindrical coordinates (see Figs. 

III-7 to III-11). A group is taken to be atransition in a base, so 

that one computes interactions (v
12 

's) between groups. The· input cards · 

are as follows: · 

1. Title of the problem (one card) • 

2. ffi.1INCR, ZINCR, NL, NG, NOI, NGJ (one card) •. 

GMINCR is the smallest value of helix incremsnt angle in·. 
. . 

radians (=01 in this study) (floating pt.' 8 ools.) e 

ZINCR is the helix distance increment 1n A ( 3. 4 A used in . 

this study)(float1ng pt., 8 cole,), 

. NL is the number or levels. Use 1 for n~~st neighbor, - ·..., .. 

2 for next nearest ne1~bor, etc, (-=1 in this study)(r:txed pt., . ··~ ·: 

4 cola.). 

!ill, 1s the nurrber of groups (•6). 1n the present study) (fixed·. 

pt. • 4 cole • ) • 
•,.:, . .... 

NGI is the . last group used for I ( •6) 1n the present s tuey) -- . ' ., .. < 

r, 

(fixed pt., 4 co~}). . ·.· ·'·.:·. 

NGJ is the first gro~l,;.used for J (~1 in the present study)...-:. 
--- 1' . ..: ·' .· .. _;.·. 

(fixed pt. 1 4 cola. ) • _. "· ·= .. · 

3. N,F (one card). 
'. · _ _::~· 

r"l ....•. 

i . 

> .,· 

!i is the number of mnopoles_ (.rixed pt., 2 co~~). · .. :::.:~:-:::-~,/~'('·~' 
t . . . • -~·( :.-:. 'I: ~- ... 

]! is the factor for sca~ng the mon?poles (•lleXJY'Ilca.J.c)(f:loating,_:' .. · 
. ' . . 

. .·.· 

pt., 5 cola.) • 

4. ·. and following cards containing the monopole cylindrical coord1nates . 

and transition monopoles, 2 pe'r card.:. ,·, 

!:_, radius 1n l (floating pt~'. n:cols.). 

aarmna., angle 1n degree a ( !'Jfatihg pt. , 8 ools. ) • 
..:· 
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Z 1n ~ (floating pt., 8 cola.). -
RHO the transition monopoles, unsealed (floating pt. , '" .. r.- ·.1 -'. 

12 cols.). 

Repeat 3 and 4 for all groups. One blank card at end termi

_nates the program. 

'Ihe program computes all interactions of groups for the· I ,J inter- · 

actions specified by NGI and NGJ and then incr:ements the angle GMINCR by · 

.1 radian and recoJ11Putes all interactions until OMINCR • • 7 rad or 40.1°. : 

' . ' .· ··.~ 

'!hen SORT is called. This explicitly use~ unit 11 (NK in l\10NOPOL) as 

input. It sorts the interactions (v
12 

's) by interaction and putputs .on 

.··,::: , . . unit 14. 'Ihe output from unit 14 must be punch~d into BCO cards, ahd is '·"·.t 

····. 

'.···.·: .. ·;· .. 
':' 

' •'. · .. 

:\ 
. . ' . 

. ' ... ·. 
•.· . 

. · .. ···· 
. ~ ,' ' 

normal punched output unit at LRL). The way one uses these carcts depends 

on the model one is calculating. In the present study, 6 groups were .· . 
. , ... · 

used, one each for the transitions of A and U and two each _for the tran-: · -. 

_.sitions of G and c. For diners, we need only, the !,1 interactions so. we, >· · · 

set NL=l. If we number the groups l through 6 in the order they are gt~en;·/: · 

in ~able III-( 4 )', it n-ay be seen that the I;.{, J•l interaction:.;is the one 
. . 

for ApA. The + 1 and i;,.l levels are identical because there is no sequence · . !: ' 

dependence. 'Ihe I•l, J=2 interaction is fo~ .·A and u. The +1 ievel e;ives , ... 
·!."·.. ; . 

. the interaction for the upper pair of bases in Fig. III-(7) {UpA) and the.,. ·-
,! I ,>\ 

-1 level gives the interaction of the lower, pair or bases in Fig. III-(7) -''.: · 

(ApU). In this way .. ltJe, •. are able to construct Table nr-( 4). 
~~:1, . • -: . 

For the curve fi tt1ng to the sum or gaussians, the program ROTCUR is 

used. We are indebted to Dr. I. Tinoco,. Jr.~ • who wrote this program •. · .. · .. 

'lhls ·program calls ~1ATI!N to solve the :u.Mar. ~quations, and this subrou.:.. · -
' .. • !.: ,• 

tine is also listed. The input cards for RCYI'CUR are as follows : 
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1 l. N 1 STARI', ST9P, DELTA, FACT, SPACE1. WIIJm:, CMOLS 
.. . .• 

~1 i&_N is an integer greater .than zei'9 · (fixed pt. , 5 cols. ). 
:.~·· - . . . . . . . . . 

. ,':· .·:,t-f •. -':.· -'',1 

START is the smallest wavelength used for absorption data '· ·:·······-: .. 
:: ' 

... . . . 
in m~ (floating pt., 10 cola.). · . . . 

'· • . 'f· . • : .. -: 
• -~ .. ! .. ' / ~ 

. . . . . : . . ~ . . 
· S'l.UP is the largest wavelength used for absorption data . 

. , -----. . . .. 

(floating pt., 10 cols) 
. . ·_.·,·.: ... ~-· 

: · DE'LTA is the spacing betweeri· ~~e ·experinental.absorptiori·.-.::::·/:_-.· <\ .. 
. . . . .: ~ . '~ . 

· ' · · points 1n ffi1J (floating. pt. • · 10 cols ~) ·. 
' .. ,_· 

• • • "' ••• •,. :; •• 1,- ' .• _ 

~. . . . 

I•;' ·, ~should be set equal to ~l for. internal setup ·or the _···. >\·.',: 

ga.ussians If it is desired to use gaussians or irre~lar .. ' :·: .:·: .. ·. >> . . ..' _., . -; ::.,;;:·:;-: .. 

spacing and Width, thiS should be ·aet s0 1 Snd the gaussian :;_.·~;:·.:·.~:r~>- .. _ 
. . . . ': . . . . •. . . ; --~~·-: :._.·-.~~) .:-:.- -~ ... 

position and width put 1n explicitly on cards. · :.:·, ·,),: ... ;;.~·:·,--
. .. -:::· . . 

.· · SPAcE is the spacing 1n cm-1 between gaussians ( =500 in. thi~~>:':;," ._; . 
' ' I ' • ' l ' '' '• ~ ~ ' •; ~ ':, '~ 

'study)( floating pt. • 10 . cols • ) . : >· . . l . · __ : ... <~ _;;{::r.:~-
WIDT'rl is the half· width of ·th~:- :ga.ussians (=700 em- itt this!:·:·_._,.. 

study)(floatirig pt., 10 cols~) ·::·,.·:.:>_:;. ·-J::·,<(}=y~-~(~·:.·: · 
. ;.•~_ .. ,•.', • ·>.'. '. ' 'r .; 
: ', •: ' ' ' .... :_ 'f .:·I :~ ,:' ', .-J • ·,,!•;' ·; • 

Cft!OLS is the ITX)lari ty of the. solution whose Oil is ·to be·. f.t: tted. . 

/-, '·This is necessary ·-~n finding· the di~ie strength (floatmg p~.-,--:,: . .';-.~~.;.::;;. 
/ . · · 10 cols.) · · . · '· ~·- .:.. -'; :_ ·, ~:>f:;:.:~~.::_:;). 

2~ · and following cards containing ~~i,~~orpt1ons from tOO 1~s/;· .J· ••. 
. . .. · . . ... ~ ~-- ..... >.~ -~·-_:! ~} :~~ . 

wavelength (START) to the highest '(S'l.UP), every DELTA mll (floatin!f . ' 
. ; : . 

. ,' )· ::.··· • I ,• -1 ' 

.· • '
1 

, , .·• pto, 10 cols. )and 1 values per o~t.~ . '}··:··.~::-;:::. · 
;.· .,The last program, OINEHOT, use4 the ,V~''s~to conpute rotational ..... ,:.i·::(·,-;;·:. ·. 

, .· ', • •I .- .:·::· ... :.:·:.:l:';o\•-i.;o ' 
strengths and the gaussian curves to coYll)ute .CD and ORD. The control, pro-::::~ .. :. 
, ' , ' • ' ' • ··<·:.~f·<·~:· • ' . I ," '.·-').J~_··.t ol 

. gram MAIN first calls ROI'S. tU (=2) is BP:'ftin ·.Used for the card rea.de~ _and}/_;:· .. · 

. NO (~3) is the printed outpu~~- NK (=35) i~·-{h~ b~ary output which co;~:,::',',:·:·. 
. . 

tains. all the rotations and circular dichl'Oisms. · Nr is r.trst used for a.: :· · ·; .... 
. . .. 

... 
'·' 

,', I • , 

~ . ! , •.. 

' 
. :·.:_,:.:t_; . .. 

'.· . . .. 
. . • ~ • ; . -. J. • • • 

I •,!,,,' : 
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BCD scratch ( •11) to record rotational strehgths and is then rea.ssif!.lled 

(as 15) by MAL~ as an output from SELECT, l'm:ich will be described • 

. The input aard3 for this program fall into groups according to which 

routine roads them. They will be discussed in such groups* and are to be 

loaded 1n the order deacribed. The first group of cards is read by RCYrS .. 

and are the ones necessary to the rotational strengths. 

1. T1tle for.the dimer (one card) •. 

2, z, RADl, RAD2, Gr1INCD, NCASE (one card), 
. ~ 0 . 

~ _::J :; ~ lis:.:tb~;me~~:ic:.Q.j.sttmce~dnorerbenti inJAL~ ( ~3 .!J:!1,n tMSy~tudy) 

(floating pt., 5 cols.) 

RADl, ~are tho distances ·in X rrOm the helix axis to the 
. ·. . 

··.' 

center or. the bask (see Figs. III-8 to III-11) for roononer one and 

rnononer two. l is 3' linked, and 2 is 5' linked (floating~ pt. •· . _,., .,, 

·· 5 cola. each) 

GMINCD is _the first value of helix increrrent angle 1n degrees 

(floating pt., 5 cola.) 

NCASi~ is a fixed pt. number (2 cola.) which tells which kinds'.:,.:_.,; .. 

of interaction are to be calculated~ 

•1 for degenerate term only (ApA and, UpU) ', 
' ..... : 

•2 for non-~ee,--enerate term, one band each IOOiloner (ApU, UpA) . · ·· ... 

•3 for non-degenerate terms, one band for one mononer and two bands 

in the other (Ap01 OpA, Ap~; CpA, UpO, GpU1 UpC, CpU) 
•'."','! . 

•4 for non-degenerate tenm ~ two bands each monorrer ( GpC • CpO). •· 
.··, : ·.\. ,: 

•5 for both degenerate and ncn-degerierate terms (GpO, CpC) , .· '· 

3. · .. and following cards describing the transitions FNU, DrJ!U, GAM, Vl2 .:~ 

~ is tranai tion frequency in cm-1 (floating pt. • 10 cols. ) 

DMU is the transition rooroont in Debye units (floating pt. • · - . 

10 ools,) 



~: .. :. 
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.. . ' . 
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·' 

-1oo-· 

GAf-1 is the angle of the transl tion lllOT!ent 1n degrees (see -
Table III-1) (floating pt.~ 10 cols.) 

vi2 in crn-1 for the. first helix angle ( noating pt. , 10 cols. ) . 

~. OUtput cards from ~IONO,I?Ot containing Vl2 and helix increrrent angles.:' 

Repeat from title (card l) for· each dimer. 

~ blank cards signal the end of this rotational strength calculation. 

Transfer goes to .ROTEr.t which corrputes the .CD and ORD curves from the rota

tional strengths and the rJLussian curves of the. absorption. The routine 

XFIL loads the table or values or the Dawsoo integral needed for F.q. III-
··' 

(34) taken from nQi~Vmder and R1ttsten (1958). 'lbe data cards for mrEM are: 

I 
I 

1. N, START, STOP, DELTA, NB {one card), 

N .,. pos1ti ve nunt>er (fixed point, 5 cols. ) ..... ' . . 

START 1s the lowest frequency used to compute the K-K'trans

forrri 1ri cm-1 {floating pt. • 10 cole. H•33, 333 1n this study) • 

STOP is the highest frequency (noating pt., 10 cols.) - .. · . 

(•50,000 in this study) .• . . 
. ' ': -. : ~~ : 

· om.TA 1s the interval 1n cm-1. 'Ihe rotation and CD will . be· · · 

conputed every DELTA cm-1 betl'leen STARI' and STOP. (floating pt.,.· 

10 cola. ) {•50 om-1 1n this study) • 
. . . 

· NB is the nunber of bands ln the di~r {fixed pt. , 5. cole.) ·· · .... . ··.'. . 

2. There follows one card for each dirrer l;Jand containing NO • Cf<10I.S, · 
:·, 

'PEEK. 
•• ', •• j 

.!'!f! 1s the nunt>et~ of gaussian: .m8king up the b~d (fixed pt.·, 

5 cola.) 
_,_·.' 

CMOI.S ~s the concentration. iri mole/liter of the solution : ~ . 

whose abaorption band was !'1tted (rioating pt., ·10 cols.) 

PrillK is the peak frequency or the band in em -l ( noating pt. ' -
10 cole.) 

• I 

,_ 
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3. Arter these c&"'ds come. the gaussinns for the banda, 2 per card. 

These are punched 1n correct format by rorcuR. FNU, E, 'rriETA. 

FHtj is frequency in om -l -
E is· anpll tude of· gaussian -
THETA is the half width in cm-1 (all floating pt. • 10 col~. ) · 

Repeat from card 1 for each c11Jrer. The printout contains one point for the .. · · 

transform in every ten. All the points are .on the binary tape (NK). A 

card like the first, with 0 for the value of N •. a taps the program and 

transfers to CHOOSE which exrunines the curves and finds maxima and m1m1na. 

This routine reads no cards. but calls the cal corrp plot routine, PI.DOO, 

which reads one card per plot as a t1 tle. · So • for each diner • put 1n 

three title cards, ·ror the rotation at the first, seocnd and third turning 

point as a fUnction or the helix angle,.y, 

The last :routine SELEK is called to plot rotation versus \'lavelength 

for selected values of helix increment angle, y. ··It reads cards to select 

which curves to plot. 

1. JMAX, KPUO 

, I 

~ is thet-~umber of d1mers. d,d)'TlPuted (fixed pt. , 5 .. ~ols. ) · 

EV.Q. •l for BCD output of selected curves ORD and CD on NP · 

•0 for no output. 

.. . .1 

2. CXle card for each ditmr, speoi{y!.ng which curves to plot (f'ixed pt •• 

2 cola.) FOr ~xarnple: 
'· .:· .:·,;~.'. 

010518 would specify plotting for curve 11 curve 5, and curve 

. 18. All· others would be ignored, · 

3. After all spec1f'ioation cards, one title card for each graph to 

be plotted 1n the order selected. 

'Ihia oOtl\')letoa the ttata ohook. 
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--· --:...~~L • ·----···--··-w # 'i 
--------···-·-· .. --------------·-· -·· .. ·---..,...--------'--~ 

-------------------..... ------- . ---- -- .. -----------------------------------. -------··--·---

----=-ti}-c---~----

MCNPOL MONPOL 04r 
_______ ... EXTERNAL_FQRMUlA·_._NUMBER_·_~_.SOURCE. •. STATEMENL----~------ INTERNAl . . ' 

• 
·----· -· --. ·- ---- ··--. ... ·- . 

C THIS WAS USED TO COMPUTE Vl2 FCR THE O~C 64 ROTATION CAlCN~ .• 
______ C .NK lS USED FOR SECOND OUTPUT...AND.NP __ lS USEO .. FOR.SCRATCH __________ _: ____ ------· ... 

CMONPOL COMPUTE MONOPOLE-MONOPOLE INTERACTION~ . MC:· 
_____ c ___________ CEVOE ,_ .1228 IA •. .. PROGRAN FOR_ MONOPOLE:-MONOPOLE. INTEKACTlON •----------·-· MC, 

DIMENSION TITLE{l2}, NC{24), ; 
___ .. _ .......... _____ l . __ ZMU ( 24) , . GAMMU ( 24 )., __ XYMU ( 24), .. VALMU ( 24 L_ ----.---·------------~ .. _:~ 

. COMMON /lCPOOL/N I, NO ,NK ,NP · 'l 
.. ______________ .. __ . C 0 M M 0 N I P 0 L E S I A ( 2 4 , 12 ) , GAMMA ( 24 tl2 ) , l ( 2 4 , 12) t RH 0 ( 2 4, 12 ) , N POLE ( 2 4) . : 1 

CALL IOSET · \ 
_____ 91 .READ{Nl, l01)T.lTLE,G~llNCR,ZINCR, .. NL,_NG, __ NGI,_NGJ_: --------1 

! 

2
_
7
_ ~~N~ ~~C~cE< J .. 21,99, 27.__________ ______ __________ _____ - - - ----.-i 

-~----.:_ _______ 1-JR1TE{N0,103) TITLE... _ _ ____ ,._ I 
DO 50 I = l' NG . . . . . HG I 

.READ ( N l, 102 L N ,F, (A (1, KL,GAMMA (.I_, J<).,L( I.., K) ,RHO( L,K)., K=.1, N J ---------- \ 
l 

________ !'\POLE{ l )=t\ - .. --- --- -----·- -----------·------ -----
C INSERT FOR CONVERTING PHI TO RADIANS FROM DEGREES ANO SCALING RHO 

DO 26 K=l,N --------------------,-----------------
RHO( I,K)=RHO(I,K):JC«F , 

---· -. 26 .. GAr<\MA (I, K} =GAMMA U, Kl/.57 .. 2958---------------------- --------------· : 
: · ·C·. . · . . END 1 N S ERr • i 

-------- .NC { I> .. = .. N ____ __ ____ MO; · f 
C COMPUTE COMPONENTS ETC. OF DIPOLES AT ZERO LEVEL. · MG1 I . I 

-----------XMU = 0.0 ----------------'-- ---·-----------MCl ! 
Yuu 0 0 . uu• l j•j = • . , .• j i 

----------- ZMU (I ) . = 0. 0----------------------· __ ___: ____ ·-----·--------...-- ______ MGl I 
. DO 25 K = 1, N 4'-1C/ l 

---------Xi'W. =- XMU-A (I, K l*RHO (1 ,KJ:c<COS CGAMMAC l, KJ >-----'- -----· .. --- -- 1-\Cl: \ 
YMU = YMU-A{I,KJ*RHO(I.,KJ*SlN(GAMMA(I,K))· NGi,l 

----25--V1U( I). =- ZMU£ I )-Z( I ,KJ *RHO( l ,.K>----------,--------------- t-lOi- I 
GAMMUC I) = ATANC YMU/XMU) MC!. \ 

----___ :_ ______ I F ( X M U ) . 3 0 9 3 5 , 4 0 .. -~----'----- ... ----~----- .--· ----------- ___ ...:. M Dr 
30 GAMMU( I) = GAMMUC I l + 3.1415927 . 1-'.G£ 

-------GO TO. 40 ..... ----- ------------------- ------ MO: 
25 IF (YMU) 36, 38, 38 t·Wr · 

----3 6-GAMM U ( l ) -=----1. 5-70 7 9 63·-~-----+-----'----------- l'iGt 
,V;(;t 

MG.'-
. GO TO 40 

- -----3 8 .GAMMU C I ) . -=---1-· 5 7_0'1963 .. -------·--.:_ ... -------....,.---·-·-------·--~----.-- ---
GO TO 40 . 1~0;~. 

_____ .:__.:_40--XYMU( r) .:: --S-QRT( XMU**2---+--YMU**2J--------..-"'-------
VALMU(l) = SQRT(XMU**2 + YMU**2 + ZMU(l)**2) 

- ,v. Gt' • -
t-1Uj'' 

----:-50-l-:R! T E {1•:0 ~ ~.0'4 ')I, VALMU { IJ, GAMMU U.)_, __ zMU (.1), _ XYMU (I l ----- j'-10i' 
C COMPUTE INTERACTION ENERGIES AND DIPOLE OOT PRODUCT~. MU~ 

--8 0.- GM !NCR=GMINC R+. 1 ... ----------------- ---·-·------ .. ·------ --------·----------- .... ___ 
. GMINCD=GMINCR*57.2958 

--'--- --------l·IRlTE(NO,lll} GMlNCD. ________ .. ______ . 
l'll FOR,\1AT { l7Hl.GAMMA INCREMENT=,F6.1~7H'OEGREESf 

...... :.: .... _ ..... --- N2l = 2*NL+l .................. ----- .. ----------------------. ______ . _ ----.. ----·-------------- .... -----. ____ 1'-lGl\ 
DO 100 z· = 1, NGl 

----------·-- .. MAX =. MAXO{ I,NGJl.-.. _ ... _________ .......__. ____ , _______ .:_ _____ .. ________ ~- ..... --·---·---~~---:_ ___ .. _ ... 
tOO 100 J = MAX,NG ·· 

VALt'.UP= VALMU(lJr.tVA1.MU(JL ...... ... .... .. . .. 
WRITE(NO,lOS)I,J,VALMUP .. 

------ ....... --------------- --·----- ------·-------

1"10!\ 
MON 
f'oil.JN 
/-'.UN 

,., 
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. . ····- ···-· ...................... -----··-·-:-·--·-----·:-· ·--·-·--·--···'·····:·---. --······---~~-----.-- .. -. -----=-1."03':;;· .. ·- ··- ..... -· 

------·----·--·_....::_ ____ .. _. ___ , .... , . 

... ····-··· NCI __ = NC (I) ----·------·---· ····...,--···--·--·-··------·---······ , j'.CN 
NCJ = NC(J) MON 
TO~V = O.C MGN ----- -·---· ·----.. -·-··-·TCTVOP = o.Q--;"-:-·------------·-····-··~----·-:---··----------·-··-·---· fwlOt~ 

------ -· .................... RTN=O ..... _ ...... __ ---·---------·- ··---·-------·---·--·- ·----·-· ....... ·-------·-·-·· ................ ..... : /~IN 
DO 75 L = 1, N21 MUN 

-------·-------·-·- EL .. = L-NL-1. ··--------· ·-·----------·----.. -·-·----·------·--··-·-·- -:-· HUN 
LE = EL MCN 

... -·--·---·----------··DELGAM = EL*GMINC_R ·----·----------- MGN 
DELZ = EL*ZINCR MGN 

_______ V =. 0. 0 _________________ . . .. -·-·-. ~v.CN 
IF (LE) <;2,75,<;2 

-----···---·-·---·<; 2 CONTINUE ..... ·- ... . . . .... ------ ·-·-------· -·- .. ·-. . ... 
DO 60 K = .l, NC I . . MON 
DO 60 M = 1, NCJ · . . . · . MUN 

-····- ---·-·-··-· · 6o--v = v • RHO( z-,K>*.RH·a-c-:r;M)/soR-rtA(r-;t<T**2+"AcJ~:f.1>*.*2:.:2:o*A-fr:K>* ___ MoN 

--....-:--:- __ 1 A ( J , t-~ ) :;c C 0 S ( G A H M A ( J , _M ) + DEL GAM:- GAMMA ( I ,'to ) + ( Z ( I , K ) - Z ( J , M ) +DEL Z) * "' 2 ) .... 
OPMU = XYMUCil*XYMUtJl*COS(GAMMU(J)+OELGAM-GAMMU(I))+lMU(IJ* MON 

____ -----··-- ____ .... lViU ( J) _ ---------·----------·-------- ·------·---·-··---------·-····--· --------· ___ .~ON 
VDPMU ~- V*OPMU MUN 

-··--····-···-·-·---··IF {LE).c5, 75, ___ 65___ MUN ------------ --------.. ---'o--·--·--------
65 TOTV = TOTV + V MON 

. TOTVOP = TOTVOP + VDPMU · . · . -···---------·-···· .. L EABS=ABS ( LE) . - ..... -------·-··---------- .. ------··-··--·-····--------------------- .. -· MGN 

___________ : ___ .. ! F ( LEAtlS > 7 5, 74, .75 .. _____ .:....· ---··--·------... 
74 VCt~=V* 116000. 

··-- ----·· _____ -·-GD 1= GM IN Cf< t.• 57. 2 9 58-------------:--~-------.,.----'--
WRITE (NK,ll2>VCM,LE,I,J,G01 

--- _____ 112 ... FORt~AT _ {FlO. 2, I 10, lOX .. , 12, lH, ,_1_2_, 1:20 .•. 4) ____ ....:.:....__ ______ ._· ___ ·. _· ____ .:._ ___________ ·-· 
75 WRITECNO,l06}LE,V,OPMU,VDP~U . 

------· __ 100_ HRITE (NO, 107 J .. _TOT\I,TO_TVDP __________ :._ ___ .. _~_-_· -·--·-· _· __ 
IF (GMINCR- .6) 80,80,81 . 

_______ 81 CONTINUE __ ...... . -----·--·--···· 
WRITE(NO,l08)GMINCR,ZINtR,NL~NG,NGI,NGJ MOt\ 

-------- _ ... DO 41 l = l, NG.. ..· .. ·. . .................. ~-------···---··-- ............ --· .. ··--·-------·--···---·-·------·---·--_MOt\ 
· 41 WRITE{NO,lOSl(A(I,Kl,GAMMA(I,Kl,Z(~,K),RHO(I,K),K=l,ll) 

---------·- ~ . . . . . . . ~··· ---- ·--·· .. ·--· ... ____ -····-~----- ··-· -----. .. 
101 FORMAT Cl2A6/~F8.5, 414) . MG~ 
102 _FORMAT .. < I2, FS. 0/ ____ 2JF.a ._2, _F_8._3_,_f:_8._2,_F_l2 .• _6_) .t· -------.. --------·----· . 
103 FORMAT ClH1,24X,l2A6/lHO/lH ,3aX,lOHABS. VALUE~l8X,7HZ COMP.,6X,l3MON 

--------·---'- HPROJ EC T ION OF/ lH , 2ax_, 5H(;ROU.~., 8X ,_SHOF ___ MU, ax_,_5H(;AMMA, ax, 5HOF .... MU, 7Xt-10J\' 
2,l~HMU !N XV PLANE) MO~ 

.. ·-----~-----··1 0 '~- FOP.1't,A i .. { lH.. , 30 X' I .2, F=_l5. 5 ,_f=_l3 •. 4, ~ .. l.4._5'rF..l5 •. 4)_ _ --------·- ---.. -· .. t'.CJ!\ 
- . 105 FORNAT !lHO/!H ?29X,l4HGROUPS !, J = ,I2,2H, ,I2,l8H. MU(I) X.MUCMC~ 

------·----· lJ) =, ;: 9. :;; : H :!' 2 ')~~, t!HU: Vl:L o:~ /l H , 30 X, 7HGROUP_.J ,_aX, 6HV.{ l, J J, 7_X, 15 H~l-lC:\ 
2UCU DOT :'JU~.n.:\;·:~t~;HV ;..: DOT PRODUCT> . . /'10\ 

_,__ __ :._ ____ 1 06. FmU1A T . ( 1H._ , 33 X, ! 3, LX, 3E 18. 6) ........... __ .:._ .... -·· _ .. _ ... ·-··--· _ .. ____ .... ::_ ---·-······. .. t-iU.'\ 
107 FORMAT {lH ,29X,45HTOTALS EXCLUDING ZERO LEVEL CF GROUP J- V =, MO~ 

------·-···· . 1 E 14.6/ lH·, 5 7X, l7HV X DOT. PROOUCT, __ =_,E __ 14 .•.. 6J _______________________ : __ . f-'dJJ\ 
108 FCRMAT{lH1,20X,4HOATA/2Fl0.3,4Il0) 

.... __ __ ... · ... 1 0 9 F 0 R. MAT ( 5 X , 1 H A , 7 X , 5 H GAMMA , 7 X , 1 HZ , 1 0 X , 3 H R H 0 I 2 0 ( 3 F 1 0 • 4 , F 10 • 6 I l ) ... 
110 FORMAT(4aH 6*PI*Z/HC* MUSQUARE * SUM OF J~VJ* SIN 2PI J/P=,lPEl2.6 

l) 
1 Gci ·ro -~-1---·----·---·-----.. ---- -----·-::-··---.. -·-----·~-~ ·- .. --~·-- ··-· 

. .. ·---· 9 9 C 0 NT X N U e 
RE~J IND NK 

..... _ .. ________________________ ....:...... __ __,_ ___ _, ________________ --··· ·--
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1'\---·-..... -~--- ... ·-----·•- ;I 

MONPOL MCNPOL . 04J27 
----'---·---.. -··--··----EXTERNAL. F.ORMULA ... NU.MBER~-. .SOURCE. ~.STATEMENT ____ ':".--~~ .. lNT ERNAL fU • 

CALL 
sr·cP 

SORT -----------·--·-·-·-----~----· 

END __ _ 

--. '"--'----

·-·--·-·-------·----------------------------------- ---------- -:l 
t 

----- ---- ----------- -------------:-----·---------·--.. ··---.-----'I 

-·---·-------------·-- ·-·-----·-·---- ----------' . 

--· -·-------- ·------------·----·---

..... -----·---·-----------· ··--------- -···--··· ___ . ...:,_ __ ..;. 
--------··- -··· ---·--·- ............ ______ _ 

/ 

·----···-----""--· _____________ ...;.._ 

.I 
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·----·--.I 

··------------1 ______ ,.. ... 

-' 

----------d 

·--------------~/-·--.-''---------~-----
_____ .;.___;_ ________ I 

i 
r -----·---------·- -----.;· 

•' _________ .;.__ __________ ~----------~--~~----~--------------------

/ 

-------·.-·-----------···-------·----

--··-------·--. -----·-----·--·------

-----------------------

' .. -------··-------------·-.. -

-----.,.--------·-,.------------ ------- ---· i 

i· 

-------------··-·----
. . I 

··-··----- ··-- I ,, 
·i 

---------------··--·-··- .. i 
•I 

' ---··---,;;.· ·-·· ': 

----------.' 

--------···-... ---~~----- ·---··-·--· ............. . 
ol ,, 

). 'I 
-----~------ ---------------:-.:..:.. _____ :_ ______ ,_ ______________ ----- ,. __________ -· ~ 

··--------·····-----·-··~--------···--·-·--·-···----· .. --·-... -·----.---·-----------·---· .. .lo-··~·-···~·------·-···------··---·-··--···· 
I 

-. ----------·-------------------------_:_.-....,.-~----...:.--.------·--.. --.......... ---·· 
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------------.. ···- --·-----.. $IBFTC SORTS DECK .... ·---------~ .. ----~ ....... - .. 
SUBROUTINE SORT ' . . -

.OIMENSI ON ... Vll tl260J.,GAMMAtl260J., V( 42,30), G ( 42,30 L-·------· 
REWIND ll I •. 

__ • ----·-----------· C _ ........ INPUT· IS ON ll, OUTPUT. ON .14 (PUNCH) 
NGAMS=8 

---------------·-·-- NVS= NGAMS*42 .. -- ...... ..... . .. ....... 
READ(llrl2) (Vl2(l),GAMMA(l),I•l,NVS). . 

___ ;.__:-----'-....;._,_;.__ _ __,_12- FORMAT . ( F 1 0. 0 w 2 5 X, F.2 0. 0) -----: ....... --------------~. --- . -----
' . .': .' DO 9 J=l,42 . 

-~--------'-··'-2-K=O ... - .... --- .......... ______ ....... --·-··---· -- .. .. 
DO 9 I=J,NVS ,42 · 

------K=K+l .. . .. _ ...... ____ .. ____ ---- ·-····-----·-·-·----·------······-.. ---·------ ....... ---
V(J,K}=Vl2(I) 
G ( J, K) =GAMMAJ1J ____________ _ 

DO 10 J=l,42 
----------10. WRITE ( 14, 13) ( V( J,Kl,G ( J,K) ,K=l,NGAMS ).. ..................... , ..... ·: ............... ·_ 

13 FORMAT (Fl0.0,25X,F20.2) 
----------,,...-------- RETURN ..... -- .. ---- ___ - - .. --------- ---------------·-----::-;---:..--------..... , ... -------

END 

_______ , _____ ................... -- --------------~ 

________ , ___________ ----- _________ .:.,__ ____ ...:_ ___ ;_.-__ _:_ -
. ·,. . / 

. •. 
---~---------------·-· ·.--- ·'--···-~-·· ----~---

-------"'---:---· ---------· ----- ·-------------- --------.------------- ---~-- .· .... 

-------------------·----- --------------------- --------------·------· ... 
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---'--·-: - .............. ~ 

_ __;_ __________________ --·--- .. ----·-· ---- .... -~- _____ _:_ ______ .:::_·;~--:-~---·-: _____ _ 

--~--~------------- ----- ______ .. -----. -----··-··-------. ·_ .......... ---~--~----··- ......... _:.... ____ , -~--- .... ·_ .. 

---•. --~--------- •:--------·-·-·-··----·-···-·"·····--·-.. ·--·--··-··--· -· ·-------·· -·"·--·····-~~~-·~····-·· ........ --·-· ... ----------· 

---------· .... --- ------------------·: ,. .... _. ... ·: ... 

------------------------

I ! .. 
-----------'-----.--·-- --'-----;--------;-····- -····-------~- , ....... -..... , .... .......... :.... .... . .. ·.- .... ..,. .............. . 
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,, 
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' ., . 
.'!. 

. . 

" .i ----------,-. -,1 
,'! 

'i ---------------------:1: 
':! 

:; 

-------------------~-------------~ ;i 

;-l 
' I: 

-- ·---.---'7'-_ ---------~------·.i 
. - ; ! 

.ii ·I 

--~-~~----~----------~---! . . ~: ~ 
I'. . 'f 

.. --~~ .... ---~~·-·: 
• f ,, 

-----'----------------·-------:··: 
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. I . 
·-----~~-- ---- ·· ·~-- ... ----------- ·------ .... ---·-·-·-- ~--· ·· · · · .:.. --··· ······-- -~--~···-· .. -~-·-· · ·--------····-'-·····: .. , .... _____ .. __ ... -·- ·--·· ·· ·-.: 1-o-·7 :···--··---- -· · · 

.. --·-· . - -·····-.. ·--- .. -··-.... ·------------- i·a·a··· FORMAT. C SOX, 22H GAUSS-I AN COEFFI C I ENTSII 3 C 40H FREC. i 
-~----------'l_Y _____ CO.EFF.. WIDTH) II) . _ ...... -----------

WRITE(N0,20l) (fNUJ(J),B(J,l),THETA(J),J=l,N) 
.............. 201 FORM1\T (3(F20.0,Fl0.4,Fl0.0) ) . i 

~RITECNP,205) (FNUJ(J),B(J,l),THETA(J),J=l,N)_:. I 

.... _ ... _ .... _______ 2 0 5 . F 0 RNA T ( 2. ( F 1 0. 0 , F 1 0. 4 , F 1 0. 0 ) ) ... 
! 

. ! 

WRITE(N0,202) 
_______ z_oz._FoRMAJtlHO, 3 < 4oH .............. FREQU.ENC.Y._, _____ oo ... CALc. __ oo_exPL.· )_J __ I 

DO 307 I=l,M 
__________________ ., ___ ' ____ .D (I ) =0. . --· ___ _ __ _ . _ 

DO 306 J=l,N 
_306. D (I > =0 ( I> +B ( J, U *A ( l, J) ... _______ ---------------------.. ------------· .......... - ...... ________ ... , . 
307 CONTINUE 

........ _ ....... ----

_________ AVD=O •... .. . .. . _________________ _;;_ ________________ '' 

DO 73 I=l,M 
______________ 7_3_AVD = ABS ( D (_I)_-._E ( l_)J_+_AVO __ --·--------· 

AM=M 

------·-· --- _A VD=AVO I AM .... .... --------· -··-------
WRITE (N0,204) AVO 

~-p-~_FORMA:r. ( 12H · AVG •. D.EV. __ := .. ___ F_l0._:4:_) __ 
WRITE ( N 0, 2 03) ( F NU I ( I ) ., 0 ( I ) , E ( I ) , I= 1, M) : i 

_________ 203_FORMAT ( 3 ( F 16.0, 2F 12.4) ) ----··-·-----.. ·-----------· ________ .. --·---., 
c FIND DEE THE DIPOLE STRENGTH. ; . ' _________ OEE=O. ___ ................. - ....... _______ ,. __________ _ 

DO 751 J=l,N 

d 
----·------· --·~---: i 

__________ B (J, 1 )=B (J, 1) ICMOLS ....... ____________ __...:... ___ --:-----------'·; 
751 DEE=DEE + .92*1.772*B(J,l)*THETA(J)IFNUJ(J) ~~ 

___ WRITE (N0,255) .............. - ...... DEEr DO ........ :. _______ :._ ________ · __________ _ 
255 FORMAT (/3X,24HMONOMER DifOLE STRENGTH=,Fl0.5,21HE-38 ESU-CM*~l 

.. 1. MU=, F8 .5, 5HDEB YE >----·······-~---·-------· -----·- .. ---------~-. ______ ...... ··---·- ___ \ 
GO TO 10 ,, r,; 

8 __ CONTI NUE _____ -········--.--· ___ 4··, 

CALL EXIT ,.i 

S T 0 P ............... __ .... ... . . .. ......... ·-------:-· .. ·r: ____ .. ______ -·'-----,----------·------ -· --· .. --- ......... - ~ ! 
END ·' 
.. - ... -·-·-··-·-·----------.. -· ·----..,..-----.---~.---- ·----------· .. ----·-- .. ·-- .. ·-

I. 

·---·----·-------..,......---------------------
i 

----------·-----·--·~·--·-----·- ···-- ' '"··--------·-· ...: ... -------... ------·-·-----··--···--·--···-···-··--·· •I 

:j 
' . ! 
----~-1 ·------------·-·-~------······ ·---- :~ 

II 
·------/! ,, 

·------------·--·-·--- ... -------·-------..... .........;.'-·'-r 
--------J-----"'-------'--:. 

-------·· .. -.... ·.------·------ ··--·----....... -~-·----- -·--·-------·· ___ ____: __ .1 ·------:-----.---.. ~·-··-·--· --- \ 

·--------~'!..·--~--··~----·--· ···- ·- .. ------·-··---------···--···---. ------_____ . ____ __;_ _ ___,___ .. ___ --------···---- ···-

____ .. _____ ----.:---------------:---"-----'--
------ ··-------··---,.;. ----

-------·----~-----· ··--...,-. -~-------·-· .. "·--------·------- ·-·· ·-~ 
. ( 

-----··---------·---~ ---~---.............. -···--·---·--- ................ ;, _ ____.:_ 

I 

·-. ---·-······--·· ·-·-·' . ····- ~- ··--. ·------.---------·----........... : .. -.... ~·-····: .. ·····-····-··-·.; .. : ..... , ____ ,, ......... -·--·--··--·----···-~-:... ...... -.-···------···· ..... . 

. ·~-~---.. ·--·--·-···--- .. -· .... ----.... ·---···-·······-· ... ·-········ .. ··· .. -· __ ,.,_ .. --~-· .... --······· ................ ' ....... _____ ,,, ....•.. ·-·-··· .. 
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··--·~· -·-·· ... ---·-····-----·-····-···· ....... ___ ···-·· ...... ··----·.....-------+-· -.-···--·--·-··- ··-·-·· 

.. - ·---· ···-----.- . .. - .. . . .. - ... --· ... -· -· ···- .. -- --- .... 
SIBFTC .MATINV DECK 

_______ C __ TH_I__S __ I_S A F2 SHARE MATINV WHICH WAS ·Ru~ _ _l):IRU __ S_I_F_T ________ _ 
C IT IS USED BY THE CRVE FITTING PROGRAM . ; 

·--- __ CMATRIX_INVERSION WITH ACCOMPANYING_ SOLUTION OF_ LINEAR EQUATIONS i 
I c 

SUBROUTINE MATINV(A,N,B,M,DETERM) . I 
... - ---·----·-~------DIMENSION I PIVOT ( 80 l , A ( 80, 80), B ( 8~-.--~-~--.- INDEX~( ~~ao, 2}, PI V.OT~(! 

C THE FOLLOWING STATEMENT($) HAVE BEEN MANUFACTURED BY THE rRANSLAT1 
________________ C _____ COMPENSATE FOR THE FACT THAT EQUIVALENCE DOES NOT REORDER COMMO!! 

COMMON PIVOT , INDEX , IPIVOT . 
____________________ C _____ DIMENSION I PIVOT ( 100) ,A (100 ,100), B { 20,1), I NOEX ( 100,2),? I VOT q 

C COMMON PIVOT, INDEX, !PIVOT . l 
. _ EQU_I_VAL_ENCE (I ROW, JROW), J I COLUM ,_JC.OLUMJ_, _(_AMAX , __ T_, __ SWAP_) __ 

1 
_ -------·---------~·----I_NI_TIAL I iATION ..... -----------------~-------- _ -~------------ -----·---------~ 
. ---------- ____ l O ___ D E TERM= l. 0 ...... ····-- -----'----· -----·----------~-------- I 15 DO 20 J=l ,N ---------------·----· -·---- ---~ 

--------'2_Q_I P_I VOT ( J) =0 
30 DO 550 I=l,N 

------------- ___ c____ --- --- ----·-·----·----- - ------·---------- •---- ---- ·--w•••..:•~ 

c SEARCH FOR PIVOT ELEMENT 

c _____ --------- ---------- --- ·------ --------------------~-
40 AMAX=O.O 

__________ 45 ___ 00 _ _105 _ J=l ,N __________________ _ 
50 IF CIPIVOT(J)-1) 60, 105, 60· 

_________ 60 __ 00 __ 1 00 K= 1, N _____ ----·- ·--------· ______ ---..,-------
70 IF CIPIVOT(K)~l) 80, 100, 740 i 

________ 80 _I F __ (ABS (AMAX )_:-ABS(A (J ,K))J ___ as_,--'-l.OO_, __ lOO_· __ : ________________ I 
85 IROW=J ! 

' _________ 9 0 __ I C 0 L UM= K ... -------·---------- l 
95 AMAX=A(J,K) j 

---- lOO ___ CONTINUE . .. ---·-· _ .... . --------- ·- -------- _______________ j 
lOS CONTINUE I 

-~-- ~---------11 O_I PIVOT ( ICOLUM) =I PIVOT ( ICOLUM) +1.·--·---·---·-·-----·-··-- __________ : .. . _ _ .i c . l 

~-----C_. __ I NJERCHANGE ___ ROWS ____ I_O __ p_u __ J:_ __ PJ_.VO_T_E_~_E_~_t;_r•_(T_ON_Q __ I_'-'_GQNAL ~ 
c . - - I 

_____ 13 0 __ I F ( I ROW- I COL U M) ____ 140 ,__ .260 , ___ 14 0_ ··-----· ____ -·------- .... _ __ _: __ ·--·------· -----·--· ·--- _. 
140 DETERM=:=-OETERM .· . · 

----'--------i~g---~~A~~~( ~;~~~u .- -·--·-----·---- -··--,~-----·-..: __ .- __ · · ______ ··--.-·.--_~-~------_------! 
________ l_70_A(IROW,U=A( ICOLUM,L.L___ ! t 

200 ACICOLUM,L>=SWAP ~ 
________ 205_IFCM) .260, 260, __ 210.,:.. • .;i 

210 DO 250 L=l, M • 
_________ .220_SWAP=B ( IROW, L) --·------·--··-·-· -·--·-·------·------------

230 B(IROW,L)=BCICOLUM,L) 
--~-----250_8 (I COLUM, L) =SWAP_ .. ·-------------------------...:.._-

260 INDEXCI,1l=IROW 
________ 270_INOEX(I,2>=IGOLUM . -··-··-----·· -··--·----------··----·--····-- _____ --· 

310 PIVOT(I)=A(ICOLUM,ICOLUM). I 
__ 320_0E.TERM=DE_TERM*P I VOT (I):----- ------------·---( 

-----.J.--~g __ _!_DJ.V_IDE. PIVOT ROW. BY.:._P,I.VOT.m.El.EMENT_______ ·-·~~-·~-.1 
-, 

----·--------· --------------------·----··· -·-· ---------------- -------·-·-··· _ _., 
I 
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..... -~··· ..... ; ............ · ...... ~. ~- ........ ~ .-· ·.•····· ··-- ~:-~ ... ~. ··- ~ . 

. · . . - . . .. I . . -

-------------··--- ____________ .. ______ -~ -···--·---~~-- ... ~-----------------· ··--:;·-·--· ';""' ·--.. -·--··· -·· -~ -

, .... ,, .. , oO _____ .. ____ oo ··-···-· ••••'•-~·~· ,,, ...... '00 ... •• o oO oo ooooO. 0 --~·-·ooOOooOoO 0 ... 0000- OooOO•••••O ___ , _ .... _ oOoo 00 0 0 ooo 0-oOO -~-000 U-ooo ... _., _____ -·· •• 0 --·· • '"'- o-oo OoO' 0 

c 
___________ ;.....· 3.3.0_~_(J_C_OL_UM ,J.COLUM) .=1_. 0 _____ . -----------------

340 DO 350 L=l,N 
···-·· ... 350. A (I C OLUN, L) =A (I CO LUM, L.) J PIVOT (I>.__ ·- .. ." ........ : ... . 

355 !FC~) i~Oi 3807 360. . . 
· . 360 DO 370 L=l,M 

-----···-,.-·-·---··----------· 3 7 0- B ( I C 0 L L ;.; 7 L) = B ( I C 0 l U M, L ) I PIVOT. ( {j ... - .. . _____ ............ ····· -··- ···-·-· ..................... . . ' 

________ c _____ ........ -· . .... . ....... -· ____________ __;.___,_ ___________ __, __ _ 
C R~DUCE NON-PIVOT ROWS . 

. c . ... -------·-·.-··---··----- --:-38-0--Do" -550- Ll='t,N · ·-·--·-·-·:·- ·-·---. ···---~---. -·--·----··-···----:--·---·--·-·--·-·-· 

____ ...... : .. _______ 390_! F_( L 1-I CO LUI"~) _400 t:_ 550_, __ 400 . . 
400 T=A ( ll, ICOLUM) .... :-. -·:---;---·----: ----·---·-.. -····----------

_________ 42_0_AJ..kl, IC OLUM) =0. 0 _____ _ 

430 DO 450 L=l,N 
______ ·. ·_· ___ 450_A ( Ll, LJ.=A ( Ll, L)~A c:rc.O.LU.M.,t.J.~_T.---'---_,;·...;;;.·-.'--··-----------

455 IF(M) 550, 550, 460 . 
_460-.00 .500. L=l,M ........ ·-·-: .... ·------·-· __ .:~..,...._ ....... _ 
500 BCLl,L)=B(Ll,L)-B(tCOLUM,L)*T 

_______ _,.,5_0_C ONJ.I N U E __ . ____ · _. . 

c ., I 

--·-----C~ _____ INTERCHANGE _COLUMN$ __ :_ __ ~----·-------~-----------·-----'· c . 
________ 600_00 310 .I=l_,N _____ .:_ ____ . 

610 L=N+l-I 
________ .620 _ _IF J INDEXCL,l >.::I.ND{:.X(_L,_2_)J_(>_3_()_~_7_1_0_,_6_3_0. --------__:.-

630 JROW=INDEX(L,l) · 
________ 6L~O_JCOLUM= INDEX { L, 2 ) __ . ______ _:.._ __ 

650 DO 705 K=l,N · 
_________ 660 .... S~~AP=A ( K, JROW>--·--·--'---~------

670 ACK,JROW>=A(K,JCOLUM) 
.700 ... A ( !< 1 JCO LUM) .=.SWAP ___ ~--
705 CONTINUE '. 

•' 

____ 71 Q __ CONTI NUE.·-·-·-···········-· ....... _ .. :. _____ ..... - .... __ ........;. ____________ ... ___ ·"'"-.. --. _ -··------ _: 
740 RETURN 

----750 .. END .. -···----··------··-; ... ·-------. -·--·-,-·--·-:-~--:--: . _ ...,..--·--:·-·· ... -. ·--:-··-. 

·. ' 
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-·-·- ~----

'•491010 r ME ROT" 
-..... -··- .. 30'- ......... - ....... ., ···--··-···--·--·-'-·or MER·n 

SOURCE STATF.MFNT 
MAIN or;/c· 

FX TF.RNAL FOR MULA NUMRER 

COMMON /IOPOOL/ 
·CALL 
CAl. L 

YOSFT 
ROTS 

PF.'AtNO NP 
-- -··--------·-·------. C.ALL ROTEM 

Nt ,NO~NK·, NP···--· -------·-:--. ---------------~···· 

··- ------···•··-- ···--·--------··---

!NTFP.NAL F, 

1, I 

I: -.I 
:. I 
. i 

• l f 

' 'I ______ ...... ____ , 
I RFWIN!) NK 

NP=l5 ·--------~-----~---···· ........ .. . .-I ,:i 
C/\Ll St=LFK 
CAll CC FND 
\.1\L L EX rT 

-----·--···- ------- S HlP 

FND 
-·------ R F.G! N . ASS Y. 

: .. 1 
.. ,' ~ 
,'',f 

.. i i 
. ,. 
·'·( 

' ' I'\ 
: .! 

·-· .. ··-··-·· '"/, ~ 

.I 

I 
' I 
I I 

..... ----- ·- ............ ----·--... _ .. _____ -- .. -------------------------------- ...; ___________ __ II 
' : 

. ....:...:..._.; .. ~··- . ·- -- ~ ._ 

·f: 
. I 

.:. ! 
'':j 

1 if 

-·------·:--·--···-··:"-- -----------------------c-------~:· I 
:'I 
''' ----------· --·---·------------- . ------·---------------------------------------·---·-· .. ------·----

-----------------
__________________________________ .. _______________________ _:.... __________ _ 

' ','.1 
--- --·-·~---- i.• ' 

; ·,! 
---------·>1 .< 

','· I. 

--·-------------- ---··-------··-··-·--·-·---------------------~--------------·---·-.. --

. ------- ·-·-· - ---· .... ----···-- ......... ·--···---·-----·------· ----------·------------
-~--------.;._- ---------· 

----- --·-----· .... ·- .... - .. - ........... - ·----.... ·---·-· ----·--·-·-------·--'-.;._.-....:.. 

•- •••-•--. •u -· -··• ··----·---·r--------·-----·'-•---..--,-·-----------······· 

......... -~·· -- ·-· -· ... - .... ··--·- - -- .....:--~--;-- .. -. ..:.. -----:---....;._,.. ______ :,_ ---- ... 

·-··-- ···-·-·--·--·- ............. _________________________________________ ... .. 
' 

' . ...... ,_. _,._ ·-... -- _ .................. · ..... ---.. ----·- -·- ... _______ ... ·--- .. -... - ............. ... 

-·· ..• ·----···-... -· ... --- ...... --- ~··.····---------- ....... _________ ... ___________ ............ : ... ' 

I 

...... _ ....... - ..... -............ -....... r-·-··-··~-~----·...._• ______ ... __ ., __ ... -................ . 

·-····-····-·~ -··· "'·-···· ............................... --.......... -...................... -. ......... -·-··· ---... ·--- .. ·----·-··-- ... ---- ... ---·-· .. ··----- --



--------------'-~~---- ------- ------ -----
•· 

--------------~----~~~--------------------~~--~--~--~-~111-

SUBROUTINE IOSET . 
-------·--------CO ~-ii·l ON .. /! 0 POOLF-N IN-;NOUT l r NO UT2·;·N P UNCli 

C S~T FOUR INPUT OUTPUT UNITS FOR IN,TWO OUTPUTS AND PUNCH OUT. 
----.-----------NTN-::! 2 

NOUT1=3 
------NuDT2=3-~--------------------------------------------------------------

'-• 
NPUNCH=ll 

------------RETUR~-------------:__ _________ ....;... __ _.:._ ______ ~_..;,.__ 

END 
--a-EGTN- ASS y--~-22"2"3'791---:r-----.-. ...:.,_--------~---- -----'--'-----..;__ ___ _ 

-----------------------'---...;._----...;._--------------------

__________________ .::.__ ____ -:---__.:.._.~.---~-----__.:..~------'----
' 

.. 
/ 

li 
.t; 

~---------~-~-------. -. -. ___;__;, _ __..:... __ ___; ________ __:... ___ .. i 
'I 

--:------..,:__---:----------:-, _____ ;__..:.._ _____ __..:... __ __;_ ___________ ;j 
. I . :: 

-------- ---------- -----------------:-:------____; ________ ~ ___ q 

d 
:! ------:-------_;___ ___________ ,;..._ _________ :__ __ ---,.----.! 

. '' . ~: 

-----_:,..--.......,--__,..._----:---:----------'------:l 
,I 

-------:---'__,....:-----'--:---~__;_----'---------1 

-~-------------+-~---:..._.___;_____..:,__ ___ i,j 

I - - !.1 

__ _;,..;....__ ___ ----:---;-~:---· ._-. -'-----~~-----·--:! 
•.. . - ::-t 

·-:---~---___.:.-,.-___ ...:.._ __ .;.,_ ___ _..,.;_.:._____;..;..........:...:... ________________ :, 
• -1 

.I) 

J,, q 
-, 

---~--~-------~--------~~~~~~~~~~~~~~~--;! 
: l 
d 

. 

,:1:,•1 

-----~·--+--- ---~-------....;....------------""'"'-:--------..;.._____; _______ _ 
'.-,...;__ ____________ ~----- -. ---------- ----~ 

_____ _;,__---:, __ __;_ _____ :._· __ --- . . ' il 

·-·~---••:___r•-:·-----·-.. : ______ : ..... --·-• • 

.-
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·-----------------------~------------~----------------------- -1!?~----
449101DIMEROT . 30. DIMERO ROTWO. 04/29 

---------------·t:x·r·ERNALFO.f{M"UCANOMB.ER·__:_ ___ S"O.UR'CC"STATEMENT"------.. ·;..;·-···· INTERNAL FO 
. . . I 

I 

'· 
---· --..... --- ..... ~ g ~~ g~ r.; ~; P6g~~--N T'rNO INK t Np--·---·---------·-·-- -----~ ... :~ 

C THIS WAS THE FORM QF ROTSTR USED IN DEC 64 C~LCN FOR 30 ANGLES J 
----·-c----I i .... CII[L'S- o·G-NR--FOR' THE--DEGENERATE--"INTERACII ON ROTN -TERM------------ • ··.1 

C AND CALLS NDGNR FOR THE NON DEGENERATE INTERACTION ROTATION TERM ~ 
-- ---rorMf:-NSTCrl'r-Trnt:CT2Tr-FNlf(-Lt)-;·o-MtJr4·J·G·A--M·c·,;r;vrzFtTtROTNT4'l9-FNUn·4,-).-------.: 

NOD0=-1 ~ 
-------- .. 41 . READ ( N I·, 9 , ....... ------------------·-y I TLE' ... --------:---·-·-------.. ----------·--·-··--,-----------· <r 

9 FORI'-'! II T ( 12A6) . ~ 
---------·--·· .. NUOO=NODO* C-1 ,--------------·--------.. ----. -------------~--~-.------

~~ 

· · READ <Nr,to> z,RAD1,RAD2,GMINCO,NCASE 1 

--'------.-1..,...0-F-CfRMAT-r4F 5. 3, I 2 ·-----..-:...---------------! 
IF (Z) 27,99,27 

~-----~c-- .. ·-- N c·A·s e· ---=1" To·· 5-,-FOR-CA.-s·e·s-- 0Fl.-=AP·A·2=-AP u-;3 :Apc-;·z.-:·c;pc;-s-:GPG. ,, 
•I 
'· . 27 IF (NCASE-5) 20,21,20 

-------- ... -----2l-NTRANS='t ...... ·----------'----·----------------------'-~--------------· 

GO TO 23 
toN·T-IfiX'i\fS-= !\rCA'S 
23 READ(NI,ll) 

-----· --- rr- FOfU1A r·· .F+F 1 o-;-o·) 
( FNU( I) ,OMU( I) ,GAM( I), Vl2( 1), I=l ,NTRANS) 

202 WRlTE(N0,51) TITLE,Z,RAOl,RA02,GMINCO,NCASE,(ENU(l) ,OMU 
--:-·----.. -~--!'( I)-~ GAM C I) ;vrzrn-,-r:r;l\fTKA'NS-) 

5 1 F 0 R M Al"\J.--zA"O"r4FT0-:-3-;T5TrFTO--;-of2F1 0 • 2 , F 1 0. 0 J J 
GMINCR=GMINCD/57.2958 

----D0-_-24·-·r:-1-,-NTR-AN'S.------~---------'----------------.;_-------

,, 
' ; . 

24 GAMCI)=GAMCI)/57.2958 1 
---- ----bd-25-l-=T;-NTR-AN$-. --·--------------------------,-----------·~ 

25 FNUl (I l=FNU( I) J 
-----=c-----R~Ec=v~cll~OINTfO~~~Nrre~w"A~N~G~L~e~---------------------------------------

't-2 00 26 I=l,NTRANS ··1 
-. -. --· ----26--FNUfCl=FNUl< 1>---- ct 

· ~rF CNCASE-2> 301,302,306 I 
-·· -------~'3·0 c· CALL DT C l~ RAO 1~-GMI NCR·, DMUf'l:'ttFNUTlTtRlJTSTR,-- ·J 

. ROTN{l)=-ROTSTR +.001 ) 
---R-O'rN (2)'::-·RaT;STR -. o·o-r .f 

FNUC2l=~NU( ll-V12(1) 1 
------------·FNU CU ;;·FNU CU +VT2TT)' :\ 

NV=l ~ 
J . ·---·:· ·--- ·.-·NR =·z--

. . 3o2_g~rP~\r~g-~l-i7ff01-;-R"A-o-:2--;-c;-~n~1·rm-;-rrnoc I 1, DMUC 2 J, FNU l I' ,FNO t 2 J, .. :~ 
----- ... · .. ---·:----.. --~~~~~~~) ~~~~~-~R RO!_S!_R.>._ _________ ~·. . . +-;ooc---·::-· ·_. -. -. ·_. -.· ·:----...... ~-·---- .... .J· 
·---- ________ ROTN ( 2_>:::-~.o~_S_T_~----: ____ . ' +.001 . ·i 

NV=l .t 
NR= 2 . " -. • ~~ 
·Go---T 0-3-0-,-- :I 

306 IF CNCASE-4) 303,304,305 
·---,---303 IF <.NOOQ). 60,60,61 ---------------- -----------

6 0 CAL L R N DT ( Z , R AD 2 , R A 0 1 , GAM ( 2 ) , GAM ( 1) , 0 M U ( 1) , OM U ( 2 ) , F N U ( l) , F N U ( 2 } , · 

-~~~---~~-~---~~~-~--- .
1 g~~~c :_~-6~ 7 ~;~~~~~~~~~,GAM,--;;,,~-~-~-,--~-, ·.o~-~-,--~-,--~-~-~-~-;;~,: ;~u·;~·-,-.- ;·~u c 3 ,--,- -----·--· J 
lGM I NCf-1. ~-Vl'2 f2T,-RO.TS TC) - -- ----·-·-------·-·---------·· ------··-·---------------·-··--:-·- --------- ~ 

. .. . . .. GO T062 . . . ': .. _ C~ -~ c· -·· ... . ------·~--------·---- -----·---~----~-----! 
....;.__ ______________ --- ......... - ....... - . -- ----- -·-
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4491010Ir-1EROT 30' OIMERO ROTWQ. ·04/29/ 
· · .. EXTERNAL'"FORMULA'NUMBER- ------_--·soURCE-STATEMENT ---. ---- .. INTERNAL FOR 

----·- 6T-C/\Ll---RNOT c·z-;-R/\0 l--;RAD2.,-GAM <·u-;-GAM'(£)-,-OMU t"2')90MU ("tl·;-FNU (':1")-,FNU t2·) , . -·;. 
1GMINCR,Vl2(l),ROTSTA) . .· · · . !' 

-----~-- .. ·· ........... · CALL RNDT ( Z 
7 

RAD 1, RAD2, GA~ (3), GAM (2 )-;·oMUl2 ),-OMU ('3) -,-FNU ( 2 )'"7FNU ( 3 )-,-· --------. 
· lG1·1INCf{,Vl2{2),ROTSTC) · . . · · 

._ .. ___ .. ____ .. 62 NR=3 ............ . : .......... _ ........................ ·------------------- l 

NV=2 I 
--.... -----·r;oTNT1.1-=-ROISi'A + • 0 0.,----------------:-:---

. ROTN{2)=ROTSTC-ROTSTA +.001 
_ ...... ' ... ___ ... ----ROT N ( 3):·.;.; ROTS T c-------· +-~ 00 1------------------

. GO TO 307 
.. ·--- ...... ~.'304~--C/\L L' RNOT CZ, RADltR-A D2!'G"AM·c-r>tGA'Mt"'2 )-,-oMU (T),-OMU(-z)-,FNUt"'l·r-iFNU t-2·) ,---

. ~- 1GMINCR,Vl2(1J,ROTSAB) 
-----c'A'L""L--r\NDT(""L:;"RA'DZ-;KA1Yl."fG'A"M ( 3) , GAM ( 2), O'MU ( 2) ,OMtrt3-r;-FNtr( 2) , FNt:r(-:3) , · 

lGMINCf{,Vl2(2),ROTSBC) 
------------cALl. "RNDT (Z ,KAD r·, RA oz·; .. GAM C"'31rGAMC"4-)-;1JMUT'3TfOM"l1\l.tT;FNUT3TIFNUT4-) , 

1GMINCR,Vl2(3),ROTSCD) . 
----------.. CALL-RNOT( z·;-RAD1"1 R AD21-GAM rn-,-GAMT41-,-oMU-n-l-;DMUT4-r,FNU( I) , FNUT4-) , 

1GMINCR,Vl2(4),ROTSA0) 
------..v=-4 

NR=4 I 

.... _ ... __ ROTN ( 1) =ROTSAB+ROTSAD +~0-1 I 

"ROTN(2)=ROTS6C-ROTSAB +.001 -~~ 
--- ROT N ( 3) =ROT SCD-RO T S sc- ----,----+-.-oo-r-----..:,._------,--------.

1 
'ROTN{It-)=-ROTSAD-ROTSCO +.001 :i 

---.,.---GDia--3oT--------------------------------·~ 
305 CALL OT(Z,RAOl,GMlNCR,OMU(l),FNU(l),ROTSAA). ·!· 

--·--- .... -· ..... ·c ALL ... DTCZ-, RAD1"9-GMI NCR,OMUr2 )-;-FNu·r2·)-;ROTSBB1 
CALL RNOT(Z,RADl,RADl,GAM{l),GAM(2),0MU(l),OMU(2),FNU(l),FNU(2), I 

---------.----1 GM I NCR; V12 ( lTiROTSAB ):- .. ----·---. --- ;; 
CALL RNOT(Z,RAOl,RAOl,GAM(2),GAM(l),OMU(l),OMU(2),FNU(l),FNU(2)t ~ 

--------r..,..GMlNc-rr;vrz·c-z , .. , .. RoTs sA·> I 
ROTN(l)=-ROTSAA+ROTSAB+ROTSBA +.001 I 

.................... ROTN { 2) =ROT SAA+ROT SAB+ROTSBA----:Fe-001-----------------
ROTN(3)=-ROTSBB-ROTSBA-ROTSAB +.001 

. -·--------- ..... _.ROTN (4) =ROTSI3B-ROTSAB-ROTSBA +-;"001---------..-------- ·' 

\ 
FNUC3l=FNU(2)+Vl2(~) 

-----FNtrt·t;·r=rNu-<-z-r--v1·z·c-4->----------------------------' 
FNU{2l=FNU(U-Vl2(3) <J 

....... -- .. -----·---·--FNU(l)=FNU(T)+Vl'2(3}--------~----------------,. 

~ \ 
NR=4 

---------·--NV=4-- ------------------------------'----------------d 
3 0 7· W R I T E ( N 0 , 52 ) 

--=----c:-s-rz -F 0 RM.Aif5x-;-T5BFREQUENcv-cM"".;·rr5xtZ2HRUT"AJtONAt: ST R*l"'-e-4-cr·~------
WRITE (N0,53) (FNU(I),ROTN(l)\,I=l,NR) :t 

. -53-:· FORMAT"--( 2F2o-~-o)-- --~------,----------~------··: 

" • 401 WRITE (NP,55) GMINCO,{ROTN(I),FNU(!),I=l,NR) 
------~ .. ---· ..... _. . ---- ---·--- ------ -------------------'--

;i 
_l,_ __ l, 

p;'· n 
55 FORMAT CF10.2/(Fl0.4,Fl0.1)) ~ 

-------rF--(-c;-MTNCR-..:;.-.6·5T3"1'3-,ltl:t41:----------------------,--;.J 
313 READ CNI,l2) (Vl2(I),GMINCO,I:l,NV) , 

--:---- .. --~- TZ" FORI-lAT -( Fl 0. Or-25X-; F20~0 )-----~---'·-----------------:; 
' G~'iiNCR=Gt-1INCD/57.2958 :: 

---.. - ........... ___ .... WRITE (NO, 54)--·-------·-·--.. - .. GM'l NCD·r·(Yl"2 ( n·-,-r='l-;NV)-.---.:....--- ----:i 
. t . . . . 1! 

.. I · -~flt""'t'OR"M"Ai\7HO'G"A'Ml"IA~6 • 2, --tFtV'l"Z'=ti·IU':/·(--l~Pl"ll"':''T'l-~ -..;....,.----------.--:1 
GO TO 42 'J ---:--·----·---.............. ________ .. ______ -------- ""t 



...... ______ :.....__ __ _ 

.. 
RETURN \ 

··-.·~-··-... ---- ...... F.No·· - ---····--·-··-----·-------------

BEGIN ASSY. 2223.51 . I 
·---·------'----:-----------~~! 

-·-···----'---------
·---------- ----·---- ________ __,_ ____ __.:.. _____ ___,_ __ 

--~--~~~~------------~ 
---,.--.----~~--------1 

l 
. I 

-·-------· ------------------------__;. _ _;_ _________________ 1 

/ 
/ 

/, 
---··-----------------~-----..,.-.:.----------,;_ ______ ....:.._ ___ _ 

l 
-------------------------------------------------~-~-----....:.._------~---------~-~ 

·-·---··----···---···--------'-------------_:_---------- ..;._ __________ _ 
. ·. 

i 
·' •I 

----··- -·-.-·· ·-----·--·-·--·-------. ··-- ··--·----···---·-----·-··-:--·--:---

------ ·--.-·-·-- -~---_ .. ______ ;_.. _______ ........ _.:.... _______ _ 

. --. -· .... -- ·· ..... ·-·--·· ·--~·-··-···· ··-··- ...... ~------·- ....... --·-- .. ---.-·-·--·---·-
I 

-------------·------··*'··· . : 

·. --~---·-:-'----I 
. . ~ 

-·-·-,-· -- --------_-..... ---··-----.'------·-·----· ..... : ............. ·.----·-·-~·--

-------:-----~-------'--------- 'I 

; . . . . - . . . I 
·,··-···-~·--···'"·--·--------·······--. "'·-~·~-' ·-·· ···- . ., ____ , _____ ..... _, ____ ..... : ___ ., __ -·---·-"'") 

------------·--·--·-~---·--.. --:--··--:--
.. ~ . 

,·-- ---------------'----~-·-····------------------------------:--:.......--..-:.. 
·.::. 



SUBROUTINE DT (Z,RAO,GAM,FMU,FNU,ROTSTR) . . 1 

~--~--- ------. ········-· .. DIPs T R = Ft-lU ·:.·,:: 2" .. --- .......... .,_ .. ________ .......... ------- .. ------- --·"·--------~--...,.---------4-4:5---------·:-: -'----- I 

B=2.*RAD*SINCGAM/2.) 
----- ·------ ....... ----·R 1"2=-SQRT .. ( 13'*"''2+Z~'<*2) 

I· ----. 

B= ABS (B) 
T"f·H:l-A-:r::>TOs--=AiA'ffflTB'l---..,.----,-------.-, ___ ..,._. _____ _:_ __ ! 

q 
ROTSTR= 1.5708*FNU*Rl2*DIPSTR*SlN(GAM)*COS(THETA)/lOOOO. 'l 

----------·--·.- ...... - .. 'RETURN.-----...... ------------.. ------------------:-------·---------:------.-------------·---. -- I 

END 1 
-------~------ ------------~---,-- ' -i -------BEGIN .. ASSY ~--22"23:--6'7"- ~ ·-:! 

'. 
--------------~--~~----~--~~----------~--~------------------------~--

~--~------------------------------------------------------------------------------~------~: li 
i 
I ------------------:------------------__;_ ___ " 

,, 

------------------------------~~--------------------~-----------------------------------'' .I 
II 
·f 
., 
I . ~ ---------------:--..,...-------------------_:_ _____ __:_....;___; _________ 'i 
r 

------------;-----------------'-----------_;__------------------i; 
'i 
j 

----------· ----------· 'I 
!I 
! 

~-------:-----"-----.:.-7----:___.;.~----_:_------_:_--___;___:..:~l ,, 
il 

(. · ... 
'- ' 

... r I! 

-··-.. ~------··--------·-"-""-·----:---:--~j _________ .....:._ ____________ ~--~---· \!1 

i 

~ -·--·---·--·. -----··-·-------- -·---·-------------------------- --~--~--~~---~------------------------~-, :· 
I 

---~~--~------------~--~~----~------------~--~----~~-------
-: 

-~-- ______ _;_ _________ --------· ·------- --......-~----..:..... ___ _ 
f u 

: ' .. 
--· ~ -·---------- .... --~-----~- - , __ ..~-____ ... ____ ,! 

. . " .•. 
,· ________________ , __ _ 

-----.· ., 
....... ---·----·.- ............ : .......... ·- ..... _."";''",... ... , ..... , .. ,. __ .,_ ........... -~ ... ~---....:..- . ---------------·-!\ 

•I 
;f 

I • ,, 
----_,;..-------~--~-~---_;..~-..._ ___ _;_ ___ ~_..:......-·· 

'I 

to .• •• •,·.~ T''" ""'•;:.[ •','" ,. • .. ~ •. ~ .• ·:'~ .. ~-~ .......... '"••·• .. ·~ •. ! ·• '' • ·• •... -- '":'• ••• ............ _ ........... ____ . 



,-....,.·-~-------

.... -----------,+7t-9rU"11.ri--Ffl'~':(;] 30 OIMERO_NDGNR 04/2< 
------------·-EXTERN A LFOR.MUL, · N UM8 E_R ____ - .. - s·a·ORC ~-STAT EM EN r·--· -----;.;,- ·--- .. INTERNAL F C 

SUBROUTINE RNDT (Z,RADl,RAD2rGAMl.GAM2,0MUl,DMU2,FNUl,FNU2,GMINCR, 
------'----1 Vl2. 'ROTSTR r. --------------- ---------------·----------------_.:. --· -----------------------· ' . . 

DIPSTR=DMUl*DMU2 
-------------GAl'-1' -=-GM1l;_GAM2+GM INCR--

B=2.*RAD2*SIN(GMINCR/2.) 

... ff6-

------ATFA= 1-:-570_8_+-_G_M INCR/2-.-.-. -----------------------
C=SQRt CS**2+CRAD1-RAD2)**2- 2.*B*(RADl-RAp2>*COSCALFAJ)+.OOOOOl 

-. ---·--------- ----- R 12'=' ·s-QRTC C**2+Z*>.'<2 r--·--- ·----:·---------------------. --------------~------------ -- ---------
THETA=l.5708- ATANCZ/C) 

------~· ----·RoTS TR-=--6·.~2 8 3·2 *V-1"2 *FNU1-*FNU.2TC FNUZ*·*-z=F.NlTl*-*·21-*Rl-·2*0.1 P STR*S IN ( GA.Mr--· 
l*COS CTHETAl/10000. . 

------r:·n:-IUR.N 
END ----------(n:c n~·-·As·s v·.-z·2-23·:·a--o----------------------------

------------------~------------------------------~----------------

· .. 
... -----------------

... ------- ------------· --· --

~--. ---------·-··· -·- ··------------- -----·····- ···-. . . ----r, ____ __; _______ ~_ ----··---'----·--

I . 

--·--··-·--· ·: '";' .:--.:·:~:: __ -~-~-:.· 1..~- •·• •• :··:·~--- .. --------··--···----... --_,:... ...... --.. 

-:·... t' ... 
·• :· .. · .. : 

· .. ___ _._; _____________ : ________ _:_ __ ~-----~-:------'-----------"7"-----'------___.:._.:__~-

--··-~--~----------------·------··.--·---f.--' -. ·-- ______ ..:._ __ ..,_ ---·· ____ ... . .,. ____ -- ______ .. ___ _ 
.{· 

-~--"'7·---·-------- -----------·---~-------· 

.. . ' . 
• ......... •••• f~- •·o4'•· - ', ........ ·-···--· ....... _. _______________________ ----.--··-------------------------. ·--- ·- --

\ . . . . .. . . 

I ___ .,..., __________ ~-----~-~·-.. _.;,,.__..,...__... ___ ; ___ ~---.......;_--------:....-----'---~ 
. , ...... - , ............ . 

•,' .·• I' ., '·'' '' • ·: .·. '•'·.:...... :· ~! .. "!: "; . .'. • • ' . '· . . " : ..... .. :·- -· 



-~:-• LL7 -=-------· 
449101DIMEROT 30 DIMERO ROTGNO 04/29 

---···- ---·-·-------·---·. -EXTERN A{-FO"ffr.ft.JCA--N OM a·eR·---::;-_ -s-OU~ CI:STAT EM EN T ··-- ·-. ;.;;.·· .. - INTERNAl .. F 0 

C IN THIS DECK NP IS USED FR INPUT OF ROTATIONAL STRENGTHS.· 
----;------c 1\BSORPT I ON .AND ROT ATTOW OF D I MER~---------------·---------- -+--·-···-

SUBROUTINE ROTEM 
---------:-·--cn~H"~ON-7TDP·ooL-/Nr;-N09.NI\;-NP··------------------------

C~\LL IOSET 
----,c-cl~:·;v,-ol\J/XIA1ff)({7+0-0l 

CALL XFIL . 
------·-··-· ----·-···o-rN ENS I ON-·E c·1oo·;·4· )9THEIAT1 00 ;·4r·t"-FNUfroo·;-'tr9-RfTOO.r4r,ROTSTRf4)-; FQT4 ___ _ 

.. . 1 l ,NG(4) ,CMOL$(4) ,RATI0(4) ,DEE(4) r0D(4) rFLAl (500) rCOR(4) 
y~-CDlT50"0Y~·-oROlT500_)_j_EPTH500T:-;FNlfUTO_O_t4l-t PEEKT4T-- ---

42 READ (NI,212) N,START,STOP,DELTA,NB 
---__,2T2_F_O"I:ft~-AI1T5-;"JFro-:-O-;T5l-------------------------

BN=2 
--------. -- -·--··· -·-N PT S ·=Ts·rnp·::-S T A RT)l 0 E[ TA_+_l • 

STARTl-=START 
-·---··---------I F- . ( N) --44, 9 9 ,·44 

44 READ CNI,231) (NG(J),CMOlS(J),PEEK(J),J=lrNB) 
-----;:2::-.31_f:_O_R~i7\tTC5-;~n:-l-O • o 

KSTART=77777 
---~--·--·--·· - ... WRITE --( NK) ·K·srAR 

DO 220 J=l,N!3 
·---·-·-----NGJ=NG.CJ) ----~----,------'--------:..._._-------

220 READ CNI,214JCFNU1CI,J),E(I,J),THETA(I,J),I=l,NGJ) 

~ · 214 FORMAT C6Fl0.0) 
---- c- ---FI N-0 ·orJ·)-0 I POLE-s·nrENGTlfllr:ITH:""BJ\"ND-A"NOI{"ATI-CH J). 

43 DO 701 J=l,NB . 
-·-···---·. --- - ---- -~-NGJ=NG(J) 

DEE(J)=O. 
---------D0--700--I=~l-,~N~G~J----------------------------------------------~-----· 

. E( I,J)=E( I,JJ/CMOLS(J) 
---·------·-tocf DEE< J) = .DEE ( J} +. 92*·1~-712*·E-Cr, JTiOITHE_T_A"OfJ-1/F"NOrrt-;-Jl 

DOCJJ=SQRTCDEECJ)*.Ol) 
·- ---- .. ·7ot·-· WRITE - .. ·;--· . {NO ;·2·0 s·) DEE (.J J-;···o·Q-·(:rr· 

) 
i, 

205 FORMAT (/3X,24HMONOMER DIPOLE STRENGTH=rF10.5,21HE-38 
--- ---·-c·i.,~U=, F8 -~ s·;··r;Ho·E·s-v·E·y-------·-· 

ESU-CM**2rOR 

------·-- ····--·· 41 READ _____ ..... < ~,P_,3_!?_! ___ ~~-':1_t:'.~! (ROTS TR ( J f, FQ ( J )_, J=l, N __ B_J_· ------- ___ _:__i. 
I 

2t5 FORMAT (Fl0.0/(2Fl0.0)) 
. ST ART:STARIC _____ --
WRITE CN0,704) GAMMA,(ROTSTR(J),FQ(J),J=lrNB) ------

704 FORMAT ClH1,20X,6HGAMMA=,F6.lr5X,·9HFREQUENCY,5Xr6HROTSTR/ 
··----·---·-··Tt""3"2:X~2-F1 (f~o·-, T ---··--··-·---·· -·-----~·-··---·------·'-·----·----·--------- , __ _ 

•. ·DO 702 J=l,NB . . . - . 
·--·---·.-------COR (J )::"PtEK ( J f~FQ-CJT-·-··--·- ---., 

KATIO(J)=RUTSTR(Jl/DEE(J)*l32.6 ~ .:{ 
·Nt~f;}.rc;r:rr-···----------- - ., . 
DO 703 I=l,NGJ ~ 

·--·-- ···--~----· -·. F NU ( !","J l = FNU l( r ~-J r.::coR·r;:rr ·\ 
703 R<I,J)= ECI,J)*RATIO(J) ...... · , 

-------_--~-97·--~JR IT E C NO··, 20 l) . -- ----~- ---~· --- -·-----·----··}. 

lOl FORMAT (41HO FREQUENCY DENSITY· WIDTH ROTATION//) , \. 
--·--·---roz·- ~~R.1T e·-rNci;z-o"tf ___ --·- - · ·c FNu rr,·.:rr;·raT;"Jr;·r,:-re·r"A-rf-,-~n-,-Rrr·;-J r·,T•L;NG"'JT-· ---·--·-·-; 

t''''''P"''"''" r' 1 ' -~•'"•• .. ~••••••••~,:~ ......... --..· •• ~ .. -•M•-:•~•-l••••·-••• .. _,.,,..,.-,., .. ,.._.,,, ... ,_,. ___ .,.,,, • .__._,,~-•••••o •-•• -·-~- ••• ,.., , .. ,,,,,,,,; 

... ---. ------. .--.... -... --·-----· ..... -.-·-· 

\ 

i' ,· ___ _.;_ ___ ,.:_ _ _:... _____________________ ·--·-----,. 
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449101DIMEROT 30 DIMERO ROTGND 04/29 
EXTERNAl. FORMULA NUMBER -···· .;.;··--sOURCr:-·sTATEMENr-··· · .. I NTERNAJ., FC 

2-oz-rmnrAT-< F1.o-~-~-;-F1·o-;-r,-zFro-:o-, 

---- - ~~3 ~~m~ I ~~i~~~E~U~N~Y ;~~~-;;; 
--·-···---·--·-·-- . 1X ORO TGT~t co-·· TOTAL--ORO //)" ···-·-··-

• ·---·--·-- ----·· 

CD ORO HELIX CD HEL. 

. · N200=~ 
_zt.·o·o-EPT=o·.=----------------.;__---,------------------,---

RD=o. 
··-· -·--···· . .. ·--·· CD=O .- .. --- ----·-·. 

HRD=O • 
. --·-·-----···He D= 0 ~-------. 

DO 301 J=l,NB 
---..,~G"J=NG1"""J·)-------------------------,---------

DO 301 I=lrNGJ . . 
····--······---·-----SEX= ( EXP r;;.. ( CST ART;:;FNUTitJTJ7THET1fiT9JlT*"*2)) /2. 

' EPT=EPT+E(I,J)*SEX. 
--~----- -----CD=CD+Rl·I~J·)~SEX-- ------------,---~~-~~-~-------

. ~- · C=(FNU( I,J).:...START)/THETA(l,J) 
--...,..----._,_..;,..,..· · ..... _. · rrcA-a-s-cCl-4.-.-,.-r ..... on--, 1 ......... ....,.....------------------------

11 RINT=l./(2.*C) ··---·--·-.. -·-co ro ·12··· --------

to ICP=100.*C ~ 
. -IF C I C PT-TJ;T4-;·T5 

13 RINT=-XCICP) 
---------~~-Ta-lL ----------------------------~------------

14 RINT=O •• 
. ·-·-- ----·-· ·-.. ··· ----·G a·· T 0-].--= ,-------------------------:------.,------.,--

15 RINT=X(ICP) 
--·----··--·-,.---· rz:-RD=RD+R!T-;""JT*TRTNT+IHETATr9J"l7lr.-*TFNU( 1 ,J J +S JAR f n-;r-RET~"1mr 

1FNU(!,J))""0.564 . 
·m:-cDNT fN 

. FLA1CN200)=10000000./START 
....... .:._ ..... ··-·IF {NPTN.;.;.;lO)" "234-;-235·,-z3·s-----------------:---------

235 WRITE(N0,204) START,EPT,CO,RO,HCO,HRO,TCD,TRD,FLAl(N200) 
-.---·---z 0'+-- F 0 Rl-1 Ar--c 8 F 1 o-.-o·;Flo·~-~2·)~- ·-------'·--------------

NPTN=1 . 
----------~o-Ta-z~6 

234 NPTN=NPTN+1· 
.... -----··-·z 36-0RD 1 ( N200 )=R 0.~-'-----------------,.---------------

EPT1CN200)=EPT 
·-·-·-:C---~------ CD 1 ( NZO 0 )"=Co--------,.------..,._-------~---------

N200=N200+1 
----------~TART=siA~~ccrA------------------~-----------------------------------

IF ($TOP-START) 401 1 400,400 
401'-· ~R lie{ f\!K) .... -·--·-··c FLAUT) t CDlTTr;"ORD1.TI'l9EPTlTIT9I"=r,-NPTS)----~-~, 

IF CGAMMA-39.) 41,42,42 
9 9 K S T t\ :\ T = 0 

KSTART ?'!' .. 
·-·-

. i 

f:I<:Jt=:L"E~l(-------------r-------..;.._---------------·--·l'l.~..__ _ ___, 
REWIND NK 

-----·--:·--·---·--·"CALL CHOOSECNPTS·)-----'--------..,,.------------------
, RETURN 

.. 
·---- --- --·.·-- .. --.. -END 

BEGIN ASSY. 2224.08 --------·--. --r------------------------------------------~--------~------------~ 
.. ---- ""··-·--·-· ....... ·-·--------------------------.---- --·--- ---·-·-·---



-119-. 

SIBPTC XF!L. DECK 

I· 
i 

-- •.... SUBROUTINE XFIL ..... _. ___ . ---.-~-------
C THIS IS SIMPLU A TAPLE OF 400 VALUES OF ERROR FUNCTION . 

__ c .. -.IT PLACES. THE VALUES IN COMMON .FOR .. INDEX .. REFRACT. AND . .THE .ROTGND. 
CALCULATIONS OF K-K TRANSFORM 

, I' 

-~---···--····COMMON /XTAB/ X ( 400) ............ ; -···--·-·: ... ·-·--·---···---' ·--.. - .................. _____ .... ·J : 

X( 1)=0.00999. . , . 
X (_:.._2) =0. 01999 ...... ·--------.-"-· ...._"'"" 
·x{ 3)=0.02998 

-----------,--.. X '--~~4 > = 0. 0 3 99 5 ..... ------~·····~------_:_.,..._----·------~-_. _. -·-----·--~·-
X( 5)=0.04991 . . i 

_______ x c ___ 6 > =o .. 05985 
X< 7)=0.06970 

' ' ' ..... ~---~-- .......... _ -~-·--··-·--··--·----- ... - .... ·~------·-----·~----·-· .. -····---

-----:--------X ( __ 8 >.= 0 .• 0 7965 ______ -_. _. ·---------------------
X( 9)=0.08951 . . . . . . ,, 

·-----·-·----·--------X ( -1 0 ) = 0 • 0 9 9 3 3 ... ·-·-··-·-- ....... ~----·-··---r ... · -.· ........ ,_ ... _ ....... - .:.: ...... · .. -~-- ..... - ·· -•· · -··---~-
1 

. X( 11)=0.10911 . . . '' 
. X ( -12 ) = 0. 118 8 5 --·------·: ___ . _______ · _______ ._:·_· -~---------·· ___ __ ) 
X( 13)=0.12854 ' ·. . ' ' : . I ' • ,! 

' ' l 

-----------X.(-14) = 0. 13 818 .... :... _ _: __ . ___ .: ..... ____ .::.._~-----~--'--·----· -·---·---· ____ ... i 
' • I . 

;, 

.. ····-·-·--=-------. ----- ··-· -··------ .... ·_---:~·-·--~-~-·---· --· ···-·-~·-----~;-----;-:-~·-"--·-"---·-· -::--~--__ . ~-~--. -. . .... : 1 

0 • , 1 ., , ~~~ 
. ·----·-· .... ·-···-:-\.----··------------··---·----······ ,_ ..... -···-:·-····- .. ·- ....... ___ ., __ ,. __ ...... _. ····~·-·--:---· ·-· .. ··-'··~-............. ~- ... -.__:. ___ '7'·-··· .......... ·-· ·:.; 

.............. ·-·--·········--------------------~------

· .. ' 

.. ' ~ .. ' ; : ~ '... . . ".. . 
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. -· .. -. --~-- -...... --- .... ·-· ·------··. ------· ........... ·-···------·-- ·-:··-:···---··---·- .. -.. ~-------·~ ·----·--·· .... ----·------- -······ -···~- - ··-·:· .. 

. . . ,, . . ·---·-·---------------·. ··- . . . ··- ...... --~----··-··-· ··-····--··- --····-·-··-·····- .... -- ......................... _. _________ --- ............ -···-
X( 15)=0.14777 . . . • 

------------· x_<_ .. 16 > .. =0.15729 ----·-----,.... . ._,_---~------ ·----x< 17)=0.16676 
X( 18)=0.17616 -- --- ---------- ------· ··--" ---------· -----·--- . ·--------·- ····--·------~--- -·-- .,. ............ ····- -· .... . --0. ·---:-- -- .. 

.· 
X( 19)=0.18549 

__ . .. ..... -·-------~----· ___ X( __ 2·0) =0.194 75 ------------·---------------.. -- ....... _ .. _________ .......... _________ ... ------- .. 
X( 21>=0.20393 

-------....,.-----X.L_22J=O. 21303 -------..,.------·---------
X( 23)=0.22205 . . 

__ X ( 24) =0. 23099 --~---.-'----· .... :_· __ .. ·_· __ : :..._·. -----·-·-,-~---·-----------.........-"-.. 
X( 25>=6.23983 .· 

_____ X (__26} =0. 24859 _:_,_..: ___ __;_ ___ '----_:_---~·----------·· 
X ( 27) =0.25725 

____________ X (_2 8) =0. 265 81_· _________ ;..._,..._---:--~---------
X( 29)=0.27427 

______ ------- -----,---X _(_3 0 ) = 0. 2 8 2 3 6 ---~-----,.-..,..----~-----'-------
X{ 31>=0~29088 

__________ ____,X (..:__3 2 _) = 0. 2 99 02. __ _,__..,:.._ __________ ....:._. _______ _ 
X( 33)=0.30705 ·· 

-----:----------X (_34) = O. 31496 -....,..-----------...:..--_:.._;... ______ _ 
X( 35)=0.32276 

... _______________ X(_36)=0.33045.-~~---,-·· _________ ........_ __ -'-------
X( 37)=0.33801 ·• 

---------~-------X (_3 8) = 0. 34544 ___ --:-"---.,.---___.;.-~~-----
X( 39)=0.35275 

____________ X_(_40J.=O. 35994 ________ .__ _____________ _ 

X( 41>=0.36699 
. ' -------------A (_42) =0.3 7392 ___ ___,..;. ______________ -----

X( 43)=0.38071 
____________ x (_44 > =o. 38737. _______ .....:__ ____ _ 

X( 45)=0.39389 
-----------· X (__46) = 0. 40028 __ ;......,...-...,..---~------------.;:__-

X( 47)=0.40653 . . 
______ X ( _ 4 8 ) = 0. 412 46 --·---~---- .... ~.. . -------

X( 49)=0.41860 .. . 
__________________ X (_50) =0.42443 ~-.:..----~--~-~--'----·-· ---~--:_ __ :__::_ __ ~------------··:.~.-----~- _ ..... _ ... _ 

------

X ( 51) =0.43012 . . . 
__________ _:.._X(_52 )=0. 43566 _________________ .....:_ _____ _ 

X( 53)=0.44105 .. . . 
----------·-·- ___ ·-------X L.54) = 0. 446 31 ___ · . ·---. ---.-···------- ____ ............. -·---·· 

X( 55)=0.45141 ·. · ""'·- , · .. · · . . . · · · · 
·---,----------X ( ... 56) =0.45637 ---~---~----~-:_·~-~J.:.~~-_:__'_· _ .. _: _· __ _; ________ : ___ .. ------~·---· 

X( 57):0.46119 . I . 
------------A (_58 ).-0.46586 .... ...:·---~---i..· ---------------

X( 59)=0.47038·.· · . 
------------X_(_60)=0.47476_._ ______ ._. ___ ..;. ____ ._. _______ ......, 

X( 61)=0.47899 . 
-----------J\(._62 )=0.48307 .. ___ . ;, __ :~-:-~ . ,__ .. _. -·-----------------

X( 63)=0.48701 ... 1 

------~--:--:------,__XJ_64).=0.49080 . . r.:~" • 

____ __:. ___ ---:.---~~-:~;:g::~;:: ________ ;_ .. ·_·~~-~--~ ... ::~.~---·--· ·-· -~-------- .. -~----·--- ..... ..:. __ _ 
X( 67)=0.50130' . · 
X.(_6 8) = 0._5 045 L ·---- -.....:--_:..----"'-
X( 69)=0.50757 

-----,----+--------'~_(_70) =.0. 51 050 ___ ...;._ .. ----·--
... ---------- ·--·- ·------------------ _ _.___ ,...;._~ __ _;._ ______ ___, __ 

. ; ,'' 

--,-.......:....--~-~· ..... _:~-.... ~:.: .. _ ..... ~ .. -. -· -4·· .. ··--·--···-··-·-·-~······-· • ... ..,..-



--·-------------------·--------------·-- ·-- -.12..1':"-------- ... , .... 

.. -------·--x-c --71 , = o. 513 28·----------~---------· .. ·.·:----....... ··-···-----------.. ·-----------------· ........... ----. ···-· · ...... ;.. ..... · 

-----------'~_(_7_2_)_=_0. 515 9 2 
X( 73)=0.51842 

' .. 

- ... :-. ·~· ~ - . ____________________ X ( 7 't) = 0. 52 0 7 8 .. ______ -------·--'·-~--. ·- --------· .......................... . 
. X( 75)=0.52301 ... 

... _____________ X ( .. 76)=0. 52509 ----~--~- .. ~----...!--------~--_: ...... --'-~-------------··-· 
X( 77)=0.52705 

----------'X.C_78 )_=0. 52886------------------------
X{ 79)=0.53054 

______ X ( ___ 80) =0. 53210 ________ _: __________ ___: __ · __ . ____ _ --·------- ------------.. ·----
" . X( 81>=0.53352 

·-- ------·---------------- X(_ 82) =0. 53481 _____ ...:_ ___ · ___ _ 
X{ 83)=0.53598 

__________ X_(_84 )_=0. 53702----------------........:.------
X( 85)=0.53793 

________________ x_ <_8 6 > = o. 53 813 _______ _ 
X( 87)=0.53940. 

--------------------- X(_ 8 8) =0. 53996 ______ _:.._ ____________ _ 
X( 89)=0.54040· 

___________ x < __ 90> =o. 54072 _______________ ~----"------
x< 91>=0.54093 

________ X ( __ 9 2 ) = 0. 541 03 ------·---'-
X( 93)=0.54102 

__________ x <__94 > =o. 54090 

____ ..:...__ __________ --· 

X( 95)=0.54068 . 
__________ x < __ 96 > =o. 53036 -----,.------------..:.-.--------

·xc 97)=0.53993 
__________ X(_98) =0. 53941------~--------

. X( 99)=Q.53879 

I . 

--,.----'-----_)( (100) = 0. 538 07--------------~---------
X(101)=0.53727 

___________ X(102)=0.53637 

X <103) =0. 53538 ___ x < 104 > =o. 53431 _____________ : __ _ --------------------------------
X<l05)=0.53316 · 

__________________ X(l06)=0.53192 .... :....~ __ . __ ..:_ ____ . __ ·_. _· ~-----· --'--·---------.... ------- ---
XC107)=0.53060 

____________ X(108)=0.5292l_ 
X(109)=0.52774 
X ( 110) = 0. 52 62 0 _ .. ____ _:._._. -~-..:. .. 
X(l11)=0.52459 . 
X ( 112 ) :0. 52 291 .---.. ·--·:--·-·. -;~ / --~--. _----~---"-
X(l13)-0.52116 .... ·.·. _·. .. ,, 

___________ x Cll4 > = o. 519 35 ____ . _______ ,__·;_· -+------~------'--__:_ _ __:.._ __ 

• 

X(115)=0.51748 -~ '. 
______ x < 116 > =O. 51555 ___ .. _...:__~~-~ 

X(117)=0.51356 '· . 
____ x < u. a> =o. 51152 __ ..... :·---~-~----·_,~ 

XC119)=0.50942 . 

____ ....... ...:._____:_ __________________ ------
--7~--_________ x { 12 o > = o. 5 0121 --~---~--·-· .: · ___ ...;.__ ........ · ·..,...· ---------------'----

~ X(121)=0~~0507 ... 

----·--·---- X(l22)=0.50282 -·----.. --~------~~-- , '. . .: ' ._ __ _:. ___ , ___ ~-~d'~-:---·-·-··---
X ( 123 )=0. 50053 ;· 

-------------- ---X<124)=0.49820 ______ ··----..---__;.--..------
X(125)=0.49582 . . 

____________ x < 12 6 > = o. 49341 ·--·----~--~-------~-... ..:. . . . 
~-___:_-· --·-----------~---, .. 

~---------------------------
II .. 

. . . ' ..... : ... :--~···- .. ---···-·· ··-· .4 ............ 4~··.·-;- .................................. _ ...... ·-.... ---····-·-.. ----,·--· ... ··;· ···-· .... -···-·· _ ... , .. ' 
. , , I 
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~ ... ···-·-.. --~~···- ... ·~·-·· -···---···-··- .... __ .:_ .. , ___ __:. ___ .., ________ --:--·- -- ··-· ··-·-··--·· .. -. -- .... . -.··--·...-· ......... ····-- :-·-· .. ·-·--·-"'' . . . . . . . . . 
' . . . . ------ -----~···--·····.. ..... . ... ... '--·- -~ ...... _.., ... _ .. ______ ·-·-·"":"'*"·--·-·· -:~---·--··"j''··-··-·--·-·-··-· '":·-·--·- ---,-·-·· ........ -~--· - ... - .. 

X ( 127) =0.'49095 
____________ .X_(128l_=0 •. 48847 --·· ..:.;__ _______ _ 

XC129l=0.48595 . . 
_ ---·-··------ ........ ·---- ____ ·----------X ( 13 0 )' = 0. 4 8 33 9 .... _ .. --~--- .. ---·~·--: ________ . ·---·--,·- _____ ......... .' -~- .... ~ ...... ..:. .. ~ ... ...... . ........... ~ ..... . 

X(l3ll=0.48081 · .. . . 
__ ...... ___ ................ -----···---XC 132) = 0. 4 7 820 .. -·--·--· . ----------'-~-~--.:._--~.,.---, ............. ----~· ......... ,.: .. -·-·-··-.. ·-· , ..... ___ .... . 

XC133)=0.47556 '. ' ' . 
__________ XJ134_>_~o:47290 

XC135)=0.47021.' 
·-X ( 13 6 ) = 0. 4 6 7 51 __ , _____ ·_:_ ___ · ____ ·_,.- . 
XC137)=0.46478 . 

-------·-·-·---------X (138) =0. 46204 
XC139)=0.45928 

___________ x .<.1_40 >:=o. 45650. 
X ( 14 1 ) = 0. 4 53 71 · 

·-------- ..... ______ XU42)=0.4509l ..... ~-------.......;..--...__,--~----=----------
XC143)=0.44810 

___ X_( 144 )=0.44528 
X(145)=0.44245. 

--------------
' . _X ( 146) = 0. 4 3 962·--:----~..;.._ __ ...;.._..-..;.._.__ __________ _ 

X(l47)=0.43678 
_____________ X.C 14 8) = 0. 4 3394 ____ _ 

. XC149)=0.43109 . 
--=----------XJ.l50) = 0. 42824 __ ,__. ___ ,_--------=-----

X<l51 )=0.42540. ,.. . .. 
--------:--,----X (152) = O. 422 55 __ :___ ___ _.___.:__ __ ~-----------

X(l53)=0.41971 
___________ XJ.1_54)=0.41686:..._ 

X(l55)=0.41403 ·· . 

-------~---X(l56)=0.41119 ~-------------------------
. XC157)=0.40837 

-------,------X (158 >.=0. 40555 ________ ~'------------------
X(l59)=0.40274 

---------·X(l60)=0.39993· ___ ·_. _ ... -----------
XC161)=0.39714 ·. · · 

--------·-'----- X ( 162 )=0. 39436 ____ ..:.. ... ::...: ....... ~--'--.:.----~-..:..._ .. ------··-----.............. ·----- __ .... ----. 
XC163)=0.39159 ;. ·.· .... _ ... 

~----------X(l64)=0.38883_· ------~-~--~--~-----------~-
X(l65)=0.38608 . . 

_______ X(l66)=0.38335 __ . _._.··~--· _··_. ·_::__·~·· .. -·'·-··_.·__...._ 
X ( 16 7 ) = 0 • 3 8 0 6 3 . . . . . . . . . .. / . . . . . 

________ _;___X ( 16 8) = 0. 3 779 2 ---~-~: __ :...: _____ -----i~~------.--·_· ,..-----· -------------· ------
X(l69)=0.37523 ... , . . · .,' .· ··.· . :. 

__________ x_u 1 o >.= o. 3 725 s .. · ______ _.1 __ ..,:._ _____ -=----------'-
x<l7l>=o.36990 ... : 

____ _._ ____ ____;_~ _(.1_7 2) = 0. 36 7 25 -~....;.,·--,--~---:~·~· -·---:----~----,--.:..------:--
X(l73)=0.36463' · . 

_________ x U.74 > =o. 36202 ·--- · 
'X( 175)=0.35943 

. . '·. 
.... 

-~-----~--·X.(176)=0.35686 ___ ~-------------'--·'--·----------~~~--
X(l77)=0.35431 .ci'\ 

__________ _,· (1 7 8) = 0. 3 517 8 .. ---· :.:__. ___ : __ · ._· -..- :,..:~·--
X(l79)=0~34926' . 

·----------· ... -----. . 

-----------f\. (1 80) =0. 346 77. __ . ------------------
X(l8ll=0.34429 

-------r---_,.....XJ .. l.82l~0.34l84 _______ , .. ----------------------

_ .. ________ _ ..__,;_--------·-------·---------
,. 

. ' .. : .'' . . --------·---·--........ _______ ·---····--·"-"--. -:-----~-·---....-.,------. -·7-·--·--;-------. -·· --.. -----·-



- ........ . 

----------·---'---
_ _:_ _____ ,. _____ _ 

. ', ... • ·' .. 

. .- . 
-~-· ...,...,-------·;_ __ ... .i2.3-~------ ....... 

• .. 
·,· .. 

---'---·------xTia3 ;-;·a. 3394·i-,---~·~-·-~-·-.. --~~-----~"-;:--~~-...!------:-..:...-... ··-------·-.. ·--... -
~ ... ~~ __________ x..<.l.8.4t::7.o •. 3.3700 · ! · ·,, 

X(l85)=0.33460· . . ... , 
. ~-· .. --···--~. ~·----·- -· X ( 18 6 ) = 0. 3 32 2 3 ..... - _ _: ___ _:~~--~·N· .. ---~~-~.:_-~\ •· ... ~ : ..•. ·._ .... :~ ., .. _,·~~ __ : ..... ·--~-- ·:~" ·- .... ·--~-- ..... ~ . . .:- · ... :.· .. : ... - ...... 

. X ( 18 7) = 0. 3 2 9 8 9 . ',- ·. · . . . .: ~ '. " . . : · . .: . . . . . 
--'------'·~~- X ( 18 8) = 0. 32756 ____ ,_:.--~-.. ~ ..... -... :..~-~-~~.::..:::~· ....... : .... :: ... . .:..-.. ~-·:~ .. : .. ,_ ·~-~-----·-- ----··---.:. .. . : . 

. X(l89)=0·.32525 ,.. . .. · . :·.: .· . . . . " .. 
_.....__ ________ ____,X.U.90.l_=o. 32297 ____ _,__ ____ _:..~-------·-------

XC191)=0.32071 ... , 
··-·--·-----------X{l92)=0.31847 __ . ___ ...:·_··-·-·-----· _. _ · .. ·-· __ 

X(193)=0.31625 
-------·--------X ( 194) =0. 31405 __ ·_ 

X(l95)=0.31188· 

,:_ 

-----=--- --· -----·-·-------.. . 

. . 
,_ ... ______ -----------··· 
1: . . 

.· .. __________ X_(_1._9 6 ) = 0. 3 097 3 ____ -:---___;.__;.....___; _ ___; ________ ....__ ____ _ 
X(l97)=0.;30759 ·.·· 

·-------· ______ X_(_l98)_=0.30549 __ --:-~----:....---~-----~--------· 
X(l99)=0.30340 •, :-.:· 

X ( 2 0 0) = 0. 3 0134 ~--·:_----'---.---~-- ~-------_..,:._ _________ .. _ 
X C 2 0 1 ) = 0. 2 99 2 9 -.. :-:--- ... 

----'--------X ( 2 02_) .= o. 2 972 7-----...,-------:--------~--------
XC203)=0.29527 . I 

-~--------XC204l=0.29330_· __ _ ·----·---
' .. XC205l=0.29134. 

__________ .X (206) =0. 28940 
~......:.---..,..----...:----..-------:-~---------

X ( 207) =0 •. 28749 
--------~-X(208)=0.28560_·___;.~·-.. _· -·-·------~~--~----------~~------~--

X(209)=0.28373 . ·, .'' 
. i 

-~---------------XC210l=0.28188.~~~----------~----------~------------~ 
XC21ll=0.28005 ~ 

________________ x c 212 > = o. 2182 4,..'.;_· ---,---......-·----,------'-----:--·-----._,....-
xc213l=0.27646 

------------------X(214)=0.27469 ____ ~·;·-·-·-··~---~-----------;·--------------------
X C 215) =0. 27294 : . ·' . 

--------~ ~ ~ i *:: g: ~ ~~ ~ f ______ ::_: -. : - ... --~-----'~-----,-----·-, --~---·-------

.~------~X ( 218) = 0. 26 7 8 2 ~:. ____ , ---,- -~-----...; __ -----·---·,-----·--------'-
X(219)=0·.26615 ·: ·.: · .. ··.· 

_____ x c 22 o > = o. 2 64 51_.,...·_ . ..-....:..--:----_.; _______ ..;__·~·--' ___ ___;.~---

xc22U=0.26288 - ...... _ . _ ..... .-·.: 
X ( 2 2 2 ) = 0. 2 612 7 .. :_:::, .... · ... :.....:._ .. _. :..:_· -" 

,· .. · .. X(223)=0.25968 · · .. ,· . :-~·:..:~ .... 
___ -,---; ____ x c 2 2 4 > = o. 2 s 81 o _:~;..~-~--~-· _. ·-~:..: > : .. ·. · · · · · _...;._~_:.... ... :. _______ ._......;._ ________ , 

' X ( 2 2 5 >. = 0 • 2 56 5 5 : > ;_ • ·.. . . . : ;_ ·. : : f.... . · .. ·.. . . . · . 
-----"-----XC226}=0.2550L. · · · · ·· .. ·' .·· .. · .... ·.· .· .. 

X(227)=0.25350 ·- ·. ·.·. · .. . •·.:.· ./. .. ;: ... · ,: .. > · · · 
------X ( 2 2 8 ) = 0. 2 52 00 -~~-.::__1:_~_:· -·-· ............ · ._·. ·_:-._:~..-·-___ .::_·.:_.· . ......,·· ~·---· . ______ : -· ·· ..... ·· ,_.'_ .. :_ . ..:.. ---~. ----- -

1 

XC229)=0.25051 ·· ·.. . . ·<·;: .'< · ·, ···.··,· .. :_:.·. . I 

X ( 230) =0 24905 '· . ·. : · . :. ··. '•- .. ·: .. ··· ' ... ·· · .·.' 
--~C--'-'---x c 231 > -o • 24 760 '.:~"~.:·~:-, -·. --:-:-~·:-' ·-.. , .. ··· ..... ,:·. · ... · ... ' .. _ _. 

- • ':_' ':· -... ~··< ... :; ::' :::·. ·::.~· '• <:·~.·-.::·· . ~·~· .. ~ ··:_.·· ... · .. '..· ,._ .,, 
X(232)=0.24617. ·' · .·, . · ··,·.', .·. ·. ,,i 

, · x c 233 > ~o. 24416 .· <. :·.· ...... :.:·.:.<:.:'~·.::·· _:_· .. :: ,·.:.<._.:>. ::. ·. ·: ... ·.· .. : . _; · ... 0... : . . "'·_; . , 
_x < 2 3 4 > o. 2 43 3 6 .~.--.. -· _______ .;.....:..... ..... _ ...... ""- ----·----.. --.----·· . ----·---···-·-'·-

xc235l=0.24198 .. · ·.'·-" .. :> ... ·: :: .·: . . : .. ,:>.:>. . ... · ~ 
--------,...--.X ( 2 3 6) = 0. 24061 __:·_· _..::.__ · · · · · · · :· ..... , ·.· · ·-------.. --·· 

-----------

XC237)=0.23926 : , , .. : ... , ' , .· ' '· : 
X.t2 38 > = o. 2 3 793 -~-~-~-~~--:.-":~~-~:: ... ' .... · . . · · ---~_.! ------ -~--......J . I . ·, .. • 

I' . I . •. . • '· .• ' ' 

• r ' • ' ' • •• • ' , ' • ·, •• : ~ -. ~: t · 1 
,• t 

~ ··~~~= .. ~~~~~~·----· ~-,~~~~~~ .. ·~-:--~ ·------~~···· ~---····· ··:·· ······--.; .... ~----~~-;.--.-.~-. -_·--=~ ----. -.------.------·. 
• • • •• •. • • ·.,_ • ···• ~ ,_'. •• ,- _:·.. l, 

ooo ___ • -"--.----··-·~·-·--·-··-·-••••-·••-••~~-:-~~.;:.~.!: .. ~~:~-~-.: ...... .:.....:,_: A~~-:·~ .. ~-----,-· ---·-~-- ..... ·---··-o.:. ___ .:.._ __ -:--_,.. ___ ·~-~ 
. l· .·. ·: ·-;_ .• 



•. I~ ' . . -124- · 
.. ····-·· .. ---------.--: .............. ·-:-··.: ..... ··:: .:...~ .. : ... :.,.. ... --.~----;--··---~-:::; _7t·;-.. :.·~,;- ·:·.J~.-~ . .:-. -:-.' -. -.. -~--.... -;· ·---.---------·- --··---~-·-4 .... . 

. . .... :'. . '. _/ ... 
• I ' • ... .......... _.:~:.~.~---~· ... ,,.,.,,..,,-· ·--~~-~~-· --· .. -:.·.~:--~·-' _·. --~ ,:... .. -~:....---:- •- "'''" .... :·:,_.,_ ~.- ... ,.,.,,-

·· -----·-------.----xc"239>-.;;o:=i366t· · ··. · . .· · -· ._, _ 
__________ _x_J_2_40J.=O. 23531 ., ·· __ ._·_·_··--· _ .. ·~--------------:--

X(24U=0.23402. · ·. · " · . · . :::. . . ·· ... · .. . 
~- .. --:-....... ................. ·--------·-------~ ~ ~1; ~ ~ g :· ~~~!~---... ~~:-~-----.. ~---.. -:--- -~-;-:--·:-~::~.,,.c .: ... L_· ____ .. ,:::: .. :~.:-~~--: ..... :~ ........ : .:.:·. -~---L ~ .· 

X(244)=0.23025 . ·.· · ,. '~-.- · .... · 
------X ( 245) =0. 22902 ·----~------~-~- ·- ·. · ·, --:·-·--,:··-.-··-----~----'·--;--:-::-·-_· --:--·---,--------

• < .... •' 

-~--------·-· _:)_{_( 246_}_-~ o •. 227 80. . .. ---------------:---
X(247)=0.22660; · ·· .- .: 

__ X ( 248) =0. 22541:. ·-------~----·_._--~--___,_,;,_· .. -·. · · · · 
X(249)=0.22424··. · -: . :· ___ . ., .: -··.·:.-·-.. -... ; ·. " .... 

____ ....;.·_·_X ( 250 )=0.22308 __ ._.;_._.,_ 

.. -------·---· ------------ -~----------·--· .... : .. 

----'-'·;--------. ----· 
. \ X(251 )=0.22193 . ·. ... . ··. . .: .\_ 

----,---------X ( 252 )_= O. 22080 __ _;_:__. __ .....-__;;....;..··-··.....;....' __ .......; _________ _ 
X(253)=0.21967 

______ X_t254) =0. 21856--'-----'-·._·. _· ';...,· ·_·.:_· '-_;_--:-------~------
X(255)=0.21747 -..... ···· ... 

: ·.· .. ': 
_______ ...;.._ __ X ( 2 56).= 0. 2163 8.-~------....;....----:--'·-'·=-------------· _ 

X(257)=0.21531 .. . . .. 
----------'---X_(_2 5 8).::=0. 2142.5 -----·-·-----------------

X(259)=0.21320 
·---''----,.---....,.....X. ( 2 6 0 ) = 0. 21216 .. 

. . ·.' . 
j • : 

X(261)=0.21113 . 
----------X(262)=0.21012 __ ~---~·-·-· _··_·+------------"'~· ...;.~--

X(263)=0.20911. ·· r· 
•• 1.'. 

------~---~--~~X(264)=0.20812 __ .....;.... _____ ....;._ __ .....;.... _________ ~-~----------
X(265)=0.20713 . .. ·:· t .. 

----------------· _X(266l=0.20616. ___ ~---~~~·-·~·'·------~----~-~-------
X(267)=0.20520 ·:· ... ·· .... ~ _:".".·. ·· · ,, 

_____________ .X ( 2 6 8) = 0. 2 0425 .. _;_..:,.--___ ·--,----..:-.·; --· .-c: ·....;.·_:· ,_. _·· _· -_· -c---_._-
'X(269)=0.20330': ... :. 

-----~------X(270)=0.20237 ____________________ ,----,----------------
... I 

X (. 2 71 ) = 0. 2 0 14 5 . . . . . .. . . , . 
________ _;__ __ X ( 272) =0. 20053:.'"'.: ___ ·. _:· _ ... ~ . ..:· · ·,. . .·. --------· 

. X(273l=0.19963·: ·:. ·.· ... _... . . . 
_ ____:_ ______ x < 274 > =o. 19873 .·:.:.~ .. :.:.."'.:::::_:_:.:::..~~-.::.:....:._~~---__ .· -~~--· __ : ~-· _,.:._: ___ :_. _. '·---~~.:.-·-·-----~--

XC27S>=0.19785 .. · .· .-: · -. .':·.:. .. .. .. ·. . 
-.-----------'--------'X· ( 2 7 6 ) = 0. 19 697.~ . ' · · . . · 

X(277)=0.196l0 ,·.: .. ,.,, .. ;.. · · ··. 
------.. X ( 2 7 8) =0.19524 .... ~~~:...:_...:...__· .• · . ·. _.. ________ -.:__ ____ __: ___ _ 

X(279)=0.19439 · .· ... · ·--., · .. ·: ·: :.· .·· ·_ . · · · 
------------X(280)=0.19355 . ..:..._· ~~;:·-. .-~_':·_· ~:.-~ j·_ : ... : . ::. ___________ ..._ 

X ( 2 8 U = 0. 1 9 2 71 ·· · . · . · · ... : · · -. .-. · .. · . ·' · .. . ; · ·· 
----------·XJ282)='0 •. 19188 ._:. :. : · ·' /-·'·.···: · .·: .. ·· .. . 

XC283)=0.19107 . .. · .·· -.. . . ·· .... · .... 
____ ......_ ___ -,---·XC284>:=:0.19026 ' . .- .... ·.·. :::- _:· . .-. 

X(285)=0.18945 ·_.-'·._. • : .. ·. . ., 
----------..A ( 2 8 6) = 0. 18 866 __ ..; __ . '' . ___ :..:._··---: ~-'-;_· ----,..--c·-· -

'XC287l=O.·l.8787 ·.·.: :-:··:· .. ·~:· .. <···.:· ·,.:. · .. ·. 
--'----~---,...----X:(288)=0 • .18709 . . . ·.' · :. ·· 

:. ,• .. 

• , , . X' ( 2 8 9 ) = 0 e 18 6 3 2 1 · • : '; • • .. •. . • • •• .. , ___________ . x ( 290 > =0.18555 .. ~---~...;_;_~--~ .. · ·.·:. · ·-······:; ___ . · · · ·- :..~---·-· ----·-· ... ___ _ 
X(29l)=0•18479. ,· .... :<·- ... .. : . ' 

~:----------X ( 292J.=0.18404. ---· .. _._, _. ----------
X(293)=0.18330 --:: . ~ . ,. . . 

__________ XJ.294)_=0._18256 -·--- '·.- ·· -~ · 
X( 295 )•0.18183. . . . . ' 

. . .: ~· :' 
.__;_~___;.,"'" ____ ..;.._~-----~------------..... ·---------,...-

.'· 
. I 

. -·--·-·---------- .......... -----·---.... ; . . ';,; 
. ,.. : .' .. _·:: ·. ;'·: :. ':._·_.:: i. ::·-;.'> ·.~: '' ... 

... ___________ ··-• ·- ·----·---,·-~·':"":"'·-•- ,·• ' '• r '.··.,, 

. . -------··-.. ·--··------



____ .... :.'.--... - .. '------···--· - .. ~-:--..:.....-~-· _ __,..... 

. ~ ; . '•• 'r . ·: 

·-· ··-····--··---...:..-·-·--·····-.. ·- -~ '······· ··--. : ... ··---·--·-···-":'·· .. ___ :_-:...:.: __ ,,, ... _ ... :.~~---~---~-. -·. ·--~:-. -·--... ---···--· -.. ·-···--··---·-·· ..... . 
X(296)=0.18110: ,., .. . 

f'. • ...... : 

-------~-~X .. t2_9.7 . .t=0 •. 18038 -------...,-~-_;_------------'--
X(298)=0.17967 . :. . ..... :.; . . .. 

.... --................. ----·------- XC 2 99) = 0. 178 97 ... ~----- .. ~·--..:.,...~ ....... .., ...... ,. _ _,_~ ~·~-- .~: ......... : .. · .. ~ ..... ~ -·.- ... _ ... _ . 
· . XC300)=0.17827 . : · · . .... : . . . ·' . 

_____ ,.________ ·--·~-X ( 30 1) =0.17758 -~ . . ... _:_ ....... -~~-·· ·-·.:·-'···-·::·-·::;-~--.--::.. ......... --'--:--~----------------·· 
XC302)=0.17689 '· ···!'·' 

----------'X.<3.03J.:=0 .• 17621 ·· . · 
· X(304)=0.17553 

·-·-·---·-_ .. _______ . _____ ·_.X ( 3 05) = 0. 17486 .... ..:.:.. ____ .. ---·--- _._.,·_:_......,... _______ : __________ _._ .. 
XC306)=0.17420 .. . . · .. :.··.. ... ' 

_ .. ___ :__:_ __ ..... ..:. .. _________ · ___ X ( 307 )=0.17354 __ :~---·-··-~ _ . ..... ___ ._.:_ .. _· ·_· .. ·.:.···.--",-______ _ 
XC308)=0.17288 ·· 

---------....:X.C_3_ 09).= O. 17224 _________ __. __ __.;...;.._._~--------
XC310)=0.-1.7160 

______ XC 311) = O. 17096 __ .. _. --~--·-'--'---.:__--:----------
XC312)=0.17033 

___ x c 313 > = o. 1691 o.,_·_. • __ _,____, __ _,__ __ .---:--.. --:-. __ 
X <314) =0.16908 

--------:-----X ( 315_)_= O. 16846 ____ .,._-------------:---:---------
XC316)=0.16785 :; ~ 

-----"-----'-· XC317)=0.16725_ 
XC318)=0 •. 16665 

•. ,. 

-----------X.C319)=0.16605 _______ ~~----~----------
XC320)=0.16546 \ ' 

-----~----------XC32ll=0 •. 16487.~--~--------'-·_·. __ ·_· --------------~--------------
XC322)=0.16429 

------:-.·•· ________ X_C323)=0.16371 
XC324)=0.16314 · 

I. 

------~~---------X(325)=0.16257 __ ~--~------~~~~--~-.. ·---~----------
XC326)=0.16200 . , .. 

----------'----X ( 3 27 l.= O. 16144 __ · ··_··----------------------'------
XC328)=0el6088 . · . ' . 

------ __ X ( 32 9 ) = 0. 160 33 ... _______ ._· _ ....... _. ·~~-· _· ·_._ __ _:.__...._~--'--'---
.X(330)=0.15978 .'.' 

--------------XC331)=0.15924._,. __ . ______ ......:_ __ 7----...,.....~ 
XC332)=0.15870 

-----------------~XC333)=0.15817. ____ ·~·-__ ·_·_._·_. ______________________________ ~ 

XC334)=0.15763 .... '.·.· .. · . . .. 
'-------'-' .X ( 3 3 5 ) = 0. 15 71 0 -~----- .. :.:. __ .. ___ .. ·-~·-· _· ,:,__ _ _;...· ______ __..._...,._:_ _________ .:._ ___ __;__: 

XC336)=0.15658 .. . . ·.:· .. ,.· 
X (337 )=0.15606 .:.:...:_ __ : __ ~_.....:....,.~ .. --~---:·~~~-.'"'7.,-.~----·-----~---·-·--·~---------·-----. 

-----------~~;~~~~g:i~~~j: ,· _~:, r· ...... :.·.·.-
j 

·. I X(340)=0.15452' j-. ,:" ..... .-·:·:.·;· ··:. · .. ···• ... I 

---·--------------X ( 341>=0.15401. . .· :·: ·....,. __ ._ ... _ .. _ __;,;_"....,.-""'":·.:_-L-_. __ -'---....,. 
X ( 3 4 2 ) = 0. 1 53 51 · · ... ·. : : ::, .. ·:: : ;·. . ·.: : : ;: .. :· :' · . . . . ... · ·:· ·,: ·\; · : . 

~-------X ( 343) =0. i530L.· ... -~.:.:.::~:..~:·> · :•· .. :.·. '· · · . 
X(344)=0.15252 .·_·: <· ·~ .. ~/·· .. :·.~.··~····_:,~.· .. ··.··~ .·. ;:_:; 
XC 34.5.) =0.15203_~· ... · .... ·, '.·.' ·: '.-':.·· ··.r .. < . . . . .... _. ;/.. .. · . 

__ :!,_ __ _ 

-... --------·--i . i 

. X C346 >:0.15154. ··' >.<:·· .. ~ ·. :.:.··.··: .:_,·~.:·::;·>_ .. : ·.;.:>:.:··:. :: ·.<:· . · .·... · . .?'9'\·. · .j . 
... X ( 3 4 7 ) - 0. 151 0 5 . '----"·---·---___ ......_ __ .:._ ------------·-- ..... ----·- .. -- .. ________ . 

X (348) =0. 15057 . l; ..... : .•. '' .. ·.· ·· .:~.," .. •. <' .·. '. · ·. 
--------XC349)=0.15009. .. · · ·' .... :·.· .. ,.. __ .. _.-_ ...... 

X(350)=0.14962 ·:~ ·. . .·, ·· .·.·: . . -.. .. :-~· ..... ·.:. 

---·-·-·-·----· 

-------.-.. 
----:----------'--X (351 )=0.14915 .. ~.:...: _____ ..:.:.::__:__ ... __ ·;_ ·.,... .. ·_ ....... .- ....... __;....·_. _ .. _··. __ . ·~---------

_XC352)=0.14868 :· ;:. ·: :.·· 
·' ~· :· ·:· ' •• ~.: ·:. 0 •• ••• • l 

: .. r•~r..-=t,~""llrf~•.,~••e.r•rer!tl"f..., t'•t''!fl r'l"ll!'·o:t"-~••••! ••·-···~··~ 'II !P1""!1!!'~~__,~··~~~ -~-.:-=-~- ·~__,...._.:----:o-"'T' ,,_.;._""',' 
. • . • • . ... ····: .. . . ... 1, 

.· : • . ',,: . •.• · .. ".•, •. ··· . •. '·! •· 

• • ;•l. • ..: ..... """·~·~ ,:, ~: :.:.:~ ~ • .:..·~-.• ~_;;:·:·.;~.--~: __ .'. __ __:___....:_ ___ ,: ___ · .• ' .. r·--··--::: 

I 

----·~· 
.,•'. 

.. 
...... -................ ~·····----··----·--·-··-· ......................... . 

I 

. :. 
···,,, ,·,., •' •I : ·,: '', 

·. ,' .. '· . . '. : ·~ :·· . i. 



. . . -126-
·---~-------- .... ··- ·-··-·--·-·-.· .. ·-··---;:·~ ---;-:-- ------------- --------------·· . 

... --- -·-----·--.. ----·- . . ··- -··---·· .... --· ---· .. ------·-·---· ...... ·-·----· ... ·--·------:. ......... -·- -------··· 
XC353)=0.14821 . . ' . 

X_(} 54 )_=0. 14775 --·-··--· ___ __;. _______ -:---:-------------
X(355)=0.14729 

.............. XC356)=0.14_683 · · · · · · · ............... .. ---. -------~---·····-- ..... ~.-------..... -- _,.., ....... ·-·- ---;-···. ---·-····. --~:·· ....... . 
XC357)=0.14638 · ·· 

. - -··-'-· -- . ' 

. .c.-- ---~· -- _ _: ____ X ( 35 8) =0. 14593 _· ____ · ..... -~. ·---------·-.... - ........... ----~~------ .. ·--.-,---·----- - .. ~-·· 
X(359)=0.14548. . .· . 

. ,· ----------X.C 360 >:=0 •. 14504 ____ · _....__ _____ ;.._ ____________ _ 
X ( 3 61 ) = 0. 144 6 0 . . · ' 

. X(362)=0.14416 . · . · 
-- --- ... - .... ---.. --------. ·--·X C 3 6 3 ) ::, 0. 14 373 ·--------.. "-'-----:--· 

·- ___________ ...... _________ X ( 364·) =0.14329_:._ ____ _ 
XC365)=0.14286 

......._.. _____ ~ 

·-;------:-----· X (3 66) = 0.14243 -------~---'--'---~.....;_------
X(367)=0.14200 

···- ---------------- XC368)=0.14158 
X(369)=0.14116 

-··----------- ·--'---- XC 3 7 0 > = 0. 140 75_~-- ---..:..,....;...---..,...--_.:....~-~__;_----
X(371)=0.14033 

--------'---------XC372)=0.13992 ____________ ~~---------------------------
XC373}=0.13951 

_________ XC374)=0.13910_· ___ ~----~-------------------------
XC375)=0.13870 · 

___________ x t376 >=0.13830. 
XC377)=0.13790 

---------------X(378)=0.13750 .. ~--------:-----....:-----------:--------~'--~-'-----
X(379)=0.13711 .. 

-----------------XC380)=0.13672 ____ '_~---:--~--~-----------------~--~ 
XC381)=0.13633 · 

______________ X(382)=0.13594_· __ ~ __ _.:.... ______ -:----~------------'---~~ 
X(383)=0.13555. 

---------------XC384)=0.13517 ____________ -:----------------~----------
X(385)=0.13479 
·x c 386 >=0.13441 ____ _,_· ~ .. ··---·-··-· ____________ .. __________ _ 
XC387)=0.13403 

______ X ( 388 >=0.13366 --~- -------- __ ;_~ . ., 
X(389l=O.l3329 

--------------------·X{390)=0.13292_· ____ ~--------~------------------------------
XC391l=O.l3256 . 

_________ X ( 3 9 2 ) = 0. 13219 ---·
X(393)=0.13183 

--------------~X(394)=0.13147 
X(395)=0.13lll. 

~ . \ 

...... 

-------~-----X ( 3.96) = 0. 13075.~-----~~;....' ·-------------:-----:--------
X(397)=0.13039 

·-------_.__x c 3.9 a> =O. 13004 _:__ ____ _.:...._..;.._. _. _· . ..;,..· ~·-----------:...,__---:-..---
... , ............ ____ X(3'99)=0.1'2969 _., .. _._ .. ·.·.: .. :·····~:·:,-"· . . , ........ _ ..... ·.;••·· ·:· ... ···· :·• ...... ,.,.. ...... , . .-.. ' · ~ ~ ........... . 

------------AC400)=0.12934_.~ :__~. 
RETURN 

--~--~----------END 

·----------------------------------· 

·, 

. . 
·----~.-·-·-·--------···--- .. -·-·---· .. ----···- --· 

. ' 
', f' ----------- ______ __;,._-:-----~.-.!---~------.-----:---~--·--·--· 

-----------·------------ '. .. 
·"----'----~---~-------------------.. --· 



- • . .. - '- - o.1:2 7 _ .. ' . ·--........ .. 

.. :... SIBFTC· SCHOIX ... LIST,REF,OECK --··· -·-· -· . . ... - · ··· · · ··· .......... ··---'------·-·--
SUBROUTINE CHOOSE (NPTS) . • -

__ · ___ c __ THIS PICKS OUT .. MAXIMA .. ANO ... MI NIMA ... FORM .THE ORO ... COURVES .. AMO .. PRINTS ... THEM __ 
_ C, SINCE THE CURVES AREBE ALWAYS SMOOTHE, IT MAY FINE SPURIOUS 

......... _ C MAXH1!1 i\NO MINIMA. 
COMMON /IOPOOL/ NI,NO,NK,NP 

DIMENSION FNU(l000l,FLA(l000),E(l000)~CO(lOOO),tiRD(l000),8LOK(l000). 
1) ,ORDl< 35) ,OR02'(35·)·,0R03(35} ,GAM(35) 

_____ 42.GAMf'\A = ... -5.7 ..... ~---------
NPLO=O 

----------····READ (NK) .... · K.START. --- ...... . 
IF (KSTART-77777) 99,41~99~ . 

--------·---41. READ (NKl (FLA(I),COCI),ORO(l),E(I),I•l,NPTS) .. : __ 
NPLO=NPLO+l 

______ GAMMA = . GAMMA._+_5 •. 728-----.----------'-------------
C TAKE AVERAGES AND DERIVATIVES: 

--------·--· B LOK ( 1) =ORO ( 1) +ORO ( 2) +ORO ( 3) +ORO ( 4 t -· -· .... ______ .. ___ ....... - .. ·-· .. - ......... _____ .. _ ----
DO 31 I=S,NPTS,4 . 

-------BLOK (I l =ORO (I l+ORO { I+ll+OROC I+2 )+0ROU+3L.--
31 BLOK(l+ll= BLOK(l)-BLOK(I-4) 

__,_ _____ .. __________ --- .. 

___ c -BLOK1,5,9,13 ETC._ .. CONTAIN. AVERAGES .. -----------------
C BLOK 2,6,10,14 ETC. HAVE DIFFERENCES OF 8LOK5-2,9-5t13-9t ETC. 

---- c _____ ... -... . . . .. . ....... ---- ·-·-· .. - ---- ... .... . . .. .. . ... - ·---·-. --. . . .. --- ··-·-. . . . .. ~ . 

C. FIND TURNING POINTS 
---~------ .. --WRITE (NO,Sl) GAMMA, ·-----··------·-··--··;-·-:..:__. .. ·---~---.----- -~ .. _-~··· ---·~·~·-···-···. 

51 FORMAT (1Hl,5X,6HGAMMA=,F6.l, 
----....,.-. .1.. ... ./I /lOX, 30HLONG_WAVELENGTH_T .. URNI NG .. _POINT ... /./J _______ ;..__ ___ _ 

WRITE (N0,52) 
-·-·----- 52 FORMAT ( lOX,lOHWAVELENGTH,l5Xt3HORO/J .· ...... -----·--· 

DO 32 I=lrNPTS,4 

/ 

---·---··-- DERPRD = BLOKCI+U•BLOKCl+5)-·-· -----------·-··---------·-----··-
NPRX=I-4 

--------NPRW=I+4--- ------------------------------------~~----------------
IF CDERPRO) 61,32,32 

-----~----32 CONTINUE . . ' 
- ·~=-~-· ·-·· .. - --~· ....... -·--·:· -~~-· ·-·-·." . 

WRITE 1 (NO, 54) 
----·--··-------54 FORMAT (l4H NO TURN-FOUND)--· ...... : •. ·----~:·-·-.... ~ .. ---.,.---'-- ......... -.................. . 

. · .... 

GO TO 99 
---~-61--HR I TE . (NO, 53) ... ( FLA (I)_, ORO ( I-).,.ls.NPRXt NPRW )·--:-----:----------_.:._ _______ _ 

53 FORMAT C F20. 2, F20.0) . ' . · . 
.. - l~R I TE (NO ,55) - ............. ·----··-----·-----------···-,-----_: ..... _.~_, •, __ --------~-----· ------· 
55 FORMAT ClHO,lOX,3lHMEOIUM WAVELENGTH TURNING POINT/) . . 

..., _______ C---· FIND THE 262 TURNING POINT ...... ... ... / .. -~.:... ..... ... . ... ---- .. - -·- .. 
. . i 

WRITE (N0,52) ' I 

-----------00 33 -I=NPRW,NPTS,4 ---~---------~~~----~----~----------~-------
.• 

OERPRD = BLOK(I+l)•8LOK(I+5) 
---·----. NPRX2= I-4 . - ---·- ..... _. --····- --'- ---· ~ .... .:.. ... ~ .. ,.,......--··-·-.. -·.--·-··---

• NPRW2=I+4 
---· -.: ..... IF C DER PRO) 62, 33, 33· ---·- -· ... 

.33 CONTINUE 
---: . ..... _. _____ -~·-. ~--· .. ·---· 

,· 

---------WRITE ... ( NO, 54).:...· -------------_;_..:....:.. _____ __;_....:...;_---'------· i4o:~~, j+.:' , __ __:_ __ 

.,. ... J. 

• GO TO 99 
-·----r0·-·---62 WRITE (N0.53)- (FLA- CJJ,ORD- (J),.J•NPRX2tNPRW2) ___ _. _____ ._.:_ .. ~. -·---·---·- 4 ·--------· .. -··--

C . FINO SHORT WAVE TURN . · · ; 
__ ..:._ . .: _____ ..:.... ... .. WRITE C NO, 56) ..... -- ... . .. - --·-·· __ .. : ..... -: ..... 

7 
........ · · . : ............. ____________ : _____ " __ 

56 FORMAT <lHO,lOX,31H SHORT WAVELENGT.H TURNING POINT/). 
------------·--·-···-·-· ··--··--------------~---· .. --:.._- ·-----.. -- ·---:--:----------

I 

• --. ··: -·-· • ··-~· ------·-· ·--··-~- ·-·- .. -· ---. _,. ____ .,: ____ ,...,_._ ~ ... -:-: -~- __ :· ... .' ....... - --····-· -~ ... --~----··---···:-· ··- <4• ~--- ........ ·.~ ·--~ .. • -· ---·· -· 

--- ......... -·······--:"-----~--· --;- ... --~----- ... ~· ... ······--'···-·-··"'":"·· .. ··- .... ··· --·-.. ---~··· ... ., ... /·: ...... · .. _., --·. . .......... _ .. ;" .... ·--'--~----.--.- .... , ... ___ .......... -
•'. 



, I 

........ -··:·--128-

-.. -··- -- .. ··· ... : .. ------WRITE. (NO, 52.)----·-····-·-·---· ______ :_. -·· ....... . 
DO 34 I=NPRW2,NPTS,4 

.. ........... ' . -
___ Q ER PRO .= B LOK U.+ U.•BLOK (.1.+5.)_.;__ ______ -,-,..:_ ___ ..:..._ ______ _ 

NPRX3= I-4 
----·-·--~--- ------ NPRh'3= !+4 .. _ --~-- ~- ..... - ·- -~·- --·····~~ .... :. 

IF CDER~RO) 63,34,34 : 
-----------34 CONTINUE ...... ----,... -·-- ------- :.~·---·····... . ... : .. ;· -: ' .. 

WRITE (N0,54) 
___ 63 .. WRI TE {N0,53J_(F_LA(J) .ORO(J)~,.J_:a_NP.RX3tNPRW3)~-----~---"""----

C FINO THE CORSSING POINTS .. 
_______ WRITE. C NO, 51). ... . ...... __ .. .. ~- ... .. -~-~--: __ ______ : .... ·-··---·· --

57 FORMAT (lHO,lOX,l8HCROSSI~G POINTS AT) 
___ ---·-·-----WRITE. _(NO, 52l . _ .. _ -----·-· _____ .:_ ___________________________________ --- .. ...:_ ___ .:_ ________ ...... -- ------ .. 

NPRA=O 
______ 00 .35 _I =2, NP.TS _________ _...;. _______ ~---~-__;_ __ _ 

PROD= ORD(IJ•ORO(l-1) 
.. NPRC=I ... - ....... -----·---i----------:. ..... ....:.---:--·-... ·-----. -. -- -· __ ....... ·-- -· .. -------
IF (PROD) 64~99,35 . . . 

~----64 -IF CNPRA)- 99,65,66---------
65 NPRA=NPRC 

--·----......,.----:---,--.. -· ---------------
-----35-CONTINUE ... ______ :._ _____ __,..--------------------

WRI TE C NO, 54) 
----- 66 NPRC l=NPRC-1------- --'-··--·-.. ···--------· ..... ------.. ~-- .. ---- --------- ---· . ' . 

NPRAl= NPRA-1 
W R I T E ( N 0 , 53 ) -- C F LA ( I ) , OR 0 ( I ) , I= N PRA 1 , N P R A ) ------ - ,.. . · ;. .. ... -- , --
WRITE CN0,53) (FLA(l),ORO{.l),I=NPRCl,NPRC) 

---C-FIND MAXS AND .. MlNS-------:-:------.....--- -----------------~-
TEX=O. 

- --------- .. - -- .. . T EM= 0 • 
T.ES=O 

--·--·-- ... 71 00 3 6 I= 1, 8 .. --------~------'---· ---·----·- - .... -,.- --~-- .. 
INPRX=I+ NPRX 

. . ' 

-----'--'-· ---I NPR X2=.I +NPRX2----------------------------:--
' I NPRX3= I +NPRX3' 

----------~--- -TEX=TEX+ORO (I NPRX )----- -- ·.· ------·- .. -----
TEM=TEM+OROCINPRX2) 

· ----·-------36 TE S= TE S+ORO (I NPRX3) ------ .. · · .......... · .. _, ___ ----·-- · · 
TEX=TEX/8. 

-----'-~-TEM=TEM/8 ·-------------:----~-----------------
.TES=TES/8. 

-------WRITE (NO, 58) --··TEX,-TEM, TES -- --··- -· . ---- ·- .. ·- ·· -·· --------------·--
58 FORMAT ( lH-, lOX, 44HAVERAGE VALUES. OF ROT AT ION AT. TURNING. POINTS/ 

--'---.:.._ ___ 11H0,5X, 5HSHORT,lOX, 6HMEDIUM,9Xt 4HLONG/3Fl5.0) - ·---
ORDlCNPLO)=TEX ; . 

------ORD2CNPLO)=TEM----~-------~· -------------------
OR03CNPLO)=TES 
GAM ( NPLO) =GAMMA------·-'-· .... ----··----·-·-------------· ---------·-- ....... --· 

43 IF CGAMMA-39.0) 41,44,44 
-----44-CALL PLOOO (GAM,OROl,08,10) ... ----- --- ------ .... - .. -----,·-------·- ------··--

CfiLL .PLODO CGAM,OR02,08,10) 
CALL .. PLODO .(GAM,OR03,08,10) _______ ---'------------------~~~ 
GO TO .42 . . . . !t;; 

99 ~ WRITE (NO~ 153) · ( F LA ( I ) , ORO ( I) , CO (l ) , E ( I J. BLOK ( I ) , I •1, 350) · - , .... :..._, __ ·-·- --·-· 
. 153 FORMAT (2Fl5.8,10X,2Fl5.8,10X,Fl5.8) . . . . . 

- -·--RETURN · ------.. · · ...... -----·- ---- ----·--- · · · .... · · · ..... -----------·-···----- ---·-·-
END 

--------·-
1 

------- .... ·-·--··--··------------·---... -~ --·---·· .. ·--··:--~-·-4--··-.. ----·-·----......... - ... ~- ---·--·-·· --

. . ·------------------------------·--.....-----.. -·-----------·---.. ' . 
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' ' 

--------- --~----------·$IBFTC .• PLOOO·. LIST,REF-,OECK----- .. -.-- · .· 
SUBROUTINE PLODO (X,Y,NPTS,LENGTH) 

' .. . - - '. . . . • -
-----C---THESE .. TWO .PLOT--ROUTINES---ARE-- CALLED -OFTEN ..• - ONE-- PLOD I .. READS .IN----

. C THE ABSCISSA VALUES FORM LARGEST TO SMALLEST WHILE PLODO READS IN F 
___.. __________ C .. SMALLEST TO LARGEST .. 

C THEY PLOT ONLY ONE CURVE TO A FRAME 
i 
I 

______ · -··C. NPTS IS THE NUMBER OF POINTS TO BE PLOTTED ( THE X TO BE READ IN FRO.M 
. C SMALLEST- TO LARGEST,THE ASSOCIATED V HAVING. THE SAME INDEX. , 

_____ C_ONE _TITLE .. CARD IS_ READ. LENGTH IS_ IN . INCHES ____ .. ______ --- ______ .. -·-----------------· _! 
COMMON /CCPOOL/XMIN,XMAX,YMIN,YMAX,CCXMIN,CCXMAX,CCYMIN,CCYMAX 

_______ c ________ · CALL CCBGN USED TO BE IN. . OUT JAN ... 10. 
COMMON /IOPOOL/ NI,NO,NK,NP 

··--- ___ ----- _ D I N E N S I 0 NT I T L E (12 ) , X (1 0 0 0 ) , Y (1 0 0 0 ) , F M T ( 2 ) . 
READ (NI,ll}TITLE . 

---------4--LFORMA T ( 13A6 >---------------
XMIN = XCU 

-------- ---- XMAX= X (NPTS} --- --------·--------.... --. ·----------
IF CNI+l) 121,122,121 

' l - .. ----1 

121 RCOR=l024..... -·- ______ _; _________________ _, __________________ ---------

NRCOR=l024 
GO TO -123-------------~--------------~--~--------------------

122 RCOR=l. 
---------------- - --NRCOR=l ---------- . ------------------------ ------------·----- ---------

123 CCXMIN=lOO./RCOR · 
_______ : ___ : __ ~- -.-CCYMIN=200./RCOR ____________ _:__ __ ,.....:.__ ___ . --------------·'·---'= 

CCYMAX=900./RCOR 
-----------C C XM A X= ( 1 00+ LENGTH •...lO.OJ_/..NRCOR--:-----------------------

C FIND YMAX AND YMIN FOR SCALING PUR~OSES 
---------- -- .. YMAX=Y{ 1) ------------------ .. . _.: -- -

-----:;-- ...... ----
DO 21 I=2,NPTS 
YO I F=YMAX-Y (I) ----------- --·- ---.-------~----------·-'.-----

.IF (YOIF)22,21,21 
--------22--YMAX=Y(I)_ ____________ :.._ __ ~ _ _,_: ______________ I 

21 CONTINUE 
-------------------- ~ YMI N=V ( 1) 

DO 23 I=2,NPTS 
-- ----------------------· YDIFM=YMIN-YC I) 

. IF (YDIFM) 23,24,24 
• I 

I 

. ,I 

----'-..,...----,24--YMI N=V (I)-------------------------------------
23 CONTINUE . 

---------CALL CCGRID (LENGTH,2,5,6HLA8ELS,7,2,5)------..:--.-·-----,-----··--· ----------------
CALL CCLTR( .. 048828,-.. 097656,0,2tTITLE 9 78) · · 

___.__ -----------· CALL CCPLOT (X,Y,NPTS,4HJOIN)- ;· .. __ -·. -------------··'· 
WRITE CNO,l2)TITLE . 

-------12- FORMAT ( lHO, 13A6 )~----------,....------------------1) 
CALL CCNEXT 

------------ -· RETURN . -------- -·--- ------------------------:· ---,----...:..- -----·_ .. __.__ -- ---------- ------ . 
END 1 

·------ --- ....... ·--·-···--·--_:.·-··--·-·····-···----'" -----------r--··----· -·-------------------· 

. ' 
-----------.-------------~------------------------ .. 

. ----·---- ---------- ·------------------- -------------- ----·- ·-· ---·---

.. ... ~' 
'I 

·I 
----- ----- "------- ....... :1 

' ' 
1 ~ 
-'· 

.. - ---------- -------·-· :·1 

------------~---------------------------------------~· --------·--------------·---1 

' ' -- ·--·---·-.. --·-·-""-------.. -----·--------·----·--··~ ........ --M-~-·-~ ... ·~-·- ...... ---·-··-"'·-··-·4 ... -~ -- .... -~-·· ••• ...... -·· ...... o --

0 , I ' 

' .. ··- ............... ·-- ........... ·-·········· ...................... _______ ,_.. ______ .,_:---·-···--............... ~····--- ............. ··~- ..... -........ :... ...... 4-····-.---···· ,._ .......... _ -·- '' ......... --· " .... __ r 
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:· ..... i 
0 I MER fl S ·e t. F. C T . .. . . . .. .. . . ... . . ·. . . . - .. .. . . .. . .. . . . ... 0 e; I~ 

EXTF.P.NAL FORMULA NUMBER -' . SOURCE STATEMENT INTERNAl r ·----'---.-...---- ----·--- ---:--.. -·-4------------. .. ·- ___ .. .. . .. . ... .... . ... .... .. ·-. ----------- ................. - -· -· 

·----~-----------SUFI QflUT TN F . S F.LFK ..... - . .. . 

C THF R0TGNf' HRYTF OtJT F\YNSPV TAPES OF ROTN FTC VS WAVELENGTH .. -----···---. 
-------· c·--·TH( .. Ct·m'l<;·I=---ANn- s·El-EC'f nECK ARE TO GF.T CERTAI-N FEATU~ES OUT OF THF. 

C F\I"!A~V TAPFS 
r.·-s-f"ij:c .T -r-fcl<- mn-·· CE-RT-1\-fN--·~ El.l:c"T·r::·rf "vt\Cu e·s· "(fy:--rfA"t..; MA--.Krifr) .. -P-Ln.fs-Y•·i'i: 

. C ROTATinN VS WAVFLFNGTH ANn OUT!>LJTS r·T TOO FOR LATI:R Plr)TTTNG ETC • 
........... ------·c--·r-.. n>·CTHJ:.~JPUNCH UNIT) ... JS USEf) FOR OUTPUT .TO"CULPRIT TF. KP!J'1=1.· ·--------···-

.... _______ DYM!:NSTON NC30,1fl),Fli\(0'500),0R0(05_00hE(0500),C0(0500) ..... 
CnMMON /JOPOOL/ N!,NO,NK 9 NP 

_...;.._._ ____ P __ f?_A_D ___ C~)_, _2_1_ > ..... J.~A_~~~-~~-Q ______ -------'--·~---------'--
2 1 f f1 R ~-1 A T ( 7 I 5 ) 

_ ··-·-·--·----·---- ___ Dn ":\ 1 J=l , JMAX · · 31 REA~ (NT 92 'l ) ( N (t , J ) ~ I= 1 , '3 0) . --·.--- .. - ... -- -··-··-·- ._ ... : --·-- .. ----··-·------- ··-: ·------- .. - ..... 

···----- .. -·-------··---------·--- -- -· ------~-----· --- ··--··--···--
2?. Ffl!U1AT C30I·2l . ' 

___________ Of"' ~2 J=l,JMAX~~----------------------------------~~------------~~ 
IG=O 

·------------·--·-I-= t . _ ...... . .. . ....... -----·-------~-------------·---'----·-"' ·-
REA f) (NK) KSTART 

_ p: CKSTART-77777) 9<l,'+l,99 _· .. ·. ··= 
______ .. _7 __ .. _ .. ___ 4_1 .. -rc;.·rr.+i" · ..... ·· ··- ..... -- _ .. · · · · · ...... --.. -·-----.. --.-. ---

·-------.-----~----------· 

--- ---~:-:-·--"';:'- -· ................. -----
. 

MAXGM~=09 ·· · 
-----~----------

1\!PSA=:;\~4 

. !F ( IG-MAXGAMl 46,32,32 ·· .. -~----- --''-·--·--· 
·------~-4-6-R e~·o c NK, c FL. A< IR-,, cot r R--;--~-oRriTr-PT;-eTfR:";·~-~R-~ .. 1 ~--N-P'sA-,--------

Nsr:t-=Ncr,J> · · ·· 
--------------I F C N S .f L- I GT·:-·/;f,-47.·~-4'1 .. ------------------·----- ---
______ 4 2 I_= I + l __ . 

CI\LL PLODTV CFLA,ORD,334,]0) 
____ ... ··-·-----~. _ .... t-J R T TE _( ND, 2 3 ) . ( F LA ( I 7 } ,OR f) ( T l) ,C D_:c I]:_)_, E (J Z ) ·' f Z = l , NP SA} 

23 FOR~AT-(43H WAVELENGTH ORO CD . ABSORPTION/ f4F10. 
----·--~-----·-·)_0 l .L..... .... . ........... --------. -- . .. ..... - ......... ~----- ·-· .......................... ----------·-·---·- _-_ -·· _ .. -

IF CKPUO.NF.l) GO TO 41 · 
W~ITF (NP,24) (FlA(!$l,ORDCIS),fS=l,NP5Al 

----------~!R-TT E rr.:w -,2-4·-,-r F·L~f < r' s-, -, c rf .... c IsT.-fs-~T.-N-P.sif>~--------,..........-------
-· __________ 2_±_F_0_~~-A l.._f_~! .. fJ.O .• J., _f)_Q_._O __ )_) ___ _ 

G 0 Tfl 1+ 1 
-~---------------------.---1 

32 CO"ITTNUE . . . 99 -Q ETURN - -----·----.. -------------- .................... -----~----·-,-----·-----·------ ................. .. 

ENO 

-~-~----------~---------------. 

-------..,....--------·: .... : .. .:.. __________ _;_::::'-_; _________ _:.;_...; __ ~----------·· -------

.. --~--···~···-·· ·-··--· -··· __ _: ______ ........ : ... ~_.:..'.- ....... ·-··· ... ·-·-· --···-··-·-····- ..... ... ·-. . . . 
· .. . . 

.. 
-:• --- o ,_, - o M ·---· --"-- >oOO_o_o -.---:---·-------·--·--. ------~-~-- .. ·---:- •o•o .. '0- o o .. ,., 0 ---.. ~- o ,.,., ... o ••• ·-..., •• "' ,,_ Oo ·-···· -... oo ,,.; '0 :.. ' 

-------------------· _____________________ .. , 
' . . 

• - -!:- ••.• ····-~~: --~···-~,-f"·~·-r-$"0 ., --··· .. ··--~~-~- ... - .... -:-··------__:. __________________ ,.;, _____ ........ .__.',:...;_.: •...• ~ ...... ~--···-····· ...... - ........... , ..... ,_. •·· · .. -.~- ... ..-·"'::····- .. ,· .••. 
' '·, .. 

I 

. . 
----- -·------ -----.-------.· ·-··· ·-. ___ _. ·---·-----~·-: ........ , ... - ....... : ·--- ..... -- .. f 
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-·. ··-· • • •· ... •·-·•. •• 'I ' ---p ..... 

DtMF.O.O .PLOnt 05 
_f:.~.l.~_:~~-~~--.f-~-~ ~YL A NUMB. F._R __ ....... ·--·- __ SOUR C-~--S~A. J•.f-.~~f::_N_T_ ______________ T_N_T_~P._Nf• L 

------·-·····--- ·-- -- .SUf'ROUT l N F·-· PlOD IV -( x·, V, NPT$, l ENGT Hl 
C NPTS IS THF NUMBFR nF POINTS TO AF PLOTTED( THE X TO RE READ TN FRnM 

------·-·-------c···L A R-GFS T ~·ro··-·s·M Al-l EST, T Hf ASSOCI. AT F.D' V HI\ VI "JG THE SAME . I NOEX. 
C ONF. T!TLF. CARD IS READ. LENGTH IS JN JNCHF.S 

---c---·-c~A-t_-c-c:c·f'·r;·N"··-····--------·-·· -- -·- ·- -----··ou·-r·-J AN 1 o -----·-- -------------
coMMoN /CCPOOL/XMJN,XMAX,VMIN,VMAX,CCXMtN,CCXMAX,CCVMIN,CCVM/\X 

------;----------------CnMMriN .!IOPOOC/ Nt,NO,NK,NP .. - .... ·-· ·- ...... -

_ ·--------- --··---------· D T MF. N S I O~lT tTl E { .12) , X ( 05 00 l, V ( 0'500) , FM T ( 2) _ ... --··- ____ .. ·-·--····---
READ (NI,lUTJTLF 

ll ~-!)-~"!:.'\!<.)}A(:, ) ____ _ 
XV:IN=X(NPTS) 
X-"'AX=X(Jl .·. . . 

-----------------·-·· . . . -···· ·-·--······ . - . - __ , ___ -· ···--i ··---------------· _: -----------·· ·····-··--···---- ---------···-- ·-- -· 
: . IF (NI+l) 17.1.122,121 · · · 

--·-- --------· ____ . ___ 12 __ 1 ___ q C f1 R-= l 0 ? 4 • ···-----------·- ___ ---·--'--··- __ . --·----·----- ... _ ~- __ .:._ _____ . -~..::.:..:... ------------- ________ .. 
· NRCOR=l0?4 

~O __ l0~]~---------~-------------~~~--------------------~----------122 RCOR=1. 
--·-···-----·- ······---- _ ..... __ 1\J R C flR = 1 _ ···------··--·-··--·-------- ---------- ___ ._ ·----·--·--·-·: ... ..:. ........ ___ _:_ _________ _:.___:. ______________ _ 

123 CONTT"JUF. 
CCX~IN-=100./RCOq, 

-~----·-··- -~···------- . --· ·---- --- -··--·-·- --·--:·-- --·--------. ...:--------··--------~__:_ .. ______ -·· ;·· . ' ...... - -· ···---
(CVMfN=?OO./RCnR 

_______________ c~~l~~~~~0~J-~c~n~R--
·.~ CCX~AX=ClOO+LENGTH*lOO)/NRCOR .. 

____ · ____ (: ___ F_ I}JD V ~~A X . At'-! n~ __ V M)_l\! _f= __ Q_~_§CA_l __ J __ ~_G_P._lJ~ PQ_,~f_S<----~ -------------- -----YMII.X=V(1) 
....: __ : __________________ 00 ?.1 I =2, NPTS · · · 

----------·-·· ------~---·----------·-. --~-. -·-----
y r:> I F = n1 A X-V C I ) 

--------~-----~-- f= _ _(_V_D_LF_LZ?_t_U_,_?_l;___ __ 
7.2 VI-'IAX=V( I) 

...... _____________ 2_1,_C mJT I 1\JUF __ --··-· ----··--------·-----------------------------·-----. ~------·-··--- -·-·····--·-·· ·-----·· 
V M I ~.f= V ( l. ) · . 

--------·-·-···----------~-Dfl ?3 I=2,NPTS VDIFVI=VMTN-V( I)·- --~---··--···----····--····-· --·- -· -· -- ··----·--·----- --··--- ... . ' .. '·-~. 

[F (VDTFM) ?3,24,24· ------------::?.:-:. 4-_-:-=:y·.~ij--;\)-::y-{-f) _________________________ _..;_ ______ ~--------------=----

23 CO~T!NUE 
.-------' C"ALC--cC"crffo ___ (CE.NG-TH-;i-~-s-;KH"C.A-ffFC5;·f;-f;~f) 

_______________ CAl L_·_CCL TR (. 0488?.R, .0.97656, 0, 2, Tt TL E, 78) . . · . . . 
. CAll CC PlOT ('X, V, NPTS, '•HJOI N) .. - . : --- - -· ··--------~---·. ....... --···-- ···----- --

--------~-\.-JR I TF. ( 1\JO , 12 ) T TTL F ___ . ..;_i ~--..:_. ____ ;__....,... ________ _ 

1?. Ffl~-~1AT -ffHo-;l.:\A_6_f __ _ 
____ C_AL_L ____ C_C:_r-_J_~_>5] __ ,_ ___ _:_,_; ________________________ _;__ _ _:_ ___ ,__..:_.;__._._..,-

RETUR~ . · -~-·.-- ... ------. -·--... 
---------- ---=-F "lD, ________ ~- -------·.,-··-;---··· ---·---"-..,.---- -·-.. ---'---'--

• 

-~---------------------· ··- .. -··---~ ··---"--_;.· __ 7" __ ... _ .• ~-~-- .. -~----·-- ... ,-. ---~·-: .... ~--------·~:·- •... ; •.• : •..• ~:·-:·: ·.-· ... : --·- .• ·:···· - ···------. •.. • .• -.~ • 

----------~---- --·· .. ·-·--:--·-····-·---···--:--.------:-----------~----~--- --------~·-····· .... __ ,· .· ........ - ':""~:--~- ........ ___ ,._·-~-- ....... ~: .... ·---· ... 

. ' . . _____________ ...,. ____ .....,... ..... ._ .. ~;...; ......... -...... --.-.--... --- ---- _,_ ___ .,. _____ _ 
'"' ' I ' 

.. -···· . -· .:.. ... ......... -....... --·. -;--·-··-"";--...... _ ... _·_ .. _____ ~ ...... --:---~-..... -.- ... -·-----· .:.. ............ : -· .. : .... '-~·-· ...... ·.~- -~--· ... -.:... ... ~--- ·~· .. -·· -· '.' .. :.:. __ . ,. 
'· .................... -.. ···--".- . 

. ----·--·- ·:· ·····-··------·-··· ... --------....... _. _____ ·;-.... --... -·. __ ... _______ ..:_ __ .. ~·-~ . ..: . ....;~: .:...",_,~}~ ...... ,_ .: ........... ~~ ........ -.... ~.::... ·: :· ... - .... ,., 
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APPENDIX B '. 

Circular Dichroism CUrVes ... :· 

': 
., ;·· 

In this' section we_ present the computed _circular dichroism 

curves for all 16 diners.· Only one . of these (ApA) was discussed 
b . ' · .. 

1n the text ·.t:J1nce there. have been no published neasurerrents of the 

·others. 
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We also include the OHD curve of ApA, unsealed. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




