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I. INTRODUCTION 

In 1845 Michael Faraday discovered that transparent materials 

placed in a magnetic field would rotate the plane of polarized light •1 

In his e:-..-periment, 1 ight from an Argand lamp was plane polarized by 

rcfle.ction from a glass surface. A Nicol prb111 was used to determine 

the J?lane of polarization (the linage of the lamp W(,ls extinguished at 

the proper· angular position of the prism). Figure 1 shows the.arrange-
' 

mcnt of his apparatus. Inserting a piece of glass in the beam ahead of 

the Nicol prism hail no effect on the plane of polarization, but if a 

magnetic field permeated the glass it was found that the image of the 

lamp reappeared through the prism. However, a new angular position of 

the prism could be fotmd where the 1mage was once aga.iJ1 extinguished. 

· This demonstrated that the magnetic field had si:nply rotated the plane 

of polarization of the light beam. Faraday found that the amotmt of 

rotation was unique for each of the transparent· substances he investi­
r 

gated (except for a few Hhere his crude instrument MlS not sensitive 

enough to detect the small rotation produced). It is nO\v accepted that 

all material Hill show a characteristic magneto-optiCal rotation, although 

in certai11 cases the effect is extremely small. This optical rotation 

induced by magnetic fields came to be called the Faraday Effect. 

Only a moderate amotmt of worli: has been done on the Faraday effect 

although it attracted the consideration of some of the most able 

scientists of the late nineteenth and early twentieth centuries. 

Aside, from measurements taken only at the sodium D line, only a rela­

tively few materials have been studied, and most of these have been . 
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Fig. 1. Faraday's apparatus for the detection of magneto-optical 

rotation. A is an Argand lamp, G a glass plate, S the 

s<:~IDple, P a Nicol prism, and r-·1 is soft iron wound '~i th a 

coil carrying current to produce a magnetic field. 
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investigated only in the visible portion of the spectrum. Hmvever, 

the Faraday effect has been observed in the microwave region,2 in 

the infrared,3 and in the ultrp.violet.4 Solids,l liquids,1 and 

gasesS all produce n~gneto-optical rotation. 

The closely related phenomenon of optical rotatory dispersion 

(ORD) has received far more attention than magneto-optical rotatory 

dispersion (MJRD). This is not really surprising since MORD. is 

generally considered a special case of ORD. In addition, ORD is 

more easily measured and in the past has returned far more useful 

scientific infonnation thm1 IviOIID. for example, natural optical 

rotation has been used extensively to characterize disymmctric 

Jnolecules,6 to determine concentrations of reactants during certain 

reactions,7 and to elucidate the stereochemistry of organic molecules8 

and tlansition metal complexes. 9 In addition, ORD has found wide 

application in biochemistry, particularly in the study of proteins 

a.J.d nucleic acids.lO 

Nevertheless, ORD has certain limitations that the faraday effect 

2 

may not have. For instance, only a small fraction o~ known compounds 

arc optically active, but in principle all should show faraday activity. 

One might reason that anything ORD Hill reveal about an optically active 

molecule, the Faraday effect will reveal abrut any molecule. Even a 

cursory study of the t\vo phenomena will show that this is not entirely 

true (as will be pointed out in more detail late-:). But at the time this 

v;ork was begun the limitations and potentialities of t.he Faraday effect 

had not been established. The possibility that ~!ORD cou1J yield infor-

fi1ation not obtainable from ORD,, but of a similar nature and value, 

..... 
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provided strong motivation for this investigation. Specifically, we 

w;:intcd to :investigate si11glct-triplct transitions because of their 

possible i>r.portance iJl biological processcs.ll It also appeared pos-

siblc that the Faraday effect would be sensitive to the local environ-

men't of a molecule, thus providing a method for detection of molecular 

aggrega'tion, confo11nation changes (especially of macromolecules), and 

. chelation. In addition, it seemed highly likely that electronic 

absorption .bands that are masked by stronger, nearby bands could show 

relatively strong Faraday rotation, and tliDs be detected and studied. 

It rnlist be admitted at the outset that these properties of the r~araday 

eifect have not proven as fruitful in practice as we had hoped. fut 

this does not mean that the Faraday effect.is not presently of value 

in chemistry, nor that it will not become useful in the future for the 

· types of investigations mentioned. 

\ 
\ 

·' \\ 
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I I. P!-IT::.~JOMf:.~\lOLOGY OF THE FAIW)AY EFFECf 

A. Circular Birefringent 0Jaturc 

The rotation of the plane of polarization in optical rotation and 

the Faraday effect actually arises from circular bircfringcnce~-that 

is, the inde:>,: of refraction for right circularly polarized light is 

not the same as that for left circularly polarized light. A quanti;. 

tative description of this fact will be given later, but it can be 

visualized qualitatively as follows: 

'fhe electric vector in right circularly polarized light appears 

to rotate clocklvise when the observer looks toward the light source. 

4 

i1,. vector rotating counterclockwise results in left circularly polarized 

light. ror two coincident beams the effective electric field is the 

vector sum of the two instantaneous fields. In the special case \vhere 

the t1\o beams have the same- frequency .and intensity, but opposite 

handedness, the effective electric field will appear to be plane 

polarized (i.e., electric vector directed parallel or anti-parallel to ' 
I 

a single line with magnitude oscillating sinusoidally at the frequency 

of the light). 

Figure 2 depicts this relationship as one would see it upon looking 

·cmvard the light source. E1 , the electric vector of the left circularly 

polarized light, rotates counterclockwise at the s~:.c speeu as E1z rotates 

clocklvise. 111c resultant of E1 and ER is always parallel or anti-parallel 

w L, and the magnitude of E varies sinusoidally. in t.ir.1e. This resultant 

vector is then identical with the electric vector of plane polarized. 

light? both in time and space. 

Since the resultant vector bisects the angle bet\\JCen l~L and. ER, it 

will be rotated if either circularly polarized vector is retarded in 
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Figure 2. Addition of electric vectors of left circularly polarized 
light, EL, and right circularly polarized light, ER, to 
give plane polarized light:, E. CUter circle shows max.i'11Um 
amplitude of E 1vhich is achieved when both EL and ER are 
parallel to the vector E shm..n. 

M U 8-11218 

Fi;u:;:l3 3. Fresnel's b:periment.l2', Left- ;.~nd right-J1..anded quartz prisms 
split plane polarized light into t\•'0 beams of circularly 
polarized light. 
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time wnil respect to the other. This is exactly \·.;hat happcas Hhcn 

the i.idex of refraction for each of ti~e circularly poL'lrized \vaves 

is different. Thus, optical rotation of a plane polarized light 

arises from the non-equality of the indices of rdraction of left and 

right circularly polarized light. 

The fact that it is not just a 1r.0ntal constntct was shoMl by 

Frcsn~llZ with several prisms made of optically active quartz. I:t). 

Figure 3 a plMe polarized light beam enters the series of prisms from 

s 

the left. The beam is refracted and split into tHo circularly polarized 

comrx:ments at t,r..c surface bcth·een the first t\\D prisms, L and R. This 

happens only if the thD prisms arc rr.:lde of types of quartz that have 

oppos'ite O})tical rotations (c.~., L for left rotating quartz and R for 

right). Ll this case, a left circuL:.rly polarized bcrun \vill cxpcriL!nce 

one index of refraction ,Vl an L prism and a different index in <m l\. 

pns:-:1. A right circularly polarized bemn \vill sec the opposite change 

in :refractive index in crossing the ::;arne ~iterface, and so the t\o:o 

circ-ularly polarized component..:; of the plane polarized light Hill be 

refracted in slightly different directions. The remabing interfaces 

arc i.ncl in.cd so as to increase the anf.Ular separation ·of the two beams. 

The observed result is that two dive:cgent beams of opposite circular polarity 

emcrg(; fro;11 the prism, thus p1·ovinB that optical rotation is really 

circular bircfri,ngence. 

Jl, sirr:ilar experiment ,\Vas conducccd by Brace for magnetically induced 

J.."'Ot;ltion in a series of dense glass pl·isms. He placed a half-wave (A/2) 

n:tard<~tion plate bct\veen the prisr.l to reverse the sense of the circular 

polarization so that (lAgular separation \vould occur bet\'.'een prisms Hhose 
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rot&-cion i·;as m the s::!me direction i.l1 the magnetic field. The calculated 

:mgalar s.::paration w·.1s less than 3 scc~of arc, which was too small to be 

;:;ccn. He laterl4 succeeded in separating the tlvo rays with the prisms 

in t.hc arrangement sho\vn in Figure 4. Plane polc;.:-izcd light enters 

the system through the auxiliary prisn1 P.3 and is internally reflected. 

several tilnes, forming a sort of spiral. It fL.1.ally emerges from , 

auxiliary prism P 4. The emerging bea11 shows a single iiT~ge of the 

slit until the magnetic field. is turned on--then the image cle.::rly 

doubles. To explain this, Brace reasoned that the plane polarized 

entering ray iV'J.S ~1)lit into two circularly polarized rays at A. These 

rays rove JifL.:rent angles of reflection from the silver surface because . 

they see different indices of refraction along the direction of the 

magnetic field. The angular separation is increased at c1 and Cz only 

if the polarization of each beam is changed by the quarter wave plate 

between the prisms. The form of the polarization :in each re[~ion of the 

device is complicated by the metallic reflection at the· surfaces so some 

effort is requhed to verify that it is really circular birefringence 

that is caused. by the magnetic field. In fact, the emergent light is 

observed to be nearly plane polarized. The interesteci reader is 

referred to the account of the exper:inent given by WoodlS for further 

details m1d interpretation. 

f.iills16 perforncd a more elega1•1t and instructive e)q)eri.iilent 

demonstrating that the Faraday effect is magnetically inducetl circular 

birefringence. He usc.xl a ivlichelson interferometer ·with a sol cnoicl in 

one of the two ~~rms. The solenoid was ''rircd differentially 1:i t:-1 four 

tc1111.i.n'-lls so th~1: a certain set of co1mcctions perm~ttcd curr-ent to 

~ ., 

il' 
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SLIT 
-

MAGNETIC 
FIELD 
~---

M U B -11216 

•• ::..g;l:r.::: 4. !3r<.:~c 1 s Experiment .14 Plane polarized 1 ight split into 
t'''o ~;cams by glass prisms, r1 and Pz ~ and mica in a 
nag:iotic field. P3 ar:d P4 are auxiliary prisms for the 
entr21ce and exit of the light beam. 
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flm·,' thru:;h it without producing a ma~_;netic field. Inside the solenoid 

he placed a lon:~ tube filled 1vith c<.trlxm disulfide. The light passed 

t:hrough a I3revais Jo~1ble plate before en-cering the interfero1~1eter, 

thus illuminatiJ1g half the field with right circ-1larly polarized licht, 

the other half with left. The interference fr:h1,gcs crossing the field 

h'l~rc '-t right' angles to the line diviJl.ng tho tHo types of polarization 

at L.c eye;:)icce. :;:hen the I:lagnetic field Has turned o."l the friri.ges in 

onc-h.:.lf of tbc field. 1vcre observed to shift with respect to those in 

the other half. Experimental artifacts were ruled out by checking the 

aff.:c-cs of mechanical distu:cba.-·1ces and by putting current through the 

:.iag;-,ct \;'}1cn it v:as wil·ed to produce no magnetic field. This experiment 

clearly demonstrated the effectiveness of a magnetic field in changing 

the indices of refraction of left and right circularly polarized light 

in G)l~ositc directions. It might be nentioned that a shift of one 

fulJ. fringe width is equivalent to a.-i angular rotation of tho pl<me of 

·:)ol2:.tization of 180°. Shifts of up to four fringe widths Here achieved 

iri this experiJ:,cnt. 

B. Conditions AffcctL~g Faraday Rotation 

Faradayl discovered th,"lt the Jil.3.gileto-optical rotation \\'aS largest 

\\'he::: the magnetic lir .. es of force \>'ere parallel to the rays of light in 

·::he :m: teri:1l under inv~stir,ation. The rotation dropped to zero when the 

L:\\'0 r,·:e::-e j'Jcrpc11dicular. He also stated that the magnitu.le of the 
I 

::·vtat:ic:-, appeared to be directly prOF;J:;:·ti.onal to the strc:~.gt'!-• of the 

~-:~::.~~..;~ic field and the length of the material ti-u·ough whici-1 t:hc light 

passed. VcrJetl7 confinned these observations and expressed them in 

:.!_ 

i 
,I 
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quantitative form: 

9 ::::; VA T .Q. E cos z; 
f 

(1) 

\\'here ¢ is tl1e observed rotation, t the length of tl-.e li~;ht path in 

the sru:1ple, H th~ magnetic field strength, and r; the c.mgle bct·Keen 

the magnetic 1 ines of force and the 1 ight path. V >.., T is the so called 

Verclet constant w}1ich is a function of the Navelength of the li[;)lt 

usee, >.., and of the temperature, 'l'. More 1vill be said a. bout the A 

~1d T dependences of the Faraday effect later. 

For gases, equation (1) rrust be modified to include the density, p: 

cp = p v; T i H cos r; 
' 

Similarly, if we are dealing with the ,V10R of a solute \\·c r.:ust include 

its concentration, c: 

¢ : c V>..,T ~ H cos r; 

The last equ;::.tion asss:cs that the Vcrdet consta.'1t of a mixture is 

tile su:n of t}1e Verdet constants of the components. This has shovvn to 

be "che case for several systems by Verdet.l7 This behc.vior can be 

described by saying that each component of a mixture behaves as if it 

alone \·:ere lYtesent in the total volume of the r.1ixture (Verclct 1 s rule). 

Sd10nrcckl8 ar.d Chuckerbuttil9 shm\Dd t:bat if there is a change in total 

vohnne upon mixing, the Faraday rotat'ion reflects this change. Scl1Wler20 

iound. a number of systems for which Verdet' s rule does not hold. 

Faradayl and others observed that .MOR is additive to natural 

o:;tical rotc.<.:ior.--tlut is, if a matei·ial is observed to proJ.uce optical 

:rot;:;,tion c. Li. ·LJJ.8 absence. of a magnetic field, the 1·o"cation in a mag-

li\.:tic ;<el-i \Jill be a+ ¢, ~vhcre ¢ is :;iven by tLc appropriate one of 

tl1c r;:tccc,ding three: equations. \Vlut may appcp.r !>urprising to those· 
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u:nf;:t.niliar- with the faraday effect is that 9J is the s<·~me for enantiomers 

of a. r:;ivori. co:a;;ounJ (c.,7., cl- and) -c~nnphol4), indicating tl:at the 

mir:::or ir1age type sy;:m~.etry which gives rise to optical l·.::rta·~·.icn. In 

fact, no \vell accepted experimental correlation has been es-.:.:.1blished 

b.:::n:cc:n any type of symmetry and any characteristic of the Faraday 

(;ffc~t. 

Sir.ce 1870, serious efforts hav..:: been r:mdc to demonstrate and 

..:lassify relationshi!'s bct\vecn chemical constitution and the MOR 1:1casureJ 

at one or a very feH wavelengths. D0 la Rive21 poL"'ltcd out the great 

uif:::'c::cnccs that could exist between the observed Faraday rotations of 

consti·cutional isor.-:crs such as actalclehyde (I) and ethylene oxide (II). 

This lccl him to state "the mode of combination, and-particularly the mode 

0 
II 
c" CH~ H 

I 

r· u 

/' HzC- CHz 

II 

of ~;·~·cu;;mr: of the atoms, consequently the ato;nic volume, h ... -=is, inclc-

1x::ndurtly even of the nature of th:; :1tor:1s, a great influence upon the 

. • f . . I" 7? lr:tcns 1ty o tne t13gneto-rotatory ;:)()\·.'.:::r ·• -- The sa:ne considerations 

led. Sir C. G. Stokcs23 to Inakc a sinil.:tr statement regarding the 

)O'ten::.:ial usefulJlcss of the Far::-tday effect. l\'i th reference to Perkin's 

,,lo:J.surcn;:;nts of the Faraday effect iJl structural isomc::rs, Sir G. G • 
• 

:=:.·~o:~cs in 1892 said: "It ap1Jcars ·tl~ercfore that the rot:::.::icn of the 

pl~1c of polarizatio>l p:-toduccd by the action of nagnctis:.1 en bodies 

.:tcross Hhich lir_ .. ht is n. rocecdin,r;. like the natur~ll ::ot.:1tion bclmwinm 
..- ' o:"'l '? 

to such Lodies as silup of sugar, etc. is capable of layi•'lg hold of 

I ' 

• 

i 
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and revealing delicate differences of molecular grouping." Beg:innbg 

in 1882, Pcrkin24 devoted 30 years to the investigation of chemical 

applicatior:s of the Faraday effect with some success. Practically all 

of his meas;urcments 1·X:!rc made at the sodium D line only, l:ut he did 

demonstrate a fairly reliable mathe!!'.at:ic expression of the Faraday 

rotat:ion for members of a homologous series of compounds. He defined 

a "relative molar magnetic roticity", [I:UVl): 

[m.J] = !vll Ct} P2 

" -
~\~iz C7 Pl ... 

':hc:re M is the molecular v1eightp a 1s the angle of rotation, p is the 

density a.'1d subscripts 1 and 2 refer to the computmd being investigated 

aild ~''ater respectively. From his measurements un 222 compounds he for-

;:;.U,l:r;::cd the following empirical equation for a given homologous series: 

[I<M] = 1.023 n + s 

\·:here n is the number of -CH2 groups and s is an empirical constant. 

A feH t:Y!_)ical values of s are 0. 508 for n-paraff:ins, 0. 261 for aldehydes. 

a..."ld u.375 for ketones. Actual values of [f.:.\1] were found to deviate as 
a 

:-~·:uch as ~l% from the calculated values, and the smallest member of/ series 

biten ci.oes not fit the pattern. Even idth these handicaps, Perkin's work 

rcov(;-.i to be of value in establishing the furanose structure of sugars 

i:1 sol~tion.25 His measurerr.ents 1·1ere also instrume.Tltal in establishing 

bat the t\·.o dou.blc bonds \vcre conjugated in a sample of A-p-menthadiene, 

(II I), but they were not conjugated in dipentene (dl-limonene, IV). 26 

~;..:.:r1cL'1. put the Faraday effect to several other uses of a s:imilar nature. 24 

III 

/ 
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This empirical method of using the F::n·aday effect for classifying 

COL':C<)'.ii:.CLS ::iS ;-:;c:~:c-.:l·.s of one or llilOt]:c:t SCTies r.as b,::;c;n COntinued by 

for ::~or::c co;:lpo;.mds of interest in tLc rcfii:in[; of petroleum. 

i 
i 
I 
I 

I 
I 
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In contrJ.st to naturJ.l optical rotation, Faraday rotation is inde-

pe:1dcnt of the direction the light is traveling through the sa.."Tlple. A 

cu:ricus device based on this fact is the Rayleigh "light trap".
29 

Fir~u:tc 5 is a schematic diagram of its optical clements. The two Nicol 

prisms have their tra.nsmi t.ting axes inclined at 45° to on~ another. Th.e / 

JT>.::l:snetic field causes 45° rotation of the pla"le polarized light passing 

through it. So, with reference to the diagram~ ligh~ will be tr::msmitted 

from A to B, but not from B to A. .Such a ''light trap" is truly a one-Hay 

wi~1dow. This device has fou1·1d application in microwave circuitry as an 

isola toT. \\'ave guides replace the two Nicol prisms in Figt1re 5, and the 

sJ.:r,nle is a fcrri te rod in the field of ;:LJ. electromagnet. • \'lhen this 

field is adjusted to the strength tl1at produces 45° rotation in the 'ferrite 

rod micTowavcs can travel only one way through the system, thus preventing 

<ll:y reflected :)o\'/cr fro::n b.~ing trar:smitted into the input \'>'J.Ve guide. 

Qualitative reasons for this behavior \vill be given here, although 

quantitative descriptions are available from recent qua'ltum mechanical 

derivations of the Faradayeffect. Consider now a plane ·polarized light 

bca:-n passing through a sample and :,eing reflected so that it traverses 
I 

the sample once mor~. If the sample is in a magnetic field, the rctation 

o:E the cr.1ergent lig~1t will be twice that for one traversal of the cell. 

I3ct if the sample is only OI)tically active, the emergent light will have 

the sar,~e plane .of polarization as the incident light. This, behavior is 

tc be c:~ected from the nature of circularly polarized lizht a1.d from 

t.he circular bifi.efringent nature o::~ the t\vo nhenomcna as discussed above. 
I 

F::.rst we must visualize v:hat happcr1.s to circula:rly pol:::.·.:::.zcd light upon 

:cc:fh:ction. The electric vector of left circularly po:c.rizeJ li>~ht ro-

t.:::.tcs clocbvise when the observer faces the o:-.cominr; ray. But if the 
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ibyleigh Light Trat>. 29 Top line shows the ontical clements. 
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the nolari::crs ond the direction of the far:lday rotation 
Cails~d by tte sample. 
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observer is situated at the face o:? the cell and watches the rotation 

of this vector as it strikes the b~ck of the cell, it will appear to be 

rotatin.c; in a cou.ntercloch.-wise direction. This is a purely geometrical 

consideration--a clock's hands appear to rotate counterclock\vise when 

viewed in a mirror. T'ne result o£ refloc:tion is seen to be conversion 

of left to right circularly polarized light, and conversely. In optical 

terms it is stated tl1at reflection reverses the phase of a beam. 

In a sample exhibiting natural optical rotation, tl1e left circul~r 

co1r.ponent of t.1.e incident· light experiences. index of refraction n1 before 

reflection, and nr after. The opposite is true for the right circular 

com?cnent. By the time they emerge, both components have had the same 

total optical path length (distanc.:; times refractive index), and their 

phases are identical. Consequently, no optical rotation is observed. 

Consider now the Faraday rotation of a non-optically active material. 

The same reversal of the circular polarizations occurs, but the relative 

direction of tile n~gnetic field is also reversed for the reflected light. 

The optical path lengths and rotation are therefore t\·Jice as large as 

those observed for one traversal of the sample. 

This. aspect of the Faraday effect has several ~A1)er~~ental implications. 

J'.1ultiple reflections in a Faraday rotation cell will increase the observed 

rotation in proportion to-the number of times the light beam traverses ,the 

sa.rnple when total reflection occurs. 30 TI1e ''effective" length of the sample 

can thus be increased for the faraday effect just as it is in other types 

of spectroscopy. r'\n odd nwnber of reflections causes· the cancellation of 

a.~y natural optical rotation the sample 1night .have imposed on the light 

bcD.m. If, however, only partial reflection occurs a~ the sample surface, 

the observed rotation will have some v·alue greater than that for one 
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transversal. If the sample is thin enough and flat enough to act like 

a11 interference filter, the observed· rotation will vary periodically with 

the ~~avelength of the incident bcrun. Such effects have been observed for 

a thin sample of PbS at v.ravelengths between 3 and 30 J.J. 31 The results 

were e>..1Jlaincd mat:-.:):natically and the corrected Faraday rotation used to 

obtain the concentration of the charge carrier electrons and the relaxa-

tion time in the sample. 

Unwan.ted multiple reflections can cause spurious· rotations in the 

visible and ultraviolet regions of the spectrmn (in ~DRD. but not ORD). In 

most polarimeters the reflected light will miss the detection· system if the 

sample is mounted so that it is not quite perpendicular to the light beam. 

An increase of temperature usually decreases the.Faraday rotation of 

a sam?le, but the effect is usually not very pronounced. Several factors 

could cause such behavior. As a sample expands because of rising tempera-

turc, there will be fe1ver molecules in the light path if the length of the 

light pc:th remains fixed. TI1is is approximately what happens to a liquid 

in a glass or quartz cell. One 1vould therefore expect tl;e Faraday rotation 

to be proportional to the density of the liquid. Rodger and '.Vatson32 

found this to be nearly true for carbon disulphide, but the temperature 

coefficient for the Verdet constant was larger than the ten~erature co­

efficient for the density. 

For thin films of ferroma~nctic materials, the Verdet constant has 

very nearly the same value until the material is heated to the point 

wnere it loses its magnetic properties. 33 In this case the number of 

molecules in the light path does not change on heating, and the Faraday 

rotation is proportional to the ma.('.nctization of the metal, so the result 

is not too surprising. However, the natural optical rotation of crystal-

line quartz is much more sensitive to temperature than is the Faraday 

/ ' 

I 
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rotation. 34 This might be explained by noting· that this natural optical 

rotation arises from the dissymm~try of the c~rstal structure, not the 

constituent molecules. Lattice vibrations induccd.by heating would thus 

be c~~ected to influence the optical rotation. But the Faraday effect 

apparently depends only upon the molecules (or atoms) and not their 

arrangement, since the magneto-optical rotation does not ch~~ge markedly 

even at the quartz· transition tell)Pcrature (575°C). 35 TI1e natural rotation 

shows a large discontinuity at this temperature. 

Temperature changes may also affect Faraday rotation by changing the 

cquilibr~um concentrations of ions in solution. For example, De la Rive36 

found the ratios of the Faraday rotatiOI}S and densities of alcohol and of 

ethyliodide Here equal when measured at two temperatures. But the Faraday 

rotation of water and of sulfuric acid decreased much faster than their 

densities. 

From the foregoing it is seen that the Faraday effect has been of 

som~ use to chemists interested in molecular structure, and more recently 

to those studying conduction in semiconductors. It has also proven 

valuable in microv.rave techrwlogy, but a statement on the Faraday effec·~ 
37 made by John Tyndall l'l"as nearly as applicable in 1960 as it Has in 1873: 

"The C}.'Periment, however, long rerr.ained· rather a scientific curiosity 

than a fruitful genn. TI1at it would bear fruit of the highest importance, 

Faraday felt profoundly convinced, and recent researches are on the way 
. 

to verify his conviction." 
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I II • TIIEORY 

In this section we shm\ hoH optical rotation and magnetic optical 

rotation arise from the inequality of the indices of refraction for 

right a."1cl left circularly polarized light. 1\'.'o classical theories 

based on different ;:-:odcls arc presented to indicate how this difference 

of index of refraction comes about through the action of a magnetic 

field o;1 the electrons in t.he' material. Finally, a recently published 

theory of the Faraday effect is discussed with emphasis on the pre­

dictions it makes regarding the characteristics of the magneto-optical 

rotation to be expected from different t)"pes of compou."1ds. 

These theories ltlill not be presented in great detail, but those 

parts of them that bear intimately on the experimental results of this 

work will be given special attention. An effort will also be made to 

g-iye the reader a qualitative, reasonably ta.'1gible picture of the 

ori.gins of the Faraday effect as proposed by each of these theories. 

'Le ri:;orous mathematical descriptions of these theories (especially 

the quantum theory) are .rather lon~ and involved, and the reader is 

referred to the original pa~ers for their cow?lete .development. 
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A. >Iacroscooic Eauations 

Fresne138 es.tablisned the circularly birefringent nature of optical 

rotation in 1822. In its qua11.titative form this relationship is lmmvn 

as Fresnel's For.mula (equation 1), and holds for 

1T 
a = - (no - n ) · A "' r 

(1) 

r.lagneto-optical rotation as well as for natural optical rotation. Here 

" is the observed rotation, A is the vacuum wavelength of the light, n 

is the refractive index, and the subscripts 1 and r.refcr to right- and 

left circularly polarized litiht. 

Fresnel's Formula and a similar · fonnula for circular dichroism can 

be derived with the aid of the C017l_?lex index of refraction, n, in the 

electromagnetic description of lip;ht. 39 n =n' • in" where n' and n" 

are the real . and imaginary parts of the index of refraction. f.Ji ellip­

tically polarized light 1vave propagating· in the + z direction through a 

material will have its electric vector §,(z,t) given by 

g,cz, t) 
~ - n"rz/c z . z = b .e · [cosw (t-n' -) l. - sinw(t·n' · -) j] 

;;;o . rc- .rc-
. . 

- n"rz/c · 7 +E.oe.·. ·:[cos (t-n' 1 'C)i- sin (t-n't.~)jJ (2) 

if the major axis oftne· ellipse is polarized in the xz plane at z = 0. 

Unit vectors i and 1 are directed in the x and y directions -respectively. 
I • 

(Sec Figure 6 ) • As the light passes throu.~h the medium, the angle of 

rotation of the major axis of the ellipse is denoted by ~. which is 

measured from the x axis tOi~n:rd t:-lc nc;;ativc y axis, The ellipticity, 

(!, is Given by 

(3) 



y 
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Fig. 6. Dia~;ram showing the components of elliptically polarized 

light. al and az arc the minor and.major axes of the 

ellipse, ¢ the, optical rotation, and i and 1 are unit 

vectors. 
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1vhere a1 and a 2 are the minor and n~-:.jor axes of the ellipse traced out 

by the tip of the electric vector o.f the light. This vector makes one 

revolution in 2 rr I w seconds, or in tcrm .. s of dis tancc along the z axis, 

n' rzlc or n' 'J..z/c;, which is t~'1e wavelength of the light of that polari­

zation in the material. This describes elliptically polarized light. 

Two limiting cases are: 1) l'<'hen a1 = 0, the light is plane polarized, 

and 2) when al = az, the light is circularly polarized. 

We may now obtain expressions :for 4>, the optical rotation, and for 

G, the ellipticity .. in terms of w,z, and the com;?onents of n by n<?ting 

that 

IE(z,t)l = -[Ex(z,t)
2 

+ EY(z,t)2J 
1/2 

So r -Zwn" z/~ -2wn"z/c 
!E(z,t) I = Eo 

r ._ 
e + e 

+ 2e 
-w(n''r + n" Q.) z/c 

cos 2w[t-(21' 9., + · n' R.) z/2c]J 
1/2 (4) 

\'!e can now 1-vri te the maximum and minimum values of the amplitude of the 

electric vector as 

[ 
-wn"rz/c -2wn" zzlc ] 

= E0 e + c (5) 

Hhich occurs at t = (n 1 R. + n 1 r) z/2c + r.k/w , and 

IE(z)jmin [ 
-wn" iz/c -wn" R.z/c 7 

= E e - e 
0 j 

(6) 

-rr(l+2k) + . 
2w 

1vhich occurs at t = (n 1 9.. + n' r) z/2c k is an integer. 

It can be seen from Fi[;:'.Jrc 6 that 

<P (z) (7) 

evaluated ioJherc IE (z) I == !E(z)l , max 



so 
4>cz) = tan-1 

~(z) = w(n' t- n'r)z/2c = n/A (n' 1 - n'r) , 

which is Fresnel's Formula. 

19 

(8) 

(9) 

A similar equation for the ellipticity can be derived by noting that 

-1 1-e ¥. r = tan ~·~~~--~~~ 

( 

-w(n"n·n" )z/c) 

;V -1 [ ] e(z) =.tan w(n"t- n"r)z/c • 

-w(n" -n" )z/c 1+e t r 
(10) 

(11) 

upon expanding.to first order since w(n"t- n"r)z/c « 1 for corrunonly used 

experimental path lengths. Also, in MOPD, the observed values of e are 

small enough to permit setting tan e = e, so 

e = w(n" - n" )z/2c = · t r n/ A (n" R. - n"r) • (12) 

n", the imaginary part of the complex index of refraction, is identi-

fied wj,th the molar extinction coefficient, E:, by the equation 

n" ,. 2.303 £C 

R.. 
(13) 

· where c is molar concentration, and t is the length of the medium through 

which the light travels. 

Equation (12) can then be written 

(14) 

if the constants are evaluated in cgs units. 

,.I .. 
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Equations (9) and (12) show that ellipticity bears the same relation­

s11ip to the extinction coefficients of right and left circularly polarized 

light tl1at optical rotation docs to the corresponding real indices of re­

fraction. But there is an even more fuhdamcntal relationship between 

ellipticity and rotation which is expressed by the Kronig-Kramer Rela.tions. 40 

These :mathematical relationshins are indcuendent of the model chosen to re-. . 

present the interaction of light with matter; .in fact, they have found 

application in such unrelated areas as calculating strain as the effect of 

stress and calculating the output of a radiation detector or an amplifier 

in response to an input signal. In the field of optics they link the 

absorption of a material to its dispersion over the whole electromagnetic 

spectrum. This includes. ~nergies. as high .. as . those. of. nuclear. partic.:les, 

where they relate nuclear scatterin~ and the probability of particle capture. 

The derivation is based on the assurnntions that: 1) the system is 

linear- -that is, the systejn will show response a+b to cause A+B if its 

resnonse to A is a and to B is b w:1en applied individually; 2) the system 

is causal--that is, it doesnot rcspond.before it receives a stimulus. 

Equations relating the real and imaginary parts of the dielectric 

const&~t,Ed• can be derived fairly easily if certain other equations from 

the electromagnetic theory of light are used. 41 This derivation illus-

trates the important aspects of the Kronig-Kramers equations without 

going into excessive detail or becoming too complicated. The equations 

unon which the-derivation is based are: P = (e:-l)E 
~ . a 

and 

\~here 
n is 
e:... is 

n-2 :: = e:tl e: (w) + Eoo 

P is the electric polarization, and D is the electric displacement, 
the complex refractive index, and 
the value of e:d at w ::: .oo where 'c-(w) will be equal to zero.· Now let 

e:(w) = F(w) - i G(w), so 
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D = &m E + ~~ c(") eiwt dw (15) 

for a very short electrical pulse \vhcre the Fourier transfonn is a unifonn 

energy spectrum so that 

. ,-:-:-t y1 (.PO i w t 
D = V 7./ rr 1\.)" &de 

0 

dw • (16) 

I<. means "take the real part of". Defore the electrical p~lse at t = O, 

both E and D \vere zero • so equation (16) becomes 

(17) 

Since the e:>q1onential tern1 may be expanded as 

e iwt = cos wt + l.. sm· wt i·:or t > 0 ' . ' (18) 

and 
iwt' e = cos wt' - J. sin wt' , for t < 0 ·where t' = -t, · (19) 

we may \'ll"i te 
co 

( F(w) cos wt' 

)0 
for t < o, and 

i "". F(w) cos wt 

0> 

dwtt~ G(w) s1n wt' dw = 0 

0 

00 -I G(w) sin wt dw = 0 

0 

for t > o. We now define 

m(t) = yz;;' im F(w) cos wt dw • 

00 

yz;; f G(w) cos wt dw 

0 

from equation (21) , so vic ca"1 write 

(20) 

(21) 

(22) 

'~ ... 

i 

• ~ i. 

_. I 
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00 

F(w) = f!i m(t) cos wt dt , 

ll/c now substitute for m(t) fror.1. equation (22), 
00 

F(w) 2/• f G(w') sin w't cos wt dw' dt 

0 
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(23) 

(24) 

where w' ··indicates l'lhich part is to be integrated. Equation (24) ·can be 

intcr;rated by contour integration to give 
00 

F(w) ·= Z/rr ·p ( w' G(w') dw'. 

)_ w'Z - w2 
0 

where f indicates the principle value is to be taken. 

The equation 
00 

G(w) = 2/n wf{ F(~'J dw' 
j w'2 - w2 

0 

can be derived in a similar fashion. 

(25) 

(26) 

The last u-.ro equations establish the relationship between the real 

and imaginary parts of the frequency dependent dielectric constant for 

a homogeneous material. TI1ey show that if there is dispersion (i.e., 

F(w) -f 0), then there must be absorption (G(w) -f 0) for at least some 

part of the spectrum 0 ~ w -~ oo. But to obtain F(w) at a given frequency, 

one must integrate a ftmction of G(w) over all frequencies, w', and 
) 

likc\-.rise, G(w) ·requires that F(w) be integrated from w' = 0 to w' "" ""-

TI1e foregoing relationships can be extended to connect the real 

anJ imaginary parts of the index of refraction (i.e., nonnal dispersior~. 

<mc1 absorption). 'l11is was accomplished independently by Kronig42 and 

Kramers. 43 TI1e equations have been adapted t~ relate optical rotation 
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an ellipticity or circular dichroism. A notably simple fonn of these 

equations has been given by l'bffitt cmd ~~oscowitz :44 

00 

<Pk(>.) 2/• s 6k(A I) >.' 
d>.' = 

>.2 - >.--;2 
(29) 

0 

ek(X) -2M .r ¢kC>- I) >.2 
d).' = 

X2 - >-'2 
0 

(30) 

T.~e subscript k refers to a particular absorption band. It should be 

noted that the Kronig-Krcuner relationships apply to the sums of the 

absorption and dispersion curves as well as individually to the com-

ponent bands. Also, in d.eri ving the last tHo equations, it was asstn11ed 

by ~'bffitt and Voscowitz that 1) the optical rotation and ellipticity 

of a solution arc strictly proportional to the concentration of the 

optically active material; and 2) that the electromagnetic field of 

the light in the r.'.aterial has the same magnitude as it does in free 

space. The first assumption is valid in all but a few cases where 

certain types of interaction take vlace (for example, dimeriz.ation of 

solute molecules). The second assum1)tion is never valid, but correc-

tions are small except near optical ~)sorption bands. 

, In practice it is.seldom easy to apply equations (29) and (30) to 

OFJ) and CD or IvDRD and ~1CD data. One must integrate numerically or 

find a, suitable· mathematical expression for the curves that is integrable. 

The latter is possible and has been done for CD and MCD curves i<Jhic.~ 

}lave Gaussian or Lorentz. ian shapes. 46 But conversion of optical rota-

tion uata is much more difficult because the rotation associated with a 

riven optical abs<n1>tion band 'cannot be easi:J._y distinguished from that 

_.I 
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associated with other bands. However, a computer program utilizing 

numerical integration has been written47 and appears to convert rotation 

to dichroism accurately if the rotational spectnnn is lmm-n well enough 

at \vavelengths rerwte from the banc.l. of interest. Errors in the opti-

cal rotation data are magnified during the conversion, but the program 

is of great value in interpreting ORD and MJRD spectra. Circular 

dichroism can be converted to optical rotation by the program sommvhat 

more accurately. 

It should be emphasized once again that the Kronig-Kramers equa­

tions are extremely general, and relate circular didlroism and optical 

rotation regardless of U1e physical factors giving rise to these opti­

cal phenomena. If molecular dissymmetry, magnetic fields, or medlani-

cal strain produce optical rotation, they also produce circular dichroism, 

and the two 1vill have a defini tc and fixed. relationship to one another. 

Examples of some forms of the relationship will be given a little later. 

B. Classical Theories 

The two main classical theories of the Faraday effect are presented 

by Drude48 in TI1eory of Optics. A much more ·lucid discussion of the 

classical theory of the Faraday effect for non-conductors has been given 

by Dratz, 46 who also develops the theory in more detail and gives appli-

cations. · l\e will discuss only D1e qualitative aspects of the classical 

theories here, since it will be shol\'11 later that they are not useful in 

tmdcrst<mding the details of the i\DRD of the molecules studied here. They 

do llelp orte to understand, in a qualitative way, how magneto-optical 

rotation come\., about, hmv-ever ~ 

TI1e hypothesis of molecular currents is'the designation given to 
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one uf tl1e classical theories of the Faraday effect. It assumes that 

an external magnetic field brings into existence microscopic currents 

\vhich are maintained without the cA.-penditure of energy. For definite­

ness, let us consider each current to be an electron in a circular 

orbit. Each such molecular current is elastically bound to a particle 

(say, the nucleus of an atom) vvhich cannot oscillate nearly as fast as 

the electron or a light \vave. TI1e center of rotation of the molecular 

current can he caused to oscillate about the nucleus by the electric 

field in a light wave, however. .'Jei ther the shape nor the size of the 

current is w~anged by the light wave, only its position with respect 

to the nucleus. 

Consider one such current brought into existence by a magnetic 

field along the z a..xis of a right-h~mded coordinate system. TI1e current 

will lie in the xy plane and its ce:-iter of rotation will oscillate along 

the y a.·x:is if the electric vector of the light :is polarized in the y 

direction. But the current creates a magnetic :field along the z axis, 

just as a solenoid would. This "solenoid" then moves up and dm-m the 

y axis at the frequency of the light wave. TI1is causes a h'eak transverse 

magnetic wave to propagate in the direction the light beam is traveling 

(similar radiating dipoles nearby Hill interfere destructively with 

waves traveling in other directions, according to classical theory). 

Now the original light beam had an oscillating magnetic wave polarized 

in the x direction. This is perpendicular to the wave being radiated 

·by the molecular currents. Since 11oth 1v-aves have the same frequency, 

their resultant will be a magnetic wave \d10se polarization has been 

rotated slightly from that of the original light. The plane of 

r 

/ 
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-polariz:J.tion of the electric part of the wave suffers the same rotation, 

~ccording to a similar argument, and thus optical rotation occurs. 

The other theory of }.·Dlill is designated the .hypothesis of the Hall 

effect, because; it is based on the same interaction of moving electrons 

with a map:netic field that gives rise to the Hall effect. 'The inter­

action is eA~ressed quantitatively' as 

F = eV x B (31) 

ivhere e 1s the electronic charge, V the directed velocity of the electron, 

B the magnetic field, and F is the force this interaction exerts on the 

electron. F is perpendicular to the plane containing V and B, so for a 

field in the +z direction an electron moving in the +x direction Hill 1 

feel a force tending to move it in the +y direction. In a conductor 

the electrons moving in t..'le +x direction '"'ill therefore tend to accumu-

late on the +y side of the conductor in a +z magnetic field. This is 

the Hall effect. 

Equation (31) also holds for an oscillating electron ~1at is elasti-

cally bOlmd to a fixed position. 'IVe note that for motion in the +y 

direction, the force is in the -x direction, as can be seen from equation 

(31) ai1d the definition of the vector cross product. But +x motion yiel.ds 

... )' force. Thus a handedness is established by the magnetic field. 1\nother 

\\'ay to e:>--press this is to say that any motion of the electron away from 

the ong1n of coo-rdinates (except along the z axis) will force the electron 

to move in a clockv;ise curve rather than a straight line. I1lotions tmvard 

t:1e origin result in a cotmter-clockHise curve. If we consider only the 

electronic rr.otion induced by the electric field of plane polarized light, 

we see that tJ1e static magnetic field has perturbed this motion by 
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introducing oscillations perpendicular to those from the light wave. 

Because of this, the radiation emitted by the oscillating electron will 

have its plane of polarization rotated slightly away from the plane of 

the incident light wave. For the quontitative aspects of this argu­

ment, the reader is referred to Dr.at::. 'f~ · or Dntde. 48 

Drude's calculations involve the dielectric constant which can be 

set equal to.the square root of the.index of refraction. If one then 

assumes dispersion for the index of refraction, dispersion of the Faraday 

effect will also be obtained. TI1e two theories of the Faraday effect 

give different types of dispersion for the same classical waveleng~h 

dependence of the index of refraction, however. For the molecular 

currents, 

va:0 ·~ + .. z b' ) 
· >.. 2 >.. - >.. 2 

h 

(32) 

and for the Hall effect, 

Voc ~/n - + 
a' 

(33) 

Hhere >.. is the >-.'ave length of the light, and a' and b' arc constants of 

the motion of the electrons from a harmonic oscillator description of 

their binding, >..h is a constant lvhich may be thought uf as the effective 

wavelength of absorption of the molecule, and n is the index of refraction. 

It is seen from the equations that the Verdet constant will have opposite 

signs on the two.sides of on absorption band for molecular currents, but 

'"ill be symmetric in sign about a Hall effect type absorption band. 

(This assumes a' is smaller, or not much larger, than 6', which is the 

case for the systems Drucie considers.) 

Until recently, the. ?.;()RD of very few corr.pounds had been measured 

through absorption bands, but examples of both equations (32) and (33) 

~. 
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had been found. For example, Cotton's49b measurement of the ~DRD of 

CoClz (Figure 7) shows inversion of the sign in passing through the 

absorption band. Wood' s49a values for the !VORD are nearly syrnmetri­

cal.about the absorption band, as equation (33) would predict. The 

~DRD remote from absorption bands could sometimes be fit equally 

well by either equation. Carbon disulfide provides one such casc.48 

In conclusion, the classical theories provided very little infor­

mation about molecular or atomic structure. TI1e parameters used in 

these theories \vere mostly empirical, and their values indicated the 

tightness of electronic b~nding in a rather indefinite manner. 

It is not claimed here that any other theory explains MJRD accurately 

in every detail, but the qu~tum mechanical theory presented in the next· 

section makes considerable progress in this direction and certainly holds 

more promise than any other current approach to the problem. 

It should also be said that the ~ORD of certain systems lends itself 

to a classical or semi-classical analysis. As mentioned previously, 

Dratz has extended the Hall effect theory and applied it to molecules 
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Fig. 7. MORD and t-.!CD (ellipticity) of CoClz in water as measured 

by Co~ton .• 49b 
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and complexes that have degenerate electronic states which can be split 

by a static magnetic field. 111e f-DRD, and es'pecially the !~'<CD, then 

prove to be of considerable value in tmderstanding the electronic states 

and also interactions between molecules and transition metal ions, etc. 

C. Quantum t-1ecl1anical Theory 

In 1929 Rosenfeld50 developed a quantum mechanical theory of the 

faraday effect in atoms. A year later Kramers51 treated pararr~gnetic 

crystals, and in 1937 Serber52 extended the theory to molecules. Tinoco 

and Bush53 have given an equation for the Faraday effect of diamagnetic 

molecules of low syrrunetry. Groenewcge54 also treats such molecules, 

but in somewhat more detail. The most detailed and complete treatment of 

~1e faraday effect in polyatoFic molecules is that of StephensSS and 

Buckingl1arr. and Stephens. 56 All of the treatments of molecules are exten­

sions and modifications of Serber's 1vork. 

A brief discussion of Stephens' derivation and results will be given 

here to permit comparison of the quantum mechanical predictions with 

eA~erimcntal results in ti1e next section. 

Stephens (a;·1d also others previous to him) shaHs how Fresnel's rela­

tion and the analogous relationship for circular dichroism arise from the 

induced electric and magnetic momen:s in the molecule. This is basically 

the srune as in the classical theories. The divergence between the classi­

cal and the qw:mttrrn theories comes :Ln the next step where the induced 

mo::1cnts <:J~e calculated. The classical description of molecules not only 

lacked accuracy, but was simply not detailed enough (in any tractable 

.Conn) to CA-plain the stri1cture of ob:;crved J-.:opn spectra. 

Quantum mcchani'c11ly, the electrons of a m<?lecule are presumed to 

occupy a set of mathematically well defined orbitals, each 1vith its own 
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quantized energy. (If two orbitals have the same energy, they are said 

to be degenerate.) Both the energy and shape of the orbitals are func­

tions of several parameters, the most important of which for our purposes 

is the location of the atomic nuclei relative to one another. TI1e absorp­

tion of a light quantum causes an electron to jump to a vacant orbital 

\-.'here it will have higher energy. The dipole moment of a molecule of lmv 

symmetry. will be different in this excited state than it was in the ground 

state. For a given type of electronic transition the change in the dipole 

morr.ent will always point in a certain direction with respect to the frame­

work of the molecule, and it is found that no (or very little) absorption 

occurs when the electric vector of the light is perpendicuiar to- this 

direction. Maximum absorption occurs when the electric vector is parallel 

to the n:olecule' s transition dipole moment. 1'-·tagnetic transition dipole 

r:o11:ents also exist and are described analogously. The orbitals have cer­

tain symmetries with respect to the molecular frame\vork, as do the transi­

tion moments, even in certain cases involving molecules of l1igh symmetry 

\\here no net dipole is observed in either the ground or excited state. It 

is possible to tell by group theoretical methods whether the transition 

moment bet\veen two given orbitals is zero. The transition is termed for­

bidden if the moment is zero, and it is found that such transitions have 

no, or very low, absorbance. 

The orbital" electrons of a molecule are perturbed by magnetic and/or 

electric fields according to the Lorentz relation 

F = eE + eV x B (35) 

\\here the terms and notation have been defined previously. In fact, the 

absorption .intcnsi ty can be calculated from a knm-.rledge of the orbi tC;tlS 

and the perturbations caused by the electromagnetic fields of light waves. 

A static magnetic field causes other types of perturbations. For example, 

i 
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if the dcctrons have well de fined orbital a.'1gular. momentwn, the field 

\·;ill cause normally degenerate states to have different energies (Zeeman 

effect). The implication' of this effect is discussed hy Dratz49 but 

will not concern us here because the molecules to be considered do not 

have well defined orbital nngular morr.entttr.1. 

Stephens treats molecules whose orbital electrons arc perturbed both 

by light an4 a static magnetic field. First order perturbation theory57 

is used to calculate the induced morr;cnts. In this fonnulation, a per­

turbed orbital 1ji 1
, is expressed as a sum over all the unperturbed 

a . 
orbitals 'ljib, 

lji' = a (34) 

,.,here the coefficients cb are less than or equal to one. Such sums enter 

the final fonnulation of the e)•·pression for Faraday rotation. 'f11C C · 1 S 
1 

are determined by the nature of the perturbation (many are zero or 

ncgli[:iblc), and the functions 1Jib arc obtained from solving the SchrUdinger 

ec,uation for the unperturbed system. 
of an 

Qualitatively, equation (34) says that the shape/orbital d:lstorted 

by a field can be described by adding the proper amounts of the shapes 

of certain unperturbed orbitals of t}le set. In practice, it is found 

that oroitals with energies ncar that of 'ljia are used to a greater extent. 

This fact enters as an energy denominator (i.e., l/(E0-- Ea) ) in the 

final exprcssion.for the Faraday rc.tation. It should be mentioned that 

Stephens is careful to take the Zeeman effect energy of each orbital 

wl1c1·cvcr it applies. If the ground state is split, there \vill be a 

I?.ol tzma11 distribution of the electrons among the low lyinr; orbitals, 

' . 1 . 
\·J~I.lC i J.S :>ir;nificant in the calculation of- Far~day rotation and gives 

rise to a ternpera~ure dependence not fmmd for unsplit ground states. 
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In each of the quantum med1anical treatments of the Faraday effect 

certain telT.lS are dropped from the derivation on the grounds that they 

arc sr:1all cor1parcd to the tenns retained, or that.thcy do not apply to 

the Faraday effect. Stephens keeps more tenns than other authors but 

still drops tenns that arc higher than first order in the magnetic 

field (since the Faraday effect depends on the first power of the 

field strength). l-Ie also drops quadrapole and higher order interactions 

1\ith the elcctrornagnetic field of the light. lie assumes that there 

arc no conduction electrons in the system under consideration, so his 

results do not apply to metals and semiconductors. He also ignores the 

maB11etic perturbation of natural optical activity, but his derivation 

is still r.:ore general than others h. that it includes electron spin, 

a_:1plies to molc<...-ules of any symnetry, and is not limited to regions 

outside absorption bands. 

Stephens gives the expressions for the frequency independent factors 

of Faraday rotation as 

A0 a = 1/6 Im(!::2aa - !i:oo] · • [J:!oa x ~'lo] 

= 1/3 Im (E !Ibo 
.r;­

bro wh 0 

K:1cre 1.1 1s the electric dipole transition moment, m is the magnetic 

C:ipole transition moment, the subscripts o, a, and b desirrnate the 

(36) 

(38) 

,:::round state ahd two excited electronic states, and Im me<:~ns take the 

iDaginary part of. 

The A term is non-zero only for J'1olecules with degenerate energy 

levels. Jl!olecules Hith three-fold or higher symmetry axes have 

cle:generate states; those with iower symmetry do not. The C tem is 

/ 

.-
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non-zero for molecules having two or more energy levels with different 

non-zero electronic populations in the ground state. Since the popula-

tions depend on temperature, so will the rotation arising from the 

C tcnn. Zeeraan splitting of the ground state results in two or more 

energy levels Nhich are accessible thennally. 1he B term arises from 

perturbation o:( the wave-functions by the magnetic field. It is non­

zero for all molecules and is independent of temperature. StephcnsSS 

indicates that for most cases where the 1\ or C term exists, the B term 

1vill be 10 to 25 times smaller than either.· For most of the molecules 

studied in this work, only the B tenn is non-zero. 

Stephens takes the vector potential of the light to be 

A= 1/2[Ao eiw(t-o) + /\~ e-iw(t-6)] (39) 

as is, corrmon, where Aa is the maximum amplitude of the vector potential 

andthe asterisk denotes its complex conjugate. w is the circular fre-

c,ucncy of· the light, and o is a phase factor. TI1.e vector potential 

enters into the perturbation calculation and confers a frequency dependence 

on the final result. But the expression does not take the finite band-

width of the transition into account, and so a bandwidth factor, r, 

is added ad J1oc to the expression. The justification for this is that 

the area w1der the dichroism and optical rotatory dispersion curves is 

· not changed and r simply accounts for the environmental perturbations 

(solvent effects. etc.) that we are not presently able to calculate \vith 

sufficient accuracy. The ORD frequency dependence of A is found to be 

2 2 2 ? 1 2] 2 Woa w [w Toa - Cwoa - w.:.) 

[ ( 2 _ 2) 2 + 2 r 2 ) 2. 
woa w w oa 

ror B and C the frequency dependence is 

7( 2 2 w- w0 a w ) 

( .2 - u)) .- w2 ro~ wah ~ 

(40) 

(41) 

... -



34 

Figure 8 shm.,.s these fw1ctions graphically along with those of the 

associated dichroism bands. These graphs shmv pictorially how the 

Kronig-Krarers equations would transform MCD to MJRD and vice _v_e_r_sa_. 

Upper curves are MCD and the lower ones the associated lvlORD. 

[ is the width of the band at where its annL)litudc is 1/e. ...... 

(i.e., about 37%) of the maximum an1l1litude. It can be seen from the 

figure that the ~··lCD is nearly zero at . frequencies not far from the center 

of the band, but the associated l\DPJ) curve still has considerable ampli-

tude at these frequencies. Thus, for a closely spaced set of bands, the 

}.Df<D tails may overlap considerably and lead to a very complicated spectrum. 

The l\'lCD will not overlap to as great an extent for the same bands, and Hill 

therefore be f.1.ore easily resolved :mJ interpreted. IIowever, for bands m 

frequency regions that arc instrumentally inaccessible, no MCD can be 

observed but the 1'-DFD tail may extend to frequencies Hhcre measurements 

can be made. There is/ some doubt as to the reliability of the inforrna-

tion provided by MJRD tails, since in practice they are the superposition 

of the tails of several bands, Hhosc contributions might not be resolvable. 

For these reasons l\:CD is presumed to be the most valuable of the t\vo 

rr.casurcmcnts. At present, MJRD can be measured \ITith· more precision and 

a·.: higher frequencies than MCD--factors which are of importance in the 

s'tudy of the aromatic hydrocarbons considered in this work. MORD was 

chosen over l'-1CD for these reasons • · 

·-· ....,.. ........ 

/ 
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Frequency dependences of MCD :md MJRD. 55 
MU B ·11219 

TI1c upper left graph 

shows the form of the 1\:cn of a clamped oscillator absorption bDnd; 

the upper right cui--ve results when the transition's excited 

state is split by the magnetic field. Each lower curve shows 

the form of the l\Diill associated \vith the ~:CD curve directly above. 

The ordinate is the v~1lue of the fw1etion written at the top of 

each graph. The scale for w is the same for each curve. 



J::r: this section He c.::.sc1~::;;:; "che dosi&:n a'1d co!J.struction 

c:: a. :-::c~·lcct o.oso::;bl;_r thc.:t pcm.:i t:::. tho :::ca.surer::ont of HORD vli th 

a. co::u:-.~orcial pol.1.r:L-ncter. 'This is presontccl ln cli:lto.il to 

~:.:c. tl':cro is s·ciJ.l sor:.c Cic::l:-;rec:.:e:lt in the literatm1 c TO[.:trciinc 

t::o LC~:.D of a feH co~.:pou:.-:.ds, )D.rticl~1.orly small ketonec. 

·~·!c :..Q so d:::.scuss c:;.:pcri.iT.c;Y;:.:.:~ r.1othoC.s 2..11d cond.i tions, 
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ZN-5767 

Fig. 8b. Photograph of one of the p e r manent magnet assembl ies 

used in connection with the Cary 60 Spectrop olarimet e r 

for the m easurement of magneto -optical r otatory dis­

persion. 
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<.!nJ maintenance is a very simple matter. Unfortunately, there arc also 

disadvantages. These will be enumerated 1<1hen sufficient background has 

been given to show they i.Jnr)ose no serious handicap upon most faraday 

rotation experiments. It should be mentioned that nearly the same 

r.1agnetic field streneths ha.vc been obtained for both electro- and 

pcni1anent magnets, but superconducting magnets are expected to give 

considerably higher useful fields. 

Figure 9 shmvs a cross section of the magnet pole pieces~ 

indicating the form of the longitudinal hole and the approximate con-

fig~ration of the ma~ctic lines of force in the ,Gap (dashed lines). 

It can be s.::e:1 that the magnetic field in the light path is only a 

fn:r:,g1ng field. Its strength can be optilnized by properly designing 

the pole pieces. 

At this point it seems desirable to set forth the criteria 

by which the design is to be judged, to describe the design procedure, 

and t0 establish hO\v nearly the magnet assembly approaches the theoretical 

wa;..;: :i.Jr;;.::·., pe:rforh1ance. 

The o;)t:iJm.lffi pole piece geometry is that which gives the highest 

signa.l-to-noise ratio. Tl:c signal is the magnitude of the Faraday rota-

tion) and the noise is the root-mean-square error in finding the correct 

polarimeter null. The design para~aetcrs affecting noise \-.rill be dis-

cussed later. 1:hc problem to be considered now is the ma~nct design 

that will mnximi::c the signal by givi.nr; the most intense magnetic field. 

lt is impossible to predict accu:r·ately what pole piece geoi::etl·y 

,,,'i11 ::;ivc t"hc 1-:ighest field \\·ith a giv..:n ~'err.lJ.nent magnet. There are 

a few ec 1:1ations which can be useJ as r;uidel ines, however, and the usu~ll 

proccJul·c is to calculate the best configuration as nearly as possible, 
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M U 8-10542 

Fig. 9. Cross-section of magnet pole pieces showing the approximate 

paths of the magnetic field lines (dotted lines). 

!"· 
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construct a m<.tgnet according to the calculation, measure its field, antl 

redesign using the measured field strength in the equations. This 

method \~as used, and has proven sat is factory. 

The design equations were derived for simple magnetic circuits such 

as the one shown in Figure lOf' Assuming the magnetic flux density is 

unifonn over the cross sectional area of the magnet, Am, and over the 

area of the gap, Ag. and that there is no leakage of flmc, we can \VTite 

a) 

\vhere Bg a.."'1d Br.1 are the magnetic induct ion in the gap and in the mat,rnet 

respectively. The e~uation holds bc~ause of the conservation of flmc. 

Si.;.ce air has magnetic penneability, ~, very nearly equal to 1 (in e.m.u.), 

\ve may set Bg = Hg because Bg = ~ Hg. Thus, Faraday rotation will be 

proportional to Bg, and it becomes advantageous to increase Bg. For a 

given gap length and magnet cross sectional area, Bg can be increased by 

reducing Ag, the area of the ~~ap • 

.'~'1 equation si11ilar to a) holds for the length of the gap lg, and 

the l..;:;ngth of th.e magnet, ~-

Bglg = f~1lm 

I~n is the magnetic field inside the magnet and is not equal to J%n· 

This equation is seen to be vetlid by consideri>'1g the energy required 

to move a LUlit magnetic pole completely around the magnetic circuit 
. 

b) 

shm-m Li Figure 10. By conservation of energy, the \I.Drk done in moving 

throu:;h th~ ll'.agnet ;;Just equal the negative of the work uone in moving 

across the gap. Equation b) is the integrated form of this relationship 

only valid when I-!,.,., and !3 are constant over their respective 
Hl g 

lcn!_',ths. 
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M U 8-10546 

?ig. iO. Simple magnetic circuit. ~ is the cross-sectional area of 

the ma~et, Ag that of the gap. lm is the length of the 

magnet, and lg that of the .gap. 

I • 



Combining equa~ions a) and b) we have 

132 = Amlm J?mi tl 
g A

0
1

0 
C> b 

c) 

For a given gap length and magnet, only the gap area can be varied by 

the design. But this may have a profound effect on the Pn~h product, 

whose maximum value is 5.5 x 106 gauss-oersteds for the Alnico V used 

in this system. To ma.x:imizc Bcr we n:ust therefore understand the; rcla-
. 0 

tionship between ~p'm and the gap dimensions. The relationship is 
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best described by comparing the magnetic circuit to <.m electrical circuit 

(see Fi:;ruTe 11). 

Obt.:1ining the maximum magnetic energy product, Bml-~1 , is analogous 

to ~~-::tting ma.ximwn pm.:cr dissipated jn the load resistor, r21 , 1n 

Figure 1·. nL corresponds to the magnet gap reluctance which is propor-

r 1-or-:.·.11 to 1 /A - ·- -- i:r (T. 
b ..:> 

The battery has an internal resistance, ni, just as 

the ffid5"11et has a certain reluctance. In the electrical circuit, the 

power flowing through nL is 

p = d) 

P is ma-xir.lum wheAl ni = n1 if voltage V is fixed. Similarly, the energy 

stored in the ga:;:-> is ma.ximwn when the reluctance of the gap equals the 

1:cluct:ance of the magnet. The desired gap reluctance can be obtained 

by .:1..ljusting Ag to the value specified by the equation 
lLJ. · 

A = 41I1 g J\n 
g ~ l ' ·m m 

c) 

Hhich is obtained by elimination of Brr between equations a) and b). The 
b 

ratio of Bm to l\rr is 20 when the ma~netic energy product is maximum. 

This vaiue is obtained from the demagnetization curve for Alnico V 

(F igurc 12). 
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M U 8-10545 

Fig. ll. Electrical circuit analog of the simple magnetic circuit. 

ni is the internal resistance and nL is the load resistance. 
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Fig. 12. De~agnetization and energy product curves.for Alnico V. 
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A. design based on the forcgoin~ considerations would probably be 

..f;:;.r from opt:i;1:~ in reality because of the drastic assumptions 'that have 

been made. To avoiu gross errors we must take into accow1t flux lcak<:.;;e, 

irJ10:no~eneity of the field in the magnet, and circuit shapes that differ 

from tl"k'lt shm~n in Figure 10. 

Calculation of flmc leakage is a very tedious and often inaccurate 

nrocess. In addition, the final magnet circuit. configuration must be 

h!iOM1 for the calculation. Since \~e do not yet know this configuration, 

v:c must estimate the effects of flu..x leakage. This can be done by the 

foll01"ing empirical method: 1) Re_place A6 by FAg, and lg by flg in all 

of t.}:e preceding equations. 2) Assign a value of 1.35 to f and find the 

v::ilue of F fro:11 a leakage factor monograph.S9 For the proposed circuit, F 

59. Penn:ment Magnet Handbook, Crucible Steel Co. (1957). 

is est:L:1atcd to be approx:L"Tiately 2.'8, but could be as high as 4. 0. 

Variations m the magnetic field over the length of the magnet are 

very difficult to estimate accurately. Their effects are at least par-

tially co1<tained in the empirical :;=actors, f and F, so no further cor-

rcction will be made for field inhomogeneity in the magnet. 

The share of the horse.sl:oe ma!:net (see Figure 8b) causes some 

anbiguity in the values to be used for its length, lm, and its cross 

scction~l area, j.'\ , as compared \\'i·~h the s:i.l'llple circuit shmvn in Figure 10 .. 
"r.l 

used here were approxim.;•tcly the mean values for An ai~~ lm . 

L:,~tir:~~tt ion of tl~e -effective area and lcn~th of the gap \·las compl icatc-d. 

because the pole tips \verc tapered. ,Such pole pieces giv<:; higher ficllls 

~t the center of the gap than do those \vith r~ctangular ends. since· the 



46 

-~·(;l;__:::·:~·:r:cc in e:Jch pole piece is lm·.' except ncar the gap, and since 

~.:::pe:~·i:--1'~ 1cads to a smaller effective gap volume. (The advantage of 

s:·,:all ::';ap volume e<m be seen from equation c).) 

1\'c digress at this point to explain how the pole piece shape was 

chosen. A series of e:>.:periments \vas done using pole pieces with various 

taper angles in an electromagnet. All pole pieces had longitudi:1al holes 

~u~d circular cross section. It w·as found. t1"k'1t a 45° taper gave maximum 

field at the center of the gap, but the field Has still above 98% of its 

maximlLll value fo-r any taper between 37° and 55°. The pole tip dia.-netcr 

(d .i"l. Fi~urc 13) was optinum when it v:as 33~ of the total pole piece 

diameter, but 98% of the raa.xi.Ji1Uln ficlJ was retained for pole tips between 

28'1 and. 42% of the overall dian:eter. The longitudinal hole was .1/6 the 

diameter of the pole pieces, as was the gap whenthe other dimensions 

>·.rerc optimized. The magnetic field obtained in this case \vas about 

10 1-~ilo;::;uass. For different field strengths, these relative dimensions 

'''ere not opt imur.1.. 
I 

For pole pieces with.!h~_smne.geomet;ry,-but with all dimensions 

scaled dovm by some factor, S, ,.,~_~an expect the same field (10 kiloguass) 

ii the rnagrietomotive· force· is ·roJuced by the factor S. Within acceptable 

Lmits, this situation existed in going from" :the-~lectro- to. tl)e perma-
- •• • - "~· f .-. •• - -· -- ·--.. • • 

ncnt m<<~r.ct, so the relative di";'lensions given above ,.,·ere nearly optimum. 

E.Jwcver, the' shape of the perma..'1ent magnet pole pieces '\vas rectangular 

rz.ther thm1. circular; and some small corrections may be needed to opti-

rr.i:::.e the: angles and relative areas in this case. 

I'JO\·i th~1t the approxi11ute ~;hapc of tb.; y1ole pieces ha5 been 

o~;t:lblished, \<,?C h~ve all the infonl~<::.tion necc~s;.try to solve equ<.ition c), 
\ 

which will give us the value of A,, expected to maximize the mar~nctic 
0 

' ~. 

,. 
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Y:i;.:. 13. Shape of magnet pole tips. d 1s the tip diameter, and 

' is the angle of taper. 
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:i..:.ld m the :r,.:n. I~emcmbcring the ;::od:i~:·ications required Ly flu.x 

£) 

usl~~g .the· values obtained previously and the cstii:Jatcd values 

This is the :r:roposed "effective" gap area, anJ :is c.xpccted to be 

la:·::·.er· than. the actual pole tip area because of the proxi1::ity of the 

::a<':·ed scct:icr-.:; to the g:::p. The o:··tiJ:mm pole tip a-rc3 dcr ivcd from 

ti:-..: electromagnet relative diraensiOl:~; cxp..;ri.mcnts is 1. 02 G:12 for rl()le 

pieces with 10.1 cm2 ovcr;rll eros~; 5cctional area. As a co:ilpromise 

betw..::;:;-::; t.he t\·:o values prcroscd fc•r i\" 2.5 cm2 Has chosen for the pole 
C> 

tip ar..:.::a of the fi:rs·c magnet asse:11bly built. 

This magnet ass\:mbly gave a ma.,imur.l fieh! of 12.8 kilo;;auss betHccr1 

solid portions of the pole tips whe;l tho :.:;ap \•las 3 mm. !';-,;.; effective 

field for material 1n a 1 mm path length cell jnserted in this gap was 

.::ol~nu. -co be S .3 kilogauss. Bm and f\11 can be obtai11ed fro:11 equations a) 

and b), if flu.x leakage is t:Jl.;:en into accc.unt 1, and if Kc use 12.8 kilo-

gatlss for Ba. 
'" 

It 1·:as foun.J•' that Hm vms 11.6 kilogau~s and 1·\11 lvns 345 

oe:-stcds. nefcn.·ing to Figure 16, it can be seen that Bm .is too larr,c 

is too small to gn'e the maximum f-111!-;11 JYi.·oduct. 

arc: of th8 pol~ tips app.::arcd to be th.:;; correct reme:dy for this situation. 

Cl'};c ::"icld in the gap r.-..ay be i11creascd ty Ul) to 14% by caus~ng ti~e circuit 

At this stage of the design procedure, h·e must 

;~L:;o con~;icler sevc1\~l ot};..;r bctors ivhicll \..rill affect the :>ign~:l-to-noise 

''';\::::L:;:l. ;;,_:.:::;~.:red cE:·.~c:·.s~ons of 111 and Ap 
ft \\';~s fcuml th;~t: F !!~.1st Lc 4. o-'to have 
·chc dcma~nctization e.urvc. 

Ncre used 1n this c:.:o.lcul<"ltion. 
the maf~nct operating point lie on 

_, 
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The \\'idth vf th¢' lon~~itudinal hole is the key 'parameter throughout 

t.;:c rcn•:"i1:d;.;r ci: the dcs~n l)rocedure. To~·.ethcr \vith the pole tip area, 

.:., Jetennines the reluctance of the gap, and therefore the important value 

Only the shape of the longitudinal hole detenn:ines. the fraction 

,:.: t.hc maxim)..Un gap field that will be effective in producing Faraday rota-

-.::.::.0;1. In addition, the transmittance of the system is dependent entirely 

OJ: tl:e size and .shape of the hole. h'e will express the signal-to~noise 

r:1"tio, S/N, as a fnnction of the hole size and maximize this ratio to 

detclTiline the final dimensions of the pole pieces. 

The Faraday rotation signal is proportional to the magnetic field, 

B,, Khere sami-'1 c 
:, 

concentration und cell path length are constant. The 

Eo:i.se, l·~, is inversely proportional to the square root of the light trans­

mitted by the system. 61 lve may therefore write 

S/]\' '.,,..-l/2 '' = Kru g) 

Hhcrc k is constant with respect to changes in the size of the pole piece 

hole. ODP, the effective optical density of the hole, is related to T by 

h) 

so we can v.rrite 

S/N = kHe-1/2 ODp i) 

We now require the functional dependence of ODP on the hole width. 

This was r.1easured by inserting an opaque plate Hith a narrm-v slit in it 

into the polarim~tcr light beam, <md nor.ing the resulting photomultiplier 

dynode vol t:.:~.'.C. This voltage rises as the efi~cctive optical tlensity in 

the cell compartment increases. figure 14 shaHs the result:; of a series 

. o.: such mcasuremc:1ts using different l:ole 1\'iJtL.s. Figure 15 is the cali-

:::}·otion curve that relates optical density to dynode voltage. Neutxal 

\ 
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fig. 14. Photomultiplier dynode voltage versus width of a slit inserted 

in the sample compartment of the spectropolarimeter. 
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densi~y filters \-:ere used to obtain this curve. Both of these curves 

\\ere taken at 4000 2 Hith the polarimeter slits alijusted to 0.11 J-:'.'11 

(equivalent to a 10 ~spectral slit wiJth). 

from Figure 14 it can be seen that all the light was transmitted 

until the hole \v<!s less than 0. 65 mm wiJe. For more narrow holes the 

curve fits the functiop 
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V == -230W + 475 . pm j) 

\·;here V is the dvnode vol tagc ami W is the hole width (in rrnn). The 
l)l11 

curve in Figure 15 fits the equation 

Llimli::.ating Vpm from these two equations gives 

OD ::: -165\V + 104 p 

for 1'11 less than 0. 65 mm. Equation i) can now be hTitten: 

k) 

1) 

·~-:e n:ust nm,, find the dependence of ri on the hole width, W. H represents 

th:; field effective in producing faraday rotation. It is a cainplicated 

function of the pole piece geometry, the light intensity distribution over 

the hole area, and the direction of the magnetic field at each point. It 

'''as therefore decided not to try to calculate H, but only to dete1111ine its 

limits and their effect on the signal-to-noise ratio. It will be shown that 

this procedure gives adequate results. 

For a sr.;all fight beam just grnbg the edge of the hole, the effective 

' 
field is soi.'.3Hh:lt independe.'lt of the hole \vidth. That is, the major portion 

I 

of tL; .::;££cctive field is contributed by the iron which is in very close 

prox:i.I~.:.ty to t.r~ light beam, not the iron across ;the hole. Therefore, as 

or~c li::iti.ng case, let us consider the effective field to be independent 
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of the hole h"idth. It can easily be seen that maximum signal-to-noise 

in this case is <1chievcd for any hole \ddth which is larger than the light 
l 

beam in the instrument • 

• '\s the other limiting case, we choose the effective field to have 

rrnxir.rum dependence on the hole width--for exa.11ple, the same dependence as 

the r.ngnetic field at the center of the gap, He- A good estimate of I-fc 
I 

ben.een shaped pole lJicces can be made frpm considerinG equivalent surface 

poles. 60 ' 
The equation for rectangular pole tips is 

H = 2 M ta.'l-1 n) 
Tr 

60. J. B. Mont~omery, in High Magnetic Fields, 

'.·.'L:::re l--f is the nl3;nctization (M Has 12, 800 gauss for the magnet mentioned 

previously). Figure lSa sl:ows the geomet1y of angles x and y. Equation n) 

applies to solid pole tips, but by the principle of magnetic s~perposition 

we may obtain the field at the center of the gap bet\'>'een axial hole pole 

tips fro:n tJ·:c .::quation 

... , 

H ~ c 
::; ;VI tDn-1 ~(tan x)(tan y) J 2M tan-~ [ctan x')(tan y') -~ o) 

11 -~1 + tan2x + tan2y) l/2 n ~l + tan2x' + tan2y• )j 
ar.J y' apply to the hole an.d arc defined in analogy with Figure IlO. 

T>.c tc:rrn L-:vol ving x and y in equation o) is independent of gap width and 

:i..s est imatc(: to be about 14, 000 gauss. (Its cx;;:ct value is of no importance 

provi<.lcd it is greater than 8,300 gau:-:s, as will be seen later.) This tenn 

will be referred to as H*. 

For the 3 mm gap required to accc:::;;K)cbtc a 1 :ru1l path lc;1~1:h cell, 

ta.n x' bcco:-ncs W/3. The hole must be more than 12.5 n'Ju hi0h to trm1s111it . ,, 



" . 

. I 
I· 

X 
center 
of gap 

Fig. 15a. Diagram showing angles used to calculate magnetic field 
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all of the instrument light beam. i•loJerately shorter holes do not con­

tribut.J <lp;Jrcci~bly to He ancl only serve to block off part of the light 

u~:::."'1l. ;·h.:: thcrc~ore s~;t t.an y' = 12. S/3 = 4.17. h'e will usc the value 

2l,4GO ;;auss for l'vi. This is a;Jpropriate for saturated iron and will give 

.the greatest dependence of He on hole \ddth, which is what we require for 

this limiting case calculation. 

Us iag the fore going va luc s, we can write 

I·Ic = H* - 13 600 tan-1 [ (h'/ 3) C4 •17) J 
' (1 + vv2fg + 17.2)1/2. 

S~bstituting this intO equation m) glVCS 

SIN = k(l4,000 - 13,600 tan-1 [ 12.5 w 
(164 + vJZ) 1/2 

p) 

\Vc: :c.ow assume hi is less than 0.65 Ir:m, making w2 small compared to 

164 in -ri:.c denominator of the tan-1 terr.; in equation q). The limit on 

the size of W is reasonable because la.rger widt.hs ci.o not increase the 

;:::~:;netic field (equation q) ) , nor do they allow more light to be trans-

18), so nothing is gained by wider hole-s. It is not clear 

fro~11 cc::.:CA.-::ion q) that narrower holes would improve the signal-to-noise 

q) 

r<:tio, but this can be determined by differcnt.iating q), setting d(S/N)/dlV = 0, 

2.nd solving for W. This procedure shows S/.'-J is maximum when W :::: I·l*/13,200. 

~:''' is certain to be greater than 8, 600 gauss, which means N is opth,1u.rn 

:Cor v<.tl-..:;;.;s s;rcatcr th<::n 0.65 mm accordir.g ·to equation q), ~;;.-" ivhcn Figt1re 18 

is considered, W is optim\.:Gn \vhen it is exactly the width of the light. beam. 

I'}lis is true for light bc.:Jns up to about 1 r.un wide, at which point it n;ay 

L;:: ~dv~:::~~~geous to block off part of the light beam in order t.o increase 

·u-.e: ;::.:1,::;;1ctic field strength. 



The next magnet assembly built had an effective field of 12,600 

gauss--a substantial increase over the previous assembly. Thjs was 

.achieved by reJuci.ng the pole tip area-to 1.1 on2 and narrowing the 
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hole to 0.125 an. For a 1.0 R spectral slit width the hole is lvider thar:. 

necessary at 4000 R, but is near optimum in the UV at about 2200 R. The 

measurement of the effective.field was made on a 1 mm path length of 

water, in a gap 3 mm long. The maximum field between the pole pieces 

was 13,900 gauss, indicating that the nagnet assembly was operating rela­

tively near the point of maximum BH product. 

The magnetic saturation of the iron pole:pieces limits the field 

attainable with such a magnet assembly if the total bulk of the system 

can be large. This limit is 21,400 gauss for soft iron. It is higher for 

certain alloys such as Hyperco, but these alloys would be degraded to the 

sa1ne status as soft iron by the machining required to make them suitable 

for this application. We may therefore say we have reached 65!~ of the bulk­

unlimited maximum field.· 1\'lagnets small enough to fit the polarimeter ca11.not 

develop the magneto-motive force required to give 21,400 gauss in a gap 

large enough to accommodate a sample cell of reasonable size. The values 

of the maximum fields for small magnets are not readily available; hmvcver, 

the author knows of one magnet used for gauss meter calibration which has 

a field of 14,100 gauss. This magnet is approx:ir.lately the same size as that 

used in the measurement of MOR, and it has approximately the same g~p length. 

If we assume its design is optimum, then the MOR magnet is developing 98.5% 

of the maximum field attainable tmder the size lir.1it imposed upon it. 

Efforts to increase the effective field by further desip,n refine1ncnts \,·ere 

deemed w1profitable, since it "i.,rould be possible ~o increase the ficlJ. 3-5'~ 

at most, and it is very likely that less than 10% increase could G'<; 



53 

obtained \vith the present gap and hole dimensions. 

A bri~f description of how the polarim~ter operates will nm.; be given 

to facilitate the understanding of the magnet assembly's influence on the 

instn.nnent. iviore detailed information has been given by Cary, ~ al. 61 

61. H. Cary, et al., Applied Optics~, 329 (1964). 

Figure 16 is an optical diagram of the polarime·ter taken from the 

. Operation Manual for the instrument. Light is generate'<.! by a xenon arc, 

A, and passes through a double monochromator (all elements ben.reen S1 and 

S3). It then passes through the adjustable slit labeled s3 , and is focused 

by lenses I so that an image of a monochromator slit stop is formed at the 

position of the s~~le cell, SC. A Senarmont polarized, LP, is positioned 

ahead of the sample cell,and only light with approximately horizontal 

polarization is allowed to pass through the sample cell. F is the 

Faraday modulator--a slug of fused silica wrapped \'lith a coil of wire 

carrying 120 watts of 60 cycle AC power. The magnetic field generated in 

the silica imposes a sinusoidal oscillation on the plane of polarization of 

the emerging light beam. LA is ail analyzer which l)ennits only the vertical 

component of the light to pass. If the plane of polarization is horizontal 

at lJ\, the output signal generated at the photomultiplier tube,. PM, will 

look like a 60 cycle voltage which has been full-wave rectified. If the 

polarization is not horizontal, neigMboring peaks of the si~nal will have 
)' 

different amplitudes. This condition activates a servo mechanism which 

rotates LP to restore balance. Thus, sample optical rotation a causl!s LP 

angular rotation -a, which can be sensed and recorded by the instrument. 



OPTICAL SCHEMATIC 

MU B ·10543 

Fig. 16. Diagram of the optical system of the Cary 60 Spectro­

polarimeter taken from the operation manual for the 

instnnnent. TI1e components and the operation of the 

instrument is discussed in the text. 



It is \vell known that quartz and conunon solvents such as water, 

benzene, etc., all show a reasonably large mag11eto..;optical rotation 

throughout the visible and ultra violet regions of the spectrum. 1llis 

iinplies that the cell and solvent \vill produce a background rotatjon 
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when the magnet system is used in an effort to obtajn the MORD of a solute. 

The background is usually ten to one hundred times larger in magnitude 

than the solute rotation. Other563have simply subtracted the background 

l•10Iill from the solution l>DRD, but this leads to poor accuracy for two 

63. B. Briat, M. Billardon, and J. Badoz, Comptes Rendus 256, 3340 (1963). 

reasons: (1) The solute rotation 1s a ~nall difference obtained by 

subtracting one large number from another. Thus, a small percentage 

of error in either large m.unber could lead to a large percentage error 

in the difference. (2) Both backgrow1d and sample curves have considerable 

slope (especially in the ultra violet), so a minor wavelength shift of one 

curve \vith respect to the other can result in a great change in the magni­

tude of the solute rotation obtained from the curves. 

This problem has most often been avoided i.1'1 electromagnetic systems 

by using two magnets carrying the same current, but with the magnetic 

fields in opposite directions. The sample is placed in one magnet and 

an identical cell filled with solvent is placed in the other. The light 

beam passes sequeitcially through both, so that the backgrow1d rotation 

produced in the sample cell is cancelled by that produced in the solvent 

cell where the magnetic field is oppositely directed. 

This approach has proven successful when the temperature difference 

between the two cells can be kept sufficiently lm·/ (the Ve:..·d.ct constant 

has a slight dependence on temperature). Also, the magnet~c fields must 



ss 
. 1 A 1· '1 Ph . SS h. h d . h remam equa • pp 1eu. ys1cs· uses t 1s met o 1n t e attachment they 

have constructed for measuring MJlill on the Cary 60. 

58.J. J. Duffield, personal communicatiou. 

At this laboratory a solution with natural optical activity is placed 

in the light path beyond the saniple and magnet. The background rotation 
. . 

is cancelled except for small rotations which the: instrument adjustments 

(baseline multipots) can nullify~ Thus, by choosing the proper concentra­

tion of the optically active material, and by minor instrument adjustJnents, 

one can achieve a stable, non-;-sloping baseline from v.rhich to measure small 

solute rotations. Spectra obtained in this manner can be reproduced to 

Hithin 2 x lo-3 degrees (approximately the noise level of the instrument). 

Another method used successfully here to cancel the solvent and cell 

i•lORU involves the use of two pennanent magnets in the polarimeter cell 

compartment. One is positioned as usual; the other is placed in the 

1 ight beam reflected from the Faraday modulator (Figure 109). This second 

magnet assembly contains a cell filled with solvent, lvhich cancels the i'!OliD 

of the cell and solvent in the first magnet. Since both magnets caru1ot 

easily be n~gnetized to the same extent, it is forn1d necessary to equalize 

their fields by placing an iron bar across the strongest m::1p,net of the pair. 

This bar extends from one leg of the horse shoe :to the other. 1'he r:10re it 

is lowered toward the gap, the more flux it "short circuits", and the 
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\'l'eakcr the gap field becomes. Magnets can be matched very precisely in 

this manner. Unfortunately, they are not exactly matched for all wave-

lengths at once because of changes in the light intensity distribution 

over the beam in tt.e tHo gaps as wavelength varies. Again, the instru­

ment multipots can compensate for this, and straight, stable baselines 

can be achieved. 
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B. Experimental Conditions 

TI1e conditions tmder which each experiment ,.,.as rtm are 1 is ted in 

Appendix I. We will here describe the conditions and their implications 

in more detail than is found in the Appendix. 

The temperature of ti1e polarimeter is automatically controlled to 

within 0.2°C of a preset level (26.0°C for this work). The magnet and 

cell were placed in the polarimeter during the instrument warm-up, so 

their temperature was also 26°C. Only a small amount of sample was 

required to fill tile short pathlength cells used, and it was assumed 

that the temperature of the sample was also 26°C 5 min/ after placing 

it in the polarimeter. Whenever the magnet and/or the sample was not 

at temperature equilibrium, the lvDR could be observed to change with 

time due to the density of the sample changing as· its temperature changed. 

The l'-DRD of the cell filled with solvent was measured over the 

appropriate l-.ravelength range for each sample ~VRD spectrum taken. In 

J1'.ost cases such a baseline was rtm both before and after ead1 spectrum, 

Md the baselines compared to be sure their differences were l-.ri thin 

eA~erimental error. 

The spectral slit width \Vas 10 .R for many of the measurements, and 

never more than 20 R except for spectra with very wide absorption bands. 

The spectral slit width was not recorded in some cases and is then 

listed as ~ 20· ~, although it was generally less ti1an this. 

Tne time constant of the instrurr~ent is described by the manufacturer 

in terms of the pen period (seconds required for the pen to travel 97% 

of the lvay back to the correct value after being displaced). TI1e periods 

used were 1, 3, and 10 sec. 
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C. ChcJPicals 

Practically all of tJ1c d1emicals were obtained from Kc;K Laboratories 

or from Aldrich Chemicals, and all were used \vitl1out further purificati0~1. 

A number of ilie smaller aromatic hydrocarbons \vere checked for impuri tics 

by vapor phase chromatography on an Aerograph 1520 with a 10-ft 

colunm. Table I lists the results in tenns of chromatographic peak 

heights. 

Solutions were used wiiliin 1 hr of the time they were made. The 

larger, less stable aromatic hydrocarbons were protected from light and 

oxygen as much as possible. Special care was taken Hith benzo[g,h,i].,.. 

fluoranthene which was found to exhibit spectral intensity changes very 

soon after exposure to light and air. In this case, the compound was 

dissolved in G-IC13 under Nz in the dark and the measurements made imme­

diately after the solid was entirely dissolved. 

D. Date Reduction 

Many of the J'vDRD and some of the absorption spectra of the compounds 

studied were digitized by means of a system constructed here. The 

instnm1ent pen position was sensed potentiometrically and this infonna-

tion fed to a digital voltmeter. The voltage readin[!S vJere then processed 

by a logic unit constructed here and the resulting information punched on 

cards by ari IBI'>i key punch. Many of the spectra were recorded before this 

digitizer became available, and it was found possible to digitize these 

spectra by mounting them in the polarimeter and using the instrument's 

electrical pen displacement control to follow the curve V\hile the digi­

tizer was operating. Once t11e spectra were on cards 'they _could be con-

vertecl to corrected molecular rotation by a computer. 
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Table I. Purity of chemic<1;ls used as indicated by vapor phase 
chromatography • 

.. _....._...._ 
.. 

CompolUld Source Column 
... 

Naphthalene B&A ~ 
s 

.A.zulene K4K c 
s 

1;4-J;ln~ctnyl- KJ1K c 
naphthalene 

1, t:l-Dm.ethyl- K¢K c 
naphthalene 

"2, I -l;lmethy 1- K41\. L 
naph thalerie 

7\.CC:·-~·· ccnaprltnene l\.4K c s ... 
Ac:cnarl1f.T:y-

leneC (Tech) 
J'KJ5 L 

s 

l'y1:5Zinc JUdnCll ~ 

s 
Ab 
A 

1~'1thracene eastman c 
s 
·s 

!~cr;e t:astman ~ 

4,~-Dlhydro- K&K ~-
pyrene 

(=1 ,2-Dihydrot-
.. . .. . , 

pyrenc) ... ' 

rTiCnai! threne A4K ~ 

s 
Ecnzo U; ,h, l) l('SK I ~ 

fluoranthine l .. 

'l:TUorol:orm BciT, A 
Ac"ctci)ncnonc A 

(practical) · 
Bei1:ti1lCfc}J\rde t:astman A 

..... _... ..... ---
--I~et Peak 

Temp Time a Height oc 

2SO 2.25 360 
350 1.2 450 
200 3.3 320 
zuo :s.z~ 1.)0 
200 5.1 300 

2[)0 ..).6 47 

zuu 4.:S zS4 

.. :::uu ..).1 ~k 

l.OU 4.!> l.~O 

200 8.2 132 
llru !:>.U vU15 

200 7.4 182 

..)::>0 >lu ll 
200 >10 0 
225 "'4.5 167 
120 "'5.9 >20 
L.mr >..)U u 
350 2.1 200 
200 >10 0 
.J!>U ..).1 L.!>o 

2.4~ 2/0 

3'51T L.U~ ..)4~ 

200 22 100. 
-:;-s-o 4.6 162 

120 1 ZULU. 
u:;- "'7 l.J'l 

zz:~ "'S lbU 

-·---.......---··· ~·-· ~--·--1:n\p\r 1t:Ccs 
"Ret· ~~\;ak 
Time ·~ Height 

3.3 

l.. 7':1 
. 7.0 

z.a 

L.L!> 
2.9 
4.5 
4.6 

.8.0 

>20 
>9.0 

..).0 
2.oo 

3.1 

'\.4.0 

"'~.::> 

0 
0 
0 
u-
o. 5(; wph-

1ene) tha 
12-

4 
u:r 
u-

0 
0 
1.!:> 
3.0 

140. 
12. 
35 o--

0 
0 
0 
u 
0 
0 
0.5 

au 

82(py rene) 

u 
0 
u 

u 
u.-s 
U.l 

aRetcntion t~e relative to G!Cl 3 (=• 1 w1it) _ 
bA = 10 ft Ap1czon 220°C, C = 10 ft Carbowax, S = 10 ft SE-.)0 
CAccnaphthylene partly decomposes at its boiling point (265-275°C) 
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~blecular rotation is defined by the equation 

[a] M·~ a MV [m] = = _....;....;.._ 
100 R.c 100 

where a is the observed rotation in degrees, [a] the specific rotation, 

~1Y the molecular weight, R. the pathlength in decimeters, and c the con-

centratidn in grams per cc. 
' 

In this \vork the ~.ORD values are normalized 

to a magnetic field of one gauss. Others have used 10,000 gauss to make. 

magnetic molecular rotations comparable in size to natural molecular 

rotations. A program called DATCON was written to handle the data. A 

listing of ·the main part of DATCON is given :ln Appendix II. Those parts 

not listed are standard library programs available at the Lawrence 

Radiation Laboratory Computer Center. This program not only converts 

observed rotation to molecular rotation normalized to one gauss, but 

also makes corrections for the }..DPJ) of the sol vent displaced. Experi­

mentally, the t-·DRD of each of the solvents was found to follow an equa-

tion of the type 

AH 

>..2 - >..2 
h 

a = 

where >.. is the Havelength, H is the magnetic field stren~tl~, and A and 

>..h are experimentally detennined parameters. (TI1is is kno\vn as a single 

ten11 Drude equation.) >..h for ethanol is 1414 R, and A is 5.96 x 103 deg. 

5\.2;gauss. F9r C!iC1 3 , >..h is 1559 ~. and A is 8.24 x 103 deg. 5\2/gauss. 

Of course, the observed rotation o:f a solvent is directly proportional 

to the cell pathlehgth as Hell. 
' 

111e amount of solvent displaced by solute c~m be calculate from th0 

density of the solution •. The dens:~ties of some dilute solutions of 
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interest in this work are available in the International Critical 

Tables and other reference books; however, no information could be 

found for w.any of the larger aromatic hydrocarbons studied here. These 

were assumed to have the same dcnsi ty in chloroform as naphthalene 

docs (1vhcrc concentrations are compared on a weight percent basis) • 

TI1c corrections were usually 2 to 5 rnillidegrces (only a little above 

the experirnental error). But for certain concentrated solutions the 

correction was as large as 250 millidegrecs. M1en the l'>'DRD of the com­

potmds is discussed, it will be noted if a large correction was required. 

It 1vill also be noted if the correction was made from available density 

data. Othenvise, the reader may assume the correction was small 

(slig)1tly larger than the noise level, which will be indicated). Of 

course, any common deviation from identity will not affect the MJRD 

noticeably if the correction \vas srr.all to begin l'l"ith. 

The data can be smoothed by the pror;ram if the 

operator desires. TI1is is accomplished by fitting the data to a poly­

nomial of the desired order and covering the desired number of points. 

(For exmnple, a third order polynomial was commonly used and 2 points 

on each side of the point of interest were fit to the polynomial.) 

The compute! plots these poi11ts as diamonds (see Figure 18) • The 

coordinate a..'\cs are labeled in the computer's notation \vhere E 03 means 

103 and E-03 means lo-3. 

'lhc progra:n also punches cards in a fonr.at suitable for usc in a 

least-squares fitting program (a combination of Lawrence Radiation 

Laboratory's prograrr.s LSQ and VAFJ-iiT). The user must specify the 

function to which he "-'3llts to fit the data in a .subroutine called 

TABLE. The TMLE's used in this work arc listed in Appendix II. 
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V. RESULTS AND DISCUSS ION 

A. Spectral d1aretctcristics of Aromatic Hvc1rocarbons 

11w polynuclear aromatic hydrocarbons considered in this work fall 

into two categories, 1) cata-condensed if no carbon atom is a member of 

more than two rings, and 2) peri-condensed if one or more carbon atoms 

belong to three rings.. C..ertain absorption patterns arc observed in the 

rr:olecules in the· cata-condensed group, even though individual raoleculcs 

differ widely in size and structure. These patterns are classified and 

summarized in Table II. 

Several different names have been given to each of the electronic· 

absorption bands listed in the table. Clar64 investigated the spectra of 

a large number of aromatic hydrocarbons and applied the dqsignations a, 

p, S, and B' to the four prominent electronic transitions he observed. 

C.oulson65 used the methods of LCAD molccplar orbital theory to predict 

the frequencies of the synunetry allmvcd transitions of linear aromatic 

hydrocarbons. His Vz, v1 , and V4 bands correspond to Clar' s a, p, and 

s bands. Platt, et al. 66 used a free-electron model to calculate tl~ 

energy levels of cata-condensed aromatic hydrocarbons and .introduced the 

nomenclature listed .in the "Platt" column in Table II. ·Even the symmetry 

forbidden bands are given names in this system. Platt's nomenclature 
/ 

appears to be more general than the others and seems to be gaining wider 

acceptance, so .it· \v.ill be used whenever possible throughout this work. 

'Ihe oscillator strengths listed are figures Hhich are derived from 

the integrated extinction coefficients of all the vibrational bands of 

the electronic transition listed. ~;'he forn.ula used is 

F = 4.31 X 10-9 Jedv. 

i 



Table II. Clnracteristics <md classif·i c;~·: !:;;; ci ~romatic hyclrocarkrn absorption spectra 
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-·--- XoT~-tTcT1~~--,----·-r<eEif1ve·~~ 
--.--------"~-·-~~-· Platt Clar Coulson energy of 

transition 

-- . 
lL a p v 1 lL lB 

lLb 0: Vz 1 1 La, Lb vary 

-re: a Probably 

~lcb Bb <Cb _<Ba <Ca 

IB 
a S' 1~ i-p )a 

l~ s v4 

.. 
-->'~7"· ~,.,.~ . 

~-lrscTilafo:r--··--· ---------
strength Polarization 

f 

'\, 0.1 trans 
. -

'\, .005 long 
-0.3-0.8 1r.ajor symm 

axis 
0.4-1.4 wajor syrPm 

axis · · 
o.s-3.0 trans 

0.5-3.0 ' long 

··-!ntensi'f),-~-Finc Sy!;l:c t1-y--siScc1es 
(log c111ax structure -

(vibration D6h Dzh 
bands) ---

3.9-4.3 5 or 6 diffuse 
hands Blu Bzu 

2.3-3.5 \or 6 sharp 
ancls Bzu Blu 

4.2-4.7 forbidden forbidd 

4. 0-4. 7 none (?) 

3.9-4.5 ~ strong, 2 or 3 Bzh 
weak bnnds. In-

4.7-5.5 creasingly sharp Elu Elu 
propor-
tional 
to length 

\·:ith length 

·-

0\ 
N 
~ 

en 
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where £ is the molar extinction coefficient and v is the frequency in an-1. 

Although there is some variation in the oscillator strength of a given 

type of band on going from one compound to another, Klevens and Platt67 

have noted that there are similarities in the intensities of the lLa bands 

in a number of cata-condensed aromatics of ividely different structure. TI1e 

1~ bands are also similar and have intensities roughly an order of magni­

tude greater ti1an lLa.bands. The lBa and lBb bands are stronger yet, as 

can be seen from tile table. These intensity relationships help in 

assigning an unknmvn band to ·the proper class. 

Each allowed type of transition will show maximum absorption for 

light polarized in a certain direction but will absorb very little light 

having a polarization perpendicular to this. Group theory specifies what 

these directions are with respect to the symmetry of the molecule. These 

polarizations are listed in Table II as longitudinal (in the direction the 

molecule is longest), or transverse (the short direction) for molecules 

having the conjugated rings in line. The directions cm1not be specified 

i·Iith such certainty for bent molecules like phenanthrene. 

All of the molecules considered here fall into one of the point 

groups68 DGh, Dzn, D3h, Czv or c5• Appendix III gives the character 

table of each of these groups. They show the symmetry operations are pos-

sible and list the irreducible representations for each group. For those 

unfamiliar with group theory, it is sufficient to note at this.point that 

·representations labeled A or B correspond to non-degenerate electronic 

states, and those labeled E are doubly deg~nerate. 

It is rather easy to assign the p and B bands of the observed spectra 

of cata-condensed aromatic hydrocartons. The a bands are weak and are -
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sometimes hidden by the stronger p bands. C bands are syrmnetry forbidden 

in centro-symmetric molecules. 

l•:Ost of the characteristics given above apply to peri-condensed 

molecules, but not with as much regularity. 111e same nomenclature applies 

and the same point groups cover the peri-condensed systems. It seems best 

to describe their other features on an individual basis.later. 

B. Benzene 

Gamer, Nutt, and Labbauf69 · have measured the M)RD of benzene between 

3500 and 2500 ft. This included on~y the first band of the 1Lb transition~ 

Our measurements (Figure 18) extend to 2400 ~ and include two other 

b~~ds (practically all of the lLb electronic transition). Our data agree 

with Gamer, Nutt, and Labbauf' s to within their experimental error, 

after their solvent rotation has been subtracted. 

Several points should be made about Figure 18 and similar figures 

which are to follow. The graphs were 1nade by a computer and the axes are 

labeled in its exponential notation (i.e., 2. 70E+03 = 2. 70 x 103 and 

3.0E-02 = 3.0 x 10-3). The ~)SOD)tion spectra on the bottom of the 

graphs are sketched in by hand from the strip chart record of the sample 1 s 

optical density as measured on a Cary 14 spectrophotometer. The concen­

tration and pathlength for the absorption measuremen~ are the same as 

for the MJRD, and are listed in Appendix I I under the experiment number 

(193 for benzene)~ It seemed better to present the actual optical density 

of the sample rather than the extinction coefficient of the compound, so 

that the reader could evaluate for himself the meaningfulness of the H)RD 

where ~bsorption is high. Other authors have seldom done this, and the 

reliability of their results cannot be estimated in certain c;:Jscs 'iherc. 

tbc optical density appears to be far too high for accurate measurement 
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of rotation. TI1e H)RD curve has be~::n corrected for the !>:ORD of displaced 

sol vent and smoothed by the computer. The minimum and maximum ru:lS noise 

levels arc indicated at the wavelength at \-Jhich they occur. Fi0Ure 19 .. 
indicates \vhat the noise for Figure 18 would look like before digitizing 

and smoothinr,. 

TI1e electronic transition in the 2500 ){ reeion of the benzene spectru.i11 

is assigned as the lLb transition on the basis of a very large amount of 

theoretical and experimental \-Jork. 70 The symmetry of the excited state 

is lB2u so the transition is non-degenerate. It is symmetry forbidden but 

becomes partially allowed through vibrations of e1u or a 2u S}'IImetry. Each 

of the b;mds in the solution spectrum sho\\'11 in Figure 18 is composed of at 

least 10 vibrational bands, \vhich can be resol vcd rrore clearly in the vapor 

phase spectrum. 71 \'.'hen the 10 bands arc broadened so they merge (as in the 

solution spectrum) their sum has a rather asymmetric shape, as can be 

observed from Figure 18. 

'Inc next electronic transition is centered at about 2020 R in solu-

tion ·and is approximately 50 times as intense as the previously discusse·d 

Both excited electronic states are non-degenerate, but the next 

higher one at 1830 ~ is probably degenerate. It ·is ruJout 350 times as 

intense as the l:Lb b.and. 

Tnc ql.lrultum mechanical prediction is that the bands of a vibrational 

progression in a symmetry forbiddcn-vilJronically allm'v'cd transition (such 

as the lLb hand of benzene) will be fo1.llld to have lvDRD of each vibrational 

band with "the same shape ••• varying in magnlitude i~ the srune way as 

the components of the absorption band. "56 This does not apply rigorously 

tq he 1Lb band because it probably gets its intensity from more than one 

.. 
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type of vibration. Nevertheless, it can be seen from Figure 18 that the 

sHe of the 1-'DRD anomalies are reasonably \vell proportioned to the intcnsi-

tics of their associated absorption bands. 1ne anomalies also have D1e 

frequency dependence of the B term in the quantum ti1eory, as they should 

if they are non-degenerate. 

TI1e two foregoing statements have been dem:mstrated by decomposing 

the curve from 2630 1\ to 2500 ~ into three overlapping parts. Each has 

the frequency dependence of a B term: 

[m] = Boaw2(w~a - wZ) 

(w~a - w2)2 - wZr5a 
(61) 

with the following values for the parameters. 

Table I II. Parameters for fitting benzene HJRD from 2630 ]{ to 2500 1\ 
";, S"WiY j s'"'rr::r:SPG7'-Iii7'1'77'7 TC:i'!im"A RIT""'E7':Cii:.~Xi'li?7"j=-::r=z:r'' nme::c·-

woa (crn-1) >-oa (B.) roa (crn-1) n' x Do a 104 
. ' ' . . . .... 

38370 2610 225 4.7 
39273 2544 238 7.8 
40176 2494 88 2.9 
41143 2432 1003 87. 

TI1ese values are the result of the least squares fitting computer 
4 hands comprised of ~ 

program (Appendix II) applied. to/18 evenly spaced points (wavelength) 

on the interval of interest. The l<:,st set of parajneters (with w0 a = 

40107 crn-1) was outside the interval and so does not truly indicate the 

size and shape of any one hand. It functions solely to estimate the 

])rude tail rcs~tl ting from all the other hands in the UV. 

The quality of the fit is indicated by rx2 (the sum of the squares_ 

of the deviations) which is 5 x lo-4. A more pictorial idea of the fit· 
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is obtained from the con1puter "Y Graph", Figure 20. 

StephensSS has calculated the expected ~DRD of the l1b band of benzene 

and finds the value of the B tenn is less than 10% as large as the e:>..rperi­

_mental values of this work and the work of Gamer63 indicate. A number of 

drastic asstmtptions nrust be made in calculating the t;DRD of forbidden bands, 

and the poor agreement should not be too discouraging. 

C. !)'rene 

He consider pyrene next because its characteristics lend themselves 

to a quantitative evaluation of the B0 a quantum mechanical tenn. The 

observed V.OR in the 3700 ~region. is approximately ten times as large as 

that of the 2500 ~benzene bands, but the extinction coefficient of pyrene 

is nruch less than that of benzene for the bands under consideration. This 

allmvs relatively concentrated solutions to be used, thus increasing the 

observed rotation. The corrections for solvent displacement arc signifi­

cant--about 0.025 dcg. at 3500 R. This is shown converted to molecular rota­

tion/gauss in Figure 21. 

The peale-to-trough HJR of pyrene is greater than of any other com­

pound studied when samples are measured at equal optical densities. One 

possible quantum-mechanic e:>..-planation for this ·would be that the transi­

tion moments of nearby bands have perpendicular polarizations so the 

energy denominator is small. This has indeed been fotmd to be the case 

in Hork independent of these studies. Bree and Vilkos 73 observed the 

polarized 9-bsorption and fluorescence of pyrene molecules substituted 

in a fluorene crystal lattice. TI1ey fotmd the 3720 R ai'1d 3670' 5\ bands 

to be polarized perpendicularly to all other transitions above 2800 ~­

From their data it is not clear that any of the .bands. have purely one · 
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polarization--all seem to have 10 or 20% of the intensity in some other 

polarization. But it is possible from their curves and the oscillator 

strengths they give to estimate the transition moments of a given polari­

zation for any of the long wavelength bands of pyrene (3800-3450 )\). 

These and other values needed to calculate B0 a for tl1e 3720 )?. band are 

listed in Table IV. 

To calculate the expected i'.:DRD of pyrene \ve note that only the B0 a 

term will be non-zero in equations (36) - (38), because pyrene has Dzh 

S)~Ctry. In order to calculate the value of Boa the only spectral quanti­

tics we need in addition to the transition moments mentioned previously 

are the values of mab' the magnetic dipole transition moments between the 

excited states of interest. In pyrene these are all perpendicular to the 

plane of the molecule, but their value is somewhat hard to estimate. We 

~ow discuss Bree and Villcos' 73 assignment of the long wavelength spectrum 

as background for the estimation of the magnetic transition moments. 

The fluorescence and absorption of the 3720. ~ band coincide, so it 

is assigned as a 0-0 hand (0 vibrational level of the ground state to 

0 vibrational level of the Bzu excited state). Succeeding bands corres­

pond to higher vibrational excitations of the excited state, having both 

types of in-plane polarizations. Because of its greater intensity, the 

3500 ~ band is assigned as a transition to another excited electronic 

state, and its poiarization was observed to be perpendicular to that of 

the 3720 ~ band. 

The part of the B0 a term with the small energy denominator g1 ves 

rotation ¢ as: 



~ G9 -4n rm[l;oh 
X """IJJ 

2 ') ? 
0 1/3 · • JJob (u;'· - w-) (64) q, = Na w oa 

wZ _ w2)2 + he wab w2r2 
oa oa 

= B' zc 2 - 2) w u.:oa w (65) 
oa Cw2 - w2)2 + w2r2 

oa oa 

where a is the first excited state (the one givinrr 
' C> 

rise to the 3720 ~ 

band in this case), b is another excited state (t~(en here as all of the 

states up to 3420 ~ which arc polarized perpendicularly to the 3720 ·~ 

band) • N~ is the nwnbcr of molecules per ml in the ground state, 1i. is 

Plank's constant divided by 2n, and c is the velocity of light in vacuurn. 

Using the values in Table IV, we find that B' = 5.7 x 10-3. 
oa 

Upon decomposing the tvDRD of pyrene into bands having the frequency 

dependence of equation (65), we obtain the value 9.9 x 10-3. 111e agree-

n;cnt is very good, but of course we had considerable latitude in the 

choice of the magnetic dipole transition moments. They were selected 

on the basis that a fully allm.,red magnetic transition would be 1. 0 Bohr 

magneton and that those of interest would be allm~ed only to the same 

extent as the associated vibrationally allowed electric dipole transitions. 

'I11e values of B~a calculated fro1:1 the decompositi9n of the experi­

mental MJRD of pyrene are listed in T<:<hle V. 'I11e band with the second 

longest wavelength has the same polnrization as the 3720 )\. band, but 

about one-:third t!1e oscillator strength. We would expect B'a for this o. 

term to be 1//3 (i.e., 0.5 ) that of the 3720 5\ band; in acttiality, it 

is 0.55--again in very good agreement. 'I11e decomposition of such a com-

plicatcd curve as Figure 21 is unfortunately not tmique, so one must 

avoiu placing too much confidence in the values given. The quality of 

the fit is :!ncU.catcd by_ the Y graph in Figur<.'t22. 
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i\1 though the foregoing calculations and cornparisons do not "prove" 
· theory 

the quantum mechanical/to be correct,· they certainly demonstrate one 

case Hhcrc it explains ~DRD \vell in a quantitative sense. It appears 

that we are justified in placing confidence in predictions based on the 

Boa tern, and we \vill make repeated use of this in the discussion of the 

remaining aromatic hydrocarbons whose !IDRD has been measured. 

Table IV. Parameters for calculation of Boa for the 3720 R transition 
of pyrene 

27300 
27500 
27880 
28280 
28690 
29100 
29200 

-
woa = 26750 

-1 wab em 
. . . 

550 
750 

1130 
1530 
1940 
2410 
2450 

em -1 
llloal = 

.07 ~? • .:>- .01 

.1 .33 .01 

.14 • 31 .01 

.1 .16 .01 

.83 1.05 .04 

.62 .65 .04 
• 74 .75 .04 

.25 X lO~g· 
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D. Naphthalene and Derivatives 

The lLa, 1Lb and 11.1) bands are easily discernible m naphthaler,e. 

The energies and intensities of these transitions have been calculated.67 

;.;o and free electron calculations, including limited configuration inter-

action, predict experimental results rather well. The currently accepted 

assignments are given in Table VI. Longitudinal polarization is parallel 

to . the long axis. of the molecule; transverse is perpendicular to this but 

still in the plane of the carbon atoms. 

Table VI. Absorption bands of naphthalene 

r=:==-==::r=-r..-. 

Transition Polarization '-max• )\ log £max 

lLb +- lA Longit. 3120 2.40 

lL +-
a lA Trans. 2860 3.62 

1~ +- lA Longit. 2210 4.98 

lp 
Da +- lA Trans. 1690 

1 
cb +- lA 1900 

The ~·lORD of naphthalene is somewhat more complicated than that of 

benzene because of the difference in the sizes of the vibrational bands. 

It can be seen from Figures 23 and 24 that the lv!OH.D bands appear to merge 

and it is very Jifficult to separate out the contribution of each of the 

band.s observed in the solution absorption spectrum. NevertJ-.elcss, the 

;.·:JRD is decreasing rapidly at the wavelengths of maximum absorption for 

e;tch band., \-.rhich indicates the J•IORD arises from the quantur;1 mechanical 

B~a tcnn, and that this term is positive, as it was in benzene. This is 
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expected since no degeneracies arc preJictcd for molecules such as naph-

thalcne which have D2h symmetry. 

Tl1e ;'viORD of several dimethyl derivatives of naphthalene (IX) was 

r.1casurcd (see Figures 23 to 28) and all were found to have lar~~cr rot<ltion 

than the parent hydrocarbon in the region of the 1Lb b.:md (3120 ~ in naph­

thalene). This is not surprising because methyl substitution in positions 

8 1 

2 

3 

v 

equivalent to 1 in the structure above, enhances the absorbance of the lt
3 

band m1d su~stitution in positions equivalent to 2 enhances absorption by 

the 1L0 bm1J. 73 The transition moments of each of these bands enter into 

the B
0

a term for the MORD of the lLa band, so as they increase, the observed 

.\:GRD would be expected to increase. 

It will be noticed that the ~10RD of the 1Lb band of 2, 7-dimetllylnaph­

thalene is negative, while that of naphthalene and the other dimcthylnaph­

thalenes is positive. Tnis can.-"lot be e.A-plained strictly on the basis of 

the destruction of the D2h symmetry of naphthalene, becasue 1,8-dimethyl-

naphthalene lowers the syrrunetry in exactly the same way that 2,7-dimethyl-

naphthalene docs, ~d the 1,8 compound can be seen to have rotation of the 

sal.lc sign as naphthalene. But the symmetry of tile vibration giving rise to 

the long wavclcngtil band in the 2, 7 compound may be diffcrcat from that in the 

oti-..cr dimcthylnaphthalcnes shown. 

The absorption spectrum of accn;1phthenc is vc1y much like that of 1~aph-

·dulcne except there is less vibrational structure and the extinction 

.,_ 
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coefficient of the l1b band is about ten times greater in acenaphthene. 

This b<md is also shifted to longer wavelengths by about 90 ~- The 

l<ORD (Figure 28) is some\·Jhat larger but has the same general features 

as naphthalene through the first absorption band. 

Hm..rever, in acenaphthylcne (Figure 29) the shape of the MJRD curve 

is drastically different. The pi electron network here has true Czv 

symmetry, and not the D2h or perturbed Dzh of naphthalene and the deriva­

tives previously discussed. No meaningful con~arisons can be made--only 

note taken of the drastic change of M)RD resulting from the addition of 

a pi bond to the acenaphthene frameh'Ork. 

Itshould also be mentioned that the large positive peak in the ace-

naphthylene MJRD is characteristic of two closely spaced bands Hith nearly 

equal but opposite rotational strengths. The absorption spectrum indicates 
' 

'that the prominent band is single (•vith shoulders), but the I•:ORD indicates 

that this band is composed of two closely spaced bands belonging to dif­

ferent vibrational modes or having different electronic excited states. 

The latter condition is necessary for the bLmds to have rotational 

strengths of opposite sign. 

E. .<'\nthracene 

1he set of five bands cetered at 3500 R in the absorption spectrum 

of anthracene have been assigned as t.i1e lLa electronic tra.1Sition. The 
0 I 1 

band whose ma.·dmum is at 2530 A is taken to be · the Bb, but no one claims 

to have observed the 1~ bands seen in other linear polynucle:J.r arom:J.tic 

hydrocarbons. Theoretical calculations predict it. to be in the neighbor­

hood of 3400 R. 74 ' 75 

Foss and ~tCarville 76 claim to h:J.Vc fmmd evidence of the 1 Lb b~ld 

through. the use of rr.agnetic circular dichroism. All of the lviCD bands 
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but one between 4000 and 3000 R have positive rotational strengths. The 

negative b3Ild is formd at 28000 cm-1 (3570 ~.} and is taJcen to be the l1h 

band of anthracene. The ~ORD measured in this ,laboratory (Figure 30) 

c.ualitatively confirms the MCD measured by Foss and McCarville. The posi­

tive ~'DRD peaJ.~ at 3570 R can be decomposed into two curves having the 

frequency dependence of the quanttnn mechanical B0 a tenn. The parameters 

for this are given in Table VII, and the Y graph in Figure 3L The 

results do not correspond exactly to those of Foss and McCarville, whose 

negative dichroism appears to have larger magnitude than the positive. 
I . 

In addition, the separation between their bands is indicated to be at 

least 15 0 cm-1, while that obtained from decomposition of the IvDRD is 

about 30 cm-1. 

If the 1~-DnD peak at 3570 R really has the frequency dependence of a 

pair of Boa terms and not that of an A0 a tenn (with similar shape), it 

should be possible to separate the B type components if the bands can oa 

be made sufficiently narrow, \vhereas an Aoa tenn \'iOuld maintain its same 

general shape for very narrow bands. . The hands of aromatic hydrocarbons 

are knm\'11 to become more narrow at lmver temperatures, so the M)RD of 

anthracene in ethanol was measured at -60°C. The peak was observed to 

broaden slightly as if it would split at yet lower ternpcratures. The 

troughs on each side of the p~ak did not d1ange position and the magnitude 

of the rotation dl.d not increase by a factor of 1. 3 as it would for a 

C'Oa tenn. (TI1e map:ni tude of C0 a terms is proportional to l/T.) TI1is 

supports the notion that the 35 70 R H)RD peak results from a pair of 
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For an allowed transition such as the lLa (major tran~>.ition in the 
. 0 
3000-4000 A region), the excited vibrations to which transitions arc 

allowed all are completely syrr;rr,ctric Md would give ~-DI<D curves of the 

sarr.c s1gn. 'Therefore, the negative rotational strength of the 3595 ~ 

band must arise from an excited electronic state other than the lLa. On 

the basis of the foregoing evidence the obvious choice for this band is 

the lLb. This demonstrates hm-.r MORD and MCD can be useful in revealing 

absorption bands hidden by intense absorption from nearby transitions if 

the two transitions have different excited electronic states. 

Table VII. Parameters for fitting 3570 ~ IvDRD peak of anthracene 

woa on -1 '-oaR roa em -1 B' 0 adeg 

27036 3699 58.4 +5.3 X 10-4 

27816 3595 596 -1.95 x 10-1 

27848 3590 727 +2.62 X lQ-:1 

28205 3545 1506 -1.38 x 1o-1 

F. Sin_Q.let-Triplet Transitions 

Shashoua77 stimulated considerable interest in the Faraday effect 

by reporting results that indicate~ the ~·DRD of singlet-triplet transi­

tions was large and easily observable. l\1uch of his work bearing on 

singlet-triplet transitions proved to be erroneous, however. In this 

study ,,.e attempt to reevaluate the Faraday effect as an aid in the stu<;ly 

of a fe''' well documented singlet-triplet transitions. 
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An excellent review covering singlet-triplet transitions recently 

appeared in Chern. Rev. 78 and the reader is referred to it for information 

on the nature and implications of singlet-triplet transitions. 

In this study lvDRD \-.'as measured in a 0.5 em cell at 5320 gauss. 

The spectral slit width was less than 20 R. Table VIII gives further 

pertinent data on the samples. It will be noticed that only pyrazine 

shows any inflection in the region of the S --.. T assignment. (An inflec­

tion is here defined as a deviation from the sloping tail of the HWJ) of 

transitions at shorter wavelengths.) Inflections smaller than about 

0.010° would not have been seen in the benzaldehyde and acetophenone 

spectra, but .002° would have been detected in the p-benzoquinone.and 

.004° in the glyoxal. TI1ese results indicate that the singlet-triplet 

1'-DRD is nonexistent or very small for all the compow1cls except pyrazine 

in Table VIII. 

Snmvden and Eberhardt 79 have observed the magnetic rotation spectn1Jn 

of pyrazine in the same wavelength rcg1on as that observed here. In their 

eA~eriment, polycl1romatic light is passed successively through a polarizer, 

a 70 em tell filled with pyrazine vapor in a longitudinal magnetic field, 

a polarizer oriented at 90° to the first, and then into a spectrograph. 

The light is stopped by the second polarizer nnless it has been rotated 

by the sample. When rotation occurs the spectrograph plate sho1vs 

darkening at the position correspondin~ to the appropriate frequency. 

ny slightly d1anging the angular orientation of one of the polarizers 

2.11cl performing the experiment again, it is possible to detennine from 

L"le resulting spcctror;raph record in which direction the magnetic rotation 

-; 
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T2blc nn. t·DR of SOJ!lC singlct-tripJct tnmsitians 
----..,..--·.., '-<'"<'4.-::-•. _.._.._~•"-!:o"• ........ :r.-:..;..:-.,_-,"1--..:~~-"'V""" ____ ,... __ . .,....,,,_,._, ..._,...,_.,.---~-·'""""'•""<__,__,._,.,. 
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CoJ;;pmmcl 

Bcnzaldchyc:l:3 
F.K. chlorine 
free 

Conccntnltion 

undiluted 
liquid 

Acetophenone undiluted 
E_.K. liquid 

Solvent 

none 

none 

%1vavc1cngth 
range of 

obscnration 

~>.pprox. 
total 

impurities 
ID!ill 

<0. 5% * 

<0 so,* 
• 'o 

3800-4100 R largct positive rotatirn1 
no inflections 

3700-3950 ~ larp,e t posi6ve rotation 
no inflections 

Pyrazine 
Aldrich lot 

073031 

3. M 0-1Cl3 <0.05%* 3450-4000 R larget positive rotation 
(maximum = 0.45° at 3700 R) 

saturated 5:1 methylcyclohexane­
isopentanc moderate positive rotation

0 
-~----------------------------------(~m_.ax_imt11l = 0.054° at 3660 A) 

* <0.05% 34oo-4otJo R 

p-Bcnzoquinonc 
tl:i ce recrYstal­
lized fror.o' Eta! 

Glyoxal_ 
E.K. Tech 

.07 M 

30% 

5: J mcthylcyclollcxane­
isopentane 

HzO 

~~~r.---.;;.-:=:_----~~----~~-...........,-~-~====~~7=====::-:: 

*By comparison of areas of Vl~C trace (10 ft. Apiezon colurrn). 

t A fe1·,' tenths of a clegrcc. 

0 
6000-4000 A S!'~all posi tivc rotation 

no inflections 

6000-4000 ~ small positive rotation 
no inflections 

- .. -· ~ ---::--:::=::::=::::::=:::::= 

"-l 
"-l 
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has occurred. But the "intensity-direction of rotation" infonnation 

thus obtained is much more difficult to interpret than aiJ.alor,ous infor-

mation from l\DRD which gives directly the amount of rotation. At; ar1y 

rate, Snowden and Eberhardt sec magnetic rotation at the wavelengths 

of the established singlet-triplet transition of pyrazinc (3600-3750 ~).so 

The absorption bands arc greatly broadened in going from the vapor 

phase into solution. This greatly decreases the amplitude of the 

observed rotation, as can be.secn from the amplitude factors in Figure S, 

1vhbrc r 1s the band width·. It is thus not surprisi.i'1g that effocts seen 

clearly in the vapor phase lT'.agnetic rotation are not at all obvious in 

the f.DRD of solutions. 

None of the theories of the Faraday effect indicate that a singlet­

triplet transition should have especially large d· distinctive }!.ORD. 

They do predict that the IvDRD '.vill be proportional to the singlet-triplet 

·transition moment, which is usually very small. It is not, therefore, 

surprising that little, if any, rotation due to singlet-triplet transi-

tions was observed in the compounds studied here. More success might 

be achieved in an IvDRD apparatus Hhere large magnetic fields could be 
I 

maintained over pathlengths long enough to achieve optical densities 

near one in the wavelength region of the weak singlet-triplet transi-

tions. But at present it appears that l\DRD instrurr.entation is not 

developed highly -enough to pennit successful study of singlet-triplet 

tr::msi tions. 
\ 
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G · Aanre'cratccl Dyes 
• J. t-.t~ t-.'-

Sauer81 has found that solutions containing chlorophyll climcrs have 

ORD that is much larger and qualitatively different from chlorophyll 

monomer solutions. It seemed possible that aggregates of non-optically 

active dyes would have different !vDRD than dye monomers, and that the 

r.:IOrJ) may provide information about the geometry and/or degree of asso-

ciation of dye molecules. 

Two dyes were studied ~n detail. TI1ey were methylene blue and pro­

flavin. Both are knmvn to aggregate in \vater solution as the dye con­

centration 1s increased. TI1ese t\V"o were chosen because they. show large 

changes in the fraction of dye aggregated through concentration ranges 

where accurate ~ORD measurements can be made with the cell pathlengths 

available. 

The maximum molar extinction coefficient is 4000 for the 4700 ~ 

band of a 9.55 x lo-4 percent solution, but only 2700 for a 7.96 x lo-2 

percent solution.82 These values are for solutions at 25°C. Prom the 

value of the equilibrium constant82 (500 ~./m) it can be seen that the 

dilute solution contains practically no dimer, but in the concentrated 

solution over 90% of the proflavin is dimerized. 

Solutions of the above concentrations \vere made up in .OS ~1, pH 4, 

acetate buffer, and their MORD measured. TI1e dilute solution was run 

in a 1. 0 em cell at 2200 gauss, from 7000 to 3300 )\_ The lV:OrJ) Has less 

than the experimental noise level (0.001 deg.). No rotation lvas observed 

for the concentrated solution either (after. the rv:ORD of the displaced 

solvent \'JUS subtracted). This solution was run D1 a 0.1 t1m cell at 

8300 guass over the same wavelength range. A sample of intermediate 
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concentration (7 .96 x lo-3 percent) was also run in an 0.1 nun cell at 

8300 gauss. Again, no rotation was observed. 

In another e:>.."Periment the ~DRD of methylene blue in water was 

measured. The concentrations (in tem.s of monomer before aggregation) 

were 2 x lo-5 Ivl and Io-3 M. The absorption spectra of the two solutions 

\·:ere markedly different, indicating aggregation. The first solution had 

a 0.63 OD peak at 6620 5\ and a 0.34 OD shoulder at 6120 R (in a 1 em cell). 
0 

TI1e second solution had only- a shoulder at 6620 A ~0.3 OD) and the main 

peak was at 6070 5\. (0. 5 OD). No .tvDRD \vas observed for this solution; 

however, the dilute solution showed about +0.002 deg. rotation at 

6100 5\. \vhich decreased to zero at both 7000 5\ and SOOO t 
No other dye with extinction coefficient and dimerization equilibrium 

constant suitable for !vDRD study was found. From these measurements ivDfill 

does not appear to be of value in studying aggregation. It should be 

noted, however, that neither of the monomers studied had measureable 

f.DRD. This in itself is unusual. Perhaps for compounds showing r.1onomer 

~DRD, the Faraday effect will be useful in studying aggregation. 

I-I. Charge-transfer Complexes 

The M)RD of several .. charge-transfer complexes was investigated in 

hopes that M)RD '\.vould yield information on one of the following properties 

of the complexes: 

1) The nature of the. charge transfer electronic transition 

2) The geometry and degree of the association between donor 

and acceptor 

3) The perturbation of the electronic states of the components 
\' 

as a result of the association 



81 

A description of the l\10RD of five liquid charge-tr~s.fer systems 

is listed in Table IX along Hi th the eA.J?erimental conditions. It cail be 

seen from the table that the observed rotations were very small. It 

therefore seemed unprofitable to include the curves in this Hark. Only 

the pyrene-iodine complex can be said unequivocally to shm.; a Faraday 

effect in a u~arge-transfer band. TI1e observed rotation in the first 

three systems could be attributed to the MORD of the displaced solvent. 

TI1e D~1SO-TCNE system has a small rotation, but it is in the opposite 

direction from the displaced solvent correction, so it is probably real. 

The freshly fornoed complex has an appreciably populated triplet state 

(as evidenced by EPR83) which decreases to less than 10% of its original 

population in 20 min. · The MJRD was measured 1 and 20 min after prepara­

tion of the complex, and no difference in rotation was detected. 

Of the components listed in the table, only pyrone and iodine have 

MORD different from a gentle, monotonic curve in the \vavelength int;:;rvals 

investigated. The MJRD of the pyrene was not changed in the solutions 

investigated, but that of the iodine mayhave been. The charge-transfer 

band in the pyrene-iodine-CC14 system is near the iodine absorption, m1d 

it is difficult to tell_ if the changed MORD is from the charge-tra1·1sfer 

band or the perturbed iodine absorption. 

It should be noted that·the optical density of the first two samples 

WaS 10\v • The COmbination of lOH solubilities 1 ~imited optical path­

lengths, and low extinction coefficients for these charge-transfer bands 

precluded the use of higher optical densities, where more sensitivity 

could be attained. Solubility is seldom a problem in complexe~ where 

the donor or acceptor is also the solvent, as in the third and fourth. 
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Tahlc IX. M'JRD of Charge-transfer Complexes 
--------------~-· 

Donor 

Hexamethyl­
bcnzenc 
VII sat. 

Pyrene XI 
sxro-4 

i-k~sity1ene 

IJ.'-lSOb 

Acceptor 

TCNQ 
VIII 

sat. 

Chloranil 
X sat. 

TCNQa 
VIII 

TQ\!Ec 
VIII 
sat. 

Py-rene XI Iodine 

Solvent 

Acetonitrile 

01Cl3 

Mesitylcne . 

D'-1Sob 

CC14 

K(t/m) 

26.3 

2.24 

95.4 

Sam1;ic nf1gr1c~--rc-\·lav-:-elength 
ob field range 

knpli ttiCle 
of 

M'JRD 
>-o 

0.15 

6100 2 0.15 

-vl.O 

3no R -vi. 5 

-v5100 2 >2.0 

Ref 
(kilo~auss) covered 

5.3 

7.2 

8.0 

7.2 

8.1 

4350-6500 ~ Too small to be 84 
measured 

4500-6800 2 • 013° to • 050° 85 
6soo-4soo R 

4000-6000 ~ Too small to be 86 
measured 

2800-5100 ~ .005° broad ncga- 83 
tive peak at 
-v4100 R. No 
rotation ahove 
4400 R or below 
3600 ~ •. 

6500-3550 R Negative Cotton 84 
effect at 
-v5600 R. Peak 
to peak C1'!!~1li-

-=·-===--===== ~--- --· . ~!.~~- ~ .... 0];0. ~-· ·----., ..... _...,_ ___ .,.. ___ _....._,. .... ~_. _____ .....,.,_..,...._._,__ .. _-. __ . 
aTGQ = 7, 7, 8, 8-tctracyanoquin~''1cc1ir::::th2J1 

hn.r__:;o = dimethyl sulfDxj_dc 

<"TC):}"; = tetracya:'-::>c:thylcn3 

o:> 
h) 
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systems listed. In theory, it should be possible to go one step further 

and measure the MORD o'f charge-transfer crystals. This was :::..ttcr..:)ted, 

but results were not reproducible. For most complexes, the crystals 

are so dark that even rather finely ground crystallites transmit too 

little light for accur.ate l'-DRD measurements. It may be possible, 

hoHever, to obtain accurate measure1r.ents of suspended crystallites 

if one d1ooses the right complexes and suspending media. 

S)'li~-:\etry ar&rurnents shoH that the Faraday effect is not forbidden 

in the c.'1arge transfer complexes studied, if one assumes the d1arge-

tra...'1sfer transition moment is directed between the ·. centers of the 

t1·m component molecules, as Mulliken's theory indicates. This is demon-

strated in the following way for the HJ:vffi-TG\!Q complex: 

Assume ~'1e plane of the t~ (VII) is parallel to ·that of the 

TC\'Q (VIII) and -that one molecule is directly over the other. Taken 

VII VIII IX 

together, the pair has c2v S)'lmnetry, and of the quantu;11 mechanical terms 

for the Faraday effect, only the B
0

a term could be non-zero. We will use 

sy:n;11.etry arguments t-o shoH that under certain conditions B0 a can be non­

zero if a is the d1arge trm1sfer excited state. 

According to ~1ulliken's formulation,87 lJoa, the t1·ansitionmoment 

of the cl1arge-transfer absorption band, will be directed from the center 

of one component molecule to the center of the other. Call this the x 

direction. The allowed electronic tronsitions in e~ch individual 
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component molecule arc polarized either in the y or z direction. Let 

their exicted states be labeled by b 's. From the character table for 

Czv (Appendix III), it can be seen that each ~ob must have either n1 or 

Bz syrrunetry, \vhereas ~oa \vill have A1 symmetry. If we take the grotmd 

state of the molecule to be totally synunetric the excited states will have 

the same symmetry as their corresponding transition moments. h'e can now 

see from the symmetry of the a and b excited states that mab will belong 

to the same irreducible representation as ~ob" From the d1aracter table 

it can be seen that if ~ob is z polarized, mab will be y polarized, and 

conversely. Thus, the three transition moments in the first part of the 

B0 a tenn (equation (37)) will be perpendicular to one another, so they 

will not vanish on symmetry grolL'1.ds. Similar arguments show the same to 

be true for the second part of the B0 a tenn. Extension of the argwnent 

to Dzh and c2 symmetry yields the s3Ir'.e result. This means that the 

Faraday effect in the charge-transfer bands of the cOii1plexcs studied is 

not predicted to be zero on symmetry grmmds. It should be noted that 

the Dl\150-TCNE complex is not as likely to fit the syn111ctry groups men-

tioned as the other complexes are. Also, it has been assumed that the 

iodine is in the plane of the pyrenc molecule. The pyrene-iodine complex 
having either 

can still be classified as/Dzh or Czv regardless of \d--..ich ring or how many 

rmgs arc filled by iodine •. 

A factor likely to make the B tenn smaller for charge-transfer bands 

than for the nonnal absorption bands of aromatic hydrocarbons is the 

energy denominator, wab. 111e cha.rgc-transfcr bands arc usualJy separated 

-further in energy from adjacent bands than arc normal transitions. wab 

h·ould be proportionately larger and the B 1tenn smaller. 



TI1c large band width, r, of d1arzc-transfcr b;J.l1ds also adds to the 

difficulty of obsenring their ~-Dill. The ma..·dmurn amplitude of the I<ORJ) 

is proportional to 1/r (sec Figure 8) and this factor is at least ten 

times smaller for cr bands than for silT'ilar bands in most uncomplexecl 

aromatic hydrocarbons. 
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Although the observed f.DRD of charge~transfer ban.cls was too small 

to measure or interpret with accuracy, it seems possible on theoretical 

grounds that success in this area can be attained as better instrun:enta­

tion for rvDRD and ivlCD is developed. 



VI. CONCLUSIONS 

The present high level of spectropolarimctric ir-.stn.uncntation Gm 

be utilized in connection with pennar.ent Inagnets to measure the Far;Jday 

rotation of solutions. In this work, it Has possible to l!lake measure­

ments from 2400 R to 7000 R, but with a little more effort it should be 

86 

possible to extend the short wavelength limit to that of the instrument 

(1850 R). The measuren~nts can be m~de to ±o.qoi degrees under favorable 

conditions. ~~gnetic field strengths t~ to 12,500 gauss have been 

attained for solution path lengths of 1.0 mm. It appears impossible to 

achieve fields of greater than 1 S, 000 guass with pennancnt magnets, but, 

of course, super-conducting magnets promise many times this field strength. 

With the permanent maBJlets used here the sample can be cooled to approxi­

mately -140°C, or, in principle, wanned to the point '"'here the perr.1anent 

~~gnet loses its magnetism. 

TI1e l\DPJ) of the near UV transitions of several aromatic hydrocarbons 

is presented and, shown to be in harmony qualitatively. with '"hat recent 

quantwn mechanical theories predict for such compounds. It is possible 

to get reasonable qualitative agreement between theory and experiment for 

pyrene where certain necessary experimental parameters can be found in 

the literature. Considerably more e:A'}.Jerimental work must be done to 

adequately verify other parts of the theory, particularly those applying 

to molecules of high symmetry. .The methods developed in this work should 

adequately handle the e:A'J)erimental part of verification, as should those 

developed for magnetic circular dichroism. But the expected ~'DRD of 

other molecules must be calculated, and this may prove the most diffi­

cult part of the verification. 
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On the basis of the J'vDRD of a fe\·.r chemical systems it lS shm-m that 

the Faraday effect will probably be of limited value in the study of 

molecular aggregation, singlet-triplet transition::~, and cl1<1r;:;c-tronsfer 

complexes. The availability of more sensitive instruments and/or con­

siderably higher, magnetic fields may reverse this outlook, since on 

theoretical gronnds it has not been shown that any of the systems 

may show significant Faraday rotation. In fact, 1 it is shmm that many 

charge-transfer complexes should have Faraday actl.vity on the basis of 

group theory and Mulliken's model of the charge-,transfer complex. The 

nature of the complexes mal~es t.-DRD hard to measure, hoHever. 

It appears that the primary usc of the Faraday effect in the study 

of aromatic hydrocarbons will be in revealing electronic transitions Hhich 

are hidden in absorption spectra by other stronger, nearby ~lectronic 

transitions, and in making spectroscopic assi~uncnts. As more confidence 

is gained in the quantum mechanical theory, it may be possible to study 

:magnetic dipole transition moments by mc:ms of the Faraday effect. 

A strictly empirical approach to the interpretation of the observed 

;,DRD of aromatic hydrocarbons does not appear profitable. The fo.DRD of 

siElilar compotmds shmv such drastic differences tl;at comparisons em be 

misleading. Theory must be invoked to make experimental results meaning­

ful. On the other hand, theorists have complained of a lad: of e:>..-pcri­

mcntal data for use in the guidance of th.eir efforts. It is hoped that 

close cooperation bet\vecn theorists and experimentalists Hill soon bring 

the Faraday effect to its full usefulness in chemistry. 
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Appendix I 

EA~erimcntal Conditions 

Note: AA and XI.A.\1C) are used in making the correction for the f.:ORD of 
the displaced solvent. Sec the program DATCON in Appendix II 
f~r the way it enters int~_ the calculation. 

C01-(PCUNO PYRENEINSTCHECK 
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SCl \H\1. CHCl3 
---------::-:- ----------

TYPE Cf ~EASURE~E~T MORO TEMP +26C 
----------~S~P~EC. SLIT ~lOTH 20A TII"E CCi\STANT 1 

MA~. SET 2 CAT~ 10/9/66 EXPERIMENTER JHT 

lHE 2 CL~~ES hERE AGCEt ~11h SIG~S OF 
-·1 l -- --~-----· ---

A~C l~E i\L~eE8S CF THE EXPER.li"ENTS ~ERE, RESPECTIVELY -
-------- i-1-i.·--r~i<; 

~ S "!_iO __ ~lj_~-~~~-R C = · f U ~-L~ CAl_ E P E 1\ __ 0 -~_F_l, _E C_T~I!!O~N------'-----:-­
l.62E+OO = fACTOR fCR OeS ROT TC MGLEC ROT 

----'·1"'-=--. G;:...S~O;:...:::_.:O Q E. +_i:~ . 1. 55 9 0 0 E + 0 3 = A A A ~p __ ~L.A..~~- __ __' ___ _ 
.lOCC C~ PAJH,l237C GAuSS, S.CCCOOE-02 MCLES/LITER 

,. 

f)P. NC. lSS CC~FCLi\0 ANT~RACE~E 
·---S.C.L\i EtO _(J-__( . ..._1 ..... 3.__ ____ __.l._.'t ..P_L(.f_~ EAS L R E JJ_aT--.£.t.!......,OUlB.....,O'--_._I 8J..L.2...u.6 c.___ 

SFEC. SLll ~lOTh 12~ Tl~E CC~ST~NT 3 
C.AIE FIPUt EXPERit.!El\'TER .!~J 

1hE 2 C~RvES ~ERE ~CCEC ~ITf. SIG~S Of 

A~C l~E ~L~EERS CF l~E EXPERI~E~lS ~ERE, RESPECTIVELY-

~S44C \CLTS C~ CARe·= f~ll SCALE PE~ CEFLECTlON 
_-;---____ .£..,..2!i.f...t~ E CB C E S RCJ_J_(_tJ_OLc..fJ..C-nR.uO_._I _________ _ 

l.C6CCCE+CC l.559CCE+C3 = AA A~C XLA~O 

.... l.C..C.C C fJ P...Al..h.., ... l2.l.kC,___G_AlJ S S, l • CC.O.C...O...E:.~C.L+SLLl-"'-I...~,;;£...,.B~---

--- ---------·-Tt. E ____ 2~ CU ~ v ES. hERE_AC.Cf.C_KlJJLS.I Gi\S Q c -1 l - ,..._ _____ __: ____ ___;___ 

--·--~---l.t\.C ___ r ~E. "L ~e .. E.H.S _G.f._JJ:· E_U\.f_E R lM.El\l_S__h~ e B..E.S a c c r· r" r:: L 
l ~ .3 C C -0 • - ~. .c....Jo._ - ..J...Ju .. ~ __ __.Y ___ ....,;__ 

--- ---~ <; 4'• C. \ C l.l_S __ C "·.C. A~ G __ = ___ fU ll S_CA l E _f E l\ _!: Efl_E· CI 101) 
~ ~-C~E+CC a fACTu~ fGR CES RGT TC kOLEC ROT ____ ------------

-- ---------~ .• _3_1 ~-CC_E y c c. ·---... J_._4_l~.C:.OE_!03 .. :: __ A_p __ A_~ c X lAJJO 
l.ococ ·CJJ. PArH, ~~oo GAuss, ·s:-c·c·a·oc-£-cJI~-c-u:s 11• 11 eR 

.. 
; ' 

·. 
!• 
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--~-::----:----·--··-··---- ---- . -------------------------
tXP. ,-Ju. 2C l CCJ~\POUNu J\CE 1\APrl TrlU,t: 340 
SCL\f:I'\T CI-LC TYPE Cf ,'-if.C.Su.1.i.:i·\E-.JT TE,"'\P 1'\0I 

----------~P·c:·c-~---ST-ff ·-;;-lu1H+.2TC_C ___ l_U .. It ·eel\ S r AN'f-·Az--. ------'--------

tvA G. SET OA CAl t 1 210/o/6 EXPE:RINciHEi\ 5 ------------------
-1-~-t-2-CiJR'i'ts-·-;ITR-r-$trfTiiilT11.)fCI'rS"·-u 

-1 1 
P:i\ c--~-1--E ___ i\u-·t{t!Tk'-:S,..---,O..,..F...---.T..-.-1-.,..E---,-,l:Xf'rtlf1MFi\il-s-~tffE7~TS"PRTIV"FCv-=--

2 Cl ..,.c 
-------,.(4Zj1;o-vu"L.,.T .,...S-.~l...,N~t.'"'!'I\.,..I-<..,..,LJ~=~f-;U"";"'ll...,L--S,..,C,...A..-L~t --npn 0 t: F l E C 1 I CN 

l.22E+Ol = FACTCf~ FCR OES RCT TO i'-\OLEC ROT 
----.1 . 3Cc-C"Cfi=""C c 1. 5"S'SC-a:+o 3 = /l-AA-Kt-xL A-1":;-,. --:-7"". ------------

.lOGC CM PAlH 1 8190 GALSS, l.OCOCOE-02 MOLES/LITER 

.• 

. --- -------- ExP·.·· FJC·,--2CY:)"---C-Of'iPQUKfO ___ NA-PHHl"A[EI~T:T40T)----------
SCLVEN1 CHL3 TYPE CF MEASUREMENT TEt..1P MCRO 

----s P E c-;-scrr---w-ro·nr+2-6C C · TTMrCCN STA"'Nrr-r-1 _,A • ......-----------
MAG. SET 0A DATE 10/26/65 EXPERIMENTER JMT 

-. ----- -----n-w- --2--CURVEs-wERcADOEt,-VJTTlrSTGNs-c?-------------
, . -1 \ 

ANn-THt.~NUMF£Rs-cf'I"1--CT.XPvnMENTS-"Wr:RE9HESPE C I I vm--=-----
?05 .. o 

- ---- ·------ 4q440 ·· VCLTs-~t'rCARD ~--FULL-SCAI~E-PEr-r-oEFt'ECTio~ct---------
2•05€+00 ; F~CTCR FGR C~S RCT TO MCLEC RCT 

------ 6-;;35000E +0 1' ---l·.-s5900t:-H'l3-::·-AA--AND-xL-MiC -----------

elOOO CM PATH, 812n GAUSS• 6.00000E-02 MOLES/LITER 

·'·c:-::·.-.~:··..o=···-------------------

exP. NG. 225 COMPOUND l~8ClMETrNAP~THALEN 
SCL\El\1 tlCH TYFE LF 1-'EASU'RE!'El\T l_E_ML.!iO~O, 
SPEC. S L IT ~ fo-'fli-+i6-C'C --- -----T It' E. C G T\S TAN Y. f,:i--------

______ ___0_A_9~ __ SET DATE 10/6/6 EXPERI/'I;Ef\TER 5 JIV.T __ 

lhE 2 CL~~ES hERE tCCEC hllh SIGT\S OF 
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l.:._'_.~_ .. _SI_G.'-l.~ .. _=_,S.Y:.:..M.:..:C,_;K.:.-:..l ___ -----:-~-----~-----,--;....,....----~---· 
: JRA~ ·.= K ·} . 

. : ........ --·-· ..... KP.. .. =~--~:+-L ________ · ____ ............ ·--~~~~------:-• .....;... ____ _ 

. : \ IF ( K P • G T. N ) G) T 0 2 7 .\ . 
~ ·-------· ~.D0 .... 2.2 ... S ... :::_~_p_,_N __ . - ... --~---_:.:_:_ ______ ~-·--'--~--~---· 

.... ___ ...... ._ __ .. _________ --· 
... 

i IFCSIGMA.GE.5UM(J))GJTJ22 
L-. · SJ_G~.!L.=___,1 tm ( J ) 

'' 
JBA~ = J . .· 

... j . .' . . .... 2 2. .. C 0. NT. C 1'1 lJ E .... ___________ : ~- . _ --~ .'. : .. ;:..2 •. 
..:·· 

. i . I F- ( J B A R • E Q • K ) G 0 T() 2 7 
i ~: ... --~·---I : .. E ... <P_.I_VjJ .Lt<J ________ '"_~--·' . 
: KPTVOT(K)= KPivDTlJSAR) ,. 
!- f:U'.J..\O_TJ_~JF\A~) =...2..I_· ---..:~M _ _:___.........:..-___ ·._·· '-----~------------

.-! SUM ( J n A R) · = S Ulll ( K ) 
.\.· ... . . ... ___ .. s 'J .~1 cq .. =.=. ... s r. (;J1.L __ -~----~--
. f) n 2 'l I = : l , t'l 
\· ... · ..... ·~--.. ·--· s r P"iJ\ . =_ . ..:'1 ~ < I., .. I<.L .. ~-:.---~ .. -:.~-~·~---~ · 

·~--·· ... -- .. --.. -·-··- ... ---

,.. 
'-~ ... 

-----~-----------·-----
. QR(l,K) = ~R(l;_J~A~} .. ' . 

_: .. ;. __ ?,_6_93J..L,. dJt~ S,J .... :: ... 5. Lf>.l1..A ___ ~-~---~· ~· ._· -~-~-=-:-::--:---::--:-:-:-+----------:---
. 27 CALL IP CK,M',r.H!Kt<l,l,O~U'<,K),l,O.,SIG'-1A,DJ~): 
:. ________ .::_ ... : ...... ~ .. l'f c_s l .. 1;_!:._A •. E.Q").· ... o )'GQJ0.~9-~.-·.:. ... _._.:._· ___ . ~::..:-~: ....... , ........ L~...:.~--~---- .... --~---···~:. 
; . QRJ<K=OR(K,.<) ., . . ' .· . , ! 

.... --·---·- ..... .: .... : .. .1\L f:.AK.:::S.Q~ "I:J5l(.';1·t.A > ... : ............... .:...... .... :..-~:.:...:: .... : .. - . .:..~ ...... _ ... 1... ___________ ·:..:. .. -~--c-··· 
I~(Q~KK.aY.O.O)ALFAK:-ALFAK . . l . 

··--· .. ' ··-·.- . -·; · ·: . · · .. ·. : :~. :. ~ ; . ,;;.:· .· _; : ·. i.·: · ;: .•/ · ·~:.! :,;;D·.;i;:tl~~l:~:~~;iiJgi~J(:fJ:1~J'.:1~J;i~:::;,~:?.~~i,;,~}: 
," '',:,.~·,,': •.'·~~~· I If ~-~' o ' ,.- <~ 0'/ r ~· :~(~,·;;.,~~;~•);t,<~,:~'~t~l::~~~~·!./~:1',..tl','•:',:l.~n\,o .': '\·~:'f\)':'~~·~\t//:\(t~;o/'"·.\·':'·~·~·j't I .:•rt~\>1 

·.{,\, ., .a ~ J .'"' ·'.' •• ;·· r , : •• • ... fo•'f :.11 ' .. '·:."l'·:··t.~"'.'•''\.'; ~···~·i:f;·;:'·.i1 .. _,\i,'l;·~·tt·!•\'.~.f.l1'·,',\'•1 1 •1;'•.1.,' t/il;,·,·t::;, '· '.• .. ~ .... 
'z ,'w, 1 ';~'·. 'r. ···~ ·~ .. ; • 1 ' ••• ··:o"·~~~~_., .. \;~.•,,,;•·•.:\\••'!\f.'',;~'·'~'•'\·,}~{'\•1:f•lJ't·'.'·,'.l';,•,tt,,·~;t:I,J •1 1• 1 • 'l•t 

~JL': /.<': ·; ;~·,: ::: .... · ·. · ..• ; : :• '. : >' t'// i::(fii~?:1:f:0Jt:W~i::~i::~i;l,;;~lii(!{;1i!\.::/:?\i~X.: f:.;',;.;;::'1.! 
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Appendix'· I I I 

Selected 01aracter Tables 

cs I oXY 

A' 1 1 Tx, Ty; R z 
A" 1 -1 Tz; Rx, Ry 

L 

Cz I Czz 

A 1 1 Tz; Rz 

n 1 -1 Tx, Ty; Rx, Py 

Czv I 

1 1 

Az 1 1 

1 -1 

0 xz 
\) 

1 

-1 

1 

o yz 
\) 

1 

-1 

-1 

B7 1 -1 -1 1 

-·=···~~-J--~~-... -~~ 

R. z 

axx, ayy, 

ayz• 

axx, Uyy• 

ayz• 
-

azz• axy 

axz 

azz• axy 

axz 

For planar Czv molecules the x ax1s should he chosen perpendicular 
to the plane. 
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Dzh I Czz CzY Czx i :X")' xy yz 

Ag 1 1 1 1 1 1 1 1 CLXX' CLYY' 
uzz 

Au 1 1 1 1 -1 -1 -1 -1 

Blg 1 1 -1 -1 1 1 -1 -]. Rz CL:A")' 

B1u 1 1 -1. -1 -1 -1 1- 1 Tz 

Rzg 1 -1 1 -1 1 -1 1 -1 Ry etxz 

Bzu 1 -1 1 -1 -1 1 -1 1 Ty 

E3g 1 -1 -1 1 1 -1 -1 1 Rx ayz 

B3u 1 -1 -1 1 -1 1 1 -1 Tx 
·n-~ 

This group is sometimes called Vh. For planar Dzh molecules the 
x axis should be taken perpendicular to the pl&!e. TI1e z a..xis 
should pass through the largest possible number of ato!T'.s, or, if 
this is not decisive, through the largest possible number of bonds. 
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-----
I . 

D(Jh I 2c6z 2C3 Czz 3C2 3c2• 1 2S 2S6 oh 3od 3ovl 3 
·---··-·~···· -~· 

Alg l 1 1 1 1 1 1 1 1 1 1 1 laxx~:z~, 
A1u 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 ' i 

I 

Azg 1 1 1 1 -1 -1 1 1 1 1 --1 -1 Rz I 
I 

Azu 1 1 1 1 -1 -1 -1 -1 ' -1 -1 1 1 Tz I 
I 

Blg 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 I 

I 
B1u l -1 1 -1 1 -1 -1 1 -1 1 -1 1 

Bzg I 1 -1 . 1 -1 -1 1 1 -1 1 -1 -1 1 I 
I I 

B2u 
I 

1 -1 1 -1 -1 1 -1 1 -1 1 1 -1 I 
I 

E1(T I 2 1 -1 -2 0 0 2 1 -1 -2 0 0 (Hx, Ry) j (ayz' a ... ,) 
"" I 

A~ 

1 2 
I 

r:lu 
I 

2 1 -1 -2 0 0 -2 -1 0 0 (Tx, Ty)l 

E2 1 
2 -1 -1 2 0 0 2 -1 -1 2 0 0 

I ( """"~" )''Y. 
g 

Ezu I 2 -1 -1 2 0 0 -2 1 1 -2 0 0 
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PART II. CONFORMATION OF CELLULOSE TRIACETATE 

A. Introduction 

Membranes made of cellulose triacetate (CfA) have been used 

successfully for desalination of water by the process of reverse 

osmosis. 1 Salt water is put under pressure on one side of the mem­

brane and relatively pure water is collected on the other side. Flow 

due to osmosis, in contrast, '"'ould transport pure water to the salt 

water side of the membrane--thus the name "reverse osmosis". 111is 

process is also called ''molecular u1 trafiltration". 

1 

Very little is known about the detailed structure of the CTA, 

which allows \'later to pass but retards ions. Bltmk2 has shm.,rn that 

ions will pass through the membrane' only if they are ~ivalent and 

capable of hydrogen bonding (~, ammonium hydroxide). Certain small, 

non-ionic molecules will also pass through. the membrane if they will 

fonn hydrogen bonds with the erA (e.g., butanol). It has been postu­

lated that the membrane contains a positive,charge2 and that it has 

pores of about 10 ~ radius. It may be that the structurally organized 

clusters of wate~wl1ich exist in the liquid state, are disorganized 

in passing through the membrane. But it is energetically unfavorable 

to disorganize ~le water molecules around an ion unless the ion can fonn 

hydrogen bonds in the erA. Thus the membrane discriminates against 

non-hydrogen bonding ions. 

Tius selective penneability is sholm by CTA mer.1branes only after 

~1ey have undergone certain treatments. They are cast fl·o;n a mixture 

of approximately equal weights of CTA, acetone and formarnide, of about 

25% CTA, 45% acetone, and about 30% fonnamide (or other aldehyde as 

.. 



2 

plasticizer). After a short period of drying, they arc quenched in 

ice water for about 30 min. Although there arc a few other methods 

for making erA films for dcsalinzation, large deviations from the 

procedure and materials listed usually result in membranes having poor 

selective permeability. 

~~mbranes showing selective permeability are also important in 

areas other than water purification. TI1eir function in biological 

systems has long been known, but is still not well understood. Even 

tl1e transmission of nerve impulses involves menu)rane semi-permeability. 

(TI1e electrical signal propagates because changes in the iqn per­

meability pennit certain inorganic ions to flow through the axon 

membrane.) 

It has been suggested that the conformations of the structural 

molecules in membranes play a vital role in their selective permeability. 

1he following work gives evidence that this is indeed the case for erA 

films, and presents methods which may be used for the study of molecular 

conformation in other membranes. 

B. Optical Rotation of erA Membranes 

Samples of CTA (cellulose triacetate) membranes are mounted in a 

Cary 60 polarimeter and the optical rotation recorded. It is observed 

that the optical ·rotation is a function of the aziinuthal angle, e, 

measured in the plane perpendicular to the instnunent light beam. A 

cell '\'as constructed which permits observation of the optical rotation 

of a membrane at any value of e (Figure 1). The sample is held between 

two teflon washers by a small amount of stopcock grease applied a1"ound · 

• A,_ 

.... 
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• s w w 

T M T 

light beam 

MEMBRANE SAMPLE HOLDER 

M U B 11450 

Fig. 1. Exploded view of cell and holder used in the measurement of 

the ORD of CfA. S is a removable divided circle for measuring 

the asimuth of the Teflon holder rings, T. M is the CI'A mem­

brane and t'l a quartz \vindow. 
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the edges of the membrane. This assembly is then lowered into a quartz 

cell that can be filled with a solution that will approximate the index 

of refraction of the film. (This prevents reflection from the slightly 

irregular surface of the membrane which may result in spurious optical 

rotation.) The washer assembly can be rotated without reir.oving it from 

the cell or disturbing the membrane. Figure 2 shows the observed rotation 

of a CTA membrane as a function of e as· measured at 2600 5\.. It is seen 

that U1e function is not symmetrical, but that it repeats itself 

approximately every 180°, as do trigonometric functions of 20. For some 

films at visible wavelengths, the optical rotation \vas very nearly 

q, = A cos 26 

where cp is the observed rotation and A a constant. 

Variation of optical rotation with the azimuthal angle is 

cl1aracteristic of linear retarders (materials having different indices 

of refraction for light polarized along the x or y axis when the beam 

is traveling in the z direction). For example, a thin sheet of mica 

shows different indices of refraction for light polarized along dif­

ferent crystal axes. This leads to the observed optical rotation shown 

in Figure 3. It will be noted that the apparent optical rotation, ~. 

is well described by sin 4e. But the optical rotation of the erA film 

is some function of 2e, showing that a linear retarder is not a good 

model for the membrane. 

The e dependence does not arise from the orientation or ordering 

of the CTA molecules in the field (assuming no linear dichroism). If 

the molecules were randomly oriented there would obviously be no ch;m:;;c 

in the optical rotation as the film is turned in the plane perpendicular 

•. 
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Fig. 2. Optical rotation of a CfA membrane as a function of its angle 

of rotation about the axis of the light beam. 
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Fig. 3. Optical rotation of a sheet of mica as a function of its angle 

of rotat.ion about the axis of the light beam. 



to the light beam. If the molecules were oriented there would still 

be no change so long as the film is turned only in the "AY pL:me and tJw 

light beam travels along the z axis. This is seen from the symmetry 

of the equation for the optical rotation of oriented systcn~.2a 

4 

q,2 oc [i · 1!. k • C.!E) • i] -[i. · 1!. k • C.!E) • i] 
where ¢ 2 is the observed optical rotation, 2:_, i, and k arc unit vectors 

along the x, y, and z axes respectively, and .!!. and (!£) arc the electric 

and magnetic dipole transition moments of the molecule. The angle between 

~ and lTE) is constant and is determined by the molecular structure. The 

angle they make witl1 k does not change in the experimental apparatus 

described, so the above equation reduces to scaler products. By remem­

bering that A • B = AB cos e AB, \vhere 6 AB is the angle bet\veen the 

vectors, it is easily shmvn that ¢z depends only on the angle between tJ 

and (rp) and not their orientation in the xy plane. 

There are mathematical methods of assessing the polarization m1d 

intensity of a light beam \vhich has passed through one or more optical 

elements. 3 One such method is the rvlueller Calculus, 4 which correctly 

predicts the sin 46 dependence of the optical rotation of a linear 

retarder. However, it does not predict a sin 2e dependence for any 

optical element which the erA film might approximate, with the exception 

of a didwoic plate (or scattering plate with the scatterinr, different 

for polarizations in perpendicular directions). Ev9n· \\'hen one considers 

the two polarizers and Faraday modulator in the optical train of the 

polarimeter and solves for minimum intensity at the photomultiplier, one 

cannot get a 2e dependence except for dichroic or scattering devices. 

erA has no absorption at visible wavelengths, but the films scat:tcr. 

Dichroism and scattering are mathematically equivalent in the follmving 



equations. TI1e effect of scattering can be put in quantitative form by 

assuming that sr is the fraction of the incident light intensity trans-

s 

mitted when the electric vector of the light is parallel to the molecu­

lar axis, and sz is the fraction tr~smitted when they are perpendicular. 

The observed rotation lvill then be: 

[ 

tan 6 - ~ tan 6 ] 

1 + (tan2 6) . ~~~ 
s.L 

(1) 

where is the azimuthal angle in the >..-y plan~. If S is nearly equal 

to S , this equation becomes: 

•s • 112(;~ -1) sm ze (2) 

Equation (1) is most easily obtained by considering vectors representing 

the amplitude of the components of the electric veGtor of the light m 

the x and y directions and observing how their resultant rotates as one 

is shortened by scattering more than the other. It must be remembered 

that the intensity of the light is proportional to the square of the 

length of the electric vector. 

Equation (1) would account for the observed behavior in the visible 

region of the spectrum. It would have to be asswned t.."'1at S has a much 

different value than S in the UV in order to account for the deviation 

from the sine function. 

The origin of this anisotropy is probably the unidirectional smoothing 

of the film when it is cast. A bar or scraper called a casting knife is 

drawn across a puddle of the CfA solution at a constant height in order 

to ad1icvc a uniform film thickness. It is observed that the mnplituJc 

of the variation of optical rotation as a function of e is roughly 
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proportional to the speed with which the knife is dra\\TI across the CI'A 

solution. The amplitude varies over a factor of 5 or more. 111e rotation 

is not significantly affected by annealing, that is, by holding the film 

above its glass transition temperature (80°C) for about 30 min. This 

relieves mechanical strains and allows the molecules to reorient them­

selves to some extent. It appears, therefore, that mechanical strain in 

the film is not the origin of the anisotropy. The degree of crystalliza­

tion (concentration of CfA microcrystals in the film) has little influence 

on the amplitude of thee dependqnce. Microcrystals may still be the scat­

terers, however, since to the first approxim~tion it is the ratio 511 /S.i 

that determines the amplitude, and this depends on the degree of orienta­

tion and not the concentration of scatterers.-. 

It is not possible from the data to determine whether the scattcrcrs 

have a larger index of refraction than the matrix (as microcrystals would) 

or whether they have smaller indices of refraction (as pockets of water 

would). One can only say that more light is scattered when the polariza­

tion of the light is parallel to the direction the casting knife is 

pulled than when it is perpendicular. 

The e dependence of the optical rotation would not be expected to 

give information about the confonnation of the erA molecules in the film. 

Equation (2) indicates that· at e = nn/2 where n = 0, 1, 2, • • the ob­

served rotation \~ill be due only to the molecules in the film and not to 

the scatterers. Experimentally most of the films studied have been set 

at e = 45° because in the lN the slope of ~ versus a is more gentle there 

th~m at e == 0° and multiples of 90". Reproducible results arc achieved 

in this case for sections cut from the same fi.lm, although there is a 
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slight variation due to the tmeven thickness of any particular film. 

Variations beuveen similarly cast films can be fairly large. 

The e)..-perimental results for films presented in the remainder of 

this work are for e = 45° tmless otherwise noted. TI1e optical rotation 

is nonnalized so that the residue rotation of the film is given. Residue 

rotation is defined here as it is in the ORD of pol}'peptides, and the 

molecular weight of the anhydroglucose tmit is taken to be 162, as 1s 

customary. It should be noted, however, that about 10!~ of the -OII groups 

in the CTA used for these films were not acylated. The residue rotations 
I 

of the films are directly comparable to the residue rotations of the 

solutions to be presented later. 

Figure 4 shows the residue rotation of a pair of films, one cast 

1\ith four times as much plasticizer as CTA in the casting mixture, the 

other without plasticizer. The films 1\'ere treated identically othcnvise, 

but the non-plasticized film was more dense and contained less water after 

the usual quenching process than the plasticized film. TI1e selective 

pem.eability properties shmm by desalinization membranes would be 

e)..'Jlected in the non-plasticized film, but its thickness prevents much 

\vater flow. It should be a good sample for the study 'of the optical 

properties of the state of CTA that exhibits reverse osmosis. The 

plasticized film is permeable to all small ions and molecules. Working 

desalinization membranes are composed of a thin (0. 25 JJ) layer of the 

dense material and a thicker (100 ~) substrate of the permeable CTA.s 

All pl~~ticizcr was leached from the films studied. 

As can be seen from Figure 4, the dense, non-plasticized film 

showed a somewhat larger optical rotation than the plasticized mcmbra.~c. 

This may be due to the conformation of the CI'A being different in the 
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n,·o films. It is well established that changes in confonnation of pro­

teins and nucleic acids have a profotmd effect on the OHD of these 

molecules. nut variation of the ORD docs not in itself indicate Hith 

certainty that a conformation change has taken place. 

Optical rotation is greatly influenced by the local envi ronmcnt 

of the molecule being studied. The two factors which one would e;..TlCCt 

to dominate the local environment are the crystallinity of the CfA and 

the interaction of the crA Hith the water in the membrane. The crystal­

linity can be rejected as a possible cause of the difference m rotation 

shown in Figure 4 because there is very little difference in the crystal­

linity of the two samples and when films that do differ greatly in crys-

tallinity have been studied, the difference in the optical rotation 

observed was rather small. TI1e water content, hmvever, could have more 

influence on the ORD since it h'as only 7.3% in the non-plasticized film 

and 24.3% in the plasticized film. There is an index of refraction cor­

rection to optical rotation Cn2 
+ 1) which is negligible in this case. 
3 

(The films have indices of refraction 1.435 and 1.440 for the plasti-

cizcd and non-plasticized samples respectively, \vhich amounts to less 

than 0.5% difference in the correction factors at the Na D line. The 

difference would become larger in the UV but would still not accow1t for 

the observed rotation.) 
. 

T'ne plasticized film can be thought of as a more dilute solution of 

CTA, but the ORD in Figure 4 is J1onnalized for concentration, so this 

t"\'ould make no difference unless there are interactions between the CTA 

rr:olccules in the dense film that give rise to ORD. In conclusion, it 

appears that the difference in ORD observed in the plasticized and 

... 

,-



non-plasticized films is due to differences in conformation or inter-

action between the CTA molecules, which is not the same interaction that 

leads to crystallinity. 

C. Possible Confonnation of Cellulose Triacetatc 

It is usually assurned6 that in solution, cellulose has the same 

conformation as it does in the crystalline state. The anhydroglucose 

units are in the chair form and the chain is rather rigid (sec Figure 5). 

In fact, it is assumed that any changes in the molecular shape arc due 

to changes in bond angles and internal rotation around the s-1,4-linkages 

joining one ring to another, and not to kinks in the chain such as occur 

in vinyl polymers. One would expect this behavior from Cl'A also. A 

molecular model of CTA built with atomic models, confinns this notion. 

Figures 6 and 7 shmv such a model consisting of six anhydroglucose units. 

This ribbon-like molecule has a surprisingly rectangular cross section 

with diwensions about 5.6 R x 12 ~. The carbonyl groups are fairly free 

to rotate about the C-0-C bonds (ester linkage) connecting them to the 

polymer backbone. It is thought that hydrogen bonding along the edges 

of the ribbons occurs in aggregated states of cellulose. 'l11e ribbons 

then fonn sheets which are attracted to one another by Van der Waal 's 

forces. In this manner a large crystal may be formed, or a small crystal­

lite :involving a small part of each of many chains may be formed in an 

othenvise amorphGus matrix of cellulose'" This may be true of CTA also. 

~bdels of CTA show that it can take on conformations other than 

the ribbon shown in Figures 6 and 7. One of the most interesting is a 

tightly wound right-handed helix (Figures$ and 9). It appears fTom the 

model to have an inside diameter of about 4.8 ){ and about a 14 .R out-·, 

side diameter. There are six saccl1aride residues per turn, as is 
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Fig. 5. Conformation of cellulose in the crystalline state. 
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Fig. Sa. Structure of CI'A showing two anhydroglucose ·units. 

9b 



- 9c -

ZN- 5768 

Fig. 6 . Ribbon-like conformation of cellulose triacetate 

(highly oxygenated side up) . White = H, black = C, 

gray (slotted = -0-, gray (solid) = 0 (carbonyl oxygen). 
II 
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ZN- 5770 

Fj g. 7. Ribbon -like conformation of cellulose triacetate 

(hydrocarbon side up). 
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ZN-5769 

Fig. 8 . Tightly wound ce llulose triacetate helix (end view 

shows cavity along helix axis) . Molecules in the 

lower left corner are acetone and water fo r s i ze 

comparison. 
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ZN - 5 771 

Fig. 9. Tightly wound helix, side view , 4 . 5 A inside diam ­

eter. Rod indicates helix axis. 
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presumed for the amylose helix.6a The carbonyl groups are not held 1n 

a fi~ed orientation as they are in polypeptides, although there is a 

possibility that intramolecular hydrogen bonds would fonn between the 

oxygen of one carbonyl and a hydrogen on another carbonyl carbon.? 

Tlvo points should be made regarding this helix: 1) its entire inner 

lining is made up of C-H groups, and 2) acetone is about tl1e largest 

molecule that can be accommodated inside the cavity (except for long 

molecules \vith diameters smaller than about 4.5 R). A hydrated ion 

would not pass through. \'Jatcr itself would not be likely to enter such 

a hydrocarbon lined cavity. 

Figures 10 and 11 show a medium diameter helix (8 ~ inside). This 

helix can have hydrocarbons and ether linkage oxygens inside, or it can 

turn some of the carbonyl oxygens inside without changing the backbone 

· of tl1e helix. Thus the inside of the helix could be made somewhat 

hydrophylic. Tilis helix can be put into a conformation which has a 

smaller pitch, \vhere the inside diameter can be ·made as large as 15 ~­

The es1:imated pore size of good desalinization membranes is estima~~d2 
\ 

to be about 10 ~. which is \-Jithin the range of the inside diameters of 

the last helix Jnentioncd. 

D. Qptical Rotation of Solutions of CTA 

TI1e search for various conformations of CTA is ideally conducted on 

solutions because they eliminate tl1e possibility of spurious rotation 

induced by sample strain or directionally dependent scattering. But CTA 

is not soluble in water and has very limited solubility in most organic 

solvents. Table II lists the few common solvents that will dissolve more 

than 3% erA, along wit..'-1 comments regarding the method of solubilization. 

' I; 

•_..! 1 
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ZN-5 773 

Fig. 10 . Medium di ameter cellulose triacetate helix (r o d 

shows h e l ix axis. 
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ZN - 5772 

Fig . 11 . Medium diameter cellulose triacetate helix (rod 

shows helix axis) . 
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Fig. 12 . CTA helix with inside diameter greate r than 12 A. 
Outsi de view. A pproximately 12 anhydroglucose 

units per turn. F ive anhydroglucose units shown. 

:Kod indicates helix axi s. 

ZN- 5765 
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ZN-5766 

CTA helix with inside diameter greater than 12 A. 
Inside view. Approximate ly 12 anhydroglucose units 

per turn. Five anhydroglucose units shown. Rod 

indicates helix axis. 



Table II. Solubility of CTA 

Solvent ·Solubilization 

Methylene chloride (dichloromethane) 

Ethylene chloride 

Chlorofonn 

1,4-Dioxane 

Methylene chloride and alcohol (4:1) 

Dimethylsulfoxide 

Nitromethane 

By stirring 

" II 

... " 
II " 
,, II 

II II 

By heating 

at room temp 

II II " 
II " tl 

" " II• 

II II " 
" " II 

(may fonn a gel 
on cooling 

11 

Acetone By prolonged stirring at -40 
to -sooc 

ll-ethylacetate II II II " 

It is difficult to dissolve CTA, even in cold acetone, probably because 

Hater tends to freeze out on the CTA powder, thus shielding it from-the 

sol vent. A clear solution can be obtained by raising. the temperature 

several times during the process to melt the iee ~d then cooling to -50°C 

once again. The solution remains clear for about an hour at room tempera-

ture and then starts to become turbid, possibly because of absorption of 

water from the air. 

The difference in the solubility properties of CTA in various sol­

vents is the only. guide available for choosing a pair of solvents where 

the CTA will exist in different conformations. The solvent properties 

h'hich govern conformational changes in other polymers do not· apply to 

eTA, that is, pH and ionic strength would not be expected to affect 

directly the conformation of erA since it is not ionized and, in fact, 

is not soluble in liquids where ions are commonly found. Further, there 

. ,. 
··,;-. ;}. _:'~. < .I • 
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is no possibility of strong hydrogen bonding between parts of erA mole':" . 

cules except for the few -OH groups that remain tmacetylated. The 

hydrogen bonding ability of a solvent \<!ould not, therefore, be ex--pected 

to play an important role in the conformation of CI'A. 

The molecular models show that the only microscopic property of 

CTA that changes very much as confonnation is changed is the polarity 

of certain areas of the molecule. The outside surface can be moderately 

to highly polar in the helical fonn, while the inside is moderately polar 

to non-polar. In the ribbon-like form the whole surface appears to be 

moderately polar. 

It '"as therefore decided to measure the ORD of CTA in methylene 

d1loride (fairly non-polar) and in acetone (fairly polar). TI1e ORD of 

the two solutions proved to have roughly the same form but differed in 

magnitude by a factor of about two. Figure 14 shows the ORD of a clear 

0.125'~ solution of CTA in acetone. The optical rotation did not change 

dur~bg the 30 min the sample was left in the polarimeter. Ten ml of the 

solution \vas then evaporated to dryness by passing a stream of dry 

nitrogen over it and then redissolved in methylene chloride. TI1e second 

curve in Figure 14 shows the ORD of this solution. The difference in 

. magnitudes of the two curves is obvious. It is obvious that the curva­

ture would be different if one curve were normalized so its rotation 

was equal to the.other at a given wavelength. 

It is customary to describe these two characteristics of an ORD 

curve by the values of the parameters kh and A]l in the Drude Equation: 

( ] 
'I" kh :. 

m "' "h -A2 __ A2 
h 

, I 
' l 

·: 



Residue rotation (der,rees) 

r 

• 

Fig. ~4. Optical rotatory dispersion of CTA in acetone (upper curve), 

l and the same CTA redissolved in an' equal volume of methylene 

chloride. 

12a 
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where A is the wavelength and [m] is the mean residue rotation given by 

[m] = Mo [a] 
100 

where ~ is the mean molecular weight of the units of tlw polymer (162 

for CTA) and [a] is the specific rotation defined in the usual way. 

Table II I lists the parameters kh and >...11 for the CTA solutions studied. 

Table III. Drude parameters for CTA solutions and films 

Sample 

CTA in methylene chloride 2261 -16.0 X 108 

CTA in acetone 3022 ' -3.5 X 108 

Film C2-l (not 1671 •20.0 X 108 
plasticized) 

Film CZ-2 (plasticized) 1647 -10.2 X 108 

It can be seen from the table that CTA in acetone or treated with 

the plasticizer (usually an aldehyde or amide) has a longer Ah and smaller 

kn than CTA not e:>...'Poscd to plasticizer or acetone. The significance of 

this can be appreciated ,..,.hen it is realized that similar (but usually 

smaller) differences in >...h and kh occur ben<leen solutions of helical 

protein and of ·the same protein in a random coil confonnation. The same 

can be said of DI...JA and coiled and tmcoiled fonns. T'ne author is not 

a,,;are of any conditions other than conformation or configuration changes 

that result in such large differences in the observed ORO as e:>...pressed 

by the Drude parameters. It seems safe to assume the configuration of 

the erA did not change in going from the acetonesolution to the methylene 

chloride solution, so we must conclude tJ1at the conforrno:tion of the CTA 

• 

. ' 
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is different in acetone than in r.1cthylene chloride. In addition, it 

appears that the confonnation in the plasticized film is some\.,rhat similar 

to that 1.n acetone, and in the non-plasticized film to that in methylene 

chloride. 

Even though studying models of C1J.\ indicates the different· conforma­

tions possible, it is not possible o:n the basis of the present information 

to determine which conformation corresponds to erA in acetone and which in 

methylene chloride •. Theoretical predictions of the rotation of various 

conformations is made difficult by the relatively free rotation of the 

carbonyl chromophores. Calculations for proteins are simplified because 

tl:e amide chromophore is assumed planar and always has the same position 

'"ith respect to the helix. Likewise, the positions of bases in DNA have 

a certain fixed relationship to the helix. But it does not appear that 

S\..;.Ch a relationship can be reasonably assumed for the carbonyls in CfA. We 

iYtt:.st therefore be satisfied with the conclusion that CTA has different 

cor .. formations in acetone and methylene chloride, as it does in plasticized 

z.r1d non-plasticized films, and that conformation is very likely to ·play an 

important role in the penneability properties of CrA films •. 
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