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‘In his experiment, light from an Argand lamp was planc polarized by

I. INTRODUCTION

In 1845 Michael Faraday discovered that transparent materials
placed in a magnetic field would rotate the planc of polarized light.l
: i
reflection from a glass surface. A Nicol prism was used to determine
the plane of polarization (the image of the lamp was extinguished at

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

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

- the Nicol prism had 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 ncw angular position of

the prism could be found where the image was once again extinguished.

- This demonstrated that the magnetic field had simply rotated the plane.

of polarization of the light beam. Faraday found that the amount of
rotation was unique for each of the transparent substances hc investi-
gated (except for a few where his crude instrument was not sensitive

enough to detect the small rotation produced). It is now accepted that

a1l material will show a characteristic magneto-optical rotation, although

/ .
in certain cases the effect is extremely small. This optical rotation

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

Only a moderate amount of work has been done on the Faraday effect
although it attracted the consideration of some of the most able
scientists of the late nincteenth and early twentieth ccntufies.
Asidc\from mcésuremcnts taken only at the sodiumlb line, only a rela-

tively few materials have been studied, and most of these have been .



Fig. 1.

la

MUB 11457

Faraday's apparatus for the detection of magneto-optical
rotation. A is an Argand lamp, G a glass plate, S the

sample, P a Nicol prism,'and M is soft iron wound with a

 coil carrying current to produce a magnetic field.
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investigated only in the visible portion of the spectrum. lowever,
the Faraday effect has been observed in the microwave region,2 in
the infrared,3 and in the ultraviolet.% Solicfs,l liquids,1 and
gases5 all produce magneto-optical rotation.

The closely related ﬁhenomenon of optical fotatory dispersion
(ORD) has received far more attention than magheto-optical rotatory
dispersion (MORD). This is not real;y surprising since MORD.1is
generally considered a special case of ORD. In addition, ORD is -
more easily measured and in thé past has returned far moré useful
scientific information than MORD. For example, natural optical
roﬁation has becen used extensivély to characterize disymmetric
molecules,® to determine concentrations of‘reaCtants during certain

7 8

rea;fions; and to elucidate the'stere¢chémistry of organic molecules
and transition metal complexes.® In addition, ORD has found wide
application in biochemistry, particularly in the study of proteins
and nucleic acids.l0

Nevertheless, ORD has certain limitations that the Faraday effect
may not have. For instance, only a small fraction of known compoundé
arc optically active, but in principle all should show.Faraday activity.
One might reason that anything ORD will reveal abouf an optically active
molecule, the Fafaday effect will reveal about any molecuie.‘ Even a
curéory‘study of thevfwo phenomena will shoﬁ that this is not'entirely
true (as will be pointed'out in more detail later). But at the time this
work was'begun the limitations and potentialities df the Faraday effect
had not been established. The possibility that MORD could yield infor-

‘mation not obtainable from ORD, but of a similar nature and value,
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provided strong motivation for this investigation. Specifically, we
winted to investigate sjnglct-triplct transitions because of their
possible importance in biological processes.tl It also appcaréd pos-
sible that the Faraday effect would be sensitive to the local environ-
ment of a molecule, thus providing a method for detection of molecular
aggregation, conformation changes (especially of macromoléculeé), and
- chelation. In addition, it seemed highly likely that electronic
absorption bands that are maskedAby strdnger, nearBy‘bands could show
:elatiVely strbng Faraday rotafibn, and thus be detected and studied.
it mist be admitted at the outset that these properties of the Faraday
| effeét have not proven as fruitful in practice as we had hoped. Rut
this does not méan that thé 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.



1I. PHENOMENOLOGY OF THE FARADAY LFFECT
A. Circular Bircfringent Nafurc
The rotation of the planc of polarization in optical rotation and -
the Faraday effcct éctually arises from circular-birefringehce:-that

is, the index 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: |

. The electric vector. in right circularly polarized light appears
to rotate clockwise when the observer looks toward the light source.
A vector rotating couﬁterclockwise results in left circularly polarized
light. Yor two coincident beams the effective electric field is the
vector sum of the two instantancous fields. In the special case where
the two beams have the same frequency and intensity, but opposite
handédness, the effective electric field will appear to be planei
polarized (i;f;x electric vector directed'parallcl or anti-parallel to '

a single line with magnitude dscillating»sinusoidally at the frequency

of the light),

Figure 2 depicts this relationship as one would see it upon looking
toward the light source. [Ep, the electric vector of the left circularly
polnriicd light, rotates counterclockwise at the samc speed as Ep rotates
clockwise. The resultant of E; and Lj is always parallel or anti-parallel
to i, and the magnitudé of E varies sinusoidally in time. This resultént
vector is then identical with the electric vector of planc polarized
1ight, boﬁh in time and space. '

Since the resultant vector bisects the angle between RL‘and Ly, it

will be rotated if cither circularly polarized vector is retarded in
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Figure 2. Addition of electric vectors of left circularly polarizecd
light, Ej,, and right circularly polarized light, Ly, to
give plane polarized light, E. Outer circle shows maximum
amplitude of E which is achieved when both I} and ER are
parallel to the vector E shown.

PN NI AN A
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MUB-11218

Figure 3. Fresnel's Expcriment.lz"Left- cnd right-handed quartz prisms
split plane polarized light into two beams of circularly
polarized light.

-
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time with respect to the other. This is exactly what happens when
the index of refraction for each of tiw ciréularly polarized waves

is different. Thus, optical rotation of a plane polarized light
arises from the non-equality of the indices of rcfraction of left and
right circulafly polarized light.

The fact that it is not just a mcntal'consﬁruct was shown by
Frcsnéllz with several prisms made of optically active quartz. In
Figure 3 a plane polarized light beam cnters the series of prisms from
‘the ieft. The beam is refracted and split into two circularly polarized
_components at the surface between the first two prisms, L and R.  This
happens only if the two prisms are mude of types of gquartz that h&ve

opposite optical rotations {c.g., L for left rotating quartz and R for

right). In this case, a leff circularly polarized beam will expericnce
one index of refraction if an L prism and a different index in an X
prism. A right circularly pblarized beam will sce the opposite change
in refractive index in crossing the same interface, and so the two
circularly polérized componerts of the plane polarized light will be
refracted in slightly different directions. The remaining interfaces
are inclined so as to increase the angular separation;of the tuo>boams.
The observed result is that two divergent beams of opposite circular polarity
:cmcrge from the prism, thus proving that optical rotation is really
circular bircfringencc.

A similar cxperiment.was conducted by Prace for'magnctically induced
votation in a series of dense glass prisms. le placed a half-wave (A/2)
retardation plate between the prisﬁzto.reverse the sense of the circular

polarization so that angular separation would occur between prisms whose



6
rotaticn was in the same direction in the magnetic field. The calculated
angular separaiion was less than 3 scc.of arc, which was too small to be
scen.  He laterl4 succeeded in separating the two rays with the prisms
in the arrangement shown in Figure 4. Plane pbia:ized light enters ' ¥
the sysfem throﬁgh the auxiliary prism Ps and is internally reflected
several tines, forming a sort of spiral. It finally energes from .
auxiliary prism P;. The emerging beam‘shows a single image of the
slit until the magnetic ficld is turned on--then the image ciearly
agoubles. TS expiain this, Brace reasoned that the plane polarized
entering ray was spiit into two circularly polarized rays at A. These
rays have diffcerent angle$ 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 C; and Cy only
if the polarization of each beam is changed by the cuarter wave plate
between the prisms. The form of the poiarization in each region of the
device is complicated by the metallic reflection at the surfaces so some
effort is required to verify that it is really circular birefrihgence
that is caused by the magnetic field. In fact, the emergent light is
observedvto be nearly plane polarized. The interestéd reader 1is
referred to the account of the experiment given by Woodl® for further
details and interpretation.

Miilslé'performcd a more elegant and instructive experiment
demonstrating that the Faraday effect is magnetically induced circular‘
bifcfringcnce. He used a Michelson interferometer with a sclenoid in
onc of the two armns. The solenoid was wired diffgrcntially‘with four

temminals so that a certain set of comnections permitted current to -
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o s ] s o . S
Brace's lz:q)erlmcnt.*4 Plane polarized 1light split into

T e yemes A
SATUTC 5,

two beams by glass prisms, Py and Py, and mica in a
magnetic field. Pz and Py are auxiliary prisms for the

entrance and exit of the iight beam.

6a
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flow thrvﬁl it without producing a n’*nctxc field. Inside the sole101d
he placed a long tube filled with carbon disulfide. The light passed
through & Brevails double plate before entcring»the interferoncter,
thus illuminatingvh* £ the field with right circalarly polarized light,
the other half with left. The interfcrence fringes crossing the field
werce at rl’ht &15105 to the line leldlnq the qu types of polarization
at tic eyepicce. When the magnetic flcla was turned oa the {ringes in
of the ficld were observed to shift with respect to those in
the other half. Experimental artifacts were ruled outvby checking thé
effeces of mechanical alsuurbances and by putting current through the
ﬁagnct waen it was wired to produce ro 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 osposite directions., It might be mentioned that a shift of one

B. Conditions Affecting Faraday Rotation
Fara deyl discovered that the magneto-optical rotation was largest
wher the magnetic lines of force were parallel to the rays of liﬁht in
the material under investigation. Tho rotation dropped to zero whnn the
TWO were pcrpond;cular. He also/ ated th% the magnitude of the
“wotation a )pearcd to be directly proportional to the strength of the
ugnetic field and the leagth of the material through which the light

passed. Verdetl? confirmed these observations and expressed them in

LS
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quantitative form:
s ='VA,T L llcost 9]

where ¢ 1s the observed rotation, £ the length of the light path in

5.

the sariple, H the magnetic field strength, and g the angle between

the magnetic lines of for;e and the light path. VA,T is the so called
Verdet constant which is a function of the ﬁavelength of the lignt
used, A, and of tﬁe teﬁperature, T. Moxé will be said about the A
and T dépendences of the Faraday effcct later.

For gascs, equation (1) must be modificd to include the density, p:

¢=p Vy e Hcosg

. Similarly, if we are dealing with the MOR of a solute we rust include

its concentration, C:
= 2
® =cC VA,T H cos ¢
The last equation assuries that the Verdet constant of a mixture is
the sun of the Verdet constants of the components. This was shown to

1

be the casc for several systems by Verdet.17 This ehavior can be
described Dy saying that each component of a mixture behaves as if it
alone werc present in the total volume of the mixture (Verdet's rule).
Schonreck!® and Chuckerbuttil? showed that if there.is a change in total
volume upon mixing, the Pdraday rotation reflects this change. Schuner20
found. a number of systems for which Verdet's rule does not hold.

Faradayl and others observed that MOR is additive to natural
owtical rotation-~--that 1is, if a material 1s observed to produce optical
rotation « In the absence of a magnetic field, the rotation in a mag-
netlc ;icld will be a + ¢, where ¢ is aiven by the appropriate onc of

the preceding three equations.  What may appear surprising to those”

\ N

)
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wifamiliar with ¢

ne Faraday effect is that ¢ is the same for cnantiomers
of & given compound (e.o., d- and A ~cumphor), indicating that the
NS 7y ¢ td ’ fed

Faradey cffect is completely insensitive to the non-superimposable
mirror image type symmetry which gives rise to optical rotaticn. In
fact, no well accepted experimental correlation has been estublished ¢
between any type of symmetry and any characteristic of the Faraday
effect,
Since 1870, serious efforts have been made to demonstrate and
ciassify relationships between chemical constitution and the MOR measured
at onc or a very few wavelengths. De la Rive?l pointed out the great
ailfcerences that could cxist between the observed Faraday rotations of
cornstitutional isomers such as actaldehyde (I) and ethylene oxide (II).

R T 3

This led him to state ''the mode of combination, and particularly the mode

o 0
il 7N\
C . IzC — (.HZ
7/ N\ _
i CH | ;

I II

“of urouning of the atoms, consequently the atomic volume, has, inde-

pendently even of the nature of the atoms, a great influence upon the

22 The same considerations

intensity of the magneto-rotatory nower'.
icd Sir C. G. Stokes?3 to make a similar statement regarding the
wotential usefulness of the Faraday effect. With reference to Perkin's

measurements of the Faraday cffcect in structural isomers, Sir G. G.

. A
Scokes in 1892 said: "It appears therefore that the rotocicn of the :
vlane of polarization produccd by the action of nagnetisa on bodics "

across which light is proceeding, like the natural rotation belonging

to such todies as sirup of sugar, ctc. is capable of laying hold of
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and revealing delicate differences of molecular grouping." Beginning
in 1882, PerkinZ4 devoted 30 years to the investigation of chemical

applications of the Faraday effect with some success. Practically all

~ of his measurements werc made at the sodium D line only, but he did

demonstrate a fairly reliable mathematic expression of the Faraday
rotation for members of a homologous series of compounds, He defined
a "relative molar magnetic roticity', [RM]:

(fM] = Moo ez

vhere M is the molecular weight, o is the angle of rotation, p is thé

density and subscripts l’and_z refer to the compound being investigated

énd water respectively. From his measurementé o1 222 compounds he.for-

raulated the following eﬁpirical equation for a given hbmologous series:
- [RM] = 1.023 n + s |

vhere n is the number of -CH, groups and s is an empirical cdnstant.

A few typical values of s are 0;508 for n-paraffins, 0.261 for aldehydes -

o

and U.375 for ketohes. Actual valucs of [RM] were found to deviate as
much as' 11% from the calculated values, and the smallest member of?series
often coes not fit the pattern. Even with’these handicaps, Perkin's work
pfovei'tq bé of value in establishing the furanose structure of sugars

in solution.25 His measurements were also instrumental in establishing

i ’ : 3 ( - .
that the two double bonds were conjugated in a sample of a-p-menthadiene,

-

S{I11), but they were not conjugated in dipentene (dl-limonene,_IV).26

oy
A
ek

kin put the Faraday effect to several other uses of a similar nature. 24

. - CHy
. CH 4

CH

I - I
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This empirical method of using the Faraday effect for classifying

- (=3

compouds as wmemoers of one or anothor series has been continued by

for some compound

e

of interest in the refining of petrolcoun.

N : e £ 23
Aallais=/ for certain orcunic compourlds, and by Labbauf, Nutt and Garner<®

-~
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In contrast to natural optical rotation, Faraday rotation is inde-
peadent of the direction the light is traveling through the sample.. A
curicus device based on this fact is the Réyleigh "light trap".zq
Fioure 5 is a schematic diagram of its optical clements. The two Nicol
prisms have their transmitting axes inclined at 45° to one another. The
magnetic field causcs 45° rbtation of the ﬁlane polarizéd light passing
through it. So, with reference to the diagram, light will be transmitted
from A to B, but not from B to A. Such a "light trap'" is truly a one-way
window. This defice haé found application in microwave circuitry as an
isolator. Wave quides replace the two Nicol prisms in Figure 5, and the
sample is a ferrite rod in.the field of azn electromagnet. 'When this
fieid is adjusted to the strength that produces 45° rotation in the ferrite
rod microwaves can travel only one way~through the system, thus preventing
any reflected power from being transmitted into the input wave guide,

Qualitative reasons for this behavior will be given here, although
quantitative descriptions are available from recent guantum mechanical
derivations of the Faraday.effe;t. Consider now a plane polarized light
beam péssing through é sample and being reflected so that it traverses
the sample once more. 1f the sample is in a magnetic field, the rctation

of the enmergent light will be twice that for one traverszl of the cell.

Hy

But if the sample is only optically active, the emergent light will have
the same plane.of polarizétion as the incideﬂt light. This behavior is
tc be ¢xpected from the nature qf circularly polarized light and froﬁ
the circular b;4efringent nature oi the two phcnbmena as discussed above.
First we must yisualize what happens to circularly polarized 1light upon

refrection. The electric vector of left circularly wolarized light ro-

tates clockwise when the observer faces the ohcoming ray. But if the
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POLARIZER SAMPLE POLARIZER
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AZIMUTH =0° 45° ROTATION AZIMUTH = -45°

ORIENTATION

MuB-11217

Figure 5. Rayleigh Light Trap.2Y9 Top line shows the optical clcments.
Bottom line shows their relative azimuthal orientations of
the polarizers and the direction of the Faraday rotation
caused by the sample.
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observer is situated at the face of the cell and watches the rotation
of this vector as it strikes the back of the cell, it will appear to be
rotatins in a counterclockwisc dircction. This is a purely geometrical
consideration--a élock's hands appear to rotate counterclockwise when
viewed in a mifrqr.' The result of reflection is seen to be conversion
of left to right circularly polarized light, and conversely. In optical
terms it is stated that reflection reverses the phase of a beam.

In a sample exhibiting natural optical rotation,'the:left circular
cormponent of the incident light experiences. index of refraction n; before
reflectidn, and n, after. The opposite is true for the right circular
compenent. By the time they emerse, both components have had the same
total optical path lehgth (distance 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.
Tﬁe same reversal of the circular polarizations occurs, but the relative
direction of the magnetic field is also reversed for the reflected light.
The‘cptical path lengths and rotation are therefore twice as large as
thocse observed for one traversal of the sample. |

Thisnaspect of the Faraday effect has several experimental implications.
Multiple reflections. in a Faraday rotation cell will increase.the observed
rotatioﬁ in proportion to”"the number of times‘the light beam traverses the
sample when total reflection.occurs.30 The "effective" length of the sample
can thus be increased.for'the Faraday effect just as it is in other types
of smectroscopy. An odd number of reflections causes the cancellation of
any natural optical rotation the sample might have imposed on the light
beam, | If, however, only partial‘reflcction occurs at the sample surface,

the observed rotation will have some value greater than that for one
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transversal., If the sample is thin enough and flat enough to act like
an interference filter, the obsefved'rotation will vary periodically with
the wavelength of the incident bean. Such effects have been observed for
‘a thin samplc of PbS at wavelengths between 3 and 30'u.3l The results
were explained maticmatically and the corrected Faraday rotation used to
obtain the c§pcentration of the charge carrier electrons and the relaxa-
tion time in the sample.

Unwanted multiple reflections can cause spurious rotations in the
visible and ultraviolet regions of the spectrum (in MORD but.not ORD). In‘
most polarimeters the reflectéd light will miss the detection system if the
sample is mounted so that it 1s not quite perpendicular to the light beam,

An increase of temperature usually decreases .the Faraday rotation of
a sample, but the effect 1s usually not very pronounced. Several factors
could cause such behavior. As a sammle expands because of rising tempera-
ture, there will be fewer moiecules in the light path if the length of the
light path remains fixed. This is approximately what happens to a liquid
in a glass or quartz cell. One would therefore expect the Faraday rotation
to be proportional to the density of the liquid.. Rodger and Watson32 |
found this to be nearly true f&r carbon disulphide, but‘the temperature
coefficient for the Verdet constant was largef than the temperature co-
efficient for the density.

For thin films of ferromagnetic materials, the Verdet constant has
very nearly the same value until the material is heated to the point
where it loses 1its magnetic properties.33 In this case the number of
molecules in the light path does not change on heating, and the Faraday
rotation 1is proportiohal to the magnetization 6f the metal, so the result
1s not too surprising. llowever, thevnatural pptical rotation of cryétal-

line quartz is much more sensitive to temperature than is the Faraday
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rotation.34 This might be explained by noting‘fhat‘ﬂﬁs natural optical
rotation arises from the dissymmztry of the crystal structure, not the
constitueni molecules, . Lattice vibrations induced.by heating would thus
be expected to influence the optical rotation, But the Faraday effect
apparently de?ends'ohly upon the molecules‘(or‘atoms) and not their
arrangement, since the magneto¥optical'rotation does not change markedly
cven at the quartz transition temperature (S7S°C);35 The natural rotation
shows a large discontinuity at this temperature.

Temperature changes may also affect Faradxy rotation by changing the
' 36

equilibrium concentrations of ions in solution, For example, De la Rive

found the ratios of the Faraday rotations and densities of alcohol and of

ethyliodide were equal when measurcd at two temperatures. But the Faraday

rotation of water an& of sulfuric acid decreased much faster than their
densities, |

From the foregoing it is seen that the Faraday effect hés been of
somz use to chemists intercsted in molecular structure, and more recently
to those studying conduction in semiconductors. It has also proven
valuable in microwave technology, but a statement on the Faraday effect
made by John Tynd31137 was nearly as appli;able in 1960 as it was in 1873:

""The cxperiment, however, long rerained rather a scientific curiosity

‘than a fruitful gemn. That 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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III. THEORY

In this section we show how ontical rofation and magnetic optical
rotation arise from the incquality of the indices of refraction for
right and left circularly polarized light. Two classical theories
based on different models are presented to indicate how this difference
of index of refraction comes about through the action of a magnetic
ficld on the electrons in the matcrial, Pinaliy; a recently published
theory of the Faraday effcct is discussed with emphasistn the pre-
dictions it makes regarding the characteristics of the mégneto-optical
rotation to>be expected from diffcrent types of compounds.

These theories will 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
give the reader a qualitative, reasonably tangible piéture of the
origins of the Faraday effect as proposed by each of these theories.
The rigorous mathematical descriptions of these theories (especially
the quantum theory) are rather long and involved, and the reader is

referred to the original papers for their cormlete development, /
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A. Macroscooic Fauations

Fresncl38 establlsned the. c1rca1ar1y birefringent nature of optical
rdtation in 1822,  In its quantltatlve form thls relatlonsh1n is known

as Fresnel S Pornula (equation 1), and holds for
s = Flg-n) @
magneto-optical rotétion,és well as for natural‘opﬁical rotation. Hefe
a¢ 1s the obsérved rotaﬁidn, Avis’tﬁe vacuum wavelength of the.light,vn
is the'fefractive<ihdex, and’the'subscripts 2 and'r,refer to fight- and
left c1rcularly polarlzcd 11gnt. -
| Tresncl's Formula and a 51mllar formula for circular dichroism can

be derived thh thy aid of the complex 1ndcx of refractlon, n, in the
electromagnetlc descrlptlon of llaht.sg, n=n' - 1n" wiere n' and n"
~are the real and 1mag‘nary parts of the index of refractlon. An ellip-
tically nolarlzed 11gnt wave propag atlng in the + z dlrectlon‘through a

material w111 have its clectrlc vector E(z,t) qxven by

: - ' ‘ , .
E(z,t) = Egp n rz'/c[com (t-n', éai;- sinw(t-n', %91J'
. - n”rz/c - 7y s -  x ‘
+E e [cos (t-n' i - sin (t-n', éalj (2)

. _O )

if the maﬁof axis 6f'the'ellipse is polarized in the xz plane at z = b.

© Unit véctors‘i and j are directed in the x and y directions respectively.
(Scc llgurc € ). As the light passes throuwh the medium, theﬁanqle of
rotation of the major axis of thc ellxnse is denoted by ¢y Whlch is
measured from the x axis toward the nerative y axis. The ellipticity,

6, is given by

B a ’ | ' -
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MUB41633

Fig. 0. I)ia;v,rém showing the components of elliptically polarized
| light. :'al and a, arc the minor and major axes of the
eilipse, g the optical rotation, and i and j are unit

vectors,
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where aj and a, are the minor and major axes of the ellipse traced out
by the tip of the electric vector of the light, This vector makes one
revolution in 2n/w seconds, or in tcmms of distance along the z axis,
n'yz/c or n' z/¢, which is the wavelength of the light of that polari--
zation in the material. This describes elliptically polafized light.
Two limiting cases are: 1) when a; = 0, the light is plane polarized,
and 25 when ay = aj, the light 1is circularly polarized.

'i We may now obtain expressions for ¢, the optical‘rotation,.and for

6, the ellipticity.in terms-of w,z, and the components of n by noting

that .
C 2. 1/2
|E(z,t)] = .[Excz,t) +x:y(z,t)zj /2
So
) -an"rz/c -2un''z/c
|E(z,0)| = B, L ¢ + e
_w(nn + nn )Z/C
+ 20 r L | cos 2w[t'(n'p'+'n'2)Z/ZC]] 1/2. ) (4)

e can now write the maximum and minimum values of the amplitude of the

electric vector as

. ] ’wn”rZ/C °zmnnzz/c
IE(z)l;nax = 'I:O [C’ . + .

(3)
which occurs at t = (n'2 +n'Jz/2c + wkfw , and
. ] ' -wn"lz/c ‘mn"RZ/C 7‘
IE(Z}]min = E, | e - e | 6)
- . ’) .
which cccurs at t = (n'z + n'r)z/2c + LGS0 . k is an integer.
w ,
It can be seen from Figure 6 that
| 1 B (2) | |
= tan- —~l~__. . 7
°(2) Ex(2) ™ ,

" evaluated where |L(z)] = !E(Z)Imax y
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\’,

- tA) "
so = tan % [ & wn Tz/csinm(n'gfn'rjz/ZC - gmun gz/csin (n',-n',)z/2c ‘
¢(Z) 'wn”rZ/C . . _wnnzz/c . , . R {
e cosw (n',-n r)z/Zc + e cosw(n',-n' )z/2c ‘
' i
(8)
0(z) = wln'y - n')z/2c =/ (a', -n') , (9)

which is Fresnel's Formula.

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

. . IE , I‘ . 'Ntﬂ'-‘ '-r.l-" )Z/C

e tan-l (D min} _ . .1/ 1-e 2y
'@ tan‘  IE(Z)lmax _ wan 1+e°“’(n'r£."n"r)z/c (10)
8(2) g tan™! [w(n"l - n"r)z/c] . o an

upon expanding to first order since m(n"z - n"r)z/c << 1 for commonly used
experimental path lengths. Also, in MORD, the observed values of @ are

small enough to permit setting tan e = ¢, so

g = w(n"g' - H"r)Z/ZC = .n./)\ (n"j?, - n"r) . : ] . (12)

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

fied with the molar extinction coefficient, e, by the equation

v m 2.303 ec

Q 3y

-where ¢ is molar concentration, and g2 is the length of the medium through
which the light travels.

Equation (12) can then be written
6 = 3300 (e, - c.) _ (14)

if the constants are ¢valuated in cgs units.
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Equations (9) and (12) show that ellipticity bears the same relatioh-
ship to the extinction coefficients of right and left circularly polarized
light that optical rotation does to the corresponding real indices of re-
fraction., But there is an even more fuhdamental relationship between
ellipticity and rotation which is expressed-by the Kronig-Kramer Relations.*0
These mathematical relationships ére independent 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 oﬁtput of a rédiation detector or an amplifier
in response to an input signal. In the field of optics they link thé
absorption of a material to its dispersion over the whole electromagnetic
spectrun, This includes.energies. as high.as.those.of.nuclear particles,
where'they‘relate'nﬁclear scattériﬁg and the probability of particle capture.

The derivation is based on the assumptions that: 1) the system is
linear--that is, the system will show response‘a+b to cause A+B if its
response to A is a and to B is b waen applied individually; 2) the system
is causai--that is, it does.not respona.before it receives a stimulus,

Equations relating the real and imaginary parts.of. the dielectric
constant,eq, can be derived fairly easily if ceftain other equations from
the electromagnétic theory df light are used, 41 Tﬁis derivation illus- |
>trates the important aspects of the Krohig-Kramers equations without
going into excessive detail or becoming toovcomplicated. The equations.
upon which thebderivgtion is based are: P = (%fl)E i D= ek

and 9
n° =¢3 = eclw) + eq

!

where P is the electric polarization, and D 1s the electric displacement,
n is the complex refractive index, and .
€, 1S the value of g4 at w =-= where ‘e(w) will be equal to zero.- Now let

e(w) = Flw) - 1 Glw),. so"
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D=c¢_E+ VG;:%Q (i) e¥t gy : - a
0

for a very short electrical pulse where the Fourier transform is a uniform

energy spectrum so that

90 ' _
D= 2/m Y‘:j edeiwt dw . (16)
o .

R means "take the real part of''., Before the electrical pulse at t = 0,

both E and D were zero, so cquation (16) becomes

i e(w) etvt gy =0, (1)

(o]

/

Since the exponential term may be expanded as

et = cos wt + i sin wt , for t > 0, (18)
and

iet' . .. . oy ,

e = cos wt' -~ 1 sin wt' , for t < 0 where t' = -t, (19

we may write

[~
«©

F(w) cos wt' dutt G(w) sin wt' du =0 20)
o . ) ' | |
for t < 0, and o
Jj’%,F(u) cos uwt - G(w) sin wt dw =0 ' ‘g (21)
o ) |

for t > 0, We now define

o / .

m(t) = \/2/? F(w) cos wt d@ = \/571—7'[ G(w) cos wt duw (22)
. o | A

from equation (21), so we can write
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Flw) =QE7? m(t) cos wt dt , | : (23)
o | '

We now substitute for m(t) from equation (22),

F(w) 2/ | G(w') sin w't cos wt dw' dt o (24)
0 : .
where w' indicates which part is to be integrated. Equatioh‘(24)'can be

integrated by contour integration to give

Fo) = 2/m P 260D dut | -
() j 7 (25)
(o] .

where }3 indicates the principle value is to be taken.,

The equation

G(w) = 2/ w‘?j__(‘é_)_d_“. ' : (26)

can be derived in a similar fashion.
The last two equatlons establish the relétionship between the real

and imaginarf parts of the frequency dependent dielectric constant for

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

F(Q) #0), fhen there must be absorption (G(w) # 0).fbr at least some

part of the spectrum 0 s w £ <, Put to obtain F(m) at a given frequency,

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

Al
likewise, G(w) ‘requires that F(w) be integrated from w' = 0 to w' = =~

The foregoing relationCHips can be extended to connect the real

and 1na~1nary parts of the index of refraction (i.e., normal dlspcr51or

- and absorption). This was accomplished 1ndcpendcnt1y by Kron1g42 and

Kramers.43 The equations have been adapted to relate optical rotation
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an ellipticity or circular dichroism. A notably simple form of thcse

equations has been given by Moffitr and Moscowitz:44

6 () = 2/ 5 ’61;“ ) ; da! (29)
A = !
)
6 (X) = -z/%x T 2 i ‘ (30)
. o2
o _

The subscript k refers to a particular absorption band. It should be
_‘noted that the Kronig-Kramgr relationships'apply to the sums of the
absorption and dispersion curves as well as individually to the com-
ponent bands. Also, in deriving the last two equations, it was assumed
by Moffitt and Moscowitz that 1) the optical rotation and ellipticity
of a solution are strictly proportioﬁal to the concentration of the
optically active material; and 2) that the electromagnetic field of
the light in the material has the same magnitude as it does in free
space; The first.assumption is valid in all but a feﬁ cases where
certain types of interaction take place (for example, dimerization of
solute molecules). The second assumption is never valid, but correc-
‘tions are small except near optical absorption banés.

. In practice it is seldom easy to apply equations (29) and (30) to
ORD and CD or MORD and MCD data., (ne must integrate numerically or
find a,suitabie'mathematical expression for the curves that is integrable.
The latter is péssible and has been done for CD and MCD curves which
have Gaussian or lLorentzian shapes.46 Jut conversion of optical rota-
tion data is much morc difficult becausc the rotation associated with a

given optical absorption band cannot be easily distinguished from that



24
associated with other bands. However, a computer program utilizing
numerical integration has been written4’ and appears to convert rotation
to dichroism accurately if the rotational spectrum is knowmwell enough
at wavelengths remote from the band of interest. Errors in thc opti-
cal fotation data are magnified during the conversion, but the program
is of great value in intcrprcting ORD and MORD spectra. Circular
dichroism can be converted to optical rotétion by the prpéram somewhat
more accurately.

It should be emphasized once again that the Kronig-Kramers equa-
tions are extremely general, and relate circular dichroism and optical
rotation regardless of thevphysical factors giving rise to these opti-
cal phenomena. If molecuiar diésymmetry, magnetic fields, or mechani-
cal strain produce optical rotation, they also produce circular dichroism,
and the two will have a definite 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 Drude$ in Theory of Optics. A much more lucid discussion of the

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

46

by Dratz,”’” who also develops the thecory in more detail and gives appli-

cations."We will discuss only the qualitative aspects of the classical
theorics here, ;ince it will be shown later that they are not useful in
understahding the details of the MORD of the molecules studied here. They
do help orie to understand, in a qualitative way, how magneto-optical
.rotation come§'about; however,

The hypothesis of molecular currents is the designation given to
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"one of the classical theories of the Faraday effect. It assumes that

an external magnetic field brings into existence microscopic currents r
which are maintained without the expenditure of energy. For definite-
ness, let us consider each current to be an electron in a circular

orbit. Each such molecular cﬁrrcnt is elastically bound to a particle
(say, the nuclcus of an atom) which cannot oécillate'nearly as fast as
thé~¢1ectron or a light wave. The center of rotation of the molecular
current can gc caused to oscillate about the nucleus by the electric
field in a light wave, however.. Neither the shape nor the size of the
current is changed by the light wave, oﬁly ifs position:with respect

to the nucleus. |

Consider one such current brought into existence by a magnetic

field along the z axis of a right-handed coordinate system. The current
will lie in the xy plane and its center of rotation will oscillate along
the y axis if the electric vectér of the light is polarized in the y
dircction. But the current creates a magnetic field along the z axis,
just as a solenoid would. This "solenoid" then moves up and down the

y axis at the frequency of the light wave. This causes a weak transverse
mégnetic wave to propagate in the direction the Lighf beam is travelihg
(similar radiating dipoles neafby will interfere destructively with
waves traveling in other direétions, according to classical theory).

Now the original light beam had an oscillating magnetic wave polarized o
in the x direction. This is perpendicular to the wave being radilated
by the molecular currents. Since both waves have the same frequency,
their resultant will be a magnetic wave whose polarization has been

rotatcd_slightly from that of the original light., The plane of - .
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wolarization of the electric part of the wave suffers the saﬁe rotation,
according to a éimilar argument, and thus optical rotation occurs.

The other theory of MORD is designated the hypothesis of the Hall

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

- with a magnetic field that gives rise to the Hall effect. The inter-

action is expressed quantitatively;as
"F=¢VxB ' (31)

where e is the electronic charge, V the directed velocity of the electron,

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

clectron. I is perpendicular to the plane containing V and B, so for a

field in the +z direction an electron moving in the +x direction will

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

the electrons moving‘in the +x direction will therefore tend to accumu-
late on the +y side of the conductor in a +z magnetic field. This is
the Hall cffect.

Equation (31) also holds for an oscillating electron that is elasti-
cally bound to a fixed position. We note that for motion in the +y
direction, the force is in the'-x1direction, as can be seen from equation
(31) and the definition of the vector cross product. But +x motion yields
+y force. Thus a handedness is established.by the magnetic field. Another
way to express this is to say that any motion of the electron away from
the origin of coordinates (except alongithe z axis) will force the electron
to move in a clockwise curve rather than a straight linc. Motions toward
e originvresult in a counter-clockwise curve. If we consider only the
clectronic motion induced by the clectric field of plane polarized light,

we see that the static magnetic field has perturbed this motion by
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introducing oscillations perpendicular to those from the light wave. i
Because of this, the radiation emitted by the oscillating electron will
have‘its plane of polarization rotated slightly away from the planc of
the incident light wave. TFor the quantitative aspects of this argu- ‘%
ment, the reader is referred to Drgt:4‘“ or Drude.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 ofvthe Faraday.
effect will also be obtained. The two theories of the Faraday effect
give different types of dispersion for tﬁe'same classical wavelength
c¢ependence of the index of refraction, howevef. For the molecular
currents, | |

32 32 .32

vx@.._._b... ) | (32)
h

and for tne Hall effect,

Ve [i/n X+ bh? (33)
| A2 (A2 - a2)? -
n

where A is thé wavelength of the light, and a' and b' are constants of
the motion of tﬁe clectrons from a harmonic oscillator description of
their binding, A, is a constant which may be thought of as the effective
wavelengtﬁ of absorption of the molecule, and n is the index.of refraction.
It is seen from the equations that the Vérdef constént will have opposite
signs on the two sides of an absorption band for molecular currents, but
will be symmetric in sign about a Hall effect type absorption band. |
This assumes a' 'is smaller, or not much larger, than 6', which is tﬁe
casc fbr,the systems Drude considers.) |
Until recently, the MORD of very few compounds had been measured

through absorption bands, but examples of both equations (32) and (33)
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had beén found. For example, Cotton's490 measurement of the MORD of
CoCl, (Figure 7) shows inversion of the sign in passihg through the
absorption band. Wood's#93 values for the MORD are nearly symmetri-
cal,about the absofption band, as equation (33) would predict. The
MORD remote from absorption bands could sometinies be fit equally
well by either equation. Carbon disulfide provides one such case.48

In conclusion, the classical theories provided very little infor-
mation about molecular or atomic structure. The parameters used in
these theories were mostly empiricél, and their values indicated the
tightness of electronic binding in a rather indefinite manner. -

| It is not claimed here that‘ény other theory explains MORD accurately
in every detail, but the qugntﬁm mechanical theory presented ih 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 MORD 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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~ and complexes that have degenerate electronic states which can be split
by a static magnetic field. The MORD, and especially the MCD, then
prove to be of considerable value in understanding the electronic states
and also interactions between moleculcs and transition metal ions, etc.

C. Cuantum Mechanical Theory

In 1929 Rosenfeld>0 developed a quantum mechanical thecory of the
Faraday effect in atoms. A year later Kramers®l treated paramagnetic
crystals, and in 1937 Serber>2 extended the theory to molecules. Tinoco
and Bush®3 have given an equation for the Faraday effect of diamagnetic
molecules of low symmetry. Groenewcbe54 also trecats such molecules,
but in somewhat more detail. The most detailed and complete treatment of
the Faraday effect in polyatomic molecules is that of Stephens®® and
Buckingbam and Stephens.®® All of the treatments of molecules are exten-
sions and modifications of Serber's work.

A brief discussion of Stephené' derivation and results will be given
here to permit comparison of the quantum mechanical predictions with
experimental results in the next section.

Stephens (and also others previous to him) shows how Fresnel's rela-
tion and the analogous relationship for circular dichroism arise from the
induced electric and magnetic‘moments in the molecule. This is basically
the same as in the classical theorics. The divergence between.the classi-
cal and the quantum theories comes in the next step where the induced
moments are calculated. The classical description of molecules not only

lacked accuracy, but was éimply not detailed enough (in any tractable
fom) to cxplahxtheétrhcturc of obscrved MORD spectra.

Cuantum mcchanically, the electrons of a molecule are presumed to

occupy a set of mathematically well defined orbitals, each with 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 barameters, the most important of which for our purposes
is the location of the.atomic nuclel relative to one another. The absorp-
tion of a light quantum causes an electron to jump to a vacant orbital
where it will have>higher energy. The dipole moment of a molecule of low
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
moment 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 perpendicular to this

direction. Maximum absorption occurs when the electric vector is parallel
to the molecule's transition dipole moment. Magnetic transition dipole
moments also exist and are described analogously. The orbitals have cer-
tain symmetries with respett fo the molecular framework, as do the transi-
tion moments, even in certain cases.involving molecules of high symmetry
where no net dipole is'observed in either the ground of excited state. It
is possible to tell by group theoretical methods whether the transition
moment between 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=¢e¢E+eVx3B (35)

where the terms and notation have been defined'previpusly. In fact, the
absorption'intcnéity can be calculated from-a knowledge of the orbitals

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

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



31
if the c¢lectrons have weil defined orbital angular momentum, the field
will cause normally degenerate states to have different energies (Zeeman
cffect). The implication of this effect is discussed by Dratz49 but
will not concern us here because the molecules to be considered do not
have well defined orbital angular momentum,

Stephens treats molecules whose orbital electrons are perturbed both -
by 1ight and.a static magnetic field. First order perturbation theory>7/
is used to calculate the induced moments. In this formulation, a per-
turbed orbital W;, is expressed as a sum over all the unperturbed
orbitals y, |

va = I W | )

where the coefficients ¢ are less than or equal to one. Such sums enter
the final formulation of the expression for Faraday rotétion. The ¢;'s
are determined by the nature of the perturbation (many are zero or
negligible), and the functioné Y, arc obtained from solving the Schridinger
equaticn for the unperturbed system. - .
: of an ’
Qualitatively, equation (34) says that thg shape/orbital distorted
by a field can bé descfibed by adding the proper amounts of the shapes
of certaiﬁ unperturbed orbitals of the set. In pracfice, it is found
that orbitals with energies near that of y, are used to a greater extent.
This faét enters as an encrgy denominator (i.e., 1/(Ey-- E;) ) in the
final expression for the Faraday rctation. It should be mentioned that
" Stephens is careful to take the Zeeman effect energy of each orbital
wherever it applies. If the ground state is split, therc will be a
Poltzman distribution of the electrons among the low lying orbitals,
which is significant in the calculation of- Faraday rotation and gives

rise to a temperature dependence not found for unsplit ground states.
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In each of the qﬁantum mechanical trcatments of the Faraday cffect
certain temms are dropped from the derivation on the grounds that they
are small compared to the terms retained, or that they do not apply to
the.Faraday effect. Stephens keeps more terms than other authors but
still drops terms that are higher than first order in the magnetic'
field (since the Faraday effect depends on the first power of the
field strength).v tie also drops quadrapole and higher order interactions
with the electromagnetic field of the light. . - 'He assumes that there
arc n& conduction clectrons in the system under consideration, so his
results do not apply to metals and semiconductors. He also ignores the
magnctié perturbation of natural optical activity, but his derivation
is still more general than others in that it includes electron spin,
applies to molecules of any symmetry, and is not limited to regions
outside absorptién bands.

Stephens gives the expressions for the frequency independent factors

of Faraday rotation as

Ay = 1/6 ' Im[my, - mool = DMy, X baol (36)
Boa = 1/3 In[Z Bbo | nyg X yap * 2 Hab wps x mpg] (37)
' b)‘l'-E) u)'h(‘ b?a wab .

Coa = 1/6 Im mgo* [uoa X ¥zo] | ' (38)

wvhere u is the clectric dipole transition moment, m is the magnetic
dipole transition moment, the subscripts o, a, and b designate the
cround state ahd two excited electronic states, and Im mcans take the
imaginary part of.

The A term 1s non-zero only for molecules with degenerate enefgy
levels. Molecules with three-fold or higher symmetry axes héve

dcgenerate states; those with lower symmetry do not. The C tem is
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non-zero for molecules having two or more energyvlevéls with different
non-zero electronic populations in the grouhd state. Since the popula-
tions depend on temperature, so will the rotation arising froﬁ the
C texrm. Zeeman splitting of the ground state results in two or more
energy levels which are accessible thermally. The B term arises from
pcrturﬁation of the wave-functions by the magnetic field. It is non-
zero for éll molecules and is independent of temperature. Stephens55
indicates that for most cascs where thc A or C term exists, the B term
will be 10 to 25 times smallér than either.: For most of the molecules
studied in this work, only the B temm is non-zero. |

Stephens takes the vector potential of the light to be

A = 1/2[A, cle(t=8) + ax c~iw(t-6)7 - (39)
as is.common, where A; is the meximum amplitude of the vector potential
and - the asterisk denotes its. complex conjugaté. w is the circular fré-
cuency of the 1light, and 6 is a phase factor. The vector potential
enters into the perturbation calculation and confers a frequency dependence
on the final result. But thé expression does not take the finite band-
width of the transition into account, and so a bandwidth factor, T,
is added ad hoc to the expression. The justification for this is that
the érea under the dichroism and ortical rotatory dispersion curves 1s
‘not changed and T simply accounts for the environmental perturbations
(solventleffects, etc.) that we are not prescntly able to calculate with
sufficient accuracy. The ORD frequency dependence of A is found to be

2 woy w2 (62 Tok - (w2 ~wd)?]

. (40)
> ol
[(wpl - wB)? + w? T,5)% ~
For B and C the frequency dependence is
20,2 - 2 .
w*(wgy = w) | (al)
(wo‘g S wd) - Wt I'O% '
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Figure 8 shows these functions graphically along with those of the
associated dichroism bands. These graphs show pictorially how the
Kronig-Kramers equations would transform MCD to MORD and vice versa.
Upper curves are MCD 'e_md the lower.ones the associated MORD. |
L

[ is the width of the band at where its amplitude is 1/@

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

figure that the I;-ICD is ncarly zero at frequencies not far frbm the center
of the band, but the associated MORD curve still has considcrable ampli-
tude at. these frequeﬁcies. Thus, for a closely spaced set of bands, the
MORD tails may overlap considerably and lead to a very complicated spectrum.
The MCD will not overlap to as great an extent for the same bands, and will
therefore be rore easily resolved and interpreted. liowever, for bands in
frequency regions .that arc instrumentally inaccessible; no MCD can be
observed but the MORD tail may extend to frequencies where measurements

can be made. There is some doubt as to the reliability of the informa-
tion provided by MORD tails, since in practice they are the superpositio'r;
of the tails of several bands, whose contributions might not be resolvable.
For these reasons MCD is presumed to be the most valuable oyf the two
rcasurcments. At present, MORD can be measured wifh'more precision and |

&t higher frequencies than MCD--factors which are of importance in the
study of the aromatic hydrocarbons considered in this work. MCRD was

chosen over MCD for these reasons.
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111l ANSWIT LT AT FETTIODS
in thic section we digeuss the design and construction

roonev aseenbly that periitc the mcasurement of WORD with

e}

a cormmoercial vnolarimeter. This i:s presented in detall to

soow tnat the OID measurements to be given later are accurate and
reliadic.  This was considércd necessary becausce certain published
XOTD curves Tiave beon shown to contain dnstrumental arvifacts,

22¢ there is still some disaprecnent in the literature repordinge
the 1.CRD of ‘a few compoundgs, »ariicularly smail ketones.

e olgo Ciscuse experimencel methods and condivions,

il grow now oo reduction vy a Giciitel computer can be achieved.
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ZN-5767

Fig. 8b., Photograph of one of the permanent magnet assemblies
used in connection with the Cary 60 Spectropolarimeter
for the measurement of magneto-optical rotatory dis-

persion.
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and maintecnance is a very simple matter. Unfortunafcly, there arc also
disadvantages. These will be enunerated when sufficient background has
been given to show they impose no serious handicap upon most Féradayi
rotation expcriments. It should be mentioned that nearly fbc same
magnetic field strengths have been obtained for both electro- and
penianent magnets, but superconducting magnets aré cxpected to give
considerably higher useful fields.

Figure 9 shows a cross scction of the magnet pole pieces,
indicating the form of the longitudinal'hole and the approximate con=-
figuration of the magnetic lines of force in the gap (dashed lines).

It can be scen that the magnetic field in the light path is only a
fringing field. Its strength can be opﬁhni#ed by properly deSigning
the pole pieces. |

At this point it scems desirable to set forth the criteria

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

and t9 cstablish how nearly the magnet asscmbly approaches the theoretical

:

xaumyn performance.

The optimum pole piece geometry is that which gives the highest
signal~to-noise ratio. The signal is the magnitude of the laraday rota-
tion, and the noise is the root-mean-squarc error in finding the correct
polarimeter null. The design parameters affecting noise will be dis-
cussed later. The problem to be considered now is the magnet design

that will maximize the signal by giving the most intense magnetic field.

it is impossible to predict accurately what pole piece geoietiy
will sive the highest ficld with a given permanent magnet. There are
a few cquations which can be used as guldelines, however, and the usual

procédurc is to calculate the best configuration as nearly as possible,
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MUB-10542

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

paths of the magnetic ficld lines (dotted lines).
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construct a magnet according to the calculation, measure its ficld, and
redesign using the measured field strength in the equations. This
method was used, and has proven satisfactory. |

The design equations were derived for simple magnetic circuits such
as the one shown in Figure 10, Assuming the magnetic flux density is
uniform over the cross sectional area of the magnet, Ap, and over the
area of the gap, Ags and that there is no leakage of flux, we can write

Behg = Bnfty 2

where Bq and B, are the‘magnetic induction 1in the gap and in the magnet
respectively. The equation holds because of the conservation of flux.

Since air has magnctié permeability, u, very nearly equal to 1 (in e.m.u.),
we may set Bﬁ =H

£ g
proportional to B,, and it becomes advantageous to increase Bg. For a
o . .

because B, = u H,. Thus, Faraday rotation will be
o fetd

can be increased by

given gap length and magnet cross scctional area, Bg

reducing A,, the area of the gap.

An equation similar to a) holds for the length of the gap lg, and

_Bglg = Hply b)
Hy is the magnetic ficld inside the magnet and is not equal to B.
This équation is seen to be valid by considering the energy required
to move a unit magnetic pole completely around the magnetic circuit
shown in Figure.lo. By conservation of energy, the work done in moving
throuch the magnet muét equal the ncgative of the work done in moving
across the gap. Equation b) is the integrated form of this relationship

and is only valid when Hy and Bg are constant over their respective

lengths.

[
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ig. 0. Simple magnetic circuit. A, is the cross-sectional arca of

the magnct, Ag that of the gap. 1, is the length of the

magnet, and lg that of the gap.

| QO



43

Combining equations a) and b) we have

22 - Al _ _
‘sg ;\mlm B 1L, c)

. R

For a given gap length and magnet, only the gap arca can be varied by
the design. But thisvmay have a profound effect on the Byll, product,
whose maximum value is 5.5 x 109 gauss-ocersteds for the Alnico V uscd
in this system. To maximize Bg we nust thqrefore understand the rcla-
tionship between B H, and the gap dimensions. The relationship is
best described by comparing the magnetic circuit to an electrical circuit
(see Figure 11},

| Obtaining the maximum magnetic energy product, B My, is analogous
to getting maximum power dissipated in the load resistor, 2y, in
Figure 1;. Qr, corresponds to the magnet gap reluctance which is propor-
tional to lg/Ag. The battery has an intérnal resistance, 2;, just as

the magnet has a certain reluctance. In the electrical circuit, the

power flowing through Q is
v2

d)
QL+9i

P is maximum when .i = QL if voltage V is fixed. Similarly, the energy
stored in the gap is maximum when the reluctance of the gap equals the
reluctance of the magnet. The desired gap reluctance can be obtained
by adjusting Ag to the value'specified by the cquation

1y '
. Ag = Bnly A, e)
) Hmlm

which is obtained by elimination of Bg between equations a) and b). The

ratio of B to M, is 20 when the magnetic energy product 1is maximum.
This value is obtained from the demagnetization curve for Alnico V

(Figure 12).
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Fig. 11. Electrical circuit analog of the simple magnetic circuit.

Q1 is the internal resistance and @ is the load resistance.
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Fig. 12.. Demagnetization and energy product curves, for Alnico V.
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A design based on the foregoing considerations would probably be
far from optimum in reality because of the drastic assumptions that have
been made.  To avoid gross errors we must take into account flux leaksge,
irhomogeneity of the ficld in the magnet, and circuit shapes that differ
from that shown in'Figufe 10.

Caléulation of flux~1eakagé is a vefy tedious and often inaccurate
nrocess. in addition, the final magnet circuit configuration must be
known for the calculation. Since we do ﬁot yet know this configuration,
we must estimate tﬁe effects of flux leakage. This can be done by the
'following empirical method: 1) Replace Ag by FA,, and 1g by flg in all
of the preceding equations. 2) Assign a value of71.35 to f and find the

value of F from a lecakage factor monograph.s9 For the proposed circuit, F
59. Permanent Magnet Handbook, Crucible Steel Co. (1957).

is.estimated to be approximately 2.8, but could be as high as'4;b.

Variations in the magnetic field over the length of the magnet are
very difficult to estimate accurately. Théir effects are at least par-
tiaily contained in the empirical factors, f and F, so no further cor-
rection will be made for field inhomogeneity in the‘magnet.

The shane of the horseshoe marmet (see Figure 8b) causes some
anbiguity in the‘leues to be used for itsllength, 1g, and its cross
sectionzl area, Am’ as compared with the Simple circuit shown in Figure 10.
The values used here were approximitcly the mean values for Ay and 1.
Lstimation of the cffective area>and length of the gap was complicated
becausce the mole tips were tapered.  Such pole pieces giyg higher ficlds

at the center of the gap than do those with rectangular cnds, since”the
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reluziance in each pole pilece is low except near the gap, and since
tapering leads to a smaller effective gap vol&me. (The advantage of
zmall gap volume can be seen from cquation c).)

We digress at this point to explain how the pole piccc‘shape was
chosen. A scrieé of experiments waé done using pole pieées with various
taper angles in an electromagnet. All pole pieces had longitudinal holes
and circular cross section. It was found‘thét a 45° tapér gave maximum
field at the center of the gap, but the ficld was still above 98% of its
maximun value for any taper between 37° and 55°. The pole tip diameter
(d in Figure 13) was optimum wheﬁ it was 33% of the total pole ﬁiece
diameter, but 98% of the maximum field was retained for pole tips between

of the overall diameter. The longitudinal hole was 1/6 the

o\

28% and 42
diamcter of the pole pieces, as was the gap when the other dimensions
were optimized. The magnetic field obtained in this case was about
10 kiloguass. For different field strengths, these relative dimensions
were not optimum,

For pole pieces with the same.geometry,- but with all dimensions

scaled down-byvsome factor. S, w¢mgdn expectrthe same field (10 kiloguasé)

i the maghetomotive- force is reduced by the factor S. Within acceptable
ignits, t@is situation existed ig“goiqg“fromégheﬁglegﬁfp- to the perma-
ncnt‘méénet, SO thé feiative dincnsions>givcﬁ ébbvé wére nearly optimum.
Fowever, the shape of the permanent magnet pole picces was rectangdlar

rather then circular, and somec small corrections may be necded to opti-

JRPTS ~

mize the angles and relative arcuas in this casc.
: /

Now that the approximate shape of the pole piecces has been

cstablished, we have all the infonmation necessury to solve equution e),
\ .
vhich will give us the value of A, expected to maximize the magnetic
. (&)
)

\

b3
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MUB-10541

Fig. 13. Shape of magnet pole tips. d is the tip diameter, and

1 is the angle of taper.
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Z10id in the gsun.  Remembering the wodifications required by flux
tenhone, ccuation ¢ bocomes

A = i l“ T
1\”’ = __.,_.':... l'z\n ) f)

Usisg the values obtained previously and the estimated values

.- ) B ' . ' ,
1, = 0.2 am, Ay = 11 an?, and 1, = 15 am, we find Ay = 6.1 cm*.

This is the proposed 'effective' gap arca, and is cxpected to be

lavoer than the actual pole tip arca because of the proximity of the

tanered secticns to the gap.  The ontimmm pole tip arca derived from

[ 2 §
the clectromagnet relative dimensions experiments is 1.02 ca? for pole
. . 0] - .
picces with 10.1 cm= overall cross scctional avca. As a compromise

. - L .
between the two values proposed for A,, 2.5 cm~ was chosen for the pole
t=}

tip arca of the first magnet assembly built.
This magnet assembly gave a maximum field of 12.8 kilopauss between
solid portions of the pole tips when thie gap was 3 mm. 7Tho eifective

ficld for matcerial in a 1 mm path length cell inserted in this gap was

e
C\
{
2
ct
@]
o
(@2
L
T
}...l
'__l
o

s
[l
w
1743
.

B, and H, can be obtained from cquations a)
and b), if flux leakage is taken into acccunt, and if we use 12.8 kilo-
auss for Bg. It was found* that W, was 11.6 kilogauss and M, was 345

cersteds,  Referring to Figure 16, it can be scen that B is too large

is too small to give the maximun ByH, piroduct. Decreasing the

and I ba
areca of the pole tips appeared to be the correct remcdy £or this situation.

he field in the gap may be increased by up to 14% by caus.ng the circuit
o operate at (BpHi)ggy - At this stage of the design proccaurce, we must
a1so consider several other factors which will affect the signel-to-noise
coiio developed by the proposed masnet asscubly.

ed dinernsions of 1Q and Ao were usced in this cualculation.

T wus fu md that F st be 4.07to have ‘the magnet operating point lic on
the demagnetization curve. : -

\
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The width of the' lonzitudinal hole is the key parameter throughout

tic remainder of the design procedure. Together with the pole tip area,

w

it detemaines the rcluctance of the gap, and therefore the important value

of &.li. Only the shape of the longitudinal hole determines. the fraction

o the maximun gap {ield that will be effective in producing Faraday rota-
on the size and shape of the hole. We will express the signal-to-noise
rutio, S/N, as a function of the hole size and maximize this ratio to
determine the final dimensions of the pole picces.

The Faraday rotation signal is proportional to the magnetic field,

(%4
v

B., where sample - concentration and cell path length are constant. The
roise, N, 1s inversely proportional to the square root of the light trans-

61 e may therefore write

mitted by the systen.
s/ = Ve g)
where k 1s constant with respect to changes in the size of the pole piece
hole. ODp, fhe effective optical density of the hole, is related to T by
T =0 h)
SO we can write
S/N = kie~1/2 Obp. ' i)
We now require the functional dependence 6f ODp on the hole width.
This was measured by inserting an opaque plate with a narrow slit in it

)

into the polarimeter light beam, and noving the resulting photomultiplier

~dynode voltzge. This voltage rises as the eficctive optical density in

the cell compartment increases. TFlgure 14 shows the results of a serics

of such measurements using different hole widths, Figure 15 is the cali-

cration curve that relates optical density to dynode voltage. Neutral

¥
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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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Fig, 15. Dynode voltage as a function of the optical density in the

sample Compartment of the spectropolarimeter.
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density filters werc used to obtain this curve. Both of tﬁcse curves
were taken at 4000 8 with the pelarimeter slits adjusted to 0.11 mw
(cquivalent to a 10 R spectral slit width).

From Figurc 14 it can be scen that all the light was transmitted
until the hole was less than 0.65 mm wide. For more narrow holes the

curve fits the function

Vom = 2304 + 475 j)
where V__ is the dvnode voltage and W is the hole width (in ma). The

mim _
curve in Figure 15 fits the equation

bEliminating Vi, from these two cquations gives

0D, = -165W + 104 1)
for W less than 0.65 mm. Equation i) can now be writtén:
S/N = kile82-51¢"52 o m)

We must now find the dependence of ﬁ on the hole width, W. I represents
the field effective in producing Faraday rotation. It is a camplicated
function of the pole piece gCOmetry, the light intensity distribution over
the hole areca, and the direction of the magnetic field at each point. It
was therefore decided not to try to calculate H, but oﬁly to determine its
limits and their effect on the signal-to-noise ratio. It will be shown that
this proccdurc gives adequate resulté.

For a small light beam just grazing the edge of the hole, the effective
field is somaswhat indcpeﬁdent of the hole width. fﬁat is, the Tajor portion
of the cffective ficld is contributed by the iron which is in very closec
proxinity to the light beam,'not.the iron across the hole. Therefore, us

onc iimiting case, let us consider the cffective field to be independent
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of the hole width. It can casily be scen that maximum signal-to~noise
in this case is achieved for any hole width wh%Fh is largef than the light
 bcaﬂ in the instrument. |
As the other limiting case, we choose the effective field to have
maxirum dependence on the hole width--for example, the same dependence as
the magnetic field at the center of the gap, H.. A good estimate of H.

. : o . .
between shaped pole pieces can be made from considering equivalent surface

’

poles .60 The equation for rectangular ﬁole tips 1is
e DMt CmNGmy ] ’
i 1(1 + tan®x + tan y)l/z/

y

GO, D, B. Montgomery, in High Magnetic Fields,

M is the magnetization (M was 12,800 gauss for the magnet mentioned

o

whore
previously). Figure 15a shows the geometry of angles x and y. Equation n)
applics to' solid pole tips, but by the principle of magnetic superposition
we may obtain the field at the center of the gap between axial hole pole

tips from tle suation
H. = 2 M ¢an-l |(tan x)(tan y) - 2 M ggn-l [_(tan x') (tan v')
" 1+ tanéx + tanzy)l/z oo 1@ + tan®x' + tany! ,f

0)

where x' and y' apply to the hole and arc defined in analogy with Tlgurc IlO.
The tewm imvolving x and y in equation o) is independent of gap width and

is estinazed to LS about 14, OOO gauss. (Its exact value is of no importance
provided it is greater than 8,300 gauss, as will be scen later.) This temm
will be referred to as H*.

TFor the 3 wmn gap required to accommodate a 1 mm path lencth cell,

tan X' becomes W/3., The hole must be more than 12.5 mm high to transmit



center
of gap

pole tip

Fig, 15a, bDiagram showing‘angles uséd to calculate magnetic field

oy at center of gap.

S0a
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all of thc instrument light beam. Hoderately shorter holes do not con-

tribute appreciably to H. and only serve to block off part of the light
peam.  We thercicre set tan y' = 12.5/3 = 4.17. We will usc the value
21,400 causs for M. This is appfopriate for saturaied iron and will give
‘the greatest dependence of . on hole width, which is what we require for
this limiting case calculation. ' \

Using the forew01ng values, we cun write

. = H* - 13,600 tan~1 (W/3) (4.17) .
(1 + wWe/9 + 17_2)1/2v> 0)

Substituting this into equation m) gives

. h q‘ N
S/d = k(14,000 - 13,600 tan-l | 12:5 W e82.5W =52
(164 + w2)1/2

We row assume W 1s less than 0.65 mm, making w2 small conpared to
164 in the denominator of the tan™! tem in equation q). The limit on
the size of W is reasonable because larger widths do not incrcase the
magnetic field fequation a) ), nor do they allow more light to be trans-
mitted (Figure 18), so nothing is gained by wider holes. It is not clear

from cquation q) that narrower holes would improve the signal-to-noise

ratio, but this can be detcrmined by differentiating q), setting d(S/N)/dW =

and sélving for W. This procedure shows S/N is maximuﬁ when W = H*/13,200.
¥ 1s certain to be greater thqn 8,600 gauss, which means W is optimum.

for values greater than 0. 05 mm according to equation q), i when Figure 18
is considered, W is optimum when it is cxactly the width of the light beam.
This is true for 1 1nht beams up to about 1 mm wide, at which point it m@y
Le advamiageous to block off vurt of the light bemn in order to increase

the masnetic field strength.

4
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The next magnet assembly built had an effective field of 12,600
gauss~-a substantial increase over the previous assembly. This was
achieved by reducing the pole tip areca to 1.1 em? and narrowing the
hole to 0.125 cm. For a 10 R spectral slit width the hole is wider than
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 hm path length of
water, in a gap 3 mm long. The maximum field between the pole pieces
was 13,900 gauss, indicating that the magnet assembly was operating rela-
tively near the point of maximum BH product.

The magnetic saturation of the iron pole:piecces limits the field
attainable withﬁsuch'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
same status as soft iron by the machining required to make them suitable
for this application. We may thereforec say we have reached 65% of the bulk-
unlimited maximm field.  Magnets small enough to fit the polarimeter cannot
develop the magneto-motive force required to give 21,400 gauss in avgap
large enough to accommodate a sample cell of rcasonable size. The values
of the maximun fields for small magnets are not readily.avai}able; howcver,
the author knows of one magnet used for gauss metcr calibration which has
a ficld of 14,100 gauss. This magnet is approximately the same size as that
used in the measurement of MOR, and it has approxinately the same gap length.
If we assume its'design is optimum, then the MOR magnet is developing 98.5%
of the maximum field attainable under the size limit imposed upon it.
Efforts to increase the effective field by further desipn refincments were
deemed unprofitable, since it would be possible to incrcase the ficid 35%

at most, -and it is very likely that less than 10% increase could be
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obtained with the present gap and hole dimensicns. .
A briefldescription of how the polarimeter oﬁefates will now be given
to facilitate the understanding of the magnet assembly's influence on the

instrument. More detailed information has been given by Cary, 93.3&;91
61, H. Cary, et al., Applied Optics 3, 329 (1964).

Figﬁre 16 1is an optical diagram of the polarimeter taken from the
 OGperation Manual for the instrument. Light is generated by a xenon arc,

A, and passes through a double monochromator (all elements between 5] and
Sz). It then passes through the_adjustable slit labeled Sz, and is focused
by lenses I so that an image of a monochromator slit stop is formed at the
position of the sample cell, SC. A Sénarmént polarized, LP, is positioned
ahead of the sample éell,and only light with approximatcly horizontal
polarization is allowed to pass through the sample cell. F is the

Faraday modulator--a slug of fused silica wrapped with a coil of wire
carrying 120 watts of 60 cycle AC power. The magneticffield generated in
the silica imposes a sinusoidal oscillation on the plane of polarization of
the emerging light beam. LA is an analyzer which pemmits only the vertical
component of the light to pass. If the plane of polarization is horizontal
at LA, the output signal generated at the photomultiplier tube, PM, will
look like a 60 cycle voltage which has been full-wave rectificd. If the
pblarization is nét horizontal, neig%boring peaks of th¢ signal will have
differént amplitudes. This condition activates a servo mechanism which
rotates LP to restore balance. Thus, sample optical rotationa causcs LP

angular rotation =-a, which can be sensed and recorded by the instrument.
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Fig. 16.

OPTICAL SCHEMATIC

MUB-10543

Diagram of the optical system of the Cary 60 Spectro-
polarimeter taken from the operation manual for the
instrument. The components and the operation of the

instrument is discussed in the text.
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It is well known that quartz and common solvents such as water,
benzene, etc.,véll show a reasonably large magneto-optical rotation
throughout the visible and ultra violet regions of the spectrum. This
implies thaﬁ the cell and solvent will produce a bagkground rotation
when the magnet system is used in an cffort to obtain the MORD of a solute.
The background is usually ten to one hundred times larger in magnitude
than the solute rotation. Other;63have sim?ly subtracted the background

MORD from the solution MORD, but this leads to poor accuracy for two

¢

i

63. B. Briat, M. Billardon, and J. Badoz, Comptes Rendus 256, 3340 (1963).

reasons: (1) The soluté rotation 1s a small difference obtained by
subtracting one large number from another. Thus, a smaii percentage

of error in eithef large number could lead to a large percentage error

in the difference. (2) Both background and samplec curves have considerable
slope (especially in the ultra violet), so a.minor wavelength shift of one
curve with 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 in 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
bean passeS'sequenciélly through both, so that the background rotation
produced in the sample cell is cancelled by that producéd in the solvent
cell where the magnetic field is oppositely directed.

This approach.has proven successiul when the temperature diffcrence
between the two cells can be kept sufficiently low (the Verdet constant

has a slight dependence on temperature). Also, the magnetic fields must
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renain equal. Applied Physicéxguses this method in the attaciment they

have constructed for measuring MORD on the Cary 60.
58.J. J. Duffield, personal communication.

At this laboratory a solution with natural optical activity is placed
in the light path beybnd the sample and magnet. The background rotation
is cancelled except for-smali rotations which thé instrument adjustments
(bascline multipots) can nullify; Thus, by choosing the proper concentra-
tion of the optically active material, and by minor instrument adjustments,
onc can achieve a stable, nonﬁsloping baseline from which to measure small
solute rotations. Spectra obtained in this manner can be reproduced to

within 2 x 103 degrees (approximately the noise level of the instrument).

Another method used succeséfully here to cancel the solvent and cell
MORD involves the use of two permanent magnets in the.polarimcter cell
compartment. One is positioned as usual; the other is pldced in the
o light beam reflected from the Faraday modulator (Figurc 109) This second

magnet assembly contains a cell filled with solvent, which cancels the MORD
of the cell and solvent in the first magnet. Since botﬁ magnets camnot
u&51ly be magnetized to the same extent, it is found necessary to equalize
th01r flelds by placing an iron bar across the strongest mugnet of thc pair.
This bar cxtends from one leg of the horseshoe to the other. The more it

is lowered toward the gap, the more flux it ''short circuits", and the
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weaker 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 be;m in the twq.gaps as wavelength varies. Again, the instru-
ment multipots can compensate for this, and siraight, stable baselincs

can be achieved.
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B. Experimental Conditions

The conditions under whiéh cach cxperiment was run are listed in
Appendix I. We will here describe the conditions and their implications
in more detail than is found in the Appendix.

The iemperature of the polarimeter is automatically controlled to
within 0.2°C of a preset level (26.0°C for this work). The magﬁet 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 the short pathléngth cells used, and it was assumed
that the tcemperature of the sample was also 26°C 5 min, after placing
it in the polarimecter. Whenever the magnet and/or the sample was not
at temperature equilibrium, the MOR could be observed to change with
time due to the density of the sample changing as its temperature changed.

The MORD of the cell.filled with solvent was measurcd over the
appropriate wavclength range-for each sarple MORD spectrum taken. In
most cases such a baseline was run both before and after each spectrum,
and thc basclines compared to be sure their differences were within
experimental error.

The spectral slit width was 10 R for many of the measurcments, 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 ca. ZO'R, although it was gecnerally less than fhis.

The time constant of the instrument is described-by the manufacturer
in terms of the pen period (seconds required for the pen to travel 975
of the way back to the correct value after being displaced). The periods

used were 1, 3, and 10 sec.
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C. Chemicals

Practically all of the chemicals were obtained from K&K Laboratories
or from Aldrich Chemicals, and all were used Qithout further purification.
A number of the smaller aromatic hydrocarbons were checked for impuritics
by vapor phase chromatography on an Aerograph 1520 with a '10-ft
column. Table I lists the results in terms of-chrométographic peék .
heights. | |

Solutions were used within 1 hr of the time they were.made. The
larger, less stable aromatic hydrocarbons were protected from light and
oxygen as ruch as possible. Special care was taken with 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 (IClz under N, in the dark and thevmcasurements made imme-

diately after the solid was entirely dissolved.

D. Date Reduction

Many of the MORD and some of the absorption spectra of the compounds
studied were digitized by means of a system constructed here. The

instrument pen position was sensed potentiometrically and this informa-

tion fed to a digital voltmeter. The voltage readings were then processed

by a logic unit constructed here and the resulting information punched on
cards by an IBM key punch. Many of the spectra were recorded before this
digitizer became.availablc, and it was found possible to digitize thesc
spectra by mounting them in the polarimeter and using the instrpmcnt's
electrical pen displacement control to follow the curve while the digi-
tizer was operating. Once the spectra were on cards they could be con-

verted to corrected molecular rotation by a computer.

- ~A-~-.-..-\ . VO e it Then e o e A e e B e ;
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Table I. Purity of chemicals uscd as indicated by vapor phase
chromatography.
Ret Peak IMpuritics
Compound Source Temp§ Timed{ Height Ret § Tcak
' oC e 7 Time Height
Naphthalene B&A 2801 2.25 360 0
3501 1.2 450 0
200F 3.3 320 0
Azulene K&K 2007 3.25 130 0
200} S.1 300 3.3 G, 5(naph-
' B ’ , thalene)
1,4-DimethyI4 K&K <00} 5.0 47 Z.75 12
naphthalene | o ‘ o 7.0 4
1,8-Dimethyl-l K¢éX 2000 4,3 284 2.0 0.5
naphthalene o a R '
Z,/7-Dimethyl-] K&K U0 5.1 Y4 )
naphthalene | T o
Acenaphtienc AEK C 200 4.5 250 )
e 'S 200{ 8.2 132 0
Acenarithy- MBS C 2007 5.0 oU8 YA 1.5
lene® (Tech)| 2.9 3.0
‘ 4.5 140,
S 2001 7.4 182 4.6 12.
‘ ' N ' ' o . 8.0 35
Pyrazinc Aldrich S S501-10 §) V)
' S 2001>10 0 0
AP 225) ~4.5 167 >20 0
: ‘A 1201 ~5.9 >20 >9,0 0
Anthracene Lastman C Z0071>30 ' 0 U
: 1S 3501 2.1 200 0
'S 200 1>10 0 0
Pyrcne Fastman S 5501 3.1 258 5.0 0.5
4 ,5-Dihydro- | KgK S 2.49. 270 Z.08] 220
pyrene | ' o B R u .
(=1,2-Dihydro} 3.1 82 (pyrene)
pyrenc) 1 C ' ' ’
Piicnanthrene | K&K 50U 2.08 343 0-
‘ ‘ o - 2001 22 100 0
Eonzo(7,h,1) | K&K 350177 4.6 162 0
" fluoranthine ' o o o
Chioroiorm Boi 2071 T 2020, 0
Acctephenone YRR IEYS 131 AU U.5
"~ (practical) 1 e o
-Benzaldehyde T Eastman YA Y 160 S U.2

ANctention time relative to CHCl 4 (= 1 unit) '
DA = 10 ft Apiczon 220°C, C = 10°ft Carbowax, S =

10 ft.SE~30

CAcenaphthylene partly decomposes at its boiling point (265-275°C)
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Molecular rotation is defined by the equation

m] = [l M o oMl
100 sc 100

where a is thé observed rotation in degrees, [a] the specific rotaﬁion,
MV the molecular weight, £ the pathlength in decimeters, and ¢ the con-
centration in grams per cc. In this work the MORD values are normalized
to.a magnetic fiéld‘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 giveﬁ in Appendix II. Those parts
not listed are standard 1ibrary programs available at the Lawrence
Radiation Laboratory Computer Cehter. ‘This program.not only converts
observed rotation to molecular rotation normalized to one gauss, but
also makes corrections for the MORD of the solvent displacéd. Experi-
mentally, the MORD of each of the solvents was found_fo follow an equa-

tion of the type

where A is the wavelength, H is the magnetic field strength, and A and
A\, are experimentally determined paramcters. (This is lmown as a single
term Drude equation.) Ay for ethanol is 1414 X, and A is 5.96 x 103 deg.

R2/gauss. For CHCl,, A, is 1559 R, and A is 8.24 x 10° deg. #%/gauss.

3
Of course, the observed rotation of a solvent is directly proportional
-to the cell pathlength as well.

The -amount of solvent displaced by solute cun be calculate from the

density of the solution. The densities 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 éould be
found for many of the larger aromatic h&drocarbons sfudied here. These
were assumed to have the same density in chloroform as naphthalene
does (where concentrations are compared on a weight percent basis).

The comwrections were usually 2 to 5 millidegrees (only a little above

the cxperimentai error). But for certain concentrated solutions the
~correction was as large as 250 millidegrees. When the MORD of the com-
pounds is discussed, it will be noted if a large correction was reQuired.
It will also be noted if the correction was made from available density
data. Otherwisc, the reader may assume the correction. was small
(slightly larger than the noise level, which will be indicated). of
course, any common deviation from identity will not affect the MORD
noticeably if the correction was small to begin with.

The data can be shoothed"by the program caf the
operator desires. This is accomplished by fitting the data to a poly-
nomial of the desired order and covering the desired number of points.
(For example, a third order polynomial was commonly usgd and 2 points
on each side of the point of interest werc fit to the polynomial.)

The computer plots these points as diamonds (see Figure 18). The
coordinate axes-are labeled in the computer's notation where E 03 means
103 and E-03 mea{ns 10-3. |

The program also punches cards in a format suitable for use in a
least-squares fitting program (a combination of Lawrence Radiation
Laboratory's programs LSQ and VARMIT).‘ The usef nust specify the
function to which he wants to fit the data in a .subroutine called

TABLE. The TABLE's used in this work are listed in Appendix II.
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V. RESULTS AND DISCUSSION

A. Spcctral Characteristics of-Aromatic Hydrocarbons

The polynuclear aromatic hydrocérbons 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-condenscd if one or more carbon atoms
belong to three rings.. Certain absorption patterns arc observed in the
molecules in the cata-condensed group, even though individual molecules
‘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
abéorption bands listed in thé table, Clar® investigated the spectra of
a large number of aromatic hydrocarbons and applied the designations «,
p, 8, and 8' to the fourvprbmincnt electronicitransitions he observed.
Coulson®> used the methods of LCAD molecular orbital thedry to predict
the frequencies of the symmetry allowed transitions of linear arométic
hydrocarbons. His V, V;, and V4 bands correspond.to Clar's o, p, and
3 bands. Platt, 33_21;96 ﬁsed a free?electron model to calculate tﬁe‘
energy levels of cata-condeﬁsed aromatic hydrocarbons and introduced thc
nomenclature listed in the '"Platt' columm in Tahle II. 'Even the symmetry
forbidden bands are given names in this system. Platt's nomenclature
appears to be more general than the other; and seems to be gaining wider
acceptance, so it-will bé used whenever possible throughout this work.

The oscillator strengths listed are figufgs which are derived from
the integrated extinction coefficients of all the vibrational bands of

the electronic transition listed. “he formula used is
F=4,3 x 1079 fedv



Table 11, Characteristics and classificat

v of aromatic hydrocarbon absorption spectra

————.

Relative

‘Tﬁﬁfﬁﬁbi- GsciTiator| Tittensity Fine Symetry species
Platt| Clar{Coulson{ energy of strenoth Polarizationf (log epqx| Structure i
. transition f (vibration Deh Doy,
' - ' bands)
1 : 1 1 ( - 5 e
L.1p | Vi L B ~ 0.1  | ‘-trgns 3.9-4.3 Jbggdg dlffudc By Boy
-Lb o AP Ly, *ly vary ~ 005 | long 2.3-3,5 bggdg sharp Boy By
1Ca Probably 0.3-0.8 major symn | 4,2-4.7 | forbidden|forbidden
axis ' _
I, By, <C, By <C I 0.4-1.4 | major symm i.0-4,7 | mone (2)
3 . N axis " | - -
lBa N B By 0.5-3.0 ‘trans 3.9-4.5 [l strong, 2 or 3 By,
weak bands. In- . ‘
1Bb 8 Vy 0.5-3.0 long 4,7-5.5 creasingly sharp E1u Biu
propor- | with length
tional
to length
!
(o
o
[
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where € is the molar extinction coefficient and v is the frequency in em™L.
Although there is some variation in the oscillator strength of a given
type of band on going from one compound to another, Klevéns and Platt67
have noted that there are similarities in the intensities of the 1La bands
in a number of cata-condensed aromatics of widely different structure. The
1Lb bands are also similar and have intensities roughly an order of magni-
tude greater than lLa'bands, The lBa and.lﬁb bands are Stronger yet, as
‘can be seen from the table. These intensity relationships help in

- assigning an unknown band to the proper. class.
Each allowed type of transition will show maximum absorption for
vlight polarized in a cerfain direction but will absorb very little light
having a polarization perpcndicular 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 camnot be specified
with such certainty for bent molecules like phenanthrene.
A1l of theimolecules considered here fall into one of the point
_ group368 Dghs D2h, Dzh, CZV or Cg. Appendix III gives the character
taBle of each of these groups. They sﬂow the symmetry operations are pos-
sible and list the irreducible representations for each group. For those
unfamiliar with g;oup theory, it is sufficient to note at this point that
representations labeled A or B correspond to non-degenerate electronic
states, and thosc labeled E are doubly degenerate. |

It is rather easy to assign the p and 8 bands of the observed spectra

of cata-condensed aromatic hydrocartons. The o bands are weak and are ~
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sometimes hidden by the stronger p bands. C bands are symmetry forbidden
in centro-symmctric molecules.

Most of the characteristics given above apply to peri-condensed
molecules, but not with as much regularity. The 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

Garner, Nutt, and Labbauf®9 have measured the MORD of benzene between
5500 and 2500 R, This included only the first band of the lLb transition,
Our measurements (Figure 18) extend to 2400 R and include two- other
bands (practically all of the 1l electronic transition). Our data agree
with Garner, Nutt, and Labbauf's to within their experimental érror,
after their solvent rotaﬁion has been subtracted.

Several points should be made about Figure 18 and similar figures
which are to follow. The gfaphs were made by a computer and the axes are
labeled in its exponential notation (i.e., 2.70E+03 = 2.70 x 10% and
3.0E-02 = 3.0 x 10°3). The absorption spectré on the bottom of the
- graphs are sketched in by hand from the strip chart record of the sample's
optical denéity as measured on a Cary 14 Spectrophotométcr. The concen-
tration and pathlength for the absorption measurement are the same as
for the NDRD,iaﬁd are listed in Appendix II 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 MORD
where abéorption is hich. Other authors have secldom done this, and the
reliability of their results cannot be estimated in certain cases where

the optical density appears to be far too high for accurate measurement
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of rotation. The MORD curve has been corrected for the MORD of displaced
solvent and smoothed by the computer. The minimum and maximum RMS noise
levels are indicated at the wavelength at which.they occur. Fiource 19
indicates what the noise for Figure 18 would look like before digitizing
and smoothing.

The electronic transition in the 2500 R regicn Qf the benzene spectrum
© is assigned as the 1Lb transition on the basis of a very iarge arount of
theoretical and experimental work.70  The syrnmetry of the excited state
is 1B2u so the transition is non-degenerate. It is symmetry forbidden but
becomes partially allowed through vibrations of ey or ap,, symmetry. Kach
of the bands in the solution Spectrum shown in Figurc 18 is cdmposed of at
lcast 10 vibrational bands, which can be resolved more clearly in the vapor
phase Spectrum.71 When the 10 bands are broadened so they merge (as in the
sélution spcctrum) their sum has a rather asymmetric shape, as can be
observed from Figure 18.

The next electronic transition is centered at about 2020 R in solu-
tion ‘and is approximately 50 times as intense as thé previoﬁsly discussed
lLb band. Both excited electronic states are non-degenerate, but the next
higher one at 1830 A is probably degenerate. It is about 350 times as
intensc as the ILb band.

The qﬁantuﬁ mechanical prediction is that the bands of a vibrational
progression in a symmetry forbidden-vibronically allowed transition (such
as the lLb band of benzene) will be found to have MORD of each vibrational
band Qith “'the same shapc . .‘. varying in magnitude in the same way as
the components-of th¢ absorption band. "0 Thiéwdoés not apply rigorously

ta he 1Lb band because it probably gets its intensity from more than onc
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type of vibration. Nevertheless, it can be seen from Figure 18 that the
size of the MORD anomalies are reasonably well proportioned to the intensi-
ties of their associated absorption bands. 7The anomalies also have the
frequency dependence of the B term in the quantum theory, as they should
if they are non-degenerate.

The two foregoing statements have been demonstrated by decomposing
the curve from 2630 R to 2500 R into three overlapping parts. Each has
the frequency dependence of a B term: ‘

2
(m] = Boav?(w5a = &¥)

(61)
(wga = W) - wrgy

with the following values for the parameters.

wog (eml)  aga Bty (e™h) By x 100
38370 2610 ' 225 4.7
39273 2544 238 7.8
40176 2494 88 2.9

7.

41143

2432 1003

These values are the result of the least squares fitting computer
4 bands comprised of

program (Appendix II) applied to/18 evenly spaced points (wavelength)

on the interval of interest. The last set of parameters (with wgy, =

40107 cm'l) was outside the interval and so does not truly indicate the

size and shape of any one band.

- Drude tail resulting from all the other bands in the UV,

It functions solely to estimatc the

The quality of the fit is indicated by £x? (the sum of the squares.

of the deViatiQns) which is 5 x 10™4. A more ﬁictorial idea of the fitj
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is obtained from the computer "Y Graph", Figure 20.

Stephens®> has calculated the expected MORD of the 1Lb'band of benzene
and finds the value of the B term is less than 10% as large as the experi-
mental values of this work and the work of Garner§3 indicate. A number of
drastic assumptions must be made in calculating the MORD of forbidden bands,
and the poor agreement should not be too discouraging.

C. yrene

We consider pyrene next because its characteristics lend themselves
to a qﬁantitative evaluation of the By, quantum mechanical term. The
observed MOR in the 3700 & region is appfbximately ten times as large as
~that of the 2500 & benzene bands, but the extiné;ion coefficient of pyrene
is much less than that of benzene for the bands under consideration., This
allows relatively concentrated solutions to be used, thus increasing the
cbserved rotation. The corrections for solvent displacement are signifi-
cant--about 0.025 deg. at 3500 R. This is shown converted to molecular rota-
tion/gauss in Figure 21. |

The peak-to-trough MOR of pyrene 1is greater than of any other com-
pound studied when samples are measured at equal optical densities. One
possible quantum-mechanic explanation for this would be that the transi-
tion moments of nearby bands have perpendicular polarizations sd the
eneroy denominator is small. This has indeed been found to be the casc
in work independegt of these studies. Bree and Vilkos’3 observed the
polariied‘absorption and fluorescence of pyrene molecules substituted
in a fluorene crystal lattice. They found the 5720 & and 3670'R bands
to be polarized perpendicularly to all other transitions above 2800 %.

From thelr data it is not clear that any of the bands have purely one -
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68
polarization--all seem to have 10 ox 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 R).
These and other values needed to calculate By, for the 3720 A band are
listed in Table IV,

To calculate the expected MORD of pyrcne we note that only the By,
term will be non-zero in equations (36) - (38), becausé pyrene has Doy
symmctry. In order to calculate the value of By, the only spectral quanti-
tics we need in addition to the transition moments mentioned previously
are the values of m,y, the magnetic dipole transition moments between the
excited states of interest. In pyrene these are a114perpcndicu1ar to the
plane of the molecule, but their value is somewhat hard to estimate. We

how discuss Bree and Vilkos'73

assignment of the long wavelength spectrum
as background for the estimation of the magnctic transition moments.

The fluorescence and absorption of the 3720‘3 band coincide, so it
is assigned as ; 0-0 band (O vibrational level of the ground state to
O vibrational level of the B, excited state). Succceding 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 R band is assigned as a transition to another excited electronic
stéte, and its poiarization was observed to be perpendicular to that of
the 3720 R band.

The part of the By, term with the small energy denominator givés

rotation ¢ as:



4

7 » 09
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. . N . ) 2
¢ = N /3 In g woa + yoh X'Mapy | u2lug, = o) (64)
he w? 2y2 2r2
5 Wab Woa T W Wi,
2
= B! wz(uoa - wz) ' (65)
fa T2 232 2.2 ‘
(woa W) tw roa

where a is the first excited state (the one giving rise to thc 3720 1
band in this casé), b is another excited state (taken here as all of the
states up to 3420 X.which are polarized perpendicularly to the 3720 R
band). NZ 1s the number of molécules per ml in the ground state, fi is
Plankfs constant divided by 2w, and ¢ is the velocity of light in vaciuum.
Using the values in Table IV, we find that B! = 5.7 x 107>
Upon decomposing the MORD of pyrene into bands having the frequency
dependence of equation (65), we obtain the value 9.9 x 1073, The agree-
ment is vcfy 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 allowed magnctic traﬂsition would be 1.0 Bohr
magneton and that thosc of. interest would be allowed only to the same
extent as the associated vibrationally allowed electric dipole transitions.
The values of Bj, calculated from the decomposition of the experi-
mental MORD of pyrene are listed in Table V. The band with the sccond
iongest.wavelength has the same polarization as the 3720 ] band, but
about.onefthird the oscillator strength. We would expect B}, for this
term to.be l/Vgn(i;g;) 0.5 ) that of the 3720 R band; in actuality, it
is 0.55--again in very good agreeﬁcnt. The decomposition of such a com-
plicated curve as Figure 21 is unfortuﬁatcly not wnique, so one must
avoid placing too much confidence in the values given. The qqality‘of

the fit is indicated by the Y graph in Figure ZZ.

-
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Although the foregoing calculations and comparisons do not "‘prove’
. theory
the quantum mechanical/to be correct, they certainly demonstrate one
case where it explains MORD well in a quantitative scnse. It appears
that we are justified in placing confidence in predictions based cn the

Bpa tem, and we will make repeated use of this in the discussion of the

remaining aromatic hydrocarbons whose MORD has been measured.

Table IV. Parameters for calculation of Byy for the 3720 R transition

of pyrene
.._.,.._,....ww—-q-‘l S = ;* iuoa] Hol | X fb“_r“a§1 (eg‘ﬁﬁated)
woh €M wal, €M fughIx 107 am o Bohr Magnetons
b ey
27300 550 . .07 .32 BN
27500 750 .1 .33 - .01
27880 1130 .14 .31 .01
28280 1530 . .1 .16 .01
28690 1940 . .83 1.05 . .04
20100 © 2410 .62 .65 o4
29200 2450 .74 .75 .04
wog = 26750 eml  |u .| = .25 x 1079

. :4'
LS
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D. Naphthalene and Derivatives
The 1La,>1Lb and le bands are easily discernible in naphthalene.
The encrgies and intensities of these transitions have becn calculated.®?
M0 and {ree eiectron 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 loﬁg axis of the molecule; transverse is perpendicular to this but

still in the plane of the carbon atoms.

Table VI. Absofption bands of naphthalene

FRop—

Transition Polarization A

max:» R log oy
I « la Longit. 3120 2,40
1, < 1a Trans. 2860 3.62
13, « 1a | Longit. 2210 4,98
1y, « Ia Trans. 1690 - --
g, « 1a | | 1900 -

The MORD of naphthalene is somewhat more complicated than that of
benzene because of the difference in the sizes of the vibrational bands.
It can be scen from Figures 23 and 24 that the MORD bands appear to merge
and it is very difficult to separate out the contribution of each of the
bands observed in the solution.absorption spectrum. Nevertheless, the
MORD 1s decreasing rapidly at the wavelengths of maximum absorption for
cach band, which indicates the MORD ariscs from the quantum mcchanicai

ny

Bya term, and that this term is positive, as it was in benzene. This is
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expected since no degeneracies arc predicted for molecules such as naph-
thalcne which have Dy symmetry.

The MORD of several dimethyl derivatives of naphthalenc (IX) was
nmeasured (see Figures 23 to 28) and all were found to have larger rotation

1

o)
than the parent hydrocarbon in the region of the "Ly band (3120 A in naph-

thalene). This is not surprising because methyl substitution 1n positions

8 1

\V
equivalent to 1 in the structurc above, cnhances the absorbance of the 1La
band and substitution in positions ecquivalent to 2 enhances absorption by

the lLb band.”’3 The transition ﬁoments of each of these bands enter into

the B,, term for the MORD of the 1La band, so as they increase, the observed
MORD would be expected to increase. ’

It will be noticed that the MORD of the 1Lb band of 2,7-dimethylnaph-
thalene is negative, while that of naphthalene and the other dimethylnaph-
thalenes is positive. This cannot bc explainea strictiy on the basis of
the destruction of the Dpn symmetry of naphthalene, becasue 1,S-dimethyl-
naphthalcne lowers the symmetry in exactly the same way that 2,7-dimethyl-
naphthalenc does, and the 1,8 compound can be seen to have rotation of the
same sign as naphthélene. But the symmetry of the vibration giving risc to
the long wavelength band in the 2,7 compound may be different from that in the
otier dimethylnaphthalenes shown.

The absorption spectrum of acennphtheﬁe is very much likc that of naph-

chalene except there is less vibrational structure and the extinction
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coefficient of the 1Lb band is about ten times greater in acenaphthene.
This band is also shifted to longer wavelengths by about 90 R. The
MCORD (Figure 28) is somewhat larger buﬁ has the same general featurcs
as naphthalene through the first absorption band.

However, in acenaphthylene (Figure 29) the shape of the MORD curve
is drastically different. The pi electron network here has true Cov
symmetry, and not the Dy or perturbed Djy, of naphthalene and the deriva-
tives previously discussed. No meaningful comparisons can be made--only
note takeﬁ of the drastic change of MORD resulting from the addition of
‘a pi‘bond to the acenaphthene framework.

Itshould also be mentioned that the large ?ositive peak in the ace-
'naphthyléne MORD is characteristic of two closely spaced bahds with nearly
equal bﬁt opposite rotational strengths. The absorption spectrum indicates
that the prominent band is single (with shoulders), but the.BDRD 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 bands to have rotational
strengths of opposite sign.

E.  ‘Anthracene

The set of five bands cetered at 3500 R in the absorption spectrum
of anthracene have been assigned as the 1La electronic transition. .The
band whosc maximum is at 2530 ﬁ is taken to bé- the 1Bb' but no onc claims
to have observed the lLb bands seen in other linear polynuclear aromatic
hydrocarbons. Theoretical calculations bredict it to be in the neighbor-
hood of 3400 R.74»7%

T'oss and McCarville70 claim to have found evidence of the 1Lb band

through the use of magnetic circular dichroism. All of the MCD bands
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but one between 4000 and 3000 X have positive rotational strengths.  The
negative band is found at 28000 cm~1 (3570 R) and 1s taken to be the 1Lb‘
band of anthracene. The MORD measured in this .laboratory (Figure 30)
cualitatively confirms the MCD mcasured by Foss and McCarville. The posi-
tive MORD peak at 3570 R can be decomposed into two curves having the
frequency dependence of the gquantum mechanical Bys term. The parameters
for this are given in Table VII, and the Y graph in Figure 31. The
results do not correspond exactly to those of Foss and McCarville, whose
negative dichroism appears to have larger hagnitude thaq the positive.
In addition, the separation between their bands is indicated to be at
lecast 150 cm~!l, while that obtained from decomposition of the MORD is
abqut 30 cml.

£ the MORD peak at 3570 R really has the frequency dependence of a
bair of Bpg terms and not that of an Ay, term (with similar shape), it
should be possible to separate the Boa type components if the bands can
be made sufficiently narrow, whereas an Ay, term would maintain its same
general shape for very narrow bands. The bands of aromatic hydrocarbons
are known to become more narrow at lower temperatures, so the MORD of
anthracene in ethanol was measured at -60°C. The peak was observed to
broaden slightly as if it would split at yet lower temperatures. The
troughs on each side of the peak did not change position and the magnitude
of the rotation did not increase by a factor of 1.3 as it would for a
Coa term. (The magnitude of Cyy terms is proportional to 1/T.) This
supports the notion that the 3570 R VORD peak results from a pair of

adjuacent By, type curves.
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For an allowed transition such as the 1La (major transition in the
'3000-4000 A region), the excited vibrations to which transitions are
allowed all are completely symmetric and would give MORD curves of the
same sign. Therefore, the negative rotational strength of the 3595 &
band must arise from an.éxcited clectronic state other than the lLa. On
the basis of the foregoing eviden;¢ the obvious choice for this band is
the 1Lb. This demonstraﬁes how 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 & MORD peak of anthracene

woa a1 Yoa & Fog ™ B'oa deg
27036 | 3699 : 58.4 +5.3 x 1074
27816 3595 ' 596 -1.95 x 10-1
27848 3590 ’ 727 +2.62 x 10-1

28205 - 3545 1506 -1.38 x 10-1

F. Singlect-Triplet Transitions

Shéshoua77 stimulated considerable interest in the Faraday effect
by reporting results that indicated the MORD of singlet-triplet transi-
tions was large and easily observable. Much of his work bearing on
singlct-triplet transitions proved to be erroneous, howcver. In this
study we attempt to reevaluate the Faraday effect as an aid in the study

of a few well documented singlet-triplet transitions.
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An ‘excellent review covering singlet-triplet transitions rccently

appeared in Chem. Rev.’8

and the reader is referred to it for information
on the nature and implications of singlet-triplet transitions.

In this study MORD was measured in a 0.5 cm 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 assignﬁcnt. (An inflec-
tion 1is here defined as a deviation from the sloping tail of the MORD of
transitions at shorter wavelengths.) Infiections smaller than about
0.010° wéuid'not have been scen in the benzaldehyde and.aﬁetophenone
spectra, but .002° would have been dectected in the p-benzoquinone .and
.004° in the glyoxal. These results indicate that the singlet-triplet
MORD is nonexistent or very small for all the compounds except pyfazinc
in Table VIII.

Snowden and Eberhardt79 have obscrved the mugnetic rotation spectrum
of pyrazine in the same wavelength fegioﬁ as that observed here. In their
experiment, pblychromatic light 1is péssed successively through a polarizer,
a 70 can cell 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 umless it has been rotated
by the sample. When rotation occurs the spectrograph plate shows
datkening at the position corresponding to the appropriate frequency.

By slightly changing the anﬁular orientation of one of the polarizers
and performing the experiment again, it is possible to determine from

the resulting spectrograph record in which dircction the magnetic rotation



abic VIII, MOR of some singlet-triplet transitions

A i £ o ST e 8 T e

Approx. %

E.XK, Tech

% Wavelength
Corpound Concentration Solvent - total range of FORD
' ' ' ' ~impuritics  obscrvation
Benzaldehyda undiluted none <0.5%* 3800-4100 &  1arge? positive rotation
E.N. chlorinc liquid no inflections
frCC S : -
- 0 - .
Acetophenone undiluted none <0.S%* - 3700-3950 A large+ positive rotation
E.K, ' © liquid S ‘ " no inflections
Pyrazine I M CHCl ¢ <0,05%" 3450-4000 R largef positive rotation
Aldrich lot ] (maximum = 0,45° at 3700 R)
073031 saturated :1 methylcyclohexane- %
isopentanc <0,05% 3400-4000 R  moderate positive rotation
| 2 - (maximum = 0.054° at 3660 A)
0
p-Benzoquinone L07 M 5:3 methylcyclohexane- 6000-4000 A small positive rotation
twice recrystal- isopentane no inflections
lized from EtOH ﬁ
Glyoxal . 30% HZO 6000-4000 R small positive rotation

no inflections

"By comparison of areas of VPC trace (10 ft. Apiezon column).

TA few tenths of a degree,

LL
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has occurred. But the "intensity-direction of rotation' information
thus obtained is much more difficult to interpret than analogous infor-
mation from MORD which gives directly the amount of rotation. At any
rate, Snowden and Eberhardt see magnetic rotation at the wavelengths
of the established singlet-triplet transition of pyrazine (3600-3750 3).80

The absdrption bands are greatly broadened in going from the vapor
phase into solution. This greatly decreases the amplitude of the
observed rotation, as can be seen from the amplitude factors in Figure 8§,
wherce T 1s the band width} It is thus mot surprising that effects scen
clearly in the vapor phase magnetic rotation are not at all obvious in
the MORD of solutions.

None of the theories of the Faraday effect indicate that a singlet-
triplet transition should have especially large or distinctive MORD.
'They do predict that the MORD will be proportional to the singlet-triplét
* transition momént, which 1is usually very small. It is not, therefore,
surprising that little, if any, rotation due to éinglet-triﬁlet transi-
tions was obser&ed in the compounds studied heré. More success might
be achieved in an NDRD apparatus wherc large mggnetic fields could be
maintained over pathlengths long enough to achieve optiéal densities
near one in the wavelength region of the weak singlet-triplet transi-
tions. But at present it appears that MORD instrumentation is not
developed highly enough to permit successful study of singlet-triplet

N N
transitions.
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G. "Agoregated Dyes

[l

SauerS

1 has found that solutions containing chlorophyll dimers have
CRD that is much larger and qualitatively different from chlorophyll
monomer solutions. It seemed possible that aggregates of non-optically
active dyes would have different MORD than dye monomers, and that the
MORD may provide information about the geometry and/or degree of asso-
ciation of dye molecules,

Two dyes were studied in detail. They wefe methylene blue and pro-
flavin, Both are known to aggregate in water solution as the dye con-
centrafioh is increased. -These two were chosen because théy‘show large
changes in the fraction of dyé aggregated through concentration ranges
where accurate MORD 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 10‘4'p¢rcent solution, but only 2700 for a 7.96 x 10-2
percent solution.82 These values are for solutions at 25°C. TFrom the
value of the equilibriﬁm constant82 (500 2./ﬁ) it can be seeﬁ that the
dilute solution contains practically no dimer, but in the concentrated
solution over 90% of the proflavin is dimerized.

Solutions df the above concentrations were made up in .05 M, pH 4,
acetate buffer, and their MORD measured. The dilute solutilon was run '
in a 1.0 cm cell at 2200 gauss, from 7000 to 3300 R. The MORD was less
than the experimental noise level (0.001 deg.). No rotation was observed
for the concentrated solution either (after the MORD of the diSplacedv
solvent was subtracted). This solution was run in a 0.1 mm cell at

8500 guass over the same wavelength range. A sample of intermediate

N\
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contentration (7.96 x 10-3 ﬁercent) was also run in an 0.1 mm cell at
8300 gauss. Again, no rotation was observed.

In another experiment the MORD of methylenc blue in water was
measured. The concentrations (in terms of monomer before aggregation)
were 2 x 10°> M and 10-3 M, The absorption spectra of the two solutions
were markedly different, indicating aggregation. The first solution had
a 0.63 OD peak at 6620 & and a 0,34 OD shoulder at 6120 ] (in a 1 cm cell).
The second solution had only- a shoulder at 6620 R (0.3 OD) and the main‘
peak was at 6070 R'(O.S OD).‘ No NDRD was observed for this solution;
however, the dilute solutidn showed about +0.002 deg. rotation at
6100 & which decreased to zero at both 7000 R and 5000 A.

| No other dye with extinction coefficient and dimerizdtion equilibrium
constant suitable for MORD study was found. From these measurements MORD
.does not appear to be of value in studying aggregation; ‘It should be
noted, however, that neither of the monomers studied hgd measureable
}DRD; This in itself 1is unusual. Perhaps for compounds showing ronomer
MORD, the Faraday effect Will be useful iﬂ studying aggregation.

H., Charge-transfer Complexes

Thc MORD of several .charge-transfer complexes was‘investigated in
hopes that MORD would yield informatidn on one of the following properties
of the_compléxes: |

1) The naturt of the charge transfer electrdnic transition

2) The geometry and degree of the association between donor

and acceptor
3) The perturbation of the clectronic states bf‘thé components

\\
as a result of the association
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A description of the MORD of five liquid charge-transfer systems
is listed in. Table IX alongxwifh the experimental conditions. It can be
scen from the table that the observed rotations were very small. It
therefore seemed unprofitable to incluae'the curves in this work. Only
the pyrene-iodine complex can be said unequivocally to show a Faraday
effect in a charge-transfer band. The observed rotation in the first
three systems could be attribufed to the MORD of the disp}aced solvent.
The DMSO-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 formed complex has an appreciably populated triplet state
(as evidenced by EPR83) which decreasgs to less than 10% bf its original
populatibn in 20 min, " The MORD was measured 1 and 20 min after prepara-
tion of the complex, and no difference in rofétion was détected.

Of the components listed in the table, only pyrene and iodine have
MORD different from a gentle, monotonic curve in the waﬁelength intervals
investiggted. The MORD of the pyrene was not changed in the solutions
investigatea,'but that of the iodine may have been. The chargé-transfer
band in the pyrene-iodine-CCl4 system is near the iodine absorption, and
it is difficult to tell if the changed MORD is from the Charge-transfer
band or the perturbéd iodine absorption.

It should be noted that-thé optical density of the first two samples
was low, The combination of low solubilities, %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 complexes where

the donor or acceptor is also the solvent, as in the third and fourth’



Table IX, MORD of Charge-transfer Complexes

Samnle Magnetic  Wavelength Anplitude

Donor Acceptor Solvent K(g/m) Xo ob field range of Ref
(kilogauss) covered MORD
Hexamethyl- TCNQ  Acctonitrile 26,3 - 0.15 5.3  4350-6500 & Too small to be 84
benzene VIII ' measured
VIl sat. sat, :
Pyrene XI Chloranil  GiCls 2.24 6100 R 0.15 7.2 4500-6800 X .013° to .050° 85
8x10-4 X sat, - 6800-4500 R
Mesitylene TCNQE fesitylene ~1.0 8.0 4000-6000 8 Too small to be 86
VIII measured '
DHsOP TCNES DHsoP 95.4 3720 R ~1.5 7.2 2800-5100 A .005° broad nega-~ 83
VIII ‘ . tive peak at
sat., - ~4100 R, No
rotation ahove
4400 & or below
3600 R,
Pyrene XI  Iodine CCl4 ~5100 R >2.0 8.1 6500-3550. 8 Negative Cotton 84
: effect at

~5600 R, Peak
to peak ampli-
tuds ~, 010,

ayeNQ = 7,7,8,8-tetracyanoquinenedimethan
brso = dimethyl sulfoxide
CT(NE = tetracyanosthylens
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systems listed. In theory, it should be possible to go one step further
and measure the MORD of charge-transfer crystals., This was attemnted,
but results were not reproduciblé. For most complexes, the crystals
are so dark that even rather finely ground crystalliteé transmit too
little light for accurate MORD measurements, It may-be possible,
however, to obtain acdurate measurements of suspended crystallites
if ohe chooses the right complexes and suspending media,

Symmetry arguments show that the Faraday effect is not forbidden
in the charge transfer complexes studied, if one assumes the chargé-
transfer transition moment is directed between the - centers of the
two component molecules, as Mulliken's theory indicates. This is demon-
strated in the following way for the HMB-TCNQ complex:

Assume the plane of the HMB (VII) is parallel to that of the

TCNQ (VIII) and that one molecule is directly over the other. Taken
. ) <N .
C Hy CHy - j>_' {'ii'>
cN CN

CHz CHz

VII VIII IX

together, the pair has Cov Symmetry, and of the quantum mechanical terms
~for the Faraday effect, only the B, term could be non-zero., We will use.
symmetry arguments to show that under certain conditions B,y can be non-
zero if a is the chérge transfer excited state.

According to Mulliken's formulation,S7 the transition moment

Hoa »
of the charge-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¢ transitions in each individual
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component molecule are polarized either in the y or z dircction. Let
théir exicted states be labeled by b's. From the character table for
Coy (Appendix III), it can be scen that each ug, must have cither By or
By symmetry, whereas ugy will have Aj symmetry. If we take the ground
state of the molecule to be totally symmetric the excited states will have
the same Symmetry as their corresponding transition moments. e can now
see from the symmetry of the a and b excited states that mg, will belong
to the same.irreducible representation as Bope From the character table
it can be seen that if g, is z polarized, mgh will be y polarized, and
conversely. Thus, the three transition ﬁoments in the first part of the
Bog term (equation (37)) will be perpendicular to one another, so they
will not vanish on symmetry grounds, Similar arguments show the same to
be true for the second part'of the Loy term. Extension of the argument
to Dpp and €, symmetry yields the same result. This mcaﬁs that the
Faraday effect in the charge-transfer bands of the complexes studied is
not predicted to be zero on symmetry grounds. ‘It should be noted that

/
the DMSO-TCNE complex is not as likely to fit the symmetry groups men-
tioned as the othér complexes are. Also, it has Dbeen assumed that the
iodine is in the plane of the pyrenc molecule. The pyréno—iodine complex
having either _
can still be classified as/Dyy or Cp, regardless of which ring or how many
rings are filled by iodine._ A
A factor likely to make the B temm smaller for charge—traﬁsfcr bands
than for the normal absorption bands of aromatic hydrocarbons is the
cnergy denominator, wgp. The éharge-transfer bands are usually separated
further in energy from adjacent bands than are normal transitions. wgy

would be proportionately larger and the B 'term smaller.



35

The large band width, r, of charse-transfer bands also adds to the
difficulty of observing‘their MORD. The maximum amplitudc of the MORD
is proportional to 1/T (sce Figure 8) and ;his factor is at licast ten
times smaller for CT bands than for similar bands in most uncomplexed
aromatic hydrocarbons.

.Although the obscrved MORD of charge-transfer bands was too small
to measure or interpret with accuracy, it seems possible on theorctical
grounds that success in this area can be attained a$ better instrumcnta-

tion for MORD and MCD is developed.



VI. CONCLUSICNS

The present high level of spectropolarimetric instrumentation can
be utilized in connection with permanent magnets to measure the Faraday
rotation of solutions. In this work, it was possible to makg measure-
ments from 2400 ] to 7000 R, but with a iittle more effort it should be
possible to extend the short wavelength limit to that of the instrument
(1850 R); The measurements can be made to iO.QOI degrees under favorable
conditions. Magnetic field strengths up to 12,500 gauss have been
attained for solution path lengths of 1.0 mn. It appears lmpossible to
achieve ficlds of greater than 15,000 guass with permancnt magnets, but,
\of'course, super-conducting magnets promise many times this field strength.
With the permanent magnets uscd here the sample can be cooled to approxi-
mately -140°C, or, in principle, wammed to the point where the permanent
magnet'loses its magnetigm.

The MORD of the near UV transitions of several aromatic hydrocarbons
is presented and shown‘to be in harmony qualitatively with what rccent
quantum mechanical theories predict for such compounds. It is possible
to get reasonable qualitative agreement between theory and experiment for
pyrene where certaln necessary experimental parameters‘can be found in
the literature.’ Considerably more experimental work must be done to
adequatély verify other parts of the theory, particularly those applying
to molecules of high symmetry. AThé mcthods deveioped in this work should
adequately handle the experimental part of veri%icafion, as should those
developed for magnetic circular dichroism. But the expected MORD of
other molecules must.be calculated, and this mayvprove the most diffi-

cult part of the verification.
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On the basis of the MORD of a few cliemical systems it i1s shown that
the Faraday effect will probably be of limited Qalue in the study of
molecular aggfegation, singlet-triplet transitions, and charge-transfer
complexes. The availability of more sensitive instruments and/or con-
siderabiy higher magnetic fields may reverse this outlook, since on
theoretical grounds 1t has not been shown that any}of the systems
may show significant Faraday rotation. In fact, it is shown that many
charge-transfer coﬁplexes should have Faraday activity on the basis of
group theory and Mulliken's model of the charge%transfer complex. The
nature of the complexes makes MORD hard to measurc, however.

It appears that the priwmary use of the Faraday cffect in the study
of aromatic hydrocarbons will be in revealing electronic transitions which
are hidden in absorption spectra by other stronger, ncarby electronic
fransitions, and in making spectroscopic assignments. As more confidence
is gained in the quantum mechanical theory, it may be possible to study
‘magnetic dipole transitidn moments by means of tﬁe Faraday effect,

A strictly.empirical approach to the interpretatibn of the observed
#ORD of aromatic hydrocarbons does not appear profitable. The MORD of
similar compounds show such drastic differences that éomparisons can be
misleading. Theory must be invoked to make experimental results meaning-
ful. On the other hand, tﬁeorists have complained of a lack of eﬁperi-
mental data for use in the guidance of their efforts. It is hoped that
close cooperation between theorists and.experimentalists will soon bring

he Faraday effect to its full usefulness in chemistry.

\
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Experimental Conditions ' 88

Note: AA and XIAMO are usced in making the correction for the MORD of

the displaced solvent. Sec the program DATCON in Appcndlx II
for the way ‘it enters into the calculation.
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EOUIVALENCE (VW VA Tl
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CALL CCNEXT: ! SRR
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0o DO_NOT_PUNCH
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Ipy = . e+ e oo e e
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'PiN(I)_RﬁQaW,,HTD"IO“ﬁ‘;m“fw ”'“’ S S i i
11+Y. - o ‘ \ S 1 - o vi ] o
. 55,527 : R R TR ; i
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. D18 I=1,NN’ y : o -
MM = IV : ' ‘
VII1) =VV(1)=-,25%(FL OAT(XPFN(I))~1 2)%D - 1230,
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e e HRITELGR, 202 (TEXLL),. ,1-3 AN o
Y202 FORMAT( 2016 )
: e CALL COLTR(14004s 1.0y 04 2) . .
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DESREFE,.
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‘“_m~“mﬁ(r;= FLI - e,
P D023 K=1,12 ;
& KL= K=1 ' - - — '
L7330 Tacn, 0 S XUTDER :
”.mm_. WIB=oaevSell L it
3 14 = NN-IPTS- !

00?4
I5 = I

_D035_K=

K1 = K-

1=213,14

+IPTS,
_lLJZ;"

1
K.

<38 L _A(TIUL, XLAL5)#EKL -

: B(IL1) =.F(IS) g
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RER N — . 12.=.NO._DF _COLUMNS_IM. A L. i
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39 - CONTINUE -, - o Cae
L W“Ibu?glﬂfi3tlgqm% "‘:ﬂm; ﬁ'z; - o SRS .
L UCALL CONEXT - L
e CALL_CCGRIND (10, 10, 6HLABELS, 10, 12) R

.- CALL CCLTR( 2034y LOay 0,5-2, 23H .. L )
“;m_,-_CALL CCLTR(90005. 10050, 2, 29H_A SOMPOSITE _OF EXPERIMENTS -)
v WRITE(98, 202) (IEX(I), I=1,N) - e -
.mm_CALL CCLTRIY403 ., 1044 09 2) .- e e e

i CALL CCPLOTEXLL{I3), YS(I3), d6, 4cdJOIN, &, 1)
e L TP L EQ . 0) G0 T 42

R LI R S

40 FORMATA_.2E10.3) _ . : R =
42 _IE( 1P2 .EQ. O} G0 TO 74 AN : T i

H

R S-S 5 W , S L 5

e AN 2 QML) : R : - _ ;
' ORI = OMI L e

e WRITELL4544). MI._(YS(J),MJ IJIZ)

121 —— ‘ .
IF( 12 .GE. 16) G2 T 240 I

: ~,,Go T0 46 ok
{725  CONTINUE

ENDFILE 14
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e LA = 20 R AU : e
<Y KERR = 0 . VoL e
e DO L L XM L - SR S
L Dol d LeN. o S o e , ' A
e L ORI ) = AT ‘ i S S
' ' DD 20 J =cLeN . i - . T SR N
CPIVATAIY = Jd i SO S

T CALL TP (LM, QQ(I,J)oI,QQ(1,J3v1w0.9$UM(J),OJM)'
.20 CONTINUE. e . —
LT DD 21 K = 1N T T
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R il -
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e KPP = K : : e . et
f e - o
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b ok i e ot anan
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aid 1.
T ; . . 3'. 3
o . N
ey : . pSh
R .
: g JALFALK). LFA&”"N
co 3 OR{K K} = QRKK-ALFAK T
iy BTA 1. O/tsxcaa-qzn<*ALFA<)
. : ETALK)=BTA e
N 1\____,-m_mhm,1r(xp GT.N)G
‘ " . DI33J=KP,N
: ,";__;M~“;“m; CALLIPIKyHM, oz(& K).l QR (K J),l 0.0, AVQ DJW)
BTAL=BTAXANS _ A aL
C e DD 3 TEKG M T e e
34 Qk(l.d)-QR(I HFIRCT, K)*BTAl S
- “,33 SUM(J)—SUM(J)—QQ(K J)u*?'mww_mr ‘r*‘ ,
o 21 . CONTINUE  © ~ . - S .
: ;;_~~mmNMsN:L ke
R DD2K=1,LP o e
' e JATRSIRER L el e e _
1 NO3I=1,M R
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e WOUMESROT) . i
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Appendix III

Selected Character Tables

Cg I XY :
.Av 1 1 Tx, Ty; Rz Axx» %yys %zzr Oxy
A" 1 -1 Tzs Ry, Ry Gyzy Oyz
Cy I Cy*
A 1 1 Tz Ry Axxs Cyys zz, Oxy
B 1 -1 Ty Ty; Ry Ry ‘ Gyzs Oxz
C2v I CZZ vaz O\)yz
Ay 1 1 1 1 T, 1 oes oyys 02z
A2 1 1 -1 -1 Ry’ Ay
By 1 -1 1 -1 Txs Ry Gxz
B, 1 -1 -1 1 Ty; Ry Ay

For planar G, molecules the x axis should be chosen perpendicular

~to the plane.



Dopy I G ¢ o i W v yz

Ag 1 1 1 1 1 1 1 1 Syxs Gy
92z

Ay 1111 1 -1 -l -1

Blg 1 1 -1 -1 1 1 -1 -1 Ry | axy

B1y 1 1 -1. -1 -1 -1 1 1 T,

Bog 1 -1 1 -1 1 -1 1 -1 | Ry| ax

Bou 1 -1 1 -1 -1 1 -1 1 Ty

B3g 1 -1 -1 1 1 -1 -1 1 Ry | ayz

By |11 -1 10-1 1 1 -1 | T, |

This group is sometimes called V. For planar Dy molecules the

x axis should be taken perpendicular to the plane. The z axis
should pass through the largest possible number of atoms, or, if
this 1s not decisive, through the largest possible number of bonds.




S9

Z ~
Dy| I 2Cg% 2C3 G 3C; 3C' i 283 25, o, 30q 3o,
Mg |11 11 1 1 1 1 1 1 1 1 axx * Syys
' “zz
Ay 101 1 1 1 1 -1 -1 -1 -1 -1 -1

g |2 1 -1 -2 0 0 2 1 -1 =2 0 0|, R)|(uyy, ay)

Eog 2 -1 -1 2 0 0 2 -1 -1 2 0 0 (axx " Gyys
o;)q,)

EYe
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PART II. CONFORVATION OF CELLULOSE TRIACETATE
A, Introduction

Menbranes made of cellulose triacetate (CrA) have been uéed
successfully for desalination of water by the process of re&erse
osmosis.l Salt water is put under pfessure on one side of the mem-
brane and relatively pure water is collected on the other side. Flow
due to osmosis, in contrast, wquld transport pure water to the salt
watér side of the membrane--thus the name 'reverse osmosis”. This
process is also called "molecular ultrafiltration".

Very little is known about the detailed structure of the CTA,
which allows water to pass but retards ions. Blunk? has shown that
ions will pass through‘the membrane only if they are univalent and
capable of hydrogen bonding (e.g., amonium hydroxide). Certain small,
non-ionic molecules will also pass through the membrane if they will
form hydrogen bonds with the CTA (e.g., butanol). It has been postu-
lated that the membrane contains a positive\charge2 and that it has
pores of about 10 R radius, It may be that the structurally organized
clusters of water,which exist in the liquid state, are disorganized
in passing through the membrane, But it is eﬁergetically unfavorable
to disorganize the water molecules around an ion unless the ion can fomm
hydrogen bonds iﬁ the CTA. Thus the membrane discriminates against
non-hydrogen bonding ions., |

This selective permeability is shown by CTA membranes only after
they have undergone certain treatments. They are cast fron a mixture
of approximately equal weights of CTA; acetone and formamide, of ghout

25% CTA, 45% acetone, and about 30% formamide (of other aldchyde as
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plasticizer). After a short period of drying, they are quenched in
ice water for about 30 min. Although there arc a few other methods
for making CTA films for desalinzation, large deviations from the
procedure and materials listed usually result in membranes having poor
selective permeabilify.

Membranes showing selective permeability are also important in
areas other than water purification. Their function in biological
systems has long been known, but is still not well understood. Even
the transmission of nerve impulses involves membrane semi-permeability.
(The electrical signal proﬁagatés because changes in the ian per-
‘meability permit 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 theilr selective permeability.
The following work gives evidence that this is indeed the case for CTA
films, and presents mecthods which may be used for the study of molecular

conformation in other membranes.

B. Optical Rotation of CTA Membranes

Samples of CTA (cellulose triacetatc) membranes are mounted in a -
Cary 60 polarimeter and the optical rotation recorded. It is obse:ved
that the optical ‘rotation is a function of the azimuthal angle, 6,
measured in the plane perpendicular to the instrument light beam. A
ccll was constructed which permits observation of the optical rotation
of a membrane at any value of & (Figure 1). The sample is held between

two teflon washers by a small amount of stopcock grease applicd around-
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Fig. 1. Exploded view of cell and holder used in the measurement of
' the ORD of CTA. S is a removable divided circle for mcasuring
the asimuth of the Teflon holder rings, T. M is the CTA mem-

brane and W a quartz window.
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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 spuriogs optical
rotation.) The washer assembly can be rotated without removing it from
the cell or disturbing the membrane. Figure 2 shows the observed rotation
of a CTA membrane as a function of & as measured at 20600 R. It is scen
that the function is not symmetrical; but that it repeats itself
approximately every 180°, as do trigonometric functions of 28. For some
films at visible wavelengths, the aptical rotation was very ncarly

¢ = A cos 28
where ¢ is the observed rotation and A a constant.

Variation of optical rotation with the azimuthal angle is
characteristic of linear retarders (materials having different indices
of refraction for light polarized-along the x or y axis when the becam
is‘traveling in the z direction). For example, a thin sheet of mica
shows different indices of refraction for light polarized élong dif-
ferent crystal axes. This leads to the observed optical rotation shown
in Figure 3. It will be noted that the apparent opticél rotation, ¢,
1s well described by sin 46. But the optical rotation of the CTA film
is some function of 26, showing that a linear retarder is not a good
model for the membrane.

The 6 dependence does not arise from the orientation or ordering
of the CTA moiecules in the field (assuming no lincar dichroism). If
the molecules were randomly oriented there would obviously be no change

in the optical rotation as the film is turned in the plane perpendicular

i
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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 xy plane and the
light beam travels along the z axis. This is seen from the symmetry
of the equation for the optical rotation of oriented systcms.2a

o, cc[i-pk- (@ - i]fi-uk- @ - j]
where ¢, is the observed optical rotation, i, j, and k are unit vectors
along the x, y, and z axes respectivcly, and y and (rp) are the eloctric -
and magnetic dipole transition moments of the molecule. The angle between
u and (rp) is constant and is determined by the molecular structure. The
angle they make with k does not change in the experimental apparatus
described, so the above equation reduces to scaler products. By‘remem-v
bering that A + B = AB cos 6,p, where 6,5 is the angle betwcen the
vectors, it is easily shown that ¢, depends only on the angle between I
and (rp) and not their orientation in the xy plane.

There are mathematical methods.of assessing the polarization and
intensity of a light beam which has passed through one or more optical
elements.d One such method is the Mueller Calculus,4 which correctly
predicts the sin 46 dependence of the optical rotation of a linear
retarder. However, it does not predict a sin 26 depeﬁdence for any
optical element which the CTA film might approximate, with the exception
of a dichroic plate (or scattering plate with the scattering differcnt
for polarization$ in perpendicular directions). Even when 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 26 dependence except for dichroic or scattering devices.

CTA has no absorption at visible wéveleng;hs, but the films scatter.

Dichroism and scattering are mathematically equivalent in the following
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equations. The effect of scattering can be put in quantitative form by
assuming that SZ is the fraction of the incident light intensity trans-
mitted when the electric vector of the light is parallel to the molecu-
lar axis, andvsf is the fraction transmitted whenbthey are perpendicular.
The observed rotation will then be: |

- Sa
tan6~gz- ta‘ne

-1

$g = tan )

| E
1 + (tan? ¢) -
SL"
where is the azimuthal angle in the xy plane. If S is nearly cqual

to S , this equation becomes:

¢g = 1/2 S -1/ sin 20 (@
Sy ' :

Equation (1) is most easily obtaiﬁed by considering vectors representing
the aﬁplitude of the components of the electric vector of the light in
the x and y directions and observing how their resultant rotates as onc
is shortened by scattering more than the other. It must be remembered
that the intensity of the light is proportibnal to the square of the
length of the clectric vector.

Equation (1) would account for the observed/behavior in the visiblce
region of the spectrum. It would have to be assumed that 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 CTA solution at a constant height in order
to achicve a uniform film thickness. It is observed that the amplitude

\

of the variation of optical rotation as a function of & is roughly
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proportional to the speed with which the knife is drawn across the CTA
solution. The amplitude varies over a factor of 5 or more. The 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 stréins 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'(coﬁcentration of CTA microcrystals in the film) has little influcnce
on the amblitude of the 6 dependence. Microcrystqls may still be the scat-
terers, however, since to the first approximation‘it is the ratio §,/S;
that determines the amplithde, 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 scattercrs
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 ié parallel to the direction the casting knife is
pulled than when it is perpendicular.

The 0 dependence of the optical rotation would hot be expected to
give information about the conformation of the CTA molecules in the film.
Equation (2) indicates that at 6 = nn/2 wheren =0, 1, 2, . . the ob-
served rotation will be due only to the molecuies in the film and not to
the scatterers. Experimentally most of the films studied have been set
at & = 45° because in thevUV the slope of ¢ versus @ is more gentle therc
than at 8 = 0° and multiples of 90°. Reproducible results are achieved

1

in this case for sections cut from the same film, although there is a



slight variation due to the uneven thickness of any particular film.
Variations between similarly cdst films can be fairly large.

The experimental results for films presented in the remainder of
this work are for o = 4$° unless otherwise noted. The optical rotation
is normalized so that the residue rotation of the film is given. Residue
rotation is defined here as it is in the ORD of polypeptides, and the
molecular weight of the anhydroglucose unit is takcnlto be 162, as is
customary. It should be noted, however, that about 10% pf the -0OH groups
in the CTA used for these films were not acylated. AThe residue rotations
of the films are directly comparable to the résidue rotations of the
solutions fo be presented later.

Figure 4 shows the residue rotation of a pair of films, one caét
with four tiﬁes as much plasticizer as CTA in the casting mixturc, the
other without plasticizer. The films were treated identically otherwise,
but the non-plasticized film was more dense and contained less water after
the usual quenching process than the plasticized film. The selective
permeability properties shown by desalinization membranes would be
expected in the non-plasticized film, but ité thickness prevents much
water flow., It should be a good sample for the study of the optical
properties of the state of CTA that exhibits rcverse osmosis. The
piasticized film is permeable to all small ions and molecules. Working
desalinization membranes are composed of a thin (0.25 ) layer of the
dense material and a thicker (100 u) substrate of the permeable CTA.S
All plasticizér was leached from the films studied.

As can be seen from Figure 4, the dense, non-plasticized fiim
showed a somewhat larger optical rotation than the plasticized membrane.

This may be due to the conformation of the CTA being diffcrent in the
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two films, It is well established that changes in conformation of pro-
teins and nucleic acids have a profound effect on the ORD of thesec
molecules. But variation of the ORD docs not in itself indicate with
certainty that a conformation change has taken place. v ¥

Optical rotation is greatly influenced by the local environment
of the molecule being studied. The two factors which one would expect
to dominate the local environment are the érystallinity_of the CTA and
the interaction of the CTA with the water in tﬂé membrane. The crystal-
linity can be rejected as a possible cause of the differcnce in 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 cryé-
tallinity have been studied, the difference in the optical rotation
observed was rather small. The water content, however, could have more
influence on the ORD since it was only 7.3% in the non-plasticized film
and 24.3% in the plasticized film. There is an indéx of refraction cor-
rection to optical rotation (n? +'lz_which is negligible in this case.
(The films have indices of refraction 1.435 and 1.440 for the plasti-
cized and non-plasticized samples respectively, which amounts to less
than 0.5% difference in the correction factors at the ﬂa D line. The
difference would become larger in the UV but would still not account for
the observed rotation,)

The plasticized film can be thought of as a more dilute solution of
CTA, but the ORD in Figure 4 1is normalized for concentration, so this
would make no difference unless there are interactions between the CTA
molecules 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 Conformation of Cellulose Triacetate

It is usually assumed6 that in solution, cellulose has the same
conformation aS it does in the crystalline state. The anhfdroglucose
units are in the‘chair form and the chain is rather rigid (seec Figure 5).
fn fact, it is assumed that any'changes in the moleculér shape are due
to changes in bond angles and internal rotation around the g-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 CTA also. A
molecular model of CTA built with atomic models, confirms this notion.
Figures 6 and 7 show such a model consisting of six anhydroglucose units.
This ribbon-like molecule has a surprisingly rectangular cross section
with dimensions about 5.6 & 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 thbught that hydrogen bonding along the cdges
of the ribbons océurs ih aggregated states of cellﬁlose. The ribbons
then form sheets which are attracted to one another by Van der Waal's
forces. In this manner a large crystal may be fofmed, or a small crystal-
lite involving a small part of each of many chains'may be formed in an
otherwise amorphous matrix of cellulose. This may be true of CTA also.

Models of CTA show that it can take on conformations other than
the ribbon shown in Figures 6 and 7. Onc of the most intercsting is a
tightly wound right-handed helix (figures 8 and 9). It appears from the
modcl'to haVe an inside diameter of about = 4.8 it apd about a 14 A out-

side diameter. There are six saccharide residues per turn, as is
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Conformation of cellulose in the crystalline'state.
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MUB-12101

Fig. 5a. -Structure of CTA showing two anhydroglucose units.
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ZN-5768

Fig. 6. Ribbon-like conformation of cellulose triacetate
{highly oxygenated side up)., White = H, black = C,
gray (slotted = -O-, gray (solid) = %) (carbonyl oxygen).
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ZN-5770

Fig. 7. Ribbon-like conformation of cellulose triacetate

(hydrocarbon side up).



ZN-5769

Fig. 8. Tightly wound cellulose triacetate helix (end view
shows cavity along helix axis), Molecules in the
lower left corner are acetone and water for size

comparison,
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ZN-5771

Fiz. 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,62 The carbonyl groups are not héld in
a fixed orientation as they are in polypeptides, although there is a
possibility that intramolecular hydrogen bonds would form between the
oxygen of one carbonyl and a hydrogen on another carbonyl carbén.7
Two points should be made regarding this helix: 1) its entire inner
lining is made up of C-H groups, and 2) acetone is about the largest
molecule that can be accommodated inside the cavity (except for long
molecules with diameters smaller than about 4.5 ). A hydrated ion
would not pass through. Water itself would not be likely to enter such
a hydrocarbon lined cavity.

Figures 10 and 11 show a medium diameter helix (8 R inside). This
helix can have hydrocarbons and ether linkage oxygens inside, or it can
turn some of the carbonyl oxygens inside without changing Fhe backbone

"of the helix. Thus the inside of the helix could be made somewhat
hydrophylic. This helix can be put into a conformation wh;ch has a
smallér pitch, where the inside diameter can be made as large as IS‘R.
The estimated ﬁore size of géod desalinization membranes is estima£éd2
to be about 10 X, which is within the range of the inside diameters of

the last helix mentioned.

- D. Optical Rotation of Solutions of CTA
The search for variéus conformations of CTA is ideally conducted on
solutions because they eliminate the possibility of spurious rotation
induced by sample strain or dircctionally 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% CTA, along with comments regarding the method of solubilization.
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ZN-5773

Fig. 10. Medium diameter cellulose triacetate helix (rod

shows helix axis,
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ZN-5772

Fig. 11. Medium diameter cellulose triacetate helix (rod

shows helix axis),
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ZN-5765

Fig. 12, CTA helix with inside diameter greater than 12 &,

Outside view, Approximately 12 anhydroglucose

units per turn. Five anhydroglucose units shown,
Rod indicates helix axis.
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ZN-5766

Fig, 13, CTA helix with inside diameter greater than 12 A
Inside view, Approximately 12 anhydroglucose units
per turn, Five anhydroglucose units shown. Rod

indicates helix axis.
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Table II. Solubility of CTA

‘Solvent ) 'Solubilization

Methylene chloride (dichloromethane) By stirring at room temp

Eth)']-ene ch]_.oride ' "o on " nooon

Cth'X’OfOI‘m — ‘ : " "o n " "

1’4-Dioxane - . TR " ’n Y

Methylene chloride and alcohol (4 1) @ woooom noon

Dlmethylsulfbx1de T Tt v

" Nitromethane ' : By heatlng (may form a gel
' - . on cooling

Acetone S By prolonged stirring at -40

to —50°C :

Bethylacetate B " "

It is difficult to dissolve CTA, even in cold écetone, probébly because
water.tendsAto freeze opt on the CTA powder, thus shielding it from.the
sblvent; A éléai solution can be obtained by raising the temperature
several‘timeé duriﬁg the pfocess.to melt the ice and then cooling to -50°C
once again., The solution remains clear for about an hour at-réom tempera-‘

ture and then starts to become turbid, p0551b1y because of absorptlon of

‘water from the alr.

The difference in the Solgbility properties of CTA in various- sol- ‘
vents is the only guid¢ available for choosing a pair of solvents where
the'CTA‘will exist in'different,conformations. The solvent properties
Vﬁhich covern conformational changes in other polymers do not apply to
CTA, that.is, pH and ionic strength would not be expected to affect
-'dircctiy th§ conformati6n of CTA since‘itvis_not ionized and, in fact,

is not soluble in liquids where ions are commonly found. Further, there
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is no possibility of strong hydrogen bonding between parts of CTA mole- . -

cules except for the few -OH groups that remain unacetylated. The
hydrogen bonding ability of a solvent would nof, therefore, be expected
to play an important role in the conformation of CTA.

The molccular models show that the only microscopic property of
CTA that changes very much as conformation is changed is the polarity
of certain areas of the molecule. The outside surface can be moderately
to highly polar in the helical form, while the inside is modcrately polar
to non-polar. In the ribbon-like form the whole surface appéars to be
moderately polar.

It was therefore decided to measure the ORD of CTA in methyiene
chloride (fairly non-polar) and in acetone (fairly polar). The 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
during the 30 min the sample was left in the polarimeter. Ten ml of the
solution was then evaporated to dryness by passing a stream of dry
nitrogen over it and then redissolved in methylene chloride. The 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 hormalized 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 k and A} in the Drude Eguation:
2.2
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Fig. 14.

Optical rotatory dispersion of CTA in acetone (upper curve),

and the same CTA redissolved in an’ equal volume of methylene

chloride.
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[

where A is the wavelength and [m] is the mean residue rotation given by

m] = Mo [o]
100

where M, is the mean molecular weight of the units of the polymer (162
for CTA) and [a] is the specific rotation defined in the usual way.

Table III lists the parameters kj and i, for the CTA solutions studied.

R A L T

saple oy ®) ky (RF deg)
CTA in methylene chloride 2261 -16,0 x 108
CTA in acetone 3022 v .3.5 x 108
Film C2-1 (not 1671 -20.0 x 108
plasticized) _ B
Film C2-2 (plasticized) = 1647 -10.2 x 108

-or st e
— — b

It can be seen from the table that CTA in acetone or treated with
the plasticizer (usually an ﬁldehyde or amide) has a longer My and smaller
kp than CTA ndt'exposed to plasticizer or acetone. The significance of
this can be appreciated when it is realized thaf similar (but usuzally
smaller) differences in ip and k; occur between solutioﬁs of helical
protein and of the same protein in a random coil conformation. The same
can be said of DNA and coiled and uncoiled forms. The author is not
aware of any conditions other than conformation or configuration changes
that result in such large differences in the observed_ORD.as expressed
by the Drude paramefers. It seems safe to assume thé configurafibn of
the CTA did not change in going from the acetonesolution to the methylene

chloride solution, so we must conclude that the conformation of the CTA
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is different in acetone than in methylene chloride. In addition, it
appears that the conformatioﬁ in the plasticizedvfilm.is somewhat similar
to that in acetone, and in the non-plasticized film to that in methylene
. ¢hloride, )

| Even though studying models of CTA indicates the different conforma-
tions possible, it is not possible on the basis of the present information
to determine which conformation corresponds to CTA in acetone and which in
methylene chloride. .Theoretical predictions of the rotation of various
cenformations is made difficult by the relatiVely iree rotation of the
carbonyl chromophores. Calculations for proteins are simplified because
the amide Chromophofe is assumed planar and always has the same position
with respect to the helix. Likewise, the positions of base5>in DNA have

a certain fixed relationship to the helix. But it does not‘appear that
such a relationship can be reasonably assumed for the carbonyls in CTA. We
st therefore be satisfied with the conclusion that CTA.has different
conformations in acetone and methylene chloride, as it does in plasticized
and noﬁ-plasticized films, and that conformation is very likely to play an

important role in the permeability properties'of CTA films, ~
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